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Abstract
2-Mercaptobenzothiazole (MBT), a heterocyclic compound, is a remarkable corrosion inhibitor for pure Cu. Among differ-

ent copper-based alloys, Cu-Ni alloys are used in a wide range of applications in industries that are exposed to the corrosive
environment and making them prone to corrosion. In the current study, the effect of 2-Mercaptobenzothiazole (MBT) con-
centration on the corrosion inhibition of Cu—10Ni alloy in 3 wt% NaCl solution was studied using electrochemical impedance
spectroscopy (EIS), potentiodynamic polarization, and weight loss methods. SEM and XPS were also used for surface char-
acterization. Results of different methods were in good agreement and showed that MBT enhances the corrosion resistance
of the alloy at concentrations of 60 and 80 ppm. At the concentration of 40 ppm, MBT deteriorates the corrosion resistance.
Maximum inhibition of about 92% was achieved for the concentration of 80 ppm. MBT acts as a mixed-type inhibitor, and
the N atom and exocyclic S atom of the MBT are involved in the molecule adsorption. The role of MBT in corrosion inhibi-
tion was attributed to the role of adsorbed inhibitor film, which hinders the Ni Dealloying.
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1 Introduction

Biofouling resistance and good heat transfer characteristics
of copper-nickel (cupronickel) alloys and their superior
corrosion resistance make them the best choice for appli-
cations in marine and chemical environments. Cupron-
ickel alloys are extensively used to fabricate ship and boat
hulls, desalination plants, heat exchange equipment, sea-
water and hydraulic pipelines, oil rigs and platforms, fish
farming cages, seawater intake screens, evaporator tubes
of chilling plants, etc. [1-9]. In such aggressive applica-
tions and due to abundant use, Cu—Ni alloys, especially
low Ni content alloys, are prone to corrosion in chloride-
containing and polluted environments [10-12]. Corrosion
inhibitors, especially organic inhibitors, are widely used
to decrease the corrosion effects [12-28].

In desalination plants, the deposition of scales affects
their performance and acid cleaning is performed for scale
removal. Inorganic or organic acids containing inhibitors
or scale removal are widely used for this purpose [20]. The
effect of benzotriazole on corrosion inhibition of Cu-Ni
alloys in acidic and neutral media has been investigated,
and it has been shown that BTAH acts as an efficient inhib-
itor [11, 14, 16, 21, 26, 27].

Studies have shown that benzotriazole (BTA) can effec-
tively decrease the corrosion rate of copper-nickel alloys
in 1.5 M HCI and 60% LiBr solution and its inhibition
efficiency in HCI solution is dependent on the temperature
[16, 21, 24]. The maximum inhibition efficiencies of 99.8%
and 86.3% were reported for BTA in 1.5 M HCl solution at
35 °C and 65 °C. It has also been reported that BTA obeys
Langmuir adsorption isotherm rather than Freundlich
adsorption isotherm [21, 24]. The nature of the protective
film formed on the surface of Cu—10Ni alloy in deaerated
0.5 M H,SO, solution containing Fe(lll) ions as oxidant
and benzotriazole (BTAH) as an inhibitor has been inves-
tigated by Maciel et al. They showed that a protective film
is formed that is composed of cuprous benzotriazolate.
BTAH adsorption obeyed Brunauer, Emmett, and Teller
(BET) isotherm, which implies multi-layers adsorption.
The adsorption free energy of the cuprous benzotriazolate
on the surface of Cu-10Ni alloy was consistent with the
value obtained for pure copper [26]. In seawater and inor-
ganic sulfide-polluted seawater, BTAH acts as an effective
mixed corrosion inhibitor even after a prolonged immer-
sion time of 30 days. The inhibition effect of BTAH is
attributed to the formation of a protective BTAH film onto
the surface [19]. Studies showed that the inhibition effect
of Tetraethylenepentamine (TEPA) and Napththylamine
(NA) as organic inhibitors for Cu—Ni alloy in 5% HCI solu-
tion is dependent on both the temperature and solution’s
agitation so that the efficiency increases with decreasing
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the temperature and agitation level [23]. The values of
activation energies obtained from the Arrhenius equation
in 5% HCI solution containing NA and phenylenediamine
(PDA) showed that activation energy corresponding to the
former inhibitor is dependent on its concentration. It has
also been shown that the variations of activation energy
in the presence and absence of an inhibitor indicate the
inhibitive efficiency so that the higher increment implies
higher inhibition effect [12, 21]. For Cu-Ni alloys in 5%
HC1 solution, the activation energy of NA adsorption is
dependent on its concentration so that the changes of the
activation energy in the presence and absence of an inhibi-
tor can indicate the inhibitive efficiency so that higher acti-
vation energy implies a higher inhibition effect [12, 21].
Shiffbase inhibitors were used for corrosion inhibition of
copper alloys and it was shown that the presence of thiol
group (—SH) or amine group (-NH,) leads to the formation
of stable complexes and the high inhibition effect [29].
Propargyl alcohol can act as an organic inhibitor for corro-
sion inhibition of copper-nickel alloys in 0.50 M sulphuric
acid and its role depends on the adsorption potential and
alcohol concentration [14].

Heterocyclic organic compounds such as azole deriva-
tives are widely used for corrosion inhibition of copper and
copper alloys [12, 30-34]. Azoles are organic compounds
containing nitrogen atoms with free electron pairs, and
there is the possibility of introducing other heteroatoms and
groups in molecules of these compounds. 2-Mercaptoben-
zothiazole (MBT; C(H,(NH)SC=S) as an azole derivative is
a planar organosulfur compound with a C=S double bond.
MBT involves N and S atoms in the ring and an S atom in
the thiocarbonyl group available for coordination. In an alka-
line medium, the S atom of the thiocarbonyl group is ionized
and reacts with Cu to form a thick polymeric film. It has
been reported that azole derivatives are the potential inhibi-
tor with high inhibiting efficiency for pure copper [35]. Sut-
ter et al. have shown that in corrosion inhibition of copper by
aromatic heterocyclic compounds, the nature of the binding
between Cu(l) and the organic molecule and the properties
of the copper oxide has to be considered to understand the
inhibiting mechanism [36]. 2-mercaptobenzimidazole (MBI)
acts as an excellent mixed-type inhibitor that hinders the
anodic and cathodic reactions of Cu—30Ni alloy in 3% NaCl
solution polluted with ammonia [37].

Quantum chemical calculations and electrochemical
measurements have shown that triazole-based inhibitors
include 1,2,4-triazole (TA), 3-amino- 1,2,4-triazole (ATA),
and 3-amino-5-mercapto-1,2.4-triazole (AMT) exhibit good
corrosion inhibition efficiency for Cu-10Ni alloy in 3.5 wt%
NaCl solution. The inhibition efficiency of these mixed-type
inhibitors increases with increasing their concentration up
to 1 mM. It has been suggested that the triazole ring and
the heteroatoms act as active centers for adsorption of the
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compound through donating electrons to the unfilled hybrid
orbital of copper atoms which would lead to the formation
of an inhibitor film that contributes to high inhibition effi-
ciency [22]. The effects of sulfide (HS™) ions on the corro-
sion inhibition of Benzotriazole (BTAH) for Cu—10Ni alloy
in 3.4% NaCl solution have been investigated by Allam et al.
Their study showed that due to the competitive adsorption of
sulfide ions and BTAH onto the alloy surface, the presence
of the ions decreases the inhibiting efficiency of BTAH [38].
The structure of the passive film formed on Cu-10Ni alloy in
sodium acetate solution (pH 5.8) consisted of an outer CuO/
Cu(OH), layer overlaying a barrier Cu,O layer. It has been
revealed that in this condition, BTAH acts as an effective
inhibitor even at a very low concentration [39].

Inhibition effects of Sodium diethyldithiocarbamate
(NaEt,dtc) as an organosulfur compound for corrosion
inhibition of Cu—10Ni alloy exposed to quiescent natural
seawater and jet impingement seawater with different fluid
velocities have been investigated by Martinez et al. They
showed that the inhibition mechanism includes the forma-
tion of a surface chelate compound between the dissolving
metal ion and the (Et,dtc)) ligand, as well as the formation of
a 3-D ternary surface insoluble complex. It is also revealed
that NaEt,dtc yields excellent inhibiting efficiency (> 90%)
in hydrodynamic conditions [28].

Amino acid compounds such as glycine, alanine, and leu-
cine as aliphatic amino acids, cysteine as sulfur-containing
amino acids, lysine and histidine as basic amino acids, and
glutamic acid as acidic amino acid showed remarkable cor-
rosion inhibition effect Cu—Ni alloys in aqueous chloride
solution. These compounds shift the OCP in the negative
direction and resemble a cathodic inhibitor.

Between these compounds, cysteine with two adsorption
centers, including a heterocyclic ring and/or m—electron,
induces and enhances the adsorption of the inhibitor onto
the metallic surface [27, 40]. The effects of some amino
acids, including glycine, alanine, leucine, cysteine, glutamic
acid, lysine, and histidine, on the corrosion inhibition of
Cu-5Ni and Cu—65Ni alloys in acidic sulfate solutions have
been studied by Waheed et al. Their investigation revealed
that the corrosion inhibition of these compounds depends
on the Ni content of the alloy as well as the structure of
the amino acid. It was shown that long-chain non-branched
amino acids are more effective in corrosion inhibition, and
the adsorption of amino acids is enhanced in the presence
of iodide ions [41].

MBT, as a heterocyclic compound, is known as a remark-
able corrosion inhibitor for pure Cu. The presence of S, N,
and O heteroatoms in the ring of MBT leads to a strong
coordination bond and its superior inhibition efficiency
for Cu [35, 42-50]. There is no report that investigated the
effect of MBT concentration on the corrosion inhibition of
Cu-Ni alloys in 3 wt% NaCl solution through weight loss,

potentiodynamic polarization, and EIS methods. The nature
of the film formed on the specimen’s surface has also been
investigated by XPS, SEM, and EDAX.

2 Materials and methods

Annealed sheet of Cu-10Ni (Cu: 89.0 wt%, Ni:10.8 wt%,
Fe:0.04 wt%) alloy with the thickness of 3 mm was used
for preparing the specimen with proper dimensions. The
electrolytes used for tests were 3 wt% NaCl solution (blank
solution) and 3wt% NaCl solution containing 40, 60, and
80 ppm of 2-Mercaptobenzothiazole (MBT). The test speci-
mens were carefully polished using SiC abrasive paper with
the grit size of 100-1500, degreased with acetone, rinsed
with distilled water, and dried with air blow. Each prepared
specimen was instantly immersed in 250 ml of the relevant
solution.

For the weight loss test, specimens with the dimension
of 1 cmXx2 cmXx3 mm were cut from the annealed sheet,
abraded with SiC abrasive papers (grit size #800 to #1500),
and washed with distilled water. The specimens were
degreased with acetone and rinsed with distilled water, and
finally dried with air blow. The prepared specimens were
weighted in the precision of 4 decimal places and immersed
in 400 ml of the aforementioned solutions for 30 days and
then removed from the solution. The corrosion products
were removed by immersing in deaerated 1 M HCI under
ultrasonic agitation. Weight loss measurements were per-
formed in triplicate for each condition. Corrosion rate (v)
and inhibition efficiency (IE%) were calculated as follows:

Wy — W
v =
St (1)

e —
E% = -2

o @)
where w, and w are the weights before and after immersion,
and S and 7 represent the total surface area (cm?) exposed
to the solution and total time (day) of exposure. In Eq. 2, v,
and v represents the corrosion rate (mgem~2day~') at the
presence and absence of inhibitor, respectively.

X-ray Photoelectron Spectroscopy (XPS) study was per-
formed on the specimens (10 cm X 20 cm X 3 mm) immersed
in 3 wt% NaCl solution containing 80 ppm MBT for 48 h
using PHI 5700 spectrometer with Al K, of X-ray radiation
source (1486.6 eV). The energy of the emitted photoelec-
trons was measured with an electron analyzer operating at
the pass energies of 29.3 eV and 58.7 eV for high-resolution
spectra and 187.8 eV for survey spectra. The pressure of
the spectrometer was 2 x 107'% mbar. The spectrometry was
performed at 90° against the sample surface. The peaks were
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calibrated using adventitious carbon peak C s at the binding
energy of 248.8 eV. The extracted data were studied using
OriginPro 2019b (version 9.6.5.169) for Shirley's back-
ground subtraction of all the high-resolution (HR) spectra.
The estimated accuracy in binding energy measurement was
0.2 eV. No sputtering process was used before spectrometry.
SEM equipped with energy-dispersive X-ray spectroscopy
(EDAX) was used to study the surface of the specimens.

For conducting the electrochemical tests, specimens
(10 mm X 10 mm X 3 mm) were electrically connected and
embedded in two-body epoxy resin so that the 1 cm? area of
each specimen could be exposed to the electrolyte. The EIS
tests were conducted after 48 h of immersion in 3 wt% NaCl
solution to ensure reaching a steady state in the absence
and presence of MBT (40, 60, and 80 ppm). EIS tests were
performed at the open circuit potential (OCP), using 5 mV
amplitude sinusoidal voltage in the frequency range of
10 kHz-0.01 Hz. Potentiodynamic polarization tests were
also conducted after 48 h of immersion for all the specimens
at the potential range of — 250 mV to+450 mV vs. OCP at
the scan rate of 10 mV s~'. TOFEL extrapolation method
was used to determine the corrosion-related information
from the polarization tests using NOVA 2.1.2 software.
The tests were conducted in a standard three-electrode cell
using an Autolab/PGSTAT 302 N instrument equipped with
a frequency response analyzer (FRA) module. A Platinum
plate and an Ag/AgCl electrode were used as the counter and
the reference electrodes, respectively. The equivalent circuit
simulation program (ZView2) was used for data analysis,
synthesis of the equivalent electrical circuit (EEC), and fit-
ting of the experimental data.

3 Results and discussion
3.1 Weight loss results

The corrosion rate of Cu—10Ni alloy in 3% wt NaCl solu-
tion as a function of MBT concentration are summarized in
Table 1. It is seen that the corrosion rate of Cu—10Ni alloy
increases at the presence of 40 ppm MBT and then decreases
with increasing the MBT concentration up to 80 ppm. This

Table 1 Corrosion rate and inhibition efficiency of MBT obtained
for Cu—10Ni alloy in 3 wt% NaCl solution in the absence (blank) and
presence of MBT

MBT concentration Corrosion rate (g m~> day™") % TE
Blank 0.6374+0.0228 -

40 ppm 0.65731+0.0264 —4x0.5
60 ppm 0.30299+0.0157 57+2
80 ppm 0.06551 £0.0004 90+0.01
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behavior might be attributed to the desorption of the inhibi-
tor molecules or the lack of the presence of a continuous
adsorbed inhibitor film in low inhibitor concentration.

It can be seen that there is a critical concentration above
which the inhibition effect is revealed. The maximum inhi-
bition efficiency of about 90% is achieved for the specimen
immersed in the solution containing 80 ppm MBT.

3.2 XPS analysis

Figure 1 shows the XPS spectrum of the specimen immersed
for 48 h in 3 wt% NaCl solution containing 80 ppm MBT.
Peaks represent Na, Cu, Ni, O, N, C, S, and Cl species. Na
Is peak at binding energy (Ey) of 1073 eV, X-ray-induced
auger Na KLL at E of 498.8 eV, and CI 2p peak at E of
201.2 eV (peaks determined according to NIST XPS data-
base [51]) indicates the presence of NaCl residue on the
surface even after thorough rinsing of the specimen with
distilled water. C1 2p peak can also indicate the presence of
CuCl and CuCl, as corrosion products. Cu 3p, Cu 2p, and Cu
LMM peaks can be originated from Cu, Cu oxides, CuCl,,
Cu(OH), and Cu-complexes with MBT inhibitors. Accord-
ing to the NIST XPS database, the positions of Cu 2p3/2 for
the Cu(OH),, Cu,0, and CuO are at E of 932.7-935.1 eV,
932.0-932.8 eV, and 932.7-934.4 eV, respectively. Moreo-
ver, Cu 2p3/2 position for CuCl and CuCl, is reported to
be at Eg of 932.20-932.60 eV and 934.0-935.6 eV, respec-
tively. The presence of CuCl and CuCl, is probable due
to the peaks at the lines (1 and 2) shown in Fig. 2. The
shoulder on the high Eg side (line 2) in Fig. 2 probably cor-
responds to CuCl,/Cu(OH), compounds. The presence of
Cu oxides will be discussed further in O 1s peak analysis.

Cls
-] Cl2p
&
2
= 52s
) ,
Z ‘ 52p
= ¥ Cu 3p
Na KLL %‘\‘4
T 1 1 1 1
1200 1000 800 600 400 200 0

Binding energy (eV)

Fig. 1 XPS survey spectrum of Cu-10Ni specimen immersed in 3
wt% NaCl solution containing 80 ppm MBT after 48 h of immersion
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Fig.2 XPS Cu 2p spectrum of Cu-10Ni specimen immersed in 3
wt% NaCl solution containing 80 ppm MBT after 48 h of immersion

The shake-up satellites correspond to the existence of Cu(Il)
species, but the amount is probably low compared to Cu(I)
species, which mainly formed the Cu 2p peaks. The N 1s
peak (Fig. 3) corresponds to the nitrogen in MBT inhibitor
(CcH,(NH)SC=S). The small shoulder on the high Ej side
can be related to the second environment for nitrogen. It is
probably due to the attachment of the inhibitor to the surface
through the N atom.

Two different environments can be detected from the
C 1s peak shown in Fig. 4. The peak at E of 285 eV
could imply the non-oxidized carbon from the sur-
face contamination comprised C-C groups. These are

Fig.3 XPS N 1s spectrum of
Cu-10Ni specimen immersed in
3 wt% NaCl solution contain-
ing 80 ppm MBT after 48 h of
immersion

Intensity (a. u.)

carbon-containing molecules that are physisorbed via van
der Waals interaction to the sample's surface before XPS.
It could also imply the C—C bonds in the MBT molecules.
The peak with higher E; could correspond to the oxidized
carbonaceous spices from the atmosphere usually adsorbed
on the metal surfaces [52]. O 1s peak is shown in Fig. 5 at
Ey of ~ 834.4 eV. The O ls peaks of CuO and Cu,O are
at E of 529.5-530.0 and 530.2-531.1 eV. Therefore, it is
evident that they should be excluded from the compounds
on the surface of the sample. The position of O 1s for
Cu(OH), is 530.9-531.5 eV. According to the XPS NIST
database, this peak mainly applies to Cu(OH), and organic
C-0 groups, as aforementioned. There seem to be three
distinct environments on the surface of the sample (Fig. 6).
All three environments could be derived from the sulfur
of the MBT molecules. According to previous research
on MBT attachment on the metal surface [53], both N and
S can link to the surface. Therefore, free inhibitor on the
topmost layer attached inhibitor to the surface through S
and N and MBT complexes is the most probable source
of the distinct peaks of sulfur in S 2p spectrometry. The
interaction between MBT and the surface of the metal is
complex since the different forms of MBT, including thiol,
thione, and anionic forms, can interact with the surface
through different active sites, including S, N, and NH.
The interaction between MBT and surface depends on
the surface state. In an environment with pH >4 due to
the presence of copper oxide, a monolayer of MBT film
forms on the surface. Two sulfur atoms of MBT can form
a chemical bond on Cu (220) surface, while on Cu(200)
and Cu(111) surfaces, electrostatic interactions lead to the
physical bonding of the MBT [54]. Terminal S atom can

Shirley baseline

T
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T
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Fig.4 XPS C 1s spectrum of
Cu-10Ni specimen immersed in
3 wt% NaCl solution contain-
ing 80 ppm MBT after 48 h of
immersion
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be strongly adsorbed in a perpendicular orientation at high
coverage on the Cu(111) surfaces [55]. So it seems that
the S atoms have a more influential role in the corrosion
inhibition yielded by MBT.

3.3 Potentiodynamic polarization test results

Potentiodynamic polarization curves obtained for the speci-
mens immersed in 3 wt% NaCl solution containing different

@ Springer
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concentrations of MBT are shown in Fig. 7. The corrosion
parameters are also presented in Table 2. The inhibition effi-
ciency (%IE) was also calculated by Eq. 3 using the results
of the polarization test.

iz,'urrO - iwrr
IE% = —— x 100 3)

lcorr,O
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Fig.6 XPS S 2p spectrum of
Cu-10Ni specimen immersed in
3 wt% NaCl solution contain-
ing 80 ppm MBT after 48 h of
immersion

Fig.7 Potentiodynamic
polarization curves obtained for
Cu-10N:i alloy in 3 wt% NaCl
containing different concentra-
tions of MBT measured after
48 h of immersion
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Table 2 The corrosion parameters curves obtained for Cu—10Ni alloy
in 3 wt% NaCl containing different concentrations of MBT measured
after 48 h of immersion obtained from polarization curves

C (ppm) E . (mV) icorr (HA cem™?) TE%
Blank - 280 4.5 -
40 - 330 6 -33
60 — 180 3 33
30 - 80 0.28 93

1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02

Current density (Acm™)

where i, and iy, o represent the corrosion current
density of the specimens in the presence and absence of
the inhibitor, respectively. It is seen that the corrosion cur-
rent density of the specimen immersed in the solution con-
taining 40 ppm MBT is higher than the density obtained
for the blank solution, which is consistent with the weight
loss test result. At higher concentrations, the corrosion
current density decreases compared to the blank solution.

@ Springer
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The highest inhibition efficiency of 93% is available for
the solution containing 80 ppm MBT, which is equal to
the value obtained from the weight loss test. Comparing
the E_,, values of the specimens shows that the corrosion
potential shifts toward the anodic direction when the MBT
concentration is higher than 40 ppm. For the specimens
immersed in the electrolytes containing 60 and 80 ppm
MBT, the current density of both cathodic and anodic
branches decreases at the whole applied potential. This
behavior confirms that MBT acts as a mixed inhibitor.

In chloride-containing solution, the cathodic reactions of
Cu-Ni alloy could be the reduction of water and the reduc-
tion of oxygen as the following equations [56]:

0, +2H,0 +4¢~ =40H™ 4)

2H,0 +2e¢™ =H, + 20H" (5)

In neutral NaCl solution, the corrosion of Cu—Ni alloy
proceeds through the dissolution of CuCl, ;™ adsorbed layer,
formed on the surface, especially under cathodic polariza-
tion, and leads to the formation of soluble CuCl,”. With
increasing the CuCl,™ concentration, Cu,O passive layer
forms from its hydrolysis, and the corrosion rate decreases
[57]. Compared to the passive film of pure Cu, the passive
film forms on the surface of Cu-Ni alloys include Ni ions (as
shown in XPS analysis). The incorporation of Ni ion into the
passive film (Cu,O) reduces the number of cation vacancies
and p-type holes that normally exist in the oxide [57, 58].
In the polarization curves of the specimens immersed in the
blank solution and the solution containing 40 ppm MBT,
a passive region in a short potential interval is identified,
which is attributed to the formation of CuCl,,,~ adsorbed
layer and the formation of Cu,O passive layer due to its

hydrolysis [1, 18, 41, 46—48]. The Ni content of the Cu,O
film is firmly time-dependent. The initially formed Cu,O
film is quite rich in Ni ions, and after reaching the equilib-
rium, which is obtained very fast, Ni ions are preferentially
leached out or a new Cu,0 film with lower Ni content forms
[59]. So the presence of a short interval of the passive region
could be attributed to the rapid preferential leach out of Ni.
For the specimens immersed in the solutions contain-
ing more than 40 ppm MBT, the anodic behavior is slightly
different, which implies that the anodic process is affected
by MBT. In the presence of 60 ppm and 80 ppm of MBT
due to the formation of the adsorbed inhibitor film on the
surface, the step of CuCl 4~ adsorption might be ceased.
The rate of anodic dissolution of copper in NaCl solution is
dependent on the diffusion rate of CuCl,~ toward the solu-
tion and the presence of insoluble corrosion products on the
surface can not prevent the reduction of oxygen [60, 61].
The decreasing of the anodic and cathodic current densities
in the solutions containing 60 ppm and 80 ppm MBT is the
result of the adsorption of MBT molecules onto the surface
of the specimen, which hinders the anodic and cathodic reac-
tions as well as decreasing the diffusion rate of corrosion
products toward the solution or reactive species toward the
specimen surface. The inhibition effect of MBT is attributed
to the presence of three hetero atoms in the MBT molecular
structure. These heteroatoms involve N and S atoms in the
thiocarbonyl group and another S atom in the thiazole ring.
The copper atom has a vacant d orbital and accepts electrons
from the heteroatoms, which results in a strong bond [53].

Fig. 8 Nyquist plots of Cu— 8000
10Ni alloy specimen after 48 h
of immersion in blank solution 7000 1
and solution containing 40 ppm ¢ Blank ® 40ppm
MBT ~ 6000 1
B
g 5000 A
H
N;” 4000 1
3000 A . ¢ ¢ L 2 * *
L 2
2000 1 **
‘: o 00 0 0o0g4g0
1000 A
O T T T
0 2000 4000 6000 8000
Z,(Q en?)
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Fig.9 Bode-phase plots of Cu— 70
10Ni alloy specimen after 48 h
R .. i . 4 Blank
of immersion in blank solution 60 0000,
and solution containing 40 ppm * “QQMQQ:Q. @ 40ppm
MBT 50 1 PS4 *e
P R2 1 oo
e +%e *
%) 40 “ [ ] ‘.
ED “ .. 0‘
3 * o ®
2 30 ‘0 o *
= e
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Fig. 10 Bode-modulus plots of 1.0E+04 7Y
Cu-10Ni alloy specimen after t.:::‘
48 h of immersion in blank ‘. &Blank
solution and solution containing 0.‘
40 ppm MBT 1.0E+03 1 %o, o 0
°
= 0“ ppm
NE “
5 e,
a ®,
S 10E+02 1 'g'
N
1.OET01 1 3388800000004
1 ,0E+00 T T T T T T
0.01 0.1 1 10 100 1000 10000 100000
Frequecy (Hz)
Rs Rf R Rs Rf Ry Raw In the high-frequency region of the Bode diagrams
(Figs. 9 and 10), the impedance reaches approximately a
CPEg, constant value independent of the frequency, and the phase
CPE{ angle tends towards 0°, which resembles the uncompensated

Fig. 11 EEC was used to fit the impedance results obtained for Cu—
10Ni alloy specimen after 48 h of immersion in a blank solution and
b solution containing 40 ppm MBT

3.4 ElSresult

Nyquist, Bode-phase, and Bode-modulus plots obtained
for Cu-10Ni after 48 h of immersion in blank and 40 ppm
MBT-containing solutions are shown in Figs. 8, 9, and 10.
The best EECs fit the corresponding EIS results are shown
in Fig. 11aand b.

or solution resistance (R,). In the middle-frequency region,
impedance and the frequency show a linear relationship, and
the phase angle tends to -60°. In the low-frequency region,
impedance tends to become independent of the frequency,
but constant amplitude is not reached, and the phase does
not approach 0°, which can be attributed to the diffusion of
the ionic species through the passive film formed onto the
surface.

The proposed EEC model to fit the data obtained for the
specimen immersed in blank solution (Fig. 11a), involves
two time-constants in series with the solution resistance (Ry).
The first time-constant (R{CPE;) represents the properties
of the passive film and the second time-constant in the low-
frequency region represents the charge-transfer resistance

@ Springer
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Table 3 Parameters obtained from fitting the EIS data obtained for Cu—10Ni alloy specimen after 48 h of immersion in blank solution and solution containing 40 ppm MBT to the proposed EEC

I

Cya (WFem™) Ry (kQem?) R, (kQcm?®) x* (x107)

) CPE,,
0 (x107% n

5

C;(UFecm™) R (kQ cm

0(x107%) n

C, (UF cm?) CPE;

0(x107%) n

R, (Q) R, (kQcm?) CPEy

Solution

Springer

11.76
8.35

2.267

0.67

22.40

0.55
0.61

19.109
21.338

9.485

9.98

Blank

0.79

0.7 542.6 3.14

1152.7

0.7256

14.69 0.76 1.0211

0.04578

4.480

40 ppm/48 h 9.57

and the constant phase element related to the double-layer
capacitor at the metal surface.

The EEC model used to fit the data obtained for the
specimen immersed in 3 wt% NaCl solution contain-
ing 40 ppm MBT (Fig. 11b) corresponds to an electrode
coated by a porous layer, including diffusion. Similar mod-
els have been used to explain Cu corrosion behavior in dif-
ferent solutions [62]. The value of EEC parameters is pre-
sented in Table 3. It should be noticed that various other
EEC models were used to fit the experimental data, but
the goodness of the fitting procedure, which was judged
by the X2 value, was worse than the proposed model, and
the proposed ECC gave a reasonable value for the param-
eters. In Fig. 11b, R, R, and R; represent solution resist-
ance, charge-transfer resistance, and adsorbed inhibitor
film resistance, respectively. CPE refers to the constant
phase element, and subscripts dl, f, and ad/d represent
the double-layer, adsorbed inhibitor film, and adsorption/
desorption or diffusion processes.

The EEC model proposed to fit the EIS results of the
specimen immersed in the electrolyte containing 40 ppm
MBT involves three time-constants in series with the solu-
tion resistance (R,). The first time-constant in the high-
frequency region (R;CPE;) represents the properties of the
passive film, and the corresponding R; and CPE; represent
film resistance and the constant phase element related to the
film capacitor. The impedance of CPE defines as follows:

Z(CPE) = (Q(m)")™" (6)

where Q is the frequency-independent real constant
(equal to the numerical value of the admittance (1/IZl) at
w=1rad/s), j is the imaginary number (j*=-1), w is the
angular frequency (o =2xf), and n is the CPE power. The
phase angle of the CPE, «, is calculated as n=a/(n/2). For
an ideal capacitor, n=1, and when n=0, CPE resembles a
pure resistor. Surface heterogeneity and roughness, inhomo-
geneous reaction rates on the surface, varying thickness or
composition of the surface, non-uniform current distribu-
tion, and distribution of the time-constants can lead to 0 “n
<1 [56, 63—-66]. True capacitance (C) of the time-constant
is calculated from CPE parameters and its parallel resistor
as follows:

C= (RQ)'")/R, Q)

where R and Q are in Q and pQ~!' cm™2 s, respectively
[67].

The second time-constant in the high-frequency region
(R..CPE,) represents the charge-transfer process, and the
corresponding R, and CPE; represent charge-transfer resist-
ance and the constant phase element related to the double-
layer capacitor. The third relaxation process, CPE, ;4 — R,q/4>
is related to the adsorption/desorption process of the MBT
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on the alloy's surface or the diffusion process. It has been
reported that a capacitance value of around 100—1000-times
higher than C, corresponds to the adsorption capacitance
[68, 69]. Cu and Ni ions and their complexes formed during
the corrosion process are the most likely ions that diffuse
through the adsorbed inhibitor film. The time-constants rep-
resenting the adsorption/desorption and diffusion processes
are too close and overlapped, so it is impossible to detect
them separately.

The polarization resistance (R) value is calculated as the
sum of all R-fitted parameters (R, =R+ R;+ R,;y)- For the
specimen immersed in the solution containing 40 ppm MBT,
the adsorbed inhibitor film cannot provide an effective pro-
tective ability and cannot hinder the Ni dealloying.

Comparing the R, values of the specimens immersed in
the blank solution (R,=11.76 KQ cm?) and the solution
containing 40 ppm MBT (R,=8.35 KQ cm?), reveals that
the addition of inhibitor has a deteriorating effect on the
corrosion resistance (R, piank > Ry inhivited) Which is consistent
with the weight loss and polarization tests results.

Fig. 12 SEM micrographs

of Cu—10Ni alloy specimens
before immersion (a) and after
48 h of immersion in 3 wt%
NaCl solution (b) and the solu-
tion containing 40 ppm MBT
(c¢) and 80 ppm MBT (d)

The SEM micrographs of the Cu-10Ni alloy specimens
before and after 48 h of immersion in the blank solution and
the solutions containing 40 and 80 ppm MBT are shown in
Fig. 12. Tt is seen that the specimen immersed in the solution
containing 80 ppm MBT has undergone a mild corrosion
attack compared to the specimen immersed in the solution
containing 40 ppm MBT so that the grooves of the prepar-
ing treatment are sharply visible for the former. The higher
corrosion rate of the specimen immersed in the solution
containing 40 ppm MBT might be related to the adsorption/
desorption of the inhibitor or a more localized corrosion
attack (arrows in Fig. 12¢) due to the lack of the formation
of a continuous protective layer of the inhibitor. Severe and
more localized attacks are evident in Fig. 12c. The EDAX
analysis of the surface shows that the Ni content is affected
by the immersion condition. Before immersion, the nickel
content is about 10 wt%, while for the specimen immersed
in the blank solution and the solution containing 40 ppm
MBT, the Ni content obtained around 5 wt% and 7 wt%,
respectively, which confirms Ni Dealloying. For the speci-
men immersed in the solution containing 60 and 80 ppm

@ Springer
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Fig. 13 Nyquist plots of Cu—
10Ni alloy specimen after 48 h
of immersion in blank solution
and solution containing 40 ppm
MBT

Fig. 14 Bode-phase plots of
Cu-10Ni alloy specimen after
48 h of immersion in blank
solution and solution containing
40 ppm MBT

Fig. 15 Bode-modulus plots of
Cu-10Ni alloy specimen after
48 h of immersion in blank
solution and solution containing
40 ppm MBT
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Fig. 16 EEC was used to fit the impedance results obtained for Cu—
10Ni alloy specimen after 48 h of immersion in blank solution and
solution containing 60 and 80 ppm MBT

MBT, the Ni content was about 12 wt%, implying a slight
Ni enrichment. These observations confirm the inhibition
effects of MBT above a specific concentration.

Nyquist, Bode-phase, and Bode-modulus plots of
Cu-10Ni alloy obtained after 48 h of immersion in 3 wt%
NaCl solution containing 60 ppm MBT (the inset) and
80 ppm MBT are shown in Fig. 13, 14, and 15. A new EEC
model was proposed and used to fit the experimental data,
as shown in Fig. 16. The value of the EEC parameters is
presented in Table 4. It can be seen that the impedance
value of the specimen increases with increasing the MBT
concentration, especially at the concentration of 80 ppm. In
the high-frequency region of the Bode diagrams, the imped-
ance reaches a constant value independent of the frequency,
and the phase angle tends towards 0°, which relates to the
uncompensated or solution resistance (R,). In the middle-
frequency region, impedance and the frequency show a
linear relationship, and the phase angle tends to — 60°. In
the low-frequency region, impedance tends to become inde-
pendent of frequency, but constant amplitude is not reached,
attributed to the diffusion of the ionic species through the
adsorbed inhibitor film. In Fig. 15, the phase maximum at
the middle-frequency region broadens in the presence of
80 ppm of MBT, which implies the formation of a more pro-
tective layer of adsorbed inhibitors [40]. The phase angle at
low frequencies does not approach 0°, implying the diffusion
of ionic species through the adsorbed inhibitor film. The pro-
posed EEC model involves two time-constants in series with
the solution resistance (R,). The first time-constant (R{CPE;)
represents the properties of the adsorbed inhibitor film
and the second time-constant in the low-frequency region
represents the charge-transfer resistance and the constant
phase element related to the double-layer capacitor at the

metal surface. The adsorbed film thickness (1/C;) increases
with increasing the MBT concentration, and the film resist-
ance (Ry) increases considerably in the solution containing
80 ppm MBT. This observation indicates the better protec-
tive ability of the film formed at the MBT concentration of
80 ppm. Comparing the R, values show that with increasing
the MBT concentration, the R, value increases. It has been
suggested that the inhibition mechanism of MBT for pure
Cu depends on the nature of the binding between Cu(I) and
the MBT and the properties of the copper oxide [36]. In
the current work, the observed behavior can be attributed to
the Ni enrichment of the oxide film formed on the surface
and the role of the adsorbed film of inhibitor, which hin-
ders the Ni leaching out from the oxide mentioned before.
This enrichment increases R value and leads to the higher
corrosion resistance of the corrosion product film at the
presence of 80 ppm MBT. The polarization resistance (Rj)
value (R, =R+ Ry) shows that the corrosion resistance
increases with increasing the MBT concentration. Better
inhibition performance obtained for specimens immersed
in the solution containing 80 ppm MBT is attributed to the
formation of a more compact and dense adsorbed inhibi-
tor film. Decreasing the C¢ value with increasing the MBT
concentration from 60 to 80 ppm confirms the formation of
a thicker adsorbed inhibitor film.

Comparing the results obtained for different concentra-
tions of MBT shows that EIS results are consistent with the
results obtained from weight loss and polarization tests and
show that there is a critical concentration for MBT to act
as an effective inhibitor for Cu—10Ni alloys in 3 wt% NaCl
solution.

4 Conclusion

The current study reports the effect of MBT on the corrosion
inhibition of Cu—10Ni alloy in 3 wt% NaCl solution as a
function of MBT concentration. Different methods, includ-
ing Weight loss, potentiodynamic polarization, and EIS,
were used. XPS and SEM were also used to characterize
the surface of the specimen. All the methods' results were
in good agreement and showed that the inhibition effect of
MBT is a function of its concentration. Adding 40 ppm MBT
to 3 wt% NacCl solution accelerates the corrosion rate of

Table 4 Parameters obtained from fitting the EIS data obtained for Cu—10Ni alloy specimen after 48 h of immersion in 3 wt% NaCl solutions

containing 60 and 80 ppm MBT

Solution R, (Q) R, (kQcm? CPE,

Cy (WF cm®) CPE,

C(WFem™) R (kQcm?) R, (kQcm®) x> (x107)

0(x107) n 0(x107%) n
60 ppm  10.2 10.909 31.51 0.36 1.4297 7.008 0.78 0.857 1.36 12.269 0.4
80 ppm  9.87 1362.6 0.2683 042 1.5452 0.057 095 0.264 807 2169.6 5.1
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Cu-10Ni alloy and leads to localized attack. At the concen-
tration of 60 and 80 ppm, MBT acts as an effective inhibitor,
and the IE increases with increasing the MBT concentra-
tion. MBT adsorbed onto the surface through both N and S
atoms of the inhibitor. The maximum IE of about 92% can
be achieved at the concentration of 80 ppm. MBT adsorption
into the surface can cease the Ni dealloying of the specimen
and leads to better corrosion resistance.
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