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Abstract: Corrosion affects any metallic materials, such as pipelines, ships, and offshore platforms,
as it is estimated that year’s corrosion losses are one-fifth of the global resources. The most efficient
way of reducing the impact of this environment is using coatings- provision of barrier between the
material and the aggressive environment. Hybrid Silica-based Sol-gel-derived coating presents one
of the most viable pre-treatments alternatives to chromate. A significant advantage of the sol-gel
process is the possibility of forming a hybrid inorganic-organic structure network at low tempera-
tures. In addition, sol-gel coatings have good adhesion to metallic substrates and organic materials.
Therefore, as a continuance of previous research on sol-gel coating systems. The work reports the
performance of hybrid sol-gel formula formed from TEOS and MTMS enhanced by polysiloxanes
with and without the presence of environmental benign corrosion inhibitor individually formed
from benzimidazole (BZI) and Octadec-9-enoic acid (OA) as a duplex layer’s coating system. The
sol-gel only and the duplex coating systems were at the same thickness, which can be applied to
lightweight alloys such as aluminum alloy 2024-t3 to form a fundamentally corrosion-inhibited and
crack-free coating. The corrosion protection mechanism’s evaluation for these coatings is based on
electrochemical tastings using potential-dynamic polarization scanning (PDPS) and electrochemical
impedance spectroscopy (EIS). The protective properties of the coating system were studied when
immersed in 3.5% NaCl to imitate the aggressive environment. The chemical confirmation was
checked by infrared spectroscopy (FTIR), supported by analyzing surface morphology after 360 h.
of immersion testing using scanning electron microscopy (SEM) and water contact angle for coated
samples (WCA). The corrosion resistance performance of this coating system is a result of the com-
bination of good adhesion and pore blocking of the silica-based hybrid coating and the presence of
both encapsulated OA as a carrier and BZI as a film-forming volatile corrosion inhibitor resulting
in durable film-forming, reducing the reaction at cathodic sites. Also, it exhibited excellent anti-
corrosion properties, providing an adherent protective film on the aluminum alloy 2024-T3 samples
compared to previous sol-gel and bare metals, which might last more than 60 days without any sign
of failure, with an eco-friendly and cost-effective.

Keywords: hybrid silica-based sol-gel coating; electrochemical testing; corrosion protection;
aluminum alloys; benzimidazole; Octadec-9-enoic
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1. Introduction

Aluminum alloys, especially AA2024-T3, are widely used in aerospace and marine
offshore structural industries because of their high specific strength ratio and their mod-
erate cost. Due to this, the element of copper in these alloys is used to improve their me-
chanical stiffness. However, this, in turn, can result in microscopic galvanic couples,
which increase the potential for corrosion on these alloys. Therefore, to avoid localized
corrosion that could damage the mechanical properties of metallic structures, the general
technique is to prevent the direct interaction of the electrochemically active matrix with
the environment by applying a protective coating system to prolong the service life of
parts before applying a painting application. In addition, the alloy is frequently clad or
anodized to provide good bonding between the paint and the substrate[1,2]. There are
possibly numerous applications in industries involving sol-gel-derived technologies. The
sol-gel processes can produce various materials, including coatings, films, fibers, mono-
liths, and nanosized powders. Coatings or thin films produced by the sol-gel technology
are typical of early commercial involvement. Other examples of coating applications of
the sol-gel films include self-cleaning coatings, hydrophobic coatings, and anti-corrosion
and wear-resistance coatings [3—6]. Hybrid sol-gel protective coatings technology has
shown an exceptional ability to mitigate corrosion on the metal surface combined with
high chemical stability. Nevertheless, using the sol-gel method only as a protective coat-
ing has some limitations in terms of barrier anti-corrosive properties due to pores in the
matrix, which could lead to cracking of the coating and make protection fail in the end.
The encapsulation technology of corrosion inhibitors will enhance the system’s corrosion
protection. The systematic development of corrosion inhibitor compounds has produced
many effective inhibitors [7,8]. For example, compounds with heterocyclic organic func-
tional groups consisting of oxygen or nitrogen, with phosphorus or sulfur attached as
heteroatoms, are very desirable spatially if combined with a fatty acid carrier [9,10]. For
instance, the last paper studied benzimidazole (BZI) as a low-pH film-forming effective
corrosion inhibitor to protect aluminum alloys 2024-t3. Moreover, it revealed good pro-
tection and excellent stability with sol-gel coating [11]. octadec-9-enoic acid (OA) is con-
sidered one of the recommended fatty acids mentioned previously in the US forces report
from 1991 for use as a corrosion inhibitor or inhibitor carrier [12]. Although the previous
studies studied functional corrosion inhibition of benzimidazole and/or fatty acid on steel
alloys only, but the term of use of OA and BZI as encapsulated as well as duplex layers
sol-gel will be investigated in this work

2. Materials and Methods
2.1. Synthesizing of Sol-Gel

The hybrid silica-sol-gel was basically prepared from trimethoxymethyl silane
(MTMS), and tetraethylorthosilicate silane (TEOS) bought from Merck Sigma-Aldrich, en-
hanced by polysiloxane as mentioned in the previous study [2,13]. This formulation was
used as the original coating and labeled SHX-80. The duplex system, which is labeled as
BZI-OA-SHX-80, was made from two layers, the first from Octadec-9-enoic acid made by
encapsulating 0.15 vol.% of solution 1:1 of ethanol and OA mixed into the original SHX-
80 liquid formula. The other layer was made from benzimidazole, and prepared by en-
capsulating 3.5 vol/w % of a 1:1 solution of ethanol and BZI (Sigma-Aldrich) in the same
base formula, added dropwise while stirring. Both formulations were left for 24 h to com-
plete their hydrolyzing and condensing. Figure 1 shows the process of sol-gel coating.
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Figure 1. Schematic representation of the sol-gel coatings process [11].

2.2. Substrate Preparation

The Q-panels aluminum alloy AA2024-T3 used as test substrates with sizes of (102
mm x 25 mm x 1.6 mm) were purchased from Q-Lab [14,15]. First, the received panel’s
substrates were cleaned with the industrial aluminum base surfactant cleaner, according
to the mentioned protocol in [3,15]. To keep coatings thickness in standard ranges, with
about four passes, the distance from the spray handgun to the substrate surface was
around 15 cm until built up; the coating thickness was about 20 um +2. Then, coated sam-
ples of sol-gel only and OA sol-gel were dried in air for ten minutes before being annealed
at 80° C. On the other hand, The duplex system was made by keeping the thickness of the
first layer of OA sol-gel at about 10 um +2 by applying two passes and the top layer of BZI
sol-gel at the same with an overall thickness of 20 um +2 as it showed in Figure 2. Table 1
shows the experimentation sample identification codes.

Benzimidazole

Sol-gel layer \

OA- sol-gel __,

Layer

Aluminum AA2024-T3

substrate
Figure 2. schematic of the double layer sol-gel coating system of BZI and OA, and SEM cross-section
image of BZI-OA-SHX sol-gel coating system.
Table 1. Sample identification table.
No. Identifier Formula Base Composite  (BZI) (OA) Curing Temperature

1- SHX-80 (monolayer) TEOS + MTMS - - 80 °C

2- OA-SHX-80 (monolayer) TEOS + MTMS - 1.5% 80 °C

3- BZI-SHX-80 (mono-layer) TEOS + MTMS 3.5% - 80 °C

4- BZI-OA-SHX-80 (duplex-layer) TEOS + MTMS 3.5% 1.5% 80 °C

5- Bare AA2024-T3 - - - -
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3. Results and Discussion
3.1. ATR-FTIR Results
Confirmation of Benzimidazole in the Sol-Gel Top Layer

The organic component of BZI was incorporated into the SHX sol-gel base formula
by comparing the infrared spectrum (ATR-FTIR) obtained from the BZI-SHX-80 coating
to that of the unmodified SHX-80, as clearly mentioned in the previous work [13]. Corre-
spondingly, the aromatic amine stretching C-N fingerprint can be detected at 1300 cm™!
and 1364 cm™, respectively, which can confirm the benzimidazole’s presence in the new
sol-gel formula. Furthermore, the C-H out-of-plane bending is characterized by peaks at
745 cm~and 768 cm [13].

3.2. Water Contact Angle (WCA)

As shown in Figure 3, The results of the measured WCA show that the original mon-
olayer SHX-80 sol-gel coatings were about 67° + 2. The measured WCA on OA-SHX-80
Sol-gel coatings was about 102°, which shows the higher water contact angle recorded for
the OA-SHX-80 demonstrates that the OA-SHX-80 Sol-gel coating is less wettable than the
base SHX-80 sol-gel coating [16]. While the duplex system as the top layer is BZI-SHX sol-
gel, the results of WCA were presented in that layer at about 88° + 2, which is still consid-
ered less wettable than the base sol-gel coating.

(a) (b) '

Figure 3. typical WCA Optical images of water drops on surface (a) SHX-80 and (b) modified OA-
SHX-80 (c) BZI-OA-SHX-80 coatings system.

3.3. Potential Dynamic Polarization Scanning (PDPS)

The PDPS was used as a primary corrosion protection test to show the performance
properties of the coated samples compared to the non-coated bare AA2024 substrates in
3.5% w/v NaCl electrolyte solution. The corrosion current density (Icorr) and The corro-
sion potential (Ecorr) were obtained from the curves shown in Figure 4. Generally, the
current density on the cathodic branch of the Tafel curve for all sol-gel coated samples is
reduced by more than four magnitudes when compared to the bare AA2024-T3. Never-
theless, from the anodic polarisation curve, the behavior of the four types of coatings was
distinct from each other. This returns to the type of inhibitors. First, starting the double-
layer benzimidazole/Octadec-9-enoic acid sol-gel system coded as BZI-OA-SHX-80 dis-
played a more significant reduction, being eight orders of magnitude lower than the cur-
rent density. Then the benzimidazole sol-gel BZI-SHX-80 coated sample comes second, as
it is reduced by seven orders of magnitude to bare AA2024-T3, which may be attributed
to benzimidazole’s surface-active and high electronegativity [17].
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Figure 4. Polarization curves for the sol-gel coated systems in 3.5% NaCl.

On the other hand, the sol-gel with OA inhibitor sample OA-SHX-80 sol-gel showed
less protection on the anodic branch, revealing the failure in protection in the potential of
-502 mV due to the initiation of pitting and coating failure. This reduction is about four
orders of magnitude less than the bare AA 2024-T3. In addition, the SHX-80 sol-gel only
showed a fall in the anodic branch by about four and a half orders of magnitude, which is
less than the bare AA 2024-T3.

The information obtained from the figure of Corrosion current densities of bare and
sol-gel coated samples were reduced to 2.92 X 107°4/cm? for (BZI-OA-SHX-80), 5.98 x
1071%4/cm? for (BZI-SHX-80), 9.8 X 1071°4/cm? for (OA-SHX-80) and 1.1 x 107°4/
cm? for (SHX-80) respectively, and as compared to 7.1 x 10764/cm? of the bare AA2024-
T3 alloy. This corrosion potential shifted to more positive values for coatings containing
BZI and more negative values for those containing Octadec-9-enoic acid.

As a result, the shift in Ecorr indicates that the anodic is inhibited to a greater degree
than the cathode in BZI-OA-SHX 80 and BZI -SHX 80 sol-gel mixture. This is attributed to
the benzimidazole nitrogen active atoms bridging to the substrate surface [17,18]. Also, it
can be attributed that Octadec-9-enoic acid can clog pores by increasing the hydrophobi-
city in the filled pores, which contributes to a reduction in the electrolyte diffusion to the
surface of the substrate [19,20].

3.4. Impedance Magnitude Bode Plots for Duplex BZI/OA Layers Sol-Gel Coatings

Tests were performed over 1440 h. Figure 5a,b show impedance magnitude and
phase angle plots for BZI-OA-SHX-80 duplex coating systems. The general behavior of
the coating is as an active corrosion-protective double-layer coating system with good ca-
pacitative behavior.

After 24 h. immersion, the impedance at the high frequency of 105 Hz starts from
about 0.8 x 10 ohms.cm™ reflecting the solution/coating interface resistance (Rs). Then
the impedance rises, reflecting that capacitative behavior attributed to coating protection
and diffusion resistance. This reading reaches a higher magnitude at the low frequencies
between 10 to 0.01 Hz with a value of about 5.0 x 10° ohms - cm™2.

After 72 h of immersion, there is a slight decrease in the impedance attributed to the
slow diffusion in the coating to the metal surface, but it still maintains the same protection
range.
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Figure 5. (a) impedance Pode diagram and (b)phase diagram of the duplex system of BZI-OA-SHX-
80.

After 120 h of immersion, it decreases significantly to about 1.2 X 10° ohms - cm? at
low frequencies. The coating system continues to provide reasonable protection to reach
after 216 h, about 9.0 X 10° ohms - cm™2. it kept this behavior with a minimal drop in im-
pedance until 60 days with an overall magnitude of 7.1 X 10° ohms - cm? .

Correspondingly, the phase angle 0 Figure 6b showed two time-constants on the first
immersion day, reflecting the two-layer system. From the ninth day, the three time-con-
stants started forming. The first one started from 105to 10 Hz, the second one began from
103 to 1 Hz, and the third one started from 1 to 0.01 Hz, these time-constants tributes to
the two layers of OA and BZI with the creation of aluminum oxide film on the interfacial
metal surface.

3.5. Scanning Electron Microscopy (SEM)

Figure 6a—d show bare aluminum 2024 and sol-gel coated samples’ after 360 h of im-
mersion, SHX-80, OA-SHX-80, and BZI-OA-SHX-80, respectively. As shown in (a), the bare
sample AA2024-T3 was attacked by corrosion in the form of aggressive deep pitting after
360 h immersion. Then in (b), the SHX-80 was sensitive to developing micro-cracks when
dried in open atmospheric environments after immersion of 360 hr. These cracks were de-
tected around 1-6 um wide on the surface, with some pitting appearing under it. Cracks can
weakly affect the provided barrier corrosion protection of SHX-80, which has consequences
for coatings” wet/dry cycling. Figure 6c shows that The OA-SHX-80 coating exhibited good
resistance to corrosion and cracks under similar conditions. In addition, OA-SHX-80 was
more robust than SHX-80. However, the coating after360 h. started to fail. On the other hand,
the Figure 6d, the BZI/OA sol-gel duplex system was durable and long-lasting for up to 60
days without appearing to be a visual crack or failure.
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Figure 6. Surface morphology images for (a) bare AA 2024-t3, (b) SHX-80 coating, (c) OA-SHX-80,
and (d) BZI-OA-SHX-80 coatings after 360 h. of immersion.

4. Conclusions

The silicate-based hybrid SHX Sol-gel can present typical barrier protection without
any inhibitor. However, this protection can hold out for a maximum of ten days in 3.5%
NaCl electrolyte solution before pitting, and cracking can be visually seen on the surface.
Using OA only encapsulated the silica-based sol-gel revealed improved corrosion protec-
tion when combined with the base sol-gel coatings. Which mains the small amount of
Octadec-9-enoic acid could enhance the sol-gel coating and provide protection over two
weeks in an environment of 3.5% NaCl without any failure sign. Furthermore, Adding
Octadec-9-enoic acid as an inhibitor to the sol-gel coating system can provide mimicked
active protection due to the hydrophobicity and active molecule antioxidant of OA prop-
erties. However, the OA sol-gel coating after 360 h. of immersion fails to provide protec-
tion. Compared to all, the new developed duplex-silica-based hybrid coating system of
benzimidazole/Octadec-9-enoic acid exhibited excellent anti-corrosion properties, provid-
ing an adherent protective film on the aluminium alloy 2024-T3 samples compared to the
previous sol-gel in the same thickness and bare metals. This duplex system can last more
than 60 days without any sign of failure with the same thickness as other sol-gel mono-
layer coatings, demonstrating that the duplex system is more durable than monolayer at
the same thickness, with an eco-friendly and cost-effective.
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