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In a repository, the release of radionuclides from spent fuel rods will strongly depend on the pellet micro-
structure existing when water comes into contact with the spent fuel surface, i.e. after 10,000 years of
disposal. During this period, a large quantity of He atoms is produced by a-disintegrations of actinides
in the spent fuel. A conservative model is proposed here to evaluate the consequences of He on the spent
fuel microstructure. According to the solubility and diffusion properties of He under repository condi-
tions, two scenarios are considered: He atoms can be trapped in fission gas bubbles or form new bubbles.
In spite of the conservative assumptions of the model, the calculated values of bubble or pore pressure
are much lower than critical values derived from rupture criteria. No evolution of the microstructure
of the spent UO2 fuel is thus expected before the breaching of the canister.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Radionuclide release from spent fuel rods under disposal condi-
tions is classically composed of two contributions. The first contri-
bution is a rapid release of some radionuclides (Cs, I, Se and to a
lesser extent Sr), when water comes into contact with the spent
fuel surface. The second contribution is a slow long-term release
of the radionuclides that are embedded in the spent fuel matrix
at the end of irradiation. In this case, the kinetics of release are gov-
erned by the spent fuel matrix dissolution as a consequence of
water radiolysis and competing effect of reducing agents from
the canister or the clay.

The rapid release of radioactivity is quantified as the Instant
Release Fraction (IRF). The IRF includes all the radionuclides, which
are located in the spent fuel rod regions with anticipated low con-
finement properties at the arrival of water, i.e. about 10,000 years
after the beginning of disposal [1]. Many questions arise from this
definition: which zones will contribute to the IRF after
10,000 years of evolution in the tight container? How will the
spent fuel microstructure evolve before water access, due to
thermal decrease and residual radioactivity?

Studies of spent nuclear fuel (SNF) evolution in a closed system
(i.e. no matter exchange with the exterior) have concluded that the
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evolution of the pellet microstructure will strongly depend on He
fate in the SNF [2]. Table 1 gives the concentration of He in spent
UO2 fuels as a function of time.

This paper focuses on He fate in spent fuel in repository and the
effects on the initial microstructure of the SNF pellet.

Experimental data whose aim is to determine the diffusion
coefficient of He in UO2 bring some insight on the behaviour of
He in UO2 during a thermal treatment.

Roudil et al. [3] have measured the thermal diffusion of He in
UO2 disks implanted with He at various fluences. The maximal con-
centration of He, reached at a depth of around 6.5 lm, varied be-
tween 0.06 and 0.6 at.%. A lower value of the diffusion coefficient
was measured at the high fluence of implantation and is expected
to be due to the precipitation of He atoms in bubbles. However the
energy of activation was the same for both fluences.

Martin et al. [4] have studied He fate in sintered UO2 disks
during heavy ion bombardment and thermal treatment at high
temperature (800 �C and 1100 �C). In these experiments, the max-
imal He concentration (0.3 at.%) was achieved at a depth of about
2 lm. The apparent diffusion coefficients derived from the mea-
sured profiles were consistent with the values obtained at a lower
concentration of implantation. Therefore, these observations do
not evidence any detrimental effect of He implantation.

Guilbert et al. [5] have measured He profiles in UO2 disks after a
thermal treatment of one hour at temperatures of 500 �C and
600 �C. The maximal He concentration was 1.1 at.% at 1.9 lm from
the sample surface. The authors observed a flaking phenomenon
after thermal treatment, which seems to be caused by He bubble

http://dx.doi.org/10.1016/j.jnucmat.2010.09.034
mailto:cecile.ferry@cea.fr
http://dx.doi.org/10.1016/j.jnucmat.2010.09.034
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Table 1
Mean concentration of He in grains of spent UO2 fuel (from CESAR5 code).

Time (years) UO2 (52 GWd t�1) UO2 (60 GWd t�1)

at cm�3 a at.% at cm�3 a at.%

300 4.2 � 1019 0.06 5.0 � 1019 0.07
1000 7.0 � 1019 0.1 8.0 � 1019 0.11
5000 1.2 � 1020 0.16 1.3 � 1020 0.18

10,000 1.5 � 1020 0.21 1.7 � 1020 0.24
50,000 2.6 � 1020 0.37 2.8 � 1020 0.40

a Calculated with a grain density of 10.5 g cm�3.
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precipitation. This phenomenon had not been observed at a con-
centration of 0.2 at.% [6].

With these observations, it is difficult to estimate the stability of
the spent fuel matrix versus the quantity of He produced by a-de-
cays. Indeed, in these experiments, He is implanted at the sample
surface (the depth of implantation is lower than the grain size of
10 lm), which includes grains and grain boundaries. It is not pos-
sible to discern He behaviour in the grains from that in the grain
boundaries. Furthermore, these data can not evidence the role of
fission gas bubbles that are present in the UO2 pellets after
irradiation.

The behaviour of He produced by a-decays in (U0.9, 238Pu0.1)O2

pellet was also investigated by Ronchi and Hiernaut [7]. He con-
centrations were between 1.9 and 3.8 � 1019 He at cm�3 and the
cumulative a-damage was about 0.7 displacement per atom
(dpa). Transmission Electronic Microscopy (TEM) revealed a
population of nanometric He bubbles in the grains and initiation
of 10–100 nm micro-cracks. On the other hand, ruptures of grain
boundaries in 238PuO2 pellets stored for 25 years, where the He
content was about 4.7 � 1021 at cm�3, were reported by Roudil
et al. [8]. In this case, the cumulative a-damage is very high
(�100 dpa), compared to the damage reached in spent UO2 fuel
after 10,000 years of disposal (�2 dpa). Furthermore, the analogy
of mechanical properties between PuO2 and UO2 pellet needs to
be verified.

Other data refers to He behaviour in uraninites, considered as
natural analogues of SNF [9]. In those samples, the residual quan-
tity of He was less than 5% of the total production (8.125 � 1020

He/gUO2+x, estimated from the age of deposit). The damage level
due to a-disintegrations was also very high (around 180 dpa).
TEM evidenced the presence of nanometric bubbles, up to 10 nm
in clusters. No micro-cracks were observed in the samples before
thermal treatment. In those samples, the high release of He may
be due to bubble coalescence and percolation, without creating
any other damage in the material. In other respects, the small size
of the grains in those samples may have favoured the high release
of He.

From these observations, it is actually difficult to draw conclu-
sions about the stability of SNF pellets with an accumulation of He
and a-damage. A complementary approach is proposed here. It is
firstly based on the analogy between mechanisms of fission gas
release in the fuel rod in reactor and the mechanisms of He release
in the SNF after placement in a repository. The effects of He on the
SNF microstructure are then evaluated by using a simplified model
of evolution. It is a first approach to modelling of SNF integrity dur-
ing long-term storage. It is currently improved to remove part of
the large conservatisms that are described in the following.

2. He fate in a spent nuclear fuel rod

The properties of fission gases in nuclear fuel have been inten-
sively investigated due to their impact on the thermo-mechanical
behaviour of nuclear fuel rods in reactor. Indeed, a large release
of fission gas would increase the internal pressure of the fuel rod
and diminish the thermal conductivity of the gap, resulting in a
temperature rise of the nuclear fuel. Some models of fission gas re-
lease have been proposed in the literature. Their transposition to
helium release in spent fuel during disposal is based on the com-
parison between the conditions of irradiation in reactor and the
conditions of repository.
2.1. Mechanisms of fission gas release in the fuel rod during irradiation
in reactor

Because of their low solubility in UO2, the fission gases (Xe and
Kr) tend to coalesce as bubbles within the fuel grains above a given
concentration. The bubbles range in size between 2 and 100 nm
[10]. However, the gas nanobubbles are continuously totally or
partially destroyed by fission fragments [11]. During irradiation,
a fraction of the gas is thus returned to solution in the matrix, pre-
venting the gas bubbles from acting as ideal sinks. The gas is thus
transported to the grain boundaries by simple atomic diffusion and
mobility of the gas bubbles at high temperatures.

At grain boundaries, when fission gases reach a sufficient con-
centration and the local temperature exceeds 800 �C, they can form
intergranular bubbles ranging in size from about 0.1 to 1 lm.
When the grain boundaries contain a large quantity of gas and
the temperature is high enough, the intergranular bubbles coa-
lesce, forming interconnected channels that allow the gas to mi-
grate towards the free volumes of the rod [10]. Gas release by
percolation is controlled by the difference between the gas pres-
sure in the pores and in the free volumes and by the fuel perme-
ability. These mechanisms have been evidenced at temperatures
above 1300–1400 �C, which are reached during power transients.
In normal operation, however, the mechanisms of fission gas re-
lease are not so well known.

From [12], the density and size of intragranular bubbles in UO2

fuel of light water reactor slightly depend on fuel burnup. In gen-
eral, the diameter lies between 1 and 10 nm, and the density is
around 1017 bubbles cm�3. The bubble size slightly increases,
while the density decreases, with temperature and burnup. For
burnup larger than 40 GWd t�1 or for high temperatures (e.g.
1200 �C), a second population of bubbles appears. The diameters
lie between 20 and 100 nm for a density of 1015 cm�3. From [10]
the density of intragranular bubbles is correlated to the diameter
of the bubble according to:

log10ðCbieqÞ ¼ �2:6 � log10ðdbÞ þ 25:1 ð1Þ

where Cbieq is the density of bubbles (bubbles m�3) and db is the
diameter of bubbles (nm).

At the end of irradiation, the pressure of fission gas bubbles is
very high. Nogita and Une [13] have measured by TEM–EDX a den-
sity of Xenon ranging between 4 and 6 g cm�3 in bubbles of 4 to
10 nm located in grains of the intermediate zone (0.75 � Ro to
0.95 � Ro, with Ro the pellet radius). These values are close to the
density of solid Xe. According to the equation of state of gas pro-
posed in [14], these values of density lead to pressures between
1 and 15 GPa at 427 �C, which are two to three times higher than
the pressure at equilibrium with the solid. These values are consis-
tent with the observations of [15], which lead to a pressure of
1 GPa at 1000 �C in larger bubbles (50–80 nm), e.g. three times
higher than the equilibrium pressure. This overpressure is consis-
tent with a mechanism of bubble growth by dislocation punching
[15]. The overpressure occurs when the flow of vacancies into
the bubbles is not sufficient to compensate the volume occupied
by a gas atom, particularly in a large bubble. This mechanism is
more probable at low temperature, at which the diffusion is
athermal.
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2.2. Mechanisms of He release in a spent fuel rod in a repository

He is created in SNF grains by a-decays of actinides (cf. Table 1).
In repository conditions, the mobility of He in the grains of SNF is
governed by thermal diffusion on the one hand, and by a-self irra-
diation enhanced diffusion on the other hand. The processes of dif-
fusion are very limited. At the expected temperatures of geological
disposal, from 200 �C to about 100 �C before arrival of water in the
container, the pure thermal diffusion of He is not significant, even
for the long-term [16]. Furthermore, the upper estimate of the dif-
fusion coefficient enhanced by a self-irradiation proposed in [17]
decreases with time, from around 10�25 to 10�26 m2 s�1 over
10,000 years in a UO2 fuel of 47.5 GWd t�1. If we consider these
values for He diffusion, the diffusion length of helium atoms is
about 0.15 lm after 10,000 years of disposal.

Some authors have observed an acceleration of thermal diffu-
sion with cumulative a-damage. In a sample with a a-damage of
0.3 dpa, the diffusion coefficient of He was five times higher than
the diffusion coefficient in pure UO2 [18]. The diffusion studies per-
formed on (U, Pu)O2 pellets with a cumulative a-damage of 0.7 dpa
led to a thermal diffusion, which is one hundred times higher [7].
This same value was measured on PuO2 samples with very high
a-damage (100 dpa) [19]. This observation indicates a rapid satu-
ration of the acceleration of thermal diffusion due to a-damage
from a very low level of damage. The maximal value of the thermal
diffusion coefficient is lower than 10�26 m2 s�1 for the tempera-
tures lower than 200 �C. Consequently, the enhancement of ther-
mal diffusion by a-damage is of second order compared to
diffusion enhanced by a self-irradiation.

On the other hand, the solubility of He in UO2 is very low [20].
The solubility should increase with irradiation defects, pores and
grain boundaries but the solubility value in SNF is difficult to deter-
mine. If we consider the value measured in polycrystalline UO2, a
pressure of 50 bar at 25 �C in the spent fuel rod at the end of irra-
diation, and a temperature between 20 and 200 �C, the solubility
range of He is from 0.01 to 0.02 at.%. Such concentrations of He
are reached after some decades of repository in spent UO2 fuel
(cf. Table 1). The conditions of nuclear fuel irradiation are com-
pared with the conditions of SNF in a repository in Table 2.

Due to the low solubility and low mobility of He atoms under
repository conditions, He should accumulate in SNF grains, and
form bubbles, which are stable as soon as:

Pb P Phyd þ
2c
rb

ð2Þ

where Pb is the pressure in the bubble, c is the UO2 free surface en-
ergy (J m�2) and Phyd is the external pressure.

The preferential sites for the nucleation of He bubbles should be
the defects created by irradiation in reactor, or by a self-irradiation
in disposal. If the length of diffusion of He atoms is large compared
to the distance between two fission gas bubbles of SNF grains, He
atoms could be trapped in the fission gas bubbles. Hence, due to He
Table 2
Comparison between in reactor and repository conditions.

In-reactor conditions Re

Short irradiation time (5–6 years) and high temperature (400 to 1200 �C) Lo
High production rate of fission gases, typically 3 � 1018 at m�3 s�1 Lo

Physico-chemical properties of fission gases in UO2 Ph
Mean diffusion length during irradiation �5 lm Sm

Maximal solubility = 3 � 10�10 at.Xe/at.U/atm So
M
Po

Damages created by fission reactions D
More or less ductile material Br
accumulation, the initial characteristics of the bubble population
(size, density and pressure) should evolve during disposal.

A model of He evolution in grains of SNF may be derived from
the models of fission gas release, by taking into account the prop-
erties of He instead of Xe in UO2, and the conditions of temperature
and irradiation of disposal. Such a model would require calculating
the concentration of He atoms dissolved in the UO2 grains, the
quantity of He atoms forming new bubbles or being trapped in
the fission gas bubbles, as well as the characteristics of these
bubbles. It would be necessary to evaluate the relevance of the
mechanisms of migration under disposal conditions, and the
parameters of migration that are too low to be measured by Lab-
experiments at the temperature of interest.

He atoms are released into grain boundaries by diffusion in the
grain (no bubble migration at the temperature of concern). The re-
leased fraction of He after 10,000 years should be very limited
since the diffusion length is lower by one to two orders of magni-
tude than the size of the grains. If the accumulation of He in the
grains leads to the rupture of the material, then He atoms will be
released into grain boundaries. Different scenarios lead to He re-
lease into the free volume of the SNF rod: (i) diffusion along the
grain boundaries, (ii) opening of the grain boundaries if the critical
stress is exceeded due to He accumulation, or (iii) percolation if the
coverage of grain boundaries by bubbles is sufficient (�0.5), allow-
ing the interlinkage of bubbles along grain boundaries.
2.3. Consequences of helium on the microstructure of spent fuel pellet

The fate of He in the spent fuel pellet depends not only on He
diffusion and solubility in UO2 but also on the mechanical and
morphological characteristics of the spent fuel microstructure after
irradiation.

As fabricated, the fuel pellet consists of UO2 grains of about
10 lm. After irradiation, two main regions appear in the UO2 fuel
pellet with a mean burnup higher than 40 GWd t�1:

– The central and intermediate zones (0–0.96 � Ro), where the
grains have the same size as before irradiation. In the central
zone (0–0.5 � Ro), small intragranular bubbles precipitate and
micrometer size bubbles appear in the grain boundaries. In
the intermediate zone, some nanometric bubbles in grain
boundaries are revealed by chemical etching. Vickers micro-
indentations evidence that this zone corresponds to the maxi-
mal embrittlement of grain boundaries [23].

– At the periphery of the pellet (0.96 � Ro to Ro), the microstruc-
ture is deeply modified both by the appearance of large pores
and by subdivision of the grains. The fully restructured zone
(optical rim), with a thickness from 75 to 140 lm, is highly por-
ous (15%). The sizes of the polyhedral and rounded subgrains
are around 0.5 lm and 0.1–0.2 lm, respectively. The mean
diameter of the gas bubbles located in the grain boundaries is
pository conditions

ng-time before water arrival (10,000 years) and low temperature (<200 �C)
w production rate of He: 69 � 1015 at m�3 s�1 in a UO2 fuel of 60 GWd t�1

ysico-chemical properties of He in UO2

all distance of diffusion �0.15 lm after 10,000 years

lubility range:
ono-crystalline UO2: 2.7 � 10�7 at.He/at.U/atm [21]
ly-crystalline UO2: 7.5 � 10�6 at.He/at.U/atm [22]

amages due to a self-irradiation (recoil atom + a particle)
ittle material
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1 lm. The local burnup is two to three times higher than
the mean pellet burnup. The rim zone, which corresponds to
the loss of Xe detection by microprobe, includes also a transi-
tion zone, which contains pristine grains and subgrains. The
thickness of this zone increases with the mean local burnup
[24].

Everywhere else but the rim, we expect that the most part of He
remains in the grain due to the low value of the diffusion length.
Considering the low value of solubility and the production rate of
He in UO2 spent fuel, He should precipitate in the grain, eventually
forming new He bubbles, or being trapped in pre-existing fission
gas bubbles. These two scenarios and their consequences will be
discussed in the next part.

In the rim region, the grains are so small that a large part of the
created He could be released into the large pores located at the
grain boundaries, which are already over-pressurized by fission
gases. The consequences of He accumulation in the large pores will
be assessed.

The assumptions and uncertainties of the theoretical approaches
proposed in the next parts will be discussed in part 5.
3. Evolution of the pristine grains of spent nuclear fuel during
repository

A complete model of He transport in SNF would lead to large
uncertainties regarding the parameters of the model at the temper-
ature of concern. We propose here a simplified approach in order
to estimate the effect of He on the stability of large grains of the
SNF pellet. This simplified approach is based on conservative
assumptions regarding the mechanisms involved in He migration.

The thermal diffusion of He is higher by some orders of magni-
tude than the thermal diffusion of uranium and fission gas [25],
and the flux of He atoms in bubbles should be larger than the flux
of U vacancies. The most conservative scenario is thus considered:
the transport of He atoms into bubbles without any vacancy. In this
case, the flux of He atoms into the bubbles leads to a pressurization
of bubbles, as observed for fission gas bubbles during irradiation.
Furthermore, we consider that the efficiency of He atom trapping
by bubbles is not reduced by the increase of pressure in the bub-
bles. At the repository temperature, the dissolution and migration
of bubbles are not relevant even after a long time. Due to its low
efficiency, the dissolution of bubbles by a self-irradiation is
neglected [26]. The thermal and athermal diffusion of U atoms
are extremely low under repository conditions (respectively
<10�30 m2 s�1 from [25] and <10�28 m2 s�1 from [17]). Therefore,
the deformation by creep around the bubbles is neglected for the
period of concern (10,000 years). In summary, all the phenomenon
that could lead to the growth of bubbles with incoming flux of He
atoms are not taken into account in the model. Hence, the trapping
of He atoms can lead to large pressures in the bubbles without
modifying the size of the bubbles.

In the pristine matrix of the pellet, He atoms can form new bub-
bles in the grains or/and can be trapped in the pre-existing fission
gas bubbles. The probability of trapping by fission gas bubbles
depends on the distance between two bubbles and on the diffusion
length of He atoms during 10,000 years. Each scenario is indepen-
dently treated afterwards. The evolution of the pressure in the
bubbles is calculated with the following assumptions:

– The bubbles are spheres of the same size, uniformly distributed
in the grain.

– The gas in the bubble is at thermodynamic equilibrium. The
pressure of the gas is linked to the volume and temperature
of the gas by an appropriate equation of state of gas.
The calculations are made for various populations of bubbles
and each population is characterized by the diameter and the den-
sity of bubbles.

3.1. The equations of state of gas

When the gas density in the bubble is low, the equation of state
of perfect gas allows linking the gas pressure in the bubble and the
volume of gas atom

Pb ¼
k � T
Vat

ð3Þ

where Pb is the bubble pressure (Pa), Vat is the volume of gas atom
(m3), T is the temperature of the gas (K) and k is the Boltzmann’s
constant (1.38 � 10�23 J K�1).

However, at the end of irradiation, the density of gas in bubbles
is very high, close to the density of solid Xenon. The equation of
state of Xenon is chosen as a function of the gas density, according
to Muller-Casanova’s recommendations [27]. These equations are
also those used in the model of fission gas behaviour in nuclear
fuel, MARGARET [28]:

– The complete equation of van der Waals for Xe is applied for the
moderate pressures (e.g. Vat P 1.6 � 10�28 m3)
Pb ¼
k � T

Vat � B
� A

V2
at

ð4Þ

with B = 86 � 10�30 m3 and A = 1.16 � 10�48 Pa m�6 [29].
– For higher gas pressure, corresponding to Vat 6 1 � 10�28 m3,

the equation of Carnahan–Starling with the modified potential
of Buckingham is applied.

Pb ¼
kT
Vat
� 1þ yþ y2 � y3

ð1� yÞ3
ð5Þ

with y, the reduced density of gas and d the diameter of hard
sphere (m), given respectively by [27]

y ¼ ðpd3
=6Þ

Vat
ð6Þ

and

d ¼ 4:45� 10�10 0:8542� 0:03996 � ln T
231:2

� �� �
ð7Þ

Moreover, the minimal value of the atom gas volume for Xe is
3.14 � 10�29 m3 [14]. It yields a maximal pressure of 78 GPa at
200 �C.

For intermediate values of Vat (1 � 10�28 m3
6 Vat 6

1.6 � 10�28 m3), a weighted value of these two equations is used
to ensure the continuity of pressure calculations over the whole
domain of Vat. Fig. 1 shows the consistency between the pressures
calculated at 200 �C according to Eqs. (4)–(7), and the values
tabulated by Ronchi for Xenon at 127 �C and 227 �C in [14]. The
equations of state of Xenon are used to calculate the pressure in
bubbles of fission gases and, conservatively, in bubbles containing
fission gases plus He.

As for bubbles containing only helium, the equation of
Carnahan–Starling (Eq. (5)) is used, with the reduced density of
gas given by [30]: y ¼ B

4Vat
, with B the co-volume for Helium

(3.95 � 10�29 m3 [29]). This analytical high density equation of
state ensures the continuity with the van der Waals equation for
Helium (Fig. 2).

The minimum volume considered for Helium gas atom (Vmin)
corresponds to the volume of hard spheres at closest-packing
and relates to the co-volume B, by
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Vmin ¼
3B

2p
ffiffiffi
2
p ¼ 1:3� 10�29 m3

This value leads, at 200 �C, to a maximal pressure of 69 GPa. In
the above expressions for Helium, the effect of temperature on the
diameter of the hard sphere is not taken into account. This analyt-
ical equation of state yields higher pressure than the equation of
state proposed by Wolfer [31], who takes into account the decrease
of the hard sphere diameter with temperature (Fig. 3). The choice
of the equation of state for Helium is also conservative compared
to experimental values [32], but less conservative than considering
Xenon properties for Helium bubbles (Fig. 4).

3.2. Characteristics of fission gas bubbles in spent fuel grains after
irradiation

The pressure and size of fission gas bubbles after irradiation are
calculated by assuming that the spherical bubbles are at mechan-
ical equilibrium with UO2 surface. The bubble pressure depends on
the bubble radius
Pb ¼ Phyd þ 2c=rb ð2Þ

c is the surface energy in J m�2. c varies with the temperature [33]:

c ¼ 0:85� 1:4� 10�4 � T pour 0 < T < 2850 �C

with T the temperature in Celsius degree. This relationships does
not take into account the corrective factor (0.41 � c) recommended
by the authors for the calculation of pressure in a cavity; the justi-
fication is not clear and a conservative approach has been preferred
to calculate the initial pressures of the bubbles. Phyd is the hydro-
static pressure resulting from the cooling water and the cladding
stress, assuming that the internal stresses are relaxed at the tem-
perature of irradiation (Phyd = 16 MPa).

The equation of state of gas allows calculation of the volume of
gas atoms in the bubble, and, from the volume of the bubble,
deducing the total quantity of gas atoms in the bubble. The pres-
sure and corresponding quantity of gas atoms in the bubbles are gi-
ven in Table 3 for various populations of bubbles. The size and
density that are taken into account in these calculations are consis-
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tent with the bubble populations observed in grains of UO2 fuels at
the end of irradiation. We also note that the mean distance be-
tween two bubbles is lower than the upper estimate of the diffu-
sion length of He in SNF after 10,000 years.

3.3. Pressure increase in the fission gas bubbles due to He

The mechanisms of bubble dissolution or bubble growth are not
effective at low temperature. Thus, during in-pool storage of SNF,
the size and the number of bubbles do not evolve, despite the
change of external temperature and pressure.

Over the long-term, the bubble size is fixed as a model assump-
tion. The flux of He atoms into the fission gas bubbles will contrib-
ute to the pressure increase in the bubble. The total pressure after
10,000 years of disposal due to He and fission gases is calculated by
considering that all He atoms produced by a-decays will be
trapped in the bubbles. For each population of bubbles, we deduce
the total quantity of gas atoms in the bubble, the corresponding
volume of gas atoms, and with the appropriate equation of state,
the pressure in the bubble at 200 �C, the maximal expected tem-
perature of the repository (Table 4).

The assumption that all He atoms can be indefinitely trapped in
bubbles of 2 nm, without any increase of the bubble size, leads to
volumes of gas atom, which are lower than the minimal volume.
Therefore the maximal pressure (78 GPa) should be reached before
10,000 years in the 2 nm bubbles. For the bubbles with a size be-



Table 3
Pressure ðPeq

b Þ, volume of gas atom (Vat) and quantity of gas atoms (nat) in the bubble
at equilibrium in UO2 at the end of irradiation (T = 400 �C, Phyd = 16 MPa), for each
population of bubbles.

Diameter db (nm) 2 10 50 100

Density (number of
bubbles m�3)

1023 5 � 1022 5 � 1020 1020

Grain porosity, w (%) 0.04 2.6 3.3 5
Mean distance between

the surface of
bubbles (m)

1.9 � 10�8 1.7 � 10�8 7.6 � 10�7 1.1 � 10�7

Peq
b (MPa) 1604 334 80 48

Vat (�10�29 m3) 5.47 9.27 16 21.1
nat (at/bubble) 77 5648 4.09 � 105 2.48 � 106

Table 4
Quantity of gas atoms (nat), volume of gas atom (Vat) and pressure (Pb) at 200 �C in the
bubble due to He accumulation in the fission gas bubbles, for a UO2 fuel of
60 GWd t�1 after 10,000 years of disposal.

Diameter db (nm) 2 10 50 100

Density of bubbles
(number of bubbles m�3)

1023 5 � 1022 5 � 1020 1020

nat (at/bubble) 1.8 � 103 9.0 � 103 7.5 � 105 4.2 � 106

Vat (10�29 m3) �Vmin 5.79 8.74 12.5
Pb (MPa) Pmax

* 1048 292 130

* The maximal pressure (78 GPa) is reached before 10,000 years.
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tween 10 and 100 nm, the pressure, derived from the Carnahan–
Starling equation of Xenon, varies roughly between 1 and 0.1 GPa.

3.4. Characteristics of new He bubbles

If the density of fission gas bubbles in the grains is low com-
pared to the potential mobility of He atoms in SNF, He should form
new bubbles with a size ranging from 1 to 100 nm, as soon as the
limit of solubility is reached. The second scenario to evaluate is
thus the formation of new bubbles in the grains.

The density of He bubbles created by He accumulation in the
grain is a priori not known. This parameter is considered as a var-
iable depending on the bubble size and obeys to the following
criteria:

– Considering that all He atoms produced by a-decays in the
grain can reach a bubble, the mean distance between two bub-
bles must be lower than two times the diffusion length of He
atoms (<0.3 lm).

– The volume of a gas atom in the bubble must be higher than the
minimal volume of gaseous He (1.3 � 10�29 m3).

– The condition for bubble stability, e.g. Pb P Phyd + 2c/rb, in
repository conditions (T = 200 �C and Phyd = 0, considering the
absence of external stress on the pellet) is achieved.

– The distance between two bubbles must be higher than the coa-
lescence threshold (6 � 10�9 m, from [10]).

The quantity of He atoms per bubble is calculated as a function
of the size and density of the bubbles assuming that all He atoms
Table 5
Variation range of the characteristics of new He bubbles in grains of a UO2 fuel of 60 GWd t�

Diameter db (nm) 2

Density of bubbles (number of bubbles m�3) 5.4 � 1023–1 � 1024

Porosity due to He bubbles, w (%) 0.2–0.4
Mean distance between bubble surfaces (m) (10–8) � 10�9

Pb (MPa) 54,000–1844
are trapped in bubbles. The equation of Carnahan–Starling of He al-
lows calculation of the pressures in the bubbles. For a given size of
the bubble, the range of possible densities is selected according to
the above criteria. The values of the corresponding porosity and
pressure are reported in Table 5. For this scenario, we consider that
the density of fission gas bubbles is not sufficient to trap He atoms.
The porosity of the grain corresponds thus to the volume of He
bubbles. Assuming that all He atoms will precipitate in He bubbles,
the maximal pressure (69 GPa) could be reached in bubbles lower
than 50 nm for the low values of bubble density.

3.5. Rupture criterion

The value of the critical pressure, which should lead to the
development of micro-cracks in a material consisting of UO2 solid
and homogeneous gas bubbles uniformly distributed in UO2 has
been proposed in [34]. By writing the condition of equilibrium of
the internal stresses in the material, without external stress, the
authors link the critical value of the bubble pressure with the ten-
sile fracture stress measured on the solid, and the material porosity

pfail
b ¼ rfail �

1� ð2=3Þ �wþ ð1=9Þ �w2

ð2=3Þ �w� ð1=9Þ �w2 ð8Þ

where pfail
b is the critical pressure (Pa), rfail is the fracture stress (Pa)

and w is the material porosity (–).
The critical pressure of the bubbles is represented in Fig. 5 as a

function of the material porosity. The value of the fracture stress
(150 MPa) is derived from mechanical tests performed on unirradi-
ated UO2 pellets [35].

From the simplified approach proposed in the paragraphs
above, we have calculated the pressure in the bubbles of the grains
after 10,000 years of disposal, according to two scenarios: the trap-
ping of all He atoms in the fission gas bubbles or the formation of
new He bubbles. With the very conservative assumptions of the
model, which is based on mass balance, the maximal pressure
(78 GPa) could be reached before 10,000 years in fission gas bub-
bles of a few nanometers (see Table 4). Anyhow, such a population
of bubbles leads to a very low porosity and very high critical values
of the bubble pressure. Hence, whatever the population of fission
gas bubbles, the pressure of the bubbles remains lower by one or-
der of magnitude, at least, than the critical values of pressure.

Actually, the population of fission gas bubbles is not homoge-
neous in the grain. The diffusion of He atoms in the solid will be
governed by the gradient of physico-chemical potential: the effi-
ciency of trapping by bubbles should decrease when the bubble
pressure will increase. Thus, it is more probable that He atoms will
migrate into the large bubbles, where the pressure is lower [36]. In
spite of the conservative assumption that all He atoms are trapped
in fission gas bubbles, whose size is fixed, the pressures in the bub-
bles are relatively low compared to the critical values. Therefore,
the overpressure of the fission gas bubbles, caused by He produc-
tion during 10,000 years, should not lead to the microcracking of
the SNF grains.

In the case of formation of new He bubbles, if we consider that
all He atoms precipitate in bubbles, the lowest densities of bubbles
lead to very high pressure (69 GPa). However in this case, the grain
1, at 200 �C and after 10,000 years of disposal, depending on the size of the He bubble.

10 50 100

4.3 � 1021–1.5 � 1022 3.4 � 1019–3 � 1020 2 � 1019–7 � 1019

0.2–0.8 0.2–2 1–3.6
(5–3) � 10�8 (2.6–1.0) � 10�7 (2.6–1.4) � 10�7

56,500–360 63,800–80 212–37
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Fig. 5. Critical bubble pressure as a function of the total porosity of the UO2 grains, considering that the population of bubbles is homogeneous.

Table 7
Quantity of gas atoms (nat), volume of gas atom (Vat) and pressure (Pb) at 200 �C in the
pores of the rim due to He accumulation in the pores, for a UO2 fuel of 60 GWd t�1

after 10,000 years of disposal.

Pore size (lm) 0.5 1 2 2.5

Density (number of
pores/m3)

2.3 � 1018 2.8 � 1017 3.6 � 1016 1.8 � 1016

nat (at/pore) 3.5 � 108 2.6 � 109 2.0 � 1010 3.9 � 1010

Vat (10�29 m3) 19 20 21 21
Pb (MPa) 31 28 26 26
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porosity is also so low that, whatever the bubble size and density,
the bubble pressure remains lower than the critical pressure. For
example, in the bubble of 2 nm, the pressure is lower than the crit-
ical pressure, by a factor of two for the lowest density and by a fac-
tor of 30 for the highest density. If we consider for this scenario
also the presence of some fission gas bubbles, the porosity of the
grain will increase and the critical bubble pressure decrease. How-
ever, with the increase of the total number of bubbles that are able
to trap helium, the pressure per bubble will also decrease.

This second scenario is also very conservative. It would be nec-
essary to improve this approach by taking into account the pro-
cesses of He transport, of bubble nucleation and bubble growth
in order to calculate the bubble populations, which could be
formed under disposal conditions. Furthermore, the maximal dis-
tance of diffusion of He atoms during 10,000 years (0.3 lm) is
based on an upper estimate of the athermal diffusion coefficient.
This maximal diffusion length constrains the minimal value of
the bubble density. If we demonstrate that the diffusion of He is
lower, the bubble density to consider in the calculations will be
higher. Consequently, the quantity of He atoms per bubble will de-
crease, and the pressure in the bubbles as well. Again, we can con-
clude that microcracking of the grains by He bubble formation is
not expected.
4. Evolution of the rim pores

4.1. Evolution of the pressure in the pores of the rim

In the fully restructured zone, we consider that the most part of
He atoms will be released by diffusion into the pores located at the
Table 6
Pressure ðPeq

b Þ, volume of gas atom (Vat) and number of gas atoms (nat) in the pores of
the rim, at equilibrium at the end of irradiation (T = 400 �C, Phyd = 16 MPa) for each
population of pores.

Diameter (lm) 0.5 1 2 2.5

Density (number of
pores/m3)

2.3 � 1018 2.8 � 1017 3.6 � 1016 1.8 � 1016

Mean distance
between pore
surfaces (m)

2.6 � 10�7 5.1 � 10�7 1.0 � 10�6 1.3 � 10�6

Peq
b (MPa) 22 19 18 17

Vat (10�28 m3) 4 4.8 4.9 5.2
nat (at/pore) 1.64 � 108 1.09 � 109 8.55 � 109 1.57 � 1010
grain boundaries. These pores already contain the fission gases at
the end of irradiation. The pressure in the pores at the end of irra-
diation is calculated versus the size of the pores, according to the
same approach as described previously in Section 3.2.

The value of the pore density is chosen as a function of the pore
size, so that the total porosity of the zone is 15%. The mean dis-
tance between the pore surfaces is consistent with the values of
Spino et al. [37]. The pressure at equilibrium at the end of irradia-
tion (at 400 �C) and the corresponding quantity of gas atoms are re-
ported in Table 6 as a function of the pore size. If we consider the
over-pressurization of fission gas bubbles observed in the rim zone
after irradiation, the quantity of gas atoms in the pores would be
two to three times larger than the values given in Table 6.

The pressures are calculated by considering that all He atoms
locally produced during 10,000 years will be trapped in the pores
(Table 7). For these calculations, we assume that the local concen-
tration of He is 2.5 times larger than the mean quantity of He in the
pellet. Due to the large size of the pores in the restructured zone,
the pressure remains low.

If we take into account an initial quantity of fission gas in the
pore, which is two times the quantity expected at equilibrium,
the calculated pressures are about two times higher than the val-
ues of Table 7.

4.2. Rupture criterion for the rim region

The determination of the critical pore pressure which would
lead to the propagation of cracks in the rim zone is based on the
theory of rupture of polycrystalline ceramics. In the restructured
zone of the pellet, the pores of large size constitute flaws at the
grain boundaries, from which fracture can initiate [35]. The
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strength of brittle ceramics at low temperature is based on the
Griffith’s law, which links the stress intensity factor with the size
of the initial flaw [38]:

KI ¼ A� r� c1=2 ð9Þ

where KI is the stress intensity factor (MPa m1/2), r is the applied
tensile stress (MPa), and c is a characteristic dimension of the flaw
(m). A is a constant, which depends on the crack geometry and the
type of the loading. The most critical flaw in ceramics corresponds
to a value of p1/2 for A.

The flaw propagates spontaneously to failure as soon as the
stress intensity factor reaches a critical value, KIC (MPa m1/2),
which corresponds to the material toughness.

An indication of the fracture toughness of the rim material can
be inferred from the Vickers indentation tests [37]. Matzke and
Spino [39] evidences an increase of the strength to fracture in
the rim zone with a value of KIC, which is higher by a factor of
two compared to unirradiated UO2 and the rest of the pellet. For
the authors, the improvement of the material strength is due to
the refinement of the grains, overwhelming the detrimental effect
of pores generally observed in ceramics. In the fully restructured
zone, the fracture toughness lies between 2 and 3 MPa m1/2.

If we assume that the pores constitute the limiting defects of
the rim, the critical pressure depends on the size of the pores.
The value of the critical pressure decreases from 1600 MPa for
the pores of 0.5 lm to 700 MPa for the pores of 2.5 lm.

It appears from Table 7 that, whatever the pore size, the pres-
sure of the pores is 10–50 times lower than the critical pressure.
In conclusion, the conditions of crack propagation, due to the re-
lease of all He atoms in the pressurized pores, should not be
reached in the rim region.
5. Discussion

The uncertainties regarding the proposed model of spent fuel
evolution concern the pressure estimates and the rupture criteria.
As for the evolution of the gas pressures in the bubbles, the calcu-
lations are based on the choice of the equations of state of gas. This
choice is consistent with other literature data, but remains difficult
to validate. The main uncertainties are bounded to the rupture cri-
teria. In order to ensure the conservatism of the approach, the
model is based on conservative assumptions, which yield very high
values of pressure in the gas bubbles, as summarized below:

– We consider that all He atoms will be trapped in bubbles,
whereas a part of the He should be dissolved in the UO2 matrix;
He solubility in SNF is not well known. With the upper values
between 0.1 and 0.3 at.%, as suggested by Roudil et al. [3], the
dissolved fraction could represent 50–100% of the He inventory
after 10,000 years in a spent UO2 fuel.

– The population of bubbles in the grains is assumed as homoge-
neous in size and the efficiency of the trapping by bubbles is the
same, whatever the pressure in the bubble. In reality, the size of
the bubbles in the grain is not uniform and He atoms should
preferentially diffuse to the large bubbles, where the pressure
is relatively low.

– Trapping by bubbles is considered as infinite leading to very
high overpressures in the small bubbles. Such high pressures
could, in the long-term, produce deformation of the material
by creep even at the low temperature of disposal, leading to
bubble growth and the diminishing of pressure. At high density
of gas, a relative increase of volume of 1% will lead to a relative
decrease of pressure of more than 4%. The bubble swelling was
neglected here, leading to a very high overestimation of the
pressure in the 2 nm bubbles. For that population of bubbles,
if we consider a small initial overpressure of 3% compared to
the equilibrium pressure and an athermal diffusion coefficient
of 9 � 10�30 m2 s�1 for U atoms (from Eq. (19) in [17]), the
increase of the bubble volume due to the flux of vacancies
would be about 2% after one hundred years, and the equilibrium
pressure should be reached. However, this rough estimate takes
into account neither the slowdown of creep with time, due to
the decrease of the bubble pressure when the volume of the
bubble increases, nor the flux of new Helium atoms in the bub-
ble. In order to have a realistic estimate of bubble pressure, it
would be necessary to take into account the variation with time
of He production, He atoms diffusion, and flux of vacancies in
the bubble, and, also the coupling between these processes.

Finally, the pressures in the bubbles have been calculated for a
temperature of 200 �C. The temperature of spent fuel packages will
depend on the design of the disposal. This maximal temperature
has been chosen in order to be not too restricted regarding the con-
cept of the repository and, also, in order to ensure that the conclu-
sions can be applied in the case of a dry storage of shorter duration.
The present design of a deep geological repository would lead to a
temperature that is close to 40 �C after 10,000 years, and a value of
pressure in large bubbles, which is lower by about a factor 1.5 than
the values at 200 �C. However, at high density of gas, such as in
small bubbles, the temperature has almost no effect on pressure.

In spite of the conservative assumptions of the model, the trap-
ping of all He atoms in fission gas bubbles or the formation of new
He bubbles yield values of bubble pressure or pore pressure which
are much lower than the critical values derived from the rupture
criteria. Therefore, the rupture of the large grains and the propaga-
tion of cracks in the rim zone are very unlikely in spent UO2 fuel
during the first 10,000 years of repository.

Finally, the results of the model are consistent with the observa-
tions of Guilbert et al. (cf. Section 1), who observed a flaking effect
in UO2 implanted with He at a concentration of 1.1 at.%, due to the
bubble formation during thermal treatment. This phenomenon
does not appear at a concentration of He of 0.2 at.%, which is close
to the concentration of He in spent UO2 fuel after 10,000 years of
disposal.

We can conclude that the pellet microstructure should not
evolve before the breaching of the canister. Consequently, the In-
stant Release Fraction can be considered as the radionuclide inven-
tories located in the free volumes of the SNF rod after irradiation.
The IRF values can thus be derived from the leaching tests on spent
fuel fragments. The uncertainties of IRF values will strongly depend
on the available leaching data, versus the spent fuel burnup and
linear power rating.
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