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Abstract

Legal restrictions have impelled the replacement of solvent-borne resins and of toxic chromates and lead-bearing pigments in the
elaboration of paints. Water-based anticorrosive paints have come a long way to improve their efficiency but their behaviour is said to be
poorer than that of solvent-based paints. Nevertheless, recent advances in water-borne technologies have now resulted in improved resir
systems that may be employed to produce heavy-duty coatings.

The objective of this paper is to formulate high performance water-borne paints pigmented with non-toxic phosphate inhibitors. The
anticorrosive properties of the paints were evaluated by accelerated tests (salt spray and humidity cabinets) and electrochemical tests
(electrochemical impedance spectroscopy, EIS). The anticorrosive properties of the pigments were also evaluated by electrochemical tests.

Itwas found that it is possible to formulate high performance anticorrosive paints by selecting adequate water-borne resins and ecological
pigments.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction paints have come a long way to improve their efficiency, but
their behaviour is said to be poorer than that of solvent-based

The tendency towards corrosion of most strategic metals, paints [11]. Recent advances in water-borne technologies
such as steel, aluminium, zinc and galvanised steel, can béhave now resulted in resin systems that may be employed to
controlled in an effective manner by organic coatings. The produce high performance epoxy primers which are compa-
adequate performance of organic coatings in turn depends orfable to their solvent-borne counterpgitg].
two main factors. It is desirable for the coating to constitute ~ The objective of this paper is to formulate high per-
a barrier to water, ions and oxygen permeation. However, formance water-borne paints, pigmented with ecological
when water has passed through the coating, it is expectednhibitors, to protect steel from corrosion. Furthermore, in
that corrosion inhibitors present in the coating may reach order to meet environmental regulations, non-toxic phos-
the paint/metal substrate interface and passivate the surfacephate inhibitors were employed. The anticorrosive proper-

Toxicological concerns have made it necessary to replaceties of the paints were evaluated by accelerated tests (salt
toxic chromates and lead-bearing pigmefitk Many at- spray and humidity cabinets) and electrochemical tests
tempts have been made to modify zinc phosphate becausdelectrochemical impedance spectroscopy, EIS). The anti-
it seems that it cannot completely replace zinc chromate corrosive properties of the pigments were also evaluated by
[2-10]. As a consequence a second generation of phosphateelectrochemical tests.
pigments is now available on the mark@}. The aim of this
research is to employ different phosphates as inhibitors in
order to check their efficiency in water-borne paints.

This paper is concerned with the protection of steel by
water-borne anticorrosive paints. Water-based anticorrosive

2. Experimental

2.1. Evaluation of inhibitive properties of pigment

The inhibitive properties of the pigment were evaluated
* Corresponding author. Tek:34-91-553-8900; fax:-34-91-534-7425. DYy Tafel experiments performed with SAE 1010 steel elec-
E-mail address: jagonzal@cenim.csic.es (J.A. Gétez). trodes in pigment suspensions in 3% NacCl. The electrode
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was polished with no. 600 emery paper, degreased with cal- Similar panels were exposed to the humidity cabinet
cium hydroxide and organic solvents, and allowed to stand in (ASTM D 2247) and inspected after 400 and 720 h of expo-
the electrolytic solution for 3 h before carrying out the elec- sure. The degrees of blistering and rusting were evaluated
trochemical experiments. A conventional three-electrode according to the aforementioned ASTM standard specifica-
cell was used on this occasion, with a saturated calomeltions. In all the cases the tests were carried out in triplicate,
reference electrode (SCE) and a platinum grid as counterdetermining the mean value of the results obtained.
electrode. The sweep amplitude wa®250mV, starting
from the corrosion potential at a scan rate of 0.250 mV/s.
Measurements were taken employing a model 273A
EG&G PAR potentiostat/galvanostat with SOFTCORR 352
software.

2.4. Electrochemical measurements on painted panels

EIS is perhaps the most useful electrochemical technique
for studying the behaviour of anticorrosive coatings. In this
research, measurements were made with a Solatron 1250
frequency response analyser. The frequency was varied
] ) ) between 100kHz and 0.01Hz, and occasionally 1 mHz.

_The resin used was an epoxy resin based on a mix of mpedance diagrams were always obtained at the corrosion
bisphenol A and bisphenol F. The curing agent was a mod- hotential stabilised with a EG&G PAR 273 A potentiostat.
ified polyamide amine with a 50% solids content; it also A conventional three-electrode cell was employed. The
served as emulsifier. The resin/hardener ratio was 100/120\Norking electrode was the coated specimen, using a calomel
parts by weight and their content was 78.6% by volume (V/V) glectrode as reference and a platinum grid as counter elec-
of solids in the paint composition. Distilled water with pH  rqde. The electrolyte was a 3% NaCl solution. Due to the
7 was used as solvent. good behaviour of the anticorrosive paints tested in this

The anticorrosive pigment content employed was 5.8% gydy, measurements were made until important changes

(v/v) of the total solids in the paint and represented 30% \yere observed, i.e. up to 10 months of immersion in the
(v/v) of the total pigment content, as is suggested in the lit- g5t solution.

erature for phosphate pigmer€10]. To complete the pig-

ment formula, titanium dioxide (3.5%, v/v), barium sulphate

(3.7%, viv), talc (3.4%, v/v) and mica (7.0%, v/v) were also 3. Results and discussion

incorporated. Mica was used due to its barrier properties

and to reduce the degree of flash rustihg]. The additives 3.1. Characterisation of pigments

content was 2% (v/v). The selected PVC value was 20% in

order to enhance the barrier effect. The results of chemical analysis of the pigments show that
Paint manufacture was carried out employing a high-speedtheir main component is zinc phosphate. The theoretical sto-

disperser unit. Preliminary tests showed the advantage ofichiometric ratio Z&*/PQ,3~ is 1.03. This value is lower

pigment incorporation in the hardener rather than in the in the case of zinc and iron phosphate because zinc phos-

resin. Owing to the relatively high viscosity of the hardener, phate is partially replaced by iron phosphate, and it is also

water was added first and the pigments were then incorpo-lower for zinc aluminium phosphate due to the aluminium

rated in order of increasing oil absorption. Mica was added phosphate content. Zinc molybdenum phosphate contained

at the end of the preparation to avoid the break-up of its molybdate anion in low proportions which was added as

laminar particles. zinc molybdate. The Z&t/PQ,3~ ratio is abnormally high
SAE 1010 steel panels (Iicmx 7.5cmx 0.2 cm) were in the case of zinc molybdenum phosphate, perhaps due to

sandblasted to Sa 2 1/2 (SIS 05 59 00), degreased withthe presence of a certain amount of zinc oxide. This ratio

toluene, and then brush painted up to a thickness a£80 is high in the case of basic zinc phosphate because zinc ox-

5um. The painted panels were kept indoors for 14 days ide was incorporated in the zinc phosphate to produce this

2.2. Paint composition, manufacture and application

before being tested. pigment Table ). The presence of zinc oxide is consid-
ered beneficial for improving steel passivatidd,15] The

2.3. Performance of anticorrosive paints in accelerated composition of the selected pigments coincided with speci-

and electrochemical tests fications found in technical data she§t$,17].

The pH of aqueous extracts of the pigments is comprised
The panels were placed in the salt spray cabinet (ASTM in the range of 6.20-7.80, with zinc aluminium phosphate
B 117) to evaluate the degree of rusting (ASTM D 610) being the most acidic pigment. Considering that steel pas-
and degree of blistering (ASTM D 714). Evaluation of the sivation begins at pH T18], these values indicate that the
painted panels was carried out after 2000 and 4200 h of acid—base characteristics of the pigments do not significantly
exposure. Once exposure had finished, the coatings werecontribute to passivate the steel substrate. The phosphate
removed and the protective layer formed on the steel wascontent in the saturated pigment solution is, as a general
examined by SEM and its composition determined by rule, less than 2.5 ppm, while the zinc content ranges be-
EDAX. tween 2.0 and 5.0 ppm for most of the pigments except for
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Table 1
Pigment composition (wt.%)
lonic components of pigments Pigments

1, zinc 2, zinc and iron 3, zinc aluminium 4, zinc molybdenum 5, basic zinc

phosphate phosphate phosphate phosphate phosphate
Phosphate&P0,3~) 51.0 40.9 42.7 35.2 39.9
Zinc (Zrét) 42.0 24.2 335 43.8 46.5
Iron (Feét) - 17.8 - - -
Aluminium (AI3*) - - 2.40 - -
Molybdenum (Mo(V1)) - - - 0.30 -
Loss at 100C 7.0 17.1 21.4 20.7 13.6

basic zinc phosphate, which is a little higher (9.3 ppm) due

to its greater zinc oxide content.

As has been stated in previous repdfs,21] the pro-
tective layer formed on steel exposed to pigment suspen-

Electrochemical tests revealed that all the pigments pro- sions was mainly composed of nhon-expansive iron oxide. In
tected steel against corrosion, as may be deduced from thenost cases small globular formations were detected, which
shifting of the corrosion potential to more positive values seemed to be oxides stabilised by species constituting the
with respect to the blank SAE 1010 ste&4,. —650 to anticorrosive pigment. It was thought that these formations
—700mV vs SCE). The most positive corrosion potential blocked the pores in the oxide film. In the case of zinc phos-
value was observed for zinc molybdenum phosphate, which phate, the presence of smaller amounts of zinc hydroxide
in turn exhibited the lowest corrosion rate. This is mainly was detected7]. These facts are well explained by the low
attributed to the incorporation of Mo, which is a strong in- concentration of phosphate and inhibiting cations reported
hibitor [19,20], and to a lesser extent to the relatively high in this research.
pH of the pigment suspension. The most negative value was
exhibited by zinc iron phosphate, though all the values fall 3 5 performance of anticorrosive paints in accelerated
in a relatively narrow potential intervaléble 2. and dectrochemical tests

There are significant differences among the corrosion
current density values of steel in the pigment suspensions Results obtained in the salt spray cabinet (ASTM B 117)
(Table . Zinc molybdenum phosphate and basic zinc phos- after 2000 and 4200 h of testing are showitable 3 All the
phate exhibited the lowest corrosion current denSity, while paints showed very good behaviour after 4200 h of exposure,
zinc aluminium phosphate presented the highest, perhapshe best scores being recorded for the samples pigmented
due to the lower pH value of the pigment suspension. with zinc and iron phosphate (paint 2), zinc phosphate (paint

From analysis of the shape of the polarisation curves it 3) and zinc molybdenum phosphate (paint 4). When the
may be deduced that the cathodic reaction is more polarisedcoating was peeled off, the underlying steel showed the
than the anodic reaction. All the pigments except zinc alu- same surface condition in all the cases, which deserved a
minium phosphate inhibited oxygen discharge in a similar good score, 8. The anticorrosive behaviour of all the tested
way (Fig. 1). Zinc aluminium phosphate exhibited the high-  paints was so good that it was not possible to establish sig-
est oxygen current and the highest corrosion current den-pjficant differences between them. These paints provided a
S|ty The differences in the anodic branch of the Tafel pIOtS good service life in the aggressive salt spray Cabinet' which
are better appreciated at lower overpotentials. The most de-is jntended to represent exposure to marine environments.

polarised reaction is that of zinc aluminium phosphate and pespite the differences in the corrosion current densities
the lowest anodic currents were observed in the case of zinc

molybdenum phosphate and basic zinc phosphete ().

Table 3
Rusting degree (ASTM D 610) of painted panels in the salt spray c&binet
Table 2 Paints Hours Under paint
Corrosion potential and corrosion current intensity of SAE 1010 steel in 2000 2200
pigment suspensions in 3% NaCl
Pigment Corrosion potential Corrosion current ; g g g
mV vs SCE density {LAcm2
_ ( ) ty . ) 3 10 9 8
Zinc phosphate —553 14.30 4 10 9 )
Zinc iron phosphate —564 7.75 5 10 ) 8
Zinc aluminium phosphate —548 24.46

aThe degrees of rusting on a painted steel surface are between 10
and 0. 10: no rusting; 9: less than 0.05% of the surface rusted; 8: less
than 0.1%.

Zinc molybdenum phosphate-515 2.6
Basic zinc phosphate —543 3.27
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Fig. 1. Tafel plots of SAE 1010 steel electrode in pigment suspensions in 3% NaCl.

of each pigment, all of them performed acceptably in this 3.3. Electrochemical measurements on painted panels

test, and accordingly it is concluded that the binder exerted

a levelling effect; compensating the differences between Metals protected with organic coatings are multiphase

them. heterogeneous systerf#3], in which the corrosion process
The main component of the protective layer formed is determined by the exchanges occurring at each interface.

on steel beneath the coating was an amorphous iron ox-Water, ions and oxygen can penetrate through coating de-

ide (Fig. 29; the same kind of film encountered on bare fects or natural channels of the polymeric matrix and reach

steel in contact with pigment suspensions. In the case ofthe metal/paint interface. In this case, EIS is a valuable

pigment 3, crystalline iron oxide was detected at higher technique for acquiring information about the processes

magnifications Fig. 2b). Some globular formations began

to develop when the paint was pigmented with pigment 5 e 4

(Fig. 29. The composition of these globular formations was Blistering degree (ASTM D 714) of painted panels in the humidity caBinet

Cl: 33.87% and Fe: 66.13%. It is considered that these for- 5. Hours

mations are precursors of future oxide spots disrupting on

the paint film. In all cases an important amount of silicon 400 720
(20-30%) was detected, which may come from the mica 1 8M 8MD
or the talc, and it was demonstrated that siliceous com- 2 8MD 8MD
pounds may be beneficial to restrain corrosion resistance® 8MD 8b
22] 4 8MD 8D
[22]. 5 8MD 8D

The paints also showed good behaviour during exposure . _ R
in the humidity cabinet, and the blisters that developed on 2The numerical scale is from 10 to 0, in which 10 represents no

th teel £ ded to th llest si blistering and blistering standard, 8 represents the smallest size blister
€ sleel surtace corresponded 1o the smallest size, as Cagasily seen by the unaided eye. The reference standards in frequency are

easily be seen by the unaided eyalfle 4. MD (medium dense) and M (medium). ASTM D 714.
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Fig. 2. Structure of protective layer developed on coated steel exposed

to salt spray test for 700 h: (a) SEM micrograph of film formed on steel
panel coated with paint 4 (269; (b) crystalline iron oxide formed on
steel coated with paint 3 (508Q; (c) globular formations formed on
steel coated with paint 5 (1089.
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Fig. 3. ECs to interpret the response of the steel/organic coating interface
in EIS: (a) defective protective coatings; (b) coatings with a very high
barrier effect; (c) non-defective coatings.

tive and intact areas of the coating are in parallel to each
other, and the defective fraction of the coating surface is in
series with the corrosion reaction at the metal/paint inter-
face and with possible diffusive mass transfer phenomena,
represented by the Warburg impedance. For intact coatings
the parameteRy, is high, typically >108 Qcn? [32,33]
so the whole current passes throu@h and the electro-
chemical response of coated steel is adequately modelled
by the EC inFig. 3k In non-defective coatings the resis-
tors and capacitors that represent the coating and interfacial
reactions must be arranged in series rather than in parallel
(Fig. 30.

The five anticorrosive paints tested in this research showed
a similar electrochemical capacitive response after 24 h of
immersion. This behaviour was due to the high barrier effect
of the coatings and is evidenced in the Nyquist plots by a
sudden increase in the imaginary part of the impedalfice (
4), as well as an inverse relationship between the modulus of

taking place at the coating/substrate interface. The system’sthe impedance and the signal frequency over a wide range.

response, in terms of impedan@,(could be interpreted by
means of equivalent circuits (ECi4—-31] A metal coated
with a polymeric film exposed to an electrolytic solution
is properly described by the EC &ig. 3a The parameter
Re is the electrolyte resistance whikl, is the resistance
of the organic coating (conditioned by its defects) ahd
its capacitance. The charge transfer resistafge i§¢ as-

The value of the impedance is higher tha €cn? and the
phase angle close t690°. The dispersion of measurements
observed at low frequencies was due to the limitations of
the measuring equipment at low frequencies.

After 7 days of exposure a semicircle is clearly defined in
the Nyquist plotsig. 5); the values o, obtained from its
diameter, revealed an important barrier effect, and in most

sociated with the corrosion process as well as the doubleof the paintsZ is higher than 102 c?. The incorporation

layer capacitanceQy)). The Warburg impedancél| is

of water to the polymeric film enhanced its conductivity,

related to diffusion processes. In this EC model the defec- and after 1 week the capacitive behaviour is replaced by a
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. . . . ) .. Fig. 5. Impedance diagrams of paint 5 as a function of immersion time
Fig. 4. Impedance plots for organic coatings (paint 3) showing capacitive in 3% NaCl: @) 1 day; (-) 7 days; ©) 1 month; (+) 8 months; [J)
behaviour in a wide range of frequencies after 1 day of immersion. 10 months ' ' ' '

mixed control, capacitive at high frequencies and resistive in the case of paints 2 and 3. At the end of the test period
at low frequencies. However, the decrease in the barrier ef-all the paints had reached almost the same final value.

fect is slow and after 10 months of exposure it may drop by ~ Capacitance values were found to fluctuate betweeA®.0
two or three orders of magnitude. In the case of paint 5, for- and 1011 Fcm 2 (Fig. 7) when one semicircle is defined
mulated with the least protective phosphate, the initial value in the Nyquist plot. These capacitance values are typical of
of Z (4.6 x 10° Q cn? after 1 week) revealed the existence an intact coating which is able to protect steel by a barrier
of a poorer barrier effect; however the resistance remainedeffect[33]. The best behaviour was observed for the paint
almost constant up to 200 days of immersiéing( 6). The formulated with zinc molybdenum phosphate, which exhib-
decrease irZ at lower frequencies is not continuous but a ited the lowest capacitance values for a long period of time.
certain recovery was observed in every system, in such aPaints 2 and 3 also showed more resistance towards water
way that some coated panels exhibited a renewed capacitivepenetration.

effect. This recovery was outstanding in the case of paint 4, According to ionic resistance and capacitance values,
containing zinc molybdenum phosphate, and less importantpaints 2—4 showed the best anticorrosive behaviour. These
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Fig. 6. Variation of paint film resistance as a function of immersion time
in 3% NacCl.

results coincided with those obtained in the salt spray test,

although the differences between these phosphate inhibitors

are small. It is thought that these parametéts, @ndCc)

are adequate to evaluate the performance of the paint film.
The degradation of the coating is so slow that after 10

months of exposure a second semicircle is noticed in the

Nyquist plots, which corresponded to the relaxation of the

corrosion process. In this case the valueBandCy could

be obtainedKig. 8). The existence of this second semicircle

appeared after 24 h of exposure in the zone where the paint

possessed defective areas.

1E+00 |- o=

--Paint 1 |
| -©-Paint 2|
| Paint 3

= Paint 4

4 Paint 5

1E-02 J : : :
0 50 100 150 200 250

C/nFcm-2
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Fig. 7. Variation of paint film capacitance as a function of immersion
time in 3% NaCl.
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Fig. 8. Nyquist plot of paint 5 after 10 months of exposure in 3% NaCl,
showing a well defined semicircle at low frequencies.

The second semicircle is appreciated at low frequencies
when Ry, descends below $@ cn? [24,29] On the other
hand, wherRy, is higher than 10 cn?? the corrosion pro-
cess cause a slight irregularity in the first semicircle at the
low frequency end. Charge transfer values for the different
paints were found to fall between 0.4 an@4x 10° Q cn?
after 10 months of exposure, indicating that steel was pro-
tected in every case.

From impedance measurements it is possible to predict,
in a short time, the future performance of the coating with
respect to atmospheric corrosion. In this sense the “loss
factor” (tans) and the “break point frequencyfyf,) proved
to be useful parameters. The andlés the complement of
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5 — In a previous papgB7] it was demonstrated that the “loss

| factor” and “break point frequency” lead to equivalent qual-
itative estimations. This similarity can be extended to pre-
dictions based on measurement of the impedance at low fre-
guencies, as can be seerfiigy. 9. As fyp increasedZi0 mHz
decreasedRy, decreased, and the barrier effect of the coat-

ing is progressively lostHig. 5).

4. Conclusions
 Paint 1
O Paint 2
1 WPaint3;
(] Paint 4

A Paint 5

1. It is possible to formulate high performance anticorro-
sive paints by selecting adequate water-borne resin and
ecological pigments.

2. All the pigments tested in this research are able to inhibit

i corrosion, as is evidenced by the shift in the corrosion

2 4 6 8 10 potential and the lower corrosion rates obtained for steel

log Z(0,01Hz) in contact w!th the pigment suspensions. o
3. The protective layer formed under the paint film was

Fig. 9. Relationship between break point frequerfgy) (and impedance mainly composed of non-expansive iron oxide. The pro-

at 10mHz ZiomHo)- tective film was also enriched in silica coming from talc

and mica particles.
4. The electrochemical response of painted panels indicated

the dephase angle between potential and intensity current an initial capacitive behaviour of the coating due to a

at 1 kHz frequency34,35]; if tan § < 0.2 after 24 h of ex- high barrier effect.

posure the system will show high resistance to atmospheric5. The barrier effect was slowly lost as time elapsed, indi-

corrosion[35]. All the paint systems tested in this research cating the excellent performance of water-borne epoxy

show tans values lower than 0.2. The only exception to this paints.

rule is paint 5 which had a tahvalue equal to 0.28. 6. Parameters such as @ffi,p andZ;o mHzCcan be employed
Another index which supplies qualitative information sim- for a quick prediction of the relative behaviour of a given

ilar to the loss factor is the frequency corresponding to a  set of paints.

phase angle of 4% called the “break point frequency”; in 7. This research demonstrated that it is possible to replace

this case the imaginary and the real parts of the impedance solvent-borne epoxy paints by water-based paints with

become equal. This situation corresponds to a mixed capaci- excellent anticorrosive performance.

tive/resistive behaviour. The higher is thgvalue, the lower

the film impedance at low frequencies (the film resistance)

will be (Fig. 9). Acknowledgements
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