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Abstract

A study of the irradiation behaviour of uranium silicide and other related inter-metallic uranium compounds is
presented. This study was motivated by the recent discovery that U;Si, undergoes a crystalline to amorphous trans-
formation during irradiation. Such information renders a previously developed fuel swelling model based on the
crystalline state of U;Si, invalid. This is of particular significance since low enriched UsSi, dispersion fuels are widely
used in research reactors. While such a finding does not alter the well established, stable and benign behaviour of U;Si,
during irradiation, it does indicate that a different interpretation of that behaviour is required.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

It is now more than 25 years since the US Govern-
ment announced its intention to accelerate research into
alternative nuclear fuel cycles that did not involve
materials usable in nuclear weapons. This ultimately led
to a requirement for research reactors to use low en-
riched uranium, LEU (20% 2*°U), rather than high en-
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riched uranium, HEU (93% 2U). Since it was not
feasible in most cases to increase fuel loadings, there was
a need to find compounds with higher uranium density
to compensate for the decrease in uranium enrichment.
This fostered vigorous research into the irradiation
behaviour of suitable uranium inter-metallic com-
pounds, which offered higher densities than the oxide or
aluminide fuels (Table 1). The non-fissile components of
these compounds had acceptable neutronic properties,
and fuel powder fabrication was relatively simple be-
cause of their brittle properties.

Two of the higher density alloys investigated, U;Si
and UgFe both developed extraordinarily large voids at
medium burn-up under irradiation testing that led to
unacceptable breakaway swelling. The extremely high
growth rates of fission gas bubbles in U;Si and UgFe
was attributed to fission-induced amorphisation [1].
Such a transformation resulted in changes in fission gas
mobility and the plastic flow rate of the fuel that were
responsible for the large swelling increases. There was
clear independent experimental evidence to support a
crystalline to amorphous transformation in those alloys.
The bubble morphology of irradiated U;Si is shown in
Fig. 1. This mechanism was not observed in the lower
density U;Si, where a distribution of relatively small and
stable fission gas bubbles was observed to form and
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Table 1

Density of various fuel meat compounds
Compound Al UAl, UAL UAL U;04 USi UsSi, UsSi UgFe 8]
Density glem® 2.7 5.7 6.8 8.1 11.0 12.2 15.3 17.4 19.1

50 ym

Fig. 1. Fission gas bubble morphology in U;Si (73% burn-up,
4.3x10%" flcm?).

remain throughout the irradiation to very high burn-up.
A detailed SEM micrograph of irradiated U;Si, is
shown in Fig. 2.

On the basis of the fission gas behaviour in U;Si, and
the absence of any clear contradictory evidence it was
concluded that U;Si, was a crystalline material. An
irradiation-induced recrystallisation model of fission gas
behaviour was developed to explain the stable swelling
behaviour [2]. Similar observations had been made in
ceramic fuels, such as UO, [3]. However, more recent
work has revealed that the U;Si, becomes amorphous
almost instantaneously upon irradiation [4].

In the current work, a review of the mini-plates
irradiated in the Oak Ridge research reactor (ORR)
from the U;Si, qualification program was made. The
aim is to provide a description of the irradiation
behaviour of amorphous U;Si, in sufficient detail to
allow modelling under irradiation [5]. Much of the de-
tailed analytical work performed previously on U;Si,
fuel samples was aimed to elucidate the demonstrated
stability of the fuel at high burn-up. In this work, the
primary focus was on the lower burn-up mini-plates as
the fission gas bubble morphology evolved. The present

Fig. 2. Fission gas bubble morphology in U;Si, (96% burn-up,
5.2x10?! flem?).

study has focused on bubble nucleation, growth and
morphology and monitored changes in bubble number
and composition as a function of fission density. This
paper reports a new understanding of U;Si, behaviour
under irradiation.

2. Crystalline to amorphous transformation

It was widely recognised that U;Si becomes amor-
phous when irradiated as reported by Bleiberg [6], Bloch
[7] and Bethune [8]. It had also been demonstrated that
the behaviour of fission gas bubbles in U;Si and U;Si,
was significantly different [9]. Given those differences
and the absence of any contradictory information it was
concluded that U;Si, remained crystalline during irra-
diation.

Very low levels of swelling in U;Si,, even at high
burn-ups was attributed to a uniform bimodal distri-
bution of fission gas bubbles which showed no signs of
coalescence. Those observations suggested that an
underlying microstructure was responsible for the
behaviour. An irradiation-induced recrystallisation
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model was developed that relied on the presence of
sufficient grain boundary surface to trap and pin fission
gas bubbles and prevent coalescence [2].

The model was fully developed and then incorpo-
rated into the DART code (dispersion analysis research
tool) [10]. DART is a mechanistic model for the pre-
diction of fission product-induced swelling in dispersion
fuels. DART calculates the irradiation-induced fission
gas bubble size distributions as a function of fuel mor-
phology, as well as solid fission product swelling. Fission
gas bubbles were considered to nucleate at approxi-
mately the time of grain recrystallisation and remain
relatively constant in number throughout the irradia-
tion. The larger bubbles were believed to be associated
with grain boundary junctions and the smaller bubbles
were located on grain boundary surfaces.

Subsequently, electron diffraction analysis of Kr ion
irradiation tests on U;Si, foils and more comprehensive
neutron diffraction studies [4] demonstrated that U;Si,
becomes amorphous under irradiation. The individual
Kr ions and the energetic fragments from the uranium
fissions produce tracks of damage in the form of
amorphous zones. The amorphous volume fraction in-
creases rapidly and complete amorphisation occurs at a
dose of approximately 1.1x 10 f/cm?. Interestingly, the
unit cell volume decreases linearly with increased vol-
ume fraction of amorphous material. Conversely, U;Si
swells grossly on amorphisation and the large free vol-
ume produced permits more rapid migration of fission
gas atoms and bubbles than compared to U;Si,.

Consequently, the recrystallisation model does not
adequately explain the nucleation and growth of fission
gas bubbles in U;Si,. Whilst it appears to work well
within the range of measured data, it is fundamentally
flawed and cannot be relied on to extrapolate beyond
that range.

3. Irradiation test program

The irradiation testing program of uranium inter-
metallic compounds was conducted by the Reduced
Enrichment for Research and Test Reactors (RERTR)
program. A comprehensive program of mini-plate irra-
diations was performed to evaluate different compounds
and develop an understanding of their irradiation
behaviour. In all, more than 200 mini-plate irradiations
were performed in the ORR from July 1980 to January
1987, including, but not limited to U;Si, U;SiAl, U;Si,,
USi, UgFe and UgMn cores. The mini-plates measured
50x114x1.27 or 1.52 mm and consisted of a core of fuel
powder dispersed in pure aluminium, with aluminium
alloy 6061 picture frame and cladding.

The irradiation performance of each fuel was evalu-
ated by the fuel plate volume increase and post-irradi-
ation microstructural examination. The UgFe [11] and

UsMn [12] mini-plates exhibited unacceptable swelling
behaviour during irradiation testing. Extensive and
inter-linked fission gas bubbles resulted in failure by
pillowing at relatively low fission densities.

The mini-plate irradiations of uranium silicide com-
pounds consisted of two phases and are reported in
detail by Senn [13], and Snelgrove et al. [14]. The initial
program was designed to evaluate the primary candi-
dates and included four U;Si,, 18 U;Si and 36 U;SiAl
mini-plates. The second program of more extensive tests
on the selected fuels included 10 USi, 35 Us;Si, and 34
U;Si mini-plates. Variations in fuel volume loading and
enrichment levels were incorporated to determine failure
thresholds.

4. Irradiation swelling behaviour
4.1. U;Si

U;Si was the preferred candidate because it offered
the highest uranium density of the uranium silicide
compounds. Fig. 3 shows that the swelling behaviour
was not dissimilar to that of UgFe, UsgMn or U;SiAl.
The very high density candidates all exhibited unac-
ceptable swelling rates at low and medium fission den-
sities. The lower density compounds of U;Si, and USi

200

Fuel Particle Swelling (%)

Fission Density in Fuel (1021/cm3)

Fig. 3. Fuel particle swelling (AV;) as a function of fission
density. The fuel particle swelling is calculated from the mini-
plate swelling.
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Table 2
Enthalpy of formation of various uranium compounds

Compound U;Si, USi U;Si UgMn  UgFe
AH; kImol™!  -167 -84 -80 —88 -17

exhibited swelling rates which were greatly reduced
compared to the higher density fuels and are regarded as
stable and acceptable.

The fuel particle fracture surface of UsSi (Fig. 1)
illustrates a much higher mobility of fission gas com-
pared to Us;Siy. The fission gas bubbles exhibit a non-
uniform distribution of varying shapes and sizes and
show signs of migration and inter-linkage. The swelling
behaviour is determined by the stability of each com-
pound under irradiation. It has been proposed that
irradiation-enhanced diffusion and plastic flow of the
fuel controls the fission gas bubble growth [15], and
ultimately the onset of the breakaway swelling.

Those compounds which offer the highest uranium
density also tend to be the most unstable, including
UsFe, UgMn, and U;Si. Generally these alloys tend to
form by a peritectoid reaction from two-phase mixtures
at relatively low temperatures and are less thermody-
namically stable compared to U;Si, and USi, which melt
congruously at much higher temperatures. The enthal-
pies of formation for relevant uranium compounds are
listed in Table 2.

4.2. U;Si,

The remarkable difference between U;Si, and U;Si
was not only reflected in the irradiation swelling
behaviour but also in fission gas bubble morphology as
shown by Fig. 2. In the stable compounds such as U;Si,,
the fission gas bubble morphology is uniform with no
clear evidence of bubble coalescence or inter-linkage.
The small fission gas bubbles remain stable to high burn-
up. Even at 63% burn-up of a 93% enriched HEU
mini-plate, the fission gas bubbles retain a uniform
morphology, as shown in Fig. 4.

Fig. 5 shows the swelling data of U;Si, fuel particles
as a function of fission density. The data points were
measured; the lines were an interpretation of the swelling
behaviour made at the time the data were analysed [9].
The current knowledge of amorphisation of U3Si, under
irradiation has altered the interpretation of the swelling
data. A new and refined understanding of the swelling
behaviour of U;Si, is presented in Section 6.

Nonetheless, two very important observations were
made that still underpin current understanding of the
swelling behaviour. Firstly, the initial rate of swelling is
relatively low, and then accelerates markedly. This
transition referred to as the ‘knee point’ marks the fis-
sion density at which the fission gas bubbles reach a
sufficient size to influence swelling behaviour in addition

Fig. 4. Optical and scanning electron micrographs of an HEU
fuel particle at a fission density of 14.3x10%' f/cm?.

to solid fission products. Prior to the knee, a small
fraction of the fission gas is retained in solution while the
rest is believed to be stored in nanometre-size bubbles
which are below the limit of resolution of the SEM.
Secondly, the fission rate appeared to influence the fis-
sion density at which the fuel swelling began to accel-
erate. At a higher fission rate the knee point is shifted to
a higher fission density.

4.3. USi

Based on the limited data available, it appeared
as though the USi mini-plates exhibited irradiation
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Fig. 5. Interpretation of U;Si, fuel particle swelling at different
fission rates. The fission rates indicated were averaged over the
irradiation period [9].

swelling behaviour similar to U;Si,. The lower density of
USi means that the uranium is almost fully fissioned at
moderately high fission densities, and hence, it is not
possible to determine whether the swelling behaviour
would diverge from the U;Si, at higher fission density.
The bubble morphology shown in Fig. 6 is uniform
and appears to be similar to that of UsSi,. Analysis of
the bubble density however, shows that there are fewer
bubbles than for comparable U;Si, mini-plates, that
the bubbles are larger and that the inter-bubble spacing
is greater. This suggests that fission gas mobility is
higher in USi than U;Si,. It is not however, as high as
for the U;Si where the fission gas bubbles show no
uniformity. Predictions of fission gas stability have
been related to the thermodynamic properties of each
compound [15]. In this case the enthalpy of formation
of both U;Si and USi are very similar (Table 2) and
hence cannot independently provide an explanation for
the difference in behaviour. There are no published
data on the behaviour of USi during a crystalline to
amorphous transformation. Given the known behav-
iour of the other silicide compounds during such a
transformation, changes in the unit cell dimension
may account for the mobility of fission gas atoms.
Given the higher uranium density and superior per-
formance of the UsSi,, no further effort was made to
pursue USi.
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Fig. 6. Fission gas bubble morphology in USi (87% burn-up,
4.1x10% flcm?).

4.4. U;SiAl

U;SiAl (3.5wt% Si, 1.5wt% Al) was originally ex-
pected to be the most suitable low enriched fuel, based
on experience gained in the Canadian Reactor Program
[16] and the lack of data on U;Si and U;Si,. Aluminium
was added to U;Si to improve corrosion resistance.
The fuel however, proved to be the least attractive of the
three silicide compounds, as shown in Fig. 3. The
swelling of U;SiAl is inferior to the U;Si and U;Si, and
was found to have failed by pillowing at 75% burn-up
(2.2x10%" flem?).

Fig. 7 illustrates the difference in fission gas behav-
iour between U;Si-Al, UsSi and U;Si, under the same
irradiation conditions. The U;SiAl fuel is in the ad-
vanced stages of breakaway swelling. Individual fuel
particles have merged into a globular mass which is
dominated by the linking up of large fission gas bubbles.
The continued linkage of the larger bubbles eventually
resulted in plate failure by pillowing. In the U;Si fuel,
the fuel particles have lost their original angular shape
and appear to be linking together. Fission gas bubbles
are clearly evident and the first sign of inter-linking is
present; however, there has been little growth relative to
the U;SiAl In the U;Si, fuel, the fission gas bubbles are
too small to be resolved by optical microscopy. The fuel
particles have retained their angular shape and show few
signs of inter-linking.
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Fig. 7. Post irradiation optical micrographs showing fuel meat
microstructure of as-polished U;Si-Al, U;Si and U;Si, after
96% burn-up.

Aluminium has a deleterious effect on the swelling
behaviour of uranium silicide compounds. The substi-
tution of silicon with aluminium appears to increase the
mobility of fission gas atoms. Whilst U;SiAl demon-
strates most effectively the effect of aluminium, the U;Si
illustrates the effect of a smaller quantity of aluminium.
Fission gas bubble growth has occurred predominantly
at the periphery of the fuel particles. The aluminium has
diffused from the dispersion matrix and increases gas
mobility in that area. A similar effect was observed in the
high burn-up HEU U;Si, mini-plate (Fig. 4).

4.5. U;SiCu

Once the irradiation results showed that U;SiAl was
prone to breakaway swelling there was a shift in
emphasis toward U;Si and U;Si, fuels. Although alu-
minium was shown to reduce the stability of U;Si,
copper was considered to have the potential to increase
it. Aluminium was believed to reduce the stability of
Us;Si because of its low binding energy with vacancies in
the matrix [1]. Conversely, copper was generally known
to have higher binding energies with vacancies. A small
number of U;Si mini-plates were irradiated that con-
tained ~1.7wt% copper. Fig. 8§ indicates that there is no
apparent benefit in the case of the LEU U;SiCu
mini-plates (volume fraction of the fuel phase was
approximately 45%) since the swelling data is not dis-
tinguishable from the U;Si data. However, the medium
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Fig. 8. Swelling of U;Si and U;SiCu fuel particles. The volume
fraction of fuel particles is indicated in the legend.

enriched uranium (MEU) U;SiCu mini-plates indicate
that the onset of breakaway swelling shifted to a higher
fission density compared to U;Si, indicating that copper
has induced some positive effect. It was not possible to
make a comprehensive assessment however, as there was
insufficient irradiation data. No further effort was made
to pursue additions of copper, as there was no demon-
strated benefit for the LEU U;SiCu.

4.6. Fuel loading

In U;Si,, practical fuel plate fabrication consider-
ations [14] limit the volume fraction of fuel that can be
added to the dispersant, aluminium. The current limits
for U;Si, lie between 40% and 45% volume fraction, to
yield a uranium density of 4.8 g/cm?, as approved by the
US Nuclear Regulatory Commission [17]. Fuel particle
swelling in US4, is low due to the stable, non-interacting
sub-micron sized fission gas bubbles and is unaffected by
fuel volume fraction. However, for less stable fuels, such
as U;3Si, U;SiAl and UgFe, a larger fuel volume fraction
can increase the amount of swelling that occurs. This is
illustrated by the different loadings of U3Si mini-plates
in Fig. 8. An increased level of aluminium in the matrix
increases the separation between fuel particles and de-
lays the inter-linkage of fuel particles that leads to
breakaway swelling. The aluminium also provides
mechanical restraint against the rapidly expanding fuel
particles. The mechanical restraint provided by cylin-
drical cladding allows the less stable U;Si to be utilised
for certain rod type fuel [18]. A more highly loaded plate
will undergo accelerated swelling at a lower fission
density compared to a plate with a lower volume frac-
tion of fuel.
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5. Analysis of U;Si, fuel swelling
5.1. Fission gas bubble distribution

A detailed analysis of the bubble size distribution of a
selected number of U;Si; mini-plates yielded new
information that is not consistent with previous findings
[10]. The two major differences are (a) the number of
fission gas bubbles was not constant throughout the
irradiation period, and (b) the bimodal distribution of
fission gas bubbles was not observed until well after the
knee point. These observations contradict two funda-
mental points that form the basis of the fuel swelling
model of U;Si, in a crystalline state.

The bubble distributions were measured manually,
from micrographs of fracture surfaces and converted to
a volumetric fraction using the Saltykov method [19]. At
the fission density where bubbles were first observed, the
distribution of bubble sizes was narrow and the number
of bubbles at the peak size was high (Fig. 9). This point,
as already explained is referred to as the knee. Mini-
plates that were irradiated to higher burn-up showed
that the distribution of bubble sizes broadened as the
bubbles accumulated more fission gas.

If the bubbles had grown at a constant rate, the
distribution would have remained relatively uniform
over all fission densities. However, the distribution
evolved in a non-uniform manner, as shown in Fig. 9.
The total number of bubbles decreased as a function of
fission density; some of the bubbles grew at a preferen-
tial rate and this suggested that bubble coalescence or
re-solution had occurred. The strong influence of the
fission rate, as explained in Section 5.3, probably influ-
ences bubble nucleation at the knee and hence com-
parison between mini-plates of considerably different
fission rate history is not necessarily valid. Three mini-
plates identified in Fig. 10 as A224, A92 and A93 were
irradiated with very similar fission rate histories. The
irradiation of A224 was stopped at a fission density of
2.8%10%" flcm?; the irradiations of A92 and A93 were
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continued to 4.6x10?' flem?® and 5.1x10* f/cm?,
respectively. Despite a similar irradiation history, the
numbers of bubbles measured for A92 and A93 were
lower than for A224 by a factor of four. This provides
evidence that fission gas bubbles decrease in number as a
function of fission density, either through coalescence or
re-solution.

This observation was difficult to reconcile with the
bubble morphology. Generally, the bubbles were uni-
formly dispersed throughout the fuel particles with little
evidence of coalescence or bubbles situated adjacent to
one another. However, calculations indicate that the
bubbles disappeared at a rate of only ~1 bubble every
2-3 min, per 1000 um?. Given that each SEM micrograph
examined represented a single cross section through such
a volume it was not so surprising that little evidence for
coalescence was found.

It was also apparent that the visible bubbles did not
follow a bimodal distribution. The bimodal distribution
of fission gas bubbles was not observed until very high
burn-up was achieved (Fig. 11). A sibling mini-plate that
had been irradiated under the same irradiation condi-
tions (same module) but removed at a fission density of
4.8x10%" f/lecm? showed no evidence of an emerging
second population of fission gas bubbles. This indicates
that a secondary nucleation of bubbles occurred at a
point well after the primary nucleation of bubbles. After
the nucleation of another generation of small bubbles,
the number of visible bubbles from the primary nucle-
ation continued to decrease, although at a slower rate.
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Fig. 11. Number and distribution of fission gas bubbles (um) at
a fission density of 5.2x10%'/cm?.

5.2. Fission gas bubble composition

The number of fission gas atoms stored in bubbles
was calculated and compared against the total number
of atoms generated. The results are plotted in Fig. 12
and reveal two surprising features of fission gas bubbles.
Firstly, the percentage of gas atoms stored in bubbles
was very small. Secondly, the higher enrichment fuels,
that is, MEU and HEU, that generate a larger number
of fission gas atoms, store a smaller fraction of the gas
generated in those bubbles. Although it is known that
the larger bubbles are under less pressure than the
smaller bubbles, the increased volume was expected to
compensate for the pressure differential. The bubbles in
an irradiated HEU U;Si, fuel that had a bubble volume
fraction of 68% (Fig. 4) only contained between 5% and
20% of the total gas atoms generated. The surface

45
40 *
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35 O lower bound

30 1

25

20

No of Atoms in Fission Gas Bubbles (%)

Fission Density in Fuel (10%'/cm)

Fig. 12. Number of fission gas atoms in bubbles as a percentage
of the total number of fission gas atoms generated.

energies of fission gas bubbles are not well known for
common nuclear fuels such as UO, and, therefore, are
even less understood for amorphous alloy fuels. Hence,
an upper and lower bound value was used in calcula-
tions.

5.3. Fission rate effect

The nucleation of fission gas bubbles is a complex
phenomenon that is not well-understood in amorphous
materials. It is related to the ability of the material to
store fission gas in solution and/or nanometre-sized
bubbles. At the knee point, the swelling rate of the fuel
particle accelerates as observable fission gas bubbles are
nucleated. Hofman et al. [9] demonstrated that the
higher fission rate of the MEU and HEU fuels shifted
the knee to a higher fission density compared to the
lower fission rate of the LEU fuels. At a higher fission
rate, more fission fragment-gas atom collisions occur
that provide the energy to retain the fission gas atoms in
solution.

Although the fission rate dependence of the knee
position was recognised, the fuels were grouped
according to enrichment and an average fission rate was
applied to each group. The swelling curves beyond the
knee were determined as linear fits of the data for the
three general fission rates experienced in the LEU, MEU
and HEU mini-plates, as illustrated in Fig. 5. The de-
tailed fission rate histories of a number of mini-plates
are shown in Fig. 13.

Fission Rate (10"/cm®s)

0 100 200 300 400
Irradiation Time (full power days)

Fig. 13. Fission rate history of various U;Si, mini-plates irra-
diated in the Oak Ridge research reactor.
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Fig. 14. Fission rate dependence of the knee or point of (a)
primary nucleation, and (b) secondary nucleation of fission gas
bubbles.

The individual fission rate history of each mini-plate
is a function of the instantaneous burn-up of the fuel
and vertical location of the irradiation modules, which
sometimes were relocated between cycles. It is highly
likely that the fission rate history influenced the position
of the knee. From a review of the fission rate histories, a
correlation has been developed that relates the fission
density at the knee to the instantaneous fission rate at
the knee. The correlation has been bounded by a win-
dow to reflect the uncertainty in identifying the knee. A
similar effort has been made for the secondary nucle-
ation but the lack of data means that the uncertainty is
considerably higher. The correlation, shown in Fig. 14,
indicates that a higher instantaneous fission rate shifts
the knee to a higher fission density. It is important to
recognise that the behaviour of the fission gas will vary
according to the fission rate at that time, and not an
average fission rate. Therefore, the fission gas solubility
is believed to be fission rate dependent. If the instanta-
neous fission rate is above a threshold value, the fission
gas will be retained in solution and no bubbles should
appear. If the instantaneous fission rate is at or below
the threshold, then bubbles should appear.

5.4. Chemisty effect on fission gas solubility

Fig. 15 illustrates the amount of gas in bubbles and in
solution and the corresponding total amount of gas for a
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Fig. 15. Fission gas atom behaviour as a function of fission
density.

series of mini-plates. A close inspection of the two LEU
mini-plates reveals that the amount of fission gas in
solution has increased between the mini-plate at the knee
point and the mini-plate at the point of secondary
nucleation. On the basis of the explanation above, the
fission rate would be expected to have increased to cause
more gas atoms to be in solution. Despite the step
changes in fission rate, illustrated in Fig. 13, the general
trend is for the fission rate of each mini-plate to decrease
as a function of fission density. Therefore, this obser-
vation is not consistent with the fission rate effect and
indicated that another factor influences the behaviour of
fission gas in solution.

It is proposed that the changing chemistry influences
the diffusivity of fission gas atoms in solution. As the
uranium is consumed, the ratio of uranium to silicon
atoms decreases. A considerable quantity of fission
product elements are also accumulated but their effect
on the chemical state of the fuel is too complex to ad-
dress here. This paper will focus on the primary change
in the uranium to silicon ratio. Fig. 16 illustrates how
the uranium-to-silicon ratio changes as a function of
fission density. The silicon-to-silicon bonds, which are
stronger than the uranium-silicon bonds, probably re-
duce the diffusivity of fission gas atoms in solution.
Therefore, migration of fission gas atoms to fission gas
bubbles becomes more difficult and as a result, more
fission gas is stored in solution. This effectively increases
the solubility limit, which continually changes, and is
influenced by the uranium-to-silicon ratio and the fission
rate. Fission gas is produced, however, at a faster rate
than the increasing solubility limit can accommodate,
and at some point a secondary nucleation of fission gas
bubbles occurs.
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Fig. 16. Change in the uranium-to-silicon ratio vs. fission
density as 93% enriched U;Si, U;Si, and USi is burned.

The strongest evidence to support this proposal is
found in the behaviour of fission gas in USi fuel. The
ratio of silicon to uranium is higher in USi than in U;Si,
fuel. Comparisons between U;Si, and USi mini-plates
irradiated to an equivalent fission density reveal signifi-
cant differences in fission gas bubble number as shown in
Fig. 10. Fission product generation is expected to be
similar in both fuels and hence the silicon content is the
primary difference between the two irradiated fuels. The
number of fission gas bubbles measured in A99 (U;Si,)
was an order of magnitude greater than for A176 (USi).
The smaller number of fission gas bubbles in the USi
indicates that a larger quantity of gas is stored in solu-
tion. Further evidence for this hypothesis has been
found in the growth of the interaction layer between the
fuel particle surface and the aluminium matrix. Hofman
et al. [20] derived a correlation for the growth of the
interaction layer for LEU U;Si, fuels but were unable to
apply it to the MEU and HEU Uj;Si, fuels or the LEU
and MEU USi fuels. The rate of growth in those fuels
was too low to fit the correlation. It is considered that
the increased silicon-to-uranium ratio of those fuels re-
duced the diffusivity of aluminium in much the same
way that it is believed to affect the diffusivity of fission
gas atoms in solution. An out of pile experiment con-
ducted by DeLuca et al. [21] added silicon to uranium—
aluminium diffusion couples demonstrated a reduction
in the growth of the reaction layer by a factor of at least
three between 325 and 550 °C.

6. Fuel swelling behaviour

A new interpretation of the fuel swelling behaviour of
UsSi, fuel is shown in Fig. 17. Although it draws from
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Fig. 17. Proposed swelling behaviour of U;Si, fuel particles
from selected mini-plates.

the observations reported above, it is still largely based
on the original fuel swelling model proposed by Rest
and Hofman [10]. It differs from the previous interpre-
tation in two ways. Firstly, the position of the knee is
not determined by a general fission rate, but is based on
an individual fission rate history according to the cor-
relation shown in Fig. 14. As a result the knee point may
vary between mini-plates of the same nominal enrich-
ment because fission rate is not solely a function of the
enrichment, but also the in-core position. Secondly, the
swelling curve of each mini-plate has been illustrated as
non-linear. This is particularly evident for the HEU
mini-plate, given the large change in the uranium-to-
silicon ratio. As the uranium-to-silicon ratio decreases
and the proportion of gas in the fission gas bubbles
continues to decrease, the swelling rate is also expected
to decrease. Since there is only one data point per mini-
plate, the shape of the swelling curves are estimated,
based on the arguments presented in Section 5.3.

The fission rate effect and the changing uranium-to-
silicon ratio both influence bubble behaviour and ulti-
mately fuel particle swelling. It is difficult to separate the
two effects and identify their individual influence. The
fission rate effect is likely to dominate at the lower fission
densities when the change in the uranium-to-silicon is
small. However, at the higher fission densities, particu-
larly the MEU and HEU fuels, the change in the ura-
nium-to-silicon ratio is significant and expected to exert
a strong influence. This is reflected in the decrease in the
rate of swelling shown for the HEU mini-plates.

The various fission products almost certainly affect
the fission gas solubility and also the surface energy
which influences fission gas bubble size. However, these
appear to be indeterminable at this time and are ignored
in this study.
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7. Conclusion

The irradiation behaviour of uranium silicide com-
pounds has been presented with a particular focus on the
widely used U;Si,. A new interpretation of the irradia-
tion swelling behaviour has been developed with the
understanding that U;Si, becomes amorphous during
irradiation. Fission gas bubble density and distribution
are influenced by fission rate and coalescence and have
been shown to change throughout the irradiation peri-
od. The fission rate is a major determinant in swelling
behaviour; however the changing chemistry of the fuel
particle is also believed to exert a strong influence. As a
result, the swelling behaviour beyond the knee is
understood to be non-linear.
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