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Summary

Thermal Pu-recyciing experience at XWU/ALKEM dates back as far as
the mid-60s. Following the successful introduction of test fuel
assemblies, thermal Pu-recycling has been demonstrated on a large
scale since the beginning of the 70s in the power plants at Kahl
(VAK), Gundremmingen (KRB-A) and Obrigheim (KW0).

During the last few years improved fabrication processes were de-
veloped resulting in MOX-fuel with favourable reprocessing pro-
perties. The AUPuC-process, a co-conversion process, is used if the
starting material is available as plutonium nitrate solution. In
the case of plutonium oxide being the starting material the 0COM-
process, a co-milling process, is used.

Since 1981 thermal Pu-recycling has been carried on with the
improved MOX-fuel at Obrigheim (KWO) and since 1982 at Neckarwest-
heim (GKN). As agreed with the German utilities in the near future
Pu-recycling will be concentrated in PWRs.

Optimization of the nuclear design led to a MOX-fuel assembly with
a minimum of 2 types of rods of different Pu-content. High flexibi-

lity exists in the number of MOX-fuel assemblies to be 1oadee\in
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PWR cores. Extensive experience has been gained during the large-
scale German recycling programmes. The MOX-fuel assemblies inserted
up to now exhibit an operating performance which is as good as that
of the uranium fuel assemblies supplied by KWU. The experience was
extended by the irradiation of special test rods.

Postirradiation investigations on MOX-fuel show high mechanical
stability, low shrinkage and swelling and good behaviour at power
transients. On the basis of this experience the large-scale use of
MOX-fuel is technically feasible and will be extended to PWRs of
the 1300 MWe type in 1984,

1. Introduction

Reprocessing of spent fuel from LWRs on an industrial basis has
increasingly become a reality in the past few years, This develop-
ment can be expected to continue with increasing amounts of
plutonium becoming available in the near future.

The situation for Germany is explained by Figure 1, It shows the
annual plutonium amounts resulting from the reprocessing of German
LWR-fuel according to present planning. The first 10 years
essentially concern reprocessing contracts with COGEMA and BNFL.

Afterwards increasing amounts of plutonium are also expected from

the German reprocessing plant, WA 350.

Best use of this plutonium of course could be made by using it in
the FBR-fuel cycle. The requirements for the present German
FBR-programme are alsc shown in this picture., It includes the
requirements for the SNR 300, the KNK II and the German
participation in Superphénix 1.

As this picture clearly shows the plutonium amounts available in
the near future will be much higher than the requirements for the
FBR-programme,

On the other side the long term storage of plutonium is expensive
and also not desirable from a health physics point of view. Due to
the decay of the plutonium isotope 241, increasing amounts of
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- (j americium are built up leading to a steadily increasing gamma-

radiation level. As a result of this increasing gamma-radiation,
further handling and fabrication possibilities will be limited.
Especially for plutonium from LWR fuel with its rather high content
of Pupgqy, storing for several years would result in very costly
additional cleaning operations to remove the americium which was
built up during the storage time,

This situation gives strong incentives to use the plutonium which
is not required for the FBR-programme as soon as available fuel for
LWRs.

2. Experience with thermal Pu-recycling in the 70s

Thermal Pu-recycling experience at KWU/ALKEM dates back as far as
the mid 60s. At that time at ALKEM the development of the MOX-
fabrication technology started not only for fast reactor fuel but
also for LWR-fuel. In the first few years the efforts were concen-
trated mainly on FBR-development especially with regard to fuel
rods for reactor tests and mock-ups. In the early 70s the efforts
turned also to the LWR. Up to now ALKEM has manufactured a total of
nearly 40,000 fuel rods containing more than 40 metric tons of MOX-
fuel, an important part of it for LWR purposes. In total more than
3 tons of plutonium were fabricated inte MOX-fuel.

When the thermal Pu-recycling programme started on a larger scale
in the early 70s it was concentrated mainly on the 345 MiWe PWR at
Obrigheim and the BWR at Gundremmingen (250 MWe) and Xahl (16 MWe).
[:1,2:]But some MOX-fuel was also manufactured for other reactors
like Sena, Garigliano and Dresden. The total scope of the fabri-
cation for this early recycling programme is shown in Figure 2.

The basic fabrication technology for LWR MOX-fuel-fabrication is to
a large extent the same as for LWR uranium fuel. ALKEM could there-
fore take over a considerable part of the fabrication processes and
equipment as used at RBU already for many years on an industrial
scale. RBU having the same shareholders and situated on the same

~site is responsible for KWU's fabrication of uranium fuel for LWRs.

92070003



Some differences in fabrication technology exist in pellet fabri-
cation, but also for this fabrication process a considerable amount
of know-how could be taken over from the uranium production and be
adapted to the MOX-fabrication. This resulted in a rather simple
and economic process. The process for pellet fabrication of MOX-
fuel as used at ALKEM in the early 70s is shown in Figure 3. It
used free flowing UOs-powder from RBU's production, which was dry
blended with the required amount of PuOp-powder, that means

2 - 4 % of PuOp-powder were mixed with 98 - 96 % of free flowable
U0p-powder. The resulting powder mixture was free flowing enough
for the direct pelletizing without any intermediate granulating or
conditioning steps. In the same manner as in the UOp-pellet
manufacturing, this powder was directly pressed with mechanical (T
presses using automatic die lubrication systems. Subsequently the .
pellets were sintered at 1,700°C in an argon/hydrogen reducing

atmosphere and afterwards ground on centerless grinding machines,

This fabrication process had very favourable economy and safety
aspects as it required only a small number of fabrication steps.
The reactor behaviour of the fuel was very good and to a large
extent identical to the behaviour of uranium fuel,

3. Development of new fabrication processes

3.1. Solubility of MOX-fuel g

In 1977 the first reprocessing tests were performed on ALKEM's
MOX-fuel after irradiation in a LWR up to a typical burn-up.
These tests revealed that part of the plutonium contained in
this fuel was not soluble in nitric acid and therefore could
not be reprocessed by usual reprocessing techniques.

It was well-known already that pure plutonium oxide as opposed

to uranium oxide is not scluble in nitric acid and that

mixtures of both oxides are soluble to the extent that the
components are present as a solid solution in mixed crystals.

Such a solid solution can develop during the fabrication of

MOX-fuel with a percentage of 50 to 100 % depending on the (:
fabrication process. '
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Originally plutonium solubility of MOX-fuel had not been
considered to be a problem, as it had been assumed that the
formation of a 100 % solid solution would be achieved anyhow
during irradiation in the reactor.

For MOX-fuel produced by ALKEM's former standard process this
assumption turned out not to be completely true. As shown in
Figure 4 the plutonium solubility in nitric acid is about 70 %
before irradiation and increases during reactor operation to
about 95 % which, however, is regarded das insufficient for the
reprocessing requirements. Therefore the new requirement of
complete solubility in nitric acid already before irradiation
was imposed. This made the development of a new manufacturing
process necessary.

The AUPuC-co-conversion process

As a result of a detailed investigation the Ammonium-Uranyl-
Plutonyl-Carbonate-{AUPuUC) co-conversion was chosen as the
reference process for ALKEM's future MOX-fabrication. [3,4]
This choice was facilitated by the fact that this co-
conversion process is very similar to the Ammonium-Uranyl-
Carbonate-{AUC) conversion used in the uranium fuel
mahufacture.

The flow diagram in Figure 5 gives a rough description of the
AUPuC-co~conversion process. The starting materials are
solutions of plutonium nitrate and uranyl nitrate coming from
the reprocessing plants. Both l1iquids are mixed in the re-
quired proportions and are then co-converted. Soluble MOX-
powder can be obtained with mixtures containing up to 40 %
plutonium,

In the nitrate solution plutonium exists in the tetravalent
state of oxidation. In order to make the co-conversion with
the hexavalent uranyl nitrate possible the plutonium is
oxidized in the first process step to the hexavalent state.
This oxidation is performed in a thermal process using concen-
trated nitric acid as an oxidizing agent.
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The mixed nitrate solution together with gaseous ammonia and (T
carbon dioxide is introduced by a nozzle system into water and
reacts according to the equation:

(U,Pu)0y (NO3)o + 6 NH3 + 3 COp + 3 Ha0 >
(NHg )4 [(U.Pu)og (co3)3] + 2 NHgq NO3

The reaction product ammonium uranyl plutonyl carbonate
{AUPuC) precipitates as a rather coarse green crystal. The
typical size and form of these crystals is shown in Figure 6.

With the exception of the green colour they look very similar Q
to the yellow ammonium uranyl crystals as obtained by the
AUC-process of the uranium conversion.

After filtration these crystals are transformed to oxide
powder by calcination in a reducing atmosphere at temperatures
of about 750°C according to the equation:
N,/H
(NH4 )4 [(u,pu)oz ((:03)3] Nl
| j 750%

(U,Pul0p + 4 NH3 + 3 COp + 3 Hp0

During the calcination process the crystals shrink by a factor
of about 3. Because of the release of NH3 and CO,, the (.
product of the calcination is very porous. Figure 7 gives an
impression of the form and surface of the MOX-powder. Similar

to the uranium oxide from the AUC-process it is a powder with

very good flowability properties. The rather coarse grains

obtain the high specific surface and good sintering behaviour

by their porous structure full of crevices. This sintering
behaviour and also other properties of the MOX-powder can be
varied over a broad range by variation of the process

parameters.

The coarse grains also result in less dust formation which is
very important in minimizing radiation doses. Powders with (*
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considerable dust formation result after a short time in a
dust Tayer on the equipment and on the inner walls of the
glove-box and thereby in a high dose rate for the operating
personnel., ‘

The grain size distribution is shown in Figure 8. It is com-
pared in this diagram to plutonium oxide as obtained by the
oxalate process, a very fine powder usually not flowable at
all. 80 % of the grains of this PuOp powder are smaller than
10 microns and over 60 % are in the lung-going range of
smaller than 5 microns. In contrast, the MOX-powder from the
co-conversion has over 90 % of its grains so coarse that they
are not lung-going., For health considerations, especially
under hypothetical accident conditions, this is a very
important fact.

The process can be used both for LWR and for FBR fuel. In the
case of fast reactor fuel the MOX-powder is converted with a
plutonium content as specified for the fuel and can be direct-
1y pressed into pellets.

In the case.of LWR fuel which requires a low plutonium content
it is more econ¢omic to use the mastermix-concept, as shown in
Figure 9. The plutonium content for the co-conversion is
adjusted to approximately 40 % and the resuiting MOX-powder is
blended in an additional step with free flowing UOp-powder

to the specified low plutonium content. As the MOX-powder has
very similar physical properties to the free flowing UOp-
powder ex AUC, there are no difficulties in mixing‘both compo-
nents. The resulting press feed can be further treated in the
same way as in the former standard process.

Advantages of this process are:

- Few process steps. Especially few steps with a powder
containing plutonium;

- the MOX-powder is already fully soluble thus facilitating
scrap recovery in all stages of the process;
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- Low percentage of lung going powder fraction;

- Possibility to extract the americium as built up during
longer storage time of plutonium;

- Favourable properties for further treatment of the
MOX~powder;

- The experiences as obtained from RBU's AUC-process can be
used to a very high extent also for this process; and

- Suitable for FBR as well as for LWR fuel.

The OCOM-Process

I1f Plutonium is made available in the form of an oxide powder

it is not economical to apply the AUPuC-process. In the near

future most of the plutonium which ALKEM has to manufacture

into M0OX-fuel will be available only in the form of oxide

powder*, The situation will not change before the German
reprocessing plant - the WA 350 - goes into operation. There-

fore ALKEM had to develop an additional process for Puly as

the starting material. This process is the OCOM-process. OCOM
standing for Optimized Co-Milling Process. (;

After longer development efforts the milling process could be
improved in such a manner that now the milling of UO,/
PuOpz-powder mixtures results in such fine powder grains that
full soluble fuel can be manufactured. In this process solubi-
1ity is obtained by interdiffusion during sintering. Thereby a
complete solid solution of the PuOp and UQp in the MOX-
pellets is achieved,.

Figure 10 shows the 0COM-process. Also in this case because of
economical reasons a Mastermix-concept is used, that means

C

Presently only the Plutonium from the WAK in Karlsruhe
(annually 100 - 200 kg Pu) is delivered in the nitrate form.
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first a mixture containing approximately 30 % Plutonium is
made from UOs-powder and PuOz-powder, This mixture is then
milled using the 0COM-milling process. The resuliting MOX-
powder is no longer free flowing, but by mixing this master
blend with the 8 to 10 fold amount of free flowing UOp-

powder in order to obtain the required plutonium content of

2 to 4 % for LWR-MOX, a press feed is obtained with a flowabi-
lity sufficient for direct pelletizing. The remaining process
steps are the same as for the AUPuC-process.

As can be seen from Figure 11 ALKEM's 2 new processes as used
for the manufacturing of LWR MOX-fuel differ only in the first
part of the process. Most of the manufacturing process is
jdentical and also identical to the former standard process.

- Also the properties of the MOX-fuel manufactured by these new

processes are very similar, As an example Figure 12 shows
typical alpha-autoradiographies of the cross section of 2
LWR-pellets manufactured using the new processes.

~ An area requiring special attention for the 0COM-process is

the homogeneity of Pu-distribution.[ZS:] In contrast to the
AUPuC-process two materials of very different physical proper-
ties have to be mixed together. There is the master blend of
PuOy and UQp, which after milling consists of a powder

with very fine not flowable grains with a high tendency to
self agglomeration and, on the other hand, the free flowing
U0z-powder from the AUC-process with its rather coarse

grains. If these two powders are mixed together without any
additicnal precautions rather big agglomerates of master blend
material may be present in the final pressfeed. As an example
the distribution of the Pu-content resulting from such a
production is shown in Figure 13. This effect stems from the
fact that even if a very homogeneous distribution is achieved
during the homogenisation procedure the mixture of two
differently behaving materials tends to separate again during
the further handling and production steps.

hn 92070009



- 10 -
This situation can be improved considerably if one is able to (T
limit the maximum agglomerate size of the mastermix
particles. For today's state of the art this is the case as
shown in Figure 14. With this quality standard also in the
0COM-process, a homogeneous Pu-distribution from pellet to
pellet and within the peliets itself can be guaranteed.

4. Fabrication experience with the new processes

Both new processes were well enough developed already in 1980 to

produce the first fuel rods for reactor tests. From 1981 onward in- ‘
creasing amounts of complete MOX-fuel assemblies were manufactured %
and inserted into various reactors as can be seen in Table 1. In

1981 the first such fuel assembly was manufactured for the PWR at
Obrigheim. The fuel rods were manufactured both using the OCOM- and

the AUPuC-process. This fuel assembly was fnserted into the reactor

in August 1981 and is presently completing its third cycle.

First dissolving tests after irradiation of the fuel as manu-
factured in 1980 showed that the solubility which was 99.5 % before
irradiation increased further, so that it can be expected that for
MOX-fuel manufactured with the new processes, there will be no
difference in solubility compared to uranium fuel.

In 1982 820 fuel rods were produced using the 0COM-process for 4 (.
fuel assemblies for the 855 MWe PWR at Neckarwestheim. These

assemblies are presently completing the second cycle in the re-

actor. In 1983 a total of 3,200 fuel rods were fabricated for the

reactors at Neckarwestheim, Obrigheim and for the 1,300 MWe PWRs at
Grafenrheinfeld and Unterweser. The planning for this year foresees

to produce in total about 6,000 MOX-rods for LWRs.

In Figure 15 the increasing production of LWR-MOX-fuel is shown.

The increasing capacity and fabrication throughput resuits mainly

from the increase in fabrication experience and the results of
continuous process and equipment development, which is performed in
parallel to the running fabrication. (_
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’ (T 5. Design and reactor experience.
5.1. Design of MOX-fuel assemblies

To meet the requirements of compatibility of MOX-fuel
assemblies with the other fuel assemblies in the core,
MOX-fuel rods and assemblies follow the same thermohydraulic,
thermal and mechanical design limits as uranium fuel. The
mechanical design of the MOX-fuel assemblies, except for the
fissile material, is identical to the mechanical design of
uranium fuel assemblies. In particular the same geometry and
structural materials are used. Where the neutron physics
(r design is concefned, MOX-fuel assemblies should provide a mean
reactivity equivalent to that of uranium fuel assemblies and
. should achieve an equivalent discharge burnup. [:2,6,7,8]
Fuel elements with a M0X-island concept are to be preferred
. for BWRs but the concept of the all-Pu design can also be
applied under special conditions. It was found that the use of
an all-Pu design is always advantageous in PWRs. Flattening of
the power distribution is achieved by employing graded Pu con-
centrations. Lower Pu content is applied in those MOX-fuel
pins adjacent to fuel regions enriched by Uz3s or to water

gaps.
The German utilities decided to concentrate Pu-recycling on
(; PWRs in the near future. However, at ALKEM and KWU a lot of
. experience in design, fabrication and irradiation exists also

- for MOX-fuel assemblies in BWRs. Therefore recyc11ng in BWRs
can be restarted if required.

The power distribution within the PWR MOX-fuel assembly being
surrounded by uranium fuel assemblies has to be flattened out
by appropriate choice of at least two plutonium enrichments
and by the approprjate distribution of their pins.

The design procedure uyses a macro-cell model of a pattern of

one MOX-fuel assembly surrounded by 3 uranium fuel assem-
(. blies. The result of the optimization with the MEDIUM-/FASER

programme complex is the enrichment and the power density
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