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ABSTRACT

The production of high temperature reactor fuel, so called pebble fuel, was done in the eighties by a
special vibrational dropping process to obtain as sintered UO2- or ThO2-microspheres, so called
“Kernels”, with a diameter size of about 300 µm. These microspheres have been coated and embedded
in carbon balls to get the pebble fuel. Since the early nineties BRACE is developing the processings of
microspheres starting with sols and suspensions to produce Al2O3, ZrO2, HfO2 and Actinide oxide
microspheres. Two main developments have been made: 1) the preparation of the feed solution (sol,
suspension) and the solidification processing, and 2) the equipment, design, and electronic control
have been completely changed. 

A newly developed suspension process for actinide oxides and for metal oxides e.g. Al2O3, TiO2, SiO2,
ZrO2, HfO2, CeO2, ThO2, UO2, PuO2 leads to cheaper production of as sintered microspheres.
The processing and the installations will be described and the experience of production will be shown.

1. Introduction

Up to the end of the eighties of last century, the so called “Kernels”, microspheres with a diameter of
about 300 µm as sintered out of ThO2 and UO2 have been produced by a special vibrational dropping
process (Fig. 1, 3 and 2). After coating and embedding in carbon the pebble fuel balls with a diameter
of 60 mm included 40.000 UO2- or ThO2-microspheres in the core.
The development has been made at the Nuclear Research Center Jülich and at the company Nukem

GmbH has been stopped in the end of the
eighties and the production line has been
shut down.
Since the early nineties BRACE is
developing the processing of microspheres
with a broad range of materials for
applications in chemical, pharmaceutical,
electronic, cosmetic and food industries.
[1-8]
One of the developing areas is the
production of microspheres out of metal
oxides.

Fig. 1 Uranium Dioxide Microspheres (as sintered)



Different process are used:
1) The sol-gel process
2) Suspension process with a temporary binder

3) Mixed process: sol-gel and suspension.
With these three processes microspheres of nearly all metal oxides can be produced.

2. Theoretical background of the process

The patented BRACE-Microsphere Process is a drip casting process. A laminar liquid beam is
generated through nozzles which are vibrated in the direction of the flow with an amplitude of some
micrometers the flux breaks up in undercritical droplets which are stable. Due to the surface tension
the droplets get a spherical shape (Fig. 5). The optimal frequency depends not only on the diameter of
the nozzle, but also on the velocity of the flow and material's specific constants like Weber-,
Reynolds- and Ohnsorge numbers (Fig. 4).

3. Sol-Gel Process

A number of metals can form hydroxide sols and
can be used as starting material for the production
of microspheres. Sols with low viscosity, such as
Zirconium, Hafnium or Aluminium hydroxide
stabilized with organic compounds like
polyalcohols or with pore formers like urea, can
easily be pressed through a nozzle system.
Gelation in the gaseous phase is obtained by the
reaction with ammonia. Solidification is
continued by dropping the spheres in an aqueous
solution of ammonia. This solidification can be
tailored to the wanted properties of the
microspheres by varying the reaction time and the
concentration of ammonia in the precipitation
bath.Not only sols can be used to obtain a fast and
sufficient gelation during the short time of
sphericity. Aqueous solutions of nitrates or
carbonates are also excellent starting materials for
the production of microspheres. The

Fig. 2 Production line of
"Kernels" (nozzlehead)

Fig. 3 Production line of
“Kernels”

Fig. 4 Ohnsorge-diagram, outlined area marks
allowed regions (Schmidt, P. and Richter, Th.,
University GH-Essen).



preneutralized solutions formed to spheres are also gelated in a gaseous reaction
with ammonia. They are ultimately precipitated in an aqueous solution of
ammonia. Even without chemical presolidification in the gaseous phase, the
solidification is possible provided that the precipitation solution shows a low
surface tension to avoid a deformation of the spheres.In the case of Actinide
metals the starting material can be a hydroxide sol or an aqueous solution
preneutralized and with the addition of gelating aids like PVA, THF etc. For the
preparation of ThO2 and UO2-microspheres (“Kernels”) solutions of
Thoriumnitrate and Uranylnitrate with PVA as gelating aids was used as starting
solution. The gelating after moulding has to be exactly adjusted. A short
presolidification with gaseous ammonia is the first sensitive step to obtain a
solidified shell which has to be permeable for the following reaction in the
Ammonia solution. The total solidified sphere has also to be porous to allow the
diffusion of water and NH4NO3 during washing and drying of the spheres.

4. Suspension Process

The starting material for the suspension process is the powder of the metal oxide
which will be formed to microspheres. The powder with a low grain size,
preferably with d90<3 µm is suspended in water. The Zetapotential has to be
adjusted to get a stable suspension. Depending on the used temporary binder the
pH-value has to be adjusted, too. This suspension is then moulded with the
vibrational dropping process of BRACE into microspheres. The solidification
occurs by chemical reaction in an aqueous solution. After washing and drying the
temporary binder is decomposed during a calcining step at about 500-600°C.

As temporary binder a broad range of organic compounds can be used. The most
convenient compounds are Alginates. Materials like Agar-Agar, PVA,
Polyethylene imine, Polyethersulfone, Gelatine ... can also be used.

The sodium or the ammonium salt of alginate is dissolved in water and added to the metal oxide
suspension. The gelatine of the as moulded spheres can be done by bivalent (Me2+), trivalent (Me3+)
metal ions e.g. Ca2+, Ba2+, Al3+, and acids. Most salts of multivalent metal ions with alginate are
insoluble in water.
This suspension process can be used to produce Actinide oxide microspheres without the use of
Ammonia gas and Ammonia solutions.
The suspensions of ThO2, UO2 and PuO2, other Actinide oxides, mixtures of this oxides or with
additionally added metal oxides for the increasing sintering activity can be processed in a broad range
and in one preparation step.

5. Mixed Process: sol-gel and suspension

To the sol or the solution of a metal hydroxide a suspension of the metal oxide can be added and this
starting material is then moulded to microspheres. Mixed oxide microspheres can be produced if
different metals are used in the sol/solution and the powder for the suspension. By this process mixed
Actinide oxide microspheres are easily produced, e.g. ThO2/UO2-spheres or UO2/PuO2-spheres.
Depending on the composition and concentration the gelation of the as moulded spheres is also
obtained without the use of ammonia.

6. Subsequent Treatment of the Solidified Microspheres

Sol-Gel Process
The chemical reaction between metal salt solutions and ammonia produces ammonia salts (NH4NO3,
NH4Cl, (NH4)2CO3, ...). These salts must be washed out before the particles are processed further,

Fig. 5Formation
of spherical
droplets (Schmidt,
P. and Richter,
Th., University
GH-Essen).



since otherwise the particles would be destroyed during heat treatment as these salts decompose.
Washing of the spherical gel particles produced by the vibrational dropping process presents no
difficulties, since the exchange rate (diffusion) between particles and surrounding liquid is fast. The
removal of water from the gel particles using an alcohol that is miscible with water e.g. Isopropanol
has higher efficiency and takes only a few minutes.
Suspension Process

In the case of the suspension process the washing process has only to remove the water, the small
amounts of adhering metal salt of the solidification salt and the surplus of Na/NH4-alginate.
Decomposing of Organics
After washing, the particles are dried at 100-180°C in air evaporating the washing fluid. The dried gel
particles are then calcined in air (500°C to 600°C) in order to decompose the organic polymer. To
improve the reproducibility of calcining products, it is useful to work under flowing air at a constant
humidity in the range between 10 to 30 g of water per cubic meter of air. Depending on the
composition of the precursor solution, residual carbon contents ranging from 10 to 50 ppm can be
achieved.
Sintering

The following step of the microsphere production is the sintering in air or in the case of UO2, PuO2 in
hydrogen to reach the high dense microspheres (96-99% of the theoretical density).

7. Production Units

The newly developed units for the production of ThO2-, UO2-, PuO2- and mixed oxide microspheres
provide the possibility to produce microspheres with a monomodal size distribution in a diameter
range of 30-6000 microns. The ratio of dmax/dmin is close to 1,0.
The capacity of the unit begins with small lab scale quantities for example 0,5-1 l per hour of feed
solution or suspension. Production units have a throughput of 100 to 1000 l per hour. Depending on
the content of solids, expressed in percentage of metal oxide in the feed solution/suspension, the
capacity of as sintered Actinide oxide spheres ranges from 20 to 700 kg per hour.

Figure 7 shows the principle of a production unit. The units operate at atmospheric pressure or
slightly above and can be designed to be explosion proof and can be built in a glove box. All process
parameters are electronically measured and controlled. Remote control and modern control panels are
a standard scope of supply.The units have a minimum space requirement. The energy consumption is
very low and they are noiseless during operation.
Figure 6 shows the moulding head of a bigger production unit.With these installations manufacturing
of monosized microspheres in a continuous production line is state of the art.

Fig. 6 Large Microsphere Unit



Figure 8 shows Uranium oxide microspheres as moulded, as dried as calcined and as sintered. The
diameter shrinks from about 1 mm as moulded to 0,3 mm as sintered.
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Fig. 7 Principle of the SOL-GEL Process

Fig. 8 (from right to left) UO2 as moulded, dried, calcined, sintered


