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INTRODUCTION. 

First of all, I would like to say that it is a great honour for me to be 
invited by our Indian colleagues to make a presentation on Advanced Fuels 
for Fast Breeder Reactors (FBRs) : while India has designed and manufactured 
a carbide core for its first Fast Breeder Reactor, the French advanced fuel 
piogramme for FBRs is a secondary programme compared with the main 
programme based on oxide, thus explaining the title of my presentation. 

1. THE FRENCH FUEL DEVELOPMENT PROGRAMME FOR FAST BREEDER 
REACTORS. 

It is well known that France has committed itself to a quantitative 
Pressurized Water Reactor (PWR) construction programme which in 1987 
produced 75 % of all electricity obtained from nuclear energy, without 
neglecting preparation for the future by developing FBRs. After the RAPSODIE 
experimental reactor, the 250 MWe PHENIX prototype reactor reached full 
power on 12 th March 1974, and the SUPERPHENIX reactor, built with European 
cooperation, reached its full power of 1200 MWe on 9th December 1986. At 
the present time, it is shut down due to defects on the irradiated fuel storage 
drum, but it is expected that it will soon be restarted. Oxide fuel is used in 
these three reactors. 

The next step after SUPERPHENIX will also be based on European 
cooperation, the "EFRUG" electrician's association would like to be able to 
make use of a European FBR project called EFR (European Fast Reactor) based 
on an oxide core within about five years. 

At the present time, due to the very competitive cost per kWh produced 
in France by the PWRs, it appears clear that, despite the improved use of 
uranium by FBRs, they will only be developed if the cost of the fuel cycle 
is sufficiently lower than that of the PWRs to compensate for the additional 
investment. 
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The current economic programme has fixed the following fuel related 
objectives : 

- bum-up as high as possible, the value of 150 000 MWd/t being considered 
as a minimum, and not a final target to be achieved, 

- extension of the duration of reactor operation cycles, leading to high 
in-pile times for fuel. 

Reaching the latter objective depends on obtaining high internal breeding 
gain performances, so that the total reactivity drop related to fuel 
impoverishment can be minimized. In this respect, a large diameter oxide 
fuel and/or an axial heterogenous core concept can be envisaged. 

Dense fuels could form another solution /l/ /2/. Their compatibility 
with sodium could also improve management of fuels after a cladding rupture. 
Since their operation at high linear power is no longer considered as a sensitive 
economic parameter, it is intended to use a helium bonded fuel operating at 
the same order of linear power as that defined for the oxide, thus giving an 
operating margin sufficient to support accidental power variations resulting 
from safety considerations. 

Up to the beginning of the 80s, the French dense fuel programme, without 
completely neglecting nitride, was essentially based on carbide with irradiation 
of about 100 pins, mostly in RAPSODIE, and a few in PHENIX. It was intended 
to prepare a larger demonstration in RAPSODIE, which could have resulted 
in the manufacture of a complete core, but this was not possible due to the 
premature shut down of RAPSODIE. 

The dense fuel programme was redefined in about 1982. One of the fixed 
conditions is that planned fuels must be compatible with the fuel cycle used 
in French industrial facilities (manufacturing, reprocessing). In this respect, 
nitride is being reconsidered, since this has the advantage over carbide in that 
it is more suitable for dissolving for reprocessing, but it has a disadvantage 
due to the parasite captur" of *4N which has a small effect on the neutron 
balance and leads to the production of 14C which must be trapped during 
reprocessing. For this reason, although the current programme prefers nitride, 
the carbide solution has not been rejected. 

It is no longer planned to use metal fuel, abandoned when oxide was chosen 
for RAPSODIE, despite promising results obtained in the USA, due to safety 
and R 6c D requirements, particulary related to a cooling accident, and also 
to its lack of consistency with French manufacturing and especially reprocessing 
choices. 

The current French dense fuel programme is proceeding in cooperation 
with two European organizations : 

- the European Institute for Transuranium Elements(ITU), 

- the Swiss Paul SCHERRER Institute (PSI, ex EIR), with which the CEA 
has signed a cooperation agreement. 

..//.. 
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2. FABRICATION OF DENSE FUELS. 

Up to 1981, fabrication development and the fabrication of dense fuel 
for experimental irradiations was carried out at the CEA Center at FONTENAY-
AUX-ROSES, near PARIS, in laboratory facilities which have now been 
definitively closed and declassified. This work was continued in a new facility, 
the LEFCA, located in the French CEA Nuclear Research Center of 
CADARACHE, in the South of France (Figure 1). The active area of this facility 
is over 1000 m2 and it is authorized to process up to one tonne of fissile material 
per year. Up to the present time, it has operated with the laboratory equipment 
transferred from FONTENAY-AUX-ROSES. A larger production line which 
could produce oxide or dense fuels indifferently is currently being installed. 
It will have an annual capacity of several hundreds of kg of fuel, allowing the 
manufacture of PHENIX type assemblies. 

The fabrication process used for both nitride and carbide is the 
carbothermic reduction of oxide followed by crushing and ball milling the product 
of the reaction, pelletizing and sintering. The carbothermic reaction and 
sintering atmospheres are different : nitrogen-based atmosphere for nitride, 
and vacuum for carbide. 

2.1. - Fabrication of nitride. 

The process has been described in /3/ ; it is summarized in Figure 2. 

The carbothermic reaction is carried out using the cycle shown in Figure 3. 
The temperature is increased under nitrogen to an initial plateau at 1550 °C, 
and when release of CO has decreased by a factor of about 100, a mixture 
of N£ and H2 is introduced. A second release of CO is then observed, less than 
the first but significant. This second reaction allows reducing the oxygen and 
carbon contents, since hydrogm facilitates transport of carbon in the gaseous 
phase. Cooling takes place under an argon-hydrogen atmosphere. 

One of the reasons for developing this process was to determine if the 
manufacture of nitride could be performed using equipment originally intended 
for oxide fabrication. In fabricating the UPuN fuel at LEFCA, a metallic furnace 
was used for the carbothermic reaction for availability reasons. Ai SICN, a 
subsidiary of COCEMA (CEA Group), the carbothermic reaction for the 
fabrication of uranium nitride (UN) is performed in an alumina muffle furnace 
typical of industrial furnaces. 

In both cases (UPuN and UN), sintering is performed in a refractory brick 
furnace. The sintering plateau is at about 1700 °C with a mixture of N^ a n d 

H2, and the temperature increase and decrease take place under an argon-
hydrogen atmosphere. 

The UPuN fuel obtained in the experimental program under way in PHENIX 
has the following properties : 

- density : 80 to 84 % T.D, 
- carbon content : 0.010 to 0.065 %, 
- oxygen content : 0.065 to 0.225 %. 

Carbon and oxygen contents have been deliberately varied to study the 
influence of these parameters on fuel behaviour under irradiation. 



4/ 

For the same irradiations, nitride fuel was fabricated by the KARLSRUHE 
Institute for Transuranium Elements (ITU) /4/, also using the carbothermic 
reaction method, but using the direct pressing method for part of the fuel 
The fabricated nitride has more uniform oxygen and carbon contents : 

- carbon content : 0.010 to 0.056 %, 
- oxygen content : 0.034 to 0.068 %. 

If fairly low densities are required for the UPuN fuel operating with 
helium bonding, high densities are necessary in the case of UN nitride for the 
blanket parts. It is known that densities of 95 % or more of the theoretical 
density were obtained at LOS ALAMOS /5/ by varying the ball milling time 
of the product obtained by carbothermic reaction, its size grading and sintering 
time at temperatures between 1800 and 2100 °C. Since we do not currently 
have a high temperature sintering furnace, we have reached a density of 
90 % T.D., by varying the ball milling time, the forming pressure and the 
sintering time. 

Two methods are investigated as part of the cooperation effort with 
the Sviss Paul SCHERRER Institute (PSI) for the development of UN or UPuN 
nitride using the well known internal gelation process developed by this Institute 
/6/: 

- the fabrication of pellets from gelation micro-spheres, which after 
the carbothermic reaction, are suitable for shaping by pressing and 
sintering. In this case, the product obtained should have properties fairly 
similar to that obtained using the dry route and only the fabrication 
method is changed significantly, 

- manufacture of a "sphere-pac" fuel, in other words a vibro-compacted 
type. In this case, we will also want to study the difference in behaviour 
between this type of fuel and the basic pellet fuel, hoping that the "sphere-
pac" solution will allow reducing stresses applied to the cladding by the 
nitride, which creeps much less than the oxide. 

Tests carried out have allowed production of microspheres with good 
physical and geometrical characteristics using the sphere-pac route. 
Optimization of the carbothermic reaction, especially the C/M ratio, is 
continuing to reduce the content of the main impurities, carbon and oxygen, 
which are still about 0,1 %. Tests on the pellet route have not yet produced 
pellets of the target density. 

2.2, - Fabrication of carbide. 

Our knowledge has not been increased since 1980, since the studies carried 
out at CADARACHE up to the present time have only been on nitride. 

As in the case of nitride, the process is based on a carbothermic reduction 
of oxide carried out under vacuum, as sintering. 

The C/MO2 ratio is adjusted to give a slight excess of carbon leading 
to a low oxygen content (1000 ppm), maintaining an acceptable M2C3 content 
(< 15 %). 
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The French programme has been mainly concerned with high density 
carbide (about 95 % T.D.) obtained by increasing the densification by the addition 
of nickel into the powder obtained from the carbothermic reaction. However, 
lower density fuel ha also been obtained with a porosity giving good thermal 
stability. 

For the new NIMPHE 2 irradiation which is used both on nitride and 
carbide, the carbide, with a density of about 80 % T.D., was fabricated by 
ITU, and part was obtained using the direct pressing method. 

2.3. - Process testing and products inspection. 

We will deal with nitride here. 

The carbothermic reaction is controlled by the release of CO. During 
production, the CO concentration *'s tested by an analyser fitted with a 
quantitative infrared absorption sensor. In addition, hydrogen and oxygen 
contained in the reaction gas are controlled during the carbothermic reaction. 

For finished products, oxygen is determined by measuring the carbon 
dioxide produced by the inert gas (helium) fusion method in a graphite crucible 
at 3000 °C ; the method reliably detects 1.0 microgram of oxygen. 

The carbon content is titrated by the combustion technique under pure 
O2 ; the sensitivity is better than one microgram of carbon. 

An interlaboratory comparison, carried out by ITU and CEA on two 
different uranium nitride materials, has given a satisfactory agreement. 

2.4. - Constraints imposed by the fabrication of carbide and nitride. 

If the carbide or nitride fabrication is compared with oxide fabrication, 
a major constraint arises due to the need to maintain the atmosphere inside 
the glove boxes at constantly high level of purity, avoiding both water and 
oxygen. 

At LEFCA, the glove boxes are supplied with very pure nitrogen, obtained 
from liquified gas. The atmosphere in the glove boxes is constantly checked. 
Maximum contents achieved in pratice are 50.10fi in volume for oxygen and 
200.10~6 for water. These values are acceptable for the fabrication of nitride, 
and are probably a bit too high for the fabrication of carbide. Reduction of 
these contents would involve recirculation and the use of a gas purification 
system. 

The main difference between carbide and nitride is the pyrophoric 
properties of the powders obtained in the carbothermic reaction for carbides. 
A strict control of the impurity content, especially moisture, is essential not 
only to obtain good properties of the products obtained as in the case of nitride, 
but also for safety against fire risks. Moreover, products have to be stored 
during fabrication and a metal confinement should be used, again in the interests 
of safety. 

..//. 
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3. QUALIFICATION UNDER IRRADIATION. 

For carbide, a report on the current state of knowledge was made at 
the TUCSON Conference in 1986 /7/. The combustion rates achieved (110 000 
MWd/'t but with a low smear density - 70 to 75 % T.D. - 70 000 MWd/t with 
a density which was more representative of currently defined values) are not 
sufficient to satisfy the fixed objectives, and several irradiations have been 
stopped prematurely for various reasons, not related to poor behaviour of the 
fuel during the irradiation test. 

For the UPuN nitride, two irradiations in a capsule are taking place in 
PhENIX. The first, NIMPHE 1, is for helium bonded nitride pins fabricated 
by CEA and ITU operating at a linear power of 450 w.cmK The bum-up achieved 
at the present time is about 40 000 MWd/t. It is intended to continue irradiation 
up to a high bum-up, and some pins will have to be removed for inspection 
at an intermediate bum-up. The second NIMPHE 2 irradiation is for CEA and 
ITU nitride pins, and also for carbide pins manufactured by ITU, all helium 
bonded, which should allow comparison of the behaviour of carbide and nitride, 
in this case at a higher linear power of 730 w.cm"1. This second irradiation 
has just been started. 

These two experiments would be followed by others, to test other solutions 
such as the ex-gelation fuel, and if they succeed, to confirm the dense fuel 
solution at a larger scale. 

4. SELECTION ELEMENTS FOR THE FBR FUEL OF THE FUTURE. 

This question may appear academic in that we have said that the choice 
of fuel was made for the first European reactors which would follow 
SUPERPHENIX and that the question of the eventual replacement of oxide 
only applies in the long term. 

It is obvious that the first selection criteria will be the behaviour of 
the fuel under irradiation. The suitability for achieving high bum-ups is beeing 
statiscally demonstrated for oxide in PHENIX, and began to be prooved for 
carbide by the USA programme /8/. 

The advantages of dense fuel related to neuVvic considerations and 
compatibility with sodium should be compared with the excess cost of fabrication 
and reprocessing of these fuels compared with oxide. 

In French, nitride has recently gained favour compared with carbide, 
because it appears to be more compatible with existing fabrication and 
reprocessing facilities than carbide. This argument is important in the medium 
term, since this compatibility helps to initiate an adequate demonstration 
and production programme without the need to make new investments. It is 
not so clear in the long term, since if a series of fast breeder reactors are 
developped, other facilities will need to be built, at least for fabrication. The 
disadvantage due to *4N captures remains. To overcome this disadvantage, 
trapping ^C at the time of reprocessing appears more realistic economically 
than 1*N nitride enrichment, even if this enrichment results in a significant 
neutronic gain. 

..//.. 



7/ 

The carbide has to overcome the disadvantage of reprocessing which 
appears to be more difficult at the present time, at least in reprocessing plants 
which already exist or are under construction, intended for oxide. For 
fabrication, an industrial plant should be designed for the high pyrophoric 
properties of some of its intermediate products during fabrication. In our opinion, 
metal glove box structures should be designed, which is not necessarily a problem 
since with increasing automation, this type of glove box would probably also 
be used for oxide manufacture. In the intermediate period, before the creation 
of a new production unit, it would probably be difficult to use facilities designed 
for oxide production for the production of carbide. 

The need to maintain a very pure atmosphere in the glove boxes for the 
manufacture of carbide and nitride is a constraint compared with oxide, which 
can be overcome using suitable technological measures. 

CONCLUSION. 

The feasibility of the fabrication of carbide and nitride fuels has been 
demonstrated in several countries and there is currently convergence towards 
a single type of process based on a carbothermic reaction. The optimization 
of fabrication procedures for these fuels must be continued to satisfy economic 
requirements and to obtain a fabrication cost of the same order or magnitude 
as that of oxide, although higher. If this target is achieved, fabrication will 
not be the major criterion for the selection of the FBR fuel, which will then 
be a function of the cost of reprocessing, performances under irradiation and 
reactor operating requirements. 

..//. 
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FIGURE 2. - UPuN FABRICATION FLOWSHEET 
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FIGURE 3. - UPuN SYNTHESIS 


