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ABSTRACT 
This paper focuses on a French scientific program built to gain further knowledge on the 
UMo/Al interaction and to discuss promising solutions to prevent this interaction under 
neutron flux. Three themes are thus developed. Thermodynamic investigations, through U-
Mo-Al ternary system studies, may lead to determining the phase equilibria at different 
temperatures. Metallurgical out-of-pile diffusion couple studies are intended to improve the 
understanding of diffusion mechanisms and should underline the role of different 
parameters, which could prevent or decrease the UMo/Al reaction. Finally, the irradiation 
effect has been taken into account, either through a simulation program or an in-pile one. 
The results already achieved are described and discussed. 

 
 
1. Introduction 
 
Recent in-pile experiments have shown that dispersed UMo fuel in a pure Al matrix does not 
withstand high operating conditions [1], [2], [3]. Extensive porosity is formed in the reaction layer, at 
the fuel/matrix interface, resulting in an unacceptable pillowing and/or swelling of the fuel plate. The 
behaviour of this interaction seems to be responsible, directly or indirectly, for such a limit. Out-of-
pile experiments have shown similar phenomena: UMo/Al interaction [4, 5] and, at times, a large 
amount of porosities [6]. The out of pile mechanisms, which are probably different from the in-pile 
ones, have to be considered in order to understand the UMo/Al system and then select solutions to 
prevent (or at least limit) this fuel/matrix interaction. 
To this end, a French extended program has been carried out by the CEA, with a specific collaboration 
with CERCA, for the manufacturing aspects. This paper presents this program and the first results. 
 
2. French research program on the UMo/Al system 
 
In order to gain further knowledge on the UMo behaviour, and to propose solutions to its operating 
limit, the French scientific program is divided into three following closely linked themes. 
 
2.1. Phase diagram studies 
Thermodynamic studies with the determination of the phase equilibria within the U-Mo-Al ternary 
system are the basis of our program. These studies are performed within the framework of a 
collaboration with Rennes University. 
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Up to now, phase relations in the U-Mo-Al ternary system have not been fully determined. Previous 
investigations were limited to the partial isothermal sections at 500°C, 1050°C and 1250°C for the 
composition range U-Mo-Mo3Al8-UAl2 [7]. The main reported feature is the formation of a rather 
extended homogeneous region with a cubic UAl2-xMox structure, corresponding to the substitution of 
Al by Mo in the binary aluminide UAl2, up to x = 0.66. It changes into a hexagonal phase at the higher 
substitution ratio. Two ternary compounds were subsequently discovered in the aluminium rich part of 
the system: UMo2Al20 which crystallizes in the cubic structure type CeCr2Al20 (space group Fd3m) [8], 
and U6Mo4Al43 with crystallizes with the hexagonal Ho6Mo4Al43 structure type (space group P63/mcm) 
[4]. In order to obtain more information on phase equilibria, we have started a program to determine 
isothermal sections of the U-Mo-Al phase diagram at 400°C and 800°C. The first results are presented 
in § 3. 
This experimental part will be completed with thermochemistry calculations. These will be performed 
as a function of the temperature, with the SAGE (Solgasmix Advanced Gibbs Energy) code, in order 
to compare the stability of the ternary compounds which might form at the UMo/Al interface. The 
mathematical treatment is based on the minimisation of the Gibbs free energy. However, the input 
data, i.e. the thermodynamic functions of the components, are mostly unknown. The first step thus 
consists in calorimetric measurements on previously selected and well characterised phases in the U-
Mo-Al system. 
 
2.2. Metallurgical studies 
In addition, metallurgical studies take into account the diffusion phenomenon, in relation with the 
material features (grain size, crystallography, defects, chemical homogeneity…). Thus, compatibility 
tests are intended to understand the influence of the different key parameters and select promising 
solutions (see § 4). Among the main parameters, we study the influence of cristallography (α or γ 
phase), the microstructure (grain size…), the Mo content and its distribution. Means for UMo/Al fuel 
improvement will be investigated, such as additive precipitates (Si), where a delaying effect on 
interdiffusion is expected. 
The materials were investigated using classical techniques: optical and scanning electron microscopy, 
energy dispersive analysis (EDAX), and X-ray diffraction (XRD) techniques. 
Furthermore, more specific techniques will be used. As interaction layers between the UMo and Al 
matrix might be heterogeneous [5, 5], micro-XRD characterisation will be performed, in order to 
identify the crystallographic phases. Besides, to determine the local environment of uranium and 
molybdenum elements, micro-XAS studies also appear to be well suited, even in case of poorly 
crystallized or amorphous materials. Both investigations require intense X-Ray beams and will be 
performed at the ESRF (European Synchrotron Radiation Facilities). 
 
2.3. Influence of irradiation 
The two previous parts of the program are necessary to improve the understanding of the UMo/Al 
interaction phenomenon. They may lead to select additives or other alternative solutions. However, the 
promising solutions have to meet the manufacturing process requirements and behave well under 
irradiating (irradiation damage, neutronic, thermal and mechanical issues). 
To consolidate the out of pile program, we first intend to use high energy ion irradiation, typically 70 
MeV Xenon (or Ag), in order to simulate (the most) damage created by fission products. These 
experiments will be carried out on both interdiffusion layers and fuel plates. The consequences of 
simulated irradiation on fuel/matrix interaction kinetics will be characterized by micro-XRD and 
micro-XAS as described previously.  
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At last, in-pile irradiation (see §5) will then be discussed and performed to determine fuel behaviour 
and to validate the pertinence of the chosen solution. 
 

3. Phase diagram studies of the U-Mo-Al system 
 
3.1. Experimental procedure 
For each isothermal section, about forty samples were 
prepared; their composition is presented (as filled 
squares) in Fig.1. High purity metals, uranium pieces 
(99.8 wt. %), molybdenum chips (99.99 wt %) and 
aluminium rods (99.999 wt %) were arc-melted in a 
water-cooled copper-hearth under an atmosphere of 
purified argon. 
 

Fig 1. Studied compositions in the U-Mo-Al 
system. 
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The buttons were melted at least three times (weight losses < 1%) to ensure a proper homogeneity. A 
part of each as-cast alloys was annealed either at 400°C or 800°C for one to two months and for two 
weeks to one month respectively. After the heat-treatment, the samples were quenched in air. Samples 
taken from the as-cast and heat-treated buttons were ground and polished. Each average composition 
was characterized by optical microscopy, SEM analyses and X-ray powder diffraction.  
 
3.2. First results 
 
3.2.1. Binary and pseudo-binary UAlx phases 
UAl4 has been confirmed to be a stoechiometric compound, as previously reported [6] and does not 
dissolves any amount of molybdenum. The solubility of Mo in UAl3 is also very slight, and limited to 
a maximum of 1-2 at.%. 
Moreover, our results confirm that Mo has a large solubility in UAl2. The solid solution UAl2-xMox 
(MgCu2-type cubic structure) extends up to x = 0.5 both at T= 400°C and 800°C. But this study also 
confirms the formation, for higher Mo substitution, of a hexagonal phase with the MgZn2-structure 
type. Microprobe analysis indicate that this latter phase is stabilized within the limits 0.70<x<0.85 at T 
= 400°C and 0.6<x<0.7 at T = 800°C. However, it is not sure that full equilibrium was achieved at 
400°C, even after two months of annealing. 
Consequently, the substitution of Mo atoms to Al sites in the ternary extension of binary phases  leads 
to U(Al2-xMox) type notation, rather than (U,Mo)Al2 commonly written in many papers, which is 
misleading concerning atomic site occupation. 
 
3.2.2. UMo2Al20 and U6Mo4Al43 compounds 
The preparation of ternary alloys with the stoechiometric compositions UMo2Al20 and U6Mo4Al43 
systematically led to three phase mixtures. Both microprobe and X-ray powder diffraction analysis 
revealed non-stoechiometric phases showing large homogeneity ranges. U6Mo4Al43 is characterized by 
a positive deviation of the Mo content, whereas UMo2Al20 shows a positive deviation of Al content. 
Similar deviations from stoechiometry were also found in the analogous rare earth-based phases, like 
Ho6Mo4+xAl43-x [8] or CeMo2-xAl20+x [4] and can be thus considered as a prominent feature of these 
structural types.  
Crystal structure refinements of U6Mo4+xAl43-x and UMo2-xAl20+x are being carried out using single 
crystal X-ray diffraction data, in order to more accurately determine crystallographic site occupations 
and to obtain further knowledge on the Mo/Al substitution process. 
Our phase diagram studies clearly reveal the lines: UAl4-UMo2-xAl20+x at 400°C, and UAl3-
UMo2-xAl20+x at 800 °C ; thus UMo2-xAl20+x is directly formed as a result of the interaction between the 
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U-7Mo fuel and aluminium powder. The analytical data reported recently [5] for the “Al-rich 
(Al,U,Mo) phase” compares perfectly with the atomic composition of this ternary phase.  
 
4. Metallurgical studies  
 
4.1. Experimental procedure 
The materials employed were aluminium (1050A, 99.5%) or aluminium alloy (e.g. 6061 with Si 
content) and arc-melted U–Mo alloys manufactured within the range of Mo content (0 to 10 wt.%). 
Part of the as-cast U-Mo alloys were heat treated at 900°C for 72 hrs to achieve a good 
homogenisation and then quenched (cooling rate > 2000°C/h) at room temperature, in order to retain 
the high temperature γ- phase. 
The samples underwent a thermal treatment to modify both structure and microstructure and then 
evaluate their influence on interdiffusion layer. Heat treatments from 400°C to 600°C were performed 
in a high purity Ar atmosphere, under a controlled pressure (1-10 MPa), for several hours. These 
temperatures were chosen in order to be the upper and lower limits around the eutectoid temperature 
(565°C). Above 565°C, a metastable γ-phase decomposition is observed. Chemical diffusion couples 
were tightly mechanically maintained using a specific device during the whole thermal treatment. 
 
4.2. First results 
4.2.1 Mo content and structure effect 
The Mo content must be sufficient (above 5 wt. % in UMo) to stabilize the metastable γ-UMo phase. 
The global and the local Mo concentrations are therefore both key parameters. Especially, Mo 
depleted areas may increase the interdiffusion and interaction zones. Since Mo is nearly insoluble in 
α-U, the intermetallics UAlx are thermodynamically more stable. 
 
As expected, the Mo content is of major importance to stabilize the γ-phase and thus modify the U/Al 
reaction kinetic. An irregular interface is a constant feature of the as-cast alloy based samples (Fig 
2.a). Such irregularities have been observed in [5]. Some of the interfacial areas did not react at all, 
probably due to local surface phenomena such as impurities or local strain variation. 
 
4.2.2 Microstructure effect  
In the case of a formerly heat treated UMo alloy, the thicknesses of the interaction layer are rather 
smaller, and even nil (Fig 2.c). The annealing at 900°C delays the decomposition of the metastable γ-
phase, at a temperature in the range of 400-600°C. 
Actually, the former heat treatment results in two main changes in the UMo alloy: 

- a microstructural one, with grains coarsening from ~ 20 µm to 400-1000 µm. Consequently, 
the grain boundary density decreases inversely, and thus limits the diffusion paths and amount 
of defects, 

- a chemical one, with a better Mo distribution. The Mo homogenisation prevents local low Mo 
content which enhances the decomposition process of the γ phase and the UMo/Al interaction. 

The interest of homogenisation has already been observed, on either U–7wt%Mo/Al diffusion couple 
[5] or dispersed atomized U-10 wt% Mo alloy particles [4]. The former homogeneity directly affects 
the type, morphology and interdiffusion layer growth. 
 
4.2.3 Silicon effect 
In the 6061 aluminium alloy, the Si content amounts to 0.4-0.8 wt. %. Its presence significantly 
reduces the interaction thickness (Fig 2.b and Fig 2.d). 
Our first results are in agreement with previous experiments on UAl/Al, which have proven that a 
small amount of silicon in the Al matrix prevented UAl4 formation, stabilized UAl3 and reduced the 
diffusion rate at the UAl/Al interface [7, 8]. Recent studies [9] have not shown any change in the 
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growth kinetics with Si added aluminium, but in the interaction silicide component (U(Al,Si)3 instead 
of U(Al,Si)4). 
When the interaction layer was observed, the global composition was measured near UAl3. There is no 
noticeable concentration gradient between both sides (the Al side and the UMo side). 
 

-a- U / Al  -b- U / 6061 alloy -c- U7Mo homogenised / Al -d- U7Mo / 6061 alloy 
 

    
Fig 2. Influence of parameters on interdiffusion layer, after heat treatment at 550°C for 50 h. 

 
5. Influence of irradiation on the U-Mo-Al system 
 
At last, the influence of irradiation effects is studied to gain further knowledge on the UMo/Al 
interaction (composition, growth kinetics) and to validate the relevance of selected solutions. 
 
5.1. Out-of-pile irradiation 
Irradiation experiments, with a high energy ion beam (70 MeV Ag in ITIS facility in Münich), will be 
performed. Several types of samples have been prepared. These comprise diffusion couples or samples 
prepared from fuel plates. Some of them are pre-annealed in order to produce the reaction layer 
between the UMo and the Al matrix. For each sample, a 1 mm2 area will be irradiated. The 
interdiffusion layer formation and its stability will therefore be tested, along with the UMo 
microstructure and the silicon added Al matrix. 
The irradiated materials will be characterized by SEM, micro-XAS and micro-XRD, and compared to 
unirradiated sample (constituting a reference). Further thermal treatments will be performed on either 
irradiated or unirradiated samples in order to determine the influence of irradiation on the UMo/Al 
interaction. These experiments will begin in April 2005. 
 
5.2. In pile irradiation 
Based on the knowledge of the Si benefit in out-of-pile studies, a new in-pile irradiation (IRIS3) has 
been defined to evaluate the influence of adding silicon (0.3 or 2 wt% Si) to the aluminium matrix on 
the UMo dispersed fuel behaviour. 
The low enrichment full-sized plates were supplied by CERCA, and manufactured using spherical and 
gamma phase particles obtained by atomisation process. The Al-0.3%Si powder was friendly delivered 
to CERCA by ANL. The IRIS3 plate characteristics are similar to those of the IRIS2 experiment [10], 
but with Si addition. The molybdenum content in the UMo alloy is 7.3 wt%. The volume fraction of 
fuel particles was close to 50%, so that the uranium density was around 8 g.cm-3. The results of the 
fuel plate inspections, by means of metallographic examinations, X-Ray diffraction, blister tests, … 
indicated that the plates met the usual OSIRIS specifications.  
The irradiation started in January 2005, in the OSIRIS reactor, in the IRIS device. The foreseen 
irradiation conditions are similar to those of IRIS2 [2], with a maximum BOL clad temperature of 
~100°C and a maximum BOL heat flux of 200-240 W/cm2. The expected burn-up is ~ 50 % at. 235U. 
The plate thickness measurements will be made plate by plate, at each intercycle, on five axial and one 
transverse profiles. The IRIS3 irradiation will end in November 2005. Post-irradiation examination 
(XRD, EPMA) are planned in 2006. 
 
6. Conclusion 
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This paper focuses on a French extended research program on dispersed UMo fuel. 
An experimental determination of the U-Mo-Al phase diagram is in progress. The results reveal that 
the two previously reported ternary phases U6Mo4+xAl43-x and UMo2-xAl20+x are non-stoechiometric, 
with significant homogeneity ranges. Up to 25% of Al can be substituted by Mo in UAl2 all the while 
keeping the cubic MgCu2-type structure, and a hexagonal MgZn2-type UAl2-xMox pseudo-ternary 
phase is stabilized for higher Mo contents. The Mo solubility is nil in UAl4 and very low in UAl3. 
Thermodynamical calculations will be further performed. 
Couple diffusion studies are intended to improve our understanding of the phenomena and to select 
promising alternative solutions to UMo/Al problem. The first results underline the sensitivity of the 
UMo/Al interaction to, at least, the following parameters: Mo content, homogenisation, 
microstructure, structure and additives. 
As an ultimate validation, irradiations have to be performed. High energy ion irradiation experiments 
are foreseen. Besides, 4 full-sized UMo LEU plate irradiation (IRIS3) is ongoing in OSIRIS. This 
experiment will test the effect of silicon added to aluminium matrix. 
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