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ARTICLE INFO ABSTRACT

Keywords:

A multi-coupon electrode, composed of 16 square (5 mm x 5 mm) carbon steel coupons, was buried at room

Steel temperature during 125 days in an artificial silt loam soil. The soil was initially set at 75% of the saturation with

Buried pipelines
Oxygen reduction
Unsatured soil
Differential aeration cell

a 0.01 M NaCl + 0.01 M NaHCOj; solution in a specific electrochemical cell. The experimental cell was her-
metically closed for 32 days before to be opened so that the effects induced by the progressive drying of the soil
could be studied. The OCP and the soil electrolyte resistance Rs, determined by electrochemical impedance

spectroscopy, were then monitored over time for each coupon. During the drying process, different behaviors
were observed for the various coupons, demonstrating the heterogeneity of this process. XRD analysis of the
corrosion product layer covering each coupon at the end of the experiment revealed significant variations of
composition from one coupon to another. The composition of the corrosion product layers could be interpreted in
link with the OCP and Ry measured values.

1. Introduction

Numerous works, for instance [1-14] among many others, were
devoted to corrosion of carbon steel in soil because of its economic
significance. Actually, the main method for the transportation of oil,
natural gas or drinking water is through buried pipelines. In France,
there are for instance 37,000 km of buried pipelines for natural gas only.
Besides, many other steel structures are also used underground, in
particular in landscape architecture (tubular driven piling, sheet
piling...).

Many studies consistently reported that the most influential param-
eter was soil moisture as it controls the transport of O in the soil [1-9].
In unsaturated soils, water may not be homogeneously distributed so
that, with respect to the average soil moisture, wetter and drier zones of
soil may coexist. This could be demonstrated via measurements of soil
electrolyte resistance R using electrochemical impedance spectroscopy
(EIS) [5] because Ry increases when the soil at the vicinity of the metal is
drying and, conversely, decreases when the soil is wetted [6]. More
precisely, in an unsaturated soil, part of the metal surface is in contact
with the gas phase and does not participate to the electrochemical re-
actions. Only the “wet” area of the metal, that is the area in contact with
the electrolyte present in the pores of the soil, can be electrochemically
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active. An increase in Ry actually indicates that the “wet” area has
decreased and, conversely, a decrease in Rg would indicate that the
“wet” area has increased [5-7].

The heterogeneity of soil moisture can be induced or aggravated
during drying or wetting periods [7]. In any case, it gives rise to dif-
ferential aeration cells and thus induces localized corrosion [6-8].
Cathodic and anodic zones are formed on the steel surface, and elec-
trochemical data, such as corrosion current density jeorr, can be correctly
interpreted only if the area of the anodic regions is determined, e.g.,
from post-experiment optical microscopic observations of the corroded
surface [8]. The heterogeneous distribution of water may be facilitated
in a heterogeneous soil, for instance a soil consisting of a mixture of sand
and clay. Soil water retention, a key point controlling the link between
soil moisture content and maximal corrosion rate [9], differs strongly for
sand and clay, implying that sand-rich areas dry easier and thus faster
than clay-rich regions. Sand-rich regions are then characterized by a
higher oxygen permeability.

Previous studies focused on galvanic cells formed with a first steel
electrode buried in sand coupled to a second steel electrode buried in
clay. They showed that significant galvanic effects could indeed take
place [10,11]. Such galvanic effects are influenced by wet/dry cycling
[11] because soil dynamics are controlled by water retention and thus
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by the type of soil (i.e., sand, silk or clay). A galvanic cell was also
designed with carbon steel coupons buried in the same soil in two re-
gions, separated with an ion-exchange membrane, characterized by
different soil moistures [12]. The authors used a so-called “many--
electrode glass cell” to observe the behavior of steel with respect to the
distance from the wet soil/dry soil interface. This study also evidenced
significant effects. Other authors developed a similar approach based on
a multi-electrode system, such as the wire-beam electrode (WBE) [13,
14]. The WBE is an assembly of ~100 mild steel wires with a diameter of
1.5 mm, embedded in epoxy resin so that they are insulated from each
other with a very thin layer of resin. This assembly forms a (approxi-
mately) 15 mm x 15 mm square electrode [13]. A map of anodic and
cathodic areas can then be obtained and a monitoring of the behavior of
each mild steel beam allows observing the initiation, propagation
and/or disappearance of these areas [13].

The corrosion product layer forming on the steel surface may play a
major role on the evolution of the galvanic effects associated with dif-
ferential aeration. It may hinder or favor the persistence of these effects
depending on the nature of the corrosion products that form on the steel
surface in anodic and cathodic zones. If the corrosion products forming
on cathodic zones of the steel surface are insulators, they may hinder, via
a barrier effect, the transport of oxygen towards the metal surface and
thus progressively reduce the impact of differential aeration. In contrast,
if electronic conductors such as magnetite (Fe3O4) are favored in the
cathodic zones, they may facilitate O, reduction. In this case, O, does
not need to reach the steel surface as it can be reduced on the outer
surface of the corrosion product layer. In this case, the galvanic effect
due to differential aeration can persist for longer times, as shown for
carbon steel immersed in seawater [15,16].

The present study is the first one, to our better knowledge, to address
the possible link between differential aeration cells created during soil
natural changes (i.e., drying or wetting) and composition of corrosion
product layer. For that purpose, a specific multi-coupon electrode (MCE)
was designed and used for the first time with the aim to combine, for
each individual coupon of the MCE, in situ electrochemical measure-
ments and ex situ X-Ray diffraction (XRD) analysis of the corrosion
products. The MCE consisted of 16 square steel coupons (5 mm x 5 mm)
with an individual electric connection to achieve electrochemical mea-
surements on each coupon. A large active area of 25 mm? was consid-
ered for the coupons so that the corrosion product layer covering each of
them could be characterized by XRD. The number of coupons, i.e., 16,
was chosen to give a 400 mm? large surface of metal in contact with the
soil, assumed to be sufficient to point out corrosion phenomena asso-
ciated with the heterogeneity of the soil during drying and wetting
stages. The evolution of open circuit potential (OCP) and R, (determined
by EIS) was monitored over time for each coupon and for the whole
MCE. The OCP of a coupon would be indicative of the local aeration
level of the soil, increasing with increasing O, content [6-8], while its R
would be indicative of the local moisture level, decreasing with
increasing water content [5-7]. Consequently, a (qualitative) mapping
of soil moisture at the vicinity of the steel surface, and its evolution with
time during soil dynamics (i.e., drying and wetting), is obtained here for
the first time.

The artificial silt loam soil used for this study was initially wetted at
75% of the saturation level (75% sat.) using a NaHCOj3 + NaCl solution.
After 31 days, the soil was dried slowly. It was rewetted at day 115 and
the experiment was stopped 10 days later, for an overall duration of ~4
months. The MCE was then extracted from the soil and the corrosion
product layer covering each of the 16 coupons of the MCE was charac-
terized by XRD. Finally, the surface of each coupon was studied by op-
tical microscopy (OM) after removal of the corrosion products. The
morphology of the degradation, the size and the depth of the various
localized corroded zones could then be determined for each coupon.
Localized corrosion rates were estimated thanks to these OM measure-
ments. The link between corrosion processes, corrosion product layer,
and evolution of measured electrochemical parameters during drying of
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the soil is thoroughly discussed.

2. Materials and methods
2.1. Materials

The S235JR carbon steel commonly used for pipelines was consid-
ered for the present study. The average composition of the material used
(in weight%) was: 0.097% C, 0.49% Mn, 0.020% P, 0.09% Si, 0.05% Cr,
0.11% Ni, 0.16% Cu, 0.042% S and Fe for the rest. All the steel coupons
were prepared from the same portion of a 1-meter diameter tube.

The multi-coupon electrode (MCE) was composed of 16 coupons,
each one having an active area of 5 mm x 5 mm and a thickness of 4 mm.
The distance between each coupon was set at 1 mm. It was assumed to be
sufficiently small so that the whole MCE behaves as a homogeneous
electrode. A copper wire was welded on one side of each coupon while
the four lateral sides were varnished. The coupons were finally placed
into a 3D-printed mold and embedded in epoxy resin. A schematic
representation of the MCE is displayed in Fig. 1, with the matrix
indexation chosen to designate each coupon. The MCE was polished
with silicon carbide grade 180 (particle size 76 pm) to simulate a shot-
blasted surface, rinsed thoroughly with Milli-Q water and rapidly dried
in an air flow. The active area of each coupon is 25 mm? so that the
overall active area of the MCE is equal to 4 cm?.

The artificial soil considered for the present study was already used
in previous work [6]. It was composed of 83 wt.% of fine sand (SiOs,
average particle size 22 pm), 14.5 wt.% of kaolinite, and 2.5 wt.% of
peat, which is composed of partially decayed vegetation and organic
matter. Therefore, 75% of the soil mass corresponded to mineral parti-
cles with a diameter between 2 um and 50 pm and 20% to particles
smaller than 2 um. This soil can then be classified as a silt loam soil [17].
It was wetted with a 0.01 mol L™} NaCl and 0.01 mol L~! NaHCO3 so-
lution prepared with 98% min. purity NaCl, 99% min. purity NaHCO3
and de-ionized water (resistivity 18.2 MQ cm). The saturation level (i.e.,
100% sat.) of the soil was first determined experimentally by adding
progressively the electrolyte to a definite mass of dried soil in a beaker
until water accumulated on top of the wetted soil surface. Then the
amount of water to be added to the dried soil to reach the saturation
level considered for the experiment could be computed. For the current
study, the soil was prepared with an initial moisture content corre-
sponding to 75% sat. The resulting pH of the soil, measured at the
beginning of the experiment, was 7.3 + 0.1.

The experiment was carried out at room temperature, i.e., 21+2 °C
during the corresponding period of the year.

2.2. Electrochemical measurements and wet/dry cycling

A schematic view of the electrochemical cell used for the present
study is presented in Fig. 2. The cylindrical cell, 25 cm high and 20 cm in

Steel coupon
Resin \

11112 (13 |14
21122|23|24
31132[33|34
41|42 |43 |44

mm

Fig. 1. Schematic representation of the multi-coupon electrode and the matrix
numbering used to identify the coupons.
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Fig. 2. Schematic representation of the electrochemical cell designed for the
study of the corrosion of carbon steel buried in soil.

diameter, was made in Plexiglas. The upper lid was initially sealed to
maintain a constant moisture in the soil. The reference electrode (blue
cylinder in Fig. 2) was a copper-copper sulfate electrode (CSE, +0.316
V/SHE at 25 °C) designed for measurements in soil (Corexco CELCO 5)
and the counter electrode was a Pt-coated titanium grid. Oxygen content
was measured using a PSt3 oxygen sensor buried in the soil all along the
experiment. It was connected to a Fibox 4 fiber optic oxygen transmitter
(PreSens). The PSt3 sensor has a detection threshold of 0.03% (gas) or
15 ppb (dissolved) oxygen. The oxygen content in the soil ([O3]) was
measured each 30 min.

The MCE and the oxygen probe were set at the same depth on a semi-
circle that faced the reference and counter electrodes. They were buried
under 10 cm of soil and the cell was not entirely filled with soil, a thick
layer (~5 cm) of air being left to constitute a reservoir of oxygen to fuel
the corrosion process when the cell was sealed. A slow drying of the soil
was achieved at day 32 by simply removing the lid and exposing the soil
to the atmosphere during 2 h. The lid was set back afterwards, the cell
sealed again. This procedure proved sufficient to induce a partial drying
of the top of the soil, which was followed by an evolution of the overall
soil system. This evolution of the soil led to a progressive and slow
evolution of the MCE/soil interface. The soil was sightly rewetted at day
74 before the cell was opened again at day 75 for a further drying of the
soil. At day 115, the soil was re-wetted by addition of de-ionized water
and the cell closed once more. The experiment was finally stopped at day
125.

The behavior of each coupon was followed over time via the moni-
toring of two parameters, the open circuit potential (OCP) and the soil
electrolyte resistance R, determined by EIS. All measurements were
carried out with a Gamryl000 potentiostat. For EIS measurements,
devoted to the determination of the soil electrolyte resistance, only the
high frequency range was investigated, from 100 kHz to 100 Hz, with
ten points per decade. The AC voltage perturbation amplitude (peak to
peak) was set at 30 mV because of the important ohmic drop charac-
teristic of unsaturated soils. The linearity of the system was checked in
varying the amplitude of the AC signal. R; was determined directly from
the Nyquist representation of the EIS data, i.e., without any modeling via
an equivalent electrical circuit. The accuracy of an OCP measurement
was determined to be equal to +£2 mV, independently of the measured
OCP value, while that of Ry was £5%.
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Note finally that a soil moisture sensor (Waterscout SM100 sensor -
Spectrum Technologies) was buried in the cell as for previous study [6].
The corresponding data, that gave information about the evolution of
soil moisture at the vicinity of the sensor, were not considered because
they were not exactly representative (even if they were somewhat
similar) of the evolution of soil humidity at the vicinity of the MCE.
Consequently, this sensor was omitted in Fig. 2. The results described
and discussed in the following actually confirm how the drying process
can be heterogeneous so that only a local information is relevant [7].

2.3. Characterization of the coupons surface

At the end of the experiment, the MCE was removed from the cell. It
was covered with a 2-3 mm thick layer of soil that adhered to the un-
derlying corrosion product layer. This remaining soil was carefully
scraped on each coupon until a change of color indicated the presence of
rust. The corrosion product layer was then characterized by X-ray
diffraction (XRD). A drop of glycerol was poured on the surface of the
coupons so that the pores of the corrosion product layers were
impregnated with glycerol, thus preventing the oxidation by air of Fe
(II)-based corrosion products [18]. The XRD analysis was carried out
with an Inel EQUINOX 6000 diffractometer using Co-Ka radiation (A =
0.17903 nm). The diffractometer was equipped with a CPS 590 curved
detector designed for the simultaneous detection of the diffracted pho-
tons on a 20 range of 90° The XRD pattern was obtained in any case with
a constant angle of incidence (5°) and an acquisition time of 45 min.

The X-ray beam was focused to limit the analysis to a square area of
4 mm x 4 mm. Each coupon (with a surface of 5 mm x 5 mm) composing
the MCE was placed in turn under the beam. In some cases, the first XRD
analysis only revealed the presence of components of the soil. Another
part of the mineral layer was then scraped from the surface and the
coupon was analyzed once more. The various phases were identified via
the ICDD-JCPDS database. The files used for the various compounds
were 01-078-2110 (kaolinite), 01-086-1560 (quartz), 00-040-0127
(chloride green rust), 01-074-3400 (sulfate green rust), 00-050-1380
(carbonate green rust), 00-029-0713 (goethite), 00-044-1415 (lep-
idocrocite), 01-082-1533 (magnetite) and 00-029-0696 (siderite). The
angular scale was calibrated using the diffraction lines of a-Fe present in
each case and characteristic of the steel substrate.

Once thoroughly characterized, the corrosion product layer was
removed from the MCE surface according to the NF-ISO 8407:2010
standard [19], i.e., using a solution of hydrochloric acid (HCl) and
hexamethylenetetramine. Images of the coupons surface, corrosion
depth profiles and quantification of local corrosion damages were ob-
tained using a LEICA DM 6000 M optical microscope (OM).

3. Experimental results
3.1. Evolution of OCP and O content

Fig. 3 displays the evolution of [O,] and OCP (of whole MCE), during
the 125 days of experiment. The gaps in OCP measurements correspond
to periods where measurements were interrupted, sometimes involun-
tarily. The dotted vertical lines point out the moments when the cell was
opened, closed or when water was added. The evolution of both OCP and
[O2] over time clearly reveals these changes. At the beginning, the cell
was hermetically sealed, the soil was initially very wet (75% sat.). [O2]
decreased rapidly during the first days due to the consumption of O, by
steel corrosion processes, and reached the detection threshold of the
probe. It can be noted that the first OCP value, measured 3 h after closing
the cell, was already low, as low as the values measured when [O3]
finally reached the detection threshold. It is likely that the O, molecules
initially present at the vicinity of the steel surface were already
consumed after 3 h, leading to this low OCP value. In contrast, the Og
probe was not buried at the immediate vicinity of the MCE so that the
decrease in Oy concentration in the soil around the probe was delayed.
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Fig. 3. Evolution of the OCP of the whole MCE and O, content of the soil
during the experiment. The blue arrows (I) to (IV) indicate the 4 considered
time periods (see text, Section 3.2).

On day 32, the cell was opened for 2 h, which led to a significant
change so that [O2] increased sharply up to 8% into four days. It is
assumed that this brief opening led to a partial drying of the soil and
then favoured the transport of O, as a gas phase in the pores. Consis-
tently, the OCP increased from —0.79 V vs CSE to —0.67 V vs CSE, but
varied before any increase in [O2] was detected by the O, probe. It can
be forwarded that air reached the MCE before it could reach the [O5]
probe. It is also noticeable that both OCP and [O2] went on to increase
long after the cell was closed again. The hypothesis that can be for-
warded is that the upper part of the soil dried when the cell was briefly
opened and that the generated gradient of water content subsequently
induced (after the cell was closed) a movement of water by capillarity
from bottom to top, thus progressively decreasing the water content in
lower pores of the soil and thus progressively facilitating the transport of
O, toward the MCE. It is also possible that large and long cracks were
generated in the upper part of the soil, therefore facilitating the trans-
port of air, present at the top of the cell, deeper in the soil.

Between day 37 and day 40, [O,] decreased, probably because of the
resumption of the corrosion process. It increased again afterwards, more
slowly, reaching 18% at day 74. The lid of the cell was removed at that
time because electrochemical measurements proved difficult, with too
much noise on EIS data, and a small amount of water was then added.
This amount corresponded approximately to 10% of the volume of water
required to remoisturise completely the soil to 75% sat. This operation
led to the small decrease in [O2] observed from day 74 to day 75, which
indicated that the moisture content at the vicinity of the Oy probe had
increased.

The cell was opened at day 75 and the soil was left drying. As a result,
[O2] increased again, reaching in this case 20%, i.e., the oxygen content
of air, at day 90. The OCP also increased and reached its maximum at the
end this period, i.e., —0.434 V vs CSE at day 115. The soil was wetted
again at day 115, with a large amount of water to reach the initial
conditions. The cell was then sealed for the rest of the experiment (day
125). This water addition had few effects on [O;] and OCP, which both
remained high (18+2% and -0.536+0.005 V vs CSE, respectively).

3.2. Electrochemical study of the corrosion process of the MCE coupons

In order to synthetize the electrochemical results obtained with the
MCE, four characteristic time periods were considered (see Fig. 3).
Period (I) is from day 5 to day 28, when the oxygen concentration is very
low, consumed by corrosion processes. After the brief opening of the
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cell, transient phenomena occurred and the system was rather unstable.
This period was then discarded and the considered period (II) goes from
day 50 to day 74, when soil moisture and oxygen concentration are
increasing slowly. Period (III) corresponds to days 75-92 when the soil is
very dry. The final shorter period (IV) follows the re-wetting of the soil
at day 115 and corresponds to days 115-118.

The average values of the OCP for each of the 16 coupons of the MCE,
computed for the four considered periods, are given in Table 1, with
corresponding standard deviations. Moreover, Fig. 4 shows the evolu-
tion of the OCP for eight selected coupons.

During period (I), all the coupons have similar OCP values, in the
range between —0.79 and —0.77 V vs CSE, which means that the envi-
ronment is homogeneous at that time. For period (II), an important
scattering of OCP values is observed. The OCP varies from —0.73 vs CSE
for coupon C33 to —0.43 V vs CSE for coupon C31. This difference in
OCP values indicates that the drying of the soil and the resulting increase
in [Oo] is a heterogeneous process that leads, during the transient period
from wet soil to dry soil, to the coexistence of wet zones of soil and drier
zones of soil. Close to the coupons with low OCP values (e.g., C33 and
C11), the soil remained rather wet, and thus weakly aerated, while close
to the coupons with high OCP values (e.g., C31), the soil was drier and
thus more aerated. It must be noted that the overall surface of the O,
probe is much larger than the surface of one single coupon of the MCE,
so that the information given by the probe may be representative of the
average aeration level inside the soil at the vicinity of the probe.

A scattering of OCP values is also observed in period (III). The
average OCP values are however higher, i.e., range between —0.67 V vs
CSE (C32) to —0.37 V vs CSE (C31). In period (III), the soil is on average
drier than in period (II), and thus more aerated. In period (IV), after
adding water, the scattering of OCP values persisted. For some coupons,
the OCP decreased after the addition of water (e.g., C41), which is

Table 1

Average OCP values of the 16 coupons of the MCE over the four periods, in V vs
CSE. Periods: (I) = days 5-28; (II) = days 50-74; (III) = days 75-92; (IV) = days
115-118.

Cell Closed Re-closed after 1 h Opened Re-wetted and
state opening at day 32 closed
Period (0] an (Im av)
Cl11 —0.790 + —0.675 + 0.01 —0.60 + —0.620 +
0.005 0.03 0.002
C12 —0.790 + —0.615 £ 0.005 —0.54 + —0.480 +
0.007 0.02 0.001
C13 —0.785 + —0.62 + 0.02 —0.54 + —0.470 +
0.005 0.04 0.004
Cl4 —0.785 + —0.57 + 0.01 —0.500 + —0.473 +
0.005 0.005 0.001
C21 —0.780 + —0.62 + 0.01 —0.57 + —0.560 +
0.004 0.05 0.002
Cc22 -0.782 + —0.67 + 0.01 —0.51 + —0.410 +
0.002 0.03 0.004
c23 —0.780 + —0.55 + 0.05 —0.47 + —0.38 +
0.003 0.02 0.002
C24 —0.781 + —0.64 + 0.01 -0.52 + —0.450 +
0.002 0.04 0.001
C31 —0.772 + —0.430 + 0.005 —0.37 + —0.410 +
0.002 0.02 0.003
C32 —0.780 + —0.663 + 0.001 —0.63 + —0.550 +
0.004 0.01 0.001
C33 —0.781 + -0.73 +£0.1 —0.55 + —0.599 +
0.002 0.02 0.002
C34 —0.774 + —0.59 + 0.03 —0.46 + —0.38 + 0.01
0.001 0.01
C41 -0.773 + —0.51 + 0.02 —0.48 + —0.578 &+
0.002 0.02 0.002
C42 —0.782 + —0.60 + 0.01 —0.530 + —0.62 +
0.002 0.005 0.002
C43 —0.783 + —0.57 + 0.01 —0.49 + —0.483 +
0.003 0.02 0.003
C44 —0.781 + —0.56 + 0.02 -0.52 + —0.586 +
0.002 0.01 0.002
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Period

consistent with a decreasing aeration level. However, the OCP still
increased for other coupons (e.g., C22).

The standard deviations given in Table 1 for each individual coupon
also illustrate the various behaviors of the coupons. In any case, stan-
dard deviations are very small during period (I) when soil moisture is
constant. They are also small in period (IV) but in this short time period
only 2-3 measurements were performed for each coupon. In periods (II)
and (III), where moisture and aeration varied, the standard deviations
are larger as the soil/coupon interface still changes. The small standard
deviation for coupon C14 (+5 mV) during period (III) shows that this
coupon reached a steady state earlier, and its OCP was stable. In
contrast, the large standard deviation for coupon C33 (+100 mV) during
period (II) shows that the soil in contact with this coupon had not dried
before but was actively drying during period (II). In fact, the OCP of C33
increased from —0.73 V/CSE to —0.53 V/CSE in this period.

To illustrate the spatial distribution of OCP values, a 2D represen-
tation of the MCE is displayed in Fig. 5. It relates to average OCP values
of period (III) for each coupon. The coupons with low OCP values are
depicted as dark squares while the coupons with high OCP values are in
light shades. The displayed pattern does not reveal any clear trend. It can
even be observed that coupon C31, which has the highest OCP, is
adjacent to coupon C32, which is one of the coupons characterized by a
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Fig. 5. 2D representation of the average OCP values measured at period (III)
for the 16 coupons of the MCE.
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very low OCP. More precisely, the difference between the OCP values of
coupons C31 and C32 is 0.27 V for period (III), as calculated from
Table 1. As those coupons are close to each other, this large difference
between the two potentials could be indicative of galvanic effects.

A further understanding of corrosion phenomena is given by the
variations of soil resistance R; measured by EIS for each coupon of the
MCE. Table 2 gathers the average R values for the four considered pe-
riods while Fig. 6 illustrates the evolution of R, for 8 selected coupons (as
done for OCP - see Fig. 4).

As for OCP, the R values measured in period (I) are quite similar,
which means the same soil moisture at the vicinity of each coupon of the
MCE. When the soil starts to dry and becomes more aerated, i.e., in
periods (II) and (III), an important scattering of Ry values is observed.
This result confirms the heterogeneous nature of the soil during its
drying.

It can be noted that coupons C11 and C32, that have the lowest OCP
values, have also the lowest R values. On the other hand, coupons C23
and C34, characterized by a high R value, have also a high OCP.
Actually, if R; remains low, the “wet” area of the coupon remains high,
which indicates that the soil close to the coupon surface remains rather
wet, thus weakly aerated. Therefore, the OCP value should be low. In
contrast, a rapid and important increase in R; corresponds to a rapid and
important decrease in the “wet” area. The soil becomes much more
aerated and the OCP should be high.

C31 is a particular case. It is characterized by a high OCP value that is
associated with a moderate R value in periods (II) and (III), indicating
that the “wet” area remained important. The high OCP value of C31
could then indicate that the cathodic reaction, i.e., oxygen reduction,
was particularly active at the surface of this coupon. This suggests that
coupon C31 is acting like a cathode, more likely in connection with
coupon C32, which is close to coupon C31 and characterized by a much
lower OCP value (and a rather low R value indicative of a locally rather
wet soil). Another explanation could be an important gradient of
chemical composition in the soil around C31.

The 2D representation of Ry values in period (III) is displayed in Fig. 7
and gives a clear view of the dry and wet zones. Four coupons are
noticeable: C11 and C32 have the lowest R values and thus remained in
a rather wet environment. In contrast, C23 and C34 have the highest Ry
values and thus were set in a rather dry part of the soil.

Finally, the adding of water at the beginning of period (IV) reduced
the scattering of R, values. This indicates that soil wetness became less
heterogeneous. This evolution towards an increased homogeneity was
not suggested at all by the evolution of OCP values. Considering that
period 1V is very short (4 days), it can be considered that OCP values

Table 2

Average R, values of the 16 coupons of the MCE over the four periods, in Q cm?.
Periods: (I) = days 5-28; (II) = days 50-75; (III) = days 75-92; (IV) = days
115-118.

Cell Closed  Re-closed after 1 hopeningat  Opened  Re-wetted and
state day 32 closed
Period o (I (1) av)
Cl1 600 1200 2000 1000
Cl12 670 3700 4300 1100
C13 780 4200 5800 1800
Cl4 610 3400 4100 1500
Cc21 800 3800 5300 1000
c22 1000 3000 7800 900
c23 2600 30,000 18,000 2000
C24 460 6400 8000 1600
C31 730 2000 6800 2700
C32 650 2100 2800 1200
C33 n.d. 4400 5700 n.d
C34 1700 19,000 25,000 1800
C41 1200 3400 5300 1400
C42 800 2650 5300 1100
C43 1300 6600 7500 3800
C44 820 3500 6000 830
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Fig. 7. 2D representation of the average R values measured at period (III) for
the 16 coupons of the MCE.

remained high because the renewed electrolyte provided a sufficient
amount of O, that was not consumed, even at the vicinity of the cou-
pons, at the end of period (IV). The highest value of R; at the end of the
experiment was that of coupon C43. The soil was the most aerated and
the driest at the vicinity of this coupon.

3.3. X-ray diffraction analysis of the coupons

The results obtained are listed in Table 3 while four representative
XRD patterns are displayed in Fig. 8.

The main corrosion product is goethite (a-FeOOH), identified on all
coupons (16/16). Another Fe(Ill) oxyhydroxide, lepidocrocite
(y-FeOOH), was also detected on half of the coupons (8/16), but often as
a minor component. Actually, the formation of lepidocrocite from Fe(II)-
based compounds requires fast oxidation kinetic, i.e. an important ox-
ygen flow, whereas goethite is rather characteristic of a moderate
aeration [20,21]. In various similar previous studies, independently of
the type of aerated soil, goethite was identified as the main corrosion
product [6,7]. The observed lepidocrocite could therefore partly result
from post-excavation oxidation before glycerol was set on the MCE
surface, when oxygen (from air) could more easily reach the Fe(II)-based
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Table 3
Synthesis of the XRD analysis performed on each of the 16 coupons Cij of the
MCE. Minor components are mentioned in italics in brackets.

Cil Ci2 Ci3 Ci4

Clj FeCO3 Fe304 FeCO3 (FeCO3)
GR(CIT) «-FeOOH o-FeOOH Fe30y4
GR(SO3) (y-FeOOH) «-FeOOH
GR(CO%)

Fe304
o-FeOOH
(y-FeOOH)

C2j Fe304 FeCO3 Fe304 Fe304
«-FeOOH GR(CO3") o-FeOOH «-FeOOH
g-FeOOH (Fe304) (y-FeOOH)

a-FeOOH

C3j FeCO3 FeCO3 FeCO3 FeCO3
Fe304 GR(CI) Fe304 Fe304
a-FeOOH GR(S0%7) a-FeOOH «-FeOOH
(7-FeOOH) (Fe304)

o -FeOOH
(7 -FeOOH)

C4j FeCO3 FeCO3 a-FeOOH FeCO3
Fe304 Fe304 Fe304
o-FeOOH o-FeOOH «-FeOOH
7-FeOOH (y-FeOOH)

compounds present in the corrosion product layer.

Magnetite Fe3O4 was identified on 14 of the 16 coupons (i.e., not
detected only for C13 and C43). Like goethite and lepidocrocite, it can
be obtained by oxidation of Fe(II)-based compounds. For instance, it can
be obtained from green rust (GR) compounds when the aeration level is
very low [22]. It may also form directly from the metal itself even in
anoxic conditions [23].

Siderite (FeCOg3) was identified on 11 of the 16 coupons (not detected
only for C12, C21, C23, C24 and C43), which may be attributed to the
electrolyte used in this study, i.e., a 0.01 M NaCl + 0.01 M NaHCOs3
solution. Siderite can then form on the metal surface via the reaction
between Fe?' ions that result from corrosion and carbonate species
present in the soil electrolyte.

Green rusts were observed on coupons C22, C32 and C11. The last
coupon deviated the most from the general trend as it was covered with
a particularly compact black corrosion product layer. A fragment of this
layer could be scraped from the coupon surface and analyzed separately,
with the side corresponding to the steel/fragment interface facing the X-
ray beam (Fig. 9). This second X-ray diffraction pattern revealed the
presence of siderite and chloride green rust in addition to sulfate green
rust and carbonate green rust already identified via the first XRD pattern
(Fig. 8). The carbonate green rust GR(CO%’) was then identified on
coupons C11 and C22, and the chloride green rust GR(Cl ) on coupons
C11 and C32. Like that of siderite, the formation of these compounds can
be linked with the composition of the electrolyte used to wet the soil,
which contains HCO3 and Cl™ ions. In contrast, the formation of the
sulfate green rust GR(SO%’), identified on coupons C11 and C32, cannot
be linked to the electrolyte composition. It is then linked to the soil itself.
Actually, sulfate species were present in the peat used to prepare the
artificial soil. The specific composition of the corrosion product layers of
coupons C11 and C32 can then be attributed to a larger (than the
average) amount of peat at the soil/steel interface.

The link between the composition of the corrosion product layer and
the local aeration/moisture is thoroughly discussed in Section 4.1.

3.4. Observation and analysis of coupons surface by optical microscopy

Fig. 10 shows OM images of the surfaces of coupons C11, C21, C42
and C34 after removal of the corrosion product layer (as described in
Section 2.3). The OM images clearly reveal the localized nature of the
corrosion process. The surfaces all show various areas more or less
corroded.
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Fig. 9. XRD pattern of a fragment of the corrosion product layer covering
coupon C11, analyzed separately. GRcl = chloride green rust, GRs = sulfate
green rust, K = kaolinite, M = magnetite, Q = quartz, and S = siderite. The
diffraction lines are denoted with the corresponding Miller index.

In all cases, two major types of large zones appear. The bright areas
are generally less degraded, while darker areas are more corroded. The
first ones can be called WCZ, for weakly corroded zones, and the others
LCZ, for large corroded zones. The WCZ probably correspond to metal
surface parts that have rapidly become in contact with a rather dry soil.
In most cases, the polishing streaks can still be seen. The LCZ correspond

to the parts that remained in contact with a wet soil for a longer time.
For the sake of clarity, Fig. 11 displays different corrosion depth profiles
of coupon C11, obtained with the OM. The first Fig. 11A shows the
transition between a LCZ (left) and a WCZ, with a “pit” in the WCZ on
the right. The second Fig. 11B mainly shows a WCZ, with the transition
on the left and a “pit” on the right. Finally, Fig. 11C is focused on a LZC,
with a small part of the adjacent WCZ on the right.

In each kind of zones, the corrosion is not uniform. In the LCZ
covered by wet regions of soil, many “pits” can be seen (Fig. 11C). These
“pits”, where corrosion was more active, may correspond to the soil pore
outlets where the electrolyte came into direct contact with the metal.
Between two “pits”, the metal was then in contact with solid particles of
the soil. In WCZ covered by drier parts of soil, the weakly degraded
surface was rather flat (Fig. 11B). However, a few pits appear here and
there (Figs 11A and 11B). These regions could correspond to an area of
the metal that remained under a droplet of water.

Table 4 summarizes the average depths and widths of LCZ and pits of
WCZ. The depths were measured with respect to the surrounding parts of
the 3D-printed mold of the MCE. The average depths in the LCZ vary
from 23 pm (C22) to 69 pm (C14). The maximum depth observed is
between 40 um (C22) and 160 um (C14). The pits in the WCZ do not
correspond to a severe degradation, as their average depth is about
10-15 um, with a maximum that does not exceed 25 pm (C21).

Considering both LCZ depth and WCZ pits depth, C31 can be
considered as the least degraded coupon. This result is interesting
because the electrochemical measurements indicated its possible role as
a cathode, compared to neighboring coupons. However, coupon C32,
which had a low potential and may have played the role of an anode, did
not undergo a particularly important attack. It can be forwarded that
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C31 acted as cathode with respect to all of its 5 neighboring coupons.
Moreover, the morphology of the corrosion process seems to indicate
that galvanic couplings associated with differential aeration cells are
active essentially over shorter distances than coupons dimensions. This
last point is discussed in Section 4.2.

C34 was one of the two coupons with the highest R,. It may have
been located in a zone where the soil quickly dried so that the active area
became rapidly very low. This means that the transition period, when
wet and dry zones coexisted, was brief. The LCZ degradation, assumed to
correspond to the metal surface in contact with the wettest parts of soil
for a long time, has therefore taken place over a shorter period, hence, is
less important than the average (Table 4).

Considering that the corrosion was effective mainly after cell open-
ing on day 32 which allowed re-aeration near the MCE, i.e., only for 93
days, the average corrosion rates can be estimated from heights H (given
in Table 4):

- Average corrosion rate in LCZ: 90 ym yr’1 (C22) to 270 pm yr’1
(C14).

- Maximum observed in LCZ: 155 um yr’1 (C22) to 630 um yr’1 (C14).

- WCZ pits: maximum equal to 100 um yr*1 (C21).

These corrosion rates are the same order of magnitude as those
observed in the same soil wetted with a 0.01 mol L~! NaCl solution [6].
Changing the electrolyte had thus no significant effect in terms of
corrosion rates in this case. Various previous works reported important
localized corrosion rates [7,12,24]. For instance, average pitting rates
up to 450 ym yr ' were measured in Swedish natural sites after three
years in soil (muddy clay) [24].

Note that the corrosion rates reported in the present study were
determined from local OM measurements and correspond to localized
corrosion rates. They vary, considering the whole 4 cm? MCE surface,
from 90 pum yr~! (average in the less degraded region corresponding to
C22) to 630 um yr ! (most degraded area of C14.) As far as pipelines are
concerned, the hazardous corrosion failure is localized corrosion that
can lead to leaking.
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C34

Fig. 10. OM observation of the surface of coupons C11, C21, C42 and C34 after removal of the corrosion products.

4. Discussion
4.1. Formation of corrosion products and aeration

According to XRD analysis, the main corrosion process involves
siderite, magnetite and goethite. Siderite is a Fe(II) compound and is
thus formed first from the Fe?" species produced by the anodic reaction:

Fe—Fe? +2¢~ (€8]

Considering the pH of the soil, i.e., 7.3 + 0.1, the main carbonate
species is HCOg3, so that siderite forms according to the following
reaction:

Fe?t+HCO5 —»FeCOs+H )

The reduction of oxygen is the main cathodic process associated with
the anodic reaction:

150,4+H;0+2e”—-20H™ 3)
The overall reaction for siderite formation is then:
Fe + %0, + HCO3 — FeCO3 + OH™ &)

This reaction produces one OH™ ion per each oxidized Fe atom.
Because of the buffering action of the hydrogenocarbonate ions, pH may
however not vary due to the formation of a carbonate ion:

HCO3; +OH —CO% +H,0 5)

During the first period (I) of the experiment where soil moisture was
high (75% sat.), the oxygen flow was low so that siderite oxidation was
probably limited and siderite may have accumulated at the metal sur-
face. Magnetite Fe304 would be the main oxidation product of FeCO3
[21]:

3FeCOj; + 1/20; + 3HyO — Fe304 + 3HCO3 + 3HT (6)

This oxidation reaction produces 1 H' ion per FeCO3 formula, when
the formation of siderite has previously produced 1 OH™ ion per FeCO3
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Fig. 11. Typical corrosion depth profiles of coupon C11.
Table 4

Attack depth in the LCZ (H), associated error interval (AH), minimum and maximum observed values; width at the edge (W) and depth (H) of the observed pits in the
WCZ, error interval, minimum and maximum observed values for W and H.

Large Corroded Zones (LCZ) «Pits» of the Weakly Corroded Zones (WCZ)

H+ AH H mini H maxi W+ AW W mini W maxi H+ AH H mini H maxi

(um) (um) (um) (um) (um) (um) (um) (um) (um)
Cl1 36 +21 10 120 50 £10 35 100 10 5 20
C12 65 + 27 40 115 - - - - - -
C13 34 +18 4 70 - - - - - -
Cl4 69 + 43 10 160 40 40 40 5 5 5
C21 39+ 29 8 100 45+ 7 35 55 17+ 6 10 25
C22 23+9 5 40 40 40 40 20 20 20
C23 36 +18 15 80 45+ 7 40 50 7+4 4 10
C24 44 + 27 10 110 43 +3 40 45 8+6 5 15
C31 27 £ 15 5 55 34 +£11 25 50 11+1 10 12
C32 35+ 23 10 100 43+ 6 40 50 9+6 5 15
C33 39+18 20 80 50 50 50 6 6 6
C34 31+11 15 50 30 30 30 10 10 10
C41 38 + 26 10 120 34+7 25 40 9+3 5 12
C42 65 + 27 40 115 - - - - - -
C43 28 + 18 10 55 50 50 50 5 5 5
C44 33+16 10 70 - - -

CO;™ + H'™ - HCO3 )

formula (Eq. (4)). The carbonate equilibrium would then, conversely to
reaction (5), consume the produced H' ions: During the second period of the experiment, when the soil dried, the
transport of oxygen was facilitated as O, could flow in the gas phase
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inside the pores of the soil. The oxidation of siderite into goethite
a-FeOOH was then favored, as observed in aerated carbonated aqueous
solutions [25]:

FeCO3 + 1/40; + 3/2H,0 — FeOOH + HCO3 + H (8)

The final composition of the corrosion product layer then depends on
the aeration, hence, soil dryness at the vicinity of each coupon. At the
very end, the soil is very dry and the corrosion process only takes place
on a very small proportion of the coupon surface (i.e., the “wet” area is
very small) while siderite is entirely oxidized into goethite. Coupon C43
would illustrate this situation, as goethite was the only identified com-
pound (Table 3). This coupon is also one of those, with C23, C34 and
C24, that had the highest Ry values in periods (II) and (III), as seen in
Table 2.

Conversely, if the soil stays rather wet, i.e., poorly aerated, the
oxidation into magnetite is favored. This situation corresponds to cou-
pons Cl14, C31, C33, C34, C41, C42 and C44, where siderite and
magnetite were identified together with goethite. In agreement, coupons
C14, C31, C41, C42 and C44 are characterized by moderate Rg values (<
3500 Q cm?) in period (II). Other coupons such as coupons C12, C21,
C23 and C24 correspond to an intermediate situation where only
magnetite and goethite were found. In agreement, R, values measured
for coupons C12, C21 and C24 in period (II) are intermediate between
those of the previous coupons and that of coupon C43.

The carbonate green rust, another common corrosion products of
steel in carbonate-containing media [25-28], was identified only in two
cases, i.e., at the surface of coupons C11 and C22. The corrosion process
involving GR(CO%’) instead of FeCO3 is however very similar:

6Fe + 7/20, + 8H,0 + HCO; — FefFel(OH);,CO52H,0 + OH™  (9)

This reaction, as for siderite, leads to the production of OH™ ions,
while the oxidation reactions of GR(CO%’) produce a similar amount of
H' ions. Magnetite is favored at low oxygen flows (rather wet soil),
goethite at higher aeration levels [22]:

FelFel(OH);,C05-2H,0 + 1/20, — 2Fe304 + HCO3 + 7H,0 + H (10)
FelFel(OH),C05-2H,0 + 0, - 6FeOOH + HCO3 + 4H,0 + H (11)

GR(CO%") is favored, with respect to siderite, by higher interfacial
[OH1/[Fe®*] and [OH"]1/[HCO3/CO%"] concentration ratios [29]. Its
formation may then be favored locally in zones of the soil where the
carbonate species concentration is lower than the average or in cathodic
zones of the metal surface where [OH] is increased and [Fe®*'] is
decreased (see reactions 1 and 3), as observed for steel in seawater [30].

The formation of GR(SO?C) at the surface of coupons C11 and C32,
more likely associated with a peat-rich local environment, suggests that
the heterogeneity of the soil can also lead to changes in the composition
of the corrosion product layer.

Like siderite, GR compounds can only accumulate and remain pre-
sent at the steel surface if the soil environment remains weakly aerated,
i.e., if the soil remains rather wet. Actually, the lowest R values were
observed, in both periods (II) and (III), for coupon C11, which proved
covered by a corrosion product layer containing mainly Fe(II)-based
compounds (three GR compounds and siderite). The other coupons
where GRs were identified are also coupons with low R values in period
(D), i.e., C22, or in both periods (II) and (III), i.e., C32.

Thus, the composition of the corrosion product layer proved linked
to the average local moisture of the soil and to its local composition.
There are however some particular cases. The Rg values measured for
coupons C23 and C34 proved abnormally important, with respect to
those of other coupons, in both periods (II) and (III). These adjacent
coupons share a corner (Fig. 1). It is then possible that a large crack in
the soil, running obliquely from C23 to C34, was created at the begin-
ning of the drying process. Filled with air, it would correspond on the
metal surface of both coupons to a large electrochemically inactive area,
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thus leading to large R values. The initial Ry values measured in period
(I) were moreover the highest for these two coupons (Table 2), which
suggests that a smaller crack, or a void filled with air, was already
present at the beginning of the experiment.

The corrosion product layer of coupon C13 only contained siderite
and goethite. It cannot be excluded, however, that magnetite was pre-
sent but could not be detected. It is also possible that the soil in contact
with this coupon was highly heterogeneous, with aerated areas where
FeCO3 was oxidized to goethite and deaerated zones where FeCO3 was
not even oxidized to magnetite.

The last case is C33, where various electrochemical measurements
were very noisy and had to be discarded (see Table 2 for instance). This
case is not discussed further for this reason.

4.2. Morphology of the corrosion

Fig. 12 schematically shows, through a cross section view, the pro-
posed interpretation of the observed corrosion profile, deduced from the
various depth profiles obtained on different coupons (see Fig. 11 for
coupon C11). It is assumed that the drier regions of the soil, in contact
with the WCZ, contain a higher proportion of large particles that facil-
itated the evaporation of water.

The important corrosion rates measured in the LCZ suggest that
galvanic effects took place between aerated areas where O reduction
rate can be high and deaerated areas where the anodic reaction may
induce a decrease in interfacial pH (reaction 2). Similar conclusions
were already reported [8]. Moreover, as observed in soils wetted with
moderate NaCl concentrations [12], the metal could be passive in the
aerated zones and active in the deaerated zones. Differential aeration
cells are thus expected to be active in metal zones located under water
droplets [31], i.e., in the WCZ where pits were observed. They are more
likely also involved at the boundary between wet/dry soil regions, i.e.,
the LCZ/WCZ boundary (Fig. 12). The cathodic zones (K) then corre-
spond to the parts of the metal surface in contact with the drier side of
the boundary, more aerated. The anodic zones (A) correspond to the
parts of the metal surface in contact with a more humid soil, less aerated.

4.3. About the link between OCP and Ry

As demonstrated in previous studies [5-7,32], the evolution of R for
a metal surface buried in an unsaturated soil is mainly associated with
the evolution of the “wet” area and then directly connected with local
soil moisture. As discussed in Section 4.1, the evolution of R, for a given
coupon of the MCE can then explain in most cases the composition of the
corrosion product layer covering the metal surface. Besides, the changes
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Fig. 12. Schematic representation of the observed corrosion morphology and
associated interpretation. A = anodic areas, K = cathodic areas of the
steel surface.
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in OCP can be connected to the cathodic reaction rate, thus to the local
aeration of the soil, which is itself connected to the local soil moisture.
Basically, when the soil dries, O, transport is facilitated [1,2] and the
“wet” area decreases, so that Rg and OCP both increase. This is illustrated
in Fig. 13, where the variations of R from period (I) to period (IV) are
plotted vs. the corresponding variations of OCP for coupons C11, C12,
C14, C22, C31 and C43. For each coupon, the progressive drying of the
soil, from period (I) to period (IIl), is associated with a combined in-
crease in both Ry and OCP. However, the amplitude of both variations
differs from one coupon to another and the link between the variation of
R and that of OCP as well.

The smallest variations of both Rg and OCP are observed for coupon
C11. This demonstrates that this coupon remained in a rather wet and
weakly aerated soil. In contrast, important variations of both R; and OCP
are observed for coupons C22 and C43. In period (III), these coupons
were then in a rather dry and aerated soil. However, the evolution was
faster for coupon C43, as both Ry and OCP were already high during
period (II). This coupon was then most of the time in a strongly aerated
soil, which once again explain while only goethite was identified in the
corrosion product layer covering coupon C43. Coupons C12 and C14
illustrate the intermediate, or in other words the average, situation.
Finally, coupon C31 is a very particular case. During period (II), Ry
remained low, while the OCP was already very high. This suggests once
again that the surface of this coupon behave as a cathodic site, because
the environment was sufficiently wet so that most of the coupon surface
remained electrochemically active (low Rg large “wet” area) while Oy
could easily access to this surface (high OCP).

The data obtained during the short (4 days) period (IV) show that the
adding of water led in any case to a significant decrease in Rs, which
perfectly illustrates the link between R and soil moisture. In contrast,
the OCP increased slightly or remained constant in most cases (4/6). The
renewed electrolyte was saturated with Oy that fueled the corrosion
reaction. This shows that the measurement of both Ry and OCP is
necessary to understand the corrosion processes occurring on steel
buried in unsaturated soils, especially in “dynamic” conditions where
variations of moisture and aeration are taking place.

5. Conclusions

The obtained results led to the following information:

First of all, the multi-coupon electrode (MCE) concept proved rele-
vant to provide crucial information about the corrosion processes
taking place on steel surfaces buried in unsaturated soil. The analysis
of the electrochemical behavior of each of the 16 coupons of the MCE
was fruitfully combined with OM observation of each coupon, and
characterization by XRD of each corrosion product layer.

The variations of composition of the corrosion product layer from
one coupon to another mainly resulted from variations of local soil
moisture and aeration. These two parameters are qualitatively linked
to the soil electrolyte resistance R, measured by SIE, and the OCP of
the coupons.

Coupons C11 and C32, characterized by low Rs and OCP values all
along the experiment, were covered with specific corrosion products,
in particular GR(SO37). A locally high concentration of peat is sus-
pected, as peat was the only source of sulfate present in the system.
This shows that local variations of soil composition can induce spe-
cific corrosion processes and thus favor corrosion cells.

- The combined measurement of Ry and OCP for each coupon revealed
how the drying of the soil could be heterogeneous, as some coupons
remained all along the experiment in a rather wet and deaerated soil
while others were rapidly in a rather dry and aerated environment.
This heterogeneity was also observed at the scale of each coupon.
The OM microscopy observations and the corrosion depth profiles
revealed the coexistence of large corroded zones (LCZ) and weakly
corroded zones (WCZ). The LCZ correspond to parts of the metal
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Fig. 13. Evolution of the average soil electrolyte resistance Ry measured at
periods (I), (II) (IT1) and (IV) plotted vs OCP for coupons C11, C12, C14, C22,
C31 and C43.

surface that remained in contact with a wet soil and suffered corro-
sion all along the experiment whereas the WCZ correspond to parts of
the metal surface that were early in contact with a dry soil.

The morphology of the corrosion, observed for each coupon, proved
localized at a smaller scale than the coupons size (5 mm x 5 mm).
Locally important corrosion rates (average 90-270 um yr’1
depending on the coupon, maximum of 630 um yr ™! for coupon C14)
were determined, which indicates that differential aeration cells
were active, but these cells mainly involved small metal zones on a
given coupon, and marginally different coupons. The particular
behavior of coupon C31 suggests however that this coupon behave as
cathode with respect to surrounding coupons.
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