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Abstract

Zinc phosphate and related compounds have been proposed as “green’ replacements for traditional anticorrosive pigments such as zinc
chromate and lead oxides. However, environmental concerns have risen in the last years because the disposal of these materials in the environment
increased phosphate levels in water and produce eutrophication of water bodies. The present paper deals with the possible incorporation of ceramic
microspheres in alkyd paints in order to diminish phosphate content. The results suggested that paints with low phosphate content can be
successfully formulated with a suitable selection of the amount and type of microspheres.
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1. Introduction

Zinc phosphate and related compounds have gained
worldwide acceptance as suitable replacements for traditional
anticorrosive pigments such as zinc chromate and lead oxides
[1-4]. However, environmental concerns about phosphate-
pigmented primers have risen because the disposal of these
materials in the environment increased phosphate levels in
water and produce eutrophication of water environments [5,6].
Eutrophication is a process caused by an excess of nutrients
which stimulate excessive plant growth. Plants lower oxygen
concentration, diminish light penetration and, as result, the
biological community changes (Fig. 1). As a consequence,
scientific research is focused on eliminating or, at least,
diminishing phosphate content in paints.

There are two stages in the story of anticorrosive pigments
for protective paints. The first one was the substitution of zinc
chromates and lead oxides by zinc phosphates [1-3] and
modified phosphates [7-10]. Apart from phosphates, ion
exchanged silicas [11-14], spinels [15,16] and borates [17],
were reported to have good anticorrosive properties. Lamellar
pigments such as mica, micaceous iron oxide and aluminium
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leaves were also studied because they diminish film perme-
ability to water and aggressive ions, thus restraining corrosion
of the metal substrate [18-20].

The second stage was dominated by the search of “green
pigments” designed to exhibit either intelligent behaviour or
synergisms with other pigments. In this field the employment of
conducting polymers (polyaniline and polypirrol) [21-25] and
mixtures of pigments such as phosphate and hypophosphite
[26], polyaniline with phosphates or borates [27], etc. could be
found in the literature.

The present work studied the incorporation of two different
silica-alumina-ceramic-spheres to paints in order to lower the
zinc phosphate content without impairing their anticorrosive
properties. These aluminosilicates were characterized by
current analytical techniques and their protective properties
by electrochemical tests (corrosion potential and linear
polarization measurements). Solvent borne paints were
formulated employing an alkyd resin as film forming
material. Steel panels were painted and, then, tested in the
salt spray cabinet and the humidity chamber. Paints antic-
orrosive performance was also assessed by electrochemical
tests such as corrosion potential and ionic resistance
measurements. Results showed that the main action of
the microspheres was to enhance the barrier properties of the
coating in such a way that zinc phosphate content can be
diminished sensibly.
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Fig. 1. Biological effects of eutrophicacion. From ‘‘Phosphate removal: a novel
approach”, J.W. Mc Grath and J.P. Quinn.

2. Materials and methods
2.1. Pigments characterization

Two different ceramic microspheres (G and W) were
selected to carry out this research. Their characteristics may be
found in the corresponding technical sheet [28,29]

The composition of the aluminosilicate microspheres was
obtained by current analytical techniques. Their physico-
chemical properties relevant to paint technology, such as
density and oil absorption, were determined according to
standarized procedures (ASTM D 1475 and ASTM D 281,
respectively). The size of the spheres was determined with
a Malvern Particle Analyzer and their shape was observed
by Scanning Electron Microscopy (SEM). pH, conductivity
and soluble salts content of their water extracts were also
determined.

Electrochemical essays were done in order to ensure that
ceramic spheres do not influence steel corrosion. Corrosion
potential of SAE 1010 steel electrodes immersed in a
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suspension of the spheres in 0.025 M NaCl was measured as
a function of time, employing a saturated calomel electrode
(SCE) as reference.

Steel corrosion rate in G and W pigments suspensions, in
0.1 M NaCl, was obtained from polarization curves employing
Tafel’s approximation. A SCE and a platinum grid were used as
reference and counterelectrode, respectively. The swept
amplitude was +0.250 V from the open circuit potential and
the scan rate 0.5 mV s~ '. Measurements were carried out with a
Potentiostat/Galvanostat EG&G PAR Model 273 A plus
SOFTCORR 352 software.

2.2. Formulation, elaboration and application of paints

A medium oil alkyd resin (50% linseed oil, 30% o-phtalic
anhydride, 8% pentaerythritol and glycerol and 12% pentaer-
ythritol resinate) was employed as the film-forming material
and white spirit as the solvent. The pigment volume
concentration/critical pigment volume concentration (PVC/
CPVC) relationship was 0.8. It should be pointed out that a
solvent borne alkyd resin was chosen because its behaviour has
been well documented for many years.

Paints were formulated with different ceramic spheres/
barium sulphate ratios (100/0, 70/30, 50/50, by volume, v/v).
The anticorrosive pigment was zinc phosphate (10%, v/v
respect to the total pigment content) while titanium dioxide and
zinc oxide were the complementary pigments.

Two control paints were formulated: one of them with 10%
(v/v) of zinc phosphate, the other with 30% (v/v). This last
content was recommended in the specialized literature to
achieve good anticorrosive performance while a poor behaviour
was observed with 10% of zinc phosphate [4]. Pigment
compositions are shown in Table 1.

All pigments were dispersed for 24 h in the vehicle (resin
plus solvent), employing a ball mill, to achieve an acceptable
dispersion degree.

SAE 1010 steel panels (15.0cm x 7.5 cm x 0.2 cm) were
sandblasted to Sa 2 1/2 (SIS 05 59 00), degreased with toluene
and, then, painted by brush, to reach a dry film thickness of
70 £ 5 pm. Painted panels were kept indoors for 14 days
before testing.

From now on, paints will be named with the letter
corresponding to the type of sphere employed in the
formulation (G or W) and with a number, corresponding to
the pigment formulation (1, 2 or 3) displayed in Table 1. Paints

Table 1
Pigment composition of paints as percentage by volume of solids.
Components Paints

1 2 3 4 5
GorW 354 253 17.7 - -
Zinc phosphate 10.0 10.0 10.0 10.0 30.0
Titanium dioxide 19.2 19.2 19.2 19.2 11.9
Zinc oxide 35.4 354 354 354 29.1
Barium sulphate 0.0 10.1 17.7 354 29.1
G or W/Barium sulphate ratio 100/0 70/30 50/50 0/100 0/100
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Table 2
Physical and chemical properties of the spheres.

Microspheres Solid Aqueous extract
Main composition Density Oil absorption Soluble material Conductivity® pH
(% wiw) (g/ml) (ml/g) (mg/g of sphere) (S/cm)
Si0, AlLO;
G 53.6 38.6 2.20 0.293 1.6 128 6.68
w 585 26.0 1.80 0.175 1.7 97.9 9.25

* Conductivity of 0.1 N KCI: 11,970 n.S/cm

4 (10%, v/v) and 5 (30%, v/v) are the control paints with zinc
phosphate.

2.3. Observation of the coating film by SEM

The characteristics of the dried paints surface and their cross
section were observed by SEM employing a PHILLIPS SEM
505.

2.4. Performance of anticorrosive paints in accelerated
and electrochemical tests

A set of three panels per paint was placed in the salt spray
chamber (ASTM B-117). Rusting (ASTM D-610) and
blistering (ASTM D-714) degrees were evaluated after 720,
1100 and 1900 h of exposure. Failure at the scribe (ASTM D
1654) was also evaluated after 720 and 1100 h.

Another set of painted panels was placed in the humidity
chamber at 38 = 1 °C (ASTM D 2247) and, again, rusting and
blistering degrees were assessed over time, after 200, 390 and
1100 h.

The ionic resistance between the coated steel substrate and a
platinum electrode was measured in the cell obtained by fixing
an acrylic tube, 2 cm diameter, on the painted specimen and
filling it with 0.5 M sodium chloride. Measurements were
carried out employing an ATI Orion, model 170, conductivity
meter at 1000 Hz.

The corrosion potential (Ecorr) of the painted steel was
measured in the same cell using a saturated calomel electrode
as the reference electrode and a high impedance voltmeter.

3. Results and discussion
3.1. Pigments characterization

Both ceramic microspheres contained a similar amount of
SiO, but those named as pigment G had higher content of
Al,O3, which could be associated with the lower pH value of
the pigment suspension due to the cation hydrolysis (Table 2).

The microspheres properties, relevant to paint technology,
are also shown in Table 2 as well as the soluble material and the
conductivity of each aqueous microsphere suspension. These
last values were similar in both pigment suspensions and
approximately one hundred times lower than specific con-
ductivity of KC1 0.1 M

The average particle size for microspheres G and W was
12 pm and 24 pm, respectively. It is though that spheres with
pigments of different sizes could contribute to a better
particle packing in the film. The smallest particles occupied
the voids between the largest ones, thus hindering ionic
diffusion through the paint film with the concomitant
increase of the barrier effect of the paint. The electro-
chemical parameter selected to account for this feature was
the ionic resistance.

Ecorr of steel in contact with the suspension of microspheres
G was more positive than that of the blank (steel in the
supporting electrolyte). The Ecorr of steel was displaced to
more positive values when microspheres W were employed
maintaining a difference of ~40 mV at the end of the test period
(Fig. 2). The measured corrosion potentials did not seem to
indicate the passivation of the steel substrate (Table 3).

Polarization tests showed that none of the microspheres
protected steel against corrosion. Actually, steel corrosion rate
was higher in the presence of the microspheres, particularly
with microsphere W, than in the supporting electrolyte (Fig. 3
and Table 3). Corrosion potential obtained from polarization
curves were different from the values reported in Fig. 2 due to
the differences in NaCl concentration. The highest NaCl
content in polarization tests was necessary to avoid the
undesirable high ohmic drops in the cell.

-0.38 7
—&— Microsphere G
—A— Microsphere W
-0.40 - —— Blank
-0.42 4
< -0.44 4
Ll
-0.46
-0.48 +
-0.50 1«
0 20 40 60 80 100 120

Time (minutes)

Fig. 2. Corrosion potential of the steel immersed in the microsphere
suspensions.
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Table 3
Corrosion potential, polarization resistance and corrosion rate from Tafel curves
of the steel immersed in microspheres suspensions.

Microspheres 2h 24 h
E (mV) E (mV) R, (kQ cm?) Leow (LA/cm?)
G —481 —628 0.83 62.9
w —459 —599 0.30 137.4
Blank —493 —604 045 47.7

-3 1
-4
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E
~ _5 4
3
61 Microsphere G
— —— Microsphere W
Blank
'7 T T T T T T

E(V)
Fig. 3. Tafel curves of steel immersed in microsphere suspensions.

3.2. Observation of the coatings film by Scanning Electron
Microscopy (SEM)

The shape of the ceramic particles G was mostly spherical
but microspheres W have an important amount of non-spherical
particles (Fig. 4).

Full replacement of barite by spheres type G in paint G1
generated a surface with few pores and a rather smooth and
compact film (Fig. 5). As the percentage of barite increased, the
surface became smoother (Figs. 5-7).

When barite was totally replaced by W spheres, paint W1,
the surface was granular and the film was compact (Fig. 8).

—10 pm—

Fig. 5. SEM image of paint G1 cross section area.

When 70% of barite was replaced, the surface was still granular
and the film appeared to be a little more porous (Fig. 9). Film
porosity increased when 50% of the barite was replaced by W
spheres and cracks developed along the surface and many pores
may be seen (Fig. 10). It was thought that these cracks and pores
impaired paints protective properties. Cracks may be attributed
to internal tensions in the film.

The reference coating (paint 4) is a porous one (Fig. 11).
When the percentage of zinc phosphate increased from 10% to
30%, with the consequently decreased in all the inert pigments
content, the porosity diminished notably (Fig. 12). As pores
also appeared in paints without microspheres, it was thought
that pores formed by the presence of barite because their
number was higher when the percentage of barite was higher
(Figs. 11 and 12).

3.3. Performance of anticorrosive paints in accelerated
and electrochemical tests

In the salt spray cabinet, all paints formulated with ceramic
spheres performed better than the control paint with 10% of
zinc phosphate (paint 4). The exception was paint W3 (spheres/
barium sulphate ratio 50/50) (Table 4) whose panels were taken
out the chamber after 1100 h. Paints with microspheres G and

—10 ym—

Fig. 4. SEM image of (a) spheres G, (b) spheres W.
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Fig. 6. SEM image of paint G2 cross section area.

paint W1 (barium sulphate totally replaced by microspheres)
performed like paint 5, with 30% (v/v) of zinc phosphate. Paint
W2, with 70/30 sphere/barium sulphate ratio had a good
protective behaviour until 1100 h, but the panels presented 1%
of the painted surface rusted and few blisters after 1900 h.
Paints W3 and 4 were taken out from the cabinet after 1100 h
due the important coating deterioration.

Fig. 7. SEM image the cross section of paint G3.

It must be concluded that as the percentage of microspheres
W increased the anticorrosive properties of the film increased in
spite of the lower ZP content. Microsphere G allowed the
reduction in the ZP content independently of their proportion in
the pigment mixture.

Paints with microspheres W and paint 4 failed at the scribe
mark after 720 h in the salt spray cabinet and the failure was

Fig. 9. SEM image of paint W2 (a) surface, (b) cross section.
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——50 pm

Fig. 10. SEM images of paint W3 (a) and (b) surface, (c) cross section area.

more important as microspheres content decreased. While paint
W1 did not protect the exposed metal and corrosion crept I mm
from the scratch (qualification 8), paints W2 and W3 presented
blisters. Panels painted with paint 4 presented blisters and
corrosion in the damage areas. Paints with spheres G protected
the exposed metal for more than 1100 h while paint 5 failed
after 1100 h.

Protective properties of paints with spheres W increased
as the microspheres content increased. The anticorrosive

behaviour of paints with microspheres G was satisfactory in
every case.

In the humidity chamber, all paints blistered in an important
way after 200 h of essay, except paint 4; the blistering degree
did not change during the test period. After 200 h, only the
panel coated with paint 5 had corrosion spots, slight rusting
appeared on the surfaces of paint G2 and paints 4 and 5 after
390 h of testing. The other paints did not exhibit corrosion until
1100 h of exposure (Table 5).

Fig. 11. SEM image of paint 4 (a) surface, (b) cross section area.
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Fig. 12. SEM image of paint 5 natural fracture area.

The barrier protection mechanism of coatings can be assessed
by resistance measurements, [30-32]. Szauer [30] proposed a
ranking of coatings with full, satisfactory and poor protection
defined by the values attained by the ionic resistance (Ri) as

108
o0
104 4
&
% 103
g
=
o 102 4
—e— Paint G1
10" 4 —=— Paint G2
—4— Paint G3
—v— Paint4
100 —4— Paint 5

0 20 40 60 80 100 120 140 160
Time / days

Fig. 13. Ionic resistance of the panels coated with paints pigmented with
microspheres and controls.

follows: Ri>10% 10> <Ri< 10’ and Ri< 10°kQcm’
respectively.

Microspheres G imparted higher ionic resistance to paints
than microspheres W. In both types of paints, the barrier effect

Table 4
Rusting (ASTM D 610) and blistering (ASTM D 714) degrees of painted panels after the salt spray test (ASTM B 117).
Paint Hours of exposure

720 1100 1900

R B° 5° R B’ 5° R B’
Gl 10 10 10 10 10 10 10 8F
G2 10 10 10 10 10 10 9 2F
G3 10 10 10 10 10 10 9 10
W1 10 10 8 10 10 7 10 6F
w2 10 10 10 10 10 10 6 6F
w3 9 10 107 4 4 - - -
4 9 4F 8¢ 7 7 - - -
5 10 10 10 10 10 7 10 2F

# 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

¢ Failure at scribe.

Creepage form scribe (mm) Rating
0 10
Over 0-0.5 9
Over 0.5-1.0 8
Over 1.0-2.0 7
Over 2.0-3.0 6

9 Blisters were present on the scratch mark.
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Table 5
Rusting and blistering degrees of painted panels after the humidity chamber.
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Paint Hours of exposure

200 390

Rusting Blistering Rusting Blistering
Gl 10 8D 10 8D
G2 10 6D 9 6D
G3 10 8D 10 8D
Wi 10 7D 10 7D
w2 10 8M 10 8M
W3 10 8D 10 8D
4 10 10 9 10
5 9 &M 9 8M

was higher for full replacement of barite by the ceramic
microspheres (Figs. 13 and 14). Paints formulated with
microspheres G underwent strong changes in their ionic
resistance which increased beyond the detection limit of the
measuring device. In the case of paint G1 these increments were
observed for more than 5 months of immersion, the ionic
resistance was still high at the end of the test indicating full
barrier properties (Ri > 10° kQ cm?). The ionic resistance of
paints G2 and G3 begun to decrease after 100 days but the
barrier properties were satisfactory for 150 days. Control
paints, containing no spheres, behaved as it was expected for
alkyd paints in the sense that the ionic resistance was high
during a more or less brief period at the beginning of the essay
and, then, decreased rather quickly. The effect is more
pronounced for the paint with the lower zinc phosphate
content (paint 4). Ionic resistance of paint 4, with 10% of zinc
phosphate, diminished continuously during the first month of
immersion reaching values lower than 10° kQ cm?, thus
pointing out that the barrier properties of the paint were lost.
The paint with the higher content of zinc phosphate kept its
barrier properties for 80 days.

When microspheres W were employed, only the paint for
which 100% of barite was replaced (Paint W1) behaved like the

106
—&— Paint W1
% —&— Paint W2
105 - —A— Paint W3
—v— Paint4
—&— Paint5
104 A
R
c 103
o
g
= 102
o
10" A
100 -
10" T T T T T T T T

0 20 40 60 80 100 120 140 160
Time / days

Fig. 14. Ionic resistance of the panels coated with paints pigmented with
microspheres and controls.
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Paint 5

200 A
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-400 -

-600
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Time / days

Fig. 15. Corrosion potential of the panels coated with paints pigmented with
microspheres and controls.

200

—&— Paint W1
—&— Paint W2
—A— Paint W3
—v— Paint 4
—4— Paint 5
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-600 -

0 20 40 60 120 160
Time / days

Fig. 16. Corrosion potential of the panels coated with paints pigmented with
microspheres and controls.

paint containing 30% (v/v) of zinc phosphate (Fig. 15). In the
rest of the paints no further improvements were obtained by
incorporation ceramic microspheres W. The paints with the best
behaviour lost their barrier property after 85 days of immersion
(Paint W1) while paints G2 and G3 lost their barrier properties
after 150 days of immersion.

A painted steel surface could be considered protected if its
Ecorr resulted higher than —0.100 V [33]. Ecorr of tested
panels was more negative than —0.100 V for every paint, except
at the beginning of the essay (Figs. 15 and 16). Ecorr values
oscillated as a consequence of the corrosion—passivation
process which was more pronounced and effective in the case
of the paints with microspheres G. Ecorr of steel panels coated
with paints containing microspheres G varied, most of the time,
between —0.100 and —0.200V, thus indicating a good
protection degree (Fig. 15). At the end of the test period,
Ecorr of paints containing microspheres G was close to
—0.200 V while Ecorr of paints containing zinc phosphate



C. Deyd et al./Ceramics International 38 (2012) 2637-2646 2645

alone descended below —0.400 V between 23 and 38 days of
immersion. Steel coated with paints containing only zinc
phosphate matched Ecorr values of steel undergoing corrosion
(~—600 mV) after 30 days for paint 4 and after 40 days for
paint 5.

In most cases Ecorr of steel coated with paints containing
microspheres W diminished continuously during the first three
weeks of immersion as it occurred with the paint containing
10% of zinc phosphate. After one month of immersion most
panels were corroding as it could be deduced by the Ecorr
values. The exceptions were the paint containing 30% of zinc
phosphate and the paint W1 (100% barite replacement) which
showed a certain tendency to repassivation which caused steel
to be protected for more than 4 months while the reference paint
with the higher zinc phosphate content lost its protective
properties after two months of immersion (Fig. 16).

4. Conclusions

o The ceramic spheres tested in this research do not possess, by
themselves, anticorrosive properties

o Spheres G, with lower size and a higher amount of spherical
particles, behaved better than spheres W

o Total or partial replacement of barium sulphate by ceramic
spheres resulted in noticeable improvement of paints
performance due to an increase in the barrier properties of
the paints

o As general rule, the employment of ceramic microspheres
improved the anticorrosive performance of paints with lower
zinc phosphate content.

o Good anticorrosive behaviour was obtained employing
spheres G despite the percentage of barium sulphate
replacement

o Only when barium sulphate was completely replaced by
spheres W paints anticorrosive behaviour was good

o The anticorrosive performance of the paint formulated with
the lowest content of microspheres G and 10% by volume of
zinc phosphate was better than the behaviour of the paint
containing the optimum amount of zinc phosphate (30%, v/v)
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