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bstract

The anticorrosive performance of epoxy coatings pigmented with non-toxic corrosion inhibitors pigments was investigated in this work. The
oatings used contained the following pigments: zinc phosphate (ZP), zinc phosphomolybdate (ZPM) and zinc calcium phosphomolybdate (ZCPM).
or comparative studies epoxy coatings with the following compositions were made up: one only with filler (CRG); one without pigments, varnish
VR) and other with zinc chromate (ZC) pigment. The corrosion inhibitor performance of the coatings was evaluated by immersion tests in
.01 mol L−1 NaCl aqueous solutions and accelerated tests in a salt spray chamber. The corrosion inhibitor performance of the samples was
onitored using open-circuit potential (Eoc) measurements and electrochemical impedance spectroscopy (EIS) technique. Complementary tests
ere carried out using water vapour permeability of free-standing films and thermogravimetric (TG) analysis. The permeability test showed that

he addition of the studied pigments did not modify the barrier properties of the free-films in comparison that pigmented with chromate. Thermal
nalysis indicated that the addition of the pigments improved the thermal stability of the coatings and it suggested a resin/pigment interaction. The
otal immersion tests and salt spray tests demonstrated that the barrier properties of the coatings pigmented with the inhibitors were not degrading

s much as that pigmented with ZC. Therefore, all the three pigments could replace ZC as an anticorrosive pigment in similar conditions to those
escribed here. The best corrosion inhibitor performance in the total immersion test was presented by the ZPM and ZCPM coatings while in the
alt spray test the corrosion inhibitor performance of all the three pigmented coatings was similar, suggesting that only in the less aggressive test
s possible to detect any difference between the coatings with the non-toxic pigments.

2008 Elsevier B.V. All rights reserved.
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. Introduction

It is widely known that organic coatings have many technical
nd economic advantages for the protection of metal materi-
ls against corrosion. The protection mechanism is associated
o the barrier effects added to the action of anticorrosive pig-

ents present in the coating. The most traditional anticorrosive
igment is zinc chromate, because the efficiency of this com-
ound for corrosion protection of steel has been long proven.
owever, this pigment is toxic, contributing to environmen-

al contamination, allied to the fact that it represents a risk to

uman health, particularly during the production process and
aint removal operations [1,2]. Additionally, regulations for the
rotection of the environment and human health have resulted
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emical techniques

n efforts to develop more environmentally acceptable coatings.
his has stimulated, during the last decade, research to develop a
ew generation of anticorrosive pigments, called “environmen-
ally friendly”, which have been proposed to replace the toxic
nticorrosive pigments in paint formulations [3].

Zinc phosphate (ZP) is the most commercially successful
on-toxic inhibitive pigment used in paint formulations. Fur-
hermore, the use of phosphates does not represent an excessive
ost and their application is even easier than other proposed
lternatives, such as those pointed out in Ref. [4]. The corro-
ion inhibitor performance of primers pigmented with ZP has
een studied by accelerated tests and field exposure to marine
nd industrial environments, but their anticorrosive action is not
et fully understood. In accelerated tests, the anticorrosive per-

ormance of these coatings was lower than when a long outdoor
xposure test was employed. This fact was related by the authors
o the low solubility of ZP and its coarse crystalline structure
5–9].

mailto:plimaneto@gmail.com
dx.doi.org/10.1016/j.porgcoat.2008.01.012
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In order to improve the protective action of the “environ-
entally acceptable” coatings, a second generation has been

eveloped aiming to combine, in a synergistic manner, the corro-
ion inhibition properties of phosphates and molybdates, called
hosphomolybdate pigments. However, there is little informa-
ion in the literature about the anticorrosive performance of
oatings pigmented with these pigments [1,10–12].

It is necessary to point out here that, despite the literature
eports consider the phosphate-based pigments to be “environ-
entally acceptable”, ZP is classified as “not hazardous” for

uman health under the United States’ regulations; however, it
s considered “very toxic in an aquatic environment”, accord-
ng to the regulations of the United States and the European
nion. Thus, ZP-based pigments cannot necessarily be qualified

s “environmentally friendly” products.
Thus, the aim of this work is to evaluate the anticorrosive

erformance of organic epoxy coatings pigmented with the fol-
owing non-toxic pigments: ZP, zinc phosphomolybdate (ZPM)
nd zinc calcium phosphomolybdate (ZCPM). The analysis is
ased on immersion tests in 0.01 mol L−1 NaCl aqueous solu-
ions and accelerated tests in a salt spray chamber. Similar
tudies were also carried out with epoxy coatings pigmented
inc chromate (ZC), for comparison. The corrosion inhibitor
erformance of the samples was monitored by open-circuit
otential (Eoc) measurements and electrochemical impedance
pectroscopy (EIS) technique. Complementary tests were car-
ied out using water vapor permeability of free-standing films
nd thermogravimetric (TG) analysis.

. Experimental

The coatings were especially formulated for this work using
iglycidyl ether of bisphenol A epoxy resin as binder and the
ollowing commercial pigments: zinc potassium chromate (ZC),
etra-hydrate ZP, ZPM and ZCPM, supplied by Moly-White
igments Group. Also the following compositions were made
p: only with filler (CRG) without pigments, and with varnish
VR).
In order to compare the behaviour of all the studied pigments,
he coatings were pigmented with 12% (w/w) of active pig-

ent and the ratio of the pigment volume concentration (PVC)
nd critical pigment volume concentration (CPVC) was between

A
2
a
o

able 1
asic description of tested paints (w/w)

omponents Chemical composition of the studied

ZPM ZCPM

inc phosphomolybdate 12.0 –
inc calcium phosphomolybdate – 12.0
inc phosphate – –
inc chromate – –
alc 15.4 15.4
itanium dioxide 11.4 11.4
ditives 3.0 3.0
olvents 14.8 14.8
poxi resin/polyamide (4/1 ratio) 43.37 43.37
(PVC/CPVC) 0.70 0.71
anic Coatings 62 (2008) 344–350 345

.70 and 0.78. Features of the five coatings studied are given in
able 1.

SAE 1010 steel panels (100 mm × 150 mm and 80 mm ×
0 mm) were used as substrates. The metallic surfaces were pre-
iously sandblasted to white metal and degreased with toluene.
he coatings were applied with an air spray gun. The total primer

hickness for each system was about 100 �m. Selected sam-
les were intentionally scribed aiming to evaluate the corrosion
eneath the film and, consequently, to assess the effectiveness
f the active pigments in impeding the advance of corrosion
eyond the scribe. Free-standing films were also prepared under
he same conditions as the metal-coated samples.

.1. Corrosion tests

In order to evaluate the anticorrosive performance of the coat-
ngs being studied, two sets of painted panels were prepared. One
ith a horizontal scribe, made with a carbide lath tool to scratch

hrough the paint to expose the bare uncoated substrate and the
ther set without a scribe.

Scratched painted panels were tested in a salt spray cham-
er according to ASTM B117 Standard Practice. After each
50 h, the panels were withdrawn from the chamber, immersed
n 0.01 M NaCl and characterized by EIS technique at Eoc, at
oom temperature (∼=27 ◦C). The electrochemical impedance
easurements were carried out in the non-scratched zone of the

ainted panels. After this stage, the panels were washed with
ater Milli-Q and then returned to the chamber. Another set
f scratched samples was immersed in 0.01 M NaCl to monitor
he Eoc of the scratch zone. The EIS technique was also used
o monitor the anticorrosive performance of the non-scratched
oatings under total immersion in the same electrolyte.

The electrochemical cell consisted of a PVC tube glued to
he surface with an exposed area of about 22 cm2. The working
lectrode was the coated sample; a saturated calomel electrode
SCE) was used as reference electrode and a platinum grid as the
ounter electrode. All the impedance spectra were obtained with
n Autolab PGSTAT30 controlled by the Frequency Response

nalyzer software (FRA) using a frequency range between
.5 mHz and 40 kHz and with an amplitude of the sinusoidal volt-
ge signal of 10 mV. All impedance measurements were carried
ut in a Faraday cage in order to minimize external interference

paint

ZP ZC CRG VR

– – – –
– – – –

12.0 – – –
– 12.0 – –

15.4 15.4 27.0 –
11.4 11.4 11.8 –
3.0 3.0 3.0 –

14.8 14.8 14.8 17.62
43.37 43.37 43.37 82.38
0.78 0.72
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ical processes taking place in the scratched zone. In this graph
all samples studied presented a fast decline in the Eoc values in
the first 5 h of immersion. After 24 h of immersion, the Eoc val-
46 P. de Lima-Neto et al. / Progress in

n the studied system. All corrosion tests were performed in, at
east, duplicate. At the end of the immersion tests, the loss of
dhesion (ASTM D714) evaluation of blistering (ASTM D3359)
nd underfilm corrosion were evaluated.

.2. Complementary tests

Water vapour permeability measurements were performed
ccording to ASTM D1653 (water method). Free-standing films
∼=100 �m) were cut in circular plates with 6-cm diameters.

The thermal gravimetric analysis was performed with a Shi-
adzu TGA-5OH in a synthetic air atmosphere with a heating

ate of 10 ◦C min−1. The temperature of the experiments ranged
etween 25 and 200 ◦C. Small discs of about 10 mg were cut
rom the free films to be used in these experiments.

. Results and discussion

The determination of the water vapour permeability through
ree-standing films is important to evaluate coating properties,
ecause the presence of an aqueous solution in the coating can
ctivate the corrosive process [13,14].

Time dependence of water vapor permeability through the
ree-standing film is displayed in Fig. 1. The results show that
he mass loss values for all the studied films were very close,
ndicating that the corrosion tests were started with all the stud-
ed samples presenting similar barrier properties, which was
xpected since all the coatings were formulated with similar
VC/CPVC ratios. Additionally, the pigmented samples pre-
ented slightly higher permeability than VR. This is because the
ddition of pigment into the polymeric structure increases the
oids and capillaries between the pigment particles facilitating
ermeation. Some research has been carried out on the relation-
hip between pigmentation and permeability [15,16]. All authors
bserved that the pigment/binder interaction is very important.
o, TG was performed to note possible pigment/binder interac-

ions (Fig. 2).
Fig. 2 shows the thermal gravimetric curves obtained in

n oxidative atmosphere for all the free-standing films formu-

ated. The thermal behaviour of the primers was evaluated up
o 200 ◦C, since epoxy resins are not stable at temperatures
eyond this. These curves show that the mass of all the films
emains approximately constant until around 60 ◦C, followed

ig. 1. Water vapor permeability graphs of free-standing films according to
STM D1653.

F
t

ig. 2. Thermogravimetric curves obtained for free-standing films ZC, ZPM,
CPM, ZP, CRG and VR.

y a decrease until the end of the test. These results are in close
greement with those previously published in the literature [17].
ccording to Rosu et al., the thermal degradation from 60 ◦C is

elated to the breaking of the esteric links with CO2 elimination.
t higher temperatures, the decomposition of the epoxy resin

ontinues with scission of small molecules and cyclization.
As was expected, due the absence of pigmentation, the sam-

le with the highest mass loss was VR. Additionally, among the
igment free films the one with ZP presented the worst thermal
tability; however, there was no significant difference in the ther-
al behaviour between the CRG, ZPM, ZCPM and ZC films.
hese results indicate that the addition of the pigments improves

he thermal stability of the primers, suggesting a resin/pigment
nteraction, which can influence the painting performance as an
nticorrosive coating. A possible explanation for the observed
hermogravimetric behaviour of the paint pigmented with ZP is
elated to the thermal instability of the tetra-hydrate ZP.

Fig. 3 shows the variation of the Eoc of the scratched samples
ith immersion time in 0.01 M NaCl. According to Vasconcelos

t al. [18], the E measurements are related to the electrochem-
ig. 3. Monitoring of the Eoc of scribed samples as a function of immersion
ime in 0.01 M NaCl aqueous solution.
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Fig. 4. Visual aspects in the scratch region of the samples aft

es of the ZC and ZPM samples reached a minimum value and
emained stable until the end of the test period. On the other hand,
he Eoc values of the ZP and ZCPM samples reached minimum
alues with 24 and 96 h of immersion, respectively, followed by
n increase until reaching a plateau. These results suggest that all
he inhibitor pigments presented a passivating effect in aqueous

edium after, at least, 24 h of immersion. Similar Eoc behaviour
resented by ZP and ZCPM samples is reported in the literature
or epoxy coatings pigmented with Ca/silica in comparison to
oatings pigmented with chromate [18].

Additionally, the lowest Eoc values were presented by the VR
nd CRG coatings, which were similar throughout the whole
mmersion test, indicating that the fillers do not have inhibiting
orrosion properties. Further, the coatings pigmented with ZC
nd ZPM presented the highest and similar Eoc values, which is
elated to the pigments passivating effect.

The pictures shown in Fig. 4 correspond to the visual aspects
f the scratched samples after monitoring of Eoc with time (60
ays) in 0.01 M NaCl solution. After the end of the immersion
est, rust was present in the scratched regions for all studied
amples, however, only the VR and CRG samples showed a
ignificant amount of blistering. The pictures of the VR and
RG samples are not shown in Fig. 4.

Fig. 5 shows the impedance diagrams of non-scratched sam-

les tested in 0.01 M NaCl solution. For each sample, diagrams
btained at 2, 576 and 1224 h of immersion are shown. Initially
timm < 6 h), all the studied samples exhibited a similar capacitive
ehaviour that is typical for non-defective coatings [19]. With

r
t
h
p

nitoring of Eoc with time (60 days) in 0.01 M NaCl solution.

4 h of immersion, the impedance diagram of all the samples
tudied presented a clearly defined semicircle. In the ZC and
P samples, a second loop appeared at low frequency, which is
ssociated to some degradation of the coating [18,19].

The loop in the high-frequency range is attributed to
lectrolytic resistance through the coating defects (Rp), char-
cterizing the barrier properties of the coating, in parallel with
he double-layer capacitance (Cdl) [18,19], which is usually
onsidered to provide information about the degree of water
ermeation through the coating. These two values were obtained
rom impedance diagrams in order to monitor the modifications
f the coating properties with the immersion time and the cor-
osion protection given by the different coatings studied. The
alues of Rp were determined by extrapolation of the loop at
igh frequencies to the real axes, while the capacitance values
ere calculated by Cdl = (2πRpf)−1, where f is the frequency of

he maximum values of the high-frequency capacitive loop. The
volution of the coating resistance and coating capacitance with
he immersion time are shown in Fig. 6.

At the beginning of the immersion tests, the coating resistance
alues (Fig. 6a) were similar for all studied coatings and they
ecreased during the first day of immersion, reaching a plateau at
he end of the first day of immersion, except for the coating pig-

ented with chromate which shows a slight decrease in coating

esistance throughout the whole immersion test. Additionally,
he coatings pigmented with the non-toxic pigments presented
igher coating resistance values in comparison with the coating
igmented with chromate. These analyses are in close agreement
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Fig. 5. Nyquist impedance diagrams obtained at Eoc for non-scratched ZC (a), ZPM (b), ZCPM (c), and ZP (d) samples immersed in 0.01 M NaCl aqueous solution.
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determining the overall corrosion inhibitor performance for this
coating. On the other hand, for the coating pigmented with non-
toxic pigments, the EIS data show that the barrier properties is
the most important factor in the corrosion inhibitor performance

Table 2
Solubility of the studied pigments

Pigment Solubility, g (×10−1 L−1 H2O)
ig. 6. (a) Resistance and (b) capacitance as a function of immersion time in 0.

ith results reported in the literature [19], where a comparison
f the corrosion behaviour of epoxy coatings pigmented with
P and zinc chromate is shown. According to Corfias et al. [19],

he coating resistance decreases during the immersion test due
o the solubility of the pigments, which leach from the coating
esulting in large pores in the coating. The solubility values of
he studied pigments are shown in Table 2.

As pointed out in Section 1, pigmented organic coatings
osses an inhibitive corrosion function associated to their bar-
ier properties as well to the presence of inhibitor pigments in
he coating. For the ZC coatings, there is a large experimen-

al evidence showing that organic coatings pigmented with zinc
hromate presents an effective corrosion inhibitor performance,
espite the decrease of its barrier property with the immersion
ime, due to its relative high solubility. Thus, the EIS data sug-

Z
Z
Z
Z

NaCl for coatings pigmented with: ZC (�), ZP (�), ZCPM (©) and ZPM (�).

est that if the pigment is relatively soluble and mechanistically
ffective, such as ZC, the barrier property is less important in
C 0.085
P 0.026
PM 0.002
CPM 0.001
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f these coatings, since all the non-toxic pigments present low
elative solubility and high-coating resistance value.

Fig. 6b shows that the capacitance of ZC and ZCPM increased
uring the first day of immersion, which is expected according
o the literature [14], being related to the water uptake in the
oatings through the defects presenting in the coating. Addi-
ionally, ZCPM reached a plateau after 1 week of immersion,
hich is explained as a consequence of saturation of the poly-
eric matrix [14], while ZC continued increasing for 70 days,
hich is probably related to the interfacial (double layer) contri-
utions. In the case of the ZP and ZPM paintings, the capacitance
alues decreased in the first hour of immersion, attaining approx-
mately constant values after 1 day of immersion. According to
asconcelos et al. [18], this fact can be related to the interfacial
henomena.

The anticorrosive performance of the samples was also eval-
ated in a salt spray chamber (ASTM B117). The impedance
iagrams of the samples taken from the salt spray chamber pre-
ented the same profile obtained in the immersion test (Fig. 5).
he variation of the resistance values with exposure time in

he salt spray is shown in Fig. 7. Different from the results
btained in the immersion test, the samples presented a reduc-
ion in the resistance values during the salt spray test, evidencing

he aggressiveness of the conditions of the accelerated tests.
he salt spray test result of the ZC sample was similar to that
btained in immersion test, while there was no significant dif-
erence between the ZCPM, ZP and ZPM samples. Concerning

t
c
s

Fig. 8. Visual aspects of the scratched line sa
ig. 7. Variation of resistance as a function of exposure time in salt spray.

he visual aspect of the samples, in the non-scratched region no
ignificant change was observed. Fig. 8 shows the visual aspect
n the region of the scratch after 1600 h in the salt spray cham-
er. As can be seen, the ZC sample had the best visual aspect.
he ZP, ZCPM and ZPM samples also had satisfactory results
espite the aggressiveness of the salt spray test. Towards the end
f the test, a little rust in the scratch and some points of blister-
ng in the region close to the scratch in the ZP, ZPM and ZCPM
amples appeared.
Table 3 shows the blistering degree and adhesion results for
he samples after immersion and salt spray exposure. This table
learly shows that the highest blistering degree and loss of adhe-
ion was presented by the VR and CRG samples. Concerning the

mples after the 1500 h in the salt spray.
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Table 3
Blistering degree (ASTM D714) and adhesion test (ASTM D3359) after the immersion and salt spray exposure

Sample Immersion test Salt spray test

Blistering evaluation Adhesion test Time (h) Blistering evaluation Adhesion test Time (h)

ZPM – 5B (0%) 1560 – 5B (0%) 1500
ZCPM – 5B (0%) 1560 – 4B (5%) 1500
ZP – 5B (0%) 1560 – 4B (5%) 1500
Z 60
C 60
V 28
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[
[
[

[

[

[
[
[17] D. Rosu, C.N. Cascavaf, C. Ciobanu, L. Rosu, J. Anal. Appl. Pyrolysis 72
C – 5B (0%) 15
RG 8F 2B (35%) 15
R 4F 3B (15%) 5

ther samples, it was not possible to distinguish the behaviour
etween them for the immersion test, only for the salt spray test.
his fact can be explained by the high aggressiveness of the salt
pray test.

. Conclusions

The permeability test showed that the addition of the studied
igments did not modify the barrier properties of the free-films
n comparison that pigmented with chromate. Thermal analysis
ndicated that the addition of the pigments improved the thermal
tability of the coatings and it suggested a resin/pigment interac-
ion. The total immersion tests and salt spray tests demonstrated
hat the barrier properties of the coatings pigmented with the
nhibitors were not degrade as much as that pigmented with
C and that all the three pigments could replace ZC as an
nticorrosive pigment in similar conditions to those described
ere. However, the best corrosion inhibitor performance in the
otal immersion test was presented by the ZPM and ZCPM
oatings while in the salt spray test the corrosion inhibitor
erformance of all the three pigmented coatings was similar,
uggesting that only in the less aggressive test is possible to
etect any difference between the coatings with the non-toxic
igments.
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