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ABSTRACT

The procedures for manufacturing fuel rods of uranium
silicide dispersed in aluminum and clad in aluminum have been
optimized to maximize production rates while minimizing scrap
losses. Melting and casting, chip machining and core extru-
sion have all been re-evaluated to improve their efficiency
and significant gains have been made, whilst maintaining high
4uality standards. The results of our irradiation program on
mini-elements up to a burnup of 80 atomic percent continue to
be encouraging. The upper bound curve of fuel core swelling
versus burnup in the range 080 atomic percent represents 
swelling per 10 atomic percent burnup. Fuel core swelling
has now been measured directly on six mini-elements from
which the clad surface oxide had been removed showing that
previous calculated values of core swelling were marginally
conservative.

INTRODUCTION

We are working towards the replacement of the current 93% enriched Al-U
alloys that fuel the NRU and NRX reactors with 20% enriched fuels. The
replacement fuels have sufficiently high uranium densities that we may retain
existing fuel rod geometries while including the same amount of U-235 per unit
length, as in the current highly enriched fuels. This obviates the need for
extensive physics and thermal hydraulics reassessments.

In a previous studyl we reported that the properties of the fuel cores
consisting of uranium silicide dispersed in aluminum had proved satisfactory
with regard to thermal conductivity, aqueous corrosion, strength and ductility
and thermal stability below 473 K. Over the past year, our irradiation testing
and post irradiation examination program has continued successfully. Attention
has also been diverted towards optimization of the procedures for manufacturing
silicide dispersion fuels by attempting to maximize production rates while
minimizing 3crap losses.
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FUEL FABRICATION DEVELOPMENTS

A fuel consisting of particles of USiAl (U-3.5 wt% Si, -1.5 wt% Al),
dispersed in an aluminum matrix was selected for use with 20% enriched uranium.
Dispersions of an alternate alloy USi*Al (U-3.2 wt% Si, 30 wt% Al) in aluminum
are also under active consideration. The NRU dispersions contain about 62 wt%
silicide and NRX dispersions con,tain about 73 wt% silicide.

Molten USiAl or USi*A1 is cast into moulds and the ingots are then heat-
treated to transform the as-cast uranium-rich structure (containing U3Si2 and

UA12 precipitates) to a matrix of U3Si containing 0.5 wt% dissolved aluminum
and precipitates Of U3Si2 and UA12. The billets are then machined into chips
(or shavings) which, after washing and drying, become the feed stock for a
pulverizing hammer mill. This mill crushes the chips into a minus 100 mesh
powder in an argon atmosphere. Any ferrous fragments broken from the internal
mill components are removed from the powder magnetically. The USiAl or USi*Al
powder is then blended with minus 325 mesh aluminum powder for the extrusion of
fuel cores. After extrusion the cores are drawn to the required diameter,
aluminum plugs attached to their ends, and then extrusion-clad with aluminum and
finally sealed by welding the end plugs to the cladding.

Melting and Casting of USiAl and USi*A1

As reported previouslyl the attraction of USi*Al was that its liquidus
temperature 1538 K) is 110 K lower than that of USiAl. This difference
appeared significant in terms of the choice between a water-cooled induction
furnace and an air-cooled resistance furnace because criticality considerations
determine the crucible charge. However, limited lifetimes of resistance
furnace heating elements and the need for water-cooling of furnace ancillaries
have caused us to terminate development work on an air-cooled resistance
furnace. A final choice between USiAl and USi*Al has not yet been made. Since
dispersions of both materials are included in our irradiation experiments we
will await any high-burnup performance-related criteria before choosing.

Having eliminated resistance furnaces from the fabrication route we had to
make the choice between a top-pouring induction furnace and a bottom-pouring
induction furnace. Previous Canadian experience in the melting and casting of
natural USiAl rods resulted in a firm recommendation of bottom-pouring because
the uranium scrap losses would be unacceptably high (at 20% enrichment) if
top-pouring were used. A prototype 30 kW induction-heated, bottom-pouring
furnace with the capacity to fabricate 42 kg billets of uranium sicide
(0-5 m long) is now under construction.

Meanwhile we are using a laboratory-scale (15 kW) bottom-pouring induction
furnace to evaluate ways of reducing scrap losses, and in so doing to produce
1.8-1.9 kg billets of USi*Al 02 m long) required for the manufacture of six
prototype NRU full-size 12-element assemblies. In our laboratory scale program
the uranium silicide was cast into a split copper mould 50 x 100 x 200 mm with
a 28 mm-diameter hole down the middle. The freeze-out on surfaces (other than
the copper mould) was limited by the introduction of a zirconia tapered false
bottom in the zirconia crucible, a zirconia header ring on top of the copper
mould, and a zirconia coating on the surface of the graphite plunger used to
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plug the bottom part of the zirconia crucible until time for casting. A series
of fourteen castings was performed. The total scrap was generally about 5% but
a total scrap loss as low as 26% was achieved on optimizing the geometries of
the zirconia false bottoms and zirconium-coated graphite plungers.

Heat Treatment, Chip Machining and Hammer-Milling

The hardness of uranium silicide in the as-cast and heat-treated condition
has a strong influence on the rate at which chips may be machined. Tests were
performed on heat-treated billets of USiAl that had experiencd two different
rates of cooling (in high and low heat capacity moulds) and after various heat
treatment times. Figure shows the variation of microhardness with time of
heat treatment at 1073 K metallurgical sampling indicated that the average
diameter of as-cast U3Si2 particles in the billets was a good guide to the
subsequent ease of machining after heat treatment. Slow-cooled ingots contain-
ing 24 ]AM U3Si2 particles were soft and easy to machine comparedwith fast-
cooled ingots having m U3Si2 particles (Figure 1).
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Fig. 1. Dependence of microhardness on the
time of heat-treatment at 1073 K. Slow cooled

ingots containing 24 m U3Si2 particles in
the as-cast structure were subsequently easily
machined after heat treatment.
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The microhardness decreased greatly in the first 72 h of heat treatment,
the microhardness did decrease marginally in the period 72-144 h but tended to
increase in the period 144-216 h (for the slowly cooled ingots). For reasons
of economy and quality we have selected a heat treatment time of 96 h at
1,073 K.

The production of chips from heat-treated silicide ingots formerly
employed lathe-machining but a different process, namely end-milling, has been
developed to increase the production rate and reduce the amount of recycled
scrap. End-milling is analogous to pencil sharpening; the cutting tool is
angled to the end of the rotating ingot to cut shavings.

Chips from lathe-machining and shavings produced by end-milling have been
examined in the scaning electron microscope and two major differences were
noted. First the shavings from end-milling were less than 20 'Um thick whereas
chips from lathe-machining were about 350 m thick. Secondly, the shavings
from end-milling contained larger numbers of microcracks than the machined
chips.

Chip�s of silicide from lathe-machining and shavings from end-milling were
used as the feed to a hammer-mill in separate trial production runs. The
resultant powders were screened to determine the distributions of particle
sizes. End-milled shavings led to finer hammer-milled powders, 77% of the
powder being less than 88 m in size, whereas lathe-machined chip feed led to
66.5% of the powder particles being greater than 88 m. Also 32.3% of the
particles in the powder produced by end-milling/hammer-milling were in the very
fine category <44 ym) which was about twice the percentage from lathe-
machining and hammer-milling.

The properties of cores produced from the end-milled/hammer-milled
(finer) particles of silicide are under evaluation in laboratory tests and
irradiation testing is underway. A semi-automated, production scale,
end-milling machine has been designed.

Silicide Dispersion Core Extrusion

Our early fuel cores were hot extruded at 623 K from 38 mm diameter cold-
compacts. An alternate fabrication procedure has now been developed to
eliminate cold compacting by directly hot-extruding from blended aluminum and
uranium silicide powders. For the first extrusion of a series, the extrusion
port of the die is blocked by partly extruding a compact of A-USiAl;
subsequent extrusions use the butt of the previous silicide dispersion charge
to block the die extrusion port. In the first phase of the development
campaign, the extrusion of silicide dispersion fuel cores 2 m long was studied
as a function of the following parameters in the ranges indicated:

-die temperature 563-673 K)
-heating time in the die 530 minutes)
-die shape (tapered versus flat)
-extrusion ram speed 62-25.0 m/s)
-vacuum drying of the aluminum powder (1 h at 373 K)
-size destributions of USiAl particles, and
-integrity of argon atmosphere.
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Forty extrusions were performed in this campaign, varying the parameters in
turn to find the optimum combination of parameters. Some combinations led to
surface tear-outs during extrusion, but surface imperfections were reduced
markedly on increasing the extrusion speed. Extrusion speed appeared to be the
dominant variable, the best results being obtained at a ram speed of 25.0 mm/s
when combined with die temperatures of 623-673 K heating times of at least
10 minutes and high purity argon atmosphere. Also the best extruded cores were
obtained using aluminum powder that had been vacuum dried before blending with
uranium silicide powder.

It is essential to maintain an inert atmosphere in the die cavity during
the heating cycle and beneath the extrusion port during extrusion. (The mixed
powders of aluminum and uranium silicide must also be loaded into the die
cavity under an inert gas atmosphere since the powder is pyrophoric. If
oxygen was allowed to enter the die cavity, the powders oxidized and tear-outs
occurred in the extruded cores.

The two powder particle size distributions resultant from (a) lathe-
machining/hammer-milling and (b) end-milling/hammer-milling were included in
the xtrusion test campaign. There were no noticeable effects of powder size
distribution on extruded core quality, both powder types producing excellent
extruded cores when extrusion parameters were optimized. A few trial
extrusions were made with an off-specification powder batch that contained
oversized silicide particles 150-460 m) and the extruded cores suffered from
tear-outs, were pitted and contained stringers of silicide particles.

At the completion of the first extrusion campaign we had defined
acceptable combinations of parameters which re'roducibly led to high quality
2 m long silicide dispersion cores. However the high extrusion forces caused
distortions of the extrusion press ram and resulted in fracture of the plunger
tip. To alleviate these problems we undertook a second extrusion campaign in
which the extrusion die temperature was increased to 723 K. The higher
extrusion temperature resulted in very good core surface quality, but the
trailing end of each 26 m long extruded core protruded above the cooling water
in a pipe beneath the extrusion port and became oxidized because of the
increased temperature and the presence of air. To solve the oxidation problem
a water spray system has been designed to cool the segment of core immediately
below the extrusion port and above the water level in the receiving pipe. Also
the air will be displaced from the extrusion port zone and inert gas conditions
will be maintained by a flowing argon system.

Imperfect silicide dispersion fuel cores (5.5 mm diameter) may be recycled
by chopping them into short (5-10 mm) lengths and feeding them into the
extrusion die cavity to be re-extruded. This increases the extrusion force
required. Fortunately the increased extrusion temperature 723 K) reduces the
extrusion pressure during the recycling of imperfect cores.

We have now demonstrated the viability of extruding silicide dispersion
cores at realistic high-volume production rates by manufacturing twelve full-
length NRU cores in a single day. This rate will enable us to manufacture a
1-year supply in a 3-month campaign. Ten of the cores were extruded directly
from mixed powders of aluminum and uranium silicide (5 USiAl and 5 USi*Al) and
two were extruded from recycled chopped cores.
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Extrusion-Cladding of Cores With Surface Imperfections

It is desirable to relax core surface quality specifications if it can be
shown that some minor defects will not adversely affect fuel performance.
Relaxed specifications would reduce scrap recycle and therefore be beneficial
to the economics of fuel fabrication.

Twelve silicide dispersion fuel cores containing a variety of surface
imperfections (from non-optimized extrusion trials) were extrusion-clad with
aluminum to determine how well the aluminum cladding material would flow into
the core surface imperfections. Metallographic sectioning revealed that
imperfections with depths up to 1.0 mm had been filled-up by the inflow of
aluminum during extrusion-cladding. Some surface imperfections tended to
undercut the core surface and these were filled most effectively when cores
were extrusion-clad starting from the tail-end of the extruded core.

Metallography showed that the depths of surface depressions at the outside
surface of the cladding were only about one quarter of the depth of the fuel
core imperfections. Surface imperfections up to 04 mm deep and up to 30 mm
wide were'in-filled completely by aluminum and did not cause external cladding
depressions greater than 0.10 mm deep.

A thermal-hydraulic assessment was made of the effects of ten surface
depressions (0.1 mm deep and 30 mm wide) per fuel element in a 12-element NRU
assembly. It was concluded that the effects on pressure drop and heat transfer
would be minimal. Therefore as a first step towards defining acceptable core
surface imperfections twelve mini-elements have been fabricated with well
characterized artificial defects in the core surfaces. These mini-elements
w411 be irradiated to moderate burnups followed by post-irradiation examination
to complete their performance evaluation.

MATERIAL PROPERTIES

We have reported previously that the properties of silicide dispersions
with regard to aqueous corrosion, tensile properties and thermal conductivity
were adequate although slightly inferior to those of aluminum-uranium alloys.
The major difference in properties between the silicide dispersions and the
aluminum-uranium alloys was the tendency of sicide dispersion material to
swelling when heated for considerable periods to temperatures exceeding 473 K.
For example, at 623 K about 10% swelling occurred in a period of 3 months in
the Al-61.5 wt% USiAl core of a mini-elementl. We deduced that the swelling
resulted from the chemical reaction of the dispersed silicide particles with
the aluminum matrix according to the chemical reaction:

U3Si 9 Al - 3 UA13Si1/3

The reaction product is UA13 containing Si dissolved substitutionally
throughout the UA13 lattice.2 The swelling was attributed mainly to the
condensation of vacancies created at the U3Si/matrix interface. The
vacancies do not migrate away to free surfaces but condense to form pores,
possibly stablilized by traces of gaseous impurities such as hydrogen.
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Thermally-activated swelling has not been experienced in our experimental
Al-USiAl fuels in-reactor because we have never allowed the maximum fuel core
temperature to exceed 473 K.

Thermal Conductivity Measurements

In-reactor the thermal conductivity of the silicide dispersion will
determine peak core temperature for a given linear power output and coolant
conditions. Therefore on making a major innovation in manufacturing procedures
such as extrusion directly from powders (and a minor change in the use of
USi*Al rather than USiAl) it was important to check that the thermal
conductivity of the fuel material was consistent with previous measurements on
cores hot-extruded from cold-compacts.

We have already reported datal on the thermal conductivity of Al-55 wt%
USiAl and Al-75 wt% USiAl manufactured by hot extrusion from cold-compacted
billets. These and the results of further tests, performed by "Dynatec" under
contract to AECL, on Al-USiAl and Al-USi*Al samples extruded directly from
mixed powders are shown in Figure 2 All tests were performed at 423 K. There
is generally very good agreement between the data points and the curve
representing Maxwell's equation3 for the thermal conductivity of spheres of a
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Fig 2 Effects of composition and
manufacturing route on the thermal conductivity
of aluminum based dispersions of USiAl and
USi*Al. The tests were conducted at 423 K.
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low conductivity material dispersed homogeneously in a material of high
conductivity. There is no strong effect of either the manufacturing route or
the composition of the silicide. The thermal conductivities of samples of the
as-cast and heat-treated USiAl and USi*Al were also measured, their values
being 13.4 and 14.5 W/m.K respectively.

We conclude confidently that our new manufacturing procedure (direct
extrusion) and our alternate silicide composition (USi*Al) will provide fuel
cores with sufficiently high thermal conductivities that fuel centerline
operating temperatures will not exceed 473 K under normal operating conditions.

Tensile Strength and Ductility

Room temperature tensile tests on directly extruded Al-USiAl showed it to
be about 20% stronger and more ductile than similar material produced by the
hot extrusion of cold-compacted billets. Scanning electron microscopy showed
that fracture had occurred through USiAl particles and the aluminum matrix in
the material extruded directly from hot powders. Conversely, the material that
had been cold-compacted before hot extrusion cracked only through the matrix
and not through the particles. Thus particle strengthening accounted for the
improved mechanical properties.

After extrusion of fuel cores they are drawn at a speed of 18 mm/s to the
required diameter 5.5 mm. No problem has been encountered i drawing rods of
COMDOSitions up to Al-73.4 wt% USi*Al directly extruded from hot powder.

IRRADIATION EXPERIMENTS

The test vehicle for irradiating silicide dispersion fuels so far has been
the mini-element. The fuel core diameter of 5.5 mm and clad wall thickness
0.76 mm are the same as in full size NRU elements. Mini-elements are however
only 184 mm long compared with 29 m for NRU elements. The mini-elements also
resemble NRU elements in that they have six cooling fins at 60' intervals
around the cladding, the fin width being 076 mm and fin eight 096 mm. The
mini-element fuel carriage was a cylinder with four holes bored axially through
it at 90' intervals. An aluminum liner containing a string of four mini-
elements was inserted into each hole or flow channel. The mini-elements were
located centrally in the flow channels by four-pronged anodized spiders located
on the end spigots of the mini-elements.

Irradiation Program Status

The irradiation program is outlined in Table I which presents the scope,
objectives and current status of the tests. The target burnup in the first
experiment FZZ-905 was originally 80 atomic percent but a physics code error
caused premature termination at 56.4 at%. The corrected test parameters for
Experiment FZZ-905 are given in Table 2 which replaces Table 3 of Reference .

Table 1 shows that in two irradiations (FZZ-909-A and -B) mini-elements
have achieved burnups of 80 atomic percent. They appear to be in very good
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Table 1. Irradiation Program and Status

U-235 Target
Experiment Number of Core Material Enrich- Test Current Burnup

Elements(a) ment % Objective Status(b) (at%)

FZZ-905 8M Al-61.5 USiAl 20 Compare Irradiation
4M Al-21 U 93 Dispersions Complete. 56.4(c).
411 Al-37 U 45 with Alloys P.I.E. Complete

(NRU Compositions)

FZZ-909A 6M Al-72.4 USiAl 20 Test NRX Irradiation
6M Al-73.4 USi*A1 20 Compositions Complete. 80

P.I.E. Incomplete

FZZ-909B 6M Al-61.5 USiAl 20 High Burnup 3 elements discharged
6M Al-62.4 USi*Al 20 Comfirmation at 80% burnup. >90

P.I.E. Incomplete

FZZ-910 8M Al-72.4 USiAl 20 High Burnup Reached a burnup of
8M Al-73.4 USi*Al 20 Confirmation. Test of 20 at%. >90

finer silicide P.I.E. Incomplete
particles

FZZ-911 2M Al-61.5 USiAl 20 Drilled defects Fabrication work 5-20
2M Al-62.4 USi*Al 20 in cladding completed.

12M Al-62.4 USi*A1 20 Fuel core surface Irradiation started 80
imperfections in September 1983

FZZ-913 72F Al-62.4 USi*Al 20 Six prototype full Core materials 80-90
size twelve-element being prepared
assemblies.

(a) M stands for mini-elements, F stands for full size elements.
(b) P.I.E. stands for post irradiation examination.
(c) The original target was 80 atomic percent burnup but a physics code error caused premature termination.
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Table 2 Revised Data for the FZZ-905 Experiment

Fuel Element Cumulative Time in Hot Fuel Core Clad Surface
Phase Linear Power Burnup Coolant Maximum Maximum

(kW/m) (at%) (days) Temperature Temperature
(K) (K)

I 64.5 18.4 42 421 377
II 75.4 36.0 73 433 385
III 73.4 56.4 113 432 383

condition based on visual examinations and density measurements. Experiment
FZZ-910 is a test to high burnups of the silicide dispersions of compositions
appropriate for NRX fuel. This is a similar experiment to FZZ-909-A except
that the silicide powder was prepared by end-milling and hammer-milling and
therefore was finer than that used in FZZ-909 A. First results from the
FZZ-910 experiment are encouraging; at 20 a% burnup the core swelling was in
the range 0.11 to 042% compared with 053 to 1.51% in the FZZ-909 A mini-
element cores which contained the coarser silicide particles.

The FZZ-911 experiment (Table 1) will evaluate the performance of four
mini-elements, each having a .18 mm diameter hole drilled through the cladding
at mid-section. The drilled-defect mini-elements will be discharged from
reactor after one, two, three and four month intervals to determine the i-
reactor corrosion resistance of the core material. Twelve other mini-elements
with intact cladding but well characterized imperfections in the fuel cores
will be included in this irradiation and their target burnup is 80 at%.

Fabrication work is now in progress for the manufacture of the first six
prototype 12-element NRU assemblies containing Al-62.4 wt% USJ*Al dispersion
fuel. The irradiation of these prototype rods is scheduled to begin in 1984.

Fuel Core Swelling

Immersion density measurements were made on all mini-elements before and
after irradiation so that volume changes could be determined. The detailed
derivation of an equation relating the change in mini-element volume to swelling
of the fuel core was presented in Reference 1. Assuming the composition of the
oxide that forms on the cladding during irradiation is A1203.H20, fuel core
volume changes were calculated and are shown as a function of fuel burnup in
Figure 3 The upper bound of the scatter band indicates a fuel core swelling
of approximately 1% per 10 atomic burnup. There are too few data points at
hi-,h burnup to draw a definite conclusion but there is an indication that
dispersions with high silicide loadings (;:�;73%) swell more than with ;*62%.

The validity of our assumed clad surface oxide composition has been tested
on six mini-elements. These mini-elements had their surface oxide removed in
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the hot cell to evaluate definitively the fuel core swelling. The alumina was
dissolved in a solution of 20:1 by volume phosphoric acid and nitric acid
maintained at 366 K. The mini-elements were weighed in air and water, and
since we knew the initial core weights we could calculate the remaining
aluminum weight and volume and hence the new core volume.

The measured volume increases were then corrected to account for the sum
of the changes in gap volumes at both ends of the fuel cores. The gap volumes
were calculated using measurements from neutron radiographs taken before and
after irradiation. Table 3 shows that values of core swelling were consistent-
ly overpredicted by about 12% using the indirect calculational method compared
with direct measurements made after clad surface oxide stripping. This implies
that the fuel core swellings presented in Figure 3 are conservative by a factor
of 112 but this would not change ignificantly our earlier upper-bound
swelling rate of 1% per 10 atomic burnup.
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Fig. 3 Fuel core swelling of silicide
dispersion mini-elements based on immersion
density measurements. Definitive tests on six
mini-elements (maximum burnup 36.6 at%) suggest
that these values are conservative. The values
at 80 a% burnup are preliminary, being based on
post-irradiation immersion weighing and pre-
irradiation dry weight measurements.
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Table 3 Fuel Core Swelling: Definitive Test of Assumptions

Maximum Fuel Core Swelling
Experiment Linear Atomic Fuel Core Fuel Core %

Power Percent Temperature Material
kW/m Burnup K Indirect(a) Direct(b)

FZZ-909A Phase 52 23.3 405 Al-72.4 wt% USiAl 1.59 1.26
Al-73.4 wt% USi*Al 0.62 0.35

U1 FZZ-909A Pase II 65 36.3 431 Al-72.4 wt% USiAl 2.82 2.68
ODAl-73.4 wt% USi*Al 2.43 2.28

CD
FZZ-909B Phase I 80 22.3 446 Al-61.5 wt% USiAl 0.99 0.86

Al-62.4 wt% USi*Al 1.65 1.45

(a) Calculated from immersion density measurements assuming the oxide on the clad surface to be of

composition A1203-1120

(b) Measured directly after stripping the oxide from the clad surface.
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CONCLUSIONS

1. An induction-heated bottom-pouring furnace with optimized design of furnace
internals can achieve less than 5% scrap rate.

2. End-milling is more efficient than lathe-machining in producing shavings of
uranium silicide for feed to a hammer-mill. The end-milled/hammer-milled
powder is finer but this has not adversely affected core extrusion or
in-reactor swelling.

3. Extrusion parameters (notably extrusion rate and die temperature) have been
optimized for the production of full length silicide dispersion fuel cores.
A production rate of 12 high quality cores per day has been demonstrated
using direct extrusion from blended powders and extrusion from recycled
chopped cores.

4. The extrusion of fuel cores directly from blended powders and incorporating
USi*A1 has produced material with sufficiently high thermal conductivity
-that fuel temperatures will not exceed 473 K under normal operating
conditions.

5. Calculations from immersion density measurements on mini-elements, assuming
a clad surface oxide composition of A1203.H20, suggested that fuel core
swelling increased with burnup such that the upper bound curve described 
swelling per 10 atomic percent burnup in the burnup range 080 at%.
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