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Abstract— Sol-gel as protective coatings has been shown to
exhibit excellent chemical stability combined with the ability to
reduce the corrosion of metal substrates. The sol-gel method is
an eco-friendly technique route for producing surface coatings,
showing high potential for the replacement of toxic pre-
treatment coatings. This study aims to develop a new
understanding of the enhancement in corrosion protection of a
hybrid-organic-inorganic sol-gel coating that cured at (8§0°C) by
increasing the hydrophobicity and characterized the
performance on the aluminium 2024-T3 alloy. The alternative
method involved a novel sol-gel was prepared by introducing a
1H,1H,2H,2Hperfluorodecyltriethoxy silane (PFDTES) into
the base hybrid sol-gel created from tetracthylorthosilicate
silane (TEOS) and triethoxymethyl silane (MTMS) precursors.
The results of electrochemical testing analyses reveal the new
open finite-length diffusion circuit element (O) coming from
electrolyte media diffusion preventive by fluorinated groups.
Also, it is revealed increases in corrosion protection arising
from the increasing the hydrophobicity of the fluorinated sol-
gel coating when it compared to other formula cured under
similar conditions. Additionally, the modified sol-gel exhibited
improved resistance to cracking, while the increased
hydrophobicity may also promote self-cleaning.

Index Terms—Sol-gel, corrosion protection, hydrophobicity, time-
constant, finite-length diffusion circuit, electrochemical testing.

I. INTRODUCTION

Assets such as offshore platforms, pipelines and operating
facilities are subject to recurrent and severe corrosion attack and
biofouling. The previously established method for corrosion
protection, which utilized hexavalent chromium-based
corrosion inhibitors, is now banned entirely in these industries.
Moreover, considerable efforts have been made to replace
conventional conversion coatings (i.e., phosphating and
chromating) for the corrosion protection of metallic surfaces.
Electrochemical analysis methods have been extensively used
to facilitate the development of new and novel corrosion
preventive coatings based on, for instance, polyaniline,
polythiophene, and polypyrrole as corrosion inhibitors [1].

In the last decade, the phenomenon of hydrophobicity has been
used to impart corrosion protection, and further studies have
investigated the effect of super-hydrophobicity by anodizing
the surface of aluminium alloys. Other investigations have

studied the surface modification of magnesium alloys via a
simple one-step hydrothermal method using an eco - friendly
agent, and by using SiO2 nanoparticles incorporated into a
hybrid polymeric m matrix fabricated using acrylic resin [2]-
[4].

A further driver for the interest in hydrophobic surfaces and
coatings has existed since the end of the 1990s when the
International Maritime Organization (IMO) adopted a
resolution from the Marine Environment Protection Committee
(MEPC) [5]. Hydrophobicity has a key role to play in reducing
the level of interfacial adhesion between the biocorrosion
organisms and submerged surfaces, permitting their ease
removal during relative motion between the coated artefact and
water, or washing with pressurized water jets [6]. Sol-gel
derived coatings have already been identified as a potential
solution for the marine industry, where both anti-fouling and
corrosion resistance, combined with low environmental impact,
is required [7]-[9].

Sol-gel protective coatings on metallic surfaces can improve
the corrosion resistance of the Substrate in various corrosive
media. The sol-gel process is an eco-friendly method of surface
protection, which offers various possibilities, including single-
layer coating systems with anti-corrosion or anti-fouling
properties, or bilayer coating systems with dual-protection and
multi-function coating systems for marine and aerospace use
[8], [10]-[12]. Additionally, sol-gel coatings can bestow further
desirable properties, such as prevention of ice accumulation,
oxidation resistance and abrasion resistance [13]-[15]. During
the past decade, the development of hybrid organic-inorganic
sol-gel coating technology has overcome the concerns around
defects such as cracking, peel off and decohesion, which
affected early so 1- gel coating formulations. Nevertheless,
long-term exposure to moisture can negatively influence the
adhesion and cohesion properties of many coating systems [10],
[16].

Coating cracking and delamination from the Substrate can
occur due to changes in chemical and mechanical properties of
the coating and the interfacial layer between the coating and the
Substrate. Typically, during the ionic diffusion processes, an
oxide layer is created on the metal substrate. This new
interfacial layer reduces the adhesion of the coating to the
Substrate and can induce stresses in the coating. Compressive
stresses can have a positive impact on mechanical properties by
sealing surface cracks, although high compressive stresses can



lead to buckling of the coating film. Conversely, cracks and
delamination of the coating are observed when tensile stresses
exceed the elastic limit in the thin layer [17], [18].

In this work, the performance of a fluorinated sol-gel coating
with a 1H,1H,2H,2H- Perfluorodecyltriethoxy silane and based
hybrid organic-inorganic sol-gel coatings were systematically
investigated in controlled conditions. A solution of 3.5% w/v
sodium chloride was utilized to simulate the extended exposure
relevant to applications.

II. EXPERIMENTAL WORK

All preparations, testing and characterizations were
performed at material and engineering research institute
(MERI) labs at Sheffield Hallam University.

A. Materials

All materials and chemicals used in this work were of
analytical grade. Experiments were performed in an oxygenated
environment and at ambient temperature (20° C +/- 2° C). All
glassware was cleaned with an industrial aqueous cleaner then
rinsed with acetone and finally deionized water.

1) Substrate Preparation

Commercially available Q-panels made of aluminium alloy
AA2024 T3 with dimensions (102 mm % 25 mm X 1.6 mm)
were supplied by Q-Lab for use as test substrates. The chemical
composition of the Substrate is given in Table 1 [19]. The as-
received panels were washed with a proprietary surfactant-
based cleaner and rinsed with deionized water, then washed
with acetone to remove organic residues such as oil, grease and
fats present on the surface. These panels were then placed in an
ultrasonic water bath for five minutes for additional cleaning
with CEE BEE® Super Bee 999 alkaline cleaner, followed by
rinsing with deionized water and drying with pressurized
nitrogen gas. The panels were then kept in a desiccator until the
coating was applied.

Table 1 Composition of Aluminum Alloy AA2024 T3 [19]
Element  Si Fe Cu Mn Mg Cr In It

Other Elements

Wt.(%) 050 050 3849 030-09 12-18 010 025 015 0.05-0.15

2) Sol-Gel Preparation

The hybrid organic-inorganic sol-gel used in this study was
synthesized from tetraethyl orthosilicate silane (TEOS), and
trimethoxymethylsilane (MTMS) purchased from Sigma-
Aldrich. These precursors were mixed in isopropanol by
dropwise additions of deionized water (DI) at the molar ratio of
18: 14: 17: 220 respectively. The sol-gel was then enhanced
with polysiloxane (PSES) solution, which was obtained by
adding 12 mol% of (— O.H.) terminated polysiloxane polymer
into the hybrid sol-gel [20]. This formulation, which was used
as the unmodified baseline coating, was labelled SBX. The
modified, fluorinated hybrid sol-gel, labelled as F-SBX, was
prepared by adding 1.5 vol% of 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (PFDTES) from Sigma-Aldrich
into the original SBX sol-gel formulation. Dropwise additions
of nitric acid 65-70% ACS Reagent grade (HNOs) from Sigma

Aldrich were made as a catalyst for the hydrolyzing and
condensation reactions; the formulation was then stirred for 24
hours.
3) Film Deposition

The coating was applied to the pre-cleaned aluminium alloy
substrates by spray coating. The distance from the gun to the
Substrate was maintained at approximately 150 mm, and the
coating was built up over three passes. After deposition, the
coatings were left in ambient air for 10 min before being
thermally treated at 80° C for 4 hours. Table 2 shows sample
codes used to identify samples.

Table 2 sample identification table

No. | Identifier Base Composite Sol-gel | (PFDTES) vv% | Curing Temperature
1- | SBX-80 TEOS+MTMS+PSX - 80°C

2- | F-SBX-80 TOES+MTMS+PSX 1.5% 80°C

3- | Bare AA2024 T3

B. Coating Testing and Characterization

The thickness of the coated samples was measured using an
Elcometer 456 Model Coating Thickness Gauge and confirmed
with the scanning electron microscope (SEM) cross-section
imaging. The Elcometer 1540 Adhesion Tester was also used to
determine the coating adhesion in accordance with ASTM
D3359 [21].

An FEI-QUANTA 650 scanning electron microscope (SEM),
with an X-MAX 80 mm? energy-dispersive X-ray (EDX)
spectrometer (Oxford Instruments), was used to analyze the
morphology and chemical composition of coated samples.

The hydrophobicity of the sol-gel coatings was determined by
performing water contact angle measurements using a
Dataphysics OCA 15EC Goniometer, with deionized water
(DI) used as the solvent. A minimum of three analyses was
performed across the surface of each sample, and the mean
water contact angle value calculated by the Dataphysics OCA
software [22].

Information regarding the composition and rehydration
behaviour of the sol-gel coatings was obtained using a Thermo
Nicolet Nexus FTIR spectrophotometer with a Quest-single
reflection attenuated total reflectance sampling accessory, a
diamond ATR crystal and a liquid nitrogen-cooled Mercury
Cadmium Telluride (MCT) detector Tests were conducted by
placing a dried film of sol-gel directly onto the ATR crystal and
spectra were acquired using a resolution of 4 cm ! and 64 scans.
Electrochemical tests were performed on the coatings to assess
their corrosion resistance. Tests were conducted using a
Princeton Applied Research PARSTAT 2273 and three-
electrode cell, with the coated Substrate as the working
electrode, a saturated calomel electrode (SCE) reference
electrode and platinum as the counter electrode. The corrosion
behaviour of the uncoated and sol-gel coated aluminium alloy
was evaluated using potentiodynamic polarization scans and
electrochemical impedance spectroscopy (EIS). The EIS test
specimens were prepared by masking the samples with a
beeswax-colophony resin mixture, leaving an exposed area of
1.00 mm? in the centre of the sample. All electrochemical tests
were carried out at room temperature (20° C +/- 2° C) and in



aerated 3.5 % w/v NaCl solution. Prior to polarisation, the
electrode potential was monitored for approximately 1 hour in
the NaCl solution until it reaches stability. The sample was
polarised at a scan rate of 1.667 mVs'! from the initial potential
of -250 mV vs OCP to +750 mV vs SCE. The EIS
measurements were recorded between 100 kHz to 10 MHz with
a sinusoidal AC RMS value of 10 mV [23], [24].

III. RESULTS AND DISCUSSION

A. Coating Thickness and adhesion Measurement

The thickness of the coatings was determined using an
Elcometer Coating Thickness Gauge and measured as 18 + 2
pm and confirmed by scanning electron microscope cross-
section imaging as shown in figure 1, the coating adhesion
cross-hatching test showed that the SBX coating fall in the 5B
category and F-SBX fall in the 5B-4B category which is
determined that both systems are in very good adhesion on A.A.
2024-t3 as shown in figure 2.

Figure 1, SEM images of cross-section of (a) SBX sol-gel coated, (b)
fluorinated F-SBX sol-gel samples

SBX Sol-gel

Figure 2, the cross-cut adhesion test of different sol-gel coating systems

1) Confirmation of PFDTES Addition In F-SBX Formula

Successful incorporation of the fluorinated precursor into the

sol-gel was confirmed by comparing the infrared spectrum
obtained from the F-SBX80 coating to the unmodified SBX-80,
as shown in figure 3.
The presence of the C-F bonds can be confirmed by examining
the LR. spectral range between 1400-900 cm™ Evidence of the
C-F, and C-F, bonds can be observed in spectrum, by the
presence of bands at 1140 and 1250 cm™! is provided by the
presence of the bands highlighted in the spectrum
correspondingly [25].

Original  SBX  Sol-gel
fluorinated F-SBX Sol-gel

0.8 Ex(C-F2) at 1140
!

EX(C-F) at 1250

0.04

i 1
1400 1300 1200 1100 1000 900
Wavenumbers (cm™)

Figure 3, ATR-FTIR spectra showing the effect of PEDTES addition to the
unmodified SBX-80 sol-gel

2) Water Contact Angle of SBX and F-SBX Coatings

Figure 4 showed a typical bar chart mean values of the water
contact angle measurement droplets on both coating systems. In
Figure 5 (a) the results of measured average water contact angle
(WCA) of the original SBX-80 coating were 67° + 2°, and as
shown in 4(b), the result of WCA on modified F-SBX-80 Sol-
gel coating was 118° + 2°.

The higher water contact angle recorded for the F-SBX-80
shows that its wettability is lower than that of the SBX-80 as a
result of increase hydrophobicity of the fluorinated F-SBX-80
coating [26].
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Figure 4, Bar chart showing mean values of WCA of F- SBX-80 and SBX-

80 coatings

(a) (b)

Figure 5, Optical images showing water droplets with annotations indicate
contact angle on (a) SBX-80 and (b) fluorinated F-SBX-80 coatings surface.

3) The Effect of Prolonged Water Exposure on Sol-gel
Coating Films

ATR-FTIR spectroscopy was used for comparing the
response of SBX-80 and F-SBX-80 coating films exposed in an
aqueous environment for five days to assess the relative water
uptake of both coatings. The evaluation was made by
examining the differences in the O.H. stretching region between



3000 and 3400 cm™.. Figure 6 (a) shows a noticeable change in
the O.H. stretch after immersion for the unmodified SBX-80
coating, which can be attributed to water uptake. By
comparison, Figure 6 (b) shows that no significant changes
were observed in this region in the case of the fluorinated F-
SBX-80 coating. This suggests that there is minimal water
uptake by the fluorinated coating.
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Figure 6, FTIR spectra showing the change in the O.H. stretch region before
and after water immersion for (a) SBX-80 and (b) F-SBX-80 films

B. Electrochemical Corrosion Testing Analysis
1) Potentiodynamic polarisation

Potentiodynamic polarization scans were performed on all
samples with hybrid sol-gel coatings. The results for SBX-80
and F-SBX-80 are presented in Figure 7, along with the result
of a test conducted on bare 2024-T3 aluminium alloy for
comparison. The values of corrosion potential (Ecorr) and
measured current density (Icorr) were obtained by extrapolation
of cathodic and anodic curves by using Tafel extrapolation
method and results are shown in Table 3. The results show that
the coatings reduced the measured current when compared to
the uncoated aluminium alloy and shifted the corrosion
potential to more noble values. This phenomenon was more
apparent in the F-SBX-80 coating, which showed a shift of 199
mV compared to the uncoated 2024-T3. The initial observation
that corrosion protection offered by both sol-gel coatings is due
to excellent barrier properties. Nonetheless, the shift in Ecorr
indicates that the anode is inhibited to a greater degree than the
cathode; this is attributes to the fluorine-carbon atoms bridging
to the Substrate [24], [27].
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Figure 7, PDS Polarization curves for the bare A4 2024-T3 alloy and sol-gel
coatings on AA 2024-T3 after 1 hr of immersion in 3.5% NaCl solution.

Table 3, Parameters obtained from Tafel extrapolation for bare AA 2024 T3,
sol-gel coatings immersed in 3.5 % w/v NaCl solution

Sample Ecorr [V vs SCE] | Leorr [A/cm?] OCP [mV vs SCE]
Bare-AA 2024 —662 +2 7.10 x 1076 -640
SBX-80 coating —608 + 2 1.02 x 107° -708
F-SBX-80 coating —521+2 1.22 x107° -658

2) Electrochemical Impedance Spectroscopy (EIS) Analysis
Tests were performed over a period of 14 days. Figures 8
(a) and (b) show impedance magnitude and phase angle plots
for F-SBX-80, while 8 (c) and (d) show the same plots for the
SBX-80 coating.

—=—F-SBX-80 01 hrs
—e—F-SBX-8048 hrs i o

F-SBX-80 72 hrs 104
—v— F-SBX-80 144hrs

—=—SBX-80 01 hrs
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Figure 8, Impedance magnitude and phase angle plots for F-SBX-80 and
SBX-80 coated samples

The overall impedance was increased by approximately one
order of magnitude for the F-SBX-80 coated samples compared
to the SBX-80 samples, with impedance values of 6.8x10° Q
and 6.8x10° Q respectively, after one hour. At frequencies
between 100 to 10° Hz, the impedance curve for the F-SBX-80
sample reveals pure capacitive behaviour (C), and then the
impedance slowly increased from at about 6.6x10° Q in the
middle range of the frequencies and finally reached the point
where the rate of increase impedance is small at the low




frequencies. Likewise, in the EIS measurements of the SBX-80
coated sample, a noticeable drop in impedance was observed at
about 1.0x10° Q after 14 days. On the other hand, this SBX
coating still revealed higher impedance compared to the bare
Substrate.

The phase angle plots acquired on the first day for both coating
systems show that the F-SBX-80 and SBX-80 coated sample
exhibit two semi-circles, then after 48 hrs of immersion, the
phase angle plot for the SBX-80 coated samples indicated the
presence of three-time constants. However, the F-SBX-80
coated samples kept two time-constants to the 14th day of the
test, The increased R values obtained from F-SBX are
consistent with anodic inhibition obtained through a fluorine-
influenced interface[27].

3) Electrochemical Equivalent Circuits Fitting for Both Sol-
gel Coatings

Figure 9, shows Nyquist plots for both SBX and F-SBX
coatings in 01 to 336 hrs. These plots were used to obtain and
fitting the data to some models of equivalent circuits by using
ZSimpwin electrochemical impedance spectroscopy (EIS) data
analysis software.
The tables 4 and 5 below demonstrate the fitted data obtained
from EIS spectra for the SBX-80 and the F-SBX-80 sol-gel
coating after various immersion times in 3.5% w/v NaCl
solution. The equivalent circuits were used to simulate the
corrosion mechanism on the coated sample in 01 hr, 48hrs and
144 hrs. In these circuits, a time-constant element (Q), was used
instead of an ideal capacitor C, to account for current leakage
in the capacitor and/or frequency dispersion effect of the
alternating current signals [23], [24].
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Figure 9, Nyquist plots for (a) F-SBX and (b) SBX coatings
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Table 4, The fitted data, obtained from EIS spectra for the SBX sol-gel
coating after various immersion times
immersion time (h)

Sample  Element 01 48 144
Circuit  R(Q(R(QR))) R(QRO)(QR))  R(QRO)RQ))
R, 10 18 45
Qct 8.913E-10 9.326E-10 1.915E-9
n 1 1 0.900
Rt 2.220E6 6.522E04 3.776E4
Ou - 2.823E-7 4.866E-7
B - 0.469 0.618
QiL 3.800E-8 1.103E-7 3.592E-7
n 0.772 0.803 0.800
Rip 3.319E6 9.675E5 2.136E4

Table 5, The fitted data obtained from EIS spectra for the F-SBX sol-gel coating
after various immersion times

immersion time (h)

Sample  Element 01 48 144
Circuit ~ R(Q(R(QR))) RQRQRW)))  R(QRQERW))))
R 100 205 195
Qut 1.085E-7 2.059E-7 6.1181E-6
n 0.649 0.800 0.752
R 7.294E4 817 110
Qi 4.934E-6 1.236E-6 9.815E-6
n 0.827 0.800 0.818
Ri 7.790ES 3.504E6 1.475E5
Wir - 2.317E-5 8.084E-5

The elements used for the equivalent circuits were: solution

resistance (Rs), coating resistance (Rc), coating constant phase
elements (Q.), intermediate oxide layer resistance (Rip),
intermediate oxide layer capacitance (Qi), fininte Warburg-
circuit element (O) and Warburg-circuit element (W) [28]. At,
the first hour of immersion, both samples illustrate the same
behaviour with three resistance and two time-constants
respectively, as shown in figures 10 (a) and (c). However, after
48 hours of immersion of both coated samples SBX and F-SBX
started behaving individually. SBX-80 coating results indicate
that there are three-time constants.
The first one arises in the high-frequency range and may be
attributed to capacitive effects at the
coating/aluminium/aluminium oxide interfacial layer in the
coating, the second one is due to diffusion properties of the
coating, and the third one may be attributed to Warburg-circuit
element (W) as result of diffusion to the substrate surface as
shown in Figure 10 (d). On the other hand, the F-SBX-80 coated
sample kept two time-constants with a fininte Warburg-circuit
element (O) as shown in figure 10 (b). This (O) element is
thought to originate from the hydrophobic nature of the
fluorinated group (- CH,CHy(CF2);CF;) from the PFDTES
additive, which prevents the diffusion of electrolyte into the
fluorinated coating.
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Figure 10, the modelling of (a, b) F-SBX-80 and (c, d) SBX-80 coating
systems

As can be seen, the behaviour of SBX-80 coating initially
subjugated by two semi-circles, which represent the resistance
of the coating and interfacial layers. As immersion time
increases, the resistive nature of the coating reflected the onset
of degradation.
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Figure 11, Graphs showing (a) Coating Pore Resistance and (b) Coating
constant phase elements for SBX-80 and F-SBX-80 Coatings

The deterioration of the corrosion protective characteristic of
the coatings was studied between 24 and 336 hours in
immersion, as shown in figure 11. A value of R of F-SBX at
the first hour of immersion started from an initial amount of
2.22x10% ohms.cm™ then after 48 hrs was dropped to 6.8x10*
ohms.cm™, then it was relatively dropped after 96 hrs to reach
about 4.0x10° ohms.cm? at the end of the test. These
resistances have a corresponding coating constant phase
element (Q.) with capacitance behaviour of 1.08x107 and
8.91x107!% F.cm for SBX-80 and F-SBX-80 respectively after
one hour of immersion. Due to the degradation of coating, the
SBX-80 coating capacitance increases after 144 hrs of
immersion to 4.7x10° F.cm™ [29]. On the other hand, the F-
SBX-80 showed levelling off in the same magnitude about
2.6x10° F.cm?,

The coating resistance (Rc) of the SBX-80 coating in the First
hour of immersion, was about 7.3x10* ohms.cm™ is
approximately one order of magnitude less than the F-SBX-80
sol-gel coating; it indicates that the SBX-80 coating samples
still have a satisfactory coating resistance. However, after 48
hours, the coating resistance of the SBX-80 coating decreased
markedly to 8.0x10% ohms.cm™, before continuing to decline
throughout the remainder of the test to reach 1.1x10?
ohms.cm™. As exposure time increase, the reduction is due to
the microcracking and diffusion of the SBX sol-gel coating.

4) Crack Growth After Long Immersion

Both coated samples SBX-80 and F-SBX-80 demonstrated

an ability to provide corrosion protection to the aluminium alloy
substrate during immersion. Furthermore, visual examination
of samples immediately after immersion showed no apparent
degradation or damage to the coating. However, after longer
immersion times (greater than five days), the SBX-80 coating
was susceptible to the formation of microcracks when dried in
ambient atmospheric conditions.
The cracks were observed to be around 1-3 um wide on the
surface, as shown in the SEM images in Figures 12(a) and (b).
Exposure of the aluminium alloy substrate as a result of coating
cracking has the potential to detrimentally affect the subsequent
corrosion protection, having implications for situations where
wet/dry cycling is experienced. By comparison, the F-SBX-80
coating showed excellent resistance to cracking under similar
circumstances, as shown in Figures 12(c) and (d). The contact
angle measurements showed that the F-SBX-80 was more
hydrophobic than the SBX-80, while the FTIR confirmed that
the unmodified sol-gel had a higher propensity for water
uptake. The presence of water in the film could lead to swelling
and loss of coating-substrate adhesion, leading to the cracking
observed in the case of the SBX-80.
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Figure 12, Secondary electron SEM micrographs of the long immersion effect
on both coatings (a), (b) SBX-80 and (c), (d) F-SBX-80

IV. CONCLUSION

The addition of a 1H, 1H, 2H, 2H-Perfluorodecyltriethoxy
silane (PFDTES) precursor has the potential to enhance the
corrosion performance of the basic TEOS and MTMS Hybrid
organic-inorganic sol-gel coating on AA2024-T3 substrates and
this confirmed by the electrochemical corrosion testing
techniques by enhancing the hydrophobicity of coating when it
is compared to other coatings with the same curing temperature
of 800C. Furthermore, the fluorinated group from PFDTES in
the hybrid organic-inorganic sol-gel coating exhibits improved
post-exposure cracking resistance after prolonged immersion
compared to the unmodified sol-gel coating; this is attributable
to the flexibility properties of the new coating. Moreover,
exploiting the hydrophobic nature of the PFDTES precursor in
low concentrations is potentially beneficial for applications that
require self-cleaning and anti-fouling properties.
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