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a b s t r a c t

The ‘ADAGIO’ (French acronym for Discriminating Analysis of Accumulation of Inter-granular and
Occluded Gas) experiments are dedicated to the determination of the gas inventory located at inter-gran-
ular position thanks to a partial oxidation of an irradiated UO2 fuel. During these experiments the 85Kr gas
release is measured as a function of time. The comparison of 85Kr release kinetic with the fuel oxidation
kinetic brought into prominence two different gas release kinetics: the first one is proportional to the oxi-
dation kinetic, the second one has a sigmoid shape and could be linked to the gas release of the so called
‘High Burn-up Structure’.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The behaviour of fission gases is a key point for understanding
and modelling irradiated nuclear fuel [1]. A specific attention is paid
to the determination of the gas fraction which is trapped into bub-
bles, in particular at grain boundaries. This later population can in-
deed lead to grain boundary opening and significant gas release in
off normal or accidental conditions [2]. Although a tremendous ef-
fort was performed in hot laboratories in order to improve both the
measurement and local distribution of fission gases in the nuclear
ceramics, only a few methods can provide quantitative information
on the gas located at inter-granular position. Amongst them the
‘ADAGIO’ (French acronym for Discriminating Analysis of Accumu-
lation of Inter-granular and Occluded Gas) method was developed
at CEA (Commissariat à l’Energie Atomique) [3] in the wake of the
pioneer Canadian team’s work [4]. The global ADAGIO process is
schematically described in Fig. 1. From a general point of view, this
technique is based on the fact that fission gas inventory (intra- and
inter-granular) can be distinguished by controlled fuel oxidation,
since grain boundaries are oxidised under limited oxidation. In
more details, typical PWR (Power Water Reactor) fuel samples –
one pellet with its clad or a fraction of the pellet – is re-irradiated
in a Material Testing Reactor (MTR) in order to create short half-life
fission products distributed throughout the fuel matrix. The irradi-
ation is performed at low temperature, to generate fission gases
ll rights reserved.
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tracers located inside the grain, and under inert atmosphere in or-
der to avoid any fuel oxidation. As a consequence, the comparison
between the short half-life radioactive gases (for instance 133Xe)
and the long life ones (85Kr), which concentration and location
(within the grain, either in the sub-lattice or in bubbles, and at
the grain boundaries in bubbles and as manufactured porosities)
are not modified by the re-irradiation, allows to determine the frac-
tion of gas located at the grain boundaries.

At the end of the re-irradiation the fuel rod is sent to the hot
laboratory where annealing tests are performed. A first plateau at
450 �C (or 380 �C) under air flow is performed in order to induce
the oxidation of UO2 into U4O9c (called ‘oxidation phase’ through-
out the paper). As this oxidation step occurs preferentially along
the grain boundaries and due to the corresponding volume expan-
sion (caused by UO2 to U4O9c phase change) grain boundary sepa-
ration occurs. As a consequence, the inter-granular gas is released
and the potential intra-granular gas contribution is determined by
the 133Xe release. After this step, the temperature is increased in
order to extract the remaining gas inventory. During all these oper-
ations, the 85Kr and 133Xe release are continuously monitored by
the online gamma spectrometer (see below). These types of data
will give information in order to go further in the development
of more realistic and mechanistic modelling of FGR (Fission Gas Re-
lease) from fuels.

Recently the ADAGIO mathematical data treatment of the re-
lease kinetics, which allows an accurate determination of the
85Kr release kinetics at the sample position, was improved. This
made possible a new interpretation of the experimental data, evi-
dencing two gas release kinetics during the so-called ‘oxidation
phase’ of the global ADAGIO annealing test.
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Fig. 1. Schematic description of the ADAGIO technique.
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In this paper, after a brief description of the experimental setup,
the mathematical treatment of the experimental 85Kr release data
will be presented and the obtained results discussed.

2. Experimental section

2.1. Annealing test facility

The whole annealing test facility, called MERARG (French acro-
nym for Fission Gas Release Study Facility by Annealing) and de-
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only the key points will be recalled here. The corresponding key
components are the induction furnace located in a shielded hot
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quartz tube, and heated up by induction. During the whole anneal-
ing, the specimen is swept by a regulated gas flow (helium or air).
Released fission gases are carried away with the sweeping gas; it
flows through aerosol filters before passing in the delay chamber
situated in front of the gamma spectrometer. The gas flow ends
in the gloves box where fission gases are trapped.

The counting chamber and the detector are located in a shielded
chamber. The aim of such measurements is to follow in a set and
given point of an experimental loop, the evolution of the activity
signal over time. The detector is a germanium P-type crystal.
Radioactive fission gas activity is monitored by the gamma spec-
trometer. By taking into account fission gas dilution and flowing
time between the furnace and the counting chamber, real fission
gas release kinetics (i.e. at the sample position) can be recon-
structed from the measured one (i.e. at the c detector position)
as detailed hereafter (Section 2.3).

Furnace temperature, gas flow and pressure are continuously
monitored. The sample temperature is evaluated by two ways: (i)
a thermocouple placed at the lower part of the crucible measures
its temperature; (ii) a pyrometer gives another measurement for
temperatures above 1000 �C by direct sighting into the sample
chamber.

2.2. Sample characteristics

The main properties of the samples are displayed in Table 1. A
slice was cut out of a UO2 fuel rod irradiated 6 cycles (i.e. up to
�72 GWd/tm) in a commercial PWR reactor operated by Electricité
de France (EdF). The fuel rod pellets were manufactured by stan-
dard industrial process. The corresponding 235U initial enrichment
was 4.5%. The sample which was submitted to the annealing test
included one fuel pellet with its cladding.

The so-called ‘initial gas inventory’, which corresponds to the
initial fission product (FP) concentration inside the samples is ob-
tained by a methodology based on both gamma spectrometry mea-
surements and use of FP creation codes such as PEPIN or CESAR [6].
This value is used in order to calculate the released fractions from
the measured instantaneous release during and at the end of the
experiment.

The fractional fission gas release measured by a pin puncturing
test after base irradiation was 5.8% of the initial gas inventory for
the father rod (Table 1).

2.3. Real fission gas release kinetics reconstruction

The general FGR process can be schematized as depicted in
Fig. 3, where R(t), Nc(t), Nf(t) and Nmes are, respectively, the FGR
at the sample position, the number of atom in the counting cham-
ber at the moment t, the number of atom in the furnace at the
moment t, and the number of atom as measured by the gamma sta-
tion. Vf and Vc are the volume of the furnace and the counting
chamber, respectively, and finally d the gas flow rate.
Table 1
Main properties of the sample used

Initial composition UO2

Burn-up 72 GWd/tU

Released gas fraction during irradiation (measured) 5.8%
Released gas fraction during irradiation (calculated

with METEOR code)
5.9%

Gas fraction at intergranular position (measured with
ADAGIO method)

23.9%

Gas fraction at intergranular position (calculated by
METEOR code)

23.0%

Rod average power (W/cm) cycle 1, 2, 3, 4, 5 and 6 155, 160, 180, 175, 145
and 160
As explained above, the main objective of this procedure is to
express the real fission gas release kinetics (i.e. at the sample posi-
tion) from the measured one by taking into account fission gas
dilution and flowing time between the furnace and the counting
chamber. In other words, one has to express R(t) as a function of
Nmes(t).

The 85Kr balance, in number of atoms, at the furnace exit at mo-
ment t is given by

dNf

dt
ðtÞ ¼ RðtÞ � d

V f
Nf ðtÞ: ð1Þ

Beside, the same balance but between the furnace entrance and exit
is given by (Eq. (2)).

dNc

dt
ðtÞ ¼ d

V f
Nf ðtÞ �

d
Vc

NcðtÞ: ð2Þ

While applying the Laplace transform to Eqs. (1) and (2), one ob-
tains (with Nf(t = 0) = Nc(t = 0) = 0 as initial condition):

s�Nf ðsÞ ¼ �RðsÞ � d
V f

�Nf ðsÞ; ð3Þ

s�NcðsÞ ¼
d
V f

�Nf ðsÞ �
d

Vc

�NcðsÞ: ð4Þ

From these two latter equations, it is possible to express R as
follows:

�RðsÞ ¼ V f

d
s2 þ V f

V c
þ 1

� �
sþ d

V c

� �
�NcðsÞ; ð5Þ

which allows to express R(t) as a function of Nc(t) while applying
the inverse Laplace transform (Eq. (6)) (with Nc = 0, dNc

dt = 0 at t = 0):

RðtÞ ¼ V f

d
d2Nc

dt2 ðtÞ þ 1þ V f

Vc

� �
dNc

dt
ðtÞ þ d

Vc
NcðtÞ: ð6Þ

At this stage, it is important to note that the measurement does
not allow to access directly to the expression of the Nc(t) function.
In fact, between a time interval ti and ti+1, which corresponds to the
counting time of one gamma spectrum, the number of atoms mea-
sured by the detector is given by1

Nmes
ti þ tiþ1

2

� �
¼ 1

tiþ1 � ti
� V

V c
�
Z tiþ1

ti

NcðsÞds: ð7Þ

But, if we consider that Nc(t) is more or less constant between ti and
ti+1 and equal to its value at the middle of the interval (Eq. (7))
becomes
1 If one affects the measurement performed during [ti; ti+1] to the moment (ti + ti+1)/
2 and with V corresponding to the ‘seen’ by the gamma detector.
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Nc
ti þ tiþ1

2

� �
¼ V c

V
� Nmes

ti þ tiþ1

2

� �
: ð8Þ

As a consequence, it is possible to calculate the first and second de-
rived of Nc(t) (Eqs. (9) and (10), respectively) by using a develop-
ment in Taylor series.

dNc

dt
ðtjÞ ¼

Ncðtjþ1Þ � Ncðtj�1Þ
tjþ1 � tj�1

; ð9Þ

d2Nc

dt2 ðtjÞ ¼
2

tjþ1 þ tj�1
� Ncðtj�1Þ

tj � tj�1
þ Ncðtjþ1Þ

tjþ1 � tj

�

� 1
tj � tj�1

þ 1
tjþ1 � tj

� �
� NcðtjÞ

�
: ð10Þ

That allows to express R(t), (Eq. (6)), as a function of Nmes(t) by com-
bining (Eqs. (8)–(10)).

2.4. Thermal history applied to the sample

The sample was first submitted to a 18 h long annealing treat-
ment at 380 �C under dry and refurbished air supplied by Air Prod-
uct�. For technical reason,2 this annealing was performed in 4
cycles of approximately 400, 200, 400, 60 min each. It corresponds
to the ‘oxidation phase’ of the global ADAGIO process. The temper-
ature profile is presented, together with the experimental cumu-
lated 85Kr releases measured at the detector position, as a
function of time in Fig. 4.

2.5. Numerical treatment of the oxidation kinetics

The 85Kr release observed in our experiment is a consequence of
the UO2 ceramic oxidation. The experimental conditions have been
chosen in order to avoid the formation of U3O8 into the bulk which
2 Particularly because the annealing has had to be stopped according to particular
laboratory regulation during these experiments.
would have induced intra-granular cracking. As a consequence the
oxidation proceeded from irradiated UO2 to U4O9c as reported by
Thomas et al. [7].

In literature, the kinetic of this reaction is reproduced by the
Janders equation [8,9] (although this equation is not fully justified
[10]):

a ¼ 1� ð1�
ffiffiffiffiffi
jt
p
Þ3

h i
; ð11Þ

where a is the ratio of the molar number of formed U4O9c to that of
the initial UO2, t is time and j is a constant related to the grain size
and the oxygen diffusion with the formula:

j ¼ k

ðr � aÞ2
; ð12Þ

where r is the radius of the UO2 original grain considered as a
sphere, a is the ratio of the molar volume of the product to that
of the starting material (here a is close to 0.98) and k is the diffusion
controlled rate constant.

Although this equation may be well suited to reproduce the
weight gain measured during the oxidation of un-irradiated UO2

powder, its fitting is poorer with the weight gain data obtained
with irradiated fuel, especially for the low oxidation rates. Jander’s
equation induces indeed an infinitive derivative at t = 0, which is
not observed for irradiated fuel. In order to overcome this diffi-
culty, the Jander equation was modified as follows:

a ¼ exp
�1

B � t

� �
� 1� ð1�

ffiffiffiffiffi
jt
p
Þ3

h i
: ð13Þ

The added term modifies the curve only for the lower oxidation
rates, and allows to take into account the ‘incubation’ period ob-
served in experiments performed on irradiated samples (sigmoid
shape of weight grain curve). This modified equation (Eq. (13))
was used successfully in order to reproduce the oxidation kinetic
on several published weight gain data sets. Fig. 5 presents the
weight curves obtained on a UOX used fuel oxidised at 200 �C dur-
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ing 5000 h, taken from [11], and the curve obtained with the mod-
ified Janders’ law taking B and j equal to 2.5 � 10�7 s�1 and 5 � 10
�8 s�1. The agreement was rather good and, taking a 5 lm radius
for the UO2 grains, it gives k value equal to 10�19 m2 s�1, consistent
with [8]. However it is clear that the modified Jander equation has
no explicit physical meaning, anyhow it allows a good reproduc-
tion of the weight gain curve, which is the objective sought in this
study.

3. Gas inventory

The ADAGIO technique was initially devoted to the determina-
tion of the gas inventory, especially at inter-granular position. In
this part, the quantitative data obtained with ADDAGIO method
using the sample presented above are detailed.

3.1. Release data

The 85Kr initial signal was treated with the mathematical treat-
ment explained previously. The resulting curves, corresponding to
the real 85Kr release kinetics at the sample position, are also pre-
sented in Fig. 4. After this first stage, the temperature has been in-
creased up to 1500 �C by successive steps under air in order to
extract all the fission gases located inside the sample. The released
gas fraction at the end of the oxidation phase (T = 380 �C) is deter-
mined to be 23.9%, while the total released fraction of gas at the
end of the experiment is equal to 94.2%.

As far as the cumulated release is concerned, the 85Kr kinetics
can be divided into two main stages: (1) from 0 to 150 min, where
the release curve has a parabolic shape, and (2) from 150 min to
the end of the test, where the release curve is approximately linear.

3.2. Gas inventory consistency

In previous studies [12], a sample re-irradiation in a research
reactor was performed before the experiment in order to estimate
the gas fraction coming from the grain bulk. During the first
annealing step, 133Xe and 85Kr were simultaneously measured,
since during the re-irradiation short half-life radioactive gas,
133Xe, is re-created in intra-granular position and is considered
as a good tracer of the global intra-granular gases. Anyhow, it
was shown that the gas coming from the bulk represents only a
small fraction of the total released quantity during ADAGIO oxida-
tion (typically 1–1.5% of the initial gas inventory). As a conse-
quence, in our experiment only the 85Kr release was measured.

The total cumulated release obtained by ADAGIO ((94.2 ± 9.5)%)
is in good agreement with the release measured by pin puncturing
test after base irradiation ((5.8 ± 0.4)%). Consequently, it appears
that the calculated value of the initial gas inventory fit rather well
with the experimental one. Therefore, the inter-granular gas frac-
tion, which is the ratio between the experimental cumulated re-
lease and the experimental initial gas inventory, does not include
artefacts due to the evaluation of the initial gas inventory. Besides,
the global inter-granular gas population and the release after the
base irradiation was also determined by the CEA fuel performance
code METEOR [13]. These calculated results are in good agreement
both with the ADAGIO measurement (23.9% of inter-granular gas
measured instead of 23.0% calculated by METEOR, Table 1) and
the pin puncturing test (5.9% for calculations to be compared to
5.8% for experiments). In conclusion, it can be stated that the
experiment yielded accurate evaluation of the global inter-granu-
lar gas fraction (‘classical’ inter-granular bubbles and High Burn-
up Structure (HBS) ones) without, as expected, too much contribu-
tion of the intra-granular gas, which was not characterized in this
experiment.
4. Gas release kinetics

The new data treatment presented in this paper permitted the
first accurate determination of inter-granular gas release kinetics
at the sample position in the oxidation phase of the ADAGIO tech-
nique. In this part, this kinetics is discussed.

Grain boundary behaviour was interpreted by MacEachern [8],
who stated that ‘Used LWR fuel sample have rapid grain-boundary
oxidation, so that oxidation proceeds in such samples much like
oxidation of a powder sample having particle size equal to the
grain size of the used fuel’. Thomas et al. [7] detailed this assump-
tion, with TEM observations, saying: ‘Rapid oxidation along the
grain boundaries in spent fuel is attributed to rapid diffusion of
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oxygen through the small (1–10 nm) closely spaced gas bubbles
along the grain boundaries’.

If the gas filling these inter-granular bubbles is assumed to dif-
fuse like oxygen molecules, the inter-granular gas release would
then consist in a rapid burst at the beginning of the oxidation.
Our experimental results do not agree with such hypothesis. On
the contrary, the parabolic shape observed on Fig. 4 has some sim-
ilarity with the oxidation weight gain curve of Fig. 5. In order to
check this similarity, the 85Kr release curve was compared with
modified Janders’ equation.

4.1. Data treatment

In order to apply modified Janders’ equation to fission gas re-
lease, aF is used in Eq. (13) instead of a. aF is equal to the ratio of
the measured 85Kr release to a given amount, G, which would cor-
respond to the total release obtained after complete oxidation into
U4O9c.

Adjusting B, j and G to 0.025 min�1, 5 � 10�4 min�1 and 18%,
respectively, it was possible to draw aF as a function of time and
to compare it to the 85Kr release curve; both curves are given in
Fig. 6. The agreement between the two curves is very satisfactory
up to approximately 150 min. Above 150 min aF does not repro-
duce the total release. It appears that the difference between the
two curves has a sigmoid shape as a function of time from 150
to 800 mn, where the instantaneous 85Kr release tends to zero.
Hence the 85Kr release can be reproduced by the sum of two
curves: a first one reproducing the oxidation kinetics of the irradi-
ated UO2 ceramic, and the other starting at approximately 150 min
and being more or less linear with time.

The two release kinetics will be discussed separately.

4.2. First oxidation kinetics

The first 85Kr release kinetic is described by the modified Jan-
der’s equation.

The Janders’ equation implicitly admit that a discrete surface
layer of U4O9/U3O7 forms on UO2, but similar curves can be ob-
tained taking into account a oxygen concentration gradient [8].
For the sake of simplicity, we consider that the modified Janders’
equation describes the propagation of an oxidation front within
the solid, whatever the exact nature of this front.

The correlation between Janders’ equation and the inter-granu-
lar gas release suggests that the gas release occurs during the oxi-
dation front propagation. Considering the oxidation front inside
the UO2 grains is not consistent with our results as said before.
Our results are better understood by assuming that this oxidation
front occurs inside ceramic fragments. The existence of oxidation
front inside fragments was observed in [14] and [15] for example.
Thus the gas release could be associated to the oxidation front, in
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which grain boundaries could be opened. The formation inter-
granular cracks associated to U4O9c formation [15] is consistent
with this interpretation (Fig. 7). This assumption is also consistent
with the fact that the oxidation weight gain data do not exactly
obey the true Janders’ equation, the experimental shape would
be due to the complex kinetics of the oxidation front, which would
include both grain boundaries and bulk oxidation kinetics. More-
over, using j value determined by the fitting with the modified Jan-
der’s equation, the value of k obtained for a fragment size
(r = 100 lm), equal to 5 � 10�16 m2 s�1, is in better agreement with
the values reported by MacEachern, ranging from 3 � 10�16 to
7 � 10�16 m2 s�1, than the k value determined for a grain size
(r = 6 lm) equal to 1.8 � 10�18 m2 s�1. Finally G has a value of
approximately 18% which is consistent with other estimation of
the gas inventory on grain boundaries for that type of fuel (HBS
excluded).

4.3. Second oxidation kinetics

The existence of an additional gas release, with a sigmoid shape,
could originate from the so called ‘rim’, or more properly named
Fig. 8. SEM image (166 � 166 lm2) of the RIM area associated to a scheme showing how
through UO2 fragment and HBS (see text for details).
the High Burn-up Structure (HBS). HBS is known to occur when lo-
cal burn-up exceeds 60–70 GWd/tU. In our sample it affects a ring,
approximately 80–100 lm wide (see Fig. 8), at the pellet periphery.
This represents only �5% of the mass of the pellet, but around 1=4 of
the inter-granular gas of the sample (evaluated from [16]). This
huge amount of inter-granular gas results from a change in the
ceramic microstructure associated to the HBS, in which 10–20%
porosity is created by the formation of bubbles of the micrometer
size. Its quantity of gas and its small influence on weight gain curve
make it possible for the HBS to be responsible of the additional gas
release.

This hypothesis is also consistent with the kinetic of this addi-
tional gas release. Because our sample has a high burn-up, the
gap between the fuel pellet and the cladding is closed prohibiting
the direct access of oxygen to HBS. Thus, oxygen must first diffuse
through the ceramic fragment to reach the HBS. This can explain
why the additional gas release is not observed at once, but only
after an incubation time. Moreover, HBS contains a non negligible
part of actinide and lanthanide compound, which are known to
slow down the oxidation kinetics [9]. If it was assumed that the
gas was released proportionally to the oxygen up take of HBS,
the HBS structure can be oxidised. The white arrow represents the oxygen diffusion
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the linear part of the sigmoid kinetic could be explained by a con-
stant oxygen flux into HBS, resulting from the diffusion of oxygen
through the ceramic fragment to reach HBS.

5. Conclusion

The 85Kr release data treatment improvement allowed deter-
mining the release kinetic at the sample position. The results ob-
tained with a 6 cycles irradiated UO2 sample evidenced two
release kinetics. These kinetics were attributed to the inter-granu-
lar bubbles and the HBS bubbles. This new results opens the path
to improved characterisation of the gas inventory inside irradiated
nuclear fuel. Anyhow, the interpretation given here has to be vali-
dated on more numerous samples, in order to create a database.
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New Europe 2006, Portorož, Slovenia, September 18–21, 2006.

[7] L.E. Thomas, R.E. Einziger, R.E. Woddley, J. Nucl. Mater. 166 (1989) 243.
[8] R.J. McEachern, J. Nucl. Mater. 245 (1997) 238.
[9] R.J. McEachern, P. Taylor, J. Nucl. Mater. 254 (1998) 87.

[10] G. Rousseau, L. Desgranges, F. Charlot, N. Millot, J.C. Nièpce, M. Pijolat, F.
Valdivieso, G. Baldinozzi, J.F. Bérar, J. Nucl Mater. 355 (2006) 10.

[11] Lionel Desgranges, Gurvan Rousseau, Marie-Pierre Ferroud-Plattet, Cécile
Ferry, Hélène Giaccalone, Isabelle Aubrun, Pierre Delion, Jean-Michel Untrau,
in: P. Van Isheghem (Ed.), Scientific Basis for Nuclear Waste Management
XXIX, Mater. Res. Soc. Symp. Proc., vol. 932, Warrendale, PA, 2006, paper no 18.

[12] Y. Pontillon, M.P. Ferroud-Plattet, et al. Experimental and Theoretical
Investigation of Fission Gas Release from UO2 up to 70 GWd/t under
Simulated LOCA Type Conditions: The GASPARD Program, in: Proceedings of
the 2004 Water Reactor Fuel Performance Meeting, September 19–24, 2004,
Orlando, Floride, USA.

[13] C. Struzik, M. Moyne, J.P. Piron, 1997, in: Proceedings of ANS Conference,
Portland, Oregon.

[14] K.M. Wasywich, W.H. Hocking, D.W. Shoesmith, P. Taylor, Nucl. Technol. 104
(1993) 309.

[15] L.E. Thomas, R.E. Einziger, R.E. Woodley, J. Nucl. Mater. 166 (1989) 243.
[16] J. Noirot, L. Noirot, L. Desgranges, J. Lamontagne, Th. Blay, B. Pasquet, E. Muller,

Fission Gas Inventory in PWR High Burnup Fuel:Experimental Characterization
and Modeling, in: Proceedings of the 2004 International Meeting on LWR Fuel
Performance, Orlando, Florida, September 19–22, 2004.


	Evidence of two gas release kinetics during the oxidation of an irradiated PWR  UO2 fuel
	Introduction
	Experimental section
	Annealing test facility
	Sample characteristics
	Real fission gas release kinetics reconstruction
	Thermal history applied to the sample
	Numerical treatment of the oxidation kinetics

	Gas inventory
	Release data
	Gas inventory consistency

	Gas release kinetics
	Data treatment
	First oxidation kinetics
	Second oxidation kinetics

	Conclusion
	AcknowledgementAcknowledgements
	References


