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Copper and copper alloys have found applications in various industries. One of the main reasons Cu and its alloys are utilized
widely is that they have sufficient corrosion resistance in key environments, such as seawater and anoxic solutions; however,
localized corrosion processes might occur in the presence of aggressive anions, oxygen, or an increase in solution pH. In critical
applications of Cu, the susceptibility of Cu to localized corrosion, specifically pitting, must be carefully considered, as it could lead
to material failure. In this study, the pitting probability of Cu in unary (sulfate) and binary (sulfate + bicarbonate) solutions was
investigated using electrochemical techniques in conjunction with statistical analysis. We determined pitting probabilities based on
two different defining criteria for pitting susceptibility, one based on the probability that the corrosion potential, Ecorr, could exceed
the passivity breakdown potential, Eb, and the other, a more conservative approach, based on the likelihood that Ecorr would be
greater than the repassivation potential, Erp. The pitting probability of Cu did not change significantly with sulfate concentration at
pH 8 but was found to increase with increasing [ −SO4

2 ] up to 0.005 M at pH 9 and then to decrease with a further increase in
[ −SO4

2 ].
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Many industries have been using Cu and its alloys as the primary
materials in their products and equipment (e.g., water pipes, heat
exchangers, etc.), due to their mechanical and physical properties.
From both longevity and economic points of view, Cu has attracted
the attention of the nuclear industry as a candidate for the corrosion
barrier for used fuel containers (UFC) in a deep geological
repository (DGR). Based on the current design, the UFCs will be
coated (Canada) or covered (Sweden) with high-purity Cu as a
corrosion barrier.1–12

Cu oxide films are commonly present on Cu depending on the
application. For example, formation of scale and Cu oxides in heat
exchangers results in a decrease in heat transport efficiency.
However, in corrosive environments, oxide films can protect Cu
from further dissolution. In specific situations, Cu is not able to form
a dense and sufficiently protective oxide film on the surface, which
can lead to material failure by corrosion.13–22

Cu is thermodynamically stable in most oxygen-free environ-
ments. However, under aerated conditions, corrosion, specifically
localized corrosion in the form of pitting, becomes a possibility. The
morphology and protectiveness of a passive oxide film depends on
both material properties, such as the grain size and orientation, and
environmental conditions, such as the concentration of aggressive
anions, exposure time, etc.23–36 Protective films can be formed on
the surface of Cu by either the dissolution-precipitation mechanism
or a solid-state reaction involving nucleation and growth, with the
latter leading to a passive film.35–38 In moderately alkaline solutions,
Cu forms a dual-layer film comprised of an inner Cu2O layer and an
outer CuO or/and Cu(OH)2 layer.31,35,39–41 During the initial film
growth, due to the porous structure of the Cu2O layer, dissolution as
Cu2+ cations can occur at the Cu surface, provided that the potential
is sufficiently positive, with the Cu2+ cations diffusing from the Cu
surface to the oxide-solution interface, leading to the deposition of

CuO and/or Cu(OH)2 on top of the Cu2O inner layer,29,35,42–44 and in
some cases, passivation.

Passive film breakdown mechanisms have been extensively
investigated, and two main mechanisms proposed. The first me-
chanism involves the transport of aggressive anions from the
solution into the oxide film, leading eventually to the generation
of stress within the film which causes its mechanical breakdown.45

The second mechanism involves the adsorption of aggressive anions
on the passive film resulting in its thinning and the eventual
exposure of the metal surface.46,47

The susceptibility of materials to pitting corrosion can be
determined by a comparison of the corrosion potential (Ecorr) to
the passive film breakdown potential (Eb) measured by a potentio-
dynamic scan of the applied potential (E) from low to high values,
or, more conservatively, by a comparison of Ecorr to the repassiva-
tion potential (Erp) measured by a potentiodynamic scan of E from
high to lower values on an electrode already undergoing pitting
corrosion. All corrosion parameters such as Ecorr, Eb, and Erp (the
potential at which the current on the negative-going scan matches the
original passive current observed on the positive-going scan) are
distributed values, due to uncontrollable variations in oxide film
properties and reactivity, variations in the local environment at the
oxide surface, as well as the stochastic nature of passive film
rupture.39,48 According to one definition, pitting is deemed to be
possible if Ecorr ⩾ Eb,

31,39,49 with the distribution of values making
the boundary between immunity from and susceptibility to pitting
uncertain. A statistical approach to determining the probability that
pitting could occur under a given set of conditions is necessary, since
both Ecorr and Eb can assume a range of values (i.e., neither is single-
valued). A more conservative assessment of pitting probability
involves evaluating the difference between Ecorr and Erp values. The
Erp can be determined by scanning E in the negative direction from a
value above Eb, on an electrode that is already undergoing pitting
corrosion, until the measured current drops to the value previously
measured in the passive region on an identical electrode exposed to
the same environment. The values of Erp depend on a variety ofzE-mail: jjnoel@uwo.ca
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factors, such as pit depth, maximum dissolution current density
(idiss,max), the potential scan rate used in potentiodynamic polariza-
tion measurements such as those described in this study, and the pit
initiation rate.50 The Erp is inversely proportional to the pit depth and
idiss,max, so increasing the pit depth and idiss,max both result in lower
Erp. However, Erp is directly proportional to the scan rate and the pit
initiation rate, since lower scan rates and/or pit initiation rates
provide more time for pits to grow deeper, thus leading to a lower
Erp.

Many studies have been conducted to elucidate the influence of
various parameters, such as anion concentrations, pH, and tempera-
ture, on Ecorr, Eb, and Erp.

39,48,51–60 The previous research found
that CO3

2– and OH– enhance the passive film stability, while
Cl− and −SO4

2 have an aggressive effect on Cu and stainless
steel.51,53,56,58–62 The dependence of passive film stability of Cu on
[Cl−] has been examined extensively. The results indicate that the
corrosion rate increases with increasing [Cl−] up to a certain
concentration ([Cl−]crit), above which chloride plays an inhibiting
role, due to the rapid formation of a CuCl layer.59,60,63,64 The pitting
probability of Cu can also be influenced by the pH of the
solution.60,65 Cong39 proposed three different regions based on
pH: uniform corrosion for pH < 7; a pitting susceptibility region
between pH 7 and 10; and limited susceptibility for pH > 10. It is
important to note that the boundary between these regions depends
on temperature, [O2], and solution composition. Ecorr, Eb, and Erp

were found to depend on the concentrations of different anions (Cl−,
−SO ,4

2 HCO3
−/CO3

2−, OH−). Generally, Cl− and −SO4
2 destabi-

lized the passive films, leading to decreases in Ecorr and Eb.
However, the effect of −SO4

2 is still ambiguous and requires more
research effort. The presence of HCO3

−/CO3
2− enhanced the

durability of the passive film resulting in higher Ecorr and Eb values.
The properties of the passive film are particularly important when
materials are in contact with solutions containing low concentrations
of aggressive anions, resulting in film breakdown at relatively high
potentials.66,67 The substitution of O2− ions with aggressive anions
such as Cl− and −SO4

2 in an oxide film leads to the creation of
defects which render the film less protective.9,10,63,68

The corrosion behaviour of Cu in different environments, such as
seawater and deaerated solutions, is well established. In addition,
Matin et al.69 investigated the pitting probability of Cu in chloride-
containing solutions using multielectrode arrays and statistical
analysis, but there is a lack of information regarding the suscept-
ibility of Cu to pitting corrosion in sulfate-containing solutions. The
majority of the published research has been conducted based on the
hypothesis that corrosion parameters are deterministic, thus ignoring
the effect of distributed values. Qin et al.52 defined the approximate
active/passive boundary as a function of [ −SO4

2 ] and pH. This
boundary was developed based on only a small number of experi-
ments and does not account for the statistical distributions of the
parameters measured to establish it. A more thorough understanding
of the pitting probability of Cu in −SO4

2 and HCO3
− solutions

requires the application of a method that accounts for the distributed
nature of the corrosion parameters. In the studies described in this
research, a Cu multielectrode array was used to determine the
distributions of Ecorr, Eb, and Erp by simultaneously monitoring 30
electrodes simultaneously exposed to the same solution. Each
experiment was performed twice, with 60 data points collected in
total for each corrosion parameter, including Ecorr, Eb, and Erp. The
in-depth process and methodology can be found in our previous
paper.69

Figure 1. Corrosion potential of Cu electrodes; (a) Ecorr of Cu in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4
2 at pH 8, (b) Comparison of mean and

standard deviation of Cu electrodes in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4
2 at pH 8, (c) Ecorr of Cu in a solution containing 0.001, 0.005, 0.01,

and 1 M −SO4
2 at pH 9, and (d) Comparison of mean and standard deviation of Cu electrodes in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4

2 at pH 9.
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Experimental Methodology

Sample preparation.—O-free and P-doped wrought Cu was
supplied by the Swedish Nuclear Fuel and Waste Management
Company (SKB, Stockholm, Sweden). Electrodes were machined in
the form of bullet samples rounded at the edges to avoid edge effects
during electrochemical experiments. A threaded connection to a
stainless steel rod enabled connection to external electrochemical
equipment. Figure of electrodes can be found here.69 Specimens
used in corrosion experiments were ground with a sequence of SiC
papers with grit sizes of 600, 800, 1200, 2500, and 4000 followed by
rinsing in type I water. The samples were then sonicated in ethanol
to remove grinding residues and organic contaminants, and finally
dried in a stream of Ar gas.

Solution Preparation

Solutions were prepared with reagent-grade sodium sulfate
(Na2SO4, 99.0%) and sodium bicarbonate (NaHCO3, 99.5%),
provided by Fisher Scientific, and Type I water with a resistivity
of 18.2 MΩ cm, prepared using a Thermo Scientific Barnstead
Nanopure 7143 system. The multielectrode array, explained in our
previous paper,69 was exposed to either sulfate-containing solutions
with various [ −SO4

2 ] in the range from 0.001 M to 0.1 M or binary
solutions containing 0.01 M −SO4

2 and various [HCO3
−]. The pH of

the solutions was adjusted to 8 and 9 by adding small volumes of
NaOH.

Electrochemical Cell, Instrumentation, and Procedure

All electrochemical experiments were performed in a conven-
tional three-electrode electrochemical cell using the multielectrode

array, a Pt plate as the counter electrode, and a saturated calomel
reference electrode (SCE, 0.242 V vs SHE). The counter electrode
had a large surface area (200 cm2) and was not a limiting factor in
the current measurements. The electrochemical cell was placed
inside a Faraday cage to reduce electrical noise from external
sources. Following Ecorr measurements, potentiodynamic polariza-
tion experiments were conducted at 10 mV min−1 using a
Multichannel Microelectrode Analyzer 910 (MMA, Scribner
Associates) connected to a computer equipped with MMAlive
software. The instrument was equipped with 100 μA zero resistance
ammeters (ZRA). A schematic illustration of the experimental
arrangement and photographs of the setup and array configuration
can be found in our previous paper.69 The Eb and Erp values were
measured in separate experiments to ensure that, when measuring
Erp, all 30 Cu specimens had experienced passive film breakdown.

Breakdown Potential (Eb) Measurements

Values of Eb were measured in a potentiodynamic scan. Prior to
the scan, Cu electrodes were cathodically cleaned at −0.85 V vs
SCE for 3 min, a procedure known to help improve the reproduci-
bility of many electrochemical experiments.69 Then, the corrosion
potential (Ecorr) was monitored for 30 min to allow a steady state to
be established and to determine the range of values for the 30
electrodes on the multielectrode array. The potential was then
scanned from Ecorr in the positive direction at a scan rate of 10 mV
min−1 until the current on all electrodes reached 100 μA. The Eb was
determined from the intersection of the tangent to the current in the
passive range and the tangent to the rising current in the potential
range after breakdown.63,70 A schematic of this procedure can be
accessed through our previous paper.69 Two runs using 30 electrodes
each were conducted for each set of experimental conditions.

Figure 2. Breakdown potential of Cu electrodes (a) Eb of Cu in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4
2 at pH 8 (b) Comparison of mean and

standard deviation of Cu electrodes in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4
2 at pH 8 (c) Eb of Cu in a solution containing 0.001, 0.005, 0.01,

and 1 M −SO4
2 at pH 9 (b) Comparison of mean and standard deviation of Cu electrodes in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4

2 at pH 9.
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Repassivation Potential (Erp) Measurements

To achieve a starting condition that was as nearly identical as
possible for all electrodes in each experiment, the Cu surfaces were
prepared as described in Section Sample preparation, then cathodic
cleaning and Ecorr measurement were performed. Next, a potential
equal to the highest breakdown potential previously determined in
Eb scans under the same conditions was applied to stimulate passive
film breakdown on every electrode in the array. The potential was
then scanned in the negative direction at a rate of 10 mV min−1 until

the current on each electrode reached the mean passive current
previously determined in Eb scans under the same conditions. Please
check Figs. 3, 4b, and 4d in our previous article to view the
schematic of the procedure and learn more about how to determine
Eb and Erp.

69

The potential at which this current was achieved on each
electrode was taken as the Erp value for that electrode. Two runs
using 30 electrodes each were conducted for each set of experi-
mental conditions. We note that we conducted these experiments in
naturally aerated solutions.

Figure 3. Repassivation potential of Cu electrodes (a) Erp of Cu in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4
2 at pH 8 (b) Comparison of mean and

standard deviation of Cu electrodes in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4
2 at pH 8 (c) Erp of Cu in a solution containing 0.001, 0.005, 0.01,

and 1 M −SO4
2 at pH 9 (d) Comparison of mean and standard deviation of Cu electrodes in a solution containing 0.001, 0.005, 0.01, and 1 M −SO4

2 at pH 9.

Figure 4. Overlap between distributions of corrosion potential and repassivation potential. Probability can be measured from the overlap of distribution
functions when the distribution of corrosion potentials is located to the right of the distribution of repassivation potentials. (b) the pitting probability is the overlap
between the distributions of Ecorr and Erp, when the distribution curve of Ecorr is located on the left side of the distribution curve of Erp (when the distribution
curve of Ecorr is located on the right side of the distribution curve of Erp or the overlap is complete, then the pitting probability is 100%).
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Statistical Analysis

The group measurements of Ecorr, Eb, and Erp enabled by the
multi-electrode array approach made it possible to perform statistical
analyses of these parameters to estimate the pitting probability
(likelihood of either Ecorr > Eb or Ecorr > Erp) and repassivation
probability (likelihood that Ecorr < Erp) of Cu. The procedure was to
determine a distribution function for each measured electrochemical
parameter and integrate the area of overlap of the normalized
distribution function of Ecorr with that of either Eb or Erp to yield
a pitting or repassivation probability value. Each set of data was
fitted with various unknown distribution functions to calculate the
predicted pitting or repassivation probability for every combination
of distribution function pairs. Kolmogorov–Smirnov test is used to
identify proper distributions for Ecorr, Eb, and Erp to calculate the
overlap. A comprehensive statistical treatment process can be found
in our previous paper.69

Results and Discussion

Effect of sulfate concentration and pH on Ecorr.—Figure 1
shows the Ecorr of all electrodes measured in solutions with different
[ −SO4

2 ] and pH. At all concentrations of −SO ,4
2 Ecorr increased with

time due to the formation of an oxide film on the Cu surface.4,71 At
pH 8 (Fig. 1a), the average Ecorr shifted to slightly more negative
values as [ −SO4

2 ] was increased up to 0.01 M, and then dropped
significantly with a further increase to 0.1 M. The distribution range
of Ecorr values as expressed by the standard deviation did not change
for all concentrations at pH 8 (Fig. 1b). There is a competition
between the adsorption of OH− and −SO4

2 on the oxide surface9–11;
as a result, SO4

2− interferes with oxide film formation, whilst OH−

promotes film growth. Al-Khariafi33 discussed the competition
between the adsorption of halide ions and OH−on the copper surface
and reported that halides with a larger ionic radius yields a lower Cu
dissolution rate; although, Kong51 proposed that the ability of halide
ions to polarize copper is directly proportional to the size of the ions
and a larger peak current density was observed for halides with a
larger radius. In our case, Ecorr decreased with increasing [ −SO4

2 ],
which is in good aggrement with our observation in chloride-
containing solution,69 but it is not in good agreement with the
results of Ochoa et al.,72 whos howed that Ecorr increased slightly
with increasing [ −SO4

2 ]. The reason for this discrepancy could be
that Ochoa et al.72 did not acquire enough data to properly define the
trend; however, in this study, 60 data acquired in two runs of 30
simultaneous measurements were averaged.

When the pH was increased to 9, the distribution in values of
Ecorr decreased in width with increasing [ −SO4

2 ] (Fig. 1d) compared
to the range recorded at pH 8. As a result, there is a critical [OH−]
above which the distribution range of Ecorr will decrease with
increasing [ −SO4

2 ]. The distribution of Ecorr values may affect the
pitting and repassivation probabilities by changing the overlap
between values of Ecorr, Eb and Ecorr, Erp respectively.

Effect of sulfate concentration and pH on Eb.—The pitting
potentials (Eb) measured in solutions containing different [ −SO4

2 ]
and [OH−] are plotted in Fig. 2. At both pH 8 and pH 9, Eb shifted
toward negative potentials with increasing [ −SO4

2 ], indicating a
decrease in the protectiveness of the film at higher [ −SO4

2 ].73

However, increasing the pH shifted Eb to more positive values
(Figs. 2b, 2d).22,57,58 The relationship between Eb and log [ −SO4

2 ]
appears to be linear and can be represented by Eq. 172,74,75:

Figure 5. Corrosion potential of Cu electrodes in 0.01 M −SO4
2 solution with different [HCO3

−]; (a), (c) Ecorr values of Cu in solutions containing 0, 0.2 and 0.3
mM HCO3

− at pH 8 and pH 9, respectively, (b), (d) comparison of mean and standard deviation of Ecorr values on Cu electrodes in solutions containing 0, 0.2 and
0.3 mM HCO3

− at pH 8 and pH 9, respectively.
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= − [ ] [ ]−E A B log SO 1b 4
2

With an increase in the concentration of aggressive anions up to a
certain level, the adsorption of aggressive anions such as −SO4

2

became more favourable than OH− adsorption, leading to a shift in
Eb to a more negative value. As a result, the distribution of Eb would
be more likely to be below the distribution of Ecorr, resulting in a
higher probability of passive film breakdown. Another factor that
will influence the pitting probability is the distribution range of Eb.
The distribution range of Eb in sulfate-containing solutions at pH 8
did not change significantly with [ −SO4

2 ], while for pH 9 the
distribution range was wide at small concentrations (0.001 M and
0.005 M) but became very narrow at higher concentrations (0.01 M
and 0.1 M). These results showed that the pitting probability, as
expressed by the distribution range of Eb, was dependent on both
[ −SO4

2 ] and pH.
Based on the distribution curve of corrosion parameters, when

the [ −SO4
2 ]/[OH−] ratio is equal to or smaller than 500, then OH− is

the dominant anion enforcing the formation of a dense passive film
on the surface. As a result, it would be difficult for [ −SO4

2 ] to adsorb
on the surface and promote passive film breakdown, resulting in a
greater distribution range of Eb (Fig. 2d). On the other hand, when
[ −SO4

2 ]/[OH−] > 500, the distribution range of Eb decreases
significantly due to the increased frequency of passive film break-
down. This claim has been made by other researchers,50,66,76 but not
justified on a statistically relevant scale.

Effect of [SO4
2−] and pH on Erp.—The Erp of Cu in sulfate-

containing solutions at various pH values is shown in Fig. 3.

Increasing [ −SO4
2 ] shifted Erp to more positive values, the opposite

of our observations in chloride-containing solutions.69 This increase
with increasing [ −SO4

2 ] may increase the probability to repassivate,
depending on and the relative influence on the range of Ecorr. When
the distribution of Erp values is located at potentials lower than the
distribution of Ecorr values, then the area of their overlap indicates
the probability that repassivation (as defined by Ecorr < Erp) might be
possible (Fig. 4. On the other hand, if the distribution of Erp values is
located at potentials higher than the distribution of Ecorr values, the
area of overlap indicates the pitting probability (according to our
more conservative definition) (Fig. 4).55

Many researchers37,57,58 have proposed that Erp is not dependent
on the concentration of aggressive anions, and our results in good
agreement with that porposal. Moreover, our results indicate a
dependency of the Erp distribution range on the [ −SO4

2 ].
Increasing the pH shifted the average values of Erp in the negative
direction in 0.001 M −SO4

2 but exhibited no significant effect at
higher [ −SO4

2 ], as shown in Fig. 3. Our results indicate that [OH−]
strongly affects the distribution range of Eb values, whereas the
distribution ranges of Ecorr and Erp were not largely affected by
[OH−].

Effect of bicarbonate on Ecorr, Eb, and Erp.—The Ecorr values
recorded in sulfate-containing solutions with and without HCO3

− are
shown in Fig. 5. At both pH 8 and 9, the addition of HCO3

− shifted
Ecorr to more positive values and increased the distribution range.
The average Eb shifted to more positive values in the presence of
HCO3

− as illustrated in Fig. 6, indicating an increase in the stability
of the passive film. The addition of HCO3

− also increased the
distribution range of values, in good agreement with the observation
of Li, Frankel and their coworkers50,61,66,76–78 regarding the effect of

Figure 6. Breakdown potential of Cu electrodes in 0.01 M −SO4
2 solution with different [HCO3

−]; (a), (c) Eb values of Cu in solutions containing 0.2 and 0.3
mM HCO3

− at pH 8 and pH 9, respectively, (b), (d) comparison of mean and standard deviation of Eb values on Cu electrodes in solutions containing 0.2 and 0.3
mM HCO3

− at pH 8 and pH 9, respectively.
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passive film quality on the distribution of Eb. The pitting probability
of Cu in the presence of HCO3

− depends on the influence of HCO3
−

on Eb values and their distribution ranges.
Increasing [HCO3

−] led to a shift in Erp to more negative values
and widened the distribution of values (Fig. 7). Both of these
features could increase the probability of repassivation if the
distribution curve for Erp was located at potentials lower than the
distribution of Ecorr values. The mean and standard deviations in
Ecorr, Eb, and Erp are plotted in Fig. 8 to demonstrate their relative

positions on the potential scale as a function of [ −SO4
2 ] and

[HCO3
−]. The probability of film breakdown, as defined by the

relative positions of the three key potentials, did not change
significantly in the presence of HCO3

−.

Statistical Analysis

Effect of −SO4
2 on pitting and repassivation probabilities.—

Histograms and box plot charts of Ecorr, Eb, and Erp values measured

Figure 7. Repassivation potential of Cu electrodes in 0.01 M −SO4
2 solution with different [HCO3

−]; (a), (c) Erp values of Cu in solutions containing 0.2 and 0.3
mM HCO3

− at pH 8 and pH 9, respectively, (b), (d) comparison of mean and standard deviation of Erp values on Cu electrodes in solutions containing 0.2 and 0.3
mM HCO3

− at pH 8 and pH 9, respectively.

Figure 8. Mean and standard deviation of Ecorr, Eb, and Erp values of Cu electrodes in 0.01 M −SO4
2 solution with different [HCO3

−]; (a) pH 8 (b) pH 9. The
points are the mean and the range represented by the bars is the standard deviation.
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Figure 9. Histograms of Ecorr, Eb, and Erp values in solutions with various sulfate concentrations at pH 8 (a) 0.001 M (b) 0.005 M (c) 0.01 M (d) 0.1 M.

Figure 10. Box plots of corrosion parameters measured on Cu in solutions of different [ −SO4
2 ] at pH 8 a) Ecorr, (b) Eb, and (c) Erp.
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Figure 12. Box plots of corrosion parameters measured on Cu in solutions with different [ −SO4
2 ] at pH 9 a) Ecorr, (b) Eb, and (c) Erp.

Figure 11. Histograms of Ecorr, Eb, and Erp values in solutions containing different sulfate concentrations at pH 9 (a) 0.001 M (b) 0.005 M (c) 0.01 M (d) 0.1 M.
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Figure 13. Probability distribution curves of Ecorr and Eb on Cu in Na2SO4 solution of pH 8 at room temperature. Pairs of fitted distribution curves having
maximum and minimum overlaps between Ecorr and Eb, respectively: (a),(b) 0.001 M −SO4

2 solution; (c), (d) 0.005 M −SO4
2 solution; (e), (f) 0.01 M −SO4

2

solution; (g), (h) 0.1 M −SO4
2 solution.
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Figure 14. Probability distribution curves of Ecorr and Eb on Cu in Na2SO4 solution of pH 9 at room temperature. Pairs of fitted distribution curves having
maximum and minimum overlaps between Ecorr and Eb, respectively: (a), (b) 0.001 M −SO4

2 solution; (c), (d) 0.005 M −SO4
2 solution; (e), (f) 0.01 M −SO4

2

solution; (g), (h) in 0.1 M −SO4
2 solution.
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Figure 15. Probability distribution curves for Ecorr and Erp on Cu in Na2SO4 solution of pH 8 at room temperature. Pairs of fitted distribution curves having
maximum and minimum overlaps between Ecorr and Erp, respectively: (a), (b) in 0.001 M −SO4

2 solution; (c), (d) 0.005 M −SO4
2 solution; (e), (f) 0.01 M −SO4

2

solution; (g), (h) 0.1 M −SO4
2 solution.
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Figure 16. Probability distribution curves for Ecorr and Erp on Cu in Na2SO4 solution of pH 9 at room temperature. Pairs of fitted distribution curves having
maximum and minimum overlaps between Ecorr and Erp, respectively: (a), (b) 0.001 M −SO4

2 solution; (c), (d) 0.005 M −SO4
2 solution; (e), (f) 0.01 M −SO4

2

solution; (g), (h) 0.1 M −SO4
2 solution.
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in solutions with different [ −SO4
2 ] and pH are shown in Fig. 9

through Fig. 12. The histogram and interquartile range (IQR) of Ecorr

for different [ −SO4
2 ] at pH 8 indicated the same distribution for all

concentrations as illustrated in Figs. 10 and 12. However, outliers
were observed on the higher potential side of the IQR for 0.005 M
and 0.1 M −SO4

2 solutions Fig. 10a, which could suggest an increase
in the pitting probability due to the formation of right-skewed
distribution curves. In sulfate-containing solutions at pH 9, the IQR
became narrower with increasing [ −SO4

2 ], resulting in a narrower
distribution range as shown in Fig. 12. Outliers were observed on the
high-potential side of the distribution curve of Ecorr in 0.001 M and
0.1 M −SO ,4

2 which could suggest an increase in the pitting
probability (i.e., increased overlap between Ecorr and Eb)
(Fig. 12a). On the other hand, outliers were located on the low-
potential side of the distribution curve of Ecorr in 0.005 M −SO ,4

2

which suggests a possible increase in the probability of repassivation
(i.e., the overlap between Ecorr and Erp, with Erp below Ecorr)
(Fig. 12a). The distribution of Eb values did not change significantly
with [ −SO4

2 ] at pH 8 (Fig. 10b). However, at pH 9, the distribution
of Eb values decreased significantly in solutions with [ −SO4

2 ] higher
than 0.005 M (Fig. 11). Outliers were observed in 0.001 M and 0.005
M −SO4

2 at pH 9, which indicates the presence of a significant tail to
the distribution curve (left-skewed) that might result in a greater
overlap between Ecorr and Eb values (Fig. 12b). The IQR of Erp

decreased with increasing [ −SO4
2 ] at both pH 8 and 9, indicating a

narrower distribution of values at higher [ −SO4
2 ] (Figs. 10c and

12c). Outliers were observed at all [ −SO4
2 ] except 0.001 M. These

outliers suggest an increase in the probability of either repassivation
or pitting, depending on the position of Erp relative to Ecorr.

The frequency plots of measured Ecorr, Eb, and Erp values were
fitted with a variety of different distribution functions to determine
whether any of these functions provided reasonable representations
of the measured data. Some gave reasonable fits whereas others
differed significantly from the measured data. In the end, five
distribution functions (Normal, Log-normal, Log-logistic, Gamma,
and Weibull) were selected for use in the analysis, based on the
quality of fit achievable. The probability density functions (PDF)
showing the overlap between Ecorr and Eb in solutions with different
[ −SO4

2 ] and pH values are shown in Figs. 13 and 14. All
combinations of fitted distribution functions were evaluated, but
only those that yielded the maximum and minimum degrees of
overlap between Ecorr and Eb at each concentration are plotted in the
figures. Note that the application of these statistical analyses
required that all of the potential values be positive numbers, to
avoid the complications of a sign change in the independent variable
within the distribution range; to that end we conceived and used an
artificial potential scale, designated “JSE”, representing an arbitra-
rily chosen potential reference point selected solely to yield positive
potential values for all measurements (i.e., a simple translation of all
values along the potential axis to make them all have a positive
sign).

The maximum pitting probability of Cu estimated in this fashion
did not change significantly with increasing [ −SO4

2 ] from 1 mM to
0.1 M at pH 8 and was in the range of 3.81% – 6.58% (Table I). The
highest pitting probability was observed in 0.01 M −SO .4

2 An

Table I. Pitting probability (%) of Cu in sulfate-containing solutions of different concentrations at pH 8: (a) 0.001 M −SO ;4
2 (b) 0.005 M −SO ;4

2 (c)
0.01 M −SO ;4

2 and (d) 0.1 M −SO ,4
2 based on the overlap of different Eb and Ecorr distribution functions, as indicated.

a)
Corrosion potential (Ecorr)

Breakdown potential (Eb) Distribution Log-logistic Gamma Log-Normal Normal Weibull

Log-Logistic 1.57 1.13 1.14 1.12 0.79
Gamma 1.03 0.62 0.63 0.61 0.33

Log-Normal 1.01 0.61 0.62 0.60 0.32
Normal 1.05 0.64 0.65 0.63 0.35
Weibull 4.55 4.03 4.04 4.01 3.55

b) Corrosion potential (Ecorr)
Breakdown potential (Eb) Distribution Log-logistic Gamma Log-normal Normal Weibull

Log-Logistic 1.67 1.19 1.19 1.17 0.80
Gamma 1.36 0.88 0.89 0.87 0.51

Log-Normal 1.36 0.88 0.89 0.86 0.50
Normal 1.38 0.90 0.90 0.88 0.52
Weibull 3.81 3.29 3.30 3.27 2.81

c) Corrosion potential (Ecorr)
Breakdown potential (Eb) Distribution Log-logistic Gamma Log-normal Normal Weibull

Log-Logistic 4.87 4.00 4.01 3.97 3.11
Gamma 3.93 3.05 3.07 3.03 2.17

Log-Normal 3.91 3.03 3.05 3.01 2.15
Normal 3.97 3.1 3.11 3.07 2.21
Weibull 6.58 5.68 5.70 5.65 4.77

d) Corrosion potential (Ecorr)
Breakdown potential (Eb) Distribution Log-logistic Gamma Log-normal Normal Weibull

Log-Logistic 1.82 1.37 1.38 1.36 0.96
Gamma 1.23 0.80 0.81 0.79 0.01

Log-Normal 1.22 0.80 0.80 0.78 0.01
Normal 1.25 0.82 0.83 0.81 0.46
Weibull 3.92 3.46 3.47 3.44 2.96
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Figure 17. Histogram of Ecorr, Eb, and Erp values in sulfate-containing solutions with various bicarbonate concentrations at pH 8: (a) 0.01 M −SO ,4
2 (b) 0.01 M

−SO4
2 + 0.0002 M HCO3

−; and (c) 0.01 M −SO4
2 + 0.0003 M HCO3

−.

Figure 18. Histogram of Ecorr, Eb, and Erp values in sulfate-containing solutions with various bicarbonate concentrations at pH 9: (a) 0.01 M −SO ;4
2 (b) 0.01 M

−SO4
2 + 0.0002 M HCO3

−; and (c) 0.01 M −SO4
2 + 0.0003 M HCO3

−.
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Figure 19. Box plot of corrosion parameters measured on Cu in sulfate-containing solutions with various [HCO3
−] at pH 8: (a) Ecorr; (b) Eb; and (c) Erp.

Figure 20. Box plot of corrosion parameters measured on Cu in sulfate-containing solutions with various [HCO3
−] at pH 9: (a) Ecorr; (b) Eb; and (c) Erp.
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increase in [ −SO4
2 ] up to 0.01 M led to an increase in pitting

probability (Table I), a further increase in [ −SO4
2 ] to 0.1 M caused

the probability of pitting to decrease.
Increasing the pH from 8 to 9 shifted the critical [ −SO4

2 ] to 0.005
M with the highest pitting probability of 53.26% (Table SI), an
approximately one order of magnitude respective decrease in the
critical [ −SO4

2 ] and increase in the pitting probability, demonstrating
the strong effects pH has on the pitting process on Cu. A higher pH
resulted in a much wider distribution of Eb values, due to the
formation of a more protective passive film, which makes it more
difficult for aggressive anions to diffuse into the passive film and
induce film breakdown.48,68 There is a critical concentration (Ccrit)
above which the range of Eb values (Fig. 12b) decreases signifi-
cantly, contributing to a lower pitting probability of Cu as shown in
Table SI. Our results indicate that the reliability of predictions on the
corrosion outcome for Cu under these conditions (e.g., whether

pitting corrosion will occur) is dependent on acquisition of a
statistically significanta number of experimental data, due to the
stochastic nature of the various corrosion parameters.

The samples were drawn from the same distribution which
specified in the null hypothesis if the p-value is greater than the
significance level (the specific level is 0.1 in our analysis).

The overlap between the PDFs of Ecorr and Erp indicates the
probability of either repassivation or pitting depending on the
position of the Erp distribution relative to that of Ecorr (Figs. 15
and 16 note that all combinations of fitted distribution functions were
evaluated, but only those that yielded the maximum and minimum

Figure 21. Probability distribution curves for Ecorr and Eb on Cu in Na2SO4 solutions with various [HCO3
−] at pH 8 and room temperature. Pairs of fitted

distribution curves having minimum and maximum overlaps between Ecorr and Eb, respectively: (a), (b) 0.01 M −SO4
2 solution; (c), (d) 0.01 M −SO4

2 +0.0002 M
HCO3

− solution; (e), (f) 0.01 M −SO4
2 +0.0003 M HCO3

− solution.

aIn this case, statistically significant implies sufficient to clearly define a distribution
function for the parameters in question. The null hypothesis or test statistically
significant in K-S test is accepted (the null hypothesis in this paper is that the data
comes from a specific distribution) that the samples were drawn from the same
distribution which specified in the null hypothesis if the p-value is greater than the
significance level (the specific level is 0.1 in our analysis).
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degrees of overlap between Ecorr and Erp at each concentration are
plotted in the figures. The repassivation probability increased with
increasing [ −SO4

2 ] up to 0.005 M; however, the distribution of Erp

shifted to higher potentials relative to Ecorr with a further increase in
[ −SO4

2 ] for both pH 8 and 9. As a result, the overlap between Erp

and Ecorr will provide information about the pitting probability. It is
important to note that this shift in potential distributions is dependent
only on [ −SO4

2 ] and not on pH. The greatest repassivation
probabilities in sulfate-containing solutions at pH 8 and pH 9
(0.005 M) were 66.48% and 57.63%, respectively. Our results
indicate that increasing the −SO4

2 up to a certain concentration
increases the repassivation probability, but moves the Erp distribu-
tion to the right side of the Ecorr distribution, increasing the
likelihood of pitting corrosion and decreasing the probability that
the system will repassivate. Our statistical analyses proposed that
deciding the best and worst corrosion environments for Cu should be

based on a number of experiments sufficient to clearly define the
properties of the distribution curve, such as the type of tail, variance,
etc, for each distributed parameter in the system.

Figures 17–20 show the histogram and box plot of Ecorr, Eb, and
Erp in 0.01 M [ −SO4

2 ] solutions with different [HCO3
−] and pH. The

probability density functions (PDF) for Ecorr and Eb in 0.01 M
[ −SO4

2 ] solutions with different [HCO3
−] and pH, and the overlap

between them, are shown in Figs. 21 and 22. The highest pitting
probability increased from 6.58% to 21.20% with the addition of
0.0002 M HCO3

− at pH 8 and dropped dramatically to around
4.48% when the concentration of HCO3

− was increased to 0.0003 M
(Table SIV). This analysis revealed that adding 0.0002 M [HCO3

−]
resulted in a wider distribution range of Ecorr and Eb values
(Figs. 23a and 23b), which in turn led to a higher pitting probability.
This makes the Ccrit of anions the key parameter in determining the
pitting behaviour. The distribution range of Ecorr values in a 0.01 M

Figure 22. Probability distribution curves for Ecorr and Eb on Cu in Na2SO4 solution with various [HCO3
−] at pH 9 and room temperature. Pairs of fitted

distribution curves having minimum and maximum overlaps between Ecorr and Eb, respectively: (a), (b) 0.01 M −SO4
2 solution; (c), (d) 0.01 M −SO4

2 + 0.0002
M HCO3

− solution; (e), (f) 0.01 M −SO4
2 +0.0003 M HCO3

− solution.
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−SO4
2 solution at pH 9 did not change significantly with the addition

of 0.0002 M HCO3
−. However, the distribution range of Ecorr values

increased with a further increase of HCO3
− to 0.0003 M. On the

other hand, the distribution range of Eb values had a small
dependency on HCO3

−. The effect of HCO3
− on the pitting

probability was found to be minimal, with the highest pitting
probabilities in a 0.01 M −SO4

2 solution containing 0.0002 M and
0.0003 M HCO3

− being 7.75% and 4.08%, respectively (Table SV).
Figures. 23 and 24 show the overlap between the probability

density functions (PDF) of Ecorr and Erp for Cu electrodes in 0.01 M
−SO4

2 solutions with various [HCO3
−] and pH. The presence of

HCO3
− decreased the Erp distribution range below that of Ecorr. The

addition of 0.0002 M HCO3
− to a 0.01 M −SO4

2 solution at pH 8
increased the pitting probability from 22.5% to nearly 100% and
decreased the probability of repassivation to 73.99% (Table SVI). A
further increase in [HCO3

−] decreased the probability of

repassivation to around 42.27%, indicating that the highest repassi-
vation probability was obtained when the [HCO3

−] = 0.0002 M.
The same behaviour was observed at pH 9 (Table SVII), indicating
that pH (in this range) plays an insignificant role in the shift of
pitting and repassivation probabilities.

Conclusions

Potentiodynamic experiments to determine the distributions of
Ecorr, Eb and Erp were performed, and statistical analyses of the
values were obtained, to investigate the pitting and repassivation
probabilities of Cu in unary ( −SO4

2 ) and binary ( −SO4
2 + HCO3

−)
solutions. We determined that Ecorr values decreased with increasing
[ −SO4

2 ], due to the higher solubility of Cu oxides. The distribution
range of Ecorr decreased with increasing pH and [ −SO4

2 ], indicating
a lower pitting probability. Also, Eb shifted to more positive values

Figure 23. Probability distribution curves for Ecorr and Erp on Cu in Na2SO4 solution with various [HCO3
−] at pH 8 and room temperature. Minimum and

maximum overlaps between Ecorr and Erp, respectively: (a), (b) 0.01 M −SO4
2 solution; (c), (d) 0.01 M −SO4

2 + 0.0002 M HCO3
− solution; and (e), (f) 0.01 M

−SO4
2 +0.0003 M HCO3

− solution.
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with increasing pH. These observations indicate a relationship
between the distribution range of Eb, [ −SO4

2 ], the pH, and passive
film breakdown. Our statistical analyses showed a dependency of
Erp on [ −SO4

2 ]. The critical [ −SO4
2 ] decreased and the pitting

probability increased with an increase in pH. The addition of
HCO3

− led to an increase in the resistance to pitting corrosion, as
indicated by a shift in Eb to more positive potentials compared to
Eb in the same solution without HCO3

−. The addition of HCO3
− to

a sulfate-containing solution contributed to a negative shift in Erp

values.
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