TRRADTATION BEHAVIOR OF
MINIATURE EXPERIMENTAL URANIUM SILICIDE FUEL PLATES*

by

Materials Science and Technology Division
ARGONNE NATIONAL LABORATORY

9700 South Cass Avenue

Argo me, Illincis 60439

January 1983

The submitted manuscript has been authored
by a contractor of the U.S. Government
under contract  No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains 2
nonaxclusive, roysity-free license to publish
or ceproduce the published form of this
contribution, or sllow others ta do so, for
U. S. Government purposes.

DISCLAIMER

_320155--%

G. L. Hofman, L. A, Neimerk, and R, F. Mattas

CONF-821155~--8

DES83 010698

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employces, makes any warranty, express or implied, or assumes any legal liabilizy or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence hercin to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors cxpressed hercin do not necessarily state or reflect those of the
United States Government or any agency thereof.

*Work supported by the U. S. Dept. of Energy.

International Meeting on Research and Test Reactor Core Conversions fro~ HEU to

LEU Fuels.

November 8-10, 1982.

“Asm DISTRIBHTION OF TS

Argonne National Laboratory, Argonne, Illinois




Irradiation Behavior of Experimental
Miniature Uranium Silicide Fuel Plates
by
Gerard L. Hofman, L. A. Neimark, and R. F. Mattas

Argonne National Laboratory

1. Introduction

Uranium silicides, because of their relatively high uranium density, were
selected as candidate dispersion fuels for the higher fuel densities required in
the Reduced Enrichment Research and Test Reactor (RERTR) Program. Irradiation
experience with this type of fuel, however, was limited to relatively modest
fission densities in the bulk from, on the order of 7 x 1020 cp—3 (1), far short
of the approximately 20 x 102% cm™3 goal established for the RERTR program. The
purpose of the irradiation experiments on silicide fuvels in the ORR, therefore,
was to investigate the intrinsic irradiation behavior of uranium silicide as a
dispersion fuel. Of particular interest was the interaction between the silicide
particles and the aluminum matrix, the swelling behavior of the silicide particles,
and the maximum volume fraction of silicide particles that could be contained in
the aluminum matrix. The first group of experimental "mini' fuel plates have
recently reached the program's goal burnup and are in various stages of examina-

Although the results to date indicate some limitations, it appears that

tion.
dispersion

within the range of parameters examined thus far the uranium silicide
holds promise for satisfying most of the needs of the RERTR Program.

2. Experiment Description

a. Mini Fuel Plates

The details of the fabrication of the mini fuel plates were presented
by Domagala, et. al.(2). It suffices here to present briefly some of the parameters
and characteristics pertinent to the understanding of the results of the irradia-

tions.

The mini plates are nomina-ly 4.5 inches long by 2 inches wide and
wvere made with twoaluminum cladding thicknesses resulting in 0.05 and 0.06-inch
plate thickness. The fuel meat is nominally 0.02 inch thick, and nominal fuel
dispersion densities were 30, 40, and 50%. Three fuel tvpes were used, namely
U3Si, U3SiAl, and U3Siy, all in an aluminum matrix. A 237U enrichment of 20%
was used for all fuel in this study. Further experimental details are summarized

in Table 1.

b. Irradiation Data

The uranium silicide plates are being irradiated in the Oak Ridge
Reactor along with other experimental low-enrichment fuel plates. The plates
are stacked in several experiment modules containing twelve plates each, not
necessarily all uranium silicide. The plates are cooled by the ORR process water
and cperate at nominal cladding surface temperatures of ~90°C, The status of the
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modules that contain ANL silicide plates is given in Table I.

The following discussion of the irradiation performance deals pri-
marily with Modules 3 and 7, with emphasis on Module 7 because its plates attained
the highest fission density of those thus far examined. Some preliminary data
from Module 4 are used to indicate trends. The data from Module 2 are suspect
because this module underwent a temperature tranisent in the ORR hot cell that
was caused by interrupted decay-heat removal.

3. Postirradiation Data

The postirradiation examination performed at the Alpha-Gamma Hot Cell
Facility (AGHCF) at ANL included dimensional measurements, immersion volume
measurements, and gamma-scanning on all plates. Metallography was done on select-
ed plates, and SEM and Auger microprobe examinations were done on selected sam-
ples. In addition, blister tests were conducted on all three fuel types.

a. Dimensional Changes

Average plate-thickness increases are plotted in Fig. 1 as a function
of fission density. The thickness change for the 12 plates in Module 3 ranged
from -0.3 to +0.4 mils, with no apparent difference between the U3Si and U3SiAl
plates. The maximum numbers from this set of plates are therefore plotted -
Module 3 at about 0.6 x 102! cm™3. The four points at the highest fission den-
sity are preliminary measurements from Module 4 Plates measured at the ORR hot
cells. The reported thickness changes are ''met” changes after 1 mil was sub-
tracted for oxide-scale buildup in the reacter water.

At a fission density around 1.8 x 102! cm™3, the rate of plate thick-
ness change for the U3SiAl and the U3Si seem to begin to differ. The Module-4
data show the U3SiAl plates to be in a stage of rapid growth while the Uj3Si
plates appear to conti.e growing at a more moderate rate. Admittedly, the pre-
liminary nature of thes: measurements and lack of statistical weight of only four
points make this conclusion somewhat tenuous at this point. Cladding thickness
has no affect on the measured plate-thickness changes.

b. Vclume Changes

Immersion volume measurements were performed on the Module-7 plates
after a mild pickling treatment to remove the oxide scale on the surface of the
plates. It was assumed that all the volume change occured in the meat, thus; the
measurements are expressed in percent volume change of meat and so plotted in
Fig. 2. The plates from Module 3, which were not pickled, had meat volume changes
ranging from 1 to 2% without a ciear pattern; the readings were therefore averaged
and so plotted in Fig. 2. The points labeled with an asterisk are calculated from
volume changes using the preliminary average thickness measurements and are in-
cluded to show a possible trend in the data. It should be noted that the high
point for the U3SiAl is for a pillowed plate from Module 4. As was indicated
for the thickness data, the U35iAl plates seem to have moved into a stage of
rapid swelling. A comparison of measured thickness increases with those calcu-
lated from volume measurement show the swelling to be approximately anisotopic
i.e., %4t = ZAV. This observation is supported by the negligible length



TABLE I. Miniplate Fabrication amd Irradiation Data

Nominal Max
Number Fuel Vol. 235y U Fission
Module of Fuel Fraction, Depl., Density, Density, Current
Number Plates Type % % g/cm3 1021 cm 3 Location
2 3 U3SiAl 30-40 77 4,6-6.0 2.1 ANL
U3Si 4.8
3 12 U3SiA%} 30 34 4.6 0.6 ANL
U3Si } 4.8
4 / ; 30 88 2.0 ORNL
UsSiAl 4.6 Poolside
U3Si 4.8
7 12 U3Sial 30 83 4.6 1.9 ANL
U3Sisp 3.9
10 12 UsSt 40-50 6s &0 1.8 ORNL
U3SiAl 6.5 X
Poolside
13 12 U3SiaAl 45-55 28 6.0-7.0 0.8 ORNL

Poolside
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change of 0.0-0,2% measured on the plates.

c. Metallography, SEM aud Auger Analyses

Metallography has been done on U35i and U3SiAl plates from Modules
3 and 7. A representative micrograph from Module 3 is shown in Fig. 3. The
only noteworthy feature is the apparent interaction zone between the fuel
particles and the aluminum matrix. The width of this zone ranges from 3 to 6
pm. Auger microscopy more clearly defined the interaction zone, as shown in
Fig. 4. Conmposition gradients were measured in the zone with the Auger micro-
probe, identifying the zone as being cuased by interdiffusion of uranium, alumi-

num, and silicon.

Some small voids are also visible in Fig. 4, and more clearly in
the scanning electron micrograph of a fractured fuel particle shown in Fig. 5.
The voids, or gas bubbles, have diameters of 1 um and less. Metallography from
Module 7 shows a drastic change in the bubble morphology, as siown in Figs. 6
and 7. In particular, the U3SiAl plate, shown in Fig. 6, exhibits a prolifera-
tion of fission-gas bubbles. Some bubbles have grown quite large by linking up
with their neighbors. The bubbles in the UySi plate, Fig. 7, however, are
generally smaller; as are the bubbles in some of the fuel particles in the U3S8iAl
plate. Both fuels exhibit a variety of bubble sizes, indicating an evolution-
ary state of bubble morphology that is moving toward a predominance of large
bubbles at equilibrium. The bubble volume fractions in the fuel were determined
by quantitative metallography to be 8% for the U3Si plate and 18% for the
U4SiAl plate. The difference in this fuel swelling between the plates is con-

sistent with the thickness measurements (Fig. 1).

A diffusion zone between fuel and matrix was again observed in all

types of Module-7 fuel and was measured to be 5-10 um wide. The zone growth
appears to be diffusion controlled with a parabolic (L”) time dependence. At
this rate, the amount of interdiffusion will not be extensive during the i1ifetime

of the plates.

d. Blister Testing

Several plates from both Modules 3 and 7 were blister tested according
to accepted blister test procedures. The results are summarized in Table II.
The blister temperatures are in an acceptable range and not substantially dif-
ferent from those determined for unirradiated plates.

4. Discussion

Clearly the most important result of these examinations is the observad
increase in fuel swelllng rate, particularly in the U3SiAl, above a fissionm
density of ~1.5 x 102! cm~3., The U 351 may be following a similar path, but
its swelling begins at a higher fission density. It is evident from the metal
lography that fission-gas-bubble growth is responsible for the increased swel-
ling vate. The first evidence of fission-gas-bubble formation was found in
Module 3 plates at a fission density of 0.6 x 102! cm The largest bubbles
measured wvere approximately 1 um in diameter (see Fig. 5), and the pere volume
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fraction was about 2%. At a fission density of 2 x 102! c¢m™3 in Module 7, there
were still many fuel particles in the U3Si and some in the U3SiAl that had low

(2 - 6%) pore volume fractions. Gas bubbies in these fuel particles are probably
in a quasi~equilibrium state, a state where the internal fission-gas pressure is
balanced by surface tension and stress in the surrounding fuel. The gas atom
mobility is evidently sufficiently enhanced by fissioning to allow for diffusion
of gas into the existing small bubbles (perhaps originally irradiation-induced
voids), resulting in a gradual increase of gas pressure. At a certain pressure
the voids become unstable and grow at a very high rate until a new quasi-equilib-
rium is reached, resulting in particles with pore volume fractions exceeding 50%.

This accelerated swelling appears to occur first in the U3SiAl fuel, but
the evidence suggests that the U3Si fuel will follow a similar path. It is likely
that eventually all fuel particles will attain high porosity. The pillowed U3SiAl
plate with a thickness change of 12 mils in Module 4 (see Fig. 1) has probably
passed this accelerated swelling stage and moved on to pillowing. Obviously, for
the fuel plates to behave in a satisfactory fashion the unstable accelerated swel-
ling range has to be avoided. The limiting factor in the behavior of the plates
appears to be the burnup reached by the individual fuel particles not the fission
density in the fuel meat. According to our interpretation of the data, this means
keeping the U3SiAl below 757 235y depletion and the U3Si below 85% for 20%-enriched

fuel in order to avoid excessive swelling.

In terms of fission density per unit-volume of fuel meat, then, 2 x 102!
cm~3 should be attainable by operating with fuel volume fractions in the 40%
range but with more modest 235y depletion levels. Miniplates containing 40 and
50 vol% fuel now in the RERTR irradiation program afford a means of verifying
this concept soon.

5. Conclusions

The twelve experimental silicide dispersion fuel plates that were
irradiated to approximately their goal exposure show the 30-volZ U3S5iAl plates
to be in a stage of relatively rapid fission-gas-driven swelling at a fission
density of 2 x 102! cm™3. This fuel swelling will likely result in unacceptably
large plate-thickness increases. The U3Si plates appear to be superior in this
respect; however, they, too, are starting to move into the rapid fuel-swelling

stage.

. Analysis of the currently available postirradiation data indicates
that a 40-vol% dispersed fuel may offer an acceptable margin to the onset of
unstable thickness changes at exposures of 2 x 1021 fission/cm3,

° The interdiffusion between fuel and matrix aluminum was found not to
be a problem.

. Blister temperatures were in the acceptable magnitude of higher than
500°c.

o Examination of the remaining plates that contain higher fuel disper-
sion densities, and more detailed analysis of already available data, are needed
to fully characterize the irradiation behavior of the silicide and substantiate

the potential of this fuel in the RERTR Program.
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Fig. 3. Microstructure of U3SiAl Plates from
Madule-3 (as polished and etched); 250x




Fig. 4. "Auger Micrograph of U3SiAl Fuel
Particle from Modul- 3 Plate

Fig. 5. Scanning Electron Micrograph of
Fractured U3SiAl Fuel Particle
from Module-3 Plate



Fig. 6. Microstructure of U3SiAl Plate
from Module 7 ; 200x
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