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a  b  s  t  r  a  c  t

The  addition  of organo-modified  silica particles  (OSP)  to powder  coating  containing  zinc  molybdenum
phosphate  pigment  (ZMP)  has  been  investigated.  The  OSP  were  directly  incorporated  at  different  concen-
trations  (1,  2.5,  3.5 and  4.5  wt%)  in a  polyester  powder  monolayer  coating  with  10  wt%  ZMP.  The  adhesion
and  anticorrosion  properties  were  evaluated  by  means  of  adhesion  studies  and  different  electrochemi-
cal  techniques:  electrochemical  impedance  spectroscopy  (EIS) and  an  accelerated  cyclic  electrochemical
eywords:
owder coating
onolayer

inc molybdenum phosphate
rganosilane
ynergistic effect

technique  (ACET).  The  optimum  quantity  of OSP  that  gave  maximum  anticorrosive  performance  of  the
coating  system  was  determined  (1.0%),  however  two  opposite  effects  of addition  on  the  coatings  led  to
a  reduction  of anticorrosive  properties  for  higher  contents.  Finally,  the  electrochemical  behaviour  of the
optimized  combined  system  was  compared  to the  effects  achieved  when  both  additives  were  separately
added  to powder  coatings  by  means  of  an  additional  electrochemical  test.

© 2014  Elsevier  B.V.  All  rights  reserved.

lectrochemical tests

. Introduction

Corrosion protection by powder coatings is considered one of
he most environmentally friendly mechanism to protect metallic
ubstrates as they are essentially free of volatile organic compounds
VOCs) and hazardous air pollutants (HAPs) [1]. Today powder
oatings do not provide sufficient corrosion resistance for some
pplications yet, but some studies have demonstrated its superior
erformance in many aspects when compared to liquid coatings
2,3]. Initial primers or surface pretreatments prior to applying the
oating are usually designed to facilitate adhesion to the substrate
4–6]. Although improved corrosion properties of these systems
ave been demonstrated, their two-step application involved an
dditional cost and entails environmental problems because in
any cases chromium and other heavy metals are used [7]. There-

ore many efforts in the field of metal protection are focused on
he development of new materials to both simplify the protec-
ion system and be more environmentally friendly than traditional

nticorrosion procedures.

Zinc molybdenum phosphate (ZMP) pigment has been proposed
s an excellent alternative to toxic inhibitive pigments because of

∗ Corresponding author.
E-mail address: puigm@uji.es (M.  Puig).

ttp://dx.doi.org/10.1016/j.porgcoat.2014.11.014
300-9440/© 2014 Elsevier B.V. All rights reserved.
equal or superior anticorrosive behaviour to chromates and bet-
ter than zinc phosphate [8–10]. Certainly, zinc phosphate pigment
has been strongly criticized by some coatings manufacturers for
not providing the corrosion resistance required by standard spec-
ifications [11], so the development of new generations of zinc
phosphate pigment with enhanced anticorrosive properties has
become a necessity. ZMP  pigment belongs to the second genera-
tion of zinc phosphates that are obtained by applying an organic
surface treatment to the particles, designed to enhance the conti-
nuity between the inorganic pigment and the surrounding organic
binder [12,13].

In another attempt to find environmentally safer alternatives
to traditional methods in the field of corrosion control of metals,
organosilane technology emerged in the last decades as a cou-
pling agent substitute to replace chromate conversion coatings
[14–17]. Nowadays continuous research on these advanced mate-
rials has led to new and different protection systems designs. Zhang
et al. studied the direct incorporation of silane monomers into
epoxy coatings [18]. Van Ooij group reported an improvement by
incorporating silanes directly on a polyurethane resin system to
obtain a ‘superprimer’ with outstanding adhesion and corrosion

protection properties [19]. Further advances were also proposed
by other authors consisting of the combination of montmorillonite
nanoparticles or rare earths in silane sol–gel coating to enhance
barrier properties and to achieve higher thickness and densification

dx.doi.org/10.1016/j.porgcoat.2014.11.014
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2014.11.014&domain=pdf
mailto:puigm@uji.es
dx.doi.org/10.1016/j.porgcoat.2014.11.014
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Table 1
Composition in weight (%) of the formulated coatings.

Nomenclature Ref. 10 ZMP  2.5 OSP 1.0 Comb 2.5 Comb 3.5 Comb 4.5 Comb

Polyester resin 57.7 57.7 57.7 57.7 57.7 57.7 57.7
Crosslinking agent 3.3 3.3 3.3 3.3 3.3 3.3 3.3
TiO2 30.0 24.7 30.0 23.7 22.2 21.2 20.2
Barite 4.7 0.0 2.2 0.0 0.0 0.0 0.0
Flow  ag. 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Levelling ag. 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Degassing ag. 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Pol.  wax  0.3 0.3 0.3 0.3 0.3 0.3 0.3
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ZMP  pigment 0.0 10.0 0.0 

OSP  0.0 0.0 2.5 

16,20–22]. Other recent studies report the development of hybrid
oatings based on a silane functionalized epoxy resin to improve
orrosion resistance [23].

In our recent investigation organo-modified silica particles with
ilanes were directly incorporated in different contents as an inte-
ral additive in a polyester powder monolayer coating to assess
dhesion properties on galvanized steel without pretreatment [24].
he results determined the optimum concentration in 2.5 wt%  due
o the improvement in the adhesion and electrochemical properties
f the coatings. In a further investigation, the optimum concentra-
ion of ZMP in the same polyester coatings applied on galvanized
teel was also determined by means of electrochemical techniques
25]. The enhancement of anticorrosion properties when ZMP  is
dded was attributed to both the improvement of barrier properties
nd the inhibitive action of the pigment.

In this study, the organo-modified silica particles (OSP) and
inc molybdenum phosphate pigment (ZMP) were simultaneously
ncorporated in a polyester system with the aim to combine
he effects achieved when they were separately added to mono-
ayer powder coatings in previous works. First, an optimum
oncentration of the combined system was determined by electro-
hemical, adhesion and salt fog spray tests. Finally, an additional
lectrochemical study was performed to investigate the possi-
le existence of synergistic effect between the OSP and ZMP
ormulations.

. Experimental

.1. Materials

The coatings were developed from a saturated carboxylated
olyester resin of low molecular weight (Reafree 8585 from
ray Valley Iberica, S.A.) to combine with a hydroxyalkylamide
rosslinker (Primid-XL 552 from EMS-GRILTECH). Inorganic fillers
nd other additives used were titanium dioxide (Kronos 1171),
arite (R-2 from Miber Minerales Roset), a flow agent (Additol
rom Cytec-Liquid Coatings Resins & Additives), a levelling agent
Cray-Vallac-PC from Cray-Valley Ibérica), a degassing agent (ben-
oin from DSM Special Products), a surface hardener (Licowax PE
20) and a teflon wax (Ceridust 9610F from Clariant).

ZMP  pigment used in this work is based on zinc phosphate and
inc molybdate conditioned with an organic titanate in the sur-
ace (Nubiorox 106 supplied by Nubiola). The ZMP  pigment was
ncorporated in a fixed content of 10% of the total formulation.
he silane was a commercial additive consisting of trifunctional
rganosilane (alkyl-triethoxysilane) grafted to the surface of amor-
hous silica particles (reference ESQUIM DL-8302/7, supplied by

squim S.A., Barcelona). Different concentrations of the additive
OSP) were incorporated into the formulations replacing the inor-
anic filler (TiO2) except in the 2.5 OSP formulation that replaces
he barite.
0.2 0.2 0.2 0.2
10.0 10.0 10.0 10.0

1.0 2.5 3.5 4.5

Table 1 summarizes the compositions of the samples studied in
this work.

2.2. Substrate/sample preparation

Samples were premixed and hand-shacked before extruding in
a single screw extruder (Haake Rheomex 254). The extrusion tem-
perature was  set to 100 ◦C, the residence time was approximately
1 min  and the torque generated was  20 Nm.  After that, the mate-
rials were ground in a Moulinex Mill MX843 and sieved through
a mesh size of 140 �m.  The five different powder coatings were
deposited over galvanized steel substrates, previously degreased
with acetone, by means of an electrostatic gun. All the coated sam-
ples were cured at 180 ◦C for 15 min  and the thicknesses obtained
were 90 ± 10 �m.

2.3. Testing methods and equipment

2.3.1. Scanning electron microscopy (SEM)
The morphology of the coatings was  observed by scanning

electron microscopy (LEO 440i SEM) with a digital image acqui-
sition. Samples studied were obtained from coatings detached
from the substrates after cryofracturing. The back-scattered and
secondary electron images were complemented by appropriate
chemical information from energy dispersive X-ray analysis (EDS)
acquired as point and/or line scans.

2.3.2. Mechanical tests
2.3.2.1. Impact resistance test. Impact test was performed in accor-
dance to ISO 6272-2:2002. The operation principle of the impact
tester is a 1 kg dart mass that drops down from different heights up
to 1 m and impacts the back of the painted panel to result in its rapid
deformation. Coating resistance to impact may  be determined from
observing whether the film cracked or peeled off.

2.3.2.2. Cross-cut test. Paint adhesion was investigated in accor-
dance to ISO 2409:2007, using a cutter with six blades that makes
2 mm square lattice cuts wide on the coating film. The cuts were
made through the coating film with steady motion using just suffi-
cient pressure on the knife. The samples were visually evaluated to
detect any delamination of the film. The classification of the delam-
inated film was  based on the criteria and standard stipulated in the
ISO 2409:2007.

2.3.2.3. Adhesion test. Adhesion test was  performed in accordance
to ISO 4587:2003. Specimen preparation procedure for adhesion
test consists on the deposition of the coatings with different adhe-
sion promoter contents between two  rectangular and degreased

steel substrates, as was  prepared in previous works [26], and cured
at 180 ◦C for 30 min. After the curing process, the samples were
tested using an Instron Universal Test Machine 4469 H 1907 with a
load cell of 50 kN at a crosshead speed of 1 mm/min. Data of load and
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Fig. 1. Equivalent circuit used to model EIS and ACET impedance data where passive
parameters (Rs = electrolyte resistance, Rpo = pore resistance, CPEc = constant phase
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by the presence of C, O, P, Ti and Zn in EDS analysis performed in
lement of the coating capacitance, Rp = polarization resistance CPEdl = constant
hase element of the double layer capacitance) can be defined.

eformation was registered. Shear stress was obtained dividing the
hear force by the cross-sectional area. Fracture modes were eval-
ated by means of an optical microscope. Five specimens of each
ormulation were prepared and tested.

.3.3. Electrochemical impedance spectroscopy (EIS)
The effect of adding the OSP on the anticorrosive properties of

he formulated powder coatings was evaluated by EIS tests. A three-
lectrode system was used, in which the sample without coating
cts as the working electrode, an Ag/AgCl electrode is the reference
lectrode and a Pt electrode is the counter-electrode. The area of the
ainted metal surface was defined by a cylindrical open PVC tube
9.62 cm2 delimited circular area) that contained an aqueous elec-
rolyte solution (3.5 wt% NaCl). EIS measurements were performed
n a ZAHNER-IM6ex electrochemical workstation. A sinusoidal AC
erturbation of 10 mV  amplitude coupled with the open circuit
otential was applied to the metal/coating system inside a Faraday
age in order to minimize external interference with the system.
he EIS tests were performed in the frequency range from 100 kHz
o 10 mHz. All measurements were conducted at room temperature
≈25 ◦C). The experimental electrochemical data were collected
nd analyzed using the Thales software developed by ZAHNER and
he Medco Assay commercial software developed by Medco S.L.,
espectively.

An equivalent circuit model most widely used by many authors
o analyze organic paint systems to protect metals [27–31], shown
n Fig. 1, was employed to analyze the EIS spectra. The circuit
onsisted of a working electrode (metal substrate), a reference elec-
rode, electrolyte resistance RS, coating pore resistance Rpo, coating
apacitance Cc, polarization resistance Rp and double layer capaci-
ance Cdl. Fitting the EIS data to the circuit by means of the Z-view
oftware determined the values of its passive elements, which are
enerally assumed to be related to the corrosion properties of the
ystem [32]. Rpo can be related to porosity and the deterioration
f the coating, Cc to the water absorption by the coating, Rp to the
olarization resistance of the interface between the coating and
he metal substrate and Cdl to the disbonding of the coating and
nset of corrosion at the interface [33–35]. To obtain more pre-
ise fitting results, constant phase elements CPE (represented here
s C) replaced capacitive elements in the equivalent circuit, giving
he software values of capacitance in units of sn/� together with a
arameter known as “n” instead of s/� or F units. Hsu and Mansfeld
36] reported that constant phase element parameter Y0 could be
onverted into a capacitance C by using the following equation:

 = Y0(w′′ max)n−1 (1)

here w′′
max is the angular frequency at which the imaginary part

f the impedance (Z′′) has a maximum in the representation of
yquist plots.
In this study, the effective Cdl was calculated using the above
quation because n varies in a wide range. The values used in Cc

ere those given by the fitting because the n values were always
Fig. 2. ACET test schematic figure versus time.

very close to 1, so no differences were detected. The chi-squared
parameter of the fit was  always less than 0.01.

2.3.4. Accelerated cyclic electrochemical technique (ACET)
The ACET procedure comprises a combination of cathodic polar-

ization (DC), potential relaxation and EIS measurements (AC). First,
an EIS test is applied to the sample under the same conditions as
described above. This measurement allows the present state of the
test sample to be determined. Following the initial EIS measure-
ment, the test sample is treated for a short time with a constant
cathodic voltage (−4 V) for 20 min  (DC) and, subsequently, the
relaxation time of the sample until it reaches a new steady state
and the potential is once more stabilized is registered. In this case,
the relaxation time was  3 h. Finally, a new EIS measurement (AC)
is applied to the sample in order to determine the new state. A
schematic representation of the ACET procedure is shown in Fig. 2.
This test sequence is repeated at least six times, which means that
almost 24 h are required for this procedure. The ACET procedure is
completely automated on a ZAHNER-IM6ex electrochemical work-
station. Experimental results obtained by EIS measurements are
modelled using the equivalent circuit shown in Fig. 1 and with the
same procedure described above.

2.3.5. Salt fog spray
The accelerated salt fog spray test was  performed in accordance

to ISO 9227:2012. In this test a scribe is performed along the coating
until the bare metal is reached. The samples are then introduced in
a salt fog spray chamber where a brine fog is created with 5% NaCl
(by weight) water solution. The samples are collected at different
periods of time and evaluated until a failure was  reached (rusting
penetration greater than 2 mm).

3. Results and discussion

3.1. Powder coatings morphological characterization

Fig. 3a and b shows the 4.5 comb thermoset cross section at
500× and 1000× magnification obtained by SEM in backscattered
electron mode, respectively. All formulated coatings showed the
heterogeneous structure typical of organic powder coatings that is
shown in the microscopic image and significant differences were
not detected between them. Two predominant phases are visually
identified in Fig. 3a, a darkest phase that can be attributed to poly-
meric matrix and a clearest one that corresponds to zinc phosphate
molybdate (ZMP) particles forming aggregates, as it was revealed
one of them (Fig. 3b and c).
Moreover, when the OSP is added to the formulated systems in

different contents, single particles cannot be detected visually in
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Fig. 3. SEM pictures at (a) 500× magnifications and (b) 1000× magnification for the 4.5 comb coatings detached from the substrate. (c) EDS analysis of an aggregate.
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(highest impedance modulus and capacitive behaviour), whereas
those samples with higher contents show lower impedance mod-
ulus, more resistive behaviour, which means that are degraded at
a greater or lesser extent.
Fig. 4. Impact resistance pictures of the formulated coatings: (

he SEM-pictures of any of the coatings indicating a high rate of
ispersion as well.

.2. Mechanical and adhesion properties of the powder coatings

Fig. 4 shows the pictures of the five samples after the impact test
rom a height of 100 cm with a dart of 1 kg. It can be observed a sim-
lar behaviour between all systems studied, regardless of the OSP
ontent. All samples presented slight radial cracking and degree of
elamination in the area impacted. According to these results, vari-
tion in fracture resistance or tenacity by using different contents
f the OSP is not detected in the coatings. In the cross-cut test,
dhesion measured resulted high in all samples because the edges
f the cuts were completely smooth without detachment in the
ntersections of the lattice, even when they were inspected under

 magnifier.
Fig. 5 shows the breaking shear stress (�shear) needed to pull

part two pieces of galvanized steel glued together by the four com-
ined systems formulated in the adhesion test. The results shown

ndicate that the �shear was slightly decreased from the 10 ZMP
oating when 1.0 wt% of OSP is added to the formulation (1.0 comb),
lthough conclusions of this result cannot be extracted because
he obtained standard deviation for the 10 ZMP  as a consequence

f various factors involved in the performance of the test [24].
owever, maximum shear stress seems to be stable or to increase
roportionally with the OSP content for higher percentages, indi-
ating that one of both of these phenomena are occurred: the OSP
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Fig. 5. Breaking shear stress of the coatings formulated in adhesion test.
MP, (b) 1.0 comb, (c) 2.5 comb, (d) 3.5 comb and (e) 4.5 comb.

incorporation could reinforce the polymeric matrix or the adhesion
to the substrate has been increased. Considering that, on the one
hand, �shear is just a measure of the adhesion when failure occurs
at the interface between the organic coating and the substrate
(adhesive failure) and, on the other hand all samples exhibited a
mixed-mode failure (adhesive and cohesive failure), the increased
shear stress cannot be attributed to a single phenomenon.

3.3. Electrochemical characterization

Fig. 6 shows the Bode plot (impedance modulus versus fre-
quency) for 840 h exposure of the five studied samples. The EIS test
gives an idea of the processes occurring within the coating (high fre-
quencies measurements) and those occurring at the interface (low
frequencies measurements). From the impedance results, it can be
observed that the sample with 1.0 comb offers the best results
Fig. 6. Bode plot (impedance modulus and phase angle versus frequency) for
polyester coatings: 10% ZMP (�), 1.0 comb ( ), 2.5 comb ( ), 3.5 comb ( )

and 4.5 comb ( ); applied on galvanized steel after 840 h exposure to electrolyte
(deionised water with 3.5% NaCl by weight). EIS test.
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Fig. 7. Evolution of: (a) pore resistance Rpo; (b) coating capacitance Cc; (c) polarization resistance Rp; (d) double layer capacitance Cdl vs. exposure time for polyester coatings:
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active interphases between metal and coatings (with higher values
of Rp). Although there are no significant differences in the water
content in the coatings, the pore resistance and polarization resis-
tance is lower by one or two orders of magnitude, the interface is
0%  ZMP  (�), 1.0 comb ( ), 2.5 comb ( ), 3.5 comb ( ) and 4.5 comb ( ); ap
aCl  by weight). EIS test.

Results from the EIS test have been modelled with an elec-
ric equivalent circuit (Fig. 1) and its characteristic parameters
etermined (Fig. 7a–d). The evolution with immersion time of the
ifferent parameters shows a decrease in Rpo values for all the sam-
les in time of contact to electrolyte that is an indicative of pore
ormation due to the coatings degradation, although the trend of
he coating capacitance with OSP concentration is not very clear.
n contrast to these results, Cc values demonstrate a slight decrease
n water uptake for combined systems with respect to the 10 ZMP
oating. The sample with lower content of OSP (1.0 comb) presents

 quite inactive interphase with high values of Rp and lowest of Cdl
or all testing time, but for highest contents the anticorrosion prop-
rties are aggravated because the interphases are more active (Rp

ecreases with non-stable evolution and Cdl presents fluctuations).
Fig. 8 shows the Bode plot of the five coatings after the fourth

olarization in the ACET test. It can be noted that degradation
chieved in this test is lower than that achieved in 840 h of con-
act in EIS test because coatings present high impedance modulus
nd capacity response in almost all frequencies and significant vari-
tions are not found between them.

In order to assess the ACET results in all cycles of polarisa-
ions, experimental data of impedance were also modelled with
he equivalent circuit of Fig. 1.
Fig. 9a–d shows the evolution of the characteristic parame-
ers of the equivalent circuit presented versus the number of
athodic polarisations applied. From these plots it can be concluded
hat incorporating OSP to the ZMP  system involved, in almost all
on galvanized steel after 840 h exposure to electrolyte (deionised water with 3.5%

concentrations, the decrease of the pore resistance and led to a less
Fig. 8. Bode plot (impedance modulus and phase angle versus frequency) for
polyester coatings: 10% ZMP  (�), 1.0 comb ( ), 2.5 comb ( ), 3.5 comb ( ) and

4.5  comb ( ); applied on galvanized steel after 4 cycles of cathodic polarisations.
ACET test.
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ig. 9. Evolution of (a) pore resistance Rpo; (b) coating capacitance Cc; (c) polarizat

oatings: 10% ZMP  (�), 1.0 comb ( ), 2.5 comb ( ), 3.5 comb ( ) and 4.5 comb (

uch more active (with lower values of Rp) and the delamination
rocess is intensified in all cycles of polarization for coatings with
.5 wt% content or higher with respect to the 10% ZMP  coatings.
evertheless, a superior anticorrosive performance of 1.0 comb

ystem could be expected because present high and very stable
p values for all cycles of polarisations and without coating delam-

nation process (Cdl remains stable in lowest values for all cycles of
he test). These results indicate, on the one hand, the existence of
wo opposite effects when OSP are introduced: the deterioration of
arrier properties of the coatings and the stabilization of substrate-
oating interphase, and on the other that the stabilization of the
nterphase component seems to compensate the slight increment
f permeability when the additive is incorporated to coating in low
uantities.

Finally, the evolution of the modelled parameters obtained in
oth electrochemical techniques is simultaneously analyzed by
liminating the time variable in EIS test and polarisations number
n the case of the ACET test in order to analyze readily the properties
f the five coatings formulated and to find the optimum content.
ig. 10a–d shows the equivalent circuit passive parameters at con-
itions in which degradation of coating is produced and the ZMP
nd OSP action can be subjected to evaluation, e.g. after 840 h of
xposure to electrolyte for the EIS test and after 4 cycles of cathodic
olarisations in the ACET test. It can be seen that when the OSP has

een added to a system that contains 10% ZMP  barrier properties
re modified when its concentration exceeds 1.0 wt% (1.0 comb sys-
em) although this effect is not reflected in the coating capacitance
alues obtained (Fig. 10a and b). However, the optimal combined
sistance Rp; (d) double layer capacitance Cdl vs. the number of cycles for polyester

applied on galvanized steel in the ACET test.

system can be easily established for 1.0 wt% of OSP by observing
the Rp and Cdl evolutions (Fig. 10a and b). Enhanced performance
of this combined formulation is possibly due to the presence of both
pigment that increases the inhibitive corrosion properties [25] and
OSP in low contents to allow the adhesion to the substrate but with-
out greatly altering barrier properties or permeability of the coating
[24].

Electrochemical results strengthen the idea that OSP incor-
poration to coatings can lead to an embrittlement of their
microstructure influencing on their barrier properties but in turn
improving polarization resistance and avoiding delamination as it
was found in some samples. This interface stabilization could be
correlated with the results obtained in the adhesion test shown in
Fig. 5 (although they cannot be completely attributed to an adhe-
sion enhancement due to the mix  failure mode of the samples,
as was  mentioned above). However, overall anticorrosive perfor-
mance is strongly reduced when OSP content is superior to 1.0 wt%
indicating a maximum content, above which microstructure of the
coatings is possibly altered allowing the electrolyte and the differ-
ent species present in the solution pass through the coating and
reach the interface to initiate the corrosion processes.

Differences of results between EIS and ACET tests can be related
to the principal protection process that is developed in these tech-
niques. In the case of EIS test, the very long immersion time in

electrolyte can encourage the possibility to detect the OSP effect in
barrier properties of the sample while in ACET test it is not favoured
due to the limited immersion time in comparison with EIS proce-
dure. Immersion time effect in coating degradation process can be
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ig. 10. Evolution of: (a) pore resistance Rpo , (b) coating capacitance Cc , (c) polarizat
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lso detected in Cdl values obtained (Fig. 10c), where the action of
he additives in the substrate-coating interphase are more inten-
ified in the EIS test than in the ACET test (different scales on the
-axis are used to show correctly the Cdl fluctuations).

.4. Salt fog spray test

Table 2 presents the time of failure (defined as the time or expo-
ure to salt spray fog until 2 mm of delamination from the scribe is
eached). Salt fog spray test showed that 10 ZMP  coating without
SP is the best formulation and that the higher concentration of
dditive the properties conferred to the samples are worsened. A
imilar tendency was observed in electrochemical tests except to
he 1.0 comb coating, therefore the correlation is not as remarkable
s it was found in our previous work [25]. This fact can be attributed

o the different mechanisms of testing between the salt fog spray
nd electrochemical tests [37,38]. In electrochemical procedures,
he coating is not damaged and dissolution of pigments is only
ossible when the electrolyte is able to pass through the coating

able 2
ime to failure due to delaminated area (>2 mm)  after exposure of painted panels
n the salt fog spray.

Coatings Time to failure (h)

10 ZMP  648
1.0 Comb 504
2.5 Comb 504
3.5 Comb 504
4.5 Comb 312
sistance Rp and (d) double layer capacitance (Cdl) versus the OSP content in coatings

that can be a slow process. In the case of salt fog spray, the coat-
ing is damaged and the dissolution of the pigment can be clearly
enhanced because of direct contact between the electrolyte and the
pigment.

3.5. Study of synergistic effect

In order to evaluate the possible existence of a synergistic effect
between the corrosion inhibitor (ZMP) and the organo-modified
silica particles (OSP) an electrochemical comparative study was
performed. Fig. 11 presents the modelled parameters evolution
with polarization cycles applied in the ACET test for the combined
coating that has offered superior electrochemical performance (1.0
comb) in this investigation and for optimized individual systems
that are obtained in our previous works, i.e. 2.5 OSP  and 10 ZMP),
all of them compared with a reference coating without ZMP  and OSP
in its composition. It can be seen that separate incorporation of the
two additives results in improved properties of the reference coat-
ing, being the ZMP  inclusion the effect that raise more significantly
Rpo and Rp values. Moreover, if these systems are compared with
optimum combined sample (1.0 comb) it can be clearly observed an
anticorrosion properties improvement with similar values of Rpo to
the 10 ZMP  coating and Rp and double layer capacitance lower and
more stable that the rest of the formulations studied. It is stressed
that high performance of ZMP  coating was ascribed to both barrier

properties and inhibitory action enhancement. Hence, OSP incor-
poration needs to be in low percentages to a formulation containing
the ZMP  inhibitor to achieve a synergistic effect between the two
additives.
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oatings. Evaluation of synergistic effect.

. Conclusions

Combined powder coating formulations with different contents
f OSP (0, 1, 2.5, 3.5 and 4.5%) and containing all of them
0 wt% zinc molybdenum phosphate pigment (ZMP) were stud-

ed. The results show that all samples with OSP lead to an
mprovement in the adhesion properties determined by adhe-
ion test. Anticorrosion performance was improved when 1.0%
dditive was incorporated but showing decrease in properties
hen this content was exceeded and then constituting an opti-
um  combined coating. The deterioration of barrier properties

f the monolayer coatings and the stabilization of substrate-
oating interphase are probably the two opposite effects of
SP addition that lead to a reduction of anticorrosive prop-
rties for higher contents. Finally, an additional accelerated
lectrochemical test showed that this coating that combines
oth additives offers best results than those formulated with
he additives separately, revealing a synergistic effect between
hem.
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face  pretreatment on the corrosion stability and adhesion of powder polyester
coating, Prog. Org. Coat. 69 (2010) 316–321, http://dx.doi.org/10.1016/
j.porgcoat.2010.07.004.

[5] S. Ebnesajjad, Surface Treatment of Materials for Adhesive Bonding, 2nd ed.,
W.A. Publishing, Oxford, 2014, pp. 139–183.

[6] Y. Xu, B. Lin, Effect of silicate pretreatment, post-sealing and additives on
corrosion resistance of phosphated galvanized steel, Trans. Nonferrous Met.
Soc. China 17 (2007) 1248–1253, http://dx.doi.org/10.1016/S1003-6326(07)
60257-X.

[7] D.L. Correll, The role of phosphorus in the eutrophication of receiving waters:
a  review, J. Environ. Qual. 27 (1998) 263.

[8] A. Gerhard, A. Bittner, Second generation phosphate anti-corrosive pigments.
Formulating rules for full replacement of new anti-corrosive pigments, J. Coat.
Technol. 58 (1986) 59.

[9] A. Bittner, Advance phosphate anticorrosive pigments for compliant primers,
J.  Coat. Technol. 61 (1989) 111–118.

10] M.J. Gimeno, S. Chamorro, R. March, E. Oró, P. Pérez, J. Gracenea, et al., Anticor-
rosive properties enhancement by means of phosphate pigments in an epoxy
2k coating. Assessment by NSS and ACET, Prog. Org. Coat. 77 (2014) 2024–2030,
http://dx.doi.org/10.1016/j.porgcoat.2014.04.004.

11] ASTM B117 – Standard Practice for Operating Salt Spray (Fog) Apparatus.
12] M.  Beland, Am.  Paint Coat. J. 6 (1991) 43.
13] B. del Amo, R. Romagnoli, V.F. Vetere, Performance of zinc molybdenum phos-
phate in anticorrosive paints by accelerated and electrochemical tests, J. Appl.
Electrochem. 29 (1999) 1401–1407.

14] Mittal K.L., Silanes and Other Coupling Agents, VSP, Utrecht, 2000.
15] M.  Garcia-Heras, A. Jimenez-Morales, B. Casal, J.C. Galvan, S. Radzki, M.A. Ville-

gas,  Preparation and electrochemical study of cerium–silica sol–gel thin films,

http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0005
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0010
dx.doi.org/10.1016/j.porgcoat.2010.07.004
dx.doi.org/10.1016/j.porgcoat.2010.07.004
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0025
dx.doi.org/10.1016/S1003-6326(07)60257-X
dx.doi.org/10.1016/S1003-6326(07)60257-X
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0035
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0040
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0045
dx.doi.org/10.1016/j.porgcoat.2014.04.004
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0060
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0065
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0070


rganic

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

http://dx.doi.org/10.5006/1.3280607.
M. Puig et al. / Progress in O

Proc. 4th Int. Spring Work. Spectrosc. Struct. Synth. Rare Earth Syst. 380 (2004)
219–224, http://dx.doi.org/10.1016/j.jallcom.2004.03.047.

16]  B. Chico, J.C. Galván, D. de la Fuente, M.  Morcillo, Electrochemical impedance
spectroscopy study of the effect of curing time on the early barrier properties
of  silane systems applied on steel substrates, Prog. Org. Coat. 60 (2007) 45–53,
http://dx.doi.org/10.1016/j.porgcoat.2007.06.007.

17] L.-K. Wu,  J.-T. Zhang, J.-M. Hu, J.-Q. Zhang, Improved corrosion performance
of electrophoretic coatings by silane addition, Corros. Sci. 56 (2012) 58–66,
http://dx.doi.org/10.1016/j.corsci.2011.11.018.

18] A. Seth, W.J. van Ooij, Novel, water-based high-performance primers that can
replace metal pretreatments and chromate-containing primers, J. Mater. Eng.
Perfom. 13 (4) (2004) 468–474.

19] A.M. Cabral, W.  Trabelsi, R. Serra, M.F. Montemor, M.L. Zheludke-
vich, M.G.S. Ferreira, The corrosion resistance of hot dip galvanised
steel and AA2024-T3 pre-treated with bis-[triethoxysilylpropyl] tetrasul-
fide  solutions doped with Ce(NO3)3, Corros. Sci. 48 (2006) 3740–3758,
http://dx.doi.org/10.1016/j.corsci.2006.01.010.

20] W.  Trabelsi, E. Triki, L. Dhouibi, M.G.S. Ferreira, M.L. Zheludkevich, M.F. Monte-
mor, The use of pre-treatments based on doped silane solutions for improved
corrosion resistance of galvanised steel substrates, Surf. Coat. Technol. 200
(2006) 4240–4250, http://dx.doi.org/10.1016/j.surfcoat.2005.01.044.

21] F. Deflorian, S. Rossi, M.  Fedel, C. Motte, Electrochemical investigation of high-
performance silane sol–gel films containing clay nanoparticles, Prog. Org. Coat.
69  (2010) 158–166, http://dx.doi.org/10.1016/j.porgcoat.2010.04.007.

22] P.S. Correa, C.F. Malfatti, D.S. Azambuja, Corrosion behavior study of AZ91
magnesium alloy coated with methyltriethoxysilane doped with cerium
ions, Prog. Org. Coat. 72 (2011) 739–747, http://dx.doi.org/10.1016/j.porgcoat.
2011.08.005.

23] E. Bakhshandeh, A. Jannesari, Z. Ranjbar, S. Sobhani, M.R. Saeb, Anti-corrosion
hybrid coatings based on epoxy–silica nano-composites: toward relationship
between the morphology and EIS data, Prog. Org. Coat. 77 (2014) 1169–1183,
http://dx.doi.org/10.1016/j.porgcoat.2014.04.005.

24] M.  Puig, L. Cabedo, J.J. Gracenea, A. Jiménez-Morales, J. Gámez-Pérez, J.J. Suay,
Adhesion enhancement of powder coatings on galvanised steel by addition
of organo-modified silica particles, Prog. Org. Coat. 77 (2014) 1309–1315,

http://dx.doi.org/10.1016/j.porgcoat.2014.03.017.

25] M.  Puig, M.J. Gimeno, J.J. Gracenea, J.J. Suay, Anticorrosive properties enhance-
ment in powder coating duplex systems by means of ZMP  anticorrosive
pigment. Assessment by electrochemical techniques, Prog. Org. Coat. 77 (12)
(2014) 1993–1999, http://dx.doi.org/10.1016/j.progcoat.2014.04.031.

[

[

 Coatings 80 (2015) 11–19 19

26] S.J. García, J. Suay, Anticorrosive properties of an epoxy-Meldrum acid cured
system catalyzed by erbium III trifluromethanesulfonate, Prog. Org. Coat. 57
(2006) 319–331, http://dx.doi.org/10.1016/j.porgcoat.2006.09.011.

27] W.-G. Ji, J.-M. Hu, L. Liu, J.-Q. Zhang, C.-N. Cao, Improving the corrosion perfor-
mance of epoxy coatings by chemical modification with silane monomers, Surf.
Coat. Technol. 201 (2007) 4789–4795, http://dx.doi.org/10.1016/j.surfcoat.
2006.09.100.

28] M.T. Rodríguez, J.J. Gracenea, A.H. Kudama, J.J. Suay, The influence of pigment
volume concentration (PVC) on the properties of an epoxy coating: Part I. Ther-
mal  and mechanical properties, Prog. Org. Coat. 50 (2004) 62–67.

29] C. Pérez, A. Collazo, M. Izquierdo, P. Merino, X.R. Nóvoa, Comparative study
between galvanised steel and three duplex systems submitted to a weathering
cyclic test, Corros. Sci. 44 (2002) 481–500, http://dx.doi.org/10.1016/S0010-
938X(01)00070-1.

30] W.-G. Ji, J.-M. Hu, L. Liu, J.-Q. Zhang, C.-N. Cao, Enhancement of corrosion
performance of epoxy coatings by chemical modification with GPTMS silane
monomer, J. Adhes. Sci. Technol. 22 (2008) 77.

31] D. Loveday, P. Peterson, B. Rodgers, Evaluation of organic coatings with electro-
chemical impedance spectroscopy. Part 3: protocols for testing coatings with
EIS,  JCT Coat. Tech. 2 (2005) 22–27.

32] F. Mansfeld, Models for the impedance behavior of protective coatings
and  cases of localized corrosion, Electrochim. Acta 38 (1993) 1891–1897,
http://dx.doi.org/10.1016/0013-4686(93)80311-M.

33] A. Amirudin, D. Thieny, Application of electrochemical impedance spectroscopy
to study the degradation of polymer-coated metals, Prog. Org. Coat. 26 (1995)
1–28, http://dx.doi.org/10.1016/0300-9440(95)00581-1.

34] E. Potvin, L. Brossard, G. Larochelle, Corrosion protective performances
of  commercial low-VOC epoxy/urethane coatings on hot-rolled 1010 mild
steel, Prog. Org. Coat. 31 (1997) 363–373, http://dx.doi.org/10.1016/S0300-
9440(97)00095-7.

35] G.W. Walter, A review of impedance plot methods used for corrosion perfor-
mance analysis of painted metals, Corros. Sci. 26 (9) (1986) 681–703.

36] C.H. Hsu, F. Mansfeld, Technical note concerning the conversion of the constant
phase element parameter Y0 into a capacitance, Corrosion 57 (2001) 747–748,
37] B. Bettan, Activated zinc phosphate anti-corrosive pigment, Paint Resin 56
(1986) 16–19.

38] K.H. Angelmayer, Chromate-free, wash primers problems and possible solu-
tions, Polym. Paint Colour J. 176 (1986) 233.

dx.doi.org/10.1016/j.jallcom.2004.03.047
dx.doi.org/10.1016/j.porgcoat.2007.06.007
dx.doi.org/10.1016/j.corsci.2011.11.018
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0090
dx.doi.org/10.1016/j.corsci.2006.01.010
dx.doi.org/10.1016/j.surfcoat.2005.01.044
dx.doi.org/10.1016/j.porgcoat.2010.04.007
dx.doi.org/10.1016/j.porgcoat.2011.08.005
dx.doi.org/10.1016/j.porgcoat.2011.08.005
dx.doi.org/10.1016/j.porgcoat.2014.04.005
dx.doi.org/10.1016/j.porgcoat.2014.03.017
dx.doi.org/10.1016/j.progcoat.2014.04.031
dx.doi.org/10.1016/j.porgcoat.2006.09.011
dx.doi.org/10.1016/j.surfcoat.2006.09.100
dx.doi.org/10.1016/j.surfcoat.2006.09.100
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0140
dx.doi.org/10.1016/S0010-938X(01)00070-1
dx.doi.org/10.1016/S0010-938X(01)00070-1
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0150
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0155
dx.doi.org/10.1016/0013-4686(93)80311-M
dx.doi.org/10.1016/0300-9440(95)00581-1
dx.doi.org/10.1016/S0300-9440(97)00095-7
dx.doi.org/10.1016/S0300-9440(97)00095-7
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0175
dx.doi.org/10.5006/1.3280607
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0185
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190
http://refhub.elsevier.com/S0300-9440(14)00369-5/sbref0190

	The combined role of inhibitive pigment and organo-modified silica particles on powder coatings: Mechanical and electroche...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Substrate/sample preparation
	2.3 Testing methods and equipment
	2.3.1 Scanning electron microscopy (SEM)
	2.3.2 Mechanical tests
	2.3.2.1 Impact resistance test
	2.3.2.2 Cross-cut test
	2.3.2.3 Adhesion test

	2.3.3 Electrochemical impedance spectroscopy (EIS)
	2.3.4 Accelerated cyclic electrochemical technique (ACET)
	2.3.5 Salt fog spray


	3 Results and discussion
	3.1 Powder coatings morphological characterization
	3.2 Mechanical and adhesion properties of the powder coatings
	3.3 Electrochemical characterization
	3.4 Salt fog spray test
	3.5 Study of synergistic effect

	4 Conclusions
	Acknowledgements
	References


