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� A model is adapted to simulate the corrosion rates measured on a-doped UO2.
� Simulated corrosion rates are in good agreement with the published rates.
� The corrosion rate is determined by the radiolytic production rate of H2O2.
� The accumulation of O2 leads to an increase in corrosion rate in a closed system.
� The corrosion rate decreases to a negligible level by including H2 effect.
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a b s t r a c t

A model previously developed to predict the corrosion rate of spent fuel (UO2) inside a failed waste
container has been adapted to simulate the rates measured on a wide range of a-doped UO2 and spent
fuel specimens. This simulation confirms the validity of the model and demonstrates that the steady-
state corrosion rate is controlled by the radiolytic production of H2O2 (which has been shown to be
the primary oxidant driving fuel corrosion), irrespective of the reactivity of the UO2 matrix. The model
was then used to determine the consequences of corrosion inside a failed container resealed by steel
corrosion products. The possible accumulation of O2, produced by H2O2 decomposition, was found to
accelerate the corrosion rate in a closed system. However, the simultaneous accumulation of radiolytic
H2, which is activated as a reductant on the noble metal (ε) particles in the spent fuel, rapidly overcame
this acceleration leading to the eventual suppression of the corrosion rate to insignificant values. Cal-
culations also showed that, while the radiation dose rate, the H2O2 decomposition ratio, and the surface
coverage of ε particles all influenced the short term corrosion rate, the influence of the radiolytically
produced H2 was the overwhelming influence in reducing the rate to negligible level (i.e.,
<10�20 mol m�2 s�1).

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

If nuclear energy is to play an important role in alleviating the
risk of global climate change, it must be demonstrated that the high
level waste can be safely disposed of. The approved approach for
the long-term management of used nuclear fuel in Canada is
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disposal in a deep geologic repository (DGR) [1,2]. As accepted
internationally, the repository concept is based onmultiple barriers
including the fuel bundles, durable metal containers, a clay buffer
and seals around the container, and a deep geologic formation [3]. A
key barrier is the corrosion-resistant container which is expected to
isolate the used fuel for a very long time [4,5]. However, it is judi-
cious to examine the consequences of container failure and the
exposure of used fuel bundles to groundwater. In the anoxic con-
ditions anticipated in a DGR, H2O radiolysis resulting from the ra-
diation fields associatedwith the used fuel within a failed container
will be the only source of oxidants. The radiolysis product, H2O2,
has been shown to be the primary oxidant driving fuel corrosion
[6,7]. Oxidation of fuel (UIV) will produce the oxidized form (UVI)
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Fig. 1. Corrosion rates of a-doped UO2, non-doped UO2 (0.01 MBq g�1 (UO2)), SIMFUEL
and some spent fuels (from Ref. [17], with permission). The red line indicates a linear
least squares fit to the data from Ref. [18] without including values marked A, B and C,
which are discussed in the text. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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with a considerably higher solubility, leading to the release of ra-
dionuclides [8].

Since a-radiolysis of H2O is the dominant source of oxidants for
spent fuel oxidation/dissolution (corrosion) inside a failed waste
nuclear container, the influence of the a-dose rate on the corrosion
of UO2 materials has been extensively studied [9e16]. The corro-
sion rates as a function of a-dose from a range of studies have been
discussed in detail and summarized [17]. These measurements
were conducted on a number of specimens including 233U-doped
UO2, 238Pu-doped UO2, 225Ac-doped UO2, UO2 fuel pellets, SIMFUEL
and spent fuels. Fig.1 shows that, while significant variability exists,
a clear trend of increasing corrosion rate with increasing alpha
source strength was established. It was suggested that for alpha
source strengths below ~1 MBq g �1 (UO2), the influence of a-
radiolysis became insignificant, the fuel dissolution rate becoming
chemically controlled with U released in the unoxidized UIV state.

Within this compilation, three sets of data, marked A, B and C,
cannot be considered to fit the linear relationship. For A, corrosion
rates were calculated based on electrochemical impedance spec-
troscopy measurements which required the compensation of the
resistance in low conductivity materials. This led to large errors and
an overestimation of the rates. The value labelled B was measured
Total Energy Deposition in a 14 mm UO2 layer
�
corresponding to

1MBq
g ðUO2Þ

�
¼

C1 � typical energy of an a particle� C2 � transfer range of a particles in UO2

(2)
in a clay environment known to contain reducing species leading to
the unexpectedly low values. The values labelled C were measured
on 238Pu-doped specimens, and it has been suggested, but not
proven, that the low rates indicate a stabilizing influence of Pu on
the UO2 matrix. The line in Fig. 1 shows a fit to the data (excluding
the data marked A, B and C) used by the Nuclear Waste Manage-
ment Organization (Toronto, Canada) in repository performance
assessment calculations [18] yielding the relationship,
Corrosion Rate (mg (UO2) m�2 d�1) ¼ 4.35 � 10�3 � Activity (MBq
g�1 (UO2))

The errors associated with the use of this fit have been discussed
elsewhere [18].

In this study, an attempt is made to use these data to validate the
model we have developed for fuel corrosion inside a failed waste
container [19e22]. The model is then used to evaluate a number of
scenarios which could occur within a failed container. Of particular
interest is the influence of O2, which can be produced by both
decomposition of H2O2 and water radiolysis. In many of the ex-
periments performed to produce the rates plotted in Fig. 1, the
systemwas open and/or the solution purged with inert gas, making
it possible that O2 formed within the experiment could have
influenced the corrosion rate measured. Although inadvertently
achieved, this could have simulated the conditions achievable
within a failed container possibly resealed by the accumulation of
container corrosion products. The consequences of such a scenario
are also addressed in this study.
2. Description of models

2.1. Conversion of a-source strength to a-dose rate

In Fig. 1 the corrosion rates are plotted as a function of alpha-
source strength. The specific alpha-source strength is converted
to the alpha-dose rate to the water layer adjacent to the UO2 sur-
face, which is used in the model to calculate the rate of production
of radiolytic species. The rate of radiolytic production for species i
can be calculated according to equation (1),

Ri
�
mol m�3 s�1

�
¼ DR � gi � rH2O (1)

where DR is the dose rate representing the rate of energy deposition
per unit of mass, gi is the g-value of species i (the number of moles
formed per joule of radiation energy absorbed), and rH2O is the
density of water.

For a-radiation, the dose rate near the solid surface and the
energy fraction transferred into the solution can be approximately
estimated from geometric considerations. Since the transfer range
of a-emissions in UO2 is ~14 mm, only a fraction of the a-particles
within this range can reach the adjacent liquid to form radiolytic
products [17]. For a 1 MBq g�1 (UO2) doped UO2, the energy
deposited in the UO2 layer with a thickness of 14 mm is
1.425 � 10�8 J cm�2 s�1, according to equation (2),
In which C1 (¼ 10.97 � 106 Bq cm�3) is a conversion coefficient
changing MBq g�1 (UO2) to Bq cm�3 (UO2); the typical energy of an
a particle is 5.8 � 106 eV; C2 (¼ 1.6 � 10�19 J eV�1) is a conversion
coefficient changing electron volts to joules, and the transfer range
of a particles in UO2 is 0.0014 cm. Given the various depths of
location of a particles in UO2, it can be calculated that only 18.8% of
this energy can be absorbed by the adjacent H2O [17].

The geometrical distribution of a-dose rate in a H2O layer has
been found to follow an exponential decay with distance from the
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fuel surface [23,24]. Wu studied the influence of dose rate distri-
butions on calculated corrosion rates, and justified the use of a
simplified uniform distribution of a-dose rate [19]. Using this
simplified approach, the mean dose rate to the adjacent water layer
(30 mm) can be calculated to be 8.93 � 10�4 Gy s�1 for a 1 MBq g�1

(UO2) sample according to equation (3), in which the total
energy deposition is 1.425 � 10�8 J cm�2 s�1 (equation (2)), the
density of water is 10�3 kg cm�3, and the water layer thickness is
0.003 cm.

Dose Rate
�
corresponding to

1MBq
g ðUO2Þ

�

¼ 18:8%� total energy deposition
density of water�water layer thickness

(3)

2.2. Modelling a-doped UO2 corrosion (open system) [17]

To simulate the experiments made on a-doped UO2 specimens
we havemodified our model to include only the reactions shown in
Fig. 2. Here, a brief review of the reactions included in the model is
presented. A more extensive discussion of these reactions has been
published previously [21].

(1) The production of H2O2 and H2 by water radiolysis in the
radiation zone (reaction 1). This calculation considers only
the radiolytic production of these two molecular species, as
opposed to a full radiolysismodel that would also include the
radical species (e.g., OH·, H·, etc.). Our previous comparison
of this calculation to the full radiolysis model showed that
this simplified model overestimates the steady-state [UO2

2þ]
(steady-statewas achieved since UO2

2þwas allowed to escape
from the system) by ~20% at the bottom of a fracture
(width ¼ 0.1 mm, depth ¼ 1 mm); i.e., it slightly over-
estimates the oxidizing effect of H2O2 compared to the
reducing effect of H2. This makes our calculations of corro-
sion rates conservative.

(2) The oxidative dissolution (corrosion) of UO2 supported by
H2O2 reduction on the UO2 surface (reaction 2);

(3) The decomposition of H2O2 to O2 and H2O catalyzed on the
UO2 surface (reaction 3);
Fig. 2. Chemical reactions included in the model to simulate the corrosion of a-doped UO2

oxidants are produced. The boundary conditions (in the figure) are applied to the boundary s
legend, the reader is referred to the web version of this article.)
(4) The reduction of dissolved UO2
2þ by reaction with H2 in so-

lution (reaction 4);
(5) The oxidative dissolution (corrosion) of UO2 supported by O2

reduction on the UO2 surface (reaction 5). The cathodic
reduction of O2 is known to be slow, due to the rate con-
trolling influence of the first electron transfer in the overall
four electron reduction process [8]. For O2 reduction on UO2
this leads to a rate 200 times slower than that for H2O2
reduction on UO2, as discussed elsewhere [8].

The dissolution as UO2
2þ is assumed to be unimpeded by the

formation on the dissolving surface of corrosion product deposits
(e.g., UO3·2H2O), which could significantly influence the corrosion
rate. The avoidance of deposits would be expected in groundwater
containing sufficient HCO3

� to completely complex and dissolve the
UVIO2

2þ as UVIO2(HCO3)a(2�a)þ.
The dissolution experiments plotted in Fig. 1 were normally

performed in the oxygen-free environment anticipated inside a
failed container [17]. This would constitute an open-system since
the gases generated directly or indirectly by a-radiolysis, such as O2
and H2, would be removed. To simulate an open system in the
model, the [H2] and [O2] at the boundary of the water layer (shown
as a dashed line in Fig. 2), were set to 0. However, H2O2 and UO2

2þ

would be retained within the solution, so the fluxes of these two
species (JH2O2

, JUO2þ
2
) were set to 0 at this boundary. Sensitivity tests

show that, while the time required to achieve a steady state de-
pends on the thickness of the water layer, the calculated steady-
state corrosion rate on the UO2 surface does not, and a value of
1 mm was chosen as the default value in our calculations.
2.3. Modelling a-doped UO2 corrosion (closed system)

Under the anticipated waste disposal conditions, which involve
multiple barriers to inhibit transport processes, it is possible that a
groundwater-containing failed container could be, at least partially,
sealed by steel corrosion products, as illustrated schematically in
Fig. 3. In addition, although very unlikely [25], the inner surface of
the steel container could be passivated, which would eliminate the
supply of redox scavengers produced by steel corrosion (Fe2þ and
H2), which have previously been shown to have a major influence
on the redox conditions within a container [19e21]. This would
[17]. The pink area indicates the radiation zone; i.e., the zone within which radiolytic
hown as a black dashed line. (For interpretation of the references to colour in this figure



Fig. 3. Schematic showing the passivated inner surface of the steel container, and the
location of the waste container failure sealed by the steel corrosion product.
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constitute a closed system in which H2 (produced by H2O radiol-
ysis) and O2 (produced by the decomposition of H2O2) would be
trapped within the container. To simulate this situation, the flux of
all species (JH2O2

; JUO2þ
2
; JH2

; JO2
) was set to 0 on the boundary of

the H2O layer, as illustrated schematically in Fig. 4.
This model enables us to evaluate the consequences of O2

retention in the experiments on a-doped UO2, and also to address
the consequences of the deactivation of the noble metal (ε) parti-
cles (by surface contamination or the accumulation of deposits).
Many studies have shown that these particles can act as catalysts to
control the rate of redox reactions on the surfaces of simulated
spent fuels (SIMFUEL) [26e28].
2.4. Modelling the corrosion of spent nuclear fuel (closed system)

A less conservative and more realistic approach to evaluating
the corrosion of fuel inside a resealed container is to include re-
actions which can occur on the surface of ε particles [29]. These
particles can act as catalysts for reactions involving H2O2 (which
would accelerate fuel corrosion) and H2 (which would suppress
corrosion) [30]. Fig. 5 shows the chemical reactions included in this
model. The reactions added to those shown in Fig. 4 to address the
Fig. 4. Chemical reactions included in the model to simulate the corrosion of a-doped UO2 i
(in the figure) are applied to the boundary shown as a black line. (For interpretation of the re
article.)
effect of the ε particles are: (i) the oxidative dissolution (corrosion)
of UO2 supported by H2O2 reduction catalyzed on ε particles (re-
action 20 in Fig. 5); (ii) the reduction of oxidized surface species (UV/
UVI) by H2 oxidation on ε particles (reaction 40 in Fig. 5); (iii) the
reduction of dissolved UO2

2þ by reaction with H2 on ε particles
(reaction 400 in Fig. 5); and (iv), the reaction of H2O2 with H2 cata-
lyzed by ε particles, leading to the reformation of H2O (reaction 6 in
Fig. 5).
2.5. Modelling procedure and default parameter values

The models outlined above are 1-dimensional, with the
boundary conditions on the fuel surface determined by the kinetics
of the surface reactions. The conditions at the water layer boundary
(shown as a black dashed line in Fig. 2 and black solid lines in Figs. 4
and 5) were set to represent different scenarios. Water radiolysis
can happen only in the radiation zone (domain) (shown in pink in
Figs. 2, 4 and 5), while all species can diffuse in the water layer
(domain) (shown in Figs. 2 and 4). The models were solved
numerically using the diluted species transportation module of
COMSOL Multiphysics (version 5.2a). The default values of the
simulation parameters are summarized and referenced in Table 1
[20,21].
3. Results and discussion

3.1. Corrosion of a-doped UO2 (open system)

Using the reaction scheme shown in Fig. 2, the fuel corrosion
rates for different a-source strengths were calculated. As shown in
Fig. 6A the calculated steady-state corrosion rates are in good
agreement with the published experimental data [17], except at
high a-source strengths, i.e. > 103 MBq g�1 (UO2). At high dose
rates, the corrosion rates may be governed by the formation of
secondary phases, a feature which is not incorporated into the
model.

In Fig. 6A, the corrosion rates are widely scattered, due to the
different experimental conditions and techniques, and the large
variety of fuel specimens. A more appropriate test of the model was
attempted by limiting the comparison of the model calculation to
corrosion rates measured on 233U-doped UO2 and 238Pu-doped UO2
specimens in deaerated solutions containing carbonate, Fig. 6B. A
clearly more accurate correlation is achieved with this limited, but
n a closed system. The pink area indicates the radiation zone. The boundary conditions
ferences to colour in this figure legend, the reader is referred to the web version of this



Fig. 5. Chemical reactions included in the model to simulate the corrosion of spent nuclear fuel in a closed system. The pink area indicates the radiation zone. The boundary
conditions (in the figure) are applied to the boundary shown as a black line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Default values of simulation parameters.

Parameter Symbol Value Units

Water layer thicknessa L 1 mm
Radiation zone thickness [17] b 30 mm
ε-particle coverage s

ε
0.01

g-value of H2O2 [20] gH2O2
0.1248 mmol J�1

g-value of H2 [20] gH2
0.1248 mmol J�1

UO2 pellet oxidation rate constant in H2O2 [31] k2 1.0 � 10�8 m s�1

H2O2/UO2 surface reaction rate constant on ε [6] k2
0

6.92 � 10�6 m s�1

H2/UO2
2þ bulk reaction rate constant [32] k4 3.6 � 10�9 L mol�1 s�1

H2/UVI surface reaction rate constant on ε [33] k4
0

4 � 10�7 m s�1

H2/UO2
2þ surface reaction rate constant on ε [22],c k4

00
1.3 � 10�5 m4 s�1 mol�1

UO2 pellet oxidation rate constant by O2
b k5 5 � 10�11 m s�1

H2/H2O2 surface reaction rate constant on ε [22],c k6 2.8 � 10�5 m4 s�1 mol�1

H2O2 surface-catalyzed decomposition ratio [31] 0.86
Diffusion Coefficient of H2O2 [34] 2.3 � 10�9 m2 s�1

Diffusion Coefficient of H2 [34] 4.8 � 10�9 m2 s�1

Diffusion Coefficient of O2 [34] 2.4 � 10�9 m2 s�1

Diffusion Coefficient of UO2
2þ [34] 7.66 � 10�10 m2 s�1

a The calculated corrosion rate on the UO2 surface is not dependent on the thickness of the water layer: 1 mm is chosen as the default value.
b Since studies show that the oxidation of UO2 to UO2:33 is ~200 times faster in H2O2 than in a solution containing an equal concentration of O2 [8], k5 is

calculated based on k2.
c Modified reaction rate constants [22] based on the work in Refs. [35,36].
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more appropriate, data set.
In an open system, fromwhich O2 could be evacuated, the main

oxidant driving the corrosion of UO2 is H2O2, whose production rate
is constant at a given a-dose rate to H2O (equation (1)). Once the
steady-state corrosion rate is established, the production and
consumption of H2O2 will be balanced, and the [H2O2] will be
constant. Sensitivity calculations show that the rate constant for
reaction 2 (k2) does not influence the steady-state corrosion rate,
only the time required to achieve it. The steady-state corrosion rate
is determined by the production rate of H2O2 irrespective of the
reactivity of the UO2 surface.

3.2. Corrosion of a-doped UO2 (closed system)

The good agreement between the simulated and experimental
rates (Fig. 6) gives us confidence that our model can be used to
simulate the consequences of various failure scenarios, in particular
the closed systems described above (sections 2.3 and 2.4). Since
both H2O2 and O2 will cause UO2 corrosion, the contribution to fuel
corrosionwill be determined by the relative concentrations of these
two oxidants. For the reaction set incorporated into this model, this
balance will be controlled by the rates of reaction of O2 and H2O2
with UO2 and the kinetics of the H2O2 decomposition reaction.
Implicit in this statement is the assumption that the importance of
O2 produced by H2O2 decompositionwill be much greater than that
produced radiolytically. This assumption is justified since alpha
radiolysis model calculations for deaerated water (pH ¼ 8, alpha
dose rate ¼ 8.93 � 10�3 Gy s�1) yield steady-state concentrations
for H2O2 and O2 of 0.003 M, and 4.2 � 10�5 M, respectively. In the
model, 86% of H2O2 is taken to decompose, making the amount of
O2 produced by decomposition ~30 times that produced radio-
lytically. The corrosion rates due to H2O2 and O2 can be calculated
using rate equations (4) and (5), respectively.

R2; UO2þ
2

¼ k2
�
H2O2

�
(4)

R5; UO2þ
2

¼ 2k5
�
O2

�
(5)

Though the mechanism of H2O2 decomposition is still unclear,
the reaction is commonly assumed to be first-order, allowing the
extent of decomposition to be expressed as a ratio.



Fig. 6. Comparison of experimental corrosion rates to simulation results (stars con-
nected by a dashed line). (A) includes the whole data set in Ref. [17]; (B) includes the
data measured under similar experimental condition, i.e., for a-doped UO2, in dea-
erated solutions containing carbonate.

Fig. 7. Comparison of the simulated steady-state corrosion rates of a-doped UO2 in
open and closed systems.

Table 2
Comparison of the effects of H2O2 and O2 on fuel corrosion for different H2O2

decomposition ratios, Dose rate ¼ 8.93 � 10�3 Gy s�1.

H2O2 decomposition ratio

50% 86% 95%

[H2O2]a 1.67 � 10�6 4.67 � 10�7 1.67 � 10�7

UO2 corrosion rateb by H2O2 1.67 � 10�11 4.67 � 10�12 1.67 � 10�12

[O2]a 2.11 � 10�5 3.62 � 10�5 4.00 � 10�5

UO2 corrosion rateb by O2 1.67 � 10�11 2.87 � 10�11 3.17 � 10�11

Total UO2 corrosion rate c 3.34 � 10�11 3.34 � 10�11 3.34 � 10�11

a The unit of concentrations is mol L�1, the values are calculated by the model.
b The unit of corrosion rates is mol m�2 s�1, the values are calculated by equations

(4) and (5).
c The unit of corrosion rates is mol m�2 s�1, the value is calculated by the model.
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The consequences of having a closed system were simulated
using the reaction scheme shown in Fig. 4. Fig. 7 compares the
simulated steady-state corrosion rates for a-doped UO2 in open and
closed systems. In a closed system, the steady-state corrosion rate is
almost one order of magnitude higher, indicating that the effect of
O2 (reaction 5 in Fig. 4) should not be underestimated in a closed
system. Even though the reaction rate constant for reaction 5 (UO2
oxidation by O2) is ~200 times smaller than that for reaction 2 (UO2
oxidation by H2O2) [8], the effect of O2 is significant, since the
steady-state [O2] is higher than the [H2O2] in a closed system. In the
open system, for an a-dose rate ¼ 8.93 � 10�3 Gy s�1, the steady-
state corrosion rate can be achieved in ~60 h, while ~4 years is
required in the case of a closed system.

In the model, the H2O2 decomposition ratio is defined as the
fraction or percentage of the H2O2 decomposed. A value of 86% for
the percentage decomposed on the surface of a UO2 pellet has been
published [31]. This decomposition ratio is important in regulating
the [O2] and [H2O2] and influences the respective contributions to
corrosion by the two oxidants. Table 2 summarizes the simulated
[O2] and [H2O2] (calculated by the model) when the steady-state
corrosion rate is established for different H2O2 decomposition ra-
tios. The corrosion rates due to H2O2 and O2, calculated using
equations (4) and (5), vary with the decomposition ratio as ex-
pected. However, the extent of decomposition of H2O2 to O2 does
not influence the total corrosion rate in a closed system. The
decomposition of H2O2 produces O2 (2H2O2 / 2H2OþO2) as a
second oxidant of UO2 (2UO2 þO2 / 2UO2

2þ). However, since the
steady-state corrosion rate is dependent on the production rate of
H2O2, the decomposition ratio will only influence the time required
to reach the steady-state, which will be longer since O2 is a more
sluggish oxidant than H2O2.

In these calculations, the only influence of H2 is on the reduction
of UO2

2þ (reaction 4) [32], a reaction which will not influence
radionuclide release but only lower the concentration of dissolved
UO2

2þ. However, a significant literature is available indicating that
radiolytic H2 is reactive as a reductant on UO2 surfaces in the
presence of a-radiation. Based on the simulations by Trummer et al.
[37], the a-radiolytic H2 could decrease the steady-state concen-
tration of H2O2, which will reduce the rate of a-radiation-induced
dissolution of the nuclear fuel. Using a thin-layer electrochemical
cell to confine the radiolysis products from an external a-source to
a 25 mm layer of solution at a UO2 disc surface (i.e., a partially closed
system), Wren et al. [16] showed that, while the oxidizing influence
of radiolytic H2O2 was dominant, the rate of surface oxidation of the
UO2 was slowed by the influence of radiolytic H2. Traboulsi et al.
[38] compared the radiolytic corrosion of UO2 in open and closed
systems in H2O irradiated with a 4He2þ beam and found that
corrosion was significantly suppressed when H2 was present. In
both these studies only the H2O or solution was irradiated, not the
UO2 itself. While the exact mechanism remains uncertain, the in-
fluence of H2 was thought to involve a surface reaction. However,
no usable kinetic parameters, enabling H2 effects to be incorporated
in our model, were measured.



Fig. 10. Simulated corrosion rates of spent nuclear fuel (a-dose rate ¼ 8.93 �
10�3 Gy s�1) as a function of time for different ε-particle coverages. All other model
parameters have the default values (Table 1).
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3.3. Corrosion of spent nuclear fuel (closed system)

A number of key differences exist between a-doped UO2 and
spent fuel (commonly investigated in the form of SIMFUEL). The
two key differences likely to influence fuel corrosion are lattice
doping by rare earth (REIII) fission products and the presence of
noble metal (ε) particles. Doping with rare earths has been shown
to suppress the reactivity of fuel [39,40]. However, the calculations
presented in section 3.1 show that the a-radiation dose rate, which
controls the rate of production of radiolytic species, is the key
parameter controlling the fuel corrosion rate, making any influence
of lattice doping on reactivity minor or irrelevant. By contrast, as
noted above (section 2.3), the noble metal particles exert a signif-
icant influence on fuel corrosion.

The consequences of a closed system on spent fuel corrosion
were simulated using the reaction scheme in Fig. 5. In this case,
when reactions involving H2 are included, a steady-state cannot be
achieved. Fig. 8 shows the simulated corrosion rates calculated as a
function of time using an a-dose rate of 8.93 � 10�3 Gy s�1 and an
H2O2 decomposition percentage of 86%. After initially increasing
rapidly, the rate begins to steadily decrease to insignificant values.
Fig. 9 shows the simulated [H2], [H2O2] and [O2] at the fuel surface
Fig. 8. Simulated corrosion rates of spent nuclear fuel (a-dose rate ¼ 8.93 �
10�3 Gy s�1) as a function of time. All other model parameters have the default values
(Table 1).

Fig. 9. Simulated [H2], [H2O2] and [O2] at the fuel surface (a-dose rate ¼ 8.93 �
10�3 Gy s�1) as a function of time. All other model parameters have the default values
(Table 1).
for the same dose rate. Over the first 10 h, the accumulation of H2 is
insufficient to overcome the oxidizing effect of H2O2, resulting in
the increase in corrosion rate. With time, as the [H2] increases, the
corrosion rate is suppressed. After 50 h, the [H2] at the fuel surface
is ~20 times the [H2O2]. In addition, despite the [O2] at the fuel
surface being ~5 times that of [H2O2] after 50 h, H2O2 remains the
dominant oxidant due to the high rate constant for its reactionwith
UO2 compared to that of O2.

These results clearly demonstrate that the accumulation of
radiolytic H2 in a closed system will radically suppress the fuel
corrosion by reducing the oxidized UO2 surface (reactions 40 and 400

shown in Fig. 5) and consuming H2O2 (reaction 6 shown in Fig. 5).
This is consistent with the experimental results of Carbol et al. [41]
who conducted a long term corrosion experiment on spent fuel
under an overpressure of 3.2 bar of H2 and found that the measured
uranium concentration coincided with the calculated UO2 solubil-
ity, indicating that the dissolution is solubility-controlled; i.e., not
radiolytically driven. Also, Trummer et al. [6] showed, in a N2
purged solution, that the presence of 3 wt % Pd (as a surrogate for
ε-particles) could prevent corrosion when only radiolytically pro-
duced H2 was present.

Fig. 10 compares the simulated corrosion rates as a function of
time for different coverages by ε-particles, which can catalyze both
H2O2 reduction and H2 oxidation reactions. The availability of
ε-particles will be determined by the extent of fuel burnup. At short
times there is a slight increase in corrosion rate, since H2O2 initially
plays a dominant role in controlling the surface redox conditions,
with Reaction 2’ (Fig. 5) being accelerated, leading to the increased
corrosion rate. However, at longer times, as the [H2] increases, the
increased surface area of available ε particles allows reactions 4

0
and

4’’ (Fig. 5) to dominate, leading to a very rapid decrease in corrosion
rate.
4. Conclusions

In this study, the calculated steady-state corrosion rates are in
good agreement with published dissolution rates measured on a
range of a-doped UO2 and spent fuel specimens.

The value of the rate constant for the reaction of H2O2 with UO2

does not influence the calculated steady-state corrosion rate, only
the time required to achieve the steady-state value. This demon-
strates that the corrosion rate is determined by the radiolytic
production rate of H2O2, irrespective of the reactivity of the fuel
surface.
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Calculations of corrosion rates for a-doped UO2 in a closed
system demonstrate that the accumulation of O2, primarily from
H2O2 decomposition, would lead to an increase in corrosion rate.
This reflects the fact that, even though the rate constant for the
reaction of O2 is ~200 times less than that of H2O2, the effect of O2
can be significant since the steady-state [O2] can be greater than
that of H2O2 in a closed system. However, this calculation does not
include the influence of radiolytic H2, which will suppress the
corrosion rate.

When the influence of H2 as a reductant reacting on noble metal
(ε) particles is included, the model can be used to predict the
corrosion rates of spent fuel. No steady-state can be established due
to the accumulation of radiolytic H2 with time, the corrosion rate
decreasing with time to a negligible level (i.e., <10�20 mol m�2 s�1).
The dose rate, H2O2 decomposition ratio, and the coverage of ε

particles will influence the time needed for the corrosion rate to
decrease to a negligible level, but will not prevent the suppression
of the fuel corrosion rate.
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