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Abstract

Zirconium alloys are widely used in nuclear reactors as fuel cladding and as reactor structural
elements (i.e., CANDU reactor pressure tubes), and are therefore a component of the waste
materials that could be emplaced in a deep geologic repository. For this reason, the corrosion
mechanisms and rates for relevant zirconium alloys under repository conditions have been
reviewed. Since titanium and zirconium alloys have many similarities, and because the data
base for the corrosion of titanium alloys under repository conditions is considerably more
extensive than that for zirconium alloys, the electrochemical and corrosion behaviour of both
materials have been compared and evaluated. Although electrochemical studies suggest
Zircaloy cladding could be susceptible to pitting, redox conditions within a failed waste
container will remain reducing and unable to support this corrosion process. This leaves
passive corrosion as the only corrosion mechanism. The available data indicates that the rate
of passive corrosion will be very low. A conservative upper limit for the passive corrosion rate
would be 20 nm/year and a reasonable value would be 5 nm/year, although some studies exist
to show rates less than 1 nm/year are likely.
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1. INTRODUCTION

Zirconium alloys are widely used in nuclear reactors as fuel cladding and as reactor structural
elements (i.e., CANDU reactor pressure tubes). They have been chosen for in-reactor
operations because of their combination of a low neutron cross section and corrosion
resistance. Minor changes in composition and microstructure can have significant effects on
these properties. For fuel cladding applications the alloys of choice are Zircaloy-2 (Zr-2) and
Zircaloy-4 (Zr-4), the latter being the material used in current CANDU designs. For CANDU
reactors, the pressure tubes are constructed from zirconium containing 2.5% niobium (Zr-
2.5Nb) (early reactors used Zr-2). The compositions of these alloys are given in Table 1.

Table 1: The Composition (Mass %) of Zircaloys According to ASTM Specifications

Alloying Elements Zircaloy-2 Zircaloy-4 Zr-2.5Nb
Sn 1.2-1.7 1.2-17 -
Fe 0.07 - 0.20 0.18-0.24 -
Cr 0.05-0.15 0.07-0.13 -
Ni 0.03 - 0.08 - -
Nb - - 25-28

For the fuel cladding Zircaloys, the primary alloying addition is Sn, an alpha-phase stabilizer
added primarily to improve corrosion resistance. Small amounts of Fe, Ni and Cr are also
included for similar purposes. These elements tend to separate into the intermetallic
compounds, Zr (Ni, Fe) and Zr (Cr, Fe),. In Zr-4, the Fe content is slightly higher and the Ni
content reduced to zero compared to Zr-2, primarily to decrease the adsorption of hydrogen by
avoiding Ni, which can act as a catalyst for H absorption.

For use in pressure tubes, alloying with Nb stabilizes the 3 phase along the grain boundaries of
the a-Zr matrix and enhances the corrosion resistance while increasing the strength. The small
amount of Fe impurity present in this alloy is found predominantly in the § phase, and does not
separate to produce intermetallic compounds.

During in-reactor service, the Zr alloys are exposed to irradiation. For example, CANDU fuel
cladding receives neutron fluencies of around 10* neutrons/m? (Truant 1983). This irradiation
leads to the formation of neutron activation products, such as "*C, **Ni, ®*Ni and *Zr in fuel
cladding, and *Nb and **Zr in pressure tubes. Although present in low concentrations, these
radionuclides may be released from the Zr alloys as a result of corrosion and therefore need to
be considered as part of the long-term safety assessment of any repository containing these
materials. A complete listing of cladding activation products and their concentration in the
cladding is given elsewhere (Tait et al. 2000). Due to the relatively low temperature it
experiences during irradiation (< 400°C), no significant diffusive transport occurs within the Zr,
and these activation products are likely to be uniformly distributed throughout the alloy.
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During in-reactor irradiation the Zr alloys undergo a number of changes. Corrosion by reaction
with water

Zr + 2H,0 — ZrO, + 2H, (1)

leads to the formation of a relatively thick surface oxide (~4 uym) and the absorption of a
considerable amount of hydrogen into the alloy. As-fabricated cladding has a residual H
concentration of ~25 pg/g (Tait et al. 2000) which increases to ~100 pg/g (mainly as deuterium)
after in-reactor exposure. On removal from reactor, this H(D) precipitates as zirconium hydride
as the cladding cools, resulting in embrittlement and an increased susceptibility to fracture.

This report will review the potential corrosion processes that could occur on Zr alloys under
deep geologic repository conditions. The discussion will focus primarily on fuel cladding Zr, but
will be extended to pressure tube Zr as noted. Since the corrosion performance of titanium and
zirconium alloys have many similarities, as well as some instructive differences, both will be
considered. The corrosion performance of Ti and its alloys has been studied under geological
repository conditions since they have been considered as potential engineered barrier
materials, and a number of detailed reviews of their corrosion performance have been
published (Shoesmith and lkeda 1997; Hua et al. 2004, 2005; Shoesmith 2006). Information
from these studies on Ti alloys enables a much more definitive review of Zr alloys whose
corrosion behaviour under deep geologic conditions has not been studied in significant detail.

2. THE ELECTROCHEMICAL PROPERTIES OF TITANIUM AND ZIRCONIUM ALLOYS

Both Ti and Zr alloys are commonly used in industrial applications where corrosion resistance to
aggressive environments is required (Schutz and Thomas 1987, Been and Grauman 2000,
Shoesmith and Noél 2010). Both bare metals spontaneously oxidize to produce a thin,
chemically inert, oxide film which renders the metal passive and unreactive. While both
passivated metals (and alloys) are very stable, the properties of their protective oxides are
different and this confers some differences in corrosion properties on the two materials. The
oxide film on Ti is a semiconductor with a wide band gap of 3.05 eV and slight deviations from
stoichiometry (TiO.) give the oxide film n-type characteristics (Torresi et al. 1987). These n-
type characteristics can be attributed to a combination of O vacancies and interstitial Ti" ions
which lead to the trapping of electrons in a band orbital just below the conduction band edge
(Jarzebski 1973, Shoesmith and |keda 1997). By contrast, ZrO; is an insulator with a very large
band gap (> 5 eV) (Meisterjahn et al. 1987).

Electrochemically-determined polarization curves (Noél et al. 2008), Figure 1, show that both
metals display a wide passive potential region within which they are electrochemically inert and,
hence, corrosion resistant. However, when polarized to positive (anodic) or negative (cathodic)
potentials, both materials exhibit significant loss of passivity. At positive potentials, Zr loses
passivity more readily than Ti exhibiting substantial current for potentials = 1.3V (vs the
Saturated Calomel Electrode (SCE)), while at more negative potentials, Ti more readily
supports the cathodic reduction of H,O at potentials < 1.5V (vs SCE), Figure 1.
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Figure 1: Polarization behaviour of Ti and Zr in neutral 0.1 mol/L KCIO, solution (Noél
et al. 2008)

For both metals, anodic polarization leads to oxide growth, but the nature of the growth process
and the properties of the oxides are different. For both metals the anodization ratio (increase in
oxide thickness per volt applied) is similar, a value of ~2.5 nm/V being obtained for Ti (Tun et al.
1999) compared to 2.8 nm/V (Meisterjahn et al. 1987) to 3.4 nm/V (Noél et al. 2008) for Zr.

The differences in film growth behaviour can be explained by the differences in growth
mechanism. Anodic films on Zr are crystalline (Cox 1970, Leach and Pearson 1988, Ortega
and Siejka 1982), while those on Ti are initially amorphous and undergo potential-induced
crystallization only at high potentials (Shibata and Zhu 1995).

Oxidization of Zr is dominated by the migration of oxygen to the metal oxide interface leading to
a stress build up at this interface as a consequence of the large Pilling-Bedworth (P-B) ratio of
~1.5 (Noél et al. 2000). (The P-B ratio is the ratio of the volume of oxide created to the volume
of metal consumed). This leads to a stress-induced crystallization and the introduction of
migration pathways most likely along crystalline grain boundaries (Cox 1970). For Ti, even
though the Pilling-Bedworth ratio is even larger (1.72; Tun et al. 1999), stress-induced
crystallization does not occur. This can be attributed to the fact that both anion and cation
transport occur during oxide growth, the transport numbers being 0.65 and 0.35, respectively
(Khalil and Leach 1986). Growth under these conditions avoids stress build-up since the
volume of the oxide grown at the metal/oxide interface is just sufficient to replace the volume of
metal converted, the remaining oxide growth occurring at the oxide/solution interface where
stress-free expansion is possible.

The consequences of these differences can be seen in in-situ neutron reflectometry
experiments conducted with the metal under electrochemical control. Anodic oxidation of Ti
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results in the formation of a dense rutile structure with H only present in the outer region of the
film at the oxide/solution interface (Tun et al. 1999), Figure 2. X-ray photoelectron
spectroscopic analyses indicate the H is in the form of OH™ ions or H,O. These results
demonstrate that, for Ti, while incorporation of OH/H,O occurs under oxidizing conditions, it is
confined to a layer of TiO,*H,O at the oxide/solution interface. At the metal/oxide interface a
dense, protective layer of rutile, similar in properties to that formed by air exposure, persists.
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Figure 2: Neutron reflectometry profiles (expressed as the scattering length density
(SLD), an indicator of composition) showing the distinct layers comprising the electrode:
0 to ~100A, the Si wafer substrate; 100 to ~500A, the sputtered Ti layer; ~500A to ~650A,
the air-formed oxide film (open circuit) and the film grown anodically at an applied
potential of 2V; 2 650A, the aqueous electrolyte solution (neutral 0.27 mol/L NaCl). The
shaded region shows the expected position of the original air-formed oxide within the
anodically grown film (Tun et al. 1999)

By contrast, similar experiments on Zr, again initially covered by an air-formed oxide, show that
under anodic oxidizing conditions, the film, while remaining intact and protective, incorporates
OH/H,0 throughout the film including in the “dry” air-formed oxide initially present, Figure 3
(Noél et al. 2008). Figures 4 and 5 show the increase in oxide thickness and decrease in
neutron scattering length density (SLD), respectively, as the oxidation potential is increased.
The SLD is indicative of the composition and density of the film, and the decrease in SLD as the
applied potential is made more positive indicates the incorporation of H, an atom with a
negative SLD. These neutron experiments show that even a small change in oxidation potential
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changes the properties throughout the full depth of the oxide on Zr. Accompanying impedance
measurements show that, despite the steady decrease in SLD indicating a potential-dependent
increase in OH/H,O content of the film as the potential is made more oxidizing, Figure 5, there
is no loss in protectiveness of the oxide due to the introduction of these H,O-containing
migration pathways until the potential reaches 1.5V. When this potential is reached or
exceeded, loss of protectiveness is clearly visible as a sudden further increase in OH/H,O
(decrease in SLD), Figure 5.
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Figure 3: Neutron reflectometry profiles recorded on a Zr electrode showing similar
layers to those identified in Figure 2 for Ti. The profile for the air-formed film present on
open-circuit is marked Eqc. The other two profiles were obtained after anodic oxidation
at 1V and 3V (vs SCE), respectively. The decrease in SLD in the oxide as the applied
potential is increased indicates an increase in hydrogen content with increasing oxide
growth. The constant SLD throughout the oxide indicates the presence of H throughout
the film from the metal/oxide interface (at ~45A (3V)) to the oxide/electrolyte solution
interface (at ~650A (3V)) (Noél et al. 2008)
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Figure 4: Oxide layer thickness, determined in neutron reflectometry experiments, as
a function of applied potential on Zr in a neutral 0.1 mol/L Na,SO, solution. The symbols,
A o o show that, while a slight thickening of the oxide occurs with time (6, ~12, ~18
hours, respectively) the thickness has almost achieved a steady-state value (Noél et al.
2008)
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Figure 5: The scattering length density (SLD) of the oxide film on Zr determined by
neutron reflectometry after anodic oxidation at various applied potentials. The data
points have the same significance as in Figure 4. The decrease in SLD shows that the
hydrogen content of the oxide increases steadily as the potential increases up to ~1.5V,
and then suddenly increases as the film undergoes fracture (Noél et al. 2008)
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These differences in film growth between the two materials are consistent with expectations
based on the cation/anion transport numbers. Given the known crystalline nature of the ZrO,
film, it can be concluded that Zr, but not Ti, contains pathways (crystalline grain boundaries,
tight flaws and/or pores) along which water soluble species can migrate. As will be discussed
below such a difference can explain why Zr alloys are more susceptible to pitting than Ti alloys.

Under cathodic polarization the two metals also exhibit significant differences, Figure 1.
Figures 6 and 7 (Noél et al. 2008) show the film resistances, determined by impedance
spectroscopy, as the electrode is polarized to increasingly negative potentials. When
comparing these two sets of behaviour, it should be noted that only the relative changes matter,
not the absolute values. The latter vary due to differences in electrode pretreatment. For Ti,
the film resistance begins to decrease for E < -0.3V (vs SCE) while that for Zr does not vary
significantly until E < -1.54V (vs SCE). These values are close to the flatband potentials of
-0.54V for Ti (Torresi et al. 1987) and ~ -1.5V (vs SCE) for Zr (Meisterjahn et al. 1987). The
discrepancy in the case of Ti will be discussed below. The flatband potential is that potential at
which the Fermi level in the oxide equals the redox potential in the solution and no charge (in
the form of electrons) crosses the oxide/solution interface. When the potential is made more
negative than the flatband value (for an n-type semiconductor) the oxide becomes degenerate
and behaves like a metal allowing electron transfer to reduce H,O to H; (in the present case).
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Figure 6: Variation of the oxide film resistance on Grade-2 Ti as a function of applied
potential in a deaerated neutral 0.27 mol/L NaCl solution. The resistance was
determined by electrochemical impedance spectroscopy on an oxide pre-grown by
anodic oxidation at 0.6V (vs SCE) for 48 hours (Zeng 2009)
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Figure 7: Variation of the oxide film resistance on Zr-2 as a function of applied
potential in a deaerated neutral 0.1 mol/L Na,SO, solution. The resistance was
determined by electrochemical impedance spectroscopy on an oxide pre-grown in air for
24 hours prior to exposure to the solution (Nowierski et al. 2009a, b)

For TiO, on Ti, once the potential is polarized negative to the flatband value, the oxide
undergoes redox transformations (Ti" — Ti") leading to the availability of multiple oxidation
states and a consequent increase in conductivity. This facilitates electron transfer across the
oxide/solution interface to reduce H,0, a process accompanied by the absorption of H into the
oxide as clearly demonstrated by neutron reflectometry (Tun et al. 1999) and illustrated
schematically in Figure 8. This coupled redox transformation-hydrogen absorption process can
be described by the reaction (Ohtsuka et al. 1987)

TiO; + xH" + xe” — TiO2,(OH),. (2)

For Zr, similar redox transformations are unavailable and the very negative flatband potential
means degeneracy, leading to a reduction in film resistance and the onset of H,O reduction, is
not achieved until ~ -1.5V, Figure 7. The absence of changes in film properties and further
incorporation of H has been demonstrated by neutron reflectometry to potentials as negative as
-2.5V, Figure 9.
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Figure 8: Schematic illustration of the transformations in a TiO,film on Ti occurring
under cathodic polarization leading to the absorption of H into the metal and the
formation of hydrides

Commercial Ti and Zr alloys inevitably contain small concentrations of alloying elements and
impurities with limited solubility in the a-Ti or a-Zr matrix. As a consequence, they segregate to
grain boundaries to form intermetallic precipitates; e.g., Fe-containing 3-phase and Ti,Fe in
commercially pure Ti (Grade 2; Ti-2), Zr, (Fe, Ni) and Zr (Fe, Cr), in Zircaloys, and Nb-
stabilized 3 phase in Zr-2.5Nb. The presence of secondary phase precipitates (SPPs) in
Zircaloys does not have a major influence on the passive behaviour except at the extremes of
anodic and cathodic polarization.

This influence has recently been studied using scanning electrochemical microscopy (SECM), a
technique able to probe the reactivity of individual locations on a surface with a resolution of a
few microns (Zhu et al. 2007, 2008; Nowierski et al. 2009a). This is achieved by measuring the
electrochemical consumption of a redox reagent, dissolved in the solution, on the alloy surface
using a microelectrode, located within a few microns of the surface, to measure the current
required to regenerate the consumed mediator. By scanning the microelectrode through the
solution above the substrate, the reactivity of an area of the surface can be mapped.
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Figure 9: Neutron reflectometry profiles recorded on Zr as a function of applied
potential in a neutral 0.1 mol/L Na,SO, solution. The electrode was oxidized at a series
of increasingly positive potentials up to +3V (profile shown). Subsequently, the
anodically oxidized electrode was cathodically polarized to a series of more negative
potentials (the profiles for -1V and -2.5V are shown). The similarity of the profiles shows
that no significant change in the composition of the oxide occurs as a consequence of
cathodic polarization (Noél et al. 2008)

Figure 10 shows a series of such images recorded at a single location on Ti-2 as the applied
potential is made increasingly negative. A number of locations become more easily activated
than the general oxide-covered surface. The black lines are drawn to interconnect these
locations and their pattern is similar to that of the grain boundaries, indicating that it is the TisFe
precipitates at these locations which are preferentially activated. This activation occurs at
potentials ~250 mV above the flatband potential, making these locations preferential sites for
H,O reduction compared to the passive oxide-covered a-matrix. Also, given the ability of these
secondary phases to absorb H, they are also potential windows for H absorption into the alloy
providing the corrosion potential can be polarized to these potentials under natural corrosion
conditions. This process is illustrated in Figure 11.

Similar experiments on Zr-2 showed no indication of the activation of grain boundary
precipitates and/or B-phase until the potential was < -1.3V, Figure 12 (Nowierski 2009b).
These, and the neutron reflectometry results demonstrate the stability of the ZrO, film on Zr
alloys to cathodic reduction leading to the avoidance of H absorption. Although not studied by
these techniques, Zr-2.5Nb would be expected to require potentials at least as negative prior to
cathodic activation.
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Figure 10: Scanning electrochemical microscopy (SECM) images recorded on a single
location on a Ti-2 electrode at various applied potentials in a neutral 0.1 mol/L NaCl
solution. The imaged area was 60 ym x 60 um, and all the images have the same current
scale as indicated in the bottom right of the figure. The electrode was allowed to
establish a steady-state corrosion potential before application of a series of increasingly
negative potentials. The potentials then applied were (in V vs SCE): (a) -0.05; (b) -0.1;

(c) -0.15; (d) -0.20; (e) -0.25; (f) -0.30; (g) -0.35; and (h) -0.40V. The initial slightly active
spot is indicated by an arrow in (a). As the potential is made more negative new active
locations appear. These locations are linked by black lines to indicate grain boundaries
(Zhu et al. 2007)

There is also published evidence to show that the presence of these SPPs does not
significantly influence the anodic behaviour of either Ti or Zr alloys until the potential is polarized
to values > 1V (Casillas et al. 1994, Ito and Furuya 1996). For both Ti and Zr alloys, activation
of SPPs leads to the oxidation of H,O to O,. In the case of Ti, the presence of a thicker oxide
film prevents their activation (Casillas et al. 1994) and passivity is maintained. For Zr-2 (and Zr-
4) the precipitates become unstable and undergo transpassive dissolution (i.e., the conversion
of Cr in the SPP particles, or Cr" in the oxide covering the particles, to soluble Cr"' (CrO,*)) (lto
and Furuya 1996). A similar durability of the oxide film on Zr-2.5Nb has been demonstrated
electrochemically (Jensen 2002).
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Figure 11: Schematic illustrating the low efficiency of H absorption under passive
conditions on Ti and the possibility of a higher absorption efficiency through the

locations of cathodically-activated secondary phase precipitates (SPPs)
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Figure 12: Scanning electrochemical microscopy (SECM) images of the same area on

an oxide-covered Zr-2 electrode at various applied potentials in a neutral 0.1 mol/L

Na,SO, solution. The imaged area was 100 um by 100 ym. The electrode was allowed to
establish a steady-state corrosion potential before application of a series of increasingly
negative potentials. No cathodically activated locations were observed until the applied

potential reached a value of -

1.3V (vs SCE). The images show the activation of grain

boundary locations at (a) -1.3V; (b) -1.6V; and (c) -1.9V (vs SCE) (Nowierski 2009)
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An attempt to summarize these observations is shown in Figure 13. Consistent with the
polarization curves shown in Figure 1, the passive film on Ti and its alloys is more resilient
under anodic (oxidizing) conditions while that on Zr and its alloys is more resilient under
cathodic (reducing) conditions.

Activation of intermetallic precipitates
for H,0 reduction and H absorption

Reduction of TiO, oxide film

TITANIUM
|

Potential ( V. vs. SCE )

. I
-2 -1 0 +1 +2  ZIRCONIUM

Activation of precipitates
for H,0 reduction and
H absorption

crystallinity

[Development of ZrO,

Transpassive dissolution
of intermetallic precipitates

Zr0, film fracture
and breakdown

Figure 13: Schematic showing the potential ranges within which various processes
can occur on anodically or cathodically polarized Ti and Zr alloys

3. IN-REACTOR OXIDE GROWTH ON ZIRCALOYs AND Zr-2.5Nb

In order to assess the performance of Zr alloys under deep geologic repository conditions, a
knowledge of the properties of the film present on discharge from reactor, and how they can be
interpreted based on the electrochemical properties discussed above in Section 2, are
essential. Here, the in-reactor corrosion process is reviewed with the primary purpose of
determining the characteristics and properties of the oxide films formed. Only a brief summary
is given, a more detailed review having been published elsewhere (IAEA 1998). While the
emphasis is on the Zircaloy cladding, the properties of the film on Zr-2.5Nb are also discussed.

The early stages of oxide formation on Zr and its alloys occur with the metal/oxide interface
under compression since oxide growth involves the inward diffusion of O to this interface and
the P-B ratio is high (~1.56). As a consequence, in-reactor oxide growth proceeds initially
according to a cubic growth law, before the development of fractures and porosity enforces a
transition to a faster linear growth process. Correlations of oxidation kinetics with O transport
rates within the oxide indicate that O transport occurs primarily along crystallite boundaries (Cox
and Roy 1966, Cox and Pemsler 1968).
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Electrochemical studies show that oxide growth is driven by a high electric field across the
oxide and that the electronic resistivity of the film (i.e., the resistance to the electron transport
process required to support H,O reduction at the oxide/solution interface) has a significant
limiting influence on oxide growth (Cox 1969). This last observation indicates that oxidation,
and hence corrosion under disposal conditions, could be controlled by the kinetics of the
cathodic water reduction reaction if this is forced to occur on the oxide surface.

The evolution from pre- to post-transition growth involves development of a fine porosity, which
appears to be induced by tetragonal to monoclinic transformations within the film. Film growth
kinetics become effectively linear and involve a series of cyclic events as growth accelerates
and slows periodically. Preferential growth of some crystallographic orientations leads to the
columnar crystalline morphology eventually observed (IAEA 1998). Impedance and porosity
measurements (IAEA 1998) suggest this fine porosity (10 to 100 nm) may penetrate close, if
not up, to the Zr/oxide interface, and there is no unequivocal evidence to support the
reformation of an oxide barrier layer once the porous structure has developed and post
transition kinetics have been established.

In the post transition region, linear growth can be supported by more facile transport processes
within the porous structure. There is good evidence from neutron reflectometry studies on
anodically grown ZrO, films on pure Zr that H,O can penetrate the oxide film (Figure 3) and it is
intuitively reasonable that such a penetration will be more facile at high in-reactor temperatures
in the presence of pores.

More recently, more detailed investigations of oxide film properties have been made using
transmission electron microscopy (TEM) (Yilmazbayhan et al. 2006) and mass spectrometry
(Hutchinson et al. 2007). TEM analyses of the oxide formed on Zr-4 in water (300°C for 784
days) revealed a mixture of tetragonal and monoclinic ZrO,. The film consisted of layers of
columnar and equiaxed grains with a periodic arrangement consistent with the occurrence of a
periodic growth - fracturing - regrowth process as discussed previously (Yilmazbayhan et al.
2006, and references therein).

Examination of the region close to the alloy/oxide interface showed a complicated structure.
The TEM study suggested the microstructure described above extended to the alloy/oxide
interface suggesting no barrier layer was present. An oxide gradient was observed in the alloy
surface indicating O diffusion into the metal to form a suboxide. Within this suboxide, the O
level exceeds the ~29% solubility level for O in a-Zr, leading to the precipitation of small ZrO,
crystallites. For oxides grown on Zr-2 (500°C for 144 hours), mass spectrometry
measurements (Hutchinson et al. 2007) showed that, while the film at the oxide/solution
interface was stoichiometric ZrO,, an O concentration gradient was present over a 150 nm to
400 nm region close to the Zr-2/oxide interface, indicating a composition approaching ZrO at
the interface. Such a region suggests the presence of a barrier layer not detected in the TEM
studies. An electrochemical impedance study on Zr (0.25 Sn: 0.11 Fe : 0.01 Cr: 0.01 Ni
(Wt%)) in 0.1 M B(OH); containing 0.001 M LiOH (at 250°C) was similarly inconclusive (Ai et al.
2008). Despite assuming in the modeling of the impedance data that a barrier layer was
present, the results indicated that the corrosion resistance was dominated by the porosity of the
outer layer.

In the study on Zr-4 (Yilmazbayhan et al. 2006), the oxidation front was found to bypass the
secondary phase precipitates (SPP) (Zr, (Fe, Ni) and Zr (Fe, Cr),) leading to their incorporation
into the oxide in unoxidized form. Many metallic SPPs were observed in the oxide near the
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alloy/oxide interface, but beyond a certain distance from the interface they existed in the
oxidized form. The size and distribution of SPPs in Zircaloys have been shown to influence in-
reactor corrosion kinetics (IAEA 1998) and electrochemical evidence exists to demonstrate they
act as preferential cathodes. Other studies have also demonstrated that their oxidation rate is
lower than that of the matrix Zr, leading to a decrease in in-reactor corrosion kinetics (IAEA
1998).

The influence of SPPs on H profiles in the oxide film has been demonstrated by SIMS (Hatano
et al. 1996). By comparing the amount of H in the films on steam oxidized Zr-2 containing
either fine or coarse-grained SPPs, it was demonstrated that their retention in the unoxidized
form in the oxide matrix (as was the case for the coarse-grained precipitates) increased the rate
of H transport in the oxide. The rate controlling process was transport through the oxide with
periods of rapid transport through the unoxidized intermetallics, which, as a consequence of
their 3-d metal content, have a large affinity for H (e.g., Zr (Fe, Cr), intermetallics can absorb H
up to a composition of ZrFeCrHj; (Shaltiel et al. 1977)).

As long as the SPPs remain unoxidized in the metallic state in the oxide film they can facilitate
both electron and H transport. Also, their corrosion leads to the doping of the associated oxide
with subvalent cations (Fe", Cr", Ni" in a Zr" lattice). This leads to an increase in the number of
O vacancies which act as holes to increase the electronic conductivity of the ZrO,, again
enabling such locations to act as preferential cathodic locations.

An attempt to summarize (in simplified form) the various properties of the oxide film present on
Zircaloy cladding is shown in Figure 14. The following features can be identified:

(1) a region within the a-Zr matrix containing dissolved O;

(2) athin ZrO, barrier layer with a depleted O content at the alloy/oxide interface;

(3) an outer columnar, crystalline ZrO, oxide film containing a network of pores which allow
water access to the barrier layer/outer layer interface;

(4) secondary phase particles (SPPs) isolated in the metallic form in the outer layer oxide
matrix which can incorporate large quantities of H and facilitate its transport into the Zircaloy
matrix;

(5) SPPs in, or in contact with, the Zircaloy matrix which can also facilitate H transport into the
alloy; and

(6) areas of subvalent-doped ZrO, with enhanced conductivity produced by oxidation of SPPs.

The evidence in support of a barrier layer under high temperature in-reactor conditions is
ambiguous, and it may be that its absence is necessary to sustain the linear oxidation rate
observed over longer exposure times. However, on removal from the reactor, when oxide
growth is no longer driven by high in-reactor temperatures, a barrier layer will inevitably form at
any exposed Zr location. Attempts to measure the barrier layer thickness for post transition
oxides (Cox 1968) suggest they are very thin.

The oxidation kinetics of Zr-2.5Nb differ somewhat from those of Zircaloy (IAEA 1998). Often,
no clearly defined transition is evident; rather a steady change from cubic to linear kinetics is
observed. This behaviour is commonly interpreted as due to the development of porosity from
the start of oxidation which reaches a steady-state when the rates of development of porosity
and a new barrier layer become equal. This was supported by porosity and impedance
measurements which show a similar (but slightly smaller) porosity but a thicker barrier layer
(Cox 1987). Since Nb and Zr possess similar oxidation potentials, the rates of oxidation of a-Zr
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and Nb-stabilized  phase are similar, the latter being only slightly more rapid. This leads to an
oxide which, while slightly more complicated due to the presence of the two phase alloy
structure, exhibits a similar microcrystallinity and columnar growth structure to that observed on
Zircaloys. In the absence of SPPs, the localized doping of the oxide, leading to enhanced
conductivity to support cathodic reactions, is avoided. This, and the impermeability of the
thicker barrier layer, leads to a more homogeneous electronic conductivity and a considerably
slower rate of hydrogen absorption.

o solution
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Figure 14: Schematic showing a simplified summary of the various features of oxide
films formed in-reactor on Zircaloy and Zr-2.5Nb: (1) O dissolved in the a-Zr matrix; (2)
ZrO, barrier layer; (3) columnar, crystalline ZrO, oxide; (4) unoxidized secondary phase
particles (SPP) isolated within the oxide film; (5) SPPs in, or in contact with the Zircaloy
matrix; and (6) subvalent-doped ZrO, with enhanced electrical conductivity produced by
oxidation of SPPs. For Zr-2.5Nb, features (4) to (6) are not present.

4. DEEP GEOLOGIC REPOSITORY CONDITIONS

In a used fuel deep geological repository, used fuel bundles and their associated Zr cladding
are encapsulated in durable containers and the containers are sealed in an engineered vault at
a depth of hundreds of metres in a stable low permeability rock mass (Garisto et al. 2009). For
a repository in a crystalline host rock, the reference design for a Canadian used fuel waste
container involves the use of a carbon steel vessel with an outer corrosion barrier of Cu, as
illustrated in Figure 15 (Maak 2007). Pressure tubes, which are considered to be long-lived
intermediate level waste, will be placed in a deep geologic repository for low and intermediate
level waste (Little et al. 2010). However, these tubes would be placed in a different type of
container; for example, one based on steel and concrete (Little et al. 2010).

In the event of container failure, the corrosion of, and radionuclide release from, the Zr alloys
will depend on the properties of the groundwater and how they are modified by the chemical
and corrosion processes occurring within the failed container. Of particular importance will be
the groundwater composition, its redox potential and its pH.
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Figure 15: Cut away view of the used fuel container showing the inner and outer
vessels and the fuel bundles (Shoesmith 2007)

A set of nominal reference deep groundwaters have been specified for the two potential host
rock types of interest: crystalline rock, largely found on the Canadian Shield, and sedimentary
rocks, such as those found in the Michigan basin in the Southern parts of Ontario. Several
groundwaters have been defined, Table 2. Of these, three are representative of those
expected in deep crystalline rock locations: (i) CR-50, typical of groundwaters from depths
around 1250 m; (ii) CR-20, typical of groundwaters from depths ranging from 500 to 1000m;
and (iii) CR-10, based on the original synthetic groundwater defined for the Whiteshell
Research area. Two groundwaters representative of those encountered in deep sedimentary
rocks have also been defined: (i) SR-300, a Ca-dominated water typical of samples from depths
of around 680m; and (ii) SR-170, a Na-dominated water derived from samples taken from an
average depth of about 570m.
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Table 2: Reference Groundwater Compositions*

Rock Type Crystalline Sedimentary
Water Name CR-50 CR-20 CR-10 SR-300 SR-170
pH 7.5 7.5 7.5 6.5 6.5
Eh (mV vs SCE) -440 -440 -440 -440 -440
Solutes (mg/L)
Na 5,100 3,400 1,900 43,100 37,400
Ca 15,000 4,800 2,130 57,300 14,700
Mg 200 50 60 9,900 3,900
HCO; 10 25 70 40 60
SO, 800 800 1,000 160 460
Cl 34,300 13,800 6,100 199,500 97,400

Not all solutes are shown.

The deep groundwaters are assumed to be reducing and have been assigned an E;, value of
- 440mV (vs. SCE) (-200mV vs. SHE), based on the assumption that redox conditions are
controlled by the Fe304/Fe2+ equilibrium reaction and that the groundwater pH is effectively
neutral. This value of E, is similar to that adopted in European waste management programs
(Wersin et al. 2003, Duro et al. 2006).

Within a failed waste container, the salt content of the groundwater will not change significantly.
Under the anoxic conditions establlshed by the incoming groundwater, the carbon steel vessel
will react with H,O to produce Fe** and H, and the corrosion product magnetite (Fe;O.),

Fe + 2H,0 — Fe*" + H, + 20H" (3)
Fe + 4H,0 — Fes0, + 4H, (4)

The corrosion of steel under these conditions will occur at corrosion potentials, Ecorgr, Of

- 800mV (vs. SCE) (-560mV vs. SHE) (Blackwood et al. 1995; Smart et al. 2002a, b; Lee et
al. 2005), but would not be expected to disturb the groundwater redox conditions (E;)
significantly, since they were already established by the Fe®'/Fe;0, equilibrium prior to enterlng
the falled container. At the pH of the groundwater (~7.5) the equilibrium solubility of Fe®* would
be > 10™* mol/L, Figure 16, but could vary somewhat depending on the extent of hydrolysis of
Fe*

Fe*" + yH,0 — Fe(OH),*" +yH" (5)
This influence on pH would not be expected to be large since the protons produced by

hydrolysis (reaction 5) will be mainly consumed by OH™ produced by reactlon 3 and the
concentration of Fe”* would be expected to stay within the range 10 to 10™° mol/L.
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Figure 16: Solubility of Fe** and Fe* ions as a function of pH

The primary disturbance of redox conditions could be caused by the radiolysis of water due to
the radiation fields associated with the waste. This would be applicable to Zr fuel cladding due
to the radiation associated with the used fuel, but would not apply to Zr-2.5Nb pressure tubes.

Figure 17 shows the radiation dose rates to H,O in contact with a CANDU fuel bundle with a
burnup of 220 MWh/kgU (Shoesmith 2007). Two scenarios can be envisaged; intact cladding,
when H,O contacts only its outer surface; and failed cladding when H,O contacts both inner
and outer surfaces. For intact cladding, only gamma radiation is sufficiently penetrating to
produce radiolysis products at the outer cladding surface, and beyond a few hundred years
gamma dose rates can be considered insignificant. For shorter times, any significant effect of
radiolysis on groundwater redox condition will be suppressed by the carbon steel corrosion
products. Hydrogen is known to suppress the production of oxidants by gamma radiolysis
(Elliott and Bartels 2009) by reactions, such as,

H2 + OH. - Hzo + H. (6)
H. + H202 — Hzo + OH. (7)
H. + 02 - HOz. (8)
H. + HOz. — H202 (9)
€aq + H0, + — OH™ + OH® (10)

Fe®* also consumes radiolytic oxidants via the Fenton reaction (Jonsson et al. 2007),

Fe®* + H,0, —» Fe** + OH® + OH" (11)
Fe®* + OH® — Fe*" + OH~ (12)
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Any Fe" produced in this manner will be precipitated as Fe" solids, since the solubility of Fe** is
many orders of magnitude lower than that of Fe* in the neutral pH range, Figure 16.
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Figure 17: Alpha, beta and gamma radiation dose rates calculated as a function of
time for a layer of water in contact with a CANDU fuel bundle with a burnup of 220
MWh/kgU (Shoesmith 2008)

For failed cladding, similar redox scavenging reactions would be anticipated. In this case, a-
radiolysis to produce molecular oxidants (primarily H,O,), Figure 17, would be most likely to
influence groundwater redox conditions. However, there is now a considerable accumulation of
evidence to show that even small amounts of H, can effectively suppress fuel corrosion inside
failed cladding (Shoesmith 2008) primarily by a catalytic process on the surface of the fuel.
While, for alpha radiolysis, it is not possible to claim the production of oxidants will be
completely suppressed by H,, any residual influence of radiolytic oxidants on groundwater
redox conditions would be expected to be minor.

It can be concluded that no major perturbation of groundwater redox conditions will occur within
a failed container, although there remains the possibility the redox conditions will be slightly
more oxidizing inside failed cladding than outside. For pressure tubes, no meaningful
perturbation in groundwater redox conditions due to water radiolysis would occur.
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5. CORROSION PROCESSES ON ZIRCONIUM ALLOYS

Based on the above discussions, the two processes which could lead to corrosion of Zr alloys
(and, for comparison, Ti alloys) are passive film breakdown leading to pitting under oxidizing
conditions and hydrogen absorption leading to embrittlement under anoxic to reducing
conditions, as illustrated in Figure 18. Also shown on the figure is the range of corrosion
potentials (Ecorr) measured in a series of neutral pH sulphate, chloride or perchlorate (0.1
mol/L) solutions with the positive potential limit showing the values obtained in aerated solutions
and the negative limit those obtained under Ar-purged conditions (Jensen et al. 2002). These
values should not be considered definitive since a systematic and comprehensive series of
measurements was not performed. A similar range of Ecorr values has been observed for Ti
alloys (Noél 1999, He 2003).

Hydrogen absorption
and embrittlement

TITANIUM
Potential ( V. vs. SCE)
| | T T T
-2 -1 0 +1 I +2
ZIRCONIUM
ECOI‘I‘

Hydrogen absorption
and embritlemem;t¢ | ===  ———— — — — — -
Passive film breakdown

and pitting

Figure 18: Schematic showing the potential ranges within which passive film
breakdown/pitting and H absorption/embrittlement could occur on Ti and Zr alloys. The
bar marked Ecorr, shows the range of corrosion potentials measured on Zr alloys in
neutral solution

Since the groundwater entering a failed container will be saline (Table 2), a susceptibility to film
breakdown and pitting is possible, providing the environment is sufficiently oxidizing to polarize
the Ecorr into the potential range of susceptibility, Figure 18. As discussed above, for Zircaloy
cladding, the only source of oxidants within a failed container is the fuel radiation field leading to
gamma radiolysis products on the outer surface of the cladding and primarily H,O,, due to a-
radiolysis, on the inner surface. If hydrogen absorption and embrittlement is to occur then
Ecorr must be polarized to more negative potentials. Cathodic polarization could be achieved if
contact with carbon steel was established since this is a base metal with a very low corrosion
potential (~ -800 mV vs. SCE) under the anoxic conditions prevailing at steel surfaces within a
failed container.
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Figure 19: lllustration showing the form of the current-potential relationship observed
in a potentiodynamic scan recorded to determine the pitting breakdown potential (E,;)
and the repassivation potential (Egp)

The corrosion properties of Ti alloys have been reviewed in detail (Hua et al. 2005 a, b) and
show that these alloys are very resistant to pitting as expected because of the excellent
properties of TiO, films under oxidizing conditions (Section 2). Pitting potentials for
commercially pure Ti are in excess of 7V and even for 3-phase containing alloys are in the
region of 2V (Shoesmith and lkeda 1997). By contrast, the instability of TiO, films under
cathodic polarization (reducing conditions), especially the films protecting grain boundary
precipitates, makes Ti and its alloys susceptible to H absorption and embrittlement when
coupled to less noble metals such as carbon steel (Schutz and Thomas 1987, Chung 1993,
Hodgkeiss et al. 1987). However, even allowing for this susceptibility, temperatures in excess
of 80°C are required before significant damage is incurred.

For Zr and its alloys, the stability of the passive ZrO, film under cathodically-polarized
conditions rules out any influence of galvanic coupling to reactive metals and there are no
reports of Zr alloy degradation under out-of-reactor conditions. Consequently, the possibility of
cladding and pressure tube corrosion due to galvanic coupling to the carbon steel container
vessel can be dismissed.

Inspection of Figure 18 shows that Ecorg for Zr alloys is close to, if not in, the susceptibility
region for film breakdown and pitting. Consequently, many researchers have studied the
susceptibility of Zr and its alloys to pitting and many values of pitting breakdown and
repassivation potentials have been reported (Meisterjahn et al. 1987, Mamun et al. 2001, Knittel
et al. 1982, Greene et al. 2000, Fahey et al. 1997, Hornkjol 1988, Maguire 1984, Mankowski et
al. 1989, Maguire 1984, Satpati et al. 2005). These potentials are measured using the standard
potentiodynamic method in which the potential applied to the material is scanned to positive
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values until the pitting breakdown potential (E;) is surpassed and then back again until the
repassivation potential (Erp) is reached, as illustrated in Figure 19. Using this technique, Zr
alloys appear susceptible to pitting at very low potentials providing the concentration of chloride
is high enough, as shown for two sets of E,; values in Figure 20 (Jangg et al. 1978, Knittel and
Bronson 1984). Similar investigations show film breakdown and pitting also occur in bromide
and iodide solutions, but only at E,; values well beyond the Ecorr range in Figure 18 (Hornkjol
1988).
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Figure 20: Pitting breakdown potentials recorded as a function chloride concentration
(C); o-Knittel and Bronson (1984); o Jangg et al. (1978)

The proximity of E; values in chloride solutions to Ecorr Values (Figure 18) suggests that
Zircaloy cladding could be susceptible to pitting in crystalline rock groundwaters (0.2 mol/L <
[CI'] =1 mol/L; Table 2) and especially in deep sedimentary rock groundwaters (2.7 mol/L <
[CI'1=5.7 mol/L; Table 2). If susceptibilities were to be based on repassivation potentials (Egp),
a commonly used conservative approach in corrosion engineering, then pitting would be
classed as inevitable since, in many cases, values more negative than the Ecorg range in
Figure 18 have been reported (Bellanger and Rameau 2000, Gardiazabal 1981, Gémez 1985,
Chen et al. 1985, Galvele et al. 1990).

However, the application of the potentiodynamic technique to Zr alloys has many issues and
produces results at odds with those based on corrosion experiments and industrial experience.
Pitting is only seen under natural corrosion conditions when strong oxidants such as Fe" and
Cu'in acidic solutions and dissolved Cl, are present (Schutz and Thomas 1987). Also, recent
studies (Satpati et al. 2005) show that the rate at which the potentiodynamic scan is applied



-24 -

significantly influences the value of E;. This is not surprising since the rate of film growth
under potentiodynamic conditions will be an important determinant of the interfacial stress build-
up leading to the introduction of migration pathways which then allow CI” ions access to the
alloy/oxide interface to cause pit initiation. Surface analytical evidence exists to show that CI
ions are incorporated into the anodically growing film in this manner (Schennach et al. 2000).

In addition, in potentiostatic experiments in which the applied potential was increased in small
steps and then held constant for up to 2 hours, Ey:in 0.1 mol/L chloride was ~0.6V (vs. SCE)
(Jensen 2002), a value more consistent with corrosion experience. In these last studies no
significant differences between Zircaloys and Zr-2.5Nb were observed.

It is clear from this last experiment and from corrosion experience that a sufficient oxidant
concentration able to polarize Ecorr Well beyond the electrochemically determined threshold for
pitting susceptibility (Figure 18) is required if pitting is to be initiated and sustained. The only
oxidants available within a failed container will be those produced by the radiolysis of water,
and, as argued above, the impact of radiolysis on the solution redox potential is expected to be
marginal.

This claim that radiolysis will exert a negligible influence on Zr alloy corrosion is supported by a
wealth of evidence on radiation effects on the corrosion of passive materials (Shoesmith and
King 1999, Landolt et al. 2008). While little data is available for Zr alloys, Ti and its alloys have
been well studied. No significant influence of gamma radiation was observed on a number of Ti
alloys in a wide range of environments (including Mg-containing saturated brines considerably
more aggressive than even the most concentrated sedimentary rock groundwater (SR-300,
Table 2) at temperatures up to 250°C. Gamma dose rates in the region of 10° Gy/hr did lead to
increased corrosion rates and the incorporation of groundwater species, such as Mgz+, into the
outer regions of the passive film, but such dose rates are well in excess of the highest radiation
dose rates from the fuel, Figure 17.

There is evidence to show that radiation exposure decreases the susceptibility to localized
corrosion on both Zircaloy-4 (Bellanger and Rameau 2000) and Ti (Ikeda et al. 1990). A dose
rate of ~ 10° Gy/hr was clearly shown to inhibit the propagation of crevice corrosion on
commercially pure Ti (Grade-2) (Ikeda et al. 1990) which is notoriously susceptible to this form
of corrosion (Noél et al. 2001). Since crevice corrosion can initiate and propagate on Ti by a
similar mechanism to that for pitting of Zr alloys, and at potentials considerably lower than the
measured Ecorr Values for Zr alloys, a similar influence of radiation on the pitting of cladding
would be anticipated. For localized corrosion to occur, anodic (metal dissolution) and cathodic
(oxidant reduction) sites must be separately supported on the corroding surface. (In an
electrochemical experiment they are artificially separated on different electrodes). By producing
oxidants universally across the surface, gamma radiation prevents the stable maintenance of
such separated locations.

These conclusions are supported by experiments in which radiation effects were simulated by
using solutions containing H,O, (Kim and Oriani 1987; Pan et al. 1994, 1996), a situation similar
to that anticipated on the inner cladding surface (Section 4). Although short term increases in
corrosion rate were observed they decreased with time as films thickened and became less
defective and more protective. No measurable influence of H,O, was observed for
concentrations < 5 X 10° mol/L. At the low radiation dose rates prevailing at the fuel surface,
and in the presence of considerable concentrations of the oxidant scavengers, Fe** and H,
radiolytic peroxide concentrations would be well below this threshold.
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Figure 21 summarizes the influence of gamma radiation on a series of materials studied in a
range of neutral saline environments (up to 34,000 mg/L) similar to those anticipated in a
crystalline rock repository (Table 2). If Zr cladding were to respond to radiation in a similar
manner to Ti alloys then it could be claimed that radiation effects would be negligible. Even if
Zr alloys were to perform no better than the more susceptible stainless steels, no significant
effect of radiation would be observed beyond a few hundred years, Figure 17, a period well
before containers would be expected to fail and allow cladding contact with groundwater.

Iron | l | I I I
Carbon | | | General Corrosion - Shallow Pitting
steel
| | | | [ |
gu - | | | | General Corrosion
WiNL | | | .
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Radiation dose rate (Gy / h)

Figure 21: Summary showing the gamma radiation dose rate ranges (shaded areas)
within which a measurable influence of radiation on various corrosion processes on
various materials has been observed (Shoesmith and King 1999). At dose rates below
these regions experiments have revealed no observable radiation effect.

6. PASSIVE CORROSION OF ZIRCONIUM ALLOYS

Based on the above discussion no localized corrosion processes would be expected to occur
on Zircaloy cladding leaving passive corrosion as the only feasible mechanism. The generally
accepted mechanism for passive corrosion involves a balance between the chemical dissolution
rate of the oxide at the oxide/solution interface and the corrosion process to regenerate the
oxide at the metal oxide interface, as illustrated schematically for Zr/ZrO, in Figure 22. To
maintain the passive state, the overall corrosion rate must be controlled by the rate of
dissolution at the oxide/solution interface, a process which would be expected to be very slow
since the solubility of ZrO, in the pH range for groundwaters (~6 to 9) is very low (Baes and
Mesmer 1976), Figure 23. Since ZrO,is an insulator, such a balance could only be established
across a very thin oxide layer since electron transfer to reduce water is required to oxidize the
metal/oxide interface.
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Figure 22: Schematic illustrating the passive corrosion process occurring on a Zr
alloy surface. The passive corrosion process involves a steady-state between the rate of
chemical dissolution of the oxide at the oxide/groundwater interface and the rate of its
regeneration by metal oxidation at the alloy/oxide interface. This requires electron
transfer through the oxide to reduce H,O. Since the oxide associated with corroded
SPPs (Zr (Fe, Cr)) could have different properties to that associated with the Zircaloy
matrix, the passive corrosion process may temporarily proceed at a different rate at
locations involving SPPs. The absence of SPPs in the oxide on Zr-2.5Nb precludes this
last feature on pressure tubes.

Segall et al. (1988) have categorized oxides according to their conductivity type and other
chemical properties, Figure 24. According to this categorization, ZrO,, like TiO,, Al,O3; and
ThO,, belongs to the insulating oxide category which dissolves extremely slowly in acidic, and
especially neutral, solutions. According to Segall et al. (1988), the mechanism of dissolution of
these oxides is surface coordination of the metal cation in the oxide by OH™ ions leading to
hydrolysis prior to the breaking of the strong M—O bond and transfer of the hydrolyzed cation
(Zr(OH)s in the case of ZrQ,) into solution. For this reason these oxides are more likely to
dissolve in alkaline solutions, albeit still very slowly. The dissolution process of oxides in this
category are generally insensitive to solution redox conditions since they are unstable in
alternative oxidation states to those existing in the oxides, and cannot, therefore, be converted
to more soluble states by redox processes. This is in contrast to, say, iron oxides which are
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insoluble in the Fe" form but considerably more soluble as Fe", Figure 16, and uranium oxide

(UO,) which is many orders of magnitude more soluble in the U than the U" state (Grenthe et
al. 1992, Guillamont et al. 2003).
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Figure 23: Solubility of Zr as a function of pH (Baes and Mesmer 1976)

While the available measurements on the dissolution rates of oxides on Zr alloys are sparse, a
considerable database of passive corrosion rates exists for Ti alloys. According to Segall et al.
(1988), the rate of oxide dissolution is dependent on the defect density of the oxide and the
creation of surface states that can be neutralized by transfer to the solution. That the rate is
dependent on the defect density in the oxide has been clearly demonstrated for NiO, the rate of
dissolution varying by two to three orders of magnitude depending on the method of preparation
and the subsequent defect annealing temperature (Jones et al. 1977, Pease et al. 1986).

While TiO,and ZrO, are not included in the same oxide category as NiO, Figure 24, a similar,
but independently developed understanding of the passive corrosion of Ti has been published
(Hurlen and Hjornkol 1991). It was claimed that the passive corrosion of Ti in neutral solutions
was controlled by the migration of the prominent defect (an oxygen vacancy) in the oxide.
Since transport in ZrO, also involves an oxygen vacancy, a similar dissolution mechanism
should prevail. This correlation between defect density in the oxide and its dissolution rate has
been clearly established (Blackwood et al. 1988). Since the oxide growth process also utilizes
defects (Macdonald 1999) their number density can be influenced by varying the oxide growth
rate electrochemically. Oxides grown slowly, and hence possessing a low defect density
(Blackwood and Peter 1990), dissolved much more slowly than those with a large defect density
due to rapid growth. In addition, with time, films initially grown rapidly (and hence defective)
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undergo a defect annealing process which renders them inert to dissolution. Such a defect
annealing process is well demonstrated electrochemically for both TiO, films (Leitner et al.
1986) and for ZrO, films on Zr, Zr-2 and Zr-2.5Nb (Jensen 2002). Also, under natural corrosion
conditions, passive corrosion rates for Ti (stimulated by the addition of H,O, to phosphate
buffered saline solutions) decrease to very low values with time as the films thicken and defect-
anneal (Fonseca and Barbosa 2001).

OXIDE DISSOLUTION RATES

p-type n-type insulat
conductivity conductivity LRI e
fast slow fast slow very slow
CoO NiO ZnO a—-Fe,0, ALO,
MnO CuO Cdo MnO, TiO,
U0, ThO,
FALOR

Figure 24: Categorization of the dissolution rates of various oxides separated
according to their conductivity type (Segall et al. 1988)

This long term decrease in passive corrosion rates as the oxide thickens and becomes less
defective was clearly demonstrated in the Yucca Mountain project for Ti alloys (Hua et al. 2005,
Bechtel SAIC 2004). Over a five year period, the rates decreased from = 100 nm/year to
between 0 and 20 nm/year, as shown by the distribution of rates for many specimens in Figure
25. The two values > 20 nm/year and the negative corrosion rates shown in this figure probably
reflect the uncertainties in making these measurements by weight change methods. These
measurements were made in a series of simulated groundwaters at temperatures from 60°C to
90°C and at pH values covering the range 2.7 to 12. The chloride concentrations in the
solutions ranged from 67 mg/L to 178,600 mg/L which are comparable with those anticipated in
crystalline and sedimentary rock environments (Table 2). No discernible dependence of the
rate on temperature, pH or salinity was observed.
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Figure 25: Distribution of the passive corrosion rates of the Pd-containing Ti alloy,
Grade-16, measured after exposure to a number of concentrated saline groundwaters
(Hua et al. 2005 a, b, c)

These low passive corrosion rates are consistent with a wealth of other measurements made
using a range of different techniques. Mattson and Olefjord (1990), using a combination of
depth profiling by ion sputtering and X-ray photoelectron spectroscopy (XPS), measured (over a
6 year period) rates in the range 0.5 to 4 nm/year on both commercially-pure (Grade-2) Ti and
the Pd-containing Grade-7 in compacted clays saturated with saline solutions at 95°C. Kim
and Oriani (1987) measured (over a two year exposure period) rates of 40 to 60 nm/year in
MgCl,-dominated brine using ion sputtering and Auger spectroscopy, and found only a marginal
increase in rate between 25°C and 108°C (the boiling point of the brine). A similar absence of
any temperature dependence (90°C to 200°C) was observed by Smailos et al. (1986, 1987) for
Grade-7 Ti in very aggressive German Q-brines (NaCl 4.7%; MgCl, 26.8%; MgSO, 1.4%; H,O
65.7%; pH = 4.9 (at 25°C)) over an exposure period of 3.5 years. Even at 250°C Molecke et al.
(1982) found a corrosion rate for Grade-7 Ti of only 400 nm/year in aerated brine. Blackwood
et al. (1988) measured rates (at 40°C) on Grade-2 Ti in acidic (-1 < pH < ~1) solutions using
electrochemical techniques. Since these last authors also determined a pH-dependence for the
corrosion rate it is possible to extrapolate and estimate that the rates in more neutral
environments (~pH = 5) should be in the range 15 to 25 nm/year, slightly above the values
measured in Yucca Mountain environments (Hua et al. 2005, Bechtel SAIC 2004).

Oxide dissolution rates have been measured on Zr on specimens prepared electrochemically by
anodic oxidation. As expected the rates depend very much on the conditions of preparation
which control the defect density in the oxide. Dissolution rates were determined using
capacitance measurements which allow determination of the change in oxide film thickness with
time. The films grown in this manner consist of two layers; an outer hydroxide or hydrated ZrO,
layer which dissolves rapidly and an inner barrier layer with properties which more closely
resemble those of a stable passive film. Figure 26 shows measurements of the dissolution
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rates for the inner barrier layer oxide (Mogoda 199a, b; EI-Mahdy and Mahmoud 1998; El-
Mahdy et al. 1996; Huot 1992; Allah 1989). The irreproducibility of the rates measured in acidic
solutions reflects the differences in defect density due to different growth procedures. Even
allowing for similar ambiguities over film properties, the dissolution rates measured in neutral
solutions are in the range 5 to 20 nm/year, consistent with the range of values obtained for the
passive corrosion of Ti. That extremely low to negligible rates can be observed even in very
acidic solutions, as shown in Figure 26, has been confirmed by a combination of capacitance
and UV-visible interference spectroscopy measurements (Merati and Cox 1999). No
measurable dissolution occurred in solutions with pH values in the range -1 to 1 unless fluoride
was present. This last study suggests that all the rates plotted in Figure 26 may be
conservatively high.
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Figure 26: Dissolution (passive corrosion) rates of anodically grown oxides on Zr as a
function of pH (Mogoda 1999a, EI-Mahdy and Mahmoud 1998, El-Mahdy et al. 1996, Huot
1992, Allah et al. 1989)

This last claim appears to be verified by rates based on measurements of H, gas generation for
Zr-4 in a seawater-based solution (pH = 10, 12.5; T = 30°C, 50°C) for periods of 180 or > 300
days (Wada et al. 1999). These rates were up to an order of magnitude lower than the values
obtained electrochemically and by surface analytical techniques (above). As expected, the rates
in these last experiments decreased with exposure time, the weight gain observed indicating
some oxide growth. While initially exceeding 1 nm/year, the rate fell to within the range 10" to
1 nm/year. Given that the rate increases slightly with pH and the solubility of Zr(OH)X(X"”‘
decreases as the pH is lowered, Figure 23, even lower rates might be expected at the pH
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prevailing in groundwater. Comparison of these rates to those measured in anaerobic alkaline
solutions on Zr-2 (10 nm/year; Hansson 1985) support this claim.

Chemical analyses (Wada et al. 1999) showed the presence of both dissolved Zr and Fe, with
the presence of the latter in amounts equal to or greater than the amounts of Zr, suggesting
that the corrosion process may have occurred at the locations of secondary phase particles
(Zr (Fe, Cr),) in the Zircaloy matrix. Since in these experiments the secondary phase
precipitates would not be covered by the thick oxide present on cladding and pressure tubes,
their preferential corrosion would not be surprising. Although not immediately relevant to
disposal under anaerobic conditions, very similar corrosion rates (0.1 to 1 nm/year) were
obtained in aerated dilute saline solutions (Videm 1981) suggesting a moderate increase in
groundwater Ey, would not lead to any significant increase in corrosion rate.

The properties of the oxide on Zr cladding, but not that on Zr-2.5Nb pressure tubes, could vary
depending on the extent of doping by cations from the corrosion of SPPs, Figure 14. According
to Segall et al. (1988) this could lead to an increase in oxide dissolution rate since the oxide at
this location would contain a higher concentration of defects in the form of oxygen vacancies.
However, while such doping may lead to a slightly enhanced oxide dissolution rate this would
not lead to enhanced passive corrosion of the Zircaloy substrate at this location. As discussed
above, SPPs oxidize more slowly than the Zr matrix and steady-state passive corrosion would
be expected to be slower at these locations, Figure 22.

7. CONCLUSIONS

The corrosion of Zr alloys under deep geological repository conditions has been reviewed.
Since the available data base for the corrosion of Ti alloys under repository conditions is more
extensive than that for Zr alloys, this has been achieved by comparison of the electrochemical
and corrosion behaviour of both alloy series.

This review shows that the oxide film formed in-reactor on Zr alloys is likely to contain ion
migration pathways that could allow access of groundwater chloride ions to the alloy/oxide
interface, a condition generally associated with pitting corrosion.

However, despite the presence of the radiation fields associated with the fuel, the groundwater
redox conditions within a failed waste container will remain reducing, primarily due to the
production of the oxidant scavengers, Fe? and H,, by corrosion of the steel vessel.
Consequently, the only feasible corrosion mode that could lead to degradation of the cladding
and pressure tubes is passive corrosion.

Based on a wealth of studies on both Ti and Zr and their alloys a conservative upper limit for
the passive corrosion rate would be ~ 20 nm/year. Based primarily on extensive measurements
performed within the USA Department of Energy Yucca Mountain project, a value of

~ 5 nm/year would be expected, although some studies exist to show rates < 1 nm/year are
likely.
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