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A B S T R A C T   

UO2 corrosion is a key issue in the study of the safe storage of spent nuclear fuel (SNF). In this work, corrosion 
experiments were performed on UO2 samples exposed to 18O labelled water during 290 days at room conditions, 
thereafter a complete analysis of the solid and leachant (labelled water) allow us obtaining new data and 
exploring new methods. 

Thus, a new application of the Nuclear Reaction Analysis (NRA), as a simple and low-cost approach, has been 
developed to estimate the oxidized layer thickness and the diffusion coefficient of oxygen through the oxidized 
layer. These results were verified by comparison with the ones obtained by traditional Secondary Ion Mass 
Spectrometry (SIMS). 

The diffusion coefficient obtained is two orders of magnitude larger than the scarce published ones at room 
temperature, highlighting the great effect of the composition of the oxidized layer due to the UO2 corrosion on 
this parameter. In addition, the water used in the corrosion experiments (leachant) has been analyzed by Raman 
spectroscopy, being the main purpose for the in situ analysis. 

The data obtained in this study bring out the great ability (higher than expected) of the oxygen to break 
through the oxidized layer which could endanger the SNF pellet integrity. 

Besides, this work shows new methods for analyzing corrosion experiments which can be used to obtain new 
data for completing the database.   

1. Introduction 

The behavior of the spent nuclear fuel (SNF) in geological repository 
conditions is a matter of concern for the international scientific com
munity, since this storage is considered the best option for the final 
management of the nuclear waste [1]. The challenge is to ensure safe 
repository conditions to avoid the radionuclides reaching the biosphere 
over a long time scale in the order of millions of years (time needed for 
the radioactivity to decrease to the natural uranium level) [2]. Since the 
radionuclides are trapped into the spent fuel matrix structure, consti
tuted by uranium dioxide, the stability of the UO2 plays a crucial role, 
and has to be assessed under possible conditions and events in a long- 
term geological repository [3, 4]. 

It is widely recognized that SNF will be in contact with groundwater 
when the engineered barriers that protect the waste will be breached 
(either due to aging or if an accident occurs) and, because of that, the 
reactions of water with uranium dioxide have been undertaken in 
several previous works [5–13]. 

At the same time, water radiolysis alters the chemistry of water and 
induces oxidative dissolution of SNF by radiolytic decomposition of 
water, in a process that creates oxidizing species, which in turn increase 
the oxidative dissolution of UO2 [14], transforming reducing environ
ments into oxidizing ones [15, 16]. 

Senanayake et al. [17] studied by high resolution XPS from the X-ray 
synchrotron light and temperature programed desorption (TDP) the 
interaction of water vapor on the surface of the uranium dioxide at 300 
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K. As for hypostoichiometric uranium oxide, UO2-x, adsorption and 
dissociation of water take place forming H2 and O2, whereas for stoi
chiometric UO2 this adsorption is reversible and no H2 was detected. 

In the same line, these authors [17] reported that oxidation from UO2 
to U3O8 occurred with water vapor at 300 K by analyzing the surface 
with Raman spectroscopy. This reaction is generally described as a two- 
step reaction [18], UO2 → U4O9 / U3O7 → U3O8, with an increase of 
around 36% in volume, which might affect the integrity of the fuel 
pellets and therefore the potential release of radionuclides [19]. 

Matzke and Turos [20] studied the kinetics of formation and growth 
of uranium oxides layers of U3O7 and U2O5, during leaching experiments 
in distilled water, from room temperature to 200 ◦C, and different times 
ranging from 1 h to 1000 h. At T < 130 ◦C they did not find any oxidation 
layer, but for higher temperatures (200 ◦C) and times between 600 and 
1000 h, they found the precipitation of schoepite (UO3⋅nH2O). Experi
mental data at T > 150 ◦C were modelled with the Monte Carlo chan
neling simulations [21]. 

Therefore, the interaction of water with UO2 can be described by an 
oxidative dissolution mechanism via two reactions: 1) oxidation of U4+

to U6+ at UO2 surface forming layers of different oxides (UO2 ➔ U3O8) in 
presence of oxidants such as oxygen followed by the subsequent for
mation of the uranyl aqueous specie (UO2

2+) and 2) precipitation of 
secondary phases, containing uranyl groups, UO2

2+, in their structures 
[22–24]. 

The first reaction is T-depending following an Arrhenius behavior, 
and it is controlled by the diffusion of O2 through the oxidized layer 
[20]. The diffusion coefficient of O2 and the penetration of water at 
room temperature are normally extrapolated from experiments per
formed at high temperatures. The only empirical data at low tempera
ture (~ 25 ◦C and 60 ◦C) have been reported in the experiments 
conducted by Marchetti et al. [25–28]. 

The second reaction is usually studied analyzing the alteration 
products of uraninite [29–32] and being the studies of schoepite in 
leaching experiments at controlled conditions scarce [33]. 

In this work, we study the two aforementioned reactions by per
forming static leaching essays on UO2 discs using 18O labelled water at 
room temperature (~ 25 ◦C), in order to reproduce the expected con
ditions of the geological repository. The results of this study are orga
nized as follows: First, the oxidized surface of the UO2 discs and the 
secondary phases precipitated at the UO2 surface are characterized by 
using traditional techniques (scanning electron microscopy, Raman 
spectroscopy and X-ray diffraction). Secondly, the depth profile of the 
oxidized layer and the Oxygen diffusion coefficient are both estimated 
by using a new application of the Nuclear Reaction Analysis (NRA). The 
results were verified by comparing them with those obtained by Sec
ondary ion mass spectrometry (SIMS), following the method published 
by Marchetti et al. [28]. Thirdly, a new protocol to evaluate the leaching 
based on Raman spectroscopy is introduced. 

2. Materials and methods 

2.1. Static leaching experiment 

An unirradiated UO2 pellet provided by ENUSA with a diameter of 
10.4 mm was cut into discs with parallel faces of ~1 mm-thickness. In 
order to ensure initial stoichiometry, UO2 samples were annealed at 
800 ◦C during 24 h under reducing conditions (N2:H2 95.3:4.7%v/v). 
The pre-leaching characterization was done by using X-ray diffraction 
(XRD), Raman spectroscopy and scanning electron microscopy (SEM). 

Static corrosion tests were carried out by contacting two UO2 discs 
(0.7–0.8 g) with 16–17 mL of deionized water in small vials under 
oxygen-free atmosphere (Ar). The experiments were conducted in a 
glass vessel with 91% 18O labelled water (calculated by weight), at room 
temperature (22–27 ◦C), for 290 days. 

After this time supernatant was removed from disc 1 and solid 
sample was quickly air-flow dried. Water from disc 2 was left to 

evaporate slowly at room temperature. Both solids were kept at inert 
conditions until further analysis. 

2.2. Raman spectrometer 

A Horiba LabRam HR evolution spectrometer (Jobin Yvon Technol
ogy) was used for Raman spectroscopy analysis. A red laser of HeNe with 
a wavelength of 632.81 nm and an operation power of 20 mW was used 
as the excitation source. The laser was focused onto the sample using a 
100× objective at the confocal microscope BX4 with 800 mm confocal; 
the scattered light was collected with the same objective and then 
dispersed with a Jobin-Yvon spectrometer (600 grooves / mm), and 
detected with a Peltier cooled CCD detector (256 × 1024 pix.). The 
spatial resolution was less than 1 μm, and the spectral resolution was 
about 1 cm− 1/ pixel. 

2.3. X-ray diffraction 

For the XRD patterns, a Philips PANalytical X'Pert MPD diffractom
eter (40 kV and 45 mA) mounted in a Bragg-Brentano configuration with 
Cu Kα1 radiation (λ = 1.54056 Å) was used. The diffraction patterns 
were recorded within the 20◦ to 120◦ range (2θ), with a counting step of 
0.02◦.The total measuring time was 18 h. 

2.4. Scanning electron and optical microscopy 

In regard to SEM analysis, a HITACHI S2500 device operating at 25 
kV was used to characterize surface morphology. The leached specimens 
were placed onto an aluminum sample holder and secured using adhe
sive tape carbon to promote conductivity between the pads and the 
holder. Since UO2 pellets are semiconductor the metallic coating was not 
necessary. 

Optical images were acquired with an Olympus BX41 microscope 
provided with several long-distance Olympus objectives of different 
magnification (5×, 10×, 50×) and a cold source for illumination. 

2.5. Nuclear reaction analysis (NRA) 

The atomic concentration and depth profile of 18O into the UO2 
pellets was determined by NRA using the 3 MV Tandem accelerator of 
the National Accelerator Center. The 18O(p, α)15N nuclear reaction was 
employed, with a proton beam energy of 771 keV. The proton beam 
current at the target was 40 nA over a spot of about 3 mm in diameter to 
induce the nuclear reaction. The energy spectra of the released α par
ticles were recorded using a Canberra PIPS detector set at the scattering 
angle θ = 150◦. A Si18O2/Si target with 374 × 1015 atoms 18O/cm2 was 
used as a reference sample. The NRA spectra were analyzed with the 
SIMNRA code. To convert the units of atoms/cm2 measured by NRA into 
units of depth, the density of bulk UO2 was used (ρ = 10.38 g/cm3 =

6.95 × 1022 at/cm3). That means that 1000 × 1015 at/cm2 of UO2 cor
responds to a depth of approximately 144 nm. 

2.6. Secondary ion mass spectrometry (SIMS) 

SIMS (HIDEN SIMS Workstation) depth profile was performed using 
a quadrupole instrument (MAXIM 1000 + DETECTOR (ion counting)), 
with an oxygen O2

+, Ar primary beam at near normal incidence. In this 
work a primary ion energy of 0.5–5 keV, and current of 0.1–600 nA were 
used. An area of 36 mm2 with a beam spot size of 20–50 μm was scanned. 
The sputter time was converted to depth by profilometry. Here, a linear 
dependence of the count yield with concentration was assumed. 
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3. Results and discussion 

3.1. Surface characterization 

Pre- and post-corrosion surface characterization of both leached UO2 
discs was performed by means of SEM and optical microscopy in order to 
assess the surface morphology (Fig. 1). XRD and Raman spectroscopy 
analyses of initial and post treated sample were also performed (Figs. 2 
and 3 respectively). 

Fig. 1.a revealed a homogeneous UO2 surface with no evidence of 
micro cracks or defects on the pellet surface, and a homogenous grain 
size of around 8–10 μm. This image, obtained in a pre-leached disc, 
stands in contrast to the SEM images of the UO2 disc 1 and 2 (Fig. 1.b and 
1.c, respectively) after leaching reaction where the grains are signifi
cantly more smoothed, presumably due to the oxidative dissolution. 
Post-leached SEM image of UO2 disc 2 exposed to 18O-labelled water and 
air-evaporated without removing the leachant is shown in Fig. 1.c. In 
this figure, precipitation of a yellow secondary phase on the UO2 surface 
is observed to the naked eye at the end of the drying process. This 
precipitated phase is composed by rectangular crystals of size edges 
ranging from 2 to 5 μm. 

X-ray diffraction patterns of the pre- and post- leached surface of UO2 
and of the secondary phase precipitated are shown in Fig. 2.a, b and c, 
respectively. 

Fig. 2.a shows the typical XRD pattern in the 25–40◦ 2θ range of the 
cubic structure of stoichiometric UO2, in agreement with the published 
data by Fritsche et al. [34], and represented by open symbols in the 
figure (ICCD 00–41–1422). Assuming the Fm-3 m space group for UO2, 
the empirical lattice parameter was 0.54706 nm, in agreement with the 
value reported in literature of 0.5470 nm [35, 36]. 

The diffraction pattern in the 2θ angle range of 25–40◦ in Fig. 2.b 
corresponds to a mixture of uranium oxides with different oxidation 
degrees. Accordingly, it can be understood as a mixture of hyper- 
stoichiometric UO2+x with 0 < x < 0.25 (ICDD 01–071-0258) and 
U3O8 (ICDD 00–047-1493), see caption in figure. Cell parameter of 
UO2+x was of 0.5450 nm, thus the oxidation degree (x) is x = 0.22 by 
using the Vegard's law. 

U3O8 is described as an orthorhombic structure, with space group 
C2mm. The analysis of the pattern shown in Fig. 2.b provides values of a 
= 1.1926 nm, b = 0.6721 nm c = 0.8290 nm in good agreement with the 
values estimated by other authors [37]. 

The pattern in Fig. 2.c shows a mixture of uranium oxides with 
different oxidation degree and, as described above, peaks fit with the 
metaschoepite pattern, (see symbols corresponding to the ICCD 01–089- 
7333), published in [38]. Metaschoepite, [(UO2)8O2(OH)12]⋅10H2O, has 
an orthorhombic structure with space group Pbna. As it is well-known, 
this secondary phase is obtained by the slow dehydration of schoepite 
[(UO2)8O2(OH)12]⋅12H2Oin air at ambient temperature. Due to the 
difficulties in distinguishing these phases on the basis of X-ray power 
diffraction data alone [38], here we use the name schoepite for the phase 

close to UO3⋅2H2O. 
Fig. 3 shows some results of the Raman characterization. The spec

trum of stoichiometric UO2 is shown in Fig. 3.a, which corresponds to 
the pre-leached sample. After leaching, the spectra obtained are asso
ciated with the typical spectrum of UO2+x (0 < x < 0.25) and U3O8, 
(Fig. 3.b). Fig. 3.c shows a spectrum with the most intense bands around 
800 cm− 1, feature and fingerprint for most of the U6+ minerals [39] and 
assigned to the symmetric stretching vibration of UO2

2+ group, 
ν1(UO2)2+. 

The spectrum corresponding to the pre-leached sample has two 
bands at 445 and 1150 cm− 1 (see Fig. 3.a) [40–42]. The first one is 
assigned to the U–O fundamental stretching vibration and the second 
one corresponds to the 2LO phonon band. The three bands in the range 
of 300–500 cm− 1 and the band at 812 cm− 1 show that U3O8 is reached 
after leaching (see Fig. 3.b) [43, 44]. Finally, Fig. 3.c shows one of the 
spectra obtained from the crystal structures precipitated at the surface 
after leaching experiments. The spectrum corresponds to the typical one 
of schoepite, i.e. two strong Raman bands at 842 and 857 cm− 1 which 
are both attributed to the symmetric stretch, ν1, owing to the fact that 
the uranyl ion is postulated to be present in two nonequivalent sites 
[45–47] (see Table 1). 

In addition to these strong signals, schoepite spectrum also presents 
weak signals between 300 and 500 cm− 1 which can be attributed to the 
ν(U–O) at the equator of the uranyl ion (UO2

2+). 

3.2. Oxidized layer thickness and profile 

In this section, an estimation of the depth of the oxidized layer, λ, in 
altered UO2 disc 1 was assessed by new application of the Nuclear Re
action Analysis (NRA). The depth profile results were checked by a 
comparison with the ones obtained by Secondary Ion Mass Spectrometry 
(SIMS), following the method published by Marchetti et al. [28]. These 
two techniques were used to deduce the oxygen diffusion coefficient in 
the UO2 altered surface. 

3.2.1. Nuclear reaction analysis (NRA) 
In order to know the in-depth oxygen distribution along the pro

fundity of the sample, the 18O(p, α)15N nuclear reaction was applied. In 
Fig. 4, the energy spectra from NRA is presented, including both the 
experimental (black dots) and simulated (red line) data. The signal 
produced by the alpha particles, coming from the nuclear reactions with 
the atoms present at the surface of the sample, is clearly visible in the 
region of energy 800–1600 keV. Below this energy, the alpha signal 
overlaps with an important background due to the backscattered pro
tons with the U atoms (not shown). This means that the maximum depth 
that we can explore is ~850 nm. For the simulation, a UO2 target was 
assumed, the only free parameter was the depth profile of the 18O 
relative isotopic abundance, [18O] (for natural oxygen, [18O] = 0.2%). 
As can be observed in Fig. 4, the sample presents an enriched layer at the 
surface (1600–1400 keV), with a maximum value of [18O] = 1.75 ±

Fig. 1. Optical and SEM images of the UO2 discs surface before and after corrosion in presence of 18O-labelled water. The original UO2 surface before the leaching 
experiment is shown in image (a) by optical microscopy. The sharp-edged UO2 grains and grain boundaries are observable. The SEM images of disc 1 and disc 2 UO2 
surface after leaching experiments are respectively given in (b) and (c). 
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0.05% that decays with depth, followed by a virtually constant back
ground with [18O] = 0.6 ± 0.1%. The better precision obtained for the 
surface concentration compared to the bulk concentration is mainly due 
to the higher counting statistics in this region. The drop of the signal 
between 1400 and 800 keV reflects the energy dependence of the 18O(p, 
α)15N cross section. Neglecting the impact of surface roughness and 
assuming direct lattice diffusion to be the main phenomenon governing 

the experimental profile in this region, the classic solution of Fick's law 
[53] can be used to fit the results of the NRA analysis according to Eq. 1. 

C(x) = CB + 1.2 erfc
(

x
λNRA

)

, (1)  

where C(x) is the 18O relative isotopic abundance ([18O]) measured by 
NRA, CB = 0.6% is the [18O] bulk background and erfc is the 

Fig. 2. X-ray powder diffraction pattern of the UO2 disk surface (a) before leaching showing the characteristic peaks of uraninite; (b)after leaching of the disc 1, 
corresponding to a partially oxidized sample; and (c) of the disc 2, revealing the presence of a mixture of uranium oxides and metaschoepite. 
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Fig. 3. Raman spectra of UO2 leaching experiments in presence of 18O-labelled water: a) pre-leached UO2 surface, (b) after leaching of the disc 1, once the leachate is 
removed, and (c) of the crystalline structures precipitated at the surface of the disc 2. 
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complementary error function 

erfc(z) =
2̅
̅̅
π

√

∫ ∞

z
e− t2 dt 

Note that erfc (0) = 1 so the factor 1.2 is introduced to obtain the 
correct [18O] value (≈1.8%) at the surface. Using Eq. 1, the calculated 
depth of the oxidized layer is λNRA = 150 ± 10 nm. 

The NRA spectra were fitted using the SIMNRA program, which al
lows to evaluate the goodness of fit by means of an χ2 analysis, where χ2 

is the quadratic deviation between experimental and simulated data. 

χ2 =
∑

i

(
Nexp(i) − Nsim(i)

)2

σ2
i

(2) 

The reduced χ2
r is defined as χ2/N were N is the number of channels. 

The χ2
r value for the NRA spectrum shown in Fig. 4 is χ2

r = 1.2. 

3.2.2. Secondary ion mass spectrometry (SIMS) 
The depth of the oxidized layer can also be estimated by SIMS 

analysis as evidenced by Marchetti et al. [28]. 
Fig. 5.a shows the typical raw depth profiles, i.e. the intensity of the 

signal of each mass in counts per second (cps), as a function of the 
sputtering time in ms. Time scale of the raw depth profiles was con
verted to depth scale by means of a calibration of the sputtering rate of 
the sample by profilometry. 

The 18O relative isotopic abundance, c(x), was calculated following 
Eq. 3. 

c(x) = I
( 18O

)/[
I
( 18O

)
+ I

( 16O
) ]

, (3)  

where I is the measured secondary ion current, vs. the sputtering depth, 
x (Fig. 5.b). 

Neglecting the impact of surface roughness and assuming direct 
lattice diffusion to be the main phenomenon governing the experimental 
profile in this region, the classic solution of Fick's law can also be used in 
the SIMS analysis to fit the average curve shown in Fig. 5.b (in red). 

As can be seen from this same Figure, this model fits well to the 
profile and from this fit, a diffusion length λSIMS = 169 ± 15 nm is ob
tained for oxygen after a leaching time of 290 days. 

3.3. Diffusion coefficient of oxygen through the oxidized layer 

The results observed in the NRA experiments suggest that the oxygen 
diffusion takes place through two different mechanisms: i) a direct lat
tice diffusion from the surface giving place to the surface peak, and ii) a 
faster diffusion known as a grain-boundary diffusion (see Fig. 4). The 
first one comes from the 18O atoms incorporated and diffused into the 
grains by the chemical reaction between water molecules and the UO2 
lattice. The second one is the diffusion along grain boundaries, which is 
characterized by a faster diffusion coefficient DB, than the one corre
sponding to the direct lattice diffusion, DL [26]. 

The formula used to fit the surface peak corresponds to the classical 
solution of Fick's law [53], where the parameter λNRA is the lattice 

Table 1 
Raman shifts of the ν1(UO2)2+ symmetric stretching vibrations re
ported in the literature.  

Raman shift 
(cm− 1) 

Reference 

875/868 Lu et al. 2018 [48] 
855/838 Stefaniak et al. 2008 [49] 
838/855 Frost et al. 2006 [50] 
855/843 Mellini et al. 2005 [51] 
843/855 Amme et al. 2002 [47] 
840/860 Biwer et al. 1990 [46] 
846/870 Hoekstra and Siegel 1973 [52] 

844 Maya and Begun 1981 [45] 
841.9/856.9 This work  

Fig. 4. NRA spectrum of oxidized UO2 disc showing a surface peak and a long- 
range diffusion profile. Red curve corresponds to the simulation using the 
SIMNRA code. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) SIMS raw data of depth profiling for different mass, 16O, 238U, 16O / 
238U, 18O/238U, 18O/16O. (b) SIMS short –range diffusion profiles (open points) 
in terms of the 18O relative isotopic abundance including c(x) fit (line) to Eq. 1. 
(R2 = 0.65). 
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diffusion length, which can be directly related to the lattice diffusion 
coefficient, DL, by. 

λNRA = 2 (DL t)1/2
, (4) 

According to the NRA results (λNRA = 150 nm), the chemical diffu
sion coefficient DL for t (leaching time = 290 days) is DL = 2.2 .10–0.22 m2 

/s. 
A similar value of the lattice diffusion coefficient is found by using 

the λSIMS = 170, which leads a value of DL = 2.9 10− 22 m2 / s. 
These values of the diffusion coefficient in the lattice are two orders 

of magnitude higher than the only ones found in literature, corre
sponding to Marchetti et al. (DL = 1.4 10− 24 m2 / s, [26] and 2.5 10− 24 

m2 / s [28], although it is compatible with the upper limit of Lay's value 
(between 10− 29 and .10–0.22 m2 /s) [54] based on the Arrhenius fit of 
data obtained in the temperature range 900–1400 K. Differences found 
from Marchetti et al. data might be due to the oxidation degree of UO2 
sample. Under the experimental conditions used in both works, the UO2 
samples undergo oxidation. Therefore, the oxygen diffusion coefficients 
obtained should be referred not to stoichiometric UO2 (UO2.00) but to 
oxidized UO2 (UO2+x, U3O7, U4O9 and/or U3O8). 

In Fig. 6 the DL obtained in this work and the ones from refs 25–27, 
and are plotted along the Arrhenius-type expression of the diffusion 
coefficients for U4O9, U3O7 [55] and uraninite [56]. 

As seen in Fig. 6, DL values determined in this work can be consid
ered compatible with a mixture of U3O7, U4O9 and/or uraninite, 
whereas data from refs 25–27, and can be considered compatible with 
U3O7. In this sense, the diffusion coefficients determined in the different 
experiments, might actually refer to differently oxidized UO2 samples 
due to the fact that the experimental time used in the present work (290 
days) is more than three times larger than the one used by the cited 
bibliography (90 days). 

These results are in concordance with the surface characterization 
shown in section 3.1 (see Figs. 2 and 3), since uraninite mineral, known 
as the natural analogue of the SNF, is characterized by a mixture of 
uranium oxides (from UO2 to U3O8), uranyl oxyhydroxides (like 
schoepite), uranyl silicates and specific alteration products dependent 
on local conditions [57]. 

It should be note that the appearance of U3O8 leads to an increase in 
volume of 36%, causing voids and cracks formation where the oxygen 
existing in water penetrates more easily. More experimental effort must 
be made in order to evaluate the diffusion coefficient of oxygen through 

layers of different oxides. 

3.4. Leaching analysis by Raman spectroscopy 

After the contact of the UO2 disc (identified as disc 1) with 91% 18O 
labelled water (calculated by weight) at room temperature during the 
leaching time (290 days), an aliquot of water was analyzed by Raman 
spectroscopy, in order to estimate the decrease of 18O due to its trans
ference to UO2 (oxidation) and forming non-stoichiometric oxides 
characterized with XRD and Raman. 

It is well known that vibrational spectroscopy is a powerful tool to 
study the effect of the isotopic substitution. This is mainly due to the fact 
that the normal modes of an isotopically substituted molecule are 
different to the normal modes of an unsubstituted molecule, leading to 
different corresponding vibrational frequencies for the substituted 
atoms. 

When an atom is replaced by a heavier isotope, the reduced mass μ 
increases and leads to a downshift (smaller wavenumber) in the Raman 
spectrum of the molecule. In order to perform a reliable quantitative 
analysis of the frequencies shifts, the second derivative of the measured 
Raman spectra has been computed. Typical obtained Raman spectra of 
water are presented in Fig. 7.a; together with the second derivative 
spectra (Fig. 7.b) of the 18O labelled water before and after leaching 
experiments on UO2 disc 1 [58]. Fig. 7.b shows the downshifts of the 
different bands of the water molecule; these shifts due to the isotopic 
substitution are not visible in the Raman spectra. As seen in Fig. 7.b, the 
largest displacement experienced by the different bands is observed in 
the range of 0–400 cm− 1, therefore the low wavenumber range is 
analyzed in order to calculate the decrease of 18O in the leaching 
reaction. 

As can be seen in Fig. 8, a calibration curve has been performed by 
analyzing the Raman spectrum of water solutions with known concen
tration ratios of 18O / 16O. 

From the linear fit of the plot of the Raman shift low wavenumber 
range vs the isotopic ratio 18O / 16O shown in Fig. 7, the adjust given by 
Eq. 5 is obtained. 

νlow frequency = 184.4 (0.6) cm− 1 − 0.11 (0.01)
( 18O

)
% (5) 

This implies that, by using Eq. 5 on leaching experiment, the ob
tained value of 18O / 16O is around 60% for 290 days of contact time 
with 91% 18O labelled water. 

This study has thus highlighted that Raman spectroscopy is a 
powerful tool to study the decrease in the 18O / 16O ratio of UO2 leaching 
experiments with 18O labelled water, which is due to the surface 
oxidation of the UO2. In this sense, this technique could be used for 
kinetic studies of dissolution experiments, which becomes particularly 
important for clarifying different aspects of the matrix corrosion process 
of UO2 and provide the basis for further studies. 

4. Conclusions 

In this work, a study of the UO2 corrosion with water has been car
ried out by performing static leaching experiments with 18O labelled 
water at room conditions during 290 days. 

A traditional characterization of the UO2 surface by using SEM, X-ray 
diffraction and confocal Raman techniques has shown that the surface of 
stoichiometric UO2 oxidizes at the experimental conditions, resulting in 
a mixture of uranium oxides and the secondary uranyl phase precipi
tated at on the surface exposed to water, which is identified as 
Schoepite. 

New application of the Nuclear Reaction Analysis has been used to 
estimate the oxidized layer thickness, λ, and the oxygen diffusion coef
ficient through the oxidized layer, DL. This analysis gives a λNRA = 150 
nm which is in agreement with the one obtained by Secondary ion mass 
spectrometry (SIMS), λSIMS = 170 nm, by following the method 
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Fig. 6. Comparison of experimental data obtained in this work and from refs 
25–27, and with extrapolation given by Poulesquen et al. [55] and Fayek and 
Kyser [56]. 
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published by Marchetti [23]. This agreement between λSIMS and λNRA 
values validates this new NRA application. The diffusion coefficient of 
oxygen DL has been then estimated, by SIMS and NRA, and it is found to 
be DL(NRA) = 2.2⋅10− 22 m2 / s and DL (SIMS) = 2.88⋅10− 22 m2 / s. These 
values are higher than those previously published. The discrepancy has 
been related to the difference in the oxidation degree of the UO2 surface 
pellet. 

These findings suggest that the oxidized layer of UO2 has a profound 
effect of accelerating oxygen through UO2, which means in a faster loss 
of the structural integrity than expected, and therefore an earlier release 
of radionuclides trapped at the UO2 matrix in the SNF. 

Finally, Raman spectroscopy is established as an appropriate addi
tional method for tracking the 18O concentration in labelled water used 
in leaching experiments. In this sense, a new protocol based on the 
Raman spectra of the isotopic ratio 18O / 16O evolution is presented, 
being the key purpose for the in situ analysis in this leaching essay. 
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