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Abstract

The present work aims at correlating the evolution of the analytical composition of bis-1,2-(triethoxysilyl)ethane films formed on hot dip
galvanised steel substrate during immersion in NaCl solution with the corrosion performance of the pre-treated substrates. The electrochemical
tests were carried out by electrochemical impedance spectroscopy and the analytical characterisation was performed by X-ray photoelectron
s w that the
f ions. The
a ng the first
d
©

K

1

b
b
t
h
t
e
e

b
a
t
m
b
s

ium
r
with

ilane
rable
rsed

igh-
ared
f the

are
hese
e film

bis-
sid-

gal-
acry-
ith

0
d

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX
pectroscopy (XPS), Auger electron spectroscopy (AES) and infrared spectroscopy (FT-IR). The electrochemical results sho
unctional silane provides temporary corrosion protection for hot dip galvanised steel during immersion in NaCl-containing solut
nalytical results show that the chemical composition of the silane film changes during immersion in the aggressive solution. Duri
ays of immersion these changes improve the corrosion resistance of the pre-treated substrate.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The corrosion resistance of several metals and alloys can
e improved by pre-treatments based on silanes. These have
ecome matter of research during the last years and attracted

he interest of industry since they contribute for increased ad-
esion of organic coatings and for improved corrosion pro-

ection of the substrate. Furthermore, these pre-treatments are
asy to apply, are not expensive and comply with the actual
nvironmental concerns.

A large number of silanes and derivates from silanes can
e used for the pre-treatments. One class of these molecules
re the bis-functional silanes. These molecules are charac-

erised by the presence of six hydrolysable groups (R′) in the
ain organic chain: (R′)3–Si–R–Si–(R′)3. One example is
is-1,2-(triethoxysilyl)ethane (BTSE). This silane has been
uccessfully tested and it shows promising results for cor-
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rosion protection of galvanised steel, steel and alumin
alloys[1–4]. In previous works[1,2] the corrosion behaviou
of steel substrates pre-treated with BTSE was compared
that of substrates pre-treated with a mono-functional s
and it was shown that the bis-silane leads to a conside
reduction of the corrosion rate of steel substrates imme
in NaCl solutions. This behaviour was attributed to the h
est number of hydrolysable groups (six) on BTSE comp
to the aminosilane (three). The protective properties o
BTSE films were also studied by Franquet et al.[5–8]. These
works show that the thickness and porosity of the films
dependent on the concentration of the silane solution. T
works also report that the curing procedure decreases th
porosity, enhancing its anti-corrosion behaviour.

Other bis-functional silanes such as BTESPT (
(triethoxysilylpropyl) tetrasulfide) have also been con
ered very promising pre-treatments. Previous studies[8–12]
show that BTESPT provides corrosion protection of
vanised steel substrates and aluminium alloys. The meth
loxypropylmethoxysilane (MAOS) was also studied w
300-9440/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.porgcoat.2004.07.011
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good results for corrosion protection of aluminium alloys
[13,14].

It is generally accepted that the silane films provide pro-
tection due to the formation of a dense silicon oxide-rich
hydrophobic network that hinders the access of aggres-
sive species. However, very little is known on the chemical
changes occurring in the film during exposure to aggressive
solutions and how these changes affect the temporary cor-
rosion protection of the substrate. Thus, the present work
aims at correlating the analytical composition of bis-1,2-
(triethoxysilyl)ethane (BTSE) films deposited on hot dip gal-
vanised steel (HDG) substrate during immersion in dilute
NaCl solutions with the corrosion resistance of the pre-treated
substrate. The study aims at discussing the mechanisms in-
volved in the early corrosion behaviour of the BTSE films.
The electrochemical study was performed using electrochem-
ical impedance spectroscopy (EIS) and the chemical compo-
sition of the silane film was assessed by X-ray photoelec-
tron spectroscopy (XPS), Auger depth profiling and Infrared
spectroscopy (FT-IR). The results show that the composition
of the film changes during the first days of contact with the
solution, improving the corrosion protection of the substrate.

2. Experimental
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the pre-treated samples were cured in an oven at 120◦C for
40 min.

2.3. Techniques

2.3.1. Electrochemical techniques
The EIS measurements were performed at room temper-

ature in a Faraday cage using a frequency response anal-
yser and an electrochemical interface connected to a personal
computer. A three-electrode electrochemical cell arrange-
ment was used, consisting on the working electrode (3.15 cm2

of exposed area), a saturated calomel electrode as refer-
ence and Pt as counter electrode. The measuring frequency
ranged from 105 Hz down to 10−3 Hz. All the experiments
were performed at the corrosion potential after stabilisa-
tion (∼10 min). The experiments were performed in 0.005 M
NaCl solutions at least in triplicate samples.

2.3.2. Analytical techniques
AES and XPS analysis were carried using a 310 F Mi-

crolab (VG Scientific). The XPS spectra were taken in CAE
mode (30 eV), using an Mg (non-monochromated) anode.
Auger spectra were obtained using a 10 KeV and∼40 nA pri-
mary electron beam. The Auger depth profiles were obtained
using a differential pumped ion gun with an ion beam accel-
e 2
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.1. Substrate cleaning

The hot dip galvanised steel substrate (zinc coa
75 g m−2 with 5% Al) was degreased using an alkal
leaner (NOVOMAX® 187 U supplied by Henkel). Th
leaner was prepared as a 3% (v/v). solution, which was m
ained at 60◦. Following cleaning the panels were was
ith distilled water and dried in air.

.2. Pre-treatment

The silane solution was obtained by dissolving the si
4% (v/v)) in methanol (90.5% (v/v)) and deionised wa
5.5% (v/v)).

The hot dip galvanised steel substrate was immersed
ilane solution for 10 s. The excess of solution was rem
y blowing air tangentially to the surface. After immers

Fig. 1. EIS Bode plots obtained af
 rent immersion times in 0.005 M NaCl.

rated at 2 keV. The etching current was around 0.8�A/mm .
n these conditions the sputtering rate of Ta/Ta2O5 is around
2 nm/min.

The FT-IR spectra were recorded by using a Perkin-E
pectrum. One spectrometer fitted with a variable angle
lar reflectance accessory (RAIR) from Graseby Specac
pectra were recorded from 4000 to 450 cm−1 by measuring
6 scans with a resolution of 4 cm−1 at an incident angle o
5◦. A MCT detector was used in the RAIR measureme

. Results

.1. Electrochemical results

Fig. 1shows the EIS spectra obtained on HDG pre-tre
ith BTSE. The spectra show the presence of two w
efined time constants: one in the high frequency range
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Fig. 2. Electrical equivalent circuit used for numerical simulation of the EIS
results obtained after different immersion times.

another one in the low frequency range.Fig. 2 depicts the
equivalent circuit used for the numerical fitting of the EIS
spectra presented inFig. 1. The equivalent circuit includes
two time constants: (i) the association (RHF-CPEHF) accounts
for the presence of an organic film and (ii) the association
(RLF-CPELF) that accounts for the presence of an intermedi-
ate process, which nature will be discussed later. Both time
constants are described by a non-ideal frequency dependent
capacitance (CPE), which can be attributed to heterogeneity
of the substrate. The parameterRs corresponds to the resis-
tance of the electrolyte.

A typical fitting is depicted inFig. 3and the values of re-
sistance and CPE obtained on the pre-treated substrates after
different immersion times are presented inFigs. 4 and 5. The
results clearly show that there is a decrease of the high fre-
quency resistance with time. At the same time the capacitance
associated with this time constant increases. These change
account for an increase of the water uptake through the or-
ganic layer.

The low frequency time constant is characterised by resis-
tance values, which show an increase during the first hours
of immersion. Then the resistance stabilises, being approx-
imately constant during 48 h. The CPE associated with this
time constant shows a very small decrease during the first
hours of immersion, but later it increases again. Compari-

F im-
m

son with the reference substrate (non-treated HDG) reveals
that the pre-treatment increases the impedance by about two
orders of magnitude–Fig. 1. After 72 h of immersion (not
shown) the impedance started to decrease as consequence of
the corrosion onset. After this period small corrosion spots
could be observed at naked eye on the pre-treated substrate.

3.2. Analytical results

The XPS analysis gives information on the evolution of
the chemical composition of the pre-treated surface during
immersion in the aggressive solution.Figs. 6–8depict the
XPS ionisation spectra obtained for C1s, Si2p and O1s after
different immersion times. The analysis of the C1s ionisation
reveals the following information: (i) the binding energy of
the main peak (attributed to the presence of CH bonds) does
not change and (ii) new peaks appear in the higher binding en-
ergy side after immersion in NaCl. After 3 h a peak becomes
evident at 287 eV, suggesting formation of CO bonds. After
24 h a new peak appears at 289 eV. This can be attributed to
the presence of CO bonds. The behaviour of the C1s spec-
tra after different immersion times reveals degradation of the
outer layers of the organic film due to oxidation of some
carbon groups.

The Si2p ionisation shows, with time, a shift towards lower
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ig. 3. Numerical fitting of the EIS Bode plots obtained after 12 h of
ersion in 0.005 M NaCl.
s

inding energies. Initially the Si2p peak has a binding en
f 103 eV, however after 3 h of immersion the peak pos

s around 102 eV. This shift can be attributed to a chang
he film composition. For the same time the binding en
f the O1s ionisation also decreases. For 24 h of imme

he peak energies keep the same values.
Initially, the binding energy of both oxygen and silicon

ount for the presence of SiOHx and SiO2 bonds. The latte
eak position of Si suggests an interaction with an electro

tive element instead of an anion. This behaviour shows
hanges occurred in the chemical composition of the
uring immersion.

The in-depth distribution of the different elements w
valuated by AES depth profiling.Figs. 9–11depict the Auge
epth profiles obtained before immersion, after 3 h and
f immersion, respectively.

Before immersion the AES depth profiles reveal an e
al layer very rich in carbon (content above 50%) cont

ng oxygen and silicon. The sputtering procedure, revea
ore internal plateau (after∼100 s) containing carbon, ox
en and silicon. This sputtering time necessary to rem

his plateau was approximately 250 s. After this sputte
ime the contents of C, and Si show a strong decrease
ime necessary to remove all silicon and carbon was ar
00 s. The profiles suggest the presence of two layers
lm: one outer layer very rich in carbon and a more inte
lateau where the contents of the different elements ar
le. The maximum Si content detected in the internal pla

s around 20%, whereas the O content is slightly higher. A
h of immersion the carbon content in the outer layers sh
sharp decrease after the first 50 s of sputtering, where
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Fig. 4. Fitting results showing the evolution of the resistance and capacitance for the high frequency time constant.

Fig. 5. Fitting results showing the evolution of the resistance and capacitance for the low frequency time constant.

plateau rich in Si and O become evidenced. The amount of
silicon in this plateau increases relatively to the values ob-
served inFig. 9 and the O/Si ratio becomes lower than one
(∼0.8). After 24 h the carbon content drops faster, evidencing
the Si and O rich layer. One interesting feature of the AES
depth profiles has to do with the Zn profile. Before immersion
Zn was detected only after approximately 200 s, however for
the longer immersion time important amounts of Zn were de-
tected closer to the surface, revealing that zinc seems to be
present in Si and oxygen rich film.

FT-IR analysis of the pre-treated substrates before im-
mersion is depicted inFig. 12. Table 1depicts the wave-
length of the different peaks observed in the spectra. The
most intense peaks observed in the spectrum are due to:
OH- groups (∼3349 cm−1), CH2 and CH3 (∼1413 cm−1),
C O (∼1272 cm−1), Si O Si (∼1150 cm−1) and Si O C
(∼920 cm−1). The presence of OH groups also accounts for
a large number of silanol (SiOH) species in the film, in
agreement with the XPS data. On the other hand silicon
is present in the form of SiO Si and Si O C. The pres-
ence of Si O C bonds show that part of the silicon existing
Fig. 6. XPS spectra for the C1s ionization.
 Fig. 7. XPS spectra for Si2p ionization.
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Fig. 8. XPS spectra for O1s ionization.

Fig. 9. Auger depth profile before immersion.

Fig. 10. Auger depth profile after 3 h of immersion.

in the film prior to immersion is still in the form of an
ester.

4. Discussion

The formation of silane films occurs according a number
of steps, the most important being[15]:

Fig. 11. Auger depth profile after 24 h of immersion.

Fig. 12. FT-IR analysis obtained before immersion.

(1) Hydrolysis:
R Si(OR′)3 � R Si(OR′)2(OH)

↓↑
R Si(OH)3 � R Si(OR′)(OH)2

(2) Condensation and polymerisation
SiOH+ HOSi � Si O Si + H2O

SiOH+ ROSi � Si O Si + ROH

These equilibrium reactions proceed at rates that depend
on the nature of the substrate, functional groups existing in
the silane molecules, water content in the organic solution,
pH of the silane solution and temperature and curing time.
All these parameters have been investigated and found to play
an important role in the film formation[1–7].

Table 1
FT-IR results

Wavelength (cm−1) Groups

3300–3400 OH
2900–3000 C H
1650 C C
1300–1400 CH2 + CH3

1240–1270 C O
1000–1150 C O or Si O Si
900–950 Si O C
700–800 C H
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Alkaline etching of the galvanised steel substrate facili-
tates the formation of Zn(OH)2 species. During dipping into
the pre-treatment solution the Si(OH)3 groups of the silane
molecules approach the substrate where a very large num-
ber of hydroxyl groups formed after etching are available for
binding. The silanol groups establish hydrogen bonds with
the zinc hydroxides, leading to the formation of some mono-
layers covering the entire substrate. The silanol groups that
could not bind with the substrate are able to form hydrogen
bonds between them, creating a network of silane molecules
through Si O Si bridging.

The curing step has an important role in the condensa-
tion/polymerisation reactions since it allows the conversion
of the hydrogen bonds into more stable covalent bonds. How-
ever, this process is slow and dependent on the curing time.
Previous works[6] showed that the amount of siloxane bonds
increased with curing time. This effect was observed for
curing times ranging between one minute and three hours.
Small changes, were, however observed after thirty minutes.
This behaviour suggests that some silanol groups and/or non-
hydrated silanes molecules may be present on the film after
the curing step.

The analytical results obtained in this work evidence some
important chemical changes occurring in the silane film dur-
ing immersion in dilute NaCl solutions. The FT-IR results
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BTSE on HDG substrate during immersion in dilute NaCl
solutions.

The analytical results help to understand how the silane
film confers corrosion protection to the substrate. After film
deposition and cure there are molecules, which were not hy-
drolysed, and molecules that did not condensate. After im-
mersion in the NaCl solution the chloride ions adsorb on
the surface and start to penetrate into the first layers of the
film, which are porous and not very protective due to in-
complete polymerisation. The electrolyte uptake within this
layer leads to a decrease of the high frequency resistance
observed in the EIS spectra. But, as soon as the electrolyte
reaches the film a number of reactions start, and the conden-
sation/polymerisation reactions proceed at an important rate.
These reactions are likely to be initiated in the ester groups
and silanol groups that remain in the film. This leads to a
degradation of the carbon rich outer layers and to the build
up of a Si rich intermediate layer, which becomes more resis-
tive with time. This evolution is reflected in the EIS results,
which showed an increase of the resistance of the intermedi-
ate layer during the first hours of immersion. Thus, in spite of
chloride and water uptake and deterioration of the first layers
of the film, the more internal layer becomes more protective
with time.

The presence of a significant amount of zinc within the
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nd the XPS results clearly show a significant numbe
ydroxyl groups after film formation film (and prior to im
ersion). Furthermore, FT-IR evidences the presence of
roups (Si O C), revealing that some silane molecules
ot totally hydrolysed. After immersion in the NaCl so

ion these remaining ester groups start to react and th
rolysis process continues within the film. Simultaneou

he hydroxyl groups also react further leading to the
ation of Si O Si bonds, as evidenced by the XPS sp

ra. The AES depth profiles suggest that after immer
he silane film becomes richer in Si and poorest in o
en and carbon. After 24 h of immersion the strong dro

he carbon signal during the first seconds of sputtering
est an important loss of the outer layers of the film. Th
xternal layers also become more oxidised as observ
PS analysis. The evolution of the Si and O profiles w

ime suggests the presence of a stable layer deposited
he Zn substrate. This layer is very rich in SiO Si and/or
i O Zn species and protects the substrate from corro
nset.Fig. 13 depicts a structural scheme that can be
ested to describe the behaviour of the silane film formed

Fig. 13. Scheme of the film formed on HDG.
ntermediate layer accounts for a mixed SiO Zn oxide in-
erface. In fact the low content of oxygen when compa
o Si and Zn suggests that this element acts as a bridg
ween the silane film and the substrate. Later on, the
tration and accumulation of chloride ions at this inter

eads to the initiation of the corrosion process. This
etected in the EIS spectra after approximately 3 day

mmersion.
The results obtained in this work show that the silane

s not completely cross-linked after the pre-treatment bec
ome ester and silanol groups were detected in the film. I
uggested[16] that the silane pre-treatment solution sho
e a water - based solution rather than an alcohol-base

ution in order to avoid incomplete hydrolysis. However
ow solubility of some silanes in water limits the applicat
f this procedure. Moreover, the incomplete reactions ar
voided, since a number of silanol groups (resulting from
rolysis) are still present in the film. However, the presenc
on-hydrolysed groups is not deleterious because the h

ion and polymerisation reactions proceed during immer
eading to the formation of a resistant Si-rich interface.
resent results also show that the silane film delays corr
nset, when the substrate is exposed to environments

ow concentration of chlorides. This behaviour has im
ant implications because the main problems with corro
f galvanised steel occur during storage and transport
before paint application), where the environmental co
ions are generally not very aggressive. Thus, pre-treatm
sing BTSE seem to be a good choice for temporary
osion protection, since the protective behaviour is likel
ncrease during the early lifetime of the film.
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5. Conclusions

After the pre-treatment the silane film formed on gal-
vanised steel substrate is very rich in carbon, oxygen and
silicon and contains a significant number of ester and hy-
droxyl groups.

The presence of an aqueous environment promotes the
reaction of the silanol and ester groups with water convert-
ing them into stable SiO Si bonds. This process results in
the formation of an intermediate layer, mainly composed by
Si O Si bonds. The presence of an important amount of
zinc, suggests that this element is also present within this
layer. Thus it seems that there is an interaction between sil-
icon and the metallic substrate through the formation of a
Si O Zn bonds.

The resistance of the silicon rich intermediate layer in-
creases during the first hours of immersion, leading to an
increase of the total impedance of the system and improved
corrosion protection. Thus, bis-1,2-(triethoxysilyl)ethane can
be used for temporary corrosion protection of galvanised steel
in environments contaminated with low chloride contents.
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