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Abstract

Environmentally friendly pre-treatments with a siloxane base - PMMA have shown promising
results when combined with the new ink technology with curing by ultraviolet (UV) radiation.
Tinplate sheets were coated with a hybrid film obtained from a sol with alkoxides precursors
consisting of 3-(trimethoxysilylpropyl) methacrylate and tetraethoxysilane and adding an
organic phase composed of poly (methyl methacrylate). The hydrolysis reactions were
catalyzed with a nitric acid solution (pH=1 and pH=3). The hybrid films were obtained by a
dip-coating process and were coated with red-colored paint UV curing, and characterized for
their electrochemical and mechanical behavior. The results showed that a more acidic pH
(pH=1) promotes the formation of a hybrid film with better protective properties, presented a
better electrochemical performance and higher values of layer thickness. However, the hybrid
film was obtained with pH=3 presented best perform with applied to the UV ink, owing to the
better anchorage and adhesion.
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1 Introduction

Many authors aimed their researches on pre greener alternative treatments with free
from chromium salts and phosphate-based coatings [FANG et al., 2009]. Among these, we
highlight the use of hybrid films formed by the reaction of hydrolysis and condensation of
silane pathways. Although it has been demonstrated that the siloxane hybrid films are
relatively efficient for the protection of metallic substrates against corrosion, this efficiency
depends on many parameters such as pH, concentration changes in the silane solution,
solution contamination due to previous steps, as cleaning, for instance [XIAN et al., 2013].
Among these parameters, there is an increased relevance for the study of the influence of pH
on the stability of the silane in aqueous solution, and, ultimately, the life of the hydrolysis
solution. It is also known that this parameter influences the behavior of silanes during the
hydrolysis and condensation reactions, because both reactions are catalyzed by acids or bases
[CABRAL et al., 2006; SUEGAMA et al., 2010]. The hydrolysis and condensation reactions
in the aqueous phase of the molecules of silanols occur simultaneously in the hydrolysis
solution. However, the rate of hydrolysis of most silanes in slightly acidic aqueous solutions
iIs much faster than the rate of condensation.

Besides the significant improvement in corrosion protection of the substrate to which
they are applied, these films also confer adhesive properties to organic coatings, providing an
excellent anchorage for difficult metal adhesion, such as tin [ALVAREZ et al., 2014].
Therefore, the siloxane-based pre-treatments — PMMA have been showing promising results
when combined with new ink technology with curing by ultraviolet (UV) radiation. On the
one hand, it is known that the UV curing process has many advantages, such as the excellent
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physical and chemical properties the film presents, its ease of automation, and the fact that is
has an environmentally friendly process. In addition, since the volatile product is part of the
reaction, becoming an integral part of the coating, it presents an evaporative loss lower than
5% [FANG et al, 2009]. On the other hand, one of the main problems of the UV curing
process is the fact that most of the radiation curable coatings does not present good adhesion
when applied directly on metal surfaces. This deficiency is mainly related to poor adherence
and shrinkage of the film after curing [CALDERON et al., 2007]. That is because inks have
been used only because they offer protection as a physical barrier. Thus, due to the difference
in the expansion coefficients, the stress and deformation of surfaces, or even the lack of
adhesion to the substrate, the coating may be damaged, allowing corrosive agents to permeate
the metal substrate [GARCIA-HERNANDEZ et al., 2009].

In this context, the objective of this work is to develop and characterize and evaluate
the performance of corrosion in hybrid films obtained from sol alkoxides precursors
consisting of: 3-(trimethoxysilylpropyl) methacrylate (TMSM), tetraethoxysilane (TEOS)
with the addition of poly (methyl methacrylate) PMMA. In two of the hydrolysis solutions (1
and 3) varying pH levels were applied. Finally, we aimed to evaluate the performance of
corrosion and adhesion of a UV curing ink applied on these hybrid films.

2 Materiais e métodos

Tinplate (samples supplied by CSN) was used as substrates. Two types of silanes were
used in this study: (trimethoxysilylpropyl) methacrylate (TMSM) - (C10H20SiO5),> 98%
purity, and tetraethoxysilane (TEOS) - (C8H20SiO4), with a purity of >99.9%, both from
Sigma Aldrich. Methyl methacrylate (MMA, Aldrich, 99% purity) — stored in a freezer prior
to use, was distilled to remove the polymerization inhibitor (hydroquinone) and the
impurities. Benzoyl peroxide, BPO (Reagen), was recrystallized from ethanol.

Tinplates were washed with acetone and dried with hot air. Subsequently, they were
degreased with a neutral detergent (pH=7) at 70°C, by immersion, for 10 minutes. They were
then rinsed with deionized water, dried once again, washed with acetone, and finally dried
with hot air.

The sol-gel method was employed in the preparation of hybrid organic-inorganic
materials. In the preparation of the inorganic phase, a synthesis of the precursors and the
TMSM TEOS was made. They were combined at 60°C for 1 hour; the hydrolysis was done in
an acid medium at two levels by varying the pH value (pH=1 and pH=3), using nitric acid as
catalyst and ethanol as solvents, and water. The MMA was homogenized at room
temperature, with benzoyl peroxide (BPO) as the thermal initiator. Finally, both of the
solutions (organic and inorganic) were combined and stirred for 5 minutes at 45°C to form a
transparent sol. The films were obtained by dip-coating process, with a removal rate of 14
cm.min-1. Subsequently, the coated substrates were heat treated (cured) at about 160°C for 3
hours under a heating rate of 5 °C.min-1.

Some of the hybrid films were then coated with a UV curing red paint. The fast peak
of the curing equipment at a gallium pressure was doped with a UV mercury lamp using a
medium dose of 265 mJ.cm-2, 395 mW.cm-2 intensity and a belt speed of 18.5 m.min-1. A
UV coating, using the same parameters mentioned above, was also applied on tinplate sheets

without pretreatment, for the sake of comparison. Table 1 displays the description of samples.
Table 1 — Description of the samples.

Sample  Description

F1 Uncoated tinplate.

FIN1 Tinplate, coated with a hybrid film acidified with nitric acid (pH = 1)
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F1N3 Tinplate, coated with a hybrid film acidified with nitric acid (pH = 3)

Fluv Uncoated tinplate, with application of UV paint
Tinplate, coated with hybrid film acidified with nitric acid (pH = 1) and with application

FIN1uv .

of UV paint.

Tinplate, coated with hybrid film acidified with nitric acid (pH = 3) and with application
FIN3uv .

of UV paint.

Morphological characterization was performed by scanning electron microscopy
(SEM) with a JEOL-JSM 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 corrosion performance of the coatings was evaluated by open circuit potential
(OCP) monitoring, polarization curves and electrochemical impedance spectroscopy (EIS)
measurements in a 0.05 M NaCl solution. This concentration is sufficiently high to activate
corrosion in a relatively short exposure time but is low enough to enable the effects of
plasticizer to be determined. 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 mVs-1 in a potential interval between 200 mV (below OCP) and
400 mV (above OCP).

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 Solartron 1255 frequency
response analyzer, and a Omnimetra Mod. PG-05 potentiostat.

The flexibility test was performed by folding the specimens over a tapered mandrel
from TKB Erichsen Instruments. This test is based on the Brazilian Norm NBR 10545 [13].
The crosshatch adhesion test and the tape pull test were performed following ASTM D-3359
[14].

3 Results

Hybrid films.
Figures 1-a and 1-b show the top view SEM micrographs of the samples FIN1 (pH=1)
and FIN3 (pH=3), respectively. The morphology of the samples shows a homogeneous film

without cracks, and only small discontinuities were observed in both samples.
Figure 1 — SEM micrographs for the systems: (a) FIN1 and (b) FIN3.

28kV X288 188mm

The layer thickness of the films was determined by analysis of the cross section
images obtained by SEM (Figure 2). The FIN1 presented a higher layer thickness (6 um +
0.45) than the hybrid film FIN3 (2.30 um + 0.29), which was obtained in a less acid means

(pH =3).
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Figure 2 — Cross-sectional SEM micrographs to determine the layer thickness for the samples: (a) FIN1 and (b)
FIN3.

(a) Resin Tinplate (b) Resin \ Tinplate

Hybrid Film
—’ <—

ZBkU  X1,480 18nm

Open circuit potential measurements were performed to monitor the variation of
potential with time of immersion (Figure 3a). From the extrapolation of the Tafel straight line,
applied to the polarization curves shown in Figure 3b, the corrosion potential (Ecorr), the
corrosion current density (icorr) and the polarization resistance (Rp) for the studied hybrid

films was determined (Table 2).
Figure 3. Open circuit potential (a) and polarization curves (b) obtained for all the studied samples.
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Table 2 — Extrapolation of the Tafel straight line.

Samples icorr (A.CM2) Ecor (MV) Ry (Q)
F1 4,71 x 107 -568 5,54 x 10*
FIN1 2,96 x 108 -502 1,13 x 106
FIN3 1,41 x 107 -539 1,85x 10°

Figure 4 shows the Nyquist for the F1, FIN1 and FIN3 plate samples immersed in a
NaCl 0.05 M solution. It is observed that the FIN1 hybrid film showed higher resistance
values for all analyzed immersion times (up to 96 hours of immersion).

From the Bode diagram, for 24 h of immersion (Figure 5a), a high-frequency
phenomenon was found only for the FIN1 sample, often associated with an efficient barrier
effect of the siloxane-PMMA hybrid films. For the FIN3 sample, only one medium frequency
phenomenon was observed, which is often associated to the permeability of the electrolyte
through the film. For the uncoated tinplate, it was observed after 24 hours of immersion
(Figure 5a) only one time constant, associated to the permeability of the electrolyte through
the tin oxides on the metallic surface. At 96 hours of immersion (Figure 5b), a second time
constant appears for the substrate, in a low frequency, which is probably associated to the
corrosion products.
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Figure 4 - Nyquist diagrams obtained for the coated samples and for uncoated tinplate in 0.05 M NaCl: (a) 24
hours and (b) 96 hours.
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Figure 5 - Bode diagrams obtained for the coated samples and for uncoated tinplate in 0.05 M NaCl: (a) 24 hours
and (b) 96 hours.
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Sample with UV paint

Figures 6 and 7 show the Nyquist and Bode diagrams, respectively, for the F1UV,
FIN1UV and FIN3UV samples immersed in a NaCl 0.05 M solution. The resistive behavior
of the FIN1UV sample remained constant and superior, if compared to the other samples
throughout the course of the test (Figure 6-a). It is observed also the large reduction of the
polarization resistance values between the 24 to 192 hour range, these being approximately 20
times lower than the values obtained in the initial test conditions.

Similarly, the analysis of the Bode test, the FIN1UV system showed the highest
values of impedance module during 360 hours. However, when the phase angle data is
compared, there is an inversion of this behavior among samples. At low frequencies, the
FIN3UV sample presented higher values. The presence of lower stable phase angle values at
low and medium frequencies (-2 to 3 Hz) can also be observed. This behavior was more
pronounced in the first 24 hours for the FIN1UV sample. Later, in 192 hours, this pattern was
observed for the FIN1UV and FIN3UV samples, and, finally, after after 360 hours for all of
the systems.
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Figure 6 - Nyquist diagrams obtained for the
samples coated with hybrids films and painted and
for painted without pre-treatment: (a) 24, (b) 192
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Figure 7 - Bode diagrams obtained for the samples
coated with hybrid films and painted, and for the
samples painted without pre-treatment: (a) 24
hours, (b) 192 hours and (c) 360 hours.
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The formation of films with great morphological properties demonstrates the excellent
interaction between the organic and inorganic phases and homogeneity of siloxane-PMMA
hybrid films. Besides, properties such as flexibility and adhesion of the film were achieved
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because the correct proportion of PMMA was applied to the film, thus avoiding the formation
of cracks and lack of adherence.

A decrease in the value of the layer thickness for the sample with less acidic pH was
observed. Results presented in the literature show that the sol viscosity increases with the
decrease of the pH [CERTHOUX et al., 2013]. A low pH value (pH=1) favored the hydrolysis
of silicon alcoxides (TMSM and TEQOS) contributing to formation of near linear siloxane
clusters that influenced the sol viscosity, enhancing the film thickness, and the barrier layer
formation, thus improving the anticorrosive performance.

The silylation process can be described as a three-step reaction model:
¢D)] Si-OR groups turn into Si- OH through a hydrolysis reaction;

(2) Si-OH groups turn into oligomericsiloxane containing some unreacted Si-OH by
a condensation reaction;

(3)  Si-OH groups in the siloxane form hydrogen bonds with the hydroxyl groups
on the tinplate foil surface. Then, Si OH groups form covalent bonds with the tinplate
foil through condensation during the heating process [XIA et al., 2013].

For samples without application of UV paint, the EIS results indicate that the low pH
contributed for the barrier layer formation, thus promoting the increase of film thickness,
making the film denser and improving anticorrosion performance. The poorly performing
anticorrosion of the sample with pH less acidic may be associated to the fact that the film
presents a lower hydrolysis rate of the inferior silane molecules, decreasing the number of
silanol groups, and thus resulting in a lower formation of siloxane groups. This hinders the
formation of the barrier layer, as evidenced with the resulting low layer thickness for this
sample.

For samples with application of UV paint, the EIS results indicate that the low
frequencies can refer to a process of occurrence of corrosion of the metal substrate without the
intervention of a minimal coat of paint, for it does not provide a satisfactory protective
performance [OLIVEIRA, 2003]. Regarding the center frequencies, they could be due to the
appearance of small bubbles in the applied ink layer. In any case, this phenomenon was not
observed in the tested samples.

According to this result, the FIN1UV it is possible to notice that this sample showed a
better barrier layer, which is corroborated by the higher film thickness, hence improving its
anticorrosive performance. Nevertheless, the UV coating does not perform well on this film
because the lower solution pH induces an increase in the cross-linking reactions, reducing its
reactivity. This loss of reactivity is caused by the conversion of the silanol groups into
siloxanes. As a result, the film becomes dense, rigid and the reactions conducing to adhesion
of the paint become more difficult.

According to mechanical characterization results, for the FIN1UV sample it is
possible to notice that this sample showed a better barrier layer, which is corroborated by the
higher film thickness, hence improving its anticorrosive performance. Nevertheless, the UV
coating does not perform well on this film because the lower solution pH induces an increase
in the cross-linking reactions, reducing its reactivity. This loss of reactivity is caused by the
conversion of the silanol groups into siloxanes. This film becomes dense, rigid and the
reactions conducing to adhesion of the paint become more difficult. The sample with pH less
acidic showed the lowest coefficient of friction and the greatest distance of accommodation,
thus characterized by having the best performance wear. This result confirms the flexibility
and adhesion by this system in the mechanical tests already discussed earlier.
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5 Conclusions

Hybrid siloxane-PMMA films obtained using a more acidic environment (pH=1)
showed a better electrochemical performance and higher layer thickness values. This behavior
can be attributed to the fact that the low pH solution favored the hydrolysis of silicon
alcoxides (TMSM and TEQS), contributing to the formation of near linear siloxane clusters
that exert influence on the viscosity of hybrid films, thus increasing film thickness, forming
the barrier layer and consequently improving the anti-corrosion performance. However, the
FIN3UV sample, obtained at pH=3, had a better performance as a pretreatment for
subsequent application of the UV-curing coating, contributing to the adhesion of this paint.

References

Alvarez D, Collazo A, N6voa XR, Pérez C. Electrochemical behavior of organic/inorganic
films applied on tinplate in different aggressive media. Progress in Organic Coatings, 77 (12),
pp. 2066-2075, 2014.

Calderon JA, Buitrago CP. Assessment of the susceptibility of lacquered tinplate cans to
corrosion in different solutions using electrochemical methods. Revista Facultad de Ingenieria
Universidad de Antioquia, 42, pp. 30-37, 2007.

Fang D, Mao X, Zhang Y, Chen Z, Liu M, Gan F. Preparation of non-chromium polymer
films on zinc for corrosion protection due to a compound effect between silane and cerium
salt. Anti-Corrosion Methods and Materials, 56 (4), pp. 226—231, 2009.

Garcia-Hernandez F, Hernandez-Sandoval L, Regalado-Gonzéalez C, Mojica-Gémez J, Meas-
Vong Y, Espinosa-Acosta G, Estévez M. Hybrid corrosion-resistant coatings analyzed using
electrochemical noise. Anti-Corrosion methods and materials, 56 (6), pp. 310-315, 2009.

Oliveira C.G. Ranking high-quality paint systems using EIS. Part I: intact coatings, pp. 123—
128, 2003.

Suegama PH, Sarmento VHV, Montemor MF, Benedetti AV, de Melo HG, Aoki IV, Santilli
CV. Effect of cerium (1V) ions on the anticorrosion properties of siloxane-poly(methyl
methacrylate) based film applied on tin coated steel. Electrochimica Acta, 55 (18), pp. 5100—
5109, 2010.

Xia F, Xu SA. Effect of surface pre-treatment on the hydrophilicity and adhesive properties of
multilayered laminate used for lithium battery packaging. Applied Surface Science, 268, pp.
337-342, 2013.

Xian X, Chen M, Li L, Lin Z, Xiang J, Zhao S. Key factors influencing the stability of silane
solution during long-term surface treatment on carbon steel. Corrosion Science, 74, pp. 283—
289, 2013.



