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Abstract

A bulk brass containing Cu-Zn was oxidized at high temperatures (from 200 °C to 700 °C). The
samples were cold rolled to reduce their thickness and the annealing process was applied. The
specimens were heated at different temperatures in a furnace for the same duration (45 minutes).
This paper examines the corrosion behavior of brass having an oxide surface obtained by heat
treatment. The corrosion rate experiments were conducted by linear sweep voltammetry using a
potentiostat. The corrosion properties of the specimens were analyzed by scanning the electrodes
in saline water including 3.5% NacCl at the scan rate of 2 mV s™. The corrosion behavior of the
electrodes was investigated by two subsequent cycles. The change of the heated brass surface
occurring after the corrosions test was also investigated. While the corrosion rate of the non-
annealed brass electrode was similar to that of annealed specimens for the first scan, the corrosion
rate of heat-treated specimens was dramatically decreased for the second scan. Pitting corrosion
of non-heated brass and passivation behavior of heated brass electrodes were observed. Therefore,
heat-treatment of brass can cause higher corrosion resistivity of the brass surface.
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1. Introduction The decomposition of the material into atoms
Corrosion is an important factor affecting or increasing the oxidation state of
both quality and economy all over the world. metals/alloys as a result of chemical reactions
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is called corrosion [1]. Corrosion is an
oxidation process that occurs when
metals/alloys react with an oxidant such as
oxygen that can be accelerated with
temperature [2]. Briefly, the corrosion of
material occurs either by the transformation
of the metal/alloy onto its surface with a
higher oxidation state or ion into a solution
(environment) [3,4]. The most common and
known natural resistance of corrosion is the
passive layer formation which is generally a
required process to avoid further corrosion.
Passive film is an ultra-thin film that acts as a
barrier against any reaction that may occur on
the surface of a metal and can be formed
spontaneously [5]. However, any metal
which cannot have a passivating layer could
hamper rusting easily [6]. Metals and alloys
are commonly used in the food industry as
preserving cups, Therefore, the corrosion
resistivity of these boxes should be increased.
The widespread use of metals depends on
their specific properties [7]. Metals and
alloys are selected depending on their
properties including mechanical, electrical,
thermal  conductivity  properties  [8].
Additionally, corrosion resistance is an
important parameter for materials selection
[9]. More than hundreds of copper alloys can
be used in various applications and some of
them can be coated or copper can be alloyed
to avoid corrosion [10]. Two of the most
common alloys are bronze and brass. Brass
has a yellowish color depending on the zinc
and copper ratio [11]. Due to its flexibility
and corrosion properties, brass is widely used
especially in the marine field. Due to its use
in the sea, brass is in constant danger of being
sensitized to corrosion. Corrosion that occurs
in the saltwater environment occurs faster
than in the air environment [12,13]. Chloride
jons can cause a serious risk of pitting
corrosion, especially in materials that come
into contact with saltwater [14].

A passive layer of copper oxide (CuO) could
occur on the surface of copper alloys. These
passive layers can protect the copper alloys
from the corrosive media [15]. Also, some

studies have been concerned about CuO film
applications on different material surfaces.
The coating of the CuO film on stainless steel
mesh  improves the electrochemical
performance of flexible stainless steel mesh
[16]. Yetim et al. [17] observed that CuO
nanoflowers can be used in energy materials.
Kog¢ [18] produced CuO-doped carbon
photodiode specimen. The sample has a high
potential for use as a substitute for graphene-
based photodiode detectors. The main reason
for zinc in brass is to increase its hardness,
wear-resistance, and strength. According to
investigations, the introduction of ZnO
additions in electrical materials generates an
increase in photodiode characteristics [19-
21]. However, due to the inclusion of ZnO in
the passive layer, brass could show lower
pitting resistance than copper. Another
important type of corrosion that occurs in
brass is dezincification [22,23]. This is the
result of selective corrosion of zinc, which is
less noble than copper. As the zinc is exited
from the brass lattice structure, voids are
created and a porous Cu-structure remains.
As a result, zinc can be removed from the
brass faster than copper and leaves a porous,
copper-rich and easily degradable metal on
alloy surfaces [24]. This dezincification
happens on all brass types, but some of them
can have higher kinetics and some of them
can take a long duration [25]. It is known that
the mechanical properties of copper alloys
such as brass can be improved by heat
treatment [26]. The annealing process can
increase the hardness and toughness of such
materials [27-29]. In this study, the effect of
the heat treatment process on the corrosion
properties of brass samples was investigated.
The corrosion resistivity of the bulk brass
was not examined. The electrochemical
behavior of the brass surface in the NaCl
solution was elucidated. The electrochemical
test was applied to the samples in the sodium
chloride environment. Pitting corrosion and
passivation behavior of non-heated and
heated samples were examined. Linear sweep
voltammetry was applied twice to non-
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annealed and annealed brass samples (heated
at 200, 300, 400, 500 and 700 °C for 45
minutes).

2. Materials and Methods

0.2 mm thick brass electrode consisting of
60% copper and 40% zinc mixture was
prepared by the rolling process. The cross-
section of brass electrodes was respectively
ground mechanically with 300, 600 and 1000
grit SiC sandpapers. The brass electrodes
were cut 1 cm in width. They were washed
with water and dried with hot air. The heat
treatment process was applied to the brass
electrodes in a muffle furnace. Different
temperatures were used to compare with the
original electrode. The set temperature was
200, 300, 400, 500 and 700 °C. The duration
of all brass heating was 45 minutes. Three
samples were left in the furnace at each
temperature to repeat the corrosion
experiments. AMETEK VERSASTAT 3-200
potentiostat was used for corrosion studies
and the cyclic polarization technique was
applied at room temperature. The cycling
electrolyte of 3.5% (by weight) NaCl in
distilled water was prepared to be used in the
experiments shown in this study. 3.5% (by
weight) NaCl solution can corrode a metal
similar to seawater. A silver/silver chloride
electrode (Ag/AgCl) was used to measure the
potential of the electrode. Before the
corrosion tests, all samples were cleaned with
distilled water. Corrosion test scan was
started at a potential which was -0.3 V less
than open circuit potential. The vertex
potential of the electrode cycling in NaCl
solution was +0.8 V. All potential presented
in this research was given against silver/silver
chloride reference electrode having saturated
potassium chloride. Two cycles were applied
to all measurements. The final potential of
cycling was again the potential which was the
value 0.3 V less than open circuit potential
(from the left-hand side of open circuit
potential). The scan rate for all brass
electrodes was 2 mV/s because a higher scan
rate is not useful to indicate the corrosion
rate.

3. Results and Discussion

Cold rolled brass electrode (60% Cu with
40% Zn) was heated in a muffle furnace. The
furnace was preheated to 200, 300, 400, 500
and 700 °C. Brass electrodes were oxidized
thermally in the furnace for 45 minutes. As it
was indicated that three samples were
annealed in the furnace without opening its
door. The electrodes were directly immersed
in NaCl solution as a working electrode.
Linear sweep voltammetry is normally used
for the corrosion response of electrodes in the
NaCl solution. However, in this study, a
cyclic polarization was applied to observe the
pitting behavior of the annealed brass. The
Tafel plot obtained as a result of the cyclic
polarization test of oxidized brass applied in
NaCl corrosive environment is given in
Figure 1a. During the cyclic polarization test,
two consecutive cycles were performed for
each sample. Figure 1(a) and Figure 1(b)
show the Tafel plot of the first oxidation from
a negative to a positive direction. Figure 1(b)
is the magnified version of Figure 1(a) in
order to explore the Ecor and lcorr Values.
Corrosion current density (lcorr) is obtained
by the intersection of the anodic and cathodic
branches of the polarization curves on the
Tafel plot of the samples tested. In the same
graph, the point obtained by the extension of
the anodic and cathodic branches through
voltage axes is called the corrosion potential
(Ecorr). The Ecorr and lcorr Values obtained from
Figure 1 are shown in Table 1.

While the corrosion potential of non-
annealed brass was -0.18 V, it was generally
decreased (going to more negative potential)
upon increasing annealing temperature as
observed in Figure 1. The corrosion potential
of the electrode heated at 200, 300, 400, 500
°C was -0.196, -0.225, -0.235 and -0.318 V,
respectively. The only exception which did
not follow the decreasing trend was the
electrode heated at 700 °C. The corrosion
potential of the brass heated at 700 °C was -
0.240 V. This could occur probably due to the
oxidation state of the zinc and copper in the
brass [30] for example copper becomes Cu20
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and CuO at 300 °C and 600 °C [31]. The
corrosion current value of the non-heated
brass was 10°2° A cm? (5.6 pA cm?). The
corrosion current for the electrodes annealed
at 200, 300, 400, 500 and 700 °C was 10>,
10910 10520 10°% and 10°% A cm?,
respectively as presented in Table 1. They
corresponded to 2.0 pA cm?, 0.8 pA cm?,
6.3 pA cm?, 2.5 pA cm™ and 1.5 pA cm™.
These results show that corrosion current
which is directly proportional to corrosion
rate did not change significantly because the
corrosion current of the annealed brasses was
generally close to that of non-annealed brass
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(5.6 nA cm™). The corrosion rate of heated
brass at 300 °C (0.8 pA cm™?) was seven
times lower than that of unheated brass (5.6
nA cm?). Therefore, corrosion resistance of
annealed brass at 300 °C was found higher
than the non-heat treated electrode surface.
The corrosion resistance that occurs with the
application of heat treatment at 300 °C is
thought to be caused by the copper oxide
formed on the surface. However, other
temperatures can not significantly increase
the corrosion resistivity of the brass
electrode.
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Figure 1. a) First cycles of Tafel polarization curves for heated at different temperatures,
b) Magnification of panel to illustrate Tafel polarization curves

Table 1. Ecor and lcorr data measured from Tafel plot of the first loop

Sample Ecorr (V) leorr (A cm'z)
No heat -0.180 10°%
200 °C -0.196 1070
300 °C -0.225 107610
400 °C -0.235 1020
500 °C -0.318 10590
700 °C -0.240 1083

When the Tafel curve of the first cycle was
examined, it was observed that as the
temperature applied to the electrodes in the
furnace increased, the corrosion resistance
did not change significantly. However, the
brass electrode exposed to a temperature of
700 °C gave a curve whose corrosion
potential was close to the corrosion potential

of the electrode exposed to a temperature of
300 and 400 °C. It was estimated that this
may occur due to the change in the structure
of the material heated at a different
temperature. The heated electrodes were
scanned between a negative potential up to
0.8 V and their Tafel plots were presented in
Figure 1. The same electrodes were not taken
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from the NaCl solution and they were again
polarized between the same potential
windows. The second sweeps of non-heated
and heated specimens in NaCl solution are
presented in Figure 2a. The closer look of the
linear sweep voltammetry given in Figure
2(a) is shown in Figure 2(b). Corrosion
currents and potentials of the electrodes are
tabulated in Table 2.

The corrosion potential of the non-heated
electrode cycled in NaCl solution for the
second time was -0.083 V. The corrosion
potential of the electrodes decreased
significantly. It can be seen in Figure 2 and
Table 2 that the corrosion potential of the
heated electrode in the NaCl bath for the
second sweeping was not affected by the
annealing temperature. The corrosion
potential of brass electrodes heated at 200,
300, 400, 500 °C was around -0.2 V. The
second corrosion current of the non-annealed
electrode was 1033¢ A cm™ (436 pA cm™). It
was shown above that the first corrosion
current of the non-treated electrode was 5.6
uA cm Therefore, the corrosion rate of the
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non-annealed brass electrode increased 78
times from 5.6 pA cm to 436 uA cm. This
means that an electrode polarized in the NaCl
pool can be 78 times more readily oxidized
(corroded) in the second polarization. This
behavior has been indicated for pitting
corrosion of metals and alloys in the literature
[31]. The corrosion current for the brasses
heated at 200, 300, 400, 500 and 700 °C was
10483 1049, 1048 1044 and 10*%> A cm"
2, respectively as given in Table 2. The
corrosion current for these electrodes were
respectively 14.8 uA cm,12.6 pA cm?, 13.2
pA cm?, 35.5 pA cm?, and 47.9 pA cm™
The corrosion rate of the electrodes swept for
the second time was similar to that for the
first time. Therefore, it could be concluded
that the heated electrodes were passivated
after the first polarization. The effect of
temperature was not observed for the
passivation of the electrodes. Heating at any
temperature from 200 °C to 300 °C could
create a passive layer on the bulk brass
surface.
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Figure 2. a) Second cycles of Tafel polarization curves for heated at different temperatures,
b) Magnification of panel to illustrate Tafel polarization curves

Unlike the first cycle, heating the electrodes
directly affected the corrosion rates in the
second cycle. It was observed that heating the
electrode using a heat treatment furnace
created a significant difference in corrosion
resistance during the second cycle. The
corrosion current density of the non-heated

electrode was 35 times higher than that of
heated at 300 °C brass. This shows that
pitting corrosion is not significant in the
heated brass and the passive layer of heated
brass at 300 °C was found stronger than the
original electrode surface. Copper oxide,
which provides the passive layer formed by
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collecting brass electrodes, is thought to be
more effective at annealing temperatures of
300 °C, 400 °C and 200 °C. Although the
heating of the electrodes did not have a
significant difference in the first corrosion
cycled in the %3.5 NaCl bath, it was observed
that it affected the formation of significant
corrosion resistance in the next cycle due to
the presence of a passive layer.

Figure 2 (a) shows the typical photo of the
NaCl solution before and after linear sweep
voltammetry of a heated brass. While the
color of the NaCl solution was transparent, it

was turned to yellow color after polarization
presented in Figure 2. Figure 3(b) shows the
photo of the heated brass electrode before and
after being tested in NaCl electrolyte. The
color change in the part immersed in liquid
can be given as an example of
dezincification. It can be deduced from its red
color which is well known for copper. It was
seen that the zinc atoms left the surface when
it was in the %3.5 NaCl environment and
brass had a copper-rich region on the
electrode area.

Table 2. Ecorand lcorr data measured from Tafel plot of the second loop

Sample Ecorr lcorr

No heat -0.083 10733
200 °C -0.242 1083
300 °C -0.251 1040
400 °C -0.267 1088
500 °C -0.232 10°44°
700 °C -0.210 1032

(a)
Figure 3. a) Photos of 3.5% NaCl solution before polarization (left side) and after polarization
(right side) of heated brass. b) Photos of heated bulk brass before polarization (left side) and

after polarization (right side) in 3.5% NaCl solution.

4. Conclusions

Cold rolled brass having 60% Cu with 40%
Zn was annealed at 200, 300, 400, 500 and
700 °C in a furnace for 45 minutes. The
resultant electrodes were transferred to NaCl
electrolyte for corrosion test. The test was
conducted by sweeping voltage from a
negative potential to 0.8 V against
silver/silver chloride electrode at the scan rate
of 2 mV s, The Tafel plots of heated brass
electrodes were obtained for two subsequent

(b)

scans. Corrosion current density of unheated
samples for the first scan was not changed
dramatically when the annealing temperature
increased. However, the corrosion potential
of the heated brass decreases with increasing
the temperature up to 500 °C. The corrosion
potential of the brass annealed at 700 °C was
similar to that at 300 °C probably because of
a different form of oxidation at high
temperatures. The corrosion resistivity of the
non-annealed and annealed brasses was
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similar to each other for the first scan as the
corrosion current values of them were close
to each other. However, the corrosion current
of annealed samples was significantly
decreased for the second scan. Therefore, the
corrosion rate of the brass could be decreased
significantly (around 50 times) by annealing.
Additionally, the corrosion potential of
heated brasses scanned for the second time in
NaCl solution was similar to each other and
did not depend on temperature. This occurred
because unheated brass could have pitting
corrosion and annealed brass can have a
passive layer in NaCl solution. This situation
was proved by the color change of the brasses
and the electrolyte in which brasses were
polarized.
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