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Different mixtures of tetraethylorthosilicate (TEOS) and 3-aminopropyltriethoxysilane (APS), i.e. 100/0,
70/30, 50/50, 30/70 and 0/100, were applied on mild steel samples. The morphology and composition of
the silane coatings were investigated by field emission scanning electron microscopy (FE-SEM), energy
dispersive spectroscopy (EDS) and contact angle analysis. Open circuit potential (OCP) and electro-
chemical impedance measurements were performed on the bare steel and silane coated samples by
electrochemical impedance spectroscopy (EIS). Results showed that a mixture of 70/30 of TEOS/APS
resulted in a more consecutive and compact film formation on the steel surface. It was shown that the
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EIS mixture of TEOS/APS provided better corrosion protection properties than the single ones. The film
EED'SSEM composed of APS decreased the contact angle more than TEOS. An epoxy coating was applied on the

surface of steel samples treated by various mixtures of silanes. Pull-off and salt spray tests were per-
formed on these samples to investigate the effects of surface treatment on the adhesion and corrosion
protection properties of the epoxy coating. It was found that the mixture of silanes significantly

Pull-off adhesion

enhanced the adhesion and corrosion protection properties of the epoxy coating.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Iron and its alloys have been widely used in industries because
of their stiffness and high strength to weight characteristics.
However, they are highly susceptible to corrosion in aggressive
environments. Many different methods have been utilized in order
to protect steel structures against corrosion. Among them, con-
version coatings [1-4], corrosion inhibitors [5-8] and organic
paints [9-11] have been widely used to increase the corrosion
resistance of metal substrates. Organic coatings can protect metals
from corrosion through the production of a barrier between the
metal surface and the corrosive environment. However, most of
the organic coatings are osmotic to corrosive species such as
oxygen, water and ions. This is responsible for the decrease of
coating adhesion, and thus accelerating the corrosion of the metal
beneath the coating. Also, the cathodic reaction (2H,0+ 0O, +4e —
40H") occurs at cathodic regions leading to an increase in pH at
the coating/metal interface. The adhesion bonds are damaged and
coating delamination from the metal surface occurs at alkaline
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pHs. This results in a decrease of the coating corrosion protection
performance [12,13].

Attempts have been carried out to improve the adhesion
properties of organic coatings on metal surfaces. The presence of
different kinds of contaminants, i.e. oil, dust, metal oxide/hydro-
xide and salts, on the metal surface is responsible for poor organic
coating adhesion. Removing such contaminations by physical and/
or chemical pretreatment methods can provide good adhesion
between the organic coating and metal substrate. It has been
shown that the chemical treatment of metals is an effective
method to obtain excellent adhesion and corrosion protection
properties for organic coatings. The most popular chemical treat-
ment methods are conversion coatings and silane based treat-
ments through sol-gel processes. Chemical treatments, i.e. zinc
phosphate [4], cerium [14] and zirconium [15] based conversion
coatings, of metals have been considered as a useful method to
increase the corrosion resistance of steel. Also, this method of
surface treatment can promote the adhesion of paint, varnish and
lacquer on the steel substrate. It has also been shown that phos-
phate based conversion coatings can provide some protection
against under-paint corrosion [16-18]. However, phosphate coat-
ings are porous and contains some micro cracks that cannot pro-
vide promising corrosion resistance for the steel substrate. Chro-
mates have been used as sealing agents for the phosphate layers to
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enhance its corrosion resistance [19]. Therefore, dipping phosph-
ated samples in a chemical bath containing hexavalent chromium
has been a common and promising method to obtain a surface
with less porosity and higher corrosion resistance. However, due
to the toxic and carcinogenic nature of chromate based conversion
coatings, the use of these coatings has been extremely restricted in
recent decades. Considerable efforts have been directed towards
developing alternative and environmentally acceptable chrome-
free pretreatment for metals. This has resulted in the use of silane
pre-treatments. Silanes have been introduced as adhesion pro-
moters which can provide superior protection for the metal sur-
face. The silane based coatings can be applied on the metal surface
in a process named sol-gel. It can be described as the creation of
an oxide network by progressive condensation reactions of
molecular precursors in a liquid medium [20-22]. Recently,
researchers attentions have been directed at developing sol-gel
based silane coatings with enhanced adhesion and corrosion
protection properties. These have been based on modifications of
the bulk properties of the silane coatings by addition of nano-
particles and/or corrosion inhibitors [23-28] and developing
mixture of silanes.

It has been shown that surface treatment of metals by a com-
bination of two silanes can give good corrosion protection per-
formance. Lei et al. [29] investigated the effect of a mixture of y-
amino propyltriethoxysilane and y-glycidoxypropyltrimethox-
ysilane on the corrosion resistance of galvanized steel. They found
that such a combination can provide better corrosion inhibition
than a coating which was composed of the silane alone. Deflorian
et al. [30] studied the corrosion protection performance of mix-
tures of three different silanes such as those based upon y-glyci-
doxypropiltrimethoxysilane (y-GPS), tetraethoxysilane (TEOS) and
methyltriethoxysilane (MTES) on the steel substrate. They showed
that the mixture of silanes could provide better corrosion protec-
tion properties than each silane used alone.

This study aims at surface treatment of steel by a series of
silane based coatings obtained through mixing tetra-
ethylorthosilicate (TEOS, CgH»004Si) and (3-Aminopropyl) trie-
thoxysilane (APS,CoH,3NOsSi). FE-SEM, EDS and contact angle
analysis were utilized to characterize the surface morphology and
composition of the silane coatings. Also, OCP and EIS measure-
ments were performed to investigate the corrosion resistance of
the coatings. Epoxy coating was applied on the silane treated
samples. The adhesion properties and corrosion protection prop-
erties of the epoxy coating were studied by pull-off and salt spray
tests, respectively.

2. Experimental
2.1. Materials

St-37 panels (150 mm x 100 mm x 2 mm) were purchased
from Foolad Mobarakeh Co (Iran). The composition of the steel is
given in Table 1.

Table 1 Phosphoric acid (85%) and benzotriazole (C¢HsN3) (BTH)
were provided by Merck Co. to prepare acid washing solutions. Silane
solutions were prepared using tetraethylorthosilicate (TEOS,
CgH,004Si) and (3-Aminopropyl)triethoxysilane (APS, CgH,3NOsSi).
The chemical structures of the silanes are shown in Fig. 1.

Table 1
Chemical composition of St-37 type steel substrate.

Elements Fe C Si Mn P S Al

Composition (wt%)  99.03 0.18 0.33 0.32 0.05 0.05 0.04

TEOS and APS were purchased from Aldrich Co. (Germany) and
used without further purification. Ethanol (C;HsOH, 98%) and
acetic acid (C;H40;,) were purchased from Merck Co. Sodium
hydroxide (NaOH) was purchased from Merck Co. as a pH modifier.

Araldite GZ7 7071 x 75 was provided from Huntsman Co. and
used as epoxy resin. The solid content, epoxy value and density of
the epoxy resin were 74-76%, 0.1492-0.1666 Eq/100g, and
1.08 g cm 3, respectively. An amido polyamide, CRAYAMID 115,
was purchased from Arkema Co. and used as the epoxy hardener.
The solid content, density and viscosity at 40 °C of the hardener
were 50%, 0.97 g/cm® and 50,000 cps, respectively.

2.2. Silane preparation

A series of silane solutions were prepared using 5 mixtures of
TEOS and APS in deionized water. The composition of each solu-
tion is given in Table 2. Using acetic acid the pH of all silane
solutions was adjusted at 4.5. First, the appropriate amounts of
TEOS and APS were mixed and then the mixtures were stirred for
3 h to provide the hydrolysis condition. The mixtures of the silanes
were clear after 3 h indicating the hydrolysis of silanes and low
degree of condensation at acidic pH.

2.3. Surface preparation and application

The steel panels were cleaned before silane treatment. For this
purpose, samples were abraded by emery papers of 600, 800 and
1200 grades followed by acetone degreasing. Then, they were treated
by acid phosphoric washing solution. This was done to remove any
oxide/hydroxide layers remaining on the steel surface. The acid
washing solution was prepared using 22.58 cm® (0.33 M) of phos-
phoric acid (98%) and 0.115 cm® (1 mM) of BTH in 1000 cm® deio-
nized water. BTH was used as a corrosion inhibitor to prevent the
steel samples from corrosion after the washing process. The acid
phosphoric solution was then sprayed on the pre-cleaned steel
panels for 10 s. Samples were then washed with deionized water and
dried with warm air at 40 °C. The acid washing process was done in
order to ensure the complete removal of the oxide/hydroxide layer
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Fig. 1. Chemical structures of (a) APS and (b) TEOS.

Table 2
The composition of silane solutions prepared based on various mixtures of TEOS/
AP

Element (%) Water (g) Ethanol (g) TEOS (g) APS (g)
T/A: 100/0 1.62 93.38 5.0 0.0
T/A: 70/30 1.48 93.52 3.44 1.56
T/A: 50/50 1.38 93.62 2.43 2.57
T/A: 30/70 1.29 93.71 1.45 3.55
T/A: 0/100 115 93.84 0.0 5.0
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from the steel surface. Also, the phosphoric acid solution could pro-
duce a thin iron phosphate layer on the steel surface helping the
silane layer film deposition on the steel surface.

Finally, the cleaned steel panels were coated with different
silane mixtures. For this purpose, the steel panels were immersed
in the silane solutions for 1 min followed by drying in warm air
(40 °C). This procedure was repeated three times to ensure that a
thick silane layer was formed on the samples. Samples were then
washed with deionized water and dried. The silane coated samples
were cured at 120 °C for 1 h.

2.4. Epoxy coating preparation and application

Additives, i.e. leveling agent (BYK-306: 0.5 wt%), defoamer
(Efka-2025: 0.1 wt%) and dispersing agent (Delta-4242: 1 wt% of
total weight of pigments and fillers), pigments and fillers, i.e. red
iron oxide (10 wt%), TiO, (14 wt%) and talc mineral (20 wt%), sol-
vents, i.e. toluene (10 wt%), were added to the epoxy resin. It was
mixed for 3 h under high shear mixer to provide dispersion of the
pigments and fillers (the average particle size < 15 pm). Then, the
polyamide curing agent was added to the mixture at a weight ratio
of 12:3 (polyamide: epoxy) and mixed for 10 min. The prepared
coating was applied on the bare steel and on the silane coated
samples by an air spray. Samples were then maintained at room
temperature for 15 days to ensure the full cure. The dry thickness
of the coating was 70 + 5 pm.

2.5. Techniques

2.5.1. Surface analysis

The surface morphology of the steel samples modified with
various silane mixtures was studied by FE-SEM (Mira) equipped
with EDS model SAMx. Static contact angles were measured on
different samples by an OCA 15 plus type contact angle measuring
system using distilled water as probe liquid at a temperature and
humidity of 25+ 2 °C and 30 + 5%, respectively. In this regard, a
small drop of distilled water (2-3 pl) was applied on the surface of
the samples. The shape of droplet was recorded by a Canon type
digital camera after 10 s. The images were transmitted to a per-
sonal computer for evaluation. Using an image analysis system
(G2/G40), the contact angle values were calculated.

2.5.2. Electrochemical measurements

The open circuit potential (OCP) of the steel samples (1 cm?)
modified with different mixtures of silanes was measured in
3.5 wt% NaCl solution with respect to an Ag/AgCl reference elec-
trode. The corrosion resistance of the samples with and without
silane treatment was investigated by electrochemical impedance
spectroscopy. The EIS analysis was done in a conventional three-
electrode cell including saturated Ag/AgCl as the reference elec-
trode, platinum as the counter electrode and the coated steel
specimen as the working electrode. The measurements were done
in the frequency range of 10 kHz to10 mHz (peak to zero) and at
10 mV amplitude sinusoidal voltage by using the Ivium Com-
pactstat electrochemical work station at open circuit potential. EIS
analysis was carried out on 1 cm? of the coated samples immersed
in 3.5 wt% NaCl solution at different immersion times. Also, the
measurements were implemented 3 times to ensure the repeat-
ability of the measurements.

2.5.3. Salt spray test

Salt spray test was performed on the steel samples (with and
without silane treatment) coated with epoxy coating. The salt
spray test was performed according to ASTM B117 for 300 h.

2.5.4. Pull-off adhesion test

The adhesion strength values of the epoxy coatings applied on the
samples treated with various silane mixtures were obtained by a Posi
test-pull-off adhesion tester (DEFELSKO). For this purpose the alu-
minum dollies were glued on the surface of the epoxy coating using a
two-part Araldite 2015 (Huntsman Advanced Materials, Germany)
adhesive. Samples were then kept at ambient temperature for 24 h to
ensure that the glue was cured completely. Finally, a slot was made
around the dollies and they were pulled at a speed of 10 mm/min
normal to the coating surface until the epoxy coating was detached
from the steel substrate. All tests were carried out on three samples
and the average value was considered.

3. Results and discussion
3.1. Samples without organic coating

3.1.1. Surface analysis

Fig. 2 shows the FE-SEM images of the bare steel and those
treated by various mixtures of silanes. The surface morphology of
the samples coated with various mixtures (w/w) of TEOS/APS, i.e.
100/0, 70/30, 50/50, 30/70, 0/100, was studied by FE-SEM.

Fig. 2 shows that the bare steel surface is rough with a con-
siderable number of grooves and ripple created during the surface
preparation process by sand paper. However, the morphology of
the steel substrates was considerably changed after treatment by
silane coating. A layer of silane covered the whole steel surface
and the surface features, i.e. grooves had disappeared. It can be
obviously seen from this figure that as the ratio of TEOS/APS
decreased, i.e. T/A: 70/30 and T/A: 50/50, a more compact and
homogenous silane layer formed on the steel surface. It can be
seen that the surface morphology of the sample coated with T/A:
70/30 differs from others. Replacing 30% of TEOS by APS in the
silane mixture resulted in the most appropriate surface mor-
phology of the silane coating. There were no discontinuities and
cracks on this sample. However, further decreasing of the TEOS/
APS ratio, i.e. T/A: 30/70 and T/A: 0/100, resulted in thin silane
layer formation on the steel surface. In fact, APS has only three
functionalities that could participate in the film formation process
during the condensation stage. Because of this, the APS cannot
form thick film. However, TEOS has four functionalities that can
form a better network and help the APS to form a thicker film.
Grooves and ripples were seen on the surface of the sample
treated only with APS. This confirms that the APS cannot form
proper film on the steel compared to TEOS. Furthermore, it can be
said that the mixture of 70/30 of TEOS/APS resulted in the best
surface morphology from the point of crack free and more com-
pact film formation. It can be seen in Fig. 3 that the thickness of
the film formed on this sample is 200 4+ 50 nm. However, the film
thickness cannot be determined on other samples in this way
indicating their very low thickness (below 100 nm).

The EDS analysis was performed to characterize the surface
composition of the samples. The EDS spectra and mapping results
are presented in Figs. 4 and 5. Also, the results derived from these
figures are given in Table 3.

From Table 3 it can be seen that N, O, Fe, Si and C are the elements
which were detected on the steel surface treated by silane coatings.
According to Table 3 it can be seen that the amount of Fe significantly
decreased and O content increased after silanization. Detection of Si
and C on the silane coated samples indicates that a thin silane film
was formed on the surface of the sample. Recognition of N and C
elements on the sample treated with only TEOS can be attributed to
the adsorption of benzotriazole molecules on the steel surface during
the acid washing process. As the ratio of T/A decreased the amount of
Si, C and N increased. These elements correspond to the Si-O-Si or



B. Ramezanzadeh et al. / International Journal of Adhesion & Adhesives 63 (2015) 166-176

B

MIRAW TESCAN

IROST n

WD: 15.32 mm
Det: SE
Date(m/dAy): 08/17/14

iew field: 43.34 pm
[SEM MAG: 5.00 kx

169

T/A: 100/0

A
¢ i 3
MIRAW\ TESCAN|

IROST n

[SEM HV: 15.00 kV
iew field: 10.83 pm
[SEM MAG: 20.00 kx

WD: 15.51 mm
Det: SE 2
Date(m/d/y): 08/17/14

MIRAN TESCAN

IROST n

ovaia
64 mm

Det: SE

Date(m/d/y): 08/17/14

= o

[SEM HV: 15.00 kV
iew field: 10.83 pm

[SEM MAG: 20.00 kx

-~ 3
MIRAW TESCAN|

IROST n

WD: 16.61 mm
Det: SE
Date(m/d/y): 08/17/14

[SEM HV: 15.00 kV
iew field: 10.83 um
[SEM MAG: 20.00 kx

T

s Y/
WD: 15.567 mm
Det: SE
Date(m/d/y): 08/17/14

T/A: 0/100

e

Det: SE
Date(m/d/y): 08/17/14

Fig. 2. FE-SEM micrographs obtained from the surface of steel panels treated with various mixtures of silanes.

0-Si-0, Si—-C and NH, groups in the silane films. The highest amount
of C and Si was seen on the sample treated by T/A: 70/30. Further
replacement of TEOS with APS in the mixture of silane resulted in the
decrease of Si and C. These observations confirm that the film formed
on the steel surface in the silane solution of T/A: 70/30 is thicker than
other samples. All of these observations demonstrate that the partial
replacement of the TEOS with APS resulted in better silane film for-
mation on the steel surface.

The surface chemistry of the bare steel and those coated with
mixtures of silanes was evaluated by contact angle measurements.
The water contact angle values were measured on different sam-
ples and the results are presented in Fig. 6.

The work of adhesion (W,) and surface free energy (ys,) values
were calculated for different samples through Young's (Eq.(1)) and
Neumann [31] (Eq. (2)) equations, respectively.

Wa =y, (1+ cos 6) (1)

Wa=2(rurs)"exp[ By —72)’] @

where y}, and ys, are the surface tension of water (y;,=72.8 m]J/
m?) and surface free energy of the film, respectively. & is water
contact angle and the value of 3 is equated to 0.000125 + 0.000010
(mJ/m?)~2. To calculate surface free energy, the work of adhesion
(W,) was first calculated according to Eq. (1) (Young equation).
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The surface free energy (ysy) was then calculated by Eq. (2). The
values of W, and y, for the samples treated by various silane
mixtures are presented in Table 4.

It can be seen from Fig. 6 that the contact angle of the bare steel
is 98.7°. Results show that silanization of the steel surface by TEOS
decreased the contact angle up to 89° and increased W, and ys,
values. The contact angle was significantly decreased and the Wy
and y,, were noticeably increased as the ratio of TEOS/APS
decreased. The lowest contact angle and the highest W, and ys,
values were seen on the sample treated with only APS. This
observation indicates that the APS film provided a more hydro-
philic surface than TEOS film. In fact, the end -NH, group in the
chemical structure of the APS may be responsible for the hydro-
philicity of the steel surface. The hydrogen bonds between the -
NH, groups and water molecules are responsible for the better
water molecule spreading on the steel surface causing the
decrease of contact angle. The TEOS condensation on the steel
surface results in the formation of film composed of -Si-O-Si-
cross-links. The -Si-O-Si- cross-links provide less hydrophilicity
than -NH, groups. Because of this, the film consisting of APS
showed higher surface free energy and therefore hydrophilicity
than TEOS. This means that acid washing of steel prior to silane
treatment increased surface hydrophobicity. It seems that the
organic BTH molecules adsorption on the steel surface during the
acid washing resulted in lower steel surface hydrophilicity than
silane treated samples.

3.1.2. Electrochemical properties

3.1.2.1. OCP measurements. The steel samples treated by various
silane mixtures were immersed in the 3.5 wt% NaCl solution and
their OCP values were measured at different times with respect to
Ag/AgCl reference electrode. The results are given in Fig. 7.

T/A: 100/ 0

h keV

T/A: 50/ 50

oh. keV

Fig. 4. EDS analysis from the surface of steel samples coated by the mixtures of silanes.
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T/A: 100/0 T/A: 50/50 T/A: 70/30
Fig. 5. EDS map analysis from the surface of steel samples coated by the mixtures of silanes.

Table 3

Elemental composition (obtained from EDS analysis) of the surface of steel samples modified with various silane composite coatings.
Element (% N 0 Fe Si C
Blank sample - 2.2 97.80 - -
T/A: 100/0 6.5 7.90 71.0 1.30 12.8
T/A: 70/30 5.0 4.8 73.80 19 14.5
T/A: 50/50 42 74 72.60 1.7 14.0
T/A: 30/70 5.0 6.8 73.10 15 13.60
T/A: 0/100 5.8 6.5 73.30 1.2 13.30

From Fig. 7 it can be seen that the OCP of the steel sample
decreased as the immersion time increased. The same trend was seen
for the steel samples coated with various mixtures of silanes. However,

the decrease in OCP with the bare steel was most significant at the
initial stage of the immersion (first 20 min). The decrease in OCP of all
samples continued up to 40 min and then the OCP reached a constant
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Table 4
The values of work of adhesion (W,) and surface free energy (ysy) of the samples

on the surface of steel samples coated by the mixtures of silanes.

treated with various mixtures of TEOS/APS.

Parameter W, (m]) 7sv (mMJ/m?)
Blank sample 61.8+2.0 233+18
T/A: 100/0 73.9+3.0 293 +2.0
T/A: 70/30 81.5+2.0 33.0+10
T/A: 50/50 912 +4.0 38.0+20
T/A: 30/70 992 +3.0 424420
T/A: 0/100 106.8 + 1.0 46.0+2.0
045 access to the active sites of the steel surface. It can be seen that the
—B-TA0/100  —4—T/A:100/0 samples coated with the mixture of silanes showed higher OCP values
05 1 —*—T/A:30/70  —%—Blank sample than those treated with only TEOS or APS. Among different samples,
—e—T/A:70/30  ——T/A: 50/50 the one treated with T/A:70/30 showed the most positive OCP values
055 | even after 120 min immersion. This finding may indicate that this
coating had higher barrier characteristics than those treated only with
S 06/ TEOS or APS. In fact, the more compact film with greater thickness
3 formed on the sample treated by the mixture of T/A:70/30 is
u? 2065 4 responsible for the greater barrier properties of this film. For further
characterization of the effect of mixture of silanes on the electro-
07 ] chemical action of the steel, the EIS measurements were carried out
on different samples at different immersion times.
0.75 1
3.1.2.2. EIS measurements. The EIS analysis was performed to cal-
08 ; ; ; , , culate the corrosion resistance of the bare steel and silane coated
0 20 40 60 80 100 120 samples at different immersion times in 3.5 wt% NaCl solution. The

Immersion time (min)

Fig. 7. Variation of OCP vs. Ag/AgCl as a function of immersion time for the steel
samples treated with various silane mixtures.

value with slight variation with further increasing of the immersion
time. The decrease in OCP with increasing immersion time can be
attributed to the corrosive electrolyte diffusion into the silane coating/
metal interface. It can be seen from the OCP results that all silane
coated samples had OCP values greater (more positive) than bare steel.
This confirms that the silane coatings could form a barrier layer on the
steel surface restricting the corrosion species, i.e. ClI-, HO and O,,

Bode diagrams of different samples are presented in Fig. 8. Also,
the impedance values were obtained at low frequency (10 mHz)
from the Bode diagrams and the results are presented in Fig. 9.
From Fig. 9 it can be seen that the impedance value of the bare
steel sample is much lower than those treated with mixture of
silanes. At the beginning of immersion (15 min) the sample treated
with TEOS showed higher corrosion resistance than the one
treated with APS. It can be seen that the mixture of T/A, i.e. 70/30
and 50/50, showed higher impedance values than other samples.
This observation confirms the OCP results that the mixture of
silanes especially T/A:70/30, enhanced the steel resistance against
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Fig. 8. Bode diagrams obtained from EIS analysis for the steel samples coated with various silane mixtures immersed in 3.5 wt% NaCl solution for 15, 75 and 135 min.

corrosion more than other samples. The silane coatings formed
from the solutions containing mixtures of 70/30 and 50/50 of T/A
resulted in the best corrosion protection properties on the steel
surface. It can be seen that the impedance decreased for all sam-
ples as the immersion time increased. This behavior may be
attributed to electrolyte diffusion into the coating causing the
coating degradation and the decrease of coating barrier char-
acteristic. The higher impedance value of the mixture of silanes
may imply such silane combinations provided more corrosion
protective films. The denser film with greater thickness of the
mixture of silanes may be responsible for its greater barrier per-
formance. It can be seen that APS alone cannot provide a good
corrosion resistant film on the steel surface due to its lower film
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formation properties than TEOS. However, APS could enhance the
film formation properties of the TEOS.

3.2. Samples with organic coating

3.2.1. Pull-off adhesion test

The epoxy coating was applied on the steel substrates modified
with various mixtures of silanes. The adhesion of the samples was
determined by pull-off test. The values of adhesion and the type of
failure for the samples are presented in Fig. 10.

From Fig. 10 it can be seen that the surface treatment of steel
caused an increase in pull-off strength of the epoxy coating over
the steel substrate. Adhesive failure was seen on the bare steel
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Fig. 9. Variation of impedance at 10 mHz versus immersion time for the steel samples coated with various silane mixtures immersed in 3.5 wt% NaCl solution.
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Fig. 10. Pull-off test performed on the steel samples (without and with silane treatment) coated with epoxy coating.

indicating poor adhesion of the epoxy coating on this sample. It
can be seen from the results that T/A:70/30 and T/A:0/100 samples
enhanced the adhesion of the epoxy coating to the steel surface
greater than T/A:100/0. Also, cohesive failure was seen on the
samples treated by T/A:70/30 and T/A:0/100. This indicates that
the presence of APS in the silane mixture could significantly
enhance the adhesion properties of the epoxy coating on the steel
surface. This can be attributed to two main reasons. First, the
presence of APS in the mixture of silanes caused a significant
decrease of contact angle and increase of wetting properties of the
steel surface. This caused the adhesion properties enhancement of
the epoxy coating. The second reason for the enhanced adhesion
properties is the effect of APS on the chemical reaction between
the epoxy coating and silane coating. The epoxy coating can pro-
duce chemical bonds with the steel surface through epoxide ring
reactions with NH, groups of the silane coating [32,33].

3.2.2. Salt spray test

The effects of silane treatment of the steel substrate on the
corrosion protection properties of the epoxy coating were studied
by salt spray test. The results are given in Fig. 11.

It can be seen from Fig. 11 that some blisters appeared at
scribes on the sample without silane treatment. Also, coating

delamination at scribes was observed for this sample. The hydro-
xyl ions creation at the cathodic regions (2H,0+ 0O, +4e —»40H") is
responsible for the adhesion bond damage and coating disbond-
ment from the steel surface. However, no blisters were seen
around scribes of the sample modified with a mixture of T/A:70/30
silanes. The silane coating could enhance the corrosion protection
properties of the epoxy coating on the steel surface through
increasing the adhesion of the epoxy coating and corrosion resis-
tance of the steel substrate.

4. Conclusions

Silane coatings based on mixtures of TEOS/APS were applied
on the steel surface. The surface morphology of the silane
treated samples was studied by FE-SEM and EDS analyzes. It was
shown that mixtures of silanes, i.e. T/A:70/30 and T/A:50/50,
resulted in the formation of more compact films on the steel
surface compared to the film composed of the APS and TEOS
alone. APS and TEOS formed cross-linked films on the steel
surface. The increase of APS content in the mixture of silanes
caused a significant decrease of the contact angle and increase
of surface hydrophilicity. Also, the silane coating composed of
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Fig. 11. Salt spray test performed on the steel samples (without and with silane treatment) coated with epoxy coating for 300 h.

the mixture of 70/30 of TEOS/APS can provide a better corrosion
inhibition performance than the coating composed of the
silanes alone. The mixture of silanes enhanced the adhesion and
corrosion protection properties of the epoxy coating on the steel
substrate. The mixture of silanes, especially those containing
higher content of APS, caused the greatest improvement in the
adhesion properties of the epoxy coating on the steel surface.
APS contains NH, groups which could produce covalent bonds
with the epoxide groups of the epoxy coating.
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