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Silanes have been studied as adhesion promoters between metals (aluminum, galvanized steel and steel)
and paints such as polyurethanes.

The objective of this work was to study y-glycidoxypropyltrimethoxysilano (glymo) as adhesion pro-
moter between sandblasted steel and one water-based epoxy paint formulated in the laboratory. In some
cases, the silane film was doped with sodium phosphate or sodium benzoate, and in other cases, glymo

'Ilfl?" ngrds" or extra epoxy resin were incorporated as part of the paint formulation.
Colalzingl?s The performance of the metal-glymo-paint system was studied by electrochemical noise technique

and accelerated tests (salt spray cabinet and humidity chamber). Dry and wet adhesions were also
determined.

The results showed that the incorporation of y-glycidoxypropyltrimethoxysilane as pretreatment or
in paint formulation does not enhance paint adhesion in undamaged areas. However, when the painted
area was damaged, the incorporation of silane in the paint or doped silane in the pretreatment enhances

Corrosion tests
Scanning electron microscopy

paint performance in these areas.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The adhesion of the paint on a metal substrate depends, mainly,
on the roughness of the substrate and its degree of cleanliness (fat-
less, oxides lefts, etc.). In order to achieve a good degree of adhesion,
even under wet conditions, sandblasted is being used. However,
this process is not good enough and, sometimes, adhesion promo-
ters are needed. Chromate compounds were one of these promoters
with the advantage that, as pretreatment, they also work as an
anticorrosive compound [1,2]. This pretreatment had been used for
very long time with very good results but chromates were forbid-
den due to their toxicity [3].

Silanes are being studied as adhesion promoters. Their chemi-
cal structure is R—OSi—(OR’)3, being R an organofunctional group
not hydrolysable and R’ an organic group, able to react by
hydrolysis [4,5]. The general mechanism to enhance adhesion is
due to the formation of a covalent bond between silanol, resulted
from the hydrolysis of silane, and the oxyhydroxide layer present
on the substrate. In this reaction, the R’ group is loss as an alco-
hol. On the other hand, the selection of R group depends on its
compatibility with the resin of the anticorrosive paint as this
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group might react with the resin forming another covalent bond
[6,7].

Several silanes have been studied as adhesion promoters
between metallic substrates (galvanized steel, steel, aluminum,
copper) and paint such as polyurethanes and epoxy [8-10]. In
general, silanes can be incorporated in paint technology as a pre-
treatment to the substrate or in the paint formulation [11,12].
Besides, it is possible to dope silanes with corrosion inhibitors
extending the protection afforded by the paint. Among the
inhibitors that can be used, cerium and lanthanum ions are being
studied [12-15].

The objective of this work was to study -
glycidoxypropyltrimethoxysilane (glymo, Fig. 1) as adhesion
promoter doped with different well-known corrosion inhibitors.
The inhibitors studied were sodium salts of phosphate and
benzoate ions [16] that were incorporated with the silane as
pretreatment. After the pretreatment, the panels were painted
with water-based epoxy-polyamidoamine coating with zinc phos-
phate as anticorrosive pigment [17]. As control, panels without
pretreatment were also painted.

Besides, some steel panels without pretreatment were pro-
tected with paint similar to the above mentioned one, but glymo or
extra epoxy resin were added as part of paint formulation. In these
cases, the crosslinking degree could be affected as the epoxy groups
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Fig. 1. Glymo.

present in the silane could react with the amine curing agent during
the paint curing process.

2. Experimental
2.1. Preparation of the pretreated panels

A 1% by weight (w/w), water solution of glymo (Camsi-X) was
prepared and stirred for 1 h. Afterwards, a “flash rust” inhibitor
(SER AD FA 179, supplied by SASOL Servo BV) was added in a final
concentration of 0.5% w/w.

The substrate employed was SAE 1010 steel with a roughness
R: (peak-to-valley) of 7.60 wm, obtained by emery paper. A set of
panels were dipped in the glymo solution for 20s, removed at
32cmmin~! and cured at 100°C for 1 h. This procedure was done
twice.

In the case of the doped silane, a certain amount of sodium salt
(purchased from Anedra) up to a concentration of 0.08% w/w was
added to the glymo solution after the addition of the “flash rust”
inhibitor. These suspensions were stirred until complete dissolu-
tion of the salt. The salts employed were: sodium acid phosphate
and sodium benzoate.

A panel without pretreatment was used as control.

In Table 1 the paint composition and the nomenclature of the
samples can be seen.

The steel pretreated surfaces were observed by scanning elec-
tron microscopy (SEM). The films’ composition was studied by
energy dispersive X-ray analysis (EDX).

2.2. Tests on pretreated panels

A Potentiostat/Galvanostat EG&G PAR Model 273A plus SOFT-
CORR 352 software was employed to obtain the polarization curves
of the pretreated samples. A platinum grid was used as counter-
electrode and a saturated calomel electrode (SCE) was the reference
electrode. The swept amplitude was +£250 mV from the open circuit
potential and the scan rate 0.5mVs~1.

The curves were done after 1 h of immersion in NaCl 0.5 M. The
area under study was 0.45 cm?, delimited employing bee wax.

Table 1
Paint formulation and nomenclature of the samples.

2.3. Preparation of painted panels

Panels sandblasted up to Sa21/2 degree (SIS 05 59 00), roughness
R =22 pm, were first degreased with toluene and then pretreated
with glymo as before. In these cases, as the surface roughness was
higher the pretreatment procedure was repeated three times.

After pretreatment, the panels were painted with a water-based
paint that contained 3.6% by volume of zinc phosphate (supplied
by SNCZ) as anticorrosive pigment. The complementary pigments
were barium sulfate (1.6%), titanium dioxide (2.4%), talc (2.3%)
and mica (2.0%). The film forming material of the paint was an
epoxy resin (Hz340, Huntsman) and a polyamidoamine curing
agent (Py340, Huntsman) that should be mixed just before painting.

Control panels, without pretreatment, were also painted.

A second set of panels was painted with the addition in paint
formulation of 1%, by volume, of glymo previously hydrolyzed for
1 hin distilled water.

A third set of panels was painted with 1%, by volume, of extra
epoxy resin in paint formulation.

Paints were applied by brush until a final dry thickness of
90 £+ 5 wm. Painted panels were kept indoors for 15 days before
tested.

2.4. Tests on painted panels

2.4.1. lonic resistance

The electrochemical cells employed to evaluate the ionic resis-
tance of painted steel were constructed by delimiting 3 cm? circular
zones on the painted surfaces. An acrylic tube (5.0 cm high) was
placed on the specimen and filled with 0.5 M NaCl. The resistance
between the coated steel and a platinum electrode was measured
employing an ATI Orion (model 170) conductivity meter at 1000 Hz.

2.4.2. Electrochemical noise measurements (ENM)

The cell for ENM was constituted by two nominally identical
electrodes (painted panels) and a reference electrode (SCE). The
edges of the panels were blanked off leaving 47 cm? of the painted
surface exposed to 0.5M NaCl. A low value resistor (1.2 2) was
placed between the two panels and current noise was measured
as the fluctuation in voltage across the resistor [18]. The three elec-
trodes were in the same container in order to control the effect of
temperature fluctuations. Data were acquired with a NICOLET 310
digital oscilloscope and the corresponding software 310RSWEFT.
Adequate filtering was provided just to eliminate undesirable sig-
nals [19-21]. The sensitivity of the measuring device in the E-scale
was 100wV and 100 nA in current measurements. The sampling
frequency was 5Hz, which is commonly used to study corroding
systems [19-21]. Data were collected during 800 s. Each set of data
was controlled to verify its normal distribution [ 22 ]. Statistical anal-
ysis of each time series was performed and the noise resistance
(Rn) was calculated as the quotient R, =0g/0j, being o the disper-
sion of the potencial values and oj the dispersion of the j values
[19-21]. Although the mean values of raw data were plotted, the

Paints Paint components (% by volume)
Pigment formula Resin + curing agent (1:1) Water Extra epoxy resin

A (Control paint) 13.6 65.1 213 -

B (Glymo in paint) 13.6 64.4 21.0 -

C (Glymo in pretreatment) 13.6 65.1 213 -

D (Extra epoxy resin) 13.6 64.7 21.0 0.7

E (Glymo in pretreatment doped with Na,HPO4) 13.6 65.1 213 -

F (Glymo in pretreatment doped with NaCOOCgHs) 13.6 65.1 21.3 -
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d.c. trend was removed to perform R, calculation by the moving
average removal procedure described by Tan et al. [23].

2.4.3. Salt spray and humidity chambers

Painted panels were placed in the salt spray chamber (ASTM
B117 [24]) and in the humidity chamber (ASTM D2247 [25]) to
evaluate rusting (ASTM D610 [26]) and blistering (ASTM D714 [27])
degrees. Evaluation was done after 1000, 1540 and 2600 h of expo-
sure, in the salt spray chamber and after 600 and 2600h in the
humidity chamber.

In order to expose the metal directly to the aggressive environ-
ment, a scribe mark was done on the painted surfaces. The creepage
from the scribe was evaluated employing the standard ASTM D1654
[28] after 1000, 1540, 2600 h of exposure in the salt spray chamber.

2.4.4. Adhesion

Dry adhesion of the paints was determined by the tape test
(ASTM D3359 [29]) after curing. Wet adhesion was determined
after 1000 and 1320h of exposure in the salt spray chamber also
by the tape test method.

3. Results
3.1. Film characterization

The pretreated steel surface, observed by SEM, seemed to have
drops on it due to accumulation of silanes and a thin film of silane
underneath the drops. This film followed the emery paper lines on
the metal. Fig. 2 showed, as example, the microphotograph of the
pretreated steel with the silane doped with sodium benzoate; the
dopant was detected as sodium. The film, generally homogenous,

has some holes on it (<5 wm). The addition of dopants to the silane
film did not modify the structure formed by glymo.

3.2. Tests on pretreated samples

Tafel curves showed thatin any case steel is under passive condi-
tions as the corrosion currents increased as overpotential did; the
differences between the samples and control are not significant.
The anodic current density of the doped pretreated steel was, after
1 hofimmersion, higher or similar to the naked steel but lower than
the glymo-pretreated without dopant, which is the highest one.
Cathodic currents showed that the films do not have barrier prop-
erties, as the current varies with the overpotential instead of being
constant. This would be the case if a limited current was present due
to the oxygen reduction reaction, which is controlled by diffusion.

These results, shown in Fig. 3, indicated that the anticorrosive
protection afforded by the film is not important, even in the pres-
ence of the anticorrosive dopants.

3.3. Tests on pretreated painted steel

3.3.1. Ionic resistance (R;)

The ionic resistance of all the samples increased, in general,
along the test due to the blocking of pores but the values were
smaller than 10% k2 cm? (Fig. 4). R; values evolution against time
of systems A and B as well as C had the same general tendency.
In these cases, the initial ionic resistance values were around
0.2 x 10 k2 cm?, and they were almost constant during the whole
tests.

Paints D and F had initial values of R;, around 10° k2 cm?, two
orders of magnitude higher than the ones of the other panels at this
time of test. These initial high values of R; indicate an important

emery paper lines \

0.70 1.40 210 280 3.50

420 490 5.60 6.30 keV

Fig. 2. Scanning electron microscopy of the steel panels pretreated with sodium benzoate-glymo solution. (a) 110x, (b) 3000x, (c) EDX spectra.
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Fig. 3. Polarization curves of the steel pannels.

initial barrier protection but, as water entered across the coating
(paint +silane film), R; dropped reaching, after 72 h of immersion,
the values of the other samples.

The addition of extra epoxy resin to the paint increased its bar-
rier properties, as the R; was the highest one up to 100 days of
immersion (panel D).

In every case, several peaks appeared along the test. These peaks
are due to the pores formed in the coating that diminish the resis-
tance while a later blocking of these pores by corrosion products
increase the resistance values.

In the case of the panels E, containing Na,HPO, in the pretreat-
ment, their behavior was similar to the above mentioned systems
but after 83 days of test, no repassivation occurred and the R; val-
ues drop significantly. This may be due to the lixiviation of Na,HPO4
and the appearance of voids in the coating that allow the entrance
of the aggressive species.

3.3.2. Electrochemical noise measurements (ENM)

The corrosion potential of the painted panels diminished almost
steadily along the test (Fig. 5). Systems A, B and C reached values
lower than —0.5V after 25 days of immersion. Systems D, E and
F reached this value almost at the end of the test period. Several
oscillations appeared on the corrosion potential values due to the

—8— A Control paint
‘}4 —O— B Glymo in paint
—A— C Glymo in pretreatment
—w— D Extra epoxy paint
104 4 —x— E Glymo in pretreatment doped with Na,HPO,

—&— F Glymo in pretreatment doped with NaCOOC H,
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Fig. 4. lonic resistance of the painted panels against time.
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Fig. 5. Corrosion potential of the painted panels against time.

instability of the surface (formation of pores-blocking-formation of
new pores).

The coupling current (J) values oscillations were more impor-
tant at the beginning of the test. These oscillations in J values were
in accordance with the instability of the processes occurring on
the surface (Fig. 6). The instability of the surface and the inhomo-
geneities of the panels were more important in the case of panels
A,BandC.

The noise resistance values of the painted steel (Fig. 7) varied
along the test but, in general, the values were less than 1k cm?.
Some peaks appeared after around 8-15 days of immersion due to
the instability of the surface that causes an increment in g or a
decrease in o values. These peaks had values around 3 k2 cm? and
they can be related with the repassivation of the painted substrate.
Other peaks appeared in the cases of D, E and F with higher values
(59 k2 cm? after 82 days, 22 k2 cm? after 57 and 19 k2 cm? after 20
days of immersion, respectively), indicating further repassivation.

3.3.3. Salt spray and humidity chambers

In the salt spray chamber, the doped systems E and F and the one
with extra epoxy resin (D) presented corrosion points after 1000 h
of exposure. Only paint D presented blisters at that time.

—&— A Control paint

61T o8B Glymo in paint
—&— C Glymo in pretreatment
—v— D Extra epoxy resin
ad | E Glymo in pretreatment doped with NaZHPO4

—&— F Glymo in pretreatment doped with NaCOOC H,

J (mA.cm?)

0 20 40 60 80 100 120

Time / days

Fig. 6. Corrosion coupling current of the painted panels against time.
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Fig. 7. Noise resistance of the painted panels against time.

Table 2
Rusting (ASTM D610) and blistering (ASTM D714) degrees of painted panels after
the salt spray test (ASTM B117).

Paint Time of exposure (h)

1000 1540 2600

Corr? Blis? Corr? Blis® Corr? Blis?
A 10 10 10 10 10 8D
B 10 10 9S 10 8S 8D
C 10 10 9P 10 8P 8M
D 9P 8F 9P 8F 9P 6F
E 9P 10 8S 6F 8S 6F
F 9P 10 9P 10 9P 8F

a Corr, corrosion degree (ASTM 610); Blis, blistering degree (ASTM D714).

After 1540h, E also blistered; only the control panels did not
present corrosion. This results confirmed the ones obtained in the
polarization curves, indicating that the silane film do not have pro-
tective properties.

When 2600 h of exposure elapsed, the control panels still did
not present corrosion and it was overall the one with the better
protective behavior. However, the blistering degree was important
(small size of blisters but with a high frequency, 8D). The other
painted panels presented corrosion points and blisters. Paints D
and E presented few medium size blisters (6), while paints B, C
and F presented very small blisters with high, medium and few
frequency, respectively.

These results can be seen in Table 2.

In Table 3, the evaluation of the damaged area can be seen. The
mean creepage from the scribe was less than 1.0 mm along the test,
in every case. However, only protective system B and F kept the

Table 3
Evaluation of the creepage around the scribe of painted panels after the salt spray
test (ASTM B117).

Paint Time of exposure (h)
1000 1540 2600

A 9 9 8
B 9 9 9
C 8 8 8
D 8 8 8
E 9 8 8
F 9 9 9

Table 4
Rusting (ASTM D610), blistering (ASTM D714) degrees of painted panels exposed to
the humidity chamber (ASTM D2247).

Paint Time of exposure (h)

600 1000 1540 2600

Corr? Blis® Corr? Blis® Corr? Blis® Corr? Blis®
A 10 8D 10 8D 10 8D 10 6D
B 10 8D 10 8D 10 8D 10 6D
C 9P 8D 9P 8D 9P 8D 9P 6D
D 10 8D 10 8D 10 8D 9P 8D
E 10 8D 10 8D 10 8D 9P 8D
F - - — - - - - -

a Corr, corrosion degree (ASTM 610); Blis, blistering degree (ASTM D714).

creep under 0.5 mm after 2600 h, better results than the control
paint.

When the paint around the damaged area was removed by
immersion of the panels in 10%, by volume, of acetic acid solution at
50°C, the attack underneath the paint was important in the case of
the control panels A (Fig. 8a) and C (Fig. 8b). In the cases of panels B
and D, the corrosion degree was less important than in the control.
The underneath steel was almost undamaged in the case of panels
E (Fig. 8c)and F.

In the humidity chamber the painted panels presented blisters
after 600 h, quite small and very frequent. However, the blistering
degree was almost constant up to the end of the test. Corrosion
appeared in the case of C, D and E, after 600 in the first case and
after 2600 h in the other cases. Panels F blistered prematurely and
after 168 h small but quite frequently blisters appeared, corrosion
signs could also be seen and, taking into account these results, the
panels were removed from the chamber (Table 4).

3.3.4. Adhesion

The incorporation of glymo in the pretreatment or in the paint
did not enhance dry adhesion of the paint to the substrate; the
adhesion values were the highest possible reached by this test (5B)
and it did not diminish with the exposure of the panels to the
salt spray chamber. Only paint D, with extra epoxy resin loss its
adhesion to the substrate almost completely after 1000 h of test
(qualification 1B, 35-65% of the paint area removed).

4. Discussion

The presence of glymo in the metal-paint interface and the
excess of epoxy resin increased the tendency of the substrate to
corrode. The blistering degree was diminished comparing with the
control, except when glymo alone was employed as pretreatment.
Moreover, the protection performance is also diminished by the
silane and a dopant must be added in order to protect steel as the
control paint does. This might be due to the fact that the presence of
glymo by itself does not enhance paint adhesion as the sandblasted
produce a degree of roughness and cleanness good enough.

The performance of the different pretreatment in the dam-
aged area could be explain taking into account that oxane
bonds (Metal—0—Si), formed on the interface metal-silane, are
hydrolysable, but the resulting Metal—OH and HOSi groups con-
dense readily to reform the oxane bond, using the reaction to relax
stresses across the interface [30]. According to this, the pretreated
panels can afford the entrance of water across the interface by
breaking and unbreaking of silane—metal bonds. Moreover, if the
silane is doped, the dopant is dissolved in the interface and might
act as corrosion inhibitor on demand in the aggressive media until
the damage is repaired.
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Fig. 8. Photographs of the scribe area of the painted panels after 2592 h in the salt spray chamber: (a) control panel (A), (b) system with glymo as pretreatment (C), (c) system

doped with sodium acid phosphate (E).

5. Conclusions

e The film formed on the steel by hydrolyzed -
glycidoxypropyltrimethoxysilane followed the roughness of
the substrate and it did not presente major inhomogeneities,
even when dopants as sodium phosphate or sodium benzoate
were added.

The incorporation of y-glycidoxypropyltrimethoxysilane as pre-
treatment or in paint formulation did not enhance paint adhesion
in undamaged areas.

Paints formulated with extra epoxy resin lost their adhesion to
the substrate prematurely.

e When the painted area was damaged the incorporation of silane
in the paint or the incorporation of sodium benzoate as dopant in
the silane pretreatment enhanced the protection compared with
the control system. However, the incorporation of Na;HPO,4 did
not increase paint protection.

The silane doped with sodium benzoate failed prematurely in low
aggressive media.
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