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ABSTRACT

This paper describes and analyzes the irradiation behavior of experi-
mental fuel plates containing U3Si, U3Si-1.5 w/o Al, and U3Si2 particulate
fuel dispersed and clad in aluminum. The fuel is nominally 19.9%-enriched
235U and the fuel volume fraction in the central "meat" section of the plates
is approximately 33%. Sets of fuel plates were removed from the Oak Ridge
Research reactor at burnup levels of 35, 83, and 94% 2351" depletion and exam-
ined at the Alpha-Gamma Hot-Cell Facility at Argonne National Laboratory. The
results of the examination may be summarized as follows.

The dimensional stability of the U3Si2 and pure U3Si fuel was excellent
throughout the entire burnup range, with uniform plate thickness increases up
to a maximum of 4 mils at the highest burnup level 94% 235U depletion). This
corresponds to a meat volume increase of 11%. The swelling was partially due
to solid fission products but to a larger extent to fission gas bubbles. The
fission gas bubbles in U3Si2 were small (submicrometer size) and very uni-
formly distributed, indicating great stability. To a large extent this was
also the case for U3Si; however, larger bubbles 10 pm) of a more hetero-
geneous nature were present as well. These bubbles occurred in the outer
shell of the fuel particles, in regions containing a measurable concentration
of aluminum that diffused from the surrounding matrix.

The U3Si-1.5 w/o Al fuel became unstable at the higher burnup levels.
Fission gas bubbles were larger than in the other two fuels and were present
throughout the fuel particles. At 94% 235U depletion, the formation of
fission gas bubbles with diameters up to 20 mils caused the plates to pillow.

It is proposed that aluminum in U3Si destabilizes fission gas bubble
formation to the point of severe breakaway swelling in the prealloyed

silicide fuel.

*Work supported by the U. S. Department of Energy
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I. INTRODUCTION

The initial analysis of the iradiation experiments with uranium silicide
dispersion fuel plates was reported at the last International Meeting on Re-
duced Enrichment Fuels for Research and Test Reactions held at Argonne Nation-
al Laboratory in November 1982.(l) For experimental details the reader is
referred to the proceedings of the 1982 meeting; however, some miniplate para-
meters pertinent to the present discussion are given in Table I.

At the time of the last meeting several experimental "mini" fuel plates
had been irradiated in the Oak Ridge Research reactor to a 235U depletion (or
burnup) of up to 93% of the original 20% enriched fuel. These miniplates
contained USi, U3Si 1.5 w/o Al and U3Si2 fuel with volume fraction loadings
of 33%. Based on dimensional measurements and optical metallography it was
concluded that U Si -1.5 o Al had entered a stage of breakaway fission gas
swelling at 85% 35U depletion, leading to pillowing of the miniplates at 93%
235U depletion. The binary U3Si fuel, although exhibiting a certain amount of
fission-gas bubble formation and growth, remained stable up to a 93% 235U
depletion. The U3Si2 fuel, which was examined at 85% 235U depletion only,
showed no evidence of gas bubble formation whatsoever.

During the past year the optical metallography was extended and detailed
scanning electron microscopy was performed on all three fuel types over the
entire burnup range. The results of this work have greatly enhanced the
characterization and our understanding of the irradiation behavior of uranium
silicide dispersion fuels.

II. Experimental Observations

The most important irradiation performance characteristic of a fuel plate
is its thickness increase resulting from fuel swelling. Since cladding density
does not change significantly as a result of the irradiation, the fuel meat
volume change may be measured directly by the Archimedes method. The results
of our volume measurements are shown in Fig. 1. The percent volume change of
the central meat section of the fuel plates is plotted versus the accumulated
number of fission per cn? of meat. The lowest values were taken at a 235U
depletion of 35%, the three highest points at 93%, and the remaining 9 points
at 85%. The difference in fission density between U3Si, U3SiAl and U3Si at
the same uranium depletion reflects their different uranium densities. The
volume change at 35% depletion 7 x 1020 fissions cm-3) is nil within the
accuracy of the measurements. Fuel swelling up to this point is taken up by
the as-fabricated porosity in the meat. This recovery of meat porosity at the
early stages of the irradiation has been observed in other types of dispersion

fuels (5).

All three fuels show moderate and acceptable swelling up to 85% depletion
and U3Si indeed up to 93%. U3SiAl, however, has for all practical purposes
failed at 94% depletion with the plates having developed large, pillow-shaped
blisters. The U3Si2 is presently continuing irradiation to a burnup level
comparable to the other two fuels.
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The measured meat volume changes correlate well with the microstructural
development of the fuel. Optical metallography at 35% depletion revealed no

resolvable fission gas bubbles in either U3Si or USiAl (U3Si2 was not examined
at this burnup). No significant porosity could be seen in the aluminum matrix
between the fuel particles, confirming the conclusion that fuel swelling due
to solid fission products and probably optically invisible gas bubbles has re-
placed the as-fabricated porosity.

The microstructure at the higher burnup levels is, however, drastically
changed particularly for U3SiAl as shown in Fig. 2 Figure 2a shows that
fission aas bubbles are present throughout the fuel at 85% depletion and that
they are in a stage of growth and coalescence characteristic of breakaway
swelling that leads to the extreme porosity in the pillowed plate at 93%
depletion as shown in Fig. 2b. The gas bubble development is also illustrated
in the scanning electron micrographs shown in Fig. 3 It is clear from Fig. 
tha't gas bubbles, although not visible optically, were already present through-
out the fuel at 35% depletion. Further growth of several larger bubbles by
acquisition of small ones in their vicinity, and linkup of large bubbles is
illustrated in Fig. 3b and 3c. Figure 3d depicts the surface of a very large
bubble, like the ones shown in Fig. 2b, that ultimately resulted from the
breakaway growth. Smaller bubbles continue to join the larger ones and
pillowing is likely to progress with additional irradiation time.

Although at first glance a similar gas bubble population seems to be
developing in the U3Si fuel at 85% depletion as shown in Fig. 4a, there are
some clear differences to be noted. The bubbles are not quite as large and
are generally not linking up as was the case in U3SiAl. There is a more
heterogeneous distribution as well with the bubbles in many particles clustered
at the periphery. But most significantly, no gross coarsening and evidence of
breakaway swelling is seen in even the 93% depletion sample in Fig. 4b In
fact, there is less coarsening in U3Si at 93% depletion than there is in U3SIAl
at 85%. The microstructural development of U3Si is better illustrated by the
sequence of scanning electron micrographs shown in Fig. 

As was the case for U3SiA1, bubbles are already present in the 35% de-
pletion sample but they are not as uniformly distributed (see Fig. 5a) At
85% depletion bubble coarsening has occurred but again only in certain patches
within the fuel particles. In the center of the larger particles no bubbles,
or only very small ones, are found (Fig. 5b). Energy dispersive x-ray analysis
and Auger analysis showed that the patchy areas containing the coarsening
bubbles also contain aluminum that apparently has diffused from the surrounding
matrix. The bubble-free areas are aluminum free. In addition to the hetero-
geneous bubble distribution, there is another striking difference between U3Si
and U3SiA1, namely, the presence of what appears to be a second phase with a
dendritic structure as shown in Fig. 5b. This second phase appears to be
growing into the bubble-free interior of the fuel particles. This second phase
was found to contain a small concentration of aluminum and is likely the early
manifestation of an advancing aluminum gradient into the fuel particles. As
can be seen in Fig. 5b, small bUbbles have formed in the second phase dendrites
but not in the aluminum-free darker surrounding phase. This can be interpreted
as further evidence that aluminum promotes fission gas precipitation as well as
bubble growth. The large bubbles in the 93%'sample have only slightly coarse-
ned in the additional burnup increment, as shown in Fig. and d. No indi-
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cation of breakaway, swelling is discernable as was also concluded from the
optical metallography. Significantly though, the hitherto bubble-free areas
are now filled ith a dense population of very small bubbles.

The U3Si fuel plates were examined at 85% depletion only, and, as
mentioned before-, showed no evidence of fission gas bubbles at all in optical
metallography. Scanning electron microscopy, however, revealed an extremely
dense and omogeneous population of submicron bubbles as shown in Fig. 6.

III. Discussion and Conclusion

Of the three fuels studied in this work, one, U3SiAl, was found to develop
a very high rate of swelling at about 85% 235U burnup. The swelling was shown
to be the result of rapid growth of a relatively small number of larger fission
aas bubbles in the fuel. This sort of swelling has been observed before in
other nCiclear fuels 6 and is commonly called "breakaway swelling".

This breakaway swelling represents the final stage in the development of a
coarsening bubble size distribution where the largest bubbles acquire fission
gas primarily by capturing neighboring bubbles rather than by diffusion of
fission gas from the fuel surrounding the bubble.

The USi fuel swelling has not entered the breakaway stage at 93% burnup
and the bubble coarsening that is taking place is likely controlled by fission
gas diffusion as opposed to bubble coalescence. There are indications in the
microstructure that in isolated areas bubble growth rate is increasing. The
areas where bubble growth is most pronounced were found to contain aluminum.
The aluminum has apparently diffused in from the dispersion matrix and probably
has transformed the original U3Si to an alloy resembling the original U3SiAl,
hence the similar early stage fission gas behavior. Considering the fact that
nearly all the original 235 U has burned up, it is probable that not enough
fission gas can be generated to push the U3Si into the breakaway swelling
stage.

The U3Si bubble morphology appears to be very stable. Nucleation of
fission gas bubbles was apparently very uniform as compared to the other two
fuels. There are probably no effective preferred nucleation sites such as
grain-boundaries and or subgrain-boundaries in U3Si2- In contrast many non-
uniform and often linear patterns in bubble precipitation are found in USi.
This may be due to preferred precipitation of fission gas on grain-boundaries
or due to high aluminum diffusion along these crystaline defects leading to
local precipitation of fission-gas.

The mobility of fission gas in U3Si2 must be rather low, so that each
bubble has a limited capture range for fission gas. As long as no overlap
of these ranges occurs, bubbles will all grow at the same rate. No broadening
of the bubble-size distribution and certainly no breakaway swelling will occur.
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The difference in behavior most likely is due to the different crystal
structures of the three sicides and to how these structures relate to fission
gas solubility and mobility. The substitution of Si with Al in the U3Si lattice
appears to increase the mobility of fission gas atoms. Prealloying with Al is
therefore not recommended, and prevention of Al diffusion into pure U3Si should
improve te fission -as bubble morphology in this fuel.
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Fig. 1. Meat Volume Inctease as a Fnction of Fissi.on Density

Table I.

Burnup Data for Miniplates Examined

Fuel Fissioti

Loading Fuel Volume Densit" 231, U Depletion

Fuel Type g/CM3 fractions Z 1021,m %

U3Si-1-5 w/o Al 4.6 33 0.6 :15

1.7 85

1.9 93

U3Si 4.8 33 0.7 35

1.8 85

2.1 93

U3Si2 3.8 33 1.4 85
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Fig. 3 Scanning Electron Micrographs Of U3Si-1.5 w/o Al Fuel
at Burnups of 35% (a), 85% (b and c) and 93% (d)
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Fig. 6 Scanning Electron Micrograph Of U3Si2 Fuel
at 85% Burnup.
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