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Abstract

The electrochemical behaviour of Cu–xZn alloys and of Cu and Zn metals was studied by cyclic voltammetry and
chronopotentiometry in borate buffer, pH = 9.2, with and without the addition of chloride ions in the range from
0.01 M to 1 M. In general, the shape of voltammograms of four Cu–xZn alloys with 10 – 40 wt.% of zinc resembles
that of copper more than that of zinc. With increasing zinc content several characteristics of zinc are observed. In
borate buffer containing chloride anions, Cu–xZn alloys are susceptible to pitting corrosion. The breakdown
potential, Eb, at which the current density in the passive region starts to increase abruptly, becomes more negative
with increasing zinc content in the alloy. The general relationship Eb = a+b log cNaCl held in all cases, with
constants a and b, however, being dependent on the zinc content of the alloy and on the chloride concentration. The
corrosion resistance of Cu–xZn alloys was less than that of copper metal but significantly greater than that of zinc.

1. Introduction

Brasses are technologically important materials and
have been studied extensively, especially in terms of
dezincification [1–3], corrosion inhibition [4–9] and
stress corrosion cracking [10–14]. Passivation in slightly
alkaline solution, with and without addition of chloride,
has not received much attention [15–20]. The passiv-
ation behaviour of brasses under these conditions is
interesting since the passivation of the copper and zinc
components occurs at a pH value of 9 [21]. It has been
recognized that the passivation of brasses is based on the
formation of a complex oxide layer consisting of ZnO
and Cu2O and CuO [16–21]. Morales et al. studied
extensively a-, (a +b)- and b-brasses with Zn contents
of 28 wt.%, 39 wt.% and 48 wt.%, respectively [17–19].
In the presence of chloride ions the resistance to
localized corrosion decreased with increasing zinc con-
tent [17]. Localized corrosion resistance was significantly
improved in the lower potential range, where zinc itself
is active. Rudd and Breslin reported that UV illumina-
tion has an activating effect on the passivation of
Cu–37Zn in chloride containing borate buffer [20]. Their
results were explained in terms of the nature of complex
films involving ZnOÆxH2O and Cu2O/CuO oxides. On
illumination, photodecomposition of the n-type ZnO
layer occurs, leading to a modification of the passive

film that renders it more susceptible to pitting attack in a
chloride environment [21]. The issue of selective disso-
lution was studied in slightly acid [22] and slightly
alkaline solutions [23]. The preferential dissolution of
zinc occurred at negative potentials, leaving the surface
enriched in copper. As the potential shifted in the more
noble direction, simultaneous dissolution of both com-
ponents took place [22, 23].
The behaviour of the individual metal components, Cu

and Zn, has been studied extensively. The passivation of
Cu is established as being due to formation of a duplex
Cu2O/CuO layer [24–26], whereas a ZnO/Zn(OH)2 layer
is responsible for passivation of Zn [27–29]. Various
commercial brasses have been described, for example
61Cu–35Zn–3.25Pb [15], 58Cu–40Zn–1.8Pb and 58Cu–
38Zn–3.5Pb [30], Cu37Zn brass [20, 22], and a-, (a +b)-
and b-brasses [17–19]. In our previous work the
passivation behaviour of a series of Cu–xZn alloys
(x = 10, 20, 30 and 40 wt.%) and Cu and Zn metals
was studied in borate buffer, pH = 9.2, by a combination
of electrochemical measurements and X-ray photoelec-
tron spectroscopy (XPS) [16]. The passive film formed on
Cu–10Zn andCu–20Zn alloys consists of Cu2O andCuO,
togetherwith a small amount of ZnO.The content of ZnO
in the passive film increases with increasing zinc content in
the alloy. In the present work the behaviour of Cu–xZn
alloys and individual metal components Cu and Zn is

Journal of Applied Electrochemistry (2005) 35:975–984 � Springer 2005
DOI 10.1007/s10800-005-6726-x



studied in borate buffer solution with and without the
addition of chloride ions, with a special emphasis on
measurement of breakdown potentials as a function of
chloride concentration and zinc content.

2. Experimental details

Copper–zinc alloys, Cu–xZn, (Wieland-Werke AG,
Ulm, Germany) are denoted according to their zinc
content: Cu–10Zn, Cu–20Zn, Cu–30Zn and Cu–40Zn,
where x is zinc content in wt.%. Copper (99.999%) and
zinc samples (99.95%) were ordered from Goodfellow,
Cambridge Ltd., U.K. Samples of 15-mm diameter and
2-mm thickness were cut from the foil and served as
working electrodes. Samples were abraded with emery
papers down to 4000 SiC, cleaned in an ultrasonic bath
for 2 min and finally rinsed with distilled water. They
were embedded in a Teflon holder to expose an area of
0.785 cm2 to the solution. Carbon rod and a saturated
calomel electrode (SCE) served as counter electrode and
reference electrode, respectively, in a conventional three-
electrode corrosion cell (PAR EG&G Model K0047).
Potentials in the text refer to the SCE scale. A PAR
EG&G Model 263 potentiostat/galvanostat controlled
by M270 software was used for electrochemical mea-
surements.
Measurements were performed in aerated borate

buffer (0.002 M NaOH and 0.022 M Na2B4O7Æ10 H20),
pH 9.2, prepared from p.a. chemicals and deionised
water. The addition of NaCl was studied in a concen-
tration range from 0.01 to 1 M (0.01, 0.0125, 0.02, 0.03,
0.04, 0.05, 0.1, 0.125, 0.2, 0.3, 0.5 and 1 M).
Cyclic voltammograms were recorded at a scan rate

of 10 mVs)1, unless stated otherwise. Prior to the
chronopotentiometric experiment the potential was
jumped from cathodic potential of )1.0 V to the
anodic potential of interest, Et, than the electrode
was polarised by a constant current of 0.1 mA and the
Et)t decay curves were recorded for 300 s. After
electrochemical measurements the electrode surface
was checked routinely with an Olympus SZH 10
stereomicroscope.

3. Results

3.1. Measurements in borate buffer (pH 9.2)

Cyclic voltammograms recorded in borate buffer for Cu
and Zn metals and four types of brasses (Cu–10Zn, Cu–
20Zn, Cu–30Zn and Cu–40Zn) offer a good overview
and enable a comparison of the current peaks and
corresponding electrochemical processes taking place on
the materials investigated (Figure 1). Cyclic voltammo-
grams were recorded in the range from )1.4 V to 1.1 V
for Cu and Cu–xZn alloys, and from )1.75 to 1.1 V for
Zn. Electrochemical reactions involved in the anodic
and cathodic parts of the voltammetric response of

copper have already been discussed [24–26]. The anodic
peak A1 at )0.05 V (Figure 1) corresponds to the
oxidation of Cu to Cu2O according to the reaction:

2CuþH2O ¼ Cu2Oþ 2Hþ þ 2e� ð1Þ
The oxidation proceeds further through the broad
passive region A2 according to the reaction:

Cu2OþH2O ¼ 2CuOþ 2Hþ þ 2e� ð2Þ
These reactions result in the formation of a duplex oxide
layer with inner Cu2O and outer hydrated CuO layers,
the overall structure being denoted as Cu/Cu2O/CuO
[24–26]. The passive range is limited by oxygen evolu-

Fig. 1. Cyclic voltammograms of Cu, Cu–xZn (x = 10–40 wt.%)

and Zn in borate buffer, pH = 9.2, recorded at 10 mV s)1. The in-

set shows the Zn voltammogram recorded up to 2.0 V.
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tion at E > 1.0 V. In the cathodic scan the reduction
proceeds in two steps. In the region of peak C2, the
outer CuO is reduced to Cu2O, which is then reduced to
Cu in the region of peak C1. For the anodic potential
limit Ea < 0 V, C1 is the only peak observed in the
cathodic cycle. At more positive Ea, peak C2 appears.
Zinc metal exhibits an anodic peak A3 at a rather

negative electrode potential of )1.1 V, which is in
accordance with the equilibrium potential of )1.18 V vs.
SCE [21] for the reaction at pH 9.2:

Znþ 2OH� ¼ ZnO þH2Oþ 2e�: ð3Þ
Following the peak A3, a broad passive region is

established which extends up to 1.4 V. Here it is limited
by trans-passive oxidation, denoted by the second
anodic peak A4 at 1.6 V related to the formation of
species of higher valence, Zn2O3, Zn3O5 or ZnO2 (inset
in Figure 1) [27]. A cathodic peak, C3, is observed for
anodic potential limits more positive than )0.9 V. It
shifts from )1.3 V to )1.6 V as Ea becomes more
positive. For Ea > 1.5 V, peak C3 is no longer observed,
as it becomes hidden by the hydrogen evolution curve.
The shape of the cyclic voltammograms recorded for

the four different types of brass is, in general, more
similar to that for Cu than for Zn metal. Voltammo-
grams for Cu–10Zn and Cu–20Zn alloys are very similar
to that for copper, except for a slight decrease in current
density of the cathodic peaks C1 and C2. A small
cathodic peak C* appears at )1.0 V, and is ascribed to
the electrodeposition of soluble Cu(II) species [16, 30]. It
increases with increasing time of polarization at
E > 0.9 V, where the formation of soluble Cu(II)
species is expected [16]. As the zinc content in the alloy
increases, several features originating from zinc can be
observed. The voltammogram of Cu–30Zn alloy con-
tains a new peak C3 at )1.3 V in the cathodic cycle.
This peak becomes more pronounced as the content of
Zn is increased to 40 wt.%. This increase of peak C3 is

related to the appearance of a new anodic peak A3.
Moreover, for Ea < 0.3 V, peaks A3 and C3 are the
only peaks in the cyclic voltammograms. Comparison
with the voltammogram for Zn metal indicates that
peaks A3 and C3 are related to the oxidation and
reduction, respectively, of the ZnO layer. Due to the
formation of this layer, the hydrogen evolution reaction
for alloys with higher zinc contents is shifted by
approximately 200 mV towards more negative poten-
tials.
Cyclic voltammograms were recorded as a function of

scan rate for Cu–10Zn and Cu–40Zn alloys within the
potential limits of )1.4 V and 1.1 V (Figure 2). Anodic
plateau A1 and two cathodic peaks C1 and C2 are
observed for Cu–10Zn alloy, whereas for Cu–40Zn
alloy, anodic peak A3 and anodic plateau A1, and
cathodic peaks C1, C2 and C3 are observed. Anodic
plateau A1 of Cu–40Zn alloy can be observed only for
m ‡ 20 mV s)1. The current density of the anodic and
cathodic peaks increases linearly with m1/2 (Figure 3).
The straight lines of anodic peak currents ip vs. m1/2

originate at the origin and have a slope of approximately
0.5 (0.51 for Cu–10Zn and 0.52 for Cu–40Zn) (Fig-
ure 3a) [31]. Peaks C1 and C2 of the Cu–10Zn alloy also
show a linear dependence, with slopes of )3.1 and )1.8,
respectively, whereas for Cu–40Zn alloy, the same peaks
exhibit slopes of )2.3 and )1.1 (Figure 3b). Peak C3
gives a slope of )3.9. The potentials of the anodic peak
and cathodic peaks move, with increasing scan rate,
towards more positive and negative values, respectively.
The dependence of peak potential Ep on log m for peak
A1 has slopes of 40 mV/decade and 45 mV/decade for
Cu–10Zn and Cu–40Zn, respectively (Figure 3c). For
cathodic peaks C1 and C2 of Cu–10Zn alloy the slopes
of Ep vs. log m are 110 and 95 mV/decade, respectively
(Figure 3d). For Cu–40Zn alloys, peaks C1 and C2 give
slopes of 90 and 62 mV/decade, whereas a value of
84 mV/decade was obtained for peak C3.

Fig. 2. Cyclic voltammograms of (a) Cu–10Zn and (b) Cu–40Zn recorded in borate buffer, pH = 9.2, at various potential scan rates.
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The process of electroreduction, observed in the
chronopotentiometric E)t decay curves and character-
ized by a potential plateau, was recorded after polari-
zation to various electrode potentials, Et. Its extent is
denoted as the transient time, s, which is, according to
the Sand’s equation [31, 32], related to the amount of
reduced species at the electrode surface. Depending on
the value of Et, two or three potential plateaus appear in
the decay curves (Figure 4). For Et 6 0 V the plateau
was not well defined but, for Et P 0.1 V, two or three
well-defined plateaus appeared (Table 1, Figure 4). E)t
decay curves were recorded for Cu, Zn and the four
Cu–xZn alloys at Et values of 0.3 V and 0.7 V were
shown in Figure 4. The related transient times, s1, s2 and
s3, determined from E)t curves according to the method
of Laity–McIntyre [31, p. 317], are presented for Et of
0.3 V, 0.5 V and 0.7 V (Table 1). For Cu metal, the
plateaus at )0.2 V and )0.5 V are analogous to the cur-
rent peaks in Figure 1 and correspond to the reduction
of CuO and Cu2O, respectively. Zinc shows only one

plateau at )1.2 V, in accordance with the reduction of
ZnO at peak C3 in Figure 1. From the measured
transition times and the constant current of 0.1 mA used
in the experiments, the charge density, Q, can be
calculated, taking into account the electrode area and
current efficiency of 100%. The values of charge density
can then be used to calculate the layer thickness [16].
The thickness of the Cu2O layer was calculated accord-
ing to the relation dCu2O

=(Qs1 ) Qs2) VCu2O
/2rF, where

the molar volume VCu2O
=23.9 cm3 mol)1, F is the

Faraday constant, 96487 C mol)1, and Q is the calcu-
lated charge in C cm)2. The roughness factor r is
assumed to be 1. The thickness of CuO was calculated
according to the relation dCuO=Qs2 VCuO/rF, where
VCuO=12.4 cm3 mol)1. The thickness of ZnO was sim-
ilarly calculated according to the relation dZnO=Qs3

VZnO/2rF, where VZnO= 14.9 cm3 mol)1. The values of
thickness are presented in Table 1.
The extent of plateaus s1 and s2 decreases from Cu–

10Zn towards Cu–40Zn, with the calculated thickness of

Fig. 3. Relationships ip vs. m1/2 and E vs. log m for anodic peak A1 and cathodic peaks C1, C2 and C3 were determined from the cyclic

voltammograms presented in Figure 2.
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Cu2O decreasing from 5.0 nm for Cu–10Zn to 1.7 nm
for Cu–40Zn alloy at Et=0.7 V, and that of CuO
decreasing from 1.5 to 0.65 nm (Table 1). For Cu–30Zn

and Cu–40Zn alloys a new plateau s3 appears at )1.2 V
which, by comparison with the curve for Zn, corre-
sponds to the reduction of ZnO. The calculated thick-
ness of ZnO is greater for Cu–40Zn (3.9 nm) than for
Cu–30Zn alloy (1.7 nm) at Et=0.5 V (Table 1). The
thickness of Cu2O and CuO oxide layers formed on
Cu–xZn alloys is smaller than that formed on Cu metal.
Similarly, the thickness of the ZnO oxide formed on
Cu–xZn alloys is smaller than that on Zn metal. It
should be noted, however, that the calculation of
thickness is subject to certain limitations, since the
passive layer has been shown probably to be composed
of mixed copper and zinc oxides and not of structured
oxide layers [16].
The chronopotentiometric experiments show that the

formation of ZnO not only diminishes the formation of
copper oxides, as indicated by a decrease in thickness,
but also substantially delays the formation of CuO. The
latter finding is supported by the fact that the potential
limit Et, after which the corresponding plateau s2
appears in E)t decay curves, is shifted to more negative
potentials. In the case of Cu and Cu–10Zn plateaus, s2
appears at Et ‡ 0.3 V but, for alloys with higher zinc
content, only at Et ‡ 0.5 V (Figure 4).

3.2. Measurements in borate buffer containing chloride
ions

The addition of chloride ions to borate buffer induces
localized pitting corrosion of the materials investigated.
This process exhibits several typical features in cyclic
voltammograms – narrowing of the passive region due
to a sudden increase in current density at the breakdown
potential Eb, a current hysteresis loop following the scan
reversal, and increase in charge of the cathodic
peaks. This behaviour is illustrated in Figure 5 for Cu,
Cu–10Zn, Cu–40Zn and Zn in the presence of four
different NaCl concentrations. The values of Eb shift
towards more negative values as the NaCl concentration
is increased. The charge associated with cathodic peak
C2 increases significantly due to the increased formation
of corrosion products in the course of the breakdown
process. Cu–10Zn alloy shows slightly more negative
values of Eb than for Cu, whereas Cu–40Zn alloy shows
significantly more negative values than for both Cu and
Cu–10Zn. In general, the value of Eb shifts towards
more negative potentials at higher zinc content, as
discussed in detail below. The values of Eb for Cu–40Zn
alloy show a much narrower span with increasing NaCl
concentration than those for Cu and Cu–10Zn alloy.
This behaviour is similar to zinc metal (Figure 5d). It is
noteworthy that the height of peak C3 for zinc is not
significantly affected by NaCl concentration, indicating
that the majority of species formed in chloride contain-
ing media are dissolved.
Several ways of determining the value of Eb have been

used [18, 34, 35]. From cyclic voltammograms recorded
at 0.2 mV s)1, it has been defined as the highest positive
potential involving an anodic current in the passive

Fig. 4. Chronopotentiometric curves for Cu, Zn, and Cu–xZn

(x = 10–40 wt.%) were recorded at cathodic current 0.1 mA follow-

ing the polarisation of the electrodes at the potentials of (a) 0.3 V

and (b) 0.7 V for 1 min.

Table 1. Transient times, s1, s2 and s3, and calculated thickness, d1,d2
and d3, of passive layers for plateaus C1, C2 and C3 for Cu, Cu–xZn

(x = 10–40%) and Zn, recorded at potential limits, Et, at a con-

stant current of 0.1 mA

s1/s d1/nm s2/s d2/nm s3/s d3/nm

Et=0.3 V

Cu 30 3.8 6 0.98

Cu–10Zn 28 3.6 5 0.82

Cu–20Zn 20 3.2 Undefined

Cu–30Zn 7 1.1 Undefined 20 2.0

Cu–40Zn 5 0.8 Undefined 26 2.6

Zn 31 3.0

Et=0.5 V

Cu 41 5.0 9 1.5

Cu–10Zn 29 3.4 7.5 1.2

Cu–20Zn 21 2.7 4 0.66

Cu–30Zn 12 1.4 3 0.49 21 2.1

Cu–40Zn 8 0.79 3 0.49 35 3.4

Zn 52 5.1

Et=0.7 V

Cu 49 6.0 11 1.9

Cu–10Zn 41 5.0 9 1.5

Cu–20Zn 29 3.6 6 0.98

Cu–30Zn 19 2.2 5 0.82 17 1.7

Cu–40Zn 15 1.7 4 0.65 40 3.9

Zn 62 6.1
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range [17]. From anodic polarization curves recorded at
0.3 mV s)1, it has been defined as the potential at which
the current density reaches the value of 0.1 mA cm)2

[34]. Yet another way to determine Eb was from Eb vs.
m plots, by extrapolating to zero potential scan rate [35].
In the present work the breakdown potential was
determined from cyclic voltammograms as the intercept
of the tangents drawn at the point of sudden current
density increase in the passive region (inset in
Figure 5d). Eb was determined in the presence of 12
NaCl concentrations ranging from 0.01 M to 1.0 M for
Cu and Zn metals and the four Cu–xZn alloys
(Figure 6). Generally, a common relationship between
Eb and NaCl concentration according to equation
Eb=a+b log cNaCl is established, with straight lines
drawn in a way to obtain a minimal relative error by
least square method (Table 2). For Cu metal, Eb obeys
the above logarithmic relation over the whole concen-
tration range studied, with the constant b=)0.28 V/
decade cNaCl. Zinc is susceptible to pitting corrosion

already at low chloride concentrations and increasing
concentration does not shift Eb significantly towards
more negative potentials, i.e., the slope is small
(b=)0.05 V/decade cNaCl). The relationships for the
four Cu–xZn alloys lie between these two limiting cases.
A critical concentration, ccrit, exists at which a change in
the slope occurs. The value of ccrit is dependent on the
zinc content in the alloy and decreases linearly from
0.14 M for Cu–10Zn to 0.04 M for Cu–40Zn (Table 2).
For c < ccrit the slope for Cu–10Zn alloy is )0.34 V/
decade cNaCl, similar to that for Cu ()0.28 V/decade
cNaCl). The slope increases with increasing zinc content
to )0.51 V/decade cNaCl for Cu–40Zn alloy. For c >
ccrit, lower slopes are obtained, from )0.11 to )0.06 V/
decade cNaCl, thus more similar to that for Zn ()0.05 V/
decade cNaCl). These results indicate that, for c < ccrit,
Cu–10Zn alloy is the most resistant towards localized
pitting corrosion. Resistance decreases with increasing
zinc content to 40 wt.%. As the ccrit for Cu–10Zn is
exceeded, the difference between particular alloys

Fig. 5. Cyclic voltammograms recorded for (a) Cu, (b) Cu–10Zn, (c) Cu–40Zn and (d) Zn in borate buffer, pH = 9.2, containing 0.05 M,

0.1 M, 0.2 M and 0.5 M NaCl. The inset in (d) presents the determination of the breakdown potential, Eb, m=10 mV s)1.
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becomes smaller and, for cNaCl > 0.14 M, all four alloys
show similar values of Eb, with Cu–10Zn alloy still being
the most resistant.
The electrode surface was examined for changes

accompanying the above phenomena. Potentiodynamic
scans were interrupted at a potential slightly above Eb

and the potential was then held at constant value for
2 min. Following this, an image of the surface was
taken with a stereomicroscope. Cu and Zn metals and
Cu–10Zn and Cu–40Zn alloys were investigated in
borate buffer containing NaCl concentrations of
0.05 M, 0.1 M, 0.2 M and 0.5 M (Figure 7). The corre-
sponding constant potentials were 0.6, 0.4, 0.2 and
0.1 V. Insets in Figure 7 show the resulting images of
the electrode surface. Cu and Cu–10Zn alloy show
similar behaviour in the presence of 0.05 M NaCl, with
the beginning of passive film breakdown at 0.61 and
0.55 V (Figure 7a). Spots of blue–green corrosion
product, presumably the oxychloride CuCl2Æ3CuOÆ4H2O,
were observed on the surface of Cu–10Zn alloy covered
with a red layer of Cu2O. Copper suffers almost no
apparent corrosion, including the formation of oxy-

chloride. Eb of Cu–40Zn alloy is more negative by
200 mV than that for Cu or Cu–10Zn, and is accom-
panied by a sharp increase in current density and the
formation of large amounts of blue–green oxychloride.
At higher concentrations of NaCl, the Eb values for
Cu–40Zn remained always more negative than those
for Cu and Cu–10Zn (Figure 7b–d). Zinc metal is very
susceptible to localized corrosion. As discussed above,
its passive region almost disappears with the addition
of only a small amount of chloride ions. In the
presence of only 0.05 M NaCl the Eb value shifts to
)0.75 V, as compared to chloride-free borate buffer,
where the passive region extends to 1.4 V (Figure 1). A
large increase in current density leads to pitting
corrosion. Localized corrosion is accompanied, in the
course of potentiostatic oxidation, by the formation of
small spots of whitish corrosion products, which
correspond to ZnO and/or ZnCl2. At higher chloride
concentrations, the localized corrosion progresses with
numerous deep small pits and a large amount of
voluminous whitish corrosion product, which accumu-
lates at the bottom of the cell.

Fig. 6. Relationship between Eb and logarithm of chloride concentration for Cu, Zn and four Cu–xZn alloys (x = 10, 20, 30 and 40 wt.%).

Table 2. General relationship Eb=a+b log cNaCl determined from voltammetric curves

Material CNaCl < Ccrit. R2 Ccrit./M CNaCl > Ccrit. R2

Cu Eb=)0.21–0.28log c 0.98

Cu–10Zn Eb=)0.53–0.34log c 0.98 0.14 Eb=)0.08–0.10 log c 0.82

Cu–20Zn Eb=)0.59–0.33 log c 0.96 0.125 Eb=)0.10–0.11 log c 0.95

Cu–30Zn Eb=)0.95–0.43 log c 0.93 0.09 Eb=)0.09–0.08 log c 0.92

Cu–40Zn Eb=)1.40–0.51 log c 0.97 0.04 Eb=)0.07–0.06 log c 0.83

Zn Eb=)0.97–0.05 log c 0.95
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4. Discussion

The electrochemical characteristics of a series of
Cu–xZn alloys and their comparison with those of the
individual metal components show that the passivation
in borate buffer of alloys with x 6 30 wt.% is governed
mainly by the copper component. This is in agreement
with observations on other copper alloys, such as Cu–Ni
alloys [33, 34, 36] and Cu–Ag [37], where the passivation
of alloys with high copper content resulted in the
formation of Cu oxide-rich passive film. The thickness
of the Cu-oxide layer decreases and that of Zn-oxide
increases with increasing zinc content (Table 1, Fig-
ure 4). In keeping with this, Morales et al. showed that
the outer region of the passive film on a-brass (71Cu–
28Zn) is richer in Cu2O than on b-brass (52Cu–47Zn)
[19]. Even though electrochemical characteristics of Cu–
10Zn alloy do not indicate the presence of ZnO in the
oxide film, XPS spectra have shown the formation of a

thin Zn oxide layer at potentials close to those at which
Cu2O forms [16].
The increased formation of ZnO progressively delays

the formation of Cu-oxides in alloys with higher zinc
contents, as shown by the chronopotentiometric
experiments (Figure 4), as well as by XPS analysis
[16]. Kim et al. also emphasized that the formation of
ZnO suppressed the subsequent copper oxidation [15].
The oxidation potential of Zn in brass was more
positive than that of pure zinc, which may result from
the alloying effect between copper and zinc in the brass
solid solution [15]. Based on these findings, it is clear
that the addition of zinc to the bulk material of copper
changes not only the physical, electrical and mechan-
ical properties, but also the structure and properties of
its passive film. The investigation of the structure of
the passive film by angle resolved XPS measurements
yielded no clear conclusion regarding the layer struc-
ture [16]. It was therefore assumed that the passive

Fig. 7. The anodic part of cyclic voltammograms recorded for Cu, Cu–10Zn, Cu–40Zn and Zn in borate buffer containing (a) 0.05 M,

(b) 0.1 M, (c) 0.2 M and (d) 0.5 M NaCl. Scan rate was 10 mV s)1. Photo insets are microscope images (magnification 7·) of the electrode

surface after potentiostatic polarization at 0.6 V, 0.4 V, 0.2 V and 0.1 V for 2 min.
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layer is not structured but is rather a mixed oxide layer
whose composition and/or structure may change with
depth [16].
The experimentally determined Eb vs. log cNaCl

straight lines for Cu and Zn are well separate from
each other (Figure 6). Straight lines for Cu–xZn alloys
are closer to that for Cu metal but always more negative.
Our previous study on Cu–xNi alloys has shown that Eb

vs. log cNaCl straight lines for Cu and Ni metals have a
cross-section [38]. Consequently, at lower chloride
concentrations, an increase in nickel content reduced
the resistance to pitting corrosion whereas, at higher
chloride concentrations, an increase in nickel content
was beneficial. In the case of Cu–xZn alloys, an increase
in zinc content is detrimental regardless of the chloride
concentration range. Therefore, ZnO/Cu2O/CuO-struc-
tured passive film is less resistant to pitting corrosion
than the Cu2O/CuO structure formed on Cu metal,
however, significantly more resistant than ZnO formed
on Zn metal. Similar results were observed by Morales
et al. for a-, (a +b)- and b-brasses with Zn contents of
28, 39 and 48 wt.%, respectively [17]. With increasing
zinc content in the alloy the resistance towards localized
corrosion in the presence of 0.01–0.5 M NaCl decreased
[18]. The improvement of localized corrosion resistance
is especially significant in the lower potential range, i.e.,
where zinc itself is active. In this range only the
dissolution of zinc, with formation of ZnO, is expected
for Zn metal, as well as for Cu–xZn alloys, since the
oxidation of copper becomes feasible only at more
positive potentials, i.e. E;

Zn2þ=Zn
¼ �0:76 V SHE and

E;
Cu2þ=Cu ¼ 0:34 V SHE [21]. Therefore, despite the fact

that ZnO layer is formed on Zn metal and Cu–xZn
alloys, the latter is significantly more corrosion resistant.
Morales et al. suggested that selective Zn dissolution in
the lower potential range leaves the underlying surface
enriched in copper [17]. Our previous study, where the
dissolution of Cu and Zn metals and Cu–xZn alloys
were investigated by differential anodic pulse stripping
(DAPS) voltammetry [23], corroborates such as expla-
nation. During polarization at potentials preceding the
anodic peak A1, only zinc ions were detected in the
solution, indicating the exclusive dissolution of zinc [23].
The measured concentration of dissolved zinc was
almost two orders of magnitude higher for Cu–40Zn
than for Cu–10Zn alloy. At potentials more positive
than the anodic peak both zinc and copper ions were
detected in solution, indicating that simultaneous disso-
lution of both components takes place. Their ratio in the
solution was not the same as that in the bulk alloy, since
the concentration of dissolved zinc was much higher
than that of dissolved copper.
Therefore, the Cu-rich sub-layer/ZnO/Cu2O/CuO is

more resistant to pitting corrosion than the ZnO layer
formed on Zn metal, since the Cu-rich sub-layer at the
alloy/film interface is resistant to corrosion at negative
potentials where Zn metal is otherwise susceptible to
pitting corrosion. On the other hand, such a structure is
less resistant than the Cu2O/CuO passive film formed on

Cumetal. This indicates that the incorporation of ZnO in
the passive film is not beneficial and promotes corrosion.
El- Sherif et al. showed that Eb values shifted in a more
negative direction with increasing zinc content (5.5–
38 wt.%), whereas a shift towards more positive values
was observed with increasing lead content [39]. The
increasing current density with increasing zinc content in
0.6 MNaCl was ascribed to the preferential dissolution of
zinc, which increased the disproportionation and/or
displacement reaction leading to the redeposition of Cu.
The latter process increases the cathodic area distribu-
tion, causing the formation of active galvanic couples,
and increases the corrosion rate of Cu–Zn alloys [39].
Such an explanation supports the results presented in this
work, since the incorporation of ZnO in the Cu2O/CuO-
structured passive film proved to have a negative effect on
corrosion resistance in chloride containing solution.

5. Conclusions

Electrochemical methods of cyclic voltammetry and
chronopotentiometry were used to study the formation
and composition of the passive film formed on four
Cu–xZn (x = 10–40 wt.%) alloys. Individual metal
components were studied for a thorough comparison.
The general properties of Cu–xZn alloys resemble those
of copper more than those of zinc. With increasing zinc
content the formation of ZnO also increases, thus
delaying and diminishing the formation of Cu oxides.
The addition of chloride ions to borate buffer alters

substantially the behaviour of the alloys and their
constituent metals. Over a wide range of chloride con-
centrations, Cu, followed by Cu–10Zn alloy, is the most
resistant to pitting corrosion, whereas Cu–40Zn alloy is
the least resistant. Zinc is susceptible to pitting corrosion,
even at low chloride concentrations, and shows the least
resistance of all the materials investigated. Values of
breakdown potentials, Eb, are dependent on chloride
concentration and zinc content. Eb for Cu–xZn alloys
decrease with increasing NaCl concentration up to a
certain critical concentration, ccrit., after which further
increase of NaCl does not significantly affect Eb, and the
difference between alloys becomes insignificant.
The structure of the passive film changes from Cu2O/

CuO, through ZnO/Cu2O/CuO, to ZnO. The resistance
of Cu–xZn alloys is poorer than that of copper metal,
but significantly better than for zinc metal. The results
are interpreted in terms of the advantageous formation
of a Cu-rich sublayer which is resistant to corrosion at
negative potentials, at which zinc metal is otherwise
susceptible to localized corrosion.
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