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The influence of a tannin pretreatment applied to

slightly rusted steel panels on the anticorrosive

performance of alkyd paint systems has been in-

vestigated using electrochemical impedance

spectroscopy (EIS) and open circuit potential meas-

urements. From EIS and corrosion potential data

analysis it was found that (1) there is not a signifi-

cant influence of the tannin pretreatment on the

anticorrosive protection level, which depends par-

ticularly on the barrier effect afforded by the applied

paint system (however, as the corrosion process starts,

tannins may cause the repassivation of steel); (2)

the enhancement of the protection level afforded by

the tannin primer was restricted to short immer-

sion periods and corrosive media that were not

very aggressive; and (3) water uptake was not

significantly affected by the presence of the tannin

primer.

INTRODUCTION

T
he presence of corrosion products or artificially cre-
ated conversion layers affects not only the protec-
tive capacity of different paint systems but also has

important economic significance. Sometimes it is not pos-
sible to obtain optimum surface preparation due to eco-
nomical and/or environmental reasons. Therefore, a num-
ber of coatings that provide, in principle, efficient protec-
tion to rusted and contaminated steel surfaces have been
developed. Tannins are used in such coatings as corro-
sion inhibitors in both solventborne and waterborne paints
applied on partially rusted substrates in order to reduce
the need for surface cleaning efforts. They have often been
referred to as rust stabilizers because they turn the active
rust into quasi-inert protective compounds. Tannins are
polyphenols of vegetal origin, and the positioning of hy-
droxyl groups in the aromatic rings makes them able to
form chelates with iron. Ferric tannates of dark blue color
are highly insoluble and can act as electric insulators
between anodic and cathodic sites formed at the metal
surface.1-7

Knowles et al.8 found that a properly applied aqueous
solution of tannin lasted twice as long as a phosphate
coating under accelerated testing conditions. On the other
hand, in external weathering, in an unsealed state, the
protection afforded by tannin treatment lasts from one to
three weeks. They also found that (1) the reaction was
oxygen dependent; (2) iron tannate formed at anodic sites
while hydrogen discharged at cathodic points on the metal
surface, respectively; and (3) a tannin layer played an
important role beneath a paint film.

Later, Shreir9,10 discovered that the addition of phos-
phoric acid to a tannin solution has a synergistic effect,
since it provides a much higher corrosion resistance than
that formed by either of the constituents used alone. The
phosphoric acid and tannin concentrations may reach
55% and 10%, respectively.11 Tannins react with the metal
oxide layer giving an insoluble, black, amorphous, and
highly reticulated ferric tannate film, which has protec-
tive properties. This film contains free tannin and its iron
content is about 2.5%.3,5, 7-12

Paint life depends on several factors, such as the metal-
lic substrate, the selected paint system, and the paint-
substrate interface.13 Paint selection is generally based on
aggressive medium properties. The metal treatment before
painting has a substantial impact on the useful life of the
selected system.

The aim of the present research was to study the
anticorrosive capacity of coating systems containing a
tannin primer applied to steel sheets with a slight degree
of oxidation. The primed steel panels were covered with
anticorrosive alkyd paint pigmented with zinc molybde-
num phosphate (30% v/v) and/or a topcoat alkyd paint
pigmented with titanium dioxide (20% v/v). Then, the
samples were exposed to either 0.5M NaCl or 0.5M NaClO4

solution. Defining t as the tannin based primer; A as the
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anticorrosive paint; and T as the topcoat paint, the protec-
tive capacity was evaluated for the following painting
systems: (i) t + T; (ii) t + A; (iii) t + A + T; (iv) A + T; (v) A;
and (vi) T. In view of the many applications that
electrochemical impedance spectroscopy has found in
coating studies,14-18 this technique was used as a tool to
compare the deterioration process of the various coating
systems under test conditions.

EXPERIMENTAL DETAILS

Primer Preparation

The primer preparation was as follows: 10 mL of phos-
phoric acid solution (30% w/w) was added to a 6 g sus-
pension of chestnut tannin in 40 mL of distilled water and
treated according to a process whose patent has not been
approved yet19,20 to enhance its adhesive strength on steel.
Chestnut tannin was selected because of its high reactiv-
ity with iron.2 The treated tannin was filtered off to elimi-
nate insoluble matter and mixed with a 40% aqueous
solution of an acrylic resin prepared as described else-
where.21 Adding 2 mL of Texanol® and a flash rusting
inhibitor (3 mL of 10% ammonium molybdate solution)
completed the primer formulation. The system was al-
lowed to settle for 24 hr and filtered again if necessary.

Anticorrosive and Topcoat Paints

The anticorrosive paint was formulated with a medium
solventborne alkyd binder pigmented with zinc molybde-
num phosphate (30% v/v) and a 0.8 PVC/CPVC ratio. Its
anticorrosive performance was previously assessed.22 The
topcoat was also an alkyd paint containing 20% of solid
resin (the same employed for the anticorrosive paint), 20% of
titanium dioxide, and 60% of solvent (white spirit).

Paint System Application

The primer was brush applied onto SAE 1010 steel
panels (15.0 � 7.5 � 0.2 cm), previously degreased with
toluene, up to a thickness of 10 ± 2 µm. Test panels had a
low surface roughness (average 0.78 µm) and slight rust.
The low surface roughness was selected to perform the
test under conditions where adhesion of the first coat
would be poor. Surface roughness was measured employ-
ing a Hommel Tester model T-1000. The primed panels
were kept in a laboratory atmosphere (RH 40 ± 5% and 20
± 2°C) for seven days to ensure complete curing. They were
then coated with anticorrosive and/or topcoat paints. The
dry film thickness was measured with an Elcometer instru-
ment Model 300, using a bare plate and normalized pattern

standards of known thickness as reference. Mean values are
shown in Table 1. Samples were tested in triplicate.

In order to perform the electrochemical measurements,
two acrylic tubes were attached to each coated panel (work-
ing electrode) with an epoxy adhesive to get good adhesion.
The geometric area for each cell exposed to the electrolyte
was 15.9 cm2. A large area Pt-Rh mesh of negligible imped-
ance and a saturated calomel (SCE) were employed as aux-
iliary and reference electrodes, respectively. The electrolyte
was either 0.5M NaCl or 0.5M NaClO4 solution, whose pH
was adjusted to 8.2 by means of sodium bicarbonate.

All impedance spectra, in the frequency range 10–3

Hz�f�1.105 Hz, were performed in the potentiostatic
mode at the corrosion potential, as a function of the expo-
sure time to the electrolyte solution, using the 1255
Solartron FRA and the 1286 Solartron EI. The amplitude
of the applied AC voltage was 10mV peak to peak. The
experimental impedance spectra were interpreted on the
basis of equivalent electrical circuits using a suitable fit-
ting procedure (Zplot�).

The value of the water permeability coefficient for each
coated steel/electrolyte solution system was also deter-
mined. The dielectric capacitance evolution was meas-
ured as a function of the immersion time until a constant
value was attained (approximately three hours immer-
sion). Such measurements were performed in the
potentiostatic mode at a frequency of 2.104 Hz and the
water permeability coefficients were obtained with the
calculus method reported elsewhere.21 All the
electrochemical experiments were carried out at labora-
tory temperature (20 ± 2°C) using a Faraday cage.

EXPERIMENTAL RESULTS

Water Permeation

Resistance to water permeation is a very important prop-
erty of protective coatings. Data on water diffusion, solu-
bility, and permeability coefficients corresponding to tested
paint films are summarized in Table 2. The pretreatment
film applied alone on the steel surface could not be evalu-
ated because the high paint coating porosity gave results
beyond the fitting capability of the model.23 The main
findings here are: (a) water permeation was almost al-
ways greater in NaClO4 than in NaCl solutions; (b) for
both electrolytes, the presence of the thin pretreatment
film has a different effect on the water permeability coeffi-
cient value as a function of the paint system structure. So,
when the system (AT) was used, the presence of the pre-
treatment coat enhanced the resistance to the water up-
take (Table 2—Systems tAT and AT). On the contrary,
when only A or T are present the influence of the tannin
coat is the opposite (Table 2—Systems tA-A and tT-T); and
(c) for both electrolytes, systems containing only A or T
were more permeable than the system (AT) and that differ-
ence was two or three times greater when the tannin
pretreatment was present.

Electrochemical Measurements

In order to improve our knowledge of the mechanism,
by which the previously mentioned coated steel panels

Table 1—Primer and Paint Films Thickness

Tannin Primer Anticorrosive Alkyd Topcoat  Alkyd

System (µm) Paint (µm) Paint (µm)

t+T = tT ............ 10±2 — 60±4
t+A+T = tAT .... 10±2 30±3 30±3
A + T = AT ....... — 35±3 35±3
t + A = tA ........ 10±2 60±4 —
A ...................... — 60±4 —
T ....................... — — 60±4
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were protected against corrosion, corrosion potential and
impedance measurements as a function of exposure time
in NaCl or NaClO4 solutions were carried out.

EQUIVALENT CIRCUIT MODEL: Impedance spectra provide
important information related to both the organic coating
deterioration evolution and the kinetics of the corrosion
process suffered by the underlying steel substrate. The
dynamic character of both the membrane conductivity
and the corrosion products (basically rust) formation, as
well as the shifts in the disbonded area, account for
changes in the coated steel/electrolyte system’s imped-
ance spectra throughout the immersion time. In order to
give a physical explanation of such changes, as well as to
obtain a more accurate and less time-consuming curve
fitting procedure from experimental impedance data, non-
linear least squares algorithms and the equivalent circuit
models shown in Figure 1 were used.24-27 This figure rep-
resents the parallel and/or series connection of a number
of resistors and capacitors, simulating a heterogeneous
arrangement of electrolytically conducting paths. Thus, R
represents the electrolyte resistance between the reference
(SCE) and working (coated steel) electrodes. R1 is the re-
sistance to the ionic flux—describing paths (pores, low
crosslinking) of lower resistance to the electrolyte solution
penetration short-circuiting the organic coating—whose
value usually is being used as a criterion of coating integ-
rity. C1 is then the dielectric capacitance actually repre-
senting the intact part of the paint film, whose value is
associated with the water uptake.28 Once the permeating
species (water, oxygen and ions) reach electrochemically
active areas of the substrate at the bottom of the paint film
pores, the corrosion process became measurable so that
the proper parameters, i.e., the electrochemical double
layer C2 and the charge transfer resistance R2, can be
estimated. R2 and C2 values vary, respectively, directly by
and inversely with the attacked metallic area. Sometimes,
when the strength of the bonding forces at the paint/
substrate interface are affected (e.g., by wet adhesion),
facilitating lateral diffusion of the electrolyte, a second
faradaic process under intact parts of the coating film
could be numerically separated,29 causing the appear-
ance of another time constant (R3C3).

Figures 2a and 3a show the corrosion potential (Ecorr)
dependence on the exposure time to either NaCl or NaClO4

solutions, respectively. Both figures illustrate that some
protective effect was afforded by the different paint films
since the Ecorr value of coated steel panels was at least 0.1-
0.15 V/SCE more positive than the value expected for
uncoated steel (~–0.75V/SCE) measured under similar
conditions. Protection was greater in NaCl (Figure 2a)
than in NaClO4 (Figure 3a). Not only was the coated steel
Ecorr displacement towards more active values delayed,
but also its value remained at approximately –0.3V/SCE
for systems tT, AT, and T, while in NaClO4 only system
AT fulfilled this condition. In essence, the more negative
the measured potential becomes, the more susceptible it is
to corrosion in the underlying steel.

The premature appearance of the first (R1C1), second
(R2C2) and, in some cases, a third (R3C3) loop, suggests
that the performance of untreated as well as pretreated
painted steel sheets was so poor that the effect of the
pretreatment almost could not be detected.

Due to the low paint system thickness as well as to its
relatively high water, oxygen, and ionic permeability, the
coatings conductivity increased after just a few hours of
immersion in the aqueous electrolytes. Therefore, the val-
ues of the resistance R1 and the dielectric capacitance C1

could be calculated. Almost simultaneously, the permeat-
ing species reaching the steel substrate made it possible to
determine the electrochemical double layer capacitance,
C2, and the charge transfer resistance, R2, for most sam-
ples. It is important to point out that for systems AT and A
values corresponding to the equivalent parameters R3

and C3 were also obtained.

Information derived from impedance data suggests that
the ionic resistance R1 (Figures 2b and 3b) and dielectric
capacitance C1 (Figures 2c and 3c) dependence on expo-
sure time indicate that a constant deterioration of the
paint systems took place, particularly when submerged in
the NaClO4 solution. In both electrolytes, the initial R1

value for almost all the samples was in the range of 106 -108

�cm2, the exception was system A when exposed to NaCl
which had an R1 initial value of �104 �cm2.

With increased immersion time, both plots show that
the R1 evolution was clearly different for each system and
dependent on the electrolyte composition. So, when im-
mersed in NaCl, R1 values for samples tT, AT, and T
remained almost stable up to the end of the test. For sys-
tems tAT, tA, and A the behavior was different, a more
significant decrease was observed as being faster for sys-
tems tA and A. Coupled to this parameter through the
time constant R1C1, attributed to the organic coating re-
laxation, the dielectric capacitance C1 evolution shows
either fluctuations between 10-10-10-8 Fcm-2 for samples
tT, tAT, AT, and T or a continuous increase up to �10-6

Fcm-2 for samples tA and A.

On the other hand, the R1 evolution in the NaClO4

solution showed that a fast and continuous decrease of
the ionic resistance took place, being less significant for
system AT. The corresponding C1 time dependence also
describes a rapid degradation of the paint system protec-
tive properties, since they reach values close to or, in some
cases, greater than those corresponding to bare steel in the
same medium. After 20 days of exposure no visual sign of

Table 2—Diffusion (D), Solubility (S) and Permeability (P)
Coefficients of the Tested Paint Films

D x 109 S x 102 P x 1010

System  (cm2s–1) (dimensionless)  (cm2s–1)

NaCl Solution

tT .......................... 1.1192 1.921 2.149
tAT ....................... 0.9293 1.267 1.177
AT ......................... 1.0762 1.271 1.364
tA ......................... 1.4614 1.986 2.902
A .......................... 1.9073 1.255 2.393
T ........................... 1.1045 1.556 1.718

NaClO4 Solution

tT .......................... 1.3529 1.636 2.213
tAT ....................... 0.9932 1.286 1.277
AT ......................... 1.1625 1.4898 1.730
tA ......................... 1.4408 1.979 2.851
A .......................... 1.9856 1.269 2.519
T ........................... 1.0701 2.053 2.196
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DISCUSSION

The present work is part of an ongoing research program
performed at CIDEPINT on the electrochemical phenom-
ena occurring in and under conventional or recently de-
veloped paint films and/or paint systems covering differ-
ent metallic substrates. Likewise, problems related with
adhesion defects in films, porosity, metal/coating adhe-
sion, surface preparation and/or pretreatment, blistering,
and cathodic protection of painted metals are also matters
of interest. So, a comparative study of the anticorrosive
capacity of paint systems covering steel sheets with or
without a surface pretreatment based on a tannin solution
has been performed.

From the coatings point of view, barrier and permeabil-
ity properties are of great interest because they control the
corrosive species (water, oxygen, and ions) transport
through them, as well as the active pigments dissolution
and supply to the metal substrate. Reliable data on water
permeability, corrosion potential, and impedance evolu-
tion of coated metals provides valuable information to
select and design the most adequate protective paint sys-
tem for each practical situation.

According to Ritter and Kruger,30 it may be assumed
that different amounts of water, oxygen, and ions can
permeate the coating in the first hours of immersion in
saline solutions. In the systems tested in this research
work, such a process could be attributed to the fact that the
air dried alkyd paint films contain an appreciable amount
of water-soluble material and tend to absorb water and
swell.31 In addition, the absorbed water has some plasti-
cizing effect on the alkyd film structure and, as a conse-
quence, it also facilitates the movement of molecules
through the paint system.

Table 2 shows that the water permeability values for
systems tAT were lower than those for systems AT in
NaCl as well as in NaClO4 solutions. In principle, these
results may be attributed to the fact that the higher number
of coats applied to form the complete paint system im-
proved the barrier to water diffusion.32 However, the op-
posite behavior was observed when permeability values
of samples tT, T and tA, A were compared. In order to
explain this disagreement, it is assumed that such a result
derives from the different effect that the different substrate-
paint film interactions provoke on the paint film struc-
ture.33 As can be seen in Table 2, the diffusion coefficient of
sample tT in the NaCl solution is almost equal to that of
sample T, while the solubility of the tT is higher. This
difference may be attributable to the fact that the porous
layer formed by the tannin primer increases the free vol-
ume within the coating and, therefore, the amount of wa-
ter dissolved (solubility). Due to the chemical inertia of the
pigment content in the topcoat paint, no noticeable change
in the mobility of water molecules (diffusion) was meas-
ured. However, when the behavior of samples tA and A
were compared a somewhat different result was found.
So, while the increase of solubility was found again, it
was accompanied by changes in the mobility of water
molecules (diffusion). We speculate that the change of the
underlying substrate, which is the main modification of the
steel/coating system, could change, in some unexplained
way, not only the coating structure but also the mechanism
and/or energy of interactions between diffusing water mol-

Figure 1—Equivalent circuit models.

deterioration was detected in any painted sample. Never-
theless, there was underfilm corrosion in samples AT, A,
T and tT, AT, A, T exposed to NaCl or NaClO4 solutions,
respectively.

Figures 2d-2e and 3d-3e exhibit representative diagrams
of charge transfer resistance R2 and electrochemical dou-
ble layer capacitance C2 behavior of the painted steel
sheets as a function of the exposure time in both solutions.
In Figure 2d, it can be seen that R2 values for systems tT,
AT, and T remained oscillating around 106-107 �cm2 dur-
ing all the immersion period. For system tAT, the behavior
is quite similar up to 70 days of immersion when R2

decreased suddenly and approximately three orders of
magnitude. In the case of system A, the resistance dimin-
ished up to 60 days of immersion and then stabilized at
~102 �cm2. Finally, R2 values for system tA can only be
determined from 10 to 50 days of immersion and they
remained approximately constant at ~104-105 �cm2. On
the other hand, Figure 3d shows that all the samples
exposed to NaClO4 presented a general tendency to di-
minish their impedance. So, for systems A and T corrosion
took place just after immersion, while, for the other sys-
tems, the corrosion process began later, eight days for
systems tT and AT, and 17 or 25 days for systems tAT and
tA, respectively. In agreement with the described resistive
changes, the evolution of the coupled capacitance C2

shows an outstanding increase in relation with their ini-
tial values. Thus, as can be seen in Figures 2e and 3e, the
capacitance magnitude starts around 10–9-10–7 Fcm–2 (for
the more resistive systems) or at 10–5 -10–3 Fcm–2 (for the less
resistive ones). In these cases, the painted steel corrosion
was so fast that the testing of the affected systems had to be
interrupted.

With regard to the third time constant (R3C3), it is im-
portant to note that it not only appeared in painted steel
panels without the tannin pretreatment, but it was also
very difficult to determine if it was present. The underfilm
charge transfer resistance R3 remained almost constant at
about 105-106�cm2 for sample AT and A in NaCl (Figure
2f), but it showed significant changes in NaClO4 (Figure
3f). The coupled underfilm double layer capacitance C3

either stayed stabilized (Figure 2g) or showed a rather
increasing value (Figure 3g) as the exposure time elapsed.
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ecules and, in this case, the reactive anticorrosive pigment
particles within the coating film.

Corrosion potential (Ecorr) changes, as a function of the
exposure time to aqueous media, have been successfully
used as a simple tool to study the corrosion protection
afforded by organic coatings.34-37 As can be seen in Fig-
ures 2a and 3a, the Ecorr moved more or less quickly from
their initial values towards more negative ones as a con-
sequence of both the relatively easy electrolyte permea-
tion, due mainly to the low paint coating thickness.
However, independent of the solution corrosiveness or
the applied painting scheme, the steel substrate remained
relatively protected from the corrosive attack. As it was
mentioned earlier, this conclusion arises from the fact
that the measured Ecorr value in each painted steel panel
was more positive than that corresponding to the bare
steel exposed to similar conditions (� -0.75V/SCE). An
important fact derived from these results is that just
after immersion the protection against corrosion pro-
vided by the tannin primer film was more effective in
NaCl than in NaClO4. According to Romagnoli et al.,21

such protection may be attributed to both the steel sur-
face phosphatizing afforded by the phosphoric acid
present in the primer formulation and the pore block-
age due to the ferric tannate formed
from the chemical reaction among
tannins and steel corrosion prod-
ucts. Later, when this kind of protec-
tion was lost, or at least seriously
diminished, other protective forms
such as the anticorrosive (through
the zinc molybdenum phosphate
pigment) and/or the barrier (pro-
vided by the alkyd resin/titanium
dioxide pigment) continued being
more or less active. With regard to
the first case, several authors38,39 sug-
gested that both the phosphate and
the molybdenum compounds con-
tribute to the anticorrosive mecha-
nism through an effective steel
repassivation at the underpaint crev-
ices and pits.

A good description of the imped-
ance spectra was attained through
the transfer function analysis using
nonlinear least squares fit routines.
The paint system as well as the steel
substrate deterioration takes place
from processes having a complex na-
ture. Consequently, in order to both
interpret and explain electrochemi-
cally the time dependence of the ac-
quired impedance data, it has been
necessary to propose appropriate
equivalent circuit models. Thus, in
Figures 2b-2g and 3b-3g, the relative
performance of samples tT, tAT, AT,
tA, A, and T (see Table 1) under im-
mersion conditions in NaCl or
NaClO4 solutions is assessed by the
variation of Ri and Ci with the expo-
sure time.

Figures 2b and 3b show representative diagrams of the
resistive component of the coatings impedance. The ionic
resistance (R1) values for the different paint systems im-
mersed in NaCl were stable and approximately constant
between 106-108 �cm2 for samples tT-AT-T, they slowly
drop to 105 �cm2 for sample tAT and, in the case of samples
tA-A the values ranged between 103-104 �cm2 and they
were independent of the presence of the chestnut tannin
primer. On the other hand, R1 values were strongly depend-
ent on the presence of the topcoat. In NaClO4 the behavior
was completely different: a constant decrease in the R1 val-
ues was observed, being less significant for system AT.
Referring to the dielectric capacitance (C1) values, which
are associated with the amount of water permeated within
and under the paint film, Figures 2c and 3c show that the
best protective behavior was also provided by the more
resistive schemes. As a general rule, the C1 of these samples
remained in the range 10–8-10–10 Fcm–2, which is a charac-
teristic magnitude of less deteriorated organic coatings;
whereas, in the rest of them and for both electrolytes, the
capacitance increased gradually up to reach the normal (�3-
20.10–6  Fcm–2) or even greater (�10–4-10–3 Fcm–2) value of the
electrochemical double layer of the bare steel in these media
(i.e., when the coating protective properties are totally lost).

Figure 2—Time dependence of (a) Ecorr, (b) R1, (c) C1, (d) R2, (e) C2, (f)
R3, and (g) C3 of tested painted steel systems when immersed in NaCl.
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As a general hypothesis, it is assumed that the con-
stancy of R1 and C1 was mainly due to the fact that neither
the specific conductivity of the test solution nor the geo-
metric size of the areas related with the electrolyte con-
ducting paths and the intact part of the coatings were
significantly affected within the immersion time. Besides,
it is also assumed that when some of the coated steel
samples were exposed to NaCl, the low coating thickness
and the strong corrosiveness of this electrolyte made the
fast formation and gathering of insoluble steel corrosion
products possible, which reacted with the tannin primer
producing ferric tannate, either within and/or at the bot-
tom of the weaker and defective paint film areas. It is
thought, therefore, that the combined action of the de-
scribed sealing effect and the blocking layer formed by the
saponification reaction products (soaps) of the alkyd film
certainly had a synergistic effect in reinforcing the paint
system barrier properties. In other cases, however, such
an improvement could not be effective due to either the
intrinsic high porosity (i.e., poor barrier property) of the
paint layer (samples tA and A in NaCl) and/or the slow
rate of the reaction products development (most of the
samples immersed in NaClO4). Consequently, the protec-

tive system deterioration prevailed over
the anticorrosive and/or sealing-type
effect.
     Impedance data show that the sec-
ond time constant (R2C2) is related to a
process whose contribution becomes
meaningful as the exposure time
elapses. Figures 2d-2e and 3d-3e illus-
trate that there was an induction pe-
riod before the appearance of this sec-
ond time constant, which became per-
ceivable at the intermediate and/or low
frequency range. Such a period was,
therefore, correlated with the capacity
of each painting system for delaying
the corrosive agents’ diffusion towards
the steel/organic coating interface,
and, consequently, the development of
the electrochemical double layer. Be-
sides, it can be seen that, in general,
the mentioned delay was more signifi-
cant in systems containing the tannin
primer (systems tT and tAT in NaCl
and tAT and tA in NaClO4). Moreover,
the time dependence of parameters R2

and C2 keeps an almost linear coher-
ence with that related with the coating
ones (R1 and C1). Thus, samples tA and
A in NaCl as well as tT, tAT, tA, A, and
T in NaClO4 not only had the slower
barrier resistance but also showed the
worst corrosion behavior. In fact, for
some samples the attack spread uni-
formly over the entire panel surface and
was fast enough to provoke the test in-
terruption at shorter exposure times.

     The rapid loss of the effective pro-
tective properties was basically attrib-
uted to the relatively low painting sys-
tem thickness and the fact that some of

them are not appropriate for use under continuous im-
mersion conditions. However, findings derived from the
experimental results and the extensive search made in
order to explain differences in their anticorrosive perform-
ance could have important applications.

When the rusting kinetics corresponding to treated
and untreated samples was compared, the slower rate
measured in the treated ones was attributed to the fact that
the tannin primer contributes effectively to the anticorrosive
mechanism provided by the zinc molybdenum phosphate.
Natural tannins perform their corrosion inhibition action
forming structurally amorphous iron tannates.4,40,41 Those
are mainly ferric tannates, which, together with other
reaction products, block the active sites at the steel sur-
face, protecting it through the kinetics hindering mecha-
nism.3,4,42,43 In addition to this corrosion inhibitive effect,
when the applied coating formulation contained zinc
molybdenum phosphate, steel corrosion protection was
enhanced. This pigment protects steel by precipitation of
a ferric phosphate layer, which is partially adhered to the
metallic surface. Loose ferric phosphate contributes to
seal the paint film pores. Another factor providing greater
charge transfer resistance at the steel/alkyd-based paint

Figure 3—Time dependence of (a) Ecorr, (b) R1, (c) C1, (d) R2, (e) C2, (f)
R3, and (g) C3 of tested painted steel systems when immersed in
NaClO4.
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interface is the formation of soaps by the reaction of the
pigment with the alkyd resin.44-47

Figures 2f-2g and 3f-3g point out that the third time
constant (R3C3) appeared only for samples without tan-
nin primer. Besides, they also show that (1) the time of
appearance in both electrolytes was different, being shorter
in both NaClO4 (system A) or in NaCl (system AT); (2) the
time constant value remained almost constant in NaCl
but not in NaClO4; (3) diffusional control was associated
to a faradaic process taking place at the steel/paint inter-
face where intact parts of the paint system are weakly
adhered to the steel panel; and (4) as R3 and C3 values
depend respectively directly and indirectly on the
electrochemically active area, the experimental results al-
low one to infer that the delaminated area either did not
change (NaCl) or else increased (NaClO4).

CONCLUSIONS

� Water uptake was not significantly affected by the
presence of the tannin primer. Its value was strongly de-
pendent on the electrolyte as well as on the barrier proper-
ties of the applied anticorrosive system.

� In electrolytes that were not very aggressive, the
presence of the tannin primer delayed the corrosion pro-
cess due to the formation of ferric tannates at the interface.

� The enhancement of the protection level afforded by
the tannin primer was restricted to the first weeks of im-
mersion, after which no influence was detected.

� The anticorrosive protection level depends particu-
larly on the barrier effect afforded by the applied paint
system rather than on the tannin pretreatment presence.
However, as the corrosion process starts, tannins may
cause the repassivation of steel.

� The protective performance of the tested
anticorrosive systems was more effective when exposed to
NaCl than to NaClO4 solutions.

ACKNOWLEDGMENTS

The authors would like to thank the Comisión de
Investigaciones Científicas de la Provincia de Buenos Aires
(CIC), the Consejo Nacional de Investigaciones Científicas
y Técnicas (CONICET) and the Universidad Nacional de
La Plata for their financial support of this research work.

References

(1) Des Lauriers, P.J., Mat. Performance, 26 (11), 35 (1987).
(2) Vetere, V.F. and Romagnoli, R., Surf. Coat. Int., 81 (8), 385

(1998).
(3) Seavell, A.J., J. Col. Chem. Assoc., 61 (12), 439 (1978).
(4) Faure, M. and Landolt, D., Corros. Sci., 34 (9), 1484 (1993).
(5) González, M.I. and Abreu, A., Revista de Cs. Qcas. de La Habana,

15, 315 (1984).
(6) Ross, T.K. and Francis, R.A., Corros. Sci., 18, 351 (1978).
(7) Joseph, G. and Vallejos, R., Rev. Iberoam. de Corros. y Protección,

XIX (6), 799 (1990).

(8) Knowles, E. and White, T., J. Oil & Colour Chemists' Assoc., 41,
10 (1958).

(9) Shreir, L.L., British Patent 802276, 1958.
(10) Shreir, L.L., New Scient., 23, 332 (1964).
(11) Alvarez, Z.E., Calloso, I., and Valdez, D., Rev. Iberoam. Corros.

y Protección, 18 (1), 35 (1987).
(12) Morcillo, M., Feliú, S., Simancas, J., Bastidas, J.M., Galván, J.,

Feliú. S. Jr., and Almeida, E.M., Corrosion, 48 (12), 1031 (1992).
(13) Leidheiser, H. Jr., Corrosion, 38, 37 (1982).
(14) Mansfeld, F., Kendig, M.W., and Tsai, S., Corrosion, 38 (9), 478

(1982).
(15) Pebere, N., Picaud, T., M. Duprat, M., and Dabosi, F., Corros.

Sci., 29 (9), 1073 (1989).
(16) Armstrong, R.D. and Wright, D., Electrochim. Acta, 38 (14),

1799 (1994).
(17) Deflorian, F., Fedrizzi, L., and Bonora, P.L., Electrochim. Acta,

38 (12), 1609 (1993).
(18) Tan, E.K., Bellucci, F., Kleppers, M.J., and Latinision, R.M.,

“Proc. of the 4th International Symp., Material Science Forum,”
111-112, 177 (1992).

(19) Vetere, V.F., Amalvy, J.I., Romagnoli, R., and Pardini, O.R.,
Argentina Patent Application No. 199801011263, March 1998.

(20) Amalvy, J.I., J. Appl. Polym. Sci., 59, 339 (1996).
(21) Pardini, O.R., Amalvy, J.I., Di Sarli, A.R., Romagnoli, R., and

Vetere, V.F., “Formulation and Testing of a Waterborne Primer
Containing Chestnut Tannin,” JOURNAL OF COATINGS TECHNOLOGY,
73, No. 913, 99 (2001).

(22) del Amo, B., Romagnoli, R., and Vetere, V.F., Corrosion Reviews,
XlV (1-2), 121 (1996).

(23) Schwiderke, E.E. and Di Sarli, A.R., Prog. Org. Coat., 14, 297
(1986).

(24) Ferraz, O., Cavalcanti, E., and Di Sarli, A.R., Corros. Sci., 37 (8),
1267 (1995).

(25) Seré, P.R., Santágata, D.M., Elsner, C.I., and Di Sarli, A.R., Surf.
Coat. International, 3, 128 (1998).

(26) Santágata, D.M., Seré, P.R., Elsner, C.I., and Di Sarli, A.R.,
Prog. Org. Coat., 33, 44 (1998).

(27) Seré, P.R., Armas, A.R., Elsner, C.I., and Di Sarli, A.R., Corros.
Sci., 38 (6), 853 (1996).

(28) Leidheiser, H., Jr. and Kendig, M.W., Corrosion, 32, 69 (1976).
(29) Gabrielli, C., Keddam, M., Mattos, O.R., and Takenouti, H., J.

of Electroanal. Chem., 117, 813 (1987).
(30) Ritter, J.J. and Kruger, J., Corrosion Control by Organic Coatings,

Leidheiser, H., Jr., (Ed.), NACE, Houston, TX, 28, 1981.
(31) Byrnes, G., Generic Coating Types. An Introduction to Industrial

Maintenance Coating Materials, Technology Publishing Com-
pany, Smith, Ll. M. (Ed.), Pittsburgh, PA, 19 (1996).

(32) Di Sarli, A.R. and Giúdice, C.A., Corrosion Prevention & Control,
35 (4), 99 (1988).

(33) Hare, C.H., Protective Coatings. Fundamentals of Chemistry and
Composition, Technology Publishing Company, Pittsburgh, PA,
352 (1994).

(34) Armas, R.A., Gervasi, C., Di Sarli, A.R., Real, S.G., and Vilche,
J.R., Corrosion, 48, 379 (1992).

(35) Mayne, J.E.O., J. Iron Steel Inst., 176, 140 (1954).
(36) Meszáros, L. and Lindquist, S.A.A., “Proc. Eurocorr ‘82,”

section 11, 147 (1982).
(37) Morcillo, M., Barajas, R., Feliú, S., and Bastidas, J.M., J. Mat.

Sci., 25, 2441 (1990).
(38) Guenbour, A., Faunchen, J., and Bachir, A.B., Corrosion, 44 (4),

214 (1988).
(39) Ambrose, J.R., Corrosion, 34 (1), 27 (1978).
(40) Matamala, G., Smeltzer, W., and Benavente, R., “Proc. Surface

Modification Technologies 3,” Neufchatel, Switzerland, 403
(1989).

(41) Matamala, G. and Smeltzer, W., Final Report to the iDRC
Project, Ottawa, Canada, Int. Development Research Centre,
1990.

(42) Szauer, T., Prog. Org. Coat., 10, 157 (1982).
(43) Vachini, D., Anticorrosion, 32 (9), 9 (1985).
(44) Mayer, G., Farbe und Lack, 69 (7), 528 (1963).
(45) Ibid., 71 (2), 113 (1965).
(46) Romagnoli, R. and Vetere, V.F., Corrosion, 51 (2), 16 (1995).
(47) Mayne, J.E.O., Br. Corros. J., 5 (5), 106 (1970).


