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Tinplate is used to food packaging and other types of packages. The corrosion resistance of the
tinplate has been study due the necessity of an alternative to high environmental impact of chromatization
process. Therefore protective coatings as hybrid films base elaborations with different acids are studied
to improve the barrier effect against corrosion. The objective of this work is characterize hybrid
films deposited on a tinplate from a sol made up of the alkoxide precursors 3-(trimethoxysilylpropyl)
methacrylate (TMSM), tetracthoxysilane (TEOS) and poly(methyl methacrylate) (PMMA) together
with one of three acids (acetic, hydrochloric or nitric acid) and to verify their action against the corrosion
of the substrate. The films were obtained by a dip-coating process and cured for 3 hours at 160 °C.
The film hydrophobicity was determined by contact angle measurements, and the morphology was
evaluated by SEM. FTIR measurements were performed to characterize the chemical structures of the
films. The electrochemical behavior of the coatings was evaluated by techniques open circuit potential
monitoring (OCP), potentiodynamic polarization and electrochemical impedance spectroscopy (EIS).
The results demonstrate that the siloxane-PMMA films improve the protective properties of the tinplate,
with the films obtained by acetic acid addition exhibiting the greatest improvement.
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1. Introduction

Tinplates are mechanically formable, with fair corrosion
resistance and weldability. The main application of tinplates
is the fabrication of food packaging and other types of
packages. Complete or partial surface coverage of tinplates
with a tin oxide passivation layer, (SnO,), mainly SnO and
SnO, or their hydrated forms, is a characteristic of their
quality. Nevertheless, the presence of an excessive quantity
of oxides could modify the appearance and weldability
of tinplate and its capacity to receive organic coatings.
Tinplate packages are currently covered by superficial
coatings based on chromate layers, which yield excellent
corrosion resistance'. Chromatization pre-treatment also
enables adhesion between metal and subsequently applied
paint layers, and these treatments are easy to apply and
economically viable**. However, these processes involve
chemicals that are carcinogenic and environmentally
toxic®, and therefore they have been subjected to strict
governmental regulations.

In order to improve corrosion resistance of the metallic
substracts are applied protective coatings as based in the

*e-mail: lvrossa@yahoo.com.br

silanes®®. Pretreatments based on siloxane-PMMA have
demonstrated promising results, attracting industrial
attention. These hybrid films improve the corrosion
resistance’ and adhesion of organic layers, and they
also reduce the environmental impact compared to the
chromatization process'’. Siloxane-PMMA hybrid films
have been found to promote excellent anchorage on the
tinplate surface!'"'* for subsequent paint application'®.
Sol-gel films provide excellent adhesion to the
substrate and a suitable protection against corrosion by
creating a chemically inert barrier between the metal and
aggressive environments. For film deposition, the sol-gel
solution is prepared by the hydrolysis and condensation of
appropriate metal alkoxides: M(OR)n, where R represents
an organic group and M is a metal®. The sol-gel process
has successfully been used to prepare silicate gels by
hydrolyzing tetrafunctional alkoxide precursors using acid
catalysts'®. The overall process involves hydrolysis and
condensation reactions that lead to the growth of clusters
that eventually collide and link together to form a gel. The
structure of the gel and the aggregation kinetics have been
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addressed in many studies'”!®. The temperature and time
of the heat treatment depend on the kind of precursors and
solvents used to produce the coating, but economically it is
more interesting to work at lower temperatures and shorter
times. Many works report the production of sol-gel coatings
with low-temperature heat treatments'*-!.

The objective of this work is to determine the effects of
three different acids (acetic, hydrochloric and nitric acids)
added to the formulation of the sol of the siloxane-PMMA
hybrid films on the morphological and physical-chemical
properties of these films and to evaluate their anti-corrosion
performance when deposited on tinplate.

2. Experimental

2.1. Surface preparation

The tinplate substrates (2 cm x 6 cm) were rinsed with
acetone and dried. Then, they were degreased by immersion
in neutral detergent at 70 °C for 10 minutes. The substrates
were then properly washed and dried.

2.2. Preparation of siloxane-PMMA hybrid films

All chemicals were obtained commercially. The
3-(trimethoxysilylpropyl) methacrylate (TMSM, Fluka),
tetraethyl orthosilicate (TEOS, Aldrich) and ethanol
(Mallinckrodt) were used as received. Methyl methacrylate
(MMA, Fluka) was distilled to remove the polymerization
inhibitor (hydroquinone) and impurities and was then
stored in a freezer prior to use. Benzoyl peroxide
(BPO, Reagen) was re-crystallized from an ethanol solution.
Figure 1 present the structural formulas of the materials
used in this work.

The sol-gel reactions were prepared in two steps: the
hydrolysis and polycondensation of the silane precursors

TMSM
3-(trimethoxysilylpropyl) methacrylate

OCH

3

0
|
HCO —Si — _~ )kfa-[2
| 0
OCH,
CH,

MMA
Methyl methacrylate

(0}

HC
OCH

CH

3

Figure 1. Structural formulas of the materials utilized in this work.
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and the polymerization of methyl methacrylate (MMA)
monomer (organic phase). In the first step, TEOS, TMSM,
acidified water (pH = 3) and ethanol were mixed and stirred
together for 1 h at 60 °C. In the second step, the radical
polymerization of the organic phase was performed in a
separate vessel, where MMA and BPO were mixed and
stirred together at room temperature until the BPO was
completely homogenized. The two reaction solutions were
then mixed and stirred for 5 min, forming a transparent
sol that was immediately coated on the tinplate samples.
The hybrid sols used as the coatings were prepared with
the following molar ratios: TEOS:TMSM:MMA = 2:1:6;
H,0:Si = 3.5:1; ethanol:H,0= 1:2; BPO:MMA= 1:100.
The films were obtained by dip-coating, with a removal
rate of 14 cm.min™'. The coated samples were then air-dried
for approximately 10 min. This process was carried out
3 times to increase the uniformity of the films and thus
ensure the reproducibility of the electrochemical tests. Then,
the coated substrates were heated at 55 °C for 24 h and cured
at 160 °C for 3 h. To determine the influence of the acid in
the hydrolysis/polycondensation reactions on the structure
and anticorrosion properties of the film, hybrid sols were
prepared by mixing water with three different acids: acetic
(CH,COOH), hydrochloric (HCI) and nitric acid (HNO,).
Figure 2 shows the flowchart of sample preparation.

2.3. Experimental techniques

Scanning electron microscopy (SEM) of a film
cross-section was performed in a JEOL-JSM 5800 instrument
with an acceleration voltage of 20 kV, and Image J software
was then used to determine the film thickness.

The wettability of the hybrid films was determined by
contact angle measurement using the sessile drop method
in a home-made instrument using image analysis software.

TEOS
Tetraethyl orthosilicate

H.C CH

3 A
1
/07 To—

H,C CH

3 3

BPO
Benzoyl peroxide



Characterization of Siloxane-poly(methyl methacrylate) Hybrid Films Obtained on a Tinplate Substrate Modi-

2015; 18(1)
SOLUTION 1
TEOS + TMSM
H,0 + HCl,,
[TEOS)/[TMSM]=2  pH=3 < H,0 + CH,COOH,,,
[H,0)/[Si] =3.5 H,0 + HNOH,,“
Temperature = 60°C
Time = 1h
Etanol

(Inorganic fase) Solution 1 + Solution 2

Stir for 5 min

SOLUTION 2
BPO + MMA

[BPOJ/[MMA]=0.01

Homogenization
Temperature = 25°C

\

(Organic fase)

Figure 2. Flowchart of samples preparation.

The Fourier transform infrared spectroscopy (FTIR)
measurements were performed with the beam in the
mid-infrared range (4000-500 cm™). The spectra were
obtained from the films without a substrate (free-standing
films). For this characterization, three different solutions
containing the precursors alkoxide 3-(trimethoxysilylpropyl)
methacrylate (TMSM) and tetracthoxysilane (TEOS)
acidified with different acids (acetic, hydrochloric and nitric
acid) were analyzed. The solutions were placed on a Petri
plate and heated at 55 °C for 24 h, and then cured at 160 °C
for 3 h. After the film was obtained, a small amount of each
sample was collected for analysis.

The corrosion performance of the coatings was
evaluated by open circuit potential (E.,) monitoring,
potentiodynamic polarization curves and electrochemical
impedance spectroscopy (EIS) measurements in a 0.05 M
NaCl solution. The electrolyte solution NaCl in the
concentration of 0.05 M ensures the activation of the
corrosion process in a relatively short exposure time.
Meanwhile, allows the assessment and determination of
the effects of the acids used®?. A three-electrode cell was
used to perform these analyses, with a platinum wire as the
counter electrode and a saturated calomel electrode (SCE)
as the reference electrode. The area of the working electrode
was 0.626 cm?. The polarization curves were collected
at a scan rate of 1 mVs™. For the EIS measurements, the
samples had previously been monitored for 96 hours. The
amplitude of the EIS perturbation signal was a sinusoidal
10 mV (rms) perturbation, and the frequency ranged from
100 kHz to 10 Hz with 10 points per frequency decade,
using a Solartron model 1255 frequency response analyzer
and a PAR273 potentiostat. For quantitative analysis, the
results for the systems that presented the best anticorrosion
performance were fitted using electrical equivalent circuits
(EEC) with the Z-View® program. The consistency of the
experimental data were verified with the Kramers-Kronig
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transform, and those that did not match with it were
removed.

3. Results and Discussion

3.1. Morphological characterization

Figure 3 presents SEM micrographs of specimens
coated with hybrid films formulated with the three acids
studied here: acetic (Figure 3a), hydrochloric (Figure 3b)
and nitric acids (Figure 3c). The film prepared with acetic
acid (Figure 3a) exhibits a smooth surface, while the films
prepared with HCI (Figure 3b) and HNO, (Figure 3c)
show the presence of discontinuities and cracks. These
results are in agreement with pioneering studies by Pope
and Mackenzie®. These authors investigated the effects
of acid and base catalysts on several properties of gels
such as gelation time, porosity, and apparent density. The
porosity of the acetic acid catalyzed gel (before and after
heat treatment) was significantly lower than the porosities
of HCl and HNO,. A porous film can promote the formation
of cracks and discontinuities as seen for these last two acids.

The layer thickness was determined from images of
cross sections (Figure 4). The resulting films were relatively
dense, and such a dense physical barrier can improve the
corrosion protection. The films obtained in acetic and nitric
acids presented thicknesses of 1.6+0.3 um (Figure 4a) and
1.37+0.49 um (Figure 4b), respectively, while the film
obtained in HCl is twice as thick, 3.7+0.3 pm, (Figure 4b),
which may have favored crack formation in the HCI film.
The viscosity and the number of depositions must be
controlled to avoid the formation of thicker films.

3.2. Physicochemical characterization

Figure 5 reports the contact angle determination, and
Table 1 shows the values obtained for tinplate substrates,
both bare substrates and substrates covered with hybrid
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Figure 3. Micrographs obtained by SEM for the samples: (a) acetic acid, (b) hydrochloric and (c) nitric acid.
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Figure 4. Cross section micrographs obtained by SEM analysis of hybrid films (a) acetic, (b) hydrochloric and (c) nitric acid.
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Figure 5. Images obtained for the contact angle determination by the sessile drop method: (a) tin plate, (b) acetic, (c) hydrochloric and
(d) nitric acid.
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films prepared with different acids. All samples exhibited
a fairly hydrophilic character. The hybrid films obtained
with acetic acid and the tinplate substrate showed the
highest contact angle values, and thus a lower wettability
compared to films containing hydrochloric and nitric acid.
The lowest wettability of the hybrid films with acetic acid
can be associated with the regular morphology (Figure 3a)
of'this film. For tinplate substrates, this behavior is probably
due to the presence of tin oxides (SnOx), which result in
complete or partial coverage of the surface, increasing the
hydrophobicity of the substrate. The siloxane-PMMA films
with HCI and HNO, showed lower contact angle values
compared to those with acetic acid. This behavior may be
associated with cracks and discontinuities present in the
film (Figure 3b and 3c) and with the structure of the films
as discussed based on the FTIR results presented below.
Figure 6 and Table 2 present the FTIR spectra of the
hybrid films prepared with different acids. As seen in
Figure 6, strong bands between 1000 and 1200 cm™' are
attributed to Si-O-Si, the structural backbone of the hybrid
material. The formation of the Si-O-Si layer protects the
tinplate substrate. The bands at intermediate frequencies
between 900 and 960 cm™' arise from the SIOCH,CH, group
due to the incomplete hydrolysis of TEOS. The peaks at
approximately 2900 cm™' were identified and are associated
with symmetrical and asymmetrical CH stretching (CH, and
CH,) in the aliphatic chain of the organosilane (TMSM).
These peaks are all present in the prepared hybrids,
suggesting that the type of acid does not influence the
formation of the hybrid film by affecting the linkage between
the organic and inorganic phases. The broad absorption
between 3360 cm™ and 3620 cm™' is characteristic of the
axial deformation of OH, which could arise from silanol
groups (Si-OH) that were not condensed during the
synthesis. In this case, only the siloxane-PMMA sample

Table 1. Contact angle values obtained by the sessile drop method.

Samples Average contact angle
Tin plate 88°+ 1.1
Acetic acid 89°+ 1.7
Hydrochloric acid 70°+ 1.1
Nitric acid 57°+£0.5

Table 2. FT-IR, peaks assignment as function of peak position.

Peak position (cm™) Peak assignment

700-800 C-H (Si-CH,- CH,-Si) stretch
890-920 Si-O (Si-OH) stretch
Asymmetrical stretching Si-O-
900-960
C,H, groups unhydrolyzed
1000-1250 Si-O stretchn}g of Si-O-Si
crosslinked
1300-1400 CH, and CH, scissoring
1600-1670 C=C-H axial deformation
1700-1750 C=0 axial deformation
2900-3000 C-H(CH, e CH3). symmetric
and asymmetric stretch
3200-3700 Axial deformation of Si-OH

group OH
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with acetic acid exhibited changes in this band, suggesting
that the silanols were consumed to form a siloxane network
during the preparation of the hybrid sol with acetic acid*,
resulting in a greater degree of crosslinking. These results
were confirmed by SEM demonstrating a crack-free film and
contact angle measurements indicating that siloxane-PMMA
prepared with acetic acid had the lowest wettability due to
the presence of Si-O-Si hydrophobic groups.

3.3. Electrochemical characterization

E,. values (Figure 7a) demonstrate that coating
tinplate with hybrid films increases its corrosion resistance,
potentially because the hybrid film acts as a barrier layer
between the substrate and the electrolyte. The specimen
coated with films prepared using acetic acid exhibited the
most promising results, with the highest E . value. Coating
with all three types of films decreased E ., indicating that
modifications occurring during the immersion time are
probably associated with the permeation of the electrolyte
through the films.

The polarization curves (Figure 7b) show reduced
cathodic and anodic current densities for the coated
specimens as compared to the uncoated tinplate. The hybrid
film prepared with acetic acid again produced the intense
effect, resulting in a decrease of the current. No significant
difference was observed between the behavior of the
specimens coated with films obtained by adding nitric or
hydrochloric acid into the sol. These results are in agreement
with the characteristics of the various specimens shown in
Figure 1, which demonstrate that the hybrid film prepared
with acetic acid exhibited the most uniform and least cracked
surface upon observation by SEM (Figure 3a).

Figure 8 and Figure 9 present EIS Bode diagrams for
uncovered tinplates and for the hybrid films obtained with
acetic, hydrochloric and nitric acid after 24, 48, 72 and 96 h
of immersion in a 0.05 M NaCl solution. The quality of these
fits can be verified by the continuous lines in Figures 8 and 9.

The sheet tinplate was tested to determine the corrosion
process associated with the passive tin oxide film. After
48 h of immersion (Figure 8b and Figure 9b), a second
time constant appears that is related to the penetration of
the electrolyte into the oxide pores, resulting in corrosion

35
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—— Nitric acid

Transmitance (%)

C-H(CH,eCH,)

OH (SiOH) Cc=0

0
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Wavenumber (cm'1)
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Figure 6. FI-IR spectra of the hybrid films formulated with the three
acids studied: acetic, hydrochloric and nitric acid.
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Figure 7. (a) Open-circuit potential (EOC) and (b) Polarization curves measurements in a NaCl 0.05M solution.
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Figure 8. Bode 1 diagrams for different immersion time in a NaCl 0.05M solution.

of the metallic substrate. Tin, tin/iron and finally steel were
corroded as confirmed by the red corrosion product observed
at the end of the experiment (Figure 10).

The Bode phase angle diagrams show a well-defined
time constant in the higher frequency range throughout the
entire experimental period for hybrid films prepared with
acetic acid, associated with the resistance of the barrier film.
This result may be related to the fact that these films are

the most homogeneous and have the fewest cracks among
the three films tested here, thus enhancing their corrosion
resistance.

The hybrid film obtained from a sol with HCI exhibited
a time constant in the low frequency with high peak in the
phase angle (Figure 8) starting from 24 hours of immersion
in NaCl solution. This behavior indicates corrosion action
instantly the electrolyte has reached the substrate after
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dipping, as this behavior is identical to that of uncoated
tinplate sheet. At 24 hours of immersion, there was another
time constant at high frequencies with low peak phase angle
corresponding to the barrier promoted by the hybrid film.
This barrier promoted by the hybrid film obtained from a
sol with HCI has low resistance to electrolyte, since phase
angle shows a low value. With the increase of immersion
time, there was a reduction in the strength of the hybrid film
(Table 5) until in 72 hours of immersion, the time constantin
the high frequency disappears, confirming the complete
deterioration of the hybrid film.

For the hybrid film obtained from a sol with nitric acid,
one time constant was observed at high frequency with a
high peak in the phase angle over all immersion times.
This behavior indicates an efficient barrier effect of the
hybrid film. There was also a time constant on the average
frequency, related to the interfacial process associated with
the tin oxide at the substrate surface. The results may be
related with lower hydrophobicity of the hybrid film, which
facilitates wettability and permeation of the electrolyte
which promotes corrosion.

Electrical circuit models were used to fit impedance
curves. Table 3, Table 4, Table 5 and Table 6 show the
electrical element values obtained by fitting for uncovered
and covered samples immersed in a 0.05 M NaCl solution.

Materials Research

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 E . observed during the initial immersion period*.
These results are related to the interaction of the electrolyte
with the film, such as its permeation through the film, which
is not an instantaneous process. Other authors'*3? have
found the same results, and only present EIS data after some
hours of immersion. The percent errors shown in brackets
in Tables 3-6 verify that the errors involved in the fitting
procedure were less than 10% (less than 5% in most cases).

For several circuits, the capacitance was substituted by a
constant phase element (CPE) to account for the non-ideality
of'the tinplate and hybrid films. A value of n=1 corresponds
to a smooth surface, therefore CPE should be substituted by
the ideal capacitor C. A value of n=0.5 suggests a diffusion
mechanism or porous material, and 0.5<n<1 indicates
heterogeneous, rough surfaces or a non-homogeneous
current distribution®*%’. Re is the electrolyte resistance,
and RMF and CPEMF represent the medium frequency
range resistance and CPE, which were attributed to the
top passivating tin oxide (SnOx) layer'*. RHF and CPEHF
represent the higher frequency range elements, associated
with the siloxane-PMMA film'*"3. RLF and CPELF

Table 3. Electrical elements fitted values for tin plate up to 96 h of immersion in a 0.05M NaCl solution. The error % associated with

each parameter value is given in parenthesis.

Tin plate 1h 24h 48h 72h 96h
Re CPEMF Re CPEMF Re CPEMF Re CPEMF Re CPEMF
Fitted circuit RME RMF " CP:LL: X CP:LL: X CP:LL:
Re (Q.cm?) 168.4(0.9) 1586(0.7) 159.4(0.3) 158.7(0.4) 157.9(0.6)
CPEHF (Fem™) - - - - -
n - - - - -
RHF (Q.cm?) - - - -
2
CPEMF (Fem™) 1.50 x 10°(0.9) 1.86 x 10%(1.3) 2.17x103(1.3) 2.69 x 103(4.4) 2.86 x 10°3(7.2)
n 0.84(0.3) 0. 83(0.3) 0.81(0.3) 0.78(0.8) 0.78(1.6)
RMF (Q.cm?) 2.14 x 105(1.9) 2.85x 105(1.5) 1.25 x 10%(6.8) 1.22 x 10%(7.3) 3.91 x 10%6.7)
CPELF (Fem™) - - 2.38x 107%6.9) 1.66 x 10%(1.8) 3.02x 104(0.6)
n - - 0.38(5.2) 0.43(1.8) 0.49(0.9)
RLF(Q.cm?) - - 1.04 x 10%(4.7) 1.16 x 10%2.5) 7.28 x 10%(1.6)

Table 4. Electrical elements fitted values for siloxane-PMMA with acetic acid up to 96 h of immersion in a 0.05M NacCl solution. The

error % associated with each parameter value is given in parenthesis.

Acetic acid 24h 48h 72h 96h
Fitted circuit Sy S Ry RUE CP:LL:
Re (Q.cm?) 166.6(0.9) 165.8(1.2) 157.6(1.1) 159.2(0.7)
CPEHF (Fem™) 7.27x 10%(3.4) 1.37 x 107(4.6) 2.28 x 107(4.6) 3.47x107(3.3)

N 0.88(0.3) 0.83(0.5) 0.80(0.5) 0.78(0.4)
RHF (Q.cm?) 10076(3.2) 6213(2.8) 3585(2.2) 2439(1.6)
-2
CPEMF (Fem™) 4.23x 10%(6.6) 6.77 x 10°(3.4) 9.29 x 10°9(2.3) 1.18 x 10%(1.3)
n 0.52(2.7) 0.53(1.6) 0.54(1.1) 0.54(0.6)

RMF (Q.cm?)

5.81 x 105(7.8)

6.11 x 105(7.6)

4.57x 10%6.7)

2.45 x 10%(6.4)
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Table 5. Electrical elements fitted values for siloxane-PMMA with hydrochloric up to 96 h of immersion in 0.05M NaCl solution. The

error % associated with each parameter value is given in parenthesis.

Hydrochloric 24h 48h 72h 96h
Re CPEMF Re CPEMF Re CPEMF Re CPELF
Fitted circuit W@’ WS@ WC"@’ RLF
RLF RLF RLF
Re (Q.cm?) 157.8(2.8) 181(1.8) 188.2(2.9) 196.3(1.1)
CPEHF (Fem2) : : : :
N - - -
RHF (Q.cm?) - - - -
CPEMF (Fem?) 7.62 x 10°%(7.6) 1.48 x 105(7.7) 2,96 x 10°(3.7)
N 0.57(3.3) 0.56(0.9) 0.59(3.6) -
RMF (Q.cm?) 545(4.6) 242.5(1.5) 151.8(5.3) -
CPELF (Fem?) 5.31x 105(3.4) 4.85x 105(0.4) 4.32x 10%(0.3) 9.61 x 10%(0.2)
n 0. 61(0.9) 0.66(0.2) 0.68(0.2) 0. 61(0.1)
RLF(Q.om?) 2.02 x 10(7.3) 4.65x 10%(1.1) 2.45 x 10%(0.6) 1.51 x 10%(0.4)

Table 6. Electrical elements fitted values for siloxane-PMMA with nitric acid up to 96 h of immersion in a 0.05M NaCl solution. The

error % associated with each parameter value is given in parenthesis.

Nitric acid 24h 48h 72h 96h
Re CPEMF Re CPEMF Re CPEMF Re CPEMF
Fitted circuit W—S@f a/v—g@ Y RMF _CPELF RMF CPELF
RLF RLF RLF RLF
Re (Q.cm?) 158.2(0.5) 164.1(0.4) 161.5(0.4) 161.2(0.3)
CPEHF (Fem™?) 4.12x 10°%3.7) 3.99 x 10(3.4) 4.02 x 10°5(5.3) 5.20x 106(4.2)
N 0.77(0.6) 0.78(0.5) 0.79(0.7) 0.78(0.6)
RHF (Q.cm?) 4392(3.8) 2708(3.2) 1611(4.6) 1280(3.2)
-2
CPEMF (Fem™) 2.16 x 105(0.9) 2.84 x 105(1.0) 3.53x 105(1.4) 3.36 x 10°5(1.0)
n 0. 59(0.8) 0.57(0.77) 0.55(0.9) 0.59(0.5)
RMF (Q.cm?) 6.47 x 10°(1.2) 8.78 x 105(5.4) 1.83 x 1057.7) 5.73 x 10%(1.7)

represent low frequency range elements, associated with
the tin oxide degradation and/or metal corrosion.

For uncoated tinplate (Table 3), only one time constant is
observed for 1 and 24 h of immersion, and this time constant
was attributed to the tin oxides. After 48 h of immersion,
tinplate exhibited two overlapping time constants, a
similar result as has been observed by other authors'>*,
indicating the degradation of the tin oxides and probably
the metal corrosion, as a new process governed by diffusion
apparently begins as indicated by the low value of n. This
explanation is corroborated by the fact that the initially
high resistance declines drastically and that red corrosion
products were observed on the electrode surface at the end
of the experiment, indicating the formation of iron oxides
(Figure 10a).

Two time constants were used to verify the existence
of the electrical circuit shown in Table 4. For silane coated
tinplate, other authors'>!* have also verified the existence of
two time constants in a higher frequency region attributed
to the presence of the silane layer and in the medium
frequency region associated with the tin oxides. In the circuit
depicted in Table 4, CPEHF//RHF and CPEMF//RMF are
cascade sub-circuits corresponding to the response of the
hybrid siloxane-PMMA film in the high frequency range,
and of the tin oxides in the medium frequency range, in

agreement with similar fitting values shown in Table 3 for
tinplate. The results of the fitting procedure show that for
the sample coated with hybrid siloxane-PMMA prepared
with acetic acid (Table 4), the RHF associated with the
coating (hybrid siloxane-PMMA + SnO, passivating layer)
decreased as immersion time increased. This suggests that
the electrolyte eventually reaches the substrate, decreasing
the barrier effect of these films. CPEHF increased over this
time, indicating electrolyte uptake by the hybrid coating,
while CPEMF remained almost constant, indicating that the
active area does not increase with immersion time, pointing
towards a good adhesion between the hybrid coating and
the substrate and better anticorrosion properties of this
particular hybrid coating.

The analysis of the fitting results for the hybrid film
with hydrochloric acid gave two different electric circuits
equivalent (Table 5). Corrosion occurs by permeation of
the electrolyte through gaps in hybrid film which, with
increasing immersion time, promotes the increase of the
pore size. This indicates the transition period between the
electrode behavior of flat and porous films** which allows
the co-existence of flat and porous films*.

Thus, the verification of two circuits CPEMF // RMF and
CPELF // RLF represent the same phenomenon response.
The CPEMEF // RMF circuit (24, 48 and 72 hours) represents
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the behavior of a porous film (when the depth of alternating
current signal is less than the penetration depth of the pores).
Already CPELF // RLF circuit (96 hours) representative of
a plan film (when the depth of alternating current signal
penetration is greater than the depth of the pore).

The circuit depicted in Table 5 shows that the RMF
decreases and CPEMF increases with immersion time,
which is indicative of increasing pore depth (an increasing
surface area exposed to the electrolyte) and active corrosion.
After 72 hours of immersion, the fitting procedure
revealed that only one time constant electrical equivalent

Electrolyte NaClq)
Hybrid film

SnO2 =
Sn

o & AR ALY XYW TV A - A

Carbon steel

Materials Research

circuit (Table 5) is associated with the corrosion products
(Figure 10c).

The fitting procedure to account for the evolution of
the EIS response of the nitric acid hybrid film on tinplate
used one equivalent circuit shown in Table 6 with two time
constants. As for the acetic acid films, CPEHF//RHF and
CPEMF//RMF are the cascade sub-circuits making up the
response. The high frequency range is associated with the
diffusion resistance of the hybrid siloxane-PMMA film, as
the micropores represent conductive pathways that can be
widened with exposure to the electrolyte, promoting easier

(I)

Electrolyte NaClag)

Hybrid film

Sn
FeSn2

Cr (H)

Carbon steel

Electrolyte NaClg)

Hybrid film

Carbon steel

Figure 11. Corrosion mechanism for hybrid film with acid hydrochloric in the electrolyte NaCl solution.
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access of aggressive species to the substrate surface and
explaining the diffusion resistance *'. The medium frequency
range response was attributed to the tin oxides.

In the fitting results for the sample coated with
acetic acid containing hybrid films (Table 4), the RHF
was associated with the coating pathways (hybrid
siloxane-PMMA + SnO, passivating layer) which decreased
with time. For the sample coated with siloxane-PMMA
prepared with nitric acid, both RHF and RMF decreased as
the immersion time increased and were always less than the
corresponding values for the sample coated with the acetic
acid film. In the nitric acid film, the RHF was associated with
the pathways of the coating system (hybrid siloxane-PMMA
+ SnO, passivating layer), while the RMF was associated
with the charge transfer resistance of the underlying metallic
substrate (tin + tin/iron alloy + steel). These results that for
the nitric acid film, the electrolyte more easily reaches the
substrate and activates the corrosion process, denoting the
fragility of this film compared to the hybrid film prepared
with acetic acid.

Figure 10 presents the images obtained after 96 hours
of immersion in 0.05 M NaCl. Red corrosion products
were observed on the electrode surface at the end of the
experiment, indicating the formation of iron oxides. For the
hybrid films obtained with hydrochloric acid (Figure 10b),
abundant but more localized red corrosion products were
observed on the surface, also representing iron oxides,
and the hybrid films obtained with nitric acid (Figure 10d)
showed abundant dark corrosion products indicating the
degradation of the tin oxides. In all these cases, the corrosion
was much more pronounced than on the sample coated
with hybrid films obtained with acetic acid (Figure 10a),
corresponding to the expectations based on the results of
polarization curves, E . data and EIS diagrams (Figure 8 and
Figure 9) and electrical circuit models (Table 4 and Table 5).

Based on the EIS results, a corrosion mechanism
for hybrid film with acid hydrochloric in the electrolyte
NaCl solution was proposed, as is shown schematically
in Figure 11. According SEM results, the sample surface
with acid hydrochloric have cracks. The phase (I) represent
the initial exposition the sample with acid hydrochloric
to electrolyte. With increasing the time of the sample
exposition, the electrolyte permeated the organic coating
through cracks and starting the corrosion because of the
exposed metal. Electrolyte NaCl solution (Equation 1),
the ions movement increases the electrical conductivity of
the solution and the chloride ions propitiate the process of
metal corrosion.
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