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Epoxysilane as adhesion promoter in duplex system

Cecilia Deyá*
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s/n entre 121 y 122. B1900AYB, La Plata, Argentina

(Received 28 June 2011; final version received 3 May 2012; accepted 20 October 2012)

Coatings are one of the most used protection methods for metals. Metallic coatings, such
as zinc and its alloys, are used to protect steel in mild corrosive environments. In aggres-
sive environments, on the other hand, organic coatings must be employed in the so-called
duplex systems. However, the galvanized steel/organic coating adhesion is a problem and
many attempts had been done to solve it with the incorporation of a chromate-based or
phosphate-based interlayer. Nowadays, the use of these compounds is questioned due to
their environmental impact and new adhesion promoters, like silanes, are being investi-
gated. The aim of this paper was to study the adhesion and the anticorrosive behavior of a
duplex system with a layer of glycidoxypropyltrimethoxysilane (γ-GPS) between the zinc
and the coating. Polarization tests and corrosion potential measurements were done on
the γ-GPS/galvanized steel to select the better anticorrosive pretreatment conditions for the
application of an organic traditional paint. Dried and wet adhesion of the coating to the
pretreated substrate was studied by the standard tape test. Salt spray test and electrochemi-
cal noise technique were employed to study the corrosion behavior of the duplex systems.
Results showed that the films of γ-GPS formed on galvanized steel diminished the corro-
sion current of the metal, but they do not protect the substrate by a barrier effect. The
incorporation of the pretreatment in the duplex system increased the adhesion of the paint,
especially when the pretreated substrate was cured 1 h at 200 °C.

Keywords: thin films; coatings; corrosion tests; FTIR; adhesion promoter

1. Introduction

Anticorrosion protection of structural materials is of great concern because corrosion modifies
the physical and mechanical properties of metals and shortens their useful life with constant
economic losses. Metallic and organic coatings are one of the most used protection methods.
Metallic coatings, such as zinc and its alloys, are used to protect steel in mild corrosive envi-
ronments. However, in aggressive environment, organic coatings are employed, besides the
metallic coating, in the so-called duplex systems. The duplex systems posses a longer life
than each of the coatings used independently [1–3]. This improved corrosion protection is
attributed to four effects: (a) the cathodic protection afforded by zinc, (b) the blocking of zinc
film defects by zinc corrosion products, (c) the barrier, and (d) the inhibitive properties of the
organic coating. However, the galvanized steel/organic coating adhesion is still a problem and
blisters or delamination may occur [3]. This drawback was solved in the past with the
incorporation of a chromate or phosphate-based interlayer, but nowadays, the use of these
compounds are questioned due to their environmental impact.

*Email: pinturashigienicas@cidepint.gov.ar

Journal of Adhesion Science and Technology, 2013
Vol. 27. No. 14, 1548–1562, http://dx.doi.org/10.1080/01694243.2012.747728

� 2012 Taylor & Francis

D
ow

nl
oa

de
d 

by
 [

M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

2:
44

 2
7 

D
ec

em
be

r 
20

14
 



The use of silanes as coupling agents improves metal/organic coating adhesion and the
anticorrosive performance of the duplex system as a whole [4–8]. The general formula of the
silanes is R – OSi – (OR′)3, being R a nonhydrolysable organic-functional group and R’ an
organic group which may hydrolyze followed by further condensation. Adhesion is normally
achieved by a covalent bond Si–O–Me which involved the R′ group. The R group can be
chosen to be compatible with the resin in the organic coating, enhancing silane-coating
adhesion [5–7]. Moreover, with the incorporation of silanes, the toxic interlayer of the duplex
system coating is replaced by an environmentally friendly sol–gel hybrid one.

2. Experimental

A 1%, by weight, glycidoxypropyltrimethoxysilane (from now on γ-GPS) aqueous solution
was prepared and stirred for 1 h. As very little oligomerization has occurred, the silane solu-
tion could be deposited without high molecular weight oligomers being present. The oligo-
merization needed for good adhesion of the silane films to the substrate will be obtained by
drying the film after application [8–11].

The substrate employed to carry out this research was commercial-grade galvanized steel
plates, 2� 8 cm2. The thickness of the zinc coating was determined according to the standard
ASTM D A90/A90M, employing 25% H2SO4 and by optic microscopic observation. Before
use, panels were degreased by immersion in boiling 5% Na2CO3 solution, rinsed thoroughly
with distilled water and dried under laboratory conditions (temperature: 25 °C, relative humid-
ity: 65%). This procedure also ensured the wettability of the substrate by the silane solution.

In order to obtain the sol–gel films, the panels were immersed in the γ-GPS solution for
20 s and withdrawn at a rate of 32 cm/min.

Pretreated panels were placed in an oven at a suitable temperature and during different
periods of time to cure the film. Two temperatures (100 and 200 °C) and three curing times
(0.5, 1.0 and 2.0 h) were tested. Moreover, pretreated panels dried at 25 °C for 48 h were also
tested. The samples will be named from now on with a letter indicating the curing tempera-
ture (C indicates 100 °C and D, 200 °C) and a number indicating the curing time (0 implies
0.5 h, 1 1.0 h and 2 2.0 h), and R for the sample cured at 25 °C for 48 h. For example, C0
indicates the sample cured at 100 °C for 0.5 h. Letter B stands for the nonpretreated control
samples. Table 1 shows the details of the labels.

The cured panels were kept in a desiccator, at room temperature, for three days before
testing.

2.1. Pretreated galvanized steel

A Potentiostat/Galvanostat EG&G PAR Model 273A plus SOFTCORR 352 software was
employed to obtain polarization curves of pretreated panels after 1, 6, and 25 h of immersion

Table 1. Labeled of the samples.

Sample Curing temperature (°C) Curing time (h)

R 25 48
C0 100 0.5
C1 100 1.0
C2 100 2.0
D0 200 0.5
D1 200 1.0
D2 200 2.0
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in NaCl 0.5mol/L. The measurements were performed using a three electrode cell consisting
of a platinum grid as counter electrode, a saturated calomel electrode (SCE) as reference
electrode, and the working electrode (pretreated galvanized steel). The swept amplitude was
± 250mV from the open circuit potential (O.C.) and the scan rate was 0.5mV s�1.

Polarization resistance with and without IR drop-compensation (R�
p and Rp, respectively)

were obtained from shorter scans (±20mV O.C.) after 1, 6, and 25 h of immersion in
0.05mol/L NaCl, being the scan rate 0.166mV s�1. The measurements were carried out
employing the same cell and equipment as before. Corrosion current density was determined
from these polarization curves.

Corrosion potential of pretreated panels was measured, as a function of time, in 0.05mol/L
NaCl solution employing a SCE as reference electrode. Measurements were done continuously
for 2 h and after 25 h.

2.2. Duplex systems

Taking into account the results obtained previously and the increases in energy consumption
when the curing time is increased, the duplex systems were prepared on panels dried at 25 °C
and on panels cured for 1 h. The panels were observed by scanning electron microscopy (SEM)
and the layer formed on the surface, studied by energy dispersive X-ray analysis (EDXA).

Pretreated 10� 10 cm2 panels were dried at 25 °C for 48 h (sample R), cured for 1 h at
100 °C (sample C1) or at 200 °C (sample D1). Then, they were painted with an anticorrosive
epoxy paint which was formulated with zinc molybdenum phosphate as anticorrosive pigment
(Table 2). Paint elaboration was described elsewhere [12]. Panels were painted by brush up to
a dry film thickness of 50 ± 5 μm and kept under laboratory conditions for 15 days for
complete curing.

A short-handed notation was employed to name the duplex systems: panels DR were
duplex system of panels R, panels DC1 were duplex system of panels C1, panels DD1 of pan-
els D1, and panels DB were the control ones, galvanized steel painted without pretreatment.

A set of painted panels was placed in the salt spray chamber (ASTM B 117) and rusting
(ASTM D 610) and blistering (ASTM D 714) degrees were evaluated after 1200, 2570, and
2900 h. The adhesion of the coatings to the galvanized steel substrate was measured by the
tape test (ASTM D 3359) before placing the panels in the salt spray chamber, after 504 and
984 h of exposition and when they were taken out of the chamber (2900 h). The FTIR analy-
sis was done on delaminated areas in order to determine if the loss of adhesion occurred
between the γ-GPS film and the substrate or between γ-GPS film and the organic coating.
The wavelength range employed was from 650 to 4000 cm�1.

Electrochemical noise measurements (ENM) were done employing a three-electrodes cell
with two nominally identical electrodes and a SCE as reference electrode. A low-value resis-
tor was placed between the two specimens and current noise was measured as the fluctuation

Table 2. Composition of the paint.

Components % by volume of solids

Zinc molybdenum phosphate 9.8
Barium sulfate 11.9
Talc 6.6
Titanium dioxide 4.7
Epoxy/polyamide resin 67.0
Anticorrosive pigment/total pigment (v/v) 30

1550 C. Deyá

D
ow

nl
oa

de
d 

by
 [

M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
] 

at
 0

2:
44

 2
7 

D
ec

em
be

r 
20

14
 



in voltage across the resistor [13]. The three electrodes were in the same container which
made it easier to control the effect of temperature fluctuations. The edges of the specimens
were blanked off leaving 35.0 cm2 of the painted panel exposed to a 0.5mol/L NaCl. Data
were acquired with a NICOLET 310 digital oscilloscope and the corresponding software
310RSWFT. The sensitivity of the measuring device in the E-scale was 100 μV and 100 nA in
current measurements. The sampling frequency was 5Hz, which is commonly used to study
corroding systems [14–16], and data were collected during 800 s. Each set of data was
controlled to verify they distribute normally [17]. Statistical analysis of each time series was
performed and the noise resistance (Rn) was calculated as the quotient Rn = σE/σi, being σE
and σi the standard deviations of potential and coupling current, respectively [14–16].

The electrochemical noise test was ended after 145 days of immersion.

3. Results

3.1. Pretreated galvanized steel

The average amount of zinc, taking into account both sizes of the galvanized steel samples,
was 240 g/m2. The corresponding thickness, according to ASTM A 23/A123 M-09, was
17 μm, in good agreement with the average thickness measured employing the optic micro-
scope (14 μm). However, it was observed that the metallic coating thickness vary from 16.8
to 10.2 μm (Figure 1).

Figures 2–4 showed the polarization curves of the γ-GPS/galvanized steel dried and cured
at different temperatures and times comparing with the blank. In general, it can be seen that
the cathodic reactions seemed to be more polarized than the anodic reactions and that there is
not an important difference among the protected galvanized steel samples except in the case
of the samples C0 and D0. These samples had slightly less protective performance than the
others.

Figure 2 depicts the Tafel curves obtained after 1, 6, and 25 h of immersion of the
samples dried at 25 °C (R). After 1 h of immersion, the cathodic current of the blank was
�3.6 times higher than the corresponding one of the γ-GPS/galvanized steel; the anodic
currents showed also higher values with respect to the pretreated sample, but after 6 h,
the differences disappeared. After 25 h of immersion, the measured cathodic currents of
pretreated samples were higher at low overpotential, while the anodic currents were higher
in the whole overpotential range. This behavior could be due to the presence of zinc
oxides on the surface of the blank that partially blocks the reacting sites, diminishing the
current.

Zinc 

Steel 

Figure 1. Transversal cut of the galvanized steel sheet, showing the thickness of the metal film in
different zones.
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Figure 2. Tafel curves of γ-GPS/galvanized steel dried at 25 °C (R) immersed in 0.5mol/L NaCl for:
(a) 1 h, (b) 6 h, and (c) 25 h.
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Figure 3. Tafel curves of γ-GPS/galvanized steel cured at 100 °C for 0.5 (C0), 1 (C1), and 2 h (C2)
immersed in 0.5mol/L NaCl for: (a) 1 h, (b) 6 h, and (c) 25 h.
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Figure 4. Tafel curves of γ-GPS/galvanized steel cured at 200 °C for 0.5 (D0), 1 (D1), and 2 h (D2)
immersed in 0.5mol/L NaCl for: (a) 1 h, (b) 6 h, and (c) 25 h.
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The cathodic current of the samples cured at 100 °C (samples C0, C1 and C2) exhibited,
after 1 h of immersion, values similar to those of the blank, J� 7–10.10�5 A cm�2 (Figure 3)
while the anodic current of the blank was slightly higher. The similar values of the cathodic
current imply that there is not a barrier protection due to the silane film. The cathodic current
(at low overpotentials) as well as the anodic current of the blank was lower as time elapsed
from 6 to 25 h due, as the samples cure at 25 °C, to the formation of oxides on the
unprotected sample.

On the other hand, the cathodic current values of panels cured at 200 °C (samples D0,
D1, and D2) were lower than those of the blank (B), after 1 h of immersion (around 2.7 times
lower, Figure 4). After 6 h, the cathodic currents were all similar except in the case of the
sample D2 which was �7 times higher. This behavior may be due to an increase of the active
area in contact with the electrolyte. The anodic currents values depended on the curing time
being lower for sample D1, higher for sample D2, and similar for sample D0. After 25 h of
immersion, the anodic current values of the 200 °C-cured panels were not significantly
different.

The polarization resistance with IR-drop compensation ðR�
pÞ was, in every case, higher

than that of the blank, naked galvanized steel. These values diminished along time, but after
25 h of immersion, they were still 1.5–4.5 higher than in the case of the blank, being higher
the values of the panels C0, C1, and C2. Rp values had the same behavior as R�

p. There is
only a slightly difference between R�

p and Rp for each panels indicating that there is not an

important barrier protection effect (Table 3) in agreement with the polarization curves data.
The corrosion currents were in every case lower than the one of the blank (71.6 and

104.5 μAcm�2 after 1 and 25 h of immersion, respectively), but they increase 1.5–2.5 times
as time elapsed because γ-GPS film, by itself, could not provide a long term protection
(Table 3).

The differences in the corrosion potential values, Figure 5 and Table 3, among the
samples were not significant except in the case of samples D1 and D2 that had values more
positive than �950mV for 50min, indicating that in these cases corrosion is more hindered
that in the other samples. Since the first hour of immersion, the corrosion potential values of
the other samples were closed to the corrosion potential of zinc that is under
corrosion,��1010mV, indicating that the substrate was equally active.

Table 3. Polarization resistance with ðR�
pÞ and without (Rp) iR drop compensation, corrosion current,

and corrosion potential of the samples after 1 and 25 h of immersion in NaCl 0.05mol/L.

Sample

R�
p (kΩ cm2) Rp (kΩ cm2) J (μA/cm2) �Ecorr (mv)

1 h 25 h 1 h 25 h 1 h 25 h 1 h 25 h

R 1.15 0.66 1.05 0.69 13.5 32.8 990 997

C0 2.46 1.02 2.25 1.22 12.7 30.5 979 1002
C1 2.65 1.19 2.82 1.25 9.6 20.5 996 1004
C2 2.92 1.54 2.67 1.61 10.6 20.2 985 1006

D0 1.19 0.54 1.19 0.69 26.1 57.2 993 1006
D1 1.74 0.63 1.12 0.80 20.5 46.7 941 997
D2 1.20 0.75 1.27 0.89 33.6 48.8 1008 989

B 0.45 0.34 0.61 0.43 71.6 104.5 1010 1000
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3.2. Duplex systems

In Figures 6–8 the SEM images of the pretreated panels can be seen.
The microphotograph of the sample cured at 25 °C (Figure 6) showed, on the surface

(500�), particles rich of carbon and oxygen, probably dust, and a porous layer composed
mainly by carbon, oxygen, and silicon; the high amount of zinc detected is due to the inter-
ference of the substrate (8000�). The molar ratio between the atoms gave a C/O/Si ratio of
8.5/4.6/1, the ratio of γ-GPS is 9/5/1, indicating that the layer is silane with some degree of
cross-linking as the amount of C and O are lower due to the hydrolysis of the methoxy
groups of the silane and further condensation of the silanols. Some MeOH could be retained
in the structure given higher amounts of C.

When the curing temperature is rise, drops appeared on the panel surface (500�), Figures
7 and 8. The size of the drops increases with the increasing temperature and they are mainly
compound of carbon, oxygen, and high amount of silicon in a ratio of C/O/Si of 3/2/1, indi-
cating the cross-linking of the silane. Moreover, taking into account the results of the molar
ratio C/O/Si in the drops, part of the carbon chain in the γ-GPS structure was lost due to the
curing temperature. Around the drops, a film can be seen, more homogenous, less porous,
and more complex in the case of the sample cured at 100 °C (Figure 7) than in the case of

Figure 5. Corrosion potential of γ-GPS/galvanized steel cured at different times: (a) at 100 °C and (b)
at 200 °C.
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the panel cured at 200 °C (Figure 8). The films seemed to be formed of two layers, an upper
one with a composition of C/O/Si 9.6/4.4/1, indicating little or noncross-link or methanol
retention and a lower one (underneath the first one) with a composition of C/O/Si = 7.6/3.3/1,
indicating the presence of cross-linked silane.

Figure 9 showed the panel surface of the galvanized steel without pretreatment as a
comparison for the surface morphology; the limits of the grain of the zinc deposit can be
seen.

The results of the exposition to the salt spray chamber showed that the pretreated duplex
systems protected steel better than the blank; no blisters appeared within 1200 h. However,
after 2900 h, all tested panels blistered except the one identified as DD1 which had no
blisters. In any case, corrosion signs appeared after this period.

The qualification of all unexposed panels in adhesion tests was 5B. The paint system
applied on pretreated panels kept its adhesion to the substrate after 984 h of exposition in the
salt spray chamber while the blank lost part of it (4B) after 504 h. After 2900 h, when the test
was finished, painted panels DR, DC1, and DB had important adhesion failure: while DR and
DB had delaminated areas, DC1 exhibited big blisters with low surface density (Table 4).
This was not the case of painted panels DD1 which showed neither delamination nor blisters.
Photographs of the painted panels removed from the chamber can be seen in Figure 10. The
paint in the blistered area has been removed and the metal underneath did not showed
corrosion signs, but the zinc coating was missed in certain areas due to the cathodic
protection afforded by the metallic film.

(a)

(b)

Figure 6. Microphotograph and EDX analysis (w/w%, by weight) of panel with glymo cured at 25 °C
(R) (a) 500� and (b) 8000�.
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The FTIR spectra of the delaminated area are shown in Figure 11. Some peaks can be
seen around 1000 and 3500 cm�1, however, with very low intensity indicating that almost all
the paint was lost from the metal surface. As these peaks appeared in the spectra of DR1,
DC1, as well as in DB (blank without silane pretreatment) spectra, it was concluded that the
adhesion failure took place between γ-GPS and the zinc coating and not between the γ-GPS
pretreatment and the epoxy paint. On the other hand, the unpainted DD1 panels’ spectra
showed some paint left on the panel surface (peaks at 1082, 1508, 1632, 2854, and
2924 cm�1) indicating the adhesion was very good. In this case, the paint was removed
bending the painted substrate.

Typical noise spectra of potential and coupling current of duplex systems DD1 and DB,
after 105 days of immersion, can be seen in Figure 12(A) and 12(B), respectively. The
Gaussian distributions of these spectra are also shown.

Noise corrosion potential (Figure 13) of panels DR and DB presented peaks within the
first days of immersion with values near �650mV; this fact may be due to active–passive
transitions of the metal. In the case of DD1, passivation was also observed after the first week
of immersion, but then, the potential values dropped reaching those of the blank after 70 days.
The corrosion potential of the duplex system DC1 rapidly reached potential values near to
�1000mV.

As a general rule, the coupling current values were around 10�2mA cm�2 during the
whole essay (Figure 14). Galvanized steel without pretreatment, panels DB, presented current

(a)

(b)

Figure 7. Microphotograph and EDX analysis (w/w%, by weight) of the panels cured at 100 °C for
1 h. (a) 500� (b) 8000�.
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peaks during the first week and after 100 days of essay while for panels DC1, a peak
appeared after 132 days of immersion. In both cases, the peaks may be attributed to the
unblocking of pores due to corrosion products removal.

The noise resistance values can be seen in Figure 15. These values are relatively low, they
do not surpass 5500Ω cm2, and they follow the same general behavior, with peaks that would
indicate restrictions to the corrosion reaction due to the accumulation of corrosion products.

(a)

(b)

Figure 8. Microphotograph and EDX analysis (w/w%, by weight) of the panels cured at 200 °C for
1 h. (a) 500� and (b) 8000�.

Grain limit 

Figure 9. Microphotograph of the control panel 500�.
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Figure 11. Spectra of the unpainted panels after salt spray exposition.

Rusting degree  10 9 8 7 6 5 4 3 2 1 

rusted area / % 0 0.03 0.1 0.3 1 3 10 16 33 50 

Blistering degree

Frequency Dense, D Medium dense, MD Medium, M Few, F 

Size 10 8 6, 4, 2 

Comments No blistering Smaller size blister easily seen by unaided eye Progressively larger sizes 

(a) (b) (c) (d)

Figure 10. Photographs of the panels removed from salt spray chamber showing adhesion failure: (a)
DR duplex system, (b) DC1 duplex system, (c) DD1 duplex system, and (d) DB duplex system.

Table 4. Results of the salt spray test.

Duplex system

1200 h 2570 h 2900 h

C⁄ B⁄ C⁄ B⁄ C⁄ B⁄

DR 10 10 10 10 10 DA⁄

DC1 10 10 10 2F 10 2F
DD1 10 10 10 10 10 10
DB 10 2F 10 2F 10 DA⁄

C⁄: Corrosion degree; B⁄: Blistering degree; DA⁄: delaminated areas.
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4. Discussion

Some problems appeared when results obtained employing γ-GPS as adhesion promoter were
compared with other promoters or other pretreatments for duplex system; mainly, the lack of
an agreement among the researchers about which accelerated tests must be done to evaluate
these compounds.

Sathyanarayana and Yaseen [4] compared a polyaniline primer with a chromate-base
primer 10 μm thick, employing electrochemical techniques. In both cases, the corrosion poten-
tial (Ecorr) fluctuated around �1040mV from the beginning of the test and up to approxi-
mately 400 h. The corrosion potential of the γ-GPS pretreated galvanized steel was measured
during, only, 25 h; however, the values were also around �1010mV, so it may be said that
the results are comparable as they were immersed in the same electrolyte.

Many authors employed the salt spray chamber test (ASTM B 117) to evaluate the
anticorrosive performances of duplex systems. Palraj et al. [18] studied three different
pretreatment with a 50 μm epoxypolyamide/red oxide paint. They claimed that no white cor-
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Figure 12A. Noise spectra and Gauss graph for DD1 after 105 days of immersion.
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Figure 12B. Noise spectra and Gauss graph for DB after 105 days of immersion.
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rosion appeared on the exposed panels after 720 h. Edavan and Kopinsky [19] studied
chrome-phosphate and chrome-free pretreatments with polyester as film forming material,
23 μm of total dried thickness. The protection afforded by this duplex system lasted 2000 h;
however, blistering appeared on the panels. A pretreatment with Fe(NO3)3 and H3PO4 and
different anticorrosive primers plus a top coat was studied by del Amo et al. [1]. The total
thickness of these coating systems was 125 μm. These painted panels received a qualification
higher than seven after 2328 h (97 days) in the salt spray test. As it could be expected, results
depended on the type of resin employed in the primer formulation being epoxypolyamine
solvent-borne paint qualified with eight.

Figure 13. Noise corrosion potential of the duplex systems.

Figure 14. Noise corrosion current of the duplex systems.
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The duplex systems with γ-GPS as pretreatment, with a total dried thickness of 50 μm,
lasted 1200 h without corrosion spots or blisters and after 2570 h, only panels cured at 100 °C
and the blank had blisters (2F); again, the results are comparable taking into account the
differences in organic coating systems.

The adhesion tests done by del Amo et al. [1] and Edavan and Kopinski [19], employing
the tape-test method (ASTM D 3359), resulted in 4B–5B qualification for all the painted pan-
els, under dried conditions. After 2328 h (97 days) in the salt spray chamber, del Amo et al.
determined the wet adhesion resulting in 0B for acrylic and water-borne epoxy system, 2B for
alkyd, and 5B for the other two systems studied. Edavan and Kopinski [19] did not evaluate
the wet adhesion. Palraj et al. [18] evaluate only dried adhesion but employing the pull off test.

In the case of the γ-GPS duplex system, the dried adhesion was 5B for all the curing
conditions and it remained constant for 984 h (41 days) in the salt spray cabinet.

Taking into account the previous discussion, it must be noticed that there is not an
understanding about which tests or coating characteristics are the most suitable to compare
adequately the adhesion and the anticorrosive performance of different duplex systems.
However, the results analyzed previously and those obtained in this research showed that
γ-GPS pretreatment + epoxy solvent-borne paints protected steel similarly to other methods
with the advantage of not having any environmental concern. The better performance of the
samples cured at 200 °C may be due to the formation of drops of cross-linked γ-GPS
(>100 μm) on the surface that enhance the adhesion of the paint to the galvanized substrate.
Despite the silane film formed in this case seemed to be more homogenous and less porous
than the ones obtained at 100 °C and at 25 °C, it is not enough to protect the steel by a
barrier effect (R�

p�Rp).

5. Conclusions

(1) The films of γ-GPS formed on galvanized steel diminished the corrosion current of the
metal, but they do not protect the substrate by a barrier effect.

Figure 15. Noise resistance of the duplex systems.
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(2) The incorporation of the pretreatment with γ-GPS in the duplex system increased the
adhesion of the paint, especially when the pretreated substrate was cured 1 h at 200 °C.
A certain tendency to blister was detected at lower curing temperatures.

(3) The γ-GPS pretreatment do not change the electrochemical properties of the duplex
system.

(4) It is important to discuss which are the most reliable and rapid test to evaluate duplex
system as the amount of tests and essays in the field make the comparison between
the systems very difficult.
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