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1. Introduction
Galvanized steel is one of the most commonly used 

metallic materials for industrial applications against corrosion. 
This anticorrosion protection can be enhanced from the use 
of coatings. Recently developed coatings include hybrid 
organic-inorganic layers obtained by sol-gel deposition on 
the heterogeneously rough surface of the substrate. The 
present study is pertinent for the future industrialization 
of the sol-gel process, working on substrates for industrial 
applications1.

Organic–inorganic hybrid materials have been of great 
scientific and technological interest in the last few decades 
due to the novel and improved properties of these materials2,3. 
Hybridization is not only a creative alternative to the design 
of new materials but also offers unique opportunities to 
develop innovative industrial applications4. These materials 
combine the hardness, wear resistance and thermal stability 
of the ceramic component with the flexibility, transparency 
and tunable adhesion of the organic materials5-11. The sol-gel 
method allows to control the synthesis of multifunctional hybrid 
materials, where the organic, inorganic and, in some cases, 
biological constituents are mixed at a nanometer scale12–16.

Additionally, the sol-gel process is an innovative technology 
due to its properties of surface protection together with the 
simplicity of the process and the economic viability. The 
process has the following advantages: (I) The stoichiometry 
is easy to control and adjust4, (II) it allows to fabricate 
high‑purity films with evenly distributed components17, and 
(III) the film can be processed under normal pressures and 
low temperature. In the last few decades, a large number 
of hybrid materials produced through the sol–gel process 
have been prepared using various inorganic precursors 
and polymers18,19. The main steps are the hydrolysis and 
condensation of metal alkoxides to obtain metaloxane 
chains. These chains generate sols that can be used to coat 
numerous metallic and alloy substrates to protecting them 
against corrosion20–26.

The hybrid films with thick layers are recommended 
to promote an efficient barrier effect between the substrate 
and the environment. However, there are limitations for 
the increased thick layers, aiming to avoid delamination 
problems27. Secondly, the sol viscosity can be increased via 
temperature modification prior to coating, but in this case, the 
kinetics of the hydrolysis and condensation reactions change 
and may modify the mechanical and physical properties of 
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the gel. Finally, a plasticizing agent can be introduced28. 
This last route was chosen in this study as it can be easily 
adjusted and performed29.

The aim of this work is to coat galvanized steel with 
a hybrid film obtained by a dip-coating process from a sol 
consisting of alkoxide precursors, 3 - (trimethoxysilylpropyl) 
methacrylate (TMSM) and tetraethoxysilane (TEOS), with 
nitrate cerium in a concentration of 0.01 M20. The influence 
of the concentrations (0, 20, 40 and 60 g.L-1) of polyethylene 
glycol (PEG 1500) plasticizer added in the sol formulation 
was evaluated.

2. Experimental
2.1. Surface preparation

The galvanized steel substrates (2 cm × 4 cm) were 
degreased with a neutral detergent at 70 ºC by immersion 
for 10 minutes. The samples were after rinsed with deionized 
water and dried, then rinsed with ethanol and dried. The 
chemical composition (%wtmáx) of the galvanized steel 
substrates is 0.15C, 0.6Mn, 0.04S, 0.04P and Zn.

2.2. Elaboration of hybrid films
The hydrolysis reactions were conducted by alkoxide 

precursors (TMSPMA) 3 - (trimethoxysilylpropyl) methacrylate 
(C10H20SiO5) and (TEOS) tetraethoxysilane (C8H20SiO4) with 
the addition of cerium nitrate in a concentration of 0.01 M. 
Ethanol and water were used as solvents. PEG 1500 was 
added to the sol formulation in different concentrations 
(0, 20, 40 and 60 g.L-1). The hydrolysis time was 24 hours.

The coated samples were prepared by using a dip coater 
(brand Marconi - model MA765). The samples were dipped 
in sol at a withdrawal speed of 100 mm min-1 with a residence 
time of 5 minutes23.

The hybrid films were then thermally cured at 90 ºC 
± 2  for 20 minutes in a furnace (brand De Leo - model 
TLK48). The process flow diagram is shown in Figure 1 and 
the Table 1 presents the description of the samples studied.

2.3. Experimental techniques
The morphological characterization was performed by 

scanning electron microscopy (SEM) with a JEOL 6060 with 
an acceleration voltage of 20 kV. The samples were observed 
from the top view and in a cross-sectional view to determine 
the layer thickness. The surface micro-roughness was evaluated 
in a contact profilometer (PRO500 3D).

The wettability of the hybrid films was evaluated by 
contact angle measurements with the sessile drop method 
in equipment developed by the Laboratory of Corrosion 
Research (LAPEC) at UFRGS. The contact angle was 
determined by using image analyses software.

The corrosion performance of the coatings was evaluated by 
open circuit potential (Ecorr) monitoring, polarization curves and 
electrochemical impedance spectroscopy (EIS) measurements 
in a 0.05 M NaCl solution. Kozhukharov et al. 30 also used 
0.05 M NaCl to ensure a sufficiently low concentration to 

Figure 1. Schematic illustration of the steps of the dip-coating technique.

Table 1. Description of the samples.

Sample Description

F0P90 Galvanized steel coated with hybrid film 
without the PEG addition.

F1P90 Galvanized steel coated with hybrid film 
with 20 g.L-1 PEG addition.

F2P90 Galvanized steel coated with hybrid film 
with 40 g.L-1 PEG addition.

F3P90 Galvanized steel coated with hybrid film 
with 60 g.L-1 PEG addition.

HDG Galvanized steel without hybrid film.
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allow for the observation of corrosion inhibitor effects. A 
three-electrode cell was used to perform the analyses, with a 
platinum wire as a counter-electrode and a saturated calomel 
electrode (SCE) as the reference electrode. The area of the 
working electrode was 0.626 cm². The polarization curves 
were collected at a scan rate of 1 mV s-1 in a potential interval 
between 200 mV (below OCP – open circuit potential) 
and 400  mV (above OCP). The data obtained from the 
potentiostatic polarization measurements were treated with 
the NOVA® software to obtain the corrosion rate (icorr), the 
corrosion potential (Ecorr) and the polarization resistance (Rp).

For the EIS measurements, the systems were previously 
monitored for 96 hours. The amplitude of the EIS perturbation 
signal was a sinusoidal 10 mV (rms signal), and the 
frequency range studied was from 100 kHz to 10 mHz using 
a NOVA® frequency response analyzer and a AUTOLAB 
PGSTAT 30 potentiostat. The results for the systems were 
fitted using electrical equivalent circuits (EEC) with the 
NOVA® program. The consistency of the experimental data 

was verified with the Kramers-Kronig transform (KKT), and 
the data that did not match were removed.

Wear assays were performed with a computationally 
controlled CETR UMT (Universal Micro Tribometer) 
tribometer with the type-setting ball on the plate (Figure 2). 
The wear test was conducted with reciprocal linear movement 
by a sphere of alumina with a 7.75 mm diameter. A constant 
force of 1.5 N, a frequency of 2 Hz and a track length of 
2 mm were used as the wear assays parameters.

3. Results and Discussion
3.1. Morphological characterization

Figure 3 shows the SEM micrographs for the hybrid films 
studied before the electrochemical tests. The presence of cracks 
on the hybrid films F0P90 (Figure 3a), F2P90 (Figure 3c) 
and F3P90 (Figure 3d) can be observed; for the last film, this 
phenomenon is more pronounced. The fact that the sample 
F0P90 (Figure 3a) had more cracks and delamination on the 
film can be associated with the absence of the plasticizer 
agent, resulting in a brittle and porous structure that is 
characteristic of a ceramic material31.

Furthermore, the presence of cracks on the hybrid films 
was also observed with higher PEG concentrations of 40 and 
60 g.L-1, which correspond, respectively, to the F2P90 and 
F3P90 systems. It seems that the addition of the plasticizer 
agent in excess interferes with the hydrolysis of the alkoxide 
precursors, forming only dense interlaced networks of PEG and Figure 2. Schematic representation of the tribological test system.

Figure 3. Images obtained by SEM for films obtained with different PEG concentrations: (a) F0P90, (b) F1P90, (c) F2P90 and (d) F3P90.



2015; 18(1) 141
New Sol-gel Formulations to Increase the Barrier Effect of a Protective Coating Against the Corrosion and 

Wear of Galvanized Steel

causing cracks on the films32. The system F1P90 (Figure 3b), 
which presents the lowest PEG concentration (20 g.L-1), 
apparently has enough of the plasticizer incorporated in 
the hybrid film to promote the elaboration of a regular and 
uncracked film. As Certhoux et al.22 observed, during the 
process of curing, the unpolymerized organic components 
can volatilize and create tensioned regions and defective 
areas, leaving the film more susceptible to corrosion in 
those regions.

The layer thickness of the films was determined by 
cross‑section analysis from images obtained by SEM 
(Figure 4). Figure 5 shows images obtained by elemental 
distribution using EDS for cross sections of the hybrid films, 
which shows the hybrid film layer by mapping the element 
silicon as well as the substrate by mapping the elements 
zinc and iron.

All films with added PEG (F1P90, F2P90 and F3P90) 
demonstrated an increase in thickness compared to the film 
without PEG (F0P90). It seems that the addition of the 
flexibilizing agent in excess interferes with the hydrolysis 
of the alkoxide precursors, forming only dense interlaced 
networks of PEG and causing an increase in the thickness 
of the layer33. This increase in the layer thickness was 
achieved with the addition of flexibilizing PEG in the hybrid 
films. However, only the system with the lowest monomer 
concentration (20 g.L-1) did not interfere with the reactions 
of hydrolysis and condensation and showed an uncracked 
film. For the other systems, the higher concentrations of PEG 
(F2P90 and F3P90) resulted in the formation of a film with 
cracks due to the cross-linked PEG chains31.

Figure 6 shows tridimensional images obtained by 
profilometry for uncoated galvanized steel and for all hybrid 
films studied. The roughness values are summarized in 
Table 2, where Ra is the arithmetic average, Rms is the average 
square roughness and Ry is the maximum or peak-to-peak 
roughness. Sample F1P90 presented the lowest value of 
roughness (Figure 4 and Table 3) compared to all the studied 
samples, which means that in this system, a regular structure 

was formed in the film. In other words, organic monomers 
formed a crystal structure with the silicon atoms. This 
structure is regular, homogenous and compact34. Moreover, 
the temperature of 90 ºC seems to have been sufficient to 
cross-link this film without the presence of cracks.

All the samples with the addition of the PEG plasticizer 
presented smaller roughness values than the uncoated galvanized 
steel and the sample without the plasticizer. Additionally, 
the presence of the plasticizer in the coating on rough and 
heterogeneous galvanized steel surfaces increases the layer 
thickness in a uniform and homogeneous way. However, higher 
plasticizer concentrations (40 and 60 g.L-1) produced higher 
roughness values compared to the F1P90 sample (20 g.L-1), 
which can be associated with the phenomenon observed by 
Certhoux et al.22 due to the volatilization of unpolymerized 
organic components during the curing process, contributing 
to the increased film roughness.

Table 2 is a summary of the contact angle values for the 
different systems studied. These results show that the hybrid 
films F1P90 and F2P90 presented highest contact angles 
and consequently the smallest surface wettabilities. These 
systems are associated with the lowest concentrations of 
PEG (20 and 40 g.L-1). Low concentration of PEG did not 
interfere with the reactions of hydrolysis and condensation 
of the silane precursors TEOS and TMSM and therefore 
provided the most compact three-dimensional grid formations, 
which blocked the absorption of water. Therefore, the films 
F1P90 and F2P90 are more hydrophobic than the sample 
without PEG (F0P90).

3.2. Electrochemical characterization
Open circuit potential (OCP) monitoring was conducted 

in a NaCl 0.05 M solution to verify the potential variation 
with time. The results are shown in Figure 7a. The hybrid 
films F1P90 and F3P90 demonstrated potential shifts in the 
positive direction compared to the uncoated galvanized steel; 
i.e., these samples showed a gentler corrosion potential value 
than the substrate, indicating an improvement in corrosion 
resistance32.

This behavior is associated with the barrier layer between 
the substrate and the electrolyte provided by the hybrid films. 
This behavior is reinforced by the more regular surface 
obtained for these F1P90 samples, as seen in the SEM 
images of Figure 3, the surface roughness measurements 
(Table 2 and Figure 6) and the high layer thickness values 
found for the F3P90 sample (Figure 4).

However, for samples with higher concentrations of 
the plasticizer polyethylene glycol, i.e., samples F0P90 and 
F2P90, the potential remained near that for the uncoated 
galvanized steel. This result shows the fragility of these 
coatings that allow permeation of the electrolyte through the 
film. Although the formulation of system F2P90 with the 
addition of plasticizer has promoted an increase in the layer 
thickness (Figure 4) compared to the system without PEG 
(F0P90), this system formed a weak and porous structure 
due to the formation of intertwined and dense PEG by 
weak bonds (hydrogen bonds), causing cracks and peeling 
of the films formed and contributing to poor performance 
in corrosion resistance.

In Figure 7b, potentiodynamic polarization curves for the 
studied samples are shown. Table 3 shows the correspondent 

Table 2. Comparative table of roughness among the studied systems 
by Profilometer and Layer thickness of the hybrid films.

Samples
Roughness Contact 

angleRa (µm) Rms (µm) Ry (µm)
F0P90 1.40 ± 0.18 1.62 ± 0.23 8.10 ± 0.71 71° ± 3.2
F1P90 1.20 ± 0.17 1.34 ± 0.24 7.83 ± 0.80 80° ± 4.2
F2P90 1.28 ± 0.19 1.52 ± 0.19 7.23 ± 0.83 80° ± 2.9
F3P90 1.31 ± 0.22 1.58 ± 0.16 8.61 ± 0.88 73° ± 1.5
HDG 1.34 ± 0.15 1.60 ± 0.21 9.27 ± 0.83 66° ± 0.5

Table 3. Obtained data from Tafel extrapolation.

Samples icorr (A.cm-²) Ecorr (mV) Rp (Ω.cm²)
F0P90 9.43×10-5 -989 9.70×102

F1P90 7.11×10-8 -1002 1.68×105

F2P90 7.14×10-8 -966 5.60×104

F3P90 1.46×10-6 -979 4.48×104

HDG 4.07×10-5 -992 6.41×102
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Figure 4. Cross section micrographs obtained by SEM analysis for the hybrid films: (a) F0P90, (b) F1P90, (c) F2P90 and (d) F3P90.

Figure 5. Elemental distribution of the cross-section of Si, Zn and Fe for the hybrid films: (a) F0P90, (b) F1P90, (c) F2P90 and (d) F3P90.
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Figure 6. Profilometer image of (a) F0P90M, (b) F1P90M, (c) F2P90M, (d) F3P90M and (e) HDG.
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corrosion potential (Ecorr) values as well as the corrosion 
current density (Icorr) and the polarization resistance (Rp) 
determined from Tafel slopes extrapolation.

The results (Figure 6b) showed that all the hybrid films 
studied promoted an increase in polarization resistance (Rp) 
and a decrease in corrosion current density (icorr) values related 
to galvanized steel, demonstrating the protective behavior 
of these films. For the polarization curves (Figure 7b), at 
potentials of approximately -1.05 to -1.23 V vs SCE, the 
cathodic reaction of the hybrid films decreases significantly 
compared to that of uncoated galvanized steel because 
the cerium nitrate inhibitor action in the hybrid film acts 
cathodically, whereas the anodic reaction is not inhibited by a 
high potential. This result can be associated with two factors: 
a lower diffusion of O2 or a decrease of the cathodic area.

Moreover, the film F3P90 showed the best performance 
among the hybrid films studied, which indicates that 
although the concentration of 60 g.L-1 of polyethylene 
glycol is insufficient to prevent the tensions caused by the 
silane precursors (TEOS and TMSM) during hydrolysis 
and condensation, the addition of a plasticizer significantly 
increased the hybrid film thickness and significantly reduced 
cracks compared to the sample without PEG (F0P90).

However, note that the F0P90 showed the worst performance 
among the hybrid films studied, which is related to the 
fact that during the curing process, hydrophobic siloxane 
bonds are formed in the film network, which hinder water 
penetration35. However, neither the precursor hydrolysis nor 
cross-linking (polycondensation) during curing is complete. 
Thus, non-hydrolyzed ester and hydrophilic OH groups are 
present in the films’ structures. These latter groups, ester 
and OH, favor water uptake, whereas the former group, 
siloxane, can be hydrolyzed when the films are exposed to 
the electrolyte, further increasing the number of hydrophilic 
OH groups in the film structure. This result is in agreement 
with the contact angle analysis (Table 2).

Although the hybrid film F0P90 presents only covalent 
bonds with organic and inorganic precursors6,36, the formulation 
of F0P90 promoted a complete porous ceramic structure, 
which is brittle in the film after TEOS and TMSM hydrolysis 
and cross-linking and provides poor corrosion protection, 
as seen in SEM images of Figure 3.

Figure 8 shows the Nyquist and Bode diagrams obtained 
by electrochemical impedance spectroscopy for galvanized 
steel that is both uncoated and coated with the studied films 
F0P90, F1P90, F2P90 and F3P90, performed after 24 and 
96 hours in a solution of 0.05 M NaCl. The quality of these 
fits can be verified by the continuous lines in the Bode 
diagrams (Figures 8a, 8b, 8d and 8e).

From the Nyquist diagrams (Figures 8c and 8f), it is 
possible to observe that although the curves are similar in 
shape, they differ in order of magnitude. Therefore, the same 
fundamental phenomena could have occurred in all these 
coatings but over a different effective area in each case36.

The diameter of the arc can be regarded as the sample’s 
polarization resistance (Rp)

36. The specimen coated with the 
lowest PEG concentration shows the largest semicircle, 
indicating that this specimen has a better anticorrosive 
performance in comparison with the other hybrid films studied. 
The resistance attained by this sample (F1P90) was 23 times 
greater after 24 hours of immersion in 0.05 M NaCl and 
more than 55 times greater after 96 hours compared to that of 
the uncoated galvanized steel, demonstrating the protective 
action of this hybrid film. The performance of the sample 
F1P90 is associated with the fact that the small increase in 
the branching of the ethylene oxide (20 g.L-1) radical was 
sufficient to decrease the rate of the triorganosilane groups’ 
condensation reaction. The condensation of the tetrafunctional 
alkoxides was also retarded in the presence of this monomer 
(PEG) due to the increased steric hindrance in the transition 
state; therefore, a more flexible film was obtained with 
better adhesion to the substrate and hence an improvement 
in the anticorrosive properties of this coating37. The system 
resistance is 7 times higher than that of the sample without 
PEG (F0P90) after 96 hours of assay.

The high resistance of the sample F3P90 after 24 hours 
of immersion is most likely due to the high layer thicknesses 
obtained for this system with the addition of the plasticizer 
in a concentration of 60 g.L-1. However, the resistance of this 
system decreases by half from 24 to 96 hours of immersion. 
This result reveals the fragility of these coatings, allowing 
the permeation of the electrolyte through the film. Although 
the formulation of these systems has promoted an increase of 
the layer thickness (Figure 4) due to the plasticizer addition, 

Figure 7. Open circuit potential (a) and polarization curves (b) for the samples studied.
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a weak and porous structure resulted due to the formation 
of intertwined and dense PEG chains formed only by 
weak bonds (hydrogen bonds), causing cracks in the films, 
contributing to the poor performance of these samples in 
corrosion resistance and consequently not resisting. Long 
periods of immersion.

This result reveals the fragility of these coatings, 
allowing the permeation of the electrolyte through the film. 
The plasticizer addition promoted the formation a weak and 
porous structure despite has promoted an increase of the layer 
thickness (Figure 4). This behaviour might be explained by 
the formation of interlaced and dense PEG chains formed 
only by weak bonds (hydrogen bonds), causing cracks in 
the films.

The Bode diagrams (Figures 8a, 8b, 8d and 8e) observed 
after 24 hours of immersion for the systems F1P90, F2P90 and 
F3P90 showed higher phase angles and impedance modulus 
values that remained high after up to 96 hours of immersion 
when compared to system F0P90 and uncoated galvanized 
steel. This good electrochemical performance is associated 
with the addition of PEG at concentrations of 20, 40 and 
60 g.L-1 in these films, which improves the hydrolysis and 
condensation37, increases the thickness of the layer (Figure 4) 
and enhances the barrier effect against corrosion.

The EIS was used in the present work to characterize the 
corrosion behavior of the developed coatings. A more detailed 
interpretation of the EIS measurements was performed by 
fitting the experimental plots using equivalent electrical circuits 
models, which were proposed to simulate the electrochemical 
behavior of the coatings studied (Figure 9). These models 
were based on the combination of resistances, capacitances 
and other elements that should have a physical meaning, most 
likely related to the electrochemical response of the system.

Table 4 presents the electrical parameter values obtained 
by fitting the equivalent electrical circuit from the experimental 
EIS data, which were obtained for the hybrid films F0P90, 
F1P90, F2P90 and F3P90 for 96 h of immersion in a 0.05 M 
NaCl solution (the error % associated with each parameter 
value is given in parenthesis.). It was not possible to fit 
impedance curves for the first hour of immersion for hybrid 
film samples due to their instability in this solution. These 
instabilities in the first few hours of the EIS experiments 
can be correlated with the modification of the EOC observed 
during the initial immersion period38. These results are 
related to the interaction of the electrolyte with the film, 
such as the permeation of the electrolyte through the film, 
which is not an instantaneous process. Other authors30,39 have 
found the same results and only present EIS data after some 
hours of immersion. The percent errors shown in brackets 

Figure 8. Bode diagrams (a,b,d and e) and Nyquist diagrams (c,f) obtained for the samples in 0.05 M NaCl after 24 hours and 96 hours 
of immersion.
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in Tables 4 shows that the errors involved in the fitting 
procedure were less than 10% in some cases and less than 
5% in most cases.

In several circuits, the capacitance was substituted by 
a CPE to take into account the non-ideality of the systems. 
In these circuits (Figure 9a), Relec represents the electrolyte 
resistance, and RSil and CPESil represent, respectively, the 
resistance and a constant phase element associated with the 
hybrid film barrier resistance. In the same circuit, ROx and 
CPEOx represent the resistance and a constant phase element 
indicating an acceleration of the interfacial process associated 
with the zinc oxide on the substrate surface.

The same equivalent circuit model (Figure  9a) was 
proposed for the electrochemical behavior simulation of 
samples F1P90, F2P90 and F3P90 at all immersion times 
studied (24, 48, 72 and 96 hours). These samples showed 
two time constants: one time constant at a high frequency 
range, which was associated with the barrier resistance of 
the hybrid film, and the other constant representing medium 
to low frequency range elements, which were attributed to 

the presence of an oxide on the metal/coating interface. This 
behavior was observed by other authors40,41.

However, for the sample F0P90, another equivalent 
circuit model (Figure  9b) was proposed, where Rcp and 
CPEcp  were added and represent, the corrosion process 
developed under the hybrid films. This model confirms the 
poorer electrochemical behavior of these systems.

For the uncoated galvanized steel (Table 4), two time 
constants were observed over the entire immersion time 
(1, 24, 48, 72 and 96 h). The phenomenon at low frequencies 
may be related to the diffusion limitations caused by the 
high reaction rate. The response of the charge transfer 
becomes shifted to lower frequencies as the active area 
expands, increasing the capacitance. Meanwhile, another 
process with a very low resistance appears at the medium 
frequency, which may result from the cathodic reaction or 
from the precipitation of zinc hydroxide as shown below42.

Zn2+ + 2OH− → Zn(OH)2

Table 4. Electrical elements fitted values for the samples studied up to 96 h of immersion in a 0.05 M NaCl solution.

Sample Time 
(hours)

RS 
(Ω.cm2)

RSil  
(kΩ.cm2)

CPESil-Q 
(µF.cm2) CPESil-n

ROx  
(kΩ.cm2)

CPEOx-Q  
(µF.cm2) CPEOx-n

Rdf  
(kΩ.cm2)

CPEdf-Q 
(µF.cm2) CPEdf-n

F0P90
24 h 217 (1.8) 1.61 (6.6) 5.60 (4.8) 0.65 (3.1) 9.78 (5.8) 15.70 (6.2) 0.67 (4.3) 35.04 (5.6) 1.17 (7.2) 0.84 (8.3)
48 h 204 (2.0) 1.22 (2.0) 10.7 (5.4) 0.70 (3.3) 6.93 (7.8) 17.7 (6.6) 0.70 (4.9) 35.04 (10.3) 1.40 (9.0) 0.72 (9.7)
96 h 189 (1.6) 1.11 (8.7) 77.9 (3.6) 0.40 (7.6) 2.19 (9.8) 36.8 (4.5) 0.79 (4.2) 7.50 (1.4) 3.36 (7.1) 0.73 (9.1)

F1P90
24 h 221 (1.4) 23.5 (7.8) 4.48 (3.3) 0.78 (2.3) 74.0 (5.6) 309 (3.8) 0.66 (1.4)
48 h 214 (1.4) 17.8 (9.0) 4.57 (3.0) 0.79 (2.3) 59.8 (5.0) 410 (4.2) 0.62 (1.5)
96 h 207 (1.6) 12.7 (4.9) 4.75 (2.0) 0.79 (9.4) 47.1 (5.4) 329 (5.2) 0.59 (1.9)

F2P90
24 h 227 (1.2) 9.82 (5.4) 4.81 (3.5) 0.76 (2.6) 25.0 (3.2) 936 (4.4) 0.6 (1.0)

48 h 220 (1.8) 7.40 (4.9) 5.16 (9.7) 0.73 (3.9) 22.3 (5.1) 683 (6.6) 0.51 (1.9)
96 h 217 (1.9) 5.89 (5.7) 4.92 (6.6) 0.72 (2.2) 18.0 (5.1) 686 (7.2) 0.49 (1.9)

F3P90
24 h 231 (1.5) 23.8 (6.9) 5.69 (3.7) 0.72 (1.5) 80.3 (3.1) 362 (4.9) 0.64 (3.2)
48 h 236 (1.6) 14.6 (7.3) 6.37 (2.6) 0.73 (2.1) 52.6 (7.3) 306 (4.8) 0.58 (2.1)
96 h 238 (1.5) 10.3 (2.0) 7.62 (9.2) 0.73 (7.9) 48.6 (5.4) 385 (4.6) 0.56 (1.8)

HDG
24 h 150 (1.4) 468 (3.1) 108 (3.2) 0.74 (8.1) 468 (3.1) 6.5×10-3 (2.7) 1155 (0.9)
48 h 148 (1.1) 252 (7.3) 280 (9.8) 0.66 (8.1) 252 (7.3) 14.6×10-3 (6.8)
96 h 146 (1.2) 178 (9.9) 229 (8.9) 0.80 (9.1) 178 (9.9) 3.67×10-3 (3.1)

Figure 9. Equivalent circuit for the samples (a) F1P90, F2P90, F3P90 and HDG; and (b) F0P90.
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In this case, note that the HDG showed lower impedance 
moduli and phase angles (Figures 8a and 8d) relative to the 
hybrid films studied (F0P90, F1P90, F2P90 and F3P90) 
after 96 hours of immersion.

Figure 10 shows the evolution of the coating properties 
(i.e., the resistance and capacitance, respectively) as a 
function of the immersion time. Generally, the high frequency 
resistance values (Figures 9a) decreased during the first 
hours of immersion due to the development of conductive 
pathways inside the film43.

The samples F1P90 and F3P90 exhibited the highest 
resistance at all times (Figure 10a); for the sample F1P90, 
this result is due to fact that the amount of ethylene oxide 
(20  g.L-1) was enough to increase steric hindrance in 
the transition state; as a result, a more flexible film was 
obtained with better adhesion to the substrate and hence an 
improvement in the anticorrosive properties of this coating. 
For the sample F3P90, this higher resistance is associated 
with the high layer thicknesses obtained for this system 
(Figure 4) compared the other samples F0P90 and F2P90.

The evolution of a coating resistance is a major characteristic 
of the barrier properties of a protective layer44. The system 
that showed a better performance, i.e., good barrier properties, 
was sample F1P90. However, the F3P90 sample showed a 
sharp reduction of its resistance values from 24 hours to 
48 hours of immersion, indicating that this coating. Loses 
its barrier properties after 48 hours of immersion. Such a 
rapid decrease is related to the formation of new defects 
and pores in the coatings. Conversely, the resistance of the 
F2P90 coating decreases slowly over an immersion time of 
96 hours, which reflects the stability of the coating.

In Figure  10, the samples F1P90 and F3P90 had 
capacitance values two times smaller than the samples 
F0P90 and F2P90, highlighting the performance properties 
of the barriers of these hybrid film. Furthermore, there is 
an increase in the capacitance of the F0P90 coating after 
48 hours of immersion, which can be explained by a reduction 
in the coating thickness and/or conductivity and therefore an 
increase in the porosity. Moreover, a slight increase in the 
capacitance is observed in the F1P90 sample (Figure 10b) 
after the 48 hours immersion, which is associated with the 
absorption of electrolytes.

A value of n=1 corresponds to a smooth surface, and 
therefore CPE should be substituted by an ideal capacitor 
C. n=0.5 suggests a diffusion response or a porous material, 
and 0.5<n<1 is associated with heterogeneous, rough or 
non‑homogeneous current distribution, as can be observed in 
the sample F0P9045,46. The evolution of the middle frequency 
time constant (Figure 8) would then be related to a change 
of the composition and to a reinforcement of the native zinc 
oxide layer by the cerium oxides. This hypothesis seems to 
be consistent with the evolution of the values of the n values 
(from 0.4 to 0.7) highly suggests an evolution of the system 
from a diffusion limited process to a charger transfer limited 
process as the oxide layer is reforced14.

Figure 11 shows images for all studied hybrid films 
obtained at the end of EIS assays after 96 hours of immersion 
in NaCl 0.05 M. In this Figure 11, the sample covered with 
hybrid film without the addition of PEG (F0P90) showed the 
greatest amount of corrosion products (Figure 11e), confirming 
the results obtained in the electrochemical tests. The film 
with the lower PEG concentration (20 g.L-1), i.e., the sample 
F1P90, showed the smallest amount of corrosion product 
(Figure 11a), which is according to the EIS measurements.

3.3. Wear characterization
Figure 12 shows the evolution of the friction coefficient 

(FC) with the wear sliding time and the corresponding 
images of the wear track for all hybrid films studied. The 
initial values are low, and when the film rupture occurs, 
which is at a different time for each film, the FC increases 
abruptly, which corresponds to the onset of wear on the 
metallic substrate. Greater PEG concentrations lead to hybrid 
films with enhanced durability. Additionally, larger organic 
fractions of the hybrid film lead to more flexible films, and 
higher wear resistances are observed in the optical images. 
Moreover, the sample without the addition of the plasticizer 
(F0P90) had very low FC values, denoting a high hardness 
and a low brittleness and the wear resistance of this coating is 
very similar to that of zinc47 as shown in the optical images. 
This result is due to the formation of a porous structure that 
is characteristic of brittle ceramic materials after hydrolysis 
and crosslink of TEOS and TMSM alkoxide precursors 
cured at 90 ºC31.

Figure 10. Evolution of the resistance (a), the constant phase element capacitance (b) and (c) n factor of the hybrid films in a 0.05M 
NaCl solution with the immersion time.
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Figure 11. Images obtained after 96 hours of electrochemical impedance for samples: (a) F0P90, (b) F1P90, (c) F2P90, (d) F3P90 and 
(e) HDG.

Figure 12. Friction coefficients of the specimens covered with hybrid films F0P90, F1P90, F2P90 and F3P90.
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4. Conclusions
Galvanized steel coated with hybrid films obtained from 

TEOS and TMSM with the addition of different amounts of a 
PEG plasticizer exhibited improved electrochemical behavior 
when compared with uncoated material or when coated with 
a hybrid film without PEG (F0P90). The results indicated that 
the hybrid film F1P90 with the lowest tested concentrations 
of PEG (20 g.L-1) demonstrated the best performance in the 
electrochemical tests. This behavior is associated with the 
fact that a small increase in the radical chain branching of 
ethylene oxide (20 g.L-1) was sufficient to decrease the rate 
of the condensation reaction of the triorganosilane groups. 
The condensation of the tetrafunctional alkoxides was also 

retarded in the presence of this monomer (PEG) due to the 
increased steric hindrance in the transition state. Ergo, a 
film with a greater flexibility was obtained that presented 
the lowest PEG concentration (20 g.L-1). This lowest PEG 
concentration was sufficient to flexibilize the hybrid film and 
form a regular and uncracked film. The mechanical behavior 
results have shown that higher PEG concentration lead to 
films with higher durability.
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