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a b s t r a c t

Silane based products are becoming an interesting material for pre-treatment deposition, because, for the
environmental compatibility, they can be used as substitutes of traditional pre-treatments like chromates.
Silanes have been studied as new pre-treatments before organic coating deposition for many different
metals, including aluminium, copper and zinc.

In this work, some results concerning the properties of water-based silane pre-treatments on galvanized
steel will be presented.

Galvanized sheets obtained by continuous hot dip process were considered. A silane based bath
containing a mixture of three different silanes were used for the pre-treatment deposition (Glyci-
doxypropiltrimethoxysilane, Tetraethoxysilane and Methyltriethoxysilane).

The obtained pre-treatments were characterized by SEM observations, FT-IR and ToF-Sims analysis.
The corrosion protection properties of the pre-treated galvanized samples were studied using industrial
accelerated tests (like salt spray exposure) and electrochemical measurements (polarization curves and
electrochemical impedance spectroscopy (EIS) measurements), as a function of the different curing con-
ditions. The pre-treated galvanized sheets were further coated with an epoxy-polyester powder coating,
in order to verify the adhesion promotion properties and the corrosion protection performances of the
complete protective system.

The coated samples were characterized by EIS measurements with artificial defect in order to study
the interfacial stability (adhesion) in wet conditions and monitor the coating delamination.

The electrochemical data were compared with adhesion measurements obtained by cathodic delam-
ination tests. The electrochemical tests showed that the silane layer acts not only as a coupling agent
between the inorganic substrate and the organic coating, but it also ensures a good barrier effect against
water and oxygen.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the last two decades, the potential of organofunctional silane
molecules for the replacement of chrome conversion treatments
has been the topic of a huge number of studies [1–7]. Silanes have
been widely studied as coupling agents between inorganic and
organic materials since the first works of Pluddemann [8]. Con-
cerning corrosion science, a lot of efforts have been made to apply
these materials as adhesion promoters between metallic substrates
and organic coatings used for protection against corrosion phe-
nomena [9–11]. The chemistry of silanes and the mechanism of
interaction of these molecules with a metallic substrate and an
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organic coating have been widely explained and are reported in
Refs. [12–14]. Silanes films not only ensure the adhesion between
metal substrates and organic coatings but they also provide a thin,
but efficient, barrier against oxygen diffusion to the metal interface
[15]. Compared to the traditional chromate conversion treatments
the only drawback of silanes is that they do not provide an active
protection to the metallic substrate. In fact, when water and aggres-
sive ions reach the surface of the metal, silane layers are not able
to ensure an active inhibition of the corrosion process as well as
chromates compounds.

For this reason, and in general to improve the protection prop-
erties of the silane layers, several attempts have been made adding
cerium and lanthanum salts [16] or CeO2 and LaO2 nanopow-
ders [17] to the silane films. In addition, the performances
of silane layers filled with silica particles were also evaluated
[18].

0300-9440/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.porgcoat.2009.06.011
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The effectiveness of silanes as pre-treatment on several metals
(aluminium, magnesium, steel) and their environmental friendly
characteristics have been widely demonstrated [19].

Though literature is full of studies regarding the properties of
the silane surface conversion film itself [1–4,20], the investigations
of the complete protection system (metal–silane pre-treatment-
organic coating) are not so abundant [21].

In this study a complete protection system containing silane
based pre-treatments was evaluated. In particular the corrosion
performances of a hot dip galvanized steel treated with silane
molecules and covered with an organic coating were analyzed. The
aim is to develop a corrosion resistant protection system consist-
ing of only “environmentally friendly” elements. For this purpose,
besides using silane pre-treatments instead of chromates, the gal-
vanization bath contains no lead [22] and the powder coating
deposition prevents problems due to the volatile organic com-
pounds (VOCs). Moreover, in order to realize a complete ecologic
protection system, the silane solution is completely water-based.

The galvanization consists of a zinc layer obtained by
a continuous process. The silane solution consist of an
experimental mix of three different silanes molecules:
�Glycidoxypropiltrimethoxysilane (�GPS), Tetraethoxysilane
(TEOS) and Methyltriethoxysilane (MTES). �GPS is an organofunc-
tionalized silane composed of a short carbon backbone with
an epoxy functionalized tail and a Si atom substituted with 3
(–O–CH3) groups. Due to the presence of the epoxy group this
molecule ensures an active interaction with the organic coating.
TEOS and MTES, after hydrolysis, form an inorganic network on
metallic surfaces and give rise to the inorganic phase responsible
of the barrier properties of the silane film.

The organic coating is an epoxy-polyester resin. The chemical
affinity of the epoxy groups between the silane layer and the organic
coating has been properly designed to enhance the adhesion.

Because of the experimental nature of the silane mixture, a
commercial water-based silane pre-treatment was used for com-
parison. In addition, a common industrial pre-treatment such as
fluozirconate conversion treatment has been applied for a further
comparison, in order to have a complete overview of the different
performances of the different pre-treatments.

The characterization of the corrosion protection performances
of the complete protection system and the analysis of the silane pre-
treatment as neat have been performed by means of chemical and
electrochemical techniques (FT-IR, ToF-Sims, EIS, potentiodynamic
polarization), accelerated laboratory tests (salt spray chamber,
cathodic polarization) and observations with either optical and
electron microscope (ESEM). The properties of the different silane
layers were underlined and the corrosion protection properties of
the complete system were analyzed and discussed.

2. Experimental procedure

2.1. Samples preparation

�GPS (99% pure), TEOS (99% pure) and MTES (99% pure) were
purchased from Degussa and used as received without further
purification. The silane solution was prepared dissolving 10 wt.%
of the silane mixture in deionized water. The mixture consists of an
equal weight percentage of each one of the three silane molecules.
The pH was adjusted to 4 adding hydrochloric acid. The solution was
vigorously stirred for 1 h before dipping the samples in the silane
solution. This lapse of time provides a good degree of hydrolysis of
the silane molecules.

The Commercial silane used for comparison is a SIVO® water-
based silane (supplied by Degussa), whose composition is patented.
The dilution is 10 wt.% in water. No modification of the pH of the
solution was performed (product specification). Also this solution

Table 1
Name and features of the studied samples.

Name of the sample Silane treatment Heat treatment
(15 min)

Organic coating

Galvanized steel – – Epoxy-polyester
Silane HT120 Silane mix 120 ◦C Epoxy-polyester
Silane HT180 Silane mix 180 ◦C Epoxy-polyester
Commercial silane SIVO 120 ◦C Epoxy-polyester
FluoZirc Fluozirconate

conversion
treatment

– Epoxy-polyester

was stirred for 1 h before the dipping of the galvanized sam-
ples.

Before the immersion in the silane solution the hot dip galva-
nized steel sheets (Zn alloy: 0.25 wt.% Al supplied by Arcelor Mittal,
Belgium) were degreased with acetone and ultrasounds for 15 min.
Afterwards they were cleaned in an alkaline solution containing
KOH (Gardoclean®, supplied by Chemetall) for 10 min at 50 ◦C. This
treatment provides an alkaline etch and a chemical activation of
the surface. After rinsing in tap water and then in deionized water,
the galvanized panels were dipped for 5 min in the silane solu-
tions. A heat treatment in oven followed the layer deposition. SIVO®

coated samples were cured at 120 ◦C for 15 min (as specified by
the supplier) while the samples treated with the mixture of silane
were cured at two different temperatures, in order to investigate
the effect of the curing temperature on the film itself and on the
complete protection system. Thus, the samples coated with the
experimental mixture were cured at 120 ◦C and 180 ◦C for 15 min.
Table 1 summarizes the features and characteristics of the different
pre-treated samples.

The fluozirconate treatment is an industrial pre-treatment con-
sisting of the dip of the galvanized sample into a solution containing
HF and ZrO2. This treatment provides the formation of a protective
film of hydrated compounds of fluorine, zinc, zirconium and oxygen.

The organic coating consists of an epoxy-polyester resin sup-
plied, applied as powder and cured at 210 ◦C for 15 min by Pintarelli
s.r.l. (Italy). The average thickness of these coatings is 70 �m.

For comparison the organic coating was applied on the silane
pre-treated samples and also on the bare galvanized steel and on
fluozirconated samples (Table 1).

2.2. Experimental techniques

All electrochemical tests were performed using a Princeton
Applied Research Potentiostat 273A and Schlumberger HF Fre-
quency Response Analyser SI 1255. A classical three electrodes
arrangement was used. An Ag/AgCl (+0.205 V vs SHE) electrode
and a platinum ring were used as reference and counter electrode,
respectively. Electrochemical impedance measurements were per-
formed on the pre-treated samples. The frequency range used for
these measurements was from 100 kHz to 10 mHz while the sig-
nal amplitude was 5 mV. The immersed area was 7.1 cm2. The
impedance measurements were taken regularly for a convenient
lapse of time. The electrolyte used was 5.8% NaCl. Electrochem-
ical impedance measurements were also performed on scratched
coated samples. The signal amplitude was 10 mV and the immersed
area 9.9 cm2. The electrolyte used was 0.3 wt.% Na2SO4.

Cathodic and anodic polarization tests were performed on the
pre-treated samples. The conductive solution was 3.5% NaCl and
the immersed area was 9.9 cm2, the curves were obtained after 1 h
of immersion with a scan rate of 0.2 mV/s.

Cathodic disbonding test was performed on the organic coated
scratched samples. This test was performed in a 0.3 wt.% Na2SO4
solution. Concerning the organic coated samples, a 2 cm long
scratch was mechanically produced on the paint film in order to
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Table 2
Cycles used for the cathodic disbonding test.

Cycle 1 (5×) OCP: 1 h DC: −1.6 V vs Ag/AgCl during 30 min
Cycle 2 (10×) OCP: 1 h DC: −1.3 V vs Ag/AgCl during 5 h

monitor the evolution of the disbonding process. The cathodic
delamination tests were performed at constant potential: −1.2 V vs
Ag/AgCl. Moreover, in order to reduce the testing time, two differ-
ent cathodic delamination cycles were performed. The first cycle
consists of 30 min at −1.6 V (vs Ag/AgCl) and 1 h at the OCP. This
cycle was repeated five times. The second cycle consists of 5 h at
−1.3 V vs Ag/AgCl followed by 1 h at the OCP (open circuit potential).
This cycle was repeated 10 times. Table 2 summarizes the different
cycles.

The thickness of the thin silane layer was determined using a
ToF-Sims. These measurements were carried out on an IOF TOF IV
spectrometer equipped with an argon analysis ion gun. The etching
conditions were 3 keV, 20 nA rastered over a 300 �m × 300 �m for
30 s.

The FT-IR measurements were carried out by using a Varian 4100
FT-IR Excalibur Series and analyzed by considering the evolution of
the transmittance as a function of the wave number.

In addition, qualitative tests such as exposure in the salt spray
chamber and immersion in swelling solvent such as n-methyl-
pyrrolidone were performed [23]. The salt spray exposure was

carried out in compliance with the ASTM B117 standard (sam-
ples inclination 45◦). The immersion in n-methyl-pyrrolidone
was at 50 ◦C, a few degrees below the glass transition temper-
ature. The ESEM images were collected using a Philips XL30
equipment. Contact angle measurements were also performed,
aiming at investigating the hydrophobic/hydrophilic properties of
the pre-treated surfaces. These measurements were performed
using a Digidrop Contact Angle Meter, GBX Scientific Instruments.
The contact angle was measured with three different liquids to
determine the dispersive and polar components of the surface
energy of the layers. The liquids used are water, formamide and
diiodomethane.

3. Results and discussion

3.1. Samples without organic coating

3.1.1. Surface analysis
Fig. 1 shows the ESEM images obtained by using the GSE detec-

tor for the bare galvanized sample and the silane coated samples.
In particular, Fig. 1a shows the GSE ESEM image of the bare galva-
nized steel surface, Fig. 1b the Silane HT120 coated surface, Fig. 1c
the silane HT180 coated surface and Fig. 1d the Commercial silane
coated surface. Because their very low thickness the silane films
(1b–d) do not modify the roughness of the surface, they follow the
morphology of the galvanized surface (1a).

Fig. 1. GSE ESEM images of the bare galvanized steel surface (a), the Silane HT120 coated surface (b), Silane HT180 coated surface (c) and the Commercial silane coated surface
(d).
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Fig. 2. BSE images of the Silane HT120 coated surface (a), Silane HT180 coated
surface (b) and the Commercial silane coated surface (c).

The three different layers seem to be quite homogeneous and
there are no clearly visible differences among them. Fig. 2a–c
depicts the same samples analyzed by using the BSE detector of
the ESEM. Considering the pictures showed in Fig. 2, different areas
are observable. In fact there are white “islands” with a sort of black
contour. A localized EDXS analysis demonstrates that the dark por-
tions of the pictures are richer in silane (highlighted by the higher
intensity of the peak corresponding to the silicon) than the bright
areas.

Fig. 3. ToF-Sims profile of Silane HT120 sample.

Table 3
Thickness of the hybrid films measured using ToF-Sims.

Sample Thickness (Å) Additional information

Silane HT120 3000
High reticulationSilane HT180 1000

Commercial silane 2200

Despite the film is present over the whole surface, probably there
are several accumulations of silane molecules in particular areas of
the surface of the sample, where several hollows are observable.

The thickness of the hybrid coupling films was measured by
means of the ToF-Sims (Time of Flight-Secondary ions mass spec-
troscopy). Fig. 3 shows an example of ToF-Sims profile showing the
increase of the Al and Zn signal and the decrease of carbon and sil-
icon compounds, due to the silane layer, for Silane HT120 sample.
The layer thickness was estimated from the sputtering time shown
in the dotted line. Table 3 summarizes the obtained numerical val-
ues and some additional information provided by the experimental
analysis.

The film obtained curing the silane mixture at 180 ◦C is thinner
and denser compared to the film cured at 120 ◦C; this results can
be explained by the fact that condensation reactions are promoted
by heat. Thus, the film cured at 180 ◦C is characterized by a highly
reticulated Si–O–Si network. This denser reticulation, confirmed
by ToF-Sims measurements, was observed on the FT-IR spectra. It
is indeed possible to note for the Silane HT180 an intense Si–O–Si
peak (1080 cm−1) and smaller Si–OH peak (3373 cm−1) if compared
with the same peaks measured on Silane HT120 samples or the
Commercial silane, also cured at 120 ◦C (Fig. 4). The thickness of
the Commercial silane film is comparable to the thickness of the
experimental silane mixture films.

3.1.2. Contact angle measurements
The chemical properties of the films were analyzed measuring

the contact angle of the treated samples with water (�water). In addi-
tion, from the measurements of contact angles � of three different
liquids with the silane layers, the dispersive ˛D

s and polar ˛P
s compo-

nents of the surface energy of the layers were determined by using
the Owens–Wendt model. The surface energy is the sum of disper-
sive and polar components. These components are connected by
the equation of the liquid adhesion work Wa on the solid, given by

Wa = �L(1 + cos �) = 2(�d
s �d

L )
0.5 + 2(�p

s �p
L )

0.5
(1)
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Fig. 4. FT-IR spectra of the silane samples cured at different temperatures: (a)
Si–O–Si peeks and (b) Si–OH peeks.

Table 4
�s, �P

s , �D
s and �water for each hybrid coupling film.

Sample �s (mJ/m2) �P
s (mJ/m2) �D

s (mJ/m2) �water (◦)

Silane HT120 44.9 13.8 31.1 61
Silane HT180 43.4 10.3 33.1 67
Commercial silane 57.6 24.6 33.0 17

Table 4 shows the values of �s, ˛P
s , ˛D

s and the contact angle of
each film with water (�water).

The experimental data highlight that the Commercial silane
film is very hydrophilic, with a contact angle of 17◦, while both
the silane mixture treated at different temperatures have a higher
value. Between them, the silane mix treated at lower tempera-
ture is slightly more hydrophilic compared to the film treated at
higher temperature. The differences are mainly due to the polar
component of the surface (˛P

s ) that changes markedly between the
samples. It seems that increasing the reticulation causes a decrease
of the amount of SiOH groups as observed by FT-IR and conse-
quently leads to an increasing surface hydrophobicity.

3.1.3. Electrochemical measurements
Electrochemical impedance measurements were carried out to

characterize electrochemically the hybrid films. Figs. 5 and 6 show
the Bode diagrams after 1 and 7 days of immersion in NaCl solution,
respectively.

The sample Silane HT180 maintains a value of the total
impedance, which is high for a pre-treatments, also after 7 days

Fig. 5. Bode modulus (a) and phase (b) after 1 day of immersion in 5.8 wt.% NaCl.

of continuous immersion in the conductive solution. The barrier
properties of this film seem to be good and probably correlated with
the dense and stable network of Si–O–Si bonds. Instead of this, the
sample treated with the same silane solution, but cured at lower
temperature, shows a decrease of the low frequency impedance
modulus. However, the value of the total impedance after 1 day of
immersion and the value of the phase angle at intermediate fre-
quencies indicates that the film ensures a slight protection of the
substrate. Fig. 7 shows the absolute values of the low frequency
impedance modulus for the different treated samples and for the
untreated galvanized steel as a function of the immersion time in
the electrolyte. The impedance data of the uncoated samples only

Fig. 6. Bode modulus (a) and phase (b) after 7 days of immersion in 5.8 wt.% NaCl.
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Fig. 7. Absolute values of the impedance modulus at low frequency with time in
5.8 wt.% NaCl solution.

refer to the first hours of immersion because of the formation of
corrosion products that affects the measurements.

It is important to underline that silane hybrid films are not
designed to interact directly with a corrosive solution, but to be
actually a coupling agent. Thus even if a good initial barrier effect is
observed, this barrier will be more or less rapidly degraded by the
electrolyte resulting in the initiation of metallic corrosion.

The Commercial silane shows the lowest performances. It was
demonstrated by means of contact angle measurements that the
film is very hydrophilic. Thus the electrolytic solution proba-
bly swells easily the commercial film and the barrier properties
decrease immediately after the first hours of immersion. Consid-
ering the Bode phase in Fig. 5, it is interesting to note that in
comparison with the other films, Silane HT180 have two clearly
visible time constants. The second loop was observed with mea-
surements performed on similar samples and it has been the object
of several studies [24]. However, the correct physical meaning is still
unknown but we may expect that the two time constants are asso-
ciated to two different silane structures, one related to bulk silane
layer and the second one related to the interface.

The electrochemical properties of the film were also investi-
gated by means of anodic and cathodic polarization measurements.
Fig. 8 shows the polarization curves collected after 1 h of immer-
sion in the conductive solution (3.5 wt.% NaCl). Great differences are
observable between the cathodic polarization measurements per-
formed on different samples. In fact there are about three orders
of magnitude between the cathodic currents of the sample HT180
and the bare galvanized surface. Observe that all the silane coated

Fig. 8. Anodic (a) and cathodic (b) polarization curves obtained after 1 h of immer-
sion in 3.5 wt.% NaCl solution.

samples have a lower cathodic current than the sample without
conversion film. The high degree of reticulation of sample Silane
HT180 leads to very good barrier properties, underlined by the very
low current density. Sample Silane HT120 shows a good inhibi-
tion of the oxygen reduction, even if not as effective as the sample
cured at higher temperature. The Commercial silane seems again
to present the lowest properties. Despite the great differences in
cathodic polarization, the anodic curves look very similar. No evi-
dent differences are noticeable between the different samples. The
commercial film has a slightly higher current density, but the abso-
lute value is not very far from that obtained with the other samples.

Fig. 9. Commercial silane (left), Silane HT 120 (middle) and Silane HT180 (right) after 24 h of exposure in the salt spray chamber.
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Fig. 10. Commercial silane (left), Silane HT 120 (middle) and Silane HT180 (right) after 72 h of exposure in the salt spray chamber.

Probably the protection ensured by the silane film against corrosion
is due to the reduction of the active areas in contact with the elec-
trolytic solution and to the barrier properties against the diffusion
of water, oxygen and ions.

3.1.4. Salt fog exposure
The properties of the coupling films were also checked using an

industrial and qualitative test such as the exposure to the salt spray
chamber. Figs. 9 and 10 depict the experimental results after 24 and
72 h of exposure, respectively.

This test confirms the electrochemical results. Considering Fig. 9,
it is evident that after 24 h of exposure the Commercial silane treat-
ment is completely deteriorated and huge amount of white rust
(zinc corrosion products) is present on the sample surface. On sam-
ple Silane HT120 little quantity of white rust is present, while the
coating of Silane HT180 looks undamaged and no white rust is
observable. After 72 h of exposure the sample coated with the Com-
mercial silane is completely covered by corrosion products. On the
Silane HT120 covered sample white rust is easily visible. The sam-
ple covered with Silane HT180 film begins to show a small amount
of corrosion products.

The sample treated with the experimental mix ensures very
good barrier protection against the environment despite it is a cou-
pling agent. The network formed by the TEOS and MTES molecules
probably lead to the formation of a reticulated film on the surface of
the metal. The high degree of intermolecular bonds (Si–O–Si) lead
to the formation of a film with considerable barrier properties, in
particular for a pre-treatment.

3.2. Samples with the organic coating

The application of a powder coating allows us to check the effect
of a silane coupling film on the properties of the complete protec-
tion system. It is also possible to investigate if the heat treatment
at high temperature affects the coupling potential of the silane
molecules.

An epoxy-polyester powder coating has been applied on the pre-
treated samples. For comparison the organic coating has been also
applied on the untreated galvanized steel and on a fluozirconated
galvanized steel sample.

In order to characterize the interfacial stability, and so the abil-
ity of the pre-treatment to assure coating adhesion even in the
presence of defects, two different experimental approaches were
used.

The samples with an artificial scratch were characterized using
EIS measurements in order to monitor the loss of adhesion. More-
over, two different cathodic delamination tests were performed in
order to measure the coating disbonding: the first cathodic dis-
bonding test was done at constant potential −1.2 V vs Ag/AgCl. In
order to verify if it is possible to reduce the testing time, a second

set of cathodic delamination tests was done using cyclic procedures,
described in Table 2.

The scratches for EIS measurements have a standard length of
20 mm and the thickness of the cutter (about 0.1 mm). The sam-
ples were immersed in a 0.3 wt.% Na2SO4 solution for 1 week. The
progress of the corrosion phenomena was regularly monitored.
Figs. 11 and 12 show the Bode modulus and phase after 2 and
48 h of immersion, respectively. The samples with the Commer-
cial silane and fluozirconated pre-treatments show low impedance
values indicating a degradation of the protective system and are nor

Fig. 11. Bode modulus (a) and phase (b) plots of coated samples after 2 h of immer-
sion in 0.3 wt.% Na2SO4 solution.
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Fig. 12. Bode modulus (a) and phase (b) plots of coated samples after 48 h of immer-
sion in 0.3 wt.% Na2SO4 solution.

reported in Figs. 11 and 12. The samples treated with the silane mix
seem to ensure a better resistance against the penetration of the
electrolyte between the metal and the coating. This fact is proved
by the limited decrease of the values of impedance of these samples
from 2 to 48 h of immersion.

In order to analyze in deep the behaviour of the silane mix
treated samples, several parameters were extracted from the exper-
imental impedance data using a suitable equivalent circuit model.
In addition to the electrical parameters describing the contribution
to the impedance of the organic coatings (Rp and Cc) (generally not
observed experimentally because of the macroscopic defect), two
times constant are generally visible: one related to the presence of
oxides and one related to the bare metal/electrolyte interface. For
monitoring the delamination process we analyzed the evolution
of the high frequency time constant [25]. The capacitance value
obtained is proportional to the exposed metal surface area. As a
consequence, higher the capacitance value, higher the extent of the
detachment between the coating and the substrate. Fig. 13 shows,
as an example, the tendency of the capacitances (Chf) for the sample
without pre-treatments (galvanized steel). It is clear that there is a
continuous trend showing an increase of the capacitance related to
the delamination process, which is common for all the materials. At
the end of the test (120 h of immersion), in order to compare the dif-
ferent silane pre-treatments, we calculated the ratio between the
final Chf value (after 120 h) and the initial value (Fig. 14). This ratio
is an indication of the enlargement of delamination, and smaller is
the value, more stable is the interface. From the data in Fig. 14 it is

Fig. 13. Double layer capacitance with time of immersion in 0.3 wt.% Na2SO4 solu-
tion for coated galvanized steel.

clear that stability of the silane mix cured at 180 ◦C (Silane HT 180)
is higher.

In order to highlight the different resistances against the dis-
bonding of the coating, cathodic disbonding tests have been
performed. The samples were scratched and immersed in the elec-
trolytic solution.

The first delamination test was performed at constant potential
(−1.2 V Ag/AgCl). The results, obtained after 5 days are shown in
Fig. 15. The sample’s ranking is evident: the silane mix samples
(Silane HT120 and HT 180) show a limited delaminated area, while
the samples fluozirconated and pre-treated with the Commercial
silanes show a delaminated area very similar to the delaminated
area of the samples without pre-treatment.

In order to try to reduce the testing time, some cyclic cathodic
delamination tests were performed following the parameters
described in Table 2.

After the end of every complete cycle of the accelerated test
the detachment of the coating has been evaluated. Table 5 shows
the linear extent of the detachment of the coating at the end of
each complete cycle. The extent is expressed as linear dimension
of the detached area along the artificial scratch. The data of Table 5
indicate the interval between the higher and the lower extent of the
detachment among the three measurements performed. If only one
number is present, it means that the three measurements overlap.

Sample Silane HT180 + C shows the best performance in every
experimental condition. The linear detachment for this sample is

Fig. 14. Ratio of delamination (final Cdl divided by initial Cdl) after 120 h of immer-
sion in 0.3 wt.% Na2SO4 solution.
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Fig. 15. Coating delamination of the different samples after 5 days of cathodic delamination test at constant potential.

the lowest regardless of the cycle. The treatment with the exper-
imental mix cured at 180 ◦C ensures good adhesion between the
metallic substrate and the coating. The clearest results are obtained
with Cycle 2 (60 h total testing time) where the different behaviour
of the samples can be easily measured, proving the unsatisfac-
tory behaviour of the Commercial silane and the galvanized steel
samples. Remark that these results are consistent with the electro-
chemical measurements and the constant potential delamination
test, but the testing time is reduced by a factor at least two.

The adhesion between the top coat and the substrate was mea-
sured using a swelling solvent such as n-methyl-pyrrolidone. This
molecule is able to swell the paint and to induce stresses between
the polymer and the metallic substrate. The lower the adhesion
between the powder coating and the substrate, the earlier the
detachment occurs. Fig. 16a–e shows the experimental results after
6 h of immersion in the swelling solution at 50 ◦C.

The untreated sample and the sample with the fluozirconate
conversion treatment (Fig. 16a and b, respectively) show a clearly
visible detachment of the coating. Concerning other samples, the
detachment of the organic coating is not complete but a huge

Table 5
Linear extent of the detachment for each sample after the different cycles of cathodic
delamination test.

Linear extent of the detachment (mm)

Cycle 1 Cycle 2

Galvanized steel + C 1.5–2.0 5.0–8.0
FluoZirc + C 2.0 3.0
Silane HT120 + C 0.0–1.0 4.0–5.0
Silane HT180 + C 0.0 1.0–3.0
Commercial silane + C 1.5–2.0 8.0–10.0

number of blisters are observable. Since this test is purely qualita-
tive, sample Silane HT180 + C seems to ensure the highest adhesion
between the substrate and the coating. This fact is highlighted by
the lower density of blisters. Sample Silane HT120 + C and Com-
mercial silane + C are quite similar, even if the blisters of the sample
treated with the experimental mix look bigger than the blisters on
the Commercial silane treated sample. The good results obtained
with a curing temperature of 180 ◦C must consider the fact that
this temperature has not to be exceeded, because it is very close to
the temperature at which the epoxy ring opens. This event has to
be avoided because the premature opening of the epoxy ring can
affect negatively the adhesion between the polymer and the hybrid
film.

This technological test corroborates partially the results of the
other experiments. In particular it confirms the low adhesion
between the samples treated with no silane coupling films. In
addition it confirms the very good performance of sample Silane
HT180 + C. Note that, in this case, the sample treated with the Com-
mercial silane does not behave as bad as demonstrated with other
experimental tests (i.e., cathodic disbonding).

This fact can be explained by the assumption that the Commer-
cial silane treatment ensures a rather good dry adhesion between
the polymer and the substrate. Despite of this, when a scratch is
realized on the surface, the silane film is directly in contact with the
environment (or aggressive solution, as in the experimental test)
and it can be easily attacked. The test performed on the uncoated
pre-treated samples proved the low resistance of this coupling
film against a corrosive environment. In the cathodic disbonding
test the electrolyte is directly in contact with the cut edge of the
coupling film. The conductive solution probably hydrolyzes it and
moves forward between the polymer and the metal accelerating
the detachment of the powder coating.
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Fig. 16. Galvanized steel + C (a), FluoZirc + C (b), Commercial silane + C (c), Silane HT120 + C (d) and Silane HT180 + C (e) after 6 h of immersion in n-methylpyrrolidone at 50 ◦C.

4. Conclusions

In the present work the corrosion protection performances
of a complete environmentally friendly protection system were
evaluated. In particular the properties of an experimental hybrid
silane layer were investigated. The results of the electrochemical
analysis highlighted the good barrier properties of the inno-
vative silane film, especially when cured at 180 ◦C. The high
temperature of the curing leads to the formation of a dense
and highly interconnected silane film. The experimental tests
performed on the whole protection system confirmed the key
role of the experimental silane pre-treatment. In fact, it ensures
not only a barrier effect against water and oxygen, but it
acts as an adhesion promoter between the galvanized substrate
and the polymer. The treatment Silane HT180 ensures the best
corrosion protection properties as compared to the other pre-
treatments.
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