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Abstract

BNFL is successfully operating a small scale MOX fuel fabrication facility at its Sellafield Site and
is currently constructing an advanced, commercial scale MOX facility to complement its existing LWR
UO2 fabrication capability. BNFL's MOX fuel capability is fully supported by a comprehensive
technology development programme aimed at providing a high quality product which is successfully
competing in the market. Building on the experience gained over the last 30 years, ie from the production
of both thermal and fast reactor MOX fuels, BNFL's development team set a standard for its MOX
product which is targeted at exceeding the performance of UO2 fuel in reactor. In order to meet the
stringent design requirements the product development team has introduced the Short Binderless Route
(SBR) process that is now used routinely in BNFL's MOX Demonstration Facility (MDF) and which forms
the basis for BNFL's large scale Sellafield MOX Plant. This plant not only uses the SBR process for
MOX production but also incorporates the most advanced technology available anywhere in the world for
nuclear fuel production.

A detailed account of the technology developed by BNFL to support its MOX fuels business will
be provided, together with an explanation of the processes and plants used for MOX fuel production by
BNFL. The paper also looks at the future needs of the MOX business and how improvements in pellet
design can assist the MOX fabrication production process to meet the user demand requirements of utilities
around the world.

1. INTRODUCTION

BNFL has been involved in all aspects of the nuclear fuel cycle for over 40 years.
Recycling has long been an important feature of BNFL's portfolio during this time and is
currently being extended further with the introduction of new facilities for manufacture of
recycle uranium fuel at BNFL's Springfield site and commencement of MOX fuel production
at Sellafield. These advanced facilities will provide BNFL with a fully integrated recycling
capability to meet the requirements of the next century which has demanded the introduction
of new technology. As a result BNFL has been undertaking a comprehensive development
programme aimed at introducing the latest technology for the manufacture of high quality
products in an increasingly competitive market. The advances made by BNFL in the MOX
manufacturing area is the main focus of this paper which will describe some of the key
developments and the steps taken to introduce these into BNFL's facilities.

In establishing its development programme, BNFL has utilised the many years of
experience gained from production of MOX fuel for both fast reactor and thermal applications
which dates back to the early 1960s. Since this time the development of MOX manufacturing
technology particularly in the area of powder processing has been recognised as an important
factor in establishing and maintaining high quality products. BNFL's development programme
has not only been directed at implementing successful developments in its MOX manufacturing
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facilities but has also had to take into consideration other factors. In particular there have been
a number of developments that have been made in the UO2 fuels area which has placed
increasing demands on MOX manufacturers to produce fuels with higher enrichments which
can be irradiated to higher burn ups. MOX fuel must be fabricated to cater for these advances
and BNFL's development programme has been geared to establishing plants and processes
which are aimed at not only satisfying the current technical requirements of fuels irradiated in
reactor, but which also have the flexibility to produce the next generation of MOX fuel which
will be equal to or better than an advanced uranium equivalent. One of the ways this will be
achieved is through increasing the plutonium content of MOX, advances in MOX fuel pellet
design and the increased homogeneity of MOX powder used to produce the pellets which will
ultimately lead to better in reactor performance of the fuel. BNFL has paid particular attention
to this area through development of its Short Binderless Route (SBR) process.

Following on from the advances in the UO2 fuel areas, BNFL's development
programme has also taken into consideration the need to handle PuO2 separated from high burn
up uranium fuel which contain lower levels of Pu-239 but high levels of Pu-241 and the even
numbered plutonium isotopes. Furthermore the technical challenges associated with scaling
up fabrication and inspection processes from the demonstration size to full scale plant facilities
without compromising the quality of fuel produced is another factor that has been considered.

It is through approaching the issues outlined above in dedicated development
programmes that BNFL has been able to achieve the introduction of advanced MOX fuel
fabrication facilities which can successfully compete in the global market.

2. DEVELOPMENT OF THE SHORT BINDERLESS ROUTE

One of the key elements in the successful development of BNFL's MOX capability has
been the short binderless route process for mixing U and Pu powders to produce an excellent
product.

During the 1970s and 1980s fast reactor fuel in the UK was produced using the binder
route, but after it was found that UO2 fuel pellets could be successfully manufactured without
the aid of a binding agent, the initiative for a new programme of work on MOX fuels was
initiated. Initially this work concentrated on the conventional binderless route with which
BNFL had extensive experience from UO2 fuels, but development studies showed that high
energy attritor milling instead of ball milling yielded a powder which could be converted
directly to a free flowing press feed by a simple, single stage spheroidisation process. This
two stage process replaced the traditional ball mill, precompaction and granulation stages.
This new flowsheet developed by BNFL is referred to as the Short Binderless Route (SBR)
process and the advantages associated with using the route ensured that it was chosen as the
basis for MOX powder production in BNFL's MOX fabrication facilities.

The SBR process uses an attritor mill to blend the UO2 and PuO2 powders and a
spheroidiser to condition the powder to convert it into a suitable press feed. The attritor mill
is a high energy stirred ball mill, which efficiently breaks down powder agglomerates and
produces a fine intimately mixed UO2 /PuO2 powder in a very short time. The milling times
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used in the SBR process are substantially less than one hour, compared with more than 10
hours in a conventional tumbling mill.

The spheroidiser operates at a much slower speed, gently tumbling the attritor milled
powder. This tumbling process causes the finely divided powder particles to agglomerate and
produce a granular type material with good flow characteristics which is an excellent feed to
an automatic press. By carefully controlling the conditions used in the attritor mill and
spheroidiser good quality press feed is consistently produced. During the subsequent sintering
process, the finely divided particles making up the MOX powder diffuse to form an almost
completely solid solution of uranium-plutonium dioxide.

In the MOX Demonstration Facility (MDF) the SBR process is carried out on a 25kg
batch scale. In the Sellafield MOX Plant (SMP) the process has been scaled up to
accommodate the larger batch sizes required for a commercial scale plant. In this plant a 50kg
mixture of UO2 /PuO2 powder is prepared in the first attritor mill before it is blended with two
other 50kg lots to form a 150kg MOX powder batch of identical composition. This MOX
powder batch is then subdivided into three 50kg sub-batches, for processing through a second
attritor mill and spheroidiser to produce the granular press feed.

The SBR process has several significant advantages from an engineering and safety
point of view which can be summarised as follows:

• Reduced milling times enable the desired plant throughput to be achieved using small
batch sizes. This increases operational flexibility and supports the inherent safety of
the plant.

• The shape and size of the process vessels used in SMP are such that a criticality
incident cannot occur when processing reactor grade plutonium through the plant.

• The process allows the equipment used for powder milling and conditioning to remain
connected during loading and discharge of powder which has obvious benefits for
containment and dose reduction in the plant.

• The relatively small size of the equipment in SMP, together with the minimum
inventory and enlarged containment, greatly assists equipment maintainability.
Operating the equipment in MDF has shown it to be extremely reliable with only
minimum maintenance requirements.

3. DEVELOPMENT OF BNFL'S MOX FABRICATION PLANTS

BNFL commenced the design and construction of a small MOX fuel production facility
known as the MOX Demonstration Facility (MDF) in 1989. This was the first stage in plans
which also encompass the design and construction of a commercial scale plant known as the
Sellafield MOX Plant (SMP).

In defining this strategy BNFL recognised the importance in enhancing the commercial
irradiation experience for SBR fuel through irradiation in a variety of different reactors. To
this end MDF was constructed on a fast track basis as a single production line facility with
small throughput. The facility was created by modifying and extending an existing building
which had previously been used for the fast reactor fuel development work. This fast track
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approach, coupled with ongoing R&D programmes covering key plant items, helped gain the
necessary fabrication and irradiation experience in a short timescale.

The MDF consists of four main areas of plant:

a) fuel pellet production
b) fuel rod production
c) fuel rod inspection
d) fuel assembly manufacture and inspection

The heart of the process is the pelleting plant which consists of a single line of key
equipment for production of high quality MOX fuel pellets. In this area the UO2 and PuO2

feed materials are weighed out in the correct proportions and processed to press feed by the
SBR. In MDF the press feed granules are pressed using a single punch press to green pellets
which are then transferred by a cushion transfer conveyor to the furnace boat load station.
Here the pellets are carefully loaded by a pick and place machine into sinter furnace boats
which are then charged to the furnace. Pellets are sintered at 1650° C over a cycle time of 24
hours before being discharged from the furnace for dry grinding and subsequent inspection.
After inspection, pellets of acceptable quality are loaded into an in line pellet store pending
loading into fuel rods.

Fully inspected pellets are manually loaded in lm long sub stacks into pre-dried fuel
tubes in which the bottom end plug has been actually welded. Each pellet sub stack is weighed
and when the complete fuel column has been loaded into the rod it is processed through
various workstations to have the spring and top end plug inserted and welded before final
pressurisation with helium and eventual seal welding. The rod is then checked to ensure that
there is no contamination on its surface before it is transferred to the rod inspection area. Each
fuel rod is uniquely identified with a bar code which is entered into a computer based
traceability system at each workstation in the rod production and inspection areas.

The fuel rod inspection area contains shielded workstations to inspect and check that
the rods meet the specification requirements. Certified rods are manually transferred to the
rod store where they are loaded into magazines in the same location as in the finished fuel
assembly.

The MDF fuel assembly and inspection area has been designed for PWR fuel
assemblies although it could be modified to accommodate BWR designs. In this part of the
plant certified magazines are removed from the rod store and brought adjacent with the rod
loading machine which transfers rods into the fuel assembly skeleton. After fitting the top and
bottom nozzles, assemblies are then inspected to check they meet the specification
requirements following which the finished fuel assemblies will be stored awaiting despatch to
the customers.

There are major differences in the design of conventional uranium and MOX fuel
manufacture due largely to safety and radiation dose uptake requirements. Due to the presence
of plutonium, MOX fuel has to be manufactured in fully contained gloveboxes shielded for
gamma and neutron radiation. The level of gamma and neutron radiation is dependent on the
source of PuO2 and the burn up of the UO2 fuel from which the plutonium has been separated,
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the reactor type and the time between reprocessing and using the PuO2 for MOX production.
To reduce operator dose as far as practicable operations are carried out in gloveboxes with
appropriate lead/steel shielding to remove gamma radiation and moderator (e.g. polythene or
wood) to reduce neutron dose. Operations in MDF are a mixture of hands on and automatic
carefully evaluated to ensure that operator dose does not exceed a target of 5mSv/year (internal
and external) which is set by BNFL.

4. FROM DEMONSTRATION TO COMMERCIAL SCALE

The next stage in BNFL's plans has already taken shape at BNFL's Sellafield Site with
the completion of construction of the Sellafield MOX Plant (SMP). The SMP is the most up
to date, flexible and automated MOX fuel fabrication plant in the world. The plant
incorporates a mixture of proven and advanced technologies developed and used by BNFL in
the MDF, other plutonium facilities at Sellafield and in its UO2 fuel fabrication plants at its
Springfields Site. SMP is co-located and integrated with the Thermal Oxide Reprocessing
Plant (Thorp) to provide the first truly integrated recycling capability in the world which will
allow BNFL to receive irradiated fuel into Thorp and despatch finished MOX fuel assemblies
from the SMP without the need for any intermediate transport of separated plutonium.

The SMP which will have a throughput of 120 tonnes/year (HM) of MOX, has been
designed to produce both PWR and BWR fuels using the most up to date technology. The
plant adopts the same principle flowsheet as MDF but incorporates a number of additional
design features to achieve the higher throughput rate and enable the plant to produce MOX fuel
of the quality that will be required by customers through to the next century. The features
included in the design are discussed below.

The powder and pelleting operations in SMP are fully automated with limited
maintenance requirements to ensure that operator radiation dose is minimised. The scale of
the SBR process in the plant has been optimised so that a number of 150kg MOX powder
batches made from the same feed powders can be produced with almost identical isotopic
composition. This design feature will allow the MOX fuel loaded into a group of fuel
assemblies to have almost identical isotopic composition, thus helping to minimise the impact
of any nuclear design issues (e.g. power peaking) on the safety of using MOX in the reactor
core.

In SMP there are two identical powder processing and pelleting lines and four identical
furnaces for sintering the MOX pellets. The SMP sintering furnaces are designed to operate
at temperatures of 1750-1800 °C using atmospheres of controlled oxygen content. The
experience gained so far in MDF shows that although excellent quality, homogeneous fuel can
be obtained using sintering temperatures of about 1650°C, the quality could be further
enhanced by using higher sintering temperatures. In addition, it is envisaged that the drive
towards higher burn up fuel will result in the need to increase the grain size in the MOX fuel
pellet during the next few years. The technology incorporated into the SMP furnaces should
allow BNFL to produce larger grained MOX fuel and fuel of even better homogeneity than that
made at present in MDF, thus helping BNFL to meet the future demands of customers.

97



Finally in the pelleting area, the plant incorporates two centreless grinding machines
for dry grinding of the MOX pellets and an in line pellet store allowing the finished pellets to
be stored in the plant before they are loaded into fuel rods. Experience in MDF has shown
that dry grinding produces fuel with surface roughness characteristics that are easily able to
meet the needs of the tight BWR and PWR vendor specifications. The SMP grinding facilities
have been designed with features capable of producing excellent quality pellets with special
dust offtake systems so that the powder removed during grinding can be recycled and not
spread about the glovebox containment or disposed of in the plant waste streams.

Fuel rod production in SMP is carried out in one of two duplicate lines. Stacks of
finished pellets are automatically prepared and weighed before they are loaded into a pre-dried
fuel tube with welded bottom end plug. Following pellet loading the spring and end plug are
inserted to enable circumferential welding to be completed. In the plant Tungsten Insert Gas
Welding is carried out using equipment specially designed for this purpose.

The finished fuel rods are immediately leak tested before they are processed through
automatic inspection stations. The rods are inspected for the normal characteristics, weld
quality, pellet enrichment, straightness and surface finish using automatic techniques that have
been developed by BNFL. The data collected from this inspection is available for viewing by
QA/QC inspectors in a central control room and where appropriate is stored on computer for
use as part of the records for the fuel. The acceptable fuel rods are taken automatically from
the inspection area of the plant and loaded into magazines where they will reside until required
for fuel assembly production.

The operations associated with fuel assembly building and inspection are carried out
automatically and remotely in one of two purpose built fuel assembly caves dedicated to PWR
or BWR fuel. The operation in the caves is monitored from the plant central control room
with the inspection data viewed by QA/QC inspectors and where appropriate stored on
computer. Following inspection the finished fuel assemblies are automatically transferred to
a fuel assembly store awaiting despatch to the customers.

5. THE QUALITY OF BNFL'S MOX FUEL

The most important features of thermal reactor MOX fuel pellets from the fuel
performance point of view are:

• the geometrical and surface features
• the impurity content
• the microstructural properties

The geometrical and surface features of BNFL's MOX pellets are excellent. The
control of these features is dependent on the equipment used for fabrication such as tooling
used for pelleting, the grinding system used to grind the pellets to the correct diameter as well
as the plant operational and quality control systems being correctly adhered to.

The impurity content of the fuel is controlled by materials used to construct the plant,
the process conditions and the purity of the feed powders. Whilst it is of great importance to
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minimise all impurities, the most important impurities are those that can migrate within the
fuel and have the potential to interact with the clad. i.e. Cl, F and H2 and those which can
absorb neutrons and limit the performance of the MOX fuel pellets, e.g. Gd, Eu and all
elements with a high neutron cross section. The impurity content of MOX fuels made by
BNFL has been extremely low with the levels of neutron absorber, hydrogen and other gases
significantly lower than customers specification limits.

The microstructural properties of the fuel, notably the grain size and homogeneity, are
important factors that are controlled during fabrication. The grain size of the fuel which in
turn impacts on the thermal creep rate and fission gas release rate is controlled during the
sintering process. The homogeneity which is important from the point of view of fuel
properties (creep rate, thermal conductivity) is controlled by the powder preparation stage as
well as the sintering process.

The SBR process has been specially developed by BNFL to produce homogeneous
MOX fuel. The function of the high energy attritor mill is to reduce the particle size of the
PuO2 and UO2 feed powder particles and agglomerates and to generate a completely
homogeneous mixture of MOX powder. During the subsequent sintering process the finely
divided particles making up the MOX powder inter-diffuse to form an almost complete solid
solution of uranium-plutonium dioxide.

BNFL has successfully produced more than 10 tonnes of MOX fuel in the MDF using
the SBR without any problems being experienced with the plutonium homogeneity of the fuel.
The homogeneity has been measured using colour autoradiography on routine samples of
sintered pellets produced in MDF. The results show that the average plutonium content of any
plutonium rich regions in the fuel pellets is ofthe order 15-20% with the occasional small
region identified with a plutonium content of about 30%.

To confirm the results of autoradiography, samples have been subjected to electron
probe microanalysis. The results of the analysis show that the maximum %Pu/(U+Pu) of
more than 300 measurement areas (each 1 fim diameter), selected at random throughout an
SBR MOX pellet, was 32% and that the majority of plutonium rich regions had plutonium
contents of 12-15%. The Pu/(U+Pu) ratio of the fuel pellet was 5.5%. The results confirm
the conclusions made from the autoradiography data that SBR MOX fuel is very homogeneous.

From this commercial production experience, BNFL has been able to successfully
demonstrate that SBR MOX fuel contains no significant plutonium rich regions of more than
20 jam diameter containing more than about 30% plutonium.

6. DEVELOPMENT WORK IN SUPPORT OF SMP

One key point of BNFL's current development programme is aimed at supporting the
successful construction, commissioning and qualification of the SMP involving the following:

• development work to demonstrate the scale up of the process
• testing under uranium active conditions to assess the performance of key equipment.
• testing of prototype equipment at manufacturers' works.
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• on site testing of equipment when installed in SMP.
• comprehensive programmes for uranium/plutonium commissioning and qualification.

To demonstrate the scale up of the processes and assess the performance of key items
of equipment BNFL has invested in special facilities at its Springfields Site to undertake
comprehensive demonstration programmes. These programmes will provide information to
support commissioning of the plant, allowing it to be completed in the shortest possible
timescale. The key items of equipment included in these programmes are:

• the powder processing facilities where a full scale replica of the SMP equipment has
been constructed to prove reliability, maintainability and operational capability of the
key plant items.

• the welding facilities where a prototype welder has been procured for tests using actual
fuel rod components.

• the pellet inspection equipment where one of the actual inspection systems to be used
in SMP is being fully tested with UO2 pellets.

• the pellet grinding equipment and dust offtake system which have already been
satisfactorily demonstrated.

In the case of fuel assembly building special arrangements have been made to test the
key items of equipment in SMP at the earliest timescale, so that any issues can be resolved
well in advance of the schedule for delivery of the first fuel from the plant.

7. THE FUTURE OF MOX FUEL IN BNFL

BNFL's commitment to continuously improve its products and processes is borne out
by the extent of its investment in R&D and the fact that the company has recently endorsed a
proposal to build a new R&D facility at Sellafield costing of the order of £100 million. The
focus of the longer term MOX fuel R&D programmes in BNFL is towards reducing the cost
of production, improving fuel quality and providing its customers with advanced fuel designs
to meet their future requirements. To this end the long term R&D programmes are focused
around:

• improving manufacturing processes to produce competitive product
• producing new MOX fuel designs and proving their performance
• reducing waste volumes and maximising the use of recycle
• improving the quality of SBR MOX fuel.

One key component of BNFL's MOX business has been the development of strong
links with its international customers to ensure that the end user, the utility is fully satisfied.
This has resulted in a close working relationship and a good understanding of the requirements
and capability to quality and the reliability of supplying MOX fuel.

Finally, another key development area for BNFL's MOX business is with
disposition/utilisation of ex-weapons grade plutonium via the use of thermal reactor MOX fuel.
Although all of BNFL's MOX fuel fabrication facilities are designed solely for the conversion
of civil plutonium into MOX fuel, the technical, production and engineering expertise
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developed since the early 1960s can be fully utilised in developing programmes with the USA
and Russia to use plutonium separated from dismantled weapons. BNFL supported by the UK
Government is currently in discussion with interested parties world-wide to identify how
today's MOX technology can be used to promote world peace on the shortest achievable
timescales.

8. CONCLUSIONS

During the last ten years, BNFL has developed MOX fuel technology to enable the
provision of a recycling service to reprocessing customers. The technology developed
includes:

• the development of the Short Binderless Route for MOX powder production
• the provision of the MOX Demonstration Facility
• the provision of the Sellafield MOX Plant.

The technology developed has so far resulted in the provision of excellent quality fuel
to our customers which will continue when SMP is successfully brought on line and further
enhances BNFL's MOX fuel capability. This paper has outlined the scope of development
being carried out to support SMP and the future direction of the company's MOX development
programme.

DISCUSSION
(Questions are given in italics)

How is PuOj particle size distribution (Pu spot size)? Do you have FGR data, say above 40
GWd/t? A presentation by NOK at the INE meeting (Windermere) in July 1996 indicated that 5.4 t
had been fabricated by MDF for and delivered to Beznau. In your presentation, you indicated that a
total of 10 t has been fabricated up to now. Are you at liberty to indicate for which reactor the other 5
t have been fabricated?

Do you have any quantitative data on the Pu particle size in BNFL MOX fuel?

In manufacturing MOX fuel BNFL has a customers specification for Pu particle size to meet.
This specification has been considered achieved in fuel supplied to BNFL's customers.

Do you have experience of fission gas release at fuel irradiation of>40000 MWd/t?

This information will be contained in a paper presented by Dr.C.Braun - In-reactor
performance of prototype SBR MOX fuel.

BNFL presented a paper jointly with NOK saying that 5 tons of MOX fuel had been fabricated.
Are you at liberty to say the name of the customer for whom you have made the remaining MOX fuel
(up to the 10 tons).

Without discussing with the customer, I am not at liberty to disclose their name. I can just
confirm that BNFL have made MOX fuel for other customers.
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