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ABSTRACT

Copper containers in a Canadian nuclear fuel waste disposal vault are expected to
undergo uniform corrosion and, possibly, pitting. The corrosion behaviour of the
containers will be dictated by the evolution of environmental conditions within the
disposal vault. The environment will evolve from an early warm, oxidizing phase,
during which fast uniform corrosion and pitting may occur, to an indefinite period of
cool, anoxic conditions, during which the container will only be susceptible to slow
uniform corrosion. The results of corrosion and electrochemical studies of the uniform
corrosion of Cu in O2-containing CI' solutions are discussed and a detailed reaction
mechanism presented. The relevant literature on pitting corrosion is briefly reviewed
and models for the prediction of pit depth discussed. The potential for microbially
influenced corrosion and stress-corrosion cracking is discussed, as are vapour-phase
corrosion and the effects of y-radiation. The use of natural analogues for justifying
long-term corrosion predictions is also considered. Finally, a model for uniform
corrosion and pitting is presented and container lifetimes predicted.

Copper containers having a minimum wall thickness of 25.4 mm are not predicted to
fail by corrosion in periods <106 a. Thus, despite the assumption of poor rock quality
made here, the safety of the entire disposal concept can be assured by the use of a
long-lived container.
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MODELE DE CORROSION DES CONTENEURS EN CUIVRE

POUR LE STOCKAGE EN CHAMBRES DU COMBUSTIBLE CANDU IRRADIE

par

F. King

RESUME

Les conteneurs en cuivre mis en place dans une installation de stockage des dechets
de combustible nucleaire canadien devraient subir une corrosion uniforme et,
eventuellement, une corrosion par piqures. La tenue a la corrosion de ces conteneurs
sera fonction de 1'evolution des conditions ambiantes dans Installation de stockage.
Ces conditions passeront d'une phase initiale chaude et oxydante, au cours de laquelle
une corrosion uniforme et rapide et une piquration peuvent se produire, a une seconde
phase froide de periode indefinie caracterisee par des conditions anoxiques pendant
laquelle les conteneurs ne seront soumis qu'a une corrosion uniforme et lente. On
examine ici les resultats des etudes sur la corrosion proprement dite et des etudes
electrochimiques de la corrosion uniforme du Cu dans des solutions de CI" renfermant
de I'O2, ainsi qu'un mecanisme detaille de la reaction. On procede a un bref examen de
la documentation scientifique pertinente traitant de la corrosion par piqures et des
modeles destines a prevoir la profondeur des piqures. On fait une analyse du risque de
corrosion d'origine microbienne et de fissuration sous contrainte ainsi que de la
corrosion en phase vapeur et des effets du rayonnement gamma. On prend egalement
en compte le recours aux analogues naturels pour justifier les previsions de corrosion
de longue duree. En dernier lieu, on presente un modele de corrosion uniforme et de
piquration et on avance des previsions sur la duree de vie des conteneurs.

On ne prevoit pas que des conteneurs en cuivre ayant des parois d'au moins 25,4 mm
d'epaisseur cedent sous I'effet de la corrosion au cours de periodes < 106 a. En
consequence, malgre Phypothese d'une roche de mauvaise qualite emise ici, la surete
du concept de stockage permanent dans son ensemble peut etre assuree si on utilise
des conteneurs ayant une longue duree de vie.
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1. INTRODUCTION

A second performance assessment is being performed on AECL's concept for the
deep geological disposal of used nuclear fuel in the Canadian Shield (AECL 1994).
The second assessment involves the in-room emplacement of copper containers in
permeable host rock (Johnson et al. 1996). The reference container consists of an
outer oxygen-free copper corrosion barrier. Two conceptual designs for the container,
the packed-particulate and dual-shell container designs, are described in Chapter 2.
As shown in Chapters 3 to 5, failure of these containers as a result of corrosion is not
expected in periods <106 a (King and Kola? 1995, 1996; Kola? and King 1996a).
Therefore, the only containers that will fail before this time, and the only containers
considered in the performance assessment calculations, are those that are emplaced
with undetected manufacturing defects. A failure model for these containers is
described in Chapter 6. The use of long-lived containers is one of the major
differences between the second assessment and the reference case considered in the
EIS (AECL 1994). Although Cu containers are considered here, long container
lifetimes (>105 a) may also be achievable using crevice-corrosion resistant Ti alloys
(Shoesmith et al. 1995).

The experimental and modelling studies on which the claim of long lifetimes for Cu
containers is based, are summarized in Chapter 4 of Johnson et al. (1996). The
present report presents a more detailed discussion of these studies, and, in particular,
provides more details of the modelling procedures. Details of the vault design and
geosphere setting are given by Johnson et al. (1996).

2. CONTAINER DESIGN AND STRUCTURAL PERFORMANCE

Figures 1 and 2 show the conceptual designs for the Cu-shell packed-particulate and
dual-shell containers, respectively. Both containers are designed for horizontal
emplacement in the disposal rooms (Figure 3) and have a minimum wall thickness of
25.4 mm. The packed-particulate design (Figure 1) is based on that presented in the
EIS (AECL 1994) and contains 72 fuel bundles located in a basket arrangement of
stainless steel tubes. The internal void space is filled with compacted silica sand. In
the dual-shell design (Figure 2), the basket is placed inside a 65-mm-thick C-steel
shell, which is welded closed before being placed in the outer Cu shell. In both cases,
the Cu shell is manufactured from deoxidized, low-phosphorus (DLP) Cu (0.0002 wt.%
O, 0.0050 wt.% P, 99.992 wt.% Cu), an experimental alloy developed in the Swedish
and Finnish programs for its superior creep ductility (Henderson et al. 1992). Electron-
beam welding is the preferred method for joining the head to the Cu shell.

The expected y-radiation dose rate at the outer surface of a Cu container can be
predicted from that estimated for the reference Ti-shell packed-particulate container
design described by Johnson et al. (1994). For a 6.35-mm-thick Ti shell, the
maximum absorbed dose rate for 10-a-cooled fuel with an average burn-up of
685 GJ-kg U'1 is -50 Gyh"1 (Johnson et al. 1994). For a 25.4-mm-thick Cu-shell,
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packed-particulate container, the corresponding dose rate would be -11 G y h \ taking
into account the thicker wall and the higher density of Cu compared with that of Ti.
The effect of the higher reference burn-up of 720 GJ-kg IT1 assumed for this study on
the absorbed dose rate will be minor. In addition, the different stacking arrangement
of fuel bundles for the shorter, but wider, in-room container design, compared with the
taller and narrower borehole-emplacement container, should have little effect on the
external dose rate. The outer circle of fuel bundles effectively shields the radiation
field from the inner bundles, so that the radiation field experienced by the container is
largely determined by the outermost bundles in the stainless steel basket. For the
dual-shell container, the radiation field is further attenuated by the 65-mm-thick C-steel
liner. Based on the relative densities of Fe and Cu (7.86 gem'3 and 8.92 gem"3,
respectively) and the thickness of the two shells, the maximum absorbed dose rate at
the outer surface of the dual-shell container would be -0.24 Gyh"1, making this
container design virtually self-shielding.

The corrosion behaviour of DLP Cu is expected to be similar to that of oxygen-free
electronic Cu (OFE, UNS C10100), on which most of the experimental evidence
presented below is based. The only difference between the corrosion behaviour of
these alloys may be in their susceptibility to stress-corrosion cracking (SCC). There is
an increased risk of SCC in tarnishing NH3 environments for Cu-P alloys containing
>0.004 wt.% P (Chapter 4.5). DLP Cu contains 0.005 wt.% P. Presumably, however,
the P content of this experimental alloy could be reduced upon further development,
rendering this alloy no more susceptible to SCC than OFE Cu.

At some stage during the evolution of vault conditions, the containers will be subject to
a hydrostatic load (a maximum of 5 MPa for a vault located at a depth of 500 m) and
a swelling pressure from the buffer material (up to 2.5 MPa). These external loads, as
well as any residual manufacturing stresses, may cause deformation of the Cu shell.
Loading of the shell is of concern for two reasons: (i) excessive strain could lead to
ductile failure of the container, and (ii) stress, or, more fundamentally, crack-tip strain,
could lead to SCC.

Figure 4 is a schematic illustration of the external load-time curve for the Cu shell.
Period A corresponds to the presaturation period before the container is subjected to a
hydrostatic load or buffer swelling pressure. During this period, certain regions of the
container (e.g., areas around non-stress-relieved welds) may undergo some strain due
to the presence of residual manufacturing stresses. Any strain is likely to be limited,
and it could be argued that the presence of elevated temperatures over long periods of
time may even stress-relieve the shell. As the vault floods, the containers will undergo
more significant strain (period B) as the hydrostatic load develops and as the buffer
material saturates and swells. The extent of the strain depends on the container
design. In the packed-particulate design, the container will deform until the shell
contacts the supporting silica sand. The shell will deform more in areas in which the
internal voids are not completely filled (perhaps because of residual settling of the
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sand particles). Some further deformation of the packed-particulate container is
possible, however, if the silica sand crushes under the applied load or if the particulate
creeps. Then the outer Cu shell will creep at a rate that is determined by the creep
rate of the particulate. In the dual-shell design, the outer Cu shell will deform until the
gap between the outer and inner shells is closed. At that stage (Period C), no further
deformation of the dual-shell container should occur because the inner C-steel liner is
designed to be strong enough to withstand loads of 50 MPa.

Structural analyses suggest that neither container should fail under loads of up to
13 MPa, provided the silica sand in the packed-particulate container is properly
compacted (Johnson et al. 1996). If, however, an internal void exists in the
particulate, strains as high as 24% (including creep effects) could develop. Then,
although Cu generally exhibits good ductility during short-term tensile tests, there is
some question as to whether the container could be guaranteed not to fail under these
conditions. Therefore, the dual-shell design (for which long-term creep effects will be
limited because of the C-steel liner) may be preferable, especially if future glacial
loading occurs, which could result in a maximum hydrostatic pressure of 40 MPa
(Johnson et al. 1996).

3. VAULT CONDITIONS

During the lifetime of the containers, the vault environment will evolve from an initial
period of warm, oxidizing conditions to an indefinite cool and anoxic period (illustrated
schematically in Figure 5). The corrosion behaviour of the containers will change with
time as a result of this evolution in environmental conditions. For the corrosion of Cu,
the most important environmental parameters are the availability of oxidants, the
restrictive mass-transport conditions and the saline groundwaters.

Since Cu is thermodynamically stable in water, oxidants such as O2 or oxidizing
radiolysis products must be available for corrosion to occur. The major source of
oxidant in a conceptual Canadian disposal vault is the O2 trapped in the pores of the
compacted buffer and backfill materials surrounding the container. For the reference
in-room vault design, the amount of O2 trapped in the sand, buffer and light and dense
backfill layers when the vault is sealed is equivalent to -27 moles per container. (This
compares with -43 moles O2 per container for the reference borehole-emplacement
design described in the EIS). The groundwater is an insignificant source of O2

because deep groundwaters are virtually O2-free ([O2] < 1.6 x 10'7 mol-dm'3, or
< 5 ngg'1, Gascoyne et al. 1996) and because the supply of this O2 to the container is
limited by the intervening layers of buffer and backfill materials (Kolar and King
1996b). The only other source of oxidizing species is the yradiolysis of water.
Gamma-radiation effects will be insignificant after 300 a (equivalent to 10 half-lives of
Cs137) and, even initially, the yield of radiolysis products is expected to be low because
of the small absorbed dose rates at the surface of the container (Chapter 4.6).
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Therefore, it is believed that the amount of extra oxidants produced by y-radiolysis will
be insignificant compared with the amount of trapped O2.

The trapped O2 in the buffer and backfill materials is consumed by a number of
reactions. Oxygen is consumed by (Kolar and King 1996b); (i) the electrochemical
reduction of O2 on the container surface, (ii) the oxidation of dissolved Cu(l) corrosion
products, (iii) the oxidation of organic C (microbially mediated) and other oxidizable
impurities (Fe3O4, metallic Fe) present naturally in clay (Oscarson and Dixon 1989;
Oscarson et al. 1984), (iv) the oxidation of Fe(ll) released by the dissolution of biotite,
magnetite and pyrite in the crushed granite in the dense backfill and the granitic sand
in the light backfill materials, and (v) diffusion out of the vault into the geosphere
where it is consumed by the oxidation of Fe(ll) in the rock. In a conceptual Canadian
disposal vault, the trapped O2 is consumed by these reactions in between ~6
and several thousand years (Johnson et al. 1994; Kolar and King 1996b). Figure 6
shows the predicted evolution of [O2] within the disposal vault in the case where the
O2 is consumed in -670 a. This period of -670 a to establish anoxic conditions within
the vault defines the length of the initial warm, oxidizing phase of the vaults evolution.

In addition to the lack of oxidants, the restrictive mass-transport conditions within the
vault will limit the extent of container corrosion. The slow diffusion of species through
the buffer and backfill materials will limit the transport of O2 to, and of dissolved
corrosion products away from, the container surface. The rate of O2 reduction is
controlled by the diffusion of O2 to the container surface, as indicated by the near-zero
interfacial [O2] shown in Figure 6. The transport of dissolved Cu(ll) away from the
container surface is retarded by adsorption on the clay components of the buffer and
backfill materials as well as by their porous structure.

The presence of saline groundwaters, and the predominance of CI' ions, is also
important in the corrosion behaviour of Cu containers. The salinity of the pore fluids in
contact with the container will increase with time as Cl-rich groundwaters (Frape et al.
1984) diffuse into the vault. Chloride ions stabilize Cu(l) and prevent the formation of
a highly protective Cu2O film on the container surface.

The other environmental factor that will affect the corrosion behaviour of the container
is temperature. Initially, the buffer material may partially dry out as heat from the
container drives moisture away from the surface. In unsaturated buffer, the rate of O2

transport to the container is higher than in fully saturated buffer due to fast gas-phase
diffusion of O2 through the vapour-filled pores (King and Kolar 1995). Corrosion,
however, may be limited because insufficient water will be present on the container
surface to support aqueous electrochemical reactions (King 1996a). Eventually, the
vault is expected to become fully saturated, at a rate that will depend on the relative
rates of water movement away from the container due to the thermal gradient and
water influx from the surrounding rock. As the vault continues to cool with time (as
illustrated by the container surface temperature profile in Figure 5), the rates of
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chemical and electrochemical reactions and of mass transport processes will
decrease.

4. THE CORROSION OF COPPER CONTAINERS

4.1 UNIFORM CORROSION

A detailed corrosion mechanism has been proposed for the uniform corrosion of Cu in
O2-containing CI" environments (Figure 7). The results of various experimental studies
on which Figure 7 is based are summarized below, and described in more detail
elsewhere (Shoesmith et al. 1995; King 1996a).

A series of corrosion experiments was conducted under simulated disposal conditions.
In these experiments (Figure 8), a Cu coupon was exposed to compacted buffer
material saturated with a synthetic groundwater solution (Table 1). The mean
corrosion rate was determined from the weight loss of the coupon. In addition, the
buffer material was sectioned and the total [Cu] in each slice measured. The total
[Cu] is the sum of the dissolved Cu in the pore water, the adsorbed Cu on the
Na-bentonite and any precipitated Cu. Experiments were performed for periods
between 1 and 24 months, at temperatures between 25°C and 100°C, and for buffer
dry densities of 1.45 gem"3, 1.65 gem'3 (the reference buffer density for the in-room
disposal design), and 1.79 gem"3 (King et al. 1992; Litke et al. 1992).

The results of these experiments show a relationship between the rate of mass
transport and the rate of corrosion. Figure 9 is a log-log plot of the corrosion rate
versus exposure time for experiments conducted under aerated conditions. The slope
of -0.7 is close to the value of -0.5 expected for a diffusion-limited corrosion reaction.
Furthermore, a close correlation was found between the observed corrosion rate and
that predicted on the basis that the diffusion of Cu(ll) through the compacted buffer
material is the rate-controlling process (Figure 10). The theoretical curves in Figure 10
are based on the following equation for Cu diffusion into a semi-infinite layer of buffer
material with a constant interfacial [Cu] (King et al. 1992)

R =m
Pcu

where Rm is the predicted mean corrosion rate (equivalent to the corrosion rate
determined from weight loss), m0 is the total [Cu] in the buffer at the Cu/buffer
interface, pd is the buffer dry density, ACu and pCu are the atomic mass and density of
Cu, and Da is the apparent diffusion coefficient of dissolved Cu. The apparent
diffusion coefficient, which includes a term for the adsorption of Cu by the bentonite
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(Oscarson et al. 1992), has been measured as a function of temperature in compacted
clay (King and Ryan, unpublished data).

The oxidation state of dissolved Cu in these experiments was found to depend on [O2]
and [Cl~]. The experiments described above were carried out in buffer material in
contact with aerated SCSSS (Table 1). Although it is not possible to extract pore
solution from the buffer and determine the speciation of dissolved Cu, several features
of the results strongly suggest that Cu(ll) species predominated in aerated SCSSS
(King et al. 1992; Litke et al. 1992). First, high interfacial [Cu] were observed,
equivalent to all the cation-exchange sites on the compacted clay being fully occupied
by cationic Cu(ll) species. Second, relatively short and steep [Cu] profiles were found,
indicating the retardation of strongly adsorbed Cu(ll) (dashed line, Figure 11).
Apparent diffusion coefficients estimated from [Cu] profiles from corrosion experiments
are in good agreement with those measured in separate diffusion experiments using
Cu(ll). Third, precipitated Cu(ll) species were found at the Cu/buffer interface at the
end of the experiment. In contrast, in SCSSS containing <0.2 vol% O2 initially, Cu(l)
species were believed to predominate. Low interfacial [Cu] and shallow extended [Cu]
profiles were observed, similar to that shown by the solid curve in Figure 11. Such
profiles are believed to be the result of the formation of negatively charged cuprous-
chloro complex ions (such as CuCI2), which would not be adsorbed, and hence their
diffusion not retarded, by the clay. In addition, in experiments in which extended [Cu]
profiles were observed, no precipitated Cu(ll) corrosion products were found. In a
more extensive series of experiments (King 1996a; King and Ryan, in preparation)
using synthetic groundwater solutions more dilute (WN1, Table 1) and more
concentrated (SCSB, Table 1), Cu(ll) was found under both aerated and Iow-[O2]
conditions at low [CI] (WN1), but Cu(l) only was observed in aerated and Iow-[O2]
experiments at high [CI] (SCSB). These observations are consistent with the reported
effect of [CI] and [O2] on the kinetics of Cu(l) oxidation by O2 (Nicol 1984; Sharma and
Millero 1988). The rate of oxidation is first order with respect to [O2], but decreases
with increasing [CI] because of the stabilization of Cu(l) by cuprous-chloro complex-ion
formation.

Under all conditions, precipitated corrosion products were found on the surface of the
coupon at the end of the experiments. In aerated solution, a duplex structure was
observed (Figure 12), consisting of an inner layer of Cu2O and an outer layer of
CuCI2-3Cu(OH)2 (Litke et al. 1992). In solutions in which Cu(l) was found to
predominate, the outer CuCI2-3Cu(OH)2 layer was absent. In all cases, however,
neither layer was entirely protective. The outer layer was usually incomplete
(Figure 12), and the inner Cu2O layer contained numerous cracks and defects in the
film. Although the mechanism of film formation has not been studied in detail (King
1996a), the Cu2O layer was most likely formed from the hydrolysis of either a CuCI
layer or of dissolved CuCI2. The CuCI2-3Cu(OH)2 layer formed by the precipitation of
Cu(ll), produced from the homogeneous oxidation of Cu(l) by O2 (King 1996a).
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Figure 13 shows the thermodynamic E/pH diagram for the Cu/H2O/CI' system for
various CI' concentrations. This figure illustrates that the formation of Cu2O and
CuCI2-3Cu(OH)2, which were the only Cu-containing corrosion products identified by
X-ray diffraction, can be predicted based on the behaviour of Cu in Cl' solutions of
various pH (the experiments described above were performed in neutral to slightly
alkaline solutions, pH 6-9) and E (equivalent to various [O2]). Equally, the speciation
of dissolved Cu in the pore solution (either strongly adsorbed Cu(ll), as Cu2+ or CuCI+,
or weakly adsorbed CuCI2) can be rationalized on the basis of this relatively simple
E/pH diagram. Therefore, despite the presence of SO*", HCO3/COl' a n c l various
cations in the pore solution, the corrosion behaviour is dominated by CI" ions.

The surface profiles of the corroded coupons were measured after the corrosion
products had been stripped. Figure 14 shows, on a much expanded vertical scale,
that, although the surface was roughened, the corrosion was relatively uniform in
nature. In particular, comparison of the corroded profile to that of the original surface
shows that aN areas of the surface were attacked and that no permanent separation of
anodic and cathodic sites, a prerequisite for localized corrosion, took place.

In addition to the corrosion experiments described above, electrochemical experiments
have been performed in CI" and CIVSO*" solutions. Copper dissolves anodically as
Cu(l) in CI' solutions, with the rate of dissolution largely controlled by the rate of mass
transport of CuClj away from the Cu surface (CuClg" becomes increasingly important
at [CI] >1 mol-dm"3) (Lee and Nobe 1986; Deslouis et al. 1988; King 1996a and
references therein). Using rotating disc electrodes, it is possible to distinguish
between various mechanisms for the preceding fast interfacial reaction(s). The
complete reaction scheme at potentials (E) <-0.05 VSCE (i.e., in the "apparent" Tafel
region, King 1996a) is best described by (Crundwell 1992; Deslouis et al. 1988; King
et al., unpublished data):

Cu + CI" •* CuClads + e" (2)

CuClads + Cr - CuCI2 (3)

CuCI2 (surface) -» CuCI2 (bulk) rds (4)

where rds denotes the rate-determining step. Pore waters will contain SO^' in addition
to CC, especially at short times as gypsum impurities in the clay dissolve in the pore
solution. Sulphate ions, unlike CI', do not form strong Cu(l) complexes, so that in pure
SOf solutions Cu(l) is an unstable intermediate and Cu dissolves mainly as Cu(ll)
(de Agostini et al. 1989; King et al. 1995a). In CIVSO '̂ mixtures, however, dissolution
follows the above reaction scheme, even at [CI] -0.01 mol-dm'3 in 0.5 mol-dm'3 H2SO4

(Kiss et al. 1971). King et al. (1995a) have shown, using rotating split-ring disc
electrodes, that the anodic dissolution of Cu in the apparent Tafel region in
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0.1 rnol-dm'3 CI70.1 moldm"3 SO^ mixtures is identical to that in SO^-free
0.1 moldm'3 CI".

The major cathodic reaction on the container surface will be the reduction of O2. In
neutral and slightly alkaline (pH 9.2) solution, oxygen reduction occurs primarily by the
overall 4-electron pathway to OH' (Vazquez et al. 1994; King et al. 1995b,c)

O2 + 2H2O + 4e' -H> 4OH" (5)

Surface redox processes involving Cu(l) species are thought to catalyze the reaction.
According to Vazquez et al. (1994), the reaction is jointly controlled by the rates of a
chemical step (the oxidation of Cu2O to CuO by O2) and an electrochemical process
(the reduction of CuO to Cu2O). In the mechanism proposed by King et al. (1995b,c),
Reaction (5) is catalyzed by redox reactions between Cu(0) and Cu(l), the latter
stabilized as either Cu(OH)ads or submonolayer Cu2O. The reaction also proceeds on
a surface completely covered by Cu2O, but at a slower rate because of the absence of
the catalytic Cu(0)/Cu(l) surface sites. Only small amounts of peroxide are reported in
both studies.

In O2-containing CI' solutions, Reactions (2) to (5) describe the interfacial anodic and
cathodic reactions that determine EC0RR. In aerated bulk solution, the anodic reaction
is mass-transport controlled at EC0RR and the cathodic reaction is controlled by the
interfacial step. As the [O2] is decreased, the cathodic reaction becomes increasingly
mass-transport limited, but, because the interfacial rate constant for O2 reduction is
small (King and Litke 1994; King et al. 1994a, 1995b,c), the cathodic reaction does not
become totally mass-transport limited, even in nominally deaerated solution (King et al.
1995d). If the rate of mass transport to or from the corroding surface is reduced by
placing a layer of compacted bentonite between it and the bulk solution, both reactions
become mass-transport limited. Figure 15 shows a comparison between EC0RR values
measured using a compacted-clay covered electrode and those predicted with a
mixed-potential model based on electrochemical expressions for Reactions (2)-(5)
coupled to steady-state mass-transport equations (King et al. 1995d). The good
agreement between measured and predicted values of EC0RR, both under these
conditions and in bulk solution, suggest that this model is suitable for predicting EC0RR

of Cu in CI' solutions over a wide range of [O2] and mass-transport conditions (King et
al. 1995d).

The corrosion and electrochemical behaviour described above will be modified by the
presence of precipitated Cu2O and/or CuCI2-3Cu(OH)2 layers. Corrosion-product
layers may:

(i) Act as a sink for dissolved Cu, accelerating the rate of reversible interfacial
dissolution reactions. This effect has been shown to be insignificant for Cu
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containers (King et al. 1996), because the corrosion rate in a disposal vault will
be under O2-transport control.

(ii) Form a mass-transport barrier on the Cu surface. Although the presence of a
Cu2O layer does reduce the rate of Cu dissolution, the reaction continues via
the diffusion of CuCI2 through pores and defects in the film (Faita et al. 1975;
de Sanchez and Schiffrin 1988). For a container surrounded by buffer material,
however, the thicker layer of compacted buffer will act as a more significant
mass-transport barrier. Similarly, although O2 diffusing to the Cu surface must
first diffuse through the outer CuCI2-3Cu(OH)2 layer before it can be reduced on
the inner Cu2O film (Kato et al. 1980a,b), the mass-transport resistance of this
layer is likely to be insignificant compared with the restrictive mass-transport
properties of the thicker layer of compacted buffer material.

(iii) Catalyze or inhibit the rate of interfacial electron-transfer reactions. As
discussed above, the Cu2O layer inhibits the rate of O2 reduction, possibly
because of the absence of the catalytic Cu(0)/Cu(l) surface redox couple.
Crystalline CuCI2-3Cu(OH)2 has a high electrical resistance (King and
Strandlund, unpublished data), and is unlikely to support any electron-transfer
reactions.

(iv) Affect the corrosion behaviour through adsorption processes and redox
reactions. Neither Cu2O nor CuCI2-3Cu(OH)2 are likely to adsorb solutes
involved in the corrosion mechanism illustrated in Figure 7. Cupric ions formed
from the dissolution of CuCI2-3Cu(OH)2 may be electrochemically reduced on
the container surface (King 1996a).

(v) Cause the separation of anodic and cathodic sites, thereby leading to localized
corrosion processes. This aspect is considered in the next section.

4.2 PITTING

Pitting of Cu, although well known, is a relatively rare phenomenon. The pitting of Cu
pipes in potable water has been extensively studied, and various mechanisms
proposed (Campbell 1974). Pitting is limited to certain types of fresh water found in
specific locations and only affects a small fraction of installed pipes (Myers and Cohen
1995). The difference between pitting waters and Canadian Shield groundwaters is
the predominance of CI" and the absence of O2 in the latter. As discussed above, CI"
promotes the active dissolution of Cu. Although Cu2O films are formed in CI'
environments, they tend to be porous and macroscopically defected (King 1996a).
Nevertheless, the surfaces of Cu samples exposed to simulated disposal conditions do
exhibit some roughening (Figure 14), and Cu and Cu alloys buried for extended
periods also show localized attack (Bresle et al. 1983; Romanoff 1989). Therefore, it
is necessary to consider the possibility of pitting of Cu containers.



-10-

Campbell (1974) described two types of Cu pitting (a third type described by Mattsson
(1980) has not been widely reported and a fourth type (Chamberlain and Angell 1990;
Fischer et al. 1988), apparently due to microbial activity, is discussed in Chapter 4.4).
Type I pitting occurs in cold waters, free of naturally occurring organic inhibitors, on Cu
pipes containing a residual carbon film from the manufacturing process (whether the
presence of a C film is necessary for pitting is debated, Francis 1996; Myers and
Cohen 1995). Aggressive waters are described as hard or moderately hard,
containing HCO3, CI", SO*" and, of course, O2 (Campbell 1974). A minimum [O2] of
3 ugg"1 and a [SO^rfCI"] ratio >3 are thought to be required (Myers and Cohen 1995).y
Type II pitting occurs in hot waters (> 60°C) with a pH < 7.4 and a [HCO3]:[SO;;] ratio
< 1, and tends to produce pits with larger depth:width ratios than Type I pitting
(Campbell 1974; Mattsson 1980). Type II pitting is less common than Type I and,
consequently, has been less thoroughly studied.

Figure 16 shows a cross-section through a typical Type I pit (Lucey 1967). These pits
are characterized by a crust of precipitated basic Cu(ll) salts and CaCO3 covering a pit
containing Cu2O and CuCI. Initiation involves the formation of a CuCI pocket in a
protective Cu2O layer. The formation of the crust leads to the development of an
occluded region and permanent separation of the anodic and cathodic sites.
According to Lucey, both the anodic and cathodic sites are located within the occluded
region formed by the crust; a porous Cu2O membrane separating the anodic region
underneath from the cathodic region in the top half of the pit. Others suggest a more
conventional distribution of anodic and cathodic sites; anodic dissolution within the
occluded region being supported by O2 reduction on Cu2O-covered surfaces outside
the pit (Campbell 1974). Type II pits are covered by a basic cupric sulphate crust.

Pitting of these types would not lead to the development of the surface profiles
observed under simulated disposal conditions (Figure 14). Type I and Type II pitting
would produce localized penetrations but most of the surface would be unattacked.
To explain the form of the observed profiles, King (1996a) has suggested a
mechanism for underdeposit corrosion involving many of the processes included in
Lucey's pitting mechanism, but in which propagating pits either die or coalesce. Pit
death occurs when the aggressive pit solution can no longer be sustained, either
because the crust breaks permitting access of the bulk solution or because the slow
rate of O2 supply is insufficient to maintain a sufficient rate of Cu dissolution within the
pit. Repeated pit initiation, propagation and death events distributed over the entire
surface would lead to the type of surface roughening illustrated by Figure 14. At this
stage, however, the experimental evidence required to support this type of
mechanism is not available. In addition, a model to predict the extent of surface
roughening for comparison with experimental surface profiles has not been developed.

Various methods have been developed for predicting either the initiation or the
propagation of pitting on Cu. Initiation can be predicted based on a comparison of
ECORR to a threshold pitting potential Eplt. Whilst this approach appears to work well
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for the Type I pitting of Cu in fresh waters (Campbell 1974) (no Epit value is available
for Type II pitting), the Epit data reported in the literature for Cu in CI" and CI7HCO3

solutions ([CI] > 10"3 moldm'3) are very scattered (King 1996a). Therefore, before this
criterion can be considered to be a suitable method for predicting the long-term pitting
behaviour of Cu containers in saline environments, a more reliable database is
required. The benefit of this method for predicting the susceptibility to pitting,
however, is that it accounts for the decreasing probability of pit initiation with time
(through the decrease in ECORR), as the environment in the vault becomes less
oxidizing.

Attempts to predict the propagation of pits on Cu have relied on the analysis of
empirical pit-depth data. The depth of pitting (d) is found to be exponentially related to
the exposure time (d <* f , where n < 1), so that the rate of pit propagation decreases
with time. For this reason, pits on Cu are observed to reach an apparent limiting
depth (ASM 1987). Alternatively, measured pit depths can be analyzed using
extreme-value statistics (King and LeNeveu 1992; Watanabe et al. 1994). King and
LeNeveu (1992) have performed an extreme-value analysis (EVA) of literature pit-
depth data recorded for various Cu alloys exposed to different soil types for extended
periods (up to -3000 a) and applied the results to the prediction of the long-term
pitting behaviour of Cu containers. This analysis allows the probability that the
maximum pit depth on any container will exceed a given depth to be predicted as a
function of time. In order to take into account the decreased likelihood of pitting of Cu
containers as the vault environment evolves, a maximum pitting period is defined. In
the original analysis (King and LeNeveu 1992), pitting was assumed to be possible
indefinitely because the vault was assumed to be continuously aerated. Nevertheless,

the probability of the pit depth exceeding 9 mm on a container in 10 a was predicted
to be <10"9 (a subsequent reanalysis indicates that this probability is in fact <10"21).
Other criteria for the maximum pitting period are the length of the warm, oxidizing
period (based on the assumption that O2 is required for pit propagation) or the period
over which Cu(ll) species are present at the container surface (based on the
presumption that the electrochemical reduction of Cu(ll) can also support pitting). In a
subsequent analysis, King et al. (1994b) assumed pitting was only possible during the
warm, oxidizing period, taken to be 1000 a. They estimated that the probability of a pit
exceeding 5 mm in depth after 1000 a was <10"11. A period of 1000 a exceeds the
probable length of both the warm, oxidizing period (Figure 6) and the time required to
reduce the [O2] in the vault below Myers and Cohen's (1995) threshold [O2] of 3 ug-g"1.

4.3 ATMOSPHERIC CORROSION

The buffer and backfill materials surrounding the container will be unsaturated for
some time following closure of the vault. During this unsaturated period, the corrosion
behaviour of the container will depend on the availability of H2O at the container
surface. If the surface of the container is dry, corrosion will take the form of slow gas-
phase oxidation. If the container surface is wet, electrochemically based corrosion
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reactions may be possible (generally, 15-90 layers of water are considered necessary
for aqueous corrosion, Shreir 1976). Water forms on corroding surfaces in moist
atmospheres either through adsorption or because of a lowering of the interfacial water
activity through a combination of osmotic and capillary pressures (Shreir 1976). An
osmotic pressure can develop because of the precipitation of hygroscopic salts.
Capillary forces develop if the corroding surface is covered by a porous corrosion-
product or precipitated layer. The same factors (adsorption and osmotic and capillary
pressures) acting in the buffer material will tend to prevent H2O from reaching the
container surface. Unsaturated buffer material develops a suction potential, consisting
of a matric potential (caused by the capillary pressure generated by the porous nature
of the buffer) and an osmotic potential (due to the presence of solutes in the pore
fluids).

It is difficult to predict which of these surfaces (the corroding surface or the surfaces of
the clay particles) will be wetted preferentially during the unsaturated phase. The two
situations represent opposite extremes in terms of the consequences for container
corrosion. Oxidation of the container surface in relatively dry air will be slow,
especially at the expected surface temperatures (<81°C). If the container surface is
covered by a thin H2O layer, however, corrosion could be rapid due to the fast supply
of O2 through unsaturated buffer material (King and Kolar 1995).

Oxidation rates of Cu in dry air are generally measured at much higher temperatures
than those expected in the disposal vault. Nevertheless, extrapolation of data from an
experimental temperature of 100°C (Myers 1986) to the maximum container surface
temperature of 81 °C suggests a maximum oxidation rate of 0.8 uma 1 . Below a film
thickness of -125 nm, the film consists of Cu2O, with CuO forming on top of the Cu2O
layer as the film thickens (ASM 1987). For thicknesses >125 nm, film growth is
approximately given by (ASM 1987)

W2 = kt (6)

where W is the weight gain per unit area, t is the exposure time and k is a constant.
The compilation of data given by Myers (1986) suggests that the growth kinetics
change with temperature. For temperatures above ~150°C, oxide growth follows either
parabolic or cubic behaviour (n = 2 or 3, respectively, where Wn = kt). At lower
temperatures, oxide growth kinetics become less time dependent, with n values >5.

Various measurements of the rate of corrosion in moist atmospheres are available.
Long-term (20-a) exposure of Cu alloys to various atmospheres shows that the
corrosion rate decreases with time. In marine atmospheres (generally the most
corrosive for Cu alloys), the depth of penetration (in urn) is given by d = 2.5t2/3, where
t is the exposure time in a (ASM 1987). Vapour-phase corrosion rates have also been
measured in atmospheres saturated with SCSSS solution (Table 1). In a Y-radiation
field of ~5 Gyh"1 at 150°C, the weight-loss corrosion rate varied from 1 to 10 uma"1
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after 5 a exposure (King and Ryan, unpublished data). In addition, the compacted
buffer material used in some of the uniform corrosion experiments described in
Chapter 4.1 was compacted at a moisture content of 80% of the saturated value
(corresponding to the initial moisture content of buffer in the vault). During the course
of the experiment, the buffer material became fully saturated due to the presence of
excess SCSSS. The high corrosion rates observed at short times (1-2 months,
Figure 10) may partly reflect the rate of corrosion under unsaturated conditions. Such
high rates (100-250 um-a"1) could not be sustained in a disposal vault, however,
because of the limited availability of O2. At a corrosion rate of 100 um-a"1, the
available O2 (27 mol/container) would be consumed in -11 months (assuming Cu(ll) to
be the predominant corrosion product). Thus, the effect of unsaturated conditions may
be to shorten the length of the initial oxidizing period. King and Kolar (1995) have
modelled the effects of rapid O2 diffusion to the container surface due to transport
through the vapour-filled pores of unsaturated buffer material. As illustrated by the
calculation above, corrosion was predicted to stop after 6 a at 95°C if the buffer was
80% saturated, as opposed to 200 a for fully saturated buffer.

The effects of gas-phase radiolysis during the unsaturated phase will be discussed in
Chapter 4.6.

4.4 MICROBIALLY INFLUENCED CORROSION

Although it is now widely accepted that some form of microbial activity within the
disposal vault is likely (Stroes-Gascoyne and West 1994), the potential for microbially
influenced corrosion (MIC) will be strongly influenced by the evolution of environmental
conditions (Chapter 3). Initially, conditions may be sufficiently aggressive that no
microbial growth will occur close to the container surface (King and Stroes-Gascoyne
1995). The combined effects of heat, y-radiation and desiccation of the buffer material
may even be sufficient to kill microbes close to the container, leading to the formation
of a sterilized zone some tens of centimetres thick. Although it was originally thought
that y-radiation might be the most lethal environmental factor (King and
Stroes-Gascoyne 1995; Stroes-Gascoyne et al. 1995), there is increasing evidence
that, in compacted clay, the general lack of H2O may be the most stringent condition.

It is known that most bacteria will not grow at water activities (aw) below 0.95 (Brown
1990; Geesey and Cragnolino 1995). In a disposal vault, three factors will determine
aw in compacted buffer material (King 1996b); (i) the capillary pressure resulting from
the pore structure of the buffer (expressed as a matric or suction potential), (ii) the
hydrostatic pressure and, (iii) the osmotic pressure resulting from the presence of
saline pore fluids. Of these three factors, the capillary and osmotic pressures are
most significant. Desiccation of the buffer to a moisture content of 14% results in the
development of a suction potential equivalent to aw = 0.95, sufficient to prevent
bacterial growth (King 1996b). Such low moisture contents are possible close to the
container surface initially due to the thermal gradient driving water away from the
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container surface. As the vault saturates with saline groundwaters, the suction
potential will diminish but the osmotic pressure will increase. A pore solution
equivalent to SCSSS (Table 1) has a water activity of -0.98 (Robinson and Stokes
1959).

The type of microorganisms that grow will also be affected by the availability of O2. In
the initial aerated phase, the growth of both aerobic and (in anoxic microenvironments
underneath biofilms) anaerobic bacteria is possible. Once the trapped O2 has been
consumed, however, only anaerobic bacteria will be viable.

There are numerous reports of MIC of Cu alloys in near-surface environments in the
literature, but few of them have direct relevance to the MIC of Cu containers in a deep
underground disposal vault (King 1996b). Most literature reports deal with either the
MIC of Cu alloys (usually Cu-Ni alloys) in seawater or the microbially influenced pitting
of Cu in fresh waters. In all cases, MIC is associated with the formation of a biofilm
on the Cu surface. Biofilms are composed of a consortium of different microbes held
within a matrix of extracellular polymeric substances (EPS) produced by the microbes.
Different microbes are active in different parts of the biofilm, with one species
producing metabolic by-products used by other species as part of their metabolism
(Figure 17). Biofilms can induce localized corrosion by creating microenvironments
that differ from the bulk solution (e.g., differential aeration cells, Little et al. 1991).
They can also influence the rate of mass transport of species to and from the surface,
either by acting as a physical barrier (L'Hostis et al. 1995; Schiffrin and de Sanchez
1985) or by adsorbing corrosion products on the EPS (Mittelman and Geesey 1985).

In seawater, the most common species leading to MIC are sulphate-reducing bacteria
(SRB). The most aggressive cases of MIC occur in tidal or estuarine zones where the
periodic movement of water replaces polluted seawater by unpolluted aerated
seawater. This has two effects, (i) The protective Cu2O film formed on Cu alloys in
fresh seawater is converted into a Cu2S film in polluted waters and then reconverted to
Cu2O when the polluted water is replaced by fresh seawater. The interconversion of
the films causes the usually protective films to spall off, exposing the underlying metal
to accelerated corrosion, (ii) The rate of O2 reduction on Cu2S is higher than on Cu2O
(possibly due to a more electronically defected structure), resulting in increased
corrosion rates when unpolluted aerated seawater replaces sulphide-containing
polluted seawater. Both increased rates of uniform corrosion and pitting have been
associated with SRB in seawater. Pitting may occur either because of the formation of
a differential aeration cell (Wagner, P.A. et al. 1990) or because of the partial
coverage of the surface by corrosion product. The adherence of sulphide corrosion
products has been found to be different for pure Cu than for Cu-Ni alloys (McNeil et al.
1991), and has been implicated in the corrosion by SRB of a weld on 90-10 Cu-Ni
(Little etal. 1988).
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The most common form of MIC of Cu in fresh waters is pitting (Fischer et al. 1988;
Chamberlain and Angell 1990). As with the "abiotic" pitting of Cu, microbially
influenced pitting affects only certain geographical locations and appears to be
associated with so-called "institutional" buildings, such as hospitals, schools and
government offices. These buildings are most affected because of the periodic use of
water, resulting in alternating aerated and stagnant conditions. Fischer et al. (1988,
1992, 1995) and D. Wagner et al. (1992, 1995) have reported extensively on the
apparent microbially influenced pitting of Cu pipes in hospitals in Germany. Biofilms
were found on the surfaces of affected pipes. A mechanism has been proposed in
which the biofilm acts as a protective layer, permitting pit initiation at locations where
the film is discontinuous (Wagner, D. et al. 1995). In earlier studies, the film was
reported to adsorb anionic Cu(ll)-CI' complexes and a wide range of dissolved metal
ions, solid and dissolved Cu species and unstable peroxide species (O2" and HO2)
were claimed to be present in the biofilm (Fischer et al. 1988). Subsequently, it has
been suggested that synthetic biofilms can prevent the transport of CI" and SO^' to the
Cu/biofilm interface (Siedlarek et al. 1994). No clear connection between the observed
biofilm, the periodic aeration and the occurrence of pitting has been established.

In other studies of the microbially influenced pitting of Cu, Angell and Chamberlain
(1991) showed that three strains of Pseudomonas isolated from affected pipes would
not grow at temperatures above 50°C, a condition that was found to prevent the pitting
of Cu pipes in Scottish hospitals (Walker et al. 1991). Chamberlain and Angell (1990)
suggested that the biofilm or microbial activity was responsible for the formation of
CuO, which is characteristic of this type of pitting and which would not normally be
expected to form in these waters.

It is difficult to determine from these results whether Cu containers will be subject to
MIC because of the difference in the respective exposure conditions. In seawater and
fresh water, microbial growth is not limited by the availability of H2O (aw > 0.98) and
the supply of nutrients is plentiful, due both to the near-surface location and the high
rate of mass transport. Oxygen is also freely available, and the cathodic reaction is
unlikely to be transport limited as it is for a Cu container in compacted buffer
(Figure 6). Another significant difference is the variable supply of O2 associated with
the MIC of Cu in seawater and fresh water, compared with the continuously
decreasing supply of O2 to Cu containers.

Since the available literature is not particularly useful in determining the possible forms
of MIC of Cu containers, the possibility of MIC has been assessed based on the
known metabolic processes of microbes, the expected evolution of environmental
conditions within the vault and the various abiotic and microbial corrosion mechanisms
in the literature. Since the vast majority of literature reports of MIC involve bacteria,
most attention has been focussed on the effects of this type of microbe. Different
forms of MIC will be possible at different stages in the evolution of the vault
environment, in much the same way that the uniform and localized corrosion
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behaviour is expected to change with time as the vault environment evolves from the
initial warm, oxidizing period to the long-term stable anoxic phase.

At early times, fast localized forms of MIC (pitting, SCC) may be possible because of
the presence of O2. Pitting has been observed as the result of SRB activity (Wagner,
P.A. et al. 1990) and of patchy surface coverage by the marine bacterium
Oceanospirillum (Angell et al. 1995). By analogy with inorganic corrosion processes,
SCC may be possible in the presence of ammonia- or acid-producing microbes, since
NH3 and acetate are known to cause the SCC of Cu alloys (Chapter 4.5). However,
although microbially influenced SCC of Cu alloys is conceivable, only one such case
has been documented (Pope 1986) and, then, no details were reported. These forms
of localized MIC are unlikely to occur on a container, however, because biofilm
formation on the container surface will not be possible until some time after container
emplacement, by which time the [O2] will be insufficient to support the localized
corrosion process. As described above, the actions of y-radiation, heat and low water
activity will prevent microbial growth (and may even kill the microbes) close to the
container surface. In the absence of a biofilm, neither the differential aeration cells
required for pitting by SRB nor the concentration of metabolically produced organic
acids underneath the biofilm are possible. These conditions may persist for tens to
hundreds of years, preventing biofilm formation until the O2 trapped in the vault has
been consumed. In the absence of O2, these localized corrosion processes will not
occur. Furthermore, Figure 6 suggests that the jnterfacial [O2] drops very quickly after
emplacement, because of the slow transport of O2 through the buffer material.
Therefore, the period over which localized MIC is possible may only be a matter of
days, and it seems likely that the conditions will be sufficiently aggressive to prevent
biofilm formation during this period.

Once anoxic vault conditions have been established, only anaerobic microbes will be
active. Microbial activity may be possible because the buffer material will have
saturated and the aggressive conditions caused by the elevated temperatures and
y-radiation field will have ameliorated. Because of the predominance of SRB in
literature reports of MIC on Cu, attention has focussed on the possible effects of these
bacteria on container corrosion. One question that has to be answered is where will
the SRB activity be located? If, as seems likely, the microbes close to the container
are killed, as opposed to simply being dormant, during the warm, oxidizing phase, a
sterile zone will be created around the container. Based only on the effects of
y-radiation on the microbial population, King and Stroes-Gascoyne (1995) have
estimated that this zone could be up to 40-cm wide for the packed-particulate
container design. Unless microbes can repopulate this zone, subsequent SRB activity
will be restricted to locations remote from the container, thus precluding biofilm
formation on its surface. Because of the limited size of the pores in compacted buffer
material (0.01-0.05 urn), it has been argued that microbes will be physically too large
to migrate to the container surface (Stroes-Gascoyne and West 1994), although this
has yet to be demonstrated experimentally.
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It seems likely, therefore, that the only form of MIC possible during the long-term
anoxic period is that induced by the activity of SRB some distance away from the
container. Corrosion would then be possible if the sulphide so-produced diffused to
the container through the compacted buffer material. Sulphide catalyzes the
dissolution of Cu by the formation of highly insoluble Cu2S, thus shifting the anodic
dissolution curve to sufficiently negative potentials that H2O becomes a possible
oxidizing species. Electrochemically, this effect can be monitored as a negative shift
in EC0RR when sulphide is added to nominally deaerated solutions, corresponding to
the change in cathodic reaction from the reduction of residual O2 to the reduction of
H2O (or HS"). King and Stroes-Gascoyne (1995) have reported that the addition of
10 ugg"1 HS' (as Na2S) causes an immediate negative shift in EC0RR of a Cu electrode
in NaCI solution of -0.7 V, due to this change in the cathodic reaction. If a 1-mm-thick
clay layer is placed over the electrode (simulating the sterile zone created around the
container), a sulphide concentration of 100 ug-g"1 causes a similar effect, but only after
a delay of -40 h (the time required for the HS" to diffuse through the clay layer to the
electrode surface). Any effect due to sulphide produced by SRB away from the
container is likely to be small, however. The maximum steady-state corrosion rate
produced by the diffusion of HS' across a sterile zone 40-cm-thick for a constant [HS"]
of 3 ug-g"1 is predicted to be only 1 x 10"3 um-a'1 (King and Stroes-Gascoyne 1995).

Based on this analysis, we have been unable to identify a fast localized corrosion
process induced by microbial activity that could adversely affect the container lifetime.
Although microbial activity in the long term cannot be ruled out, the rate of corrosion
as a consequence of the activity of SRB away from the container would not appear to
be sufficiently fast to severely limit the lifetimes of the containers.

4.5 STRESS-CORROSION CRACKING

Sustained SCC would lead to relatively rapid failure of the container. Therefore, it
must be demonstrated that SCC will either not initiate or that the conditions necessary
for crack propagation will not exist. Depending upon the design of the container,
certain locations on the Cu shell will be under tensile stress for all or part of the
container life due to the presence of the hydrostatic load and buffer swelling pressure.
Although oxygen-free Cu is one of the least susceptible Cu alloys, SCC of pure Cu is
known in a number of environments. As discussed by King (1996c), although it is
conceivable that aggressive species may be produced by microbial activity or the
radiolysis of moist atmospheres, it is by no means certain that the disposal
environment will sustain SCC. In particular, the limited amount of available O2 and the
restrictive mass-transport conditions may prevent crack initiation and/or propagation.
A fuller discussion of the potential for SCC of Cu containers is given elsewhere (King
1996c).

Much of the work on the SCC of Cu alloys has been performed on a-brass in
ammonia solutions (Bertocci et al. 1990; Pugh 1971, 1979). The results of these
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studies will be summarized here because of their similarity with the behaviour of pure
Cu. Cracking of a-brass in ammonia can be either intergranular (IGSCC) or
transgranular (TGSCC) (Bertocci et al. 1990; Pugh 1971, 1979). In tarnishing
ammonia solutions a visible porous Cu2O layer forms and IGSCC occurs as a result
of anodic dissolution following rupture of the tarnish film. Film growth is favoured at
grain boundaries, possibly because such sites are anodic to the body of the grains
due to the segregation of impurities or alloying elements. In practice, this form of
cracking generally occurs in atmospheres in which thin moisture films containing high
concentrations of ammonia and dissolved cupric-ammonia complexes can develop.
Significantly, cracking is less severe in marine environments, as opposed to urban and
rural atmospheres, because of an inhibitive effect of Cl" (ASM 1987). The cathodic
reaction supporting growth of the tarnish film involves the reduction of Cu(NH3)5

+,
produced from the homogeneous oxidation of Cu(NH3)2 by O2.

The transgranular cracking of Cu-30Zn in non-tarnishing ammonia solutions occurs by
a different mechanism. Fracture surfaces of transgranular cracks display brittle
cleavage-like characteristics and contain crack-arrest markings indicative of a
discontinuous crack propagation process. Most significantly, it has been shown that
crack initiation in a relatively thin film can induce brittle fracture extending into the
underlying ductile metal. The film in which the crack initiates consists of a porous
dealloyed layer. Brittle fracture by this film-induced cleavage (FIC) mechanism
requires a porous structure with an extremely small pore size (of the order of nm
dimensions). In CI' solutions, macrodealloying occurs for these alloys and no SCC is
observed. The addition of NH3 to CI" solutions inhibits dealloying and the nanoporosity
associated with SCC is once again observed (Shahrabi and Newman 1989). This
effect of NH3 on the extent of dealloying in CI" solutions is thought to be due to the
adsorption of NH3 on the surface, rather than an effect of NH3 complexation.
Adsorption of NH3 may prevent coarsening of nanoporous layers by surface diffusion
of Cu atoms, which is known to be fast in CI" solutions (Shahrabi and Newman 1989).

The SCC of pure Cu has been reported in a number of environments. Pugh et al.
(1966) were the first to report IGSCC in non-tarnishing ammonia solutions. Escalante
and Kruger (1971) reported IGSCC of pure Cu in cupric acetate, but not in cupric
sulphate solution. Significantly, cracking was not observed in acetate solution in the
presence of illumination. Since illumination inhibits oxide growth on Cu, a film-rupture
mechanism was suggested. In tarnishing ammonia atmospheres, various pure and
oxygen-free grades of Cu were found not to stress corrode, but dilute Cu-P alloys
were susceptible to IGSCC (Thompson and Tracy 1949). As little as 0.004 wt.% P
was sufficient to induce SCC, with a maximum susceptibility at -0.2 wt.% P. The
occurrence (or not) of IGSCC was associated with the occurrence (or not) of
intergranular attack on unstressed specimens. Practical examples of IGSCC of Cu
containing 0.033 or 0.07 wt.% P have been reported (Dempster 1966; Logan and
Ugiansky 1965).
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Transgranular SCC of pure Cu and commercial oxygen-free Cu alloys has also been
reported. Nitrite ions cause TGSCC of pure Cu (Cassagne 1989; Pednekar et al.
1979; Sieradzki and Newman 1985) and of oxygen-free high-conductivity (OFHC,
equivalent to UNS C10100) and phosphorus-deoxidized (PDO) Cu (Aaltonen et al.
1984; Benjamin et al. 1988). Transgranular SCC has also been reported in tarnishing
(Suzuki and Hisamatsu 1981) and non-tarnishing (Sieradzki and Kim 1992) ammonia
solutions, as well as tarnishing acetate solution (Cassagne 1989). Film-induced
cleavage has been proposed as the operative mechanism by several authors
(Cassagne 1989; Sieradzki and Kim 1992; Sieradzki and Newman 1985), whereas
tarnish-rupture and film rupture/anodic dissolution mechanisms have been suggested
by Suzuki and Hisamatsu (1981) and Pednekar et al. (1979), respectively. In the
proposed FIC mechanisms, cracking initiates either as a result of the breakdown of a
thin Cu2O film by micropitting (Cassagne 1989) or due to the formation of a porous
layer under dynamic straining by rapid etch pitting (Sieradzki and Kim 1992).

Several studies of the SCC of Cu alloys have been specifically aimed at predicting the
susceptibility of nuclear waste containers. Thus, the study of Benjamin et al. (1988)
on the SCC of OFHC and PDO Cu by NO2 included tests in a dilute Swedish
groundwater solution (-300 mg-dm'3 total dissolved solids (TDS)). No cracking of
either material was reported at potentials between -0.1 and +0.3 VSCE in either the
synthetic groundwater or in groundwater containing one of the following additions:
0.03 moldm'3 Cl\ 0.001 mol-dm'3 SO;;', 0.017 mol-dm'3 CO3/HCO3 or 0.001 mol-dm"3

NOj. Aaltonen et al. (1984) did not observe SCC in OFHC Cu at EC0BR at 80°C
(—0.05 VSCp) in natural or synthetic Finnish groundwater solutions (300-
600 mg-dm TDS) or in groundwater modified by the addition of 0.01 mol-dm'3 SO^" or
0.2 mol-dm"3 Cl\ Under simulated Canadian disposal conditions, King and Ryan
(unpublished data) have not observed SCC on U-bend samples of OFE Cu exposed to
irradiated saline groundwaters (SCSSS, Table 1) or moist atmospheres or compacted
buffer material saturated with SCSSS, for periods of up to 5 a .

There are several aspects of the expected environment and corrosion behaviour of Cu
that mitigate against SCC in a Canadian disposal vault.

(i) Loading conditions and strain of the Cu shell. In all three major SCC
mechanisms proposed for Cu alloys (King 1996c), crack-tip strain is required for
crack advance, whether it be to rupture a Cu2O layer in the tarnish-rupture and
film-rupture/dissolution models or to rupture the initiating layer and to break
load-bearing ligaments between fracture surfaces in the FIC mechanism.
Figure 4 shows that the container as a whole, and the tip of any crack, will only
be subject to dynamic strain for a relatively short period of time. Therefore, the
period of time over which SCC is possible will be relatively short, and will most
likely be limited to period B (Figure 4), the period corresponding to the
imposition of the hydrostatic and buffer swelling pressures.
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(ii) Known SCC-inducing agents will not be present. The greatest risk of SCC is
during the initial oxidizing period. The formation of NO2, NH3 or acetate during
this period could result from the radiolysis of moist air or from microbial activity
(NO2 could also be introduced from blasting operations, but the residual [NO2]
could be limited by operational controls). Nitrite is not a significant product of
the radiolysis of moist air (Jones 1959). Ammonia formation by radiolysis
seems unlikely as the radiolysis of H2O vapour would produce oxidizing OH
radicals, thus favouring the formation of N oxides rather than NH3. Some
evidence exists, however, for the formation of NH3 in moist air under O2-
depleted conditions (Reed and Van Konynenburg 1991). The microbially
influenced SCC of Cu due to the formation of NH3 and acetate is unlikely
because of the absence of a biofilm on the container surface, under which
these potentially aggressive species could be formed and concentrated.

(iii) Insufficient oxidant present and/or EC0RR is below the threshold potential for
cracking. All forms of SCC require some metal dissolution supported by a
cathodic reduction process. In general, the amount of available oxidant
(principally O2 trapped in the pores of the buffer and backfill materials when the
vault is sealed) is limited. In water-saturated buffer material, the interfacial [O2]
is essentially zero (<10'55 mol-dm'3) after ~1 month because of the slow rate of
supply of O2 to the container surface (Kolar and King 1996b). Whilst the total
[Cu(ll)] at the container surface is higher (King and Kolar 1995, 1996), most of
the Cu(ll) species either precipitate (as CuCI2-3Cu(OH)2) or are adsorbed by the
Na-bentonite. The maximum concentration of dissolved Cu(ll) is predicted to be
-10"4 mol-dm'3, lower than the [Cu(ll)] found necessary for SCC of Cu in
ammonia solution (Sieradzki and Kim 1992). Pugh and Green (1971) only
observed TGSCC of Cu-30Zn in non-tarnishing ammonia if the general
dissolution rate exceeded 0.01 mg-cm'2-min'1, equivalent to a corrosion rate of
-6 mm-a'1 for Cu. Sieradzki and Kim (1992) did not observe FIC TGSCC in Cu
in ammonia at general dissolution rates <15 uA-cm'2 (equivalent to a corrosion
rate of <350 um-a'1), regardless of the strain rate. These corrosion rates are at
least two orders of magnitude higher than those predicted for Cu containers
(King and Kolar 1995, 1996).

An illustration of the dependence of SCC on [O2] and potential is given by the
study of Benjamin et al. (1988). Cracking was found to be a function of
potential and [NO2] (Figure 18), with no SCC observed at ECORR in aerated
solutions with [NO2] < 0.1 mol-dm'3. In deaerated solutions, this apparent
threshold [NO2] was increased to 0.3 mol-dm"3. In general, however, the
threshold potential for SCC is a function of the environment. Therefore, if this
concept is to be used as a criterion for predicting crack initiation, both ECORR of
the container and the nature of the environment within the vault need to be
predicted as a function of time.



-21-

(iv) Presence of Cf'. Unlike the situation for certain classes of alloy, CI' does not
increase the susceptibility of Cu alloys to SCC. In fact, Cl' appears to have
some poorly understood beneficial effect, as evidenced by the lower
susceptibility of Cu specimens exposed to marine atmospheres compared with
urban and rural environments. This effect, associated with the IGSCC of Cu in
tarnishing environments, may be due to the formation of an electrically
insulating CuCI2-3Cu(OH)2 layer which prevents growth of the tarnish layer
(King 1996c). Chloride also increases the surface diffusivity of Cu, a
phenomenon that is believed to lead to coarsening of the nanoporous layers
that can otherwise lead to FIC and TGSCC of Cu (Shahrabi and Newman
1989).

Another effect of CI' is on the growth and properties of the Cu2O film. All practical
forms of SCC involve a Cu2O layer, so it is reasonable to assume that the incidence of
SCC will depend to some extent on the properties of this layer. The tarnish layer in
ammonia solutions is believed to grow by anodic dissolution at the metal/film interface
and the reduction of Cu(ll) at the film/solution interface. It is the combination of these
two processes that is thought to result in the porous tarnish associated with IGSCC in
tarnishing environments (Pugh 1979). In CI" solutions, the Cu2O layer is believed to
grow from the hydrolysis of CuCI2 or CuCI (King 1996a), rather than from the reduction
of Cu(ll) species. Chloride is incorporated into the layer, which affects its electronic
properties (Sutter et al. 1995). The electronic defect structure may affect the
mechanism of film breakdown and micropitting that has been associated with the
initiation of TGSCC in acetate solutions via a FIC mechanism (Cassagne 1989). The
rate of film growth is also different, being 50 times faster in ammonia solution
(~2 nm-min'1 in oxygenated 15 mol-dm'3 NH4OH, Green et al. 1970) than in CI'
(-0.04 nm-min"1 in aerated 0.5 mol-dm'3 CI", Deslouis et al. 1988; Sutter et al. 1995).
Therefore, although we have no firm evidence, there are reasons to suspect that some
of the apparent inhibitive effect of CI' on the SCC of Cu alloys may be due to its affect
on the growth and properties of the Cu2O layer.

Stress-corrosion cracking of Cu containers appears to be an unlikely failure
mechanism because the various factors necessary for crack initiation and propagation
will not be operative simultaneously. Thus, the necessary crack-tip strain will only be
present when the container is undergoing deformation immediately after the buffer
saturates. This period, however, does not correspond to the most likely period for the
formation of aggressive SCC-inducing species, such as NH3, acetate or NO2. The
formation of such species is unlikely at any time, but is only possible before (by
vapour-phase radiolysis) or after (by microbial activity beneath a biofilm on the
container surface) the period of maximum crack-tip strain rate. Quite apart from these
considerations, the availability of oxidants will be limited in the vault at all times.
During the period of maximum crack-tip strain, the rate of O2 reduction will be
transport limited through the saturated buffer, so that the interfacial [O2] may be too
small to sustain the fast rates of dissolution found necessary for crack propagation in
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several experimental studies. Furthermore, immobilization of dissolved Cu(ll) by
precipitation (as CuCI2-3Cu(OH)2), and particularly by adsorption on the clay particles,
will preclude crack growth supported by Cu(ll) reduction. In conclusion, because of
the absence, simultaneously, of (i) a sufficient crack-tip strain rate, (ii) known SCC-
inducing agents, and (iii) rapid dissolution supported by a corresponding cathodic
process, the vault environment is unlikely to support the SCC of Cu containers.

4.6 EFFECT OF y-RADIATION

Radiolysis of the environment by y-radiation could potentially alter the corrosion
behaviour of the container by producing aggressive species and by acting as an
additional source of oxidants. Gamma-radiation may also interact with semi-
conducting oxide films (Glass 1981). In general, however, the effect of these
processes, in particular the production of oxidants, is expected to be small because of
the low absorbed dose rates (Chapter 2). For example, the predicted steady-state
concentration of OH radicals for the y-radiolysis of oxygenated H2O at an absorbed
dose rate of 10 Gyh'1 (approximately equal to the maximum dose rate for a packed-
particulate Cu container) is 10'12 moldm'3 (Sunder and Christensen 1993). The yields
of this and other species will be modified by the corroding interface. At the interface,
the yield of radiolysis products may be higher because of the production of secondary
electrons (T.M. Orlando, private communication 1995). Energy absorption by the
solids present around the container (sand, clay) will also modify the yield of these
species, and Christensen and Bjergbakke (1982) propose an empirical augmentation
factor of 30% to account for the higher observed yields in such systems. The
presence of Cl', SOf, CO3/HCO3, Fe2+, etc. in the pore solutions introduces many
more possible reactions and radiolysis products.

During the unsaturated phase, the radiolysis of moist air may lead to the fixation of
nitrogen. Reed and Van Konynenburg (1991) have considered the possibility of N-
acid, N-oxide and NH3 formation. The yield of NOj depends on the availability of H2O,
having a maximum value at 50% relative humidity (RH). At lower RH, HNO3

decomposes to NO2 and H2O (Jones 1959), so that the yield of nitric acid near the
container may be limited by the availability of H2O. Nitrous acid is rarely identified as
a major product. The presence of cation-exchanging clay, however, will effectively
buffer the system by adsorbing protons produced by N-acid formation. Thus, any
deleterious effect of N-acid formation will be limited to the effect of the anionic species,
rather than any effect due to acidification of the environment near the container
surface. The formation of N-oxides, such as NO, N2O and NO2, although reported,
would be unlikely to have any effect on the corrosion of the container since they do
not appear to participate in interfacial reactions.

Ammonia is observed as a product of moist air radiolysis, even though the production
of OH radicals from H2O would suggest that conditions would be too oxidizing to fix
nitrogen in the reduced form. Reed and Van Konynenburg (1991) report a maximum
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in the concentration of NH3 as a function of the absorbed dose. The maximum [NH3]
amounted to 0.0026 mol% (26 vppm) at an absorbed dose of ~9 x 104 Gy. At higher
doses, the [NH3] decreased as a result of further homogeneous reactions, being only
7 vppm at 4 x 105 Gy. For comparison, these doses would be achieved at the surface
of a Cu container after -0.9 and 4.4 a, respectively (absorbed dose rate 11 Gyh'1,
t1/2 = 30 a). Thus, there is the possibility of NH3 formation during the initial warm,
oxidizing period when the risk of SCC is greatest. However, NH3 will only be formed
before the vault saturates (nitrogen fixation is not observed in solution because of the
much higher concentration of H2O), i.e., before the imposition of the hydrostatic load
and buffer swelling pressures. Therefore, the container would be immune to SCC
because of the absence of crack-tip strain during this period.

After saturation of the vault, the radiolysis of the liquid phase will become more
important than vapour-phase radiolysis. However, the significance of liquid-phase
radiolysis reactions will depend on the time for saturation - if saturation is delayed for,
say, 120 a (four times the half life of 137Cs), the surface absorbed dose rate will have
decayed to -0.7 Gyh"1 (-70 rad-h"1) for the packed-particulate container and
-0.015 Gyh'1 (1.5 rad-h'1) for the dual-shell design, and any effect on the corrosion
behaviour of the container will be minimal. The major effects of solution radiolysis will
be the production of oxidants and the formation of aggressive species, such as
organic acids. The effect of oxidant formation on corrosion reactions can be
determined from the variation of EC0RR with y-radiation. Regardless of whether the
cathodic reaction is kinetically or transport limited, increasing the concentration of
oxidants will lead to a positive shift in EC0RR (Power and Ritchie 1981). Figure 19
shows the effect of y-radiation on EC0RR for a Cu electrode in deaerated SCSSS at
150°C for an absorbed dose rate of 27 Gyh'1 (King and Litke 1987). Irradiation has
no effect on ECORR, the decrease in EC0RR when the source was first introduced being
typical of the behaviour observed in unirradiated solutions (King et al. 1989). This
behaviour contrasts with that observed by Glass et al. (1985) at much higher dose
rates. At a dose rate of 3.3 x 104 Gyh"1, a positive shift in ECORR of 100 mV was
observed, which was attributed to the formation of ~5 x 10"4 moldm*3 H2O2. Thus,
although irradiation can increase the concentration of oxidants, no significant effect is
likely at the dose rates expected for a 25.4-mm-thick Cu container.

The formation of formic and oxalic acids by y-radiolysis has been considered by
various authors. Barkatt et al. (1983) observed concentrations of 3 - 5 x 10"5 moldm"3

for an absorbed dose of 6 x 104 Gy. Getoff (1962) reported a steady-state
concentration of formic acid of 2 - 3 x 10"6 moldm"3 for a dose of -300 Gy. Thus, G-
values for these species are small, although the presence of CO2, COg' and HCO3 in
the pore fluids may increase the concentration of these organic acids.

Irradiation has been found to have an effect on the Cu2O layer formed on Cu corrosion
samples. In non-irradiated solutions, the Cu2O layer was porous and non-protective.
In the presence of y-radiation, however, a smoother, more compact, oxide layer was
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formed (King et al. 1989, 1992). The reason for this change in oxide morphology
upon irradiation is uncertain, but it is known that illumination inhibits Cu2O formation
(Bertocci 1978; Escalante and Kruger 1971).

In long-term (up to 5 a) irradiated corrosion tests under simulated Canadian disposal
conditions, no deleterious effect of y-radiation (dose rate 5 Gyh'1) has been observed
(King and Ryan, unpublished data). Stressed samples (U-bends and creviced double
U-bends) showed no sign of SCC when exposed to either a vapour phase, compacted
buffer material or bulk solution. No crevice corrosion was observed on the creviced U-
bend and non-stressed crevice samples, the extent of corrosion being limited to the
formation of interference colours. The rate of uniform corrosion in compacted buffer
material was actually lower in the presence of radiation (King et al. 1992), although
this may have been due to a lower [O2] in the irradiated experiments. As noted above,
however, the Cu2O layer formed in these tests was more compact than that formed in
unirradiated experiments, although it is not known whether this was the cause, or the
result, of the lower observed corrosion rate.

4.7 CORROSION QF WELDS

As mentioned in Chapter 2, electron-beam (EB) welding is the preferred method for
sealing a Cu container. Figure 20 shows a cross section through an EB weld joining
two pieces of 25.4-mm-thick OFE Cu. The sample has been etched to reveal the
grain structure of the parent material and the alteration in the weld and heat-affected
zone (HAZ). Although the weld region is visible, there is little evidence for grain
growth in the HAZ due to the relatively low heat input necessary for EB welding.

Testing of EB-welded Cu samples has involved exposing planar welded specimens to
irradiated environments consisting of a saturated vapour phase, synthetic groundwater
or compacted buffer material (King and Ryan, unpublished data). In the tests
completed to date, no preferential corrosion of the welded samples has been
observed.

4.8 OTHER FORMS OF CORROSION

The only major type of corrosion that has not been considered here is crevice
corrosion (CC). Crevice corrosion of Cu alloys is usually associated with the formation
of a differential copper-ion concentration cell, rather than the classic type of CC
involving differential aeration (ASM 1987). Part of the immunity of Cu to extensive CC
in CI" solutions may be due to the thermodynamic stability of Cu and the competition
between the hydrolysis and complexation of Cu+ by CI" in the occluded region.
Cuprous cations are not strongly hydrolyzed (Baes and Mesmer 1976), but are
strongly complexed by CI" ions (Sillen and Martell 1964). Figure 13 shows that Cu is
thermodynamically stable (defined here as being equivalent to an activity of dissolved
species of 10"4) in 1 moldm"3 CI" for pH > 1. In addition, there is a significant kinetic
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overpotential (0.3-0.4 V) for the reduction of H+ on Cu. Since Cu will dissolve as Cu(l)
within the crevice in CI" environments (Cu(ll) only being formed by the homogeneous
oxidation of Cu(l) by O2 outside the crevice), the extent of hydrolysis is limited
because of the stabilization of Cu(l) by complexation with CI" ions. Consequently, the
pH in the crevice will not be extremely acidic and the rate of H+ reduction will be small.
Therefore, the aggressive forms of CC involving acidification of the crevice and
extensive H+ reduction inside the occluded region, common for passive materials such
as stainless steels and titanium, should not occur for Cu.

In those cases where CC does occur (usually in seawater applications of Cu alloys), a
region of the surface in contact with a low copper-ion concentration acts as the anode,
with regions of high concentration acting as the cathode. Thus, the reduction of
copper ions on cathodic sites drives copper dissolution in anodic regions. This form of
CC is self limiting, however, because the concentration of dissolved copper increases
in anodic regions until the differential concentration cell no longer exists. For this
reason, practical cases of CC of Cu alloys, when observed, are usually limited to
<400um (ASM 1987).

Unlike many materials, hydrogen (whether formed radiolytically or by corrosion) has
little effect on the mechanical properties of Cu. The only known cause of failure due
to hydrogen is the so-called "hydrogen sickness" that affects oxygen-containing alloys
when exposed to hydrogen atmospheres at temperatures above the critical point of
water (ASM 1987). Oxygen-free Cu alloys, such as OFE and DLP, are immune.

Other forms of corrosion, such as dealloying, corrosion fatigue, fretting or impingement
attack, will not occur either because of the choice of material or because the
environment is unsuitable. Intergranular attack is most often associated with SCC and
has been discussed in Chapter 4.5. Galvanic corrosion will not occur until the
container fails (galvanic coupling with remote ore bodies is impossible because of the
high electrical resistivity of the buffer and backfill materials and rock). Since the
internal structure of the container includes steel components, galvanic coupling is
feasible following container failure. Thus, although galvanic effects will have no impact
on the container lifetime, they may influence the period over which the failed Cu shell
will continue to act as a barrier to radionuclide release. On the assumption that failure
of the Cu shell occurs locally, galvanic coupling between the shell and the inner
C-steel liner of the dual-wall container will tend to protect the Cu from further
corrosion. If failure occurs during the warm, oxidizing period, O2 will be preferentially
reduced on the Cu, with the shell acting as the cathode and the steel as the anode.
Once anoxic conditions are established, the corrosion rate will be extremely small and
any galvanic effects will be minimal. Therefore, not only will galvanic effects preserve
the failed Cu shell as a barrier against H2O ingress and radionuclide release, they may
also reduce the extent of H2 production due to C-steel corrosion. The extent of
galvanic effects for coupling between the Cu shell and the stainless steel basket,
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present in both container designs, is likely to be small because of the proximity of
these two materials in the galvanic series.

4.9 NATURAL ANALOGUES

One of the benefits of Cu as a candidate container material is that there are natural
analogues that can be used as evidence to justify long-term corrosion predictions.
These analogues are in the form of native Cu deposits and man-made Cu and bronze
artifacts. Native Cu deposits can be found in many parts of the world. Perhaps the
most extensive are those in the basaltic rock in Michigan (Crisman and Jacobs 1982).
The age of this geological formation (late Precambrian), and the age of the Cu
deposits, is almost contemporary with that of the Precambrian Canadian Shield.
Native Cu deposits have remained unaltered in low salinity, low EH near-surface
groundwaters for a period estimated to be 500-800 million years. Copper deposits
were also found in deeper (183-487 m), saline groundwaters (up to 175 000 ugg'1 CI',
300 000 ugg'1 to t a l dissolved solids). Some alteration of the metallic Cu occurred,
resulting in the formation of Cu2O, CuO, CuCI2-3Cu(OH)2 and CuCI and, occasionally,
Cu silicates and carbonates. These deep groundwaters were characterized as being
of moderate to high EH, based on the observed alteration products. Significantly,
however, alteration only affected the surface of these deep Cu deposits, a fact that the
authors attributed to kinetic limitations imposed by the passivating alteration products
and the low permeability of the geological formation (Crisman and Jacobs 1982).
Similar corrosion products are formed in compacted buffer material saturated with
saline groundwaters (Figure 7), which, together with the low hydraulic conductivity in
the disposal vault, suggests that very slow alteration (corrosion) rates can be expected
for copper containers.

Two studies of man-made analogues have been used in our assessment of the long-
term corrosion behaviour of Cu containers. One of these studies (King 1995) has
been used to justify the corrosion mechanism on which the long-term prediction of the
behaviour of Cu containers is based (Chapter 5). This study involved the reanalysis of
a study of a bronze cannon that had been submerged in seabed clay sediments in the
Baltic Sea for 310 a, and which has been used as an analogue in the Swedish
program (Hallberg et al. 1988). In particular, the reanalysis suggested the importance
of the interfacial production of CuCI2 species as included in our corrosion mechanism
(kaf, kab, kbf and kbb, Figure 7). By considering the formation of CuCI2, King (1995) was
able to account for the layered Cu2O/CuCO3Cu(OH)2 corrosion product observed on
the cannon (analogous to reactions k2/k.2 and k3/k.3 in Figure 7). The major oxidant for
the cannon was not O2, as is expected for the container, but Cu(ll) dissolved from
CuO inclusions in the bronze matrix. The dissolution of these inclusions via the CuCI2
species, as proposed by King (1995), is analogous to the dissolution of
CuCI2-3Cu(OH)2 and the reduction of Cu(ll) on the container (k.3 and kd, Figure 7).
Further support for the mechanism in Figure 7 came from the observed [Cu] profiles in
the clay sediments surrounding the cannon. The observed profiles were similar to
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those found experimentally for Cu coupons in contact with compacted buffer material
(Figure 11), and confirmed the importance of Cu(ll) adsorption on clay (k4/k.4,
Figure 7). King (1995) was able to show that the value of the apparent diffusion
coefficient of Cu(ll) derived from the observed profiles fitted the same temperature
dependence as that for values measured experimentally from Cu corrosion (Litke et al.
1992) and diffusion experiments (King and Ryan, unpublished data). Finally, by
assuming a Cu(ll)-diffusion rds, King et al. (1994c) were able to predict the corrosion
rate to within a factor of 6 of the value estimated from the analysis of the cannon
(Hallberg et al. 1988).

The other analogue study that has been used is the analysis of the pit depths on a
collection of Swedish Bronze Age artifacts (Bresle et al. 1983). These artifacts had
been exposed to near-surface burial conditions for periods of up to 3000 a. Although
the burial conditions differ from those expected in a disposal vault, it was judged that
the data were useful for predicting the long-term pitting behaviour of a container
because of the length of the exposure period. In fact, it can be argued that the
exposure conditions and range of alloy types made the artifacts more susceptible to
pitting than would be expected for the containers. The artifacts would have been
exposed to continuously aerated low-CI7high-HCO3 waters, which increases the
susceptibility to pitting (King 1996a; Sridhar and Cragnolino 1993). Furthermore,
although the Cu content of many of the artifacts was unusually high (Bresle et al.
1983), the presence of alloying elements and inclusions and the use of crude
metallurgical procedures may have rendered the artifacts more susceptible to pitting
than modern oxygen-free Cu alloys.

The bronze-age data have been used along with data from a long-term study (up to
14 a) of the underground corrosion of Cu (Romanoff 1989) in an extreme-value
statistical analysis of pit-depth data (King and LeNeveu 1992). This analysis allows
the probability that the maximum pit depth on a container will exceed a given value to
be calculated as a function of time. The maximum pit depths and areal pit densities
on the Bronze Age artifacts were used to calculate values for the location and shape
parameters that characterize the extreme-value distribution for an exposure period of
3000 a (King and LeNeveu 1992). When combined with similar values determined for
different times from the underground corrosion study, the time dependence of the
location and shape parameters (normalized to the size of the container) was
calculated. In this way, the maximum pit depth distribution function could be
calculated for any exposure time, and the probability of a given maximum pit depth
predicted (Chapter 5.2.2).

5. CORROSION AND MATHEMATICAL MODELS

In this Chapter, corrosion and mathematical models are presented to justify the claim
that no container failure will occur as a result of corrosion in periods less than 106 a.
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The model describing the failure of initially defected containers, which is included in
the overall performance assessment calculations (Johnson et al. 1996), is described in
the next Chapter. In the corrosion model, it is assumed that failure could occur as a
result of uniform corrosion or pitting. The container is considered to have failed if
16 mm of the Cu shell has been uniformly corroded (approximately two thirds of the
minimum 25-mm wall thickness), failure due to buckling occurring at this point.
Alternatively, the container is considered to fail by pitting if the maximum pit depth plus
the depth of uniform corrosion equals the minimum wall thickness of 25 mm. The full
wall thickness is used for the pitting allowance because it is considered that localized
penetration of the container over a relatively small surface area will not result in
mechanical instability.

5.1 THE CORROSION MODEL

The reaction mechanism describing the electrochemical, chemical and mass-transport
processes involved in the uniform corrosion of Cu is illustrated in Figure 7. This
mechanism is based on the results of our own experimental program and those of
other workers and from analogue studies, as described in Chapter 4 and in more
detail elsewhere (King 1996a). In addition to identifying the important processes,
these studies have also provided values for many of the rate constants (designated as
k in Figure 7) on which the mathematical model is based. All processes included in
the model are described by kinetic expressions, thus avoiding the necessity to assume
that any reactions are at equilibrium. The Cu surface is assumed to be uniformly
accessible so that the anodic and cathodic interfacial reactions can occur over the
whole surface.

The interfacial electrochemical reactions included in the model are the anodic
dissolution of Cu (kaf/kab, kb/kbb), the cathodic reduction of O2 to OH' (kc) and the
cathodic reduction of Cu2+ (kd). The precipitation and dissolution of Cu2O and
CuCI2-3Cu(OH)2 are included (k2/k.2 and k3/k.3, respectively), as observed
experimentally. Redox reactions involving O2, Cu(l)/Cu(ll) and Fe(ll) are also
considered (k,, k5, k6). The homogeneous oxidation of Cu(l) by O2 (k,) is the reaction
via which Cu(ll) is produced. This reaction is assumed to be irreversible, since the
adsorption of Cu(ll) by Na-bentonite will inhibit the reverse reaction, as was observed
when EDTA was added to the solution in the original study from which the value of kt

is taken (Sharma and Millero 1988). Oxygen is also consumed by reaction with Fe(ll)
(k5). The major source of Fe(ll) is the dissolution of biotite contained in the crushed
granite fraction of the light and dense backfill materials (Malmstrom et al. 1995; Kola?
and King 1996b), although other sources of Fe(ll) could be included in the model by
changing the values of appropriate input parameters (Kolar and King 1996b). The
other redox reaction included is the reduction of Cu(ll) by Fe(ll) (k6). This reaction is
believed to partly explain the large observed temperature dependence of the apparent
diffusion coefficient of Cu(ll) (King 1995), and may be significant during the cool,
anoxic period in the evolution of vault conditions.



-29-

Mass transport (JO2, JCu(ll), JCuci2) through the porous layers surrounding the container
is assumed to occur primarily by diffusion, although advection can be included where
appropriate. Electrical migration is not included because both anodic and cathodic
reactions are assumed to occur equally over the corroding surface. Consequently, no
spatial separation of anodic and cathodic sites occurs and current flow through the
solution does not affect the transport of species to and from the Cu surface. The
possibility of enhanced transport of Cl' into the buffer and backfill materials via
gravitational mixing is accounted for by including an enhancement factor for the
diffusive mass-transport term. Kolar (Kolar and King 1996a) has shown that the flow
effects of gravitational mixing can be included in a 1-D diffusive mass-transport model
by the use of an enhanced diffusion coefficient. Consistent with the treatment of the
diffusion of radionuclides through buffer and backfill materials (Johnson et al. 1996),
diffusion is assumed to occur through only a fraction of the total porosity, the effective
porosity for mass transport (ee) (King et al. 1996). This porosity comprises
interconnected through pores. The various chemical reactions occur in a larger
fraction of the total porosity, the accessible porosity (ea), which comprises both the
interconnected and dead-end pores. The remaining fraction of the total porosity, the
non-accessible porosity (ena), comprises isolated pores and inter-particle spaces too
small for solutes to enter, and plays no role in mass-transport processes or chemical
reactions (Oscarson et al. 1994). Diffusion of species through the porous media is
also restricted by the tortuosity of the diffusive pathway, described by a tortuosity
factor (x). Mass transport of certain species is further hindered by adsorption on the
Na-bentonite. The only species considered to adsorb on the negatively charged clay
particles is Cu(ll). Adsorption and desorption are described using a kinetic Langmuir
model (k4/k.4 in Figure 7). Equilibrium adsorption studies and the results of corrosion
experiments show that the clay near the corroding interface can become fully
saturated with adsorbed Cu(ll) and that the adsorption process can be described by a
Langmuir isotherm (King et al. 1992; Ryan and King 1994).

The corrosion model takes into account the expected evolution of conditions within the
disposal vault (Figure 5). Evolving redox conditions are accounted for through the
consumption of O2 via the various redox reactions and interfacial processes. Thus,
during the initial oxidizing period, oxidation of Cu(l) to Cu(ll), the reaction between O2

and Fe(ll) and the interfacial reduction of O2 will be significant processes. As
conditions become more reducing, Fe(ll) reactions will become more important. Since
all of the rate constants in Figure 7 are temperature dependent, the effect of spatial
and temporal temperature gradients within the vault are considered. The temperature
dependence of the diffusion coefficients of the various mobile species is also taken
into account.

The effect of the unsaturated period on the corrosion behaviour of the container can
be simulated. Oxygen is assumed to diffuse through both the vapour and solution
phases in partially saturated buffer material, with dissolved and gaseous O2 connected
through partitioning rate constants (ke/k.8 in Figure 7). The various porosity terms
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describing mass transport through buffer material are further divided into solution-filled
or vapour-filled pores (King and Kolar 1995; King et al. 1996). Whereas the rate of
O2 supply to the container increases with decreasing moisture content due to rapid
diffusion through the vapour phase, the rate of diffusion of Cu(l) and Cu(ll) away from
the corroding surface decreases. The net effect is that the initially trapped O2 is
consumed faster than in a fully saturated vault (King and Kolar 1995).

5.2 THE MATHEMATICAL MODEL AND PREDICTIONS

5.2.1 The Uniform Corrosion Model

The mathematical model is based on the corrosion model in Figure 7 and a 1-
dimensional (1-D), multi-layer description of the various materials surrounding the
container (King and Kolar 1995, 1996; Kolar and King 1996a). In this version of the
model, four layers are considered (Figure 21): buffer material (2.4-m-thick), light or
dense backfill material (1.3- and 1.5-m-thick, respectively), the excavation-disturbed
zone (EDZ) (1.4-m-thick), and the sparsely fractured rock (50-m-thick). The
thicknesses of the buffer and dense backfill layers were chosen so as to conserve the
total volume of these materials in the vault. Consequently, the thicknesses may differ
from the minimum thickness of these layers surrounding the container.

The model simulates the effects of both the vault environment and that of the
surrounding geosphere. As will be seen below, however, the effect of the geosphere,
apart from maintaining a low dissolved [O2], is minimal, and container lifetimes are
primarily determined by the properties of the vault. The porosities (ee, ea, ena),
tortuosity factor, dry density and length of each layer are defined, according to the
properties of that particular layer. The properties of the EDZ and sparsely
fractured-rock layer are varied to simulate the effect of the permeable host rock
(Johnson et al. 1996). Other layer-dependent properties that are defined include the
maximum adsorption capacity for Cu(ll), the surface area of exposed Fe(ll)-containing
mineral per unit volume, the specific heat and the thermal conductivity. In this way,
the effects of the various layers can be simulated, as can the impact of changes in the
vault design (e.g., the effect on O2 consumption of substituting granitic sand for silica
sand in the light backfill material).

Mass-balance equations are written for the various diffusing and non-diffusing species
considered in the model, of the general forms

and
3c „ „ ,
^ T E a R + R (8)
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where c is the concentration on a total volume basis, D the diffusion coefficient in bulk
solution and R and R1 are terms describing the net rate of homogeneous reactions.
(Reactions involving dissolved species are included in the term R, whereas those
involving precipitated species, whose concentration is expressed on a mass basis, are
included in the term R'j. The ten species considered in the model are: dissolved O2,
O2 in the gas phase, dissolved Cu(l) (as CuCI2), precipitated Cu(l) (as Cu2O),
dissolved Cu(ll) (as Cu2+), precipitated Cu(ll) (as CuCI2-3Cu(OH)2j, adsorbed Cu(ll),
CI', dissolved Fe(ll), and precipitated Fe(ll). In addition, a heat-conduction equation is
included to simulate the effect of changing temperature within the vault. The eleven
balance equations are described in full by Kola? and King (1996a).

The mass-balance equations are solved using finite-difference techniques subject to a
set of boundary and initial conditions. The boundary conditions (be) for O2, CuCI2 and
Cu2+ at x=0 are defined by electrochemical expressions. To ensure that there is no
net loss or gain of electrons, the total cathodic current for the reduction of O2 and Cu2+

must equal the anodic current for Cu dissolution as CuCI2. That current, the corrosion
current density iCORR (in A per unit area), is proportional to the corrosion rate in uma"1.
The rate of electrochemical reactions are potential dependent and, under naturally
corroding conditions, the balance of the anodic and cathodic rates defines EC0RR. For
CI', which participates in the interfacial anodic reaction (Figure 7), a similar
electrochemical expression is used as a be at x=0. Dissolved Fe(ll) is assigned a
zero-flux be and, since the remaining species do not diffuse, the respective
mass-balance equations can be used as be for these species. For the 10 mass-
balance equations, the far boundary is set at the EDZ/rock interface, i.e., no credit is
taken for the mass-transport resistance of the geosphere outside the EDZ. At the far
boundary, the diffusing Cu species are assigned a zero concentration be, and O2,
Fe(ll) and CI" have constant concentration be determined by the composition of the
groundwater. Further details of the be are given by Kolaf and King (1996a).

The initial conditions depend on the system being modelled. Invariably, the layers are
taken to be initially free of all Cu species. In the example shown here, we assume the
vault immediately saturates with incoming groundwater from the surrounding rock.
The groundwater is assumed to be essentially deaerated ([O2] < 3.1 x 10"8 moldm"3 or
< 1 ngg"1, Gascoyne et al. 1996). The incoming groundwater is diluted by the fresh
water used to compact the buffer and backfill materials. These materials are
compacted at either 80% (buffer and dense backfill) or 33% (light backfill) of their
saturated moisture contents. Therefore, there is significant air-filled void space in
these layers. Here, the initial distribution of O2 in the various layers is determined
assuming the gaseous O2 immediately dissolves in the pore solutions, in addition to
that already present in the aerated water used for compaction.

The four layers are divided into approximately 400 grid points. The spacing of the grid
points is determined by a geometrical progression, so that the points closest to the
container, where the concentration profiles are generally the steepest, are closely
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spaced and the points further away become increasingly widely spaced (Kola7 and
King 1996a). The distance between adjacent grid points is given by Ax = q(xn-xn.1),
where xn is the position of the nth grid point, q is typically 1.01 to 1.1. The smallest
and largest values of Ax are of the order of 10 urn and 2 m, respectively. The size of
the time increments is determined using an adaptable time-step algorithm which takes
into account both the number of iterations required for convergence and the maximum
change in the concentration of any of the ten species in the previous time step. Thus,
when concentrations are changing rapidly, as at short times, small time steps are
selected, but when the concentration changes are small, longer intervals are used.
The algorithm seems to be very good at dealing with abrupt changes in Ac
encountered during the integration.

The use of a 1-D model has certain limitations. For instance, it is impossible to
account for the non-uniform distribution of the various buffer and backfill materials
around the container (Figure 3). We can only simulate diffusion in a radial direction.
Therefore, when light backfill is used as the second layer, we simulate diffusion from
the container towards the top of the room through the buffer and light backfill layers.
When using dense backfill as the second layer, we simulate diffusion in the opposite
direction. Neither is it possible to take into account the influence of neighbouring
containers. Despite these limitations, a simple 1-D mass-transport model was chosen
so that, given the computing resources available, as many of the reactions and
processes involved in the corrosion process as possible could be included in the
mathematical model.

Apart from the simplifications inherent in assuming 1-D mass-transport and the
assumption that the mechanism in Figure 7 adequately describes the corrosion
behaviour of Cu, there are relatively few assumptions made in the model. Although
for the simulations described here, we assume (i) fully saturated buffer and backfill
materials and (ii) the absence of y-radiation, the effects of these variables are
described elsewhere (King and Kolar 1995) or will be included in future versions of
the model. The effect of unsaturated buffer material leads to faster uniform corrosion
because of rapid O2 transport through the vapour-filled pores (King and Kolar 1995).
However, the total depth of corrosion is the same as in a saturated vault, because it is
limited by the total amount of O2, which is the same in both cases. Neither would
irradiation be expected to increase the amount of corrosion because of the low
absorbed dose rates. In fact, experimental corrosion rates are lower in the presence
of Y-radiation, for a reason that is not yet fully understood (King et al. 1992). We do
assume, however, a constant pH (pH 7) throughout the simulation and the
mass-transport effects of the precipitate layer(s) that first grow on, and then dissolve
from, the container surface are not included. The effects of these surface layers on
the rates of both cathodic interfacial reactions are accounted for by using values for
the electrochemical rate constants appropriate for film-covered surfaces. We do not,
however, scale the rates of the interfacial anodic or cathodic reactions for partial
coverage of the container surface by porous corrosion products.
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5.2.2 The Pitting Model

The extent of pitting is calculated outside this model, which is essentially a model to
predict the extent of uniform corrosion. As described in Chapter 4.2, the probability of
the deepest pit exceeding a given depth after a given period is predicted using an
EVA of literature pit-depth data. A probability of 10'11 is used, which corresponds to a
probability of <10"6 that the maximum pit depth on any of the -60 000 containers in the
disposal vault will exceed the predicted value. The time period over which the
analysis is performed depends on the nature of the cathodic reactant that is assumed
to be responsible for pit growth. According to Myers and Cohen (1995), an [O2]
> 3 ugg'1 (-1 x 10'4 mol-dm'3) is required for pit growth. If this threshold concentration
corresponds to the interfacial [O2], as might be the case for the flowing potable waters
considered by Myers and Cohen, Figure 6 indicates that pits will propagate for
< 1 month. If we conservatively assume that pits will propagate if the bulk [O2]
exceeds 3 ug-g'1, pit growth could occur for several hundred years (Figure 6).
Alternatively, it could be argued that pit propagation can be supported by the reduction
of Cu(ll). In that case, the pitting period would correspond to the period over which
Cu(ll) species were present on the container surface. As shown below and elsewhere
(King and Kolar 1995, 1996), this period could extend for >104 a. In the extreme
case, we could assume that pit propagation could continue indefinitely, which we
generally define as a period of 106 a (Shoesmith et al. 1995).

In fact, because of the tendency for pits on Cu to reach an apparent maximum depth
(Chapter 4.2), the depth of the deepest pit is relatively insensitive to exposure period.
Figure 22 shows the extreme-value distributions for the maximum pit depth on a Cu
container as a function of exposure time predicted from the EVA of the Bronze Age
and buried Cu objects (King and LeNeveu 1992). The distributions do not represent
the distribution of pit depths on a container; rather, they represent the probability F(x)
that the maximum pit depth on a container will exceed a depth x. For times between
100 and 106 a, 1-F(x) < 10'11 for x between 4.5 and 6.0 mm. Thus, regardless of the
assumed pitting period, the maximum pit depth on any container is < 6 mm. Even
though the maximum pit depth is relatively insensitive to the pitting period, there is an
advantage if the pitting period can be shown to be as short as possible. Then, the
length of the extrapolation of the empirical data used to construct Figure 22 does not
exceed the exposure period of the measured data (up to 3000 a).

Whether the container will fail by pitting can be determined from the maximum pit
depth and the pitting and uniform corrosion allowances defined at the beginning of this
Chapter. The difference between the pitting plus uniform corrosion allowance (25 mm)
and the uniform corrosion allowance (16 mm) is 9 mm. Since the maximum pit depth
on any of the containers is < 6 mm for times up to 106 a, container failure by corrosion
will only occur within this period if the uniform corrosion allowance of 16 mm is
breached. The prediction of the container lifetimes, therefore, is reduced to an
assessment of the extent of uniform corrosion.
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5.2.3 Predictions of Uniform Corrosion

Figure 23 shows the predicted variation of ECORR and iC0RR with exposure time for the
case of dense backfill as the second layer (Figure 21) and fully saturated conditions.
Both EC0RR and iC0RR decrease with time as the O2 trapped in the pores of the buffer
and backfill materials is consumed by corrosion of the container and by reaction with
Fe(ll) and organic C. The deviations from the monotonic decrease with time, most
obvious for the variation of ECORR. are caused by the time-dependent effects of
temperature. EC0RR increases with temperature (Kolar and King 1996a), an effect
which more than offsets the decrease in EC0RR due to the consumption of O2 for times
between -20 a and 200 a (Figure 23). As the vault cools, and as all the O2 is
consumed, however, EC0RR decreases (beyond 200 a) and is eventually predicted to
reach a minimum value of -0.5 VSCE after -2600 a. This time is equivalent to the period
required to consume all the trapped O2 in this simulation, and corresponds to the time
at which corrosion stops (the period of -2600 a is longer than the period of 670 a
shown in Figure 6 because in the present simulation the temperature within the vault
was a function of time and distance as opposed to the constant isothermal
temperature of 75°C assumed in the latter simulation). EC0RR subsequently increases
as the interfacial [CuCI2] increases as a result of the reduction of Cu(ll) by Fe(ll). In
effect, the container surface acts as a CuCI2-ion sensitive electrode.

Corrosion is predicted to stop once all the trapped O2 has been consumed (as argued
above, the small amount of oxidizing radiolysis products would not significantly
contribute to the overall extent of corrosion). This prediction illustrates one of the
fundamental properties of a Canadian-design disposal vault - the evolution from
oxidizing to anoxic conditions as the O2 initially trapped in the pores of the buffer and
backfill materials is consumed. The iC0RR values in Figure 23 are equivalent to an
initial corrosion rate of 0.37 uma'1 (1.6 uA-dm'2), decreasing to -10 s uma*1

(-10'4 uA-dm'2) after 2000 a. The corrosion rate of the container is limited by the rate
of supply of O2 to the corroding surface (King et al. 1996). Corrosion stops after
2600 a, as illustrated by the time dependence of the depth of corrosion (plotted as the
integrated JCORR) shown in Figure 24. The plateau value is equivalent to a maximum
wall penetration of only 11 urn. The dissolved O2 present in the groundwater
(conservatively estimated to be maintained at a constant 3.1 x 10"8 mol-dm'3 or
1 ngg'1 at the EDZ/rock boundary) is consumed before it reaches the container. In
this simulation, the rate constant for the interfacial reduction of Cu(ll) (kd, Figure 7)
was set to zero. This reaction was not included because of the formation of an
electrically insulating CuCI2-3Cu(OH)2 layer, both experimentally and as predicted in
the simulation. Although the reduction of Cu(ll) proceeds on Cu or Cu2O surfaces, it is
unlikely to occur on a CuCI2-3Cu(OH)2 layer. As a consequence, additional corrosion
due to this reaction is not included. However, the maximum additional wall penetration
that this reaction could produce is 11 urn. Figure 24 clearly demonstrates that a 25-
mm-thick Cu container will not fail by uniform corrosion in periods <106 a (the results
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have been truncated at a time of -5000 a in the Figures). In fact, there is considerable
leeway to reduce the corrosion allowance in order to reduce the cost of the container.

Figures 23 and 24 illustrate just some of the information provided by the numerical
corrosion model. In addition to EC0RR and iCORR, the concentration profiles of each of
the 10 species included in the model are predicted (e.g., the [O2] profiles shown in
Figure 6). Furthermore, the spatial and time dependence of each of the reactions can
be tracked. This permits the relative importance of each reaction to be determined in
different parts of the vault as the environmental conditions evolve. A fuller description
of the model predictions is presented by Kolar and King (1996a).

It is interesting to compare the results of this detailed corrosion analysis with a simpler
model based on the amount of available O2 and a pitting factor. For the in-room
disposal configuration, there is a total of 27 mole O2 per container trapped in the buffer
and backfill layers (container surface area 4.36 m2). If all this O2 causes uniform
corrosion as Cu(l), the depth of corrosion would be 176 urn. This depth exceeds the
depth of 11 urn calculated above because much of the O2 will in fact be consumed by
reactions other than container corrosion (Kolar and King 1996b). In addition, in the
detailed model, the O2 trapped in the non-accessible porosity (-50% of the total) is not
transported to the container surface. Furthermore, the simulation described above
does not include the O2 trapped in the light backfill layer. A pitting factor can be used
to assess the depth of pitting corrosion. (A pitting factor is the ratio of the depth of the
deepest pit (as measured from the original surface) to the depth of uniform corrosion).
In the Swedish assessment of Cu container lifetimes (Werme et al. 1992), a
conservative pitting factor of 5 was used, the highest value in the suggested range of
2 - 5. (In comparison, the maximum predicted pit depth of 6 mm and uniform
penetration of 11 urn predicted in the more detailed analysis is equivalent to a pitting
factor of >500). Applying a pitting factor of 5 to the uniform corrosion depth of 176 urn
calculated above, produces a total wall penetration of -1.0 mm. Therefore, this simple
analysis produces a smaller wall penetration than the more detailed assessment, but
confirms that very long container lifetimes are achievable using oxygen-free Cu.

It should also be remembered that the detailed model predictions presented above
correspond to a groundwater containing 1 ngg'1 O2 and no Fe(ll). Such conditions
are far more oxidizing than those found at depth in the Canadian Shield, and are
equivalent to an EH of +0.76 VSHE at pH 7 and 25°C. This redox potential compares
with observed EH values for fracture LD1 of between +0.20 and -0.10 VSHE and a
range of redox values of +0.06 to -0.21 VSHE at 25°C used to calculate radionuclide
solubility for the fuel dissolution model (Johnson et al. 1994, 1996). The observed
redox potentials are much lower than the calculated value of +0.76 VSHE because
redox couples other than O2/H2O (such as Fe(ll)/Fe(lll)) control the redox potential in
natural groundwater and the system is essentially Cyfree.
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From this brief summary of the Cu container corrosion modelling, it is clear that the
containers will not fail as a result of uniform corrosion or pitting in < 106 a. The wall
penetration as a result of uniform corrosion and pitting is predicted to be <7 mm. For
the reasons given elsewhere in this Report, no other corrosion processes are
expected to lead to container failure. The exact lifetimes of the containers are
unknown, but, given the lack of available oxidant and the predominance of Fe(ll)
minerals to condition the redox conditions in and around the vault, lifetimes on
geological timescales are possible. The existence of native Cu deposits in similar
geological environments is good evidence for this claim (Crisman and Jacobs 1982).

6. PERFORMANCE ASSESSMENT COPPER CONTAINER FAILURE MODEL

Since none of the containers will fail due to corrosion in times <106 a, the copper
container failure model included in the performance assessment calculations (Johnson
et al. 1996) deals with only those containers that contain undetected initial through-wall
defects. As in the EIS, the fraction of containers emplaced in the vault containing
through-wall defects is estimated to be between 1 in 103 and 1 in 104 (Doubt 1984,
1985; Johnson et al. 1994). The mean number of initial failures (1 in 5000)
corresponds to a total of 12 containers in the entire vault. The actual number
assumed to fail for a given run is determined by sampling from a truncated lognormal
distribution of fractional failures, with a median value of 2 x 10"4 (Johnson et al. 1994,
1996). For the purpose of linking the vault model to the geosphere model in the
overall performance assessment, the vault is divided into a number of sectors. The
number of containers failing in a given sector in a given run is determined by random
sampling from a binomial distribution according to the number of containers in each
sector and the probability of fabrication defects for that particular run.

The defected containers are assumed to contain through-wall defects in the weld
region with a range of defect sizes (Johnson et al. 1996). The defect is assumed to
be cylindrical in shape, with a radius r and a length equal to the minimum wall
thickness of 25.4 mm. Based on the results of ultrasonic inspection of Cu EB welds,
r has been estimated to be between 0.15 and 1.5 mm. In the performance
assessment, a value is selected for r for each run from a uniform distribution defined
by these upper and lower bounds.

The initially defected containers are assumed to fill with groundwater immediately upon
failure. For the dual-shell container, the C-steel liner is assumed to fail rapidly and to
offer no barrier to groundwater ingress. In both container designs, the fuel cladding is
also assumed to fail immediately, leading to instantaneous groundwater contact with
the fuel.

The size of the defect in the Cu shell is assumed to remain constant. It could be
argued that the inner surface of the cylindrical defect could undergo uniform corrosion
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at the same rate as the container surface. In this case, the distribution in defect radii
would increase from 0.15-1.5 mm to 0.161-1.511 mm over a period of 2600 a
(Chapter 5.2). Since the rate of radionuclide release from the container is proportional
to the area of the defect, this increase in the defect radius would result in an increase
in the release rate of between 1 and 15%. This argument, however, ignores the effect
of precipitated corrosion products that could form in the defect, effectively blocking
H2O ingress and radionuclide diffusion out of the container. Since we assume that the
porosity of the defect is 1 (i.e., we take no credit for the formation of precipitates within
the defect), it is considered reasonable to assume that the defect does not grow in
size due to the effects of Cu corrosion. Therefore, the defect is considered to offer a
significant mass-transport resistance to the release of radionuclides from the container
for the period of the assessment.

A second, worst-case, scenario is also considered in the performance assessment
calculations. In this scenario, the formation of voluminous corrosion products (either
Fe3O4 or Fe(OH)2, depending upon the temperature of the container) creates a
sufficient stress that the outer Cu shell ruptures, which then offers no further barrier to
mass transport. The release time of the radionuclides is governed by the lifetime of
the C-steel liner, which is assumed to undergo uniform corrosion and pitting. The
lifetime of the 65-mm-thick liner is taken to be -1000 a, at which point the used fuel is
assumed to come into immediate contact with groundwater.

The predicted lifetime of 1000 a is based on a uniform corrosion rate of 10 um-a"1

(Marsh et al. 1987) and a pitting factor of 5.5. Experimental studies of the uniform
corrosion of C-steel give rates of 7 - 13 um-a'1 in deaerated groundwater (Marsh et al.
1988), 1.7 - 7.7 um-a"1 in bentonite saturated with aerated groundwater (Marsh et al.
1988), 2.1 - 22 um-a'1 in sediments saturated with aerated seawater at temperatures
between 20°C and 90°C (Marsh et al. 1989), 1 - 6.5 um-a'1 in Swiss groundwaters at
temperatures between 25°C and 80°C (Simpson et al. 1985), and 15-30 um-a"1 in
aerated compacted clay (Lanza and Ronsecco 1986). Marsh et al. (1988) proposed
that the pit depth (P) on C-steel nuclear waste containers can be predicted from

P = 8.35t046 (9)

where P is in mm and t is the time over which pitting occurs in a. Under the
conditions studied by Marsh et al. (1987), pitting was possible for a period of 125 a,
based on the time over which the supply of O2 to the container surface could sustain a
passive current density of 0.10 uA-cm'2. Comparison with the iCORR values in
Figure 23 (which are equivalent to the rate of O2 reduction ) suggests that C-steel
would never be passive under our conditions and, hence, would not undergo pitting.
Even if the passive current density was 0.01 uA-cm"2 (1 uA-dm'2), pitting would only be
possible for a period of ~1 a, giving a pit depth of 8.4 mm. Lee et al. (1996) propose a
normally distributed pitting factor, with a mean of 4 and a standard deviation of 1.
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Based on these two approaches to predicting the pit depth, the choice of a pitting
factor of 5.5 is conservative.

This worst-case scenario does not take into account the possible self-limiting
corrosion of C-steel or mechanical support of the Cu shell by the buffer material.
Precipitation of Fe-containing corrosion products may limit the rate of C-steel corrosion
by either restricting the access of H2O to the cathodic site or the diffusion of dissolved
Fe away from the metal/film interface. Therefore, it is possible that the extent of
C-steel corrosion, and the concomitant volume expansion, will not exceed the
~2-mm-gap between the liner and outer Cu shell. In this case, no stress would
develop and the Cu shell would remain intact. Even if sufficient H2O ingress occurs
that a stress is applied to the inner surface of the Cu shell, it is possible that the shell
would be supported by the pressure developed in the opposite direction by the
swelling of the buffer material. Again, in this case, the Cu shell would not necessarily
rupture.

In conclusion, although the vast majority (99.9 - 99.99%) of the containers will not fail
in <106 a, a small fraction are assumed to contain undetected manufacturing defects
for the purposes of the overall performance assessment. Two scenarios are
considered. In the most likely scenario, the size of the initial defect remains
unchanged and acts as a significant mass-transport barrier to the release of
radionuclides from the container. In the second, less likely, scenario, volume
expansion due to corrosion of the C-steel liner in the dual-shell container results in a
significant increase in the size of the defect. Contact of the groundwater with the fuel
is then delayed for a period of 1000 a, the estimated lifetime of the inner C-steel liner.

7. CONCLUSIONS

The expected corrosion behaviour of Cu nuclear fuel waste containers has been
discussed and predictions of the container lifetimes made. This assessment has
focussed on the behaviour of Cu containers in a vault located in permeable host rock,
but the conclusions are applicable to a range of vault and geosphere conditions.
Copper containers having a minimum wall thickness of 25.4 mm are not predicted to
fail by corrosion in periods <106 a. Thus, despite the assumption of poor rock quality,
the safety of the entire disposal concept can be assured by the use of a long-lived
container.

The corrosion behaviour of the containers will be determined by the environmental
conditions within the vault and the evolution of these conditions over time. The vault
environment is expected to evolve from an initial phase of warm, oxidizing conditions,
lasting 300-1000 a, to a subsequent cool, anoxic period, that will last indefinitely.
Consequently, the containers will be subject to uniform corrosion and, possibly pitting,
during the warm, oxidizing period. Corrosion should virtually cease once all the O2
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trapped in the pores of the buffer and backfill materials has been consumed. The
most important characteristic of the vault environment is the limited amount of O2.

A mechanism for the uniform corrosion of Cu in O2-containing CI' solutions has been
proposed, based on the results of various corrosion and electrochemical studies. The
mechanism includes mass-transport, electrochemical, adsorption/desorption,
precipitation/dissolution and redox processes. A mathematical model has been
developed based on this corrosion mechanism and has been used to predict the
uniform corrosion behaviour of Cu containers. For the example simulation presented,
the depth of uniform corrosion is predicted to be 11 urn.

Pitting is included as a possible container failure mechanism. Experimental evidence,
however, suggests that the containers will be subject to underdeposit corrosion, rather
than the classical form of pitting involving the permanent separation of anodic and
cathodic sites. Nevertheless, literature pit-depth data have been statistically analyzed
and used to predict the maximum pit depth on a Cu container in order to maintain
conservatism and because, at this time, no underdeposit corrosion model is available.
The results of the statistical analysis suggest that the maximum pit depth on any of the
60 000 containers in the vault will be 6.0 mm after 106 a.

The combination of the depths of uniform corrosion and of the deepest pit indicate that
the maximum wall penetration will be <7 mm after 106 a. The reference Cu containers
(25.4-mm-thick), therefore, will effectively provide indefinite containment of the waste.
Furthermore, this corrosion analysis indicates that there is considerable leeway for
reducing the container wall thickness, in order to reduce costs, whilst still providing
long-term containment.

Two archaeological analogue studies have been used to support our predictions.
First, the corrosion behaviour of a bronze cannon buried in seawater-saturated clay
sediments for a period of 310 a has been analyzed and shown to be consistent with
the model proposed for the uniform corrosion of Cu containers. Second, pit depths
measured on Bronze Age artifacts buried for a period of 3000 a have been included in
the statistical prediction of the maximum pit depth on a container.

The potential for other forms of corrosion has been considered. Microbially influenced
corrosion (MIC) is unlikely during the warm, oxidizing period because the
environmental conditions (particularly the y-radiation field and desiccated buffer
material) will prevent biofilm formation on the container surface. Later, MIC is possible
due to the diffusion to the container surface of HS" produced by sulphate-reducing
bacteria away from the container. The extent of this form of MIC should be limited to
~1 mm in 10 a. Stress-corrosion cracking (SCC) is considered unlikely because the
conditions necessary for crack propagation will not be present in the vault
simultaneously. In particular, the formation of known SCC-inducing species (such as
NH3, acetate and NOj) should not occur in the disposal vault. Even if such species do
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form, they are unlikely to do so during the vault-saturation period, during which the
container would undergo sufficient strain to support crack growth. Finally, the rate of
the interfacial reduction of oxidant (either O2 or Cu(ll)) on the container surface will be
much slower than that found necessary to support SCC.
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TABLE 1

COMPOSITION OF VARIOUS SYNTHETIC GROUNDWATERS

Species

Na+

K+

Ca2+

Mg2+

Sr«*

Fe2+

Li+

SiO2

cr
so2-

HCO3

NO3

Br'

1"

P

B

PH

TDS4

WN-1M1

(pgg1)

1 900

14

2 130

61

24

0.56

-

5

6 086

1 040

68

-

-

-

2

-

7.5

11 341

SCSSS2

(ug-g1)

5 050

50

15 000

200

20

-

-

15

34 260

790

10

50

-

-

-

-

7.0

55 445

SCSB3

(ugg1)

25 440

350

75 000

1 450

1 400

-

1.0

10

176 845

200

10

10

1 500

10

10

1.5

-

282 000

1 Based on a natural groundwater from the WN borehole
2 Standard Canadian Shield saline solution.
3 Standard Canadian Shield brine.
4 Total dissolved solids.
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Figure 1: Copper-shell Packed-particulate Container for the In-room Disposal of
Used Fuel.
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Figure 2: Dual-shell Container Design for the In-room Disposal of Used Fuel.
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Figure 3: Schematic Illustration of the In-room Disposal of Copper-shell Disposal
Containers.
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Time

Figure 4: Schematic Illustration showing the Time Dependence of the External
Load on the Shell of a Disposal Container. Period A corresponds to the
unsaturated phase, period B is the vault saturation period during which
deformation of the Cu shell is caused by the imposition of the hydrostatic
head and the buffer swelling pressure, and period C is the long-term
phase during which strain will only occur for a packed-particuiate
container due to the creep of the particulate.
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Figure 5: Schematic Illustration of the Evolution of Environmental Conditions Within
the Disposal Vault. As the dissolved O2 trapped in the pores of the
buffer and backfill material is consumed and as the y-radiation field and
heat output from the container decrease with time, the vault conditions
evolve from an initial warm, oxidizing period to a long-term cool, anoxic
phase.
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Figure 6: Prediction of the Dissolved Oxygen Profiles Within a Disposal Vault as Caicuiated Using the 1-dimensional
Numerical Copper Corrosion Mode! (Kolar and King 1996b). In this simulation, O2 is consumed by
container corrosion, the oxidation of CuCI2 and the oxidation of Fe(II) from biotite dissolution, at an
assumed constant temperature of 75°C. Profiles shown for times of (a) 1 month, (2) 4.1 a, (3) 32 a,
(4) 174 a, (5)341 a, (6) 670 a.
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Figure 7: Mechanism for the Corrosion of Copper Nuclear Waste Containers in Compacted Buffer Material in
Contact with 02-containing Chloride Solution.
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Figure 8: Experimental Arrangement for Copper Corrosion Tests in Compacted Butter Material (King et a!. 1992).
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Figure 9: Log-log Plot of the Corrosion Rate of Copper in Compacted Buffer Material as a Function of Exposure
Time (Litke et al. 1992). Buffer dry densities (pd) of 1.45 gem 3 (# O), 1.65 gem 3 (M • ) and 1.79 gem'3
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Figure 10: Variation of the Weight-loss Corrosion Rate of Copper in Compacted Buffer Material and the Predicted
Corrosion Rates for Three Buffer Densities Based on a Copper Diffusion Rate-controlling Process (King et
ai. 1992). Buffer dry densities (pd) of 1.45 g-cm'3 (O), 1.65 gem"3 (•) and 1.79 gem"3 (A). The lines are
theoretical dependencies based on Equation (1).
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Figure 11: Observed Copper Concentration profiles in Compacted Buffer in Contact
with a Corroding Copper Specimen. The two profiles were recorded in
aerated (dashed line) and deaerated (solid line, also see inset) buffer
material saturated with SCSSS at 95°C for periods of 6 months.
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Figure 12: Photograph of Copper Corrosion Products Formed on the Surface of a
Copper Coupon Exposed to SCSSS at a Temperature of 50°C. A duplex
corrosion product structure is formed comprising an underlying layer of
Cu2O (A) and an incomplete surface layer of CuCI2-3Cu(OH)2 (B) (Litke
et al. 1992). Horizontal bar is 5 mm long.
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Figure 13: Potential/pH Diagrams for the Cu/CI7H2O System at 25°C for Various
Chloride Concentrations, (a) 10"3 moldm"3, (b) 10"2 moldm", (c)
0.1 moldm'3, (d) 1.0 mol-dm"3. Solution species considered CuCI2> Cu
and CuCI+, solution activity 10'4; solid species considered: CuCI, Cu,
Cu2O, CuO and CuCI2-3Cu(OH)2.
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Figure 14: Typical Surface Profile of a Copper Coupon After Exposure to Synthetic
Groundwater Solution in Compacted Buffer Material at 100°C (Litke et al.
1992). Note the much expanded vertical scale.
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Comparison of Measured and Predicted Values of the Corrosion Potential (ECORR) of a Clay-covered
Copper Electrode (Clay-layer Thickness 1 mm) Immersed in Cycontaining 1 mol-dm3 NaCI at Room
Temperature. The solid line is the measured ECORR for various CyiNg gas mixtures as shown. The clay
layer was initially aerated, and the purge gas was changed to the indicated gas mixture at the times
shown. The dashed lines are the steady-state ECORR values predicted using the mixed-potential model of
Kingetal. (1995d).



-68-

Ca (HCO3)2
Water

Cu Copper

Basic cupric salts
and calcium carbonate

Cuprous oxide membrane

Crystalline cuprous
oxide

Cuprous chloride

Figure 16: Schematic Illustration of the Mechanism of Type 1 Pitting (Lucey 1967).
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Figure 17: Schematic Cross-section Through a Hypothetical Biofilm on a Metal
Surface Illustrating the Layered Structure of the Biofilm and Some of the
Microbial Processes That Are Possible (Little et al. 1991).
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Figure 18: Three-dimensional Representation of the Susceptibility of OFHC and
PDO Copper to Transgranular SCC in NaNO2 Solutions as a Function of
Potential (Benjamin et al. 1988). The data suggest a threshold [NaNO2]
and potential below which cracking does not occur.



-0.20

in

source
out

CO

S
UJ

DCou
ill

out

A

-0.30
source in

-0.40

100 200

Time/
300 400

Figure 19: Effect of ^-radiation on the Corrosion Potential of Copper in Deaerated Saline Solution at 150°C.
Absorbed dose rate 27 Gyh"1, [C\] = 0.97 moldm"3 (King and Litke 1987).
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Figure 20: Etched Cross-section Through an Electron-beam Weld Between Two
Pieces of 25.4-mm-thick OFE Copper Plate. The weld runs horizontally
through the photograph between the two arrows. The bar is 10 mm long.
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Figure 21: Schematic Illustration of the 1-dimensional Geometry Used in the Copper
Corrosion Model to Simulate the Various Mass-transport Barriers
Surrounding the Container. The four layers considered in this version of
the model are buffer and backfill materials, excavation-disturbed zone
(EDZ), and (sparsely fractured) rock.
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Figure 22: Predicted Cumulative Probabilities (F(x)) for Maximum Pit Depths (x) on
Copper Containers as a Function of Exposure Time (King and LeNeveu
1992). F(x) is the cumulative probability that the deepest pit on a
container will be less than or equal to x.
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Figure 23: Predicted Variation of the Corrosion Potential (EC0RR) and Corrosion Current Density (iC0RR) as a Function
of Time for a Copper Container in a Disposal Vault. ECORR , iC0RR .
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Figure 24: The Variation of the Integrated Corrosion Current Density with Time for the Simulation Shown in Figure 23.
The integrated corrosion current density is proportional to the depth of uniform corrosion. The maximum
integrated current density is equivalent to a wall penetration of 11 um.
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