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Abstract

India is interested in mixed oxide (MOX) fuel technology for better utilisation of its nuclear fuel
resources. In view of this, a programme involving MOX fuel design, fabrication and irradiation in
research and power reactors has been taken up. A number of experimental irradiations in research
reactors have been carried out and a few MOX assemblies of "All Pu" type have been loaded in our
commercial BWRs at Tarapur. An island type of MOX fuel design is under study for use in PHWRs
which can increase the burn-up of the fuel by more than 30% compared to natural UO2 fuel. The MOX
fuel pellet fabrication technology for the above purpose and R & D efforts in progress for achieving better
fuel performance are described in the paper.

The standard MOX fuel fabrication route involves mechanical mixing and milling of UO2 and
PuO2 powders. After detailed investigations with several types of mixing and milling equipments, dry
attritor milling has been found to be the most suitable for this operation. Neutron Coincident Counting
(NCC) technique was found to be the most convenient and appropriate technique for quick analysis of Pu
content in milled MOX powder and to know Pu mixing is homogenous or not. Both mechanical and
hydraulic presses have been used for powder compaction for green pellet production although the latter
has been preferred for better reproducibility. Low residue admixed lubricants have been used to facilitate
easy compaction.

The normal sintering temperature used in Nitrogen-Hydrogen atmosphere is between 1600°C to
1700°C. Low temperature sintering (LTS) using oxidative atmospheres such as carbon dioxide, Nitrogen
and coarse vacuum have also been investigated on UO2 and MOX on experimental scale and irradiation
behaviour of such MOX pellets is under study.

Ceramic fibre lined batch furnaces have been found to be the most suitable for MOX pellet
production as they offer very good flexibility in sintering cycle, and ease of maintainability under glove
box conditions.

Pellets of different geometry, from simple cylindrical to chamfered, dished and annular pellets
have been fabricated and irradiated in research reactors although plain cylindrical pellets with L/D less
than 1.2 have been used for MOX fuel loading in power reactors. Fully automated wet centreless grinding
of MOX pellets using composite diamond wheel and subsequent ultrasonic cleaning has been used in the
fabrication flowsheet. The MOX pellets undergo vacuum degassing at 400 °C to ensure low hydrogen
content prior to loading of pellets into zircaloy clad fuel tubes.

A novel sol-gel microsphere pelletisation route (SGMP) combined with LTS has also been
developed and is briefly discussed.

1. INTRODUCTION

The Indian Nuclear Power Programme is mainly based on Pressurised Heavy Water
Reactors (PHWRs) with the exception of two Boiling Water Reactors (BWRs) at Tarapur. The
PHWRs use indigenous natural uranium oxide (NU) as fuel whereas the fuel for the BWRs is
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imported low enriched uranium oxide (LEU). India has only modest reserves of uranium and
in order to make maximum use of its nuclear resources it has adopted a closed fuel cycle
strategy which involves plutonium (Pu) utilisation in thermal and fast reactors [1]. This
strategy calls for development of mixed oxide (MOX) technology and hence a programme
involving MOX fuel design, fabrication and irradiation in research and power reactors has
been taken up. This paper discusses Indian experience in MOX fuel fabrication technology
with particular reference to developments in pellet fabrication for improved safety,
performance and economics. Although the major emphasis at present is mixed uranium-
plutonium oxide fuel for BWRs, the developments in pellet technology are generally applicable
to (UPu)O2 and (Th-Pu)O2 fuels which are of interest for use in PHWRs.

2. MOX FUEL DESIGN FOR PHWRs AND BWRs

The MOX fuel design both for BWRs and PHWRs is done in such a way that it retains
the original hardware structure, same geometry and clad material etc. with no major changes
in nuclear, mechanical and thermohydraulic parameters of respective reactor systems.

The MOX fuel bundle proposed for PHWRs is of island type consisting of 12NU rods
in the outer periphery and 7 inner MOX rods instead of 19 NU rods used in standard fuel
bundle. The main strategy is to increase the average burnup of the core from the present 6700
MWD/T to about 10,700 MWD/T (30% increase) in an equilibrium core consisting of 44
central channels of natural UO2 and remaining 262 channels with MOX. Experimental
irradiations in pressurised water loop (PWL) of our research reactors have been taken up as
the first stage of development prior to MOX introduction in commercial PHWRs.

The MOX fuel assembly designed for use in our BWRs is "All Pu" type consisting of
36 rods in 6 x 6 square array. The main difference between the standard LEU and MOX
assembly, (apart from fuel material) is the water rod in the spacer capture rod position. The
MOX assembly incorporates fuel rods of 3 enrichments of UO2-PuO2 and the reactor employs
3-batch cycling of 18 months with average MOX bundle burn-up of about 15,000
MWd/Te [2]. The main emphasis is of indigenous fuel and optimum use of nuclear fuel
resources. A number of experimental MOX fuel irradiations have been carried out [3] and a
few MOX fuel assemblies are undergoing irradiation in commercial BWRs.

3. MOX PELLET FABRICATION FLOWSHEET

The MOX fuel fabrication flowsheet used in India involves mechanical mixing of UO2

and PuO2 powders as in most of the industrial scale production flowsheets today. The
UO2 powder is obtained through Ammonium Di-Uranate (ADU) route and PuO2 is obtained
through oxalate route. The powders are non-flowable and hence are precompacted at about
75 MPa, granulated and finally compacted at 300 MPa to a green density of 54% to 56% of
T.D. The pellets are then sintered at temperatures between 1600°C to 1700°C in N2 -- 7%
H2 atmosphere. The sintered pellets are centrelessly ground to the exact diameter using resin
bonded silicon carbide grinding wheels. The ground pellets are cleaned, dried, inspected,
stacked and degassed at temperatures around 400°C in vacuum better than 1 m bar. The pellet
stacks are then loaded into zircaloy tubes and TIG/Resistance welded in case of BWR/PHWR
fuel rods respectively. The work on development of MOX pellet fabrication flowsheet was
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started in the late 70s at Radlometallurgy Division at BARC and has undergone several
improvements/modifications for reasons of safety, performance and economics. Fig. 1 shows
the basic flow sheet of pellet fabrication and broad areas in which development work was
carried out in the last 25 years some of which are briefly discussed below.

4. IMPROVEMENTS IN PELLET FABRICATION FLOWSHEET

4.1 Powder Mixing

From the very beginning mechanical mixing/milling was selected for production of
MOX powder as a reference process though R&D efforts on development of co-conversion
route using sol-gel technique was started at a later date [4].

At the very early stage it was realised that simple mixing of UO2 and PuO2 powders
in V or twin shell blenders is not satisfactory for meeting the micro-homogeneity and
dissolution test specifications. Hence for laboratory scale operations planetary ball mills with
progressive mixing of UO2 in PuO2 was used successfully. For larger scale work conventional
centrifugal ball mills have not been found satisfactory as separation of milled product from the
grinding balls resulted in dust raising in glove boxes. Dry attritor milling has been found to
be the most satisfactory technique.

An attritor is a grinding mill containing internally agitated media and can be termed as
"stirred ball mill". In the attritor the power input is used directly for agitating the media to
achieve grinding and not for rotating a heavy tank in addition to media as in case of a ball mill.
This ensures excellent micro-homogeneity in the product and the operation is completely
contained as the grinding media is automatically retained during discharge of product.
Additionally, attritor grinding does not take place against the tank walls so there is little or no
wear of the walls and consequent contamination of the product. Attritor milling has been
satisfactorily demonstrated for industrial scale manufacture of MOX fuel for use in our BWRs
at Tarapur [5]. Neutron coincident counting (NCC) was found to be the most appropriate
technique for quick analysis of Pu content in the milled powder and to confirm uniformity of
Pu mixing [6]. Use of MOX gels for manufacture of pellets could be an alternative to
mechanical milling route and described separately.

4.2 Pellet Compaction

The milled MOX powder is non-free flowing and hence is precompacted and granulated
to make it flowable and improve its apparent density. Development work on alternate
agglomeration techniques are under development. The free flowing granules are compacted
at pressures of the order of 300 MPa either in hydraulic or mechanical presses using single or
multiple punches. In general, it has been found hydraulic presses give green pellets of highly
reproducible density even when powder/granule characteristics vary from batch to batch.

It is well known that during compaction of powder in a die, the die-wall friction and
the inter particle friction affect the density, uniformity, die wear and ease of ejection of the
pellet. Hence die-wall/granule lubrication is of prime importance and over the years extensive
studies [7] have been carried out to select an optimum lubricant and the lubrication technique.
In the recent past these studies have concentrated on admixed synthetic lubricant formulation
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which is "stainless" (low residue on ignition) and permits green pellets to be sintered without
prior dewaxing in a separate furnace. The lubricant addition does not result in unacceptable
levels of metallic/non metallic impurities in the pellet. This admixed lubricant is added to the
MOX powder during the attritor milling stage which ensures homogeneous lubricant
distribution and easy discharge of the MOX powder from the attritor mill.

Another important area that needs attention from the point of view of radiation safety
in MOX pellet compaction is the powder/granule feeding mechanism used in the compaction
press. Most compaction presses use vibratory feeders for die filling which lead to spillage of
the powder on the die table as well as airborne activity in the glove box. Afzal [8] has
developed a volumetric granule feeding device using a directional screw that feeds the powder
in two dies exactly to a pre-determined volume. This die-filling device is completely free from
vibrations and clean in operation.

4.3 Sintering

The conventional sintering of UO2 and MOX fuels is carried out at temperatures
between 1550°C to 1700°C in reducing atmosphere. For MOX pellets the non-explosive
reducing gas mixture of A-7%H2 or N2-7%H2 is used. The latter is less expensive but is likely
to give higher nitrogen contamination if the MOX composition contains more than 6 wt% of
PuO2 in UO2 [9]. As MOX fuels presently being used have PuO2 content less than about 6
wt% in MOX, N2 - 7%H2 is used as standard sintering atmosphere.

Both batch type and continuous pusher type of furnaces have been used for manufacture
of MOX/UO2 pellets respectively. It is generally believed that continuous sintering furnaces
are more energy efficient than batch furnaces and are invariably used in the UO2 fuel
fabrication industry. However use of advanced ceramic fibre insulation and control electronics
has made most batch furnaces used in the nuclear fuel industry equally energy efficient. In our
experience batch furnaces are also easier to maintain under glove box conditions.

In any case high temperature sintering in reducing atmosphere is the most energy
intensive and expensive step in pellet fabrication. There have been attempts even during the
late 50s for lowering the sintering temperature but lack of full understanding of the sintering
mechanisms has restricted such developments to only laboratory scale experiments.

In the 80s systematic investigations of Matzke [10] clearly indicated that sintering and
solid-solution formation in UO2 /MOX are primarily diffusion phenomenon and the rate
controlling diffusion of cation (U/Pu) can be enhanced under higher oxygen potential
conditions during sintering. Based on this principle a two step low temperature sintering
technique for UO2 involving sintering at 1100 ~ 1200°C in CO2 and later reduction in
hydrogen have been developed in Germany and is known as "NIKUSI" process [11]. We have
also carried out such LTS studies of UO2/MOX in oxidative atmospheres like
CO2, Argon-Oxygen, Nitrogen-Oxygen, and coarse vacuum [12]. In these studies enhanced
diffusion of PuO2 into MOX matrix was confirmed at 1200°C in CO2 atmosphere but to meet
the o/m specification of less than 2.02, a post sintering reduction treatment in A-H2, is
required [13]. MOX pellets sintered in Argon and Nitrogen at 1250°C in single stage in
optimum conditions to meet the O/M specifications have been successfully irradiated in
research reactors. UO2 pellets fabricated by LTS in CO2 using two stage [NIKUSI] technique
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have also been irradiated in power reactors. At present an indigenous continuous type LTS
furnace with oxidising and reducing zones separated by inert gas curtain is under
commissioning for pilot plant scale demonstration on UO2 fuel.

The LTS work has also been extended on ThO2 pellets where Nb 2O 5 is used as an
additive in the range of 0.125 to 0.25 wt%. The sintering temperature used is 1150°C to
1200°C in air atmosphere [14].

4.4 Centreless Grinding

Centreless grinding is an important step in MOX pellet fabrication for diametral and
surface finish control. However, this step generates Pu bearing dust/sludge which is generally
termed as dirty rejected oxide (DRO). While "sintering to size" is ideal and must be aimed at,
it is not always easy to meet the right diametral tolerance of the order of 25 microns on pellets
of nominal size 10mm or above. Some MOX fuel fabricators have used dry grinding which
minimises problems associated with solid-liquid separation during handling of sludge in wet
grinding. Till the early 80s, resin bonded silicon carbide grinding wheels were most
commonly used for wet grinding but the MOX sludge used to contain unacceptable levels of
metallic and non-metallic impurities. Hence expensive wet recovery methods had to be
adopted for recycling this material back into fabrication stream.

Composite diamond grinding wheels show low wear and bring down the sludge volume
significantly. The sludge in most cases is sufficiently pure to be used in dry recycle. Since
metal bonded diamond wheels have excellent shock resistance and good mechanical strength,
they can be employed for larger cuts up to 400 microns though all efforts should be made to
minimise the extent of cuts. Another development worth mentioning is the use of synthetic
coolants which are oil free and hence ease pellet cleaning operations as no-oil films are formed
on the pellet. The coolant in the centreless grinding machine is used in a recirculatory system
consisting of a settling tank and hydroclone [15].

A novel pellet feeding system using rotary bowl feeder has been developed [8] to feed
the pellets into the grinder and a pellet transport system for conveying the pellets to the next
stage of ultrasonic cleaning. The entire operation of MOX pellet grinding has been fully
automated.

4.5 Dry recycling

During MOX pellet fabrication most of the scrap generated is chemically pure and can
be dry recycled if acceptable quality pellets could be produced using this scrap. In an effort
to develop a fabrication route using sintered scrap various blends containing up to 30 wt% of
such material pulverised by mechanical [16] and thermal methods were prepared. Thermal
pulverisation method involving oxidation of UO2 to U3O8/MO2 to M 3 O 8 was found to give
good acceptable microstructure and density if used to the extent of 20 wt%. It was also
noticed that MOX pellets produced using 20 wt% oxidised scrap showed better dimensional
regularity [17].
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4.6 Sol-gel micro-sphere pelletisation (SGMP) technique

The SGMP technique is one of the most promising techniques being developed in
BARC for the fabrication of UO2 /MOX pellets. UO2/MOX gels containing carbon black are
prepared by internal or external gelation technique. These gels after washing and drying are
air calcined to get porous microspheres [18]. These are easily crushable and amenable for
direct compaction without requiring powder processing steps. The green pellets are sintered
either at high temperature under reducing atmosphere or by LTS technique [19]. As gel
microspheres are free flowing and dust free, they minimise the risks of Pu
contamination/deposition on equipment/glove box surfaces and thereby reduce the toxicity and
radiation hazards to the operators. UO2/MOX fuel rods made by SGMP technique has been
successfully test irradiated in our reactors.

5. DEVELOPMENTS FOR HIGH PERFORMANCE

5.1 Pellet Geometry

Pellets of different geometry, from simple cylindrical to chamfered, dished, tapered
and annular pellets have been fabricated as per design specifications and requirements. It is
well known that the diametral gap and pellet shape play an important role in PCMI/PCI
behaviour. In BWRs using standard LEU fuels, the pellet geometry was modified to "short
height-chamfered" with no dish on end surfaces since the mid 80s. The pellet to clad gap was
also optimised (2% of dia.) and the above changes have resulted in general improvement in
performance of BWR fuel [20].

However MOX pellets used for loading in BWRs at present have a simple cylindrical
shape in order to reduce the grinding cut and also to have longer life of compaction plungers.
Pellets of different enrichment are identified by depression rings of various sizes.

MOX pellets with annular holes of 3.8mm ± 0.2mm (o.d. 12.26 mm) have been
irradiated in research reactors as part of the development [13] of BWR MOX fuel as they seem
to have safety and performance advantages over solid pellets. The annular MOX fuel will
have lower central temperature resulting in lower fission gas release and stored energy. The
transient behaviour of such pellets have also been reported to be superior [21].

The PHWR fuel uses collapsible clad and hence here the pellets are relatively
immobile. In view of this thermal expansion space is provided on each pellet in the form of
dish on one end-face in the present day natural UO2 pellets. Double end dishing is also under
consideration and investigation for future use. Tapered pellets are proposed for reducing end
pellet interaction with end plugs [22].

5.2 Controlled porosity

It is well known that the amount, type, size and distribution of pores in ceramic nuclear
fuel plays an important role in determining its performance in the reactor. The amount of
porosity which is inverse of density can be controlled by various means such as (i)
characteristics of powders (ii) compaction parameters [23] (iii) sintering temperature (iv)
thermal treatment [24] of powders (v) addition of poreformers.
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The ideal pore structure should have minimum open porosity and pore distribution such
that most of it is in the range of 2-5 microns to avoid in-reactor densification. Controlled
porosity MOX pellets fabricated by addition of oxidised (U3O8/M3Og) sintered scrap have been
irradiated successfully in research reactors and are presently planned for irradiation in BWRs.

5.3 Larger grain size

The UO2/MOX fuel pellets made by conventional high temperature sintering have grain
size of the order of 5-15 microns. There is considerable interest in the use of larger grain
sized (30-40 microns) pellets for high burn-up applications as it is reported that fission gas
release is lower for such fuels. Larger grain sized MOX pellets (25-40/*) have been prepared
by doping with small amounts of TiO2 (0.1 wt%). It is also noticed that addition of TiO2 helps
in spherodisation of pores leading to very desirable microstructure of 2-5 p size pore and 25-40
micron grain size which are ideal for better fuel performance [25]. MOX pellets of such
controlled microstructure have been irradiated in research reactors.

6. IRRADIATION EXPERIENCE

Since the beginning of the 80s a number of MOX fuel experimental clusters have been
irradiated in pressurised water loop (PWL) of our research reactor CIRUS as part of the
programme for development and testing of MOX fuel for power reactors. Table I gives the
summary of these MOX fuel irradiation experiments. MOX fuel characteristics representing
advanced technologies/design/techniques have all been included in these irradiation
experiments. These experiments have helped in selecting the manufacturing flowsheet,
finalisation of fuel specifications and formulating quality control plan/procedures.

TABLE I. MOX FUEL IRRADIATION EXPERIENCE IN RESEARCH REACTORS

Designation

A-C-2

A-C-3

A-C-4

A-C-6

A-C-8

Fuel Mat.
Comp.

UO2-4%PuO2

UO2-4%PuO2

UO2-4%PuO2

ThO2-4%PuO2

ThO2-6.75%Pu
UO2-3%PuO2

Linear
rating
W/cm

414

490

490

-

-

Burnup
MWd/T

16265

16000

2000

20767

7000
Continuing

Remarks/design intent

Dev. of std MOX fuel (BWR)

Higher linear rating (BWR)

Gap size, grain size, LTS,
annular pellets, etc. (BWR)

Thorium irradiation

PHWR MOX Fuel
development
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A few "All Pu" MOX fuel assemblies have been loaded in two of our commercial
BWRs at Tarapur. Two of the MOX fuel assemblies have completed one cycle of operation
and found to be defect free in sip testing.

FABRICATION FLOW SHEET AREAS FOR DEVELOPMENT

uo2 PuOa

h
CRO

H
Homogenisation
by mech mixing

Compaction

Sintering

Centreless grinding

Pellet Drying

Inspection and Encapsulation

1) Attritor milling
11) Prep of (UPu)O2 gels

iii) Powder conveying

i) Granulation
ii) Die lubrication
iii) Powder Feeding
1v) Compaction Tech
v) Pellet geometry

i) Continuous Furnace
i1) Batch furnace
iii) Low Temp Sintering
iv) Microwave sintering

1) Composite Diamond Wheel
ii) Dry grinding
111) Sinter to size

1) Vacuum degassing
11) Microwave drying

FIG. 1. MOX pellet fabrication flow sheet and areas identified for development.
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7. CONCLUSIONS

MOX pelletising technology has been under development since the 80s in India and the
emphasis has been on improvement of fuel performance, economics and safety.

Some of the developments related to performance and fabrication technology have now
been routinely used for manufacture of MOX fuels for use in commercial power reactors. The
R&D work is continuing in many areas with the aim of achieving higher levels of automation
and protection to personnel and the environment.
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DISCUSSION
(Questions are given in italics)

How much is the open porosity of the samples?

In ordinary cases, when you add sintered scrap to pellets, you will get the higher open porosity
ratio.
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