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A model was developed to determine the influence of steel corrosion products on a-radiolytic corrosion
of spent nuclear fuel inside a failed waste container. The model takes into account the a-radiolysis of
water, the reaction of radiolytic H2O2 with UO2 both directly and via galvanic coupling with noble metal
particles, the reaction with H2 via galvanic coupling, and the Fenton reaction. The dominant redox control
agent was found to be H2, and the critical H2 concentrations required to completely suppress fuel corro-
sion were calculated. The ability of Fe2+ to scavenge H2O2 had only a minor influence on fuel corrosion
processes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The recommended approach for the long term management of
used nuclear fuel in Canada is adaptive phased management, and
includes centralized containment and the isolation of the used fuel
in a deep geological repository. As is common internationally, the
Canadian repository concept is based on multiple barriers: the
used fuel bundles, durable metal containers, a clay buffer and seals
around the container, and a deep geologic environment [1]. A key
barrier in this sequence is the container which model predictions
suggest should sustain only minimal corrosion damage making
failure unlikely [2].

It is judicious, however, to assume containers will fail, thereby,
exposing the used fuel bundles to groundwater. While the Zircaloy
cladding on the fuel is likely to provide an additional barrier to
radionuclide release from the fuel, no credit is taken for this barrier
for reasons documented elsewhere [1]. Since the groundwater
entering the container will be anoxic, the only source of oxidants
will be water radiolysis due to the radiation fields associated with
the fuel. Under these conditions, fuel dissolution will be a corrosion
reaction whose rate will evolve as radiation fields decay causing
radiolytically-established redox conditions to change with time.
ll rights reserved.

: +1 519 661 3022.
ith).
However, two corrosion fronts exist within the failed container:
one on the fuel surface driven by radiolytic oxidants, and a second
one on the carbon steel surface sustained by water reduction and
producing the potential redox scavengers, Fe2+ and H2. Recent
studies [3–5] show that a complex series of homogeneous solution
and heterogeneous surface reactions will have a very significant
influence on the redox conditions within the failed container
and, hence, on the fuel corrosion/radionuclide release process.

Fig. 1 illustrates the redox coupling of the two corrosion fronts
via the interactions of the radiolytic oxidant, H2O2, and its potential
decomposition product, O2, and the anoxic corrosion products, Fe2+

and H2. Fig. 2 shows the equilibrium potentials (Ee) for the coupled
anodic and cathodic reactions on each surface and the respective
corrosion potentials (ECORR) adopted by the fuel and the steel sur-
faces in the neutral to alkaline environment anticipated under dis-
posal conditions [6–8]. The zone marked Eh 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. The redox gradient between the two corrod-
ing surfaces is clearly apparent.

In this paper a model is presented which attempts to calculate
the influence of these reactions on fuel corrosion and the radionu-
clide release processes, although the latter is not discussed here. At
its present stage of development the model is one dimensional and
presumes the fuel surface is uniform. However, in the longer term
the goal is to develop a model which will take into account the
fractured nature of the spent fuel pellets and the geometry im-
posed by the Zircaloy cladding.

http://dx.doi.org/10.1016/j.corsci.2012.04.027
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Fig. 1. Schematic showing the corrosion scenario inside a failed nuclear waste container.

Fig. 2. Illustration 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.
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2. Model description

The rates of the various processes in the model are described by
a series of one dimensional diffusion–reaction equations,

@ciðx; tÞ
@t

¼ Di
@2ciðx; tÞ
@x2 þ

X
k

RkðiÞ ð1Þ

where ci(x,t) is the concentration of species i at point x and time t, Di

is the diffusion coefficient of species i, and Rk(i) is the reaction rate
of species i in reaction k. If i is a product in the reaction k, R > 0; on
the other hand, if i is a reactant, R < 0. At steady state, Eq. (1) re-
duces to

Di
@2ciðxÞ
@x2 ¼ �

X
k

RkðiÞ ð2Þ

suggesting a balance between the diffusion and reaction processes
at steady state. The main reactions involved in the fuel and steel
corrosion processes are schematically illustrated in Fig. 3.

The chemical properties of the fuel and the changes induced by
in-reactor irradiation have been discussed elsewhere [3]. The fuel
can be considered to be a rare earth (REIII)-doped UO2 matrix con-
taining segregated noble metal particles (e particles). Since the cre-
ation of REIII at UIV lattice locations induces holes in the U 5f band,
in-reactor irradiation leads to an increase in matrix conductivity.
Both the matrix conductivity and the number density of noble me-
tal particles will increase with fuel burn-up, which can be mea-
sured either as the fraction of fuel atoms that underwent fission,
e.g. 1.5at%, or as the energy released per mass of fuel metal, e.g.
220 MWh kgU�1. From the corrosion perspective the fuel can be
considered as a conductive and reactive matrix containing noble
metal particles which could act as either cathodes or anodes
depending on the prevailing solution redox conditions.

The only source of oxidants is the radiolysis of water, and of
reductants, the anoxic corrosion of the steel. The model includes:
(I) the generation of H2O2 by water radiolysis; (II) the oxidative dis-
solution (corrosion) of UO2 supported by H2O2 reduction on both
the UO2 surface and noble metal particles; (III) the reduction of
oxidized U species (UV/UVI) catalyzed by H2 oxidation on noble me-
tal particles; (IV) the scavenging of H2O2 in homogeneous solution
by reaction with Fe2+; (V) the decomposition of H2O2 to O2 and H2O
assumed to require catalysis by the UO2 and noble metal particle
(not shown in Fig. 3) surfaces. Presently, the steel corrosion reac-
tion is not explicitly modelled but assumed to generate constant
concentrations of Fe2+ and H2. In practice these concentrations will
be coupled by the overall stoichiometry of the steel corrosion pro-
cess, but this is not presently incorporated into the model.

2.1. Water radiolysis

Since a reasonable assumption is that waste containers will re-
main unbreached over the period (of a few 100 years) [1] when c/b
radiation fields are significant, only a-radiolysis is considered as a
source of oxidants. Among a-radiolysis products, only molecular
oxidants are important since radical oxidants have short lifetimes
and steady-state concentrations orders of magnitude lower than
those of the molecular products [9]. Here, the only radiolytic oxi-
dant considered is H2O2 which has been shown to be the dominant
one [10].

The influence of H2 on a-radiolysis is considerable but relatively
unimportant for UO2 dissolution when compared to the noble me-
tal catalysis effect [11] (described below). Additionally, the radio-
lytic effect is effectively eliminated when �1 mM of carbonate is
present in the exposure solution. This can be attributed to the abil-
ity of HCO�3 to scavenge radiolytically-produced OH� radicals,



Fig. 3. Reactions considered in the model.
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OH� þHCO�3 ! H2Oþ CO��3 ð3Þ

which prevents the reaction with H2 to produce the reducing H� rad-
ical. Since CO��3 is a strong oxidant this facilitates oxidation while
nullifying the H2 effect. Since all groundwaters are likely to contain
some carbonate, the influence of H2 on a-radiolysis is therefore not
included in this model.

Fig. 4 shows the fuel/groundwater interface, with x indicating
the distance from the fuel surface. Since the dose rate for a-emit-
ters in the fuel decreases with distance from the fuel surface,
H2O2 will be produced with decreasing concentration over a range
determined by the energy of specific a-particles [12]. In the model
radiolysis is considered to occur uniformly within a thin layer of
solution on the fuel surface with a thickness, b, given by the aver-
age penetration distance of a-radiation in water. Beyond this layer
no H2O2 is produced. This approximation is taken for simplifica-
tion, and the effect of non-uniform production of H2O2 is demon-
strated to be marginal (Section 3.2). The diffusion layer is the
distance over which species can diffuse to, or from, the fuel surface
and beyond which uniform concentrations are presumed to pre-
vail. Configured in this manner the model can be used to simulate
small or large separations between the site of radiolytic H2O2 pro-
duction (the fuel surface) and the source of potential scavengers,
Fe2+ and H2 (the steel surface).

The rate of H2O2 production is calculated using the expression,

RH2O2 ¼ DR � GH2O2 � qH2O ð0 6 x 6 bÞ ð4Þ

where DR is the dose rate representing the rate of the energy depos-
ited per unit of mass, GH2O2 is the radiolytic yield of H2O2, which is
Fig. 4. One-dimensional a-radiolysis model.
the number of molecules produced per unit of radiation energy, and
qH2O is the density of water. The average alpha dose rate at the fuel
surface for a burnup of 220 MWh kgU�1 at 1000 years is
9.03 � 105 Gy a�1 [13] and GH2O2 is 1.13 mol J�1 [9].

2.2. UO2 oxidation by H2O2

H2O2 can cause oxidation and dissolution (corrosion) of UO2 via
two reaction pathways [14,15] as illustrated in Fig. 3: (i) it can re-
act directly with the UO2 surface,

UO2 þH2O2!
kII UO2þ

2 þ 2OH� ð5Þ

or, (ii) it can be reduced on noble metal particles leading to oxida-
tion and corrosion by galvanic coupling to the UO2 matrix. Irrespec-
tive of the location of the cathodic reaction, it would be expected to
be first order with respect to [H2O2] [10,16]

RII ¼ kII � ½H2O2� ðx ¼ 0Þ ð6Þ

Oxidation would proceed through the creation of a UV interme-
diate prior to formation of UVI and dissolution as UO2þ

2 [6,17]. In
carbonate-free solution this can lead to the formation of surface
corrosion products (UO3�yH2O or more complicated uranyl phases
in groundwaters [17,18]) which would significantly influence the
fuel dissolution rate [16]. In this model it is assumed that the loca-
tion of dissolution is unimpeded in this manner, a situation which
would exist in the presence of sufficient carbonate to completely
complex the dissolution product [3],

UO2þ
2 þ aHCO�3 ! UO2ðHCO3Þ2�a

a ð7Þ

The experimental value for the rate constant, kII, is
7.33 � 10�8 m s�1 on pure UO2 [16]. This value was measured on
UO2 powder and hence may not be the appropriate value for spent
fuel since the combination of noble metal particles and a rare
earth-doped UO2 matrix would be expected to accelerate the cor-
rosion reaction via galvanic coupling. In the absence of a measured
rate constant for this system a value of 7.33 � 10�5 m s�1 has been
adopted. This value was used as an upper limit in simulations [19].
Some experimental evidence to justify such a high value will be
presented below.

2.3. UV/UVI reduction by H2

A considerable effort has been expended on the study of the
effect of H2 on fuel corrosion since this reaction appears to
have the potential to completely suppress corrosion and, hence,
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radionuclide release [20,21]. Calculations indicate that dissolved
H2 concentrations as high as 0.038 mol/L [20] can be achieved as
a consequence of steel corrosion in sealed repositories. The key
requirement for H2 to suppress fuel corrosion is that a mechanism
to activate H2 by dissociation to produce the H� radical species on
the fuel surface be available. A range of studies have shown that
this can be achieved by interaction of H2 with both c- and a-radi-
ation and by catalysis on noble metal particles [20].

It has been experimentally demonstrated that the oxidation of
the surface of simulated fuels (SIMFUELs which are both rare
earth-doped and contain noble metal particles) can be suppressed
in the presence of dissolved H2 [3,22–24]. The primary mechanism
for this suppression is the galvanic coupling of H2 oxidation on no-
ble metal particles to UO2+x reduction on the fuel surface. While
the details of this reaction remain unresolved, it is most likely that
the oxidation/dissolution process is reversed at the UV stage, as
illustrated in Fig. 3 and described in detail elsewhere [24], and does
not involve the reduction of dissolved UO2þ

2 species. However, it
has been shown that dissolution can commence as soon as oxida-
tion of the UO2 surface (to UIV

1�2xUV
2xO2þx) begins [6] and occurs as

UO2þ
2 . To accommodate this feature in the model, it is assumed that

a UVI(s) surface species is formed. At steady-state the surface cov-
erage by this species will remain constant with the rate of release
of UVI to solution (as UO2þ

2 ) balanced by its rate of reformation by
further oxidation of the UIV

1�2xUV
2xO2þx surface. Since it is assumed

that the oxidation rate is rate determining, the surface coverage
by UVI(s) will approach zero. In the model the overall reaction
can be expressed as

UVI þH2 ���!kIII

e
UIV þ 2Hþ ð8Þ

The rate expression derived by Trummer et al. [25] for this reac-
tion is,

RIII ¼ kIII � ½H2� � se ðx ¼ 0Þ ð9Þ

where se is the coverage of noble metal particles on the fuel surface,
and the first-order rate constant kIII was measured to be
4 � 10�7 m s�1 for pellets containing 1at% Pd.

The value for the rate constant was measured on a UO2 pellet
containing 1at% Pd to simulate the presence of noble metal particles
[25]. Since the UO2 powder from which the pellet was made was
nuclear grade, it is likely that the composition was close to stoichi-
ometric. By comparison to a rare earth-doped SIMFUEL, the matrix
conductivity would be low, and the range of galvanic coupling lim-
ited. Recent measurements of the resistivities of 1.5at% SIMFUEL
(rare earth-doped) and a simulated fuel containing noble metal par-
ticles and not rare earth-doped showed that their resistivities are
very different (182 ohm cm compared to 15,400 ohm cm, respec-
tively [26]). As a consequence, the use of this rate constant could
significantly underestimate the influence of galvanic coupling in
its ability to suppress corrosion by catalyzing H2 oxidation. It
should be noted that the rate constants used for reactions (5) and
(8) probably do not capture the correct balance between the ability
of noble metal particles to catalyze reaction (5), which accelerates
dissolution, and reaction (8) which suppresses it. This makes the
use of the chosen value of kIII somewhat arbitrary.

Whether or not H2 can react directly with the UO2 surface re-
mains unresolved. While Wren et al. [9] claimed that a
UIV

1�2xUV
2xO2þx layer could catalyze the reaction between H2O2 and

H2, thereby limiting the oxidation rate,

H2O2 þ e� ! OH� þ OH� ð10Þ

H2 þ OH� ! Hþ þH2Oþ e� ð11Þ

Nilsson and Jonsson [27] could find no evidence for this reac-
tion. More recent results on a rare earth-doped SIMFUEL contain-
ing no noble metal particles suggested this reaction did occur
when the concentration ratio [H2]/[H2O2] was large, but the evi-
dence was not totally convincing [28]. Irrespective of these uncer-
tainties, the direct scavenging of H2O2 in this manner is unlikely to
be kinetically competitive with this reaction on noble metal parti-
cles which is rapid but still considered to have only a small effect
on the corrosion rate [29]. At present H2O2 scavenging in this man-
ner, either by reaction on noble metal particles or on the UO2 sur-
face is not explicitly included in the model although its effect is
implicitly included in experimental observations on SIMFUEL (see
below).

It has also been claimed [30] that H2 can reduce aqueous UO2þ
2

to UO2 via a homogeneous reaction:

UO2þ
2 ðaqÞ þH2 !

kIII0
UO2 þ 2Hþ ð12Þ

R0III ¼ k0III � ½H2� � ½UO2þ
2 � ð0 6 x 6 LÞ ð13Þ

This reaction is also built into the model although the second-
order rate constant k0III is fairly low (3.6 � 10�9 L mol�1 s�1). How-
ever, if this reaction is catalyzed by e-particles, the reaction rate
will increase significantly [27]. Although there is no reliable data
at the low [H2] considered in this model, this aqueous phase reduc-
tion of UO2þ

2

h i
by H2 is not expected to affect spent fuel dissolution,

and only lowers the concentration of radionuclides in solution.
Hence, this catalyzed reduction of UO2þ

2 by H2 is not included in
the present model.

2.4. Fenton reaction

Ferrous ions produced from the anoxic corrosion of the steel
canister will undergo a homogeneous reaction with H2O2 in the
Fenton reaction,

Fe2þ þH2O2 ! Fe3þ þ OH� þ OH� ð14Þ

Fe2þ þ OH� ! Fe3þ þ OH� ð15Þ

The overall rate constant with respect to [Fe2+] is kIV [31]. Reac-
tion (14) is the rate determining step and produces OH� radicals
that can then react with Fe2+ or other potential reductants, such
as H2 and UO2þ

2 . In the limiting case that reaction (15) is the only
pathway for OH� consumption, the H2O2 reduction rate is given by

RIVðH2O2Þ ¼
1
2

RIVðFe2þÞ ¼ �1
2

kIV½Fe2þ�½H2O2� ð0 6 x 6 LÞ ð16Þ

In the other limiting case where all the OH� radicals formed in
reaction (14) are scavenged by alternative reaction pathways,
Fe2+ oxidation occurs only via reaction (14) and the overall reaction
rate of H2O2 consumption can be expressed as

RIVðH2O2Þ ¼ RIVðFe2þÞ ¼ �kIV½Fe2þ�½H2O2� ð0 6 x 6 LÞ ð17Þ

In this model, the Fenton reaction is taken to be unimpeded by
other reactions and the rate Eq. (16) is adopted. The rate constant,
kIV, has been shown to be very sensitive to pH, temperature and
salinity [31]. Considering the long-term disposal conditions (e.g. sal-
ine groundwater, neutral pH �9, �25 �C), a value of
1 � 106 L mol�1.s�1 is used for kIV in this model [32–34].

2.5. H2O2 decomposition

The oxidation of H2O2 can couple to its reduction resulting in an
overall decomposition to H2O and O2,

2H2O2 ! O2 þ 2H2O ð18Þ

A number of studies claim to have observed this reaction on
UO2 [35–37] and an overall mechanism for H2O2 decomposition
has been proposed [9]. Measurements of UO2 dissolution and
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H2O2 consumption rates showed that not all the H2O2 consumed
caused dissolution suggesting decomposition [38]. An issue with
most of these studies is that they were conducted at high [H2O2]
(>10�4 mol L�1) in solutions containing no carbonate and, hence,
complicated by the formation of corrosion product deposits on
the fuel surface. When carbonate was present and dissolution
unimpeded by deposits [10,39], the discrepancy between UO2þ

2 re-
lease and H2O2 consumption suggested �20% of the H2O2 was not
involved in the corrosion reaction; i.e., only 80% caused fuel
dissolution.

In none of these studies was a quantitative kinetic analysis per-
formed. Additionally, decomposition would be expected to be pro-
moted by the presence of noble metal particles, but this has not
been studied quantitatively. Given these uncertainties, we have as-
sumed in the model that 20% of the H2O2 is consumed by decom-
position. Since reaction (18) would produce the additional oxidant,
O2, which can also cause corrosion, some fraction of the decom-
posed H2O2 would still lead to fuel corrosion. However, the rate
of reaction of O2 with UO2 is considerably slower than that of
H2O2 [40] and this fraction is assumed in the model to be negligi-
ble. The adoption of a fraction of 20% can be considered
conservative.
3. Model setup and results

The mathematical model outlined above is difficult to solve
analytically, but numerical solutions can be developed using COM-
SOL Multiphysics, a commercial simulation package based on the
finite element method. The model was simulated using the diluted
species transportation module of COMSOL Multiphysics (version
4.2.0.150, COMSOL Inc.). The default values of the simulation
parameters are listed in Table 1. A series of sensitivity analyses
has been performed to examine the effects of diffusion length,
[Fe2+], [H2], and a-radiation dose rate, in which the parameters,
other than those examined, were maintained at the default values.
3.1. The Influence of the diffusion length

As discussed above the diffusion layer is the distance over
which species diffuse to or from the UO2 surface. In the present
form of the model this length could be taken to crudely represent
either the depth of an inert-walled pore in a corrosion product de-
posit (lm), the distance from a flaw in the cladding (at which loca-
tion the [H2] remains undisturbed) to the site of H2O2 production
Table 1
Default values of simulation parameters.

Parameter Symbol Value Units

Diffusion layer depth L 1 � 10�3 m
Radiation zone depth [13] b 1.3 � 10�5 m
Average a dose rate [13] DR 9.03 � 105 Gy a�1

H2O2 radiolytic yield [9] GH2O2 1.13 mol J�1

H2O2 diffusivity [9] DH2 O2 1 � 10�9 m2 s�1

UO2þ
2 diffusivity [9] DUO2 1 � 10�9 m2 s�1

H2 diffusivity [9] DH2 5.85 � 10�9 m2 s�1

Fe2+ diffusivity DFe 1 � 10�9 m2 s�1

H2O2 bulk concentration CH2O2 bulk 0 mol L�1

H2 bulk concentration CH2bulk 1 � 10�6 mol L�1

Fe2+ bulk concentration [47] CFe-bulk 1 � 10�6 mol L�1

e-particle coverage [11] se 0.01 –
H2O2 surf. reaction rate const. [19] kII 7.33 � 10�5 m s�1

H2 surf. reaction rate const. [25] kIII 4 � 10�7 m s�1

H2=UO2þ
2 bulk reaction rate const.

[30]
k0III 3.6 � 10�9 L mol�1 s�1

Fe2+ bulk reaction rate const. [31] kIV 1 � 106 L mol�1 s�1

H2O2 decomposition ratio [39] Ratio 0.2 –
at a reactive surface location on the fuel (mm to cm), or the dis-
tance from the reactive fuel location to the site of H2 production
on the steel vessel wall (many cm).

Fig. 5 shows the simulated H2O2 concentration profiles as a
function of diffusion length. The [H2O2] exhibits a maximum near
the radiation penetration depth (0 < x < b), decreasing at locations
closer to the surface due its consumption by fuel corrosion and
decreasing at larger distances along the diffusion path due to con-
sumption in the Fenton reaction. The concentration reaches zero at
the assumed diffusion length; i.e., at the boundary with the undis-
turbed bulk solution (x = L). Irrespective of the diffusion length, the
great majority of the H2O2 is consumed within 0.2–0.3 mm of the
corroding fuel surface.

The steady-state diffusive flux of UO2þ
2 away from the UO2 sur-

face is equal to the fuel corrosion rate. As shown in Fig. 6, the flux
(corrosion rate) only increases by a factor of �2 as the diffusion
length increases by three orders of magnitude, and is nearly inde-
pendent of diffusion length for L > 0.1 mm. Thus, the effect of diffu-
sion length on the fuel corrosion is marginal.
3.2. The effect of non-uniform dose rate distribution

In the present model, the dose rate is assumed to be uniformly
distributed within a radiation zone near the fuel/water interface
(x 6 b) and to be zero in the solution beyond this region (x > b).
However, the dose rate will actually be non-uniformly distributed
since the a-particles will lose energy along the penetration path-
way. Therefore, the use of this simplified uniform distribution
should be tested.

The dose rate distribution in water in contact with used fuels
has been studied using different approaches. One approach is
based on the thermal power of the fuel and the ratio between
the specific stopping power values in water and in UO2

[13,41,42]. Another approach takes the geometrical consideration
of radiation emitters and energy deposition into account, and sim-
ulations have been performed on spherical [43] and planar [12]
geometries for spent fuel. Despite the different approaches, good
agreement is achieved between the two calculations [43]. Here,
we compare the results using the uniform dose rate distribution
with the geometrical distribution obtained in Ref. [12].

Nielsen and Jonsson [12] calculated the dose rate by dividing
the fuel matrix (a-radiation emitter) into thin layers at different
depths from the surface using a planar geometry assumption.
The maximum distance that a-particles can travel in UO2 is
Fig. 5. H2O2 steady-state concentration profiles for various assumed diffusion
lengths.



Fig. 6. Diffusive fluxes of UO2þ
2 (equal to the UO2 corrosion rate) as a function of

various diffusion lengths.
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�13 lm; thus, only emitters located near the fuel surface contrib-
ute to solution radiolysis. The a-particles able to escape from the
surface have a reduced energy after travelling through the fuel ma-
trix. By integrating all contributions, the dose rate was obtained as
a function of distance into the solution.

The calculated a-dose rate profile shows a sharp decrease with
distance from the surface. Although this result is not specific for
CANDU fuel, the authors conclude that fuels of different burnup
and age will have the same profile of geometrical dose distribution
which only differs in magnitude. It is found that their profile can be
well fitted by an exponential function,

DðxÞ ¼ A exp � x
B

� �
þ C

h i
ðx 6 dÞ ð19Þ

where A, the magnitude of the curve, depends on the burnup and age
of the fuel, B, which determines the shape of the curve and remains
the same between different fuels, and C is a constant that assures the
dose rate reaches zero at the maximum penetration depth d.

The fitted curve for the dose rate distribution is plotted in Fig. 7,
yielding the values A = 0.563 Gy s�1, B = 12.97 lm and C = �0.0657.
The value of A needs to be adjusted to make the total dose rate con-
sistent for both a uniform and an exponential distribution, i.e., a
value for A that yields an area under the curve D(x) equal to that
under the line DR is required, Fig. 8.
Fig. 7. Fitting results for the a-dose rate profile, using the data from Ref. [12].
For the total dose rates from each distribution to be equal,
Z d

x¼0
DðxÞdx ¼ DR � b ð20Þ

where the maximum penetration depth d of a-particles in water is
calculated to be 35.3 lm according to the fitting result. Using
DR = 9.03 � 105 Gy a�1 and b = 13 lm [13], the value of A is calcu-
lated to be 2.30 � 106 Gy a�1. Therefore the exponential distribu-
tion of dose rate can be expressed as a function of distance

DðxÞ¼2:3�106� exp � x
12:97

� �
�0:0657

h i
ðGy:a�1Þ ð06 x635:3lmÞ ð21Þ

As a comparison the uniform distribution is given by

DðxÞ ¼ DR ¼ 9:03� 105 ðGy:a�1Þ ð0 6 x 6 13 lmÞ ð22Þ

Fig. 9 shows a comparison of the steady-state [H2O2] profiles
calculated based on either the uniform or exponential dose distri-
bution. The position of the peak shifts to higher values of x, except
for L = 0.025 mm, and the peak values for [H2O2] appear lower
when using an exponential distribution. These profiles reflect the
balance between the various consumption pathways for H2O2,
including UO2 oxidation, the Fenton reaction and mass transport.

The influence of dose rate distributions on the UO2þ
2 fluxes (cor-

rosion rates) is shown in Fig. 10. The differences for the two distri-
butions are marginal for varying diffusion lengths. Moreover, the
results for a uniform distribution are slightly higher than those
for an exponential distribution, suggesting that the former is a con-
servative approach. Based on this comparison the use of a simpli-
fied uniform distribution is justified.

3.3. The Influence of [Fe2+]

The Fenton reaction will consume H2O2 in solution and would
be expected to suppress the corrosion rate. Fig. 11 shows the influ-
ence of [Fe2+] on the [H2O2] distribution profile for [Fe2+]bulk up to
10�6 mol L�1. For groundwaters with a pH in the expected range of
8–10, the solubility of Fe2+ will be in the range 10�4–10�6 mol L�1

[44]. In the absence of Fe2+, and beyond the range of influence of
the corroding surface, there is a constant flux of H2O2 to the bulk
of solution. As [Fe2+]bulk is increased, H2O2 is scavenged by the Fen-
ton reaction at locations progressively closer to the UO2 surface.
For [Fe2+]bulk P 10�6 mol L�1, the H2O2 is effectively totally con-
sumed for distances from the fuel surface > 0.2 mm.

At the fuel surface the influence of Fe2+ will be determined by
the relative rates of the corrosion and Fenton reactions. As shown
in Fig. 12, the Fenton reaction is able to influence the corrosion
Fig. 8. Illustration showing the two different dose rate distributions; uniform and
exponential. The shaded areas indicate the total dose rate in each case.



Fig. 9. H2O2 steady-state concentration profiles for both uniform and exponential
dose rate distributions.

Fig. 10. Diffusive fluxes of UO2þ
2 calculated for the two dose rate distributions. (N)

exponential distribution; (j) uniform distribution.

Fig. 11. [H2O2] as a function of distance from fuel surface at various Fe2+ bulk
concentrations.

Fig. 12. UO2þ
2 flux (equal to the UO2 corrosion rate) as a function of [Fe2+].
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process, leading to a decrease in flux of UO2þ
2 as the H2O2 is con-

sumed and corrosion suppressed. However, this influence is rela-
tively minor, the corrosion rate (flux of UO2þ

2 ) being reduced by
only a factor of �2 for an increase in [Fe2+] from 10�8 to
10�6 mol L�1. Clearly, a [Fe2+]bulk approaching the solubility limit
would be required before any significant influence of the Fenton
reaction on fuel corrosion would be observed.
3.4. The Influence of H2

Fig. 13 shows the UO2þ
2 flux (corrosion rate) as a function of bulk

[H2] over the range 0 to >10�5 mol L�1. A linear relationship is ob-
tained. Its extrapolation to zero fuel corrosion rate predicts the
threshold [H2] at which the rate of UO2 oxidation by H2O2 is bal-
anced by the rate of its subsequent reduction by H2. This concen-
tration can be considered the critical value, [H2]crit, at which fuel
corrosion becomes completely suppressed. Based on this extrapo-
lation, a value of [H2]crit = 5.9 � 10�6 mol L�1 was obtained.

This value is considerably higher than those calculated by
Trummer and Jonsson [11]. This is a direct consequence of adopt-
ing a large value for kII, the rate constant for the reaction of H2O2

with the UO2 surface, reaction (5). In the absence of a value for
kII measured on noble metal-containing, rare earth-doped UO2

(e.g., SIMFUEL) our value (Table 1) is somewhat arbitrarily chosen.
Considering the magnitude and potential significance of this H2 ef-
fect some justification confirming the magnitude is required. Two
SIMFUEL experiments are considered here.

In the first experiment [22], the corrosion potential (ECORR) of a
1.5at% SIMFUEL electrode was measured in 0.1 mol L�1 KCl
(pH = 9.5; 60 �C) as the overpressure of a 5% H2/Ar purge gas was
steadily increased. The ECORR decreased as the overpressure was in-
creased. The thermodynamic threshold for the onset of UO2 oxida-
tion is around �350 mV (vs Ag/AgCl) and it has been verified
experimentally by a combination of electrochemistry and X-ray
photoelectron spectroscopy (XPS) [3,18] that oxidation below this
value is undetectable. Consequently, the [H2] required to suppress
ECORR to 6�350 mV (vs Ag/AgCl) can be considered as the critical
value, [H2]crit, required to prevent corrosion when galvanic cou-
pling is present and H2 oxidation is sustained on noble metal par-
ticles [22]. Using the solubility of H2 [45] and the fact that this
solubility is proportional to the partial pressure of H2 [46], [H2]crit

can be calculated to be �1.8 � 10�5 mol L�1, which is compatible
with the calculated model value of 5.9 � 10�6 mol L�1.

In the second experiment [24] the ability of H2 to prevent (or re-
verse) the oxidation of UO2 was followed by measuring ECORR on
1.5at% SIMFUEL when various concentrations of H2O2 were added
to a 5% H2/Ar-purged 0.1 mol L�1 KCl solution (pH = 9.5; 60 �C). In
these experiments a concentration of dissolved H2 of



Fig. 13. UO2þ
2 flux (equal to the UO2 corrosion rate) as a function of [H2]bulk.
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�3 � 10�5 mol L�1 was able to suppress ECORR to the thermody-
namic limit for a [H2O2] up to 10�10–10�9 mol L�1. That oxidation
of the UO2 surface was prevented when this ECORR value was estab-
lished was demonstrated by XPS. Since the calculated [H2O2]s for
the model are within the range of concentrations used in this
experiment, 3 � 10�5 mol L�1 can be considered as a reasonable
estimate of [H2]crit, which is compatible with the model value of
5.9 � 10�6 mol L�1. Based on the agreement between these exper-
imental values and the model calculations, the adoption of the va-
lue of kII (Table 1) seems reasonable.
3.5. Influence of a-radiation dose rate

Using the a-dose rates for an aged CANDU fuel bundle with a
burnup of 220 MWh kgU�1 [13], values of [H2]crit for different
waste disposal times can be calculated. Fig. 14 shows the H2 re-
quired to completely suppress fuel corrosion as a function of dis-
posal time. As expected this calculation demonstrates that the H2

requirement (demand) decreases markedly with time as a-radia-
tion fields decay.

The increase in H2 demand at short times is attributed to the in-
growth of a-emitters as a consequence of the short term decay of
c/b-radiation fields emitted by the fuel but not considered here.
This raises the question as to whether the H2 demand would be
substantially increased in the improbable event of the fuel being
exposed to groundwater during the early period when c/b fields
are significant. This seems highly unlikely since H2 is commonly
Fig. 14. Critical [H2] required to completely suppress fuel corrosion as a function of
waste disposal time.
added to nuclear reactor heat transport circuits to suppress the
radiolysis of water. Additionally, studies on spent fuel corrosion
when c/b fields are substantial show a very clear suppression of
fuel corrosion and radionuclide release in the presence of dissolved
H2 [20].
4. Future requirements and model development

In its present form the model should be considered preliminary,
and containing some rate constants whose values should be con-
sidered somewhat arbitrary. A considerable improvement in the
available data base will be required before more justifiable predic-
tions can be computed. Of particular importance is an improved
quantitative kinetic understanding of the combined effects of REIII

doping and the number density of noble metal particles on H2O2

reduction and decomposition, H2 oxidation, and the anodic reactiv-
ity of the UO2 matrix.

The incorporation of a model for steel corrosion is also required.
This model would need to couple the concentrations of H2 and Fe2+,
and also to include the possibility that the rate of corrosion could
be modified by the influence of the products of H2O radiolysis
and fuel dissolution UO2þ

2

� �
. Although the calculations presented

in this paper appear to indicate that the Fenton reaction would rule
out the transport of H2O2 to oxidize, and potentially passivate the
steel surface, there is no similar restraint on the transport of the
potential oxidant, UO2þ

2 to the steel surface. While the evidence
to determine whether the accumulation of U, either absorbed as
UVI or deposited as reduced UIV, is presently unavailable, it is likely
these processes will influence the overall fuel corrosion rate. Sim-
ilarly, the accumulation of FeIII corrosion product deposits on the
UO2 surface could also influence the fuel corrosion rate.

A primary goal of this model is to determine how the physical
properties of the fuel and the geometry of the fuel cladding with
respect to its failure influence the interaction of the two corrosion
fronts. Of particular importance is the need to assess the efficiency
of H2 in suppressing fuel corrosion at locations within fractures in
fuel pellets or within locally failed fuel bundles when the transport
access of hydrogen is limited and the available surface area of cor-
roding fuel large. This will require the extension of the model to in-
clude two dimensional processes and should be achievable using
COMSOL procedures.
5. Summary and conclusions

A model has been developed to determine the influence of steel
corrosion products on the a-radiolytic corrosion of spent fuel. The
model takes into account the a-radiolysis of water, the reaction of
radiolytic H2O2 with UO2 both directly and via galvanic coupling
with noble metal particles, the reaction with H2 via galvanic cou-
pling, and the Fenton reaction. The direct influence of H2 on the
production of H2O2 by a-radiolysis is not included. The dominant
redox control agent was found to be H2. The ability of Fe2+ to scav-
enge H2O2 by the Fenton reaction has only a minor influence on the
fuel corrosion process. Critical H2 concentrations, the [H2] required
to completely suppress fuel corrosion, were calculated as a func-
tion of a-dose rate for various spent fuel ages. Even for the highest
a-dose rates (anticipated after �100 years of disposal) [H2]crit was
61.5 � 10�5 mol L�1.
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