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Abstract: Due to the wide-ranging of preservative surfaces applications, there is a need for a funda-
mental understanding of not only how to produce such exceptional surfaces but also to know how
specific surface properties affect coatings pore wettability, for example, morphology and chemical
comprehending. Silica-based hybrid coatings as advanced hybrid polymers have been shown to
exhibit excellent chemical stability with a chance to be functionalised combined with reducing the
corrosion of metal substrates. However, research shows that sol-gel only has some limitations in
terms of anti-corrosive properties due to the high porosity. Therefore, this work will report the pre-
liminary performance of the diffusion prevention in a silica-based hybrid sol-gel coating that has
been enhanced by adding Oleic acid (OA) to the sol-gel formula. The evaluation of the effect of the
adsorption mechanism of OA on aluminium alloys surface was studied based upon using infrared
analysis (FTIR) as a non-destructive test separately. The chemical confirmation of adding OA to Sol-
gel was done by infrared spectroscopy (ATR-FTIR) and supported by analysing the morphology of
the surface by using scanning electron microscopy (SEM) and water contact angle test (WCA). Fur-
thermore, the coatings’ corrosion performances were studied using electrochemical impedance
spectroscopy (EIS) and Potential-dynamic polarisation scanning (PDPS). As a result, the Oleic acid
- silica-based hybrid coating exhibited exceptional functionalised pore-blocking, hydrophobic and
anti-corrosion properties, providing mimicked active protection on the aluminium alloy 2024-T3
samples compared to sol-gel-only and non-coated samples.

Keywords: Silica-based hybrid sol-gel coating, infrared spectroscopy, electrochemical testing, cor-
rosion protection

1. Introduction

There are potentially numerous applications in industries involving sol-gel derived
technologies. The sol-gel processes can produce a variety of different materials, including
coatings, films, fibres, monoliths, and nanosized powders. Coatings or thin films pro-
duced by the sol-gel technology are the typical representatives in the early commercial
involvement. Spinning, spraying, dipping and spreading methods can be used to create
thin films without forming any cracks. Other examples of coating applications of the sol-
gel films include self-cleaning coatings, hydrophobic or hydrophilic coatings, and anti-
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corrosion and wear-resistance coatings[1-4]. Sol-gels are considered an excellent alterna-
tive to replace conventional treatments, many of which are almost to be banned in some
world regions, such as chromate conversion coatings. Sol-gel advantages come via the low
initial cost and effectiveness of this coating. Spatially it is considered as an eco-friendly
coating comparing to the other alternative surface treatments. Also, the advantages of sol-
gel over the conventional coating methods are the ease of preparation. Controlled crack-
free films can also ease deposit a wide range of inorganic oxide in the matrix at a lower
temperature [5,6].

Aluminium alloys, especially AA2024-T3, are widely used in aerospace and struc-
tural industries because of their high specific strength ratio. Due to this, the element of
copper in these alloys is used to improve its mechanical stiffness. However, this, in turn,
can result in microscopic galvanic couples, which increase the potential for corrosion on
these alloys. To avoiding localised corrosion that could damage the mechanical properties
of structures, the general practice is to prevent the direct interaction of the electrochemi-
cally active matrix with the environment by applying a protective coating system with the
intention of prolonging the service life of parts before applying a painting application. The
alloy is frequently clad or anodised to provide good bonding between the paint and the
substrate[7,8].

Oleic acid was one of the recommended fatty acids mentioned previously in a US
Army report from 1991 for use as a corrosion inhibitor in engines [9]. Oleic acid is created
in nature in various animal lards and vegetable fats and oils with the chemical structure
of CsHis>CH=CH(CH:)>COOH [10]. It is pH neutral and colourless in its appearance,
though commercially produced material may be yellowish in colour. It is an unsaturated
fatty acid with non-polar properties. The chemical structure can be seen in figure 1.

L)

Figure 1, the chemical structure of Oleic acid [11]

Malik M. A. et al. and Migahed A. et al. [12,13] mentioned in their publications that
the mechanism of inhibition is complicated and depends on many factors, including the
creation of mono/multidimensional protecting layers on the metal surface. As well as the
other factors that work with the protective layers are the interactions between inhibitors
and substrate, chemical reactions that could occur, electro-potentials effects, operational
temperatures, the concentration of the inhibitor and finally the properties of the treated
surface.

Also, in another technique by Zhang. W et al. [14] as mentioned, it can be made wa-
ter-soluble by the synthesis in polyethene glycol and imidazole to use as an injectable in-
hibitor in aquatic media.

There is some limitation of direct use of the fatty acids with other coatings, including
Sol-gel, which decreases the cross-links in the coating matrix and will prevent creating a
coating with good adhesion on the substrates due to increasing the hydrophobicity on top
of the metal surface. In his review, Hughes A. et al. [11] mentioned the encapsulation of
La(dibutyl phosphate)s with micelle oleic acid in epoxy coatings were investigated. In fact,
there has been mention of the use of oleic acid in some patents to be used in conjunction
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with other inhibitors. Simendinger W. et al. [15] mentioned in his patent the use of oleic
acid with other material in sol-gel as an antifouling release agent.

Although the previous studies presented functional corrosion inhibition of oleic acid
on steel alloys, the term of use oleic acid as corrosion inhibitor encapsulated in sol-gel was
not mentioned so far on published work or patents. Therefore, as a research gap, this part
will be investigated and try to be covered in this paper.

2. EXPERIMENTAL WORK
2.1. Sol-Gel preparation

in this study, the used hybrid silica-based sol-gel was synthesised from tetraethyl
orthosilicate silane (TEOS) and trimethoxymethyl silane (MTMS) purchased from Sigma-
Aldrich. As mentioned in the previous work, the silica-based sol-gel mixture was then
enhanced by adding poly-siloxane (PSES) solution [1]. This formula was used as the base-
line coating and labelled SHX-80. The oleic acid (OA) modified hybrid silica-based sol-gel
is labelled as OA-SHX-80. It was prepared by encapsulating 0.1 to 0.3 vol.% of solution 1:1
of ethanol and oleic acid (OA) purchased from Sigma-Aldrich into the original SHX-80 by
wise dropping and stirring. The formulation was then left for 24 hours stirring to complete
its hydrolysing and condensation.

2.2 Substrate Preparation and Filin Deposition

The aluminium alloy AA2024-T3 Q-panels made with dimensions of (102 mm x 25
mm x 1.6 mm) were purchased from Q-Lab for use as test substrates [16]. First, the re-
ceived Q-panels were washed with a commercial aluminium base surfactant cleaner and
then rinsed with DI water, then rewashed with acetone to remove organic residues on the
surface. Then spry the sol-gel to the pre-cleaned aluminium alloy substrates. The distance
from the spraying gun to the surface was approximately 150 mm. Over three passes, the
coating was built up to keep the thickness standard for all samples about 15 pm +2. After
that, the coated samples were left in the air for 10 min before being annealed at 80° C for
4 hours. Table 1 shows experiment codes used to identify the coated samples.

Table 1. sample identification table

No. Identifier Formula Base Composite (OA) Curing Temperature
1- SHX-80 TEOS+MTMS+PSX - 80°C
2- OA-SHX-80 TEOS+MTMS+PSX yes 80°C

3- Bare AA2024 T3 - - -

3. Results and discussion

3.1 ATR-FTIR for OA-SBX-80 sol-gel chemical composition

The organic OA was successfully incorporated into the SHX sol-gel by comparing the
infrared spectrum obtained from the OA-SHX-80 coating to the unmodified SHX-80. This
is enlarged in figure 2. The FTIR spectrum confirms that the organic-inorganic hybrid sol-
gel coating of OA-SBX-80 and HXS-80 was well attached to the AA2024-T3 substrate. Also,
the chemical composition can be seen for the SBX-80 sol-gel formula and the oleic acid
modified coating.

The spectrum obtained from the OA-SBX-80 sol-gel formula has broad fingerprint
peaks similar to the basic formula SBX sol-gel. However, the successful incorporation of
adding oleic acid (OA) into the base formula of SBX-80 sol-gel was confirmed by compar-
ing the infrared spectrum obtained from the OA-SBX-80 coating to the unmodified SBX-
80. The alkyl group presents two main contributions at 2925 cm! and 2856 cm, repre-
senting CHs and CH: stretching, respectively. Additional peaks are characteristic of the
confirmation of CH: at 1460 cm! and 1300 cm-. As expected, the carbonyl function, C=O
is shown by a peak at 1707 cm  [17-19].
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Figure 2, ART-FTIR spectra show the effect of OA adding to the SHX-80 sol-gel.

3.2 Understand the adsorption mechanism of OA on aluminium alloys surface

This mechanism could be summarised in the following sequence: firstly, the fatty
acid acts as surfactant inhibitors in the surrounded aggressive environment and then is
adsorption of surfactant molecules on top of the metallic surface by creating a metallic
binding. This process is usually affected by surface charges, the surfactant’s chemical
structure, and the surrounding electrolyte. Consequently, the adsorption will occur due
to the interaction potential between the surfactant and metal surface, and as a result, the
inhibiting effect of the molecules is credited to its functional groups that attach to surfac-
tants on the metallic surface. There are three individual types of adsorption coordination
that the carboxylate group in fatty acid can adopt for bonding to the metallic surface: pro-
posed structures of the mono-dentate, bidentate, and bridging coordination types shown
in Figure 3. In the bridge-bonded configuration, the oxygen atoms are identical but on
different aluminium atoms, while on the other bonding will be connected to one metallic
atom [20]. Besides, the rate of adsorption is usually rapid, and henceforth the weak me-
tallic alloy surface will be shielded well and protected from direct contact with the aggres-
sive media. [12,13]

Bridging Monodentate Bidentate

Figure 3, Schematic representations for three types binding adsorption process of carboxylate
groups in fatty acid on steel aluminium surface [71]
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3.3 Water Contact Angle of SBX And OA-SBX Coatings

In figure 4, the results of the measured water contact angle (WCA) show the original
SHX-80 coating were measured about 67° +2, and as shown in (a), and the measured WCA
on modified OA-SHX-80 Sol-gel coating was 102° + 4, and as shown in (b), as the higher
water contact angle recorded for the OA-SHX-80 shows that its wettability is lower than
that of the original SHX-80 [21].
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Figure 4, Bar chart showing mean values of WCA of OA-SHX-80 and SHX-80 coatings, Optical
images showing water droplets on (a) SHX-80 and (b) modified OA-SHX-80 coatings

3.4 Potentiodynamic polarisation scanning (PDPS)

All coated samples displayed remarkable performance properties compared to the
bare AA2024 sample. The corrosion potential (Ecorr) and corrosion current density (Icorr)
were obtained from the shown in figure 5. the current density on the cathodic branch of
the Tafel curve for all coated samples is reduced by more than three magnitudes when
compared to the bare AA2024-T3. Nevertheless, the 0.1 % v/v oleic acid sol-gel OA-SHX-
80 coated sample comes the lowest, as it was reduced by seven orders of magnitude to
bare AA2024-T3. This is attributed to the surface-active molecule and diffusion prevention
of oleic acid. However, 0.3% v/v oleic acid sol-gel OA-SHX-80 coated sample shows the
same pattern except it collapsed showed less protection on the anodic branch, reveals the
failure in protection in the potential of -502 mV due to the initiate of pitting and coating
failure. The SHX-80 sol-gel only showed a reduction in the anodic branch by about four
and a half orders of magnitude less than the bare AA2024-T3.

The information that obtained of Corrosion current densities of bare and coated sam-
ples were reduced to 2.88 x 107°A/cm? for (0.1 OA-SHX-80), 3.02 x 107°A/cm? for (0.3
OA-SHX-80) and 6.41 x 107°A/cm? for (SHX-80) respectively, and as compared to
6.8 x 107A/cm? of the bare AA2024-T3 alloy. The shift in Ewr indicates that the anodic
is inhibited to a greater degree than the cathode in 0.1 and 0.3 OA-SHX 80 sol-gel mixture.
This could be attributed to oleic acid pores-blocking by increasing the hydrophobicity in
the filled pores, which reduces the electrolyte diffusion to the surface of the metallic sub-
strate [12,13].
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Figure 5, (PDPS) Polarization curves for the bare and sol-gel coated samples with different concen-
trations of OA organic inhibitors in 3.5% NaCl

3.4 Electrochemical Impedance Spectroscopy (EIS)
3.4.1 Impedance magnitude Bode plots
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Figure 6, Impedance magnitude for (a) OA-SHX-80 and (b) SHX-80.

This test will continue with 0.1 % OA-sol-gel coating as it not affecting the sol-gel
matrix. As it is shown in figure 6, after the first hour of immersion, the overall impedance
of OA-SHX-80 at low frequencies was started by approximately in the same magnitude to
SHX-80 coated samples, with values of 1.1x10¢ ohms.cm? (OA-SHX-80), compared to
9.8x105 ohms.cm? (SHX-80). After 360 hours, the OA-SHX-80 coated samples dropped
about one and a half orders of magnitude; this could be due to the electrolyte diffusion
and expansion of the pores in the coating matrix. However, this drop does not affect the
electrolyte’s generally visible protection, suggesting the film of OA has been created on
the metal surface [10]. A noticeable measured impedance was observed to the SHX-80
coated sample at about 3.5x10* ohms.cm?2 after 360 hours compared to OA sol-gel at about
2.5x10° ohms.cm. This might be attributable to the coating resistance beginning to reduce
due to the creation of rounded pitting under the coatings. Also, the high frequencies im-
pedance falls of about one of magnitude; this impedance is considered higher than SBX-
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80 coating in the middle-frequency range between 105 to 10¢ Hz. It may be attributed to
the coating pores and cracking that occurred.

3.5 Using Nyquist plots for Investigating the corrosion protection behaviour
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Figure 7, showing the Nyquist plot for (a) OA-SHX-80 and (b) SHX-80 coating systems, with a
schematic drawing of system behaviour simulation (a) OA-SHX-80 and (b) SHX-80 after 144 hr of
immersion in 3.5% NaCl solution

The Nyquist plots for figure 7 (a) OA-SHX-80 and (b) SHX-80 coatings from 01 to 360
hr, respectively. These plots were used to obtain the equivalent circuits modelling fitting
using ZSimpwin electrochemical impedance spectroscopy (EIS) data analysis software.

Tables 2 and 3 below demonstrate the fitted data for the SHX-80 and the OA-SHX-80
coatings after various immersion times. The equivalent circuits were used to simulate the
corrosion reaction on the surface of coated samples in 01 hr, 48hrs and 144 hrs, respec-
tively. Instead of using an ideal capacitor (C), a time-constant element (Q) was used to
companies the current leakage in the capacitor and/or frequency dispersion effect of the
alternating current signals [22]. The suggested equivalent circuits for each of the EIS plots
after 144hrs were provided in the figure for both systems.

The elements samples identifier used for the equivalent circuits were: solution re-
sistance (Rs), coating resistance (Rct), coating constant phase elements (Q«), interfacial
layer resistance (Ri), interfacial layer capacitance (Qw), oxide layer (pitting) resistance
(Rp), oxide layer (pitting) capacitance (Qp) and Warburg-circuit element (W) [23]
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Table 2 The fitted data obtained from EIS spectra for the OA-SHX-80 sol-gel coating after various 1

immersion times in 3.5 wt. % NaCl solution. 2
Immersion time(hrs)
Element 01 48 144
Circuit R(QR(QRW))) R(QR(Q(RW)))) R(Q(R(QRW))))
Rs 102 205 195
Qct 1.089E-8 2.155E-8 1.044E-7
n 0.9138 0.888 0.772
Ret 2.878E5 1.232E4 8.770E3
QiL 9.956E-6 1.577E-5 2.026E-5
n 0.9296 0.897 0.916
RiL 1.667E6 5.688E6 8.594E5
Woa 4.554E-7 1.041E-6 6.716E-6
3
Table 3 The fitted data obtained from EIS spectra for the SHX-80 sol-gel coating after various im- 4
mersion times in 3.5 wt. % NaCl solution. 5
Immersion time(hrs)
Element 01 48 144
Circuit R(Q(R(QR))) RQR(QR(QR))) RQER(QR(QR)))))
Rs 100 205 225
Qct 1.079E-7 2.850E-7 4.771E-6
n 0.800 0.627 0.490
Rt 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

3.6 Scanning Electron microscopy images after immersion

80. As showed in figure 8 (b), the SHX-80 exhibited was susceptible to the development

of microcracks when dried in open atmospheric conditions after long immersion. The

cracks were observed around 1-6 um wide on the surface of the coating, with some pitting 10
under the coating. Exposure to the aluminium alloy substrate due to coating cracking can 11
poorly affect the provided barrier corrosion protection, which has implications for 12
wet/dry cycling is experienced. The OA-SBX-80 coating showed excellent resistance to 13
corrosion and cracks under similar circumstances, in figure 8 (a) showed that the OA- 14
SHX-80 was more stable than the SHX-80, which may be attributed prevent the diffusion 15
in the coating system, in line with the self-healing inhibition properties of OA. 16

6
Figure 8 shows the surface morphology of the three samples, OA-SHX-80 and SHX- 7
8
9

Figure 8, SEM surface images for (a) OA-SHX-80 coating, (b) SHX-80 coating after 360hrs of im- 18
mersion 19
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4. Conclusion

As a corrosion coating, the silicate-based hybrid SHX Sol-gel formula can provide
good barrier protection without the presence of any inhibitor. However, The protection
can last for atleast a maximum of ten days in 3.5% NaCl solution before cracks and pitting
can be appeared visually on the surface. By encapsulating the oleic acid in the silica-based
sol-gel, it revealed improved corrosion protection when combined with the base sol-gel
coatings. 0.1% oleic acid-enhanced coating can provide protection over two weeks in an
aggressive simulated environment of 3.5% NaCl without any failure sign. Adding oleic
acid as an inhibitor to the sol-gel matrix provides mimicked active protection due to the
hydrophobicity and also to active molecule antioxidant properties. Also, it gains a high
levelled impedance when compared to the original SHX formal coating that falls after 360
hrs. Oleic acid- sol-gel coating revealed an excellent resistance to post cracking after long
immersion, which could open new promising applications.
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