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Abstract

The effects of hydrogen peroxide, H2O2, on UO2 corrosion is investigated in aerated deionized water in two types of
situations. The H2O2 species is either added to water or produced by radiolysis at UO2/H2O interfaces. The concentra-
tions vary in the range 10�5–10�1 mol l�1. The radiolysis is induced by irradiating the UO2/H2O interfaces with a He2+-
beam emerging from the UO2 discs into the solutions. Both the evolution of the aqueous solutions and the UO2 surfaces
are characterised. In both types of experiments, the alteration of UO2 results in the formation of the same secondary
phase, an hydrated uranium peroxide called studtite (UO2(O)2 Æ 4H2O). However, the uranium release at the interface
differs strikingly. It is much higher when H2O2 is produced by irradiation than when it is simply added. Furthermore, it
varies in opposite direction as a function of the H2O2 concentration. This gives evidence that the chemistry at the UO2

interface under irradiation differs significantly from the chemistry induced by simply adding H2O2 to the solution.
Rutherford backscattering spectrometry is used to determine the growth rate of the corrosion layer. For H2O2 addition,
the layer thickness increases with increasing leaching time, although as time increases, the U release tends towards zero.
It is possible to establish the first empirical equation relating the corrosion rates to the added H2O2 concentrations. For
H2O2 radiolytic production, the growth is continuous as irradiation time increases but the growth rate seems to decrease
as the layer grows and to reach a limit.
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PACS: 82.65.�i; 82.50.Gw; 81.05.Je; 81.65.�b
0022-3115/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnucmat.2005.05.009

* Corresponding author. Address: LSI Ecole Polytechnique, Palaiseau, France. Tel.: +33 1 01 69 33 46 98 21; fax: +33 1 01 69 33 30
22.

E-mail address: ccorbel@cea.fr (C. Corbel).

mailto:ccorbel@cea.fr


2 C. Corbel et al. / Journal of Nuclear Materials 348 (2006) 1–17
1. Introduction

The uranium dioxide fuels used in commercial
nuclear reactors are by far the most significant to repos-
itory performance. The fission reactions that occur in
these fuels during their use in reactors modify their
chemical composition, activity and microstructure.
Spent uranium dioxide nuclear fuels, UOX, are gamma,
beta and alpha radioactive materials with an activity
depending on their burn-up and storing age. Any envi-
ronmental assessment of spent nuclear fuel disposal
requires a prediction of the release of uranium from
the fuel once contact with groundwater is established.
One important process that may affect spent fuel disso-
lution is the production of radiolytic species in the
surrounding water submitted to its radiation. This pro-
duction modifies the redox conditions and, according
to some authors, can cause oxidising conditions near
the spent nuclear fuel surface even in disposal vaults
where groundwater is reducing [1]. The oxidation state
of UOX surface is expected to affect strongly UOX
dissolution in analogy to UO2 that is reported to signif-
icantly release uranium once the surface reaches the
composition UO2.33 [1–3]. Radiolysis is consequently
one process that needs to be considered in spent fuel
evolution in presence of water [4–6]. The difficulty is that
there is little knowledge on the basic mechanisms that
occur at UOX/H2O interfaces. Model experiments need
to be conducted [7,8].

The radiolysis of water produces both molecular
(H2O2, H2) and radical (�OH, O��

2 , HO�
2, e

�
aq, H

�) prod-
ucts, the concentrations of which depend on both the
nature of the ionizing radiation and the radiation dose
deposited in water [9,10]. Model experiments related to
UOX/H2O interfaces can be conducted on UO2/H2O
interfaces irradiated by external gamma sources or elec-
tron or He2+ ion beams. Recently, such an approach has
been proposed to investigate how 4He2+ ion (alpha)
emission from UO2 surfaces may affect both the release
of uranium at UO2/water interfaces and the alteration of
UO2 surfaces [11–13]. A high-energy beam of 4He2+ ions
supplied by a cyclotron irradiates an UO2/H2O interface
and passes through the UO2 disc and emerges into the
deionized water in contact with the disc. This work
demonstrates that 4He2+ ion irradiation of UO2/H2O
interfaces at high fluxes, of the order of 1010–1011

He2+ cm�2 s1, leads to a strong alteration of the UO2

surface in aerated deionized water. Irradiation enhances
the U release in the solutions and induces the formation
of a secondary phase of hydrated uranium peroxide on
the UO2 surface. The authors [11–13] propose that the
formation of this alteration product is related to the pro-
duction of the radiolytic species H2O2 in water.

The investigation of UO2 dissolution in deionized
water where various concentrations of H2O2 are added
can give useful information for an evaluation of the radi-
olysis effect due to H2O2. Nevertheless, few works [14–
22] on the H2O2 effects on UO2 corrosion have been
carried out. The present work aims to compare the
effects of H2O2 addition and radiolytic production on
the evolution of UO2/H2O interfaces. Two kinds of
experiments are carried out. The first one is a kinetic
study of the UO2 corrosion as a function of H2O2 con-
centration when H2O2 is added in aerated deionized
water. The second one deals with the corrosion kinetic
of UO2 when H2O2 is radiolytically produced in aerated
deionized water at the UO2/H2O interface water under
He2+ ion beam. The same leaching cells being used in
both types of experiments, the solid/water geometry at
the interface and the ratio of the UO2 surface to water
volume are the same for the leachings in presence of
added or radiolytically produced H2O2.
2. Experimental procedure

2.1. Materials

The UO2 material used here is isotopically depleted
and contains 0.2 at.% 235U. The 30 UO2 discs mounted
on the leaching cells are cut from sintered UO2 pellets
with a density, qv = 10.45 g cm�3, close to the UO2

density, 10.98 g cm�3. The 8.2 mm diameter discs are
thin with thickness 275 ± 5 lm. One face of the discs
is mechanically mirror-like polished. At the end of the
polishing, the discs are annealed under a mixture of
H2/Ar (8%) gas at 1400 �C to remove polishing damage
and adjust the oxygen to metal ratio to the stoichiome-
tric value (O/U ffi 2.0).

2.2. Leaching experiments

The leaching experiments with H2O2 either added or
radiolytically produced use the same type of Teflon leach-
ing cell and are carried out at room temperature. Each
UO2 disc is mounted in the leaching cell so that, when
the cell is filled, the polished face of the disc has a centered
surface, S = 0.283 cm2 (6 mm diameter) leached by a
volume, V = 10 ml, of solution. The ratio of the leached
surface to the solution volume has then the low value
S/V = 0.0283 cm�1 (2.8 m�1). No correction is applied
to the specific surface area that is taken equal
to ss (cm�2 g�1) = (Mmol(UO2))

�1 · (Mmol(UO2)/qv)
2/3,

i.e. 3.2 · 10�6 m2 g�1. The aerated deionized water used
to prepare the solutions where H2O2 is either added or
radiolytic produced has a 18 MX cm resistivity and a
pH of about 6. For H2O2 addition, the cell is filled with
aerated deionized water containing H2O2 concentrations
in the range 5 · 10�5–10�1 mol l�1. For H2O2 radiolytic
production, the cell is filled with aerated deionized water
and the UO2/H2O interface is irradiated to produce H2O2

concentrations in the range 5 · 10�4–7 · 10�3 mol l�1.
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The interfaces are irradiated by aHe2+ ion beamdeliv-
ered by the cyclotron at CERI-CNRS, Orléans (France).
The beam at its source has a 45 MeV energy. After extrac-
tion from the cyclotron, the beam travels in air through a
collimator and strikes the back face of theUO2 disc that is
mounted in the leaching cell. After passing through the
UO2 disc, the beam emerges from UO2 into water with
an energy that depends on the disc thickness.More details
on the irradiation procedure are given elsewhere [11–13].
In the present work, due to the narrow dispersion of the
disc thickness, the energy at the UO2/water interfaces is
�6.5 ± 1.5 MeV. This energy is comparable to the typical
energy of alpha particles emitted by the alpha radioactive
elements present in a spent nuclear fuel. The alpha-range
in water at this energy calculated using TRIM98 code [23]
is equal to about 37 lm.

Before starting the leaching sequences in presence
of added or radiolytically produced H2O2, the UO2

surfaces are pre-leached with aerated deionized water
during a cycle of sequential dissolutions of 1 h each. This
pre-leaching aims to reach a quasi-steady state level of
the uranium release in aerated deionized water to which
the uranium release over the first hour in presence of
H2O2 can be compared.

During the leaching experiments in presence of added
or radiolytically produced H2O2, either one continuous
leaching or several sequential leachings are performed.
For each continuous or sequential experiment, a new
UO2 disc and a fresh solution are used. At the end of
each leaching, the solution is collected for characterisa-
tion and, for sequential leachings, replaced with a fresh
solution. At the end of each experiment, the disc is dis-
mounted for characterisation.

For H2O2 addition, the duration of the continuous
leachings varies between 0.25 h and 1230 h. The number
of sequential leachings is generally about 5 or 6 and the
duration of each leaching is 1 h.

The fluxes used to produce radiolytically H2O2 are
the same for the continuous and sequential leaching
experiments, 3.3 · 1011 He2+ cm�2 s�1. For the continu-
ous leachings under irradiation, the duration varies from
1 to 6 h. Longer durations are impossible due to the
management of the beam time at the CERI-cyclotron
(CNRS-Orléans). For the sequential leachings under
irradiation, two discs are irradiated several times at the
same dates and a third disc at different dates. Between
each irradiation, the cell is emptied and refilled with
fresh water. The leaching time under irradiation that is
cumulated is 5 h, corresponding to 5 · 1 h irradiations,
for the two first discs and 16.5 h, corresponding to
2 · 0.25 h; 1 · 0.5 h; 12 · 1 h; 1 · 1.5 h; 1 h · 2 h irradia-
tions, for the third disc. Between the irradiation
sequences performed at different dates, the disc between
the sequences is kept in a dry Ar atmosphere.

In the present experiments, the number of used discs
is 20 and 10 for leachings using H2O2 addition and
radiolytic production, respectively. The corresponding
number of collected leachates including the pre-leach-
ates is 120 and 49.

2.3. Analysis and characterisation

The total uranium concentration in each leachate is
determined by inductively coupled plasma-mass spec-
trometry (ICP-MS) after acidification of the solutions to
dissolve any colloid of uranium compounds that
could have been formed during the leaching. The
concentration of hydrogen peroxide either added or
radiolytically produced is measured by the Ghormley
method [24,25]. The H2O2 detection limit is 2 ·
10�6 mol l�1.

To determine the corrosion kinetic of UO2, the altered
layers are analysed by Rutherford backscattering spec-
trometry using 4He2+ ions of 3.085 MeV at the Aramis
facility of the CSNSM in Orsay. The RBS spectra are
analysed with the RUMP computer code [26]. The
microstructure at the UO2 surface is also characterized
by optical microscopy, scanning electron microscopy
(SEM) and in the near surface layer by grazing X-ray dif-
fractometry (XRD) before and after the leaching experi-
ments. SEM observations are performed at DSM/
DRECAM/LPS (CEA-Saclay) and XRD patterns are
obtained at DEN/DMN/SRMA/LMS (CEA-Saclay).
3. Uranium release and acidity variation in presence of

hydrogen peroxide

3.1. Pre-leaching in aerated deionized water

In our experimental conditions, the uranium release
decreases as the number of sequential dissolution
increases. It becomes quasi-constant after about four
dissolutions. It has then the low value �0.5 lg l�1, cor-
responding to an average U release rate in volume per
1 h of �0.5 lg l�1 h�1. After normalisation to the S/V
ratio (S; geometrical 6 mm diameter leached surface,
V: 10 ml leaching volume), the release rate is equal to
1.8 · 10�2 lg cm�2 h�1.

3.2. Addition of hydrogen peroxide

As concern H2O2 addition, Fig. 1 shows that the var-
iation of the uranium mass release as a function of leach-
ing time depends on the H2O2 concentration added in
deionized water. For instance, one can compare the
effects of 10�3 and 10�1 mol l�1 addition. In both cases,
two different stages can be clearly distinguished. First,
the uranium mass release increases rapidly. Then, the
uranium mass release ceases to evolve as a function of
the leaching time. The difference is that the saturation
takes place at least four times faster for 10�1 mol l�1
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than for 10�3 mol l�1 H2O2: in less than 15 mn instead
of 1 h. This difference is however small compared to
the variation of the added H2O2 concentration. The
quasi-steady state is only reached four times, or more,
faster as the H2O2 concentration increases by two orders
of magnitude. Furthermore, as seen in Fig. 1, the satura-
tion value of the U mass release depends weakly on the
H2O2 concentration. This value decreases by only about
one order of magnitude, from 170 to 14 lg l�1, when the
H2O2 concentration increases by four orders of magni-
tude, from 5 · 10�5 to 10�1 mol l�1.

The acidity in the leachates increases as a function of
leaching time. The increase depends weakly on the H2O2
concentration. For leaching time of about 100 h, the
H3O

+ concentration (pH) increases (decreases) from
about 10�6 mol l�1 (6.0) to 10�5 mol l�1 (5.0) in the
10�3 and 10�1 mol l�1 H2O2 solution and to 2 ·
10�5 mol l�1 (4.7) in the 5 · 10�5 mol l�1 H2O2 solution.
The comparison of Fig. 1(a) and (b) for the 10�1 mol l�1

H2O2 solution shows the interesting property that the
H3O

+ concentration goes on increasing although the
uranium release is stationary. The same property holds
for the other solutions.

There is no significant variation of the hydrogen
peroxide concentrations measured between the begin-
ning and the end of the leaching experiments. This
indicates that in the 5 · 10�5 mol l�1 H2O2 solution,
the H2O2 consumption is at most of the order of
5 · 10�6 mol l�1.
3.3. Radiolytic production of hydrogen peroxide

As shown in Fig. 2, the H2O2 concentration produced
when UO2/H2O interfaces are under He2+ ion irradia-
tion increases with the energy deposited in water. In
our experimental conditions, a yield of H2O2 radio-
lytic production equal to 7.4 · 10�8 mol/J in Fig. 2 is
obtained.

As illustrated in Fig. 3 for two different interfaces
irradiated continuously in conditions that differ only
by the irradiation time, the uranium release increases
as a function of irradiation time. The H2O2 concentra-
tion produced after 4 h of irradiation at a flux of
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3.3 · 1011 He2+ cm�2 s�1 reaches a value of 5.2 ·
10�3 mol l�1. The uranium release in Fig. 3 reaches then
a value of about 2.8 · 104 lg l�1. Such a release is much
higher than those measured (see Section 3.2) after 4 h of
leaching by solutions where the added H2O2 concentra-
tion is about 5.2 · 10�3 mol l�1.

The acidity in the solutions produced by He2+ irradi-
ation of the UO2/H2O interfaces increases as a function
of irradiation time. During 4 h of irradiation at a flux of
3.3 · 1011 He2+ cm�2 s�1 where the H2O2 concentration
produced by radiolysis increases to 5.2 · 10�3 mol l�1,
the H3O

+ concentration (pH) increases (decreases) from
10�6 mol l�1 (6) to about 1.6 · 10�4 mol l�1 (3.8). This
increase in acidity after 4 h of leaching under He2+ irra-
diation is much higher than those observed after �100 h
of leaching time in solutions where the added H2O2

concentrations fall in the range 5 · 10�5–10�1 mol l�1.
The H3O

+ concentration increases from about two
orders of magnitude for 5.2 · 10�3 mol l�1 radiolytic
production instead of one order of magnitude or less
for 5 · 10�5–10�1 mol l�1 addition.
4. Identification and growth kinetic of the alteration

layer

4.1. XRD based identification of the alteration product

At the end of the leaching experiments performed in
presence of added hydrogen peroxide, the UO2 discs are
dismounted from the leaching cells to be first analysed
by X-ray diffraction and then observed by SEM. The
leached faces are coated with a yellow deposit, macro-
scopically visible. The X-ray diffraction patterns with
grazing incidence recorded on the leached faces show
the formation of the tetrahydrated uranium peroxide
called studtite UO2(O2) Æ 4H2O (Fig. 4(a)). After SEM
observations or RBS characterisation, the XRD pat-
terns correspond to a dehydrated uranium peroxide
UO2(O2) Æ 2H2O (metastudtite, Fig. 4(b)). This transfor-
mation indicates a loss of water molecules in the vacuum
of the SEM or RBS analysis chambers. The same com-
pounds are identified on the faces of the UO2 discs
leached under He2+-irradiation. Depending whether
characterisation by XRD precedes or not those by
SEM or RBS, the secondary phases observed are either
studtite or metastudtite.

The morphology of studtite has similar aspects inde-
pendently whether the growth takes place for H2O2

addition or radiolytic production. In both cases, it
appears to grow as a finely divided solid. It is interest-
ing to follow the evolution of the morphology of the
surface as its alteration progresses. Before leaching,
the SEM images of the polished faces of a UO2 disc
have the typical aspect shown in Fig. 5(a). The surface
appears to be smooth with well visible grain bound-
aries. The grains have an average size of about
10 lm. After 16 h of leaching with a 10�1 mol l�1

H2O2 solution, the altered UO2 surface in Fig. 5(b) is
covered homogeneously by a alteration product that
displays microcracks. The original grain boundary
structure of the UO2 disc has disappeared. After about
40 times longer leaching time, about 27.3 d (676 h)
instead of 0.66 d (16 h), Fig. 5(c) shows that the stud-
tite layer develops and takes a well defined structure.
It appears as closely packed crystalline fibres that grow
with a parallel orientation perpendicular to the UO2

surface. After leaching under He2+-irradiation at the
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high flux of 3.3 · 1011 He2+ cm�2 s�1, the alteration
product appears as closely packed bundles of randomly
oriented crystalline rods (Fig. 5(d) and (e)). There is
apparently no preferential direction of growth in the
case of leaching under irradiation.

It is interesting to notice that the surface beyond the
sealing joint of the leaching cell has a similar appearance
to that before leaching. It is consequently unaltered.
Another point worth mentioning is the mechanical
weakness of the altered layer. When the thickness of
studtite is sufficiently high (>several lm), this alteration
product is easily removed from the UO2 surface by
scratching and falls into a loose yellow powder. After
1230 h of leaching time with 10�1 mol l�1 of H2O2,
the UO2 disc is totally disintegrated into a yellow
powder.
4.2. Growth kinetic of the alteration layer: a RBS

based determination

Fig. 6 shows the typical evolution of the RBS spectra
recorded for different UO2 discs as leaching time in
presence of H2O2 addition or radiolytic production
increases. Fig. 6 displays the normalized RBS yields in
a range of channels corresponding only to the high
energy range of backscattered 4He2+ ions. This high
energy part of the RBS spectra corresponds to 4He2+

ions that are backscattered by uranium atoms in the
near-surface region. As illustrated in Fig. 6 for 1 h, 4 h
and 16 h leaching after 0.1 mol l�1 H2O2 addition, leach-
ing induces a decrease of the uranium backscattering
yield in a thin layer beyond the surface of the discs. This
layer extends as leaching time increases and, finally,
becomes so thick that, after 16 h of leaching, the remain-
ing UO2 is no longer reached by the analysis 4He2+-ion
beam.

The comparison of the backscattering yields at the
surface in Fig. 6 after 1 h, and 4 h of leaching in pres-
ence of 0.1 mol l�1 H2O2 addition shows that the com-
position of the altered layer at the surface is close to
that of the layer formed after 16 h of leaching. The
decrease in the uranium backscattering yield indicates
that the density of uranium atoms in the near surface
region decreases. By correlating this decrease to the
formation of altered layers of hydrated uranium perox-
ide at the disc surface, UO2(O2)–nH2O, we conclude
that this decrease corresponds to the incorporation of
O and H at and in the near-surface of the discs. The
thickness of the altered layer is deduced from the
energy range where the uranium backscattered yield
varies. The yield variation depends on the density of
oxygen, hydrogen and uranium atoms in the altered
layer.

The thickness of the alteration layer is calculated by
fitting the RBS spectra with the RUMP code in a model
where the atomic composition of the altered layer
is assumed to vary continuously as a function of
depth from the composition at the extreme surface,
UO2(O2)–nH2O, to the UO2 composition. In a first sub-
layer, the composition is given by UO2(O2)–nH2O and
depends only of n. In a second one, the composition is
given by UOx with 2 < x < 4. Details on the fitting pro-
cedure are given in Appendix A.

In all the leached discs, the composition of the
extreme surface is close to UO2(O2)–nH2O, with
0.4 < n < 1.6, indicating an uranium peroxide compound
partially dehydrated. As shown in Fig. 7(a), after addi-
tion of H2O2 in the solutions, the calculated thickness
of the alteration layer increases both with leaching time
and H2O2 concentration. The variation of thickness with
leaching-time is linear for the H2O2 concentration range
between 10�1 and 10�3 mol l�1. The slopes of the
straight lines give the growth rates of the alteration



Fig. 5. Scanning electron microscopy characterisation of UO2 surfaces before and after leaching in aerated deionised water with H2O2

addition or radiolytic production under He2+-beam irradiation. (a) Before leaching. (b and c) After leaching with 10�1 mol l�1 H2O2

addition during (b) 16 h and (c) 676 h; the inset shows a detail of closely packed fibres of studtite with a parallel orientation and
growing in a direction perpendicular to the UO2 surface. (d and e) Closely packed bundles of randomly rod-shaped crystals of studtite
after leaching under He2+-beam irradiation with a flux of 3.3 · 1011 He2+ cm�2 s�1.
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layer. Fig. 7(b) shows that the growth rate increases with
increasing added H2O2 concentration. It varies in
Fig. 7(b) by a factor 10, from �25 ± 2 to 200 ±
10 nm h�1, when the H2O2 concentration increases from
1.1 · 10�3 to 10�1 mol l�1. From a threshold H2O2 con-
centration of �6 · 10�4 mol l�1, an empirical equation
can adjust the variation of the growth rates with the
added H2O2 concentration (Fig. 7(b)). For [H2O2]P
6 · 10�4 mol l�1, the growth rate per hour, GR, is given
by:

GR ðnm h�1Þ ¼ 295þ 92 logð½H2O2� ðmol l�1ÞÞ ð1Þ

or, after normalisation to the leached surface:

GRðnm cm�2 h�1Þ ¼ 1042þ 325 logð½H2O2� ðmol l�1ÞÞ:
ð2Þ
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Below 6 · 10�4 mol l�1, the growth rate is low and is of
the order of a few nanometers per hour. Experiments
are underway to determine more precisely the behaviour
of the growth rates in this range of low H2O2

concentrations.
The RBS spectra for the UO2 discs leached under

He2+ beam irradiation have the same features as those
obtained on the discs leached in presence of added
H2O2 and are analysed in the same way. The thickness
of the alteration layer increases as a function of irradia-
tion time. Fig. 8 shows that the growth rate however
decreases as a function of irradiation time although
the concentration of H2O2 produced by radiolysis
increases. This tendency is true for the two discs that
have undergone a unique continuous irradiation as well
as for the three discs that have been submitted to a
sequence of several similar irradiations and for which,
for each irradiation, the cell is refilled with fresh deion-
ized water. During each irradiation, the H2O2 concen-
tration, produced by radiolysis at the UO2/H2O under
He2+ beam under irradiation, has an average value of
(1.3 ± 0.5) · 10�3 mol l�1 h�1. As seen in Fig. 8, the
average growth rates determined at a given flux during
sequential and continuous irradiations are of the same
order for duration that are comparable. For example,
the rate has a value of about 68 ± 14 nm h�1 for a
unique run where the H2O2 concentration produced
by 4 h radiolysis is 5.2 · 10�3 mol l�1. The value is
78 ± 7 nm h�1 for 5 · 1 h runs where the average H2O2

concentration produced by 1 h radiolysis in each run is
about 1.2 · 10�3 mol l�1.
5. Ageing of UO2/H2O[H2O2] aerated interface for

H2O2 addition

5.1. UO2 corrosion induced by H2O2 addition in

deionized water

During the leaching with added H2O2, a yellow
product occurs on the UO2 disc surfaces. It is identified
by X-ray diffraction as to be the tetrahydrated uranium
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peroxide studtite UO2(O2)–4H2O. It has a monoclinic
structure and the unit-cell dimensions are a =
1.185 nm, b = 0.678 nm, c = 0.425 nm and b = 93�37 0,
with a density of 3.64 g cm�3 [27–29]. The present work
shows that the compound can be easily dehydrated
under vacuum when it is examined with an electron or
He2+ beam. The layer is transformed into the uranium
peroxide dehydrate UO2(O2)–2H2O called metastudtite.
Its structure is orthorhombic with cell dimensions of
a = 0.650 nm, b = 0.878 nm, c = 0.421 nm, and a den-
sity of 4.67 g cm�3 [27,28]. In both peroxides, the ura-
nium has the oxidation degree, U(VI), and three
different types of oxygen bonds coexist [30–33]. The
conclusion is that H2O2 addition to water induces a
corrosion process where U(IV) is transformed into
U(VI). The formation of uranium peroxides on UO2

has been earlier mentioned in dissolution experiments
performed with H2O2 added to sulfate aqueous solutions
of various pH [15,17] or more recently to deionized
water [11–13,21,22].

To our knowledge, the present work reports the first
investigation where the growth rate of the corrosion
layer on UO2 is systematically determined as a function
of the concentration of added H2O2 in deionized water.
The corrosion layer thickness varies linearly with leach-
ing-time for all the H2O2 concentrations. The growth
rate increases with the H2O2 concentration. It is however
a weak logarithmic dependency (see Section 4.2). The
growth rate increases by only one order of magnitude
from about 10 to 200 nm h�1 (35 to 707 nm cm�2 h�1)
when the added H2O2 concentration increases by four
orders of magnitude from 5 · 10�5 to 10�1 mol l�1.
For a studtite density of 3.46 g cm�3, it follows that
the studtite forms at rates in the range (9.5–
190) · 10�8 mol m�2 s�1. Once a first layer of the UO2

disc is transformed into UO2(O2)–4H2O, the transfor-
mation goes on until the whole UO2 is transformed.
The formation of the studtite layer is unable to protect
UO2 from further transformation.

It is interesting to compare the layer growth rate
obtained here from RBS to the growth rate of the small
crystalline rods that compose studtite and obtained in
[34] from AFM. For [H2O2] = 5 · 10�4 mol l�1, the
authors report data showing that the growth rate drops
from 0.49 nm/h to 0.2 nm/h as the studtite formation
progresses. These values are obtained in deaerated
conditions on as-polished UO2 discs. They are about
two orders of magnitude lower than the layer growth
values, 10 and 25 nm/h, obtained here in aerated condi-
tions on annealed UO2 discs for H2O2 concentrations of
5 · 10�5 and 1.1 · 10�3 mol l�1, respectively. After nor-
malisation to the same specific surface area as in our
experiments, the ratio S/V for the deaerated conditions
is 1.5 · 10�2 m�1. It is much lower than the value
2.8 m�1 used here for the aerated conditions. In addition
to the absence of oxygen that can lower the rate of for-
mation of studtite, this difference can also affect the
growth rate of studtite.

5.2. U release as a function of UO2 leaching time in

presence of H2O2 addition in deionized water

In the present work, the U mass in the solutions is
determined after acidification. It takes into account the
U mass dissolved in the solution as well as the U mass
that may exist under the form of colloids or small pre-
cipitates in the solutions. Consequently, it is referred
below as the total U mass in solution. As mentioned
in Section 2, the effect of H2O2 addition is investigated
in this work once the total U mass release rate per hour
in deionized water has reached a constant value. In these
conditions, it is found that the total U mass release rate
during the first dissolution in presence of H2O2 addition
varies as function of leaching time. For every H2O2

concentration used in this work, the same evolution is
observed. The total U mass release rate in solution
decreases and tends towards zero as leaching time
increases. The saturation value of the total U release
and the leaching time necessary to reach the satura-
tion are both dependent on the added H2O2 concentra-
tion. Both quantities decrease weakly with increasing
H2O2 concentrations. The decrease is less than an
order of magnitude when the H2O2 concentration
increases by two orders of magnitude in the range
10�3–10�1 mol l�1.

The effect of the H2O2 addition on the dissolution of
UO2 in presence of aqueous solutions of various compo-
sitions has been investigated in a few earlier works
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[14–22]. The main focus is generally on the measurements
of the release rates in the first stage where the uranium
release increases as a function of leaching time. The sec-
ond stage at longer leaching time, where there is satura-
tion of the uranium release and an apparent release rate
of zero, is rarely investigated or even mentioned. A direct
comparison between the release rates determined in the
previous studies and ours is meaningless because they
are determined for a wide range of different experimental
conditions. The leaching times, the ratio S/V of the UO2

surface to the leaching volume, the solution composition,
acidity and redox conditions, such as aerated versus
deaerated leachings, differ strongly from one study to
the other. The effect of H2O2 on the U release rates at
the beginning of leaching depends strongly on the solu-
tion composition, acidity and redox conditions. The
comparison of the different investigations show that the
release rates can vary by two or three order of magni-
tudes. As concerns the values of the U release after long
leaching times of UO2 pellets in deionized water, it has
been recently reported results showing the same trends
as ours [21]. The U release decreases with increasing
H2O2 concentrations. After 1000 h of leaching in 10 ml,
the decrease is about an order of magnitude, from about
4760 lg/l to 380 lg/l, when the H2O2 concentration
increases by three orders of magnitude from 10�5 to
10�2 mol l�1 [21].
6. U and H3O
+ release as a function of UO2 corrosion

for H2O2 addition

6.1. U release and UO2 corrosion for H2O2 addition in

deionized water: correlation

For every H2O2 concentration used in this work, the
comparison between the total Umass release rate in solu-
tion and the growth rate of the corrosion layer shows
that they vary independently as a function of leaching
time. The release decreases and tends towards zero
whereas the growth rate of the corrosion layer remains
constant as leaching time increases. This interface behav-
iour indicates that the growth of the secondary phase
slows down the total U release. A similar conclusion
can be drawn from sequential leaching experiments,
n · 1 h, performed with the same leaching cell. As earlier
reported [11], the total U release rate per hour decreases
as the number of sequential dissolutions, n · 1 h, in aer-
ated added 10�3 mol l�1 H2O2 solution increases. The U
valence state being U(VI) in studtite, it is reasonable to
assume that the growth of the corrosion layer slows
down the release of the U(VI) valence state. The conse-
quence is that most of the U(IV) valence state trans-
formed into the U(VI) valence state remains in the
solid. The interface has thus the interesting property that
the UO2 corrosion rate becomes equal to the growth rate
of the corrosion layer as leaching time increases. Further-
more, the property that studtite formation decreases the
release of the valence state U(VI) indicates that studtite is
stable in water in presence of H2O2.

When H2O2 is added to deionized water, the compar-
ison between the U mass release rates in absence and
presence of H2O2 shows that H2O2 addition in our
experimental conditions enhances strongly the total U
mass release rate. For example, for 10�3 and 10�1 M
H2O2 addition (Fig. 1), the rates over the first quarter
of dissolution are respectively about P15.6 and P25.2
times higher than the rate over the first hour of dissolu-
tion, 0.5 lg l�1 h�1, measured in absence of H2O2 (see
Section 2). This increase indicates that H2O2 addition
modifies the reactions undergone by U species either at
the altered disc surface and/or in solution.

As concern the surface, the transformation of UO2

into studtite during the first quarter of dissolution
indicates that an oxidation process takes place. Little
information is available about the mechanism of this
transformation that is rarely discussed in previous works
[2–8,15]. It is generally accepted that the uranium mass
loss rate from uranium oxide is strongly dependent on
the surface oxidation, UO2+x [35]. The dissolution rate
of uranium from an UO2+x surface is generally consid-
ered much higher for its valence state U(VI) than in its
valence state U(IV). The increase in the total uranium
release induced by H2O2 addition during the first quarter
of dissolution may partly reflect the oxidation process
that is involved in the production of studtite on the
UO2 disc surface.

As concern the reactions in solutions, the complexa-
tion and precipitation reactions that may occur between
uranyl ions and H2O2 can also enhance the total U
release in solution. The complexation reactions that
are reported by some authors [36] lead to the formation
of UO2(O2) and UO2(O2)

2� ions via the reactions:

UO2þ
2 þO2�

2 > UO2ðO2Þ ðR1Þ

UO2þ
2 þ 2O2�

2 > UO2ðO2Þ2�2 ðR2Þ

with, for the reaction constants bij ¼
½UiLj �
½U �i ½L�j, the values

LogbðR1Þ
11 ¼ 32:04 and LogbðR2Þ

12 ¼ 60:15. The precipita-
tion reactions lead to the formation of studtite at room
temperature according to the reaction [27–29]:

UO2þ
2 þH2O2 ! UO2ðO2Þs þ 2Hþ ðR3Þ

The solubility constant K ¼ ð½UO2þ
2 �½H2O2�=½Hþ�2Þ is

reported to be 1.3 · 10�3 in the temperature range
25–27 �C [37, and refs. herein] and more recently
(1.32–1.38) at 25 �C [38]. This relation is valid when pre-
cipitation takes place in pure solutions. In the present
experimental conditions, the studtite layer is formed
on a UO2 disc surface initially immersed in the solution.
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The relation (R3) can however be used to estimate the
quantity of uranyl ions that needs to be added to start
studtite precipitation in solutions that contain the same
H2O2 and H3O

+ concentrations as the leachates. After
1 h and 112 h of aerated leaching in presence of
10�1 mol l�1 H2O2 addition (Fig. 1), the H2O2 and
H3O

+ concentrations are such that the solubility limit
is reached for concentrations of uranyl ions that are
about 2.5 · 10�14 and 8 · 10�13 mol l�1, respectively.
These calculated concentrations are about six or five
orders of magnitude lower than the saturated U con-
centration of �5.9 · 10�8 mol l�1 measured in the cor-
responding leachates. The comparison between the
calculated and experimental values suggests conse-
quently that precipitation takes place in the leachates.
It follows that, in addition to the oxidation process
occurring at the UO2 disc surface and to the complexa-
tion reactions, the formation of tiny studtite colloids by
precipitation may contribute to enhance the U release
when H2O2 is added. This justifies the experimental pro-
cedure used to measure the U amount in solutions (see
Section 2.3). The solutions are acidified before perform-
ing ICP-MS measurements to dissolve any type of U
containing colloids.

The complexation and precipitation reactions
induced by H2O2 in solutions are expected to increase
the total U release as a function of increasing H2O2 con-
centration. The opposite behaviour is observed in the
present experiments for the saturation values reached
by the U release as leaching time increases. The satura-
tion values decrease as a function of increasing H2O2

concentration. It seems therefore unlikely that the reac-
tions in solutions determine the saturation values of the
U release. It is proposed here that they are determined
by the U release properties of the surfaces that appear
while the transformation from UO2 to UO2(O2)–4H2O
progresses. We have seen above that, in presence of
H2O2, the release of the U(VI) valence state seems to
be blocked from studtite surface but occur rather easily
from UO2+x surface. The time spent in surface states that
favour U release decreases when the growth rate
increases. The consequence is that faster the growth of
a studtite surface is, lower the U saturation value is. This
is indeed the observed experimental trend. For exam-
ple, the growth rates of the corrosion layer is higher
for 10�1 mol l�1 than for 10�3 mol l�1 H2O2 addition
whereas the U saturation value is lower for 10�1 mol l�1

than for 10�3 mol l�1.

6.2. Acidification and UO2 corrosion for H2O2 addition

in aerated deionized water

Another interesting property induced by the leaching
of the UO2/H2O interface with added H2O2 is that the
acidity goes on increasing as leaching time increases.
The question is whether this increase results from reac-
tions in solutions or/and at the UO2/H2O([H2O2]) inter-
face. Some of the reactions in solutions that can be
candidates for the control of the acidity in the aerated
leachates are the hydrolysis reactions of uranyl ions
and their derivatives, the formation of U complexes with
the peroxide ions or the carbonates present in aerated
solutions. The concentrations of uranyl ions and of their
derivatives soluble in the leachates are here unknown.
They are equal or lower than the total U concentrations
that are measured by ICP-MS after acidification of the
leachates. A calculation shows that, for values equal or
higher than the U concentration in the leachates, the
hydrolysis reactions result in an acidity that is lower
than measured. When reactions with peroxide ions and
carbonates are also considered, the calculated [H3O

+]
concentrations remain below the measured values.
For instance, for ([U], [H2O2]) = (10�5,10�3) mol l�1

and pCO2
¼ 3:4� 10�4 atm, the calculated value is

[H3O
+]cal = 2.85 · 10�6 mol l�1. Consequently, other reac-

tions are responsible for the acidification of the solu-
tions. Among the reactions that can be considered is
the precipitation reaction (R3) (see Section 6.1). The for-
mation in solution of tiny studtite colloids via this reac-
tion can result in an increase of the solution acidity.
However, contrary to the acidity that increases as a
function of leaching time, the total U amount in the
leachates, and, consequently, the precipitated part in
tiny colloids, tend towards a constant value. It seems
therefore unlikely that the precipitation reaction (R3)
contributes to the increase in acidity that is observed
after long leaching times. The conclusion is that reac-
tions at the UO2/H2O([H2O2]) interface rather than in
the solution need to be considered.

A process occurring at the interface when the acidity
increases is the growth of the studtite layer on the UO2

disc. The correlation between the increase in acidity and
the growth of the studtite suggests that the H3O

+ pro-
duction be partly related to the transformation of ura-
nium oxide into studtite. In the present work, the disc
alteration has the two properties that (i) the altered disc
surface presents an etch pattern and (ii) the layer thick-
ness increases linearly. According to literature, these two
properties can be considered as indicative of a corrosion
process controlled by a reaction at the interface ((i) [40],
(ii) [39]). One possibility is that the UO2 surface acts as a
nucleation site for precipitation. If the UO2 surface has
indeed this role, the reaction precipitation at the surface
produces H3O

+ and, consequently, the increase in acid-
ity can be partly controlled by the growth of the studtite
layer. The layer grows as closely packed crystalline rods
with a more or less well defined orientation depending
whether its growth is induced by hydrogen peroxide
addition or radiolytic production. This indicates that
heterogeneous nucleation takes place. The rod disorien-
tation observed when the hydrogen peroxide is radiolyt-
ically produced can have its origin in the formation of
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tiny H2 gas bubbles that stick more or less on the surface
during the interface irradiation. Work under progress
shows that the measurements of the electrochemical
properties of the interface can be hindered after a while
under irradiation by such a process.
6.3. Summary

In summary, for the leaching experiments with H2O2

addition, the corrosion and release processes can be
divided into two main stages:

• a first stage where the U release rate is quasi-constant
as a function of time and much higher than in deion-
ized water. The surface is oxidised and studtite starts
to grow on the surface.

• a second stage where the total U release ceases to
evolve whereas the studtite layer on the disc goes
on growing with a constant rate depending on the
added H2O2 concentration. A continuous release of
H3O

+ ions seems to be correlated to the growth of
the studtite layer.

The comparison between the total U releases pro-
duced in continuous or sequential leaching experiments
suggests that the net U release from the disc surface
decreases as the studtite layer grows. The valence state
U(VI) in studtite seems to be stabilised against
dissolution.
7. Ageing of UO2/H2O[H2O2] aerated interface:

radiolytic versus added H2O2

7.1. UO2 corrosion and U release for H2O2 radiolytic

production in deionized water

For the leaching experiments where H2O2 is pro-
duced by radiolysis at the UO2 surface under He2+ irra-
diation at a flux of 3.3 · 1011 He2+ cm�2 s�1, the H2O2

concentration increases continuously during the leach-
ing process. The UO2 discs are altered and studtite
grows during irradiation. As seen in Section 5.1, the for-
mation of this compound indicates that a corrosion pro-
cess takes place where the valence state U(IV) is oxidised
to the valence state U(VI).

For continuous irradiation, the growth rate of the
corrosion layer decreases as a function of leaching time.
The decrease can reach values of about 40% during the
first 4 h. For the sequential irradiation where the discs
are irradiated several times in conditions that produce
comparable H2O2 concentrations, the growth rates of
the corrosion layer tend also to decrease as the cumu-
lated irradiation time increases. The rate value is 78 ±
7 nm h�1 for the two discs that are irradiated five times
during 1 h. It is only 51 ± 10 nm h�1 for the disc that is
irradiated 16.5 h (2 · 0.25 h; 1 · 0.5 h; 12 · 1 h; 1 ·
1.5 h; 1 h · 2 h). The growth rate seems however to tend
towards a constant limit as the cumulated irradiation
time increases. This tendency suggests that the corrosion
in the discs goes on progressing as cumulated irradia-
tion times increases.

For the discs that are irradiated in the same flux
conditions, the comparison of the growth rates of the
corrosion layer shows that the growth rates determined
for short unique irradiation times are higher than or
comparable to those determined for longer cumulated
irradiation times: 112 ± 22 and 68 ± 14 nm h�1 for 2
and 4 h of continuous irradiation instead of 78 ± 7
and 51 ± 10 nm h�1 for 5 h (5 · 1 h) and 16.5 h (2 ·
0.25 h; 1 · 0.5 h; 12 · 1 h; 1 · 1.5 h; 1 h · 2 h) of cumu-
lated irradiation. This tendency confirms that the
growth rate seems to tend towards a limit when the
studtite layer grows under a given flux of He2+ ions.

The total uranium release and the acidity increase
as a function of H2O2 production. There is no trend
towards saturation at least during the first 5 h of irradi-
ation where there is also no saturation in the H2O2 pro-
duction. The total U release increases as a function of
the radiolytically produced H2O2 according to the
empirical relation:

½U�irr ðmol l�1Þ ¼ �2:27� 10�6 þ 1:11

� 10�4½H2O2�irr ðmol l�1Þ

þ 2:34½H2O2�2irr ðmol l�1Þ:

The total U release rate has a quasi-constant value of
64 lg cm�2 h�1 (Fig. 3(b)). This rate remains quasi-con-
stant although irradiation induces a corrosion process
that transforms UO2 into studtite. The comparison
between this time dependency and that of the growth
rate of the corrosion layer shows that these two quanti-
ties vary independently.

7.2. Solid and leachate evolution: difference between

H2O2 addition and radiolytic production

This section compares the effects of H2O2 addition
and radiolytic production on the evolution of UO2/
H2O[H2O2] interfaces and show that the behaviour of
the interfaces differ.

When H2O2 is added in deionized water, the UO2/
H2O[H2O2] interface starts to evolve at a constant value
of H2O2 concentration. When H2O2 is radiolytically pro-
duced in deionized water at the interfaces under He2+

beam, the interface starts to evolve in presence of
H2O2 concentrations that increase with irradiation time.
Furthermore, other radiolytic chemical species than
H2O2 are produced at the interface. Depending whether
they react or not with the UO2 surface, they can also
induce an evolution of the surface. The comparison of
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the behaviours of UO2/H2O interfaces in both situations
show that two properties that differ significantly are the
evolutions of the release and growth rates as a function
of leaching time. In both cases, the corrosion process
however transforms UO2 into a secondary phase that
is identified as studtite. In both cases, the layer morphol-
ogy appears as a loose structure formed by closed bun-
dles of thin rods.

Under irradiation, the total U release rate remains
quasi-constant although the leaching time and H2O2

concentration reach values that, for H2O2 addition
experiments, correspond to values where the release rate
has already decreased to zero. Let us consider the
following example. In Fig. 3, the total U release under
irradiation is still increasing after 1 h. The H2O2 concen-
tration is produced at the constant rate of �3.3 ±
0.3 · 10�7 mol l�1 s�1 (Fig. 3) and, after 1 h, reaches
the value �1.3 · 10�3 mol l�1. After 1 h of leaching at
such added concentrations, Fig. 1 shows that the total
U release has already reached a stationary value. Our
conclusion is that the U release rate under irradiation
is controlled by other processes than those controlling
it in presence of H2O2 addition. The redox conditions
under irradiation are strongly modified due to the pro-
duction of strong transient oxidant (HO�, O��, HO�

2 ,
O��

2 , H3O
þ, H2O2, O2) or reductant (e��aq , H�, H2,

H2O2) radiolytic species. This may be the origin of the
striking difference in the release amounts and rates as
a function of leaching time between irradiation and
addition.

The growth rates at the beginning of the leaching
seem to be higher under irradiation than those that
can be achieved by low addition of H2O2 concentrations.
As leaching time under irradiation increases and that
radiolysis produces H2O2 concentrations in the range
10�3–10�2 mol l�1, the growth rates seem to become
comparable to those obtained for the addition of H2O2

concentrations equal to those produced by radiolysis.
For example, the average growth rate after 2 h of irradi-
ation has a value 112 ± 22 nm h�1 for H2O2 concentra-
tions increasing from 0 up to �1.3 mol l�1 during the
first hour and up to �2.5 mol l�1 during the second
hour. It is higher than the growth rates corresponding
to, respectively, 1.3 and 2.5 · 10�3 mol l�1 H2O2 addi-
tion. The average growth rate after 4 h of irradiation
has a value 68 ± 14 nm h�1. This value falls in the range
of rates 60–70 nm h�1 that can be obtained by averaging
the rates 30, 56, 71 and 83 nm h�1 equal to those
induced by the addition of H2O2 concentrations compa-
rable to those produced after 1 h, 2 h, 3 h and 4 h irradi-
ation, respectively (1.3, 2.5, 3.8, 5.2) · 10�3 mol l�1. It
seems also that, as the cumulated irradiation time
increases in a cycle where similar irradiations are
repeated, the growth rate of the corrosion layer becomes
close to that induced by the addition of the H2O2 con-
centration that is reproducibly produced in each irradi-
ation. The presence of other radiolytic species than
H2O2 seems to affect the growth process rather at the
beginning than after a few hours of irradiation.

In summary, the evolution of the UO2/H2O interface
induced by H2O2 radiolytic production results in specific
properties of the U release and initial growth rate of the
alteration layer that H2O2 addition is unable to repro-
duce. The nature of the corrosion product is however
the same in both cases.
7.3. H2O2 consumption in UO2 corrosion induced by

H2O2 in aerated deionized water

The mechanisms of the transformation of uranium
oxide into studtite and those of the studtite dissolution
are rarely discussed in previousworks [14–22,38] and little
is known about them for H2O2 addition as well as radio-
lytic production. Recent calculations of enthalpy forma-
tion suggest that studtite, UO2(O2)–4H2O, relative to
UO3 is stable in presence of H2O2 [38]. Another enthalpy
formation calculation suggests that studtite instead of
dehydrtated shoepite, UO3(H2O)0.8, forms when very
low H2O2 concentrations, �1.1 · 10�14 mol l�1, are
added to deionized water [38].

To calculate the consumption of H2O2 as a function
of leaching time in our experimental conditions, we
assume that the reaction (R4) takes place:

UO2s þ 2H2O2 ! UO2ðO2Þs þ 2H2O ðR4Þ

Two moles of H2O2 are used to transform one mole
of UO2 into studtite. Let us calculate the H2O2 concen-
tration that is needed to transform a UO2 layer of 1 nm.
For a UO2 disc, of typically 0.15 g and thickness 270 lm
in our study, the number of UO2 moles per nm is
2.0 · 10�9 mol nm�1. According to reaction (R4), the
number of H2O2 moles per nm required for the transfor-
mation of a UO2 disc layer into studtite is then
4.0 · 10�9 mol nm�1. In the assumption that all the
H2O moles in solution contributes to the transforma-
tion, the addition of a H2O2 concentration of 4.0 ·
10�7 mol l�1 in a 10 ml aerated deionized water is
sufficient to transform a UO2 disc layer of 1 nm into
studtite. One can also estimate the H2O2 concentration
that is sufficient to form a 1 nm studtite layer on the
leached disc surface of 0.283 cm�2 (6 mm diameter).
For a studtite density of 3.64 g cm�3, the number of
studtite moles (374 g/mole) per nm on the leached sur-
face of 0.283 cm�2, is 2.75 · 10�10 moles. According
to reaction (R4), this formation corresponds to a con-
sumption of 5.5 · 10�10 H2O2 moles. The minimal
H2O2 concentration is then 5.5 · 10�8 mol l�1 in a
10 ml volume.

In the present experiments, the fitting of the RBS spec-
tra obtained after the different leaching times shows that
only a part of the corrosion layer is transformed into
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studtite. Assuming a whole transformation of the corro-
sion layer into studtite, one can estimate the maximal
H2O2 concentration that is consumed during the corro-
sion process. For [H2O2] addition in the range 10�3 or
10�1 mol l�1, after 112 h of leaching, the H2O2 consump-
tion corresponding to a whole transformation of the
corrosion layers into studtite is calculated to be one to
two orders of magnitude lower than the initial H2O2 con-
centration. For example, for [H2O2] = 5 · 10�5 mol l�1,
the corrosion layer after 112 h of leaching reaches a thick-
ness of 112 nm according to RBS. For the consumption
rate of 5.5 · 10�8 mol l�1 nm�1 determined above, the
H2O2 concentration corresponding to the whole transfor-
mationof such a layer is of the order of 6.2 · 10�6 mol l�1.
This value is one order below the initial H2O2 concentra-
tion. These variations are too low to be detected experi-
mentally. It is why the H2O2 concentrations measured
initially and at the end of the leaching are the same for
added H2O2 concentrations in the range 5 · 10�5–
10�1 mol l�1.

It is interesting to examine which of the quantities,
the H2O2 radiolytic production or the growth rate of
the corrosion layer, controls the growth of studtite
under He2+ beam irradiation. One can estimate roughly
the time that it takes to produce the amount of H2O2,
5.5 · 10�8 mol l�1 in a 10 ml volume, necessary to form
a 1 nm layer of studtite on the leached and irradiated
disc surface of 0.283 cm�2 (6 mm diameter). According
to Fig. 2, H2O2 is produced by irradiation at a yield
of 7.4 · 10�6 mol l�1 J�1 in a 10 ml volume. To reach
the H2O2 concentration of 5.5 · 10�8 mol l�1, the
beam needs to deposit a energy of 7.4 · 10�3 J. The
beam considered for the calculation has the typical char-
acteristics: E2þ

He (MeV) = 5, flux (He2+ cm�2 s�1) =
3.3 · 1011, dE/dtdS (J s�1 cm�2) = 2.6 · 10�1, dE/dtdS
(J h�1 cm�2) = 9.5 · 102, S (cm�2) = 0.283, t (h) = 1, E
(J h�1) = 270). Such a beam deposits energy in the
10 ml volume through the leached surface of 0.283 cm2

at a rate of 270 J h�1. It is sufficient to irradiate the inter-
face during 2.7 · 10�5 h or 0.099 s to produce the H2O2

concentration of 5.5 · 10�8 mol l�1 necessary to grow a
1 nm studtite layer. One can estimate the thickness of
the studtite layer that can grow under irradiation during
0.099 s. For the highest value of the growth rates deter-
mined under irradiation, 112 nm h�1, the studtite layer
during 0.099 s reaches a thickness of only 3.1 ·
10�3 nm much lower than 1 nm. This value is much
lower than any of the unit-cell dimension of studtite
and, even, below an atomic radius. To calculate such a
value indicates that the number of moles formed after
0.099 s is so low, 8.5 · 10�13, that the surface is only par-
tially covered with studtite. These calculations show that
it takes much less time to produce the H2O2 amount nec-
essary to grow a layer of a given thickness than it takes
to grow this layer. The process that limits the growth of
the corrosion layer during irradiation is therefore the
corrosion process itself rather than the H2O2 radiolytic
production.
8. Implications for spent fuel disposal

The present work shows that aerated UO2/H2O
interfaces have their properties affected under He2+

beam irradiation The production of hydrogen peroxide
and, most likely, also of some other radiolytic species,
are responsible for the changes. This information
may provide insights into the evolution of spent fuel
interfaces.

The formation of studtite appears as a fingerprint of
the H2O2 radiolytic production at UO2/H2O interfaces
under He2+ irradiation. It can be expected to appear at
a spent fuel surface at the condition that H2O2 is
locally produced by radiolysis in the natural water
leaching spent fuel. It has indeed been observed that
uranium peroxides exist in natural state. Studtite and
metastudtite occur for instance at the uranium deposit
of Shinkolobwe in Shaba, Zaire [29] and at the
uranium deposit of Menzenschwand in the Black
Forest in Germany [28]. More recently, studtite has
also been observed at the surface of Chernobyl �lava�
[41,42]. Despite the building of a �shelter� to isolate
the destroyed Chernobyl reactor, the �lava� can still
be leached by water, such as rainwater, and studtite
is one of the secondary phase that can be formed.
The formation of studtite and metastudtite on spent
fuel powders (50–250 nm particle size) has also been
recently observed after 2 years of immersion in deion-
ized water and storage at 28 �C in the dark [43–46].
As in the present experiment on UO2, the uranium per-
oxide layer morphology on the spent fuel particles
appears as a loose structure formed by closed bundles
of thin rods. According to the authors, the thickness
of the corrosion layers in some of the spent fuel parti-
cles can reach several microns.

In the assumption that spent fuel behaves as UO2, the
present experiments can be used to estimate the time
that it takes for a spent fuel to produce the amount of
H2O2 necessary to form a layer of 1 nm studtite on a
1 cm2 surface. The spent fuel activity is assumed to pro-
duce an alpha flux that deposits energy with a density
rate, dE/dtdS (J s�1 cm�2) = 2.6 · 10�5. This rate corre-
sponds to beam experiments where the flux is about four
order of magnitude lower than in those typically used
in the present work. One can extrapolate from Fig. 2
that this fuel produces H2O2 at a yield of 7.4 ·
10�6 mol l�1 J�1 in a 10 ml volume. As seen in Section
7.3, the energy needed to produce the H2 concentration
used in the formation of a studtite layer of 1 nm on a
0.283 cm2 surface is 7.4 · 10�3 J. Water needs then to
stay in contact with the spent fuel surface during
2.7 · 10�1 h or 9.9 · 102 s (16 min). To accumulate the
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H2O2 concentration of 1.9 · 10�7 mol l�1 needed to
form a 1 cm2 studtite surface of a 1 nm thickness then
requires only 56 mn in the same conditions.

The transformation of spent fuel into studtite can
possibly result into dissemination of uranium in environ-
ment if one considers that the consequences of this
transformation are similar to those observed for UO2.
The corrosion process leads to a mechanically weak
layer and, in the ultimate stage of a whole transforma-
tion, produces finally a solid under a powder-form.
The studtite formation on spent fuel surface may jeopar-
dize spent fuel integrity. It seems better to avoid the for-
mation of this phase. Once contact occurs between spent
fuel and water, this situation may occur when the local
chemistry at the UOX/H2O interfaces maintains a low
H2O2 radiolytic production that ensures sufficiently
low H2O2 concentrations near the spent fuel surface.
The presence in water of metallic impurities, as iron, that
are known to decompose hydrogen peroxide can likely
reduce such a production. These metallic impurities
can come from the clad of spent fuel or from the stain-
less steel container of confinement.

It has been reported in [21] that the alteration of
UO2 in presence of Ar purge deioinzed water differs
from that in a given natural neutral (pH = 7.2 [21])
Ar purge groundwater. The author relates this behav-
iour to that observed for the oxidation of U(IV) into
U(VI) by oxygen or hydrogen peroxide. It is known
that the oxidation can be activated or inhibited by
the presence of specific solutes [21, references herein].
However, data are lacking to confirm such effects on
the H2O2 radiolytic production at UO2/H2O interfaces
for long time irradiation. It is consequently necessary
to collect more information to understand the basic
properties of the H2O2 radiolytic production at UO2/
H2O interfaces. Work is in progress with the beam
method used here to investigate the effects of aqueous
solution chemistry, specially the role of metallic impu-
rities and/or solutes that are complexing U under
anoxic conditions.
9. Conclusion

This work focuses on the influence of H2O2 on the
evolution of UO2/H2O interfaces as a function of
leaching time. It investigates whether this time evolu-
tion is dependent on the method that introduces
H2O2 in deionized aerated water. Two methods are
used where, for similar interfaces, H2O2 is either added
or produced at the UO2/H2O interfaces under He2+-
irradiation at high ion flux. The ratio S/V of the solid
surface to the solution volume is calculated for the
geometrical area and has the value 2.8 m�1. The corre-
sponding specific surface area is 3.2 · 10�6 m2 g�1. For
the range of H2O concentration that is investigated,
5 · 10�5–10�1 mol l�1, the conclusion is that the time
evolutions of interfaces differ strikingly as a function
of H2O concentration as concern the solution. The
differences are much less marked for the UO2 solid.
The same secondary phase, studtite, grows on UO2.
The H3O

+ concentration, U release rates and, likely
in the initial stages, the growth rates however differ
significantly.

For aerated UO2/H2O interfaces where a given H2O2

concentration is added to deionized aerated water, the
main features are the following:

(i) TheU release increases during an initial step of oxi-
dation–dissolution and then reaches saturation.

(ii) The corrosion process transforms UO2 into a
hydrated uranium peroxide, UO2(O2) Æ 4H2O,
called studtite. The thickness of the corrosion
layer measured by RBS increases linearly as a
function of time, indicating a process controlled
by a reaction at the interface. This reaction is
either a surface reaction or a precipitation reac-
tion induced at the hydrated UO2 surface. The
corrosion layer is not protective for the solid.

(iii) The layer growth rate, GR, increases with H2O2

concentration and is given by:
GR ðnm=hÞ ¼ 295þ 92 logð½H2O2�Þ;

for ½H2O2� � 6.3� 10�4 mol l�1:
Below 1.1 · 10�3 mol l�1, the corrosion rates are
few manometers per hour.

For aerated UO2/H2O interfaces under irradiation
where radiolysis in deionized aerated water produces
an increasing H2O2 concentration as a function of leach-
ing time, the main features are the following.

(i) UO2 is transformed into studtite. This process is
considered as a fingerprint of the H2O2 radiolytic
production.

(ii) The total uranium release increases a function of
leaching time under irradiation at a quasi-constant
rate of 6.4 · 10�5 g cm�2 h�1 (2.3 · 10�7 mol
cm2 h�1) for the flux 1.9 · 1011 He2+ cm2 s�1 dur-
ing at least 4 h. The energy density per surface unit
is deposited with a rate of�5.6 · 102 J h�1 cm�2 in
the vicinity of the surface (�30 lm) and the dose
rate per volume unit isP5.6 · 105 Gy cm�3.

(iii) The growth rate of the corrosion layer obtained in
continuous or after a cycle of sequential dissolu-
tions seems to decrease as leaching time increases.
In the 10�3–10�2 mol l�1 range, its value tends
towards a limit �50 nm h�1 that is of the order
of magnitude of those measured for H2O2 addi-
tions in this range.
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Appendix A

The RBS analysis is performed assuming that the tet-
rahydrated uranium peroxide (UO2(O2)–nH2O, n = 4),
studtite is converted into the dehydrated uranium perox-
ide (UO2(O2)–nH2O, n = 2) when the spectra are
recorded. The spectra are then stable as a function of
beam analysis. The RBS analysis gives thickness
(THRBS) in units that are atom number by surface unit.
To convert into length unity (TH), the density d in num-
ber of atoms by volume unit of the analysed compound
should be known. The layer thickness is given by TH
(length unit) = THRBS/d. The dehydrated uranium per-
oxide (n = 2) density is 9.16 · 1022 at cm�3 [16,17]. How-
ever, the composition in the altered layer varies as a
function of depth from the surface (UO2(O2)–nH2O) to
the non-altered solid (UO2). The total number of atoms
in the crystallographic cell of UO2(O2)–nH2O is given by
Z(5 + n), where Z is the multiplicity of the cell equal to 2
[16,17]. From the cell volume Vc of metastudtite,
Vc = 2.4 · 10�22 cm3 [16,17], the UO2(O2)–nH2O density
is given by Z(5 + n)/Vc. Thus, the density varies from
Z(5 + n)/Vc at the surface to 7.0 · 1022 at cm�3 (sintered
UO2 density) at the end of the altered layer. The RUMP
fit gives the variation of composition as a function of
the depth in the altered layer. So, for each value of the
thickness, the density is calculated and the variation of
the density as a function of the depth is obtained.
Finally, the total thickness of corrosion layer is
calculated.
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