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bstract

This paper reports a study of the degradation processes suffered by steel samples painted with a high solid content epoxy coating. Because this
oating shows a high resistance when exposed to NaCl solutions, HCl solutions were employed to accelerate the corrosion processes. Macroscopic
mages were used to observe the coating degradation. Then electrochemical techniques, electrochemical impedance spectroscopy (EIS) and
lectrochemical noise (EN) were employed to monitor the corrosion behaviour of the system studied. A close correlation was found between EIS

nd EN data. Several parameters were estimated using these techniques: Rpo, Rct, Cc, Cdl and Z0.1 Hz using EIS, and Rn using EN. In addition, a new
arameter estimated by means of EN was employed, Z0.1 Hz(EN). The evolution of all these parameters with time enabled the effective monitoring
f the degradation stage of the coating.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Increasing the percentage of solids in conventional solvent-
orne paints represents one of the earliest attempts to decrease
he content in volatile organic compounds (VOCs) of a coating
ormulation and to comply with increasingly stringent environ-
ental requirements [1]. Coatings with a high solids content

se less paint to achieve the same thickness obtained with other
onventional formulations. The result of this is that less volatile
olvent is released into the environment.

By definition, a high solids coating typically contains more
han 60% solids by weight or more than 80% solids by volume
2]. This technological solution is currently adopted by the auto-
otive, aerospace, and marine industries for use in a variety of

ormulations. The major advantage associated with the use of
his kind of coating is that the same equipment can be used to

pply both the novel high solids and conventional solvent-borne
aints. Against this, the major disadvantage of high solids paint
ies in the higher viscosities exhibited by the coating formula-
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ions. In addition, these coatings still contain a significant, albeit
educed, amount of traditional solvents and diluents [2].

Recently epoxy solvent-free coatings have been increasingly
dopted by the marine industry [3]. The system studied in this
aper is a two-component solvent-free coating, based on epoxy
esin and cured with amines. This coating has excellent resis-
ance to corrosion, chemical products and oil, and is usually
mployed as a monolayer intended to protect steel structures
nd storage tanks.

Because the coating studied presents excellent behaviour in
aCl solution, an acid media has been used as corrosive environ-
ent, in order to accelerate the degradation of the metal-coating

ystem. After the tests, corroded samples were characterised
y visual examination. The degradation degree of this sys-
em was measured by means of two different electrochemical
echniques: electrochemical impedance spectroscopy (EIS) and
lectrochemical noise (EN). In the literature, the behaviour of
ifferent coatings in corrosive media has been monitored by
eans of EIS [4–9] and EN [10–16]. The main objective of the

resent work is to validate these techniques as tools for monitor-

ng the degradation of this novel organic coating. In addition, in
his paper a new parameter, the impedance at 0.1 Hz estimated
ith electrochemical noise, Z0.1 Hz(EN), is proposed to follow

he degradation of the system. Finally, the correlation between

mailto:josemaria.sanchez@uca.es
dx.doi.org/10.1016/j.porgcoat.2007.07.020
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Table 1
Main characteristics of the Sigmaguard CSF paint

Description Two-component solvent-free amine
cured epoxy coating

Colours and gloss Green-gloss
Mass density Approximately 1.3 g/cm3

Solids content 100% by volume
VOC (supplied) Maximum 17 g/l
Recommended dry film thickness 300 �m
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Table 2
Physical parameters measured after immersion test

Physical parameters Standard Measured value

Blistering ASTM D 714 MD 4
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heoretical spreading rate 3.3 m2/l for 300 �m
lash point Base and hardener: above 65 ◦C

arameters derived from both electrochemical techniques was
stablished.

. Experimental

The behaviour of “Sigmaguard CSF”, a commercial high
olids-content and solvent-free epoxy paint produced by Sigma
oatings, has been studied. Table 1 gives the most important

echnical characteristics of this paint. Naval steel, AISI1006,
as been employed as metallic substratum. The samples studied
ere rectangular test pieces of 100 mm × 150 mm × 2 mm, dry
ressure-blasted until a finish of type ISO-Sa 2 1/2 was obtained.
he paint was then applied by airless spray to a thickness of
pproximately 300 �m, the optimum thickness recommended
n the technical data sheet of the paint.

The protective capacity of the coating was evaluated by mon-
toring the behaviour of the painted samples in immersion tests,
sing cells in which an area of 13 cm2 of the painted surface
as exposed to a solution of HCl 3 M. This aggressive medium
as employed to accelerate the degradation of the immersed

amples.
A 1287 potentiostat coupled to a 1255 frequency response

nalyser (FRA), both from Solartron, was used for the
mpedance measurements. The frequency measurement range

mployed for recording the impedance spectra was 105 to
0−2 Hz, and the signal amplitude was 20 mV versus the cor-
osion potential. A saturated calomel electrode was used as
eference electrode and a graphite bar, as counter-electrode.

o
p
o
T

Fig. 1. Optical microscope image of an immersed coated metal sampl
xide ASTM D 610 9 (0.03%)
dherence ISO 2409 1

lectrical circuits were fitted with Zview software, using the
on-linear method of least squares.

The electrochemical noise potential and current signals were
easured simultaneously using two electrochemical cells cou-

led and joined by a saline bridge. This is a classic configuration
mployed for this technique [15–21]. A Solartron 1287 potentio-
tat controlled by the Corrware program was employed to carry
ut the experiments. In order to average the values of the param-
ters analysed, four consecutive electrochemical noise records
ere measured in each exposure time. 2048 points were taken

n each record, at a sampling velocity of 2.15 points/s; therefore
he time of each record was approximately 15 min.

In parallel, samples tested in the double EN cell were also
haracterized by means of EIS, recording separately the signal
f each sample and that of the coupled system. These measure-
ents allow us to compare results obtained when using both

lectrochemical techniques.

. Results and discussion

.1. Macroscopic characterisation

Samples were immersed in HCl solution until evidence of
egradation was obtained by electrochemical techniques. All the
amples studied present an equivalent aspect after the immersion
ests (Figs. 1 and 2). As can be observed in these figures, the
oated metal system underwent blistering, oxidation and loss

f adherence. In order to evaluate the extent of the degradation
rocess several physical parameters were measured at the end
f the immersion test, according to the standards specified in
able 2.

e (left) and the magnification of the blistering observed (right).
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Fig. 3. Transversal section images of coated steel samples after: (a) initial days
of immersion; (b) 7 days of immersion in acid media (evidence of chemical
d
o

o
q

ig. 2. Optical microscope image of an immersed coated metal sample after an
dherence test.

From the results included in Table 2, it can be deduced that
listering is the main mechanism that degrades the studied coat-
ng. In Figs. 1 and 2, it can be observed that, as a consequence of
heir chemical degradation, the coating studied develops anodic
listering. This kind of failure is usually presented in acid media
22]. These blisters are originated by the migration of ions
hrough the coating film. Then an anodic reaction takes place
n the centre of the blisters and a cathodic reaction at their
eriphery.

In order to examine the evolution of the coating systems,
ransversal sections of the exposed samples were obtained at
ifferent stages of degradation. Fig. 3 shows pictures of a sample:
a) without degradation, (b) with some evidence of degradation,
nd (c) with failures in the coating corresponding to degradation.

In accordance with these figures, two main processes can
ccur in parallel: the chemical degradation and the loss of adher-
nce of the coating. As a consequence various channels develop
n the coating. These channels are employed by the corrosive

edia to reach the metal surface provoking the loss of the pro-
ection provided by the paint.

.2. Electrochemical impedance spectroscopy

Fig. 4 includes the impedance spectra corresponding to
ainted samples immersed in acid media after different periods
f time. The dataset included in Fig. 4 reveals two main features.
irstly, as can be observed in Fig. 4(b), the impedance modulus
f the recorded spectra decreases with the immersion time. This
ndicates that EIS is sensitive to the changes that occur in the
amples during the degradation process.

In order to perform a detailed interpretation of the EIS data,

n equivalent circuit can be proposed. To select the appropri-
te equivalent circuit, several considerations must be taken into
ccount. The first finding to be considered is that, in the Nyquist
iagrams of Fig. 4(a), two semicircles appear after the 9th day

o
t
t
b

egradation can be observed); (c) 14 days of immersion (showing the existence
f channels that permit the access of the electrolyte to the metal).

f immersion. Further, in coated metal samples, the high fre-
uency interval is usually related to dielectric properties of
rganic coatings, while the low frequency range corresponds

o the metal response during the corrosion process [4]. Based on
hese considerations, the equivalent circuit shown in Fig. 5 has
een selected for simulating the response of the studied system.
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Fig. 4. EIS of coated samples immersed in acid media after the in

According to Ref. [5], in the equivalent circuit of Fig. 5, Re
epresents electrolyte resistance, that is, the resistance between
he working electrode and the reference electrode; Cc is the
apacity of the coating film and Rpo is the pore resistance. In
his paper, the increase of Cc is used as a measure of the degree
f degradation of the paint, whilst Rpo is related to the absorp-
ion of water or to the permeability of the paint. The second
ime constant of the spectra represents the electrochemical pro-
ess, taking place at the metal-coating interface. Thus, Cdl is the

ouble-layer capacity and can be used as a measure of the paint’s
oss of adhesion. Rct symbolizes the charge transfer resistance,
ssociated with the kinetic of the corrosion process. This param-
ter is proportionally inversed to the corrosion rate and to the

Fig. 5. Equivalent circuit for painted metals.
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ed periods of time: (a) Nyquist diagrams and (b) Bode diagrams.

rea where oxidation occurs. Its natural tendency is to decrease
ith the exposure time.
Several criteria for the evaluation of coatings performance

ave been reported in the literature based on the element values
f the equivalent circuit. As a general rule, in Ref. [6] it is pro-
osed that a metal-coating system that has a good performance
gainst corrosion show high values of Rpo and Rct and low val-
es of Cc and Cdl. There is no general agreement, but according
o some authors [5,7,8], values of pore resistance lower than
07 or 106 � cm2 reveal that coatings present poor behaviour
s metal protection. Since the appearance of the second semi-
ircle reveals that the metal corrosion has started, other authors
9] consider that the time when the second semicircle appears
s more important than the values taken by the elements of the
ircuit.

By fitting the spectra in Fig. 4 to the proposed equivalent
ircuit in Fig. 5, values of the above-cited parameters have been
btained (Table 3).

Note that, during the initial days of first immersion, only
ne semicircle is defined in the spectra. So only the values
orresponding to Cc and Rpo can be calculated. In accordance

ith the criteria reported above, the coating shows an excellent
erformance at the beginning of the exposure.

Once the second semicircle is defined, the evolution of all the
lements in the circuit can be followed. Thus, in Table 3 it can be
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Table 3
Evolution of electrical elements from equivalent circuit

Time
(days)

Cc (F/cm2) Rpo (� cm2) Cdl (F/cm2) Rct (� cm2)

1 h 4.17 × 10−11 3.35 × 109

2 6.86 × 10−11 7.12 × 108

7 1.01 × 10−10 4.11 × 107

9 1.13 × 10−10 2.19 × 107 5.02 × 10−8 3.42 × 107

14 1.65 × 10−10 6.62 × 106 1.20 × 10−7 5.95 × 106

16 5.01 × 10−10 4.01 × 105 5.15 × 10−7 5.01 × 105

21 1.10 × 10−9 2.22 × 105 1.01 × 10−6 4.26 × 105

24 2.14 × 10−9 1.33 × 105 2.03 × 10−6 3.16 × 105

27 3.59 × 10−9 8.88 × 104 3.66 × 10−6 2.29 × 105

29 5.79 × 10−9 5.02 × 104 7.81 × 10−6 1.55 × 105

33 5.62 × 10−9 2.27 × 104 2.32 × 10−5 9.41 × 104
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more noble at the beginning of the exposure (−0.25 to −0.35 V
versus SCE). For higher times of exposure, the corrosion poten-
tial decreases to more active values (between −0.60 and 0.70 V).
6 2.22 × 10−9 2.55 × 104 3.76 × 10−5 7.76 × 104

3 1.53 × 10−8 6.93 × 103 1.60 × 10−4 2.10 × 104

bserved that, while the values of Cc and Cdl increase with expo-
ure time, those corresponding to Rpo and Rct decrease. From the
alues calculated for the latter two parameters, it can be stated
hat coating studied provides a good anticorrosive behaviour for
he first 2 days of exposure to 3 M HCl solution. It provides a
oubtful degree of protection against corrosion in the period of
–14 days. However, after 14 days of immersion, the coating
as clearly lost its protective properties.

In Ref. [23], an alternative parameter, Z0.1 Hz, is used to evalu-
te the protective properties of organic coatings. This parameter
s defined as the impedance modulus of the metal-coating system
t frequency 0.1 Hz. Thus, high values of Z0.1 Hz are associ-
ted to a high protection capacity of the coating. In general,
oatings with values of Z0.1 Hz > 108 � cm2 are considered as
roviders of an excellent anticorrosive protection; while val-
es of Z0.1 Hz < 106 � cm2 are presented by coatings with poor
nticorrosive protection [23].

Fig. 6 includes the evolution of parameter Z0.1 Hz, calculated
rom EIS measurements, for the indicated periods of expo-
ure to the corrosive environment. As can be observed, Z0.1 Hz
alues decrease rapidly over the exposure time. According to
he values in Fig. 6 and taking into consideration the criteria

reviously mentioned, after 14 days of immersion, the coat-
ng loses its protective properties. These results agree with
hose obtained from Rpo values and indicate that Z0.1 Hz can
e used as a parameter for the characterisation of metal-coating

Fig. 6. Evolution of Z0.1 Hz parameter vs. immersion time.

N

Fig. 7. Potential noise records for the exposure times indicated.

ystems. From a full analysis of the proposed equivalent cir-
uit, it can be concluded that when the coating maintains its
rotective properties, Z0.1 Hz represents the behaviour of Rpo.
owever, when the coating is degraded, Z0.1 Hz values are dom-

nated by Rct. Z0.1 Hz values can be obtained directly from
nly one experimental measurement. In addition no simula-
ion procedure is needed for its estimation. This is an advantage
ersus Rpo, which must be obtained by fitting the full EIS spec-
ra.

.3. Electrochemical noise

In Fig. 7 three potential noise records in function of the expo-
ure time are shown. Similarly, Fig. 8 shows the current noise
ecords for the same exposure times. According to the metallo-
raphic and EIS analysis already described, each of these records
orresponds to one of the three degradation stages presented by
he system studied.

In Fig. 7, it can be seen that the potential noise values are
ote that in this figure, the longer the exposure time, (and con-

Fig. 8. Potential noise records for the exposure times indicated.
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3.4. Correlation between EIS and EN

Values of the parameter Z0.1 Hz, calculated using both EIS
and EN have been included in Fig. 11 for comparison. As can
Fig. 9. Mean Potential values at different days of exposure.

equently, the more degraded the coating), the lower are the
mplitudes of the potential noise.

Similarly, Fig. 8 shows the current noise values for the
hree degradation stages of the painted metal studied. It can
e seen in this figure that the signals fluctuate more when
he exposure time is longer. In addition, current noise values
etween 4 and 7 × 10−11 A cm−2 were found during the
tage of excellent protection (0 days); between 1.3 and 1.7 ×
0−10 A cm−2, for doubtful protection (7 days); and values
lose to 1 × 10−9 A cm−2, for degraded samples (21 days).

To obtain a more accurate analysis of EN data, several sta-
istical parameters were estimated. In Fig. 9 the mean potential
alues of the records have been plotted in function of the immer-
ion time. It can be seen that during the first 2 days of immersion
he system has noble potential values (about −0.3 V), while
fter 7 days the potential suddenly falls to more active values
below −0.6 V). These values are closer to the free potential
f bare steel. This displacement toward active values can be
elated to a loss in the coating’s protective properties. It is usu-
lly accepted that, the more active the corrosion potential, the
ore susceptible to oxidation is the metal surface under the

oating [24].
With the aim of verifying that the activity of the system

tudied increases with the exposure time, noise resistance (Rn)
alues of the time records were estimated. This parameter is
ne of the most commonly used for the interpretation of electro-
hemical noise [21,25]. In several cases, Rn is equivalent to the
olarisation resistance (Rp) measured with linear polarisation
15,21,25], therefore it is proportionally inverse to the corrosion
ate. Rn can be estimated by dividing the standard deviation of
he potential by the standard deviation of the current [15,26–28]:

n = σE

σI
(1)

Transforming EN time records to the frequency domain, the
alues of the impedance at 0.1 Hz, Z0.1 Hz(EN), can also be esti-
ated. The values of this new parameter were calculated using

he estimation of the PSDs of the potential and current signals
Eq. (2)). PSDs were estimated by means of FFT. By averaging
he PSDs of four consecutive records, one smoothed PSD was

btained for each exposure time:

0.1 Hz(EN) =
√

PSDE√
PSDI

(0.1 Hz) (2)
F

Fig. 10. Comparison of Rn and Z0.1 Hz values measured with EN.

In Fig. 10, the calculated values of both Rn and Z0.1 Hz(EN)
ave been included. As can be observed, Rn and Z0.1 Hz(EN) val-
es were found to be very similar. Thus, the longer the exposure
ime, the lower the values of Rn and Z0.1 Hz(EN). Therefore, the
volution of these parameters with the immersion time shows
he same trend as those derived from EIS measurements. From
hese results, the applicability of EN as a tool for monitoring
aint behaviour can be confirmed.

Some attempts have been reported in the literature to estab-
ish a relationship between Rn values and paint behaviour.
hus, values of Rn equal to or higher than 109 � cm2 are

ypically measured for excellent coatings [10–12]. However,
he line that divides good and poor behaviour is not clear.
ome authors claim that a coating presenting an Rn value
elow 106 � cm2 is not protective [12], while others think
hat the line should be drawn at 107 � cm2 [13]. According
o these considerations, it can be stated that the coating stud-
ed showed excellent anticorrosive behaviour before the 2nd
ay of immersion, doubtful protective behaviour in a period
f 2–7 days and poor behaviour after 14 days of exposure in
Cl.
ig. 11. Comparison of Rn and Z0.1 Hz values measured with EIS and EN.
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e observed in this figure, all these parameters show a similar
ehaviour. Therefore, the higher the exposure time, the lower the
alues of all these parameters. This evolution is related to the
igher activity in the system and the lower protection provided
y the coating mentioned before. In addition, it can be observed
hat a good agreement exists between the parameters calculated
sing EIS and EN.

. Conclusions

In this paper, two electrochemical techniques, EIS and EN,
ave been employed to monitor the behaviour against corrosion
f a steel painted with a high solid content epoxy coating. In
rder to accelerate the corrosion processes, an HCl solution was
mployed as corrosive medium.

In general terms, a good correlation between data obtained
ith both techniques was found. Thus, EIS data were fitted to an

quivalent circuit, so that the evolution of various characteristic
arameters of the system, such as Rpo, Rct, Cc and Cdl, could
e followed. In addition, the impedance at frequency 0.1 Hz,
0.1 Hz, was estimated. This latter parameter, relatively easy to
easure, also allows us to monitor the corrosion stage of the

ystem.
Additionally, the behaviour of the system was followed by

N, using two parameters: Rn and a new parameter, Z0.1 Hz(EN).
rom these two parameters it was possible to distinguish
etween the different stages of degradation that the system suf-
ered.

Finally, a good correlation degree was found between EIS
nd EN data. In conclusion, parameters derived from these two
lectrochemical techniques can be effectively employed as tools
o monitor degradation processes in these kinds of coating. The
esults obtained show that the parameters proposed can be used
o detect changes in the degradation stage of the metal-coating
ystem.
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