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1. Introduction

Fig. 1 shows an SEM micrograph of U–Zr–Pu uranium alloy fuel
[1] irradiated at temperatures above that at which the equilibrium
gamma phase forms (>660 �C). Swelling of this material is predom-
inantly due to the growth of fission-gas bubbles. Its fission gas
behavior is characterized by high mobility, and is typical of most
uranium metal alloys irradiated at the relatively high temperatures
where it exists in the equilibrium c-U–Zr–Pu phase. As seen in
Fig. 1, the bubbles in this material comprise a relatively broad size
range. Some of the larger bubbles have a sinuous plastic-like
appearance, indicative of high mobility. A number of coalescence
events are apparent, and some of the larger bubbles appear to be
growing into the smaller neighboring bubbles.

Most attempts at describing intragranular gas-bubble nucle-
ation in nuclear fuels at higher temperatures have relied on a
homogeneous [2], or heterogeneous [3] two-atom mechanism. In
general, it is assumed that two-atoms that come together in the
presence of vacancies or vacancy clusters becomes a stable nu-
cleus. At lower temperature, due to the relatively strong effect of
irradiation-induced re-solution, the number of nucleated bubbles
increases due to the increase in the effective gas generation rate
[4]. In theory (i.e., as a postulate), the number of nuclei will in-
crease until newly created gas atoms are more likely to be captured
by an existing nucleus than to meet other gas atoms and form new
nuclei [2,5]. In practice (i.e., as an implemented calculation), due to
ll rights reserved.
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the coarsening of the bubble-size distribution the two-atom nucle-
ation process continues throughout the irradiation.

If both bubble motion and coalescence are neglected, the rate
equation describing the time evolution of the density of gas in
intragranular bubbles is given by

d½mbðtÞcbðtÞ�
dt

¼ 16pfnDgrgcgðtÞcgðtÞ þ 4prbðtÞDgcgðtÞcbðtÞ

� bmbðtÞcb; ð1Þ

where cg, cb are the density of gas atoms and bubbles, respectively,
rg is the radius of a gas atom, mb is the average number of gas atoms
per bubble, Dg is the gas-atom diffusion coefficient, b is the gas-
atom re-solution rate from bubbles, and fn, the so-called nucleation
factor, is the probability that two gas atoms that come together
stick long enough to form a stable bubble nucleus. Often, fn is inter-
preted as the probability that there are sufficient vacancies or va-
cancy clusters in the vicinity of the two-atom to form a stable
nucleus. For example, for heterogeneous bubble nucleation along
fission tracks in UO2 fn is approximately the average volume frac-
tion of fission tracks � 10�4. The three terms on the right hand side
of Eq. (1) represent, respectively, the change in the density of gas in
intragranular bubbles due to bubble nucleation, gas-atom diffusion
to bubbles of radius, rb, and the loss of gas atoms from bubbles due
to irradiation-induced re-solution.

An implicit assumption in Eq. (1) is that once a two-atom nu-
cleus forms it grows instantaneously to an m-atom bubble. Values
of fn ranging from 10�7 to 10�2 have been proposed which makes
the nucleation factor little more than an adjustable parameter
[6]. A substantial contribution to the spread of reported values
for fn is that most models describe the time evolution of mean val-
ues of cb and rb which are compared to the respective mean values
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of the measured quantities (comparing model predictions with
average quantities is by far the dominant validation technique re-
ported in the literature). It has recently been shown that a substan-
tial increase in validation leverage is secured with the use of
bubble-size distributions compared with the use of mean values
[7]. The results of a series of calculations made with paired values
of critical parameters, chosen such that the calculation of average
quantities remains unchanged, demonstrated that the calculated
distribution undergoes significant changes in shape as well as po-
sition and height of the peak. As such, a capacity to calculate bub-
ble-size distributions along with the availability of measured
distributions goes a long way in validating not only values of key
materials properties and model parameters, but also proposed fuel
behavioral mechanisms.

More recently, application of a general form of the kinetic coef-
ficients of the Fokker–Planck equation describing gas-bubble
nucleation in supersaturated solution of vacancies, interstitials,
and gas atoms has shown that high densities of gas atoms collected
in the nucleated bubbles considerably decrease the critical bubble
size and its nucleation barrier [8]. The two-atom nucleation model,
described above, is not consistent with this finding. As an approach
to circumventing this discrepancy, in what follows a multi-atom
bubble nucleation mechanism is proposed and implemented into
a mechanistic calculation of the intragranular fission-gas bubble-
size distribution. This approach is analogous to the intergranular
multi-atom bubble nucleation mechanism utilized for the U–Mo
alloy in the low-temperature irradiation-stabilized gamma phase
[7]. The results of the calculations are compared to a measured
bubble-size distribution in U–10Mo irradiated at relatively high
temperature to 4% U atom burnup. The multi-atom nucleation
model is compared to the two-atom model within the context of
the data and implications of each mechanism for the observable
quantities are discussed.

In the next section, a multi-atom nucleation mechanism is for-
mulated. Section 3 presents an outline for a calculation of the time
evolution of the bubble-size distribution. In Section 4, a discussion
is presented of processes that lead to coarsening of the as-nucle-
ated bubble distribution. In Section 5, model calculations are used
to interpret a measured distribution in U–8Mo uranium alloy fuel
irradiated to 4%U burnup at 850 K. In addition, in this section a
Fig. 1. SEM micrograph of c-U–Zr–Pu uranium alloy fuel [1].
comparison between the multi-atom and two-atom nucleation
mechanism is attempted. An application of this formulation to
the calculation of gas-driven fuel swelling safety margins is de-
scribed in Section 6. Finally, conclusions are presented in Section 7.

2. A multi-atom nucleation mechanism

Fission gas Xe and Kr are generated in a nuclear fuel at the rate
of about 0.25–0.30 atoms per fission as a result of decay of the pri-
mary fission products. About 7 times more Xe is produced than Kr.
These gas atoms are very insoluble in the fuel in that they do not
react chemically with any other species. Thus, left as an interstitial,
due to their relatively large size, they produce a strain in the mate-
rial. In order to lower the energy of the system and to minimize the
strain, the gas atoms tend to relocate in areas of decreased density,
such as in vacancies and/or vacancy clusters. For example, in UO2

gas atoms have been calculated to sit in neutral tri-vacancy sites
consisting of two oxygen and one uranium ions [9]. Given enough
energy via thermal fluctuations, and/or via irradiation, the gas
atoms can hop randomly from one site to another and thus diffuse
through the material. The gas atom/vacancy complexes can com-
bine forming clusters of gas atoms and vacancies. If enough gas
atoms come together the object is transformed into a gas bubble
which, under equilibrium conditions, sits in a strain free environ-
ment. This process of forming gas bubbles is termed gas-bubble
nucleation.

According to phase transition theory, at relatively large super-
saturations a system transforms not by atom-to-atom growth,
but simultaneously as a whole. In other words, the system is unsta-
ble against transformations into a low free energy state, and the
new phase will have a certain radius defined by the super-satura-
tion. Solubility of rare gas atoms in uranium alloys or ceramics is so
low that it has not been measured. In perfect crystals, the order of
magnitude of the solubility has been estimated to be 10�10 [10].
This figure may be increased up to � 10�5 in the vicinity of disloca-
tions. In addition, there may be a substantial effect from gas in dy-
namic solution, i.e., due to irradiation-induced re-solution. Thus, in
regions of nuclear fuels that are near irradiation produced defects
and/or various microstructural irregularities, the solubility of the
gas can be substantially higher than in the bulk material. The gas
concentration in these regions will increase until the solubility lim-
it is reached, whereupon the gas will precipitate into bubbles. Sub-
sequently, nucleation ceases due to the gas concentration in
solution falling below the solubility limit. This is in stark contrast
to the two-atom nucleation mechanism which is continuous from
startup to the end of the irradiation. The trapping of the gas by the
nucleated bubble distribution damps the increase in gas concentra-
tion. Eventually, the gas in solution may reach the solubility limit
at which time the nucleation event repeats. Thus, assuming that
all the gas precipitates into bubbles of equal size r0, the concentra-
tion of gas in the bubble at nucleation is given by

mðr0Þ ¼
bvccrit

g

4=3pr03cbðr0Þ
; ð2Þ

where ccrit
g is the concentration of gas at the solubility limit, bv is the

volume per atom (Van der Waals constant), and cb(r0) is the concen-
tration of bubble nuclei at the unrelaxed radius r0, i.e., the initial
stage of bubble nucleation is a volume conserving process. Subse-
quently, in order to lower the free energy of the system, the over-
pressurized nuclei relax by absorbing vacancies until the bubbles
reach equilibrium. At equilibrium, the bubble radius is r and, in
the absence of significant external stress, the pressure in the bubble
is given by

PeðrÞ ¼
2c
r
; ð3Þ



Table 1
Definition of variables in Eq. (15), dCi

dt ¼ �aiCiCi � biCi þ ciði ¼ 1; . . . ;NÞ.

i Ci aiCiCi biCi ci

1 Concentration of
intragranular
gas atoms

Rate of gas
atom loss due
to gas bubble
nucleation

Rate of gas
atom loss due
to diffusion
into gas
bubbles

Rate of gas
atom gain due
to atom
re-solution and
fission of
uranium nuclei

2, . . . , N Concentrations of
intragranular
gas bubbles

Rate of gas
bubble loss due
to bubble
coalescence
with bubbles
within the
same size class

Rate of gas
bubble loss
due to
coalescence
with bubbles
in other size
classes

Rate of gas
bubble gain due
to bubble
nucleation and
coalescence,
and diffusion of
gas atoms into
bubbles

J. Rest / Journal of Nuclear Materials 402 (2010) 179–185 181
where c is the surface energy per unit area. If it is assumed that the
average gas-bubble size r0 is a function of the equilibrium bubble
size, then differentiating Eq. (2) with respect to the equilibrium ra-
dius r and rearranging terms yields,

1
cbðr0Þ

dcbðr0Þ
dr

¼ � 1
mðr0Þ

dmðr0Þ
dr

� 3
r0

dr0

dr
: ð4Þ

Let us assume that during the relaxation phase there is no inter-
action between the nucleated bubbles, i.e.,

r0 ! r; mðr0Þ ! mðrÞ ¼ mðr0Þ; cbðr0Þ ! cbðrÞ ¼ cbðr0Þ: ð5Þ

The nucleation problem thus consists of determining the two
terms on the right hand side (RHS) of Eq. (4). The first term on
the RHS of Eq. (4) can be determined from the equation of state
(EOS), the capillarity relation, and the conditions expressed in Eq.
(5). Using the Van der Waals EOS,

PðV �mbvÞ ¼ mkT; ð6Þ

where V = 4/3pr03 is the bubble volume. Recognizing that at nucle-
ation the bubble size is small such that 2c/r0 � r, where r is the
external stress and differentiating Eq. (6) with respect to the equi-
librium radius r one obtains

1
mðr0Þ

dmðr0Þ
dr

¼ 3
r

1� rkT
3ðrkT þ 2cbvÞ

� �
: ð7Þ

The remaining term on the RHS of Eq. (4) can be determined by
invoking energy minimization as the driving force for bubble equil-
ibration. The change in the Gibbs free energy due to bubble expan-
sion is given by

DG ¼ 4
3
pr03DGv þ 4pr02c; ð8Þ

where DGv is the free energy driving bubble equilibration, which, in
analogy with the treatment of the nucleation of liquid droplets in a
vapor [11], can be expressed as

DGv ¼
kT
X

lnðPeðrÞ=Pðr0ÞÞ; ð9Þ

where X is the atomic volume. The critical bubble radius at equilib-
rium is given by the condition

@DG
@r
¼ 0! r ¼ rcrit ¼

�2c
DGv

: ð10Þ

Inserting the expressions for Pe and P from Eqs. (3) and (6),
respectively, into Eq. (10), differentiating with respect to the bub-
ble radius r, and applying a little algebra results in

4pr02
dr0

dr
¼ � 1

X
X
r
þ kT

2c

� �
; ð11Þ

where

X ¼ kTr
2c 4

3 pr03 �mbv
� � : ð12Þ

Making use of Eq. (2) in Eq. (11) results in

3
r0

dr0

dr
¼ �m2cb

bvcg
e2cX=rkT rkT

2cm
dm
dr
þ kT

2c
�X

r

� �
þ bv

m
dm
dr

� �
: ð13Þ

Finally, substituting Eqs. (5), (7), and (13) into Eq. (4) yields

1
cb

dcb

dr
¼ � 1

m
dm
dr

þ mcb

bvcg
e2cX=rkT rkT

2cm
dm
dr
þmkT

2c
�mX

r

� �
þ bv

dm
dr

� �
: ð14Þ

The as-nucleated bubble-size distribution is then obtained by
the simultaneous solution to Eqs. (7) and (14).
Subsequent to the nucleation event, the as-nucleated bubble-
size distribution evolves under the driving forces of gas diffusion
to bubbles, gas-atom re-solution from bubbles, and bubble coales-
cence due to bubble–bubble interaction via bubble motion and geo-
metrical contact. As stated above, additional nucleation events are
delayed due to the gas in solution remaining below the solubility
limit as the gas generated by continuing fission events is trapped
within the existing bubble-size distribution. This last point is facil-
itated by the relatively high gas-atom diffusivities at the tempera-
tures of interest (i.e., those under which the equilibrium c-phase
of the alloy exists). Eventually, the gas in solution may again reach
the solubility limit at which time the nucleation event repeats.

3. Calculation of the fission-gas bubble-size distribution

The model consists of a set of coupled nonlinear differential
equations for the intragranular concentration of fission-product
atoms and gas bubbles of the form [12].

dCi

dt
¼ �aiCiCi � biCi þ ciði ¼ 1; . . . ;NÞ; ð15Þ

where Ci is the number of bubbles in the i-th size class per unit vol-
ume; and the coefficients ai, bi and ci obey functional relationships
of the form

ai ¼ aiðCiÞ; bi ¼ biðC1; . . . ;Ci�1;Ciþ1; . . . ;CNÞ; ci

¼ ciðC1; . . . ;Ci�1;Ciþ1; . . . ;CNÞ: ð16Þ

The variables in Eq. (15) are defined in Table 1. ai represents the
rate at which bubbles are lost from (grow out of) the i-th size class
because of coalescence with bubbles in that class; bi represents the
rate at which bubbles are lost from the i-th size class because of
coalescence with bubbles in other size classes and re-solution;
and ci represents the rate at which bubbles are being added to
the i-th size class because of fission gas generation, bubble nucle-
ation, bubble growth resulting from bubble coalescence, and bub-
ble shrinkage due to gas atom re-solution.

4. Bubble coalescence

The bubbles are assumed to diffuse randomly through the solid
alloy by a volume diffusion mechanism. Bubble diffusion by a sur-
face diffusion mechanism is also viable. However, the data avail-
able at the present time do not allow differentiation between the
two mobility mechanisms. The bubble diffusion coefficient Di of a
bubble having radius Ri is given by

Di ¼
3a3

0Dvol

4pR3
i

; ð17Þ



Fig. 2. As-nucleated bubble-size distribution made with the simultaneous solution
of Eqs. (7) and (14) for a gas-solubility of 10�7.

Fig. 3. Number of gas-atoms in a freshly nucleated bubble vs. bubble radius
corresponding to Fig. 2.

Fig. 4. Fraction of generated gas in bubbles vs. bubble radius corresponding to
Figs. 2 and 3.
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where a0 is the lattice constant and Dvol is the volume self-diffusion
coefficient of the most mobile species in the alloy. The coefficients ai

and bi (e.g. the 1st and 2nd terms on the RHS of Eq. (15)) are repre-
sented, respectively, by

ai ¼ 16pRiDi; bi ¼
X
j–i

ðRi þ RjÞðDi þ DjÞCj: ð18Þ

The interaction cross-section represented in Eq. (18) is based on
an analysis of colloidal suspensions within the framework of con-
tinuum theory [13]. Fission-gas bubbles can also interact due to
mobility from biased motion within a temperature gradient. This
aspect of the problem is handled in an analogous manner and will
not be considered here.

As the bubbles grow and interact, the average spacing between
bubbles shrink. In addition, as seen from Eq. (16), for the volume
diffusion mechanism, bubble mobility falls off as the inverse of
the radius cubed such that, for all practical purposes, relatively
large bubbles are immobile. As the larger bubbles grow due to
accumulation of the continual production of gas due to fission,
the bubbles intercept other bubbles and coalesce. This process is
here termed geometrical coalescence. For spherical bubbles that
are all the same size and that are uniformly distributed, contact
is reached when

2Rbð2Cb=3Þ1=3 ¼ 1: ð19Þ

In analogy with percolation theory, the probability of an i-bub-
ble contacting a j-bubble is given by

Pgc
ij ¼ 0:5ð1� Erf ½ð1� RijC

1=3
ij Þ

ffiffiffiffiffiffiffi
0:5
p

=r�Þ; ð20Þ

where

Rij ¼ Ri þ Rj; C1=3
ij ¼

2
3
ðCi þ CjÞ

� �1=3

: ð21Þ

and r is the width of the distribution that characterizes divergences
from spherical bubbles and the uniform distribution assumption. In
principle, r is a measurable parameter.

The ai and bi coefficients in Eq. (18) now have an additional term
given by

agc
i ¼ 4pDvolRiPii

bgc
i ¼ 4pDvol

X
j–i

RiCjPij;
ð22Þ

where Pij is given by Eq. (20).
In what follows it is assumed that DXe = Dvol.

5. Analysis of U–10Mo high-temperature irradiation data

Fig. 2 shows the as-nucleated bubble-size distribution made
with the simultaneous solution of Eqs. (7) and (14) for a gas-solu-
bility of 10�7 at a fuel temperature of 850 K. At a fission rate of
1 � 1020 fissions m�3s�1, the solubility limit is reached in approx-
imately 140 s. Subsequently, nucleation is limited due to the gas
concentration in solution falling below the solubility limit. The
trapping of gas in solution by the nucleated gas bubbles damps
the rate at which the generated gas increases the gas concentration
in dynamic solution. It is important to point out that here the sol-
ubility limit is an unknown parameter. If the solubility limit were
10�6 or 10�5, the initial bubble nucleation event would occur after
1400 or 14,000 s of irradiation, respectively.

Fig. 3 shows m plotted as a function of r obtained from the solu-
tion of Eq. (7) for T = 850 K and c = 0.5 Jm�2. As expected from the
form of Eq. (7), the number of gas atoms grows exponentially with
bubble size. Fig. 4 shows the amount of gas in bubbles as a function
of bubble size corresponding to Figs. 2 and 3. As is evident from
Fig. 4, although the bubble-size distribution shown in Fig. 2 is rel-
atively broad, the majority of the gas generated prior to the nucle-
ation event (i.e., within the first 140 s of irradiation) exists in
bubbles having radii less than 1 nm.



Fig. 6. Dependence of the calculated bubble-size distribution on the value of Dvol for
a gas solubility of 2.5 � 10�8 compared with the measured quantities.
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As discussed above, subsequent to the multi-atom bubble
nucleation event, the concentration of gas in solution stays below
the solubility limit due the trapping effect of the nucleated gas-
bubbles such that additional multi-atom nucleation events are de-
layed. Thus, until the solubility limit is again exceeded, for the sit-
uation shown in Figs. 2–4, for irradiation times >140 s the bubble
distribution follows from the evolution of the as-nucleated distri-
bution shown in Fig. 2 due to bubble–bubble coalescence, and dif-
fusion of generated gas to the existing bubble population. When
the solubility limit is again exceeded, additional nucleation events
occur within the evolving bubble population, and this complex of
bubbles again evolves under the driving forces of bubble coales-
cence, gas-atom diffusion to, and gas-atom re-solution from
bubbles.

Fig. 5 shows the calculated bubble-size distribution for an irra-
diation in U–8Mo at 850 K to 4% U atom burnup using Eq. (15) and
the multi-atom nucleation model described in Section 2 for three
values of the rare-gas solubility. The calculations shown in Fig. 5
were made using a gas-atom diffusivity, and re-solution rate given
by

Dvol ¼ 2� 10�4e�33;000=kT cm2 s�1; ð23Þ

b ¼ 1� 10�18 _f ; ð24Þ

where _f is the fission rate. The value for Dvol given in Eq. (23) is
about a factor of 10 less than the out of pile measured U self-diffu-
sion coefficient in U–10Mo [14]. On the other hand, it is not clear
what diffusion mechanism dominates gas behavior in these alloys.
For example, the Mo self-diffusion coefficient in U–10Mo is about
an order of magnitude less than the U self-diffusion coefficient
[15]. In addition, it is not at all clear how these diffusion couple
measurements extrapolate to lower temperatures (lowest diffusion
couple temperature was 1073 K), and to an irradiation environ-
ment. The value for b in Eq. (24) is � an order of magnitude less
than estimated for UO2 [16]. This value is consistent with estimated
irradiation enhanced creep rates in U–10Mo, which are � an order
of magnitude less than for UO2 [17]. These effects can be traced
to a higher thermal conductivity in the metal alloy as compared
to the metal oxide.

The irradiation data shown in Fig. 5 was converted to a volume
density from the measured areal density [18] using the Saltykov
method [19]. The error bars associated with the solid circle data
points are unknown, but they are most certainly substantial for
the smaller bubble sizes where undercounting errors are typical.
Fig. 5. Calculated bubble-size distributions for an irradiation in U–8Mo at 850 K to
4% U atom burnup using Eq. (15) and the multi-atom nucleation model described in
Section 2 for three values of the rare-gas solubility compared with irradiation data.
In addition, the fuel experienced an end of life constraint
of � 10 mp (the effect of hydrostatic constraint on bubble size is
included in the calculations). Given these uncertainties, the bub-
ble-size distribution is relatively flat for bubbles having radii
from � 5 to 12 lm. As shown in Fig. 4, a solubility of � 2.5 � 10�8

provides a plausible interpretation of the data.
Fig. 6 shows the dependence of the calculated bubble-size dis-

tribution on the value of Dvol for a gas solubility of 2.5 � 10�8 com-
pared with the measured quantities. As seen from Fig. 6, not
surprisingly, the value of Dvol has a reasonably strong effect on
the calculated distribution.

It is of interest to compare the multi-atom nucleation model
with conventional two-atom nucleation as expressed by the first
term on the right hand side of Eq. (1). Fig. 7 shows the calculated
bubble-size distributions for an irradiation in U–8Mo at 850 K o
4% U atom burnup using Eq. (15) and the two-atom nucleation
model for three values of the nucleation factor compared with irra-
diation data. Also shown are results for two different values of the
volume diffusion coefficient for fn = 10�3. It is clear from Fig. 7 that
the two-atom nucleation model does not satisfactorily interpret
the measured bubble-size distribution over a 6 order of magnitude
range in fn and two order of magnitude range in Dvol. Thus, compar-
ing Figs. 5 and 7, the multi-atom nucleation model provides a
Fig. 7. Calculated bubble-size distributions for an irradiation in U–8Mo at 850 K to
4% U atom burnup using Eq. (15) and the two-atom nucleation model for three
values of the nucleation factor compared with irradiation data. Also shown are
results for two different values of the volume diffusion coefficient for fn = 10�3.
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better interpretation of the data than the two-atom model. This be-
comes a stronger statement when the relatively insensitivity of
the calculated tail of the distribution to the value of the nucleation
factor and the volume diffusion coefficient for the two-atom model
is compared to the ‘‘bracketing” of the data by commensurate
changes in solubility and diffusion coefficient for the multi-atom
model.

A more definitive differentiation between these two models re-
quires data at a much lower burnup where the effects of bubble
diffusion and coalescence are minimal. Unfortunately, such data
are currently unavailable. Fig. 8 shows a comparison of multi-atom
and two-atom nucleation mechanisms for an irradiation to 0.04% U
burnup of U–8Mo fuel at 850 K. As shown in Fig. 8, the two-atom
nucleation model leads to a substantially broader distribution than
the multi-atom model. This feature is carried onto high burnup
and, on comparing Figs. 5 and 7, is one of the key differences be-
tween these two nucleation models. It is anticipated that low bur-
nup bubble distribution data will become available in the relatively
near future [20]. Once this data becomes available, a more defini-
tive differentiation between these two models can be undertaken.
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6. Calculation of gas-driven fuel swelling safety margins

The model presented here, taken together with the analysis of
fuel swelling in the low-temperature, irradiation-stabilized gamma
phase [7] enable the calculation of gas-driven fuel swelling safety
margins. Fig. 9 shows the calculated% unrestrained fuel swelling
as a function of burnup for U–8Mo fuel irradiated at various tem-
peratures. The calculated swelling is a strong function of the irra-
diation temperature as well as the fuel burnup. It should be
noted that the temperature dependence of fuel that is under re-
straint (e.g. by cladding) is much softer than exhibited in Fig. 9.

The curves in Fig. 9 do not reflect any gas release that may oc-
cur. Empirically, gas release begins to occur when the swelling
reaches 25–30% [21]. If all the bubbles are spherical, the same size,
and randomly distributed then interconnection will be initiated
at � 33% swelling.

However, in general, the calculation of the swelling at which the
bubbles interconnect is complicated by a relatively broad distribu-
tion of non-spherical bubbles, non-uniformly distributed within
the fuel regions (e.g. such as that in Fig. 7). The maximum gas re-
lease in these high swelling fuels approaches 80%. There are many
small bubbles in between the larger interconnected bubbles that
continue to drive the swelling even at high gas release values
(e.g. see Fig. 1). However, even so, the calculated swelling curves
Fig. 8. Comparison of multi-atom and two-atom nucleation mechanism for
irradiation to 0.04% U burnup in U–8Mo fuel at 850 K.
in Fig. 9 are typical of those that have been measured [21]. The
key here is that Fig. 9 is unrestrained swelling. If you give the fuel
enough room it will keep on deforming.

If it is arbitrarily assumed that the maximum allowable fuel
swelling is 50%, then fuel safety margins can be calculated using
the results of Fig. 9. As an example of this type of calculation,
Fig. 10 shows the calculated boundary between stable and unsta-
ble unrestrained fuel swelling as a function of fission density and
fuel temperature. The solid line in Fig. 10 is the 50% unrestrained
swelling threshold obtained from Fig. 9. Also shown in Fig. 10 is
the fission density and fuel temperature for RERTR-9 [17]. As
shown in Fig. 10, the calculated safety margin for RERTR-9 is
�150 K.

7. Conclusions

Analysis of different nucleation mechanisms in light of mea-
sured bubble-size distributions in U–8Mo fuel irradiated in the
equilibrium gamma phase indicates that a multi-atom nucleation
mechanism is operative. The conventional two-atom nucleation
model is not consistent with the trends of the data. A more defin-
itive test of the nucleation mechanism requires measured bubble
distributions at a very low burnup.
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The results demonstrate the increased validation leverage se-
cured with the use of bubble-size distributions compared with
the use of mean values (i.e., average quantities such as bubble den-
sity and diameter). Model predictions are sensitive to various
materials and model parameters. Improved prediction capability
requires an accurate quantification of these critical materials prop-
erties and measurement data. These uncertainties can be reduced
when the availability of additional well-characterized bubble-size
distributions obtained from fuel irradiated at several different tem-
peratures becomes available. In addition, there are efforts under-
way to estimate values for certain critical parameters and
materials properties using lower length scale, first-principle calcu-
lational methods [22].

The results of this analysis enable the calculation of safety mar-
gins for unrestrained fuel swelling. These safety margins contain
an uncertainty primarily tied to uncertainties in the values of the
volume and Xe diffusion coefficients.
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