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ABSTRACT: The corrosion-protection aspects of poly(o-
anisidine) (POA) coatings on mild steel in aqueous 3%
NaCl solutions were investigated with electrochemical im-
pedance spectroscopy, a potentiodynamic polarization
technique, and open circuit potential measurements. The
POA coatings were electrochemically synthesized on mild
steel with cyclic voltammetry from an aqueous salicylate
medium. The corrosion behavior of the POA coatings was
investigated through immersion tests performed in aque-
ous 3% NaCl solutions, and the recorded electrochemical
impedance spectra were fitted with an equivalent circuit to
obtain the characteristic impedance parameters. The use of
a single equivalent circuit was inadequate to explain the
various physical and electrochemical processes occurring

at different exposure times. It was suggested that some
characteristic element(s) should be incorporated into the
equivalent circuit at different stages of the immersion to
elucidate the various processes occurring at different expo-
sure times. The evolution of the impedance parameters
with the immersion time was studied, and the results
showed that POA acted as a protective coating on the mild
steel against corrosion in a 3% NaCl solution. From these
data, the water uptake and delamination area were deter-
mined to further support the corrosion-protection perform-
ance of the POA coating. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 106: 400–410, 2007
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INTRODUCTION

During the last 2 decades and even now, conducting
polymers have continued to be the focus of active
research in many technological areas such as
rechargeable batteries,1,2 sensors,3,4 electromagnetic
interference shielding,5,6 electrochromic display devi-
ces,7,8 smart windows,9 molecular devices,10 energy
storage systems,11 and membrane gas separation12

because of their remarkable physical attributes.1–6

The use of conducting polymers as advanced coating
materials for the corrosion protection of oxidizable
metals has become one of the most exciting new
research fields in recent times.13–18 Deberry19 was
the first to show that electrochemically synthesized
polyaniline acts as a corrosion-protective layer on
stainless steel in 1M H2SO4. Since then, several
research groups20–24 have systematically investigated
the performance of various conducting polymers as
corrosion-protective coatings on oxidizable metals.

In those investigations, electrochemical techniques
such as potentiodynamic polarization measurements,
cyclic polarization measurements, open circuit poten-
tial measurements, and electrochemical impedance
spectroscopy (EIS) have been used to evaluate the
corrosion-protection performance of the conducting-
polymer coatings. Among the electrochemical techni-
ques, EIS is a rapid and convenient technique for
evaluating the performance of coatings applied to
oxidizable metals.

Several researchers25–29 have used EIS to investi-
gate the corrosion protection of oxidizable metals by
conducting-polymer coatings. They have modeled
the impedance plots of conducting-polymer-coated
metals, using electrical equivalent circuits, and ob-
tained various electrochemical impedance parameters.

The incorporation of constituents into the polymer
skeleton is a common technique for synthesizing poly-
mers with improved properties. This concept has
been successfully applied to polyaniline.30,31 Consid-
erable work is still needed to understand the basic
issues related to the electrodeposition of substituted
polyanilines on oxidizable metals and to explore the
possibility of using them as alternatives to polyani-
line for the corrosion protection of metals.

In this article, we report an EIS study on the corro-
sion protection of mild steel by poly(o-anisidine)
(POA) coatings. The corrosion-protection properties
of the POA coatings were investigated through
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immersion tests performed in 3% NaCl solutions,
and the recorded impedance spectra were analyzed
in terms of the evolution of the characteristic imped-
ance parameters with the immersion time. The objec-
tives of this study were (1) to evaluate the perform-
ance of POA as a protective coating against the cor-
rosion of mild steel in aqueous 3% NaCl solutions
by EIS, (2) to study the evolution of an equivalent
circuit with the immersion time to analyze the spec-
tra recorded as a function of the immersion time,
and (3) to examine the possibility of using POA coat-
ings for the corrosion protection of mild steel in
aqueous 3% NaCl.

The choice of o-anisidine as the monomer for this
study was based on the following:

1. o-Anisidine is a substituted derivative of aniline
with a methoxy (��OCH3) group substituted at
the ortho position, and so this study explores
the possibility of using POA as an alternative to
polyaniline for the corrosion protection of mild
steel.

2. The monomer o-anisidine is commercially avail-
able at a low cost.

3. The o-anisidine monomer has quite good solu-
bility in water, and so the electrochemical syn-
thesis of POA from an aqueous bath may pro-
vide an alternative for reducing the use of haz-
ardous chemicals as well as the cost of waste
disposal.

4. The conversion of the monomer to the polymer
is a straightforward process.

EXPERIMENTAL

Analytical-reagent-grade chemicals were used
throughout this study. The o-anisidine monomer was
double-distilled before its use. An aqueous sodium
salicylate (NaC7H5O3) solution was used as the sup-
porting electrolyte. The concentrations of NaC7H5O3

and o-anisidine were kept constant at 0.1M each.
The chemical composition of the mild steel used

in this study was as follows: 0.03 wt % C, 0.026 wt %
S, 0.01 wt % P, 0.002 wt % Si, 0.04 wt % Ni, 0.002 wt
% Mo, 0.16 wt % Mn, 0.093 wt % Cu, and 99.64
wt % Fe. The mild steel substrates (� 10 mm 3 15 mm
3 0.5 mm) were polished with a series of emery
papers, and this was followed by thorough rinsing
in acetone and double-distilled water and drying in
air. Before any experiment, the substrates were
treated as described and freshly used with no further
storage.

In this work, the POA coatings were synthesized
through the electrochemical polymerization of o-anisi-
dine on mild steel substrates from an aqueous salicylate

solution through cyclic voltammetry. The electro-
chemical polymerization was carried out in a single-
compartment, three-electrode cell with steel as a
working electrode (150 mm2), platinum as a counter
electrode, and a saturated calomel electrode (SCE) as
a reference electrode. The cyclic voltammetry condi-
tions were maintained with an electrochemical mea-
surement system (SI 1280B, Solartron, Hampshire,
UK) controlled by corrosion software (CorrWare
electrochemistry/corrosion software, Scribner Asso-
ciates, supplied by Solartron). The synthesis was car-
ried out by continuous cycling of the electrode
potential between 21.0 V and 1.8 V at a potential
scan rate of 0.02 V/s. After deposition, the working
electrode was removed from the electrolyte, rinsed
with double-distilled water, and dried in air. The
thickness of the coatings was determined by a con-
ventional magnetic-induction-based, microprocessor-
controlled coating thickness gauge (Minitest 600,
ElectroPhysik, Germany). The error in the thickness
measurements was less than 5%.

Scanning electron microscopy (SEM) was employed
to characterize the surface morphology with a Leica
Cambridge (Cambridge, UK) 440microscope.

The corrosion-protection performance of the POA
coatings was investigated in an aqueous 3% NaCl
solution with open circuit potential measurements, a
potentiodynamic polarization technique, and EIS.
For these measurements, a Teflon holder was used
to encase the polymer-coated mild steel substrates so
as to leave an area of � 40 mm2 exposed to the solu-
tion. The substrates were allowed to stabilize in the
electrolyte for 30 min before the potentiodynamic
polarization and EIS measurements. The EIS meas-
urements of the POA-coated mild steel were carried
out at the open circuit potential in an aqueous 3%
NaCl solution. The frequency was varied from
1 mHz to 20 kHz with an alternating-current excitation
potential of 10 mV. The analysis of the impedance
spectra was performed through the fitting of the ex-
perimental results to equivalent circuits with Z-View
software from Scribner Associates.32 The quality of
the fitting to the equivalent circuit was judged first
by the v2 value, that is, the sum of the square of the
differences between the theoretical and experimental
points, and second by the limitation of the relative
error in the value of each element in the equivalent
circuit to 5%.

The potentiodynamic polarization measurements
were performed by the sweeping of the potential
between 20.25 V and 0.25 V from the open circuit
potential at the scan rate of 0.002 V/s. The potentio-
dynamic polarization curves were analyzed with
Corr-View software from Scribner Associates.33 This
software performed the Tafel fitting and calculated
the values of the corrosion potential (Ecorr), corrosion
current density (jcorr), and corrosion rate [CR (mm/
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year)]. All the measurements were repeated at least
four times, and good reproducibility of the results
was observed.

RESULTS AND DISCUSSION

The cyclic voltammograms of the first, second, and
tenth scans recorded during the synthesis of the
POA coating on the mild steel electrode from an
aqueous solution containing 0.1M o-anisidine and
0.1M NaC7H5O3 are shown in Figure 1. The first
positive cycle is characterized by (1) a small anodic
peak (A) at � 0.038 V versus SCE and (2) the onset
of an oxidation wave at � 0.469 V versus SCE fol-
lowed by the oxidation peak (B) at � 1.152 V versus
SCE. During the reverse cycle, the anodic current
density decreases rapidly, and a negligibly small
current density can be observed until 20.161 V ver-
sus SCE. The negative cycle terminates with a broad
reduction peak (C) at 20.499 V versus SCE.

The small anodic peak (A) may be attributed to
the formation of iron oxides and/or to some iron sa-
licylate compound. This passive layer reduces the
further dissolution of the mild steel without prevent-
ing the electrochemical polymerization of o-anisidine

and allows the deposition of the adherent POA film.
The oxidation peak (B) at � 1.152 V versus SCE can
be attributed to the oxidation of o-anisidine because
a black, uniform film is generated on the mild steel
substrate. The reduction peak observed at � 20.499
V during the negative cycle can be attributed to the
partial reduction of the deposited POA film.

During the second scan [Fig. 1(b)], the anodic
peak (A) cannot be observed. In addition, a new
broad anodic peak (A1) at � 0.377 V versus SCE can
be observed, which is assigned to the oxidation of
POA deposited at the mild steel surface correspond-
ing to the conversion of amine units into radical cati-
ons.34 On repetitive cycling, voltammograms identi-
cal to those of second scan can be obtained. How-
ever, the current density corresponding to the
anodic peaks increases gradually with the number of
scans. After the fourth scan, the cyclic voltammo-
gram does not show well-defined redox peaks. A
typical tenth scan is also shown in Figure 1(c).

An SEM image of POA (� 6 lm thick) deposited
on mild steel is also shown in Figure 1. It clearly
reveals that the coating is uniform, crack, free and
featureless.

The evolution of the open circuit potential for the
POA-coated mild steel as a function of the immer-
sion time in aqueous 3% NaCl was studied. The
open circuit potential/time curve recorded in aque-
ous 3% NaCl for POA coatings electrosynthesized on
mild steel under cyclic voltammetry conditions is
presented in Figure 2. In this figure, the discontinu-
ous line parallel to the time axis at 20.710 V repre-
sents Ecorr of uncoated mild steel.

The initial value of the open circuit potential of
the POA-coated (� 6 lm thick) mild steel was mea-
sured to be � 20.440 V versus SCE, and it is more
positive than that of the uncoated mild steel by up

Figure 1 Cyclic voltammograms of (a) the first, (b) second,
and (c) tenth scans recorded during the synthesis of POA
coatings on mild steel in 0.1M NaC7H5O3 solutions. The
scan rate was 0.02 V/s. An SEM image of the POA coating
on mild steel is shown below the cyclic voltammograms.

Figure 2 Open circuit potential/time curve recorded for
POA-coated mild steel (synthesized under cyclic voltam-
metry conditions) in aqueous 3% NaCl. The discontinuous
line represents the open circuit potential of uncoated mild
steel.

402 CHAUDHARI AND PATIL

Journal of Applied Polymer Science DOI 10.1002/app



to � 0.270 V versus SCE. In the early stages of the
immersion, the open circuit potential decreases
sharply to 20.553 V versus SCE, and this may be
due to the initiation of the water-uptake process in
the coating. During the first 5 h of immersion, the
open circuit potential attains a plateau, and it
remains fairly constant at � 20.553 V versus SCE.
This plateau can be observed for 24 h, during which
the open circuit potential remains fairly constant at
� 20.553 V versus SCE. During this immersion

period, the POA coating exhibits barrier behavior by
limiting the diffusion of the corrosive species toward
the underlying mild steel substrate. After 24 h of
immersion, the open circuit potential decreases to
20.612 V versus SCE, which is close to Ecorr of
the uncoated mild steel; thereafter, it is no longer
protected.

The Nyquist impedance plots of uncoated mild
steel and POA-coated mild steel recorded in an
aqueous 3% NaCl solution are shown in Figure 3.
The Nyquist impedance plot of the uncoated mild
steel [Fig. 3(a)] is modeled by the electrical equiva-
lent circuit depicted in the inset of Figure 3(a), which
consists of the electrolyte resistance (Rs), charge-
transfer resistance (Rct), and double-layer capacitance
(Cdl). Thus, the impedance plot of the uncoated mild
steel can be fitted with a semicircle, and this is
attributed to the processes occurring at the steel
surface.

The Nyquist impedance plot of POA-coated mild
steel recorded in an aqueous 3% NaCl solution is
shown in Figure 3(b). The electrical equivalent cir-
cuit, model A, depicted in the inset of Figure 3(b), as
suggested by Fenelon and Breslin25 was used to
model the impedance plot of the POA-coated mild
steel. It consists of Rs, the pore resistance (Rp), the
coating capacitance (Cc), Rct, and Cdl. The constant
phase element (CPE) was used instead of the capaci-
tance. The CPE represents the deviation from the
true capacitance behavior. Thus, the impedance plot
of POA-coated mild steel [Fig. 3(b)] can be fitted
with two semicircles, a smaller one at a high fre-
quency range followed by a larger one at lower fre-
quencies. The first semicircle is attributed to the
characteristics of the POA/electrolyte interface and
is characterized by Rp and Cc.

25–28 The second semi-
circle in the low-frequency region is attributed to the
POA/mild steel interface, and it is characterized by
Rct for the charge-transfer reactions occurring at the
bottom of the pores in the coating and Cdl.25–28 The
values of the impedance parameters of the best fit to
the experimental impedance plots for uncoated mild
steel and POA-coated mild steel with the equivalent
circuits shown in Figure 3(a,b) are given in Table I.

The Rct value is approximately 4.562 kO, which is
about 7 times higher than that of uncoated mild
steel. The higher value of Rct is attributed to the
effective barrier behavior of the POA coating.35 The
lower values of Cc and Cdl for the POA-coated mild

Figure 3 Nyquist impedance plots for (a) uncoated mild
steel and (b) POA-coated mild steel. The plots were
recorded at the open circuit potential in aqueous solutions
of 3% NaCl. The insets depict the electrical equivalent cir-
cuits used to model the impedance plots.

TABLE I
Impedance Parameter Values Extracted from the Fit to the Equivalent Circuit for the Impedance Spectra Recorded in

Aqueous 3% NaCl Solutions

Sample Rs (O) Rp (O) Cc (F/m) Rct (O) Cdl (F/m)

Bare mild steel 5.76 — — 654.3 7.998 3 1024

POA-coated mild steel (� 6 lm thick) 34.4 125 1.832 3 1025 4562 5.3071 3 1025
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steel provide further support for the protection of
mild steel by the POA coating. Thus, the higher val-
ues of Rct and Rp and lower values of Cc and Cdl

indicate the excellent corrosion performance of the
POA coating. The protection efficiency (PE) was cal-
culated with the following expression:

PEð%Þ ¼ RpolðcoatedÞ � RpolðuncoatedÞ
RpolðcoatedÞ

� �
3 100

where Rpol(uncoated) and Rpol(coated) denote the
polarization resistances (for the coating polarization
resistance, Rpol 5 Rp 1 Rct) for uncoated and coated
mild steel. The PE value calculated from the EIS
data is � 86.04%.

The corrosion-protection performance of the POA
coatings was also investigated with potentiodynamic
polarization measurements. The potentiodynamic
polarization curves for uncoated mild steel and
POA-coated mild steel recorded in aqueous 3%
NaCl are shown in Figure 4. The Tafel extrapolations
show that POA caused a remarkable potential shift
of � 0.302 V in Ecorr with respect to the value of the
uncoated mild steel (20.710 V). The positive shift in
Ecorr confirms the best protection of the mild steel
when its surface is covered by POA. The Tafel
extrapolations were used to obtain jcorr and thus to
calculate the CR. These measurements clearly show
that a substantial reduction in jcorr occurs for the

POA-coated mild steel with respect to the uncoated
mild steel. The CR of POA-coated mild steel is � 0.03
mm/year, which is � 11.6 times lower than that
observed for bare mild steel. The values of Ecorr, jcorr,
the Tafel constants (ba and bc), Rpol, and CR obtained
from the polarization curves are given in Table II.
PE was calculated with the following expression:28

PEð%Þ ¼ Rpc � Rp

Rpc

� �
3 100

where Rp and Rpc denote the polarization resistances
of uncoated mild steel and POA-coated mild steel,
respectively. The PE value calculated from the
potentiodynamic polarization data is � 85.37%, which
is in fairly good agreement with the EIS results.
Thus, these results reveal the capability of POA to
act as a corrosion-protective layer on mild steel.

To gain further insight into the corrosion-protec-
tion properties of the POA coating, the impedance
plots were recorded as a function of the immersion
time in aqueous 3% NaCl. The Nyquist impedance
plots for POA-coated mild steel recorded at different
exposure times during the immersion in aqueous 3%
NaCl are shown in Figure 5(a–e). These impedance
plots exhibit systematic variations in terms of the
values of the impedance parameters, which are the
results of the changes in the dielectric characteristics
of the coating due to electrolyte penetration through
the pores in the coating and, consequently, the onset
of corrosive processes at the surface of the mild steel
substrate. Several researchers have used a single
equivalent circuit model to analyze the impedance
plots recorded at different times of exposure of the
coating to the corrosive solution. For example, Kou-
sik et al.36 investigated the corrosion protection of
mild steel by polythiophene coatings, using EIS.
They used a single equivalent circuit model to ana-
lyze the impedance plots recorded at three different
times of exposure of the coating to the corrosive so-
lution. Recently, Zhang and Zeng37 studied the evo-
lution of impedance models with the immersion
time for polypropylene-coated mild steel in 3.5%
NaCl solution. It was shown that the number of time
constants in the equivalent circuit increased with the
immersion time.

When the polymer-coated metal is immersed in the
corrosive electrolyte, the various physical and electro-
chemical processes, such as the electrolyte penetration

Figure 4 Potentiodynamic polarization curves for (a)
uncoated mild steel and (b) POA-coated (� 6 lm thick)
mild steel in an aqueous 3% NaCl solution.

TABLE II
Potentiodynamic Polarization Measurement Results

Sample Ecorr (V) jcorr (A/m2) ba (V/dec) bc (V/dec) Rpol (O/m
2) CR (mm/year)

Uncoated mild steel 20.710 30.71 0.084 0.185 821.72 3 104 0.35
POA-coated mild steel (� 6 lm thick) 20.404 0.002988 0.054 0.136 5616.98 3 104 0.034
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and/or diffusion in the coating, water uptake, onset
of corrosive processes at the surface of the metal, for-
mation and diffusion of corrosion products, and
detachment of the coating, occur at different exposure
times. Consequently, the use of a single equivalent
circuit model at all immersion times is inadequate to
explain the various aforementioned processes. Hence,
it is expected that some characteristic element(s) cor-
responding to the various aforementioned processes
should be incorporated into the equivalent circuit
model at different stages of immersion. This implies
that the time evolution of the equivalent circuit model
should be taken into consideration during the analy-
sis of the impedance plots recorded as a function of
the immersion time. In this work, to analyze the im-
pedance plots for POA-coated mild steel recorded at

different exposure times during the immersion in
aqueous 3% NaCl, two different equivalent circuit
models were employed at two subsequent stages of
the immersion.

Immersion time (2–4 h)

The Nyquist impedance plot recorded at 2 h of expo-
sure time during the immersion in an aqueous 3%
NaCl solution is shown in Figure 5(a). This plot was
analyzed in terms of the same equivalent circuit
model (A) shown in the inset of Figure 3(b). It is fit-
ted with two semicircles with diameters Rp (at a
higher frequency range) and Rct (at lower frequen-
cies). Rp is related to the penetration of the electro-
lyte into the micropores of the coating.38 It usually

Figure 5 Nyquist impedance plots for POA-coated (� 6 lm thick) mild steel recorded (a) after 2 h of immersion in 3%
NaCl (the corresponding Bode plot is shown below the Nyquist impedance plot), (b) after 4 h of immersion in 3% NaCl
(the corresponding Bode plot is shown below the Nyquist impedance plot), (c) after 16 h of immersion in 3% NaCl (the
inset depicts model B, and the corresponding Bode plots fitted with electrical equivalent circuit models A and B are
shown below the Nyquist impedance plot), (d) after 48 h of immersion in 3% NaCl, and (e) after 72 h of immersion in 3%
NaCl.
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decreases with the time of exposure of the coating to
the electrolyte. Rct is related to the corrosion processes
occurring at the metal substrate beneath the coating.
The Rct value increases during this immersion pe-
riod, and this is attributed to the oxidation of the
mild steel by the conducting polymer, which results
in the formation of iron oxide compounds at the
POA/mild steel interface and also in the partial
reduction of the polymer film. The Rp value
decreases slightly during this immersion time. The
slight decrease in the value of Rp is attributed to the
entry of the electrolyte into the micropores in the
coating.

It is known that the phase angle is more sensitive
to the state change of both the coating and metal sur-
face. The phase angle/frequency Bode curve
recorded for POA-coated mild steel after 2 h of expo-
sure during immersion in an aqueous 3% NaCl solu-
tion is shown in Figure 5(a). The value of the phase
angle is maximum (� 558) at the middle frequencies
and then decreases sharply to � 138 at the lowest fre-
quency. This observation provides evidence for lim-
ited diffusability through the POA coating.

The Nyquist impedance plot recorded after 4 h of
exposure during the immersion in an aqueous 3%
NaCl solution is shown in Figure 5(b). This imped-
ance plot is also fitted satisfactorily to equivalent cir-
cuit model A, as shown in the inset of Figure 3(b).
The Rct value increases further, whereas Rp decreases
further, during this immersion time. The increase in
the Rct value may be attributed to the further reduc-
tion of the polymer film and formation of the thicker
layer of the protective iron oxide compounds. The
decrease in the value of Rp is attributed to the entry
of the electrolyte into the pores in the coating. The
Ecorr value at this immersion time was measured to
be 20.400 V versus SCE and is more positive than
that of Ecorr for the uncoated mild steel by up to
0.310 V. Therefore, it can be said that during the first
4 h of immersion, the detectable corrosion processes
were not started at the mild steel substrate surface
under the coating.

The phase angle/frequency Bode curve recorded
for POA-coated mild steel after 4 h of exposure [Fig.
5(b)] is similar to that observed after 2 h of exposure.
This suggests that the POA coating has limited

Figure 5 (Continued from the previous page)
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diffusability for corrosive species even after 4 h of
immersion.

Immersion time (16–72 h)

Further increasing the exposure time does not result
in an obvious variation in the shape of the Nyquist
impedance plots. The Nyquist impedance plot for
the POA-coated mild steel recorded after 16 h of ex-
posure during immersion in an aqueous 3% NaCl
solution is shown in Figure 5(c). As seen earlier, the
Nyquist impedance plots before 16 h of immersion
are fitted satisfactorily to equivalent circuit model A.
However, the experimental Nyquist impedance plot
after 16 h of immersion cannot be well fitted to
model A. The validity of the selected equivalent cir-
cuit model can be verified by a comparison of the fit-
ness of the fitted curve to the experimental Bode
curve with two different circuit models. The experi-
mental Bode curve [Fig. 5(c)] cannot be satisfactorily
fitted to model A; the fitting curve is not in agree-
ment with the experimental data at the intermediate
and low frequencies.

The electrolyte penetrates via the pores in the coat-
ing and develops the electrolyte pathways with time
through the coating. The corrosive species along
with the water diffuse through these paths toward
the mild steel surface. When a sufficient amount of
the electrolyte reaches the mils steel surface, the cor-
rosion processes are initiated at the POA/mild steel
interface. As a result, the Ecorr value shifts to a less
noble value. The measured open circuit potential
value at this moment is � 20.550 V versus SCE.
Therefore, it can be said that after 16 h of immersion,
the anodic dissolution of the passive oxide layer
begins at the bottom of the pores; it interacts with
the electrolyte solution and results in the formation
of corrosion products that diffuse toward the coating
surface through the pores in the coating.

Therefore, it is expected that the characteristic ele-
ment(s) would appear in the equivalent circuit,
which corresponds to the diffusion of corrosion
products from the mild steel surface toward the
coating. A diffusion combination, which consists of
the diffusion resistance (Rdiff) and the diffusion ca-
pacitance (Cdiff), must be considered in the equiva-
lent circuit. The corresponding equivalent circuit,
model B, is shown in the inset of Figure 5(c) and
consists of three time constants. Obviously, the first
time constant is a representative of the characteristics
of the POA coating. The second and third capacitive
loops are attributed to the complex reactions occur-
ring at the surface of the mild steel substrate. The
second loop is determined by Rct and by Cdl, and
the third loop is correlated to diffusion processes
(Rdiff and Cdiff) caused by the presence of corrosion
products. The fitting curve gives a good fit to the
experimental Bode curve [Fig. 5(c)] when equivalent
circuit model B [as shown in the inset of Fig. 5(c)] is
used. In the following immersion times, the equiva-
lent circuit basically remains unchanged until the
test is terminated.

After 16 h of immersion, the Rct value decreases,
and its value is � 5.539 kO. The decrease in the value
of Rct may be due to the dissolution of the passive
oxide layer on the mild steel surface. Rdiff is the re-
sistance against the diffusion of the corrosion prod-
ucts from the mild steel surface toward the coating,
and its value is 3.526 kO.

The Nyquist impedance plot recorded after 48 h of
exposure during immersion in an aqueous 3% NaCl
solution is shown in Figure 5(d). Equivalent circuit
model B [as shown in the inset of Fig. 5(c)] is used
to fit the experimental data. After 48 h of immersion,
the Rct value decreases further to 4.873 kO. However,
it is higher than that of the uncoated mild steel. The
Rdiff value increases during this immersion time and
is � 5.132 kO. The corrosion products are partially
deposited into the pores in the coating, and as a
result, the further diffusion of the corrosion products

Figure 5 (Continued from the previous page)
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toward the coating surface is hindered. Conse-
quently, the increase in Rdiff can be observed during
this immersion time.

The Nyquist impedance plot recorded after 72 h of
exposure during immersion in an aqueous 3% NaCl
solution is shown in Figure 5(e). After 72 h of

Figure 6 (a) Evolution of Rp and Cc for POA-coated mild steel during exposure to 3% NaCl, (b) volume fraction of the
electrolyte in the coating as a function of the immersion time in 3% NaCl, (c) evolution of Rct and Rdiff for POA-coated
mild steel during exposure to 3% NaCl, (d) evolution of Cdl for POA-coated mild steel during exposure to 3% NaCl, and
(e) delamination area as a function of the immersion time in 3% NaCl.
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immersion time, a significant decrease in the Rct

value can be observed, and its value is � 3.199 kO,
which is still higher than that of the uncoated mild
steel. As expected, the Rdiff value increases signifi-
cantly, and its value is � 6.163 kO. During this
immersion time, the diffusion of the corrosion prod-
ucts is hindered, and they accumulate at the bottom
of the coating, resulting in the formation of a loose
corrosion product layer.

After 96 h of immersion, the detachment in the
coating was observed when the working electrode
was removed from the test electrolyte, and so the
immersion study was terminated at the end of 72 h.

Evolution of the impedance parameters with the
immersion time

The variation of Rp as a function of the immersion
time is shown in Figure 6(a). Initially, the value of
Rp decreases slowly, and this is attributed to the de-
velopment of the electrolyte pathways through the
POA coating. After 4 h of immersion, the Rp value
decreases sharply, and this reveals that the electro-
lyte has reached the mild steel surface.

Cc is the capacitance of the intact coating layer or the
capacitance of the areas in which rapid solution uptake
does not occur.38 The evolution of Cc with the immer-
sion time is also shown in Figure 6(a). As can be seen in
Figure 6(a), the three time domains are clearly distin-
guished. First, a linear increase in Cc can be observed
during the first few hours, which is attributed to the
entry of the electrolyte into the coating. This is the first
step of the electrolyte penetration through the pores in
the coating and is related to the water-uptake process.
In the second domain, the coating is saturated with the
water content, and the value of Cc attains a plateau and
remains constant over a long time period; this indicates
the maintenance of the good protective properties due
to the existence of the passive oxide layer. This is the
second step of the electrolyte penetration and refers to
the diffusion of water and ions via the pores in the coat-
ing. The corrosive species along with the water pene-
trates deeper and deeper with time until they finally
pass through the POA coating and reach the mild steel
surface. Finally, there is a rapid increase in Cc over the
third time domain, which indicates the onset of the cor-
rosive processes at the surface of the mild steel and sub-
sequently the detachment of the coating from the sub-
strate due to adhesion loss.

The water uptake changes the dielectric constant
of the polymer and therefore Cc. The volume fraction
(/) of the water in the POA coating when in contact
with a 3% NaCl solution as a function of time can be
determined with the Brasher–Kingsbury equation:39

/ ¼ logCt=C0

log 80

where Ct is the coating capacitance at instant t and
C0 is the capacitance at t 5 0. The value of 80 is the
dielectric constant of water at 258C. The volume frac-
tion of water in the coating as a function of the
immersion time is shown in Figure 6(b). The water
permeation is very small up to 48 h of immersion,
and this shows that the coating resists water uptake
and is corrosion-resistant.

The variation of Rct as a function of the immersion
time is shown in Figure 6(c). The Rct value increases
up to 4 h of immersion and thereafter decreases
with the immersion time; however, it is higher than
that of the uncoated mild steel. The increase in the
Rct value is attributed to the formation of protective
oxide layers and the effective barrier behavior of the
POA coating. After 16 h of immersion, the Rct value
decreases with the increase in the immersion time;
this reveals that the corrosion processes are initiated
after 16 h of immersion.

The value of Rdiff increases [Fig. 6(c)] with the
increase in the immersion time. As the immersion
time increases, the amount of corrosion products
formed at the interface of POA and the mild steel
increases, and these products diffuse toward the
coating surface. These corrosion products are depos-
ited into the pores in the coating, and as a result, the
further diffusion of the corrosion products toward
the coating surface is hindered. Hence, the resistance
against the diffusion of the corrosion products (Rdiff)
increases with the immersion time.

Cdl represents the wet area under the coating,
which is the area in contact with the electrolyte. The
value of Cdl increases linearly [Fig. 6(d)] during the
first 16 h of immersion and thereafter remains
almost constant. After 48 h of immersion, the Cdl

value increases sharply, and this indicates the
increase in the wet area under the coating. The
delamination area is evaluated by the comparison of
the values of the measured Cdl value with a specific
capacitance Cdl (measured on the uncoated sub-
strate).40 The determined delamination area values
as a function of the immersion time [Fig. 6(e)] clearly
indicate negligible delamination up to 48 h, as evi-
dent from the lowest values of the order of 0.027–
0.071 cm2. This confirms the stability of the POA
coating on mild steel when exposed to a 3% NaCl
solution.

CONCLUSIONS

The performance of POA as a protective coating
against the corrosion of mild steel was investigated
through immersion tests performed in aqueous 3%
NaCl solutions with EIS and open circuit potential
measurements. The following main findings resulted
from this investigation:
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• The evolution of the equivalent circuit used to
model the Nyquist impedance plot of the POA-
coated steel with the immersion time was stud-
ied. During the initial period of immersion, the
equivalent circuit modeling suggests that the im-
pedance plot of the POA-coated steel can be fit-
ted with two semicircles, which correspond to
two time constants. It is suggested that the diffu-
sion components related to the diffusion proc-
esses of corrosion products from the steel surface
toward the coating must be considered in the
equivalent circuit after a certain immersion time.

• After 16 h of immersion, the equivalent circuit
fitting of the impedance plot of the POA-coated
steel indicates that there are three semicircles,
which correspond to three time constants.

• The water uptake and the delamination area
were determined from the EIS study. The varia-
tion of the water uptake and delamination area
with the immersion time provides further evi-
dence of the protective action of POA.

• This study demonstrates that POA has excellent
corrosion-protection properties and can be con-
sidered a potential coating material for the corro-
sion protection of mild steel in aqueous 3% NaCl.
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