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ABSTRACT: A 2-D model for the corrosion of spent nuclear fuel
inside a failed nuclear waste container has been modified to
determine the influence of various redox processes occurring
within fractures in the fuel. The corrosion process is driven by
reaction of the fuel with the dominant & radiolysis product, H,O,.
A number of reactions are shown to moderate or suppress the
corrosion rate, including H,0, decomposition and a number of
reactions involving dissolved H, produced either by o radiolysis or
by the corrosion of the steel container vessel. Both sources of H,
lead to the suppression of fuel corrosion, with their relative
importance being determined by the radiation dose rate, the steel
corrosion rate, and the dimensions of the fractures in the fuel. The
combination of H, from these two sources can effectively prevent

corrosion when only micromolar quantities of H, are present.

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 recommended
approach for the long-term management of used nuclear fuel in
Canada is adaptive phased management." The repository
concept is based on multiple barriers including the fuel
bundles, durable metal containers with an outer layer of copper
and an inner carbon steel vessel, a clay buffer and seals around
the container, and a deep geologic environment.”” A key
barrier in this sequence is the corrosion-resistant container that
is expected to isolate the used fuel from the repository
environment.*® However, it is judicious to examine the
consequences of container failure and the exposure of used fuel
bundles to groundwater.

In the anoxic conditions anticipated in a deep geological
repository, water radiolysis, resulting from the radiation fields
associated with the used fuel, will be the only source of oxidants
within a failed groundwater-containing container. The key
radiolysis product, H,O,, has been shown to be the primary
oxidant driving fuel corrosion.” Oxidation of fuel (U") will
produce the oxidized form (U") with a considerably higher
solubility than U, leading to the release of radionuclides.”
Another corrosion front, sustained by water reduction to
produce the potential redox scavengers, Fe*" and H,, is present
on the inner surface of the carbon steel vessel. It has also been
shown that, under anaerobic groundwater conditions, metallic
iron can reduce oxidized uranium.”'’

Dissolved H, has been shown to suppress fuel corrosion and
radionuclide release in a number of investigations."" ™"
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Broczkowski et al.'” used electrochemical methods to show
that this suppression could be attributed to the formation of
reductive radicals by H, oxidation catalyzed on the noble metal
(¢) particles present in SIMFUEL pellets, which act as
galvanically coupled anodes within the fuel matrix. This
catalytic effect was confirmed by Jonsson et al., who showed
that during y-irradiation, 1 bar H, was sufficient to inhibit UO,
corrosion when 0.1 wt % Pd was present. In experiments
conducted in an N, purged solution, 3 wt % Pd could prevent
corrosion when only radiolytically produced H, was present.'®
Because at room temperature, the dissolved molecular H, is
known to be chemically inert, these experiments confirm that
the activation of H, by noble metals is a key mechanism in
suppressing fuel oxidation.">™"*

The development of radiolytic models for spent fuel
corrosion has been reviewed.”” A mixed potential model
based on electrochemical parameters for fuel corrosion was
developed.”® This model consists of corrosion fronts on the fuel
and steel vessel surfaces, interconnected by diffusion processes
in the groundwater assumed to flood the container on failure.
Jonsson et al. developed a comprehensive model that integrated
the available kinetic data and tried to account for the
geometrical distribution of the radiation dose rate at the
surface of the fuel and the effects of the oxidant scavengers Fe?*
and H,, fuel burn-up, and groundwater chemistry.”" It was
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Figure 1. Schematic illustration of the reactions included in the model for the a-radiolytic corrosion of spent nuclear fuel.”*

concluded that a H, partial pressure of only 0.1 bar would
effectively inhibit the dissolution of the spent fuel (aged >100
years).

Using this database generated by Jonsson et al, Wu et al.**
developed a 1-D model for fuel corrosion that includes a full a-
radiolytic reaction set. This model was subsequently expanded
to account for the complex geometry of spent fuel, particularly
the fracturing of the fuel pellets due to the thermal stress during
the in-reactor irradiation and the cooling process on discharge
from reactor.”® This 2-D model showed that both radiolytically
produced H, ((H,);,,) and H, from steel corrosion ((H,)e)
can inhibit fuel corrosion, although (H,)., would be expected
to be the primary redox scavenger. However, the transport of
(H,).x to the fuel surfaces deep within fractures will be limited,
making it important to determine the role (H,);, may play in
suppressing fuel corrosion at these locations.

It is also judicious to examine the consequences of the
absence of any (H,)., a scenario that is unlikely but could arise
if the walls of the steel vessel become passivated.”* Because
separating the effects of (H,);,; and (H,). experimentally
would be difficult, if not impossible, we have used our model to
separate them.

We have modified the published 2-D model to determine the
separate effects of (H,);,, and (H,)., on the suppression of
spent fuel corrosion for different fracture geometries, a-
radiation dose rates, and concentration of external H,. Our
primary objective is to determine the relative importance of
these two H, sources in determining the fuel corrosion rate
and, hence, the radionuclide release rate inside a failed waste
container.

2. MODEL DESCRIPTION

Under irradiation, the fuel undergoes a number of micro-
structural and compositional changes involving the formation of
rare earth (RE™) elements and noble metal (&) particles, which
have been shown to influence its chemical reactivity under
anticipated disposal conditions.”> The RE™ elements cause an
increase in the electrical conductivity of the fuel matrix, and the
noble metal particles, generally segregated to grain boundaries,
can act as either cathodes or anodes (depending on the
prevailing redox conditions in the exposure environment)
galvanically coupled to the UO, matrix.

Figure 1 illustrates the two corrosion fronts within the
container and the main reactions involved in controlling redox
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conditions and, hence, the process of fuel corrosion. The model
includes the following reactions.

(1) The production of H,0, and H, by water radiolysis. This
approach considers only the radiolytic production of
these two molecular species as opposed to a full
radiolysis model that would include the radical species
as well (e.g, OH, H, etc.). Our previous comparison of
this simplified model to the full model showed the
simplified model overestimates the steady-state [UO,*"]
by ~20% at the bottom of a fracture (width = 0.1 mm,
depth =1 mm); i, it overestimates the oxidizing effect
of H,0, compared to the reducing effect of H,, making
our calculations in this paper conservative.

(2) The oxidative dissolution (corrosion) of UO, supported
by H,0, reduction on both the UO, surface (reaction
2a)*® and noble metal particles (reaction 2b).'®

(3) The reduction of oxidized surface species (UY and U"")
by H, oxidation on noble metal particles (reaction 3a)>’
and of dissolved UO,*" either by reaction with H, in
solution (reaction 3b)** or with H, catalyzed on the fuel
surface (reaction 3c).”’

(4) The scavenging of H,0, in homogeneous solution by
reaction with Fe?*.*"

(5) The reaction of H,O, with H, catalyzed by noble metal
particles.”’

(6) The decomposition of H,0, to O, and H,0.*

The kinetic details of these reactions and their incorporation
into the model have been described elsewhere.”” Dissolution as
UO,* is assumed to be unimpeded by the formation on the
dissolving surface of corrosion product deposits (e.g.,
UO;2H,0), which could significantly influence the corrosion
rate. This would be the case in groundwater containing
sufficient HCO; to completely complex and dissolve the UO,**
as UO,(HCO,), >

Figure 2 shows a cross-section of the fuel—solution interface
illustrating the simplified geometry adopted to simulate
radiolytic corrosion inside a fracture in a fuel pellet. Radiolysis
is considered to occur uniformly within a thin layer of solution
on the fuel surface with a thickness of 13 um,” given by the
average penetration distance of -radiation in water.”” Beyond
this layer, no radiolysis products (H,0,, H, etc.) are produced.
The boundary of the uniform radiation zone on the fuel surface
is indicated by red dashed lines in Figure 2.This is a
simplification because the dose rate will actually nonuniformly
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Figure 2. Model arrangement showing a cross-section of the fuel—
solution interface for the simulation of radiolytic corrosion inside a
fracture in a fuel pellet;”* the area in light blue indicates the diffusion
zone.

distributed, the a-particles losing energy along the penetration
path. We have previously calculated the consequences of
assuming a uniform energy distribution rather than the actual
exponential dose distribution and showed the simplification has
only a marginal effect on predicted corrosion rates.*”

The diffusion zone (area indicated as light blue in Figure 2)
is the H,O layer on the fuel surface over which species can
diffuse and beyond which uniform concentrations are presumed
to prevail. The consequences of varying this distance have been
shown to be minor.”” A similar diffusion zone will occur on the
corroding steel surface as indicated by the narrow light blue
zone at this surface in Figure 2. However, this zone is expected
to be effectively nonexistent because the anticipated corrosion
rate of steel (~0.1 ym/year) will be many orders of magnitude
greater than that of the fuel.”* The [H,] and [Fe*] are uniform
in the bulk solution (i.e., beyond the diffusion zones) and are
assumed to depend on the corrosion behavior of the steel
vessel. The concentrations of all radiolytic species and fuel
corrosion products are assumed to be zero in the bulk solution
beyond the diffusion zone. The average alpha dose rate used in
all calculations is 9.03 X 10° Gy a™', (Gy a™": the absorption of
one joule of radiation energy per kilogram of matter per year),
corresponding to CANDU fuel, with a burn-up of 220 MWh kg
U~! at 1000 years after discharge from reactor.”

The mathematical model is numerically solved using
COMSOL Multiphysics based on the finite element method.
The model was simulated using the chemical engineering and
the dilute species transport modules (version 4.3.0.151,
COMSOL Inc.). Because the groundwater between the two
corrosion fronts is stagnant and contains an excess of inert ions,
e.g, Na* and CI7, the rates of the various processes in the

model can be considered governed by a series of diffusion-
reaction equations without convection and migration. The
values of the parameters used in calculations have been listed”*
and discussed in detail elsewhere.””*>** Except in the case of
the parameters discussed below, these previously listed values
are used in all calculations.

Reaction 3¢ (Figure 1), the reduction of adsorbed UO,*" by
H, catalyzed on the surface of noble metal particles, has been
studied by Nilsson et al.”” Based on experiments using Pd (to
simulate noble metal particles) in an aqueous UO,*" solution
with a H, atmosphere, it is claimed that the reaction rate is
independent of the dissolved [H,] when the H, pressure is
varied between 1.5 and 40 bar and can be represented by the
rate eq 1, in which s, is the fractional surface coverage by e&-
particles (taken to 0.01) and k;_ is the rate constant measured
to be 1.5 X 107° m 7%

R3c = k3c[U022+]S£ (1)

The lowest [H,] used in this study was 1.17 X 107> M (the
solubility at a pressure of 1.5 bar). However, fuel corrosion
kinetics are expected to be influenced by [H,] at much lower
[H,]. It is reasonable to assume that for a bimolecular process,
the reaction kinetics would eventually depend on both [H,]
and [UO,**]. A total of three possible scenarios are plotted in
different colors in Figure 3 showing how the kinetics of reaction

A

1.17x10° M
t/
L

[H,] /M

R eaction rate / mol m? s’

Y

Figure 3. A total of three possible scenarios for the transition in
reaction kinetics for reaction 3c when [H,] approaches zero. The
dashed line shows the lower bound of experimental measurements
(1.17 X 107> M), above which the reaction rate is independent of
(H,].

3c could change as the [H,] approaches zero: (1, red) the
reaction could become first order with respect to H,
immediately after the [H,] falls below the minimum
concentration (1.17 X 107> M) used in the published
measurements; (2, green) the reaction could remain
independent of [H,] to lower concentrations before becoming
first order; and (3, blue) the rate could change nonlinearly with
[H,]. It is assumed the reaction kinetics become first order with
respect to both H, and UO,**, as indicated in the rate in eq 2,

Ry = klsc[UozH] [H,]s, (2)

At low [H,] concentrations, this reaction will be controlled
by the kinetics of the cathodic reaction. Because the reaction
proceeds via H atoms formed on e-particle surfaces, the use of
this rate equation is equivalent to assuming that the coverage of
the particle surfaces by H atoms is directly proportional to the
[H,] in the solution. The rapid dissociation of H, required to
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validate this assumption is expected because the particles have
high Ru, Rh, and Pd contents, all metals with high exchange-
current densities for the H'—H—H, reaction.”

To use the rate in eq 2, it is necessary to specify a value for
the rate constant that has not been measured. In the model
presented here, the first scenario (red in Figure 3) is adopted
with the slope of the red line yielding a rate constant of k';. =
1.3 X 107 [m* s7! mol™"]. This scenario is conservative from
the perspective of fuel corrosion because the other two
scenarios would yield larger rate constants, which would lead to
faster reduction of UO,*".

A similar approach has been adopted in selecting the rate
constant for the reduction of H,0, by H, catalyzed on noble
metal particles (reaction S in Figure 1), the rate of which has
been shown to be independent of [H,] over the pressure range
1 to 40 bar.*’! This leads to a modified reaction rate constant,
k's = 2.8 X 10™° [m* s7' mol™].

3. RESULTS AND DISCUSSION

3.1. Critical Hydrogen Concentration ([H,]). 3.7.7. In-
fluence of the Decomposition Ratio of H,O, (Reaction 6,
Figure 1). The critical [H,] ([H,].;) is defined as the
minimum [H,]p, required to completely suppress fuel
corrosion when the [UO,*"] becomes zero. Reaction 6 (Figure
1), the decomposition of H,0, to O, and H,0, is expected to
exert a major influence on fuel. While O, is also a potential fuel
oxidant, the rate constant for its reaction with UO, is ~200
times lower than that of H,0,.”® Calculations suggest the
inclusion of reactions involving O, have no significant
additional effect on fuel corrosion,” although this effect
remains to be investigated in more detail. Although fuel-
surface-catalyzed H,0, decomposition has been observed, no
detailed kinetic analysis is presently available. Based on
electrochemical measurements, Wu et al.>> demonstrated that
H,0, decomposition and UO, dissolution occur simulta-
neously and that decomposition could be the primary reaction
pathway. These results are consistent with those of Pehrman et
al.”® who showed that surface-catalyzed decomposition
accounted for 86% of the consumed H,0, on UO, and
99.8% on a SIMFUEL pellet. Because the charactenstlcs of the
SIMFUEL were not specified in this study,”® we have adopted
the value of 86% as the fraction of H,0, uninvolved in fuel
corrosion due to decomposition.

Figure 4 shows this reaction has a significant influence on
[H,].iv especially within a 9 mm deep fracture the demand for
H, doubling when the decomposition ratio is decreased from
the adopted default value to 0.2. This is not unexpected because
undecomposed H,0, at deep fracture locations will make the
redox conditions considerably more oxidizing, thereby
increasing the demand for H, to suppress corrosion.

3.1.2. Influence of Fracture Geometry. Figure 5 shows the
[H, ] calculated for a range of fracture dimensions using the
adopted rate constants and the fractional value for H,O,
decomposition. For wide fractures (ie, with a width >0.6
mm), [H,].; increases as the fracture depth increases.
However, for narrow fractures (width <0.6 mm) [H,] first
increases then decreases as the fracture deepens, suggesting a
significant suppression of fuel corrosion by the local
accumulation of radiolytically produced H, (H,),, This
hypothesis is supported by experiments performed on UO, in
a-irradiated distilled water, either open to or closed from the
open atmosphere.’® In the experiments, radiolytic H, was
allowed to escape from the open system but to accumulate in
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Figure S. Critical [H,] ([H,].;) in fractures with different widths and
depths for CANDU spent fuel with a burn-up of 220 MWh kg U'~ at
1000 years after discharge from reactor. The dashed line indicates an
upper limit, 5.7 gmol L7, for the [H,] . All other model parameters
have the default values.

the closed one. In the closed system, the dissolved U
concentration was suppressed to about one-third of that
observed in the open system due to the accumulation of
radiolytical H,.

Figure S suggests the existence of an upper limit (5.7 gmol
L7!, as indicated by the horizontal dashed line) for the [H,]
for the anticipated range of possible fracture geometries. This
value is ~17 times the [H,].; required on the planar
unfractured surface (~0.33 pmol L7'). This upper limiting
value suggests that, if the corrosion of the carbon steel canister
can produce a [H,lpue > 5.7 pmol L', the corrosion of
CANDU spent fuel with the reference burn-up level of 220
MWh kg U™" should be completely suppressed.

3.2. Separation of the Effects of Internal and External
H, on the Corrosion of a Fracture Wall. The plots in Figure
S indicate a significant role for [H,];, in the suppression of
corrosion in narrow and deep fracture locations. This offers the
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prospect that the demand for (H,).,, will be considerably lower
than expected, and the limitations on its transport to these deep
locations will not prevent the suppression of fuel corrosion.
The separation of the influences of (H,),, and (H,). is
experimentally extremely difficult but can be investigated via
modeling.

Figure 6 shows the individual and combined influences of
(H,);, and (H,),, on the corrosion of the walls of a narrow
and relatively deep fracture (width = 0.3 mm, depth = 6 mm).
As expected, the combined influence leads to a lower corrosion
rate )Figure 6A), the flux difference between the black ((H,);n
+ (H,)ex) and orange ((H,).y only) lines defining the effect of
(H,);, (shown in green in Figure 6 A) on the corrosion rate.
Similarly, the difference between the red ((H,);, only) and
black ((H,);e + (H,)ey) lines defines the influence of (H,).
(shown in blue in Figure 6B).

Because the separate H, effects on the corrosion rate should
be proportional to their respective concentrations, the ratio of
[H2:|int to the [H2:|total (tOtal Of (Hl)int + (HZ)ext) along the wall
of the fracture defines the fractional influence of (H,).
Similarly, the ratio [H,].-to-[H,] o ratio along the wall of the
fracture defines the fractional influence of (H,).. These
fractions are plotted in Figure 6C. These calculations
demonstrate that the effects of (H,),,, and (H,)., can be
modeled via either the flux difference or the ratio of their
respective concentrations at a specific location. In the
calculations below, the effects are simulated by comparing the
respective concentrations.

Fuel corrosion cannot be totally suppressed with only
internal H, for both planar and fractured spent fuel with the
dose rate of 9.03 X 10° Gy.a™". For a planar fuel surface, when
the corrosion of carbon steel could sustain [H, ], = 0.33 uM
(the [H,] o), with the help of external H,, the fuel corrosion
can be totally suppressed. When we set the [H, ]y = 0.1 #M,
the internal H, takes only 8.7% of the responsibility in
suppressing fuel corrosion. For a fractured spent fuel (width =
0.3 mm, depth =6 mm), when the corrosion of carbon steel
could sustain [H,Jpuq = 5.60 uM (the [H,]..), the fuel
corrosion can be totally suppressed. When we set the [H, ] =
0.1 uM, the internal H, takes ~94% of the responsibility in
suppressing fuel corrosion at the bottom of the fracture and
~60% at the mouth of the fracture (Figure 6C). The
comparison shows the fractured spent fuel needs a higher
[H, ] to totally suppress fuel corrosion, and internal H, plays
a much more important role of suppressing corrosion for the
fractured fuel surface than it does on a planar surface.

3.2.1. Influence of Fracture Depth. Figure 7A shows the
concentration profiles for (H,),, for fractures with different
depths (0.5, 1, 3, and 6 mm) and a constant width (0.6 mm).
As the fracture becomes deeper, (H,);,, accumulates at the
bottom of the fracture as its loss by diffusion out of the fracture
becomes limited. Figure 7B shows the fractions of (H,);, and
(H,)ex used in suppressing corrosion as a function of the
normalized distance from the base of fractures of various
depths. In this case, the bulk [H,] (supplied by steel canister
corrosion) is low (107 M), and the fuel has a relatively high
dose rate (9.03 X 10° Gy a™") (producing radiolytic H,). Thus,
for the geometries tested, the radiolytic H, ((H,);,) is always
more important than H, from steel corrosion ((H,). As the
fracture becomes deeper the influence of (H,),, in suppressing
corrosion of the walls of the fracture becomes dominant
increasing from ~70% (0.5 mm depth) to ~98% (6 mm
depth).
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Figure 6. (AB) The calculated flux of UO,*" (equivalent to fuel
corrosion rate) in the direction normal to the wall of a narrow and
deep fracture as a function of the distance from the base of the
fracture. The black lines in A and B indicate the calculated UO,** flux
with both (H,);,; and (H,).; the orange line in A indicates the UO,**
flux with only (H,).; the red line in B indicates the UO,** flux with
only (H,)n (C) The calculated fractional influence of H, from both
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Fracture depth = 6 mm; fracture width = 0.3 mm; [H, ], = 1077 M.
All other model parameters have their default values.
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Figure 7. Concentration profiles for (H,);,. (A) and the fractional
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different depths (0.5, 1, 3, and 6 mm) and a constant width (0.6 mm).
[H,]purc = 1078 M; all other model parameters have the default values.
A schematic description of the fracture is shown in Figure 2.

3.2.2. Influence of the Fracture Width. Figure 8A shows the
concentration profiles of (H,),, for fractures with different
widths (0.6, 0.3, and 0.1 mm) and a constant depth (3 mm). As
the fracture gets narrower, there is a greater accumulation of the
(H,)jne within the fracture, resulting in an increasing fraction of
the (H,);, effect as shown in Figure 8B.

The importance of the fractures is that they can act as
locations at which H,0, and H,, produced by the a-radiolysis
of H,0O, can accumulate and be partially isolated from the redox
scavengers (H, and Fe?*) produced by corrosion of the steel
vessel, leading to an increase or decrease in fuel corrosion rate,
depending on the fracture geometry.

A number of reactions have been shown able to moderate the
influence of H,0, leading to a reduction in corrosion rate.
These include the surface-catalyzed decomposition of H,O, to
H,O and the much-less-reactive oxidant, O, and a number of
reactions involving H, (produced either by a-radiolysis or by
corrosion of the steel vessel), which can both directly suppress
the corrosion of UO, and consume H,0, in reactions catalyzed
on the noble metal particles present in the fuel matrix.

The catalytic decomposition of H,O, has been shown to be a
key reaction in moderating the corrosion of the fuel, although a
tully developed kinetic model is not presently available. For the
remaining undecomposed H,0,, the model suggests that, for
CANDU fuel with moderate in-reactor burn-up, only micro-
molar concentrations of dissolved H, are required to

A nmol L
900
800
700
600
500
400
300
200
100
0.6 mm 0.3 mm 0.1 mm 0
1.0
09 mremm e Soii e SR
» -~
;.'?.Z width / mm
£ 0.1 Fracture depth = 3 mm
3 - = 0.6
< .
3
= L]
________ AR - (H:)ul
(1] 1 2 3

Distance from fracture base / mm

Figure 8. Concentration profiles for (H,);,. (A) and the fractional
influences of (H,)i, (green) and (H,)e (blue) (B) in fractures with
different widths (0.1, 0.3, and 0.6 mm) and a constant depth (3 mm);
[H,Jpuic = 1078 M; all other model parameters have the default values.
A schematic description of the fracture is shown in Figure 2.

completely suppress fuel corrosion and that, even within deep
fractures in the fuel, the “demand” for H, is only approximately
17 times that required on the outer planar surface of the fuel.

By the separation of the influences on corrosion of radiolytic
H, ((H,);,) and H, from steel corrosion ((H,).y), the model
shows their relative influence is strongly affected by the
dimensions of fractures in the fuel and by the amount of H,
produced by corrosion. If only small amounts of H, are
produced by steel corrosion, then radiolytic H, exerts the
dominant influence on fuel corrosion because the transport of
(H,)c out of the fracture is limited, especially if it is deep and
narrow. Even when larger amounts of H, are produced by steel
corrosion, radiolytic H, remains the dominant reductant,
suppressing fuel corrosion in deep narrow fractures.

A number of mechanistic details and kinetic deficiencies
remain unresolved. The kinetics of reactions involving H,, H,,
and H,0, and the decomposition of H,0, (to O, and H,0)
are not known within the concentration ranges important for
spent nuclear fuel. Although these deficiencies may be covered
by conservative assumptions in the calculations presented, they
preclude any attempts to validate the model.
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