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a b s t r a c t

Corrosion product deposits formed over long periods of time could exert a considerable influence on the
corrosion rate of used nuclear fuel under permanent disposal conditions. To simulate the build up of such
deposits, the oxidative dissolution of UO2 (nuclear fuel) has been studied under constant current condi-
tions in sodium chloride (pH = 9.5) solutions containing silicate. Currents in the range 1–300 nA cm�2

(normalized to the geometric area of the electrode surface) were applied in an attempt to simulate rates
as close as experimentally feasible to those anticipated under disposal conditions. The deposits were
characterized using scanning electron microscopy, energy dispersive X-ray spectroscopy and Raman
spectroscopy. At high currents (P20 nA cm�2) very high potentials (�0.5 V vs. SCE) were achieved and
surface deposits were formed at localized sites on the electrode surface. Raman analyses indicated that
these deposits were hydrated uranyl silicates. Their localization was shown to be due to the formation
of acidified sites on an otherwise passive surface as a consequence of uranyl ion hydrolysis underneath
the deposit. At these sites the local current density was considerably higher than the nominally applied
current density. The fraction of the surface covered by a deposit increased as the applied current
decreased, leading to a decrease in the extent of acidification. Measurements as a function of applied cur-
rent density established a potential of �0.25 V (vs. SCE) as a threshold below which acidification did not
occur despite the formation of a deposit. When the current was reduced to 1–2 nA cm�2, the potential
(�0.11 V (vs. SCE)) approached the range of corrosion potentials measured in aerated solutions. These
values are well below the threshold potential. Since the maximum corrosion current densities anticipated
under actual disposal conditions are <1 nA cm�2, the prospects for acidification leading to enhanced cor-
rosion and radionuclide release rates are very remote.

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

The recommended approach for long-term management of used
nuclear fuel in Canada is adaptive phased management [1]. This
approach includes centralized containment and isolation of the
used fuel in a deep geological repository. The Canadian repository
concept is based on multiple barriers: the used fuel bundles, dura-
ble metal containers, a clay buffer and seals around each container,
and a deep stable geologic environment. This deep repository can
provide reasonable assurance in the long-term containment and
isolation of the fuel. However, it is judicious to consider the conse-
quences of container failure on the fuel corrosion/dissolution and
radionuclide release processes.

The groundwater entering a failed container will have a direct
influence on fuel corrosion/dissolution and will provide the only
medium for radionuclide release from the container and transport
through the geosphere to the biosphere [2]. Over the long time
scales relevant the containment of nuclear waste (>106 y), the rate
ll rights reserved.
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of fuel corrosion/dissolution will be related to the solubility of ura-
nium in the groundwater; that is, the process will be thermody-
namically, rather than kinetically defined. At repository depths,
groundwaters are expected to be oxygen-free, and any oxygen
introduced during repository construction and operation prior to
sealing will be rapidly consumed by mineral and biochemical reac-
tions in the surrounding clays and by minor corrosion of the copper
container [3,4]. The subsequent groundwater chemistry will de-
pend on its origin in the host geologic formation. For relevant
Canadian Shield crystalline rock, it is expected to be Ca2+/Na+/
Cl�/SO2�

4 dominated with a pH in the range 6–9. It may also contain
small amounts of HCO�3 10�4–10�3 mol L�1 [2].

While groundwater entering the failed container may be anoxic,
its radiolysis due to radioactivity in the fuel could produce oxidizing
conditions, depending on the time of contact of the groundwater
with the fuel, as oxidizing (and reducing) species are continuously
produced via radiolysis. Under oxidizing conditions, UO2 can be oxi-
dized to the +6 oxidation state and dissolve leading to radionuclide
release, since the solubility of UVI is many orders of magnitude
greater than that of the UIV state [5,6]. The rate of fuel corrosion
will depend primarily on redox conditions [7–15] which will be
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determined by the fuel radiation fields. Since radiation fields decay,
redox conditions will evolve and corrosion rates will decay with
time. Clearly, the longer the period of containment to prevent wet-
ting of the fuel by groundwater, the lower the rate of production of
radiolytic oxidants and the lower the corrosion and radionuclide re-
lease rates. If the corrosion/radionuclide release rates are to be
determined it is necessary to know the time groundwater contacts
the fuel, the redox conditions established by water radiolysis and
the influence of groundwater composition.

If fuel corrosion were to persist for a substantial period of time,
then corrosion product deposits would accumulate on the corrod-
ing fuel surface. This accumulation could have a number of effects:

� It would suppress corrosion by blocking the fuel surface to an
extent determined by the porosity of the deposit [16,17].

� It could restrict the diffusive mass transport of species to and
from the reacting surface [17]. Since the primary oxidant driving
corrosion (H2O2) is produced by radiolysis at the fuel surface, a
sufficiently thick, low porosity deposit could prevent diffusive
loss of H2O2 from surface sites. This would maximize its utiliza-
tion in support of fuel corrosion. Such a deposit could also hin-
der the access of redox scavengers (Fe2+, H2 produced by
corrosion of the carbon steel container liner [18]) to the corrod-
ing surface, thereby reducing the efficiency of H2O2 scavenging.

� Deposits could incorporate radionuclides released during fuel
corrosion, thereby preventing, or at least delaying, their release
to groundwater [19–22].

� By restricting the diffusion of dissolved UO2þ
2 away from the fuel

surface, deposits could lead to a local acidification (via hydroly-
sis of UO2þ

2 within pores in the deposit or within defects in the
fuel surface (fractures, locations of missing grains, fission-
induced porosity) [23,16].

The physical and chemical properties of deposits will be deter-
mined by the combination of redox conditions, temperature, and
groundwater composition. Key groundwater constituents are
CO2�

3 =HCO�3 , which will increase UO2þ
2 solubility and hinder the

formation of deposits, and Ca2+ and silicate, which will stabilize
insoluble UO2þ

2 deposits.
The influence of deposits is hard to study on a laboratory time-

frame since their rate of accumulation is very slow, especially
when redox conditions are only slightly oxidizing. However, simi-
larities in the alteration phases (redeposited dissolved U solids) ob-
served in laboratory experiments and those observed in the
geological alteration of natural uraninite deposits [24–28] provides
evidence that the overall deposition process observed in the labo-
ratory is similar to the processes likely to control alteration over
the repository time frame [29,30].

Most studies on the influence of Ca2+ and silicate on the forma-
tion of surface deposits have been performed under oxidizing con-
ditions, and demonstrate the incorporation of these species into
oxidized uranium phases. Consequently, UVI silicates are expected
to be the primary, thermodynamically stable phases formed by fuel
alteration under Yucca Mountain (Nevada, USA) conditions [28]. In
addition, single-pass flow-through loop experiments and electro-
chemical studies [31–34] show that the effect of these two species
is immediate (after their addition), suggesting a direct effect on the
kinetics of the dissolution process as well as on the nature of the
deposits formed. Uranium concentrations measured in the flow-
through loop experiments with UO2 pellet fragments showed the
corrosion rate to be suppressed by a factor of 200, with the larger
influence being exerted by the silicate (up to a factor of 100)
[31,32]. A similar suppression of used fuel dissolution rates and
radionuclide release rates was also observed [31,32]. A more de-
tailed discussion of deposits has been published elsewhere [34].
In an attempt to form representative deposits on a laboratory
time frame, we have employed electrochemical methods to control
fuel corrosion rates and surface analytical techniques to determine
the composition of the deposits formed. Here, we describe the re-
sults of a study performed at low controlled currents in an attempt
simulate, as closely as possible, the rates anticipated under repos-
itory conditions.
2. Experimental

2.1. Electrode material and preparation

The 1.5 at.% SIMFUEL electrodes used in this study are natural
UO2 pellets fabricated by Atomic Energy of Canada Limited at the
Chalk River Laboratories. SIMFUEL is an unirradiated analogue of
spent nuclear fuel, made by doping the UO2 lattice with non-radio-
active elements (Ba, Ce, La, Mo, Sr, Y, Zr, Rh, Pd, Ru, Nd) in appro-
priate proportion to mimic the chemical effects of a CANDU reactor
irradiation to 1.5% burnup [35].

A 2–3 mm thick disc was cut from a 12 mm (in diameter) SIM-
FUEL pellet. A thin layer of Cu was electroplated on one side of the
SIMFUEL disc to provide a good electrical contact to the external
measuring circuit. The procedure used for Cu deposition has been
described elsewhere [36]. The Cu-plated side of the disc was then
bonded to a stainless steel threaded post with a conductive silver
epoxy (Hysol KS004, Wolcott-Park Inc.). The disc was then encased
in a non conductive casting compound (Hysol EE 4183 Wolcott-
Park Inc.) so that only one circular face of the electrode is exposed
to the working solution. The electrode was then allowed to cure for
24 h at room temperature.

Prior to each experiment, the electrode was polished in succes-
sion with 320, 800 (if necessary) and finally 1200 grit SiC paper,
and then rinsed with distilled deionized water. The electrode was
then placed in a 50:50 distilled, deionized water/methanol solution
and ultrasonically cleaned for 2 min to remove any residual SiC and
UO2 debris from the electrode surface. Finally, the electrode was
rinsed again with distilled deionized water.

2.2. Solutions

The solution used was 0.1 mol L�1 Na2SiO3 (Alfa Aesar) +
0.1 mol L�1 NaCl (Caledon, 99.0%) (pH 9.5). All solutions were pre-
pared with distilled, deionized water purified using a Millipore
Milli-Q-plus unit to remove organic and inorganic impurities, and
subsequently passed through Milli-Q-plus ion exchange columns
to produce water with a resistivity of 18.2 MX cm. Solution pH
was monitored with an Orion model 720A pH meter. The pH was
adjusted with reagent grade HCl or NaOH.

2.3. Electrochemical cell and equipment

All experiments were performed in a three electrode, single
compartment electrochemical cell. The reference electrode was a
commercial saturated calomel electrode (SCE) (Fisher Scientific),
and all potentials were measured and quoted against the SCE scale
(+0.242 V against the standard hydrogen electrode (SHE)). A Pt foil
was used as the counter electrode. The cell was housed in a
grounded Faraday cage to minimize external sources of noise. Cur-
rents were applied using either a Solarton multistat model 1480
(controlled by CorrWare™ software Version 2.9 supplied by Scrib-
ner Associates) or a Keithley Precision Current Source Model 6220.
To maximize the electrode surface area to solution volume ratio,
the electrode (surface area = �1 cm2) was submerged in a cell solu-
tion volume of only �50 mL.



Fig. 2. Charge measured as a function of time for various currents applied to 1.5%
SIMFUEL electrodes.
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2.4. Experimental procedure

Before all experiments the electrode surface was cathodically
cleaned for 10 min at �1.60 V (SCE) to remove any air-formed
films. A DC current was subsequently applied to the SIMFUEL elec-
trode and the potential response measured as a function of time. At
the end of each experiment, the electrode was removed from the
cell, lightly rinsed in water and dried, and then analyzed using
scanning electron microscopy (SEM), energy dispersive X-ray spec-
troscopy (EDX), and Raman spectroscopy. SEM/EDX was performed
using a Hitachi S4500 field emission SEM. The Raman spectroscopy
was carried out using a Renishaw 2000 Raman imaging microscope
system. A He–Ne laser beam (k = 633 nm) was used as the excita-
tion source operating between 25% and 100% power. The spectra
were obtained at an exposure time of 30 s on an extended shift
of 120–2000 cm�1, and multiple scans were performed to ensure
maximum sensitivity. The laser was focused onto the sample using
a 50� uncoated objective lens, at a sample spot size of �1 lm.
Spectra were calibrated using the 520 cm�1 line of a silicon wafer
and the correct shift was maintained for all scans.

3. Results and discussion

Fig. 1 shows the potential-time profiles recorded for various ap-
plied anodic currents ranging from 10 nA to 300 nA. Since the geo-
metric area of the exposed UO2 surface is �1 cm2, these values can
be considered as nominal current densities. For the two largest cur-
rents, 100 and 300 nA, the potential increased through a series of
stages, an effect most apparent in the experiment conducted at
300 nA. At this current, and at short times, the potential exhibits
an arrest around ��0.35 V. A second partial arrest is observed be-
tween +0.20 V and +0.30 V, before the potential finally rises to a
steady-state value of �0.50 V. To compare, at 100 nA, these stages
are not as well defined, but the first arrest can still be observed
around the more positive potential of ��0.17 V. The arrest be-
tween 0.20 and 0.30 V is also still visible and the final rise to the
steady-state value is slower than in the experiment conducted at
300 nA. For the 20 nA experiment, the rise in potential towards a
final steady-state value of �0.50 V appears to be occurring but only
extremely slowly. Finally, for 10 nA a steady-sate of �0.25 V ap-
pears to be achieved at the termination of the experiment. How-
ever, if the experiments are compared on the basis of
accumulated charge, obtained by multiplying the applied current
by the duration of the experiment (Q = it), Fig. 2, it is clear this last
Fig. 1. Potential measured as a function of time for various currents applied to 1.5%
SIMFUEL electrodes.
experiment did not go long enough to ensure the final steady po-
tential would not eventually rise to 0.50 V, as occurred in the high-
er current experiments.

Fig. 3 (from Ref. [36]) shows the composition of the electrode
surface as a function of applied electrochemical potential deter-
mined by X-ray photoelectron spectroscopy (XPS). The stages of
oxidation of the UO2 surface are also noted on the figure. The de-
tails of the oxidation process have been discussed elsewhere
[36]. The threshold for the onset of oxidation is around �0.40 V
(SCE). Initially, the surface is oxidized to UO2+x which involves
O2� incorporation and the conversion of UIV–UV. On SIMFUEL this
layer is generally very thin (a few nanometers or less). Over the po-
tential range 0 to �0.30 V the surface is further oxidized to UVI,
and, for a sufficiently positive potential, can be considered passive
and covered by UO3 yH2O. However, if the potential is further in-
creased, passivity is destroyed by the hydrolysis of dissolved UVI

(as UO2þ
2 ) leading to the formation of acid and a partial dissolution

of this layer [37],

UO2þ
2 þ yH2O ! UO2ðOHÞð2�yÞþ

y þ 2yHþ ð1Þ

UO3 � yH2Oþ 2Hþ ! UO2þ
2 þ ðyþ 1ÞH2O ð2Þ
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Fig. 3. Relative fractions of UIV, UV, and UVI as a function of applied potential for
1.5 at.% SIMFUEL in 0.1 mol L�1 NaCl at pH = 9.5 at room temperature [Santos].
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Comparison of the data in Fig. 1 to this compositional plot indi-
cates that the first potential arrest (�0.35 V to �0.100 V) corre-
sponds to the region of surface oxidation to UO2+x, the second
arrest (0.20 V–0.30 V) to the region of formation of the ‘‘passive”
UVI surface layer, and the final steady-state potential of 0.50 V to
the onset of acidification. Equally relevantly, electrochemical and
XPS studies [33,38] show that, in silicate solutions, a hydrated
UVI silicate may be formed over the potential range 0.20 V–
0.30 V, and that acidification via reaction 1 is possible once the po-
tential is beyond 0.25 V [37,38]. These observations suggest that
for potentials up to 0.25 V a deposit-covered surface would be ob-
tained whereas for higher potentials passivity would be lost and
acidification observed. Thus, the achievement of potentials of
Fig. 4. SEM micrographs of UO2 specimens before and after oxidation: (A) a freshly
experiment showing uranyl silicate deposits at magnifications of (B) 500; (C) 1500; (D)
removal of the deposit at (E) 4000� magnification; a specimen after a 300 nA galvanos
1500�; the same regions with the uranyl silicate deposits removed at magnifications of
�0.50 V for applied currents P20 nA cm�2 indicates that acidic
conditions should have been established on the electrode. How-
ever, for an applied current density of 10 nA cm�2 the potential
only reached �0.25 V and acidification would not be expected in
our silicate-containing solutions at the termination of our
experiments.

Fig. 4A–K shows SEM images of the surfaces obtained prior to,
Fig. 4A, and after experiments at nominal current densities of
20 nA cm�2 (Fig. 4B–E) and 300 nA cm�2 (Fig. 4F–K). For both ap-
plied currents, a series of different magnifications are shown, and
the lighter areas in the images show little evidence for dissolution
when compared to an untreated UO2 surface (Fig. 4A). The darker
areas are covered with a deposit, suggesting they have experienced
polished and sonicated specimen at 1500� magnification; a 20 nA galvanostatic
5000� magnification; the electrode surface beneath a uranyl silicate deposit after

tatic experiment showing uranyl silicate deposits at magnifications of (F) 100; (G)
(H) 70; (I) 100; (J) 250; and (K) 900�.
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dissolution leading to the deposition of a UVI deposit. The fracture
patterns observed within this deposit can be attributed to the loss
of water due to drying on removal of the electrode from the cell.

Electrochemical experiments conducted voltammetrically or
potentiostatically [37,38], indicate that current densities in the
range 1–4 � 105 nA cm�2 are obtained for potentials >0.40
V(SCE). Potentials in this range for applied currents as low as
20 nA indicates that current densities capable of sustaining such
a positive potential can only be achieved locally. This has been con-
firmed by low magnification images of the oxidized surface which
show only a series of locations covered by deposit accounting for
0.5–1% of the exposed surface. If current densities in the range of
1–4 � 105 nA cm�2 are required to support such a potential then,
for an applied current of 20 nA < 0.1% of the surface should be
Fig. 5. Specimen after a 20 nA galvanostatic experiment (A) SEM

Fig. 6. EDX spectrum recorded on the corrosion
anodically active. This is >50–100 times less than the percentage
of the surface which is deposit-covered indicating that not all the
area under the deposit is reactive suggesting that reactivity is con-
fined to small areas under, or at the edge, of the accumulating de-
posit. Examination of the area under the deposit, Fig. 4E, confirms
the occurrence of dissolution, as the surface is significantly rough-
ened when compared to Fig. 4A, the untreated sample. Also, the
damage is evenly distributed, consistent with an anodic dissolu-
tion/deposition process spreading across the surface with reactiv-
ity confined to the edges.

By contrast, after anodic oxidation at 300 nA only one active site
was observed on the electrode surface, as evidenced by the single
large corrosion deposit (Fig. 4F and G) observed following the
experiment. Since the total charge passed in this experiment was
and EDX maps of (B) U, (C) O, (D) Na, (E) Cl, (F) Si content.

product in the 300 nA experiment (Fig. 4F).
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three times that passed at 20 nA, considerably more widespread
damage would be anticipated. Upon examination of the sample fol-
lowing removal of the corrosion deposit, SEM Fig. 4H–K, shows the
damage penetrates inwards rather than across the surface at this
higher current density. This is consistent with a localized lower
pH and higher anodic dissolution rate leading to deep pitting at
this one location.

Fig. 5 shows the results of an SEM/EDX map of an area partially
covered by deposit for the 20 nA cm�2 experiment. A similar anal-
ysis of the deposit present on the surface after the 300 nA cm�2

experiment was not possible since the deposit was removed from
the single oxidized site on this electrode and analyzed separately.
The SEM image (Fig. 5A) shows the surface area over which the ele-
mental maps were obtained. The maps were recorded on a bound-
ary between an apparently unattacked area (the left side) and a
deposit–covered area. The signal from the deposit is strong in O
and Si (Fig. 5C and F, respectively) and lower in the U (Fig. 5B) than
the non-corroded area. This result is consistent with the non-cor-
roded area being UO2, while the oxidized area is covered by a UVI

silicate deposit [38]. The Na and Cl signals (Fig. 5D and E, respec-
Table 1
Composition of the deposit formed on SIMFUEL at a current of 300 nA determined by
EDX analysis.

O Na Cl U Si

At.% 65.58 3.68 0.97 15.11 14.66
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Fig. 7. Raman spectrum of (A) bulk UO2, (B) the thick corrosion product deposit
formed in the 300 nA Long Term Galvanostatic experiment.
tively) associated with the deposit are from the electrolyte and
probably left behind when the solution in the deposit evaporated
on removal of the electrode from the cell. The inability to remove
the NaCl from the deposit region via washing the electrode sug-
gests the presence of electrolyte within pores in the deposit, as
NaCl was not observed on the non-corroded UO2 regions.

Fig. 6 shows a spot EDX analysis of the deposit formed in the
experiment at 300 nA cm�2 (Fig. 4F) and Table 1 lists the atomic
percentages in the deposit. These data indicate a deposit with
U:Si:O ratio of 1:1:5, consistent with the presence of uranyl sili-
cate. Also, the imbalance between Na and Cl contents in the deposit
suggests the incorporation of Na+ into the silicate. Unfortunately, a
definitive identification of the nature of this deposit based only on
these analyses is not possible. To date, 14 uranyl silicate minerals
have been characterized [39], of which nine have a U:Si ratio of
1:1. The exact structures of these silicates are not completely
understood, due to uncertainty in the nature of the water present
(H2O, H3O+, OH�), but the uranyl ion is generally co-ordinated with
five oxygen atoms in the equatorial plane to form a pentagonal
bipyramid [40–42].

Fig. 7 shows Raman spectra recorded on the fresh UO2 surface
(A) and on the deposit (B) formed at 300 nA cm�2. Raman spectra
recorded on single crystal UO2 [43,44] show that stoichiometric
UO2 has a single fundamental vibrational stretch around
448 cm�1. In addition, a broad peak near 1150 cm�1 has been re-
ported [40,47,49,50], and attributed to a crystal field transition
(C5 ? C3). Raman spectra recorded on polycrystalline UO2 [45]
showed an unassigned peak at 585 cm�1 attributed to a damaged
UO2 matrix due to bulk defects resulting in a breakdown of selec-
tion rules. All of these features are present in the spectrum re-
corded on the fresh UO2 surface, Fig. 7A.
(A)

(B) (C)
Fig. 8. (A) Potential-time profiles recorded in long-term experiments at an applied
current of 300 nA for various durations. Expansions of the time scale for the 5–6 h
experiment and the 35–40 h experiment are shown in (B) and (C), respectively.



Fig. 10. Final potentials recorded on 1.5 at.% SIMFUEL in the Chronological Current
Increment experiment beginning at 1 nA as a function of the applied current. The
horizontal dashed line shows the threshold for the onset of acidification.
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Raman spectra of uranyl compounds, such as dehydrated schoe-
pite (UO3 0.8H2O), exhibit a peak centered around 842 cm�1 attrib-
uted to the symmetric stretching mode of the uranyl ion, (O–U–
O)2+ [46,40]. However, the frequency of this stretch is sensitive
to factors such as the type of equatorial bonding ligands present
[46] and, in general, occurs between 800 and 850 cm�1 [46,47].
Thus, the peak centered at 829 cm�1, Fig. 7 B, may be attributable
to the presence of uranyl species in the deposit. The ill-defined sig-
nals in the low wavenumber region can be attributed to the bend-
ing vibrations of UO2þ

2 (200–340 cm�1) [48–51].
Generally, the Si–O–Si bending mode and the Si–O asymmetric

stretching vibrational mode of SiO4�
4 tetrahedra are observed in the

wavenumber ranges 600–800 cm�1 and 800–1200 cm�1, respec-
tively [52]. The high frequency band can be further separated into
four subpeaks associated with the Si–O stretching frequency in dif-
ferent polymerized species [52]. However, no peaks that could be
attributed to silicate were observed in the spectra recorded on
the corrosion product deposit, Fig. 7B. Also, the silicate present in
the solution showed no Raman activity for reasons which are not
understood.

The ideal SiO4�
4 tetrahedron would have Td point group symme-

try, a Raman inactive structure. However, this could potentially be
lost by protonation to (SiO3OH)3�when the pH of the initially basic
silicate solution is adjusted to 9.5. This protonation, together with
bonding of the remaining three oxygens in the uranyl silicate,
Fig. 9. SEM images of the electrode surface after 300 nA galvanostatic experiments for: 5
and (F) 5000�; and 190 h at (G) 100, (H) 250 and (I) 450� magnification.
could lead to a lowering of (SiO3OH)3� symmetry (Td ? C3r ? CS)
[53]. This could deactivate some allowed transitions, also making
.5 h at: (A) 1300, (B) 3000 and (C) 5000� magnification; 37 h at (D) 1500, (E) 3000
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them Raman inactive. A second possibility is an overlapping of the
stretching vibrational modes for UO2þ

2 (800–900 cm�1) and SiO4�
4

(819 cm�1) as observed for soddyite (UO2) 2SiO4. 2H2O) [53].
To investigate the significance of the potential stages observed

(Fig. 1), a series of experiments of different durations was per-
formed with an applied current of 300 nA, Fig. 8A. The individual
stages are not as clear in this plot, but the expanded plots for the
two shorter experiments show that, after 5.5 h the potential
achieved a plateau value of �0.20 V (SCE), Fig. 8B, and after 37 h,
�0.25 V (SCE), Fig. 8C. As occurred in the experiment shown in
Fig. 1, a steady-state potential of �0.50 V (SCE) was achieved when
the experiment was extended beyond 50 h.

Fig. 9 shows SEM micrographs of the electrode surface after each
of these experiments at a series of magnifications: A–C, D–F, and G–I
for 5.5, 35 and 200 h experiments, respectively. After 5.5 h, Fig. 9A–
C, there is no noticeable difference between the electrochemically
oxidized and the freshly polished surfaces, Fig. 4A, indicating little
dissolution had occurred. The correlation between surface oxida-
tion state and potential, as measured using XPS (Fig. 3) would sug-
gest such a result, as �0.20 V was found to produce a sample that
was predominantly covered by UIV. After 37 h there is again no
SEM evidence for the formation of a deposit under which localized
acidification could have occurred; although, as shown in Fig. 9D and
E, some areas of the surface have under gone significant dissolution.
However, after�190 h, deep local penetration of the surface has oc-
Fig. 11. SEM images of the electrode surface recorded after the Chronological Current Inc
(D) 130, (E) 1500, (F) 1500, (G) 3000 and (H) 5000�.
curred, as previously observed at this applied potential [37], indi-
cating the occurrence of localized dissolution at an acidified
location. These observations are consistent with the claim that
potentials P0.25 V are required before the development of local-
ized acidification leading to major deposition occurs.

To define a current threshold and further probe the potential
threshold for the onset of acidification, the potential–time behav-
ior was followed in an experiment through which the applied cur-
rent was systematically increased from 1 nA to 10 nA in 1 nA
increments, the final potentials for which are plotted in Fig. 10.
The maximum potential achieved after application of the final,
and highest, current of 10 nA was �0.30 V: near the threshold
where acidification has been described to occur [37]. Fig. 11 shows
low (A–C) and high (D–H) magnification SEM micrographs of the
electrode surface upon completion of the experiment. Crudely,
light (uncovered) and dark (covered) areas are observed, with dar-
ker areas dominating the surface coverage (i.e. deposit coverage
>80%). Close inspection (Fig. 11D–H) shows that where dark areas
of the surface exist, there is a thin, compact deposit, while the
lighter areas are uncovered and lightly etched, Fig. 11E. The com-
pact deposit appears extremely fine–grained and very widespread;
hence, it would be expected to be protective to a naturally corrod-
ing system. The observable network of fractures in Fig. 11 is typical
mudcracking patterns, and can likely be attributed to loss of water
on removal from the cell and drying.
rement experiment beginning at 1 nA for magnifications of (A) 20, (B) 35 and (C) 45,



1162.23
797.07

581.08

452.26

20000

22000

24000

26000

28000

30000

32000

34000

36000

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Raman Shifts (cm-1)

R
am

an
 S

ca
tt

er
in

g 
In

te
ns

it
y 

(a
.u

)

Fig. 12. Raman spectra of the SIMFUEL electrode surface after the Chronological
Current Increment experiment beginning at 1 nA.
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Fig. 12 shows a Raman spectrum recorded on an area of the sur-
face covered by the fine deposit. The pattern appears to be a com-
bination of those observed in Fig. 7A and B: the UO2 peaks at 450,
1150 and 580 cm�1 (the fundamental vibrational stretch, the crys-
tal field transition and the damaged matrix, respectively); and, the
UO2þ

2 or SiO3(OH)3� stretch at �800 cm�1, also described above.
Where no deposit exists on the surface, Raman spectra were con-
sistent with Fig. 7A, the unreacted UO2 surface. The ongoing
appearance of these light-coloured (in the SEM images), etched
areas on the electrode surface verifies the existence of areas at
which anodic dissolution continues as the applied current is in-
creased. As the current increases the dissolution process would
be expected to become increasingly more localized at these regions
as the remaining electrode becomes increasingly covered. The ab-
sence of thick deposits at these locations at the point of analysis
indicates that the ongoing slow loss of soluble UVI is favourable
and confinement/acidification is minimal. Removal of the deposit
via sonification-rinsing confirms these observations, as the entire
UO2 surface can be seen to be generally attacked/etched. Some
areas show enhanced dissolution has occurred, as attack/etching
is non-uniform; this would suggest that some areas of the surface
may have experienced slight acidification underneath the deposit.

As indicated, Fig. 10 plots the final potential achieved as a func-
tion of applied current. The horizontal dashed line shows the ten-
tatively established acidification threshold at 0.28 V, established
through our experiments. Thus, it is likely that any tendency to-
wards local acidification leading to the enhanced dissolution oc-
curred at the higher current densities (9, 10 nA) when the
potential exceeded this threshold. Of course, as Fig. 1 would indi-
cate, a significant time delay may precede such acidification, as
400 h was insufficient for 10 nA to exceed 0.25 V in the experiment
described therein. However, of equal interest, is the potential at the
lowest applied currents. For a current 62 nA, the potential ap-
proaches a plateau at a value of �0.11 V (SCE), which is in the
range measured for the corrosion potential of UO2 and SIMFUEL
in aerated [54–58], peroxide-containing (10�4–10�2 mol L�1), and
alpha-radiolytically decomposed solutions [56] at this pH. This last
natural corrosion process has been studied in detail [54–58], and
electrochemical and surface analytical evidence indicates that the
rate determining reaction is the slow release of UVI (UO2þ

2 ) from a
UO3 yH2O-covered surface. Based on extrapolation of electrochem-
ically measured anodic dissolution rates [7], the predicted corro-
sion rate in this potential region is in the range 0.1–1 nA cm�2,
which is slightly lower than the applied currents of 1–10 nA cm�2.
A more detailed model for alpha radiolytic corrosion of fuel inside a
failed waste container [10] predicts an evolution of corrosion
potential decreasing from �0.50 V (SCE) to �0.18 V (SCE) over a
30,000 year period, and lower currents. All of these values are sub-
stantially lower than those measured in the experiments discussed
in this paper, where acidification did not occur at our lowest ap-
plied currents. Consequently, we can conclude that, irrespective
of whether noble metal particles can act as preferential cathodes
leading to the separation of anodes and cathodes, the development
of acidified anodic locations in the fuel through natural corrosion
processes is extremely unlikely.
4. Summary and conclusions

1. Under controlled current conditions the oxidation of UO2 pro-
ceeds through three potential stages: (i) between �0.4 V and
�0.1 V, a non-stoichiometric layer of UO2+x is formed; (ii) disso-
lution as UO2þ

2 and the formation of a surface layer of UO3 yH2O
over the potential range 0 V to �0.25 V; and (iii) hydrolysis of
dissolved UO2þ

2 and the formation of locally acidified sites for
potentials more positive than +0.25 V.

2. In the silicate solution used in these experiments, dissolution as
UO2þ

2 leads to the formation of a uranyl silicate deposit which
confines local acidity underneath the deposit.

3. The extent of surface coverage by such a deposit and the
amount of dissolution supported beneath it varies with the
applied current. At high currents only a small number of local-
ized sites become acidified and deep penetrations occur
beneath the uranyl silicate deposit. At lower applied currents,
the deposit is more widely spread across the UO2 surface and
active dissolution is confined to the edges of the deposit-cov-
ered areas.

4. Based on a series of experiments in which the applied current
was increased in stages from 1 to 10 nA cm�2, a current of
>8nA cm�2 was required for the potential to exceed the thresh-
old for acidification of �+0.25 V.

5. For applied currents in the region of 1–2 nA cm�2 the potential
achieved is �0.11 V, which is in the range of measured corro-
sion potentials in aerated solutions. Since the maximum pre-
dicted corrosion rate under waste disposal conditions is 0.1–
1 nA cm�2, the prospects for the formation of locally acidified
sites under waste disposal conditions is very remote [17].
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