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Carbon steel (CS) vessels coated with ∼3 mm of Cu have been proposed for the permanent disposal of used nuclear fuel in a
deep geological repository (DGR) in Canada. In the event of an undetected defect in the Cu coating that exposes the underlying
CS to groundwater, the possibility of galvanically accelerated corrosion of CS arises. In this work, the impact of O2 availability,
NaCl solution concentration, and cathode:anode area ratio on the galvanic corrosion behavior of Cu/CS couples was evaluated by
monitoring the galvanic potential of the couple and the galvanic current passing between Cu and CS. The corrosion products and
surface damage were analyzed using Raman spectroscopy and SEM/EDX. Varying the Cu:CS area ratio from 1:1 to 2500:1, the
[Cl−] from 0.001 to 3.0 M, the sparging gas from air to Ar, and monitoring the resulting changes in the galvanic current, galvanic
potential, corrosion products, and surface damage showed that the galvanic corrosion of CS was most severe when it was exposed to
air-sparged solution with a moderate [Cl−] (0.1 M) as part of the couple with the largest Cu:CS area ratio.
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Canada’s plan for the permanent disposal of used nuclear fuel in-
volves sealing the used fuel bundles in Cu-coated carbon steel (CS)
containers and placing them in a multi-barrier system in a deep geo-
logical repository (DGR).1–4 The Cu coating (∼3 mm–thick) provides
corrosion protection, while the CS inner vessel provides the neces-
sary mechanical strength. In the unlikely event that a through-coating
defect goes undetected and the underlying CS is exposed to groundwa-
ter, galvanic corrosion could occur. Cu, being more noble, would act
as the cathode (with O2 reduction as the primary cathodic reaction),
while CS would experience accelerated corrosion as the anode (Fe
oxidation).5–9 It is judicious to evaluate what would happen in such a
scenario.

In general, the extent of galvanic coupling will depend on the prop-
erties of the materials, their geometry relative to one another, and the
exposure environment. In the context of the Cu-coated CS containers,
the critical factors are the amount of O2 available, the cathode:anode
area ratio and the composition of the groundwater (which may be
modified by radiolysis products and by the clay barrier that will be
present at the container surface in a DGR). The concern is that if a
though-coating defect were to go undetected during inspection of the
container, a small exposed area of CS would be surrounded by a large
area of Cu, which could result in an extremely high current density
(and corrosion rate) on the exposed CS. However, the distance over
which the CS anode can couple to the Cu cathode will depend on the
dissolved [O2], the O2 diffusion coefficient, and the ionic strength of
the environment (an electrolyte must be present for any galvanic cor-
rosion to occur). The amount of O2 available to drive corrosion will
also depend on how much is consumed by other oxidation processes
in a DGR. In addition, the transport of species to the container sur-
face will be limited by the surrounding clay barrier and by corrosion
products that may form, which will further limit the corrosion rate.

Previous studies have been conducted on Cu-coated CS samples
with a simulated through-coating defect exposed to 3.0 M NaCl solu-
tion, where corrosion damage was monitored and characterized using
X-ray micro-computed tomography (micro-CT) and electrochemical
and spectroscopic techniques.4,8,9 While these studies are essential for
evaluating the extent of corrosion and the damage morphology at a
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through-coating defect, the galvanic current, Ig, cannot be measured
when Cu is in direct contact with CS. Separating Cu and CS and con-
necting them through a zero-resistance ammeter (ZRA) enables the
measurement of Ig, which provides an additional measure of the ex-
tent of galvanic coupling and the rate of corrosion. Several researchers
have used this configuration to investigate the galvanic coupling be-
havior of Cu and CS or cast iron in a variety of exposure environments
relevant to DGR conditions.6,7,10,11 However, there remains a need for
a systematic evaluation of how the galvanic corrosion behavior of a
Cu/CS couple will change over the range of conditions that are possible
in a DGR.

The conditions in a DGR will evolve over time from oxic, dry, and
warm to anoxic, wet, and cool, and the composition of groundwater
will vary depending on the location of the DGR. In Canada, the [Cl−]
in groundwater ranges from 0 to 5 M and numerous other solutes may
also be present;12,13 it is not currently known exactly how the different
Cl− concentrations will affect the galvanic corrosion between Cu and
CS. In addition, it is prudent to determine how through-coating de-
fects of different sizes (i.e., different cathode:anode area ratios) would
affect corrosion. One previous study evaluated Cu/mild steel couples
with area ratios of 10:1, 1:1, and 1:10 in aerated seawater,14 but the
dependence of galvanic corrosion on a wider range of Cu/CS area ra-
tios remains unknown. The effective cathode:anode area ratio under
DGR conditions may also be influenced by the conductivity of the
groundwater and the effects of the consolidated porous medium (ben-
tonite clay) in contact with container surfaces, both of which could
be considered in the context of “throwing power” around the defect.
Higher temperatures may accelerate the corrosion processes but will
also decrease the solubility of O2. Although this factor is not consid-
ered in the present study, it has been researched previously for Cu/cast
iron and Cu/CS couples in deaerated environments.6,7

In this work, we manipulate a selection of the aforementioned
conditions, specifically the [O2], [Cl−], and Cu:CS area ratio, to in-
vestigate their individual and combined influence on the galvanic
corrosion behavior of CS coupled to Cu. To reflect the geometry
of a through-coating defect and to minimize the influence of asym-
metrical geometry on the results, the electrodes were designed such
that a cylinder of CS is situated inside a ring of Cu as they are
immersed together in an electrolyte. The two electrodes are insu-
lated from being in direct contact with one another but are elec-
trically connected through a ZRA. The galvanic current, Ig, and
galvanic potential, Eg, are monitored and the surface damage and
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Figure 1. Illustration of the electrochemical cell and electrode design.

corrosion products are characterized using scanning electron mi-
croscopy (SEM)/energy dispersive X-ray spectroscopy (EDX) and
Raman spectroscopy.

Experimental

Experiments were conducted using A516 Grade 70 carbon steel
(CS) provided by the Nuclear Waste Management Organization
(NWMO) and P-doped (30–100 ppm), O-free Cu provided by the
Swedish Nuclear Fuel and Waste Management Co. (SKB). The CS
was cut into cylindrical electrodes of varying diameter and the Cu was
cut into rings of varying outer and inner diameter. After the electrodes
were wet-ground to a P1200 finish with SiC paper, a wire was soldered
onto the back side of each of the electrodes, PTFE heat-shrink tubing
was applied to insulate the wire, and the electrodes were sonicated
in methanol. Three layers of Amercoat epoxy paint (PPG Protective
& Marine Coatings) were applied to the electrodes, leaving the top
surface exposed, and each coat was cured at 60°C for 24 hours. The
exposed electrode surface was wet-ground to a P2500 finish with SiC
paper and sonicated in methanol prior to beginning each experiment.
The surface area of the CS electrodes ranged from 0.004 to 1.0 cm2

and the Cu rings were 1.0 and 10.0 cm2. By varying the size combi-
nation of the Cu and CS electrodes, Cu:CS area ratios ranging from
1:1 to ∼2500:1 were achieved.

As illustrated in Figure 1, the cylindrical CS electrode was placed
in the center of the Cu ring to reduce geometrical influences on the
galvanic corrosion measurements, and the electrodes were immersed
in an Ar- or air-sparged NaCl solution (concentration ranging from
0.001 to 3.0 M) in a three-compartment electrochemical cell. The so-
lution was prepared with reagent grade NaCl (Fisher Scientific) and
ultrapure water from a Thermo Scientific Barnstead Nanopure wa-
ter purification system set to yield a resistivity of 18.2 M�·cm. The
solution was sparged with either ultra high purity Ar (PRAXAIR)
for ∼60 minutes or medical grade air (PRAXAIR) for ∼30 minutes
before starting an experiment, and sparging continued throughout the
experiment. The CS and Cu electrodes were connected through a ZRA
(Keithley 6514 system electrometer with National Instruments Lab-
view software written in-house), enabling us to measure the galvanic
current, Ig, flowing between them. The galvanic current density, ig,
was calculated by dividing the steady-state Ig by the surface area of
CS. The potential of the couple, Eg, was monitored using a potentiostat
(Solartron Model 1480 Multistat with CorrWare software) which was
connected to the CS electrode and a saturated calomel reference elec-
trode (SCE). Each experiment was terminated when Eg and Ig reached
steady-state conditions. Couples with Cu:CS area ratios of 1:1 and 10:1
tended to take longer to reach steady-state, 2–7 days, while the cou-
ples with larger area ratios stabilized more quickly; 100:1 couples were
stable after ∼30 h (although periodic fluctuations were still observed)
and couples ≥500:1 were stable within 4–20 h. After each experi-
ment ended, the electrodes were removed from solution, rinsed with

ultrapure water (taking care not to disturb the corrosion products), and
stored in an anaerobic chamber. Potentiodynamic polarization curves
were recorded on Cu and CS electrodes by scanning −0.550 V and
+0.250 V, respectively, from the corrosion potential (Ecorr) at a scan
rate of 10 mV min−1, using Pt foil as the counter electrode. The po-
larizations were initiated once Ecorr reached steady-state.

Surface analysis was performed at Surface Science Western using
SEM/EDX (Hitachi SU3500 Variable Pressure SEM combined with
an Oxford AZtec X-Max50 SDD X-ray analyzer) and Raman spec-
troscopy (Renishaw InVia Reflex Raman Spectrometer with a 633 nm
laser wavelength).

Results

Electrochemical measurements.—The potentiodynamic polariza-
tion curves for CS and Cu exposed to air-sparged 3.0 M and 0.1 M
NaCl solutions are shown in Figure 2. For both conditions, the anodic
branch (corresponding to the oxidation of Fe to Fe2+) is shown for
CS, and the cathodic branch (corresponding to the reduction of O2) is
shown for Cu. The intersection point between the anodic and cathodic
branches provides an estimate of the galvanic current density (ig) and
the galvanic potential (Eg) that Cu and CS will adopt once they are
coupled together. The intersection point of the two branches occurs at
48 μA cm−2 and −0.644 VSCE in 3.0 M NaCl solution and at 140 μA
cm−2 and −0.630 VSCE in 0.1 M NaCl solution. Decreasing the con-
centration from 3.0 M to 0.1 M NaCl results in a substantial increase
in the current response and Ecorr of Cu, but almost no change in the po-
larization behavior of CS. In both conditions, Cu is polarized far from
its Ecorr, indicating that O2 reduction on Cu is the rate-determining
reaction.

Plotting the measured ig and Eg of Cu/CS couples exposed to 0.1 M
and 3.0 M NaCl solutions sparged with either air or Ar, as a function
of Cu:CS area ratio, Figure 3, shows the influence of [O2], area ratio,
and [Cl−]. In Ar-sparged 3.0 M NaCl solutions, ig and Eg are signifi-
cantly lower than in aerated solutions, and increasing the Cu:CS area
ratio from 1:1 to 100:1 has a minor effect on ig and Eg; ig increases
from 2.0 to 4.6 μA cm−2 and Eg increases by 30 mV. In comparison,
in air-sparged conditions, increasing the Cu:CS area ratio from 1:1 to
100:1 significantly affects ig and Eg; ig increases ∼100-fold and Eg

increases by 100−200 mV. Overall, as the Cu:CS area ratio increases
in the presence of O2, both ig and Eg tend to increase, although there is
some deviation from this behavior at the largest area ratios. The value
of ig is ∼30 μA cm−2 at a 1:1 area ratio and increases in proportion to
the area ratio at approximately the same rate in both 0.1 M and 3.0 M
NaCl solutions Eg is initially between −0.666 and −0.677 VSCE at
the smallest area ratio and rises at a slightly faster rate in 0.1 M NaCl
solution than it does in 3.0 M solution. At the largest area ratios, Eg is
−0.313 VSCE and −0.422 VSCE in 0.1 M and 3.0 M NaCl solutions, re-
spectively. To provide a basis for comparison, the corrosion potential,
Ecorr, of an uncoupled CS specimen was measured in aerated 3.0 M and
0.1 M NaCl solutions; the steady-state Ecorr values were −0.687 VSCE

and −0.655 VSCE, respectively.
Decreasing the [Cl−] from 3.0 M to 0.1 M tends to result in an

increase in ig and Eg for a given area ratio; ig as much as doubles,
although for area ratios of 100:1 and ∼1000:1 ig remains almost the
same. The difference between Eg values in 3.0 M and 0.1 M NaCl
solutions is only 11 mV at the 1:1 area ratio, and the difference grows
to over 100 mV at the largest area ratios. Further decreasing the [Cl−]
to 10 mM and 1 mM results in a decrease in ig and an increase in Eg, as
seen in the plots of ig and Eg vs [Cl−], Figure 4. In addition, at lower
[Cl−] (10 mM), the difference between the ig of the 100:1 and 10:1
couples diminishes, and at the lowest [Cl−] (1 mM), there is almost
no difference between the ig of couples with the two area ratios.

Surface analysis.—SEM/EDX analysis of the CS samples cor-
roded in Ar-sparged solutions shows some damage to the surface and
almost no deposition of corrosion products. The damage is a combi-
nation of uniform corrosion (with some preferential corrosion of cer-
tain grains) and pit-like features, some of which are centered around



C3450 Journal of The Electrochemical Society, 166 (11) C3448-C3455 (2019)

Figure 2. Potentiodynamic polarization behavior of CS and Cu exposed to air-sparged (a) 3.0 M and (b) 0.1 M NaCl solutions.

particles that typically have a higher Al and O content, and sometimes
a higher S and Cu content, than the surrounding CS according to EDX,
Figure 5. Looking at the surface under higher magnification by SEM,
Figure 6, shows that certain grains have experienced uniform corro-
sion, while others appear raised and have a lamellar structure. EDX
mapping shows that these raised grains have a higher carbon content
than the surrounding area, Figures 5a and 5e, and the Raman spec-
tra from these grains, spectra 1 and 2 in Figure 7, show a very broad
band between ∼1300 and 1600 cm−1, which can be attributed to resid-
ual Fe3C.15–17 Very broad and weak Raman bands are present below
500 cm−1 and around 700 cm−1 in some spectra, which suggests that
some FeIII or FeII/FeIII oxide/oxyhydroxide may be on the surface.

CS electrodes that were part of couples with area ratios from 1:1
to 500:1 and exposed to air-sparged 3.0 M or 0.1 M NaCl are covered
with many corrosion product deposits. Raman spectra of the corro-
sion products show that they are a mix of FeIII and FeII/FeIII oxides
and oxyhydroxides; Figure 8 shows representative spectra from each
of the different species identified in these corrosion product deposits.
The most frequently identified species are γ-FeOOH, based on the se-
ries of sharp peaks below 700 cm−1, with the most intense at 252 cm−1

and the second most intense at 380 cm−1, Figure 8 spectrum 1, and γ-
Fe2O3, based on the broad peak between ∼665 and 730 cm−1, Figure 8
spectrum 2.18–20 Fe3O4 and α-FeOOH are also present, based on peaks
at 670 cm−1, Figure 8 spectra 3 and 4, and 385–390 cm−1, Figure 8
spectrum 5, respectively, but appear less frequently.18,19 Figure 8 spec-
trum 3 also has contributions from γ-Fe2O3 and possibly other FeIII

oxyhydroxides, judging by the small, broad peaks and higher inten-
sity of the baseline below 600 cm−1. Many of the other Raman spectra

recorded on the CS electrodes that were part of couples with area ratios
from 1:1 to 500:1 and exposed to air-sparged 3.0 M or 0.1 M NaCl (not
presented here) exhibit a combination of the aforementioned peaks,
indicating that the corrosion products are composed of a mix of FeIII

and FeII/FeIII oxides and oxyhydroxides. Although many FeIII species
were produced, the pH of the solution did not change significantly
over the duration of the experiment, indicating that the solution has
some buffering capability. SEM images show more severe damage to
the CS surface at larger Cu:CS ratios, Figure 9, and less corrosion
product formation/deposition. At area ratios of 1000:1 and greater,
the species identified by Raman spectroscopy on CS are residual Fe3C
and γ-Fe2O3; the signal from residual Fe3C is particularly intense
on these samples, Figure 10. The Fe3C signature is also seen in the
Raman spectra from CS surfaces that were part of 100:1 and 500:1
area ratio couples exposed to 3.0 M and 0.1 M NaCl.

Raman spectra recorded on the CS electrodes from the 10:1 and
100:1 couples exposed to 1 mM NaCl solution, Figure 11, show that
the surface is covered in patches of γ-FeOOH (spectra 1 and 7), Fe3O4

(spectra 2–5, 8, and 9), and γ-Fe2O3 (spectra 4–6 and 10), with traces
of green rust (spectrum 11). Green rust is a FeII-FeIII hydroxy-salt and
was identified based on the peaks at ∼430 and 505 cm−1, spectrum
11 in Figure 11c, which are attributed to Fe2+—OH and Fe3+—OH
stretching modes in green rust.21–23 The small peak at ∼218 cm−1 (ref.
219–221 cm−1) is likely due to the presence of Cl− within the green rust
structure.23 Each Raman spectrum tends to have peaks for only one,
or sometimes two, species, indicating that the corrosion products are
not as mixed as on the CS electrodes that were part of couples exposed
to higher Cl− concentrations. Fe3O4 was identified more frequently

Figure 3. Galvanic current density (ig) and galvanic potential (Eg) of Cu/CS couples exposed to 0.1 M and 3.0 M NaCl solutions sparged with either air or Ar, as
a function of Cu:CS area ratio (normalized so CS = 1).
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Figure 4. ig and Eg for 100:1 and 10:1 Cu:CS couples exposed to NaCl solutions ranging from 1 mM to 3.0 M.

on the CS electrodes exposed to 1 mM NaCl solution than on those
exposed to higher Cl− concentrations, suggesting that Fe3O4 is more
predominant in 1 mM NaCl.

On all but four of the corroded CS samples, EDX shows the pres-
ence of Cu, which ranges from 0.6 to 28.2 wt%. In all cases, Cu is
associated with the CS surface, where corrosion products had been ei-
ther dislodged or not deposited, Figure 12. All of the samples on which
no Cu is detected are completely covered with corrosion products, so
any underlying Cu would be obscured. Peaks for Cu2O were also iden-
tified in some of the Raman spectra acquired from the corroded CS
specimens based on the very broad peak centered around 620 cm−1

(e.g. Figure 7 spectrum 5).24,25 No Cu was detected by EDX on sam-
ples exposed to 1 mM NaCl solution, but as the [Cl−] increased, so too
did the average amount of Cu detected. To determine the origin of the
Cu, two additional experiments were performed: one in which CS was
corroded in air-sparged 0.1 M NaCl in the absence of a Cu electrode
and another in which CS and Cu were galvanically coupled but im-
mersed in separate solutions that were connected by a salt bridge. In
both cases, 0.3–1.4 wt% Cu was detected on the CS surfaces by EDX
after corrosion. This indicates that Cu originating in the CS itself can
accumulate on the CS surface as corrosion occurs (the CS used has a
Cu content of 0.01 wt%), however it does not account for the much
higher amounts of Cu observed on some of the CS electrodes from

the galvanic coupling experiments where Cu and CS were immersed
together.

Discussion

Influence of O2.—In the presence of O2, galvanic coupling with
Cu enhances the corrosion rate of CS, based on ig measurements (Fig-
ure 3), which show significant current passing between Cu as the cath-
ode and CS as the anode, and surface analyses, which show that CS is
heavily corroded while little to no damage occurs on Cu. This behav-
ior is expected, since O2 reduction on Cu is the driving force behind
the galvanically accelerated corrosion of CS. Removing the dissolved
O2 removes this driving force and there is almost no coupling between
Cu and CS (some coupling occurred in the Ar-sparged experiments
in this work, based on the non-zero ig, which was likely due to trace
dissolved O2 present in the solution). The more negative Eg values
observed under Ar-sparged conditions are indicative of a less oxidiz-
ing environment and are consistent with the Ecorr values of uncoupled
CS exposed to Ar-sparged 4.0 M NaCl solution, −0.772 VSCE,26 and
5.0 M NaCl solution, ∼−0.710 to −0.770 VSCE.17 The minor impact
that increasing the Cu:CS area ratio has on ig and Eg in Ar-sparged
conditions compared to air-sparged conditions supports a conclusion

Figure 5. (a) SEM image and (b-h) EDX maps recorded on CS exposed to Ar-sparged 3.0 M NaCl solution as part of a 100:1 couple.
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Figure 6. SEM image recorded on the surface of a CS sample exposed to
Ar-sparged 3.0 M NaCl solution for 45 h as part of a 100:1 couple.

that galvanic coupling with Cu does not play a significant role in ac-
celerating the corrosion of CS in the absence of O2.

Previous research has also shown that in deaerated conditions the
corrosion rate of cast iron coupled to Cu is close to the corrosion rate
of uncoupled cast iron.6,10 The authors also noted that although the
corrosion rate is initially determined by the kinetics of the cathodic
reaction (H2 evolution reaction), the corrosion rate decreases over time
due to the corrosion product film that forms on the cast iron surface.6,10

The lack of corrosion products on CS exposed to Ar-sparged condi-
tions in this work is likely due to the short duration of the experiments
(43–45 h). The raised lamellar structure (Figure 6) and higher car-
bon content of certain grains seen by SEM/EDX, along with the Fe3C
signature between ∼1300 and 1600 cm−1 in the Raman spectra from
these grains, indicate that this corrosion damage morphology is the re-
sult of preferential corrosion of the α-ferrite bands from pearlite grains
leaving behind the Fe3C bands.15–17 This behavior has been seen pre-
viously on CS exposed to Ar-sparged and N2-sparged solutions;17,27

Fe3C can act as a preferential cathode, thereby driving anodic disso-
lution of the α-ferrite. The more uniformly corroded grains are likely
α-ferrite.

Influence of cathode:anode area ratio.—A larger Cu:CS (cath-
ode:anode) area ratio results in a greater ig in air-sparged conditions
(Figure 3), which corresponds to a higher corrosion rate. At a 1:1 area
ratio, ig is ∼28 μA cm−2 in 3.0 M NaCl solution and ∼36 μA cm−2

0.1 M NaCl solution. A similar value, 27.4 μA cm−2, was measured

Figure 7. Raman spectra recorded on CS exposed to Ar-sparged 3.0 M NaCl
solution as part of a 100:1 couple.

Figure 8. Representative Raman spectra recorded on CS surfaces that were
exposed to air-sparged 3.0 M or 0.1 M NaCl as part of area ratios from 1:1 to
500:1.

by Mansfeld and Kenkel on a Cu/CS couple exposed to naturally aer-
ated 0.6 M NaCl solution over 24 hours.11 The increase in ig with
increasing Cu:CS area ratio indicates that the galvanic corrosion rate
is under cathodic control (i.e., the galvanic corrosion rate is limited by
the rate at which O2 can be reduced on Cu), since the galvanic current,
Ig, is dictated by the Cu surface area and is independent of the CS
surface area. The rate of the O2 reduction reaction is under either dif-
fusion or mixed control (not activation control, based the results from
previous research),28 but additional studies are needed to determine
which. Given that the net current on the anode (Ia) and on the cathode
(Ic) must be equal in magnitude at Eg, as the area of CS decreases
relative to the Cu area, the same magnitude of Ia must be supported on
a smaller area, resulting in a higher current density on CS (higher ig).
This proportional dependence of ig on the cathode:anode area ratio in
aerated conditions has been observed on other galvanic couples29,30

and has been described mathematically.31 Weight loss measurements
have also shown that the severity of galvanic corrosion of mild steel
increases with an increase in the Cu:steel area ratio in aerated seawa-
ter, although the range of area ratios in this study was limited to 10:1,
1:1, and 1:10.14 The present results extend the experimental data to
include larger cathode:anode area ratios.

The logarithmic increase in Eg to less negative values is consis-
tent with the known logarithmic relationship between Eg and cath-
ode:anode area ratio.31–33 At small Cu:CS area ratios, CS is not polar-
ized far from its corrosion potential (Ecorr), which was −0.655 VSCE in
aerated 0.1 M NaCl solution, so both oxidation and reduction reactions
can occur on the CS surface at an appreciable rate.31 This also means
that the measured ig is smaller than the actual anodic current density
on CS (which would be equal to the sum of the cathodic currents on Cu
and CS). Increasing the Cu:CS area ratio polarizes CS further from its

Figure 9. SEM images recorded on the surface of CS samples exposed to air-
sparged 0.1 M NaCl solution for (a) 130 h as part of a 100:1 couple and (b) 6 h
as part of a ∼1000:1 couple.
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Figure 10. Raman spectra recorded on CS electrodes from >1000:1 couples
exposed to 0.1 M NaCl solution.

Ecorr, toward the more noble Ecorr of Cu. Above an area ratio of ∼100:1,
CS is most likely polarized far enough from its Ecorr such that no ap-
preciable reduction occurs on CS and the measured ig is equivalent to
the anodic current density.34 The deviation from the growth trends of
ig and Eg at the largest area ratio in 3.0 M NaCl solution may be due
to the anodic reaction on CS becoming partially rate controlling.

The more severe damage seen in the SEM images as the area ra-
tio increases (Figure 9) is consistent with the higher ig values and is
another indication of higher corrosion rates. The presence of a Fe3C
signature in the Raman spectra recorded on CS from couples with area
ratios ≥100:1 is indicative of corrosion of pearlite grains in the CS.
The smaller amount of corrosion products on the CS surface at greater
area ratios may be due to the shorter duration of the experiments.
The higher rate of O2 consumption when the surface area of the Cu
electrode is greater may also contribute to decreasing the deposition
of corrosion products, since with less O2 available, soluble ferrous
species would not be as readily oxidized to insoluble corrosion prod-
ucts. In addition, if the soluble Fe species migrate far enough from
the CS surface before they are oxidized, which can occur more easily
as the CS surface area becomes smaller, the corrosion products would
not deposit onto the CS surface but would precipitate and fall to the
bottom of the electrochemical cell.

Influence of [Cl−].—The higher ig and less negative Eg values in
0.1 M NaCl solution compared to those obtained in 3.0 M NaCl so-

Figure 12. (a) SEM image and (b-d) EDX maps recorded on CS exposed to
air-sparged 0.1 M NaCl solution as part of a 500:1 couple, illustrating the
presence of Cu on CS.

lution (Figure 3) are in agreement with the predicted trends in ig and
Eg from the potentiodynamic polarization curves (Figure 2). The pre-
dicted Eg values from the polarization results are slightly less negative
(by ∼35 mV) than the measured values for a couple with a 1:1 area
ratio, although the magnitude of the increase in Eg (+14 mV) when
[Cl−] is decreased from 3.0 M to 0.1 M is close to the magnitude of the
increase observed experimentally (+11 mV). The measured ig is only
slightly lower than the predicted value in 3.0 M NaCl solution (28 μA
cm−2 and 48 μA cm−2, respectively), although in 0.1 M NaCl solu-
tion, the measured ig is substantially lower than the measured value
(36 μA cm−2 and 140 μA cm−2, respectively). This significant differ-
ence may indicate that there are additional factors influencing the ig of
the Cu/CS galvanic couple that are not accounted for when Cu and CS
are tested individually in potentiodynamic polarization experiments,
such as the conductivity of the solution and the potential and current
distributions across the galvanic couple.

The higher ig and less negative Eg values in 0.1 M NaCl solution
(Figure 3) can be attributed, at least in part, to the higher solubility of O2

in 0.1 M (∼7.6 wt ppm at 22°C)35 compared to 3.0 M NaCl solution
(∼2.8 wt. ppm at 22°C).36 With more dissolved O2 in solution, the
environment is more oxidizing and, given that O2 reduction on Cu is

Figure 11. Raman spectra recorded on CS electrodes from the (a) 10:1 couple, with (b) showing detail of the peaks between 600 and 800 cm−1, and the
(c) 100:1 couple, both exposed to 1 mM NaCl solution.
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the rate-determining reaction, the driving force for corrosion is greater
(i.e., there is more O2 available to be reduced, driving Fe oxidation),
which explains the increased ig and Eg. A higher concentration of
dissolved O2 could also result in a larger [O2] gradient, which would
increase the flux of O2 to the surface and, thereby, the corrosion rate. In
addition, the diffusivity of O2 in NaCl solution increases slightly with
decreasing [Cl−];37,38 which can also contribute to increasing the flux
of O2 to the surface. O2 is ∼2.7 times more soluble in 0.1 M NaCl than
in 3.0 M NaCl at 22°C, so one would expect a corresponding increase
in ig. However, the measured ig is only 1−2 times greater in 0.1 M
NaCl, indicating that although O2 plays a critical role in determining
the galvanic corrosion rate, other factors influence ig. One such factor
could be the conductivity of the 0.1 M NaCl solution, 1.07 × 104

μS cm−1, which is an order of magnitude lower than that of 3.0 M
NaCl solution, 2.05 × 105 μS cm−1.39 Lower solution conductivity
can result in less uniform current and potential distributions across the
electrodes, and a higher solution resistance (R) leads to a lower current
for a given potential difference, because of the ohmic (IR) drop.32,40

While lowering the [Cl−] from 3.0 M to 0.1 M results in increases
in ig and Eg, decreasing it further to 10 mM and then 1 mM results in
a continued increase in Eg but a decrease in ig (Figure 4), indicating
a decrease in the anodic reaction rate (i.e., a lower Fe oxidation rate).
The decreasing difference between the ig values of the 100:1 and 10:1
couples as the [Cl−] is decreased from 10 mM to 1 mM demonstrates
that the conductivity of the solution, which is 1.18 × 103 and 124
μS cm−1 for 10 and 1 mM NaCl solutions, respectively,39 is not high
enough to enable coupling between the CS and the entire Cu area
available. At these low [Cl−], even though O2 is more soluble than at
3.0 M or 0.1 M NaCl, ig does not continue to increase, which supports
the suggestion that the low conductivity of the solution limits the
distance over which O2 reduction on Cu can couple to Fe oxidation on
CS (the “throwing power”). The formation of a protective oxide on CS
would explain the significant increase in Eg at 1 mM [Cl−]. The strong
presence of Fe3O4 seen by Raman spectroscopy may be indicative of
partial passivation of the CS surface, since it tends to form a compact
layer that is not ionically conductive and therefore prevents oxidation
of the underlying steel. In addition, unlike other CS specimens that
were part of 10:1 or 100:1 couples in higher [Cl−] conditions, no Fe3C
signature is seen in the Raman spectra for CS from the couples in 1 mM
NaCl solution, indicating that the CS surface is less damaged, which
is in agreement with SEM images and the relatively low ig and high
Eg.

Overall, considering the influence of [Cl−] on the Cu/CS gal-
vanic couple, there is a balance between the conductivity of the
solution and the O2 solubility. At very low Cl− concentrations,
the low solution conductivity restricts the distance over which CS
and Cu can couple. Increasing the [Cl−] increases the conductiv-
ity of the solution, which allows CS to couple to a greater area
of Cu and results in a greater corrosion rate. However, increasing
the [Cl−] also decreases the solubility of O2, which results in a
lower corrosion rate. This means that the greatest galvanic corrosion
rates can occur at moderate Cl− concentrations, likely between 0.1
and 3 M.

Cu accumulation on CS.—Regarding the presence of Cu on most
of the CS electrodes, although up to 1.4 wt% Cu was detected on a
CS surface that was corroded in the absence of Cu, the mechanism by
which greater amounts of Cu, up to 28.2 wt%, accumulate on CS is
uncertain. Thermodynamically, Cu is stable at the measured Eg values
at a dissolved [Cu(aq)]total of 1 μM. However, as [Cl−] increases and
[Cu(aq)]total decreases, the equilibrium potential between Cu and CuI

chloride complexes (such as CuCl2
− and CuCl3

2−) decreases to close
to the measured Eg values, meaning that it would be thermodynam-
ically possible for Cu to corrode. Dissolved Cu chloride complexes
could subsequently be reduced on CS, resulting in the observed Cu on
CS. The presence of Cu2O and CuO identified by Raman spectroscopy
on some of the corroded CS specimens confirms the presence of Cu
and indicates that if Cu had been deposited onto CS in its metallic
form (which is not Raman active), some amount of oxidation had sub-

sequently occurred. The definite reason for the appearance of Cu on
CS has yet to be proven.

Conclusions

The impact of the degree of aeration, the cathode:anode area ratio,
and the [Cl−] on the galvanic corrosion behavior of Cu/CS couples was
assessed by monitoring the ig and Eg of the couples and by analyzing
the surface damage and corrosion products. In the absence of O2, gal-
vanic coupling with Cu has a negligible influence on the corrosion rate
of CS. In aerated conditions, as the cathode:anode (Cu:CS) area ratio
increases from 1:1 to ∼2500:1, ig, and therefore the corrosion rate of
the CS, increases. ig increases proportionally with area ratios >∼10:1,
while at 1:1 Cu:CS and at the highest area ratios in 3.0 M NaCl solu-
tion, ig is lower than would be expected for a linear relationship. The
competing effects of [Cl−] and [O2] are observed when the [Cl−] is
changed; the [Cl−] influences both the conductivity and O2 solubility
(as well as the O2 flux) in the solution, so the extent of galvanic cor-
rosion can be limited by the low solution conductivity at low [Cl−]
and by the low O2 solubility and reduced O2 flux at high [Cl−]. In
relation to a used nuclear fuel container, the most damage to CS could
occur at a small through-coating defect (i.e., large cathode:anode) that
is exposed to groundwater with a moderate [Cl−], likely between 0.1
and 3.0 M, during the initial oxic stage of a DGR. However, the extent
of galvanic corrosion may be influenced by other factors such as addi-
tional groundwater solutes, solution radiolysis products, temperature,
and the clay transport barrier that will be in contact with the Cu-coated
container in a DGR. These factors will be the subjects of future stud-
ies. In addition, a finite element model of the Cu/CS galvanic couple
is currently in development, which will aid in examining the current
and potential distributions in this system.
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