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The advanced coupled multi-electrode array (CMEA) technique provides spatiotemporal insights into electrochemical processes.
This study used the CMEA technique to monitor the distribution of anodic and cathodic activity during galvanic interactions
between copper and steel. An important parameter influencing the intensity of galvanic corrosion is the anode-to-cathode area ratio,
which was also investigated. After exposure, corrosion products were analyzed using microscopic and spectroscopic techniques,
and the extent of actual corrosion damage was evaluated using µ-CT. In the CMEA sensor with a Cu:CS ratio of 24:1, the
corrosion rate of the CS electrode was estimated at 0.86 mm year−1 . For the area ratio of Cu:CS 22:3, a lower corrosion rate
of 0.56 mm year−1 was observed for the CS electrodes. The influence of the reduction process on copper electrodes and the
intensity of galvanic corrosion is demonstrated. The main corrosion products on the CS electrodes were goethite, lepidocrocite,
and akaganeite, indicating a corrosion process involving oxygen. The copper electrodes acted as cathodes, but some individual
Cu electrodes also exhibited anodic activity. This suggests simultaneous anodic and cathodic activity, and the anodic activity was
confirmed by Raman spectroscopy, which detected the presence of Cu2O. Cu2S was also detected, indicating corrosion processes
involving bisulfide ions.
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Galvanic corrosion occurs when two dissimilar metals are in con-
tact in the presence of a corrosive electrolyte, where the driving force
for corrosion is the potential difference between them.1 In contact
with a common electrolyte, a galvanic cell is formed, consisting of
an anode, a cathode (more noble/positive metal), and a path for the
electron current.1,2 In the case of carbon steel (CS) coupled with
copper (Cu), the more noble metal is Cu, based on the standard elec-
trode potential,3 so Cu acts as the cathode and CS as the anode.1

Many parameters influence galvanic corrosion, including the prop-
erties of the materials, the solution conductivity, the temperature, the
oxygen content, the stability of the oxide film, the distance between
the coupled metals, and the area ratio of the anode to the cathode.1,2,4

The greater the area ratio between the electrodes (small anode, large
cathode), the more intense the galvanic corrosion is. The rate of
galvanic corrosion depends on the rate of oxygen reduction as the
main cathodic reaction (O2 + 2H2O + 4e− ↔ 4OH−).1,2,5,6 Up
to a Cu:CS ratio of 2500:1, the galvanic current (ig) increases lin-
early, indicating on cathodic control with oxygen reduction.5,6 Ziang
et al.7 investigated the evolution of ig at Cu:CS area ratios from
3600:1–8000:1. The ig remains constant, indicating on the shift of
rate-determining step to anodic processes (CS oxidation). Li et al.8

used a finite element analysis (FEA) model to predict the throwing
power of Cu-to-CS galvanic couples at extreme area ratios (2.3 ×
108:1–9 × 104:1). Bentonite generally reduced the throwing power,
but when the exposed CS exceeded a critical dimension determined
by bentonite thickness, throwing power increased due to enhanced
oxygen reduction reaction kinetics on the reduced Cu cathode.

One proposed method for studying galvanic corrosion is the use
of an advanced technique called the coupled multi-electrode array
(CMEA) technique also known as wire beam electrode (WBE). The
CMEA technique has been demonstrated to be a very useful and
powerful tool for investigating non-uniform corrosion, such as local-
ized corrosion (including the initiation and propagation of pitting),
crevice corrosion, and galvanic corrosion, as well as for studying the
statistical behavior of metal corrosion and evaluating inhibitors.9–14
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The CMEA technique is unique for studying spatiotemporal evo-
lution of corrosion processes on the surface being investigated. It
is designed to simulate a larger surface area by galvanically cou-
pling several smaller electrodes. The electrodes are galvanically
coupled using a zero-resistance ammeter (ZRA), which ensures that
no external current or potential is imposed. With no applied cur-
rent or potential, the surface acts as a freely corroding surface, and
real-time corrosion processes can be monitored in a simulated envi-
ronment.9,15,16 The CMEA method monitors the anodic and cathodic
processes on individual electrodes. The anodic current of the most
corroding electrode can be used to estimate the corrosion rate and
represents a lower bound for the corrosion rate. This is because
anodic and cathodic processes can occur simultaneously on the same
electrode, so the corrosion rate may be underestimated.16,17

The multi-electrode array technique is widely used to investigate
localized corrosion, as conventional electrochemical techniques are
not suitable due to the complexity of anodic and cathodic sites inter-
actions.13,14 Using electrode arrays, it was shown that the ohmic
potential drop near an active pit produces the strongest suppres-
sion of electrochemical activity on immediately adjacent passive
electrodes, with the effect diminishing systematically toward the
array’s edge, where susceptibility is highest.18,19 Parvizi et al.20

employed the multi-electrode array technique with 1 mm and 100
µm wires to investigate localized corrosion processes over hetero-
geneous metal surfaces on AA2024-T3. It was demonstrated that
electrode size determines which stage of corrosion is captured. Wires
with a 100 µm diameter revealed early-stage corrosion initiation
activities among intermetallic particles, which larger wire sizes can-
not detect.20 Using the concept of a three-dimensional electrode
array, Laleh et al.21 demonstrated the technique’s capability for
investigating internal pipeline corrosion under various environmen-
tal conditions and investigation of corrosion influencing factor such
as differential aeration, pH and inhibitors.

Previous work has shown that the CMEA technique can be used
to study the electrochemical inhomogeneity of zinc in a zinc/steel
galvanic couple in seawater. The spatiotemporal distribution of
anodic and cathodic currents was demonstrated, as anodic activity
moved between the zinc wires to mild steel and then to the fur-
thest zinc wires in the sample.22 The galvanic throwing power of
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bare and polymer-coated Mg over bare AA2024-T351 substrates
under various immersion conditions, different thin layers, and droplet
electrolyte geometries was studied with CMEA. Several parameters
influence the throwing power, including the thickness, chemistry,
and geometric area of coverage of the electrolyte layer and it was
limited by the reduction in the length of ionic conductive pathways
during wet and dry cycles.23 Another study investigated interactions
between aluminum alloy and stainless steel under atmospheric expo-
sure, represented by thin electrolyte films and wet/dry cycles. It was
shown that the current increased at the onset of wetting and dry-
ing due to the high concentration of Cl− in the droplet and the thin
electrolyte layer. A higher galvanic current density indicates a faster
corrosion rate of the aluminum alloy.24

Galvanic corrosion between Cu and CS has primarily been stud-
ied in the context of deep geological repositories (DGR), which is an
internationally accepted concept for the permanent storage of spent
nuclear fuel. In the Canadian concept, spent nuclear fuel will be
stored in CS containers that provide mechanical strength. These con-
tainers will be coated with a 3 mm layer of Cu to provide corrosion
protection in the DGR environment.25–27 If a defect in the Cu coat-
ing goes undetected, which is technically confirmed to be highly
unlikely, the underlying steel could be exposed to the DGR envi-
ronment, resulting in CS being galvanically coupled to Cu. This can
lead to galvanic corrosion.5,28 Galvanic corrosion has been investi-
gated using a simulated through-coating defect and analyzed using
microtomography. It was observed that the corrosion of CS propa-
gated along the Cu–CS interface.29 Another study investigated the
influence of the Cu:CS area ratio in different chloride concentration
solutions by monitoring the galvanic current and coupled potential.
It was found that galvanic corrosion is influenced by the cathodic
reaction on Cu (the reduction of oxygen) and that the corrosion rate
increased as the surface area ratio between Cu and CS increased.5

An additional engineering barrier will be used in the DGR which
will provide further protection for the container. This will involve
the use of compacted bentonite clay, which limits the transport of
groundwater and corrosive species to the surface of the container.
The presence of bentonite also limits the reduction of O2 on Cu,
which influences the intensity of the galvanic current density on
CS.6,30,31 Study with a micro-reference electrode array examined the
throwing power of a Cu-to-CS galvanic couple in a NaCl solution
with and without bentonite. In the presence of bentonite, the throw-
ing power measured initially peaked, but it then declined to values
even lower than those observed in the solutions without bentonite.
Compacted bentonite will be used in the DGR, and it is expected
that the Cu-to-CS throwing power will be even lower.8

To monitor the galvanic corrosion between Cu and CS, Kosec
et al.32 used the CMEA technique to observe galvanic interactions
between Cu and CS in both a simulated solution and bentonite slurry.
The average current density for the CS electrode in the simulated
solution was 1490 µA cm−2, resulting in a corrosion rate of 17 mm
year−1. In the bentonite slurry, the average current density of CS
was 114 µA cm–2, resulting in a corrosion rate of 1.3 mm year−1.32

Since the container will be stored in the DGR for a long period
(106 years),27 there is a significant need for long-term monitor-
ing of the corrosion processes. The aim of this investigation was
to monitor the long-term galvanic interactions between Cu and CS
under the influence of a bentonite mixture in an oxic environment.
Initially, oxic conditions will exist in the DGR (estimated to be
around 100 years). Oxygen will be trapped when the containers are
deposited in the DGR and will be used for the oxidation of miner-
als in the bentonite and for oxidation of the copper coating.25 On
the early corrosion stages, the presence of bisulfide (SH–) ions also
influences the corrosion processes.33 The SH– concentrations in the
groundwater are anticipated to range between 10–6 M and 10–4 M.25

This study provides new insights into the mechanism of galvanic
corrosion by combining long-term exposure to relevant repository
conditions with spatiotemporally resolved electrochemical mea-
surements. Unlike previous, short-term studies, this approach can

characterize the evolution of the intensity of anodic and cathodic
processes during the long-term monitoring of galvanic corrosion
between copper and steel. As the surface area ratio between Cu
and CS influences corrosion, the CMEA technique was also used
to assess this effect.

Following the period of exposure, various spectroscopic tech-
niques were used to analyze the types of corrosion products formed
on the surface. The extent of the damage was also evaluated by
µ-CT, which enabled validation of the corrosion depth assessment
obtained from the average current values during long-term exposure
using the CMEA sensing technique.

Experimental

Materials and preparation.—Two different sets of sensors were
built for the coupled multi-electrode array (CMEA) technique to con-
tinuously monitor the anodic and cathodic currents (Fig. 1b). The
CMEA sensor consisted of 25 electrodes arranged in a 5×5 grid
(Fig. 1a). The electrodes were embedded in epoxy resin and placed
in a 3D-printed housing. Each electrode had a diameter of 0.5 mm
with an exposed surface area of 0.196 mm2. The edge-to-edge spac-
ing between the electrodes was 0.5 mm. The CMEA-CS-1 sensor
was fabricated from 24 copper (Cu) electrodes with a purity of
99.99 wt.% (purchased from Goodfellow, Huntingdon, England,
UK) and 1 carbon steel (CS) electrode, whose chemical proper-
ties were verified by optical emission spectroscopy (as shown in
Table S1 in the Supplementary Material). The copper wire was insu-
lated with polyimide to prevent crevice corrosion between the wires
and the epoxy resin. The CMEA-CS-1 sensor represented possible
damage to the container, with a Cu/CS ratio of 24/1. The second sen-
sor, CMEA-CS-3, was geometrically identical but constructed from
22 Cu electrodes and 3 CS electrodes, equating to a Cu/CS ratio of
22/3, thus representing a larger area of carbon steel in relation to the
area of copper.

Before exposure, both sensors were ground with 600–4000 grit
SiC paper, polished with 1 µm diamond paste, ultrasonically cleaned
in deionized water for 3 min, and dried in a stream of air.

The bentonite mixture was poured into a 3D-printed pool affixed
to the sides of the CMEA sensor electrodes. The mixture was pre-
pared using a 1:1 bentonite to solution ratio, with 20 g of Wyoming
MX-80 bentonite mixed with 20 ml of a 0.2 M Cl− solution con-
taining a low concentration of sulfide (5 × 10−6 M SH–). NaCl
(⩾ 99.5%, Fisher Chemical) was used to prepare the 0.2 M chloride
solution, and Na2S·9 H2O (98 + %, Carlo Erba) was used to prepare
the sulfide solution. All chemicals were of p.a. grade. The solution
was freshly prepared before each experiment under oxic conditions.
The pH of the solution was 7.1 and the dominant sulfide species is
the bisulfide ion.34,35

Monitoring technique.—The CMEA technique was used for the
continuous long-term monitoring of currents in the 25-electrode sen-
sors. CMEA provides spatiotemporal insight into corrosion processes
and allows natural corrosion processes taking place at the surface to
be monitored. The CMEA-CS-1 sensor, representing galvanic cor-
rosion with a ratio of 1/24, was monitored for 186 d, while the
CMEA-CS-3 sensor, with a CS/Cu ratio of 3/22, was monitored for
176 d. This study evaluates galvanic corrosion in the bentonite mix-
ture during the oxic period, when oxygen is present. A temperature
of 22 ± 2 ◦C and a humidity of 30% were maintained throughout
the exposure period. The sample was covered with parafilm and a
3D-printed cover to minimize drying of the bentonite and prevent
the ingress of oxygen.

The sensors were connected to a custom-made zero-resistance
ammeter (ZRA) built in the laboratory. All the electrodes were gal-
vanically coupled without the application of any external potential
or current. The anodic (positive) currents represent anodic activity
(the oxidation process), and the cathodic (negative) currents repre-
sent cathodic activity (the reduction process). The detectable current
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Figure 1. (a) Color matrix of the 5×5 grid and (b) the two different CMEA sensors with different CS ratios.

range of the ZRA device was from −5 µA to + 5 µA, with a
precision of 150 pA per electrode. The frequency was set to 1 Hz
throughout the entire exposure period. The anodic currents measured
were converted to normalized anodic current densities (µA cm–2)
using an electrode surface area of 0.196 mm2. For a clearer visualiza-
tion of the evolution of the current density over the entire exposure
time, the measurements were time-averaged, with each data point
representing the average over a 100 s interval.

The corrosion rate (vcorr [µm year−1]) was calculated from the
normalized anodic current density (jcorr [µA cm–2]) using Equation
1, where 3.27 is a constant obtained from Faraday’s law (µm g µA−1

cm–1 year–1), M is the molar mass (g mol−1 ), ρ is the density
(g cm–3), and z is the number of electrons required to oxidize the
atom,

vcorr = jcorr
3.27M
ρz

. [1]

The damage to individual electrodes can be calculated from the
normalized anodic current densities obtained using Eq. 2, where d
represents the corrosion damage, t is time (s), and F is the Faraday
constant (96485 C mol−1),

d =
jcorrMt
ρzF

. [2]

Surface characterization.—At the end of the exposure, the
bentonite mixture was removed and the surfaces of the CMEA
sensors were rinsed with deionized water and dried in air. First,
the CMEA sensors were analyzed using Raman spectroscopy. This
non-destructive technique provides chemical information about the
composition of corrosion products without the need for sample
preparation. The corrosion products were analyzed using a Horiba
Jobin Yvon LabRAM HR800 Raman spectrometer coupled with
an Olympus BXFM optical microscope. To obtain Raman spec-
tra, a 633 nm laser excitation line, a 100 × objective lens, and a
600 grooves mm−1 grating were used. The elemental composition
and morphology of the corrosion products were examined using a
ThermoFisher Scientific Quatro S (Hillsboro, OR, USA) field emis-
sion scanning electron microscope (FEG SEM) connected to an EDS
SDD Ultim® Max detector (Oxford Instruments). FEG-SEM/EDX
analyses were performed at an accelerating voltage of 15 kV. Prior to
analysis the sensors were coated with carbon to enable conductivity
of the electrode surfaces embedded in the non-conductive epoxy.

To analyze damage to the electrodes, a non-destructive 3D imag-
ing technique, X-ray micro-computed tomography (µ-CT), was used.
An EasyTOM XL Ultra system was used to perform the analysis and
obtain a 3D image of the CMEA electrodes. The X-ray source was set

to a voltage of 160 kV and a power of 6.7 W. A 0.35 mm copper filter
was used. The source-to-object distance (SOD) was set to 35.12 mm,
and the source-to-detector distance (SDD) was 897.72 mm, resulting
in a voxel size of 5 µm. The software Dragonfly 2024.1 was used
to process the data obtained from µ-CT. First, the CMEA electrodes
were segmented using interactive thresholding and a 3D image of
each electrode was obtained, then the binary image of the damaged
electrode was subtracted from that of the reference electrode (cylin-
der). The cylinder represented the volume of the original, undamaged
electrode. By dividing the corroded volume by the surface area of
the electrode, the average corrosion depth was calculated.

After characterizing the corrosion products on the electrode sur-
faces, the corrosion products and residual bentonite that could not
be removed with deionized water were eliminated to analyze the
underlying surface. The corrosion products on the copper, bentonite,
and carbon layer were removed using a solution of HCl:H2O =
1:1 with 3.5 g l−1 C6H12N4, then rinsed with deionized water and
dried with a stream of air. Damage to the copper electrodes was
analyzed using a JEOL JSM-IT500 electron microscope equipped
with an Aztec Live Advanced ULTIM 65 EDXS detector (Oxford
Instruments, Abingdon, UK). The electrodes were examined at an
accelerating voltage of 15 kV. The surfaces of the steel electrodes
were not analyzed because the solution used to remove the corrosion
products and bentonite residue caused etching.

Results and Discussion

The results from analysis of the coupled multi-electrode array
sensors are presented below. The two different CMEA sensors with
varying Cu:CS ratios were exposed to a bentonite mixture in an
oxic environment and the spatio-temporal distribution of the cur-
rents on 25 electrodes (Cu, CS) was monitored. The system acts as
a freely corroding surface, and a natural corrosion system can be
simulated. Two sensors, representing copper-steel galvanic couples,
were exposed to the bentonite mixture in oxic conditions for either
186 d (CMEA-CS-1 sensor) or 176 d (CMEA-CS-3 sensor).

Continuous monitoring of the CMEA-CS-1 sensor with a
Cu to CS ratio of 24/1 under a bentonite mixture in an oxic
environment.—The results from the continuous monitoring of the
CMEA-CS-1 sensor with a Cu/CS ratio of 24/1 are shown in Fig. 2.
The currents of the CMEA-CS-1 sensor were monitored for 186 d
under a bentonite mixture in an oxic environment.

After pouring the bentonite mixture over the CMEA-CS-1 sen-
sor, the anodic peak of the C3 steel electrode first increased to more
than 450 µA cm–2, as shown in Fig. 2a. The anodic current density
decreased relatively quickly, and after 16 d the activity of the CS
electrode C3 fell below 10 µA cm–2, maintaining stable anodic cur-
rent activity throughout for the next 28 d of exposure. The decrease
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Figure 2. (a) Evolution of the current densities in CMEA-CS-1 sensor with a Cu/CS ratio of 24:1 over 186 d of exposure to the bentonite mixture in an oxic
environment; (b) color matrix of a 5 × 5 grid, and (c) average anodic and cathodic current densities of individual electrodes.

in anodic current density could be due to the mixture of corrosion
products and the presence of bentonite, which limit the transport
of corrosive species to the steel electrode and the transport of the
cathodic reactant, O2, to the copper electrodes.6

During the next 43 d of exposure (day 45 to day 87), the ben-
tonite mixture may have started to dry out, as indicated by visible
cracks around the edges of the pool that were observed at the end
of the exposure period. These cracks likely facilitated oxygen dif-
fusion through bentonite to the electrodes, which is reflected in the
steady increase in anodic current density of the C3 CS electrode, ris-
ing to over 115 µA cm–2. This increased oxygen diffusion promoted
the cathodic oxygen reduction reaction, resulting in greater anodic
dissolution of the carbon steel. After this peak, the anodic current
density began to slowly decrease over the next 96 d of exposure
(from day 87 to day 183). This could be attributed to the accumula-
tion of corrosion products, which can limit the corrosion rate of CS.
At the end of the exposure, the anodic current density of the C3 steel
electrode was 70 µA cm–2.

The corrosion rate was estimated using the anodic current den-
sity from the most corroded electrode (C3). The CMEA technique
can underestimate the corrosion rate if anodic and cathodic sites
form on the same electrode and internal electron flow occurs. If
both reactions occur on the same electrode, the actual corrosion rates
are underestimated, whilst the corrosion rate obtained from anodic
currents represents the lower bound of the corrosion rate and does
not reflect the actual corrosion conditions.15–17 In highly corrosive
environments such observations are less expressed.

The average anodic and cathodic current densities of the elec-
trodes over 186 d of exposure are shown in Fig. 2c. The average
anodic current density for the C3 steel electrode was 74.7 µA cm–2.
The corrosion rate was calculated using Eq. 1. The estimated cor-
rosion rate of the C3 steel electrode over 186 d was 0.86 mm
year−1.

Galvanic corrosion in the early oxide phase has previously been
investigated using the CMEA technique on a sensor with a Cu/CS
ratio of 24:1 under bentonite slurry. The sensor was exposed for 13 d,
with the corrosion rate of the CS electrode being 1.3 mm year−1 .32 A
denser bentonite mixture was used in our study, which contributed to
a lower galvanic intensity by more efficiently inhibiting O2 transport.
In both studies, the main driving force of galvanic corrosion under
oxide conditions was oxygen reduction.

Using µ-CT tomography, the CMEA-CS-1 sensor was analyzed
to measure the volume of corrosion damage. The data obtained
through µ-CT can be used to assess the overall corrosion damage
and to compare this with the data obtained using the CMEA tech-
nique. The total damage volume of the C3 CS electrode obtained
from µ-CT was 92.5·106 µm3, which corresponds to a total electrode
damage of 471 µm. The volume damage measured by the CMEA
technique was 80.4·106 µm3, corresponding to approximately 425
µm of corrosion damage. Slightly higher corrosion damage was,
therefore, measured by µ-CT. This may indicate that anodic and
cathodic processes simultaneously occurred on the same electrode
with the current density measured being the net anodic current den-
sity. It was previously reported that if large differences exist between
the results, the individual electrodes are strongly influenced by simul-
taneous anodic and cathodic processes on the same electrode surface;
therefore, the corrosion rate determined by the CMEA method is a
lower bound of the corrosion rate.17 This suggests that corrosion
damage, and consequently the corrosion rate, was slightly underesti-
mated for the C3 CS electrode. The damage measured by µ-CT was
approximately 10% higher than the value obtained by the CMEA
technique.

Scanning electron microscopy (SEM) and Raman spectroscopy
were performed to characterize the corrosion products on the sur-
faces of the electrodes after exposing the CMEA-CS-1 sensor to a
bentonite mixture in an oxic environment. The surface characteriza-
tion of the C3 CS electrode in the CMEA-CS-1 sensor is shown in
Fig. 3.

As shown in Fig. 3a, visible cracks are observed on the surface
of the C3 CS electrode, and, at a higher magnification, the morphol-
ogy of the corrosion products can be seen. The corrosion products
appear as small, aggregated corrosion deposits with a very dense
texture. EDX analysis of the corrosion products was performed, and
the presence of iron oxides as well as bentonite residue was detected.
Similar observations were made at locations 1 and 2. The Fe content
was ≈ 55 wt.%, O content ≈ 30 wt.%, Ca content ≈ 3.7 wt.%, Na
content ≈ 1.5, Si ≈ 2.4 wt.%, and S ≈ 2.6 wt.%. The other elements
identified by EDS analysis at sites 1 and 2 were Mg, Al, and P, all
of which were under 1 wt. %. Fe oxyhydroxides were the major
corrosion product, with the remains of bentonite residue.

Following the period of exposure to a bentonite mixture in an
oxic environment, Raman spectroscopy was performed on the C3 CS
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Figure 3. (a) SEM/SE images of the C3 CS electrode at 230 × and 5000× magnification, and (b) Raman spectra of the C3 CS electrode after exposure to the
bentonite mixture in an oxic environment for 186 d.

electrode to specify the type of corrosion products. As shown in
Fig. 3b, analysis of the surface confirms the presence of a corrosion
film composed of iron oxyhydroxide. The Raman spectra indicated
the presence of goethite36 (α-FeOOH), with bands at 288 cm–1,
352 cm–1, 402 cm–1, 476 cm–1, 558 cm–1, and 685 cm–1. The presence
of goethite indicates the formation of a protective iron oxyhydrox-
ide which can inhibit the diffusion of the cathodic reactant to the
CS electrode,4,37 consistent with the observed gradual decrease in
anodic current density after day 87.

When examining the copper electrodes, those closest to the
CS electrode do not experience the highest cathodic current den-
sities because oxygen reduction on copper is diffusion controlled.
Dissolved oxygen is quickly consumed near the CS electrode, caus-
ing the diffusion-limited current density to decrease as O2 is depleted.
As shown in Fig. 2c, the copper electrodes B3, C2, C4, and D3,
which are nearest to the CS electrode, have average cathodic current
densities between –1.76 µA cm–2 and –2.15 µA cm–2, while the edge
copper electrode E1 has an average cathodic current density of –5.89
µA cm–2. This behavior is consistent with the distribution of ohmic
potential drop, which, as demonstrated by Newman et al.38 is concen-
trated close to an active electrode. Consequently, passive electrodes
near the anode are subject to the largest local potential perturbation,
while those farther away are progressively less affected.38 Similar
observations were reported, where the electrodes nearest to the active
electrode exhibited suppressed activity due to a combination of local
oxygen depletion and ohmic drop in the electrolyte.12,32

The two most distinct of the 24 copper electrodes were ana-
lyzed: the D1 copper electrode, which showed the net anodic activity

throughout the exposure, and the D2 copper electrode, which had the
lowest net cathodic current density. The electrodes D1 and D2 are
neighboring electrodes located north of the C3 steel electrode. The
SEM images and current density evolution for these two electrodes
are shown in Fig. 4.

The D1 copper electrode is the only copper electrode that showed
very low net anodic activity, at ±0.05 µA cm–2. The evolution of
the current density for the D1 copper electrode is shown in Fig. 4c.
Net anodic activity is almost negligible, and the change in current
density over time clearly indicates that both anodic and cathodic
processes occurred on the same electrode surface, so the current
density represents the net current density. Consequently, the average
net anodic current density over the period of exposure was 0.01 µA
cm–2, resulting in 0.12 µm of damage to the electrode. The estimated
corrosion rate of the D1 copper electrode was 0.23 µm year−1 . The
net anodic behavior of the D1 copper electrode was unexpected, as
all copper electrodes should act like cathodes in galvanic corrosion,
where oxygen reduction occurs. It can be assumed that because of
oxygen depletion and potential ohmic drop, local environment estab-
lished across copper electrode D1. The net anodic activity observed
on the D1 copper electrode indicates the oxidation of the copper sur-
face. Surface characterization can confirm this assumption about the
corrosion processes on the copper surface if the presence of cuprite
is confirmed.

Other copper electrodes exhibited net cathodic activity. The most
cathodic were the copper electrodes D2, E1, and C1, which are posi-
tioned around the D1 copper electrode. The electrode with the lowest
cathodic current density was the D2 copper electrode (evolution of
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Figure 4. SEM/SE images of the D1 copper electrode (a), (b) with the EDX spots, evolution of current density for the D1 copper electrode (c), SEM images
of the D2 copper electrode (d), (e) with the EDX spot, and evolution of current density for the D2 copper electrode (f).

current density shown in Fig. 4f), with an average cathodic current
density of –6.65 µA cm–2.

Figure 4 presents the SEM characterization with EDX spot analy-
sis of the surface of the anodic D1 copper electrode (Figs. 4a and 4b)
and the most cathodic copper electrode, D2 (Figs. 4d and 4e), after
exposure to a bentonite mixture in an oxic environment.

As shown in Fig. 4b, the surface of the D1 copper electrode is
covered with larger corrosion products, indicating the net anodic
activity of the electrode and ongoing anodic processes. The surface
appears rougher and more porous. Fine agglomerates have formed
on top of the large corrosion products. EDS analysis was performed
at two spots. At spot 1, a high Cu content (average 96 wt.%) was
detected, along with a small S concentration (0.4–1 wt.%) and a
lower concentration of O (2.3–3.6 wt.%). At spot 2, higher S and O
concentrations were observed (3.4–4 wt.% S and 5.8–6.4 wt.% O),
while the Cu content was lower, at approximately 90 wt.%.

In contrast to the D1 copper electrode, the D2 copper electrode
was covered with much smaller corrosion products, such as crystals,
as shown in the SEM image in Fig. 4e. EDX analysis revealed that
the surface is covered with corrosion products consisting of a high
copper content (average 96 wt.%), O (average 3 wt.%), S (average
0.5 wt.%), and Si (average 0.14 wt.%).

Raman spectroscopy was performed to analyze the corrosion
products on the D1 and D2 copper electrodes D1 and D2 and is
shown in Fig. 5.

The Raman spectra of both the D1 and D2 copper electrodes
identified cuprite (Cu2O), with bands at 145 cm−1, 217 cm−1,
530 cm−1, and 624 cm−1, indicating corrosion processes involving
oxygen. A broad band at 287 cm−1 was observed on both sam-
ples, indicating the presence of chalcocite (Cu2S). This confirms
that corrosion involving SH−ions occurred at the copper surface,
despite possible oxidation of the bisulfide solution and possible reac-
tion with bentonite. The broad Cu2S peak indicates poor crystallinity
of the corrosion products, which is attributed to the thick bentonite
layer.6,39 This band was more pronounced on the D1 electrode, which
exhibited higher net anodic activity, indicating a greater amount of
sulfur-containing corrosion products on this electrode. This was also
observed in the EDX analysis, where the corrosion products on the
surface contained more sulfur (average 6 wt.%). The presence of
Cu2S on the D2 copper electrode may indicate the overall activity of

Figure 5. Raman spectra of the D1 (net anodic behavior) and D2 (net
cathodic behavior) copper electrodes after exposure to the bentonite mixture
in an oxic environment for 186 d.

the electrode, where not only the oxygen reduction process occurred
but also anodic processes such as oxidation of the copper surface
and reactions with bisulfide ions.

If anodic processes occurred only on the C3 carbon steel elec-
trode, the copper electrodes would not be damaged. However, SEM
revealed damaged surfaces on the copper electrodes, and Raman
spectroscopy identified the corrosion products as Cu2O and Cu2S.
Therefore, we can conclude that anodic processes also occurred
on the surfaces of these electrodes. More intense processes were
observed on the D1 copper electrode, where the current den-
sity development indicated anodic processes and larger corrosion
products were present. These processes were less intense on the
D2 copper electrode, where no anodic activity was observed with
CMEA technique, but based on the corrosion products observed
we can conclude that both anodic and cathodic processes occurred,
indicating net current activity.
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Figure 6. (a) Evolution of the current densities in the CMEA-CS-3 sensor with a Cu/CS ratio of 22/3 over 176 d of exposure to the bentonite mixture in an
oxic environment, (b) color matrix of a 5 × 5 grid, and (c) average anodic and cathodic current densities of individual electrodes over 176 d.

Continuous corrosion monitoring of the CMEA-CS-3 sensor
with a Cu to CS ratio of 22/3 under a bentonite mixture in an
oxic environment.—The CMEA-CS-3 sensor with a Cu/CS ratio of
22/3 designed for the long-term monitoring of galvanic corrosion
between copper and carbon steel is shown in Fig. 6. The CMEA-
CS-3 sensor was monitored for 176 d under a bentonite mixture in
oxic conditions.

In the CMEA-CS-3 sensor with three steel electrodes (C2, C3,
and C4) an initial peak occurred in the CS electrodes after bentonite
was poured over them, as shown in Fig. 6a. The highest anodic peak,
observed in the C4 electrode, exceeded 240 µA cm–2. The peaks in
the C2 and C3 electrodes reached 122 µA cm–2 and 152 µA cm–2,
respectively. The current in all three of the carbon steel electrodes
decreased rapidly, and within four days the anodic activity dropped
to around 50 µA cm–2, where it then remained stable. After 58 d
of exposure, the experiment was interrupted due to the institute’s
corrections to the electrical network. The electrodes were decoupled
for 3 d, during which a different corrosion behavior was temporar-
ily established, with each electrode acting independently. When the
electrodes were reconnected, the corrosion behavior returned rel-
atively quickly to the coupled state and continued as before. As
shown in Fig. 6, after the electrodes were coupled, a spike in cur-
rent density occurred (above 100 µA cm–2 for the CS electrodes),
but within one day the current density decreased to approximately
50 µA cm–2, as it was before the interruption. Considering the total
exposure time, the three-day interruption did not represent a signifi-
cant disturbance to the measurement. Cracking of the bentonite was
observed after exposure due to drying; however, this did not sig-
nificantly affect the measured current density of the CS electrodes.
The anodic current density remained stable throughout the measure-
ment, likely because the larger anodic surface area compared to the
smaller cathodic surface area limits the driving force of cathodic
reactions, making the system less sensitive to changes such as crack
formation.

Figure 6c presents the average anodic and cathodic current den-
sities. The average anodic current density for the C2 CS electrode
is 49 µA cm2, which correlates with the estimated corrosion rate
of 0.56 mm year−1 calculated using Eq. 1. The corrosion rates for
the C3 and C4 CS electrodes were 0.54 mm year−1 and 0.63 mm
year−1, respectively. The damage to the CS electrodes was estimated
from the CMEA data using Equation 2. The corrosion damage for

electrodes C2, C3, and C4 was 271 µm, 258 µm, and 276 µm,
respectively.

To verify the corrosion rate and determine the damage to the
electrodes in the CMEA-CS-3 sensor, µ-CT analysis was performed.
For the CMEA-CS-1 sensor, the corrosion damage measured by µ-
CT was 10% higher than that obtained by the CMEA technique.
Therefore, it is reasonable to assume that the corrosion damage esti-
mated by µ-CT will also be higher in the CMEA-CS-3 sensor, and,
as such, that the corrosion rate obtained with the CMEA technique
would be an underestimation.

The total damage volumes of the C2, C3, and C4 CS electrodes
were 62.5·106 µm3, 62.4·106 µm3, and 63·106 µm3, respectively.
These values correspond to corrosion damages of 318 µm for C2, 318
µm for C3, and 321 µm for C4. Table I presents a comparison of the
corrosion damage measured by each technique (CMEA and µ-CT).
The data suggests that the corrosion rates are slightly underestimated,
as the levels of damage observed by µ-CT are approximately 10%
to 22% higher than those measured using the CMEA technique.

In galvanic corrosion, the intensity of the corrosion processes is
influenced by several parameters, with the main parameter being the
ratio between the surface areas of the anode and the cathode. If the
surface area of the cathode is larger than that of the anode, the inten-
sity of the corrosion processes increases, as the galvanic couple is
under cathodic control. A larger cathodic area allows more reduc-
tion processes, which accelerates the corrosion of the anode.5,6,40,41

The influence of the area ratio of steel galvanically coupled to cop-
per has been investigated in different chloride solutions. As the ratio
increased from 1:1 to ≈ 2500:1 the corrosion rate of CS increased
indicating that the galvanic corrosion rate is under cathodic control.5

The influence of the bentonite layer on galvanic corrosion between
copper and steel has also been investigated.6 In the presence of ben-
tonite, the rate-controlling reaction was still the reduction of O2, but
the bentonite hinders its diffusion and shifts to a more negative Eg,
and a drop in ig was observed.6

The intensity of the galvanic corrosion in the CMEA-CS-3 sensor
(with three CS electrodes) was lower than that in the CMEA-CS-
1 sensor (with one CS electrode). In the sensor with one CS electrode,
the surface area of the C3 CS electrode was 0.196 mm2, while the
surface area of the cathodic region was 4.70 mm2. In the sensor
with three CS electrodes (C2, C3, and C4), the surface area of the
anode was 0.588 mm2 and the area of the cathode was 4.31 mm2.
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Table I. Comparison of the corrosion damage measured using the CMEA technique and µ-CT for the C2, C3, and C4 CS electrodes in the
CMEA-CS-3 sensor.

Technique/Electrode C2 C3 C4

CMEA 270 µm 258 µm 276 µm

µ-CT 318 µm 318 µm 321 µm

Figure 7. (a) SEM/SE images of the C4 CS electrode at 230 × and 5000 × magnification, and (b) Raman spectra of the C4 CS electrode after exposure to
the bentonite mixture in an oxic environment for 176 d.

The anodic activity of the CS electrode in the CMEA-CS-1 sensor,
with an anodic surface area of 0.196 mm2, was 74.7 µA cm–2, while
the anodic activity of the CS electrodes in CMEA-3, with a surface
area of 0.588 mm2, was 45.5 µA cm–2. The corrosion rate calculated
for the C3 steel electrode in the CMEA-CS-1 sensor was 0.86 mm
year−1, compared to 0.56 mm year−1 for the CMEA-CS-3 sensor.
The results show that the intensity of galvanic corrosion in the system
with one CS electrode (C3 in CMEA-CS-1) is 61% higher than in the
system with three CS electrodes (C2, C3, and C4 in the CMEA-CS-
3 sensor), indicating greater electrochemical activity and a higher
degree of material degradation in the case of the CMEA-CS-1
sensor.

The C2, C3, and C4 CS electrodes all had the same morphology,
as shown in Supplementary Material Fig. S1. The C4 CS elec-
trode was selected to characterize the corrosion products because
it had the highest average anodic activity (49.9 µA cm–2) and the

greatest corrosion damage (276 µm). Scanning electron microscopy
and Raman spectroscopy were performed, as shown in Fig. 7.

The morphology of the C4 CS electrode is shown in Fig. 7a.
Two distinct sites can be identified but EDX analysis revealed sim-
ilar chemical compositions at the surface. The Fe content was ≈
97 wt.%, and the O content was ≈2 wt.%. Other elements identi-
fied by EDX analysis at sites 1 and 2 were Mn, Cr, Cl, and Cu,
all of which were under 1 wt. %. For identification of the corrosion
products Raman spectroscopy was performed on the C4 CS electrode
following its exposure to a bentonite mixture in an oxic environment.
The Raman spectrum, shown in Fig. 7b, confirms that the corro-
sion products are composed of a mixture of iron oxyhydroxides. The
first steel corrosion product identified is lepidocrocite42 (γ-FeOOH),
with bands at 250 cm−1, 377 cm−1, 526 cm−1, and 649 cm−1. The
second corrosion product is akaganeite42 (β-FeOOH), with bands
at 298 cm−1, 396 cm−1, 717 cm−1, and 723 cm−1. In contrast
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Figure 8. Average anodic (red) and cathodic (green) current densities measured on individual electrodes over each one-week cycle of CMEA-CS-3 sensor
over 176 d of exposure to the bentonite in an oxic environment. The color scale is plotted on a logarithmic axis.

to goethite, the presence of lepidocrocite and akaganeite indicates
non-protective corrosion products.4 This can also be related to the
evolution of current density. For the sample CMEA-CS-3, the cur-
rent density of the CS electrodes remains almost constant, at around
50 µA cm–2, from the beginning to the end of the measurements. For
the sample CMEA-CS-1, the anodic activity of the C3 CS electrode
decreases from the start, and if there were no oxygen ingress, the
current density would remain low (below 10 µA cm–2). However,
after the current density increased, it began to decrease again, which
may indicate the protective nature of goethite.

In the CMEA-CS-1 sensor, the CS electrode acts as the dominant
anode, as expected from the behavior of a copper–steel galvanic
couple. Among the copper electrodes, only D1 exhibited net anodic
activity over the entire exposure of the sensor to the bentonite mix-
ture in an oxic environment, but this activity was almost negligible
(Fig. 2c). From Fig. 6c, net activity is visible on some copper

electrodes, indicating that both anodic and cathodic processes occur
on the surface of the copper electrodes. Fig. 8 shows more detailed
average current densities measured in individual electrodes over
25 weeks of exposure of the CMEA-CS-3 sensor to bentonite in
an oxic environment (176 d). The main anodes were the CS elec-
trodes, as expected for a Cu–CS galvanic couple. However, more
copper electrodes showed net anodic behavior, indicating anodic pro-
cesses. As seen in Fig. 8, more copper electrodes had net anodic
activity compared to the CMEA-CS-1 sensor. During the first few
weeks of exposure, copper electrodes A2, C1, and E4 had net anodic
activity. They were located at the edge of the array, indicating an
edge effect in the multi-electrode array. This observation suggests
that, in addition to oxygen reduction sustaining the anodic activity
of the CS electrodes, corrosion also occurred on the copper elec-
trodes, indicating the influence of local electrochemical conditions.
After interruption of the electrical network, the anodic activity of the
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Figure 9. SEM/SE images of the C1 (a), (b), D3 (d), (e), and B1 (g), (h) copper electrodes at 230 × and 5000 × magnification and evolution of the current
density for the C1 (c), D3 (f), and B1 (i) copper electrodes after exposure to the bentonite mixture in an oxic environment for 176 d.

Table II. Average anodic and cathodic current densities estimated corrosion rate, and corrosion damage for three different copper electrodes
(C1, D3, and B1) in the CMEA-CS-3 sensor over 176 d of exposure to a bentonite mixture in an oxic environment.

CMEA-CS-3 Average anodic current
density (janod [µA cm–2])

Average cathodic
current density
(jcath [µA cm–2])

Corrosion rate
(vcorr [µm year−1])

Corrosion damage
(d [µm])Copper electrode

C1 0.19 –0.01 4.4 2.1

D3 0.06 –1.82 1.39 0.67

B1 / –14.9 / /

CS electrodes quickly resumed, and copper electrodes also started
to behave anodically. These were copper electrodes B2, C1, and
D3, which are located near the CS electrodes. Only copper elec-
trode C1 consistently showed net anodic behavior. The presence
of three CS electrodes results in a more complex distribution of
corrosion behavior, driven by factors such as ohmic potential drop,
oxygen consumption, oxygen diffusion, and the local environment.
This complexity is evident across the copper electrodes compared
to the CMEA-CS-1 sensor, which had only one CS electrode. The
anodic activity of the copper electrodes suggests that oxidation pro-
cesses occurred on their surfaces, which can be confirmed by surface
characterization.

In the CMEA-CS-3 sensor, copper electrodes, such as B2, C1,
D3, and E4, exhibit anodic activity. These same copper elec-
trodes also showed cathodic activity, suggesting net current activity
for the copper electrodes. Three copper electrodes (C1, D3, and
B1) are presented in Fig. 9. First, the morphology of the copper
electrodes is shown, followed by the evolution of the current den-
sity over 176 d of exposure to the bentonite mixture in an oxic
environment.

Different copper electrodes with differing behavior are presented
in Table II across the entire 176 day period of exposure.

The C1 copper electrode was initially in the anodic region of cur-
rent density evolution, indicating net anodic processes. After network
interruptions and reconnection of the electrodes, the C1 copper elec-
trode showed spikes in the cathodic region, suggesting net cathodic
activity and reduction processes. However, after a few days, the net
anodic current density was reestablished, and the electrode remained
anodic for the rest of the exposure period. The average net anodic
current density for the C1 copper electrode was the highest among
the copper electrodes, at 0.19 µA cm−2. The corrosion rate calcu-
lated from the current density of the C1 electrode was 4.4 µm year−1,
and the estimated corrosion damage was approximately 2.1 µm. The
D3 copper electrode had the second highest net anodic current den-
sity, with an average of 0.06 µA cm−2. Based on the evolution of
the current density in Fig. 9f, the D3 copper electrode was initially in
the cathodic region. After the network connection was established,
the electrode began to act as the anode and remained anodic until
the end of the exposure (Fig. 9f). The average net cathodic current
density was –1.82 µA cm−2, while the average net anodic activity
of the electrode was 0.06 µA cm−2. The most cathodic copper elec-
trode, B1, was adjacent to the most anodic copper electrode, C1. The
net cathodic current density of the B1 copper electrode was –14.9
µA cm−2.
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Figure 10. Raman spectra of the C1 (net anodic behavior), D3 (anodic and cathodic behavior), and B1 (net cathodic behavior) copper electrodes after exposure
to the bentonite mixture in an oxic environment for 176 d.

Surface characterization of selected copper electrodes was also
performed. Fig. 9 shows three of the copper electrodes: B1, C1,
and D3.

Different morphologies are observed on the various copper elec-
trodes. The C1 copper electrode exhibited the highest average net
anodic current density (0.19 µA cm−2) and damage to the copper
electrode is visible in the SEM images (Figs. 9a and 9b). Both large
and fine corrosion deposits are present on the surface, but it appears
that corrosion products were also removed along with the bentonite.
At spot 1, EDX analysis detected 98 wt.% Cu and 2 wt.% O. At
spot 2, 95.2 wt.% Cu, 4.2 wt.% O, and a small concentration of S
(0.6 wt.%) were detected, indicating corrosion processes involving
bisulfide.

Figures 9d and 9e show the D3 copper electrode, which
exhibited both anodic and cathodic behavior indicating on net
activity. Larger corrosion products are observed on the surface,
with smaller deposits on top of the larger ones. EDX analy-
sis at spot 1 showed Cu (93.3 wt.%), O (4.9 wt.%), and S
(1.7 wt.%). At spot 2, only Cu (97.7 wt.%) and O (2.3 wt.%) were
detected.

For the B1 copper electrode, which was still more than half cov-
ered with bentonite, EDX analysis was performed at the upper part
of the electrode (Figs. 9g and 9h). Very small deposits are observed
on the surface. On these deposits, EDX showed Cu (93.1 wt.%), O
(6.1 wt.%), and S (0.27 wt.%), as well as Si (0.12 wt.%) and Ca
(0.35 wt.%), indicating the presence of bentonite residue. At spot
2, the Cu content is higher (96.4 wt.%) and the O content lower
(3.2 wt.%) than at spot 1. The presence of S is observed at 0.07 wt.%,
and Si and Ca are present in low concentrations (0.12 wt.% and
0.22 wt.%).

Raman spectroscopy was performed to characterize the corrosion
products on the copper surfaces, as shown in Fig. 10.

All three copper electrodes (C1, D3, and B1) showed the presence
of cuprite, with similar peaks at 145 cm–1, 219 cm–1, 530 cm–1, and
621 cm–1. The presence of cuprite is consistent with exposing copper
to bentonite in an oxic environment with a high concentration of
oxygen. For the C1 and D3 copper electrodes an additional peak was
observed. This peak, at around 290 cm–1, indicates the presence of
Cu2S, confirming corrosion processes involving dissolved bisulfide.
The detection of Cu2S shows that sufficient SH− remained available
to react with the copper surface, despite competing reactions with
dissolved oxygen and bentonite. Kosec et al.32 also observed small
rounded crystals on the surfaces of copper electrodes, where Raman
spectroscopy indicated the presence of cuprite and also identified
Cu2S.

In the CMEA-CS-3 sensor, which contains three carbon steel
electrodes (C2, C3, and C4), anodic corrosion processes also occur
on the copper electrodes, as confirmed by the presence of corrosion
products (Cu2O, Cu2S) on the copper electrodes (C1, D3, and B1).
Even on the B1 copper electrode, which exhibited net cathodic cur-
rent density throughout the experiment, Cu2O was present on the
surface, indicating oxidation of the copper. Since corrosion prod-
ucts were observed on the copper electrodes, it can be concluded
that both anodic and cathodic processes are occurring on these
electrodes. On some copper electrodes, the anodic processes are
more intense, as reflected in the evolution of the current density
(Fig. 9).

The damage beneath the corrosion products and the ben-
tonite residue were also investigated. The surface morphologies
of the copper electrodes examined (C1, D3, and B1) are shown
in Fig. 11.

The C1 copper electrode, along with the D3 copper electrode,
showed the highest average net anodic activity (0.19 µA cm−2 and
0.06 µA cm−2). Raman spectroscopy revealed the presence of Cu2O
and Cu2S on both electrodes. After removal of the corrosion products
and bentonite residue, SEM investigation showed different degrees
of roughness (Figs. 11a–11d), while EDX detected only Cu and C
on the surfaces of the electrodes. The Cu content was approximately
92 wt.% and the C content around 8 wt.%.

Figure 11f shows the surface of the B1 copper electrode, which
had the lowest average current density (–14.85 µA cm−2). Following
176 d of exposure to the bentonite mixture in an oxide environ-
ment, the dotted line marks the boundary where bentonite remained
adhered to the electrode after removing it with deionized water. More
pronounced damage to the adhered bentonite is observed around this
boundary. This is also seen on the surface that was covered with ben-
tonite. The damage due to bentonite adhesion is indicated by arrows.
Of all the copper electrodes analysed (C1, D3, and B1), however,
the B1 copper electrode had the least damaged surface, consistent
with the fact that the entire exposure was in the cathodic region of
measurement.

Conclusions

Continuous monitoring of galvanic corrosion processes has been
successfully demonstrated using the coupled multi-electrode array
(CMEA) technique. The study was conducted in the presence of
bentonite in an oxic environment. The Cu:CS surface area ratio has
been adequately evaluated. The CMEA sensor with one CS elec-
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Figure 11. SEM/SE images of the copper electrodes after removing the corrosion products and bentonite residue: the copper C1 electrode (anodic behavior)
(a), (b), the copper D3 electrode (anodic and cathodic behavior) (c), (d), and the copper B1 electrode (cathodic behavior) (e), (f).

trode (CMEA-CS-1) was exposed for 186 d, while the CMEA sensor
with three CS electrodes (CMEA-CS-3) was exposed for 176 d.
The study was conducted in the presence of bentonite in an oxic
environment.

(1) Using the CMEA method, the evolution of corrosion processes
was successfully monitored, providing spatial and temporal
insights into electrochemical behavior.

(2) The effect of the exposed CS surface area relative to the copper
surface area was evaluated. A greater corrosion intensity was
observed in the sensor with one CS electrode (CMEA-CS-1)
compared to the 24 copper electrodes. The corrosion rate of the
CS electrode was estimated to be 0.86 mm year−1.

(3) The corrosion rate decreased when a larger CS surface area was
exposed relative to the area of the copper surface (i.e., in the
CMEA-CS-3 sensor). The exposed surface area of the CS elec-
trodes was 0.588 mm2. The corrosion rate was estimated to be
0.56 mm year−1, about 38% lower than the corrosion rate for a
CS electrode with an area of 0.196 mm2.

(4) Corrosion damage was estimated using the CMEA technique
and µ-CT tomography. µ-CT showed 10%–20% differences in
the estimated damage, which can result in an underestimation
of the corrosion rate as obtained by the CMEA technique. This
difference can be attributed to higher and more intense anodic
activity, as would be seen in an environment that is not highly
corrosive.

(5) The corrosion products on both samples indicate the presence
of oxides. On the CS electrodes, goethite, lepidocrocite, and
akaganeite were identified. On the copper electrodes, cuprite
was present. On the copper electrodes with net anodic activity,
the Raman spectrum also indicated the presence of Cu2S.

(6) Bentonite strongly adhered to the copper surface on the most
cathodic electrode, B1. Bentonite inhibits the transport of cor-
rosive substances, and damage to the copper surface beneath the
bentonite may indicate local corrosion processes.
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