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Abstract: Silanes are an alternative to replace pre-
treatments based on Cr(VI) for electrogalvanized steel (ES).
As the interaction between the silane and the metal is
important to ensure pretreatment efficiency, surface prep-
aration is a critical step. In this sense, the presence of
OH groups on the metal surface is essential. In this paper,
the surface preparation of ES and a single/double layer
application on the corrosion protection afforded by
3-aminopropyltriethoxy silane was studied. The metal sur-
face was cleaned by polishing, electrochemically (employing
anodic or cathodic current) or by chemical oxidation. The
electrochemical behavior of the cleaned surfaces was
analyzed by cyclic voltammetry and electrochemical
impedance spectroscopy (EIS). Afterwards, the hydrolyzed
silane was applied in a single or double layer. Coatings were
characterized by scanning electron microscopy and energy
dispersive X-ray spectroscopy, EIS and by exposure to the
humidity chamber. Coatings applied on ES cleaned by elec-
trochemical anodic processes or chemical oxidation pro-
vided the best protective performance due to a lower surface
of zinc exposed to the high humidity environment. Double
layer coatings improved protection due to more homoge-
neous and higher Si content, sealing defects and increasing

the thickness of the one-layer protection, enhancing the
barrier protection of the silane.

Keywords: double layer coatings; electrochemical cleaning;
electrogalvanized steel; oxidizing cleaning; silane pretreat-
ment; surface cleaning.

1 Introduction

One way to protect steel from corrosion is by the application
of a thin zinc layer that acts as a physical barrier and confers
sacrificial protection to steel. This steel-zinc combination is
known as galvanized steel. However, zinc corrodes forming
non-protective compounds (white rust) in the presence of
humidity. So, in order to enhance steel´s protection afforded
by the zinc layer, another protective treatmentmust be done
on galvanized steel (Saravanan and Srikanth 2019).

Chromate coatings have been used on several metals to
protect them from corrosion. The formation of the chromate
coating on zinc substrates involves the oxidation and
dissolution of the zinc surface in the chromating solution
and the evolution of hydrogen, that reduces a certain
amount of Cr(VI) to Cr(III). The protective film formed is
considered as a complex mixture consisting of hydrated
basic chromium chromate, hydrous oxides of Cr(VI) and
Cr(III) and the basis metal (Saravanan and Srikanth 2019;
Zeller and Savinell 1986). The protection afforded by thisfilm
is due both to the corrosion inhibiting effect of Cr(VI) con-
tained in the film and to the physical barrier presented by
the film itself. Even scratched or abraded films retain a great
deal of their protective value due to the presence of the
hexavalent chromium [post treatment]. However, although
Cr(VI) coating is highly effective, it is very toxic and carci-
nogenic (Public Health Service 2010).

The application of functionalized silane-, Cr(III)-, Ce(III)-,
La(III)- based solutions, silica nanoparticles or nano-
containers (Akhtar et al. 2018; Figueira 2020; Hesamedini and
Bund 2019; Niknahad and Mannari 2016; Thai et al. 2020; Yu
et al. 2020; Zandi Zand et al. 2016) seem to constitute one of
the best alternatives to replace Cr(VI)-based pretreatments
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and to provide temporary protection against corrosion of
metals such as zinc, steel, magnesium, aluminum and its
alloys (Alibakhshi et al. 2018; Gao et al. 2019; Jeyaram et al.
2020; Ramezanzadeh et al. 2017; Younis et al. 2013; Zhao et al.
2021b).

Conversely, although the silanes provide protection only
by acting as a physical barrier (Dave et al. 2004; Gao et al.
2019; Seré et al. 2016; Seré et al. 2014b), they are not toxic, nor
contaminant, have a good thermal stability and hardness
(Gao et al. 2019). The barrier properties of the silane film are
due to the compact film formed on the metallic substrates
and its tenacious adhesion that delays the ingress of corro-
sive compounds such as moisture, oxygen, chlorides, etc.
(Nejad et al. 2022; Saravanan and Srikanth 2019; Vuori et al.
2016). In these applications, one of the most common reac-
tion stages is the silane molecule hydrolysis which leads to
the formation of highly reactive silanol groups. These groups
react with the metal substrate oxides and hydroxides
forming Silica-Oxygen-Metal (Si–O–M) bonds (van Ooij et al.
2005;Wang and Bierwagen 2009). Crosslinking also occurred
among the silanols, forming Si-O-Si covalent bonds (Owc-
zarek 2019; Pathaka et al. 2006; Yu et al. 2020).

In practice, the most common organo-functional groups
present in a silane molecule are: –SH, –OH, –NH2

–CHOCH2, –COOH. Typically, a requirement is that the
silane’s organo-functional group does not interact with the
substrate surface to be available towards the outer surface,
providing the film formed interaction with the painting
system, adhesion, hydrophobicity, etc.

The protection afforded by the silanes can be improved
by the incorporation of organic (mercaptobenzothiazole,
thiosalicylic acid), inorganic (zinc and rare earth ions),
“green” inhibitors (plant extracts) and nanoparticles to the
silane film (Asadi and Naderi 2020; Calabrese and Proverbio
2019; Khramov et al. 2005; Nikpour et al. 2018; Owczarek
2019; Pathaka et al. 2006; Peng and Man 2009). Besides, bis-
silanes and mixtures of silanes were also studied alone or
doped with inhibitors (Wang et al. 2012; Yu et al. 2020). The
enhance in the protection afforded by the doped silane film
maybe due to a reduced porosity, an increased coating
thickness, and/or formed extra protective film due to the
reaction of the substrate with the leached inhibitor (Asadi
and Naderi 2020; Nikpour et al. 2018; Owczarek 2019).

As silanes protect mainly due to a physical barrier, the
anticorrosive protection capacity given to the substrate de-
pends on the film porosity and thickness and on the silane
nature. The presence of hydrophobic or hydrophilic chains
in the silane chemical structure can control the water
diffusion rate through the coating film. Moreover, when the
silane molecule is adequately selected, adhesion between
metal and the painting system can be significantly improved

(Gladkikh et al. 2020; Sundararajan and van Ooij 2000; van
Ooij et al. 2000; Wang et al. 2019). Furthermore, substrate
characteristics, such as metal roughness, structure and
surface composition, should be considered since the silane
adhesion to the metal could be enhanced or reduced (Jussila
et al. 2010; Tiringer et al. 2021).

Due to this fact, it is convenient to prepare the substrate
to obtain a surface with a high density of hydroxyl groups.
Many different cleaning methods, including alkaline solu-
tions (some of them commercially available), polishing, and
surface oxidation by heating, have been reported in the
literature (Wang et al. 2012; Najari et al. 2012; Sundararajan
and van Ooij 2000; van Dam et al. 2020; Wang et al. 2019).
Some authors have conducted experiments on steel and
aluminum using cleaning solutions with different alkalinity
and showed that the amount of hydroxyl groups on themetal
surface strongly affects the starting and growing of the silane
films (van Ooij et al. 2005; Zhao et al. 2021a).

The aim of the present work is to study the efficiency of
different cleaning methods used before the silane applica-
tion. To this end, electrogalvanized steel sheets, of com-
mercial quality, were used as substrate. The specimens
surface was cleaned by: (a) polishing; (b) electrochemical
cathodic process; (c) electrochemical anodic process; or
(d) oxidizing process, developed by the Radio Corporation of
America (Kern 1990; Najari et al. 2012). All the specimens
were characterized by scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS), cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS). Then, the silane filmwas applied by immersion once or
twice for obtaining one or two layers, and the relative area of
the exposed substrate was determined by cyclic voltamme-
try (CV). The corrosion protection level provided to the
coated electrogalvanized steel was studied by EIS and spec-
imen exposure to the humidity chamber (HC). No previous
studies have investigated the influence of the zinc cleaning
methods on the silane film performance.

2 Materials and methods

2.1 Preparation and characterization of the cleaned
surfaces

Commercial electrogalvanized steel sheets (75 × 100 × 0.6 mm) were
used as metallic substrate. The zinc thickness was 7 μm measured by
gravimetry. The substrate was cleaned as follow:
(a) polished with G600 waterproof sandpaper for 1 min in distilled

water at pH 7; polishing cleaning (P specimens).
(b) immersed in 10 % NaOH for 20 s at 40 °C with a cathodic current of

0.12 A/cm2; a stainless-steel rodwas used as anode; electrochemical
cathodic process (C specimens).
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(c) immersed in 10 % NaOH for 20 s at 40 °C with an anodic current of
0.12 A/cm2; stainless-steel rodwas used as cathode; electrochemical
anodic process (A specimens).

(d) immersed in 0.01 mol/L HCl solution for 1 min at room temperature
(22 ± 2 °C) and afterwards, in a RCA® (NH3/H2O2/H2O, 1/1/400) (Kern
1990, Najari et al. 2012) for 10 min at 80 °C; oxidizing process (RCA
specimens).

After cleaning, the specimens were rinsed with distilled water, ethyl
alcohol and finally dried by air jet.

These cleaning procedures were selected in order to produce
different amounts of OH groups on the surface as it is claimed that the
presence of OH on the metal surface enhance the silane adhesion (Jus-
sila et al. 2010; Krzak et al. 2020; Tiringer et al. 2021). It is expected that
the polishing method to clean the surface would not increase the
amount of OH on surface.

The use of cathodic currentwould reduce all the oxides/hydroxides
forming a natural layer on zinc, diminishing the amount of OH and
acidizing the solution:

Reduction of Zn(II)compounds : Zn2+ + 2e− → Zn
Oxidation of water : H2O → O2 + 2H+ + 2e−

The used of anodic current and oxidation conditions would
partially oxidize the zinc, increasing the amount of oxide-containing
species on themetal surface (Zhang 1996). The chemical reactionswould
be as follows:

Oxidation of Zn : Zn→ Zn2+ + 2e−

Reactionof water during anodic process : 2e− + 2H2O→ H2 + 2OH−

During the oxidation process in RCA®, the reactions that would
occur are the oxidation of Zn and the reduction of H2O2, in the presence
of NH3:

2e− + H2O2 → 2OH−

In order to characterize the cleaned surfaces, specimens were observed
by SEM using a Quanta 200® FEI microscope with an Apollo 40 electron
detector, employing high vacuum conditions. The surface composition
was determined by EDS using an EDAX® detector. Besides, the electro-
chemical behavior of the surfaces was evaluated by cyclic voltammetry
in an aerated borate solution (35 g/L de H3BO3 and 40 g/L of
Na2B4O7.10H2O) (Seré et al. 2014a; Titz et al. 2010). A cathodic swept was
performed at 0.01 V/s from the open circuit potential (Eop) to −1.50 V
versus Saturated Calomel Electrode (SCE). The peak observed at certain
cathodic potential value is attributed to the reduction of zinc oxides/
hydroxides generated during the surface cleaning process (Jiang et al.
2012; Zhang 1996).

EIS was also done on the cleaned specimens delimiting the metal
surface in contact with the electrolyte to 15.9 cm2. A Pt-meshwas used as
counter-electrode and a SCE as reference. Tested specimens were
exposed to a 0.05 mol/L NaCl solution at 22 ± 2 °C and the EIS measure-
ments started after 20 min of immersion. Impedance spectra were ob-
tained in the potentiostaticmode at the Eop using a sinusoidal signalwith
10 mV peak to peak amplitude over the frequency range from 1.10−2 to
1.105 Hz. A Solartron 1255 FRA® coupled to a Potentiostat-Galvanostat
Solartron 1286 EI®, both controlled by the Zplot® software, was used.
Results adjustment to obtain equivalent circuits to model the physico-
chemical behavior of each system was made with the Z-View® program.

The first condition to reach an adequate adhesion between the
silane and the metal surface is that when they will come into contact a

molecular interaction takes place, reason for which the silane must
properly wet the metal surface. This condition is obtained when γL < γs,
being γL the liquid surface tension and γS the solid surface energy (Prane
1986). The wetting tension of cleaned specimens was estimated by
applying on the solid surface a series of ethanol and water solutions
drops and the surface tension of these solutions was quantified by the
ringmethod (DuNoüy). This test consists of suspending horizontally a Pt
ring in the flat surface of the evaluated liquid and measured the force
necessary to separate the ring from the liquid surface (Freund and
Freund 1930).

When a drop of liquid rests on a solid surface, and both are in
contactwith a gas, the forces acting at the interfacesmust balance. These
forces can be represented by surface energies acting in the direction of
the interface and they follow Young’s equation:

γLV × cos θ = γSV – γSL (1)

The contact angle θ of a distilled water drop applied on the cleaned
surfaces was measured from photographs taken with a Gaosuo micro-
scope, employing the Gaosuo´s software. The contact angle values can be
associated to the surface hydrophilicity/hydrophobicity and it is related
to the chemical groups present on it (Einati et al. 2009; Vuori et al. 2016).

2.2 Preparation and characterization of the silane films

Silane solutionwas prepared by adding 4% v/v of 3-aminopropyltriethoxy
silane (APTES, provided by CAMSI-X) to a solution containing distilled
water/isopropanol (0.5/99.5 % v/v) at pH 10 (Chico et al. 2012; Vuori et al.
2016). The silanewas hydrolyzed for 1 h under stirring. The surface tension
of the hydrolyzed APTES was quantified by the ring method.

Cleaned specimens were immersed in the hydrolyzed silane solu-
tion for 1 min, dried under hot air and cured in oven at 80 °C for 10 min.
The silane was not applied on some polished panels, which were
employed as reference (P).

Considering the results obtained with the one-layer systems, some
specimens cleaned with RCA® were immersed in the silane solution, left
to dry, and immersed again for another minute. Then, these specimens
were dried under hot air and cured in oven at 80 °C for 10 min.

The surfaces with silane were observed by the same electron mi-
croscope and the coated surface composition determined as before. The
substrate active area was evaluated by cyclic voltammetry through a
swept potential from −1.50 V to −0.50 V versus SCE carried out at 0.1 V/s,
at room temperature. The solution was the same used to evaluate the
electrochemical behavior of the cleaned specimens. In this aerated
borate solution, the CV on zinc electrodes shows an anodic dissolution
peak (Ap) followed by a passive region. The integration of this peak gives
an anodic charge density proportional to the active zinc area (Seré et al.
2016).

The temporary protection degree provided by the silanefilm on the
substrate of specimens cleaned with the RCA® process, and then coated
with one or two layers of APTES, were tested through EIS. The set upwas
the same as for specimenswithout silane, butmeasurementsweremade
after 20 min, and 4, 24 and 48 h of immersion. The impedance modulus
value at low frequencies was selected as the assessment parameter of
the system behavior against corrosion, because it is considered as the
total system resistance (Barceló et al. 1998; Magalhães et al. 1999).
Furthermore, accelerated test in the humidity and temperature-
controlled chamber (HC), according to the ASTM D 2247 standard, was
done.
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3 Results and discussion

3.1 Characterization and electrochemical
tests of the cleaned specimens

In Figure 1, the SEM micrographs of the cleaned specimens
can be seen. After the polishing treatment, the P specimen
surface shows streaks caused by the cleaning method. C and
RCA specimens exhibited a topography formed by typical
hexagonal platelets of zinc somewhat inclined with respect
to the surface (Zhang 1996). Anodically clean (A) specimens
show this structure, but the edges of the platelets are not so
well defined, probable due to a significant quantity of oxides
formed during the cleaning process. This cleaning anodic
process dissolves the metal and forms oxides on the surface
to enhance the number of OH groups thatwould increase the
amount of possible coating-metal interactions (Zhang 1996).

Determined by EDS, the highest oxygen concentration,
related to the number of oxides formed on the surface, was
found in the A specimens due to the substrate oxidation
during the cleaning treatment. Even though the RCA

specimens showed the lowest oxygen concentration, its
valuewas very close to that of the P and C specimens, Table 1.

The cathodic CV of the cleaned specimens showed sig-
nificant differences (Figure 2). Eop values were more
cathodic for P specimens (−1.03 V) and shift to more positive
values and very similar for the C and A specimens (−0.79 V
and −0.76 V, respectively), and even more positive for the
RCA specimens (−0.69 V). The different values of Eop

Figure 1: SEM photographs of specimens after the surface cleaning process and before the silane application.

Table : Oxygen concentration determined by EDS, estimated surface
tension and contact angle of the specimens with the different surface
treatments.

Specimen Surface
preparation

Oxygen
At. (%)

Surface
tension

(dyn/cm)

Contact
angle (º)

P Polishing . . – . .
C Electrochemical

cathodic cleaning
.  – . .

A Electrochemical
anodic cleaning

. . – . .

RCA Oxidizing cleaning . . – . .
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indicates that the zinc oxides/hydroxides generated on the
specimens’ surface were different for each surface prepa-
ration. In addition, the specific charge values [Q (C.cm−2)] for
the cathodic peak (Cp), assigned to the reduction of previ-
ously formed oxides/hydroxides (Jiang et al. 2012), were
different in each case.

These results show that either the oxides/hydroxides
species type, their amount on the substrate, morphology or
passivation mechanisms are different in each type of
cleaning performed, due to the different reaction environ-
ment (Zhang 1996). According to the specific charge deter-
mination (area under the cathodic peak), the ranking of the
oxides/hydroxides amount developed on each specimen
surfacewas A > C > P > RCA, similar to that obtainedwith EDS
oxygen analysis. On the other hand, considering the Eop of
each specimen (the RCA Eop was the most anodic) and the Q
values of the oxides/hydroxides´ dissolution (RCA had the
lowest value of Q), it is concluded that the film formed with
the RCA® cleaning is the thinnest and the most compact. The
diluted RCA® solution concentration and the temperature of
the chemical treatment mark the characteristics of the ox-
ides/hydroxides film (Najari et al. 2009).

EIS is a technique very sensitive to the surface condition.
Consequently, the results of the EIS measurements, after
20min of immersion in diluted NaCl solution, showed sig-
nificant differences (Figure 3). The impedance module evo-
lution presented in the Nyquist diagrams was similar for the
P, C and A specimens. At low frequencies, a not well-defined
trending to the matter transfer as the limiting step of the
corrosion rate can be seen; this is a typical behavior of zinc
surfaces with a uniform oxides/hydroxides film (Zhang 1996).

Distinctly, the RCA specimens presented an inductive
loop at low frequencies (Deslouis et al. 1989; Sziráki et al.

2001). This loop indicates that the increase of the oxidation
current is impeded. Several studies have attributed this fact
to the adsorption of Zn(I) and Zn(II) intermediaries during
Zn dissolution (Cai and Park 1996; Deslouis et al. 1989; Sziráki
et al. 2001). In this case, the dissolutionmay be limited by the
diffusion process due to the adsorbed film.

Equivalent electrical circuits were chosen to represent
the evaluated systems, considering the number of time
constants observed in the EIS measurements presented in
Figure 3 and the actual physical characteristics of each sys-
tem. The solution resistance (Rs) was similar for all the
specimens. The electrical equivalent circuits (van Ooij and
Zhu 2001; Yu et al. 2020) are shown in Table 2 together with
the values of each component.

For P and A specimens the electrical equivalent circuit is
based on two contributions: at high frequencies, the resis-
tance R1 and the capacitance CPE1, are associated to the
precipitation of Zn(OH)2; at low frequencies, the contribu-
tion to the impedance is associated to the charge transfer
resistance (R2) in parallel with the electrochemical double
layer capacitance (CPE2) (Simões and Fernandes 2010). In the
case of P specimens, after 20 min in contact with the NaCl
electrolyte, the Zn(OH)2 will rapidly precipitate on the bare
metal surface since the surface remains highly activated
after the mechanical polishing. On the A specimens´ surface
a thicker oxides/hydroxides film is formed during the anodic
cleaning process. It will act as a barrier to the electrolyte flux
during the specimen immersion in the NaCl solution. The
latter agrees with the higher R1 and lower CPE1 values ob-
tained in the equivalent circuit analysis (Table 2).

C specimens present an equivalent circuit with three
contributions (Table 2). At high and medium frequencies, the
contributions are associated to the characteristic precipitates

Figure 2: CV of the specimens after the surface
cleaning process and before silane
application.
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formed on the surface (oxi/hydroxides films). Some authors
claim that this could be related to a film consisting of two
layers, being R1 and R2 their resistances (Kong et al. 2011). The
time constant defined at high frequency represents the
response of the coating outer layer, while that defined at the
medium range would correspond to the inner layer, nearer to
the substrate (Kong et al. 2011). Other authors indicate that this
split is due to heterogeneities and the existence of different
densities (dense or porous zones) in the film (Franquet et al.
2003; vanOoij andZhu2001). The low frequency contribution is

associated to the faradaic process (charge transfer resistance,
R3, and electrochemical double layer capacitance, CPE3).

The most probable equivalent circuit found for fitting
the RCA specimens´ impedance data presents two contribu-
tions (Table 2). The high frequencies contribution is attrib-
uted to the barrier effect of the oxides/hydroxides film
generated during the RCA® cleaning process (R1 and CPE1)
and the second to the adsorption processes of reaction in-
termediaries generated during the zinc dissolution process
and subsequently adsorbed on the electrode surface (L1 and

Figure 3: Nyquist and Bode diagrams of
specimens with different surface cleaning
after 20 min of immersion in NaCl solution.

6 P.R. Seré et al.: Silane layers for electrogalvanized steel



CPE2) (Cai and Park 1996; Salot et al. 1996). The R1 value is the
lowest of the tested specimens, probably because the film
formed during the cleaning process is very thin. This result
agrees with the obtained in the CV test where this specimen
showed the lowest specific charge (Q) (Figure 2).

Experimental data fitting with the equivalent electrical
circuit models was performed and the experimental and
fitted models were coherent. The obtained Chi-Squared
values were included in Table 2.

Theestimated surfaceenergyandcontact angles are shown
in Table 1. Figure 4 shows the different contact angle of distilled
water on the cleaned surfaces; important differences are
observed. The surfaces better wetted by water correspond to

the A or RCA as contact angles are near 20°, while the polishing
treatment provided the lowerwettability (higher contact angle).

Vuori et al. (2016) measured contact angle around 22°,
after an alkaline cleaning process on galvanized steel. Nejad
et al. (2022), employed different solutions of NaOH with and
without acetylacetone and measured contacts angles among
82 and 65°. Both claimed that the low angles are due to hy-
droxylated surfaces. Vuori et al. (2016) also determined the
resistance associated to the precipitation of Zn(OH)2, R1, by
EIS in 0.05 M NaCl (pH = 7) solution after 30 min. The value
was 18 Ω cm2, much lower than the ones obtained by the
cleaning methods studied in this paper, indicating that the
oxyhidroxyde film is more reactive (Vuori et al. 2016).

Table : Equivalent circuits and components values of the equivalent circuit of each system.

Specimen Rs
(Ω cm)

R
(Ω cm)

CPE
(Fcm−)

n R
(Ω cm)

L (H
cm−)

CPE
(Fcm−)

n R
(Ω cm)

CPE
(Fcm−)

n Chi-
squared

P . . .E- . . .E- . .E-
C . . .E- . . .E- .  .E- . .E-
A .  .E- .  .E- . .E-
RCA . . .E- . . . .E-

Specimen Circuit

P (a) Rs(CPE[R(RCPE)])
C (b) Rs(CPE[R(RCPE) (RCPE)])
A (a) Rs(CPE[R(RCPE)])
RCA (c) Rs(CPE[R(RL)])

Figure 4: Photograph of a drop of distilled water applied to the specimens with different surface cleaning before the silane application.
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As the surface tension of the hydrolyzed APTES is
21.5 dyn/cm, hydrolyzed silane in all cases wet the surface (γL <
γs,), but the wetting is better in the case of the A and RCA
specimens because these are more hydrophilic (greater differ-
ence between the surface tensions of the solid and the liquid).

These results showed that A and RCA specimens have
similar hydrophilicity (probably due OH− groups on the
surface, according to the chemical reaction occurred during
the cleaning processes). However, the cyclic voltammetry
and EDS determinations showed that RCA had lower amount
of oxides/hydroxides compounds, confirming that the pro-
tective film is the thinnest and the most compact one.

3.2 Characterization and electrochemical
tests of specimens coated with APTES

Although silane-based coatings are very thin, the presence
of a coating on the electrogalvanized surface was revealed
in the SEM images of all the specimens (Figure 5). The

characteristic substrate structure was less clearly observed
in the coated specimens compared with the specimens
without silane film (Figure 1). This indicates that the silane
film was effectively formed. No cracks were detected.

In Table 3, chemical compositions determined by EDS
can be seen. In all the cases the presence of Si is detected,
confirming the formation of the silane film on the zinc sur-
face. AS and RCAS comparatively showed higher Si content.

Figure 5: SEM micrograph of the specimens after the curing process of silane.

Table : Silicon and oxygen concentration determined by EDS after the
silane curing and relative active surface of the tested coatings.

Specimen Silicon At.
(%)

Oxygen At.
(%)

Relative active surface
(%)

P . . 

PS . . .
CS . . .
AS . . .
RCAS . . .
RCASL . . .

8 P.R. Seré et al.: Silane layers for electrogalvanized steel



This could indicate that the silane coatings formed after
applying anodic or RCA® cleaning methods are thicker than
those on the P and C specimens. This is in accordance with
the better substrate wettability.

Regarding the substrate exposed area, Figure 6 displays
that the CV of the control silane-free P specimens shows an
anodic peak (Ap) at approximately −1.0 V/(SCE) followed by a
passive region. This peak corresponds to the formation of a
ZnO or Zn(OH)2 film that blocks the electrochemically active
surface, promoting the passivation process (Titz et al. 2010).
The analysis of the curve with an anodic peak allows
calculating the electrochemically active surface exposed to
the electrolyte (Seré et al. 2014a). The specimens covered
with silanes showed this Ap at the same potential but with
lower activity than the P specimens.

It can be considered that P specimens have its whole
geometric area electrochemically active, while silanes pre-
treated ones have partially blocked surfaces with reduced
active area. The relative active surface exposed to the elec-
trolyte (Ras) can be defined as:

Rasi = AiZn/A0 * 100 (2)

where Ai
Zn is the zinc free active area on the (i) silane pre-

treated specimen, and A0 is the specimen geometric area.
As the silane coating protects the substrate by barrier

effect to the passage of ions from the electrolyte, the pro-
tection is related to the film coating surface. The evaluation
ofAi

Zn, the zinc active area, for the different specimens could
be performed from the CV curves. It is possible to evaluate
the charge density [Q (Ccm−2)], related with the zinc anodic
dissolution, from the area under the anodic peak (Ap). In the
case of P specimens, it is possible to evaluateQ0, associated to
a completely free zinc surface, while for the other specimens

the charge density will be Qi, corresponding to the anodic
charge associated to the zinc active area below the silane
film.

By definition:

Qi = qiZn /A0 (3)

where qiZn is the charge for the anodic process on the active
free zinc surface of the (i) specimen and it can be shown as
related to Q0 through:

qiZn = Q0*Ai
Zn (4)

Combining (3) and (4),

Qi = Q0 *Ai
Zn /A0 (5)

(Seré et al. 2014a) FromEquation (2) and Equation (5) it is
possible to obtain an electrochemical estimation of Ras as
follows:

Rasi = Qi/Q0 * 100 (6)

The relative active surface exposed to the electrolyte was
evaluated by calculating the ratio of the Ap area of each silane
coated specimen and the Ap area of the P specimen (Table 3).
As can be seen, the coated AS and RCAS specimens showed
lower zinc active surface area than the other tested specimens.
These results, added to the higher Si content detected by EDS in
the AS andRCAS specimens, would indicate that the silanefilm
formed on these specimens was thicker and more homoge-
neous than the one formed in the rest of the specimens.

The corrosion behavior of specimens coatedwith APTES
was evaluated by exposure to the HC test. After 336 h of
exposure, the coated RCAS specimens exhibit less signs of
corrosion than the AS ones while those used as control

Figure 6: CV of the coated and uncoated
electrogalvanized steel specimens.
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(P specimens) presented not only zinc corrosion products
but also a significant amount of iron corrosion products on
their surfaces. The PS specimens showed the worst protec-
tive behavior among all the specimens coated with silane, in
agreement with the high exposed zinc surface (Figure 7).
However, they showed a lower corrosion degree than the P
specimens.

3.3 Characterization and electrochemical
tests of specimens cleaned with RCA®

and coated with two layers of APTES

In Section 3.2, the effect of different surface cleaning on the
corrosion behavior of electrogalvanized steel coated with a
layer of APTES was evaluated. It was found that the system

with the best performance was the one cleaned with RCA®.
For this reason, it was decided to apply two layers of APTES
(RCAS2L) on RCA® cleaned specimens. They were charac-
terized and their performance compared with RCAS.

Figure 8 shows a SEM image of the surface specimen
with one and two layers of APTES. It can be observed that the
typical structure of electrogalvanized steel appears more
diffuse when APTES is applied in two layers (RCAS2L). This
fact, added to that the Si content is considerably higherwhen
a second silane layer is applied (Table 3), is indicative that
the coating is thicker.

Furthermore, in the CV it is observed that both the cur-
rent in the anodic swept and the area under the anodic peak
are considerably lower in the RCAS2L specimens than in the
RCAS ones (Figure 9), indicating that, when a second APTES
layer is applied, the surface sites that had not been covered in

Figure 7: Photograph of the specimens exposed for 336 h in humidity chamber.
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the first silane solution immersion, are covered during the
second one, lowering considerably the active area (Table 3).

Figure 10 shows the evolution of the Nyquist and Bode
diagrams of the EIS determinations in the RCAS and RCAS2L
specimens at different immersion times in NaCl. The values of
the components corresponding to the equivalent circuits that
represent the specimen’s corrosion behavior are shown in
Table 4. For RCAS2L, the best fit was obtained considering 2
times constants throughout the entire trial. This can be seen in
the Bode diagram (Figure 10a). The system behavior is repre-
sented by the equivalent circuit of Table 4a). The same equiv-
alent circuit represents the behaviour, in the early assay stages
of RCAS specimens. The high-frequency constant (R1 y CPE1)
represents the coatingfilm resistive–capacitive characteristics.

R1 symbolizes the coating resistance to the ionic flux, while the
capacitance (CPE1) is associated to the electrolyte permeability
in the film. Pores and/or other defects in the film generate
paths through which the electrolyte can easily move to-
ward the metallic substrate. As the electrolyte permeates
through the coating, the tendency is an increase in the film
capacitance (CPE1). Consequently, as the electrolyte per-
meates the coating through the pores and/or other defects,
a drop in the R1 value occurs. Therefore, the evolution of
this parameter is very important to evaluate the coating
barrier performance in aqueous media. The resistive and
capacitive components (R2 and CPE2) of the time constant
at low frequencies represent the corrosion process
development at the substrate/coating film interface. R2

Figure 8: SEM micrograph of specimens cleaned with RCA® and coated with one or two layers of APTES.

Figure 9: CV of specimens cleaned with RCA®

and coated with one or two layers of APTES.
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Figure 10: Nyquist and Bode diagrams of specimens cleaned with RCA® and coated with one or two layers of APTES at different times of immersion in
NaCl solution.

Table : Components values of the equivalent circuit of one or two layers APTES.

RCAS time Rs (Ω cm) R (Ω cm) CPE (Fcm−) n R (Ω cm) CPE (Fcm−) n R (Ω cm) CPE (Fcm−) n Chi-squared

min . . .E- . . .E- . .
 h . . .E- . . .E- . .
 h . . .E- . . .E- . . .E- . .
 h . . .E- . . .E- . . .E- . .

RCAS time Rs (Ω cm) R (Ω cm) CPE (Fcm−) n R (Ω cm) CPE (Fcm−) n R (Ω cm) CPE (Fcm−) n Chi-squared

min . . .E- . . .E- . .
 h . . .E- . . .E- . .
 h . ,. .E- . . .E- . .
 h . ,. .E- . . .E- . .
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represents the charge transfer resistance and CPE2 the
electrochemical double-layer capacitance.

At longer immersion times (24 and 48 h), the Bode dia-
gram of RCAS specimens shows three-time constants
(Figure 10b), which are represented in the equivalent circuit
model shown in Table 4b). In the phase angle plot, peaks at
high and medium frequencies are associated to the coating
characteristics. As it was previously explained, some authors
claim that such peaks could be related to heterogeneities and
the existence of different crosslinking densities (dense or
porous zones) inside the film (Franquet et al. 2003; van Ooij
and Zhu 2001).

Vuori et al. (2016), informed that charge transfer
resistance values, R1, of the specimens protected with a
3-aminopropyltrimethoxysilane film applied on an alkaline
cleaned surface are 117–132 Ω cm2 and 48 Ω cm2, depending
on the concentration of the silane in the hydrolyzed solu-
tion. They claimed that the main differences are due to the
higher densely packed well-ordered monolayer of the first
silane film while at higher silane concentration, a nano-
porous film, which permits the diffusion of Cl− ions is
formed (Vuori et al. 2016).

Nejad et al. (2022), observed that the silane film (tet-
raethyl orthosilicate and 3-(chloropropyl)-trimethoxy
silane), deposited on galvanized pretreated with 0.5 M
NaOH (with or without acetyl acetone) solution has better
uniformity and integrity of the silane film compared with
other NaOH concentrations. EIS studies showed that this
specimen a charge transfer resistances values around 1–
5 kΩ cm2, that, in general, increased as time elapsed (Nejad
et al. 2022).

However, when 4 % v/v of silane solution was used, the
charge resistance values were higher, between 5 and
0.8 kΩ cm2 and diminished as time elapsed. This indicates

that maybe in the case of the RAS cleaning method, an
ordered silane film is obtained that gets disordered and
porous at longer times.

During the assay, the electrolyte permeation through
the film increases due to the increasing coating porosity
and damage as it is hydrated. Furthermore, delamination at
the coating/substrate interface can occurred, causing the
electrochemically active area to increase as well (Zhang
1996). However, the corrosion products gathering on active
sites could seal some pores. The total resistance (|Z| at low
frequency) fluctuation is attributed to the antagonism of
these processes. As seen in Figure 11, the |Z| values raised in
the early assay stages in both specimens but more mark-
edly in the RCAS2L. Then fell slightly in RCAS, indicating
that the coating structure remains almost stable during the
test. The electrolyte permeates through the film pores up to
reach the substrate and creates the necessary and sufficient
environmental conditions for the onset of corrosion. The
corrosion products generated by this process seal the pores.
The result is that |Z| value rises slightly again, stabilizing at
7759 Ωcm2. In the case of RCAS2L, as the coating has a
smaller active area, the effect of pores sealing is more
relevant than in the case of RCAS. This fact is evidenced in |
Z| steadily growth during the first 24 h of immersion and
subsequent stabilization at 13,181 Ωcm2 (Mrad et al. 2018;
van Ooij and Zhu 2001).

After 336 h of exposure in the humidity and
temperature-controlled chamber, the corrosion degree
was lower in the RCAS2L specimens, only the upper part of
the specimen showed precipitation of zinc corrosion
products (white rust) (Figure 7). These results, added to
those obtained by EIS, indicate that the presence of a
second APTES layer considerably increases the system
temporary corrosion resistance. This improvement is
produced by increasing the silane film thickness (higher
silicon content) and sealing the coating defects (lower
active area) when a second layer is applied.

3.4 Mechanism analysis

In the case of P and C specimens, a thin, porous oxides/
hydroxides layer is formed, and the silane film deposited on
them has no protective characteristics as important areas of
bare metal are exposed: Ras = 6.8 and 3.7, respectively (Ta-
ble 3). In the case of A specimens, the thicker oxides/hy-
droxides film, formed during the cleaning process, provided
higher amount of OH− ions to react with the silanols (8.2% of
O on the metal surface), enhancing the Silica-Oxygen-Metal
bonds. Due to the presence of OH−, the film has good
wettability: θ = 14.51° (Table 1). Consequently, a thicker and

Figure 11: Evolution of low frequencies impedance modulus (|Z|) in the
EIS assay.
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Figure 12: Scheme of the mechanism of protection of silane film.
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more homogeneous silane film was deposited, giving better
protection to themetal. On the other hand, themore compact
and thinner oxides/hydroxides (4.8 % of O on the metal
surface) film formed on RCA specimens, together with the
thicker and more homogeneous silane film (Ras = 0.6), pro-
vided to the metal a good corrosion protection. In the case of
RCAS2L, as the second silane film seals the porous and en-
hances the thickness of the first layer (6.96% of Si on the
metal surface and Ras = 0.3), better protection is afforded.

A scheme of the mechanism is presented in protective
Figure 12.

4 Conclusions

Several authors have used different zinc surface treatments
before applying a silane film. In most of the experiments,
different alkaline cleaning types were used while, in others,
the galvanized specimens were kept at high temperature to
form a film of oxides and, thus, activate the substrate surface.
Through differentmethods, the aim of all the experimentswas
to generate an oxidized surface or to increase the presence of
hydroxyl groups. The species (oxides/hydroxides) type, its
morphology and amount available on the surface certainly
significantly affects the characteristics of the deposited and
cured silane film. This fact is evidenced in this work since
specimens with different surface preparation showed
different surface energy and reactivity due to the development
of different oxides/hydroxides species on the zinc surface.
(1) All the surface cleaning methods provided a surface

energy greater than the surface tension of the hydro-
lyzed APTES solution.

(2) All the APTES films formed on electrogalvanized steel
sheets subjected to different types of surface cleaning
provide a temporary protection effect against corrosion.

(3) No cracks were seen in the silane coatings.
(4) The surface treatment affects not only the coating sil-

icon content but also the zinc exposed area.
(5) The most hydrophilic surfaces were those cleaned by

RCA® or employing anodic current.
(6) Specimens cleaned by RCA® showed the greater sur-

face energy and reactivity, allowing to obtain coatings
with higher Si content, lower exposed zinc surface area
and better performance against corrosion in an envi-
ronment with high humidity.

(7) Double layer coating of APTES considerably increases
the temporary resistance of electrogalvanized steel
protection, due to the improvement of the coating
barrier effect produced by the second APTES layer,
which seals defects of the first one and increases its
thickness.
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