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groundwater, the clay will swell and the container will become sealed [4]. This is 

advantageous for many reasons; (i) it will inhibit the transport of reactants to, and corrosion 

products away from, the container surface; (ii) it will limit the amount of atmospheric O2 

initially trapped in the repository and hence available to react with the container; and (iii) due 

to the small pore size when fully saturated, it will prevent microbial activity close to the 

container surface [1, 2].  It also has post closure failure functions as it limits the transport of 

released radionuclides by providing a slow transport medium and possesses the ability to 

capture cationic radionuclides by ion exchange processes [5].   

 The final barrier is the geological repository, which must conform to strict regulations 

regarding stability. The general principle behind choosing a repository is summarized in 

Figure 1.4. The selected repository must be geologically stable, possess clearly identifiable 

 

Figure 1.4: Schematic of the general principle behind choosing a DGR 
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advantageous features that must not be destroyed by the excavation/ waste package 

emplacement process, and its evolution from the excavated or disturbed state must be 

predictable with acceptable certainty [1, 4]. In Canada, Sweden and Finland the preferred 

locations are in hard rock in which it can be demonstrated that, although there is a high 

density of intersecting rock fractures at shallow depths into the rock, there is only a low 

density at planned repository depths (500 to 100 m). While surface waters may be dilute, 

oxidizing, and mobile, those at planned DGR depths will have a low mobility and will be 

anoxic and likely saline [6].   

 

1.2 Thermodynamics of Aqueous Corrosion Processes 

 Processes that occur in nature spontaneously are associated with a negative change in 

Gibbs free energy, since the stability of the products is greater than that of the reactants. In 

electrochemical terms the Gibbs free energy can be defined in terms of the change in energy 

of a charge as it moves reversibly under the influence of a potential [7], 

∆�° =  −��∆�°                                                         (1.1) 

where ΔG° is the free energy change under standard conditions, n is the number of electrons 

transferred, F is Faraday’s constant (96485 C/mol) and ΔE° is the potential difference under 

standard conditions. Therefore, the thermodynamics of an electrochemical reaction can be 

expressed as a reversible, or equilibrium, potential under standard conditions and evaluated 

versus the Standard Hydrogen Electrode (SHE). However, deviations from standard 

conditions, such as those enforced by temperature and the concentration of redox species, 

change the equilibrium potential and the Nernst equation is used to describe the influence of 

these factors. For the following general reaction,  
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aA + bB  cC + dD                                                 (1.2) 

the equilibrium potential (Ee) can be calculated from the Nernst equation,  

�� = �° −  
��

��
ln

[�]�[�]�

[�]�[�]�                                                   (1.3) 

where T is the temperature in K, R is the gas constant (8.314 J/(K·mol)), and [X]x is the 

concentrations of species X to the power of its stoichiometric coefficient x.  

 The aqueous corrosion of a material (commonly a metal) is a spontaneous process in 

which oxidation of the metal and reduction of an available oxidant in the solution occurs 

simultaneously at the metal/ solution interface. The simplest anodic reaction is dissolution of 

the metal to yield a soluble species, 

M  Mn+  + ne−                                                     (1.4) 

The coupled cathodic reaction is often, but not limited to, the reduction of protons, water or 

dissolved oxygen, given here in the generalized form, 

Ox + ne−  Red                                                      (1.5) 

The sum of these two half reactions yields the overall corrosion process, 

M + Ox  Mn+ + Red                                                  (1.6) 

 A common way to graphically represent all the thermodynamically possible reactions 

involved in a specific corrosion system is to use a Pourbaix diagram. Marcel Pourbaix first 

summarized thermodynamic data in the form of a Pourbaix diagram in 1945. Such a diagram 

is the plot of the equilibrium potentials, and solubility and complexation constants for a metal 

in an aqueous solution as a function of pH and, when necessary, temperature and the 

concentration of complexing species. These diagrams are defined by the Gibbs free energies 

of the species involved by the spontaneous directions of all the possible reactions [7]. 

Pourbaix diagrams contain three types of lines: horizontal lines that represent reactions only 

dependent on changes in potential; vertical lines that describe reactions only dependent on 
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pH; and angled lines that are characteristic of reactions that are both potential and pH 

dependent. The Pourbaix diagram describing the Cu/H2O anoxic system is shown in Figure 

1.5, with the H2O stability region defined by the area between the two dashed lines. The 

dashed line at more positive potentials is the reversible oxygen line representative of the 

H2O/O2 equilibrium potential as a function of pH. The dashed line at more negative 

potentials is the reversible hydrogen line representative of the H2O/H2 equilibrium potential 

as a function of pH. Inspection of the Pourbaix diagram in Figure 1.5, shows that the stability 

region for Cu metal lies within the stability region of water, thus indicating Cu is 

thermodynamically stable in H2O in anoxic conditions. The solid lines define the stability 

regions for the solid (Cu2O, CuO) and solution soluble species (Cu2+).  

 

Figure 1.5: Pourbaix diagram for Cu at 25oC in H2O containing [Cl−] = 10−3 mol/dm3 and [Cu(aq)]tot =  
10−6 mol/dm3: (a) The equilibrium line for H2O/H2; (b) the equilibrium line for H2O/O2 [8]. 

 Corrosion is the spontaneous coupling of an anodic half reaction of a metal with a 

cathodic half reaction, generally for a redox reaction involving species in the electrolyte 

solution in aqueous corrosion. When coupling occurs each reaction is polarized away from its 

equilibrium potential and as a consequence of overpotential a current is generated. Each half 

reaction is polarized to a magnitude which enables mass balance to be achieved. This is 
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attained at a potential known as the corrosion potential, Ecorr, which must lie between the 

equilibrium potentials for the two half reactions. At Ecorr, a positive current is generated for 

the anodic reaction and a negative current for the cathodic reaction. These current densities 

for the anodic and cathodic half reactions are equal but opposite in sign, 

����� =  |−��| =  ��                                                (1.7)  

where Icorr is the corrosion current density, Ic is the cathodic current density and Ia is the 

anodic current density, as depicted graphically in Figure 1.6.  

 

Figure 1.6: Schematic showing the coupling of a metal oxidization reaction with an oxidant reduction 
reaction to yield an overall corrosion process at ECORR. 

 

1.3 Kinetics of Aqueous Electrochemical and Corrosion Reactions 

 At equilibrium, the potential and the ratio of the oxidized/ reduced species involved in 

an electron transfer reaction are dictated by the Nernst equation (Equation 1.3). This 

equilibrium can be considered dynamic, with the current densities associated with the 

forward and reverse reactions being equal.  
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 For reaction 1.5, the kinetics can be specified by equation 1.8 if the reaction is first 

order,  

� = �[��]                                                      (1.8) 

where R is the rate of the reaction, k is the rate constant for the reaction at a specific 

temperature and [Ox] is the concentration of the reactant. Since the reaction is 

electrochemical in nature, the rate is defined as a current density, I, and the rate equation can 

be represented as,  

� = −���[��]                                                  (1.9) 

 where A is the surface area of the electrode. Since the reaction is an electron transfer reaction 

the rate constant is potential dependent and defined as, 

� = �° exp �
������

��
�                                             (1.10) 

where k° is the standard rate constant, α is the transfer coefficient (0.5 for simple electron 

transfer reactions), η is the overpotential (E – Eeq) which is a measure of how the far the 

reaction is from equilibrium, where E is the applied potential. Equation 1.9 can now be 

written as,  

� = −��[��]�° exp �
������

��
�                                  (1.11) 

 At equilibrium the currents for the forward and reverse reactions are the same and equal to 

the exchange current density, Io. The overall reaction is the sum of the forward (anodic) and 

reverse (cathodic) currents and is given by the Butler-Volmer relationship which describes 

the current as a function of applied potential [9]: 

� = �� exp �
����������

��
� − �� exp �−

(���)���������

��
�                        (1.12)                            

and can be simplified to: 

� = �� �exp �
���(�)

��
� − exp �−

(���)��(�)

��
��                                (1.13) 



10
 

 

The Butler-Volmer relationship is represented graphically in Figure 1.7. When a large anodic 

overpotential (ηa) is applied, the term describing the cathodic current density tends toward 

zero and only an anodic current density (Ia) is observed. Similarly, for a large cathodic 

overpotential, the anodic term approaches zero and only a cathodic reaction would be 

observed.  

 The kinetics of a corrosion reaction can be described in a similar way, but requires the 

coupling together of the anodic and cathodic portions of the two different coupled half 

reactions. Each half reaction is polarized away from its equilibrium potential to the corrosion 

potential, Ecorr, where a mass balance condition is achieved. 

 

Figure 1.7: The Butler-Volmer relationship for a redox active species 

 At this potential the anodic current is equal to the cathodic current and since the reactions 

are occurring on the same surface a direct measurement of the corrosion current density (Icorr) 

cannot be made. Adding the anodic and cathodic terms for the two half reactions, and 

defining the overpotential as the difference between the applied potential and Ecorr, yields the 

Wagner-Traud relationship [9],  
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���� = ����� �exp �
����(�������)

��
� − exp �−

����(�������)

��
��                     (1.14) 

where Inet is the current density which would be measured if E was not equal to Ecorr. This 

relationship is graphically portrayed in Figure 1.8. 

 In contrast to the Butler-Volmer relationship, two different reactions can contribute to 

the current at either positive or negative overpotentials. However, at large anodic 

overpotentials (ηa > ~ 50 mV) the cathodic current tends towards zero, and only the anodic 

current for metal dissolution is observed. Similarly for large cathodic overpotentials the 

anodic current approaches zero, and the current contribution is solely from the reduction 

reaction. Thus, for a large anodic polarization equation 1.14 becomes: 

���� = ����� �exp �
����(��)

��
��                                      (1.15) 

where ηa is given by E − Ecorr. This relationship can be rearranged to yield the corresponding 

Tafel equation [7], 

�� =  
�.���

���
log (

����

�����
)                                            (1.16) 

which, on extrapolation to Ecorr (ηa = 0), yields a value of the corrosion current density, Icorr. 

A similar Tafel relationship can be expressed and extrapolated for the cathodic half reaction. 

The slope of each line provides insight into the kinetics and mechanism of the two half 

reactions.  
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1.3 Materials 

1.3.1 SKB Cu 

 The container shell is designed to be 50 mm thick and fabricated from O-free, P-

doped Cu. Initially the container experiences a warm, oxic period and pressures in the DGR 

are low. However, as temperatures decrease, H2O returns to saturate the clay and the 

bentonite surrounding the container swells, exerting pressures > 15 MPa, leaving the Cu shell 

susceptible to creep deformation [11]. Removing the oxygen and doping with small 

concentrations of P (30 to 100 ppm) improves the creep strength of Cu thereby limiting the 

physical deformation of the container [12]. Recent studies show that P forms stabilizing 

atmospheres (Cottrell atmospheres) around dislocations and grain boundaries in the Cu. 

 

Figure 1.8: Current-potential relationship for coupled reactions in a corrosion process 
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These high-energy sites must break away from the P clouds in order to cause deformation 

[13]. 

 

1.3.2 Bentonite Clay 

 Bentonite clay is used in the DGR for two applications: a high grade bentonite is used 

as a buffer material in direct contact with the containers and a medium grade bentonite, 

possibly mixed with soil or non-swelling clays, is used as a backfill material for sealing the 

disposal vault after container/buffer emplacement. Bentonite contains expandable 2:1 (one 

octahedral sheet of Al2O3 between two tetrahedral sheets of SiO2) phyllosilicate mineral 

layers that have a permanent layer charge. This layer charge arises from cation substitutions 

in either the octahedral or tetrahedral sheet, with the result of each substitution being an 

overall negative charge over the sheet surface. As shown in Figure 1.9, this net negative 

charge layer is then neutralized via H2O molecules that accumulate around cations which 

causes an increase in their hydration shells. This neutralization via hydration causes the 

layers to expand and thus the clay to swell [14].  

 The difference between the two grades of clay is that the high grade is Na-based and 

the medium grade is Ca-based. For the Na-based clay, the electrical interactions between the 

Na+ and the negatively charged platelets is relatively weak and an abundance of H2O 

molecules can enter the interlayer allowing the clay to absorb 500% to 700% of H2O relative 

to its weight. With respect to the Ca-based clay, the Ca2+ interacts more strongly with the 

negative sheets thus allowing fewer H2O molecules to penetrate the interlayer causing this 

clay to absorb only 150% to 200% H2O with respect to its weight. Ca-based clay can be 
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converted to Na-based clay via “soda activation” which leads to an exchange of Ca2+ cations 

for Na+ [14].  

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Schematic of the swelling of both Ca and Na bentonite clay upon hydration of the interlayer 
[14] 
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1.4 Destabilization of Cu in Chloride and Sulphide Solutions 

The thermodynamic data for Cu under anticipated repository conditions has been extensively 

studied [15] and is typically presented in the form of potential-pH (Pourbaix) diagrams. 

Various groundwater species have been studied, in particular Cl− and SH−.  

 Cl− is important since it is present in appreciable levels in groundwater and can 

accelerate the corrosion of Cu under oxidizing conditions by the formation of a Cu+ complex. 

Cl− can cause film formation and accelerate metal dissolution. Figure 1.10 shows that, in the 

absence of dissolved O2, Cu is thermodynamically stable in moderately concentrated Cl− 

solutions over a large pH range.  

For sufficiently positive potentials (e.g. when O2 is present and corrosion possible) various 

Cu(I) chloride species can form as the [Cl−] increases. Lee and Nobe [16] found a sequence 

of Cu chloride species is produced as the [Cl−] is increased, 

Cu+ + 2 Cl−  CuCl2
− + Cl−  CuCl3

2− + Cl−  CuCl4
3−                  (1.17) 

 

Figure 1.10: Pourbaix diagram for Cu at 25oC in H2O containing [Cl−] = 0.1 mol/dm3 and [Cu(aq)]tot =  
10−6 mol/dm3. The stability region for H2O is that between the two dashed lines [8]. 


