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Abstract

The performance of different pre-treated galvanized steel/primer/topcoat paint systems applied on hot-dip galvanized steel sheets has
been studied. Each panel was pre-treated with 5¢l6g)3; + 15% H;POs solution. After this step, the panels were coated either with
acrylic (AC), alkyd (AK), vinyl (VL), epoxy base-solvent (ES) or epoxy-waterborne (EW) based corrosion-inhibiting primer using zinc
molybdenum phosphate as anticorrosive pigment, and with commercially available alkyd topcoat paint. Experimental behavior of these
panels under standardized salt spray chamber exposure or continuous immersion in 0.5 M NaCl, £858)adxa8.25 M NaCH- 0.25 M
Na SOy solutions was evaluated through periodical visual inspection (blistering and rusting degrees) and EIS measurements (corrosion
evolution). Initial (dry) and final (wet) paint adhesion was also determined. EIS data has been interpreted and discussed in terms of the
time dependence of the electrical (paint coating) and electrochemical (steel substrate) parameters associated with interfacial processe:
describing the metal/paint system deterioration. According to the electrochemical properties, visual inspection and standardized tests
results, the painting systems designated as AK, ES, EW, and VL presented the best overall anticorrosive behavior under immersion
conditions, but all samples failed when exposed to the salt spray chamber. System AC behaved very well in 0.25 MI2E@INg SO,
but failed in the other media. Adhesion changes outside the tested areas showed that under immersion conditions there was lateral diffusion.
Good correlation between standardized and electrochemical tests results was also obtained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction replacing toxic pigments, binders, solvents, additijides3]
and, at the same time, to satisfy the growing waterborne
Anticorrosive protection is highly important, because based paints demands.
corrosion reduces the strength of structural materials and When steel, a metal widely used as the main structural
this destruction involves direct and indirect losses including material in different facilities, is in contact with an aggres-
problems related to human safety and facts concerning nat-sive ambient it can corrode. Therefore, in order to delay
ural resources conservation. In the particular case of metals,and/or to reduce the deteriorating action of strong natural or
their tendency to corrode depends upon factors such as theartificial corrosive media, a number of metallic and organic
metal surface characteristics, the metal/protective film inter- coatings have been developed.
face, the physical, electrical and electrochemical properties Among the metallic coatings used to protect steel against
of this protective film and the environmental conditions at corrosion, those based on Zn or its alloys applied under
which the system is exposed. Besides, keeping in mind thedifferent (hot-dip, electrogalvanized, etc.) deposition condi-
human health protection and a number of strict governmen-tions became the most important. This is not only due to cost
tal restrictions related with the use of toxic and/or pollutant reasons but also mainly to the fact that the Zn based layer is
products, paint formulators have to face troubles such aselectrochemically more active than the substrate, therefore, it
dissolves preferentially offering cathodic protection to steel.
* Corresponding author. Fax:54-221-427-1537. With the same aim, when a higher protection degree of these
E-mail addressdireccion@cidepint.gov.ar (A.R. Di Sarli). metallic surfaces is of concern, properly chosen painting

0300-9440/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.porgcoat.2004.02.003



180 B. del Amo et al./Progress in Organic Coatings 50 (2004) 179-192

systems can provide a more effective corrosion-inhibiting  Paint life depends on several factors such as the metallic
barrier and also better aesthetic appeardgareThe mech- substrate, the selected paint system and the paint—substrate
anism by which an organic coating protects the substrate isinterface [13]. Paint selection is generally based on the
complex and results from different factors acting together. aggressive medium properties; the metal treatment before
Thus, the paint system permeability, a property directly re- painting has a substantial impact on the useful life of the
lated with the polymeric film composition and its capacity selected system.
to develop a high barrier to water, ionic and oxygen dif-  Despite the extrapolation of accelerated test results to
fusion after curing, plays an important role in the metallic the actual coatings performance in their service life is not
substrate corrosion. linear, it can supply useful information related to the rate
Some exposure conditions are so aggressive that both proand form of the corrosion-inhibiting system degradation.
tective systems (metalligorganic coatings) must be applied In most cases, such information can help to improve the
to get longer effectiveness. Such combination, referred to aspaint formulation and/or the painting scheme design. Con-
duplex system, has demonstrated a synergistic effect whensequently, in the present paper a comparative evaluation of
its protective properties and those provided by each coat-the protective performance of five pre-treated galvanized
ing system taken separately are compared. This better corsteel/painting system arrangements is reported. The corro-
rosion protection is attributed to the double action afforded sion resistance of these samples was tested by exposure in
by the Zn layer (cathodic protectiop blockage of its de-  a salt spray fog chamber (ASTM B-117/97), while repli-
fects by the corrosion products), and also by the pigmentedcates of the original samples were subjected to continuous
paint system (barrier effeet steel corrosion-inhibition[5]. immersion in 0.5M NaCl (in order to simulate a marine
Besides, this duplex system requires less reconditioning andenvironment), 0.5 M NSO, (urban-industrial ambient) or
repairs of coating systems after transportation and assembly0.25M NaCl+ 0.25M N&SO, solution. Before and at
on building site. the end of the exposures, paint adhesion was measured by
The still unsolved paint delamination or blistering trouble, using the tape-test (ASTM D-3359/97), while the blistering
due to a bad bonding at the substrate/paint interface, dependand rusting degrees were classified according to ASTM
upon the chemical nature and crosslinking degree of the D-714-87/00 and ASTM D-610/89 standards, respectively.
polymer as well as the metal substrate and its surface treat-Electrochemical impedance measurements to determine the
ment[6]. In principle, paint adhesion can be improved by paint film water permeability coefficient as well as changes
providing the substrate with a pre-treatment layer, followed in the electrical and electrochemical properties of each
by applying a corrosion-inhibiting primet intermediate paint/galvanized steel system were also performed.
and/or topcoat paints. In line with this definition, the primer
is considered the critical element in most paint systems
because it is mainly responsible for preserving the metal- 2. Experimental
lic state of the substrate, and it must also anchor the total
paint coating to the steel. Most coatings adhere to metal via.  Commercial-grade galvanized steel plates (1x@&aemx
purely physical attractions (e.g. hydrogen bonds) that de- 0.2 cm) were used as the metallic substrate. They were de-
velop when two surfaces are brought closely togefAd]. greased by immersion in 5% B@O3 solution, rinsed with
Paint vehicles with polar groups-OH, —COOH, etc.) have  distilled water to eliminate any possible surface contamina-
good wetting properties and show excellent physical adhe-tion, and then pre-treated under controlled laboratory con-
sion characteristics (epoxies, alkyds, oil paints, etc.). Much ditions with 5% F&NO3)3 + 15% H;POy solution.
stronger chemically bonded adhesion is possible when the The anticorrosive paintsTable ) were formulated
primer can actually react with the metal, as it is the case of and prepared in the laboratory. According to the litera-

several pre-treatmenf8-12]. ture [14,15], the primers were formulated with 30% (v/v)
Table 1
Main characteristics of the paints formulation
Paint Resin Solvent Plasticizer Pigments
Anticorrosive Filler Hiding
Acrylic Acrylic-styrene Water - Zinc molybdenum  Talc, mica, barytes  Ti@(rutile)
phosphate
Alkyd Medium oil alkyd White spirit/toluene 1:1 (viv) - Zinc molybdenum Talc, mica, barytes  Ti@ (rutile)
phosphate
Epoxysory  Epoxy-polyamide Xylene/MIK/butoxyethanol - Zinc molybdenum Talc, mica, barytes  Ti@(rutile)
13:45:42 (viv) phosphate
Epoxyaq Bisphenol A+ bisphenol Water - Zinc molybdenum  Talc, mica, barytes  Ti@(rutile)
F—polyamidoamine phosphate
Vinyl Polyvinyl chloride—acetate  MIK/toluene 1:1 (v/v) Tricresyl Zinc molybdenum Talc, mica, barytes  Ti@(rutile)

copolymer phosphate  phosphate
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Table 2 tipped reference electrode (SGE+0.244V versus SHE)
Designation and dried film thickness of the complete tested painting referred to as in the text, which was positioned together with

systems the counter-electrode close to the exposed painted steel sur-
Painting Anticorrosive Topcoat Total thickness face panel. The electrolyte was 0.5M NacCl, 0.5 Mp8@)y
system primer paint (wm) or 0.25M NaCHK-0.25 M Na SOy solution, at pH 6.5. When

AC Acrylic Alkyd 1354+ 10 samples exposed to the salt fog chamber were subjected
ég AE”;%?% | '2""((3;% ﬁ%i 18 to the periodical electrochemical measurements, these were
EW EpOX)éZV Alkyd 135 + 10 perfo.rmed. aftgr 1h Qf wetting with the electrolyte formed
VL Vinyl Alkyd 110 + 10 by dissolving in distilled water the salts deposited on the

sample surface. Impedance spectra were obtained from a
Solartron 1255 FRA coupled to a Solartron El 1286 and a
PC, being the measurement system controlled by the Zplot
software. Impedance spectra collected starting 2Hk0and
going to 10 mHz were analyzed and interpreted on the basis
of equivalent electrical circuits optimizing the values of the
circuit parameters by using the Boukamp’s progifari.

The value of the water permeability coefficient for each
painted galvanized steel/solution system was also deter-
mined. The dielectric capacitance evolution was measured
ration, it was preferred to apply it by brushing: trying to as a funption of the immersion time until a constant \{alue

’ ! was attained. Such measurements were performed with the

maintain the same brushing application conditions for all . . .
U L same equipment arrangement described above, in the po-
the samples. So, after the painting systems application, the

: . ; ) tentiostatic mode and at a frequency of 20* Hz. The wa-
painted plates were placed in a dessicator cabinet up toter ermeability, diffusion and solubility coefficients were
complete drying. Dry film thicknes§éble 9 was measured P '

with an Elcometer 300 coating thickness gauge, using a bareObtaIInGd with the calcglus methpd reported elsevyl[lmk
All the electrochemical experiments were carried out at

sanded plate and standards of known thickness as referenc‘?aboratory temperature (28 2°C) using a Faraday cage

of phosphate anticorrosive pigment on the total pigment
content, which was completed with Ti((3.5%), BaSQ
(3.7%), talc (3.4%) and mica (7.0%). This last pigment was
incorporated in order to improve the paint barrier effect as
well as to reduce the flush rusting degree caused by the
waterborne paint§l6]. In the water or solvent base paints
the PVC was 20 and 40%, respectively. The topcoat paint
was of commercial-grade type.

Because of the laboratory scale of primer paint elabo-

2.1. Standardized tests

3. Experimental results and discussion
To check reproducibility, triplicate specimens of each

painting system with their edges masked with a thick wax general hypothesis claimed that the application of a
based coating were tested in a salt spray cabinet for 97 pre_treatment containing phosphoric acid leads to the phos-
days according to ASTM B-117/97 standard. During the phatizing of galvanized steel surfaces, which improves both
test, the specimen position within the cabinet was changedihe supstrate/primer adhesion and the anticorrosive proper-
after each periodical (13 days) visual inspection and EIS tjes Additionally, if an adequate paint system is also applied,
measurement so as to neglect the possibility that the po-the so formed protective duplex system has a synergistic
sition might affect the results. The metal/paint adhesion effect. All these concepts were subjected to intensive stud-
degree on every painted steel sample was measured beforgys ang satisfactory protective duplex systems using solvent
and at the end of the te_sts according to ASTM D-3359/9_7 base paints were developd®—24] However, rigid environ-
(tape-test) standard, while at the end of the tests the sizementa) legislation requires more environmentally friendly

and frequency of blisters as well as the rusting degree weresystems. Therefore, their replacement by other systems with
evaluated according to ASTM D-714-87/00 and ASTM gqual or even greater protective properties requires new and

D-610/89 standards, respectively. accelerated studies. With this in mind, the CIDEPINT has
ongoing a program research, which deals with the elucida-
2.2. Electrochemical measurements tion of physicochemical phenomena occurring within and

under paint coatings, encompassing defects in films, porous
For the impedance measurements carried out before thefilms, metal/coating adhesion, surface treatment and/or
accelerated tests initiation, and then periodically together pretreatments, corrosion, blistered coatings and cathodic
with the visual inspections, a cylindrical clamp-on acrylic protection. In the present case, tests conducted under free
(polymethyl methacrylate) cell was positioned on the painted corrosion conditions allowed us to carry out a compar-
panel by an O-ring defining a surface area of 15.8.cAn ative evaluation of the anticorrosive performance of five
aperture in the top of this three electrodes electrochemical pre-treated galvanized steel/painting system arrangements
cell contained a Pt-Rh mesh counter-electrode with negli- subjected to different exposure conditions. Among these
gible impedance, oriented parallel to the working electrode systems, the conventional solvent base paints were used as
(painted metal surface) and a glass-linear saturated calometeference ones. A large amount of diverse data has been
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gathered using standardized tests as well as electrochemicatable 3
techniques, and then interpreted on the basis of their corre-Paints adhesion results using the tape-test method (ASTM D-3359/97)
lation with a number of physicochemical processes that it before and after: (a) 97 days exposure to the salt spray (fog) test and (b)

. . . . 90days immersion in different electrolytes
is thought to occur in pre-treated steel/paint film/exposure
medium systems. Sample Before the test At the end of the test

Center Edges Center Edges

3.1. Adhesion measurements
(a) Exposure to the salt spray (fog) test

AC 5B 5B 0B 0B
Different studies have shown that in many cases the loss ak 4B 4B 2B 2B
of adhesion is coincident with the presence of water at the ES 4B 4B 4B 5B
metal/coating interfacfl7,25,26] EW 4B 4B 0B 0B
In the rather qualitative standardized tape-test the scales VL 5B 5B °B 5B
used to classify the specimens is from 0 to 5, i.e., 0 cor- Samples Before the test At the end of the test
responds to a very poor and 5 to a very good adhesion, Inside Outside
respectively. After dry testing, the pre-treated and painted the cell the cell

galvanized steel sheets were subjected to the tests abové) immersion in different electrolytes
mentioned. At the end of these, the panels were re-inspected 0.5M N&S0; solution

and classified. In agreement with results discussed else- AC B 3B 5B
where [27], under dry testing conditions all the samples ég 44'?3 05E:3 OSBB
showed very good adhesion to the pre-treated galvanized gy 4B 5B 5B
steel, Table & and b. However, when they were exposed VL 5B 58 3B
to the salt spray cabinet or immersion experimental con- 0.5M NaCl solution

ditions, the final adhesion results were mostly poor, not ~ AC B 2B 3B
only at the center and edges of the pandisb(e &), but ég 44?3 05?3 4558
also inside and, sometimes, outside the c&lble D). EW 4B 1B 5B
The exception to this rule was the epoxy base-solvent paint  vL 5B 5B 5B
(ES), whose adhesion values were almost as good as before 0.25M NS0, + 0.25M NaCl solution

the test initiation. On the contrary, the rest of the samples ~ AC 5B 4B 4B
showed a clear dependence on the test conditions. Thus, the ég 44?3 OSBB 34?3
acrylic (AC) paint adhesion failed completely after the salt EW 4B 4B 4B
spray test, it was poorer after immersion in 0.5M NacCl or VL 5B 0B 0B
NaxSOy solution but slightly less after immersionin 0.25M . qdification Percentage of

NaCl+0.25 M NaSQOy solution. InTable 3 and b can also area removed

be seen that similar changes were obtained by consideringasty p-33s9 specifications guide

the rest of specimens. They were particularly meaningful sg 0

(OB-2B) when the paint adhesion was estimated at the cen- 4B <5

ter and edges of the samples AC, AK and EW exposed to 3B 5-15

the salt spray cabinet, or inside the cell in samples AK (im- ig ég:gg

mersed in NaSQy), samples AC, AK and EW (in NaCl), 0B >65

and samples AK and VL (in N&Oy + NaCl). Also minor

(4B-3B) or no (5B) changes were obtained when replicates

of the AC, ES, EW and VL specimens were subjected to @réa and the kinetics of the delamination process depend

the different experimental media. upon the adhesion strength that each one of the mentioned
These undesirable adhesion results could be expected, aiiterfaces was able to develop.

discussed in the following paragraphs, due to the paints Summarizing, these results suggest that the pre-treated

permeability to water and corrosive species. However, someZinc layer chemical and physical affinities to some of the

important differences between the initial and final paint ad- tested primers were very poor after their exposure to salt

hesion corresponding to the outside part of the cell were SPray or immersion conditions. Hence, it is apparent that

also detected when their respective values were consideredstch mode of adherence failure reflects the formation of few

Table 3b This was interpreted as a consequence of the fol- and/or weak adhesive bonds at those interfaces.

lowing mechanism: once the adhesion forces at the galva-

nized steel/primer interface became lower than a threshold3.2. Salt spray cabinet test

value due to the permeating water had weakened or broken

the adhesive bonds inside the cell, the liquid phase has the Table 4 lists blistering/corrosion data obtained for intact

capacity of diffusing laterally beyond the wetting limits fixed galvanized steel/paint systems similar to those described in

by the cell. In such a circumstance, the size of the affected the above paragraph, placed in a salt spray cabinet for 97
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Table 4

Paints blistering (ASTM D-714-87/00) and rusting (ASTM D-610/89)
degrees after (a) 97 days of exposure to the salt spray (fog) test and (b)
90 days immersion in different electrolytes

System Blistering

size/frequency

Rusting

(a) Exposure to the salt spray cabinet test

AC 4/D 10
AK 2/IM 10
ES 2/F 8
EW 4/M 9
VL 6/F 10
(b) Immersion in different electrolytes
0.5M Na&SO;, solution
AC 2/IM 7
AK 10 10
ES 10 10
EW 10 10
VL 10 10
0.5M NacCl solution
AC 2/MD 6
AK 10 9
ES 10 9
EW 10 10
VL 10 9
0.25M NaSO; + 0.25M NaCl solution
AC 10 10
AK 10 10
ES 10 10
EW 10 10
VL 10 10
Frequency Size Comments
ASTM D-714 specifications guide
Dense,D 10 No blistering
Medium dense, MD 8 Smaller size blister easily
seen by the unaided eye
Medium, M 6, 4 Progressively larger sizes
Few, F 2
Rust grade Percentage

area rusted

ASTM D-610 specifications guide
0.03
0.1
0.3
1
3

10

16

33

50

P NWDOOIO NOOO

days. It can be seen that at the end of the test, samples ES an
EW showed the onset of the corrosion attack (percentage of
area rusted 0.1 and 0.03, respectively), while the main body
of the panels AC, AK and VL remained without any visible
change. In general, this whole rusting data reveals that un-
der the current experimental conditions almost no significant
difference was found when the anticorrosiMgarrier protec-

tion provided by the overall coating systems was evaluated.
Unfortunately, the estimation of the paints blistering degree

183

did not show encouraging results. All the paints failed no-
ticeably, and a certain relationship associating the magnitude
of these fails with the low paint adhesion values summarized
in Table 3 was found. By comparing the experimental data
contained in part (a) ofables 3 and 4€an be seen that the
poorer the paint adhesion is (e.g. 0B for samples AC and
EW), the more significant the size/frequency of blistering
degree (4/D and 4/M) is as function of the exposure time,
environmental conditions, painting system permeability and
adhesion strength to the substrate.

The mechanism of formation and growth related with
the paint film blistering, which involves a number of fre-
guencies and sizes, may be explained assuming that differ-
ent amounts of water, sometimes transporting oxygen and
corrosive chemicals, permeate through the organic coating
up to reaching the paint/galvanized steel interface. Under
these wetting conditions, and depending upon the number
and magnitude of the adhesive bonds developed at such in-
terface, these bonds could be weakened or even broken at
small-localized regions where local failure of the paint film
adhesion takes place. As the exposure to the aqueous elec-
trolyte continuous, these areas grow and coalesce into larger
units making that the exposed area become patrtial or totally
delaminated. The periodical visual inspections and standard-
ized characterizations of the painted panels allowed moni-
toring the starting and evolution of the blistering/corrosion
processes leading to reduce the aesthetic, mechanical and
protective properties of each sample.

3.3. Immersion tests in saline solution

Table 4 summarizes blistering/rusting data for intact
replicates of the galvanized steel/paint systems depicted in
Table 4 but, in this case, subjected to continuous immersion
in 0.5M NaCl, 0.5M NaSO; or 0.25M NaCl+ 0.25M
Nax SO, solution for 90 days. As can be seenTable b,
only the systems AC showed a fairly bad blistering perfor-
mance (2/M in NaSOs and 2/MD in NaCl, respectively).
For the rest of the test specimens (AK, ES, EW and VL),
a value of 10 was obtained after their evaluations, which
according to ASTM D-714 standard classification means
no blistering.

The anticorrosive performance provided by the painting
system AC (rust grade: 7 in NSOy, and 6 in NaCl) is in-
dicative that in both cases the underlying steel had been ex-
posed by dissolution of the zinc protective layer. The visual
i&]Spection results corresponding to the other coated galva-
nized steel panels listed ifable 4 suggest that a highly
effective corrosion inhibitive action was developed by the
respective paint systems.

3.4. Electrochemical measurements

Corrosion potential and impedance data as a function of
the immersion time in 0.5 M NaCl, 0.5 M N8O, or 0.25 M
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NaCl+ 0.25 M Na SOy solution have been obtained. Then, permeating and corrosion inducing chemicals (water, oxy-
impedance data were fitted using the transfer function de-gen and ionic species) reach electrochemically active areas
rived from electrical equivalent circuit models, and inter- of the substrate, particularly at the bottom of the paint film
preted from their association with processes occurring within defects, the metallic corrosion become to be measurable so

the paint film and at the metal/paint interface.

3.5. Equivalent circuit models

The painting system as well as the galvanized steel sub-
strate deterioration takes place from processes having a com
plex nature. Consequently, in order to interpret and explainin
electrochemical terms the time dependence of the acquire
impedance data, it has been necessary to propose appropr
ate equivalent circuit models.

Impedance spectra provide useful information concerning
the evolution of both the organic coating protective features

and the kinetics of the underlying steel corrosion process as

a function of the exposure time to experimental or service
conditions. Thus, the dynamic character of the painting sys-
tem barrier property, the anticorrosive action of specific pig-
ments, the rust formation and also changes in the disbonde

steel/electrolyte impedance spectra. In general, an explana
tion of why and how such changes take place can be given
by associating them to the resistive and capacitive param-
eters derived from fitting impedance data with non-linear
least squares algorithms involving the transfer function of
the equivalent circuit models shownhig. 1 [28-31] They

represent the parallel and/or series connection of a numbe

of resistors and capacitors, simulating a heterogeneous ar- (jo)™"

rangement of electrolytically conducting paths whienmep-
resents the electrolyte resistance between the reference an
working (coated galvanized steel) electrodes(resistance

to the ionic flux) describes paths (pores, low crosslinking) of
lower resistance to the electrolyte diffusion short-circuiting
the paint film, andC; is the dielectric capacitance repre-
senting the intact part of the same paint f{i82]. Once the

C1EQ1
] L
R LI}
VN R
—AA—
(a)
C1EQ1

Fig. 1. Equivalent circuit models.

d

that its associated parameters, the electrochemical double
layer capacitancé&;,, and the charge transfer resistarkg,

can be estimated. It is important to remark that the values
of these parameters vary dire€@ and inversely Ry) with

the size of the corroding area. Sometimes, when the strength
of the bonding forces at the paint/metal interface are af-
fected (e.g., by wet adhesion), facilitating lateral diffusion
of the electrolyte, another processes under and/or within in-
II_act parts of the coating film could be graphically and/or
numerically separatef@3], causing the appearance of more
time constantsRK;C;).

On the other hand, distortions observed in these
resistive-capacitive contributions indicate a deviation from
the theoretical models in terms of a time constants distri-
bution due to either lateral penetration of the electrolyte at
the steel/paint interface (usually started at the base of in-

insic or artificial coating defects), underlying steel surface

r
. q:'ntr neity (topological, chemical composition rf
area are accounted for the time dependence of the coated eterogeneity (topological, chemical composition, surface

energy) and/or diffusional processes that could take place

along the tesf34,35] Since all these factors make that the
impedance/frequency relationship to be non-linear, they are
taken into consideration by replacing one or more capacitive
components;) of the equivalent circuit transfer function

by the corresponding constant phase eleménpt(CPE)

r[17]. The CPE is defined by the following equatif86]:

1)

Y
d 0

whereZ is the impedance of the CPE & Z' + Z") (), |
the imaginary numberj¢ = —1), » the angular frequency
(rads™1), nthe CPE powerr( = «/(r/2)) (dimensionless),
« the constant phase angle of the CPE (r&@)the part of
the CPE independent of the frequen€y ).

Difficulties in providing an accurate physical description
of the occurred processes are sometimes found. In such
cases, a standard deviation valyé « 10~%) between ex-
perimental and fitted impedance data may be used as final
criterion to define the most probable circuit.

In the present work, the fitting process was mainly per-
formed using the phase constant elem@ninstead of the
dielectric capacitanc€;. However, this last parameter was
used in the following plots in order to facilitate the results
visualization and interpretation.

3.6. Water permeability

From the paint film concerns, barrier and permeability
properties are of great interest because they control the cor-
rosive chemicals transport through them as well as the ac-
tive pigments dissolution and supply to the metal substrate.
Reliable data on water permeability, corrosion potential and
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impedance evolution of coated metals provides valuable in- type of anion (CI, SO;2~ or a mixture of both), these re-
formation to select and design the most adequate protectivesults may be attributed to the fact that by means of a still
paint system for each practical situation. undetermined mechanism the £0 anion delays the wa-
According to Ritter and Krug€f37], it may be assumed ter diffusion through acrylic-styrene base paints. Besides, by
that different amounts of water, oxygen and ions can per- comparing the summarized ifable 5permeability values
meate the coating in the first hours of immersion in saline obtained with the different paint systems immersed in each
solution. In the painted pre-treated galvanized panels testedpne of the electrolytes, they can be ordered as follows:

System Lowest/anion Intermediate/anion Greatest/anion
AK 0.974 x 10719CI- 1.58 x 107195042~ 1.62x 10°1950,2~ + CI-
ES 0.824x 10719/CI- 1.40 x 107195042~ + CI- 1.59 x 10719/50,2-
EW 1.80x 10°109/S042~ + CI- 2.30x 10°19¢CI- 2.98 x 107195042~
VL 1.83 x 107198042~ + CI- 2.00 x 10~19¢CI- 2.64 x 10719502~

a first step of such a process could be attributed to the fact From these results it can also be inferred that besides the
that the topcoat film based on an air dried alkyd paint contain specific protective properties provided by each paint system,
an appreciable amount of water-soluble material and tendthe relatively significant changes showed by the correspond-
to absorb water and swel88]. In addition, the absorbed  ing water permeability coefficient should be attributed to its
water has some plasticizing effect on the alkyd film structure dependence on the anion size, charge and/or concentration
and, as a consequence, it also facilitates the movement ofpresent in the electrolyte. As it was mentioned, it could
molecules through the paint system. change the mechanism and/or energy of interaction between
Table 5illustrates the effect of the electrolyte composi- the reactive polar species (polymeric components, pigment
tion on the water permeability values for the test specimens. particles, etc.) within the paint film and the water molecules,
It can be seen that, under immersion conditions, the pan-which diffuse through if39]. In Table 5can be seen that
els coated with the system AC showed the lowest value of this assumption is supported by the fact that the value of
water permeability coefficient,.80 x 10-2%c?s™1, when  the permeability, diffusion and solubility coefficients, which
immersed in NaSQOy solution, an intermediate one. @ x are associated to the mobility of the water molecules (diffu-
10-%¢cn? s71) in Na;S04+ NaCl solution, but it cannot be  sjon) and the amount of water dissolved within the coating
measured in NaCl solution. This situation arises when the (solubility), changed with the electrolyte composition. Un-
paint film water permeability is so high that its dielectric fortunately, such results contribute to make less predictable
behavior does not comply the assumptions made to solvethe effectiveness of the barrier properties provided by paint
the calculation modeflL8]. As all the samples were identi-  coatings subjected to exposures in ambient contaminated
cal replicates, and the main experimental difference was thewith different chemicals and, consequently, of the anti-
corrosive protection afforded to the underlying galvanized

Table 5 steel.
Water diffusion D), solubility (S) and permeability®) coefficients of the
tested paint films measured in different electrolytes 3.7. Corrosion potential

System D (x101°cm?s1) S (dimensionless) P (x10Ycn?s™1)

Rest or corrosion potentialEfqy) measurements for

Electrolyte: 0.5M NaSQy painted metals and their time dependence have been ques-

AC 9.84 0.386 3.80 ' , ) - ,
AK 9.99 0.158 1.58 tioned with regard to their use as a technique for evaluating
ES 109 0.156 1.59 the anticorrosive resistance of organic coatif@fy. How-
Ew 196 0.152 2.98 ever, its changes as a function of the exposure time to
VLo 232 0.114 264 aqueous media have been successfully used as a simple
0.5M NaCl tool to study the corrosion protection afforded by organic
AC - - - coatings[41-44] Depending upon the microstructure of
ég 79'%699 00'.103805 06?872421 the paint coating, especially its polymerization degree, a
EW 168 0.137 2.30 certain period elapses until electrolyte penetration channels
VL 205 0.098 2.00 are established through which the underlying metal comes
0.25M NSOy + 0.25M NaCl into contact with the medium. So, it is not surprising that,
AC 120 0.327 3.92 when a compact structure and a high crosslinking level are
AK 136 0.119 1.62 accompanied by a high film thickness, a few days of testing
ES 107 0.131 1.40 are not enough time for the electrolyte to enter in contact
Ew 127 0.142 1.80 with the base metal of coated specimens, form the electro-
VL 199 0.092 1.83

chemical double layer, and enable the measurement of a
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Fig. 2. Time dependence of (&:.orr, (b) logRy, (c) logRy, (d) logRs, (e) l1ogCy, (f) log C,, and (g) logCs of all the test specimens exposed to the salt
spray chamber for 97 days.

corrosion potential. IrFigs. 2a—5ahe corrosion potential ~ exposure time elapsed, the potential of the coated panels ei-
value of bare galvanized steel sheets exposed either to theher stayed almost stable or derived towards values closer to
salt spray cabinet or to the aqueous solution is showed onlythe bare galvanized steel.

as a reference value. From theEcor values measured in all the test specimens

Fig. 2ashows that during the first 20 days exposure in submerged in 0.5M NaCl solutioffrig. 33 it is clear that

the salt spray cabinet tHe.or displacements were not uni- there was not more than 0.25V the difference between the
form. They moved from their initial value with different bare and painted panels potentials after 4 h exposure. Then,
slops towards more positive ones (samples ES, VL and EW), the potential evolution was characterized by a large scat-
indicating a decreasing electrochemical activity due to the tering due to its dependence on the specific protective con-
blockage of the paint pores by the zinc corrosion products, ditions developed at the complex galvanized steel/painting
or else remained stable (samples AC and AK). Then, as thesystem/electrolyte interfaces. The highest permeability to
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Fig. 3. Time dependence of (&0, (b) logR1, (c) logRy, (d) logRs, (e) logCy, (f) logCy, (g) logCs of all the test specimens immersed in 0.5M
NaCl solution for 90 days.

water (Table 9, and probably also to other corrosive species, however, in this case no corrosion signal was detected; such
as well as the total loss of adhesion at the substrate/primera result was attributed to the fact that the provided barrier re-
interface found in samples AC made possible the fast failure sistance is much better in the epoxy base primer (EW) than
of the protection mechanism. This causedByg, displace- in the acrylic one (AC). The same figure illustrates that the
ment towards values close or equal than the bare metal po-E¢or changes in samples AK, VL and ES were initially to-
tential in the same medium. Taking in mind that, in essence, wards more noble values, but after elapsed a certain period:
the more negative the potential became, the more suscepti~—0.7V (sample AK);—0.55V (sample VL), or—0.4V

ble to corrosion the underlying galvanized steel surface is, (sample ES) was reached; thereafter, they remained stable
the visual inspection helped to confirm that there was the up to ending the test. Such a behavior could be explained
characteristic orange-reddish products of steel corrosion atby assuming that, at this time, the most important but not
localized places (se&able 4). Similar E¢qrr evolution and unique form of protection, i.e. the barrier resistance sup-
loss of interfacial adhesion was obtained with samples EW, plied by the respective painting system, plus the relatively
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good interfacial adhesion were effective enough as to avoid Since the main difference among the pre-treated galva-

new changes in the cathodic/anodic areas relatior{gip
The time dependence of tlg, corresponding to all the

samples submerged in 0.5M P8O, or 0.25M NaSOy +

0.25M NaCl solution is summarized in part (a) Tdbles 4

nized steel/painting systems was the primer formulation used
in each case, itis assumed that the magnitude di¢hedis-

placements may be particularly associated with both the rel-
ative easiness with which the electrolytes permeate the paint

and § respectively. These show a well-differentiated po- films and the primers protective properties. However, and
tential value of samples ES in both electrolytes. From independently of the applied painting system, the metallic
the beginning up to the end of the tests they remained substrate was relatively protected from the corrosive attack
about —0.4 V/SCE, while for the rest of the specimens throughout the tests. This conclusion arises from the fact
the value of this thermodynamic parameter also showed that the corrosion potential values measured in each painted
small fluctuations but presumably higher electrochemical pre-treated galvanized steel panel were more noble than

activity.

the corresponding potential for bare galvanized steel sheets
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subjected to the same experimental conditions. This pro-the painting system VL, for which th&®; value stayed
tection may be attributed to the sum of effects such as: greater than 19 cn? during the entire test. The worst cor-
paint system barrier protection, substrate phosphatizing af-responded to the sample ES, whose test was interrupted at
forded by the phosphoric acid included in the pre-treatment 70 days because of the appearance of few, very small but
bath formulation, pore blockage with the zinc corrosion visible spots of corroded areas with orange-reddish steel cor-
products formed from the zinc dissolution reactions due to rosion products (0.1% according to ASTM D-610 standard).
auto-corrosion ones and/or when it protects cathodically the From intermediate (sample AKg; ~ 10°—10/ Qcn¥) to
underlying steel, all of them acting simultaneously. When bad results with samples EWR{ ~ 10° Q cn? at 97 days

this kind of protection is lost, or at least significantly di- exposure), and ACR; ~ 10*Qcn? after 53 days) were
minished, other protective forms, as for example the exertedalso obtained. This decrease over the exposure time indicates
by the anticorrosive zinc molybdenum phosphate pigment, that through the water uptake the formation and/or changes
continue being certainly active. Several autHd&47]sug- in size of the electrolyte pathways continued.

gested that both the phosphate and the molybdenum com- Referring to the paint films dielectric capacitance plotted
pounds contribute to the anticorrosive protective mechanismasC; values and associated to the amount of water dissolved
through an effective steel repassivation at the underpaintwithin the intact paint film structurefig. 2eshows almost

crevices and pits. no difference. As a general rule, the capacitance values of
all the painting systems presented a steady state ranging

3.8. Impedance between 10! and 10°° Fcm 2, which is a characteristic
magnitude of less deteriorated organic coatings. Besides, this

3.8.1. Salt spray chamber exposure means that the amount of water uptake in each case could

Fig. 2bshows a representative plot of the impedance resis- be less than 5% of the painting system volu#®&] over the
tive componentR;) corresponding to the five test specimens test.
subjected to salt spray chamber exposure for 97 days. It can Impedance data deconvolution shows that the second time
be seen that after 10 days of testify,values between £0 constant, whose parameters are defined as charge transfer re-
and 16 Q cnm? were measured for all the painting systems. sistance R;) and electrochemical double layer capacitance
Elapsed 20 days, such values increased slightly (samples AC(Cy), is related with a process whose contribution to the over-
AK, and VL), remained stable (sample EW), or declined al- all painted galvanized steel impedance changes dynamically
most two orders of magnitude (sample ES). As the exposureas the exposure time elaps€gys. 2c, fillustrate that there
time went on, more significant differences between the paint was an induction period of about 22 days exposure for sam-
films resistance to the ionic flux were arisen. RAg. 2bil- ples AC, EW and ES; 70 days for AK or 97 days for sam-
lustrates, the best protective performance was afforded byple VL, before the appearance of this time constant, which
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is associated with the galvanized steel corrosion occurring associated to the development of the above mentioned di-
at the bottom of the paint film defects. Such period was, electric zinc corrosion products at the active zinc areas (pore
therefore, correlated with the capacity of each painting sys- bottoms). The evolution of these parameters over exposure
tem for delaying the corrosion inducing chemicals arrival to time is consistent with this idea sin€ should change as
the galvanized steel/primer interface and, consequently, thethe exposure time does, following the evolution of the active
development of the electrochemical double layer. In these zinc surface.
figures, it can also be seen that once initiated the corrosion
process, the protection systems worked of different manner.3.9. Immersion in agueous solution
The observed behavior is explained in terms of the electro-
chemically reactive area related with the double layer. Thus, Fig. 3b shows that the ionic resistancB;} values, and
the strong decline showed by the ionic resistarieg Of therefore the coating integrity, of painting systems EW, AK,
system AC made that the resistivig] and capacitive@,) ES and VL in contact with 0.5M NacCl solution were ap-
components of the zinc dissolution reaction were deconvo- proximately stable between4nd 16 Q cn? meaning that
luted after only 22 days exposure. Thereafter, they were to- along the test, the painted zinc layer stayed isolated of the
tally masked by a mass transport process, presumably, thesaline medium, but they continuously drop in sample AC
oxygen diffusion one under the actual experimental condi- reaching 18 cn? at 40 days. In 0.5M NSOy, Fig. 4h
tions. It is assumed that the reaction rate-determining stepthey performed similarly but, in this medium, the minimum
changed from the charge transfer (activated) to diffusion R; value for sample AC was measured at 80 days. Be-
control because of the relatively fast zinc dissolution reac- sides, inFig. 5b can be seen that no changeRa values
tion (R, < 10*Q crA). Consequently, a dense and compact was found when their evolution was monitored in all the
layer of hydrated zinc corrosion products grew and remained test specimens immersed in 0.25 M Nadd.25 M Ng SOy
trapped under and/or within the paint film creating a new solution.
dielectric barrier to be permeated by the cathodic reagents Referring to the dielectric capacitandg;f values of the
before reaching the reaction surface. same paint coating§;igs. 3e, 4e and 5ashow that the best
The time dependence of the Faradaic parameRersd>) protective behavior was again provided by the more resistive
corresponding to the corrosion process developed in sam-painting systems, which once the water saturation level was
ples AK and VL was in agreement with the changes showed reached, they exhibited a quasi-steady state. The stability of
by the resistive componenR() of the respective painting the dielectric capacitance of samples EW, AK, ES and VL
systems. Thus, the highd’f values measured in the alkyd regardless the electrolyte was, as well as the corresponding
topcoat/vinyl base primer (VL) system avoided the zinc to sample AC in 0.25M NaC} 0.25M Na SO, solution,
corrosion for 97 days exposure, while the barrier resistancearound 101° to 102 F cmi 2, it was demonstrative that the
afforded by the alkyd base painting (AK) system did it for intact part of the paint coating actually behaved like a dielec-
70 days, and then maintained very slow the zinc corrosion tric capacitor throughout the immersion test. On the other
rate (R2 ~ 1010 Q cm?). However, the alkyd topcoat/solvent  hand, a clear signal of deterioration of the barrier property
base-epoxy primer system (ES) gave lower barrier resistancesupplied by the system AC exposed to NaCl op8@, so-
than the alkyd topcoat/waterborne-epoxy primer system lution was illustrated by the significant increase of its ca-
(EW) but higher anticorrosive protection. This was attributed pacitance,C1 ~ 10°9Fcm2 (Fig. 39 and 107 Fcm 2
to the fact that the loss of adhesion suffered by the paint (Fig. 4€ respectively, at ending the test, although it was
system EW (sedable &) meant an increase of the electro- faster and worse in NaCl. This capacitance increase has been
chemically active zinc layer and, consequently, an inversely related in the literature to adhesion loss (delamination) at the
proportional decreases of the corrosion resistance value. metal/paint interface, which in turn makes easier the water
The low values of the double layer capacitance ¢ accumulation.
10 11t0 10-8 F cmi2) make possible to infer that the elec- The great stability as well as excellent protective prop-
trochemically active areas under the paint coat were ex- erties inferred from th&; andC; values are interpreted as
tremely localized. Assuming that the specific double layer neither the test solution resistivity in the conducting path-

capacitance of the bare metal@g ~ 20 x 108 Fcnm? ways within the paint film nor the size of the geometric area
[49], it could be estimated that such active areas (defined asrelated with the intact part of the same film changed during
A = C2/Cq) ranged between & 1076 and 1x 10~3cn?, the immersion test in different electrolytes. Likewise, it is

it is to say, 0.00002-0.062% of the whole painted §253. assumed that the protection given by the painting system AC
Figs. 2d, gpoint out that the third time constariR{Cg) exposed to 0.5M NaCl or N8O, solution failed because
appeared precisely by fitting samples EW impedance dataits poor barrier resistance cannot prevent the anion arrival
obtained after 53 days exposure. At this time, the chargeto the metallic surface. These corrosion inducing chemi-
transfer resistancdzf) of the zinc dissolution reaction be- cals, acting together with the water accumulated within and
came almost two orders of magnitude less than its initial under the paint film provoked the appearance of a driving
value. This means that a significant increase in the corro-force able to overcome the activation energy of the anion
sion rate took place. In principle, this appearance could be diffusion process. In such circumstances, and after a certain
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induction period dependent mainly on the anion character- presented the best overall anticorrosive behavior when im-
istics has elapsed, the corrosion of the underlying zinc layer mersed in 0.5M NaCl, 0.5M N&Oy or 0.25M NaCl+
initiated. Not only is the size and electric charge of CI  0.25M NgSQ, solution. All of these systems plus the AC
ions less than the corresponding to80but also greater  one showed certain degree of rusting and/or blistering after
the solubility of its reaction products. Therefore, it could the exposure test to the salt spray chamber.
be presumed that the CHiffusion rate from the electrolyte The painting system AC presented the worst anticorrosive
bulk throughout the organic coating layer would be less af- performance under immersion conditions in 0.5M NaCl or
fected by eventual steric and/or electrochemical interactions0.5M NaSO, solutions as well as during the exposure to
with the coating reactive species. An evidence that the Cl the salt spray chamber. In both solutions, the zinc molybde-
ions not only would arrive faster but also provoke more num phosphate incorporated to the primer as anticorrosive
deterioration at the pre-treated zinc/primer interface can bepigment revealed to be less efficient in these very aggres-
seen by comparingigs. 3c, f, and 4c, {see alsdable b). sive exposure conditions if the ionic resistance (i.e. barrier

The experimental results plotted in these figures corrobo- resistance) is poor.
rate that there was an induction period before the appearance The difference between initial and final results provided
of the second time constariR{C,), which was associated by the tape-test method showed that the loss of adhesion is
to a Faradaic process whose contribution to the overall not limited to the inside part of the electrolyte containing
impedance of the test specimens became meaningful as theell but it can spread up to certain distance due to electrolyte
exposure time elapses. As it was above mentioned, suchlateral diffusion at the paint/metal interface.
period is related with the protective capacity of each paint  All laboratory tests involved in this work were useful in
and, consequently, with the delay to form the electrochem- order to understand the behavior of the studied paint systems
ical double layer on the underlying metal surface. Besides subjected to simulate but highly aggressive environments.
the found delay was more significant in 2§80, than in The good correlation between standardized (blistering,
NaCl solution, it can be seen that the parameters governingrusting, adhesion, salt spray chamber) and electrochemi-
the zinc corrosion proces®{ andC,), keep an almost lin-  cal (impedance spectra, corrosion potential) tests allowed
ear relationship with those describing the evolution of the explaining some troubles observed in practice and, on this
paint film protective propertiedf andC;). Thus, samples  base, to make changes in the paint formulations to maintain
AC did not only have the lower barrier resistance but also their appearance as long as possible. Besides, the rather
showed the worst corrosion behavior. scattered results observed by comparing the anticorrosive

Figs. 3d, g and 4d, goint out that the third time con-  protective properties afforded by a given painting system
stant R3Cs) appeared only in samples AC showing the zinc exposed to different media support the idea that extrapo-
corrosion reaction. Furthermore, they also allow to observe late protective performances from an exposure condition to
that: (1) the time necessary for its clear definition was very other is absolutely risky.
much shorter in NaCl than in N&80y; (2) the resistive com-
ponent R3) remained constant but the capacitive ofig)(
increased as a function of the immersion time in NaCl. This Acknowledgements
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