
 

 
73

 

THE FRENCH UMo GROUP CONTRIBUTION 
 TO NEW LEU FUEL DEVELOPMENT 

 
 

J.M. HAMY 
Framatome ANP(*) 

69456 Lyon Cedex 06, France 
 

P. LEMOINE 
CEA Saclay 

91191 Gif-sur-Yvette Cedex, France 
 

F. HUET 
CEA, Cadarache 

13108 St-Paul-Lez-Durance Cedex - France 
 

C. JAROUSSE 
CERCA (**) 

Les Berauds, B.P. 1114, 26104 Romans Cedex - France 
 

J.L. EMIN 
COGEMA (AREVA Group) 

BP 4, 78141 Vélizy Villacoublay Cedex - France 
 

(*) an AREVA and Siemens company,  
(**) a subsidiary of Framatome ANP, an AREVA an Siemens company   

 
 

ABSTRACT 
The French UMo Group was based on a close collaboration between CEA and AREVA's 
companies strongly involved in the MTR field. The aim of this program was to deliver 
industrially a high performance LEU UMo fuel able to be reprocessed, and suitable for a 
wide range of Research Reactor, covering the expected needs for MTR next generation.  
Since 1999, the program has been focused on industrial aspects with the intention to deal 
with the whole fuel cycle: manufacturing, irradiation behaviour, fuel characterisation, code 
development and reprocessing validation. It has been based on the fabrication of full-sized 
U-7%Mo fuel plates with a density up to 8 gU/cm3. The dedicated and advanced R&D 
means provided by the CEA have been used intensively with the contribution of HFR and 
BR2 facilities in Europe.  
This paper presents a synthesis of the program and the corresponding significant results 
obtained. These results have played a major role as regards the UMo dispersion fuel 
qualification route by issuing, for the first time, evidence of severe performance limitations. 
Consequently, the global international effort to develop and qualify a high density LEU 
UMo fuel has been definitively rerouted and forced to overcome these discrepancies by 
exploring new technical solutions. A French extended program sustained by a CEA and 
CERCA collaboration has been launched in 2004 in order to develop a suitable UMo fuel 
solution. UMo dispersion and monolithic fuel are both investigated through three new full-
sized plate irradiations planned in OSIRIS. 
  

 
1. Introduction 
 
During the last five years, the French UMo Development program has brought a significant 
contribution to the international effort to qualify a new LEU fuel that allows the conversion of 
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research reactors by achieving high performance and offering reprocessing capabilities. On the basis 
of the US RERTR program leaded by ANL, and the numerous parametric studies using small plate 
irradiation experiments and examinations, the LEU U-Mo dispersion fuel was identified as the more 
suitable candidate. 
Taking into account this statement issued from the R&D side, the French UMo Group (FUMoG) has 
resolutely oriented its development program to a global approach covering the whole fuel cycle taking 
advantage of a strong synergy between CEA and AREVA. In that way, this program encompasses 
manufacturing aspects, irradiation of full-sized plates, characterization of irradiated fuel, code 
development for modelling the behaviour of UMo dispersion fuel and reprocessing validation [1].  
 
Advanced R&D facilities has been dedicated to this program by the CEA : IRIS irradiation device for 
full-sized plates, OSIRIS for the irradiation experiments, LAMA and LECA hot cells laboratories for 
PIE, ATALANTE facility for reprocessing validation of spent fuel, with the additional contribution of 
HFR and BR2 facilities in Europe.     
 
A synthesis of the different technical domains managed through this program is presented bellow, 
together with the corresponding significant results obtained. The unexpected performance limitations 
that have been revealed for the first time are also expressed with the direct consequence to necessarily 
reroute the international effort to develop and qualify high density LEU UMo fuel. The new French 
UMo extended program that will investigate new solutions is presented with the corresponding time 
schedule.     
 

2. Manufacturing aspects 
 
Since the beginning of the development program, CERCA has played a major role, acting intensively 
to supply diverse UMo full size plates for the different irradiation experiments implemented, 
producing the plates in a very efficient way that has allowed the continuation of the program in 
accordance with the expected milestones [2], [3]. 
Early in 1999, full-sized UMo plates have been manufactured for the first time by CERCA and were 
dedicated to IRIS-1 and UMUS irradiation experiments. Theses plates were based on UMo powder 
produced by grinding that induced a mean porosity higher than 10%.  
In 2002, CERCA was able to produce a new set of full-sized plates for IRIS2 and FUTURE 
experiment in a very short time. Theses plates were produced using atomized UMo powder and the 
associated mean porosity was found at a level below 3 %. 
 
Along the program, CERCA has spent a sustained R&D effort to comfort and adapt its proprietary 
advanced process for plate manufacturing, initially developed for highly loaded U3Si2 plates with 
densities up to 6 gU.cm-3. Progress has also been made regarding quality control methods available. 
CERCA has clearly demonstrated its ability to manufacture full-sized plates and elements for high 
density (up to 8 gU.cm-3) UMo dispersion fuel. Due to this large experience, CERCA is ready to 
extend this know-how and master complementary techniques needed to overcome the present 
performance limitations encountered (see section 6). 
 

3. Main results of irradiation experiments 
 
The French UMo development program has performed four irradiation experiments on full-sized 
plates with increasing surface heat flux and clad temperature (see Table 1). The values tested, as 
regards the heat flux, have been ~140 W/cm2 for IRIS-1 experiment, ~240 W/cm2 for UMUS and 
IRIS-2, and ~340 W/cm2 for FUTURE.  
The extensive program of post irradiation examinations has confirmed the very good behaviour of the 
high uranium loading UMo7 and UMo9 plates of IRIS-1, with a peak burn-up of 67% that corresponds 
to 240 full power days and a cladding surface temperature below 75°C [4]. The UMUS experiment 
was stopped after two cycles due to the failure of the 35%-enriched plates related to uncontrolled 
oxide (boehmite) thickness on the cladding [5]. FUTURE experiment was stopped at the end of the 
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second cycle by the detection of an abnormal thickness increase in the hot spot region (local burn-up 
of 33%). It revealed for the first time severe performance limitation of UMo dispersion fuel for higher 
irradiation flux. Large porosities appear in the U-Mo/Al interaction phase leading to an excessive 
swelling that is amplified in an irreversible process by the increase of the local temperature.  
IRIS-2 experiment results recently obtained are presented in [6]. In spite of less severe operating 
conditions than FUTURE ones, IRIS-2 experiment was definitively stopped at the end of the fourth 
cycle. The maximum swelling admissible value of 250 µm, defined for safety reason, was reached for 
one plate at the end of the third cycle and at the end of fourth cycle for the two remaining plates. PIE 
examinations are consistent with the FUTURE results. Large pore developments are observed in the 
interaction product, that induces the pillowing of the plates.   
The origin of the phenomenon is not completely established and different hypothesis are still discussed 
[6]. The decrease of the aluminium content in the interaction compound versus the increase of the 
temperature is pointed out. The role of the fission products is also mentioned.  
In addition the results show that for IRIS-2 the pillowing of the pates corresponds to a fission density 
of 2.1021 f.cm3

UMo (consistent with FUTURE), but for IRIS-1 with lower irradiation conditions and 
grinded particles no pillowing was observed up to 4.8 1021 f.cm3

UMo. 
 
All these unique and crucial results, which correspond to unacceptable restrictive limitations for the 
UMo dispersion fuel, were revealed for the first time by the FUMoG to the MTR community at the 
end of 2003. Complementary results have been given during the first quarter of 2004. These results 
have definitively imposed to reroute the international effort to develop and qualify a high density LEU 
UMo fuel and have forced to overcome these discrepancies by exploring new technical solutions (see 
section 6). 
 
 

Experiment IRIS-1 UMUS IRIS-2 FUTURE 
Reactor OSIRIS (Fr) HFR (Neth) OSIRIS (Fr) BR2 (B) 

Number of full-sized plates 3 2 / 2 4 2 
U-Mo powder Grinded Grinded Atomized Atomized 

Enrichment (% 235U) 19.75 19.75 / 35.00 19.75 19.75 
Fuel loading (g U/cm3) 8.0 8.0 8.3 8.0 

As-fabricated meat porosity (%) 11-13 11-13 1.1-1.5 1-2 
Max. heat flux at BOL (W/cm2) 140 175 / 250 238 340 

Max. cladding temperature at BOL 
(°C) 75 90 / 110 93 130 

Coolant velocity (m/s) 9 8 9 12 
Status of experiment Complete Failed Stopped Stopped 

Number of irradiation cycles 10 2 4 2 
Total duration (full-power days) 240 48 60 40 

Average burn-up at EOL (% 235U) 50 15 30 25 
Max. local burn-up at EOL (% 235U) 67 20 40 33 

Table 1:  French program irradiations on full-sized plates. 
 

4. Reprocessing qualification 
 
The definition and the validation of the UMo fuel reprocessing process is a key point to confirm the 
advantage of UMo fuel as regards the back-end aspect. Although the reprocessing feasibility of UMo 
has been demonstrated since 1998, a research and development program has been performed by 
COGEMA and CEA, as part of the French UMo development program, to study and adjust more 
precisely the operating condition to reach the industrial feasibility.  
The process is based on a specific dissolution in nitric acid media in order to obtain a dissolution 
solution that allows the dilution into standard UOx type fuel dissolution solution. The resulting 
solution has to be compatible with an adaptation of the Purex process for the U and Pu purification.  
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The main aspect to be investigated is the solubility of Mo as a function of the temperature and the U, 
Al, HN03 mass fraction. The first tests have been conducted on unirradiated UMo powder. Then pieces 
of fresh UMo plates have been used for the dissolution tests [7]. The last results obtained on irradiated 
materials coming from the IRIS-1 experiment made in OSIRIS are presented in [8]. These tests 
performed at the ATALANTE facility (CEA Marcoule) show that only the Al concentration can limit 
the Mo solubility that affects the fuel dissolution rate to guarantee a solution free of precipitate. The 
recommended parameters have been defined. The dissolution kinetics of unirradiated and irradiated 
materials have been precisely investigated. Very similar values have been observed for both types of 
material. The interaction product UMoAlx does not influence the dissolution kinetic.  
 
The validation of the operating parameter for the reprocessing the irradiated UMo fuel plates is one of 
the most important result issued by the French UMo development program. This is the confirmation of 
the favourable properties of UMo fuels as regards the key point of the back-end solution. COGEMA 
will pursue the optimisation of the process and will expertise the new solutions that are envisaged to 
overcome the present performance limitation of UMo fuel (see section 6) in order to make sure that 
the reprocess criteria will still be satisfied. 
 

5. Thermo-mechanical simulation of UMo behaviour 
 
Characterization of fresh fuels, and post irradiation examinations based on IRIS-1, FUTURE and 
IRIS-2 have issued an important data base that allows the definition of the proper physical laws 
applicable to UMo dispersion fuel behaviour.  
The thermo-mechanical MAIA, that is a 2D finite element computational code developed by CEA, is 
used to combine the physical laws and determine the global behaviour on the fuel [9]. The meat is 
assumed to be a homogeneous material. Thermal and thermo-mechanical calculations take into 
account swelling effects (minored by as-fabricated porosities), growth of the interaction compound 
and diffusion of the Al matrix. The improvements introduced in the last version of MAIA are 
presented in [10]. The model of the interaction compound evolution is issued from the PLATE code 
developed by DOE-ANL and the mechanical model have been extended and made more consistent 
with the expected results. IRIS-1 and RERTR-3 post-irradiation results have been used to validate 
MAIA with a good accordance as regards interaction layer thickness and volume fractions evaluation. 
MAIA has been applied to do analysis on one IRIS-2 UMo plate, in order to anticipate the final PIE 
results. Mechanical analyses have been done considering various constitutive laws to facilitate the 
understanding of the results [10].  
MAIA is a useful tool that has been made consistent with the different results obtained as regards 
UMo dispersion fuel behaviour. It is an interesting feature of the French Umo development program 
that offers a synthesis of the physical results obtained and helps for the analysis and the understanding 
of the in-reactor fuel behaviour.  
 

6. The French UMo Extended Program (CEA/CERCA) 
 
As the reference fuel solution for the Jules Horowitz Reactor project –JHR project– the development 
of an optimised and reprocessing LEU fuel is an objective of first importance for the CEA. In order to 
strengthen and contribute actively to the international development of a suitable UMo fuel solution, 
CEA and CERCA has launched a large UMo development and qualification program [11]. After five 
years of UMo development CEA & CERCA agreed to pursue their investigation for contributing and 
challenging the nowadays difficulties encountered along the UMo fuel qualification way. Sharing 
fruitfully their motivation as well as skills CEA and CERCA signed in June 2004 a collaboration 
agreement for studying and developing a suitable UMo fuel solution. This section states the technical 
selected steps of the CEA program including the CERCA developments on manufacturing aspects, and 
gives the associated preliminary schedule. 
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6.1 Out of pile investigation 
The first development phase has been defined as an out of pile phase investigation. This basic step will 
bring the fundamental knowledge to further understand (U,Mo)Alx interaction product formation 
which is led, at least, by the temperature. Two sub phases have been identified by CEA. Within the 
determination of the U-Mo-Al ternary diagram system at various temperatures, thermodynamic 
information will be obtained. Compounds identification associated with their characterization will 
determine how the U-Mo-Al reaction is led. In another hands, diffusion couples were produced for 
understanding the kinetics and the direction path of the interaction. With the help of such heat treated 
samples, various solutions could be easily investigated and the most promising idea selected for the 
next evaluation phase. The preliminary results are given in [12]. According to these results and prior 
publication as well [13] Si addition incorporated into the aluminium matrix could be of interest for 
reducing the (U,Mo)Alx interaction. Nevertheless promising "cold solution" is just track which has to 
be investigated up to the end for the final in pile verdict.  
 
6.2 Irradiation experiments 
Supported by the studies stated above, the irradiation program –See figure 1– is dedicated to evaluate 
optimized UMo dispersion fuels and UMo monolithic as well. As already done for recording the 
whole information package –Manufacturing and irradiation aspects– these experiments are going to be 
made using full size plates. The first experimentation is for testing parametrically the Si effect addition 
into the aluminium matrix. Two sets of plate were produced by CERCA using respectively Al2%Si 
and Al0,3%Si aluminium matrix. Plates were introduced in CEA OSIRIS reactor at the beginning of 
2005 (IRIS-3 experiment). The following experimental irradiation (IRIS-4 experiment) will evaluate a 
solution which could avoid the (U,Mo)Alx reaction by means of a protective layer on the particles 
themselves. Out-of pile studies are sustaining this approach by defining the protection layer and the 
experimental way of production. Finally, monolithic fuel solution which seems to be a good candidate 
[14] will be tested with IRIS 5 irradiation. Our goal, at this step, is to produce monolithic full size 
plate prototypes for firstly learning the manufacture of such fuel concept and also for evaluating the 
fuel behaviour under irradiation. Monolithic UMo Plate prototypes manufactured by Argonne National 
Laboratory will be simultaneously introduced with the French CEA/CERCAs plates. If the 
manufacture of UMo dispersion fuel is industrially mastered by CERCA, industrial monolithic fuel 
production is not yet setting-up. Two main issues have been identified and the associated program 
already launched. In order to save time "fashionable" manufacturing techniques will be used: UMo 
foils are going to be produced by means of conventional rolling and plates -as proposed by ANL- by 
means of FSW –Friction Stir Welding–. Nevertheless, for long term consideration, some more 
industrial techniques will be simultaneously investigated. The first feasibility step for manufacturing 
UMo foils is in progress – The raw UMo material has been already manufactured by CEA- and the 
production will be over before mid 2005. A full FSW program is being launched for evaluating 
industrially this technique. The IRIS-5 experiment is scheduled early at the beginning of 2006. PIEs 
will be carried-out by CEA. 
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6.3 Time schedule 
 

UMo fuel investigation program
Out-of pile investigation
Aluminium matrix study -Si-
U-Mo-Al ternary diagram
Microstructure investigation

Plates manufacturing -achieved-
Irradiation -In progress-
PIEs

Feasability studies and plate manufacturing
Irradiation
PIEs

Feasability studies and plate manufacturing
Irradiation
PIEs

2008

IRIS 3 Irradiation 
Al2%Si and Al0,3%Si matrix 

IRIS 4 irradiation UMo "coated" particles

IRIS 5 Irradiation  Monolithic UMo fuel -ANL and CERCA plates-

2004 2005 2006 2007

 
Figure 1: French UMo (CEA/CERCA) extended program 

 

7. Conclusion 
 
After the French UMo Group development program completion and the issue of unacceptable results,   
and in the frame of developing a suitable fuel for the CEA RJH reactor project, CEA and CERCA 
signed in 2004 an agreement in order to find solution which could prevent the nowadays redhibitory 
UMo fuel behaviour. UMo dispersion and monolithic UMo fuel monolithic are both investigated 
through the program. For monolithic UMo form, a specific program has been launched for testing the 
manufacturing feasibility and finaly for producing prototype full size plates which will be irradiated in 
OSIRIS reactor early in 2006. Irradiation of UMo dispersion plates are also scheduled for evaluating 
the proposed solutions.  
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