
www.actamat-journals.com

Scripta Materialia 54 (2006) 1673–1677
Intergranular corrosion of copper in the presence of benzotriazole
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Abstract

While benzotriazole (BTAH, C6H5N3) has long been known as an efficient inhibitor for the general corrosion of copper, this paper
documents the occurrence of intergranular corrosion (IGC) of copper in a salt solution (3.5 wt.% NaCl) in the presence of 1 mM BTAH.
This occurs above a breakdown potential, Eb, at the end of the passive region. Higher concentrations of BTAH broaden the passive
region and shift Eb to more noble values. Pitting is the mode of corrosion above Eb in the presence of a higher concentration of BTAH,
while IGC occurs above Eb in the presence of 1 mM of BTAH.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The interaction of benzotriazole (BTAH) with the sur-
faces of copper and its alloys is a subject of considerable
importance in connection with its use as a corrosion inhib-
itor. The subject has been extensively studied and the
mechanisms of inhibition well documented. Two mecha-
nisms have been proposed, postulating the formation of a
polymeric film of Cu(I)–BTA [1–9] or an adsorbed layer
of BTAH on the surface [1–3,10–16]. The above works
dealt predominantly with the efficiency of BTAH as an
inhibitor for the corrosion of copper and its alloys under
free corrosion conditions.

The behavior of BATH and the stability of the protec-
tive film have not been explored at more noble potentials
than that of free corrosion in laboratory tests. This is a par-
ticularly significant point in view of the fact that copper
and its alloys are protected with BTAH in many service
environments containing dissolved oxidants. Such oxidants
raise the free corrosion potential significantly above the
values normally measured in laboratory experiments.
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Intergranular corrosion (IGC) of copper often received
much less attention than some other forms of corrosion.
This paper documents the occurrence of intergranular cor-
rosion (IGC) of copper in an aqueous medium of 3.5 wt.%
NaCl, which has the nominal salt level of sea water, in the
presence of a low concentration of BTAH. In addition to
the serious consequences of this phenomenon, which has
not been recognized, chloride brines are particularly signif-
icant in connection with the extensive use of copper and its
alloys in marine environments [17], refineries [18–20], and
power generation [21] which are of particular importance
to Kuwait and the Gulf region. Furthermore, some refer-
ences in the literature suggest that lower concentrations
of BTAH promote, rather than inhibit, the corrosion of
copper [22,23], while many others point to a favorable
effect of chloride ions on the stability and efficiency of
the copper–BTAH complex [24–26].

2. Experimental

Electrodes were prepared from Cu (99.9%) obtained
from Goodfellow. The Cu electrodes (disks of area
0.2 cm2) were polished using SiC papers successively down
to 2400 grits, followed by 0.3 lm alumina to acquire a
mirror-like finish. A conventional three-electrode cell was
vier Ltd. All rights reserved.
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Fig. 2. Effect of the concentration of BTAH on the current transient
supported by the copper electrodes (0.2 cm2) polarized at (a) 0 V (Ag/
AgCl) in 1 · 10�3 M BTAH, (b) 0.2 V (Ag/AgCl) in 5 · 10�3 M BTAH
and (c) 0.2 V (Ag/AgCl) in 1 · 10�2 M BTAH. These potentials are in the
middle of the passive region.
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used with a Ag/AgCl reference electrode, E = 0.197 V
SHE, and a Pt sheet counter electrode. Solutions were pre-
pared using deionized water, BTAH from Aldrich and
NaCl from Fluka.

Potentiodynamic polarization curves (at a scan rate of
2 mV s�1) and potentiostatic polarization curves (at
selected potentials) were measured on Cu electrodes in
3.5 wt.% NaCl solutions containing 0, 10�3, 5 · 10�3 and
10�2 M BTAH. Potential scanning was from less to more
noble potentials. Measurements were performed at
25 ± 1 �C while the electrolyte was stirred using a magnetic
stirrer without gas bubbling. The surfaces of the electrodes
were examined using a scanning electron microscope (JSM-
6300 JEOL).

All measurements were done while the solutions were
open to air.

3. Results

The effect of BTAH on the polarization behavior of cop-
per in 3.5 wt.% NaCl is shown in Fig. 1. BTAH has a
strong inhibiting effect on the rate of anodic dissolution
of copper. This inhibiting effects prevails throughout a pas-
sive region which extends from the free corrosion potential
(�0.257 V Ag/AgCl) up to the breakdown potential, Eb.
An increase in the concentration of BTAH shifts the break-
down potential, Eb, to more noble values. Beyond Eb, the
current increases rapidly with potential (see curves b and
c).

This inhibiting effect was also tested by measuring the
current transients supported by copper electrodes upon
being polarized at selected potentials within the passive
region in the presence of various concentrations of BTAH.
The current transients are shown in Fig. 2 while the SEM
images are shown in Fig. 3. These images were taken after
each specimen was polarized for 3 h at the chosen poten-
tial. Note the decrease in the current and in the extent of
corrosion upon increase of the concentration of BTAH.
Fig. 1. Polarization curves of Cu electrodes in 3.5 wt.% NaCl in the
presence of different concentrations of BTAH: (a) 0, (b) 1 · 10�3 and (c)
5 · 10�3 M. The break down potential, Eb is marked for curves b and c.
Other sets of current transients and SEM images were
obtained at potentials above the breakdown potentials,
Eb, in the presence of different concentrations of BTAH.
The current transients are shown in Fig. 4 while the
localized corrosion is documented by SEM images in
Fig. 5(a)–(d). The images in Fig. 5(a)–(c) display intergran-
ular corrosion at different locations of the surface that was
polarized at 0.2 V (Ag/AgCl) in the presence of 10�3 M
BTAH. On the other hand the images in 5d reveal the pres-
ence of pits (black spots in the circled regions) in the copper
surface polarized at 0.6 V (Ag/AgCl) in the presence of
5 · 10�3 M BTAH.

4. Discussion

The anodic branch in the polarization curve (Fig. 1)
shows a passive region that extends for about 0.4 V above
the free corrosion potential. This region ends at a break-
down potential, Eb, which is about 0.176 V (Ag/AgCl) in
the presence of 1 · 10�3 M BTAH. During this passive
region, the anodic dissolution current decreases by about
two orders of magnitudes in the presence of 1 · 10�3 M
BTAH compared to the unprotected chloride medium
(compare Fig. 1(a) and (b)). The inhibiting effect of BTAH
in the passive region is attributed to the formation of the
Cu(I)BTA complex via an adsorption process, i.e.

CuðsÞ þ BTAHðaqÞ ¼ Cu:BTAHðadsÞ þHþ
ðaqÞ ð1Þ

where Cu:BTAH(ads) refers to BTAH adsorbed on the cop-
per surface. Under oxidizing conditions, this adsorbed
species can be oxidized to give the protective complex, i.e.

Cu:BTAHðadsÞ ¼ CuðIÞBTAðsÞ þHþ
ðaqÞ þ e� ð2Þ

Increasing the BTAH concentration shifts reactions 1 and 2
towards the formation of more of the protective complex
Cu(I)BTA. This, in turn, shifts Eb to more noble values
and hence broadens the passive region in the polarization



Fig. 3. SEM micrographs of Cu after being polarized in the 3.5% NaCl for 3 h under the following conditions: (a) 0 M BTAH at 0 V (Ag/AgCl), (b)
10�3 M BTAH at 0 V (Ag/AgCl), (c) 5 · 10�3 M BTAH at 0.2 V (Ag/AgCl) and (d) 10�2 M BTAH at 0.2 V (Ag/AgCl). The potentials in (b), (c) and (d)
are in the middle of the passive region.

Fig. 4. Current transients of Cu electrodes polarized above the break-
down potential under the following conditions: (a) 10�3 M BTAH at
0.200 V (Ag/AgCl), Eb = 0.176 V Ag/AgCl, (b) 5 · 10�3 M BTAH
at 0.600 V (Ag/AgCl) Eb = 0.435 V Ag/AgCl and (c) 10�2 M BTAH at
0.600 V (Ag/AgCl). Eb = 0.435 V Ag/AgCl.
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curve. The value of Eb is 0.435 V (Ag/AgCl) for 5 · 10�3 M
BTAH compared to 0.176 V (Ag/AgCl) in the presence of
10�3 M BTAH. Beyond the breakdown potential, the cur-
rent increases rapidly with potential. This is attributed to
localized corrosion which is documented by the SEM
images presented below. The form of this localized corro-
sion depends on the concentration of BTAH as shown
below.

An increase in the concentration of BTAH is associated
with a decrease in the current in the passive region (Fig. 2)
and a decrease in the extent of corrosion (Fig. 3). An order
of magnitude increase in the concentration of BTAH (from
10�3 to 10�2 M) decreases the current in the passive region
by about two orders of magnitude (compare curves a and c
in Fig. 2). Note the frequent current spikes in curve b which
are attributed to initiation and passivation of metastable
pits. The absence of these spikes in curve c is a consequence
of the high protection efficiency brought about by the high
concentration of BTAH (10�2 M) which does not allow ini-
tiation of pits (see also Fig. 3(d)). Similar spikes exist in
curve a although they are less visible in view of the differ-
ences in the (logarithmic) scale of the current.

The presence of BTAH has a profound effect on the
extent of corrosion (see Fig. 3(a)–(d)). While Fig. 3(a)
shows extensive general corrosion of the surface that was
tested in the absence of BTAH, the images in (b), (c) and
(d) show progressively lower extents of corrosion of the
surface in the presence of 10�3, 5 · 10�3 and 10�2 M
BTAH, respectively. Some residual pits resist the inhibiting
effects of BTAH at its highest concentration, as seen in the
image (d). Such pits may account for the small current
(�100 nA) provided by the electrode in the presence of
10�2 M BTAH (see curve in Fig. 2).

In Fig. 4, the Cu electrodes were polarized at potentials
above the breakdown potentials, Eb, in the presence of
various concentrations of BTAH. The steady current in
the presence of 10�3 M BTAH is an order of magnitude
greater than those measured in the presence of the higher



Fig. 5. SEM micrographs of Cu after being polarized in 3.5 wt.% NaCl for 3 h above the breakdown potential, Eb, under the following conditions: (a)–(c)
intergranular corrosion in the presence of 10�3 M BTAH at 0.2 V (Ag/AgCl) and (d) pitting corrosion in the presence of 5 · 10�3 M BTAH at 0.6 V (Ag/
AgCl). Images (a)–(c) are different regions of the same sample. The black spots inside the encircled regions in image (d) are attributed to pits.
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concentrations of 5 · 10�3 and 10�2 M BTAH. This large
current (curve a) is attributed to the extensive intergranular
corrosion (IGC) that occurs in the presence of 10�3 M
BTAH under a potential of 0.2 V (Ag/AgCl), see
Fig. 5(a)–(c) which show various regions of the sample.
This IGC occurred at a potential (0.2 V) that is only
0.024 V more noble than the breakdown potential which
is 0.176 V (Ag/AgCl) in the presence of 1 mM BTAH.

On the other hand, Fig. 5(d) was obtained after the elec-
trode was polarized at 0.6 V (Ag/AgCl) for 3 h in the pres-
ence of 5 · 10�3 M BTAH. This potential is more noble
than the corresponding Eb (0.435 V Ag/AgCl). The prevail-
ing mode of localized corrosion under this condition is not
IGC but rather pitting corrosion. The locations of these
pits are the black spots which are inside the white circles.

Intergranular corrosion is often attributed to the geom-
etry of the tilted grain boundaries [27–29] and the segrega-
tion of impurities such as Ni, Sb and As [30,31] to this
region. BTAH is known to be a highly efficient inhibitor
for the corrosion of copper and much less efficient for other
metals such as Ni [32] and Zn [33]. Hence, in view of the
low concentration (1 · 10�3 M BTAH) and the low affinity
of BTAH to adsorb on the grain boundary impurities, the
amount of BTAH adsorbed onto the grain boundary
regions is too small to protect it against corrosion.

5. Summary

Using electrochemical and surface characterization tech-
niques, it is shown that benzotriazole (BTAH) passivates
the surface of copper in 3.5% NaCl. The extent of this pas-
sivation increases with the concentration of BTAH.
Beyond the passive region, the metal undergoes intergran-
ular corrosion in the presence of 1 mM BTAH whereas it
undergoes pitting corrosion in the presence of a higher
concentration of BTAH.
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