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Abstract: The inherent reactivity of the Al-Cu-Mg alloys is such that their use for building structural, 16 

maritime, and aeroplane components with great strength/weight ratio, it would not be possible 17 

without good anti-corrosion systems. These systems could be considered as imitations of the pro- 18 

tection mechanism found with the conventional hexavalent chromium-based system, but also lim- 19 

iting the environmental impact, precisely without toxic or carcinogenic effect, and should also be 20 

eco-friendly. Silica-based hybrid protective coatings have been shown to exhibit excellent chemical 21 

stability combined with the ability to reduce the corrosion of metal substrates. However, research 22 

shows that sol-gel has some limitations in terms of the period of anti-corrosive properties. Therefore, 23 

this work reports the performance of a silica-based hybrid sol-gel coating encapsulated with Ben- 24 

zimidazole (BZI) that can be applied to light alloys to form a crack-free coating. This coating was 25 

applied on AA 2024-T3 and cured at 80°C. The high corrosion resistance performance results from 26 

the combination of good adhesion, the hydrophobic property of the silica-based hybrid coating and 27 

the presence of the encapsulated (BZI) film-forming volatile corrosion inhibitor, which will be re- 28 

leased at pores within the coating system resulting in film-forming, reducing the cathodic reaction 29 

at cathodic sites. The evaluation of this mechanism is based upon using electrochemical testing tech- 30 

niques. The anti-corrosion properties of the coatings were studied immersed within 3.5% NaCl by 31 

using electrochemical impedance spectroscopy (EIS) and Potential-dynamic polarization scanning 32 

(PDPS). The chemical confirmation was done by infrared spectroscopy (ATR-FTIR), supported by 33 

analyzing the morphology of the surface before and after the immersion testing by using scanning 34 

electron microscopy (SEM). The Benzimidazole-silica-based hybrid coating exhibited excellent anti- 35 

corrosion properties, providing an adherent protection film on the aluminium alloy 2024-T3 sam- 36 

ples compared to sol-gel-only and bare material, with cost-effective and as an eco-friendly system. 37 

Keywords: Silica-based hybrid sol-gel coating, electrochemical testing, corrosion protection, alu- 38 

minium alloys. 39 

 40 

1. Introduction 41 

Silica-based hybrid protective coatings using sol-gel technology have shown excep- 42 

tional ability to reduce corrosion on the metal surface combined with high chemical sta- 43 

bility. However, the sol-gel technique only has some limitations in terms of barrier anti- 44 

corrosive properties. By using the encapsulated corrosion inhibitors, will enhance the cor- 45 

rosion protection of sol-gel systems. The development of corrosion inhibitors compounds 46 
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has created many effective inhibitors with heterocyclic organic functional groups consist- 1 

ing of oxygen, nitrogen, phosphorus and sulphur attached as heteroatoms  [1], [2].  2 

Benzimidazole (BZI) is identified as a low pH film-forming corrosion inhibitor used 3 

for copper and steel with a heterocyclic aromatic organic compound structure. That could 4 
be used as both an effective volatile or injectable corrosion inhibitor with other soluble 5 

carriers as it has the chemical structure that contains both a benzene group and the active 6 

group imidazole, which can be used in the oil and gas industry by using inhibitors injec- 7 

tion pumps [3]. BZI structure is shown in figure 1.1.  8 

 9 

Figure 1.1 chemical structure of the Benzimidazole (BZI) 10 

The great thing is that BZI is available commercially with cost-effectiveness as a raw 11 

material for many applications. Of course, the primary use is in pharmaceutical applica- 12 

tions to use as a fungicide [4]. However, applied engineering was involving this kind of 13 

material and its derivatives in many applications. For instance, Antonijevic 2009 et al. [2] 14 

mentioned it as an inhibitor that demonstrated excellent inhibition of corrosion to protect 15 
carbon steel pipeline in corrosive acidic media of hydrochloride solution [2], [5]. 16 

The mechanism of inhibition by BZI or its derivatives on metal, which were studied 17 

especially on copper and steel [5]–[7], found that the BZI and its derivatives may be seen 18 

positioned in a parallel adsorption arrangement. As a result, there was a close joining with 19 

the surface crating thin film[5], [6]. The rearrangement and adsorption of BZI in this posi- 20 
tion are due to the donation of Pi electron (π electron) and the one pair of electrons on the 21 

nitrogen atoms, compensating the benzimidazole molecules to the iron atoms or copper 22 

that unoccupied D-orbital. These interactions explain the strong adsorption connection to 23 

the surface, and as a result, it will protect the mild steel from direct corrosion [5], [6], de- 24 
spite some mention of using BZI derivatives in some studies and patents, J. Colreavy et 25 

al. and S. Vijaykumar et al. mentioned in their patents to use the same family of these 26 

inhibitors sol-gel technique on steel or other metals as a limitation of the use only. The 27 

truth is there have been no real studies to combine BZI, or its derivatives, with the silicate 28 

sol-gel coating technique to use as a corrosion inhibitor on aluminium alloy AA2024-T3 29 
[8], [9]. 30 

2. EXPERIMENTAL WORK 31 

2.1. Sol-Gel Preparation  32 

 in this study, the used hybrid silica-based sol-gel was synthesized from tetraethyl 33 

orthosilicate silane (TEOS) and trimethoxymethylsilane (MTMS) purchased from Sigma- 34 

Aldrich. The precursors mixed in isopropyl alcohol by adding dropwise deionized (DI) 35 

water in the molar ratio of 18: 14: 17: 220, respectively, until the hydrolyzing and conden- 36 

sation reactions. The silica-based sol-gel mixture was then enhanced by adding poly-si- 37 

loxane (PSES) solution, as mentioned in the previous work [10]. This formula was used as 38 

the baseline coating and labelled SHX-80. The benzimidazole modified hybrid silica-based 39 
sol-gel is labelled as BZI-SHX-80. It was prepared by encapsulating 3.5 vol.% of solution 40 

1:1 of ethanol and benzimidazole (BZI) purchased from Sigma-Aldrich into the unmodi- 41 

fied SHX-80 by wise dropping and stirring. The formulation was then left for 24 hours.  42 

 43 

 44 
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2.2 Substrate Preparation and Film Deposition 1 

The commercially aluminium alloy AA2024-T3 Q-panels made with dimensions of 2 

(102 mm × 25 mm × 1.6 mm) were purchased from Q-Lab for use as test substrates [11]. 3 

First, the received Q-panels were washed with a commercial aluminium base surfactant 4 

cleaner and then rinsed with DI water. After that, rewashed with acetone to remove or- 5 

ganic residues on the surface. Then spry the sol-gel to the pre-cleaned aluminium alloy 6 

substrates. The distance from the spraying gun to the surface was approximately 150 mm. 7 

Over three passes, the coating was built up to keep the thickness standard for all samples 8 

about 15 µm ±2. After that, the coated samples were left in the air for 10 min before being 9 

annealed at 80° C for 4 hours. Table 1 shows experiment codes used to identify samples.  10 

Table 1. sample identification table  11 

No.  Identifier Formula Base Composite  (BZI) v/v% Curing Temperature 

1- SHX-80 TEOS+MTMS+PSX - 80°C 

2- ZBI-SHX-80 TEOS+MTMS+PSX 3.5% 80°C 

3- Bare AA2024 T3 - - - 

2.3 Coating Testing and Characterization 12 

Electrochemical tests were performed on the coatings to assess their corrosion re- 13 
sistance. Tests were conducted by using a Princeton Applied Research PARSTAT 2273. 14 

The corrosion performance of the sol-gel coated and uncoated aluminium alloy was eval- 15 

uated using electrochemical impedance spectroscopy (EIS) and potentiodynamic polari- 16 

zation (PDPS) scans. With a tested area of 1.00 mm2 in the centre of the samples in aerated 17 

3.5% NaCl. The tests were carried at room temperature (20o C +/- 2o C). Prior to polarisa- 18 
tion, the electrode potential was monitored for approximately 1 hour in electrolyte solu- 19 

tion until stability. The sample was polarised with PDPS at a scan rate of 1.667 mVs-1 from 20 

the initial potential of -250 mV vs OCP to +750 mV vs SCE. The electrochemical impedance 21 

measurements were recorded between 100 kHz to 10 MHz with a sinusoidal AC RMS  22 

value of 10 mV [12]. 23 

3. Results and discussion  24 

3.1 ATR-FTIR for BZI-SBX-80 sol-gel chemical composition  25 

The organic BZI was successfully incorporated into the SHX sol-gel by comparing 26 

the infrared spectrum obtained from the BZI-SHX-80 coating to the unmodified SHX-80. 27 

This is enlarged in figure 3.1. In the spectrum of the BZI-modified coating, several peaks 28 

are seen relating to the BZI molecule. These peaks can be observed and remain in the BZI- 29 
SBX-80 sol-gel coated sample. They are as follows:  weak imine C=N stretching presents 30 

at 1564.5 cm-1, and carbon double bond C=C stretching peaks at about 1477 cm-1, 1458 cm- 31 
1 and 1408 cm-1, respectively. Similarly, the fingerprint of the aromatic amines stretching 32 

C-N can be detected at 1364 and 1300 cm-1, respectively, which can be used to confirm the 33 

benzimidazole presence in the sol-gel formula. The C-H out-of-plane bending is charac- 34 
terized by peaks in 768 and 745 cm-1[13]. 35 
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 1 

Figure 3.1, ART-FTIR spectra are showing the effect of BZI adding to the SHX-80 sol-gel. 2 

3.2 Water Contact Angle Of SBX And BZI-SBX Coatings 3 

In Figure 3.2. The results of the measured water contact angle (WCA) show the orig- 4 

inal SHX-80 coating were measured about 67° ± 2, and as shown in (a), and the measured 5 

WCA on modified BZI-SHX-80 Sol-gel coating was 88° ± 4, and as shown in (b),  as the 6 

higher water contact angle recorded for the BZI-SHX-80 shows that its wettability is lower 7 

than that of the original SHX-80 [14].  8 

 9 

Figure 3.2, Bar chart showing mean values of WCA of BZI-SHX-80 and SHX-80 coatings, Optical 10 
images showing water droplets on (a) SHX-80 and (b) modified BZI-SHX-80 coatings 11 

3.4 Potentiodynamic polarisation scanning (PDPS) 12 

All coated samples displayed remarkable performance properties compared to the 13 
bare AA2024 sample. The corrosion potential (Ecorr) and corrosion current density (Icorr) 14 

were obtained from the shown Figure 3.3. the current density on the cathodic branch of 15 

the Tafel curve for all coated samples is reduced by more than four magnitudes when 16 

compared to the bare AA2024-T3. Nevertheless, the benzimidazole sol-gel BZI-SHX-80 17 

coated sample comes the lowest, as it was reduced by seven orders of magnitude to bare 18 
AA2024-T3. This is attributed to the surface-active and high electronegativity of benzim- 19 

idazole [5]. The SHX-80 sol-gel only showed a reduction in the anodic branch by about 20 

four and a half orders of magnitude less than the bare AA2024-T3.   The information that 21 

obtained of Corrosion current densities of bare and coated samples were reduced to 22 
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5.98 � 10�	
A/cm� for (BZI-SHX-80) and  1.1 � 10��A/cm�	 for (SHX-80) respectively, 1 

and as compared to 7.1 � 10��A/cm� of the bare AA2024-T3 alloy.  The shift in Ecorr in- 2 

dicates that the anodic is inhibited to a greater degree than the cathode in BZI -SHX 80 3 

sol-gel mixture. This could be attributed to the benzimidazole nitrogen active atoms 4 
bridging to the substrate surface [5], [6].  5 

 6 

Figure 3.3, (PDPS) Polarization curves for the bare and sol-gel coated samples with different or- 7 
ganic inhibitors in 3.5% NaCl 8 

3.4 Electrochemical Impedance Spectroscopy (EIS)  9 

3.4.1 Impedance magnitude Bode plots 10 

 

 

 
Figure 3.4, Impedance magnitude Bode plots for (a) BZI-SHX-80 and (b) SHX-80. 11 

 12 

As it is shown in Figure 3.4, after the first hour of immersion, the overall impedance 13 

of BZI-SHX-80 at low frequencies was increased by approximately two orders of magni- 14 

tude to SHX-80 coated samples, with values of 5.7x107 ohms.cm-2 (BZI-SHX-80), compared 15 

to 9.1x105 ohms.cm-2 (SHX-80). After 360 hours, the BZI-SHX-80 coated samples dropped 16 

about one and a half orders of magnitude; this could be due to the electrolyte diffusion 17 

and expansion of the pores in the coating matrix. However, this drop is not affecting the 18 

generally visible protection in the electrolyte, suggesting the film of BZI has been created 19 

on the metal surface [10].  A noticeable measured impedance was observed to the SHX- 20 

80 coated sample at about 3.4x104 ohms.cm-2 after 360 hrs. This might be attributable to 21 
the coating resistance beginning to reduce due to the creation of rounded pitting under 22 

the coatings. Also, The high frequencies impedance fall of about one of magnitude; this 23 

impedance is considered higher than SBX-80 coating in the middle-frequency range be- 24 

tween 105 to 106  Hz. It may be attributed to the coating pores and cracking that occurred. 25 

 26 
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3.4.2 Using Nyquist plots for Investigating the corrosion protection behaviour 1 

 2 

Figure 3.5, showing the Nyquist plot for (a) BZI-SHX-80 coating and (b) SHX-80 coating systems.   3 

Figure 3.5 shows Nyquist plots for both (a) BZI-SHX-80 and (b) OA-SHX-80 coatings 4 

from 01 to 360 hr, respectively. These plots were used to obtain the equivalent circuits 5 
modelling fitting using ZSimpwin electrochemical impedance spectroscopy (EIS) data 6 

analysis software. 7 

Tables 2 and 3 below demonstrate the fitted data for the SHX-80 and the BZI-SHX-80 8 

coatings after various immersion times. The equivalent circuits were used to simulate the 9 

corrosion reaction on the surface of coated samples in 01 hr, 48hrs and 144 hrs, respec- 10 

tively. In these circuits, instead of using an ideal capacitor (C), a time-constant element  11 

(Q) was used to companies the current leakage in the capacitor and/or frequency disper- 12 

sion effect of the alternating current signals [12]. The suggested equivalent circuits for 13 

each of the EIS plots after 144hrs were provided in the figure for both systems. 14 

Table 2 The fitted data obtained from EIS spectra for the BZI-SHX-80 sol-gel coating after various 15 
immersion times in 3.5 wt. % NaCl solution. 16 

  Immersion time(hrs)  

 Element 01 48 144 

Circuit  R(Q(R(QR))) R(Q(R(Q(RW)))) R(Q(R(Q(RW)))) 

 Rs 105             160 201               

 Qct 1.471E-9 4.549E-9 9.148E-9 

 n 0.9626           0.887 0.8406 

 Rct 1.326E7         1.301E6 6.991E5 

 QiL 3.453E-9        6.406E-8 9.016E-8 

 n 0.800 0.650 0.800 

 RiL 4.697E7 5.885E5 1.778E3 

 W - 4.349E-8 7.044E-10 

 17 
Table 3 The fitted data obtained from EIS spectra for the SHX-80 sol-gel coating after various im- 18 
mersion times in 3.5 wt. % NaCl solution. 19 

  Immersion time(hrs)  

 Element 01 48 144 

Circuit  R(Q(R(QR))) R(Q(R(Q(R(QR))))) R(Q(R(Q(R(QR))))) 

 Rs 100             205 225 

 Qct 1.079E-7 2.850E-7 4.771E-6 

 n 0.800 0.627 0.490 

 Rct 7.287E4 815 253 

 QiL 4.933E-6 1.151E-6 3.912E-6 

 n 0.850 0.694 0.896 

 RiL 7.793E5 4.022E5 1.221E5 

 Qp - 7.364E-5 4.835E-5 

 n - 0.900 0.455 

 Rp - 1.369E6 1E20 
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The elements samples identifier used for the equivalent circuits were: solution re- 1 

sistance (Rs), coating resistance (Rct), coating constant phase elements (Qct), interfacial 2 

layer resistance (RiL), interfacial layer capacitance (QiL), oxide layer (pitting) resistance 3 

(Rp), oxide layer (pitting) capacitance (Qp) and Warburg-circuit element (W) [15]. 4 
 5 

 

 

Figure 3.6 schematic drawing of the hybrid silica-based system (a) BZI-SHX-80 and (b) SHX-80 6 
after 144 hr of immersion in 3.5% NaCl solution  7 

3.5 Scanning Electron microscopy images after immersion  8 

Figure 3.7 shows the surface morphology of the three samples, BZI-SHX-80, SHX-80, 9 
and bare alloy. It is clear that the bare sample is attacked by pitting corrosion after long 10 

immersion; as showed in figure 3.7 (c), in (b), the SHX-80 exhibited was susceptible to the 11 

development of microcracks when dried in open atmospheric conditions after long im- 12 

mersion. The cracks were observed around 1-6 µm wide on the surface of the coating with 13 

some pitting under the coating. Exposure to the aluminium alloy substrate due to coating 14 
cracking can adversely affect the provided barrier corrosion protection, which has impli- 15 

cations for wet/dry cycling is experienced. The BZI-SBX-80 coating showed excellent re- 16 

sistance to corrosion and cracks under similar circumstances, in figure 3.7 (a). The contact 17 

angle measurements showed that the ZBI-SHX-80 was more stable than the SHX-80, 18 

which may attributed prevent the diffusion in the coating system, in line with the benzim- 19 

idazole self-healing inhibition properties. 20 
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Figure 3.7 SEM surface images for (a) BZI-SHX-80 coating, (b) SHX-80 coating and (c) bare AA2024-t3 after 360hrs of immersion 1 

4. Conclusion  2 

The base SHX Sol-gel formula can provide good barrier protection without the pres- 3 

ence of any inhibitor. However, The protection can last for at least ten days in 3.5% NaCl 4 

solution before cracks and pitting appears visually on the coating surface. By encapsulat- 5 

ing the benzimidazole in the silica-based sol-gel, it revealed excellent corrosion protection 6 

when combined with the hybrid silica-based sol-gel coatings formula, which can provide 7 

protection over two weeks without any failure sign. Adding benzimidazole as an inhibitor 8 

to the sol-gel matrix provides simulated active protection due to the high electronegativity 9 

active azole group. Also, it gains the highest impedance when compared to the original 10 
formal coating. Benzimidazole- sol-gel coating revealed an excellent resistance to post 11 

cracking after long immersion. 12 
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