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Abstract

New methods of converting actinide nitrate solutions to oxide and fabricating the products from the
reprocessing of high burn up and MOX fuels are necessary for the next generation of fuel cycle facilities in
order to meet dose criteria and cost reduction targets. Options to support this include never fully separating
the plutonium from the uranium and reducing decontamination factors. The product stream from such a
reprocessing plant will require a finishing route capable of significant levels of automation and dose
minimisation.

Casting of molten uranyl nitrate into pellets followed by de-nitration under vacuum has been investigated as
a novel way of manufacturing oxide fuel pellets. Pellets were successfully cast over a range of temperatures
and denitrated. Incorporation of uranium oxide into the melt was investigated to increase the density of the
cast pellet. It has been demonstrated that it is possible to produce extrudates from powder and molten
magnesium nitrate mixtures. Results of a preliminary study of the flow behaviour during extrusion of
magnesium nitrate simulant loaded with alumina powder are also discussed.

INTRODUCTION

New methods of converting actinide nitrate solutions to oxide and fabricating products from the
reprocessing of high burn up and MOX fuels are necessary for the next generation of fuel cycle facilities in
order to meet dose criteria and cost reduction targets. Options to support this include never fully separating
the plutonium from the uranium and reducing decontamination factors. The product stream from such a
reprocessing plant will require a finishing route capable of significant levels of automation and dose
minimisation. A radical move away from traditional powder finishing and pellet fabrication is potentially a
way of achieving this.

Gel-sphere precipitation is an option which could meet this requirement. Although gel-precipitation is ideal
for vibro-fuel application, there is also considerable experience with pellet fabrication from gel-spheres. The
synthesis of Masterblend sphere enrichments (U0.7 Tho.3)02 and their pressing and pellet fabrication
properties when blended with urania powders to simulate thermal MOX enrichments has shown some
promise (1), as has the direct pressing of MOX enrichment spheres. A more radical concept for combined
finishing and fuel fabrication is the direct casting or extrusion of fuel pellets. This is the focus of this paper.

It is not practicable to heat up UO2 or MOX to its melting point and then cast into the desired shape. This is
due to volatilisation and operational problems at the high temperatures that would be required, although arc
melting and casting of uranium carbide fuel has been investigated (2). However, it is possible to cast a
molten salt of uranyl nitrate. The low melting point of hydrated uranyl nitrate has been a major factor in
influencing the property of the product oxide powders during nitrate to oxide conversions. This was due to
the melting point of the hydrates being lower than their decomposition temperatures and the tendency for
denitration to start before dehydration is complete. Recent thermal denitration (TDN) powder processing
routes have concentrated on adjusting conditions; either physical or chemical, to avoid the formation of low
temperature melts on heating and so improve product reactivity. One such variation involved using a
reduced pressure atmosphere during thermal denitration. This was developed by Comurhex in France and
known as the Nitrox process (3).

The idea behind melt casting thus comes from exploiting the low temperature melting to cast the pellet and
then heat treating under vacuum to avoid melting during thermal denitration (4). This paper will also
describe initial trials on the extrusion of pellets using an magnesium nitrate simulant. Traditionally,
particulate material is combined with a polymer solution or melt for extrusion. Such processes leave carbon
and other impurities. By substituting the binder with a molten salt of the oxide required, thermal
degradation after extrusion will leave only the oxide. The overall level of shrinkage due to removal of
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decomposition products is greatly reduced, and this should improve the ability to control pellet diameter.
Whether this can be achieved within tolerance is a major technical challenge.

METHOD

Uranyl nitrate hexahydrate crystals were heated in a Pyrex beaker until molten using a hot plate stirrer and
magnetic follower. This was investigated over a range of temperatures from 60 to 190 °C. A stainless steel
mould, shown in section in Figures 1, was sprayed with Teflon based dry film lubricant and then pre-heated
(«60-100 °C). The molten uranyl nitrate was poured in until it was slightly proud of the mould. The mould
was tapped gently to remove trapped air bubbles. After the uranyl nitrate had solidified and hardened the
pellet was removed and stored in a desiccator. Uranium dioxide and trioxide powders were added to the
molten salt over a range of compositions to examine the effect on casting and thermal denitration of
increasing the solids loading. The cast pellets were loaded into the centre of a furnace with vacuum
capability and converted to oxide.

Figure 1. A cast pellet and split mould
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The extrudability of pastes, composed of aluminium oxide dispersed in molten magnesium nitrate, a stainless
steel barrel was heated to the required temperature, 90, 100 and 110°C, and filled with hard paste crumbs.
Magnesium nitrate has similar properties to uranyl nitrate, melting at 89 °C and decomposing at 330°C.
After ensuring the paste was heated evenly the barrel was placed under the cross-head of an Instron load
frame. The loads necessary for extrusion at different ram speeds was investigated. The extrudates were
sintered and examined microscopically.

RESULTS

Results revealed that casting procedure produces three distinct types of pellet depending on casting
temperature. At low temperatures, 60 to 120 °C, a chalky textured pellet is produced which becomes darker
with increasing temperature. From approximately 130 to 170 °C very smooth plastic appearing pellets are
produced . At 180 °C clear glassy pellets are made (see Figure 1). Above this temperature the pellets
become plastic once more.

Initially it was attempted to cast into cold moulds. This resulted in the pellets cracking longitudinally on
removal from the die. Pre-heating the die has no effect on de-moulding although it did improve the surface
quality of the cast. The pellets formed at the higher temperatures were more difficult to cast because of the
increase in viscosity of the molten uranyl nitrate salt due to removal of further waters of crystallisation and
some oxides of nitrogen. Adding uranium oxide powder to the melt also further complicated the casting
process and a number of variations, described more fully in the discussion, were attempted to develop a
successful formulation.

Pellets cast below 120°C could be successful converted to oxide by TDN under vacuum and two pellets (red
UO3 and black U3O8) are shown in Figure 2. Porosity and surface cracking were visible but the results were
sufficiently promising to warrant further trials. However, pellets cast at temperatures above this could not be
achieved due to a build up of trapped gases which resulted in solarisation. This manifested itself as pellets
expanding or the pressure within the pellet negating the vacuum atmosphere causing the centre to melt and
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either rupture the pellet or seep onto the surface. The problem was worst for those pellets cast at 180 to
190°C. This phenomena can be clearly seen in the defective pellet also shown in Figure 2. X-ray powder
diffraction of ground pellets showed that pellets heated to 214°C and 340 °C under vacuum were composed
of amorphous UO3, the former sample still heavily contaminated with nitrate residue. Vacuum treated
uranium trioxide pellets could be converted to U3O8 at 600°C in an air atmosphere without significant further
cracking.

Figure 2. UO3 and U3O8 denitrated pellets

The flow curves for magnesium pastes extruded at 90 °C appears nearly Newtonian, while at higher
temperatures pseudo-plasticity is observed. The materials as expected became more fluid with increasing
temperature. The yield and shear stress values were a tenth of what they should be for an ideal extrusion
based system indicating that the pastes were rather fluid. However, preparation of stiffer pastes was not
possible with the equipment available. The magnesium nitrate was unstable when molten, losing weight with
time making the pastes unstable. Further instability arose due to the low viscosity of the magnesium nitrate ,
which caused phase migration under load. Sintered extrudates failed extensively by cracking and splintering,
but intact sections had good strength. The surfaces showed many large cavities. Polished sections showed
large pores but the microstructure appeared very uniform indicating good mixing.

DISCUSSION

Pellets cast at 60 °C are predominantly composed of crystalline uranyl nitrate hexahydrate. Similarly pellets
cast at 120 °C are composed of crystalline uranyl nitrate tetrahydrate. The move to casting at higher
temperatures results not just in the formation of lower hydrates but to the removal of bound nitrate to create
hydroxy-nitrates, producing the non-crystalline structures.

The original aim of this work was to incorporate particulates into the molten uranyl nitrate so that diffusion
pathways for the evolved gases would be created. Low additions of UO2 (5%) were successfully cast but it
was felt that substantially higher quantities of UO2 would be required for a successful process to minimise
shrinkage on denitration. The initial concept of UO2 additions to provide these pathways was impracticable
due to a vigorous reaction with the acidic molten uranyl nitrate dissolving the oxide, possibly due to its
oxidation and solubility in the molten salt. Even when UO2 was added to the melt at 60°C the reaction was
such as to change the nature of the as cast structure from chalky to plastic and make subsequent denitration
difficult. It was also necessary to hold the molten mixture at temperature until the effervescence had abated
to minimise the porosity in the cast pellet. Pellets remaining intact after denitration were heavily cracked
and showed signs of swelling and melting. These pellets also had a very low density showing the amount of
coarse porosity trapped within the pellet body. When the solids loading was increased to 10 wt% the molten
mixture was far too viscous to cast.

An alternative route to incorporating oxide powder into the uranyl nitrate was to use UO3 powders instead of
UO2. This showed that pellets containing a high solids content (up to 60 wt%) could be cast and successfully
denitrated (in terms of pellet cohesion). However, a slight amount of cracking of these pellets did occur,
although a density of 2.5 gem"3 is still very low compared to a pressed urania or MOX green pellet (« 5.5
gem"3) and means that the sintering stage has a lot of shrinkage to accommodate to achieve high density. The
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60% UO3 pellet contained a high proportion of air bubbles on the lower face of the cast sample. It is
believed that this is due to the primitive nature of our casting process and could be overcome by the use of
extrusion or pressure assisted casting.

The initial extrusion trials indicated the occurrence of phase migration, the liquid nitrate separating from the
alumina powders. Phase migration can occur, when the binder system is of low viscosity and moves
preferentially to the die wall, leaving a paste which is too dry to extrude. This was overcome by decreasing
the nitrate content and reducing the A12O3 particle size. To improve the mixing of the pastes containing fine
alumina (0.5 \im) they were extruded twice through a small die. The extrusion load became more uniform
during the second extrusion indicating that the agglomerates had been broken up and the paste was of
uniform consistency (Figure 3).

Figure 3. Typical load versus displacement graph for two consecutive extrusion runs.
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Results on the whole for the extrusion study were disappointing. A major reason for this, however, was due
to limitations of magnesium nitrate as a simulant for uranyl nitrate. The non-availability of Z-blade mixer
suitable for use at temperatures greater than 90°C meant that the required stiffer pastes could not be formed
and extrudates were soft. One of the keys to the successful development of the viscous polymer extrusion
process is the very high shear mixing of the ceramic oxide powder using a Z-blade mixer (5). The high shear
mixing breaks down powder agglomerates which reduces the flaw sizes in sintered components to the same
order as the grain size and this results in substantial increase in strength compared with conventional
fabrication processes. The sintering results are the natural artefact of poor extrusion

CONCLUSIONS

The possibility of casting uranyl nitrate pellets with a high solids loading is very promising and conditions to
eliminate gross pellet failure have been determined. The casting results indicate that a uranium /plutonium
nitrate melt could be used as a powder binder and the process developed along the lines of a conventional
ceramic extrusion process. Results on the whole for the extrusion study were disappointing but this is
believed to be due to the limitations of magnesium nitrate as a simulant. It has been shown that it is possible
to produce extrudates from powder and molten magnesium nitrate mixtures. Further work is required on
characterising the binder properties of uranyl nitrate.
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