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Abstract

The Institute for Transuranium Elements (ITU) in Karlsruhe is part of the Joint Research
Centre of the European Commission. Its particular aims are (i) to perform nuclear R&D in
support of EU policies, (ii) to further enhance the Institute's role as a recognized centre of
European basic actinide research, (iii) to contribute to an effective nuclear safeguards system
in Europe and elsewhere, and (iv) to strengthen the position of the European industry by
evaluating and testing the potential for technological and medical applications of transuranium
elements. In particular, ITU is actively engaged in the performance of the R&D programmes
"Safety of Nuclear Fuels" (development of advanced fuels able to sustain safely high burnup
operation) and "Mitigation of Long Lived Actinides and Fission Products". Within the
framework of these projects, ITU is participating in several international research groups on
plutonium incineration (CAPRA [1]) or Partitioning and Transmutation (EFTTRA [2]).
Development of advanced LWR MOX fuels is also being pursued in close collaboration with
the nuclear fuel cycle industry. This paper describes the fabrication methods developed for
MOX (and other Pu-bearing compounds) at the Nuclear Technology Department of ITU.
Results obtained from fabrication of MOX fuel at very high Pu content are presented and
discussed. Finally, examples of MOX fuel fabrication (LWR representative, with high Pu
content) leading to large grain formation are presented.

1. Fabrication processes

For MOX fuels, three processes, leading to different fuel structures are being developed at
ITU: powder metallurgy, the liquid (SOL GEL) process, and a third option, which combines
the first two: a hybrid route, called SOLMAS.

1.1 Powdermetallurgy

The powder metallurgy process consists of a variety of methods of oxide powder mixing.
Each method is selected to produce the desired fuel, as far as its main properties are
concerned: degree of homogeneity, fuel specifications (LWR or FBR), dissolution properties,
plutonium content. Similar processes, used commercially in Europe (BELGONUCLEAIRE,
BNFL, COGEMA [3]) are well proven on an industrial scale. However, the developments of
modified fuels and the testing of new parameters, like UO2 powder type, role of additives,
sintering conditions, need to be done on a laboratory scale, prior to their qualification on an
industry level. ITU's programmes on powder metallurgy cover two aspects:

- within the CAPRA programme, ITU has fabricated experimental fuel pins with very high
plutonium content (up to 45% Pu/U+Pu); in some cases, neptunium was also added to the
MOX fuel [4];
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- ITU's research involves the development of LWR MOX fuels that are able to sustain higher
burnups. For this purpose, methods to produce large grains are being tested.

Practical experience of ITU in MOX fabrication by powder metallurgy mainly includes two
processes, shown in the flowsheet in Fig. 1. Direct Powder Blending is commonly used for
FBR applications, while the MIMAS method is used for LWR fuels. The products obtained by
both processes meet the usual commercial requirements in terms of geometry, density, thermal
stability, O/M or chemical impurities. Moreover, particular microstructures can be obtained,
as shown later.
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Fig. 1: Powder metallurgy fabrication processes at ITU.

Fig. 2: SOL GEL and SOLMAS processes The use of powder metallurgy processes is limited
by its application to highly radioactive components, e.g. when using plutonium with high
neutron emitter (Pu238) content (high burnup Pu) or high gamma emitter (Am241) content
(aged Pu), or in the extreme case when minor actinide fuels and targets have to be
manufactured within the Partitioning and Transmutation framework. The limitation of this
process arises due to the formation of dust during fabrication, and from the resulting difficulty
in operation, maintenance or decommissioning of the equipment. For these reasons, the
SOL GEL and SOLMAS processes, based upon the use of liquid phases of active material,
have been developed in our Institute.

1.2 SOL GEL process

The SOL GEL [5] process involves the dissolution of the starting materials in nitric acid
(alternatively, if located at the reprocessing plant, the active solutions are readily available).
As shown on the flowsheet in Fig. 2, the uranyl and Pu nitrate solutions are mixed in the
required proportion. To produce the feed solution, the viscosity is adjusted by addition of trace
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Fig. 2: SOL GEL and SOLMAS processes

amounts of long chain organic thickeners. This feed solution is dispersed into droplets, which
are then collected in a hydroxide (typically ammonia) bath, Wfiere-geran'on"occurs" withrri me
original droplet, so that near spherical beads are formed. After washing and drying, the beads
are in a hydroxide form, from which they are converted to oxide by thermal treatment in an
oxidising atmosphere (typically 400 °C in air). The beads are then thermally treated in a
reducing atmosphere (typically 800 °C in Ar/5% H2) to obtain (U,Pu)C>2. The beads are free
flowing, dust free and their size varies between 10 and 200 (xm. Their tap density is usually of
the order of 20% of the theoretical density. This powder is then pressed into pellets, and
sintered. The product meets all specification requirements for LWR or FBR fuels; it is
characterized by the preparation of a fully homogeneous solid solution (U,Pu)O2-x- For
experimental purposes, it can be used as a reference compounds to study the effects of
heterogeneity in the microstructure on the fuel behaviour under steady state or off-normal
conditions. The SOL GEL process is particularly suited for the fabrication of oxide
compounds containing minor actinides (neptunium, americium), as has been demonstrated in
the TRABANT 1 [3], TRABANT 2 and SUPERFACT [6] experiments.

1.3 Hybrid methods

If required for experimental or practical reasons, the two methods described above can be
combined. For example, we call SOLMAS the process leading to the mixture of a master
blend prepared by the SOL GEL method (because it contains highly active isotopes), with
non-fissile or non-active powder: UO2 in the case of MOX fuel, or inert matrix powder
(spinel, MgO . ..) in the case of target fabrication for transmutation. The advantage of the
process is that the active material prepared by SOL GEL is concentrated in the master blend,
thus increasing the fabrication capacity and reducing the liquid waste. The flowsheet of
SOLMAS (for MOX) is given in Fig. 2b.
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2. Effect of Pu content on homogeneous MOX fuel fabrication

In the TRABANT 2 experiment (irradiation of fuel pins in HFR Petten), MOX fuel at high Pu
content has been fabricated by the SOL GEL process. Despite several tests and modification
in the fabrication steps, the required density (95% TD) could not be met in the fuel with 45%
Pu/U+Pu. Since the resintering tests demonstrated the thermal stability of the pellets, the fuel
pin with the high Pu content was nevertheless loaded in the experiment (started in 1999). In
order to understand the reason for the lower density, a series of SOL GEL pellets were
fabricated, with Pu contents ranging between 25 and 40% Pu/U+Pu, and results of previous
experiments (TRABANT 1) were also analysed. The analysis of the results of the powder
characteristics (tap density, average particle size), shown in Fig. 3, lead to following
conclusions:

- the tap density of the beads increases with Pu content;
- the particle size of the beads decreases with the Pu content;
- the density of the sintered pellet is constant (92-95% TD) up to 35% Pu/U+Pu where an

abrupt decrease to 86% TD is observed;
- the age of the feed solution (few weeks for "fresh" solutions, more than one year for "aged"

solution) influences the density of the end pellets (but not the particle size) for Pu/U+Pu
greater than 40%.
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Fig. 3: Effect of Pu concentration on fabrication parameters of SOL GEL MOX fuel. We
attribute these effects to polymerisation in Pu nitrate solutions [7]; this increases with Pu
content, and with time. This modification of the solution properties leads to product beads
which are more dense and harder. These effects have a detrimental influence on the sintering
properties of the final pellets.
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Examples of microstructures of MOX fuels at 40 to 45% Pu are shown in Fig. 4. Note the
high porosity in the fuel at 45% Pu (low density foel), and also the average grain size of about
10 - 15 jam in high Pu content fuel produced by SOL GEL. The sintering conditions were
1700 °C for 6 h in a dry Ar/5% H2 atmosphere.
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Fig. 4: Microstructure of SOL GEL MOX fuel at high Pu content

3. MOX fuel fabrication with large grains

In UO2 fuels, large grains (more than 30 microns size) have been tested for a number of years
[8]. Their beneficial effect on the irradiation behaviour at high burmip (fission gas release) is
still controversial, mainly due to the way these large grains have been obtained. Additives
(T1O2, Nb2O5 ...) have generally a high solubility rate in the UO2 matrix and, during
irradiation, tend to enhance the diffusion processes within the grains, leading to effects
opposite to that expected. Therefore, other investigations [9,10] have studied additives that are
insoluble, and form a phase at grain boundaries, which is viscous at the irradiation
temperature.

MOX fuel is known to behave as good as UO2 in the reactor, with a possible exception
concerning fission gas release behaviour (under steady state and transient conditions) at high
burnup. Therefore, to obtain MOX fuel with larger grains is one development underway on a
laboratory scale. The problem lies in the structure of the fuel. The large grains should be
obtained in the phase that is dominant (in proportion to the pellet volume), i.e. UO2 in very
heterogeneous MOX, and (U5Pu)O2 in totally or partially homogeneous fuel.

At ITU, we have successfully tried two methods:

i) homogeneous SOL GEL fuel pellets sintered under dry atmosphere (Asflh) lead to grain
size of 10 - 15 microns (all grain size data are defined by the Mean Linear Intercept
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method, without correction); this result has been shown to be independent on the Pu
content (up to 45% Pu, see section 3).
After sintering under humid conditions (4 hours, pH?/pH2O=33), the grain size obtained
depends on the sintering time. Grains of 20 microns on average have been obtained (Fig.
5) without additives. As the SOL GEL material is already a (U,Pu)C)2 solid solution,
sintering is particularly effective in promoting grain growth. The high sinter activity may
also be associated to relatively small crystallites produced in the SOL GEL process. This
explains why large grains can be obtained without any dopant. Note that increasing the
sintering time leads to farther enhancement of the grain growth.

ii) in heterogeneous fuel (SOLMAS, MIMAS), large grains (either in UO2 or (U,Pu)O2

phase) are difficult to produce without additives. We have tested mullite (3Ai203,2SiO2)
as an additive because of its ability to form a liquid phase at grain boundaries in UOa
during the sintering phase. The addition of 0.1 w/o (mullite to total oxide) in MIMAS fuei
(15% Pu/U+Pu) leads to two effects on the microstructure (Fig. 6):

- an enhancement of the Pu-U interdiffusion: the (U,Pu)O2 phase becomes dominant (in
volume) in the pellet. The UO2 phase is limited to islands, in which the grains are very
small (a few microns).

- an increase (up to 20 microns on average) of the (U,Pu)O2 grains.

Studies are being pursued on both fuel types, to determine the effects of sintering conditions,
level of additives and the degree of the homogenisation in the MIMAS-type fuel pellets.
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Fig. 5: Microstructure of SOL GEL MOX fuel at 15 w/o Pu content, under dry and humid
sintering conditions.
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Fig. 6: Microstructure of MIMAS MOX fuel at 15 w/o Pu with 0.! w/o mullite.

4. Conclusion

Various processes for MOX fuel fabrication up to very high Pu content (45%) are being
developed at ITU, within the framework of two institutional research programmes, namely
plutonium incineration (CAPRA) in FBR's, and the Safety of Nuclear Fuels in LWR's. In this
paper, the wet process SOL GEL and powder blending routes were described. Additional tests
and characterization of the production of large grains are underway, and have to be completed
by the demonstration of their good behaviour in pile. The main result of our present research
is the fabrication of LWR MOX fuel with large grains. This could be obtained by the
SOL GEL process, without additives, and also on MIMAS fuel, by including 0.1 w/o mullite.
In the latter case, a strong interdiffusion of U-Pu, led to grain growth in the now dominant
(U,Pu)O2 phase,
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