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Abstract: Sol-gel coatings provide environmentally friendly surface protection for metals and can
replace toxic pre-treatments such as those based on hexavalent chromium on metal alloys. This
project ultimately aims to develop silica-based organic–inorganic sol-gel derived thin film coatings
possessing anti-corrosion and anti-fouling properties on aluminium alloy substrates. As with any
coating, sample preparation plays a significant role in the performance of a sol-gel coating. Therefore,
it was necessary to define a preparation method that combines the removal of contaminants and
surface roughening to improve adhesion and reproducibility. Four techniques were investigated:
fine abrasive sandpaper cleaning, acetone degreasing only and cleaning with an industrial-available
alkaline cleaner for 5 min and 30 min.

Keywords: silica-based hybrid sol-gel coating; infrared spectroscopy; electrochemical testing; corro-
sion protection

1. Introduction

Aluminium alloys are still considered one of the primary light, high-strength alloys
that can be used in aerospace and marine structures with a moderate economic cost.
However, depending on the type and grade, aluminium alloys are vulnerable to aggressive
environments [1,2]. Surface pollutants, such as organic dirt, grease and lubricants, must
be removed to promote ionic or mechanical bonding between coatings and the substrates.
Some of the practising procedures focus on degreasing more than removing oxides or
cladding film, as it still reduces the corrosion propagation in the surface [3]. The standard
aluminium alloys surface preparation in marine application can be achieved using a high
alkaline solvent jet to remove the organic and greasing residual from 5 to 30 min, then it
could be followed or mixed with sandblasting to remove the oxide film [4].

Hybrid silica-based sol-gel coatings have already been recognised as a potential
corrosion mitigation solution for aerospace and marine use as an eco-friendly method [5,6],
offering many routes, including using single-or multi-layer coating systems with anti-
corrosion and anti-fouling systems. [5,7–9] Additionally, sol-gel coatings can present other
desirable properties, such as preventing ice accumulation, oxidation resistance and abrasion
resistance [10–12]. However, in sol-gel, the adhesion mechanism with aluminium alloys’
surface is different from the other coating types; it is based on (M-O-Si) strong ionic bonding.
Therefore, This paper will study the optimisation of sample preparations techniques
of the aluminium alloy 2024-t3 for the sol-gel coating used in the previous project [1].
This investigation analyses four types of surface preparation that suit the sol-gel coating
technology to provide proper bonding for protection against corrosion.
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2. Experimental Work

The testing and characterisation of the techniques will be conducted in two main steps.
The first one will examine the treated substrates without the presence of any sol-gel coating
by investigating the morphology, appearance, phase construction and XRD analysing
techniques. The second step will occur after applying the sol-gel coating on four different
treated samples and applying an electrochemical impedance spectroscopy preliminary test
to evaluate the corrosion mechanism protection within 6 days in a 3.5% NaCl solution to
simulate the aggressive environment.

2.1. Substrate Preparation

Q-panels were supplied by Q-Lab and are made of aluminium alloy AA2024-t3 with
dimensions (102 mm × 25 mm × 1.6 mm) for use as test substrates [13]. The Q-panels
samples were treated in four different surface preparations as follows:

1. The acetone was applied on the surface followed with DI on the received Q-panels
samples to remove the organic contamination and grease from the surface, leaving
the oxide film layer on. This sample was labelled as normal cleaning (NC).

2. The second sample followed the same cleaning method by acetone followed by
immersing the sample in Super bee® Alkaline etching solution 10% for 5 min as the
minimum time in standard and was labelled as (5-AC).

3. The third sample preparation followed the same cleaning method by acetone but was
immersed in Super bee® Alkaline etching solution 10% for 30 min as the maximum
time in standard and was labelled as (30-AC).

4. The fourth sample preparation was treated with mechanical abrasive sandpaper to
reach P1500 directly to remove the top surface and oxides film and was labelled as
(SP-C).

2.2. Sol-Gel Preparation

The hybrid silica-based sol-gel was prepared by mixing tetraethylorthosilicate silane
(TEOS), trimethoxymethyl silane (MTMS), and isopropanol (all purchased from Sigma-
Aldrich, Gillingham, UK) with dropwise additions of DI water at the molar ratio of
18:14:17:220, respectively, as is mentioned in the previous work [1]. The formula was
applied by spray coating on the clean substrate and was built up over three passes. After
that, the coated samples were left in the atmosphere for 10 min before being thermally
annealed at 80 ◦C for 4 h—the chosen samples with a thickness of 16 ± 2 micrometres were
chosen by using an Elcometer 456 Model Coating Thickness Gauge and confirmed with
the scanning electron microscope (SEM) via cross-section imaging.

2.3. Testing and Characterisation

The Infinite Focus G5 (IFM), with the capability of surface measurements and reverse
engineering modelling, was used for all samples. Tests were performed at SHU labs.

An FEI-QUANTA 650 scanning electron microscope (SEM), with an X-MAX 80 mm2

energy-dispersive X-ray (EDX) spectrometer (Oxford Instruments, Oxford, UK), was used
to analyse the morphology and chemical composition of coated samples.

X-ray diffraction (XRD) measurements of the sample’s surface were performed using
a Philips X’PERT MPD with operational parameters of 40 kV and 40 mA [13].

The hydrophobicity of the sol-gel coatings was determined by performing water
contact angle measurements using a Dataphysics OCA 15EC Goniometer, with deionised
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 was calculated by the
Dataphysics OCA software [14]

Electrochemical tests were performed on the bare and coated samples to assess their
corrosion resistance. Tests were conducted using a Princeton Applied Research PARSTAT
2273. The corrosion performance of the sol-gel coated and uncoated aluminium alloy was
evaluated using electrochemical impedance spectroscopy (EIS) and potentiodynamic polar-
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isation (PDPS) scans. A tested area of 1.00 mm2 was created in the centre of the samples in
aerated 3.5% NaCl. The tests were carried out at room temperature (20 ◦C +/− 2 ◦C). The
electrode potential was monitored for approximately 1 h before polarisation in electrolyte
solution until stability was obtained. The sample was polarised with PDPS at a scan rate
of 1.667 mVs−1 from the initial potential of −250 mV vs. OCP to +750 mV vs. SCE. The
electrochemical impedance measurements were recorded between 100 kHz to 10 MHz with
a sinusoidal AC RMS value of 10 mV [15].

3. Results and Discussion
3.1. Surface Analysis for the Uncoated Substrates
3.1.1. Infinity Focus Microscopy IFM

The IFM images in Figure 1 show the difference between the four sample preparation
techniques. This shows that the surface of the 30 min etched sample was affected by
aggressive pitting due to the dissolution of the light metals in the alkaline solution. In
comparison, the sandpaper P1500 finishing sample preparation shows that the surface was
very smooth. The appearance of standard cleaning NC samples and 5 min etching cleaning
was smooth, and the preparations did not affect the roughness of the surface Rz, which
was approximately 1.2 µm; the highest roughness Rz was 3.3 µm for the 30-AC sample
while the smallest was 659 nm for the sandpaper cleaning SP-C.
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Figure 1. IFM images show the profile of the four surface preparations samples.

3.1.2. Scanning Electron Microscopy (SEM)

The SEM images in Figure 2 show the four sample preparations’ morphological surface
appearance as follows: the most affected surface was generated by 30 min etching cleaning.
The other surface preparation samples show that the surface is not significantly affected.
However, the inclusions from the silicate carbides are impeded in the sandpaper sample
SP-C preparations’ surface as a result of tribology and friction.
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Figure 2. SEM images showing the surface for (a) NC, (b) 5-AC, (c) 30-AC and (d) SP-C surface
preparation samples.

3.1.3. X-ray Powder Diffraction (XRD)

Generally, Figure 3 show there was no significant phase transformation on the surface
of the alloy for the four different sample preparations. However, the sandpaper shows
fewer aluminium-oxides Al2O3 at 38.4◦, which show the level of the oxide on the surface is
superficial. At the same time, both alkaline etched samples show a higher level.
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3.1.4. Wettability and Contact Angle (WCA)

Figure 4 show the droplets of 10 µL of DI water on the surface of the differently treated
samples. It is clear that the highest contact angle was for the 30-AC sample while the
smallest was on the sandpaper cleaned sample by 92◦ and 62◦, respectively. This confirms
that the 30-AC cleaned sample is less-waitable compared to the others. The contact angles
of the 5-AC and NC samples were 72◦ and 78◦, respectively.
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3.2. Testing Characterisations of Sol-Gel Coated Samples
Electrochemical Impedance Spectroscopy (EIS)

Tests were performed over a period of 6 days. Figure 5a,b show the Bode impedance
magnitude plots for sol-gel-NC, sol-gel-SP-C, sol-gel-5-AC and sol-gel-30-AC coated sam-
ples at the beginning of the investigation and after 144 h. From Figure 6 it can be seen
that the overall impedance for the sol-gel coated samples in the first hour lacked variance
between 5.2 × 106 to 3.2 × 106 Ohms/cm2. The maximum reading was with sol-gel-SP-C,
and the minimum was for the sol-gel-30-AC; the reading for sol-gel-5-AC and sol-gel-NC
was 4.5 × 106 and 4.02 × 106 ohms/cm2, respectively.

After 144 h, the drop in impedance was clearly apparent by approximately one order
of magnitude for the sol-gel-30-AC sample compared to the sol-gel-SP-C sample. This
could be due to the microcracks in the sol-gel coating on the 30 min etched samples, also in
addition to the oxide film that reduces the adhesion of the sol-gel film on the surface.

On the other hand, the significance reading of the sol-gel-5-AC displayed similar
behavior to the sandpaper prepared coated sample but with a slight drop in impedance to
reach 1.01 × 106 ohms/cm2, followed by the standard cleaning sample (degreasing only).

Figure 6a,b show the Nyquist plotting for the four sol-gel coated samples during the
first 24 h, and after 144 h. All Nyquist plots support the Bode plots as they display one
time-constant capacitive behaviour with the Wurburg diffusion element. However, the
maximum impedance was for the sol-gel-SP-C coated sample, while the minimum was for
sol-gel-30-AC.
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4. Conclusions

Mechanical cleaning using abrasive paper produces a smooth surface with good wet-
tability and adhesion for sol-gel. However, there are probably abrasive particles embedded
in the surface, which may cause future corrosion to occur. Longer immersion times (30 min)
in 10% Super bee® appear to be less optimal as wettability is decreased, possibly due to
excessive surface roughening, while the more active surface results in greater oxidation. On
the other hand, 5 min immersion in 10% Super bee® gives good wettability and a degree
of surface roughening, which may benefit coating adhesion, as well as the degreasing
process. Generally, the sol-gel coating can provide excellent protection against corrosion
for the mentioned samples depending on the manner of the surface cleaning process; it is
clear from the electrochemical testing that the mechanical sandpaper cleaning was a good
combination and offered excellent protection. However, due to the time and cost of this
process, the 5 min of etching cleaning was acceptable for sol-gel sample preparation, with
the lowest results being provided by the degreasing preparation process.
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