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This paper deals with an analytical study on ferrous reinforcements embedded in hydraulic
binders found in ancient buildings from the Middle Age period to the beginning of the 20th c.
AD. The study of these kind of archaeological analogues is necessary to improve the
knowledge on the long-term corrosion of low carbon steels that could be used in concrete to
build the substructure of nuclear wastes reversible storage facilities. The corrosion system can
be described as a multi-layer pattern made of the metal, a dense corrosion product layer, a
transformed medium and a binder. All the morphological and physicochemical properties as
composition, structure and porosities of these different parts were studied with different
analytical methods as optical and electronical microscopy, EDS coupled to SEM, EPMA,
mercury porosimetry, micro Raman spectroscopy and micro Diffraction under Synchrotron
Radiation. Moreover, average corrosion rates were evaluated by two different methods. These
rates are relatively low compared to the same parameters measured on low alloyed steels
immersed in aqueous environments and are comparable with results obtained for passivated
systems.
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Introduction

So far, it seems that archaeological analogues corrosion system has only been studied in
details in two media: atmosphere and soils. Dillmann et al. [1] observed indoor atmospheric
corrosion on archaeological analogues: apparently two layers are present, the outer made of
lepidocrocite and the inner of goethite and magnetite. Several authors studied corrosion in
soils [2-5] and a multilayer system was noticed (described later in this paper). The corrosion
products are mainly goethite, with magnetite or maghemite marblings. However, to our
knowledge, no published studies give detailed results on the corrosion of ancient iron artefacts
in binders. The study of Duffó et al. [6] has to be mentioned. On a sixty five years old
reinforced concrete sample, these authors observed corrosion products made mainly of
magnetite close to the rebar and a mix of goethite and calcite in the external zone of these
corrosion products. Unfortunately, these authors only use macroscopic structural
characterisation methods that do not permit to confirm without any doubt the microscopic
localisation of the phases (as magnetite and goethite) only deducted from SEM investigations.

Moreover, in the specific case of ancient artefacts (i.e. before the 20th c.), two binder types
might be encountered: hydraulic or aerial binders. Actually, aerial binders harden by reacting
with atmospheric CO2 (for instance plaster, CaSO4, 1/2H2O; several kinds of lime, for
instance air-slaked limes Ca(OH)2) whereas hydraulic binders (for instance hydraulic limes
[7] and cement) harden by hydration. In those hydraulic binders, two corrosion states can be
observed, described further in other studies [8-11]. A mortar is made by mixing lime, cement,
or plaster, with sand, water, and sometimes other materials (as blast furnace slag). Main
differences between mortars and cements are their workabilities, formulations, and aggregate
sizes.

In this study, classical metallographic observations using different etching reagents allow us
to compare the ancient artefacts with the candidate steels that will be used to reinforce nuclear
concrete structures. Then, the different parts of the corrosion system are studied in order to
evaluate composition, structure and porosities. For these observations, classical methods as
optical and electronical microscopy, Energy Dispersive Spectrometry (EDS) coupled to
Scanning Electron Microscope (SEM), Electron Probe MicroAnalysis (EPMA) are used.
Moreover, less usual techniques as micro-Raman spectroscopy and micro-Diffraction under
synchrotron Radiation (µXRD) allow us to attempt the structure of the corrosion products at
the microscopic scale. A general description of the ancient corrosion system and specific
vocabulary will be given. This vocabulary was already proposed in the literature to describe
corrosion systems formed on archaeological artefacts in soil [4, 5], and more recently in
binders [12]. Then, average corrosion rates are evaluated. All these parameters are discussed
in the third part of this paper.

Experimental corpus and Methods

Twenty five artefacts coming from different buildings, dated from the Middle Age period to
the beginning of the 20th. c. AD., have been studied (Cf Table 1). Indeed, even in ancient
times, iron and steel clamps were sometimes massively used to reinforce the mechanical
structure of the buildings [13-15]. Each time it is possible, the whole corrosion system (metal,
rust and binder) is sampled and studied. Unfortunately, on some buildings, the entire system
could not be sampled. Indeed, Qutb Minar, Conciergerie and Saudreville binders are not
studied here. For Tour des Latrines samples, stones were bedded with mortar in which
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metallic reinforcement were found, hence, the corrosion medium is made of both stone and
mortar.

Table 1: List and characteristics of the samples

Buildings Sample
reference

Part of the system
that is sampled

Age
(years)

TL02a Rust
TL02b Rust, binder
TL02c Binder (mortar)
TL02d Binder (stone)
TL02f Rust
TL06

Palais des Papes, Tour des Latrines –
Avignon (France)

TL10
Metal

660

Qutb Minar – Delhi (India) Qu01 Metal, rust 650
VIN01 Metal, rust, binder
VIN04a Binder

Château de Vincennes, Dungeon –
Vincennes (France)

VIN04b Rust
630

Cathedral – Rouen (France) Re01 Metal, rust, binder 500
Conciergerie Hotel – Paris (France) Co02 Metal, rust 450

GR01 Metal, rust, binder
GR02 BinderSt Gervais church – Paris (France)
GR03 Rust

350

Saudreville Hotel – Paris (France) SA01 Metal, rust 250
GN01 Metal, rust, binder
GN02 BinderSte Geneviève Abbey – Paris (France)
GN03 Rust

250

RA01 Metal, rust, binderRaincy Church – Raincy (France)
RA02 Binder

80

CEA1 Metal, rust, binderWater tower – Saclay (France)
CEA5 Binder

50

Methodology

A first set of objects is freeze dried to perform mercury porosimetry (Micrometrics Autopore
III 9420, driven by win9400 software for pressures between 3 kPa and 412 MPa) or to be
crumbled and mixed with distilled water to evaluate binder interstitial solution pH. The
second set is mounted in epoxy resin. Finally, the sample is cut to obtain cross sections. Films
thinner than 50 µm are also prepared from cross sections for µXRD experiments executed in
transmission mode. Samples are polished with diamond paste (3 and 1 µm) for observation by
optical microscope (OM). Before etching, the slag inclusion distribution in the metallic matrix
is observed, giving information on the metal heterogeneity. The OM is also used to study the
morphology of corrosion products around the metal. Secondly, after etching with 2% Nital,
the metallographic structure of the substrate is revealed.

For the composition analysis several techniques have been employed. The first one is the
Energy Dispersive Spectroscopy (EDS), directly coupled to the Scanning Electron
Microscope (Accelerating voltage : 15 kV). The Si(Li) detector used for these analyses is
equipped with a thin beryllium windows that permits to detect and quantify oxygen with a
good accuracy (about 1% relative error on iron oxides standards). The Electron Probe
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Microanalysis (EPMA) is specially used to analyse minor elements in the metallic matrix. A
2x2 µm² beam with an accelerating voltage of 15 kV (intensity 40 nA) is focused on the
sample. Composition profiles can be obtained by analysing the average composition of
rectangular areas that are parallel to the metal/oxide interface thanks to EDS. Considering
successive areas, average composition profiles can be measured. This method is chosen in
order to avoid the local variation due to the presence of granulates or other local
heterogeneities in the corrosion system. Indeed, the rectangle area (about several hundreds
µm2) is chosen in order to obtain a constant composition value in the binder, independent of
the local compound variation. Linear content profiles could also be obtained by EDS or
EPMA analysing composition of several plots on a line.

The local structure of corrosion layers is determined by two complementary methods: the X
Ray microdiffraction (µXRD) and the micro Raman spectroscopy (µRaman). µXRD
experiments were conducted on the D15 beamline at the Laboratoire pour l'Utilisation du
Rayonnement Electromagnétique (LURE) at Orsay, France. The detailed set-up is described
elsewhere [16-18]. µRaman analyses are performed on the classical polished cross section
using a Jobin Yvon-Horiba LabRam Infinity spectrometer and a frequency-doubled Nd:YAG
Laser at 532 nm. Spectral resolution of this set-up is about 2 cm-1. This set-up description can
be found elsewhere [4, 19].

Results

It seems that the general pattern encountered on archaeological corroded metallic
reinforcements in binders is relatively similar to the system already observed on ancient
ferrous artefacts corroded in soils [18, 20], i.e. made up of a multi-layer structure (Figure 1).
For this reason, the same terminology as the one proposed by Neff et al. will be used to
describe the corrosion system: the metallic substrate (M), the dense product layer (DPL), the
Transformed Medium (TM) and the Binder (B).

iron oxides and oxi-hydroxides

from 1 to 10 mm

 Binder (B)

aggregates

Metallic
substrate (M)

Transformed Medium
(TM)

quartz
Dense Product
Layer (DPL)

from 0.1 to 10 mm

DPLM TM B

5 mm

Figure 1: Macro photograph of a cross section (GR01) and schematic section f the corrosion
system (M: metal; DPL: Dense Product Layer; TM: Transformed Medium; B: Binder).

Metallic substrate
The Metallic substrate (M) is the uncorroded part that remains on the original metallic object.
OM observation reveals that all the structures studied on the metallic cores are made up of
hypoeutectoid steels. It has to be noticed the heterogeneous composition of archaeological
iron (easily explained by the age of the samples and the evolution of ironmaking processes
[21, 22]).
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Dense Products Layer
The Dense Product Layer (DPL) appears darker under OM compared to the metal. This zone
does not contain aggregates from the binder. Typical marblings (Figure 2) can be observed in
the DPL of all the samples studied by OM and SEM. In general, the matrix of the Dense
Product Layer appears darker under OM than veins and the latter are parallel to the Metallic
Substrate/Dense Product Layer interface. However, on some samples, veins are so numerous
that the DPL is formed by an interconnected network of two phases (on TL02a and TL02b
samples for example).

I
a)

M

DPL
I

I

I

marblings

cracks

Figure 2: Marblings and inclusions on DPL (M) Metal; (DPL) Dense Product Layer; (I)
inclusion (GR01 sample; SEM)

Moreover, this layer is more compact than the more external layers (Transformed Medium
and Binder) but it is nevertheless relatively porous and cracked (Figure 2). Most cracks are
parallel to M/DPL interface and some of them are filled with resin. This fact could show that
some cracks are anterior to sample moulding and permit water displacement and mass
transport in the DPL.

XRD analyses reveal that Dense Product Layer is mainly made of iron oxi-hydroxides
(goethite α-FeOOH, lepidocrocite γ-FeOOH and akaganeite β-FeOOH) and iron oxides
(maghemite and magnetite). The local structure of the Dense Product Layer has been studied
by µXRD on some samples (TL02a, GR01 and RA01). Two different phases were noticed in
the diffracted volume in RA01 sample: goethite and magnetite (or/and maghemite). Indeed
the fact that mixes of different phases are observed can be linked to the relatively large
diffracted volume (20 x 20 x 50 µm3) compared to the size of the marbling observed by SEM
and OM. In order to study more in detail the structure of the marbling, the microscopic laser
beam of the µRaman microscope was used. These analyses show that veins are only made of
iron oxides i.e. maghemite and/or magnetite and that matrixes are made of iron oxi-
hydroxides i.e. goethite, lepidocrocite and akaganeite. The results of these different structural
analyses are summarised in Table 2.

Neff et al. [4] also observed this type of Dense Product Layer in ancient ferrous artefacts
corroded in soils but the only oxihydroxide found was goethite. Moreover, it seems that on
some samples, as on TL02a, the veins are so numerous and close that it is difficult to really
distinguish which phase constitutes the matrix and which one the constitutes the veins.
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Finally, an important point to notice is that these iron oxides veins are not everytime
connected to the metallic substrate (Figure 2) and can be separated from it by a layer of oxi-
hydroxides.

Table 2: DPL structural and porosities characteristics A: akaganeite; G: goethite; L:
lepidocrocite; M: maghemite and/or magnetite; Mh: maghemite; Mn: magnetite (XRD,
µXRD, µRaman)

µXRD µRamanSample Porosity
(%)

Veins
number XRD

Veins Matrix Veins Matrix

TL02f 5 +++
G
L
M

A
G
L

Mh
Mn G

Qu01 +++ Mn G

VIN01 25 + G
L

G
M G Mn G

Re01 ++ G
L

Mh G
L

Co02 ++ Mn G

GR03 15 +
G
L

Mn

G
L
M

G Mh
Mn G

SA01 ++ Mh G

GN03 10 +
G
L

Mn
Mn G

RA01 +
A
G
M

G Mn G

CEA1 +

Minor elements, as calcium, silicon and sometimes chlorine, were detected in the DPL at
contents under 1 mass% (samples TL02b, Re01, GR01, SA01 and RA01). These exogenous
elements could come from the binder and the fact that they are also detected in the DPL
confirms that ions transport is possible inside this layer.

Mercury porosimetry was also used, in order to evaluate the porosities (ε) of samples from
Avignon (TL02f), Vincennes (VIN04b), Ste Genevieve (GN03) and St Gervais (GR03). A
bimodal repartition of porosities was observed. Porosities from 300 to 6 µm access diameter
are the first family that will be called microporosities. Those with access diameter from 30 to
3 nm will be called nanoporosities. Dense Product Layer porosity volume is about 10 % for
all the analysed samples (Table 2). These results are in good agreement with precedent data
published on Dense Product Layer porosities of ancient ferrous artefacts [1].

Transformed medium
The Transformed Medium (TM) is an interphase between the Dense Product Layer and the
Binder that appears orange under OM polarised light. It contains corrosion products but also
compounds from the binder. EDS average profiles show that, in this zone, the average iron
content decreases from its value in the Dense Product Layer (about 66 mass%) to its value in
the binder (up to 1 mass%, depending on the binder).
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Binder
The binder (B) seems not to be contaminated by the corrosion products from the
reinforcement. Three kinds of binders can be identified on the different samples of the corpus.
The most recent samples (RA01 and CEA01) are made of contemporary concretes i.e. cement
and aggregates (diameter < 200 µm).

The main difference between the second kind of binder and the previous one is that it seems
to be more homogeneous at the same scale. Some small aggregates (about 30 µm), containing
calcium and oxygen were also identified and quartz has been detected by µXRD. Moreover,
high quantities of sulphur were found on GN01 and Re01 samples (more than 22 mass%).
Sulphur is a particular case. It might be linked to gypsum (CaSO4.2H2O) and the binder could
be a plaster.

Finally, to complete the overview of the physico-chemical properties of the corrosion, system
porosities (å) have been measured in some binders: TL02c, TL02d (Avignon, Tour des
Latrines), VIN04 (Château de Vincennes), GR02 (Saint Gervais), GN02 (Sainte Genevieve)
and RA02 (Raincy) samples (table 3). The porosity values are between 20 and 35 %. As for
the Dense Product Layer, two access diameter families can be evidenced (Table 3): a
microscopic one (about 1 µm) and a nanometric one (about 100 nm). It is important to note
that even the compositional and structural analyses showed that the binders could be very
different in nature in function of the sample, the porosities are very similar.

Table 3: Binders (B) porosities

TL02c, d
and f

VIN04 a and
b

GR02 and
GR03

GN02 and
GN03

RA02

B porosity (%) Mortar : 30
Stone : 25 35 35 25 20

B main pore
access

diameters

9 µm
0.9 µm
80 nm

0.8 µm
80 nm

0.8 µm 0.8 µm
100 µm
0.9 µm
80 nm

Evaluation of the average corrosion rates
In order to evaluate the average corrosion rates, the total iron quantity involved in the
corrosion products can be measured by compositional analyses. Then, a density correction
allows to convert this quantity into metal loss. For this purpose, average composition profiles
lead to access on one hand to the evolution of the iron contents from the metal/oxide interface
to the binder, and on the other hand to the thicknesses of the different layers (Dense Product
Layer and Transformed Medium). A more precise description of this calculus can be found
elsewhere [4, 5, 12]. Corrosion rates are lower than 10 µm/year (Figure 3). It has to be noticed
that the CEA1 sample were very heterogeneously corroded, presenting uncorroded and
corroded parts, that is why the average corrosion rate of this site varies from approximately 0
to 5 µm/year.

In order to avoid local content gradients (due to porosities and/or aggregates), average profiles
were drawn. In previous studies about iron archaeological artefacts in soils, iron content in the
TM was supposed to decrease linearly from its value in the DPL (around 66 mass%) to its value
in the Binder (around 1 mass%) [4, 5, 12].
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Figure 3: Average corrosion rates of the studied sites versus sample age

Indeed, solubilities of iron oxides and oxihydroxides evaluated by Neff et al [4] indicate that
iron hardly dissolves in distilled water (this concentration should be around 10-9 mol/L for
magnetite for a pH of 8 and a potential equal to –100 mV/S.H.E.). As a consequence, if the
TM is formed by diffusion of iron ions in the binder, a brutal decrease between iron contents
in the DPL and in the TM should be observed. For this reason, composition profiles with a 1 x
1 µm2 were made at the DPL/TM interface, avoiding the quartz or lime grains. A typical iron
content step was then observed for instance in the Re01 sample, Figure 4. Moreover, it seems
that iron content does not vary in a part of the TM. So far, this plate has not been explained by
a representation of the TM formation by a simple Fick laws for a semi-infinite and uni-
directional diffusion (apparent diffusion coefficient was calculated using the porosity
properties measured on the binder).
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Figure 4: Linear profile of major elements in Re01 (EDS)

A first objection was the original content of iron in water and that diffuses in the binder. The
iron concentration in distilled water was calculated by NEFF et al. [5] and depends on the pH
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and the potential of the interstitial solution of the binder. This pH can be easily obtained
saturating distilled water with powdered binder, but the potential conditions are more difficult
to evaluate. Considering this pH and the results obtained on content profiles, the potential
needed to dissolve the adequate amount of iron (inferior to –500 mV/S.H.E.) is widely under
the value expected in binders (around –200 mV/S.H.E.). Indeed, iron content detected by EDS
in the TM is widely superior to those calculated. The second objection was the calculated
thickness of the TM. Actually, this thickness could be evaluated considering the age of the
sample and that the TM ends when the content of iron in water is inferior to 95 % of its
original value. TM thicknesses are overestimated (four orders of magnitude) The obtained
results, clearly show that the diffusion is not the only mechanisms that has to be involved.

Conclusion

Eleven archaeological sites have been studied here in order to understand the corrosion
system that can form in binders after long periods. All the samples studied come from various
areas and periods; hence materials comparability with the steel considered for the waste
nuclear management system was checked. Binders are different in many ways (morphology,
porosities, chemical composition, phases observed). But, it was underlined that the system:
Metallic Substrate, Dense Product Layer, Transformed Medium and Binder can be noticed on
all the samples. These different media were characterised. In all the studied samples, the same
phases were found in the DPL: mainly goethite containing magnetite and/or maghemite
marblings. Other oxihydroxides can also be noticed on some samples (lepidocrocite and
akaganeite). In addition to those characterisations, thickness measurements coupled to a local
density correction allowed average corrosion rate evaluation. Moreover, it was shown that
several elements (calcium, chlorine, iron, etc) could migrate in the Binder, the Transformed
Medium or the Dense Product Layer. Thus, a quick overview of diffusion calculus has been
made. Mass transports in the DPL and in the binder will have to be more precisely studied.
For instance, diffusion tests has been done by Vega et al. [23] and rusts macroscopic
dimensions could allow experimentation in diffusion cells in order to evaluate more precisely
oxygen apparent diffusion coefficient.
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