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1. Introduction
The nuclear fuel disposal technology in Finland and Sweden (both based on the KBS-3
concept) is slowly maturing. Some issues regarding the main corrosion protection offered by
the copper canister still remain to be further studied, among them the possibility of stress
corrosion cracking (SCC) of Cu-OFP induced by sulphides in the ground water. SCC is a
phenomenon for which to occur three prerequisites must meet: (1) sufficient level of stress, (2)
environment with aggressive species and (3) susceptible material. In addition, the surface has
to have a passive film on it, which then locally breaks producing SCC (SCC is a local corrosion
mode). If there is no surface film at all or if the surface film conducts ions easily (shows a high
current density), then corrosion is not able to localize and general corrosion takes place
instead.

1.1

Sulphide films on Cu-OFP

The nature of surface films growing on Cu-OFP in sulphide containing environments pertinent
to the disposal of nuclear waste have been extensively studied in University of Western
Ontario, Canada [1-12]. They have concluded that the Cu2S surface film is composed typically
of two layers: a thin base layer and an outer deposited thicker layer. The thin base layer was
found not to be a passive layer under either electrochemical or natural corrosion conditions.
Thus, under the studied conditions, copper was concluded not to be susceptible to localized
corrosion (pitting). They showed that a passive film, which could lead to the conditions able to
support pitting could only be formed for [HS-] > 5*10-4M (16 ppm), but even then only if the HSflux towards the copper surface is high enough. Such conditions would never actualize in the
repository. Since stress corrosion cracking (SCC) is also a localized form of corrosion, it would
be reasonable to assume that copper is not (under similar conditions) susceptible to SCC,
either.

1.2

Stress corrosion cracking of Cu-OFP

Regarding specifically the possibility of SCC induced in Cu-OFP by sulphides, studied by
conventional testing methods (e.g. slow strain rate testing (SSRT) or fracture mechanical
tests), the early Japanese study by Taniguchi & Kawasaki [14] claimed SCC is possible for
copper in presence of sulphide, but later investigations [15-20] have failed to unequivocally
support the claim.
The Radiation safety authority in Sweden, SSM, in their report 2018:07 and the Land and
Environmental Court in Sweden - in their statement of Yttrande M 1333-11, both express their
concern about the possibility of the so-called Aaltonen mechanism in reference to the stress
corrosion cracking of phosphorus micro-alloyed copper, Cu-OFP, in presence of sulphides in
the repository environment. Recently, the so-called Aaltonen-mechanism of SCC was shown
[21] to be a refinement of the common slip-oxidation mechanism of SCC, and not a separate
new SCC mechanism per se. In the following, the slip-oxidation mechanism is described in
some detail.
The mechanism of SCC most often adopted for all metals, including copper, is that of slipoxidation (Fig. 1), [1, 22]. Oxide here refers to any surface film that forms though oxidation,
including e.g. Cu2S in case of copper (metallic Cu oxidises, i.e. gives out electrons to form
Cu2S).
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Figure 1. Slip-oxidation mechanism of stress corrosion cracking. Oxide here refers to any
surface film that forms though oxidation, including e.g. Cu2S in case of copper (metallic Cu
oxidises, i.e. gives out electrons to form Cu2S).

In the slip-oxidation mechanism, the surface film at the tip of a crack breaks due to plastic
deformation (slip caused by load), revealing fresh metal which then is able to dissolve
(producing crack advance), until a new surface film is formed (through oxidation) and crack
growth stops until the next surface film breaking step.
The rate of formation of the new surface film, i.e. the re-passivation rate determines the
susceptibility to SCC, or to be more accurate, the SCC crack growth rate. A high re-passivation
rate is considered to result in low susceptibility to SCC, since very little fresh metal has time to
dissolve. A low re-passivation rate, on the other hand, is also considered to result in low
susceptibility to SCC, since a large amount of fresh metal has time to dissolve, resulting in
rounding of the crack tip and loss of stress concentration at the crack tip. Thus, direct
measurement of the re-passivation rate can possibly be used to determine the intermediate
level of re-passivation rate where susceptibility to SCC may occur.
In the range of re-passivation rate where SCC may occur, the charge spent in forming a new
surface film, Qf in Fig. 2, is related to the crack growth rate (CGR) through Equation 1 [1].

Figure 2. Each re-passivation event results in a decay in current density as a function of time.
The charge spent in each re-passivation event, Qf, can be estimated as the area under the
current density – time curve (hatched area).
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where M = atomic weight of the dissolving metal, z = number of electrons transferred in the
oxidation reaction, ρ = density of the metal, F = Faraday’s constant, εf = fracture strain of the
surface film and dεct/dt = crack tip strain rate. The charge density, Qf, can be calculated as
𝑄𝑄𝑓𝑓 (𝑡𝑡) =

𝑡𝑡

∫0 �𝐼𝐼𝑡𝑡 −𝐼𝐼𝑝𝑝 �𝑑𝑑𝑑𝑑

(2)

𝐴𝐴

where Ip is the passive current density at the potential in question, It the time dependent
current after the film breaks and A the surface area of the specimen. The passivation during
the initial stage follows the place-exchange model [32] in which log(It) is linearly proportional
to Qf(t)
log(𝐼𝐼𝑡𝑡 ) = log(𝑘𝑘 ′ ) + 𝛽𝛽𝛽𝛽 −

𝑄𝑄𝑓𝑓 (𝑡𝑡)
𝐾𝐾

(3)

After the short initial stage the passivation proceeds by the high-field ion conduction model in
which log(It) is linearly proportional to 1/Qf(t)
log(𝐼𝐼𝑡𝑡 ) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 +

𝑐𝑐𝑐𝑐𝑐𝑐
𝑄𝑄𝑓𝑓 (𝑡𝑡)

(4)

where k’, K, β and c are constants, V the applied potential and A and B are constants
associated with the activation energy for ion migration through the film. Since the high-field
ion conduction stage of the re-passivation event determines the protectiveness and the
stability of the resulting film, the parameter cBV, determined from the re-passivation current
measured as a function of time, can be used as a parameter to study materials susceptibility
to SCC.

1.3

Re-passivation

In some previous works [23-27], re-passivation rate parameters have been attempted to
correlate with the SCC susceptibility of several materials, including brass, copper and
different types of stainless steels. In slip oxidation model, as seen in Eq. (1), the crack growth
rate (CGR) is directly related to the re-passivation rate (Qf). However, it is not totally clear
what role re-passivation rate plays in the nucleation of a SCC crack.
Bernard et al. [23] studied re-passivation of duplex stainless steel 2205 in 4M NaCl at T =
90oC and showed that the cBV parameter increased as a function of potential and reached a
value of 20 to 25 mC/cm2 in the potential range where SCC occurred in their materialenvironment combination. Toor et al. [27] studied Si-doped AISI304 stainless steel (304Si) in
0.5M NaCl at T = 80oC and at E = -0.2 VSCE, at which the material is not susceptible to SCC.
Based on their results, the cBV value was about 15 mC/cm2. In the same environment and
potential, both AISI304 and AISI316 showed a cBV value of about 26 mC/cm2. The SCC
susceptibility of these materials was studied in boiling 35% MgCl2 at 120oC, in which both
AISI304 and AISI316 showed SCC, while AISI304Si showed ductile behaviour. Since the
cBV-values were not measured in the same environment where the SCC susceptibility was
studied, these results cannot be directly used.
Park and Kwon [26] measured the effect of Mn additions on the re-passivation rate of Fe18% Cr alloy in 0.1M NaCl solution at room temperature. Their results showed that the cBV
parameter increased from 2 to 3.8 mC/cm2 when Mn concentration increased from 0 to 12%,
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respectively. Thus, addition of Mn decreased the re-passivation rate significantly. They also
showed that addition of Mn markedly increased the susceptibility to pitting, but unfortunately
did not measure the effect of Mn addition on SCC susceptibility. Ford [28] reported repassivation results for AISI304 (simulated chromium-depleted grain boundary in sensitised
AISI304) in water at T = 288oC. From their results, the cBV-value was 19. Burstein and
Marshall [29] studied AISI304L in 1M KOH, and found a cBV value of 19 for the highest
potentials. Table 1 shows the cBV-values found in the literature with reference to the SCC
susceptibility. It would seem that for at least stainless steels the cBV-values of about 20
mC/cm2 indicate susceptibility to SCC.
Since the attempts to show that Cu-OFP is susceptible to SCC with conventional SCC
testing methods have failed, it was decided to investigate in this work whether the repassivation method could be used to exclude the possibility of SCC of Cu-OFP in sulphide
environments (i.e. to use the so-called exclusion principle). To this end, one first needs to
establish a solid connection between re-passivation rate and SCC in an environment where
Cu-OFP is known to be susceptible to SCC. For this purpose, sodium nitrite (NaNO2) solution
was selected as a reference environment.
Table 1. cBV-parameters measured in different environment-material combinations.
Material
Duplex SS 2205
AISI304
AISI304L

Environment
4M NaCl, T = 90oC
water, T =
1M KOH,

288oC,

E = -0.62 VSHE

T=25oC,

E = +0.19 VSHE

cBV /
mCcm-2

SCC

Ref

20-25

yes

[23]

19

yes

[28]

19

yes

[29]

2. Goal
The goal of this work was to prepare ground for using the exclusion principle to exclude the
possibility of SCC in Cu-OFP in sulphide containing environments. To this end, the work
focused on determining whether the measurement of re-passivation rate can be reliably used
to determine the susceptibility of Cu-OFP to stress corrosion cracking.

3. Methods
The reliability of the re-passivation method in revealing susceptibility of Cu-OFP to stress
corrosion cracking was first studied in NaNO2 solutions of different concentration. This
environment was chosen because the limits of SCC susceptibility in this environment have
been earlier established using the slow strain rate test (SSRT) method [30, 31]. In the SSRT
method the susceptibility to SCC can be detected as decrease of elongation to fracture (Fig.
3, left) or decrease in reduction of area (RA) at fracture (Fig. 3, right). It is good to bear in
mind that the SSRT technique is a rather crude measure of the SCC susceptibility. If a
material is in SSRT studies found to be susceptible to SCC, it certainly is that. On the other
hand, if a material is in SSRT studies found not to be susceptible to SCC, it may still be that.
The susceptibility can be revealed by using a slower strain rate in SSRT (giving more time for
corrosion to affect the properties of the material) or by using fracture mechanical specimen
geometries, in which the stress and strain distributions are more close to those in real
structures.
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Figure 3. SCC susceptibility of copper revealed by SSRT in 1M NaNO2 as a function of
potential (left) and as a function of NaNO2 concentration and potential (right) [31], strain rate
1.8*10-6 s-1.
In this work, Cu-OFP coupon specimens (20x20x3 mm) were used as samples and a
measurement wire was attached into one corner of the specimen. The corner was covered
with PTFE-tape. The electrochemical cell used consisted of a glass vessel, the Cu-OFP
specimen, a platinum (Pt) counter electrode and a saturated Ag/AgCl reference electrode
(RedRod®). The cell was filled with NaNO2 –solution. The specimen was first polarised for 60
seconds to -0.4 V vs standard hydrogen scale (SHE), at which pure copper is the stable
phase and then step-wise polarised to the anodic potential of interest, at which either Cu2O
or Cu(OH)2 is the stable phase and at which, thus, oxidation took place. The oxidation
current at the anodic potential was followed for 100 ms and 20 seconds. Figure 4 shows the
phase diagram (Pourbaix-diagram) for copper at 25oC as a function of pH of the solution.
Three NaNO2 concentrations were studied, 1M, 0.05M and 0.005M.

Figure 4. Pourbaix-diagram of copper at T = 25oC. The dashed orange lines depict the range
between which the pH of the NaNO2 –solutions used in the study varied, and the red and
green dots depict an exemplary step-wise increase in potential for 0.05M NaNO2 (pH = 7.09).
Note: Eh = SHE (Standard Hydrogen Electrode scale; VSCE = VSHE + 0.25).
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4. Results

4.1

1M NaNO2

The re-passivation rate is most often measured using the scratching technique, in which the
specimen is held at a constant potential to form a surface film, and then the film is locally
scratched away by a sharp tool. The current peak arising from the re-passivation of the
scratched area is registered as a function of time. The method of measuring the repassivation rate by stepping the potential from the area where bare metal is the stable phase
to a potential at which film formation takes place is somewhat less favored. Thus, it was felt
necessary to study the effect of the main parameters on the result. The potential stepping
method has some advantages over the scratching technique, i.e. the surface area is known
accurately and it remains the same in repetitions.
As shown by the Pourbaix-diagram, pure copper is the stable phase in a rather large range
of potentials, Figure 4, from about 0 VSHE to -0.45 VSHE (-0.25 VSCE to -0.7 VSCE). The blue
dashed line in Figure 4 marks the equilibrium potential of the hydrogen line, below which
water decomposes producing hydrogen. Since hydrogen could interfere with the result of the
potential stepping technique, the base potentials should be above the hydrogen line.
In case of a SCC crack of a depth of a few millimetres, the oxygen concentration close to the
crack tip approaches zero [32], and the potential approaches correspondingly that of the
hydrogen line (blue dashed line in Figure 4). Thus, it was decided to study potentials only
slightly above the hydrogen line as candidate base potentials from which the potential steps
to higher potentials would be made. Figure 5 shows the current density after stepping to
-0.25 VSCE from different base potentials. The lower the base potential, the higher the current
peak. The analyses revealed that the re-passivation parameter cBV was not dramatically
affected by the base potential used (see Figure 11). The results for the base potential of -0.6
VSCE are shown below in detail.
The reason for different magnitude of the current peaks when stepping from different base
potentials (all in the stability area of pure copper) was further investigated by electrochemical
impedance spectroscopy (EIS), Figure 8. There appears to be two main processes (two
peaks in the phase angle theta). The process showing the phase angle peak at the lower
frequency, at about 10-2 Hz, indicates a diffusional process (diffusion in a solid medium). This
process is probably responsible for the base potential dependent peak current in the
potential stepping experiments. At the moment, we do not have a good explanation for this
process, since it occurs within a potential region where pure copper (without any surface film)
is the stable phase. A more detailed analyses and discussion on the EIS results will be given
in the coming journal paper.
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Figure 5. The current density in 1M NaNO2 as a function of time (up to 100 ms) after stepping
to -0.25 VSCE from different base potentials (hold for two minutes).

Figure 6. Impedance data of Cu-OFP in 1M NaNO2 as a function of potential (from -0.7 VSCE
to -0.55 VSCE).
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Figure 7 shows the current density – potential data (voltammogram) for Cu-OFP in 1M
NaNO2 (sweep rate 0.167 mV/s). The current density shows a dramatic increase above the
SCC threshold potential (about -0.08 VSCE), indicating decrease of the oxide film
protectiveness. In Figure 8, the impedance magnitude is seen to decrease markedly when
the potential increases above the SCC threshold value. A decrease in impedance magnitude
indicates a decrease in the protectiveness of the oxide film, corroborating the results seen in
the voltammogram (Figure 7). A more detailed analyses and discussion on the EIS results
will be given in the coming journal paper.
The current density vs. time up to 100 ms is shown in Figure 9, the current density as a
function of the inverse of charge density in Figure 10, and the resulting cBV-parameter as a
function of potential in Figure 11. The cBV-values increase as a function of potential from
about 10 to about 30. The choice of base potential does have an effect, although the overall
effect of potential remains the same. The cBV-values measured above the SCC threshold
potential are in the range reported for stainless steels (20 to 25) at the potentials where they
are known to be susceptible to SCC.
The current density vs. time curves up to 20 s are shown in Figure 12, and they show a turn
upwards (after an initial decrease) for potentials higher than about -0.05 VSCE, i.e. at and
above the SCC threshold potential. The initial decrease in the current density as a function of
time indicates passive film formation, while the upwards turn at longer times indicates partial
breakdown of passivity due to change in the surface film character.
Figure 13 shows a comparison of the voltammogram (Figure 7) and the end current densities
of the potential steps (100 ms and 20 s). It is evident that above the threshold potential for
SCC, the 20 s data is about similar to the steady state data. Thus, in this range, less than 20
s is needed to reach the stable partial passivating surface condition.

Figure 7. Current density as a function of potential for Cu-OFP in 0.05M NaNO2. Sweep rate
0.167 mV/s, pH = 8.7.
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Figure 8. Impedance data of Cu-OFP in 1M NaNO2 as a function of potential (from -0.35 VSCE
to +0.00 VSCE). The SCC threshold potential in 1M NaNO2 is about -0.08 VSCE. a) Bode plot;
impedance magnitude (left) and phase angle (right), b) Nyquist plot; real part (x-axis) and
imaginary part (y-axis). All spectra’s (left) and comparison of spectra at -0.10 and -0.15 VSCE
(right).

RESEARCH REPORT VTT-R-01153-20
13 (35)

Figure 9. The current density in 1M NaNO2 as a function of time (up to 100 ms) after stepping
to a higher potential from -0.6 VSCE (hold for a minute).

Figure 10. The current density in 1M NaNO2 as a function of the inverse of charge density
(Qf(t))-1) after stepping to a higher potential from -0.6 VSCE (hold for a minute).
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Figure 11. The re-passivation parameter cBV as a function of potential for Cu-OFP in 1M
NaNO2. The results from using three different base potentials are shown. The red bar marks
the potential above which SCC is known to occur.

Figure 12. The current density as a function of time (up to 20 s) after stepping to a higher
potential from -0.6 VSCE (hold for a minute).
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Figure 13. Comparison of the voltammogram in 1M NaNO2 and the current densities at the
end of the 100 ms and 20 s potential step re-passivation measurements as a function of
potential.

4.2

0.05 M NaNO2

Figure 14 shows the current density vs. potential curve (voltammogram) for Cu-OFP in
0.05M NaNO2. The SCC threshold potential (+0.0 VSCE in this solution, Figure 3) as well as
the equilibrium potentials of Cu/Cu2O and Cu2O/Cu(OH)2 are marked in the picture. The
current density starts to increase rapidly above the SCC threshold potential.
Figure 15 shows the EIS as a function of potential (in steps of 0.05 V). The impedance
magnitude /Z/ at the lowest frequency (which indicates the extent of passivity, i.e. the higher
the /Z/, the better the passivity) is seen to decrease by about a factor of x50 when the
specimen increases from below (-0.05 VSCE) to above the SCC threshold potential (+0.05
VSCE). The phase angle turns into positive values, indicating active dissolution. The
voltammogram in Figure 14 shows an increase of current density above about +0.0 VSCE,
indicating partial breakdown of passivity, corroborating the EIS data. Thus, the onset of SCC
seems to be linked to a partial breakdown of passivity. A more detailed analyses and
discussion on the EIS results will be given in the coming journal paper.
The stepping potentials for the re-passivation experiments were chosen to range from -0.2
VSCE to +0.2 VSCE, with 0.05 V increase between steps. Figure 16 shows the current density
vs. time curves measured in this work. The current density shows a decreasing trend during
the 100 ms measurement period, which is normal for a re-passivation process. The higher
the stepping potential, the higher the peak current density at time t = 1 ms. Based on this
data, the charge density Qf(t), i.e. the area under the curves in Figure 17, was calculated.
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The cBV-parameter can then be obtained as the slope of current density vs. (Qf(t))-1, Figure
18.

Figure 14. Current density as a function of potential for Cu-OFP in 0.05M NaNO2. Sweep rate
0.167 mV/s, pH = 7.09.
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Figure 15. Impedance data of Cu-OFP in 0.05M NaNO2 as a function of potential (from -0.25
VSCE to +0.10 VSCE). The SCC threshold potential in 0.05M NaNO2 is about +0.02 VSCE. a)
Bode plot; impedance magnitude (left) and phase angle (right), b) Nyquist plot; real part (xaxis) and imaginary part (y-axis). All spectra’s (left) and comparison of spectra at 0 and +0.05
VSCE (right).

Figure 18 shows the cBV –parameter as a function of potential. The red bar marks the
threshold potential for SCC. The cBV –parameter shows a relatively stable value of cBV = 4
at potentials below the SCC threshold potential, and a more or less stable level of cBV = 8 at
potentials above the SCC threshold potential. The result indicates that the cBV parameter in
this case indicates rather well the onset of susceptibility to SCC. However, the cBV –values
are clearly lower than those found in 1M NaNO2, by a factor of 2 to 3. This indicates that the
re-passivation rate is not the only variable affecting to the SCC susceptibility, as is also
evident from Eq. (2).
When the measurement period after stepping the potential to a higher one from the base
potential of -0.6 VSCE was extended to 20 s, a different picture emerged, Figure 19. At
stepping potentials up to the SCC threshold potential, the re-passivation proceeded towards
smaller current density as a function of time. However, at stepping potentials above the SCC
threshold potential, the current density was observed to first decrease (indicating improving
passivation), up to a few seconds, and then to show an upward turn, indicating diminishing
passivity.
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Figure 20 compares the steady state current density (voltammogram) and the end current
densities of the potential steps (100 ms and 20 s). It is evident that above the threshold
potential for SCC, the 20 s data is roughly similar to the steady state data. Thus, in this
range, less than 20 s is needed to reach the stable partial passivating surface condition.

Figure 16. The current density as a function of time (up to 100 ms) after stepping to a higher
potential from -0.6 VSCE (hold for a minute).

Figure 17. The current density as a function of the inverse of charge density (Qf(t))-1) after
stepping to a higher potential from -0.6 VSCE (hold for a minute).
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Figure 18. The re-passivation parameter cBV as a function of potential for Cu-OFP in 0.05 M
NaNO2. The red bar marks the potential above which SCC is known to occur.

Figure 19. The current density as a function of time (up to 20 s) after stepping to a higher
potential from -0.6 VSCE (hold for a minute).
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Figure 20. Comparison of the voltammogram in 0.05M NaNO2 and the current densities at
the end of the 100 ms and 20 s potential step re-passivation measurements as a function of
potential.

4.3

0.005 M NaNO2

The voltammogram in Figure 21 shows a clear increase of the current density above about
+0.04 VSCE, indicating partial breakdown of passivity. The SCC threshold potential (based on
SSRT data) suggests ETH,SCC = +0.08 VSCE, which, taking into account the uncertainties is
reasonably close to the observed increase in the current density. The EIS data shown in
Figure 22 shows that the impedance magnitude (/Z/) increases as a function of potential until
at +0.05 VSCE it dramatically decreases by a factor of about x30 (from about 60 to 2
kOhmcm2). This again indicates partial breakdown of passivity, and is in line with the
voltammogram, Figure 21. A more detailed analyses and discussion on the EIS results will
be given in the coming journal paper.
The current density vs. time up to 100 ms is shown in Figure 23, the current density as a
function of the inverse of charge density in Figure 24, and the resulting cBV-parameter as a
function of potential in Figure 25. The level of cBV values is around 1, markedly lower than
the values found for 0.05M and 1M NaNO2-solutions, about 8 and 30, respectively. The cBVparameter seems to show an almost step-wise increase at the SCC threshold potential, and
the increase is thought to be not high enough to be taken as an indication of onset of SCC
susceptibility.
The current density vs. time curves up to 20 s are shown in Figure 26, and show a turn
upwards (after an initial decrease) for potentials higher than +0.05 VSCE. This is in line with
the data found for 0.05M and 1M NaNO2 –solutions, in which in a similar way, at and above
the SCC threshold potential, the current density was observed to initially decrease as a
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function of time (indicating passive film formation) and then start to increase at longer times
(indicating partial breakdown of passivity).
Figure 27 shows a comparison of the voltammogram (Figure 21) and the end current
densities of the potential steps (100 ms and 20 s). It is evident that above the threshold
potential for SCC, the 20 s data is similar to the steady state data. Thus, in this range, less
than 20 s is needed to reach the stable partial passivating surface condition.

Figure 21. Current density as a function of potential for Cu-OFP in 0.005M NaNO2. Sweep
rate 0.167 mV/s, pH = 6.79.
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Figure 22. Impedance data of Cu-OFP in 0.00375M NaNO2 as a function of potential (from 0.35 VSCE to +0.05 VSCE). The SCC threshold potential in 0.005M NaNO2 is about +0.08 VSCE.
All spectra’s (left) and comparison of spectra at 0 and +0.05 VSCE (right).
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Figure 23. The current density as a function of time (up to 100 ms) after stepping to a higher
potential from -0.6 VSCE (hold for a minute).

Figure 24. The current density as a function of the inverse of charge density (Qf(t))-1) after
stepping to a higher potential from -0.6 VSCE (hold for a minute).
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Figure 25. The re-passivation parameter cBV as a function of potential for Cu-OFP in 0.005
M NaNO2. The red bar marks the potential above which SCC is known to occur.

Figure 26. The current density as a function of time (up to 20 s) after stepping to a higher
potential from -0.6 VSCE (hold for a minute).
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Figure 27. Comparison of the voltammogram in 0.005M NaNO2 and the current densities at
the end of the 100 ms and 20 s potential step re-passivation measurements as a function of
potential.

4.4

Sulphide studies

For studies in sulphide containing solutions, the test chamber was modified to allow for
oxygen removal by nitrogen bubbling. Sulphide reacts very rapidly with any oxygen residue
in the water producing sulphate (SO42-). After the modifications, the oxygen concentration
(before sulphide addition) was repeatedly measured to be below 30 ppb.
Sulphide addition into an un-buffered water increases the pH. Thus, the measurements were
performed in a phosphate buffer solution with a pH of 8.0. At the pH of the chosen buffer
solution with 100 mg/l HS-, Cu2S is the stable phase in a rather narrow potential window,
Figure 28. The potential of -0.6 VSHE (i.e. -0.85 VSCE) was chosen as the potential at which
the re-passivation rate was studied. Pure copper is the stable phase at both higher and lower
potentials, thus offering a choice for the base potential regarding the re-passivation
measurements. For the first trials, the potential of -0.8 VSHE (i.e. -1.05 VSCE) was chosen as
the base potential.
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Figure 28. Pourbaix-diagram for Cu in water with 100 mg/l HS-.
Figure 29 shows a comparison of voltammograms measured in pure buffer solution and in
buffer solution with 100 mg/l HS-. The voltammogram in the pure buffer solution shows very
low current densities in the potential range above the corrosion potential (about -0.55 VSCE)
up to the equilibrium potential of Cu2O/Cu(OH)2 (about -0.1 VSCE), indicating good passivity.
When comparing these current density values (in the range of 10-4 to 10-3 mA/cm2) to those
measured in the NaNO2 solutions (in the range of 10-2 to 10-1 mA/cm2, Figure 7 and Figure
14), it is clear that Cu-OFP passivates much better in the buffer solution than in any of the
studied NaNO2 –solutions. However, when 100 mg/l HS- is added into the buffer solution, the
current density in the same potential range is seen to stay at about 0.3 mA/cm2, almost four
orders of magnitude higher than in the buffer solution and about one order of magnitude
higher than in the NaNO2 –solutions. This indicates that addition of sulphide dramatically
impairs the passivity of Cu-OFP. This is in line with the results of the research group at the
University of Western Ontario [1-12], who concluded that it is questionable whether copper
passivates at all in the presence of sulphides.
A comparison of the EIS spectra in the pure buffer and the buffer with 100 mg/l HS- is shown
in Figure 30 for potentials of -1.05 VSCE (the base potential) and -0.85 VSCE (the step
potential). At the low frequency end of the spectra, in case of E = -1.05 VSCE, the impedance
magnitude is about two orders of magnitude lower with 100 mg/l HS- in comparison to buffer
only, although in both cases the stable phase should be pure copper. Since this potential is
below the hydrogen line, the difference may reflect the ability of HS- to ease the hydrogen
generation (by water reduction) on the Cu-OFP surface. In case of E = -0.85 VSCE, the
difference (at 10-3 Hz) is roughly three orders of magnitude. This reflects mainly the capability
of sulphide to partially break down the passivity of Cu-OFP surface film. The result also
corroborates with the dramatic increase of current density (Figure 29) when going from pure
buffer solution to buffer solution with 100 mg/l HS-.
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Figure 31 shows the current density as a function of time at the base potential of -1.05 VSCE
for two consecutive runs in the buffer solution with 100 mg/l HS-. The current density
stabilises after about 200 seconds, indicating readiness of the surface for a step to higher
potential. Figure 32 shows the current density as a function of time after stepping to -0.85
VSCE, and Figure 33 the current density vs. inverse of the charge density for the two
repetitions. The cBV –values analysed from the data were 153 and 212 mC/cm2. These are
roughly ten times higher than the values measured for Cu-OFP in the NaNO2 solutions
(Figure 11), indicating roughly x10 slower re-passivation of Cu-OFP in the presence of 100
mg/l HS- when compared to the NaNO2 solutions.

Figure 29. Comparison of current density as a function of potential for Cu-OFP in pure buffer
solution (pH = 8.0) and buffer solution with 100 mg/l HS-. Sweep rate 0.167 mV/s.
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Figure 30. Comparison of EIS spectra of Cu-OFP in buffer only and buffer with 100 mg/l HSat a) -1.05 VSCE and b) -0.85 VSCE.
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Figure 31. Current density as a function of time at E = -1.05 VSCE (base potential) for two
runs.

Figure 32. Current density as a function of time at E = -0.85 VSCE (step potential) for two runs.
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Figure 33. The current density as a function of the inverse of charge density (Qf(t))-1) after
stepping to -0.85 VSCE from -1.05 VSCE.

5. Conclusions
The re-passivation charge density, Qf (the total charge density up to 100 ms in potential
stepping transients) and SCC crack growth data from Yu and Parkins [25] show similar
dependence on potential, Figure 34. This is in line with the prediction based on the slipoxidation model, Eq. (2), indicating that the potential stepping method gives results relevant
to the SCC process.
A comparison of the cBV-parameter values measured in different molar NaNO2-solutions as
a function of potential is shown in Figure 35. The cBV-parameter depends strongly on the
molarity of the NaNO2 –solution, much more so than on potential. Since Yu and Parkins [25]
showed that copper is susceptible to SCC over the whole studied molarity range (0.005M to
1M), one is led to conclude that the cBV –parameter does not reflect directly the
susceptibility to SCC. Instead, as shown in Figure 34, the charge density Qf (which is directly
related to the cBV as shown by Eg. (4)) correlates with the SCC crack growth rate. One is
then, based on the data in Figure 35, led to conclude further that the SCC crack growth rate
diminishes strongly as a function of NaNO2 molarity, although the material still is susceptible
to SCC.
Regarding the SCC susceptibility of Cu-OFP in sulphide containing water, only the first test
results have been gained and it is felt premature to make any solid conclusions. However, a
preliminary conclusion based on the results so far is that the re-passivation rate of Cu-OFP in
water with 100 mg/l HS- is radically slower than in the NaNO2 –solutions (at the potential
range where copper is known be susceptible to SCC in the NaNO2 -solutions). To clarify the
difference in the re-passivation behaviour, Figure 36 shows a comparison of the current
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density – time curves of Cu-OFP in 1M NaNO2 solution (step to +0.0 VSCE, where SCC is
known to occur) and buffer with 100 mg/l HS-. In case of 1M NaNO2, the re-passivation time
is over x100 times lower and the current density about x10 times higher than in the buffer
with 100 mg/l HS-, resulting in about x10 slower re-passivation parameter cBV. A slower repassivation rate means more time for the crack tip to dissolve and blunt, thus losing the
stress concentration necessary for crack advance.
The voltammogram measured in the buffer solution with 100 mg HS- shows very high current
density over almost the whole studied potential range. A high current density is associated
with poor passivating properties of the surface film (Cu2S). This result is in line with the
earlier data from University of Western Ontario [1-12], concluding that Cu-OFP does not
passivate properly in sulphide containing solutions, thus making pitting (and likely also other
modes of localized corrosion, such as SCC) impossible.

Figure 34. The crack growth rate in copper (left y-axis) [from 25] and the charge density up to
100 ms from potential stepping transients (right y-axis) as a function of potential. 1M NaNO2.
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Figure 35. Comparison of the cBV-parameters measured in different molar NaNO2-solutions
as a function of potential.

Figure 36. Comparison of the current density – time curves of Cu-OFP in a) 1M NaNO2
solution (step to +0.0 VSCE, where SCC is known to occur, upper x-axis and right y-axis) and
b) buffer with 100 mg/l HS- (lower x-axis and left y-axis).
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6. Summary
In this work, a considerable effort was put to lay the basis for using the potential step repassivation rate technique in studying the SCC susceptibility of Cu-OFP. The validation
experiments in NaNO2 –solutions of three different molarity (0.005, 0.05 and 1M) showed
that the technique is applicable, with certain boundary conditions.
The first experiments with Cu-OFP exposed to water with 100 mg/l HS- showed that in this
environment, the re-passivation rate of Cu-OFP is about x10 times slower than in the
reference NaNO2-solutions, in which Cu-OFP is known to be susceptible to SCC. A slower
re-passivation rate means more time for the crack tip to dissolve and blunt, thus losing the
stress concentration necessary for crack advance.
The earlier data from University of Western Ontario (concluding that Cu-OFP does not
passivate properly in sulphide containing solutions, thus making pitting (and likely also other
modes of localised corrosion, such as SCC) impossible), corroborated by the results in the
current work (slow re-passivation rate of Cu-OFP in presence of HS- and the supporting
electrochemical data) together imply that Cu-OFP is not susceptible to SCC in sulphide
containing near neutral water. More experimental evidence is, however, needed to make firm
conclusions on this subject.
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