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Abstract: Two-month experiments were carried out with carbon steel electrodes buried in an artificial
sand wetted at 50–55% of saturation with a 0.07 mol L−1 Na2SO4·10H2O solution. Various protection
potentials (corrected from the ohmic drop) were applied from −0.60 to −1.13 V/Cu-CuSO4. In
each case, the behavior of the electrode protected by cathodic polarization was compared with
that of an unprotected electrode. The electrochemical study was performed using voltammetry,
linear polarization resistance measurements, and EIS. Surface characterization of the coupons was
carried out using optical microscopy and X-ray diffraction. First, cathodic protection was observed
to induce a spreading of the electrolyte on the metal surface because of electrocapillary effects. The
active area, or more precisely the wet area, of the electrode increased, leading to a decrease in soil
electrolyte resistance Rs measured using EIS. This phenomenon was experimentally confirmed via
visual observations of the surface of the coupons at the end of the experiments. Secondly, cathodic
protection induced a passivation of the steel surface. The passive state persisted for 35 to 85 h after
cathodic protection was stopped and could be studied during various periods of interruption of the
protection. In each case, the OCP of the previously polarized coupons reached high values, actually
200–250 mV higher than those measured for the unprotected coupons, and was associated with
high polarization resistance Rp values (~40 kΩ cm2). Depassivation of the metal finally occurred, a
phenomenon revealed by simultaneous important drops of both OCP and Rp.

Keywords: buried steel pipelines; cathodic protection; passivation; soil; EIS

1. Introduction

Buried steel pipes used to transport natural gas are commonly protected against corro-
sion by the combination of an organic coating with cathodic protection (CP). The coating
acts primarily as a physical barrier isolating the metal from the corrosive environment,
while CP ensures the protection of the bare areas of the metal surface that result from pores,
cracks, and other coating defects. According to relevant international standard EN ISO
15589-1:2017 [1], CP should lead to a residual corrosion rate smaller than 10 µm yr−1 pro-
vided that the applied cathodic potential is below a threshold value of −850 mV/Cu-CuSO4
(for most soil conditions). Various studies were devoted to the estimation of the residual
corrosion rate, being the low corrosion rate achieved with CP, using voltammetry [2–6],
and confirmed that the residual corrosion rate was indeed smaller or equal to the expected
value of 10 µm yr−1.

The effectiveness of CP can be explained by two main mechanisms [7]. The first
mechanism is linked to the electrode kinetic theory, which shows that the decrease in
the potential directly induces a decrease in the anodic reaction rate, and thus a decrease
in the corrosion rate. However, the decrease in the potential also induces an increase
in the cathodic reaction rate and thus an increase in the interfacial pH. The pH was,
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for instance, measured up to 11.8 at a steel/clay soil interface after CP was applied at
−850 mV/Cu-CuSO4 [8] and up to 13.5 at a steel/sandy soil interface with a CP potential
of −950 mV/Cu-CuSO4 [9]. This increase in interfacial pH may lead to the passivation of
the steel surface. With this second mechanism, the decrease in the corrosion rate would
be mainly due to the formation of a thin protective iron oxide layer, i.e., a passive film.
Passivation could be, in most cases, the main mechanism involved for the CP of carbon steel
buried in soils [10–12]. It must also be noted that various proposed mechanisms for AC
corrosion are based on the presence of a CP-induced passive layer [13,14]. AC corrosion is a
phenomenon associated with alternating current (AC) interferences that affect CP-protected
buried steel structures. The first step of AC corrosion could correspond to the weakening
and breakdown of the CP-induced passive film because of electromechanical stress induced
by the AC interference [15,16].

Understanding this CP-induced passivation phenomenon and determining the pro-
tective ability of the obtained passive layer is therefore of utmost importance, but the
literature data about this topic is scarce. Leeds and Cottis showed, for instance, that, in
conditions preventing the formation of the calcareous deposit (NaCl solution), CP induced
the formation of a protective layer [17]. The most protective layer was mainly composed of
magnetite and was obtained for an applied potential of −1.3 V/Ag-AgCl-3.5% NaCl that
led to a pH of 12.74 after 30 days [17]. It is important to keep in mind that CP decreases the
corrosion rate, but does not completely halt corrosion, whatever the applied potential [18].
This residual corrosion process can actually lead to (and was evidenced by) the formation
of a thin film of corrosion products [17–20].

However, as far as buried structures are concerned, it is necessary to take into account
the main differences between the bulk electrolyte and soil, which is a porous medium that
restricts the transport of matter. In saturated soils, the transport of dissolved O2 can only
be achieved by diffusion [21,22] inside a pore network that may be extremely tortuous,
and corrosion rates are generally very low in such a situation [22–24]. In unsaturated soils,
typically below 75% of the saturation level, O2 can also be transported inside the pores in
the gas phase, and important corrosion rates can be reached, with a maximum associated
with a specific saturation level that depends on the considered kind of soil [25]. In addition,
part of a steel surface buried in unsaturated soil is in contact with the gas phase so that
only the fraction of the surface in contact with the electrolyte, which can be called the wet
area, is actually corroding. If the wet area is not determined, corrosion rates deduced using
the whole metal surface are then underestimated [23,24]. The wet area can be evaluated
using electrochemical impedance spectroscopy (EIS) [4,23,24]. Basically, the soil electrolyte
resistance Rs, a parameter easily obtained via EIS measurements, varies conversely to the
wet area [4,23,24].

Moreover, unsaturated soils may be heterogeneous, with variable local moisture, so
that the relevant parameter is not the average saturation level, but the local saturation level
at the steel/soil interface [26]. The soil electrolyte resistance Rs is then also an indicator of
the local soil moisture at the steel/electrolyte interface, a concept that was recently applied
to monitor the evolution of a steel/soil interface during soil drying and re-wetting using a
multi-coupon electrode [26].

Finally, the influence of CP on the steel/soil interface must also be taken into account.
Previous studies [4,5] indicated that CP increased the wet area through electrocapillary
effects that modify the liquid/solid contact angle at the triple phase (gas/liquid/solid)
boundary [27–30]. Therefore, the present study, focused on CP induced passivation, was
carried out using complementary electrochemical methods, namely voltammetry to follow
the evolution of steel during CP, linear polarization measurements (LPR) to assess for
the passive state of the steel surface after stopping the cathodic polarization, and EIS
measurements to follow, via the Rs parameter, the evolution of the wet area of carbon steel
electrodes. The exact relationship between Rs and the wet area is not clearly established
yet, and thus Rs was only used in the present study as a qualitative and reliable parameter
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linked to the wet area, i.e., a small Rs means a large wet area and a large Rs means a small
wet area.

The behavior of electrodes protected using CP was compared with the behavior of
unprotected electrodes. At the end of the experiments, a surface analysis was performed
using X-ray diffraction (XRD) to identify the phases formed on the steel surface and optical
microscopy (OM) to quantify the localized corrosion damage.

2. Materials and Methods
2.1. Materials

Cylindrical Plexiglas cells (25 cm high, 19 cm diameter) filled with 9 kg of wetted
soil were used (Figure 1). Each cell comprised a moisture sensor, a Cu/CuSO4 saturated
reference electrode (Celco 5, from COREXCO, Décines Charpieu, France, E = +0.317 V/SHE
at 25 ◦C [31]), a titanium counter electrode, and two X70 carbon steel working electrodes,
one left unprotected at the open circuit potential (OCP), the other subjected to CP. The
composition of the X70 steel used for this study, provided and analyzed by GRTgaz
(Compiègne, France), was (in wt.%): 0.09% C, 1.53% Mn, 0.29% Si, 0.013% P, 0.002% S,
0.02% V, 0.03% Cr, 0.03% Cu, 0.03% Ni, 0.03% Al, <0.01% Mo and Fe (balance).
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Figure 1. (a) Schematic representation of the cells used for the study of CP induced passivation,
(b) top view showing the respective positions of electrodes and sensor, and (c) photo of an actual
cell. CE = counter electrode, RE = reference electrode, UC = unprotected coupon, and CP = coupon
protected by CP.

The working electrodes were disks with an active area of 1 cm2, sandblasted before
the experiments, and were set in a sample holder that allows for combining electrochemical
analysis with weight loss measurements. However, the coupons underwent localization
corrosion and optical microscopy was considered instead of weight loss measurements
to evaluate the severity of the corrosion damage (see Section 2.4). This 1 cm2 area is the
nominal electrode surface, which is necessarily larger than the wet area, i.e., the part of the
electrode actually in contact with the liquid phase. However, the current density is given in
each case considering the whole surface of 1 cm2.

The artificial soil was composed of 100% fine Fontainebleau sand NE34 (Sibelco France,
Saint-Pierre-Lès-Nemours, France), with an average particle size of D50 = 210 µm, mainly
composed of SiO2 (99.87 wt.%). It was wetted with a solution of 0.07 M Na2SO4·10H2O
(97% min. purity, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) solution to obtain a
soil moisture corresponding to 55% of the saturation level. This solution was chosen so
that the formation of a calcareous deposit was not possible and so that localized corrosion,
e.g., pitting, was not favored.
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Once all of the components were set in the soil, the cell was almost completely filled,
with only 2–3 cm of air left between the soil surface and the lid of the cell. It was then
hermetically closed so that the soil moisture could remain constant all along the two-month
experiments. Soil moisture was checked every 3 days using a Waterscout SM100 sensor
(Spectrum Technologies Inc., Aurora, IL, USA). This sensor consists of two electrodes that
function as a capacitor and the surrounding soil as the dielectric. An 80 MHz oscillator
drives the capacitor, and a signal proportional to the soil dielectric permittivity is recorded.
The dielectric permittivity of water is much greater than that of air, soil minerals, and
organic matter, so changes in water content can be correlated to soil moisture. The sensor
was buried in the soil at the same level as the steel electrodes and was connected to the soil
moisture sensor reader each time a measurement had to be carried out. These measurements
showed that soil moisture actually remained between 50% and 55% of saturation all along
the experiments.

2.2. Methodology

Two series of experiments were carried out. In the first series, the protected electrode,
called CP1, was successively polarized at three decreasing ECP values (corrected from the
ohmic drop), i.e., −0.75 V/Cu-CuSO4 for 20 days, −0.94 V/Cu-CuSO4 for 14 days, and
−1.13 V/Cu-CuSO4 for 15 days, thus defining three sequences. Each sequence ended with
an interruption of CP during which the behavior of the electrode was monitored over time
via OCP measurements. Additionally, LPR and EIS measurements were performed 24 h
after CP was stopped to obtain more accurate information about the passive state possibly
induced by the previously applied CP. After a variable time that depended on the observed
behavior of the electrode, the cathodic polarization was applied again, set at the next ECP
value, and so on until the end of the experiment, after 57 days.

In the second series of experiments, the protected electrode, called CP2, was per-
manently polarized at ECP = −0.6 V/Cu-CuSO4 during 56 days. This corresponds, with
respect to the EN ISO 15589-1:2017 standard [1], to an insufficient protection, even if this
ECP value is significantly lower (about 100 mV) than the OCP of steel buried in the same
condition (see Section 3.1). During this period, voltammetry was used at days 4, 7, 14, 28,
and 42 to follow the behavior of electrode CP2, and, in particular, to determine the value of
the corrosion potential Ecor. After 56 days, CP was stopped and the behavior of electrode
CP2 was studied via OCP, EIS, and LPR, as previously described for coupon CP1.

The behavior of the unprotected electrodes, called UC1 and UC2, buried together
with the protected electrodes in both series of experiments, was studied using OCP, LPR,
and EIS. The UC coupons were only used as reference coupons to describe the state of the
metal without CP, being both the initial state of the metal and its evolution over time in the
absence of CP. All of the UC electrodes behave similarly, and electrode UC1, buried with
CP1, was chosen as an example for the description of the obtained results.

2.3. Electrochemical Methods

All electrochemical measurements were carried out with a Gamry1000 potentiostat
(Gamry Instruments, Warminster, PA, USA) and the data acquired using the associated
Framework V4.35 software.

EIS was used to determine the soil electrolyte resistance Rs, a parameter that can
be determined from a Nyquist (or Bode) representation of the EIS data without any
modeling [4,23]. The determination of Rs is necessary to correct the electrode potential
from the ohmic drop, which is achieved using the following expression:

EIRfree = E − I × Rs (1)

where EIRfree is the corrected potential, E is the applied potential, Rs is the soil electrolyte
resistance, and I is the current flowing through the electrode. The given value of the
protection potential, ECP, is, in any case, corrected from the ohmic drop. Its value fluctuated
slightly around the targeted value because I and Rs varied with time. Correction of the
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ohmic drop was then performed each day to adapt the value of the applied potential E to
the newly measured values of I and Rs.

The Rs value was also used to monitor the evolution of the wet area of the electrode
over time and to study its link with the protection potential ECP.

For these EIS measurements that focused on the determination of Rs, only the high fre-
quency range was investigated, from 100 kHz to 100 Hz, with 10 points per decade. The AC
voltage perturbation amplitude, applied whether at ECP for protected steel electrodes or at
OCP for unprotected electrodes and protected electrodes during the interruptions of CP, was
set at 20 mV rms because of the important ohmic drop characteristics of unsaturated soils.

For LPR carried out on unprotected electrodes and on protected electrodes during the
interruptions of CP, the potential was varied on a range of ±30 mV around OCP, with a
scan rate of dE/dt = 0.1 mV/s. The Rp value was determined from the slope of the obtained
E vs. I curve, denoted Rp

′, and from the soil electrolyte resistance Rs determined using EIS,
using the following expression:

Rp = Rp
′ − Rs (2)

Voltammetry was finally carried out to study the behavior of electrode CP2, and,
in particular, to determine the evolution of its corrosion potential Ecor over time. The
polarization curves were recorded at a scan rate of dE/dt = 0.2 mV/s from the protection
potential ECP, i.e., about −0.6 V/Cu-CuSO4, up to EIRfree = −0.25 V/Cu-CuSO4. The
potential of the electrode was then set back at ECP.

2.4. Surface Analysis

XRD was used to characterize the corrosion products present on the surface of the
electrodes after the experiments. This analysis was carried out using an Inel EQUINOX
6000 diffractometer (Thermo Fisher Scientific, Waltham, MA, USA) with Co-Kα radiation
(λ = 0.17903 nm). This system is equipped with a CPS 590 detector that collects the diffracted
photons in a 2θ range of 90◦. The XRD pattern was acquired during 45 min with a constant
angle of incidence of 5◦. Phases were identified via the ICDD-JCPDS (International Center
for Diffraction Data—Joint Committee on Powder Diffraction Standards) PDF2 database,
and the diffraction peaks were indexed according to the corresponding files.

Once they were characterized using XRD, the corrosion product layers were removed
from the steel electrodes according to the NF-ISO 8407:2010 standard [32], i.e., using a
solution of hydrochloric acid (HCl) and hexamethylenetetramine. Visual observation
revealed that the electrodes suffered localized corrosion in any case, and an OM analysis
was then carried out to quantify the corrosion depth using a LEICA DM 6000 M optical
microscope (LEICA Microsystems GnbH, Wetzlar, Germany).

3. Results
3.1. Corrosion Behavior of Unprotected Carbon Steel Coupons

Figure 2 displays the evolution over time of OCP, soil electrolyte resistance Rs mea-
sured using EIS, and polarization resistance Rp determined from LPR of coupon UC1.
First, it can be seen that the OCP remained approximately constant, measured, in any case,
between −0.48 and −0.54 V/Cu-CuSO4. In contrast, Rp continuously increased over time
from 2350 Ω cm2 after 1 day to 9600 Ω cm2 at the end of the experiment. This increase in
Rp corresponds to a decrease in corrosion rate, a commonly observed trend that is generally
attributed to the formation and thickening of the corrosion product layer. However, the
increase in Rp is associated with a significant increase in Rs. Actually, Rs increased from
1750 Ω cm2 after 1 day to 5650 Ω cm2 at the end of the experiment, i.e., Rs had more than
tripled during the experiment. This simultaneous increase in both Rp and Rs was observed
in any case and cannot be interpreted, for instance, as a fortuitous local drying of the soil at
the vicinity of coupon UC1, a local drying which indeed could have led to an increase of
Rs [23,24,26]. The increase in Rs is associated with the increase in Rp, and hence with the
growth of the corrosion product layer that forms in the corroding areas of the metal. The
reasons for this evolution are not yet known and would require further investigation.
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Figure 2. OCP, Rp, and Rs vs. time curves obtained for coupon UC1, i.e., the unprotected coupon
buried together with coupon CP1. The accuracy of OCP measurements is ±1 mV, and the accuracy
on both Rs and Rp values is ±5%.

3.2. Evolution of Carbon Steel Coupon CP1 with Decreasing Applied Potentials

The initial Rs value measured for coupon CP1 was 1500 Ω cm2, i.e., similar to that
measured for coupon UC1 at the beginning of the experiment (1750 Ω cm2, see Figure 2).
The initial OCP value of CP1 was really close to that of coupon UC1, with only a 4 mV
difference. This shows that coupons UC1 and CP1 were initially set in very similar soil
environments and conditions.

After 2 h at OCP, coupon CP1 was polarized at −0.745 ± 0.005 V/Cu-CuSO4 for
20 days. CP was then interrupted for 3 days, and the second CP sequence then began.
Table 1 gathers the information related to each CP sequence. The applied potential was
decreased after each sequence, i.e., was equal to −0.935 V/Cu-CuSO4 during sequence 2
and −1.13 V/Cu-CuSO4 during sequence 3.

Table 1. Characteristic features of each CP sequence applied to coupon CP1: duration of the CP
period and subsequent interruption period, average applied potential (ECP, corrected from the ohmic
drop), average cathodic protection current density (jCP), and Rs value reached at the end of each CP
application period. The accuracy on Rs values is ±5%.

CP Sequence 1 CP Sequence 2 CP Sequence 3

CP application period Day 0 to day 20 Day 23 to day 37 Day 41 to day 56
ECP (V/Cu-CuSO4) −0.745 ± 0.005 −0.935 ± 0.01 −1.13 ± 0.02

jCP (mA cm−2) −0.24 ± 0.02 −0.77 ± 0.01 −2.45 ± 0.15
Rs (Ω cm2) 750 (day 17) 450 (day 36) 330 (day 55)

Interruption of CP Day 20 to day 23 Day 37 to day 41 Day 56 to day 57 (end)

The first consequence of the decrease in applied potential is an increase in the ca-
thodic current density jCP (in absolute value). |jCP| increased from 0.24 mA cm−2 for
ECP = −0.745 V/Cu-CuSO4 to 2.45 mA cm−2 for ECP = −1.13 V/Cu-CuSO4. Decreasing
the potential increases the cathodic reaction rate, and hence increases |jCP|.
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However, the cathodic polarization induced other effects, as demonstrated by the
decrease of Rs due to CP. Rs decreased from 1500 Ω cm2 before CP was applied to 750 Ω cm2

when the coupon was polarized at ECP = −0.745 V/Cu-CuSO4. Moreover, the lower the
ECP, the lower the Rs, so that Rs reached 330 Ω cm2 for the lowest applied potential
of −1.13 V/Cu-CuSO4. This decrease in Rs because of CP was already reported [4,5].
It can result from electrocapillary effects that modify the liquid/solid contact angle at
the gas/liquid/solid boundary and lead to a spreading of the liquid phase on the steel
surface [27–30]. This spreading of the electrolyte increases the wet area and thus decreases
Rs. This is only possible in unsaturated soil conditions where the pores of the soil are
partially filled with air, which is the case in the experimental conditions considered here.
The decrease in Rs can also result from an increase in electrolyte conductivity. The cathodic
polarization increases the cathodic reaction rate and thus the production of OH− ions,
whether the reaction is an O2 reduction (3) or a H2O reduction (4), as follows:

O2 + 2H2O + 4e− → 4OH− (3)

2H2O + 2e− → H2 + 2OH− (4)

The massive production of OH− ions at the steel/soil interface activates the migration
of cations (mainly Na+ in our experimental conditions) so that the conductivity of the
electrolyte at the vicinity of the steel surface is necessarily increased. Note that, of course,
the production of OH− ions increases the pH at the steel/soil interface.

3.3. CP-Induced Passivation of Carbon Steel Coupon CP1

The same phenomenon was observed for each interruption of CP. The interruption
following the second CP sequence was considered as an example. Figure 3 displays the
evolution of the OCP of coupon CP1 during this interruption, which lasted 102 h from day
37 to day 41.
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Figure 3. OCP vs. time curve (black line) obtained for coupon CP1 after the second CP sequence.
The OCP of unprotected coupon UC1, measured every two days, is displayed as gray squares. The
blue line corresponds to the potential applied to coupon CP1 before the interruption of CP, i.e.,
ECP = −0.935 V/Cu-CuSO4. Time 0 corresponds to the moment when CP was stopped.
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Figure 3 shows that the OCP of coupon CP1 increased rapidly as soon as CP was
stopped. It reached –0.285 V/Cu-CuSO4 after 1.3 h and remained approximately constant
during 12 h. It tended to increase slightly over time, with slight periodic oscillations. The
period of these oscillations is 24 h, and it can be put forward that the periodic variation
in OCP is due to changes in temperature associated with the day/night cycles. The OCP
reached a maximum of −0.234 V/Cu-CuSO4 after 85.2 h, a time denoted td. The OCP then
dropped to a smaller value around −0.41 V/Cu-CuSO4. This value is similar to that of
the unprotected coupon UC1, measured at an average value of −0.48 V/Cu-CuSO4 at that
time (Figure 3, gray squares).

The OCP drop of about 0.18 V observed at time td is similar to a passive to active
transition. This phenomenon was already reported, and it was observed that the re-
activation of the steel surface was due to the decrease in pH at the steel/soil interface
and corresponded to a localized corrosion process [9]. This conclusion implies that the
steel surface was in a passive state before time td. This would explain the high OCP value
observed for coupon CP1 with respect to coupon UC1.

To validate this assumption, EIS and LPR were performed on coupon CP1 before (i.e.,
24 h after the interruption of CP) and after time td. Rp was determined to be as high as
45,000 Ω cm2 before td. It dropped to 6500 Ω cm2 after td. This drop in Rp, associated
with the drop in OCP, confirms that the phenomenon occurring at td is a passive to active
transition. Time td is then the time before depassivation occurs, i.e., the time during which
the steel surface remains passive.

EIS measurements performed before td demonstrated that Rs increased because of the
interruption of CP. It reached 1650 Ω cm2 after 24 h while it was equal to 450 Ω cm2 when
CP was applied (Table 1).

Finally, Figure 4 shows typical LPR and EIS results. Figure 4a displays the polariza-
tion curves used for the determination of Rp obtained before (day 38) and after (day 41)
depassivation. The drop in Rp after depassivation (i.e., after time td) is clearly illustrated
by the increase in the slope of the j(E) curve. Figure 4b shows the EIS results obtained after
the interruption of CP at days 37, 38, and 41, displayed as modulus of Z vs. log(frequency).
This representation was chosen as it clearly illustrates the increase in Rs observed after
CP was interrupted. In the small frequency range considered for the present study, the
modulus of the impedance increases very slightly with decreasing frequency. The Rs value
can be measured at the highest frequencies (typically 10 kHz).
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Figure 4. LPR and EIS results obtained for coupon CP1 during the second interruption of CP:
(a) LPR curves j(E) obtained before (day 38, in blue) and after (day 41, in black) depassivation; E is the
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at days 37 (red squares), 38 (blue triangles), and 41 (black dots). The data obtained at frequencies
higher than 10 kHz are in most cases noisy, and were not displayed for the sake of clarity.
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Similar results were obtained during the interruptions of CP after CP sequences 1 and
3 (note, however, that the experiment was stopped before depassivation of the steel surface
after CP sequence 3). Both Rp and Rs values measured 24 h after the interruption of CP
seem to depend on the previous CP period. To illustrate this point, the results obtained
after CP sequence 3 can be compared to those described above, obtained after sequence 2.
After CP sequence 3, Rp was measured at 36,000 Ω cm2, i.e., was lower than that measured
after sequence 2. However, Rs was also smaller, equal to 750 Ω cm2.

The increase in Rs observed once CP is interrupted (see Figure 4b) indicate that the
wet area decreases. A decrease in wet area, i.e., a decrease in the fraction of the surface that
is electrochemically active, necessarily induces an (apparent) increase in Rp. Therefore, any
variation of Rp can be due, at least partially, to a variation of wet area. The interpretation
of changes in Rp must then take into account the associated changes in Rs, which can be
achieved considering the changes in the Rp/Rs ratio.

The Rp/Rs ratio for the passive state induced by CP at −1.13 V/Cu-CuSO4 (sequence 3),
equal to 48.0, is higher than the Rp/Rs ratio for the passive state induced by CP at
−0.935 V/Cu-CuSO4 (sequence 2), equal to 27.3. This may indicate that the passive layer
induced by CP at −1.13 V/Cu-CuSO4 was more protective than the passive layer induced
by CP at −0.935 V/Cu-CuSO4.

3.4. Monitoring and CP-Induced Passivation of Carbon Steel Coupon CP2

For coupon CP2 polarized at ECP = −0.60 V/Cu-CuSO4 for 56 days, voltammetry
was used to monitor the evolution over time of the corrosion potential of the electrode.
This evolution is displayed in Figure 5, together with that of Rs. Values computed for
ECP using Equation (1) are also given to show that ECP remained close to the targeted
value of −0.60 V/Cu-CuSO4, i.e., remained comprised between −0.610 V/Cu-CuSO4 and
−0.583 V/Cu-CuSO4. The polarization curves used to determine Ecor at days 4, 7, 14, and
42 are presented in Figure 6.
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Figure 6. Polarization curves of coupon CP2 obtained at days 4 (black line), 7 (red line), 14 (blue line),
and 42 (green line). The polarization curve obtained at day 28 was omitted for clarity. The arrow
indicates the direction of the potential scan.

In the following paragraphs, it is assumed, for simplification, that OCP and Ecor are
equivalent, which is the case in theory. In practice, Ecor may slightly differ from OCP,
particularly because of the charging current associated with capacitive effects [33].

Figure 5 shows that the application of CP, as for coupon CP1, induced a decrease
of Rs from 1700 Ω cm2 before CP was applied to 1300 Ω cm2 at day 4. This decrease
is less important than those induced by the stronger cathodic polarization potentials
applied to coupon CP1, which confirms that, in our experimental conditions, the lower
the applied potential, the smaller the Rs. Moreover, Rs increased with time, as observed
for the unprotected coupons (see Figure 2, coupon UC1). It remained significantly smaller
than that of unprotected coupons, reaching 1950 Ω cm2 at day 42, while it was measured at
about 5000 Ω cm2 for the unprotected coupons the same day.

The application of CP also rapidly induced an increase in the corrosion potential. Ecor
increased from the initial OCP value of −0.550 V/Cu-CuSO4 to −0.302 V/Cu-CuSO4 after
4 days of CP. It increased only slightly afterwards to reach −0.288 V/Cu-CuSO4 at day 42.
The four polarization curves of Figure 6 are similar and confirm that the system did not
change significantly between day 4 and day 42. The slight increase in Ecor with time is
clearly visible, too. The polarization curves also show that O2 reduction is not controlled by
diffusion, or only partially far from OCP. The experimental soil conditions considered here
are far from saturation (50–55% sat.), and thus the transport of O2 is facilitated, as it mainly
takes place in the gas phase, partially filling the pores of the soil. Similar conclusions were
already reported [9].

Finally, when the cathodic polarization of coupon CP2 was stopped, the OCP increased
rapidly to reach −0.278 V/Cu-CuSO4, i.e., a value similar to that measured for Ecor using
voltammetry. The experiment was stopped at day 58 after the depassivation of coupon CP2.
The OCP had dropped to −0.434 V/Cu-CuSO4, while Rs increased up to 2710 Ω cm2.

Figure 7 more precisely shows the evolution over time of the OCP of coupon CP2
once CP was stopped. This curve is really similar to that of coupon CP1 (Figure 3), but is
actually shorter because the depassivation took place earlier at td = 37.6 h. The polarization
resistance of coupon CP2 was measured 24 h after the interruption of CP and was found
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to be as high as 35,000 Ω cm2. It was also measured after td and was observed to have
dropped to 4000 Ω cm2.
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Figure 7. OCP vs. time curve (black line) obtained for coupon CP2 after CP was stopped. The blue
line corresponds to the potential applied before the interruption of CP, i.e., ECP = −0.60 V/Cu-CuSO4.
Time 0 corresponds to the moment when CP was stopped.

3.5. Observation and Analysis of the Steel Coupons

The soil was removed as gently as possible from the steel surface so that the mor-
phology of the corrosion product layer could be observed. However, the soil covering the
unprotected coupons was colored in brown by rust as far as 3 mm from the steel surface.
This zone, where the soil is mixed with corrosion products, is a transient region, sometimes
called a transformed medium [34], between the corrosion product layer and the soil sensu
stricto. The transformed medium then had to be removed so that the steel surface could be
observed, which was achieved for coupon UC1, but not for coupon UC2.

Figure 8 displays the images of the surface of coupons UC1 and CP1 once the soil and
the transformed medium were removed (Figure 8a,b). They are compared to the images
obtained after the removal of the corrosion products (Figure 8c,d).

Figure 8a,c clearly show that only a small part of coupon UC1 was actually corroded
while the rest of the surface appeared undamaged. These images are consistent with EIS
measurements: the wet area corresponds to the corroded surface, i.e., the surface covered
by brown corrosion products in Figure 8a, and the wet area was only a small fraction of
the overall surface of the electrode, hence leading to high Rs values. More precisely, it has
been proposed recently [26] that the main central part of a “wet area” was an anodic zone,
while its periphery was a cathodic zone. In unsaturated soil, O2 is mainly transported in
the gas phase and subsequently dissolves in the electrolyte close to the metal surface, more
likely at the vicinity of the triple-phase boundary, i.e., the gas/electrolyte/metal boundary.
Therefore, in Figure 8c, the corroded zones (broad pits) may correspond to the anodic
regions of the wet areas, while a small region of the surrounding metal may have been in
contact with the liquid phase and act as a cathodic zone. The growing corrosion products
may progressively cover this cathodic area, thus decreasing the cathodic reaction rate and



Corros. Mater. Degrad. 2024, 5 398

hence the corrosion rate. Comparing Figure 8a,c, it can be seen that the areas covered with
rust are slightly larger than the corresponding broad pits.

Corros. Mater. Degrad. 2024, 5, FOR PEER REVIEW  12 
 

 

This zone, where the soil is mixed with corrosion products, is a transient region, some-
times called a transformed medium [34], between the corrosion product layer and the soil 
sensu stricto. The transformed medium then had to be removed so that the steel surface 
could be observed, which was achieved for coupon UC1, but not for coupon UC2.  

Figure 8 displays the images of the surface of coupons UC1 and CP1 once the soil 
and the transformed medium were removed (Figure 8a,b). They are compared to the im-
ages obtained after the removal of the corrosion products (Figure 8c,d).  

 
Figure 8. Images showing the surface of coupons UC1 (a,c) and CP1 (b,d) at the end of the experi-
ment. Images (a,b) were obtained before the removal of the corrosion products, while images (c,d) 
were obtained after the removal of the corrosion products. 

Figure 8a,c clearly show that only a small part of coupon UC1 was actually corroded 
while the rest of the surface appeared undamaged. These images are consistent with EIS 
measurements: the wet area corresponds to the corroded surface, i.e., the surface covered 
by brown corrosion products in Figure 8a, and the wet area was only a small fraction of 
the overall surface of the electrode, hence leading to high Rs values. More precisely, it has 
been proposed recently [26] that the main central part of a “wet area” was an anodic zone, 
while its periphery was a cathodic zone. In unsaturated soil, O2 is mainly transported in 
the gas phase and subsequently dissolves in the electrolyte close to the metal surface, more 
likely at the vicinity of the triple-phase boundary, i.e., the gas/electrolyte/metal boundary. 
Therefore, in Figure 8c, the corroded zones (broad pits) may correspond to the anodic 
regions of the wet areas, while a small region of the surrounding metal may have been in 
contact with the liquid phase and act as a cathodic zone. The growing corrosion products 
may progressively cover this cathodic area, thus decreasing the cathodic reaction rate and 
hence the corrosion rate. Comparing Figure 8a,c, it can be seen that the areas covered with 
rust are slightly larger than the corresponding broad pits.  
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obtained after the removal of the corrosion products.

Conversely to coupon UC1, most of the surface of coupon CP1 was covered by a thin
layer (visual appreciation) of corrosion products (Figure 8c). The wet area was similar to
the overall surface of the electrode, in agreement with the measured smaller Rs values. This
definitively confirms that CP induced a spreading of the liquid phase on the metal surface.

Figure 8c shows numerous severe localized degradations on the surface of unprotected
coupon UC1, with a maximal corrosion depth of 700 µm. In contrast, only three small
pits are visible on the surface of coupon CP1 (Figure 8d). These pits result from the
interruptions of CP [9], and more precisely from the depassivation process observed after
CP sequences 1 and 2. The maximal depth was measured at 200 µm.

The comparison between Figure 8b,d also shows that the thin corrosion product layer
covering most of the steel surface is rather protective, as the steel underneath does not
seem degraded. This layer may then be responsible for the high Rp values measured after
the interruptions of CP. It cannot be considered to be a passive film, which is typically
1–2 nm thick [35] and is not visible to the naked eye, and may rather be denoted as a
“pseudo-passive” layer. Note, however, that the presence of a 1–2 nm thick passive layer
below the visible blackish layer cannot be discarded.

The minerals present on the surface of the coupons after the experiment were charac-
terized using XRD (Figure 9). The unprotected coupon considered here is UC2, which was
left covered with a part of the transformed medium, i.e., the transition region between the
corrosion products and the soil, so that the corrosion products present in the transformed
medium could also be identified. Consequently, the main peaks visible in the correspond-
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ing XRD pattern (Figure 9a) are those of quartz, i.e., the main mineral (99.87 wt.%) present
in the considered artificial soil. Thenardite, i.e., sodium sulfate, is also detected. It results
from the post-experiment evaporation of water (more likely during the XRD analysis itself),
as the electrolyte was a Na2SO4 solution. Two corrosion products are identified, namely
goethite α-FeOOH and lepidocrocite γ-FeOOH. These are typical corrosion products of
steel in aerated soils [26].
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Figure 9. XRD patterns of coupons UC2 (a) and CP1 (b). G = goethite, L = lepidocrocite,
M = magnetite, Q = quartz, and Th = thenardite (Na2SO4). The diffraction lines are denoted with
the corresponding Miller index. The very intense peaks denoted by a star are those of the substrate
(α-Fe).
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The XRD pattern of coupon CP1 obtained after removal of the soil is displayed in
Figure 9b. The main peaks, very intense, are those of the substrate, which confirms
that the mineral layer is indeed very thin. This finding is consistent with the observed
protective ability of this layer, which can be considered to be a pseudo-passive layer.
As for UC2, goethite is present, but the main component of the pseudo-passive layer is
magnetite Fe3O4. This finding is consistent with a previous study [17] which showed that
magnetite was the most protective compound associated with CP in a 3.5% NaCl solution.
It was obtained at the lowest potential (−1.3 V/Ag-AgCl-3.5% NaCl in [17], approximately
–1.41 V/Cu-CuSO4). It is generally considered that CP-induced passivation (or pseudo-
passivation) involves an increase in the interfacial pH, and magnetite is indeed favored
with respect to other Fe(II,III) mixed valence compounds, such as green rusts in alkaline
conditions [36,37]. Magnetite is also favored with respect to Fe(III) compounds, such as
goethite and lepidocrocite, at low potentials [37].

Figure 10 displays the images of coupon CP2 before and after the removal of corrosion
products. Figure 10a reveals the presence of numerous spots of rust scattered all over the
surface of the electrode. No pseudo-passive layer similar to that observed for coupon CP1
is visible on the surface of coupon CP2. A nanometric passive layer may have formed in
this case.
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Figure 10. Images showing the surface of coupon CP2 at the end of the experiment. Image (a) was
obtained before the removal of the corrosion products, while image (b) was obtained after the removal
of the corrosion products.

Figure 10b shows that the metal is slightly degraded under most of the spots of rust.
It can be put forward that the passive layer was rather defective, with numerous weak
zones where some corrosion could have occurred even when CP was applied. Three more
severe pits are, however, seen near the center of the electrode. The corrosion depth was
determined using OM to be about 80–100 µm in these pits.

4. Discussion

In the experimental conditions considered here, whatever the applied cathodic po-
tential, from −0.6 V/Cu-CuSO4 (approximately OCP-100 mV) to −1.13 V/Cu-CuSO4,
CP-induced passivation or pseudo-passivation was observed. This shows that the increase
in the interfacial pH was sufficient in each case to induce the formation of a protective
oxide film. The use of voltammetry for coupon CP2 demonstrated that passivation was
rapidly induced by CP. The first polarization curve, acquired after 4 days of CP, showed
that Ecor already increased to a value typical of the passive state. The system did not change
significantly afterwards, except for a slight increase in Ecor, which may reflect an increase
in the passive film thickness [38,39].

In aerated soils, the main cathodic reaction, except for very low cathodic potentials, is
oxygen reduction. The increase in pH at the steel/soil interface is then linked to the rate of
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oxygen reduction, which is measured using the cathodic protection current density |jCP|.
However, it is also linked to the transport of OH− ions from the steel surface. A moderate
decrease in potential, e.g., from OCP to OCP-100 mV, necessarily increases the rate of
production of OH− ions compared to the conditions met at OCP. Our results show that
the associated increase in interfacial pH was sufficient, even for this moderately cathodic
potential, to induce passivation. A decrease in applied potential increases the cathodic
reaction rate, i.e., the rate of production of OH− ions at the steel surface, as testified here
by the increase of |jCP| with decreasing ECP values. This should favor the increase in
interfacial pH, in agreement with the previous literature data [8,9]. However, a decrease
in applied potential also strengthens the migration of OH− ions from the steel surface,
which opposes (together with diffusion) the accumulation of OH− ions at the vicinity of
the steel/soil interface. In unsaturated soil, it was shown that the diffusion and migration
of OH− ions did play a major role in the increase in interfacial pH during CP application
and in its decrease after interruption of CP [9]. This was revealed through the influence
of electrode size and by observing differences in pH between the center and edges of
large electrodes. The pH is lower at the edges of a large electrode and lower for a smaller
electrode because the transport of OH− ions is facilitated because the ions can also diffuse
away from the steel parallelly to the metal surface [9].

Table 2 gathers the information related to the passive state for the three main
considered CP levels, i.e., ECP = −0.60 V/Cu-CuSO4, ECP = −0.935 V/Cu-CuSO4, and
ECP = −1.13 V/Cu-CuSO4. As noted earlier, no clear trend can be identified from the Rp
values because of the effects of CP on the wet area. This last point is illustrated by the link
between Rs and ECP: the lower the protection potential, the lower the Rs value. CP favors
the spreading of the liquid phase on the steel surface [4,5] via electrocapillary effects [27–30],
as clearly illustrated in Figure 8.

Table 2. CP-induced passivation: Rp and Rs values measured 24 h after the interruption of CP for the
three main considered CP levels for coupons CP1 and CP2. The accuracy on both Rs and Rp values is
±5%.

CP2 CP1 Sequence 2 CP1 Sequence 3

ECP (V/Cu-CuSO4) −0.60 ± 0.02 −0.935 ± 0.01 −1.130 ± 0.02
Rp (Ω cm2) 35,000 45,000 36,000
Rs (Ω cm2) 2050 1650 750
Rp/Rs 17.1 27.3 48.0

However, the Rp/Rs ratio is clearly increasing when ECP decreases. This indicates that
the passive (or pseudo-passive) layer may be more protective at lower cathodic potentials.
The similitude between the measured Rp values, about 40 kΩ cm2 in each case, is then more
likely to be fortuitous. The increase protective ability of the passive (or pseudo-passive)
layer with decreasing ECP may be due to the link between interfacial pH and CP potential.
In principle, a decrease in cathodic potential favors the increase in interfacial pH, which
favors the formation of a passive oxide film.

The images of coupons CP1 and CP2 after the experiments showed that the surfaces of
the coupons were rather different (see Figures 8b and 10a). The surface of CP1 was almost
completely covered by a blackish thin layer that proved mainly composed of magnetite
(with goethite). The surface of coupon CP2 did not show any similar layer, suggesting
that the protective layer, which was not visible, was indeed a few nm-thick passive layer.
However, the surface of coupon CP2 also showed numerous spots of rust, which indicates
that this layer was, however, weak and defective. This is consistent with the measured Rp
value of 35,000 Ω cm2, a rather small value for a passive state. For instance, in a borate
buffer, where passivation of carbon steel can take place, Rp values were obtained between
10.1 kΩ cm2 and 8.6 MΩ cm2, depending on the anodic potential applied [40]. The value
obtained for CP2 is of the same order of magnitude as the lowest values obtained in the
borate buffer. Moreover, the Rp/Rs ratio is the lowest (Table 2), confirming that the passive
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layer formed in these conditions does not protect the metal as efficiently as the protective
layer formed at more cathodic potentials. It is also questionable whether the deepest
degradations observed at the surface of coupon CP2 are only due to the depassivation
period (only a few days) or correspond to a pitting process initiated during the application
of CP and due to the weakness of this imperfect passive layer.

Coupon CP2 was polarized for 56 days at the same ECP = −0.60 V/Cu-CuSO4 value,
which must be considered to be insufficient protection according to the relevant standard [1].
For this insufficient CP level considered here (ECP = −0.60 V/Cu-CuSO4), although a
passive film formed, it provided an imperfect protection, and it can be put forward that
this may be due to an insufficient increase in the interfacial pH.

Coupon CP1 was consecutively polarized at three different decreasing cathodic
potentials, with interruptions of CP between each polarization sequence. The pseudo-
passive magnetite layer may have begun to form a soon as CP was applied, thus being
at ECP = −0.745 V/Cu-CuSO4, but may have only formed during the last CP sequence,
i.e., at ECP = −1.13 V/Cu-CuSO4. The high Rp value of 45,000 Ω cm2 measured after CP
sequence 2 (ECP = −0.935 V/Cu-CuSO4) may then be due whether to a nm-thick passive
film or to the magnetite layer itself. The magnetite layer, which was necessarily present
at the end of CP sequence 3, has contributed to the large Rp value measured after CP
sequence 3, i.e., 36,000 Ω cm2. The average Rp value observed here for the passive or
pseudo-passive state induced by CP is about 40 kΩ cm2. From this value, a rough estimate
of the associated corrosion rate can be obtained using the Stern–Geary equation [41] with a
Stern–Geary coefficient B = 0.022 V [42]. The computed corrosion current density is 0.5 µA
cm−2, which leads to a corrosion rate of steel about 6 µm yr−1. The CP-induced passive
(or pseudo-passive) state observed in the specific experimental conditions considered here
fulfills the efficiency requirement specified in the EN ISO 15589-1:2017 standard [1], i.e.,
leads to a residual corrosion rate lower than 10 µm yr−1.

Finally, in any case, the passive state persisted for a time td before depassivation and
pitting occurred. In their previous thorough study of the phenomenon, Wang et al. [9]
demonstrated that this depassivation was facilitated for small electrodes (smaller time
td) and at the edges of large electrodes because of the increased OH− diffusion at the
periphery of the electrode, which promoted a faster pH decrease in this region and thus
a localized weakening and breakdown of the passive layer. Our results also showed that,
in unsaturated conditions, the interruption of CP was followed by a fast increase in Rs,
i.e., a fast decrease in the wet area. This indicates that the electrolyte, spread on the steel
surface during the application of CP, returned rapidly to a dispersed state, hence forming
isolated small wet areas on the steel surface. As shown in Figure 4b, Rs had increased
from 450 Ω cm2 to 1970 Ω cm2 when depassivation took place. The depassivation and
subsequent corrosion process could then only be localized at the wet areas remaining
on the electrode surface, like the corrosion process taking place on unprotected coupons
(Figure 8a,c). Depassivation would then occur earlier at the wet areas located close to
the periphery of the electrode, which is clearly the case for coupon CP1 as revealed by
Figure 8d.

Coupon CP1 was subjected to successive CP and depassivation sequences. The depth
of the three observed deep pits is important (~200 µm), and only three pits are visible,
which suggests that the successive interruptions of CP could have cumulative effects, the
depassivation occurring more easily in the previously created pits. It is indeed questionable
whether the depassivation observed after the second CP-sequence took place in the pits
previously formed after the first depassivation. The surface inside the pits may have
repassivated once CP was applied again, but the pits may constitute a weak zone during
the next interruption of CP. Moreover, the time required for the repassivation of the metal
inside the pits is not known either, so is it is not possible to even estimate any reliable
corrosion rate from the measured pit depths.

Time td is linked to the previously applied protection potential, as clearly illustrated
by the difference between CP2 (−0.6 V/Cu-CuSO4 and td = 37.6 h) and CP1—sequence 2
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(−0.935 V/Cu-CuSO4 and td = 85.2 h). However, it seems to depend, also, on the duration
of the previous period of CP. For sequence 1 of CP1, the depassivation occurred after
td = 35.5 h, i.e., a shorter time than that measured for CP2, while the applied potential was
lower. However, CP was applied for only 20 days, while it was applied for 56 days for CP2.
The thorough understanding of both effects of time and applied potential requires further
study, although it can be suggested that the interfacial pH reached after the application of
CP may play the major role [9].

5. Conclusions

This preliminary study of CP-induced passivation confirmed the important role of
this phenomenon in the protection of buried carbon steel structures.

In the considered experimental conditions, i.e., using an artificial soil only composed
of siliceous fine sand wetted at 50–55% sat. with a 0.07 M Na2SO4 solution, CP induced
the formation of a passive or pseudo-passive oxide film. This phenomenon was observed,
whatever the applied cathodic potential, from −0.6 V/Cu-CuSO4 to −1.13 V/Cu-CuSO4.
The passive state persisted for at least 35.5 h and could then be evidenced using OCP and
LPR carried out after CP was stopped. Depassivation occurred after a variable time (td,
measured here between 35 and 85 h), leading to a localized corrosion process, in agreement
with previous work [9].

The average Rp value of carbon steel in the CP-induced passive (or pseudo-passive)
state, about 40 kΩ cm2 in the experimental conditions considered for the present study,
corresponds to a residual corrosion rate smaller than 10 µm yr−1 (estimated at ≈6 µm yr−1),
i.e., the specified threshold value defining an efficient CP according to the relevant stan-
dard [1]. However, the imperfect passive state that was reached in insufficient CP conditions
(−0.6 V/Cu-CuSO4) may favor a localized degradation of the steel surface.
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