Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

'CORROSION

- OCIENGE

CONTENTS
FPapers
CONL K LG L v H L Q. o, L G I Ablaibon mechansm of S0 cooted C/C composites o1 0F angle in two flame conditinas.
and N, L et an myetylene dame
L Cocamn, F. 1 Govor and Il Enhanced oxidation resistance of TiC Ni-hased cermets contaiming Ta
4 M. Comoms,
. Tawsods, T. Toew, B 8 Gy, 3 A now cormosson inhibétor for copper protection
G Pk mas, G. Suticncik, 0. Desimicor
and M. Fxn
LA Morrro, CE B Mamiso, W SVET, SKP amd EIS study of the corroson hehavious of high sirengih Al asd Al-Li
WoW Boss Frono, LA Roows and aloys used im sircrall fabecation
1€ 8. Fexnasmes
QX Fanw, X PeNe, 1L L YU, S M Jiasa, 42 The sothermal and eyclic onidation bebaviour of tee Co medsdied alsmanide soatings al
1. Glowe and ©, Suw high temperatun:
B voar, V. 5. Rans, M. A G, 54 Effect of sanealing below s e ior of Al
M. 1 Srvum, T.J. Basiow and Ni- Y metallic glasses.
C. R Humnssos
2 Fuan, 1 Xu, P K. Liasw, B W and L] sl talytic of spindle-bke Ti0; nanoreds
Y. Wani wynthesieed by dealloying amombias CosTisg slloy
A Lascs and R Brais E tered ouidaticn protection coatings far Mo-Si-1 alioys
L W Z Qrs and D W, § L] e d mesdel foe 1h of used nuchear fuel imside a filed waste comatner
under permanent disposal conditions

€L D Cusw, W, Cini, L Wane and W Corrosion behavior of TifrNiCuBe metullic glass coatings synthevieed by cloctrospark
0. Luo depunition
M. Mok, £ Son, L Yaw, 1 Jusa Io3  Effect of manine sp. on the me iom hehavious of
and 1. M 2208 duples stainkess steed

Clantemts comtiomeed om owtside back corer

Bittpeliwww. clsevier comfocatelconc

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights


http://www.elsevier.com/authorsrights

Corrosion Science 84 (2014) 85-95

Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

An improved model for the corrosion of used nuclear fuel inside a failed
waste container under permanent disposal conditions

Linda Wu*?, Zack Qin*, David W. Shoesmith *"*

@ CrossMark

2 Department of Chemistry, The University of Western Ontario, London, ON N6A 5B7, Canada

b Surface Science Western, The University of Western Ontario, London, ON N6G 0J3, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 1 January 2014
Accepted 7 March 2014
Available online 15 March 2014

Keywords:

A. Carbon steel

B. Modelling studies
C. Anodic dissolution
C. Interfaces

An improved model for nuclear fuel corrosion inside a failed waste container has been developed. The
model considers the influence of the a-radiolysis products using a full radiolytic reaction set, and dem-
onstrates that H,0, is the dominant oxidant. Corrosion of the fuel is modelled considering both the direct
oxidation of UO, by H,0, and the galvanically-coupled oxidation by H,0, reduction on noble metal (&)
particles. Corrosion has been found to be very sensitive to the corrosion products of steel container,
Fe?* and H,. The surface coverage of e-particles can significantly influence the dissolution rate.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The safety assessment of deep geological disposal of used nucle-
ar fuel requires a fundamental understanding of the processes con-
trolling fuel corrosion and the release of radionuclides to the
geosphere [1]. The development of source-term models to describe
the processes involved in spent fuel dissolution has been the focus
of considerable international effort [2-5]. The key process control-
ling the long-term release of radionuclides is corrosion of the UO,
matrix [6]. In its reduced form (U') the UO, matrix has an extre-
mely low solubility in groundwater. However, the corrosion rate
is very sensitive to the redox conditions since the solubility of
the oxidized form (U"!) is orders of magnitude higher [1,7]. Inside
a failed waste container, the redox conditions at the fuel surface
are controlled by both the oxidants/reductants produced by the
radiolysis of the groundwater and the corrosion products of the
steel container [8]. The radiolytic oxidants are expected to have a
much larger influence on redox conditions than their reducing
counterparts, at least during the early stages of disposal [9], and
H,0, has been shown to be the primary oxidant driving fuel
corrosion [10,11]. However, the anaerobic corrosion of the steel
container, sustained by H,0 reduction, will produce the potential
redox scavengers, Fe?* and H, [12].
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Ontario, London, ON N6A 5B7, Canada. Tel.: +1 519 661 2111x86366; fax: +1 519
661 3022.

E-mail address: dwshoesm@uwo.ca (D.W. Shoesmith).

http://dx.doi.org/10.1016/j.corsci.2014.03.019
0010-938X/© 2014 Elsevier Ltd. All rights reserved.

A range of experimental studies has been conducted to deter-
mine how steel corrosion products would influence the fuel corro-
sion process. These studies have been recently reviewed [13] and
are briefly discussed below. Ollila and co-workers [14-16] per-
formed dissolution experiments on UO, doped with the o-emitter
233y (to simulate the dose rates expected after 3000-10,000 years
of disposal) in the presence of anaerobically corroding iron but
found no evidence for irradiation-enhanced dissolution. These
and similar experiments [3,14,15,17] suggested a significant reduc-
tive influence of the steel corrosion products and showed that both
radiolytic oxidants and oxidized UY' were reduced at the fuel
surface. Corrosion studies using irradiated spent fuel segments
[18-21] also showed that dissolved H, (in the concentration range
1-42 mmol L") inhibited fuel dissolution. Cera et al. [22] observed
in a long-term fuel leaching experiment that even radiolytically
produced H, could inhibit fuel dissolution. The inhibiting effect
of H, on UO, dissolution has been subsequently modelled by
Eriksen and Jonsson [23] and Eriksen et al. [24].

In electrochemical experiments Broczkowski et al. observed a
suppression of the corrosion potential by H, leading to a decrease
in extent of surface oxidation on UO, specimens (SIMFUEL) doped
to simulate the non-radioactive characteristics of spent fuel
[25-27]. The extent of this effect was found to depend on the num-
ber density of noble metal particles in the SIMFUEL pellets and the
concentration of dissolved H,. It was proposed that fuel oxidation/
dissolution was suppressed by H, oxidation on these particles
galvanically coupled to the fission-product-doped UO, matrix.
The kinetic parameters for reactions on UO, involving H, have
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been investigated [28-31] to facilitate the modelling of fuel disso-
lution rates.

The development of radiolytic models (in particular for o-radi-
olysis) for spent fuel corrosion has recently been reviewed [9].
Poinssot et al. [4] modelled fuel corrosion assuming that o-dose
rate was uniform within a 45 pm thick water layer at the fuel sur-
face, and that only half of the radiolytic oxidants reacted with the
fuel, the remainder being consumed by other unidentified pro-
cesses. A series of kinetic models, which included the influence
of diffusive transport, were developed for both y and o radiolytic
processes by Christensen et al. [32] and Christensen [33], and a
similar approach was adopted by Poulesquen and Jegou [34]. Since
kinetic information for the reaction of radiolysis products with the
fuel surface was unavailable, these models assumed that the heter-
ogeneous reactions could be mimicked by an equivalent series of
homogeneous reactions occurring within a thin layer of solution
at the fuel surface. A mixed potential model based on electrochem-
ical parameters for fuel corrosion was also developed [35,36]. This
model included an attempt to model both the corrosion of the fuel
and the steel vessel as well as a range of additional homogeneous
redox reactions and adsorption/desorption/precipitation processes.
The model also included reactions occurring on noble metal parti-
cles but not the influence of H,. Jonsson et al. [37] developed a
comprehensive model which integrated the available kinetic data
and tried to account for the geometrical distribution of radiation
dose rate and the effects of the oxidant scavengers Fe?" and H,, fuel
burn up, and ground water chemistry. The maximum rate of spent
fuel dissolution under Swedish repository conditions was calcu-
lated and it was concluded that a H, pressure of 0.1 bar
(78 umol L") would be sufficient to completely suppress the cor-
rosion of 100-year old LWR fuel even if the influence of Fe?* was
neglected. When the expected [Fe?'] in a Swedish repository
(~36 pmol L™!) was included, its effect and that of the radiolytical-
ly produced H, alone were calculated to be sufficient to effectively
inhibit fuel corrosion.

These studies have revealed many of the key features required
in models for the radiolytic corrosion of spent fuel. The spatial dis-
tribution of radiolytic species is of particular importance for o~
radiolysis since all the a-particle energy is deposited within a
few tens of micrometers of the fuel/solution interface. Conse-
quently, mass transport becomes important in coupling the homo-
geneous aqueous reactions and heterogeneous processes involved.
This is especially important if the influence of container corrosion
products, Fe?* and H,, on the redox conditions at the fuel surface
are to be quantitatively modelled.

Previously [38], a preliminary model, involving a series of
homogeneous and heterogeneous reactions, was developed to
determine the influence of redox conditions on the radiolytic cor-
rosion of spent fuel. The model also attempted to account rudi-
mentarily for the separation of the two corroding interfaces at
the fuel and the steel vessel surfaces. Consistent with the claims
of Jonsson et al. [37], the model predicted that the corrosion of
UO, could be suppressed by the steel corrosion products, Fe?*
and, in particular, H,.

However, this model contained many approximations and lim-
itations and has been improved in a number of ways: (i) A com-
plete set of a-radiolytic reactions has been included. Previously,
the a-radiolysis process was simplified with H,0, considered the
only radiolysis product. Inclusion of a full reaction set allows this
simplification to be evaluated; (ii) A less arbitrary approach to ac-
count for the decomposition of radiolytically-produced H,0, has
been adopted, since this process appears to be the major route
for H,O, consumption on a UO, surface [10,39]; (iii) An attempt
to incorporate the influence of fuel burnup is included, since bur-
nup will not only influence the dose rate but also affect the surface
reactivity of the fuel [40]; (iv) Instead of treating the oxidative dis-

solution (corrosion) of UO, as a general surface reaction, an at-
tempt is made to take into account anodic dissolution supported
by H,0; reduction on both the UO, and noble metal particle sur-
faces, the latter being a product of the in-reactor fission process;
and (v) the reactions between H, and H,0, and between H, and
UO3* catalyzed on noble metal particles have been added. As in
the previous model it is assumed that the groundwater contains
sufficient carbonate/bicarbonate and any formation of corrosion
product deposits is omitted, thus making the predicted dissolution
rate conservative.

Presently, as is the case with other models, our model is 1-
dimensional and considers only the corrosion of a planar fuel sur-
face. However, this is a precursor for the eventual development of
2-D and 3-D models involving customized geometry to account for
the fractured nature of the spent fuel and the complex fuel bundle
geometry. Within such structures the local accumulation of radiol-
ysis species is likely to occur and externally produced Fe** and H,
may have limited access to reactive locations within fractures, por-
ous grain boundaries and fuel bundles. Such geometric effects are
expected to have a significant influence on the overall ability of
container corrosion products to influence fuel corrosion and radio-
nuclide release.

2. Model description

During in-reactor irradiation, the UO, fuel pellet undergoes a
number of compositional changes involving the formation of rare
earth (RE™) elements and noble metal (&) particles [8,38]. From a
corrosion perspective, the fuel can be considered as a conductive
(REM-doped) and chemically reactive matrix containing e-particles
which could act as either cathodes or anodes depending on the
prevailing solution redox conditions. The reaction set used to de-
scribe the fuel corrosion process is modified compared to that used
previously, as numbered and illustrated in Fig. 1. The current mod-
el includes: (1) a complete reaction set for the a-radiolysis of water
including the generation of, and the interactions between, the radi-
olysis products; (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/UY!) by H, oxidation on noble metal
particles (reaction 3a) and of dissolved UO3* either by reaction
with H; in solution (reaction 3b) or with H, catalyzed on the fuel
surface (reaction 3c); (4) the reaction of H,0, with H, catalyzed
by noble metal particles; (5) the scavenging of H,0, in homoge-
neous solution by reaction with Fe?*; and (6) the decomposition
of H,0, to O, and H,0 (not shown in Fig. 1). In the model the rates
of these processes are described by a series of one dimensional dif-
fusion-reaction equations as described previously [38] .

2.1. Water radiolysis

Since it is reasonable to assume containment preventing con-
tact of the fuel with groundwater will be maintained over the per-
iod when 7/ radiation fields are significant (a few hundred years),
only a-radiolysis is considered as a source of oxidants [6]. The pen-
etration depth of a-particles emitted by spent fuel into water is
very short and a high concentration of radiolysis species is ex-
pected at the fuel/water interface. Due to the fractured nature of
spent fuel, the accumulation of aqueous radiolysis species may oc-
cur locally within cracks, fission gas tunnels and porous grain
boundaries. These features are not considered in this model which
focuses on the general corrosion of a uniform fuel surface.

A range of studies have calculated the dose rate profiles of o~
radiation for different types of fuels using different approaches
[41-44]. The o dose rate in water in contact with a spent fuel
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Fig. 1. Reactions included in the model for the o-radiolytic corrosion of spent nuclear fuel. This diagram is an improved version from previous work [38].

bundle is determined by the source activity (which varies with dif-
ferent types of fuel, burnup and fuel age), the radiation energy and
the distance from the source [45]. A typical energy of the alpha
particles from fuel decay is 5 MeV, corresponding to a path length
of ~40 um in water [34]. However, before reaching the fuel surface
the alpha particles are attenuated by passage through the UO, ma-
trix, and escape into the water with a reduced energy between 0
and 5 MeV. This was accounted for in the previous calculations
[42,43] by integrating all contributions as a function of the distance
travelled within the fuel. The geometrical distribution of o dose
rate in a water layer of ~40 pm has been found to follow an expo-
nential decay with distance from the fuel surface [42]. According to
the Bragg curve, which describes the extent of ionization along the
radiation pathway [34], the radiolysis species are non-uniformly
distributed along this pathway. Garisto et al. [41] adopted a differ-
ent methodology [44,46] using the thermal power of the fuel and
the ratio between the specific stopping power values in water
and in UO,. This lead to an average energy of 2.5 MeV for the o par-
ticles emitted from the fuel surface, i.e., one half of the unattenu-
ated energy assuming a uniform distribution of radionuclides and
isotropic decay [41]. Based on this assumption, the authors calcu-
lated the range of a-radiation in water to be 13 pm, corresponding
to an energy of 2.5 MeV, and an average dose rate within this
range. These different methodologies have been demonstrated to
be in good agreement [43]. In our previous model [38] it was
shown that, from the radiolytic corrosion perspective, it was rea-
sonable to consider the o dose rate as uniformly distributed within
this range. In this study, we adopted the values of o dose rate and
range calculated by Garisto et al. [41] for the radionuclide invento-
ries of CANDU used fuel.

The one-dimensional arrangement used to describe the fuel/
groundwater interface remains the same as that used previously
[38]. A thin layer of solution at the fuel/water interface with a
thickness of 13 um is designated the radiation zone. No radiolysis
species are produced beyond this zone. 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. The bulk concentrations of H, and Fe?" are assumed to depend
on the corrosion behaviour of the steel vessel, and the concentra-
tions of all radiolytic species and fuel corrosion products are
assumed to be zero in the bulk solution. The thickness of the
diffusion zone represents an arbitrary boundary beyond which
the concentration of all species, irrespective of where they are

produced, is assumed to become uniform. Clearly, this assumption
is sensitive to the geometrical conditions within the failed con-
tainer as discussed previously [38]. For a one-dimensional model,
our previous calculations [38] showed an insignificant dependence
of the fuel corrosion rate on the chosen value of this thickness.

The interaction of o-radiation with water yields a series of
decomposition products (H,, H,0,, H, OH:, HO, € H* and OH")
[45,47], among which the molecular species are dominant. The
radical species have concentrations orders of magnitude lower
than those of the stable molecular products as a consequence of
their high reactivity and consequently short lifetimes. Since H,0,
has been demonstrated to be the primary oxidant in the radiolytic
corrosion of the fuel [2,11], it was the only radiolysis product in-
cluded in the previous model.

The primary yields of radiolysis species are expressed by g-
values (the number of moles formed per joule of radiation energy
absorbed), as listed in Table 1. The rate of radiolytic production for
species i is calculated using the expression

Ri=Dr-& pPuo 0<x<Db) (1)

where Dy is the dose rate representing the rate of energy deposited
per unit of mass, g; is the g-value of species i, and py,,, is the density
of water. Both oxidizing molecular and radical species (e.g. H,0,,
0,, OH') and reducing species (e.g. Hp, H, e;,) are formed. After for-
mation, these radiolytic species undergo diffusion and a series of
chemical reactions (Table 2). All these species are used when calcu-
lating the consequences of aqueous radiolysis. However, in the

simultaneous corrosion reactions only the molecular species

Table 1
The primary yields (g-values) of o radiolysis species
used in model calculations.

Water decomposition g-value (umol/J)

species [73]

H, 0.1248
H,0, 0.104
[ 0.0156
H 0.0104
OH 0.0364
HO; 0.0104
H* 0.01872
OH™ 0.00312
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Table 2
Full radiolysis reaction set and rate constants/equilibrium constants used in model
calculations [62,80].

Rate constant at 25 °C
(Lmol's™!ors7!)?

Reaction

H,0 % Hy, H,0,, e5, H',OH, HO3, H' OH g-values in Table 1

€39 + €5q(+2H20) — Hy + 20H" 7.26 x 10°
€;q + H'(+H,0) — H; + OH™ 2.76 x 10'°
€34 +OH — OH 3.5 x 10'°
€34 +H20, — OH' + OH~ 14 x 10"
eq +02 > 0y 23 x 10"
€34 +HO; — HO, 1.3 x 10"
€34 + 03 (+H20) — Hz0, + 20H" 1.3 x 10"
H+H > H, 5.13 x 10°
H:+ OH' - H,0 1.1 x 10"
H+H,0, — OH+H,0 3.6 x 107
H +0; — HO, 1.3 x 10"
H' +HO;, — H,0, 1.13 x 10"
H +0; — HO; 1.13 x 10'°
H: +H,0 - H, + OH' 458 x 107
OH' + OH' - H,0, 4.8 x10°
OH' + H,0, — HO3 + H,0 2.9 x 107
OH: +H; - H +H,0 3.9 x 107
OH' + HOy — 03 + H,0 8.8 x 10°
OH' +0; — O, + OH™ 1.1 x 10'°
OH' + HO; — 0; +H,0 8.1 x 10°
H,0, — 20H 8.29 x 1078
HO; + HO; — H,0, + 0, 8.4 x 10°
0™ +HO; — 05 +OH™ 7.8 x 108
0" +0, — 05 3.7 x 10°
O +H,; - H +OH" 1.3 x 108
0, + HO(+H;0) — Hy0;, + 03 + OH™ 1x108

0, + 05 (+2H,0) — Hy0, + 0, + 20H" 3x 107"
0; -0 +0, 2.6 x 10°
03 + Hy0, — 0, + 05 (+H,0) 1.6 x 10°
03 +Hy — O +H +OH" 2.5 x 10°
03 + HO; — 0, +0; +OH™ 8.9 x 10°

Equilibrium reaction Keq at 25 °C

(mol L™! or no unit)”

H,0 = H'+OH" 1.80 x 10716¢
H,0, =H* + HO; 1.88 x 10712
H,0, + OH™ =HO; + H,0 1.04 x 10*
OH = H* +0° 1.88 x 1072
OH'+OH = 0 +H,0 1.04 x 10*
HO; =H' + 0, 1.54 x 107°
HO; + OH™ =05 +H,0 8.56 x 10'°
H =H"* +ex 2.78 x 10710
H + OH =ej, +H,0 1.55 x 10°

3 Unit for reaction rate constant: L mol~! s~ for second-order reactions; and s™!
for first-order reactions. If water is provided in brackets, it is not counted when
determining the reaction order.

b Unit for equilibrium constant: mol L™! for the reaction type A < C + D; and no
unit for A+B« C+D.

¢ The following definition of the equilibrium constant for the dissociation of
water is used: Keq(H,0) = [H*][OH"]/[H20], where [H,0] is 55.417 mol L' at 25°C
[62]. Similarly, in the other equilibrium reactions involving H,0, this value of [H,0]
is also used.

(H20,, O, and H;) are considered, since the radical species, although
reactive with the UO, surface, have low concentrations as a conse-
quence of their short lifetimes. Calculations for various radicals
yield concentrations which are 2-5 orders of magnitude lower than
those of the stable molecular products (Section 3.1 below). This
approximation is consistent with other studies which also show
the radical species produced by a-radiolysis have an insignificant
impact on UO, corrosion compared to H,0, [10,11].

The higher g-values for molecular compared to radical species,
Table 1, are attributable to the fact o-radiation is a high linear en-
ergy transfer (LET) radiation which produces a high density of
spurs leading to extensive recombination of radicals to produce
stable molecular/ionic species. The relatively low g-values of radi-

cal species also partially account for their low concentrations. The
molecular reductant, Hy, is inert compared to the oxidant, H,O,,
and has a higher diffusivity and, hence, a relatively smaller impact
at the UO, surface. Thus, the redox conditions at the fuel surface
appear to be dominantly oxidizing, at least during the early stages
of disposal when the fuel matrix is in its reduced form (U) [9].

2.2. UO, oxidation by H>0,

Both the UO, surface and ¢-particles can support the cathodic
reduction of H,0, to drive the anodic dissolution of UO, [48,49].
Since the number density of e-particles will vary with fuel burnup,
the adoption of a single rate constant for the uniform cathodic
reactivity of the fuel surface will not be able to account for the
influence of an increasing number of &-particles as burnup in-
creases. The current model is improved by including two distinct
reactions:

(i) the direct reaction of UO, with H,0,, reaction (2a) in Fig. 1,

U0, + H,0, 2 UO2" + 20H" )

and; (ii) the catalyzed oxidation of UO,, reaction (2b) in Fig. 1,
involving the galvanic coupling of H,0O, reduction on &-particles
to UO, oxidation:

U0, + H,0, ’3 UOZ* + 20H" 3)

In the previous model [38] UO, oxidation/dissolution was as-
sumed to proceed as a pseudo first order reaction, with the avail-
able UO, surface in excess compared to the oxidants, with an
overall rate constant, k,,

UO; + H,0, 2 U02" + 20H )
Ry =k, -[Hy05] (x=0) (5)

In the absence of a measured rate constant for this reaction on
actual spent fuel, a value of 7.33 x 10> ms™! was adopted as an
upper limit in the simulations of Nielsen et al. [50]. This limiting
value was arbitrarily adopted in our previous model to avoid
underestimating the experimentally demonstrated catalysis of cor-
rosion by H,0, reduction on ¢-particles galvanically coupled to the
UO, matrix. Some experimental evidence to support the adoption
of this value was presented [25,27,38]. The use of this rate constant
was considered conservative.

As stated above, the improved model separates this reaction
into distinct reactions on UO, and &-particles, reactions (2a) and
(2b) in Fig. 1. Reaction (2a) is expressed as a first-order reaction
with respect to [H,0,]

Roa = kza - [H20;] (x=0) (6)

The rate constant for the UO, oxidative dissolution adopted in
the model, k, = 1.0 x 1078 m s™!, was measured on a pure UO, pel-
let fabricated by Westinghouse [39]. Recently, Nilsson et al. [51]
and Pehrman et al. [39] have reported that only a small portion
of the H,0, consumed on a UO, surface resulted in UO, oxidation
(Section 2.6 below).

The catalytic reaction (2b) is also taken to be first-order with re-
spect to H,0, taking into account the surface fraction of ¢-particles,

Ryp = kop - S - [H205]  (x=0) (7)

where s, is the fraction of fuel atoms that underwent fission to yield
noble metal (¢) particles, e.g. 1.0 at.%. The experimental value for
this catalytic rate constant ko, is 6.92 x 10°® m s™! [52]. The total
reaction rate is the sum of Ry, and Ryp:

Ry total = Roa + Rop = K - [Ha02) + kap, - 5¢ - [H202]  (x=0) 8)



L. Wu et al. / Corrosion Science 84 (2014) 85-95 89

As in the first version of the model, these reactions are taken to
proceed unimpeded by the accumulation of corrosion product
deposits, a situation that would prevail in the presence of a suffi-
cient groundwater concentration of HCO3/CO3".

The influence of the additional molecular oxidant, O,, was also
considered. This oxidant can be formed directly by o-radiolysis or
by H,0, decomposition. However, sensitivity calculations show its
inclusion has no significant effect on the fuel corrosion rate. This is
not unexpected since the steady-state concentration of radiolyti-
cally-produced O, appears to be two orders of magnitude lower
than that of H,0, (see Section 3.1), and the rate constant for the
reaction between O, and UO, is 1/200th that of the reaction be-
tween H,0, and UO,; [2]. A similar conclusion was reached based
on a-radiolysis simulations by Ekeroth et al. [11] and on experi-
ments on UO, powder/pellets by Lousada et al. [10]. By contrast,
on SIMFUEL the reaction with O, accounted for ~30% of the UO,
corrosion since a significant amount of H,O0, was consumed by
decomposition [10]. The consequences of H,0, decomposition
are discussed in Section 2.6.

2.3. UY/U"" reduction by H,

Hydrogen has been shown to suppress UO, corrosion on a range
of UO, materials ranging from spent fuel itself to a-doped UO, and
SIMFUELs [12,52-54]. The main source of H, within a failed con-
tainer is the anaerobic corrosion of the steel vessel, and dissolved
H, concentrations as high as 0.038 mol L™ are anticipated in sealed
repositories [53]. There appear to be three possible pathways for
reaction between UY/UY! and H, as numbered in Fig. 1.

Reaction (3a): A key mechanism for the inhibition of corrosion
by H, has been demonstrated to be the galvanic coupling of H,
oxidation on e-particles to UO,., reduction on the fuel surface
[12,25-27], with the oxidation/dissolution process appearing to
be reversed at the UV stage [27]. As described in the previous
model [38], the overall reaction can be expressed as involving a
UV! surface intermediate which can act as a precursor to dissolu-
tion, reaction (3a) in Fig. 1,

The measured rate constant (ks,) was found to vary slightly
with the amount of Pd present (added to simulate the presence
of ¢-particles) with values close to the diffusion controlled limit
[29].

Reaction (3b): The reduction of dissolved UO3* in the bulk of
solution via a homogeneous reaction with H, [28], reaction (3b)
in Fig. 1,

UOZ*(aq) + H, 2 U0, + 2H" (11)

with the reaction rate determined by a second-order rate constant,
k3p,

Rap = kab - [Hz] - [UO3"] (0 <x <L) (12)

This reaction is not expected to influence the release of radio-
nuclides but only to lower the bulk concentration of UO3*, assum-
ing that the radionuclides (e.g. %°Tc, 1291, 7°Se, 13°Cs [7]) trapped
within the fuel matrix are released irreversibly on UO, dissolution.
The rate of this reaction is expected to be very low considering the
low concentrations and the small rate constant, k3, in Table 3.

Reaction (3c): Nilsson et al. [31] have claimed that the reaction
(11) can also be catalyzed on the surface of ¢-particles leading to a
significant increase in its rate, based on experiments using Pd in
aqueous UO3" solution with a H, atmosphere. This surface catalytic
reaction,

U03" (aq) + H, 5 U0, + 2H" (13)

is shown as reaction (3c) in Fig. 1 and has a reaction rate given by
Rsc = ksc - 5¢ - [UO3'] (x=0) (14)

Reaction (3c¢) is also not expected to change the release rate of
radionuclides but only to lower the surface [U0O3"]. Sensitivity tests
performed for this reaction show it has a marginal overall effect
due to the low surface concentration of UO3*. However, this reac-
tion could have a larger impact in the presence of a high [U0%"
which could be the case when the behaviour in fuel fractures is
considered. This effect is under investigation in the development
of a 2-dimensional model.

k
UYi(s) + H, 2 UY 4+ 2H* 9) ‘
é 2.4. Reaction between H,05 and H»
with a reaction rate Rs,, derived by Trummer et al. [29], to be
R Ko -5 [Ha] (x=0) (10) Catalysis of the reaction between H, and H,0; has been demon-
3a = M3 toe T2 - strated experimentally on Pd particles [30],
Table 3
Default values of simulation parameters.
Parameter Symbol Value Unit
Diffusion layer thickness [38] L 1073 m
Radiation zone thickness [41] b 1.3 x107° m
Alpha radiation dose rate® [41] Dr 9.03 x 10° Gya™!
g-particle coverage [74] Se 0.01 -
U0, pellet oxidation rate const. in H,0, [39] Kaa 1.0x 1078 ms!
H,0,/U0, surf. reaction rate const. on & [52] Kap 6.92 x 1076 ms™!
H,/U"! surf. reaction rate const. on ¢ [29] K3a 4 %107 ms™!
H,/UO%" bulk reaction rate const. [28] ksp 3.6 x 107° Lmol's™!
H,/UO%" surf. reaction rate const. on & [31] kac 1.5 x 107 ms™!
Ha,/H,0, surf. reaction rate const. on ¢ [30] ks 2.2 x107° ms!
Fe?* bulk reaction rate const. [55] ks 1x 108 Lmol's!
H,0, homogeneous decomp. rate const. [62] kea 8.29 x 1078 s7!
H-0, surface-catalyzed decomp. rate const.” [39] kep 6.14 x 108 ms!

3 The unit Gy a~' stands for the absorbed dose per annum. One gray (Gy) is the absorption of one joule of energy, in the form of ionizing
radiation, per kilogram of matter. The value used in this model, 9.03 x 10° Gy a™!, is corresponding to CANDU fuel with a burnup of
220 MW h kg U™! at 1000 years after discharge from reactor [41].

b The rate constant of the surface catalyzed decomposition was calculated using the rate constant of the UO, oxidation and the dissolution
yield (14%) measured on the Westinghouse UO, pellet [39]. The dissolution yield was based on the ratio between dissolved [UY'] and consumed
[H0,] and the difference (86%) was attributed to catalytic decomposition of H,0,.
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H,0, +H2’L}2H20 (15)

This reaction was found to be first order with respect to [H,0-],
but independent of H, pressure in the pressure range 1-40 bar
[30]. Thus, the overall reaction rate can be expressed by

Ry :k4'Sg'[H202] (O<X<L) (16)

where the reaction rate constant, k4, was measured to be 2.2 x 107>
m s~ This recombination reaction can reduce the surface concen-
trations of both H, and H,0,. A sensitivity test has been performed
and the surface [H,0,] is shown to decrease marginally (7%) in the
presence of this reaction compared to that in its absence.

2.5. Fenton reaction

Besides H, the anaerobic corrosion of the steel vessel can pro-
duce Fe?* jons that can react with H,0, in the homogeneous Fen-
ton reaction.

Fe’" + H,0, — Fe’>" + OH™ + OH' (17)

Fe’* + OH — Fe** + OH™ (18)

As in the previous model [38], the OH" radicals produced as
intermediates in reaction (17) have been assumed to all be con-
sumed in reaction (18). The overall reaction can be expressed as

2Fe?" + H,0, — 2Fe** 4+ 20H" (19)
and is a second order reaction [55] with a rate given by
Rs(Fe*") = 2Rs(H;0,) = —ks[Fe*"][H,0,] (0<x <L) (20)

The rate of this reaction has been shown to be very sensitive to
pH, temperature and salinity. Considering the long-term disposal
conditions (e.g. pH 8-10, 25 °C, groundwater) [56-58], the value
of ks has been assumed to be 1 x 10 L mol~'s™! in this model
[55]. Within the anticipated pH range, the solubility of Fe?" is in
the region of 107® to 10~ mol L™}, although the actual [Fe?'] could
vary depending on the corrosion behaviour of the steel vessel [59].

2.6. H;0, decomposition

The decomposition of H,0, can form oxygen and water by the
overall reaction,

2H,0, — 0, + 2H,0 (21)

It has been well established that this reaction follows first order
kinetics, with an activation energy measured to be 42-65 kJ/mol
over a wide range of temperatures [60-62]. However, the decom-
position mechanism is not fully understood, the key question being
whether or not the initiating step is H,O, dissociation to form two
hydroxyl radicals,

H,0, — 20H (22)

or the formation of some other intermediate that could occur on a
metal/metal-oxide surface. Wren et al. [63] proposed a mechanism
of H,0, decomposition catalyzed by U'/UY surface species, but did
not study the kinetics. Lousada and co-workers performed a series
of experimental and density functional theory investigations
[10,64,65] to show the formation of OH" will be a primary product
during H,0, decomposition on UO, and other transition metal
oxide surfaces. Recently, Nilsson et al. [51] and Pehrman et al.
[39] studied the kinetics of the catalytic decomposition of H,0,
on different UO, pellets (pure UO,, doped UO,, and SIMFUEL) by
monitoring the OH' production and concluded that the decomposi-
tion rate was virtually independent of matrix doping. They also
measured the dissolution yield based on the ratio between the

concentrations of dissolved UY! and consumed H,0, and attributed
the difference between them to the catalytic decomposition of
H,0,. These results indicate that the surface-catalyzed decomposi-
tion of H,0, is the major pathway for its consumption as opposed to
H,0,-promoted UO, dissolution. Interestingly, the dissolution yield
for the pure UO, pellet (14%) was much higher than that for the
SIMFUEL pellet (0.2%). Recent electrochemical results suggest this
is most likely due to stabilization of the UO, lattice due to fission
product doping [66].

The H,0, decomposition rate is sensitive to many features
including temperature, pH and the presence of solid/soluble cata-
lysts [67-71]. The uncertainty about disposal conditions makes
the choice of a rate constant arbitrary. Since H,0, is the primary
oxidant involved in fuel corrosion, and its decomposition by vari-
ous reaction pathways would inevitably lead to a decrease in cor-
rosion rate, a worst-scenario approach (estimating the highest
corrosion rate) has been adopted when modelling the H,0, decom-
position. Therefore, Fe'/™" catalyzed decomposition is not included
in the model.

This model includes both the uncatalyzed homogeneous
decomposition in solution and the catalyzed decomposition on
the UO, surface. For the homogeneous decomposition, we adopted
reaction (22) using a rate constant of 8.29 x 1078 s~ (kg, in Table 3)
[62]. For the surface-catalyzed decomposition, the rate constant,
ken, was adopted from measurements on UO, pellets [39] using
the relationship that 14% of H,O, consumption on the UO, surface
(not including e-particles) went to fuel dissolution and the remain-
der, 86%, to H,0, decomposition. The reason for the low dissolu-
tion yield on SIMFUEL [51], as discussed above, was not clear.
The possibility of decomposition catalyzed by e-particles is under
investigation and preliminary results suggest this pathway is insig-
nificant under corrosion conditions. Based on this study, decompo-
sition of H,0, catalyzed by ¢-particles was not included in this
model.

3. Results and discussion

The mathematical model outlined above was numerically sim-
ulated using COMSOL Multiphysics based on the finite element
method. The model was developed using the chemical engineering
module and the diluted species transportation module of COMSOL
Multiphysics (version 4.3.0.151, COMSOL Inc.). Calculations were
performed to evaluate the effects of a full a-radiolysis reaction
set, [Fe? Jpuie [Halbul the surface coverage by e-particles and the
age of the fuel. The default values of the simulation parameters
are listed in Table 3. The parameters were maintained at the de-
fault values for all calculations unless otherwise stated.

3.1. The effect of including a full o-radiolysis reaction set

The calculated results for the steady-state concentration pro-
files of radiolysis species and corrosion products are plotted in
Fig. 2. The molecular species H,0, and H, are predicted to have
the highest concentrations, ~10 nmol L™! near the fuel surface
and approaching zero along the diffusion pathway. The molecular
product, O,, has a lower concentration of around 0.3 nmol L™
including the contribution from H,0, decomposition. Concentra-
tions of the other radiolysis species (OH, H', O3, HO3, e;,) are 2-5
orders of magnitude lower than [H,0,]. Beyond the radiation zone
(x> 1.3 x 1072 mm), the [OH’], [H’] and especially [e;4) drop rapidly
due to their high reactivity. The concentration of the corrosion
product, UO%*, exhibits a straight line if plotted linearly against dis-
tance, with a maximum of ~1nmol L™! at the fuel surface and
decreasing to zero at the diffusion zone boundary (x = L). The slope
of the line indicates a steady-state flux of UO3" to the bulk solution,
i.e., a constant UO, corrosion rate.
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Fig. 2. The steady-state concentration profiles of o radiolysis species and dissolved
U03" as a function of distance from the fuel surface; [Ha]puix = [Fe** lbuik = 0. The
solid lines are the model predictions using the full radiolysis reaction set, and the
dashed lines are the estimated concentrations based on the radiolytic production of
only H,0, and H,.

Fig. 2 also includes the concentration-distance profile (shown as
dashed lines) calculated using only the radiolysis production of the
molecular species (H;0,, H,). This simplified calculation uses a
slightly larger g-value for HO,. In Table 1, the g-values used in the
radiolysis reaction set are 0.104pmol]™' for H,0, and
0.1248 pumol | ! for H,. The simplified calculation makes a conserva-
tive assumption that all the other radicals are recombined to produce
H,0, (20H" — H;0,, H' + HO; — H,0,) and the overall g-value of
H,0, is assumed to be 0.1248 pmol ]! considering the mass balance
during the radiolytic decomposition (2H,0 — H, + H,0,). The com-
parison in Fig. 2 shows that the simplified calculation overestimates
the [H,0,] by ~21%and [H,] by ~3%, leading to a faster corrosion rate
which is indicated by an increase of ~20% in the [U03'| profile.
Although the plots in Fig. 2 assume no interference from the steel
corrosion products, a similar trend is observed in the presence of
external H, and Fe?", Fig. 3. The lower [H,0,] calculated when using
the full radiolysis reaction set is likely due to H,O, consumption by
reactions with reducing species such as H', e, and Ha.

This simulation result is consistent with published literature.
Corbel et al. [72] investigated the effect of a-radiolysis on UO, cor-
rosion using a synchrotron alpha beam (E, =5-8 MeV). A linear
dependence of the radiolytic [H,0;] on absorbed radiation energy
was observed, with a slope similar to the radiolytic yields of
H,0,. Pastina et al. [73] also measured H,0, production in a-irra-
diated water (E, =5 MeV) saturated with Ar and found the ob-
served production rate was slightly lower than the predicted rate

20 Calculation with full radiolysis reaction set
- - = Calculation with only H,0, /H, production
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Fig. 3. Steady-state [H,0,] profiles calculated for various bulk [Fe®'];
[Hz]buik = 0.01 umol L1, The solid lines are the model predictions using the full
radiolysis reaction set, and the dashed lines are the estimated concentrations based
on only radiolytic production of H,0, and H,.

based on a model which used only the radiolytic yield of H,0,. It
can be concluded that using only the radiolytic production of
H,0, and H, to simulate o-radiolysis is an acceptable estimation
and has the advantage of a much shorter calculation time. All the
modelling calculations in this paper, other than those presented
in Figs. 2 and 3, still use the full radiolysis reaction set to account
for the radiolysis effect. It is expected that the above simplification
can be used for the more complicated calculations involved with 2-
D and 3-D models.

3.2. Suppression of UQ, corrosion by Fe?*

Fig. 3 shows the influence of Fe?* on the [H,0,] profile in the
[Fe**]pui range of 0.01-1 pmol L', In the absence of Fe**, H,0,,
at locations away from the UO, surface, is consumed only by its
slow decomposition thus the maximum concentration is achieved.
Beyond the radiation zone, the [H,0;] decreases linearly along the
diffusion pathway and reaches zero at the diffusion boundary indi-
cating a constant H,0, flux outwards to the bulk solution. For
[Fe?"|puic < 0.01 umol L1, the consumption of [H,0,] by the Fen-
ton reaction is minor, the almost linear [H,0,] profile approaching
that calculated in the absence of Fe?". As the [Fe?"],u increases to
0.1 pmol L™, the surface [H,0,] rapidly decreases to one third of the
maximum value. When approaching the solubility limit ([Fe** [y =
1 umol L"), the surface [H,0,] is suppressed to only 10% of its
maximum value, and beyond a distance from the fuel surface of
0.3 mm the H,0, is effectively completely consumed.

The decrease of [H,0] by reaction with Fe?* can significantly
reduce the fuel corrosion rate. This effect of Fe?* also depends on
the concentration of the other steel corrosion product, H,. Fig. 4
shows the fuel corrosion rate (expressed as a flux of dissolved
UO3* away from the fuel surface) as a function of [Fe?*]pui in the
presence of different [Hs]oui. In general, The UO3* flux decreases
rapidly as [Fe?'] increases from 0.01 to 0.1 pmol L™!. For the high-
est [Ha]pui (0.1 pmol L), fuel corrosion is completely suppressed
for [Fe?']pux>0.07 umolL™!, while for a lower [Halpux
(0.01 umol L), complete suppression requires a bulk Fe?* concen-
tration of 1.5 pmol L™!. It is noticed that, when [Fe?'] is greater
than 4.2 pmolL™! even the radiolytically produced H, can
completely suppress fuel corrosion without any external H,. This
conclusion is in general agreement with the calculation of Jonsson
et al. [37] considering the different fuel age (1000 vs. 100 years)
and burnup (5-10 times lower for CANDU fuels compared to
LWR fuels considered by Jonsson et al.).

In the previous model [38], calculations indicated that the cor-
rosion rate was only reduced at an [Fe?"] of 1 pmol L™! to ~ 60% of
the value calculated ignoring any influence of Fe?*. At the fuel sur-
face the influence of Fe?* is determined by the relative rates of
H,0, consumption by corrosion and the Fenton reaction, and the
much greater sensitivity of the corrosion rate to [Fe?*] is primarily
due to the changes in the model for UO, corrosion (Section 2.2). In
this revised model the rate constant for H,O,-driven corrosion di-
rectly on the UO, surface (reaction (2a), Fig. 1) has been reduced by
3 orders of magnitude and the rate of reaction (2b) for corrosion
catalyzed by H,0, reduction on noble metal particles is greatly
attenuated by the small percentage (1%) of particle coverage
adopted. This significant reduction in overall fuel corrosion rate
renders this rate much more sensitive to [Fe?*]. Although relatively
small by comparison, the incorporation of the full radiolysis reac-
tion set also contributes to the enhanced effect.

3.3. Suppression of UO, corrosion by H,
There are two possible mechanisms by which H, can suppress

fuel corrosion: (i) it can suppress the radiolytic production of
H,0, by reactions in the radiolysis reaction set such as
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Fig. 4. The calculated diffusive flux of UO3* (equivalent to UO, corrosion rate) as a
function of bulk Fe?* concentration; [H,]pui =0, 0.01 and 0.1 pmol L.

OH' +H, — H,0 + H (23)

H + H,0, — H,0 + OH (24)

a chain reaction which becomes efficient when the [H] is suffi-
ciently high compared to the [H,0,]; (ii) H, can act as a reductant
by catalytic reaction on noble metal particles (reaction (3a) in
Fig. 1), and possibly also reverse the corrosion reaction via reactions
(3b) and (3c) in Fig. 1 as described in Section 2.3.

Experimental studies showed that the presence of small con-
centrations of H, had only a minor effect on H,0, production by
o-radiolysis [73] and that any H, effect is strongly dependent on
o dose rate and [H;] [74]. The calculations in Fig. 5 show the influ-
ence of H,, at concentrations of 0.01-1 umol L!, on the [H,0;] pro-
files at two different [Fe?],un. In contrast to the effect of the
Fenton reaction (Fig. 3) the [H,0;] is suppressed by <30% at these
concentrations, consistent with the experimental expectations
[73]. This demonstrates that the suppression of H,0, production
by H; is a relatively small contribution to the inhibiting effect of
H, on fuel corrosion, consistent with the conclusions by Trummer
et al. [74].

Fig. 6 shows the UO3" flux (corrosion rate) is significantly
suppressed as the bulk [H,] increases, which is consistent with
the calculations in the previous model [38]. A close-to-linear
decrease is obtained, and the UO, corrosion rate reaches zero for
a specific [Ha]puik (€.g. 0.202 pmol L™! for [Fe®* |y = 0) indicating
that the rate of UO, oxidation/dissolution by H,0, is balanced by
the rate of its reduction by H,. This concentration can be consid-
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Fig. 5. Steady-state [H,0,] profiles calculated for various bulk H, concentrations;
[Fe?]puic = 0.01 and 0.1 umol L™! as noted by arrows.
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Fig. 6. The calculated diffusive flux of UO3* (equivalent to UO, corrosion rate) as a
function of bulk H, concentration; [Fe?*],ui = 0, 0.01 and 0.1 pmol L™,

ered the critical H, concentration, [H;]i, at which fuel corrosion
is completely suppressed. The critical [H,] is about one order of
magnitude less than that calculated previously [38]. This can be
attributed partially to the new reaction scheme and rate constants
adopted for UO, corrosion and also the use of a full reaction set for
radiolysis. Trummer et al. [74] have also calculated the [Hj];: re-
quired to prevent fuel corrosion for a-radiolysis in a closed system.
For the same conditions (Dg=9.03 x 10° Gy a’l, s,=1%, and
[Fe?*] = 0), they calculated [H;]cri; to be 0.0263 umol L' comparing
to our value of 0.202 pmol L™'. One reason for this difference could
be that our model is for an open system which connects with the
surrounding groundwater environment, whereas that of Trummer
et al. is for a closed system.

A second source of H, is radiolytic production. However, the cal-
culated steady-state concentration of radiolytic H, at the fuel sur-
face appears to be too low (<0.01 umol L~!, Fig. 2) to have a
significant effect on UO, corrosion and its effect would be easily
masked by the influence of external H; at a high [H;]puik. A sensi-
tivity test for the influence of radiolytic H, was performed for
low [Hs]puik (0 and 0.01 umol L~!). Removal of the radiolytic H,
from the calculations leads to an increase in fuel corrosion rate
by ~10% for both [Hy]puy =0 and 0.01 umol L.

Since the a-radiation fields associated with the fuel decay as the
fuel ages, the [H,] requirement for complete suppression of fuel cor-
rosion ([Hz]csic) has been calculated as a function of decay time for a
CANDU fuel bundle with a burnup of 220 MW h kg U™, Fig. 7. As ex-
pected, the [Hy]i: decreases markedly with time since emplace-
ment in the repository. The increase in the H, requirement over
the first 50 years reflects the accumulation of a-emitters as a conse-
quence of the short-term vy/B decay of radionuclides within the fuel.

Fig. 7 also shows the influence of [Fe?* ]y on [Ha]erie. The influ-
ence of Fe?* is marked, the [H,] requirement dropping by an order
of magnitude as [Fe?* ]y increases from 0 to 1 pmol L. The trend
is similar to that modelled by Jonsson et al. [37]. The higher [Hj] it
calculated by Jonsson et al. reflects the much higher burnup (about
5-10 times) of Swedish LWR fuel compared to CANDU fuel. This
decrease in required [H;] is consistent with experimental stud-
ies showing there is a threshold a-activity (corresponding to fuel
within the age range 3000-55,000 years) below which no measur-
able effect of alpha radiolysis on fuel dissolution could be observed
[15,75-77].

3.4. The influence of fuel burnup

By separating the reactions catalyzed on e-particles from those
on the UO, surface (as described in Section 2.2) it is possible to
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Fig. 7. The calculated [H]cic required to completely suppress fuel corrosion as a
function of time since emplacement in repository at different [Fe?*]pu.

attempt an estimate of the influence on corrosion of fuel burnup
which determines the number density of e-particles. Fig. 8 shows
the corrosion rate as a function of ¢-particle surface fraction (s;)
for various [Hz]pui- As expected the effect of the surface fraction
of e-particles is very dependent on the [Hz]puk. For a low [Hs]
(0.1 umol L™1), the rate first increases until s, reaches 2.5% and then
decreases. This reflects the balance between the catalytic effect of
the e-particles on both oxidation and reduction reactions, reaction
(2b) and (3a) in Fig. 1. The maximum rate is achieved at an inter-
mediate e-particle surface fraction. When [Hy|pu increases, the
reduction reaction (3a) begins to dominate over the oxidation reac-
tion (2b) leading to a decrease in corrosion rate with increasing s..
At [H]punc = 0.15 pmol L7}, an &-particle fraction greater than 2.5%
would result in complete suppression of fuel corrosion. As [Ha]puik
increases to 0.2 pmol L™!, an even lower e-particle fraction (i.e., fuel
burnup) is required for effective inhibition of corrosion. This obser-
vation is consistent with experimental observations that a higher
fraction of Pd (as surrogate e-particles) results in a lower UO; dis-
solution rate [52] and that an increase in size and number density
of e-particles suppresses the corrosion potential on a series of SIM-
FUELs [26,53]. While the result for low [Hz]puk i consistent with
published observations that the highest fuel corrosion rates are
achieved at intermediate burnups [78,79], caution should be exer-
cised when making the comparison since the experiments were
performed on spent fuel.
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Fig. 8. The calculated diffusive flux of UO3* (equivalent to UO, corrosion rate) as a
function of e-particle fraction for different bulk H, concentrations; [Fe?*]pu =
0.01 pmol L.

4. Future model development

The current model represents a considerable improvement over
our preliminary model since a more accurate reaction set is consid-
ered and recently published kinetic data is included.

One assumption in the current model is that the bulk concen-
trations of steel corrosion products will be constant. In reality,
the supply of Fe?* and H, will be determined by the corrosion per-
formance of the steel vessel which will vary depending primarily
on the available water. Consequently, the model could be im-
proved by a more detailed analysis of the corrosion of the steel ves-
sel. Presently, we are extending the model to 2-D/3-D to account
for the effects of geometry on radiolytic corrosion occurring within
fractured fuels, fuel grain boundaries, and fuel bundles. The local
accumulation of radiolytic species and limited access to external
H, and Fe?" are expected to affect the fuel corrosion at these loca-
tions. Further model development to account for the influence of
groundwater species such as chloride and carbonate on aqueous
radiolysis and UO, corrosion is also required.

5. Conclusion

An improved model for nuclear fuel corrosion inside a failed
waste container has been developed. A full a-radiolysis reaction
set has been incorporated and the analysis shows that a simplified
calculation which only accounts for the radiolytic production of
H,0,/H;, would provide a reasonable and conservative approxima-
tion, only overestimating H,0O, production and UO, corrosion rate
by ~20%. Instead of assuming a single general reaction of H,0,
with the fuel surface, the direct reaction of UO, with H,0, and
the galvanically-coupled oxidation by H,0O, reduction on noble
metal (&) particles are both included. This allows the adoption of
more experimentally justified rate constants and, by specifying
the surface fraction of e-particles, makes the model sensitive to
fuel burnup. The surface-catalyzed decomposition of H,0, appears
to be the major pathway for H,0, consumption on UO, and this ef-
fect has been included in this improved model.

The calculated fuel corrosion rate is very sensitive to [Fe?**]puix
produced by corrosion of the steel vessel. When the [Fe*]pui is
greater than 4.2 pumol L™! even the radiolytically produced H, alone
can suppress fuel corrosion without assistance from external H; for
CANDU fuel with an age of 1000 years or larger. The ability of H, to
suppress fuel corrosion was shown to be sensitive to fuel burnup
and able to completely suppress corrosion at bulk H, concentra-
tions in the order of 0.1 umol L.
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