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SUMMARY

The Replacement Research Reactor (RRR) to be constructed at Lucas Heights will use fuel
containing low enriched uranium (LEU), <20%wt 235U, whereas its predecessor HBFAR
operates with fuel fabricated from high-enriched uranium (HEU). The fuel will be based on
uranium silicide (U3S12) with a density of 4.8 gU/cm3. This fuel has been qualified and in use
in 20 research reactors worldwide for over 12 years. A brief description is given of the
metallurgy, behaviour under irradiation, and fabrication methods, all of which are well-
understood. Progress on development of new, higher density LEU fuel based on uranium
molybdenum alloys is also described and the implications for the RRR discussed briefly.

1. INTRODUCTION

There has been a worldwide move from use of high
enriched uranium (HEU) to low enriched uranium
(LEU) fuels for research reactors, where LEU is
taken to be <20 wt% ^ U (natural uranium contains
0.7 wt% 235U). There have been a number of
initiatives to compensate for this reduction in
uranium enrichment and negate the associated 10-
15% penalty in neutron flux. Fabrication techniques
have been developed to their practical limits to
maximise the uranium density achievable. In 1988,
the US Nuclear Regulatory Commission (1)
approved the use of a new high-density LEU fuel
consisting of uranium silicide (U3Si2) dispersed in a
matrix of aluminium up to a density of 4.8 gU/cm3.
Numerous research reactors around the world have
made successful conversions to this fuel and
ANSTO's Replacement Research Reactor (RRR) is
planned to begin operation using this fuel.

There are, however, some research reactors that
require higher neutron fluxes and, hence, uranium
loadings greater than 4.8 gU/cm3. Also, silicide fuel
is not easily reprocessable using current
commercially available technologies. As a result, the
focus of fuel development is to develop a readily
reprocessable fuel with uranium density of 8-
9 gU/cm3. Uranium molybdenum dispersion fuels
have emerged as the primary candidates and a
coordinated international research program is under
way to evaluate and qualify them. In the longer term

still higher fuel densities may be achievable and
mention is made of work to this end.

2. RERTR PROGRAM

The change from HEU to LEU fuels for research
reactors has been driven by the US Department of
Energy (DOE) through its Reduced Enrichment for
Research and Test Reactors (RERTR) program.
This program was established in 1978 as part of the
US Federal Government's nuclear non-proliferation
policy. The RERTR mission is "to develop
technologies that could be used to minimise and
eventually eliminate the use of highly-enriched
uranium in civil applications worldwide". A major
goal of the program (2) is to eliminate the use of
HEU in research and test reactors without
unacceptable penalties in neutron flux performance
or economic or safety aspects of those reactors. To
facilitate this goal, an international program of LEU
fuel development and qualification has been led by
Argonne National Laboratory (ANL) for over
20 years. This program facilitated the qualification
and use of silicide fuels in many research reactors
worldwide. In 1996, the program focussed on the
development of new, higher density fuels because of
the realisation that some research reactors could not
successfully convert to silicide fuel without major
penalties. Uranium molybdenum alloy fuel (3) was
identified as being capable of providing increased
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neutron performance, and could also be reprocessed
using conventional reprocessing technology.

A related DOE program, the Foreign Research
Reactor Spent Nuclear Fuel Acceptance Program,
has also indirectly driven development of higher
density fuels. Under this program the US has agreed
to take back spent US-origin research reactor fuel,
including silicide fuel, generated up to 2006. After
that time many research reactor operators will be in
the difficult position of having no alternative but to
store their spent fuel indefinitely. Previously, an
alternative disposal route was available whereby
HEU aluminide fuels could be reprocessed by a
commercial reprocessor and returned as a stable
wasteform. This was originally the case for silicide
fuel also but with the closure of the UK Dounreay
facility in 1999 the reprocessing options for silicide
fuel are now very limited. UMo fuel will be able to
be reprocessed in conventional (nuclear power plant
fuel) reprocessing lines in the UK and France and so
research reactor operators who want to use the
reprocessing alternative will need to complete
conversion to UMo fuel before the 2006 deadline.
The need for a readily reprocessed fuel has been
recognised by both RERTR and research reactor
fuel manufacturers and has stimulated activity to
prove and qualify UMo fuel for use before 2006.

3. HIGH ENRICHED URANIUM FUEL

HIFAR and most research reactors of its generation
have fuel assemblies that consist of fuel plates
containing high enriched uranium (HEU). HEU fuels
are attractive to research reactor operators because
the increased percentage of the fissile isotope ^ U
facilitates the high neutron fluxes required for
research reactor applications. Importantly, with
increasing enrichment a concomitant reduction in
^ U occurs: ^^U not only contributes very little in
the fission process, but also acts as a neutron

Table 1 Density of different uranium alloys.

absorber.

Initially HIFAR used fuel containing 9 3 % enriched
uranium, although this was subsequently reduced to
60% as a result of the RERTR program.
Improvements in fuel plate design and fabrication,
and cost issues, have ameliorated this change.

In conventional HEU fuels the fuel meat is an alloy
of uranium and aluminium, known as uranium
aluminide (UA1X-A1). Pure uranium metal is not used
because its equilibrium phase, a-uranium (stable up
to 660°C), is known to exhibit an unacceptably high
rate of growth and swelling under irradiation.
Aluminium is used to stabilise the cubic y-phase
under irradiation at these temperatures. Aluminium
is an ideal alloying element because of its low
neutron capture cross-section, high thermal
conductivity, workability and high corrosion
resistance in water.

To fabricate fuel plates the uranium-aluminide is
pressed into flat plates less than lmm thick. Placing
the plate in an aluminium "picture frame" and
sandwiching the assembly between two aluminium
sheets provides further corrosion protection. The
layers are bonded together by hot rolling.

The requirement to shift from HEU to LEU
(<20 %wt) presented research reactor operators
with problems for the continued use of UAL.-A1 fuel.
The main limitation was the low density of uranium
in the UA1X-A1 fuel meat, ~1.7gU/cm3, as shown in
Table 1. The uranium density in the fuel meat is
lower than the phase density because the fuel meat
contains only 10-50% of the phase by volume, with
the balance being aluminium. Early work in the
RERTR program demonstrated increased uranium
density to a practical limit of - 2 . 4 gU/cm3 through
higher uranium loading and the use of powder
metallurgical fabrication routes rather than
traditional casting. At higher loadings fabrication
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problems arise from the mismatch between the fuel
meat and aluminium cladding.

Hence, in. order to convert successfully to LEU in
existing research reactors without unacceptable
penalties in neutron flux, safety or economics it was
necessary to consider higher density uranium alloys
which were capable of maintaining a metastable y-
phase.

4. LOW ENRICHED URANIUM FUEL

The principal reason for changing from HEU to
LEU fuel has been the non-proliferation issue, ie.
HEU is more attractive to a potential proliferator as
it shortens the further technological steps required
to reach nuclear weapons grade material compared
with LEU. The use of LEU incurs a 10-15% penalty
in neutron fluxes due to there being an increased
number of 238U atoms which absorb neutrons.
Development of LEU fuels has focussed on
increasing the uranium content (density) to increase
the number of fissile 235U atoms per unit volume of
fuel meat.

Uranium Silicide

The development of a new dispersion-type fuel
containing uranium silicide in aluminium began in
the early 1980s under the RERTR program. The
international qualification program was led by
Argonne National Laboratory (ANL) and involved
several commercial fuel fabricators and several test
reactor operators. The qualification program
involved development and testing of uranium
silicide-aluminium dispersion fuels, including
fabrication, irradiation and post-irradiation
examination of miniature plates followed by full size
plates, and finally complete fuel assemblies.

The fuel provides a uranium concentration that is
considerably higher than is available with uranium-
aluminide type fuel (see Table 1), yet with
enrichment levels below 20 wt% 235U. In 1988, the
US NRC approved the use of a new high-density
LEU fuel consisting of uranium silicide (U3Si2)
dispersed in a matrix of aluminium up to a density of
4.8 gU/cm3 (1). Since that time silicide fuel has
become internationally accepted and is routinely
fabricated by four fuel fabricators for use in 20
research reactors worldwide.

The fabrication process for uranium-silicide is
similar to that used for uranium-aluminide, although
there are some differences. The uranium-silicide is
produced by melting uranium and silicon together
followed by comminution to produce a powder. The
silicide powder is mixed with aluminium powder and
pressed into a powder metallurgical compact. The
compact is then clad by a picture frame and two
cover sheets before hot and cold rolling to produce
a fuel plate.

The high volume loadings of U3Si2 (40 to 50% by
volume) in the fuel meat have the potential to cause
problems during fabrication. In particular, there are
three problems associated with dispersion type fuel
plates and high volume loadings. They are:

• Dogboning, which is the thickening of the fuel
meat at the ends of the plate that can lead to
localised increases in uranium density and
consequently high heat fluxes during irradiation.

• Minimum cladding thickness, which becomes a
concern as volume loading of fuel particles
increases, because the likelihood of two fuel
particles contacting each other during rolling
and becoming embedded in the cladding also
increases. Dogboning increases the likelihood of
such a breach, and hence strict control of
maximum fuel particle size is required.

• Stray fuel particles, which are found on the
surface of the compact in increasing numbers,
as volume loading increases. They can be
dislodged during rolling and transported to the
fuel plate surface. Since the fuel particles are
sources of heat and fission products it is
important that they do not come into contact
with the coolant.

As with uranium-aluminide, uranium silicide can
exist as a range of different intermetallic phases; the
composition and heat treatment tailored to produce
the desired phases. The phases of most interest are
U3Si2, U3Si and uranium solid solution (USs) (4). It
has been shown that U3Si-Al fuel meat is less
suitable than U3Si2-Al fuel meat for long term and
burn-up reliability because of gas bubble
morphology and the exothermic U3Si-Al reaction. It
should be stated that it is not possible to produce a
single phase in isolation. Therefore, the fuel is
predominantly U3Si2 with minor quantities of USi,
U s s and U3Si. It is standard practice to err on the
silicon-rich side and accept the slightly lower,
uranium density because of the presence of USL,
than to err on the uranium-rich side and cope with
the peritectoid reaction between U3Si2 and USs,
which produces U3Si (4).

An exothermic reaction occurs at elevated
temperatures between U3Si2 and aluminium to
produce U(Al,Si)3 (5). The reaction is insignificant
however, during irradiation at temperatures below
~300°C (6) ie. at standard operating conditions. The
reaction by itself does not promote any change to
the geometry of the fuel plate because it occurs
below the melting point of the aluminium alloys
used in both the fuel meat and cladding.

Uranium silicide fuel assemblies were irradiated
under a range of conditions under the qualification
program. This included, maximum practical fuel
loadings of ~50 vol% and burnups of up to 98% of
235U. No indications of fission product release,
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excessive fuel plate swelling, fuel plate warping,
blistering, or other unusual conditions were
observed.

The solid and gaseous fission products from the
fission process occupy a greater space than the fuel
particles from which they were generated. This
process causes the fuel meat to swell during
irradiation. U3S12 and USi fuel particles have been
demonstrated to swell La a predictable, linear manner
with increasing burnup. UsSi however, undergoes
breakaway swelling and is unstable. Fission of U3Si2
produces fine, independent gas bubbles (0.4 to
0.8 urn diameter), that do not agglomerate even at
high burnup. Conversely, bubble agglomeration is
the reason for unstable swelling behaviour in l^Si.

There is a widely held view that uranium-silicide
fuels are difficult to reprocess. The primary reason is
the precipitation of colloidal silica, which can
disrupt solvent extraction. It is possible to avoid
this, but involves uneconomic capital expenditure
for additional plant. Alternatively, dilution of silicide
fuels with non-silicide fuels so reducing the silicide
concentration can alleviate this problem to
manageable levels. Laboratory bench-scale studies
completed in the US (7) and full scale trials in the
UK (8) have demonstrated the feasibility of
reprocessing silicide fuels.

Uranium Molybdenum

In order to obtain higher density research reactor
fuels, developers have had to move away from the
use of intermetallic compounds (silicides,
aluminides, etc) to alloys with other metals. Alloying
of uranium with molybdenum or other metals can
stabilise the cubic y phase of uranium to enable it to
exist at low temperatures where normally only a
phase exists.

The RERTR program examined many alloys,
including UMo, and has shown (9) that alloys with
6, 8 and 10wt% Mo gave good results to high
burnup whereas U4.5Mo showed unacceptable
swelling behaviour. A lower Mo content is preferred
as there are fewer Mo atoms to absorb neutrons and
the possibility for higher density exists. Testing and
qualification of UMo is proceeding in a similar
manner to that described for silicide in the previous
section. Fabrication methods are also very similar to
those for silicide fuel as described above.

With the prospect of sales to many research reactors
around the world U.S. (BWXT), French (CERCA)
and Argentinean (CNEA) fuel manufacturers are
working rapidly to develop and qualify useable UMo
fuels as reported at the RERTR 2000 meeting:

• Pace reported (10) that BWXT has a program
focusing initially on U7Mo with a fuel loading
of 6 gU/cm3. They have demonstrated

successful manufacture of U7Mo fuel based on
their existing manufacturing processes for
aluminium dispersion fuels and plan to irradiate
two fuel elements during 2001. BWXT plans to
have 6 gU/cm3 fuel qualified by 2003, followed
by an 8 gU/cm3 version in 2005.

• At the same meeting Vacelet (3) reported that
CERCA have manufactured and were currently
irradiating 7 full-size fuel plates for irradiation
tests over a wide range of conditions. The
plates contained molybdenum percentages
ranging from 6.6 to 9.6 wt% a density of
about8 gU/cm3. Vacelet presented a timeline
and concluded that"... a high density UMo fuel
qualification is still possible for the year 2005".

• The Argentinean Atomic Energy Commission
(CNEA) also reported (11) plans to
manufacture full-size test plates using U8M0
and up to 9 gU/cm3 for irradiations
commencing March 2001.

BWXT are working closely with ANL in their UMo
fuel development and the intention of their lower
uranium loading (compared with CERCA) is to
produce a fuel that will have identical characteristics
to current 4.8 gU/cm3 silicide fuel. Such a fuel
needs a somewhat higher density than silicide fuel
due to the higher capture cross-section of
molybdenum compared with silicon. Manufacture of
such a fuel with an "equivalent" fissile loading will
ensure minimal problems for research reactor
operators when making the change from silicide to
UMo fuel.

5. FUTURE DEVELOPMENTS

The possibility of still-higher uranium loadings and
concomitant improvements in neutron flux is being
explored:

• The CERCA group has successfully fabricated
fuel with densities of 9 gU/cm3 (3)
corresponding to a loading of 60% UMo (and
40% aluminium).

• The most recent irradiation tests by ANL have
included UlOMo foil mini-plates with no
aluminium, ie. 100% fuel loading (12).

It seems likely that, considering the success of the
UMo development program, there will be continued
work under the RERTR program and demand from
operators for higher density fuels.

6. REPLACEMENT RESEARCH REACTOR

The Replacement Research Reactor (RRR) to be
constructed at Lucas Heights is contracted to start
up with 4.8 gU/cm3 silicide fuel using uranium
enriched to 19.75 wt% in 235U. The design of the
fuel is for a conventional plate-type geometry. The
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fuel assemblies are 80.5mm square and 104.5cm
long and there will be 16 of them in a 4 x 4 array in
the compact core of the RRR Each fuel assembly
contains 21 fuel plates with fuel meat length of
61.5 cm. The outer fuel plates have greater length
and clad thickness to assist structural integrity.
Cadmium wires are incorporated into the fuel
assemblies as burnable poison for reactivity control.
A transverse view of a fuel assembly is shown in
Figure 1.

The RRR is scheduled to start up in 2005, about the
same time as UMo fuels are expected to be qualified
for use. In view of the expected acceptability of
UMo fuels for reprocessing and the possibility of a
future development path for increased fuel density
and hence neutron performance, it is planned that
some time after startup the core will be converted to
use UMo fuel.

7. CONCLUSIONS

a) The US RERTR program has been successful in
its goal of reducing the proliferation risk of high
enriched uranium research reactor fuel by
encouraging a change worldwide to low
enriched fuel.

b) Despite the shift from HEU to LEU fuel,
developments in fuel technology have prevented
losses in neutron flux performance.

c) Readily-reprocessable UMo LEU fuels will
most likely be qualified in several countries for
use by 2005.

d) ANSTO's RRR is contracted to start up with
conventional 4.8 gU/cm3 silicide LEU fuel but
will be in a position to move towards
conversion to UMo fuel shortly afterwards.
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DETAIL A

Figure 1: Cross-sectional view of RRR fuel assembly.
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