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This paper gives a review of several years of research on archaeological analogues in order to predict the
long term behaviour of the steel canisters or the reinforced concrete structures involved in disposal or
interim storage of nuclear wastes in France. This article aims at showing the specific methodology, the
complementariness with different other approaches and the complete integration of the research on ana-
logues in the frame of research programs on long term prediction. Archaeological sites on which field
measurement can be performed were referenced and described. A significant number of artefacts col-
lected from these sites was selected for study. Detailed chemical and microstructural characterisation
of the artefacts were undertaken by a combination of microbeam analytical techniques (lRaman, lXRD,
lRaman spectroscopy,. . .). Hypotheses on the corrosion mechanisms were then tested using specific iso-
topic markers during re-corroding experiments on analogues. Specific parameters were measured, allow-
ing crucial steps in modelling long-term corrosion of steel.
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1. Introduction

Natural and archaeological analogues [1,2] have been studied
many times in order to help the prediction of the behaviour of
ll rights reserved.
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ann).
the different parts of the multi-barrier systems that are envisaged
for disposal and interim storage of nuclear wastes (glass [3,4], met-
als as copper [5] and iron [6], cementitous materials [7], clay [8],
ceramics and glass ceramics [9], etc.). Nevertheless, except some
recent examples dealing with glass corrosion [10–12], their use
has been relatively limited for the material’s design itself [13].
They were actually more considered for benchmarking, for giving
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general tendencies or empirical models. This is particularly the
case for ferrous materials [14–19].

For nuclear waste disposal and interim storage in France, it is
envisaged that the waste will be encapsulated in a glassy matrix
encased within an inner stainless steel canister surrounded by an
outer container made of low alloy steel. It is asked to this overcon-
tainer to resist to degradation during about 1000 years [17,20–25].
The advantage of low alloy steel is that this material is only sub-
mitted to general corrosion processes, easier to predict than pitting
mechanism which occur on stainless steels. It is thus necessary to
evaluate the corrosion rates of low alloyed steel in such desaerated
environments. Moreover corrosion of low alloy steel in desaerated
water leads to H2 production. The effects of this production on the
entire storage system must also be evaluated. Furthermore, interim
storage facilities will be planned for periods of several hundred
centuries. In that case, after a period of relatively high temperature
and a progressive decrease of this parameter, wet/dry cycles will
occur on the low alloy steel overcontainer. This phenomenon will
render possible the alternating condensation and evaporation of
a water film, causing degradation due to atmospheric corrosion.
This degradation must be predicted in a reliable way. Another
use of ferrous alloys in the context of nuclear waste disposal and
interim storage is in reinforced concrete [26,27]. Numerous struc-
tures of the disposal facilities will be built using that material and
it is necessary to predict the effect of rebar’s corrosion on the
mechanical behaviour of the concrete. Lastly, in some particular
cases, reinforced concrete could be used as an overcontainer and
it is also necessary to predict its behaviour.

To that purpose, it is envisaged to set up a phenomenological
modelling of the corrosion processes, based on understanding of
the mechanisms which control the behaviour of the corrosion sys-
tem. The aim of the present paper is to enlighten the specific role of
archaeological analogues in that wide frame. The approach of cor-
rosion research on archaeological analogue is inspired by the phi-
losophy proposed by Miller et al. [1,2] and different
complementary aspects: benchmark, gathering of specific parame-
ters impossible to reach in laboratories and crucial for the model,
etc. The specificity here is that the research on analogues is com-
pletely integrated in the corrosion research programs dealing with
the design of the disposal and interim storage facilities.
2. Phenomenological modelling and archaeological analogues

Concerning very long-term corrosion, during the last decades in
Europe, archaeological analogues were only used to approximate
Fig. 1. (Left) Place of the archaeological analogues in the long-term corrosion behavio
adopted in France for archaeological analogues studies.
the average corrosion rates. In several cases [28], the corroding
environment was not even taken into consideration. Finer studies
focused on particular corrosion conditions in good agreement with
those linked to nuclear waste disposal but did not perform any
studies on the involved mechanisms. Some other were axed on
the electrochemical studies of several archaeological samples
[19], but, unfortunately, the corroding environment did not fit with
the one of the disposal or interim storage. More complete studies
including archaeological analogues in a wide corpus of artefact
tried to produce a general envelope curve of the corrosion rates
on the one hand and on local pitting penetration on the other hand
[14,15,17]. More recently, in France, the research programs on ana-
logues were totally integrated in studies dedicated to corrosion on
very long term, bringing original and new data to build models.

The phenomenological approach needs to understand the long-
term corrosion mechanisms at different scales [29,30]. These exper-
iments allow to perform precise measurements of the important
parameter evolution (pH, pCO2, pO2, alkalinity, etc.). They also allow
to realise electrochemical tests of the system, and to deduce corro-
sion rates and mechanisms hypotheses. However, crucial aspect of
corrosion, increased by the long term effect, is the role of the thick
corrosion product layer developed on the metal. This layer could
control many aspects of the mechanisms (transport, reactivity of
the system, anodic and cathodic reaction decoupling, etc.). Conse-
quently, the challenge of laboratory simulation is to recreate, by
imposing forced electrochemical conditions, the growing of thick
layers that must be representative of the reality. In that frame, the
archaeological analogues, presenting such thick layer naturally
formed during several 100 years are ideal to benchmark the labora-
tory simulation on the one hand and for measuring particular
parameter on the other hand. Nevertheless it must be verified that
the corrosion environment is as close as possible than the one of nu-
clear waste interim storage and disposal. Thus, in addition to the
laboratory measurement validation, measuring the thick layer’s spe-
cific parameters is the second axe of research linked to the archaeo-
logical analogues. It has been demonstrated that, for example, the
transport of species in the pore of the thick layer (more or less sat-
urated in water depending on the system) can totally control the
mechanisms. Moreover, some of the phases constituting the corro-
sion layer can be more or less conductive, allowing or not the trans-
port of electron from the metal to the surrounding environment.
This can drastically change the behaviour and the mechanisms that
control the corrosion rates. Thus, measuring these parameters on
archaeological thick layers becomes now an important aspect of
the research linked to the long-term corrosion prediction.
Reference
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Lastly, if all the crucial parameters can be measured on a cor-
roded archaeological system (constituted of the archaeological
artefact and the corroding environment) and if a corrosion mecha-
nisms can be proposed, a modelling of the system behaviour can be
attempted. The results of this modelling can then be compared to
the reality observed on the corrosion system. Consequently the
model can be validated but also the global methodology and phi-
losophy of the phenomenological modelling. This approach, based
on an integrated and independent research on the archaeological
analogues is for instance followed in France in the frame of the
ANR Arcor project, involving multidisciplinary research on the cor-
rosion mechanisms of complex archaeological system. Fig. 1 sums
up the specific methodology developed in France on archaeological
analogues in the frame of the general long-term corrosion predic-
tion studies.
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3. The reference sites: measuring accurate environmental data

Environmental parameters have strong influence on corrosion
processes at short and very long terms. Depending on their nature,
mechanisms change drastically. Thus, for this reason, a new ap-
proach has been decided, based on choice of reference sites, repre-
sentative of the specific conditions of nuclear industry. The choice
is based on different condition as:

– close environmental characteristics to a corrosion system linked
to nuclear waste interim storage and disposal;

– alteration periods of several 10 to several 100 years;
– the precise and reliable dating of the artefact of the site, linked

to a dedicated and adapted archaeological study;
– the possibility of sampling a wide range of artefact and to pro-

cess to destructive studies allowing to assess the different scale
of the corrosion system (transverse sections) or to re-corrode
the artefact (see below);

– the possibility to perform on field measurement of crucial envi-
ronmental parameters as RH, pH, pO2, pCO2, water composition,
at least on durations of about several years.

Table 1 sums up the various sites studied and the nature of the
measurements performed during the last 10 years in the frame of
the French research.

Concerning reference sites, a crucial step, is to model, taking
into account the parameters measured on field, the thermody-
namic domains of predominance of the different species and
phases that can form. For example, Fig. 2 shows the potential ver-
sus pH diagram with the water composition of the Glinet site (see
Table 1) [31]. The circle indicated the potential and pH values mea-
sured on the site. The calcium bicarbonate-type water and the high
Fe amount in the water induce an equilibrium between iron car-
bonates and oxides. The presence of these phases was confirmed
by fine physico-chemical characterisation on the artefacts sampled
on the site (see next paragraph).

This approach is systematically performed on each archaeolog-
ical reference site and needs sometimes to establish or precise
some thermodynamic data that are not available in the literature
(or are available with too low precision). Specific studies dedicated
to that point are then necessary.
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4. Fine physico-chemical description of the system: a
contribution to modelling

The second important step in the general methodology for
studying archaeological analogues is to characterise the different



0 2 4 6 8 10 12 14

-0,5

0,0

0,5

1,0

FeIII(OH)4
-

FeII
2(OH)2CO3

MagnetiteII,III

FerrihydriteIII

FeIIC2O4

FeIII(C2O4)3
-

Eh
 (V

/S
HE

)

pH
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parts of the corrosion system. Indeed, whatever the corrosion med-
ium is, this system can always be described as follows:

– the metallic substrate that remains uncorroded;
– the Dense Product Layer (DPL): this part of the system is char-

acterised by the iron corrosion product that formed a continu-
ous layer around the artefact;

– the Transformed Medium (TM): it is constituted of a mix of the
corrosion products and compounds coming from the surround-
ing environment (soil, binder,. . .);
Fig. 3. General layout of corrosion system on archaeological analogues and diff
microphotograph; (e) TEM microphotograph and associated diffraction pattern obtained
– the environment (E): constituted by the ‘‘unaltered” environ-
ment. Indeed, some iron species could have migrated in the
pores of this medium, more or less far from the corrosion sys-
tem. Moreover, in the case of concrete, it can be more or less
carbonated.

To propose a corrosion mechanism, for a given system, each
part must be characterised at different scales: from the macro-
scopic to the nanometric one (Fig. 3) [32]. First it must be verified
that the metallic core has a composition and a structure that are
comparable to those of the steel that will be used for the overcon-
erent characterisation scales: (a) binocular picture; (b–d) optical microscope
on the entire field [32].
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tainer. The ancient ferrous alloys never present Cr or Ni as alloying
elements. Consequently the only iron based analogues found in
archaeological contexts are those of low alloy steels. However,
some studies on meteorite could provide useful information about
the corrosion of stainless steels, in spite of the unknown corrosion
conditions in most cases. All the range of carbon contents can be
found in iron based archaeological artefacts, from relatively pure
ferritic iron (%C < 0.02) up to hypereutectoid steels (>0.8%) and
even cast iron for samples younger than the 14th c. in Europe. It
has to be noted that artefacts often present very heterogeneous
structures that allow to find in the same sample, various amounts
of carbon. That characteristic allows to study the behaviour of dif-
ferent steel kinds in the same sample. Nevertheless, because for-
mer ironmaking processes were performed at relatively lower
temperatures than contemporary processes [33], ancient ferrous
alloys could contain much more and larger slag inclusions than
contemporary steels. Nevertheless, because every artefact is very
heterogeneous, it is possible to find on every sample, zones with-
out any inclusion. So, as well as for the carbon, for the same sample
it is possible in a given environment, to study the potential effect of
the presence of slag inclusions incorporated into the metallic ma-
trix on the local mechanisms of corrosion. Furthermore, some min-
or elements as phosphorus [34] can be present in the metallic
substrate of ancient iron based artefacts. This element is avoided
in contemporary metal industry and it must be verified that it is
not present in objects considered as analogues.

The DPL is formed on the metallic substrate by the iron oxida-
tion. Its thickness can reach in certain cases several millimeters
(according to the nature of the environment and the age of the
sample). According to the nature of the phases which constitute
this layer and their electrochemical properties, its role in the
mechanisms of corrosion can be very different and the layer can
Table 2
Characterisation methods used for the study of archaeological analogues.

Method name Scale of analyse

Optical microscopy mm to lm
Scanning electron microscope coupled to energy

dispersive spectrometry
mm to lm

Electron probe micro analyses lm
Micro-X ray diffraction lm
Micro-Raman spectroscopy lm
Micro X ray absorption spectrometry under synchrotron

radiation
lm

Transmission electron microscope nm
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Fig. 4. EXAFS data obtained on iron containing phases present on archaeological sam
be more or less protective. That is why the detailed characteriza-
tion of these phases is an important step in the methodology. To
that purpose, different methods are coupled in order to precisely
locate and identify the constitutive phases on transverse sections
of the system. They are summarised in Table 2. The coupling of
these methods is needed by the fact that some phases, despite of
the same stoechiometry can have very different electrochemical
reactivity. This is for example the case of goethite (a FeOOH) and
lepidocrocite (c FeOOH) – see next paragraph. These two phases
can not be distinguished by using chemical analyses. Structural
investigations, as lXRD and lRaman spectroscopy are needed.
Moreover, some phases that also could play an important role in
some cases are very difficult to identify by the two latter methods
because they have a poor crystallinity and/or close crystallographic
parameters. This is the case for example of ferrihydrite, feroxyhyte
or of magnetite and maghemite. To distinguish them, it is neces-
sary to perform relatively fine characterisation techniques based
on the use of synchrotron radiation as lXAS (XANES and EXAFS
techniques) that allow to study the local environment of a given
atom at the micrometric scale [35]. Fig. 4 shows the example of
lEXAFS data that allow distinguishing maghemite from feroxyhyte
and ferrihydrite by comparison with reference spectra obtained on
synthesised powders.

Depending on the environment, the nature of the phases in the
DPL can be very different. For example in anoxic soils, the DPL is
formed mainly of carbonates and iron oxides [36] (Fig. 5a). At the
contrary, in concrete [37] or in the case of atmospheric corrosion
[38], the DPL is mainly constituted by iron oxihydroxides contain-
ing marblings of oxides or poorly crystallised phases (Fig. 5b and c).

The TM is formed by corrosion products which migrated in the
pores of the surrounding environment (soil or concrete). Depend-
ing on the local chemical conditions (pH, aeration), this migration
Information References

General layout of the system [37,38–40]
Layout of the system, local chemical
composition

[37,38–40]

Local composition [37]
Local structure, nature of the phases [35,38–40,51,53]
Local structure, nature of the phases [35,37–40,52,53]
Local environment of the studied atom, local
structure, identification of low crystallised
phases

[35,38–40,53]

Local structure and composition [38]
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Fig. 5. Corrosion layouts observed in different environments: (a) anoxic soils [49]; (b) concrete [37]; (c) atmospheric corrosion [38,50].
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can be more or less significant. Thus, its effect on the porosity char-
acteristics has to be studied.

It has to be underlined that, for reliable and representative re-
sults, because of the relative variability linked to the ancient sys-
tems, a significant number of samples (artefact) must be
analysed by coupling different techniques. Only this way of work-
ing allows to determine the most representative corrosion layout.
5. Validating mechanism

As said before, depending on the local porosity and the electro-
chemical properties of the DPL, the corrosion behaviour of the sys-
Fig. 6. (Left) Transverse section of the DPL of a sample corroded in hydraulic binder d
(Right) 18O/16O profile on that sample re-corroded during 18 and 35 weeks in water con
tem can be very different. For example, if the DPL is non
conducting (for example when it is constituted of iron oxihydrox-
ide as goethite or carbonates), the oxidant specie (oxygen in the
case of atmospheric corrosion or corrosion in concrete) must be
transported through the pores of the DPL before provoking the oxi-
dation of the metal (M) at the M/DPL interface. In that case, the
transport properties of the DPL, strongly linked to the nature of
the porosity, are crucial. On the contrary, if conductive phases
are present in the DPL and connected to the metal, they can trans-
port electrons and provoke the decoupling of the anodic reaction
(iron corrosion) and of the cathodic reaction (oxidant reduction).
The first reaction occurs at the metal/DPL interface, the second
one inside the DPL or even at its outer surface if the conductive
uring 350 years, Saint Gervais Church, Paris, Optical microscope microphotograph.
taining dissolved 18O [37].



Fig. 7. (Left) Permeation cell used to test the transport properties of thick archaeological layers. The membrane is constituted by the corrosion layer sampled on the analogue
[37]. (Right) Effective diffusivity tritiated water measurements made on an archaeological analogue: tritiated water diffusion flux (QL/C0, where L is the DPL thickness, C0 the
initial concentration in the upstream compartment, Q the quantity of tritated water that diffused through the membrane) in the downstream compartment of the diffusion
cell.

202 D. Neff et al. / Journal of Nuclear Materials 402 (2010) 196–205
phases connect this zone to metal. In that case, the transport prop-
erties of the DPL are much less crucial for the phenomenological
model. To discriminate these two cases, a step of the methodology
consists in corroding the archaeological artefacts with their former
corrosion layers. This is performed in the conditions determined by
measurements on the archaeological site (water composition, RH
cycles, etc.) and by replacing the oxidant specie (oxygen, water)
by isotopic markers. Thus, in aerated environments (atmosphere
and reinforced concrete), 16O, the most abundant oxygen isotope
in natural atmosphere is replaced by 18O. In anoxic environments,
H2O is replaced by D2O. After several months of treatment, samples
are transversely cut and the phases recently precipitated contain-
ing isotopes are detected and localised on the transverse section
using a nuclear microprobe. Fig. 6 shows the example of the
18O/16O profile obtained on the transverse section of a sample al-
ready corroded 350 years in hydraulic binder and re-corroded in
water containing dissolved 18O. The sharp increase of this ratio at
the M/DPL interface clearly shows that the oxygen migrated
through the DPL to oxydise the metal at the M/DPL interface. As
a consequence, in that environment, the transport properties of
the layer have to be taken into account for the modelling. Up to
now this isotopic labelling of the cathodic site has been carried
out for corrosion in soils [39,40], in reinforced concrete [37] and
for atmospheric corrosion.
Fig. 8. (Left) Reduction reactivity of the different phases identified in the corrosion
layers, %Qs: electron quantity of the iron from the initial phase that can be involved
in a reduction process when a current is imposed to that phase, Es/2: potential
measured when half of Qs is reached during imposed current experiment. The more
these values are high, the more the tested phase can be considered as reactive, m:
maghémite, M: magnetite, a1, a2: goethite, c: lépidocrocite, b: akaganeite, F:
ferrihydrite [42–44]. (Right) Reactivity measurements made on different archaeo-
logical rust samples taken on the Amiens cathedral [45].
6. Gathering of crucial parameters

As it was demonstrated in the precedent paragraph, the evalu-
ation of some physico-chemical properties of the different parts of
the corrosion system is crucial for modelling. For example, the
transport properties in the pore of the constitutive layers of the
corrosion system, that can be more or less saturated in water, is
a necessary step. In fact, the thin layers formed in the short term
during the simulations in laboratory are not representative enough
to estimate in a reliable way these parameters on the long term.
That is why it is necessary to collect these parameters on archaeo-
logical layers of corrosion.

Fig. 7 shows an example of the effective diffusivity of tritiated
water measured on thick archaeological corrosion layer separated
from the metallic substrate and put in a permeation cell. Using this
approach on a significant number of archaeological layers, effective
diffusivity coefficient have been determined for different species
and layer nature in saturated water [37]. This value is now inte-
grated in the numerical modelling. Work is pursued in the case
of unsaturated pores. A complementary approach to the effective
diffusivity is to determine the porosities of the different constitu-
ent of the corrosion system (DPL, TM and E). This has been done
using different methods as mercury porosimetry and BET experi-
ments [41].
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As indicated previously, besides measuring the properties of
transport of the DPL, it is crucial to estimate the electrochemical
properties of each of the phases of the system. Especially two
parameters must be evaluated: conductivity and electrochemical
reactivity. Indeed it has been proven that certain Fe3+ phases con-
stituting the rust layer could be reduced in specific conditions
(linked to RH cycle for example) and thus, provoke the oxidation
of the metallic substrate. To evaluate electrochemical reactivity a
combination of measurements performed on the ancient rust lay-
ers and on reference powders synthesised in laboratories can be
undergone. Fig. 8a shows the compared reactivity of different iron
oxides and oxihydroxides reference powders. This reactivity is
evaluated by galvanostatic measurements, comparing the reduc-
tion potential (E/V) and the current quantity necessary to totally
Fig. 10. 2D modelling of the concrete (3 cm concrete cover) cracking caused by the cor
pattern at different times. Blue zones: damage equal to 0, red zones correspond to a dama
the reader is referred to the web version of this article.).

Fig. 9. (Left) Drying kinetic of the binder used in the Perret’s water tower (France) at
corrosion modelling of samples taken from the Perret’s water tower, Saclay (France) [46
reduce the studied sample (%Qs) [42–44]. The same test was per-
formed on different samples submitted during several centuries
to indoor atmospheric corrosion (Fig. 8b) [45]. In a comparable
way, other parameters as local conductivity, effect of grain sizes,
presence of nanolayers can be studied by combining experiments
on reference phases and archaeological analogues. This is per-
formed in different French laboratories in the frame of the Arcor
project.
7. Modelling and benchmarking

Two complementary philosophies are followed for modelling.
The first way of doing is to model the behaviour of the system
rosion of rebars. View of the transverse section of the rebar. Evolution of the crack
ge equal to 1 [47] (For interpretation of the references to colour in this figure legend,

the cover depth corresponding to the rebar location (L = 4 cm), (right) long-term
].
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formed by the archaeological analogues in order to evidence the
most influent parameters on the corrosion rate, that must be deter-
mined as precisely as possible for the phenomenological and
numerical modelling in the frame of nuclear waste interim storage
and disposal. For example, Fig. 9 shows the results of the modelling
of the corrosion of a reinforcement embedded in 10 cm concrete in
the water tower of the CEA Saclay. Taking into account the poros-
ities measured in the concrete and in the DPL and the effective dif-
fusivity of oxygen measured on corrosion layers formed on
archaeological artefacts, considering that oxygen must migrate
through the porous DPL to provoke the corrosion of the substrate,
the metal loss was modelled with or without DPL. RH cycles in the
system were modelled using the meteorological data. The protec-
tive role of the DPL layer is clearly evidenced [46].

The second possibility that offer archaeological analogues is to
help to gather specific parameters, linked to the long-term corro-
sion systems that are impossible to assess by another way. These
parameters (as the DPL porosities, the diffusivity of some species
in the pores, the reactivity of constitutive phases,. . .) can directly
be put in the complex phenomenological models developed by
other laboratories. For example, Fig. 10 shows the results obtained
by the finite element model of concrete cracking under the effect of
the rebar corrosion [47]. To model the growing of the corrosion
layer, mechanisms and parameters (oxygen diffusivity, etc.) estab-
lished on archaeological analogues have been used.

8. Conclusions and perspectives

This short review aimed to present the methodology and the
philosophy of studies carried out in France on archaeological ana-
logues to predict very long-term corrosion of different elements of
the multi barrier envisaged for waste interim storage and disposal
in this country. It has been showed that the studies are based on
archaeological reference sites, on which environmental parameters
can be measured. Moreover the fine analyses of transverse section
of artefacts gathered on these reference sites allow to propose
mechanisms. These mechanisms can then be validated by specific
experiments on archaeological artefacts using isotopic tracers or
electrochemical methods.

Next years, research will focus on the role of specific phases or
protective layers at nanometric scale and on the studies of their
properties. Moreover, new corrosion systems are going to be tested
as the complex interaction between glass, ferrous alloys and clay.
This will be achieved by looking on specific glassy slag produced
by former ironmaking processes that can be found on production
sites. For this new system, the same methodology will be followed,
combining thermodynamically modelling and fine characterisation
studies of the corrosion system.
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