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Traditionally, chromates and phosphates were used as pretreatments for metals to protect them from
corrosion during a temporary period. Nowadays, due to their toxicity, replacements are being study. The
most studied compounds are based on silanes and, among them, glicidoxypropyltrimethoxysilane, amino-
propyltrimethoxysilane, and mercaptopropyltrimethoxysilane are the most important ones. The objective of
this research work was to study the anticorrosive protection afforded by films of c-mercaptopropyl-
trimethoxysilane deposited on SAE 1010 steel in order to select the optimum preparation conditions. The
films were applied on sandblasted steel after 24 or 48 h of hydrolysis of the silane in a water/methanol
solution (1.5/1, by volume) and cured for 10 min at 80 �C or for 1 h at 100 �C. In order to evaluate the
characteristics of the films, Fourier transformed infrared spectroscopy was done on the films and the coated
surfaces were observed by scanning electron microscopy. The anticorrosive protection afforded by the films
was studied by electrochemical tests employing polarization curves (Tafel mode) in 0.5 M NaCl solution and
corrosion potential measurements in NaCl 0.05 M. The best results were obtained with silane hydrolyzed
for 48 h cured at 80 �C for 10 min.
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1. Introduction

Pretreatments for metals are used in order to protect them
from the action of the aggressive environment during a
temporary period (Ref 1-6). Traditionally, chromates and
phosphates were used to achieve this goal, but nowadays and
due to the toxicity of Cr(VI) compounds and the eutrophication
that phosphate causes (Ref 7, 8), their replacements are studied.

Silanes have the general formula R¢-Si-(RO)3, being R¢ a
hydrocarbon chain, functionalized or not, and RO an ethoxy o
methoxy group, easily hydrolysable. These silanes interact with
the metal forming Si-O-Metal covalent bonds by the reaction
between the hydrolysis products of RO groups (silanols) and
the oxyhydroxides present on the metal (Fig. 1). These bonds,
being covalent, are very strong. Moreover, the silanol groups
present in one molecule can react with similar groups in other
molecule forming Si-O-Si bonds, which stabilize the film by
crosslinking.

The characteristics of the film formed on the metal and the
protection afforded to the substrate depend on several variables
such as pH of hydrolysis solvent, time of the silane hydrolysis,
addition of additives and/or dopants, way of application, time,
and curing temperature of the film. As an example, the amount
of RO groups hydrolyzed and capable to react with the metal
surface will depend on the time of the silane hydrolysis and on
the pH of the hydrolysis solution (Ref 9-13). Moreover, the

thickness of the film could vary depending on the number of
applications of the silane solution on the metal (Ref 13).

Compounds such as c-aminopropyltrimethoxysilane (NH2

(CH2)3Si(OCH3)3) and glycidoxypropyltrimethoxysilane (CH2

OCH(CH2)3Si(OCH3)3) were studied on several substrates with
encouraging results (Ref 14-19); however, on cold-rolled and
low-carbon steels, better results were obtained with bis-silanes,
R3Si(CH2)n R¢(CH2)nSiR3 (Ref 15, 16). On the other hand,
c-mercaptopropyltrimethoxysilane (HS(CH2)3Si(OCH3)3) was
studied on hot deep or electro-galvanized steels with good
results (Ref 3, 20-22).

The objective of this research work was to study the
anticorrosive protection afforded by c-mercaptopropyltri-
methoxysilane (MTMO) films applied on sandblasted SAE
1010 steel in order to select the better film-forming conditions.
The variables under study were time of silane hydrolysis,
curing conditions (time and temperature), and number of
applications. The films formed on the metal were observed by
Scanning Electron Microscopy (SEM) and characterized by
energy dispersive x-ray analysis (EDX). The protective prop-
erties of the films were studied by polarization curves and
corrosion potential measurements.

2. Experimental Procedure

Silane suspension was prepared dissolving 1.3 mL of
MTMO in 1.9 mL of methanol/water solution (1.5/1, by
volume). The pH of the water/methanol solution was previ-
ously adjusted to 4 with acetic acid. The suspension was stirred
for 24 or 48 h in order to get the desired hydrolysis degree. A
sample of these solutions was applied on glass and allowed to
dry at room temperature. The dried films were removed by
spatula from the glass, and Fourier Transform Infrared (FTIR)
spectra were obtained using a Perkin Elmer Spectrum One
spectrometer. The spectra were obtained as an average of 10
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scans with a resolution of 1 cm�1 in the range of 650-
4000 cm�1. The spectra could not be done directly on the
solutions due to water interference.

After hydrolysis, 28.4 mL of the same methanol/water
solution was added to the hydrolyzed silane. The final
concentration of MTMO was 4%, by volume (Ref 20). Two
additives were also added, one in order to avoid flash rusting
of the steel while the film is curing, SER AD FA 179
(Ref 23), and the other a wetting agent, TEGO 650 (Ref 24),
0.5 and 0.01%, by weight, respectively. SAE 1010
2.59 7.0 cm2 steel panels, sandblasted until Sa 2 1/2 degree
(SIS 0559 00), with an average roughness Rt� 21 lm (being
Rt the sum of the height of the highest peak and the depth of
the lowest valley within the measured length) were immersed
in the solution for 1 min. After removal, at 32 cm/min, a set
of samples was cured for 1 h at 100± 2 �C and another set at
80± 2 �C for 10 min in oven (Ref 9, 19). The procedure
(immersion-curing) was repeated 2 or 3 times, in order to get
different numbers of silane layers. In Table 1, a detail of the
pretreatment variables is shown.

No flash rusting was observed on the cured samples.
In order to characterize the cured films and to determine the

functional groups present on then, FTIR spectra were obtained.
The silane solution was applied on glass and cured at the
different conditions. The cured films were removed from the
glass, by spatula, and the FTIR obtained under the same
conditions as the dried films.

The films applied on steel were observed by SEM, and their
composition was determined by EDX. A Phillips SEM 505
coupled with an EDAX Ox Prime 10 (Energy dispersed form)
was used; the EDX device was calibrated with a Zn (30%)-Cu
(70%) alloy for both gain and peak position.

The anticorrosive protection behavior was studied by means
of electrochemical tests such as polarization curves and
corrosion potential measurements. Polarization curves, Tafel
mode, were carried out employing the typical three-electrode
cell after 2 h of immersion in NaCl 0.5 M. A saturated calomel
electrode (SCE) was used as reference electrode; a platinum
grid was employed as counter electrode and the coated steel as
working electrode. The swept amplitude was ±0.25 V from the
corrosion potential; the scan rate was 0.5 mV/s and the scan
increment 1 mV. The measurements were done employing a
potentiostat/galvanostat PAR 273 A. The data obtained were
processed with the corrosion Software M352 from EG&G
Princeton Applied Research. The exposed area was 0.42 cm2,
delimited by bee wax. Similar determination was done on
naked sandblasted steel, as blank.

Corrosion potential measurements were done on pretreated
and on naked sandblasted steel immersed in 0.05 M NaCl
employing a SCE. The area exposed was 1.6 cm2, delimited by
bee wax. Measurements were done for 4 h.

3. Results and Discussion

3.1 Characterizations of the Silane Solutions

The FTIR spectra of the solution samples dried at room
temperature can be seen in Fig. 2. These spectra showed the
differences of the solutions related to the presence of silane and
silanols. Peaks due to silane (Si-O-CH3 bonds at 1190 and
1089 cm�1 and CH bonds at 2836 and 2942 cm�1) diminished
their intensity as hydrolysis time elapsed. Moreover, peaks due
to the OH groups present in silanol and due to SiOSi bonds
(3380 and 1041 cm�1, respectively) increased their intensity
(Ref 14). The increased amount of SiOH groups in the
silane solution might produce better protective films, as the
interaction undergoes between the SiOH and the oxyhydroxides
present on metal surface and the higher amount of SiOH,
more interactions, and more possibilities to form covalent

Table 1 Variables of the applied pretreatments and corrosion rate, from polarization curves in NaCl 0.5M

Pretreatment Time of hydrolysis, h Curing conditions Number of applications Corrosión rate, lA/cm2

X2 24 100 ºC, 60 min 2 15.2
X3 24 100 ºC, 60 min 3 7.1
Z2 24 80 ºC, 10 min 2 199.4
Z3 24 80 ºC, 10 min 3 73.0
C2 48 100 ºC, 60 min 2 101.0
C3 48 100 ºC, 60 min 3 3.7
F2 48 80 ºC, 10 min 2 28.3
F3 48 80 ºC, 10 min 3 5.2

Fig. 1 Scheme of the silanes reaction (a) hydrolysis, (b) adsorption
on the metal, (c) condensation
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bonds (Ref 15, 16). On the other hand, the increase in the
amount of SiOSi indicates some degree of crosslinking.

The thiol group is characterized by a weak and difficult-to-
observe band at 2568 cm�1 (Ref 25).

3.2 Characterization of the Films

The FTIR spectra of the different cured films (Fig. 3)
showed that after curing, the organic groups present on the
films are similar, despite the hydrolysis time of the MTMO and
the curing conditions. The bands at 1113 and 1041 cm�1,
corresponding to Si-O-Si bonds, were more clearly defined than
on the dried films indicating a more important degree of

crosslinking (Ref 14). Moreover, the loss of intensity in peaks
2836 and 2942 cm�1 would indicate a partial loss of CH chain.
This loss might occur together with the thiol group. These
results were later confirmed by EDX analysis.

The cured films were observed by SEM. The steel substrate
might be covered in different ways, depending on the
roughness of the surface and on the thickness of the film:

1. The surface might not be completely covered by the
silane leaving the peaks without protection (Fig. 4a); in
this case, pools of silane might appear.

2. The surface might be completely covered. In this case,
several possibilities may occur: a thin film follows the
roughness of the surface, covering peaks and valleys, and
the thickness of the film is homogenous (Fig. 4b); a thick
film, with different thickness, covers peaks and valleys
(Fig. 4c) and a film that follows the roughness of the me-
tal but it is thicker in valleys, forming pools (Fig. 4d).
Figure 4(e) shows a representation of the naked steel.

Figure 5(a) corresponds to the steel surface after pretreat-
ments X2, while Table 2 shows the composition of the film. No
cracks or holes appeared, even when they are seen with higher
magnification (Fig. 5b). The film followed the substrate
roughness (Fig. 4b). The same film structure with similar
composition was observed in the case of pretreatment Z2
(Fig. 5c; Table 2). As can be seen, no important differences
appeared in the composition (Table 2) or in the structure of the
films, despite the different curing conditions.

The detection of iron is related with the penetration degree
of the electron beam (as the only source of Fe is the substrate
metal), so the amount of this element could be related with the
thickness of the film. Taking this into account, it can be said
that the thickness of the films was similar.

The crosslinking degree is difficult to be determined by
EDX measurements as a higher amount of O, from the
oxyhydroxides on steel, might be detected. However, as the
theoretical ratio C/Si/O, for non-polymerized MTMO, is 6/1/3,
polymerization occurred on steel as less C and O, related to Si,
appeared in the cured films (Table 2). In the case of X2, the
ratio C/Si/O was 1.2/1.0/0.95, similar to Z2. Moreover, some S
was lost, in the case of X2 as the ratio S/Si was �0.7/1.0, while
the theoretical ratio is 1.0/1.0. In the case of Z2, the ratio S/Si
was almost the theoretical one indicating that the milder curing
conditions produce less S loss. The loss of S atoms also
occurred in the case of MTMO applied on hot deep galvanized
steel and cured 30 min at 120 �C in which the ratio S/Si was
around 0.8/1.0 (Ref 20).
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Fig. 2 FTIR spectra of the dried films and of pure MTMO
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Fig. 3 FTIR spectra of the cured films
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Fig. 4 Schematic representation of the sandblasted steel, (a) peaks are left without protection, (b) the silane film has homogenous thickness, it
follows the roughness profile, (c) a thicker film, with different thickness, (d) a thin film with pools, and (e) naked steel
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These results confirm the results obtained by FTIR spectra.
On the other hand, on the surface of samples preparedwith 48-

h hydrolyzed MTMO, pools of silane appeared (Fig. 6). In
Fig. 6(a), SEM photograph of sample C2, accumulation of silane
on the valleys of the surface, can be seen. The composition of
these films can be seen in Table 2. The differences on the amount
of iron showed that the thickness of the film was higher on the
valleys than on the peaks, while the difference on the amount of
sulfur indicated a difference on film composition. In the first case,

the ratio S/Si was 0.95/1.0, near the theoretical ratio, while in the
last case, 0.4/1.0, indicating a higher loss in the peaks as the area
was more exposed. This morphology of the silane film also
occurred in the case of sample F2 (Fig. 6b). A scheme of these
situations can be seen in Fig. 4(d).

The ratio C/Si/O was different on the valleys than on the
peaks indicating the loss of more C in the last case. This can be
due to the loss of the propyl-chain, together with the S, or due
to crosslinking.

Fig. 5 SEM photograph of the silane film on steel. (a) X2 (4009), (b) X2 (10009), (c) Z2 (10009)

Table 2 Composition of the cured films on steel

Pretreatment

% by atom

C/O/Si ratio S/Si ratioC O Si S Fe

X2 26 20 21 15 18 1.2/0.95/1.0 0.7/1.0
Z2 19 17 21 20 23 0.9/0.85/1.0 1.0/1.0
C2
Valley 36 27 19 18 0 1.9/1.4/1.0 0.95/1.0
Peak 22 19 15 6 38 1.5/1.3/1.0 0.4/1.0
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In the case of the samples immersed three times, in every
case, the amount of silane was higher in the valleys than on the
peaks, and pools of silane can be easily seen (Fig. 7a and b). As
in the case of two immersions, the ratio C/Si/O/S indicated that
crosslinking might occur and that some S atoms were lost.

The polarization curves (Fig. 8a and b), Tafel mode, showed
that all the pretreatments diminished the anodic current,
probably due to an increase in the SiO metal bonds formed
while curing that isolated the substrate and diminished the
anodic active sites (Ref 16). However, in the case of the 2-
immersion pretreatments, only X2 and F2 diminished the
cathodic current in approximately one order of magnitude. In
the case of the 3-immersion pretreatments, all of them
diminished the cathodic current, due to an increase in the
silane-metal interactions during film-forming process and a
higher degree of crosslinking (Ref 16). The most important
effect was afforded by pretreatment C3 as the diminishing was
almost of 2 orders of magnitude. Similar results were obtained,

on steel, by Asadi et al. employing a mixture of silanes (Ref 19)
and by Van Schaftinghen et al. employing bis-silanes (Ref 16).

In Table 1, the values of the corrosion current, calculated
from Tafel plot, can be seen. These values showed that the
lower corrosion current was obtained with the 3-immersion
pretreatments. This could be related with the morphology of the
films, as more silane was deposited in these pretreatments and a
denser crosslinking film could be obtained (Ref 16, 21).

In Fig. 9, the corrosion potential values can be seen. All the
pretreatments depleted the corrosion potential to more positive
values, approximately 150 mV. Besides, it can be seen that the
steel without pretreatment reached the value of �610 mV after
90 min of immersion, while the pretreated steel samples did not
reach that value along the test. It is important to remark that the
corrosion potential of steel protected with pretreatment F3
diminished constantly reaching the value �552 mV at the end
of the test. This value was the most negative one among the
pretreated samples.

Fig. 6 SEM photograph of the silane film on steel (4009). (a) C2 and (b) F2 pretreatments

Fig. 7 SEM photograph of the silane film on steel (4009). (a) X3 and (b) F3
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Fig. 8 Polarization curves (Tafel mode) of the samples after 2 h in NaCl 0.5 M. (a) 2-immersion pretreatment and (b) 3-immersion
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Fig. 9 Evolution of the corrosion potential of the samples immersed in NaCl 0.05 M. (a) 2—immersion pretreatment and (b) 3—immersion
pretreatment

Fig. 10 SEM photograph of the silane film on steel after 24 h of immersion in NaCl 0.05 M (20009). (a) C3 and (b) F2 pretreatments
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As the films composition determined by FTIR (on dried film
applied on glass) and by EDS (done on the steel) were similar,
the most important factor for the different protective behaviors
seemed to be the interaction between the metal and the silanol.
When more silanol groups were present in the hydrolysis
solution (longer hydrolysis time), the interaction between these
groups and the oxyhydroxides on the metal was easier, and a
good protective film was formed at lower temperature and
shorter curing times. Stronger curing conditions affect the
protective properties of the film, probably it made the film more
permeable, as no pore or cracks could be seen by SEM, but the
anticorrosive performance was poor.

When less SiOH groups were present in the silanol, higher
temperature and longer time were necessary to achieve good
interaction between the silanol and the oxyhydroxides on the
metal surface. In this case, curing at 100 �C for 1 h gave better
protective properties.

When samples F2 and C3, two of the ones with better
protective performance, were observed by SEM after the
exposition to NaCl 0.05 M for 24 h, the partially detachment of
the silane film could be seen (Fig. 10a and b). In the case of F2,
the silane film presented cracks (54 lm long and 3 lm wide),
but the roughness of the substrate cannot be seen. In the case of
C3, the films seemed to cover the whole steel surface with some
holes of �30 lm. Bellow these holes, other layer of the silane
film seemed to be present. No iron oxides could be seen.

4. Conclusions

In agreement with the results obtained in this research work,
it is possible to protect steel by the formation of a c-
mercaptopropyltrimethoxysilane film on its surface. The chem-
ical composition of the films formed on sandblasted steel and
their morphology are independent of the hydrolysis time of the
silane solution and on the curing conditions.

The best anticorrosive behavior of the pretreatment was
achieved by the 3-immersion pretreatments, probably due the
repetition of the cycles silane application-curing was enough to
cover the valleys and peaks of the metal surface, obtaining a
thicker film. The time of hydrolysis and the curing conditions
are also factors to be taken into account in order to get a good
protection. The films obtained after 48 h of hydrolysis protected
the steel better if they were cured at 80 �C for 10 min while the
better protection of the steel by the films obtained after 24 h of
hydrolysis was brought when they were cured for 1 h at 100 �C.
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