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The potential for gas generation from waste packages forms part of the assessment of the safety
of geological disposal of intermediate-level and certain low-level radioactive wastes. Gas is
expected to be produced by corrosion of metals, radiolysis of materials containing hydrogen (e.g.
water), and microbial degradation of organic materials.

To address this issue, United Kingdom Nirex Limited commissioned Serco to develop a modelling
tool for use in packaging proposal and safety assessment studies. The tool is called SMOGG
(Simplified Model of Gas Generation), and considers gas generation from radioactive wastes in
the UK National Inventory.

To carry out realistic calculations with SMOGG, it is necessary to parameterise the model with
appropriate data for the corrosion rates of metals.

This report identifies the various environments that could be experienced by both containers and
cement encapsulated metal wastes during their long-term management and, for each
environment, compiles relevant corrosion rate data for carbon steel, stainless steel and Zircaloy
from the literature. Where appropriate, these experimental data are used to calibrate the
SMOGG corrosion model. Finally, parameters recommended for use in the SMOGG corrosion
model for carbon steel, stainless steel and Zircaloy are selected and tabulated.
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The potential for gas generation from waste packages forms part of the assessment of the safety
of geological disposal of intermediate-level and certain low-level radioactive wastes. Gas is
expected to be produced by corrosion of metals, radiolysis of materials containing hydrogen
(e.g. water), and microbial degradation of organic materials.

To address this issue, Nirex commissioned Serco to develop a modelling tool for use in
packaging proposal and safety assessment studies. The tool is called SMOGG (Simplified Model
of Gas Generation), and considers gas generation from radioactive wastes in the UK National
Inventory.

To carry out realistic calculations with SMOGG, it is necessary to parameterise the model with
appropriate data for the corrosion rates of metals.

Carbon steel, stainless steel and Zircaloy may be present in some cement encapsulated wastes,
and containers may be manufactured from stainless steel. These metals will corrode under
aerobic and anaerobic alkaline conditions, and will generate hydrogen under anaerobic
conditions.

This report identifies the various environments that could be experienced by these encapsulated
metal wastes during their long-term management (i.e. during surface storage and transportation,
and then in a geological repository, both before and after resaturation with a groundwater that
could have a high chloride concentration). For each environment, relevant corrosion rate data for
carbon steel, stainless steel and Zircaloy were compiled from the literature and reviewed critically.
The literature survey focused on metal loss and gas generation as a result of general corrosion
rather than localised corrosion (the latter is unlikely to contribute significantly to gas generation).
The effects on the corrosion rates of a number of variables (including oxygen concentration,
temperature and chloride concentration) were considered.

The main conclusions from this work are as follows:

(a) The possible environmental conditions during radioactive waste management for which
corrosion data are required include:
" (humid) gaseous atmospheres, and neutral and alkaline solutions;
• aerobic and anaerobic conditions;
* a range of chloride concentration (up to tens of thousands ppm); and
• a range of temperatures (up to 80°C).

(b) For these environmental conditions, there are corrosion rate data in the literature.
However, only a small amount of data is available:
" for all of the metals under atmospheric conditions at elevated temperature; and
* for Zircaloy under all conditions.

(c) Interpretation of the corrosion rate data is required to parameterise a SMOGG model.
SMOGG has been calibrated for carbon steel under anaerobic conditions, providing
directly applicable parameter values for use in the model. For carbon steel under aerobic
conditions, and for stainless steel and Zircaloy, a calibration was not possible. In these
cases, parameter values for use in SMOGG were selected based on a direct
interpretation of the literature data.

Parameters recommended for use in the SMOGG corrosion model for carbon steel, stainless
steel and Zircaloy have been selected and are tabulated.
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The potential for gas generation from waste packages forms part of the assessment of the safety
of geological disposal of intermediate-level (ILW) and certain low-level (LLW) radioactive wastes
[1, 2]. Gas is expected to be produced by corrosion of metals, radiolysis of materials containing
hydrogen (e.g. water), and microbial degradation of organic materials.

To address this issue, United Kingdom Nirex Limited commissioned Serco to develop a modelling
tool for use in packaging proposal and safety assessment studies. The tool is called SMOGG
(.implified Model of Gas Generation) [3, 4], and considers gas generation from radioactive
wastes in the UK National Inventory.

To carry out realistic calculations with SMOGG, it is necessary to parameterise the model with
appropriate data for the corrosion rates of metals.

Carbon steel, stainless steel and Zircaloy may be present in some cement encapsulated wastes,
and containers may be manufactured from stainless steel. These metals will corrode under
aerobic and anaerobic1 alkaline conditions, and will generate hydrogen under anaerobic
conditions.

This report identifies the various environments that could be experienced by both containers and
encapsulated metal wastes during their long-term management (i.e. during surface storage and
transportation, and then in a geological repository, both before and after re-saturation with a
groundwater that could have a high chloride concentration). For each environment, relevant
corrosion rate data for carbon steel, stainless steel and Zircaloy were compiled from the literature.
The literature survey focused on metal loss and gas generation as a result of general corrosion
rather than localised corrosion (the latter is unlikely to contribute significantly to gas generation).
The effects on the corrosion rates of a number of variables (including oxygen concentration,
temperature and chloride concentration) were considered.

The experimental data are reviewed critically, and, where appropriate, are used to calibrate the
SMOGG corrosion model. From this information, parameters recommended for use in the
SMOGG corrosion model for carbon steel, stainless steel and Zircaloy are selected.

Section 2 of this report describes the SMOGG corrosion model. The following six sections
discuss the corrosion of carbon steel, stainless steel and Zircaloy. Sections 3, 5 and 7 review the
corrosion rate data for carbon steel, stainless steel and Zircaloy respectively. Within each of
these main sections there are sub-sections giving:

" A summary of information about the corrosion mechanisms for the metal; and

" Corrosion rate data under a range of relevant conditions.

Sections 4, 6 and 8 select the parameters recommended for use in the SMOGG corrosion model
for carbon steel, stainless steel and Zircaloy respectively. Where appropriate, the experimental
data are used to calibrate the SMOGG corrosion model. Finally, Section 9 summarises the
parameters. (A companion report identifies the corrosion rates of the reactive metals Magnox,
aluminium and uranium [5].)

This work was prepared by Serco Technical Consulting Services under contract to United
Kingdom Nirex Limited (Nirex). The main technical work reported here was carried out initially in
the period 1993 to 1997, but the literature review was updated and the data were reassessed in

' In this report, the terms "aerobic" and "anaerobic" are used interchangeably with "oxic" and "anoxic" respectively.
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the period January 2006 to March 2006. The work forms part of the Nirex research programme.
The information has been verified under arrangements established by Serco Technical Consulting
Services. These arrangements have been approved by Nirex and are consistent with ISO 9001.

The views expressed and the conclusions reached are those of Serco Technical Consulting
Services and do not necessarily represent those of Nirex or the NDA.
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This section begins (see Subsection 2.1) by describing the SMOGG corrosion model for carbon
steel, stainless steel and Zircaloy. Next, Subsection 2.2 identifies the various corrosive
environments that could be experienced by these metal wastes during their long-term
management. Finally, Subsection 2.3 provides a general overview of the literature review
described in the subsequent sections.

2.1 SMOGG model

2.1.1 Corrosion reaction stoichiometries

The corrosion reactions for carbon steel, stainless steel and Zircaloy included in SMOGG [3, 4]
are listed below.

The metal wastes contain both carbon steel and stainless steel. For the purpose of modelling gas
generation these are assumed to corrode according to the same reactions, but at different rates.
The simplified reaction 2 stoichiometries considered are:

Aerobic corrosion:

Anaerobic corrosion:

3Fe + 202 => Fe 30 4

3Fe + 4H20 := Fe 30 4 + 4H2

(2.1)

(2.2)

Under some circumstances the final transformation to magnetite (Fe 30 4) may be kinetically
inhibited, and the end product of anaerobic corrosion may be ferrous hydroxide (Fe(OH) 2). This
subtlety is ignored in SMOGG, as it has only a small effect on the amount of hydrogen released.

Aerobic corrosion of Zircaloy is likely to be slow because Zircaloy forms a strongly adherent oxide
layer. Therefore, although it is possible that some corrosion of Zircaloy will take place under
aerobic conditions, this is neglected in SMOGG. Zircaloy corrodes under anaerobic conditions.
The reaction for zirconium, the main component of Zircaloy, is:

Anaerobic corrosion: Zr + 21- 20 => Zr02 + 21- 2 (2.3)

2.1.2 Corrosion model

A common feature exhibited by metal corrosion is a relatively high initial corrosion rate, which
reduces over time to a long-term steady or slightly decreasing rate. The first phase may be
considered as a period of "acute" corrosion and the long-term slower rate of corrosion as a period
of "chronic" corrosion. The model implemented in SMOGG [3, 4] allows separate rates of
corrosion to be specified for the acute and chronic phases.

2 It is recognised that a range of corrosion products can form on iron under aerated conditions, but for the purposes of the
SMOGG model it is not necessary to take these into account because they do not affect the gas generation rate during
the subsequent anaerobic corrosion processes.

3
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The rate of movement of the position, s [m], of the surface of the metal is specified as:

ds -'- --
-- k e = -ke -k 

(2.4)
dt 

a

where

t is the time during which corrosion is occurring [yr];
k. is the initial acute corrosion rate [m yr-1];
ta is a characteristic time for the acute corrosion [yr];
k, is the initial chronic corrosion rate [m yr1 ];
tc is a characteristic time for the chronic corrosion [yr].

This formulation provides a smooth transition between the two types of corrosion. Setting the
characteristic time for either type of corrosion very large makes the rate for that type of corrosion
effectively constant, and of course either rate can be set to zero if only a single rate is required.
Note that, formally in the model, acute and chronic corrosion occur simultaneously at all times,
but it is expected that the parameters will be chosen such that acute corrosion dominates at short
times and chronic corrosion at long times.

Two characteristic metal shapes are allowed, spheres or plates. So s corresponds either to a
sphere radius, r, or to a plate surface position, h, taken to be the distance from the mid-plane of
the plate. For these two cases, the rates of change of metal volume are

dV 3 dr = dr
'- _-V - --= 4,znr - (2.5)

dt r dt dt

and, taking account of the fact that there are two corroding surfaces on a plate,

dV '(dh, +dh2I A (2.6)
dt , dt dt(

where

Vs, Vp are the volumes of metal as spheres and plates respectively [m3];
11s is the number of metal spheres [-];
Ap is the area of the plane of a metal plate [M 2

];

hi, h2  are the distances of the two surfaces of the plate from the mid-plane of the
plate [m].

A separate category of steel plate is used to represent the stainless steel from which the
containers may be manufactured. This is necessary because, during surface storage and
transportation, the exterior surface of the containers may be subject to a different environment to
the interior; the exterior may be open to the atmosphere at approximately neutral pH, while the
interior typically will be exposed to the high pH environment created by an encapsulation grout.
Hence different corrosion rates may apply on the outer and inner surfaces of the containers.

The rate of production of hydrogen gas, q-, is:

qdV (2.7)
qH d dtJ(2)

4
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where

//H is a stoichiometric coefficient giving the number of moles of hydrogen produced
per mole of the metal corroded;
is the molar density of the metal [mol m,3].

There are equations analogous to Equation (2.7) for the consumption of:

* Oxygen, in the case of carbon steel and stainless steel, during aerobic corrosion; and

* Water during anaerobic corrosion.

During the transport and storage stages of the waste-package lifetime, it is assumed that the
waste environment is aerobic. At closure there is a specified amount of oxygen in the vault
atmosphere ensuring initially aerobic conditions. Conditions become anaerobic when this is
exhausted.

Treatment of the effect of temperature on metal corrosion requires specification of (a) the
variation of the temperature over the duration of the calculation, and (b) the dependence of the
corrosion rates on temperature. The former is specified by the user in the form of a list of
temperature values at a series of successive times. The latter, the temperature dependence of
the corrosion rates, is also specified by the user in the form of input tables of corrosion rate
versus temperature. Corrosion rates at particular temperatures are obtained by linear
interpolation of the data in these tables. The characteristic times are treated as not temperature
dependent.

2.1.3 Oxygen and water availability

The corrosion reactions for carbon steel, stainless steel and Zircaloy consume oxygen or water.

The consumption of oxygen is important because its exhaustion controls the transition from
aerobic to anaerobic conditions, and the onset of hydrogen production from the less-reactive
metals. The corrosion processes also consume or depend on the presence of water. For vented
containers (considered to be all ILW and LLW containers), water will be freely available (both
inside and outside the container) after resaturation, but in early phases there will be uncertainty
about the availability of water.

During transport and storage SMOGG assumes that air flow through the vent ensures the
environment in waste containers remains aerobic. This is probably an oversimplification, as it is
possible that anaerobic niches may be present in these circumstances. However, as long as the
niches are small in size relative to the waste volumes, the assumption of aerobic conditions
during these phases is a reasonable assumption overall. Post-closure, when the wastes are
isolated from the atmosphere, the oxygen remaining in the vaults at closure has to be consumed
before the conditions become anaerobic.

During transport and storage, some water may be present in packages from the initial creation of
the waste form. Some water vapour may also diffuse into packages through the vent. Following
repository closure, there will be a period of intermediate water saturation in the vaults, en route to
full resaturation. During the period of partial saturation, the vault humidity may be at 100%, but it
is not clear to what extent gas generating processes in packages into which liquid water has not
yet percolated will be inhibited by water shortages. While conditions are aerobic, SMOGG
assumes sufficient humidity will be available for the less-reactive metals to corrode. Post-closure,
when the oxygen in the vaults is consumed, SMOGG assumes water flows at a constant rate into
a package and its associated backfill until they are fully saturated. Water availability is checked
during this period of resaturation, and the corrosion reactions are scaled back if consumption
exceeds availability.

5
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2.2 Environmental conditions

In order to identify the environments for which corrosion data are required, a summary of the
conditions expected to occur on the exterior surface and in the interior of a waste package [6] is
given below. The various environments affecting the waste package can be divided into:

* Those pre-backfilling (including filling, storage, transport and emplacement in the

repository); and

* Those post-backfilling (including repository closure).

A further distinction is drawn between atmospheric and aqueous (i.e. fully saturated) exposure,
since corrosion is different for these two environments.

2.2.1 Conditions pre-backfilling

Atmospheric exposure

The ambient temperature of the atmosphere in contact with the waste container during
fabrication, filling, above-ground storage, transport and underground storage will probably be in
the range 5°C to 35°C. The internal temperature of the package will be determined by the
external temperature and the small amount of heat generated by the waste form. Temperature
cycling during storage may cause condensation / evaporation cycles, but radiation-induced
heating will tend to counteract this effect. The relative humidity inside the package will be a
function of the water content of the wasteform and, if the container is vented, the external relative
humidity.

Aqueous exposure

If a concrete liner or internal grout is used, the interior surface of the container, and the waste if it
is encapsulated, will be subjected to an aerobic, alkaline, cementitious environment. If a concrete
liner and internal grout are not used, and if water is present in the waste, the interior of the
package may be exposed to an aerobic, near-neutral 3 environment (or to an aerobic, acidic
environment if acidic residues are present in the waste). The pH and chloride concentration will
depend on the composition of the waste. During this stage, corrosion will depend on the
availability of water. It is possible that localised regions of anoxic conditions could develop within
the wasteform as a result of corrosion or microbial activity, although it seems likely that most of
the wasteform will remain oxic 4 assuming air can enter through a container vent.

2.2.2 Conditions post-backfilling

After placement, the containers may be surrounded with Nirex Reference Vault Backfill (NRVB),
which is an Ordinary Portland Cement (OPC)-based material. When the repository is full the
remaining tunnels will be backfilled and the repository closed. In the early years after closure the
temperature within some parts of the repository may rise to 80 0C, mainly due to chemical
reactions such as curing of the backfill. After closure, groundwater will flow back into the
repository, resaturating all the excavated and backfilled spaces. The rate of resaturation will
depend on the way the repository has been operated, the backfill and the host rock
permeabilities, and the regional head gradient. The groundwater is expected to contain very low
concentrations of oxygen and therefore will impose anaerobic conditions within the repository.
Corrosion and microbial activity also will reduce the oxygen concentration in the repository. The

3 Throughout this report near-neutral/neutral pH refers to a pH in the range 6-8, i.e. it does not refer to a pH of exactly 7.

4 Grouts containing blast furnace slag can develop internal reducing conditions.

6
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inflowing groundwater may contain significant concentrations of chloride ions (up to tens of
thousands ppm).

Atmospheric exposure

Initially regions of the package could be exposed to an aerobic atmosphere, from air trapped in
voids. These voids will become anaerobic as a result of corrosion or microbial activity.

Aqueous exposure

If a concrete liner or internal grout is used, the interior surface of the container, and the waste if it
is encapsulated, will be exposed initially (i.e. after backfilling, but before resaturation) to an
aerobic, alkaline (pH 12.5-13) aqueous phase, which may contain chloride. The initial chloride
concentration of any aqueous phase will depend on the chloride content of the waste. If a
concrete liner and internal grout are not used, and if the waste is not dry, neutral or even acidic
solutions could be present initially.

After resaturation, the interior of the package will be exposed to aerobic, alkaline (pH 12.5-13)
porewater which has mixed with groundwater. The chloride concentration may increase as the
repository resaturates and groundwater enters the container via a gas vent or a corrosion-induced
penetration. Eventually the solution will become anaerobic. Once the repository is completely
resaturated and anaerobic, the interior of the package will be exposed to an anaerobic, high pH,
aqueous phase that may contain high concentrations of chloride ions and a mixture of other
inorganic salts.

2.2.3 Summary

In summary, data for the corrosion of carbon steel, stainless steel and Zircaloy are required in:

= Aerobic and anaerobic atmospheric conditions for various chloride deposition rates and
temperatures (up to 800C).

* Aerobic and anaerobic fully immersed conditions for ranges of pH (neutral and alkaline;
this report does not consider corrosion at pH values less than 6), chloride concentration
and temperature (up to 800C).

2.3 Introduction to the review of corrosion data

For the purposes of the literature survey only general corrosion has been considered. Localised
forms of corrosion, such as pitting and stress corrosion cracking, have largely been ignored, since
they are unlikely to contribute significantly to total metal loss or gas generation (although they
may result in small areas of corrosion that may lead, for example, to perforation of a container).
However carbon steel often exhibits broad, shallow pitting (a type of "localised general
corrosion"), which can result in significant metal loss; therefore these data have been included in
the review.

Apart from the material properties (e.g. composition, metallurgical state, etc.) and the presence of
moisture, the primary factors determining the corrosion rates of metals are the oxygen
concentration and pH at the metal surface. The oxygen concentration at the metal surface
depends on the rate of diffusion of oxygen through the surrounding media and whether there are
any other restrictions or factors controlling the supply of oxygen (e.g. convection currents).

Many other variables affect the corrosion rate of metals under water saturated conditions. These
include: the time of exposure, temperature, the concentrations of anions and cations (particularly
chloride), the previous history of the surface (e.g. whether it is freshly prepared, pre-corroded, or
still covered with the mill scale produced during metal production), the formation of surface scale,
the physical and chemical properties of the cementitious materials used to encapsulate the waste,
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hydrodynamic conditions, the concentrations of dissolved gases (e.g. C0 2, H2S), differential
aeration and radiation levels. For atmospheric corrosion, the important parameters include:
relative humidity, frequency of wetting (or "time of wetness") and the presence of chloride
particulates and sulphur dioxide in the atmosphere.

Some of these variables are interconnected. For example, the solubility of oxygen in a chloride
solution depends on the temperature, the chloride concentration, the atmospheric pressure and
the concentration of oxygen in the gaseous phase. Furthermore, the corrosion process itself may
change the environment at the metal surface, leading to a subsequent change in corrosion rate
(e.g, corrosion consumes oxygen and changes the pH due to the reduction of oxygen to form
hydroxide, and as a result the corrosion rate decreases).

In view of the large number of interconnected variables that could affect the corrosion rate, there
will be a range of possible values for each stage of the model. A best-estimate value is selected
that is ju dged to relate most closely to the conditions expected in a repository.

Extensive literature searches were carried out in several bibliographic databases (e.g. INIS and
Corrosion Abstracts). The Dechema corrosion handbooks [7] also contained useful
bibliographies, as did some standard text books and reviews [8- 12].

In the literature, corrosion rate data are derived from investigations using both instantaneous and
integrated techniques. Instantaneous techniques give a measure of the corrosion rate at any
particular time, and include electrochemical methods such as: linear polarisation resistance;
Tafel-slope extrapolation; and passive current measurement. They provide a value for the
corrosion rate at the time of the measurement. Descriptions of instantaneous techniques may be
found in a number of texts, e.g. [13] and [14]. Integrated techniques include measurements of
dimensional change, weight loss (e.g. [15]) or hydrogen evolution (e.g. [16, 17]). The total
change over a period of time is used to derive the corrosion rate. Instantaneous measurements
may give misleadingly high corrosion rates, particularly in systems where a steady corrosion rate
is achieved only after a long time.
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In general terms, the corrosion rate of carbon steel is higher in acidic solutions and lower in
alkaline solutions. This is shown for aerobic conditions in Figure 1. Discussion of the corrosion
rates for carbon steel will be subdivided into neutral (Subsection 3.2) and alkaline
(Subsection 3.3) solutions, and further subdivided into aerobic and anaerobic conditions.

3.1 Corrosion processes

The following reactions [9] are assumed to occur in oxygenated conditions:

4Fe + 6H20 + 302 =' 4Fe(OH)3

4Fe + 302 => 2Fe 2O3  (3.1)

In anaerobic conditions, corrosion is thought to occur according to the reactions [18, 19]:

Fe + 2H20 => Fe(OH) 2 + H2

3Fe + 4H20 = Fe 304 + 4H2
3Fe(OH) 2 = Fe 304 + 2H 20 + H2 (at higher temperatures) (3.2)

These equations are a simplified view of the complex array of reactions that are likely to occur in
practice. A range of corrosion products would be formed under the many combinations of pH,
chloride concentration and temperature that would occur during waste management. The
remainder of this subsection discusses the composition of the films that are likely to form in the
various phases of waste management. The discussion applies to stainless steel as well as to
carbon steel. The composition of corrosion products and passive films has been the subject of a
large number of publications (e.g. [20, 21]) and it is not the intention to provide a comprehensive
review here.

An indication of the complex range of oxides and hydroxides that can arise through corrosion in
neutral water is shown in Figure 2 [20]. According to this diagram the final reaction product from
slow oxidation of iron in aerobic, neutral solutions is magnetite, Fe 30 4. A multi-layer film
containing iron in a range of oxidation states (e.g. FeO, Fe 30 4 and Fe 20 3) is often found [9].
Measurements by Kalashnikova [22] showed that the stoichiometry of the magnetite corrosion
product changed with immersion time in seawater. At higher temperatures both Fe 20 3 and Fe 30 4
are formed. Using M6ssbauer spectroscopy, Peev [23] identified FeOCI, 03-FeOOH and
y-FeOOH in the corrosion products of steel in seawater. Chen [24] also identified green rust
(Fe(OH) 2/Fe(OH) 3), Fe(OH) 2 and Fe 2(OH) 3CI. Sagoe-Crentsil [25] has constructed a stability
diagram for iron in cement at pH 12 and temperature 25°C, as a function of chloride concentration
(Figure 3). Similarly, Refait [26] has produced a Pourbaix diagram for iron in the presence of
chloride, taking account of the green rust phases (Figure 4). Since many groundwaters contain
some carbonate alkalinity, it is possible that corrosion product films containing carbonate would
also be formed, although, if grout is present, it is likely that most of the carbonate would
precipitate out as calcium carbonate before the groundwater reaches the metal surface.
Jelinek [18] reported that a two-layer corrosion product formed on iron in de-aerated water. The
outer layer was friable and the inner layer was adherent and compact. X-ray diffraction (XRD)
analysis identified Fe 30 4, but there were several other unidentified peaks. Mass spectroscopy of
the gas released while heating the corrosion product revealed that hydrogen was trapped in it.

The detailed composition and structure of the passive films formed in alkaline solutions are still a
matter of debate, despite much research. It is generally agreed that Fe 20 3 is a major component,
in which Fe 304 and bound water may also be present. The film may have a multi-layer structure,
the exact composition of which depends on the electrochemical potential [9, 27]. Several workers
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have investigated the reduction of the oxide films using electrochemical techniques. Riley [28],
for example, used a galvanostatic technique to reduce the film formed on a NiCrMoV steel at
pH 9.2 in de-aerated carbonate-bicarbonate solution at 70°C. By using a ring-disc electrode it
was possible to monitor the products of the film reduction in solution. The results supported the
concept of a two-layer film composed of an inner layer of Fe 30 4 and an outer layer of Fe 20 3. In
some experiments the "auto reduction" of the passive film was observed, i.e. the film formed in
the passive region was allowed to "float" without potential control and the film was observed to
dissolve. The following reaction was postulated:

Fe * Fe 2. + 2e
y-Fe 20 3 + 6H÷ + 2e- => 2Fe 2* + 3H20 (3.3)

Fe dissolved from the metal lattice provides electrons that can reduce the ferric ion in the outer
layer of the oxide. The "auto reduction" or "reductive dissolution" of a film that had been grown at
+0.2V (SCE) took approximately 1 minute and the final rest potential was approximately
-0.8V (SCE).

Long-term atmospheric corrosion tests for iron produce corrosion products composed of a range
of iron oxides and hydroxides, including a-, 03- and y-FeOOH, y -Fe 20 3 and Fe 30 4 [20]. During
wet cycles, the anodic dissolution of iron provides electrons for the reduction of Fe(lll) oxides, viz.

Fe = Fe 2
1 + 2e

Fe + 8FeOOH + 2e => 3Fe 3O4 + 4H20 (3.4)

During dry cycles, when oxygen can permeate the porous corrosion product, the
magnetite (Fe 30 4) is re-oxidised to FeOOH. These reactions involve complex solid-state
processes [29, 30]. It should be noted that the dry, re-oxidation step would not be possible in an
anaerobic environment.

Reductive dissolution of the oxide film, i.e. conversion of Fe(lll) oxide to Fe(ll) oxide, has been
observed in the laboratory for passive films that have been produced by maintaining a positive
potential using a potentiostat, and for air-formed films (e.g. [31, 32]), but it is not clear whether
such reactions can occur for the films formed under repository conditions and, if so, what the
kinetics of reaction would be. In some cases, for example corrosion in aerobic neutral conditions
or wet atmospheric conditions, the corrosion product may already be in the reduced state,
i.e. Fe 30 4.

Research has also been carried out in the Nirex Safety Assessment Research
Programme (NSARP) to determine how films formed under one set of conditions affect the
corrosion behaviour under a subsequent set of conditions. For example, films formed in the
aerobic stage at neutral pH, with low chloride concentrations, may subsequently be exposed
under anaerobic conditions to high pH, high chloride conditions as resaturation of the grout
occurs. Most published corrosion rate data refer to the corrosion behaviour of freshly prepared
metal surfaces. Experiments in the NSARP have shown that aerobically-formed films can delay
the onset of hydrogen evolution; this may reflect the time required to allow film reduction to occur.

3.2 Neutral solutions

3.2.1 Aerobic neutral solutions

A summary of data relating to the corrosion of carbon steel in aerobic neutral solutions is given in
Table 2; some of the information is shown graphically in Figure 5 to Figure 14.

Considerable bodies of work have been published on corrosion in drinking water, seawater and
hot concentrated brines (particularly in relation to the corrosion of HLW waste packaging
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materials in hot geological brines, e.g. Q-brine, Germany, and Yucca mountain brines, U.S.A.).
Other papers report corrosion rate data for a variety of chloride solutions, including simple
chloride solutions, minewaters and groundwaters. For comparison the compositions of seawater
and other brines for which significant amounts of data have been published are given in Table 1.
(It can be seen that the composition of the groundwater from Sellafield Borehole 2 is similar to
that of seawater.)

The following subsections review how the corrosion rate depends on the main environmental
variables.

(a) Effect of temperature

The temperature can affect the corrosion rate in two main ways. Firstly, an increase in chemical
reaction rates, and hence corrosion rate, is to be expected if the temperature is raised. Secondly,
the temperature affects the solubility of oxygen and consequently the access of oxygen to the
surface. Temperature differentials produce convection currents and so also influence the access
of oxygen to the surface. In general the corrosion rate increases up to about 800C, after which
the corrosion rate declines as a result of the effect of reduced oxygen solubility at higher
temperatures dominating over the increased electrochemical reaction rates and oxygen diffusion
rate. This behaviour is shown in Figure 10 [8]; Figure 10 also shows that in a closed system the
corrosion rate does not pass through a peak, but continues to rise with temperature because the
oxygen is not allowed to escape.

(b) Effect of oxygen concentration

In seawater the corrosion rate is normally directly proportional to the oxygen concentration. This
can be seen by examining the corrosion rate of steel as a function of depth in the sea (Figure 13),
and the results of corrosion tests over a range of oxygen concentrations (Figure 14). This implies
that in a repository, the corrosion rate would fall as the oxygen is consumed by corrosion, and
that the approach to anaerobic conditions would decelerate.

The aerobic corrosion rate would be controlled by the supply of oxygen to the metal surfaces of
the containers and waste, which in turn would depend on restrictions to the oxygen supply and
the diffusion rate of oxygen through the surrounding media. As the oxygen concentration drops,
the corrosion potential of iron would fall until eventually the potential at which hydrogen
generation can occur would be reached, and anaerobic corrosion, by the reduction of water,
would begin.

It is important to distinguish between data from experiments in which the test solution is static and
those where a rotating electrode is used to fix the mass transport rate of oxygen to the surface.
In controlled mass transport rotating electrode experiments (e.g. [33- 35]) the corrosion rate is
under anodic control and is proportional to the oxygen and chloride concentrations, and
temperature (see Figure 7 to Figure 9). At high oxygen concentrations, oxygen has a passivating
effect [9]. However, in static experiments the corrosion rate is under cathodic control and is
governed by the rate of diffusion of oxygen to the surface. In some experiments reported in the
literature the test solution was actively sparged with either air or oxygen, which has the effect of
stirring the solution and increasing the oxygen supply to the surface, so increasing the corrosion
rate. The data from static immersion tests and real life exposure, for example in seawater, are
the most relevant to carbon steel in the waste repository.

It is possible that hydrogen would be generated under aerobic conditions. For example, Hara et
al. [36] measured the production of hydrogen from carbon steel as a function of the oxygen
concentration in seawater at 80°C. The hydrogen production increased with increasing oxygen
concentration, although the proportion of the corrosion rate due to hydrogen production
decreased with increasing oxygen concentration. The most likely explanation for this behaviour is
that acidification had occurred within regions of localised corrosion, leading to hydrogen
production.
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(c) Effect of chloride concentration

In stagnant conditions the corrosion rate of steel in chloride solutions reaches a maximum at a
chloride concentration of approximately 0.5M NaCI (Figure 5). At low chloride concentrations the
corrosion rate is increased by increasing the concentration of chloride, because the conductivity
of the solution increases, but at higher concentrations the corrosion rate falls because the oxygen
solubility is reduced. The corrosion rate is also different for different cations in chloride solutions
(Figure 5).

(d) Effect of dissolved gases

Dissolved carbon dioxide increases the corrosion rate of iron in water [8, 37, 38] by decreasing
the pH of the water and hence increasing the current due to hydrogen ion reduction. Similarly,
dissolved H2S can increase the corrosion rate of metals by reducing the pH [8].

(e) Effect of surface condition

The condition of the surface, e.g. whether the surface is freshly prepared, pre-corroded, or
covered with mill scale, affects the subsequent corrosion rate. It is possible that the presence of
some types of iron oxide would prevent the potential of the specimen becoming sufficiently
negative to allow hydrogen generation by anaerobic corrosion.

(f) Effect of radiation

Gamma radiation fields can cause an increase, and sometimes a decrease, in the corrosion rate.
This is due to the production of oxidising agents in solution, such as free radicals and hydrogen
peroxide. Some authors (e.g. [39]) have allowed for this by experimentally determining multiplier
factors, which should be applied to the corrosion rate measured in the absence of a radiation
field.

As an example of the dose rate required to affect the corrosion rate, anaerobic corrosion rate
experiments [40] observed an increase in the corrosion rate at a dose rate of 11 Gy hr 1 .
However, it is not possible to generalise about the effect of radiation on corrosion, and it is
necessary to consider each case on its own merits.

(g) Effect of hydrodynamics

The corrosion rate of many materials is increased if the corrosive medium is flowing [41],
because (i) diffusion restrictions on the supply of oxygen to the surface are reduced (see
Subsection 3.2.1 (b)), and (ii) the flow can exert a mechanical effect on the oxide surface,
removing protective oxide films. In static solutions the corrosion rate is determined by the
diffusion of oxygen to the surface, and is hence under cathodic control, whereas in flowing
solutions the corrosion rate may be under mixed or anodic control [33, 34].

(h) Effect of corrosion product build up and scaling

As corrosion proceeds, a layer of corrosion product forms on the surface. If it is tightly adherent
and highly protective it is usually referred to as a passive film. A passive film forms a barrier layer
on the metal surface and reduces the corrosion rate. A passive film starts forming immediately
and is protective rapidly (Le. within a few days; carbon steel is likely to passivate more slowly than
stainless steel). Similarly, the deposition of a mineral scale from the water can reduce the
corrosion rate. Scale deposition can be caused by (i) a change in pressure, (ii) a change in
temperature, or (iii) mixing waters of different composition. For example, if Sellafield groundwater
were to be mixed with grout porewater, a number of magnesium / calcium hydroxides and
carbonates would be expected to be deposited. If this were to occur at the metal surface, a
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protective scale could develop. On the other hand, the formation of a scale can also lead to
under-deposit corrosion, by producing a crevice at the metal surface [42].

3.2.2 Anaerobic neutral solutions

A summary of the data relating to the corrosion of carbon steel in anaerobic neutral solutions is
given in Table 3; some of the data are summarised in Figure 15 to Figure 20.

Diercks [43,44] has published a compilation of literature corrosion rate data for anaerobic and
aerobic acid chloride solutions (Figure 15 and Figure 16), such as might occur in HLW
repositories with concentrated brines at high temperatures. An Arrhenius relationship can be
used to describe the data, with an activation energy, Ea, of 32 kJ mole1 (see Figure 15). A
compilation of corrosion rates for mild steel in aerobic and anaerobic neutral solutions over a
range of temperatures, also taken from Diercks, is shown in Figure 17. At temperatures below
100°C the corrosion rates fall in the range 1 to 100 pm yr". Figure 18 shows schematically the
various types of hydrogen evolution curves observed by Simpson et al. [45] for mild steel in
groundwaters in the pH range 7-10. The hydrogen evolution rates as a function of pH and
chloride are summarised in Figure 19 and Figure 20.

Examination of the data in Table 3 shows that instantaneous electrochemical measurements give
much higher corrosion rates than long-term weight loss and hydrogen evolution measurements.
This is illustrated in Figure 21 and Figure 22, which show the corrosion rates measured using
instantaneous and integrated techniques, as a function of temperature, for all chloride
concentrations. The corrosion rate in anaerobic neutral conditions is insensitive to temperature,
in agreement with Jelinek [18]. Corrosion under neutral, anaerobic conditions has recently been
reviewed by Platts et al. [46].

3.3 Alkaline solutions

3.3.1 Aerobic alkaline solutions

A summary of the data relating to the corrosion of carbon steel in aerobic alkaline solutions is
given in Table 4.

Akolzin's results [47] (Figure 23 and Figure 24) show that the higher the concentration of
Ca(OH)2 the lower the corrosion rate. For passive mild steel, corrosion rates in the range
1-10 pm yr" have been reported for ambient temperatures. At high temperatures at pH above 14
the corrosion rate is very high, for example Yasuda [48] (Figure 25) recorded 4,000 pm yr" at
117 0C in 30% NaOH. There is a lack of information for intermediate temperatures.
Grubitsch [49] has shown that the rate of corrosion in Ca(OH)2 increases with increasing chloride
concentration.

3.3.2 Corrosion in concrete

The corrosion of steel reinforcement bars in concrete is analogous to the corrosion of waste and
containers in cementitious grout. The general features of corrosion in concrete have been
described in a number of publications (e.g. [50-58 ]). The important parameters in determining
the corrosion rate are the relative humidity [59, 60] of the surrounding atmosphere, the rate of
movement of the carbonation front through the concrete and whether it has resulted in a fall in pH
at the steel-concrete interface, concrete porosity, cement type, chloride concentration, the OH/Cr
concentration ratio at the metal interface and the rate of diffusion of oxygen through the concrete.
The existence of cracks in the mortar can also affect the corrosion rate. Table 5 provides
examples of corrosion rates for steel in concrete.

Flis' work [61] illustrates the range of corrosion rates that can occur in real structures. In
constructions where chloride had not penetrated the concrete and the carbonation front had not
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reached the reinforcement bar, corrosion rates as low as 0.08 pm yr' were recorded. At the
other extreme, reinforcement in concrete immersed in marine environments experienced
corrosion rates up to 350 pm yr1. Tuuti [52] has also reported data from real structures; in the
worst case the corrosion rate in a chloride-containing concrete reached 500 pm yr'. The
likelihood of corrosion in concrete increases with temperature [62].

In de-aerated mortars without added chloride, corrosion rates in the range 0.23 to 1.44 pm yr1
have been observed [63-67 ], although it was noted that these probably represented maximum
values.

3.3.3 Anaerobic alkaline solutions

A summary of the data relating to the corrosion of carbon steel in anaerobic alkaline solutions is
given in Table 6.

The most relevant data are those generated over very long periods by hydrogen evolution
experiments [16, 17, 68]. These experiments show that the corrosion rate may fall as low as
0.07 nm yr' at 20°C. This is a reflection of the very low solubility of iron oxides at high pH and
the low concentration of H* at high pH.

In the NSARP, the hydrogen evolution rate for carbon steel and stainless steel was measured for
a range of conditions; the data obtained have been summarised in reference [69]. The data for
carbon steel are given in Table 7 and are shown graphically in Figure 26. Some of the data for
carbon steel in alkaline conditions were used to calibrate the SMOGG model as described in
Subsection 4.2. If the material is pickled initially to remove the air-formed film there is an initial
peak in corrosion rate, which then decrease with time to a low value as a layer of corrosion
product builds up, which is predominantly magnetite in the tests carried out by Serco. This
general form of the curve relating hydrogen evolution rate or corrosion to time has been observed
both in strongly alkaline conditions, which are relevant to the Nirex repository concept [69], and in
weakly alkaline conditions, which are relevant to the SKB programme (i.e. in bentonite or
bentonite porewater simulant [70- 72]). As for the work in strongly alkaline solutions carried out in
the NSARP, the experiments within the SKB programme showed that the corrosion rates in
aqueous conditions were initially higher at higher temperature; the long-term rates were higher in
the lower pH solution used in the SKB programme than in the highly alkaline solutions used for
the NSARP.

Japanese workers have reported the results from hydrogen generation rate corrosion
measurements [73]; they obtained anaerobic corrosion rate data for carbon steel, stainless steel
and Zircaloy in alkaline solutions under low oxygen conditions. The corrosion rates for carbon
steel, stainless steel and Zircaloy were given as 101 pm yr', 10.2 pm yr' and 10-3 pm yr-1
respectively. In further work [74], the rate of hydrogen gas generation was measured in a
solution of Ca(OH) 2 with 5,000 ppm chloride at pH 12.4. In these experiments the long-term
corrosion rates for carbon steel and stainless steel were -2 x 10-2 pm yr' after 900 days and 650
days respectively. The corrosion rate for Zircaloy was -1 x 10-2 pm yr1 after 650 days.

3.4 Atmospheric corrosion

During storage and subsequently the operational phase of a repository, carbon steel in the waste
may be exposed to the ambient atmosphere, rather than be fully immersed in an aqueous phase.
In this situation corrosion may arise as a result of the presence of a thin layer of moisture on the
metal surface, which may contain chloride if the material is in a marine environment, and/or
sulphur oxides in an industrial environment. The corrosion rate is therefore highly dependent on
the exact atmospheric conditions. Typical atmospheric corrosion data in the literature are
summarised in Table 8. In unpolluted, rural atmospheres the corrosion rates are typically in the
range 10-50 pm yr1, but in humid marine atmospheres corrosion rates up to 1200 pm yr1 may be
experienced. A clear relationship exists between the deposition rate for chloride particulates and
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the corrosion rate, as shown by Figure 27. There is a lack of atmospheric corrosion rate data for
temperatures greater than about 30'C.
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From the information summarised in Section 3, corrosion of carbon steel will generate hydrogen
once conditions have become anaerobic. Therefore a model for corrosion of carbon steel is
included in SMOGG.

4.1 SMOGG model

The model implemented in SMOGG [3, 4] specifies the corrosion rate of carbon steel as:

t t

ds ....

dt =-k.e tfo(,)-kce 'ef,(T) (4.1)

where

s is the position of the surface of the carbon steel [m];
t is the time during which corrosion is occurring [yr];
ka is the initial acute corrosion rate (defined at a reference temperature, Tref, for

whichf, = 1) [m yr 1];
ta is a characteristic time for the acute corrosion [yr];

fA is a factor that specifies the dependence of the acute corrosion rate on
temperature [-];

T is the temperature [K];
k, is the initial chronic corrosion rate(defined at a reference temperature, Tref, for

whichf, = 1) [m yr 1];
tc is a characteristic time for the chronic corrosion [yr];

ft is a factor that specifies the dependence of the chronic corrosion rate on
temperature [-].

This formulation allows separate corrosion rates to be specified for an initial "acute" phase and a
later "chronic" phase.

Furthermore, for the purpose of this study the model is simplified by assuming the corrosion rates
increase with temperature according to an Arrhenius relationship. That is:

fa (T) = exp[---. (,I J1 (4.2)

and

fE1(T) = exp[- L] (4.3)fc()=ex -R[ T Tref

where

Ea is the activation energy for the acute corrosion [J mol1];
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R is the gas constant [J molrK 1];
Tref is a reference temperature at which k, and kc are defined [K];
E, is the activation energy for the chronic corrosion [J mol-1].

Hence, a total of six parameters must be specified to define the corrosion rate of carbon steel for
a particular corrosive environment:

* Two rate constants (k, and kc, giving the base corrosion rates);

* Two characteristic times (t, and tc, defining the decrease with time); and

" Two activation energies (Ea and Ec, defining the effect of temperature).

Carbon steel corrodes under aerobic conditions to produce iron oxides according to:

3Fe + 202 => Fe 30 4  (4.4)

Although this reaction occurs without the production of gas, it is included in SMOGG because it
may reduce the inventory of carbon steel available for the subsequent production of gas under
the anaerobic conditions that will develop after repository closure.

Under anaerobic conditions, carbon steel corrodes to produce hydrogen according to:

3Fe + 4H20 => Fe 30 4 + 4H2  (4.5)

It is anticipated that the carbon steel waste generally will be encapsulated in cement in metal
containers to form stable and easily movable packages. The conditioned waste then will be
transported to a deep underground repository and at an appropriate time surrounded by a
cement-based backfill. Therefore the corrosive environments of interest are:

* An aerobic, cementitious (i.e. alkaline) environment;

• An anaerobic, cementitious environment; and

* After resaturation, an alkaline (pH 12.5-13) porewater which has mixed with groundwater
containing chloride ions and various other inorganic salts.

To summarise, the environments which have to be considered in SMOGG are:

Conditions Carbon steel

Atmospheric corrosion Not considered

Aerobic corrosion in grout, low chloride Required

Anaerobic corrosion, high pH, low chloride Required

Anaerobic corrosion, high pH, high chloride Required

4.2 Calibration

To calibrate all the parameters in the SMOGG corrosion model (see Subsection 4.1) requires
experimental data for a given set of conditions covering timescales from a few days to a number
of years, with a sufficient frequency of measurements to capture accurately the variations in the
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corrosion rate. For carbon steel in anaerobic conditions, the series of experiments using gas cell
measurements summarised by Smart et al. [69] provide appropriate data at several temperatures.
However, for other conditions the available data are not sufficiently detailed to allow a proper
calibration.

Therefore the parameters selected for the aerobic corrosion of carbon steel in Subsection 4.4 are
estimated from limited experimental data. The calibrations of the SMOGG corrosion parameters
described in this subsection are for only the anaerobic corrosion of carbon steel.

The gas cell experiments on carbon steel [69] were performed for a number of conditions. These
included experiments at high pH in solutions of NaOH and Ca(OH)2 and in NRVB, with and
without additions of NaCI in each case, and experiments at neutral and low pH. SMOGG
calculations will generally require data for corrosion in cement grouts, so the most relevant results
are those at high pH. A total of sixteen experiments from this series (numbered 5, 9, 14, 15, 18,
19, 23, 24, 25, 26, 27, 28, 37, 39, 51 and 53), all with high pH conditions, have been used in the
calibrations.

Examination of the cumulative gas generation and the gas generation rates from the sixteen
experiments suggests that experiments differing only in the addition of NaCI produce qualitatively
similar results with only limited quantitative differences. The largest differences between such
results are: a factor of 2 variation in the total gas generated after a number of years; and in some
cases a slightly lower gas generation rate at earlier times for the experiment including NaCl. The
experiments in saturated Ca(OH) 2 solution with and without the addition of NaOH showed similar
variations. Given this it was decided to calibrate SMOGG for the following six sets of conditions:

* Saturated Ca(OH)2 solution at 300C (with added NaOH, with and without addition of NaCI);

" Saturated Ca(OH)2 solution at 500C (with and without addition of NaOH and/or NaCI);

* NaOH solution at 30'C (with and without addition of NaCI);

" NaOH solution at 50°C (with and without addition of NaCI);

* NaOH solution at 800C (with and without addition of NaCI);

* NRVB at 50*C (with and without addition of Cl).

For each condition the gas generation rate was initially rapid but reduced (in most cases within a
year) to a near constant value. The exception was that for NaOH at 30 0C the gas generation rate
continued to reduce slowly after the initial rapid reduction. For Ca(OH)2 at 30 0C the rapid
reduction in gas generation rate was preceded by a period in which the gas generation rate was
more constant. With the exception of initial constant gas generation rate, these characteristics fit
the SMOGG corrosion model (Equation (4.1)) of a period of acute corrosion followed by chronic
corrosion at a slower rate well. Therefore SMOGG was calibrated by adjusting the parameters to
improve the fit to all the experimental data except the initial period of constant gas generation rate
for Ca(OH)2 at 30C.

For all the experiments, the carbon steel consisted of 1 mm diameter wires with a surface area of
0.1 M2. The largest quantity of hydrogen evolved was 0.376 mol m2. This corresponds to a total
depth of corrosion of only 2 pm. Since the fraction of the wires corroded is small in all
experiments the area of the surface of the un-corroded metal will be virtually constant. Therefore
the wires were represented as plates in SMOGG, and the total mass and thickness were chosen
to achieve the required surface area of 0.1 M2

.

The SMOGG calculations also required several other quantities as input. The mass of water was
set to be large enough that there was sufficient to corrode all the metal. The calculations were
performed for a period of 15 years, with "repository closure" at the start of the calculation so that
anaerobic corrosion would be modelled. In SMOGG the corrosion rate after "repository closure"
varies with groundwater saturation. This variation is not required for the calibrations, so was
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removed by ensuring that the two sets of rate parameters for the corrosion were the same. In this
case the choice of values for the parameters controlling the resaturation is not important.
Intermediate times were chosen to ensure the calculated results captured the characteristics of
the gas generation. Since the calculations were for anaerobic corrosion no oxygen was required.
However, this is not a valid input for SMOGG so a very small value was chosen so that it would
be consumed rapidly by corrosion of the metal and would not affect the gas generation results
calculated (except that the initial rate would be zero).

Using this input data the SMOGG results were fitted to the experimental data for the
corresponding conditions by varying the rate constants and characteristic times for the acute and
chronic anaerobic corrosion of carbon steel. The calibrated5 corrosion parameter values for each
of the sets of conditions are listed in Table 9. The resulting cumulative gas generation and gas
generation rates calculated by SMOGG are plotted with the corresponding experimental results in
Figure 28 to Figure 33. (Note that a number of the gas generation rate values determined from
the experiments were negative; these are plotted at the minimum value to allow some account to
be taken of these in calibrating the parameters in SMOGG.)

In general good fits of the SMOGG results to the experimental results, or to averages of them
where there was some variation, were obtained. Considering each set of conditions in turn, the
following, more detailed observations can be made:

* For saturated Ca(OH) 2 solution at 30°C: The initial period of more constant corrosion made
calibration of parameters more difficult, although the fit obtained is considered reasonable.
To improve the fit, a constant corrosion rate of 0.1-0.2 pm yr1 for the first 2 years would be
required.

" For saturated Ca(OH)2 solution at 50°C: There is a significant variation in the quantity of
gas generated over the first 0.5 years, but the rate at longer times appears to be reasonably
consistent (although the large fraction of negative rates makes this difficult to determine with
certainty). The calibrated parameters fit the average, so it is expected that adjustment of the
acute corrosion rate constant or characteristic time by up to ±50% would allow reasonable fits
to the individual experimental results.

* For NaOH solution at 30°C: There was a substantial variation between the results obtained
from the four experiments. The differences do not appear to correspond to any differences in
conditions (i.e. whether NaCI was added) between the experiments. The evolution of the gas
generation for Cells 5 and 9 appears to be more consistent with that seen in most of the
experiments under other conditions, so the SMOGG parameters have been calibrated using
the results of these experiments only. As noted above, a feature of these experiments not
seen in other experiments is that the gas generation rate continues to decrease in the long
term. This is reflected in the much smaller value required for the chronic corrosion
characteristic time. It is possible that a constant value would eventually be reached, in which
case the calibrated chronic corrosion values would actually represent an intermediate-term
corrosion regime. The gas generation rate for the other two experiments appears to be more
constant, or at least reduce over a much longer time period. However, it is useful to note that
the rate of this corrosion is approximately the same as the calibrated initial chronic corrosion
rate, so that a reasonable fit may be obtained with the same rate constants by reducing and
increasing only the acute and chronic corrosion characteristic times respectively.

" For NaOH solution at 500 C: The experimental results do not show as clear an evolution of
the gas generation as the results for other conditions. The calibration is therefore only
approximate and should be treated with caution. There appears to be virtually no corrosion in
the experiments after 1.5 years. In practice corrosion is likely to continue at a very slow rate
so the parameters for chronic corrosion have been set to reflect this.

The calibration involved an approximate (i.e. "by eye") fit of the SMOGG results to the experimental data.
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* For NaOH solution at 80OC: An accurate calibration was possible for the first year, but the
accuracy of the calibrated chronic corrosion parameters may be less, due to the difficulty in
interpreting the large fraction of negative gas generation rate values determined from the
experiments.

* For NRVB at 50°C: The quantity of gas generated over the first 0.5 years and the rate at
times greater than 1 year are reasonably consistent, but there is a significant variation in the
quantity of gas generated over the period from 0.5 to 1 year. The calibrated parameters fit
the average, so it is expected that adjustment of the acute corrosion characteristic time by
±20% would allow reasonable fits to the individual experimental results.

Overall, the calibrations show that the acute corrosion rate constant increases with temperature
and with changing from NRVB to Ca(OH)2 solution to NaOH solution. The only result that does
not fit this pattern is that for NaOH at 500C, but the calibration for these conditions is
questionable. The acute corrosion characteristic time decreases as the acute corrosion rate
constant increases, so that the quantity of metal corroded during the acute phase remains
approximately constant. The exception is that significantly more metal is corroded during the
acute phase for corrosion in NaOH at 80*C.

In contrast, the calibrated chronic corrosion parameters are virtually independent of the
conditions, the rate constant being around 0.005 pm yr 1 and the characteristic time being very
large, so that the corrosion rate in the long term is constant. The significant exception to this is
for NaOH at 30'C, where there is a substantial decrease in the gas generation rate and therefore
corrosion rate over a number of years. However, this could be an intermediate corrosion phase,
and the corrosion rate could become constant with a similar value to that for the other conditions
in the very long term. Indeed, with the calibrated parameters the chronic corrosion rate reduces
to 0.005 pm yr1 after approximately 7 years, and, from the plot of the hydrogen generation rate in
Figure 30, it is possible that the calibrated result is underestimating the gas generation for times
after around 7 years.

Since corrosion data for a range of temperatures may be required for use in SMOGG it is useful
to determine the relationship between the corrosion model parameters and temperature. It is
noted that the chronic corrosion appears to be independent of temperature, so only the acute
corrosion requires consideration. Commonly there is an Arrhenius relationship between corrosion
rate and temperature so it is appropriate to examine this possibility. An Arrhenius relationship is
of the form

E

Rate oc e RT (4.6)

where

E is an activation energy [J mol-'];
R is the gas constant [J mol-K-1];
T is the absolute temperature [K].

Therefore the logarithms of the rates are plotted against the reciprocals of the absolute
temperatures in Figure 34, where the rates are the calibrated acute corrosion rate constants.
With only six data points, and given that there is some difference in rate constants between
Ca(OH)2 , NaOH and NRVB cases, the validity of the relationship is not clear. However, the line
of best fit does appear reasonable, and, assuming the relationship is valid, gives an activation
energy of 56 kJ mol 1.

4.3 Focussed review of corrosion data

The data requirements for SMOGG are summarised in Subsection 4.1. For each phase,
consideration needs to be given to whether there is any difference between the acute (i.e. over a
short period) corrosion rate and the chronic (i.e. long-term) corrosion rate. It is also necessary to
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take account of the characteristic time for the acute and chronic phases and possible effects of
temperature, as described in Subsection 4.1.

Having reviewed the available literature on the corrosion of carbon steel, the most relevant data
for each stage of the SMOGG model have been selected. Data were chosen by examining the
corrosion rate summary tables (i.e. Table 2 to Table 8). For the purposes of making calculations
with SMOGG, it is necessary to choose single values for the initial corrosion rate in the acute and
chronic stages of the model. In reality, it is likely that the carbon steel will experience a range of
corrosion rates, depending on the exact nature of the chemical environment produced by the
specific waste stream. It was therefore necessary to use expert judgement to choose the most
appropriate corrosion rates for the model. The corrosion rates chosen are listed in
Subsection 4.4 and the reasons for the choice of these values are discussed below.

(a) Aerobic corrosion in grout, low chloride

There are not very many data relating to the acute corrosion rate of carbon steel; however Arya
has reported electrochemical data as a function of time [75], showing an exponential decrease
with time for a number of different cement mixes containing 1% or 3% chloride. The initial acute
corrosion rate was of the order of 200 pm yr1. The decay in corrosion rate probably reflects both
the reduction in the availability of water during curing and the passivation of the steel surface.
The passivation was more rapid in 1% chloride tests, where passivation was typically complete
within 20 days, compared to 80 days with 3% chloride present. In the absence of chloride it is
probable that passivation would be complete within a few hours. The precise corrosion rate will
depend on the chemistry of the specific cement type and wastestream, but for the purposes of the
SMOGG model an acute initial corrosion rate of 200 pm yr" at ambient temperature and a
characteristic time of 0.003 years (-1 day) have been selected.

In the absence of chloride and carbonation effects, the corrosion rate of carbon steel in
cementitious environments is very low because of the protection offered by the passive film
formed in alkaline conditions (Table 5). For the purposes of defining a single corrosion rate for
use in SMOGG it will be assumed that the chloride concentrations and degree of carbonation
during this stage will be insignificant. Consequently a long-term initial chronic corrosion rate of
0.1 pm yr" at ambient temperature is selected and it is assumed that this stays constant with time
(i.e. in the SMOGG model the characteristic time is infinite).

There is a limited amount of data relating to the effect of temperature on the corrosion rate in
concrete; most experimental work has been carried out at ambient temperature. However, Liu
and Weyers [76] carried out a systematic 5-year study of the corrosion rate of steel in concrete as
a function of temperature (0-350C), concrete ohmic resistance and chloride content. They
developed a model for predicting the corrosion rate in concrete and included the following
relationship for the effect of temperature on the corrosion rate of steel in concrete:

22831 -
i, = ile T1 T 12 ) (4.7)

where

TI, T2 are temperatures [K];
il is the corrosion current at temperature T1 [A];
i2  is the corrosion current at temperature T2 [A].

It should be noted that changes in temperature will also affect other interacting factors which
could influence corrosion rate, such as oxygen diffusion rate and the electrical resistance of the
concrete. The relationship defined by Equation (4.7) is applicable for describing the effect of
temperature on the chronic corrosion rate, but in the absence of any data to describe the effect of
temperature on the short-term corrosion rate it will also be used for the acute stage of aerobic
corrosion in grout.
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(b) Anaerobic corrosion, low chloride

For pre-corroded materials, there will probably be an incubation period before anaerobic
corrosion initiates, as shown in the NSARP [69] and Fujisawa work [77]. If any uncorroded
carbon steel is present, the initial corrosion rate will depend on the temperature; there is an
Arrhenius type relationship between the acute corrosion rate and temperature [69]. For pre-
corroded material it is reasonable to assume that eventually anaerobic corrosion will initiate at a
low level, although it is likely that there will not be an initial peak in the corrosion rate (i.e. there
will be no acute phase).

Figure 34 shows the Arrhenius relationship for the initial (acute) corrosion rates obtained from the
calibration in Subsection 4.2. This plot gives a rate of approximately 0.5 pm yr-1 at a temperature
of 30°C and so this value has been chosen as the base acute anaerobic corrosion rate constant.
The activation energy given in Subsection 4.4 is also derived from Figure 34. The data in
reference [69] show that although the initial anaerobic corrosion rates of carbon steel are higher
at 50 0C and 800 C, the corrosion rate falls more rapidly at higher temperatures, i.e. the
characteristic time for the acute phase varies as a function of temperature. However, since it is
not possible to take this into account in the SMOGG model, a conservative characteristic time of
0.5 years, based on the calibrated 50WC data (Subsection 4.2), has been chosen.

The most relevant data for the long-term anaerobic corrosion rate of carbon steel is the gas
evolution data obtained in the NSARP (Table 7) and in recent Japanese work [73,74,77]. On the
basis of the data in Table 7 and the calibration calculations carried out (Subsection 4.2), a single
long-term chronic anaerobic corrosion rate of 0.005 pm yr1 has been selected, as this value gave
a good fit in the calibration calculations. There does not appear to be any effect of temperature
on the long-term anaerobic corrosion rate of carbon steel. On the basis of the available data it is
not possible to conclude that the corrosion rate will fall below a value of 0.005 pm yr1 with time,
so the characteristic time is set at infinity.

(c) Anaerobic corrosion, high chloride

The anaerobic corrosion rate of carbon steel appears to be only weakly affected by the presence
of chloride [69] and it is therefore suggested that the same SMOGG parameters should be used
for this stage as for the low chloride phase. However, there may be no acute phase if long-term
corrosion has taken place previously in low chloride, anaerobic conditions.

4.4 Selection of data recommended for use in SMOGG

The objective of this study was to parameterise the corrosion model for carbon steel that has
been implemented in SMOGG, as given by Equations (4.1) - (4.3). In Subsections 4.2-3, the
available data have been identified and interpreted, as far as possible, to give values for the
various parameters.

The set of parameters for carbon steel corrosion recommended for use in SMOGG is summarised
in the following table.
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Stage in SMOGG model Carbon steel

acute Not required

Atmospheric

chronic Not required

ka = 200 pm yr1 at 20'C
acute ta = 0.003 years

Aerobic, Arrhenius variation of ka: activation energy Ea = 19 kJ mol"1

grout,
low chloride k, = 0.1 pm yr1 at 200C,

chronic tc 00c 1

Arrhenius variation of kc: activation energy E, = 19 kJ mol1

ka = 0.5 pm yr' at 30'C,
acute ta = 0.5 years

Anaerobic, Arrhenius variation of k,: activation energy E, = 56 kJ mol1

low chloride kc = 0.005 pm yr1

chronic tc '0 1

No temperature dependence: activation energy Ec = 0 kJ mol1

ka = 0.5 pm yr" at 300C,
acute ta = 0.5 years

Anaerobic, Arrhenius variation of ka: activation energy Ea = 56 kJ molr
high chloride kc = 0.005 pm yr-1

chronic tc - o0 1

No temperature dependence: activation energy Ec = 0 kJ mol1

In using the SMOGG model a finite value is required; a value much greater than the duration of the calculation should

be used (e.g. 108 years).

Note that:

* Under aerobic conditions, the corrosion rate at 20 0C increases with temperature
according to an Arrhenius relationship:

faT=cT)=exp 8.31 4 4 7 2 T 293.15 (4.8)

where T is the temperature [K]. For example, at the temperatures listed below the
corrosion rate at 20'C should be scaled by the corresponding factors:

Temperature, T 200C 350C 50 0C

1.000 1.461 2.062Factor, forfc

* Under anaerobic conditions, the acute corrosion rate at 30 0C increases with temperature
according to an Arrhenius relationship:

f.(T)=ex[ 56000(1 1
1- 8.314472 T 303.15

(4.9)
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where Tis the temperature [K]. For example, at the temperatures listed below the acute
corrosion rate at 30'C should be scaled by the corresponding factors:

Temperature, T 200C 35°C 500C

Factor,fa 0.469 1.434 3.955

Calculations of gas generation performed with SMOGG might include variant cases intended to
scope the effect of uncertainties in the model parameters. From the experimental results
examined here, it has not been possible to determine ranges of values for the parameters in the
carbon steel corrosion model.

4.5 Discussion

Having derived a parameterisation of the SMOGG model for the corrosion rate of carbon steel
(Subsection 4.4), it is useful to compare the resulting values with the corrosion rates used
previously. Because the earlier models did not account for the temporal variation of the corrosion
rate, it is possible to compare only the chronic behaviours.

An early assessment of gas generation in repositories [78], for Nirex, noted that "there appears to
be a lot of uncertainty about the corrosion behaviour of mild and stainless steels", and assumed in
the worst case corrosion rates at high pH would be in the range 0.1 pm yr1 to 1 pm yr-1.

A later NSARP Reference Document on Gas Generation and Migration [79] recommended: an
aerobic corrosion rate of 100 pm yr-'; an anaerobic (chronic) corrosion rate at neutral pH in the
range 1 pm yr1 to 10 pm yr', with a preferred value of 5 pm yr'; and an anaerobic (chronic)
corrosion rate at high pH in the range 0.1 pm yr' to 1 pm yr , with a preferred value of
0.5 pm yr'.

In the Nirex 97 assessment of gas generation from radioactive wastes [80], the carbon steel
(chronic) corrosion rate was assumed to be: 1 pm yr1 under aerobic conditions; and 0.1 pm yrl
under anaerobic conditions.

Subsequently, a temperature-dependence for the aerobic corrosion rate of carbon steel was
derived [81] by making the following assumptions:

• The aerobic (chronic) corrosion rate in the Nirex 97 assessment, 1 pm yr', is for a
temperature of 40oC;

* Based on a consideration of unpublished experimental data obtained in the NSARP [82],
the aerobic corrosion rate scales by the factors 1 : 4 : 22 as the temperature increases
from 300C : 50°C : 80°C; and

* The variation of the aerobic corrosion rate with temperature is given by an approximate
form of the Arrhenius equation., i.e.

Rate (T) = Rate (Tref )x exp[• , TE ( Rate (Tref )X exp(a (T - Tef))

Hence, the aerobic (chronic) corrosion rate of carbon steel was calculated to be:
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Temperature, T 20°C 350C 50'C 80'C

Corrosion rate 0.3 pm yr1 0.7 pm yr"1  1.9 pm yr-1 11.9 pm yr1

Factor,f, 1.000 2.528 6.389 40.823

The anaerobic (chronic) corrosion rate of carbon steel was still assumed to be 0.1 pm yr1 .

Subsequent assessments of gas generation from radioactive waste, such as the Generic
Post-closure Performance Assessment (GPA) [2], generally reused this parameterisation.

Comparing the numbers listed above with the (chronic) corrosion rates given in Subsection 4.4, it
can be seen that:

* In the GPA the long-term aerobic corrosion rate at 200C, i.e. 0.3 pm yr', is similar to the
value now being recommended, i.e. 0.1 pm yr-.

* However, in the GPA the long-term aerobic corrosion rate increases more rapidly with
temperature than is now being recommended.

The activation energy measured by Liu and Weyers [76] is preferred to the value
estimated from the NSARP data for the following reasons: the former data were obtained
from long-term (i.e. 5 year) exposure tests which used both electrochemical and weight
loss techniques on real concrete samples, whereas the NSARP data were obtained from
long-term passive current measurements on solutions, and were not corroborated by
weight loss measurements.

* The long-term anaerobic corrosion rate used in some earlier assessments of gas
generation in repositories, i.e. 0.1 pm yr 1, was chosen conservatively, and is more than
an order of magnitude larger than the value now being recommended, i.e. 0.005 pm yr-.
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5.1 Corrosion processes

The corrosion processes for stainless steel are similar to those for carbon steel, discussed in
Subsection 3.1.

5.2 Neutral solutions

The general corrosion rate of stainless steels is very low, but localised corrosion can occur in
stagnant solutions and therefore most literature has concentrated on the localised corrosion of
stainless steel. A summary of the data relating to the aerobic corrosion of stainless steels in
neutral solutions is given in Table 10 and Table 11, and some of the data are shown in Figure 35
and Figure 36. Weight loss experiments give corrosion rates of 0.1 to 0.5 pm yr 1 at <300C, but
130 pm yr 1 at 900C [83]. The high rate at 900C was probably due mainly to pitting attack rather
than general corrosion. There is a lack of data for intermediate temperatures. Only one
reference in the open literature has been found for corrosion of stainless steel in anoxic neutral
conditions (see Table 11).

5.3 Alkaline solutions

A summary of the data relating to the corrosion of stainless steel in aerobic and anaerobic alkali
solutions is given in Table 12 and Table 13. At ambient temperature in aerobic solutions, the
corrosion rate is <0.3 pm yr 1, but at hiph temperatures in concentrated alkali solutions the
corrosion rate may exceed 760 pm yr- (Figure 37). For anaerobic conditions, at ambient
temperature, the corrosion rate determined by passive current measurements was found to be of
the order of 0.4 pm yr 1 [84]. However, later passive current measurements on stainless steel in
the Nirex Safety Assessment Research Programme (NSARP) [85] have yielded values as low as
0.05 pm yr1 . At high temperatures and high concentrations of alkali the corrosion rate increases
(e.g. 30 pm yr1 in 30% NaOH at 11 70C) [48], but it is not as high as in aerobic conditions at the
same temperature.

Stainless steel is becoming more common as a material for use as reinforcing bar in concrete
structures; indeed there is practical experience of its use for over 75 years (e.g. [86, 87]). In
general the corrosion rates of stainless steel in concrete are very low, with a high resistance to
chloride. In fact the threshold chloride concentrations probably exceed the solubility limit for
chloride in cementitious porewater [88].

Bertolini et al. [89] investigated the corrosion resistance of a range of stainless steels in chloride
contaminated and carbonated concrete. In the absence of chloride the corrosion rates of 304L6

and 316L, measured by linear polarisation resistance (LPR), were both of the order of
0.05 pm yr-1 for the test duration of -28 months. This applied to tests both at ambient
temperature when exposed outdoors and at 40'C at 95-98% RH. Both stainless steels exhibited
similar corrosion rates in carbonated concrete and concrete containing up to 6% chloride by mass
of cement, under ambient / external exposure conditions and 40°C at 95-98% RH. In carbonated

6 Steel grades, such as 302, 304, 304L, 316 and 316L, are used to classify various steels by their composition and

physical properties. Type 304 is the most common grade; the classic 18/8 stainless steel. Type 316 is the second most

common grade; alloy addition of molybdenum prevents specific forms of corrosion. Type 316 is also known as marine

grade stainless steel due to its increased resistance to chloride corrosion compared to Type 304.
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concrete containing up to 4% chloride by mass of cement the corrosion rate of 304L and 316L
was -0.06 pm yr1 under ambient / external exposure conditions and 0.1 pm yr1 at 400C at
95-98% RH. The presence of a high temperature scale (e.g. from welding) on the surface of the
304L increased the corrosion rate in high chloride conditions (e.g. 1 pm yr1 in 4wt% chloride) but
316L was unaffected by a heat tint surface film.

Treadaway et al. [90] measured weight loss from a range of steels including 302, 315 and 316L
stainless steel in concrete containing chloride at a range of concentrations, with two different
cement : aggregate ratios (8:1 and 6:1) and cover thicknesses (10 mm and 20 mm) for periods up
to 9.5 years. Corrosion rates were measured by weight loss. The results for the 302 and 315
austenitic stainless steels, together with their compositions, are summarised in Table 14; the data
for 316L were only expressed as percentage annual weight loss (which was fairly constant
irrespective of chloride content at -0.008% yr"; it was not possible to convert this value to a
corrosion rate because the initial specimen dimensions are not given in the paper). Table 14
shows the range of the mean corrosion rates for the two different cement : aggregate ratios and
cover thicknesses; there was no clear effect of either of these two parameters on the corrosion
rate. No visible corrosion attack was visible on any of the austenitic stainless steels, apart from
slight micro-pitting on the 302 stainless steel. It is possible that some of the weight loss
measured was due to the cleaning process when the specimens were removed from the test for
examination, although the authors claim to have taken this effect into account.

Attempts have been made in the Nirex research programme to measure the gas generated by the
anaerobic corrosion of stainless steels in alkaline solutions, by monitoring gas cells over a period
of over ten years [69]. During these measurements it was not possible to measure any hydrogen
generation, indicating that the anaerobic corrosion rate of stainless steel was less than the
detection limit for the gas cell technique, which was estimated to be less than 0.01 pm yr".
Japanese workers have also reported the anaerobic corrosion rate of stainless steel to be
0.01 pm yr" [73], based on gas evolution measurements using a mass spectroscopy technique to
measure the amount of hydrogen evolved. Interestingly, this corrosion rate is similar to that
measured in long-term aerobic corrosion experiments in concrete (Table 14), suggesting that the
long-term corrosion rate in alkaline conditions is determined by the properties of the passive film
(e.g. very low solubility of chromium oxyhydroxides), rather than the nature of the cathodic
reactant (i.e. oxygen in aerated conditions and water in de-aerated conditions). Other work has
suggested that the passive film is able to reform if it is disrupted by reaction with the surrounding
water [91], even in the absence of oxygen. It is worth noting that a corrosion rate as low as
0.01 pm yrC corresponds to only a few unit cells of an oxide film thickness per year.

5.4 Atmospheric corrosion

The very thin passive film formed on stainless steels is essentially composed of hydrated
chromium oxy-hydroxide [92]. The exact composition and structure depend on the material and
the environment. Atmospheric corrosion data for stainless steels are summarised in Table 15.
Atmospheric attack is minimal; 2.8 pm yr" was reported for marine atmosphere exposure, but it
may be as low as 0.03 pm yr". No data were found for atmospheric corrosion at elevated
temperatures or in anoxic conditions.

There are very few data for the uniform corrosion rate of stainless steels, because the corrosion
rates are so low that most authors have concentrated on the depths of pits that are formed. It is
assumed that the depth of pitting is not important for the SMOGG model since the bulk loss of
metal is the important factor in determining the possible rate of gas generation from subsequent
anaerobic corrosion in the model, although pit propagation rates are important in determining the
point of first penetration of a stainless steel waste container [93]. However, Wallinder et al. [94]
have measured the actual release rates of chromium and nickel from stainless steels exposed to
rainwater during atmospheric exposure; this work was carried out because of environmental
concerns about the release of chromium and nickel, rather than to determine the corrosion rate
for engineering reasons. The annual release rates during atmospheric exposure in Stockholm,
Sweden for 304 were 0.25-0.3 mg Cr m2 and 0.3-0.4 mg Ni m2 and for 316 they were
0.35-0.4 mg Cr m2 and 0.7-0.8 mg Ni m-2 . The iron release rates were not measured. For
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comparison, a value of I mg Ni m2yr- corresponds to a corrosion rate of 1.1 10-4 pm yr 1 . Other
work has shown that the iron dissolution rate is 2-3 orders of magnitude higher [95], giving an
overall corrosion rate, which is predominantly due to the loss of iron, of the order of
0.01-0.1 pm yr1 .
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From the information summarised in Section 5, corrosion of stainless steel will generate hydrogen
once conditions have become anaerobic. Therefore a model for corrosion of stainless steel is
included in SMOGG.

6.1 SMOGG model

The corrosion model for stainless steel is similar to that for carbon steel, discussed in
Subsection 4.1.

A total of six parameters must be specified to define the corrosion rate of stainless steel for a
particular corrosive environment:

* Two rate constants (ka and kc, giving the base corrosion rates);

* Two characteristic times (ta and tc, defining the decrease with time); and

* Two activation energies (Ea and Ec, defining the effect of temperature).

Stainless steel corrodes under aerobic conditions to produce iron oxides according to:

3Fe + 202 = Fe 30 4  (6.1)

Although this reaction occurs without the production of gas, it is included in SMOGG because it
may reduce the inventory of stainless steel available for the subsequent production of gas under
the anaerobic conditions that will develop after repository closure.

Under anaerobic conditions, stainless steel corrodes to produce hydrogen according to:

3Fe + 4H20 => Fe 30 4 + 4H2  (6.2)

It is anticipated that the stainless steel waste generally will be encapsulated in cement in metal
containers to form stable and easily movable packages. The conditioned waste then will be
transported to a deep underground repository and at an appropriate time surrounded by a
cement-based backfill. Therefore the corrosive environments of interest are:

* An aerobic, cementitious (i.e. alkaline) environment;

* An anaerobic, cementitious environment; and

* After resaturation, an alkaline (pH 12.5-13) porewater which has mixed with groundwater
containing chloride ions and various other inorganic salts.

The containers themselves, which generally will be fabricated from stainless steel, have to be
considered separately. That is because, during transport and storage, the exterior of a container
could be subject to a different environment to the interior (the exterior will be exposed to the
atmosphere at neutral pH, until after backfilling; the interior could be exposed to either neutral or
high pH conditions, depending on the time and the material of encapsulation). Hence, a different
corrosion rate could apply on the outer surface of a container.
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To summarise, the environments which have to be considered in SMOGG are:

Conditions Stainless steel

Required:
Atmospheric corrosion uniform corrosion only

considered

Aerobic corrosion in grout, low chloride Required

Anaerobic corrosion, high pH, low chloride Required

Anaerobic corrosion, high pH, high chloride Required

6.2 Focussed review of corrosion data

The data requirements for SMOGG are summarised in Subsection 6.1. For each phase,
consideration needs to be given to whether there is any difference between the acute (i.e. over a
short period) corrosion rate and the chronic (i.e. long-term) corrosion rate. It is also necessary to
take account of the characteristic time for the acute and chronic phases and possible effects of
temperature.

Since stainless steel repassivates rapidly if the passive film is disrupted [91], it is anticipated that
there will not be a distinct period of acute corrosion. Hence, in SMOGG it is assumed that the
acute corrosion rate of stainless steel is zero for all conditions.

Having reviewed the available literature on the corrosion of stainless steel, the most relevant data
for each stage of the SMOGG model have been selected. Data were chosen by examining the
corrosion rate summary tables (i.e. Table 10 to Table 15). (Note: the data for stainless steel are
not sufficiently detailed to allow a calibration.) The corrosion rates chosen are listed in
Subsection 6.3 and the reasons for the choice of these values are discussed below.

(a) Atmospheric corrosion

The main concern is the rate of metal loss rather than the risk of localised corrosion. There is a
lack of atmospheric corrosion data for stainless steel indoors because the corrosion rate is so
low. On the basis of the data in Table 15 and the data reported by Wallinder [94], and the fact
that the stainless steel will experience an indoor environment where the time of wetness will be
short, a uniform corrosion rate of 0.03 pm yr"1 is selected. This is probably conservatively high. It
is unlikely that this corrosion rate will change with time so the characteristic time is infinite. There
are no relevant data relating to the effect of temperature on the atmospheric corrosion rate of
stainless steel, but there is unlikely to be any significant effect of temperature on the atmospheric
corrosion rate within the range expected during storage or repository operation (e.g. 0-500C).

(b) Aerobic corrosion in grout, low chloride

The aerobic corrosion rate of stainless steel in concrete will be very low, even if the chloride
content increases, for example if a high chloride waste is grouted. On the basis of long-term
weight loss data reported by Treadaway [90] a corrosion rate for stainless steel in aerated grout
of 0.02 pm yr 1 is selected. Bertolini's data [89] gave slightly higher values, but the
measurements were made electrochemically and these types of measurements are likely to over-
estimate the measured corrosion rates. The corrosion rate is likely to remain constant with time
so the characteristic time is infinite.

In relation to the effect of temperature on corrosion rate, passive current densities measured for
stainless steel in alkaline simulated porewater within the NSARP [85] gave the following data for
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30, 50 and 80°C respectively: 0.05, 0.15 and 0.8 pm yr-'. Figure 38 shows that this data follows
an Arrhenius relationship. Based on the line of best fit, the activation energy is 50 kJ mol1 .
Treadaway's data are preferred to the NSARP electrochemical measurements for a general
measure of long-term corrosion rate, as they are based on measurement of weight loss and
hence require fewer assumptions to be made in calculating corrosion rate.

(c) Anaerobic corrosion, low chloride

On the basis of the NSARP measurements in anaerobic alkaline conditions [69] and the
comparable, independent Japanese work [73,102] a corrosion rate of 0.01 pm yr1 is selected.
The corrosion rate is likely to remain constant in the long term, so an infinite characteristic time
has been selected. There are currently very few data on the effect of temperature on the
anaerobic corrosion rate of stainless steel; experiments were carried out in the NSARP at 30°C
and 50'C and there was no discernible difference between the two temperatures. Ithas been
assumed here that there is no acute phase; however, there is some indication of an acute phase
in recent Japanese studies [73,74] and further analysis of translations of these papers is required
to confirm this.

(d) Anaerobic corrosion, high chloride

Chloride is unlikely to affect the corrosion rate under anaerobic conditions, and so the same
parameters have been chosen as for the low chloride situation.

6.3 Selection of data recommended for use in SMOGG

The objective of this study was to parameterise the corrosion model for stainless steel that has
been implemented in SMOGG. In Subsection 6.2, the available data have been identified and
interpreted, as far as possible, to give values for the various parameters.

The set of parameters for stainless steel corrosion recommended for use in SMOGG is
summarised in the following table.
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Stage in SMOGG model Stainless steel

acute No acute stage

Atmospheric k, = 0.03 pm yr1

chronic tc = O0 1

No temperature dependence: activation energy Ec = 0 kJ mor1

acute No acute stage
Aerobic,
grout, kc = 0.02 pm yr-1 at 20 0C

low chloride chronic pm

Arrhenius variation of kc: activation energy Ec = 50 kJ mol"I

acute No acute stage

Anaerobic,
low chloride kc = 0.01 pm yr'

chronic tc= 1

No temperature dependence: activation energy Ec = 0 kJ mol1

acute No acute stage

Anaerobic,
high chloride kc = 0.01 pm yr-

chronic tc = o1

No temperature dependence: activation energy Ec = 0 kJ molr

In using the SMOGG model a finite value is required; a value much greater than the duration of the calculation should

be used (e.g. 106 years).

Note that:

Under aerobic conditions, the chronic corrosion rate at 20°C increases with temperature
according to an Arrhenius relationship:

S(T) =4ex4E2 50000 2I 1 1 I
.JC\1- 8.314472 T 293.15) (6.3)

where T is the temperature [K]. For example, at the temperatures listed below the
corrosion rate at 20°C should be scaled by the corresponding factors:

Temperature, T 20°C 35*C 50WC

Factor,fc 1.000 2.714 6.716

6.4 Discussion

Having derived a parameterisation of the SMOGG model for the corrosion rate of stainless steel
(Subsection 6.3), it is useful to compare the resulting values with the corrosion rates used
previously. Because the acute corrosion rate of stainless steel is assumed to be zero for all
conditions, it is possible to compare only the chronic behaviours.
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An NSARP Reference Document on Gas Generation and Migration [79] recommended: an
aerobic corrosion rate of 0.1 pm yr-1; an anaerobic (chronic) corrosion rate at neutral pH of
0.03 pm yr 1; and an anaerobic (chronic) corrosion rate at high pH of 0.03 pm yr1 .

These corrosion rates were used unchanged in the Nirex 97 assessment of gas generation from
radioactive wastes [80].

Subsequently, a temperature-dependence for the aerobic corrosion rate of stainless steel was
derived [81] by making the following assumptions:

0 The aerobic (chronic) corrosion rate is 0.05 pm yr1 at a temperature of 30oC;

* Based on a consideration of unpublished experimental data obtained in the NSARP [82]7,
the aerobic corrosion rate scales by the factors 1 : 3 : 16 as the temperature increases
from 30°C : 50°C : 80'C;

* The variation of the aerobic corrosion rate with temperature is given by an approximate
form of the Arrhenius equation., i.e.

Rate (T) = Rate (Tref )x exp[- T ii Rate (Tref)x exp(a(T-Tf))
refR [ T Tref

Hence, the aerobic (chronic) corrosion rate of stainless steel was calculated to be:

Temperature, T 20 0C 350C 500C 80 0C

Corrosion rate 0.029 pm yr' 0.066 pm yr 1  0.150 pm yr" 0.782 pm yr-

Factor,f, 1.000 2.282 5.207 27.113

The anaerobic (chronic) corrosion rate of stainless steel was still assumed to be 0.03 pm yr 1 .

Subsequent assessments of gas generation from radioactive waste, such as the Generic
Post-closure Performance Assessment (GPA) [2], generally reused this parameterisation.

Comparing the numbers listed above with the (chronic) corrosion rates given in Subsection 6.3, it
can be seen that:

* In the GPA the long-term aerobic corrosion rate at 200C, i.e. about 0.03 pm yr-1, is similar
to the value now being recommended, i.e. 0.02 pm yr1.

" In the GPA the long-term aerobic corrosion rate varies with temperature in almost the
same way as is now being recommended. That is not surprising, because both analyses
of the effect of temperature on the long-term aerobic corrosion rate relied on the same
data from the NSARP.

These are the same data referred to in Subsection 6.2, when quantifying the effect of temperature on the long-term

aerobic corrosion rate.
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* The long-term anaerobic corrosion rate used in earlier assessments of gas generation in
repositories, i.e. 0.03 pm yr-1 , is similar to the value now being recommended,
i.e. 0.01 pm yr 1 .
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Although zirconium is a reactive metal, Zircaloy is highly resistant to both general and localised
corrosion in neutral and alkaline, aqueous chloride solutions, as a result of its tenacious oxide
film [96-98]. It is able to passivate even in highly alkaline, anaerobic, chloride-containing
environments [7]. The corrosion product of Zircaloy consists of a tightly adherent passive film
composed of ZrO2, which is believed to form by the following sequence of reactions:

Zr + 3H 20 => ZrO2* + 2H 2 + 20H
ZrO2. + H20 = ZrO2 + 2H* (7.1)

Reference [98] gives the corrosion rate in both potassium and sodium hydroxide as less than
25 pm yr-1 . The corrosion behaviour of Zircaloy 2 in de-aerated synthetic pore water was
investigated by Hansson [64] and it was found to be passive at all values of pH and
electrochemical potential investigated. The passive corrosion rate was <0.01 pm yr1 and it is
probable that a similarly low corrosion rate would apply in neutral conditions and aerobic
conditions. It is unlikely that the corrosion rate would increase significantly at temperatures up to
80°C. Other workers have reported the corrosion rate as being in the range
0.06-0.17 pm yr' [99]. On the basis of hydrogen evolution experiments, Mihara [73] reports
corrosion rates of 0.001 pm yr1 (full experimental details are not currently available).
Hietanen [100] measured the corrosion rate of Zircaloy in concrete as 0.003-0.05 pm yr-'. A
corrosion rate of 0.001 pm yr' is equivalent to a rate of removal of approximately 1 unit layer of
ZrO2 per year; this is a reflection of the very low solubility of ZrO 2.

Kurashige et aL [101] reported data for the rate of hydrogen gas generation for Zircaloy in
alkaline synthetic groundwater (pH 10.8 and pH 12.5) at 30 0C and 450C. At pH 10.8 and 30 0C
the gas generation rate was equivalent to a corrosion rate of 0.006 pm yr-1 , averaged over the
first 100 days and 0.001 pm yr' averaged over 500 days. In the long-term there was little
difference between the two temperatures and two pH values examined, but the acute rate was
higher at the higher temperature, for both pH values. Similarly, Wada et aL [102] have carried out
gas evolution experiments on Zircaloy at pH 10 and pH 12.5, and temperatures of 30°C and
50WC, and obtained decreasing corrosion rates over a period of 300 days. The long-term
corrosion rates at pH 12.5 were 2 x 104 pm yr-1 and 3 x 104 pm yr1 at 30 0C and 50 0C
respectively.
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From the information summarised in Section 7, corrosion of Zircaloy will generate hydrogen once
conditions have become anaerobic. Therefore a model for corrosion of Zircaloy is included in
SMOGG.

8.1 SMOGG model

The corrosion model for Zircaloy is similar to that for carbon steel, discussed in Subsection 4.1.

A total of six parameters must be specified to define the corrosion rate of Zircaloy for a particular
corrosive environment:

" Two rate constants (ka and kc, giving the base corrosion rates);

* Two characteristic times (Q, and tc, defining the decrease with time); and

* Two activation energies (E, and Ec, defining the effect of temperature).

Aerobic corrosion of Zircaloy is expected to be slow, because Zircaloy forms a strongly adherent
oxide layer. Therefore, although some Zircaloy will corrode under aerobic conditions, that is
neglected in the SMOGG model.

Under anaerobic conditions, stainless steel corrodes to produce hydrogen according to:

Zr + 2H2 0 => ZrO2 + 2H 2  (8.1)

It is anticipated that the Zircaloy waste generally will be encapsulated in cement in metal
containers to form stable and easily movable packages. The conditioned waste then will be
transported to a deep underground repository and at an appropriate time surrounded by a
cement-based backfill. Therefore the corrosive environments of interest are:

* An anaerobic, cementitious environment; and

* After resaturation, an alkaline (pH 12.5-13) porewater which has mixed with groundwater
containing chloride ions and various other inorganic salts.

To summarise, the environments which have to be considered in SMOGG are:

Conditions Zircaloy

Atmospheric corrosion Not required

Aerobic corrosion in grout, low chloride Not required

Anaerobic corrosion, low chloride Required

Anaerobic corrosion, high chloride Required
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8.2 Focussed review of corrosion data

The data requirements for SMOGG are summarised in Subsection 8.1. For each phase,
consideration needs to be given to whether there is any difference between the acute (i.e. over a
short period) corrosion rate and the chronic or long-term corrosion rate. It is also necessary to
take account of the characteristic time for the acute and chronic phases and possible effects of
temperature.

Having reviewed the available literature on the corrosion of Zircaloy, the most relevant data for
each stage of the SMOGG model have been selected. The corrosion rates chosen are listed in
Subsection 8.3 and the reasons for the choice of these values are discussed below.

(a) Anaerobic corrosion, low chloride

Although Zircaloy is a highly passive material, the work by Kurashige [101] and Wada [102]
indicates that there is a higher corrosion rate initially under anaerobic conditions, which gradually
falls with time. Measurements showed a higher corrosion rate during the first 100 days and so a
characteristic time of 0.1 years has been selected for the acute phase. From this characteristic
time and the average corrosion rate over 100 days, the acute rate constant for SMOGG is
calculated from Equation (4.1) as 0.02 pm yr-1. There is a temperature dependence during the
acute phase, with the corrosion rate being higher at higher temperature (i.e. there is an increase
of a factor of -3 from 300C to 450C), but there are insufficient data to be able to derive an
activation energy.

The corrosion rate in the long term is virtually constant, at least within the timescales that are
achievable experimentally. A rate constant of 0.001 pm yr1 and an infinite characteristic time
have been selected. This is consistent with the electrochemical measurements made by
Hansson [64] and the gas generation experiments of Mihara [73]. Wada's work suggests that the
corrosion rate may fall to even lower values in the long-term, so choosing an infinite characteristic
time represents a conservative approach. The long-term rate is independent of temperature.

(b) Anaerobic corrosion, high chloride

Chloride is not expected to affect the anaerobic corrosion behaviour significantly, so the
parameters in SMOGG will be the same as for the low chloride case.

8.3 Selection of data recommended for use in SMOGG

The objective of this study was to parameterise the corrosion model for Zircaloy that has been
implemented in SMOGG. In Subsection 8.2, the available data have been identified and
interpreted, as far as possible, to give values for the various parameters.

The set of parameters for Zircaloy corrosion recommended for use in SMOGG is summarised in
the following table.
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Stage in SMOGG model Zircaloy

acute No acute stage

Atmospheric

chronic Not required

Aerobic, acute No acute stage

grout,
low chloride chronic Not required

ka = 0.02 pm yr 1 at 300C
acute ka = 0.06 pm yr- at 45°C

Anaerobic, ta = 0.1 years
low chloride k, = 0.001 pm yr-'

chronic t¢ = o1

No temperature dependence

ka = 0.02 pm yr- at 30WC
acute ka = 0.06 pm yr' at 450C

Anaerobic, t_ _ = 0.t 1 years
high chloride kc = 0.001 pm yr-1

chronic tc = 00 1

No temperature dependence
In using the SMOGG model a finite value is required; a value much greater than the duration of the calculation should

be used (e.g. 106 years).

8.4 Discussion

Having derived a parameterisation of the SMOGG model for the corrosion rate of Zircaloy
(Subsection 8.3), it is useful to compare the resulting values with the corrosion rates used
previously.

In all earlier assessments of gas generation in repositories for Nirex, it has been assumed that the
Zircaloy could be combined with the stainless steel. (See Subsection 6.4 for more details on the
corrosion rate of stainless steel).

In the Nirex 97 assessment of gas generation from radioactive wastes [80], the Zircaloy (chronic)
corrosion rate was assumed to be: 0.1 pm yr- under aerobic conditions; and 0.03 pm yr under
anaerobic conditions.

Subsequently, a temperature-dependence for the aerobic (chronic) corrosion rate of Zircaloy was
derived:

Temperature, T 20°C 35°C 50°C 80°C

Corrosion rate 0.029 pm yr' 0.066 pm yr1  0.150 pm yr 1  0.782 pm yr1

Factor,&• 1.000 2.282 5.207 27.113

The anaerobic (chronic) corrosion rate of Zircaloy was still assumed to be 0.03 pm yr-.
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Subsequent assessments of gas generation from radioactive waste, such as the Generic
Post-closure Performance Assessment (GPA) [2], generally reused this parameterisation.

Comparing the numbers listed above with the (chronic) corrosion rates given in Subsection 8.3, it
can be seen that:

" In the GPA the long-term aerobic corrosion rate at 20'C, i.e. about 0.03 pm yr-1 , is
different to the assumption made in SMOGG, i.e. 0.0 pm yr 1 .

* The long-term anaerobic corrosion rate used in earlier assessments of gas generation in
repositories, i.e. 0.03 pm yr-1, is more than an order of magnitude larger than the value
now being recommended, i.e. 0.001 pm yr1.

In conclusion, the assumption that Zircaloy would behave like stainless steel appears to be
conservative.
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The less-reactive metals (i.e. carbon steel, stainless steel and Zircaloy) may be present in some
cement encapsulated wastes, and will corrode under aerobic and anaerobic alkaline conditions.
Under anaerobic conditions the metals will corrode to form hydrogen.

This report identifies the various corrosive environments that could be experienced by these
encapsulated metal wastes during their long-term management (i.e. during surface storage and
transportation, and then in a deep geological repository, both before and after resaturation with a
groundwater that could have a high chloride concentration). For each environment, relevant
corrosion rate data for carbon steel, stainless steel and Zircaloy have been compiled from the
literature. The literature survey has focused on metal loss and gas generation as a result of
general corrosion rather than localised corrosion (the latter is unlikely to contribute significantly to
gas generation). The effects on the corrosion rates of a number of variables (including oxygen
concentration, temperature and chloride concentration) have been considered.

These experimental data have been reviewed critically, and, where appropriate, used to calibrate
the SMOGG corrosion model. From this information, parameters which should be used in the
SMOGG corrosion model for the less-reactive metals (i.e. carbon steel, stainless steel and
Zircaloy) have been selected.

The main conclusions from this work are as follows:

(a) In general, corrosion rate data for carbon steel, stainless steel and Zircaloy are required
for neutral and alkaline solutions, and gaseous atmospheres, under aerobic and
anaerobic conditions, over a range of chloride concentrations and temperatures, to fully
describe the possible range of conditions during radioactive waste management.

(b) Most of the data for the required conditions are available in the literature, although there
is only a small amount of information available for Zircaloy in all conditions and for
atmospheric corrosion of steels at elevated temperature.

(c) Interpretation of the corrosion rate data identified is required to parameterise the SMOGG
model. SMOGG has been calibrated for carbon steel under anaerobic conditions,
providing directly applicable values for use in the model. For aerobic conditions and for
stainless steels and Zircaloy a detailed calibration was not possible, so parameter values
for SMOGG were selected based on direct interpretation of literature data.

(d) A database has been collated providing all the parameter values for corrosion of steels
and Zircaloy recommended for performing gas generation calculations using SMOGG
(see the summary table below).
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Selected corrosion data for use in SMOGG, based on assessment of literature and calibration

Stage in SMOGG model Carbon steel Stainless steel Zircaloy

acute Not required No acute stage No acute stage

Atmospheric k, = 0.03 pm yr"1

chronic Not required tc = oo 1 Not required
No temperature dependence (0-50TC)

k,, = 200 pm yr 1 at 20°C
acute ta = 0.003 years No acute stage No acute stage

Aerobic, Activation energy Ea = 19 kJ mol- _
grout,

low chloride k, = 0.1 pm yr 1 at 20°C k, = 0.02 pm yr" at 20TC
chronic t 1 ~ 00 1 tc = 10 1 Not required

Activation energy E, = 19 kJ mol-1  Activation energy E,, = 50 kJ mol"1

ka = 0.5 pm yr" at 30TC ka = 0.02 pm yr" at 30TC
acute t, = 0.5 years No acute stage k,, = 0.06 pm yr"1 at 45TC

Anaerobic, Activation energy E, = 56 kJ mol"1  ta = O. 1 years
low chloride k, = 0.005 pm yr 1  kc = 0.01 pm yr"1  k, = 0.001 pm yr"1

chronic tc=o 1 tc=oo 0 1 t =oo0 1

No temperature dependence No temperature dependence No temperature dependence
ka = 0.5 pm yr1 at 30TC k, = 0.02 pm yr 1 at 30'C

acute ta = 0.5 years No acute stage ka = 0.06 pm yr1 at 45TC
Anaerobic, Activation energy E, = 56 kJ mol-' ta = 0.1 years

high chloride kc = 0.005 pm yr" kc = 0.01 pm yr 1  k, = 0.001 pm yr-1

chronic tc= 1 t'= 0 1 tc=oo 1
No temperature dependence No temperature dependence No temperature dependence

Notes:

In using the SMOGG model a finite value is required. A value much greater than the period of the calculation should be used (e.g. 106 years).
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Table 1. Typical compositions (mg I") of Sellafield borehole groundwater and other
waters for which corrosion rate data are available

Sellafield Seawater MINTEK Saickingen Bottstein Teddington
Borehole 2 minewater groundwater groundwater drinking
1587-1602m [34] [104] [104] water

[103] [33]

Na 9120 10560 900-1070 4800

K 187 380 75-86 54

Ca 1490 400 124-158 1100

Mg 136 1272 12-15 3

Ba 0.288

Fe 7.44

Al 0.02

Mn 1.88

Sr 32.4

Si 4.96

Cl 17400 18980 1075 1480 8100 40

Br 30.3 62

S042 1130 2649 1075 112-115 1820

P0 4
3- 3

1 0.15

F 2.61 2.3 3.8 0.15

Total 68.1 140
Alkalinity

(HC03

equivalent)

Carbonate 62.0 276
alkalinity (as CaCO 3)
(HCO 3 ) (asCaCO_)

pH 7.25 7.7 6.5

Total 12.4 18.6
inorganic
carbon
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Table 2. Carbon steel corrosion rates in aerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr1)

Borgmann [105] 0 to 2M NaCI, KCI, ambient 40-120 2 days Corrosion rates measured by weight loss as a function of
LiCI, aerated chloride concentrations (Figure 5).

Braithwaite [106] geothermal 10-20 18 1 year Corrosion rates measured by weight loss. Incomplete
condensates analysis of condensate composition, but -2 mMol H2S

present, low Cl.

Breckheimer [107] 0.001 to 3M KCI 25-85 50-250 Figure 6.
Canadillas [108] Q-brine 35 25 75 & 148days Weight loss experiments carried out in a closed system,

55 25 so the oxygen would have been exhausted after a short
90 62 period. In Q-brine "acid corrosion" occurs at higher

distilled water 35 67 temperatures so the corrosion rate increases.
55 62
90 41

Elmorsi [109] groundwater 40 28-211 2-12 months Corrosion rate was measured using a "corrosometer" in
Egyptian well waters, with a wide range of compositions;
TDS 150-731 ppm, -2ppm H2S present.

Francis (331 and forcibly aerated 40 93 up to 100 Corrosion rate was measured by weight loss
Mercer [35] distilled water 60 120 days measurements in static solutions. Corrosion rates were

70 160 higher when the air was passed through the solution
80 230 rather than over the surface. In static experiments the
90 324 corrosion rate was independent of chloride concentration,

because oxygen diffusion is the controlling parameter. In
experiments using a rotating electrode (1 Hz) corrosion
rate was related to oxygen concentration, temperature
and chloride concentrations (Figure 7-Figure 9). Oxygen
has a passivating effect at high concentrations.
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Table 2 (contd.) Carbon steel corrosion rates in aerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(Pm yrI)

Gaonkar [110] distilled water & 25 90 up to 5 days. The corrosion rate was measured by weight loss
drinking water 40 222 measurements over the temperature range 25-1 00°C.

60 324 The maximum corrosion rate occurred at about 70'C.
70 340 The shape of the curve was very similar to Figure 10.
80 334 Chloride concentration 6 ppm.

Hache [111] 3% NaCI 0-80 See Figure 11.
Higginson [34] Mintek minewater 25 200 14 days The corrosion rate in static solutions (0.03M chloride, pH

(see Table 1) 6.5), measured by weight loss, became constant after an
initial period of rapid corrosion. Corrosion rate was also
measured as a function of temperature, oxygen
concentration and chloride concentration using a rotating
electrode to control mass transport of oxygen to surface.

Ho [112] tropical seawater 28 350-530 2, 12 months Weight loss measurements after immersion in natural
seawater. In laboratory tests corrosion rate increased
with temperature. Corrosion rate also affected by
surface preparation and carbon content.

Honda [113] seawater and distilled 50-150 10-20 up to 180 Specimens were mounted between layers of bentonite
water mixed with days and immersed in test solution. The corrosion rate was

compacted bentonite determined from weight loss.
slurry

Kalashnikova [22] Cuban Caribbean 23-29 50-280 24 months Weight loss and electrochemical measurements.
seawater Corrosion decreased over test period and reached a

plateau after-18 months.

Kennedy [114] harbour seawater ambient 60-130 35 years The thickness of sheet metal pilings in New York Harbour
were measured using an ultrasonic thickness probe.

Kritsky [115] spent nuclear fuel ambient 40-80 340 days Corrosion rate measured by weight loss measurements
pond water in pond water containing -2 ppm dissolved salts at pH 5

to 9.
Kuron [116] tap water with ambient -45 10000 hours Corrosion rate was measured using rotating disks and

0.28-15.5M chloride pipe. The chloride concentration did not affect corrosion
added rate. The figures given refer to zero flow experiments.
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Table 2 (contd.) Carbon steel corrosion rates in aerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yrI)

Larrabee [1171 seawater ambient 39±6 23.6 years Steel pilings on pier in California
McRight [118] aerated J13 well 50 401 1500 hours Weight loss measurements were carried out on mild steel

water pH 7.1-7.5, 70 505 1020. The well water was air sparged to produce the
6 to 8 ppm chloride. 80 531 most corrosive conditions (5-6 ppm oxygen).

90 414
100 320

Merz [119] Brine and seawater ambient to 7-10000 Contains a compilation of data for carbon steel and cast
250 iron in brine and seawater as a function of temperature

and pH.

Nissing [120] drinking water, pH 7.2 ambient 14-70 3.5 years Ring specimens were exposed to flowing tap water with
and 8.0, as f[0 2] and oxygen concentrations in the range 0.01-4 mg V' and pH

flow rate 7.2 and 8.0. The corrosion rate is constant initially then it
follows a power law.

Peterson [121] harbour seawater ambient 120 18 months
Reinhart seawater ambient 50-200 0-16 years Corrosion rate decays with time. Corrosion rate reduces

[122, 123] average -100 with depth.
Larrabee [124]

Schwarzkopf [125] concentrated brine 90 120 1.5 years A cast steel tube was stored for 18 months in a heated
(26.9 wt% NaCI) borehole containing NaCI brine, with temperatures from

900C to 2000C.
Shannon [126] geothermal brines, 43 25 to 30 at pH7 7 days A compilation of literature results for 1 ft second-' flow,

seawater, -130 at pH7 60 ppb oxygen.
various pHs

Simpson [127] aerated B6ttstein 80 24 700 hours Weight loss experiments were carried out in a refreshing
groundwater 52 2200 hours autoclave, so that the oxygen concentration could be
0.1 mg g- 02 60 6200 hours maintained.
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Table 2 (contd.) Carbon steel corrosion rates in aerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr1)

Smailos [128-131] Q-brine 90 31-50 1 year radiation levels of 0
14 1
23 10
37 100

460 1000 Gy hr1 . Corrosion rates decreased with time.
Southwell [132] freshwater ambient 18 16 years Coupons were suspended in seawater and freshwater and

seawater 64 the corrosion rate was monitored by weight loss. A
constant corrosion rate was achieved after about 4 years
(e.g. Figure 12).

Uhlig [10] continuous ambient 25-200, up to 31 The reference includes a tabulation of 34 weight loss
immersion in natural average 109 years measurements from corrosion at a range of world-wide

seawater locations.

White [133] static immersion tests day: 40°C
Mediterranean night: RT 73 103 days

seawater
Dead Sea seawater 14-20
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Table 3. Carbon steel corrosion rates in anaerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm Yr-) _

Blackwood [134] granitic groundwater 50 initially -2, 5000 hours The test specimens had pre-formed corrosion product films.
long-term <0.1

Diercks [43, 44] anaerobic acid 20-400 10->1000 The reports contain compilations of literature results for
chloride solutions anaerobic, acid, neutral and basic chlorides (Figure 15-

Figure 17). There is an Arrhenius relationship with
activation energy 32kJ mor 1 for the anaerobic, acid
conditions (Figure 15).

Farvaque-Bera 0.5M sulphate pH 0.4 25-90 80-154000 0 Instantaneous corrosion rates from polarisation curves.
[135] to 6.0 and brines depending on

pH and temp.
Grassiani [136] de-aerated 6% MgCI2  33 50 Corrosion rates were measured using the linear polarisation

41 244 technique.
85 371
90 452

Haberman [137] high magnesium 90 -200 1 month Corrosion rates were measured for ASTM 216 grade WCA
brine mild steel using the linear polarisation technique. Arrhenius

relationship for corrosion rate.
Helie [138] de-aerated 3 g 1" 90 1000 hours Polarisation resistance was used to measure corrosion rate

NaCI as a function of time. It was found that the corroded
thickness, e, was given by e=kd, where k = 5 mm y'A and
t = time of exposure.

Kreis groundwater, distilled 21 <0.08 to 0.7 Hydrogen evolution measurements were used to measure
[139, 140] water, 0.8% chloride the corrosion rate of iron (0.91 %C) in a range of media.

Corrosion rate falls with time.
Jelinek [18] de-aerated distilled 90 1.3 0-43 days Hydrogen evolution experiments. Corrosion rate derived

water (after 43 days) from weight loss. Variables investigated: temperature;
dissolved copper concentration and pH. The results were
not temperature sensitive over the range 60-316'C.
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Table 3 (contd.) Carbon steel corrosion rates in anaerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr1)

Marsh [15] de-aerated synthetic 20 2.1-3.1 up to 425 Corrosion rate was measured by weight loss. It decreases
seawater 50 5.3-14.6 days to -6 pm yr1 with time. The reference also includes data

90 10.6-21.6 for effect of radiation and results for forged, cast and low
carbon steel.

Posey [141]] 4M NaCI, pH 2-7 25-200 7.6 to 12700 0 Electrochemical measurements of corrosion rate in a
pH7 22 8.9 stirred autoclave. An Arrhenius relationship exists for

50 23 corrosion rate for a range of pHs.
75 46
100 127
150 559
200 1270

Reda [142] dilute MgCI2/NaCI 25 9-17 up to 1100 The pH of the solutions was in the range 4.6 to 6.6. The
solutions (up to distilled water 12 hours corrosion rate was measured by weight loss. The
0.5M MgCI2 and 0.85M NaCI 12 reference also includes data on the effect of radiation.

0.85M NaCI) 0.5MgCI2  13.3
Simpson [45, groundwater and 25-80 pH 7: 2.8 until gas Hydrogen evolution experiments. Various types of

104] and NaCI solutions pH 8.5:1.4 evolution rate hydrogen evolution behaviour were identified (Figure 18).
Schenck [143] (pH 7-10) - average pH 10: 0.3 constant, The data are summarised in Figure 19 and Figure 20.

figures for all chloride 6000 + hours
concs. and temps.

Simpson [104] Sackingen 80 86 500 hours Corrosion rates were derived from weight loss

0.1 pg g1
02 34 1440 hours measurements on cast mild steel.
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Table 3 (contd.) Carbon steel corrosion rates in anaerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(Pm yr')

Simpson [104] Bottstein, Sackingen 80 30-42 700 hours
continued ground water, oxygen 14-16 2100 hours

free (<0.01 pg g 02) 4-6 6300 hours

25 1.1-1.5 2-3 days
50 3.2-6.5

NaHCOJNaC0 3  80 1.5-2.5
0 pH 7 8.5 10 Hydrogen evolution measurements. Steady state
80 80 0.9 0.3 0.5 2-3 days corrosion rates.

800 3.8 1.5 2.5
8000 mg g-1 Cl 5.0 0.5 1.0

0.8 2.5 0.5
Simpson [144] B6ttstein, 0 02 80 5-10 6170 hours Corrosion rates were derived from weight loss

0.1 mg/g 02 60-68 measurements; the corrosion rate decreases with time.
Stckingen, 0 02 5-6 Salinity and oxygen concentration had a greater effect

0.1 mg/g 02 7-18 than temperature.
Simpson [127] anaerobic B6ttstein 80 42 700 hours Corrosion rates were determined from weight loss

groundwater 14 2200 hours measurements.
10 6200 hours

Smith [145] domestic water, pH 9 25 3 <1 hour Corrosion rates were derived from polarisation resistance
measurements

Stahl [146] basalt groundwater 90 -70 <1 hour Corrosion rates for 1018 steel were derived from
electrochemical measurements.

Tas [147] interstitial claywater 90 10 9 months Initial corrosion rates are high but decline significantly with
time. The equivalent corrosion rate in aerated conditions
was 25 pm yr'.

Westerman [148] MgCI2 brine 90 18 6 months A216 steel weld metal.
I__ _ _ _ (6.7M CI-) I I I
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Table 4. Carbon steel corrosion rates in aerobic, alkaline conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr 1)

Akolzin [47] 0.43 and 0.76 g 1-' 22 0.5 to 20 0 The corrosion rates were determined by polarisation
Ca(OH)2  resistance measurements. Figure 23 and Figure 24 show

(pHi12 and 12.3) + CI- corrosion rate as a function of time, calcium hydroxide
concentration and chloride concentration.

Blackwood [149] 0.1M NaOH 30 0.1 Passive current measurements.
50 0.4
80 2.3

Byakova [150] 30% KOH ambient 6.1 "fairly long
times"

Drazic [151] 5M KOH ambient 30 0 The corrosion rates of iron were derived from Tafel slope
extrapolation.

Hubbe [152] NaOH / NaCI, pH 9.5 ambient 200 48 hours Corrosion rates of mild steel were determined by weight
at start NaOH / NaCI, loss and polarisation resistance measurement.

pH 7.7 at end

Lesnikova [153] KOH pH 12 20 90-140 900 hours
pH 13 75-120
pH 14 55-60

Schwenk [154] 0.5M NaCO 3 I 25 active 33 up to The corrosion rate of iron was measured by weight loss
1M NaHCO 3  passive 3.5 2500 hours as function of potential.

Yasuda [48] 30% NaOH 117 4000 0 The corrosion rates of mild steel and alloy steels were
measured using the linear polarisation method
(Figure 25).
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Table 5. Carbon steel corrosion rates in concrete

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr1)

Andrade [155] concrete ranging from ambient 1-1100 Linear polarisation resistance.
dry, uncarbonated, no

chloride to highly
contaminated with

chloride
Andrade [156] laboratory ambient <1-100 45 days Data showed strong effect of varying relative humidity and

experiments on partial immersion on corrosion rate.
reinforcing bars in
carbonated mortar

with chlorides
Arya [75] Cement paste with ambient 1% chloride Chloride binding and its influence on the rate of reinforcement

various binders, with 116-348 0-40 days corrosion was investigated in a range of mixes by, respectively,
chloride content <1 40-120 days pore solution analysis and measuring the galvanic current in

ranging from 0 to 3%. macro corrosion cells formed by embedding mild steel bars in
Samples exposed to 3% chloride two layers of concrete. The corrosion rates increased with
salt solution at 95% 116-812 0-70 days increasing chloride content for all mixes due to an increase in

humidity. 20-116 70-120 days the amount of free chloride. Anodic current densities of
_ corrosion cells were measured.

Baccay [157] Carbonated concrete Varied 0.01-2.8 0-35 days Rate of carbonation increases with temperature. Higher
samples. Various 20-40 corrosion rate with higher temperature in OPC concrete.

cement binders used
containing air

entraining agent and
water reducing agent.

90% humidity
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Table 5 (contd.) Carbon steel corrosion rates in concrete

Reference Environment Temp (°C) Corr. rate Times Remarks
_________________ __________ (p~m yr"1)__________________________

Cao (158] Cement paste, ambient 2.6-41.6 3-28 days Water to cement ratio 0.8; a high water/cement ratio.
containing different Corrosion rate measured using polarisation curves with scan
binders (35% BFS rate of 17mV/sec.

and 20% PFA).
Cured in saturated
lime, with cast in

chloride and
exposure to chloride

solution.
Chitty [159] ancient mortars ambient 0.8 to 8 Examination of archaeological artefacts ranging from 80 to

1700 years old. Corrosion rate declined with age. Range of
corrosion products found, including magnetite.

Flis [61] concrete bridges ambient 0.0812 to 350 Corrosion rates of steel rebars were measured in real
structures using electrochemical techniques. The corrosion
rate was found to be dependent on the potential, in a similar
way to a normal polarisation curve. The corrosion rates are
related to the concrete resistivity and chloride exposure
(e.g. marine atmosphere, de-icing chemicals).

Gonzalez [160] various mortars ambient <1 8 days The corrosion rate of steel rebar was measured in blocks of
no additives up to 100 mortar, some of which contained added chloride, using

with chloride and polarisation resistance measurements. The corrosion rate
carbonation depended on the chloride concentration, concrete resistivity

L_ and the percentage water saturation.
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Table 5 (contd.) Carbon steel corrosion rates in concrete

Reference Environment Temp (°C) Corr. rate Times Remarks
(Mim yr"1)

Hakkarainen [161] Concrete samples ambient 0.016-0.05 10 months Cyclic polarisation curves used to obtain corrosion rate with
with various binders. to 2 years time. No corrosion observed in samples exposed to tap water.
Tests carried out in of exposure
synthetic sea water

and tap water.
Hansson [63-65] de-aerated mortar 22-43 1-7 10 months Electrochemical measurements (Tafel slope extrapolations and

polarisation resistance measurements) were used to measure
corrosion rates. There is some doubt about whether the
concrete was completely de-aerated. The films on the surface
of the steel were cathodically reduced before the experiment.

Hauser [162] cemented waste 25 < 1 12 months Weight loss measurements were used to assess the corrosion
forms, pH 12, 50 2 rate of cast iron in cemented waste forms.

02 5 mg 1  90 18
Lee [163] cement paste with ambient 0.34-6.07 2 to 84 days Similar corrosion rate in all samples. Rate of corrosion falls to

varied binders (PFA, very low values within one to two weeks.
BFS) exposed to

saturated air
Lysogorski [164] Steel in simulated ambient 0-2.23 28-84 days Polarisation resistance measurements were used to obtain

pore solution, wet dry negligible 0-450 days corrosion rates.
cycles, short term

exposure to chloride
solution.

Concrete samples
long-term exposure,

wet-dry cycle.
Naish [66, 67] various anaerobic ambient 0.23-1.44 up to Weight loss measurements were used to measure the

concrete / cement 2.5 years corrosion rates of carbon steel in cement. It was noted that the
mixes rates represented maximum values.
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Table 5 (contd.). Carbon steel corrosion rates in concrete

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr 1)

Saito [165] carbonated and non ambient 10-25 1 year Measurements were obtained using the potential step method
carbonated concrete and converted to corrosion current and mass loss. The
samples exposed to calculated mass loss was compared with actual mass loss of
various conditions: the sample after the bars were removed from the bar. Lower
outdoors, indoors, corrosion rate measured in carbonated concrete compared to

underground, tunnel bare steel in water. Corrosion rate controlled by water and
oxygen availability.

Tuuti [52] ambient Corrosion rate data were reported for real concrete structures:
balcony slabs 50 20 years rebars, carbonated, but no chloride
concrete silo 200-400 25 years salted sand had been stored in silo, chloride high, carbonated

power line poles 50 50 years carbonated, but no chloride
concrete building 100-500 10 years CaCI2 added to concrete
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Table 6. Carbon steel corrosion rates in anaerobic, alkaline conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yre')

Fujiwara [166] artificial cement 35 0.005-0.01 60 days Corrosion rate was found to increase at pH 14, due to the
porewater, formation of soluble HFeO2' species. Hydrogen was also

pH 12.5-13.5 formed under aerobic conditions when localised corrosion
and acidification occurred.

Fujisawa [77] mortar-equilibrated 15 0.004 9,000 hours Incubation period observed before gas generation
water pH 12 30 0.02 started. The samples were not pickled initially. The

Ca(OH)2 pH 12.8 45 0.2 incubation period was shorter at higher temperatures.
Arrhenius relationship demonstrated at pH 12.6. There
could have been an inhibition effect from dissolved glass.
Black surface film observed. Activation energysynthetic 15 0.09 100 kJ mo1-1.

groundwater +

bentonite, pH 8

Grauer [17, 68] de-aerated 21 0.00007-0.7 up to The reference contains a literature survey which indicates
groundwaters and 12000 hours that the corrosion rate in cement is in the range 0.08 to
porewaters, and 1 pm yr-'. Hydrogen evolution experiments were used to

KOH, Ca(OH) 2, and measure the corrosion rate of iron wire. The corrosion
NaOH rate was lowest in porewaters. Different time

dependencies were observed in NaOH, KOH, CaOH2 and
porewaters.

Grauer [16] sat. Ca(OH) 2  21 0.00015 to up to Hydrogen evolution experiments were used to measure
dilute alkali 0.0064 13500 hours the corrosion rate of iron wire. The corrosion rate either

hydroxide, porewater decreased with time or remained constant.

Hansson [167] Ca(OH)2, pH 12.6 ambient 23-58 24 hours Dynamic polarisation curve passive current densities
KOH, NaOH added in were used to measure the corrosion rates. The results

I some experiments. I I are probably an overestimate of the corrosion rate.
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Table 6 (contd.) Carbon steel corrosion rates in anaerobic, alkaline conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr"1)

Kreis [139, 168] porewater, NaOH, 21 <0.08 Hydrogen evolution measurements were used to
Ca(OH) 2, KOH, measure the corrosion rate of iron (0.91 %C) in a range of

pH 12.5-13.2 media. The corrosion rate depends on media. In some
porewaters and groundwater corrosion rate <0.005
Om yr"1.

Matsuda [169] artificial cement ambient 5 up to 30 days Hydrogen analysed by gas chromatography. Corrosion
porewater rates also measured by weight loss. Short-term

measurements.
Naish [170] various mixtures of ambient, 10 initially to Hydrogen evolution measurements used to measure the

0.1M KOH, 30, 50 and 80 <0.001 long-term corrosion rate of carbon steel in a range of media. The
0.1M NaOH, Ca(OH) 2  corrosion rate at 30, 50 and 80 0C decreased with time

NaCI up to (Figure 26). The presence of an existing aerobically
10,000 ppm chloride produced corrosion product film significantly reduced the
and with application rate of hydrogen gas production.

of hydrogen
overpressure.

Yasuda [48] 30% NaOH 117 1500 2 weeks Weight loss measurements were made for a number of
I_ I I I materials under hydrogen (Figure 25).
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Table 7 Anaerobic corrosion rates of carbon steel, derived from hydrogen generation experiments in the NSARP [691

Cell Temp Test duration Maximum Average Time for LT Mean LT Total H2
number Test solution (VC) (days) (pm yr1) (pm yre1) mean (hrs) (pm yr"1) (mmol m"2)

5 0.1M NaOH 30 3949 3.11 0.04 >10000 0.010 68

27 0.1M NaOH 30 3821 1.21 0.11 >10000 0.098 158

14 0.1M NaOH 50 3492 5.50 0.11 >10000 0.011 -150

47 0.1 M NaOH (mercury cell: no liner) 80 311 29.63 0.35 >4000 0.025 41.5

51 0.1M NaOH (mercury cell) 80 2591 23.71 0.29 >10000 0.002 376

9 0.1M NaOH + 3.5%NaCl 30 3949 1.27 0.06 >10000 0.023 91.7

28 0.1M NaOH + 3.5%NaCl 30 3821 0.69 0.057 >10000 0.044 84

15 0.1M NaOH + 3.5 % NaCl 50 3932 0.88 0.08 >10000 0.03 118.8

53 0.1M NaOH + 3.5% NaCl (Hg cell) 80 1520 20.24 0.41 >10000 0.0047 359

18 Sat. Ca (OH) 2  50 3494 5.07 0.037 >10000 0.003 50

24 Sat. Ca(OH) 2 + NaOH 30 3743 1.43 0.08 >30000 0.022 108.6

26 Sat. Ca(OH) 2 + NaOH 50 773 2.07 0.16 >10000 0.11 48.49

19 Sat. Ca(OH) 2 + 3.5%NaCl 50 1225 2.14 0.16 >10000 0.006 74.36

23 Sat. Ca(OH) 2 + NaOH + 3.5% NaCl 30 3743 0.87 0.08 >30000 0.027 110.2

25 Sat. Ca(OH) 2 + NaOH + 3.5% NaCl 50 773 1.96 0.28 >10000 0.009 84.06

37 NRVB 50 3045 3.60 0.056 >10000 0.024 65.6

39 NRVB + 20,000 ppm CI 50 2591 2.35 0.065 >10000 0.010 65.2
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Table 7 (contd.) Anaerobic corrosion rates of carbon steel, derived from hydrogen generation experiments in the NSARP [69]

Cell Test solution Temp Test duration Maximum Average Time for LT Mean LT Total H2
number T(C) (days) (pm yr 1 ) (pIm yr 1 ) mean (hrs) (pm yr"1 ) (mmol m-2 )

55 As Received 0.1M NaOH 50 1037 0.28 0.022 >10000 0.001 8.94

42 Degreased 0.1M NaOH 50 817 0.11 0.08 >10000 0 25.6

41 Pre-rusted in 3.5% NaCI, 0.1M NaOH 50 2493 0.36 0 >10000 0 2.3

56 Pre-rusted in 3.5% NaCI, 0.1M NaOH 50 2100 0.71 0.21 >10000 0.404 168 1

43 Groundwater pH 4 (unbuffered) 50 827 5.06 0.78 >5000 0.61 247

44 Groundwater pH 7 (unbuffered) 50 856 1.85 0.43 >5000 0.35 141

49 Groundwater pH 4 (buffered) 50 2609 9.21 1.31 >10000 2.17 4321

50 Groundwater pH 7 (buffered) 50 2607 5.04 0.122 >5000 0.052 123

Notes

1. The true value is in excess of this figure, because the reservoir of DBP emptied on a number of occasions due to rapid gas generation.
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Table 8. Atmospheric corrosion of carbon steel

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr 1)

Ambler [171] various marine ambient -10-1000 up to There is a linear relationship between corrosion rate and
atmospheres 12 months salt deposition rate (Figure 27).

Blackwood [134] anaerobic, high 50 Initially -20, but up to Hydrogen evolution experiments.
humidity atmosphere decreasing to 5000 hours.

<0.1 after 5000
hours

Bragard [172] various sites ambient typically 40 up to The following law was found to apply: C = At, where
10 years A = weight loss, t = exposure time, and A and n are

constants that depend on exposure site and steel grade.

Copson [173] various marine ambient 16-1193 up to The corrosion rate depends on the proximity to sea.
atmospheres 18 years

Feliu [174, 175] various atmospheres ambient average 74.5, Analyses of 324 reports in literature and fits equations to
SD 113.7, the data (see subsection 3.4).

min 3.2, max 743
Knotkova [176] intermittent distilled 35 136 up to 30 days Results of laboratory tests in environmental chambers.

water spray

intermittent seawater 806
spray

Shastry [177] various sites ambient 2.5 - 10 typically 20 years The data fit the law log C = log A + B log t, where C =

corrosion loss in micrometers, t = time in years, and A and
B are constants. Values of A and B are given for various
sites.

Dechema rural ambient 10-50 various Typical data are given - much depends on the type of
Corrosion industrial 50-380 climate.
Handbookv ol sea coast 60-170volume 7 [7] 11111
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Table 9. Calibrated SMOGG corrosion parameters for carbon steel

Conditions Acute corrosion Chronic corrosion

Rate constant Characteristic Rate constant Characteristic

(pm yr 1) time (yr) (pm yre") time (yr)

Sat. Ca(OH) 2 at 30WC 0.3 1.6 0.01 ~=

Sat. Ca(OH) 2 at 50WC 1.5 0.2 0.005 ~,

NaOH at 300 C 1.7 0.15 0.05 3

NaOH at 50°C 0.7 0.5 0.005

NaOH at 80'C 22 0.09 0.005

NRVB at 50 0C 1.0 0.25 0.005
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Table 10. Stainless steel corrosion rates in aerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr')

Alexander [178] Pacific seawater ambient 302 stainless: 18 8 years Weight loss experiments were carried out in tropical
316 stainless: 4 Pacific seawater. Most of the weight loss was due to

pitting, rather than general corrosion (see Figure 35).
Little [179] seawater ambient -4 The corrosion rates were measured using

electrochemical techniques. The corrosion current, icorr
was not limited by mass transport; the corrosion rate
depends on the passive current.

Juhas [180] J-13 water 28 0.24-0.28 9000 hours The reference gives results for weight loss
measurements for 304 stainless steel in Tuff repository
water. Corrosion rates decreased in the presence of
radiation.

Kritsky [115] spent nuclear fuel ambient 0.1-0.5 340 days Corrosion rates were derived from weight loss
pond water measurements in pond water containing 2 ppm

dissolved salts, pH 5-9. Up to 8 pm yr-1 was recorded
with 12000 Gy/hr in aerated distilled water.

Morsy [83] 0.1M - 0.5M NaCI 90 10-130 up to Weight loss corrosion rate measurements of a steel
with 0.1 to 0.7M KCI 10 hours similar to AISI 304 increased with NaCI concentration.

additions KCI additions were inhibitive at low concentrations but
increased the corrosion rate at >0.4M KCI (Figure 36).

White [133] static immersion tests day: 40 120 days Solubility of oxygen in Dead Sea water is only 1-1.5 ml 1-1
Mediterranean night: ambient 0.55 compared to 5.4 ml I1 for normal seawater.

seawater
Dead Sea seawater 4.8
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Table 11. Stainless steel corrosion rates in anaerobic, neutral conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(Pm ye"I)

White [133] Mediterranean day: 40 0.9 120 days Static immersion tests under nitrogen atmosphere.

seawater night: ambient 0.8
Dead Sea seawater
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Table 12. Stainless steel corrosion rates in aerobic, alkaline conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr')

Blackwood [149] 0.1M NaOH 30 0.06 Passive current measurements above the oxygen reduction
50 0.18 potential. Electrochemical measurements tend to
80 0.82 overestimate the corrosion rate.

Kearns [181] 20%-70% NaOH 93 3-9 96 hours Weight loss measurements.
MacDonald [182] 0.3N KOH, ambient 304: 0.3 28 days Linear polarisation resistance measurements after 28 days

0.05N NaOH, 316: 0.6 of cyclic wet-dry testing.
3% NaCI, pH 13.3

Rabald [183] Ca(OH)2 + CaCO 3, 50 <0.3
NaOH, NaS

Rubinshtejn [1841 1% NaOH ambient 1-6 Exact composition of steels not checked because Russian
alloys used. CrNi(Mo) steels

Scarberry [185] 50% NaOH boiling -1500 Weight loss experiments on 304/316 stainless steel.
Sedriks [186] 50% NaOH boiling -6000 10 days Weight loss experiments.

Sorensen [187] mortar prisms ambient no CI': 0.01 to Passive current measurements for 304 and 316.
0.1

+ CI-: 1 to 100

Swandby [1881 0 - 100 wt% NaOH 0 to 400 < 25 to > 760 The corrosion rate data are shown as an iso-corrosion
chart, Figure 37.

Yasuda [48] 30% NaOH 117 900 0 Electrochemical measurements of the corrosion rate for 304
1 I_ I and 316 are shown in Figure 25.
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Table 13. Stainless steel corrosion rates in anaerobic, alkaline conditions

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr"')

Blackwood [149] 0.1 M NaOH 30 0.06 Passive current measurements above the oxygen
50 0.18 reduction potential.
80 0.82

Mihara [73] pH 10 - pH 13.5 0.01 Hydrogen evolution experiments.
Naish [189] 0.M NaOH 25-80 no gas detected Hydrogen evolution experiments.

Ca(OH)2/NaOH
pH 12.9

the above + 3.5wt% 25-80 <0.1 Weight loss; autoclave experiments.
CI

0.1M KOH + 10000
ppm, CI- under H2 up

to 10 MPa
Sedriks [186] 50% NaOH 316 1655 14 days Weight loss experiments.
Sharland [84] 0.1M KOH agar gel ambient 0.4-1.6 1200 hours Corrosion rates were derived from passive current density

measurements.
Wanklyn [190] anaerobic KOH, pH 270-280 surface 440 hours 18/8 stainless steels

10.7 to 11.2 roughening -
stress corrosion

main failure
mode

Yasuda [48] 30% NaOH 117 10-30 2 weeks 304/316. Weight loss measurement under hydrogen.
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Table 14. Results of 9.5 year exposure tests for 302 and 315 stainless steels in
concrete containing chloride (wt% cement); the chloride was added as CaCl2
to the mix water [90], showing corrosion rates in pm yr"1

% Cl in concrete 3021 3151

0 0.017-0.033 0.010-0.038

0.32 0.018-0.037 0.025-0.075

0.96 0.015-0.033 0.022-0.032

1.9 0.013-0.026 0.028-0.034

3.2 0.027-0.041 0.030-0.067

Notes

1. 302 composition (wt%):

315 composition (wt%):

cf. 316L composition (wt%):

Cr 17.8; Ni 8.8; Mn 0.78; Mo 0.18; C 0.096; Si 0.047;
N 0.02;P 0.021; S 0.023

Cr 17.0; Ni 10.1; Mn 1.64; Mo 1.42; C 0.056; Si 0.29;
N 0.03; P 0.03; S 0.009

Cr 17.3; Ni 12.35; Mn 1.87; Mo 2.14; C 0.041; Si 0.46;
N 0.22; P 0.03; S 0.007
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Table 15. Atmospheric corrosion of stainless steel

Reference Environment Temp (°C) Corr. rate Times Remarks
(pm yr 1)

Alexander [178] marine seashore ambient 302: 2.8 8 years Tests were carried out in the Panama canal zone.
316: 0

Baker [191] marine atmospheres ambient 26 years No general corrosion. Test specimens were assessed for
degree of rust, staining and pitting.

Johnson [192] New York ambient 304: 0.022 5-15 years 316 more resistant than 304.
atmosphere 304/316: <0.03

marine 304: 0.05-2
industrial/urban 316: 0.01

Kearns [193] various atmospheres ambient 304: -0.03-3 in 4-15 years Corrosion rate investigated as function of alloying in a
industrial/urban range of environments. Attack leads to surface tarnishing,

environment corrosion rate negligible.

Dechema various atmospheres ambient 0.05 Stainless steel hardly corroded in urban and marine
corrosion atmospheres, may be some pitting. Undersides more
handbook heavily rusted than topsides.

volume 7 [7]
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Figure 1. Effect of pH on aerobic corrosion of mild steel [194]
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Figure 2. A schematic diagram of the formation and transformation of the solid products of corrosion under different pH conditions at room
temperature: D - dissolution; Ox - aerobic oxidation in solution; Ox, - slow oxidation; Oxr - rapid oxidation; PP - polymerisation-
precipitation; DP - dissolution-precipitation [20]
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FIG. 9. The Eh-pH equilibrium diagram at 25°C and activity [CI-] = 0.35 mol I- for the
system Fe-GRI-y-FeOOH-H 2O-Cl•- GRI = Fe,(OH),Cl; ,/1(GRI) = -509,500 cal

mol'1.

Eh (v)
0.4 =

5 7 9 11 13 PH

Fic. 10. The Eh-pH equilibrium diagram at 25°C and activity [CI-] = 0.35 moll-' for the
system Fe-GRI-/-Fe203-H:O-C-. CR1 = Fe4(OH) 8CI;jto(GRI) = -509,500cal morl.
Hydrated magnetite, Fe(OH), 2FeOOH, is the compound from which the final product
Fe 3 _.O, (non-stoichiometric magnetite) is obtained. The diagram is drawn for x = 1/3,

i.e. the final product is maghemite y-Fe2 O 3 .

Figure 4. The Eh-pH equilibrium diagrams for iron in aqueous systems containing
chloride at 25°C [26]
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Figure 5. Corrosion rate of mild steel as a function of chloride concentration [105]
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Figure 6. Corrosion of mild steel in aerobic potassium chloride solutions of different
concentrations and temperatures [107]
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Figure 7. Mass loss of rotating disc mild steel specimens in distilled water at varying
temperature and oxygen concentration [33]
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Figure 8. Mass loss of rotating disc mild steel specimens in sodium chloride solutions
(35 ppm chloride) at varying temperature and oxygen concentration [33]
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Figure 9. Mass loss of rotating disc mild steel specimens in oxygenated sodium
chloride solutions at varying chloride concentration [33]
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Figure 11. Dissolution of iron in 3% NaCI as a function of temperature and of dissolved
oxygen. 16 hour test [111]
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Figure 13. Corrosion of steel versus depth after 1 year of exposure [42]
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Figure 15. Corrosion rate of carbon steels in anaerobic acid chloride solutions as a
function of temperature [43, 44]
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Figure 16. Corrosion rate of carbon steels in aerobic acid chloride solutions as a
function of temperature [43, 44]
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Figure 17. Comparison of corrosion rates for carbon steels in aerobic and anaerobic
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Figure 18. Typical hydrogen evolution rate-time curves (schematic) for low carbon steel
in anaerobic groundwaters, pH 7-10 [45]
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Figure 19. Average and standard deviation of hydrogen evolution rate for low carbon
steel in anaerobic groundwaters, as a function of pH for all media and
temperatures [104]
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Figure 20. Average and standard deviation of hydrogen evolution rate for low carbon
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Figure 21. Instantaneous corrosion rate measurements for mild steel in anaerobic neutral solutions, as a function of temperature
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Figure 22. Integrated corrosion rate measurements for mild steel in anaerobic neutral solutions, as a function of temperature
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Figure 23. Change in the corrosion rates with time of carbon steel in 0.43 g I"1 Ca(OH)2
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Figure 26. Gas-derived anaerobic corrosion rates for carbon steel in sodium hydroxide
with and without 3.5% NaCl at 30, 50 and 80 0C [170]
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500 C (negative gas generation rates determined from experimental results
are plotted as unfilled points at minimum rate for information)
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Figure 32. Comparison of gas generation results from SMOGG calibration with
experimental results [69] for corrosion of carbon steel in NaOH solution at
80°C (negative gas generation rates determined from experimental results
are plotted as unfilled points at minimum rate for information)
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Figure 33. Comparison of gas generation results from SMOGG calibration with
experimental results [69] for corrosion of carbon steel In NRVB at 500C
(negative gas generation rates determined from experimental results are
plotted as unfilled points at minimum rate for Information)
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Figure 34. Examination of potential Arrhenius relationship between calibrated acute
anaerobic corrosion rate constants for carbon steel and temperature
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Figure 35. Comparative corrosion rates of various stainless steel alloys continuously immersed in tropical seawater: A - type 410; D - type 302,
E - type 316, F - type 321 [178]
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Figure 36. Effect of NaCI concentration on corrosion of stainless steel at 900 C [83]
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Figure 37. Iso corrosion chart for type 304 and 316 stainless steels In sodium
hydroxide [188]
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Figure 38. Fit of passive current measurements for stainless steel in simulated
porewater [85] to an Arrhenius relationship
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