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ABSTRACT

In the present paper, three different coatings (epoxy, alkyd, polyurethane paints) were characterized by
electrochemical impedance measurements, permeability tests, free-standing film impedance and local
impedance measurements. The increase in resistance with immersion time of alkyd paint was linked
to the nature of the polymeric network and not to phenomena occurring at the metal/paint interface.
For polyurethane paint, local impedance was not able to detect defects in the paint, which was attributed
to the fact that the defects are smaller than those observed in alkyd paint and also that they are less active
and homogeneously distributed through the coating. Although electrochemical impedance methods (glo-
bal and local) are excellent tools to monitor the behaviour of organic coatings, these techniques alone are

not sufficient to screen different paints.
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1. Introduction

Bacon et al. [1], Wormwell and Brasher [2] and Mayne [3] were
the pioneers of the use of dc and ac techniques to screen paints.
Mayne [3] was the first to perform impedance measurements at
a constant frequency (1 kHz) to evaluate paint performance. In
1976, Epelboin et al. [4] measured, over a large frequency range,
the impedance of painted iron. They proposed a general equivalent
electrical circuit (Fig. 1), in which R, was the electrolyte resistance,
C. and R. were paint related and Zg was associated with faradic pro-
cesses occurring at the metal/paint interface. Based on this circuit,
a general behaviour is considered: for the early stage of paint expo-
sure to an aggressive medium, the impedance spectrum only char-
acterizes the insulating properties of the coating. Indeed, R is
almost infinite and C. is very low; consequently a straight line par-
allel to the imaginary part in the Nyquist diagram is observed. La-
ter, due to electrolyte penetration through the coating (mainly
water), C. increases and R. decreases with immersion time and a
capacitive loop is obtained. Finally, once the electrolyte reaches
the metal/paint interface, faradic processes occur and new loops

are detected in the impedance spectra. This classical behaviour
has often been described in the literature. A simplified circuit, de-
rived from that proposed by Epelboin et al. [4], is habitually re-
ported to evaluate the corrosion performance of organic coatings.
In this circuit, the faradic impedance, Z¢ is replaced by a charge
transfer resistance, R, [5]. Thus, from the plots of the impedance
diagrams versus exposure time in an aggressive solution, the cor-
rosion protection afforded by organic coatings can be determined:
the quality of the paint being mainly related to the time necessary
to detect faradic processes. Indeed, the longer the time, the better
the paint is. This typical behaviour seems to be well verified for
epoxy paints with organic solvent. However, for a water-based
epoxy coating, Le Pen et al. [6] have shown that impedance in-
creased during the first days of immersion. Spengler et al. [7] also
verified the same behaviour for a water-based acrylic paint. Differ-
ent works in the literature have mentioned the same discrepancies
between this pragmatic approach to screen paints and the actual
behaviour of the samples [8-12]. Thus, although the global imped-
ance of paints usually decreases with the time of immersion in an
aggressive solution, the opposite behaviour can occur for particular
systems. In some cases, for example with polyurethane paints, the
appearance of the sample and the electrochemical impedance re-
sults do not appear to be correlated [7]. Starting from these consid-
erations, the present study was performed on three different paint
systems: an epoxy coating, an alkyd coating and a polyurethane
coating). Our intention was to contribute to a better understanding



Fig. 1. Equivalent circuit usually proposed to describe the behaviour of the metal/
coating interface. (R.: electrolyte resistance/R.: resistance of the solution in the
pores of the coating/C.: capacitance of the coating/Cy: double layer capacitance/Zg:
faradic impedance.)

of these anomalous impedance variations as function of exposure
time in a sodium chloride solution. The samples were first charac-
terized by conventional electrochemical impedance spectroscopy
(EIS) for both free-standing films and attached films deposited on
carbon steel. From the impedance diagrams, the values of the paint
film resistance and capacitance, C. and R., respectively, were
considered in order to follow the modification of the coating prop-
erties with immersion time. The parameters were obtained graph-
ically without a fitting procedure. Permeability tests were also
carried out to determine the rate at which water vapour penetrates
through the organic coatings. Finally, local electrochemical imped-
ance spectroscopy (LEIS) was performed to detect any defects in
the organic coatings on a microscopic scale. From the experimental
results, the screening of paints based only on classical monitoring
using impedance measurements with the immersion time is
discussed.

2. Experimental

1010 carbon steel plates (15cm x 10 cm), were jetted with
glass micron spheres and cleaned with toluene before application
of the coatings. All the samples were prepared at the same temper-
ature and humidity. Three paints were tested: epoxy, alkyd and
polyurethane. Information on coating formulation is provided in
Table 1. The liquid paints are applied by air spraying and cured
at room temperature. The coating thicknesses are given in the fig-
ures for the different paint systems.

For the painted samples, a classic three-electrode cell was used:
the working electrode with an exposed area of 20 cm?, a saturated
calomel reference electrode and a platinum counter electrode. The
cell was placed inside a Faraday cage. For the free-standing films, a
four-electrode arrangement was used. Conventional electrochemi-
cal impedance measurements were performed using Gamry ZRA
equipment over a frequency range of 40 kHz to 2.5 mHz with 7
points per decade.

Table 1
Composition of the organic coatings.

Organic Polyamide Brilliant Aliphatic polyurethane
coatings  epoxy alkyd
Pigments TiO, and inert filler TiO, and TiO, (rutile) (22%)
(24.30%) inert filler
(31.63%)
Resin Epoxy 1001/ Long alkyd 38%
1004 + versamid115 in soy oil
polyamide (37.59%) (32.32%)
Solvent Aromatic and Aliphatic Glycol ethyl acetate (80%),
oxygenated (38.11%) 36.05% aromatic (10%) and ethyl
acetate (10%)
PVC 17.07% 23.26% 13.2%

The samples were submitted to total immersion in a 1% NaCl
solution. The impedance diagrams were obtained at different expo-
sure times up to 50 days.

Permeability tests were also carried out according to ASTM
D1653 (water vapour method) and moreover, impedance measure-
ments were performed for free-standing alkyd and polyurethane
films in de-aerated and aerated solutions.

Local electrochemical impedance spectroscopy (LEIS) was car-
ried out with a Solartron 1275. This method uses a five-electrode
configuration. A dual probe (or bi-electrode) was placed in the
solution for local impedance measurements. The measurements
were made from the ratio of the applied AC voltage to the local
AC current density. The applied voltage (AV,ppiiea) Was the poten-
tial difference between the working electrode and the reference.
The local AC current density (ijoca;) Was calculated using Ohm'’s
law:

. AV
local = % X K (1)

where k is the conductivity of the electrolyte and d the distance be-

tween the two probes. The local impedance Zj,, is calculated by

the relationship:

Zigen — 2mled @)
Tlocal

The corrosive medium was a 0.001 mol/L NaCl solution in con-
tact with air. Local impedance measurement requires a low con-
ductivity medium (9.4 x 10°>Scm™") to optimize resolution.
With the experimental set-up used, only the normal component
of the current was measured.

For local electrochemical impedance mapping (LEIM) the probe
was stepped across an area of 32,000 x 24,000 pm. The step size
was 1000 pm in the X and Y directions. The excitation frequency
chosen was 2 kHz. For clarity, admittance was plotted rather than
impedance.

All the measurements were obtained from at least three exper-
iments to ensure reproducibility.

3. Results and discussion
3.1. Classical behaviour of organic coating degradation: epoxy coating

The epoxy paint system presents the exact behaviour well
described by Mayne [3]: at flaws in the paint, the electrolyte
penetrated through the coating, subsequently causing faradic pro-
cesses at the metal/paint interface. Fig. 2 shows an example of this
behaviour, very often reported in the literature [1-14]: for short
immersion times, only one capacitive loop is detected and the size
of the loop decreases with increasing immersion time. The
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Fig. 2. Impedance diagrams in Nyquist coordinates for the epoxy coating as a
function of immersion time in 1% NaCl solution.



variation of the values of C. and R, extracted from the impedance
diagrams, versus exposure time are given in Fig. 3 for two different
samples. As can be seen, C. increases with the immersion time due
to water uptake (Fig. 3a) whereas R. decreases with time (Fig. 3b).
After 20 days of immersion, no sign of substrate attack (corrosion)
was observed and the values of capacitance and resistance re-
mained constant. For longer immersion times, new processes ap-
peared (not reported here) corresponding to faradic processes
and corrosion attack was observed underneath the paint. The
impedance diagrams for the free-standing film are given in Fig. 4
for different immersion times. They are characterized by a single
capacitive loop. The size of the loop decreases during the first
7 days of immersion (C. increases during the same period) and
then R. and C. remain constant. This result will be used as a refer-
ence for comparison with the other coatings.

3.2. First anomalous behaviour type of organic coating degradation:
alkyd coating

Fig. 5 shows the increase of the size of the impedance diagrams
for the alkyd coating when the immersion time increases. Indepen-
dently of the immersion time, the diagrams are characterized by a
depressed capacitive loop but it is noteworthy that after 15 days of
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Fig. 3. C. (a) and R. (b) versus immersion time in 1% NaCl solution for the epoxy
coating (results of two independent trials).
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Fig. 4. Impedance diagrams in Nyquist coordinates in 1% NaCl solution for free-
standing epoxy film.

immersion, delamination and under-film corrosion appeared. This
behaviour is the opposite of that observed for the epoxy paint,
where the capacitive loop on the impedance diagram decreased
with time. For the alkyd coating, the R. values increased signifi-
cantly during the first 30days of immersion (from about
2000 MQ cm? after 3 days of immersion to 10,000 MQ cm? after
30 days of immersion).

In Fig. 6a, the impedance diagrams were obtained for the alkyd
free-standing films in a de-aerated solution. For comparison, the
results obtained for the same exposure times for an as-prepared
1% NaCl solution are reported in Fig. 6b. When the experiments
were performed in de-aerated medium, the impedance diagrams
were almost identical for 3 days (180-220 MQ cm?). Conversely,
in aerated conditions, impedance increased from 280 to
685 MQ cm? from 4 h to 3 days. This seems to indicate that oxygen
plays a specific role in the coating behaviour which allows the
resistance increase for the alkyd coating to be explained. The oxy-
gen can react with the double bonds and some complementary
links can be formed. This could explain the increase of the film
resistance, although this additional cross-linking process is not suf-
ficient to avoid corrosion attack. Moreover, permeability tests dis-
cussed later in the paper will show that the oxygen effect, although
important, is not sufficient to explain the observed anomalous
behaviour of alkyd paint.

Several authors have attributed the increase of the resistance
with time to a film-forming process [15-17]. This means that the
cross-linking is not entirely complete and the coating has not
reached its final structure when the impedance measurements
were obtained. To verify this assumption, the alkyd coating was
cured at room temperature for 6 months. The impedance diagrams
obtained for different immersion times (1, 10, 21 and 50 days) for
the cured specimens (not shown) revealed similar behaviour to
that obtained for specimens without curing (Fig. 5): the impedance
increased as the exposure time to the aggressive solution
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Fig. 5. Impedance diagrams in Nyquist coordinates for the alkyd coating as a
function of immersion time in 1% NaCl solution.
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Fig. 6. Impedance diagrams obtained for free-standing alkyd films in a de-aerated
solution (a). Impedance diagrams obtained for free-standing alkyd films for an as-
prepared 1% NaCl solution (b).

increased. The impedance results indicate that the anomalous
behaviour observed for the alkyd coating when it is in contact with
an electrolyte, is linked to the nature of the polymer itself and it is
not a phenomenon occurring at the metal/coating interface, such
as, for example, the accumulation of corrosion products.

3.3. Second anomalous behaviour type of organic coating degradation:
polyurethane coating

Another non-classic behaviour of paints is the lack of correla-
tion between defects and the impedance data. Fig. 7 presents
impedance diagrams characterized by a capacitive loop with the
same order of magnitude as those measured for the epoxy coating
(Fig. 2). After about 20 days of immersion, some corrosion attacks
became clearly visible but the impedance did not change signifi-
cantly. On the contrary, after 30 and 50 days of immersion the
impedance increased.

The variations of R. for the polyurethane coating are reported in
Fig. 8. R. oscillations are observed but the values remain high,
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Fig. 7. Impedance diagrams in Nyquist coordinates for the polyurethane coating as
a function of immersion time in 1% NaCl solution.
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Fig. 8. R. versus immersion time in 1% NaCl solution for the polyurethane coating
(results of two independent trials).

although corrosion occurs after 20 days of immersion. Spengler
et al. [7] reported the presence of blisters in polyurethane paints
with substrate corrosion underneath which had not been detected
by impedance. Indeed, the authors measured very high impedance
for samples presenting blisters. They explained that the blisters
were independent cells not connected to the bulk system and they
demonstrated that impedance did not take the occluded processes
into account. The open question is why some blisters are detected
by impedance and others not.
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Fig. 9. Permeability tests as a function of exposure time for the alkyd (a) and the
polyurethane (b) coatings (results of two independent trials).



Permeability tests for the alkyd and polyurethane coatings as a
function of exposure time were performed. The following protocol
was used: the permeability was first measured periodically over
750 h. Then, the samples were left for 6 months in a silica-gel
dryer, immersed in distilled water for 15 days and finally dried
again for 24 h. The permeability tests were repeated in the same
conditions as previously. The results are reported in Fig. 9a and b
for the alkyd and polyurethane coatings, respectively.

For the alkyd coating, the permeability values are the same
for the two experiments. This shows the reversibility of the pro-
cess linked to water uptake. This is surprising since, as we have
previously mentioned, the oxygen introduced by water uptake
should modify the microstructure of the coating. These results
show that the influence of oxygen exists but is not sufficient to
account for the anomalous behaviour of the alkyd paint. On the
contrary, for the polyurethane coating it can be seen that the
permeability decreased for the second run of experiments. This
indicates that the water uptake by the coating provoked a change

in its microstructure; the results clearly underline the non-

reversibility of the process. The modification of the coating
microstructure (both alkyd and polyurethane coatings) during

water uptake was analyzed by local electrochemical impedance
measurements.

3.4. Local impedance

Fig. 10 presents local impedance maps obtained for the alkyd
coating after different immersion times in the NaCl solution:
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numerous peaks are present. This indicates that the coating was
heterogeneous. Locally, admittance is higher (the impedance is
lower) and as a consequence, the properties of the film in these re-
gions are not the same. The “defects” present in the coating have a
diameter of about a hundred micrometers and locally induced high
currents. The defects are scattered all over the surface. Maps plot-
ted for different exposure times, not reported here, revealed that
some peaks decreased as the exposure time increased. In addition,
the admittance decreased (the impedance increased) progressively
between 5 and 28 h. These results match very well the previous
global impedance measurements. For longer immersion times, it
can be seen that the number of peaks decreased, and after 123 h
of immersion no peaks were observed on the maps. However, the
admittance still continued to decrease (the impedance increased)
and a stationary state was observed after about 339 h of immer-
sion. This behaviour is totally coherent with the global impedance
seen in the previous figures.

For the polyurethane paint (Fig. 11), the local admittance is al-
most constant over the whole surface and no peaks are apparent.
The local measurements were different from those obtained for
the alkyd paint and were probably related to the size of and activ-
ity in the defects existing in the paint. Indeed, for the polyurethane
coating, when the defects were small, the local impedance mea-
surements were unable to detect them. Moreover, if the defects
are small coupled with the irreversible changes observed in the
polymer due to water uptake, this area can be easily blocked and

the blisters are no longer in contact with the bulk system and
hence, not detected by either global or local impedances.

28 h

339 h

Fig. 10. Local impedance maps plotted at 2 kHz for the alkyd coating.
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Fig. 11. Short immersion local impedance maps plotted at 2 kHz for the polyure-
thane coating.

The above results show that impedance data are strongly influ-
enced by the nature of the polymer used in the paints. Each system
presents peculiarities and it is not possible to correlate the pres-
ence of corrosion with the impedance behaviour. It is clear that
deeper studies are necessary to better understand the properties
of various paints and particularly, the relationship between solu-
tion permeation and the corrosion processes occurring.

4. Conclusion

Conventional electrochemical impedance spectroscopy was
coupled with permeability tests, free-standing film impedance
and local impedance measurements. It was shown that the in-
crease of the resistance of alkyd paint can be attributed to the nat-
ure of the polymeric network and not to phenomena occurring at
the metal/paint interface. Oxygen introduces structural changes in
the polymer but this effect seems to be reversible. For alkyd paint
local impedance corroborates the results obtained by the global
impedance measurements. For polyurethane paint, local maps
were not able to detect defects in the paint. This can be due to
the fact that the defects were smaller than those observed in
the alkyd paint and also that the activity in them was lower.
These areas, once permeated by the electrolyte, are the regions
where non-reversible structural changes occur in the film. Finally,
it can be concluded that electrochemical impedance (both global
and local) is an excellent tool to monitor the behaviour of organic
coatings. However, a deeper understanding of the electrolyte/
paint film interactions is absolutely essential to correctly analyze
the impedance data. Thus, it is not possible to classify the perfor-
mance of the different paints by only monitoring the global
impedance with time. No general pattern of behaviour for paint
systems emerges and any correlation between R. and C. versus
time and the paint performance is doubtful. The use of comple-

mentary techniques is essential to better understand such com-
plex systems.
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