
SELENIUM FUEL : SURFACE ENGINEERING OF U(MO) PARTICLES 
TO OPTIMISE FUEL PERFORMANCE  

 
 

S. VAN DEN BERGHE, A. LEENAERS 
Nuclear Materials Science Institute, SCK•CEN 

Boeretang 200, B-2400 Mol – Belgium 
 

C. DETAVERNIER 
Solid State Sciences, University of Ghent 

Krijgslaan 281, 9000 Ghent – Belgium 
 
 
 

ABSTRACT 
 

Recent developments on the stabilisation of U(Mo) in-pile behaviour in plate-type 
fuel have focussed almost exclusively on the addition of Si to the Al matrix of the 
fuel.  This has now culminated in a qualification effort in the form of the European 
LEONIDAS initiative for which irradiations will start in 2010.  In this framework, 
many discussions have been held on the Si content of the matrix needed for 
stabilisation of the interaction phase and the requirement for the formation of Si-
rich layers around the particles during the fabrication steps.  However, it is clear 
that the Si needs to be incorporated in the interaction phase for it to be effective, 
for which the currently proposed methods depend on a diffusion mechanism, which 
is difficult to control. This has lead to the concept of a Si coated particle as a more 
efficient way of incorporating the Si in the fuel by putting it immediately where it will 
be required : at the fuel-matrix interface.   
 
As part of the SELENIUM (Surface Engineered Low ENrIched Uranium-
Molybdenum fuel) project, SCK•CEN has built a sputter coater for PVD magnetron 
sputter coating of particles in collaboration with the University of Ghent.  The 
coater is equipped with three 3 inch magnetron sputter heads, allowing deposition 
of 3 different elements or a single element at high deposition speed.  The particles 
are slowly rotated in a drum to produce homogeneous layer thicknesses.   

 
 
1. Introduction 
 
1.1 The U(Mo)-Al interaction 
 
Since the failures of the U(Mo)-Al dispersion fuel in 2004 [1, 2, 3, 4], much effort has been 
devoted to the search for the root cause of these failures and, more importantly, a remedy.  It 
is now generally accepted that the properties of the interaction layer formed between the 
U(Mo) fuel kernels and the Al matrix, which has been proven to be amorphous [5, 6, 7], are 
an important factor in the failures.   
On itself, the amorphous nature of the interaction phase would be insufficient as a reason for 
its role in the fuel plate failure, since it is known and demonstrated that also successful fuels, 
such as U3Si2 and UAlx themselves turn amorphous under irradiation and their interaction 
products with the matrix are also amorphous [8, 9, 10, 11].  Indeed, the composition of the 
interaction product of U(Mo) and Al is close to the UAlx composition itself and one may 
therefore be inclined to turn to the presence of the Mo to account for the poor behaviour.       
In essence, the U-Mo-Al amorphous phase can be described as a metallic glass [12].  From 
the studies of metallic glasses, it is known that the free volume of a metallic glass is 
influenced by composition changes [13, 14].  Since the free volume in an amorphous 
material directly influences physico-chemical properties such as diffusivity, viscosity, etc., it 



could be postulated that a difference in free volume between the U-Mo-Al interaction phase 
and the amorphous U-Al fuel particles may exist, related to the presence of Mo. 
However, much like the UAlx fuel does not show fission gas bubble formation up to relatively 
high burnup under normal operating conditions [15], bubbles are not observed inside the 
interaction phase in the case of U(Mo) either.  To be precise, the voids considered 
responsible for the fuel plate pillowing are formed between the interaction layer and the 
matrix and can be considered to result from a transport of gas from the U(Mo) kernel through 
the interaction layer.  Bearing in mind the formation of the fission gas nanobubble lattice 
observed in the U(Mo) kernels [5] and the impossibility for this kind of lattice to exist in the 
glassy phase, such a transport of nanobubbles and agglomeration of them into the observed 
voids can be regarded as a valid explanation. 
If we consider the most important currently used or planned metallic fuels for plate-type 
research reactor fuel (UAlx, U3Si2 and U(Mo)), the main difference between U(Mo) and the 
others is the crystallinity of the fuel particles.  As the others all turn amorphous under low 
temperature irradiation [10], with varying degrees of free volume, and as all interaction layers 
are found to be amorphous (or form amorphously in pile [11]), the crystalline nature of the 
U(Mo) under irradiation may very well be part of the cause of the problematic behaviour.  It is 
clear that with an amorphous fuel such as UAlx, the formation of a very similar amorphous 
interaction layer as in the case of U(Mo)-Al does not produce the same effect of void 
formation on the kernel-matrix interfaces, even with much more fission gas present (HEU 
fuel).  The combination of a fuel that remains crystalline, in which the fission gases form an 
ordered nanobubble lattice, with an amorphous interaction product, in which these 
nanobubbles cannot be maintained in a lattice, may lie at heart of the matter. 
 
1.2 Si addition to the matrix as a solution 
 
For some years now, the addition of Si to the Al matrix is studied, because of the, by now 
well established, beneficial effect of Si on the interaction layer formation rate and its 
properties [16, 17, 18, 19].   It has been known since the beginning of the use of Al clad 
metallic uranium fuel that the use of Si reduces the U-Al interaction [20].  Also diffusion 
couple experiments have lead to similar conclusions [21, 22].   In diffusion type of behaviour, 
it is the affinity of U for Si (larger heat of formation for silicides than for aluminides [23]) that 
allows Si to stop the interaction between U and Si.  In the in-pile situation, Si covalent bonds 
may reduce the amount of free volume in the amorphous U-Al(-Mo) interaction phase [24] 
and as such improve the properties of the metallic glass. 
The question currently is how much Si is required to stabilise the fuel plate behaviour in 
various reactor operating conditions.  Although there is no definite consensus on the required 
quantity, it can be safely concluded from existing results that more than 2w% Si in the Al 
matrix is needed [25, 26, 27] and probably closer to 4-6 w% will be required [19].  Current 
estimates are based on the quantity of Si required to avoid formation of UAl4 type 
compounds, which have a higher free volume and which, according to the ternary diagram, 
do not form whenever the Si concentration in an U-Al-Si phase is above 5 at%, for the 
moment neglecting the influence of Mo on this [24]. The main test of the effect of the higher 
Si concentrations will be performed by the LEONIDAS group in the E-FUTURE irradiation, 
which is planned to provide the first full-size fuel plate irradiations of U(Mo)-Al(Si) dispersion 
fuel with matrix Si concentrations of 4 w% and 6 w% [28]. 
However, when Si is added to the Al matrix, it is present in the form of precipitates.  For the 
Si to be transported to the kernel-matrix interface, the driving force of the U-Si chemical 
affinity and the mobility generated by the fission product displacement cascades are called 
upon.  Effectively, several PIEs show the disappearance of Si precipitates around fuel 
kernels in the recoil zone [24, 27] and in out-of-pile tests, in which the mobility is generated 
by temperature, precipitate free zones are found in diffusion couples [22].  Nevertheless, 
remaining Si precipitates inside the recoil zone around the kernels after irradiation are 
observed [29] and an important inhomogeneity of the Si distribution inside the interaction 
phase is seen [30].  Examinations have furthermore shown that the locations where the Si is 
the most effective are those where a Si precipitate is in direct contact with the U(Mo) fuel 



kernel at the start of the irradiation [25].  Almost no interaction layer is formed there and the 
Si precipitate is consumed by interaction with the kernel.   
It is possible to thermally transport part of the Si in the matrix to the fuel kernel surfaces 
during the manufacturing, producing pre-formed Si-rich layers around the fuel particles [27, 
29].  However, this requires temperatures of 450-500°C, which are compatible with 
manufacturing procedures for Al-Mg-Si alloy (6061) clad fuel plates, but not with Al-Mg alloy 
(AlFeNi or AG3NE) clad fuel plates, which are softer.  Post-production annealing may 
provide a solution [28], but it has been shown that the properties and compositions of these 
pre-formed layers depend on the temperatures used to generate them and the amount of Si 
initially present [31].  Applying these procedures in a manufacturing process will require a 
high degree of reproducibility and should not lead to excessive amounts of rejected plates, 
both of which are not straightforward goals for the manufacturer in the case of heat 
treatments.   
Furthermore, the use of Si in nuclear fuel is not desirable from a fuel reprocessing viewpoint.  
Although technical solutions probably exist or can be developed, they require additional 
investments and processing costs for a small amount of research reactor fuel that is 
reprocessed.  As such, an alternative for Si would be interesting [32], but it would preferably 
have to allow incorporation in the fuel in a similar way as the currently developed Si to avoid 
repeating many of the development efforts.  If avoiding Si is not possible, at least a 
minimisation of the added amount is advisable to improve acceptability by the reprocessing 
plant. 
 
1.3 Fuel kernel coating as an advanced solution 
 
A solution to these issues can be provided by directly incorporating the Si where it can play 
its role : at the kernel-matrix interface, i.e. as a coating layer on the fuel particles.  This 
avoids the need for transporting it there, either thermally during fabrication or in-pile by 
fission product displacement tracks.  It allows minimisation of the Si quantity, since all of it 
will be effective and the minimum amount required can therefore be added.  The use of 
coated particles also allows a manufacturer to keep all aspects of the existing fabrication 
route, since the particles are tailored rather than the plate.  Finally, if Si can be deposited on 
the fuel kernel surface, it should be possible by the same technique to deposit other 
materials as well, allowing rapid changes from one inhibitor to another one without changes 
in the fuel plate manufacturing process. 
Additional benefits exist, since functionalisation of the U(Mo) kernel surface does not have to 
be restricted to an interaction phase inhibitor.  Because of the high loading required in LEU 
U(Mo) fuels, virtually 50% of the meat volume is occupied by fuel and 50% by Al.  Therefore, 
the requirement of some reactors to add neutron poisons to the fuel becomes more difficult 
to meet as these products are most often added in the form of powders which have to be 
homogeneously dispersed.  Because only very small amounts of neutron poison powders are 
introduced, their homogeneous dispersion is particularly difficult.  Partly for this reason, 
although other arguments exist, developments of neutron poisons in the fuel assembly 
structural materials (eg. Cd wires in the stiffeners [33]) have been made, with their benefits 
and drawbacks.  Using the same coating technique as in the deposition of the interaction 
phase inhibitor, one can also deposit one or multiple neutron poison coatings directly on the 
fuel kernel surfaces, ensuring a complete homogeneous dispersion throughout the meat and 
even following possible small local inhomogeneities in the fuel distribution.  Furthermore, the 
amount of neutron poison can easily be tailored for each application, reactor or even within a 
fuel assembly or within an element if desired. 
Beside a deposition of neutron poisons, the fuel particles with their different coating layers 
can also be 'sealed' by a thin Al layer, effectively providing them with a pure Al surface.  This 
would improve the compatibility with the matrix and protects the coated fuel kernels (from 
getting contaminated (eg oxidation)) during handling.  Furthermore, it reduces radiological 
problems somewhat, because it also reduces the contamination risk by uranium. 
 



 
Fig 1.  Schematic representation of a possible SELENIUM fuel particle.  The layers are not to 

scale, since the thickest layer (inhibitor) would be only 1% of the particle diameter.  
 

Combining the above possibilities offered by particle coating (see Figure 1), a surface 
engineering methodology can allow tailoring of U(Mo) particles based on the needs of 
individual research reactors, while the standard production route for the fuel plates can be 
maintained. 
 
2. Coating technology for U(Mo) particles 
 
2.1 Chemical versus Physical vapour deposition on particles 
 
The application of a coating on a surface can be accomplished by a large variety of 
techniques, each optimised for specific applications. Some methods use solid state [34] or 
liquid (molten metal or salt) reactions to apply the coatings, but most coatings are applied 
from the vapour or gaseous state.  The vapour deposition techniques are commonly 
subdivided in 2 classes : Physical (PVD) and Chemical (CVD) Vapour Deposition.  In the 
latter, a sample surface is exposed to a so-called precursor, which most often is an 
organometallic compound.  In the case of Si deposition, most often silane (SiH4) is used. The 
precursor is decomposed when adsorbed on the sample surface through heat or exposure to 
a different agent, such as water vapour.  CVD coating of U(Mo) particles was tried before by 
Pasqualini [35].  Among the PVD techniques, the best known deposition method is sputtering 
in which a target is bombarded with Ar ions in a high vacuum, causing the target atoms to get 
sputtered off, after which they deposit onto the sample surface. 
Because of the drawbacks of CVD Si deposition, mainly the explosive nature of silane, the 
requirement for heating (typically 550-650°C, leading to oxidation and possibly 
decomposition of gamma U(Mo)) and the difficulty for deposition of a number of materials 
because of lack of precursor gases or their high cost, a choice was made for DC magnetron 
sputter deposition.  This means that deposition is realised by putting a sputter target at a 
high voltage (typically 500V), equipped with permanent magnets for increasing the influx of 
sputtering argon ions.  This method offers low cost, high flexibility for target material 
exchange, codeposition and multi-layer deposition capability and avoids heating of the 
material/substrate. 
 
The additional difficulty in coating powders compared to flat surfaces is the need to 
continuously agitate the powder so that the particles receive a homogeneous coating with 
even thickness.  This can be accomplished by the use of a rotating drum in the vacuum 
chamber.  The technique is known as barrel sputter deposition [36] and is shown 
schematically in Figure 2.  Photographs of the actual setup are shown in Figure 3. 
 



 
 

Fig 2.  Schematic representation of a barrel sputter deposition setup (figure after [36]) 
 
 
2.2 STEPS & DRUMS 
 
As part of the SELENIUM (Surface Engineered Low ENrIched Uranium-Molybdenum fuel) 
project, a barrel sputter deposition setup was constructed in a collaboration between the 
University of Ghent and the SCK•CEN, consisting of a cylindrical vacuum chamber.  The 
chamber is evacuated down to a pressure of the order of 10-6 mbar. One side of the chamber 
is equipped for sputter deposition (also uranium) on flat surfaces, while the other side can be 
used for coating of powders.  Therefore, it was called "STEPS & DRUMS" for Sputtering Tool 
for Engineering Powder Surfaces and Deposition Reactor for Uranium based Model 
Systems. 
 

  
Fig 3.  Photos of the setup constructed in the frame of the SELENIUM project 



On the powder side, a drum is mounted inside the vacuum chamber on two rotational 
support axes, one of which is powered by a motor outside of the vacuum.  This allows 
rotation of the drum with speeds up to 4 rotations per minute.  Inside the drum, powder can 
be placed which is continuously agitated by the rotational action.  On the large flange of the 
vacuum vessel, up to 3 water cooled magnetron sputter heads can be mounted inside the 
rotational drum (see Figure 4).  The targets have a 3 inch diameter and can be any type of 
metallic material.  This allows simultaneous use of several sputter guns with the same target 
material for increased deposition speed and/or the use of different targets for codeposition or 
multi-layer deposition without breaking the vacuum. 
 

 
Fig 4.  Design of the rotary drum in the STEPS & DRUMS sputter coater, including position 

of the three magnetron sources inside the drum. 
 
2.3 Coating requirements 
 
Based on the current knowledge of the effects of Si as added to the Al matrix and the 
assumptions that have been made on the amount of Si required to stabilise the interaction 
phase, calculations can be made on the required deposited layer thickness.  The graph in 
Figure 5 shows the evolution of the amount of Si incorporated in the fuel with respect to the 
matrix with the layer thickness for different kernel sizes.  The calculations are based on 
atomised U(Mo) powder, since the spherical shape of the particles allows for straightforward 
calculations, but there is no a priori reason why ground powder would not be suitable for 
coating, although uniformity of the coating is somewhat more difficult on irregularly shaped 
powder particles.  Of course, uniformity is only an issue for the inhibitor coating and only up 
to a certain degree as the fission track enhanced diffusion will still allow homogenisation in 
pile.  Furthermore, even if part of the surfaces of a small number particles would not have 
received or lost their coating for some reason, it is unlikely that this would have an important 
effect on the overall behaviour of the fuel plate, as long as their number remains small. 
Calculations were made up to thicknesses of 1µm, because thicker layers may tend to spall 
off. The calculation results demonstrate that, as can be expected, for the same layer 
thicknesses, the total Si concentration in the matrix is higher for smaller kernels.  For a 
typical atomised U(Mo) powder, kernel sizes are around 60-80 µm.  As can be seen from the 
graph, acceptable layer thicknesses on these kernel sizes can generate Si concentrations up 
to roughly 7-9 w% Si with respect to the matrix.  For a kernel size of 70 µm diameter, a 
loading of 8gU/cc and an IL thickness of 5 µm, a coating thickness in the range 400-600 nm 
will provide ample Si to keep the Si concentration in the IL above 5 at%.  One should bear in 
mind that, in the case of coated particles, all Si is available on the kernel-matrix interface.  
The recently derived empirical law for Si-effective growth of the interaction layer [18], on 
which the value of the minimum Si concentration in the matrix is based, can rely only on 



observations of fuel plates with Si added to the matrix.  The effect of Si in the form of a 
coating can be expected to be more important or at least different, which may require 
modifications to the parameters of the relation.   
Finally, the direct interaction of pure Si with U(Mo) can be expected to lead to a difference in 
mechanism protecting the U(Mo) kernel against interaction with the Al.  An indication for this 
is provided by the observation of Si precipitates that were found on the kernel-matrix 
interface in the IRIS-3 experiment.  At those locations, virtually no interaction layer growth at 
all was observed [25]. 
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Fig 5.  Evolution of the equivalent Si matrix concentration with coating thickness (8gU/cc). 

 
Similar as with the Si layers,  the required layer thicknesses for neutron poison coatings can 
be calculated.  Of course, the amount of neutron poison will depend on the requests of the 
reactor, but typical values can be given.  As an example, for gadolinium, values are typically 
around 25 g Gd/kg 235U.  Based on a kernel size of 70 µm, this leads to a required coating 
thickness of 100-200 nm, well within the controllable range of the sputter deposition 
technique. 
 
2.4 First coating results 
 
As a first result, coatings were applied in a basic magnetron geometry onto pieces of Si 
wafer that were distributed in the drum.  This experiment was aimed at a first determination 
of the sputter rate to obtain a starting point for the optimisation of the sputter parameters and 
geometry. 
A deposition was performed for 30 minutes using 2 Si magnetrons at 250W each.  No 
optimisation of the magnetron position was done.  The Si wafer fragments were 
subsequently measured by X-ray reflectometry (XRR), in which the thickness and density of 
a deposited layer is determined [37].  The result is displayed in Figure 6 and was fitted using 
an algorithm based on layer thickness, roughness and density.  The layer is shown to be 275 
nm thick and has a density of 2.0 g/cm³, which is a normal value for an as-deposited Si layer.  
These results will allow further optimisation of the coating geometry and sputter parameters. 
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Fig 6.  XRR measurement result and fit of the measurement to determine layer thickness, 

roughness and density.   
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