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ARTICLE INFO ABSTRACT

Am'cl'e history: The aim of this study was to investigate the effect of the amount of tetraethyl orthosilicate (TEOS) on the corro-
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methacrylate (PMMA-co-TMSM) coatings in aerated and unstirred solutions containing 2 wt% NaCl and acetic
acid, at pH around 3.5. The MMA/Si molar ratios in the hybrid materials were adjusted to 10, 3, and 1 by adding
different amounts of TEOS, producing materials denoted PMMA-Sil-10, PMMA-Sil-3, and PMMA-Sil-1, respec-
tively. Scanning electron microscopy (SEM) images showed that the PMMA-Sil-10 and PMMA-Sil-3 hybrid coat-
ings were homogeneous. These hybrids were submitted to 21 days of submersion in the same solution used to
perform the electrochemical measurements, and their structural profiles investigated. 2°Si NMR results showed
that hydrolysis and condensation reactions took place during the immersion treatment and provided further
reinforcement of the siloxane network, which could enhance protection against corrosion. Furthermore the
synthesis method enabled the close control of the inorganic phase content of the PMMA-RSiO5 , hybrids. Electro-
chemical analysis demonstrated that the PMMA-Sil-3 coating remained on the metallic substrate for a prolonged
period, providing high protection against corrosion due to the controlled TEOS content of the hybrid material.
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1. Introduction

A wide range of hybrid materials can be produced by the hydrolytic
condensation of alkoxysilane (RSi(OR’)3) precursors modified with
a polymerizable R group such as epoxy, methacrylic and acrylic
organofunctional species. For corrosion protection purposes,
polysiloxane-based hybrid materials are of particular interest due to
the dense structure of siloxane nodes cross-linked with polymeric
methacrylate groups [1]. Tetraethyl orthosilicate (TEOS) is an
alkoxysilane widely used, it has excellent corrosion protection and is
the most efficient of this group.

The sol-gel route has been commonly used to prepare these hybrids
coatings. In this process the alkoxysilane group is used as a coupling
agent by providing covalent bonding between the organic coating and
the metallic substrates. Under ideal conditions, co-condensation be-
tween Si-OH and M-OH results in a Si-O-M linkage [1,2]. The hydrolysis
of alkoxysilanes has a dramatic effect on final properties of the sol-gel
film. Usually, dipping method has been employed for application of
hydrolyzed silane solution. The silanol groups interact themselves
(intra-condensation) and it can interact also with the hydroxyl groups
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on the metal surface (inter-condensation) through temporary weak hy-
drogen bonding. The formation of strong covalent metal-siloxane bonds
takes place during subsequent drying and curing [3,4]. A technological
advantage of these materials arises from their ability to be produced
at room temperature conditions on an industrial scale using well-
established and low-cost methods [5,6]. Hence, a variety of substrates
including bronze, copper, aluminum, magnesium alloys and stainless
steels have been coated with these type of material [7-10].

The hybrid sol-gel coatings are complex matrices. The intermolecu-
lar interactions between the macromolecular existing structures and
metallic surface are extremely relevant to material properties, such as
low porosity, rigidity and adhesion to substrate. The conjugation of
these interactions results in materials with enhanced protective proper-
ties against oxidation, corrosion and erosion [11].

Brusciotti et al. developed new hybrid coatings using four different
silanes in order to protect a magnesium alloy from corrosion in 0.05 M
NaCl solution. The results show that the amino-propyltriethoxysilane
(APTES) and aminopropyltrimethoxysilane (APTMS) formed a denser
and better crosslinked hybrid coating, and showed a higher corrosion
resistance than those reported in literature [6].

Liu et al. have described hybrid coatings based on co-
polycondensation of TEOS and (trimethoxysilyl)propyl methacrylate
(TMSM) followed by the co-polymerization of methyl methacrylate
(MMA) and triallyl isocyanurate (TAIC). The hybrid coatings were
then deposited on tinplate and the corrosion behavior was studied. It
was found that the hybrid coatings can significantly improve the
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protection against corrosion. The coating performance was attributed to
the formation of a physical barrier based on the crosslinked network
formed during the polycondensation reaction [12].

Polysiloxane hybrid sol-gel coatings were prepared using epoxy
groups and aminosilanes via hydrolysis and polycondensation reaction
of the silanol groups. The electrochemical analyses showed that the
aminosilane-based hybrid coating (APTMS) exhibited excellent anticor-
rosion barrier properties in 3.5 wt% NaCl medium [13].

According to Grundmeier et al. [ 14], the diffusion rates of H,0 and O,
far exceed the diffusion limited value for oxygen reduction in the organ-
ic coatings used for corrosion protection. However, ion solubility within
the coating is typically minimal, due to the low dielectric constants of
common coatings. The corrosion protection provided by the coating is
due to the creation of a barrier against chloride, acetate, and H" ions,
leading to an extended diffusion layer, adhesion of the coating, and
blocking of ionic paths between local anodes and cathodes along the
metal/polymer interface.

Our group has been working on the development of PMMA-
polysilsesquioxane organic-inorganic hybrids, among others, which
have been employed as protective coatings against the corrosion of
different metallic substrates. The results have shown that these are
promising materials for good corrosion protection of tinplate in
chloride-based solution at pH 3.5, due to the formation of a dense inor-
ganic domains bonded by the polymeric chains [15-19]. In the present
work, PMMA-RSiO3,, hybrids with different silsesquioxane contents
were employed as protective layers on commercial chromium-coated
steel.

The chromium-coated steel consists of a thin gauge low carbon steel
substrate with a thin coating, comprising a base layer of chromium
metal and a top layer of chromium oxide, and used in the production
of coatings for packaging steel [20]. This material is used in conjunction
with an organic overcoat to provide corrosion resistance. Two mecha-
nisms of corrosion are of primary concern: firstly, wet corrosion
where the internal packaging surface is in contact with the package con-
tents, and secondly, atmospheric corrosion of the external surface [21].

These PMMA-RSiO3,, organic-inorganic covalently linked hybrids
are built from polysilsesquioxane (PSQ) building blocks, with RSiO5,
units as coupling agents, and present good thermal stability [22], al-
though their anti-corrosive properties have not yet been tested. Two
main points are addressed in this paper: i) the behavior of the hybrid
coating in an acidic/saline medium, and ii) the effect of TEOS on corro-
sion protection.

2. Materials and methods
2.1. Preparation of the organic-inorganic hybrids

The procedure used to synthesize the organic-inorganic hybrids has
been previously described [22]. Briefly, the first step of the procedure
was the copolymerization of methyl methacrylate (MMA) and
(trimethoxysilyl)propyl methacrylate (TMSM) in tetrahydrofuran
(THF). This mixture was stirred under reflux, producing a PMMA-co-
PTMSM copolymer solution at molar proportion MMA:TMSM:10:1.

In a second step, the amount of the inorganic phase was adjusted to
produce materials with MMA/Si molar ratios of 10, 3,and 1 (here denot-
ed PMMA-Sil-10, PMMA-Sil-3, and PMMA-Sil-1, respectively), by
adding 0, 0.85, or 1.70 mL of TEOS (Aldrich) to 15 mL of the as-
prepared PMMA-co-PTMSM solution. After 5 min under reflux and
magnetic stirring at 55 °C, water acidified with HNOs (pH 1, [H,0]/[Si]
~3.5) was added to the reaction batch in order to start the hydrolysis
and polycondensation reactions of the silyl groups. The stirring at
55 °C was stopped after 30 min. From the resulting dispersion, self-
supported films were prepared by casting over Teflon™ plates, and
thin films were prepared by dip-coating onto commercially available
0.15 mm thick CCS foil (SAE 1012 steel, CSN, Brazil).

2.2. Substrate treatment and film deposition

Before the electrochemical measurements, the CCS were cut into
small plates (2 cm x 2 cm), sonicated in acetone, and thoroughly rinsed
with distilled water. These substrates were then dipped into the
hybrid sol and withdrawn from the solution at a constant rate of
100 mm min~ .. The resultant coated samples were dried and cured at
100 °C for 24 h.

2.3. Aging of the unsupported coating in acidic saline medium

One goal of this work was to examine the structure of the hybrid ma-
terial at the end of the experiment, i.e., after its exposure to a corrosive
medium. The PMMA-Sil-10, PMMA-Sil-3, and PMMA-Sil-1 hybrid coat-
ings, in their powder forms, were therefore maintained submerged for
21 days in the same solution used to perform the corrosion tests
(2 wt% NaCl and acetic acid, at pH ~ 3.5). This immersion time was the
same as the total immersion time during the electrochemical monitor-
ing of the corrosion process. Afterwards, the aged hybrid samples
were dried at 100 °C for 24 h, and analyzed by FTIR and NMR techniques.

2.4. Surface and structural characterization

SEM images of the surfaces and cross sections of the CCS plates coat-
ed with the PMMA-Sil-10, PMMA-Sil-3, and PMMA-Sil-1 hybrids were
observed using low-vacuum scanning electron microscopy (LV-SEM)
(JEOL 5900LV), after depositing a film of gold ~10 nm thick.

Atomic force microscopy (AFM) images were acquired with an
Agilent AFM system Model 5500 (Agilent Technologies, Chandler, AZ,
USA) in tapping mode in air using tip made of Si with Al coating on
the back for reflection. Typical settings: tip curvature radius <10 nm,
cantilever length 125 um, width 30 pm, force constant 42 N m~! and
resonant frequency 320 kHz (NCHR, Nanoworld). The AFM images
(Phase and 3D topography images) were obtained using freely available
software (Gwyddion V. 2.37). Cross-sectional images to measure the
thickness of the film were acquired using a field emission scanning elec-
tron microscopy (FEI-Inspect F50).

Fourier transform infrared spectroscopy (FTIR) was used to measure
the absorption spectra in the range 4000-400 cm ™~ !. The measurements
were performed with a Model 2000 spectrometer (Perkin Elmer), oper-
ated in transmission mode, using compressed KBr pellets containing
5 wt% of the powdered sample.

295i magic angle spinning nuclear magnetic resonance (MAS-NMR)
spectra were recorded using a Varian Inova 300 instrument, at a
frequency of 300 MHz and magnetic field of 7.05 T. The Larmor frequen-
cy for 29Si was 59.59 MHz. The chemical shifts were referred to
tetramethylsilane, which was employed as an external standard, with
the spectra obtained from free induction decays.

The FTIR and NMR measurements were performed for the as-dried
powdered samples and for samples aged in the acidic solution contain-
ing 2 wt% NaCl and acetic acid (pH ~ 3.5).

2.5. Electrochemical characterization

The corrosion resistances of the PMMA-Sil-10, PMMA-Sil-3, and
PMMA-Sil-1 hybrid coatings applied on the commercial CCS were eval-
uated using electrochemical impedance spectroscopy (EIS) in the corro-
sive, aerated and unstirred aqueous solutions containing 2 wt% NaCl and
acetic acid (pH ~ 3.5). Saline acidic solution, a typical electrolyte for
studying the metal corrosion used in packaging, is corrosive to CCS
[19,20,23].

All the experiments were carried out using a conventional Tait-type
three-electrode cell. The counter electrode was a Pt grid, and the poten-
tials were referred to an aqueous Ag/AgCl/KCls,. reference electrode
connected to the working solution through a Luggin capillary.



AF. Suzana et al. / Surface & Coatings Technology 299 (2016) 71-80 73

The solutions were prepared with analytical grade reagents and
Milli-Q water (18.2 MQ cm™1). EIS measurements were carried out
after exposing the metal coated with PMMA-RSiOs, to the electrolyte
for different time intervals. The experiments were performed at 25 °C
over a frequency range from 100 kHz to 10 mHz, with a sine wave
amplitude of 10 mV (rms) on the open circuit potential (Egcp), and
recording 10 points per frequency decade. The measurements were
conducted using an EG&G potentiostat (Model 273A) coupled to a
Solartron SI 1255 analyzer. Linear polarization curves were also obtained
by scanning the potential interval from —10 to +10 mV vs. Eqcp, at
0.167 mV/s, after 2 h of immersion in the same solution used for the EIS
experiments. For quantitative analysis, the EIS data were fitted using the
equivalent electrical circuit (EEC) model using the Z-view® software.

In order to ensure reproducibility, a minimum of two runs were
performed for each experiment.

3. Results and discussion
3.1. Structural analysis

The surface morphologies of the organic-inorganic hybrids were
studied by SEM. Neither cracks, nor other microstructural defects on
the surfaces of the continuous and homogeneous films, were observed
on the surface view images of the samples coated with PMMA-Sil-10
and PMMA-Sil-3, as shown in Fig. 1. However, the sample coated with
PMMA-Sil-1 showed the presence of bubble-like pores. A possible
explanation for this could be that the water produced during the
condensation reaction generated a new phase separated from the

PMMA-Sil-10

PMMA-Sil-3

PMMA-Sil-1

hybrid network, such as a colloidal system with water retained in the in-
terstices of the gel phase. In this mechanism, the high proportion of
silanol formed in the hydrolysis reaction of the PMMA-Sil-1 precursor
resulted in the release of a greater amount of water as a byproduct of
the condensation reaction. This water induced phase separation from
the hydrophobic hybrid network and consequently increased the poros-
ity of the coating. The presence of pores is undesirable because they pro-
vide pathways for diffusion of the solution to the steel surface. Fig. 1 also
shows the conjugated view of the substrate, which is rough, and the de-
posited coating, where it can be seen the formation of a dense film of
PMMA-Sil-10 and PMMA-Sil-3 hybrids. There was evidence of continu-
ous channels through the PMMA-Sil-1 coating indicated by the arrow
(see the channels sequence with different diameters in Fig. 1).

Fig. 2 illustrates, respectively, the 3D topographic and AFM phase
angle contrast of (A) bare CCS and (B) PMMA-Sil-3 coated hybrid. The
surface of bare CCS is very irregular while the coated CCS depicts a
more homogeneous topography. The comparison of the Z-scales,
which is about 3 times lower for the coated sample, revealed that the
hybrid coating drastically reduced the high surface roughness of the
bare CCS. This roughness is due to the many mechanical processing
defects and inclusions. Fig. 2C presents the SEM cross section image of
PMMA-Sil-3 hybrid evidencing a regular film thickness of about 2.8 +
0.3 pm.

Fig. 3 shows the FTIR spectra of the pristine (solid line) and aged
(dashed line) powdered hybrid coatings. All the spectra showed charac-
teristic bands of the PMMA polymer and Si—O bonds resulting from sol-
gel reactions involving the alkoxy groups of TMSM and TEOS [24]. A
weak band at around 1630 cm™! was attributed to C=C bonds and

PMMA-Sil-10

Fig. 1. SEM images of the surface (left) and cross section (right) of the CCS samples coated with the PMMA-Sil-10, PMMA-Sil-3 and PMMA-Sil-1 hybrids. The arrow indicates continuous

channels through the PMMA-Sil-1 coating.
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Fig. 2. AFM topographic and SEM images of samples: (A) 3D image of CCS bare and (B) PMMA-Sil-3 hybrid coated CCS; (C) SEM cross section of PMMA-Sil-3 hybrid coated CCS.

indicated that the PMMA contained unsaturated end chains [25]. Bands
in the regions corresponding to Si—O vibrations, at around 480 cm ™!
and 580 cm~ ! showed an increase in intensity with increasing of silox-
ane content, while the intensities of bands in the carbon region
remained almost constant. The strong band at 1730 cm™ ! was attribut-
ed to the carbonyl groups of PMMA.

The FTIR results showed that the vibrational spectra of the pristine
and aged hybrid samples were virtually the same, indicating that the
acidic saline solution did not attack the organic part of the coating
(the PMMA chain). On the other hand, the relative intensity of the
band at 480 cm™ !, corresponding to Si-O-Si stretching, increased after
exposure to the acidic saline solution for all samples, except PMMA-
Sil-3. This was indicative of the occurrence of hydrolysis and condensa-
tion reactions while the protective hybrid coating was immersed in the
acidic saline solution.

Since infrared spectroscopy is not ideally suited to quantitative spe-
ciation analysis, the NMR technique was used for this purpose. Fig. 4
shows the 2°Si NMR spectra of the pristine (solid line) and aged (dashed
line) hybrids. The percentages of T and Q species present in each sample
are given in Table 1. Tri-functional and tetra-functional silicon sites are
defined using the T¥, RSi(OSi)x(OH)3x and Q, Si(0Si)x(OH),.x notation.
The x represents the number of siloxane bonds composing each struc-
ture. The degree of condensation (%DC) of the inorganic phase in the un-
supported hybrid films was calculated from the relative proportions of
each, T and Q* species, calculated from the area of each peak, according
to the following equation [26].

%DC = [(Tl 1212+ 3T3)/3 + (Q1 +20%+3Q3 +4Q4)/4} %100 (1)
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Fig. 3. FTIR spectra of the organic-inorganic hybrids before (solid line) and after (dashed
line) 21 days of aging in acidic (pH ~ 3.5) solution: (a) PMMA-Sil-10, (b) PMMA-Sil-3,
and (c) PMMA-Sil-1.

Before aging in the acidic saline solution, the %DC values obtained for
the PMMA-Sil-10, PMMA-Sil-3, and PMMA-Sil-1 hybrid coatings were
65.4, 74.6, and 78.3%, respectively. These results show that the addition
of TEOS favored the formation of more highly condensed silicon species
(Qand T). Moreover, the T and Q speciation, shown in Table 1, revealed
substantial increases in the amounts of the most condensed species (T°
and Q*) for the samples aged in the acidic saline solution. Consequently,
the %DC values increased significantly, demonstrating that the conden-
sation reaction took place during aging. This phenomenon was observed
by Sassi et al.[27], who used Raman spectroscopy to show that the hy-
drolysis and condensation reactions occurred progressively for several
weeks, leading to the consumption of T, T?, Q', and @? species, and to
the formation of a three-dimensional structure with more condensed
species (T? and Q%). This finding indicated that the aqueous acidic solu-
tion environment was not aggressive towards the hybrid material; on
the contrary, it improved the barrier properties due to densification of
the coating. This behavior is promising for coatings damaged by local-
ized corrosion.

T T
-40 -60 -80 -100 -120 -140

Chemical Shift (ppm)

Fig. 4. 2°Si MAS-NMR spectra of the organic-inorganic hybrids before (solid line) and after
(dashed line) 21 days of aging in acidic (pH ~ 3.5) solution: (a) PMMA-Sil-10, (b) PMMA-
Sil-3, and (¢) PMMA-Sil-1.

Table 1
Percentages of T and Q species and degree of condensation in the unsupported hybrid
films, before and after aging in 2 wt% NaCl acidic solution.

Condensation
degree (%)

Sample r T P P ¢ ¢ ¢
% @& % %) (% (%) (%)

PMMA-co-PTMSM 680 180 140 - — -— — -

PMMA-Sil-10 — 147 746 107 -- -—- - 654
PMMA-Sil-10 -+ -~ 050 590 405 -- -- -- 800
acidic solution

PMMA-Sil-3 —— 104 613 283 204 556 240 746
PMMASIL3 +acidic 6 355 632 49 413 538 872
solution

PMMA-Sil-1 ——  —— 340 660 144 682 174 783

PMMASIl-1 +acidic 5 590 707 35 435 530 880
solution

3.2. Corrosion evaluation of CCS and the hybrid coatings

The corrosion potential and polarization resistance (R;,) were evalu-
ated after 2 h of immersion, and EIS diagrams were recorded for longer
immersion times. Table 2 shows the parameters obtained from the lin-
ear polarization curves recorded for commercial CCS and for the hybrid-
coated samples after immersion for 2 h. All the CCS substrates coated
with hybrids presented similar corrosion potential values. The polariza-
tion resistance of PMMA-Sil-10 and PMMA-Sil-1 hybrid coatings is 3
times that of CCS while PMMA-Sil-3 presents the highest Rp, i.e., 40
times higher than the CCS.

These results demonstrated that the hybrid coatings were able to
provide increased protection of CCS against corrosion, with PMMA-Sil-
3 showing the best performance after 2 h of immersion in aqueous acid-
ic solution containing 2 wt% NaCl. In general, barrier coatings can pro-
tect the substrate according to two main mechanisms: a) resistance
inhibition - the coating acts as an ionic filter with sufficiently high elec-
trical resistance to mitigate charge transfer between anodic and cathod-
ic sites; b) oxygen deprivation - suitably formulated coatings are able to
exclude sufficient oxygen from the metal to impede the cathodic reac-
tion [28]. Therefore, the lower corrosion potential measured for the
hybrid-coated samples, as compared to the CCS substrate, can be ex-
plained by the oxygen deprivation mechanism. It has been shown that
silicate-based films can decrease the rate of the cathodic reaction by
limiting the diffusion of oxygen to the metal interface [28], and that
polymers rich in hydroxyls have lower permeability to oxygen than
nonpolar polymers [29].

The polarization resistance was also evaluated by EIS for different
immersion times in 2 wt% NaCl acidic aqueous solution. Fig. 5 shows
the experimental and fitted impedance diagrams and Fig. 6 shows the
equivalent electrical circuits (EECs) used to fit the experimental data.

For the bare CCS (Fig. 5A), two time constants were observed at 34
and 71 h of immersion: (a) one in the high frequency (HF) region, at-
tributed to the chromium oxide top layer, and (b) one in the medium
frequency (MF) domain, related to the interfacial process involving
the underlying metallic substrate. For immersion times longer than
71 h, the time constant associated with the chromium oxide layer disap-
peared or showed no more effect, due to dissolution of the layer in the
electrolyte. When bare steel (without chromium coating) was used
(Fig. 5A), only one time constant was detected, with the phase angle

Table 2
Corrosion potentials (Ecorr) and polarization resistance (Rp) values for different samples
after 2 h of immersion in 2 wt% NaCl acidic solution.

Coatings Ecorr (MV) R, (kQ cm?)
CCS —400 4+ 100 7+1
PMMA-Sil-10 —460 4+ 100 26+ 6
PMMA-Sil-3 —460 + 100 280 + 20
PMMA-Sil-1 —460 4+ 100 26+ 4
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Fig. 5. Bode diagrams: — 6 versus log f and log | Z| versus log f for (A) CCS and bare steel aged for different times in 2 wt% NaCl acidic aqueous solution; (B) CCS with different hybrid coatings
after 71 h immersion in this solution and (C) for PMMA-Sil-3 immersed for different times in this solution. The symbols are the experimental results and the solid lines are the best fits

using equivalent electrical circuits (EECs).

located at ~10 Hz, and the impedance modulus at 0.022 Hz was
227 O cm? at 71 h. This impedance value was lower than that measured
for the bare CCS at the same immersion time at 0.022 Hz (813 Q cm?).
Moreover, the frequency region associated with the second time con-
stant (~10 Hz) for the bare steel was similar to that observed for CCS
at t > 174 h of immersion, confirming that the time constant at ~10 Hz
observed for CCS corresponds to the response of the underlying steel

substrate. However, the phase angles associated with the second time
constant (MF) for the bare steel and CCS were —40° and — 60°, respec-
tively, and almost independent of the immersion time.

Fig. 5B shows the EIS diagrams obtained for the samples coated with
the PMMA-Sil-3 hybrid films at 71 h of immersion. The EIS diagrams for
CCS and bare steel are included for comparison while that concerning
PMMA-Sil-10 and PMMA-Sil-1 are shown in Fig. 1S (supplementary
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Fig. 6. Equivalent electrical circuits (EECs) used to fit the impedance data of the substrate
(A) and coating for short (B) and long (C) immersion times in 2 wt% NaCl acidic solution.

material) due to the similitude with the PMMA-Sil-3 one. In agreement
with the R, results (Table 2), the sample coated with PMMA-Sil-3
showed the highest impedance value in the lower frequency range, in-
dicating better resistance against corrosion (47 kQ cm? at 0.05 Hz for
71 h of immersion). The Bode phase angle and the modulus of imped-
ance diagrams showed two time constants, one at HF attributed to the
response of the hybrid coating, and another in the MF region related
to the interfacial processes (degradation of the chromium oxide layer
and oxidation of the underlying steel). The phase angle of the time con-
stant located in the HF region decreased in the following order: PMMA-
Sil-3 > PMMA-Sil-10 > PMMA-Sil-1, in agreement with the SEM images
(Fig. 1) that indicated greater porosity of PMMA-Sil-1. Samples PMMA-
Sil-10 and PMMA-Sil-3 were apparently free of microscopic porosity,
and the PMMA-Sil-3 sample showed a greater degree of condensation,
as indicated by the NMR measurements (Fig. 4 and Table 1). The time
constant present in the MF region (~10 Hz) appeared in the same fre-
quency region for the CCS and the bare steel, indicating that this time
constant was associated with interfacial processes. The time constant
for the CCS was slightly shifted to higher frequencies, with higher
phase angle compared to the bare steel, evidencing the passive character
of the chromium oxide layer. The performance of the samples could also
be evaluated by comparing the impedance modulus determined at low
frequency (0.05 Hz) and 71 h of immersion: PMMA-Sil-3 (47 kQ) cm?)

»PMMA-Sil-1 (1.3 kQ cm?) > CCS (0.81 kQ cm?) > PMMA-Sil-10
(0.35 k€ cm?) = bare steel (0.23 kQ cm?). This is the answer of the last
circuit element found when the frequency is analyzed from high to
medium-low frequency region.

Fig. 5C shows experimental and fitted EIS diagrams for the PMMA-
Sil-3 coating in 2 wt% NaCl acidic solution after different immersion
times (between 71 and 412 h). For all samples, the impedance de-
creased with immersion time (Table 3). For t > 71 h, the PMMA-Sil-3
coating continued to protect the substrate, as indicated by the modulus
of the impedance after 412 h of immersion (|Z| = 27.2 kQ cm?), which
is 30 times higher than for the bare CCS. It is important to highlight that
even after 1 month of immersion in 2 wt% NaCl acidic solution (not
shown), a barrier effect was observed for the CCS samples coated with
the PMMA-Sil-3 hybrid. On the other hand, samples coated with the
PMMA-Sil-10 and PMMA-Sil-1 hybrid films showed corrosion behavior
similar to the bare CCS (Table 3). In the case of the PMMA-Sil-10 coating,
the non-protective behavior could have been due to the low %DC of the
coating, as a result of which the corrosion process was not hindered. The
PMMA-Sil-1 coating showed pores formed during the sol-gel synthesis
which favored generalized corrosion of the metallic layer and peeling
of the hybrid coating as the immersion time increased.

For quantitative interpretation of the EIS results, the experimental
data obtained for the hybrid-coated samples at different immersion
times were fitted with the Z-view® program using the equivalent elec-
trical circuits (EECs) shown in Fig. 6A, B and C. The heterogeneity of the
studied systems resulted in non-ideal capacitive responses, so the so-
called constant phase element (CPE) was used in place of the capaci-
tance [30]. The continuous lines displayed in Fig. 5A, B and C show the
results of the impedance data fitting for bare, CCS substrate and the
coated PMMA-Sil-3 up to around 1 Hz. The suitability of the proposed
EECs is indicated by the sum of squared deviations () value of around
1073 (Table 3), the good agreement between the fitted and experimen-
tal EIS diagrams, as well as the coherence between the physical meaning
of EECs parameters and the chemical characterization of the coatings.
Regarding the relative standard errors of the parameters, according to
Macdonald [31], if these values are of the order of 30% or more, the as-
sociated parameters are not well determined by the data and should
be removed from the equivalent circuit. Generally, one would keep
modifying the equivalent circuit and doing fitting until the above
criteria are as well satisfied as possible. Under the general criterion of
using as simple equivalent circuit with as few individual elements, a
simplest EEC was used to fit the results. In this work, these procedures
were adopted and acceptable relative standard errors were found
(Table 3).

The fitting procedure revealed that two different EECs (shown in
Fig. 6) were necessary to take into account the evolution of the EIS

Table 3
Values of EEC parameters obtained from the fitting of the experimental data for bare chromium-coated steel and the samples coated with different hybrid films.
Time (h) Eoep® (MV) Ry (Qcm?)  CPE;-T (WFecm~2s%")  CPE;-P Ry (kQ cm?) R, (kQ cm?)  CPE,-T (WFcm~2s*!)  CPE,-P 2 (1073)
Bare Steel 34 3(1.10) - - - 0.7 (2.22)  551(2.66) 0.7 (091) 13
71 —60 4 (0.39) - - - 0.2 (0.87)  374(1.88) 0.7 (048) 15
CCs 34 9 (2.44) 55(0.37) 0.86 (0.24) 1.8 (0.47) 0.03 (5.23) 206 (18.00) 0.5(0.02) 0.02
71 —250 22(11.83) 2740 (22.00) 0.3(7.02) 0.03(11.48) 1.1 (0.54) 7 (0.70) 0.8(026) 0.1
174 —150 9 (0.45) - - - 0.6 (1.11) 174 (1.88) 09(045) 66
412 —120 29 (0.30) - - - 0.7 (0.75) 192 (1.14) 09(0.28) 05
PMMA-Sil-10 71 —290 - 76 (5.02) 04(092) 0.2(1.74) 0.8 (1.67) 5(5.77) 09(129) 05
412 —190 25(0.18) - - - 0.1 (0.89) 2120 (0.98) 0.8(0.38) 23.
PMMA-Sil-3 2 —612 - 0.005 (2.38) 0.9(0.21)  35.7(1.51)  3.13.7(1.34) 1(1.89) 0.5(1.02) 038
71 —160 - 0.004 (11.32) 0.9(0.94) 1.6(0.68) 58.0 (1.65) 1(1.91) 0.8(042) 09
174 —280 - 0.004 (16.29) 09(1.31)  1,0(0.96) 68.2 (2.57) 8(1.71) 0.7 2.1
0.6 (0.58)
294 —200 - 0.008 (16.38) 09(1.39) 0.8(0.83) 59.7 (4.13) 25 (1.55) 0.6 (0.60) 21
412 —320 - 0.035 (17.21) 0.8(1.63) 0.6(0.78) 30.0(3.47) 9(1.62) 0.7 (0.65) 23
PMMA-Sil-1 71 —310 - 11 (5.60) 0.51(0.83) 0.1(0.47) 1.3 (1.05) 93 (1.53) 0.84 (041) 03
412 —180 32(0.45) - - - 0.2 (2.24)  970(2.46) 0.85(0.83) 9.0

¢ EIS measurements were obtained polarizing the electrode at these potentials, the Eqcp after linear polarization. The error % associated with each element of the circuit is given in

parenthesis.
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response of the hybrid-coated samples: one EEC with two time con-
stants (Fig. 6B), and another with one time constant (Fig. 6C). In the
circuit depicted in Fig. 6B, R;//CPE; and R,//CPE, are in parallel and
correspond to the responses of the stratified coating structure
(hybrid + passive oxide layer) and the underlying steel substrate,
respectively. A value of CPE-P = 1 corresponds to the response of an
ideal capacitor C; CPE-P = 0.5 suggests a diffusion response at low
frequencies, or a porous material at high frequencies; and values of
0.5 < CPE-P <1 are associated with non-homogeneous current distribu-
tions [31,32] or heterogeneous distribution of the properties of the coat-
ing [33]. R; corresponds to the resistance of the conductive pathways
through the hybrid coating and the chromium-iron oxide layer system,
and R; is associated with the interfacial response of the underlying steel
substrate, where the corrosion process takes place. The circuit depicted
in Fig. 6A provided satisfactory fits to the EIS diagrams for the CCS sam-
ple for t < 74 h, which may correspond to an oxide layer with an axial
distribution of dielectric and resistive properties [34]. The coating
model shown in Fig. 6B has been used in many previous studies [6,
35-39]. The circuit depicted in Fig. 6C fits to the EIS diagrams for the
CCS sample after 174 h, PMMA-Sil-10 and PMMA-Sil-1 samples
(Fig. 1S in supplementary material) after 412 h of immersion in 2 wt%
NaCl acidic solution. The CPE,-T is related to the capacitance of the elec-
trical double layer of the substrate/solution interface in parallel with the
charge transfer resistance, R,. The resistance R; is in series with the so-
lution resistance, R;.

Table 3 and Fig. 7 show the evolution of the passive elements of the
EECs for the hybrid-coated samples at different immersion times. For
the samples coated with hybrid films, both R; and R, decreased as the
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Fig. 7. Values of Ry (A) and R, (B) obtained from the fitting of the experimental data for
sample coated with PMMA-Sil-3 hybrid.

immersion time increased. This suggests that the electrolyte easily
reached the substrate and accelerated the corrosion process. On the
other hand, CPE;-T and CPE,-T increased, indicating electrolyte uptake
by the hybrid coating and an increase of the active area with immersion
time. The EIS results obtained for the PMMA-Sil-10 and PMMA-Sil-1
coatings after 412 h were fitted with the EEC illustrated in Fig. 6C. The
results showed that these coatings lost their protective properties due
to the uptake of electrolyte by the hybrid coating and an increase of
the active area with immersion time. Similar behavior was observed
for the PMMA-Sil-3 coating, however, it is able to protect the substrate
for long times. Fig. 7 shows the mean values of R; and R, with the re-
spective deviations for PMMA-Sil-3 coating as a function of the immer-
sion time. It is clearly seen the decrease of both Ry and R; resistances
values with time, but their values are much higher for PMMA-Sil-3 coat-
ing than for the other coatings.

The Eqcp values tended to decrease for the PMMA-Sil-3 coating, and
to increase for the PMMA-Sil-10 and PMMA-Sil-1 coatings and CCS
(Table 3). Changes in the current density in the anodic and cathodic re-
gions of the metallic surface, due to the inhibitory action/barrier effect of
the coating, could have acted to modify the Eqcp values of these samples
with immersion time. For the bare CCS and the samples coated with the
PMMA-Sil-10 and PMMA-Sil-1 hybrids, the increase in the Egcp values
could have been due to greater transport of oxygen to the metallic sur-
face after longer immersion times, which increased the cathodic current
and the cathodic area on the metallic surface. For the sample coated
with PMMA-Sil-3, the very low Eqcp value observed after 2 h of immer-
sion could have been related to oxygen deficiency on the electrode sur-
face, while the decrease in the Eqcp values for immersion times >71 h
could have been due to growth of the anodic area.

After 412 h of exposure to the electrolyte solution the PMMA-Sil-10
and PMMA-Sil-1 hybrids showed general corrosion of the metallic sur-
face, while the sample coated with the PMMA-Sil-3 hybrid presented
only small corroded regions.

The map of the elements of the coated material after 412 h of immer-
sion (Fig. 2S, supplementary material) showed regions enriched in oxy-
gen and poor in iron and chromium. These features indicated the
formation of metal oxides at the CCS substrate/hybrid coating interface.
On the other hand, the amounts of chlorine and carbon were practically
constant on the entire surface of the sample.

3.3. Mechanism of coating degradation and metal corrosion

All the samples studied here presented corrosion of the CCS sub-
strate after a certain time of immersion in 2 wt% NaCl acidic solution, in-
dicating that the electrolyte had reached the steel. This behavior can be
explained by the presence of pores, structural defects, and the intrinsic
permeability of the polymer phase of the hybrid coating. The perme-
ation of ionic species through the hybrid film is associated with the
free spaces between the polymeric chains in the amorphous PMMA
phase. Moreover, porosity can be associated with macropores resulting
from phase separation due to the formation of partially miscible liquid
during the initial stages of the sol-gel transformation, as well as with
the micropores of the inorganic part of the hybrid material [38,40,41].
Consequently, the electrolyte penetrates the hybrid coating and reaches
the CCS, which has a porous chromium-iron oxide layer, and then
arrives at the steel substrate. The acidic electrolyte attacks both the pas-
sive oxide layer and the metallic layer, leading to delamination of the
hybrid coating after an immersion time that depends on the composi-
tion of the hybrid material.

For the samples coated with the PMMA-Sil-10 and PMMA-Sil-1 hy-
brids, the time constant at high frequency disappeared after 412 h of im-
mersion in 2 wt% NaCl acidic solution (Fig. 1S, supplementary material).
In these cases, only the time constant at low/medium frequency was ob-
served, which was associated with the corrosion of the substrate. This
indicates that the PMMA-Sil-10 and PMMA-Sil-1 hybrid coatings were
unable to act as hermetic barriers to electrolytes, probably due to the
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presence of micro- and macropores, respectively. On the other hand,
under the same conditions, the sample coated with PMMA-Sil-3 still
presented at least two time constants in the —6 vs. log f diagrams
(Fig. 5C), and no peeling of the coating was observed. For this hybrid
coating, the addition of the alkoxysilane (in this case, TEOS) caused an
increase in the degree of condensation (Table 1), favoring connectivity
and densification of the inorganic hybrid network moieties, and conse-
quently resulting in an effective barrier to electrolyte penetration.
Moreover, the alkoxysilane acts as a coupling agent by providing cova-
lent bonding between the organic coating and the metallic substrate,
by means of a co-condensation mechanism between Si-OH and metal-
OH [42].

Using the structural characterization and corrosion testing tech-
niques employed in this work, it was possible to describe the formation
of the hybrids and determine their effectiveness in protecting the metal-
lic surface. The graphical abstract provides a schematic illustration of
the structure of the hybrid material covering the surface of the metallic
substrate (notably for the sample coated with PMMA-Sil-3, which pro-
vided the most effective barrier to diffusion, protecting the CCS from
corrosion). After the hydrolysis and condensation reactions, the forma-
tion of a stable tridimensional network of siloxane groups linked with
the polymeric phase ensured protection of the metallic surface by pro-
viding an effective barrier to chemical species that might attack the sur-
face. This behavior was largely due to the siloxane phase formed after
the addition of TEOS, which was characterized by a high crosslinking
density, as shown by the degree of condensation calculated from the
NMR measurements, as well as by the persistent adherence of the hy-
brid coating to the metallic surface.

4. Conclusions

The synthetic method presented in this work provided well-
controlled structural properties of PMMA-RSiOs, hybrids, by means of
the consistent regulation of the inorganic phase contents. The mild
conditions of the sol-gel preparation process allowed the formation of
adherent thin films by dip coating.

The spectroscopic results (FTIR and 2°Si NMR) showed that the or-
ganic phase was composed of the PMMA polymer, while the inorganic
phase consisted of T and Q silicate species. For all the hybrids, the $DC
values were significantly improved after immersion in acidic solution,
indicating that hydrolysis and condensation reactions had occurred.
This finding indicates that in an aggressive medium, there was a tenden-
cy for the amounts of the most condensed species in the hybrids to in-
crease, which is promising for coatings damaged by localized corrosion.

The electrochemical experiments revealed that the PMMA-Sil-3
coating provided the highest barrier protection against corrosion due
to the consistent inclusion of TEOS in the hybrid material. The presence
of TEOS increased the barrier properties of the hybrid coating, and
therefore enhanced its potential for use as a corrosion protection barrier
for metallic surfaces in aggressive environments.
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