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A B S T R A C T   

Owing to the inherent porosity of the coatings produced through the PEO process, the application of sol-gel 
coatings as a post-treatment has drawn immense attention thanks to their eco-friendly and reliable protective 
characteristics. Various parameters affect their performance, and the type of sol-gel precursors plays a significant 
role. In this study, various sol-gel precursors were used to prepare four types of PEO/sol-gel coating systems 
followed by an investigation of their sealing ability and corrosion resistance properties on AA2024 alloy. The 
corrosion prevention performance of the coatings was studied by electrochemical impedance spectroscopy (EIS) 
along with Scanning Vibrating Electrode Technique (SVET) analyzes. Some chemical characterization tests, such 
as Fourier Transform Infrared Spectroscopy (FT-IR) and rheology measurement, affirmed the influence of the sol- 
gel chemical composition on its compactness and the network viscosity. The distinctive sealing ability of different 
sol-gel coatings for the defects and pore filling of the PEO layer was visualized by Scanning Electron Microscope 
(SEM). To this end, different sol-gel formulations and various sol-gel network properties accordingly caused 
dissimilar sealing features for the PEO pores and, subsequently, the corrosion resistance of the duplex PEO/sol- 
gel coating is widely dependent on the used sol-gel precursors.   

1. Introduction 

The reliable weight-to-strength ratio of aluminum alloys, especially 
the Al-Cu-Mg system (2xxx series), makes them extensively applicable in 
automotive and aerospace fields [1]. Major elements, denoted as Al6(Cu, 
Mn, Fe), plus S-phase intermetallic particles (IMPs), represented as 
Al2CuMg, are two copper sources in AA2024 alloy. Despite acceptable 
mechanical characteristics, the vulnerability of AA2024 to localized 
corrosion is a major drawback [2,3]. Its low resistance to a local type of 
corrosion owing to the poor protective properties of the passive layer on 
the S-phase in any case of probable fluctuation or heterogeneity exposes 
the bare metal to aggressive electrolytes [4]. To compensate for its 
deficiency, a surface treatment is strongly recommended [5]. During 
recent decades, various surface modifications, such as conversion coat-
ings [6], chemical vapor deposition (CVD) [7], physical vapor deposi-
tion (PVD) [8], thermal spraying [9], diffusion treatment [10], ion 
implantation [11], anodization [12], and PEO, have been employed to 
enhance the corrosion resistance properties of aluminum alloys [13]. 
Among these techniques, PEO plays a crucial role thanks to its 

eco-friendly properties along with producing dense, hard, and thick 
ceramic coatings on light alloys [14]. In particular, PEO coatings have 
been more auspicious than hard-chrome plating and hard anodizing for 
applications requiring high wear resistance [15]. 

PEO, as a cost-effective and efficient surface treatment, has been 
employed for various light alloys, such as Ti, Mg, and Al, to attain a 
protective oxide layer [16–20]. This technique, in comparison to 
anodizing, is applied at a higher voltage associated with electrochemical 
reactions, plasma reactions, and species diffusion at the working elec-
trode. A diluted alkaline water-based electrolyte is generally utilized for 
the PEO process which can be considered more environment-friendly 
than anodizing technology [21,22]. During the PEO process, uncount-
able ephemeral micro-arcs appear on the surface which dramatically 
increase the temperature and pressure in local sites. Once micro dis-
charges take place over the surface, the oxide layer is intended to melt 
and solidify frequently, provoking the incorporation of the oxide layer 
with the electrolyte components as well as promoting the creation of 
high-temperature phases [23,24]. Consequently, a ceramic coating with 
improved corrosion resistance, hardness, and wear properties are 
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obtained. Specifically, the PEO layer on the aluminum alloy is comprised 
of internal and porous sublayers in which the presence of the latter is a 
drawback for long-term corrosion resistance [25,26]. 

The inherent pores of a PEO layer can be sealed by precipitation of 
low-soluble products in some post-treatments, like hydrothermal treat-
ments and conversion coatings [27–30]. Among various surface 
post-treatments, the application of a sol-gel coating has become a 
promising method thanks to its eco-friendly properties, ease of fabri-
cation, and process flexibility [31–34]. Several factors affect sol-gel 
characteristics, such as solution pH, aging, type of solvent, and partic-
ularly the type of sol-gel precursor which plays a leading role in its 
performance [35,36]. The sol-gel process can be defined as the forma-
tion of an oxide network in a liquid by continuous condensation re-
actions of a precursor [37]. Mainly, it commences with a low molecular 
weight organic solution, like alcoholic ones containing metal or metal-
loid alkoxide precursors denoted as M(OR)n, where M is the 
network-forming element (Al, Zr, Ti, Si, etc.) and R represents an alkyl 
ligand (CnH2n+1). Hybrid materials are typically produced by the sol-gel 
process. Silicon or non-silicon alkoxide is most commonly the inorganic 
phase, whereas hydrolysis and condensation reactions are in charge of 
the modification of the organic phase of silicon alkoxide [38]. Speaking 
of the combination of various metal alkoxides, the metal alkoxide ac-
tivity and the type of the catalyst are considered determining factors of 
the morphology and structure of the network evolution. To restrain the 
hydrolysis and condensation reactions of non-silicon metal alkoxide 
chelating ligands, for instance, organic acids are used [39,40]. 
Regarding this, the combination of zirconium tetrapropoxide (ZTP) and 
methacrylic acid (MAA) is proven in terms of stability and corrosion 
resistance properties [41]. 

Merino et al. revealed the improvement impact of sol-gel sealing 
based on Tetraethyl orthosilicate (TEOS) and (3-Glycidyloxypropyl) 
trimethoxysilane (GPTMS) precursors for the PEO layer on AZ31B Mg 
alloy [42]. Pezzato et al. corroborated the sealing performance of the 
mixture of TEOS and Methyltriethoxysilane (MTES) for PEO layers 
produced on AZ80 magnesium alloy and 7020 aluminum alloy [43]. 
Toorani et al. examined the best consumption ratio of TEOS and 
(3-Aminopropyl)triethoxysilane (APTES) to seal the porous layer of PEO 

on AZ31B Mg alloy [44]. The significant corrosion prevention 
improvement of a PEO layer on a secondary cast Al-Si alloy was obtained 
elsewhere by employing TEOS along with MTMS precursors [45]. 

In this study, different combinations of sol-gel precursors (Fig. 1), 
including TEOS, MTES, GPTMS, APTES, ZTP, and 3-(trimethoxysilyl) 
propyl methacrylate (MAPTMS), were employed to prepare four distinct 
sol-gel solutions. The existence of four hydrolyzable groups in the 
chemical structure of TEOS is the reason for being in all four types of sol- 
gel solutions as the key network-forming component. Then, the sealing 
ability and corrosion resistance properties of the duplex PEO/sol-gel 
coating system on AA2024 alloy were scrutinized. The electrochemical 
response of the coating samples was acquired by the EIS measurements 
as well as SVET mapping in the simulated aggressive solutions. The 
hydrophobicity characteristics of the duplex coating system were stud-
ied by water contact angle (WCA) along with plenty of chemical char-
acterization analyzes, such as FT-IR and flow curves obtained using a 
rheometer. 

2. Experiment and methods 

2.1. Materials preparation 

2.1.1. Substrate preparation 
AA2024 alloy with the dimensions of 3 cm × 3 cm × 0.16 cm and the 

chemical composition summarized in Table 1 was employed as the 
substrate. Prior to the PEO procedure, the alloy panels were cleaned via 
ultrasonication in acetone for 10 min. The coupons underwent alkaline 
etching (NaOH) for 30 s at 40 ℃ followed by acid pickling in HNO3 
solution at room temperature for 30 s. 

2.1.2. PEO coating 
The PEO process was carried out by utilizing a bipolar power supply 

(Micronics Systems, France) using a squared pulsed regime with 5 A of 
anodic current and 100 Hz for half an hour [46,47]. The RCQ parameter 
[48] which defines the ratio of positive (Qp) to negative (Qn) charge 
quantities applied during one period of the current pulse was 0.9 in this 
investigation. The duty cycle (Dt) which is described in the below 

Fig. 1. The molecular structure of various sol-gel precursors to obtain different types of sol-gel coatings.  
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equation was set at 30%: 

Dt =
[
ton

/ (
ton + toff

)]
× 100 (1)  

where ton is the ‘on’ duration and toff is the ‘off’ duration during a single 
cycle [49]. 

The electrolyte was in a double-walled container consisting of 
Na2SiO3 and KOH (Alfa Aesar Co.) with a concentration of 1.65 g/l and 
1 g/l, respectively. The electrolyte cell was coupled with a cooling 
apparatus to keep the temperature below 40 ℃ during the PEO process. 

2.1.3. Sol-gel formulations 
Four types of sol-gel solutions were obtained by different combina-

tions of the sol-gel precursors. The first sol-gel solution, denoted as SG, 
comprised TEOS (20% V/V) and GPTMS (10% V/V) in an electrolyte 
consisting of distilled water (60% V/V) and ethanol (10% V/V). Acetic 
acid was utilized to adjust the pH to 3 then the solution was mixed for 
24 h [50]. Another sol-gel solution (SG-MT) consisted of an equally 
volumetric intake of three precursors, including TEOS (10% V/V), 
GPTMS (10% V/V), and MTES (10% V/V). In other words, for the 
formulation of the SG-MT, the amount of TEOS in the SG solution 
decreased to 10% V/V, and instead, the MTES precursor with the con-
centration of 10% V/V was added to obtain the SG-MT sol-gel solution. 
As for the SG formulation, the same composition of the water-based 
electrolyte with a pH of 3 was employed and was subsequently mixed 
for 24 h to complete sol-gel network reactions before the coating 
application. The PEO-coated samples with these two solutions were 
placed in the oven at 150 ℃ for 1 h. For another sol-gel solution (SG-AP), 
a similar volumetric intake of APTES (15% V/V) and TEOS (15% V/V) 
was utilized to get the overall percentage of 30% V/V silane precursors 
in a solution containing ethanol (56% V/V) and distilled water (14% 
V/V). Afterwards, the pH of the solution was kept at 4.5 by adding acetic 
acid drop-by-drop to the solution. The solution was mixed for one day at 
ambient temperature to get a transparent solution confirming the 
complete hydrolysis reactions [51]. The PEO sample coated with SG-AP 
solution was placed at ambient temperature for 24 h followed by putting 
it in an oven at 150 ℃ for 1 h. Finally, the sol-gel formulation is based on 
the optimization work of Peter Rodič et al. [52] and is denoted as SG-ZT 
in which two types of sol-gel solutions were employed. The first solution 
(sol 1) was composed of TEOS (0.18 mol) and MAPTMS (1 mol) pre-
cursors whose hydrolysis and condensation reactions were initiated by 
the dropwise addition of distilled water (2.075 mol) and hydrochloric 
acid (0.001 mol). Then after 150 min stirring, it was added dropwise to 
sol 2 which had been stirred for half an hour, then the product was 
mixed for one day to ensure the development of hydrolysis and 
condensation reactions. Sol 2 contained ZTP (0.12 mol), MAA (0.12 
mol), and isopropyl alcohol (0.4 mol). Drying of the coated samples with 
SG-ZT solution was conducted for 1 h at 100 ℃. All PEO specimens were 
coated via a KSV Nima dip-coater instrument at a 100 mm/min with-
drawal rate. Sol-gel precursors, organic acids, and solvents were pur-
chased from VWR. The PEO samples coated with SG, SG-MT, SG-AP, and 
SG-ZT were denoted as PSG, PSG-MT, PSG-AP, and PSG-ZT, respectively. 

2.2. Methods and techniques 

2.2.1. Characterization tests 
The flow curves and viscosity determination of the different sol-gel 

solutions were reported via the Anton Paar apparatus. The rheology 
measurements were carried out in the DG-41 cylinder at a constant 
temperature of 26 ℃ in which shear rates varied from 0 to 200 s− 1. Fine 

dried droplets of sol-gel solution were obtained to conduct the FT-IR test 
with IRTracer-100 (Shimadzu Co.) within the 600–4000 cm− 1 wave-
number range. The cross-section visualization and surface morphology 
of the PEO layer coated with various types of sol-gel solutions were 
reflected by the SEM technique, using Hitachi SU8020 equipment along 
with energy dispersive X-ray spectroscopy (EDS). The EDS facility was 
equipped with a Thermoscientific Noran System 7 detector to provide a 
bright insight into the chemical composition of the samples. The hy-
drophobic properties of different panels were examined through the 
water contact angle (WCA) test, employing the DSA10-MK2 KRUSS in-
strument. Five examinations were performed for each case to ascertain 
the reproducibility of the outcome. 

2.2.2. Electrochemical investigations 
The corrosion-resistance properties of the coupons were examined by 

EIS with the BioLogic SP-300 apparatus in 0.1 M NaCl solution. The 
typical three-electrode set-up was utilized whose auxiliary, reference, 
and working electrodes were platinum electrode, Ag/AgCl/KCl (+197 
mV/SHE) electrode, and coated panel, respectively. The EIS outcomes 
were gathered from 100 kHz to 100 mHz frequency, employing a sine 
wave oscillation with ±10 mV peak-to-peak amplitude. The exposed 
area of the coupons to the aggressive solution was 1.0 cm2 and for each 
group of samples, at least two measurements were carried out at any 
immersion times to investigate their reproducibility. To this end, the EIS 
findings were curve-fitted by the most appropriate electrical equivalent 
circuit (EEC) in the framework of ZView software to attain all electro-
chemical parameters playing a role in the corrosion phenomenon. 

SVET (Applicable Electronics (AE)) was conducted from the cut-edge 
configuration of the coated samples that were embedded in epoxy resin 
(EpoFix) followed by abrasion with sandpapers to 2400 grit size. The 
cross-section was covered by 3 M™ Scotchrap™ 50 tape with 1 mm2 

unmasked to expose to 15 mM NaCl (604 Ωcm) solution. The tip of the 
SVET probe (platinum/iridium) was platinized based on the equipment 
instruction manual to enhance its capacitance thanks to an increase in 
surface area. The probe distance from the sample surface, the probe 
diameter, and the vibration amplitude were 200 μm, 20 μm, and 40 μm, 
respectively. The cut-edge exposed area was scanned with a 21 × 21 grid 
point and the test was done twice for each sample to assert its repro-
ducibility. The schematic illustration of the cut-edge setup is exhibited 
in Fig. 2. 

3. Results and discussion 

3.1. FT-IR spectroscopy 

In order to gain a better insight into the chemical structure of the sol- 
gel coatings, the FT-IR test was carried out and the outcome is presented 
in Fig. 3. It is widely accepted that silica cluster formation initiates by 
the hydrolysis of ethoxy groups, leading to the creation of silanol groups. 
Meanwhile, condensation reactions take place to form chains and grow 
the particles [53,54]. By a glance at the spectra, the intense peak at 
around 1020 cm− 1, which is related to the Si-O-Si band, confirms the 
silica network formation by hydrolysis and condensation reactions in all 
types of coatings [55]. Whereas the presence of C-H stretching peaks at 
2870 cm− 1 and 2922 cm− 1 were respectively related to the unreacted 
ethoxide and methoxide groups [56,57]. Considering the lower number 
of hydrolyzable groups in the structure of MTES than TEOS, the addition 
of MTES to the SG-MT formulation resulted in the presence of a Si-C peak 
at 1280 cm− 1 due to the presence of the methyl non-hydrolyzable group 
in the MTES precursor [58]. It is worthwhile to mention that due to the 

Table 1 
The nominal composition of the AA2024 substrate panels.  

Element Ti Ni Zn Si Fe Mn Mg Cu Al 

%wt. ≤0.15 ≤0.15 ≤0.25 ≤0.5 ≤0.5 0.3–0.9 1.2–1.8 3.8–4.9 Balance  
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same coating conditions for SG and SG-MT, the network density of the 
SG-MT might be lower than SG based on the presence of one 
non-hydrolyzable group in the structural body of the MTES molecule. In 
the SG-AP sample, the amine groups in the APTES, and the Si-CH2 linked 
to the -NH2 groups, are likely attributed to the peaks at 1629 cm− 1 and 
1535 cm− 1, respectively [59,60]. Since two different sols were added for 
the preparation of SG-ZT, the polycondensation of residual metal 
alkoxyl groups and hydroxyl groups would be expected, leading to the 
formation of a three-dimensional group [61]. As can be seen in the 
domain of 1020 cm− 1 to 1200 cm− 1 some additional peaks appeared 
compared to the other sol-gel samples. To enumerate, the peak at 1020 
cm− 1 with the shoulder at 1075 cm− 1 reflected the ladder-like and 
cage-like structures of the Si-O-Si network [62]. It has been reported that 
cage-like oligosiloxanes are reputed as molecular building blocks, 
forming a denser network matrix [63–65]. Consequently, the relatively 
higher barrier performance of the SG-ZT coating against penetration of 
the aggressive elements could be anticipated. It is noteworthy to 
mention that hetero-condensation (Si-O-Zr) occurs along with 
homo-condensation (Si-O-Si) confirmed by peaks at 814 and 1138 cm− 1. 
The peaks at 1404 and 1452 cm− 1 are related to the C-H vibration bond, 
originating from the presence of MAA, MAPTMS, and aliphatic C-H 
groups in the propoxide. Additionally, the presence of MAA and 
MAPTMS can be corroborated by peaks at 1635, 1705, and 1721 cm− 1 

[66,67]. 

3.2. Rheology test 

The viscosity versus shear rate measurement demonstrated the 
Newtonian response of the different sol-gel solutions (Fig. 4). The 
presence of a reactive amino group in the APTES molecule and its 
inherent inclination to take part in competition reactions resulted in a 
higher viscosity of SG-AP (3.7 ± 0.2 mPa.s) than SG (3.5 ± 0.2 mPa.s) 
[68,69]. The amino group in APTES can react with the silanol group 
during hydrolysis and condensation reactions via hydrogen bonding or 
electrostatic attractions, whereas the epoxy functional end-group in the 
GPTMS remains stable upon network formation. Although, it is believed 
that epoxy ring opening occurs at elevated temperatures during curing 
[70]. The methyl-silicon bond of MTES is unreacted upon matrix evo-
lution in SG-MT, which is why the addition of MTES to the sol-gel 
formulation (less intake of TEOS precursor) brings about the decre-
ment of network density and subsequently its viscosity. Therefore, the 
viscosity of SG-MT (3.2 ± 0.1 mPa.s) is less than SG. On the other hand, 
the relatively high content of sol-gel precursors in the SG-ZT compared 
to the others makes it the most viscous sol-gel among them (11.5 ± 0.3 
mPa.s). Moreover, by mixing two sol-gel solutions during the prepara-
tion of SG-ZT, the polycondensation of metal alkoxy groups and the 

Fig. 2. The cut-edge configuration for the SVET analysis in the schematic (a) and experimental (b) representations.  

Fig. 3. The FT-IR results of different sol-gel formulations.  

S. Akbarzadeh et al.                                                                                                                                                                                                                            



Electrochimica Acta 443 (2023) 141930

5

residual hydroxyl group takes place, leading to the intensification of the 
SG-ZT viscosity. As a side note, the higher the solution viscosity, the 
thicker the film on a substrate [71]. But in terms of corrosion resistance 
properties of a PEO layer, some crucial factors, such as the sealing ability 
of the inherent pores, network compactness, wettability characteristics, 
etc., play significant roles. 

3.3. SEM observation 

3.3.1. Top-view images 
The surface morphology of the coated samples was examined 

through SEM images illustrated in Fig. 5. The repetitive melting/solid-
ifying of the oxide layer during the PEO process in the silicate- 
containing solution generates typical porous features on aluminum 

Fig. 4. Flow curves of various types of sol-gel solutions.  

Fig. 5. Surface topography of the PEO layer after application of different types of sol-gel coatings.  
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alloys. The dielectric breakdown, followed by plasma reactions and the 
creation of some sparks, could produce unnumbered pores distributed 
randomly over the surface with a diameter ranging from 1 to 10 µm. By 
application of SG and SG-MT, most of the pores were filled, even though 
some relatively huge ones were still observed. Although the presence of 
the SG-AP coating could be sensed on the PEO layer, it could not 
completely fill the pores as the number of open-mouth pores was almost 
unchanged as compared to the PEO sample. While in the PSG-ZT sample, 
the fabrication of the homogenous sol-gel layer on the PEO layer is 
observed which covered the porous layer, and the PEO layer was no 
more detectable except for a few pore initiations. 

3.3.2. Cross-section images 
The cross-section observation coupled with EDS mapping of the PEO 

plus various sol-gel applications are presented in Fig. 6. The presence of 
Si, O, and Al has come from the fact that the PEO oxide layer, with a 
thickness of 14.92 ± 4.9 μm, was produced by the combination of the 
silicate solution and substrate elements. Furthermore, the Si element can 
be considered as the element for the presence of all types of sol-gel 
coatings, plus Zr for the PSG-ZT specifically. There was no big differ-
ence that could be distinguished between PSG and PSG-MT in terms of 
sealing ability as both sol-gels could penetrate through pores, micro- 
cracks, and channels. In these two cases, the Si element in the map-
ping images was intensified, reflecting the presence of the sol-gel 
coating either inside the porous layer or on the PEO layer. Being a 
GPTMS precursor in the formulation of the SG and SG-MT sol-gels fa-
cilitates the pore-filling possibility [72,73]. The presence of some pores 
in the PSG-AP sample revealed that the SG-AP could not penetrate and 
seal the PEO pores in the desired way. In this case, SG-AP is mainly 
located at the top surface of the PEO layer as indicated by a higher Si 
content at this compared to the PSG and PSG-MT layer. In other words, 
the SG-AP seemed to not be inclined to penetrate through the pores and 
precipitates over the PEO surface. Thus, as highlighted in the SEM and 
EDS cross-section, there is an unsealed pore on the right-hand side of the 

PSG-AP, demonstrating that the SG-AP predominantly emerged on the 
surface as opposed to diffusing into the pores and cracks. In parallel to 
the top-view images, the production of the homogeneous top sol-gel 
layer with a thickness of 8.62 ± 2.42 μm could be observed in the 
PSG-ZT sample. Interestingly, the SG-ZT not only created the layer on 
the PEO coating but also diffused through the channels and pores and 
sealed any kinds of deficiencies despite its higher viscosity. The presence 
of Zr along with Si element in the EDS mapping also confirmed the 
creation of the sol-gel network in the SG-ZT by two network elements. 

3.4. WCA examination 

The wettability of the coated samples on the PEO layer was examined 
through the WCA test and illustrated in Fig. 7. All types of sol-gel 
coatings increased the hydrophobicity of the PEO layer in which the 
WCA reached almost 88º (PSG-ZT) from 27º. Upon sol-gel network for-
mation, hydrolysis reactions happen which turn alkoxy groups into 
hydrophilic silanol groups. Then the hydrolyzed molecules are attracted 
either to deposit on a metal surface (Si-O-M) or to form a siloxane (Si-O- 
Si) network which is more hydrophobic than silanol groups [74]. The 
hydrophobic feature of the SG-MT is higher than SG owing to the 
presence of non-polar methyl terminated groups in the MTES precursor 
[75,76]. Interestingly PSG-AP had the lowest hydrophobicity among the 
other samples which is in parallel with another study. In fact, it origi-
nates from the fact that the PSG-AP film has unnumbered amino groups 
(-NH2) having an outward orientation from the metal surface [77]. 
These amino end-groups can be considered as appropriate reactive sites 
to form hydrogen bonds with water molecules and, consequently, the 
hydrophilic properties of the surface are enhanced. On the other hand, 
the polycondensation reactions of residual hydroxyl and metal alkoxy 
groups, which arise from the mixing of the two sols during the prepa-
ration of SG-ZT along with homogenous surface morphology, made the 
PSG-ZT sample the most hydrophobic coating system. Furthermore, the 
presence of significant organic parts being hydrophobic in nature in the 

Fig. 6. SEM images from cross-section along with EDS mapping illustrations of different types of PEO/sol-gel duplex coating systems.  
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Fig. 7. The WCA inspection of the PEO sample along with PEO/sol-gel duplex coating systems.  

Fig. 8. Bode diagrams of PEO (a) plus various kinds of duplex PEO/sol-gel coatings corresponding to PSG (b), PSG-MT (c), PSG-AP (d), and PSG-ZT (e) after two 
weeks exposure to 0.1 M NaCl solution. 
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SG-ZT sol-gel composition, which is by far more than other sol-gel for-
mulations, engendered the development of hydrophobic properties. 

3.5. EIS results 

The corrosion resistance of various sealing sol-gels on the PEO layer 
was evaluated by EIS test up to two weeks of immersion in the 0.1 M 
NaCl solution. The Bode diagrams of the samples are depicted in Fig. 8, 
respectively. Moreover, the EIS outcomes were fitted by several equiv-
alent electrical circuits (EEC), demonstrated in Fig. 9, and the subse-
quently extracted electrochemical parameters are summarized in 
Table 2. Where Re, RSG, Rp, and Rct are ascribed to the resistance of the 
electrolyte, sol-gel coating, PEO layer, and charge transfer, respectively. 
The fitting and experimental data are exhibited in the form of solid lines 
and markers in the EIS spectra, respectively. Roughness and heteroge-
neity make any surface a non-ideal interface, which is why the constant 
phase element (CPE) was considered in place of an ideal capacitor to 
elucidate the EIS results. The CPE impedance is determined through the 
below formula [78]: 

ZCPE =

[
1

Y0(iω)n

]

(2)  

where n is the frequency dispersion factor varying from 0 (pure resis-
tance) to 1 (pure capacitance) and the admittance of CPE is Y0. The CPE 
element of the sol-gel, PEO, and double-layer is denoted as CPESG, CPEp, 
and CPEdl, respectively. Fabrication of sol-gel layers on the PEO porous 
layer resulted in the presence of a mixed region in which the sol-gel layer 
presented in a form of a cement-like material throughout the pores. 
Hence, the sealed porous region in the PEO coatings with a sol-gel layer 
is represented in terms of CPEmix and Rmix. 

The PEO process is generally characterized by two distinctive layers: 
an outer (porous) layer and an inner layer (thin) [79]. The presence of 
the porous layer is considered a deficiency for long-term protection as it 
generates diffusion pathways for the aggressive electrolyte to access the 
substrate. Based on the type of the EEC (Fig. 9a), two time-constants for 
the unsealed PEO sample refer to the inner thin layer and porous outer 
layer after 6 h immersion (the labels Rp and Rct at 6 h of immersion for 
the PEO sample in Table 2 are actually the resistance of outer and inner 
layers, respectively). The fitting outcome reflected the higher resistance 
value for the inner layer as compared to the porous region, revealing 
that the short-term protection of the PEO layer primarily stems from the 
dense inner layer [80]. After 24 h, the coating starts to deteriorate, 
which is why the time constants were changed to include the entire 
coating (porous and inner) plus the substrate response. In fact, certain 
pores in the PEO layer either formed or extended, creating channels for 
the aggressive electrolyte to diffuse [81]. The employed EEC was 
changed from Fig. 9a to b as a result. The EEC in Fig. 9b, which 

represents a typical circuit for oxide layers, showed that Rp and CPEp 
represent the PEO layer, while CPEdl and Rct refer to the substrate 
response [82]. Meaning that the decrement of the corrosion inhibition of 
the PEO after 24 h resulted in the development of certain pores deep 
enough to reach the substrate. Consequently, the circuit in Fig. 9b 
demonstrated that the sequence of permeation was divided into two 
levels by using a series circuit with two-time constants [83]. Moreover, it 
is also mentioned elsewhere that this EEC usually describes the homo-
geneous electrolyte diffusion into coatings causing uniformly distributed 
reaction sites at the interface [84]. The PEO sample thereafter exhibits 
this electrochemical activity for the duration of the immersion time (2 
weeks). After the application of sol-gel coatings on the PEO layer, a new 
time constant appeared that can be noticed at high frequencies. Obvi-
ously, its broadening decreased by the elapsing immersion time owing to 
the propagation of corrosion reactions. The enlargement of the 
low-frequency impedance in Bode spectra confirmed the improvement 
of the corrosion protection properties of the distinct PEO layer after the 
fabrication of each sol-gel layer. However, the chemistry of different 
sol-gel layers could dramatically affect their anti-corrosion performance 
in longer immersion times. 

For the PSG, the pores of the PEO layer were filled before the curing 
step by the combination of the TEOS and GPTMS precursors, which is 
why the three-time constant EEC in Fig. 9c was utilized. In the employed 
EEC, the existence of the sol-gel layer was confirmed at high frequencies, 
at the same time as the middle-range frequency response was attributed 
to the presence of the mixture of sol-gel and PEO layers. Apart from the 
fact of RSG coming into existence, by comparing Rp and Rmix values in the 
PSG case, the pore filling of the SG for the porous PEO layer was also 
validated. Nevertheless, the lowering trend of RSG, and accordingly the 
increasing tendency of the admittance component of CPESG, reports the 
deterioration of the SG barrier properties during exposure to the 
aggressive electrolyte. 

The sealing ability of the PSG and PSG-MT is practically comparable, 
as seen by SEM cross-section pictures, which is why the same EEC 
(Fig. 9c) was used in all immersion times to extract the electrochemical 
data. In parallel to the FT-IR and rheology tests, the addition of the 
MTES to the formulation could decrease the cross-linking density owing 
to the presence of one nonhydrolyzable methyl group, therefore the 
compactness of SG-MT was less than SG. Although their sealing behavior 
was identical its compactness could affect the barrier protective per-
formance. Regarding this matter, SG-MT could seal the pores and defects 
of the PEO layer, but owing to the existence of some low cross-linking 
zones, the construction of the corrosion products could be expectable 
[85]. After 1 and 2 weeks of immersion, the majority of the linear rise in 
impedance as well as the more pronounced time constant at the lowest 
frequencies likely caused by the corrosion product construction [86]. 
Furthermore, RSG and Rmix values of PSG were by far higher than 
PSG-MT in all immersion times, revealing its better corrosion protection 

Fig. 9. Various types of the employed EECs to extract involved electrochemical parameters at different immersion times.  
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performance than PSG-MT. 
By looking at PSG-AP spectra, a prompt drop-off of the protective 

properties (RSG and Rmix values) was found so that almost no trace of the 
SG-AP could be observed after two weeks of exposure. Not only is the 
time constant depressed at higher frequencies but the low-frequency 
impedance is nearly the same with the unsealed PEO sample after two 
weeks of immersion test. This is also corroborated by the type of 
employed EEC for fitting, switched from three-time constants (Fig. 9c) 
up to 72 h exposure to two-time ones (Fig. 9b) which are the same 
utilized EEC for PEO at one and two weeks of dipping in the simulated 
corrosive solution. After one week of immersion, the duplex PEO/sol-gel 
coating was degraded, and the whole coating system including PEO and 
SG-AP layers exhibited only one time constant along with the frequency 

response of the substrate. Higher hydrophilicity, inadequate sealing 
properties, and insufficient barrier properties made the PSG-AP an un-
satisfactory coating system in terms of protective features. 

In contrast, PSG-ZT exhibited the highest protective functioning. 
Based on the Bode diagram, it had the highest coating capacitive 
behavior in the broad range of frequencies plus the time constant at high 
frequencies remained almost stable. The three-time constant EEC in 
Fig. 9c was employed to scrutinize the evolution of the electrochemical 
parameters during the immersion time. The Rct values of PSG-ZT were 
the uttermost thanks to the development of reliable layer sealing, 
illustrating the most contribution in the complete system. The low- 
frequency impedance of the coated samples was compared upon im-
mersion of up to two weeks in 0.1 M NaCl solution, as shown in Fig. 10. 

Table 2 
The summarized outcome of the electrochemical parameters after fitting with some appropriate EECs.  

Sample Immersion time in an hour (h) and 
week (w) 

RSG 

(kΩ 
cm2) 

CPESG Rmix or Rp (kΩ 
cm2) 

CPEmix or CPEp Rct (kΩ 
cm2) 

CPEdl 

Y0 (nΩ− 1 cm− 2 

s n) 
n Y0 (nΩ− 1 cm− 2 s 

n) 
n Y0 (nΩ− 1 cm− 2 s 

n) 
n  

PEO 
6h – – – 75 3593 0.79 293 16,051.00 0.96 
24h – – – 36 72,787 0.64 20 8757.00 0.91 
48h – – – 37 49,143 0.79 10 21,241.00 0.90 
72h – – – 23 64,442 0.89 7 33,149.00 0.92 
1w – – – 41 119,420 0.91 5 66,165.00 0.90 
2w – – – 32 149,470 0.97 6 86,905.00 0.91  

PSG 
6h 679.29 2.18 0.96 36,584 31.16 0.44 153,600 2.90 0.82 
24h 312.65 2.43 0.96 2912 56.91 0.43 34,614 4.02 0.97 
48h 294.10 2.52 0.95 2313 51.11 0.44 45,228 9.33 0.94 
72h 276.12 2.53 0.96 4088 55.39 0.51 20,966 15.57 0.93 
1w 448.51 3.87 0.94 4412 22.75 0.74 25,744 198.94 0.52 
2w 59.61 5.04 0.92 4021 32.62 0.84 23,820 200.65 0.70  

PSG- 
MT 

6h 186.22 2.70 0.92 3682 25.16 0.60 381,000 41.01 0.72 
24h 134.82 3.13 0.92 2670 96.77 0.53 227,000 34.30 0.55 
48h 96.05 3.37 0.91 1066 165.79 0.52 13,167 109.14 0.78 
72h 60.58 3.36 0.92 379 286.50 0.48 27,109 75.76 0.67 
1w 62.51 5.57 0.88 610 415.87 0.49 52,410 400.25 0.81 
2w 33.64 9.97 0.87 328 532.35 0.60 63,849 585.68 0.70  

PSG- 
AP 

6h 77.60 22.72 0.84 12,765 113.42 0.68 12,972 14.74 0.90 
24h 3.41 104.82 0.77 1808 490.52 0.70 2275 4082.40 0.89 
48h 1.85 225.80 0.74 188 561.94 0.82 1110 1245.10 0.55 
72h 1.40 240.43 0.76 125 875.44 0.84 435 1933.90 0.61 
1w – – – 104 13,400.00 0.72 6 7708.10 0.96 
2w – – – 58 22,616.00 0.76 3 11,443.00 0.97  

PSG- 
ZT 

6h 2373.80 1.15 0.94 104,600 3.69 0.70 100,700 31.20 0.97 
24h 1918.50 1.19 0.94 91,703 3.71 0.70 184,600 28.47 0.93 
48h 1773.30 1.21 0.94 85,406 3.62 0.71 207,200 26.26 0.87 
72h 1568.80 1.23 0.94 77,906 3.61 0.71 223,200 25.97 0.82 
1w 1252.40 1.26 0.94 69,952 3.85 0.70 225,200 26.07 0.78 
2w 539.94 1.34 0.94 39,598 4.77 0.68 385,000 27.05 0.70  

Fig. 10. Low-frequency impedance of the coated samples up to two weeks exposure to 0.1 M NaCl solution.  
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Fabrication of the sol-gel layer could enhance the protective properties 
of the distinct PEO layer thanks to their pore-filling properties, but their 
different chemical nature resulted in obtaining different protective 
performances. The decrement of the corrosion resistance properties of 
the PSG-MT is higher than PSG upon immersion. To enumerate, the 
modulus at 0.1 Hz of PSG-MT varied from 107.31 to 106.10 which was 
attested to by the EIS tests after 6 h and 2 w immersion times in the 
saline solution, respectively. Whereas the same EIS tests for PSG re-
ported 107.50 and 106.85 in terms of low-frequency impedance. The 
cross-linking of the sol-gel network decreased in SG-MT as compared to 
the SG, which is why the lower corrosion resistance was attained in PSG- 
MT than PSG. The barrier properties of the PSG-ZT sample were almost 
unchanged, while the PSG-AP revealed a rapid deterioration in barrier 
properties. The reliable corrosion resistance properties of SG-ZT kept its 
features upon immersion in the aggressive solution, hindering the access 
of aggressive components to the substrate. It is worth noting that the 
creation of the cage-like structure of siloxane, as well as its hydrophobic 
properties, could play a crucial role in its inhibition performance. The 
considerable hydrophobic properties have been developed by the pres-
ence of significant organic parts in the composition. 

To gain a brighter insight into the sealing ability of different sol-gel 
coatings, the effective capacitance of the mixed region (sol-gel plus PEO) 
and the Rmix (Rp in case of the unsealed PEO) are demonstrated in 

Fig. 11. The effective capacitance was calculated through below formula 
[87]: 

Cmix = Y1/n
0, mix R(1− n)/n

mix (3) 

Capacitance is inversely proportional to the coating thickness (based 
on C = εε0A/d formula). The thickness of the mixed region varies in the 
order of micrometers, hence relatively low values for the capacitance 
could be expected. Particularly in the case of PSG-ZT, there is also a 
uniform top layer over the PEO surface which enhances the thickness. 
Consequently, the lowest value of the effective capacitance for the PSG- 
ZT was anticipated. The relatively poor barrier properties of the un-
sealed PEO sample brought about a decrease in the Rp values after a 
short immersion time, followed by some ups and downs, which is mostly 
attributed to the corrosion product formation (Fig. 11a) [88]. The 
effective capacitance of this layer was drastically heightened because of 
the electrolyte ingress through the PEO coating (Fig. 11b). After the 
application of sol-gel coatings on the PEO layer, the Rmix, which shows 
the filled PEO pores with sol-gel sealing, increased, but with a drop in 
their protective performance as a function of immersion time, as 
exhibited in Fig. 11c1 and Fig. 11c2. The lowest and the highest values of 
Rmix in the PEO/sol-gel coating systems were attributed to the PSG-AP 
and PSG-ZT samples, respectively. The increment of the Rmix in the 
PSG sample after 72 h was probably because of the evolution of the 

Fig. 11. The evolution of Rp (a) and Ceff, p (b) for the PEO sample plus Rmix (c1 and c2) and Ceff, mix (d1 and d2) for the duplex PEO/sol-gel coating system after two 
weeks immersion in 0.1 M NaCl solution. 
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hydrophilic corrosion products in this mixed region, which is in good 
agreement with another investigation [89]. By taking the Cmix versus 
time into account (Fig. 11d1 and Fig. 11d2), a huge diminishment was 
reported for all types of sol-gel/PEO coating systems as compared to the 
unsealed PEO. While coating permittivity is enhanced by water ingress 
through coatings, the coating capacitance is also increased [90,91]. For 
the PSG-AP, the Cmix enhanced significantly after 72 h, confirming the 

complete deterioration of the SG-AP coating on the PEO layer. In 
contrast to PSG-AP, the PSG-ZT showed an almost constant value for the 
Cmix during immersion, reaching 2.18 nF cm− 2 at the end of the expo-
sure. This originates from the fact that the SG-ZT not only had the 
highest coating thickness but could also penetrate through the pores, 
cracks, and other defects of the PEO layer. Therefore, the reliable barrier 
performance hinders the diffusion of the aggressive electrolyte, and 

Fig. 12. SVET maps obtained from PEO (a), PSG (b), PSG-MT (c), PSG-AP (d), and PSG-ZT (e) samples after 3 and 9 h immersion in 15 mM NaCl solution. The PEO 
and sol-gel layers, respectively, are indicated by the brown and blue interfaces at the boundaries. 
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accordingly, the low amount of effective capacitance was recorded all 
over the immersion. All in all, the extent of the Cmix followed the order 
PEO>PSG-AP>PSG-MT>PSG>PSG-ZT. It is worthwhile mentioning 
that the associated capacitances (based on the CPEdl values) are low due 
to the small exposed surface of the metallic interface but increase with 
immersion time mainly for PEO and PSG-AP, indicating an increase of 
the exposed surface for these two systems. Consequently, SG-ZT and 
SG-AP sol-gels were shown to be the superior and the inferior sealing 
sol-gels systems for the PEO layer on AA2024, respectively. 

3.6. SVET analysis 

To further scrutinize the role of different sealing sol-gel coatings on 
the corrosion resistance of the PEO layer, the SVET technique was 
employed in the 15 mM NaCl solution. The results attained from a cross- 
section of a coated sample embedded in a resin after 3 and 9 h of im-
mersion are depicted in Fig. 12. In addition to the schematic represen-
tation of the experimental cell in Fig. 2, the PEO and sol-gel layers are 
denoted by the brown and blue interfaces at the boundaries in the SVET 
outcome, respectively. The cut-edge configuration might induce crevice 
corrosion so that the aggressive electrolyte could access the lateral parts 
of AA2024 via preferable pores, defects, and any other deficiencies, 
leading to the creation of a differential aeration cell [92]. On the other 
hand, AA2024 is susceptible to localized corrosion because of the low 
resistive properties of the passive layer on the S-phase, unmasking the 
substrate to an aggressive environment. While this happens, soluble 
Mg2+ leaches out from dissolving Mg into the solution, whose dynamics 
hinder the repassivation of an aluminum alloy at the S-phase sites [93]. 
The remnant copper forms a porous sponge structure with a high surface 
area that is primarily anodic, but it turns into cathodic sites for oxygen 
reduction after dealloying. In a neutral saline solution, the cathodic 
reaction is oxygen reduction according to the below [94]: 

2H2O + O2 + 4e− →4OH− (4) 

The pH rises at Cu-rich remaining S-phase sites as they serve the 
cathode. The passive layer chemically dissolves as the pH reaches about 
9 and bare aluminum will begin to selectively dissolve based on the 
below reaction [94]: 

Al + 4OH− →Al(OH)
−

4 + 3e− (5) 

The local anodic activity somehow in the middle of the exposed area 
is likely related to the pitting corrosion of the substrate. The current 
density map for non-sealed PEO exhibited anodic activity at the PEO 
side, increasing from 3 to 9 h of exposure. The anodic attack linked to 
the porous PEO layer proceeded because of its coupling with the external 
alloy surface which is in direct contact with the electrolyte. Therefore, 
the rate of the corrosion reaction on the border regions is heightened 
from 3 to 9 h of the immersion test. By application of sol-gel coatings on 
the PEO layer, the intensity of anodic activity in the PEO region 
decreased at 3 h of exposure. The access of aggressive elements, such as 
water and Cl− ion, to the substrate through the coating is by far facili-
tated in the cross-section mode as compared to the longitudinal 
configuration, which is why the decrement of protective functioning 
appeared after 9 h of exposure. Depression of anodic activity at the PEO 
borders was found in PSG, revealing the sealing of pores and other kinds 
of defects that induce a local type of corrosion. The performance of PSG- 
MT in the decrement of anodic current density at the PEO borders 
seemed to be less than PSG because of the sol-gel lower compactness. 
The intense anodic activity could not be observed preferentially at the 
PEO borders of PSG-MT, but still, PSG exhibited better sealing at the 
PEO borders. Insufficient sealing ability and poor protective perfor-
mance of SG-AP resulted in the rapid deterioration of the coating at the 
borders. After 9 h of immersion, an intense local anodic activity was 
presented at the PEO border of PSG-AP, revealing the occurrence of 
possible classic crevice corrosion. In other words, the atrocious sealing 

ability of the SG-AP could also induce difficulty in water transport and 
make the water activity gradient. Surprisingly, the current density map 
of PSG-AP revealed that even if a coating is applied on the PEO layer, 
local corrosion is likely to happen if the sealing features do not play a 
role. Whereas in the PSG-ZT, as was shown in SEM images, its ability to 
not only seal the porosity but also form a top layer on the PEO coating 
provided the best protective performance, as demonstrated in the SVET 
result. Its sealing function was the most beneficial, illustrating no trace 
of anodic attack at the PEO borders in both reported SVET times of 
immersion. 

4. Conclusion 

The sealing ability of different sol-gel coatings for the PEO layer on 
AA2024 has been examined. The compactness, hydrophobicity, and 
impregnation features of the sol-gel layers play a significant role in terms 
of corrosion resistance properties. Considering this, the PSG-ZT had the 
best sealing ability thanks to the highest hydrophobicity, the construc-
tion of a homogenous layer over the PEO, as well as penetration through 
the intrinsic pores. As illustrated by SEM images, the sealing ability of 
PSG and PSG-MT was almost the same. However, the MTES precursor 
diminished the compactness of the coating because of the presence of 
one nonhydrolyzable methyl group in its molecular body, which is why 
PSG-MT showed lower corrosion protection performance than PSG. The 
poorest protective performance of the duplex PEO/sol-gel coating was 
related to the PSG-AP sample, owing to the relatively hydrophilic sur-
face as well as the insufficient sealing ability for the PEO layer on 
AA2024. Finally, the evolution of the cage-like siloxane network, along 
with the ladder-like structure in the SG-ZT network development, could 
also enhance its barrier performance against aggressive elements. 
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Erosive wear of plasma electrolytic oxidation layers on aluminium alloy 6061, 
Wear 301 (2013) 434–441. 

[27] L. Pezzato, R. Babbolin, P. Cerchier, M. Marigo, P. Dolcet, M. Dabalà, K. Brunelli, 
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