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The corrosion of wrought, electrodeposited, and cold spray deposited copper was electrochemically monitored
for ~160 days in 3 M NaCl solution containing traces of sulfide under anoxic and Ar-purged conditions. Corroded
specimens were analyzed using scanning electron microscopy and Raman and X-ray photoelectron/Auger
spectroscopies. Under anoxic conditions, corrosion was supported by sulfide only and the rate decreased with

time causing only minor damage. Under low oxygen conditions maintained by Ar-purging, the rate increased
with time and significant damage was observed, attributed to oxy-sulfur species formation. These results suggest
that oxy-sulfur species, not just sulfide, are required to cause intergranular corrosion.

1. Introduction

The widely accepted approach for the safe management of used
nuclear fuel is to dispose of it in a deep geological repository (DGR) in a
stable geological formation [1,2]. The key engineered barriers are the
used fuel container (UFC) and the surrounding bentonite clay which
swells when wet to seal the DGR. In Canada, Sweden, and Finland, the
chosen corrosion barrier will be Cu either as a shell over a cast iron insert
(Sweden, Finland) or as a coating on carbon steel formed by electrode-
position and cold spray deposition [3].

Once the UFC is emplaced in a DGR, the specific corrosion processes
that are possible will change as the exposure conditions evolve from
initially warm, humid, and oxidizing to eventually cool, wet, and anoxic
as the radioisotopes in the fuel decay, leading to a decrease in heat
production. The O, trapped upon initial emplacement and sealing will
be consumed by microbial and mineral reactions and minor corrosion of
the container [3,4]. When the O, inventory is depleted, the dominant
container degradation process will become a reaction with sulfide (SH™)
generated remotely via the reaction of anaerobic sulfate-reducing bac-
teria (SRB) with sulfate (SO%’) in the groundwater and sealing materials
[5,6].
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Early predictions suggested oxic conditions could persist for decades
[7,8], but more recent field studies indicate much shorter periods
ranging from a few weeks to a few months [9]. While conservative es-
timates show that the extent of corrosion damage accumulated by the
various oxic/anoxic corrosion processes [3] should not threaten the
integrity of the UFC over the required lifetime, uncertainties remain
over how corrosion will progress and what influences the early oxic
period will exert on the long-term anoxic process. To resolve these un-
certainties, studies under well-controlled redox conditions are essential,
especially since SH™ is well known to be unstable in the presence of
dissolved Oy [10-15] producing a multitude of potentially corrosive
oxy-sulfur species.

This study compares long-term experiments (up to 160 days) on Cu
specimens (wrought, electrodeposited, cold spray deposited) in aqueous
concentrated chloride solutions under anoxic conditions (achieved in an
anaerobic chamber) and under slightly oxidizing conditions (achieved
by Ar sparging during laboratory bench-top experiments). The use of
concentrated chloride solutions simulates the extremely saline ground-
water encountered in the sedimentary host rock, a geosphere still under
assessment as a possible location for a Canadian DGR [3]. In an attempt
to emphasize the sensitivity of Cu corrosion to O, and SH™, experiments
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were conducted with < micromolar [O5] and [SH™]. Such conditions are
also relevant to a DGR when very low concentrations are anticipated [3].

2. Experimental
2.1. Materials

Cold sprayed specimens (Cu-CSA), annealed at 350°C for 1 hour
under an Ar-purged atmosphere, were prepared and supplied by the
National Research Council (NRC, Boucherville, Canada) [16]. The
wrought Cu specimens (Cu-SKB) were O-free and P-doped (30-100 wt.
ppm) and provided by the Swedish Nuclear Fuel and Waste Management
Company (SKB, Solna, Sweden). Electrodeposited (Cu-ED) samples were
supplied by Integran Technologies Inc. (Mississauga, Canada) using the
procedure documented elsewhere [17]. Prior to each experiment, the
specimen under study was ground successively with P1200- to
P4000-grade SiC paper, washed in Type I HyO (resistivity >
18.2 MQ-cm), ultrasonically cleaned in methanol, washed with Type I
H50, and dried in a stream of Ar. Since no cathodic pretreatment was
employed, the surfaces of Cu electrodes were covered with a thin
air-formed oxide [18].

2.2. Solution

All experiments were conducted in a 3 M NaCl solution made up with
NaCl (99.999% (metals basis)) supplied by Alfa Aesar using Type I H,0.
To increase the salt purity on the cation basis by lowering the content of
heavy metals (Pb, Hg, Sb, Cd, etc.), the supplier “purified” the NaCl salt
using SH™ to remove these heavy metals. As a consequence, the prepared
NaCl solution contained some sulfide, but at levels < the analytical
detection limit of ~1 pM using a sulfide selective electrode.

2.3. Electrochemical procedures

Electrochemical measurements were performed in a three-electrode
cell with the Cu specimen as the working electrode. A saturated calomel
electrode (SCE) and a Pt foil were used as the reference and counter
electrodes, respectively. The reference electrode was continuously
immersed in the solution, and its potential change against another
saturated calomel electrode (maintained in saturated KCl solution) was
measured before and after the exposure test to be < 5 mV. A Solartron
1480 Multistat or a Solartron 1287 potentiostat was used to measure and
control potentials and record current responses. Corrware™/Corr-
view™ software (Scribner Associates) was used to control instrumen-
tation and to record and analyze data. Corrosion potential (Ecorr) and
polarization resistance (Rp) measurements were conducted periodically.
The linear polarization resistance technique was conducted at a scan
rate of 10 mV-min~! over the potential range Ecorr £ 5 mV (the
corrosion rate is proportional to Rp b,

Two sets of experiments were performed: (1) under Ar-purged con-
ditions on the laboratory bench top, when small amounts of dissolved O4
(estimated to be < 1 uM) would be expected in the electrochemical cell;
and (2) in an Ar-purged anaerobic chamber (Canadian Vacuum Systems)
maintained at a positive pressure (2-4 mbar) by an MBraun glove box
control system (anoxic conditions). The Oz concentration in the cham-
ber was analyzed with an MBraun O, probe with a detection limit of
1.4 mg-m’S. In the anaerobic chamber, the minimum measurable [O5]
was set by the sensitivity of the Oz sensor at 1 vppm, while the actual
vapour phase (Oz + H20) concentration may have been considerably <
1 vppm. Using Henry’s Law, a value of 10™® atm (10~* kPa) for the
partial pressure of O3 in the chamber (the total pressure being 1.15 atm)
and a Henry’s Law constant of 769 L-atm-mol™! (7.79 x 10*
L-kPa~mol_1) for Oy at 298 K, the dissolved [O,] in solution was esti-
mated to be < 1.3 nM [19,20]. In these exposure tests, the volume of the
solution was 2 L, and the solution was stagnant and not replenished.
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2.4. Characterization of specimens

Specimens were examined using optical microscopy and scanning
electron microscopy, the latter with a Hitachi S-4500 field emission
scanning electron microscope (SEM) equipped with an EDAX™ energy
dispersive X-ray spectroscopy (EDS) system.

Raman spectroscopy was performed using a Renishaw 2000 Raman
spectrometer equipped with a 632 nm He-Ne laser and an Olympus
microscope. Spectra were obtained using a 50 x uncoated objective lens
with the beam focused to a diameter of ~2 ym. To minimize surface
heating effects, the laser was used at 10 % of the full power. The spec-
trometer was calibrated against the 520.5 cm ™! peak of Si.

X-ray photoelectron spectroscopy (XPS) analyses were performed
with a Kratos AXIS Nova spectrometer using an Al Ka monochromatic
high energy (hv = 1486 eV) source. The instrument work function was
calibrated using the Au 4f;,, line with a binding energy = 83.96 eV for
metallic Au. Survey scans were conducted over an area of 300 um by
700 um at a pass energy of 160 eV. High-resolution analyses were
conducted over a similar analysis area at a pass energy of 20 eV. The
Kratos charge neutralizer system was used on all specimens and the C
1s peak at 284.8 eV was used as a standard to correct for surface
charging. High-resolution spectra were obtained for the Cu 2p and S 2p
peaks and the Cu LgM4sMy5 Auger peak and analyzed as described
elsewhere [21].

3. Results
3.1. Corrosion measurements

Figs. 1 and 2 show the Ecorr and Rp values recorded under anoxic
and Ar-purged conditions, respectively. Under anoxic conditions, Fig. 1,
Ecorr for all three specimens quickly established steady-state values in
the range —0.372 V (vs. SCE) to —0.375 V (vs. SCE) which were sub-
sequently maintained for the duration of the exposure period. The R,
values for the individual specimens varied over the first ~30 days before
adopting similar increasing values which tended towards steady-state at
longer exposure times, with Rp for Cu-SKB approaching a value < 2
times greater than those recorded for the other two specimens.

Under Ar-purged conditions, Fig. 2, Ecorr values for Cu-SKB and Cu-
CSA again exhibit similar behaviour initially stabilizing around
—0.385V (vs. SCE) before steadily increasing to values between
—0.320 V (vs. SCE) and —0.330 V (vs. SCE) after ~110 days. In contrast
to the increase observed under anoxic conditions, Rp values decreased
steadily with exposure time from ~80 kQ-cm? to ~10-20 kQ-cm?
indicating an increase in corrosion rate up to ~120 hours. Beyond 120 h
of exposure to Ar-sparging ([O2] < 1 uM), Ecogrr for both Cu-SKB and
Cu-CSA started to decrease and the corresponding Rp values initially
increased slightly before diverging. It is uncertain why this occurred, but
a possibility is that oxide formation became the dominant process once
SH™ was depleted. This could lead to opposing behaviours since the
corrosion rate could be increased by the catalysis of Oy reduction on
CuyS [22-26] but decreased by oxide formation. The sudden increase
(by ~10 mV) in Ecoggr after ~50 hours, which was accompanied by a
slight decrease in Rp, could indicate a slight change in Ar-purging con-
ditions leading to a small increase in the dissolved [O2] and, hence, the
corrosion rate. The absence of Ecorr/Rp values for Cu-ED under
Ar-purged conditions was due to a loss of contact with the specimen
after a few days of exposure. Although not shown, the Ecorr and Rp
values recorded prior to this malfunction were similar in both value and
trend to those shown in Fig. 2.

Table 1 compares the final Egorg values recorded on Cu-SKB, Cu-ED
and Cu-CSA to values measured in a similar experiment conducted under
aerated conditions [2] indicating an increase in Ecogrg as the [O3] in-
creases. The slightly higher values recorded under Ar-purged conditions
compared to those recorded under anoxic conditions indicate the
persistence of slightly oxidizing conditions in the former case. Fig. 3
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Fig. 1. Corrosion potential (Ecorr) (A) and polarization resistance (Rp) values
(B) measured on Cu-SKB, Cu-ED, and Cu-CSA in a 3M NaCl solution

(contaminated with SH™) under anoxic conditions (in an anaerobic chamber:
[02] < 1.3nM) [2].

summarizes the Rp values recorded over the exposure period of
20-150 days showing a decrease in corrosion rate under anoxic condi-
tions but an increase under Ar-purged conditions. The Rp values recor-
ded under aerated conditions are strongly influenced by the build-up of
an atacamite (Cup(OH)3Cl) deposit and have been discussed previously
[2].

3.2. Characterization of corrosion products

Fig. 4 shows scanning electron micrographs of the specimen surfaces
after exposure under anoxic conditions. For the Cu-SKB and Cu-ED
specimens, slight general corrosion was observed with the original
polishing lines induced during specimen preparation remaining visible.
For the Cu-CSA specimen, slightly more surface damage was observed.
In all cases, a scattered surface deposit of fine particulates was formed.
Although not a particularly surface-sensitive analytical technique, EDX
analyses show the particles have a higher S content (~2 wt%) compared
to the general surface (~0.2 wt%). This observation is consistent with
expectations for Cu corrosion in dilute anoxic chloride solutions con-
taining low [SH™] [27] in which aggregates of chalcocite (CupS) par-
ticulates were shown to form on Cu-SKB [27] by the generation of
Cu-transporting sulfide complexes (Cu(SH)2) and CusSs clusters [28].

Fig. 5 shows that the extent of corrosion damage was significantly
greater on Cu-CSA and Cu-SKB under Ar-purged conditions than under
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Fig. 2. Corrosion potential (Ecorr) (A) and polarization resistance (Rp) values
(B) measured on Cu-SKB and Cu-CSA in a 3 M NaCl solution (contaminated
with SH™) under Ar-purged conditions ([O,] < 1 pM).

Table 1
Corrosion potential (Ecorr) values recorded on Cu-SKB, Cu-ED, and Cu-CSA
after 60 or 160 days of exposure to 3 M NaCl solution.

Anaerobic chamber (160 days)  Ar-purged (160 days) O,-purged (60 days [2])

—0.372V to -0.375 V —0.330 Vto -0.340V  —0.170 V to -0.250 V*

* The wide range in aerated solutions depends on the morphology of the Cu(II)
deposit present on the surface (Standish et al. [2])

anoxic conditions. The morphology of the damage to the Cu-CSA spec-
imen was a consequence of the smearing effect of the preparatory pol-
ishing process, with the labeled site (marked as “1”) indicating the
location from which a cold spray particle was dislodged during specimen
preparation. As observed on specimens exposed under anoxic condi-
tions, a fine particulate deposit was observed on the Cu-SKB specimen.

Fig. 6 (A and B) shows Raman spectra recorded on Cu-CSA after
exposure to anoxic conditions and Cu-SKB after exposure to Ar-purged
conditions. These spectra were representative of spectra recorded on
all specimens under both exposure conditions. The grounds for assigning
individual peaks to CupO and CupS have been discussed elsewhere
[29-34]. In both cases, the presence of CuyO and CuyS was confirmed.
Under anoxic conditions (when the dissolved [02] < 1.3 nM), this sug-
gested the air-formed oxide present on the Cu surface upon immersion in
the solution was not completely converted to CupS [34]. The higher
CuyS/Cuy0 signal intensity ratio for Region 1 compared to Region 2,
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Fig. 3. Polarization resistance (Rp) values measured after 20 and 152 days of
exposure to a 3 M NaCl solution (contaminated with SH™) under anaerobic
chamber (anoxic) and Ar-purged conditions.

Fig. 6A, could reflect the presence of nanoparticulate CuyS deposits
within the analyzed area. Under Ar-purged conditions, Fig. 6B, the lower
CuyS/Cuy0 ratio generally observed could indicate the joint formation
of oxide and sulfide when a small continuous supply of dissolved O, was
available.

Fig. 7 shows high-resolution XPS and Auger spectra recorded on Cu-
CSA after exposure to an anoxic environment. Similar spectra were
obtained on other specimens. The Cu 2p3,5 peak, Fig. 7A, could contain
contributions from Cu(0), Cu(I) and Cu(ll) states, which are in some
cases inseparable, but the absence of a shake-up satellite peak in region
A indicates the absence of Cu(Il) states. This was confirmed by the Cu
L3My sMy 5 Auger spectrum, Fig. 7B, which showed no contribution from
Cu(Il) and indicated the surface was mainly covered by a thin CuyS
layer. The Cu 2p3,» and Cu L3MysMy s spectra recorded after an Ar-
purged experiment, Fig. 8, showed minor differences to those recor-
ded under anoxic conditions. The apparent domination of CuyS over
Cu20 may suggest an outer layer of sulfide on a partially converted Cu,O
layer.

Fig. 9A and B show the S 2p3,» and S 2p; /2 peaks for anoxic (A) and
Ar-purged (B) exposure conditions. Since the dissolved [O2] under
anoxic conditions was insignificant, the sulfite (SO%’) and sulfate (SO%’)
peaks indicate some degree of atmospheric oxidation occurred on the
surface during the transfer of the specimen from the electrochemical cell
to the vacuum chamber of the spectrometer. Whether this was due to the
oxidation of residual traces of SH™ remains unresolved. The absence of
Cu(ID) states under such conditions confirmed significant oxidation was
avoided. As shown in Fig. 9B for Ar-purged conditions, the intensity for
the peak attributed to one oxy-sulfur species (i.e., SOF ) is significantly
more prominent. Comparison of these spectra for a number of areas on a
range of specimens (i.e., Cu-SKB, Cu-ED and Cu-CSA) showed that this
difference was consistently observed indicating the possibility of the
formation of oxy-sulfur species under Ar-purged conditions when the
[O2] throughout the exposure period was small but significant.

4. Discussion

Under anoxic conditions, the decrease in corrosion rate over the
duration of the experiment unaccompanied by a change in Ecorg indi-
cated a transport-controlled corrosion process in the solution as
observed previously in SH™ solutions containing 5 x 1073 SH™ [5,27,35,
36]. Since the [O5] was negligible, the only available oxidant was the
SH™ present as an impurity in the concentrated Cl~ solution. The
corrosion of Cu at low [SH™] was expected to be transport controlled [5,
27,36], leading to CuaS formation (as observed in this study) with the
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Fig. 4. SEM images of Cu-SKB, Cu-ED, and Cu-CSA surfaces after exposure for
168 days to a 3 M NaCl solution (contaminated with SH™) under anaerobic
chamber (anoxic) conditions.

rate falling as the limited amount of SH™ was consumed and its flux to
the Cu surface decreased [37]. At the low and uncertain [SH ] used in
this study, the Raman analyses showed that, on many areas of the sur-
face, the CuxO film present upon immersion was not totally converted to
CusS. The observation of a thin scattered deposit of CusS was consistent
with previous observations that corrosion in solutions containing low
[SH] (5 x 10°° M) [6] leads to the formation of nanoparticulate
aggregated deposits formed by the combined transport and deposition of
Cu(SH)3 complexes and CusSs clusters.
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Fig. 5. SEM images of Cu-SKB and Cu-CSA surfaces after exposure for 166 days
to a 3 M NacCl solution (contaminated with SH™) under Ar-purged conditions.
Location 1 on the Cu-CSA surface shows a location from which a cold spray
particle was dislodged during the surface polishing process prior to
the experiment.

When a small [O2] was present in the Ar-purged experiment, the
initial rates were similar to those observed in the absence of O, but
increased with time leading to clear visual damage to the Cu surface.
Since the [O2] would have been maintained approximately constant by
the persistent, but not totally efficient, Ar-purging, this increase in rate
could not be attributed to the direct corrosion of Cu due to O, reduction,
a process which in Cl™ solution is well known to proceed via the pro-
duction of Cu-Cl complexes [38]

Cu 4 xCI™ = CuCI¢ D™ 4 e” @

03 + 2H,0 + 4e™ — 40H™ (2)

which could lead to the formation of Cup0 via hydrolysis.

2CuCI¢ D™ + Hy0 - Cu0 + 2H' + 2xCI™ 3)
The homogeneous oxidation of Cu(I) to Cu(II)

4CuCI¢ D™ + 0y 4 2H,0 — 4Cu>" + 4xCl™ + 40H™ 4

is also possible [39]. If this reaction occurred, it was to an extent that did
not lead to the formation of Cu?' deposits (such as atacamite
(Cuz(OH)3CD) on the Cu surface since no Cu(ll) states were observed in
surface analyses by either Raman spectroscopy or XPS/Auger spectros-
copy. Alternatively, the reaction of the Cu(I)-Cl complex with SH™ could
lead to CusyS formation [6,40],
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Fig. 6. Raman spectra recorded on (A) a Cu-CSA surface after 168 days
exposure to a 3 M NaCl solution (contaminated with SH™) under anoxic con-
ditions, and on (B) a Cu-SKB surface exposed to a 3M NaCl solution
(contaminated with SH™) for 166 days under Ar-purged conditions.

2CuCI¢ P~ 4+ SH™ - Cu,S + 2xCl1™ + HT (5)

a reaction that cannot be ruled out in the present study, since CusS was
detected on the Cu surface by both Raman spectroscopy and XPS/Auger
spectroscopy.

Whether reactions (4) and (5) occurred to any significant extent was
uncertain given the low [SH™] and [O2] present, but their occurrence
would not offer an explanation for why the corrosion rate increased with
time in Ar-purged solution. On the contrary, their occurrence would be
expected to, at best, maintain the rate (at constant [O5]) or decrease it
(as SH™ was depleted).

In the presence of dissolved Oy, SH™ is well known to undergo
oxidation [10-15]. Early studies showed that oxidation in neutral so-
lutions similar to those used in this study [10,11] led to a mixture of
sulfate (SO%_), sulfite (SO%‘), and thiosulfate (szog—) the first two of
which were observed as surface species by XPS in this study. The overall
reaction was shown to be first order with respect to both SH™ and O,
with SgO%’ the dominant product when the [03]/[SH™] ratio was low
[15,41], and SO%~ the main product when this ratio was high [10,15].
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Fig. 7. (A) XPS and (B) Auger spectra recorded on a Cu-CSA surface after
exposure for 168 days to a 3 M NacCl solution (contaminated with SH™) under
anoxic conditions. Region A on the XPS spectrum indicates the binding energy
range within which a satellite peak indicating the presence of Cu(Il) would
be observed.

Since SO%™ is the most stable species in the presence of O, the increase
in the exposure time of SH™ solution to Oz (e.g., 70 h [10]) yields SO?{
as the main oxidation product [10,15], consistent with the XPS results.
In the present Ar-purged experiments, in which the [O5] was maintained
constant while [SH™] steadily decreased, S,0%~ would be expected to be
the dominant oxy-sulfur species formed initially when the [SH™] was at
its highest, and the [03]/[SH™] ratio at its lowest.
Once formed, szo§* is relatively stable to disproportionation [15]

$,03” + OH™ — SO + SH™ 6)

and, hence, more readily available to act as an oxidant for Cu.
At low [SH™] (10-100 pM), the overall oxidation mechanism has
been suggested [15,42] as
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Fig. 8. (A) XPS and (B) Auger spectra recorded on a Cu-SKB surface after
exposure for 166 days to a 3 M NaCl solution (contaminated with SH™) under
Ar-purged conditions. Region A on the XPS spectrum indicates the binding
energy region within which a satellite peak indicating the presence of Cu(Il)
would be observed.

2SH™ + 30, — 250%™ + 2H* )
2803~ + 0, - 2503~ (8)
2803~ + 2SH™ + 0, — 25,03~ + 20H" 9)

5205* is a metastable anion which can be both oxidized and reduced
or can disproportionate [43]. Its reduction, which is thought to proceed
via elemental S

$205~ + 6H' + 4e™ - 2S + 3H,0 (10)
can lead via disproportionation to the formation of SH™
4S—|—4H20—>3SH7+SOAZ;7+5H+ (11

and further corrosion of Cu leading to CupS formation [1,6,27,28]
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Fig. 9. Sulfur XPS spectra recorded on (A) a Cu-CSA surface after exposure for
168 days to a 3 M NaCl solution (contaminated with SH™) under anoxic con-
ditions; and (B) a Cu-CSA surface after exposure for 166 days to a 3 M NaCl
solution (contaminated with SH™) under Ar-purged conditions.

2Cu + SH™ + OH™ = CuyS + Hy0 + 2e~ 12)

consistent with Raman spectroscopic analyses in this study. Since Cu
corrosion yielding CuxS formation could have occurred directly due to
the presence of SH™ in the original solution, this route via S,0%~ offers a
secondary mechanistic route for corrosion leading to CusS and would
offer a possible explanation for the observed increased corrosion in Ar-
purged solutions when very low [O2] was present. Additionally, the
forced convection from Ar-purging could have accelerated the rate at
short exposure times but not at longer times when SH™ became depleted.
The rate of the reaction sequence (10) to (12) could be high since SH™
can be completely sequestered by Cu (as CusS or CusSs [6]). This would
make the detection of the intermediate S;03 difficult. Such difficulties
were reported when the oxidation rate of SH™ was accelerated in the
presence of Fe?** and Mn?* [44,45]. Since the formation of szo§* by the
oxidation of SH™ in Og-containing solutions is accelerated by the pres-
ence of micromolar [Cu®*] [46], any Ccu®t formed via reaction (4)
would have contributed to the increase in corrosion rate observed in
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inefficiently Ar-purged solution. While CI~ would be involved in the
corrosion process (reactions (1) to (5)), Zhang and Millero [15] showed
in studies in seawater and chloride-free HyO that Cl™ exerted no sig-
nificant influence on the homogeneous oxidation of SH™ to oxy-sulfur
species.

S,0% isknown asa very aggressive anion which can cause corrosion
damage to a variety of materials, mainly passive alloys such as stainless
steel and Ni alloys [43]. This combination of SH™ oxidation to SZO%’
(reactions (7) and (9)) coupled with its reduction in support of Cu
corrosion (reactions (10) and (11)) could act as an accelerating reaction
cycle promoting the corrosion of Cu until the supply of SH™ was
exhausted. Such an accelerating reaction cycle would be promoted
within locations (e.g., pores in corrosion products, grain boundary)
within which dilution of oxy-sulfur species (e.g., szo%‘) via transport to
the bulk solution would be limited. When Cu and its alloys were exposed
to aerated SH™ solutions [22-26, 47] or SgO%’ solutions [48,49], their
surfaces were covered with porous and defective oxide/sulfide mixtures
and their corrosion rates were accelerated. Intergranular corrosion (IGC)
of Cu and its alloys was also observed in aerated 3.5 wt% NacCl solutions
containing SH™ [50-52].

While the results described in this study do not show IGC, they
demonstrate that a combination of SH™ and dissolved O,, even at
micromolar levels achievable with extensive Ar purging, leads to the
acceleration of Cu corrosion and the observation of oxy-sulfur species on
the corroding Cu surface.

5. Summary and conclusions

Under anoxic conditions ([O5] < 1.3 nM), corrosion led to the for-
mation of scattered deposits of CusS and also the partial conversion of
the native Cuy0 present on the Cu specimen surface upon immersion.
The corrosion rate decreased with time as SH™, the only available
oxidant, was consumed, and only minimal corrosion damage was
observed.

Under Ar-purged conditions ([O2] < 1 pM), a similar CuzO/CusS
layer and scattered deposits of CusS were formed, but the corrosion rate
increased with time and the corrosion damage was observable by SEM.
This increase was attributed to the formation of oxy-sulfur species by the
reaction of SH™ with the available Os.

The nature of the Cu (Cu-SKB, Cu-ED, Cu-CSA) had no significant
influence on the corrosion rates under either anoxic or Ar-purged
conditions.

Although IGC was not observed at the low [O3] and [SH™] used in
our experiments, the increased corrosion rate when oxy-sulfur species
were formed emphasizes the need to avoid even low [O2] when inves-
tigating such a process.
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