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Abstract: In this study, the behavior of sodium silicate (Na;SiO3), manganese sulfate mono-
hydrate (MnSO4-H,0), and ammonium metavanadate (NH4VO3) as corrosion inhibitors
for AA6061 aluminum alloy (Al) was investigated. The polarization resistance (Rp) of
the Al substrate immersed in 0.1 M NaCl solution was found to be 13 kQ-cm?. In com-
parison, the Ry, of the Al substrate immersed in 0.1 M NaCl in the presence of NaySiO3,
Na,SiO5;/MnSO,4-H,0, and Na,SiO3/NH4 VO3 inhibitors was found to be 100, 133, and
679 kQ-cm?, respectively. The best inhibition result was obtained when the mixture of the
inhibitors was used with Ry, of 722 kQ-cm?. The maximum percentage of the corroded
area calculated from the scanning electron microscopy (SEM) images was found to be 5.7%
for Al substrate immersed in 0.1 M NaCl, which decreased to 0.06% when the mixture of
the inhibitors was used. The synergetic effects between the three inhibitors were studied,
and the results illustrated that the combination of NaySiO3z, MnSOy4-H,0, and NH4VO;
provided the best corrosion inhibition properties for Al in aqueous NaCl environments.

Keywords: aluminum; corrosion inhibition; impedance spectroscopy; polarization
resistance; SEM

1. Introduction

Aluminum (Al) and its alloys have several applications in aerospace [1], aircraft [2],
automobiles [3], marine industry [4], computer components, food packaging [5], and
construction [6], due to their favorable properties such as low density, high ductility,
excellent strength-to-weight ratio, and high stiffness [7]. Being a reactive metal, Al reacts
with atmospheric oxygen to form a passive and stable protective aluminum oxide (Al,O3)
layer, which provides protection from corrosion in neutral environments [8]. However,
Al is susceptible to corrosion in aggressive mediums, such as seawater, which limits its
potential applications. Hence, it is essential to explore more corrosion protection strategies
to utilize the advantages of Al and its alloys, particularly for applications in marine or
highly corrosive environments.

Traditionally, chromate surface treatment technologies [9,10] were used for corrosion
protection of Al alloys. However, the chromate ions have raised some health and human
safety concerns, resulting in the ban of these technologies in recent times [11]. Thus,
researchers need to investigate alternative non-toxic or less toxic corrosion protection
techniques. Corrosion inhibition is one such technique, which reduces the corrosion rate
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of Al when exposed to highly corrosive environments. In this technique, silicate-based
materials are investigated for their buffering ability, polymerizing capability, heat and
chemical stability [12]. Especially, silicate-based materials are popularly used as inhibitors,
which reduce the corrosion rate of metals in a corrosive environment [13,14]. Garrity
et al. [13] investigated the corrosion protection of aluminum through the inhibition process
by incorporating sodium silicate in the 0.1 M NaCl aqueous solution. They found that the
corrosion protection mechanism is due to the formation of aluminosilicate complex that
adsorbs on the aluminum surface, further preventing the penetration of corrosive ions.

Furthermore, a frequent contender to chromium is manganese-based alloy compounds.
These compounds are studied for their corrosion inhibition properties as manganese ex-
hibits multiple oxidation states similar to chromium. Even though the corrosion inhibition
ability of the manganese is not as effective as the latter (Chromium) mainly for low-pH
environment, the former (Manganese) inhibits the corrosion of Al at high-pH values [15].
This inhibition is due to the reduction in Mn(VII) in alkaline media, which leads to the for-
mation of MnO,, which is considered a less soluble species [16]. In another study, Agnesia
et al. [17] reported the corrosion inhibition of Al by potassium permanganate (KMnQOy) in
an alkaline aqueous solution. They found that the corrosion inhibition efficiency increases
along with the concentration of KMnOj. The formation of the AI-KMnOy4 complex on the
metal surface prevents the penetration of corrosive ions to the substrate and thus increases
the corrosion performance of the inhibitor.

Another effective environmental alternative inhibitor to chromium source is vanadium
compounds. These compounds have been considered suitable corrosion inhibitors for
Al alloys in several studies [18-20]. As reported, the inhibition property of vanadium
compounds in alkaline aqueous solutions is related to tetrahedrally coordinated V*° anions,
such as VOzf and VO(OH) 2 [19]. These anions decrease the kinetics of oxygen reduction,
which are the dominant cathodic reactions in the corrosion process. In this context, Ralston
et al. [18] studied the corrosion inhibition of Al by aqueous vanadium species. They
observed that the addition of sodium metavanadate (NaVO3;) has no effect in an acidic
medium but led to a noticeable increase in corrosion protection in an alkaline medium.
They concluded that the inhibition of Al by NaVOj3 in sodium chloride (NaCl) solutions
was associated with the formation of tetrahedrally coordinated vanadate. However, the
octahedrally coordinated vanadate predominated in the acidic environments does not seem
to provide inhibition and may accelerate corrosion under deaerated conditions.

Although studies on the corrosion inhibition of Al by each compound (sodium silicate,
manganese, or vanadium) are abundant in the literature, studies on the synergetic effect
between the three inhibitors are not yet studied thoroughly. To this end, the present
study aims to illustrate the detailed corrosion inhibition mechanisms of sodium silicate
(NaySiO3), manganese sulfate monohydrate (MnSO4-H,0), and ammonium metavanadate
(NH4VO3) on AA6061 Al alloy and their subsequent effects on corrosion protection in
corrosive environments. An optimized combination of all three inhibitors is also studied
to analyze the synergetic effect between the inhibitors, where the corrosion properties
of the specimens are investigated using electrochemical tests. The surface morphology
and chemical composition of the specimens are also analyzed after the corrosion tests to
compare the performance of each inhibitor.

2. Experimental

In this study, the AA6061 Al alloy with the chemical composition of Al 97.9 wt.%, Mg
1.08 wt.%, Si 0.63 wt.%, Mn 0.52 wt.%, Cu 0.32 wt.%, Fe 0.17 wt.%, Ti 0.02 wt.%, and V
0.01 wt.% was used as substrates. Each Al substrate, with the size of one by one inch, was
ultrasonically degreased in a soap solution and cleaned in ethanol and deionized water for
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30 min. The specimens were mounted in the electrochemical cell and exposed to a 1 cm?
area of corrosive solutions containing 0.1 M sodium chloride (NaCl, pH 5.9) in the presence
of inhibitors (Figure 1).

Figure 1. The figure shows a three-electrode electrochemical corrosion cell, including the working
electrode (WE) with a 1 cm? exposed area, a reference electrode (RE), and an auxiliary electrode (Aux).

Three different inhibitors were used, namely sodium silicate (NaySiO3) with the
concentration of 3 x 1072 M, manganese sulfate monohydrate (MnSO4-H,0) with the
concentration of 3 x 107%* M, and ammonium metavanadate (NH;VOj3) with the concen-
tration of 3 x 10~* M. The inhibitors were added to the NaCl aqueous solution and kept
for 24 h to assess their corrosion inhibitive properties on Al using electrochemical studies.
For each inhibitor, the tests were repeated in triplicate. Solartron analytical 1252 and SI
1287 potentiostat equipped with a 300 cm? volume flat cells were used to perform the
open circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and poten-
tiodynamic polarization (Tafel) tests. A three-electrode set-up, consisting of a platinum
mesh (counter electrode), a silver/silver-chloride (Ag/AgCl) (reference electrode), and the
Al specimens (working electrodes), was employed for all these electrochemical analyses
reported in this study. The frequency range of the EIS studies were fixed between 102
and 10° Hz, whereas an amplitude of 20 mV was kept with respect to OCP for all the
analysis. The potentiodynamic polarization curves were scanned in a range of —300 mV
to 1200 mV with respect to OCP. The morphological and elemental characterizations of
the specimens were performed by scanning electron microscopy (SEM, JEO JSM-6480 LV,
Tokyo, Japan) equipped with energy dispersive X-ray spectroscopy (EDS). Additionally,
the image analysis software Clemex (CLEMEX JS-2000, PE4.0, Longueuil, QC, Canada) was
used to determine the percentage of the corroded area on Al substrates.

3. Results and Discussion

Figure 2 shows the open circuit potential (OCP) curves of the Al substrates immersed
in 0.1 M NaCl without inhibitors, and in the presence of Na;SiO3, Na;S5iO3/MnSO4-H,O,
NaQSiO3 /NH4V03, and Na28103 /MI‘ISO4'H20/NH4VO3.
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Figure 2. Open circuit potential (OCP) curves of (a) Al substrate immersed in 0.1 M NaCl without
inhibitors, and with the presence of (b) NaySiO3, (c) NaySiO3/MnSOy4-H,O, (d) NaySiO3/NHy VO3,
(e) and Na28i03 /MnSO4 ~H20/NH4VO3.

The OCP curve of Al substrate immersed in 0.1 M NaCl solution stabilized at around
—730 £ 4 mV, and this value is in good agreement with the values reported in the litera-
ture [21,22]. Furthermore, in the presence of Na,SiO3, the OCP curve in the presence of
Na,SiO3 inhibitor shows a shift toward positive potential values and stabilizes at around
—666 £ 11 mV. This shift is related to the anodic inhibition nature of sodium silicate and
these results are consistent with the values reported in the literature [13,23,24].

Anodic inhibitors, such as sodium silicate, react with AI3* ions, forming an insoluble
film, such as aluminosilicate, which results in a shift in the potential towards more positive
values compared to the aluminum substrate in NaCl solution [25].

Contrarily, the OCP curve for the specimen contained in NaySiO3/MnSO4-H,O
inhibitors shifted towards a more negative potential (—780 £+ 17 mV) compared to
—730 £ 4 mV for the Al substrate. Madden et al. reported similar observation on the
relative decrease in OCP values [26], where they studied the effect of potassium perman-
ganate (KMnO,) on the corrosion properties of Al. They evidenced that the OCP values
were reduced to its lower potentials after 24 h of immersion in sodium chloride aqueous
solution. The authors attributed the steady drop in the potential due to the reduction in
oxidation state of manganese. Furthermore, as seen in Figure 2, the OCP curve for the
solution contained the inhibitor of Na,;SiO3/NH4VOs3, stabilized at a further lower value
of —854 + 7 mV. Ralston et al. [27] also reported a similar decreasing tendency of the
OCP curve for Al in the presence of NaVO3. They evidenced that adding NaVOs in NaCl
solution led to a fall in the OCP from —650 mV to —790 mV for the Al substrate. This
negative shift, as compared to Al, could be due to the decrease in the dissolution of the
intermetallic phases by vanadium, which led to less distributed copper on the surface. In
this context, it is pertinent to mention that copper has a positive reduction potential of
+340 mV, while aluminum has a negative reduction potential of —1660 mV with respect
to standard hydrogen electrode, as given by the Nernst equation. Interestingly, in our
experiment, the OCP of the specimen in the presence of Na;5iO3/MnSO4-H,O/NH4 VO3
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stabilized at the value of —833 £+ 5 mV, which is an intermediate value between the OCP
curves of the specimens inhibited with NaySiO3/MnSO4-HyO and NapSiO3/NH4VOs;.

Figure 3 shows the EIS measurements of the Al substrates immersed in 0.1 M NaCl solu-
tion for 24 h, both in the presence of different inhibitors and their mixtures, namely Na;SiO3,
Na28i03 / MHSO4‘H20, N a25103 / NH4V03 ’ and Na28i03 / MIISO4‘H20 / NH4VO3. Figure 3a
presents the Nyquist plots of the Al substrate immersed in 0.1 M NaCl and in the presence of
NazsiO3, Na28i03 /MHSO4 'Hzo, Na25i03 /NH4VO3, and NazsiO3 /MIISO4 'Hzo/NH4VO3,
which depicts the imaginary component (—Zs) vs the real component (Z’). The Nyquist plot
of the Al substrate (magnified in the inset of Figure 3a) is composed of a small semi-circle at
high frequencies followed by a linear part at low frequencies. The semi-circle indicates the
charge transfer resistance (R¢t) of 6.7 kQ-cm?, while the linear part at low frequencies in the
Nyquist plot corresponds to the Warburg impedance, which is primarily due to the diffu-
sion of the electrolyte into the Al substrate [28]. On the contrary, with inhibitors of Na,SiO3,
Na28i03 /MI‘ISO4-H20, Na28103 /NH4VO3, and NaZSiO3 /Ml‘lSO4'H20/NH4VO3 in0.1M
NaCl solution, the Nyquist plots show only one semi-circle.
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Figure 3. (a) Nyquist plots; (b) Bode modulus diagrams; (c) Bode phase diagrams; and (d) equivalent
circuit of the Al substrate immersed in 0.1 M NaCl without and with the presence of Na,SiO3,
Na28i03 /MI’ISO4-H20, Na28103 /NH4VO3, and NazsiO3 /MI’ISO4-H20/NH4VO3 inhibitors.
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A relatively higher R value of 47 kQ)-cm? was observed for aluminum in the presence
of Na;SiO; as an inhibitor. Such an increase in the Rct value could be due to forming a
protective layer of aluminosilicate, which acts as a barrier to oxygen diffusion into the
metallic surface [29]. Furthermore, in the presence of Na;SiO3/MnSO4-H;O, the Rt has
further increased to 169 kQ-cm?.

In a similar terrain, Mohammadi et al. [30] studied the inhibition performance of
potassium permanganate (KMnOy) on Al in 3.5 wt.% (0.6 M) NaCl solution. They found
that the R value raised from 5.5 to 27.2 kQ)-cm? as the concentration of KMnQ, increased
from 0.01 M to 0.1 M. The lower reported values of R, in their study, compared to the
values reported in our study could be due to the difference in the concentration of the
NaCl solution.

Furthermore, the presence of Na;S5iO3/NH4 VO3 as an inhibitor in 0.1 M NaCl solution
resulted in a much higher R of 753 kQ-cm?, which indicates that the vanadium-based
inhibitor has good protection against corrosion in the presence of sodium silicate. In this
context, it is worth mentioning the study of Kharitonov et al. [19], in which they reported
the two-step inhibition process of vanadium-based inhibitors in an alkaline environment.
In the first step, the V*° vanadates were reduced to V** or V3* species on the surface of the
cathodic intermetallic phases and formed mixed-valence V*°/V*4 polymerized compounds.
Then, in the second step, these compounds were precipitated on the Al surface to form a
thin protective layer on the substrate [19]. The highest R¢; of 926 kQ-cm? were achieved for
aluminum in the presence of the mixture of inhibitors of Na,;SiO3/MnSO,;-H,O/NH;VOs.
These results could be due to a synergetic effect between the inhibitors, leading to a complex
protective layer on the Al surface.

Figure 3b shows the Bode modulus diagrams of the Al substrate in the aqueous
solution of 0.1 M NaCl without and with the presence of Na;SiO3, Na,;SiO3/MnSO,-H,0O,
Na,SiO3/NH4 VO3, and Na;SiO3/MnSO,4-HyO/NH4VO3. The impedance | Z | has been
presented with respect to frequency. It is well known that the inhibition effects are usually
identified by the impedance values at low frequencies (e.g., 0.1 Hz), as inhibition is often
related to the suppression of electron transfer caused by forming a passive layer on the Al
substrate [31,32]. Thus, to evaluate the effectiveness of the inhibitors” corrosion protection,
the impedance values at the low-frequency value of 0.1 Hz are plotted and presented in
Figure 4.

The impedance |Z| for Al substrate in 0.1 M NaCl solution was found to be
0.7 kQ-cm?, which increased systematically to 42, 150, 270, and 500 kQ-cm? for the Al
substrates with the presence of NaySiO3, NaySiO3/MnSO4-H,O, Nap5iO3/NH4 VO3, and
Na,SiO3/MnSO4-HpyO/NH,VO;3 inhibitors, respectively.

The imaginary part of the impedance is inversely proportional to the capacitance of
the passivated layers and is given by

7=, (1)

where Z" is the imaginary part of the impedance, j = /—11is the imaginary number, w
is the angular frequency (w = 2nf, f is the frequency), and C is the capacitance of the
passivated layer.

Hence, at the low-frequency region (0.01 to 1 Hz), the total modulus is dominated
by 1/wC. On the other hand, the capacitance of the passivated layer is a function of its
dielectric constant, and its thickness is given by

, ()

A
C= EOEE
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where A is the effective electrode surface area, which is constant in our experiment. ¢ is
the vacuum permittivity (8.85 x 1074 F/cm) and ¢ and d are the dielectric constant and
the thickness of the passivated layer, respectively. As a result, the impedance modules
at low frequency are proportional to the thickness (d) and inversely proportional to the
dielectric constant ¢, as shown in Equation (3).

= (i) £) )

4x10°

» 2x10°
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Elements

Figure 4. The impedance |Z| at the frequency of 0.1 Hz of the Al substrate immersed in 0.1 M
NaCl solution and with the presence of Na,SiO3, Na;SiO3/MnSO,-H,O, Na,SiO3/NH, VO3, and
NaZSiO3 /MI’ISO4~HQO/NH4VO3.

As the thickness of the passivated layer on Al substrate is very small in the presence
of different inhibitors, the ATR-FTIR absorption intensity is used as the representative of
thickness. The passivated layer on the Al substrate is composed of oxides of Na;SiO3, MnO,,
and V,05 inhibitors, and their dielectric constants are 9, 72, and 36, respectively [33-35]. The
graph of | Z| vs. d/¢ has been plotted and presented in Figure 5. The linear relationship
between |Z| and d/¢ indicates the synergetic effect among the inhibitors. On the contrary,
the Al substrate in the presence of NaySiO3 as an inhibitor does not satisfy the linear
correlation, which could be due to the lower thickness of the protective layer on the
Al substrate.

Furthermore, Figure 3¢ describes the Bode phase diagram of the Al substrate in the aque-
ous solution of 0.1 M NaCl with and without the presence of Na,SiO3, Na;SiO3/MnSO,-H,O,
Na,SiO3/NH4 VO3, and NaySiO3;/MnSO4-H,O/NH4VO;3 inhibitors. The full width at half
maximum (FWHM) of the phase bands was calculated using analysis software, and the
results are summarized in Table 1. The FWHM value of 164 Hz is found for the Al substrate
immersed in 0.1 M NaCl. Furthermore, FWHM values increased systemically to 1905, 3019,
26,001, and 27,227 Hz for the specimen in the presence of Na;SiO3, Na,;SiO3/MnSO,-H,0O,
NaySiO3/NH4 VO3, and NaySiO3/MnSO,4-H,O/NH4 VO3 inhibitors, respectively. The
increase in the FWHM values with the addition of the inhibitors can be related to the
adsorption process of inhibitors on the Al substrate, which leads to a change in the local
dielectric constant [19]. On the other hand, the maximum phase angle shifts towards
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the lower frequencies in the presence of the inhibitors (Na;SiO3, NapSiO3/MnSO4-HyO,
NaySiO3/NH4 VO3, and NaySiO3/MnSO4-H,O/NH4VO3). This shift can be associated
with the change in the local dielectric constant of the thin film, resulting from the probable
deposition of NaySiO3, VO,, and MnO, with their respective dielectric constants of 9, 36,
and 72 [33-35].

500 | Na,S10;, MnO,, and V,0,
L 400 |
L 400
O
G
R
~ 300 |
N :
= Na,S10;,V,0;
o
i’ 200 |
Na,S10;, MnO,
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Figure 5. The variation in the impedance |Z | at the frequency of 0.1 Hz as a function of d/ ¢ of the
probable adsorbed oxides on the Al substrate during the inhibition process.

Table 1. Full width at half maximum (FWHM) values calculated from the fitting of Bode phase
diagrams in Figure 3c.

Solution FWHM (Hz)
NaCl 164
Na,SiOs 1905
NazsiO3 /MI’ISO4 -Hzo 3019
Na28103 /NH4VO3 26,001
Na25i03 /MnSO4 'Hzo/NH4V03 27,227

Figure 3(d1,d2) show the electrical equivalent circuits (EEC) for the experimental
impedance spectroscopy data of Al substrate immersed in 0.1 M NaCl with and without the
presence of NaySiO3, NaySiO3 /MnSO4-H; O, NapSiO3 /NH4 VO3, and NaySiO3 /MnSO,-Hp,O/
NH4VO;j inhibitors. Figure 3(d1) shows the EEC of the Al substrate immersed in 0.1 M
NaCl solution, which is represented by an ohmic resistance (Rg) connected in series with
Resistance capacitance (RC) circuit composed of capacitance C; and a charge transfer resis-
tance (Rt) in parallel. The circuit also contains a Warburg factor element (Z,,) that indicates
the diffusion process of the electrolyte/coating interface.

Furthermore, the constant phase element (CPE) is used instead of ideal electrical capac-
itance in the circuits for the specimens with inhibitors due to the existence of heterogeneity
in its microstructure and chemical composition [36]. Figure 3(d2) represents the EEC of
the specimens with inhibitors, where Rg is connected with two RC circuits in series. CPE¢
represents the CPE related to the dielectric properties of the specimens, and R represents
the resistance provided by the inhibition film on the Al surface. On the other hand, CPEy;
denotes the CPE associated with the double layer at the interface near the Al surface, while
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Rt is the charge transfer resistance. Table 2 summarizes the impedance parameters of
EEC for the Al substrate immersed in 0.1 M NaCl and Table 3 gives the values of the
fitted parameter of the equivalent circuit of EIS measurements of Al substrate immersed in
0.1 M for 24 h in the presence of NaySiO3, NayS5iO3/MnSO4-HO, NayS5iO3/NH4 VO3, and
Na28103 / MIISO4'H20 / NH4V03 inhibitors.

Table 2. Fitted parameters of the equivalent circuit of EIS measurements of Al substrate immersed in
0.1 M NaCl for 24 h.

. Rs Rct C1 Zw
Solution (0. cm?)  KOm)  (uF-cm-?) o (0-cm?-§172)
NaCl 79 6 5.95 0.47 7813

Table 3. Fitted parameters of the equivalent circuit of EIS measurements of Al substrate immersed
in 0.1 M NaCl for 24 h in the presence of Na,SiO3, Na;SiO3/MnSO4-H,O, Na,SiO3 /NH, VO3, and
Na,SiO3/MnSO4-H,O/NH4 VO3 inhibitors.

CPE; CPEg
Solution Rs (Q-cm?) Re 2 Y, e
Y1 (Q1-87-cm-2) ng @ @asham na (kx-em®
NaySiO3 86 3.26 x 1071 1.40 143 6.99 x 107¢ 0.90 47
Nay5i03/MnSO4-H,O 99 14 x 10710 1.29 183 4.38 x 107° 0.95 169
Na,SiO3/NH,VO; 92 1.18 x 10-10 131 171 4.02 x 10-6 0.86 753
NayS5i03/MnSO4-H,O/NH4VO; 90 2.67 x 107° 0.69 170 229 x 107° 0.88 926

Notably, from Table 3, the CPE4; of the Al substrate immersed in 0.1 M NaCl in the pres-
ence of NaZSiO3, NaZSiO3 /MnSO4-H20, Na28103/NH4V03, and NaZSiO3/MnSO4-H20/
NH,VO; are found to be 6.99 x 107°, 4.38 x 107°, 4.02 x 107%, and 2.29 x 107°
O~1.8".cm~2, respectively, which indicate a systematic decrease in CPEy; in the case
of using the aforementioned mixture of inhibitors sequentially. This systematic decrease in
CPEy indicates that the hydrogen evolution reactions on the Al substrate are decelerated,
suggesting a better inhibition performance when the mixture of the inhibitors is used in the
solution [37].

Potentiodynamic polarization curves of the Al substrate immersed in 0.1 M NaCl and
with the presence of NaySiOs, Na,SiO3/MnSOy4-HyO, Na,SiO3/NH4 VO3, and Na;SiO3
or/MnSO4-HyO/NH4VOj3 as inhibitors are shown in Figure 6.

The polarization resistance (Rp)is calculated from the Stern-Geary equation as
given below:

BB
2.3Lcore (B + Be)

where 3, and 3. are the anodic and cathodic slopes of the Tafel curves, respectively. Icorr is

(4)

Rp

the corrosion current density. The calculated values of Ieorr, Rp, and the corrosion potential
(Ecorr) for all specimens are presented in Table 4.

Our estimation reveals that the corrosion current density (Icorr) is highest (1.3 + 0.6
1A /cm?) in the case of the primary specimen when Al substrate immersed in 0.1 M NaCl
solution, and polarization resistance (Rp) (22 + 9 kQ)-cm?) becomes its lowest. The Icorr
value decreases and the R, value increases systematically as we add mixtures of inhibitors
sequentially. For the specimen containing NaSiOs3 as an inhibitor, the .o value decreases
to 0.4 + 0.1 pA/cm? and the Rp value increases to 73 + 26 kQ-cm?. It can be attributed
to the formation of a protective layer of aluminosilicate on the Al substrate. This result
complements the EIS studies. Garrity et al. [13] have investigated the corrosion protection
of Al by adding different concentrations of NaySiO3 as an inhibitor into 0.1 M NaCl aqueous
solution. The potentiodynamic polarization curves show that sodium silicate provides
strong anodic inhibition.
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Figure 6. Potentiodynamic polarization curves of (a) Al substrate immersed in 0.1 M NaCl
for 24 h without inhibitors, and with the presence of (b) Na;SiO3, (c¢) NaSiO3/MnSO4-H,O,
(d) NazSiO3 /NH4VO3, (e) and Na25103 /MDSO4~H20/NH4V03.

Table 4. Open circuit potential (OCP), corrosion potential (Ecorr), corrosion current density (Icorr),
polarization resistance (Rp), and the corrosion inhibition efficiency n (%) of Al substrate immersed
in 0.1 M NaCl without inhibitors, and with the presence of NaySiO3, NaySiO3;/MnSO,4-H,0O,
Na,SiO3/NH4 VO3, and NaySiO3/MnSO4-H,O/NH,VOs;.

1 2 3 4 5
OCP (mV) Corrosion Potential Corro];l::si(t:;,l rrent Polarization Res}stance Corro]ssift;ir;ilex:ll;i;:ition
vs. Ag/AgCl Ecorr (mV) vs. Ag/AgCl Teonr (A/cm?) Rp (kQ-cm?) 1 (%)
NaCl —730+4 —734+7 1.3+0.6 2249 -
NaySiO; —666 + 11 —658 + 21 0.4+0.1 73+26 69.2
Na;Si03/MnSO4-H,O —780+17 —773+2 0.18 £0.02 126 +7 86.1
Na,Si0O3 /NH4VO; —854+7 —862+ 19 0.005 £ 0.002 545 + 133 99.6
Na,Si03/MnSO4-H,O/NH, VO3 —833+5 —808 + 8 0.004 £ 0.002 660 + 62 99.7

The specimen contains NaySiO3/MnSOy4-H,O as an inhibitor displays a further de-
crease in Ieorr value to 0.18 + 0.02 pA/cm? and an increase in Rp to 126 + 7 kQ-cm?. Tt
has been reported previously [15,16] that Mn-based inhibitors can reduce the corrosion of
Al alloys in alkaline solution (pH > 11), which could result from the reduction in Mn(VII)
in alkaline environments and the formation of a protective layer of MnO, a less soluble
species, on the Al substrate.

The Icorr value has further decreased to 0.005 + 0.002 pA/cm? with an increase in
Rp to 545 + 133 kQ-cm? for the specimen containing the inhibitor Na,SiO3/NH4VO3. In
a similar study, Ralston et al. [18] investigated the corrosion inhibition of Al by sodium
metavanadate (NaVO3) at different pH environments. They observed that adding NaVOs3
does not affect the pH of 3 and 5. However, it leads to a noticeable decrease in corrosion
potential and corrosion current density at pH 8 and 10. Their pH values are comparable
with the measured pH value of 11 of our specimens containing NaySiO3/NH4 VO3 as an
inhibitor, demonstrating the better corrosion inhibition properties of Na;SiO3/NH4VOs.

Finally, when we add NaSiO3/MnSO,4-H,O/NH; VO3 mixture in our specimen,
the I, value reaches its lowest (0.004 + 0.002 nA/ cm?), and Rp becomes high-
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est (660 + 62 kO-cm?). Thus, the specimen contains a mixture of inhibitors of
NaySiO3/MnSO4-H,O/NH4 VO3, providing the best corrosion protection for the Al sub-
strate. The improved corrosion protection properties indicate that the inhibitors display a
synergetic effect.

Figure 7a,b show a bar chart comparison of the polarization resistance R, and
the corrosion current density I.orr of the Al substrate immersed in 0.1 M NaCl solu-
tion and with the presence 0fNa;S5iO3, Na;SiO3/MnSO4-H,O, NaySiO3 /NH4 VO3, and
Na,SiO3/MnSO4-H,O/NH4VO; as inhibitors. A significant rise in R, value is observed
(Figure 7a) for the specimen that contained Na;SiO3/NH4 VO3 as an inhibitor. A systematic
decrease of I.orr Values is observed (Figure 7b) for specimens in the presence of inhibitors.
The specimen contains mixed Na;SiO3/MnSO4-H,O/NH4 VO3 as an inhibitor, providing
the best corrosion protection for the Al substrate.

800 10°

e NaCl (a) e NaCl (b)
700 k = NaSi03 r e N2 Si03

- Na,SiO3 / MnSO4.H,0 L Na,SiO3 / MnSO4.H,0
g 600 1| =NazSi03/NH,vO4 N2, Si03 / NH4VO4
9" NaySiO3 / MnS04.H,0 / NH4VO3 - NapSiO3 / MnSO4.Hy0 / NH,VO5
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Q E
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o L
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Figure 7. The variation in the (a) polarization resistance Ry, and the (b) corrosion current density icorr
of the Al substrate immersed in 0.1 M NaCl without inhibitors, and with the presence of Na;SiO3,
NazSiO3 /MIISO4-H20, Na25i03 /NH4VO3, and NazSiO3 /MI‘ISO4 ~H20/NH4VO3.

Furthermore, corrosion inhibition efficiency (1) (column 5, Table 4) indicates the
proportionate deviation of all the specimens was evaluated using the standard equation

Lo =L
(%) = CO"(O} (;‘;”“”h) % 100 5)

where Lo () is the corrosion current density of Al substrate immersed in 0.1 M NaCl
and Ior(nny is the corrosion current density of the Al substrate in the presence of in-
hibitors. A systematic increase in ) values of 69.2, 86.1, 99.6, and 99.7% are found for the
specimens in the presence of NaySiO3, NaySiO3/MnSO,-Hy0O, NaySiO;/NH, VO3, and
NaySiO3/MnSO4-HpyO/NH4 VO3, respectively. The highest corrosion inhibition efficiency
observed in mixed NaySiO3/MnSO,-HyO/NH4 VO3 specimen could be due to the forma-
tion of a complex inhibitor structure, which could adsorb on the metallic substrate and
prevent the penetration of corrosive ions to the substrate.

To understand synergetic effects for the mixed NaySiO3/MnSO4-H,O/NH4VO;3 spec-
imen (which is likely to be taken place between NaySiO3, MnSO4-H,O, and NH4VO3
inhibitors), the synergism parameters are calculated using a modified version of the for-
mula proposed by Aramaki et al. in 1969 [38], as presented in Equation (6).

s =100 — (N5, Np —NaB) (6)
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where 14 and ng are the corrosion inhibition efficiencies calculated for inhibitors A and B,
respectively, while np is the corrosion inhibition efficiency for the mixture of A and B.

When the inhibitor A or B have no effect on each other and adsorbs independently
at the metal/solution interface, then the value of s will be 1. On the other hand, s > 1
represents a manifestation of synergetic effects, while antagonistic effects are characterized
whens < 1.

In this study, the synergism parameter, s, for the mixed NaySiO3/MnSO4-H,O/NH4 VO3,
was found to be 7.8, considering A as Na;SiO3/MnSO4-HyO and B as Na;SiO3/NH4VOs.
This value confirms that the enhanced inhibition efficiency for the mixed inhibitor specimen
is achieved due to the synergetic effect.

Figure 8a represents the SEM image of the as-received substrate; the lines appearing
on the substrate surface are due to the rolling process. The SEM image of the Al substrate
immersed in 0.1 M NaCl aqueous solution for 24 h is shown in Figure 8b. The image
exhibits corrosion-related features leading to exposure of approximately 10 um x 2 um size
of the intermetallic particles. The potential difference between the elements, such as Mn, of
these intermetallic particles and the Al matrix causes the formation of galvanic corrosion
cells and leads to localized corrosion of the Al matrix [1].

It is observed from the images that the shape of the corroded area on the Al surface
is either circular or elliptical. This shape seems to be determined by the shape of the
intermetallic phases. Additionally, the image can be used to determine the percentage of
the corroded area of the Al surface using image analysis software, which gave a value
of 5.7%. Interestingly, in the image shown in Figure 8c, no such corrosion features are
visible for the specimen with Na;SiO3 as an inhibitor. The percentage of the corroded
area is 0.29%. The possible reason behind this percentage reduction is the formation of
a sodium silicate protective layer on the Al substrate, which prevents the penetration of
corrosive ions to the substrate [13]. A similar image is shown in Figure 8d for the specimen
containing NaySiO3/MnSO4-H;O as an inhibitor. The calculated percentage of corrosion is
0.08%. Here, the corrosion has decreased due to the inhibitive properties of Mn in alkaline
environments. Mikhailovskii et al. [15], in a similar kind of study, reported that manganese
ions (MnQOj ) inhibit the corrosion of Al alloys at an alkaline medium due to the formation
of the non-soluble species MnO;.

Furthermore, the corroded area decreased to 0.06% with Na,SiO3;/NH4VO; as an
inhibitor (Figure 8e). Ralston et al. [19] studied the corrosion inhibition of Al by aqueous
vanadium species. They found that in alkaline solutions, vanadates play a role in preventing
the dissolution of magnesium from the intermetallic particles. As a result, these particles
may not become strong cathodes, reducing the localized corrosion’s effect. Figure 8f shows
the SEM image of the specimen containing Na;SiO3/MnSO4-HyO/NH4VOj3 inhibitor. The
calculated percentage of the corroded area was found to be 0.06%. This result indicates
an excellent corrosion protection performance for the mixed inhibitors solution due to the
formation of a complex inhibitors structure that adsorbs on the Al surface as a protective
layer against corrosion. The calculated percentage values of the corroded area for all
specimens are presented in Figure 9.
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o

Figure 8. SEM images of (a) as-received Al substrate. (b) Al substrate immersed in 0.1 M
NaCl for 24 h, and with the presence of the inhibitors of (c) Na,SiOs, (d) Na;SiO3/MnSO4-H,O,
(e) Na28103 /NH4V03, (f) and Na28103 /MnSO4-H20/NH4VO3.

In Figure 10a, the EDS spectra of the as-received Al substrate is characterized by the
presence of the elements of O and Al with their respective K, peaks at 0.52 and 1.48 keV.
Figure 10b represents the spectrum of Al substrate immersed for 24 h in 0.1 M NaCl solution.
It shows the presence of C, O, Al, and Cl with their respective K peaks at 0.28, 0.52, 1.48,
and 2.62 keV. The Lo peaks of Mn and Fe are at 0.63 and 0.70 keV, respectively. The M
peaks of Mn and Fe are located at 5.89 and 6.39 KeV, respectively. The presence of Mn and Fe
elements in the surface chemical composition indicates the effect of the localized corrosion
process caused by the potential difference between the intermetallic phases and the Al
matrix. Figure 10c is the spectrum of the Al substrate immersed for 24 h in 0.1 M NaCl
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solution in the presence of the Na,SiOs3 inhibitor. The spectrum is composed of C, O, Na,
and Si elements with their respective K, peaks at 0.27, 0.52, 1.04, and 1.73 keV, respectively.
The presence of Na and Si peaks could be related to the formation of an inhibitive layer
of sodium silicate on the Al substrate. Figure 10d is the spectrum of the specimen in the
presence of NapSiO3/MnSO4-HO as an inhibitor. The spectrum is composed of C, O, and
Mn elements with their respective K« peaks at 0.27, 0.52, and 5.89 keV, respectively. The
Mn-related peak at 0.63 keV, attributed to Lo, could be associated with the formation of
sodium silicate—a protective silicate-rich layer capable of incorporating manganese ions,
thereby enhancing corrosion protection. Figure 10e indicates the spectrum of the specimen
in the presence of the NaySiO3/NH4VOj3 inhibitor. This spectrum is composed of C, O
and V elements with their respective Ky peaks at 0.27, 0.52, and 4.94 keV, respectively.
The vanadium L peak at 0.51 keV could be due to the deposition of vanadium on the Al
surface. The presence of these elements indicates the formation of a vanadium-incorporated
sodium silicate protective layer. The spectrum in Figure 10f corresponds to the specimen
in the presence of NaySiO3/MnSO4-H,;O/NH4VOs3. The spectrum is composed of C, O,
V, and Mn elements with their respective K« X-ray peaks at 0.2, 0.5, 4.9, and 5.8 keV. The
appearance of V and Mn peaks in the EDS spectrum could be associated with the formation
of a complex inhibitor layer, which enhances corrosion resistance by effectively blocking
the penetration of corrosive ions into aluminum substrates. It is noteworthy to mention
that in some instances, the gold conductive coating was applied on specimens for better
imaging and analysis, which resulted in the appearance of the peak at around 2.12 keV.

6
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Figure 9. The percentage of the corroded area, determined from SEM images, of the Al sub-
strate immersed in 0.1 M NaCl for 24 h, and with the presence of the inhibitors of Na,SiO3,
NaZSiO3 /MIISO4'H20, Na25103 /NH4VO3, and NaZSiO3 /MHSO4 ~H20/NH4VO3.
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Figure 10. EDS spectra of (a) as-received Al substrate, (b) Al substrate immersed in 0.1 M NaCl for
24 h, and with the presence of the (c) Na;SiO3, (d) Na;SiO3/MnSO4-H,0O, (e) Na,;SiO3/NH, VO3,
and (f) NaySiO3/MnSOy4-H,O/NH4 VO3 inhibitors. The insets show the corresponding SEM images.

4. Conclusions

A comparative study on the corrosion inhibition performance of NaySiO3, NaySiOs/
MnSO4-H;0, and Na,SiO3/NH4VOs inhibitors for AA6061 aluminum alloy was under-
taken. It was found that the mixture of these three inhibitors provided the best performance
against corrosion in aqueous NaCl solution. The inhibition efficiency (1) of the inhibitors,
calculated from the corrosion current density, was found to be 86.1%, 99.6%, and 99.7%
for NaySiO3, NaySiO3/MnSO,-HyO, and NaySiOs /NH4VO;3, respectively. However, due
to the synergistic effect, a maximum efficiency (1) value of 99.9% was achieved with the
mixed inhibitors Na,SiO3/MnSO4-H,O/NH4VO;.

To enhance the understanding of these inhibitors” performance, future studies could
investigate their behavior under varying concentrations of the inhibitors, solution pH
levels, and experimental temperatures, as these parameters are critical factors influencing
inhibitor efficiency. Furthermore, an additional surface-sensitive characterization tool, such
as X-ray photoelectron spectroscopy (XPS), could provide a detailed understanding of the
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composition formed on aluminum surfaces when exposed to these inhibitors. The inhibitors
evaluated in this study offer an effective and environmentally friendly alternative to
traditional chromate-based inhibitors, potentially advancing corrosion protection strategies
in industrial applications.

Author Contributions: Conceptualization, D.K.S.; Methodology, D.K.S. and R.E; Software, R.F,;
Validation, S.D.; Formal analysis, R.F,; Investigation, D.K.S.; Resources, D.K.S.; Data curation, R.F,;
Writing—original draft, D.K.S. and R.F.; Writing—review & editing, D.K.S., R.F. and S.D.; Supervision,
D.K.S.; Project administration, D.K.S.; Funding acquisition, D.K.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This project was supported by the Natural Sciences and Engineering Research Council of
Canada (NSERC).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: Redouane extends gratitude to REGAL for supporting the graduate research
fellowship. We also acknowledge National Silicates, Canada, for providing free sodium silicate
liquid samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Abdel-Gawad, S.A.; Sadik, M.A.; Shoeib, M.A. Preparation and properties of a novel nano Ni-B-5Sn by electroless deposition on
7075-T6 aluminum alloy for aerospace application. J. Alloys Compd. 2019, 785, 1284-1292. [CrossRef]

2. Maeno, T;; Mori, K.; Yachi, R. Hot stamping of high-strength aluminium alloy aircraft parts using quick heating. CIRP Ann. 2017,
66,269-272. [CrossRef]

3. Miller, W.,; Zhuang, L.; Bottema, J.; Wittebrood, A.; De Smet, P; Haszler, A.; Vieregge, A. Recent development in aluminium alloys
for the automotive industry. Mater. Sci. Eng. A 2000, 280, 37-49. [CrossRef]

4. Fu,Y,; Chen, X.; Zhang, B.; Gong, Y.; Zhang, H.; Li, H. Fabrication of nanodiamond reinforced aluminum composite coatings by
flame spraying for marine applications. Mater. Today Commun. 2018, 17, 46-52. [CrossRef]

5. Oh,]JK;Liu,S,;Jones, M.; Yegin, Y.; Hao, L.; Tolen, T.N.; Nagabandi, N.; Scholar, E.A.; Castillo, A.; Taylor, TM.; et al. Modification
of aluminum surfaces with superhydrophobic nanotextures for enhanced food safety and hygiene. Food Control 2019, 96, 463-469.
[CrossRef]

6. Liu, Y; Liu, H.; Chen, Z. Post-fire mechanical properties of aluminum alloy 6082-T6. Constr. Build. Mater. 2019, 196, 256-266.
[CrossRef]

7. Cao,].Y,; Wang, M.; Kong, L.; Guo, L.J. Hook formation and mechanical properties of friction spot welding in alloy 6061-T6. J.
Mater. Process. Technol. 2016, 230, 254-262. [CrossRef]

8.  Salam Hamdy, A.; Beccaria, A.M.; Temtchenko, T. Corrosion protection of AA6061 T6 by fluoropolymer coatings in NaCl solution.
Surf. Coat. Technol. 2002, 155, 176-183. [CrossRef]

9. Zhao, J.; Xia, L.; Sehgal, A.; Lu, D.; McCreery, R.L.; Frankel, G.S. Effects of chromate and chromate conversion coatings on
corrosion of aluminum alloy 2024-T3. Surf. Coat. Technol. 2001, 140, 51-57. [CrossRef]

10. Clark, W.]J.; Ramsey, ].D.; McCreery, R.L.; Frankel, G.S. A Galvanic Corrosion Approach to Investigating Chromate Effects on
Aluminum Alloy 2024-T3. |. Electrochem. Soc. 2002, 149, B179. [CrossRef]

11.  Pellerin, C.; Booker, S.M. Reflections on hexavalent chromium: Health hazards of an industrial heavyweight. Environ. Health
Perspect. 2000, 108, 402—407. [CrossRef] [PubMed]

12.  Yang, X.; Roonasi, P.; Holmgren, A. A study of sodium silicate in aqueous solution and sorbed by synthetic magnetite using in
situ ATR-FTIR spectroscopy. J. Colloid Interface Sci. 2008, 328, 41-47. [CrossRef]

13. Lopez-Garrity, O.; Frankel, G.S. Corrosion inhibition of AA2024-t3 by sodium silicate. Electrochim. Acta 2014, 130, 9-21. [CrossRef]

14. Wood, ] W.; Beecher, ].S.; Laurence, P.S. Some Experiences with Sodium Silicate As a Corrosion Inhibitor in Industrial Cooling

Waters. Corrosion 1957, 13, 41-46. [CrossRef]


https://doi.org/10.1016/j.jallcom.2019.01.245
https://doi.org/10.1016/j.cirp.2017.04.117
https://doi.org/10.1016/S0921-5093(99)00653-X
https://doi.org/10.1016/j.mtcomm.2018.08.010
https://doi.org/10.1016/j.foodcont.2018.10.005
https://doi.org/10.1016/j.conbuildmat.2018.10.237
https://doi.org/10.1016/j.jmatprotec.2015.11.026
https://doi.org/10.1016/S0257-8972(02)00042-7
https://doi.org/10.1016/S0257-8972(01)01003-9
https://doi.org/10.1149/1.1469031
https://doi.org/10.1289/ehp.108-a402
https://www.ncbi.nlm.nih.gov/pubmed/11017901
https://doi.org/10.1016/j.jcis.2008.08.061
https://doi.org/10.1016/j.electacta.2014.02.117
https://doi.org/10.5006/0010-9312-13.11.41

Materials 2025, 18, 595 17 of 17

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mikhalovekii, Y. Influence of pH on electrochemical and corrosion behavior of aluminum in media containing oxo anions of the
oxidizing type. Zashchita Met. 1985, 21, 935-939.

Kulinich, S.A.; Farzaneh, M.; Du, X.W. Growth of corrosion-resistant manganese oxide coatings on an aluminum alloy. Inorg.
Mater. 2007, 43, 956-963. [CrossRef]

Kanimozhi, S.A.; Rajendran, S. Aluminium inhibition by potassium permanganate—Zn?* SYSTEM. Arab. J. Sci. Eng. 2009, 35,
41-52.

Ralston, K.D.; Chrisanti, S.; Young, T.L.; Buchheit, R.G. Corrosion Inhibition of Aluminum Alloy 2024-T3 by Aqueous Vanadium
Species. . Electrochem. Soc. 2008, 155, 350-359. [CrossRef]

Kharitonov, D.S.; Sommertune, J.; Ornek, C.; Ryl, J.; Kurilo, IL; Claesson, PM.; Pan, J. Corrosion Inhibition of Aluminium Alloy
AA6063-T5 by Vanadates: Local Surface Chemical Events Elucidated by Confocal Raman Micro-Spectroscopy. Corros. Sci. 2018,
148, 237-250. [CrossRef]

Morks, M.E; Corrigan, P.A.; Cole, I.S. Mn-Mg based zinc phosphate and vanadate for corrosion inhibition of steel pipelines
transport of CO; rich fluids. Int. J. Greenh. Gas Control 2011, 7, 218-224. [CrossRef]

Bonetti, S.; Spengler, R.; Petersen, A.; Aleixo, L.S.; Merlo, A.A.; Tamborim, S.M. Surface-decorated silica with Schiff base as an
anticorrosive coating for aluminium alloy 2024-T3. Appl. Surf. Sci. 2019, 475, 684-694. [CrossRef]

Cavanaugh, M.K,; Li, ].-C.; Birbilis, N.; Buchheit, R.G. Electrochemical Characterization of Intermetallic Phases Common to
Aluminum Alloys as a Function of Solution Temperature. J. Electrochem. Soc. 2014, 161, C535-C543. [CrossRef]

Asrar, N.; Malik, A.U.; Ahmed, S. Corrosion Prevention with Sodium Silicate; Al-Jubail, Saudi Arabia. 1998. Available online:
https:/ /citeseerx.ist.psu.edu/document?repid=repl&type=pdf&doi=c13fe093654bcc5Sbblaleb822cfa3d42b2e4cd9a (accessed on
27 November 2024).

Mainier, EB.; Figueiredo, A.A.M.; De Freitas, A.E.R.; De Alencar Junior, A.M. The Use of Sodium Silicate as a Corrosion Inhibitor
in a Saline Drilling Fluid: A Nonaggressive Option to the Environment. J. Environ. Prot. 2000, 7, 2025-2035. [CrossRef]

Dariva, C.G.; Galio, A.F. Corrosion Inhibitors-Principles, Mechanisms and Applications. Dev. Corros. Prot. 2014, 16, 365-378.
Madden, S.B.; Scully, J.R. Inhibition of AA2024-T351 Corrosion Using Permanganate. . Electrochem. Soc. 2014, 161, 162-175.
[CrossRef]

Ralston, K.D.; Young, T.L.; Buchheit, R.G. Electrochemical Evaluation of Constituent Intermetallics in Aluminum Alloy 2024-T3
Exposed to Aqueous Vanadate Inhibitors. J. Electrochem. Soc. 2009, 156, 135-146. [CrossRef]

Wang, Z.; Li, J.; Wang, Y.; Wang, Z. An EIS analysis on corrosion resistance of anti-abrasion coating. Surf. Interfaces 2017, 6, 33-39.
[CrossRef]

Hamdy, A.S. Corrosion protection of aluminum composites by silicate /cerate conversion coating. Surf. Coat. Technol. 2006, 200,
3786-3792. [CrossRef]

Mohammadi, M.; Yazdani, A.; Mohammadi, F; Alfantazi, A. Corrosion Behavior of 2024 Aluminum Alloy Anodized in Sulfuric
Acid. Light Met. 2013, 2013, 509-513.

Twite, R.L.; Bierwagen, G.P. Review of alternatives to chromate for corrosion protection of aluminum aerospace alloys. Prog. Org.
Coat. 1998, 33, 91-100. [CrossRef]

Denissen, PJ.; Garcia, S.J. Reducing subjectivity in EIS interpretation of corrosion and corrosion inhibition processes by in-situ
optical analysis. Electrochim. Acta 2019, 293, 514-524. [CrossRef]

Jumrat, S.; Chatveera, B.; Rattanadecho, P. Dielectric properties and temperature profile of fly ash-based geopolymer mortar. Int.
Commun. Heat Mass Transf. 2011, 38, 242-248. [CrossRef]

Yang, Z.; Ko, C.; Balakrishnan, V.; Gopalakrishnan, G.; Ramanathan, S. Dielectric and carrier transport properties of vanadium
dioxide thin films across the phase transition utilizing gated capacitor devices. Phys. Rev. B 2010, 82, 205101. [CrossRef]
Moalleminejad, M.; Chung, D.D.L. Dielectric constant and electrical conductivity of carbon black as an electrically conductive
additive in a manganese-dioxide electrochemical electrode, and their dependence on electrolyte permeation. Carbon 2015, 91,
76-87. [CrossRef]

Boinovich, L.B.; Gnedenkov, S.V.; Alpysbaeva, D.A.; Egorkin, V.S.; Emelyanenko, A.M.; Sinebryukhov, S.L.; Zaretskaya, A.K. Cor-
rosion resistance of composite coatings on low-carbon steel containing hydrophobic and superhydrophobic layers in combination
with oxide sublayers. Corros. Sci. 2012, 55, 238-245. [CrossRef]

Hirschorn, B.; Orazem, M.E.; Tribollet, B.; Vivier, V.; Frateur, I.; Musiani, M. Determination of effective capacitance and film
thickness from constant-phase-element parameters. Electrochim. Acta 2009, 55, 6218-6227. [CrossRef]

Aramaki, K.; Hackerman, N. Inhibition Mechanism of Medium-Sized Polymethyleneimine. J. Electrochem. Soc. Electrochem. Sci.
1969, 116, 568-574. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1134/S0020168507090087
https://doi.org/10.1149/1.2907772
https://doi.org/10.1016/j.corsci.2018.12.011
https://doi.org/10.1016/j.ijggc.2011.10.005
https://doi.org/10.1016/j.apsusc.2018.12.298
https://doi.org/10.1149/2.0361412jes
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=c13fe093654bcc5bb1a1eb822cfa3d42b2e4cd9a
https://doi.org/10.4236/jep.2016.713157
https://doi.org/10.1149/2.075403jes
https://doi.org/10.1149/1.3076147
https://doi.org/10.1016/j.surfin.2016.11.003
https://doi.org/10.1016/j.surfcoat.2005.03.012
https://doi.org/10.1016/S0300-9440(98)00015-0
https://doi.org/10.1016/j.electacta.2018.10.018
https://doi.org/10.1016/j.icheatmasstransfer.2010.11.020
https://doi.org/10.1103/PhysRevB.82.205101
https://doi.org/10.1016/j.carbon.2015.04.047
https://doi.org/10.1016/j.corsci.2011.10.023
https://doi.org/10.1016/j.electacta.2009.10.065
https://doi.org/10.1149/1.2411965

	Introduction 
	Experimental 
	Results and Discussion 
	Conclusions 
	References

