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Abstract: Silica-based coatings prepared by sol-gel polymerizing technology have been shown to
exhibit excellent chemical stability combined with reducing the corrosion of metal substrates, show-
ing promising use in aerospace and marine applications to protect light alloys. Moreover, this tech-
nology is an eco-friendly technique route for producing surface coatings, showing high potential
for replacing toxic pre-treatment coatings of traditional conversation chromate coatings. This study
aims to investigate the enhancement in corrosion protection of a hybrid-organic-inorganic silica-
based coating cured at (80°C) by increasing the hydrophobicity to work on the aluminium 2024-T3
alloy. This approach involving a novel silica-based hybrid coating was prepared by introducing a
1H,1H,2H,2Hperfluorodecyltriethoxysilane (PFDTES) into the base hybrid formula created from
tetraethylorthosilicatesilane (TEOS) and triethoxymethylsilane (MTMS) precursors; this formula
was enhanced by introducing Polydimethylsiloxane polymer (PDMS). The corrosion protection
properties of these coatings were examined by immersed in 3.5% NaCl with electrochemical imped-
ance testing (EIS) and Potentiodynamic polarization scanning (PDPS). The chemical elements con-
firmation was done by infrared spectroscopy (ATR-FTIR); all this was supported by analyzing the
surface morphology before and after the immersion by using scanning electron microscopy (SEM).
The results of Electrochemical impedance testing analyses reveal the new open finite-length diffu-
sion circuit element due to electrolyte media diffusion preventive by fluorinated groups. Also, it
shows increases in corrosion protection arising from the increasing the hydrophobicity of the fluor-
inated coating compared to other formulas cured under similar conditions and bare Substrate. Ad-
ditionally, the modified sol-gel exhibited improved resistance to cracking, while the increased hy-
drophobicity may also promote self-cleaning.

Keywords: Silica-based hybrid sol-gel coating, electrochemical testing, corrosion protection, alu-
minium alloys.

1. Introduction

The hybrid silica-based derived coatings have already been identified as a potential
solution for the aerospace and marine industry in terms of corrosion protection.[1-3] The
sol-gel process is an eco-friendly method of surface protection, which offers many op-
tions, including using single-or multi-layer coating systems with anti-corrosion and
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antifouling systems. [2,4-6] Additionally, sol-gel coatings can present other desirable
properties, such as preventing ice accumulation, oxidation resistance and abrasion re-
sistance [7-9]. Nevertheless, long-term exposure to moisture can negatively influence
many coating systems' adhesion and cohesion properties [4,10]. Hydrophobicity has a
pivotal role in reducing the adhesion between the surfaces and direct electrolyte exposure,
reducing the diffusion in coatings pores. The precursor 1H,1H,2H,2H- Perfluorodecyltri-
ethoxysilane (PFDTES), as shown in figure 1, is used for hydrophobicity polyvinylidene
fluoride (PVDF) to protect the metal surfaces from fouling and biocorrosion with reason-
able cost-effective, which potentially can be used to create anti-icing and anti-corrosion
surfaces[11,12]

H3C CHs
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o
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e’ O CHCHa(CFo)7CFs

Figure 1, chemical structure of 1H,1H,2H,2H- Perfluorodecyltriethoxysilane (PFDTES) precursor

In this study, the performance of a functionalized silica-based sol-gel coating by in-
troducing a 1H,1H,2H,2H- Perfluorodecyltriethoxysilane (PFDTES) precursor was inves-
tigated against corrosion in utilized 3.5 %NaCl to simulate the extended exposure similar
to applications.

2. Experimental Work
2.1 Substrate Preparation

Q-panels were supplied by Q-Lab made of aluminium alloy AA2024 T3 with dimen-
sions (102 mm x 25 mm x 1.6 mm) for use as test substrates [13]. The acetone was used to
remove organic residues such as grease oils or fats present on the Substrate and then
placed in an ultrasonic water bath for 5 minutes for additional cleaning with a standard
alkaline solution cleaner, followed by rinsing deionized water (DI) and nitrogen drying.

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) and with dropwise additions of DI water at the molar ratio of 18: 14: 17:
220, respectively. Then was enhanced by adding 12 mol% of Polydimethylsiloxane poly-
mer (PDMS) solution. To complete hydrolyzing and the condensation polymerization re-
action was stirring with dropwise additions of nitric acid as a catalyst; the formulation
was then stirred for 24 hours [13]. This formula was used as the unmodified base coating
and labelled as SHX. Next, the modified, fluorinated hybrid sol-gel, labelled as PF-SHX,
was prepared by adding 1.5 vol.% of PFDTES from Sigma-Aldrich into the original SHX
sol-gel formulation.

The formula was applied by spray coating on the clean Substrate with 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 hours— the chosen samples with a thickness of 16
+2 micrometre were chosen. Table 1 shows simple codes used to identify samples.

Table 1 sample identification table

No. Identifier Base Composite Sol-gel ~ (PFDTES) v/v% Curing Temperature
1- SHX-80 TEOS+MTMS+ PDMS - 80°C
2- PF-SHX-80 TOES+MTMS+ PDMS 1.5% 80°C

3- Bare AA2024 T3
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3. Results and Discussion

=

3.1 Electrochemical Corrosion Testing 2
3.1.1 Potentiodynamic polarization (PDPS) 3
Potentiodynamic polarization scans were performed on all samples with hybrid sol- 4
gel coatings. The results for SHX-80 and PF-SHX-80 are presented in Figure 2, along with 5
the result of a test conducted on bare 2024-T3 aluminium alloy for comparison. The values 6
of corrosion potential (Ecorr) and measured current density (Icorr) were obtained by extrap- 7
olation of cathodic and anodic curves using the Tafel extrapolation method. The results 8
are shown in Table 2. The results show that the coatings reduced the measured current 9
when compared to the uncoated aluminium alloy and shifted the corrosion potential to 10
more noble values. This phenomenon was more apparent in the PF-SHX-80 coating, which 11
showed a shift of 199 mV compared to the uncoated 2024-T3. The initial observation that 12
corrosion protection offered by both sol-gel coatings is due to excellent barrier properties. 13
Nevertheless, the shift in Ecor indicates that the anode is inhibited to a greater degree than 14
the cathode; this is attributes to the fluorine-carbon atoms bridging to the Substrate 15
[14,15]. 16
17
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Figure 2, PDPS Polarization curves for the bare AA 2024-T3 alloy and sol-gel coated samples . 19

Table 2 Parameters obtained from Tafel extrapolation for bare AA 2024 T3, sol-gel coated samples. 20

WS1ample Ecorr [mV vs SCE] Leorr [A/cm?] OCP [mV vs SCE]
Bare-AA 2024 662 +2 7.10 x 107 -640
BHX-80 coating —608 + 2 1.02 x 107° -708
PE-SHX-80 coating —521+2 122 x 107° -658
23
3.1.2 Electrochemical Impedance Spectroscopy (EIS) Analysis 24

Tests were performed over a period of 14 days. Figures 3 (a) and (b) show Bode im- 25
pedance magnitude plots for PF-SHX-80 and the SHX-80 coated samples and bare 26
AA2024-t3 sample in first and after 336 hrs. 27
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Figure 3, Bode Impedance magnitude plots for PF-SHX-80 and SHX-80 coated samples and bare
sample after 01hr and 336 hrs.

The overall impedance was increased by approximately one order of magnitude for
the PF-SHX-80 coated samples compared to the SHX-80 samples, with impedance values
of 6.8x10¢ and 6.8x10° Q/cm? respectively, after one hour. At frequencies between 100 to
105 Hz, the impedance curve for the PF-SHX-80 sample reveals pure capacitive behaviour
(C). Then the impedance slowly increased from at about 6.6x10° Q/cm? 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 SHX-80 coated
sample, a noticeable drop in impedance was observed at about 1.0x105 Q}/cm? after 14
days. On the other hand, this SHX coating still revealed higher impedance compared to
the bare Substrate. The increased Rc: values obtained from PF-SHX are consistent with
anodic inhibition obtained through a fluorine-influenced interface [15].

3.1.3 Electrochemical Equivalent Circuits Fitting For Both Sol-gel Coatings

Tables 3 and 4 below demonstrate the fitted data obtained from EIS spectra for the
SHX-80 and the PF-SHX-80 sol-gel coating. The equivalent circuits were used to simulate
the corrosion mechanism on the coated sample in 01 hr., 48hrs and 144 hrs. A time-con-
stant element (Q) was used in these circuits instead of an ideal capacitor C to account for
current leakage in the alternating current signals' capacitor and/or frequency dispersion
effect [14,16].

Table 3, The fitted data obtained from EIS spectra for the PF-SHX-80 sol-gel coating after various
immersion times

Sample Element immersion time (h)
01 48 144

Circuit R(Q(R(QR))) R(Q(RO)(QR)) R(QRO)(RQ)
Rs 10 18 45
Qct 8.913E-10 9.326E-10 1.915E-9
n 1 1 0.900
Ret 2.220E6 6.522E04 3.776E4
Oct - 2.823E-7 4.866E-7
B - 0.469 0.618
Qi 3.800E-8 1.103E-7 3.592E-7
n 0.772 0.803 0.800
RiL 3.319E6 9.675E5 2.136E4
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Table 4, The fitted data obtained from EIS spectra for the SHX-80 sol-gel coating after various im-
mersion times

Sample Element immersion time (h)

01 48 144
Circuit R(Q(R(QR)) RQRQERW))) RQR(QRW))))
Rs 100 205 195
Qt 1.085E-7 2.059E-7 6.1181E-6
n 0.649 0.800 0.752
Ret 7.294E4 817 110
Qi 4.934E-6 1.236E-6 9.815E-6
n 0.827 0.800 0.818
RiL 7.790E5 3.504E6 1.475E5
W - 2.317E-5 8.084E-5

The elements used for the equivalent circuits were: solution resistance (Rs), coating
resistance (R«), coating constant phase elements (Q«), intermediate oxide layer resistance
(Rw), intermediate oxide layer capacitance (Qu), fininte Warburg-circuit element (O) and
Warburg-circuit element (W) [16].

At, the first hour of immersion, both samples illustrate the same behaviour with three
resistance and two time-constants, respectively, as shown in figures 4(a) and (c). However,
after 48 hours of immersion of both coated samples, they started behaving individually.
SHX-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/alu-
minium/aluminium oxide interfacial layer in the coating, the second one is due to diffu-
sion properties of the coating, and the third one may be attributed to Warburg-circuit el-
ement (W) as result of diffusion to the substrate surface as shown in Figure 4 (d). On the
other hand, the PF-SHX-80 coated sample kept two time-constants with a fininte War-
burg-circuit element (O) in coating zone, as shown in figure 4 (b). This (O) element is
thought to originate from the hydrophobic nature of the fluorinated group (-
CH:CH:(CF2)7CFEs) from the PFDTES additive, which may prevent the diffusion of elec-
trolyte into the fluorinated coating.

R Electrolyte Rl Electrolyte
a e F-SBX F-SBX
T Sol-gel Sol-gel
"Rl hybrid hybrid
L4 layer layer
RN i o o [
Q } layer layer
'M';G. e Metal
substrate substrate
R Electrolyte R Electrolyte
[ q . Zex-ao SBX-80
4 1. ol-gel Sol-gel
Q_] ‘Rl hybrid hybrid
layer layer
Ql R interfacial interfacial
layer layer
“Metal " Motal
substrate substrate

Figure 4, the modelling of (a, b) PF-SHX-80 and (c, d) SHX-80 coating systems
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3.2 Confirmation of PEDTES Addition In Sol-gel Formula

Successful integration of the fluorinated functional groups from (PFDTES) precursor
into the sol-gel was confirmed by comparing the infrared spectrum obtained from the PF-
SHX-80 coating to the unmodified SHX-80, as shown in figure 5. The presence of C-F
bonds can be confirmed in the spectral range between 1400-900 cm; also, C-F. with C-Fs
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 of based and modified
sol-gels [17]

1.24 Original ~ SHX-80 Sol-gel
fluorinated PF-SHX-80 Sol-gel

0.8 Ex(C-F2) at 1140
,

Ex(C-F) at 1250

1400 1300 1200 1100 1000 900

Wavenumbers (cm™")

Figure 5, ATR-FTIR spectra showing the effect of PFDTES addition to the unmodified SBX-80 sol-
gel

3.3 Water Contact Angle measurements of SHX-80 And PF-SHX-80 coated samples

Figure 6 showed a typical bar chart of mean values of the water contact angle meas-
urement droplets on both coating systems. the results of measured average water contact
angle (WCA) of the original SHX-80 coating was 67° +2° . The result of WCA on modified
PF-SHX-80 Sol-gel coating was 118° + 3°. The higher water contact angle recorded for the
PF-SHX-80 shows that its wettability is lower than that of the SHX-80 as a result of the
increased hydrophobicity of the fluorinated F-SBX-80 coating [18].
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Figure 6, Bar chart showing the droplets and the mean values of WCA of F- SBX-80 and SBX-80
coatings
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3.4 Scanning Electron microscopy imaging

Both coated samples SHX-80 and PF-SHX-80 demonstrated an ability to provide
good barrier corrosion protection to the aluminium alloy substrate during long immer-
sion. The visual examination of samples immediately after immersion showed no appar-
ent degradation or damage to both coatings. Nevertheless, after longer immersion times
(greater than ten days), the SHX-80 coating was susceptible to the formation of mi-
crocracks and pitting under the coating. The cracks were observed around 1-3 pm wide
on the surface, as shown in the SEM images in Figures, 7 (a). since the presence of water
under the film could lead to swelling and loss of coating-substrate adhesion, leading to
the cracking observed in the case of the SHX-80. However, The PF-SHX-80 coating showed
excellent resistance to cracking under similar circumstances, and this is attributable to the
flexibility properties new coating. as shown in Figures 7(b).

Figure 7, Secondary electron SEM micrographs of the long immersion effect on both coatings (a)
SHX-80 and (b) PF-SHX-80

4. Conclusions

The addition of PFDTES precursor has the potential to enhance the corrosion perfor-
mance of the basic TEOS and MTMS silica-based hybrid sol-gel coating on AA2024-T3
substrates. The electrochemical corrosion testing techniques confirm this by enhancing the
hydrophobicity of coating compared to other coatings with the same curing temperature
of 80°C. Furthermore, the fluorinated group from PFDTES in the hybrid organic-inorganic
sol-gel coating exhibits improved post-exposure cracking resistance after prolonged im-
mersion than the unmodified sol-gel coating. Moreover, exploiting the hydrophobic na-
ture of the PFDTES precursor in low concentrations is potentially beneficial for applica-
tions that require self-cleaning, anti-icing or antifouling properties.
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