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Abstract

Surface chemical processes of UO, are investigated on a nanoscopic scale by electrochemical atomic force mi-
croscopy (ECAFM) using a home-developed electrochemical cell. Dissolution reactions of the solid surface and sub-
sequent remineralization are observed at the solid-water interface under different redox conditions and carbonate
concentrations. The local dissolution rates vary between different grain faces, grain boundaries and etch pits. A cor-
relation between dissolution rates and the grain orientations relative to the specimen surface can be demonstrated by
electron backscatter diffraction (EBSD). Remineralization under oxidizing conditions occurs mainly at grain faces with
higher dissolution rates. The remineralized products are particles of 200-900 nm in diameter and exhibit a tabular
morphology. Profound knowledge of the UQO, surface chemistry on a nanoscale may help to clarify the related
mechanisms explaining the macroscopically observed dissolution rates.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

The release of radionuclides from spent fuel after an
assumed contact with groundwater has to be considered
for a safety assessment of a nuclear waste repository.
The major part of radionuclides, i.e. actinides, is re-
tained in the grains of sintered UO, pellets and will not
be mobilized before the solid matrix dissolves. The UO,
dissolution depends on physico-chemical parameters,
such as pH, redox potential, carbonate concentration
and the availability of oxidative radiolysis products [1].
An increasing dissolution rate is observed under oxi-
dizing conditions because the solubility is higher for
U(VI) than for U(IV). In addition, carbonate enhances
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the dissolution rate due to the complexation with the
uranyl ion. The plausible mechanisms explaining the
macroscopically observed dissolution rates are dis-
cussed in the literature [1,2]. Even though generally
reducing conditions can be expected in a nuclear waste
repository, the UQO, surfaces are subject to an oxidiz-
ing environment over a long period of time due to the
alpha radiolysis of water. While gamma radiolysis
decreases markedly after about 500 years, alpha and
beta radiolysis remain over periods of about 10° years.
This period is beyond the life time of canister materials
[3,4].

Electrochemical methods allow the adjustment of
redox potentials which are considered to be relevant for
surface chemical processes of the fuel matrix under
waste disposal conditions [5,6]. By a combination with
atomic force microscopy (AFM) (so-called electro-
chemical AFM, ECAFM) local dissolution rates can be
quantified at the solid-liquid interface under the (elec-
tro-)chemical conditions of interest. In previous work
ECAFM was mainly applied for the investigation of
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corrosion processes of metals, such as steel, copper or
titanium [7-10]. The atomic structure of UO,,, in the
presence of oxygen was studied by scanning tunneling
microscopy in ultra-high vacuum and at elevated tem-
perature [11]. In situ corrosion studies of the UO,
surface applying ECAFM have not been published so
far.

Electron backscatter diffraction (EBSD) introduced
by Kikuchi is a technique for the determination of
crystal orientations and phase identification in com-
posite materials. High-energy electrons are scattered by
the atomic planes of a crystalline sample. The diffrac-
tion pattern, the so-called Kikuchi or electron back-
scatter pattern, results from the interaction of elastically
scattered electrons (acting as a point source) and the
crystal planes. When electron waves originating from a
point source constructively interfere with the grating of
the crystal planes according to Bragg’s law, a pattern is
obtained with dimensions directly related to the grating.
Considering the Bragg equation the interplanar spac-
ings and angles of the most prominent lattice planes
can be indexed and the crystal orientation can be cal-
culated. Details of generation and processing of Kiku-
chi patterns and their application in texture analysis of
metals and other materials are described in the litera-
ture [12,13].

As corrosion generally begins and proceeds at the
fuel-water interface, the understanding of UO, surface
chemistry is of high importance. Using ECAFM the
composition of the aqueous environment and the redox
potential can be varied and, thus, waste disposal con-
ditions can be simulated. Their influence on surface
chemical processes is studied in situ with a nanometer
resolution. By combination with EBSD performed in an
environmental scanning electron microscope (ESEM)
the role of crystal orientation on matrix dissolution is
examined.

2. Experimental

A sintered pellet of uranium dioxide (Joint Research
Centre, Central Bureau for Nuclear Measurements
(CBNM), Geel, Belgium) is used as sample which is
characterized as a certified nuclear reference material
(CBNM Reference Material No. 106). The uranium has
an isotopic composition obtained by mass spectrome-
try of 2%U:99.2787, 2U:0.7158, 2*U:0.0055 weight
percent.

A commercial AFM (Topometrix, TMX 2000, Ex-
plorer) with a home-developed electrochemical cell is
used (Fig. 1). The UO, sample is embedded in an epoxy
resin using a holder of stainless steel and electrically
contacted (working electrode). Additionally, flexible
silicon tubes are embedded and used for the liquid ex-
change and salt bridge. This liquid cell enables the

mirror
. 4-quadrant
laser diode . o] photodetector
piezo tentiostat
otentiostal
scanner electro- P
¥ chzr:l:cal @ Ag/AgCl reference
2§ window electrode
cantilever aqueous: —@ Pt counter electrode
with tip solution
// ® working electrode
(sample)

Fig. 1. Experimental setup of ECAFM (see Section 2).

preparation of a plane and fresh sample surface for
several times by polishing. The counter electrode is a
platinum coated ring of titanium which forms the wall of
the liquid cell. The Ag/AgCl reference electrode (1 M
KCI) is connected with an embedded tube and sealed
with a ceramic diaphragma against the cell. At room
temperature, the reference electrode has a potential of
+236 mV against SHE (standard hydrogen electrode)
[14]. NaHCOj; solutions (3% or 0.3%) are adjusted to
pH=2_8.7 and filled in the liquid cell. The potential is
adjusted by a bipotentiostate (type MP81, Bank Elek-
tronik, Clausthal-Zellerfeld, Germany) to values ranging
from —1.0 V (reducing) to +1.0 V (oxidizing). A series of
AFM images is recorded in the contact-mode using tri-
angular cantilevers with silicon nitride tips (tip radius
<50 nm).

The crystal lattice structure of a pulverized UO,
sample is analyzed by X-ray diffraction (Seifert XRD
3000, Ahrensburg, Germany). Electron backscatter dif-
fraction (EBSD) of the altered UQO, surface is performed
in an environmental scanning electron microscope
(Philips ESEM XL 30 FEG) equipped with a back-
scatter electron detector for imaging and a phosphorous
screen/SIT camera to monitor Kikuchi patterns. As UO,
is a semi-conducting sample, it can be analyzed by
ESEM without a conducting surface coating which may
impair backscatter diffraction bands. The electron beam
in an ESEM penetrates several tenths to hundreds of
nanometers into a sample bulk, depending on parame-
ters like the accelerating voltage and material properties
(i.e. densities). For the analysis of Kikuchi patterns the
experimental arrangement is calibrated with respect to
the working distance using a Ni standard. The calibra-
tion yields the position of the pattern centre on the
screen, the specimen-to-screen distance and the specimen
tilt. The grain orientations are obtained by comparison
of the measured EBSD pattern with pattern calculated
by the instrument software for the known crystal lattice.
The general procedure of EBSD and orientation analysis
is described in the literature [15,16].
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3. Results

3.1. Morphological changes of the UO; surface during the
dissolution process

Surface alterations can be imaged by electrochemical
AFM under potentiostatic conditions at the surface
nearly in real time. An overview of the UO, surface
corroded by anodic oxidation is given in Fig. 2. Signif-
icantly different dissolution progress is observed at dif-
ferent grain faces, grain boundaries and etch pits, while
simultaneously particulate deposits are formed.

For the determination of dissolution rates at constant
potentials, a series of images is recorded with a time
interval of about 5 min. The dissolution process is in-
vestigated under reducing and oxidizing conditions.
Under strongly reducing condition (potential —1 V) no
surface dissolution can be observed over a period one
day which is the time frame of an in situ AFM experi-
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Fig. 2. AFM overview of a UO, surface after corrosion under
oxidizing condition (reaction time 160 min; potential +1.0 V vs.
Ag/AgCl; 3% sodium bicarbonate; pH =8.7; see text).

ment. Under strong oxidizing condition (+1 V) intense
surface alteration is monitored over a period of about 3 h
(Fig. 3). Height differences between a series of AFM
images are quantified with reference to an area where the
observed surface changes are small compared with the
rest of the surface (the reference area is indicated with R
in Fig. 3). This procedure represents a relative or semi-
quantitative analysis of the dissolution progress, because
absolute surface changes can only be obtained in the
presence of unalterable reference points [17,18]. Fig. 3
shows a selected surface area of 11 x 11 um? before and
after a dissolution period of 103 min in 3% bicarbonate
solutions (NaHCO;).

The distinct changes in surface morphology are an-
alyzed at a step between two grains (s), a grain boundary
(gb) and at etch pits (pl, p2 and p3, see symbols in Fig.
3). The dissolution progress, i.e. height difference as a
function of time, at these sample sites is plotted in Fig. 4.
Dissolution rates can be calculated from the respective
curve slopes (see insert in Fig. 4). Rates found at the step
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Fig. 4. Dissolution process at different sample sites as indicated
in Fig. 3 (potential +1.0 V vs. Ag/AgCl; 3% sodium bicarbon-
ate; pH =8.7; see text).

Fig. 3. UO, surface area before (a) and after (b) corrosion under oxidizing condition (reaction time 103 min; potential +1.0 V vs. Ag/
AgCl; 3% sodium bicarbonate; pH = 8.7; symbols: grain boundary (gb), step (s), etch pits (pl, p2, p3), reference area (R); see text).
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(s) between two grains and at the grain boundary (gb)
provide similar values of 3.85 and 4.05 nm/min, re-
spectively (see Section 4). The grain boundary (gb) ex-
hibits a typical ‘V’ shape as illustrated schematically in
[5]. At the etch pits (pl, p2, p3) threefold higher disso-
lution rates in the range of 11.1 and 15.8 nm/min are
observed. This may be due to dislocations in the crystal
or to local impurities.

3.2. Influence of redox potential and carbonate concen-
tration on the dissolution rates

The dependence of the applied potential on the dis-
solution rate is investigated at two different concentra-
tions of NaHCOj; solution, 3% and 0.3%. A series of
images is recorded for a period of about 30 min at a
respective constant potential which is increased in steps
of 100 mV from +100 to +600 mV (vs. Ag/AgCl). It is
typical for AFM that images recorded over a longer
period of time show a marked lateral drift, probably due
to temperature fluctuations. This drift is corrected using
a mathematical procedure described elsewhere [17,18].

Dissolution rates (in nm/min) at high carbonate
concentrations (3%) are plotted against the applied po-
tentials in Fig. 5. Three grains are selected in this plot
with the highest rate observed, an intermediate and a
low dissolution rate. For the selected grains the rela-
tionship between the applied potentials and the relative
dissolution rates can be approximated by a linear func-
tion (see Section 4). From the curve fits for different
grains a mean value of (0.03 +0.02) V can be calculated
for the straight lines cutting the x-axis. This value can be
regarded as a threshold for dissolution, because below
this potential no dissolution is observed.

Similar investigations are performed in solutions with
intermediate carbonate concentrations (0.3%) which are
typical for natural aquatic systems. The results for 0.3%
and 3% carbonate concentrations are compared for a
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Fig. 5. Dissolution rates vs. redox potentials at three different
grains with high (@), intermediate (W) and low (A) dissolution
rates (3% sodium bicarbonate; see text).
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Fig. 6. Dissolution rates vs. redox potentials at grain faces with
high dissolution rates (3% and 0.3% sodium bicarbonate; see
text).

grain face with a high dissolution rate in Fig. 6. As in the
3% carbonate solution, a linear relationship between the
dissolution rates and the applied potentials is observed
in 0.3% carbonate solution (see Section 4). From the
curve fit, a value of (0.16 +0.03) V can be calculated as a
threshold: no dissolution can be detected below this
potential. Dissolution of UO, can be observed beyond
this potential at rates which are 5-10 times smaller than
in the 3% carbonate solutions. As described for the ex-
periments in 3% carbonate, very different dissolution
rates are found on different grain faces in 0.3% car-
bonate solution. Therefore, oxidative dissolution of the
UO, surface is strongly enhanced by carbonate ions,
which is in agreement with the literature (e.g. [1,2,19]). A
dissolution mechanism is proposed in [2].

3.3. Remineralization

In addition to the electrochemical surface dissolu-
tion, particulate species are observed on grain faces with
high dissolution rates, which can be seen in the overview
of Fig. 2. These particles shown in Fig. 7(a) exhibit
shapes of stacked platelets with irregular, partly angular
contours, diameters and heights in the range of 200-900
and 10-150 nm, respectively. From AFM analysis alone
one cannot decide whether these particles are crystalline
or amorphous. Interestingly, the nucleation of these
crystallites is not observed in the ECAFM dissolution
experiments where the surface is continuously scanned
by the AFM tip (see marked square in Fig. 7(b)). In this
case, formation of small crystallites is probably dis-
turbed by the movement of the AFM tip. On neigh-
boring surface areas, which are not continuously
scanned, a large number of platelet-shaped particles is
found (outlying the square of Fig. 7(b)). These obser-
vations indicate that remineralization proceeds simul-
taneously at surface areas with high dissolution rates
probably due to a local oversaturation of the solution
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Fig. 7. (a) Remineralized particles formed on a UQ, surface after corrosion under oxidizing condition; the marked square in (b) is the

continuously scanned area of Fig. 3 (see text).

with uranyl carbonato ions and subsequent nucleation
(see Section 4). The remineralized particles show a tab-
ular morphology similar to that reported in [20].

3.4. X-ray diffraction (XRD) and electron backscatter
diffraction (EBSD)

The crystal lattice structure of the UO, matrix is
analyzed by X-ray diffraction (not shown). From a
powder diffractogram a face-centered cubic structure
(fcc) can be derived which is in agreement with the
known fluorite structure of UO,.

Different grains are investigated in an ESEM using a
standard EBSD geometry. For a comparison of the
measured Kikuchi pattern with the data base, the pat-
tern centre, camera length and specimen tilt have to be

calibrated as mentioned in Section 2. An ESEM image
of the UO, surface with grains showing different disso-
lution progress and the related Kikuchi patterns are
depicted in Fig. 8. Different grains with different disso-
lution progress exhibit different Kikuchi patterns and, as
expected, different sites on the same grain form the same
Kikuchi pattern (see numbers in Fig. 8). Therefore,
different grains as fundamental building units of the
material show different crystal orientations, whereas one
grain apparently exhibits one predominant crystal ori-
entation. No difference in the Kikuchi patterns could be
detected when focusing the incident electron beam on
the grain face or a remineralized platelet on top of it (see
Fig. 8 and Section 4).

With the known fcc crystal lattice structure from
XRD the number of possible and plausible patterns is

0.9 Torr

Fig. 8. ESEM image of a corroded UO, surface showing grains with different dissolution progress and the related Kikuchi patterns

(see text).
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strongly restricted. The software performs a Hough
transformation, which extracts the dominant Kikuchi
bands from the image. The width of the bands and their
relative angles can be calculated. The orientation of the
crystal atomic planes can be determined by comparison
of the measured pattern with simulated or known pat-
tern from a database. After this analysis, grains with the
highest dissolution rates have a grain orientation with
the (00 1) crystal plane parallel to the specimen surface.
Grains with lower dissolution rates are characterized by
hkl crystal planes of higher order parallel to the sample
surface. Therefore, the grain orientation is found to play
a major role in the inhomogeneous dissolution of UO,
pellet surfaces.

4. Discussion

In this study UO, surface alterations are directly
investigated at the solid-water interface applying dif-
ferent redox potentials. Dissolution rates increase with
increasing oxidizing potentials and with carbonate
concentration which is in general agreement with results
from previous studies [1,2]. The reasons for this be-
haviour are the increased solubility of U(VI) compared
to U(IV) and the carbonate complexation of UO3" ions.
The observed linear relationship between the corrosion
potential and the corrosion rate differs from that de-
scribed in the literature, where a linear relationship
between the corrosion potential and the logarithm of
the corrosion rate is reported (e.g. [1,5]). In the litera-
ture experiments steady-state conditions are aspired
using flow-through cells or rotating disc electrodes in
order to avoid unwanted surface reactions [1,22]. The
presented ECAFM experiment is performed without
flow-through or stirring and, therefore, far away from
steady-state. A local near-surface oversaturation with
uranium carbonato ions during dissolution and the
subsequent formation of surface intermediates on the
UO, clectrode (Fig. 7) probably limits the measured
dissolution rates. It can be assumed that these processes
determine the observed quasi-linear relationship be-
tween potential and corrosion rate (Figs. 5 and 6) and
lead to reduced curve slopes especially at higher po-
tentials (= 0.3 V). These results provide further evidence
to the presumed influence of surface intermediates on
the corrosion process as described in the literature (e.g.
[5,19]). The non-steady-state condition seems also to be
responsible for the observed dissolution threshold in the
0.3% carbonate solution (Fig. 6). In carbonate-free so-
lutions, surface dissolution is blocked by the formation
of oxidized secondary phases, whereas available car-
bonate near the surface enhances the solubility by for-
mation of uranyl carbonates [19]. In the 3% carbonate
solution, dissolution starts with positive oxidizing po-
tential, which is in agreement with the literature (e.g.

[1,19]). In the 0.3% carbonate solution, the limited
availability of carbonate near the surface seems to re-
strict the dissolution process until a certain oxidizing
potential is reached. This interpretation is in agreement
with strongly reduced dissolution currents under non-
steady-state conditions and the control of the dissolu-
tion process by carbonate as reported in the literature
(e.g. [1,2,19)).

It is shown that the dissolution rate strongly depends
on the grain orientation, where the (00 1) crystal plane
parallel to the surface exhibits the highest dissolution
rate. Enhanced dissolution rates are also observed at
several grain boundaries exhibiting a typical ‘V’ shape
(Figs. 2 and 3). An explanation from the literature is the
degree of non-stoichiometry in the grain boundaries
(UO,,,) enhancing the uranium oxide conductivity. In
the present study, similar dissolution rates of fast dis-
solving grain faces and grain boundaries are determined
(Figs. 3 and 4). From this observation one may speculate
that fast dissolving grain boundaries are again the bor-
ders of fast dissolving grain faces with the (00 1) crystal
plane orientated perpendicular to the surface. This as-
sumption is supported by the observation that grain
boundaries do not generally dissolve faster than the
neighboring grain faces. In Fig. 2, one can find as well
grain boundaries exhibiting slow dissolution rates simi-
lar to that found at neighboring grain faces. Therefore,
special effects at grain boundaries originating from non-
stoichiometry or impurities probably influence but do
not dominate the dissolution rates under these experi-
mental conditions.

Particulate species with tabular morphology are
formed during the corrosion predominantly on grain
faces with high dissolution rates probably due to a local
oversaturation with uranyl carbonato ions. The nucle-
ation of these crystallites may occur on edge pits (as
reactive sites) which are formed in consequence of dis-
solution (Fig. 3(b)). The Kikuchi patterns of the de-
posited particles and the underlying grain face cannot be
differentiated. This is not due to the information depth
of backscattered electrons which can be estimated to be
<20 nm and, therefore, is in the range of measured
particle heights (see [21] for the definition and estimation
of the information depth). A possible reason for the
insensitivity to surface particles is the geometry of the
EBSD experimental setup, where the angle between
the incident electron beam and the sample surface is
adjusted to approximately 20°. Due to the penetration
depth of the incident electrons, the backscattered elec-
trons may escape from a sample site which is distinctly
displaced from the focused particle. Therefore, back-
scatter Kikuchi bands apparently measured in a depos-
ited particle may originate from the underlying crystal
face. Furthermore, it is not evident if the surface de-
posits provide a crystalline structure which is essential
for the formation of backscatter Kikuchi bands. Further
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EBSD measurements have to be performed to clarify
these questions.

5. Conclusions

The combined ECAFM and EBSD results indicate
that the dissolution kinetics of polycrystalline UQO, is
strongly influenced by the grain orientations. The sub-
sequent increase of the pellet surface may accelerate the
macroscopically observed dissolution rates. Further-
more, the preferred dissolution of grains and the oc-
currence of etch pits may result in a collapse of the fuel
pellet. On the other hand, the local formation of sec-
ondary phases by near-surface oversaturation of the
solution with U(VI) may act in the opposite direction.
The identification of the deposited secondary phases will
help to understand the mechanism of remineralization in
order to estimate the actinide release. As discussed in the
literature, UO, dissolution rates strongly depend on the
applied experimental conditions such as pH, carbonate
concentration, redox and flow conditions (e.g. [22]). The
presented electrochemical setup allows the control of the
redox conditions at the UQO, surface which is essential
for a comparison of dissolution rates obtained by dif-
ferent experimental approaches. By the combination of
a microscopic technique with an electrochemical setup in
ECAFM only very small sample sizes are needed which
may be in particular advantageous for the study of spent
fuel surface chemistry.
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