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Abstract 
 
With the envisaged concepts of long term storage and underground disposal of high level 
radioactive waste, corrosion science has to face a new challenge: to obtain reliable behaviour 
predictions over very long periods of time, up to thousands of years. For such durations, the 
development of mechanistically based models becomes an absolute necessity. In France, the 
first candidate materials considered for the containers of high level waste are low alloy steels 
because of their relatively low sensitivity to localized corrosion, when compared, for example, 
to passive materials : this characteristics makes their corrosion behaviour less difficult to 
predict. 
In this mechanistic modelling, numerous physicochemical steps have to be taken into 
consideration, such as chemical and/or electrochemical reactions, solid state diffusion of point 
defects, liquid state diffusion of chemical species in oxide pores, etc. However, since the 
complex links between all these steps highly depend on the nature and on the characteristics 
(porosity, conductivity, protectivity, etc.) of the corrosion products, the first stage before the 
model construction is to obtain experimental data on this phenomenology in the very near 
environment of the metal. At the opposite, once a model constructed, it is necessary to 
compare its predictions to field experience, and to verify that the mechanisms and 
phenomenology retained in the model remain unchanged over very long periods of time. 
In the various stages of a progressive iterative model improvement, the examination of 
archaeological objects is liable to provide useful information. The considerable interest of 
such objects, in this context, comes from the long duration of the contact with a natural 
environment, a duration of the same order of magnitude as the one considered for high level 
waste storage. However, the differences between the ancient materials and the modern ones 
and also the poor knowledge about the initial conditions and about the variation of the 
environmental factors with time make this investigation very delicate. It is shown in this paper 
that, provided that sufficient care is taken, detailed analyses of archaeological artefacts, along 
with considerations relative to the morphology and the solubility of the corrosion products, 
are liable to give valuable indications about the possible mechanisms and about the long term 
corrosion kinetics. 
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1) Introduction 
 
The large variety of situations encountered in corrosion and the complexity of the phenomena, 
which involve numerous interconnected physicochemical steps, makes modelling and 
behaviour predictions very difficult. This is probably the reason why corrosion models are 
still often semi-empirical, which restricts considerably the possibilities of extrapolations. With 
the concepts envisaged now of long term storage and underground disposal of high level 
radioactive waste, corrosion science has to face a new challenge: to obtain reliable behaviour 
predictions over very long periods of time, up to thousands of years [1-3]. For such durations, 
the development of mechanistically based models becomes an absolute necessity. Moreover, 
for the construction and the validation of these models, laboratory tests are no longer 
sufficient: a strong need appears of detailed examination of objects corroded for a long time. 
Archaeological analogues could provide such information but the differences between the 
ancient materials and the modern ones and also the usually poor knowledge about the initial 
conditions and about the variation of the environmental factors with time make the use of this 
information rather delicate. The aim of this paper is to give a few examples of possible 
contributions of archaeological analogues to the understanding and modelling of long term 
corrosion processes. The examples of modelling will be chosen among the studies performed 
currently in France [2-3] to predict reliably the behaviour of metallic materials in long-term 
surface storage and/or in underground disposal. 
 
2) Uniform corrosion and localized corrosion 
 
Figure 1 shows examples of interface morphologies observed on archaeological analogues 
corroded in soils. 
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Figure 1. Examples of interface morphologies observed on archaeological analogues 
corroded in soils (16th and 12-13th century AD) [8-9]. In the case of figure 1a, 
metallic iron is covered with a broad layer of siderite (FeCO3 with 1-4 %weight Ca) 
surmounted by magnetite Fe3O4 and sulphides. 

 
As illustrated, uniform corrosion is not the only corrosion form liable to be encountered in the 
conditions of surface storage or underground disposal. Localized corrosion, such as pitting, 
can also affect the materials. This latter corrosion form is still more difficult to model and to 
predict than uniform corrosion. Since passivating alloys, such as stainless steels or nickel base 
alloys, are more prone to localized corrosion than low alloy steel, this latter material is 
envisaged presently in France for the containers of high level radioactive waste or spent fuel 
during underground disposal in deep clay geological formation. Thus, ferrous materials are 
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expected to be used in far future, as they were also used in ancient past. However, though 
much more resistant, low alloy steels are not completely immune to pitting. For this reason, a 
detailed analysis was performed of a large number of low alloy steel or cast iron objects that 
were in contact with soils or water for durations up to 30 years. Laboratory results were also 
included in this analysis. It was shown that the evolutions of both pit depth and mean 
corrosion depth with time could be fitted by decreasing power functions and that the pit depth 
decreased more rapidly than the mean corrosion depth. So, localized corrosion becomes, with 
time, less and less significant, compared to uniform corrosion. An empirical envelope law was 
derived [4], linking the pitting factor P (ratio of the maximal pit depth to the mean corrosion 
depth) to the mean corrosion depth X by a decreasing power law: as shown by figure 2, all the 
available results give dots lying systematically under the envelope curve. Such a behaviour 
gives a mean for predicting the risk of pitting corrosion but it has still to be more reinforced 
for very long durations by systematic examination of archaeological objects. Moreover, the 
physicochemical basis for the empirical envelope law has still to be clearly elucidated. 
Mechanistic modelling is currently in progress for evaluating the nature and the 
concentrations of chemical species in the confined medium of a crevice in iron as function of 
the geometric characteristics of the crevice and of the chemistry of the outside medium [5]. 
This study, which gives also access to an estimation of the propagation rate for extreme 
chemical conditions, could help in the theoretical validation of the empirical law. 
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Figure 2 Evolution of the pitting factor in function of the average corrosion depth. Results 

obtained for different carbon steels or cast iron in contact with various soils or 
waters [4] a) data compiled in [4] b) data compiled by JNC [6]. 

 
3) Atmospheric corrosion 
 
In the case of an initial surface or subsurface storage before a possible disposal in a deep 
geological formation, the nuclear heat produced by high level waste or by spent fuel will 
maintain the surface of the low alloy steel containers very hot during many years [7]. Such a 
situation is even looked for, since the corrosion to which the steels are submitted in these 
conditions, the so called "dry corrosion", is, rather paradoxically, much slower than the 
corrosion at lower temperature, when water can condense at the surface of the steel. This 
relative slowness is due to the formation of a protective oxide film which acts as a diffusion 
barrier, the corrosion rate being controlled by solid state transport of point defects. Such a 
process is expected to affect a metal depth of less than a few micrometers in 100 years but, 
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unfortunately, no natural or archaeological analogue seems to be available to confirm the 
prediction for hundreds of years. 
When the temperature at the surface of the container will be sufficiently low for water to 
condense, another corrosion phenomenon will take place, usually known as "atmospheric 
corrosion". In this highly complex process, several solid corrosion products of various natures 
and also cycles of wet oxidation followed by dry oxidation are involved. The corrosion 
product layers are porous and wetted by an aqueous electrolyte during the stages of aqueous 
oxidation. The severity of this type of corrosion is attributed to the presence of the aqueous 
electrolyte and also to the participation of the solid corrosion products to the corrosion 
reactions. Though the phenomenon be known for many years and the damage be well 
predicted by power functions of time for periods of a few tens of years, no mechanistic 
approach were undertaken, before a recent and original CEA work [10-14], to elaborate a 
complete mechanistic model aiming at a reliable multicentury behaviour prediction.  
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Figure 3. Schematic representation of a wet - dry cycle (after [15]) in atmospheric 
corrosion [11]. Corrosion rates of iron consumption and of oxygen consumption 
as function of time.  

Figure 3 provides a key for understanding atmospheric corrosion, at least in its general trends. 
It shows schematically the evolution, during a wet - dry cycle, of the rate of iron loss by 
oxidation and of the rate of oxygen loss by reduction. Two peaks are evidenced for the rate of 
iron consumption, one during the wetting stage and one at the end of the "wet" stage, but only 
one peak is observed for the consumption of oxygen, associated with the iron peak at the end 
of the wet stage. This suggests that the oxidant of iron at the end of the wet stage is dissolved 
oxygen but that another oxidant than oxygen is involved for the oxidation of iron during the 
wetting stage. This other oxidant was found to be the lepidocrocite γ-FeOOH, which oxidizes 
metal iron to Fe2+ cations by reducing itself to a reduced form γ-Fe.OH.OH. This reduced 
form is later reoxidized during the drying stage. Thus, lepidocrocite acts as a sort of carrier for 
oxygen in a cyclic oxidation - reduction process that is the main characteristic of atmospheric 
corrosion. The modelling work in progress [10-14] started from the morphological, physical 
and chemical analyses of the rust layers presents on archaeological analogues to propose a 
simplified model of porous rust layer, mainly composed of lepidocrocite γ-FeOOH and of 
goethite α-FeOOH, covered with a film of aqueous electrolyte (see figure 4). 
Figure 5 explains schematically the way in which the reduction of γ-FeOOH during the 
wetting phase is modelled. The reduced form γ-Fe.OH.OH of lepidocrocite being an 
electronic conductor while the oxidized form γ-FeOOH is insulating, the reduction front can 
only move progressively along the pore walls from the iron at the inner interface to the outer 
interface. 
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  a b 
Figure 4. The rust layer [11].  

a) SEM micrograph of a 150-year old rust layer sample [10-12].  
b) Sketch of the rust layer and the electrolyte film simplified models. L and d are 
the rust layer and electrolyte thickness, respectively.  

 
The slowing down of the iron consumption rate at the end of the wetting phase is attributed to 
the end of the reduction of γ-FeOOH. The diffusion of oxygen dissolved in the aqueous 
electrolyte present in the pores of the rust layer is then involved in the corrosion process of the 
wet phase and the increase in rate at the end of this stage is attributed to the decrease of the 
diffusion length due to the electrolyte evaporation. The following rate decrease is due to the 
precipitation of solid products in the pores and the transition to dry oxidation. This 
representation is very simplified and efforts have still to be made for a better simulation of 
real long term processes. 
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  a b 
Figure 5. Sketch of the progression of the reduction front during the wetting stage in 

atmospheric corrosion [11].  
a) A monolayer is "filled" from the pore wall to some monolayers deep. 
b) When a plan of a monolayer thick and some monolayers deep is reduced, the 
plan above reduces in its turn, following the same process and thus progresses the 
reduction front.  
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In this search, archaeological analogues can be a useful tool since they can carry sort of 
fingerprints of corrosion mechanisms. An example is given by the evolution with time of the 
ratio α - FeOOH (goethite) / γ - FeOOH (lepidocrocite) (figure 6). This ratio could be a key 
for the understanding of long term corrosion kinetics, which could be explained as follows. 
The stable form of the oxyhydroxide FeOOH is goethite, which is insulating and 
electrochemically inactive. Thus, if, progressively, over long periods of time, lepidocrocite is 
transformed into the stable form goethite, the cyclic corrosion process presented above, 
involving successive reductions and oxidations of lepidocrocite, could be inhibited, which 
would results in a slowing down of the global corrosion rate. 
 

 
Figure 6. Evolution of the ratio α - FeOOH (goethite) / γ - FeOOH (lepidocrocite) in the 

corrosion products for indoor atmospheric corrosion [10-13]. CS/WS : results of 
tests in climatic chamber.  

 
4) Corrosion in soils 
 
For underground disposal in a deep clay formation, steel will be in contact with the clay of the 
site or with the clay of an engineered barrier. In this case also, mechanistic modelling aims at 
corrosion behaviour prediction over very long periods of time. The chemistry of the medium 
is involved in the processes via the nature of the solid corrosion products, such as siderite or 
calcite, liable to be formed at the surface of the steel (see, for example figure 7). It is also 
involved via the solubilities of the products. The overall situation is highly complex and 
numerous data remain to be specified. For example, in some cases, especially at relatively 
high temperatures (90°C), a very thin protective (non porous) oxide barrier seems to form, 
through which the transport of chemical species can only occur by solid state transport [16]. 
In this case, the modelling of this transport is similar to the one occurring in dry oxidation. 
However, in other cases, at lower temperatures, the transport in liquid phase through pores in 
the corrosion product layers seems to be the main kinetic step involved in the corrosion 
process [17]. One of the main information liable to be provided by archaeological analogues 
in this field is a rough evaluation of corrosion kinetics of ferrous materials for very long 
period of time [8-9] [18-19]. For this objective, it is necessary to be able to calculate mean 
corrosion rates for similar materials exposed to similar media for different durations. When 
applied to modern materials in the situation of underground disposal, the results obtained with 
this method are only indicative since the materials and the media are different. Moreover, 
since the initial dimensions of the archaeological objects are often not known, only 
calculations from the analysis of the corrosion products and of the soil near the object can 
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provide an estimation of the metal loss. One of the difficulties of this method is that a given 
fraction of iron was possibly released far away from the metal surface and that this fraction is 
a priori not known. Attempts were made [8] [9] to calculate an upper bound for the error 
made in neglecting this release. In this calculation, it was assumed that dissolved iron cations 
were released by a process of instantaneous dissolution and of rate controlling convection, so 
as a maximal value of the release rate could be calculated from the knowledge of solid 
corrosion product solubilities (coming from thermodynamic data) and of water flow rates in 
the soil. It was found that, in oxidizing conditions and in the absence of siderite (see figure 7), 
this error was negligible. However, the study revealed also that in reducing conditions, and 
even in oxidizing conditions for siderite, the error was liable to be significant. These 
unexpected results emphasize the need for more knowledge about corrosion in reducing 
conditions in soils and on the formation conditions of siderite. 
 

 
  a b 
Figure 7. Potential-pH diagrams for the systems iron – water – oxygen. (a : [Fe]total = 

10-5 mol.L-1) and iron – water - carbon (b : [Fe]total = 10-5 mol.L-1, [HCO3
-] = 

1,12.10-2 mol.L-1) [8-9] [18].  
 
Examinations of archaeological materials coupled to thermodynamic studies can provide 
other useful information, acting as guides for understanding corrosion mechanisms. Another 
example of this kind of "fingerprint" already mentioned above is given by the marble-like 
patterns often observed on sections of iron corrosion products (figure 8). Striations of 
magnetite - maghemite Fe3O4 - γ-Fe2O3, but also of calcite CaCO3 and of siderite (Fe,Ca)CO3 
are often observed inside a goethite phase γ-FeOOH. The presence of phases in which iron 
has partially the valence 2 inside a phase where it is at the valence 3 is a priori surprising 
since it is in opposition with the classical and logical observation of a succession of a 
regularly increasing valence state from the iron of the inner interface to the outer interface. 
Figure 9 illustrates an attempt to explain these surprising valence inversions inside the 
corrosion product layer [8-9] [18]. During the growth of this layer, the restricted transport 
through the porosity originates concentration gradients and thus pH gradients and redox 
potential gradients. So, the stabilities of the solid phases and also their solubilities vary in 
space as function of the distances to the interfaces. If, under applied or internal mechanical 
stresses, cracks are formed inside the layer, they can be filled with aqueous solutions liable, in 
the local conditions, to precipitate a new phase. Such repeated processes could originate the 
marble-like patterns of figure 8.  
Other clues for mechanisms, liable to be provided by archaeological analogues, remain to be 
more thoroughly examined, such as the presence in the inner layer of inclusions coming from 
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the metal and/or from the soil, presence that can reveal the sites of edification of the corrosion 
product layer. 
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Figure 8. Marble-like patterns observed on sections of iron corrosion products [8].  
a) Section of an iron archaeological object (Montbaron, Indre, France, 12th-
13th century AD).  
b) Synthetic sketch of the morphology and composition of corrosion products in 
the Montbaron site.  

 
Some clues may also be obtained from the results of laboratory experiments on corroded 
archaeological objects, such as oxidation in climatic chamber or diffusion of electrolyte 
through the porosity of the corrosion product layers. 
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Figure 9. Corrosion mechanisms of iron archaeological objects in aerated soils at pH 8 [8]. 

a) Variation of the electrode potential inside the dense corrosion product layer 
from the inner interface (1) to the outer interface (3).  
b) Synthetic sketch of the long term corrosion phenomena for iron in soils (the 
figures 1 to 3 refer to the dots of figure 9a. M refers to metal, DPL to dense 
products layer and TM to transformed medium). 

 
5) Corrosion in cementitious environments 
 
In surface storage and underground disposal, some ferrous materials, such as that used for the 
rebars in reinforced concrete structures, will also suffer from corrosion in cementitious 
environments. For this type of corrosion, the mechanism begins with a stage of slow 
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degradation during which, because of the high pH, the metal remains passive. Then, as a 
consequence of the alteration of concrete, due especially to carbonation by carbon dioxide, a 
transition occurs from the passive state to the active state: the growth rate of solid corrosion 
products increases. When the depth of the corrosion products layer becomes sufficient, the 
mechanical stresses generated may lead to the cracking of concrete and, consequently, to a 
easier transport of chemical species through concrete, leading to a further enhancement of the 
corrosion rate. 
In this type of corrosion also, as in atmospheric corrosion (§ 3), though the phenomena are 
known for many years, the attempts to elaborate a complete mechanistic model, aiming at a 
reliable multicentury behaviour prediction, are recent [20]. The approach is based on the 
analysis of ancient ferrous artefacts embedded in carbonated binders [21-22]. The model 
developed in [20] includes two units, relating to two diffusion zones observed on the artefacts: 
in a first unit, reactive transport in concrete porosity is modelled, the local thermodynamic 
equilibrium being assumed to be respected and, in a second unit, the corrosion of iron in the 
presence of a thin porous layer of solid corrosion products is modelled, in a way not very far 
from that of [11] for atmospheric corrosion (§ 3). 
 
6) Conclusion 
 
The brief illustrations presented in this paper suggest that detailed investigations using 
archaeological analogues are liable to provide useful information for the mechanistic 
modelling of long term corrosion behaviour of ferrous materials. They reveal also that this use 
is a very difficult task. The information is often rich and valuable but needs much care to be 
interpreted. Since, in the ancient and in the modern (and future) situations, a lot of conditions 
are different, only general "fingerprints" are liable to be relevant. The main difficulty is to 
screen efficiently the numerous interconnected clues in order to detect what is liable to be 
sufficiently general to be applicable. Combinations of this approach with theoretical, 
especially thermodynamic, calculations and also with laboratory experiments with 
archaeological artefact will probably help in this delicate but essential investigation. 
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