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Abstract: The results of this research on the electrochemical behavior of Cu24Zn5Al alloy in a
0.1 mol/dm? sodium sulfate (NaySOy) solution containing 1-phenyl-5-mercaptotetrazole (PMT)
are presented in this paper. The influence of PMT concentration, chloride ion concentration, and
pre-treatment were examined. The influence of pre-treatment was studied in terms of the effect of
the immersion time of the electrode in the appropriate inhibitor solution. After selecting the optimal
immersion time, its effect on the behavior of the Cu24Zn5Al alloy was tested in a 0.1 mol/ dm3
solution of sodium sulfate in the presence of different concentrations of chloride ions. Research
shown that with the increase of PMT concentration, the anodic current density around the corrosion
potential decreases, indicating that PMT behaves as a corrosion inhibitor for Cu24Zn5Al alloy.

Keywords: Cu24Zn5Al; corrosion inhibitor; 1-phenyl-5-mercaptotetrazole; electrochemical measurement;
sodium sulfate solution; azoles

1. Introduction

CuZnAl is one of the first shape memory alloys (SMAs) based on copper, which has
found its commercial application [1]; for example, the devices of fire-preventing systems in
underground pit, the damper for reducing vibration [2], fluid fitting system [3], automotive
industry [4], various applications in engineering fields [5-7]. The primary benefit of CuZ-
nAl alloys is that they can be produced using conventional metallurgical methods from
relatively low-cost metals, which makes them more affordable compared to commercial
shape memory alloys (SMAs) [8-11]. The transformation temperature of the binary alloy is
typically too elevated for practical applications, and a third element (Zn) is usually incor-
porated to create a useful alloy [12]. Also, elevating the concentration of zinc enhances the
corrosion resistance of the alloys. CuAlNi-based SMAs have also shown some advantages,
but their use in biomedicine is problematic due to the fact that nickel is an allergen and due
to the tendency of these alloys towards pitting corrosion [13].

Due to the application of SMA alloys in the fluid fitting system [3], an investigation of
the corrosion behavior of SMA alloys in different environments is necessary.

The behavior of copper-based alloys in sodium sulfate solutions in the presence
of halides has been the subject of investigation by some researchers. Majed et al. [14]
investigated the behavior of brass in a sodium sulfate solution, with and without various
halides. It was observed that the corrosion potential shifts toward lower values in a sodium
sulfate solution with the presence of halide ions, compared to the corrosion potential of
brass in a sodium sulfate solution. Also, it was found that the presence of iodide ions had
the greatest influence on increasing the rate of brass corrosion.

Vrsalovic et al. [15] investigated the behavior of the CuAINi shape memory alloy in
sodium chloride solutions. The corrosion potential shift towards more negative values, with
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increasing chloride ion concentration, was observed. No pitting corrosion was identified on
the electrode surface as shown by the results obtained using scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDS) in a 0.1 wt.% sodium chloride
(NaCl) solution. However, it was identified in NaCl solutions of concentrations higher than
0.1 wt.%. EDS analysis showed the presence of copper oxide on the electrode surface, with
a small proportion of aluminum in the form of aluminum oxide. Many researchers have in-
vestigated the possibility of inhibiting the corrosion of copper and copper alloys. Inhibition
of the corrosion process using some organic compounds containing N and/or S atoms has
been particularly studied and explained by the fact that a bond with transition metals, such
as copper, is easily formed through these atoms [16-19]. The effectiveness of inhibition
can be ascribed to the adsorption process, i.e., the formation of a thin film of complexes on
the copper surface, which was represented as an inhibitor—copper bond [20-23]. For these
reasons, a large number of copper and copper alloy corrosion inhibitors from the group
of azoles [16-18], amines [19-23], amino acids [24-26], and others have been investigated.
The copper atom has an unoccupied d orbital, allowing it to form coordinate bonds with
atoms that donate electrons [27].

Due to the application of CuZnAl alloys in the fluid fitting system [3], as well as
various applications in engineering fields where the CuZnAl alloy can be exposed to various
corrosion environments, it is necessary to test the effectiveness of the application of various
corrosion inhibitors. In their research, Ye et al. [28] showed that the coordinative compound
formed on the surface of copper in the presence of 1-phenyl-5-mercaptotetrazole (PMT)
more efficiently inhibited the corrosion process of copper compared to the films formed
in the presence of tetrazole (TTA), benzotriazole (BTA), hydroxy benzotriazole (HBTA), 2-
mercaptobenzotriazole (MBT), 2-mercaptobenzimidazole (MBI), 2-aminopyrimidine (2-AP),
imidazole (IBM), and chromate. In the presence of PMT, a film was formed on the surface
of copper that can be best described as a composite structure Cu-PMT/Cu,O/Cu. By
measuring the weight loss in a solution of 1 mmol/dm? sulfuric acid (H,SOy) in the
presence of 5-mercapto-1-phenyltetrazole and without the presence of an inhibitor, it was
found that the weight loss was reduced in the solution with the inhibitor. This can be related
to the strong chemical bond of 5-mercapto-1-phenyltetrazole to the surface of copper [29].

The electron donating nitrogen atom and the properties of the -SH group have an
important role in the process of adsorption [1]. The PMT molecule probably adsorbs via the
-S or the coordinative bond of the -N atom from the tetrazole. Szocs et al. [30] evaluated the
inhibitory properties of PMT in acidic sulfate solutions, in which PMT exhibited excellent
inhibitory characteristics.

The aim of this study is to evaluate the corrosion behavior of the copper alloy
Cu24Zn5Al in blank 0.1 mol/dm? sodium sulfate, and in the presence of PMT as an
inhibitor. Additionally, the electrochemical behavior of the copper alloy was investigated
in 0.1 mol/dm?3 sodium sulfate in the presence of different concentrations of chloride.

2. Materials and Methods
2.1. Materials

For the experimental investigations, a Cu24Zn5Al electrode was used as the working
electrode, which was obtained by sealing a Cu24Zn5Al wire in a methyl methacrylate-
based mixture. The electrode surface area was 0.5 cm?. The chemical composition of the
electrode was determined by measuring with an optical emission spectrometer (Spectro 20,
Boschstrasse 10, Kleve, Germany) and is shown in Table 1.

Table 1. Chemical composition of the investigated alloy (wt.%).

Cu In Al Fe Other
70.91 24.00 5.02 0.05 0.02
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All solutions were prepared from chemicals of analytical purity. The test solution was
a 0.1 mol/dm? sodium sulfate solution.

The influence of the inhibitor on the corrosion behavior of the copper alloy was
investigated in solutions of different concentrations of 1-phenyl-5-mercaptotetrazole (PMT)
as follows: 2.5 x 107%,1 x 107%,5 x 107%,1 x 10*,and 1 x 107> mol/dm? of PMT in a
0.1 mol/dm3 sodium sulfate solution.

The impact of chloride ions on the corrosion behavior of the copper alloy was investi-
gated in a 0.1 mol/dm? sodium sulfate solution with the following concentrations of Cl~:
5%x1072,1x1072,1x 1073, and 1 x 10~* mol/dm>3.

To investigate the effect of electrode immersion time in the inhibitor solution, a PMT so-
lution with a concentration of 0.017 mol/dm? was used, which was prepared by dissolving
3.0298 g of PMT in 1 dm? of distilled water.

2.2. Methods

The samples of the investigated alloy were polished with alumina (Al,O3) with a
coarseness of 1 pm, washed with distilled water, dried, and immersed in the appropri-
ate solutions.

The electrochemical measurements were performed using a potentiostat that was
directly connected to a computer via an AD card, with a three-electrode cell. The saturated
calomel electrode (SCE) was used as the reference electrode, while a platinum electrode
was utilized as the auxiliary electrode.

The open circuit potential was determined for 30 min, after which anodic polarization
curves were recorded from the open circuit potential to approximately 1.0 V vs. SCE. The
measurements were performed at a scan rate of 1 mV/s. Cyclic voltammograms were
recorded from the corrosion potential to 1.0 V vs. SCE as well as from —1.0 V to 1.0 V vs.
SCE, with scan rates of 10 mV/s. All measurements were performed at room temperature.

The electrochemical characteristics of Cu24Zn5Al alloy in a sodium sulfate solution
with the addition of the investigated inhibitor, 1-phenyl-5-mercaptotetrazole, and chloride
ions, were tested as follows:

(A) Potentiodynamic polarization measurements (linear and cyclic voltammetry) were
conducted in a 0.1 mol/dm? sodium sulfate solution without and with the addition
of various concentrations of the inhibitor (2.5 x 1073 mol/dm?3, 1 x 1073 mol/dm3,
5 x 107* mol/dm?3,1 x 10~* mol/dm?, 1 x 10~> mol/dm?), as well as in 0.1 mol/dm?
sodium sulfate solutions containing various concentrations of chloride ions
(5 x 10~2 mol/dm?3, 1 x 102 mol/dm3, 1x 1073 mol/dms, 1x 1074 mol/dm3).

(B) The testing of the effect of the immersion time of the Cu24Zn5Al alloy in the 0.017 mol /dm?3
PMT solution was conducted by allowing the Cu24Zn5Al electrode to stand in the
solution for 15 min, 60 min, and 240 min, then rinsing with distilled water and imme-
diately subjecting it to potentiodynamic polarization measurements (linear and cyclic
voltammetry) in a 0.1 mol/dm? sodium sulfate solution. After obtaining the optimal
exposure time, the effect of chloride ions was examined by rinsing the Cu24Zn5Al elec-
trode that was immersed for 60 min (optimal time) in the 0.017 mol/dm3 PMT solution
with distilled water and immediately subjecting it to potentiodynamic polarization
measurements (linear and cyclic voltammetry) in a 0.1 mol/dm?® sodium sulfate
solution containing different concentrations of chloride ions (5 x 10~2 mol/dm?,
1 x 1072 mol/dm?3, 1 x 1073 mol/dm3, 1 x 10~% mol/dm?).

All tests were performed in duplicate.

3. Results and Discussion
3.1. Electrochemical Measurements
Influence of the Concentration of PMT

The electrochemical behavior of the Cu24Zn5Al alloy was investigated in a sodium
sulfate solution with different concentrations of PMT (1 x 1072, 1 x 1074, 5 x 1074,
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1 x 1073, and 2.5 x 103 mol/ dm3). The obtained results are shown in Figure 1 and
Table 2.

T T T T T T T T
-04 -0.3 -0.2 -0.1 0.0 0.1

Potential, E vs. SCE (V)

0.3

1—+—0.1 mol/dm®> Na,SO,
2 1x10™ molidm® PMT
3 1x10™# mol/dm® PMT
4 ——5x10" mol/dm® PMT
5—-—1x10"> mol/dm® PMT

6—-—2.5x10" mol/dm®° PMT

Figure 1. Potentiodynamic polarization curves of the Cu24Zn5Al alloy in 0.1 mol/dm? sodium

sulfate solution without and with the addition of various concentrations of PMT (scan rate 1 mV/s).

Table 2. Corrosion parameters of the Cu24Zn5Al alloy in 0.1 mol/ dm3 Na,S0, without and with the

addition of various concentrations of PMT.

Parameters
Concentration O Be Ba e
Unit
mol/dm3 PMT V vs. SCE V vs. SCE 1A /cm? V/dec V/dec %
/ —0.030 —0.040 4.7 —0.292 0.148 /
1x 107> —0.040 —0.054 2.1 —0.238 0.087 54.9
1x10* —0.035 —0.054 1.9 —0.379 0.084 58.4
5x 1074 —0.022 —0.020 2.0 —0.302 0.120 56.4
1x 1073 0.012 0.018 1.6 —0.299 0.091 66.1
25x1073 0.010 0.011 24 —0.440 0.110 485

From Figure 1, it can be observed that the corrosion potential shifts towards positive
values with the increase of PMT concentration in the solution [31]. Additionally, all current
densities, obtained by the polarization of the Cu24Zn5Al alloy in the solution of sodium
sulfate in the presence of different concentrations of PMT inhibitor, have lower values
(curves 2, 3,4, 5, and 6) than the current density obtained by polarization of the Cu24Zn5Al
alloy in the solution of sodium sulfate without an inhibitor (curve 1) [1,31-33].

This fact indicates that the tested PMT has an inhibitory effect in the vicinity of the

corrosion potential [31].

From Table 2, it can be seen that the OCP established on the Cu24Zn5Al alloy in the
sodium sulfate solution in the presence of different concentrations of the PMT inhibitor de-
pends on the concentration of the inhibitor. The obtained OCP of the Cu24Zn5Al alloy with
PMT concentrations of 5 x 104 mol/dm?, 1 x 1073 mol/dm?, and 2.5 x 10~3 mol/dm?>
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was more positive than the OCP of the alloy in the blank solution. In the presence of lower
PMT concentrations, the OCP values were close to the OCP in the blank solution (Table 2).
By comparing these values, it can be said that there is a shift in the OCP in the positive
direction, which is consistent with the literature [24]. However, the OCP shift was less than
85 mV, indicating that PMT behaved as a mixed type [1,31,34].

The mechanism of inhibition relies on the creation of a polymer film consisting of
Cu-PMT [28,35]. Through the dissolution of the relatively more electronegative zinc and
aluminum, the copper content on the surface of the alloy increases, enabling the inhibitor to
form a protective film that strongly attaches to the surface by reacting with Cu+ ions [29,36].

The inhibition efficiency (IE) is calculated according to the following equation [1,37]:

jcorr - jcorr(inh))

IE(%) = ( x 100 )

]COI‘I‘

where the symbols are:

jeorr—corrosion current density in the sodium sulfate solution without inhibitor (nA/ cm?);
jeorr(inhy—corrosion current density in the sodium sulfate solution with PMT (nA/ cm?).

The electrochemical corrosion parameters of Cu24Zn5Al alloy, such as open circuit
potential (OCP), corrosion potential (Ecorr), corrosion current density (jeorr), cathodic and
anodic Tafel slopes (3. and 3,), inhibition efficiency (IE), are summarized in Table 2. The
values for Ecorr, jeorr, o, and 3, were obtained based on the polarization curves shown in
Figure 1.

The highest efficiency of corrosion inhibition for the Cu24Zn5Al alloy in 0.1 mol/ dm3
sodium sulfate solution was achieved at a PMT concentration of 1 x 1073 mol/dm? [29,30].
Further, increase in the PMT concentration led to a diminution in the inhibition efficiency,
which can be explained by the fact that an increase in the inhibitor concentration led to a
faster formation of the protective layer on the alloy surface, causing the layer to become
more porous and less compact, resulting in a reduced protective effect [29,30].

Figure 2 shows the results obtained by cyclic voltammetry from —1 V to 1 V vs. SCE
for Cu24Zn5Al alloy in 0.1 mol/dm?® sodium sulfate solution in the presence of different
concentrations of the PMT inhibitor (scan rate 10 mV/s).

2.0
154
— 104
€ J===0.1 mol/dm3 NaySOy4
2
£ 2—-—1x10"2 molidm® PMT
=~ 0.54 4 3
3 1x10 " mol/dm™ PMT
4—+—5x10"* molidm® PMT
0.0- 3 3
5—+—1x10" mol/dm® PMT
6—<—2.5x10"2 molidm® PMT
-0.5 T T \ T T T T T T T T
1.2 -0.8 -0.4 0.0 04 038 1.2

Potential, E vs. SCE (V)

Figure 2. Anodic curves of the Cu24Zn5Al alloy in 0.1 mol/dm?® sodium sulfate solution without
and with the addition of various concentrations of PMT obtained by cyclic voltammetry (scan rate
10 mV/s).
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The results obtained by cyclic voltammetry from OCP to 1 V of Cu24Zn5Al alloy in a
0.1 mol/dm3 sodium sulfate solution in the presence of different concentrations of PMT
inhibitor (scan rate 10 mV/s) are shown in Figure 3.

0.00006

y=0.0206x + 1x10°°° @
R* =0.9878

0.00005

0.00004

& 500003

cf

0.00002

0.00001 »

1] 0.0005 0.001 0.0015 0.002 0.0025 0.003

¢ (mol/dm?)

Figure 3. Langmuir adsorption isotherm model of PMT.

On some polarization curves (curves 1 and 2) in Figure 2, a peak originating from the
formation of CuyO can be observed [38]. This peak is not present on the polarization curves
5 and 6 [38,39], due to the relatively rapid formation of a stable protective film of Cu-PMT,
which completely prevents the formation of CuyO. The creation of the CuyO protective film
in a neutral environment has been confirmed by other authors as well [40,41].

A slight increase in the corrosion current can also be observed in the polarization
curves obtained from solutions containing inhibitors at potentials more positive than 0.4 V,
compared to the increase in corrosion current obtained in the blank solution, as seen in
Figure 2. This can be explained by the disruption of the compactness of the Cu-PMT
protective film, which results in its damage [29]. At even higher potentials, greater than
0.5V, the curve becomes steeper, which concurs with the research of Ye et al. [28], where it
was found that complete destruction of the Cu-PMT protective film occurs at potentials
greater than 0.6 V. At a potential of 0.8 V, there is a sudden increase in current density,
indicating the onset of PMT oxidation in the solution [42,43]. Also, Figure 1 shows that the
lowest current density value was obtained at a PMT concentration of 1 x 1073 mol/dm?3.
Mihit et al. [44], conducted polarization measurements of brass in 0.2 mol/ dm® HNO;
with and without the addition of PMT and concluded that the anodic current density
decreased with increasing PMT concentration. The optimal inhibitor concentration was
1 x 1073 mol/dm?>. At the lowest PMT concentration and up to a potential of 0.3 V, the
current density was the highest compared to the current densities in the polarization curves
recorded in solutions with higher inhibitor concentrations, indicating that the formation of
a protective film on the alloy surface in sodium sulfate solution at neutral pH was relatively
slow and thin [28,45,46].

3.2. Adsorption Isotherm

Potentiodynamic polarization measurements provided results for the determination
of adsorption mechanisms. The adsorption isotherm that best fits the obtained data was
determined. Research results showed that PMT adsorption on the surface of Cu24Zn5Al
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alloy can best be described by the Langmuir adsorption isotherm [47]. The Langmuir
adsorption isotherm was formulated using the following relationships [1,38,44]:

IE

— Ace" R — K.
11 A-c-e'"RT K-C )

where they are:
K—adsorptive equilibrium constant;
AG—the Gibbs free energy of adsorption (J/mol);
c—the concentration of PMT (mol/dm?);
IE—the inhibition efficiency (%).
Equation (2) can be represented as follows:
= = % +c 3)

The adsorption constant K can be expressed by the following equation:

1 AG
_ (—48)
5555¢ @)
1 AG
Ink — 1“(55.55) ~ " RT ®)
—AG = {InK—In L x RT (6)
- 55.55

where the symbols are:

R—the universal gas constant;
T—the thermodynamic temperature (293 K).

Based on Equation (2) and Figure 3 the adsorption constant K is calculated. Further,
the Gibbs free energy of PMT adsorption in the sodium sulfate solution is calculated based
on Equation (6). The calculated value of the Gibbs free energy of PMT adsorption in the
sodium sulfate solution was AG = —43.44 k] /mol. The obtained value of the AG indicates
spontaneous PMT adsorption on the surface of the Cu24Zn5Al alloy. Also, based on the
value of the Gibbs free energy, it can be concluded that the chemisorption of the inhibitor
occurs on the surface of the Cu24Zn5Al alloy in a neutral NaySO; solution [1,48-50].

3.3. The Effect of Chloride Ion Concentration

The electrochemical behavior of the Cu24Zn5Al alloy was investigated in a 0.1 mol/dm?
sodium sulfate solution containing various concentrations of chloride ions (1 x 1074,
1x1073,1 x 1072, and 5 x 1072 mol/dm?), and the obtained results are presented in
Figure 4 and Table 3. Figure 4 shows that all recorded anodic currents of the Cu24Zn5Al
alloy in solutions containing chloride ions are higher than the anodic current observed in
sodium sulfate solutions without Cl~ ions.

It was also observed that the OCP shifts in the negative direction with the increasing
concentration of chloride ions.

The observed behavior of the Cu24Zn5Al alloy in 0.1 mol/ dm?3 Na,SO, contain-
ing chloride ions can be explained through Reactions (7)—-(19) that occur at the cathode
and anode.

The cathodic reaction represents the reduction of dissolved oxygen according to the
following reaction [1,37,50-53]:

O, + 2H,0 + 4e — 4OH~ @)
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The main anodic reaction of Cu24Zn5Al alloy in 0.1 mol/ dm3 Na,SO, containing
chloride ions can be represented by the following equations [1,38,51-56]:

Cu+2Cl" — CuCl; +e" ®)

2CuCl; +H,0 — CupO +4C1™ +2H* )

With prolonged immersion time in the solution containing dissolved oxygen copper,
from the surface of the Cu24Zn5Al alloy, it oxidizes according to the following reac-
tions [50-55]:

Cup0 + Oy + HyO — 2CuO + Hy;O, (10)

Cu;O +H,Oy — 2CuO + H,O (11)

At the same time, the dezincification process takes place according to the following
equation [50,51,54]:
Zn — Zn®** 4 2e” (12)

As well as the oxidation of zinc which can lead to passivation by the formation of a
zinc oxide layer on the surface of the alloy according to the following equation [50,51,54]:

Zn+H,O — ZnO 4 2H" 4 2e~ (13)

Due to the presence of aluminum as an alloy element, additional passivation occurs
due to the dissolution of aluminum and the formation of an aluminum oxide layer on the
surface of the alloy according to the following equations [50,51,53-55]:

Al +4C1™ — AICI, +3e™ (14)

AICl; +3H,O — AL O3 + 6HT + 8C1~ (15)

The aluminum oxide film can protect the surface of the alloy from severe corrosion,
but it also dissolves in chloride solutions, according to the following equations [51]:

AP (izALO3x nH,O crystal lattices) + Cl~ 4+ 2H,0 — Al(OH),Cl + 2H* (16)

Al(OH),Cl + H,O — Al(OH), + H" +CI~ (17)

or
AP (izAl,O3x nHO crystal lattices) + Cl1~ +2H,0 — Al(OH),Cl, +2H"  (18)

Al(OH),Cl;, +H,0 — Al(OH); + H" +Cl~ (19)

The anodic reactions according to Equations (9), (13), (15)-(17) or (18), and (19) result
in the release of hydrogen ions, which causes local acidity and further promotes surface
dezincation [36] and dealumination reactions, leading to a potential shift in the negative
direction and increased corrosion currents compared to the solution without chloride ions
present [32].

According to this, the surface becomes enriched in copper content and Equations (8)
and (9) become dominant.

The electrochemical corrosion parameters of Cu24Zn5Al alloy in a 0.1 mol/dm3
sodium sulfate solution containing various concentrations of Cl~ ions are presented in
Table 3. The values of Ecorr, jeorr, Be, and B, were obtained based on the polarization curves
shown in Figure 4.
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Figure 4. Potentiodynamic polarization curves of Cu24Zn5Al alloy in 0.1 mol/ dm?3 sodium sulfate

solution with the addition of various concentration of chloride ions (scan rate 1 mV/s).

Table 3. Corrosion parameters of Cu24Zn5Al alloy in 0.1 mol/dm3 NaySOj in the presence of various

concentrations of C1~ ions.

Parameters
Concel(;f;artlll(;ill é)rfn Ellggzr;doe:ons in OCP Eeonr jeor Be Ba
Unit

mol/dm3 Cl1~ V vs. SCE V vs. SCE uA/cm? V/dec V/dec

/ —0.030 —0.040 4.7 —0.292 0.148

1x10°* —0.198 —0.082 29 —0.388 0.108

1x1073 —0.144 —0.090 3.5 —0.413 0.130

1x 1072 —0.094 —0.144 4.5 —0.432 0.137

5x 1072 —0.077 —0.200 11.8 —0.552 0.255

Based on the results presented in Table 3, it can be concluded that the presence of chlo-
ride ions at concentrations of 1 x 10~% mol/dm?3, 1 x 103 mol/dm3, and 1 x 10~2 mol/dm?3
has an inhibitory effect, as the corrosion current obtained in these solutions is lower than
that obtained in the 0.1 mol/dm3 sodium sulfate solution, while the concentration of
chloride ions of 5 x 1072 mol/dm? has a significant influence on increasing the corrosion
current of the Cu24Zn5Al alloy. The inhibitory effect of the present chloride ions has been
confirmed by other authors as well [35,56,57].

3.4. The Influence of the Immersion Time of Cu24Zn5Al Alloy in a Solution of
0.017 mol/dm> PMT

The influence of the immersion time was investigated by immersing the Cu24Zn5Al
electrode in a 0.017 mol/dm? PMT solution for a specific time (15 min, 60 min, and 240 min).
Afterwards, the electrode was taken out, washed with distilled water and alcohol, and moved
into an electrochemical cell where open circuit potential (OCP) was determined, followed by
polarization testing in a sodium sulfate solution with a concentration of 0.1 mol/dm?>. The
results of these experiments are shown in Figure 5 and Table 4. Based on the recorded OCP
values, it can be said that the OCPs after immersion in the inhibitor solution for 15 min, 60 min,
and 240 min (—0.035 V, —0.045 V, and —0.035 V) were close to the OCP value of the electrode
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obtained without the pretreatment (—0.030 V). This confirms the assertion that a Cu,O film
was formed on the surface of the copper alloy in a neutral medium [41], which has a similar
role as the film formed during immersion in the PMT solution [58]. From Figure 6, it can be
seen that the lowest current densities were obtained when the Cu24Zn5Al alloy was immersed
in the inhibitor solution for 240 min. By analyzing the results shown in Figures 1 and 5, it can
be concluded that the current densities in the case when the electrode was pretreated in the
inhibitor solution for a period of 15 min do not differ significantly from the current densities
when the Cu24Zn5Al alloy was in the solution of PMT. This also supports the claim that the
Cu-PMT protective layer forms more slowly in neutral sodium sulfate solutions. However,
the inhibition efficiency was higher with immersion times of 60 min and 240 min compared to
the maximum inhibition efficiency value recorded in solutions with the inhibitor present. This
observation supports the fact that the thickness of the Cu-PMT protective film formed on the
surface of the alloy increases over time [30,50,59].

0.1
0.015
= ]
S
E 1x10

,4_. 1—-—without immerstion
X107 2—.—15 min. immersion time
] 3—-—60 min. immersion time
4 240 min. immersion time

1x107°
1 = 1 M 1 v 1 . 1 N 1
-0.4 -0.2 0.0 0.2 0.4 0.6
Potential, E vs. SCE (V)
Figure 5. Potentiodynamic polarization curves of Cu24Zn5Al alloy in 0.1 mol/dm? Na,SOy solution:
1—without pretreatment, and with different immersion time of electrode in 0.017 mol/ dm3 PMT:
2—15 min, 3—60 min, 4—240 min.
Table 4. Electrochemical parameters of Cu24Zn5Al alloy in 0.1 mol/ dm? Na,SO, without and after
pretreatment in a 0.017 mol/dm3 PMT solution.
Parameters
Immersion Time of Electrode in .
0.017 mol/dm?® PMT Solution ocp Ecorr Jeorr Be Ba IE
Unit
min V vs. SCE V vs. SCE uA /cm? V/dec V/dec %
0 —0.030 —0.040 4.7 —0.292 0.148 /
15 min —0.035 —0.157 1.9 —0.390 0.196 59.6
60 min —0.045 —0.113 1.3 —0.341 0.144 72.3
240 min —0.035 —0.105 0.9 —0.344 0.159 80.8

The OCP of Cu24Zn5Al alloy after 15 min, 60 min, and 240 min of immersion in the
solution of sodium sulfate varies from —0.045 V to —0.035 V, which is close to the OCP
value of Cu24Zn5Al alloy without immersion in the sodium sulfate solution, —0.030 V. The
OCP of the Cu-PMT protective film is similar to the OCP of Cu24Zn5Al alloy in the sodium
sulfate solution.
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i (mA/cm?)

-0.2

The inhibition efficiency (IE) is calculated according to the following equation:

_ (jcorr B jcorr(immersion))

IE(%) = % 100 (20)

]COI‘I‘

where they are:

jeorr—corrosion current density obtained in sodium sulfate solution without pretreatment
(LA /cm?);

jeorr(immersiony—current density obtained in the sodium sulfate solution after pretreatment
in the 0.017 mol/dm?3 PMT solution (LA/ cmz).

Electrochemical corrosion parameters of Cu24Zn5Al alloy such as open circuit poten-
tial (OCP), corrosion potential (Ecorr), corrosion current density (jeorr), cathodic and anodic
Tafel slopes (3¢ and (3,), and inhibition efficiency (IE) are also shown in Table 4. The values
for Ecorr, jeorr, Pc, and 3 were obtained based on the polarization curves shown in Figure 5.

The effect of Cu24Zn5Al alloy immersing in a solution of 0.017 mol/dm3 PMT can
also be observed from Figure 6, which shows the results obtained by cyclic voltammetry
from a potential of —1 V to 1 V (vs. SCE).

2.0
18
164
14
12
1.0
0.8
06
0.4
0.2

0.0 4

1=+=60 min Immersion time,
0.1 mol/dm3 N82804

v T T T i T v T T T T T s & — 3
00 02 04 06 08 10 12 2 —071molidm™NaySO,
Potential, E vs SCE (mV)

Figure 6. Cyclic voltametric curves of Cu24Zn5Al without pretreatment and with pretreatment of 60
min in 0.017 mol/dm?3 PMT solution (scan rate 10 mV/s).

Figure 6 clearly shows a shift of the peak originating from the formation of Cu,O
towards more positive potentials, as well as a decrease in anodic current densities obtained
by recording the behavior of the Cu24Zn5Al alloy that had previously been allowed to
stand for 60 min in 0.017 mol/dm? PMT solution. This clearly shows the formation of a
protective Cu-PMT film on the surface of the alloy during its standing in a PMT solution
with a concentration of 0.017 mol/dm? [58].

The inhibition efficiency (IE) is calculated according to the following equation:

(ACOI‘Y - Acorr(immersion))

x 100 21
Acorr ( )

IE(%) =

where they are:
Acorr—the area provided by integrated curve obtained in the sodium sulfate solution
without pretreatment (mV mA/ cmz) ;
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Acorr(immersion)—the area provided by integrated curve obtained in the sodium sulfate
solution after pretreatment in the 0.017 mol/dm3 PMT solution (1A /cm?).
The values for area under each peak are provided by integrating the curves in Figure 6

in range of potential from 0 mV to 1 mV and from 0 mV to 0.3 mV. Results are shown in
Table 5.

Table 5. The inhibition efficiency (IE) of Cu24Zn5Al without pretreatment and with pretreatment of
60 min in 0.017 mol/dm3 PMT solution in different range of potential.

Parameters
Iﬁg;?i%?/gﬁepﬁ'?gglfgz;n Range of Potential Obtained Area by Integrating 1E
min V vs. SCE mVmA /cm? %
0 0-1 0.911 /
60 min 0-1 0.576 36.77
0 0-0.3 0.069 /
60 min 0-0.3 0.027 60.87

We obtained the inhibition efficiency (IE) by integrating the curves in Figure 6 in range
of potential from 0 mV to 0.3 mV confirm data for inhibition efficiency (IE) given in Table 4
and Figure 5.

The Effect of Chloride Ion Concentration

The electrochemical behavior of the Cu24Zn5Al alloy was tested in a 0.1 mol/ dm3
sodium sulfate solution containing various concentrations of chloride ions (1 x 10741 x 1073,
1 x 1072, and 5 x 1072 mol/dm?), and after 60 min of immersing in a 0.017 mol/ dm3 PMT
solution. The results obtained are shown in Figure 7 and Table 5. As seen in Figure 7, an
increase in the concentration of chloride ions leads to a shift in the potential of Cu24Zn5Al
in the negative direction [32,60] after 60 min of immersion in a 0.017 mol/ dm?3 PMT solution.
The current density is higher in all solutions containing chloride ions in comparison to the
current density in the sodium sulfate solution measured under the same conditions, but
significantly lower than the current densities obtained by polarization in solutions with
chloride ions of the same concentration, without 60 min of immersion in a 0.017 mol/dm?3
PMT solution. The results obtained in this way indicate the influence and importance of
the process of immersing the alloy in the inhibitor solution.

The degree of corrosion current density reduction (%) is calculated according to the
following equations:

Sjcorr (%) _ (jcorr(NaZS.Ozl) B jcorr(immersion)) % 100 (22)
Jeorr(NaySO4)

where they are:

Sjcorr—the degree of corrosion current reduction (%);

Jeorr(Nays0,)—cOrTOsion current density obtained in sodium sulfate solution (LA / cm?);
jeorr(immersion)—current density obtained in the sodium sulfate solution without and with

the presence of different concentrations of chloride ions, after the immersion time of 60 min
in a solution of 0.017 mol/dm3 PMT (1A /cm?).
And
Sjcorr (0/0) _ (jcorr(Cl) B ]:corr(immersion)(Cl)) % 100 (23)
Jeorr(CI)
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where they are:

Sjcorr—the degree of corrosion current reduction (%);

Jeorr(c1y—corrosion current density obtained in sodium sulfatase solution with different
concentrations of chloride ions (1A /cm?);

Jeorr (immersion) (c1y—current density obtained in sodium sulfate solution with different con-

centrations of chloride ions, and after the immersion time of 60 min in 0.017 mol/dm3 PMT
solution (1A /cm?).

Electrochemical corrosion parameters of the Cu24Zn5Al alloy, such as open circuit
potential (OCP), corrosion potential (Ecorr), corrosion current density (jeorr), cathodic and
anodic Tafel slopes (¢ and 3a), and corrosion current reduction efficiency (S) are presented
in Table 6. The values for Ecorr, jeorr, Be, and B4 were obtained based on the polarization
curves shown in Figure 7.

0.1

& 0.01 4

£ 3
S
<
£

1x10$§

1x10™3

1

4

3
1=—-—0.1 mol/dm Na2804

2— - —5x1072 mol/dm® CI
3—-—1x1072 mol/dm® CI
4 1x10™ molidm® cr
5 —1x10"% mol/dm

Scr

— T T T T T~ T T T T T T T T T T T T T
-06 -05 -04 -03 -02 -01 00 01 02 03 04 05

Potential, E vs. SCE (V)

Figure 7. Potentiodynamic polarization curves of Cu24Zn5Al alloy in 0.1 mol/dm? NaySOy in the
presence of various chloride ions concentrations, after 60 min pretreatment in 0.017 mol/ dm3 PMT

(scan rate 1 mV/s).

Table 6. Electrochemical corrosion parameters of the Cu24Zn5Al alloy in 0.1 mol/ dm? Na,SO, without
and with the presence of chloride ions, without and after 60 min immersion time in 0.017 mol/ dm?3 PMT.

Parameters
3 ..
Various Concentrations o CL-  OCF Ecor jeor Be Bs IE
Unit
mol/dm3 Cl~ V vs. SCE V vs. SCE HA/cm? V/dec V/dec % %
Without immersion in 0.017 mol/dm3 PMT
/ —0.030 —0.040 4.7 —0.292 0.148 / /
After 60 min immersion time in 0.017 mol/dm3 PMT

/ —0.045 —0.113 1.3 —0.341 0.144 72.3 /
1x107* —0.082 —0.128 2.7 —0.234 0.116 42.6 6.90
1x1073 —0.076 —0.181 3.3 —0.207 0.249 29.8 7.14
1x 1072 —0.077 —0.198 41 —0.255 0.268 12.8 7.87
5 x 1072 —0.073 —0.248 9.8 —0.275 0.219 n/a 16.95
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Based on the results presented in Table 6, it can be concluded that by immersing
the Cu24Zn5Al alloy in a 0.017 mol/ dm?3 PMT solution, there is an additional influence
on the reduction of the corrosion current density compared to the results presented in
Table 3, which shows the electrochemical corrosion parameters of the Cu24Zn5Al alloy in a
0.1 mol/dm? sodium sulfate solution with varying concentrations of chloride ions, without
prior immersing.

4. Conclusions

Polarization measurements have shown that with the increase of the PMT concentra-
tion, the anodic current density around the corrosion potential decreases, indicating that
PMT behaves as a corrosion inhibitor for the Cu24Zn5Al alloy.

The investigation that involved immersing the alloy in a 0.017 mol/dm3 inhibitor
solution suggests the formation of a protective layer (Cu-PMT).

The presence of chloride ions in the tested solutions has an impact on the corrosion
behavior of the Cu24Zn5Al alloy, causing a negative shift in the corrosion potential and an
increase in the current density as the concentration of chloride ions rises.

The investigation that involved immersing the alloy in a 0.017 mol/dm? inhibitor
solution and testing it in sodium sulfate solutions with different concentrations of chloride
indicates the formation of a protective layer (Cu-PMT), as the current densities measured
in chloride solutions with prior immersion of the alloy in the inhibitor solution are lower
than those measured in chloride solutions of the same concentrations without immersion
in the inhibitor solution.
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