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Abstract

The literature on nuclear fuel dissolution and radionuclide release studies in aqueous solutions
containing dissolved hydrogen has been reviewed. These studies include investigations with
spent PWR and MOX fuels, fuel specimens doped with alpha emitters to mimic “aged” fuels,
SIMFUELSs fabricated to simulate spent fuel properties, and unirradiated uranium dioxide pellets
and powders. In all these studies, dissolved hydrogen was shown to suppress fuel corrosion
and in spent fuel studies to suppress radionuclide release.

A number of mechanisms have been either demonstrated or proposed to explain these effects,
all of which involve the activation of hydrogen to produce the strongly reducing H’ radical, which
scavenges radiolytic oxidants and suppresses fuel oxidation and dissolution (i.e., corrosion).
Both gamma and alpha radiation have been shown to produce H’ surface species. With
gamma radiation this could involve the absorption of gamma energy by the solid leading to
water decomposition to OH" and H'radicals, with the OH’ radical subsequently reacting with
hydrogen to yield an additional H". This latter radical then suppresses fuel oxidation and
scavenges radiolytic oxidants. With alpha radiation, the need to neutralize oxygen vacancies
generated by recoil events can initiate the same process by decomposing water. In the
absence of radiation fields activation can occur on the surface of noble metal (epsilon)
particles. Since these particles are galvanically-coupled to the fuel matrix they act as anodes
for hydrogen oxidation (which proceeds through surface H' species) and forces the UO, to
adopt a low potential. Also, there is some evidence to suggest that H, can be activated on the
UO, surface in the presence of hydrogen peroxide, but the process appears to be inefficient.

Depending on the radiation fields present and the number density of epsilon particles, complete
suppression of fuel corrosion appears possible even for hydrogen pressures as low as 0.1 to 1
bar. Since the corrosion of steel liners within failed waste containers could produce hydrogen
pressures up to 50 bar, fuel corrosion could be completely suppressed under the long-term
conditions expected in sealed repositories.



-Vi-



- Vii -

TABLE OF CONTENTS

Page
5 I O Y v
1. LV 0 11U T o 0 ] 1

2, THE DEPENDENCE OF THE FUEL CORROSION/DISSOLUTON RATE ON REDOX
CONDITIONS ...ttt r e e s e e e e e e e e e e e e e e e e e e e e e e e ee e e e e e eeeeeeeeeeeeeeeeeeeaeeeeeeeeenaneeeeennennnnnnnns 2
3. INFLUENCES OF HYDROGEN ON FUEL CORROSION.......cccooiiiiiiiiirrrrrrrerere e 6
31 5T 01 41 T = 6
3.2 Alpha-doped UO,; SPECIMENS.......cccceiiiiiiiiriiiiirrrss e 9
3.3 The Role of Gamma Radiation in the Activation of Hy .....cccevvvirienciiiieencinnee 12
3.4 The Role of Alpha Radiolysis in the Activation of H, ...........cccceiiiinniinnnnne. 15

3.5 The Role of Noble Metal (Epsilon [€]) Particles in the Control of Surface

[ 3= Lo Q030 ¢ Lo 114 T'o Y o - 16
3.6 The Role of the UO, Surface in the Control of Surface Redox Conditions..23
4, SUMMARY AND CONCLUSIONS ... iiiieceeeeteressses s s s s sssssssssssss s s s e s s s s s s s s s s s s s s s s s s snnnnnnnn 26
5. ACKNOWLEDGEMENTS ... s s s s s sssnnsssssssnnnnen 27

REFERENCES ... aa s s a e e 27



- Viii -

LIST OF TABLES

Page

Table 1: Exchange current densities for the proton reduction reaction for the four predominant
epsilon particle CONSIUENTS ..o e 16

LIST OF FIGURES

Page

Figure 1: Alpha, beta, and gamma radiation dose rates calculated as a function of time for a
layer of water in contact with a CANDU fuel bundle with a burnup of 220 MWh/kgU........... 2

Figure 2: The composition of a UO, surface as a function of potential. The arrow A indicates the
corrosion potential range predicted by a mixed potential model to describe fuel corrosion
due to the alpha radiolysis of water inside a failed waste container (Shoesmith et al. 2003).
The upper limit of this range represents the expected Ecorr if the container fails soon after
emplacement in the regository, and the lower limit represents the Ecorr predicted if the
container fails after 107 Y ArS. ......ccooiiiiiii e e 3

Figure 3: lllustration showing the key chemical and electrochemical reactions anticipated inside
a groundwater flooded waste CONtAINET.............ooouviiiiiiii e 4

Figure 4: lllustration showing the two corrosion fronts existing within a failed, groundwater-
flooded waste container, one on the fuel surface established by reaction with radiolytic
oxidants and a second one on the steel surface established by reaction with water. The
zone marked Ey, indicates the redox condition expected due to the alpha radiolysis of
water. The Ecorr zOnes indicate the range of corrosion potentials measured on fuel and
S (TS I =T (=T o (o [T P 5

Figure 5: Used fuel dissolution rates as a function of pH for oxidizing and reducing conditions.
Oxidizing conditions: solution purged with 20% 0O,/0.03% CO,/ 80% Ar; Reducing
conditions, solution bubbled with H, containing 0.03% CO, over a Pt foil (Rollin et al.
2001). The two horizontal lines are extrapolations of electrochemically measured
corrosion rates to -0.35V and -0.45V (Shoesmith 2007)..........couveiiiiiiiiiiiiiicie e, 8

Figure 6: Corrosion rates measured for alpha-doped UO,, non-doped UO, (0.01 MBg/g) and
spent fuel specimens as a function of alpha activity (Poinssot et al. 2005). The sources of
the individual data points are given in the reference. The dashed lines are arbitrary and
drawn to emphasize the approximate alpha-strength below which no influence of alpha
radiation is 0bserved (1 MBQ/Q). ... coooeeeiiiieiiee et 10

Figure 7: Measured H,, O, and total U concentrations, as a function of time, in a pressure
vessel leaching experiment of a 10% ***U-doped UO, in 10 mol/L NaCl (0 to 114 days)
and 102 mol/L NaCl + 2 x 10 mol/L HCO3 (114 days onwards) as the H, overpressure
was periodically changed. The red line shows the calculated radiolytic O, concentrations
(Carbol €t al. 2005). ....uuiiiieee e aaeeaa——— 11



-ix -

Figure 8: Time dependence of the corrosion potential (Ecorr) Of @ UO, electrode in gamma-
irradiated 0.1mol/L NaCl (pH~9.5) at room temperature in the presence of either 5MPa of
H, or Ar. The results of four or five replicate tests are shown for each set of conditions.
The range of Ecorr Values recorded in unirradiated solutions for both gases is shown as
the vertical bar (King and Shoesmith 2004).............oooiiiiiiii e 13

Figure 9: Effect of changing from H, (heavy line) to Ar (light line) overpressure on the Ecorr Of
UO; in y-irradiated 0.1 mol-dm™ NaCl solution (pH 9.5) at room temperature (King et al.

Figure 10: SIMS images showing the elements * **Mo, % "Ru, and "% '®Pd detected in three
SIMFUEL specimens (SF) with various degrees of simulated burn-up (expressed as an
atomic %). No map for Rh is shown due to its low concentration. Each individual area is
ST U] IG5 0V o 17

Figure 11: Ecorr measurements on a SIMFUEL electrode (SF1.5, with an extent of simulated
burn-up of 1.5 at %) in a 0.1 mol/L KCI solution (pH = 9.5) purged with various gases at
60°C. The electrode was electrochemically-cleaned prior to the start of each experiment.
The dashed line shows the potential threshold for corrosion (Figure 2) (Broczkowski et al.
D001 ) TS PPUPRRRPPP 18

Figure 12: The influence of the increasing number and size of epsilon particles in SIMFUELS
with different degrees of simulated burnup (expressed as an atomic %) on the corrosion
potential (Ecorr) measured in Hy-purged 0.1mol/L KCI solution (pH = 9.5) at 60°C. The
horizontal line shows the potential threshold for corrosion (Figure 2) (Shoesmith 2007)...18

Figure 13: The influence of the increasing number and size of epsilon particles in SIMFUELS
with different degrees of simulated burnup (expressed as an atomic %) on the degree of
oxidation of the surface (determined by XPS) in H,-purged 0.1mol/L KCI (pH = 9.5) at
60°C. The horizontal line shows the potential threshold below for corrosion (Figure 2)
(SNOESMITN 2007) ...ttt ettt e e e e e e e e e e e e e e e e e e e e e e eaae s 19

Figure 14: lllustration showing the galvanic coupling of epsilon particles to the fuel matrix in H,-
containing solutions (Broczkowski et al. 2005). ........ccooiiiiiiiiiiiii 20

Figure 15: The influence of H, solution overpressure on the Ecorr 0f @ SIMFUEL electrode with
1.5% of simulated burn-up (SF1.5) measured in a 0.1 mol/L KCI solution (pH = 9.5) at
60°C. The system was initially purged with Ar only at atmospheric pressure, and then with
a series of increasing 5% H,/Ar pressures (Broczkowski et al. 2005)............cooocuviieeeenenn. 20

Figure 16: Ecorr recorded on a SIMFUEL with 1.5% of simulated burn-up (SF1.5) ina 0.1
mol-L™" KCl solution (pH 9.5) purged with Ar at 60°C. The arrows indicate the times when
H,O, was added in the individual experiments (Broczkowski 2008)............cccccevvvvvvvieeennnn. 21

Figure 17: Ecorr recorded on a SIMFUEL with 1.5% of simulated burn-up (SF1.5) ina 0.1
mol-L™" KCI solution (pH 9.5) purged with 5% H,/95% Ar at 60°C. The arrows indicate the
times when H,0O, was added in the individual experiments (Broczkowski 2008)................ 22



Figure 18: Surface composition measured (by XPS) on a SIMFUEL with 1.5% of simulated
burn-up (SF1.5) after Ecorg measurements in 5% H»/95% Ar-purged 0.1 mol/L KCI
solution (pH = 9.5) at 60°C. The horizontal dotted lines refer to the fraction of U" (black),
UY (light grey), and U"' (dark grey) measured after Ecorr experiments with no H,O, added
(BroCZKOWSKI 2008). .....ceeieeiiiiiiiite ettt ettt e e e e e e e et e e e e e e e e e e bn e e e e e eaeeas 23

Figure 19: The influence of H, overpressure on the EcorgOf @ SIMFUEL electrode with 3.0%
simulated burn-up, but containing no epsilon particles, in a 0.1 mol/L KCI solution (pH =
9.5) at 60°C. The system was initially purged with Ar only at atmospheric pressure, and
then with a series of increasing 5% H,/Ar pressures (Broczkowski et al. 2005)................. 24

Figure 20: Ecorr measured on a SIMFUEL with 3 at % simulated burn-up, but containing no
epsilon particles in a 0.1 mol/L KCI solution (pH 9.5) purged with 5%H,/95% Ar at 60°C.
The arrows indicate the times when H,O, was added in the individual experiments
(BroCZKOWSKI 2008). ....ceeiieeiiiiiiiite et ettt ettt e e e e e e e e e e e e e e e e e e n e e e e e aaeeas 25



1. INTRODUCTION

The selected approach for long-term management of used nuclear fuel in Canada is Adaptive
Phased Management (NWMO 2005). This approach includes centralized containment and
isolation of the used fuel in a deep geological repository in a suitable rock formation. The
repository concept is based on multiple barriers, and provides reasonable assurance in the
long-term containment and isolation of the fuel bundles. One of these barriers is the robust
copper shell-steel lined container (McMurry et al. 2003; King and Kolar 2000; King and Kolar
1996; Maak 2003). However, it is judicious to assume containers will eventually fail, thereby,
exposing the used fuel bundles to groundwater. Since the used fuel contains the residual
radioactivity, its behaviour in contact with groundwater is important for long-term safety
assurance.

The release of > 90% of radionuclides contained within the used nuclear fuel will be governed
by the corrosion/dissolution of the fuel (UO,) matrix. The rate of this process will be related to,
but not necessarily directly proportional to, the solubility of uranium in the groundwater
contacting the fuel. At repository depths, groundwaters are inevitably oxygen-free.
Furthermore, any oxygen introduced during repository construction and operation prior to
sealing will be rapidly consumed by mineral and biochemical reactions in the surrounding clays
and by minor corrosion of the copper container (McMurry et al. 2003; King and Kolar 2000; King
and Kolar 1996; Maak 2003).

If anoxic conditions were maintained in the repository, the solubility of the UO, waste form
would be in the region of ~ 107>° mol/L, which is very low (Parks and Pohl 1988; Grenthe et al.
1992; Fuger 1993; Neck and Kim 2001; Rai et al. 2003; Yajima et al. 1995; Rai et al. 1990;
Guillamont et al. 2003). However, the radiolysis of water due to the radiation fields in the fuel
will establish oxidizing conditions at the fuel surface. Under oxidizing conditions the solubility of
uranium (as UO,>") increases by many orders of magnitude (Grenthe et al. 1992). Thus, the
rate of fuel dissolution (which is a corrosion reaction when oxidants are consumed to produce
soluble UO,**) will depend on the redox condition (Shoesmith 2000; Werme et al. 2004; Carbol
et al. 2005) which will be established by the radiation fields associated with the fuel and how
they decay with time. This is illustrated in Figure 1, which shows the evolution of radiation dose
rates with time for a typical CANDU fuel bundle. This evolution in solution redox conditions
makes the fuel corrosion process (and, hence, the radionuclide release process) very
dependent on the time to failure of the waste container.

In this report the influence of redox conditions on fuel corrosion/dissolution inside a failed waste
container will be discussed with a special emphasis on the effect of dissolved H,. Significant
pressures of H, are expected to develop as the steel liner within the container corrodes, since
its escape through the surrounding compacted clay and host rock will be very slow.
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Figure 1: Alpha, beta, and gamma radiation dose rates calculated as a function of time
for a layer of water in contact with a CANDU fuel bundle with a burnup of 220 MWh/kgU

2. THE DEPENDENCE OF THE FUEL CORROSION/DISSOLUTON RATE ON REDOX
CONDITIONS

The dependence of fuel corrosion/dissolution rate on redox conditions is now well established
based on electrochemical measurements (Shoesmith 2000; Shoesmith and Sunder 1991;
Sunder et al. 2004; Shoesmith et al. 1989), measurements of corrosion rates (or rate constants)
in the presence of oxidants (Ekeroth and Jonsson 2003; Hossain et al. 2006; Gimenez et al.
1996; de Pablo et al. 1996; de Pablo et al. 2001; Clarens et al. 2004; Corbel et al. 2006; de
Pablo et al. 2004) and dissolution/corrosion rate measurements in the presence of radiation
fields (Carbol et al. 2005; Corbel et al. 2006; Jegou et al. 2004; Mennecart et al. 2004; Stroes-
Gascoyne and Betteridge 2005; Bailey et al. 1985; Sunder et al. 1992; Sunder et al. 1997;
Wren et al. 2005).

Based on this data and additional electrochemical evidence (Santos et al. 2004; Shoesmith et
al. 2004), the fuel behaviour can be specified as a function of redox conditions, Figure 2. In this
plot, the potential axis is the corrosion potential (Ecorr), Which specifies the response of the fuel
surface to the redox condition (Ey) in the exposure environment. (Although not shown here, a
plot of measured and predicted fuel corrosion rates as a function of potential has also been
determined (Shoesmith 2000; Shoesmith et al. 2003)). The vertical dashed line in Figure 2 (at
-0.4V [vs SCE]) indicates the threshold for the onset of fuel corrosion. Descriptions of the
experimental procedures used to establish this threshold have been described elsewhere
(Santos et al 2004; Shoesmith et al 2004; Shoesmith 2007). Above this potential there is the
possibility of fuel corrosion at a rate controlled by the concentration of radiolytically-produced
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oxidants. For potentials below this threshold, fuel dissolution, and hence the mobilization of
radionuclides, can only occur by chemical dissolution of the UO, fuel (to yield soluble U").
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Figure 2: The composition of a UO, surface as a function of potential. The arrow A
indicates the corrosion potential range predicted by a mixed potential model to describe
fuel corrosion due to the alpha radiolysis of water inside a failed waste container
(Shoesmith et al. 2003). The upper limit of this range represents the expected Ecorr if
the container fails soon after emplacement in the repository, and the lower limit
represents the Ecorr predicted if the container fails after 10° years.

While the above studies establish the corrosion nature of the fuel dissolution/radionuclide
release process and its dependence on redox conditions in the presence of radiolytically
decomposed water, other processes occurring within a failed container would influence the
redox conditions at the fuel surface. The key reactions anticipated within a failed, groundwater-
flooded container are illustrated in Figure 3.
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Figure 3: lllustration showing the key chemical and electrochemical reactions
anticipated inside a groundwater flooded waste container.

Two corrosion fronts exists, one on the fuel surface driven by the radiolytic oxidants and a
second one on the surface of the carbon steel liner sustained by reaction with water to produce
Fe? and H.. In this illustration, H,O, is taken to be the primary radiolytic oxidant driving fuel
corrosion (Ekeroth et al. 2004; Ekeroth et al. 2006; Nielson and Jonsson 2006), although the
production of O, via H,O, decomposition would introduce a second oxidant.

The illustration in Figure 4 shows the differences in redox conditions established at these two
fronts. The value of E; is the solution redox condition in alpha radiolytically-decomposed water
which will vary depending on radiation dose rate. The very positive value of E;, is an indication
of the oxidizing potential of H,O, which will control the redox condition at the fuel surface.
Providing radiolytically-produced H,O, does not reach the steel, redox conditions at this surface
will be established by the water reduction process, for which the equilibrium potential is very
low. Consequently, the corrosion processes on the two surfaces will occur at distinctly different
Ecorr Values as illustrated in Figure 4. Ecorr for the steel, (Ecorr)re, Will be < -800 mV under
anoxic conditions (Blackwood et al. 1995; Smart et al. 2002a, 2002b; Lee et al. 2005) whereas
Ecorr for the fuel, (Ecorr)uoz, Will be > —-400 mV if corrosion by radiolytic oxidants is occurring
(Figure 2). This large separation introduces the possibility of a number of redox processes
between the OX|dants produced by radiolysis (H.O» 2) H.O, decomposition (O), and fuel
corrosion (UO,>"), and the potential reductants (Fe**, H,) formed by steel corrosion. The
simplified illustration in Figure 3 suggests the scavenging of oxidants will involve only a series of
homogeneous reactions, but the studies to be described below will show this to be a major
oversimplification in the case of H..
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Figure 4: lllustration showing the two corrosion fronts existing within a failed,
groundwater-flooded waste container, one on the fuel surface established by reaction
with radiolytic oxidants and a second one on the steel surface established by reaction
with water. The zone marked E;, indicates the redox condition expected due to the alpha
radiolysis of water. The Ecorr zones indicate the range of corrosion potentials measured
on fuel and steel electrodes.

Under the anoxic conditions anticipated within a failed waste container, carbon steel or iron will
react with water to produce Fe?" and H,, and the corrosion product magnetite (Fe;0,),

Fe + 2H,0 — Fe*" + H,+ 20H" (1)
3Fe + 4H,0 — Fe;0, + 4H, (@)

Many studies on the influence of Fe and Fe corrosion products on fuel corrosion have been
published (Shoesmith et al. 2003; Loida et al. 1996; Grambow et al. 1996; El Aamrani et al.
1998; Loida et al. 2006; Albinsson et al. 2003; Cui et al. 2003; Loida et al. 2001; Quinones et al.
2001; Ollila et al. 2003; Stroes-Gascoyne et al. 2002a, 2002b), and inevitably show that the
presence of Fe suppresses corrosion and radionuclide release.

It is not possible to separate the redox-controlling influences of Fe®* and H, in experiments
involving steel or iron and considerable effort has been expended in studying them separately.
Ferrous ion is well known to regulate redox conditions in natural waters (Stumm 1990), and a
number of direct attempts have been made to determine the influence of Fe** and Fe;0,, both
experimentally (Quinones et al. 2001; Ollila et al. 2003; Loida et al. 2002; Stroes-Gascoyne et
al. 2002a, 2002b) and via model calculations (King and Kolar 2002a, 2002b; Jonsson et al.
2007). The calculations of Jonsson et al. (2007), based on experimentally determined rate
constants, indicate that the consumption of H,O, via the Fenton reaction

Fe? + H,0, — Fe® + OH + OH~ (3)

Fe*" + OH — Fe® + OH" (4)
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could suppress UO, dissolution by a factor of > 40.

However, there is a considerable amount of evidence that H, has a much larger effect on fuel
dissolution than Fe**. Even relatively small amounts of dissolved H, can have a very major
influence on fuel corrosion/dissolution, and hydrogen pressures of up to 5 MPa are expected to
develop quickly within a failed container (Liu and Neretnieks 2002; Sellin 2001). Consequently,
this report will focus on the influence of H, on fuel corrosion/dissolution.

3. INFLUENCES OF HYDROGEN ON FUEL CORROSION

A considerable database of information on the influence of H, has now been accumulated on a
wide range of materials:

(a) spent fuels, in particular PWR and MOX fuels;

(b) fuel specimens doped with different quantities of a-emitters to simulate the much lower
alpha radiation dose rates expected in spent fuel after long disposal times;

(c) SIMFUELS, which are unirradiated analogues of used fuel produced by doping UO, with a
series of stable elements (Ba, Ce, La, Mo, Sr, Y, Rh, Pd, Ru, Nd, Zr) in proportions
appropriate to simulate different degrees of reactor burn-up; and

(d) UO, pellets and powder, sometimes incorporating the noble metal Pd.

This information is described and discussed below.

31 Spent Fuels

The results of the latest experimental work carried out in a large European research project on
spent fuel stability in the presence of H, (Poinssot et al. 2005) have recently been reported
(Carbol at al. 2005). The early studies in the European program, conducted on high burn-up
spent fuel in the presence of powdered Fe and its corrosion products (Grambow et al. 1996)
showed that the release rates of all important radionuclides (Sr, Cs, Pu) decreased as the H,
pressure, from Fe corrosion, in the experimental vessel increased to up to 2.8 bar over the
1,049 days of the experiment. Simultaneously, the dissolution of the UO, matrix, taken to be
indicated by the rate of release of the Sr inventory in the fuel, appeared to slow down and
eventually stop. While this study clearly demonstrated an effect of Fe corrosion on fuel
dissolution and radionuclide release it did (could) not separate the influences of Fe** and H,.

To avoid this ambiguity, a further 1,095 day static corrosion experiment was conducted in

5.0 mol/L NaCl under an overpressure of 3.2 bar of H, (Carbol et al. 2005). In the early stages
of this experiment, when the system was only Ar-purged, the Sr release rate, again used as an
indicator of the matrix dissolution rate, was a factor of ~ 14 higher than after the H, pressure
was eventually applied. This influence of H, persisted over the entire subsequent duration of
the test during which the solution concentrations of the redox-sensitive radionuclides (Tc, Np,
Pu) decreased. The Sr releases rates for this experiment (after H, addition) and the original
experiment (with Fe powder present) were considerably lower than with only Ar-purging.
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To determine whether the aqueous uranium was equilibrating with U" or U" solids, the
analyzed uranium concentrations were compared to calculated solubilities for UO,, and for U"
solids that could feasibly form in the solution used. These calculations were made using the
available thermodynamic data-set for U" and U"'aqueous species and the solids UO,,
metaschoepite (UO3ze2H,0), and sodium diuranate (NaU,0O7¢6H,0)) (Fanhagel and Neck 2002;
Neck and Kim 2001; Neck 2003). For the pressurized H, experiment, the measured solubilities
were considerably lower than those calculated for U solids and essentially coincided with the
calculated UO; solubility.

For both experiments, analyzed O; levels in the reaction vessel were below the detection limit,
and E;, values were as low as — 500 mV (vs Ag/AgCl) compared to >200 mV when the
atmosphere was Ar only. Since a considerable amount of radiolytic O, should have been
produced at the radiation dose rates present in the fuel specimens, a very efficient scavenging
of oxidants must have occurred. The possibility that Fe corrosion by O2 could account for this
scavenging in the first experiment (Grambow et al. 1996) was ruled out by XRD and EDX
analyses of the iron corrosion products. Only magnetite (Fe;O,4) and possibly a small amount of
green rust were observed. Magnetite is the expected corrosion product for the anoxic corrosion
of iron/steel (Smart et al. 2002a,b) and the traces of green rust is an indication that only very
low levels of O, could have been present (Lee et al. 2005; Hansen 2002). For the amounts of
O, calculated to be radiolytically-produced in this experiment, considerable amounts of Fe,O;
and o- FeOOH would be expected if the O, reacted with the iron (King and Stroes-Gascoyne
2000). The only other available scavenger in both experiments would be H,.

A leaching experiment with MOX fuel with a high average burn-up of 48 MWd/KgU (in 10 mM
NaCl + 2mM HCOj3") showed that the dissolution of even highly a-active fuel could be
completely suppressed with a sufficiently high H, pressure (53 bar, equivalent to a dissolved H,
concentration of 4.3 x 107 mol/L) (Carbol et al. 2005). No dissolution rate could be calculated
since, once the preoxidized layer present on commencement of the experiment had dissolved,
no further U release was observed over the 494 days of the experiment. Again, the U
concentration approached the solubility of the unoxidized UO, matrix, a value of 3 x 107" mol/L
finally being achieved. The redox-sensitive radionuclides initially released appeared to be
reduced and reprecipitated. That no oxide dissolution occurred was strongly supported by the
Cs release behaviour. Once the initial Cs release was over (presumably from exposed grain
boundaries), no further release was observed over the final 300 days of the experiment.

Such high concentrations of dissolved H, are not essential for the suppression of spent fuel
corrosion rates. In a flow-through experiment, a decrease in dissolution rate of 3 to 4 orders of
magnitude was achieved in the presence of only 8 x 10~ mol/L of dissolved H, (equivalent to a
H, pressure of about 1 bar) compared to rates measured under oxidizing conditions, Figure 5
(Rollin et al. 2001). By performing a series of experiments as a function of pH (3 to ~ 9.5), it
was demonstrated that the rates under oxidizing conditions exhibited the pH dependence
expected from controlled laboratory experiments with UO, (Torrero et al. 1997; de Pablo et al.
1996; Shoesmith 2000). By contrast, in the H,-purged experiments the lack of a pH
dependence at low pH (< 6) and the extremely low rates are consistent with a chemical
dissolution process. In support of this claim, the measured spent fuel dissolution rates under
reducing conditions were shown to be similar to those predicted for potentials around the —400
mV (vs SCE) threshold (Figure 2) below which only chemical dissolution is possible (Shoesmith
2007).



1000
R [mgd” m™“]=210"[C,]*“[H"]"®
100 4
A
10 4
a A ~_B .
E s
IR
E L]
) ' R,mgd m?=610""U
i 011 \‘ le[ 2] ] [ max] g U-238 ox
g s M Cs=137 ox
0,01 4 N . LU-238 red
e L L T g-- & Cs-137 red
0.001 } t t } t t } t T T
2 3 4 5 6 Fi 8 =] 10 1 i2 13 14
pH

Figure 5: Used fuel dissolution rates as a function of pH for oxidizing and reducing
conditions. Oxidizing conditions: solution purged with 20% 0,/0.03% CO,/ 80% Ar;
Reducing conditions, solution bubbled with H, containing 0.03% CO, over a Pt foil
(Rollin et al. 2001). The two horizontal lines are extrapolations of electrochemically
measured corrosion rates to -0.35V and -0.45V (Shoesmith 2007).

Many of these observations are consistently observed in other published studies on spent fuel
in the presence of H, (Grambow et al. 2000; Spahiu et al. 2002, 2004; Ollila et al. 2003), and
the key observations can be summarized.

(i)

Despite short-term ambiguities introduced by the presence of preoxidized layers, U
concentrations decrease to very low levels with time. The time taken to reach these low
levels depends largely on the initial condition of the fuel surface, and how it is treated,
either prior to, or during, the initial stages of the experiment.

These low U levels are well below the solubilities of U"' solids which could feasibly have
deposited in the leaching environment. Comparison of measured U levels to calculated
solubilities for UO, shows this to be the only solid that could equilibrate with the solution at
these concentrations.

The concentrations of radiolytically-produced O, is generally around or below the
detection limit of 107 mol/L, and there is considerable evidence to show these low
concentrations are maintained by reaction with H, to produce water. At the low
temperatures generally employed in spent fuel experiments a reaction between O, and H,
would not be expected to occur in the absence of catalysis by the UO, surface.

It is dubious as to whether the Sr release rate can be used as an indicator of the fuel
dissolution rate. Under oxidizing conditions, when a significant amount of dissolution
occurs, the correlation between these rates appears to be good (Grambow et al. 1990;
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Loida et al. 2002). However, when only minimal dissolution occurs in the presence of H,
the release behaviour of Sr appears to be complicated by release of its small grain
boundary inventory, which would have been swamped by release from the fuel matrix
under oxidizing conditions. In addition, changes in surface properties thought to be
induced by its reduction by H, may also influence Sr release (Carbol et al. 2005; Spahiu et
al. 2004).

(v)  The concentrations of redox sensitive radionuclides decrease throughout the leaching
experiments consistent with their reduction and reprecipitation by reaction with H..

3.2 Alpha-doped UO, Specimens

Since container lifetimes are expected to be long, spent fuel is unlikely to be exposed to
groundwater over the 300 to 1,000 year period over which y/B radiation fields are significant,
Figure 1. Beyond this period, a-radiation fields will dominate and be the source of oxidants for
fuel corrosion via the a-radiolysis of water. To study the influence of a-radiation without
interference from y/pB fields, a-doped UO, specimens have been used. These specimens
contain different fractions of a-emitters (***Pu, 2**U) to simulate the levels of a-activity in spent
fuels after various periods of containment (Poinssot et al. 2005; Carbol et al. 2005; Stroes-
Gascoyne et al. 2002a,b; Stroes-Gascoyne and Betteridge 2005). Based on studies with a-
emitters and a number of spent fuel studies, a dependence of fuel corrosion rate on a-activity is
now well established, Figure 6, and has been discussed in detail (Poinssot et al. 2005).

Experiments performed with >*U-doped UO, (1% and 10% **°U) in a carbonate-dominated
water (~ 107° mol/L, pH = 7.5) containing no H, showed no measureable influence of a-radiation
at the 1% doping level (over 46 days) suggesting the alpha activity of this specimen represents
an approximate threshold below which solubility-controlled, as opposed to radiolytically-
controlled, dissolution would prevail, as suggested by Poinssot et al. (2005) and indicated by
the break in the dashed lines in Figure 6. The rates measured at this threshold are very similar
to those predicted using a simple extrapolation of electrochemical data (Shoesmith and Sunder
1991) to the Ecorr threshold shown in Figure 2. This consistency adds credibility to the claim
that a threshold does exist and can be used to interpret the influence of H, on fuel dissolution
rate. A repeat of these experiments in the presence of an Ar/6% H,-purge (equivalent to a H,
concentration of 5 x 107 mol/L) showed that even this small concentration of H, sug)pressed the
dissolution rate below this threshold:; i.e., no U release was observed with the 1% 2 3U-doped
UO, sample.
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Figure 6: Corrosion rates measured for alpha-doped UO,, non-doped UO, (0.01 MBg/g)
and spent fuel specimens as a function of alpha activity (Poinssot et al. 2005). The
sources of the individual data points are given in the reference. The dashed lines are
arbitrary and drawn to emphasize the approximate alpha-strength below which no
influence of alpha radiation is observed (1 MBqg/g).

Subsequently, using the 10% ***U-doped UO, an experiment was conducted in a solution

containing 2 x 10~ mol/L NaCl and 2 x 10 mol/L HCO5™ in which the H, pressure was varied in
stages from an initial value of 16 bar (about 107 mol/L dissolved H,) to a final value of 0.01 bar
(10™ mol/L dissolved H,) (Carbol et al. 2005). All the indicators that corrosion/dissolution were
completely suppressed were observed, Figure 7.

(i) The U concentration was extremely low (£107'° mol/L), indicating solubility-control over the
full 2.2 years of the experiment.
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Figure 7: Measured H,, O, and total U concentrations, as a function of time, in a
pressure vessel leaching experiment of a 10% ?**U-doped UO, in 10 mol/L NaCl (0 to 114
days) and 102 mol/L NaCl + 2 x 102 mol/L HCO; (114 days onwards) as the H,
overpressure was periodically changed. The red line shows the calculated radiolytic O,
concentrations (Carbol et al. 2005).

(i)  The Ey, initially =100 mV (vs SHE), decreased over the first 50 days to < -300 mV and
remained well below —300 mV thereafter, only rising over the final days of the last period
when the H, concentration was at its lowest. This final increase was not accompanied by
an increase in U concentration, indicating that reducing conditions were maintained at the
fuel surface even at this very low final H, concentration.

(i) Measured O, concentrations were in the region of 107° mol/L throughout the experiment,
even though the amount of radiolytically-produced O, should have been many orders of
magnitude greater by the end of the experiment.

(iv) The absence of any surface oxidation of the UO, was confirmed by X-ray photoelectron
spectroscopy (XPS). Also, although the presence of UO, fragments in the vessel made

analyses somewhat ambiguous, there was no evidence for the redeposition of dissolved
u.

Since no change in U concentration occurred over the full two years of the experiment, no
dissolution rate could be calculated and it could be concluded that dissolution had been
completely suppressed.
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This conclusion is strongly supported by the XPS results, which are consistent with previous
XPS analyses of UO, surfaces exposed to radiation under Ar-purged and Ho-purged (0.1 to

1 bar) conditions (Sunder et al. 1990). These authors showed that, in the absence of radiation
at 100°C the extent of oxidation of a UO, surface was the same in the presence of H, as it was
in an Ar-purged system. However, when the UO, (a disc cut from a CANDU fuel pellet) was
placed close to a **'Am source, surface oxidation occurred in Ar-purged solution, but in the
presence of H,, the extent of oxidation of the UO, surface decreased as the a-source strength
increased.

These results were qualitatively confirmed by the dissolution rates determined electrochemically
(by a standard Tafel extrapolation and by electrochemical impedance spectroscopy (EIS))
(Carbol et al. 2005), which showed a dependence of dissolution rate on a-activity and a
suppression of the rate for both 1% 2**U and 10% #**U electrodes in the presence of H,. These
rates are included in Figure 6, and are high compared to other rates; i.e., outside the area
encompassed by the dashed lines. This probably reflects the difficulties inherent in making EIS
measurements on an electrode with a bulk resistance of 10° ohms.

Given the absence of any UO; corrosion the lack of radiolytic oxygen cannot be attributed to its
consumption by fuel corrosion, leaving its consumption by H, catalyzed by the fuel surface as
the only alternative explanation.

3.3 The Role of Gamma Radiation in the Activation of H,

It is clear from these studies on spent fuels and a-doped specimens that dissolved H, can
suppress fuel corrosion completely, even at low concentrations. Also, H, can reduce the
concentrations of radiolytic oxidants down to their analytical detection limits. At the low
temperatures employed it has been shown that H, cannot act as a homogeneous solution
reductant; e.g., for U"' (Spahiu et al. 2004), Np¥ (Cui and Eriksen 1996) and Tc"" (Guppy et al.
1989). To act as a reductant H, must be activated; i.e., dissociated into reactive H atoms, a
process that can be achieved either radiolytically or on catalytic surfaces. For the present
systems a combination of these two modes is possible.

The homogeneous activation of H, by low energy transfer (LET) radiation, which generates OH’
radicals, to produce reactive hydrogen radicals

OH + H; — H0 + H° ®)

has been demonstrated computationally (Tait and Johnson 1986) and experimentally (Pastina
et al. 1999, 2001). H, concentrations in the range found to suppress fuel corrosion (10~ to 107
mol/L) have been shown to scavenge molecular radiolytic oxidants to below detection limits as
well as consume small amounts of added H,O,. While this can readily explain the scavenging of
radiolytic oxidants in spent fuel experiments, it is insufficient to explain the complete absence of
fuel dissolution, as well as a number of other laboratory observations made on UO, electrodes
exposed to gamma irradiated solutions.

King et al. (1999) studied the effect of y-radiation on the E¢org of UO, (CANDU) in the presence
of either a 5 MPa over pressure of H, (equivalent to ~ 4 x 10 mol/L of dissolved H,) or Ar. A

comparison of the Ecorr Values obtained under irradiation in the presence of H, to the values in
the presence of Ar is shown in Figure 8. The range of values recorded in unirradiated solutions
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for both gases are shown as a vertical bar (King and Shoesmith 2004). Under irradiation, Ecorr
values in the presence of H, were consistently more negative, and those in the presence of Ar
consistently more positive, than values measured in the absence of radiation. This increase in
Ecorr in Ar is expected due to a slight radiolytic oxidation of UO, when a radiation field is
present.
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Figure 8: Time dependence of the corrosion potential (Ecorr) of a UO, electrode in
gamma-irradiated 0.1mol/L NaCl (pH~9.5) at room temperature in the presence of either
5MPa of H, or Ar. The results of four or five replicate tests are shown for each set of
conditions. The range of Ecorr values recorded in unirradiated solutions for both gases
is shown as the vertical bar (King and Shoesmith 2004).

However, the influence of H, is more dramatic than can be explained by just the homogeneous
solution scavenging of radiolytic oxidants. Comparison of the absolute values in Figure 8 with
the threshold potential for surface oxidation of UO, Figure 2, shows that Ecorr is suppressed to
values up to 400 mV more negative than the threshold for oxidation/corrosion, and approaches
the reversible potential for the reaction

Hy & 2H +2e” ©6)

which proceeds on surfaces through reactive H® radical intermediates. A general observation in
these experiments is the peak in the Ecorr versus time relationship in the presence of H,, the
decrease in Ecorr at longer times suggesting that the state of the UO, surface is slowly
changing. Since the electrodes were pre-treated electrochemically to remove air-formed u"
oxides, this change cannot be attributed to the reduction of a pre-oxidized surface layer. The
most probable, but unproven, explanation is that y-assisted decomposition of H, produces H*
radicals which subsequently reduce UY surface states, present in residual slightly non-
stoichiometric sites, to U",

U+ H > UY +H (7)
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This surface reduction appears to be partially irreversible as shown in Figure 9, which shows
the Ecorr response to changes in the pressurizing gas during the experiment. The critical
observation in these experiments is that, after exposure to H,, Ecorr does not recover to the
value measured on first exposure to an Ar purge, suggesting that the UO, surface may have
been permanently reduced by radiolytically-produced H® radicals on the surface.
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Figure 9: Effect of changing from H, (heavy line) to Ar (light line) overpressure on the
Ecorr Of UO; in y-irradiated 0.1 mol-dm™ NaCl solution (pH 9.5) at room temperature (King
et al. 1999).

A surface reduction step, as described in reaction 7, must simultaneously involve the extraction
of an interstitial 0% ion from the (U'V)1-2X(UV)2XOZ+X lattice in order to maintain electrical neutrality
in the surface. This would likely be achieved by consumption of the proton produced.
Consequently, a reduction reaction of this type can be considered as a defect annealing
process since the primary defect in slightly non-stoichiometric UO,.4is the O interstitial ion
occupying vacancies in the UO, fluoride structure (Shoesmith et al. 1994).

For gamma radiation it is also feasible that enhanced radiolytic effects at the oxide/solution
interface involving the creation of excitons is involved (Petrik et al. 2001). Excitons are
produced by the absorption of radiation in the solid. Providing the oxide band gap is sufficiently
large (5 eV) that these excitons have sufficient energy to break H-O-H bonds (5.1 eV), they can
act as a source of OH® and H* radicals. Reaction of the OH" radical with H, would create an
additional H* radical,

OH. + H2 — H20 + H. (8)
These H’ radicals can scavenge radiolytic oxidants and suppress fuel oxidation/corrosion. In

the reduced state, when the 5f level is fully occupied, UO, does possess the 5 eV band gap
which allows formation of the high energy excitons.



-15 -

34 The Role of Alpha Radiolysis in the Activation of H,

While this combination of y-radiolysis and y-activation of H, on the UO, surface offers an
explanation for the scavenging of radiolytic oxidants and suppression of radiolytic corrosion of
spent fuels, it cannot explain the similar results obtained with a-doped specimens when y/
radiation fields are absent. In the case of a-radiation, it has been shown (Pastina and Laverne
2001) that even quite large amounts of H, (up to 1 bar, equivalent to 8 x 10~ mol/L) did not
influence the production of radiolytic oxidants in the absence of UO,. Practically equal amounts
were produced with and without H,, in solutions irradiated with 5 MeV He atoms. Also, while
radiolysis models developed for spent fuels show that the combination of y/B/a radiation and H,
can lead to the consumption of radiolytically-produced molecular oxidants (Eriksen 1996;
Jonsson et al. 2003; Grambow et al. 2004), the continuous generation of molecular oxidants by
a-radiolysis means conditions remain locally oxidizing even at high H, pressures. Thus, no
argument can be made that the homogeneous solution scavenging of radiolytic oxidants alone
can completely suppress radiolytic corrosion of UO..

Thus, a surface activation of H, to produce reactive H® radicals similar to that observed in the
presence of y-radiation must be available on a-doped UO, surfaces. Evidence exists to show
that H, and O, can be recombined on a-active **Pu0, surfaces at 25°C (Haschke et al. 1996).
In addition, radiolytic H, gas generation via the decomposition of water on NpO, (doped with the
a-emitter ***Cm) achieves a steady-state indicative of a balance between H,O decomposition
and the reverse H,/O, recombination process. A similar mechanism can be anticipated on a-
doped UO; even though no water production was detected in an H,/O, mixture on depleted UO,
(which would have effectively negligible a-activity (Devoy et al. 2003)).

Catalysis on UO, surfaces is well characterized and catalytic activity is considerably enhanced
on defective surfaces. Defective surfaces can be created by Ar ion sputtering which, for an
actinide oxide like UO,, leads to preferential ejection of the much lighter O atom and the
creation of an oxygen vacancy. The need to repair this site can lead to the extraction of oxygen
from, and hence the reduction of, absorbed species. The actinide oxides are particularly
reactive, especially U, since hybridization between the 5f and 6d electronic orbitals allow the
creation of multiple oxidation states (+3 to +6) in the solid state. These features have lead to
uranium oxides being studied for the catalysis of many reactions including dehydrogenation
(Madhavaram and Idriss 1999), oxidation (Taylor et al. 2000; Heneghan et al. 1999),
ammoxidation (Graselli et al. 1981; Graselli and Suresh1972), oxidative coupling (Madhavaram
and Idriss 2002) and etherification (Ai 1983). Most pertinent to the present discussion is the
demonstration that water decomposition involving the oxidative healing of defects in the
reduced surface occurs on UO, and is promoted when the surface defect density is increased
by Ar ion sputtering (Senanyake et al. 2007). Alpha emission will also Produce surface defects
by the preferential ejection of the lighter O atom leading to reduced (U") states. Subsequent
oxidation of the surface by H,O, leading to the reincorporation of O*", would yield a proton and
leave an H® available to scavenge radiolytic oxidants. This provides one possible mechanism
by which radiolytic oxidants can be consumed at the location they are produced for as long as
a-radiolysis persists and H, is present.
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3.5 The Role of Noble Metal (Epsilon [¢]) Particles in the Control of Surface Redox
Conditions

In-reactor irradiation has a significant influence on the chemical and physical properties of the
fuel due to the production of a wide range of radionuclides (Kleykamp 1985, 1988; Johnson et
al. 1988). Of key importance from the present perspective are the rare earths (RE) (e.g., Nd,
Eu, Gd) which reside in the fuel lattice as RE" cations and create additional U" species leading
to an increase in matrix electrical conductivity (Shoesmith et al. 1994), and the elements which
are unstable as oxides (Mo, Ru, Pd, Rh, Tc), which segregate to form noble metal particles
known as e-particles.

Noble metals are well known as catalysts for oxidation/reduction reactions, especially the
H./H*/H" reaction, and three of the four predominant components of e-particles (Rh, Pd, Ru) are
exceptionally good catalysts for this reaction as evidenced by their exchange current densities,
Table 1 (Broczkowski 2008; Norskov et al. 2005).

Table 1: Exchange current densities for the proton reduction reaction for the four
predominant epsilon particle constituents

Element Exchange Current Densities (A.cm™)
Pd 107°
Rh 107°
Ru 1073
Mo 107"

Thus, it would be expected that these particles could act as galvanically-coupled anodes (for H,
oxidation) and cathodes (e.g., for H,O, reduction). Thus, H, activation on these particles is
likely to be at least as effective in suppressing fuel corrosion as the utilization of defects
produced by a-recoil or the y-excitation of H, (Cui et al. 2004; Nilsson and Jonsson 2007;
Shoesmith 2007). The function of these particles has been investigated electrochemically using
SIMFUEL specimens with different degrees of simulated burn-up (Broczkowski et al. 2005,
2006, 2007; Broczkowski 2008). SIMFUELS are unirradiated analogues of used nuclear fuel,
produced by doping the UO, matrix with a series of stable elements (Ba, Ce, La, Mo, Sr, Y, Rh,
Pd, Ru, Nd and Zr) in proportions appropriate to simulate the chemical effects caused by in-
reactor irradiation to various levels of burn-up. This fabrication process reproduces the
increase in matrix conductivity due to RE dopants and the creation of noble metal particles.

Figure 10 shows the distribution of epsilon particles for three SIMFUELS with various degrees
of simulated burn-up covering the range from the level expected in CANDU fuel (1.5 at %) to
that expected for a very high burn-up enriched fuel (6 at %). This distribution was obtained
from SIMS analysis for the individual elements in the particles. The increase in size and
number density of particles with the increase in degree of simulated burn-up is clear.
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Figure 10: SIMS images showing the elements ** **Mo, %% '*Ru, and "*® '®Pd detected
in three SIMFUEL specimens (SF) with various degrees of simulated burn-up (expressed
as an atomic %). No map for Rh is shown due to its low concentration. Each individual
area is 50 ym x 50 ym.

The Ecorr On SIMFUELS is very responsive to variations in redox conditions, Figure 11. In the
presence of dissolved O, (aerated solutions) oxidation of the fuel surface is catalyzed by O,
reduction on the e-particles. A similar catalysis of H,O, reduction occurring on Pd particles
dispersed throughout UO, was also demonstrated to cause enhanced corrosion (Nilsson 2008).
However, the presence of even small amounts of dissolved H, (purging with 5% H,/95% Ar)
suppressed Ecorr Well below the value measured under purely anoxic conditions (Ar-purging)
even for a low density of e-particles (1.5 at % SIMFUEL, Figure 11).
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Figure 11: Ecorr measurements on a SIMFUEL electrode (SF1.5, with an extent of
simulated burn-up of 1.5 at %) in a 0.1 mol/L KCI solution (pH = 9.5) purged with various
gases at 60°C. The electrode was electrochemically-cleaned prior to the start of each
experiment. The dashed line shows the potential threshold for corrosion (Figure 2)
(Broczkowski et al. 2005).
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Figure 12: The influence of the increasing number and size of epsilon particles in
SIMFUELS with different degrees of simulated burnup (expressed as an atomic %) on the
corrosion potential (Ecorr) measured in H,-purged 0.1mol/L KCI solution (pH = 9.5) at
60°C. The horizontal line shows the potential threshold for corrosion (Figure 2)
(Shoesmith 2007).
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The value of Ecorr decreased with the number density of e-particles present, Figure 12, and
XPS analyses confirmed that the extent of oxidation of the UO, surface decreased as Ecorr
decreased, Figure 13.
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Figure 13: The influence of the increasing number and size of epsilon particles in
SIMFUELS with different degrees of simulated burnup (expressed as an atomic %) on the
degree of oxidation of the surface (determined by XPS) in H,-purged 0.1mol/L KCI (pH =
9.5) at 60°C. The horizontal line shows the potential threshold below for corrosion
(Figure 2) (Shoesmith 2007)

For the 6 at % SIMFUEL, with a high number density of e-particles, Ecorr Was suppressed to a
value of —400 mV (vs SCE), the threshold below which corrosion of UO, does not occur. This
effect can be attributed to the reversible dissociation of H, to H* radicals on the e-particles that
act as galvanically-coupled anodes within the fuel matrix. When Ecorr reaches, or is
suppressed below, this threshold, the UO, is fully galvanically protected and thermodynamically
immune to corrosion. This process is illustrated schematically in Figure 14. That immunity to
oxidation, and hence corrosion, is achieved is confirmed by the XPS analyses which show that
the surface composition is as reduced as that achieved by electrochemical reduction of the
electrode at potentials < - 1V (vs SCE) (Broczkowski 2008).
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Figure 14: lllustration showing the galvanic coupling of epsilon particles to the fuel
matrix in Ho-containing solutions (Broczkowski et al. 2005).

Measurements performed in a pressure vessel show that Ecorr can be suppressed well below
the threshold even on 1.5 at % SIMFUEL, providing the pressure of H, is increased sufficiently,
Figure 15. It is worth noting that the potential achieved under these conditions approaches the
reversible potential for the H./H"/H" reaction as observed on UO, containing no e-particles in the
presence y-radiation, Figure 8. For this condition, the H,/H*/H" reaction becomes reversible on
the e-particles and the UO, matrix is completely inert.
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Figure 15: The influence of H, solution overpressure on the Ecorg of a SIMFUEL
electrode with 1.5% of simulated burn-up (SF1.5) measured in a 0.1 mol/L KCI solution
(pH = 9.5) at 60°C. The system was initially purged with Ar only at atmospheric pressure,
and then with a series of increasing 5% H,/Ar pressures (Broczkowski et al. 2005).
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Since noble metals are catalytic for both the reduction of potential fuel oxidants, such as H,0,,
as well as the reductant Hy, it is not surprising that it can be shown that e-particles will catalyze
the reaction between H,O, and H, to produce water; i.e., e-particles will catalyze the scavenging
of radiolytic oxidants by H,. Nilsson and Jonsson (2007) showed that Pd, present as a powder,
acted as a catalyst for this reaction and Broczkowski has shown that a similar catalysis occurs
on the ¢-particles in 1.5 at % SIMFUEL (Broczkowski 2008). The reaction was shown to be
diffusion controlled on Pd which could account for the very strong effect of H, on spent fuel
dissolution at very modest concentrations (107°to 10 mol/L) (Carbol et al. 2005).

Figures 16 and 17 show the Ecorr response of a 1.5 at % SIMFUEL surface to the addition of
small concentrations of H,O, under Ar-purged conditions, Figure 16, and with a 5% H./95% Ar
purge (~4.5 x 10~° mol/L of dissolved H,), Figure 17. In the absence of H,, Ecorr increases to a
new steady-state value which increases with increasing H,O, concentration, and XPS analyses
show that the extent of oxidation of the surface increases accordingly (Broczkowski 2008). The
addition of similar concentrations of H,O, in the presence of H, initially stimulated an increase,
but eventually a decrease, in Ecorr for sufficiently low H,O, concentrations. Note the steady-
state Ecorr in this experiment prior to H,O, addition is lower than that in the Ar-purged solution
(Figure 16), which reflects the dissociation of H, on the e-particles and its galvanically-coupled
effect on the UO..

0.1
= 1x 10" mol/L
S oo 2x 10"
;3 ' 7x107!
> 1x10°
N’ -0.1
A
a4
a1
S o <
=
—
=
© p(
E -0.3 -
[-P]
~m
~
-0'4 1 1 ) 1 1 1 ) 1

Time (Hours)

Figure 16: Ecorr recorded on a SIMFUEL with 1.5% of simulated burn-up (SF1.5) in a
0.1 mol-L™ KClI solution (pH 9.5) purged with Ar at 60°C. The arrows indicate the times
when H,0, was added in the individual experiments (Broczkowski 2008).
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Figure 17: Ecorr recorded on a SIMFUEL with 1.5% of simulated burn-up (SF1.5) in a
0.1 mol-L" KCI solution (pH 9.5) purged with 5% H,/95% Ar at 60°C. The arrows indicate
the times when H,0, was added in the individual experiments (Broczkowski 2008).

XPS analyses confirm that no permanent oxidation of the surface occurred except at a H,O,
concentration of 10~ mol/L, when Ecorg did not fully recover to the value measured prior to
H,0, addition, Figure 18. In this figure the lines indicate the U"/U"/U"" levels in the UO, surface
under H,-purged conditions (i.e., before H,O, addition) and the data points show the surface
composition after the addition of H,O, and completion of E¢orr €xcursions similar to those
shown in Figure 17.

This Ecorr behaviour cannot be attributed solely to H,O, scavenging by H, on e-particles,
independently of the galvanic coupling effect. While it is possible that the positive excursion in
Ecorr lead to a temporary oxidation of the UO, surface, the XPS results demonstrate that this
was not sustainable. Irrespective of whether the H,O, was eventually consumed in these
experiments, the absence of UO, oxidation confirms that galvanic protection of the UO, was
maintained or eventually reestablished. In fact, the XPS analyses suggest the UO, surface is
actually reduced to a level below its original composition, Figure 18.
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Figure 18: Surface composition measured (by XPS) on a SIMFUEL with 1.5% of
simulated burn-up (SF1.5) after Ecorg measurements in 5% H./95% Ar-purged 0.1 mol/L
KCI solution (pH = 9.5) at 60°C. The horizontal dotted lines refer to the fraction of U"
(black), UY (light grey), and U"' (dark grey) measured after Ecorr €xperiments with no
H,0, added (Broczkowski 2008).

3.6 The Role of the UO, Surface in the Control of Surface Redox Conditions

A remaining question is whether or not the UO, surface itself can activate H, in the absence of
g-particles and/or radiation fields. Wren et al. (2005) claimed that a U}, UY_ 0,,  surface could
catalyze the reaction between H, and H,O, based on the slow rate of oxidation of UO, surfaces
in close proximity to an Au-plated **'Am a-source. These experiments were conducted in 0.1
mol/L NaCIlO, (pH = 9.5) solutions at room temperature. The oxidation rate was up to two
orders of magnitude lower in the presence of a-radiolysis than when H,O, was added
chemically and approximately one order of magnitude lower than oxidation by the considerably
slower oxidant, O,. It was speculated that the surface catalyzed decomposition of H,O,

H,0,+ & — OH" + OH" )

UV UV +e (10)
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proceeded through a OH® surface species which could subsequently be consumed by a-
radiolytically produced H, confined in the 25 um thick layer of solution separating the UO, and
Au-plated a-source,

H, + OH* > H,0 +H' + ¢ (11)
UW+e —UY (12)

However, Nilsson and Jonsson (2008) could find no evidence for this reaction in a system
containing 2 x 10~ mol/L H,0, and up to 40 bar of H, (= 2 x 102 mol/L of dissolved H.).
Additionally, the observation that H, will reduce UO,** when Pd is present (Nilsson et al. 2008),
but not when UO, alone is present (Ekeroth et al. 2004), also suggests the UO; surface cannot
activate H,.

That H, cannot be activated, or activated only to a minor degree, on UO, appears to be
confirmed by the results in Figure 19, in which the influence of an increase in H, pressure on
Ecorr measured on a rare-earth doped SIMFUEL without e-particles is shown (Broczkowski
2008). As opposed to measurements on SIMFUEL with e-particles, when Ecorr Was
suppressed to values well below the —400 mV threshold value for UO, oxidation/corrosion,
Figure 15, Ecorr Showed only a minor change with increasing H, pressure indicating no
significant change in the properties of the surface had occurred.
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Figure 19: The influence of H, overpressure on the EcorrOf a SIMFUEL electrode with
3.0% simulated burn-up, but containing no epsilon particles, in a 0.1 mol/L KCI solution
(pH = 9.5) at 60°C. The system was initially purged with Ar only at atmospheric pressure,
and then with a series of increasing 5% H,/Ar pressures (Broczkowski et al. 2005).
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However, a series of experiments in which small additions of H,O, were made to 5% H,/95%
Ar-purged solutions showed that the Ecorr measured on the SIMFUEL with no e-particles
exhibited similar behavior, Figure 20, to that observed for the 1.5 at % SIMFUEL, Figure 16.
The rapid increase in Ecorr On first adding the H,O, was reversed, as observed when ¢-
particles were present. This reversal in Ecorr suggests the H,O, is being consumed by
reaction with H, on the UO, surface. Unfortunately, although XPS analyses showed slight
differences between the electrodes exposed to either Ar-purged or H,/Ar-purged solutions, the
differences were too small to indicate a clear difference in composition.
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Figure 20: Ecorr measured on a SIMFUEL with 3 at % simulated burn-up, but
containing no epsilon particles in a 0.1 mol/L KCI solution (pH 9.5) purged with
5%H,/95% Ar at 60°C. The arrows indicate the times when H,0, was added in the
individual experiments (Broczkowski 2008).

However, the results strongly suggest that, while H, may not dissociatively absorb on UO,, H,O,
does, and that the *OH radical species formed can then be scavenged by H, leading to H,O,
consumption rather than fuel oxidation. Good electrochemical evidence exists to show that the
first electron transfer to H,O, involves the creation of an OH’ radical (Goldik et al. 2005, 2006).
The results in Figure 20 show that, for this scavenging process to occur, the concentration ratio
[H.)/[H20,] needs to be >10°. This may explain why a similar effect was not observed by
Nilsson and Jonsson 2008 since their concentration ratio was only ~10%.

It can be concluded that the scavenging of low concentrations of radiolytic oxidants would occur
on the UO, surface in the presence of a sufficient H, concentration. However, the process
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appears to be kinetically slow when compared to the reaction rate on e-particles or when H,is
radiolytically activated.

4. SUMMARY AND CONCLUSIONS

The results of corrosion/dissolution studies on spent fuels, a-doped UO, specimens, SIMFUELs
and undoped UO, specimens have been reviewed, and the mechanisms proposed to explain
the ability of dissolved H, to completely suppress fuel corrosion and radionuclide release
discussed.

The primary reductant leading to the protection of the fuel against corrosion is the H' radical
species which can be produced by a number of activation steps depending on the composition
of the fuel and the form of the radiation present. The potential mechanisms include the
following:

(i) A combination of y-radiation and dissolved H, can produce H radicals on the UO, surface.
This may involve the adsorption of y energy in the surface to produce high energy
excitons which decompose water to OH" and H’ surface species. Scavenging of OH" by H,
can then create an additional H'. These radicals can then suppress corrosion and
scavenge radiolytic oxidants.

(i)  Similar inhibition and scavenging processes are possible when only a-radiation is present.
In this case the dissociation of water could be caused by the need to neutralize the
oxygen vacancy caused by the ejection of an O atom from the surface caused by an o-
recoil event.

(i) In the absence of any radiation fields, experiments on SIMFUELs show that H, activation
can occur rapidly on epsilon particles. Since these particles are galvanically-coupled to the
rare earth-doped (and, hence, conducting) UO, matrix, they act as anodes forcing the
matrix to adopt a low potential. For either a sufficiently high extent of simulated burn-up
(number density of particles) at low [H,] or a sufficiently high [H,] at a low extent of
simulated burn-up, this galvanic coupling can render the UO, unreactive.

(iv) Itis also possible that the UO, could activate H, in the presence of H,0O,, although
evidence for this is weak. If oxidation/corrosion of the surface by H,O, involves OH’, these
could be scavenged by reaction with H, and hence prevented from causing fuel oxidation.

The studies show that even small pressures of H, (0.1 to 1 bar) can effectively suppress fuel
corrosion. Since the production of H, will commence as soon as waste containers fail and
groundwater contacts the carbon steel liner, and, in sealed repositories, H, pressures up to 50
bar are anticipated, this influence of H, has the potential to shut down fuel corrosion very
rapidly. This suppression will be at least partially effective even for early failure when oxidizing
conditions would be maintained by gamma/beta radiolysis of water. It is possible therefore that
the conditions for extremely slow chemical dissolution of fuel would be rapidly established and
that dissolution and radionuclide release would be extremely slow almost from the time of
container failure irrespective of when it occurred.
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