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The influence of high burn-up structured material on UO2 corrosion has been studied in an autoclave
experiment. The experiment was conducted on spent fuel fragments with an average burn-up of
67 GWd/tHM. They were corroded in a simplified groundwater containing 33 mM dissolved H2 for
502 days. All redox sensitive elements were reduced. The reduction continued until a steady-state concen-
tration was reached in the leachate for U at 1.5 � 10�10 M and for Pu at 7 � 10�11 M. The instant release of
Cs during the first 7 days was determined to 3.4% of the total inventory. However, the Cs release stopped
after release of 3.5%. It was shown that the high burn-up structure did not enhance fuel corrosion.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the major issues for nuclear reactor operators today is an
extension of the authorized burn-up of LWR fuel. A high burn-up
decreases the total mass flow in the fuel cycle and reduces the
number of refuelling operations. Consequently, it leads to lower
production costs and larger reactor availability [1–3]. The average
discharge burn-up of LWR fuel assemblies has for this reason been
increased in recent years from around 40 to 50–60 GWd/tHM [4].

Experiments have shown that UO2 fuels with an average burn-
up around or below 40 GWd/tHM have very limited release of ma-
trix bound radionuclides to groundwater under bedrock repository
conditions [5–11]. However, as the rim of the UO2 fuel is re-struc-
tured into a high burn-up structure (HBS) when the local burn-up
exceeds 60 GWd/tHM [1], the release of radionuclides might be
significantly larger from high burn-up fuels than shown from pre-
viously studied fuels.

The HBS formation at the rim of a UO2 fuel is a result of the Pu
build-up owing to capturing of epithermal neutrons with energies
matching absorption resonances in 238U. This was first observed in
the late 1950’s [12]. The Pu content in the rim is more than twice as
large as the average Pu amount in the fuel at an average burn-up of
60 GWd/tHM [13]. The consequence of this enrichment in fissile
material is a local increase of the burn-up by approximately a fac-
tor of two [14]. This increase of local burn-up results in a modifica-
ll rights reserved.
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tion of the fuel microstructure. The original UO2 grains with a size
of around 10 lm tend to subdivide into smaller grains of around
100–200 nm. This restructuring of the grains is associated with
the formation of a local porosity that can reach up to 30% [13].
The restructured rim area is up to 200 lm thick [14]. For a fuel
with an average burn-up of 60 GWd/tHM, the HBS corresponds
to about 8% of the fuel volume.

The exact mechanism of the HBS formation is unknown; how-
ever, a number of theories have been suggested: (i) induction by
radiation damage; (ii) polygonisation due to rare gas and metallic
fission product accumulation; (iii) build-up of mechanical stress
around fission bubbles; (iv) formation of micro-domains of over-
structures giving planar defects [15]. Regardless of the mechanism,
the formation of the HBS may be described by a number of consec-
utive phases: nucleation of re-crystallized grains, loss of xenon
from the new grain structure, formation of micrometer size pores
in the re-crystallized new structure, and growth of the new pores
with increase in the local burn-up as they collect the gas from
the surrounding re-crystallized grains [1].

As a result of the HBS formation, the protective UO2 matrix,
which has been shown able to retain the majority of the fission
products from spreading with the groundwater in the repository
[5–11], will be completely re-structured once the burn-up is in-
creased. Both the smaller grain size of the HBS structure and the
elevated dose rate, caused by increased actinide and fission prod-
uct content, are expected to lead to an increase in the dissolution
rate of the fuel. In view of the increase in discharge burn-up, cor-
rosion data for spent high burn-up fuels under reducing conditions
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Fig. 1. The core-drilled fuel segment.
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are, therefore, needed in order to complete the performance
assessments for the final repositories [16].

This paper presents the results from a static corrosion study on
HBS-containing fragments under conditions expected in a deep
bedrock repository. The fragments, with an average burn-up of
67 GWd/tHM, were corroded for 500 days in a synthetic ground-
water in presence of dissolved H2. The results provide new infor-
mation on the long term release of radionuclides from high burn-
up structured material.

2. Materials and methods

2.1. Fuel

The high burn-up UO2 fuel used for the study was irradiated for
1332 days in a commercial pressurized water reactor. The average
burn-up of the fuel rod used for the experiment was calculated to
59.1 GWd/tHM. The irradiation proceeded under normal operating
conditions, i.e., without power-ramping. Fuel data and irradiation
history are given in Table 1.

A 10 mm long segment was cut from a position of the fuel rod
exhibiting a flat burn-up profile, as observed by c-scanning. The
segment was core drilled to separate the fuel centre from its
peripheral 725 lm thick part, see Fig. 1. Post-irradiation examina-
tion of the fuel identified a 100 lm thick high burn-up structure,
see Fig. 2. The fuel containing the HBS material was detached from
the Zircaloy cladding by use of external stress in a screw clamp.
The de-cladded fuel fragments contained about 15 wt.% HBS. The
millimetre-sized fragments were stored under dry N2 atmosphere
(<2 vol.% O2) for one year before the start of the corrosion
experiment.

A part of the core-drilled fuel was dissolved and the inventory
of actinides and fission products was determined by ICP-MS. The
Pu-vector and the 148Nd-isotope were used as input for ORIGEN
calculation [17], to obtain the complete fuel inventory. The specific
activities of the main fission products and actinides are given in
Table 2.

The ORIGEN calculation gave an average burn-up for the HBS-
containing fraction to 67 GWd/tHM. Twenty fragments with a total
mass of 0.26 g were selected and used in the corrosion experiment.
The fuel surface to leachate volume ratio at the experiment start
was approximately 0.2 m�1. The a-dose rate from the fragments
to a surrounding solution was calculated to approximately
0.5 Gy/s. No annealing or washing of the fuel was made prior to
the corrosion experiment.
Table 1
Fuel and irradiation data of the rod [36].

Parameters

Fuel data
Fuel UO2

Fissile fractions 4.1 wt.% 235U/Utotal

Fuel stoichiometry 2.0
Fuel density 10.4 kg/dm3

Pellet diameter 9.13 mm
Pellet length 11 mm
Average grain size 10 lm
Fuel pin data
Radial gap 0.085 mm
Fuel pin diameter 10.75 mm
Cladding thickness 0.725 mm
Cladding material Zr-base alloy
Internal pre-pressure 22.5 bar (room temperature)
Irradiation data
Total number of irradiation days 1332 effective fission power days
Number of irradiation cycles 4
Average linear power 250 kW/m
Average fuel burn-up 59.1 GWd/tHM

Fig. 2. Macro-photograph of the fuel showing the thickness of the high burn-up
structure (HBS).

Table 2
Specific activities of the main fission products and actinides in the irradiated HBU fuel
(rim containing fraction) as obtained by the ORIGEN calculation (as of 2008-07-07).

Fission products (Bq/g UO2) Actinides (Bq/g UO2)

90Sr 4.1 � 109 234U 3.8 � 104 241Pu 4.9 � 109

125Sb 7.8 � 107 235U 2.2 � 102 242Pu 2.1 � 101

134Cs 1.2 � 109 236U 1.4 � 104 241Am 8.2 � 107

135Cs 3.3 � 104 238U 1.1 � 104 242mAm 3.3 � 105

137Cs 6.7 � 109 237Np 2.6 � 104 243Am 3.8 � 106

144Ce 5.2 � 107 238Pu 3.5 � 108 242Cm 3.1 � 105

154Eu 2.8 � 108 239Pu 1.3 � 107 244Cm 6.7 � 108

240Pu 2.6 � 107
2.2. Leachant

Ultra pure mQ-water, >18 MX/m, (PureLab Ultra, Elga LabWater
Ltd., UK) and suprapur grade chemicals (Merck GmbH, Germany)



Table 3
Elements selected for analysis by ICP-MS.

Elements

Stable elements Ti, V, Cr, Mn, Fe, Ni, Cu, Zn
Fission products Rb, Sr, Zr, Mo, Tc, Ru, Ag, Cd, Sn, Te, Cs, Ba
Lanthanides La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy
Actinides U, Np, Pu, Am, Cm
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were used throughout the experiment. The leachant contained
10 mM NaCl and 2 mM NaHCO3. The composition has been chosen
to mimic a low-saline granitic groundwater. The pH of the initial
solution, 8.1, was measured with a combined pH-electrode
(WTW SenTic Mic, and WTW pH340/ION analyser). The pH-elec-
trode was calibrated with commercial pH standards (METTLER TO-
LEDO Inc., USA: pH 7.00 (Lot 1P039A), pH 9.21 (Lot 1N358B)).
Cations as Ca2+ and Mg2+ have been excluded in the leachant to
avoid the decrease of dissolution rates and/or potential formation
of secondary uranyl phases [18–20].

2.3. Gases

The autoclaves were connected, by welded gas-lines, with a gas
bottle. Two different gas compositions were used; pure H2 (grade
6.0, Linde GmbH, Germany) and H2/0.03% CO2, (grade 5.6, Linde
GmbH).

2.4. Autoclave and sampling

The corrosion experiment was carried out in a setup composed
of two connected autoclaves (Parr Instruments Co., USA). The first
autoclave, denoted experiment autoclave, was placed inside a hot
cell, and had a volume of 620 cm3. The second autoclave, denoted
refill autoclave, was placed in a glove box. A welded stainless steal
tube connected the two autoclaves. The refill autoclave could be
equipped with either a 50 cm3 or a 250 cm3 vessel. The smaller
pressure vessel was used during the start-up of the experiment
and the larger in all actions thereafter. The hot cell and the glove
box are both run under air atmosphere. A schematic drawing of
the autoclave setup is shown in Fig. 3.

Both autoclaves were manufactured of quality grade II-weld-
able titanium, with a composition of 99.3 wt.% Ti, max. 0.3 wt.%
Fe, max. 0.25 wt.% O, max. 0.1 wt.% C and the rest N and H. All wet-
ted surfaces of the setup, i.e., pellet holder, magnetic stirrer, valves,
security valves and tubings were made of titanium. Graphite gas-
kets and sealing-tape were used to avoid both metals, that exhibit
a high sorption of actinides; and organic materials, which have
poor radiation resistance. A welded tube without filters was used
for solution transfer from the refill autoclave to the experiment
autoclave. The dual-autoclave setup made it possible to refill,
purge and sample solutions and gases without intrusion of O2 into
the autoclave. The entire setup was certified for H2-pressures up to
6.5 MPa.

The leachate was sampled through a diving tube with an open-
ing 8 mm above the bottom of the experiment autoclave. The over-
pressure in the autoclave was used to push leachate into 20-ml
polyethylene (PE) sampling vials, inside the hot cell. The weight
Fig. 3. Autoclave setup. The experiment autoclave in the hot cell is shown to the
left, the refill autoclave located in a glove box connected to the experiment
autoclave to the right. The setup has both solution and gas sampling possibilities.
of the sampled leachate was recorded for all samples. Subse-
quently, the leachates were transferred without filtration into
20-ml liquid scintillation counting vials (polypropylene) outside
the hot cell. Analyses were made on aliquots taken from the LSC
vial.

Leachates were sampled 13 times throughout the corrosion
experiment; during filling (5 h after wetting the fuel), and after 1,
7, 62, 63, 138, 265, 313, 316, 319, 329, 442 and 502 days. The sam-
pling sequence consisted of one rinse and two samples. The rinse
served to collect all old, stagnant solution in the tubes leading from
the reactor autoclave to the sampling outlet. The stagnant volume
was estimated to �5 cm3, the volumes of the rinse samples ranged
from 10 to 20 cm3. The two (�10 cm3) samples, taken after the
rinse, were both considered as representative for the autoclave
solution.

2.5. Analyses

Inductively coupled plasma mass spectrometry, ICP-MS (Ther-
mo Element2, Thermo Electron Corporation, Germany), measure-
ments were made on all samples to determine elemental
concentrations of the elements shown in Table 3. Additionally,
the concentrations of c-emitters in the leachates were measured
using a high-purity Ge-detector (EG&G Ortec Inc., USA). The con-
centration of hydrogen peroxide was determined by UV–vis light
absorption spectroscopy and the Ghormley method [21]. The mea-
surements were made on a USB2000 spectrometer (Ocean Optics
Inc., USA). Further details regarding the ICP-MS and c-spectrome-
try measurements are given in Ref. [22].

Gas mass spectrometry measurements (GSD 301 O2C OmniStar,
Pfeiffer Vacuum GmbH, Germany) were carried out to identify all
gases in the mass range 1–200 amu in the autoclave gas-phase,
as well as to determine the concentration of N2, O2, CO2, Kr and
Xe. A three-point calibration with certified calibration gases (Lin-
de/AGA GmbH, Germany) was made to obtain the response of
the gas-MS (in cps) versus the gas concentration. Gas was collected
from the autoclave into a 50 cm3 stainless steel ‘‘gas-mouse” (SS-
4CS-TW-50, Swagelok B.E.S.T. Fluidsysteme GmbH, Germany).
After sampling, the gas mouse was removed from the autoclave
and attached inside the hot cell to a welded gas transfer line
equipped with particle filters. The other side of the transfer line
was attached to the gas-MS, which was located outside the hot cell.
Two measurements on the autoclave gas-phase were carried out;
the first was made 12 days after the start of the experiment; the
second was made after 313 days, i.e., directly before the wash-
out action (see Section 3.3).

3. Experimental

3.1. Start-up

Prior to the start of the corrosion experiment and outside the
hot cell, the autoclave was washed several times with mQ-water.
Inside the hot cell, the fuel fragments were placed in a perforated
titanium basket. A small Ti cylinder was placed on top of the frag-
ments to stop them from leaving the perforated titanium basket.
In order to avoid oxidation of the wet fuel surface by atmospheric
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Fig. 4. Concentration of U (j) and Cs (d) on the left hand scale, and the amount of
Cs (s) on the right hand scale, plotted as functions of corrosion time. The dash-
dotted line shows a concentration of 1.5 � 10�10 M and the dashed line an amount
of 3.88 � 10�7 mol. The error bars in the Cs concentration (±4%) are smaller than the
data symbols. The uncertainty in the Cs amounts is ±6%; the main source to this
uncertainty is the uncertainty of the calibration standard, while the mutual relative
uncertainty between two values is in the range of ±0.4% (shown in the figure).
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O2, the autoclave was flushed with H2 during, and for 15 min
after the assembling of the leachant-free autoclave. The refill
autoclave was used to transfer 38 cm3 batches of leachant into
the experiment autoclave. Before each of the 15 transfers, dis-
solved O2 was physically displaced from the leachant by sparging
it with H2 for 15 min. The start leachant volume in the autoclave
was 520 cm3.

3.2. Experiment

The experiment was run for a period of 502 days without inter-
ruption. After the leachant filling, the autoclave was pressurized to
4.1 MPa with hydrogen. This pressure was kept throughout the
experiment. The experiment was carried out at ambient hot cell
temperature, 23 ± 4 �C. The leachate was not stirred.

The pH of the leachate after 5 h and after 1 day was measured to
be 7.0 and 7.6, respectively. As the pH of the two leachates was
lower than expected in a carbonate buffered leachant, 38 ml of a
solution containing 10 mM NaCl and 30 mM NaHCO3 was trans-
ferred on day 63. Measurement of the pH in the sample from day
63 (after the refill) gave 8.1.

The gas was changed from pure H2 to H2 + 0.03% CO2 before the
wash-out action on day 313.

3.3. Wash-out action

In order to lower the Cs concentration in the leachate, a wash-
out action was carried out on days 313 and 314. The wash-out ac-
tion consisted of seven stepwise dilutions of the stagnant 100 cm3

leachate, which always remains below the diving tube in the auto-
clave after emptying. Batches of 216 cm3 leachant were added to,
and subsequently removed from, the autoclave giving a theoretical
dilution in each step of 3.2. A break for the night was made before
emptying the fourth refill leachate.

Each refill cycle lasted 40 min; however, most of this time was
spent on sparging the refill leachant to remove dissolved O2 before
transfer to the experiment autoclave. The actual residence time in
the experiment autoclave between solution transfer and draining
was less than 5 min. After the wash-out, the autoclave was refilled
and left with 500 cm3 leachant.
Table 4
Caesium release rate in region 3.

Time (d) Dt (d) Dn (mol) Dn/Dt (mol/d)

316–319 3 1.33 � 10�9 4.4 � 10�10

319–329 10 7.44 � 10�10 7.4 � 10�11

329–442 113 1.93 � 10�9 1.7 � 10�11

442–502 60 3.95 � 10�10 6.6 � 10�12
4. Results

The corrosion experiment was carried out in presence of
4.1 MPa H2, i.e., a dissolved H2 concentration of 33 mM. All re-
ported U, Pu and Tc values have been corrected for adsorption as
described in Ref. [22].

4.1. Uranium and caesium

The measured concentrations of U and Cs are plotted as a func-
tion of corrosion time in Fig. 4. In addition, the deduced total
amount of released Cs at the time for each sampling, i.e., the
amount removed in samples plus the amount dissolved in the
autoclave leachate, is shown (right hand scale) in the same figure.

The figure has been divided into three regions (top axis). Each
break between two regions represents a change of the conditions
in the autoclave. The first region shows the initial 62 days of the
experiment, including the start-up. A decreasing U concentration
is seen in the leachate throughout this region. Region 2 starts with
addition of new HCO�3 rich leachant into the autoclave on day 63
(see Section 3.2) and ends before the wash-out action on day
313. This region is characterized by decreasing U concentration
and a stable concentration of Cs. The third region starts after a
wash-out action on day 314 and lasts till the end of the experi-
ment. In this region, a low and constant U concentration is seen to-
gether with a slow in-growth of Cs.

Region 1 shows a fast instant release of Cs from the fuel frag-
ments and results in an instantaneous Cs concentration of
9.7 � 10�7 M in the first leachate. The subsequent leachates con-
tain lower Cs concentrations as a result of additional filling of the
autoclave (see Section 3.1). The amount of dissolved Cs remains
constant at a level of 3.75 � 10�7 mol during the time period 7–
62 days. On the other hand, the concentration of U in the leachate
decreases by a factor of 40, from 6.3 � 10�9 M to 1.5 � 10�10 M,
during the initial 62 days.

The sharp increase in the U concentration observed at the
beginning of region 2 is a response to oxidation of the fuel surface.
This can be deduced from the increased amount of dissolved Cs in
the leachate. Oxygen must have intruded into the autoclave during
the refill of the autoclave with 10 mM NaCl + 30 mM HCO�3 lea-
chant. The apparent lowering in Cs concentration between regions
1 and 2 is a result of the dilution caused by the solution transfer.
After the initial increase and within the uncertainties of the mea-
surements, the amount of Cs released stays constant for the
remaining part of region 2. The U concentration decreases through-
out region 2. It can be noted that it takes 250 days to get back to a
concentration of 2 � 10�10 M.

Region 3 starts with a U concentration of 1 � 10�9 M in the first
leachate, the same concentration as the last leachate collected dur-
ing the wash-out action (see Section 4.4). Within 14 days, the U
concentration decreased by one order of magnitude reaching
1.5 � 10�10 M. This U concentration remained stable until the
end of the experiment. The concentration of Cs was lowered by
three orders of magnitude during the wash-out action; but, as
can be seen in region 3, it increases towards a new stable concen-
tration at 1 � 10�8 M. The calculated release rate of Cs, after the
wash-out action, is given in Table 4. It can be concluded that the
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dissolution rate decreased two orders of magnitude during a time
period of 186 days. At the end of the experiment, the total amount
of Cs released from the fuel was calculated to 3.88 � 10�7 mol. This
amount corresponds to 3.5 wt.% of the total Cs inventory in the
fragments.

4.2. Neptunium, plutonium and technetium

The concentration of the redox sensitive elements Np, Pu and Tc
is shown as a function of corrosion time in Fig. 5. The same regions
are marked in Fig. 5 as previously discussed for Fig. 4.

Neptunium is, together with the other actinides, released at the
beginning of the experiment due to dissolution of a pre-oxidized
layer on the fuel surface. The well-correlated concentration de-
crease with the U seen during the first day of experiment indicates
that Np is very probably co-precipitated with the U. After solution
refills on day 63 and 313 the Np concentration increases above the
detection limit (1 � 10�12 M). Most likely this Np originates from
the previously precipitated U-phase, which becomes oxidized
and dissolved by air oxygen that entered the autoclave together
with the refill leachates. The Np/U ratio is close to the average
inventory of the rim containing fraction in all samples with mea-
surable Np concentrations, as seen in Table 5. This is probably
due to the similarities between the Np(IV) and U(IV) ions, which
make them co-precipitate as an ideal solid solution [23].

Owing to the dissolution of the pre-oxidized surface layer, also
the Pu concentration shows a correlated increase with the U in the
beginning of the experiment. After this initial increase, the almost
parallel decrease in Pu and U concentrations indicate that also Pu is
very probably co-precipitated with the U. During this co-precipita-
tion part of the experiment, the Pu concentration passes through a
minimum and then starts to increase towards a concentration of
�7 � 10�11 M. This level is reached at the end of all three regions
and is marked in Fig. 5. In region 3, this increase in Pu concentra-
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Fig. 5. Concentration of Np (h), U (j), Pu (D) and Tc (d) as a function of corrosion
time. The dashed line marks a concentration of 7 � 10�11 M.

Table 5
Ratios between measured concentrations of Np, Pu, Am, Tc and Cs, and measured concent

In fuel Region 1

Start End

Np/U 9.2 � 10–4 1.7 � 10�3 n.m.a

Pu/U 1.5 � 10�2 9.0 � 10�3 5.0 � 10�1

Am/U 1.5 � 10�3 3.5 � 10�4 2.2 � 10�2

Tc/U 1.8 � 10�3 4.4 � 10�2 1.1
Cs/U 6.2 � 10�3 1.5 � 102 4.5 � 103

a Not measurable concentration.
tion is especially apparent as it starts very low (due to the preced-
ing wash-out action) is lowered even further in the first
sample (due to co-precipitation), to thereafter increase towards
7 � 10�11 M at the end of the region. The Pu/U ratio at the end of
each region is in the range between 0.24 and 0.50 (Table 5), i.e.,
far from the Pu/U ratio in the fuel of 0.015. This will be further dis-
cussed in Section 5.3.

Throughout the first two regions of the experiment, the Tc
is found at a relatively stable concentration range between
1 � 10�10 and 4 � 10�10 M. In the beginning of region 3, Tc had
been removed during the wash-out action; however, the concen-
tration increased again and the same level as before the wash-
out was obtained at the end of the region.

A comparable Tc concentration of 4 � 10�10 M has been re-
ported from a similar experiment on powdered spent fuel with a
burn-up of 41.3 GWd/tU [6]. Since the low concentration show that
the Tc is likely to be found in its reduced, Tc(IV) state, the concen-
tration of Tc in solution is expected to be limited by the TcO2�nH2O/
Tc(OH)2CO3(aq) equilibrium and reach 8 � 10�8 M [24]. This is
clearly not the case, which indicates that also Tc may co-precipi-
tate together with uranium, even though this precipitation is less
apparent than for Np and Pu.

4.3. Lanthanides and americium

The concentration of La, Nd and Am is shown as a function of
time in Fig. 6. The changes in concentration for the trivalent ions
are well correlated (it becomes more apparent in the figure if the
samples with concentrations at the detection limit are taken into
account). As a result, changes in La concentration are expected to
be representative for all trivalent ions in the system.

The concentrations of lanthanides and americium are much
lower than the solubilities of their solid oxides or carbonates ex-
pected to form under such conditions, indicating an incongruent
release from the fuel. A decrease in the Ln concentration is seen
throughout the regions 1 and 2. This is likely to be caused by the
reduction and precipitation of U, which co-precipitates Ln in order
to form a solid solution in equilibrium with the leachate.

4.4. Wash-out action

The concentrations of Tc, Cs, U and Pu in the samples during the
wash-out action are shown in Fig. 7. As a first step, the autoclave
was drained (sample no. 1) so that 100 cm3 leachate remained be-
low the diving tube (see Sections 2.4 and 3.2). Batches of 216 cm3

fresh leachant were transferred to the autoclave, and removed
again, resulting in a theoretical dilution factor of 3.2 per transfer
(sample no. 2–8).

From Fig. 7 it is seen that an oxidation and dissolution occurred
during the first day (samples 2–4). The fuel oxidation occurred due
to air intrusion into the gas line when the gas bottle was changed
from H2 to H2/0.03 vol.% CO2 (see Sections 2.3 and 3.2).

The oxidation of the fuel surface caused an increase in the con-
centration of the redox sensitive elements Tc, U and Pu. Oxidation
rations of U in leachates at the start and end of each region.

Region 2 Region 3

Start End Start End

1.3 � 10�3 n.m.a 1.1 � 10�3 n.m.a

1.1 � 10�2 2.4 � 10�1 9.7 � 10�3 4.2 � 10�1

2.6 � 10�4 1.5 � 10�2 n.m.a 1.3 � 10�2

4.2 � 10�2 1.3 2 � 10�2 2.5
4.1 � 101 2.9 � 103 6.5 � 10�1 6.1 � 101
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Table 6
Concentration and total amount of gases in the autoclave after 313 days of corrosion.

Concentration (ppm) Amount (mol)

N2 1650 0.84
O2 n.m.a n.m.a

Kr 55 0.03
Xe 400 0.20

a Not measurable concentration.
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of U appears to be strongly favoured in samples 1–4. This is verified
in the third and fourth samples, which show a Pu/U ratio lower
than the average fuel inventory. The Tc/U ratio in the leachate is
never below the 1.8 � 10�3 found in the fuel (Table 5). However,
since the co-precipitated phase is expected to be the more soluble
than the pristine fuel, this phase will govern the ratio between new
Tc and U release. From the concentration decrease in the beginning
of regions 1 and 2 (Fig. 5), it is seen that the precipitating phase has
a higher Tc inventory than the fuel average. Based on this and on
the good correlation between Tc and Pu during the entire wash-
out, U is probably the only element which is oxidized in the sys-
tem. Technetium and Pu are probably released to the solution
when the surrounding U atoms are dissolved.

The concentration of redox-insensitive Cs in the samples 2–7 is
lowered by a factor of 3.1 in each wash, i.e., close to the expected
dilution. This indicates that the oxidation seen in the first dilutions
occurred on the precipitated U-phase. Nevertheless, due to the
large amount of Cs in the first leachates a minor Cs release from
pristine fuel could potentially have occurred without being
detectable.

4.5. Gas measurement

The mass-spectrum (1–200 amu) from the gas collected on day
12 was identical to pure H2 6.0. The concentration of both O2 and
N2 was below the limit of detection (10 ppm) and no fission gases
could be identified.
The gas collected from the autoclave after 313 days of fuel cor-
rosion contained except for H2 only N2 and small amounts of fis-
sion gases. The concentration and amount of N2, O2, Kr and Xe in
the gas is given in Table 6. The concentration of 1650 ppm N2 in
the autoclave gas-phase is an evidence for air intrusion into the
autoclave during the refill on day 63 (see Section 4.1). No O2 could
be detected despite the constant radiolysis and the air intrusion.

The ratio between the measured Kr and Xe concentrations is in
good agreement with the expected cumulated fission yield for
235U. The detection of fission gases in the autoclave gas-phase
shows that previously closed fission gas bubbles in the fuel must
have been opened at the fuel surface during the experiment, and
that pristine fuel, thus, must have been dissolved. However, since
the amount of each fission gas isotope was very low, no further
conclusions could be drawn from the fission gas content.

4.6. Radiolytically produced H2O2

The theoretical production rate of oxidizing H2O2 in the system
can be determined based on the calculated dose and tabulated [25]
G-values (escape yields of radiolytically formed species as a func-
tion of the linear energy transfer of the emitted a-particles). This
method of calculating the theoretical production rate of H2O2

yields 1 � 10�8 mol/day for our system.
Assuming that no H2O2 has reacted with the fuel matrix, the

leachate is expected to contain 1 � 10�5 M H2O2 after 138 days of
fuel–water contact. The spectroscopic determination of H2O2 in
the leachate from day 138 gave a concentration below the practical
detection limit of 1 � 10�6 M, which shows that the H2O2 had been
consumed in the system.

5. Discussion

5.1. Effect of dissolved hydrogen on spent UO2 fuels corrosion

A number of corrosion studies on UO2 fuels with burn-ups low-
er than 43 GWd/tHM have shown that presence of more than
1 mM H2 inhibits radiolytically induced UO2 corrosion and keeps
the dissolved U concentration at, or below, 10�8 M [5–7,10–11].
The long-term, stable, U concentration at 1.5 � 10�10 M observed
in this work shows that 33 mM dissolved H2 is enough to prevent
radiolytically induced oxidative corrosion of UO2 fuel fragments
with an average burn-up of 67 GWd/tHM. Furthermore, as this fuel
contained around 15 wt.% HBS with a local burn-up up to
120 GWd/tHM [14], it can be concluded that high burn-up struc-
tured material does not enhance fuel corrosion.

The gas sample from day 313 showed that 0.84 mol of atmo-
spheric N2 intruded the autoclave between day 63 and 313. A sig-
nificant part of this probably entered as a spike during refilling on
day 63 (see Section 4.5). In addition to the N2, 0.23 mol atmo-
spheric O2 must have entered the system. However, no O2 was de-
tected during the gas mass measurement. Consequently, the
system spent fuel–H2–H2O has the capacity to reduce not only
the oxidative species formed through a-radiolysis, but also
additional amounts of external oxygen. It should be noted that
stable redox sensitive elements as Fe, Cr, Ni were present at
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concentrations about 10�6 M in the solution. It is possible that e.g.
Fe(II) in solution may have reacted with O2 from air or radiolytic
H2O2. The consumption of H2O2 in the bulk solution by the syner-
getic effect of Fe(II) ions and H2 becomes then possible. Fe(II) ions
react with peroxide via a Fenton type reaction:

Fe2þ þH2O2 ¼ Fe3þ þ OH� þ OH�

At the pH of our solutions Fe(III), precipitates as insoluble
Fe(III)-oxide, but we do not notice a decrease in the Fe concentra-
tion. The hydroxyl radical produced from this reaction in an Ar
atmosphere would oxidize another Fe2+ ion or U(IV), while in a
hydrogen saturated solution the hydroxyl radical is expected to re-
act very fast with molecular hydrogen to produce water and atom-
ic hydrogen, which is a reducing radical:

OH� þH2 ¼ H2OþH� K ¼ 4� 107 Lmol�1s�1

This would explain also why Fe(III)-oxide precipitates, corre-
sponding to the amounts of radiolytic H2O2 plus oxygen from air
contamination were not observed in the autoclave.

During the start-up, an efficient dissolution of U(VI) from the
pre-oxidized surface layer occurred due to the carbonates in the
leachate. This led to an initial U concentration of approximately
1 � 10�8 M. The elevated U concentration decreased within a
few days and ended, as mentioned above, at a level of
1.5 � 10�10 M. A nearly identical decrease in U concentration to
a stable level of 1.5 � 10�10 M was observed by Ollila et al. in a
similar system with un-irradiated UO2 but with iron as reductant
[10]. They interpreted this as a reduction of soluble U(VI) carbon-
ates to less soluble U(IV). This interpretation has support in the
NEA TDB [26], in which reduced U(IV) is found to be the only
likely specie at such low solution concentrations. However, stud-
ies on U(VI) reduction from aqueous solutions have shown that
once U(VI) is reduced, it precipitates as an amorphous UO2�xH2O
phase with a solubility limit between 10�8.5 and 10�9.5 M [26–
28]. Both the present study and the study by Ollila et al. [10] ob-
tained lower dissolved U concentration. If the concentrations are
assumed to be correctly measured, two possible explanations ex-
ist: (i) the previously measured and tabulated UO2(am) solubility
product is too high; or (ii) the precipitated U(IV) phase in the two
experiments is more crystalline than the ones formed in previous
studies. Further studies are required before a final conclusion can
be drawn. However, since the experiments made to determine the
solubility product of UO2(am) have been carried out under rigor-
ously controlled conditions and give repeatable results, explana-
tion (i) seems unlikely.

Thermodynamic determination of the solubility product for a
perfectly crystalline UO2 solid at near neutral pH predicts solu-
tion concentrations down to 10�15 M [27,29,30]. If a more crys-
talline precipitate is formed in the present system, this could,
therefore, explain the low solution concentrations. It is clear
from the experiments by Parks and Pohl [28] that activated H2

alone is not able to reproduce the low solution concentration
seen in the present study. So even though the evidence is sparse,
it is tempting to speculate an a-radiation induced hydrogen
annealing, or crystallization process, in the amorphous precipi-
tate. The authors strongly encourage studies to prove or discard
this hypothesis.
5.2. Caesium release

The majority of the Cs in the leachate originates from an instant
dissolution of the pre-oxidized fuel surface layer and from the Cs
inventory immediately available at wetted grain boundaries. This
can be concluded since 91% of the total Cs release was found in
the solution already after 5 h.

The oxygen that inevitably entered the autoclave during start-
up, led to a slow fuel surface oxidation and an additional Cs release
during the first 7 days. The total Cs release during this first week
measured to 97% of the overall release, see Fig. 4. The majority of
the remaining 3% was released due to fuel surface oxidation after
solution refill on day 63. In the first two regions of the experiment,
no Cs release, and therefore no pristine fuel dissolution, could be
assigned to the periods when the system was unaffected by exter-
nal oxidants.

In the third region, the Cs concentration increases whereas the
U concentration remains constant, see Fig. 4. This is, again, thought
to be an effect of a slow fuel oxidation, which leads to Cs release
due to exposure of new grain boundaries. The fuel oxidation was
governed by air oxygen, which very probably entered the autoclave
during the refill following the wash-out action. The low initial con-
centration of Cs made it possible to follow the fuel corrosion pro-
cess. However, the amount of external oxidants in the system
was limited and the release rate of Cs decreased with time, as
can be seen in Table 4.

Interestingly, the uranium concentration remained stable near
1.5 � 10�10 M during the third region. This indicates the presence
of a very efficient reduction of the oxidized and dissolved U.

5.3. Plutonium

In Section 4.2, the Pu release during the first day was described
to originate from dissolution of a pre-oxidized fuel surface layer.
The Pu in this layer might very well be oxidized to Pu(V). However,
the concentrations of Pu in solution are always lower than 10�10 M,
which indicates presence of Pu(IV) in solution [26]. From the tab-
ulated redox potentials, the reduction of Pu(V) by U(IV) in acidic
solutions is possible and given the similarities in actinide complex-
ation the same should hold for the reduction of Pu(V) in our solu-
tions by UO2(s). It has been shown that UO2(s) surfaces reduce
Np(V) in solution [31].

As discussed above, all oxidized U atoms become reduced by
the H2 on the fuel surface. It is very probable that Pu(IV) oxide pre-
cipitates together with U(IV) oxide and forms a solid solution. The
freshly precipitated solid solution phase will very probably govern
the concentrations of U or Pu in the leachate [32].

As expected from the previous argumentation, the behaviour of
U and Pu is well correlated in the first part of each region, see Fig. 5.
However, at the end of the regions, the Pu concentration increases
while U reaches a steady-state. This is not expected to occur in a
system, where a solid solution is created by slow precipitation of
dissolved species from the aqueous phase, since equilibrium is ex-
pected to be formed between the phases. The low U concentration
at 1.5 � 10�10 M shows that reducing conditions prevail in the sys-
tem. The increase in Pu concentration can, therefore, not be ex-
plained by a fuel surface oxidation. However, it is possible that a
further reduction of the Pu(IV) to Pu(III) occurs on the surface. Such
a reduction of Pu takes place if the Eh is below �300 mV (SHE)
[33]. This would lead to an increased solution concentration of
Pu due to the higher solubility of Pu(III) oxide [34] as compared
to Pu(IV) oxide [35] and is tentatively proposed as a possible
explanation.

5.4. Rate of U reduction

System-independent rate constants assuming zero-, first- and
second-order reactions for the reduction rate were calculated
based on the estimated fuel surface area (110 mm2), and the U con-
centration together with solution volume at three stages of the
experiment: (i) during region 1; (ii) during region 2; and (iii) the
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beginning of region 3. Due to the high H2 overpressure, an excess of
H2 is expected to be present near the surface. Hence, the reaction
has been assumed to be independent of the dissolved H2

concentration.
A slightly higher likelihood for a first order reaction was seen as

compared to a zero-order reaction; however, both zero- and first-
order reactions are held possible. The rate constant for the zero-or-
der reaction was calculated to kzero = 10�15 mol/(m2 s), and for the
first-order reaction to kfirst = 10�6 m/s. The calculation excluded
second order reaction. Zero-order reactions are typically found
when a material required for the reaction to proceed, such as a sur-
face or a catalyst, is saturated by the reactants, whereas first order
reactions are expected if the reaction depends on the concentration
of one reactant. In the studied system, both alternatives are
plausible.

Interestingly, both kzero and kfirst show very good agreement
with the rate constants recently calculated for a MOX fuel corroded
under similar condition [22]. It can be speculated in whether the
similar dose rate from the UO2 fuel fragments in this work and
the MOX fragments in [22] is the determining factor for the rate
constants. Further experiments are needed to prove or disprove
this observation. However, it is clear that analogous reduction
behaviour is obtained in systems with two very different fuels.
Consequently, it seems like the global fuel characteristics, such as
surface area and dose rate, are more important for the reaction
than any restructuring to HBS or inhomogeneity as Pu-agglomerate
doping.

6. Conclusions

The results from our static corrosion experiment confirmed that
33 mM dissolved H2 inhibits radiolytically induced UO2 corrosion in
the studied UO2–H2–H2O system and that the high burn-up struc-
ture in the 59.1 GWd/tHM fuel did not enhance fuel dissolution.

Oxygen that entered the autoclave during refill did oxidize and
dissolve the fuel resulting in U concentrations up to 2 � 10�8 M in
the leachate. However, the dissolved U due to oxidation was
repeatedly, reduced to a steady-state concentration of 1.5 �
10�10 M.

Uranium was shown to be released preferentially during oxida-
tive dissolution of the matrix as compared to Pu.

The instant release of Cs was 3.4% during the first 7 days of the
experiment. However, only 3.5% was released during the entire
study. The results indicate that once the conditions in the system
stabilize, the release of Cs decreases and probably at longer times
than our test stops completely.

Redox sensitive Tc, Np, Pu and U are reduced in the system and
co-precipitate onto the fuel surface, as shown in other studies [5].
External air oxygen seemed to preferentially oxidize U in this pre-
cipitated phase as compared to the pristine fuel surfaces.
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