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Abstract: The corrosion inhibition effect of five azole compounds on the corrosion of an AA6082
aluminium alloy in 5 wt.% NaCl solution at 25 and 50 °C was investigated using weight loss and
electrochemical measurements. Only 2-mercaptobenzothiazole (MBT) showed a corrosion inhibition
effect at both temperatures and was further studied in detail, including with the addition of potassium
iodide as a possible intensifier. Surface analysis of the MBT surface layer was performed by means of
attenuated total reflectance Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
and time-of-flight secondary ion mass spectrometry techniques. The hydrophobicity of the MBT
surface layer was also investigated.
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1. Introduction

The AA6xxx series aluminium alloys (also known as Al-Mg-Si alloys) are heat-treatable wrought
alloys, which, in addition to their high thermal and electrical conductivity and low specific weight,
possess moderately high strength [1,2]. These properties, combined with their good formability and
high resistance to general corrosion, make these alloys very suitable for industrial use, especially in the
automotive and aerospace industries [3,4]. However, intergranular corrosion is one of the most reported
forms of corrosion for AA6xxx series aluminium alloys [5-11]. The authors reported a close connection
between the amount of Cu present in the alloys and their susceptibility to intergranular corrosion.
The Cu content is also related to the pitting corrosion susceptibility of these alloys in chloride-containing
solutions [3]. Due to the fact that the AA6082 aluminium alloy is used to fabricate hot extruded
automotive parts [3,4], the corrosion resistance of this alloy in chloride-containing solutions has been
reported in several studies. Cicolin et al. [12] reported that an increase in chloride concentration (from
0.01 to 1.00 M NaCl) made the AA6082 aluminium alloy more susceptible to pitting than to intergranular
corrosion. The same behaviour was also observed when increasing the solution’s pH or the amount of
dissolved oxygen. The effect of pH on the stress corrosion cracking of the AA6082 aluminium alloy
in a 0.3 M NaCl solution was also studied by Panagopoulos et al. [13]. The authors reported higher
corrosion susceptibility in basic and acid solutions, while a higher resistance was observed for neutral
solutions. Trdan and Grum [14] used electrochemical measurements to study the influence of laser
shock peening (LSP) treatment on the corrosion resistance of AA6082-T651 aluminium alloy immersed
in a 0.6 M NaCl solution. The passivity region of the AA6082-T651 aluminium alloy samples increased
after LSP treatment. Moreover, the LSP-treated samples showed a repassivation ability.
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Recently, we reported on the influence of chloride concentration (1 and 5 wt.% NaCl solution)
and temperature (25 and 50 °C) on the corrosion behaviour of the AA6082 aluminium alloy in
chloride-containing solutions [15]. A corrosion rate increase was observed when increasing the chloride
concentration and temperature. Both general and pitting corrosion were more pronounced at the
highest temperature (50 °C). Moreover, the corrosion of the AA6082 aluminium alloy samples under
the above-mentioned conditions followed kinetic-controlled processes [15].

Surface modification by either laser shock peening without ablative coating [14] or polyvinyl
alcohol fibrous coating [16], as well as by the application of a titania coating [17], was employed to
mitigate the corrosion of AA6082 aluminium alloys in chloride-containing solutions. In addition,
sodium molybdate dehydrate was used by Panagopoulos et al. [18] as a corrosion inhibitor for the
AA6082 aluminium alloy ina 0.01 M NaCl solution. Although a large number of organic compounds and
natural products have been employed as corrosion inhibitors for aluminium alloys in acid, basic, and
chloride-containing solutions [19-21], the literature is scarce regarding the use of organic compounds
as corrosion inhibitors for the AA6082 aluminium alloy. Azole compounds, mainly derivatives of
imidazole and benzotriazole, have shown good corrosion inhibition effects in chloride-containing
solutions, mostly for copper [22-31] and, in a few cases, for steel [32-35]. Moreover, several azole
compounds have been used as corrosion inhibitors, mostly for pure aluminium and the AA2024
aluminium alloy in chloride-containing solutions [36—40]. Hitherto, to the best of our knowledge,
there have been no reports in the literature on the use of azole compounds as corrosion inhibitors for
the AA6082 aluminium alloy in chloride-containing solutions.

In this work, electrochemical impedance spectroscopy (EIS) measurements were first
used to evaluate the effectiveness of five azole compounds, i.e., 2-mercaptobenzothiazole
(MBT), 2-mercaptobenzoxazole (MBO), 2-mercaptobenzimidazole (MBI), benzotriazole (BTA), and
3-amino-1H-1,2,4-triazole (3-AT), as corrosion inhibitors for the AA6082 aluminium alloy during 10 h
of immersion in 5 wt.% NaCl solution at 50 °C, with and without the addition of KI as a possible
intensifier. The corrosion inhibition effectiveness of the above-mentioned compounds was tested at
50 °C, a common temperature employed in the automotive industry. According to the international
standard ISO 9227 [41], the neutral salt spray tests should be performed at 35 + 2 °C. However,
the same standard states that the cooper-accelerated acetic salt spray tests should be performed at
50 + 2 °C. In this work, the inhibition effect of the studied azole compounds in the corrosion of AA6082
aluminium alloy samples in 5 wt.% NaCl solution was first studied at 50 °C to simulate an even more
corrosive environment and test the worst-case scenario. Next, only the compounds found to show
a corrosion inhibition effect at 50 °C were tested at 25 °C [41], with and without the addition of KI,
using electrochemical techniques (including open circuit potential, potentiodynamic curve, and EIS
measurements) and the weight loss method. The adsorption of the effective azole compound was
confirmed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), X-ray
photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS)
measurements. Finally, contact angle measurements were performed on AA6082 aluminium alloy
samples immersed in 5 wt.% NaCl solution at 25 °C.

2. Materials and Methods

2.1. Sample Preparation

The AA6082 aluminium alloy with the composition given in Table 1 was supplied by Rocholl
GmbH, Aglasterhausen, Germany. Rectangle-shaped samples (50 by 20 by 1 mm) were used for
the weight loss measurements, while disc-shaped samples (diameter 15 mm) were used for the
electrochemical and surface characterization measurements [15,22,28,33].



Coatings 2019, 9, 380 3o0f15

Table 1. Chemical composition of AA6082 aluminium alloy as specified by the supplier.

Element Si Fe Cu Mn Mg Cr Zn Ti Al
Content (wt.%) 0.90 0.35 0.07 0.45 0.90 0.04 0.05 0.02 balance

Prior to performing weight loss tests, the samples were first cleaned ultrasonically in a 50 vol.%
acetone/50 vol.% ultrapure water bath and then dried under a stream of air. The samples used for
the electrochemical measurements were first ground with different SiC papers (320, 500, 800, 1000,
2400, and 4000 grit), supplied by Struers (Ballerup, Denmark), and then rinsed with ultrapure water
(resistivity of 18.2 M) cm at 25 °C) obtained by means of the Milli-Q system (Millipore Corporation,
Burlington, MA, USA). Finally, the samples were ultrasonically cleaned in a 50 vol.% acetone/50 vol.%
ultrapure water bath and then dried under a stream of air.

2.2. Solution Preparation

All the solutions used in this study were prepared using ultrapure water. The 97 wt.%
pure 2-mercaptobenzothiazole (MBT), 95 wt.% pure 2-mercaptobenzoxazole (MBO), 98 wt.% pure
2-mercaptobenzimidazole (MBI), and 99 wt.% pure benzotriazole (BTA) were supplied by Sigma-Aldrich
(St. Louis, MO, USA), while the 95 wt.% pure 3-amino-1H-1,2,4-triazole (3-AT) was supplied by ACROS
Organics (Morris County, NJ, USA). The chemical structures of these compounds are given in Figure 1.
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Figure 1. Structures of the five azole compounds used in this study.

Acetone, NaCl, and KI (for analysis, ACS quality) were supplied by Carlo Erba Reagents (Milan,
Italy). The AA6082 aluminium alloy samples were immersed in 5 wt.% NaCl solution containing a)
0.3 mM MBT, b) 1.0 mM MBO, c¢) 1.0 mM MBI, d) 10.0 mM 3-AT, e) 1.0 mM BTA, and f) 10.0 mM BTA.
The choice of the concentrations for the MBT, MBO, and MBI is related to their solubility limit in 5 wt.%
NaCl solution. A concentration of 1 mM for these compounds is close to the 0.1 wt.% concentration
that is commonly used for corrosion tests in industry [42].

2.3. Weight Loss Measurements

The AA6082 aluminium alloy samples were weighed before immersion in the tested solutions.
After seven days of immersion, the samples were first rinsed with ultrapure water, and then a fibre-bristle
brush was used to remove the corrosion products from their surface. Before weighing the samples
again, they were rinsed once more with ultrapure water and dried under a stream of air. Dixon’s and
Grubb’s statistical tests [43] were used to remove any outliers, and an average value of at least six
replicate measurements was reported.
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2.4. Electrochemical Measurements

The AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution with each of the
azole compounds were subjected to electrochemical measurements under stagnant conditions at 25
and 50 °C. The working electrode consisted of the AA6082 aluminium alloy sample (prepared as
described above) embedded in a Teflon holder (PAR, Cambridge, UK) with a 1 cm? area exposed to the
solution [15,22,28,33]. A saturated calomel electrode, SCE (0.244 V vs. SHE, the standard hydrogen
electrode), and a graphite rod were used as the reference and the counter electrode, respectively.
A Gamry 600™ potentiostat/galvanostat controlled by a Gamry Framework electrochemical program
(Gamry Instruments, Warminster, PA, USA) was used to perform all the electrochemical measurements.
The results obtained were analysed using the Gamry EChem Analyst 6.30 software.

The EIS spectra were recorded at the open circuit potential (E,), in the frequency range from 1 MHz
to 10 mHz, using a signal with a 10 mV (peak to peak) amplitude and 10 points/decade [15,22,28,33].
The EIS measurements were performed in sequence after 1, 3, 5, 7, and 10 h of immersion in 5 wt.%
NaCl solution with and without different azole compounds. The E,. was determined from the time
of immersion in sequence before each of the EIS measurements and just before the potentiodynamic
curve measurements. The potentiodynamic curves were recorded after 11 h of immersion, starting
from —0.250 V vs. Eq and continuing in the anodic direction with a potential scan rate of 0.1 mV s7L
At least three replicate measurements were performed for all the electrochemical techniques and
a representative curve is given in each case.

2.5. Surface Analysis

The samples prepared with the same procedure as the electrochemical measurements were
subjected to surface analysis after immersion in 5 wt.% NaCl solution with and without the presence
of the azole compounds. The ATR-FTIR, XPS, ToF-SIMS, and contact angle measurements were used
to characterize the surface of the AA6082 aluminium alloy samples after immersion. The ATR-FTIR
and contact angle measurements were performed after 31 days of immersion, while for the XPS (PHI
5600, Physical Electronics, Inc., Chanhassen, MN, USA) and ToF-SIMS (ToF-SIMS 5, ION-TOEF, Miinster,
Germany) measurements, a 1 h immersion time was used. A Shimadzu IRAffinity-1 (Kyoto, Japan)
spectrometer was used for the ATR-FTIR measurements. The instrumental setup for the XPS and
ToF-SIMS measurements were the same as reported previously [44]. The hydrophobicity of the AA6082
aluminium alloy samples after immersion in 5 wt.% NaCl solutions containing the most effective azole
compound (higher corrosion inhibition effectiveness) with and without the addition of 0.1 wt.% KI was
tested using an OCA 35 Dataphysic contact angle analyser (Filderstadt, Germany), with the respective
software (SCA 20). The average value of at least three replicate contact angle measurements obtained at
different spots of the sample’s surface was reported (outliers were checked with Dixon’s and Grubb’s
statistical tests, and any present outliers were removed from the calculation of the average value [43]).

3. Results and Discussion

3.1. Electrochemical Measurements

The AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution containing the MBI,
MBO, MBT, 3-AT, and BTA azole compounds, as described above, were first tested by means of EIS
measurements at 50 °C to simulate the worst-case corrosion scenario and to select the best candidates
for lower temperature studies. The Nyquist plots of the AA6082 aluminium alloy samples immersed
in 5 wt.% NaCl solution with different amounts of the studied azole compounds (Figure 2) obtained at
50 °C indicated that only MBT and 3-AT showed a corrosion inhibition effect. However, the parameters
obtained from the EIS fitting procedure showed that the addition of MBT and 3-AT resulted in only
a slight increase in the corrosion resistivity of the AA6082 aluminium alloy samples (the corrosion
inhibition effectiveness calculated based on fitted R, values as described below was found to be lower
than 25%). For all the other azole compounds lower R}, values were obtained compared with the
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non-inhibited system indicating that these compounds are not corrosion inhibitors for the AA6082
aluminium alloy.
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Figure 2. The Nyquist plots of the AA6082 aluminium alloy samples immersed at 50 °C in 5 wt.% NaCl
solution containing different concentrations of five azole compounds.

Next, the corrosion inhibition effectiveness of MBT and 3-AT was further tested at 25 °C.
No significant corrosion inhibition effect was found for 10.0 mM 3-AT in 5 wt.% NaCl solution at
25 °C, the main reason being the lower corrosion rate of the base aluminium alloy, which becomes
similar to the corrosion rate of the alloy in the solution with the addition of 3-AT. However, MBT at
0.3 mM showed a corrosion inhibition effect at 25 °C. Due to the latter, MBT was electrochemically
tested in detail, including open circuit potential, EIS, and potentiodynamic curve measurements,
as presented below.

3.1.1. Open Circuit Potential Measurements

The open circuit potential (Eqc) of the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl
solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI was measured at
25 °C in sequence before each EIS measurements (starting from the moment of immersion) and just
before the potentiodynamic curve was recorded. The last measured E, for each of the systems was
considered to be the corrosion potential (Ecorr). The open circuit potential values obtained for each
system are presented in Figure 3 as a function of the immersion time.
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Figure 3. The influence of the immersion time on the open circuit potential values of the AA6082
aluminium alloy samples immersed in 5 wt.% NaCl solution with and without 0.3 mM MBT or
a combination of 0.3 mM MBT and 0.1 wt.% KI at 25 °C. The discontinuous parts of the curves indicate
the moments when the EIS measurements were performed.
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Figure 3 shows that for the non-inhibited AA6082 aluminium alloy samples immersed in 5 wt.%
NaCl solution the E,. moved to more positive potentials from the moment of immersion until the first
hour, and then no significant changes were observed (a steady state was achieved). For this system,
Ecorr was found to be —0.789 V. The addition of 0.3 mM MBT to 5 wt.% NaCl solution resulted in a shift
of the E, to slightly more negative potentials compared with the non-inhibited system. The E,. was
first transferred to more positive potentials in the first hour of immersion and then slightly shifted
to more negative potentials from the first to the third hour of immersion. For the inhibited system,
a steady state was reached after 3 h of immersion. The E.rr for this system was found to be —0.852 V.

The steady state for the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution
containing 0.3 mM MBT with the addition of 0.1 wt.% KI was also achieved after 1 h of immersion.
No significant shift was observed when comparing the open circuit potential curves for the inhibited
system with and without the addition of 0.1 wt.% KI. This is reflected also in the Ecorr value, which was
—0.821 V for the inhibited system containing 0.1 wt.% KI.

The shift to more negative potentials when 0.3 mM MBT or a combination of 0.3 mM MBT and
0.1 wt.% KI were added to 5 wt.% NaCl solution indicates that MBT primarily inhibits the cathodic
reaction of the corrosion couple, i.e., the reduction of the dissolved oxygen in the solution and the
hydrogen evolution (which is most likely not intensive since for the 5 wt.% NaCl solution containing
0.3 mM MBT the pH was 5.07, while no significant change of the pH (pH = 5.11) was measured when
0.1 wt.% KI was added to the solution).

3.1.2. EIS Measurements

Figure 4 presents the EIS response of the AA6082 aluminium alloy samples after 1-10 h of
immersion at 25 °C in 5 wt.% NaCl solution (Figure 4a—c), in 5 wt.% NaCl solution containing 0.3 mM
MBT (Figure 4d-f), and in 5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 0.1 wt.%
KI (Figure 4g—i). The two distinctive patterns observed in the Bode modulus plot (Figure 4b,e) in the
high and middle frequency regions and the respective behaviour of the systems associated with those
patterns have previously been described in detail [15,22,28,33].

b ~ [9
6 x 104 a 106 E 90
&~ = T, o -70 Vo )
E 4o E 104 : % f A
c o @ 50 P 4 %
NG g =3 4 %
o 4 _a®ad s ~ 2 ] & 4
g 2x10 W = g 0L )
N - . 5 3
y. p— [-% . %
Y AN -10 %
0 2x10* 4x10° 6x10° 102 10° 202 10*  10° 102 100 102 104 108
zreaI/ (Q cmZ) f/ Hz f/ Hz
f
3x105 9 108 g -90
Fn = T -70 |
E 2x108 13 10* g
o [T}
c & $ 5o t4
= e g - =
B o1x10° [ gfteee 5 © g 2 30
N /-’;“#\ — X S
/ [-%
0 L L 10! -10
) 1x105 2x105 3x10° 102 100 102 104 106 102 100 102 104 106
Ziea/ (Qem?) f/Hz f/Hz

Figure 4. Cont.
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Figure 4. The measured electrochemical impedance spectroscopy (EIS) spectra (dotted) and the
respective fitting (in continuous lines) for the AA6082 aluminium alloy samples immersed for 1-10 h,
at 25 °C, in (a—c) 5 wt.% NaCl solution, (d—f) 5 wt.% NaCl solution containing 0.3 mM MBT, and (g-i)
5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 0.1 wt.% KI.

Several equivalent electrical circuit (EEC) models were taken into consideration to fit the EIS
spectra obtained. Figure 5 presents the nested Rn(Q1(R1(Q2(R5))) EEC model selected to fit the EIS
response as the error of the fitting procedure x?) using this EEC was the lowest among all EECs
tested. The same EEC model was used previously to fit the EIS response of AA6082 aluminium alloy
samples, under the same conditions, without the addition of azole compounds and intensifiers [15].
A combination of resistances and constant phase elements (represented by Q, which describes the
non-ideal capacitance C) was used to describe the two relaxation processes in this EEC model.
The uncompensated resistance (Rq) is largely influenced by the solution resistance. The processes
occurring at the surface layer (a combination of the oxide layer and the adsorbed inhibitor) are
described by the surface layer resistance (R;) and capacitance (represented by Q7). The charge-transfer
resistance (Ry) and double-layer capacitance (represented by Q;) describe the processes occurring at
the metal/solution interface.

%,
Q

RE — WE

R,

Figure 5. The Rn(Q1(R1(Q2(Ry))) equivalent electrical circuit (EEC) model used to fit the EIS response
of the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution with and without 0.3 mM
MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI.

Table 2 shows the average values of the parameters obtained from the fitting procedure using the
nested R (Q1(R1(Q2(R2))) EEC model presented in Figure 5. The capacitance values (Cy) were calculated
from the respective non-ideal capacitance (Qy) and resistance (Ry) values as Cx = ((Ry Qx)l/ ") /Ry.
The thickness of the surface layer (d) is inversely proportional to the surface layer capacitance (C;) [33].
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The C; values of the AA6082 aluminium alloy samples immersed in 5 wt.% NaCl solution
decreased with an increase in immersion time for both systems, i.e., with and without the addition
of 0.1 wt.% KI (Table 2). This resulted in an increase in the surface layer thickness with increasing
immersion time, as more of the inhibitor is adsorbed on the surface of the AA6082 aluminium
alloy samples.

Table 2. The parameters obtained from fitting the EIS response of the AA6082 aluminium alloy samples
immersed in 5 wt.% NaCl solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and
0.1 wt.% KI, after 1-10 h of immersion, at 25 °C. In addition, the fitted parameters from the EIS spectra
of the AA6082 aluminium samples in 5 wt.% NaCl solution, previously reported in [15], are given
for comparison. Units: %2 [x1073], R [Q cm?], Ry, Ry, and Rp [kQ em?], Q; and Qp [pQ~ T em™2 5],
and C; and C; [uF em™2].

Immersion Time [h] x? Rq Q1 ny Ry C1 Q2 ny R, Cy Rp

5 wt.% NaCl solution

1 0.84 590 217.00 0.69 39.70 581.50 17.2 0.86 4330 1646 56.16

3 0.98 584 27600 0.85 48.00 440.16 16.8 0.86 5230 1645 100.30
5 0.61 569 396.00 099 4640 401.84 16.5 0.86 50.80 1596 97.20

7 0.22 565 34000 0.84 5870 593.76 15.3 0.86 4810 14.56 106.80
10 0.24 560 32500 0.83 73.00 607.62 14.7 0.86 45.00 13.77 118.00

5 wt.% NaCl solution containing 0.3 mM MBT
1 1.26 574 1618 0.87 2859 1449  5.66 0.84 138.03 541 166.62
3 1.10 572 1479 088 2229 1268 547 0.75 23397 595 256.26
5 1.02 568 1435 088 2352 1239 524 076 29787 6.03 321.39
7 091 567 1395 088 2179 1192 521 0.75 34460 633 366.39
10 0.86 558 1349 089 1725 1120 531 0.76 34875 6.45  366.00
5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 0.1 wt.% KI
1 2.52 547 1489 088 2126 1270 6.24 0.84 113.00 583 13426
3 1.68 556 1271 089 1052 9.87 6.07 0.69 25130 7.34 261.82
5 1.30 559 1228 089 1411 991 5.86 072 29930 7.33 31341
7 1.15 559 1190 090 1226 9.50 591 0.70 33850 8.01 350.76
10 1.28 560 1158 090 1284 9.32 5.85 0.70  407.40 852 420.24
5 wt.% NaCl solution containing 0.3 mM MBT with the addition of 1.0 wt.% KI

1 293 5.05 17.9 087 1486 1480 5.50 087 81.80 486 96.66

3 2.45 5.03 15.6 0.88 765 1179 623 076 17720 643 184.85
5 2.50 5.02 14.5 0.89 594 10.65 648 0.74 25720 7.74 263.14
7 2.49 5.03 14.0 0.89 584 1033 6.74 0.74 30520 872 311.04
10 2.48 5.04 13.3 0.90 5.35 9.80 6.89 0.73 36350 9.69 368.85

The polarization resistance (Rp) values, calculated as the sum of all resistances (Table 2), excluding
Rq, are presented in Figure 6 as a function of the immersion time. The R, values obtained for the
AA6082 aluminium alloy samples immersed in a 5 wt.% NaCl solution, containing 0.3 mM MBT,
with and without the addition of 0.1 wt.% KI, at 25 °C, are compared with the Rp values of the
same samples, under the same conditions, immersed only in 5 wt.% NaCl solution, as reported
previously [15]. A higher R}, value indicates the lower susceptibility of the AA6082 aluminium alloy
sample to general corrosion. Figure 6 shows that at all immersion times a more resistive system is
obtained with the addition of 0.3 mM MBT compared with the system containing no corrosion inhibitor.
For the system containing 0.3 mM MBT, a continuous increase in Ry, values is observed for up to 7 h of
immersion, and then after 10 h of immersion the resistivity of the system does not significantly change
(Figure 6). The same trend in the change of R}, values with increasing immersion time was found for the
system containing 0.3 mM MBT with the addition of 0.1 wt.% KI for up to 7 h of immersion. However,
the resistivity of this system increased from 7 to 10 h of immersion. For this system, the highest R,
value was obtained after 10 h of immersion. Table 2 and Figure 6 show that the addition of 0.1 wt.%
KI to the inhibited system has no significant influence on the R, values obtained from fitting the EIS
response from the first to the seventh hour of immersion, while only a slight increase of the the R,
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value is observed after 10 h of immersion. The increase of the KI concentration from 0.1 to 1.0 wt.% did
not further improve the corrosion resistance of the AA6082 aluminium samples immersed in 5 wt.%
NaCl solution containing 0.3 mM MBT. Figure 6 shows that lower R, values compared to both the
inhibited systems with and without 0.1 wt.% KI addition were obtained from the first to the seventh
hour of immersion.

5x10°
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3 3x105 |
c C
~ 2x105 |
< r
1x105 |

0 1 1 1 1 1

0 2 4 6 8 10 12
Immersion time / h
——5 wt.% NacCl ——0.3 mM MBT
0.3 mM MBT + 0.1 wt.% Kl ——0.3 mM MBT + 1.0 wt.% KI

Figure 6. The variation of R}, values with increasing immersion time for the AA6082 aluminium alloy
samples immersed for 1-10 h at 25 °C in 5 wt.% NaCl solution with or without 0.3 mM MBT or 0.3 mM
MBT and the addition of either 0.1 or 1.0 wt.% KI.

The corrosion inhibition effectiveness of the inhibited systems, with or without the addition of
0.1 and 1.0 wt.% K1, after 10 h of immersion at 25 °C were calculated from the Rp values presented in
Table 2. The corrosion inhibition effectiveness for the system containing 0.3 mM MBT was 67.76%,
while the addition of 0.1 wt.% KI to the 0.3 mM MBT slightly increased the corrosion inhibition
effectiveness to 71.92%. The non-significant difference in the R, values of the inhibited samples with
and without 1.0 wt.% KI addition is also reflected in the corrosion inhibition effectiveness value. The
corrosion inhibition effectiveness of the samples immersed in 5 wt.% NaCl solution containing 0.3 mM
MBT with 1.0 wt.% KI addition was 68.01%.

3.1.3. Potentiodynamic Curve Measurements

The potentiodynamic curves of the AA6082 aluminium alloy samples after 11 h of immersion in
5 wt.% NaCl solution with or without 0.3 mM MBT or 0.3 mM MBT and the addition of 0.1 wt.% Kl are
presented in Figure 7. The same as found in the open circuit potential measurements for Ecorr, the Eoc of
the AA6082 aluminium alloy samples shifted to more negative potentials upon the addition of 0.3 mM
MBT or 0.3 mM MBT and 0.1 wt.% KI. The latter explains that 0.3 mM MBT and a combination of
0.3 mM MBT and 0.1 wt.% KI primarily inhibit the cathodic reaction of the corrosion couple, acting as
a cathodic-type corrosion inhibitor (the same was concluded above by means of open circuit potential
measurements). Figure 7 shows that for the inhibited samples (both with and without the addition of
KI), the corrosion current density shifted to lower values compared with the non-inhibited sample.
For the non-inhibited samples, the breakdown potential, Epq (the potential at which a sudden increase
in the current density is observed), is not clearly expressed, whereas for both additions, the Epq is
expressed. Moreover, based on the increased Epq—Ec potential difference upon the addition of either
0.3 mM MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI, the localized corrosion of the AA6082
aluminium alloy samples was mitigated compared with the non-inhibited sample [45].
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Figure 7. Potentiodynamic curves for the AA6082 aluminium alloy samples after 11 h of immersion
at 25 °C in 5 wt.% NaCl solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and
0.1 wt.% KL

3.2. Weight Loss Measurements

The AA6082 aluminium alloy samples were immersed for 7 days at 25 °C in 5 wt.% NaCl solution
containing 0.3 mM MBT, with and without the addition of KI as an intensifier. After the immersion time
and cleaning procedure as described above, the AA6082 aluminium alloy samples showed a higher
mass than before immersion, due to the inability to remove the corrosion products from the surface of
the AA6082 aluminium alloy samples, even though corrosion products were visible on the surface.
A cleaning procedure in acids was not performed as this could also remove the base aluminium alloy,
resulting in misleading results. Similar strongly attached corrosion products were also found when
the samples were immersed for 30 days and 180 days at 25 °C or 7 days at 50 °C. Therefore, for the
present corrosion inhibition research weight loss measurements are not appropriate for evaluating the
corrosion effectiveness of the tested corrosion inhibitors.

3.3. Surface Analysis

The AA6082 aluminium alloy samples prepared as described in Section 2.1 were subjected to
surface characterization, including ATR-FTIR, XPS, ToF-SIMS, and contact angle measurements.

ATR-FTIR spectra are presented in Figure 8. In the spectra for the non-inhibited and the inhibited
(with and without the addition of KI) samples, two peaks were observed at 2360 and 2336 cm™,
which are connected with the asymmetric stretching of CO, [46]. Several other peaks were found in the
inhibited samples. It was previously reported [47] that the peak at 1463 cm™! is attributed to the C-N
stretching vibrations. Rai et al. [48] attributed the peak at 1428 cm™ to the vibrations of the C-N-H
group in MBT. The peak observed at 1318 cm™! has been previously attributed to the aromatic C-H
in-plane bending modes [49,50]. Li et al. [51] reported that the peak at 1242 cm! is attributable to C—-C
stretching vibrations, while the peak at 1011 cm~! is attributable to the bending C—C—C vibrations.
Meanwhile, Rai et al. [48] attributed the peak at 1015 cm™! not only to the C—-C—C bending vibrations,
but also to the C-S stretching vibrations. In addition, the ATR-FTIR spectra of the pure solid MBT
chemical (powder) is also presented in Figure 8 for comparison. All the peaks presented above for
the inhibited samples are also found in the spectra of the pure solid MBT. Because no characteristic
peaks related to the adsorption of organic compounds were observed for the non-inhibited AA6082
aluminium alloy sample, and because of the peaks found on the inhibited samples, it can be concluded
that MBT was adsorbed on the aluminium alloy samples. Moreover, the addition of 0.1 wt.% KI
increased the amount of the adsorbed MBT on the surface as more signal was obtained for the latter
compared to the system containing only MBT.
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Figure 8. ATR-FTIR spectra of the AA6082 aluminium alloy samples immersed for 31 days in 5 wt.%
NaCl solution with the addition of 0.3 mM MBT or a combination of 0.3 mM MBT and 0.1 wt.% KI.
The ATR-FTIR spectra of the pure solid MBT is given also for comparison.

In order to confirm the adsorption of MBT with even more confidence, XPS and ToF-SIMS
measurements were performed. A clear indication that MBT molecules were adsorbed on the
surface is the high-resolution S 2p peak present for the inhibited samples (Figure 9a). Therefore,
S-containing species are on the surface (in the present case, the S signal can only originate from the
MBT molecule). Moreover, the negative ion ToF-SIMS spectra analysis confirmed the presence of
CyH4NS, ™ at a mass-to-charge (1/z) ratio of 165.98 (Figure 9b), representing the parent ion molecule of
MBT after the removal of one proton (M-H)™ ion).
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Figure 9. High-resolution (a) S 2p XPS spectra and (b) time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements for the MBT adsorbed on AA6082 aluminium alloy.

The influence of the adsorption of MBT on the hydrophobicity of the non-inhibited AA6082
aluminium alloy samples immersed for 1 h in 5 wt.% solution with and without the addition of 0.1 wt.%
KI was studied using contact angle measurements. The average contact angles and the respective
shapes of the drops for each of the tested systems at 25 °C are presented in Table 3. The highest
contact angle (the most hydrophobic nature) was observed for the ground AA6082 aluminium alloy
samples immersed in 5 wt.% NaCl solution (the average value for three replicate measurements was
102.5°). A significantly more hydrophilic nature was observed for the ground AA6082 aluminium
alloy samples immersed in 5 wt.% NaCl solution containing 0.3 mM MBT. The average contact angle
value measured for the samples immersed in the system containing 0.3 mM MBT was found to be
45.9°. Only a slight increase in the average contact angle value (51.6°) was measured for the ground
AA6082 aluminium alloy samples immersed in a 5 wt.% solution containing 0.3 mM MBT with the
addition of 0.1 wt.% KI. Therefore, it can be concluded that the addition of MBT renders the A A6082
aluminium alloy samples more hydrophilic. The latter suggests that the MBT surface layer does not
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act as a barrier for a corrosion medium, but rather forms an adsorbed layer that mitigates the oxidation
(and consequently corrosion) of the AA6082 aluminium alloy samples.

Table 3. Average contact angle values (out of three replicate measurements) and the shape of the
respective drop (one example) for the ground AA6082 aluminium alloy samples immersed for 1 h in
5 wt.% NaCl solution containing 0.3 mM MBT or a combination of 0.3 mM MBT and the addition of
0.1 wt.% Kl at 25 °C.

Shape of the Drops on

Medium Average Contact Angle [°] the Sample

5 wt.% NaCl solution 102.5

5 wt.% NaCl solution containing

3 mM MBT 459

5 wt.% NaCl solution containing

3 mM MBT + 0.1 wt.% KI 516

4. Conclusions

The corrosion inhibition effect of five azole compounds (i.e., 2-mercaptobenzothiazole
(MBT), 2-mercaptobenzoxazole (MBO), 2-mercaptobenzimidazole (MBI), benzotriazole (BTA), and
3-amino1H-1,2,4-triazole (3-AT)) on the corrosion of AA6082 aluminium alloy samples immersed in
5 wt.% NaCl solution at 25 and 50 °C was investigated. A 5 wt.% NaCl solution at a temperature of
50 °C is usually employed in automotive corrosion tests to represent a highly corrosive environment.

The EIS measurements indicated that only MBT and 3-AT showed a corrosion inhibition effect
at 50 °C. These compounds were afterwards tested at 25 °C, at which only MBT showed a corrosion
inhibition effect and was, therefore, analysed further. It was shown that the corrosion of the AA6082
aluminium alloy samples in 5 wt.% NaCl solution with 0.3 mM MBT at 25 °C is only under kinetic
control. EIS measurements showed that for the AA6082 aluminium alloy samples immersed in 5 wt.%
NaCl solution containing 0.3 mM MBT, the surface layer (comprising the oxide layer and the adsorbed
inhibitor) increased with an increase in immersion time. The susceptibility of the AA6082 aluminium
alloy samples to general corrosion under these conditions decreased with increasing immersion time.
Potentiodynamic curve measurements showed that the addition of MBT lowered the corrosion current
density of the AA6082 aluminium alloy samples. MBT acted as a cathodic-type corrosion inhibitor
by mainly inhibiting the cathodic reaction of the corrosion couple. The inhibited samples showed
lower susceptibility to localized (pitting) corrosion. The addition of KI as a possible intensifier did not
significantly further influence the samples’ general and localized corrosion resistance, as determined
by the EIS and potentiodynamic curve measurements.

The adsorption of MBT on the surface of the AA6082 aluminium alloy samples was proven by
attenuated total reflectance Fourier transform infrared spectroscopy measurements, X-ray photoelectron
spectroscopy, and time-of-flight secondary ion mass spectrometry. Contact angle measurements showed
a significant decrease in the hydrophobicity of the samples upon the addition of 0.3 mM MBT, suggesting
that the corrosion inhibition effect of MBT is not due to the formation of a barrier layer, but to a adsorbed
layer that mitigates the oxidation of the base alloy.
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In this study, MBT was, therefore, shown to be a corrosion inhibitor for AA6082 aluminium alloy
in 5 wt.% NaCl solution. An appropriate agent that can increase the solubility of this compound will
be needed to further increase its corrosion inhibition effectiveness. Furthermore, some other intensifier
should be employed to increase the performance of MBT. Therefore, future studies should be oriented
towards corrosion inhibitor formulation design based on MBT as a corrosion inhibitor in such mixtures.
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