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Rapid Intergranular Corrosion of Copper in Sulfide-Polluted
Salt Water
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Sulfide-induced intergranular corrosion �IGC� of copper was documented in salt water under free corrosion or controlled potential.
The process was promoted by the oxidizing potential and the sulfide ions. A transition potential, Et, of about −0.15 V �Ag/AgCl�
was identified in the polarization curves in the presence of sulfide ions. Above Et, sulfide ions accelerate IGC while having a
modest effect on the rate of copper dissolution. Below Et, they promote copper dissolution, while IGC occurs much more slowly.
Various sulfur species were detected in the corrosion product using X-ray photoelectron spectroscopy.
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Copper and many of its alloys have favorable combinations of
mechanical, thermal, and electrical properties. Hence, they are
manufactured in various forms and utilized in many industries, par-
ticularly in marine environments. The corrosion of copper and many
of its alloys in such environments has been extensively studied.1-7

These studies have primarily focused on characterization of the cor-
rosion products and analysis of the results in terms of general cor-
rosion. The stability of copper and its alloys in such an environment
is attributed to the formation of a protective film of corrosion prod-
ucts which contains Cu2O, Cu2�OH�3Cl, and other products.1-7

Among the various forms of corrosion of copper and its alloys,
intergranular corrosion �IGC� has often received less attention. IGC
has been recently linked to stress corrosion cracking of copper,8,9 the
failure of turbo-disks10 and a gas inlet system in a petrochemical
plant,11 the structural degradation in turbine blades,12 and fissures
observed in AA7178 alloy during service in structural aircraft
applications.13 IGC has also been shown to cause failure of CuNi
alloys in sea water.3 The occurrence of IGC was also seen in bronze
monuments in the Mediterranean basin.14

It is now widely recognized that many natural water bodies and
industrial water streams are polluted with hydrogen sulfide. The lit-
erature has ample evidence for a promoting effect of sulfide ions on
the corrosion of copper and its alloys.15-25 This paper documents the
occurrence of sulfide-induced IGC of copper in salt water. The pro-
cess is shown to be rapid, being discernible within some tens of
minutes. The present results are immediately relevant to the discus-
sion of the proposed use of copper canisters for the disposal of
Swedish, Finnish, and Canadian high-level nuclear waste deep in
granite environment,26 the rapid failure of copper nickel condenser
tubes in wet hydrogen sulfide atmosphere,27 and the microbiologi-
cally induced corrosion of Cu30Ni in anaerobic sea water.28

Experimental

Electrodes were prepared from electrolytic copper �99.9%� in the
form of rods 0.96 cm in diameter. The working electrode was the
cross-sectional area of the rod, and the immersed length of the rod
was coated with a protective adhesive so that only the cross-
sectional area was exposed to the solution. Electrical contact to the
external circuit was made through the rod. The working electrodes
were polished using SiC papers successively down to 2400 grits,
followed by 0.3 micrometer alumina to acquire a mirrorlike finish. A
conventional three-electrode cell was used with a Ag/AgCl refer-
ence electrode, E = 0.197 V SHE, and a Pt sheet counter electrode.
Solutions were prepared using deionized water, AnalaR Na2S, and
NaCl from Fluka. Measurements were performed at 25 ± 1°C in
3.5 wt % NaCl solution. The surfaces of the electrodes were exam-
ined using an AXIO Imager A1M optical microscope, a JSM-6300
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JEOL scanning electron microscope �SEM�, and a VG Scientific 200
X-ray photoelectron spectrometer �UK�, using Mg K� radiation
�1253.6 eV� operating at 13 kV and 23 mA. All measurements were
performed while the solutions were open to air and were stirred
using a magnetic stirrer.

Results

Polarization curves.— Figure 1 illustrates the effect of 10−3 M
sulfide ions on the polarization curve of copper in the salt solution
measured at a scanning rate of 5 mV s−1. Sulfide ions shift the free-
corrosion potential in the active direction by some hundreds of mil-
livolts, which supports the findings of Rahmouni et al.29 The polar-
ization curve in the sulfide-polluted salt water can be divided into
two regions, on either side of a transition potential �Et� of about
−0.15 V �Ag/AgCl�. This transition potential marks a change in the
effect of sulfide ions on the rate of copper dissolution. Below Et,
sulfide ions have a strong promoting effect on the rate of metal
dissolution. Above this potential, sulfide ions have no significant
effect on the rate of metal dissolution. However, as shown below,
this is the region where sulfide ions have a marked effect on IGC of
copper.

Current transients.— The copper surface was held under various
potentials in the absence and in the presence of sulfide ions while
the current transients were recorded. Figure 2 illustrates some of
these results. Curves a and b refer, respectively, to the absence and
presence of 10−3 M HS− ions at a potential of −0.2 V �Ag/AgCl�,
which is below the transition potential, Et. Note the marked effect of

Figure 1. Effect of sulfide ions on the polarization curves of copper in 3.5%
NaCl at 25°C. Note the transition potential, Et, in the presence of sulfide
ions.
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sulfide ions on the rate of metal dissolution. The presence of 10−3 M
HS− increases the rate of copper dissolution by about an order of
magnitude. Curves c and d show the corresponding results at a po-
tential of 0.0 V �Ag/AgCl�, which is above the transition potential,
Et, where sulfide ions show only a modest effect on the rate of metal
dissolution.

Scanning electron microscopy.— Figure 3 shows SEM images
of copper surfaces potentiostated in 3.5% NaCl for 1 h at 0 V
�Ag/AgCl� in the absence and in the presence of 10−3 M sulfide
ions. Figure 3a shows the morphology of the surface that was cor-
roded for 1 h in the salt solution in the absence of sulfide ions. Note
the moderate general etching of the surface in the absence of sulfide
ions. In the presence of sulfide ions, Fig. 3b, much more extensive
corrosion appears with visible grain-boundary attack. A closer look
at the topography of the corroded surface is given in Fig. 3c at a
greater magnification, which shows the intersection of three grains.
It reveals extensive corrosion on the grain surfaces in addition to the
grain-boundary attack.

IGC of copper was also observed under free-corrosion conditions
�about −0.5 V �Ag/AgCl�� after much longer times, compared to the
case at 0.0 V �Ag/AgCl�. Figure 4 shows an image of a copper
surface that was kept under free-corrosion conditions for 24 h in the
presence of 10−3 M sulfide ions. The figure clearly shows IGC in
addition to corrosion on the grain surfaces. However, a much lower
extent of corrosion is observed at the grain boundary and on the
grain surface than that seen under the higher potential �see Fig. 3�.

Characterization of corrosion products.— The corrosion prod-
ucts were characterized using energy-dispersive X-ray spectroscopy
�EDS� and X-ray photoelectron spectroscopy �XPS�. While EDS can
be performed on selected regions of the corroded surface �on the
scale of micrometers�, it requires a fairly thick layer �of the order of
micrometers� to be able to detect the presence of a certain element,
with no indication of its oxidation state. XPS can detect as little as
several atom layers of a certain element and can reveal its oxidation
state. However, the XPS technique cannot be performed on selected
regions, and hence it samples the entire surface.

EDS and XPS measurements were performed on samples cor-
roded in the presence of sulfide ions. EDS results were obtained
from regions inside and outside the grain boundaries under free-
corrosion conditions and under a controlled potential of 0.0 V
�Ag/AgCl�. Figure 5 is an illustrative EDS spectrum of measure-
ments obtained under all conditions. No sulfur signal was detected
in the EDS spectra under any of the above conditions. However, the
XPS spectra showed interesting sulfur signals. Figure 6a and b il-
lustrate parts of the XPS spectra obtained from the copper surface

Figure 2. Effect of sulfide ions and electrode potential on the current tran-
sients of copper in the salt solution.
that was corroded in the presence of 10−3 M HS−, under free-
corrosion conditions �about −0.5 V �Ag/AgCl�� and under 0.0 V
�Ag/AgCl�, respectively.

Figure 3. SEM image of copper treated under the following conditions: �a�
potentiostated for 1 h at 0.0 V �Ag/AgCl� in 3.5% NaCl, �b� potentiostated
for 1 h at 0.0 V �Ag/AgCl� in 3.5% NaCl + 10−3 M HS−, and �c� intersec-
tion of three grains at higher magnification. Note the corrosion at the grain
boundary and on the grain surface.
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The surface corroded under free corrosion shows a single S 2p
peak at a binding energy of 162.0 eV �compared to C 1s at
248.6 eV�. This is characteristic for copper sulfide.7,30 The XPS
spectrum of the surface that was corroded under the more noble
potential of 0.0 V �Ag/AgCl� is much more complex. It reveals
multiple composite peaks at binding energies of 162.0, 163.8, and
168.6 eV. These may be assigned, respectively, to sulfide ions, el-
emental sulfur, S8, and sulfate.7,30 This indicates that the sulfide ions
oxidized under the noble potential of 0.0 V �Ag/AgCl� in addition
to the formation of copper sulfide.

Discussion and Conclusions

The rate and mode of copper dissolution are clearly affected by
the sulfide ions and the level of potential, as shown by Fig. 1-4. A
transition potential, Et, was observed only in the sulfide-polluted
medium �Fig. 1�. It marks a change in the effect of sulfide ions on
the mode and rate of dissolution of copper. Below the transition
potential, Et, sulfide ions promote the dissolution of copper by virtue

Figure 4. SEM micrograph of copper immersed for 24 h at the free-
corrosion potential in 3.5% NaCl + 10−3 M HS−.
of increasing the magnitude of the anodic current at a certain poten-
tial. The process involves an adsorption step,18,29 i.e.

HS− + Cu = Cu:HS− �1�

where Cu:HS− refers to an adsorbed HS− ion on the copper surface.
This adsorbed species is oxidized to give CuS, i.e.

Cu:HS− = CuS + H+ + 2e− �2�

Consequently, we see an increase in the rate of dissolution of copper
at potentials below Et, as shown in Fig. 1 and 2.

At potentials above Et, IGC occurs quite rapidly in the sulfide-
polluted medium. In this region, where the driving force for disso-
lution is quite high, sulfide ions have no marked effect on the rate of
general metal dissolution. It follows that at these potentials, sulfide
ions interact more strongly with the grain boundaries than with the
grain surfaces. This reasoning is supported by the micrograph in Fig.
3c.

XPS spectra reveal some interesting findings about the role and
fate of the sulfide ions. Thus, at the free-corrosion potential of about
−0.5 V �Ag/AgCl�, which is a fairly active value below Et, the
predominant sulfur species is sulfide ions at a binding energy of
162.0 eV. This can be easily rationalized in view of Eq. 2. At a
potential of 0.0 V �Ag/AgCl�, which is a fairly noble value above
Et, XPS spectra reveal the presence of sulfides, elemental sulfur S8,
and sulfate, SO4

−. At such noble potentials, one expects the sulfide
ions to undergo oxidation to give elemental sulfur and, eventually,
sulfate31,32

HS− → S + H+ + 2e �3�

HS− + 4H2O → SO4
− + 9H+ + 8e �4�

These XPS findings are consistent with the results of a much more
extensive study that was recently published on Cu30Ni.7

IGC of stainless steel has been attributed to chromium depletion
at the grain boundaries, which results from the precipitation of chro-
mium carbide.33 The mechanism of IGC of copper has been much
less studied or understood. The passivity of copper is attributed to
the formation of a layer of Cu2O which protects the underlying
surface. It is also known that many impurities in copper segeregate
to the grain-boundary region, such as Ni, Ag, Bi, Ta, As, P, etc.34-39

Consequently, the oxide layer in the grain-boundary region is rich in

Figure 5. EDS spectrum of copper im-
mersed for 24 h at the free-corrosion po-
tential in 3.5% NaCl + 10−3 M HS−. The
spectrum was taken from a spot inside the
corroded grain boundary.
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these impurities and deficient in copper, compared to the grain sur-
face, which is protected by a continuous layer of Cu2O. This results
in the formation of a weak Cu2O layer on the grain boundary3 which
readily breaks down under the effect of sulfide ions.
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