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FOREWORD 
 

Fast reactors are vital for ensuring the sustainability of nuclear energy in the long term. They offer 
vastly more efficient use of uranium resources and the ability to burn actinides, which are otherwise 
the long-lived component of high level nuclear waste. These reactors require development, 
qualification, testing and deployment of improved and innovative nuclear fuel and structural materials 
having very high radiation resistance, corrosion/erosion and other key operational properties. Several 
IAEA Member States have made efforts to advance the design and manufacture of technologies of fast 
reactor fuels, as well as to investigate their irradiation behaviour. Due to the acute shortage of fast 
neutron testing and post-irradiation examination facilities and the insufficient understanding of high 
dose radiation effects, there is a need for international exchange of knowledge and experience, 
generation of currently missing basic data, identification of relevant mechanisms of materials 
degradation and development of appropriate models. 

Considering the important role of nuclear fuels in fast reactor operation, the IAEA Technical Working 
Group on Fuel Performance and Technology (TWGFPT) proposed a Technical Meeting (TM) on 
“Design, Manufacturing and Irradiation Behaviour of Fast Reactors Fuels”, which was hosted by the 
Institute of Physics and Power Engineering (IPPE) in Obninsk, Russian Federation, from 30 May to 
3 June 2011. The TM included a technical visit to the fuel production plant MSZ in Elektrostal. 

The purpose of the meeting was to provide a forum to share knowledge, practical experience and 
information on the improvement and innovation of fuels for fast reactors through scientific 
presentations and brainstorming discussions. The meeting brought together 34 specialists from 
national nuclear agencies, R&D and design institutes, fuel vendors and utilities from 10 countries. The 
presentations were structured into four sections: R&D Programmes on FR Fuel, Development of SFR 
Oxide Fuel, Development of Advanced Fuel and Structural Materials Development. These 
proceedings include all papers and session summaries, where the latter are based on contributions 
from session chairpersons. 

The IAEA expresses its gratitude to the IPPE and to the MSZ, and to all the participants for their 
contributions to the TM, with special thanks to V. Troyanov of the Research Institute of Atomic 
Reactors (RIAR), who served as the Chair of the TM, and to L. Zabudko of the IPPE, who provided 
local coordination and assisted with the preparation of these proceedings. The IAEA officer 
responsible for this publication was V. Inozemtsev of the Division of Nuclear Fuel Cycle and Waste 
Technology. 
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SUMMARY 
 
 

1. INTRODUCTION 
 
Six nuclear reactor designs were selected by the Generation IV International Forum (GIF) with the 
purpose to recommend gradual replacement of existing nuclear power units by 2030–2050. Research 
on these reactor designs started by the GIF on the basis of agreed technology goals, including 
improving nuclear safety and proliferation resistance, minimizing radioactive waste generation and 
natural resource utilization, and decreasing the cost to build and run such plants. Three of the six 
selected designs represent fast reactors (FRs), namely sodium-cooled fast reactors (SFRs), lead-cooled 
fast reactors (LFRs) and gas-cooled fast reactors (GFRs). 
 
Fast reactors are vital towards meeting security and sustainability of nuclear energy in long term 
perspective [1]. They offer vastly more efficient use of uranium resources and the ability to burn 
minor actinides (MA) which are otherwise the long-lived component of high level nuclear wastes.  
 
All fast reactors operated from 1950s till now are SFRs [2]. Significant experience in design and 
operation of SFRs has been accumulated in China, France, Germany, India, Japan, UK and USA. In 
total, 19 FBRs were put into operation, 13 of them were experimental reactors, 5 demonstration 
reactors and 1 commercial reactor (Superphenix, France). At present seven SFRs are in operation: 
CEFR (65 MW(th)) in China, FBTR (40 MW(th)) in India, Joyo (140 MW(th)) and Monju 
(280 MW(e)) in Japan, BR-10 (8 MW(th)), BOR-60 (55 MW(th)) and BN-600 (600 MW(e)) in the 
Russian Federation. Two SFRs are expected to be completed soon: demonstration reactor PFBR 
(500 MW(e)) in India in 2012 and commercial reactor BN-800 (880 MW(e)) in the Russian Federation 
in 2014. 
 
At present, major efforts in the area continue to be made on systems with SFRs, and it seems that a 
complete industrial advanced cycle of such type might be possible by 2050. Other fast reactor designs 
are also under development. 
 
Fuel loaded into those reactors was mainly pelletized oxide (basically-enriched uranium oxide and 
rarely-mixed U–Pu oxide (MOX). Vibro-pack (VIPAC) oxide fuel is the driver fuel for BOR-60 
reactor. Indian FBTR is loaded with Pu–U mixed carbide fuel. Metallic fuel (U–Pu–Zr) was a driver 
fuel for EBR-II reactor. Nitride fuel was tested in several experimental reactors. These fuel types after 
respective modification might be used in principle for future Generation IV reactors. 
 
Structural materials for future Generation IV fast reactors, which are currently under development or 
testing, include ferritic-martensitic or martensitic stainless steels with emphasis given to ferritic oxide 
dispersion strengthened (ODS) steels. As it is seen now, using austenitic steels as cladding material is 
problematic, but not absolutely excluded. Severe duty conditions (fuel burnups around 20–25% h.a. 
(heavy atoms)), damage doses around 150–250 dpa (displacement per atom)), cladding temperature up 
to 700°C or higher) require development, qualification and deployment of improved and innovative 
nuclear fuel and structural materials with better properties combined with high radiation resistance. 
Nowadays, efforts are made on the design, manufacturing and study of the fuels behaviour under 
abovementioned extreme operating conditions of temperature and irradiation. 
 
Hence, the design and manufacturing of innovative fuel systems requires exchange of knowledge and 
experience, generation of basic data that is missing, identification of relevant mechanisms of materials 
degradation, and development of appropriate models of fuel behaviour under irradiation. Fuel 
fabrication technologies should assure the required operational properties of nuclear fast reactor fuels, 
such as high fissile atom density, high thermal conductivity, compatibility with the cladding and 
reactor coolant, good mechanical properties, and low swelling caused by irradiation and fission 
products. Moreover, a thorough insight into the physical, chemical, and mechanical behaviour of fuel 
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materials under operational environments is important in order to predict the fuel’s lifetime that 
directly defines the economical effectiveness of the fission potential utilization. 
 
In order to provide a forum to share knowledge, practical experiences and information on the 
improvement and innovation of fuels for fast reactors, through scientific presentations and 
brainstorming discussions, the IAEA initiated and conducted this Technical Meeting on “Design, 
Manufacturing and Irradiation Behaviour of Fast Reactors Fuels” in Obninsk, Russian Federation, 
from 30 May to 03 June 2011. The meeting aimed to bring together scientists and engineers from 
different fields to discuss critical issues and support the efforts allocated to the design and 
manufacturing of nuclear fuels for the existing and the next generation of fast reactors, as well as the 
optimization of future irradiation experiments. 
 
 
 
2. TOPICS COVERED BY THE MEETING 
 
The papers discussed at the meeting were grouped into 4 topical sessions. 
 
Session 1 “R&D programmes on fast reactor fuels” gave an overview of national and international FR 
fuel development programmes, their priorities, organization, status and results. 
 
Session 2 “Oxide fuels for SFR and other fast reactor systems” tackled the most well-known type of 
FR fuels, reviewed the existing data, discussed the present status of fuel design, fabrication 
technologies and irradiation experience, analyzed problems and defined ways for further 
improvements of oxide fuels. 
 
Session 3 “Development of advanced fuels: fabrication, irradiation and PIE” addressed new 
perspective developments, and identified data gaps and areas where additional coordinated efforts are 
needed. 
 
Session 4 “Structural materials development” dealt with the very practical and very difficult problem 
of structural materials degradation in FR operational conditions, exchanged ideas and results in 
development of the most promising radiation resistant materials including ODS, and overviewed some 
high-dose accelerator simulation experiments. 
 
 
 
3. TOPIC SUMMARIES 

 
3.1. R&D programmes on fast reactor fuels — Session 1 (Chairman: J. Wallenius (Sweden),  

Co-chairman: V.A. Kisly (Russian Federation)) 
 

3.1.1. Results presented 
 
Japan 
 
The status of fast breeder reactor fuel development in the FaCT project was presented by S. Maeda 
from Japan Atomic Energy Agency (JAEA). The major aim of the project is MA bearing MOX fuel 
cycle development for the Japanese Sodium Fast Reactor (JFSR). The fuel pellet manufacture should 
be made in a simplified manner and an aqueous reprocessing route is foreseen. JSFR is a 1500 MW(e) 
reactor with a conversion ratio in the range of 1.1–1.2. Passive safety measures will be implemented, 
such as Curie temperature activated shutdown and natural convection decay heat removal. 
Recriticality after core disruptive accidents will be mitigated by the use of fuel assemblies with a 
rhomboid internal duct. The average fuel burnup is foreseen in 150 GW·d·t-1, with a peak pellet 
burnup of 250 GW·d·t-1. The corresponding maximum dose is 250 dpa. Peak cladding temperatures 
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reach 700°C. In order to manage such doses and temperatures, 9Cr ODS steel is applied for the fuel 
cladding. An extensive fuel qualification programme has been undertaken, including irradiation of 
18 fuel pins with ODS cladding and MOX vibro-pack in BOR-60. The peak burnup here reached was 
11.9 at. % and the maximum dose reached was 51 dpa. One fuel pin was ruptured in the vicinity of 
peculiar microstructure change area of 9Cr-ODS cladding. Complex effect of inhomogeneity occurred 
in ODS cladding manufacturing with mechanical alloying method and higher irradiation temperature 
than planned may cause the peculiar microstructure change. The development of ODS cladding 
manufacturing will be continued to improve its homogeneity.  
 
In JOYO, in-pile creep rupture tests of the ODS steel were carried out, showing that the impact of 
irradiation is negligible up to 20 dpa. Further irradiation experiments are planned to verify fuel design 
data, including power to melt experiments in JOYO. 
 
China 
 
The status of fuel development for Chinese Experimental Fast Reactor (CEFR) and the long term 
sodium fast reactor programme in China was reviewed by C. Huang from China Institute for Atomic 
Energy (CIAE). The CEFR went critical in 2010 and full power operation is expected to commence in 
2013. UOX fuel with 64% enrichment and a peak burnup of 60 GW·d·t-1 will be used until 2020. 
Presently, the fuel is fabricated in the Russian Federation, though domestic manufacture of the fuel is 
foreseen to start in 2015. Experimental Np bearing fuels will be irradiated starting in 2013, and MOX 
fuels will be tested from 2015. A transition to MOX fuel for the full core is planned for 2020 when 
also experimental irradiations of metallic alloy fuels will start. The intention is that the Chinese 
Prototype Fast Reactor will use metallic alloy fuels from 2030. 
 
An experimental MOX fuel plant has been constructed with a capacity of 500 kg HM per year. 
Presently only non-destructive PIE can be carried out at CIAE, while a large (10 800 m2) hot cell 
facility for destructive PIE is planned to be constructed. 
 
India 
 
The Indian fast reactor and fuel development programme was reviewed by P. Chellapandi from 
ICGAR. The Fast Breeder Test Reactor (FBTR) is presently operating with 80% availability on 
(Pu,U)C fuel with a plutonium fraction of 55%. 1000 fuel pins have reached a burnup of 165 GW·d·t-1 
with a corresponding dose of 77 dpa. Closure of the fuel-clad gap typically occurs at a burnup of 
155 GW·d·t-1 and a clad deformation of around 7% is observed at 165 GW·d·t-1 burnup. Fission gas 
release remains low, less than 16%. 
 
The 500 MW(e) Prototype Fast Breeder Reactor (PFBR) is expected to achieve its first criticality in 
2012 and will be fully operational in 2013. It will operate on MOX pellet fuel. Experimental 
irradiations of MOX fuel assembly have been carried out in FBTR up to a burnup of 112 GW·d·t-1.  
 
The fuel cladding presently used is austenitic D9. A transition to the domestically developed Indian 
Fast Reactor Advanced Cladding (IFAC) 1SS is foreseen, eventually going to advanced ferritic-
martensitic steels. 
 
An interesting work had been carried out on the design of ferro-boron shielding assemblies, containing 
15–18 wt% boron. With such assemblies the thickness of the radial shield may be decreased 
substantially (by one row). 
 
An impressive programme for the deployment of commercial SFRs has been undertaken by India, 
with six 500 MW(e) units to be deployed by 2020. In addition, construction of a metallic alloy fuelled 
prototype reactor with a power of 320 MW will commence in 2017. Advanced metallic alloy fuel 
designs eliminating the need for a sodium bond were presented, permitting to reach a doubling time of 
merely eight years. 
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Russian Federation 
 
In the Russian Federation, the sodium cooled fast reactor BN-800 is under construction, with the 
intention to use MOX pellet fuel. First criticality is planned for 2014. Moreover, design studies of BN-
1200 are under way. Construction of the lead-bismuth cooled SVBR-100 should start in 2017 and the 
lead cooled BREST-OD-300 in 2019. SVBR-100 would use UOX fuel for the startup-core, making a 
transition later to MOX fuel and eventually nitride fuel. BREST-300 will employ nitride.  
 
V.V. Lemechov from NIKIET presented the R&D programme on the BREST-OD-300 core 
demonstration of mixed nitride core performance is an integral part of BREST-OD-300 design. The 
activity included design studies of shrouded hexagonal fuel assemblies with gas-bonded (U–Pu)N fuel 
and fitted up with wire or rib spacers; development of experimental dismountable fuel assembly for 
testing in BOR-60 reactor; improvements in the design of BOR-60 independent lead-cooled loop 
channel, in which 3 experimental fuel pins of BREST-OD-300 will be tested. In 2011 it is planned to 
develop BREST-OD-300 fuel with energy-grade Pu dioxide from irradiated fuel of WWERs; to load 
the (U–Pu)N fuel rods into the BOR-60 dismountable assembly for the irradiation. 
 
Using BREST-1000 reactor (1000 MW(e)) as an example, consideration was given to the possibility 
of starting it on enriched U nitride, with gradual changeover to (U–Pu–MA)N to be regenerated from 
the reactor’s own irradiated fuel. Design studies of BREST-1000 have shown that a transition from 
(U,Pu)N to (U,Pu,MA)N fuel is feasible from perspectives of neutronics and safety.  
 
European Union (EU) 
 
A review of R&D on fast reactor fuels made at Institute for Transuranium Elements (ITU) was 
provided by J. Somers. The majority of the early programmes focused on advanced driver fuels, in 
particular carbides and nitrides. More recently attention has turned to advanced oxide and metal alloy 
fuels bearing minor actinides (MA) for either homogenous or heterogeneous MA recycling. For the 
former fuel form small additions of MA to MOX fuels are considered. For the latter, targets based on 
UO2 or the so called inert matrix fuel (IMF) concept (largely for accelerator driven systems (ADS)) 
has been developed. Innovative liquid conversion processes, beyond the state of the art, have been 
used to manufacture MA bearing fuels. Advanced techniques have been developed and used for the 
determination of their properties, such as thermal conductivity, phase diagrams, vaporization 
behaviour, etc. before and after irradiation. A number of irradiation performance tests and 
reprocessing runs have been performed, with the SUPERFACT irradiation experiment being a major 
milestone. Though significant advances have been made, by no means can such fuels be considered as 
qualified. Within this presentation results from past and present programmes have been given and 
prospects for the future discussed. 
 
The R&D programme for the fuel qualification of the research fast reactor MYRRHA has been 
presented by R. Delville from SCK•CEN/Belgium. MYRRHA, a flexible fast spectrum research 
reactor (85–100 MW(th)), is conceived as an ADS demonstrator, able to operate in sub-critical and 
critical modes. It contains a proton accelerator of 600 MeV, a spallation target and a multiplying core 
with MOX fuel, cooled by liquid lead-bismuth. The construction of MYRRHA would commence in 
2016 and reactor is forecasted to be fully operational in 2023. The driver fuel for the MYRRHA core 
is MOX fuel with 30–35% plutonium and 15–15Ti cladding. A fuel qualification programme is 
planned, where industrial scale manufacture of the fuel as well as the cladding will be essential. The 
choice of austenitic steels in an LBE cooled reactor is motivated by the need for high creep 
rupture strength. The preferential dissolution of nickel, being a particular problem for austenitic steels 
in lead-alloy coolants, is mitigated by the low operational temperatures of the coolant in MYRRHA 
(270–420°C). 
 
Research activities addressing the fuel design of LFR has been reviewed by A. Del Nevo from 
ENEA/Italy. Italy has taken the lead for developing the prototype and demonstration lead cooled fast 
reactors ALFRED and ELSY. ALFRED is a 120 MW(e) reactor designed in the FP7 LEADER project 
on the basis of a MOX fuel core with 19–22% plutonium content and a target burnup of 100 GW·d·t-1
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Ansaldo Nucleare is coordinating LEADER and ENEA is responsible for the core design as well as for 
an extensive materials qualification programme mainly being carried out in Brasimone. For the 
600 MW(e) ELSY design, the initial core load would be conventional MOX fuel with 16–18% Pu 
fraction. In the midterm, minor actinide bearing MOX fuel would be introduced, while the long term 
application of nitride fuel is under consideration. 
 
The experimental facilities CIRCE, CHEOPE, LECOR and LIFUS are used for research on thermal 
hydraulics, corrosion and safety, where the two latter recently have been converted to operating with 
pure lead. Materials under investigation include T91 with or without FeCrAl (GESA) coatings, 
SS316L, 15–15Ti, ODS steels and tantalum coated materials for pumps. The LEXUR II experiment is 
presently carried out in BOR-60, where the above mentioned materials will be irradiated up to 16 dpa 
at temperatures of relevance for MYRRHA (350°C) and for ALFRED/ELSY (550°C). 
 
3.1.2. Summary of the results 
 
Summarizing these presentations and other experiences communicated in the open literature, one may 
note that the manufacture of MOX fuels may be considered a mature process in several countries, 
including Belgium, France and Japan. Irradiation performance of the fuel has also been validated to 
high burnup (around150–250 GW·d·t-1) in fast reactors worldwide. The major issue for sodium-cooled 
fast reactors is considered to be fuel-clad chemical interaction in terms of ROG and RIFF 
(Commissariat à l'énergie atomique (CEA), France), which still requires further research to understand 
underlying phenomena in general and the role of tellurium in particular. 
 
The introduction of minor actinides and in particular of americium will necessitate the use of remote 
handling methods for manufacture. In order to avoid dust formation, wet fabrication processes are 
recommended, including co-precipitation, sol-gel and infiltration. For MOX fuels, such methods have 
been developed and used for fabrication of experimental fuel pins by CEA and ITU. Concerning 
irradiation, the SUPERFACT experiment has shown that MOX fuels can accommodate substantial 
fractions of americium without significantly affecting its performance. 
 
The reprocessing of MOX fuels also appears to be feasible. The SUPERFACT fuel has been 
reprocessed and hot pilot scale demonstration of the DIAMEX process has been carried out. 
 
3.1.3. Problems encountered and perspectives 
 
While MOX clearly is the reference fuel for fast reactor deployment, there are issues of performance 
and safety that makes R&D programmes on high thermal conductivity and high density fuels relevant. 
The low thermal conductivity means that MOX fuels are operating with a margin to melt which is 
considerably smaller than the ∆T over the fuel during normal operation. Hence it is more sensitive to 
overpower transients than other fuels. In combination with sodium coolant, the safety case for 
reference SFR configuration will not be trivial to defend. Hence the search for innovative approaches 
to safety is well motivated. In JAEA, it has resulted in the design of Curie transition shutdown 
elements and design measures for avoiding re-criticality after core disruptive accidents. 
 
The high dense fuels (nitrides, carbides and metal alloys) would indeed offer not only better breeding 
performance, but also larger margins to fuel failure during transients. In particular, nitrides and 
carbides will operate with a margin to fuel failure being several times larger than the ∆T over the fuel. 
For such fuels, it is the clad that will constitute the major safety limitation. 
 
Metal alloy fuels have similar, although not as pronounced advantages in terms of safety. The margin 
to melt (relative to ∆T over the fuel) is smaller than for nitrides and carbides, although this to some 
extent is compensated by a higher axial expansion coefficient. The latter feedback becomes 
particularly important for minor actinide bearing fuels. 
 
Among the technical challenge facing the fuel qualification programme for lead and lead-bismuth fast 
reactors is the irradiation behaviour of fuel elements in liquid heavy metal coolant at high temperature. 
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Preliminary studies shows that in the temperature range aimed for MYRRHA, there are no major 
issues that should prevent the use of T91 or 15–15Ti as long as the oxygen content in LBE can be 
tightly controlled. However, there is still insufficient data for long term behaviour of the oxide layer 
particularly for 15–15Ti (1.4970) for the fuel cladding materials to be qualified. There is also very 
little known on the combined influence of corrosion, irradiation, temperature and temperature gradient 
for which only an irradiation programme on fuel pins and full assembly can provide a definitive 
answer. The same problems are of importance for lead cooled reactors. 
 
3.1.4. Recommendations on future work 
 
One might distinguish two major tracks in fast reactor fuel development, being of equal significance in 
the context of Generation IV reactors: The first one is the industrial scale application of conventional 
MOX fuel at high burnup in semi-industrial SFRs, such as BN-800 and PFBR. This will require 
addressing and resolving issues related to pellet clad chemical interaction at high burnups as well as 
the validation of swelling tolerant cladding materials. An adequate safety performance under both 
design basis and design extension conditions must also be properly ensured. The addition of a few per 
cent of minor actinides to MOX fuels seems to be feasible from the perspectives of fabrication, in-pile 
performance and reprocessing. 
 
The second is the development of advanced alternative fuels, with or without minor actinides, and 
their associated fuel cycle. Here, each alternative has its particular drawback which must be addressed 
by R&D on lab and pilot scale. At the present stage it therefore seems a bit early to foresee industrial 
scale application of nitride, carbide nor metal fuels, until fundamental questions related to N-15 costs, 
carbide pyrophoricity and metal fuel reprocessing have been properly addressed. 
 
An international meeting dedicated to high conductivity and high density fuels with a focus on 
advanced methods for manufacture and reprocessing, as well as a database on PCI in high burnup 
MOX fuels would be of great interest. 
 
3.2. Oxide fuels for SFRS and other reactor systems — Session 2 (Chairman: J. Somers (EC), 

Co-chairman: A.M. Savchenko (Russian Federation)) 
 
3.2.1. Results presented 
 
Fuel fabrication 
 
Fabrication of fast reactor MOX fuels is a fully developed process and is implemented on large 
industrial basis for light water reactor (LWR) fuels. Fabrication facilities in Europe at Belgonucleaire, 
British Nuclear Fuels Limited (BNFL) and AREVA have produced fast reactor MOX fuels for the past 
European fast reactors. Similar facilities exist in the Russian Federation and Japan, providing the fuels 
for BN 600, BOR-60, Monju and JOYO reactors. India is rapidly establishing fabrication facilities in 
support of its fast reactor programme (presented by J. Panakkal from BARC and A.V.G. Reddy, et al. 
from NFC, India). It can be concluded that this is a mastered technology, whereby incorporation of 
incremental innovation in the process should be considered on a case to case basis. Developments at 
Institute of Physics and Power Engineering (IPPE), Russian Federation, are following this direction, 
with developments of fuel with improved resistance against cracking and degradation of thermal 
conductivity (presented by I.S. Kurina, et. al. from IPPE). 
 
The addition of minor actinides to the fuel poses great challenges for the fabrication process. 
Transposing present MOX plant concepts will prove difficult. MA bearing fuel fabrication facilities 
will require additional shielding, and possibly complete integration in hot cells (rather than glove 
boxes). Process concept development, including co-precipitation in the conversion step, sphere pac 
versus pellet, is an essential component in the realisation of such fuels. The Russian dry conversion 
coupled to VIPAC pins is probably the only large scale heavily shielded facility (to cope with carry 
over fission products), where such remote fabrication has been performed (presented by V.A. Kisly, et 
al. from RIAR, Russian Federation). 
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Progress has been made only at laboratory level mainly for the production of small samples for 
property measurements or for dedicated irradiation tests (e.g. SUPERFACT in PHÉNIX, AM1 in 
JOYO, AFC in the ATR, Idaho). Currently, much remains to be done, but the fabrication of MA 
bearing oxide fuels is considered as technically feasible, but additional costs will ensue.  
 
Microstructure evolution during irradiation 
 
A number of phenomena concerning the behaviour of the microstructure of oxide fuels during 
irradiation has been observed and qualified. At the beginning of the irradiation, the formation of a 
central hole in solid pellet and VIPAC fuel has been observed. Important results have been obtained in 
two key begin of life (BOL) experiments in JOYO (AM1 test), the first for 10 minutes and the second 
for 24 hours irradiation at ca. 400 W·cm-1. Even after 10 minutes irradiation, the onset of the 
formation of the central hole is observed, along with the formation of columnar grains, in the inner 
region adjoining the central hole. Evidence for lenticular voids, which travel up the temperature 
gradient towards the centre, plays an important role in the formation of this central hole. The 
behaviour of the standard MOX reference fuel in this test and that of the MA bearing fuel were 
similar. Though the mechanisms are generally recognised, they are far from fully understood. 
Ultimately, the high linear powers result in very high (in excess of 2000°C) temperatures, leading to 
thermodynamically controlled restructuring along the temperature gradient. Chemical redistribution 
has also been noted, with a slight increase in Pu at the central hole observed, attributed to UO3 
migration down the temperature gradient.  
 
Fission gas release 
 
Fast reactor oxide fuels operate at high temperatures, and thus high fission gas release (FGR) rates are 
found. This can vary from 40% at low burnup to 90% at high burnup. 
 
The SUPERFACT pins showed Xe and Kr release rates of about 60%, similar to typical MOX fuel. 
Helium generation in the 2% Am pins was four times that in standard MOX fuel, and up to 60 times. 
 
Transmutation oxide based targets 
 
There is only a very small data base on the behaviour of heterogeneous recycle fuels (targets) in fast 
reactors. Emphasis given to the inert matrix fuel (IMF) concept is declining, though a number of 
irradiation tests still need evaluation. 
 
With today's focus is on sustainable fuels, for which uranium based fuels are needed to breed Pu as the 
future fuel, there has been one important experiment on a dedicated (U,MA)O2 target, namely the 
SUPERFACT experiment. The high temperatures encountered in MOX or "homogeneous MA MOX" 
do not occur, and the microstructure does not show the typical high power central void. Such fuels 
swell significantly, due to helium which is produced by a  decay of isotopes produced by neutron 
absorption.  
 
IMF fuels with MgO/PuO2 have been tested, with a high burnup experiment in BOR60 showing 
excellent behaviour, possibly due to a unique process developed for fabrication of the fuel, whereby, 
the PuO2 was in the form of nanoparticles in the MgO matrix. In the Russian Federation, novel PuO2 
based METMET fuel has also been developed (see Proceedings of this TM – I.S. Kurina, et. al., 
“Development and research of the modified oxide fuel with improved performance”). 
 
Cladding 
 
Austenitic steels are the most commonly employed cladding materials. The quest for higher burnups 
and alternative coolants to sodium keeps cladding development very much at the forefront. Ferritic 
martensitic steels and oxide dispersion strengthened (ODS) steels are under development, but 
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insufficient experience is currently available, permitting them to go beyond their promise towards an 
active deployment. 
 
Performance modelling and licensing 
 
Certainly performance modelling codes exist, and have been actively pursued in countries with strong 
future oriented programmes. However, they can scarcely rely on the same database, operational 
experience, inter comparison, etc., as for LWR codes (presented by V.D. Marcello from JRC–ITU and 
V. Popov from IPPE). 
 
3.2.2. Problems encountered 
 
The significant decrease in the number of experimental facilities will have an important impact on the 
possibilities to test advanced fuel concepts under representative conditions. The cost of representative 
irradiation experiments is rising, and can even be prohibitive. Thus, a greater emphasis on 
understanding basic mechanisms, and their modelling will become essential for the development of 
oxide and other fuel compositions. 
 
Lead or lead bismuth eutectics (LBE) are coolants foreseen for the LFR and ADS (e.g. MYRRHA 
project). In Europe a pragmatic approach is taken, with a reliance on fuel performance being 
extrapolated from SFR R&D, with the immediate focus being devoted to tackling corrosion issues, 
e.g. oxygen control of the coolant. ADS will have additional issues for the cladding and fuel, 
especially for the assemblies close to the spallation target, where higher neutron fluxes (with higher 
energy tails) can be expected. 
 
Cladding issues in the SFR are also prevalent. There is little knowledge on the composition, 
mechanisms for onset and growth of JOG (joint oxide gain) as a function of burn up (See also: 
summary session on cladding). 
 
3.2.3. Perspectives 
 
The PHÉNIX fast reactor ceased its operation in March 2009. This and other fast reactors 
(SUPERPHÉNIX, DFR, PFR, RAPSODIE, JOYO, MONJU, BOR-60, BN-350, BN-600, CEFR) have 
been fuelled with oxide driver fuel. As such, it can be claimed that a significant knowledge base on the 
performance of fast reactor MOX fuel has been accumulated. Nevertheless, there are still areas, where 
data are not available. Irradiated and stored fast reactor MOX fuel and its cladding represents a 
significant untapped potential, to delve deeper into the behaviour of such materials, providing for 
transport, post irradiation examination (PIE) or transient testing is available. Fast reactor fuel with and 
without minor actinide (homogeneous MA recycle concept) exhibits major restructuring (formation of 
a central hole, columnar grains). The mechanisms involved are not well tested or proven.  
 
R&D could include: 

- Additional measurement and modelling of the "local" oxygen to metal (O/M) ratio, which could be 
at the root of the clearly detectable actinide redistribution. 

- Thermo physical (conductivity) and thermochemical (vaporisation behaviour) property 
determination on irradiated and fresh fuels, as well as on model systems. 

- Helium behaviour needs further experimental verification and modelling/simulation, as well as 
appropriate designs for its management (mitigation of swelling, or sudden release in a power 
transient). 

- Issues related to cladding, its performance under irradiation, its corrosion (evolution thereof, 
behaviour in transients), interaction with fuel, etc. 

- Improved modelling going down to the very fundamental physics and chemistry. 

- Integration of all data in qualified performance codes needs to be done. 
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3.2.4. Recommendations for future work 
 
The knowledge and data gained in past programmes is a fundamental asset and needs complete 
preservation and assimilation. 
 
Decreasing number of facilities, ever rising costs will necessitate: 

- Enhanced international collaboration.  

- Ensuring fresh fuel and cladding samples are available (also true for new reactor build). 

- Building on past legacy materials still in storage. 

- Identifying and prioritising measurements of key data. 

- Construction of international data bases. 

- Improvement of performance codes. 

- Cross qualification of codes. 

- Enhancing scientific basis for understanding of basic phenomena, but with the goal of integration 
in engineering codes. 

- Development of neutron irradiation facilities for fundamental studies on small samples coupled to 
online high technology diagnostic (See also: MARIE project planned at LANL). 

- International irradiation testing (but will need long time spans).  
 
Licensing will remain a key issue. Can past experience on oxide fuels be used to license a full core 
(with new pin and assembly geometries) without full scale assembly tests?  
 
Establishing measurement standards (to ensure full data utilisation) in area such as: 

- Basic properties. 

- Corrosion testing. 

- Interaction tests. 

 
Education and training needs to be kept at the fore, to ensure that a new generation benefits from its 
predecessors. 
 
Close interaction with technical safety organisations (TSOs) is advisable.  
 
3.3. Development of advanced fuels: fabrication, irradiation and PIE — Session 3 (Chairman: 

P. Chellapandi (India), Co-chairwoman: L.M. Zabudko (Russian Federation)) 
 
In order to establish safe and secure nuclear power engineering and enable its deployment on a large 
scale basis, it is necessary to deploy fast reactors with high density fuel operating in the U–Pu fuel 
cycle (mixed nitride, carbide and metal alloys). Mixed uranium plutonium carbide and nitride have 
been identified as advanced LMFR fuels nearly three decades back on the basis of their high heavy 
metal density, high breeding ratio (and in turn short doubling time), high thermal conductivity and 
excellent chemical compatibility with sodium coolant. Metallic fuel was the first to be selected for the 
experimental fast reactors in the USA and the UK, in the 1950s, based on the ease of its fabrication, 
high thermal conductivity and high fissile and fertile atom densities.  
 
Seven papers (3 from Russian Federation; 2 from Sweden, 1 from Ukraine and 1 from Rep. of Korea) 
dealt mainly with nitrides and metallic fuels on fundamental, conceptual and developmental aspects. 
 
 

9



3.3.1. Nitrides 
 
Results of mixed nitrides (45% PuN + 55% UN and 60% PuN + 40% UN) irradiation in BOR-60 
reactor up to around 12 at.% and its post irradiation examination have been presented by F.N. 
Kryukov from RIAR. Specificity: fuel pin with 60% PuN is found to have higher accumulation of 
GFP, but release from fuel is less than in fuel pin with 45% PuN. For 45% PuN + 55% UN, high 
degree of the connected (open) porosity is the probable reason of the greater gas release. There is no 
corrosion interaction of fuel and fission products with the cladding that is also supported by the 
published data. It is concluded that good results of irradiation tests with the use of high-purity mixed 
mononitride fuel up to a burnup of 12.1 at.% at a peak linear power of 545 W·cm-1 can be attributable 
to initial homogeneous distribution of plutonium, low content of oxygen and carbon less than 0.15–
0.1 wt%, uniformly distributed porosity, pores along the boundaries and inside grains. This suggests 
that the chosen process parameters of fuel such as density, grain results confirm the possibilities to 
provide at least 12 at.% of burnup for He bonded nitride fuel pins at initial porosity increase. 
 
M.P. Odeychuk from KIPT, Ukraine presented the paper “The advanced nitride fuel for fast reactors”. 
The conditions of producing carbonitride in the form of powder are highlighted. The feasibility of 
direct conversion of UO2 microspheres into UCN microspheres was shown. The content of carbon 
oxide below (8–9) vol.% in the working volume ensures the rate of carbothermic UCxN1-x synthesis 
at a rather high level. The results of the studies showed that the two stage process, i.e. carbothermic 
reduction of UO2 to UCxN1-x in the nitrogen-hydrogen atmosphere with a subsequent hydrogenation, 
appears to be most preferable for producing uranium mononitride in the form of compact products, 
e.g. microspheres, granulates or pellets. The present results obtained for carbothermic conversion of 
uranium dioxide to uranium carbonitride in a closed volume open up possibilities for 
economic manufacture of N-15 base carbonitride fuel. The additional research seems to be necessary 
to realize potential capabilities of the developed technology of obtaining of nitride fuel based on 
isotope of N-15. 
 
The paper on “The CONFIRM experience on fabrication, irradiation and PIE of (Pu,Zr)N fuel” was 
presented by J. Wallenius of Kungliga Tekniska Hogskolan, Sweden. The paper devoted to inert 
matrix nitrides development and investigations. Inert matrix nitride fuels are considered for the use in 
fast neutron generation IV reactors and ADS. Over the last decade, (Pu,Zr)N fuels have been 
fabricated and irradiated in the Russian Federation, Japan and Europe. In the first paper, scientific and 
technological outcomes of the CONFIRM project has been be reviewed. The review included PIE data 
on CONFIRM fuel obtained within the EUROTRANS and FAIRFUELS EC projects. In the 
CONFIRM project, (Pu,Zr)N fuels were fabricated by carbothermic nitridation of oxide materials at 
PSI and irradiated in High Flux Reactor in the Netherlands at high linear power (430–460 M·cm-1) up 
to a burnup of 10%. In variably very low rates of gas releases rates have been observed in these 
experiments. The comparison of PIE results and code modelling data of the CONFIRM irradiation 
showed that the improved models for in-pile sintering and gas migration still appear necessary for 
correctly predicting the behaviour of inert matrix nitride fuels.  
 
Discussions were intense on the possibility of using ELECTRA, a European lead cooled training 
reactor for scientific purposes, which is planned for construction in Sweden. 
 
3.3.2. Metallic fuels 
 
J.-S. Cheon from KAERI presented the information on U–Zr SFR fuel irradiation test in HANARO 
experimental thermal reactor. In the Republic of Korea, U–Zr metal fuel with surrogates for TRU is 
used to develop its relevant technologies including fuel fabrication. The design, fabrication, and out-
of-pile qualification of the SFR metal fuel rodlets, and the irradiation capsule were completed. In 
November 2010, test fuels rodlets were loaded into HANARO. The fuels will be irradiated for about 
1 year to a target burnup of 3 at.%, and is expected to be completed in late 2011. In addition the effect 
of rare earth elements on the fuel performance, and the characteristics of a Cr-plated barrier to 
suppress a fuel cladding chemical interaction are identified for further investigation. Safety analysis 
results are provided together with the description for out-of-pile qualification test of irradiation 
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capsule, and fabrication of fuel rodlets. Safety analysis indicates that the fuel rodlets and irradiation 
capsule maintain their integrity and compatibility with HANARO under normal operating conditions, 
postulated accidents, and a hypothetical event of sodium leakage. 
 
Experience in developments and tests of metal fuel been highlighted by Y.M. Golovchenko from 
RIAR (Russian Federation). He presented vast results on metal non-alloyed fuel developments for the 
fast reactors with sodium cooling carried out in RIAR for many years. His investigations deal with 
various characteristics of uranium and its alloys such as irradiation growth, irradiation induced 
swelling, compatibility with claddings, etc. Based on the results obtained, applicability of high dense 
metal fuel (12.5–18 g·cm-3) in He bonded pins of various configurations was validated. The fuel pins 
are intended for operation in the existing and advanced fast reactors either with homogeneous oxide 
and metal cores or heterogeneous oxide-metal cores of different types, namely by fuel assembly (FA) 
heterogenization, intra-FA heterogenization, intra-fuel heterogenization.  
 
A.M. Savchenko from VNIINM (Russian Federation), presented a new concept of designing 
combined fuel for fast reactors with closing fuel cycle. The novel concept is “Ultra-high burn-up 
metallic inert matrix nuclear fuel” that is under development together with LLNL (USA). For fast 
reactors, the combined U–PuO2 fuel is proposed based on dispersion fuel elements. Basic approach to 
fuel element development: separated operations of fabricating uranium meat fuel element and 
introducing into it Pu or MA dioxides powder, that results in minimizing dust forming operations in 
fuel element fabrication. Novel fuel features higher characteristics in comparison to metallic or МОХ 
fuel its fabrication technology is readily accomplished and is environmentally clean. A possibility is 
demonstrated of fabricating coated steel claddings to protect from interaction with fuel and fission 
products when use standard rod type MOX or metallic U–Pu–Zr fuel. Novel approach to reprocessing 
of combined fuel is demonstrated, which allows to separate uranium from plutonium as well as the 
newly generated fissile plutonium from burnt one without chemical processes, which simplifies the 
closing of the nuclear fuel cycle.  
 
3.3.3. Status of advanced fuel development 
 
Mixed carbide has demonstrated high burnup (160 GW·d·t-1 HM) as driver fuel in FBTR, India. 
However, compared to mixed oxide fuel, the experience on carbide and nitride fuels, although 
significant, remains rather limited. Besides the carbide and nitride fuels are more difficult and 
expensive to manufacture and are associated with the challenges of pyrophoricity, reprocessing and C-
14 in case of nitride. The R&D on nitrides and carbides are currently under way in the Russian 
Federation and EC. 
 
Metallic fuel is an advanced fuel for SFR and is very efficient from the point of view of high breeding 
ratio and low doubling time. Metallic fuels are easy to manufacture remotely on an industrial scale. 
However, the experience on metallic fuel is restricted to the USA mainly, though R&D efforts are 
underway in Japan, Republic of Korea and India. Interesting results on metallic non-alloyed fuel 
including the irradiation on BOR-60 and BN-350 reactors have been obtained in RIAR. The results are 
very useful for the development of innovative fast reactors oriented to minor actinide burning and 
closing fuel cycles with dry methods of metal fuels reprocessing in satisfying the modern requirements 
of economic, environment, non-proliferation. 
 
3.3.4. Advanced fuels-problems encountered and perspectives 
 
Several problems related to the advanced fuel alternatives here discussed are known. Nitride fuels face 
a significant cost penalty due to the required N-15 enrichment of the nitrogen used for fabrication. The 
volatility of americium carbide makes homogenous recycling of americium in a core with carbide 
driver fuel difficult to imagine. Low loss pyro-metallurgical reprocessing of sodium bonded metallic 
fuels still has to be accomplished on industrial scale. 
 
It must be mentioned that progress on certain items previously perceived as potential show stoppers 
has been made. Rapid, low temperature spark plasma sintering (SPS) of UN and (U,Zr)N has been 
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made in Japan and Sweden, eventually permitting fabrication of americium bearing nitride fuels with 
low porosity. Reprocessing of carbide fuels has been performed on large scale in India. Fabrication of 
minor actinide bearing metal alloy fuels has been accomplished in Japan as well as in the US and 
irradiation tests in PHÉNIX and ATR have shown that their performance do not differ essentially from 
that of UPuZr. 
 
Furthermore, the present technical meeting has seen encouraging examples addressing the remaining 
problems pertaining to advanced fuels. E.g. nitride fuel fabrication in closed gas systems was 
accomplished in Ukraine, making it possible to avoid losses of N-15 during fuel manufacture. Several 
approaches to designing metallic fuels without sodium bonding were presented by the Russian 
Federation and India. 
 
3.3.5. Recommendations on advanced fuel development 
 
- Consideration of advantages and drawbacks of advanced high-density fuels for fast reactors. 

- Many options are available in nitride and metallic fuels: Judicious choice left to the utilities 
depending upon their capability and interest. 

- Comparison and modelling of FR core behaviour with different dense fuels under accidents. 

- The technology of demonstration is a challenge and needs focus and emphasis. Experiences of 
fabrication and PIE needs to be consolidated and synthesized. 

- Many potential areas of research are available that can motivate researchers. Fundamental 
understanding of basic radiation phenomena, employing small scale facilities, may fascinate young 
scientists. 

 
3.4. Structural materials development — Session 4 (Chairman: A.V. Tselishchev (Russian 

Federation), Co-chairman: V.N. Voyevodin (Ukraine))  
 
Successful operation of LMFRs is strongly dependent on possible increase of fuel burnup and therefor 
on the performance of core structural materials, namely, wrapper and cladding materials of fuel 
subassembly, which are subjected to intense neutron irradiation. The neutron flux levels in LMFRs at 
about 1015 n·cm-2·s-1 are far higher as compared to those in thermal reactors. Fuel clad tubes 
experience temperatures in the range of 643–973 K under steady state operating conditions. The core 
materials, therefore, are subjected to a very demanding environment of high fast neutron flux, coupled 
to high temperatures. Thus, in a commercial fast reactor, the wrappers and fuel pin cladding 
must endure lengthy service in high-temperature conditions if the fuel is to achieve a target burnup of 
15–20% and a damage dose of 150–200 dpa. This leads to problems like void swelling and irradiation 
creep, which control component deformations, and neutron-induced degradation of the mechanical 
properties.  
 
3.4.1. Results presented 
 
V.N. Voyevodin (KIPT/Ukraine) presented information on the irradiation stability of structural steels 
(austenitic and martensitic) for fast reactors. The scientific approach to achieve engineering level of 
swelling-resisted austenitic steels can be to control microstructural development during irradiation for 
understanding all phenomena involved in processes of void swelling (solid solution, precipitation, 
effect of cold work). Future task in the development of austenitic steels is the investigation of the 
synergistic effects of Ti, Nb, V, P, B, Si, REA with possible formation of fine stable precipitates 
systems during irradiation and possible reduction of influence of radiation-induced segregation 
processes on loss of radiation stability. 
 
It is supposed that the possible way of improvement of radiation characteristics of austenitic materials 
may be the development of ODS austenitic steels. Ferritic base alloys’ irradiation behaviour is 
determined mainly by its chromium content. It is exists the impression that 9% Cr steels are much 
more radiation resistant. It was recognized that ferritic/martensitic (F/M) steels have much higher 
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incubation dose than austenitic steels. Ferritic-martensitic steels can swell strongly even in the absence 
of He and H. Excessive optimism concerning continued low swelling of F/M alloys at dpa levels 
>200 dpa should be avoided. Potential for better performance of ODS is not yet explored, further 
charged particle irradiation experiments are planned and finally V. Voevodin invited researchers 
involved with alloys development to irradiate their alloys in the KIPT accelerator. 
 
The PHÉNIX core structural materials’ experience was reviewed by P. Dubuisson (CEA/France). The 
CEA presented means to increase the austenitic steel limit dose. Past French experience obtained 
before the shutdown of PHÉNIX was presented in detail. As a conclusion, different ways to improve 
swelling resistance of austenitic steels towards higher doses were proposed (increase in ratio Ni/Cr; 
slight increase in Si, P; multi-stabilization). 
 
P. Dubuisson presented the current status related to ODS steel development for SFR. Past irradiation 
experiments (DY alloy, MA 957 at low temperature) were reviewed. Then, a focus was made on 
current studies aiming at elaborating new generation ferritic and ferritic-martensitic ODS steels and 
characterizing them. Finally, verified requirements eformation, mechanical properties, weldability, (d
FCCI, behaviour in Na, reprocessing) for a new ODS steels were presented.  
 
The status of development of structural steels for fuel pins and fuel assemblies’ wrappers of sodium 
cooled fast reactors was reviewed by A. Tselishchev (VNIINM/Russian Federation). For the sodium 
cooled fast reactors’ cladding, the austenitic and ferritic-martensitic steels including steels obtained by 
powder metallurgy, are under consideration in the Russian Federation. 
 
The complex alloying and treatment of austenitic steels have allowed its irradiation stability to 
improve. Currently promising results are obtained in BN-600 for the fuel pin claddings made from 
ChS-68 CW and EK-164 CW steels. A further irradiation dose increase (up to 140 dpa) is connected 
with the ferritic-martensitic steels EK-181 and ChS-139 as cladding materials. The steels alloying with 
carbon, nitrogen, tungsten provided for the stability of the strengthening phases, the resistance to 
recrystallization process as well as increase of high temperature strength. Two BN-600 dismountable 
assemblies with samples made of EK-181 and ChS-139 steels are under irradiation. For the further 
irradiation dose increase (180–200 dpa) the fabrication technology mastering and complex out-of-pile 
investigations of fuel claddings made of ferritic (on EP-450 base) and martensitic (on EK-181 base) 
ODS steels as well as their welded joints are under way. 
 
The results on activity of R&D of F/M steel EP450 ODS for fuel pin claddings of prospective fast 
reactors were presented by A.A. Nikitina (VNIIM, Russian Federation). From 2005 on, the work on 
developing technology to receive ODS steels has been started. In particular, the wide spectrum of 
R&D of ODS steels based on EP450 (Fe-13Cr-2Mo-Nb-V-B-0.12C) steel, has been carried out. The 
results of investigations of structure and phase composition of steel EP450 ODS on all stages of 
receiving was shown. Characteristics of long term strength and thermal creep of plated and tube 
specimens of steel EP450 ODS in comparison with matrix steel EP450 were presented.  
 
The BN-600 reactor capabilities for the development of fuel pin and FA materials for LMFRs have 
been presented by M.R. Farakshin (OKBM, Russian Federation). The reporter noted that the BN-600 
reactor is a unique combination of irradiation conditions and is very attractive for material irradiation 
tests. Large experience was gained in irradiation of various materials and PIEs performed by BNPP, 
IRM, RIAR and IPPE.  
 
Foreign structural material sample testing in material test assemblies (MTAs) seems to be quite 
possible, because the risk of nuclear or radiation consequences has been practically eliminated. 
Irradiation of new fuel types (fuel pins) is more complicated, because complete information is required 
to prepare for safety validation documents in order for the Russian core designers to prepare 
conclusions, which will satisfy the regulatory bodies. Therefore, for the testing of these conceptually 
new fuel pins in the BN-600 reactor, sufficient organizational work is required in order to work out the 
new approaches to tests acceptable for all work participants. 
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A presentation on dismountable FAs for irradiation of fuels and structural materials in fast reactor 
BOR-60 was provided by O.V. Shishalov (RIAR, Russian Federation). RIAR has developed and 
tested a dismountable irradiation rig based on the standard FA with the same overall sizes. The 
dismountable FA can be placed in any cell of the BOR-60 core and allows fuel pins or pins with 
material science specimens to be removed for intermediate post irradiation examinations by using non-
destructive methods. Afterwards these pins can be either returned in the same FA or sent to the 
specialized area for examination by destructive methods. In total 10 experimental fuel assemblies with 
around 230 specimens have been tested. The results of PIE, after a few cycles of “irradiation-washing-
dismounting-mounting-irradiation”, showed that such operations had no negative effect on efficiency 
of the fuel rods. 
 
3.4.2. Summary of the results 
 
Just the behaviour of structural materials restricts the achievement of higher levels of damage doses 
and impedes the reach of higher burnup of fuel. Analysis of presentations and other experiences 
communicated in the open literature allow making a conclusion that there are four major phenomena 
influencing the core steel components performance: phase stability, void swelling, irradiation creep 
and neutron-induced changes in mechanical properties. These phenomena are intimately linked. Void 
swelling depends sensitively on the evolution of phases in austenitic stainless steels and is the 
dominant determinant of both irradiation creep behaviour and mechanical properties. Alterations in 
chemical composition and microstructure, which influence void swelling, also exert strong effects on 
irradiation creep. Alternative materials like martensitic stainless steels and ODS steels have been 
developed to minimize void swelling. During operation, the structural materials must also withstand 
the corrosive action of fission products (especially at high burnup) and flowing coolant. 
 
3.4.3. Problems encountered and perspectives 
 
At present the results obtained in support of fast reactors are rather encouraging. The properties 
measured on the martensitic steels for wrapper applications indicate, that these materials should meet 
FR goal and there is every reason to assume that martensitic steels wrappers of the FAs shall not 
restrict higher burnup of the fuel. 
 
As for the cladding, the progress towards high burnup is under way for both austenitic and martensitic 
steels including steels obtained by powder metallurgy (ODS steel). Nevertheless it must be noted that 
there is a need for higher dose data on some aspects of the alloy behaviour. The principal aim for the 
forward FR is therefore to demonstrate the capacity of pins to sustain 20% burnup and doses as near to 
200 dpa as practicable. So, there is a necessity of materials testing on components or samples 
irradiated in rigs to provide data required to predict clad deformation and the results of PIE to validate 
pin performance models and estimate reliable pin lifetimes. 
 
3.4.4. Recommendations for future work 
 
Due to the acute lack of fast neutron facilities, international cooperation in organization of irradiation 
experiments is very much needed. Russian Federation has a unique infrastructure for such research 
that may include irradiation of fuel pin bundles and structural material specimen in either power FR 
BN-600, or in research FR BOR-60 (with possible continuation to higher doses in new advanced 
MBIR unit, which will replace BOR-60). 
 
Intermediate results of the ongoing IAEA CRP SMoRE (Accelerator Simulation and Theoretical 
Modelling of Radiation Effects) were very much appreciated, as well as the recent start of CRP on 
benchmarking of ODS materials, and the current plans regarding a new CRP on fast neutron 
irradiation. Simulation of high dose effects in both research reactors and accelerators is unavoidable at 
fuel R&D and design stages, and further IAEA support in coordination of these international efforts 
could be very relevant and effective.  
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Abstract 

Japan Atomic Energy Agency (JAEA) has been concentrated on the development of the Japan Sodium-cooled Fast 
Reactor (JSFR) with minor-actinides bearing plutonium/uranium mixed oxide (MOX) fuels, the advanced aqueous 
reprocessing and the simplified pelletizing fuel fabrication system as a promising concept in the Fast Reactor Cycle 
Technology Development Project (FaCT) since 2006. Several innovative technologies for each field have been developed in 
FaCT. The preliminary design study of fuel subassemblies for the JSFR is now underway. Targets of the core design are a 
high burnup fuel up to 150 GW·d·t-1 (average discharged) and a long operation period to enhance the economic 
competitiveness. Oxide dispersion strengthened (ODS) ferritic steel which has high resistance to void swelling caused by fast 
neutron dose and appropriate material strength at a high temperature is adopted for fuel pin cladding tubes. The fuel pin with 
a large diameter is adopted to improve internal conversion rate. A rhomboid internal duct is equipped into the large scale fuel 
subassembly to enhance safety characteristics in case of the core damage event. The fuel pin irradiation tests with ODS 
cladding have been carried out in BOR-60 under a collaborative programme between JAEA and RIAR. In fuel fabrication 
system, several innovative technologies such as a microwave denitration of plutonium-enrichment adjusted solution 
combined with granulation process, die wall lubrication pelletizing are under development for the simplified pelletizing 
process.  

 
 
 

 INTRODUCTION  1.
 
The fast breeder reactor (FBR) and its fuel cycle technology will provide promising solutions for 
sustainable energy resource and environmental issue. In feasibility study conducted on 
commercialized FBR cycle systems from JFY 1999–2006, various combinations of coolant materials 
and fuel types were assessed. 
 
As a result of the feasibility study, the system composed of sodium-cooled FBR with oxide fuels, 
advanced aqueous reprocessing and simplified pelletizing fuel fabrication was selected as the most 
promising concept that could meet design requirements and technical viability. Fast Reactor Cycle 
Technology Development (FaCT) has advanced from “feasibility study” to “project” since 2006 in 
cooperation with the Ministry of Education, Culture, Sports, Science and Technology (MEXT), the 
Ministry of Economy, Trade and Industry (METI), the Federation of Electric Power Companies of 
Japan (FEPC) , the Japan Electrical Manufacturer’s Association (JEMA) and JAEA [1–2].  
 
The FBR cycle development programme is summarized schematically in Fig. 1.1.  
 
FBR cycle facilities are assumed to be commercially introduced in the 2050s. Operation of the 
demonstration FR and its fuel cycle facilities is expected to start around 2025. Research and 
development of innovative technologies and conceptual design study of commercial and 
demonstration FR cycle facilities are in progress. Adoption of each innovative technology has been 
evaluated and judged in JFY2010. The conceptual designs of commercial and demonstration FR cycle 
facilities with R&D programmes will be proposed as a result of the FaCT project until 2015.  
 
Experiences at the prototype reactor Monju are supporting these activities. In the future, the high 
burnup fuel and other innovative technologies will be demonstrated in Monju. 
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FIG. 1.1. FBR cycle development programme in Japan. 
 
 
 
 CORE AND FUEL DESIGN STUDY FOR THE JSFR 2.

 
In the FaCT project, JSFR of which electric power output is 1500 MW(e) is being designed as a 
development target. The large scale power output equivalent to that of next generation LWRs is 
adopted as the commercial FR. Main design specifications are summarized in Table 2.1. 
 
The breeding ratio of the low breeding potion is 1.1 and that of the high breeding option is 1.2. Two 
types of fuel subassemblies which core height and axial blanket length are adjusted for breeding 
targets are replaceable to meet plutonium demand in FBR introduction strategies. To enhance the 
economic competitiveness, the long operating period such as 26 months for the low breeding option is 
aimed.  
 
To reduce the fuel cycle cost, the average discharged burnup is expected to be approximately  
150 GW·d·t-1. The maximum fast neutron dose is also required to be approximately 250 dpa. 
 
The coolant outlet temperature is set at 550°C, so that the generating efficiency can be improved up to 
42%. The maximum cladding temperature is required up to 700°C to achieve the high coolant outlet 
temperature for the increased power discrepancy in the high burnup core. 
 
The ODS ferritic steel will be adopted as the cladding material to meet challenging requirements such 
as neutron-dose resistance and mechanical property at the high temperature. 
 
The fuel pin diameter is 10.4 mm. The fuel pin with a large diameter is selected to enhance the internal 
conversion rate by a high fuel volume fraction and to control burnup reactivity loss for the long 
operation period. High-density annular pellets enable excellent thermal performance for avoiding fuel 
melting and PCMI resistance for high burnup.  
 
Lower gas plenum structure is adopted to restrict the fuel pin internal pressure and to shorten the pin 
length. The rhomboid internal duct is introduced in the large scale subassembly to avoid re-criticality 
in the core destructive accident (CDA). In case beyond design basis event such as the unprotected loss 

Commercial Introduction of 
FR Cycle Facilities 
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of flow accident occurs, the molten fuel will burst through the internal duct wall and will be 
discharged upward by the elevated pressure of mixtures of molten fuels and fission gases (Fig. 2.2). 
 

TABLE 2.1. MAIN DESIGN SPECIFICATIONS FOR JSFR 

 Low breeding option High breeding 
option 

Output thermal power, MW(th) 3500 ← 

Output electric power, MW(e) 1500 ← 

Cycle length, months 26 21 
Refueling batch, core/RB 4/4 ← 
Coolant inlet temp., °C 395 ← 
Coolant outlet temp., °C 550 ← 
Core height, cm 100 75 
Axial blanket region (upper/lower), cm 20/20 40/50 
Fuel pin diameter, mm 10.4 9.3 
Cladding material ODS ODS 
Number of fuel pins per subassembly 255 315 
Pellet type Annular ← 
Pu-enrichment (inner/outer), wt% 18/21 22/24 
MA-content (core averaged), wt% 1.1 1.2 
Breeding ratio 1.1 1.2 
Discharge burnup (core), GW·d·t-1 approx. 150 ← 
Discharge burnup (core + blanket), GW·d·t-1 approx. 90 approx. 60 
Maximum neutron dose, dpa approx. 250 ← 
Maximum linear heat rate, W/cm approx. 410 approx. 420 
 

 

 

FIG. 2.1. Structure of fuel subassembly for JSFR. 
 
 
To develop the high burnup fuel, several irradiation tests are indispensable. Some pin-scale irradiation 
tests will be performed in the experimental reactor Joyo to investigate the fuel performance of fuel 
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pins with annular pellets of the large diameter in high burnup. In power-to-melt irradiation tests, fuel 
pins with annular pellets will be tested in Joyo in the high LHR up to fuel melting to confirm the 
thermal limit and to obtain verification data for the fuel design code. Subassembly-scale irradiation 
tests will be also performed in Monju in the future to demonstrate its in-core integrity. 
 
 

 CORE MATERIAL DEVELOPMENT  3.
 
The ODS steel is eligible for fuel pin cladding tubes to endure heavy displacement damages up to 
250 dpa at high temperatures up to 700 degrees centigrade in JSFR. Ferritic steel is essential to prevent 
from void swelling. Dispersion hardening is effective for higher temperatures, where precipitation 
hardening in ferritic-martensitic steels loses its ability. JAEA has been developing ODS steel since 
1987 [3]. The ODS claddings are provides by powder metallurgy process including mechanical 
alloying and hot consolidation produces. 
  
Material irradiation tests of ODS steel have been conducted in JOYO. Several lots of ODS steel in 
material specimens have been irradiated by the core material irradiation rigs. In-pile creep rupture tests 
with pressurized tube specimens have been carried out by the material testing rigs with temperature 
control (MARICO). Figure 3.1 shows the results of in-pile and out-of-pile creep rapture tests of 9Cr-
ODS [4]. The irradiation effect on creep rupture strength is negligible up to 20 dpa. 
 

 
FIG. 3.1. Results of in-pile and out-of-pile creep rapture tests (9Cr-ODS) [4]. 

 
 
Total 18 fuel pins with ODS claddings were irradiated at BOR-60 in sequential three tests under a 
collaborative programme between RIAR in the Russian Federation and JAEA. Fuel pins were loaded 
with vibro-packed granulated MOX fuels with uranium metal getter particles. The maximum burnup 
and the maximum neutron dose of these fuel pins were 11.9 at.% and 51 dpa, respectively. Fuel 
cladding chemical interaction (FCCI) layers at inner surfaces were thinner than that of design 
consideration despite low chromium content of ODS claddings. One fuel pin was ruptured in the 
vicinity of peculiar microstructure change area of 9Cr-ODS cladding. Complex effect of 
inhomogeneity occurred in ODS cladding manufacturing with mechanical alloying method and higher 
irradiation temperature than planned may cause the peculiar microstructure change. Development of 
ODS cladding manufacturing will be continued to improve its homogeneity with the pre-alloyed 
powder method. 
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 FUEL FABRICATION TECHNOLOGY DEVELOPMENT  4.
 
To reduce fuel fabrication cost and radioactive waste including TRU elements, innovative 
technologies such as “simplified pelletizing process” have been under development [5]. Figure 4.1 
shows a comparison between the conventional process and the simplified pelletizing process for MOX 
fuel fabrication. In the simplified pelletizing process, plutonium nitrate solution and uranium nitrate 
solution are mixed and adjusted before conversion. Granulation process is simplified by the combined 
equipment with microwave heating de-nitration and tumbling granulator. In die-wall lubrication 
pressing method, annular pellets are compressed in the die which was lubricated. Elimination of 
several powder handling processes enables reduction of radioactive waste, improvement the 
accounting reliability in nuclear safeguards and enhancement of economic competitiveness.  

 

 
FIG. 4.1. Comparison between simplified pelleting process and conventional process. 

 
 

Figure 4.2 shows an alpha-autoradiograph of an annular pellet fabricated in the simplified pelletizing 
process experimentally. Homogeneous pellets can be provided resulting from adjustment of plutonium 
enrichment in solution. Lubricant degradation by heat generation can be prevented in die-wall 
lubrication pelletizing instead of organic lubricant addition to MOX powder. In this technique, the 
availability for MA-bearing MOX fuel will be enhanced.  
 
Large scale MOX tests of the die-wall lubrication pressing technique are in progress. Technical 
applicability of the combined process of conversion and granulation has been confirmed by lab scale 
MOX tests and large scale cold tests. 

 
 
 
 
 
 
 
 
 

FIG. 4.2. Alpha-autograph of annular pellet fabricated by the simplified pelletizing process. 
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 SUMMARY 5.
 
The conceptual design study and the development of high burnup fuels are underway in the FaCT 
project.  
 
The ODS cladding is a key issue for the high burnup fuel. The manufacturing technique of ODS 
cladding is being developed to improve its quality.  
 
In fuel fabrication technologies, main effort is focused on developing the simplified pelletizing 
process. The applicability of some key techniques such as die-wall lubrication pressing and combined 
process of both conversion and granulation has been confirmed.  

 
 
 

REFERENCES 
 

[1] HAKOZAKI, K., Research and development policy on FBR cycle technology in Japan, 
International Conference on Fast Reactors and Related Fuel Cycles: Challenges and 
Opportunities FR09, Kyoto (2009). 

[2] MIZUNO, T., Fast reactor fuel development in Japan, International Conference on Fast 
Reactors and Related Fuel Cycles: Challenges and Opportunities FR09, Kyoto (2009). 

[3] KAITO, T., OHTSUKA, S., INOUE, M., Progress in the R&D project on oxide dispersion 
strengthened and precipitation hardened ferritic steels for sodium cooled fast breeder reactor 
fuels, GLOBAL 2007, Boise (2007). 

[4] KAITO, M., et al., In-pile creep rupture properties of ODS ferritic steel claddings, J. Nucl. 
Mater. 386 (2009) 294. 

[5] SUZUKI, M. et al., Development of FR fuel cycle in Japan — current state on unified 
technology of denitration conversion and granulation for simplified pellet fuel fabrication based 
on microwave heating, Proceedings of 2008 International Congress on Advances in Nuclear 
Power Plants (ICAPP '08), Anaheim (2008) 2036. 

24



FUEL DEVELOPMENT PROGRAMME FOR FAST REACTOR IN CHINA AND 
IRRADIATION TEST PLAN ON CEFR 
 
C. HUANG, P. ZHOU, X. XU, P. ZHANG, B. YIN 

 
China Institute of Atomic Energy, 
Beijing, China 

 
Abstract 

This paper briefly descripts the fuel development status for a fast reactor in China. MOX fuel is considered 
for the usage in the China Experimental Fast Reactor (CEFR) and in the future China Demonstration Fast 
Reactor (CDFR) at the first stage, and metallic fuel at the second stage. As CEFR will be put into operation after 
physical and power tests, irradiation technologies are being progressed and some irradiation experiments are on 
the plan. The introduction about irradiation technologies developed and tests under consideration are also 
included.  
 
 
 
1. INTRODUCTION 
 
Nuclear energy has an extremely important strategy position in energy security, environmental 
security and national security. In order to meet the increasing energy demands of national economic 
development and change irrational composition of energy structure with large coal power 
disproportion in China, nuclear power and renewable energy should be developed. The overall 
strategy of nuclear energy development in China is the first thermal reactor, the second fast reactor, 
and then fusion reactor. 
 
China Experimental Fast Reactor (CEFR) is the first fast reactor in China, which was constructed 
under the technical cooperation with the Russian Federation. It was first time critical in July 2010, and 
began to increase power in February this year. It will realize the power generation in July of this year, 
and will be ready for irradiation test at the end of 2012 or early 2013. 
 
Fuel is the key point in the fast reactor technology. The initial load of CEFR is the enriched UO2 fuel 
imported from the Russian Federation, and the domestic MOX fuel will be gradually charged from 
2016. The fuel development roadmap for fast reactor in China is firstly achieving the autonomy of 
MOX fuel, secondly taking into account the metallic fuel as well as the other advanced fuels. So the 
planned fuel irradiation tests on CEFR emphases on domestic MOX fuel irradiation in order to support 
MOX fuel domestically, meanwhile the materials tests and some advanced fuel tests will be also 
considered.  
 
CEFR as a fast reactor technology platform will be put into use. The supported irradiation 
technologies are being progressed and follow-up irradiation tests plan has been primarily determined. 
Later along with the implementation of specific irradiation experiments, the irradiation technologies 
for CEFR will be gradually improved, including designing of irradiation devices and post irradiation 
experiment conditions. 
 
For the status of the above key technical issues for fast reactor (fast reactor fuel and irradiation 
technologies) in China, a brief introduction will be descript as followings. 
 
 

 
2. FUEL DEVELOPMENT FOR FAST REACTOR IN CHINA  
 
Large scale and sustainable development of nuclear power requires the establishment of nuclear fuel 
supply and cycle system. Closed fuel cycle strategy is selected for the fuel cycle system, and the more 
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mature U–Pu cycle technology system is considered, where the recovered uranium and plutonium is 
recycle used. Mixed oxide uranium plutonium fuel (MOX fuel) made from recovered plutonium for 
the supply of fast reactor fuel is the internationally recognized and technically mature fuel cycle 
model. 

MOX will be the main fuel type selection for fast reactor during a certain period in China. Actually the 
primary core design of CEFR is for MOX fuel. Because of the various reasons, the first and several 
following load of CEFR will use enriched UO2 fuel. MOX fuel will be applied later in CEFR, and 
China demonstration fast reactor (CDFR) built in 2023. The development of MOX fuel in China has a 
clear and urgent demand. In addition some research works on metallic fuel and MA added fuel for fast 
reactor in China has also been started. 
 
2.1. MOX fuel development 
 
The development of MOX fuel technology in China started later compared with other countries. Basic 
research on the MOX fuel has got some preliminary results, following is a review of MOX fuel 
development history. 

In the 1980s, a few pre-researches on MOX fuel pellets manufacture process and spent fuel 
reprocessing were carried out. Some MOX fuel pellet samples were fabricated in the laboratory. 
However, due to constraints of some conditions, the deep research work was not conducted. 

In the 1990s, the project "pre-research on feasibility of MOX fuel used in LWR" was launched. The 
mechanical mixing method was determined as the main manufacturing process. The technical 
specifications of MOX fuel pellet and fuel pin were primarily formulated and the feasibility of pilot 
MOX fuel assemblies irradiated in Qinshan nuclear power plant was studied. 

From 2001 to now, the research work on experimental scale manufacture line of MOX fuel pellet was 
carried out. A laboratory of 1400 m2 area with designing output of 500 kg(HM)·a-1 was built up. It has 
the primary condition for carrying out basic research works of MOX fuel pellet. After the experimental 
line is fully completed, small batch production of MOX fuel can be achieved, and the production can 
match with post-processing experimental plant and the CEFR refueling needs. The fabrication flow 
sheet is given in figure 2.1. Meanwhile a small laboratory was established for MOX fuel pellet 
simulation production in China Institute of Atomic Energy (CIAE). Through experiments, powder 
mixing, granulation, pressing, sintering processes, and performance measurement of powder and 
pellets were mastered. At the same time, the designing of MOX fuel assembly for CEFR was finished, 
including the designing of MOX fuel pellet, fuel pin and fuel subassembly, as well as the 
primary performance analysis. The refueling programme from UO2 fuel to MOX fuel for CEFR was 
also considered. 

TABLE 2.1. THE MAIN PARAMETERS OF MOX FUEL ASSEMBLY AS WELL AS UO2 FUEL 
ASSEMBLY OF CEFR 

 Characteristics UO2 fuel MOX fuel 
Assembly Length, mm 2590 2590 
 Pin number/SA 61 61 
 Wrapper size (width across flats) 59 59 
 Wrapper material 316(Ti)SS 316(Ti)SS 
Fuel pin Length, mm 1350 1350 
 Cladding outer diameter, mm 6.0 6.0 
 Cladding thickness, mm 0.3 0.4 
 Cladding material CHS-68 316(Ti)SS 
Fuel pellet Outer diameter, mm 5.2 5.05 
 Inner diameter, mm 1.6 1.6 
 Pu /(U+Pu), % / 25 
 O/M 2.000–2.015 1.96–1.99 
 Intrinsic density, % 95 95 



 
 

The designing of CEFR-MOX fuel assembly was conducted based on the existing design of CEFR-
UO2 fuel assembly in order to achieve the smooth transition from UO2 fuel core to the MOX fuel core. 
Therefore, changes on designing as small as possible was taken into account where the main 
difference was on the fuel pin designing. The main designing parameters of MOX fuel as well as the 
current UO2 fuel is shown in Table 2.1. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 2.1. Flow sheet for MOX fuel pellet fabrication. 
 
 
 
2.2. The metallic fuel development 
 
Because uranium resource is limited in China, it is very important to develop fast reactor technology 
for sustainable development of nuclear energy. As metallic fuel has some special advantages, such as 
high breeding ratio, safety, convenient for transmutation of long-lived actinide, it should be 
inevitable choice for the future commercial fast reactor beyond 2035. However, the metallic fuel 
production is difficult, and has close relationship with the commercial fast reactors development and 
dry post-reprocessing.  
 
In the 1990s, research work on depleted uranium U-10Zr alloy was carried our. Some testing devices 
were established, processing parameters were modified. U-10Zr alloy samples with the size of  
ø 5 × 150 mm, ø 5 × 250 mm were produced in CIAE and the Nuclear Power Institute of China 
(NPIC), respectively. The microstructures of the alloy were observed, and physical properties were 
determined. In order to improve the U-10Zr alloy machinability, heat treatment processing and phase 
transformation were studied in CIAE. Some research works are shown in Fig. 2.2. After that, the 
investigation on metallic fuel was stopped. 
 
As increasing demand for nuclear energy in recent years, metallic fuel research work was re-started. 
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The primary design on the metallic fuel assembly and core were finished. The strategy of metallic fuel 
development in China was determined. 

In 2009, as a member of GNEP project, isothermal section at 500 K, 800 K, 868 K, 933 K, 973 K, 
1000 K and vertical cross-section of 0.5 at.% U, 0.5 at.% Pu, 20 at.% Pu, 0.5 at.% Zr, 10 at.% Zr of 
U–Pu–Zr ternary alloy were calculated in order to give a thermodynamic optimization of U–Pu–Am–
Np–Zr phase diagram. 
 

 
 

FIG. 2.2. Some research works of U–Zr alloy carried out in the 1990s in China.  
 
 
3. IRRADIATION TECHNOLOGY OF CEFR 
 
One of the important purpose of the construction of CEFR is for irradiation experiments of materials, 
fuels and innovative designing to give support for future development of fast reactor and some of other 
advanced nuclear technologies. The core arrangement of CEFR is shown in Fig. 3.1, and some main 
parameters are listed in Table 3.1. All the positions including the neutron source position, fuel 
assembly region and SS reflecting subassembly region can theoretically be used for irradiation tests of 
structural materials and nuclear fuels. 
 
The reasonably and effectively use of CEFR strongly depend on the level of irradiation technology. 
Irradiation facilities based on the requirements of irradiation tasks and hot cell conditions are some 
key issues included. 
 
3.1. Irradiation facility designing 
 
Although irradiation facility has many different types, off-line irradiation devices are considered for 
CEFR at the first stage because of the complex of core roof structure, facility with online measurement 
function will be considered in the future. In addition, initial designing emphases on the irradiation 
devices for fuel and material irradiation for common usage. The main reasons are: (1) materials, fuel 
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irradiation test are the focus of the irradiation research; (2) materials, fuel irradiation test have a large 
number of samples. Accordingly, the study of common using irradiation facility for fuel and material 
can reduce the cost of designing and improve the efficient use of CEFR. Figure 3.2 shows three 
irradiation facilities designed. 
 

 
FIG. 3.1. The arrangement of assemblies in CEFR reactor core. 

 
 

TABLE 3.1. SOME MAIN PARAMETERS OF CEFR 

Item Value 
Thermal power, MW 65 
Fuel type UO2 (64.4%U-235), MOX later 
Max. neutron flux, n·cm-1s-1 E>0.1 MeV, 2.5  1015 
Max. burnup, MW·d·kg-1 60 
Core height/diameter, mm 450/600 
Max. linear power, 43 KW·m-1 43 
Refuel period, d 80 
Inlet/outlet temperature, °C 350/530 

 
 
3.1.1. Irradiation facility for structural materials  
 
The facility is designed mainly for structural material irradiation test. The primary structure is shown 
in Fig. 3.2 (a). The irradiation container designing is the key point to ensure the required irradiation 
temperature. The Irradiation container was designed with double-wall tubes, where the samples were 
set within the inner container immersed with liquid sodium, and 0.1 MPa helium was filled. Because 
of the good thermal conductivity of liquid metal, the samples within one container will have the same 
temperature. A different gap size between the double walls was designed and filled with inertia gas in 
order to obtain the different irradiation temperatures. For example, three irradiation temperatures 
required need three containers with different gap size. The containers were fixed and inserted into the 
subassembly with the same outer shape as the original subassembly in the same position. 
 
Eutectic alloys used for temperature monitoring can be put inside the container together with the 
testing samples. Neutron fluency detection chips will be placed at the six angle position of hexagonal 
wrapper. 
 
3.1.2. Irradiation facility for fuel pin  
 
The facility was designed for single-pin irradiation test, mainly for new fuel performance testing, 
innovative fuel pin designing, high burnup fuel testing. The original 7 central fuel pins inside the drive 
fuel assembly were replaced by a single fuel pin irradiation device, the outer layer of 54 fuel pins were 
remained. The tested single pin was sealed within a capsule which was filled with liquid metal inside 
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and cooled by the coolant outside. The single-pin irradiation device was fixed with the bottom grid 
connection. The cross-section of irradiation facility was shown in Fig. 3.2 (b). 
3.1.3. Irradiation facility for fuel bundles 
 
This kind of facility was designed for irradiation of 7 fuel bundles in order to verify the performance 
of fuel assemblies. The original 19 central fuel pins inside the drive fuel assemble were replaced by a 
7 fuel pin bundles contained within a smaller size hexagonal wrapper. The outer layer of 42 fuel pins 
was remained. The 7 fuel pin bundles were cooled by forced coolant. Then the 7 fuel bundles and the 
outer layer of 42 fuel pins, hexagonal tubes, and other components assembled together to form the 
tested assembly with the same shape of the fuel assemblies in the original location. Irradiation facility 
cross-section diagram is shown in Fig. 3.2 (c). 
 

 
 

FIG. 3.2. Cross-sections of irradiation facility of CEFR, (a) for structural material,  
(b) for single fuel pin, (c) for fuel bundles. 

 
 
3.2. Post irradiation examination (PIE) condition of CEFR  
 
CEFR is equipped with a small non-destructive inspection hot cell where the dimension measurement 
and disintegration of assembly can be carried out, also diameter measurement, eddy current, X ray 
scan and  inspection of fuel pin could be done. Some destructive tests of fuel pins can be carried out 
in a small destructive test laboratory In CIAE, such as fuel pin cutting, fuel pin puncture, pellet 
microstructure analysis, sample preparation, structure material microstructure analysis, etc. Also a 
semi-hot cell where mechanical property tests of structural material after irradiation, such as tensile 
test, creep test, fracture property test can be finished is set close to the destructive testing hot cell. A 
planning of construction of large hot cell laboratories is under consideration, including post irradiation 
exam of structural materials and fuel, as well as reassembling of tested fuel assembly. The budget 
applying is undergoing. 
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3.3. Planned irradiation programme of CEFR  
 
The operation of CEFR is schemed in early 2013. The most important irradiation tests are focused on 
domestic MOX fuel irradiation tests in order to get the data to support the using of domestic MOX fuel 
in CEFR. Meanwhile irradiation tests on cladding materials and wrapper materials are also taken into 
account. Some irradiation tests planned in the programme are as followings: 

- MOX fuel irradiation tests; 

- 316(Ti) SS irradiation test;  

- 15–15TiSS irradiation test; 

- Ferritic/martensitic steel irradiation test; 

- Irradiation test of Np added fuel. 
The primary irradiation test plan on CEFR is shown in Table 3.2.  
 

TABLE 3.2. IRRADIATION TEST PLAN ON CEFR 

2011 2012 2013 2014 2015 2016 
Power test, power generation     
  316(Ti)SS    
  Np added fuel  
    MOX fuel 
    15–15TiSS 
   FMS steel 
 
 
 

 SUMMARY 4.
 
The development trend of fast reactor fuel in China is similar as that worldwide. MOX fuel is the basic 
fuel type, and metallic fuel as well as other advanced fuels is also considered.  
 
The irradiation technologies, including irradiation facility designing and PIE conditions have been 
progressed. The primary irradiation plan on CEFR is determined.  
 
CEFR will be a good platform for carrying out materials and fuel irradiation examinations, and be 
appreciated for international cooperation.  
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Abstract 

The sodium cooled fast reactors programme in India is highlighted. Indigenously developed unique Pu-rich mixed 
carbide fuel containing 70% PuC and 30% UC, is used in Fast Breeder Test Reactor (FBTR). The clad and wrapper materials 
for FBTR are 20% CW 316M and 20% CW 316L respectively. The Mark-I core has seen a burnup of 165 000 MW·d·t-1. One 
of the important achievements was closing of the fuel cycle of FBTR. The FBTR fuel discharged at 150 000 MW·d·t-1 has 
been successfully reprocessed. A 500 MW(e) Prototype Fast Breeder Reactor (PFBR) uses mixed oxide with natural and 
depleted uranium. The core has two enrichment zones with 21% and 28% PuO2. For the core components, 20% cold worked 
D9 material (15%Cr-15%Ni with Ti and Mo) is used to have better irradiation resistance. The PFBR test fuel subassembly 
irradiated in FBTR has attained the burnup of 112 GW·d·t-1. With advanced structural materials for clad and wrapper, a 
burnup of 20 at.% is envisaged for mixed oxide fuels. Roadmap has been conceived for the development of fuels and 
structural materials and test facilities for enhancing burnup gradually to 200 GW·d·t-1, subsequently 250 GW·d·t-1. Directed 
research is under way to develop metallic fuels for achieving high breeding ratio (1.4–1.5) and high burnup of around 25 at.% 
which will be employed in the long run in commercial FBRs. The economic advantages of high burnups, international 
experience on achieving high burnup, Indian roadmap of achieving high burnup fuels and materials, experiences of carbide 
fuel used in FBTR, comprehensive capability of Indira Gandhi Centre for Atomic Research (IGCAR) in the field of design, 
R&D particularly in the fields of mechanics and thermal hydraulics analysis of fuel pins and subassembly and post irradiation 
examination techniques are presented in this paper.  
 
 
 

 INTRODUCTION 1.
 
Energy is a crucial input to propel the economic growth. Hence, generation of cost effective 
sustainable energy addressing the issues of global warming is the key issue for ensuring high quality 
of life of the world population. As far as India is concerned, the current population is 1.166 billion (in 
2009) and it would get stabilized the population at the level of 1.5 billion by the year 2050, which 
constitutes one sixth of the global population. India is also on the rapid economic growth path. 
Compared with the size of its population and its growth rate, India is not endowed with significant 
energy resources. Coal looks plentiful, but economically mineable coal resources may not last more 
than 5–6 decades. Potential of hydro and renewable resources is modest and requires investor friendly 
investment initiatives from government. The Integrated Energy Policy projects high capacity additions 
in forthcoming plan periods: 78.6 GW(e) in XI, 104 GW(e) in XII, 151 GW(e) in XIII and 197 GW(e) 
in XIV plan periods. Integrated Energy Policy also envisages coal to remain the dominant fuel source 
till 2031–32. The share of super critical power plants is expected to be 43.6 GW(e) (59% of coal based 
sets) in XII plan and it would be 64 GW(e) (100% of coal based sets) in XIII plan. Impact on 
environment due to burning of fossil fuels and escalating oil bills demand that the nuclear option needs 
to be pursued vigorously. Indian nuclear programme is technologically matured and is mostly 
indigenous. Its current share is 4780 MW(e) out of 20 reactors and expects to have 20 GW(e) by 2020 
and 63 GW(e) by 2032. It aims to supply 25% of electricity from nuclear power by 2050. Now, 
foreign technology and fuel are expected to boost India's nuclear power plants considerably. All plants 
will have high indigenous engineering content. Further, India has uniquely been developing a nuclear 
fuel cycle to exploit its reserves of thorium. Uranium reserves in India are very modest (around 
100 000 t). Critical examination of the issues related to sustainability including relative abundance of 
available energy resources, diversity of sources of energy supply and technologies, security of 
supplies, self-sufficiency, security of energy infrastructure, effect on local, regional and global 
environment and demand management, clearly indicates that fast breeder reactor (FBR) with closed 
fuel cycle is the essential option in providing sustainable energy. The development and deployment of 
FBR concurrently took place along with pressurized water reactor (PWR) worldwide. The capital cost 
of FBR is high owing to large number of systems and use of large quantities of sodium and stainless 
steel. The basic premise in the development of FBR technology was protecting against possible rise in 
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uranium prices and conservation of uranium. The exercise undertaken for the European 1500 MW(e) 
reactor EFR showed that FBR could be made competitive to PWR in terms of unit energy cost and 
established that further cost reduction is possible for series construction of reactors. The other factor 
that will make FBR economical other than its capital cost is fuel burnup which goes into the fuel cycle 
cost. Hence, the fast breeder reactors have the potential of becoming a very larger energy resource 
which is especially so in the context of only moderate uranium and vast thorium reserves in India. 
With these basis, it is planned to vigorous pursue the sodium cooled fast reactors (SFRs), in particular. 
Further, India has a vision of becoming a world leader in this technology. 

 
India started SFR programme by constructing a 40 MW(th)/13.5 MW(e) loop type Fast Breeder Test 
Reactor (FBTR), which is in operation since 1985. Having established comprehensive expertise in 
SFR technology through successful operation of FBTR over 35 years, India started the construction of 
a 500 MW(e) Prototype Fast Breeder Reactor (PFBR) in October 2003. PFBR will be commissioned 
in 2012. As a follow-up to PFBR, it is planned to construct three twin units of 500 MW(e) reactors, 
termed as Commercial Fast Breeder Reactor (CFBR), with improved economy and safety during 
2012–23. Subsequently, a series of 1000 MW(e) metallic core FBRs would be constructed to realize 
the nuclear contributions completely. The targets and strategies of SFR development are illustrated 
comprehensively in Fig. 1.1. 
 

 
 
 
The SFRs planned beyond PFBR, many innovative features are proposed towards reduction in unit 
energy cost and enhancing safety. Among many parameters, it is found that there is a strong economic 
incentive to increase the fuel burnup well beyond 150 GW·d·t-1, in fast reactors in order to reduce the 
fuel cycle cost. The fuel technology is an interdisciplinary domain posing challenges in all the aspects 
of fuel cycle such as fabrication, assessing in-reactor performance, reprocessing of spent fuel due to 
high level of radioactivity in the discharged fuel and irradiation damage of structural materials. This 
apart, the successful operation of fuel in the reactor is ensured by detailed analysis involving state-of-
art numerical and experimental simulations of various phenomena involved in the fuel and 
subassembly design. Efforts are underway at IGCAR and Bhabha Atomic Research Centre (BARC) to 
develop advanced fuels and structural materials capable of achieving high burnup and advanced post 
irradiation examinations (PIE). With advanced structural materials for clad and wrapper in conjunction 
with PIE results, a burnup of 20 at.% is envisaged for mixed oxide fuels. Directed research is under 
way to develop metallic fuels for achieving high breeding ratio (1.4–1.5) and high burn up of around 
25 at.% which will be employed in the long run in commercial SFRs.  
 
The economic advantages of high burnups, international experience on achieving high burnup, Indian 
roadmap of achieving high burnup fuels and materials, confidence accumulated through the 
development of carbide and oxide fuels and associated structural materials and comprehensive 

FIG. 1.1. SFR development in India.

10 09
07 08

06

04 05

03

02 01

11

12

Ø11950

CFBR 

•500 MW(e) 

•Pool type 

•UO2–PuO2 

•3 twin units 

•From 2023 

FUTURE SFR

•1000 MW(e) 

•Pool type 

•Metallic fuel  

•Serial constr. 

•Beyond 2025 

FBTR 

•13.5 MW(e)  

•Loop type    

•PuC – UC 

•Test reactor 

•Since 1985 

PFBR 

•500 MW(e) 

•Pool type 

•UO2–PuO2  

•Prototype 

•From 2013

34



capability of IGCAR in the field of design, R&D particularly in the fields of mechanics and thermal 
hydraulics analysis of fuel pins and subassembly and PIE techniques are presented in this paper.  
 
 
2. ECONOMIC ADVANTAGES OF HIGH BURNUP 
 
The burnup that can be achieved in FBR is much higher, thereby reducing the fuel cycle cost 
considerably and hence, increase in burnup in FBR has relatively large advantage as compared with 
PWR as shown in Fig. 2.1. It can be seen that doubling of burnup from 40–80 GW·d·t-1 in PWR results 
only a decrease of about 15% in the fuel cycle cost whereas, doubling of burnup in FBR leads to a 
reduction of 50–60% in the fuel cycle cost. A cost estimate indicated below for EFR (1250 MW(e)) 
and a typical EPR of similar capacity indicates a clear cost saving of about 10% (Table 2.1).  
 
 
TABLE 2.1. COST ESTIMATE FOR EFT AND EPR 

Cost projection (%) EFR EPR 
Capital 71 55 
O&M 19 17 
Fuel cycle 10 20 

 
 
Hence, cost competitiveness can be achieved by means of high burnup with respect to fuel cycle cost. 
This apart, higher burnup helps in the minimization of waste generation giving lesser specific quantity 
of minor actinides and fission products, thereby the saving in waste management costs. 
 
 
 
 

 

 
 
 

 INTERNATIONAL EXPERIENCE 3.
 
Internationally, high burnup has been achieved in experimental fuel pins. The burnup values achieved 
worldwide with standard as well as experimental oxide fuel pins are shown in Table 3.1. In Table 3.2, 
values achieved for carbide fuels are given. 

 FIG. 2.1. Economic benefit of higher burnup.
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As per the Tables 3.1–3.2, more than 20% atom has been burned. The limitation to achievement of 
high burnup comes from the current generation of core structural materials owing to its excessive 
deformation and degradation due to irradiation rather than from the fuel. Thus, the capability to 
achieve high burn up is limited by the capability to accommodate higher neutron doses. For example, 
in case of CFBR, the design target of 200 GW·d·t-1 would correspond to a neutron dose of 160–
180 dpa. Thus, the high swelling resistance, coupled with good impact strength is the key to achieving 
high burnup. Further, the maximum burnup indicated in the table is mainly for the experimental fuel 
pins; high burnup on whole core basis, considering the wrapper behaviour  is important.  
 
 
TABLE 3.1. BURNUP VALUES ACHIEVED IN OXIDE FUELS 

Country or 
group of 
countries 

Standard MOX fuel  Experimental fuel 
No. of pins 
irradiated 

Burnup 
reached 
MW·d·t-1 

 Max. 
burnup 
MW·d·t-1 

Main reactors Type of fuel 
pellets 

Western EU 265000 135000  200000 PHÉNIX, PFR, 
KNK-II 

Solid&annular 

USA 64000 130000  200000 FFTF Leading pins 
Japan 50000 100000  120000 JOYO Solid 
CIS 13000 135000  240000 BOR-60 Vibro-pac 
CIS 1800 100000  - BN-350 Solid&annular 
CIS 1500 100000  - BN-600 Solid&annular 

 
 
TABLE 3.2. ACHIEVED BURNUP IN CARBIDE FUEL 

Country Reactor Burnup (% h.A) 
Russian Federation BR-10 5 
Russian Federation BOR-60 10 
Germany KNK-II - 
USA EBR-II 20.7 
India FBTR 17 

 
 
Various types of fuel have displayed distinct burnup capabilities. The ceramic fuels can achieve high 
burnup relative to metallic fuel. Among ceramic fuels, oxide fuel has demonstrated the feasibility of 
achieving high burnup of 150–200 GW·d·t-1. In the case of oxide fuel, the limitation is from wrapper 
deformation. In the case of metallic fuel, the limitation may be dictated by fuel clad chemical 
interaction (FCCI) in addition to wrapper deformation. In the early metallic fuel irradiation tests, 
burnup of the order of only 8–10 at.% have been achieved. Improved material performance is 
therefore warranted towards achieving high burnup in metallic fuel. A target burnup of 270 GW·d·t-1 is 
envisaged for oxide fuels in US.  
 
For understanding the various fuels, a few important properties are presented in Table 3.3. 
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TABLE. 3.3. IMPORTANT PROPERTIES OF VARIOUS FUEL TYPES 

 
 
 
4. ROADMAP FOR ACHIEVING HIGH BURNUP FOR SFRS IN INDIA 
 
4.1. Fuels and structural materials  
 
4.1.1. Fuel 
 
Pu-rich mixed carbide fuel containing 70% PuC and 30% UC, is used for FBTR and mixed oxide with 
natural and depleted uranium is used for PFBR. For CFBR (6 reactors to be built following PFBR), 
MOX fuel would be continued. However, for the future SFRs beyond CFBR, metallic fuel will be 
used, which is an inevitable choice for the realization of nuclear energy rapidly through FBRs in India. 
In the choice of various fuel types, their salient properties as given in Table 4.1 have been critically 
investigated. The choice of various fuel types for FBTR, PFBR and CFBR and future series of SFRs 
has also a sound basis to meet certain constraints.  
 
4.1.2. Core structural materials  
 
The clad and wrapper materials for FBTR are 20% CW 316M and 20% CW 316L respectively. 
However for PFBR, the material is evolving as follows: 
 
For the initial core of PFBR up to 10 000 MW·d·t-1 burnup, the structural material chosen for clad and 
wrapper tubes is a 20% cold worked 14Cr-15Ni-Ti stabilised austenitic stainless steel (D9). In order to 
increase the target fuel burnup level from 100 000–150 000 MW·d·t-1, an improved version of alloy 
D9 stainless steel (D9I) has been developed for the clad and wrapper by optimizing the amounts of the 
minor elements titanium, silicon and phosphorous with respect to swelling behaviour and creep 
properties. Thermal creep strength is not a primary requirement for the wrapper material since the 
operating temperatures are below. However, the increase in ductile to brittle transition temperature 
(DBTT) due to irradiation is a cause of concern for ferritic steels. Consequently, extensive studies 
involving modification of the composition of P9 steel are being carried out to improve the fracture 
toughness of P9 steel in order to develop subassemblies with P9 wrapper and IFAC-1 SS (Indian Fast 
Reactor Advanced Core Stainless Steel) for the clad, which can give burn up more than 

Properties (U0.8Pu0.2)O2 (U0.8 Pu0.2)C (U0.8Pu0.2)N U-19Pu-10Zr 

Theoretical density, g·cc 11.04 13.58 14.32 15.73 

Melting point, K 3083 2750 3070 1400 

Thermal conductivity, 
(W·m-1·K-1) at  
1000–2000 K  

 
2.6–2.4 

 
18.8–21.2 

 
15.8–20.1 

 
40–40 

Crystal structure Fluoride Nacl Nacl Alfa 

Breeding ratio 1.1–1.15 1.2–1.25 1.2–1.25 1.35–1.4 

Swelling  Moderate High Moderate High 

Handling Easy Pyrophoric Inert Inert 

Compatibility: clad  
Compatibility: coolant 

Average 
Average 

Carburisation 
Good 

Good 
Good 

Eutectics 
Good 

Dissolution and 
reprocessing 

Good Demonstrated Risk of C14 Amenable for 
pyro reprocessing

Fabrication/irradiation 
experience 

Large and good Limited Very little Limited 
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150 000 MW·d·t-1. To further increase the target burnup levels up to 200 000 MW·d·t-1, oxide 
dispersion strengthened (ODS) ferritic-martensitic steels of composition (wt%) –Fe-0.11C-9Cr-2W-
0.2Ti-0.35Y2O3– has been developed and 4.2 m long trial clad tubes have been produced. The 
roadmap for material development is shown in Fig. 4.1. 
 
4.2. Design approach  
 
The design approach, apart from advanced materials, calls for addressing both physics as well as 
engineering measures comprehensively, to achieve cost optimization in design and inventory reduction 
or higher exploitation of power with same inventory. Preliminary studies identified are:  

(i) rationalizing the hot spot factors with the support of detailed thermal hydraulics analysis; 

(ii) increase in residence time with excessive reactivity (reduction in rate of fall of reactivity by 
increased breeding ratio; 

(iii) increasing the fuel handling cycle length; 

(iv) optimum core restraint design for reduced bowing and dilation of wrapper; 

(v) optimization of inter-wrapper gap; 

(vi) increasing the fission gas plenum; 

(vii) increasing the pellet density and decreasing smeared density; 

(viii) optimum O/M ratio; 

(ix) optimum fuel pin diameter; 

(x) increased fissile enrichment zones; 

(xi) optimum subassembly size; 

(xii) differential axial enrichment; 

(xiii) rationalization of over power margin. 
 
 
TABLE 4.1. ROADMAP FOR CORE STRUCTURAL MATERIAL 

 
 
 

 BRIEF DESCRIPTION OF FBTR AND PFBR FUEL 5.
 

The salient details of the mixed carbide fuel, PFBR test fuel pin which has been irradiated in FBTR 
and PFBR MOX fuel are briefly described. The Mark-I carbide fuel pin of FBTR is of high Pu 
composition containing 70% PuC and 30% UC. Initially, the fuel was operated at a peak linear heat 
rating of 250 W·cm-1 which was subsequently raised to 320 W·cm-1. For a brief period, it has been 
operated at 400 W·cm-1 rating at higher temperatures. The fuel pin dimensions are 
5.1 mm OD/4.36 mm ID and the pellet diameter is 4.18 mm. The active core height is 320 mm. The 

Parameter Current Stage-1 Stage-2 Stage-3 Stage-4 

Target burnup GW·d·t-1 100 <150 150 200 200 

Fuel Oxide Oxide Oxide Oxide Metallic 

Clad material D9 IFAC-1 SS IFAC-1 SS 9-18 Cr ODS  T91 F-M steel

Wrapper material D9 IFAC-1 SS T9 F-M steel T9 F-M steel T9 F-M steel

Linear power, W·cm-1 450 450 450 500 >500 
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clad and wrapper materials are 20% CW 316M and 20% CW 316L respectively. Fuel subassembly 
(FSA) contains 61 fuel pins. 

 
In order to confirm the irradiation behaviour of PFBR MOX fuel at its rated parameters, a test 
FSA containing (44%Pu-56%U)O2 was loaded in FBTR and it has already crossed its target of 
100 GW·d·t-1 burnup. The fuel pin dimensions are 6.6 mm OD / 5.7 mm ID. Annular pellets are 
employed in PFBR with OD and ID as 5.52 mm and 1.9 mm respectively. The active core height in 
the test FSA is 430 mm. The clad and wrapper materials are 20% CW 316 D9. The FSA contains 37 
fuel pins. 

 
PFBR core has two enrichment zones with 21% and 28% PuO2. The design peak LHR is 450 W·cm-1 
and the neutron dose corresponding to the initial target of 100 GW·d·t-1 burnup is 85 dpa. The in-pile 
residence time of fuel elements is about 2 years. The normal operating temperature of clad and 
wrapper is in the range of 400–700°C. Alloy D9 (15Cr-15Ni-Ti–Mo austenitic stainless steel) in 
20% CW condition has been chosen for the clad and wrapper based on the international experience 
and in-house out-pile studies. The satisfactory behaviour of D9 with respect to its compatibility with 
fuel and coolant, irradiation damage led to its choice. FBTR and PFBR fuel pin are shown in Fig. 5.1. 
 
 

 

 

 
 
 

       FIG. 5.1. FBTR and PFBR fuel pin. 
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 EXPERIENCES WITH FUEL AND STRUCTURAL MATERIALS 6.
 
6.1. Carbide fuel 
 
Uranium–plutonium mixed carbide fuel offers the advantages of high fissile material density and high 
thermal conductivity, which enable low doubling time and lower operating temperatures. Since no 
direct data was available, physical, chemical and irradiation behaviour of fuel were obtained through 
extensive out-of-pile tests and with the gradual increase of burnup in the reactor. A few major issues 
are highlighted here. 
 
6.1.1. Major issues envisaged  
 
Two issues pertaining to chemical carbide fuel are the fuel-clad chemical interaction, i.e. clad 
carburization and formation of low melting eutectics with increasing burnup. The carbon potential data 
generated at IGCAR have indicated that clad carburization would not be the life limiting process. Due 
to the high plutonium content in the mixed carbide fuel and the consequent reduction in melting point 
and thermal conductivity, initial estimate limited the burnup and linear heat rating to 25 GW·d·t-1 and  
250 W·cm-1 respectively. The major issue envisaged was the reduction in carbon to metal (C/M) ratio 
with increasing burnup. Carbide fuel is initially hyper-stochiometric to prevent metallic phase 
formation. As burnup increases, C/M reduces to a value less than one resulting in the formation of low 
melting (U,Pu) alloy. U–Pu alloy can react with constituents of the clad forming low melting eutectics. 
Such reactions can lead to the failure of clad and is one of the life limiting factors in achieving very 
high burnups. High swelling of the fuel due to the retention of fission gases is also a potential problem 
in carbides.  
 
6.1.2. Approach to enhance the burnup 
 
The mechanisms limiting the burnup were systematically identified as: 

(i) fission gas pressure induced creep rupture; 

(ii) creep rupture due to fuel clad mechanical interaction (FCMI); 

(iii) fuel porosity exhaustion; 

(iv) hexagonal sheath deformation – dilation and bowing; 

(v) residual ductility of clad and wrapper; 

(vi) C/M ratio reduction in fuel matrix.  
 

Initially, for example, the swelling of Pu rich fuel was assumed to be larger than the power reactor 
composition fuel. Similarly, the fission gas release was taken as 40% for 100 GW·d·t-1. Further, it was 
pessimistically assumed that, upon the fuel swelling and filling the clad, the porosity would get 
exhausted posing difficulty to accommodate swelling, which in turn might lead to higher creep as fuel 
was expected to behave as a fully dense material. Hence, at every burnup level, the parameters were 
measured in PIE which were fitted into the theoretical models in a suitable manner by which the 
burnup was extended gradually based on the confidence derived from PIE. 
 
6.1.3. Highlights of PIE results 
 
PIE was carried out on FBTR fuel subassemblies at various stages of burnups of 25 GW·d·t-1,  
50 GW·d·t-1, 100 GW·d·t-1and 155 GW·d·t-1 to characterize the performance of the fuel and structural 
material. It was observed that the fuel-clad gap reduces during the early stages of burnup giving 
enough confidence to operate the fuel at higher LHR of 320 W·cm-1. PIE carried out at 25 GW·d·t-1 

and 50 GW·d·t-1 has indicated that the fuel has a lower swelling rate than expected and FCMI has not 
initiated. Fuel swelling was getting accommodated in the sinter porosities. Fission gas release and the 
internal pressure was found to be nominal (<20%). Absence of FCMI and negligible dimensional 
change in structural materials has enabled increasing the fuel burnup to 100 GW·d·t-1. PIE of fuel 
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subassembly after 100 GW·d·t-1 and 155 GW·d·t-1 burnups has indicated significant changes in the 
dimensions and mechanical properties of the hexagonal wrapper and fuel pins. Figs 6.1–6.3 show a 
few salient results viz. increase of fuel stack length, fission gas pressure built-up in the fuel pin and 
change in the hexagonal sheath geometry.  
 

 
 

 
 
 
The dimensional measurements on the hexagonal wrapper indicated a maximum dilation of 0.65 mm 
at the centre of the fuel column region. Considering the initial minimum inter-subassembly gap of 
0.7 mm, this increase can have considerable effect on fuel handling operations. The maximum 
diametral strain (∆d/d) of a typical fuel pin measured after 155 GW·d·t-1 is around 5% as compared to 
1.6% estimated at 100 GW·d·t-1. The volumetric swelling after 81 dpa (peak) corresponding to the 
burnup of 155 GW·d·t-1 was estimated to be around 11.5% for the clad and around 4% for wrapper 
(Fig. 6.3). Remote high temperature tensile tests on the irradiated clad indicated an appreciable 
decrease in both ultimate tensile strength and uniform elongation with increasing dpa (Fig. 6.5). The 
room temperature tensile properties of wrapper however indicated a hardening behaviour with 
decrease in ductility with increasing dpa.  
 
Metallographic examination of 155 GW·d·t-1 burnup fuel has revealed a distinct zone devoid of fuel 
porosities near the outer diameter of the fuel. Complete closure of the fuel-clad gap and 
circumferential cracking at the centre as well as at the end of the fuel column has indicated that the 

 (
m

m
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       FIG. 6.1. Fuel stack length increase. 

FIG. 6.2. Fuel pin internal pressure. FIG. 6.3. Changes in hexagonal geometry. 
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entire fuel column has entered the restrained swelling regime. Figure 6.6 shows the comparison of 
photo-mosaics of fuel-clad cross sections at the centre of the fuel column at different burnups. A 
maximum gas release of 16% and an internal pressure of 2.09 MPa in the fuel pin due to fission gas 
release has been estimated for 155 GW·d·t-1. 
 

 
 

 
 

6.1.4. Detection of clad rupture 
 
In February 2011, when the reactor was operating at 18 MW(th), scram took place on delayed neutron 
detection (DND) signal provided for detection of fuel clad failure. From the contrast ratio of west/east 
DND signals, the failed fuel was identified to be on the west half of the core. From the ratio of 
Kr85/Kr87 in the cover gas samples, the failed fuel was identified to be one with a burnup of 
>100 GW·d·t-1. These results narrowed down the search to MK-I SA at core locations 0303, 0306 and 
0316 (Fig. 6.7). Reactor was started and operated for 2 h at 2 MW(th) for taking accurate count rates 
from the DND systems. The contrast ratio (W/E) was found to be 4.5 (Fig. 6.8). Flux tilting 
experiment was carried out by operating the control rod near to 03-06 and maintaining the 
power constant by lowering the other rods. The west signal was found going up, indicating that the SA 
at 03–06 could be the suspect. This SA was shifted to storage location and filled with a SA from the 
4th ring; the SA at 03-06 and 03-16 were swapped and DND readings were taken at 2 MW(th). There 
was no increase in DND counts, confirming the fuel which was transferred to storage location as the 
failed one. Thus, the failed fuel was identified in the first instance itself, with only a single fuel 

RT = Room temperature 
Tirr  = Irradiation temperature  
Ttest = Test temperature. 

FIG. 6.4. Clad and wrapper swelling. FIG. 6.5. UTS variation of clad 
material. 

  25 GW·d·t-1    50 GW·d·t-1    100 GW·d·t-1          154 GW·d·t-1

FIG. 6.6. Comparison of ceramographs of fuel-clad cross section at various burnup. 
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handling. This has given confidence in the operation of DND system and identifying the cause of 
failure is looked forward for getting more knowledge on the fuel behaviour. 
 

 
 

6.2. Oxide fuel 
 
Vast irradiation experience is available in the case of the oxide fuels. The major issues pertaining to 
oxide fuels are the increase in oxide to metal (O/M) ratio with increasing burnup and oxidation of the 
clad and corrosion due to the fission products. Lower initial O/M ratio, pin designs with adequate 
plenum to accommodate higher fission gas release, annular pellets for reduced fuel temperatures and 
suitable cladding thickness to compensate the corrosion are the critical features required for achieving 
high burnup. PFBR fuel is designed for a peak burnup of 100 GW·d·t-1. In order to confirm and 
validate the design, a test fuel subassembly containing MOX fuel was loaded in FBTR core. An 
exercise was undertaken to study the possibility of taking this fuel to higher burnup and various cases 
were studied by considering the clad wastage and the design temperature as nominal or hot spot for a 
target CDF of 0.3 (Fig. 6.9). Based on the study and the desire to get results at close to the initial 
target, the subassembly was discharged at 112 GW·d·t-1. Presently, the PIE is in progress which is 
expected to reveal important information about the fuel behaviour. The successful demonstration of 
MOX fuel up to 112 GW·d·t-1 gives confidence for PFBR operation. 
 

FIG. 6.7. FBTR core configuration. FIG. 6.8. DND count with failed fuel. 
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 HIGHLIGHTS OF R&D RESULTS 7.
 

 Structural material data 
 

 Improving creep properties of alloy D9 
 
A 1.7 MeV Tandetron charged particle accelerator has been effectively used to simulate some crucial 
aspects of neutron damage of D9 alloy. The presence of nanometer sized coherent TiC precipitates 
embedded in the austenite matrix serves as sink to radiation generated point defects and thus leading to 
an enhancement in swelling resistance. The effect of Ti/C ratio on void swelling behaviour as a 
function of temperature is depicted in Fig. 7.1.The void swelling was measured by heavy ion 
irradiation of 30 appm helium pre-implanted samples using a damage rate of 7 × 10-3 dpa·s-1. On 
increasing the titanium content, void swelling was reduced and peak swelling temperature shifted to 
lower values. The existence of fine TiC leads to a measurable increase in positron lifetime, which, 
after calibration can be used for optimizing the Ti/C ratio in D9. The origin of superior radiation 
resistance of D9 is traced to the lattice strain around tiny TiC precipitates. Electron microscopy, 
especially the advanced high resolution lattice imaging technique has been successfully employed for 
quantifying the lattice strain around embedded nanoparticles. Studies on many variants of alloy D9 
with different titanium contents have indicated that the alloy with Ti/C = 6 in 20% cold worked state 
possess optimum swelling resistance.  
 
 

 
 

 
Further high power fast reactors would require materials better than alloy D9. Efforts are underway to 
devise improved versions of D9, notably by modifying the composition of minor elements Ti, Si and 
Phosphorous. The creep resistance has been found to be a function of Ti/C ratio, and maximum creep 
resistance has been obtained at a ratio of 6 (Fig. 7.2).  
 
 
 

 

FIG. 7.1. Void swelling of D9.   

Ti = 0.25 
Ti/C = 6 

Ti = 0.15 
Ti/C = 4  accelerator irradiation
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1.1.2. Thermal annealing of IFAC-1SS 
 
In order to achieve higher fuel burn up, up to 150 GW·d·t-1 an improved version of D9 SS, known as 
IFAC-1SS has been developed by optimizing the amount of P, Si and Ti present in standard D9 alloy. 
In addition to compositional tailoring, IFAC-1 will be used in 20% cold worked condition for 
ensuring required swelling resistance. Since the cold worked microstructure is not intrinsically stable 
at high temperature, due to recovery and recrystallization and grain growth phenomena, a study of the 
response of cold worked microstructure to thermal annealing has been taken up (Fig. 7.3). 
 
 

 

 

 
1.1.3. The microstructure of indigenous ODS alloy 
 
The microstructure of indigenous ODS alloy is shown in Fig. 7.4. Efforts are underway to develop 
higher Cr ODS ferritic steel clad tubes. Several experiments such as atom probe tomography (APT), 
small angle neutron scattering (SANS), transmission electron microscopy (TEM), positron 
annihilation spectroscopy (PAS), etc., have been carried out to understand the behaviour of these 
oxide nanoparticles. Especially, SANS and TEM experiments are being done to gain knowledge about 
the size distribution, volume fraction, composition and APT measurements are being done to 
understand the composition and structure of the Y–Ti–O nanoclusters in ferritic matrix. The recent 
APT analysis of the ODS alloys suggest core/shell structure for the nanoclusters. Even though a large 
number of studies are being carried out to understand the nature of nanoclusters in ferritic matrix, the 

(a) 

   


001||001
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TiC
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FIG. 7.2. (a, b, c) Improving alloy D9 creep properties. 

FIG. 7.3. Recrystallization microstructure of IFAC-1. 
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basic understanding of the mechanisms and kinetics by which these nanoclusters form, their structure, 
composition and interface character needs to be fully established. 
 
 

 

 

 
1.1.4. Creep and creep rupture properties of ODS steel 
 
ODS ferritic-martensitic steel Fe-0.11C-9Cr-2W-0.2Ti-0.27Y2O3 is being developed for fuel clad 
tube applications. A complex powder metallurgy route followed by hot and cold mechanical 
processing steps has been adopted to produce the clad tube. Clad tubes were produced by cold drawing 
(pilgering) of the mother tube with intermediate softening heat-treatments. The clad tubes were finally 
subjected to normalizing and tempering heat treatments in inert atmosphere. Clad-tubes with 6.6 mm 
outer diameter, 0.45 mm thickness and up to 4500 mm length with yttria contents of 0.27 wt% and 
0.34 wt% have been successfully produced. Creep tests at 973 K over a stress range of 100–175 MPa 
have been carried out on 9Cr-2W-Y2O3 ODS steel clad tubes. Figure 7.5 shows the typical creep 
curves of the material tested at 973 K and 120 MPa. The material exhibited well defined primary and 
secondary stages of creep deformation with practically no tertiary stage. A comparison of the creep 
rupture life of the 9Cr-2W-Y2O3 ODS steel clad tubes with those of modified 9Cr-1Mo steel and 
alloy D9 is shown in Fig. 7.3. The ODS steel possessed much superior creep rupture strength than the 
modified 9Cr-1Mo steel. Creep rupture strength of the ODS steel has increased on increasing yttria 
content from 0.27–0.34 wt%. Relatively long term creep rupture strength of the 9Cr-ODS steel having 
0.34 wt% Y2O3 was found to be comparable to that of alloy D9. This material is very promising as a 
clad material to increase the fuel burnup to around 200 GW·d·t-1. 
 

 
 

FIG. 7.4. Microstructure of indigenous ODS alloy. 

FIG. 7.5. Creep and creep rupture curves. 
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1.2.  Post irradiation examination 
 
1.2.1. PIE of nickel reflector 
 
One nickel reflector subassembly was discharged from the 4th ring of FBTR core after attaining a 
fluence level of 1.09 × 1023 n·cm-2 was taken up for PIE. The examinations were aimed to assess the 
swelling of the nickel blocks, condition of the collapsible tube inside the nickel subassembly and the 
radial gap between the nickel blocks and the hexagonal wrapper. The design fluence limit for nickel 
subassembly is 1.14 × 1023 n·cm-2. The results of the PIE (Fig. 7.6) indicate that reduced radial gap is 
available between the nickel blocks and the hexagonal wrapper and that enough margin is available for 
accommodating axial expansion of the nickel blocks. Hence, the life of other nickel reflector 
subassemblies in the core can be extended further without any concern regarding the mechanical 
interaction between the nickel blocks and the wrapper.  
 

 
 
 

1.2.2. Numerical simulation of pellet–clad gap behaviour during conditioning period 
 

The pellet clad gap in MOX fuel pin has been estimated based on finite element method during 
conditioning period. For the validation, PIE data generated after a test pin irradiation for a short 
duration of 14 days in FBTR was used. Thermal analysis indicates that a radial gap reduction of 
15 µm is adequate apart from thermal expansion to reach 450 W·cm-1. It is inferred from the 
numerical analysis and test irradiation results that the required gap reduction would occur almost 
immediately with cracking of the pellet (Fig. 7.7) and there is no need to wait for swelling of the fuel 
to raise the power to its target rating.  
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FIG. 7.6. Results of PIE of nickel reflector subassembly. 

FIG. 7.7. Stress in cracked pellet. 
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1.2.3. Development of pressurized capsules for irradiation studies 
 
Capsules have been developed to generate the irradiation creep data by subjecting them to the stress 
conditions prevailing in the reactor components mainly the fuel cladding tube. A total of six 
pressurized capsules were fabricated and each capsule was exposed at different temperatures from 
773–973 K in an electrical furnace for 120 hours. Development of pre-pressurized capsule that can 
withstand a temperature of 973 K will be useful in testing fast reactor cladding tubes in FBTR up to 
the design hot spot temperature. Pressurized capsules of D9 alloy have been developed and are 
currently being irradiated in FBTR at about 380°C to generate baseline irradiation creep data at lower 
temperature. Towards PIE, a highly accurate remotely operable diameter measuring system has been 
developed to measure the diameter of pressurized capsules after irradiation in the hot cells of Radio-
metallurgy Laboratory, IGCAR. The system makes use of either an optical micrometer or two linear 
variable differential transformers (LVDTs) to continuously acquire the diameter along the length of 
the capsules. 
 
1.2.4. Burnup limit for special subassembly for the irradiation experiments  
 
IFZ100 is a special SA for the irradiation experiments for materials in the FBTR core. Study has been 
carried out to find out the maximum possible burnup with the given operating conditions. The main 
burnup limiting phenomena identified are wrapper dilation and bundle-duct-central tube sheet 
interaction. The burnup limit from wrapper dilation is estimated as around123 GW·d·t-1 whereas 
from interaction point of view, the burnup limit is coming around 111 GW·d·t-1. In both the cases 
the maximum average flow area reduction is 1.9%. For an increased coolant inlet temperature 
of 400°C the peak burnup from dilation and interaction considerations are 105 GW·d·t-1 and 
120 GW·d·t-1 respectively. Dilation across the length is shown in Fig. 7.8. It is recommended to 
restrict the burnup of IFZ100 SA to 100 GW. 
 

 
 

 
1.3.  Manufacturing aspects 
 
1.3.1. Allowable pellet defects 
 
During fuel pellet fabrication, defects such as edge chip, surface chip and surface cracks are inevitable. 
To improve the recovery of pellet, a parametric study was undertaken, to define the acceptance criteria 
on the allowable maximum size of the defect. One of the results shows that up to a defect opening area 
of 2.5 mm2, any depth can be allowed and if opening area increases the allowable depth of defect will 
come down as shown in Fig. 7.9.  
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1.3.2.  Influence of fabrication parameters on linear power to melt 
 
To maximize the recovery of fuel pellet without compromising on the safety or the fuel performance, 
tolerance needs to be specified judiciously on the fabrication parameters. The parameters that affect 
fuel power generation and as a barrier in the heat removal capabilities are to be carefully looked into 
so as to ensure high fuel performance. A study that identifies such parameters and assesses how each 
parameter influences upon deciding the design safety limit of the fuel has been carried out (Fig. 7.10). 
This study is valid for fresh MOX annular fuel.  
 

 
 
 
1.3.3. Allowable number of weld refuses in fuel pin end plug welds 
 
The manufacturing of fuel pins is the most challenging activity, in particular, the welding of end plug 
after inserting the fuel pellets and other structural elements within the clad. Strategy for rejection of 
pins with repaired welds should be adopted carefully to maximize recovery during manufacture. A 

FIG. 7.9. Permissible pellet defects. 
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dedicated test setup has been made to test a set of 36 tubes simultaneously. The leak is monitored 
continuously by observing the steady state pressure in the pressure chamber. The creep rupture is 
identified based on the pressure drop. The rupture lives measured for the various test cases, based on 
the test data and analysis, a design approach is proposed for the inclusion in RCC-MR: 2007 edition. 
The additional strength reduction factor derived from these limited tests can be seen in Fig. 7.11.  
 

  
 
 
1.4.  Rationalization of hot spot factors 
 
Hot spot factors are employed while fixing the operating linear heat rating levels which help in 
establishing the safety margins to account for over power, instrument error and uncertainties in the 
estimation of fuel and clad temperatures as they are not directly measured in the reactor. While 
conservatism is required in estimating the hot spot factors, too much of it is going to affect economics. 
Hence, without affecting the safety, the hot spot factors employed were rationalized based on the 
operating experience from FBTR and international reactor operating data. They are also used in the 
plant dynamics study. Some of the rationalizations were pertaining to the treatment of fissile mass, 
channel flow and gap conductance as statistical variations, grouping of parameters such as those 
related to SA coolant temperatures and core inlet temperatures, measurement errors based on FBTR 
experience, etc. The rationalization has resulted in lowering of the fuel centre line hot spot temperature 
by about 12–15% and the clad midwall hot spot temperature by about 3–5%, in general, though it may 
vary from case to case. The various levels of linear heat rating for PFBR are shown in Fig. 7.12. 
 
1.5. CFD simulation of flow and temperatures in a FSA  

 
Traditionally, sub-channel approach is followed for the thermal hydraulic analysis of pin bundle in 
FSA. But, CFD based approach has more manoeuvrability to capture intricate details of flow physics, 
which are very difficult to measure in a tightly packed pin bundle. For the generation of structured 
mesh with adequate refinement around the clad and spacer wire surfaces, a customized mesh 
generation tool has been developed (Fig. 7.13 (a) for a part of CFD mesh). The detailed flow field is 
utilized to determine the temperature distribution of sodium in the entire SA. Temperature distribution 
at the exit of the active zone is depicted in Fig. 7.13 (b) for the central SA. It is evident from the 
temperature contours that the mixing induced by the spacer wires is insufficient. At the top of the 
active zone, there is a temperature difference of over 100 K between the central and wall sub-channels, 
with wall sub-channels being colder due to flow bypass. The value of non-dimensional peak clad 
temperature () defined as,  = (TPeak-Clad-TNa-Bulk)/(TAvg-Clad-TNa-Bulk) , where TPeak-Clad is the peak clad 
temperature at any axial location, TNa-Bulk is the bulk sodium temperature at that level and TAvg-Clad is 
the average clad temperature, is found to vary from 2–5, providing valuable information for use in 
safety analysis. The pressure drops predicted by the CFD code has been found to compare within 
20% of the experimental data.  

FIG. 7.11. Weld strength reduction factor. 
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7.6.  Structural integrity against flow induced vibrations 
 
The fuel pins are separated by spacer wires wound around the pins helically. The coolant sodium 
flows from the bottom of the subassembly to top and it is in a turbulent regime which can excite flow-
induced vibration (FIV) of fuel pins. The vibration amplitude will depend upon the contact provided 
by the spacer wire and other parameters like mass, stiffness, and damping. To get accurate evaluation 
of the pin vibration of PFBR SA, an experiment was conducted on full scale dummy fuel subassembly 
in test rigs which is shown in Fig. 7.14. Measurement of fuel pin vibration was conducted in water at 
60°C for 100% of nominal flow. Measured vibration frequencies of pins from FIV testing and modal 

FIG. 7.12. Role of hot spot factors in fixing linear power levels. 

FIG. 7.13. (a) Part of mesh for 217 pin SA; (b) temperatures at active core top (C). 
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frequencies of subassembly in air and analytical values of modal frequencies are fairly matching. The 
overall vibration level of fuel pins estimated from the vibration spectra is found to be insignificant 
(around 7 micro strain) and hence the design of fuel pin bundle is sound with respect to FIV. 
 

 
7.7. Metallic fuel  
 
Metallic fuels have the advantages of achieving high breeding ratios and attaining high burnup. They 
have the advantages of high fissile density and thermal conductivity. However, these fuels have low 
melting points which restrict the operating temperatures. Zirconium addition to uranium–plutonium 
alloy increase the solidus temperatures (melting points) thereby enabling the fuel to be operated at 
high enough temperatures. Zirconium improves the chemical compatibility between fuel and the 
austenitic stainless steel cladding material by suppressing the inter-diffusion of fuel and cladding 
components. The major issues are the formation of low melting eutectics and fuel cladding chemical 
interaction. Choice of smeared density is the key parameter in design. Metallic fuel pins are usually 
bonded with sodium. Alternative design is possible with mechanical bonding wherein a Zr liner is co-
swaged along with the fuel slug and clad.  
 
Before introducing the metal fuel in future power reactors, in order to gain knowledge on the 
performance, it is decided to irradiate experimental fuel pins in a capsule and also FSA in FBTR. To 
assess the metal fuel performance, two design variants viz., sodium bonded and mechanical bonded 
designs are undertaken (Figs 7.15–7.16). Also, fuel variants with Zr in fuel matrix and as a liner have 
been considered. In mechanical bonded design, two concepts having 2 or 4 grooves are the chosen 
options to accommodate the swelling as well as to help in connecting the fission gas plenum (Fig. 7.17 
(a)). The fuel pins have been designed to operate at 450 W·cm-1 peak linear power for a target burnup 
of 150 GW·d·t-1. To improve the performance, smeared densities in sodium and mechanical bonded 
pins are chosen as 75% and 85% TD respectively. Active core length is restricted to 160 mm to suit 
FBTR core. Flow through the SA and sizing of fission gas plenum are arrived at to satisfy the CDF 
limit of 0.25. To improve breeding, a lower axial blanket is provided in all the test pins. An estimate of 
temperature distribution in a two groove mechanically bonded metallic fuel pin of power reactor size 
was made through 2-D modeling using CASTEM code (Fig. 7.17 (b)). 

R&D efforts, especially the technology aspects of sodium bonded as well as helium bonded fuel pins, 
safety aspects of large core, testing of fuel pins in FBTR and conceptualization of 300 MW(th) 
metallic core reactor with prototype subassembly features and technology development of innovative 
concepts conceived in the reactor assembly are a few of the current activities at the centre. It is worth 
to mention that the objective of construction of one 300 MW(th) metallic core reactor is to test the SA 

FIG. 7.14. Fuel pin and pin FIV test set-up. 
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on 1:1 scale basis, ensuring that it can sustain with its own fuel without any external feed. It is also 
planned to utilize the thermal energy to produce electricity. 

 

 

 

FIG. 7.15. Metallic fuel pin designs.

FIG. 7.16. Grooves in mechanical bonded pins (a); temperature (b). 
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8. FUTURE PLANS 
 
8.1.  Development of out-of-file test facility for the core safety  
 
A dedicated test facility has been built for studying the oxide as well metallic fuel pin behaviour under 
rapid heating that would simulate various accident conditions leading to fuel melting. The facility uses 
an induction heating system and fuel pins are designed in a novel way to heat the fuel zone effectively. 
The facility is under advanced stage of commissioning with the uranium metal pin heating. The 
phenomena to be simulated in the first phase are fuel slumping behaviour, ballooning and consequent 
coolable geometry configurations. The facility will generate many essential data for the numerical 
simulation studies. Figure 8.1 shows the basic induction heating system employed in the facility.  
 

 
 
8.2.  Use of JHR for the fuel and structural material irradiation studies 
 
Under CEA-DAE agreement, IGCAR is preparing to use JHR extensively for the advanced R&D 
studies on materials:  

(i) irradiation behaviour of clad materials for D9, D9I, ODS (Mechanical properties, swelling, 
creep and ductility, correlation between swelling and ductility, effects of dose rate on swelling, 
stability of ODS); 

(ii) fuel restructuring and cracking at high linear power of oxide fuel; 

(iii) fuel-clad interactions for oxide with D9I such as JOG, gap closure, fuel adjacency effect on 
creep rupture behaviour of clad; 

(iv) integrated performance of metallic fuel with T91 at high temperature and radiation with sodium 
bonded and mechanical bonded; 

(v) transient tests in instrumented test subassembly: under design and beyond design basis events; 

(vi) effects of low dose irradiations at low and high temperatures for austenitic stainless steels and 
elastomers at lower temperatures;  

(vii) effectiveness of shielding materials (ferro-boron); 

(viii) numerical simulations of generated test data. IGCAR is developing an innovative sodium loops 
for the irradiation tests of multiple specimens at high temperature in JHR.  

 
8.3.  A 320 MW(th) metallic core test reactor  
 
It is planned to construct a dedicated metallic core reactor to test the SA on 1:1 scale basis, ensuring 
that it can sustain with its own fuel without any external feed.  
 
 

FIG. 8.1. Induction heating.  
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9. EPILOGUE 
 
A well-conceived roadmap for the development of fuels and structural materials and test facilities for 
enhancing burnup gradually to 200 GW·d·t-1, subsequently 250 GW·d·t-1, experience from 400 r-y of 
FBRs worldwide including FBTR, expertise developed on the essential domains such as material 
development including fuel, design, structural mechanics, core thermal hydraulics, numerical 
simulations of fuel behaviour, PIE, manufacturing, testing and evaluations, availability of FBTR, 
PFBR and 320 MW(th) MFR over long period, excellent coordination among various units in the 
Department of Atomic Energy, involved in design, manufacturing and R&D and national and 
international collaborations are the success mantra for establishing sodium cooled fast reactors with 
high burnup. 
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Abstract 

Closing the nuclear fuel cycle and the deployment of fast reactors will be a major step in increasing the sustainability of 
uranium resources, but highest safety standards must be applied. The Joint Research Centre (JRC) has over 40 years of 
experience in studying the safety of fuels for fast reactors and the necessary reprocessing cycles. The majority of the early 
programmes focussed on advanced driver fuels, in particular carbides and nitrides. More recently attention has turned to 
advanced oxide and metal alloy fuels bearing minor actinides (MA) for either homogenous or heterogeneous MA recycling. 
For the former fuel form small additions of MA to MOX fuels are considered. For the latter, targets based on UO2 or the so 
called inert matrix fuel (IMF) concept (largely considered for accelerator driven systems (ADS)) have been studied and 
safety aspects investigated. Innovative liquid conversion processes, beyond the state of the art, have been used to 
manufacture MA bearing fuels. Advanced techniques have been developed and used for the determination of their properties, 
such as thermal conductivity, phase diagrams, vaporisation behaviour, etc., before and after irradiation. A number of 
irradiation performance tests and reprocessing runs have been performed, with the SUPERFACT irradiation experiment 
being a major milestone. Though significant advances have been made, by no means can such fuels be considered as 
qualified. Within this presentation results from past and present programmes will be presented and prospects for the future 
discussed. 

 
 
1. HISTORICAL PERSPECTIVE 
 
Since its inauguration in the early 1960s, the programme at the Joint Research Centre Institute for 
Transuranium Elements (JRC-ITU) has had a major component on the safety and security of nuclear 
fuels and of the fuel cycle. Until 1990, the programme was focussed on advanced mixed uranium–
plutonium carbide and nitride (denoted hereafter as MX) fuels for sodium fast reactor (SFR) systems. 
Within this programme, MX fuel samples were prepared and their properties measured with the 
techniques available at the time. A significant number of irradiation programmes were performed in 
the Dounreay fast reactor in the UK, and in the Rapsodie and PHÉNIX fast reactors in France. They 
were augmented by dedicated programmes investigating separate effects in material testing reactors, 
such as SILOE in France, BR2 in Belgium and the HFR Petten in the Netherlands. The JRC-ITU hot 
cell facilities were used to great effect in the establishment of the irradiation performance of these 
fuels and for the investigation of recycle options. The information gained from these programmes has 
been captured in ITU annual reports, and various publications in the open literature and is most aptly 
complied in the monograph "Science of LMFBR Fuels" by H. Matzke [1].  

 
During the 1990s, the focus of the JRC-ITU programme on the safety of nuclear fuels was focussed 
more towards light water reactor (LWR) fuels, and as far as the fast reactors were concerned towards 
the minimisation of long lived waste via partitioning and transmutation (P&T). In 1986, JRC-ITU had 
already, with the CEA in France, embarked on a milestone experiment (SUPERFACT), in which 
minor actinide (MA) bearing fuels and targets were fabricated using a sol gel method at JRC-ITU and 
irradiated in the PHÉNIX fast reactor [2]. The fuels had low MA compositions 
((U0.74Pu0.24Am0.02)O1.973 and (U0.74Pu0.24Np0.02)O1.973) consistent with homogeneous reactor recycling 
of MA, and high ((U0.55Np0.45)O1.996 and (U0.60Np0.20Am0.20)O1.926) MA compositions consistent with 
heterogeneous MA reactor recycling of the fuels [3]. 

 
The homogeneous recycling fuel (see Fig. 1.1) operated at high linear power shows the typical central 
hole formation and fission gas release rates as standard MOX fuels. The high concentration of 
americium in the (U0.60Np0.20Am0.20)O2 fuel led to significant increases of the fuel column length and 
diametrical deformation of the cladding and a high helium production which may have contributed to 
the fuel swelling. The efficiency of transmutation in all fuels was about 30%.  
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FIG. 1.1. Ceramographs of (U0.74Pu0.24Am0.02)O1.973 fuel (a) and (U0.60Np0.20Am0.20)O2 target 
 (b) irradiated in the PHÉNIX reactor (SUPERFACT experiment). 

 
2. SAFETY OF FAST REACTOR FUELS TODAY 

 
Alongside the SFR, other systems are considered, namely the lead and gas cooled fast reactor (LFR 
and GFR, respectively), and the subcritical accelerator driven system (ADS). Many of the fuel 
properties and their behaviour will be similar in these systems, but due account must be taken for 
different operation conditions (linear power), geometry (plates or pin forms), cladding and coolant 
interactions, etc. 

 
In the past the understanding and establishment of safety operational limits of nuclear fuels was based 
on a parametric approach which can be described under the terms "observe and verify". Today the 
approach remains similar, but there are subtle differences, brought about by the combination of a 
decreasing number of irradiation facilities, coupled to rising costs, and the very significant 
breakthroughs in theoretical modelling and simulation, coupled to increasing computation power. 
Such a paradigm shift from "observe and verify" to "design and control" is an extremely worthwhile 
cause and places more emphasis on basic scientific understanding of complex phenomena occurring in 
nuclear fuel. Thus today's approach entails the following aspects, each of which will be considered in 
turn below. 

- Fabrication and determination of basic properties (melting point, phase diagrams, etc.). 

- Integral irradiation testing (see Fig. 1.1). 

- Separate effect studies combined with modelling and simulation. 

 
2.1. Fabrication and basic properties 

 
The JRC-ITU has core competences in fabrication methods and operates the requisite facilities (e.g. 
MA LAB) for the production of oxide, nitride and carbide fuels with and without the incorporation of 
minor actinides. Advanced fabrication methods based on liquid processing such as sol gel and/or 
infiltration (see Fig. 2.1) are deployed. The advantages of this approach are: 

- High quality product in the form of a solid solution, superior than that achievable by powder 
metallurgy. 

- Low dust production and concomitant low exposure to operating personnel. 

- Ease of automation or remote operation, which is of particular importance for MA bearing fuels. 
 
Fabrication must be augmented by dedicated characterization and property determination, which are 
described in Table 2.1. An example of the thermal conductivity of an inert matrix (IMF) CERMET 
fuel is given in Fig. 2.2. The goal of this effort is the establishment of safety operation limits of the 

a) b) 
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fuel through a detailed understanding of its chemical, thermochemical, physical, thermo-physical and 
thermo-mechanical characteristics and their evolution as a function of burn up.  
 

 
FIG. 2.1. Infiltration route used for the production of MA bearing fuels.  

(On the right the Am nitrate solution used for infiltration is shown). 
 
 
TABLE 2.1. PROPERTIES AND METHODS (THOSE IN ITALICS ARE AVAILABLE FOR BOTH 
FRESH AND IRRADIATED FUELS) 

Characteristic or property Method deployed 
Microstructure, density, phase analysis Ceramography, scanning electron microscopy (SEM), 

X ray diffraction (XRD)
Phase diagrams and melting point Laser methods coupled to pyrometry and X ray 

diffraction 
Heat capacity Drop calorimetry, differential scanning calorimetry 

(DSC) 
Thermal conductivity Laser flash 
Elemental and isotope distribution Electron probe microanalysis (EPMA) and secondary 

ion mass spectrometry (SIMS) 
Vaporisation behaviour Knudsen cell 
Local structure and chemical speciation Transmission electron microscopy (TEM), (X ray 

absorption near edge spectroscopy (XANES (see 
Fig. 2.3)) and extended X ray absorption fine structure 
(EXAFS) 

Mechanical properties Acoustic methods, indentation, dilatometry 

(U0.78, Pu0.18, Am0.04)O2-x

Conversion by gelation  

Calcination

Infiltration

Calcination

Compaction

Sintering

Am nitrate 
solution

MA LAB 

Pu lab 

(U,Pu)O2 beads 

Udep.nitrate solution+Pu nitrate solution
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2.2. Integral irradiation testing 
 

Integral irradiation testing is an essential component of the determination of the safety of nuclear fuels. 
Initially this can be done on a small sample scale as produced at the JRC-ITU, but eventually full 
qualification can only be achieved on fuels manufactured with demonstration scale facilities, and 
irradiated in representative conditions in multiple pin and eventually dedicated assembly tests. The 
SUPERFACT test, shown in Fig. 1.1, demonstrated that the small addition of MA to MOX fuel does 
not influence the performance of MOX fuel severely. In another irradiation test (EFTTRA-T4), the 
JRC-ITU (in collaboration with CEA, NRG, KIT (then FzK) and EdF) performed an irradiation test on 
a dedicated target consisting of AmO2 dispersed in magnesium aluminate spinel (MgAl2O4) [4]. The 
post irradiation examination revealed major swelling caused by helium generation during irradiation, 
clearly indicating that, at such high Am content, alternative fuel concepts (e.g. SPHEREPAC fuels) 
better designed to release the helium might be needed. 
 
 

 

FIG. 2.2. A CERMET fuel (Pu0.80Am0.20O2-x + 86 vol%Mo) irradiated in PHÉNIX, and thermal 
conductivity of inert matrix fuels (CER — (Zr,Y,Am)O2-x), MgO based CERCER and Mo based 
CERMET fuels. 

 
 

 
 

FIG. 2.3. Microstructure of different regions of the EFTTRA T4 fuel after irradiation [4]. 
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2.3. Separate effects, modelling and simulation 
 

Fuel performance modelling using the TRANSURANUS code is described in another contribution to 
this meeting, and is not discussed here. In recent years, there has been an increase in the modelling 
efforts at short distances and short time scales, through ab initio and molecular dynamics methods, 
which have been used to investigate specific phenomena, among them local structure distortion, and 
helium behaviour. Figure 2.4 shows results demonstrating how advanced X ray methods can provide 
information to qualify and verify such models. XANES readily provides information on the oxidation 
state of the element, while EXAFS provides information on local structure in the solid. 
 

 
 

FIG. 2.4. XANES spectra for (U,Am)O2-x targets, indicating the presence of Am(III). 
 
 
 

 CONCLUDING REMARKS AND OUTLOOK 3.
 
In contrast to lead and gas cooled fast reactors, considerable experience exists for the operation of 
sodium cooled fast reactors, whereby MOX has been the most prominent fuel form deployed. Nitride, 
carbide and metal fuels have been tested and deployed to a more limited extent. Regardless of the fuel 
chemical form, much less experience is available than for UOX or MOX fuels in light water reactors 
(LWRs). 

 
Ongoing and future programmes at JRC-ITU will have a major focus on: 

- Minor actinide bearing oxide fuels and targets based on fertile (UO2) matrix and inert 
(e.g. (Zr,Y)O2, Mo) matrix fuel forms 

- MOX driver fuels, for which there are still gaps in understanding of the restructuring of the fuel, 
and in its thermo-physical and thermochemical properties, as a function of burn up 

- MX driver ((U,Pu)X) and MA bearing fuel forms, which have potential advantages, but whose 
fabrication is difficult (e.g. pyrophoricity)  

 
Significant knowledge gaps exist and need to filled in our basic knowledge of phenomena such as fuel 
restructuring and relocalisation, vaporisation (a particular issue for MX fuels), fission gas (and helium) 
diffusion, fuel-clad mechanical and chemical interaction, and fuel–coolant interaction. The JRC-ITU 
safety of nuclear fuel programme seeks to fill these gaps, to provide alternative waste management 
routes, to establish the basic fundamental phenomena governing fuel behaviour, and in doing so to 
provide accurate data and phenomenological models for fuel qualification.  
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The fulfilment of these goals will require significant financial investment and time. The considerable 
development in theoretical approaches in molecular chemistry, solid state physics and material science 
will lead to the implementation of a stronger scientific base in fuel cycle research than in the past, 
where reliance on empirical approaches has been more significant. One can expect not just a better 
understanding of the physical processes, but also improved experiment design, all of which will 
culminate in shorter R&D periods to attain the goals of safe, secure and clean energy systems.  

 
Finally, no fast reactor fuel programme would be complete without a detailed knowledge of the safety 
issues emanating from recycling of such fuels. PUREX is the industrially proven technology for U and 
Pu recovery. Extensions (DIAMEX and SANEX [5–6]) are being developed to separate the minor 
actinides. Alternative routes based on pyrometallurgical processes show promise and have specific 
advantages over aqueous routes [7–8]. Whichever recycling route is developed, adequate safeguarding 
must be provided [9]. JRC-ITU has substantial programmes in these areas too.  
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Abstract 

The innovative fast spectrum experimental facility MYRRHA is being developed at the Belgian Nuclear Research 
Center SCK•CEN. MYRRHA, a flexible fast spectrum research reactor (50–100 MW(th)), is conceived as an accelerator 
driven system (ADS) demonstrator, able to operate in sub-critical and critical modes. It contains a proton accelerator of 
600 MeV, a spallation target and a multiplying core with MOX fuel, cooled by liquid lead-bismuth. The project started in 
1997 and the reactor is forecasted to be fully operational around 2022–2023. The driver fuel for the MYRRHA core is one of 
its key components. Of special concern is the corrosion behaviour of the cladding materials (15–15Ti or T91 steels) in a lead-
bismuth environment with the power profile envisaged for MYRRHA. An overview of the MYRRHA design and the R&D 
effort ongoing or planned is presented. 

 
 
 

1. INTRODUCTION 
 
The SCK•CEN, the Belgian Nuclear Research Centre in Mol, has been working for several years on 
the design of a multipurpose irradiation facility in order to replace the ageing BR2 reactor, a 
multifunctional materials testing reactor (MTR), in operation since 1962. MYRRHA (Multi-purpose 
Hybrid Research Reactor for High-tech Applications), a flexible fast spectrum research reactor (50–
100 MW(th)), is conceived as an accelerator driven system (ADS), able to operate in sub-critical and 
critical modes. It contains a proton accelerator of 600 MeV, a spallation target and a multiplying core 
with MOX fuel, cooled by liquid lead-bismuth eutectic (LBE) [1]. 
 
MYRRHA is planned to be operational at full power around 2023. During 2010–2014, the front end 
engineering design, the associated R&D programme, the licensing process and the set-up of an 
international consortium will be carried out. Construction of the facility and assembly of the 
components is foreseen in the period 2015–2019.Three years (2020–2022) are foreseen for the full 
commissioning of the facility. The total investment cost is currently estimated at €960 Million 
(2009) [1]. 

 
MYRRHA has the following objectives: 

(1) To demonstrate the ADS full concept by coupling the three components (accelerator, spallation 
target and sub-critical reactor) at reasonable power level to allow operation feedback, scalable to 
an industrial demonstrator.  

(2) To allow the study of the efficient transmutation of high level nuclear waste, in particular minor 
actinides (Np, Am and Cm) that would request high fast flux intensity  
(Φ>0.75 MeV = 1015 n·cm-2·s-1). Due to the small fractions of delayed neutrons from the fission 
of minor actinides compared to the fission of uranium, the control of a critical core comprising 
mostly of minor actinide fuel is expected to be difficult. Subcritical ADS can achieve the required 
control and safely burn minor actinides. 

(3) To be operated as a flexible fast spectrum irradiation facility allowing for:  

- Fuel developments for innovative reactor systems, which need irradiation rigs with a 
representative flux spectrum, a representative irradiation temperature and high total flux 
levels (Φtot= 1015 n·cm-2·s-1); the main target will be fast spectrum Generation IV systems 
which require fast spectrum conditions. 
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- Material developments for Generation IV and fusion systems, which need large irradiation 
volumes with high uniform fast flux level (Φ>1 MeV = 1–5.1014 n·cm-2·s-1) in various 
irradiation positions, representative irradiation temperature and representative neutron 
spectrum conditions as well as a representative ratio appm He/dpa(Fe) = 10 in the case of 
fusion. 

- Radioisotope production for medical and industrial applications. 

 Industrial applications, such as Si-doping. 
 
 
 
2. CORE COMPONENTS DESIGN [2] 
 
The pool-type solution has been chosen to take benefit from the thermal inertia provided by the large 
coolant volume. The core and the primary coolant system (pumps, heat exchangers, fuel handling 
tools, experimental rigs, etc.) are within the reactor vessel of around 7 m in diameter (Table 2.1, 
Fig. 2.1). In the current design, the proton beam window of semi-spherical form closes a beam tube in 
the centre of the core. The spallation target is the Pb–Bi of the core behind the window. Thus the 
accelerator beam line vacuum is physically separated from the Pb–Bi coolant. In order to keep a large 
flexibility for the experimental devices loading and because of the presence of the spallation source in 
the centre, the loading of fuel assemblies (FA) is foreseen to be from underneath. Eight in-pile-
sections (IPS) have been foreseen that are accessible from the top of the reactor to house experimental 
devices and allow access for measurements.  

 
The Pb–Bi coolant circulates by means of two mechanical pumps with a mass flow of 3500 kg·s-1 per 
pump at a working pressure of 3 bar, and the power generated by the core is removed by four (2 × 2) 
(Pb–Bi)-water-steam primary heat exchangers. In the current design the coolant temperature at the 
core inlet is 270°C and the mean nominal (at the core nominal power) coolant temperature at the outlet 
of the active core is about 410°C. The coolant coming from the active core is mixed with a core bypass 
flow in order to achieve an average coolant outlet temperature of 350°C. The maximum coolant bulk 
velocity in the primary circuit is limited to 2 m·s-1, in order to avoid erosion of core internals. 

 
TABLE 2.1. MAIN REACTOR DESIGN PARAMETERS [3] 

Main reactor design parameters 
FA length 2000 mm 
Nominal power 100 MW(th) in critical mode 
Core inlet temperature 270°C 
Core outlet temperature 410°C 
Coolant velocity in core 2 m·s-1 
Coolant pressure drop 2.5 bar 
Secondary coolant Saturated water/steam 
Tertiary coolant Air 

 
 
2.1. Reactor and core design 
 
As mentioned earlier, MYRRHA has been designed to work with a subcritical (ADS mode) or a 
critical core. For each mode, an initial fresh core and a core at equilibrium are considered. For 
example, in the critical mode, a fresh core contains 57 FA for a power of 83 MW whereas the 
equilibrium core contains 69 fuel assemblies (see Fig. 2.2) with various burnup levels for a total power 
of 100 MW. Thirty seven positions (see Fig. 2.2) can be occupied by IPS or by the spallation target 
(the central core position in the sub-critical configuration) or by control and shutdown rods (in the core 
critical configuration). This gives a large flexibility in the choice of the most suitable position (neutron 
flux) for each experiment. 
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2.2. Fuel assembly design 
 
The preliminary reference design of the MYRRHA FA is similar to a typical FA of a fast spectrum 
reactor cooled by liquid sodium (SFR) [4]. Each fuel assembly contains a hexagonal bundle of 
127 cylindrical rods: 1 dummy rod in the centre surrounded by 126 fuel rods (Fig. 2.3). A helical wire-
spacer on each fuel rod and a lower and upper grid are used to keep a designed distance between the 
neighbour fuel rods in the bundle. The fuel bundle is encased in a wrapper duct fitted with inlet and 
outlet nozzles (Fig. 2.3). The wrapper duct is a straight hexagonal channel with the inner plate-to-plate 
width of 97 mm and a wall thickness of 2 mm. 
 

 
FIG. 2.1. Schematic overview of the MYRRHA reactor design (a), core design  

(c) and the fuel assembly design ((c)–(d))[2]. 

 
 

 
FIG. 2.2. Horizontal cross section of the critical MYRRHA core showing the layout with the FA, 
control rods, shutdown rods, IPS and dummy elements for 100 MW configuration with 69 FA. 
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2.3. Fuel rod design  
 
A schematic overview of the MYRRHA fuel pin is shown in Fig. 2.3. It is a typical design for fast 
reactors fuel pin with steel cladding, top and bottom plug, top and bottom insulation/reflector 
segments, lower gas plenum with supporting structure, spring in the upper plenum and helical wire 
spacer on the cladding outer surface. The column of fuel pellets is covered on both sides by cylindrical 
thermal insulating segment which also serve as axial neutron reflectors. The inner diameter (5.65 mm) 
and outer diameter (6.55 mm) are the same as in PHÉNIX.  

 

 
FIG. 2.3. Schematic overview of the MYRRHA reference fuel rod [5]. 

 
 
 
3. FUEL 
 
3.1. Specifications, qualification and manufacturing of driver fuel 
 
A mixed plutonium-uranium oxide fuel (MOX) was selected as the main candidate since the beginning 
of the MYRRHA project, taking into account a large experience in the MOX production in Europe and 
its better neutronic properties, compared to uranium dioxide in the fast neutron spectrum [1]. 
Targeting a compact core with high neutron flux, a homogeneous or heterogeneous high density 
plutonium-uranium (Pu-U) mixed oxide (MOX), containing 30–35 wt% of plutonium dioxide (PuO2-x) 
and a balance of natural uranium dioxide (UO2-x) has been selected. The Pu reference isotopic vector 
correspond to the Pu extracted from spent uranium oxide (UOX) fuel of a typical PWR (with 
the initial enrichment of 4.5% in 235U) unloaded after operation up to average burnup of 
45 MW·d·kg·HM-1 and stored during 15 years. 
 
In particular the limit for the burnable poison Am contained in reactor grade Pu was set to 
Am/Pu=1.65 wt%. In addition, based on typical samples of advanced MOX fuel for fast reactors, a 
fuel pellet density of 95% of the theoretical density and an oxygen-to-metal ratio O/M = 1.97 have 
been selected. 
 
With this choice of the driver fuel type, one can build on the considerable experience gained from 
many SFR programmes performed since the 1970s [6–9]. However, the envisaged operating 
conditions of MYRRHA fuel depart somewhat from the operating conditions of the previous fast 
reactors (corrosive heavy metal coolant, lower operation temperatures, harder neutron spectrum), 
hence the existing databases on fuel properties must complemented by new relevant experiments and 
modelling. 
 
Manufacturing capabilities for the production of MYRRHA MOX are today not present in Europe. 
Among the countries having signed the Nuclear Non-Proliferation Treaty, only Japan has retained the 
technical capability to manufacture such highly enriched MOX fuel elements at the scale required for 
a full core of MYRRHA. However, even the Japan Atomic Energy Agency (JAEA) has a production 
capacity barely matching the demand for its own fast reactors (MONJU and JOYO) and a limited 
reserve of plutonium. In France, a prototype sodium cooled fast reactor ASTRID is under 
development. Fuel manufacturing will begin before the year 2020 and a possible synergy with 
MYRRHA may be envisaged. 
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3.2. Specifications and qualification of fuel cladding 
 
The choice of cladding material is of critical importance both from economic and safety viewpoints. 
Advanced ferritic-martensitic steel (FMS) T91 had first been chosen as the main candidate for the fuel 
cladding tubes. This choice was based on the fact that FMS demonstrate lower swelling and creep 
rates under irradiation at high damage doses (>100 dpa) and temperatures [10–11], and a higher 
resistance to the dissolution in the oxygen-free LBE, compared to austenitic stainless 
steels (ASS) [12]. However, all FMS suffer more from the irradiation induced embrittlement at low 
operation temperatures (200–350°C) and show a higher oxidation rate by the oxygen dissolved in LBE 
[13] to build up a corrosion protection layer on the cladding outer surfaces. Moreover, the FMS 
claddings are not yet produced at an industrial scale. Taking into account that it will take time to solve 
these problems, it has been decided to use the well known ASS of 15–15Ti class (such as AIM1 in 
France, DIN 1.4970 in Germany, D9 in the USA) in the cold worked state for the first two cores of 
MYRRHA. Thousands of MOX fuel rods with these claddings have been qualified and have 
demonstrated good performances in sodium cooled (400–560°C) fast reactors up to the fuel burn up of 
around 100 MW·d·kg-1(HM) and radiation damage doses of 80–100 dpa [7]. Furthermore the 
manufacturing capabilities still exist. However, the resistance of these steels to the irradiation induced 
swelling in the hottest positions of the MYRRHA fuel rod, where the neutron spectrum is harder than 
in sodium cooled fast reactors (due to the contribution of the spallation neutrons) and a higher helium 
generation rate is expected, should still be tested.  
 
The properties of major interest for these cladding materials are: 

- general mechanical properties; 

- irradiation induced swelling and creep; 

- embrittlement induced by irradiation and by liquid metal coolant; 

- corrosion resistance (on both sides, of coolant and of fuel); 

- resistance to erosion and "fretting corrosion"; 

- interaction with fission products (FP); 

- fatigue to cyclic thermomechanical loads (before all, because of multiple transients in ADS caused 
by anticipated proton beam trips/restarts). 

 
All these properties have to be known in the range of the designed temperature, neutron flux, fluence 
and spectrum, heating rates, etc. The exact MYRRHA ADS spectrum is difficult to reproduce in a 
MTR (especially the high energy tail in the region close to the spallation target). The material of the 
cladding of the driver fuel and its residence time in the first core must therefore be chosen in a 
conservative way on the basis of knowledge gained from similar extrapolations (for instance, as it was 
done for fusion reactors) and using theoretical assumptions and adequate models. 
 
The minimum temperature of the liquid metal coolant is determined by two restrictions: it should have 
a sufficient margin above the coolant melting/solidification temperature TM(LBE) = 124.5°C [14–15] 
and to be high enough to avoid cladding embrittlement. Based on preliminary estimations, the LBE 
minimum normal operation temperature is 275°C. The available experimental data on corrosion 
resistance of different steels in contact with LBE containing the dissolved oxygen (around 10-6 wt%) 
indicate that a long term operation (more than half year) is possible only at temperatures lower than 
500°C, if no special surface protection layers against the corrosion attack of LBE are used [13]. 
Therefore, the maximum permitted cladding outer surface temperature of 500°C has been adopted for 
the normal operation conditions.  
 
Based on the Russian experiences [16–17] a LBE velocity limit of 2 m·s-1 has been chosen to avoid 
possible erosion of the claddings and structures during a long term operation. The mass flow rate of 
LBE coolant through the core is chosen to obtain the core outlet coolant temperature of 400°C, 
respecting the above formulated limits. Moreover, it was assumed that loss of the cladding thickness 
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due to corrosion must be limited to 10%. The fuel non-melting at 25% power increase (used also in the 
pre-design of the European Fast Reactor EFR) and the cladding temperature limit of 800°C at short 
(<30 minutes) accidental transients were also imposed in the pre-design calculations. 
 
3.3. Specifications and qualification of wrapper duct and other elements 
 
The wrapper duct will have the same residence time as the fuel rod bundle. In spite of the fact that 
requirements imposed to the wrapper are significantly less severe than those imposed to the fuel 
cladding (because of lower mechanical loads and a larger thickness), R&D must include this 
component too. The same two materials, as for the cladding, can be considered as candidates for the 
wrapper duct: 

- the ASS 15–15Ti with 20% CW, which has already been qualified and used in the PHÉNIX reactor 
in the temperature range of 350–600°C with Na-coolant; 

- FMS T91, which is presently considered as the "reference" material (some experience exists on 
wrappers made of FMS EM10 in France [18] and with HT-9 wrappers in the USA [8]). 

 
For the qualification, similar issues than for the cladding will have to be addressed. At the level of dpa 
aimed for the first core and the fairly low temperature, swelling and irradiation creep should not be an 
issue. More important is the embrittlement induced by irradiation and by the liquid metal coolant at 
low temperature and corrosion issues. 
 
Finally, a whole fuel assembly with all fuel elements (fuel pin with driver fuel, wrapper duct, upper 
and lower grid) will have to be tested in LBE under irradiation for qualification. 
 
 
 

 FOCUS ON A MAJOR R&D TASK: LBE CORROSION OF FUEL ELEMENTS 4.
 

4.1. Introduction 
 
The large experience in the utilization of MOX fuel pins and assemblies in previous fast reactors to 
high burnup and irradiation damage levels constitutes a strong basis for the qualification of fuel of 
MYRRHA. For the first two cores, the well known 15–15Ti type alloy in the cold worked state will be 
used to relatively moderate dose with a well know MOX fuel to relatively low burnup. However, the 
operating temperature range is lower than the previous generation of SFR which might be beneficial 
from certain material properties but also detrimental for specific case such as embrittlement but major 
issues are not anticipated. The biggest concern remains the corrosion behaviour of structural materials 
and in particular the cladding in LBE. The database existing today for T91/15–15Ti corrosion in LBE 
in the conditions of MYRRHA is insufficient.  
 
LBE with a low oxygen content (<10-7 wt%) and at high temperature (>500°C) is particularly 
aggressive for structural materials which can undergo direct dissolution of the solid metal in the liquid 
metal by a surface reaction [19]. By controlling actively the oxygen content and limiting the 
temperature, it is possible to form protective oxide layers preventing direct dissolution. Oxygen 
concentration in LBE, flow rate of LBE and temperature are key parameters to control the formation 
and the stability of the protective oxide layers.  
 
In the temperature range (<550°C) and the oxygen concentration (around10-5–10-6 wt%) foreseen for 
MYRRHA , results on martensitic steels indicates that a duplex oxide layer composed of a magnetite 
layer Fe3O4 on top of a compact internal Fe–Cr spinel layer is formed. For austenitic steels a single 
Fe–Cr spinel layer is usually observed below 550°C. The growth of the oxide layer is controlled by the 
oxidation process at the surface oxide/LBE. Simultaneously a thinning of the oxide layer occur when 
metal atoms that have diffused though the oxide layer are reduced at the interface and taken away into 
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the liquid (a phenomenon equivalent to dissolution but greatly slowed down by the presence of the 
protective oxide layer) and due to mechanical erosion caused by the flowing LBE. 
 
The saturation of oxygen in LBE sets an upper boundary for the oxygen concentration in LBE. At 
400°C, precipitation of PbO, which can lead to plugging occurs around 10-4 wt% and at 200°C oxygen 
saturates at 10-6 wt%. In MYRRHA conditions, this requires a very narrow operational window 
between oxygen saturation in LBE and steel corrosion protection to prevent dissolution. 
 
Admitting that the instrumentation and regulation control systems would allow one to operate in the 
aforementioned window, there is still a lack of data at relevant oxygen concentration for durations 
longer than several thousand hours to guarantee the stability of the oxide layers for long term 
applications. A comprehensive, benchmarked model is also needed to analyse and interpret data 
coming from wide ranging test conditions and to predict the long term corrosion behaviour that would 
be too costly and time consuming to obtain experimentally during the early stage of MYRRHA R&D. 
Finally, experimental data should be obtained in a more systematic way with standardised test 
procedures to facilitate and validate their interpretation. 
 
Concerning the corrosion of cladding, it is necessary to guarantee the long term stability of the 
protective oxide layer during the service life of the fuel elements in the reactor (approx. 25 000 h). A 
review of the literature on the candidate cladding materials T91 and 15–15Ti has been carried out and 
a simple model describing the evolution of the oxide thickness with time has been fitted to the 
experimental data. A few examples of this analysis are presented below. 
 
Finally it should be reminded that very little data is available on the effect of irradiation on the 
corrosion attack by liquid metal so this issue is not dealt with here but will have to be integrated in a 
later stage. 
 
4.2. Modelling of oxide formation data 
 
Different models have been proposed [20–24] to describe the evolution of the oxide thickness with 
time. They rely on a kinetic model (thermodynamic processes are not considered limiting) taking into 
account an oxidation and a removal rate to describe the evolution of oxide thickness x against 
time t such as in Tedmon’s equation [25]: 
 
 = 2 −  (1)

 
Where  

 is the oxidation rate function parameter [µm²·d-1];  
 is the removal rate function parameter [µm·d-1].  

 
 
The balance between oxidation and removal leads to equilibrium with an asymptotic value of = . 

However, a slightly different but equivalent approach can be used to model the data that is easier to 
solve:  
 
 = 2 11 +  n = 1 or 2 (2)

 
Where 

 is the oxidation rate function parameter [µm²·d-1]; 
 is the scale removal time constant function parameter [day].  

 

69



For n=1, we obtain a logarithmic behaviour (with x0=0 at t0=0): 
 
 = 	 + 		  (3)

 
Note that in this case, there is no asymptotic value as the oxide continues to grow very slowly with 
time for n=2, (with x0=0 at t0=0): 
 
 = ×+  (4)

 
Note that in this case, the oxide layer will reach the asymptotic value: 
 = ×  

 
Which of the model is better suited to model the growth of the oxide layer is yet to be determined 
since no data for long term corrosion is readily available to determine the asymptotic behaviour. The 
experimental data for T91 and 1.4970 (equivalent to 15–15Ti) steels in flowing liquid LBE at  
[O]=10-6 wt% were fitted by applying Eq. 3 and Eq. 4. For the case n=2, the corresponding 
comparisons between the fitted curves and the experimental data points are shown in Fig. 4.1 and the 
results for the determination of Kp and tc are given on the figure. Note that Kp is model independent 
and that Eq. 3 and Eq. 4 differ mostly in their asymptotic behaviour. From the knowledge of Kp and tc, 
one can derive the oxide layer thickness for time representative of residence time in the reactor. 
However, as seen in Fig. 4.1, the lack of data for long term behaviour (t>10 000 h) does not allow to 
discriminate between the different models. 
 
Long term prediction of the oxide thickness is important because it is usually assumed that the oxide 
layer becomes unstable when its thickness exceeds 40 µm in which case spallation may occur, leaving 
the metal unprotected [26]. 
 
As shown in Fig. 4.1 there is a critical need of data for both short term and long term behaviour for 
1.4970. More data exist for T91 but not for long term. 
 

 
FIG. 4.1. Comparisons between experimental data (symbols) and fitting curves in flowing LBE at 
different temperatures and flow velocities at an oxygen concentration of 10-6 wt%. 
 
 
It is known that Kp and tc for a specific steel composition are functions of temperature and oxygen 
concentration (and hydraulics factor such as flow velocity, viscosity, etc.). The knowledge of this 
correlation would allow one to predict the values of Kp and tc, i.e. the oxide thickness vs. time, for any 
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given temperature and oxygen concentration. Since we are dealing with diffusion processes, Kp and tc 

follow an Arrhenius-type equation expressed as: 
 
 = ( ) exp − exp	(	−Δ lnln ) (5)

 
 = exp	( ) (6)

 
Where  

,    are the activation energies expressed in K;  ∆    is an additional activation energy term to describe the influence of oxygen  
   concentration; ( ),    are constants expressed in [µm²·d-1] and day respectively; 

,    are the minimum and saturation oxygen concentration in LBE. 
 
 
Figure 4.2 plots Kp (as previously determined) on a logarithmic scale in function of the inverse of the 
temperature for 1.4970 and T91 for a given oxygen concentration and LBE flow rate. Data points fall 
on a line from which one can extract the value of	 . Figure 4.2 (a) shows the logarithmic dependence 
of Kp in function of [O] for 1.4970. Kp decreases slowly with increasing [O]. From the line fitting of 
the data points the value ∆  was extracted but suffers from a low precision due to the small number 
of points. A similar treatment in was applied Fig. 4.3 (b) for tc in the case of T91 from which one can 
extract the value . 
 

 
FIG. 4.2. Dependence of Kp (logarithmic scale) in function of temperature for 1.4970 and T91. 

 

 
FIG. 4.3. Dependence of Kp (logarithmic scale) in function of oxygen content for T91 and dependence 
of t  (logarithmic scale) in function of temperature for 1.4940. 
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Figs 4.1–4.3 illustrate the kind of data fitting with a phenomenological model than can be applied to 
predict the oxidation behaviour at different time and different conditions. They also illustrate the 
scarcity of data that exist today and that would be needed to validate the model. A reliable, 
benchmarked model for the prediction of the oxide thickness over time is of foremost importance for 
the qualification of austenitic and ferritic/martensitic element in the LBE cooled MYRRHA reactor. 
 
 
 
5. CONCLUSIONS 
 
MYRRHA is conceived as a flexible fast spectrum irradiation facility able to work in both sub-critical 
(ADS) mode and critical mode. The core design of MYRRHA is based on a typical hexagonal fuel 
assembly used by sodium fast reactors. It is cooled by flowing LBE (2 m·s-1) with core inlet of 270°C 
and an outlet of the active core of 410°C. Dense MOX fuel (around 95% TD) with 30–35% reactor 
grade Pu in heavy metal has been selected as the MYRRHA driver fuel together with T91 FMS for the 
cladding reference materials except for the first core(s) for which 15–15Ti class ASS will be used due 
to the readily available database from previous fast reactors programmes. 
 
Among the technical challenge facing the MYRRHA fuel qualification programme is the behaviour of 
fuel elements in liquid LBE at high temperature and under irradiation. Preliminary studies shows that 
in the temperature range aimed for MYRRHA, there are no major issues that should prevent the use of 
T91 or 15–15Ti as long as the oxygen content in LBE can be tightly controlled. However, there is still 
insufficient data for long term behaviour of the oxide layer particularly for 15–15Ti (1.4970) for the 
fuel cladding materials to be qualified. There is also very little known on the combined influence of 
corrosion, irradiation, temperature and temperature gradient for which only an irradiation programme 
on fuel pins and full assembly can provide a definitive answer. 
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Abstract 

Demonstration of mixed nitride core performance is an integral part of the 300 MW(e) lead-cooled fast reactor 
(BREST-OD-300) design. In 2010, NIKIET carried out R&D for the reactor design with BR=CBR≈1.05, in which low-
background (taken from the BN-600 core) plutonium is used for fabrication of the first core. The investigations included 
design studies of shrouded hexagonal fuel assemblies with gas-bonded (U–Pu)N fuel and fitted up with wire or rib spacers; 
development of experimental dismountable fuel assembly for testing in BOR-60 reactor; improvements in the design of 
BOR-60 independent lead-cooled loop channel, in which 3 fuel pins of BREST-OD-300 will be tested. In 2011, it is planned 
to develop BREST-OD-300 fuel with energy-grade Pu dioxide from irradiated fuel of VVERs; to analyze the startup of a 
large lead-cooled reactor (≥1 GW(e)) on uranium nitride fuel of moderate enrichment and the conditions of changeover to 
(U–Pu–MA)N to be regenerated from the reactor’s own irradiated fuel; to fabricate experimental BOR-60 dismountable 
assembly with (U–Pu)N. 

 
 
 
1. OPTIMIZATION OF THE FIRST BREST-OD-300 CORE  
 
The current BREST-OD-300 core design uses the shrouded hexagonal fuel assemblies with wire 
spacers between fuel rods. One of the design objectives was the possibility of radial flattening of 
power and coolant temperature axial increase distributions by the way of radial profiling of fuel loads 
between two core regions with fuel rods of the same size. The central part of the core includes not only 
driver fuel assemblies but also safety rods components, such as automatic control rods (ACR), shim 
rods (SR) and emergency protection rods (EPR). The core periphery is made up of driver fuel 
assemblies and is surrounded by rows of replaceable lead reflector blocks. The adopted core design is 
free from any limitations on the choice of fuel type. 
 
The calculations carried out by diffusion code in a homogenized model of design cells, were verified 
by calculations by the Monte Carlo method, using 3-D detailed FA and core models. The uranium–
plutonium nitride fuel is considered for the first core loading. For the case of reactor fuel based on 
low-background plutonium coming, e.g. from BN-600 blankets, and partial refueling unprovided for, 
studies were carried out to assess the feasibility of profiling power density distribution by using 
different Pu content in the fuel of the core centre and its periphery. In that case, the core geometry, the 
adopted fuel density and the average Pu content provided full reproduction of fissionable nuclides in 
the core (CBR-1) and, consequently, sufficient multiplication properties and reactivity margin 
throughout fuel lifetime with operation at 700 MW(th). The beginning (B) and end (E) values of Keff in 
a hot operating condition, with all reactivity control rods withdrawn from the core, are quite close to 
each other: Keff(B)=1.019 and Keff(E)≈1.016. Just as nearly coinciding are the maximum values of 
relative FA power at the beginning and end of fuel lifetime: Nmax(B)≈1.22 and Nmax(E)≈1.21. When 
normalized to the unit of average FA power in the core, they are equivalent to the radial power 
peaking factor (Kr) at the beginning and end of fuel lifetime. 
 
A drawback of power distribution flattening by different Pu contents in the core centre and at the 
periphery lies in FA power redistribution during the life time. At the beginning, power maximum is 
found in the peripheral fuel assemblies with high Pu content, but will later drift to the core centre, 
where the CBR and the Pu breeding rate are greater than those at the periphery. On the other hand, this 
method of fuel load profiling has a certain advantage, i.e. the power peak wave will move from the 
periphery to the centre crossing all FA rows, which results in equalization of power output and burnup 
in all fuel assemblies, except for the outer row bordering on the reflector. 
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The greatest promises for the first core are shown by nitride fuel with high-background/energy-grade 
plutonium obtained from irradiated fuel of VVERs. Given this fuel, with operation in a closed cycle in 
the mode of partial refueling, it will take only two campaigns for the reactor to reach a state where it 
can run on its own fuel of equilibrium composition. In a U–Pu nitride core with high-background 
plutonium, power distribution can be flattened by using fuel of the same plutonium content but of 
different density in the core centre and at the periphery. In this case, appropriate choice of fuel density 
and plutonium content allows not only full reproduction of fissionable nuclides, while retaining the 
reactivity margin, Keff(B)≈Keff(E)≈1.020, but also flat power distribution stabilized over lifetime. The 
maximum power values in both core regions at the beginning and end of fuel lifetime are accounted 
for by the same fuel assemblies and stay unchanged, with relative power making Nmax(B)≈Nmax(E)≈1.22 
in the central region and Nmax(B)≈Nmax(E)≈1.17 at the periphery. In the core of the adopted configuration, 
with shrouded fuel assemblies containing fuel rods of the same standard size, radial power distribution 
can be fairly well flattened by varying fuel composition and density in two core regions. As regards 
flattening of lead flow rates in fuel assemblies, there is no need for profiling them, except for, perhaps, 
the outer FA row where power is much lower. 
 
The main thermal characteristics of the core were calculated with the use of a two stage procedure, 
both by determining averaged FA parameters and by finding their thermal-hydraulic characteristics in 
a channel-by-channel (cell-by-cell) approach. Temperature distributions in the core were calculated for 
different cases of fuel loads and core configurations. The permissible reactor power was assumed to be 
limited by the maximum values of the following operating parameters: 650°С for the cladding 
temperature, 1500С for the fuel temperature, and 2 m·s-1 for the coolant flow rate. Coolant 
temperature at the core inlet was taken to be 420°С, while its average outlet temperature at the core 
and reflector was set at 540°С. 
 
Calculations have shown that the core made of shrouded fuel assemblies with uranium–plutonium 
nitride can reach thermal power of 700 MW, while staying within the adopted parameter limits. 
Figs 1.1–1.2 present distributions of maximum temperatures (with regard to overheating factors) as 
shown by the outer cladding surfaces and the coolant at the outlet of the 700 MW (U–Pu)N core. 
Considering that power distribution in the nitride core (with energy-grade Pu), flattened by fuel 
density variation, is practically the same at the beginning and at the end of fuel lifetime, fuel cladding 
and outlet coolant temperatures are only shown as distributed at the end of lifetime (Fig. 1.2). 
 
Table 1.1 contains the main characteristics of the fuel design options studied. It may be seen that there 
is little difference in the neutronic characteristics of shrouded FA types. Nitride fuel with energy-grade 
Pu has certain advantages in loaded fuel mass and burnup over the fuel based on low-background Pu, 
which can be explained by better nuclear characteristics of actinides in comparison with uranium-238. 
A decrease in the starting core load with nitride fuel of homogeneous composition is to be expected if 
the fuel rod diameter in the central core region is reduced relative to that at the periphery, i.e. if the 
core load is simultaneously profiled by fuel and coolant fractions. Optimization of the core 
characteristics with such a method of profiling is the objective of activities to be carried out in 2011. 
 
 

 
2. DISMOUNTABLE EXPERIMENTAL FUEL ASSEMBLY  
 
Improvements in the design and fabrication of fuel rods for the lead-cooled fast reactor under 
development will be demonstrated in tests of the dismountable experimental fuel assembly (ETVS) 
with fuel rods cooled by sodium in the BOR-60 reactor. This approach allows proving the relation 
between the performance characteristics of U–Pu mononitride and its burnup and determining the 
influence of temperature and dose on the cladding properties, including its compatibility with fuel and 
bond layer. 
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FIG. 1.1. Distribution of outer cladding temperatures in the case of (U–Pu)N fuel with low-
background plutonium. 

 
 

 
 

FIG. 1.2. Temperature distribution in the case of (U–Pu–MA)N fuel based on energy-grade Pu (end of 
lifetime). 
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TABLE 1.1. CHARACTERISTICS OF BREST-OD-300 FUEL OPTIONS 

Characteristic Shroudless tetrah. FA  Shrouded hexagonal FA 
Fuel composition (U–Pu–MA)N  (U–Pu–MA)N (U–Pu)N UN (U–Pu)O2 
Thermal power, MW 700  700 700 600 500 
Core diameter, mm 2300  2650 2650 2650 2650 
Core height, mm 1250  1100 1100 1100 1100 
Fuel load mass, t 19.0  25.5 27.1 32.6 25.9 
(Pu+MA+U) mass, t 2.60  3.62 2.74 3.95 2.77 
239+241Pu mass, t 1.75  2.43 2.60 --- 2.63 
Lifetime, eff.days 1500/1800  1500/1800 1500/1800 1500/1800 1500/1800 
Average burnup 
(maximum), at.%  

6.0/7.2 
(11.0) 

 4.6/5.5 
(8.3) 

4.3/5.2 
(7.8) 

3.1/3.7 
(5.6) 

3.2/3.8 (5.7) 

 
 
The modified ETVS-M (Fig. 2.1) was developed by RIAR, Dimitrovgrad. The wire-spaced fuel rods 
of this assembly are arranged in inner hexagonal wrapper with a pitch of 1.12. Fuel rods are fixed at 
their top, with the assembly head above them connected to the wrapper tube by a bayonet joint. During 
tests, this design allows removing the fuel bundle – after a relatively short holdup of the assembly and 
its washing to remove sodium, inspecting the fuel rods and replacing those among them selected for 
post-irradiation studies. To minimize the circumferential non-uniformity of cladding temperatures, the 
space between the inner and outer wrapper tubes of the experimental assembly is filled with argon and 
sealed. The hydraulic characteristics of the assembly and the throttling orifice will be determined at a 
hydraulic test rig. 
 
In the process of the assembly irradiation, it is planned to control the orientation of the fuel bundle; to 
maintain the maximum linear power of fuel rods within 35–38 kW·m-1, and to keep the cladding 
temperature at 61015С. The strong requirements for stability of irradiation parameters (linear power 
and cladding temperature), the dependence of the reactor power on the time of the year (making 
55 MW in winter and 50 MW in summer), and the assembly power decrease with burnup make it 
necessary to reload the assembly from time to time into a core cell with more suitable parameters. 
 
 
 

 THE POSSIBILITY OF STARTING OF LARGE SCALE NUCLEAR POWER 3.
DEVELOPMENT ON URANIUM FUELLED FAST REACTORS 

 
Fast reactors, which would open the way for large scale nuclear power development unconstrained by 
available fuel resources, can be started both on Pu separated from irradiated fuel of thermal reactors 
and on Pu mixed with enriched U, and even on enriched U alone with gradual conversion to U–Pu fuel 
of equilibrium composition in the process of U-235 burning and Pu-239 production. Moreover, 
considering consumption of natural U and its separation work, the option of using enriched U for the 
first core of fast reactors is much more expedient than use of Pu from irradiated fuel of thermal 
reactors.  
 
The VVER-1200 under development at present would consume 10 000 t of natural uranium over its 
design service life of around 60 years, its irradiated fuel containing around10 t of energy-grade Pu — 
which is sufficient for startup and operation in a experimental fuel assembly (CFC) of one fast reactor 
(BN or BREST) of 1 GW(e) in capacity. At the same time, startup and operation in a CFC of one 
BREST reactor on UN fuel would take around 100 t of uranium enriched to 12%, which would require 
around 2000 t of natural uranium. This means that, with the same uranium consumption, use of 
enriched U for the first cores of fast reactors allows building nuclear power to around 5 times as great 
total capacity as would be achieved with starting them on Pu from irradiated fuel of thermal reactors.  
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FIG. 2.1. General view of the experimental assembly. 

 
 
Using BREST-1000 reactor (1000 MW(e) in design capacity) as an example, consideration was given 
to the possibility of starting it on enriched U nitride, with gradual changeover to (U+Pu)N fuel. Choice 
of the composition and geometry of the first core and subsequent loads with tetrahedral shroudless fuel 
assemblies, was dictated by the safety requirement of a small reactivity margin, commensurable with 
1 βeff, and just as small reactivity variations in reactor operation during refueling intervals, as well as 
by the need for suitable flattening of coolant temperature axial increase by profiling fuel loads in the 
two core regions. This requirement for the first core is met by UN fuel with around 12% enrichment in 
235U. The feasibility of converting BREST-1000 from the starting UN charge to operation on (U–Pu)N 
fuel may be illustrated by a very simple and clear scheme in which the reactor operates without 
intermediate refueling for a period of 5 fuel lifetimes (1500 eff. days). At the end of each campaign 
and after cooling in the core, all fuel is reloaded and subjected to regeneration with removal only of 
fission products (FP). The resulting fuel mixture, with its mass somewhat reduced, will have an 
appropriate amount of depleted U added to it and will be refabricated into a new fuel loading. The fuel 
mass will be distributed in the radial core regions so as to provide the required reactivity margin and 
power density flattening and to bring the core configuration (fuel composition, fuel rod and fuel 
assembly geometries) close to the design conditions of steady state operation on (U–Pu)N fuel.  
 
Figure 3.1 shows variations in the mass of 235U, 239Pu and all isotopes of Pu over 3 campaigns without 
adjusting fuel loads during refueling intervals. Figure 3.2 shows reactivity variations over three 5-year 
periods under the assumption that, during refueling and regeneration, fission products were removed 
from the irradiated fuel and replaced with depleted U, but the loaded fuel mass was not adjusted to 
reduce the reactivity margin 
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          FIG. 3.1. Variations in isotope composition.       FIG. 3.2. Reactivity variations. 
 
 
The results listed in Table 3.1 illustrate the changes in the mass and composition of loaded/unloaded 
fuel over lifetime. 
 
These changes reflect gradual replacement of 235U with the Pu converted from 238U. Whereas the first 
core contained 12% of 235U and no Pu, the 235U fraction dropped to around 3.6% at the end of the 
3rd campaign and to around 2.2% at the end of the 4th campaign, while the Pu fraction grew to around 
9.6% and around 11.7%, respectively. Besides, the results show stable reactivity behaviour with 
burnup in each of the three campaigns. And though 235U burnup is not fully compensated by 239Pu 
accumulation, the higher physical worth of 239Pu as compared to 235U stabilizes the reactivity 
variations. 
 
If we assess the natural uranium requirements of the growing Russian nuclear power counting only on 
its explored reserves of around 6 × 105 t and assuming that all these resources will be spent on 
commissioning and operation of thermal reactors, such as VVER-1200, which will be brought in at a 
rate of 2 power units per year, such an industry will reach its peak (around 60 GW) in the mid 2030s 
and will cease to exist by the end of this century. If all the Pu separated from irradiated fuel of thermal 
reactors is used for starting and operation of fast reactors, the nuclear plant mix of the latter can grow 
to the total capacity of around 90 GW(e) by the end of the 21st century. Moreover, if commissioning of 
thermal reactors is stopped by the year 2020 and fast reactors are brought in instead, with all Pu 
generated by thermal reactors and all natural U saved channeled to support them, the total nuclear 
capacity can reach around 165 GW(e) by the end of the century, with its greater part (around 105 GW) 
contributed by fast reactors started on enriched uranium. 
 
TABLE 3.1. CHANGES IN THE FUEL CHARACTERISTICS DURING TRANSITION FOR UN 
TO (U+PU)N FUEL  

Operation time,  
eff. days 

Mass of loaded/unloaded nuclides, t     Pu____ 
(235U+Pu) 

     Keff 
BOL/EOL  ∑U 235U  239+241Pu ∑Pu 235U+Pu 

0–1500 77.6/71.3 9.30/6.01 0/2.57 0/2.69 9.30/8.70 0 / 0.31 1.014/1.012 
1500–3000 68.9/63.3 5.54/3.50 2.35/4.02 2.47/4.44 8.01/7.94 0.31/0.56 1.012/1.009 

3000–4500* 63.3/58.3 3.34/2.08 3.81/4.88 4.20/5.62 7.54/7.69 0.56/0.73 1.014/1.011 
4500–6000** 55.4/50.8 1.83/1.10 4.29/4.95 4.94/5.98 6.77/7.08 0.73/0.84 1.012/1.009 

* Fuel density reduced from 13.2 to 12.8 g·cm-3. 
** Core height is 12% smaller and fuel density increased to 13.0 g·cm-3.  
 
 
The main disadvantage of this plan for enriched U using in operation of fast reactors, including their 
first cores, lies in the need for adjusting the fuel load in each subsequent campaign to offset changes in 
fuel density and FA geometry. This situation can be improved by phasing in new fast reactors which 
would be designed to run on the regenerated fuel from a predecessor unit. The commissioning dates of 
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3 or 4 power units in such a chain could be separated by an interval of around 7 years, including 
around 5 year of fuel lifetime, around 1 year of cooling, and around 1 year of refabrication. The fuel 
reloaded from the last unit in the chain and reprocessed could be used for the first uranium–plutonium 
core of a serial fast reactor designed for operation in a closed fuel cycle on the fuel of its own 
equilibrium composition. Thus, implementation of the “all-uranium” scheme for starting a fleet of new 
fast reactors would encounter difficulties due to a difference in the neutronic properties of 235U and 
239Pu if the burning 235U were to be replaced by plutonium. This difference in the physical worth of the 
two isotopes becomes particularly significant when burnt material is replaced with regenerated fuel, 
with fission products removed from it and the same mass of depleted uranium added, i.e. without 
adjusting the loaded fuel mass. As may be seen from Fig. 3.2, such replacement leads to reactivity 
increase by around 2% Δ(1/Keff). The plan for starting of fast reactors on UN, with their operation in 
the partial refueling mode during the transition period, has the same disadvantages as those of the 
previous scheme, as the small margin of and variations in reactivity in each subsequent campaign 
necessitate adjustment of the mass of loaded regenerated fuel by changing the geometry of the core 
components (fuel rods, fuel assemblies, CPS controls) and the fuel density. It is possible, though, that 
simpler ways may be found for bringing in fast reactors on enriched uranium, ways that will not 
require a special reactor, or a chain of such reactors, for transition from U to U–Pu fuel. Therefore, it 
appears reasonable to continue looking for the design features of fast reactors and the first core 
inventory that would make this transition possible with a routine mode of partial refueling. 
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Abstract 

Since the end of the 1990s, ENEA Brasimone Research Centre operates several experimental facilities aimed at 
supporting the research on LBE and lead systems, such as ADS and LFR. The experimental activities are related to thermal-
hydraulics, heat exchange, science of materials, and qualification of components. Experimental loops operated at ENEA and 
an experiment addressing the compatibility of structural materials to withstand with aggressive coolants (i.e. Lead and LBE), 
at high temperature and high dose rate are described in this paper. These loops have been also operated for supporting the 
research related to the selection of the cladding materials for ADS and LRF technologies. The paper provides an overview of 
the recent and future activities devoted to material development. 

 
 
 
1. INTRODUCTION 
 
Extensive R&D efforts were conducted in the EU under the framwork programme (FP) 5th and 6th 
(e.g. TECLA, IP-EUROTRANS, VELLA, ELSY, etc.) and in national programmes, addressing issues 
related to Lead and LBE technology concepts. Research activities are ongoing (e.g. FP 7th) and are 
expected to continue in the future, thanks to the great promising features and advantages of lead 
cooled systems [1]. Currently, conceptual designs are available, and the research is focussed on two 
main systems: MYRRHA, which is a subcritical research reactor with LBE as primary coolant, and 
LFR, which is a lead cooled fast reactor for electricity and hydrogen production. R&D efforts are 
necessary for completing the design, support the pre-licensing and starting with the construction of 
such systems. Such activities require the identification of the technological gaps, which are design 
dependent, and the key topics for LFR and MYRRHA developments.  
 
Since the end of the 1990s, ENEA Brasimone Research Centre operates several experimental facility 
aimed at supporting the research on LBE and Lead systems, such as ADS and LFR. The experimental 
activities are related to thermal-hydraulics, heat exchange, science of materials, and qualification of 
components. Experimental loops operated at ENEA and an experiment addressing the compatibility of 
structural materials to withstand with aggressive coolants (i.e. Lead and LBE), at high temperature and 
high dose rate are described in this paper. These loops have been also operated for supporting the 
research addressing the selection of the cladding materials for ADS and LRF technologies. The paper 
provides an overview of the recent and future activities devoted to material development. 
 
 
 

 LFR R&D AND FUEL KEY ISSUES 2.
 
Research activity related to the LFR fuel are strongly dependent on the development programme of 
SFR [2]. Indeed, the advanced fuels and the associated research technologies present many common 
issues. Therefore, LFR areas of investigations are the lead-fuel interaction, the detection of failed rods, 
besides the qualification of advanced fuels (e.g. MA-bearing, high burnup and high temperature fuels). 
Table 2.1 outlines the main technological issue in relation to the fuel and the materials. The efforts are 
devoted to the qualification of the fuel cladding. Research activities were carried out with different 
extent in Europe in the framework of EC founded IP-EUROTRANS, VELLA, ELSY and are currently 
ongoing in LEADER and GETMAT projects, other than national programmes.  
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TABLE 2.1. LFR ISSUES: FUEL AND MATERIALS KEY TOPICS 

 Status of 
knowledge/ 

development 

Feasibility 
confirmation 

Performance 
confirmation and 
code qualification 

Advanced fuels, high burnup fuels 
Advanced fuels, high burnup fuels will be developed 
by the leading project SFR. 

Functionally graded composite (FGC) 
cladding materials  

medium ongoing-fs ongoing-fs 

FeCrAlY coating with low pressure plasma 
spray (LPPS) + (Gepulste Elektronen Strahl 
Anlage) GESA (for T91 cladding) 

medium 
ongoing-s 
TBP-fs 

ongoing-s 
TBP-fs 

Fe–Al coating of T91 cladding with DC-
sputtering technique  

medium 
ongoing-s 
TBP-fs 

ongoing-s 
TBP-fs 

Fe–Al coating of T91 grids and fuel element 
components  

low  TBP-fs TBP-fs 

Fe–Al coating of AISI 316 components  medium TBP-s TBP-s 

Fe–Al coating of AISI 321 SG spiral tubes  medium P-fs  TBP-fs 

Material for pumps (Maxthal…) medium - P-s  

Influence of lead on mechanical properties of 
steels (AISI 316, AISI 321, T91).  

medium - ongoing  

Effects of fast neutron irradiation on steels in 
lead environment (AISI 316, T91).  

low - TBP 

Manufacturing and welding of materials to be 
used in lead. 

medium - TBP 

Design rules  medium - TBP 

 
The capability of candidate materials to withstand temperature, stress, irradiation fields in flowing 
LBE and lead coolants are the main critical renaming issues. The tests demonstrate that the F/M steel 
is subject to embrittlement [3]. Investigations are still needed to determine the performance of 
AISI 316. It is expected that the issue will be assessed by the LEXUR experiment [4–5]. In this 
experiment, it will be determined if the irradiation (fast neutron flux), together with the high 
temperature induces the embrittlement and the corrosion phenomena. 
 
Corrosion tests of AISI 316 and T91 have been performed in flowing LBE and lead at 1 m/s in 
LECOR and CHEOPE III test facilities (see Sections 3 and 4).  
 
The corrosion of steels in LBE has been characterized in different conditions (i.e. temperature, oxygen 
concentration, stress conditions, coolant velocity). It depends by the temperature and the oxygen 
concentration [3]. The irradiation effects are still pending issues addressed by LEXUR experiment (see 
Section 5).  
 
The study of F/M and austenitic steels in lead demonstrate their capability to withstand at relative low 
temperature if the oxygen activity is controlled in the liquid metal. For temperatures above 500°C, 
typical of the LFR design, the oxide barrier promoted by the oxygen control seems not effective. This 
requires enhancing the corrosion resistance by means of protective layers, i.e. coatings. The selection 
of the coating materials for the LFR technology is based on the oxygen content in the coolant. Two 
choices have been identified, which will be experimentally tested at ENEA: one related to the oxygen 
content controlled at 10-6 wt% and, the second at very low oxygen concentration (<10-6 wt%). The tests 
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will be performed in LECOR and HELENA [1] facilities respectively, both operated in lead. The 
materials selected are 15–15Ti, AISI 316 and 321, whereas the coating will be FeAl alloys and Ta. 
 
 
 

 CHEOPE-III TEST FACILITY 3.
 
The CHEOPE facility (CHEmistry and OPErations) [6] has been built in ENEA Brasimone Centre for 
evaluating the operation conditions of liquid metal systems, and as a small test facility for different 
European projects studies (e.g. MEGAPIE and MHYRRA). 
 
It consists of a tank filled with 400 l of heavy liquid metal. The installed electrical power is 180 kW, 
which allows to operate the facility with a temperature up to 500°C and a maximum flow-rate of 1 m/s 
(as in the LECOR loop). 
 
The CHEOPE-III is one part of a multipurpose facility, which was used to perform corrosion tests in a 
controlled oxygen environment (with high oxygen activity comparing to that in the LECOR loop). The 
scheme is reported in Fig. 3.1. The structure of this loop is similar to the LECOR loop. It consists of a 
storage tank filled with 400 l of heavy liquid metal, a test section and a sensor, measuring the oxygen 
concentration in the top of the test section. The test section hosts up to 18 specimens. 
 
After several years of operation with LBE as a working fluid, CHEOPE was filled and operated with 
pure lead. The monitor of the temperature was a critical issue together with the management of the 
temperature of the gas phase. The pump vessel, which is the largest component of the cold leg, was 
kept at 420°C using a forced air flow cooler. In these conditions the facility was operated for 2000 h 
without mechanical problems before the definitive stop. 
 
The facility is currently under decommissioning. Analysis of the different part is in progress to see the 
effect of the flowing HLM effect after 10 years of operation. 
 

 
FIG. 3.1. CHEOPE loop. 
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 LECOR TEST FACILITY 4.
 
The LECOR facility (LEAd CORrosion) has been designed by ENEA in collaboration with 
Fabbricazioni Nucleari s.p.a. and has been put into operation at the end of 2000 [6]. The objectives of 
the facility are the study of the corrosion of steels [7] and other materials for ADS and LFR systems 
flowing in heavy liquid metal: formerly Pb–Bi and presently pure Pb. The experiments are also 
devoted to test and qualify components and instrumentation such as the oxygen meters and the oxygen 
control system [8]. 
 
 

 
(a)  

 
(b)  

FIG. 4.1. LECOR loop.(a) Sketch of the facility. (b) Picture of the facility. 
 
 
The LECOR loop (lead corrosion) is a non-isothermal, eight shaped forced lead–bismuth loop, typical 
for a corrosion loop. The loop is made of ferritic steel (2¼Cr 1Mo). It consists of a surge tank, a 
mechanical pump, a heat exchanger, a heater, three test sections, an air cooler and a storage tank with 
600 l liquid of HLM. 
 
The pump, with submerged impeller, is sized to provide the loop with a maximum liquid metal flow-
rate of 1 m·s-1. The three test sections TS1/2/3, containing the specimens to be investigated are placed 
downstream of the electrical heater and can contain up to 12 specimens each. Test sections 1 and 2 
contain the corrosion specimens. Test section 3 contains the solid Mg getter. Oxygen sensors are 
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installed close to the test sections to monitor the oxygen activity during the experiments. The facility is 
provided with a redundant oxygen control system. The detail description of the LECOR loop is given 
in [9]. 
 
The total HLM inventory of the loop is 6000 kg. The installed electrical power is 150 kW, which 
allows to operate the facility with a temperature up to 600°C and a maximum flow-rate of 4.5 m3·h-1. 
The sketch of the facility together with a picture is shown in Fig. 4.1. 
 
 
 

 EC GETMAT PROJECT 5.
 
The GETMAT [1] project is an EC project launched in the framework of the FP 7 programme. It is 
aimed at investigating the performance of innovative materials for generation IV and transmutation 
systems (i.e. sodium, gas and lead fast reactors, the ADS LBE cooled subcritical systems and the 
supercritical water reactor). Focus is on ferritic/martensitic steel and ODS alloys.  
 
The research, addresses the study of the properties of the above mentioned materials: 

- the capability to withstand in aggressive coolants (i.e. Lead and LBE); 

- the effects of irradiation and performances with protection barriers and the physical modeling [10].  
 

The activity is of a major interest for ENEA, because it represents the follow up and the complement 
of activities carried out since the 1990s in the framework of EC and Italian financed projects [11–14].  
 
Corrosion experiments are scheduled in LECOR facility upgraded and operated in pure lead, 
following the tests in CHEOPE-III facility. These tests are aimed at assessing the behaviour of ODS 
and of 15–15Ti stainless steels when exposed to flowing Pb at 500°C. Main parameters of the test 
matrix are reported in Table 5.1. 
  
TABLE 5.1. CORROSION TESTS AT ENEA IN CHEOPE AND LECOR FACILITIES 

# Parameter Unit 

TESTING MATERIALS 

ODS Stabilized austenitic stainless steels for 
cladding 

9Cr 12Cr 14Cr 
1 Flowing coolant - Lead 
2 Velocity  m/s 1 
3 Temperature  °C 550 500 
4 Exposure duration  h 8000 15000 
5 Oxy. content  wt% 10-6 
 
 
Tests already performed in CHEOPE-III studied 27 samples of ODS and 15–15Ti stainless steels 
exposed for 2000 h. The specimens were examined with SEM imaging after 2000 h, 5000 h and 
8000 h of exposure. Figure 5.1 shows the 15–15Ti steel exposed for 2000 hours. The figure shows a 
clear oxidation-mass transfer phenomenon, coupled with inner oxygen precipitation. The two layered 
oxide scale has an average thickness of 17 μm. 
 
The experimental programme will be continued and completed in the LECOR loop. 
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FIG. 5.1. Corrosion tests in lead in CHEOPE-III of 15–15Ti steel, 1 m·s-1, 500°C, 10-6 wt% O2. 
 
 
 

 LEXUR II EXPERIMENT 6.
 
The LEXUR-II experiment [5], within the GETMAT project, is the first experiment of fast neutron 
irradiation of steel materials candidate for MYRRHA and Lead Cooled Fast Reactor (LFR), in contact 
with HLM. The irradiation will be performed in two instrumented channels of the BOR-60 reactor at 
RIAR. The experiment will investigate the materials performances in presence of lead at a temperature 
of 550°C and LBE at 350°C. Two levels of irradiation will be tested on the specimens: 8 dpa and 
16 dpa. The test matrix is summarized in Table 6.1.  
 
The materials employed in the experiment are [4–5]: 316L and T91 steels, already characterized in 
FP 6 EUROTRANS project (DM4-DEMETRA, WP 4.1); 15–15Ti steel fabricated by CEA 
(pressurized tubular specimens) and FZK (tensile, CT and corrosion specimens); ODS 14Cr by CEA; 
and T91 coated. Two coatings will be tested: the GESA process by KIT which consists in a laser beam 
treatment in vacuum on ferritic/martensitic matrixes, and the FeAl coating manufactured in Italy by 
UNITN. 
 
Different types of specimens will be irradiated in LBE and lead: pressurized tubes at different 
pressures; compact tension discs; two types of tensile specimens; corrosion specimens. The liquid 
metal inside of the capsule (see Fig. 6.1) will be at low oxygen conditions, with the exception of the 
compartment for corrosion specimens tested also at saturated oxygen conditions. In order to reach low 
oxygen conditions the oxygen getters (Mg) provided by ENEA will be placed in the capsules [5]. The 
oxygen saturated conditions will be achieved by placing of PbO in the compartment. 
 

 
FIG. 6.1. LEXUR-II experiment: design of capsule irradiated in lead. 

[Oxygen] is 17wt%, ca. 
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The design of the irradiation capsules, which contain the specimens, is carried out to achieve a 
homogeneous temperature and dose distributions. Therefore, the capsules will contain dosimeters and 
temperature monitor in order to verify the actual received dose (thermal and fast neutron flux) and the 
maximum irradiation temperature. Two neutron fluence monitors will be placed inside of the capsule 
to ensure correct definition of the final accumulated damage dose. 
 
Post irradiation examinations will be performed after the experiment. The results obtained will be 
compared with those of the materials that will undergo the same thermal cycle but without irradiation 
in an out-of-pile experiments [5]. 
 
TABLE 6.1. LEXUR-II EXPERIMENT TEST MATRIX 

Test  

Irradiation conditions 

Total: 8 dpa 
350°C 
LBE 

16 dpa 
350°C 
LBE 

8 dpa 
550°C 
Pb 

16 dpa 
550°C 
Pb 

Tensile tests,  
350°C, air  

1×SS316L 
1×T91  
1×15–15T 
Total: 3  

1×SS316L  
1×T91  
1×15–15Ti 
Total: 3  

  
6 

 
 

Tensile tests,  
550°C, air  

  1×T91  
1×ODS9Cr 
Total: 2  

1×T91 
1×ODS9Cr 

Total: 2 
4 

Tensile tests,  
350°C, LBE  

2×SS316L  
2×T91  
2×15–15Ti 
Total: 6  

2×SS316L  
2×T91  
2×15–15Ti 
Total: 6  

  

12 

Tensile tests,  
550°C, Pb  

  5×T91  
5×ODS9Cr 
Total: 10  

5×T91 
5×ODS9Cr 
Total: 10 

20 

Fractography*  

2×SS316L  
2×T91  
2×15–15Ti  
Total: 6  

2×SS316L  
2×T91  
2×15–15Ti 
Total: 6  

3×T91  
3×ODS9Cr 
Total: 6  

3×T91 
3×ODS9Cr 

Total: 6 
24 

SEM fractured surface  

2×SS316L  
2×T91  
2×15–15Ti  
Total: 6  

2×SS316L  
2×T91  
2×15–15Ti 
Total: 6  

3×T91  
3×ODS9Cr 
Total: 6  

3×T91 
3×ODS9Cr 

Total: 6 
24 

Optical microscopy, 
SEM & electron probe 
on corrosion 
specimens cross 
section  

SS316L  
SS316Lct  
T91  
T91ct  
15–15Ti 
ODS9Cr  
Total: 6  

SS316L  
SS316Lct  
T91  
T91ct  
15–15Ti  
ODS9Cr  
Total: 6  

T91  
T91ct  
ODS9Cr  
Total: 3  

T91 
T91ct 

ODS9Cr 
Total: 3 18 

Dimension analysis of 
pressurized tubes  

2×T91  
2×15–15Ti  
Total: 4  

2×T91  
2×15–15Ti 
Total: 4  

2×T91  
2× ODS9Cr 
Total: 4  

2×T91  
2× ODS9Cr  
Total: 4  

16  

 
 
 

 CONCLUSIVE REMARKS 7.
 
Since the end of the 1990s, ENEA Brasimone Research Centre operates several experimental facility 
aimed at supporting the research on LBE and Lead systems, such as ADS and LFR. The experimental 
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activities are related to thermal-hydraulics, heat exchange, science of materials, and qualification of 
components. Experimental loops and an experiment addressing the compatibility of structural 
materials to withstand aggressive coolants (i.e. lead and LBE) at high temperature and high dose rate 
have been described in this paper. These loops have been also operated for supporting the research 
addressing the selection of the cladding materials for ADS and LRF technologies. The paper provides 
an overview of the recent and future activities devoted to material development. 
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Abstract 

Presently NFC is manufacturing the 1st core subassemblies for PFBR. NFC is responsible for manufacturing all types of 
core subassemblies except for fuel pellets and its encapsulation. This involved development and manufacture of high quality 
nuclear grade clad tubes and hexcans through cold pilgering route, variety of large number of precision components and 
complete blanket and other pin manufacturing operations. Indigenous design, development and fabrication of Special Purpose 
Machines for variety of assembly and fabrication operations were mastered. Optimization of process parameters and quality 
control techniques, etc., was successfully completed. NFC has manufactured 40% of requirement of all types of replacement 
and shielding subassemblies for PFBR 1st core. The enormous experience gained by NFC, has given the confidence to meet 
any future requirements of Fast Reactors, under second stage of Indian Nuclear Power programme by DAE. The paper gives 
the details of various aspects of different technologies developed at NFC for the manufacture of high performance 
components and subassemblies for Indian Fast reactor applications. 

 
 
 
1. INTRODUCTION 
 
After the successful commissioning and operation of a 13 MW(e) Fast Breeder Test Reactor (FBTR) 
at Kalpakkam, Tamil Nadu, DAE has embarked on setting up a 500 MW(e) Prototype Fast Breeder 
Reactor (PFBR), which is under advanced stage of construction. Lot of R&D was carried out, for 
meeting the requirements of FBTR for its initial core and subsequent replacement core subassemblies 
and irradiation test subassemblies fabrication. In fact NFC manufactures all the types of core 
subassemblies except for fuel pellets and its encapsulation. This involved development of various 
special grade stainless steel and other raw materials, large number of precision components, high 
performance cladding tubes, hexagonal tubes, fuel pin components, complete blanket and other pins 
manufacturing operations with associated quality assurance operations, etc. These were manufactured 
and supplied regularly to FBTR meeting stringent specification requirements. Presently NFC is 
involved in meeting the similar requirements with the more advanced raw materials for PFBR. We 
have faced lot of challenges in the process of manufacturing of these subassemblies for FBTR and 
PFBR.  
 
 
 
2. MANUFACTURE OF SUBASSEMBLIES FOR FBTR AND PFBR  
 
All types of FBTR subassemblies (SA) like fuel, blanket, reflector, control rod and special SAs 
required for first core and annual replacement were supplied by NFC [1]. Apart from first core and 
subsequent replacement SAs for FBTR, the following various special subassemblies were 
manufactured (Table 2.1). 
 
NFC has also manufactured variety of type testing SAs for PFBR design validation requirement 
presently PFBR first core SAs are being manufactured. 
 
The type testing SAs for PFBR were manufactured for validating the design like, (a) pressure drop at 
various levels of fuel, blanket, control safety rod and sheath (CSR), diverse safety rod and sheath 
(DSR) SAs, (b) flow induced vibration measurement through strainer gauge embedded on the pins, 
(c) handling system performance with simulated dimensions, weight and dilation effects (swelling and 
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bend), (d) performance study of CSR and DSR drive mechanisms. The types of type testing SAs 
manufactured so far are given below (Table 2.2). 
 
TABLE 2.1. VARIOUS MANUFACTURED SPECIAL SUBASSEMBLIES 

S. No. Type of subassembly Qty (nos.) 

1 Carrier subassemblies with capsule for irradiation experiments 34 

2 Special subassembly ISZ-100 44 

3 Special subassembly IBZ-100 2 

4 Special subassembly INZ-100 2 

5 CIPTEX 2 

6 Source carrier subassembly 1 

7 Subassembly for sodium void coefficient measurement 2 

8 Subassembly for delayed neutron detection 2 

9 Subassembly for sodium filter 8 

10 Subassembly for flow blockage experiments 2 

11 Special subassembly IFZ-100 2 

12 Special subassembly IF-1300 1 

 
 
TABLE 2.2. TYPES OF TYPE TESTING SAS MANUFACTURED 

S. No. Type of subassembly Qty (nos.) 

1 Fuel sub assembly for pressure (hydraulic) drop test 1 

2 Fuel sub assembly for flow induced vibration test 1 

3 Blanket subassembly for pressure (hydraulic) drop test 1 

4 CSR subassembly for drive mechanism testing 2 

5 CSR subassembly for pressure (hydraulic) drop test 2 

6 DSR subassembly for drive mechanism testing 1 

7 DSR subassembly for pressure (hydraulic) drop test 1 

8 Reflector subassembly for pressure (hydraulic) drop test 1 

9 Inner boron carbide shielding SA for pressure (hydraulic) drop test 1 

10 Deformed and straight SA for transfer arm and in-vessel transfer equipment 
testing 

28 

11 37 element fuel SA 2 

 
 
 
3. CHALLENGES FACED DURING THE MANUFACTURE OF SAS FOR FBTR AND 

PFBR 
 
Special grade raw materials to suit requirement of high temperature nuclear service were 
manufactured with the following modifications to the standard grade: 

- Closer control of chemical composition, residual elements like sulphur, phosphorous, boron, and 
silicon are controlled to lower limits. The ranges for major elements chromium and nickel and 
minor elements molybdenum and manganese are restricted. 
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- Close control of cleanliness and grain size; inclusion content has been specified to very low levels 
calling for advanced steel making processes. An intermediate grain size is preferred both for 
optimum high temperature creep properties and for facilitating ultrasonic examination. 

- Non-destructive testing: extensive NDT and evaluation has been specified to improve safety and 
reliability of components. 

 
Manufacturing of critical components like thin walled clad tubes and hexagonal wrapper tubes with 
specified cold work [2]: These tubes are basically made from stabilized (Ti) grade stainless steels 
optimized for high irradiation swelling resistance. Technology for manufacturing the tubes by hot 
extrusion and cold pilgering/drawing techniques was developed to achieve the following stringent 
specifications: 

Tolerances: ±0.02 mm on ID and WT. 

Surface finish: <0.5 microns. 

Bend: 1 mm in 1500 mm. 

UT requirements: <7% defect size of WT. 

ET requirements: for surface/subsurface quality requirements. 
 

Clad tubes end facing and length machining: Facing of these tubes is done using a special fixture with 
run-out of <0.01 mm (TIR) as shown in Fig. 3.1, and a double tool technique developed specially for 
this, which helps in generating very minimum amount/no burr on both ID and OD edges which call for 
a chamfer-free perfect square edge checked under 100 × magnification. These difficulties have been 
overcome by using a perfectly aligned fixture and special tooling, employing conventional lathe. 

 
Later, a semiautomatic special purpose machine with programmable logic control (PLC) has been 
designed, developed and manufactured for bur free machining of clad tubes. 

 
Crimping of clad tube at middle plug portion: No off-the-shelf equipment was available for the 
crimping operation. Initially a standard lathe was converted into crimping equipment with the help of 
specially designed tools and fixtures. 
 

 
Crimped Clad Tube 

 
Middle Plug 

 
FIG. 3.1. Crimped clad tube and middle plug. 

 
 

The tube to be crimped is clamped in the chuck and the middle plug located at a particular portion 
from one end inside the tube using a stopper rod of calibrated length running inside the tube. Another 
rod is inserted from the other end of the tube to fix the middle plug firmly. A roller tool having a 
contour of the groove to be formed is mounted on the tool post and is employed to crimp the tube. The 
tool is pre-positioned before inserting the tube in the chuck, to match the crimping position with that 
of the middle plug. 
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The tube is then rotated at a speed of 100 rpm and the tool is advanced to touch the tube. Then the tool 
is given slow feed to start the forming operation. The ultimate feed required to obtain the required 
crimping depth should be somewhat more because as the tool is withdrawn, the tube springs back to 
smaller crimping depth.  

 
Later as a better solution a new special purpose crimping equipment (Fig. 3.2) was designed and 
manufactured in-house. 

 

Machine Setup 

 
Tool Setup 

 
FIG. 3.2. Crimping machine. 

 
 

The operations are totally automatic. One crimping roller is replaced by set of 3 crimping rollers 
located 120º apart from each other. The tube remains stationary whereas the crimping head with 3 
rollers rotate around the tube while advancing the rollers to the required depth of forming on clad tube. 

 
Tests were conducted to measure the springback for different tool feeds and were plotted in a graph as 
shown in Fig. 3.3. With respect to bending of tube, precisely aligned tube holding system was made, 
which has resulted in no bending of tube during the crimping. 

 

 
 

FIG. 3.3. Graph — tool feed vs. springback. 
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Hard chrome plating process development establishing the process parameters: The chromium plating 
with stringent specification requirements was to be carried out on the buttons formed on the stainless 
steel hexagonal cross section tubes of AISI 316 L. After initial studies the importance of pre-treatment 
of the components to be plated and the aging of the plating bath was understood. In order to get an 
activated nascent surface for plating, pre-treatment after degreasing and before plating was found to be 
essential and critical. It is seen that the pre-treatment activates the substrate and makes it uniformly 
amenable to plating. Uniformity of deposit, thickness and brightness were consistently obtained after 
plating when the substrate was made anodic at 6 A·dm-2 for 30 seconds in the pre-treatment solution. 
Due to aging of the plating bath Cr (III) content increases and conductivity decreases, after 24 hours of 
aging the bath was found to have given very good quality plating. The plating set up was made in 
house and produced the plated hexagonal tubes while meeting the specifications like hardness, 
uniformity in thickness and brightness [3]. 
 
Gas tungsten arc welding (GTAW) of thin wall clad tubes with end plugs: clad tubes are welded with 
helium bond gas filling and GTA welding process is used for the purpose. First bottom plug is welded 
under argon atmosphere. Then after pellets loading, top plug is welded in a closed chamber 
pressurized with pure helium to enable bond gas filling in the pin at the required pressure. The clad 
tubes are made of modified AISI 316/316 (Ti) grade with 20% cold worked, whereas, both the top and 
bottom plugs are made of modified AISI 316/316LN grade. 
 
Both the weld joints are butt joint and are done by DC pulsed TIG welding process because of the 
small thickness of the clad tube (around 0.37 mm). The weld configuration is shown schematically 
below in Fig. 3.4. 

 

 
FIG. 3.4. Configuration – top/bottom plug weld joint. 

 
 

For the bottom plug GTA welding of slender and lengthy clad tube a standard welding lathe is used 
with supports specifically made for supporting. For top plug welding a special purpose welding 
chamber is developed for hyperbaric GTA welding of clad tube as shown in Fig. 3.5. 

 

 
FIG. 3.5. Chamber tig welding system for end plug. 
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Button forming (cold) on outer hexagonal tube (OHT)/Hexcan: Buttons are formed on hexagonal 
sheaths of the subassemblies. Buttons are generally circular or rectangular and are formed typically 
with the help of die and punch setup, which was specifically developed for this purpose only.  

 
Spacer wire bead forming by electro-fusion followed by cold forming: Bead is formed at one end of 
the sparer wire to enable mechanical locking of the spacer wire with bottom plug. Spacer wire end is 
formed to rough shape by melting the certain length of the wire and size. A typical drawing of the 
spacer wire bead is shown in Fig. 3.6. 

 

 
 

FIG. 3.6. Spacer wire bead. 
 
 

Bead forming is achieved in two distinct steps: (a) electro-fusion; (b) cold forging. In electro-fusion, a 
specified length of the wire equivalent to the volume of the bead to be formed is fused by welding 
electrode inside a copper mould to form a cylindrical head at one end of the spacer wire. Electro-
fusion is required for making the equivalent wire volume ready for cold forging in a die, as the wire 
cannot be forged to form readily. 
 
Assembly of pins bundle and hexagonal tube: By using a fixture with radiation shielding, the 
plutonium bearing pins are manually assembled on the grid of rails of lower portion of SA to form a 
bundle, and then hexagonal tube is assembled over the pins bundle. An automatic system with three 
robots for the PFBR pins, Hexcan assembly and welding with the following special features is being 
developed. 

- Remotisation of plutonium bearing radioactive pins assembling and fabrication processes with 
robots. 

- Specialized robots for heavy duty machine handling, precision pick and place and advanced 
GTAW welding functions with complete integration for their coordinated activities. 

- Complete operation with remote controlled with closed circuit television (CCTV) camera and 
vision system. 

- Localized shielding provided for neutron and gamma radiation.  

- Fabrication of fixtures for maintaining the straightness of the SA (1.65 m long for FBTR and 4.5m 
long for PFBR) during final welding with 2 weld joints.  

 
In PFBR the hexagonal tube is welded with both foot upper part and handling head by automatic GTA 
welding process with filler addition in a specially designed machine (Fig. 3.7). The weld joint is 
shown in Fig. 3.8, which is a butt joint with V-groove edge preparation. 
 
Before the actual welding is carried out tack welding is done between the hexagonal tube and foot 
upper part. Then GTA welding is done with continuous DC current under argon atmosphere with two 
passes — root pass and final pass with filler addition. 
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The hexagonal tube is made of 20% cold worked D9 material, whereas, the foot upper part or handling 
head is made of SS 316 LN material. The filler wire used is of 16-8-2 grade. The hexagonal tube 
thickness is 3.2 mm (nominal) and the depth of penetration should be a minimum of 3.2 mm. 

 
The critical part in this welding is the hexagonal periphery of the weld joint with corner radius. The 
hexagonal tube has an outer dimension of 131.3 mm (nominal) with inner corner radius of 3.0 mm 
(nominal). The cross-section of the hexagonal tube is shown in Fig. 3.9 below. 

 

 
 

FIG. 3.7. OHT to foot and head portion welding. 
 
 

 
 

FIG. 3.8. Configuration – Hexcan to foot upper part weld joint. 
 
 

The welding torch should trace the outer periphery of the hexagonal tube and should always remain 
normal to it. A special purpose machine is developed to do the welding automatically which is shown 
below in Fig. 3.10. 

 
As can be seen in Fig. 3.10, the machine has 5 axes, namely – X, Y, Z,  (job rotation) and torch tilt 
axis. The X, Y, Z axes are required for positioning the torch over the weld joint. The Y-axis is nothing 
but an arc distance controller (ADC) slide which maintains a fixed arc length. -axis is for the rotation 
of the job and the 5th torch tilt axis is required to keep the torch normal to the hexagonal tube surface. 
The subassembly, after tack welding is loaded vertically in the machine from the top. The top support 
of the machine is rotatable to give room for subassembly loading from the top. 
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All the parameters for welding and axes control are pre-programmed and the total welding is done 
automatically with optimized parameters. 

 

 
 

FIG. 3.9. Hexagonal tube cross-section. 
 

 

 
 

FIG. 3.10. Hexagonal tube welding machine. 
 

 
Development of thoria and deeply depleted UO2 pellets manufacture: thoria pellets required for FBTR 
radial blanket SA were fabricated in large scale for first time in the country. NFC developed the 
required process flow sheet, equipment and process optimization techniques. During the fabrication of 
thoria pellets the technique of “low temperature oxidative sintering process” was developed [4], in 
which sintering was done in air atmosphere at 1150ºC with addition of Nb2O5 as sintering aid. This 
helped a lot in reducing energy consumption for sintering and also avoided the usage of hydrogen 
which is an inflammable gas. Deeply depleted uranium oxide pellets required for PFBR blanket SAs 
have been manufactured. 

 
Spacer wire wrapping and spot welding at every quarter pitch of blanket pins: In FBR pin fabrication 
D-9 wires are wrapped helically around the clad tubes, which act as spacers between the pins as well 
as the hexagonal sheaths. Sometimes wrapped wires are welded with the clad tubes at every quarter 
pitch by resistance spot welding process. Below is shown a typical spacer wire wrapped pin drawing 
in Fig. 3.11. 
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FIG. 3.11. Spacer wire wrapped fuel pin. 
 
 

No equipment was available off-the-shelf for carrying out the spacer wire wrapping helically with a 
tolerance of ±5 mm on pitch. Hence it called for the development of a special purpose machine, 
specifically to be made for the purpose (Fig. 3.12)  

 
Inspection techniques adopted for confirming the quality of the SAs: 

- fluorescent die penetrant test; 

- metallography; 

- x-radiography; 

- ultrasonic testing (pulsed echo and surface wave technique); 

- helium leak testing; 

- visual and dimensional; 

- special purpose system for bend measurement of the subassembly. 
 
 

 
 

Fig. 3.12. PFBR fuel, blanket and reflector subassemblies. 
 
 
 
4. CONCLUSION 
 
The valuable experience gained during the manufacture of variety of FBTR subassemblies has led to 
design and development of special purpose machines with latest technology for various critical 
components and subassembly fabrication for PFBR, NFC is confident and can meet any future 
requirements of fast reactors, under planning by DAE.  
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Abstract 

The research for the increase of fast reactor oxide fuel performance are carried out at IPPE: thermal conductivity 
increase, structure improving in order to reduce fission gas release and fuel-cladding mechanical interaction. The developed 
technologies allow manufacturing UO2 pellets with properties different comparing the standard pellets. In order to solve the 
problem of long term radiotoxicity of spent fuel by recycling of minor actinides in fast reactors the inert matrix fuels are of 
interest. MgO is a promising matrix material. The fabrication technologies of PuO2 + MgO and Am2O3 + MgO (with the use 
of the simulator, Eu2O3) have been developed. 

 
 

 
1. INTRODUCTION 
 
The improved properties of the pellets have been attained by nanotechnology (precipitation with no 
additives and co-precipitation with additives) and a technology based on addition of ammonium-
containing reactants to the standard powders. In the developed, so called, modified fuel, the U–U or  
Pu–Pu chemical bonding, attributed to metal nanoclusters, and the dominating fraction of nanosized 
pores have been found. A lower swelling of the modified fuel under irradiation is expected because of 
a compensation effect of the surface tension on the fission-product gas pressure. The enhanced thermal 
conductivity and thermal stability allow the modified fuel to attain a deeper burnup and to provide 
more safety during reactor power maneuvering. 

 
 
 

2. REACTOR TESTING OF UO2 FUEL 
 
In January, 2011, in-core test of the experimental assembly with modified fuel pins has been started in 
the BOR-60 reactor in Dimitrovgrad, aimed at performance evaluation for fuel pins of SVBR-100 
reactor. The EP-823 silicon-doped ferritic-martensitic steel was used for fuel cladding because of its 
high corrosion resistance in the led-bismuth coolant, and the modified UO2 pellets were used as the 
fuel. 
 
Seven fuel pins with various fuel pellets were fabricated. For pellets fabrication we used the standard 
water technology, which is in use at of the nuclear industry factories [1–2], and three technologies 
developed in IPPE: 

- the water method (nanotechnology) based on precipitation of the ammonium polyuranate (APU) 
accompanied by the production of coarse-grained and ultra-fine particles, followed by the 
calcination, reduction to UO2, compaction and sintering of pellets [3–4];  

- the water method based on co-precipitation of uranium with chromium addition, followed by the 
calcination, reduction to UO2, compaction and sintering of pellets [5];  

- the method based on addition (mechanical mixing) of ammonium-containing compounds to UO2 
powders fabricated with the help of the standard water technology (or, as a possible way, by the 
method of dry conversion), followed by the compaction and sintering of pellets [5]. 

 
In the last method, ammonia is used as a sintering agent in production of UO2 pellets. Moderate 
additions of ammonium salts into UO2 powders cause the grain size increase. As an ammonium-
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containing reactant we used 4-amino-1, 2, 4-triazole (hereafter, triazole). The required irradiation 
parameters are listed in Table 2.1.  
 
TABLE 2.1. IRRADIATION PARAMETERS OF SVBR FUEL IN BOR-60 

Parameter Value 
Maximum linear rating, W·cm-1 

– for 2.5 years after the irradiation beginning; 
– for last 1.6 years.  

 
315–340 
410–420 

Maximum cladding temperature in the hot spot (calculated), C 
– for 2.5 years after the irradiation beginning; 
– for last 1.6 years. 

 
500–550  

620  
Maximum neutron fluence (Е>0.1 MeV), cm-2 2.06 × 1023  
Maximum damage dose, dpa 68–70 
Maximum fuel burnup, at.% 10–11 
Testing duration, calendar years 4.1  

 
 

2.1. Morphology of APU and U3O8 
 
The SEM morphology of particles for APU comprising of coarse-grained particles and nanoparticles is 
shown on Fig. 2.1. The SEM was conducted with the help of Quanta Inspect S scanning electron 
microscope, equipped with EDAX Genesis – 4000 EDS. The sample comprises of a small fraction of 
particles of 1–3 μm in size, the dominant fraction of particles of 40–140 nm in size and an amorphous 
fraction with the particle size was below the resolution of the scanning microscope. 
 

 
FIG. 2.1. Morphology of modified precipitate APU: (а) the coarsest particles APU in the size 1–3 μm; 
(b) particles APU in the size 40–140 nm (upwardly) and amorphous part (sizes: lessest level 
microscope resolution limit); (c) main bulk of APU particles in the size 40–140 nm. 
 

FIG. 2.2. Morphology of particles of powder U3O8 fabricated by: (а) standard water technology; 
(b) nanotechnology; (c) co-precipitation U and Cr. 

↑ ↑

↔
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The temperature of the following calcination is a critical parameter [6]. It affects the shape and sizes of 
uranium oxides particles. The morphology of U3O8 particles after calcination at the optimum 
temperature is shown in Fig. 2.2 for various precipitates. The U3O8 particles after calcination the APU 
produced by the standard water technology (Figure 2.2 (a)) are similar to each other in shape (oval) 
and sizes. The U3O8 particles after calcination the APU produced by the nanotechnology (Fig. 2.2 (b)) 
are complex conglomerates of rounded and elongated globules of 70–500 nm in size. As is also, 
relatively large (300–500 nm) and ultra-fine (70–75 nm) particles are observed. The calcination of the 
APU precipitate fabricated by the co-precipitation with small addition of Cr (Fig. 2.2 (c)) results in 
formation of the clustered conglomerates comprising of small rounded grains of 50–150 nm in 
size [5]. 
 
Diffraction patterns of UO2 powders with nanoparticles show a significant broadening of diffraction 
lines as compared to standard UO2 powders. Usually, the broadening is explained by the size effect 
and the local stress. As is also, non-uniform stoichiometry (variations of the oxygen coefficient) may 
contribute to the broadening. 
 
2.2. Structure and properties of fuel pellets  
 
Properties of various UO2 fuel pellets are presented in Table 2.2. The density of the pellets varies from 
96.8–98.4% of its theoretical value (TD). The oxygen coefficient for the modified pellets (1.999–
2.000) is smaller than that for the standard pellets (2.001). 
 
The SEM images of cracks are shown in Fig. 2.3 for various sintered UO2 pellets. Pores of 2–5 μm in 
diameter are observed for the fuel pellets fabricated by the method of dry conversion in OAO «MSZ» 
(Fig. 2.3 (a)). The densities of the pellets fabricated in OAO «MSZ» and IPPE (standard and modified, 
respectively) are almost the same (10.6–10.7 g·cm-3), i.e. the porosities are also the same. The crack’s 
structure for modified UO2 pellets (Fig. 2.3 (b), (c), (d)), fabricated with the help of (1) the 
nanotechnology, (2) “UO2+Cr2O3” technology (co-precipitation of U and Cr) and (3) the sintering of 
UO2+0,1% triazole, differ from that for UO2 fabricated by the standard technology. In the modified 
UO2 pellets, the pore size varies from 0.01–0.5 μm, and their shapes are mainly spherical.  
 
 
TABLE 2.2. PROPERTIES OF FUEL PELLETS 

Composition 
Fabrication 
technology 

Lattice 
parameter, 

nm 
O/U ratio 

Density 
Pore size, 

μm g·cm-3 % TD 

UO2 
Method of dry 

conversion (OAO 
«MSZ») 

0.54706 2.0010 
10.57–
10.65 

96.4–
97.2 

1–5 

UO2 
Standard water 

technology 
0.54705–
0.54706 

1.999–
2.000 

10.65–
10.79 

97.2–
98.4 

0.5–2 

UO2 
Water 

nanotechnology 
0.54704–
0.54706 

1.999–
2.000 

10.61–
10.70 

96.8–
97.6 

0.01–0.5 

UO2+0.025% 
Cr2O3 

Co-precipitation 
of U and Cr 

0.54705–
0.54707 

1.999–
2.000 

10.70–
10.73 

97.6–
97.9 

0.01–0.5 

UO2+0.1% 
triazole 

Sintering of 
standard powders 

with 0.1% 
triazole 

0.54705–
0.54706 

1.999–
2.000 

10.63–
10.68 

97.0–
97.4 

0.01–1 
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FIG. 2.3. Fracture surface appearance of sintered pellets: (а) UO2, fabricated by standard water 
method in IPPE; (b) UO2, fabricated by nanotechnology; (c) UO2 + 0.05% Cr2O3, fabricated by 
coprecipitation U and Cr; (d) UO2 + 0.1% triazole. 
 
 

 
 

FIG. 2.4. Structure (× 200) of metallographic samples: (а) UO2, fabricated by standard water method 
in IPPE; (b) UO2, fabricated by nanotechnology; (c) UO2 + 0.1% triazole; d) UO2 + 0.05% Cr2O3, 
fabricated by coprecipitation U and Cr. 
 
 
We suggest the following understanding of the difference in the structure. At a constant porosity a 
decrease of the pore size is compensated by an increase of the pore number density, and the total 
surface tension tends to increase. At a constant density of the fuel pellets the product of the total pore 
surfaces S and the pore radius R does not vary (S × R = const.). 
 
In its turn, an increase of the total pore surface facilitates heterophasic chemical and catalytic 
processes, increases the sorption capacity, and so on. It is worth noting that an increase of the fraction 

H50 UO2=550–607 kgf/mm2. 
Grain size = 15–25 μm 

H50 UO2=607–741 kgf/mm2. 
Grain size = 15–25 m 

H50 UO2=607–741 kgf/mm2. 

Grain size = 10–15 m 

H50 UO2=607–741 kgf/mm2. 

Grain size = 25–40 m 

a b

c d

106



of surface atoms may significantly change the material properties and affect the properties of adsorbed 
atoms and molecules. 
 
The swelling of the fuel is usually explained by the growth of the pores, which are considered as sinks 
for radiation-induced vacancies. In this approach, the pressure of fission-product gas in pores is 
compensated by the surface tension. Accordingly, a lower swelling is expected for the modified fuel 
because of the increased surface tension. 
 
Grain sizes are in the ranges of 8–12 μmor 10–15 μm for the pellets fabricated by OAO «MSZ» with 
the help of the dry conversion or the standard water technology respectively (Fig. 2.4), 15–25 μm 
for the modified UO2 pellets fabricated with the help of the nanotechnology and the sintering of 
UO2+0-1% triazol, and 25–40 μm for are the UO2+0-05%Cr2O3 pellets fabricated by co-precipitation. 
The increased grain size in the modified pellets is favorable for lower release of the fission-product 
gas during irradiation. 

 
2.3.  XPES results  
 
By using the XPES a new structure with U–U chemical bonds has been demonstrated for modified 
UO2 pellets (Fig. 2.5, curve 2). It suggests that sintering in hydrogen provides conditions favorable for 
formation of metal nanocluster dispersed in uranium dioxide, and the nanoparticles are necessary for 
the metal nanocluster formation (formation of U–U chemical bonds). 

FIG. 2.5. XPES spectra of standard (1) and modified (2) fuel pellets UO2. 
 
 
2.4.  Thermal conductivity of UO2 fuel pellets 
 
The thermal conductivity was measured by the axial heat rating method presented in [4]. Temperature 
dependences of thermal conductivity λ are shown in Fig. 2.6 for various UO2 fuel pellets. OAO 
«MSZ» fabricated fuel pellets (undoped or doped with 0–41% mass Er2O3) from UO2 powders 
fabricated by the method of dry conversion. In IPPE the fuel pellets were fabricated by (1) the 
standard water technology, (2) the standard water technology combined with addition of 0.1% triazole, 
(3) the co-precipitation technology (UO2+0.5%Cr2O3), and (4) the nanotechnology. The data reported 
for ceramic [7] and single crystal [8] uranium oxide are also shown.  
 
Thermal conductivity for pellets fabricated in OAO «MSZ» is almost the same as the reported data for 
ceramic UO2. Increase of thermal conductivity was found for modified pellets of UO2+0.5%Cr2O3 and 
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UO2+0.1% triazole, as is also for the pellets fabricated by the nanotechnology. The enhanced thermal 
conductivity is explained by increased phonon (owing to decreased scattering of phonons on pores) 
and bipolar (owing to increased concentration of U4+ interstitials) contributions [4]. 

 
FIG. 2.6. Тemperature dependence of fuel thermal conductivity: 1) UO2 (density = 95% ТD), 
literature data [9]; 2) UO2 (density = 96.5% ТD), fabricated by method of dry conversion in OAO 
«MSZ»; 3) UO2 + 0.41% Er2O3 (density = 96.5% ТD), fabricated by method of dry conversion in OAO 
«MSZ»; 4) UO2 (density = 96.7% ТD), fabricated by standard water method in IPPE; 5) UO2 

(density = 97.4 % ТD), fabricated by nanotechnology in IPPE; 6) UO2 + 0.1% triazole 
(density = 96.7% ТD), fabricated in IPPE; 7) UO2 + 0.05% Cr2O3 (density = 97.8% ТD), fabricated 
by co-precipitation U and Cr in IPPE. 
 
 
The enhanced thermal conductivity will further allow: 

- to decrease the maximum temperature in the center of the fuel and, therefore, to improve the safety 
of reactor operation; 

- to increase the burnup of the fuel; 

- to operate in regimes of reactor power maneuvering. 
 
2.5.  Measurement of the fracture stress for UO2 fuel pellets 
 
The low thermal conductivity of ceramic fuel and the high linear rating cause high radial temperature 
gradients, and, as a consequence, the fuel pellets cracking. That is, the thermal stress resistance of the 
fuel pellets is critical for the safe operation of pins. The fracture stress of the fuel pellets with 
cylindrical holes were measured at a linear rating of 52–53 W·cm-1 and a rate of temperature variation 
of 10.0C·s-1 at the internal surface. Fifty UO2 pellets fabricated for various reactors and seven 
modified UO2 pellets fabricated in IPPE by addition of ammonia were tested. At the temperature of 
670°C, the fracture stress was equal to about 400 MPa for the modified pellets (UO2+0.1% triazole), 
which is about 1.5–2 times higher than that for the pellets fabricated by OAO «MSZ» (250 MPa). The 
enhanced thermal stability is an advantage for the safety issues because it provides improvement of the 
crack resistance of the pellets. 
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2.6.  Thermo-mechanical fuel and cladding interaction 
 
On increasing the reactor power, the radial temperature gradient over the fuel pellets increases and 
causes the thermal stresses (tensile stress at the outer surface and compressive stress in the inner 
surface) to increase. Upon reaching the tensile strength, the cracking of fuel pellets takes place. With 
increasing the number of cracks, the pellet diameters increase, and pellet fragments touch the cladding. 
At the onset, when the fragments can keep moving, the mechanical interaction is soft, and the pressure 
of the fragments on the cladding is not significant. Further increase of reactor power causes the 
fragments to touch the cladding tightly, and then the motion of the fragments is stopped. In this regime 
of tough mechanical interaction, a jam of the fuel pellet may occur, and, because of the difference in 
thermal expansion, the cork maybe lost, or the cladding maybe destroyed. Hopefully, the enhanced 
thermal conductivity of the modified UO2 fuel will help to avoid these accidents.  
 

 
 

FIG. 2.7. Appearance of pellets UO2 before and after testing at the temperatures of 100–500°C and 
linear heat rating 0–170.0 W·cm-1 (the mean rate heat rating around 6.6 W·cm-1·min-1). 

 
 

Out-of-reactor testing on (1) the crack resistance of the modified UO2 fuel pellets and (2) the thermo-
mechanical pellet-cladding (EP-823 steel) interaction were conducted at the temperatures of 100–
500°C and linear heat rating in the range of 0–170.0 W·cm-1 (the mean rate of heat rating variation of 
about 6.6 W·cm-1min-1). Pin models with the gas-filled gap of 0.14 mm were used for the testing. The 
modified fuel pellets of UO2+0.1% triazole (Fig. 2.7 (a)) were tested in the time interval of 40 cycles. 
Disassembling of the pin models after the testing showed that all pellets kept their shapes during 
thermal cycling through some pellets cracked into two pieces (Fig. 2.7 (b)). It was found that the 
diameter of cladding cyclically varied form the values of the confidence interval (Figure 2.8 (a)) to the 
values out of the confidence interval (Fig. 2.8 (b)) and back.  
 
A different behaviour  during testing at the same temperatures was observed for the fuel pellets 
(Fig. 2.7 (c)) made from UO2 powder fabricated by the method of dry conversion in OAO «MSZ». 
Two times the sensor registered breaks of a pellet after the first cycle of testing at the heat rating of  
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170 W·cm-1. We had to disassemble the set-up to remove the broken pellets. We experienced 
difficulties when removing the broken pellets from those models. The pellets were removed with the 
help of impacts. Figure 2.7 (c) shows the photo of broken pellet. The breaks along and across the 
pellet can be observed. 
 
The enhanced thermal conductivity and thermal stability allow the modified fuel to attain a deeper 
burnup and to provide more safety during reactor power maneuvering. Final conclusion on reliability 
of the modified fuels will be formulated upon completion of the in-core reactor testing. 

 

 
 
FIG. 2.8. Temperature dependence of radius change of pin models cladding at 18 (a) and 31 (b) 
testing thermo-cycles. 
 
 
 
3. INERT MATRIX FUEL 
 
3.1.  Fabrication and characterization of PuO2-х-MgO fuel composition 
 
Fabrication of (40% mass PuO2-х + 60% mass MgO) fuel pellets was based on chemical co-
precipitation of plutonium and magnesium substances from the solution, followed by the calcination of 
powder, compaction and sintering of pellets. Optimal conditions for the processes have been found 
in [6]. Scanning electron microscopy was conducted for powders baked at various temperatures. After 
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the backing at 1000C the PuO2-MgO powder comprised of two main fractions: (1) rounded particles 
of 1–2 μm in size and (2) ultra-fine particles smaller than 100 nm (Fig. 3.1 (a)). Further increase of the 
backing temperature causes the particles to coalesce (Fig. 3.1 (b), (c)).  
 
The pellets fabricated from this powder were free from macroscopic defects, and the density of pellets 
after sintering at 1500°C corresponded to 90% of theoretical density (TD). Phase composition of 
pellets corresponded to PuO2, MgO and probably Pu2O3·2PuO2 with the lattice constants of 
5.3950.001 Å, 4.2110.001 Å and 5.1980.001 Å respectively. The O/Pu ratio was in the range of 
1.997–1.998 [10]. Scanning electron microscopy has shown the following results (Fig. 3.2) for the 
crack of PuO2-х+MgO pellet [11]. The bright areas are plutonium-enriched, and the intergranular 
destruction accompanied by formation of interfacial networks occurred in these areas. The grain size is 
equal to 3–5 μm. The grey areas are magnesium-enriched. They destroyed through the grains, and 
larger grains of 7–10 μm appeared in these regions, on the surfaces of which we can see the split steps 
and fantail patterns. It is worth noting that the grains of PuO2-х+MgO pellets are monolithic, i.e. no 
porosity is observed. Faceted pores of 2–3 μm in size are predominantly located along the grain 
boundaries. 

 

FIG. 3.1. Morphology (×10000) of powder 40% PuO2-х + 60% MgO, calcinated at temperatures:  
1000°C (а), 1100°C (b) and 1200°C (c). 

 
 

 
 

FIG. 3.2. Fracture surface appearance of modified sintered pellets 40% PuO2-х + 60% MgO. 
 
 
The modified pellets with this structure revealed an anomalously high thermal conductivity, when 
measured by the method of axial heat rating in the steady state at temperatures of 100–600C. At 
500C, thermal conductivity PuO2, MgO and PuO2-х+MgO is equal to 3.5 [12], 10 [11] 
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and 24.2 [10] W·m-1·K-1 respectively. Thermal conductivity of modified PuO2-х+MgO fuel is higher 
than the reported data for separate components (PuO2 and MgO). In particular, it is two times higher 
than the thermal conductivity of MgO. 
 
In-core reactor testing of pins with the modified fuel of 40%mass PuO2-х–60%mass MgO has been 
conducted in BOR-60 reactor up to the burnup of 19.5 at.% [11]. The fuel pellets have kept their 
geometric sizes. Microstructure has not changed in the radial and longitudinal directions of the pellets. 
No cracks have appeared. The fabrication technology based on co-precipitation accompanied by 
formation of PuО2 nanoparticles allowed us to achieve the stable properties, in particular, thermal 
stability and plasticity. This result may evidence that the fuel pellets revealed an enhanced thermal 
conductivity under irradiation. 
 
3.2.  Fabrication and characterization of Eu2O3-MgO fuel composition 
 
The studies were focused on the development and characterization of the fuel for MA burning in the 
MgO matrix. 
 
3.2.1.  Fabrication.  
 
Taking into account that processes of americium immobilization into oxide matrices are ecologically 
hazardous and expensive, it is reasonable to use imitators for scientific research. As soon as both 
lanthanides and actinides are f-elements, the lanthanides (4f) are chemically similar to actinides (5f), 
after the Seaborg theory [12]. Accordingly, europium can imitate americium, because of similar 
electronic clouds of valence electrons. Many researchers use europium to imitate americium. In this 
work, europium was used for imitation of americium also. In the worldwide practice, the composition 
of 20% mass Am2O3 + 80% mass MgO is taken for Am2O3 + MgO fuel [13], which corresponds to 
7.1 vol% Am2O3 + 92.9 vol% MgO. Accordingly, we used composition of 7.1 vol% Eu2O3 + 
92.9 vol% MgO. Densities of materials used a shown in Table 3.1. 
 
 
TABLE 3.1. DENSITIES OF MATERIALS USED FOR IMITATION OF FUEL 

Material Density, g·cm-3 
Am2O3 11.77 
AmO2 11.68  
Eu2O3 7.4  
MgO 3.6  

20% mass Am2O3 + 80% mass MgO 4.18 
13.6% mass Eu2O3 + 86.4% mass MgO 3.87 

 
 
Taking into account the densities, the composition of 7.1 vol% Eu2O3 + 92.9 vol% MgO corresponds 
to 13.6% mass Eu2O3 + 86.4% mass MgO. To fabricate the composition of 13.6% mass Eu2O3 + 86.4% 
mass MgO, a method developed in IPPE, based on precipitation resulted in production of coarse-
grained and ultra-fine particles, followed by the calcination, compaction and sintering 
(nanotechnology), was used. The hydrostatic density for sintered pellets of 13.6% mass Eu2O3 + 
86.4% mass MgO was equal to 3.58–3.60 g·cm-3, i.e. 93% TD. 
 
3.2.2.  Differential thermal analysis (DTA) of sediments 
 
Thermal decomposition of Eu(OH)3 + Mg(OH)2 sediment (Fig. 3.3) yields a sharp endothermic peak at 
160C, corresponding to conversion of Eu(OH)3 into Eu2O3, a sharp endothermic peak at 500C, 
corresponding to formation of MgO. 
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3.2.3. Pellet microstructure  
 
Scanning electron microscopy was used to examine the structure of 13.6% mass Eu2O3 + 86.4% mass 
MgO pellets. The samples were fabricated by impact breaking, and the breaks were covered by gold to 
observe the SEM images. Similar images were observed for different samples. The distinct 
intergranular networks resulted from the brittle destruction along the grain boundaries dominated. 
Separate facets also comprise the steps of growth and splits. The latter steps are arranged as the 
stream-like or fantail patterns typical for transcrystalline destruction (Fig. 3.3). This result suggests 
that the structures of different pellets are similar, namely, the structure consists of polyhedral grains 
with predominating shape of complex polyhedron. The grain size varied from 5–30 μm, and 
predominating fraction was larger than 10 μm. Absence of pores in the areas of transcrystalline 
destruction evidences that the porosity is low for the tested pellets. 
 
Figure 3.4 represents the cross-section of a sintered pellet of 13.6% mass Eu2O3 + 86.4% mass MgO 
composition. Three phases can be distinguished by the color (dark grey, light grey and white areas). 
Previous observations showed that the developed technology allowed us to obtain a small fraction of 
metal-like inclusions dispersed in oxide structure. The inclusions are of white color in the figure. They 
revealed a reduced microhardness, which may result in increase of plasticity. The gain size of sintered 
Eu2O3 + MgO pellets varied from 8–12 μm.  
 
 

 
FIG. 3.3. DTA and TG curves of precipitate Eu(OH)3 + Mg(OH)2. 

 
 
3.2.4.  Thermal conductivity of pellets 
 
Thermal conductivity was measured by the method of axial heat rating [4] for pellets of MgO and 
Eu2O3 + MgO. Figure 3.5 represents the results and the temperature dependencies of thermal 
conductivity for Eu2O3 and MgO as reported in [13] and [4] respectively. Thermal conductivity for 
pellets of 13.6% mass Eu2O3 + 86.4% mass MgO composition decreases from 31–32 W·cm-1K-1 to 
13–13.5 W·cm-1K-1 on increasing the temperature from 150–900°C. The developed technology allows 
enhancing significantly the thermal conductivity of the composition, which is necessary to improve the 
safety during reactor operation. 
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 х200 

 

FIG. 3.4 Fracture surface appearance of modified sintered pellets 13.6% mass Eu2O3 + 86.4% mass 
MgO. 

 

 

 
 
FIG. 3.5. Structure (×200) of metallographic sample 13.6% mass Eu2O3 + 86.4% mass MgO. 
 
 

 
FIG. 3.6. Тemperature dependence of thermal conductivity for oxides: (1) Eu2O3 [15]; (2) MgO [4];  
(3) modified Eu2O3+MgO (density = 93% ТD); 4) modified MgO (density = 96% ТD). 
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4. CONCLUSION 
 
The technologies for fabrication of modified pellets from UO2 and IMF (PuO2 + MgO and 
Am2O3 + MgO with the use of Eu2O3 imitator for replacement of Am2O3) have been developed. The 
technology provides the enhancement of thermal conductivity, crack resistance and mechanical 
strength. The enhanced thermal conductivity and thermal stability allow the modified fuel to attain a 
deeper burnup and to provide more safety during reactor power maneuvering. 
 
The improved properties of the pellets have been attained with the help of a nanotechnology 
(precipitation with no additives and co-precipitation with additives) and a technology based on 
addition of ammonium-containing reactants to the standard powders. In the modified fuel, the metal-
metal chemical bonds, attributed to metal nanoclusters, and the dominating fraction of nanopores have 
been found. A lower swelling of the modified fuel under irradiation is expected because of a 
compensation effect of the surface tension on the fission-product gas pressure. 
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Abstract 

The current RIAR activity is manufacturing, in-pile tests and PIE of granulated vibropac MOX fuel rods and FAs. Fuel 
of various origins (electrochemical granulation in molten salts, granulation by sol-gel process, grains after pellet fuel 
crushing) can be used for manufacturing of vibropac fuel rods. Plutonium of various grade and purification degree (from FPs) 
has been used for production of this fuel type (weapon-grade plutonium (WG); power generating plutonium (RG), including 
plutonium with low degree of purification from FPs and with MA additives). The total amount of manufactured fuel rods for 
BOR-60, BN-350, BN-600 reactors is more than 22 000. Parallel with scale fabrication of fuel rods and FA, RIAR develops 
procedures of granulated oxide fuel production and processes of fuel rods fabrication for fast reactors of the next generation. 
There are fuel rods containing recycled PuO2, residual fission products (up to 8 wt%), recycled MOX-fuel, MA additives 
NpO2, AmxOy (2–5 wt%), high PuO2 content (up to 45 wt%), etc. The fuel rods are tested in the BOR-60 reactor mostly in 
dismountable FAs that make it possible to examine the irradiated fuel rods at an intermediate stage by using nondestructive 
methods. 
 
 
 
1. INTRODUCTION 
 
RIAR is currently performing comprehensive research and development activity in order to validate 
fuel cycle of fast reactors. The activity covers fabrication, in-pile tests and post irradiation 
examinations of granulated vibropac MOX fuel rods and FAs. Fuel of various origins can be used for 
vibropac fuel rods manufacturing: electrochemical granulation in molten salts, zol-gel granulation, and 
grit after pellet fuel crushing. Plutonium of various grades and various purification factors is used 
(weapon-grade plutonium (WG); power generating plutonium (RG), including plutonium with low 
factor of purification from FPs and with MA additives). In present day design of the vibropac MOX 
fuel rods the most important parameters determining the reliability of the fuel rod are 3–10 wt% of 
getter additive in the form of metal uranium particles and cladding material. 
 
Experimental experience is mostly valid for granulated oxide uranium fuel as well as for fuel rods and 
FA with this fuel type. The current paper presents a review of the research and development activity 
performed at RIAR and involving fabrication, in-pile tests and PIE of granulated MOX fuel rods 
and FAs. 
 
 
 
2. FABRICATION OF EXPERIMENTAL FUEL RODS AND FAS [1–3]  

 
Conducted investigations of the molten salts (KCl, NaCl, LiCl, CsCl, etc.) made it possible to develop 
pyroelectrochemical processes for obtaining crystalline deposits of uranium oxide, plutonium oxide 
and mixed oxides. After performing sufficiently simple process operations (washing, crushing, etc.) 
these deposits were converted into granulate to be poured into the claddings for subsequent 
vibropacking (Fig. 2.1). 
 
RIAR started fabrication of experimental granulated oxide fuel rods and FA more than 30 years ago. 
As experience and knowledge in this field were gained, researches were expanded and extended, 
output of granulated fuel in various modifications increased, quantity and modifications of fabricated 
fuel rods and FA were also expanded. Table 2.1 provides information on quantity and purpose of 
fabricated fuel rods and FA and also on types of granulated oxide fuel contained in these FAs. 
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Main design parameters of fuel rods fabricated at RIAR for different reactors are provided in 
Table 2.2.  
 

 

FIG. 2.1. Fuel cycle of fast reactors. 
 
 
TABLE 2.1. SUMMARIZED DATA ON FA FABRICATED AT RIAR 

Fuel type FA purpose 
(reactor) 

FA quantity,  
pieces 

Quantity of fuel rods, 
pieces 

UPuO2 (RG,WG) BOR-60 465 17205 
UPuO2 BPhS 8 1016 
UPuO2 (WG) BN-350 2 254 
UPuO2 (RG) BN-600 4 508 
UPuO2 (WG) BN-600 33 4191 

 
 
TABLE 2.2. MAIN PARAMETERS OF VIBROPAC FUEL RODS  

No Parameter Value 

BOR-60 BN-350 BN-600 

1 
Length, mm: 
 – fuel rod 
 – gas plenum 
 – lower blanket 
 – fuel column 
 – upper blanket 

  
1082 
273 
150 
450 
100 

  
1790 
300 
400 

1069 
- 

  
2400; 2440 

600 
350 

950–1030 
350 

2 Cladding diameter, mm 6.0; 6.9 6,9 6.6 
3 Cladding wall thickness, mm 0.3; 0.4 0.4 0.4 
4 Smear density of fuel, g·cm-3 8.3–9.5 8.4–8.8 8.8–9.2 
5 Average PuO2 mass fraction in 

granulate, % 
15–30 20 25 

6 Granulate enrichment in 235U, % 45–90 10 0.3–0.7 
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Along with mass production of fuel rods and FA presented in Table 2.1, RIAR is developing 
procedures for production of granulated fuels and fabrication of fuel rods for fast reactors of the next 
generation. They are fuel pins with small additives NpO2, AmXOY (2–3 wt%), high content PuO2 
(up to 45 wt%), recycled PuO2, residual FPs (up to 8 wt%), etc. Fuel rods with these fuel types are 
irradiated in the BOR-60 reactor, most of them are incorporated in dismountable FAs that allow 
interim nondestructive inspection of the fuel rods under irradiation [3]. 
 
 
 
3. IN-PILE TESTS AND PIE OF GRANULATED MOX FUEL RODS AND FA [4–7] 
 
3.1. Fuel rods of the BOR-60 reactor 
 
Beginning with late 1981 the BOR-60 core has been using FAs, containing fuel rods with granulated 
MOX fuel and 5–10 wt% getter in the form of metal uranium particles (Table 3.1). 

 
TABLE 3.1. FA TESTS IN THE BOR-60 REACTOR 

Parameter Value 

Maximum linear power, W·cm-1 533 
Maximum cladding temperature, оС 722 
Maximum fuel burnup, at.% 
٠ ٠       standard FA 
٠ ٠       experimental FA 
٠ ٠       experimental fuel rods 

  
21.4 
30.0 
32.3 

FA quantity 812 
Quantity of FA (pieces) with burnup: 
٠ ٠        15–20 at.% 
٠ ٠        >20 at.% 

  
214 
19 

 
 
During the irradiation in the BOR-60 reactor the variations in the design, technological and operating 
parameters of the fuel rods were studied from the viewpoint of their influence on the reliability. Degree and 
character of effect of the studied parameters were established in the course of irradiation and PIE. Causes 
of fuel rods failure, taking place during the initial period, were found out and removed: 

- intercrystalline corrosion of the cladding at higher chlorine and moisture content in fuel, at lower 
smear density; 

- insufficient reliability of the welded joint "cladding, upper end plug"; 

- claddings with initial defects, which were not revealed during incoming inspection. 
 
It is established, that the additive of 5–10 wt% metal U particles is the most significant parameter of a 
favorable influence on fuel rods reliability. 
 
No significant influence of used MOX-fuel "grade" on reliability of fuel rods was found, namely: 

- UO2+PuO2 mixture or co-precipitated fuel UPuO2; 

- Pu of various grades (weapon, power generating or recycled); 

- fuel with PuO2 content up to 45 wt%.; 

- fuel with NpO2 content up to 5 wt%; 

- fuel with residual FPs content up to 8 wt%. 
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At present granulated MOX fuel pins are used in BOR-60 as standard ones. Design burnup in these 
fuel rods is limited not by the fuel, but by admissible damage dose for used steel claddings. In 
granulated MOX fuel rods high and super high burnups can be achieved providing the optimal 
combination of design, process and operating parameters (Table 3.1, Fig. 3.1). 
 
3.2. Fuel rods in the BN-350 reactor 
 
Two experimental FAs, containing mixed vibropac oxide fuel, were irradiated in the BN-350 reactor 
(Table 3.2) in the period from 1985 till 1986. During post-irradiation examinations of the failed fuel 
rod no signs of defect propagation (cross crack in the cladding), fuel washing out and fuel-coolant 
interaction were found. Similar to in-pile tests in BOR-60 the fuel rod failure was caused by 
exceeding the design cladding temperature, axial mass transfer of fuel at lowered smear density, 
insufficient U-getter content in fuel. After 45 days of experimental FA C-585 irradiation the loss of 
integrity of one fuel rod up to fuel-coolant contact was revealed. The fuel assembly with the failed fuel 
rod was irradiated for 110 EFPD more. 

 

 

FIG. 3.1. Micro- and macrostructure in cross section of granulated MOX fuel pin irradiated in BOR-
60 up to 32 at.%. 

  
TABLE 3.2. IRRADIATION OF GRANULATED MOX FA IN THE BN-350 REACTOR 

Parameter 
FA identification number 

C-585 C-586 
Maximum linear power, W·cm-1 510 480 
Maximum cladding temperature, ºС 740 690 
Maximum fuel burnup, % h.a. 4.7 6.8 

 

a c

b d
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3.3. Fuel rods of the BN-600 reactor 
 
Beginning in 1987 and up to the date the full scale granulated MOX FAs have been under irradiation 
in the BN-600 reactor under standard conditions (Table 3.3). The irradiated FAs are considered as 
"experimental FA". During fabrication some variations in the process of fuel pins assembling, in 
wrapper and cladding materials, etc., are admitted. Quantity of such variations is expected to be 
reduced to the minimum with the gained experience in fabrication, irradiation and post irradiation 
examinations. 
 
No specific differences in irradiation-thermal effects in fuel rods and FA tested in BOR-60, BN-350 
and BN-600 were found during PIE by using nondestructive and destructive methods in RIAR's hot 
cells [7], (Fig. 3.2). 
 
TABLE 3.3. FA TESTS IN THE BN-600 REACTOR 

Parameter 

FA identification number 

WG
О187 

WGО
287 

WG 
03– 
WG 06 

01.99– 
03.99 

04.01– 
06.02 

07.03– 
09.03 

10.01– 
12.05 

01.05– 
03.05 

04.06– 
12.06 

Year of 
fabrication 

1987 1987 1990 1999 
2001– 
2002 

2003 2005 2005 2006 

Max. linear 
rating, W·cm-1 

450 450 
425– 
450 

401– 
423 

439– 
453  

406– 
424  

395– 
407 

401– 
441 

296– 
374 

Max. cladding 
temperature, °С 

670 670 
680– 
690 

670– 
680 

679– 
694 

658– 
675  

652– 
700 

690– 
703 

608– 
687 

Max. fuel 
burnup, at.% 

6.8 10.8 
9.0– 
9.3 

10.2– 
10.5 

8.6– 
8.9 

9.9– 
10.6 

10.0– 
10.1 

9.3– 
10.0 

7.1– 
8.7  

Max. damage 
dose, dpa 

52.3 76.9 
67.6– 
70.8 

74.2– 
77.0 

60.3– 
62.3 

71.8– 
77.7 

74.1– 
75.5 

75.3– 
80.9 

59.4– 
74.4 

 
 

4. CONCLUSION 
 

Up to date RIAR has performed an extensive scope of research and developmental activities to 
validate vibropac oxide fuel pin application in fast reactors of BN-type. This activity resulted in 
validation for mass fabrication and standard application of vibropac MOX fuel pins in the BOR-60 
reactor, for expanding their application in BN-600 and in BN-800 ("hybride" core). At the same time 
undoubtedly favorable results of the performed activity requires additional confirmations, statistical 
validations, more extended research of peculiarities found during fuel production, fuel rod fabrication, 
irradiation and PIE of fuel rods and FA. 
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FIG. 3.2. Microstructure of cross section of granulated MOX fuel rod after irradiation up to the 
burnup of 10.5 at.% in BN-600. 
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Abstract 

Advanced Fuel Fabrication Facility (AFFF), Bhabha Atomic Research Centre (BARC), Tarapur, India is an industrial 
scale fuel manufacturing facility for fabricating (U–Pu) mixed oxide fuel for different types of reactors. MOX fuel pins for an 
experimental fuel sub assembly for irradiation testing in Fast Breeder Test Reactor (FBTR) at Kalpakkam were fabricated at 
our facility. AFFF has now taken up manufacturing of MOX fuel pins for the first core of PFBR. A comprehensive quality 
control plan was prepared based on the specification and advanced process and quality control procedures were adopted in 
order to meet the stringent quality requirement. A number of techniques were developed for fabricating fuel of required 
quality for FBTR and PFBR. The technology for making annular MOX pellets was developed using multistation rotary 
presses for the compaction of the pellets. Automation has been introduced wherever possible at different stages of fuel 
fabrication. Laser welding technique has been developed for welding the end plugs and a large number of bottom end plug 
welds were made using laser. A number of advanced quality control techniques were also developed to increase the 
confidence of MOX fuel produced. This paper outlines the details of fabrication of MOX fuel for PFBR and FBTR and 
describes the new techniques developed for fabrication, quality control/process control for MOX fuel for fast reactors. 
 
 
 
1. INTRODUCTION 

 
The Advanced Fuel Fabrication Facility, Bhabha Atomic Research Centre, Tarapur, India has been 
fabricating (U–Pu) mixed oxide fuel for thermal and fast reactors [1–3]. A number of MOX fuel 
subassemblies fabricated in this facility was successfully irradiated in boiling water reactors (BWRs) 
located at Tarapur. The assembly designed for the BWRs was “all Pu” consisting of 36 fuel rods. The 
fuel rods containing pellets of three different composition (0.9%, 1.55% and 3.25%) of PuO2 and the 
subassemblies were irradiated with an average burn up of 15 000 MW·d·t-1. MOX fuel subassemblies 
of island type consisting of natural UO2 pins in the periphery and seven inner MOX pins were 
successfully irradiated in one of the commercial pressurised heavy water reactors (PHWRs) in India. 
A few of the fuel subassemblies had undergone irradiation for more than 22 000 MW·d·t-1. The 
facility has also made mixed oxide fuel for fast reactors. An experimental subassembly consisting of 
37 short lengths Prototype Fast Breeder Reactor (PFBR) MOX fuel elements was made for irradiation 
testing in Fast Breeder Test Reactor (FBTR). MOX fuel containing 44% PuO2 were made for the 
hybrid core of FBTR and the assemblies are under irradiation in FBTR. PFBR is designed with two 
different fissile enrichment zones to be loaded with MOX sub assemblies with a nominal composition 
of 21% and 28% of PuO2. The fuel for the first core of PFBR is being now manufactured at AFFF.  
 
This paper describes the development of flow sheet for making annular MOX pellets containing 
Pu and 233U, the technology for welding of D9 clad tubes, wire wrapping and quality control. The 
innovative techniques developed for the fabrication and quality/process control of the fuel produced 
are also highlighted in this paper. 
 
 
 
2. MOX FUEL PINS FOR PFBR 
 
MOX fuel has been chosen for 500 MW(e) sodium cooled PFBR in view of worldwide good 
experience of safe operation, high burn up, fabrication and reprocessing. The fissile core consists of 
two fissile enrichment zones of 21% and 28% of PuO2. The reactor core consists of 181 fuel 
subassemblies with each sub assembly consisting of 217 fuel pins. The fabrication of MOX fuel was 
carried out in trains of glove boxes. Material handled in different glove box trains and individual glove 
boxes was restricted to the limits approved from the safety consideration. The personnel working in 
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the facility are trained and certified before handling Pu and the facility is being operated meeting the 
safety standards stipulated by BARC Safety Council. The necessary technology for fabricating the fuel 
was developed by AFFF. 
 
2.1.  Axial blanket pellets 
 
Deeply depleted UO2 pellets are used as axial blanket pellets for PFBR. The pellets were made using 
the standard powder metallurgical route with rotary presses having a number of stations and sintered 
in reducing atmosphere. Nearly 6000 kg of pellets are required for the first core. 
 
2.2. Pelletization 

 
MOX fuel pellets are fabricated using the standard powder metallurgical route of milling, pre-
compaction, granulation and sintering. Figure 2.1 presents the flow sheet followed for the fabrication 
of fuel along with quality control and process control steps.  
 

 
 

FIG. 2.1. Flowsheet of PFBR/ FBTR MOX fuel fabrication. 
 
 
Required quantities of UO2 and PuO2 powders were weighed and milled together in an attritor to get 
the specified composition and homogeneity. Samples were analyzed by neutron well coincidence 
counting (NWCC) technique [4]. The technique has been used as a process control check to verify the 
composition. The milled powder was pre-compacted, granulated and were final compacted using a 
multi station rotary press. AFFF has developed the technology for making annular pellets using 
specially designed tools (Fig. 2.2 (a)). The parameters for compaction and the tools size were 
optimized to get pellets of acceptable quality. The compacted pellets were sintered in reducing 
atmosphere at high temperature (1600ºC) in N2–7%H2 atmosphere. The oversized pellets were 
centrelessly ground to meet the requirement of the dimensions. The pellets were subjected to various 
quality control checks and the inspected pellets were degassed and loaded into D9 clad tubes. 
Table 2.1 presents the specifications of MOX fuel. 
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2.3.  Encapsulation 
 

The welding of the end plugs was carried out using Pulsed TIG welding technique (Fig. 2.2 (b)). The 
welding machine, process and operators were certified as per the approved quality control plan. After 
the welding of the first end plug weld outside the glove box, the welded tube was introduced into the 
glove box train. The MOX pellets were kept in one half of the glove box train so that the 
contamination of the total surface of the tube was minimized. The blanket pellets, MOX pellets and 
hardware were loaded in the correct sequence as shown in Fig. 2.3. The second end plug welding was 
carried out in helium atmosphere. The welding fuel pins were decontaminated by ultrasonic cleaning 
and the pins were subjected to health physics checks and quality control checks. The welded pins were 
wire wrapped with D9 spacer wire which was crimped and spot welded in the groove of the top plug 
(Fig. 2.4). The wire wrapped pins were inspected before transporting to Kalpakkam in specially 
designed bird cages as per IAEA standard and approved by BARC Safety Council. 
 
TABLE 2.1 SPECIFICATIONS OF FUEL FOR FBTR/PFBR  

 Specifications 

Pellet FBTR PFBR 

Outside diameter (mm) 5.52 ± 0.08 5.50 ± 0.1 

Linear mass (gm·cm-1) 2.20 ± 0.10 2.20 ± 0.20 

Inside diameter (mm) 1.8 ± 0.2 1.8 ± 0.2 

Impurities (ppm) 5000 5000 

O/M 1.99 ± 0.01 1.98 ± 0.02 

Grain size (µm) 5–50 5–50 

Micro homogeneity (µm) Less than 100 Less than 100 

Pin   

Outside diameter (mm) 6.60 ± 0.02 6.60 ± 0.02 

Length (mm) 932 ± 1 2580 ± 1 

Length of fissile column (mm) 430 ± 1.5 1000 ± 2.5 

Axial blanket (mm) 76 300 ± 2 

Spacer wire diameter (mm) 1.60 ± 0.02 1.65 ± 0.02 

 
 

 
3. MOX FUEL PINS FOR THE PFBR EXPERIMENTAL SUB ASSEMBLY 
 
PFBR experimental sub assembly consisted of 37 short length pins. Figure 3.1 presents the schematic 
drawing of the fuel pin. The composition of the fuel was (0.71U-0.29Pu)O2 with 233UO2 content of 
53.5% of total UO2. Uranium was enriched with 233U in order to simulate the heat flux of PFBR in 
FBTR neutron spectrum. A few glove boxes were modified by providing additional lead and stainless 
steel shielding to reduce the personnel exposure due to the presence of 232U associated with 233U.  
 
233UO2 powder supplied in the form of 233U3O8 or 233UO3 were subjected to high temperature treatment 
for reducing the impurities especially silicon and boron. The heat treated powder was milled, reduced 
and stabilized to get O/M between 2.08–2.10. The stabilized 233UO2, natural UO2 and PuO2 powders 
were mixed in planetary mill for four hours to get the required micro homogeneity. Polyethylene 
glycol (0.5 wt%) was used as a lubricant and Oleic acid (0.5 wt%) was used as a binder. The milled 
powder was pre-compacted, granulated, and final compacted and sintered as described in the earlier 
section. The oversized pellets were centrelessly ground to specified diameter by dry centreless 
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grinding. The sintered pellets were encapsulated as described in earlier. The pins were wire wrapped 
with a special wire wrapping machine developed for wrapping of the spacer wire on pins of length 
nearly 500 mm.  
 

FIG. 3.1. (a) Annular MOX pellets; (b) TIG welding (close-up). 
 
 

FIG. 3.2. Spacer wire wrapped PFBR fuel pin. FIG. 2.4. PFBR fuel pins. 
 
 
The wire wrapped pins were subjected to the various quality control steps before transportation to 
Kalpakkam. The subassembly has seen a burnup of 112 000 MW·d·t-1 and discharged from the reactor. 
 

 
FIG. 3.3. Schematic of MOX fuel pin for experimental irradiation. A: top plug, B: plenum spring,  
C: spring support, D: UO2 pellet, E: MOX pellets, F: UO2 pellet, G: middle plug, H: plenum,  
I: bottom plug. 
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4. MOX FUEL PINS FOR THE HYBRID CORE OF FBTR 
 
The composition of the mixed oxide fuel for the hybrid core of FBTR was 44±1% of PuO2. The MOX 
fuel pellets made as per the flow sheet presented in section 2.0 and the fabrication procedures followed 
were similar to the procedures followed for making PFBR MOX fuel. The encapsulation was carried 
out using pulsed TIG welding technique as described earlier after loading the pellets and hardware  
(Fig. 3.2). The fuel pins were transported to reactor site in specially designed bird cages as per IAEA 
standard and approved by BARC Safety Council. 
 
 

 
 
FIG. 4.1. Schematic of the MOX fuel pin for the hybrid core of FBTR. A: top plug, B: plenum spring, 
C: spring support, D: plenum tube, E: spring support, F: UO2 pellet, G: MOX pellets,  
H: axial blanket, I: middle plug, J: plenum, K: bottom plug. 
 
 
 
5.  PROCESS AND QUALITY CONTROL 
 
A detailed quality control plan was made based on the specification, sampling plans, development of 
additional test procedures and training of personnel. A number of new and advanced techniques were 
also developed to increase the confidence and reliability of the quality achieved. The documents 
received along with hardware and feed materials from the suppliers were reviewed. The fuel pellets 
were subjected to various quality and process control checks as shown in Fig. 2.1. The chemical 
quality control checks included composition, heavy metal content, dissolution test, O/M ratio, non-
metallic and trace metallic impurities analysis, cover gas analysis, total gas analysis and so on. 
Military standard 105 D special level IV were followed for checking the dimensions and the density of 
the sintered pellets. 
 
Figure 5.1 presents the alpha autoradiograph of PFBR fuel pellet. End plug welds were subjected to 
various non-destructive checks and destructive process control checks quality data generated at 
different stages of fabrication was documented so that the data generated could be retrieved. 
 
 

 
 

FIG. 5.1. Alpha autoradiograph of annular MOX pellet. 
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6.  ADVANCED TECHNIQUES DEVELOPED 
 
A number of new techniques for fabrication and quality control were developed during the fabrication 
of MOX fuel of different types. 
 
6.1.  Fabrication 
 
Technology for making small diameter annular pellets using multistation rotary presses was 
developed [5]. The commercially available rotary presses were modified and tools were designed to 
get annular pellets of required size and quality. All efforts were made to follow sintered to size 
philosophy. However, some pellets which were oversize were centrelessly ground. The technology of 
dry centreless grinding of pellets was also developed. 
 
During the compaction of the pellets, it was required to frequently clean the top plungers due to 
settling of powder in the central hole of the top plunger during compaction. Modification was done 
and a technology was developed for online cleaning of the top plunger during the operation of the 
rotary press [6]. This led to increase in productivity, reduction of spillage of feed material and 
reduction of radiation exposure. Experiments were also carried out for dry recycling the clean reject 
oxide (CRO) pellets. It was demonstrated that 100% clean reject oxide pellets could be recycled 
resulting in saving of valuable fissile material. 
 
The technology for welding of end plugs of acceptable quality was developed. Initially pulse TIG 
welding was adopted. Laser welding technology has been tried for welding of bottom end plug welds 
(Fig. 6.1). The parameters were optimized to get good quality welds using laser [7]. The use of laser 
welding technique has resulted in better reliability and higher acceptance of the welds. An attempt has 
also been made to use laser cleaning technique for decontamination of the welded fuel pins. The 
method has now been successfully implemented for fabrication of PFBR fuel pins. The technique 
developed has an advantage of being a non-contact technique. 
 
A number of automation systems have been introduced at different stages of fabrication. Automation 
covers the transport of fuel pellets from one box to the other, transport of fuel powder/pellets from one 
station to another station, inspection of pellets and welding. A computer controlled wire wrapping 
machine was also developed for wrapping of the wires. A number of new techniques were developed 
for quality control/process control of fuels for fast reactors and were implemented. 
 

FIG. 6.1. Laser welding setup. FIG. 6.2. Comparison of PuO2% in MOX powder 
blends: NWCC V/s chemical analysis. 
 

 
6.2.  Quality/process control 
 
Neutron well coincidence counting (NWCC) technique was developed for checking of the 
composition of the MOX fuel powder (Fig. 6.2) [4]. The neutrons emitted by the spontaneous fission 
were counted by the NWCC system consisting of 3He counters. NWCC technique has been used as a 
process control step during the manufacture of MOX fuel containing PuO2% varying from 0.4–44%. 
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A number of systems have been developed for visual sorting of the pellets according to diameter. 
Laser based pellet sorting system and mechanical sorting system are being used for sorting the pellets 
in different glove box trains [8]. The quality of the radiograph of the welds was improved by 
optimizing the design of shape correction block. An ultrasonic technique was developed for inspection 
of end plug welds and good correlation has been obtained between radiography, metallography and 
ultrasonic evaluation (Fig. 6.3) [9]. 
 
X gamma autoradiography (XGAR) was developed and is being used as a final check on the welded 
MOX fuel pins to detect the presence of PuO2 agglomerates and confirming the composition of the 
pellets and the correct loading of the components [10]. Figure 6.4 (a) presents X gamma 
autoradiograph which is a combined image of X and gamma rays of the fuel pin.  
 

 
FIG. 6.3. Ultrasonic testing of end cap weld: correlation with metallography and radiography. 

 

 

FIG. 6.4. XGAR of PFBR MOX fuel pin. 
 

Passive gamma scanning has also been used as an additional check on the welded fuel pins to verify 
the above characteristics (Fig. 6.5) [11]. The quality of the radiograph of the welds was improved by 
optimizing the design of shape correction block. An attempt is being made for the use of real time 
imaging of end plug welds to check the integrity of the end plug welds. 
 

 

FIG. 6.5. Gamma scans of MOX fuel pin, (i) PFBR exp. subassembly, (ii) PFBR MOX fuel pin. 
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7. CONCLUSION 
 
Various steps of fabrication of MOX fuel for PFBR and FBTR are presented in this paper. The details 
of fabrication of MOX pins (containing 233U) for the experimental subassemblies are also described. A 
number of advanced techniques developed at AFFF for fabrication of fuel pins and quality control of 
the fuel are presented. 
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Abstract 

The objective of the work is to obtain experimental data on time history of thermal-physical behaviour of standard FA 
fuel pin under BOR-60 operation. The contact-free technique is used which is based on processing of the results of special 
dynamic experiments "power variation — temperature response" with fast registration of sodium temperature by means of a 
thermal probe mounted over cell D-23 of the BOR-60 reactor. The method in use makes it possible to evaluate integral 
thermal physical characteristics of fuel rods in any power changes, for example, under planned bringing to power and also 
from results of passive registration of natural noise of power and temperature. Subsequent reprocessing of registration results 
by using specialized technique provides information about integral thermal-physical characteristics of the fuel rod on 
different operation stages. Tracing of standard vibropac MOX FA characteristics according to this method during 6000 hours 
shows that the integral thermal resistance of the fuel rods decreases by a factor of 1.5–2. It is explained by fuel densification 
when sintering, which causes fuel restructuration and thermal conductivity increase. 

 
 
 

1. INTRODUCTION 
 
The reliable information about ongoing processes in the fuel rod is required in order to validate its 
design and limits of safe operation. In the course of operation high initial uniformly distributed 
porosity of vibropac fuel column of the fuel rod causes significant change both in fuel geometry and 
thermal-physical characteristics. This information is extremely important because the existing methods 
of fuel rod state analysis give unreasonably conservative evaluation for the FBR fuel rod if their initial 
characteristics are supposed unchangeable during operation.  
 
Theoretical models predicting behaviour for fuel rods are mostly based on experimental data of post 
irradiation examination of the fuel rod state obtained in hot cells under conditions greatly different 
from the operating ones. Besides, investigations in hot cells give no information about kinetics of the 
process. In-pile experiments with involvement of FAs specially instrumented with thermometers are 
low-representative because of low service life of intra-fuel rod thermocouple and need a special design 
which is slightly different from the original one. 
 
 
 
2. DESCRIPTION OF EXPERIMENTAL TECHNIQUE  
 
The goal of the study is to obtain information about time history of thermal-physical properties of 
standard FA fuel rods during the whole operating period. The contact-free technique was used which 
was based on processing of the results of special dynamic experiments "power variation — 
temperature response" with fast registration of sodium temperature by means of a thermal probe 
mounted over cell D-23 of the BOR-60 reactor. The thermal probe can be used both for target 
investigations of parameters of the specific FA during a long operating period and for alternate 
diagnosing of various FAs in different operating stages. 
 
Sensors of the probe are introduced into mixing chamber of the FA through the hole in the head 
(Fig. 2.1), with the body of the probe reaching the FA head. Chromel-alumel thermocouple is used for 
measuring sodium temperature. Thermocouple is of cable type of 1mm in diameter with junction 
having electric contact with cladding. The head of the probe serves for outlets of the cables going from 
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the sensors. The standard ionization chamber is used as a power transducer; the output signal of the 
chamber is proportional to reactor power. 
 
The location of the temperature sensor beyond a zone of intense irradiation removes irradiation-caused 
effects in it, increases measurement accuracy, makes life time of the sensor longer and therefore 
allows thermal-physical characteristics of the fuel rod to be investigated during the whole operating 
period. 
 
In order to provide short term variations of fuel rods temperature the method of pulse disturbance of 
the reactor power from the initial steady mode of the reactor operation was used (Fig. 2.2). The power 
is changed by moving one of the control rods. Power change is within 3–7% of the initial value. The 
method in use also makes it possible to evaluate integral thermal physical characteristics of fuel rods 
in case of any power change, for example, under planned bringing to power. 
 
Besides, the methods based on processing results of passive registration of natural noise of power and 
temperature, which do not require software manipulation with power of the reactor have also been 
developed (Fig. 2.3).  
 
Results of registration of "power variation — temperature response" mode are subsequently processed 
by using special methods to obtain information about integral thermal-physical characteristics of the 
fuel in different operating stages. 
 
The BOR-60 FA consists of hexagonal duct with across flats dimension of 44 mm and 1 mm in wall 
thickness. The tail is welded to the lower plug for placing into pressure header of the reactor and the 
head is welded to the upper plug for handling operations performing: loading and reloading. Inside the 
duct 37 fuel rods are placed in triangular spacer grid. Each fuel rod is of 6 mm in diameter and 
contains 450 mm fuel column. Spacing wire is of ellipsoid section of 0.6  1.3 mm in dimensions and 
provides spacing between fuel rods. Fuel column is vibropac mixture of U and Pu dioxides with 
additives of getter in the form of metal uranium particles around 7 wt%. Smear density of fuel column 
is 9 g·cm-3, Pu content in the fuel rods of the FA 20%, enrichment in U-235 60%. 
 

 

FIG. 2.1. FA with thermometric probe. (1) thermal probe; (2) head; (3) thermocouple of the probe; 
(4) bundle of fuel rods. 

132



 
FIG. 2.2. Time history of power and temperature under transient conditions. 

 
 

 
FIG. 2.3. Power and temperature noises. 

 
 

 
3. PROCESSING OF EXPERIMENTAL DATA  
 
Time constant of the fuel rod f was considered as a parameter responsible for integral thermal 
resistance of the fuel rod. The time constant characterizes lag of change in average fuel rod 
temperature after ramp of heat generation or coolant temperature. The time constant	 f is functionally 
related to fuel rod geometry and thermal physical properties. The following formula clarifies the 
components of the parameter. 
 = 4⁄ + (1⁄ ) + об об⁄ + (1⁄ ) × (( × × ) 2⁄ ) 
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The formula is illustrative one. For vibropac oxide fuel the fuel thermal conductivity defined by the 
first component of the formula makes major contribution (75–85%) in total thermal conductivity. That 
is why, kinetics of time constant change is interpreted as a result of fuel restructuration. 
A system of defining equations has the following form: 

 + ( × ) ( × )⁄⁄ = 	 ( × ) ( × )⁄ + × × − × × ×  

 	 = − 1⁄ × − ,																			 = ×⁄ ,																		 = 1,… ,  
 
Where 
Nz is the number of calculated sections along the fuel pin height; 
Gf is the mass of fuel pin fragment; 
Cf is the specific heat conductance of the fuel; 
Cc is the specific heat conductance of coolant; 
 is the coolant density; 
V  is the coolant volume on calculated height; 

f  is the time constant of the fuel pin; 
G  is the coolant flow rate; 
Tf

i  is the average temperature of fuel pin in i-th section; 
Ti

  is the coolant temperature in i-th section; 
P is the reduced power; 
qv is the heat generation;   
 is the fuel density. 
 
 
Method of determination of f from the data of dynamic experiment “power variation–temperature 
response” is based on minimization of the following functional (functional of errors):  
 = ( ) − ( )  

 
Where 
n is the number of time intervals under monitoring; ( ) is the calculated sodium temperature at outlet FA section at the moment ; ( ) is the measured sodium temperature at outlet FA section at the moment . 
 
 
Power variations registered during the experiments and shown in the form of curves on above figures 
were taken as inlet parameters for calculating the transient process in compliance with the presented 
above formulas. 
 
The experiments were carried out for standard vibropac FAs of the BOR-60 reactor in different years. 
Polling frequency of sensors was 50 Hz. Due to evaluations the time constants of thermocouples 
are 0.1 s. 
 
Figure 3.1 shows time history of cumulative thermal resistance of the fuel pin during operation 
obtained from the dynamic experiments with thermal probe involvement. Behaviour  of the presented 
curve reflects kinetics of vibropac fuel sintering. 

 
The calculated curve in Fig. 3.1 is obtained from modeling by the VIKOND code, which takes into 
consideration the kinetics of vibropac fuel sintering, operating history of this FA by using the 
following equation:  

 = − × × ⁄  
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Where  

f is the time constant of the fuel pin; 
Tf  is the average temperature of the fuel; 
Tс is the coolant temperature; 
СP is the specific heat conductance; 

  is the density of the fuel; 
qV is the volume density of heat generation rate of fuel pin. 

 
 

The presented equation is also used for the experimental determination of the fuel pin temperature at 
different research stages by using the considered dynamic modes. This opportunity is a part of the 
method in use. The calculated and experimental results shown in Fig. 3.1 agree with the error of 
12.8%. In-service decrease in the integral thermal resistance of the fuel rods by a factor of 1.5–2 is 
explained by densification of fuel as a result of sintering, which causes fuel restructuration and thermal 
conductivity increase. 

 

 
 

FIG. 3.1. Time history of cumulative thermal resistance of vibropac fuel rod during operation. 
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Abstract 

Recent developments of the TRANSURANUS code concerning the modelling and simulation of nuclear fuel rods for 
fast breeder reactors (FBR) are presented. The work deals with the following main topics: extension of the burnup model 
(TUBRNP) for fast spectrum, plutonium and oxygen redistribution, normal grain growth and helium release. The extended 
version of TUBRNP allows now to perform nuclide analysis also for FBRs. This is actually an important task for fuel 
performance codes since it allows describing the major and minor actinides transport and evolution across the fuel pellet, 
which represents a key issue for the behaviour of FBR fuel pins. To this purpose, the models of transport phenomena 
involving plutonium and oxygen redistribution have been revised and improved. Based on the multiscale philosophy (in 
particular, making use of neutron transport calculation results and experimental data coming from out-of-pile experiments), 
neutron cross sections and fission yields for FBRs were included and oxygen and plutonium diffusion coefficients were 
upgraded. As concerns helium production and release, which is an important issue during irradiation and storage, a simplified 
model was also implemented that makes use of experimental data from separate effect experiments. Further code 
improvements for FBR that are underway are outlined and discussed. 

 
 
 
1. INTRODUCTION 
 
In the last few years, there has been an increasing interest in fast neutron reactors because of their 
advantages compared to conventional nuclear power plants. In particular, fast reactors offer the 
prospect of more effective use of uranium resources and the ability to burn actinides reducing the long 
lived component of high level nuclear wastes. As a matter of fact, Generation IV new reactor concepts 
are largely fast reactors and international collaboration in this respect is proceeding with high priority 
among research centres and industries [1]. The Institute for Transuranium Elements (ITU) has 
launched a research programme for the safety of fast reactor fuels, as described in another contribution 
to this meeting. In this context the TRANSURANUS fuel rod performance code [2] plays an important 
role and great effort for its development and improvement is underway thanks to the wide community 
of users in Europe. TRANSURANUS was originally developed for fast reactor performance analyses 
during the seventies. Afterwards, almost all the efforts were dedicated to light water reactor (LWR) 
modelling and nowadays the code is considered as a best estimate tool for LWRs as witnessed by the 
extensive validation and assessment carried out at the ITU [3–4]. On the contrary, the fast reactor 
version of the code does not benefit from the same experience gained on the LWR technology. 
Therefore, there is the need of an upgrade, extension and assessment of the models for fast neutron 
reactors. On the basis of many years of reactor operating experience accumulated until now, a first 
attempt is described in this work, in which several models have been revised and extended. In 
particular, the paper describes some recent TRANSURANUS improvements concerning: 

(1)   the burnup model (TUBRNP);  

(2)   plutonium and oxygen redistribution; 

(3)   normal grain growth;  

(4)   helium release. 
 
The possibility to perform the nuclide analysis also for FBRs (by means of TUBRNP) is an important 
added value for fuel performance codes since it allows describing the actinides transport and evolution 
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across the fuel pellet. The importance of appropriate models for redistribution is also clear. Actually, 
modelling of the plutonium radial distribution (and therefore also oxygen transport by means of solid 
state diffusion as will be shown in the paper) is a key issues for design purposes of FBR fuel pins, 
since its buildup in the central part of the fuel pellet during irradiation can impose significant 
constraints on the allowed maximum fuel temperature and therefore on the linear heat rating [5]. 
Furthermore, the description of nuclide evolution in FBR is useful for a preliminary estimation of the 
transmutation rates, which is the most important information for actinides-recycling strategy foreseen 
in the current development of next generation nuclear power plants. Besides, production, accumulation 
and release of helium in the fuel represents one of the intriguing issues during irradiation and an 
important safety issue during storage to be dealt with. Helium production continues well after 
assembly discharge. As a consequence, in the case of fuels enriched with minor actinides, such as 
foreseen within the frame of the Generation IV international forum, He release can increase the 
internal pin pressure or form bubbles in the fuel and contribute to fuel swelling, which can lead to clad 
rupture. A similar risk exists for the spent fuel rods under storage conditions. Consequently, predicting 
helium production and its release is a key issue for the in-reactor safety of nuclear fuels as well as for 
environmental protection during prolonged storage of irradiated fuel. 
 
 
 
2. THE EXTENDED VERSION OF TUBRNP 
 
As an essential part of TRANSURANUS code, the TUBRNP model [6] had been developed to 
calculate the local concentration of U, Pu and Nd as a function of radial position across a fuel pellet 
(radial profiles). These local quantities are required for the determination of the local power density 
(providing the source term for temperature calculation), the local burnup, and the source term of 
fission products. The calculation of the radial power profiles is split into: 
 
(a) The approximation of the neutron flux through one energy group diffusion theory [6] according to: 

 
022  , (1) 

 
where  is the neutron flux and  is the inverse diffusion length. The resulting solutions are based on 
the modified Bessel functions (of first and second order and type) and for a solid cylinder (of radius R) 
take the following form: 
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(b) the computation of the local concentrations of the relevant actinide isotopes with simplified 

depletion equations: 
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where Nm(r) is the local concentration of the nuclide m, a,m and c,m are the one-group effective cross-
sections for total neutron absorption and neutron capture, respectively, i is the decay constant of 
nuclide i, A(r) is a conversion factor, dbu(r) is the local burnup increment, dt is the time increment and 
fm(r) is a form factor that reflects the radial dependence of absorption of epi-thermal or resonance 
neutrons (applied only to 238U and 240Pu). 
 
The new TUBRNP-FBR model is an extension of the LWR model to deal with fast spectrum reactor 
analysis, and is based on the following considerations: 
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(1) The one-group diffusion theory approach to neutronics, represented by Eq. (1), is adopted. 
Hence, the solution is based on the modified Bessel function given in Eq. (2). 

(2) The neutron flux (r) in Eq. (1) is defined as the total (fast + thermal component) neutron flux 
(unlike the LWR version). This implies that the microscopic absorption cross section adopted 
for the solution is the total absorption cross section. 

(3) The resonance capture on 240Pu and 238U are neglected, so that the correction factor for power 
profile (fm(r)) is set equal to 1. 

(4) Effective one-group cross sections for the fast reactor under consideration can be specified by 
the user. These data are usually taken from neutronic transport calculations. 

(5) Fission yield values for a fast neutron spectrum are implemented in TRANSURANUS 
considering the fission products Cs, Nd, Kr and Xe for the fission of 235U, 238U, 238Pu, 239Pu, 
241Pu, 241Am and 243Cm. Fission products with small half-life compared to that of reactor 
and/or with a negligible fission yield are neglected. The following isotopes are considered: 
Caesium:  137; 133 and 135 yields are included in the decay of Xe. 
Neodymium: 142, 143, 144, 145, 146, 148 and 150. 
Krypton: 80, 82, 83, 84, 85 and 86. 
Xenon: 126, 128, 129, 130, 131, 132, 133, 134, 135 and 136. 
 

All data of cumulative fission yields are taken from the Nucleonica Database (JEFF-3.1 libraries) [7]. 
As concerns the buildup of Xe, which is basically different from that occurring in thermal spectrum 
reactors, only Xe-133 and Xe-135 decay in Cs is accounted for, because their capture cross sections 
are negligible in the case of fast neutrons. 
 
In oxide fuels, helium is produced by three main paths that are now also included in TUBRNP [8]: 
(i) alpha decay of the actinides, the main contribution of which is due to Cm-242, Pu-238 and 
Cm-244; (ii) (n,α) reactions, the main contribution of which is due to 16O(n, α)13C; and (iii) ternary 
fission. 
 
 
 
3. TRANSPORT PHENOMENA 
 
3.1.  Plutonium redistribution 
 
Plutonium redistribution in nuclear fuel is important for the assessment of FBR rod performance1 since 
it can significantly affect fuel temperatures by changing the fuel thermal conductivity and the radial 
power profile. This effect is well known from post-irradiation examinations and out-of-pile 
experiments and is mainly caused by the following two mechanisms [9–10]: 

(a) Solid state thermal diffusion. 

(b) Vapour transport by migrating pores and via cracks. 
 
The transport of plutonium by vapour migration via cracks was recognized as negligible for long term 
operation [11–12], since cracks heal relatively fast during irradiation due to the high temperature in 
FBR fuel. The importance of vapour transport via pores had been also discussed in the past with 
different opinions and ideas [9, 12–15]. According to Olander [9] and Clement and Finnis [12], the 
transport via pores should be of less importance compared to solid state diffusion, mainly because pore 
migration occurs immediately inducing restructuring and formation of the central void. Therefore, this 
can have an effect on plutonium only during the first hours of irradiation, while solid state diffusion is 
a long term process which produces a continuously growing redistribution effect. Only mechanism (a) 
is considered in the TRANSURANUS code. 
                                                 
1 In LWRs this phenomenon can be actually neglected due to the low fuel temperatures in normal operating 

conditions. 
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On the basis of experimental radial profiles of plutonium in irradiated MOX fuels, Bober et al. [16] 
suggested the adoption of the standard equation of thermal diffusion: 
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where n is the total number of molecules per unit volume of the solid; cPu and cU (=1-cPu) are the molar 
fraction of uranium and plutonium oxides, respectively; R is the universal gas constant; T the absolute 
temperature; QU-Pu is the effective molar heat of transport; and DU-Pu is the chemical interdiffusion 
coefficient. The above equation written in cylindrical coordinates (axial transport is neglected) 
is solved in TRANSURANUS by means of a finite difference scheme after linearization of the 
term cPu (1-cPu): it becomes cPu(t)(1-cPu(t-t)), where t is the current time step length. The numerical 
scheme of the stand-alone model was already tested [4] and verified in comparison with the analytic 
solution of Clement [17]. 
 
Given the importance of predicting the plutonium radial profile as previously discussed, there is the 
need to include the previous model in TRANSURANUS coupled with burnup calculations. To 
perform this task, the redistribution of the different plutonium isotopes must be calculated. Assuming 
that the transport phenomenon is the same for each plutonium isotope (the chemical behaviour is 
identical) and that DU-Pu and QU-Pu do not depend on plutonium concentration (see next paragraph), the 
diffusion equation can be written for the single plutonium isotope, analogously to Ref. [15], as 
follows: 
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The above system consists in 5 coupled partial differential equations, whose solution can be simply 
obtained adopting the linearization discussed above that makes each equation independent upon the 
concentration of the other isotopes. This represents a good approximation for fast breeder reactors, 
because the isotopic ratio (cPu,i/cPu) is nearly constant across the fuel pellet due to the almost flat radial 
power profile. 
 
3.2.  U–Pu interdiffusion coefficient 
 
The chemical interdiffusion coefficient describes the mobility in a chemical gradient and gives the 
resulting homogenization. In FBR-MOX fuels, i.e. in homogenous material, the interdiffusion 
coefficient can be related to the intrinsic diffusion coefficients of uranium DU and plutonium DPu 
according to the following formula [18]: 
 

UPuPuPuPuU D)c1(DcD   (7) 
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Eq. (7) shows the dependence of the diffusion coefficient on the plutonium content. However, 
experimental measures of DU-Pu are not easy, and the results are often characterized by large 
uncertainties. One of the difficulties, not encountered for instance in metals and alloys, consists in the 
fact that at a given value of oxygen potential of the annealing atmosphere, the oxygen-to-metal ratio, 
O/M, is different in PuO2, UO2 and MOX. Moreover, cation mobility is many orders of magnitude 
smaller than anion mobility, so that diffusion coefficients are difficult to measure, experimental errors 
can be large and unrepresentative results can be easily obtained [19]. In addition, there is also a lack of 
experimental data concerning the self-diffusion coefficient of U and Pu in MOX fuels. Therefore, the 
dependence of DU-Pu on cPu is disregarded in this study, as usually done in literature [9, 16, 20]2. 
 
On the contrary, the dependence of DU-Pu on the O/M ratio (or oxygen potential) is pronounced as 
shown in Fig. 3.1. This behaviour is due to the dependence of the concentration of vacancies and 
interstitial on the O/M ratio. Metal vacancies concentration increase with x in MO2±x providing fast 
mobilities in oxidized specimens. With decreasing x, the metal vacancy concentration decreases until 
(O:M1.997 at 1600°C) metal interstitials dominate. Finally, below O/M1.94, formation of clusters 
between Pu3+ ions and oxygen vacancies were suggested to explain the constant DU-Pu values [18]. The 
minimum value, which is expected to depend on temperature, occurs at O/M ratios close to the as-
fabricated values of MOX fuels, so that its effect has to be accounted for. 
 

 
 
FIG. 3.1. Interdiffusion coefficient as a function of the oxygen potential on the system UO2±x-
U0.82Pu0.18)O2±x. O/M ratio values are also indicated. Plutonium content varies from 3.0–17.7% [21]. 
 
 
As recently suggested by Ishii [20], the U–Pu interdiffusion coefficient can be expressed as: 
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where A is a constant and the function F(O/M) gives the dependence of the interdiffusion coefficient 
on the O/M ratio.  	represents the interdiffusion coefficient in stoichiometric MOX and E is the 
activation energy. Several suggestions for E value have been proposed in the past by several authors  

                                                 
2 The same assumption is made for the heat of transport QU-Pu, which in principle depends on both O/M ratio and 
plutonium content. For simplicity a constant value of -35 kcal·mol-1 is assumed according to Ref. [16]. 
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[16, 21–22], and most of the suggested values are questionable since experimental data obtained with 
different O/M ratios and on different systems are considered together to get E. In this paper, the value 
proposed by Butler and Meyer of 53 kcal·mol-1 [23] is adopted. This value is based on out-of-pile 
experiments on irradiated fuel samples at a final burnup of 10 at.%, but no information about 
stoichiometry are available. 
 
The function F(O/M) is given in [20] as follows: 
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The coefficient A in Eq. (8) is fitted on the basis of experimental data available in open literature 
[18, 21–22, 24]. Unfortunately, only a part of these data can be used since some of them refer to 
different systems (UO2±x / MOX or UO2±x / PuO2; pellets or monocrystals) or have been measured 
using out of date techniques especially in the earlier works where the quality of the specimens were 
also less well characterised. The selected data refer to UO2±x/MOX pellets measurements with 
O/M<2.00 carried out by Matzke and co-authors (a summary can be found in [21]). The results of the 
interpolation (A = 1.5 × 10-6 cm2·s-1) are shown in Fig. 3.2 as a function of temperature and in Fig. 3.3 
as a function of the O/M ratio taken the temperature as parameter. 
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FIG. 3.2. U–Pu interdiffusion coefficient as a function of temperature. 

 
FIG. 3.3. U–Pu interdiffusion coefficient as a function of O/M ratio at different temperatures:  
(a) 1773 K; (b) 1853 K; (c) 1948 K; (d) 2008 K; (e) 2118 K. 
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The above comparison shows that even if the experimental data have been carefully selected, they are 
anyhow affected by large discrepancies, especially for low temperatures where the mobility of 
plutonium atoms is very low. In this region the uncertainty can be also of one order of magnitude [23]. 
The proposed correlation for the interdiffusion coefficient can be considered an acceptable formula for 
the purposes of a fuel performance code. However, further investigations are needed, especially at 
very high temperature (above 2000 K) where the plutonium redistribution plays a non-negligible role. 
 
3.3.  Oxygen redistribution 
 
It is clear from the previous paragraph that oxygen redistribution is definitely important for FBR fuel 
simulations. The model adopted in the TRANSURANUS code is based on the diffusion equation for 
oxygen atoms (analogously to plutonium redistribution). A summary of the model and the numerical 
solution is given in Ref. [25]. The proposed modification of the model consists in an update of the 
correlation adopted for the oxygen diffusion coefficient, DO2. This is done on the basis of the recent 
measurements carried out in Ref. [26], where the dependence of DO2 on the plutonium content is also 
addressed. The proposed formula (see Fig. 3.4) valid for hypostoichiometric MOX is the following: 
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FIG. 3.4. Oxygen diffusion coefficient as a function of temperature for different plutonium contents. 

 
 
 
4.  NORMAL GRAIN GROWTH 
 
Normal grain growth in oxide nuclear fuels has an important role in the evolution of the fuel 
microstructure and therefore on the behaviour of fission gases. The correct prediction of this 
phenomenon is important for both thermal and fast spectrum reactors. Many studies have been carried 
out in the past for UO2 fuels, while the literature for MOX is scarce. Grain growth kinetics has been 
studied systematically by means of: (a) a review of 350 experimental data of iso-thermal annealing 
tests of unirradiated UO2 fuel pellets available in literature; (b) analysis of the influence of plutonium 
content and fabrication technique on the grain growth of stoichiometric MOX fuels at different 
temperatures by means of out-of-pile experiments. For brevity, a summary of the results is presented 
in this paper, but the reader can refer to [27] for a more complete discussion. The normal grain growth 
kinetics is governed by the following equation: 
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Where 
n  is the growth exponent that depends on the pore migration mechanism, with: n=3, vapour 

transport; n=4, vapour transport at constant pressure or volume diffusion; n=5, surface or 
interface diffusion); 

D is the average grain diameter; 
K  is a kinetic coefficient with an Arrhenius form, (μmn·h-1); 
K0, QG are the constants.  
 
 
The kinetics coefficients for UO2 and MOX fuels concerning both literature data and present 
measurements3 are shown in Fig. 4.1. 
 
As a result, grain growth kinetics is dependent on the fabrication process (that leads to different pore 
size distributions), and not on the plutonium content. Indeed, SOLGEL samples show a faster kinetics 
with respect to the commercial fuels (SBR and MIMAS). Looking also at the literature data, they are 
quite dispersed, hence different models (with different values for n and K) are equally applicable. The 
reason is that grain growth is influenced by many parameters, which are not always available 
(e.g. O/M, porosity fraction, pore size), and should be studied systematically in the future for a better 
assessment of this complex phenomenon. Given the negligible influence of plutonium content (MOX 
and UO2 behave similarly), the recommendation is to apply the model for UO2 in TRANSURANUS 
also to commercial MOX fuels. 

 

 
FIG. 4.1. Grain growth kinetic coefficient. Comparison between present measurements (MOX and 
UO2), literature data on UO2, MOX data of Duriez et al. [28], and the correlation of Sari [29]. 

                                                 
3 Pellets manufactured with both experimental (SOLGEL) and commercial (SBR and MIMAS) techniques. 
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5. HELIUM RELEASE 
 
Due to the low solubility and high diffusion coefficient, helium can be easily released in the gap 
between the fuel and the cladding. However, if the helium initially loaded in the gap is at a sufficient 
high pressure, the release of the amount created in the fuel can be inhibited, and part of the helium in 
the gap can be absorbed by the fuel. Predicting the amount of helium released in the gap and the 
amount trapped in the fuel is of relevance for fuel performance codes. In fact, helium in the fuel can 
contribute to fuel swelling and to the degradation of the thermal conductivity, while the helium 
released can enhance the fuel rod inner pressure, with important consequences for the safety. 
 
Different approaches to the modelling of helium release can be found in literature (a review is given in 
Ref. [27]). Some of them consist in simple correlations coupling the helium release to the fission gas 
release, which are applicable only in un-pressurized rods, and may fail due to over-simplifications. On 
the other hand, detailed reaction rate equations can be hardly developed because of the uncertainty of 
all the model parameters and the lack of experimental data in the open literature. 
 
A simple model has been developed [27] that takes separately into account the intra- and inter-
granular behaviour and that is consistent with the current TRANSURANUS code structure. 
Furthermore, the absorption mechanism has been included in a simplified and preliminary way. 
 
The intra-granular behaviour is modelled by a diffusion equation inside a spherical grain with a 
homogeneous Dirichlet boundary condition and considering an effective diffusion coefficient (Deff), 
analogously to fission gases: 
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Where 
r is the radial coordinate; 
CHe is the concentration of helium inside the grain; 
SHe  is the helium production rate; 
A is the grain radius.  
 
 
The model has been implemented in TRANSURANUS, where the diffusion equation is solved 
numerically by the URGAS algorithm [30–31], for each radial point. The helium production rate is 
computed by the extended version of TUBRNP presented in [8] for LWRs. The equivalent radius of 
the grain changes in time due to the grain growth is modelled by means of the correlation reported in 
the previous section. 
 
The treatment of the inter-granular behaviour is simplified: (i) when the threshold for the fission gas 
release is not yet reached, helium is trapped in gas bubbles (mainly composed by fission gases) if 
temperatures are lower than 800°C (the diffusivity of helium at the grain boundary is low if 
temperatures are below 800°C [32]), and is instantaneously released in the free volume, if 
temperatures are higher; (ii) if the threshold for the fission gas release is exceeded, all the helium 
reaching the grain boundary is instantaneously released.  
 
As concerns the absorption, it is assumed that helium can infuse if the helium partial pressure in the 
inter-granular cavities is lower than the free volume helium partial pressure, and that these cavities are 
already partially filled with the helium trapped at the grain boundaries [33]. Based on the evidence that 
the saturation is reached after one irradiation cycle [33], we consider that the infusion process has a 
time constant of 1 MW·d·kg-1HM (i.e. reaching the saturation after 5 MW·d·kg-1HM). The following 
equation is solved: 
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Where 
ninf are the infused moles; 
busat is 5 MW·d·kg-1HM and is five times the time constant; 
neq is the number of moles in the inter-granular cavities in equilibrium with the free volume 

helium partial pressure; 
nGB is the number of moles created in the fuel and trapped at the grain boundaries.  
 
 
neq is computed by means of the ideal gas law. Since the grain boundary release is treated separately, if 
the number of moles at the grain boundary is larger than neq-nGB is set at 0. 
 
 
 
6.  CONCLUSIONS 
 
This paper presented some recent developments of the TRANSURANUS fuel rod performance code 
concerning the analysis of fast reactor fuels in the frame of the programme for FBR fuel safety at ITU. 
The extended version of TUBRNP allows the nuclide analysis in fast reactors with the possibility to 
evaluate their radial profile and evolution in time. The plutonium redistribution model previously 
implemented as a stand-alone version is now coupled with TUBRNP in order to correctly predict the 
radial power profile distortion due to plutonium transport up to the temperature gradient. Experimental 
data about the plutonium diffusion coefficient have also been reviewed and a correlation which takes 
into account the oxygen-to-metal ratio was given. An analogous work was performed for the oxygen 
diffusion coefficient. Grain growth was also the subject of a systematic study both from an 
experimental and a modelling point of view. The results of this study showed that grain growth is 
strongly affected by the fuel fabrication process, porosity fraction and pore size, but not on the 
plutonium content. Given the experimental uncertainties it is recommended to apply the same model 
as for UO2 fuel. Finally, a model for helium release has been proposed for implementation. This last 
point represents an approach of intermediate complexity suitable for the TRANSURANUS structure. 
 
All the proposed modifications, improvements and upgrades of the code represent a first step toward 
the development of a new version of TRANSURANUS for fast breeder reactors. More experimental 
data coming both from out-of-pile selected experiments and post irradiation examinations are needed 
for an extensive validation of the code. 
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Abstract 

Analysis of the different mechanisms responsible for the fuel pin cladding failure of sodium cooled fast reactor (SFR) 
on axial sections with different temperatures, damage dose and cladding mechanical properties is given in this paper.  

 
 
 
1. INTRODUCTION 
 
Claddings of BN-600 reactor type fuel pin are loaded by the inner fission gas pressure and swelled 
fuel and outer coolant pressure under conditions of non-uniform power rate of the fuel pin and reactor 
transients. Long-time effect of transient load, high temperature and irradiation is accompanied by the 
irreversible changes of the structure and properties of materials and gradual accumulation of damages. 
Therefore performance of SFR fuel elements should be evaluated taking into account changes of the 
short term and long term properties of materials under radiation conditions.  
 
The cladding state differs significantly along fuel pin height. The lower input part of the cladding has a 
sufficiently low temperature that leads to low-temperature hardening of the cladding material and 
possible decrease in its plasticity. The middle part of the cladding is subjected to deformation due of 
the irradiative creep and medium temperature embrittlement at high damage doses and vacancy 
swelling. The upper high-temperature part of fuel cladding accumulates the damage due to the internal 
pressure under the high temperature creep. 
 
 
 
2. BEHAVIOUR OF THE FUEL PIN CLADDING UNDER SFR CONDITIONS 
 
The main mechanisms of the fuel pin deformation under reactor operation are in-pile creep and 
vacancy swelling of austenitic steels. 

 
2.1. In-pile creep as a function of stress  
 
Out-of-pile creep of structural materials is properly characterized by the strain mechanism maps [1]. 
Fig. 2.1 (a) shows the strain mechanism map for non-irradiated 316 austenitic steel used as structural 
material of the fuel pin cladding in fast reactors. In Fig. 2.1 (b) the experimental curve of in-pile creep 
rate as a function of stress for 1.4970 austenitic steel is shown, its composition being similar to that of 
316 steel [2]. Comparison of these figures shows that there are similar relationships between creep rate 
and stress in both cases.  
 
For low stress values (<change) creep rate as linear function of stress (typical for diffusion creep) is 
noticeable: 
 

 ~cr            (1) 
 
If stress exceeds change value (change), then creep rate is non-linear function of stress (typical for 
dislocation creep): 
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n
cr  ~                 (2) 

 
The same result has been obtained in [3].  

 
2.2. In-pile creep as a function of temperature 
 
Non-irradiated steel creep rate vs. temperature is described by Arrhenius law: 
 







kT

Qc
cr exp~

 
                      (3) 

 
Where 
Qc is the creep activation energy; 
K is the Boltzmann constant. 
 
 
In-pile tests have shown that this dependence of high-temperature creep rate as a function of 
temperature (Т(0.5 × Тmelt)) is kept as well for in-pile conditions [2] (see Fig. 2.1 (b)). At low 
temperatures (Т(0.5 × Тmelt)) dependence of in-pile creep rate on the cladding temperature is weak 
(see Fig. 2.2). 

 

FIG. 2.1. Steel straining mechanisms: a) map of deformation mechanisms in 316 type stainless steel 
with 100 μm grain size; b) in-pile creep rate of 1.4970 austenitic steel vs. stress. 
 
 
2.3. In-pile creep as a function of dose increase rate 
 
Researchers note [2] that in-pile creep of austenitic steels under study as a function of dose increase 
rate Nd is as follows: 
 

  dcr N ~                (4) 

 
Where 
 is the sensitivity factor (0). 
 
 
For annealed austenitic steel  = 1. Experiments with cold-worked austenitic steels have shown that 
with  
 
<(change × ) = 0.5, and with >(change × ) = 1.5. 
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2.4. Irradiation creep as a function of swelling 
 
Effect of irradiation dose on the in-pile creep rate of steels is associated with the swelling rate. It has 
been demonstrated in the experiments [4] that in-pile creep rate can be determined by the following 
relationship (given that there is swelling of austenitic steel, >change):  
 

 kdcr SBNA  ~               (5) 
 
Where 
 A, B are the coefficients; 

kS  is the swelling rate; 

 λ is the exponent. 
 

 

 
2.5. Austenitic steels swelling 
 
Irradiation of structural materials by fast neutrons (Е>0.1 MeV) to high fluence (>1022 n·cm-2) 
within the temperature range (0.3–0.5) × Тmelt would result in formation of vacancy pores and their 
growth and, hence, in the material swelling. Processing of experimental results obtained for austenitic 
steels used as structural materials for cladding of fast reactor fuel elements has made it possible to 
determine empirical relationships between steel swelling and the temperature, at which steel is 
irradiated and the number of displacements per atom Nd [5]: 
 

)(
0 )()( T

dSSk
SNTAA

V

dV
S              (6) 

 
As an example, data on the deformation of claddings made of EP-172 and ChS-68 CW steels caused 
by vacancy swelling with maximum dose of 85 dpa is presented in Fig. 3.1 [6]. 

 
 

FIG. 2.2. Austenitic steel creep rate as a function of irradiation temperature  
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3. EVALUATION OF FUEL PIN CLADDING DAMAGE 
 
Claddings of SFR fuel pins made of austenitic steels are loaded by the inner fission gas pressure and 
swelled fuel and outer coolant pressure under conditions of non-uniform power rate of the fuel pins 
and reactor transients. Long-time effect of transient load, high temperature and irradiation is 
accompanied by the irreversible changes of the structure and properties of materials and gradual 
accumulation of damages. Therefore performance of SFR fuel pins should be evaluated taking into 
account changes of the short term and long term properties of materials under irradiation conditions 
and using damage accumulation theory [7–8]. Based on the analysis of changes of properties of SFR 
cladding materials depending on irradiation temperature, the following three sections over the fuel 
element height were specified: 

- lower section with cladding temperature of Тcl=350–400°С; 

- middle section with (Тcl=400–550°С); 

- upper section with (Тcl=550–720°С). 

 
3.1. Lower section 
 
The results of mechanical tests made before and after irradiation of austenitic steel specimens are used 
as a basis for the following conclusions [9–10]: significant hardening of grains is observed in 
austenitic steels irradiated at Тcl=350–400°С with the increase of yield stress 0.2 and decrease of 
ductility uniform. Under conditions of loaded steel irradiation the mechanism of radiation creep 
(slipping on the grain boundaries) is realized (with 0.2). 

 
Formation of pores on the grain boundary in the lower section of the cladding may be caused by 
«tough» loading of the fuel element cladding by the swelled fuel. For instance, stress concentration on 
the conjunction of three grains [11], where stress may exceed max value max at which pores appear 
and start growing, may become the source of the pores. Another possible source of failure is 
technological defect on the cladding surface (crack of ℓ0.5 h depth, where h is the cladding wall 
thickness). If stress  increases in the cladding, then the flaw may become critical (i.e. it may easily 
grow up to become open ended) on the following condition: 
 

),((1.1 .irrIC TDKKQ
lП               (7)  

 
Where 
ℓ is the crack depth; 
Q is the crack parameter; 
K is the factor including (ℓ/h); 
h is the cladding wall thickness; 
 is the cladding stress; 
KIC is the critical factor of stress intensity determined by in-pile tests of certain material at certain 

temperature and radiation dose [12]. 
 
 

3.2. Middle section of the fuel pin 
 
The basic mechanisms of fuel pin cladding deformation in its middle section are irradiation creep and 
swelling of the cladding steel. Within a temperature range of 400–550°С, with cl.0.2 (Nd, T), 
irradiation creep is realized by the mechanism of slipping on the grain boundaries. In this case 
intergrain failure with slight strain can be expected. Origin and growth of pores on the grain 
boundaries occur with > , where  is stress required for pores formation under specified 
radiation conditions [11]. In this case the reliability of the fuel pin cladding can be determined in a 
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way similar to that used for lower section. In particular, in the course of analysis of the fuel pin middle 
section it should be noted that average-temperature radiation embrittlement of austenitic steels occurs 
as a result of vacancy swelling exceeding some critical value. If vacancy swelling rate reaches this 
critical value, then abrupt decrease of steel strength occurs down to values, which are not specific for 
austenitic steels at this temperature [13]. Keeping swelling of cladding austenitic steel in the middle 
section of the fuel pin below the critical value in this case would be the criterion of the fuel element 
reliability. 
 
3.3. Upper section of the fuel pin 
 
The upper section of the fuel pin is subject to the high-temperature (Тcl0.5 × Тmelt) in-pile creep. 
Analysis of relationships describing high-temperature creep of austenitic steels of fuel pin cladding 
shows that under irradiation there is an expansion of the range of values of stress and 
temperature facilitating strain of the fuel element cladding because of diffusion creep )~( CR

with 0.2 (Т, Ф). 
 
It has been demonstrated [11] that deformation of some grains caused by diffusion creep may be 
accommodated by means of slipping on the grain boundaries. This slipping is an inevitable result of 
diffusion process. On the other hand, slipping on the grain boundaries is necessary condition for the 
intergranular damage onset. Intergranular damages may occur by the following mechanism [11]: 

(a) emergence of pores on the grain boundaries,  

(b) growth of pores and their merge resulting in cracks with rather low stress values. 

 

 
 
 
Failure mechanisms are properly illustrated by the failure maps. Figure 3.2 presents the map of failure 
of irradiated Cr17Ni12Мo2.5 steel [11]. It follows from this picture that under out-of-pile conditions 
of fast reactor fuel pin (shaded area) the cladding failure would occur by diffusion mechanism.  
 
The results of in-pile tests of austenitic steels for the long term strength [11] show that under 
conditions of diffusion creep time to failure under irradiation is much shorter than that for non-
irradiated material (see the long term strength curve section with Т=130 MPa in Fig. 3.3. 
Reduction of time to failure under irradiation with low stress values is caused by the appearance of 
helium on the grain boundaries. This helium formed in the austenitic steel by 58Ni(n,) reaction results 
in the emergence of pores on the grain boundaries followed by diffusion breakup. 
 
 

FIG. 3.1. Comparison of strain of the fuel element claddings made of EP-172 cw steel (1) and  
ChS-68 CW steel (2) irradiated up to 85 dpa [3–4]. 
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FIG. 3.2. Maps of failure of 17Cr-12Ni-2.5Mo steel (T=873K) in: a) G, Tmelt/Т and b) d, G 
coordinates. Shaded area refers to the external conditions of operation of up-to-date fast reactor 
core. I) cavitation failure (by dislocation slipping); II) cavitation (diffusion) failure; III) 
intracrystalline failure; IV) cracking failure. 
 
 
In case of dislocation creep associated with high stress values [Т (Ф, Т)] transgranular failure often 
occurs which is accompanied by significant strain before failure [10]. Transgranular failure is a 
process of void formation on the enclosures in the grain matrix and their growth and merge resulting 
in the reduction of diaphragms caused by the loss of plastic stability. Concentration of stresses on the 
enclosures increases in the course of deformation, this leading to breaking down bonds of inclusions 
with matrix and formation of void. If dislocation creep rate is higher for irradiated material (under 
otherwise equal conditions), then the process of formation and growth of cavities in the grain 
matrix goes at higher rate and, hence, the time to failure under irradiation would be shorter than that 
for non-irradiated material. The results of in-pile tests of various austenitic steels for the long term 
strength [2, 10, 14] have confirmed this conclusion(see Figs 3.4–3.5). 
 
 
 
4. CONCLUSION 
 
Analysis of irradiation behaviour  of SFR fuel pin claddings made of austenitic steels has shown the 
followings: 

- in the lower section of the fuel pin at Тirr=350–400°С cladding failure may occur because of its 
«tough» loading by the swelled fuel; 

- in the middle section of the fuel pin at Тirr=400–550°С cladding failure may occur if vacancy 
swelling of cladding steel exceeds its critical value, then the abrupt decrease of strength of the 
cladding material takes place; 

- in the high temperature upper section, the decrease of in-pile long term strength of austenitic steels 
at clad.0.2(, Тirr) should be taken into account. 
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FIG. 3.3. Long term strength before, in the 
course of and after neutron irradiation  

of 1.4970 steel. 

FIG. 3.5. In-pile long term strength curves for austenitic steels and Hastelloy-Х  
irradiated by fast and mixed spectrum neutrons.  

FIG. 3.4. Long term strength of 06Cr16Ni15MoЗBo 
(a), 06Cr16Ni15MoЗBoR (b) and 06Cr18Ni10Ti 

(c) steels at 6500С out-of-pile (1) and in-pile (2) tests.
Neutron flux 3 × 1012–1× 1013 n·cm-2 (Е0.1 MeV). 

, MPa 

, MPa 

Time to failure, h Time to failure, h 

Before 
irradiation 
Ttest=700°C 

After 
irradiation 
Ttest=700°C 

During 
irradiation 
Ttest=720°C 

, MPa 

Time to failure, h

157



 

REFERENCES 
 
[1] FROST, G.J., ESGBY, M.F., Strain Mechanism Maps, Chelyabinsk, Metallurgiya (1989) (Book 

in Russian). 
[2] WASSILEW, C., Bestrahlungsinduziertes Kriechen und Schwellen – Experimentelle 

Ergebnisse, phänomenologische Modelle und Modellgleichugen für Metalle, KFK 4668, 
Kernforschungszentrum. Karlsruhe (1989). 

[3] KRUGLOV, A.S., et al., Radiation creep of 09Cr16Ni15Mo3B steel with stress exceeding yield 
stress, J. Atomnaya Energiya 54 (1983) 57–58 (In Russian). 

[4] SCHNEIDER, M., et al., Interdependence of in-pile creep and void swelling in Ti and Nb-
stabilized stainless steels, Effects of radiation on materials, Proceedings of the Eleventh 
International Symposium, Scottsdale (1992) 30–41. 

[5] CLAUDSON, T.T., The effects of fast flux irradiation on the mechanical properties and 
dimensional stability of stainless steel, J. Nucl. Appl. And Technol. 9 (1) (1970) 10. 

[6] OGORODOV, A.N., et al., Analysis of deformation of the BN-600 fuel pin claddings made of 
cold worked austenitic steels EP-172 and ChS-68, Proceedings of the 3rd Inter-branch 
Conference on Reactor Materials, Vol. 2, Dimitrovgrad (1994). 

[7] LIKHACHYOV, Y.I., PUPKO, V.Y., Strength of Fuel Elements of Nuclear Reactors, 
Atomizdat, Moscow (1975) (Book in Russian). 

[8] LIKHACHYOV, Y.I., et al., Methods of mechanical analysis of fuel elements of nuclear 
reactors, Energoatomizdat, Moscow (1982) (Book in Russian). 

[9] GROSSBECK, M.L., et al., An assessment of tensile, irradiation creep, rupture, and fatigue 
behavior in austenitic stainless steels with emphasis on spectral effects, J. of Nucl. Mat. 174 
(1990) 264–281. 

[10] VOTINOV, S.N., et al., Irradiated Stainless Steels, Moscow (1987) (Book in Russian). 
[11] CHADEK, I., Creep of Metal Materials, Mir, Moscow (1987) (Book in Russian). 
[12] LIKHACHYOV, Y.I., et al., Resistance to crack formation in irradiated austenitic steel 

0Cr16Ni15Mo3B, Proceedings of International Conferences on Materials Behavior Under 
Irradiation, Vol. 7, Alushta, Kharkov (1990) 167–178. 

[13] NEUSTROEV, V.S., SHAMARDIN, V.K., Average-temperature radiation embrittlement of 
austenitic steels and alloys irradiated in fast reactors, J. Physics of Metals and General 
Metallurgy 5 (1997) 134–142 (In Russian). 

[14] KISELEVSKY, V.N., Strength of structural materials of nuclear reactors, Naukova Dumka, 
Kiev (1990) (Book in Russian). 

158



 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

DEVELOPMENT OF ADVANCED FUEL:  
FABRICATION, IRRADIATION, PIE  

 
(Session 3) 

 

Chair and Co-chair:  

J. Wallenius  
(KTH)  

V.A. Kisly  
(RIAR) 

 



  

 
  



  

RESULTS OF MIXED NITRIDES (45% PuN + 55% UN AND  
60% PuN + 40% UN) IRRADIATION In BOR-60 REACTOR  
UP TO AROUND 12at.% 
 
B.D. ROGOZKINa, N.M. STEPENNOVAa, Y.E. FEDOROVa, M.G. SHISHKOVa, F.N. KRYUKOVb,  
S.V. KUZMINb, O.N. NIKITINb, A.V. BELYAEVAb , L.M. ZABUDKOc  
 

aOpen Joint Stock Company, 
A.A. Bochvar All-Russia Research Institute of Inorganic Materials (VNIINM), 

Moscow 
 
bOpen Joint Stock Company, 
State Scientific Center — Research Institute of Atomic Reactors (RIAR), 
Dimitrovgrad 
 
cState Scientific Center Institute for Physics and Power Engineering (IPPE),  
Obninsk  
 
Russian Federation 

 
Abstract 

The results of fabrication and post-irradiation examination of helium-bonded fuel pins with U0,55Pu0,45N and U0,4Pu0,6N 
and claddings made of austenitic ChS-68 CW steel irradiated in the BOR-60 reactor are given. The maximum burnup is 9.4 
at.% at maximum linear rating around 430 W·cm-1 for U0,55Pu0,45N and 12.1 at.% at 540 W·cm-1 for U0,4Pu0,6N. All fuel pins 
are tight. The BORA-BORA results confirm the possibility to provide at least 12 at.% of burnup for He-bonded nitride pins. 

 
 
1. INTRODUCTION 
 
The initial phase of mixed nitride investigation was carried out in accordance with the agreement 
between RF MINATOM and CЕA (France) in the area of sodium cooled fast reactors within 
the framework of the BORA-BORA experiment [1]. There were two phases of irradiation test in the 
BOR-60 reactor until burnup values of around 7 at.% and around 12 at.%. The French party decided to 
abandon further joint collaboration on mixed nitride after the first phase of irradiation. Since then the 
further nitride investigation was carried according to ROSATOM programme. 
 
 
2. FABRICATION OF MIXED NITRIDE PELLETS 
 
The mixed mononitride powders were made by hydrogenation of depleted U and weapons Pu alloy 
and subsequent nitration of the resulted hydride with chemically pure argon. Fuel pellets were made 
by two-side pressing in single cavity moulds at pressure of 150–200 MPa. Sintering was performed in 
vacuum at temperatures up to 1000–1100°С, and at higher temperatures of 1650–1750С in argon or 
nitrogen at holding time of 2–2.5 h. Sintered fuel pellets exhibited high stability (density, geometry, 
and composition). Face-centered-cubic (fcc) phases were determined in U0.55Pu0.45N and U0.4Pu0.6N 
with the crystal lattice parameters equal to 4.8975±0.0001 Å and 4.9001±0.0001 Å, respectively. 
Obtained values of lattice parameters are consistent with Vegard’s law for (UPu)N solid solutions with 
unrestricted area of solubility that proves the formation of fully homogeneous solid solution. 
Plutonium was uniformly distributed at longitudinal section and cross-section in fuel, а deviation from 
the average value was no more than ±0.5%. 
 
The fuel specification is given in Table 2.1. The microstructures of U0.55Pu0.45N and U0.4Pu0.6N are 
shown in Fig. 2.1. The microstructures are a little different. For the U0.55Pu0.45N pellets the pores are 
mainly distributed along the grain boundaries, but for the U0.4Pu0.6N pellets small pores are distributed 
both inside the grains and along the grain boundaries. 
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TABLE 2.1. ORIGINAL SPECIFICATION OF FUEL 

Composition (U0.55Pu0.45)N  (U0.4Pu0.6)N Specificat
. values Fuel pin number FE 1 FE 2 FE 3 FE 4 

Smear density after compaction, g·cm-

3 
8.15 8.2 8.4 8.5 - 

Smear density after sintering, g·cm-3 12.17 12.15 12.1 12.16 12.17±0.28 
Smear density, % theoretical density 85.0 84.8 84.4 85.0 85±2.0% 
Porosity, % ≈15 ≈15 ≈15 ≈15 ≈15±2.0% 

Weight ratio of elements, % 
Pu 42.0 41.8 56.5 56.5 - 

U+Pu 93.8 93.7 94.15 94.15 >94 
N 5.3 5.3 5.3 5.4 - 
Fe <0.002 <0.002 <0.002 <0.002 <0.02 
Cr <0.002 <0.002 <0.002 <0.002 <0.02 
Ni <0.002 <0.002 <0.002 <0.002 <0.02 
Ca <0.002 <0.002 <0.002 <0.002 <0.02 
Al <0.001 <0.001 <0.001 <0.001 <0.02 
Mg <0.001 <0.001 <0.001 <0.001 <0.02 
C 0.01 0.01 <0.01 <0.01 <0.45 
O 0.1 0.15 <0.15 <0.15 <0.45 
Ga <0.001 - <0.001 <0.001 - 

Fuel column length, mm 451 452 449 450 - 
Ligature weight, g 150.0 150.0 148.4 149.9 - 
Pu mass, g 63.0 63.0 83.8 84.4 - 
Deviation from Pu avg. content, wt%  ±3 ±3 ±3 ±3 ±4 
Crystal lattice parameter, Å 4.8975 4.898 4.9001 4.9002 - 
Average grain size, μm 30–35 30–35 30–35 30–35 150 

 

 

  

(U0.55Pu0.45)N (U0.4Pu0.6)N 

FIG. 2.1. Mixed nitride fuel microstructure before irradiation (× 400). 
 
 
 

3. TECHNICAL CHARACTERISTICS OF EXPERIMENTAL FUEL 
 
Four experimental fuel pins with mixed nitride have been irradiated in dismountable fuel assembly in 
the BOR-60 reactor for two irradiation phases. The first irradiation phase was carried out from 
August 30th, 2000 to October 15th, 2002 and the second one from December 2nd, 2003 to May 15th, 
2005. All fuel pins were leak-tight. Figure 3.1 shows the design of the fuel pin. The pin cladding 
(diameter 6.9 mm, wall thickness 0.4 mm) was made of ChS-68 (20% CW) stainless steel. The upper 
and lower blankets contained pellets with a diameter of 5.9 mm made of depleted U nitride (85–90% 
theoretical density). The principal irradiation parameters are summarized in Table 3.1. 
 
IPPE developed the 3-D DRAKON code that calculates temperature and stress-strained state 
of different cylindrical fuel elements both in the steady state and transient conditions (Nz is around 
100–200 axial sections). According to the calculation data the fission gas pressure in the U0.4Pu0.6N 
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fuel pin was equal to 2.2 MPa at the end of the first irradiation phase and 4.0 MPa at the end of the 
second irradiation phase. As for the U0.55Pu0.45N fuel pin, the gas pressure was 1.0 MPa and 2.5 MPa, 
respectively. The results of maximum fuel temperature calculation are shown in Table 3.2. 
 

 

FIG. 3.1. Fuel pin from the BOR-60 dismountable fuel assembly. (1&8) Upper and lower top nozzle; 
(2&6) Upper and lower axial blankets; (3) Fuel core; (4) Cladding; (5) Support; (7) Porous plug. 
 
 
TABLE 3.1. FUEL IRRADIATION PARAMETERS 

Irradiation 
phase 

Fuel Irradiation 
time, days* 

Max 
burnup, 

% 

Max linear 
rating,** 
kW·m-1 

Max 
cladding 
temp., °С 

Dose,  
dpa 

1 (U0.55Pu0.45)N 775 (514) 5.4 41.9 588 23 
1 (U0.4Pu0.6)N 775 (514) 7.0 54.5 587 23 
2 (U0.55Pu0.45)N 1346 (900) 9.4 41.9 (37.3) 567 43 
2 (U0.4Pu0.6)N 1346 (900) 12.1 54.5 (47.7) 604 43 

*   The total time of irradiation, in the brackets – effective full power days. 
** In brackets is the maximum linear rating at the second phase.

 
 

TABLE 3.2. MAXIMUM TEMPERATURES OF NITRIDE FUEL UNDER IRRADIATION IN THE  
BOR-60 REACTOR 

Fuel Temperature, °С 
Beginning of 

irradiation 
The end of the  

first phase 
End of 

irradiation 
(U0.4Pu0.6)N 1760 1150 1110 

(U0.55Pu0.45)N 1490 980 933 
 
 

The fuel temperature takes its maximum value at the beginning of irradiation. As the fuel-to-cladding 
gap reduces, fuel temperature decreases noticeably due to the gap conductivity increase. Then the fuel 
temperature increases a little under the effect of fission gas released under the cladding that worsen the 
gap conductivity. The minimum value is achieved when fuel comes into contact with the cladding 
after 6200 h for the U0.4Pu0.6N fuel and after 10 500 h for the U0.55Pu0.45N fuel. 
 
 
 
4. NON-DESTRUCTIVE EXAMINATIONS OF FUEL PINS 
 
The visual examination revealed that all fuel pins kept their integrity and shape. There were no 
deflection, mechanical damages in claddings and end fixtures. Welded joints were found in normal 
condition. Any abnormal things were not revealed. There were no any signs of defects to be of a 
potential danger to the cladding integrity under the layer of removed deposits. The leak-tightness of 
claddings was tested by 85Kr presence in gas plenums with the use of gamma-spectrometry method. 
Gamma scanning of fuel pins was performed throughout the fuel column height including upper and 
lower blankets. The axial distributions of fission products and activation products in fuel pins under 
examinations are shown in Figs 4.1–4.2. 
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FIG. 4.1. Distribution of fission and activation products along the U0.4Pu0.6N fuel height. 

 
 

 
FIG. 4.2. Distribution of fission and activation products along the U0.55Pu0.45N fuel height. 

 
 
Noticeable ruptures between fuel pellets were not observed. Distributions of the 106Ru activity did not 
exhibit significant local peaks. Average values of axial non-uniformity coefficients Kz (

95Zr/95Nb) and 
Kz (

54Mn) are 1.14 and 1.22, respectively, after the second irradiation phase (after the first irradiation 
phase, 1.18 and 1.29). 
 
The outer cladding diameter was measured after removal of the spacer wire and chemical cleaning of 
the surface. Measurements were made with a semi-automatic profilometry system in four directions 
through 45° for every 1 mm along the whole pin height except for the end pin parts of length around 
30 mm. A measurement method error was no higher than ±7.0 μm. The outer pins diameters axial 
distribution averaged for four orientations are shown in Fig. 4.3. 
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Analysis of pin cladding deformation measurements showed that: 

- maximum diameter increase of all pins claddings takes place near core midplane; 

- maximum diameter increase is observed in the U0.4Pu0.6N fuel pin (Δd/d = 2.6%); 

- U0.55Pu0.45N cladding diameter increase is 0.9%. This value is even lower than cladding 
deformations of both MOX pellets and vibropac fuel pins irradiated under the same conditions in 
the same fuel assembly. Their diameter increase is equal to 100 μm that corresponds to 1.4%. 

 
The eddy-current testing of fuel pins after the second phase of irradiation experiment did not reveal 
any additional eddy-current signals. The same can be said about the eddy-current testing after the first 
phase. 
 

 
FIG. 4.3. Axial distribution of mixed nitride cladding diameter after second irradiation phase. 

 
 
 

5. FISSION GAS MEASUREMENT 
 
The claddings were subjected to laser puncturing to determine the amount and the composition of 
the fission gas. Then mass spectrometry analysis was used. The obtained results are given in 
Tables 5.1–5.2. In order to determine a portion of fission gas released under the cladding from fuel 
cores, krypton and xenon accumulation was calculated on the assumption that 239Pu was the only 
fissionable isotope under irradiation. The data on krypton and xenon release in the 239Pu fission were 
taken from the database. Table 5.2 summarizes the data on fission gas accumulation and release from 
fuel with due consideration for data on the gas phase amount and composition from Table 5.1. 
 
TABLE 5.1. FISSION GAS IN THE U0.55PU0.45N AND U0.4PU0.6N FUEL PINS 

Fuel  Free 
volume 
of pin, 

cm3 

Gas volume at 
normal 

conditions, 
cm3 

Gas 
pressure 
in pin, 
MPa 

Gas composition, vol.% 
He N2 О2 Ar CO2 Kr Xe 

U0.55Pu0.45N 10.4± 
0.6 

68.3± 
2.7 

0.66± 
0.06 

23.53± 
0.42 

≤0.169 ≤0.058 0.079± 
0.0014 

≤0.004 5.00± 
0.10 

71.16± 
1.42 

U0.4Pu0.6N 8.6±0.6 84.6± 
2.7 

0.99± 
0.10 

18.81±
0.32 

≤0.185 ≤0.061 0.442± 
0.008 

≤0.003 5.25± 
0.11 

75.25± 
1.57 

 
 
It was found out that the fuel pins with lower plutonium content (45% PuN) and lower linear power 
had higher fission gas release after the first irradiation phase. This correlates with special features of 
U0.55Pu0.45N fuel structure. This type of fuel has higher intergranular porosity that facilitates fission gas 
release from fuel and provides for lower swelling rate. After the second irradiation phase, relative 
release of fission gas under claddings was very much the same in the fuel pins despite the different 
thermal power of the U0.55Pu0 45N and U0.4Pu0.6N fuels and thus different temperature conditions. 
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TABLE 5.2. SUMMARIZED DATA ON ACCUMULATION AND RELEASE OF FISSION GAS  

Fuel  Burnup, 
at.% 
Max 

(average) 

Calculated value of gas 
volume, cm3  

(normal conditions) 

Measured gas volume, cm3 
(normal conditions) 

Gas release under cladding, 
% 

Kr Xe Kr Xe Kr Xe 
1st phase 
(U0.55Pu0.45)N 

5.4 
(4.7) 

10.72 147.1 2.8±0.2 32.9±1.7 26.0±1.4 22.4±1.1 

2nd phase 
(U0.55Pu0.45)N 

9.4 
(8.2) 

18.59 255.06 3.4±0.1 48.6±1.9 18.4±0.7 19.1±0.8 

1st phase 
U0.4Pu0.6N 

7 
(6.1) 

13.91 190.85 1.3±0.1 15.8±1.4 9.7±0.9 8.3±0.8 

2nd phase 
U0.4Pu0.6N 

12.1 
(10.6) 

23.88 327.62 4.4±0.1 063.7±2.0 18.6±0.6 19.4±0.6 

 
 
 
6. DESTRUCTIVE EXAMINATIONS OF FUEL PINS 
 
The cutting plan of fuel is shown in Fig. 6.1. Lateral and longitudinal metallographic sections were 
made to examine fuel by ceramography and microhardness measurement methods. Fuel specimens 
were chosen in the regions of the highest and lowest temperatures, maximum burnup. Four specimens 
were made in the lower part, center and upper part of fuel core. Specimens were cut out from the 
region of the maximum burnup and maximum linear power in order to investigate distributions of 
elements and fission products in fuel with use of electron probe microanalysis. In order to examine 
changes in fuel densities, specimens were cut out close to the region of the maximum burnup, 
maximum linear power as well as from the lower and upper parts of fuel column. X ray diffraction 
analysis was performed to characterize the crystal lattice parameters, reveal the presence and identify 
the available phases in fuel compositions. Ring shaped specimens were cut out from the upper part, in 
the center and from the lower part of the claddings to characterize mechanical properties. 
 
 

 
 

FIG. 6.1. Cutting plan of nitride fuel pins for destructive examinations. 
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6.1. Fuel and cladding microstructure 
 
In order to reproduce the whole sections of fuel pins, the specimens microstructures were 
photographed at 10 magnification (see Fig. 6.2) as well as panoramic photos of bands were taken 
along the fuel core diameter (see Fig. 6.3). 
 
Fuel microstructure was examined at 400 times magnification at the center, at the radius midpoint and 
close to the cladding surface. Inner and outer surfaces of the claddings were characterized at every 
section of fuel pin (Fig. 6.4). Welded joints were also examined. Shown in Figs 6.3–6.5 are the most 
typical photos of fuel microstructure, cladding microstructure and welded joint microstructure.  
 
High resolution electron microscopic images of the microstructure were used for quantitative 
estimation of porosity distribution along fuel pellets radius (see Fig. 6.6). 
 
The microstructure examinations showed the following: 

- fuel-cladding gap of 10 μm was seen only at the upper section of the U0.55Pu0.45N fuel pin; 

- the U0.4Pu0.6N fuel is in a tight contact with the cladding throughout the whole core height; 

- fuel pellets tend to have radial cracks with a higher degree of opening from the center to the surface 
of fuel pellets; 

- no fuel pellets cracking into fine fragments; 

- the structure of both fuels is characterized with intragranular and intergranular porosity; 

- fuel pellets have a little higher porosity in center compared to regions adjacent to the surface; 

- cladding corrosion is negligible, less than 15 μm in some local areas; 

- no defects of welded joints. 
 

6.2. Fuel density  
 
Fuel density measurement was done on the specimens cut out nearby the section with the maximum 
burnup and linear rating. Pellets density was determined by hydrostatic weighing. In Table 6.1 the 
obtained density data along with the density data for non-irradiated pellets are given, average swelling 
rate was estimated from the density data obtained by hydrostatic weighing. 
 
TABLE 6.1. DENSITY OF U0.55PU0.45N AND U0.4PU0.6N FUEL PELLETS AFTER THE SECOND 
PHASE OF IRRADIATION 

Fuel Fuel condition Density, 
g·cm-3 

Local burnup,  
% h.a. 

Average 
swelling rate,  

% / 1 at.% 
U0.55Pu0.45N Non-irradiated  

Irradiated 
Lower part 

Center 
Upper part 

12.15 
 

11.59±0.03 
11.48±0.03 
11.79±0.02 

 
 

7.1 
9.4 
6.4 

 
 

0.68±0.04 
0.65±0.04 
0.48±0.04 

U0.4Pu0.6N Non-irradiated 
Irradiated 

Lower part 
Center 

Upper part 

12.16   
 

0.87±0.04 
1.11±0.04 
0.64±0.04 
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Geometry change of fuel pellets is due to the contribution of solid fission products (in the solid 
solution and in the form of secondary phases), gas bubbles formation and growth (they can be revealed 
by optical microscopy or electron microscopy, because of this it is called as a microscopic swelling), 
growth of technological pores and grains (hereinafter to be called as local swelling) and crack 
formation. Swelling rate of the U0.55Pu0.45N and U0.4Pu0.6N fuels at the maximum burnup sections 
made up 0.65% and 1.11% per 1 at.% of burnup, respectively. It was estimated from the density data 
obtained by hydrostatic weighing. Average porosity determined from the data presented in Fig. 6.6 
(without allowance for cracks) makes up 17.2% and 23.5%, respectively at the adjacent sections of 
fuel pins. With allowance of initial porosity value of 15%, a rate of porosity increase makes up 
0.24% and 0.71% per 1 at.% for the U0.55Pu0.45N and U0.4Pu0.6N fuels. In doing so, the rate of solid 
swelling is almost the same for the both fuels and makes up 0.4% per 1 at.%. 
 

a d 

b e 

c f 
FIG. 6.2. Photographs of fuel pin sections: (a) U0.55Pu0.45N — upper part, (b) center, (c) lower part,  
(d) U0.4Pu0.6N — upper part, (e) center, (f) lower part of fuel core. 
 

 

 

 

      a) 

 

 

 

        b) 

 

 

        c) 

 

FIG. 6.3. Fuel microstructure at pin central section (specimen No. 6): (a) close to pellet surface, (b) at 
radius middle, (c) at pellet centre; U0.55Pu0.45N left, U0.4Pu0.6N right. 

30 µm 
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FIG. 6.4. U0.4Pu0.6N pin structure along the diameter at the upper section (specimen no. 13). 
 

 
               (a) 
 
 
 
 
 
 
 
               (b) 
 
 
 
 

FIG. 6.5. Microstructures of the inner (a) and outer (b) surface of U0.4Pu0.6N  
cladding (etched surface). 

 
 

 

FIG. 6.6. Distribution of porosity on fuel pellets radius at the max burnup sections. 
 
 
6.3.  Radial distribution of fuel components and fission products 
 
Scanning was made with the electron probe along the diameter at diametrical sections of the 
metallographic specimens available from the U0.55Pu0.45N and U0.4Pu0.6N fuel elements. Distributions 
of uranium, plutonium and fission products, i.e. neodymium, xenon, molybdenum, palladium, 
zirconium and cesium were obtained (see Fig. 6.7). 
 
The results of electron probe microanalysis show that: 

- Plutonium content does not change along the fuel core diameter. Fuel composition as to the 
uranium–plutonium ratio remains unchanged. 

- Xenon and cesium tend to concentrate in the regions adjacent to the surface; neodymium, 
zirconium, palladium, and molybdenum are uniformly distributed along fuel diametral section. 
This feature is common to both fuel types. 

30 m 
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FIG. 6.7. Optical (a) and electron microscope (b) images of diametrical fragment of the U0.55Pu0.45N 
fuel pellet including the scanning route and distributions of fuel components and fission products 
along the scanning route. 
 
 
6.4. Fuel phase composition  
 
The results of X ray diffraction analysis showed that the U0.55Pu0.45N and U0.4Pu0.6N fuel compositions 
represent a single phase structure with the cubic face-centered lattice. The calculated values of the 
crystal lattice parameters of irradiated nitrides are given in Table 6.2 along with the initial data for the 
mixed nitrides as well as for the PuN and UN. 
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TABLE 6.2. RESULTS OF X RAY DIFFRACTION ANALYSIS OF U0.55Pu0.45N AND 60% PuN + 
40% UN FUEL AFTER IRRADIATION 

Fuel  Crystal lattice parameters, nm 
Before irradiation After the 1st irradiation 

phase (at.%) 
After the 2nd irradiation 

phase (at.%) 
U0.55Pu0.45N 0.48975±0.00001 0.49008±0.00006 (5.4) 0.49039±0.00004 (9.4) 
U0.4Pu0.6N 0.49001±0.00001 0.49098±0.00007 (7.0) 0.49180±0.00004 (12.1) 

UN 0.4889   
PuN 0.4905    

 
 
6.5.  Fuel microhardness 
 
Microhardness of the U0.55Pu0.45N fuel is over the diameter around 570 kg·mm-2 in the middle pin part, 
and around 520 kg·mm-2 for the U0.4Pu0.6N fuel. 

 
 
 

7. CONCLUSION 
 
The irradiation of 2 pins with U0.55Pu0.45N fuel and 2 pins with U0.4Pu0.6N fuel have been done in  
BOR-60 up to 9.4 at.% and 12.1 at.%, accordingly. The results of non-destructive and destructive 
examinations of fuel pins showed low level of fuel swelling and gas release. Dissociation of nitride 
fuel was not revealed (maximum calculated fuel temperature at BOL 1760°С) as to fuel microstructure 
condition, nitrogen content in the gas phase under the cladding or any other signs. The maximum 
depth of local corrosion on the inner surface of the cladding at the upper section of U0.4Pu0.6N fuel pin 
was less than 15 µm deep. Good results of irradiation test performed in the BOR-60 reactor with the 
use of high-purity mixed mononitride fuel up to a burnup of 12.1 at.% at a peak linear power of 
545 W·cm-1 can be attributable to initial homogeneous distribution of plutonium, low content of 
oxygen and carbon less than 0.15 wt% and 0.01 wt%, uniformly distributed porosity, pores along the 
boundaries and inside grains. This suggests that the chosen process parameters of fuel such as density, 
grain size, porosity value, pore distribution nature and impurities content were optimal. 
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Abstract 

In the CONFIRM project, (Pu,Zr)N fuels were fabricated by carbo-thermic nitridation of oxide materials at PSI. The 
fuel was irradiated in the High Flux Reactor in the Netherlands at high linear power (430–460 W·cm-1) up to a burnup of 
10% fission in actinides. Post irradiation examination revealed a swelling of 9%, a closed fuel-clad gap, 5% release of xenon 
but considerably higher release rates of helium. In this paper the results and outcome of the CONFIRM project is discussed in 
detail. 

 
 
 
1. INTRODUCTION 
 
By separation and transmutation of plutonium, americium and curium, one may reduce the radiotoxic 
inventory of high level nuclear waste by over a factor of 100, provided that no vitrification of these 
elements has been performed [1]. While in principle any fission reactor may be used to perform multi-
recycling of transuranium elements, there are certain limitations related to the type of neutron 
spectrum and mode of operation. If curium would multi-recycled in an LWR, the concentration of the 
neutron emitting nuclide 252Cf increases by 3–4 orders of magnitude in the spent fuel, as compared to 
present day UOX or MOX fuel. This would complicate reprocessing and fuel fabrication to the extent 
that it becomes economically prohibitive. Therefore, curium should be recycled in a fast neutron 
spectrum [2]. As methods for separation of americium from curium on industrial scale presently are 
not available, americium and curium may have to be recycled together in fast neutron reactors.  
 
The introduction of americium into the fuel of fast reactors however is detrimental for major safety 
parameters such as Doppler feedback, coolant temperature coefficient and effective delayed neutron 
fraction [3]. Therefore, a power penalty will result when introducing Am into the fuel of a critical fast 
reactor, which grows roughly linearly with the fraction of americium.  
 
In order to manage the legacy of americium from light water reactors, one may therefore consider the 
application of accelerator driven systems (ADS) for this purpose. An ADS does not rely on the 
presence of delayed neutrons and negative temperature feedback for safe operation, and may hence 
operate on inert matrix fuels containing 40–50% americium in the actinide phase [4–8]. Thus, the 
elimination rate of higher actinides can be maximised.  
 
When selecting a fuel for ADS, one needs to take into account a number of parameters, such as 
neutronic performance, thermo-physical properties, high temperature stability, fabricability, 
reprocessability and secondary waste production. Among the possible choices are oxide, metallic, 
carbide and nitride fuels. While americium bearing oxide fuels provide desirable properties such as 
relatively good stability at high temperature, their poor thermal conductivity makes it necessary to rely 
on an inert matrix for heat conduction. The available reprocessable matrices, such as magnesia and 
molybdenum, however are less transparent to neutrons, leading to relatively large fuel inventories and 
mediocre neutronic performance [7, 9]. The application of nitride fuel with ZrN matrix, may on the 
other hand allow for more compact cores with better neutronic performance [8]. 
 
Nitride fuels are however considerably more complicated to fabricate than oxide fuels. Furthermore, 
they have issues related to high swelling rates, pellet-clad mechanical interaction, high temperature 
stability and secondary waste production which must be resolved. Furthermore, since irradiation 
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experience of nitride fuels is limited, their potential for high burnup was somewhat unsure by the end 
of the past millenium.  
 
Therefore, the CONFIRM project was launched in 2000, in order to investigate the following issues in 
the context of inert matrix nitride fuels for ADS:  

- High temperature stability. 

- 14C production rates. 

- Fabrication methods.  

- Thermo-physical properties. 

- Irradiation performance. 

 
In the present review, scientific and technological outcomes of the CONFIRM project will be 
reviewed. The review will include PIE data on CONFIRM fuel obtained withing the EUROTRANS 
and FAIRFUELS projects. 
 
 
 
2. SCIENTIFIC AND TECHNICAL DESCRIPTION OF THE RESULTS 
 
2.1.  High temperature stability 
 
It is known that actinide nitrides dissociate into metal and gas and especially americium nitride has 
shown to be unstable at high temperature [10]. Therefore is of interest to study whether the formation 
of a solid solution with ZrN, as foreseen for ADS fuels, may result in better high temperature stability. 
 
Within CONFIRM, experimental investigations of high temperature stability for UN and U0.2Zr0.8N 
prepared by carbo-thermic nitridation of oxides were conducted, involving the thermal treatment of 
samples of the mixed nitride in welded tungsten capsules up to 2800°C using RF heating [11]. 
 
In the first test, two samples of UN were heated in sealed tungsten cans up to 2800°C. Post-test 
analysis showed that dissociation of the nitride and formation of liquid uranium had occurred in both 
samples. It could be detected that a reaction between the liquid uranium and the tungsten capsule had 
occurred at temperatures of 2410°C and 2420°C, respectively. In the second experiment, two samples 
of (U,Zr)N were heated to the same temperature. There was no indication of any reaction or damage to 
the capsules. The solidus and liquidus temperatures for the (U,Zr)N samples were determined at 
2612°C and 2765°C. These results show that the stability of the mononitride solid solution is 
significantly improved over that of the pure UN. 
 
A tentative UN–ZrN phase diagram was proposed based on the thermodynamic data for the system, 
non-ideal solution behaviour and the experimental results for U0.2Zr0.8N and is shown in Fig. 2.1. The 
eutectic point at 2885 K for 55% Zr is calculated from the optimisation of these data. The behaviour of 
(Pu,Zr)N solid solutions at high temperatures was also assessed from these experimental data. 
 
Using the same interaction terms for the liquid and solid solution phases derived in the model for the  
UN–ZrN system and the thermodynamic data for PuN, solidus and liquidus temperatures were 
estimated for (Pu,Zr)N compositions. The results indicated that up to 2500°C, a liquid phase is not 
formed for fuel containing 20–40 mol% PuN, but this would need to be confirmed experimentally. 
 
It may be noted that samples of (Pu0.4,Zr0.6)N prepared by hydridation-nitridation of metals later have 
been tested at high temperature by VNIINM [12]. Weight losses of 26% after tests in vacuum at 
2300°C were registered, indicating dissociation of the nitride followed by vapourisation of metallic 
plutonium. Losses however remained small (2–3%) after tests in argon at 2300°C and nitrogen at 
2200°C, respectively. 
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FIG. 2.1. Solidus and liquidus temperatures of (U,Zr)N [12].  

 
2.2.  14C production rates 
 
It is estimated that the release of 14C from MOX reprocessing plants gives a dose of about 1 μSv per 
year to most exposed group [13]. This number is very low compared to the natural background dose. 
Still, it is considered that introduction of new 14C sources into the environment should be restricted. 
Since the use of nitride fuel could increase the 14C releases from nuclear power facilities by orders of 
magnitude, it is necessary to analyse the impact of potential nitride fuel cycle scenarios on production 
and release of 14C into the biosphere. 
 
An analysis was made based on the Double Strata scenario [14–15]. The version used for the 
CONFIRM assessement assumed plutonium from spent UOX LWR fuel to be recycled once in LWRs 
and then multi-recycled in fast neutron reactors of CAPRA type. All minor actinides are directed to 
accelerator driven systems, where they are multirecycled together with the low quality Pu present in 
ADS discharges. A nuclear park producing 1000 TWhe was assumed. This corresponds to 140 GW(e) 
installed power, assuming an average availability of 80%. 6.0 percent of the park power is produced 
by accelerator driven systems, 19.5% by the CAPRA reactors, and 74.5% by light water reactors 
operating on UOX and MOX fuel [16]. The minor actinide flow rate into the 2nd stratum is 
6.6 kg·(TW(e)·h)-1, or 6.6 t·y-1 for the park considered. The ADS is assumed to operate on uranium 
free nitride fuel. The corresponding mass flows are depicted in Fig. 2.2. 
 
Both oxygen and nitrogen contribute to the production of 14C in the systems investigated. In the 
burnup calculations performed with MCB [17], all possible transmutation trajectories leading to the 
formation of 14C are taken into account. Explicit cross sections were calculated for the following 
reactions: 
 

14N(n,p)14C 
15N(n,d)14C 
16O(n,3He)14C 
17O(n,α)14C 

 
In Figure 2.3, the 14N(n,p)14C and 17O(n,α)14C reaction cross sections are compared. From the plot one 
may deduce that the contribution of 17O to the 14C production rate has a larger weight in fast neutron 
systems. 
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In Table 2.1, 14C production rates, calculated with MCB for a PWR and a FR with oxide fuels are 
displayed. The nitrogen impurity fraction in the fuel was assumed to be 50±15 ppm and that in water 
coolant 280±80 ppm. Early assessments quote total 14C production rates in PWRs between 
3.0 g·GW(e)-1y-1 and 11.5 g·GW(e)-1y-1 [18]. The present estimates support the highest of the rates 
previously reported. 

 
FIG. 2.2. Annual mass flows in the 1000 TWhe nuclear park analysed in the CONFIRM project.  

 

 
FIG. 2.3. 14C production cross sections, taken from the ENDF/B-VI.8 evaluation. 
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TABLE 2.1. CALCULATED 14C PRODUCTION RATES, IN UNITS OF g·GW(e)-1y-1 IN PWRS 
AND FRS WITH OXIDE FUEL 

Source PWR FR 

17O (fuel) 2.3 2.9 

17O (coolant) 1.7  

14N (fuel) 4.8±1.4 1.4±0.4 

14N (coolant) 4.0±1.2  

Total 12.9±2.6 4.3±0.4 

 
 
The production rate of 14C in a nitride fuel ADS was calculated based on the 800 MW(th) design made 
by JAERI [4]. Adopting natural nitrogen for the nitride fuel, the dominating production route was 
found to be the (n,p) reaction on 14N, having a spectrum averaged cross section of 15 mb, 
corresponding to a 14C production rate of 1300 g·GW(e)-1y-1. The sensitivity of the cross section to 
15N enrichment is very small (less than 2% change for 99% enrichment), and hence the 14C production 
rate as function of 15N enrichment may be obtained by simple scaling rules. 
 
We may now compare the 14C production in a closed fuel cycle with oxide fuel reactors, typically 
featuring two third of PWRs and one third of FRs [16], which from the figures in Table 2.1 can be 
deduced to be of the order of 10 g·GW(e)-1y-1. A nitride fuels ADS with 90% 15N enriched nitride fuel 
would then produce 130 g 14C per GW(e)·y. However, since the ADS is assumed to operate in a 
Double Strata fuel cycle with a relative power contribution of less than 6%, it would produce less 
14C than the oxide fuel reactors. We may therefore state that an 15N enrichment of about 90% is 
sufficient for the purpose of burning MA in nitride fuel ADSs.  
 
2.3.  Fabrication of (Pu,Zr)N 
 
The classical powder route for fabrication of (Pu,Zr)N pellets by carbo-thermal nitridation of oxides 
was used by PSI. A flow sheet for the route is displayed in Fig. 2.4. 
 
Thermo-chemical modelling of this process, as implemented at PSI, showed that if doing the de-
carburisation step in a hydrogen–argon mixture, highly stable ZrC would tend to form, making it 
difficult to achieve a pure nitride as end product [19]. Therefore the gas phase during the 
decarburisation process was changed from the H2-Ar (suitable for fabrication of UN fuels), to 
8% hydrogen in nitrogen.  
 
Powders and pellets for the irradiation experiment were then fabricated according to the above flow 
scheme. Sintering was made for 7 h at a temperature of 2023 K. After sintering the pellet diameter was 
ground to the specified diameter using a centerless grinder. Figure 2.5 shows a stack of (Pu,Zr)N 
pellets used for the fabrication of the fuel pins, featuring the characteristic golden colour of a sub-
stoichometric nitride [20]. 
 
 

177



  

 

FIG. 2.4. Flow sheet of the (Pu,Zr)N fuel pellet fabrication process used by PSI. 
 

 

FIG. 2.5. Stack of (Pu,Zr)N fuel pellets. 
 
 
2.4.  Characterization of the nitride pellets 
 
Geometrical and chemical analysis was performed on the fabricated nitride pellets The theoretical 
density obtained from Vegard’s law is 9.28 g·cm-3 (Pu0.3,Zr0.7)N is. Analytical data of the pellets used 
for fabrication of the (Pu,Zr)N segments eventually irradiated in the High Flux Reactor are given in 
Table 2.2.  

 
One may note in particular the relatively high residual content of carbon (around 10% of light atoms) 
and that the solid solution compound is sub-stoichiometric with a (N+C+O)/M ratio of 0.92–0.95. 
 
 
TABLE 2.2. ANALYTICAL DATA OF CONFIRM PELLET BATCHES (L AND U REFER TO 
LOWER AND UPPER SEGMENTS) 

Property CONF-30L CONF-30U 

Pellet batch N-70Zr-30Pu-1171 N-70Zr-30Pu-1173 

Average diameter, mm 5.529±0.003 5.533±0.006 

Average height, mm 6.99±0.35 7.22±0.14 

Average geometrical density, g·cm-3 7.42±0.01 7.49±0.02 

Average geometrical density, % TD 79.9±0.1 80.7±0.2 
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Property CONF-30L CONF-30U 

Lattice parameter, nm 0.46555±0.00258 0.46563±0.00226 

C content, wt% 0.8374±0.0158 0.8289 ±0.0100 

O content, wt% 0.3589±0.0335 0.1495±0.0284 

N content, wt% 8.5780±0.0220 8.8340±0.4619 

N content, wt% 91.37 93.44 

Hf content, wt% 0.854±0.021 0.904±0.023 

Zr content, wt% 42.3±1.1 41.6±1.0 

Pu content, wt% 45.8±1.1 44.6±1.1 

Am content, wt% (June 2004) 0.35 0.34 

(Pu+Am)/(Pu+Am+Zr+Hf), mol% 29.4±0.7 28.7±0.7 

 
 
2.5.  Thermo-physical properties 
 
The high thermal conductivity is considered to be one of the major advantages of actinide nitride fuels. 
Prior to the CONFIRM project, no experimental data for the thermal conductivity of (Pu,Zr)N existed. 
 
The thermal conductivities of ZrN and (Pu0.25,Zr0.75)N samples fabricated at PSI were obtained as the 
product of experimentally measured thermal diffusivity, density, and heat capacity, according to the 
relationship: 
 
 k = D × ρ × Cp 
 
Where 
k is the thermal conductivity; 
D is the thermal diffusivity; 
Ρ is the density; 
Cp is the heat capacity.   
 
 
The effect of sample porosity was assessed separately.  
 
The thermal diffusivity was measured over the range 700–2000 K using a laser pulse directed on the 
front face of a 1 mm thick sample disk located inside a high frequency induction furnace under argon 
atmosphere. An infrared detector then measured the temperature on the rear face of the sample.  
 
For ZrN, the thermal expansion correlation recommended by Thetford and Mignanelli was used: 
 

∆L/L(293 K) = -0.0017 + 5.27 × 10-6 × T + 1.15 × 10-9 × T2 
 
For (Pu0.25,Zr0.75)N, linear thermal expansion coefficient data were determined experimentally using 
dilatometry. The density was then calculated versus temperature as: 
  

ρ(T) = ρ(293 K)/(1+ΔL/L(293 K))3  
 
Finally, a differential scanning micro calorimeter (DSC 404 NETZSCH) was used for heat capacity 
measurements up to 1400 K. 
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The uncertainties were estimated to be about 5% for the thermal diffusivity, 5% for the heat capacity, 
and 1% for the density. Hence the precision on the absolute values of the thermal conductivity is 
estimated at about 11%. 
 
Figure 2.6 shows the inferred dependence of the thermal conductivity on temperature after correction 
to fully-dense materials using a modified Maxwell–Eucken correlation: 
 

 

 
Where 
p is the porosity of the material; 
β is the factor equal to 1.7 [21].  
 
 
The predicted thermal conductivity at zero porosity is compared with data from Hedge, et al. [22] in 
Fig. 2.6. 
 
The CONFIRM data for ZrN are thus systematically higher than those of Hedge, et al., in addition, a 
much weaker dependence on temperature is observed. The inferred thermal conductivity at 100% TD 
was fitted to the following correlation: 
 

kTD(ZrN) = 28.3 + 1.2 × 10-2 × T - 3.7 × 10-6 × T2 
 
Prior to the CONFIRM project, the experimental thermal conductivity of plutonium–zirconium nitride 
solid solution had never been reported. Hence the present measurements were compared with 
calculated values only. Figure 2.7 shows that all the present experimental data, normalized to fully-
dense material using β=2.0. The normalized data are systematically about 20% higher than values 
predicted by Thetford and Mignanelli [11]. The best fit to the experimental data is given by the 
following correlation: 
 

kTD[(Pu0.25,Zr0.75)N] = 4.801 + 2.11 × 10-2 × T - 5.5 × 10-6 × T2  
 
It is interesting to note that after the CONFIRM measurements were completed, thermo-physical 
properties of ZrN and (Pu0.4,Zr0.6)N were acquired by VNIINM in frame of the MATINE project [23]. 
In this case, powders of ZrN and PuN were prepared by nitridation of metallic source material. These 
powders were then blended using a rotating needle technique before being pressed and sintered in a 
nitrogen atmoshpere at a temperature of 1850°C. The thermal conductivity was measured on ZrN 
pellets with 87% density. After correction to 100% TD, the obtained conductivity appeared to be 
nearly independent of temperature at a level of 47–48 W·m-1·K-1, which is somewhat higher than the 
values found for the CONFIRM material (see Fig. 2.6). For (Pu0.4,Zr0.6)N measurements were made on 
samples having 78%, 89% and 90% density. When normalised to 100% TD, the inferred thermal 
conductivity of the three samples agreed well within the range of experimental errors, and exhibited a 
parabolically increasing trend with temperature from 15±1 W·m-1·K-1 at T=750 K up to 29±2 W·m-

1·K-1 at 1970 K [23]. The high thermal conductivity of (Pu,Zr)N first measured on CONFIRM samples 
thus appears to be confirmed, although data for pure ZrN do not appear to be fully consistent. The 
reason for this may be different levels of impurities and/or stoichiometry. It is known that ZrN may be 
fabricated with a high degree of sub-stoichiometry without affecting its lattice parameter [20]. A large 
fraction of nitrogen vacancies could however have an impact on the thermal conductivity of the 
material. 
 

kTD  k
1  p

1 p
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FIG. 2.6. Thermal conductivity of ZrN [21]. 

 
 

2.6.  Irradiation in the High Flux Reactor 
 
Two of the segmented (Pu,Zr)N pins with 30% were selected by NRG for irradiation in HFR with a 
target linear rating of around 450 W·cm-1 at BOI. The thermal design of the experiment was made to 
achieve cladding temperatures similar to those in liquid metal cooled reactors. The pins were 
irradiated for 6 cycles in the High Flux Reactor (HFR), corresponding to about 170 full power days. 
The CONFIRM irradiation sample holder was fabricated with a hafnium shield that removes the major 
part of the thermal neutron spectrum. In this way a (semi-) fast spectrum is achieved which is more 
specific of a typical ADS spectrum. However, most fission power is still generated by the thermal part 
of the spectrum that remains despite the Hf-shielding. The CONFIRM irradiation was monitored using 
thermocouples. Fluence detectors were present to determine, after irradiation, the fluence and 
spectrum of the irradiation. Neutron radiographies were made before and after irradiation.  
 

 
FIG. 2.7. Thermal conductivity of (Pu0.25,Zr0.75)N, normalised to 100% TD [21]. 

 
 
The two CONFIRM pin segments irradiated in the HFR were connected into one fuel pin. The pin 
consisted of a 15–15Ti steel cladding tube with inner and outer diameters of 5.65 mm and 6.55 mm, 
respectively (PHÉNIX-type fast reactor cladding). The fuel columns were about 70 mm in length and 
HfN pellets with a height of 7 mm were used as thermal insulators. The diameter of the fuel and 
HfN pellets was 5.53 mm, resulting in an initial (cold) gas gap of 60 μm.  
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A neutron radiograph of the CONFIRM fuel segments was made before start of irradiation. The 
irradiation itself started on 25 November 2007 and was completed on the 22 June 2008. The 
equivalent number of full power days during this period was 170.9. The power of the reactor was 
maintained at a constant level of 44.5 MW. Figure 2.8 shows the evolution of linear rating in the upper 
and lower segment, respectively.  

 

FIG. 2.8. Linear power density in the upper and lower CONFIRM fuel segments. 
 
 
The corresponding thermo-couple readings on the surface of the cladding are displayed in Fig. 2.9. 
Temperatures remain roughly constant in the range of 750±30 K throughout the irradiation, which is 
representative of operational conditions in a typical liquid metal cooled reactor. 
 
 
2.7.  Post irradiation examination 
 
Readout from the fluence detectors indicated a total burnup of 9.7% fission in actinides. Neutron 
radiographies made after the final irradiation cycle are displayed in Fig. 2.10, showing that the 
experiment is fully intact after the 6 cycle irradiation. Further, fuel stack elongations of 3.48% 
(CONF-30-L) and 3.40% (CONF-30-U) could be estimated.  
 
Prolifometric measurement showed a radial swelling of the cladding of about 2.6%, with an ovality of 
less than six microns. Combined with the axial fuel stack elongation, a total volumetric swelling of 9% 
can be inferred, thus corresponding to 0.9% per percent fission. 
 
Gas puncturing was performed in the hot cell lab of NRG. For Xe and Kr gas release rates of 5–6% 
were measured. This is in good accordance with low release rates obtained in Russian and Japanese 
irradiations of (Pu,Zr)N [24–26]. The release of helium formed due to (n,alpha) reactions on N-14 was 
found to be about 80%, however, which is considerably larger than in the Bora-Bora experiment [26]. 
This is an indication that fuel temperatures in the CONFIRM irradiation exceeded 1300 K, where He 
release has been shown to take place following implantation of He ions in ZrN [27]. Gamma scans of 
the pin further indicate that volatiles like 135Cs have remained within the fuel stack. 
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FIG. 2.9. Thermo-couple readings of the CONFIRM fuel segments during irradiation. 
 
 

 

FIG. 2.10. Neutron radiograms of CONF-30-U and CONF-30-L before and after irradiation. 
 
 
Destructive post irradiation examination of CONF-30-U was performed at PSI. The ceramography in 
Fig. 2.11 reveals that the fuel-clad gap has closed and that only mild cracking has occured. 
Micrographs further show that the as-fabricated open porosity remains with a similar morphology as 
for the fresh fuel (see Fig. 2.12). Elemental analysis along the radius of the pellets show that no 
restructuring has taken place. 
 
Burnup anlaysis using mass spectrometry showed that the actual burnup reached 10.4% fission in 
actinides. The measured density decrease of 8% then corresponds to a swelling rate of 0.84% per 
percent fission. 
 

 
 

FIG. 2.11. Ceramography of the CONFIRM fuel after irradiation. 
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FIG. 2.12. Micrograph of the CONFIRM fuel after irradiation. 
 
2.8.  Post-test thermo-mechanical calculation 
 
Post-test calulations of the thermo-mechanical performance were made with NITRAF [11], using fuel 
properties from the actual fabrication and the actual irradiation history in terms of cladding 
temperatures and power density. Resulting fuel temperatures, fuel-clad gap evolution and predicted 
fission gas release are displayed in Fig. 2.13. Here, one may note that the code predicts early 
densification (increase of fuel-clad gap size) leading to an increase in fuel temperature and 
consequenty high gas release. The fuel-clad gap remains open by end of irradiation. This behaviour is 
not what was observed.  
 

 
FIG. 2.13. NITRAF prediction of fuel behaviour using actual fuel and irradiation parameters. 

 
A revised calculation was therefore made, where it was assumed that the as-fabricated fuel contained 
virtually no fine porosity and the initial fuel-clad gap was reduced to 30 microns. In this case no 
densification occurs, xenon releases are low and temperatures remain below 1500 K throughout the 
irradiation (see Fig. 2.14). This behaviour is in better agreement with the post irradiation examination 
data. Lack of in-pile densification would also be consistent with the difficulty in fabricating the 
CONFIRM pellets with a higher density than 80% TD, even when applying a sintering temperature 
of 2030 K.  
 

 
FIG. 2.14. NITRAF prediction of fuel behaviour assuming no fine porosity  

and a 30 micron fuel-clad gap. 
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3.  DISCUSSION AND CONCLUSIONS 
 
In the CONFIRM project, (Pu,Zr)N fuel was manufactured by carbo-termid nitridation of oxide 
precursors. The fabricated pellets featured about 20% porosity and a significant amount of residual 
carbon. Irradiation of two (Pu0.3,Zr0.7)N pins was carried out at a linear rating of 46–43 kW·m-1 in the 
High Flux Reactor in Petten.  
 
Post irradiation examination of the CONFIRM fuel revealed an intact fuel and cladding, even with a 
closed fuel-clad gap. The fuel exhibited mild cracking, without restructuring or changes in 
morphology. A burnup of 10.4% was obtained by mass-spectrographic analysis. The measured 
decrease of 8% in density, then corresponds to a swelling rate of 0.9% fission in actinides. Here one 
should note that the presence of the inert matrix means that the volumetric production of fission 
products is smaller than for a conventional fuel.  
 
The measured gas release was as low as 5% for xenon and 80% for helium. The former value is 
consistent with the very low gas release rates observed in other irradiations of (Pu,Zr)N. The helium 
release is however much larger, indicating fuel temperatures above the threshold for helium migration. 
Modelling of gas migration may thus be of interest for improving the capability of fuel performance 
codes to correctly predict gas release, and consequently of swelling. 
 
In addition, high temperature tests of (U,Zr)N samples in closed volumes indicated improved stability 
of this compound with respect to pure UN, and solidus/liquidus temperatures could be determined. 
 
An assessment of 14C production showed that application of nitride fuels for minor actinide burning in 
accelerator driven systems, 90% enrichment of 15N is sufficient to suppress the 14C production to an 
amount lower than in the commercial stratum of the adopted fuel cycle.  
 
The first data for thermal conductivity (Pu,Zr)N were obtained with the CONFIRM project. Moreover, 
it may be noted that the measured thermal conductivity of ZrN was considerably higher than data 
found in the literature. More recent data on ZrN from the Russian Federation indicate an even higher 
thermal conductivity of this material. These discrepancies may depend on impurity levels and degree 
of sub-stoichiometry, and merit more detailed investigations in the future. 
 
Post-test modelling of the CONFIRM irradiation predicted initial densification of the fuel, leading to 
high temperatures and much higher gas release than observed. Removal of the assumed fine porosity 
resulted in in better agreement with PIE data. Improved models for in-pile sintering and gas migration 
still appear necessecary for correctly predicting the behaviour of inert matrix nitride fuels. 
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Abstract 

New type of metal base fuel element is suggested for fast reactors. Basic approach to fuel element development — 
separated operations of fabricating uranium meat fuel element and introducing into it Pu or MA dioxides powder, that results 
in minimizing dust forming operations in fuel element fabrication. According to new fuel element design a framework fuel 
element having a porous uranium alloy meat is filled with standard PuO2 powder of <50 micron fractions prepared by 
pyrochemical or other methods. In this way a high uranium content fuel meat metallurgically bonded to cladding forms a heat 
conducting framework, pores of which contain PuO2 powder. Framework fuel element having porous meat is fabricated by 
capillary impregnation method with the use of Zr eutectic matrix alloys, which provides metallurgical bond between fuel and 
cladding and protects it from interaction. As compared to MOX fuel the new one features high thermal conductivity, higher 
uranium content, hence, high conversion ratio does not interact with fuel cladding and is more environmentally clean. 
A possibility is demonstrated of fabricating coated steel claddings to protect from interaction with fuel and fission products 
when use standard rod type MOX or metallic U–Pu–Zr fuel. Novel approach to reprocessing of combined fuel is 
demonstrated, which allows to separate uranium from plutonium as well as the newly generated fissile plutonium from burnt 
one without chemical processes, which simplifies the closing of the nuclear fuel cycle. 

 
 
 
1. INTRODUCTION 
 
Currently as promising fuel for fast reactors two basic types of fuel are under consideration. The first 
one is metallic U–Pu–Zr fuel. The second one is MOX fuel (U,Pu)O2 [1–2]. High density U–Pu–Zr 
fuel features high thermal conductivity and a higher uranium content which provides for the high 
conversion ratio, negative reactivity factor and increases the passive safety of fast reactors. The metal 
fuel disadvantages comprise lower processability, fuel-cladding interaction, large swelling at high 
burnup and the needed availability of sodium in a fuel-cladding gap. MOX fuel is highly irradiation 
resistant and in terms of technology it has been more mastered. However, its low thermal conductivity 
restricts the heat flow in a fuel element and its insufficiently high density lowers down the major 
parameter of fast reactor cost effectiveness, i.e. the conversion ratio. Hence, MOX fuel is unable to 
provide the conversion of plutonium without a blanket. Besides, at high burnup of MOX fuel the 
interaction is observed between fuel and cladding. 
 
Therefore, the optimal solution might be to design novel composite U–PuO2 fuel that would combine 
the favourable features of both fuel types as well as application of novel design and fabrication 
process [3–6].  
 
 
 
2. MAJOR APPROACHES TO DESIGNING COMBINED U–PUO2 (METAL-

DIOXIDE) FUEL 
 
The suggestion is to change over from the pelletized fuels of the container type to dispersion or 
composite type fuel elements (Table 2.1) [4–7].  

 
In the suggested design metal fuel of U–Mo, U–Zr and U–Zr–Nb alloys forms a porous frame bonded 
by a zirconium matrix alloy; the pores of the frame contain PuO2 powder manufactured by 
pyrochemical or other methods [4–7]. The fuel meat metallurgically bonded to a cladding promotes 
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the high thermal conductivity to mixed U–PuO2 fuel, while the Zr-base matrix alloy improves the 
compatibility between fuel components.  
 
The dispersion fuel is known to have a high irradiation resistance and thermal conductivity as well as a 
metallurgical bond between cladding and fuel which not only protects a cladding against interaction 
with fuel and fission products but also lowers down the operating temperatures of fuel. The major 
drawback of dispersion fuel, viz., its low uranium content in this design is compensated for the applied 
high density uranium metal fuel and compatible with it zirconium alloy matrices [4–7]. 

 
TABLE 2.1. DESIGN OF CONTAINER TYPE FUELS (МОХ AND U-20PU-10ZR METAL FUEL) 
AND NOVEL COMBINED U–PUO2 DISPERSION FUELS FOR FAST REACTORS [4–7] 

Parameters 
МОХ 

(U, Pu)O2 
U-20Pu-10Zr 

alloy 
Combined 

U–PuO2 fuel 

Fuel element design 

Container Container Dispersion 

 
 
 

 
 

 

Smeared density,  
eff, g/cm3 

8.3–8.5 11.0 10.8–11.0 

Maximum fuel 
temperature, °С  2000–2250 (IFR, EFR) <800 (IFR) 790 (BN-K) 

Fuel-cladding 
interaction Mean High No interaction 

 
 
The process of the fuel element fabrication comprises two stages. At the first major stage of 
production under conventional conditions of a plant a fuel element frame is fabricated from uranium 
alloy particles bonded with a zirconium matrix. At the second final stage of the fuel rod fabrication 
under protective conditions through the fuel skeleton the standard PuO2 powder is filled and after that 
a fuel element is sealed. In this way the dust forming operation with Pu are minimized while the 
processability and ecology of the production are enhanced. 
 
The combined fuel retains the advantages inherent in metallic and ceramic types of fuel. Since the 
contribution into the total burnup is made not only by the metallic fuel at the final irradiation stage as 
plutonium is generated, but also by plutonium dioxide at the initial irradiation stage, the total swelling 
of the metallic fuel is reduced due to a less buildup of fission fragments in it. 
 
 
 
3.  CHARACTERISTICS OF FUEL MEAT AND FABRICATION PROCESS 
 
The initial components of the combined fuel are granules of depleted uranium alloys, PuO2 powder [8] 
and granules of zirconium matrix alloys. The characteristics of novel fuel and fuel composition are 
tabulated in Tables 3.1–3.2; the appearance the original components is illustrated in Fig. 3.1.  
 
It is suggested to use as fuel the high density U alloys of U–Mo (from 1.5–9% Mo), U–Zr (from 5–
10% Zr), U–Zr–Nb (from 5–10% Zr and Nb in total) systems as well as alloys of U–Mo with carbon 
in which carbon as an impurity forms carbide phases in the structure, enhances the irradiation 

MOX U-Pu-Zr 
UMo 

PuO2 Na 
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resistance and compatibility between fuel and cladding. The sizes of the fuel granules range from 0.5–
1.2 mm [4–7]. Zirconium eutectic alloys are used as matrices [9–11]. The sizes of the matrix granules 
are 0.1–0.3 mm. 
 
 
TABLE 3.1. CHARACTERISTICS OF COMBINED U–PUO2 FUEL COMPONENTS [3–4] 

 Components Granula size, μm Temperature of melting, °С 
Metal fuel U-(1–9)Mo, 

U-(5–10)Zr, 
U-(2–5)Zr,Nb 
U-(1–9)Mo-(0.1–0.6)C 

500–1200 1200–1300 

Zr-matrix alloy Zr-(1.5–2.5)Be-(4–7)Fe 
Zr-(6–12)Fe-(6–12)Cu 
Additional —Ti, Nb, Gd, 
etc. 

100–300 
800 

860–900 

PuO2  20–70 2200 
 
 
 

 
 

(а) (b) (c) 
FIG. 3.1. Appearance of initial components of combined U–PuO2 fuel: (а) U–Mo alloy granules;  
(b) Zr–Fe–Cu alloy matrix granules; (c) PuO2 powder manufactured by pyrochemical method [3, 6–7]. 
 
 
TABLE 3.2. CHARACTERISTICS OF COMBINED U–PUO2 FUEL [3, 6–8] 

Components of 
fuel composition 

Volume fraction, % U(Pu) content under 
cladding, g·сm-3 

Temperature of melting 
after manufacture, °С 

Metal fuel 55–60 9–10 1300–1400 
Zr-matrix alloy 7–15  1150–1250 
PuO2 10–20 0.9–1.8 2200 
Pores 10–15 (30–40 without PuO2)   

 
 
At the first stage frame fuel having porous meat is fabricated by the capillary impregnation method. 
Granules of fuel (U–Mo, U–Zr or U–Zr–Nb alloys) of depleted uranium and of a matrix are loaded 
into a fuel element cladding and the fuel element is heated to a temperature 50°С higher than the 
melting temperature of a matrix (Fig. 3.2 (а), (b)) [9–10].  
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  (а)    (b)   (c)   
FIG. 3.2. Schematic presentation of fuel element cross-section, (а) as vibropacked, (b) as capillary 
impregnated, (c) structure of fuel meat [9–10]. 
 
The matrix alloy melts down and under capillary forces moves into gaps between fuel components to 
form metallurgical bonds. This technology provides the formation of controllable open porosity from 
30-40% within the resultant frame fuel element. to further accommodate oxides of plutonium and MA. 
A layer of a Zr matrix alloy that is available at the inner surface of a fuel cladding protects it against 
cesium induced corrosion.  
 
Since zirconium forms the base of the matrix alloys the alloys are compatible with high uranium 
content fuel both upon fabricating fuel elements and after long term isothermal anneals of fuel 
compositions at 750°C for 6000 hours [4, 9, 12–13]. 
 
After fuel element fabrication the melting temperature of the Zr matrix alloys increases over 200–300 
degrees as its composition alters due to the ingress of components from cladding and fuel. Since the 
Zr matrix alloys are deep ternary and quaternary eutectics any change in the alloy composition leads to 
a drastic rise of its melting temperature. As a result the alloy melting temperature increases, the alloy 
solidifies and the further interaction stops. This was confirmed by annealing a fuel element at 1000°C 
for 30 min without any changes in the fuel dimensions and structure, as well as by in-pile irradiation 
of the matrix material in contact with the stainless steel cladding at 750°С. This special design fuel 
element for Pu incineration reached the burnup of 1.5 g·fiss·cm-3 under the fuel element cladding with 
the temperature of steam up to 600°C. 
 
It should be noticed, that frame fuel element of optimized design – higher uranium content and lower 
porosity 16–20% are mainly intended for use in commercial thermal reactors — VVER, PWR, 
RBMK, CANDU (HWPR) [4, 9, 13]. Properties of fuel compositions for thermal reactors are 
presented in Table 3.3 and microstructures in Fig. 3.3. In the fuel elements the volume fraction of the 
fuel is 66–72%. Hence, with the use of high uranium content fuel the effective uranium content 
reaches 9.5–12.9 gcm-3, which is up to 50% higher than in dioxide uranium pelletized fuel rod. Other 
advantages: low operating temperature that satisfies the requirements to cold fuel and serviceability 
under transients. 
 
TABLE 3.3. PROPERTIES OF THERMAL REACTORS FUEL COMPOSITIONS [3–6, 13] 

Fuel  
U3Si U-9Mo U-1.5Mo-

1.0Zr 
U-5Nb-

5Zr 
U-3Nb-
1.5Zr 

UO2 
pellet 

U content in fuel 
composition at volume 
fraction of fuel 

66% 9.6 10.7 11.9 9.8 11.34  
8.5 72% 10.45 11.7 12.9 10.7 12.37 

Thermal conductivity at 500С, 
Wm-1K-1 19 22 24 18 21 2–4 

Interaction layer after annealing 
at 750°С for 
6000 h, μm 

7–10 10–15 - 15–25 - - 

Corrosion rate in water  
at 330°C (g·m-2·h-1) 

0.03 0.05 - 0.02 - - 

190



  

     
 

FIG. 3.3. Micro and macrostructure of modified fuel composition with higher uranium content  
(72% volume fraction of fuel under the cladding). 
 
 
Application of high density fuel will lead to improving the neutronics characteristics and safety of a 
reactor. Due to generated Pu the prolongation of the campaign will be more than 30% in effective days 
(up to 500 additional effective days). Moreover, we can increase the time between refueling from a 
year and a half, to two years cycle, in other words, increase the unit capacity factor (UCF). At the life 
time end the total plutonium content in METMET fuel is 3 times higher in comparison with dioxide 
uranium pellet. Therefore after reprocessing one can fabricate 3 times more MOX fuels than in case of 
the standard fuel which is very important for closing the nuclear fuel cycle. 
 
At the second stage of the fuel element fabrication the powder of PuO2 is filled into the frame 
(Fig. 3.4) [4, 7]. The PuO2 powder is manufactured by the already mastered methods, viz., the 
pyrochemical one [8] or using the GRANAT type process, etc. The sizes of the powder particles are 
0.02–0.07 mm. Then the second plug is welded up, and the finished fuel elements are subjected to the 
instrumental control. In this method of fabrication the dust forming technological operations 
minimized and all benefits of dispersion type fuel (high uranium density, low fuel temperature, 
workability in transients, high burnup) will remain. It is one of the options of closing fuel cycle.  
 
At 500–800°С the thermal conductivity of the porous fuel meat makes up 20–25 W·m-1deg-1 and 
increases with the temperature. Depending on the alloy used and its volume fraction the content of 
uranium per a unit fraction under the fuel cladding makes up 9–10 g·cm-3 that together with PuO2 in 
the fuel element gives the smeared density up to 11 g·cm-3.  
 
In this method of fabrication the dust forming technological operations minimized and all benefits of 
dispersion type fuel (high uranium density, low fuel temperature, workability in transients, high 
burnup) will remain. It is one of the options of closing fuel cycle. Microstructure of combined fuel, 
where UO2 is used in place of PuO2 is illustrated in Fig. 3.5. In this option granules of Zr matrix and 
UO2 were loaded simultaneously into fuel element cladding before annealing. 
 
Mechanism of combined fuel operation: For example, mechanism of combined fuel operation for 
thermal reactors is represented in the Table 3.3 in comparison with MOX fuel. The similar mechanism 
and advantages will be for fast reactors. First PuO2 burns up in METMET fuel frame while Pu 
generates in the METMET fuel that first serves as a breeding blanket and then begins to burn up. That 
is why the components of the combined fuel have different Pu isotope compositions at the cycle end. 
The plutonium dioxide powder will basically accumulate non-fissionable isotopes while the METMET 
fuel – fissionable ones. Hence, at the average MOX fuel burnup of 45 MW·d·kg -1 U, the METMET 
fuel shall contain 75% fissionable isotopes while in PuO2 there will be only 42% (Table 3.3). By the 
mechanical separation METMET frame from PuO2 powder the other without chemical reprocessing 
the combined fuel may be used many times at a high efficiency in this way saving natural uranium. In 
MOX fuel at the above burnup the concentration of fissionable isotopes makes up only 55%, hence, its 
reuse is economically not beneficial.  
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Fabrication of frame fuel element  
(semi-finished fuel element — environmentally  

clean technology) 

Final stage of 238U–PuO2 fuel 
element fabrication 

(a) Loading of mixed 
238U fuel and Zr matrix 

alloy granules. 

 

(b) Heating (capillary 
impregnation) of fuel  
(to form 238U frame) 

prior to PuO2 vibroloading 
through pores of skeleton. 

(c) PuO2 loading into blank fuel 
element — finished fuel element. 

 

 

 

 
Semi-produced fuel element (238U fuel) with open porosity 

prior to PuO2 vibroloading. 
Frame fuel element. 

 
Macrostructure of fabricated  

fuel element (PuO2 in pores is  
shown schematically). 

 
FIG. 3.4. U–PuO2 dispersion combined fuel in place of MOX and fabrication stages [4, 7]. 

 
 

 

FIG. 3.5. Microstructure of combined fuel (UO2 is used in place of PuO2). 
 
 
TABLE 3.4. ASSESSED QUANTITIES OF FISSIONABLE ISOTOPES IN COMBINED AND 
MOX FUEL OF VVER-1000 OPERATED ON THREE YEAR CYCLE AS APPLIED TO FUEL 
CYCLE CLOSING 

Initial fuel MOX 
or PuO2 powder 

Spent MOX fuel 
Spent combined U–PuO2 fuel 

Average In PuO2 owder In metal fuel granules 
66% 55% 58% 42% 75% 

Pulling fuel  
through heater 

Vibropacking 

U-Mo 

U-Mo 

U-Mo 

UO2 

UO2

UO2

Zr 

Pore

Pore 
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It has also to be noted that in the combined fuel the burnup is distributed about equally between the 
PuO2 powder and the granules of uranium alloys therefore the mechanically extracted granules will 
contain about two times less fission fragments having a high parasitic neutrons capture. 
 
 
 
4. COMPARATIVE CHARACTERISTICS AND ADVANTAGES OF NOVEL 

COMBINED FUEL 
 
Comparative characteristics of fuel are shown in Table 4.1, taken from INL and DOE review on 
promising fuel for fast reactors — MOX and metallic U–Pu–Zr fuel. We have introduced into the table 
the version of new alternative combined U–PuO2 fuel. MOX fuel has a high irradiation resistance but 
low thermal conductivity which limits the heat flux in a fuel element, and a relatively low uranium 
content which decreases the main parameter of fast reactor conversion ratio. The U–Pu–Zr metal fuel 
having high uranium content interacts with a fuel cladding and is more intricate in terms of the 
fabrication technology. The suggested U–PuO2 combined fuel having a high conversion factor and 
thermal conductivity like metallic fuel does not interact with a fuel cladding since Zr matrix coats the 
cladding and protects against fuel-cladding interaction. Fabrication technology is simple and 
environment friendly. 
 
TABLE 4.1. COMPARATIVE CHARACTERISTICS OF VARIOUS FUEL VERSIONS FOR FAST 
REACTORS [1, 3] 

Parameters МОХ (U,Pu)O2 U-20Pu-10Zr UMo–PuO2 
Content of fuel in fuel 
element (% of theoretical) 80–85 75 75 (55+20) 

Fuel-cladding gap, mm 0.1 He 0.7 Na 0.0 Metal. bond 

U+Pu content under fuel 
cladding, g·cm-3 8.3  11.0 11.0 

Thermal conductivity of fuel, 
W·m-1deg-1 2–4 15–20 20–30 

Adaptability of fuel element 
fabrication mean mean high 

Environmentally clean 
production 

low  low high 

 
 
Major advantages of novel combined U–PuO2 fuel: 

- High contents of U and Pu compared to МОХ fuel and, hence, high conversion ratio which makes 
it feasible to close nuclear fuel cycle.  

- Lower damage of fuel by fission products and, hence, lower swelling compared to that of U–Pu–Zr 
fuel. 

- Novel fuel is dispersion type fuel, therefore the existence of metallurgical bond between fuel and 
cladding not only decrease fuel temperature, but also protects fuel cladding from interaction with 
fuel and fission products. 

- High fabrication adaptability and ecology of production — actually the main part of fuel element 
fabrication is carried on under conventional conditions and only the final operation of fuel element 
fabrication needs remote implementation. In this case PuO2 is used as a powder not as pellets. All 
this minimizes process operations with Pu and makes the fuel element fabrication environmentally 
clean.  
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5. FUEL DENSITY INCREASE AND PROTECTION AGAINST FUEL-CLADDING 
INTERACTION VIA COATING OF CLADDING 

 
One more interesting use of novel fabrication technology for combined fuel is its application for 
traditional rod type fuel — MOX and metallic U–Pu–Zr fuel (Fig. 2.1). As it has been mentioned 
above, while fabricating novel combined fuel, a steel cladding is coated automatically with a low 
melting point Zr alloy matrix that protects from fuel-cladding interaction.  
 
But we can also produce such coatings on a hollow cladding from 5–50 microns thick (regulated sizes) 
to be further loaded with fuel meat. The technology is very simple and based on the contact between 
an inner surface of cladding and a molten matrix material. The layer of Zr alloy is metallurgically 
bonded with a steel cladding (Fig. 5.1 (b), (c)) and protects it against interaction. Therefore, a cladding 
becomes compatible with pure uranium up to 800–900°C. 
 
Advantages for metallic U–Pu–Zr fuel: It is known that fuel-cladding interaction is one of the life-
controlling factors in metal fuel. Preliminary results show that there was no fuel-cladding interaction 
with coated cladding up to 900°C, while an uncoated cladding interacts with fuel at 700–750°C.  
 
Therefore, one can lower down Zr content in metallic fuel, which to increase U–Pu density. Moreover, 
one can also exclude Na in a gap, which simplifies the fabrication technology as well as diminishes 
fuel-cladding gap.  
 
Advantages for MOX fuel: The other problem for FBR MOX fuels, especially at high burnups, is fuel-
cladding chemical interaction with fission products. That is the reason why MOX pellets of a low O:M 
ratio is required for a high burnup FBR fuel. The other solution is to use an oxidized getter of 
zirconium alloys. The problem is that a getter material is located only on the ends of the cladding, 
where oxygen absorption takes place, while a larger part of a cladding is out of protection. In novel 
design a layer of a Zr matrix alloy that is available at the inner surface of a fuel cladding fully protects 
it against cesium induced corrosion, which was confirmed by testing steel claddings in a Cs oxide 
environment at 700°C for 1000 h (Fig. 5.1 (c)) [3]. In this case no interaction was observable. 
Moreover, an alloy coat also serves as a getter.  
 

                         
 

FIG. 5.1. Coated stainless steel cladding, (a) and (b) as fabricated, (c) after Cs2O induced corrosion 
700°C, 1000 h. 
 
 
 
6. DESIGN OF FUEL ELEMENT TO BURN MA 
 
To burn up MA or Pu in IMF of thermal or fast reactors instead of pelletized fuel element with YSZ 
(Er,Y,Pu,Zr)O2 a novel fuel design is suggested where oxides of MA is isolated in the fuel 
minielements (thin steel or Zr claddings) that are placed inside a fuel element. Inner space is filled 
with Zr matrix alloy (Fig. 6.1) [10, 14]. This design fully comply the requirements for ‘rock fuel’ and 
shall extend the burnup, lower down the fuel temperature, accommodate swelling and make a fuel 
element serviceable under transient conditions. 
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FIG. 6.1. Fuel element design with fuel minielements for MA incineration [10, 14]. 
 
 
 
7. REPROCESSING OF COMBINED FUEL 

 
Novel fuel dissolves in hot nitric acid (typical reprocessing) as content of Zr matrix alloy in fuel meat 
is low, only 10–15% of fuel meat volume. In addition due to large volume fraction of intermetallic 
phases, available in the structure of Zr matrix alloy it is also dissolves in acid (but not so rapidly as 
uranium fuel itself). 
 
Fuel elements from central (active) core of fast reactors: The basic difference of novel fuel is the 
separated arrangement of a depleted uranium alloy and PuO2. Due to this fact the degree of their 
burnup and their isotope composition will be differ. While PuO2 will almost fully burn and its 
composition will not practically contain fissile isotopes the metal fuel will build up Pu with fissile 
isotopes prevailing and having a high power value. Hence, as distinct from the standard design of a 
fuel element with homogeneously distributed heavy atoms (MOX or U–Pu–Zr) where the separation 
of fissile isotopes in Pu is a complicated task, in the novel fuel they are separated initially.  
 
Hence, as applied to the novel fuel one may use a reprocessing flow sheet that is similar to DUPEC, 
but more simple one [6, 12–13]. First, like in DUPEC via heating gas fission products are removed 
from fuel. Then a fuel element is subjected to a light deformation. Zr alloy matrix bridges between 
fuel granules are destroyed and fuel element content is emptied on to a sieve where finer fractions of 
the burnt PuO2 powder and the zirconium matrix alloy are separated from coarser granules of metallic 
fuel that also contains generated Pu (Fig. 7.1). 

 

          
 
FIG. 7.1. Bridges between particles of a frame fuel element; its appearance without cladding and 
individual granules of frame fuel (U-2Mo-1Si) after crushing and sieving. Out-of-pile investigations. 
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Thus, the process of separating fissile components proceeds without fuel dissolving and chemical 
reprocessing. Drawn out isolated granules of U–Pu–Mo or U–Pu–Zr composition depending on their 
content of generated Pu might be reused in fast or thermal reactors (PWR, CANDU) fuel. Using the 
method of capillary impregnation a frame type fuel element (Fig. 2.1) is fabricated (filling with mixed 
fuel and matrix granules followed by anneal). In this case the components are selected in such a way 
as to achieve the minimal porosity (15–20%) that is needed to accommodate swelling. The resultant 
dispersion type (METMET) fuel element for thermal reactors (BWR, HPWR, CANDU) in comparison 
to the standard UO2 pelletized fuel element has a higher uranium content, low temperatures of fuel 
(cold fuel) high burnup and is serviceable under transients conditions. 
 
Fuel elements from blanket: In the fast reactor blankets it is advisable to use fuel elements of the 
vibrofilled type with depleted uranium alloy granules. After they are removed from fuel element 
claddings they might be used for fuel elements of thermal reactors (BWR, HPWR, CANDU) using the 
above schema. 
 
Thus, as distinct from the DUPEC the novel combined fuel does not require pulverization (pounding) 
of burnt pellets, an intricate process of manufacturing new fuel pellets from high activity powder. 
Moreover, in the new process the valuable in terms of the power plutonium isotopes (Pu-239 and Pu-
241) are for the most part separated from Pu-242 and Pu-240. This makes fuel reprocessing more 
workable and environmentally friendly, which simplifies the closing of the nuclear fuel cycle. 
 
 
 
8. COLLABORATION ON COMPOSITE FUEL 
 
The idea of using composite fuel instead pelletized one becoming very popular in many countries. 
Patrice Turchi and Mike Fluss from LLNL USA prepared the Project “Ultra-High Burn-up Metallic 
Inert Matrix Nuclear Fuel” that was delivered to DOE for approval. 
 
Figs 8.1–8.2 represent some main approaches of the Project. The main idea: “The proposed fuel form 
consists of actinide nuclear fuel particles, metallic or oxide, coated with a thin layer of Zr-based alloy 
metallurgically bonded with cladding (zircaloy or ferritic steel), and with porosity acting as built-in 
plenum for fission gas management and swelling mitigation”. Some initial points of this activity was 
presented as joint VNIINM and LLNL report at passed EMRS-2011 Spring Meeting in France [15].  
 
 
 
9. CONCLUSION 
 
For fast reactors a novel type of promising combined U–PuO2 fuel is proposed that is based on 
dispersion fuel elements. Basic approach to fuel element development — separated operations of 
fabricating uranium meat fuel element and introducing into it Pu or MA dioxides powder, that results 
in minimizing dust forming operations in fuel element fabrication. According to new fuel element 
design a framework fuel element having a porous uranium alloy meat is filled with standard PuO2 
powder of <50 micron fractions prepared by pyrochemical or other methods. In this way a high 
uranium content fuel meat metallurgically bonded to cladding forms a heat conducting framework, 
pores of which contain PuO2 powder. Framework fuel element having porous meat is fabricated by 
capillary impregnation method with the use of Zr eutectic matrix alloys, which provides metallurgical 
bond between fuel and cladding and protects it from interaction. Novel fuel features higher 
characteristics in comparison to metallic or МОХ fuel its fabrication technology is readily 
accomplished and is environmentally clean. 
 
A possibility is demonstrated of fabricating coated steel claddings to protect from interaction with fuel 
and fission products when use standard rod type MOX or metallic U–Pu–Zr fuel. 
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Novel approach to reprocessing of combined fuel is demonstrated, which allows to separate uranium 
from plutonium as well as the newly generated fissile plutonium from burnt one without chemical 
processes, which simplifies the closing of the nuclear fuel cycle. 
 
 

 

 

FIG. 8.1. Major approaches to fabricate IMF (from LLNL Project “Ultra-High Burn-up Metallic Inert 
Matrix Nuclear Fuel). 

The proposed metallic inert matrix fuel is an ideal separable system that paves the 
way to optimize fission product and gas management for high burnup applications
Why metallic inert matrix fuel (IMF)? 

- High irradiation resistance 
- High thermal conductivity 
- Optimum fission gas management and minimum  

swelling (pore region) 
- Metallurgical bond between fuel and cladding, and at 

the same time, protection against fuel-cladding 
interaction 

Dispersion-type pelletized IMF fuel 

The proposed fuel form, based on the original idea of A. Savchenko 
et al. (Bochvar Institute, Russian Federation) consists of 4 separable 
components: 

- Actinide Nuclear Fuel particles, metallic or oxide, coated by 
a 

- Thin layer of Zr-based alloy, Metallic Coating, contained 
within a  

- Cladding material (zircaloy or ferritic steel), and what is left 
is a 

- Pore Region 
 
The metallic coating is interconnected throughout the inside volume 
delineated by the clad, and metallic bond between the metallic 
matrix and the cladding materials is guaranteed. The fabrication 
process includes vibro-loading of fuel meat particles together with 
smaller granules made of metallic alloys, followed by capillary 
impregnation (i.e. melting of the metallic granules) that results in 
the coating of the fuel meat, and the creation of the pore region. 
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FIG. 8.2. Key challengers to reach ultra-high burnup (from LLNL Project “Ultra-High Burn-up 
Metallic Inert Matrix Nuclear Fuel”) [15]. 
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This dispersion-type metallic matrix fuel is designed to solve the key challenges of 
 ultra-high burnup 

Dispersion-type pelletized IMF fuel
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• Fuel granule Ø: 0.6–1.2 mm 
• (PuO2 granule Ø: 0.02–0.07 mm)
• Matrix granule Ø: 0.06–0.2 mm 

Adjustable volume ratios of fuel 
components: 
Fuel kernel: 55–60% 
Matrix:  7–15% 
Pores:  30–40% without 

PuO2  

Key challenges for this fuel form at ultra-high burnup 
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Abstract  

The research of processes of obtaining of UN (UCN) at the presence of methane and carbon oxides at carbothermic 
recovery of UO2 by carbon in nitrogen and nitrogen-hydrogenous atmospheres (P = 0.1 МPа,  
T = 1673–1973 K) was conducted. The capability of a realization of synthesis of UN (UCN) on compact samples from UO2 
was shown at the presence of gas phase transfer of carbon in a system. 

 
 
 
1. INTRODUCTION 
 
Mononitrides of uranium and plutonium are considered as a potential fuel for use in fast and high 
temperature gas cooled reactors and in space reactors, also [1–2]. Considerable recent attention has 
been focused on uranium (plutonium) carbonitride as an independent nuclear fuel. 

 
The most economically attractive method of producing uranium nitride on an industrial scale is 
believed to be carbothermic reduction of uranium dioxide in nitrogen atmosphere [3] by the reaction 
 

UO2 + 2C + 0.5N2 = UN + 2CO                               (1) 
 
When using as the fuel in nuclear reactors to uranium nitride (carbonitride) imposed hard 
requirements [4]: 

- Carbon content (should not exceed 0.05 wt%). It is connected, primarily, with possibility to 
increase the carbon content at the expense of the transition under irradiation 14N in 14C, which is 
related to the possible formation of organic compounds in the process of dissolution of fuel in the 
initial stage of processing. 

- Oxygen content (should not exceed 0.05 wt%), although the question of acceptable content of 
oxygen is still open. 

- The starting fuel porosity should make up about 15–20% in order to compensate the fission gas 
release at high burnups.  

- 14N isotope content. It is connected with lower reproduction coefficient in comparison with carbide 
or oxide fuel due to the content in the nitride fuel (obtained by traditional technologies), the isotope 
14N, which has a cross-section of absorption of high energy neutrons (0.001–0.1) and formation 
under irradiation 14C in the reaction (n,p) with 14N. Characteristics of nitride fuel can be essentially 
improved by using nitrogen-enriched isotope 15N, neutron cross-section of which is a negligible 
amount. 

 
In this situation, the two stage process of carbothermic uranium nitride synthesis is best suited to meet 
the requirements imposed on the nitride fuel. The first stage of the process results in the production of 
uranium carbonitride, which is converted in the second stage to nitride [5] by the reaction  
 

UO2 + (2+z)C + 0.5N2 + 2zH2 = UN + zCH4 + 2CO                      (2) 
 
At this point, it is worth noting that many authors [5–6] report on the importance of using hydrogen in 
carbothermic synthesis. Lindemer [7] was the first to suggest the additional mechanism of carbon 
transport to uranium dioxide through the HCN group. In their recent investigations Bernard [8], 
Bardelle and Warin [9] have established the decisive role of the presence of hydrogen in the nitrogen 

201



  

atmosphere in promoting the reaction of carbothermic synthesis through the catalytic mechanism that 
gives rise to the HCN group. 
 
In modern practice of nitride fuels, the use of microspherical fuel has attracted widespread attention 
[10]. It has been suggested that it might be applied as pellets and also as dense microspheres. 

 
To maintain high rates of reactions (Eqs 1–2) and to manufacture a sufficiently pure product, it is 
necessary to constantly remove carbon oxide from the reaction zone. Therefore, the synthesis of 
uranium nitride (carbonitride) is generally carried out in the flow of nitrogen. In this case, the 
concentration of carbon oxide in the reaction zone, and hence, the time of carbothermic reduction of 
uranium dioxide depend on the rate of the nitrogen flow [11]. At low flow rates, the concentration 
of carbon oxide may reach such a value at which the rate of reactions (Eqs 1–2) will appreciably 
decrease. A high velocity of the reacting gas leads to uneconomical use of nitrogen, its consumption 
may exceed by factors of 1000–10 000 the quantity required to conduct the reaction. The 
thermodynamic analysis executed in work [12], and experimental results testify that conversion can 
pass and at rather high pressure of carbon oxide. If in the set volume for certain quantity of uranium 
dioxide CO pressure does not exceed some equilibrium pressure and in this case carrying out of 
carbothermic conversion of the given quantity of uranium dioxide to uranium nitride (carbonitride) in 
such closed volume is essentially possible. The carried out calculations show, that at 1973 K 
equilibrium CO pressure is nearby 0.01 МPа (Fig. 1.1) and conversion can be realized in volume 
1.6 g·l-1, that there is less than volume of spent gas in a stream. 
 

 
FIG. 1.1. Equilibrium CO pressure vs. temperature during carbothermic reduction of UO2 in nitrogen 
atmosphere at 0.1 MPa [12]. 
 
 
The present paper deals with the processes of producing uranium carbonitride under conditions of 
varying concentrations of carbon oxide in the reaction zone and of uranium nitride during 
decarburization of uranium carbonitride. Formal kinetics of UCxN1-x formation is also studied. 
 
 
2. EXPERIMENTAL CONDITIONS 
 
2.1.  Starting materials and preparation of samples 
 
The experiments were carried out with the samples prepared as: 

(i) a uranium dioxide powder of free filling (particle size being 5 µm); 

(ii) microspheres of uranium dioxide (diameter 600–650 microns, density of 70% ТD) and; 

(iii) pellets of uranium dioxide, density of 95% TD. 
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As a carbon source we used carbon black with a particle size of 100–200 nm and a specific surface of 
12-18 m2·g-1. Before performing the carbothermic conversion the carbon black was annealed in 
vacuum at 1273 K. 
 
The microspheres were prepared by the method of mechanical spheroidization followed by vacuum 
sintering at temperatures between 1773–1973 K [13]. The oxygen index of sintered microspheres 
was 1.98–2.00. 
 
2.2.  Production of uranium carbonitride 
 
Experiments on carbothermic conversion of uranium dioxide into carbonitride were performed at 
temperatures 1973 K in nitrogen atmosphere for powder materials and in a nitrogen–hydrogen mixture 
for microspheres, the pressure being 0.1 MPa. The one time charges of uranium dioxide ranged from 
10-100 g. The starting materials, mixed with 8.5 wt% carbon black and placed in a graphite container, 
were treated in a chamber with a graphite heater. The rotation of the container and some excess of the 
carbon black ensured the necessary contact of uranium dioxide with carbon throughout the 
experiment. The container with specimens was cooled in vacuum. 
 
Before admission to the chamber, the working gases were freed of oxygen impurities and moisture to 
the residual content of 0.1–1.0 ppm. 

 
Inside the chamber, there was initiated a circular gas flow which provided an effective removal of the 
resulting carbon oxide from the reaction zone. The gas flow rate was maintained to be 5.5 l·min-1. 

 
All kinetic measurements were carried out as the prescribed temperature was set up in the experiment. 
The concentration of carbon oxide released during the reaction was continuously determined by the 
gas analyzer GIAM-14. The temperature was controlled with the help of a pyrometer "Promin." 
 
2.3.  Production of uranium nitride  
 
The carbonitride obtained at the first stage of the treatment can be used as a starting product to 
produce nitride. To increase the nitrogen content in the microspheres and to attain the stoichiometry 
corresponding to that of uranium nitride, the particles resulting from the first stage are subjected to an 
additional treatment in the 75% H2 + 25% N2 medium at a pressure of 0.1 MPa in a carbon-free 
chamber in a molybdenum container. The treatment temperature ranged from 1673–1973 K. During 
this treatment carbon as part of carbonitride interacts with hydrogen and is carried off as hydrocarbons 
which dissociate outside the reaction zone. The density of nitride microspheres was increased due to 
additional sintering performed at 2173–2373 K.  
 
 
 
3. EXPERIMENTAL RESULTS 
 
3.1.  Carbothermic conversion of uranium dioxide powder  
 
The process of carbothermic conversion of the uranium dioxide powder mixed with 8.5 wt% carbon 
black into uranium carbonitride was investigated in nitrogen atmosphere at a pressure of 0.1 MPa at 
the temperature of 1973 K. In this case, the intermediate product UC1-x Nx resulted from the reaction: 
 

UO2 + (3-x)C + 0.5xN2 = UC1-x Nx + 2CO                (3) 
 
The specific charges of uranium dioxide were 0.57 g·l-1, 0.71 g·l-1 and 1.43 g·l-1 of the working 
volume. 
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During the process of carbothermic synthesis a monotone buildup of released carbon oxide content 
takes place in the working volume. After reaching 8 vol.% this buildup slows down, thereby indicating 
that the reaction rate drops. As the mentioned level is exceeded, the rate continues to drop and, finally, 
reduces to zero. The kinetic curves of carbon oxide release in the present experiments are shown in 
Fig. 3.1. 
 
The kinetics of the heterogeneous reaction Eq. 3 is described by the first-order equation [14]:  
 

ln(1-) = - k×t ,                                 (4) 
 
Where 
 is the degree of transformation; 
k is the reaction rate constant (min-1); 
t is the time of interaction (min). 

 
 

The  value was calculated as the ratio of the amount of carbon oxide released in the time t to that 
estimated to be produced by reaction Eq. 3. 
 

 

FIG. 3.1. Time dependence of CO 
concentration during carbothermic reduction 
of UO2 powder in the nitrogen atmosphere at 
1973 K. Specific UO2 charges (g·l-1): (1) 0.57, 
(2) 0.71, (3) 1.43. 

 FIG. 3.2. Time dependence of ln(1-) for 
carbothermic reduction of UO2 powder in 
nitrogen atmosphere at 1973 K. Specific UO2 
charges, g·l-1: (1) 0.57, (2) 0.71, (3) 1.43. 

 
 
Figure 3.2 shows ln(1-) as a function of time for powder experiments. The deviation of curves in 
Fig. 3.2 from the linear dependence point to an appreciable decrease in the rate of the process at 
carbon oxide concentrations higher than 9–10 vol.% in the reaction volume. The reaction rate constant 
was calculated from the slope of the linear part of the curves. This constant is found to be dependent 
on both the carbon oxide concentration and the amount of reacting uranium dioxide. Thus at a carbon 
oxide concentration of 14 vol.%, the k value becomes nearly half as its initial value. Furthermore, for 
uranium dioxide powder charges of 0.57 g·l-1, 0.71 g·l-1 and 1.43 g·l-1 the reaction rate constants in the 
linear dependence range (Fig. 3.2) are found to be 0.019 min-1, 0.012 min-1 and 0.006 min-1, 
respectively. This effect arises apparently from difference of specific gas flows (gas flow per gram of 
reacting uranium dioxide) [11]. In our experiments with the uranium dioxide powder the specific 
flows were 0.138 l·min-1·g-1, 0.110 l·min-1·g-1 and 0.055 l·min-1·g-1 for charges of 0.57 g·l-1, 0.71 g·l-1 

and 1.43 g·l-1. 
 

As is seen from Table 3.1, with a specific uranium dioxide charge of 0.57 g·l-1 the reaction nearly goes 
to completion, and the degree of transformation is attained to be 0.97. As the specific charges of 
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uranium dioxide increase over 0.6 g·l-1, the degree of transformation tends to decrease and at 1.43 g·l-1 
it equals 0.7. 
 
3.2. Carbothermic conversion of uranium dioxide microspheres 
 
In the studies of the kinetics of carbothermic synthesis of uranium carbonitride we have used dioxide 
microspheres; their specific charges ranged between 0.14 g·l-1 and 0.86 g·l-1 of the working volume. 
The working atmosphere was a mixture of nitrogen and hydrogen. In other respects the experimental 
conditions did not differ from those of powder experiments described above. 

 
The parameters of the carbothermic synthesis of uranium carbonitride were quantitatively estimated by 
Eq. 4 and the parabolic Eq. 5, which is used to describe the processes of solid diffusion for compact 
products [15]: 
 

 = k×t1/2                                                                (5) 
 
Where 
 is the degree of transformation; 
K is the reaction rate constant (min-1/2). 
 
 
TABLE 3.1. RESULTS OF EXPERIMENTS ON CARBOTHERMIC REDUCTION OF THE 
URANIUM DIOXIDE POWDER IN NITROGEN ATMOSPHERE AT 1973 K 

Characteristics of starting specimens Experimental conditions  

No 
Starting 

quantity of 
UO2, g 

Specific 
charge of 
UO2, g·l-1 

Synthesis 
time, min 

Max. CO, 
vol.% 

Transformation 
degree,  

Constant k,  
min-1 

1 40 0.57 180 8.4 0.97 0.019 

2 50 0.71 240 10.0 0.92 0.012 

3 100 1.43 280 14.5 0.7 0.006 
 
 
Similarly to the experiments with uranium dioxide powders, in the process of carbothermic synthesis 
using uranium dioxide microspheres there occurs a monotone increase in the content of carbon oxide 
in the working atmosphere (Fig. 3.3). Figure 3.4 shows the (-t1/2) dependence for different specific 
charges of uranium dioxide microspheres.  
 
Just as in the case of powder materials, the reaction rate falls as the carbon oxide content of 
8-9 vol.% is reached. Similarly, the reaction rate constant reduces as the specific charges of the 
starting product are increased (see Table 3.2). 
 
The extent of uranium dioxide conversion into uranium carbonitride depends on the carbon oxide 
content in the working volume and on the time of carbothermic synthesis. For specific charges of 
0.14 g·l-1 and 0.29 g·l-1 the reaction has gone practically to completion; the chemical and X ray 
structure analyses have revealed the solid solution composition close to UC0.25 N0.75 (at temperature 
of 1973 K). A somewhat higher value of the main-phase lattice parameter is due to the presence of 
oxygen impurity in the final product. For specific charges of 0.57 g·l-1 and 0.86 g·l-1 the reaction has 
not gone to completion, and the final product comprises residual uranium dioxide. 
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FIG. 3.3. CO concentration versus duration of the 
process during carbothermic reduction of 
microspheres (70% TD) in nitrogen at 1973 K. 
Specific UO2 charges, g·l-1: (1) 0.14, (2) 0.29,  
(3) 0.57, (4) 0.86. 

 FIG. 3.4. Transformation–time curves for 
carbothermic reduction of microspheres  
(70% TD) in the nitrogen–hydrogen 
atmosphere at 1973 K. Specific charges of 
UO2 are the same as in Fig. 3.3. 

 
 
 
TABLE 3.2. RESULTS OF EXPERIMENTS ON CARBOTHERMIC REDUCTION OF THE 
URANIUM DIOXIDE MICROSPHERES IN NITROGEN AND HYDROGEN ATMOSPHERE AT 
1973 K 

Characteristics of starting specimens Experimental conditions 

No 
Starting 

quantity of 
UO2, g 

Specific 
charge of 
UO2, g·l-1 

Synthesis 
time, min 

Max. CO, 
vol.% 

Transformation 
degree,  

Constant k, 
min-1/2 

1 10 0.14 120 2.3 0.98 0.106 
2 20 0.29 160 4.5 0.96 0.091 
3 40 0.57 220 8.6 0.86 0.082 
4 60 0.86 260 9.0 0.84 0.074 

 
 
The analysis of the present data suggests the conclusion that the optimum specific charge of uranium 
dioxide microspheres for the process of uranium carbonitride synthesis under given conditions may 
amount to 0.6 g·l-1. This content of uranium dioxide corresponds to a carbon oxide concentration of  
8–9 vol.% in the working volume. It is unreasonable to conduct the process at higher concentrations of 
carbon oxide because of a considerably increasing time of carbothermic synthesis and an increase in 
the residual oxygen content in the final product.  

 
3.3.  Carbothermic conversion of uranium dioxide pellets 
 
Transformation kinetics of uranium dioxide to uranium carbonitride in the closed volume at the 
presence of carbon monoxide for dense samples of uranium dioxide was studied in experiments with 
uranium dioxide pellets with density of 95% TD. Processing of pellets was performed for 270 min. in 
atmosphere of nitrogen with the various concentrations of carbon monoxide. Specific loading of 
uranium dioxide was 0.04 g·l-1. The experimental results are presented in Table 3.3. 
 
Transformation degree  was determined by weighing of initial and final products. Magnitude of 
transformation degree reached during this time the extent of conversion decreases with increase 
CO concentration. The reaction rate constant changed from 0.022–0.009 min-1/2 with increasing 
concentration of carbon monoxide from 0.7–8.2% by volume. In spite of the fact that specific loadings 
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and the content of carbon monoxide were insignificant and favorable for for the occurrence of 
carbothermal synthesis, reaction completely has not passed, that is connected with high density of 
samples. 
 

TABLE 3.3. CARBOTHERMIC CONVERSION OF URANIUM DIOXIDE PELLETS (95% TD) 
IN THE CLOSED VOLUME OF NITROGEN AT 1973 K 

Characteristics of starting specimens Experimental conditions 

No 
Starting 

quantity of 
UO2, g 

Specific 
charge of 
UO2, g·l-1 

Synthesis 
time, min 

Max. CO, 
vol.% 

Transformation 
degree,  

Constant k, 
min-1/2 

1 2.495 0.04 270 8.2 0.16 0.009 
2 2.512 0.04 270 2.8 0.33 0.020 
3 2.485 0.04 270 0.7 0.36 0.022 

 
 
The reaction rate in the uranium dioxide microspheres is controlled by the diffusion through a layer of 
carbonitride produced. At a porosity of 30% of the microspheres used in the experiments, there 
appears an additional mechanism of carbon transport to the inner surface of the pores in the nitrogen–
hydrogen atmosphere. It is the gas phase mechanism of transport by means of the HCN group, which 
essentially increases the conversion rate. With a decreasing porosity from 30% down to 5% the 
reaction rate constant reduces by a factor of >40 throughout the region of measured carbon oxide 
concentrations. The reason is that for dense uranium dioxide samples the solid diffusion remains the 
main mechanism of carbon transport and this essentially decreases the reaction rate in comparison 
with the gas phase mechanism of carbon and nitrogen transport.  
 
3.4.  Production of uranium nitride microspheres 
 
To increase the content of nitrogen in uranium carbonitride as an intermediate product, the latter was 
treated in a carbon-free chamber filled with a nitrogen–hydrogen mixture at temperatures between  
1673 K and 1973 K. The reaction of uranium mononitride formation in the process of uranium 
carbonitride decarburization is generally written as: 
 

UCxN1-x + 2xH2 + 0.5xN2 = UN + xCH4                          (6) 
 
Nitrogen interacts with uranium carbide hard-dissolved in UCxN1-x to yield free carbon which diffuses 
into the product surface. On the surface, the reaction takes place to produce methane which is 
dissociated outside the reaction zone. 

 
The product UCxN1-x, reaching at the first stage of treatment the degree of transformation close to 1.0, 
was then processes in the nitrogen–hydrogen medium. 
 
The high temperature treatment of the intermediate product UCxN1-x was carried out in the 75% H2 + 
25% N2 atmosphere at a pressure of 0.1 MPa in the molybdenum container. 

 
The results of this treatment are presented in Table 3.4. It is evident from Table 3.4 that the efficiency 
of carbon removal from UCxN1-x by reaction (6) is sufficiently high. At treatment temperatures above  
1873 K the reaction rate decreases, and the interaction of the product with the container walls is 
observed. Thus at a treatment temperature of 1973 K the molybdenum impurity content in the final 
product reaches 0.5 wt%, while at 1773 K it is below 0.05 wt%. 
 
After treatment in the nitrogen–hydrogen atmosphere, the product was subjected to extra sintering to 
produce high density nitride particles. The kinetics of uranium nitride particles sintering was 
investigated in the temperature range from 2123–2373 K (PN2102 Pa). The results of the investigation 
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are given in Fig. 3.5. Table 3.5 presents the sintering data for nitride microspheres of different 
densities at 2373 K. 
 
TABLE 3.4. INFLUENCE OF TREATMENT OF UCXN1-X MICROSPHERES IN 75% H2 + 25% N2 
ENVIRONMENT AT 1773K 

Initial product Final product 

Density, 
g·сm-3 

Chemical composition, wt% Density, 
g·сm-3 

Chemical composition, wt% 

 U N C  U N C Mo 

9.7 94.8 3.6 1.4 9.8 94.4 5.4 0.1 0.03 

10.2 94.9 3.6 1.4 10.24 94.5 5.5 <0.1 - 
 
 
TABLE 3.5. THE EFFECT OF SINTERING OF UN MICROSPHERES AT 2373 K 

Particle density before sintering  Particle density after sintering 
g·сm-3 %ТD  g·сm-3 %ТD 

8.3 58  10.7 75 

9.2 64  13.2 92 

10.1 71  13.9 97 
 
 

 
FIG. 3.5. Density of UN microspheres as a function of sintering temperature. 

 
 
 
4. CONCLUSION 
 
The conditions of producing uranium nitride (carbonitride) in the form of powder or compact products 
were investigated, and the feasibility of direct conversion of UO2 microspheres into UN microspheres 
was demonstrated.  
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The formal kinetics of carbothermic synthesis of UCxN1-x in the presence of carbon oxide was 
investigated. Reaction rate constants were determined for both UO2 powder, UO2 microspheres 
(density 70 TD) and UO2 pellets (density 95% TD). The rate of carbothermic synthesis of 
carbonitride and the purity of the final product are determined by the carbon oxide concentration. The 
content of carbon oxide below 8–9 vol.% in the working volume ensures the rate of carbothermic 
UCxN1-x synthesis at a rather high level. 

 
The heat treatment in a nitrogen–hydrogen atmosphere at 1673–1873 K ensures an efficient removal 
of carbon from UCxN1-x with the formation of uranium mononitride. 
 
The results of the present studies show that the two-stage process, i.e. carbothermic reduction of UO2 

to UCxN1-x in the nitrogen-hydrogen atmosphere with a subsequent hydrogenation, appears to be most 
preferable for producing uranium mononitride in the form of compact products, e.g. microspheres, 
granulates or pellets. The rate of carbothermic UCxN1-x synthesis grows with an increased porosity of 
initial UO2 microspheres owing to the arising mechanism of gas-phase transport of carbon.  

 
The technology of obtaining of nitride (carbonitride) fuel was created in NSC KIPT and results its 
tests allow to recommend it for using in nuclear power plants. The realization of additional researches 
will allow realizing potential capabilities of the developed technology of obtaining of nitride fuel 
based on isotope of nitrogen-15. 
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Abstract 

In the Republic of Korea U–TRU–Zr is considered as a fuel for the Generation IV sodium-cooled fast reactor. At 
present U–Zr metal fuel with surrogates for TRU is used to develop its relevant technologies including fuel fabrication. In 
November 2010, test fuels rodlets were loaded into HANARO in an effort to validate the technologies for the design and 
fabrication of U–Zr fuel. In addition the effect of rare earth elements on the fuel performance, and the characteristics of a Cr-
plated barrier to suppress a fuel cladding chemical interaction (FCCI) are to be investigated. The fuels will be irradiated for 
about 1 year to a target burnup of 3 at.%. Safety analysis results are provided together with the description for out-of-pile 
qualification test of irradiation capsule, and fabrication of fuel rodlets.  

 
 
 
1.  INTRODUCTION 
 
KAERI is developing U–TRU–Zr fuel technologies for the Generation IV sodium-cooled fast reactor 
(SFR). Prior to dealing with TRU materials, U–Zr metal fuel has been the focus of obtaining relevant 
technologies. In 2007 the development of fabrication technology of the SFR metal fuel began. In 2010, 
fuel slugs were fabricated for the HANARO test, and the fabrication of an irradiation capsule and fuel 
rodlet was completed.  
 
At present only a few experimental fast reactors are available in the world for performing nuclear fuel 
tests. It is also necessary to overcome many obstacles such as the priority of irradiation tests, fuel 
transportation, irradiation test licensing, cost, time, etc. when it comes to in-pile experiments in 
foreign countries. In this respect, using the HANARO is more appropriate in order to carry out a series 
of tests at an early stage in the development of metal fuel technologies, and then the irradiation tests of 
fuels together with cladding should be conducted in fast reactors abroad. Experimental thermal 
reactors have been employed to test SFR fuels up to now; CP-5 in ANL for SFR fuels [1], FR2 in 
KFK for a U–Pu–C fast reactor fuel, and JRR-2 in JAEA for a SFR metal fuel. Recently ATR in INL 
has been widely used to investigate the behaviour  of TRU-bearing fuels [2], and HFIR in ORNL is 
also regarded as a candidate reactor for the fuel tests.  
 
This paper summarizes the design of fuel rodlets, the design, fabrication, and out-of-pile qualification 
of the capsule and the fuel, and safety analysis results.  
 
 
 
2. DESCRIPTION OF IRRADIATION TEST CONDITIONS 
 
2.1.  Irradiation test 
 
The objective of the first test is to prepare for technologies to irradiate a series of fuels with the 
HANARO under a temperature and a linear power similar to that of the SFR metal fuel. U–Zr–Ce 
along with U–Zr is put into the fuel rodlets to examine the level of impurities not harmful for fuel 
performance. It is also intended to identify the characteristics of the Cr barrier which is being 
developed in order to suppress a eutectic reaction between the metal fuel and cladding. 
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2.2. Irradiation condition 
 
Figure 2.1 shows a schematic diagram of the fuel rodlet for the irradiation test. The rodlet with a 
19  mm length consists of fuel slug, cladding, and end plugs. The fuel slug is contained in the cladding 
where sodium is loaded in between. Fuel slugs are U–Zr and U–Zr–Ce, and have a diameter of 3.7 mm 
and a length of 50 mm. The claddings with an outer diameter of 5.5 mm and inner diameter of 4.6 mm 
were fabricated with a ferritic-martensitic steel, T92 (9Cr0.5Mo2WVNb). The mass of the sodium is 
0.5 g. Each rodlet is individually sealed in an outer sealing tube.  
 
Fuel rodlets were irradiated under normal operating condition in the HANARO’s OR5 hole. The 
irradiation capsule contains 12 rodlets of which 6 rodlets are positioned in its upper and lower parts, 
respectively. Hf tubes are installed around the capsule to keep the linear power of fuel within the 
specified limit. Irradiation conditions are given as follows: 

- Irradiation hole: OR5. 

- Linear power of fuel for capsule design: 

 Under normal operating condition: 292 W·cm-1. 
 Maximum linear power with conservatism: 352 W·cm-1. 

- Coolant mass flow rate: 6.2 kg·s-1. 

- Coolant inlet temperature: 35C. 

- Coolant pressure: 2 bar. 

- Target burnup: around 3 at.%. 

- Expected duration in reactor: around 150 EFPD. 
 
The MCNP and VENTURE code systems have been employed to estimate the linear power of fuel. 
The evaluated value by considering all the uncertainties above is less than the maximum linear power 
of 352 W·cm-1 for the capsule’s design. In the following, the linear power of 352 W·cm-1 is used to 
perform the fuel performance and safety analysis. 
 

 
 

FIG. 2.1. A schematic diagram of the fuel rodlets for the irradiation test. 
 
 
 
3. SAFETY REQUIREMENTS FOR HANARO AND TEST FUELS 
 
3.1.  Compatibility of irradiation capsule with HANARO core 
 
Irradiation capsule shall satisfy the following design criteria: pressure drop higher than 200 kPa, mass 
flow rate lower than 12.7 kg·s-1, and vibrational displacement lower than 300 μm.  
 
The surface temperature of the tube contacting the coolant shall be less than ONB (onset of nucleate 
boiling) temperature of 125C. 
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The reactivity insertion caused by the irradiation capsule shall be less than 12.5 mk. 
 
3.2.  Design criteria of test fuels  
 
The fuel slug temperature shall be less than 1235C, which is the melting point of U-10%Zr alloy [3].  
 
The cumulative creep-rupture damage factor (CDF) shall be less than 0.2 for normal operating 
conditions and anticipated operational occurrences, and less than 0.5 for the other events. The total 
strain of claddings shall be less than 2% of which strain due to thermal creep is less than 1% [3]. 
 
Cladding inner surface temperature shall be less than 700C for normal operating conditions and 
anticipated operational occurrences [3]. 
 
Circumferential cladding stress shall be less than the burst stress of T92 for which the burst stress of 
HT9 is tentatively used. The burst stress of HT9 is higher than 150 MPa in the temperature range of 
less than 650C [4].  
 
3.3.  Design criteria for accidents 
 
CHFR shall be less than 1.5.  
 
The fuel slug temperature shall be less than 1235C which is the melting point of U–10%Zr alloy.  
 
 
 
4. DESIGN OF FUEL RODLETS AND CAPSULE 
 
4.1.  Fuel rodlets  
 
The fuel rodlet contains a fuel slug in the cladding the ends of which are welded with the end plugs. 
He gas is charged to a pressure of 3 bar in the cladding. The configuration of fuel rodlets are 
shown in Fig. 4.1. Fuel slugs have a composition of 90% U + 10% Zr and 85% U + 5% Ce + 10% Zr 
where U-235 enrichment is 19.75%. Four fuel rodlets have 20 μm thick Cr barrier electroplated on the 
inner surface, and two Cr-barrier rodlets are placed in the upper and lower part, respectively. Sodium 
was charged in the gap between the fuel slug and the cladding.  
 
4.2.  Sealing tube 
 
Sealing tube was fabricated with Type 316L stainless steel, and contains the fuel rodlet. Its outer 
diameter is 8.62 mm with a thickness of 1.5 mm. A gap between the cladding and the sealing tube is 
present and charged with He gas. It has a thickness of 60 μm. The sealing tube would act as an 
additional barrier to prevent sodium leakage to the coolant during a cladding failure. The gap 
pressure is 3 bar.  
 
4.3.  Irradiation capsule  
 
The irradiation capsule was designed to satisfy thermohydraulic as well as structural criteria for a 
HANARO irradiation test. Figure 4.1 shows the cross section of the capsule.  
 
4.4.  Out-of-pile test for capsule compatibility with HANARO core 
 
A pressure drop test was conducted in a single channel test loop. A mass flow rate was measured to be  
6.2 kg·s-1 at a pressure drop of 209 kPa and a coolant temperature of 15C. A vibration test was also 
conducted in the single channel test loop. Mass flow rate was 6.82 kg·s-1. RMS displacement was 
3.1 μm with a maximum of 23 μm. After the two tests in the single channel loop, the same capsule was 
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used for an endurance test which was performed in the mockup of the HANARO half core for 15 days 
[5]. The mass flow rate through the half core was 369 kg·s-1. No fretting was observed.  
 
ONB is evaluated under a condition of mass flow rate 20% smaller than that at a pressure drop of 
200 kPa. Linear power at the ONB temperature is conservatively determined by picking up the value 
corresponding to the temperature of 125C on the outer surface of the sealing tube. It is calculated to 
be 1200 W·cm-1.  
 
The reactivity insertion is evaluated with the MCNP code. The irradiation capsule having 12 rodlets is 
assumed to be placed in the HANARO core with 20% burnt driver fuel assemblies. It is calculated to 
be 1.5 mk. This value is far less than the reactivity-insertion limit of 12.5 mk.  
 

         
(a)                                                                                        (b) 

FIG. 4.1. Cross section of irradiation capsule: (a) capsule and (b) sealing tube. 
 
 
 
5.  PERFORMANCE ANALYSIS OF FUEL RODLETS 
 
5.1.  Fuel performance analysis 
 
Fuel performance analysis for the first HANARO test was performed by using MACSIS code. The 
temperature on the outer cladding surface is assumed to be 550C, which is calculated by considering 
a heat transfer through the gap between the cladding and the sealing tube. The thermal conductivity for  
U-10Zr was reported by Billone [6]. The effect of Ce on the fuel thermal conductivity was estimated 
to be less than 5% [7]. It is assumed that the fission gas release for the Ce-bearing fuel follows the 
same behaviour  as in the U-10Zr. Constituent redistribution was calculated for the model for U–Zr 
binary alloy [8]. The fission gas release fraction was calculated with the model incorporated into the 
MACSIS. Linear power is assumed to be fixed during the irradiation for conservatism.  
 
Figure 5.1 shows the variation of fuel temperature as a function of burnup. The fuel centerline 
temperature is much less than its melting point, and the cladding inner surface temperature is far 
below the FCCI design criteria of 700C. Also the cladding hoop strain and the CDF are negligible 
compared with the design criteria.  
 
5.2. Safety analysis under postulated accident scenario 
 
The evaluation of fuel integrity due to the reactivity-initiated accident is made by calculating the fuel 
centerline temperature. A withdrawal of the control rods is assumed to take place at the beginning of 
an equilibrium cycle under a full power and two-pump two-heat exchanger operation. The reactor 
power reaches 129.3% of nominal value at an early stage, and decreases suddenly. The coolant flow 
rate is the same as the nominal value. The fuel centerline temperature is estimated to be 926C.  
 

Top view 
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During a locked rotor accident the heat transfer across the outer surface of the sealing tube is lowered 
by the decrease of flow rate. The heat transfer coefficient shows its minimum in 1.4 s after the event. 
The fuel linear power is assumed to be the same as the nominal value. The fuel centerline temperature 
is estimated to be 760C.   
 
CHFRs for accident conditions are calculated with the AECL’s 1995 CHF lookup table. The locked 
rotor accident is the limiting case. The CHFR under minimum flow condition is 6.4 and much larger 
than the HANARO’s CHFR limit of 1.5. 
 
Cladding failure causes the fission gas in the fuel rodlet to be released into the gap between the 
cladding and the sealing tube. With the assumption that the gap conductance deteriorates due to the 
contaminated gas in the gap, the fuel temperature is conservatively calculated at the same linear power 
used for the capsule design. The fuel centerline temperature is 1106C. The inner and outer surface 
temperatures of the cladding are 926C and 881C, respectively. Such high temperature might result in 
the propagation of a eutectic reaction all over the cladding wall. However the temperature on the inner 
surface of the sealing tube remains 167C, irrespective of the decrease of the gap conductance. The 
eutectic reaction would stop at the surface of the sealing tube having a wall thickness of 1.5 mm.  
 

 

FIG. 5.1. Variation of fuel temperature as a function of burnup. 
 
 
 
6.  EVALUATION OF CONSEQUENCES DUE TO SODIUM-WATER REACTION  
 
6.1.  Design for sodium–water reaction 
 
INL have developed a capsule design for fuel irradiation at ATR that does not lead to any safety-
related consequences due to hypothetical events related to the sodium contained in the fuel rodlets [9]. 
HANARO is a pool-type reactor whose coolant is exposed to the air. It is necessary to take into careful 
consideration the capsule design to minimize any harmful effect on HANARO. Following the same 
approach of having an additional containment as INL, the sealing tube is adopted to play an identical 
role. Every sealing tube contains a fuel rodlet where sodium with a small amount of 0.5 g is charged, 
minimizing any effects to neighboring components caused by a hypothetical sodium leakage. 
 
6.2.  Evaluation of sodium–water reaction 
 
Sodium can leak into the reactor coolant if both the cladding and the sealing tube fail simultaneously, 
and the sodium in the cladding remains in liquid state. In this event there might be steam instead of 
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water present in the gap between the two components [9]. Here we conservatively assume that liquid 
sodium reacts with coolant, and the reaction area is equal to the cross-sectional area of the sealing 
tube. The reaction constant between liquid sodium and the coolant is given in [10].  
 
It is evaluated that the reaction generates an additional 32 W for 90 s. This additional power is much 
less than the fuel linear power. During the liquid sodium reaction, 242 cc-STP hydrogen and 0.01 mol 
NaOH are estimated to be generated. Such small reaction products are thought to have no significant 
effect on the HANARO’s operation. 
 
Even though there is a small possibility of liquid sodium being abruptly exposed to the coolant, the 
consequences due to this hypothetical event is evaluated. The measurement of a pressure increase due 
to the reaction of NaK with water was performed by KFK, Germany in a mockup facility before 
installing a NaK-containing irradiation capsule into the FR2 research reactor [11]. The severest among 
several experiments performed is that 400 cc NaK was released to the coolant through 7 holes with a 
diameter of 10 mm. The NaK–water reaction raised the channel pressure where a maximum dynamic 
pressure of 100 bar held for a duration of 20 ms.  
 
By taking the same methodology as in [11], the displacement of the capsule outer tube is calculated 
under the same dynamic pressure. The maximum displacement of the outer tube is 0.065 mm 
equivalent to maximum strain 0.25%. Peak stress of 180 MPa is applied on the outer tube, and well 
below the Al6061 yield strength. Therefore, it is concluded that the integrities for the irradiation 
capsule and HANARO would be maintained even if such an abrupt release of liquid sodium 
took place.  
 
6.3.  Behaviour  of fuel rodlets in absence of sodium 
 
For the hypothetical event of a complete loss of sodium, the behaviour  of fuel rodlets is evaluated. It 
is estimated at the beginning of irradiation since the gap width between the fuel slug and the cladding 
disappears with increasing burnup. At an early stage it is found that fuel slug melts, resulting from the 
reduction of gap thermal conductance due to the He presence. However the sealing tube is thought to 
maintain its integrity, now that its wall is thick and its temperature is low enough to prevent the 
reaction from penetrating further into the cladding. 
 
 
 
7.  FABRICATION OF FUEL RODLETS  
 
7.1.  Fabrication of fuel slugs  
 
Fuel slugs having low enrichment uranium were cast with a gravity casting furnace under Ar 
atmosphere, and were machined by a lathe. The alloy composition and the density of the fuel slugs 
were measured. Microstructures of the fuel slugs were observed. U-10%Zr fuel slugs had some 
dispersion phases of Zr precipitates and Zr compounds, and U-10%Zr-5%Ce fuel slugs had lots of 
dispersion particles including Ce precipitates.  
 
7.2.  Fabrication of fuel rodlets  
 
Sodium loading and settling were carried out in an Ar atmosphere glove box. A sodium wire and a 
fuel slug were subsequently loaded into a jacket. A fuel rodlet was placed in a settling furnace, and 
heated to above 200C, which made the fuel slug sink in the molten sodium within the jacket. The 
settled fuel rodlet was moved onto a cooling plate. The end plug was welded at the upper end of 
the jacket with an electron beam welder. Welding procedure was, in advance, prepared to determine 
the optimum welding conditions for the jacket.  
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Sodium bonding is the process of wetting sodium to the fuel slug and the cladding, and removing any 
voids present in the annulus between the two parts, each of which ensures adequate heat transfer to 
the coolant. The lower end of the fuel rodlet rested on an impact plunger of the bonder magazine. The 
bonder magazine was kept at above 300C. The movement of the fuel rodlet was limited to a specific 
range enough to provide a necessary amount of energy required for sodium bonding but not to damage 
the rodlet. Figure 7.1 shows the fuel rodlets for HANARO irradiation test. 
 
 

 
FIG. 7.1. Fuel rodlets for HANARO irradiation test. 

 
 
 
8. SUMMARY 
 
We have completed the design, fabrication, and out-of-pile qualification of the SFR metal fuel rodlets, 
and the irradiation capsule. Also a safety analysis was performed before installing the capsule into the 
HANARO core. The irradiation capsule is expected to maintain its integrity and to be compatible with 
HANARO. Under normal operating conditions, fuel rodlets satisfy the design requirements. Under 
postulated accidents, the capsule and the fuel behave within the specified limits for the accidents. A 
hypothetical event of sodium leakage into the coolant would not result in damage to the capsule and 
the structure of the HANARO core. Fuel slugs were cast using low enrichment uranium (LEU) by the 
gravity casting method, and the fuel rodlets were fabricated for the HANARO irradiation test. The 
irradiation began in November 2010, and a completion was expected at the time of this publication. 
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Abstract 

In many countries long term plans for development of nuclear power engineering provide for application of metallic 
fuel in advanced fast reactors of the next generation. Orientation to high-alloy metallic fuel (U-10Zr, U-Pu-10Zr) in elements 
with sodium filling is obvious. Declared advantage of this choice and consequences of fuel alloying (decrease in density and 
in thermal conductivity, etc.) and filling of elements with sodium (increase in gas plenum dimensions, restrictions on storage 
and reprocessing procedures) have been considered. The paper presents results of investigations and developments carried 
out at RIAR and oriented to reduction of the stated above disadvantages to the minimum due to production of alloy-free 
metallic fuel columns, application of antidiffusion protective layers on columns and claddings and filling of elements with 
helium. The work deals with possibilities of application of the obtained results for development of the advanced fast reactor 
of the fourth generation BN-1200 with heterogeneous oxide-metallic core. 

 
 
 
1. INTRODUCTION 
 
Long term plans of many countries on sustainable development and fuel-provision of large scale 
nuclear power provide for use of fast reactors with so-called "dense" fuels, namely: carbide 
(UC, UPuC), nitride (UN, UPuN) and high-alloy metallic fuel (U-10Zr, U-Pu-10Zr) developed in 
ANL (USA) [1]. Application of fuels denser than the oxide one (UО2, UPuО2) in fast reactors pursues 
many objects, including the most important one — assurance of inherent safety of the reactor resulting 
from achievement of core breeding ratio of BRC=1.0. To achieve this value a significant increase of 
volume (mass) fraction of fertile component (U-238) in the core is required in comparison with oxide 
fuel. This task can be fulfilled not only by substituting the stated above more uranium-bearing "dense" 
fuels for oxide fuel. Different design methods for increase in U-238 fraction in core are well known 
and substantiated, including development of inner breeding zones in the oxide fuel core. It is advisable 
to have the maximum high density of the fertile component U-238 in the inner zone elements. It is 
possible when using more uranium-bearing fuel columns rather than those made of the stated above 
"dense" fuels. 
 
 
 
2. FAST REACTORS FUELS PROPERTIES 
 
The principal parameters of fast reactors fuels are presented in Table 2.1.  
 
Analysis of physical, thermal-physical and irradiation-thermal properties of ceramic and metallic fuels 
presented in Table 2.1 is necessary but insufficient for selection of the best fuel for the serial reactor of 
the fourth generation. At the same time it follows from the Table 2.1 that so-called "dense" fuels are 
"twins" in the most important parameter — smeared density (γeff.≈11 g·cm-3). In this parameter they 
are greatly superior to oxide low-dense fuel, but evidently inferior to high-dense alloy-free metallic 
fuel. Nevertheless, in many countries by different reasons U-10Zr and UРu-10Zr fuels, developed and 
investigated in Argonne National Laboratory (USA), are obviously preferred out of all high-alloy 
metallic fuels. 
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TABLE 2.1. PARAMETERS (AVERAGED VALUES) OF DENSE FUELS 

Fuel Oxide 
UO2, 

UPuO2 

Dense fuel High-dense 
U, 

UPu 
Parameters UN, 

UPuN 
UPuC U-10Zr, 

UPu-10Zr 

Theoretic density, g·cm-3 11 14.3 13.6 15.8 19 
Heavy atoms density, g·cm-3 9.7 13.4 13.0 14.2 19 
Smeared density, g·cm-3 8 ≤11 ≤11 ≤11 ≥13 
Fraction of atoms-moderators, at.% 67 50 50 0 0 
Thermal conductivity, W·cm-1·°C-1 3 16 23 25 33 
Melting temperature, °С 2800 2850 2350 1150 1000 
Swelling coefficient, S=V/V%/B% 0.3 1 1 8 ≥10 

 
 
 
3. FEATURES OF (U, PU-10 ZR) — FUEL AND FUEL ELEMENTS 
 
Due to the additive of 10wt% Zr the following favorable properties of the fuel are known (fuel pins 
with sodium filling of "fuel-cladding" gap): 

- increased phase stability, reduced rates of radiation growth and swelling, which is typical of fixed 
isotropic γ-phase; 

- increased melting temperature (ΔТ= +70…180°С in comparison with alloy-free fuel; 

- decreased FCCI (fuel-cladding-chemical interaction). 
 
 

For this fuel the pins with sodium filling of "fuel-cladding" gap are proposed. 
 
But less attention is paid to other features resulting from the additive of 10% Zr: 

- difficulty of initial homogenization of fuel and monitoring of homogenization; 

- decrease in density (specific content) of heavy atoms (U, Pu) in fuel (≈25%); 

- decrease in thermal conductivity (≈20%); 

- decrease in melting temperature as a result of forced increase in Pu content in alloy  
(ΔТmlt=-10°С/1 wt% Pu); 

- Zr radial redistribution in fuel column during irradiation resulting in fuel column length increase. 
 
 
Sodium filling of fuel elements determines: 

- difficulties of filling of "fuel column-cladding" gap and monitoring of filling quality; 

- necessity of structural separation of fuel (active) part of the fuel element from blankets; 

- necessity of increase in length of non-active part of fuel element (high temperature gas plenum, 
sodium collector); 

- unacceptability of aqueous reprocessing of Na-containing spent fuel; 

- hazard of storage and ultimate storage of Na-containing spent fuel. 
 
 
These unfavorable features of high-alloy metallic fuel and fuel elements with sodium filling were 
incentive for RIAR specialists to do research and developments of low-alloy metallic fuel and fuel 
elements with He filling. 
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4. MEANS OF FUEL SWELLING RESTRICTION BY ALLOYING 
 
The means of fuel swelling restriction were studied in the course of irradiation under free swelling of 
specimens of more than 200 types of metallic fuel. Content of alloying additives in fuel was within  
0–40 wt%. Figure 4.1 presents results of a series of such experiments for U–Zr alloys. It follows from 
the figure that increase in alloying additive content is not always accompanied by decrease in swelling 
rate S=V/V%/B%. There were 30 low-alloed alloys among the investigated ones that had satisfactory 
low swelling rates S≤5 at irradiation temperature of Тf650°C, but no alloy was found that would have 
such swelling rate at Tf650°C typical for fast reactor pins. From the obtained results a conclusion can 
be made that mechanical interaction between swelled fuel and cladding at В3…5 at.% is inevitable 
and alloying of metallic fuel for swelling restraint in fast reactor is low effective. 

 
 

 
 

FIG. 4.1. Dependence of swelling of uranium and uranium with 0.1% Al additives  
on zirconium content. 

 
 
 
5. METALLIC FUEL–CLADDING MECHANICAL INTERACTION. 
 
Mechanical interaction between metallic fuel and steel claddings is explained by the deformation and 
volume change of fuel columns as a result of radiation growth, phase transformation, irradiation 
swelling. Interaction results for pins with different structural, technological, operating parameters were 
previously studied, described and discussed [2–3]. 
 
Figure 5.1 presents results of the experiments. One can see that firstly, difference in mechanical 
properties of high-alloy and alloy-free fuels decreases as test temperature increases. Secondly, at 
operating temperatures strength properties of steel claddings greatly exceed those of different metallic 
fuels. It follows from the results of these experiments that within the preset limits it is possible to 
restrain mechanically dimensional and volume changes of fuel columns made of various types of 
metallic fuel, including radiation-thermal unstable alloy-free metal uranium and U–Pu alloys. 

 
 
 

6. FEATURES OF ALLOY-FREE METALLIC FUEL AND FUEL PINS 
 
Initial favorable properties of alloy-free metallic uranium are well known, namely: maximum density 
of heavy atoms; maximum thermal conductivity; minimum heat capacity; maximum technological 
effectiveness. Radiation-thermal peculiarities are also known: maximum radiation growth rate; 
maximum swelling rate; minimum melting temperature; minimum phase stability (presence of two 
phase transformations in solid state accompanying by volume changes); increased physical-chemical 
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interaction between fuel and cladding. That is why the goal of development of high-dense metallic fuel 
elements was to reduce negative influence of alloy-free metallic fuel peculiarities to the minimum and 
to preserve favorable properties of the fuel to the maximum. 
 

 

 
 

FIG. 5.1. Dependence of yield strength of irradiated fuel and cladding materials on test temperature.  
○ – Tensile tests of annular specimens (steel EI-847), F=61 dpa, Тtest  Тirr. 
■ – Compression of cylindrical specimens U-13 Pu-11 Zr, Mo, Nb, B=6.3 at.%. 
□ – Compression of cylindrical specimens U-15 Pu, B=6.3 at.%. 
 
 

As a result of numerous and various experiments in SM-2, MIR and BOR-60 reactors, during which 
fuel specimens, experimental pins and full-size pins of various types and purposes were under 
irradiation, and post irradiation examinations the solutions of the stated task were found. These are so-
called "design" approaches that are not related to alloying of metallic fuel. Design approaches are 
based on the use of high-rate deformation and swelling of radiation-thermally unstable metallic fuel 
columns to form rapidly a close thermal-mechanical fuel-cladding contact in pins with helium filling 
of the fuel-cladding gap. After such contact is formed at an initial irradiation stage, the further 
operation is possible at thermal loadings that are at least the same as those taken for oxide fuel 
elements ([ql

max]≥500 W·cm-1). This conclusion is drawn from the calculation-experimental 
investigations of free swelling rates of metal uranium in α-, β- and γ-phase states and measurements of 
stresses caused by growing and swelling uranium and U-alloys [2–3]. 
 
Therefore, in the fuel pins with He filling and alloy-free metallic fuel columns under development 
many well known disadvantages of elements with Na filling and high-alloy metallic fuel can be 
reduced to the minimum. 
 
 
 
7. DESIGN APPROACHES FOR FCCI DECREASING  
 
The approaches are based on the principle of mechanical separation of the fuel column from the 
cladding by means of antidiffusion layers.  
 
Different types of antidiffusion layers were studied: foils, metal layers on the outer surface of fuel 
columns, metal layers on the inner surface of the cladding, non-metal layers on fuel columns and 
claddings, combination of layers. During prior-to-irradiation, irradiation and post irradiation 
examinations the following parameters were varied: composition and thickness of layers, composition 
of fuel columns and medium in fuel-cladding gap, irradiation conditions (temperatures of fuel and 
cladding, burnup, etc.), conditions of post irradiation overheatings (temperatures, duration, types of 
intentional defects in claddings). 
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As seen from Fig. 7.1, results of in-pile tests demonstrate high enough effectiveness of application of 
metal (Cr, W) protective layers on inner surfaces of steel claddings and rise in the effectiveness when 
using additional oxide layers on the outer surfaces of metallic fuel columns. 

 
Figure 7.2 provides the comparison of effectiveness for different methods of FCCI decrease (metallic 
fuel-steel cladding) during post irradiation accidental overheatings. Herein, curve 1 is U-19Pu-10Zr 
alloy contacting with HT-9 steel cladding and having no protective layer [4]. Curve 3 complies 
with U-15 Pu alloy, contacting with EI-847 cladding and having W-protective layer, curve 2 presents 
U-15 Pu alloy, contacting with EI-847 cladding, but W-protective layer is absent. As seen from 
Fig. 7.2, at temperatures of Т≤825°С protective W-layer on the cladding is no less effective than 
additive of 10 wt% Zr to fuel alloy. 

 

 
 

FIG. 7.1. Depth of corrosion damage of EI-847 claddings with protective layers Cr () or W () of 
different thickness ,  – the same, when fuel oxygenized. 
 
 

 
 
FIG. 7.2. Cladding corrosion rates as a function of post irradiation overheating temperature (1) ANL 
(U, Pu-10Zr; (2&3) RIAR (U, Pu). 
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8. RESULTS OF BOR-60 AND BN-350 REACTORS EXPERIMENTS 
 

Previous experience was used for designing, manufacturing and testing of full-size FAs with 
experimental fuel pins of various purposes in the BOR-60 and BN-350 reactors. The pins were filled 
with helium and had high smear density in heavy atoms (γeff..=12.5 …18 g·cm-3). These FAs and fuel 
pins met the requirements of interchangeability with standard FAs with oxide fuel pins of the similar 
purpose (γeff..=7.5 …8.2 g·cm-3). Interchangeability meant that both FA types were similar in 
geometrical dimensions, used steels and operating parameters. 

 
The following fuel pins were tested in BOR-60: 111 fuel pins with U- and U-15Pu in 3 FAs; 592 fuel 
pins with core oxide fuel and U-fuel in axial blankets in 16 FAs; 161 pins with U in 23 radial FAs 
blanket. 911 elements with U-fuel in 10 FAs of various purposes were tested in BN-350. All tests were 
successfully completed. 
 
The above stated statistical data has been obtained from life tests. These tests completed previously 
performed "comparative" and "forced" tests, which were aimed at comparing different design 
and technological solutions of fuel pins study of fuel behaviour  under beyond-design-basis 
conditions. Comparative and forced tests were performed in the BOR-60 reactor. Comparative tests in 
the BOR-60 reactor were performed for fuel pins and FA of the axial and radial blankets and also of 
heterogeneous oxide-metallic cores of various types: BFAH — by FA heterogenization of the core, 
IFAH — by intra FA heterogenization, IFEH — intra fuel element heterogenization. Scope of the 
carried out comparative and forced tests was significantly higher than that of life tests. Besides, during 
comparative and forced tests some fuel pins were failed. 
 
 
 
9. THE OBTAINED RESULTS AS APPLIED TO ADVANCED BN-REACTORS 
 
The results of the performed investigations can be used for the developing of advanced BN reactors 
aimed at achievement of high safety and breeding parameters. High values of safety parameters are 
mostly determined by values of breeding ratio in the core BRC1.0. This value of BRC can be 
attained in heterogeneous oxide-metallic core, where ratio of MOX-fuel volume fraction-to-fertile 
component (U-238) volume fraction will be close to 2:1. 
 
As applied to the commercial fast reactor of 4th generation of BN-1200 type (oxide-metallic core with 
intra-fuel-element heterogenization) the use of the obtained results will allow us to: 

- provide BRC1.0; 

- reduce scope of MOX fuel production by around 30%; 

- increase MOX-fuel burnup by around 25% without increasing damage dose for steel components 
of the FA; 

- prolong FA microcycle (time up to refuelling) up to 11 months; 

- provide possibility of gradual (planned) replacement of the standard homogeneous (MOX) core by 
heterogeneous (MOX:U=2:1) oxide-metallic core.  

 
 
Besides, application of high-dense metallic uranium in the radial outer blankets makes it possible to 
attain high preset values of total breeding ratio BR>1.0. 
 
Design operation parameters of fuel for the BN-1200 reactor type with heterogeneous oxide-metallic 
core (Вмох

max is around 20 at.%, Tclad
max is around 650°C, Fmax is around 140 dpa, ВU

maxis around 
6 at.%, Pu accumulation in U is around 8 wt%, ql

max is around 350 W·cm-1) have been achieved 
separately under BOR-60 tests of different experimental vibropac MOX fuel pins and pins with U- and 
(U–Pu)- fuel. 
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Simultaneous achievement of design parameters of the BN-1200 type fuel (heterogeneous oxide-
metallic core) may be implemented in cooperation with foreign specialists. 
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Abstract 

Void swelling up to now is the main limiting factor for using austentic stainless steels (ASS) as structural 
materials for fast reactors and reactors of future generations. Attainment of commercially required high burn up 
of fuel (20–25% h.a.) demands structure matrials for claddings and wrappers, which must survive damages up to 
doses of 150–200 dpa. Now ferritic-martensitic and martensitic steels are widely considered as prospective 
materials for reactors of new generations including fast reactors. It demands a lot of data about swelling 
behaviour and features of structural changes under irradiation. It is natural to connect a loss of radiation stability 
with changes in their structure and composition under irradiation. Changing and degradation of original physical-
machanical properties of materials during irradiation (particular, void swelling and phase transformation) are 
results of evolution of complicated structure-phase interactions. Radiation resistance of steels can be improved 
by minor alloying elements and subsequent thermo-mechanical treatment and can be realized in increasing of 
stability of all structural components of theirs (dislocation structure, solid solution, precipitates system, etc.) 
during irradiation. Changing of Cr-content can also have an influence on radiation stability of ferritic type alloys. 
This paper will present results of ion and neutron irradiation of a wide spectrum of austenitic and ferritic-
martensitic steels. Comparison of radiation behaviour of different steels will be done up to very high irradiation 
doses. Possible mechanisms of increasing radiation stability for these types of materials will be suggested. 

 
 
 

 INTRODUCTION 1.
 

Modern nuclear energy requires new materials, which have necessary technological characteristics. 
These material, are needed for building reactors with fast neutrons (fast reactors). These types of 
reactors are needed for regenerating nuclear fuel.  
 
Materials, which are being developed nowadays, can not provide good technological characteristics 
for safety work, ecological characteristics, and hence new generations of fast reactors. Motivations to 
create new materials are:  

- optimization of the procession parameters; 

- investigation into the basic relationship between composition design and microstructure, 
properties;  

- basic service properties investigation, including high temperature mechanical property; 

- corrosion resistance; 

- irradiation effect, etc. 
 
Increasing the fuel burnup requires the development of new materials, which can take damage doses 
up to 150–200 dpa, at a working temperature of 500–700°C. Three types of structural materials for fast 
reactors are being developing nowadays: austenitic steels, ferritic/martensitic steels and ODS steels. 
The modern status of structural materials is presented below in Fig. 1.1. 
 
1.1. Austenitic steels 
 
The most investigated and technological attractive materials for fast reactor cores are austenitic 
stainless steels. Austenitic steel shows excellent corrosion resistance, overall mechanical property, but 
poor high temperature creep strength and irradiation resistance. Overall radiation swelling is the major 
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problem in using this type of structural materials. This fact limits using austenitic steels in fast reactors 
and reactors of a future generation. 
 
1.2. Possible ways to increase micro structure stability 
 
Micro structure of austenitic steels, changes during the irradiation. It is difficult to achieve required 
burnup levels. One possibility to solve this problem is to mix alloy additives and have cold working. 
This promotes a stable microstructure after irradiation. Cold working works against transformation 
from Frank loops to perfect loops. 
 
One of the ways to achieve microstructure stability is prolongation of life of the precipitates. It is the 
result of mixed alloy additives. Precipitates suppress the swelling in these steels, at the cost of 
accelerated recombination of point defects on the interface-particles-matrix (Fig. 1.2): 

- MC (principally TiC, NbC, VC), Fe2P or Ni3Ti; 

- Precipitates emerging in the result of solid solution decay (especially due to the segregation of Ni 
and Si) are the sign of the loss of radiation stability on the last stages of the evolution of M6C 
structure and G-phase (Ti,V,Nb,Mn)6(Ni,Co)16Si7. 

 

 

FIG. 1.1. Maximum neutron dose of fuel pin cladding materials experienced in FBR fuel assemblies. 
 
 

 
                Fe2P                                           TiC                                  G-phase  

FIG. 1.2. Classification of precipitates. 
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Key processes leading to instability of fine MC or Fe2P particles appear to be the segregation 
mechanisms on the precipitate surface. After irradiation at a higher dose, precipitates which have a 
coherent interface or interfaces with low degree of incoherence are observed in the steels. The higher 
stability of coherent precipitates can be connected with the absence of defect sites on coherent 
interfaces and minimization of segregation [1]. The change in phase composition with the dose 
increasing is explained by the infiltration of Ni and Si into MX phases through the incoherence stage 
of evolution and MX→G-phase transition, where (in G-phase) interstitial elements are dissolved. 

 

 
FIG. 1.3. Typical relationship between MC precipitates evolution and swelling in 16Cr15Ni3MoNb  
(∆, □) and 16Cr15Ni3MoNbB (▲, ■) steels (Cr3+, E=3 MeV, Tirr=650°C). 
 
 
Deceleration of formation G-phase and η-carbides (containing such elements P, Ni and Si), influence 
the initiation of voids and its growth. 
 
The principal effect of cold working in these steels is a shift of the MC precipitation curve to lower 
doses and displace of the G-phase curve to higher doses. Cold working provides a higher density of 
nucleation sites for MC precipitates, besides, the segregation solute will be distributed between much 
higher density sinks than in the solution annealed case. 
 
The onset of the regime of swelling at a high rate appeared to be associated with the dissolution of 
fine titanium — rich MC type precipitates with dose increasing. It is significant that the moment of 
changing to precipitate form coincides with the beginning of steady state swelling (Fig. 1.3). 
 
1.3. Ferritic-martensitic 
 
Ferritic-martensitic steels are now the more attractive material-candidates for claddings and wrappers 
of nuclear reactors and for the first wall of fusion reactors due to their low induced activity, low void 
swelling and creep, high resistance to high temperature and helium embrittlement. There are different 
international programmes of development of generation 4 reactors and of fusion reactors. These 
programmes are based on the use of ferritic-martensitic steels, that will operate in a wide temperature 
range under damaging doses of 200 dpa and higher, and also of high levels of gases production (of 
helium and hydrogen) [2–4]. 
 
The US American company “TerraPower” develops a new concept of a fast reactor named traveling 
wave reactor (TWR). This reactor concept uses the principle “produce and burn up”; this concept was 
proposed by Russian scientist Faynberg in the year 1958. Such a reactor may produce more energy 
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than thermal reactors. Depleted uranium or natural uranium may be used as fuel material for this 
reactor. 
 
The designed burnup in such a reactor will be 20%, possibly 30%. (Let us note that Russian nuclear 
power poses the task of reaching the fuel burnup of 20% in fast reactors). 
 
Under such a level of burnup the damaging doses will be 400–500 dpa. In the view of this it is 
necessary to select the structural materials for claddings and wrappers of fuel assemblies and 
investigations of materials-candidates under super-high irradiation doses. Supposed are ferritic-
martensitic steels for claddings in the TWR reactor, as it is known that these steels have lower 
swelling under high doses of irradiation. 
 
The investigation of swelling of industrial ferritic-martensitic steels EP-450 (of Russian production) 
under irradiation by chromium ions up to the doses of 300 dpa is presented in Fig. 1.4. Irradiation by 
heavy ions is used for investigation of radiation resistance of this material. This simulation method has 
been used in KIPT for a long time and gives many useful results during the study of mechanisms of 
radiation damage and selection of prospective reactor materials [5–11], while now this is the only 
method in the world for reaching these super-high irradiation doses. 
 
1.4. F/M steels precipitates behaviour 
 
The Cr behaviour in irradiated ferritic steels affects mainly the evolution of the second phase 
precipitates. It was shown [12] that during irradiation of 9% and 12% Cr steels have formation of a 
few kinds of second phase precipitates: 
 
- M6X and M23C6 precipitates are distributed mainly at grain boundaries and did not change their 

composition during irradiation. 
 
- α-phase precipitates are predominantly Cr (up to 85–90%), are 10 nm in size, and are uniformly 

distributed through both ferrite and tempered martensite. Most of the precipitates are coherent. 
Irradiation of lower Cr-content steels (9% to 10% Cr) can also reduce the amount of Cr sufficiently 
to cause the formation of the -phase. 

 
- M2X precipitates exist in 13% as well in 9% Cr steels. They can have a needle-shaped form (in EP-

450 steel) and are finely dispersed (in 9Cr1MoNbVB steel). 
 
- New phase — the formation of Si-enrichment precipitates with stoichiometric compositions 

(Cr,Fe)9Nb3Si8, as well as the enrichment of Cr2N and M6X precipitates with silicon and vanadium, 
can serve as proof that segregation processes occur in irradiated ferritic steels. 

 
- Typical for Laves phases Fe2(Mo,Nb) in 10Cr6MoNbV steel, it was found that the phase 

transformation to (Fe36Cr12Mo10) phase is according with the suggested model of phase 
transformations. 

 
The main attention is paid to the analysis of swelling in ferritic-martensitic steels. Illustrated in 
Fig. 1.4 is the dose dependence of swelling for the most investigated ferritic martensitic steel EP-450 
(13Cr2MoNbVB). As it is seen from Fig. 1.4 the dose dependence of swelling of duplex steel EP-450 
have took the traditional form characteristic for all metals and alloys, namely, the presence of 
incubation period, transient stages with increasing rate of swelling and steady state stages of swelling. 
The high increase of swelling rate in steel EP-450 is related with the high increase of void size. The 
mean size of voids under the dose ≥200 dpa makes more than 50 nm and some voids reach a size of 
more than 100 nm and contribute substantially to swelling. 
 
During the steady state stage the rate of swelling of steel EP-450 makes 0.14% dpa. Due to the 
comparatively high rate the swelling of ferritic steel under the dose of 300 dpa reaches around 20%. 
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Such swelling of ferritic steel is unexpected because ferritic steels were considered as material with 
low swelling. 

 
FIG. 1.4. Dose dependence of swelling of steels EP-450 (T=480°C). 

 
 
 

 CONCLUSIONS 2.
 

The scientific approach to achieve engineering levels of swelling-resisting austenitic steels can be to 
control microstructural development during irradiation for understanding all phenomena involved in 
processes of void swelling. 
 
Future tasks-investigation of the synergistic effects of Ti, Nb, V, P, B, Si, rare earth metals with 
possible formation of fine stable precipitates systems during irradiation and possible reduction of 
influence of radiation induced segregation processes. 
 
It is suggested that the possible way of improvement of radiation characteristics of austenitic materials 
may be the development of ODS austenitic steels. 
 
FM steels can swell strongly even in the absence of He and H. Excessive optimism concerning 
continued low swelling of FM alloys at dpa levels >200 dpa should be avoided. 
 
Potential for better performance of ODS is not yet explored. 

 
 
 

REFERENCES 
 

[1] VOYEVODIN, V.N., NEKLYUDOV, I.M., BRYK, V.V., Microstructural evolution and 
radiation stability of steels and alloys, J. of Nucl. Mat. 271–272 (1999) 290–295. 

[2] LEE, E.H., MANSUR, L.K., Unified theoretical analysis of experimental swelling data for 
irradiated austenitic and ferritic/martensitic alloys, Metallurgical transactions 21A (1990) 
1021–1035. 

[3] LITTLE, E.A., Microstructural evolution in irradiated ferritic–martensitic steels: transitions to 
high dose behaviour , J. of Nucl. Mater. 206 (1993) 324–334. 

[4] DUBUISSON, P., GILBON, D., SERAN, J.L., Microstructural evolution of ferritic-martensitic 
steels irradiated in the fast breeder reactor PHÉNIX, J. of Nucl. Mater. 205 (1993) 178–189. 

[5] VOYEVODIN, V.N., ZELENSKYI, V.F., NEKLYUDOV, I.M., Electron-microscopic study of 
the structure of ferritic stainless steel irradiated by heavy ions, VANT Series PhRD and RMS. 
2(13) (1980) 13–17. 

50 100 150 200 250 300 350
0

5

10

15

20

25

Dose, dpa

S
w

el
lin

g,
 %

 

 

233



  

[6] VOYEVODIN, V.N., ZELENSKYI, V.F., NEKLYUDOV, I.M., BORODIN, O.V., Structural 
aspects of radiation swelling of metals, Physics and chemistry of materials treatment 4 (1991)  
5–12. 

[7] BORODIN, O.V., VOYEVODIN, V.N., ZELENSKYI, V.F., NEKLYUDOV, I.M., 
PLATONOV, P.V., Radiation damage studies of the 10 to 13% chromium-containing steels and 
alloys irradiated with heavy ion, Proceedings of the 15th International Symposium on Effects of 
Radiation on Materials, ASTM STP 1125 (STOLLER, R.E., KUMAR, A.S., GELLES, D.S. 
(Eds)), American Society for Testing and Materials (1992) 1157–1166. 

[8] BORODIN, O.V., BRYK, V.V., NEKLYUDOV, I.M., SHAMARDIN, V.K., VOYEVODIN, 
V.N., Investigation of microstructure of ferritic-martensitic steels containing 9 and 13% Cr 
irradiated with fast neutrons, J. of Nucl. Mater.207 (1993) 295–302. 

[9] NEKLYUDOV, I.M., VOYEVODIN, V.N. Features of structure phase transformations and 
segregation processes under irradiation of austenitic and ferritic-martensitic steels, J. of Nucl. 
Mater. 212–215 (1994) 39–44. 

[10] BORODIN, O.V., VOYEVODIN, V.N., NEKLYUDOV, I.M., AGEEV, V.S., MEDVEDEVA, 
E.A., Influence of irradiation by heavy ions on structure of steels and alloys with 10–13% Cr, 
Physics and chemistry of material treatment 61(994) 2–10. 

[11] BORODIN, O.V., VOYEVODIN, V.N., ZELENSKYI, V.F., NEKLYUDOV, I.M., Features of 
microstructure variations in austenitic and ferritic steels under irradiation, Physics of metals and 
metal science 3 (1996) 81. 

[12] VOYEVODIN, V.N., NEKLYUDOV, I.M., Evolution of the structure phase state and radiation 
resistance of structural materials, Naukova dumka, Kiev (2006) 376. 

234



  

CORE STRUCTURAL MATERIALS — FEEDBACK EXPERIENCE  
FROM PHÉNIX 
 
P. Dubuisson 
 

French Alternative Energies and Atomic Energy Commission (CEA), 
Saclay, France 

 
Abstract 

The French Generation IV prototype ASTRID should be operated at the same temperatures as PHÉNIX and 
SUPERPHÉNIX reactors. Thus, feedback experience from PHÉNIX which operated during 35 years, give us guidance for 
the choice of materials for ASTRID prototype and in future for SFR cores. This paper described the behaviour induced by 
irradiation of materials, from austenitic steels to 9Cr martensitic steels and ODS alloys. The microstructure at the origin of 
this behaviour of steels used for fuel pin cladding and wrapper tubes was also described in this paper. Improvements in 
swelling resistance of materials, from SA 316, first material used in PHÉNIX core, to CW 15–15Ti steels and 9Cr martensitic 
steels, have led to a gain of a factor 3 in the life time of standard fuel subassemblies in reactor. 

 
 
 
1. INTRODUCTION 
 
The sodium fast reactor (SFR) is considered to be the most mature technology of the different 
Generation IV systems. To achieve the goals fixed by the Gen IV forum, the design of the next 
generation of these reactors is in progress all over the world in order to improve competitiveness, 
safety, efficiency and to reduce costs. A number of improved safety features are based in France on 
the use of large fuel pins separated by small-diameter spacer wire. It allows to maximize the fuel 
content and to reduce the enrichment, the reactivity excess and the potential void effect [1]. Such core 
concepts require cladding materials that present very low deformation under irradiation up to high 
doses, the objective being to obtain doses higher than 150 dpa. The French Gen IV prototype ASTRID 
(Advanced Sodium Technological Reactor for Industrial Demonstration) whose design, power are not 
yet defined, should be operated between 400–550°C, temperatures inside the core will be between 
400–650°C. This temperature range similar to those of the previous PHÉNIX and SUPERPHÉNIX 
SFRs, show the interest for the choice of materials for ASTRID core to take into account the feedback 
experience from PHÉNIX which operated during 35 years. This sodium-cooled fast reactor concept 
benefits also from a very significant R&D, licensing and operational feedback from the other Sodium 
Fast Reactors like EBR II, Joyo, Monju, BOR 60, BN 600, FTBR. 
 
This paper presents the evolution in materials for fuel pin cladding and wrapper tubes leading to a gain 
of 3 in the lifetime of the fuel subassemblies. The gain was obtained owing to the increase in swelling 
resistance, both by modifying chemical composition and initial metallurgical state of austenitic steels 
and by use of martensitic steels for wrapper applications. 
 
 
 
2. EXPERIMENTAL DEVICES 
 
The PHÉNIX reactor is a pool-type reactor with a power of 563 MW(th) (250 MW(e)) [2]. Its core 
contained 121 fuel subassemblies. The reactor went critical on 31 August 1973, commercial operation 
being declared on 14 July 1974. Final shutdown took place in March 2009. Then, an end-of-life test 
campaign has been performed up to March 2010. PHÉNIX also served as a high performance 
irradiation tool, owing to the characteristics of its core, and its operational flexibility. The first 
experimental irradiations were set up as early as the initial startup of the reactor. More than 
200 experiments, not only on structural materials but also on fuels, core technology were carried out in 
PHÉNIX, over its 35 years of operation. Experiments have been performed in: 
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- Specific devices made up of a capsule located in the central channel of a fuel subassembly. This 
capsule consists of either baskets containing samples for mechanical testing, dimensional 
measurements or a few fuel pins or fuel pins bundle. 

- Experimental subassemblies, similar to the standard fuel subassemblies used in the PHÉNIX core, 
to which modifications of various kind have been made, as regards the nature of the structural 
materials, pin cladding, wrapper tube. In this case, irradiation conditions were close to actual 
operating conditions. 

 
In these devices, it has been possible to reach higher doses than for standard fuel subassemblies. 
One of these experimental subassemblies with CW 15–15Ti steel for fuel pin cladding and EM 10 
(9Cr-1Mo martensitic steel) for wrapper tube has reached 155 dpa. 
 
Results presented in this paper come from both these experiments and standard subassemblies. 
 
 
 
3. AUSTENITIC STAINLESS STEELS 
 
For fuel pin cladding materials, the temperature ranges from 400–650°C along the fissile column, dose 
rate is maximum at about 500–550°C. The maximum temperature for wrappers is 550°C. In this 
temperature range 400–650°C, the austenitic stainless steels are the most widely used in PHÉNIX. 
Their irradiation during their stay in reactor leads to elongation of the pins (Fig. 3.1) and their 
diametral deformation (Fig. 3.2). These evolutions are mainly due to the swelling of steels which is a 
threshold phenomenon. After an incubation period, the swelling evolves linearly with dose (Fig. 3.3). 
This behaviour is the result of nucleation and growth of voids formed by the vacancy saturation 
induced by irradiation (Fig. 3.3). As shown on Fig. 3.2 comparing deformations measured by 
profilometries and by immersion density (swelling), pin diametral deformation is also due to 
irradiation creep. Analysis from different fuel pins and irradiated pressurized tubes show that 
irradiation creep deformation depends on swelling (Fig. 3.4) [3]. 
 
Swelling also modifies the mechanical properties of irradiated austenitic steels. Ductility, impact 
strength and toughness sharply decrease with swelling [4]. Tensile tests performed on wrapper tubes in 
CW 316 Ti show that for swelling values of about 5–6%, uniform and total elongations of CW 316 Ti 
steel are equal (Fig. 3.5). A new mode of rupture, unusual for fcc materials appears, the "channel 
fracture". Fracture which is transgranular and ductile with dimples, becomes with swelling 
progressively brittle with planar surfaces akin to cleavage facets (Fig. 3.6). For higher swelling values, 
nil ductility is reached when swelling is of the order of 10–12%, tensile samples broken in elastic 
slope. 

To increase the life time of fuel subassemblies which is limited by the behaviour of structural 
materials, it is necessary to improve swelling resistance of austenitic steels. An improvement in 
swelling resistance also permits to reduce embrittlement induced by irradiation. 

 
3.1. Swelling improvement from fuel pin cladding 
 
The first austenitic steel used as structural material of fuel subassemblies is a SA 316 steel. For a 
maximum dose of 60 dpa Fig. 3.7 shows the improvement in resistance to the diametral pin 
deformations when moving from this SA 316 steel to a CW 316 Ti steel. Their chemical compositions 
are given in Table 3.1. The pin deformation profile of SA 316 steel presents peaks at two 
temperatures, one in the 500–550°C range and one in the 600°C [5–7]. Addition of titanium 
suppresses the peak at high temperature and cold working strongly reduces the low temperature 
deformations [7]. No significant gain is obtained by these modifications; maximum diametral 
deformations are quite the same for these three steels. CW Ti stabilized 316 steel only has a low 
deformation around 500°C, even at higher doses (Fig. 3.8). 
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At high temperatures, above 590°C (upper region of the fuel column), the SA and CW 316 have the 
same microstructure [5, 8–10], illustrated by the CW 316 one in Fig. 3.9 (a). Two void populations are 
observed and precipitation is only associated with the largest voids. Their nature depends on the dose 
rate, Ni and Si rich phases (G phases or �-carbides) for high dose rates and Laves phases for low dose 
rates [5, 8, 10]. Similar microstructure can be observed in SA 316 Ti steel (Fig. 3.9 (b)), void is only 
smaller than in 316 steels. In contrast to SA materials, CW Ti-stabilized steels present neither void 
norlarge G or Laves above 550°C (Figs 3.9 (c)–3.9 (e)). A fine distribution of TiC on dislocations is 
observed in CW Ti stabilized steels [7, 11–14]. Titanium atoms and fine TiC precipitates stabilize the 
initial dislocation network which has been recovered at high temperature in CW unstabilized steels 
[7, 9, 11]. In consequence, the vacancy sursaturation due to the preferential elimination of interstitials 
on dislocations, at the origin of void nucleation, is sharply reduced and even suppressed. 
 
 
TABLE 3.1. CHEMICAL COMPOSITION OF AUSTENITIC STEELS IN WT% 

 C Cr Ni Mn Mo Si Ti Fe 
316 0.055 17 13 1.5 2.3 <0.5 - bal. 
316 Ti 0.05 17 14 1.5 2.7 0.5 - bal. 
15–15Ti 0.096 14.7 14.7 1.6 1.15 0.43 0.43 bal. 
Si-mod. 15–15Ti 0.085 14.9 14.8 1.5 1.5 0.95 0.5 bal. 
 

 

 

FIG. 3.1. Elongation of fuel pins in different lots 
of CW 316 Ti steels inside a subassembly. 

FIG. 3.2. Diametral deformation of a fuel pin and 
deformation due to swelling of a CW 316 Ti steel. 

  
  

 
Figure 3.8 shows that in the same irradiation conditions, the diametral deformation along the fuel 
column for three CW Ti stabilized steels. CW 15–15Ti steels, especially the silicon modified 
heat, exhibit a better resistance to deformation than CW 316 Ti. Chemical composition of the three 
CW Ti-stabilized steels is given in Table 3.1. 
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FIG. 3.3. Swelling vs. doses at 600°C for the first fuel pin cladding material used in PHÉNIX, the 
SA 316 steel. 

 
 

 

FIG. 3.4. Irradiation creep modulus versus  
swelling rate. 

FIG. 3.5. Evolution of the uniform 
and total elongation versus the 
overall swelling. 

 
 
 

 
 

FIG. 3.6. Fracture surface of irradiated CW 316 Ti steel for 5% swelling, 405°C, 48 dpa. 
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 Swelling 
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At low temperature, close to 500°C, the SA 316 and CW 316 Ti steels present the same void and 
precipitate microstructures (Fig. 3.9). Precipitates are usually associated with voids and have the same 
size. This precipitation is identified as radiation-induced G phases (or -phases). These phases are rich 
in Ni, Si and Ti [14–15] which are the best swelling inhibitors in austenitic steels when they are in 
solution. The difference between these steels is only found in the dose level to obtain this 
microstructure, 50 dpa later in CW 316 Ti than in SA 316 steel. The best swelling resistance of 
CW 316 steel is due to the high initial dislocation density and to titanium atoms. The dislocations 
strongly increase the elimination of point defects created by irradiation. Titanium atoms mainly trap 
vacancies but also interstitials; and increase the point defect recombination, especially near 
dislocations. Dislocations and titanium atoms also limit the radiation-induced segregation of Ni and Si 
which are coupled with point defect migration. The nucleation and growth of voids and Ni- and Si-rich 
phases are therefore be delayed. 
 
At a similar dose, CW 15–15Ti steel swells less than CW 316 Ti. This improved behaviour is due to a 
lower void density (Fig. 3.10 (a)). Few precipitates are found and they are not associated with voids. 
This behaviour of CW 15–15Ti has to be linked to its chemical composition (Table 3.1), lower Cr and 
higher Ni levels than in CW 316 Ti, and higher C content which also prevents the nucleation of Ni and 
Si rich phases [12]. The Si-modified 15–15Ti steel exhibits the lowest void swelling. This is due to a 
decrease in average size of voids (Fig. 3.10 (d)). In this specific heat, a fine and homogeneous ' 
precipitation as well as G phases associated with voids is observed [11] (Figs 3.10–3.11). The good 
swelling resistance of the Si-modified 15–15Ti steel could be attributed to its higher Si content leading 
to the important � precipitation, whose interfaces act as important point defect sinks. 
 
 

 
FIG. 3.7. Diametral deformation of fuel pin 
cladding irradiated at a maximum dose of  
60 dpa. 

 
FIG. 3.8. Diametral deformation of fuel pin 
cladding in CW Ti stabilized steels irradiated at a 
maximum dose of 93 dpa. 
 
 
 

These results are summarized on Fig. 3.12 which presents the maximum diametral deformation of fuel 
pin cladding in function of the dose. Evolution of fuel pin cladding materials from SA 316 to 
CW 15-15Ti permits to increase by a factor 3 the subassembly life time. This gain can be attributed 
both to the fabrication route, mainly cold working, and to the evolution of chemical composition, 
Ni/Cr ratio, and optimization of minor element contents as C, Ti and Si. 

 

Maximum dose 60 Maximum dose 93 dpa 

239



  

 
 

FIG. 3.9. Microstructure of austenitic stainless steels irradiated at high temperature. 
 
 

FIG. 3.10. Microstructure of austenitic stainless steels irradiated  
at low temperature. 

 
FIG. 3.11. Fine and 
homogeneous ' precipitation  
in irradiated CW Si-modified 
15–15Ti steel, 484°C, 76.3 dpa. 
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FIG. 3.12. Maximal deformation of austenitic fuel pin claddings and ferritic-martensitic steels 
irradiated in PHÉNIX vs. irradiation dose [16–17]. 
 
 
3.2. Material experiments 
 
Many experiments were conducted in PHÉNIX and allowed to improve our understanding on the 
effect of different elements and of the metallurgical state on mechanical properties, swelling and 
microstructure of austenitic steels induced by the neutron irradiation. Thus, the experimental alloys 
allowed showing that phosphorus addition strongly decreases the swelling of CW 316 Ti [3]. This 
effect comes from an important decrease in void density which occurs mainly when an uniform and 
fine distribution of needle-shaped FeTiP phosphides appears (Fig. 13).This uniform and intense FeTiP 
precipitation, increasing the point defect elimination sinks, strongly reduces the void nucleation and 
strongly limits Ni and Si segregation. Furthermore, for the same phosphorus content (0.16%), the steel 
stabilized by several elements Nb, V and Ti presents a lower density and a smaller size of voids than 
the steel only stabilized by titanium, although the phospides size and density are similar. The best 
swelling resistance of the multi-stabilized steel can be attributed to the Cr/Ni ratio (close to 1), but 
mainly to the effect of the stabilizing elements on phosphides composition where Nb and V atoms 
replace Ti atoms, Ti remaining in solid solution [3]. 
 
Another "materials" experiment conducted in PHÉNIX whose some results are presented in Fig. 3.14, 
confirms the beneficial effect on the swelling of C content, Ni content and multi-stabilization Ti–Nb. 
Thus, reducing the C content in the 15–15Ti steels reduces their resistance to swelling and shifts the 
swelling peak to higher temperatures. Results obtained on 12/15Cr-25Ni steels show the improvement 
in swelling resistance with Ni content. Ti–Nb stabilized 15–25 steel presents even no swelling when 
the 15–15Ti steel, last reference material of PHÉNIX fuel pin cladding, has to swell by 5%. This very 
good swelling resistance must mainly be attributed to the multi-stabilization. 
 
All improvements to austenitic stainless steels, cold working, Cr/Ni ratio, concentration in minor 
elements as Si, C, P addition, multi-stabilization do not alter the evolution of swelling with dose, linear 
behaviour after an incubation period. These changes mainly lead to increasing the incubation period 
(Fig. 3.12).  
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FIG. 3.13. Phosphorus and multi-stabilization effect on microstructure, 450°C, 80 dpa. 
 
 
 

 
 

FIG. 3.14. Swelling of different advanced austenitic stainless steels, 88 dpa max. 
 
 
 
4. FERRITIC-MARTENSITIC STEELS 
 
4.1. Classic ferritic-martensitic steels 
 
Fewer experiments were performed on ferritic-martensitic steels than on austenitic steels in PHÉNIX. 
Nevertheless, various ferritic-martensitic steels were irradiated in PHÉNIX, mainly as samples and 
wrappers. Chemical compositions of some of these ferritic-martensitic steels are given in Table 4.1. 
 
Ferritic-martensitic steels present a better swelling resistance than austenitic steels. Thus, for a dose 
close to 100 dpa, swelling is lower than 1% (Fig. 4.1). Measurements performed on the wrapper tube 
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in 9Cr-1Mo steel (EM 10) irradiated at 155 dpa show that ferritic-martensitic steels exhibit very low 
deformation in service, and confirm results on HT9 steel irradiated at 155 dpa in FFTF [18]. 
 
In spite of its good swelling resistance which prevents the void embrittlement, ferritic steels as 
F17 steel present poor mechanical properties [19–20]. Irradiation induces a shift in ductile — brittle 
transition temperature (DBTT) especially at low irradiation temperatures (Fig. 4.2). The shift in DBTT 
depends on materials. It is less important in EM12, HT9 and EM10 than in fully ferritic F17 steel 
where an increase of 310°C is observed. DBTT of F17 steel decreases when irradiation temperature 
increases. Al low temperatures, DBTT of F17 steel is higher than the handling temperature. At high 
temperatures, the DBTT of irradiated steels has almost the same value than in steels aged 20 000 h 
(irradiation time) [11, 19–20]. The fully martensitic EM 10 steel has the lowest DBTT which remains 
below 0°C at all irradiation temperatures. All these mechanical properties can be correlated to the 
microstructural evolution induced by irradiation. 
 
In F17, EM12 and EM 10 steels, dislocation loops and lines are induced by irradiation at 
low temperature [10, 18–19]. In fully ferritic steels F17 steel, an intense and uniform precipitation of 
Cr-rich particles ’ also occurs (Fig. 4.3). At higher temperatures, ’ distribution becomes patchy 
[19–21]. In the EM12 and HT9 steels, fine precipitates are induced by irradiation (-phases in 
EM12, M6C in HT9), these precipitations being absent in out-of-pile aged samples. At 420°C, this 
precipitation is uniformly distributed throughout the ferrite and martensite regions though narrow 
denuded zones can be observed along the lath and grain boundaries and around precipitates present 
prior irradiation. 
 
 
TABLE 4.1. CHEMICAL COMPOSITION OF FERRITIC-MARTENSITIC STEELS IN WT% 

 C Cr Mo Mn Si Ni V Nb W Fe 
F17 0.06 17 - 0.4 0.35 0.09 - - - Bal. 
EM12 0.09 9.6 1.91 0.9 0.37 0.12 0.28 0.41 - Bal. 
HT9 0.19 12.0 0.96 0.6 0.42 0.56 0.3 - 0.54 Bal. 
EM10 0.11 8.8 1.05 0.5 0.37 0.18 - - - Bal. 

 
 
The radiation-induced embrittlement observed in the low irradiation temperature range results from 
both the radiation-induced dislocation loops and the fine radiation-enhanced precipitation [19–20]. 
The DBTT shift seems to depend both on number density and nature of precipitates, ' being more 
detrimental than M6C or  phases [20]. 
 
The unstabilized fully martensitic EM10 9Cr-1Mo steel where fine and uniform radiation-induced 
precipitation does not occur, is considered as the most stable of the irradiated ferritic-martensitic 
steels. The low strength and poor thermal creep resistance at high temperatures of ferritic steels limit 
their applications to wrapper tubes where temperature is lower than 550°C. For fuel pin cladding 
application, these ferritic-martensitic steels must to be reinforced by a uniform dispersion of nano-
oxides that increases their mechanical properties and resistance to thermal creep at high temperatures. 
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FIG. 4.1. Swelling of ferritic-martensitic steels. 

 

FIG. 4.2. DBTT of irradiated 
 ferritic-martensitic steels. 

 
 

F17 — 419°C — 103 dpa 
' precipitates. 

EM12 — 420°C — 75 dpa 
-phases. 

EM 10 — 400°C — 70 dpa 
no precipitate 

FIG. 4.3. Microstructure of ferritic-martensitic steels irradiated at low irradiation temperatures. 
 
 
4.2. Ferritic-martensitic steels reinforced by oxide dispersion (ODS) 
 
Two 13% Cr oxide dispersion-strengthened (ODS) ferritic alloys, developed by SCK/CEN Mol [22] 
and elaborated by DOUR Metal [23], have been irradiated as fuel pin cladding in an experimental 
capsule and in two experimental subassemblies. One pin in these first generation of ODS ferritic alloy 
from the experimental rig has been characterized [24–25]. The experiments confirmed the very good 
resistance to swelling and to irradiation creep of these ODS ferritic alloys. But, some results indicated 
poor mechanical properties after neutron irradiations. During mechanical cutting, a chip broke off on 
two 30 mm portions of the pin. The rupture was parallel to the clad axis. Others specimens shows few 
longitudinal cracks after manipulation. In consequence, only few longitudinal tensile tests have been 
performed on irradiated specimens and show hardening and severe ductility loss induced by irradiation 
along the whole fuel column. Hardening is due to  and -precipitations and dislocation loops induced 
by irradiation. The severe embrittlement of these irradiated ODS clad, rupture and longitudinal cracks 
was correlated to the presence of oxide free strips parallel to the grain boundaries and to the tube axis, 
leading to an heterogeneous dislocation loop distribution under irradiation and loop free strips 
(Fig. 4.4), promoting strain localization. 
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In addition to intragranular ' and -precipitation induced by irradiation and dislocation loops, neutron 
irradiation induced other microstructural features: 

- a few voids associated with oxides at low temperatures 

- a partial dissolution of large oxides during irradiation occurring at high doses 

- a re-precipitation of oxides around the larger oxides, maybe in relation with to the fact that after 
irradiation, the fuel pin has been kept during 600 h at a temperature close to 400°C. 

 
To prevent irradiation-induced embrittlement observed after irradiation, it is imperative to have a 
homogeneous dispersion of oxides at all scales, no oxide free strips as shown in Fig. 4.4. It is also 
important to reduce the -precipitiation at grain boundaries that reduces the mechanical behaviour at 
high temperatures [26]. 
 
These results have been taken into account for the new programme developed since 2007 by CEA in 
collaboration with EDF and AREVA on development of a new ODS ferritic-martensistic alloys [27]. 
These new ODS alloys have been introduced with other ODS as MA956, MA 957 as samples (tensile, 
impact) in an experimental rig in PHÉNIX for the last cycle. The maximum dose is low, 17 dpa, 
compared to the target dose for ASTRID and SFR cladding, higher than 150 dpa. However, this dose 
is sufficient to compare mechanical behaviour under irradiation of the ODS alloys and study the 
effects of different parameters (Cr content, yttria level, fabrication route) on mechanical properties and 
microstructural evolutions. 
 
 

FIG. 4.4. Oxide free strips in the ODS ferritic steels before and after irradiation at 435°C, 54.8 dpa. 
 
 
 
5. CONCLUSIONS 

 
An increase in the burnup of French SFR PHÉNIX due to modifications in steels used for fuel pin 
cladding and wrapper tubes. A gain of a factor 3 is observed between the first subassemblies, SA 316, 
and the last reference material, CW 15–15Ti for fuel pin cladding and EM10 (9Cr-1Mo) martensitic 
steel for wrapper tube. This gain is correlated to the improvement of the microstructural stability under 
irradiation.  
 
The martensitic EM10 steel (9Cr-1Mo) is considered as the most stable of the irradiated steels. Its 
swelling is quite negligible, even at high doses, and its DBTT remains far below the handling 
temperature. However, the low strength of 9 Cr martensitic steels and their thermal creep deformation 
at high temperatures still limit their use only to the wrapper tubes where maximum temperature is 
550°C. For the future SFRs, 9Cr martensitic steels will be used for wrapper tubes and probably ODS 
alloys for fuel pin cladding currently under development. 
 
Austenitic steels as CW 15–15Ti have to be used for fuel pin cladding and will be used for the first 
cores of the French prototype ASTRID, ODS alloys being still under development at this moment. In 
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the future, the behaviour of austenitic steels could be improved by small modifications such as 
phosphorus addition, multistabilization (Ti, Nb and V). These elements stabilize the initial dislocation 
network and delay the radiation induced segregation responsible for the blocky Ni, Si and Ti-rich 
phases as G phases and the void formation. 
 
For the first core of the French future prototype ASTRID reactor that could be play a major role for 
the final qualification of ODS materials, the materials for subassemblies will be CW 15–15Ti AIM 1 
heat for fuel pin cladding and 9Cr martensitic steel for the wrappers. 
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Abstract 

For the sodium cooled fast reactors cladding the austenitic and ferritic-martensitic steels including steels obtained by 
powder metallurgy are under consideration in the Russian Federation. The complex alloying and treatment of austenitic steels 
have allowed its irradiation stability improving, currently the promising results are obtained in BN-600 for the fuel pin 
claddings made of ChS68 CW and EK164 CW steels. The further irradiation dose increase up to 140 dpa is connected with 
the ferritic-martensitic steels EK181 and ChS139 as cladding materials. The steels alloying with carbon, nitrogen, tungsten 
provided for the stability of the strengthening phases, the resistance to recrystallization process as well as increase of high 
temperature strength. Two BN-600 dismountable assemblies with samples made of EK181 and ChS139 steels are under 
irradiation. For the further irradiation dose increase (180–200 dpa) the fabrication technology mastering and complex out-of-
pile investigations of fuel claddings made of ferritic (on EP450 base) and martensitic (on EK181 base) ODS steels as well as 
their welded joints are under way.  

 
 
 
1. INTRODUCTION 
 
The successful operation and evolution of fast reactors are to a significant extent determined by the 
functional characteristics of structural materials at high damage doses. The most important 
characteristics are swelling and creep that govern geometry changes of core elements and degradation 
of mechanical properties. 
 
VNIINM is carrying on the fuels and structural materials development in close cooperation with 
OKBM (N-Novgorod) as the chief designer and IPPE (Obninsk) as the BN scientific supervisor. In 
terms of decisions to be taken of high importance are the PIE data that are carried on by BNPP, IRM 
(Zarechny) and RIAR (Dimitrovgrad). Materials samples, experimental, reference and standard fuel 
assemblies are the PIE objects. 
 
Operating conditions of fuel elements in fast sodium-cooled reactors are presented in Table 1.1. 

 
TABLE 1.1. OPERATING CONDITIONS OF FAST SODIUM-COOLED REACTORS FUEL 

 
Reactor 

Max. linear 
heat rate, 
kW·m-1 

 

Max. 
burnup, 

at.% 

Max. dose, 
dpa 

Max. 
cladding 

temperature, 
°C 

Lifetime, 
efpd 

Cladding 
material 

BN-600 
BN-800 

 
BN-1200 

 

47 
48 

 
46 

11.2 
10.3 

 
14.4/20.6 

82 
92 

 
133/182 

 

700 
700 

 
670 

560 
465 

 
1320/1980 

 

ChS68 CW 
ChS68 CW 
EK164 CW 

EK181 
ChS139 

ODS 
 
 

Since 1980 the reactor BN-600 is under operation at Beloyarsk NPP. Design lifetime BN-600 expired 
in April 2010. At present the BN-600 lifetime is extended up to 2020. According to the plans the 
fourth power unit at Beloyarsk NPP with the fast breeder reactor BN-800 shall be put into operation in 
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2014. The development of a higher power unit with the next generation sodium cooled fast reactor 
BN-1200 is in progress. 
 
The first complex programme for the developing of irradiation resistant materials was aimed to obtain 
materials providing for the burnup not lower than 10 at.% [1]. In the frame of the programme the 
following steels were tested: austenitic steel in various states of termo-mechanical treatment — 
08Cr16Ni11Mo3, 08Cr16Ni11Mo3Ti, 06Cr16Ni15Mo3Nb (EI847), 06Cr16Ni15Mo3NbB (EP172), 
06Cr16Ni15Mo2Mn 2TiVB (ChS68); ferritic-martensitic steels 1Cr13Mo2NbVB (EP450), 
05Cr12Ni2Mo, 16Cr12Mo WSiVNbB (EP823); and high-nickel alloys with 30–40% nickel. In 1987, 
the decision was taken to use in BN-350 and BN-600 reactors steels ChS68 CW and EP450 as 
standard materials for fuel cladding and FA wrappers, respectively. 
 
Currently, for the BN-type reactors as promising structural materials for a staged increase in the fuel 
burnup under consideration are austenitic and martensitic steels including those produced by the 
powder metallurgy method (ODS steels). 
 
 
 
2. STEELS FOR FA WRAPPERS 
 
The cardinal solution of the problem relevant to the geometry changes of FA wrappers was found via 
developing chromium steels of the ferritic-martensitic type. The PIE results on the geometry 
measurements of the EP450 steel wrappers of the BN-600 standard FA evidence that the geometry 
parameters of the hexagonal tube have an insignificant level of deformation (within 1%) along the 
whole tube length and is weakly dependent on the damage dose, at least up to 100 dpa [2]. 
 
For EP450 steel the module of the irradiation creep is not higher than 0.4 × 10-6 (MPa·dpa)-1 and the 
swelling at the damage dose of 160 dpa does not exceed 0.4% [3].  
 
The mechanical properties of the EP450 steel, irradiated in BN-350 and BN-600, as fuel-assembly 
wrappers were studied [3–4]. The results were as follows: 

- The maximal irradiation hardening of the steel is observable in the low temperature range  
(290–370С) even at low damage doses (2–10 dpa). As the dose increases the degree of irradiation 
hardening is lowered down and at the doses above 60 dpa merges into the range of the strength 
values that is characteristic of a material irradiated at higher temperatures. The dose dependence of 
hardening at moderate and higher temperatures of irradiation (370–450С and 450–560С) is 
characterized by the saturation already at doses of 10–15 dpa the level of which does not vary up to 
high damage doses.  

- The residual ductility of EP450 steel irradiated at Тirr >370°C at the operation temperature turned 
out to be not lower than 3% and at the room temperature — not lower than 1%.  

- The maximal decrease in the impact strength proceeds at low temperatures of irradiation; at the 
doses above 10–20 dpa the recovery of properties is observed. At the doses of 80–90 dpa the USE 
values of the steel irradiated at various temperatures are about similar. The temperature of the 
brittle transition in the most dangerous section of FA shroud does not exceed 130°С and in all other 
sections the DBTT is lower.  

 
EP450 steel is adopted for the FA wrappers of the BN-800 reactor and there is every reason to assume 
that EP450 steel wrappers shall not restrict higher burnups of the fuel. Currently works for developing 
of the fabrication technology of tube stock and hexagonal tubes (key size 181 × 3.5 mm) made of steel 
EP450 are under way. 
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3. STEELS FOR FUEL CLADDINGS 
 
3.1. Austenitic chromium – nickel steels 
 
The early designed and well-studied EI847 steel (Table 3.1) was taken as a base for developing of the 
new austenitic steels. The steel EP172 was obtained by modifying EI847 with boron (0.003–0.008%) 
[5]. EI847 was also used to develop one other steel – ChS68, doped with (aside from boron) silicon 
and titanium that favourably influence the steel behaviour under irradiation. The new EK164 steel has 
a higher content of nickel and is multialloyed with titanium, niobium, vanadium, boron, silicon, 
phosphorus and cerium. Simulation experiments with the austenitic steels carried out under identical 
conditions have demonstrated that EK164 has a less propensity for the swelling. 
 
TABLE 3.1. CHEMICAL COMPOSITION OF AUSTENITIC STEEL, WT% 

Element EI847 EP172 ChS68 EK164 

C 
Si 

Mn 
Cr 
Ni 
Mo 
Nb 
Ti 
V 
B 
P 

Ce 

0.04–0.06 
<0.4 

0.4–0.8 
15.0–16.0 
15.0–16.0 

2.7–3.2 
<0.9 

- 
- 
- 

<0.02 
- 

0.04–0.07 
<0.6 

0.5–0.9 
15.0–16.5 
14.5–16.0 
2.5–3.0 

0.35–0.90 
- 
- 

0.003–0.008 
<0.02 

- 

0.05–0.08 
0.3–0.6 
1.3–2.0 

15.5–17.0 
14.0–15.5 

1.9–2.5 
- 

0.2–0.5 
0.1– 0.3 

0.002–0.005 
<0.02 

- 

0.05–0.09 
0.3–0.6 
1.5–2.0 

15.0–16.5 
18.0–19.5 

2.0–2.5 
0.1–0.4 

0.25–0.45 
0.15 calcul. 
0.001–0.005 
0.010–0.030 
0.15 calcul. 

 
 
Irradiation resistant steels are being designed with account for the following structural factors that 
control their swelling [6–7]: 

- a solid solution factor determined by a matrix solid solution concentration of alloying (primarily 
Ni) and impurity elements (С, Nb,Ti, B, Si, etc.) that form a “point defect-impurity” complex with 
changed diffusion characteristics; 

- a phase instability factor that manifests itself as formation of precipitate particles, the nature, 
composition, volume fraction, morphology and localization of which in many respects govern the 
process of pore nucleation and growth;  

-  a dislocation factor when cold work increases the density of point defect dislocation sinks and 
substantially delays the onset of an intensive pore formation.  

 
Structure factors that control swelling are specifically interrelated and influence one another. That is 
why, the problem of increasing the irradiation resistance of austenitic steels is resolved by optimizing 
those factors. The results of the post-irradiation examinations (PIE) have revealed that the approach 
basing on the use of the above factors allowed a substantial reduction in austenitic steel swelling [8].  
 
The analysis of the data on the swelling of ChS68 CW claddings at various stages of this material 
producing has shown that all the data fall into two groups (Fig. 3.1). The first group of the data was 
obtained using standard fuel assemblies and the second one comprises the data on the experimental 
fuel assemblies and reveals a much lower swelling rate. 
 
It is important to note that during the time of ChS68 steel tubing production three fabrication plants 
superseded. At first it was a tube production plant in Dnepropetrovsk, then it was JSS “PNTZ” and 
today tubes are produced by JSS “MSZ”, Elektrostal. The rolling and heat treatment equipment as well 
as the flow sheets of the tube fabrication at the plants are different. On the basis of studies, a decision 
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was taken to use diffusion annealing to improve the quality of the tubes; this made it possible to 
increase the structural uniformity of the material considerably [9]. 

 

 
FIG. 3.1. Diameter change of BN-600 fuel-element cladding made of ChS68 CW steel versus the 
damage dose for standard (1) and experimental (2) fuel assemblies. 
 
 
The major requirement for the claddings of fast reactor fuels is to ensure the initial high long term 
strength and ductility. To carry on the comparative high temperature strength tests the ChS68 tube 
samples were fabricated using different process versions. The long term strength curves for the ChS68 
tubes are given in Fig. 3.2 [9]. It is evident from the data shown in Fig. 3.2 the tubes fabricated using 
the diffusion anneal, optimized regime of austenitizing annealing and plug drawing had the highest 
long term strength at the temperature of 700°С. The same approach was applied to technology 
improvement of EK164 tubes fabrication. 
 

 
FIG. 3.2. Creep rupture strength upon uniaxial tension by test temperature 700°С of steel ChS68 CW 
tubes fabricated at PNTZ (1), MSZ (2), and MSZ with diffusion annealing and plug drawing (3). 
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Currently works on improvement of metallurgical technology, narrowing of the chemical composition, 
as well as optimization of the tubes structure by means of using high speed heating during their 
manufacture are in progress. The efficiency of the suggested methods to optimize the structure and to 
increase the serviceability of ChS68 steel claddings had to be corroborated experimentally. 
 
As an effective means for control and estimation of fuel claddings quality the methodology of the 
irradiation and PIE of so-called “reference” fuel assemblies (RFAs) is applied. The results of the 
investigations reveal that the swelling of ChS68 CW steel claddings fabricated by updated process is a 
factor of 1.5 lower than that of the claddings delivered previously. The investigations of the strength 
and ductility properties of ring-shaped samples of the RFAs cladding showed that the material retained 
its ductility and rather high strength. The estimation of the stress-strain state of the reference FA fuel 
pins with ChS68 steel claddings show that the fuel performance will be ensured up to the dose of 
around 95 dpa. 
 
According to the PIE of «COMBI» experimental FA (EFA) with EK164 and ChS68 steels fuel 
claddings irradiated to 77 dpa the swelling of EK164 steel is a factor of 1.5–2 lower than that of 
ChS68 steel. 
 
Currently experimental, reference and standard BN-600 FAs are used to validate the performance of 
austenitic steel claddings: ChS68 steel — up to around 90 dpa, EK164 steel — up to around 110 dpa. 
The higher fuel burnup with austenitic steels may be restricted due to their swelling at high damage 
doses. Hence, the main efforts of materials scientists are focused on the studying of practically non-
swelling 12% Cr steels. 
 
3.2. Ferritic-martensitic 12% Cr steels 
 
The advantage of this steels type is their higher resistance to swelling in comparison to austenitic 
steels, to high temperature embrittlement and to irradiation induced creep. Their disadvantage in 
comparison to austenitic steels is lower high-temperature strength, their propensity for low 
temperature embrittlement and inadequate corrosion resistance during a longtime storage in water of 
cooling ponds.  
 
The PIE results of EP450 steel claddings of fuel pins irradiated in BOR-60, BN-350 and BN-600 
demonstrate the relative stability of the steel structure and the high resistance to swelling up to the 
damage dose of 160 dpa. The main factor that limits the application of steel as fuel claddings in BN 
FAs is its insufficiently high temperature strength. To exclude the cladding damages due to inadequate 
high temperature strength and corrosion processes in fuel pins the maximum cladding initial 
irradiation temperature has to be restricted to 650°C. 
 
As a cladding materials for the damage doses of around 140 dpa the high temperature strength 
complex alloyed 12% Cr steels EK181 and ChS139 are under consideration [10–11]. The EK181 and 
ChS139 steels have been mastered by the metallurgy industry; the production of thin walled tubes is 
being deployed. Above all those steels differ from EP450 steel by extra alloying with carbon, nitrogen, 
tungsten, tantalum and a little lower content of chromium (Table 3.2). This alloying provides for the 
stability of the strengthening phases, the resistance to recrystallization processes as well as increases 
the high temperature strength characteristics in comparison to those of EP450 steel (Fig. 3.3). It might 
be seen from Fig. 3.3 that time to rupture of EK181 and ChS139 steels tubes is a factor of 1.5–2 longer 
than that of EP450 steel. 
 
The results of the investigations of BOR-60 irradiated EK181 specimens (Тirr=320°С, damage dose 
8 dpa) evidence that the irradiated specimens retained the acceptable levels of impact strength and 
ductility [11]. The BOR-60 irradiation test and investigations of EK181 steel specimens are in 
progress. 

 
The presently acquired results demonstrate the promising application of the high temperature strength 
steels of the EK181 and ChS139 types as a cladding material in BN reactors. To check up 
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experimentally their usability it is planned beginning on 2011 to irradiate one dismountable EFA fuel 
pins with cladding made of EK181 and ChS139 steels in the BOR-60 reactor. Two material science 
fuel assemblies (MFAs) with samples made of EK181 and ChS139 steels are under irradiation in the 
BN-600 reactor to the maximum damage dose of around 140 dpa. 

 
With the aim of attaining the damage dose of around 180 dpa 12% Cr ODS steels are under 
development. The needed higher characteristics of creep and long term strength are achieved via 
the strengthening of a matrix with dispersed particles of yttrium and titanium oxides. Basing on the 
world-wide and available at VNIINM experience in powder metallurgy we have tested the process of 
producing the ODS ferritic-martensitic steels on the base of EP450 steel [12]. The description of this 
subject is covered below in the report by A. Nikitina “R&D of ferritic-martensitic steel EP450 ODS 
for fuel pin claddings of prospective fast reactors”. A large scope work is focused on the mastering the 
fabrication process and complex out-of-pile investigations of fuel pin tubes of the ferritic-martensitic 
ODS steels and their weldments. The ODS samples are under irradiation in BN-600 reactor within two 
MFAs up to the maximal damage dose of around 140 dpa. 

 
TABLE 3.2. CHEMICAL COMPOSITION OF FERRITIC-MARTENSITIC STEEL, WT% 

Element EP450 EK181 ChS139 
C 
Si 

Mn 
Cr 
Ni 
Mo 
Nb 
V 
B 
W 
Ti 
Ta 

0.10–0.15 
<0.6 
<0.6 

12–14 
<0.3 

1.2–2.8 
0.25–0.55 

0.1–0.3 
0.004 

- 
- 
- 

0.1–0.2 
0.3–0.5 
0.5–0.8 
10–12 
<0.1 
<0.01 
<0.01 

0.2–1.0 
0.003–0.006 

1–2 
0.003–0.3 
0.05–0.2 

0.18–0.20 
0.2–0.3 
0.5–0.8 
11–12.5 
0.5–0.8 
0.4–0.6 
0.2–0.3 
0.2–0.3 

0.003–0.006 
1–1.5 

0.003–0.3 
- 

 
 

 
 

FIG. 3.3. Long term strength of cladding tubes made of EP450, EK181 and ChS139 steels upon 
uniaxial tension at test temperature 670°С. 
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4. CONCLUSIONS 
 
The representative in-pile tests and PIE have shown that ferritic-martensitic steel EP450 ensures low 
geometry changes in FA wrappers thus offering the feasibility of attaining a substantially higher 
burnup of fuel. Currently works for developing the fabrication technology of tube stock and hexagonal 
tubes (key size 181 × 3.5 mm) made of EP450 steel are under way.  
 
An increase of the BN fuel burnup is restrained by the swelling of the austenitic Cr–Ni steel claddings 
at high damage doses. Works on improvement of metallurgical technology, narrowing of the chemical 
composition, as well as optimization of the cladding structure by means of using high speed heating 
during their manufacture are in progress. In the BN-600 reactor experiments are in progress to validate 
the serviceability of the austenitic steels used as claddings: ChS68 steel — up to around 92 dpa, 
EK164 steel — up to around 110 dpa.  
 
The further increase of the irradiation dose up to around 140 dpa is resolved via applying of novel 
12% Cr martensitic steels of EK181 and ChS139 types. The BOR-60 irradiation test and investigations 
of EK181 steel specimens are in progress. It is planned beginning on 2011 to irradiate one 
dismountable EFA with clad fuels made of EK181 and ChS139 steels in the BOR-60 reactor. 
Two MFAs assemblies with samples made of EK181 and ChS139 steels are under irradiation in the 
BN-600 reactor to the maximal damage dose of around 140 dpa. 
 
To ensure the good performance of BN reactor fuel claddings up to damage dose of around 180 dpa 
the high-temperature strength chromium ODS steels are under development. The mastering of the 
fabrication process and complex out-of-reactor investigations of ODS steels tubes of ferritic (on the 
base EP450) and martensitic (on the base EK181) types and their weldments are under way. The ODS 
samples are under irradiation in BN-600 reactor within two MFAs up to the maximal damage dose of 
around 140 dpa. 
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Abstract 

Since 2005 the works on ODS-steels technology development have been started in VNIINM. In particular, the wide 
R&D of ODS steel on the base of EP450 steel (Fe-13Cr-2Mo-Nb-V-B-0,12C) has been carried out. The results of 
investigations of structure and phase composition of EP450 ODS steel on all stages of receiving are presented. Characteristics 
of long term strength and thermal creep of plated and tube specimens of EP450 ODS steel in comparison with the matrix 
EP450 steel are given. By method of electron microscopy it is detected that structure if EP450 ODS steel in initial state 
consists of ferritic grains, inside of which the particles of Y–Ti–O with mean size 7 nm are uniformly distributed. It is shown 
that creep rate of EP450 ODS at temperatures 650°C and 700ºC and loadings 140 MPa and 120 MPa correspondingly is on 
two orders of magnitude less than creep rate of EP450 steel. Technology of joint hermetization of fuel pins with EP450 ODS 
claddings by the method of pressurized resistance welding is tested. Structure and properties of welded joints are 
investigated. As a result of works the principle possibility of receiving the qualitative welded joints is shown. Further 
prospects of the works on ODS steels of different classes and composition for innovative fast neutron reactors with different 
coolants are reviewed. 

 
 
 
1. INTRODUCTION 
 
Increasing of fast reactors fuel burnup is one of the main problems, which determines the technical 
and economical prospective of fast reactors progress. At the same time, the fuel performance must be 
provided at cladding temperatures ranging from 370–720ºC and maximum damage dose 150 dpa and 
more. One of the most important characteristics of claddings steel (along with resistance to irradiation 
swelling and embrittlement) is resistance to creep at high operation temperatures (500–700ºC). 
Resistance to creep of high-strength aging steels is determined by stability of hardened by particles 
steel matrix at increased temperatures and loadings. Usually particles of intermetallic phases or 
disperse carbides, applying for purposes of strengthening of structural reactor materials, begin to 
coagulate at temperatures more than 700°С. Therefore, in the last years more intention is attended to 
ferritic-martensitic steels, received by method of powder nanotechnology, strengthened by disperse 
(3–5 nm) oxides of yttrium (ODS steels — oxide dispersion strengthened steels), which, in contrast to 
carbides, nitrides or intermetallic phases, do not coagulate and do not dissolve in matrix at 
temperatures up to 1300ºC [1]. Such steels retain high irradiation resistance resided to ferritic-
martensitic steels and show excellent mechanical properties at temperatures up to 750ºC [2–13]. 

 
Since 2005 in VNIINM the works on ODS steels technology development have been started. In 
particular, the wide spectrum of R&D of ODS steel on the base of EP450 (Fe-13Cr-2Mo-Nb-V-B-
0,12C) steel has been carried out. At present time EP450 steel is a standard wrapper material of BN-
600 and BOR-60 fuel assemblies.  
 
In this paper the main results of investigation of structure and properties of EP450 ODS steel on all 
stages of technological manufacturing scheme — from powders to thin-walled tubes — will be shown. 
Also, the results of the development of hermetization methods for EP450 cladding tubes will 
be shown. 
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2. EXPERIMENTAL PART 
 
2.1.  EP450 steel 
 
The microstructure of EP450 steel is shown in Fig. 2.1, and its chemical composition in Table 2.1. As 
it is seen from Fig. 2.1, microstructure of EP450 consists of ferrite and sorbite with relation of 
structural components approximately 1:1. The main redundant phases in steel EP450 after quenching 
and tempering are carbides Me23C6 (where Me is: Cr, Fe and Mo) and MeC (where Me is: Nb 
and/or V). Grain size in steel EP450 is about 20 μm. 
 

          
                                      (a)                                                               (b)  

FIG. 2.1. Microstructure of steel EP450; (а) optical microscopy;  
(b) transmission electron microscopy.  

 
 

TABLE 2.1. CHEMICAL COMPOSITION OF EP450 STEEL 

Element content, wt%  
С Si Mn Cr Ni Mo Nb V B P 

0.10–0.15 <0.5 <1.0 11.0–13.5 0.05–0.30 1.5–2.0 0.15–0.40 0.1–0.3 0.005–0.015 <0.025 
 
 
2.2.  Technological scheme of ODS steels manufacturing 
 
In the general case we use the following technological scheme of ODS steels manufacturing [14–16]:  

 Receiving of matrix steel powder with spherical or scaly shape of particles by the centrifugal 
atomization of melt from revolving crucible in inert gas atmosphere.  

 Mechanical alloying of received powder by nano-particles of Y2O3 in vibration high-energy 
mill. 

 Vibro-infill of steel cans by received powder blend, decontamination and sealing of cans.  

 Hot extrusion at 1150°С of cans with powder blend in hot-extruded bar with drawing no more 
than 10–12 and subsequent mechanical treatment.  

 
 
2.3.  Powders of matrix steel 
 
For EP450 ODS manufacturing we use scaly powder of matrix steel, external view of which is shown 
in Fig. 2.2 (a). This kind of powder we receive on installation of centrifugal atomization. 
Crystallization of melt drops in this case occurs on copper water-cooled surface. To prevent 
contamination of powder, atomization occurs in atmosphere of high purity He. Thickness of scales is 
1–5 μm, length 10–15 mm, width: 1.5–2 mm. After atomization chemical composition does not 
change. The structure of scaly powder of EP450 ODS steel received by transmission electron 
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microscopy (TEM) is shown in Fig. 2.2 (b). The investigations by method of transmission electron 
microscopy were carried out on transmission electron microscope TECNAI G2 20 TWIN with 
accelerating voltage 200 kV, equipped by X ray spectrometer EDAX. As before atomization, in 
structure of powder two structural components are observed: ferrite and martensite. During 
atomization, because of high cooling speed (about 104 K·s-1), strong refinement of grain structure takes 
place (grain size is from 2–15 μm). 

 

         
(a)                                                                     (b) 

 
FIG. 2.2. Scaly powder of steel EP450; (a) external view;  

(b) microstructure of powder received by TEM. 
 
 

2.4. Powders of yttrium oxide 
 
During first experiments on EP450 ODS steel producing we used yttrium oxide powder of industrial 
production. Such yttrium oxide in initial state consisted of agglomerates with a few microns size. 
External view of such agglomerates is shown in Fig. 2.3 (a). For image receiving in this case we used 
scanning electron microscope Hitachi S800. The microstructure of agglomerate, received by TEM, is 
shown in Fig. 2.3 (b). It is seen that each agglomerate consists of crystallites with size 40–80 nm.  

 

         
                                      (а)                                                                         (b) 
 
FIG. 2.3. External view of yttrium oxide powder of industrial production ((a), SEM) and 
microstructure of separate agglomerate ((b), TEM) of yttrium oxide crystallites.  
 
 
In 2010 by application of special technology yttrium oxide powder, which is shown in Fig. 2.4 (a), 
was received. It is seen that this powder consists of disperse round monocrystalline particles. The 
histogram of distribution of particles by sizes is shown in Fig. 2.4 (b). Presented data confirms the 
electron microscopy data. 
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2.5.  Mechanical alloying 
 
The mechanical alloying of received powder of EP450 steel by Y2O3 in different quantity was carried 
out in high energy mill in argon atmosphere. Besides yttrium oxide, disperse powder of Ti was 
introduced into charge before mechanical alloying. Grinding objects in vibration mill are steel balls 
with size 10–20 mm. Ratio mass of grinding objects to mass of powder is 10:1. During investigations 
it was detected that optimal time of mechanical alloying for such kind of mill is 48 h. The powder after 
mechanical alloying during 48 h is shown in Fig. 2.5.  
 
With the aim of determination of completeness of oxide particles dissolution in steel matrix, the 
powder after mechanical alloying by yttrium oxide powder of industrial production (in this case 
powder contains 0.3 wt% Y2O3 and 0.4 wt% Ti) was undergo compacting in monolithic plates on 
Bridgeman anvil at room temperature. Thus we had opportunity to investigate structure of 
mechanically alloyed powder by TEM. On the bright-field image of structure of powder (Fig. 2.6 (a)) 
it is seen, that grain size in specimen is 50–200 nm. On the electron diffraction pattern, received from 
this specimen’s section (Fig. 2.6 (a)) we can see well defined ring reflexes from BCC matrix of steel 
EP450 and separate point reflexes from oxides Y2O3. This fact tells about not full dissolution of oxide 
during mechanical alloying. On the dark-field image in oxide reflex it is seen that size of not dissolute 
oxides is about 10–50 nm (Fig. 2.6 (b)). 

 

     
                                          (a)                                                                  (b) 
 

FIG. 2.4. Yttrium oxide powder, received with application of special technology  
(a) external view, TEM; (b) histogram of distribution of particles by sizes). 

 
 

 
 

FIG. 2.5. EP450 powder after mechanical alloying with yttrium oxide  
and titanium for 48 h (SEM).  
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The structure of the same specimen, but after annealing at 1150°С during 30 min is shown in 
Fig. 2.6 (c). It is seen that after such annealing considerable quantity of disperse particles present in 
specimen. According to X ray spectrum microanalysis, such particles are yttrium–titanium oxides. 
This fact tells about partial passage of dissolution of yttrium oxide particles during mechanical 
alloying and subsequent formation of clusters of yttrium–titanium oxides during annealing. 
 

     
                                    (а)                                                                       (b) 

 
(c) 

FIG. 2.6. Microstructure of EP450 powder mechanically alloyed by yttrium oxide and titanium;  
(а) and (b) structure in initial state; (c) structure after annealing at 1150ºС for 30 min).  
 
 
2.6.  Structure of compacted billets from EP450 ODS steel 
 
Structure of the compacted billets (bars) is different and depends on content of strengthening oxides 
and type of yttrium oxide that we use. The structures of the bars made of EP450 ODS steel, containing  
0.3 wt% Y2O3 and 0.4 wt% Ti, manufactured with yttrium oxide powder of industrial production and 
yttrium oxide powder, received by special technology, conformably, are shown in Figs 2.7–2.8. In 
both cases the structure is characterized by oblong shape of grains along the extrusion direction. 
Application of powder technology leads to strong refinement of grain structure of EP450 ODS in 
comparison with structure of matrix EP450 steel. 
 
When we use yttrium oxide powder of industrial production, we have regions with fine (around 
0.3-1 μm) and coarse (2–5 μm) grains (Fig. 2.7 (a), (b)). Oxides are situated on grain boundaries 
and inside the grains. Oxide size on grain boundaries is around 5–200 nm, and inside the grains around 
2–10 nm. From the histogram of distribution of oxide particles by sizes (Fig. 2.7 (d)) it is seen, that the 
largest volume fraction is taken up by oxides with size 20–40 nm, but oxides with larger size up to 
500 nm are also present.  
 
 
When we use yttrium oxide received by special technology, structure of a bar is more uniform  
(Fig. 2.8 (a), (b)), and histogram of distribution of oxide particles by sizes in this case looks otherwise  
(Fig. 2.8 (d)). The largest volume fraction is taken up by oxides with size 1–10 nm.  
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Thus the influence of yttrium oxide type on structural characteristics of EP450 ODS steel was shown. 
 
The investigations by the methods of electron diffraction, X ray diffraction and X ray spectrum 
analysis show that double yttrium–titanium oxides form in both variants of type of used oxide. For 
example, the microstructure of the section of EP450 ODS sample, received by SEM (in this case we 
used scanning electron microscope with electron and focused ion beam Carl Zeiss Cross Beam 
NVision 40 equipped by X ray spectrometer EDAX) is shown in Fig. 2.9 (a). The microstructure of 
the same section in characteristic X ray emissions of titanium and yttrium, conformably, is shown in 
Figs 2.9 (b), (c). It is seen in Fig. 2.9 (b), (c), that areas rich by titanium coincide with areas rich by 
yttrium. This fact confirms formation of yttrium–titanium oxides.  
 
2.7.  Thin-walled tubes from steel EP450 ODS  
 
The investigations of the deformation ability of EP450 ODS steel with 0.3 wt% Y2O3 (oxide of 
industrial production) and 0.4 wt% Ti showed that the steel retains rather high level of unit elongation 
after cold deformation up to 60%. Thereby the route of rolling of tubes was worked out and first 
experimental batch of thin-walled tubes 6.9 × 0.4 mm from steel EP450 ODS was made. 
 

 

     
                                           (а)                                                          (b) 

         
                                        (c)                                                            (d) 
FIG. 2.7. Microstructure of a bar from steel EP450 ODS, received with use of yttrium oxide powder of 
industrial production ((a)–(c)) and histogram of distribution of oxide particles by sizes in it (d).  
 
 
The structure of the tubes after finish heat treatment is shown in Fig. 2.10. During tube rolling the 
structure becomes more uniform in comparison with the structure of tube shell (Fig. 2.10 (a)). The 
structure consists of subgrains with size 0.1–3 μm (Fig. 2.10 (b)). Inside the subgrains the uniformly 
distributed oxides present (Fig. 2.10 (c)); the histogram of their distribution is given in 
Fig. 2.10 (d). Mean diameter of oxide particles is around 7 nm, concentration is around 2 × 1016 cm-3. 
 
We may suppose that small particles with size 1–6 nm are yttrium–titanium oxides that precipitate 
from lattice of matrix steel during hot extrusion after deformation dissolution during mechanical 
alloying. Oxides with larger size present in structure because of not full dissolution of yttrium oxide 
during mechanical alloying. 
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                                      (a)                                                                         (b) 

               
                                   (c)                                                                             (d) 
FIG. 2.8. Microstructure of the bar made of EP450 ODS with yttrium oxide received by special 
technology ((a)–(c)) and histogram of distribution of oxide particles sizes (d). 
 
 

 
      (а) 

 
                                 (b)                                                                        (c) 
FIG. 2.9. Microstructure of steel EP450 ODS (SEM) (a) and images of microstructure in 
characteristic X ray emissions of titanium (b) and yttrium (c).  
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In Table 2.2 the experimental data of thermal creep at uniaxial tension at 650–700°C of tube 
specimens from steels EP450 and EP450 ODS are presented. It is seen from the table, that at such test 
temperatures the thermal creep rate of EP450 ODS steel is on two orders of magnitude less than the 
thermal creep rate of EP450 steel. By long term tests at biaxial tension of tube specimens at 700ºС it is 
shown that time to rupture of the specimens made of EP450 ODS is on one order of magnitude more 
than time to rupture of specimens made of EP450 (Table 2.3).  
 
 
TABLE 2.2. THERMAL CREEP TESTS OF TUBE SPECIMENS FROM EP450 AND EP450 ODS 
STEELS 

Material Test temperature, С Stress, MPа Creep rate, %/h Comment 

EP450 ODS 
650 140 3.23 × 10-5 δ=7.92% 

700 120 2.20 × 10-4 δ=7.08% 

EP450 
650 140 - Ruptured during loading 

700 120 8 × 10-2 δ=2.83% 

 
 
 

 
                                          (а)                                                                        (b) 

  
                                         (c)                                                                          (d) 
FIG. 2.10. Structure ((a) optical microscopy; (b), (c) TEM) of thin-walled tube made of EP450 ODS 
after finish heat treatment at 1150°С,for 1.5 h, then at 740°С for 2h and histogram of distribution of 
oxide particles, which present in tubes structure (d). 
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TABLE 2.3. TIME TO RUPTURE TESTS OF TUBE SPECIMENS OF EP450 ODS AND EP450 
STEELS 

Material Test temperature, 
°С 

Stress, 
МPа 

Internal pressure,  
k·m-2 

Time to rupture, 
h 

P450 700 
 

120 150 20 
EP450 ODS 200 

 
 
In figures 2.11–2.12 the thermal creep curves at 650–700ºС and different stresses are shown. These 
curves were received on microspecimens with 0.4 × 2.5 × 7 mm gauge length, cut from EP450 ODS 
tubes in longitudinal direction. It is seen from the figures, that time to rupture of specimens at 
temperatures 650–700ºС and stress 140 MPa is 16 000 and 14 000 hours, correspondingly. This fact 
confirms the high temperature strength of EP450 ODS steel met the requirements for cladding 
materials of advanced fast reactor with sodium coolant.  
 
The considerable drawback of received experimental batch of EP450 ODS tubes was large anisotropy 
of mechanical properties in longitudinal and transverse directions. The anisotropy is connected with 
oblong shape of grains along tubes as a result of compacting process by hot extrusion and process of 
tube rolling.  

 

 
FIG. 2.11. Thermal creep curves of steel EP450 ODS (experimental batch of tubes) at 650°С and 
stresses 140 MPa (1), 170 MPa (2), 210 MPa (3). 
 
 

 
FIG. 2.12. Thermal creep curves of EP450 ODS steel (experimental batch of tubes) at 700°С and 
stresses 120 MPa (1), 140 MPa (2) 160 MPa (3), 170 MPa (4). 
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In the middle of 2009 the first pilot batch of new EP450 ODS tubes was made. The yttrium oxide 
quantity was reduced to 0.2 wt%. The tubes structure is shown in Fig. 2.13. It is seen that the structure 
consists of equiaxed grains of ferrite and sorbite. There is no anisotropy of mechanical properties in 
this case, but characteristics of heat resistance are worse than heat resistance characteristics of tubes 
that were received before. 

 
In 2011 we plan to fabricate a new batch of EP450 ODS tubes with yttrium oxide received by the 
special technology. So, at present time we carry out works over determination of optimal 
concentration of yttrium oxide in EP450 ODS steel and choice of rolling route and heat treatment 
parameters in order to receive the tubes with high heat resistance and without of properties anisotropy. 

 

    
                                         (a)                                                                     (b) 

 
FIG. 2.13. Microstructure of thin-walled tubes from steel EP450 ODS (pilot batch);  

(a) optical microscopy; (b) TEM. 
 
 

2.8.  Working off methods of hermetization of thin-walled EP450 ODS tubes  
 
At present time the hermetization of fuel pins with ODS steels claddings is one of the main problems, 
because traditional methods of welding such as argon arc welding or electron beam welding which are 
characterized by melting of details in joining zone lead to the damages of nanostructure and decrease 
of heat resistance in the welding zone. The processes of welding without melting (in solid state) such 
as pressurized resistance welding, magnetic pulse welding, friction welding and other may be more 
acceptable [17–19].  
 
In figure 2.14 the region of the joint of cladding tube and plug from EP450 ODS steel received after 
the argon arc welding is shown. It is seen that the argon arc welding leads to the changes of steel 
structure, which becomes identical to structure of ferritic-martensitic EP450 matrix steel. Thereby, 
during melting, strengthening oxides, seemingly, displace from welding zone that leads to decay of 
heat resistance in the welding zone. So, further use of argon arc welding for the hermetization of fuel 
pins with ODS claddings demands for the optimization of temperature-rate regimes for decay of zone 
of thermal effect and localization of welding zone. 
 
One of the most popular methods of welding without melting is pressurized resistance welding 
(PRW). Joining by PRW receives by intensive plastic deformation of joined details (in joining zone), 
which are heated by current of high power up to high temperatures, which are lower than melting 
temperatures. As a result of the works carried out in VNIINM the principle possibility of receiving the 
qualitative welded joints was shown. For example, in Fig. 2.15 the structure of longitudinal section of 
cladding tube and plug joining is shown. The joining by its continuity and spread corresponds to 
technical demands for welding joints for wares of atomic reactors.  
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FIG. 2.14. Microstructure of welded joint between EP450 ODS cladding tube and plug received by 
argon arc welding (optical microscopy). 

 

 
 

FIG. 2.15. Microstructure of welded joint between EP450 ODS plug and cladding tube, received by 
pressurized resistance welding (optical microscopy). 
 
 
For the determination of presence of strengthening oxides in welding zone the analisys of X ray 
emission characteristic of alloying elements by line passing through welded joint and zone of thermal 
effect was carried out (Fig. 2.16). In Fig. 2.17 (top), (bottom), the graphics of intensity distribution of 
X ray characteristic emission of titanium and yttrium are shown. The intensity peaks of Ti and Y 
coincide, that tells about the presence of double yttrium–titanium oxides and their uniform distribution 
in welding joint and in zone of thermal effect. 

 
 

FIG. 2.16. Welded joint of EP450 ODS cladding tube and plug after pressurized resistance welding. 
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FIG. 2.17. Graphics of intensity distribution of X ray characteristic: emission of titanium (top) and 
yttrium (bottom) in welded joint of EP450 ODS cladding tube and plug after pressurized resistance 
welding. 
 
 
For the estimation of welded joint’s quality short and long term mechanical tests were carried out on 
the specimens of welded joints between cladding tubes made of EP450 ODS steel and plugs made of 
heat resistant ChS139 martensitic steel. Short term mechanical tests were carried out at 700°С. 
Thermal creep and long term strength tests were carried out using two modes of deformation: 

- uniaxial tension at temperatures 650–700°С and stresses 140 MPa and 120 MPa;  

- biaxial tension by internal pressure at temperature 700ºC and stress 120 MPa. 
 

In most cases rupture had place in cladding tube, out of welded joint. Time to rupture of specimens at 
temperature 700°C was 1000–1500 h and more than 4000 h at temperature 650ºC.  
 
 
 
3. CONCLUSION 

 
In the course of the works over research and development of EP450 ODS steel the possibility of 
significant increase of ferritic-martensitic steels high temperature strength by dispersion strengthening 
with nanoparticles of yttrium–titanium oxides was shown. The technological manufacturing schemes 
of powders, tube shells and thin-walled tubes from EP450 ODS steel were worked out. The principle 
possibility of hermetization of thin-walled EP450 ODS tubes by the method of pressurized resistance 
welding was shown. 
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Talking about the prospects of ODS ferritic-martensitic steels as fuel pin claddings of new generation 
fast reactors; the key question is irradiation behaviour  of this steels type. In order to get the data on 
EP450 ODS structure and properties changes under irradiation, in 2010 we put a small amount of steel 
samples in BN-600 reactor material test assembly. The irradiation parameters are following: 
irradiation temperature 375–700ºС, maximum damage dose 140–160 dpa. 
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Abstract 

The BN-600 is the most powerful power fast reactor in the world. Uranium oxide fuel of three enrichments on U-235 is 
used. The FA lifetime is 560 effective full power days (EFPDs), two reloadings per year with average duration between 
reloadings, 140 EFPDs. The maximum damage dose rate is 41 dpa per year. Sodium temperature range in the core is 368–
550°C. The present unique combination of irradiation conditions is extremely attractive to support the irradiation of materials 
and items for the testing purposes. The BN-600 is the power reactor with assigned commercial parameters, and the tests 
should not essentially influence its operation mode. Besides it is necessary to take into account normative safety rules and 
limits on allowed perturbations in the reactivity margin and the heat release distribution. At preparation of tests licensing the 
nuclear and radiation safety justification should be supported with theoretical and experimental results. The paper describes 
the BN-600 irradiation capabilities, irradiation test experience and requirements for the irradiation tests arrangement. 

 
 
 
1. INTRODUCTION 

 
Recently, the Russian Federation keeps the greatest capabilities in irradiation tests of structural and 
fuel materials for fuel pins and fuel subassemblies (FSA) for fast neutron reactors. There are the 
capabilities of BOR-60 research reactor and BN-600 demonstration power reactor. In addition, 
BN-600 reactor has unique capabilities; it can completely simulate the operation conditions typical for 
advanced fast power reactor. 
 
The main Russian enterprises, which arrange the irradiation tests of fuel pin and FSA materials in 
BN-600 reactor, are OKBM (reactor chief designer), IPPE (project research manager), VNIINM 
(chief designer-technologist for fuel pins) and Beloyarskaya NPP (reactor operator). RIAR (designer-
technologist for fuel pins with vibro-packed MOX fuel), where the experimental MOX FSAs are 
assembled, also plays the important part in the experiments. 
 
The procedure of experimental assembly irradiation in BN-600 reactor is as follows: 

- Based on R&D work schedules, OKBM makes organizational decisions on test performance, 
which are approved by abovementioned and other involved organizations; 

- Then, OKBM and the involved organizations develop the Final Design for experimental assembly, 
programme for irradiation tests and post-irradiation examinations, as well as the nuclear and 
radiation safety analysis during experimental assembly testing; 

- Then, Beloyarskaya NPP submits the programme of irradiation tests and safety analysis report to 
Rostekhnadzor as a part of document package in order to receive the permission (license) for the 
tests. 

 
1.1. Irradiation conditions in BN-600 reactor core 
 
The BN-600 reactor is actually the most powerful operating fast reactor in the world. The reactor was 
put into operation in 1980. In June 2011, the 61st reactor refueling cycle starts. The uranium oxide fuel 
of three U-235 enrichments is used in reactor core. Now, the reactor operates with a 01M2 core with 
two refuelings per year at average duration of a refueling interval of 140 EFPDs [1–3]. The lifetime of 
most of the FSAs is 560 EFPDs. The lifetime of 36 peripheral FSAs is 720 EFPDs. After irradiation, 
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the spent FSAs are held in the in-vessel storage during one or two refueling cycles. The main core 
operation parameters are given in Table 1.1. Core layout is shown in Fig. 1.1. 
 
TABLE 1.1. MAIN CORE OPERATION PARAMETERS  

Parameter Value 

FSA lifetime, EFPDs 5760 (720) 

Average fuel burnup, MW·day·kg-1 0 

Maximum fuel burnup, at.% 11.2 

Maximum density of neutron flux, n·cm-2·s-1 6.5 × 1015 

Maximum neutron fluence (E>0.1MeV) per year, n·cm-2 * 9.3 × 1022 

Maximum damage dose for FSA per year, dpa * 41 

Sodium temperature at core inlet/outlet, °С 368/550 
* During operation at plant capacity factor of 0.77 (reliably provided). 

 
The presented irradiation condition combination is typical for fast neutron reactors and is rather 
attractive for materials and items irradiation for the purpose of tests. Possible options of material 
irradiation in BN-600 reactor core are given in Table 1.2. 
 
TABLE 1.2. POSSIBLE OPTIONS OF MATERIAL IRRADIATION IN BN-600 REACTOR  
Design or tested element features Subassembly type 
Replacement of cladding standard materials 

- “Certified” standard materials 
- Partial replacement for fuel pins with new materials in fuel bundle 
- Complete replacement for new materials 

 
“Reference” FSA 
“Combined” FSA 
pilot FSA 

Fuel replacement in fuel pin Leading test assembly 

Variation of fuel pin standard size Leading test assembly 

Modified FSA with channel for material sample container Material test assembly 

Special-designed assemblies for formation of particular neutron 
spectrum and target material arrangement for irradiation 

Experimental irradiating 
devices 

 
 

 PREPARATION FOR EXPERIMENTAL ASSEMBLIES’ IRRADIATION IN BN-600 2.
REACTOR 

 
BN-600 reactor is a power reactor with certain commercial parameters and tests shall not considerably 
influence on reactor operation mode and standard plant capacity factor of around 77–78%. Operation 
parameters of standard FSAs and reactor equipment shall be within technical specifications and 
“Regulations…” of the reactor plant. In addition, it is necessary to take account of certain nuclear 
safety rules and limits on allowable perturbations of reactivity margin and heat release distribution. 
 
Test at BN-600 power reactor shall be licensed in “Rostekhnadzor”; and their nuclear and radiation 
safety shall be validated. When preparing for test licensing, the nuclear and radiation safety validation 
shall be supported by theoretical and experimental results. Positive results of previous experimental 
studies of materials planned for irradiation are of important value for preparation of the 
appropriate validation. 
 
The following requirements shall be satisfied at material irradiation tests at BN-600 reactor: 

- risk of additional radioactive contamination of the primary circuit and reactor plant shall be 
minimum; 

- the elements to be tested shall maintain their integrity. 
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In addition, the perturbations due to experimental assemblies’ installation into the reactor shall be 
limited by the allowable level: 

- reactivity margin perturbation shall be reasonable, from minus around 0.4% ΔK/K to plus around 
1% ΔK/K; 

- variation of heat release distribution in standard FSAs shall be insignificant, not exceeding 
maximum thermal loads and radiation damage parameters; 

- CPS rod worth variation shall be insignificant; standard reactivity balances shall be retained 
including reactivity margin variation; 

- main reactivity effects shall be affected insignificantly. 

 

 
 

FIG. 1.1. BN-600 core layout. 
 

The corresponding analyses are performed to confirm the feasibility of above limitations during 
experimental assembly design and test programme development. 
 
 

 IRRADIATION TEST EXPERIENCE 3.
 

The following options of material irradiation tests were implemented in BN-600 reactor: 

- FSA tests with replacement of fuel pin cladding material on several or all fuel pins of fuel bundle; 

- FSA tests with replacement of standard fuel (MOX fuel instead of standard uranium oxide fuel); 

- tests of modified standard FSA with the inner channel for structural material samples arrangement 
(material test assemblies); 

- irradiation of special-designed assemblies for formation of particular neutron spectrum and target 
material arrangement for irradiation of isotopic targets. 
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To obtain the final test results, primary non-destructive post-reactor inspections are performed in 
Beloyarskaya NPP “hot cell”; and IRM, RIAR and IPPE perform destructive post-irradiation 
examination. 
 
Testing of reference, combined and pilot FSAs, i.e. tests with replacement of fuel pin cladding 
material, is characterized by the following key points: 

- direct comparison of materials under same conditions; 

- negligible influence on core characteristics. 
 
The examples of the tests where the irradiation parameters were similar to standard FSA parameters or 
exceeded them slightly: 

- Reference FSAs with fuel pin claddings of standard ChS68 steel specially certified for the 
following post-irradiation examinations; 

- combined FSAs with claddings of ChS68 steel and advanced EK164 steel; 

- pilot FSAs with fuel pins of EK164 cladding steel. 
 
Testing of leading test assembly (LTA) with new fuel types is characterized by the following key 
points: 

- substantial reactivity perturbation: plus (0.04–0.1%) ΔK/K for one LTA with MOX fuel. Therefore, 
the number of LTA is limited by 6–5 assemblies; 

- substantial influence on heat release distribution (see Fig. 3.1). This also results in limitations of 
LTA number and (e.g. it is impossible to place LTA with MOX fuel nearby and near the most rated 
standard FSAs). 

 
The example of these tests is irradiation of 69 LTAs with standard pin claddings and with vibro-
packed or pellet MOX fuel [4–5]. The maximum values achieved are the following: 

- burnup: 11.8 at.% ; 

- damage dose: 79 dpa; 

- cladding temperature: 710°С. 
 

Irradiation of material test assemblies (see Fig. 3.2) is characterized by the following features: 

- insignificant reactivity perturbation (minus around 0.03% ΔK/K for one material test assembly), 
therefore, number of material test assemblies in the core can be rather large (around 10); 

- insignificant influence on heat release distribution. Thus, the material test assembly can be placed 
instead of any standard FSA. However, irradiation of materials as a part of material test assembly 
in rather small core area with the highest neutron flux density is the most interesting from the 
viewpoint of practice. 

 
The examples are: 

- two material test assemblies with various materials were successfully irradiated in BN-600 reactor 
core [6]; 

- now, two material test assemblies are already being irradiated during one year (around 250 samples 
in each assembly); 

- to continue irradiation in “fresh” material test assembly, reshuffling of one removable container is 
planned in two years after irradiation start. 

Maximum planned irradiation parameters are: 

- damage dose: 134 dpa (at around 500°С); 

- sample temperature: 720°С (at 83 dpa). 
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FIG. 3.1. Neutron flux density perturbation in presence of LTAs with MOX fuel during 53td refueling 
cycle, rel.%. 

 
 

Considerable experience is available in irradiation of experimental irradiating devices with special 
target materials in typical neutron spectrum of fast reactor or in specially formed spectrum. The 
experimental devices for production of Со-60, Ar-37, etc. were designed and irradiated at the initiative 
and with direct involvement of IPPE. The experimental devices for Со-60 production are the 
combination of target elements with cobalt, moderating elements with zirconium hydride for neutron 
spectrum softening and absorber elements for protection of surrounding standard FSAs against low 
energy neutrons. Experimental irradiating device influence on the core is characterized by the 
following features: 

- substantial reactivity perturbation (minus around 0.13% ΔK/K for one experimental device located 
in the first radial blanket row); 

- substantial influence on heat release distribution.  
 
In view of reactivity perturbation, location of experimental device even in the radial blanket requires 
compensation. 
 
The experimental irradiating devices for production of Со-60 were successfully irradiated in the 
first and second rows of the radial blanket of BN-600 reactor. Specific activity of Со-60 reached 
around 100 Ci·g-1. 
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FIG. 3.2. Material test assembly design. 

 
 
 

 POSSIBILITIES FOR FOREIGN MATERIALS IRRADIATION 4.
 
Foreign structural material sample testing in material test assemblies (MTAs) seems to be quite 
possible, because the risk of nuclear or radiation consequences is practically eliminated. Irradiation of 
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new fuel types (fuel pins) is more complicated because complete information is required to prepare 
safety validation document in order that the Russian core designers can make the conclusion, which 
will satisfy the regulatory bodies. 
 
For the sample irradiations in the material test assemblies the following works should be considered: 

- MTA and container design development — OKBM; 

- Fabrication of FSA with the inner channel and accessories for removable container — MSZ 
Electrostal); 

- Sample fabrication — foreign customer, RIAR or VNIINM; 

- Equipping and assembling of removable container — IPPE; 

- Preparation of the documentation — Beloyarskaya NPP and OKBM; 

- Irradiation — Beloyarskaya NPP; 

- Post-irradiation examination — Beloyarskaya NPP and IRM (or RIAR, or foreign customer). 
 
At the irradiation of fuel pins with new fuel or new cladding materials, it is more difficult to validate 
these tests safety. In addition to organizational issues because of foreign components of fuel pins, the 
technical issues appear which are associated with fabrication and placement of these fuel pins in 
suitable assemblies. Therefore, in order to test these conceptually new fuel pins in BN-600 reactor, 
sufficient organizational work is required in order to work out the new approaches to tests acceptable 
for all work participants. 
 
 
 

 CONCLUSION 5.
 

The BN-600 reactor is a unique combination of irradiation conditions and is very attractive for 
materials tests. Large experience was gained in irradiation of various materials and post-irradiation 
examinations at BN-600 reactor performed by Beloyarskaya NPP, IRM, RIAR and IPPE. Concerning 
foreign materials testing at BN-600 reactor, one can note the following: 

(1) testing of structural material samples in material test assemblies seems to be quite possible; 

(2) irradiation of new fuel (fuel pins) testing is rather complicated and requires additional 
consideration with participation of all involved parties. 
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Abstract 

The paper presents the RIAR experience in development and using of dismountable irradiation assembly (EFA). The 
irradiation assembly makes it possible to remove fuel rods or rods with material-science specimens after irradiation for 
subsequent intermediate post irradiation examinations by using nondestructive methods and can be either placed back in the 
same EFA or sent to the specialized area for examinations by destructive methods. In total 10 EFAs, approx. 30 specimens 
have been under test. PIE after several cycles "irradiation–washing–assembling–irradiation" showed, that such operations 
make no influence on fuel performance.  

 
 
1. INTRODUCTION 
 
RIAR has developed and is testing a dismountable irradiation rig (hereinafter to as EFA) based on the 
standard FA with the same overall sizes. The EFA can be placed in any cell of the BOR-60 core and 
allows fuel rods or rods with material science specimens to be removed for intermediate post 
irradiation examinations by using nondestructive methods. Afterwards these rods can be either 
returned in the same FA or sent to the specialized area for examination by destructive methods. 
 
 
2. DESCRIPTION OF EFA DESIGN 
 
Dismountable EFA consists of two ducts: the protective one with across flats dimension of 44 × 1 mm 
and the bearing one (across flats dimension of 38 × 0.8mm) to which lower and upper reducers are 
welded. The lower reducer is designed to fix the tail, and the upper reducer is intended to fix the head, 
the spacing grid in the upper part of the EFA and to secure a bundle of 19 fuel rods (Figs 2.1–2.2). 
Both ducts are made of low-swelling ferritic-martensitic EP450 steel. Damage dose rate for the EFA is 
up to 23 dpa per year. Schematic diagrams of the dismountable EFA and standard fuel rod are 
presented in Figs 2.3–2.4. Table 2.1 provides dimensions of the EFA fuel rod. 
 

 
FIG. 2.1. Appearance of dismountable EFA of BOR-60. 
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FIG. 2.2. Appearance of standard fuel rods and dismountable EFA of the BOR-60 reactor. 

 
 

FIG. 2.3. Schematic diagram of the BOR-60 dismountable EFA. 
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FIG. 2.4. Schematic diagram of the standard fuel rod of dismountable EFA. 
 
 
TABLE 2.1. MAIN PARAMETERS OF THE STANDARD FUEL ROD OF DISMOUNTABLE EFA 

No Parameter Value 

1 
Length, mm: 
٠ ٠     fuel rod 
٠ ٠     gas plenum 
٠ ٠     lower blanket 
٠ ٠     fuel column 
٠ ٠     upper blanket 

  
1050 
273 
150 
450 
100 

2 Cladding diameter, mm 6.9 
3 Cladding wall thickness, mm 0.3; 0.4 
4 Fuel smear density, g·cm-3 8.3–9.5 
5 Average PuO2 mass fraction in granulate, % 15–45 
6 Enrichment in 235U, % 45–90 

 
 
 
3. OPERATING CONDITIONS OF EFA IN THE BOR-60 REACTOR 
 
The heat generated by the BOR-60 reactor is partly transferred to the heating system and converted 
into power generation. That is why depending on the season, the reactor power can vary within the 
range of 40–55 MW. The duration of the reactor operation between the shutdown depends on the 
reactivity margin and, as a rule, does not exceed 90 days. Figure 3.1 shows typical operation schedule 
during a year. The reactor power mainly rises and drops smoothly for about 10 hours (Fig. 3.2). Thus, 
average thermal power generation per one year is 2.5 × 105 MW hour. 
 
All marked shut downs are scheduled (Fig. 3.1). Two long shutdowns (45 days) are used for the 
reloading of FAs and experimental assemblies, fulfillment of repairs and preventive maintenance. 
Three short shutdowns (10 days) are intended for additional loading/unloading of different fuel-free 
assemblies. Besides, off-scheduled shutdowns caused by equipment failure or system malfunction and 
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also by human errors are also possible. As a rule, at most 1 shutdown of this kind takes place during a 
year. Duration of off-schedule shutdowns depend on the cause and can take from several hours to 
several days. If off-schedule shutdown is performed by the operator, it proceeds smoothly (Fig. 3.2). 
In case of scram, the reactor power drops during a few minutes. As a rule, the duration of the off-
schedule shutdown considering possibility of the reactor power adjustment has no effect on integral 
irradiation parameters of FAs. 
 
In the course of the reactor operation all necessary parameters of the reactor and equipment are 
monitored and recorded by using in-process measurement system and information measuring 
computer system. 

 
To monitor the irradiation mode such parameters as coolant temperature and flow rate and also 
thermal reactor power are used, from which current values of fuel rod temperatures, fuel burnup and 
damage dose of claddings are calculated. 
 
Temperature conditions of assembly irradiation are set taking into consideration miscalculations (or 
inaccuracy of measurements). It is done after manufacturing and flow-through of an assembly and 
making calculations of coolant heating with involvement of actual characteristics. During irradiation 
the inlet temperature of the coolant considering actual coolant heating should be retained so that the 
maximum fuel rod temperature under steady state irradiation mode is within the required range. The 
temperature is continuously monitored by shift personnel with self-recorders having settings that give 
warning of temperature variation. Temperature is adjusted by changing parameters of primary (steam-
water) and secondary (air) coolant circuits of the reactor. 
 
SSC RIAR has been using the code system TRIGEX [1] and SMC [2] for calculating neutron-physical 
characteristics during all irradiation stages. Thermal-hydraulic computation is performed by using 
code GERAT [3–4]. 
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FIG. 3.1. Typical diagram of BOR-60 operation. 
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FIG. 3.2. Time history of power and inlet coolant temperature under startup  
(a) and shutdown (b) of the reactor. 

 
 
 
4. EXPERIMENTS PERFORMED AT BOR-60 
 
- Irradiation of fuel rods with EP450 claddings up to high and super-high burnups of vibro MOX-

fuel and damage doses: 
 fuel burnup of more than 30% and maximum damage dose of 164 dpa were achieved;  
 from hydrostatic weighing results the fuel swelling is within 0.66%/% burnup; 
 the outer diameter increase of EP450 claddings is within 3%. 

 
- Irradiation of nitride fuel, oxide fuel with high Pu content (up to 45% and 60%) and fuel with inert 

matrix (ZrN and MgO) under Russian–French experiment (BORA-BORA): 
 MOX pellet and vibro fuels with 45%Pu were successfully irradiated up to the burnup of 

around 12.8 at.%; 
 mixed nitrides 45%PuN + 55%UN and 60%PuN + 40%UN were successfully irradiated up to 

the burnup of around 12.1 at.%; 
 inert matrices fuels 40%PuO+60%MgO and 40%PuN+60%ZrN were successfully irradiated 

up to the burnups of 19.0 at.% and 19.4 at.%. 
- Irradiation of MOX vibro fuel rods with ODS claddings under Russian–Japanese experiment: 

maximum fuel burnup of 11.9% and maximum damage dose of up to 51 dpa were achieved. 
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- Irradiation of recycled PuO2 together with UO2 and uranium getter up to service life burnups in 
fuel rods with austenitic ChS68 claddings: maximum fuel burnup of 16.5% and maximum damage 
dose of up to 78 dpa were achieved.  
 

- Irradiation of recycled MOX-fuel in fuel rods with austenitic ChS68 claddings up to service life 
burnups: irradiation is under way. 
 

- Irradiation of 3 experimental vibropac AMOX fuel rods (UO2-(1–35)% PuO2-(1–2)% AmO2) 
with austenitic ChS68 claddings up to service life burnups: irradiation is under way 
 

- Irradiation of “pure in isotopes” MA specimens in the BOR-60 reactor: 232Th; 237Np; 239Pu; 240Pu; 
242Pu; 241Am; 243Am; 244Cm: 

 
 the radiochemical investigations of the irradiated isotope specimens have been done; 
 the important data have been obtained for testing neutron data and verification of computation 

code. 

 

- Irradiation of UO2-5%NpO2 + 4%U fuel in fuel rods with austenitic ChS68 cladding up to service 
life burnups: maximum fuel burnup and decrease in 237Np mass (in the midplane) are equal to 
19.5 at.% and 19.0% correspondingly. 

 
 
 

 CONCLUSION 5.
 
In total 10 experimental dismountable fuel assemblies with around 230 specimens have been under 
tests in the BOR-60 reactor. The post irradiation examinations after a few cycles of “irradiation-
washing from sodium-dismounting–mounting–irradiation” showed that such operations had no 
negative effect on the fuel rods performance. 
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ABBREVIATIONS 
 
 
ACR automatic control rods 
ADC arc distance controller 
ADS accelerator driven systems 
AFFF Advanced Fuel Fabrication Facility 
APT atom probe tomography 
APU ammonium polyuranate 
ASS austenitic stainless steels 
BARC Bhabha Atomic Research Centre 
BOL begin of life 
BWR boiling water reactor 
C/M carbon to metal 
CANDU Canada deuterium uranium reactor 
CCTV closed circuit television 
CDA core destructive accident 
CDF cumulative creep-rupture damage factor 
CDFR China Demonstration Fast Reactor 
CEA French Alternative Energies and Atomic Energy Commission 
CEFR Chinese Experimental Fast Reactor 
CFBR Commercial Fast Breeder Reactor 
CFC closed fuel cycle 
CHEOPE Chemistry and Operations Facility 
CIAE China Institute of Atomic Energy 
CRO clean reject oxide 
CRP coordinated research project 
CSR control safety rod and sheath 
CW cold worked 
DBTT ductile to brittle transition temperature 
DND delayed neutron detection 
DSC differential scanning calorimetry 
DSR diverse safety rod and sheath 
EC European Commission 
EFA dismountable irradiation assembly 
EFPD effective full power days 
ENEA Italian National Agency for New Technologies, Energy and the Environment 
EPMA electron probe microanalysis 
EPR emergency protection rods 
ETVS experimental fuel assembly 
EXAFS extended x ray absorption fine structure 
FA fuel assembly 
FaCT Fast Reactor Cycle Technology Development 
FBR fast breeder reactor 
FBTR Fast Breeder Test Reactor 
FCCI fuel cladding chemical interaction 
FCMI fuel clad mechanical interaction 
FEPC Federation of Electric Power Companies of Japan 
FGC Functionally graded composite 
FGR fission gas release 
FIV flow-induced vibration 
FP fission products 
FP framwork programme 
FSA fuel subassembly (or see (SA)) 
GTAW gas tungsten arc welding 
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HFR High Flux Reactor 
IFRAC Indian Fast Reactor Advanced Cladding 
IGCAR Indira Gandhi Centre for Atomic Research 
IMF inert matrix fuel 
IPPE State Scientific Center Institute for Physics and Power Engineering 
IPS in-pile-sections 
JAEA Japan Atomic Energy Agency 
JEMA Federation of Electric Power Companies of Japan 
JOG joint oxide gain 
JRC-ITU Joint Research Centre Institute for Transuranium Elements 
JSFR Japanese Sodium Fast Reactor 
KAERI Korea Atomic Energy Research Institute 
KIPT National Science Center – Kharkov Institute of Physics & Technology 
KTH Reactor Physics Kungliga Tekniska Högskolan 
LBE lead bismuth eutectics 
LECOR Lead Corrosion Facility 
LEU low-enrichment uranium 
LPPS low pressure plasma spray 
LVDT linear variable differential transformer 
MA minor actinides 
MARICO material testing rigs with temperature control 
METI Ministry of Economy, Trade and Industry 
MEXT Ministry of Education, Culture, Sports, Science and Technology 
MFA material science fuel assembly 
MOX mixed oxide fuel 
MTA material test assembly 
MTR materials testing reactor 
NES Nuclear Energy Series 
NFC Nuclear Fuel Complex 
NIKIET N.A. Dollezhal Research and Development Institute of Power Engineering 
NPIC Nuclear Power Institute of China 
NWCC neutron well coincidence counting 
O/M  oxide to metal 
ODS oxide dispersion strengthened 
OHT outer hexagonal tube 
PAS positron annihilation spectroscopy 
PFBR Prototype Fast Breeder Reactor 
PHWR pressurised heavy water reactor 
PIE post irradiation examination 
PLC programmable logic control 
PRW pressurized resistance welding 
RFA reference fuel assembly 
RG power-generating plutonium 
RIAR State Scientific Center— Research Institute of Atomic Reactors 
SA sub assembly (also see (FSA)) 
SANS small angle neutron scattering 
SCK·CEN Belgian nuclear research center 
SFR sodium cooled fast reactor 
SIMS secondary ion mass spectrometry 
SPS spark plasma sintering 
SR shim rods 
TD theoretical density 
TEM transmission electron microscopy 
TM technical meeting 
TSO technical safety organisation 
TWR traveling wave reactor 
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UCF unit capacity factor 
VNIIM A.A. Bochvar All-Russia Research Institute of Inorganic Materials 
W/E contrast ratio 
WG weapon-grade plutonium 
XANES x ray absorption near edge spectroscopy 
XGAR x gamma autoradiography 
XRD x ray diffraction 
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