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AB ST RA CT
The main objective of this work was to determinate the influence of the molar ratio of two
compounds on thestructure of the molecular net synthesized by sol-gel technology for the
protection corrosion coating on carbon steel. Three different molar ratio were use to
prepared the organic–inorganic hybrid materials by hydrolysis and condensation of (3glycidyloxypropyl)trimethoxysilane (GPTMS) and tetraethylorthosilane (TEOS) in an
ethanol/water solution. The behavior of the three different syntheses was evaluated by
chemical, physical, and electrochemical methods. The evolution of the synthesis was
determinate by FT-IR and viscosity until the optimal moment prior to apply the sol to the
metallic substrate. Chemical cross-linking of xerogel was determined by solid state of 29SiNMR and the behavior on thermal stability is given by TGA analysis. Samples of carbon Steel
were coated by the synthesis and the coatings were characterized using scanning
electrochemical microscopy (SEM) finding considerably differences between the three
coatings. Potentiodynamic polarization and impedance measurements were carried out to
study the effect of the corrosion resistance of the synthesis in 10mM
NaCl solution.
Introduction
Sol-gel technology has been developing in the past 50 years due to a growing demand in
industrial, engineering, and medical fields. This technology consists on an extremely
versatile synthesis for the pro- duction of ceramic and glass materials. Synthesis of
nanoparticles, in- organic encapsulation of active materials and development of multifunctional surfaces using deposition of coatings, are examples of the multiple application of
this technique. Through both well-known che- mical reactions hydrolysis and condensation
(Fig. 1) the sol-gel process experiments the transition of a system from a liquid phase (sol)
to a solid phase (gel). AlkoXysilanes are the most widely used metal–organic precursors for
the preparation of materials by sol–gel processing. During the first reaction, hydrolysis, the
silane alkoXide bond (SieOR) results in the formation of a silanol (SieOH). Once this reaction
has taken place, two silanols can combine deleting a water molecule in the condensation
reaction and form an inorganic highly dense silica net- work by means of siloXane bonds
(SieOeSi) [1–5].
At the beginning, the sol-gel route was focused on the synthesis of pure inorganic
materials being TEOS the classical inorganic precursor. However, through time, several
researchers have probed the benefits of organic-inorganic hybrid materials which are
obtained from the
structural incorporation of organic groups, such as epoXy, amine, vinyl, acrylic, etc., via SieC
bonds within the sol–gel precursors. This hybrids offer the possibility to combine both
properties; on one hand inorganic (hardness, chemical resistance, adhesion to the
substrate…) and on the other hand the organic ones (elasticity, toughness, low curing temperatures…) [3,5]. Several factors influence the final chemical struc- ture of the silanes and

therefore their properties, such as pH, curing time, aging concentration and chemical
structure of the silanes. Therefore, depending on the selected precursors and its molar ratio,
it is possible to obtain hybrid layers with variable mechanical properties [6–9].
One of the most important research fields for these hybrid organic- inorganic materials has
been in the application of sol-gel coatings onto metal surfaces to serve as a protective
barrier against corrosive species. Various techniques to apply a sol-gel coating can be used
being the most commonly ones dip-coating and spin-coating, but also spraying and
electrodeposition [10]. After the deposition of the coating the materials are subjected to a
curing step that can produce the appearance of cracks on the surface due to the contraction
of volume and internal stress accumulating during solvent and water evaporation [5,10].
Electrolyte and aggressive species can diffuse through cracks and small defects like pores or
scratches on the coatings archiving the metal Surface and starting corrosion processes.
Therefore, corrosion resistance of the sol- gel coating is directly related with the physical
barrier properties and with its chemical structure [11].
In this work, the influence of different proportions of organic/in- organic silanes was
studied. Chemical structure and physical properties were evaluated in order to improve the
corrosion resistance, which has been measured by polarization test and electrochemical
impedance spectroscopy (EIS).

Fig. 1. Hydrolysis and condensation scheme

Experimental
Materials and sample preparation
Carbon steel substrates (C 0.045 wt.% ; Mn 0.33 wt.% ; Si 0.01 wt.%; P 0.018 wt.%; S 0.09
wt.%) were provided by Espan color, S.L. and cut in samples of 50×20×2 mm3. Metallic
substrates, without polishing, were ultrasonically cleaned in alcohol for 15 min and dried at
room temperature. Three sols were prepared by varying the molar ratio of the
organopolysiloxanes: 1 mol of tetraethylorthosilane (TEOS, 98% from Sigma-Aldrich) and 1
mol of (3-glycidyloxypropyl)trimethoxysilane (GPTMS, 98% from Sigma-Aldrich) for synthesis
TG11; 1 mol of TEOS and 2 mol of GPTMS for synthesis TG12; and 2 mol of TEOS and 1 mol of
GPTMS for synthesis TG21. Ethanol and water were added in a molar ratio
silane/ethanol/water of 1/3/3. All the organic species were mixed before the addition of
acidified water (with HNO3 pH=1). Table 1 summarizes the prepared syntheses. Sols were
stirred at room temperatura for 3 days. The protective layer was applied on the Steel samples
by dipping them into the solutions for 15 s at 100 mm・min-1 and retracting them with the
same speed. Finally, samples were dried at room temperature for 60 min, followed by thermal
treatment at 60 °C for 17 h inside an oven.

Instruments
The evolution of the hydrolysis-condensation reaction was monitored by FTIR spectral
analysis. Each sample was prepared by adding a sol-gel synthesis’s drop to a pressed KBr disc.
Spectra were recorded with a Perkin Elmer spectrum GX FT-IR System at room temperatura
covering the wave number range of 4000–500 cm−1 and with a resolution of 8 cm−1. The
viscosity of sols was measured using a HAAKE ViscotesteriQ from Thermo Scientific with
parallel plate geometry and profiled surfaces. Viscosity was recorded for 30 s at fixed shear
rates of 100, 200, 300, 400, 500, 600, 700, 800 and 900 s−1. Similar and stable values were
obtained with the different applied share rates and a mean viscosity value from all the tests
was calculated. The viscosity of each sol was evaluated at different times of reaction, namely
1, 4, 8, 24, 48 and 72 h. Gels were dried in the oven at 60 °C for 17 h and ground in an agate
mortar prior to their characterization by TGA and 29Si-NMR. TGA measures were performed
using the model Pyris™ 1 TGA from PerkinElmer. Around 20 mg of the dry gel (xerogel) was
placed on alumina crucibles and heated at a 10 °C/min rate from 30 °C to 850 °C in air
atmosphere. Measurements were made by duplicated. The 29Si-NMR spectra were recorded
in a Bruker AVANCE 400 spectrometer equipped with fast Fourier transform unit. Frequency
used was 79.48 MHz (9.4 T). Samples were spun at 10 kHz around an axis inclined 54o44’ with
respect to the external magnetic field. Spectra were acquired with a pulse length of 5 μs (90°
pulse), a relaxation delay of 10 s was used and 6000 accumulations were acquired. Spectra
were referenced to TMS. The water contact angle of coatings was determined by measuring
the static contact angle of deionized water onto sol–gel surfaces using an automatic contact
angle meter OCA 15 plus DATAPHYSICS. A sessile drop of 4 μl was deposited on the surfaces
at room temperature. The water contact angle was determined by the half angle method and
at least on 2 different locations per sample. The given value is the mean of at least 5
measurements. To examine the surface and cross-sectional morphologies of the coated
samples, scanning electron microscope SEM, Teneo FEI microscope with W filament was used.
Images were captured applying 5 Kv and 0.2 nA. Small sections of the samples (1×1 cm2) were
cut out using a diamond saw, then the samples were embedded in a polyester resin, polished
and cover by Copper. Electrochemical measurements were performed using AUTOLAB
PGSTAT302 N. All experiments were conducted at room temperatura (20.5 °C •} 0.5 °C) in the
conventional three-electrode cell arrangement, using an Ag/AgCl/KCl (3 M) electrode as
reference (E0= +0.210 V vs. NHE), a platinum wire as counter electrode and a surface area of
0.38 cm2 of the working electrode (the testing specimens) was exposed to an electrolyte of
10mM NaCl. The cell was placed in a Faraday cage to avoid external interferences from
electromagnetic fields and wandering currents. Potentiodynamic polarization curves were
recorded from -500 mV to 500 mV with respect to the Open Circuit Potential (OCP) using a
scan rate of 0.116 mV/s after 60 min of stabilization. In impedance tests, the samples were
left unpolarised for 24 h to attain a stable OCP in the testing solution (10mM NaCl). Signals
were subsequently recorded at regular intervals for 24 h using an amplitude of 10 mV with
respect to OCP, and a frequency scan ranging from 100 kHz to 10 mHz. Impedances are spaced
logarithmically with 5 points per decade. OCP was recorded for 10 min before and after each
impedance measurement in order to monitor the stability of the coatings EIS data were fitted
and analyzed in terms of equivalent circuits (EC) using ZView software (Scribner Associates,
Charlottesville, VA, USA) to obtain the most relevant impedance parameters.

Table 1
Summary of the prepared sol-gel syntheses.
Nomenclature

TEOS:GPTMS/molar ratio

Uncoated Steel
TG11
TG12
TG21

–
1:1
1:2
2:1

Results and discussion
Characterization of hybrid sols
Fig. 2 depicts the FTIR spectra of the three syntheses prepared at 24 h of reaction time. The
spectrum of one synthesis, TG11, before the addition of water is shown to better appreciate
the evolution of bands during hydrolysis and condensation. In Fig. 2 this spectrum is labelled
as un-reacted synthesis. All syntheses showed the same spectrum prior to the addition of
water. The formation of SieOH bonds created due to hydrolysis reaction are revealed at 3340
cm−1 (peak A) and 950 cm−1 (peak D) [12–14]. Whereas, the formation of SieOeSi bonds
related to the condensation reaction is reflected by the bands observed between 1000–1200
cm-1 (peak C and B) [3,13,15,16]. The correlation between each signal and the formation of
the different bonds is summarized in Table 2. FTIR experiments reveal that different
proportion of organosilane does not affect the evolution of the hydrolysis and condensation
reactions. The spectra of the three syntheses have the same characteristics bands
corresponding to hydrolysis and condensation reactions at 24 h meaning that these reactions
are not affected by the initial molar ratio of precursors. The evolution of viscosity with time
for each sol is depicted in Fig. 3. The viscosity of the three syntheses gradually increased from
the beginning to 48 h and shifted to values on the order of magnitude of 100 mPa・s at 72 h.
Therefore, the condensation kinetics of the reaction was found to be independent of the
molar ratio of the precursors. In order to obtain the highest thickness, which will lead to better
barrier features if the coating surface is free of cracks, the substrates were covered by dipping
them into the sols at their highest viscosity, 72 h for all the studied sols. Viscosity optimization
is an important step because this factor is directly related to the thickness of the coating.
Higher viscosity implies higher thickness of the physical barrier to protect the metal surface
against corrosion atmosphere, however this could also provoke a lack of hydroxyl groups
necessary to attach the metallic surface giving low adherence. Thus, the viscosity of sols is a
relevant parameter that allows tailoring the thickness of coatings avoiding the loss of
adhesion to the metallic substrate [17].
Characterization of xerogels
Thermogravimetric analysis for the three xerogels and their first derivate are pictured in Fig.
4. Three steps were identified in the complete degradation process of the three xerogels. The
first step, at low temperatures from 30 to 300 °C, the second stage at middle temperaturas
between 300 and 500 °C, and the final step from 500 to 850 °C. Peaks detected at low
temperatures are assigned to the evaporation of residual, small molecules, such as water,
ethanol, unreacted silanols, or molecules from scissions of the unstable head-to-head linkages
[18–21]. The second stage is originated from the degradation of organic chains of siloxanes,
therefore xerogels with more proportion of organic compound (GPTMS), TG12, has higher
intensity on the first derivate peak and the maximum of these peaks is displaced to lower

temperaturas (Table 3). The final degradation percentage (Ta 850 °C) is higher with the
increase of organic proportion in the xerogel formulation (Table 3) due to the increase of
organic changes, which are susceptible of been degraded between the studied temperature
ranges. The inorganic structure of the three syntheses was characterized by 29Si-NMR in solid
state. Two kinds of signals can be identified, Tn and Qm, where n and m gives the number of
SieOeSi bridging oxygen bonds for a central Si atom. The subscript n takes values from 0 to 3
for GPTMS while m has values from 0 to 4 for the inorganic compound TEOS [22]. The Tn
signals, derived from GPTMS, appear in the rango -40 to -80 ppm and the signals Qn from
TEOS appear between −80 and −120 ppm. These chemical shifts correlate with the ones
reported in the literature [22,23]. The absence of T0 and Q0 signals in the three xerogels
corresponds to the non-condensable molecules of GPTMS and TEOS [21], which ensures a
high cross-linkage of the sol-gel network. The good cross-linkage achieved in the three
networks is confirmed with the identification of signals T3 and Q4. The relative proportions
of T and Q peaks of the xerogels are listed in Table 4. The calculus of the relative proportions
revealed that the local bonding environment of the silicon atoms are influenced by the
starting amount of precursors [22]. The intensity of the peaks (Fig. 5), which are proportional
to the abundance of Tn and Qm species, reveal, as expected, that when adding more GPTMS
than TEOS (TG12) the Tn signals contributed more to the averaging cross-linkage. However,
when the quantity of the precursors GPTMS and TEOS was equal (TG11) the condensation
from GPTMS was higher than TEOS [22]. It seems that GPTMS favors the condensation degree
in silica network mainly due to its cross-linking capacity through the epoxy group [23,24].
Characterization of the coating
Fig. 6 shows the micrographs of the surface (A–C) and a cross-section (D–F) of each coating.
At first glance, it can be observed that the three syntheses completely cover the surface of
the carbon Steel substrate. There are remarkable differences between the surface of each
coating (Fig. 6(A–C)), TG12 presents a uniform surface without cracks, while coatings TG11
and TG21 present considerable cracks. Equal or higher proportions of the inorganic silane,
TEOS, created tensions on the surface that ended up in the formation of cracks. The
transversal section of the different specimens showed that coatings had a homogenous and
constant thickness with values that ranged between 47 to 93 μm (Table 5). Accordingly to
what was observed with the Surface inspection, TG11 and TG21 exhibit also cracks from the
surface of the coating to the metal. Coating TG12 is the solely coating free of cracks and
defects that can ensure a good protection of the metallic substrate
[25]. The water contact angle of the modified surfaces was also studied and values are shown
in Table 5. The uncoated metallic substrate was studied and taken as reference. The
application of the sol-gel coatings to the substrate modified the nature of the surface from
hydrophobic to hydrophilic surfaces. Coatings TG11 and TG21 had similar contact angle
values, however, the coating with more GPTMS, TG12, presents an increase on the water
contact angle value due to the presence of more organic precursor. The hydrophilicity of the
sol-gel coatings is influenced by two main factors; the chemical composition and the
microstructure of the solid face [26]. The adsorptions of polar molecules like water on the
surface of coatings are promoted by the presence of SieOH groups in the xerogel structure.
The presence of more Si-R groups instead of SieOH groups, inhibits the adsorption of water
increasing the hydrophobicity of coatings, as it happens in coating TG12 due to its higher
cross-linkage and low presence of SieOH groups on its surface [27,28].
Evaluation of the corrosion resistance of coatings
Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques
were employed to evaluate the electrochemical profile of samples TG11, TG12, TG21 and the
substrate without coating. The results of the potentiodynamic study are shown in Fig. 7.
Corrosion current density (icorr), corrosion potential (Ecorr) and polarization resistance were

evaluated by analysing the anodic and cathodic curves using ANOVA analysis software and
the values are presented in Table 6. The values of Ecorr significantly shifted to more noble
potentials when compared with the uncoated substrate. The coating TG12 presented the
most positive corrosion potential meaning the application of TG12 on the steel acted as the
best protective layer. The corrosion current density, icorr, is directly related with the corrosion
rate. The coatings also reduced the corrosion rate of the uncoated metal at different rates:
the coating TG12 showed the lowest corrosion rate followed by coating TG21 and TG11.
Polarization resistances for coating TG12 is one order of magnitude compere to TG11 and
TG21, revealing a higher efficiency for corrosión protection for the coating with higher ratio
of organic silane compound. The percentage of inhibition of coatings to electrochemical
corrosion, PI, was calculated using the Eq. (1) proposed by Yuet et at.[29,30].
Where icorr and iºcorr are the corrosion current
densities in the presenceof the coating and the bare
metal, respectively. Table 6 shows the resultsof the PI
of the three samples. Despite the presence of cracks
oncoatings TG11 and TG21, they considerably inhibited the electrochemicalcorrosion, being
the coating TG21 thicker than coating TG11the one providing better inhibition. The presence
of cracks and defectson the coatings TG21 and TG11 provide a path for diffusion of
corrosivespecies such as water, oxygen and chloride ions to the coating/metalinterface [31]
while the crack-free coating TG12 present the highestinhibitor percentage [32]. The corrosion
resistance of the coatings was also evaluated with EIS.Fig. 8 displays EIS data by Nyquist
(complex vs real impedance) andBode (impedance modulus and phase angle vs frequency)
plots of thesamples of the silane coatings prepared and the bare metal after 24, 48and 72 h
exposed to an aqueous solution containing 10mM of NaCl.Tests were recorded at their
corresponding open circuit potential (OCP)after 24 h immersed in the testing solution. Before
and after each impedancetest, the OCP was recorded and differences between thestarting
and the final OCP remained smaller than 50 mV in all cases. Despite the diagrams presented
in Fig. 8 shows a significant differentbetween the coated and uncoated panels, one equivalent
circuit(EC) was used to fit all the samples (Fig. 9). The circuit elements of thefour samples are
given in Table 7. The chi-square (χ2) values for thesimulations were of the order 10−3 and
confirm the validity of thefitting. The uncoated steel sample shows two constant times in
parallel. Theequivalent circuit consists on the resistance of the electrolyte, Rs, representing
the resistance between the working and the reference electrode; in series the first constant
time at high frequencies is represented by a constant phase element (CPEf) and its resistance
(Rf), which is associated to the interface electrolyte/metal; and the second constant time at
low frequencies is represented by CPEo and its resistance (Ro), which indicates the presence
of oxide due to the corrosion process. The electrochemical feature of the coatings had the
same features showing two constant times. At high frequencies the first constant time is
attributed to the barrier properties of the coating and the second one to the corrosion process
that occurs in the interface electrolyte/metal once the electrolyte achieve the metallic surface
due to the presence of pores or the degradation of the coating [33,16]. EIS data were analyzed
using the equivalent circuit given in Fig. 9 where Rs represents the electrolyte resistance CPEf
the constant pase element related with the film capacitance, Rf, the film resistance, CPEo the
constant phase element related with the interface electrolyte/metal and its resistance Ro.
First, Bode diagram allows confirming that all the coatings acted as a protective layer of the
carbon steel substrate because its resistance was considerably improved. Coating TG21 only
enhance the resistance of the carbon steel one order of magnitude whereas, coating TG12
increased almost 3 orders of magnitude the resistance of the bare metal. The resistance of
the coating, Rf, has an extremely low value (Table 7) for coatings TG11 and TG21 systems
comparing to TG12 after 24, 48 and 72 h of immersion. The low Rf values of coatings TG11
and TG21 are due to the presence of cracks where the electrolyte can achieve the metallic
surface. The presence of cracks was previously corroborated with SEM characterization [33].

In addition, the averaging impedance of the coating TG12 is one and two orders of magnitude
higher than the registered in coatings TG11 and TG21, respectively. Despite presenting the
highest resistance among the studied specimens, coating TG12 considerably decreased its
barrier properties within time as it was evidenced by the decrease of the amplitude arc
(Nyquist diagram, Fig. 8(E)) and the impedance modulus (Bode diagram, Fig. 8(F)). Even
though TG12 reduced its barrier properties with time, the obtained impedance was always
the other coatings.
The uncoated steel system present low corrosion resistance highlighted by the low
polarisation resistance (Rf) which is about 500 Ωcm2. The polarization resistance of the three
coatings is higher tan the one of the uncoated steel, this can be evidenced in the increase on
the amplitude in Nyquist diagram and in the increase on the impedance value in Bode diagram
This indicates that the uncoated steel experiences a quick corrosion process, which is
effectively retarded when solgel coatings are applied on its surface
Conclusions
Three sol-gel coatings were applied on carbon steel substrates by varying the molar ratio of
the precursors GPTMS and TEOS. This study concludes that hydrolysis and condensation
reactions are not dependent on the molar ratio, since signals on FTIR reveal the absorption
bands related to this reactions and the evolution of the viscosity is similar through time. The
thermogravimetric study revealed that the presence of the organosilane did not alter the
formation of siloxane bonds since the mass loss of each xerogel correlates with the organic
content. However, the presence of more organosilane (GPTMS) influenced the chemical
entourage of the Si atoms by assisting the creation of siloxane bonds through the opening of
the epoxy group. Additionally, the presence of more GPTMS generated a surface with higher
water contact angles. The SEM superficial inspection reveals a growth of cracks on a
nonhomogenous surface with the decrease of the organosilane GPTMS. On the contrary,
coating TG12 has no defects on its surface due to the flexibility offered by the organic
compound that reduces superficial tensions on the curing process. This coating also presents
higher water contact angle in order to repel water contact, and intermediate thickness. The
barrier features of the coatings were studied by means of potentiodynamic polarization and
EIS. The electrochemical study confirmed that coating TG12, which had the most suitable
surface characteristics, is the most protective coating for carbon steel substrates. Cracks and
defects on the surface of TG11 and TG21 might allow penetration of electrolyte achieving
metal surface where corrosión process might start; this is evidence on the lower values of the
resistance of charge transfer (Ro) compare to TG12. Higher proportion of organic precursor,
improves barrier proprieties for corrosion protection The author(s) declared no potential
conflicts of interest with respect to the research, authorship, and/or publication of this article.
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Fig. 2. FITR spectra of synthesis TG11 before water addition; and syntheses TG11, TG12 and TG21 at
24 h of synthesis

Fig. 3. Evolution of the viscosity with time (1, 4, 8, 24, 48 and 72 h) for synthesis TG11, TG12 and
TG21.

Fig. 4. Thermogravimetric analyses and their first derivate for Xerogels TG11, TG12 and TG21.

Fig. 5. Solid state 29Si-NMR spectra of Xerogels from synthesis TG11; TG12; TG21

Fig. 6. SEM micrographs of the surface of coatings and contact angle (A–C) and transversal section (D–
F) prepared with synthesis TG11 (A and D); TG12 (B and E); TG21 (C and F).

Fig. 7. Line polarization of the uncoated substrate and coatings TG11, TG12,TG21.

Fig. 8. Measured (discrete points) and fitted (solid lines) impedance spectrum of coatings: A–B)
uncoated steel C–D) coating TG11; E–F) coating TG12; G–H) coating TG21 after 24, 48 and 72 h of
exposure to 10mM NaCl solution. Frequency range applied: 104 Hz to 10−2 Hz.

Fig. 9. Equivalent circuit used to fit the impedance data of the uncoated steel, and coatings TG11,
TG12, TG21.

