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RESUME

La présent document examine "''état d'avancement des travaux de
mise au point du combustible à uranium faiblement enrichi et le programme
de conversion du réacteur NRU aux Laboratoires nucléaires de Chalk River.
La construction de l'installation de fabrication de combustible neuf est
presque achevée, et on a commencé à installer l'équipement de fabrication
de combustible à uranium faiblement enrichi. L'irradiation de 31 proto-
types de barres de combustible en dispersion de Al-61 (poids en Z) UßSi,
soit environ le tiers du coeur du NRU, rempli à pleine capacité, se pour-
suit sans incident- Une examen récent, effectué après l'irradiation de
barres de combustible irradié, a révélé que le prototype de combustible
d'uranium faiblement enrichi avait atteint la combustion massique prévue
(80% des atomes) dans des conditions excellentes, confirmant ainsi que le
combustible Al-UßSi convient au NRU. Nous mettons actuellement au point un
combustible de dispersion, le Al-U3Si2, afin de compléter notre capacité
théorique du AI-U3SL Trois barres pleine grandeur du NRU, contenant du
combustible de dispersion Al-U3Si2> ont été fabriquées en vue d'être sou-
mises à un essai de qualification dans le NRU. Des examens après irradi-
tation de mini-éléments contenant du combustible Al-U3Si2 ont révélé que le
comportement de l'U3Si2 avait été le même que le U3S1 au cours de l'irra-
diation; sauf que le gonflement était moindre. Une couche d'interface
s'est formée entre les particules d'U3Si2 et la matrice d'aluminium, et des
bulles de gaz de fission atteignant un diamètre de 10 microns étaient
visibles après une combustion massique de 60 et 80Z des atomes. Les mini-
éléments contenaient des particules de silicium de différentes grandeurs;
toutefois, on n'a observé aucun gonflement notable susceptible d'influer
sur la répartition granulométrique.

Division des matériaux pour combustibles
Laboratoires nucléaires de Chalk River

Chalk River (Ontario) KOJ 1J0
novembre 1989
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ABSTRACT

The status of the low-enrichment uranium (LEU) fuel
development and NRU conversion program at Chalk River Nuclear
Laboratories is reviewed. Construction of a new fuel-
fabrication facility is essentially completed and installation
of LEU fuel-manufacturing equipment has begun. The irradiation
of 31 prototype Al-61 wt% ̂ S i dispersion fuel rods,
approximately one third of a full NRU core, is continuing
without incident. Recent post-irradiation examination of spent
fuel rods revealed that the prototype LEU fuel achieved the
design burnup (80 at%) in excellent condition, confirming that
the Al-U3Si fuel is suitable for use in NRU. We are also
developing Al-U3Si2 dispersion fuel to complement our Al-^Si
capability. Three full-size NRU rods containing Al-U3Si2
dispersion fuel have been fabricated for a qualification
irradiation in NRU. Post-irradiation examinations of mini-
elements containing Al-U3Si2 fuel revealed that the U3S12
behaved similarly to ^Si under irradiation, except swelling
was lower. An interfacial layer formed between the U3Si2
particles and the aluminum matrix, and fission-gas bubbles up
to 10 (J.m in diameter, could be seen in the particles after 60
at% and 80 at% burnup. The mini-elements contained a variety
of silicide particle sizes; however, no significant swelling
dependence on particle-size distribution was observed.

Fuel Materials Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario K0J 1J0

1989 November
AECL-10094



-1-

INTRODUCTION

As part of an international effort to reduce the use of highly enriched
uranium (HEU, 93%U-235), Chalk River Nuclear Laboratories (CRNL) has
developed low-enriched uranium (LEU, <20% U-235) fuels and is currently in
the process of converting the NRU research reactor from HEU to LEU fuel.
The progress of CRNL's fuel development and irradiation testing program has
been reported at previous RERTR meetings (see, for example, Refs. 1, 2 and
3).

This paper reviews the status of the LEU conversion program and the
progress made in the fuel development program over the last year. The
results from post-irradiation examinations of prototype NRU fuel rods
containing Al-U-jSi dispersion fuel, and of mini-elements containing Al-
U3Si2 dispersion fuel, are presented.

FUEL-FABRICATION FACILITY

Construction of the new fuel - fabrication building is essentially completed
and the contractors are currently applying the finishing touches. The
scheduled completion date is 1989 September 30.

Much of the work at CRNL over the past year has focused on the activities
required to secure an operating licence for the new facility, and on
decontaminating and moving the LEU fuel-fabrication equipment into the new
building. The LEU fuel-fabrication facility is being considered a minor
nuclear facility under the CRNL site licence, and as such must satisfy a
number of formal requirements. These include detailed criticality and
safety assessment reports and a completion assurance plan. The latter is
required to verify, on a system-by-system basis, that the facility will be
designed, constructed, started-up and operated as described in the
criticality and safety assessment reports, and that any deviations are
documented and approved.

The operating licence is expected to be approved by 1989 November, after
which time LEU fuel fabrication for NRU could begin. However, one of the
conditions of the operating licence is that HEU and LEU materials not be
allowed in the facility simultaneously. To reduce the risk of a disruption
in the supply of fuel for NRU during the transition from HEU to LEU, the
fuel-fabrication group has delayed the shut-down, decommissioning and
relocation of the HEU fuel line (which is also required to manufacture LEU
fuel) until the LEU equipment has been installed and commissioned in the
new facility, and the operating licence has been granted. After the new
LEU manufacturing equipment has been re-commissioned and demonstrated to
operate satisfactorily, the HEU equipment will be transferred into the new
building, and all of the LEU fuel- fabrication operations will be integrated
under one roof.

Considerable effort has also been directed to quality assurance activities.
Over the last year the LEU fuel manufacturing, inspection and test plan has
been developed and fuel specifications have been documented and approved.
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PROTOTYPE Al-U3Si DISPERSION FUEL IRRADIATION

The irradiation of 31 prototype NRU rods containing Al-61 wt% ^
dispersion fuel, approximately one third of a full NRU core, is continuing
without incident. The NRU fuel-rod design and manufacturing process is
described elsewhere /I,2,3/. The LEU fuel rods were manufactured in the
temporary facilities during 1988, to familiarize the operators with the LEU
silicide dispersion fuel-manufacturing equipment, and to demonstrate that
NRU's annual fuel requirements could be met with the LEU process. The rods
were installed in NRU in place of the normal HEU driver fuel, starting in
1988 September, at a fuelling rate of about two rods per week. This partial
LEU core has allowed the reactor engineers and physicists to evaluate the
bulk effects of the LEU conversion on reactor operations.

The rods have been irradiated under the normal fuel-management scheme,
whereby the fuel is initially installed in a low-flux site, subsequently
moved to higher-flux sites, then back to a low-flux site as it reaches its
exit burnup. However, in deciding on the fuel-rod movements to satisfy
various experimental and isotope-production needs, the reactor physicists
shuffle the LEU rods as required, and some rods may receive a harsher-
than-normal duty cycle. Table 1 shows the burnup profiles of some selected
LEU fuel rods from the prototype campaign. As expected, the irradiation is
proceeding without incident and the reactor operators have seen no
difference in fuel-rod behaviour or handling, compared with HEU fuel.

The first of these prototype rods achieved the design terminal burnup in
NRU (80% U-235 depletion) on 1989 July 30. After the normal cooling period,
two rods (FL008 and FL011) were shipped to the water bays, where the outer
flow tubes were removed to expose the elements. Visual examinations of
these spent fuel rods revealed that the fuel achieved the design burnup in
excellent condition. These LEU elements appeared identical to spent HEU
fuel elements, and to prototype LEU fuel elements tested in the first
demonstration irradiation, experiment FZZ-913 /2/. A light oxide layer
covered the fuelled section of the elements, and a darker oxide covered the
end plugs. The elements in FL008 were straight, showing no evidence of
bowing or twisting. One element from FL011 was inadvertently damaged after
the assembly was removed from the flow tube.

Detailed metallographic examinations were carried out on the elements
tested in experiment FZZ-913. These confirmed that the full-length elements
behaved similarly to the mini-elements tested in the program /2/, and that
fuel swelling was linear up to high burnup. Since the present prototype
rods are identical to the rods tested in FZZ-913, and the rods behaved
satisfactorily during irradiation, it was felt that no detailed
metallographic examinations were required. The visual post-irradiation
examination confirms that the Al-^Si dispersion fuel is suitable for use
in NRU.
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Al-U3Si2 DISPERSION FUEL DEVELOPMENT

The fuel development program is continuing in parallel with the. above-
mentioned activities. The program has been expanded to include U3Si2
dispersions to complement the l^Si line. However, since the LEU equipment
was used for operator training and prototype production, then
decontaminated and moved into the new building, additional gloveboxes and
powder-manufacturing equipment had to be. purchased and installed to develop

dispersion fuel manufacturing processes.

The silicide dispersion fuel manufacturing process at CRNL has been
described elsewhere /2,3/. Briefly, the fuel is made by melting U and Si in
an induction furnace. Cast billets are heat treated, then reduced into
powders in an inert atmosphere. The silicide powders are mixed with
aluminum powder and hot extruded into cores. The finned aluminum cladding
is extruded onto the cores and welded to the end-plugs to hermetically seal
the elements.

is economically attractive from a manufacturing viewpoint because it
is brittle and easily reduced into powders, compared to l^Si. The latter is
ductile but tough, and requires a series of comminution steps to produce
suitably sized powders. It has also been reported that U3Si2 (U-7.3% Si)
can be successfully used in the as-cast condition where it contains free
uranium /4/. By comparison, l^Si (U-3.78% Si), which is formed by a
sluggish peritectoid reaction, requires a long heat treatment (usually 76-
96 hours at 800°C) to transform the as-cast material (U and U3Si2) to
Normally, free uranium is not desirable in the fuel because of its poor
irradiation behaviour and low corrosion resistance.

In practice, as-cast U3Si2 is expected to contain free uranium due to local
variations in the composition of the billets. In order to characterize
U3Si2 manufactured by vacuum induction melting at CRNL, billets were cast
containing hypo-stoichiometric (U-7.0% Si), stoichiometric (U-7.3% Si) and
hyper-stoichiometric (U-7.5% Si) compositions, "hen heat treated to map
the microstructural evolution. The samples were examined using optical and
scanning electron microscopy (SEM), energy dispersive X-Ray (EDX) analysis,
and X-ray and neutron diffraction analysis. Hardness measurements were also
taken after each successive heat treatment.

As shown in Figure 1, the U3Si2 (U-7.3 wt% Si) billets in the as-cast
condition contained primary U3Si2, a eutectic mixture of U and U3Si2, and
minor impurity phases. A thin band was observed at the interface between
primary U3Si2 and the eutectic mixture, and was identified using EDX
analysis as UgSi. This was consistent with observations from previous work
at CRNL /5/. During heat treatment at 800°C, the U3Si2 reacted with U to
form U3SL The amount of ^Si increased until all of the free uranium
(nominally 1 vol% but up to 2.8 vol% in some samples) was consumed. Further
heat treatment homogenized the material and the volume fraction of U3S1
then decreased, approaching zero. The microstructural changes are shown in
Figure 2. The amount of transformation was determined by measuring the
volume fraction of all phases, other than U3Si2, present in the
microstructure, using an image analyzing computer (IBAS). It was found that
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the U3Si volume fraction reached a maximum (approximately 3.5 vol%) after 1
to 3.5 hours of heat treatment, after which it steadily decreased. In the
samples tested, the majority of the l^Si had transformed into U3Si2 after
about 20 hours of heat treatment.

The results from the microhardness measurements were consistent with the
observed microstructure, and with values previously reported for U, u^Si
and U3Si2 /4/. The inicrohardness values, measured using a Micromet tester
with a 50 g load, were approximately 395 for U, 275 for U^Si and 630 for
U3Si2- X-ray diffraction and neutron diffraction analysis of powders from
the as-cast material showed U3Si2 peaks but U^Si was not detected. This was
not surprising, given the small amount of U^Si (<1%) observed in the
material, and the detection limits of the equipment.

As mentioned above, new gloveboxes and powder-production equipment were
installed and commissioned during the past year. The U3Si2 powders produced
have a lower density (12 g/crcr, calculated from immersion density
measurements) than that of U^Si powders (15.4 g/cm-*) and therefore occupy a
higher volume fraction of the fuel core (29% versus 21%) for the NRU
uranium loading. The core extrusion process has been optimised to
accommodate the higher volume fraction of dispersant required for NRU.
During extrusion trials, it was found that the U3S12 was much more abrasive
than U^Si, and it quickly eroded the extrusion tooling. The dies had to be
redesigned with harder materials to overcome this setback. Three full-size
NRU rods containing U3Si2 dispersion fuel have been fabricated using the
new equipment and manufacturing processes. These rods will be used in a
test irradiation to qualify the fuel and the manufacturing process.

MINI-ELEMENT IRRADIATION PROGRAM

The mini-element, which is the test vehicle for irradiating uranium
silicide dispersion fuels at CRNL, has been described elsewhere /2/. In
experiment FZZ-921, twelve mini-elements containing U3S12 dispersions were
fabricated with a variety of silicide particle sizes, to help establish
limits on the size distribution to be used in manufacturing specifications.
There were three groups of four mini-elements, each group containing a
distinct size distribution. The mini-elements contained Al-64 wt% U3Si2,
3.15 gU/cm . Figure 3 is an SEM image of an unirradiated sample from a
mini-element core; uranium can be seen in the U3Si2 particles. Chemical
analyses revealed a slightly hypo-stoichiometric composition (U-7.0 wt%
Si). At this composition, approximately 4 wt% of the as-cast material
consists of free uranium, at equilibrium (ignoring impurity phases). This
represents the lowest level of Si (and thus the highest level of free
uranium) which may be expected from local non-uniformity in full-size
billets manufactured by vacuum induction melting at CRNL. Thus this test
irradiation also provided the opportunity to evaluate the effect of free
uranium, at the highest levels expected in full-scale production, on Al-

dispersion fuel behaviour.

The mini-elements were irradiated in NRU, beginning 1988 June, under normal
driver-fuel operating conditions. The assembly was removed for interim
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post-irradiation examinations after the fuel reached 60 at% and 80 at%
burnup, respectively. The initial linear power level was approximately 92
kW/m, decreasing as burnup increased, to 52 kW/m. The assembly was returned
to the reactor on 1989 July 30, to continue the irradiation to 93 at%
burnup. Three mini-elements were removed after each phase of irradiation
and visual and neutron radiographic examinations confirmed that the mini-
elements were in good condition.

Detailed metallographic examinations in the hot cells revealed that the
U3Si2 dispersion fuel behaved in a manner similar to the l^Si dispersions
previously tested at CRNL /I,2,3/. Figure 4 shows a transverse section
through mini-element 1-1, after 80 at% burnup. Figures 5 and 6 show the
fuel-core microstructure at the periphery and centre of mini-element 1-1.
It can be seen that the silicide particles had reacted with the aluminum
matrix, forming an interfacial layer, possibly UAI3 with dissolved Si,
around each particle. Small silicide particles (less than 20 fim in
diameter) had completely reacted with the matrix and transformed to the
uranium aluminide phase. Fission gas bubbles could be seen in the silicide
particles, ranging in size up to 10 fim in diameter, but few fission-gas
bubbles had been retained in the interfacial layer. In areas where there
was no local restraint, such as at the gap between the end-plug and fuel
core, there was evidence of plastic deformation of the silicide particles,
and fission-gas bubble coalescence and growth. This behaviour was also
observed in previous Al-t^Si fuel irradiations /3/.

However, immersion density measurements revealed that the A
dispersion fuel swelling was less than Al-l^Si dispersions at similar
burnup. FZZ-921 mini-element swelling was 1.6 to 2.1 vol% after 60 at%
burnup, and 3.3 to 3.7 vol% after 80 at% burnup. The results are shown in
Figure 7, and are compared with data from mini-elements containing Al-61.4
wt% U3Si, 3.15 gU/cm^, irradiated in experiment FZZ-918 /3/. The Al-U3Si
dispersion fuels swelled by 2.8 to 3.4 vol% after 60 at% burnup, and 4.5 to
5.7 vol% after 80 at% burnup. It was also noticed that there was no strong
swelling dependence on particle-size distribution for the Al-U3Si2
dispersion fuel tested. However, the mini-elements tested in FZZ-918
indicated that Al-l^Si dispersion fuel swelling was dependent on particle-
size distribution /3/.

The results show that U3Si2 is suitable for use in dispersion fuel without
heat treatment. We have not determined whether the free uranium reacted
with the aluminum matrix material to form an uranium aluminide during
irradiation, or with the U3Si2 to form l^Si. It is likely that both
reactions occurred. Nonetheless, there is apparently no detrimental effect
from having as much as 4 wt% U in the starting material (U-7% Si). Also,
there appeared to be no detrimental effect from having a high fraction of
fine particles (<44 fim in diameter) in the fuel. These are encouraging
results, indicating that AI-U3S12 may be a suitable, economical,
alternative fuel for NRU.
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CONCLUSIONS

1. CRNL's LEU conversion is on schedule and progressing well. Construction
of the new fuel-fabrication facility is essentially completed and full-
scale LEU fuel production is expected to begin in 1990.

2. The irradiation of 31 prototype LEU rods containing Al-61 wt% ^ S i fuel
is continuing without incident, as expected, in NRU. Post-irradiation
examinations of the first spent fuel rods showed that the fuel achieved
the design burnup (80 at%) in excellent condition.

3. An Al-U3Si2 dispersion fuel-manufacturing process has been developed to
complement our Al-^Si dispersion fuel capability. Three prototype NRU
rods containing Al- 64 wt% U3Si2 fuel have been fabricated for a
qualification irradiation in NRU.

4. The irradiation of mini-elements containing Al-64 wt% U3Si2 fuel is
continuing in NRU to 93 at% burnup. Post-irradiation examinations
reveal that the maximum fuel swelling was less than 4 vol% after 80 at%
burnup, much less than observed in Al-61 wt% ^ S i mini-elements at
comparable burnup. However, the swelling mechanisms appear to be
similar in the U3Si2 and ^Si dispersion fuels. The silicide particles
reacted with the aluminum matrix to form UAI3 interfacial layers, and
fission-gas bubbles up to 10 /jm in diameter were observed in the fuel
particles. No strong swelling dependence on silicide particle-size
distribution was observed in mini-elements containing
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TABLE 1

STATUS OF SELECT LEU FUEL IRRADIATIONS (AS OF 1989 JULY 31)

ROD ID

FLOO8

FL009

FLO 10

FLO 11

FLO 12

FLO 15

FLO2O

FLO28

FLO 3 8

INSERTION
DATE

88 09 29

88 09 30

88 10 01

88 10 04

88 10 06

88 10 13

88 11 07

88 12 12

88 12 28

REMOVAL
DATE

89 07 30

89 07 30

89 05 31

—

—

INITIAL
U-235 (g)

495.7

494.1

493.9

497.0

494.0

492.6

493.3

492.1

494.0

BURNUP
(% U-235)

80

79

79

80

61

77

72

71

54

POWER
MWd

320.1

314.2

313.1

321.3

244.9

304.9

285.3

282.5

215.8



SAMPLE #3

0.0
X-Ray Energy

20.5

FIGURE 1 SEM image of as-cast U3S12 and EDX scan of various phases present. Probable
phase identity: (1) U3Si2, (2) U3Si, (3) U, (4) precipitate containing Fe and
Ni impurities.



(a)

(c)

(b)

FIGURE 2 Microstructure of b'3Si2 (U-7.3 wt% Si),
(a) as-cast, (b) after 3.5 hours of heat treatment,
(c) after 20 hours of heat treatment, at 800°C.
Phase identity: Grey - U3Si2, light grey - U3Si.
Black - U. Black specks are probably UO2 or impurity
phases.

o
1
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FIGURE 3 SEM image of unirradiated Al-64% U3Si2 fuel core, showing U3Si2
particles (grey) in aluminum matrix (black). Note some particles
contain free uranium (light grey). Mini-element from Exp-FZZ-921.
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FIGURE 6 Micrograph of Exp-FZZ-921 mini-element #1-2 showing bubble
morphologies at centre of fuel core after 80% burnup. Note reaction
layer between silicide particles and aluminum matrix similar to that
observed in Al-U3Si dispersion fuel (1).
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FIGURE 7 Swelling of LEU silicide dispersion fuel. Mini-elements from
Exp-FZZ-918 contained Al-61.4 wtZ U3Si. Mini-elements from
Exp-FZZ-921 contained Al-64 wt% U3Si2.
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