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Abstract

Fuel rods of uranium silicide dispersed in aluminum and clad in aluminum
have been developed and tested in the laboratory and in-reactor. The
properties of the dispersion fuel materials proved satisfactory with regard to
thermal conductivity, aqueous corrosion resistance, strength and ductility, and
thermal stability below 473 K. A vacancy condensation model is proposed to
account for the thermally-induced swelling that occurs above 473 K by virtue of
the chemical reactions that occur between the dispersed silicide fuel particles
and the aluminum matrix. The in-reactor fuel core swelling was less than %
after irradiation at high powers 76-131 kW/m) to a high terminal burnup
(79.2 at% of U-235 atoms).

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. Candidate replacement
fuel materials should be straight"forward to fabricate, be stable thermally and
under irradiation, and corrode slowly in the event of a clad defect.

This paper is chiefly concerned with the fabrication, properties,
irradiation performance, and post-irradiation characterization of dispersions
of uranium silicide in an aluminum matrix.

Fuel Fabrication

A fuel consisting of particles of USiAl (U-3.5 wt% Si, -1.5 wt% Al),
dispersed in an aluminum matrix was selected as a prime candidate for use with
20% enriched uranium. Dispersions of an alternate alloy USi*A1 (U-3.2 wt% Si,
-3.0 wt% Al) in aluminum are also under active consideration.

Molten USiAl or USi*Al is cast into moulds and the ingots are then
heat-treated 72 h at 1073 K to transform the as-cast uranium-rich phase
(containing U3S'2 and UA12 precipitates) to a matrix Of U3S' containing 0.5 wt%
dissolved aluminum and precipitates Of U3S'2 and UA12. The ingots are then
machined into chips about 025 mm thick 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*A1 powder is then blended with minus 325 mesh aluminum powder
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for the production of rods. A more detailed account of rod fabrication was
given in Reference 

All the silicide dispersion materials tested until early 1982 had been
hot-extruded at 623 K from cold-pressed 19--mm diameter billets. An alternative
fabrication procedure has now been developed to eliminate a production step
(cold-compacting) by hot-extruding the blended powders directly. We have now
optimized the heating times, powder temperatures and extrusion pressures to
permit successful hot extrusions from blended powders.

The alternate alloy USi*Al (U-3.2 wt% Si, 3.0 wt% Al) has a liquidus
temperature of 1538 K, 110 K lower than that of U-3.5 wt% Si, -1.5 wt% Al.
This seemingly minor difference becomes significant in terms of the choice of
furnaces for melting and casting the alloys. The choice between a water-cooled
induction furnace and an air-cooled resistance furnace determines the crucible
charge allowed by criticality considerations. For example, we could melt only
a 325 kg charge in a water-cooled furnace versus 50 kg in an air-cooled
furnace. This difference could have a strong economic impact on full-scale
production costs.

Fuel Material Properties

Al-USiAl dispersions containing a variety of USiAl and USi*Al
concentrations (Table 1) have been fabricated for evaluation of their physical

Table 1: Uranium Densities and Enrichments of Fuel
Materials Included i the Program

Uranium Enrichment Densit Mg/M3
Fuel Materials wt% U-235 in Total U Uranium U-235

Al-55 wt% USiAl 20 2.55 0.51
Al-61.5 wt% USiAl 20 3.15 0.63
Al-62.4 wt% USi*Al 20 3.15 0.63
Al-63 wt% USiAl 20 3.23 0.65
Al-72.4 wt% USiAl 20 4.50 0.90
Al-73.4 wt% USi*Al 20 4.50 0.90
Al-75 wt% USiAl 20 4.77 0.95
Al-21 wt% U 93 0.68 0.63
Al-28 wt% U 93 0.97 0.90
Al-37 wt% U 45 1.40 0.63
Al-40 wt% U 45 1.53 0.69

USiAl stands for U-3.5 wt% Si, -1.5 wt Al
USi*Al stands for U-3.2 wt% Si, 3.0 wt Al

and chemical characteristics and for comparison with the A-U alloys. Irradi-
ation testing has been performed on those fuel materials in Table I having
either the NRU or NRX U-235 densities 063 and .90 Mg/m3, respectively). The
results of laboratory experiments will be described first.
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Thermal Conductivity

Al-U alloy pellets were machined from cast ingots and in addition an
extruded rod of Al-40 wt% U was tested for comparative purposes. The Al-USiAl
and A-USi*A1 pellets were made by cold-compacting to 94% theoretical density
followed by hot extrusion 623 K The measurements of thermal conductivity
were made by "Dynatech" under contract to AECL. The specimens were instru-
mented with thermocouples and placed in heated guard tubes between a heated
block and heat sink. Thermal conductivities were derived either by measurement
of heater power or by comparison with adjacent reference standards. The
thermal conductivities of the hot-extruded silicide dispersion fuels were
determined as 180 W/m.K and 121 W/m.K at compositions of Al-55 wt% USiAl and
Al-75 wt% USiAl, compared with 171 and 133 W/m.K for Al-28 wt% U and
Al-40 wt% U, respectively.

Somewhat surprisingly, the thermal conductivity of Al-USiAl in the
cold-compacted condition was very low compared with that of hot-extruded
material. For example, the thermal conductivity of A-75 wt% USiAl cold-
compact was only 87 W/m.K, compared with 121 W/m.K in the hot-extruded
condition. The surprisingly low value 87 W/m.K) was obtained at 413 K and
confirmed by repeated measurements at 353 K 473 K and 533 K. Since all our
rods are hot-extruded this point is academic to us, but fabricators of platelet
fuels would be well-advised to ensure that their processes do not produce
materials with low thermal conductivities, otherwise the silicide fuel
particles might overheat in-reactor and cause unexpectedly high amounts of
swelling.

Aqueous Corrosion

Short rods of silicide dispersion fuels and Al-U alloy fuels were
fabricated into mini-elements (described in more detail later in this report
under "Irradiation Experiment") and a .0 mm diameter hole was drilled through
the aluminum cladding in the mid-section of each. After weighing and
measuring, they were exposed to pressurized water in an autoclave for either
528 h at 423 K or 336 h at 453 K. The silicide dispersion fuels increased in
weight by 0.5 to 1.0%, compared with 02 to 06% in the Al-U alloys. These
tests will be followed up by a series of irradiations in which the deterio-
ration of deliberately defected fresh and pre-irradiated mini-elements will be
studied.

Tensile Properties

Rods of Al.-USiAl and Al-USi*A1 were extruded at 623 K and rods of Al-U
alloys were extruded at 821 K. The rods were then drawn from 565 mm to
5.50 mm diameter. Cylindrical tensile specimens were machined to 406 mm gauge
diameter and 12.7 mm gauge length and pulled in a tensile testing machine at a
cross-head speed of 8.5 pm/s. The tests were conducted in an air environment.

The Al-USiA1 dispersions were weaker than the Al-U alloys. For example,
Al-63 wt% USiAl and A-28 wt% U materials had about the same volume fraction of
aluminum 076 and 075, respectively), yet the yield strength 67 MPa) and
ultimate strength 77 MPa) of the silicide dispersion at 423 K were only 60 of
the yield and ultimate strengths of the Al-U alloy at the same temperature.
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The lower tensile strength of the Al-USiAl probably resulted from weak bonding
between USiAl particles and the aluminum matrix.

A series of tests was also performed at room temperature 293 K on
tensile specimens of Al-USiAl (and pure aluminum) having 406 am gauge diameter
and 25.4 mm gauge length. These specimens had all been extruded directly from
mixed powders. All tests were again conducted in an air environment at
8.5 Pm/s cross-head speed. Figure I (lower part) shows the yield and ultimate
strengths and the upper part of Figure I presents ductility data from the same
tensile tests. The strength decreased slightly with increasing volume of
aluminum. However, the more important aspect of this figure was the effect of
volume fraction on ductility. The curves of elongation and area reduction at
fracture extrapolate to zero at a volume fraction of aluminum of about 062
(Figure upper part, lower abscissa). This indicates the close proximity of
the limiting USiAl content 038 volume fraction USiAl) from the point of view
of fabrication of rods, in particular cold-drawing to size and stretch
straightening at room temperature.

The low scatter in the data indicates generally uniform stress
distribution within the matrix, i.e. uniform distributions of USiAl particles.
The exception noted in Figure (lower part) was found by Auger spectroscopy to
be due to carbon contaminant, possibly arising from the contamination of an
early batch of USiAl powder with oil. Rigorous degreasing and baking
procedures have now been instituted to prevent any future contamination.

Directly extruded material was about 20% stronger and more ductile than
similar material produced by the hot extrusion of cold-pressed billets.
Scanning electron microscopy showed that fracture had occurred through some
USiAl particles in the material extruded from hot powders, whereas the material
extruded from a billet cracked only through the matrix and not through the
particles. Thus particle strengthening accounts for the better mechanical
properties at room temperature of the material extruded from powders.

Laboratory Vacuum Heating Tests

It has been known since 1955 that heating uranium and aluminum couples in
vacuum at temperatures greater than 473 K causes pore formation. More
recently a similar pore-forming reaction has been reported between U3Si and
aluminum3.

Samples of silicide dispersion fuels in the form of short unclad rods and
aluminum clad mini-elements were heated in vacuum for periods of one, three and
f ive months at temperatures of 473 K 548 K and 623 K. The amount' of swelling
was f ound to increase with increasing temperature, increasing heating time and
increased proportion of dispersed USiAl or USi*Al (Figures 2 and 3 but to
decrease as a result of restraint by aluminum cladding (Figure 3. The largest
swelling recorded was 45.5% in an unrestrained sample of Al-73.4 wt% USi*Al
heated for five months at 623 K (Figure 2 Figure 3 shows that most of the
swelling 34.7%) in this specimen occurred in the first month of heating, so at
the highest test temperature we appear to be reaching a plateau or saturation
amount of swelling. At 548 K the rate of swelling in unrestrained fuel cores
accelerated from slow (or negative) rates over the first month to V/V = 3 per
month between three and five months, the maximum swellings being less than 12%
after five months at 548 K. At 473 K there was very little reaction, the
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unrestrained fuel core having swollen by only 183% after five months of vacuum
heating. This is a favourable result, since our maximum driver fuel operating
temperature in-reactor is 473 K.

Metallography following the vacuum heating tests revealed that the grossly
swollen specimens contained large pores, usually at aluminum matrix-U3Si
particle interfaces (Figure 4 Several specimens were vacuum impregnated in
mounting plastic to ensure that the voids were real and not sites where
material had fragmented from the specimens.

Some specimens in the as-fabricated condition contained a small amount of
porosity whose sintering would explain the - 14% densification (Figure 2)
observed after one month of testing at 548 K. The swelling observed in most
specimens was clearly associated with a reaction between the fuel particles and
the aluminum matrix, the aluminum having reacted with particle surfaces and
also penetrated along networks of grain boundaries to attack sub-grains
throughout the U3Si- (We searched for but found no evidence of back-diffusion4
of uranium or silicon into the aluminum matrix.) The end point of such a
reaction would occur when all the U3Si (and the precipitates Of U3S'2 and UA12
contained within the U3S' particles) had been consumed to form UA13S'1/3- (The
latter is UA13 containing Si dissolved substitionally throughout the UA13
lattice5,6.) Rates of reaction would be reduced eventually (as observed) due
to the impedance, offered to diffusing aluminum atoms, by the UA13S'1/3

.surrounding the U3Si particles and growing in thickness.

Many features of our observations may be explained by the following simple
model. The basic reaction between the aluminum matrix and U3S' particles is:

U3Si + 9 Al 3 UA13S'1/3

We postulate that the nine aluminum atoms that react with each U3S' molecule
leave behind in the aluminum matrix nine vacancies (per reaction). The
vacancies are created at the U3Si/matrix interface and apparently do not
migrate away to free surfaces, but condense to form pores with volumes which we
will assume to be equal to the sum of the volumes of the vacancies. It is
possible that the pores are stabilized by trace impurity gases such as
hydrogen.

The volume of 100 g of A-61.5 wt% U3S' is equal to

61.5 38.5 3
V0 = 15.58 + 2.7 = 18.2 cm

where 15.58 and 27 are the densities Of U3Si and Al, respectively.

The weight of aluminum required to react with all the U3S is

243 - 61.5 = 20.1 g
742

where 243 is nine times the atomic weight of aluminum and 742 is the molecular
weight of U3S"

The reacted volume V AV is the sum of the volumes of:
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UA13Sil/3 + unreacted Al vacancies

Hence V + �V 61.5 20.1 + 38.5 - 20.1 20.1
0 6.8 2.7 2.7

AV 26.25 - 18.2
Therefore the volume increase - 44%V 18.2

0

In the absence of void formation the volume change due to the smaller
density of UA13S'1/3 compared with U3S' would have been only 32%.

The above simple model has been refined to include the fact that USiAl is
U3Si containing 0.5 wt% dissolved Al and also containing precipitates of UA12
and U3S'2 which react with aluminum according to

UA12 Al UA13

U3S'2 + 9 Al - 3 UA13Si2/3

Knowing the volumes of the precipitates in the U3Si and their densities the
volumes before and after reaction with aluminum were calculated and for the
dispersion Al-61.5 Wt% UiAl the maximum swelling including vacancy
condensation was found to be 40.8% (cf. 44% in the simplified calculation
above).

A summary of calculated maximum volume increases in the four dispersion
fuel materials of major interest is given in Table 2.

Table 2 Comparison of Observed Volume Increases with the
Theoretical Maxima Calculated Using the Vacancy
Condensation Model

Observed Volume
Calculated Increase After Observed

Maximum Volume Five Months at -'Maximum
Fuel Material Increase 623 K M

Al-62.4 wt% USi*A1 38.9 31.2 80.2
Al-61.5 wt% USiAl 40.8 27.1 66.4
Al-73.4 wt% USi*Al 55.5 45.5 82.0
Al-72.4 wt% USiAl 58.4 42.4 73.0

Note: USiAl stands for U-3.5 wt% Si, -1.5 wt% Al. The U3Si(Al)
particles in it contain 10 vol% UA12 and 12 vol% U3S'2'

USi*Al stands for U-3.2 wt% Si, 3.0 wt% Al. The U3S'(Al)
particles in it.contain 23 vol% UA12 and 11 vl% U3S'2-
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The calculated maximum volume increases in Table 2 took account of the
reactions with aluminum of U3S'2 and UA12 precipitates as well as the U3S' with
Al dissolved in it. The table includes a comparison of calculated maxima and
the observed swelling of fuel cores after five months at 623 K which suggests
that the reactions were 66-82% complete after that exposure.

The low amount of swelling (- 183%) that occurred in unclad fuel core
specimens in five months at 473 K is consistent with the low swelling of irra-
diated mini-elements in which the maximum fuel core temperature was maintained
below 473 K. Further tests are now underway to resolve the effects of
restraint, initial porosity, initial gaseous contaminants, residual and applied
stresses, and USiAl particle size distribution. The results should allow us to
optimize fuel design to prevent excess swelling even in the event of a thermal
excursion in-reactor.

Irradiation Experiment FZZ-905

The major objective of this irradiation was to determine the irradiation
behaviour of Al-61.5 wt% USiAl dispersion fuel, enriched to 20% U-235 in total
U, in direct comparison with the current NRU alloy fuel Al-21 wt% U 93%
enriched) and a back-up medium enrichment candidate fuel alloy Al-37 wt% U 45%
enriched). A further objective was to conduct post-irradiation metallographic
investigations of possible reactions between the USiAl and the aluminum matrix.

Rods of the three fuel types were fabricated into aluminum:-clad
mini-elements about 184 mm long, the fuel core diameter being 5.5 mm and the
clad wall thickness 076 mm. Each mini-element had six cooling fins at 60'
intervals around the cladding, the fin width being 076 mm and fin height,
0.96 mm. The fuel carriage was essentially a cylinder with four tubular holes
bored axially through it at 90' intervals. Into each hole or flow channel was
inserted an aluminum liner 15.875 mm in diameter, containing a string of four
mini-elements. The 16 mini-elements were located centrally in the flow
channels by use of four-pronged anodized aluminum spiders located on the
end-spigots of the mini-elements.

Pre-Irradiation Characterization

Specimens were cut adjacent to the ends of the fuel rods for
cross-sectional and longitudinal metallography. The particles of fissile
materials were quite uniformly distributed within their respective aluminum
matrices and the dimensions and weights of fuel cores and finished
mini-elements were recorded.

The clad to end-plug welds were inspected radiographically to ensure that
the weld thickness exceeded 034 mm. The mini-elements were then given a leak
test which consisted of placing them in a vacuum chamber 013 Pa) for a period
of 20 h followed by submergence in water for 17 h. After drying the outsides
of the mini-elements they were neutron radiographed: the absence of water
inside the mini-elements meant that they were intact.

Irradiation Test Parameters

A summary of the test parameters for the three phases of the FZZ-905
experiment is given in Table 3.
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Table 3 Summary of Test Parameters of the Mini-Element Irradiation
Experiment FZZ-905 in the NRU Reactor

Time in Hot Fuel Core Fuel Clad
Fuel Element Burnup Coolant Maximum Surface

Linear Power (Cumulative) (Cumulative) Temperature a Temperaturea
Phase (kW/m) (at%) (days) (K) (K)

I 76 18.8 42 421 386

II 102 42.0 73 468 422

III 131 79.2 113 511 447

a Calculated using the TRUMP code, using the thermal conductivity of
Al-61.5 wt% USiAl

In Phase I the fuel element linear power was maintained at a moderate
level 76 kW/m) typical of NRU driver fuel. (The flux density was
1.1 x 1018 n/m2.s, heavy water coolant flow - 728 L/s and coolant velocity
- 10.9 m/s.) On reaching 18.8 at% burnup the assembly was removed from the
reactor. Four mini-elements were removed from one of the flow channels (one
Al-21 wt% U, one Al-37 wt% U and two Al-61.5 wt% USiAl) and replaced by four
unfuelled dummy mini-elements having the same external geometry but containing
aluminum rods instead of fuel rods.

The assembly, now containing 12 fuelled mini-elements, was returned to the
NRU reactor for the Phase II irradiation. The linear power level 102 kW/m)
was such that the maximum fuel core operating temperature would be slightly
less ( K than the normal maximum operating temperature of 473 K. This phase
of the irradiation was completed when the burnup had reached 42 at% and the
assembly was again removed from the reactor. Four more mini-elements were
removed for examination and replaced by dummy mini-elements containing aluminum
rods. The irradiated mini-elements appeared in excellent condition, apart from
a slight oxidation on the outside surface of the cladding. The oxide appeared
significantly thicker than had been observed after Phase I.

In the third and final phase of the experiment the remaining eight
mini-elements were irradiated at the very high linear power of 131 kW/m. There
were two incentives to operating at such a high power, First, we would be able
to see if a fuel operating temperature of 51 K 38 K higher than the normal
operating maximum) would cause a large increase in fuel swelling and secondly,
we would reach the target burnup 79.2 at%) in a short period of time 40 days
from the start of Phase III). On removal from the reactor the mini-elements
again appeared to be in excellent condition.

Swelling of Fuel Cores

Volume changes in fuel cores comprise only part of the volume changes of
mini-elements, the other contributor being oxidation of the aluminum cladding
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during irradiation. Furthermore, the oxidation behaviour of aluminum is
complex; for example, after the first two phases of the FZZ-905 experiment the
weight gains of mini-elements containing Al-61.5 wt% USiAl were 27 mg/dm2 and
151 mg/dm2, respectively. However, after Phase III the weight ain was only
21 mg/dm2 1 indicating a net loss of aluminum oxide of 130 mg/dJ in the third
phase. Therefore, the equation relating the volume change of the fuel core to
the volume change of the entire mini-element must recognize that (i) aluminum
from the cladding is lost to the coolant during irradiation., and (ii) the
composition of the oxide7-9 formed on the cladding is not simply A203, but
A1203'X(H20) where 1. < X < 27 The literature7-9 suggests that the corrosion
product in conditions similar to ours (but out-reactor) is initially A1203, and
then A'203'H20 (Boehmite) forms on top of the A203. At temperatures less than
363 K A1203.3H20 (Bayerite) forms on top of the Boehmite.

An equation was derived to relate the change in volume of the fuel core
AVC to the volume change of the mini-element AVe 3, viz.

AWe + AW Al M 0 54AV = AV AV
C e M (O+H) P2 P1 Al

where AWe = change in weight of the mini-element
AWAl = weight of aluminum lost to the coolant
M(O+H) = weight of oxygen and hydrogen present in one molecule of the

oxide formed on the mini-element
MO = molecular weight of the aluminum oxide
P2 = density of the aluminum oxide 39 if X 0 30 if X = 

2.5 if X = 27)
P1 = density of aluminum
AVAl = volume of aluminum metal lost from the mini-element cladding to

the coolant

Calculated values of fuel core swelling are given in Table 4 to show the
effects of assumed oxide composition and aluminum loss to the coolant. The
choice of conditions for core swelling calculations (Table 4 was based on the
oxidation behaviour described in the literature and the observed weight gains
of the mini-elements after Phases I, II and III of the FZZ-905 experiment noted
above.

The most important conclusion from Table 4 is that the fuel core swelling
of Al-61.5 wt% USiAl dispersion material and the two Al-U alloys was 5%, even
for the most pessimistic assumptions of corrosion behaviour after the fuels had
experienced very high powers and high burnups. Furthermore, the maximum error
in core volume increase caused by incorrect assumptions of X and AWAI would be
�� 1%. It is perhaps noteworthy that on completion of Phase II, after operating
at core temperatures less than 473 K, the swelling of the Al-61.5 wt% USiAl was
marginally less than in the Al-U alloys (Table 4 but after Phase IIIin which
the core temperature had been 511 K, the silicide dispersion fuel was margi-
nally more swollen than the Al-U alloys. The swelling of the Al-U alloy cores
may be attributed to the generation of fission products because no significant
reaction takes place between UA14 precipitates and the aluminum matrix in the
alloy fuels. The similar amounts of swelling found in the silicide dispersion
fuel therefore indicated that no major additional irradiation-induced or
thermally-induced volume changes had occurred. The restraining effect of the
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Table 4 Swelling of Three Core Materials in the FZZ-905 Experiment
as a Function of Burnup, Showing the Effects on Calculated
Swelling of the Possible Corrosion Behaviours of the Cladding

Cumulative Fuel Core Fuel Core Swelling (%)
Fuel Burnup Material = = I X = 27

at% AW Al =0 AW Al = 0 AW Al - AWe

18.8 Al-61.5 wt% USiAl 2.01 1.65 1.40
Al-21 wt% U 1.67 1.53 1.40
Al-37 wt% U 2.62 2.45 2.34

AW Al �0 AW Al = 0 AW Al a AWe

42.0 Al-61.5 wt% USiAl 3.50 3.11 2.76
Al-21 wt% U 4.38 3.81 3.45
Al-37 wt% U 5.00 4.42 4.00

.W Al - AWe "WAl- AWe "WAlc' AWe

79.2 Al-61.5 wt% USiAl 4.91 4.62 4.47
Al-21 wt% U 3.98 3.61 3.42
Al-37 wt% U 4.44 4.04 3.84

Notes: Aluminum oxide composition is A203.X(H20)-
AWAl s the weight of aluminum lost to the coolant.
AWe is the change in weight of the mini-element.

cladding, the coolant pressure (- 0.5 MPa), and the moderate core operating
temperatures would have acted to limit thermally-induced fuel Swelling.

Post-Irradiation Metallography

Metallography has been performed on mini-elements-irradiated to 18.8 and
42 at% burnup. Metallographic examination of the Phase III mini-elements has
not yet been started. Macrographs were taken from sections of the mini-
elements irradiated in Phases I and . Figure shows a mini-element
containing A-61.5 wt% USiAl irradiated to 42 at% burnup. Measurements of fuel
core diameters were taken from the macrographs and compared with pre-
irradiation micrometer readings of core diameter. Diametral increases of up to
1.5% were determined in good agreement with the volumetric swelling results
OD/D -� AV/3V). The maximum oxide thickness on the outside surface of the
cladding was 14 pm, which poses no threat to cladding integrity.

The micrographs of Al-61.5 wt% USiAl fuel cores revealed that a chemical
reaction had occurred between the fuel particles and aluminum matrix. The
reaction product (Figure 6 was mainly confined to the peripheral regions of
the fuel particles and was typically 5 �tm thick after 18.8 at% burnup and 10 Jim
thick after 42 at% burnup. A small amount of porosity was noted at the edges
of some of the fuel particles. There was no evidence of grain boundary attack
in the fuel particles and this, tgether with the absence of gross voidage,
suggests that the reaction product may not be UA13Sil/3 (the reaction product
in the laboratory vacuum heating tests). Another possible reaction which would
consume only one-ninth as much aluminum (and therefore have the potential to
create only one-ninth the voidage) would be U3Si + Al U3SiA1, the reaction
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product being the homologue Of U3Si2 but with half the silicon lattice sites
occupied by aluminum atoms. The stabilizing effect of fission products may
acount for the apparently different reaction products in irradiated and
unirradiated silicide dispersion material. Another possibile contributing
factor is that interstitial aluminum atoms, knocked out of their lattice sites
by fission fragments, might play a role in annihilation of vacancies in the
aluminum immediately surrounding the USiAl particles. We plan to measure
microhardness as a first attempt to characterize the reaction product.

The small amount of porosity in the mini-elements was consistent with the
tolerably low swellings noted earlier in Table 4.

Post-Irradiation Three-Point Bend Tests

To ensure that the handling procedures for irradiated fuel rods were
consistent with the mechanical properties of irradiated Al-61.5 wt% USiAl we
performed a series of controlled three-point bending tests on mini-elements.
Each mini-element was placed on two support anvils 50 mm apart while a central
anvil travelling at 8.5 im/s caused the mini-element to bend. The motion was
monitored on a load-displacement graph until the load or bending force reached
a maximum value. Then the test was stopped and the angle through which the
mini-element had been bent was masured. Figure 7 shows the results of room
temperature bend tests performed after burnups of 0, 18.8 and 79.2 at%. Irra-
diation to 18.8 at% burnup increased the maximum bending force for both the
Al-61.5 wt% USiAl dispersion and Al-U alloy fuels but decreased the angle of
deflection at maximum force. Further irradiation to 79.2% burnup reduced the
strengths to roughly the pre-irradiation values and caused a further slight
decrease in bending ductility (Figure 7. With the deflections of 10' (Al-U
alloys) and 7 (Al-USiAl dispersion) attained at 79.2 at% burnup, we do not
anticipate breakage of any of the fuel types during routine post-irradiation
handling.

Conclusions

1. Fabrication techniques have been developed to permit the manufacture of
high-quality extruded fuel rods of uranium silicide dispersed in aluminum
and clad in aluminum.

2. The thermal conductivity of silicide dispersion fuels was sufficiently high
that in-reactor operating temperatures will be easily restricted to less
than 473 K. The thermal conductivity of cold-compacted dispersion fuel was
over an order of magnitude less than hot-extruded; therefore, hot extrusion
is the recommended route.

3. The aqueous corrosion resistance of punctured Al-USiAl fuels at 423 K and
453 K was somewhat inferior to the corrosion resistance of Al-U alloys.

4. The strength and ductility of A-USiAl extruded fuel cores are sufficient
to allow (i) cold-drawing and stretch-straightening during manufacture, and
(ii) normal handling procedures during and following irradiation.

5. Laboratory vacuum heating tests showed that above 473 K, large amounts of
swelling can be induced by the chemical reaction of the dispersed fuel
particles and the aluminum matrix. The swelling increased with increasing
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temperature, increasing heating time, and increased proportion of USiA or
USi*Al but decreased as a result of restraint by the aluminum cladding.
The swelling has been attributed mainly to condensation of vacancies into
voids, possibly stabilized by the presence of traces of impurity gas such
as hydrogen.

6. The in-reactor performance of A-61.5 wt% USiAl has been satisfactory when
irradiated at powers from 76 to 131 kW/m to a terminal burnup of 79.2 at%.
Fuel core swelling was less than 5% and the differences in amounts of
swelling between the Al-USiAl and Al-U fuels were minor.
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Figure 1. Ductilities and strengths of Al-USiA1 dispersions (and pure Al) as a
functi-on of volume fraction of aluminum. All materials were
directly extruded at 623 K from mixed powders and tested at 293 K.
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Figure 2 Dependence of fuel core swelling on the temperature and time of vacuum annealing for
unrestrained (unclad) samples of four dispersion fuels. The cores were manufactured by
extrusion at 623 K directly from mixed Al-USiAl powders.



50 I I I I I I

I Al-72.4 wt% USiAI
0-2 40 '01. Uj*
>1>
< 5.4

0 30 
z

1 -- '77* N�
_j 20 - US% A1-6 I

I 
=623K, UNRESTRAINED CORES

0
2 - SWELLING RESTRAINED 623 K

- BY ALUMINUM CLADDING
I 

> 8 -61.5 wt% USAI
MINI-ELEMENTS

z 6-
548 K

4

2 473 K

0 I
0 2 3 4 5

EXPOSURE TIME IN VACUUM HEATING (MONTHS)

Figure 3 The upper graph shows the time dependence of swelling for
unrestrained (unclad) fuel cores heated to 623 K in vacuum. The
lower graph shows the swelling of Al-61.5 wt% USiAl in which the
fuel core was restrained by aluminum cladding. The effect of clad
restraint was to reduce the swelling at 623 K from 27.1% to 11.2%.
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Figure 4 Unirradiated Al-61.5 wt% USiAl after heating for three months
at 623 under vacuum. The pores were not very abundant in
the aluminum-clad mini-element core but gross porosity was
found in the unclad, unrestrained material.

Figure 5. Cross-sectional macrograph
of a mini-element containing Al-61.5
wt% USiAl after irradiation to a burnup
of 42 at%.
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Figure 6 Zones of reaction product around USiAl particles but relatively little
porosity in mini-elements containing Al-61.5 wt% USiAl. irradiated to
burnups of 18.8 at% (left) and 42 at% (right). At the extreme left the
fuel-to-clad interface can be seen.
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Figure 7 The effect of irradiation on the strength and ductility of
mini-elements subjected to three-point bending tests. The specimens
were deformed until the force reached a maximum and the angular
deflection of the mini-element was then determined.
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