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Abstract – Various electrochemical methods (corrosion potential monitoring, AC impedance analysis and 
electrochemical noise monitoring) were used in the investigation of UO2 samples: natural and doped with 
two different levels of 238Pu (0.1 & 10 wt%) simulating the increasing α-intensities seen with time in the 
repository. The results were compared and were able to show the intense, but also the very local nature of 
the radiolysis and to demonstrate that corrosion rates were proportional to α-radiolysis and hence the 
238Pu content; the corrosion rates were in accordance with earlier work at ITU. By contrast it was seen 
that the redox potentials only gave information as to the bulk solution that did not reflect the true 
conditions at the electrode interface that were driving the corrosion processes of UO2 dissolution in 
groundwaters. The study shows how electrochemical techniques can provide vital information on the 
corrosion mechanism at the UO2/solution interface. 

 
 

INTRODUCTION 
 
The performance and the stability of a spent 
nuclear fuel repository depend of course on the 
corrosion behaviour of the deposited materials in 
contact with the ground water. In spent fuel - one 
of the most complex materials - structural and 
chemical inhomogeneities (e.g. cracks, pores, 
volatile fission products, metallic inclusions and 
in MOX fuel sometimes Pu-rich agglomerates) 
will have a strong influence on its dissolution 
mechanism in water. Partially the effects (such 
as radiolysis) and their interactions influencing 
the leaching process can be simulated but should 
always be verified on real spent fuel. The 
corrosion process itself is an electrochemical 
process, therefore electrochemical techniques are 
best suited to determine the reaction 
mechanisms. They have a number of clear 
advantages in comparison to conventional 
leaching experiments because 
• they are able to detect extremely low 

corrosion rates 
• they yield information at the reaction site 

i.e.: the interface between fuel and 
groundwater,  

• they are real time measurements and last but 
not least,  

• they offer the possibility to impose on the 
experiment the redox conditions which are 
known to govern the corrosion processes in 
the repository.  

Therefore at ITU highly sensitive electro-
chemical methods are being developed to obtain 

relevant source term data on spent fuel corrosion, 
which allow the modelling of not only the 
corrosion process itself but also to predict the 
behaviour of released species to the near- and 
far-field. 
 
CORROSION MEASUREMENTS WITH 
ELECTROCHEMICAL TECHNIQUES 
 

The determination of the leach rates of spent 
fuel in groundwater is essential for the evaluation 
and design of a repository for final fuel storage. 
Given the limitations related to the handling of 
irradiated fuel, spent fuel dissolution 
experiments combined with more detailed 
studies using non-irradiated chemical analogues 
are very useful. Irradiated fuel is characterised 
by intense radioactivity that increases with burn-
up and which causes the radiolysis of the 
surrounding leachant leading to the formation of 
oxidising chemical species like O2, H2O2 or OH 
radicals, which can enhance fuel dissolution 
[1,2]. But the radiation inventory of today’s 
spent fuel is different from aged fuel in a 
repository after 500-1000 years where α-emitters 
will predominate over β- and γ-emitters. The 
study of the effect of α-radiolysis on spent fuel 
dissolution is therefore of high importance. 
Leaching results on non-irradiated UO2 fuel and 
non-irradiated UO2 fuel doped with 0.1 wt% and 
10 wt% of the α-emitter 238Pu fabricated at ITU 
have shown an increase of the leaching rate by 
almost two orders of magnitude in the presence 
of α-radiation [3]. 
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Free Corrosion Potential Studies 
 
In the present study, electrochemical free 

corrosion potential measurements were carried 
out in groundwater under anoxic conditions 
using the same materials. Electrodes were 
prepared by gluing fuel pieces onto a gold-coated 
brass holder followed by vacuum impregnation 
of the sample with a low viscosity resin. The 
electrodes were mechanically polished before 
commencing the testing (see Fig. 1). 

The groundwater (composition see Tab. 1) 
was purged with argon or nitrogen for 
approximately 1 hour. The experiments were 
carried out in a glove box under pure nitrogen 
atmosphere. 

 
1 mma)

b)

c)

 
 
Fig. 1: Micrographs showing the surface of 
electrodes used for electrochemical free 
corrosion potential measurements: a) non-
irradiated UO2, b) non-irradiated UO2 containing 
~0.1 wt%  238Pu with an α-activity of 2.7·106 
Bq·cm-2 at the surface, c) non-irradiated UO2 
containing ~ 10 wt%  238Pu with an α-activity of 
2.7·108 Bq·cm-2 at the surface. 

 
TABLE I. Average composition of the groundwater 
used for free corrosion potential measurements. 
 
Ion Concentration, mg/l 
Ca2+ 10 
Mg2+ 6.6 
Na+ 11 
K+ 6.0 
Al3+ 0.009 
Utot 0.0005 
Cl- 14 
Si4+ 14 
SO4

2- 8.1 
HCO3

- 65 
F- 0.58 
PO4

3- 0.0099 

Comparing the results obtained from non-
irradiated UO2 and the 10 wt% 238Pu-doped UO2 
a strong effect on the corrosion potential is 
visible (Fig. 2). The potential of the highly Pu-
doped specimen is ~200 mV higher than that of 
UO2. 
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Fig. 2. Free corrosion potential of non-irradiated 
UO2 and of α-doped UO2 in groundwater under 
anoxic conditions. 

These high corrosion potentials are of course 
explained by the presence of oxidising species or 
oxygen in the solution. Comparing the redox 
potential Eh in solution, which is a measure of 
the oxidative behaviour of the solution, no 
significant difference is visible. Therefore it is 
deduced that due to its short range, the intense α-
irradiation of 238Pu has formed oxidising species 
very close to the surface that cause an oxidation 
of the UO2 surface which, in turn, is indicated by 
the increased corrosion potential. By contrast the 
redox potential (Eh), that is usually measured in 
the bulk solution, is hardly affected by the 
surface events. 

The corrosion potential is proportional to the 
logarithm of the dissolution rate of UO2. 
Assuming a factor of 80 mV/decade [4] then a 
corrosion rate that is over 2 orders of magnitude 
higher for the highly α-doped specimen is found. 
This is similar to the increase detected in the 
leaching experiments carried out at the institute 
[3]. 

By contrast to the leaching test, the free 
corrosion potential of the low doped UO2 is in 
the first 2 days even lower than that of the non-
doped UO2, and after 56 hours the potentials are 
not significantly different. The slight differences 
might be explained by slightly more O2 in 
solution for the 0.1 wt% 238Pu (as shown by the 
50 mV higher redox potential of the 0.1 wt% 
238Pu-doped UO2 leaching solution). An 
additional electrochemical effect of Pu, which 
will lower the corrosion potential cannot be 
excluded [3]. 
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More detailed investigations of α-doped 
material containing for example 233U instead of 
238Pu are necessary to separate the chemical from 
the radiolysis effects. Differential measurements 
with doped and non-doped material carried out 
under the same conditions and in the same 
solution will also be very useful to clarify the 
influence of the different parameters. 

 
Electrochemical Noise Measurements 

 
The investigation of current and potential 

fluctuations in electrochemical systems by means 
of fast Fourier analysis gives information about 
the corrosion process [4, 5]. This method is very 
sensitive to the solid/liquid interface.  
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Fig. 3. Spectral noise resistance of natural UO2 
in 0.36 mol·l–1 NaHCO3 solution 

 
For the first time the technique of 

electrochemical noise analysis (ENA) was 
applied to investigate fuel corrosion processes. 
This technique is based on the simultaneous 
measurement of the potential and current noise 
fluctuations caused by the electrochemical 
processes at the electrode/solution interface. 
Using fast Fourier transform (FFT) processing 
on both the potential and current data gave 
frequency-dependent spectral noise resistance 
plots, which gave similar results to impedance 
spectra [7, 8]. The advantage of ENA is that the 
free corrosion potential and the spectral noise 
resistance which are both corrosion rate-
determining parameters can be measured 
simultaneously. During the measurement the 
system is observed passively, that means no 
external potential or current is applied to the 
system under investigation. Furthermore, the 
technique allows this information on the spectral 
noise resistance to be obtained relatively rapidly; 

typically within 15 minutes. Higher accuracy is 
obtained with increasing time.  
 

Figure 3 shows a series of spectral noise 
resistance plots obtained from UO2 electrodes in 
0.36 mol·l-1 carbonate solution. The resistance of 
0.6 MΩ in the high frequency region is related to 
the bulk electrode resistance of UO2 while the 
noise resistance RN of approximately 17 MΩ at 
the low frequency end (10-3 Hz) is related to the 
corrosion process. Taking into account the whole 
data series, a mean noise resistance of 16.2 MΩ 
and a free corrosion potential of 166 mVNHE 
were found. The resistance corresponds to a 
corrosion rate of 4·10-3 g·m-2·d-1 using the Stern-
Geary relation [9]  

N
Ncorr R

Bi =,   (1) 

with a composite Tafel parameter B=25 mV [10] 
assuming Faraday's law and an oxidation of 
U-IV to U-VI to convert the corrosion current 
density icorr, N into a corrosion rate. In comparison 
a corrosion rate of 2·10-3 g·m-2·d-1 is found by 
extrapolating the calibration curve for UO2 in 0.1 
mol·l–1 carbonate solution [11] to the free 
corrosion potential. It is considered that the 
higher carbonate concentration (which is a 
complexing agent for uranyl ions) is responsible 
for the higher corrosion rate obtained in the first 
case. 

Electrochemical noise measurements have 
also been carried out on α-doped (238Pu-U)O2 
materials representing α-dose levels at (i) fuel 
discharge (10 wt% 238Pu-doped UO2) and (ii) 
after 100-1000 years storage time 
(0.1 wt% 238Pu-doped UO2). These were 
compared with experiments performed on 
unirradiated UO2. These measurements in 
deaerated groundwater give reasonable results 
even though the evaluation of the noise was 
limited in the most interesting, low frequency 
region to 1mHz. This leads to an underestimation 
of the noise resistance and an overestimation of 
the corrosion rate. Therefore the rates given 
below have to be understood as upper limits. 

Unirradiated UO2 shows very little current 
fluctuations with time (see figure 4). The 
reaction is very slow and is homogeneously 
distributed across the UO2 surface. In contrast α-
doped UO2 shows a much higher basic noise and 
from the beginning shows time intervals with 
high current noise activity. It seems that in this 
case the surface is activated locally so that 
considerable corrosion occurs at these local 
surface sites. 
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Fig. 4. Current fluctuations measured on 
unirradiated UO2 (upper) and on 10 wt% 238Pu-
doped UO2 (lower) in groundwater 

This finding is consistent with the fact that 
10 wt% 238Pu-doped UO2 has the lowest noise 
resistance - that is the highest chemical reactivity 
in deaerated groundwater. This is followed by 
the the 0.1 wt% 238Pu- doped material and finally 
natural UO2 has the lowest reactivity. 
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Fig. 5. Upper limits of corrosion rates of α-doped 
and undoped UO2 in groundwater derived from 
electrochemical noise analysis. 

The noise resistance increases for the low 
frequencies with time for the 10 wt% 238Pu 
doped and natural UO2. This is linked to the 
decrease in corrosion with immersion time. The 
low frequency noise is thought to be associated 
most closely with the interfacial processes. It 
may be more specifically linked to certain 
radiolysis products or to areas where corrosion 
reactions are most intense, such as grain 
boundaries (e.g. 10 wt% 238Pu doped UO2). 

ENA has the ability to determine a threshold 
for the α-radiolysis effect on nuclear fuel 
corrosion directly at the location where the 
relevant processes occur: the surface of the fuel. 

The Effect of H2O2 on UO2 corrosion 
 

In water radiolysis hydrogen peroxide 
(H2O2) plays an important role. The radiolysis of 
water produces both molecular (H2O2, H2) and 
radical products (OH •, HO •2, H •, e-aq). The 
concentration depends on both the nature of the 
ionising radiation and the radiation dose 
deposited in water [12]. In the first few hundred 
years after disposal, the strong gamma and beta 
activity of spent fuel decreases by more than 
three orders of magnitude. Alpha decay, 
although initially much weaker, persists for a 
longer period of time and, consequently, 
constitutes almost entirely the radiation field of 
the spent fuel after a few hundred years of 
storage. In the case of high linear energy transfer 
particles, like alpha particles, there is a decrease 
of the radical yield whereas the molecular 
product yield increases with time. A significant 
local production of molecular products like H2O2 
may appear at the interface spent fuel-water, 
causing oxidising conditions near the fuel 
surface. These conditions would enhance the 
dissolution of nuclear fuel. UO2 dissolution is an 
electrochemical process, therefore 
electrochemical techniques are best suited to 
determine the spent fuel leaching mechanisms 
[13]. In order to simulate these conditions, 
studies of the behaviour of UO2 in aqueous 
solutions containing H2O2 are conducted. 

Free corrosion potential, oxygen content and 
redox potential measurements are carried out in 
0.1 M NaCl solution under anoxic conditions. 
After addition of 2.5 ml of 3 mM H2O2 to the 
electrolyte the corrosion potential of UO2 
increases (200 mV). This increase is coupled 
with an increase of oxygen content and an 
increase of the redox potential of the solution 
(120 mV). As result the corrosion rate increases 
from 0.1 mg·m-2·d-1 before the addition of 
peroxide upto 100 mg·m-2·d-1 and is then 
decreasing to 1 mg·m-2·d-1 after 500 h. Solution 
analysis of samples taken at different times show 
no increase of U in solution. The U concentration 
remains after addition of peroxide constant in the 
range of 2 - 6·10-10 g·l-1. This behaviour suggests 
that precipitation of U in form of e.g. uranium 
peroxide occurs. The formation of hydrated 
uranium peroxide (metastudtite UO4.2H2O) on 
uranium surface is described in the literature as 
the result of the reaction of UO2 and H2O2 [14, 
3]. Techniques like cathodic sweep experiments 
and impedance measurements have been 
performed to changes in the surface of the 
electrode. Cathodic sweep voltammetry show 
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after peroxide addition larger reduction peaks. 
This indicates thicker oxidised layers of U-
species on the surface. Also impedance 
measurements confirm the presence of an 
additional layer. The fit of the impedance curves 
obtained before and after the addition of H2O2 
shows an increase of the thickness of the 
oxidised surface of the electrode. 

Both techniques show an increase of the 
layer thickness with time, although the thickness 
values differed by one order of magnitude. To 
clarify this discrepancy, additional information 
about the corrosion process such as the mass 
change is needed. A widespread method to study 
mass changes is the quartz crystal micro balance 
(QCM). The QCM is an excellent tool to 
determine in situ corrosion rates and inhibition 
effects. The method is highly sensitive. Mass 
changes in the sub-nanogram range can be 
detected. On the other side, the total mass which 
can be used with the QCM is restricted, here to 
some 100 µg. Therefore only thin films of UO2 
can be investigated.  

UO2 thin films are prepared by sputter 
deposition of UO2 on a gold-coated surface of an 
8 MHz AT cut quartz crystal. The stoichiometry 
of UO2 is adjustable via the oxygen partial 
pressure in the vacuum chamber during the 
sputter process and can be followed by XPS 
measurements. 

On non-polished crystals very 
heterogeneous coatings with a bad surface 
coverage are formed, which are not suitable for 
electrochemical experiments. Uniform adhesive 
UO2 films were obtained on polished crystals 
that allow electrochemical tests to be carried out 
on UO2, neglecting side reactions which may 
occur at non-covered gold. 

These films offer the possibility of 
electrochemical single effect studies [15], 
because the UO2 film formation can be coupled 
with co-deposition of fission products. This 
means the film composition can be designed. 

With the combination of the thin film 
technique and QCM for the first time a direct in-
situ measurement of the mass change of UO2 
under potentiodynamic control could be carried 
out [16] 

 
In 0.01 M NaCl solution and with addition 

of H2O2 the mass change is reproducible after a 
full potential sweep cycle from -800 mVAg/AgCl 
up to +500 mVAg/AgCl and back to –800 mVAg/AgCl. 
Starting the sweep with a fresh and clean UO2 
surface shows in anodic direction only a very 
small mass loss which increases at 400 mVAg/AgCl 

where also the anodic current rises indicating 
anodic dissolution of UO2. During the cathodic 
sweep the mass loss continues and then the mass 
remain constant from +400 mVAg/AgCl to 
-200 mVAg/AgCl. At more cathodic potentials the 
mass increases but does not reach the starting 
level. This may be interpreted as a precipitation 
of UO2 corrosion products at the electrode 
surface. This layer dissolves during the 
following anodic potential sweep between 
+50 mVAg/AgCl and +350 mVAg/AgCl before anodic 
dissolution at +400 mVAg/AgCl starts. This 
behaviour is correlated with an higher anodic 
current observed and a small shoulder at 
+350 mVAg/AgCl in the mass loss curve. 

without H2O2

~6 10-5 mol/L H2O2

-1.0

-2.0

-3.0

-4.0

-5.0

 
Fig. 6. Mass change of UO2 in 10 mMol NaCl 
solution and with addition of ~6 10-5 mol l-1 
H2O2 under potentiodynamic polarisation. 

The addition of ~6 10-5 mol l-1 H2O2 leads to 
a higher mass loss particularly at anodic 
potentials. In this case the mass change curve 
shows an additional peak at -100 mVAg/AgCl 
which indicates a further surface or layer 
oxidation before dissolution of the layer at 
+50 mVAg/AgCl starts. An increased H2O2 
concentration of 3 10-4 mol l-1 has only a small 
effect on mass loss. 

 
CONCLUSIONS 

 
Various electrochemical techniques have 

been used to examine the low corrosion rates of 
UO2 and Pu-doped UO2 in aqueous carbonate 
solutions. Potential monitoring show that higher 
Pu-contents demonstrate higher corrosion 
potentials and higher corrosion rates. The redox 
potentials show relatively little variation and 
imply that the corrosion is due to the α-radiolysis 
from the Pu-content - creating reactive radicals 
and oxidising species at the UO2 surface/solution 
interface - that do not extend to the bulk solution. 

The electrochemical noise analysis clearly 
shows the intense bursts of activity as localised 
corrosion of the surface occurs. This is 
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proportional to the Pu-content and its α-activity 
creating a high interfacial concentration of 
radiolytically formed species that oxidise the 
UO2. 

Furthermore H2O2 studies by micro-
gravimetry, cathodic sweep voltammetry and ac 
impedance have independently shown that an 
additional layer forms on the UO2 surface under 
radiolytic conditions. 
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