
IYNC 2008, Interlaken, Switzerland, Sept. 20-26, 2008 
Paper 146 

 

 

GEN IV : Carbide Fuel Elaboration for 

the "Futurix Concepts" experiment. 
 
 
 
 

Stéphane VAUDEZ, Chantal RIGLET-MARTIAL, Laurent PARET and Eric ABONNEAU 

Commissariat à l’Energie Atomique (C.E.A.), Direction de l’Energie Nucléaire, 

Centre d’Etudes de Cadarache, 13108 Saint Paul lez Durance Cedex, France 

Tel. +33-4-42-25-31-90, Fax. +33-4-42-25-47-17, E-mail : stephane.vaudez@cea.fr 

 

 

 

ABSTRACT 

 
In order to collect information on the behaviour of the 

future GFR (Gas Fast Reactor) fuel under fast neutron 

irradiation, an experimental irradiation program, called 

"Futurix-concepts" has been launched at the CEA. The 

considered concept is a composite material made of a fissile 

fuel embedded in an inert ceramic matrix. Fissile fuel pellets 

are made of UPuN or UPuC while ceramics are SiC for the 

carbide fuel and TiN for the nitride fuel. This paper focuses 

on the description of the carbide composite fabrication. 

The UPuC pellets are manufactured using a 

metallurgical powder process. Fabrication and handling of 

the fuels are carried out in gloveboxes under a nitrogen 

atmosphere. Carbide fuel is synthesized by carbothermic 

reduction under vacuum of a mixture of actinide oxide and 

graphiteous carbon up to 1550°C. After ball milling, the 

UPuC powder is pressed to create hexagonal or spherical 

compacts. They are then sintered up to 1750°C in order to 

obtain a density of 85 % of the theoretical one. The sintered 

pellets are inserted into an inert and tight capsule of SiC. In 

order to control the gap between the fuel and the matrix 

precisely, the pellets are abraded. The inert matrix is then 

filled with the pellets and the whole system is sealed by a 

BRASiC® process at high temperature under a helium 

atmosphere. 

Fabrication of the sample to be irradiated was done in 

2006 and the irradiation began in May 2007 in the PHENIX 

reactor. This presentation will detail and discuss the results 

obtained during this fabrication phase. 

 
I. INTRODUCTION 

 
The GFR reactor technology, based on a high 

temperature helium coolant with a fast neutronic flux, 
requires important material innovations. Some irradiation 
tests at the CEA called "Futurix concepts" are scheduled to be 
carried out in the PHENIX reactor in 2007 with thermal 
conditions close to the GFR reactor ones. The fuel fabrication 
based on nitride (U,Pu)N and carbide (U,Pu)C is investigated 
with a Pu/(U+Pu) ratio of about 20 at %. These kinds of 
materials show a heavy atom density and a much better 
thermal conductivity in comparison to oxide fuel. The 
fabrication process is developed to produce the fissile phase 

dispersed into an inert and tight matrix. 
The inert matrix must retain all the fission products 

during irradiation. The inert matrix for the nitride concept is 
composed of TiN whereas that for the carbide concept is 
composed of SiC. Both were selected for their thermal, 
neutronic and mechanical properties as well as their chemical 
compatibility with the fuel phase. On the other hand, the 
density of each inert matrix has to be higher than 95 % of the 
Theoretical Density (TD) for the purpose of retaining the 
fission products. They are obtained by ultrasonic-tooling of 
dense material. The density of the fuel must be about 85 %TD. 
As shown in Fig. 1, three kinds of fuel design are tested. The 
first one is composed of a fissile spherical kernel, 2.5 mm in 
diameter. The second one is a hexagonal pellet with a Flat to 
Flat Distance (FFD) of 3.5 mm while the third one is 
composed of 7 hexagonal pellets with 700 µm FFD. 
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Fig. 1. "Futurix-concepts" fuels. 
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Fig. 2. and Fig. 3. Thermo-gravimetric evolutions of mixed carbide fuel under air and nitrogen atmosphere. 
 
 

 
The gap between the fissile fuel and the inert matrix has 

to be mastered in order to control the thermal behaviour of 
each fuel element during irradiation. The inert matrix and the 
fuel are assembled and the system is tightly closed under a 
helium atmosphere by a refractory metal welding. 

The elaboration and characterization of carbide fuel will 
be described here ; those concerning the nitride fuel were 
described during IYNC 2006 1. 

 
II. FABRICATION AND HANDLING CONDITIONS 

 
It is well known that the mixed carbide UPuC fuels 

present a risk of pyrophoricity 2 , 3 , 4 . Before the carbide 
elaboration in the facility, a safety analysis was performed 
concerning the tightness of the different glove boxes. 

Fabrication and handling of the fuels were finally 
achieved in gloveboxes under a nitrogen atmosphere 
(certified with H2O and O2< 10 ppm.). During each operation, 
on-line analysis showed an O2 content close to 50 ppm. After 
each fabrication step, the fuel was stored in sealed containers. 

To better appreciate the oxidation behaviour of carbide 
with temperature, the oxidation of UPuC was studied on 
pellet fragments and powder by thermo-gravimetric analyses 
under air atmosphere. The Pu/(U+Pu) ratio was around 
20 at % and the temperature ranged from room temperature 
up to 1000°C. As shown in Fig. 2, for a carbide powder with a 
specific area of 2,0 m2/g, no significant weight variation was 
detected up to 100°C under air atmosphere. At about 220°C, 
the ignition temperature was reached. An expulsion of 
powder was observed due to the strong increase of the sample 
temperature. For sintered carbide of 80 and 88 % TD, the 
weight variation begins at 200°C and 300°C respectively. 

In as much as UPuC was handled under a nitrogen 
atmosphere, it was important to observe and understand how 
it behaved from the nitriding point of view : as shown from 
the thermo-gravimetric analysis under a nitrogen atmosphere 
(Fig. 3), the nitriding of a UPuC powder with a specific area 
of 2.0 m2/g becomes significant above 400°C in our operating 
conditions. 

III. ELABORATION OF UPuC FUEL 

 
III.A. Past-experience 

 
The process used for this fabrication has been developed 

for a previous experimental irradiation called NIMPHE5, for 
which pellets of UPuC were manufactured. Fig. 4 shows the 
process flowsheet of this fabrication. It is based on the 
preparation of a powder mixture of (U,Pu) oxide and carbon 
with a slight excess of carbon. Green cylindrical pellets were 
pressed and heated to obtain the UPuC compound by a 
thermal treatment at temperatures varying between 1550°C – 
1600°C for 5 to 13 hours under a primary vacuum atmosphere. 
UPuC compacts were crushed and pressed. Densification of 
the pellets was performed by sintering at 1750°C for 8 to 10 
hours under a primary vacuum. 

 
III.B. Synthesis of UPuC 

 
The chemical reaction for the mixed carbide synthesis 

corresponds to the carbothermic-reduction process described 
by the following equation : 

0.8 UO2 + 0.2 PuO2 + 3 C → U0.8Pu0.2C + 2 CO 
The formation of UPuC has been followed by 

thermo-gravimetric analysis. The sample comes from a 
compact of a PuO2, UO2 and C mixture with a slight excess of 
carbon. This slight excess of carbon is set to be sure that there 
is no further oxide phase after synthesis. Under a primary 
vacuum (~ 5 Pa) and after 20 hours at 1600°C the weight loss 
is similar to the theoretical one in the case of a complete 
reaction (Fig. 5). However, with an increase of the 
temperature, the plutonium vapour pressure is relatively high 
with carbide compounds and with low oxidation state oxides  
(PuO for example). Thus the weight loss continues after 20 
hours of thermal treatment at 1600°C. As a result, the sample 
is plutonium depleted. 

The X-Ray diffractogram of the synthesized carbide is 
shown in Fig. 6. Two different phases are present. The first 
one corresponds to the major cubic phase of MC 
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(with M : U, Pu) and the second one corresponds to the M2C3 
compound. For the fabrication of the mixed carbide UPuC for 
the “Futurix Concepts” irradiation, the synthesis were carried 
out in a tungsten furnace under primary vacuum at 1550°C 
for 15 hours. The X-Ray diffractogram shows the two 
different phases MC and M2C3 as described above. The 
Pu/(U+Pu) ratio carried out by potentiogravimetry shows a 
loss of about 0.3 % after synthesis. 

 

III.C. Densification and control of UPuC fuel 
 
After synthesis, the UPuC pellets were crushed and 

placed in a roller ball mill. Three hours of grinding are 
required to obtain a specific surface area close to 2 m2/g. 
After adding 1wt % of organic powder to the blend, green 
pellets were pressed at about 500 MPa by an uniaxial 
hydraulic press. The organic blending is added to obtain a 
control of the porosity after sintering. 
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Fig. 4. Process for fabricating NIMPHE mixed carbide pellets. 
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Fig. 5. Thermo-gravimetric analysis  
of the carbo-reduction reaction. 

Fig. 6. Carbide X-ray diffractogram after synthesis. 
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Fig. 7. Macrograph of UPuC pellets. Fig. 8. Microstructure of a macro hexagonal pellet. 
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Fig. 9. and Fig. 10. Mixed carbide X-ray diffractograms before and after sintering. 
 

 
Special matrix pressing tools were designed in order to obtain 
the spherical and hexagonal shapes. The densification of the 
pellets was performed by sintering at 1750°C for 5 hours in a 
tungsten furnace under primary vacuum. As shown in Fig. 
7and Fig. 8, the various samples maintain their integrity after 
sintering. The porosity fraction is around 13 % with 9 % of 
open porosity. Whatever the kind of fuel form, a large 
porosity is observed. 

The polished microstructure shows the dimensional 
characteristics of each hexagonal fuel. No significant change 
in symmetry was noticed after sintering. Etched 
microstructures revealed a typical grain size of about 7 µm. 

The X-ray analysis of the samples after sintering reveals 
only the presence of the monocarbide phase, as shown in     
Fig. 9 and Fig. 10, the lattice parameter of 4.962 Å is close to 
the value generally reported in the literature 2. 

After a total oxidation under air atmosphere at 1000°C 
for 1 hour, a measurement of the Pu/(U+Pu) ratio shows a loss 
of about 0.6 % after sintering. Moreover, a gamma metric 
analysis has shown that a large part of americium (coming 
from the decay of the Pu241) has been volatilised during the 
thermal treatment. 

 

III.D. Factors governing the gaseous Pu losses from 
mixed (U,Pu) carbides 

 
Previous published experimental studies2, 6, 7 have shown 

that mixed (U,Pu) carbides undergo a highly incongruent 
sublimation at high temperatures : the vapour phase in 
equilibrium with the solid is mainly composed of gaseous 
plutonium (PPu/Ptotal > 99 %) while the contribution of 
gaseous U and C remains very low (PU/Ptotal < 10

-5 and 
PC/Ptotal <10

-7). Due to sublimation, the initial U1-zPuzC1+x 
solid solution evolves therefore towards a system (in 
equilibrium with the vapour) which is enriched in 
sesquicarbide (U,Pu)2C3 and depleted in monocarbide 
(U,Pu)C, as can be seen from the ternary (U-Pu-C) diagram 2. 
In addition to this, as only plutonium vaporizes, the uranium 
content increases in both phases (U,Pu)2C3 and (U,Pu)C. 

The composition of the system U1-zPuzC1+x, 
[z = Pu/(U+Pu) and x = C/(U+Pu)], the temperature (T) and 
the expansion volume (V) of the gas are the main parameters 
in the loss of gaseous Pu, defined as the molar ratio 
nPu(g) / nPu(initial). Some parametric calculations using the 
SAGE (Solgasmix Advanced Gibbs Energy) software 8 were 
carried out in order to estimate quantitatively the impact of 
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those various parameters on the loss of Pu(g) for the 
U1-zPuzC1+x systems. Both HSC Chemistry

 9 and TBASE 10 
databases were used to model the stoechiometric compounds 
whereas the FUELBASE 11 was used to model the (U-Pu)C 
system, with the hypotheses of ideal solid solutions between 
UC and PuC, as well as between U2C3 and Pu2C3

 7. 
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Fig. 11. Calculated variation of the Pu vapour pressure over 
U1+zPuzC1+x vs. temperature and composition. 

 
The calculations show that the Pu(g) partial pressure and 

consequently the loss of Pu(g) strongly increases with 
temperature, with a variation of the Pu(g) partial pressure (in 
closed system) of about 2.5 orders of magnitude between 
1500°C and 2000°C (Fig. 11). The composition parameters z 
and x have an opposite impact on the release of gaseous 
Plutonium : the Pu(g) partial pressure increases with the Pu 
content (z) of the system whereas its decreases with its carbon 
content (1+x). However, in comparison to the temperature 
impact, the effect of the composition of the system is about 
ten times lower in the ranges 0.2 < z < 0.4 and 
0.95 < 1+x< 1.10. Finally, the loss of Pu(g) is nearly 
proportional of the expansion volume of the gas, as expected 

if the perfect gas law is considered. As a consequence, the 
loss of Pu(g) should be minimized if the U1-zPuzC1+x material 
is confined in closed media of low volumes. 

The above calculations carried out on the basis of the 
ternary system U-Pu-C only refer to the stability of the 
(U,Pu) carbides. They do not account then for the possible 
formation of volatile oxy-carbide plutonium species, which 
might considerably enhance the total losses of Pu(g) during 
the carbothermic reaction. A better estimation of the real 
plutonium losses during the process would need a thorough 
knowledge of the quaternary system U-Pu-C-O. 

Yet, the thermal treatment carried out here for the 
fabrication of the (U-Pu)C pellets takes place in an oven 
maintained continuously under primary vacuum in order to 
remove the CO gas generated in the course of the reaction, 
which favour the mixed carbide formation. Those conditions 
are in reverse highly unfavourable regarding the loss of Pu(g) 
(infinite expansion volume, out of equilibrium chemical 
system). Significant loss of plutonium is to be expected 
therefore in the course of the process, depending mostly on 
the pumping rate and the duration of the thermal treatment, 
which is consistent with the experimental observations. 

To conclude about fabrication of fissile fuel, the reaction 
of carbo-reduction and densification of mixed carbide fuel is 
quite complex. There are a lot of process parameters such as 
the oxygen potential, the thermal cycle, the mixing conditions 
(with O C stœchiometries, powder nature, homogeneity and 
Pu ratio). They yield a lot of reaction products (MC and 
M2C3) with some actinide volatilization. 

 
IV. CLOSURE OF THE CARBIDE FUEL 

 
IV.A. Material assembly 

 
Due to its good chemical compatibility with the carbide 

fuel and its relatively good thermo-mechanical properties, 
SiC has been selected as a matrix. The raw material is a 
commercial product (hexoloy SiC from St. Gobain). Its 
density is close to 95 %TD with a mainly closed porosity. 
Each element is tooled by ultrasonic machining in an abrasive 
liquid (Fig. 12 and Fig. 13). This technique allows small 
dimension pieces to be produced with great precision and 
little mechanical damage. 

 
 

 
 

Fig. 12. SiC matrix for hexagonal and spherical concept. 
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IV.B. Nature of the assembly 
 
Each fissile phase has to be sealed in an inert matrix of 

SiC under helium. In order to control the gap between the fuel 
and the matrix precisely, the pellets are abraded. Then, the 
inert matrix is filled with the pellets and finally the whole 
system is sealed by a BRASiC® process under helium 
atmosphere at high temperature. The helium filling gas has 
been selected for its good thermal conductivity. The 
BRASiC® process is based on the welding of an alloy of Si-Zr. 
After a thermal treatment for 1 hour at 1500°C, a satisfactory 
sealing was obtained (Fig. 13). Mercury intrusion 
porosimetry measurements up to 2000 bars and helium tests 
have been performed to control the proper tightness of the 
welded capsule. 

 
 

 
 

Fig. 13. Micrographs of the metal – SiC bonded. 
 
 

V. CONCLUSION 

 
This study on the fabrication steps of innovative fuels has 

allowed an optimization of several process parameters. 
Innovation comes from : 
- the nature of the fissile phase (UPuN and UPuC), 
- the fuel shape (hexagonal or spherical), 
- the fuel assembly in a ceramic capsule (TiN and SiC), 
- the ceramic welding of such fuel assemblies, which must 

be tight in order to retain the gaseous fission product 
under irradiation. 
Beginning with the first studies on the manipulation of 

such fuel all the way up to its transport to the reactor, several 
important stages have been reached : 
- Safety analyses of the pyrophoricity properties of UPuN 

and UPuC, 
- R&D studies focused on the synthesis of UPuN and 

UPuC, 
- Development of innovating processes (for the shape of 

the fissile fuel and the welding of the inert matrix), 
- Fabrication and characterization of different pellets, 
- Fabrication of the 4 pins pressured under helium. 

 
 
 
 
 
 
 

The fabrication of the 4 pins is now complete and the 
irradiation began in May 2007. The next research effort will 
focus on the optimization of the fissile fuel microstructure 
and the plutonium volatilization minimization during thermal 
treatments. 
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