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Abstract
In the case of a two‐part container for spent nuclear fuel, consisting of an iron‐
based inner structure with a copper coating, the potential perforation of
copper through minor damage may result in intensive galvanic corrosion
between copper and steel. The present work focuses on the corrosion of steel
galvanically coupled to copper and exposed to a slightly saline environment
under oxic conditions. The electrochemical processes on individual electrodes
were monitored by coupled multielectrode arrays (CMEAs). The CMEAs were
either in contact with groundwater saturated with bentonite or immersed in
groundwater only. Very high galvanic corrosion currents were detected
between carbon steel and pure copper in the early oxic phase. Additionally, the
use of CMEAs further made it possible to monitor the distribution of cathodic
currents around the steel electrode, which behaved anodically. Various
microscopy and spectroscopy techniques were applied to identify the modes of
corrosion and the type of corrosion products present at the end of the period of
exposure.

KEYWORD S
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1 | INTRODUCTION

Since copper is the only absolute barrier preventing the
release of radionuclides in the case of Swedish/Finnish,
Canadian, and other world's high‐level radioactive waste
disposal programs (including Taiwan, Korea, Japan, and
Switzerland), the corrosion of copper has been studied
extensively in various environments and conditions
simulating various times after emplacement.[1–11]

The lifespan of the Cu container is designed to be
above 106 years.[2] Upon sealing, a limited amount of air
becomes trapped in the repository, in the low‐

permeability groundwater‐saturated bentonite surround-
ing the container.[1] This O2 is then consumed by various
reactions and also by corrosion of the copper container.
The time for the predicted O2 concentration to decrease
to 1% of the initial level ranged between 10 and 300 years
in deep geological repository (DGR) in granite rock[2] and
40 and additional 30 years in the case of DGR in opalinus
clay.[3] The elapsed time at which the transition to anoxic
conditions occurred was estimated to be within the same
time range.[2] Once this O2 has been fully consumed, it is
most likely that further corrosion is sustained through
the supply of dissolved SH– to the copper surface.[1] Cu
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corrosion in sulfide systems under anoxic conditions has
therefore been studied extensively.[6–9]

Lately, many studies have been devoted to under-
standing the effect of varying anion concentrations on
the adsorption of HS– on copper under anoxic condi-
tions.[8,9] It is, however, likely, that small amounts of
sulfide could also influence corrosion during the early
oxic repository period.

In the Canadian approach, the design of the container
for the permanent disposal of spent nuclear fuel in a deep
geological repository involves a carbon steel (CS) vessel
coated with a 3 mm layer of copper. In the event of an
undetected defect in the Cu coating, the underlying CS
could be exposed to the groundwater, potentially
accelerating the galvanical corrosion of CS.[10–13]

Recent studies have simulated a defect in a cold‐
sprayed coating and reported that corrosion proceeds via
the galvanic coupling and oxygen reduction at the
surface.[10,11] Besides the accumulation of damage at
the base of the defect, corrosion propagated along the
copper/steel interface, most likely resulting from damage
inflicted during the deposition process.[10,11]

One study investigated the influence of the Cu:CS area
ratio and anion concentrations on corrosion by monitoring
the galvanic current and galvanic potential at Cu:CS area
ratios of 1:1 to 2500:1 and [Cl−] concentrations between
0.001 and 3.0 M.[12] It was found that, in the presence of
oxygen, the galvanic coupling with Cu enhances the
corrosion rate of CS, since the reduction of O2 on Cu is the
driving force behind the accelerated galvanic corrosion of
CS. Furthermore, a larger current is generated when the
Cu:CS area ratio is as large as 1000.[12,13]

Our study using Cu electrical resistance sensors
corrosion under oxic conditions in bentonite with Aspö
groundwater resulted in a corrosion rate of around
1 μm year–1 monitored through 3.5 years of expo-
sure.[14,15] There, the reduction of thickness and imped-
ance measurements were used to evaluate the corrosion
rate on copper electrical resistance sensors. The effects of
the solution chemistry in the presence of bentonite in
oxic conditions proved two different modes of corrosion,
dependent on whether the copper was in the solution or
the bentonite slurry.[16] A coupled multielectrode array
(CMEA) was also used to monitor the spatio‐temporal
distribution of currents in bentonite slurry, where the
consumption of O2 was reflected by the detection of
smaller currents.[17] The use of multielectrode arrays
using a multichannel microelectrode analyzer has also
been demonstrated for copper pitting probability studies
in chloride media.[18]

From the current state‐of‐the‐art review presented
here, and the majority of recent research,[19,20] it is clear
that several issues remain unanswered.

The purpose of this research was to characterize the
corrosion behavior of copper and steel in an aqueous
solution and in a bentonite environment saturated with
saline groundwater at open circuit potential and room
temperature. Considerable attention was given to the
spatio‐temporal evolution and intensity of the anodic
activities on the steel electrode and the cathodic activities
on the copper electrodes in the early days of exposure to
oxic environments. CMEAs were implemented for this
purpose and partial anodic and cathodic currents were
monitored at high sampling rates over a 2‐week period.
Microscopic and spectroscopic investigation of surface
modifications was carried out following a period of
exposure to saline groundwater and bentonite. MicroCT
scans of the electrodes were also conducted to verify the
type and volume of the corroded damage.

2 | MATERIALS AND METHODS

2.1 | CMEAs

The CMEA was constructed using 24 copper electrodes
and 1 steel wire electrode, each with a diameter of
0.50 mm. The chemical composition of CS wire was
verified by optical emission spectroscopy SpectroMAXx
(Spectro Ametek), while 99.99 wt.% insulated Cu wire
was purchased from Goodfellow. The electrodes were
arranged in a 5 × 5 array, with the steel electrode
positioned in the middle, then embedded in epoxy resin
(Figure 1b). The nominal surface area of one electrode
was 0.00196 cm2, and the center‐to‐center distance
between electrodes was approximately 1 mm. Before
conducting measurements, the specimens were abraded
with 2400‐grid emery paper, then

Q1
ultrasonically de-

greased in ethanol for 3 min and thoroughly dried.
CMEA aims to separate an investigated piece of metal

(in our case a steel‐copper pair) into smaller sections to
enable the measurement of coupling currents between
these sections (electrodes). Each coupling current is
measured

Q2
by ZRA, hence all sections are at the same

electrical potential. The current measurement is passive,
since no potentials or current are being impressed.
Actually, CMEA is mimicking the entire electrode area,
and consequently spatiotemporal corrosion pattern
(distribution of anodic and cathodic currents over time)
can be monitored.[21,22]

Throughout the exposure, all 25 electrodes were
electrically coupled through a system of zero‐resistance
ammeters (Figure 1a). The cathodic and anodic corrosion
currents were continuously monitored at a frequency of
1 Hz. The specimen was exposed to two different
conditions: saline groundwater with bentonite and saline
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groundwater only. The two types of exposure were
monitored separately, with the specimen abraded and
degreased before each exposure. Exposure to these
conditions continued until the corrosion currents
reached very low cathodic and anodic activity, which
occurred at 13 days in the bentonite and 6 days in the
groundwater.

The chemical composition of the Aspö groundwater
was 0.181 M Cl–, 0.44 mM HCO3

–, 4.6 mM SO4
2– and

0.005 mM HS–. Analytical‐grade sodium compounds
were used for preparation of the solution. The pH of
the solution was 7.2.

Bentonite slurry was prepared by combining 25 g of
bentonite and 100 mL of groundwater. The Wyoming
bentonite, MX‐80 with ~75% sodium montmorillonite
with sheet‐like crystal structure was used.[12] A 15 mm
thick layer of bentonite slurry was poured over the
CMEA electrodes, forming a 30 × 30 × 20 mm pond, then
it was covered with a parafilm to avoid it drying out.

2.2 | Electrochemical measurements

A three‐electrode corrosion cell with a volume of 350 cm3

was used with a working electrode area of 0.785 cm2. A
Gamry 600 potentiostat/galvanostat was used for electro-
chemical tests. All potentials are reported with respect to
the Ag/AgCl scale.

The electrochemical tests consisted of a stabilization
time at open circuit potential (OCP) for a minimum of
2 h, followed by linear polarization measurements at a
scan rate of 0.1 mV s–1 ± 20 mV versus OCP and poten-
tiodynamic scans at a scan rate of 0.16 mV s–1.

2.3 | Surface characterization and
spectroscopic analysis

The surface morphology of the CMEA electrodes was
inspected and analyzed using a scanning electron
microscope (SEM, JSM‐IT5500LV, JEOL, Japan), at an
acceleration voltage of 20 kV. The elementary composi-
tions of the corrosion products formed on the metal
surface were investigated by means of an energy
dispersive X‐ray spectroscopy (EDS, Oxford Instruments)
analyzer.

An Xradia microXCT‐400 (Xradia, 2011, USA)
tomography device was used to characterize the type
and extent of corrosion damage. The scans were
conducted at 150 kV using two different lenses, obtaining
resolutions of 8.17 and 1.03 µm for the lower and higher
magnifications, respectively.

Horiba Jobin Yvon LabRAM HR800 Raman spec-
trometer coupled to an Olympus BXFM optical micro-
scope was used for obtaining Raman spectra using a
633 nm laser excitation line, a 100× objective lens and a
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FIGURE 1 (a) Schematic representation of the ZRA system, (b) top view of the coupled multielectrode arrays (CMEAs) specimen before
exposure, and (c) side view of the CMEA specimen during exposure to bentonite.
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600 grooves/mm grating, which gave a spectral resolu-
tion of 2 cm−1/pixel. A multichannel air‐cooled CCD
detector was used. The spectra presented are without
baseline correction.

3 | RESULTS

3.1 | Electrochemical measurements

To study the electrochemical behavior of copper and steel
in saline groundwater under oxic conditions, potentio-
dynamic scans were obtained in a groundwater solution
and in a bentonite slurry on each individual electrode
(Figure 2). For copper, the cathodic part of the
potentiodynamic scan showed lower current densities
in the bentonite slurry, when compared to cathodic
current densities of Cu in simulated groundwater. It is
assumed that this is due to the reduced amount of oxygen
in the near vicinity of the electrode. In the anodic part of
the potentiodynamic scan for Cu, active‐to‐passive
transition was observed in simulated groundwater (see
arrow in Figure 2), most probably due to Cu2S inhibiting
anodic dissolution, even at such small concentrations.
This process has been described previously.[15] Such
active‐to‐passive transition was not observed in the
bentonite slurry (Figure 2). For the steel electrode, active
dissolution was observed in both the simulated ground-
water and the bentonite slurry, with the corrosion
current densities being slightly higher than those
observed for copper (see values in Table 1). In steel, a
smaller current density was also observed in the cathodic
region in the bentonite slurry. In the case of both steel

and copper, the corrosion potential, Ecorr, moved to
higher potentials in the bentonite slurry.

3.2 | CMEA measurements in bentonite
slurry

Results of the 13‐day period of exposure to bentonite
slurry are presented in Figure 3a. Immediately after
pouring the slurry into the basin over the CMEA
electrodes, the anodic peak emerging from the CS
electrode (C3) increased to over 1200 µA cm–2. After this,
the current then steadily decreased for the duration of
the 14‐day exposure. The mixture of corrosion products
with the surrounding bentonite saturated the exposed
surface of the steel, causing the anodic current to
decrease. The remaining 24 copper electrodes behaved
cathodically, with the electrodes closer to the steel being
less net cathodic than the electrodes further away, as can
be seen from the average current densities (Figure 3b).
Using the CMEA technique, the total volume of damage
was calculated to be 9.3 × 106 µm3, which resulted in
approximately 47 µm of corrosion damage on the steel
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0.166 mV s–1 for copper and steel electrodes in
simulated groundwater and bentonite slurry.

TABLE 1 Electrochemical parameters deduced from
potentiodynamic curves.

Ecorr/V jcorr/A cm–2

Simulated groundwater Copper –0.260 0.894·10–6

Steel –0.760 1.43·10–6

Bentonite
Slurry

Copper –0.172 0.585·10–6

Steel –0.714 1.20·10–6
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electrode. This further translated to an average corrosion
rate of approximately 1.3 mm year–1 during the first 13
days of exposure.

3.3 | CMEA measurements in Aspö
groundwater

Compared to the measurements in bentonite slurry,
more intensive galvanic corrosion was observed in
simulated Aspö groundwater. Figure 4a shows the
corrosion current density over time for each electrode
exposed to the simulated Aspö groundwater. Some
cathodic and anodic activity was initially observed on

multiple electrodes (A5, D5, and E5), but anodic activity
was only maintained on the steel C3 electrode, where it
fluctuated around 1500 µA cm–2 over the first 4 days of
exposure. Shortly after that, its anodic activity began to
drastically increase, reaching a peak of 5500 µA cm–2,
before falling to zero, as the Aspö groundwater in the
exposure pool completely dried up. The total damage on
the steel electrode, calculated using the CMEA tech-
nique, was 54.0 × 106 µm3, which can be translated to an
equivalent depth of 275 µm corrosion damage. The
average corrosion rate on the steel electrode over this
6‐day period of exposure was 17 mm year–1, which was
one order of magnitude higher than that following
exposure to bentonite.
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FIGURE 3 (a) Evolution of current in copper‐steel coupled multielectrode array (CMEA) electrodes over 13 days of exposure to
bentonite slurry soaked with simulated Aspö groundwater, and (b) average corrosion current densities (in µA cm–2) for the individual
CMEA electrodes. Cathodic currents are represented in green and anodic currents in red.
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FIGURE 4 (a) Evolution of current in copper‐steel coupled multielectrode array (CMEA) electrodes over 6 days of exposure to
simulated Aspö groundwater, (b) average corrosion current densities (in µA cm–2) for the individual CMEA electrodes, and (c) corrosion
current densities at Day 5.4 (in µA cm–2). The cathodic currents are shown in green and the anodic currents in red.
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When evaluating the average cathodic current densi-
ties (Figure 4b), it can be seen that the cathodic activity
was slightly higher at the corners and along the left side
of the CMEA. This phenomenon is more pronounced
when observing the cathodic activity at 5.4 days of
exposure (Figure 4c), and is related to the formation of
corrosion products, as shown by spectroscopic tech-
niques (see results below).

3.4 | Spectroscopic investigation of the
steel and copper surfaces analyzed

The extent and type of corrosion damage, as observed
through microCT, can be seen in Figure 5. In both
conditions of exposure, only the steel electrode (C3) was
damaged as a result of corrosion. In the case of exposure
to bentonite (Figure 5a), the total corroded volume was
evaluated to be 9.4 × 106 µm3. Since the corrosion
damage observed on the steel electrode was very
uniform, the corroded volume could easily be trans-
formed into corrosion damage, equaling 48 µm. In the
case of exposure to groundwater (Figure 5b), the total
corroded volume was evaluated to be 58.8 × 106 µm3. As
previously, this resulted in total corrosion damage of
approximately 300 µm. In both cases, these results are in‐
line with the CMEA results, where corrosion was only
observed on the steel electrodes. The corrosion damage

was calculated to be 47 and 275 µm following exposure to
bentonite and groundwater, respectively.

After 13 days of exposure to the bentonite slurry, the
25 CMEA electrodes were inspected by SEM and Raman
spectroscopy.

It can be seen from Figure 6 that the extent of the
visible corrosion products on the steel electrode (C3)
corresponds to the anodic currents measured and the
corrosion damage observed with microCT. EDS analysis
of the corrosion products on the surface of the steel
electrode confirmed the presence of iron oxides (33 wt.%
Fe and 29 wt.% O, on average). The corrosion products
also contained lower amounts of elements as a result of
the contact with bentonite (3.7 wt.% Si, 1.5 wt.% Al).

On the other hand, on the copper electrodes only
cathodic currents were measured over the entire period
of exposure. The electrodes along the outer edges of the
CMEA (lines 1 and 5, columns A and E) were most
cathodic, while lower cathodic currents were measured
on the copper electrodes positioned around the central
steel electrode (B2, B3, B4, C2, C4, D2, D3, and D4). A
correlation was observed between the extent of the
electrode deposits that were visible and the values of the
cathodic currents measured; the higher the cathodic
currents measured, the denser were the deposits at the
surface (Figure 6). The deposit is a mixture of bentonite
clay and corrosion products retained in the clay. EDS
analysis of the copper electrodes, however, showed that
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FIGURE 5 MicroCT of 24 copper and one carbon steel
electrode (C3) following exposure to (a) bentonite slurry for 13 days
and (b) Aspö groundwater for 6 days, both under standard ambient
conditions.
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FIGURE 6 Scanning electron microscope images of the steel
(C3) and copper (others) electrodes following 13 days exposure to
bentonite slurry (170x magnification).
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the surface was mainly covered with the remains of
bentonite (due to presence of carbon and calcium). The
copper surface without bentonite also contained copper
oxides (containing around 10 wt.% Cu and 40 wt.% O),
which was confirmed by Raman analysis, as shown
below. The surfaces of all the electrodes also contained
lower concentrations of chlorides from the ground water
(up to 0.3 wt. %).

Several electrodes (the steel electrode [C3], two
neighboring copper electrodes [D3 and C4], and a far
distant electrode [E5]) were selected for a detailed
spectroscopic study of the corrosion products formed
over the surface, as presented in Figure 7.

In the bentonite slurry, thick corrosion products formed
on the steel electrode (Figure 7a), consisting of lepidocrocite
and goethite, as shown in the Raman spectra in Figure 7e.

Raman spectra measured on the steel electrode detected
bands of lepidocrocite (γ‐FeOOH) at 251, 376, 524, and
644 cm–1. Lepidocrocite has been found to be unstable and
porous,[23] and tends to dissolve and transform to other
forms of oxide over time, thus offering weaker protection
against corrosion. Raman spectra on the steel electrode also
showed broad bands of goethite (α‐FeOOH) at 301, 348,
478, and 556 cm–1, as denoted by the arrows.

When comparing the copper electrodes D3, C4, and
E5, differences were observed in the amount of bentonite
deposited on the surface of the electrodes behaving net‐
cathodically. Small, rounded crystals were observed on
the surface of the D3 copper electrode, while pitting was
observed on C4, in addition to larger agglomerates of
bentonite/corrosion products present at the

Q3
surface

(Figure C4). Raman spectra measured on both electrodes
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FIGURE 7 Images of the selected electrodes following 13 days exposure to bentonite slurry, inspected by scanning electron microscope
at different magnifications (a–d), and Raman spectra (e–h) measured on the steel electrode, C3, and the copper electrodes D3, C4, and E5.
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revealed the presence of Cu2S, with bands identified at
146, 220, 400, 533, and 630 cm–1, as well as a well‐defined
band characteristic of Cu2S at 284 cm–1.[16]

On the E5 electrode, however, which was heavily
covered with corrosion products, deposits of cuprite were
present in a higher percentage than Cu2S. Raman spectra
consisted of bands at 147, 221, 397, 529, and 622 cm–1.[24]

4 | DISCUSSION

The intensive galvanic corrosion of the steel‐copper
coupling was monitored in simulated Aspö groundwater
over the early days of exposure. The anodic current
density of the CMEA steel electrode ranged from 1.0 to
1.5 mA cm–2 before the electrolyte drying out, which
occurred around the 5th day. This value is in perfect
agreement with the data obtained by Standish et al. [11]

(Figure 3), where little difference was found between
the galvanic current of Cu‐steel couples of varying area
ratios measured in aerated 0.1 M and 3 M NaCl
solutions. In our study, an average corrosion rate of
~17 mm year–1 was measured, while at the end of the
exposure, an even higher rate of 63 mm year–1 was
observed, due to the accelerated corrosion reaction
caused by the simulated groundwater, which contained
chlorides, drying up.

The situation observed clearly demonstrates the
importance of dissolved oxygen when considering the
galvanic corrosion of steel in a steel‐copper pair. The
cathodic reaction on the copper surface predominantly
relates to the reduction of oxygen. In the system with
Aspö groundwater there was easy access to oxygen
from air, and the anodic current density remained
stable. The peak in corrosion activity at the end of the
exposure was caused by an increase in conductivity and
chloride concentration in the remaining electrolyte
pool, which was very thin and thus enabled rapid
diffusion of oxygen to the copper surface. A significant
but uneven deposition of corrosion products on the
copper electrodes (Figure 8) markedly reduced the
contribution of the covered electrodes to the total
cathodic current.

On the other hand, the steel electrode exhibited a
significantly lower and decaying anodic current density
in bentonite slurry compared to the steel electrode in the
aqueous solution. The initial short peak, which exceeded
1.2 mA cm–2, was, however, very high, and in good
agreement with other studies.[11] In the first 5 days of
exposure, the anodic current value was approximately
200 μA cm–2, but it then decreased even further, resulting
in an average value of 114 μA cm–2, which is equal to a
corrosion rate of approximately 1.3 mm year–1. The

steady reduction in the anodic current in this environ-
ment can most likely be attributed to the consumption of
dissolved oxygen, which is reduced on the Cu surface
and becomes the predominant cathodic reaction.
Another potential mechanism could be the growth of
corrosion products which, due to the bentonite overlay,
are mostly immobile, and tend to concentrate close to the
source of the anodic reaction.

The question of the deficiency in dissolved oxygen
requires further consideration. Careful examination of
the cathodic currents in the bentonite system reveals
that, until the 7th day, the four corner electrodes had the
highest cathodic current density of all the copper
electrodes, followed by the remaining electrodes posi-
tioned along the edges of the array. The next‐closest
neighbors of the central steel electrode (B4, D4, B2, and
D2) exhibited current densities of roughly half those
measured at the edges (excluding the corner electrodes).
The nearest neighbors to the steel electrode (B3, D3, C4,
and C2) exhibited the lowest cathodic current densities.
The pattern described persists up to the 7th day and
clearly demonstrates that dissolved oxygen is both scarce
and quickly consumed by the copper electrodes, such
that electrodes inside the array receive less oxygen and
produce a lower cathodic current. No such pattern was
observed in the Aspö groundwater system, where the A5
corner electrode acted as the most cathodic site. The
cathodic current density was, however, far more uni-
formly distributed across the Cu electrodes than in the
bentonite system. All these insights were possible thanks
to the fact that the copper electrode was partitioned into
several electrodes—a CMEA.
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FIGURE 8 Corrosion products formed on the coupled
multielectrode array (CMEA) electrodes following exposure
to Aspö groundwater.
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The use of CMEA for measuring galvanic corrosion was
demonstrated in the present study. By correctly arrang-
ing the coupled Cu and Fe electrodes, it was possible to
monitor the localization of anodic processes as well as
the distribution of cathodic processes.

Very high corrosion rates were measured in Fe
coupled to Cu during the initial oxic phase. During the
first part of exposure, the average corrosion rate in
bentonite slurry soaked with simulated saline ground-
water was approximately 1.3 mm per year. Even higher
corrosion rates were measured in the aqueous solution
(simulated saline groundwater), where values varied
between 15 and 20 mm per year. It should be noted that
just before drying out, the corrosion rate reached extreme
values as high as 60 mm year–1. The corrosion damage
calculated from the anodic currents measured correlates
well with results from micro CT measurements.

The steady reduction in corrosion rate observed in the
bentonite slurry was most likely related to the consump-
tion of dissolved oxygen, which is reduced on the Cu
surface and is the predominant cathodic reaction. This
was indicated by the uneven distribution of the cathodic
current, which was largest in the copper electrodes
positioned at the outer edges of the array.

Optical observation and Raman analysis on the
corroded CMEA electrodes showed that the steel electrode
was subjected to localized attack, with the presence of the
corrosion product lepidocrocite, which is both porous and
voluminous. On the copper electrodes exposed to benton-
ite slurry, both cuprite and Cu2S were formed.
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