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Abstract

Atmospheric corrosion of brass in sodium chloride (NaCl) and ammonium sulfate (NH4)2SO4 solution during
wet/dry cyclic conditions was investigated. The effects of various parameters on the corrosion rate were studied
including temperature, pH and surface inclination. The polarization resistance of brass samples, subjected to 1 h
immersion and 7 h drying at 60% RH was monitored using an AC impedance. The corrosion rate measured at
low temperature was found to be significantly lower than that observed at high temperature. The average
reciprocal polarization resistance (VARPR) was also calculated during exposure. It decreased with the number of
exposure cycles during the initial stages and attained a steady state value during the last stage of exposure. An
atmospheric corrosion mechanism for brass, describing the successive stages during exposure, is subsequently
proposed.

1. Introduction

Copper and its alloys are widely used in many
industrial fields, especially in marine applications.
Brass alloys are essential materials and meet the
industrial requirements as well as commercial applica-
tions. A comparative study on the passivation and
localized corrosion of a and b – brass immersed in a
buffer chloride solution was studied by using X-ray
Photo-electron and Auger Electron Spectroscopy [1,
2]. The Passivation of brass was attributed to the
formation of a complex passive layer consisting of
ZnO and Cu2O. An increase in chloride concentration
produces a substantial decrease in the passive
potential and promotes pitting corrosion. The anodic
dissolution of b – brass was investigated by using
chronoamperometry in Na2SO4, NaCl and H2SO4

solutions at 30 �C [3]. The corrosion behavior of
brass in 0.1 M NaCl solution was investigated using
Voltametry [4]. It is assumed that the cuprous
chloride complex ion CuCl2

) accelerates the dezincifi-
cation of the brass in hydrochloric acid due to
catalyzing the dissolution of copper to cupric species
[5]. The disproportionation of Cu(1) species into Cu
and Cu2+ was suggested as a probable process for
dezincification in chloride solution [6]. The dezincifi-
cation of three commercial brasses, with compositions
of 70/30, 63/37 and 60/40 (Cu/Zn) in 15.7 N

ammonia was evaluated using immersion tests, solu-
tion analysis and potentiostatic polarization measure-
ments [7]. The results indicated that the corrosion
and dezincification rates increased with corrodent
copper concentration. Recently, Multi-analytical in
situ investigations of the early stages of corrosion of
copper, zinc as well as binary copper/zinc alloys were
studied in synthetic air with 80% relative humidity
(RH) and synthetic air with 80% RH and 250 ppb
SO2 [8]. The experimental results showed that an
increase of the zinc content in the brass alloy leads to
a dimensional increase of the corrosion features
formed on the alloy surface during weathering. AC
impedance was applied recently to monitor the
atmospheric corrosion of plain carbon steel [9] metals
[10–14], weathering steel [15], and coated steel [16,
17].
In previous studies, little attention was paid to the

atmospheric corrosion mechanism of brass, studied
during wet/dry cyclic conditions. The aim of this work is
to gain a better understanding of the corrosion mechan-
ism that brass experiences during wet–dry cycling
conditions as well as during variable experimental
conditions including: temperature, pH and inclination
surface. This work will also investigate the influence of
ammonium sulfate solution on the overall corrosion
behavior of brass.
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2. Experimental

A brass electrode was prepared from 1 mm thick brass
sheet with a composition of Cu 70% and Zn 30%. A two
electrode-cell, with dimensions of 10 mm · 10 mm was
embedded in parallel and 0.1 mm apart, in an epoxy
resin and was employed in an impedance measurement.
A wet–dry cycle was conducted simulating actual
exposure using alternating conditions, which consisted
of 1 h immersion in NaCl or ammonium sulfate
solutions and 7 h drying time, in a chamber set at
25 �C and 60% RH. The cell was placed horizontally
facing upward, in an acrylic vessel. The test solution was
introduced into the vessel through an electromagnetic
valve, which controlled by using a cyclic on–off timer.
The solution was then drained after 1h of immersion
using another electromagnetic valve and the specimen
was then allowed to dry for 7 h. The electrode was
abraded mechanically with SiC paper with differing
grades of up to 4000 mesh, and then cleaned with
ethanol in an ultrasonic bath.
The polarization resistance measurement was carried

out by using an AC impedance Corrosion Monitor
(Riken Denshi CT-3) with a multiplexer controlled by a
computer through the RS-232 C interface. Impedance
was measured at two frequency points of 10 kHz (ZH)
and 10 mHz (ZL). Polarization resistance Rp was
determined by subtracting ZH from ZL. A more detailed
description of experimental procedure has been pre-
sented previously [11, 16, 17].
The composition of the corrosion products was

analyzed using X-ray diffraction (XRD), after 72 h of
exposure.

3. Results and discussion

3.1. Influence of pH

Figure 1 shows the reciprocal of polarization resistance
versus the exposure time measured in 0.05 M NaCl
solution at pH = 7 and pH = 4 at 60% RH and at
298 K. The reciprocal of polarization resistance is
proportional to the corrosion rate [18]. The average of
reciprocal of polarization resistance per cycle (VARPR),
which is proportional to the average corrosion rate per
cycle, can be calculated by using the following equation:

The average of the reciprocal of

polarization resistance (VARPRÞ ¼
Z t

0

1=Rpdt
ð1Þ

where t is the time of wetness (TOW). It can be
estimated from the data acquired during 1/Rp versus
exposure time as the total elapsed time starting from the
wetting period to a time just before the completion of
surface drying (1/Rp dropped to a value of zero during

complete drying of surface). The value of VARPR was
calculated from Equation (1) and is presented in
Figure 2 versus the exposure cycle number. The
influence of the chloride ion is remarkable in acidic
medium (pH = 4) and increases gradually until cycle
number 6, and then reaches a steady state value during
the last three cycles. The continuous increase in VARPR
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Fig. 1. 1/Rp versus exposure time for brass in 0.05 M NaCl mea-

sured at different pH and 60% RH and at 298 K during wet/dry cyc-

lic conditions.
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observed with increasing exposure cycle number was
attributed to the continuous dissolution of the zinc
corrosion product, which subsequently washed away
from the surface. The steady state observed during the
last stages of exposure was attributed to the formation
of stable corrosion products. The compounds identified
by X-ray analysis indicate the presence of Cu2O, Cu,
Cu2Cl (OH)3 in the acidic medium. At pH 7, VARPR

decreases rapidly during the first three cycles then more
slowly up to the fourth cycle and eventually attains a
steady state during the last five cycles. The rapid
decrease in VARPR was attributed to the dissolution
of air-formed oxide film. The steady state observed
during the last stages of monitoring was attributed to
the accumulation of corrosion products, which cover
the entire surface. X-ray diffraction indicated the
presence of Cu2O, Cu, Cu2Cl (OH)3, Zn5(OH)8Cl2
H2O and ZnO. The higher corrosion rate observed
during the initial stage of brass exposure, in the acidic
solution than in a neutral solution can be attributed to
the higher solubility of ZnO in the acidic medium [19].
Baugh [20] found that the oxide film formed in the pH
range 3.8–5.8 was porous and not passivating. A zinc
oxide is not stable in the acidic medium and dissolves
as [21]:

ZnOþ 2Hþ ¼ Zn2þ þH2O: ð2Þ

The reaction of brass in the acidic solution can be
represented by [22, 23]:

2ZnðCu�ZnÞ þO2 þ 4Hþ ¼ 2Zn2þ þ 2H2O ð3Þ

4CuðCu�ZnÞ þO2 þ 4Hþ ¼ 4Cuþ þ 2H2O ð4Þ

It is assumed that the cuprous chloride ion accelerates
the dezincification of brass in the acidic media due to
catalyzing the dissolution of copper, which was conse-
quently deposited, at the expense of zinc dissolution [5].
The disproportionation of Cu(I) species into Cu and

Cu2+ was also suggested as a probable process for
dezincification in chloride solution [6, 24, 25].

3.2. Influence of temperature

Two experiments were conducted in order to investigate
the influence of temperature in 0.025 M NaCl solution at
298 K and 313 K at 60% RH. Figure 3 shows the
variation of 1/Rp with exposure time. It is notable that
1/Rp decreases rapidly during the initial stages then
more slowly and eventually reaches a steady state value
during the last stages of exposure. The VARPR values
were estimated and displayed against the number of
exposure cycles as shown in Figure 4. An increase in
temperature leads to an increase in the corrosion
process. The results may be attributed to the high
dissolution process of the brass measured at high
temperatures and monitored during the immersion

period. These results can also account for the enhance-
ment of the diffusion process of oxygen during the
drying period and observed during the thin electrolyte
layers. The VARPR value is high during the first cycle of
exposure due to the selective dissolution of zinc during
the initial stage of immersion. The lower corrosion rate
at low temperature may be attributed to harder, less
permeable [26] and adherent [27] corrosion products. In
addition, as the temperature increases, the drying time
decreases as a result of rapid surface evaporation, which
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leads to the formation of cracks and defects within the
corrosion products. These defectives sites facilitate the
diffusion of oxygen through thin electrolyte layers,
occurring during the drying period and enhance oxygen
reduction. During the last stage of immersion, the
amount of corrosion products increased gradually with
immersion time. The surface attained a steady state
during cycles number 5 and 7 at 293 and 313 K,
respectively. This result can be attributed to the low
dissolution process of the corrosion products, which
leads to the rapid passivation of the surface at 293 K.
X-ray diffraction analysis indicated that the films formed
on brass were predominantly Cu2O and Zn5(OH)8Cl2
H2O; this is consistent with the results reported pre-
viously for brass tested in tarnishing solutions [28–30] as
well as in a marine environment [31]. The results reported
previously indicated an increase in the corrosion rate with
increase in temperature [32].

3.3. The influence of surface inclination

Two experiments were performed in order to investigate
the influence of surface inclination measured from the
horizontal while immersed in a 0.075 M NaCl solution at
60% RH and at 298 K. The first specimen was placed
horizontally facing upward and the second was oriented
at 30�. Figure 5 shows the variation of 1/Rp against
exposure time. The value of VARPR is plotted against the
number of exposure cycles in Figure 6. VARPR decreases
with surface inclination. This difference in behavior was
attributed to the differing TOW, which was estimated
from the data shown in Figure 5 and found to be 4.3 h/
cycle and 1 h/cycle for the horizontal and the inclined
specimen, respectively.
The presence of electrolyte over the surface in the

horizontal specimen enhanced the corrosion process
during the drying process and the corrosion rate
increased as the time of drying progressed, until the
surface was completely dried. The thinning process,
which occurrs due to the evaporation of electrolyte,
leads to enhancement of diffusion and oxygen reduction
through the thin electrolyte layers. However, the surface
which is passivated during the immersion period (1 h per
cycle) in the inclined specimen leads to a decrease in the
corrosion rate. During further exposure times, the
thickness of the corrosion products increases and effec-
tively reduces the corrosion rate. The greatest determining
effect observed for samples exposed at different inclina-
tions is attributed to the difference in TOW.

3.4. Atmospheric corrosion in an ammonium sulfate
solution

Ammonium and sulfate ions are the most abundant ions
existing in fine dust particles commonly found in urban
environments, hence an experiment was conducted in
0.01 M (NH4)2SO4 solution at 60% RH and at 298 K.
Figure 7 shows the variation of 1/Rp with exposure
time. Values of VARPR are presented versus the cycle

number in Figure 8. The corrosion rate is highest during
the initial stages due to the dissolution of the air-formed
oxide film followed by a dissolution of brass in
ammonium solution as [33]:

Cuþ 2NH3 �! Cu(NH3Þ
þ
2 þ e� ð5Þ
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Znþ 4NH3 �! Cu(NH3Þ
2þ
4 þ 2e�

The surface attains steady state during cycle four due to
the precipitation of hydrated ammonium copper sulfate
(NH4)2Cu (SO4)2Æ 6H2O, which is identified using X-ray
diffraction as a corrosion product.

3.5. Corrosion behavior within a single wet–dry cycle

Figure 9 shows the magnified plot of the fifth cycle
measured at 313 K in Figure 3. During the first hour
immersion in region I, the corrosion rate increases
substantially due to the high concentration of NaCl,
which precipitated from the fourth cycle. During the
drying period in region II the corrosion rate, increases
gradually as the drying time progresses. Corrosion rates
are greatly accelerated with thin electrolyte layers
because of the decrease in diffusion layer thickness,
which leads to a higher rate of oxygen reduction. The
corrosion rate drops to zero as the surface dries fully

during the third period of drying. After completely
drying the NaCl chloride and corrosion products started
to precipitate over the surface until the onset of the next
wetting period (sixth cycle).
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3.6. Mechanism of Brass corrosion during wet–dry
cycling conditions

The atmospheric corrosion of brass during wet/dry
cyclic condition proceeds through the dissolution/re-
deposition mechanism. Figure 10 shows the schematic
diagram of the corrosion process during wet/dry cyclic
conditions. Before immersion (at t = 0), the brass
surface is covered with a thin layer of air-formed oxide
film. The corrosion rate is highest during the initial
stages of immersion due to the dissolution of the air-
formed oxide film, which is enhanced at high tempera-
ture and in acidic medium. Preferential dissolution of
zinc occurs as:

ZnðCu�ZnÞ ¼ Zn2þ þ 2e� ð7Þ

Zinc is released faster than copper due to dezinci-
fication leading to surface enrichment of copper. The
surface consisted of compounds with different lattice
parameters structures, such as Cu2O Zn5(OH)8Cl2,
H2O and ZnO. This heterogeneity reduces the
protectivity of the surface film, and promotes
de-alloying. During the middle stages of the monitor-
ing process, corrosion products of zinc were formed
within the drying period. Parts of these corrosion
products were washed away from the surface during
the subsequent wetting period while others were
retained on the surface. The corrosion of copper
started through the porous film of the zinc corrosion
products, while the chloride ion penetrated and caused
copper corrosion as:

CuðCu�ZnÞ ¼ Cu2þ þ 2e� ð8Þ

The cathodic reaction is an oxygen reduction process,
which is enhanced during drying with thin electrolyte
layers.

O2 þ 2H2Oþ 4e� ¼ 4OH� ð9Þ

During the last stages of exposure the corrosion
products of copper formed over the zinc corrosion
products and caused a decrease in the corrosion rate.
The steady state observed during the last stage of
exposure cycles was attributed to complete covering of
the surface with corrosion products.
The insoluble corrosion products of zinc are porous

and cannot effectively suppress alloy dissolution during
the initial stage of monitoring. A protective corrosion
product is formed during last stages of monitoring due
to the re-deposition of copper corrosion products (Cu2O,
Cu, and Cu2Cl (OH)3), which cover the entire surface,
leading to a decrease in corrosion rate. The outermost
part of the corrosion product layer is poor in zinc, due to
the initial rapid leaching of zinc [21, 34]. ZnO is also more
soluble than Cu2O in chloride media and hence
dezincification is predicted [19]. The lower the corrosion

rate, the faster the steady state is achieved as observed at
low temperature (from cycles 7 to 9), with an inclined
sample (from cycles 4 to 9) and pH 7 (from cycles 6 to 9).

4. Conclusions

1. A ZnO layer provides passivity of brass until is
ruptured by dissolution, which leads to a high
corrosion rate during the initial stages of immer-
sion.

2. Dezincification is accelerated in an acidic chloride
medium, as well as with high temperature.

3. Corrosion of brass monitored during wet/dry cyclic
conditions proceeds through a dissolution/re-deposi-
tion mechanism.

4. The corrosion rate of brass in ammonium sulfate
solution increases during the initial stages then de-
creases as time progresses, eventually attaining a steady
state value during the last stages of monitoring.

5. The inclination of the surface to 30� from the hori-
zontal decreases the total extent of corrosion during
a cyclical wet–dry exposure due to electrolyte run-
off, which ultimately decreases the TOW.
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