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1 Introduction 
 
The Swiss national program for the disposal of radioactive waste involves emplacement of spent 
fuel (SF), vitrified high level waste (HLW) and long-lived intermediate level waste (ILW) in a 
deep geological repository constructed in Opalinus Clay. On the other hand, low and 
intermediate level radioactive waste (L/ILW) will be disposed either in a combined repository in 
Opalinus Clay, or in a separate repository constructed in Opalinus Clay, 'Brown Dogger', 
Effingen Member or Helvetic Marls host rocks. Under disposal conditions, processes which can 
lead to the generation of gases may occur. One such process is the anaerobic corrosion of metals 
which exist in the wastes themselves or are used for the disposal containers or in the 
construction of the repository. Such gases play an important role in safety assessment since they 
can lead to increased pressures in the repository making the characterization of their nature and 
production rate necessary. Consequently, the aim of this report is to critically review the 
available literature and identify the relevant mechanisms and representative corrosion and gas 
generation rates. 

Corrosion is an irreversible interfacial reaction of a material with its environment, resulting in 
the loss of material or in the dissolution of one of the constituents of the environment into the 
material (Landolt 2007). Corrosion is a system property and thus the corrosion behavior of a 
material depends on its chemical/physical/mechanical properties as well as the chemical / 
physical / mechanical conditions of the environment. As a result, the mechanism and rate of 
corrosion of a metallic material will evolve with the conditions prevailing in the near field of a 
deep geological repository.  

Due to the differences between the respective near field environments in the current Nagra 
reference repository concepts, spent fuel and vitrified high-level waste are considered separately 
from the long-lived intermediate-, and the low- and intermediate-level waste. In a first approach, 
the disposal concepts and the expected evolution of the conditions in the near field of each of 
the two above mentioned cases are presented in Chapter 2. Specific details with regards to 
corrosion-relevant materials properties and the criteria for selecting representative corrosion 
studies from literature are discussed. Carbon steel is the current reference material for a 
SF/HLW disposal canister as well as the most abundant metal in the L/ILW inventory. Its 
corrosion mechanisms and rates are discussed in Chapter 3 separately for each repository. Other 
metals such as aluminium, lead, copper, zinc and magnesium and alloys such as stainless steel 
and Zircaloy exist in the L/ILW inventory and their corrosion mechanisms and rates are 
discussed in Chapter 4. In each of those chapters the representative corrosion rates are compared 
in order to identify critical parameters which lead to the selection of a reference corrosion rate 
for each metal and repository concept case.  
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2 Near field conditions and relevant studies 

2.1 Spent fuel and high level waste 

2.1.1 Disposal concept 
A deep geological repository for the disposal of spent fuel and high level radioactive waste 
(SF/HLW) would be placed at a depth of several hundred meters in Opalinus Clay (Fig. 2.1). 
The repository consists of a series of excavated tunnels with a diameter of about 2.8 m 
supported by rock bolts, a steel mesh and a shotcrete liner with a thickness of about 15 cm. 
Within the tunnels, disposal canisters containing spent fuel assemblies or vitrified HLW are set 
on pedestals made from compressed bentonite blocks with a dry density of 1.8 g/cm3 and a 
water content of 18-20% with a spacing of 3 m between the canisters. After the emplacement of 
the canisters, the tunnel will be backfilled with granular bentonite with a dry density of 
1.45 g/cm3 and a water content of 5-7%. 

According to the current reference canister design concept (Patel et al. 2012) the canisters have 
a cylindrical shape with flat ends which incorporate a feature for handling and they are made of 
forged low carbon steel (Table 2.1). The SF canisters have a diameter of 1.05 m, while their 
length depends on the type of fuel assemblies they contain (PWR or BWR), on average being 
5.26 m. They have a body wall thickness of 140 mm and a lid/base wall thickness of 180 mm. 
On the other hand, the canisters for vitrified HLW have an outer diameter of 0.72 m and a 
length of 3.23 m. They have a body wall thickness of 140 mm, a base wall thickness of 150 mm 
and a lid wall thickness of 170 mm. Alternative design and materials options are currently being 
investigated, including copper-coated canisters (Johnson and Zuidema 2013). However, the gas 
production resulting from the corrosion of copper is too low to be relevant to safety analysis and 
it is thus not discussed in this report. 
 

 
Fig. 2.1: Schematic representation of the reference SF/HLW repository concept. 
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Tab. 2.1: Recommended compositional limits for the carbon steel canister material (Patel et 
al. 2012). 

 

Element [wt%] 
C Si Mn P S Cr Ni Cu CEIIW Notes 
0.12 
max 

0.3 
max 

0.8 
max 

0.015 
max 

0.01 
max 

0.2 
max 

0.2 
max 

0.02 
max 

0.30 
max 

Cr + Ni + Mo < 0.25 
Nb + V < 0.02 
H < 1 ppm 
Low O, N 

 

2.1.2 Evolution of the conditions in the near field 
A schematic representation of the evolution of the temperature, relative humidity and relative 
oxygen concentration at the canister surface from the time of emplacement is shown in Fig. 2.2. 
As a general trend, the temperature in the repository and the oxygen content will gradually 
decrease, while the water content of the near field tends to increase with time due to ingress of 
porewater from the Opalinus Clay host rock. Consumption of oxygen can occur by a number of 
processes such as metal corrosion, microbial activity, reactions with organic matter or oxidation 
of minerals. The evolution of the conditions in the near field can be conceptually divided into 
four main phases which dictate the prevailing corrosion mechanisms during each phase. 
Nevertheless, due to uncertainties the values of temperature, relative humidity and relative 
oxygen concentration over time shown in Fig. 2.2 are approximate and the division of the 
repository lifetime into phases is rather conceptual. 
 

 
Fig. 2.2: Evolution of temperature, relative humidity and relative oxygen concentration at 

the canister surface with time from the closure of the repository. Adapted from 
(Landolt et al. 2009). 
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Phase 1 is characterized by oxic and dry conditions which start upon the emplacement of the 
canisters and lasts for a period of approximately 20-40 years after the closure of the repository. 
This early phase lasts until the relative humidity at the surface of the metal reaches the critical 
level that allows electrochemical reactions to take place. During this period the conditions at the 
canister surface are characterized by high temperatures (~ 140 oC) and influenced by readily 
available oxygen which was trapped in the bentonite pores and the excavation disturbed zone of 
the host rock during excavation and emplacement. Due to the high temperature, desiccation of 
the bentonite close to the canister will take place and the humidity that was initially present in 
the bentonite will re-distribute into the areas of lower temperature close to the bentonite-liner 
interface.  

During Phase 2 oxic and unsaturated conditions prevail. Phase 2 lasts for 20-30 years from the 
onset of aqueous corrosion or until all the initially trapped oxygen is consumed. Aqueous 
corrosion requires an adsorbed water film on the metal surface able to sustain electrochemical 
reactions. In the case that the adsorbed water film is discontinuous localized corrosive attack of 
the canister surface is possible. Such adsorbed films form when the surface temperature of the 
canister decreases below 100 oC and the relative humidity rises to about 60-80%. However, an 
adsorbed water film can also form at relative humidity as low as 30% if particularly hygroscopic 
salts (such as MgCl2 or CaCl2.xH2O) are deposited on the surface (King 2008). In the outer parts 
of the tunnel, equilibration with the incoming Opalinus Clay porewater gradually takes place. 

Phase 3 corresponds to anoxic and unsaturated conditions. Its duration depends on the 
saturation rate of the bentonite and may extend to about 50 years. During this period FeIII-rich 
corrosion products formed during the previous periods can be reduced. The decrease of the 
temperature at the canister surface continues and equilibration with Opalinus Clay porewater 
proceeds inwards until it reaches the canister surface. 

Phase 4 is characterized by the long term anoxic and fully saturated conditions. At the onset of 
this phase the bentonite is completely saturated while the temperature keeps decreasing until the 
normal host rock temperature is reached, here assumed to be about 35-45 oC depending on the 
depth at which the repository will be constructed. The stresses applied to the canister during this 
period initially involve the swelling pressure of bentonite, but the eventual maximum load is 
likely to be determined by the lithostatic load. A schematic representation of the evolution of 
stress at the canister surface is shown in Fig. 2.3. The extreme bounding case which consists of 
anisotropic horizontal (29 MPa) and vertical (22 MPa) stresses is indicated for a maximum 
repository depth of about 900 m. Also during Phase 4 the chemistry of the environment will be 
dominated by the composition of the Opalinus Clay porewater once a complete equilibration 
with the bentonite has taken place. The compositions of the reference and the high salinity 
variant Opalinus Clay porewaters are shown in Table 2.2.  
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Fig. 2.3: Possible evolution of loads on a canister emplaced in bentonite in a repository in 

Opalinus Clay at a depth of 900 m (upper curve). 29 and 22 MPa represent the 
maximum horizontal and vertical stresses respectively. For comparison, the 
evolution of loads on a canister in a borehole in crystalline rock is given by the 
lower line, for which the maximum load is the sum of bentonite swelling pressure 
(Ps) and hydrostatic pressure (Phyd). During resaturation of the buffer differential 
loads may arise because of variations in buffer density. The time frame is 
uncertain, although the maximum for the upper curve may occur later, as the 
maximum loads develop as a result of deformation and creep of the clay rock. 
Adapted from (Patel et al. 2012). 
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Tab. 2.2: Modeled composition of the reference and high salinity variant Opalinus Clay 
porewaters (Mäder 2009a). 

 

Parameter Reference 
porewater 

High salinity 
variant 

Temperature (°C) 25 25 
pH 7.203 7.009 
Na (mmol/kgH2O) 164.4 527.5 
K (mmol/kgH2O) 2.604 1.77 
Ca (mmol/kgH2O) 12.51 49.71 
Mg (mmol/kgH2O) 9.625 37.55 
Sr (mmol/kgH2O) 0.2106 0.422 
FeII (mmol/kgH2O) 0.0524 0.246 
FeIII (mmol/kgH2O) 3.31·10-9 8.23·10-9 
Si (mmol/kgH2O) 0.1779 0.172 
Cl (mmol/kgH2O) 160.0 662.0 
SVI (mmol/kgH2O) 24.72 21.06 
S-II (mmol/kgH2O) 12.4·10-9 6.11·10-9 
CIV (mmol/kgH2O) 2.506 1.057 
SO4/Cl (mol/mol) 0.155 0.032 
Alkalinity (meq/kgH2O) 2.308 0.962 
HCO3 (mmol/kgH2O) 2.043 0.631 
PCO2 (bar) 10-2.20 10-2.50 
Water activity 0.994 0.978 
Ionic strength (molal) 0.2299 0.762 

 
 

In the case of the steel mesh and rock bolts, the evolution of the local conditions is quite 
different from the canister. The temperature is expected to be considerably lower due to the 
distance from the heat source of the canister (~ 75 cm). The humidity is expected to increase 
more quickly and saturation is expected to be achieved much earlier due to the proximity to the 
surrounding clay. Additionally there may be differences in the availability of oxygen and as a 
result anoxic conditions may prevail at the mesh before all the trapped oxygen is consumed. 
This can take place during a period when the bentonite in the outer part of the tunnel is 
saturated, while closer to the canister saturation is not yet achieved. In this case the oxygen 
dissolved in the saturated part of the bentonite can be consumed, while the outward diffusion of 
oxygen still existing in the inner part of the tunnel through the saturated bentonite is slow. On 
the other hand, the pH in the environment of the steel mesh is expected to be high due to the 
presence of shotcrete, the temperature will be considerably lower than at the canister surface, 
and thus the prevailing conditions are more similar to those expected in a L/ILW deep 
geological repository (see Paragraph 2.2.4). Overall Phases 1, 2 and 3 are expected to last for a 
shorter time and occur earlier for the steel used for tunnel support than for the canister. 
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2.2 Low and intermediate level waste 

2.2.1 Disposal concept 
A schematic representation of the repository concept for L/ILW which may be constructed in 
Opalinus Clay, 'Brown Dogger', Effingen Member or Helvetic Marls host rocks is shown in 
Fig. 2.4. Low and intermediate level waste consists of metals and other organic and inorganic 
materials which are confined in steel drums of different sizes within a cement or bitumen 
matrix. Such drums are then put in concrete emplacement containers which are backfilled with 
cement grout. The containers are emplaced in the cavern which is then also backfilled with 
cement grout. The size of the L/ILW disposal caverns are approximately 9 m x 7 m in cross-
section. Low and intermediate level wastes are discussed together with the long-lived 
intermediate level waste in this chapter due to the similar environments in which they will be 
disposed. However, two separate repositories at different depths are considered leading to 
differences in temperature: 25-35 oC for L/ILW and 35-45 oC for ILW. 

 

 

Fig. 2.4: Schematic representation of the L/ILW repository concept. 
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2.2.2 Metals in the L/ILW inventory 
The types and total amounts of metals and alloys that will be disposed of in L/ILW caverns are 
described in the MIRAM-12 inventory (Nagra 2014). These metallic materials can be linked 
according to their corrosion properties to groups of metals of defined corrosion rate. The metals 
and alloys, their respective corrosion group and their amounts are shown in Table 2.3. 
 

Tab. 2.3: Total amount of metals and alloys to be disposed of in L/ILW caverns based on 
MIRAM-12 (Nagra 2014).  

 

Metal Amount (kg) Corrosion group 
Steel 38'703'574.4 Iron and carbon steel 
Cast Iron 6'904'023.0 Iron and carbon steel 
CrNi-Steel 3'348'860.4 Stainless steel and Ni alloys 
Lead Pb 2'797'669.4 Lead 
Mild/construction steel 2'380'472.1 Iron and carbon steel 
Steel 12.03 1'844'044.1 Stainless steel and Ni alloys 
Copper Cu 1'797'931.6 Copper 
Stainless steel 1'491'555.7 Stainless steel and Ni alloys 
Iron Fe 986'540.6 Iron and carbon steel 
Steel III SIA 162 760'118.3 Iron and carbon steel 
Steel 37 754'895.6 Stainless steel and Ni alloys 
Steel 1.4301 421'581.7 Stainless steel and Ni alloys 
Aluminium Al 299'305.8 Aluminium 
Zircaloy-2 238'744.2 Zircaloy 
Steel 1.4571 140'004.0 Stainless steel and Ni alloys 
Brass CuZn37% 88'884.7 Zinc 
Steel Wool 77'564.0 Iron and carbon steel 
Steel US 304 74'494.0 Stainless steel and Ni alloys 
Zircaloy-4 58'388.9 Zircaloy 
Zinc Zn 31'792.5 Zinc 
Aluminium Al (Mg3%Si1%) 28'305.2 Aluminium 
Magnesium Mg (Th3%) 21'000.1 Magnesium 
Inconel 600 14'414.9 Stainless steel and Ni alloys 
Steel 18.8 13'800.0 Stainless steel and Ni alloys 
Uranium U 12'275.9 - 
Steel 1.4541 8'448.1 Stainless steel and Ni alloys 
PbBi-Eutectic (PbBi55.5%) 6'839.9 Lead 
Silver Ag 6'477.4 - 
Steel 1.4550 3'663.6 Stainless steel and Ni alloys 
Aluminium Al (Mg0.5%Si0.5%) 3'269.2 Aluminium 
Inconel 750 3'259.3 Stainless steel and Ni alloys 
Hafnium Hf 2'400.2 Zircaloy 
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Metal Amount (kg) Corrosion group 
Nickel Ni (Mo28%) 804.0 Stainless steel and Ni alloys 
Tungsten W 703.3 Zircaloy 
Tungsten W (Ni6%Cu4%) 335.9 Zircaloy 
Magnesium Mg 322.9 Magnesium 
Tantalum Ta 281.8 Zircaloy 
Stellite 125.2 Stainless steel and Ni alloys 
Gold Au 121.2 - 
Beryllium Be 87.5 - 
Cadmium Cd 80.2 - 
Nickel Ni 42.8 Stainless steel and Ni alloys 
Inconel 718 39.6 Stainless steel and Ni alloys 
Thorium Th 36.9 - 
Tin Sn 26.6 - 
Antimony Sb 6.6 - 
Zirconium Zr 1.5 Zircaloy 
Niobium Nb 1.0 - 
Chromium Cr 0.9 Stainless steel and Ni alloys 
Calcium Ca 0.3 - 
Cobalt Co 0.2 - 
Titanium Ti 0.0 Zircaloy 
Total 63'327'617.5  

 
 

The total amount of each corrosion-based group is shown in Table 2.4. It can be seen that iron 
and carbon steel comprise about 80% of the total amount of metallic waste. Stainless steel and 
nickel alloys are about 13% of the total, while lead is about 5% and all other groups are each 
less than 1% of the total amount of metallic waste. The metals that are not assigned to a 
corrosion-related group either do not corrode, or do not produce any gas under L/ILW 
conditions, or their corrosion rates and mechanisms under repository conditions are unknown 
and their amounts are too small and are thus irrelevant to safety. 
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Tab. 2.4: Grouping and amounts of metallic waste in MIRAM-12 based on their corrosion 
properties. 

 

Group Amount (kg) 
Iron and carbon steel 49'812'292.4 
Stainless steel and Ni alloys 8'120'033.9 
Lead 2'804'509.3 
Aluminium 330'880.2 
Zircaloy 300'855.8 
Zinc 120'677.2 
Magnesium 21'323.1 
Other / No group 12'556.4 
Total 63'327'617.5 

 

2.2.3 Structure and chemistry of cement grout 
Cement grout is a composite material composed of an aggregate embedded in a matrix of 
hardened cement. The aggregate, which is usually either limestone or quartz sand, is 
impermeable and chemically inert but determines the physical properties of the grout since it 
makes up the majority of the total volume. Hardening of the cement occurs due to hydration 
reactions taking place during mixing with water. In its hardened form cement is porous, contains 
pore solutions and also soluble species that determine the chemical properties of the grout such 
as the pH. In the current Nagra reference concept the mortar used for backfilling the L/ILW 
cavern has a porosity of about 25%. Ordinary Portland cement is mainly composed of tricalcium 
silicate (3CaO.SiO2), dicalcium silicate (2CaO.SiO2), tricalcium aluminate (3CaO.Al2O3), 
tetracalcium alumino-ferrite (4CaO.Al2O3.Fe2O3), and gypsum (CaSO4.2H2O). Other 
compounds are also present in smaller quantities such as MgO, TiO2, Mn2O3, K2O and Na2O. 

Upon mixing of cement and water a complex sequence of chemical reactions between the 
minerals of the cement and the water takes place, leading to hydrated products which bond 
together to a hardened material. The minor compounds are easily soluble and thus control the 
chemistry of the solution in the early phases. Of particular interest are K2O and Na2O which 
upon hydration lead to highly alkaline solutions (KOH and NaOH). The major constituents of 
the cement tend to react more slowly leading to chemical bonds between the silicate, aluminate 
and ferrite phases of the cement and the water. In particular, the hydration of the silicate 
containing minerals leads to calcium silicate hydrates (C-S-H phase) which are stable in water 
and are the major constituent of hydrated cement paste. These hydration reactions together with 
the dissolution of CaO and gypsum lead to the release of Ca(OH)2. Portlandite and the alkalis 
mentioned above are the main constituents of the cement porewater and their solubility controls 
the value of the pH of the cement pore solution. 

2.2.4 Evolution of the conditions in the near field 
Upon closure of the repository, the entrapment of air in the pores of the cement and the voids in 
the excavation-disturbed zone lead to an oxic environment. The available oxygen will react and 
be consumed by a number of processes such as metal corrosion, microbial activity, reactions 
with organic matter, oxidation of minerals or other mechanisms. Modeling done for the UK 
program has shown that the aerobic period will last between a few years and a few hundred 
years (Smart et al. 2004a). In general, the aerobic period in a L/ILW emplacement cavern is 
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expected to be longer than the one in a SF/HLW emplacement tunnel due to the larger amount 
of available oxygen and the generally lower expected corrosion rates. Once the oxygen is 
consumed, anoxic conditions will prevail in the L/ILW cavern and are expected to remain 
indefinitely. This gradual consumption of oxygen induces an evolution of the redox conditions 
in the near field. During the initial oxic phase, in which oxygen is readily available, its reduction 
sets the potential in the range of 200 mV vs. NHE. Once oxygen is consumed the only available 
oxidant is water, and thus a redox potential as low as -750 mV vs. NHE is expected (Smart et al. 
2004a).  

Concurrently with the consumption of oxygen, ingress of water from the surrounding host rock 
will induce a gradual increase of the relative humidity in the cavern. Simulations indicate that 
due to the slow rate of water ingress and the large volume of the available free space, 
unsaturated conditions can prevail for thousands of years (Fig. 2.5). Saturation of the cement 
grout may be further delayed due to the increase of the pressure in the cavern resulting from gas 
production from corrosion and other processes.  

 
Fig. 2.5: Simulation of air saturation of a L/ILW cavern 1000 years after closure (Senger 

and Papafotiou 2014). The colors represent the amount of gas saturation, with red 
indicating a 100% gas phase. 

 
Overall, a corrosion evolutionary path in which conditions gradually evolve from aerobic to 
anaerobic and from unsaturated to saturated, similar to the one described for the SF/HLW 
emplacement tunnels (see Paragraph 2.1.2) is expected. As a result, in the initial period after the 
closure of the repository the wastes are in an environment in which the humidity gradually rises 
until vapor transport and condensation lead to a continuous water film on the metallic surfaces 
and in the pores of the surrounding grout. In such conditions it can be assumed that this 
adsorbed film constitutes a continuous pathway between the metal and the cement, and as a 
result, chemical species from the cement can diffuse towards the metal and control the 
chemistry of its immediate environment. An important influence of the cementitious backfill is 
its effect on the pH. Cement pore solution is initially highly alkaline (pH ~ 13.5) due to the 
presence of dissolved alkalis (NaOH and KOH). Continuous ingress of porewater will lead to 
the exhaustion of alkalis and the pH will gradually decrease to 12.5 governed by the solubility 
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of Ca(OH)2. Once the calcium hydroxide is exhausted, the pH drops to a value of 11.3 due to 
the C-S-H phases. Simulations done for the Belgian supercontainer concept indicate that highly 
alkaline (pH > 12.5) conditions remain for at least 80'000 years (Wang 2006). Due to the larger 
size of the Swiss L/ILW cavern compared to the supercontainer, a greater amount of alkalis and 
portlandite is available and thus highly alkaline conditions are expected to prevail for a 
considerably longer period of time. Similarly, calculations made for the British program indicate 
a pH > 12.5 for over 100'000 years and a pH > 10.5 for over a million years (Kursten et al. 
2004). In another study quoted by Kaneko et al. (Kaneko et al. 2004), a pH > 12.5 is expected to 
remain for about 10'000 years, it will then reach a value of 12.5 which will remain for about 
200'000-300'000 years, and will gradually shift to a value of ≥ 10.5 which will remain for about 
5'000'000 years. The abovementioned differences are related to the hydraulic flow or the 
number of pore water exchanges taking place with regards to the volume of the disposal cavern 
and the amount of cement. In general, a diffusion controlled system, such as in a clay host rock, 
is expected to maximize the duration of the high pH period (Nagra 2002).  

Apart from the evolution of the pH, once saturation of the cement starts to occur, chemical 
species from the host rock porewater will also be transported close to the metal and influence 
the chemistry of the near field. Consequently, in these later stages of repository evolution the 
selection of host rock may influence the corrosion processes. The composition of porewaters 
relevant to a L/ILW repository are shown in Table 2.5, apart from the Opalinus Clay and 
'Brown Dogger' porewaters which have the same composition and are shown in Table 2.2. 
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Tab. 2.5: Composition of relevant porewaters (Mäder 2009b, Mäder 2010). 
 

Parameter Effingen 
Member 

Helvetic 
Marls 

reference 

Helvetic 
Marls high 

PCO2 

Helvetic 
Marls low 

PCO2 

Helvetic 
Marls low 

pε 

Helvetic 
Marls high 

NaCl 
pH 7.307 7.467 7.012 7.948 7.456 7.156 
Na (mmol/kgH2O) 374.1 197.7 206.5 194.7 197.6 460.6 
K (mmol/kgH2O) 1.99 2.338 2.420 2.306 2.337 5.155 
Ca (mmol/kgH2O) 60.34 2.273 2.512 2.182 2.267 11.15 
Mg (mmol/kgH2O) 45.18 1.320 1.459 1.268 1.316 6.843 
Sr (mmol/kgH2O) 0.811 0.162 0.180 0.155 0.161 0.780 
FeII (mmol/kgH2O) 0.290 0.0110 0.0140 0.0100 0.549 10-12 0.0546 
FeIII (mmol/kgH2O) 25.5 10-9 0.918 10-9 0.204 10-9 6.14 10-9 1.61 10-21 1.637 10-9 
Si (mmol/kgH2O) 0.174 0.178 0.177 0.180 0.178 0.174 
Cl (mmol/kgH2O) 565.9 202 202 202 202 500 
SVI (mmol/kgH2O) 11.50 0.2 0.2 0.2 0.2 0.4 
S-II (mmol/kgH2O) 5.29 10-9 51.7 10-9 58.9 10-9 43.1 10-9 2.51 10-6 22.5 10-9 
CIV (mmol/kgH2O) 0.429 5.413 15.86 1.800 5.558 2.794 
SO4/Cl 0.020 0.001 0.001 0.001 0 0.0008 
Alkalinity 0.420      
HCO3 
(mmol/kgH2O) 0.263 4.740 12.73 1.606 4.862 2.092 

PCO2 (bar) 10-3.19 10-2.10 10-1.21 10-3.05 10-2.070 10-2.14 
Water activity 0.982      
Ionic strength 
(molal) 0.677 0.211 0.219 0.208 0.211 0.521 

 

2.3 Selection of representative corrosion studies 
A wide range of studies on the corrosion of carbon steel under anoxic conditions are available in 
the literature. Most of the available studies have been performed with regards to deep geological 
radioactive waste disposal and reflect the expected near field conditions of a number of disposal 
concepts. Additionally, a number of reviews of the available literature exist (King 2008, Platts 
et al. 1994, Landolt et al. 2009, King 2007, King and Watson 2010, Kursten et al. 2004, King 
and Stroes-Gascoyne 2000). However, not all available studies have been performed under 
conditions that are relevant to the conditions expected in the Swiss disposal concept. As a result 
a selection of the available data is made in order to consider only results which are 
representative of and relevant to the current Nagra reference concept. The criteria used for the 
selection of relevant corrosion studies are discussed hereafter. 
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2.3.1 Representative test conditions 

SF/HLW 
The behavior usually observed during the measurement of the corrosion rate of carbon steel 
under anaerobic conditions in a near neutral environment is shown in Fig. 2.6. The corrosion 
rate of carbon steel decreases with time. This decrease is due to the formation and growth of a 
protective corrosion product layer (discussed in detail in Paragraph 3.2). A steady-state occurs 
when the rates of oxide growth at the metal/oxide interface and oxide dissolution at the 
oxide/electrolyte interface are equal. Such steady-state conditions need to prevail during testing 
in order to measure corrosion rates that are representative of the long-term conditions expected 
in a repository. A review of available literature (King 2008) has indicated that a steady-state 
condition is reached in 4-6 months for corrosion tests done in solutions, while more than 4 years 
are required for corrosion tests done in compacted bentonite. In our current approach, we 
assume that a quasi-steady state corrosion rate is reached after about 5000 hours (~ 7 months) of 
exposure and only experiments with a test duration equal to or longer than that are considered.  
 

 
Fig. 2.6: Evolution of the anaerobic corrosion rate of pickled and pre-corroded carbon steel 

in compacted bentonite saturated with synthetic Opalinus Clay porewater measured 
by H2 evolution (Diomidis and Johnson 2014). 

 
Apart from the test duration, proper selection of the experimental conditions at which the 
measurements are performed is a critical prerequisite to obtain corrosion rates which are 
representative of those expected in an emplacement tunnel according to the Nagra disposal 
concept. Corrosion tests done on carbon steel, iron, cast steel or cast iron are considered. 
Additionally, experiments done both in relevant porewaters or solutions and compacted 
saturated bentonite are considered relevant. On the other hand, the pH of the environment can 
considerably influence the corrosion rate of carbon steel and consequently, studies that are done 
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at 7 < pH < 9.5 are selected as representative. The selection of the relevant pH range is done on 
the basis of the influence of bentonite on the pH (up to 7.8 (Bradbury 2014)) as well as a 
possible influence of the corrosion process while avoiding high pH values which may induce 
passivation of carbon steel. Additionally, if a number of publications exist that present results 
from the same experimental study, only the longest-term available data are considered.  

L/ILW 
The evolution of the corrosion rate of carbon steel in anoxic alkaline environments tends to 
decrease with time due to the growth of a passive surface film until it reaches a steady-state as 
shown in Fig. 2.7. 
 

 
Fig. 2.7: Typical evolution of the corrosion rate of carbon steel in alkaline anoxic 

environment determined by a H2 gas evolution method (Smart et al. 2004a). 
 
In a similar fashion to the discussion on the corrosion rate of carbon steel in SF/HLW 
emplacement tunnels (see above), a selection of published corrosion studies is made according 
to the following selection criteria: 

• Corrosion studies done in anoxic alkaline solutions, cement porewater or cement grout done 
in pH > 11. 

• The strong tendency of decreasing corrosion rate at increasing test duration shown in 
Fig. 2.7 has a great influence on the reported corrosion rates. This is clearly seen in Fig. 2.8, 
where all available corrosion rates from the literature measured by hydrogen evolution are 
plotted. Both the report by Kaneko (Kaneko et al. 2004) (Fig. 2.9) and Fig. 2.8 show that a 
test duration of about 700 days is necessary in order to obtain stable corrosion rates under 
conditions relevant to a L/ILW repository. However, many published studies have been 
done at shorter test durations and consequently the reported corrosion rates cannot be 
considered as representative of long term steady-state conditions. Thus, for corrosion 
studies done in anoxic alkaline electrolytes only those with test durations above 700 days 
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are considered. On the other hand, due to the limited number of available corrosion studies 
done in anoxic cement, all studies irrespective of test duration are considered.  

 

 
Fig. 2.8: Overview of corrosion rates of carbon steel in anoxic alkaline environments 

measured by gas generation reported in the literature. Each point in the graph 
represents a reported corrosion rate value measured at the end of the exposure 
period. 

 

 
Fig. 2.9: Evolution of the mean equivalent corrosion rate within 100-day periods with the 

immersion period (Kaneko et al. 2004). 
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2.3.2 Corrosion rate measurement techniques 
Various experimental techniques have been used to measure uniform corrosion rates for steel 
under anoxic conditions. Most of the published studies employ techniques that can be grouped 
as follows:  

• electrochemical measurements,  

• weight loss measurements, 

• quantification of hydrogen gas evolving due to corrosion. 

Additionally, corrosion rates have been assessed by the study of archaeological artifacts but 
such approaches are not discussed here. The above-mentioned techniques along with their 
advantages and shortcoming are discussed hereafter. 

Electrochemical techniques 
A wide range of electrochemical techniques are commonly used in corrosion studies. Such 
techniques usually include: polarization curves, Tafel extrapolation, linear polarization 
resistance, galvanostatic pulse, electrochemical impedance spectroscopy and electrochemical 
noise. These techniques employ a specific type of electrochemical measurement to extract the 
corrosion current density (icorr), i.e. the electrical current passing from the metal-electrolyte 
interface, which is then transformed to corrosion rate using Faraday's law (see (Landolt 2007)). 
Most of the above-mentioned techniques calculate the corrosion current density by measuring 
the charge transfer resistance (Rct) and employing the following equation: 
 

 icorr = B /Rct 
 

where B is a proportionality constant whose exact value usually cannot be measured but 
generally ranges between 5 and 20 mV. This means that the value of B is usually assumed to be 
somewhere in that range and thus quite a large uncertainty is introduced. Furthermore, some 
electrochemical techniques (e.g. potentiodynamic measurements) have an inherent tendency to 
overestimate the corrosion current density. Additionally, when the corrosion rate is calculated 
from the measured current, the value of some parameters and a certain mechanism or surface 
reaction are assumed. Thus, it is not possible to exclude currents resulting from other surface 
processes leading to a positive error. 

Weight loss 
Weight loss measurements are done by dissolving the corrosion product layer formed on the 
metallic surface during exposure in a specific solution and measuring the material loss, which is 
then translated to an average corrosion rate over the total exposure period. A systematic positive 
error arises from the fact that even though specific solutions are used in which oxides, but not 
metals, are soluble (e.g. Clark's solution), a small amount of metal is always dissolved (Smart et 
al. 2004a). Another shortcoming of the weight loss method is that the corrosion rate is 
calculated based on the total amount of oxide that is present on the sample surface, and not on 
the amount that was formed during the experiment. Consequently, contact of the test sample 
with air before the experiment, insufficient degassing of the test system or imperfect sealing 
resulting in residual oxygen, or contact of the sample with air after the measurement but before 
dissolution of the oxide will result in a positive error. An additional positive error can result due 
to removal of polishing agent (e.g. alumina particles) which remained on the specimen surface 
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from sample preparation. However, the major shortcoming of weight loss measurements is that 
they only provide an average corrosion rate. As a result, since the corrosion rate decreases with 
time as shown in Figs. 2.6 and 2.7, the initial high rate always induces a positive error since in 
most cases the value of interest is the corrosion rate at the end of the exposure period.  

Hydrogen evolution 
The measurement of the corrosion rate by gas generation is based on quantifying the amount of 
H2 gas produced by corrosion due to the reduction of H2O under anaerobic conditions (see 
Paragraph 3.2). The amount of evolved hydrogen is usually measured volumetrically, by gas 
chromatography, mass spectroscopy, or by hydrogen probes. Gas generation is able to provide 
corrosion rate values that are near instantaneous and the accuracy of these measurements can be 
very high with modern techniques such as gas sensors. The high sensitivity of such techniques 
allows a high measurement frequency allowing the observation of the evolution of the corrosion 
rate with time. For example, the corrosion rate of carbon steel embedded in cement was 
measured once every 1-2 weeks with the use of a solid state gas sensor (Newman and Wang 
2014). On the other hand, measurement errors can result if hydrogen production or consumption 
takes place by processes other than corrosion in the system or when the produced hydrogen is 
not released from the system and thus not measured. For example, hydrogen could diffuse in the 
test metal instead of being evolved and measured. Smart et al. (Smart et al. 2004a) have 
measured the amount of hydrogen present in carbon and stainless steel samples after anaerobic 
corrosion tests (about 7 and 1.5 ppm H2 respectively). If that amount of hydrogen is averaged 
over the exposure period, a conservative upper limit of the underestimation of the measured 
corrosion rate is in the order of 7 and 10 nm/a respectively. Furthermore, in experiments in 
bentonite, evolved hydrogen could be consumed through the reduction of FeIII at the octahedral 
position of montmorillonite. Furthermore, if a volumetric technique is used to measure the 
volume of evolved hydrogen (e.g. a manometer), then the consumption or formation of any gas 
by any process can be a source of error (e.g. the consumption of O2 or gas generation by 
microbial activity). Contrary to what happens in weight loss measurements, ingress of oxygen 
into the system will lead to a negative error since corrosion will proceed through O2 reduction 
instead of water reduction and thus no H2 will be generated. Finally, the translation of the 
amount of gas to corrosion rate requires knowledge of the corrosion reaction scheme. In 
practice, two different mechanisms are used throughout the literature to explain the data from 
carbon steel, while in some cases the assumed mechanism is not reported at all. This leads to 
two different conversion factors used in the analysis of the results: 
 

 3Fe + 4H2O → Fe3O4 + 4H2↑ leads to 1 mmol H2/m2a : 5.3 nm/a 
 

 Fe + 2H2O → Fe(OH)2 + H2↑ leads to 1 mmol H2/m2a : 7.1 nm/a 
 

The two available conversion factors give corrosion rate values with a difference of about 33%.  

Comparison of measurement techniques 
A number of researchers have used different techniques to measure anaerobic corrosion rates 
under identical conditions and have published comparisons of the results. (Smart et al. 2004a) 
have measured the corrosion rate of carbon steel embedded in cement by electrochemical 
techniques (0.3-5.5 µm/a) and by weight loss (0.2-1.5 µm/a). Similar measurements for stainless 
steel in alkaline aqueous solutions resulted in corrosion rates of 3.4-7.4 µm/a measured by 
electrochemical techniques and 0.002-0.07 µm/a measured by weight loss. On the other hand, 
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electrochemical tests performed on carbon steel in aqueous solutions resulted in a corrosion rate 
between 8 and 93 µm/a, while gas measurements resulted in long term corrosion rates ranging 
between 0.002 and 0.098 µm/a.  

Kaneko et al. (Kaneko et al. 2004) have systematically compared corrosion rates of carbon steel 
in anoxic alkaline solutions and cement measured by gas generation and weight loss. Even when 
they calculated average corrosion rates over the total exposure period obtained from gas 
evolution, they found that weight loss resulted in corrosion rates which were between 2 and 
13 times higher than the ones measured by gas generation. When they compared the long term 
instantaneous corrosion rates obtained by gas generation to corrosion rates measured by weight 
loss over the same period, they found an overestimation of the corrosion rate by weight loss of 
about 25 to 40 times as shown in Fig. 2.10. In short term tests specifically aimed at clarifying 
the large difference between weight loss and gas generation data, they found that after an 
exposure of 1 to 5 days, weight loss exhibited a corrosion of about 0.18 µm, while no detectable 
hydrogen was produced. Furthermore, if these 0.18 µm were removed from the corrosion 
measured by weight loss during longer exposure durations of up to 35 days, then the obtained 
result agreed with the one measured by gas generation. These measurements indicate the major 
shortcomings of weight loss, i.e. the necessary incorporation of the high initial corrosion rates in 
the measured average.  
 

 
Fig. 2.10: Comparison of corrosion rates of carbon steel in anoxic alkaline environment 

measured with weight loss and gas generation under identical conditions (Kaneko 
et al. 2004). 

 

Based on the discussion above, it is evident that electrochemical techniques tend to considerably 
and systematically overestimate the corrosion rate and it is not possible to limit or correct the 
errors. On the other hand, weight loss measurements have limitations linked to imperfect 
handling and oxygen ingress into the system which can be minimized. Furthermore, it appears 
that the positive systematic errors of the weight loss technique appear to be in the range of a few 
µm or less (Kaneko et al. 2004) and thus will not be critical when large corrosion rates are 
measured. Additionally, the average values obtained by weight loss can be partially corrected to 
obtain an estimate of the instantaneous value by taking account of the reaction mechanism. This 
correction is possible if the rate of decrease of the corrosion rate with time is known. Usually it 
is assumed that the corrosion rate under anoxic conditions decreases with time according to t-0.5 



 21 NAGRA NAB 14-21  

(King 2008, Platts et al. 1994). As a result, the instantaneous corrosion rate at the end of an 
exposure period is half of the measured average corrosion rate for the same period of time. 
Finally, gas generation appears to be the most promising technique and the one that appears to 
provide results that are representative of the real steady-state corrosion rate. A good 
understanding of the exposure environment and careful experimental design can minimize 
possible errors.  

Consequently, for the measurement of the corrosion rate in a SF/HLW emplacement tunnels 
both weight loss and hydrogen generation based studies are deemed representative. On the other 
hand, for the measurement of the corrosion rate in L/ILW emplacement caverns, the very low 
corrosion rate expected imposes a more strict selection of techniques and thus only hydrogen 
generation based studies will be further considered. Furthermore, in the case of L/ILW the 
volume of generated gas is the critical parameter for safety, and not the performance or lifetime 
of the canister as in the SF/HLW repository, which makes gas generation measurements a well 
suited technique. 
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3 Iron and carbon steel 

3.1 Corrosion processes during the early Phases 
The corrosion (oxidation) of metals is an electrochemical process that produces electrons. As a 
result, in order to proceed, it requires another electrochemical reaction (reduction) which will 
consume the produced electrons. In a SF/HLW repository, a number of compounds may exist 
close to the canister surface which can be reduced and induce the oxidation of the metal 
canister. These compounds have different tendencies for reduction and will thus be consumed in 
sequence according to their relative reduction potentials. As shown in Table 3.1, O2 and FeIII 
have a high tendency for being reduced (higher reduction potential) and induce the oxidation of 
the metal. Consequently such oxidizing species will have to be consumed before reduction of 
water, which leads to gas production, can take place.  
 

Tab. 3.1: Reduction reactions and standard reduction potentials of oxidant species that can 
be present near the surface of the metallic components of a SF/HLW emplacement 
tunnel. 

 

Reaction Eo (V vs NHE) 
O2 + 4H+ + 4e- → 2H2O +1.23 
Fe3+ + e- → Fe2+  +0.77 
2H2O + 2e- → H2↑ + 2OH-  -0.83 

 
 

Even though oxidation of metallic iron with the concurrent reduction of O2 or FeIII does not lead 
to gas production, any surface reactions during Phases 1, 2 or 3 can affect the microstructure 
and chemical composition of the canister surface and can thus be relevant to mechanisms and 
reaction rates during later phases. Additionally, early stage corrosion processes consume oxygen 
and thus influence the time at which anoxic conditions prevail. These processes are discussed 
hereafter and are related to the estimated total corroded amount during each Phase as well as the 
microstructure and composition of corrosion products that are expected to be present on the 
canister surface at the beginning of Phase 4. 

During Phase 1 only dry oxidation of iron can take place. The metallic surface has uniform 
access to oxygen due to the quick diffusion through the porous dry bentonite. At the expected 
temperatures of about 130 oC (see Fig. 2.2), magnetite and hematite are both produced (Larose 
and Rapp 1997). A duplex corrosion layer is formed which consists of an outer hematite film 
over a considerably thicker magnetite base layer which can be divided into two sub-layers with 
different microstructures as shown in Fig. 3.1.  
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Fig. 3.1: (a) Schematic representation of corrosion films and relevant reactions during the 
dry oxidation of iron in elevated temperatures. Adapted from (Bertrand et al. 
2004). (b) SEM micrograph of an oxide layer cross-section formed on pure iron at 
400 oC in air containing 2% H2O (Bertrand et al. 2010). 

 
A number of different growth laws have been proposed for the oxidation of iron and low alloyed 
steel in air: parabolic (for thick films at high temperatures and durations), logarithmic (usually 
for thinner films at lower temperatures and durations) and combinations of the two (Desgranges 
et al. 2003). However, there are no experimental studies in the literature that we are aware of 
that deal with the long term evolution of oxide growth at low temperatures. As a result, the only 
way to obtain an estimate of the rate of oxidation under relevant conditions and time scales is to 
use published data from short-term studies and extrapolate for longer durations, an approach 
which has been employed for higher temperatures (Landolt et al. 2009). Assuming a magnetite 
corrosion layer following a parabolic growth law with the rate constants measured by 
Desgranges et al. at 100 and 180 oC (Desgranges et al. 2003), the thickness of the oxide surface 
layer on corroding steel evolves with time as shown in Fig. 3.2. The shown corrosion depths, 
even though they are very small, are rather an overestimation of the real case, since the 
oxidation rate of iron decreases at increasing humidity (Bataillon 2012). These values agree well 
with other predictions indicating a maximum corrosion depth for this period of about 
0.2-0.3 µm (Johnson and King 2008). 

(a) (b) 
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Fig. 3.2: Evolution of the corrosion depth with time for oxidation of iron in dry air.  
 
During Phase 2 the adsorbed water film allows electrochemical reactions involving charge 
transfer to take place. In aerated groundwater conditions steel corrosion is generally 
characterized by the production of a hydrated oxide with a stoichiometry intermediate between 
Fe2O3 and Fe(OH)3 according to the reaction: 
 

 4Fe + 3O2 + 2H2O → 4 FeOOH (3.1) 
 

In reality the corrosion products are a complex mixture of different crystalline and amorphous 
phases of the oxides and hydroxides of iron mainly in the trivalent state but bivalent iron is also 
present (Landolt 2007). The amount of available oxygen, the availability of water, the hydration 
conditions and the reaction kinetics will determine which solid phase predominates (Kursten et 
al. 2004). Due to evolving conditions (temperature, relative humidity, oxygen concentration) 
and a large number of interrelated corrosion products and mechanisms (King 2008), the 
estimation of the exact corrosion rate is not straightforward. Corrosion rates in the range of 
2-8 µm/a have been measured by Marsh and Taylor in compacted bentonite which was saturated 
with oxic granitic porewater (Marsh and Taylor 1988). Nevertheless, assuming that all of the 
available oxygen (~ 144 mol per canister (Wersin et al. 2003)) in the disposal tunnel reacts with 
the steel surface of the canister, the total corrosion depth is 74 µm if it is uniformly distributed 
over the canister surface. This is an overestimation of the corrosion depth of the canister since 
oxygen will also be consumed by the corrosion of the supporting steel mesh, the oxidation of 
FeII-containing minerals, and microbial activity. The rate of oxygen consumption has been 
calculated for different scenarios related to the time over which bentonite saturation occurs 
which controls the oxygen diffusion rate and has been found to range between 3.8 and 100 years 
(Wersin et al. 2003). Even though the calculation of the contribution of these phenomena to 
oxygen consumption is difficult to assess, such an approach can provide an estimate of the order 
of magnitude of the amount of corrosion products that may be present on the steel surface at the 
onset of anoxic conditions. Additionally, the oxidation taking place during Phase 1 has no 
significant effect on the available oxygen amount since it results in the consumption of a total of 
0.7 and 2.6 moles of oxygen at 100 and 180 oC respectively, in 40 years.  
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Once the available oxygen is consumed Phase 3 begins. During this phase the substance with 
the strongest oxidizing tendency is FeIII (see Table 3.1), which resulted from corrosion processes 
taking place in the preceding oxic phases. The main corrosion mechanism involves the 
electrochemical reduction of FeIII to FeII with the concurrent oxidation of Fe0 to FeII (King 
2008): 
 

 2FeOOH + Fe2+ → Fe3O4 + 2H+ (3.2) 
 

 2FeOOH + Fe + 2H2O → 3Fe(OH)2 → Fe3O4 + 2H2O + H2 (3.3) 
 

In practice this process induces the transformation of the FeIII oxides, hydroxides and 
oxyhydroxides to FeII-containing compounds such as Fe3O4. During this period an important 
shift in the corrosion potential of the canister is expected to take place, starting from 
about -0.1 V vs. SCE during the oxic phase down to about -0.7 V vs. SCE which is 
characteristic of anoxic conditions, shown in Fig. 3.3. The total amount of steel corroded during 
Phase 3 depends on the amount of FeIII produced during the previous phases. The result of this 
process is the formation of a magnetite corrosion layer on the canister surface. The formation of 
this layer changes the corrosion kinetics from being controlled by transport of oxygen to the 
surface under oxic conditions, to being controlled by diffusion of species through the surface 
layer under anoxic conditions. Newman et al. (Newman et al. 2010) have performed a series of 
measurements on degreased, pickled and pre-corroded iron wires under anoxic and humid 
conditions similar to those expected during Phase 3. They have measured corrosion rates in the 
range of 0.01-0.1 µm/a on pre-corroded wires and in their analysis they predict a corrosion rate 
stabilizing at 1 nm/a or less within one year. 
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Fig. 3.3: Schematic representation of the evolution of the open circuit potential of carbon 

steel during the aerobic-anaerobic transition. Potentials are given with respect to 
the saturated calomel electrode (SCE) which is +242 mV vs. the normal hydrogen 
electrode (NHE) (King 2008). 

 

3.2 Anaerobic corrosion mechanism 
At the onset of Phase 4 the steel surface is covered by a layer of FeII-containing corrosion 
products consisting of a mixture of Fe3O4, Fe(OH)2 or other intermediate species resulting from 
corrosion processes during the previous phases. This oxide layer is in contact with bentonite 
saturated with anoxic Opalinus Clay porewater.  

The simplified electrochemical form of the anodic reaction for the oxidation of iron is (Smart et 
al. 2004a): 
 

 Fe0 → Fe2+ + 2e- (3.4) 
 

for which the standard electrode potential is -440 mV±40 mV vs. NHE. The balancing cathodic 
reaction under anoxic conditions is the reduction of water: 
 

 H2O + e- → OH- + ½H2↑ (3.5) 

This latter reaction is also referred to as the hydrogen evolution reaction. Thus, the overall 
reaction for the anaerobic corrosion of iron is: 

 Fe + 2H2O → Fe(OH)2 + H2↑ (3.6) 
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Fe(OH)2 has a low solubility and therefore forms a film on the surface of the canister. Ferrous 
hydroxide may transform via the following reaction, known as the Schikorr reaction, into 
magnetite: 
 

 3Fe(OH)2 → Fe3O4 + 2H2O + H2↑ (3.7) 
 

Thus the overall corrosion reaction of iron when the Schikorr reaction occurs is: 
 

 3Fe + 4H2O → Fe3O4 + 4H2↑ (3.8) 
 

In porewaters or in the presence of bentonite, iron can react with dissolved species and form 
other products such as FeCO3 or Fe2(OH)2CO3, which can reprecipitate on the metallic surface 
(Landolt et al. 2009). In such cases the overall reaction is (Platts et al. 1994): 
 

 Fe + 2MHCO3 → FeCO3 + H2↑ + M2CO3 (3.9) 
 

where M is a balancing uni-valent cation such as Na+.  

The Schikorr reaction is favored by increasing temperature since magnetite is thermo-
dynamically more stable than ferrous hydroxide at higher temperatures. This is shown by the 
fact that iron corroding in deaerated water at 25oC has been found to produce an Fe(OH)2 film, 
but magnetite is formed at 60 oC (Smart et al. 2004a). The presence of certain impurities, such 
as nickel, copper and cobalt, either in solution or from the metal, can catalyse the Schikorr 
reaction (Smart et al. 2004a), while other impurities, such as magnesium, have an inhibiting 
effect (Kursten et al. 2004). Overall it has been stated that even with high amounts of impurities, 
only 10-20% of the initial oxide is transformed to magnetite (Smart et al. 2004a, Platts et al. 
1994). Furthermore, increased alkalinity has been shown to inhibit the Schikorr reaction (Smart 
et al. 2004a). It is interesting to note that most of the above statements appear often in anaerobic 
corrosion studies linked to radioactive waste disposal but tracing the original references leads to 
work published in the 40's and 50's (Linnenbom 1958, Shipko and Douglas 1956, Evans and 
Wanklyn 1948). On the other hand, studies done in conditions relevant to deep geological 
repositories during the last few decades using modern analytical techniques such as Raman 
spectroscopy, XPS and XRD have identified only magnetite as a corrosion product in either 
neutral (Smart et al. 2006) or alkaline (Smart et al. 2004a) anoxic environments at temperatures 
as low as 30 oC. In the case of tests done in contact with bentonite Fe3O4, FeCO3 and 
Fe2(OH)2CO3 are detected (Taniguchi et al. 2010). 

In the initial stages of corrosion, random oxidation of the surface occurs until the first 
monolayer of corrosion product is complete, after which a process of film thickening occurs by 
a process of ion transport through the film under the influence of the electric field gradient 
established in the film. As the film grows, the field decreases and the rate of film growth 
declines. A steady state is reached when the rate of film thickening equals the rate of film 
dissolution, giving a net constant rate of metal loss. The resulting surface layer consists of an 
inner film of magnetite formed by a solid-state process and a thicker outer part formed by a 
dissolution-precipitation mechanism (Smart et al. 2002a, King 2008). The outer part of the 
corrosion layer has been reported as consisting of Fe3O4 (Smart et al. 2001, King 2008, 
Taniguchi et al. 2010), Fe(OH)2 (Smart et al. 2001, King 2008), FeCO3 (Taniguchi et al. 2004, 
Papillon et al. 2003, King 2008, Taniguchi et al. 2010), or other carbonate containing products 
such as Fe2(OH)2CO3 and Fe6(OH)12CO3 (Taniguchi et al. 2004). Furthermore, Ca has been 
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identified in corrosion product layers formed in clays, particularly in their outermost part 
(Taniguchi et al. 2010, Papillon et al. 2003). The exact composition of the outer part depends on 
the local conditions at the surface, such as temperature and electrolyte chemistry, which differ 
depending on the studies. The presence of such a surface layer limits the transport of species to 
and from the metallic surface, leading to a mass-transport controlled corrosion process which 
proceeds through it. A mechanism controlled by migration is also supported by the observed 
evolution of the corrosion rate with t-1/2 kinetics (Platts et al. 1994). The predominant iron 
species and regions of soluble ion formation are shown in the Pourbaix (E-pH) diagrams 
assuming the stable species are oxides or hydroxides in Fig. 3.4. 

Reactions (3.6) and (3.8) indicate that the production of hydrogen is a direct result of corrosion 
under anaerobic conditions, and consequently the rate of gas evolution is linked to the corrosion 
rate. On the other hand, this also means that it is theoretically possible that a hydrogen 
overpressure that may develop in a deep geological repository could influence the rate of the 
anaerobic corrosion reaction. At 25 oC the equilibrium hydrogen pressures for Fe(OH)2 and 
Fe3O4 are 39 and 760 atm respectively (Smart 2011). Platts et al. (Platts et al. 1994) have 
calculated the necessary H2 pressure build up in order to suppress the production of ferrous 
hydroxide (140 bar), magnetite (800 bar) and ferrous carbonate (108 bar). The effect of a 
hydrogen overpressure on the anaerobic corrosion rate of iron has been explored experimentally 
and no significant influence was found for overpressures up to 100 atm, indicating that the 
corrosion process is anodically, rather than cathodically, controlled (Smart et al. 2002b).  
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Fig. 3.4: Potential (E, V vs. NHE) – pH equilibrium diagrams (Pourbaix diagrams) for the 
system iron-water at 25oC assuming (a) oxides and (b) hydroxides as solid 
substances (Pourbaix 1974). 

(a) 

(b) 
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3.3 Anaerobic corrosion in SF/HLW emplacement tunnels 
An overview of the experimental conditions and the resulting corrosion rates measured by gas 
generation and weight loss under conditions relevant to a SF/HLW repository is shown in 
Tables 3.2 and 3.3 respectively. The data are plotted in Fig. 3.5.  

The corrosion rate values obtained from weight loss measurements shown in Table 3.3 have 
been treated according to the method described in Paragraph 2.3.2 and long term instantaneous 
corrosion values have been extracted from the reported average corrosion rates. The corrected 
data are also shown in Table 3.3, are plotted in Fig. 3.6 and are further used in the rest of the 
report. 
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Tab. 3.2: Experimental conditions and long-term "instantaneous" corrosion rates measured by H2 generation from published corrosion studies on 
iron and carbon steel under conditions relevant to a SF/HLW repository. 

 

Material Environment Electrolyte Cl 
concentration 

(ppm) 

pH 
(initial/final) 

Temp. 
(oC) 

Test 
duration 

(h) 

Corrosion rate 
(µm/a) 

Ref. 

Iron Immersed in 
solution 

Böttstein 8100 -/8.7 21±3 7500 0.03 (Kreis 1991), 
also in  
(Kreis and Simpson 
1992)a 

Bi-distilled water 0 -/8.6 5000 0.02 
Cl solution 8000 8.5/- 7500 0.06 

Carbon steel Immersed in 
solution 

Artificial KBS TR 36 
groundwater 

12056 8.1/- 30, 50 12000 < 0.1 (Smart et al. 2001), 
also in  
(Smart et al. 2002a) 
and  
(Smart et al. 2002b)b 

20% of surface 
immersed 

8.1/- 50 5000 

Immersed in 
solution 

Artificial Äspö 
groundwater 

12039 7-8/- 50 5000 0.5 
85 0.1 

Cast iron Artificial Äspö 
groundwater 

12039 7-8/- 50 5000 0.1 
85 0.1 

Carbon steel Immersed in 
solution 

Bentonite slurry 30 wt% 19170 8.1/- 30, 50 15000 0.5 (Smart et al. 2004b)b 

Carbon steel Immersed in 
solution 

Unbuffered groundwater 32100 7/- 50 20544 0.35 (Smart et al. 2004a)*b 
Buffered groundwater 62568 0.052 

Carbon steel Saturated 
compacted 
bentonite 

Opalinus Clay porewater 6700 7.2/- 60 24000 0.7 (Diomidis and 
Johnson 2014)b 

* The results reported in (Smart et al. 2004a) are an average rate of the period after 10'000 hours. 
a Fe(OH)2 is assumed as corrosion product. 
b Fe3O4 is assumed as corrosion product. 
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Tab. 3.3: Experimental conditions and average corrosion rates measured by weight loss from published corrosion studies on iron and carbon steel 
under conditions relevant to a SF/HLW repository. 

 

Material Environment Electrolyte Cl 
concentration 

(ppm) 

pH 
(initial/final) 

Temp. 
(oC) 

Test 
duration 

(h) 

Measured 
average 

corrosion rate 
(µm/a) 

Estimated 
long term 
corrosion 

rate (µm/a) 

Ref. 

Carbon 
steel 

Immersed in 
solution 

Synthetic granitic 
water 

35.5 9.4/9.4 90 5000 < 0.1 0.05 (Marsh and Taylor 
1988) 

Forged 
steel 

Saturated 
compacted 
bentonite 

Synthetic 
seawater 

19880 7.9-8.4/- 80 26280 0.54 0.27 (Taniguchi et al. 
2004) 

Welded 
forged 
steel 

0.76 0.38 

Carbon 
steel 

Saturated 
compacted 
bentonite 

Synthetic 
seawater 

19880 7.9-8.4/- 50 87600 1.4 0.7 (Taniguchi et al. 
2010) 80 0.67 0.34 

High carbonate 
solution 

19880 8.3-8.7/- 80 0.051 0.025 

Synth. freshwater 89 9.1-9.2/- 80 0.89 0.45 
Carbon 
steel 

Immersed in 
solution 

Synthetic 
groundwater 

106.5 9.4/- 90 35544 0.15 0.08 (Smart et al. 2001)* 

Carbon 
steel 

Saturated 
compacted 
bentonite 

Groundwater 
simulant 

19880 -/- 80 36000 1.2 0.6 (JNC 2000) 

* H2 overpressure of 1 Atmosphere.
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Fig. 3.5: Overview of reported corrosion rates of iron and carbon steel under anaerobic 

conditions relevant to a Swiss SF/HLW repository, using the data from Tables 3.2 
and 3.3. Closed symbols indicate gas generation measurements and open symbols 
indicate average values from weight loss measurements. 

 

 
Fig. 3.6: Overview of corrosion rates of iron and carbon steel under anaerobic conditions 

relevant to a Swiss SF/HLW repository. Closed symbols indicate gas generation 
measurements and open symbols indicate long term instantaneous corrosion rates 
estimated from weight loss measurements according to the method described in 
Section 2.3.3. 
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A comparison between Figs. 3.5 and 3.6 clearly shows the effect of the correction of average 
corrosion rates derived from weight loss measurements has. The average corrosion rates 
measured by weight loss are in general higher than the instantaneous values measured by gas 
generation, as expected. However, the corrected weight loss values which represent 
instantaneous corrosion rates at the end of the exposure period are in good agreement with the 
reported gas generation based measurements. 

The overview of the corrosion studies satisfying the selection criteria discussed in Paragraph 2.3 
indicates that the long term corrosion rates are lower than 0.7 µm/a. The available test durations 
span a wide range reaching up to almost 10 years. These long test durations, along with the fact 
that the reported corrosion rates are quite consistent irrespective of the differences in test 
conditions between the reported studies, indicate that the selected test durations are indeed 
sufficient for the system to reach a quasi-steady state. 

The environment in which a corrosion study has been performed can influence the measured 
anaerobic corrosion rate of carbon steel as shown in Fig. 3.7. Measurements performed in 
relevant anoxic solutions tend to exhibit lower corrosion rates in the range of 0.05 – 0.5 µm/a. 
On the other hand, measurements done in saturated compacted bentonite tend on average to 
exhibit higher corrosion rates even if the experiments tend to have been done for longer 
durations. The corrosion rate in compacted bentonite ranges from 0.03 to 0.7 µm/a, with the 
majority of those measurements resulting in corrosion rates between 0.3 and 07 µm/a. The 
difference in corrosion rate between the two environments can be attributed to the presence of 
bentonite which can induce a change of the chemical and microstructural properties of the 
corrosion product layer, leading to a higher steady-state corrosion rate. Such changes may be the 
transformation of oxide to carbonate and the adsorption and transport of Fe2+ ions away from 
the steel-bentonite interface leading to a thinner, less protective surface layer (King 2008, Balko 
et al. 2012). Consequently, apart from higher corrosion rates, the presence of bentonite requires 
a longer time to reach a steady state (Taniguchi et al. 2004). 
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Fig. 3.7: Overview of corrosion rates of iron and carbon steel under anaerobic conditions 

relevant to a Swiss SF/HLW repository. Closed symbols indicate tests done in 
solutions and open symbols indicate tests done in compacted bentonite from both 
gas production and weight loss measurements. For the latter, the data are treated 
according to the method described in Section 2.3.3. 

 
A plot of the data with respect to the concentration of chloride ions in the test environment is 
shown in Fig. 3.8. It appears that the corrosion rate is largely independent on the chloride 
concentration within the range expected in a deep geological repository in Opalinus Clay. 
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Fig. 3.8: Evolution of reported anaerobic corrosion rates of carbon steel with the chloride 

concentration used. Closed symbols indicate tests done in solutions and open 
symbols indicate tests done in saturated compacted bentonite from both gas 
production and weight loss measurements. For the latter, the data are treated 
according to the method described in Section 2.3.3. 

 
A plot of the corrosion rates with respect to the test temperature is shown in Fig. 3.9. The steady 
state corrosion rate is not significantly influenced by temperature within the explored range of 
20 to 90 oC. The long-term steady state temperature in a deep geological repository in Opalinus 
Clay is expected to be around 35-45 oC.  
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Fig. 3.9: Effect of temperature on the anaerobic corrosion rate of carbon steel. Closed 

symbols indicate tests done in solutions and open symbols indicate tests done in 
saturated compacted bentonite from both gas production and weight loss measure-
ments. For the latter, the data are treated according to the method described in 
Section 2.3.3. 

 

3.4 Anaerobic corrosion in L/ILW emplacement caverns 
An overview of corrosion studies relevant to the disposal of iron and carbon steel in a L/ILW 
repository is given below. Both unsaturated and saturated conditions are discussed.  

Unsaturated conditions 
The only available gas generation data on the anaerobic corrosion of steel embedded in cement 
grout under anoxic and unsaturated conditions comes from the currently ongoing Nagra study 
(Newman and Wang 2010, Newman and Wang 2014). In that study the corrosion rate of carbon 
steel embedded in grout is measured in 100% RH at 30 and 50 oC by a H2 probe able to measure 
rates as low as 0.1 nm/a. The vast majority of the tests exhibit a corrosion rate lower than 
4 nm/a at exposure durations between 1000 and 5000 hours. These measurements indicate that 
during the period when anoxic and unsaturated conditions prevail, which is expected to be a few 
thousand years, very low corrosion rates are expected. This is thought to occur due to the 
limited amount of water present on the steel surface under unsaturated conditions, which 
considerably limits the mass transport of corrosion products away from the surface and thus 
promotes precipitation of Fe(II) which in turn limits the corrosion rate. 

During this study (Newman and Wang 2014) it was discovered that cement grout also evolves 
hydrogen under anoxic conditions. The reason is the presence of iron-rich metallic particles 
resulting from the tools used to grind the cement clinker. While work is ongoing aiming to 
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quantify the amount of hydrogen evolved, initial measurements indicate that about 
0.02-0.05 moles H2 are evolved from 1 m3 of cement. The hydrogen generation rate from 
cement is of the same order of magnitude as the hydrogen generation rate from samples 
containing both cement and steel, at least in the early stages of the experiment (Newman and 
Wang 2014). Hydrogen generation from cement is expected to last only a limited amount of 
time due to the small volume (100 nm – 30 µm diameter) and high surface area of the metallic 
particles. Hydrogen generated from cement only, which was almost equal to the amount 
generated from cemented steel, has been previously reported but no further discussion of this 
finding was included in that study (Kaneko et al. 2004). On the other hand, Smart et al. (Smart 
et al. 2004a) also performed control measurements in cement without steel and only found 
hydrogen generation during the initial ~ 100 hours. However, a similar hydrogen generation was 
found for control measurements in cells containing aqueous solutions and it was attributed to the 
degassing of the experimental setup. These findings seem to indicate that uncorrected hydrogen 
evolution measurements tend to overestimate the corrosion rate of carbon steel embedded in 
cement, at least in the early stages. 

Saturated conditions 
An overview of the corrosion rates measured on carbon steel in alkaline anoxic electrolytes and 
in anoxic cement which satisfy the criteria set in Paragraph 2.3 is shown in Tables 3.4 and 3.5 
respectively and plotted in Fig. 3.10. Steady-state corrosion rates vary between 0.2 and 27 nm/a 
at very long test durations of up to 11 years.  
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Tab. 3.4: Experimental conditions and results of published corrosion studies on carbon steel 
in anoxic electrolytes relevant to a L/ILW repository. 

 

Electrolyte Cl 
concentration 

(ppm) 

pH Temp. 
(°C) 

Test 
duration 
(days) 

Corrosion 
rate 

(µm/year) 

Ref. 

0.1M NaOH 0 12.8 21 710 0.005 (Kreis 1993)a 
0.1M KOH 12.8 0.0035 
sat. Ca(OH)2 12.8 0.0035 
cement porewater Ia 13.2 0.007 
cement porewater Ib 12.9 0.01 
cement porewater II 12.5 0.0035 
0.1M NaOH 0 12.8-

13 
30 3949 0.010 (Smart et al. 

2004a)*b 50 3492 0.011 
80 2591 0.002 

0.1M NaOH 2'000 30 3949 0.023 
0.1M NaOH 20'000 80 1520 0.005 
sat. Ca(OH)2 0 50 3494 0.003 
sat. Ca(OH)2 2'000 50 1225 0.006 
sat. Ca(OH)2 + 0.1M 
NaOH 

0 30 3743 0.022 

sat. Ca(OH)2 + 0.1M 
NaOH 

2'000 30 3743 0.027 

sat. Ca(OH)2 + 
CaCO3 

19'525 12.8 30 1200 0.008 (Fujisawa et al. 
1999)b 

sat. Ca(OH)2 3'000 12.4 35 900 0.020 (Nishimura et 
al. 2003)c 

sat. Ca(OH)2 5'000 12.5 35 892 0.020 (Kaneko et al. 
2004)**b 

Cement equilibrated 
water 

0 11.8 30 750 0.005 

* The results reported in (Smart et al. 2004a) are an average rate of the period after 10'000 hours (417 
days). 

** The results reported in (Kaneko et al. 2004) for measurements done in saturated Ca(OH)2 solution 
with 5'000 ppm Cl are an average rate of the period from the 800th until the 892nd day. 

a Fe(OH)2 is assumed as corrosion product. 
b Fe3O4 is assumed as corrosion product. 
c Assumed corrosion product not clearly stated. 
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Tab. 3.5: Experimental conditions and results of published corrosion studies on carbon steel 
embedded in cement under anaerobic conditions. 

 

Electrolyte Cl 
concentration 

(ppm) 

pH Temp. 
(°C) 

Test 
duration 
(days) 

Corrosion rate 
(µm/year) 

Ref. 

H2O 0  50 3045 0.024 (Smart et al. 
2004a)*b 20'000 2591 0.01 

10 g/l Ca(OH)2 5'000  35 470 0.01-0.02 (Kaneko et al. 
2004)b 

sat. Ca(OH)2 0 12.5 35 280 0.005-0.01 (Fujiwara 2002)c 
OPA porewater 5'600 13 30 52 0.0002 (Newman and 

Wang 2014)a 50 58 0.0014 
sat. Ca(OH)2 + 
8'680 ppm SO4 

50 103 0.0022 

* The results reported in (Smart et al. 2004a) are an average rate of the period after 10'000 hours  
(417 days). 

a Fe(OH)2 is assumed as corrosion product. 
b Fe3O4 is assumed as corrosion product. 
c Assumed corrosion product not clearly stated. 
 
 

 
Fig. 3.10: Overview of relevant corrosion rates of carbon steel in anoxic alkaline environ-

ments relevant to a L/ILW repository. Closed symbols indicate tests done in 
electrolytes, while open symbols indicate tests done in cement grout. 
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The effect of chloride concentration ranging from 0 to 20000 ppm on the steady-state corrosion 
rate of carbon steel is shown in Fig. 3.11. No influence of the presence of chloride ions on the 
steady-state corrosion rate is evident. A similar result was previously reported (Smart et al. 
2004a), as shown in Fig. 3.12, where the evolution of the produced volume of hydrogen with 
time in the presence and absence of chloride ions are virtually indistinguishable. 

 

 
Fig. 3.11: Evolution of the steady-state corrosion rate of carbon steel in anoxic alkaline 

environments with the concentration of chloride ions (see Table 2.5). Closed 
symbols indicate tests done in electrolytes, while open symbols indicate tests done 
in cement grout. 

 

 



NAGRA NAB 14-21 42  

 
Fig. 3.12: The effect of the addition of 3.5% NaCl to a saturated Ca(OH)2 solution on the 

evolution of hydrogen generation due to the anaerobic corrosion of carbon steel 
(Smart et al. 2004a). 

 
The effect of the pH of the test environment on the steady state corrosion rate of carbon steel is 
shown in Fig. 3.13. No influence of pH on the corrosion rate of carbon steel is seen for the range 
of 12.5 – 13.5 expected to prevail for about 100'000 years. Indeed, reported results (Kaneko et 
al. 2004) indicate a very similar corrosion rate within the range of 10.5 to 13.5 where the 
superficial passive film on carbon steel is stable. On the other hand, an increase of the pH to 14 
can considerably affect the corrosion rate due to the formation of soluble HFeO2

- species 
(Fig. 3.4), as shown in Fig. 3.14. However, pH values above 13.5 do not occur in cement grouts. 
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Fig. 3.13: The effect of environment pH on the corrosion rate of steel in alkaline anoxic 
environments. Closed symbols indicate tests done in electrolytes, while open 
symbols indicate tests done in cement grout. 

 
 

 
Fig. 3.14: Evolution of the corrosion rate of carbon steel at different exposure durations in 

anoxic calcium hydroxide with the solution pH (Kaneko et al. 2004). 
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Corrosion studies on carbon steel under anoxic conditions have been done in a wide range of 
solutions aiming to simulate cement porewater. The composition of the employed test solution 
could affect the obtained results which may or may not be representative of the real repository 
conditions. Most commonly solutions of NaOH, Ca(OH)2 or cement porewater simulants have 
been used. As shown in Fig. 3.15, all of the used test solutions lead to corrosion rates that are 
comparable with each other. On the other hand, one could expect that tests done in solutions 
containing Ca(OH)2 would lead to lower corrosion rates compared to tests done in absence of 
Ca(OH)2 due to the tendency of Ca ions to become incorporated into the surface film and 
promote passivity. Indeed, as shown in Fig. 3.16, corrosion tests done in Ca(OH)2 solution lead 
to a lower total volume of evolved H2. However, the rate of hydrogen evolution and thus the 
corrosion rate at the later stages are similar to tests done in NaOH and KOH solutions. As a 
result, the long term corrosion rates measured are representative irrespective of the solution 
used.  

 

 
Fig. 3.15: Variation of the anaerobic corrosion rate of carbon steel with the composition of 

the test solution. Closed symbols indicate tests done in electrolytes, while open 
symbols indicate tests done in cement grout. 
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Fig. 3.16: Evolution of the anaerobic corrosion rate of carbon steel in different electrolytes of 

equal pH (Kreis 1993). 
 
Under anoxic steady-state conditions, similar corrosion rates are measured in the presence or 
absence of cement, as seen in Fig. 3.15. This indicates that the presence of the solid barrier, 
which has relatively high porosity, has no influence on the mass transport under saturated 
anoxic conditions. On the other hand, the presence of cement can influence the chemistry of 
porewater. This may affect the corrosion rate particularly through the dissolution of C-S-H 
phases leading to the release of silicates, which are known corrosion inhibitors promoting 
passivation and decreasing the anodic current density and corrosion rate (Diomidis and Celis 
2007). Dissolved silicates do induce a decrease of the time necessary to achieve steady-state 
conditions, but have no significant effect on the long-term corrosion rate as shown in Fig. 3.17. 
These experiments were performed in glass beakers with and without a plastic liner. In the case 
in which no plastic liner was used, silicates from the glass dissolved in the alkaline solution and 
affected the corrosion processes. The long term corrosion rate values measured with and without 
a plastic liner or chloride ions are similar. 
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Fig. 3.17: Hydrogen evolution data from the anaerobic corrosion of carbon steel in 
0.1 M NaOH at 80°C performed in glass cells with and without a polythene 
liner (Naish et al. 2001). 

 
The effect of temperature on the anaerobic corrosion rate of carbon steel is shown in Figs. 3.18, 
3.19 and 3.20. The corrosion rate is influenced by the temperature during the early stages of 
exposure, as shown in Fig. 3.18 and in the initial 200 days of Fig. 3.19. It has been reported that 
initially higher corrosion rates are found at higher temperatures but they tend to decrease faster 
than at lower temperatures (Smart et al. 2004a). On the other hand, at the later stages of the 
corrosion process when steady state conditions prevail, temperature no longer influences the 
corrosion rate. This is evident at the later stages in Fig. 3.19 (> 200 days) where the slope of the 
total hydrogen amount evolved is practically equal for the 3 tested temperatures, as well as in 
Fig. 3.20 where only long-term corrosion rate values (> 700 days) for different temperatures are 
included. 
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Fig. 3.18: Effect of temperature on the early stage anaerobic corrosion rate of carbon steel in 

different electrolytes at 30, 50 and 80 oC (Smart et al. 2004a). NRVB: Nirex 
Reference Vault Backfill. 

 
 

 
Fig. 3.19: Effect of temperature on the volume of evolved hydrogen due to the anaerobic 

corrosion of carbon steel (Fujisawa et al 1999). 
 

80 oC 

30 oC 

50 oC 
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Fig. 3.20: Effect of temperature on the long-term anaerobic corrosion of carbon steel. Closed 

symbols indicate tests done in electrolytes, while open symbols indicate tests done 
in cement grout. 

3.5 Discussion: Reference corrosion rates 

3.5.1 SF/HLW emplacement tunnels 
The results of all available anaerobic corrosion studies relevant to the Swiss SF/HLW repository 
concept have been presented in Paragraph 3.3. Reliable data exist in the literature and they 
cover a wide range of relevant tested materials and experimental conditions. Published studies 
have been performed for sufficiently long durations that quasi steady state conditions can be 
expected. Additionally, there is a good agreement between the different published studies and 
the critical parameters and processes have been identified from the available data. However, as 
is expected from any group of experimental measurements, the reported corrosion rates do not 
coincide but lie within a range of values. Consequently, in order to choose a representative 
corrosion rate value which will be used for further calculations in safety analysis, a critical 
assessment of the available results is necessary. In general, two different approaches are 
possible: either by the use of expert judgment or by applying a statistical analysis of the reported 
corrosion rate values. 

In the case of the expert judgment approach, which is the one used by Nagra during the past 
years, apart from available data such as test environment, temperature, test duration etc., a 
number of factors which are not easily quantifiable are taken into account. Such factors may 
include the different experimental conditions explored, the care with which the experiments 
have been made, the internal consistency of data sets, the quality of the analysis and the 
discussion of the results, the reproducibility of results, the general availability of knowledge and 
understanding of the prevailing processes and relevant physical and (electro)chemical 
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mechanisms. Since such an approach requires an assessment of inherent uncertainties, it 
necessarily includes a certain degree of subjectivism and conservatism.  

Following such an approach one would first consider the important effect of the presence or not 
of compacted bentonite, since that was the experimental parameter that was identified as having 
an influence on the reported corrosion rates (see Fig. 3.7). Nevertheless, uncertainties on how 
representative the reported values are of the real case arise from the current lack of relevant in-
situ studies. In-situ corrosion studies performed in Opalinus Clay would allow a comparison 
with the available lab-based studies and possibly shed light on the influence of microbial 
activity or other factors which may considerably influence corrosion. Such a study is the 
IC-A experiment currently ongoing at the Mont Terri URL (Diomidis et al. 2012) but results are 
not yet available. Following a conservative approach a value of 2 µm/a is selected as reference. 
This value represents the corrosion rate of carbon steel used to predict the disposal canister 
lifetime as well as for the estimation of the effects of gas generation in safety analysis. Taking 
into account the previously discussed uncertainties the minimum and maximum values for the 
corrosion rate of steel in bentonite are 0.1 and 5 µm/a respectively. These values were selected 
since 0.1 µm/a is close to the lowest measured corrosion rate in solution and 5 µm/a is close to 
the maximum value obtained from archaeological analogs in relevant environments (Neff et al. 
2010). 

A statistical approach to selecting a reference corrosion rate would be aimed at removing any 
included conservatism and attempting to produce a most probable corrosion rate. A most 
probable value based on available data would be needed for safety analysis calculations where 
any uncertainties and conservatism is added to the model at a later stage. Such a statistical 
approach is commonly used to find a representative result based on a number of equal 
measurements of a quantity done under specific experimental conditions. However, in the case 
at hand the available measurements are not equal. Even though the studies presented in the 
previous section have been selected as relevant, considerable differences exist in the material 
tested and in a wide range of experimental conditions. Ideally, such differences would be 
reflected in the statistical approach by e.g. introducing weighing factors for each available result 
according to its relevance. However, quantifying the relevance of each study is impossible, and 
thus the only possible approach is to assume that all the studies that have been done under a 
relevant selection of corrosion-critical parameters are equal. Following this approach, the 
statistically derived value of the anoxic corrosion rate of carbon steel taking into account the 
data obtained from corrosion tests in saturated compacted bentonite shown in Tables 3.2 and 3.3 
is 0.43±0.23 µm/a. 

3.5.2 L/ILW emplacement caverns 
The general discussion regarding the two different approaches possible for the selection of 
reference corrosion rates presented in the SF/HLW case above is also valid here. However, the 
case of L/ILW differs from the SF/HLW case because the near-field conditions evolve 
considerably within the time frame of anoxic corrosion: 

• During a considerable period at the beginning of the life time of the repository the near field 
is unsaturated, while the conditions evolve to saturated after thousands of years. 

• Even though there is a large amount of cement which will induce an alkaline pH averaged 
over the whole cavern, the local pH in every part of the cavern is not necessarily governed 
by cement chemistry. Such inhomogeneity in pH can result inside waste containers from the 
compressed nature of the waste and the fact that in some cases metals are packed in contact 
or close proximity with organic materials. The decomposition of organics produces organic 

 



NAGRA NAB 14-21 50 

acids and CO2 which can locally decrease the pH. With current knowledge it is not possible 
to assess the local pH values in every part of the L/ILW emplacement cavern. 

As a result of the above the reference corrosion rate based on expert judgment does not take into 
account the evolution of saturation with time since currently there is only one available study in 
unsaturated conditions which has not been confirmed by other researchers. It does however take 
into account the possible influence of a decreased pH on the corrosion rate (Cloet and Schwyn 
2014). If the calculated pH value of the specific waste sort is ≥ 10.5, a reference corrosion rate 
of 0.02 µm/a is selected. Taking into account the uncertainties the minimum and maximum 
values of the corrosion rate of steel in an anoxic alkaline environment are 0.005 and 0.03 µm/a 
respectively which correspond to the minimum and maximum measured in the selected studies. 
If the calculated pH value for the specific waste sort is < 10.5, then a corrosion rate equal to the 
one expected for near neutral environments (i.e. 2 µm/a) is selected.  

On the other hand, the statistically derived corrosion rate for carbon steel under conditions 
relevant to a L/ILW repository based on the data in Tables 3.7 and 3.8 is 0.0098 ± 0.0080 µm/a. 

3.6 Conclusions 
A review of available literature on the anaerobic corrosion rate of carbon steel under conditions 
relevant to the Swiss SF/HLW and L/ILW disposal concepts has been done. The reported 
corrosion rates have been analyzed, the critical experimental parameters have been identified 
and reference corrosion rates leading to gas production have been selected. It has been found 
that reliable experimental data exist: the available studies are long-term, relevant solutions and 
compacted bentonite or cement environments have been explored and the data sets are 
consistent. The results exhibit an evolution of the corrosion rate with time, for studies in which 
no/low oxygen conditions appear to have been carefully applied. The analyses of the obtained 
results indicate that the basic corrosion processes are well understood while the published 
studies agree quite well with each other.  

In the case of L/ILW the presence of organic materials in the waste induces uncertainties in 
local values of the pH and thus in corrosion rates and prevailing processes. The current 
approach to take these uncertainties into account based on mass balance is rather simplistic and 
is only reliable as a first approximation. Furthermore, recent studies done with methodologies 
with very low detection limits have discovered that cement grout also evolves hydrogen which 
indicates a possible overestimation of the reported corrosion rate values at least in the early 
stages of the measurements. 

An overview of the reference corrosion rates for carbon steel is shown in Table 3.6. 

Tab. 3.6: Overview of reference corrosion rates for carbon steel in SF/HLW and L/ILW 
disposal conditions. 

Disposal 
conditions 

Reference rate 
(µm/a) 

Minimum rate 
(µm/a) 

Maximum rate 
(µm/a) 

Statistically 
derived rate 

(µm/a) 
SF/HLW LILW 

pH < 10.5 
2 0.1 5 0.43±0.23 

L/ILW pH ≥ 10.5 0.02 0.005 0.03 0.0098 ± 0.0080 
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4 Other metals 

4.1 Stainless steel and Ni alloys 
The anaerobic reaction mechanism of the corrosion of stainless steels follows quite closely the 
one of carbon steel (Paragraph 3.2) with the addition of the corrosion reactions of the main 
alloying elements. The Pourbaix diagrams of common stainless steel alloying elements are 
shown in Fig. 4.1. Apart from the corrosion reactions of iron described previously, the 
following reactions are expected in anoxic alkaline environments (Smart et al. 2004a): 
 

 2Cr + 3H2O → Cr2O3 + 6H+ + 6e- (4.1) 
 

 Cr + 3H2O → Cr(OH)3 + 3H+ + 3e- (4.2) 
 

 Ni + H2O → NiO + 2H+ + 2e- (4.3) 
 

 Ni + 2H2O → Ni(OH)2 + 2H+ + 2e- (4.4) 
 

 Mo + 4H2O → MoO4
2- + 8H+ + 6e- (4.5) 

 

 

(a) 
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(b) 

(c) 
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Fig. 4.1: Potential (E, V vs. NHE) – pH equilibrium diagrams (Pourbaix) at 25oC for the 
systems (a) chromium-water assuming Cr(OH)3 as solid substance, (b) chromium-
water assuming Cr(OH)3.nH2O as solid substance in presence of chloride, 
(c) chromium-water assuming Cr2O3 as solid substance, (d) nickel-water, and 
(e) molybdenum-water (Pourbaix 1974). 

(d) 

(e) 
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The presence of these alloying elements and their respective corrosion products, considerably 
change the chemical composition, structure and properties of the passive surface layer. The 
passive layer on stainless steel is enriched in chromium and molybdenum (if present in the 
alloy) and is only a few nm thick. The exact composition and properties depend, except from the 
specific alloy, on the conditions in which the steel is corroding and the relative dissolution rates 
of the various alloying elements. Additionally, the outer part of the film is hydrated with the 
degree of hydration decreasing towards the metal-oxide interface. 

Only, a limited number of studies dealing with the corrosion rate of stainless steel in conditions 
relevant to a L/ILW repository exist in the literature. The available results, obtained by gas 
generation measurements are shown in Table 4.1.  

 

Tab. 4.1: Experimental conditions and results of published corrosion studies on stainless 
steel in anaerobic electrolytes relevant to a L/ILW repository based on gas 
generation. 

 

Environment pH Temp. 
(°C) 

Test 
duration 
(days) 

Corrosion rate 
(µm/a) 

Ref. 

0.1 M NaOH 12.8-13 30, 50 3537 0.001 – 0.01 (Smart et al. 
2004a) 0.1 M NaOH + 2000 ppm Cl 3538 

sat. Ca(OH)2 + 0.1M NaOH 1420 
sat. Ca(OH)2 + 0.1M NaOH  
+ 2000 ppm Cl 

1420 

Synthetic groundwater  
(~ 20000 ppm Cl) 

12.5 30, 50 330 0.0002 (Wada and 
Nishimura 
1999) 

Ca(OH)2 (3000 ppm Cl) 12.4 35 650 0.010 (Nishimura et 
al. 2003) 0.015 

 
In the study of Smart et al. (Smart et al. 2004a) corrosion tests were done on 316 stainless steel 
in a range of electrolytes. No evolved hydrogen was measured, indicating that the corrosion rate 
was lower than the detection limit of the method which was 0.001 µm/a. On the other hand, 
dissolved hydrogen was found in the metal samples, and if the whole amount was assumed to 
result from anaerobic corrosion, then it would be equivalent to a corrosion rate of 0.01 µm/a. In 
the study of Wada (Wada and Nishimura 1999) corrosion tests were done on 304 stainless and 
hydrogen evolution was measurable. 

4.2 Zircaloy 
The corrosion of Zircaloy is dominated by the oxidation of zirconium according to the following 
reaction sequence (Serco 2010a): 
 

 Zr + 3H2O → ZrO2+ + 2H2 + 2OH- (4.6) 
 

 ZrO2+ + H2O → ZrO2 + 2H+ (4.7) 
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Giving a general overall reaction: 
 

 Zr + 2H2O → ZrO2 + 2H2 (4.8) 
 

Zirconium forms oxide surface films of a few nm thickness which are stable in a wide range of 
pH (Fig. 4.2) and considerably decrease the corrosion rate (Shoesmith and Zagidulin 2010). 
Three corrosion studies on Zircaloy-4 using gas generation measurements have been published 
and the results are shown in Table 4.2. 

 

 
Fig. 4.2: Potential (E, V vs. NHE) – pH equilibrium diagrams (Pourbaix) at 25oC for the 

Zr-H2O system (Revie 2011). 
 

Tab. 4.2: Experimental conditions and results of published corrosion studies on Zircaloy-4 in 
anoxic electrolytes relevant to a L/ILW repository based on gas generation. 

 

Environment pH Temp. 
(°C) 

Test duration 
(days) 

Corrosion rate 
(µm/a) 

Ref. 

Synthetic groundwater  
(~ 20000 ppm Cl) 

12.5 30, 50 330 0.0001 (Wada and 
Nishimura 1999) 

Synthetic groundwater 
(19525 ppm Cl) 

12.8 30, 45 500 0.001 (Kurashige et al. 
1999) 

Ca(OH)2 (3000 ppm Cl) 12.4 35 650 0.005 (Nishimura et al. 
2003) 
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4.3 Aluminium 
Aluminium tends to form a surface film of mixed oxide and hydroxide which shields it from 
further corrosion at neutral pH. However, if immersed in alkaline solutions, this protective 
surface film dissolves to form aluminate ions (see Fig. 4.3) and active corrosion follows (Serco 
2010b): 
 

 Al → Al3+ + 3e- (4.9) 
 

 Al3+ + 4OH- → AlO2
- + 2H2O (4.10) 

 

The cathodic reaction is the reduction of water: 
 

 3H2O + 3e- → 3OH- + 3/2H2 (4.11) 
 

Giving an overall reaction: 
 

 Al + H2O + OH- → AlO2
- + 3/2H2 (4.12) 

 

 
Fig. 4.3: Potential (E, V vs. NHE) – pH equilibrium diagrams (Pourbaix) for the aluminium-

water system at 25oC (Pourbaix 1974). 
 



 57 NAGRA NAB 14-21  

Even though the corrosion rate of aluminium tends to increase at increasing pH due to the 
increased solubility of its oxides and hydroxides, in the presence of Ca(OH)2 or cement the 
corrosion rate of aluminium decreases with time due to the formation of calcium aluminates 
such as CaO.Al2O3.xH2O and Al2O3.6CaO.3SO3.32H2O (Serco 2010b). The available anaerobic 
corrosion studies on aluminium are shown in Table 4.3. 

 

Tab. 4.3: Experimental conditions and results of published corrosion studies on aluminium in 
anoxic environments relevant to a L/ILW repository. 

 

Environment pH Temp. 
(°C) 

Test duration 
(days) 

Corrosion 
rate 

(µm/a) 

Ref. 

Mortar equilibrated  
(0.4 ppm Cl) 

12.6 15 200 1-10 (Fujisawa et al. 1997) 

Embedded in humid cement  20-80  < 2 (Smart and Blackwood 
1998) 

 

4.4 Lead, Copper, Zinc and Magnesium 
For the rest of the metallic materials present in the L/ILW inventory no corrosion studies in 
anoxic alkaline environments are available in the literature.  

4.5 Discussion: Reference corrosion rates 
The limited data available do not allow the application of a statistical approach so only an expert 
assessment approach to the selection of reference corrosion rates is feasible. The reference 
corrosion rates are shown in Table 4.4. Different reference corrosion rates are selected for 
stainless steel depending on the calculated pH of the specific waste sort, as was done for carbon 
steel (see Paragraph 3.5.2). 

 

Tab. 4.4: Reference corrosion rates based on expert judgment for metals in the L/ILW 
inventory apart from carbon steel. 

 

Material pH Reference corrosion rate 
(µm/a) 

Stainless steel and Ni 
alloys 

≥ 10.5 0.001 
< 10.5 0.1 

Zircaloy  0.001 
Lead  0 
Magnesium  5 
Aluminium  10 
Zinc  100 
Copper  0 
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4.6 Conclusions 
Limited data availability forces a conservative approach to the selection of reference corrosion 
rates for stainless steel, Zircaloy, aluminium and other metals. Nevertheless, this approach is 
satisfactory due to the limited amounts of these metals in the waste inventory and thus their 
limited contribution to the amount of evolved gas.  
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