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ABSTRACT: Bi-layered composites of polyaniline
(PANI) and poly(o-anisidine) (POA) were investigated
for corrosion protection of low carbon steel (LCS). In
this work, homopolymers and bi-layers of PANI and
POA were electropolymerized on LCS from an aqueous
salicylate solution by using cyclic voltammetry. These
coatings were characterized by cyclic voltammetry, Fou-
rier transform infrared (FTIR) spectroscopy and scan-
ning electron microscopy (SEM). Corrosion tests were
carried out in aqueous 3% NaCl solution for LCS coated
with PANI, POA, bi-layered POA/PANI (POA on top
of the PANI) or PANI/POA (PANI on top of the POA)
composites using open circuit potential (OCP) measure-
ments, potentiodynamic polarization technique, and
electrochemical impedance spectroscopy (EIS). The sin-

gle layer of PANI and POA protected the LCS in 3%
NaCl for 8 and 16 h, respectively. The bi-layered com-
posite coatings provide effective protection to LCS for a
longer time than a single layered PANI or POA coating.
However, the corrosion protection offered to LCS de-
pends on the deposition order of polymer layers in the
composite. The PANI/POA composite provides better
protection to LCS against corrosion than POA/PANI
coating. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 109:
2546-2561, 2008
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INTRODUCTION

During last decade, electrically conducting polymers
have been widely investigated as corrosion protective
coatings, because they can be easily synthesized on
metallic surfaces from aqueous media by electrochem-
ical polymerization route.” The main problem
related to the electrochemical synthesis of conducting
polymer coatings on oxidizable metals is dissolution
of the base metal in the beginning of polymerization,
so only few electrolytes suitable for polymerization
were reported. The electrochemical synthesis of con-
ducting polymer coatings from aqueous solutions
containing oxalate ions has been investigated by sev-
eral groups™?®® because this medium inhibits iron
dissolution. Other electrolytes such as salicylate,'®**
tartrate,”?° malate,” and sulfate!® have also been
employed for the electrochemical synthesis of con-
ducting polymers. The extent of using these conduct-
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ing polymers is limited due to the exclusivity of the
monomers that are essential for their synthesis. To
overcome this limitation, different synthesis ap-
proaches have been attempted.

The first approach involves the use of copolymer-
ization to prepare new polymers with inbuilt tailor-
made properties suitable for the application. We have
reported recently, the synthesis of poly(aniline-co-o-to-
luidine) coatings on LCS from aqueous salicylate so-
lution using cyclic voltammetry and investigated the
corrosion properties of these copolymer coatings in
aqueous 3% NaCl*® It was found that the poly(ani-
line-co-o-toluidine) coatings provide better protection
for LCS against corrosion than corresponding homo-
polymer coatings. The corrosion rates of PANI,
poly(o-toluidine) (POT) and poly(aniline-co-o-tolui-
dine) (with feed ratio of o-toluidine as 0.5) coated
LCS are found to be ~3, 20, and 50 times lower than
that observed for uncoated LCS. Hur et al.* reported
the electrochemical synthesis of poly(aniline-co-2-tolu-
idine) films on stainless steel in tetrabutylammonium
perchlorate/acetonitrile solution containing perchloric
acid. They found that the PANI coatings provide
much better protection to stainless steel than poly
(2-anisidine) and poly(aniline-co-2-anisidine) films. It
has been shown that the protection properties of
PANI are related to the passivation of steel and bar-
rier effect, while the protection of steel by poly(2-anis-
idine) and poly(aniline-co-2-anisidine) films is mainly
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through the barrier effect. Bereket et al.>® synthesized
poly(aniline-co-2-anisidine) films on stainless steel by
using the synthesis conditions identical to those used
by Hur et al* They found that the PANI, poly
(2-anisidine) and poly(aniline-co-2-anisidine) films
have corrosion protection effect for stainless steel in
aggressive medium of 0.5 HCI solution. However, the
durability of the poly(aniline-2-anisidine) films is lim-
ited to 3 h. More recently, we synthesized poly(o-anis-
idine-co-o-toluidine) coatings on Cu from aqueous sa-
licylate solution and investigated the corrosion prop-
erties of these copolymer coatings in aqueous 3%
NaCl*' The corrosion rates of POA, POT and poly
(0-anisidine-co-o-toluidine) (with feed ratio of o-tolui-
dine as 0.5) coated Cu are found to be ~9, 27, and
720 times lower than that observed for uncoated Cu.

The second approach involves the formation of
bilayer coatings which either consists of a top coat
of conducting polymer on the layer of the other
conducting polymer or a top layer of conducting
polymer on the metallic coating such as nickel.
Yagan et al.** electropolymerized the single layers
and bilayers of PANI and polypyrrole (PPY) on
mild steel in aqueous oxalic acid solution and
investigated their corrosion behavior in aqueous
0.5M NaCl and 0.1M HCI solutions. Unexpectedly,
the bilayers of PANI and PPY did not provide bet-
ter protection for mild steel against corrosion than
corresponding single layer coatings. On contrary,
the single layered PPY coating exhibited the best
corrosion resistance among all coatings. Tuken and
his research group®® extensively studied the elec-
trochemical synthesis of PANI and PPY coatings on
nickel plated mild steel and Cu substrates from
aqueous media.

The third approach involves the synthesis of
hybrid composite coatings of conducting polymer
and one or more environmentally friendly oxides.
More recently, we have synthesized the poly(o-tolui-
dine)/ZrO, nanocomposite coatings on mild steel in
ZrO,-containing aqueous tartrate solution by using
cyclic voltammetry.”” It was observed that the
poly(o-toluidine)/ZrO, nanocomposite coating pro-
vides better protection to mild steel against corrosion
in aqueous 3% NaCl with respect to poly(o-tolui-
dine). The composite coating reduced the corrosion
rate of mild steel almost by a factor of 51.

In this article, we present the first evaluation of
corrosion protection effect in aqueous 3% NaCl for
the bi-layered composites of PANI and POA on LCS
in comparison with that of the single layers of PANI
and POA by using OCP measurements, potentiody-
namic polarization technique and EIS. The single
layers and bi-layered composites of PANI and POA
were synthesized on LCS substrates from aqueous
salicylate medium and characterized by cyclic vol-
tammetry, FTIR, and SEM.
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EXPERIMENTAL
Materials

All chemicals were of analytical grade. The mono-
mers, aniline and o-anisidine were procured from
Fluka and were doubly distilled prior to being used
for the synthesis. Sodium salicylate (NaC;HsO3) was
procured from Merck and used as-received without
further purification. Bi-distilled water was used to
prepare all the solutions.

Substrate preparation

The chemical composition (by weight %) of LCS
used in this study was : 0.03% C, 0.026% S, 0.01% P,
0.002% Si, 0.04% Ni, 0.002% Mo, 0.16% Mn, 0.093%
Cu, and 99.64% Fe. The LCS substrates (size ~ 10 X
15 mm and 0.5-mm thick) were polished with a se-
ries of emery papers, followed by thorough rinsing
in acetone and double distilled water and dried in
air. Prior to any experiment, the substrates were
treated as described and freshly used with no fur-
ther storage.

Electrochemical syntheses

The electrochemical syntheses were carried out
under cyclic voltammetric conditions in a single
compartment three electrode cell with LCS as work-
ing electrode (150 mm?), platinum as counter elec-
trode and saturated calomel electrode (SCE) as refer-
ence electrode. The cyclic voltammetric conditions
were maintained using the electrochemical measure-
ment System (SI 1280B, Solartron, UK) controlled by
corrosion software (CorrWare, Electrochemistry/Cor-
rosion Software, Scribner Associates, supplied by
Solartron, UK).>® The schematic representation of bi-
layered composites of PANI and POA synthesized
on LCS is shown in Figure 1. These bi-layered com-
posites were synthesized on LCS using the following
procedures.

POA /PANI coatings (bi-layered composite-POA
on the top of the PANI)

The PANI film was first synthesized on LCS sub-
strate in 0.1M aqueous salicylate solution containing
0.3M aniline by using cyclic voltammetry. Thereafter,
POA layer was deposited over the PANI film from
0.1M aqueous salicylate solution containing 0.1M
o-anisidine to prepare a POA/PANI bi-layered coat-
ing. Both layers were synthesized by cycling the
electrode potential between —1.0 and 1.8 V with the
scan rate of 0.02 V/s. After deposition, the working
electrode was removed from the electrolyte and
rinsed with double distilled water and dried in air.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Schematic representation of bi-layered compo-
sites synthesized on LCS (a) POA/PANI and (b) PANI/
POA.

Pani/POA coatings (bi-layered composite-PANI on
the top of the POA)

The procedure and experimental conditions were
identical to those for the POA/PANI bi-layered coat-
ing, except that the order in which the single layers
were coated was reversed. Hence, the PANI film
was deposited on top of the POA film.

Characterization

The FTIR transmission spectra were recorded with a
Perkin-Elmer spectrometer (1600 Series II, USA) in
horizontally attenuated total reflectance (HATR)
mode in the spectral range 4000-400 cm™'. SEM
images were recorded with a Leica Cambridge 440
Microscope (Cambridge, England, UK). The thick-
ness of the coatings was measured by a conventional
magnetic induction based microprocessor controlled
coating thickness gauge (Minitest 600, ElectroPhysik,
Germany). The error in the thickness measurements
was less than 5%.

Evaluation of corrosion protection performance

The corrosion protection performance of the coatings
was evaluated in 3% NaCl solution by using open
circuit potential (OCP) measurements, potentiody-
namic polarization technique and EIS using a elec-
trochemical measurement system (SI 1280B, Solar-
tron, UK). For these measurements, a teflon holder
was used to encase the polymer coated LCS sub-
strates so as to leave an area of ~ 0.4 cm” exposed to
the solution. All the measurements were repeated at
least four times and good reproducibility of the
results was observed.

The potentiodynamic polarization measurements
were performed by sweeping the potential between

Journal of Applied Polymer Science DOI 10.1002/app
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—0.25 and 0.25 V from OCP with the scan rate of
0.002 V/s. The potentiodynamic polarization curves
were analyzed by using Corr-view software from
Scribner Associates which performs the Tafel fitting
and calculates the values of the corrosion potential
(Ecorr), corrosion current density (j.ory) and corrosion
rate (CR) in mm per year.

The Nyquist impedance plots were recorded at the
OCP in the frequency range from 0.1 to 20 kHz with
amplitude of superimposed AC signal of 0.010 V.
The spectra were also recorded after different
immersion times in aqueous 3% NaCl medium. The
analysis of the impedance spectra was done by fit-
ting the experimental results to equivalent circuits
using Z-view software from Scribner Associates.*
The quality of fitting to equivalent circuit was
judged firstly by the chi-square value (x° i.e., the
sum of the square of the differences between theoret-
ical and experimental points) and secondly by limit-
ing the relative error in the value of each element in
the equivalent circuit to 5%.

RESULTS AND DISCUSSION
Synthesis of single PANI and POA layers on LCS
PANI layer on LCS

The cyclic voltammograms recorded during the first,
second, and tenth potential sweeps on an uncoated
LCS electrode in an aqueous solution containing
0.3M aniline and 0.1M sodium salicylate are shown
in Figure 2(a). These cyclic voltammograms exhibit
good resemblance with those reported by Pawar
et al.** and have some common features such as: (i)
In the first potential sweep, the anodic (A;) and cor-
responding cathodic (C) peaks at ~ 1.36 and —0.605 V
versus SCE, respectively. The anodic peak A; cor-
responds to the oxidation of aniline and formation
of radical cations, which is considered to be the first
step in the polymerization of the conducting poly-
mers. The cathodic peak C is attributed to the partial
reduction of the anodically formed species on the
LCS electrode. (ii) During second potential sweep,
an increase in the current density is observed in the
potential range ~ 0.048-0.737 V versus SCE and rest
of the features are similar to that of the first sweep.
An increased in the current density in the potential
range 0.048-0.737 V is assigned to the oxidation of
PANI deposited at the LCS surface*! and (iii) In sub-
sequent sweeps, the voltammograms identical to that
of second sweep are obtained. However, the current
density corresponding to the redox peaks increases
gradually with an increase in the number of sweeps.
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Figure 2 (a) Cyclic voltammograms recorded during the (1) first, (2) second and (10) tenth potential sweep on uncoated
LCS electrode in an aqueous solution containing 0.3M aniline and 0.1M sodium salicylate. (b) Cyclic voltammograms
recorded during the (1) first, (2) second and (10) tenth potential sweep on uncoated LCS electrode in an aqueous solution
containing 0.1M o-anisidine and 0.1M sodium salicylate. (c): Cyclic voltammograms recorded during the (1) first, (2) sec-
ond and (10) tenth potential sweep of a PANI coated LCS in an aqueous solution containing 0.1M o-anisidine and 0.1M so-
dium salicylate. (d) Cyclic voltammograms recorded during the (1) first, (2) second, and (10) tenth potential sweep of a
POA coated LCS in an aqueous solution containing 0.3M aniline and 0.1M sodium salicylate.

The coating thickness was also estimated by using
the equation* assuming a two electron mechanism
based on the monomer involved in the polymeriza-
tion process and a current efficiency of 100%. In this
equation, Q is the specific overall charge for the elec-
trochemical polymerization, p is the density of the
PANI and M is the molar mass and F is the Faraday
constant. The thickness of PANI layer (20 sweeps)
calculated by using this equation was found to be
~ 2.9 um [standard deviation (SD) = 0.085], which is
in fairly agreement with that measured by using a
conventional magnetic induction based microproces-
sor controlled coating thickness gauge.

The FTIR spectrum of PANI coating synthesized on
LCS recorded in HATR mode is shown in Figure 3(a).
Main characteristic bands of PANI are assigned as fol-
lows.*>™ A broad band at ~ 3367 cm ™' is due to the
N—H stretching mode, the C=N and C=C stretching

mode for the quinoid (Q) and benzoid (B) rings occur
at 1656 and 1448 cm ™' respectively, a band at ~ 1379
cm ™! is assigned to the C—N stretching, the bands at
~ 1774 and 1277 cm ™' is assigned to the presence of car-
boxylic groups of sodium salicylate, the bands at 1126
and 1071 cm ™" are attributed to the 1-4 substitution on
the benzene ring and the bands between 800 and 700
cm” ! reveal the occurrence of the 1-3 substitutions.

POA layer on LCS

The cyclic voltammograms recorded during the first,
second, and tenth potential sweeps on an uncoated
LCS electrode in an aqueous solution containing
0.1M o-anisidine and 0.1M sodium salicylate are
shown in Figure 2(b). These cyclic voltammograms
exhibit good resemblance with those reported by
Wankhede et al.** and have some common features

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 FTIR spectra of (a) PANI, (b) POA, (c) POA/PANI, and (d) PANI/POA coatings synthesized on LCS substrate.

such as: (i) In the first potential sweep is character-
ized by anodic (A;) and corresponding cathodic (C)
peaks at ~ 1.132 and —0.551 V versus SCE, respec-
tively. The anodic peak A, is attributed to oxidation
of o-anisidine since a black, uniform film is gener-
ated on the steel substrate. The cathodic peak C cor-
responds to the partial reduction of the deposited
POA film. (ii) During the second sweep, a new
broad anodic peak A, observed at ~ 0.372 V versus
SCE is assigned to the oxidation of POA deposited
at the steel surface, which corresponds to conversion
of amine units into radical cations*! and (iii) On re-
petitive sweeping, the voltammograms identical to
that of second sweep are obtained. However, the
current density corresponding to the anodic peaks
increases gradually with the number of sweeps. Af-
ter fourth sweep, the cyclic voltammogram does not
show well-defined redox peaks. A typical tenth scan
is also shown in Figure 2(b). The thickness of POA
layer (20 sweeps) calculated by using the eq. (1) was
found to be ~ 6 pym (SD = 0.081).

The FTIR spectrum of the POA recorded in HATR
mode [Fig. 3(b)] exhibits main characteristic bands of
POA, which are assigned as follows.*>™ A broad

Journal of Applied Polymer Science DOI 10.1002/app

band at ~3410 cm ' is due to N—H stretching mode,
the C=N and C=C stretching mode for the Q and B
rings occur at 1655 and 1578 cm ™' respectively, the
bands at ~ 1716 and 1276 cm ' are assigned to the
presence of carboxylic groups of sodium salicylate,
the bands at ~ 1122 and 1071 cm ™! are attributed to
the presence of an o-methoxy group, a band at 837
cm ™' indicates that ortho substituted benzene ring
and the bands between 800 and 700 cm ™' reveal the

occurrence of the 1-3 substitutions.

Synthesis of bi-layered composites
of PANI and POA on LCS

Bi-layered POA /PANI composite on LCS

Figure 2(c) shows the cyclic voltammograms recorded
during the first, second and tenth potential sweeps of
a PANI coated LCS in an aqueous solution containing
0.IM o-anisidine and 0.1M sodium salicylate. Previ-
ously, the PANI layer was deposited on LCS by cy-
cling the potential between —1.0 and 1.8 V versus
SCE in an aqueous solution containing 0.3M aniline
and 0.1M sodium salicylate at a scan rate of 0.02 V/s
(10 cycles). In the first sweep, broad and small an-
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odic, and corresponding cathodic peaks at ~ 0.455
and —0.734 V versus SCE, respectively, are observed.
The onset of oxidation wave is observed at ~ 0.725 V
versus SCE, which obviously corresponds to oxida-
tion of o-anisidine. This cyclic voltammogram exhibits
good resemblance with the tenth potential sweep [cf.
Fig. 2(b)] recorded during the synthesis of POA layer
on LCS electrode. However, the current densities cor-
responding to the redox peaks are markedly lower
than one observed with an uncoated LCS electrode,
indicating a lower rate of polymerization of o-anisi-
dine on an electrode already covered with a PANI.
This may be due to the partial blocking of the elec-
trode surface by previously deposited PANI layer. It
is believed that during the electrochemical polymer-
ization, o-anisidine and the supporting electrolyte
anions diffuse through the micropores in PANI
towards the LCS surface. Subsequently, the polymer-
ization begins within the micropores and expands
over the entire electrode surface with increasing the
number of potential sweeps. Thus, the rate of poly-
merization is expected to be appreciably slow due to
the diffusion hindrance. In the first sweep, broad and
small anodic and corresponding cathodic peaks at
~ 0455 and —0.734 V versus SCE, respectively, are
observed. The onset of oxidation wave is observed at
~ 0.725 V versus SCE, which obviously corresponds
to oxidation of o-anisidine. It is clearly observed that
the oxidation wave (indicated by an arrow) on PANI
coated LCS is reduced by almost ~ 0.301 V versus
SCE. This implies that the PANI layer formed on the
LCS surface does not constitute a barrier to the elec-
tronic transfer. In subsequent sweeps, the voltammo-
grams identical to that of first sweep are obtained.
However, the current densities corresponding to the
redox peaks are observed to increase with an increase
in the number of sweeps, which substantiates the
growth of the conducting polymer. This reveals the
growth of the conducting POA layer on the PANI
coated LCS, thereby indicating the formation of bi-
layered POA /PANI composite on the LCS. The thick-
ness of bi-layered POA/PANI composite calculated
by using the eq. (1) was found to be ~ 6 um (SD =
0.081).

The FTIR spectrum of POA/PANI coating on LCS
recorded in HATR mode is shown in Figure 3(c).
The most striking feature of this spectrum is that it
exhibits very similar characteristics to those of POA.
This indicates that the electrochemical polymeriza-
tion of o-anisidine occurs on PANI layer and results
into the formation of bi-layered POA/PANI compos-
ite on the LCS.

Bi-layered PANI/POA composite on LCS

The cyclic voltammograms recorded during the
first, second and tenth sweeps of a POA coated LCS
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electrode in an aqueous solution containing 0.3M
aniline and 0.1M sodium salicylate are shown in
Figure 2(d). Initially, the POA layer was deposited
on LCS by cycling the potential between —1.0 and
1.8 V versus SCE in an aqueous solution containing
0.1M o-anisidine and 0.1M sodium salicylate at a
scan rate of 0.02 V/s (10 cycles). The first sweep
exhibits—(i) a plateau like anodic peak (A,) in
between 0.161 and 0.444 V versus SCE, (ii) the onset
of an oxidation wave at ~ 0.578 V versus SCE and
(iii) a broad reduction peak (C) at ~ —0.544 V ver-
sus SCE. This cyclic voltammogram exhibits good
resemblance with the tenth potential sweep [cf., Fig.
2(a)] recorded during the synthesis of PANI layer
on LCS electrode. The oxidation wave is attributed
to oxidation of aniline and it is found that an onset
of the oxidation wave (indicated by an arrow)
occurs at lower potential (0.696 V vs. SCE) than one
observed with an uncoated LCS. This indicates that
electropolymerization of PANI layer is mediated by
the previously deposited POA layer on LCS leading
to the bi-layer structure. The current densities corre-
sponding to the redox peaks are comparable to
those observed with an uncoated LCS electrode,
indicating that the rate of polymerization of aniline
is unaffected on an electrode already covered with
a POA.

During second sweep, the voltammogram identical
to that of first sweep is obtained except an increase
in the current densities corresponding to the redox
peaks. After third sweep, the current densities corre-
sponding to the anodic peaks decrease gradually
with an increase in the number of sweeps. A typical
10th sweep is also shown in Figure 2(d). The thick-
ness of bi-layered PANI/POA composite calculated
by using the eq. (1) was found to be ~ 9.66 pm (SD
= 0.10).

The FTIR spectrum of PANI/POA coating on
LCS [Fig. 3(d)] recorded in HATR mode exhibits
main characteristic bands due to PANI which indi-
cates that the electrochemical polymerization of ani-
line takes place on POA layer and results into the
formation of bi-layered PANI/POA composite on
the LCS.

The SEM micrographs of PANI/LCS, POA/LCS,
POA/PANI/LCS and PANI/POA/LCS are shown
in Figure 4. The surface morphology of the single
layers as well as bi-layered composites is relatively
uniform, crack free, and featureless.

Evaluation of corrosion protection performance

The corrosion protection performance of PANI, POA
and bi-layered composites POA/PANI and PANI/
POA was evaluated in 3% NaCl solution by using
OCP measurements, potentiodynamic polarization
technique and EIS.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEM micrographs of (a) PANI, (b) POA, (c) POA/PANI, and (d) PANI/POA coatings synthesized on LCS sub-

strate.

OCP measurements

The evolution of OCP for PANI/LCS, POA/LCS,
POA/PANI/LCS and PANI/POA/LCS as a function
of immersion time in 3% NaCl was studied. The cor-
responding OCP-time curves are depicted in Figure
5. Initially, the OCP of PANI/LCS [Fig. 5(a)] was
measured to be ~ —0.483 V versus SCE, which is
more positive than that of the uncoated LCS by up
to ~ 0.227 V versus SCE. The initial decrease in the
potential is associated with the initiation of the water
uptake process in the coating. After 8 h of immer-
sion the potential decreases sharply and it remains
fairly constant at ~ —0.608 V versus SCE, which is
close to the corrosion potential of LCS. The protec-
tion time of the coating is determined by measuring
the elapsed time until the OCP of the polymer
coated LCS drops to that of the uncoated electrode.
Thus, the PANI protects the LCS in 3% NaCl for
almost 8 h.

On the other hand, the OCP value of POA/LCS
[Fig. 5(b)] was measured to be ~ —0.440 V versus
SCE and it is more positive than that of the uncoated
LCS by up to ~ 0.270 V versus SCE. In the early
stages of the immersion, the potential decreases
sharply and it attains a plateau wherein the potential
remains fairly constant at ~ —0.553 V versus SCE
during the first 5 h of immersion. This plateau is

Journal of Applied Polymer Science DOI 10.1002/app

observed for 24 h during which the POA coating
exhibits barrier behavior by limiting the diffusion of
the corrosive species towards the underlying steel
substrate. After 24 h of immersion, the potential
decreases to —0.612 V versus SCE, that is close to
the corrosion potential of the uncoated LCS.

The OCP-time curves recorded for LCS coated
with bi-layered POA/PANI and PANI/POA compo-
sites are presented in Figure 5(c,d), respectively. The
OCP curves for bi-layered composites exhibit behav-
ior that is somewhat similar to those of the single
layers. However, a significant improvement in the
protection time is observed. Initially, the POA/
PANI/LCS and PANI/POA/LCS exhibit the OCP
values of —0.465 and —0.433 V versus SCE, respec-
tively. Both the potential values are more positive
than that of the uncoated LCS under the same exper-
imental conditions.

In the case of POA/PANI/LCS [Fig. 5(c)], initially
the potential decreases and it attains a plateau
wherein the potential remains fairly constant at
~ —0.536 V versus SCE during the first 11 h of
immersion. This plateau is observed for 169 h during
which the potential remains fairly constant at
~ —0.536 V versus SCE. After about 169 h the LCS
is no longer protected by bi-layer POA/PANI and
potential drops to the corrosion potential of the sub-
strate.
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Figure 5 OCP-time curves recorded for (a) PANI/LCS, (b) POA/LCS, (c) POA/PANI/LCS, and (d) PANI/POA/LCS in

aqueous 3% NaCL

On the other hand, in the case of PANI/POA/LCS
[Fig. 5(d)], the OCP decreases during the early stages
of the immersion and after first 22 h of immersion, a
nearly constant potential plateau is reached. This
first plateau is observed for 193 h during which the
OCP remains fairly constant at ~ —0.505 V versus
SCE. After about 193 h, the potential decreases
sharply and a second plateau is seen around —0.580 V
versus SCE, which is still more positive than that of
the uncoated LCS. The duration of the second pla-
teau is shorter (~ 38 h) and finally, after 230 h the
potential decreases sharply to —0.611 V versus SCE,
which is close to the corrosion potential of the LCS.
Thus, the bi-layered PANI/POA composite protects
the LCS in 3% NaCl for almost 230 h.

Potentiodynamic polarization measurements

The potentiodynamic polarization curves recorded in
3% NaCl for an uncoated LCS, PANI/LCS, POA/
LCS, POA/PANI/LCS, and PANI/POA/LCS are
shown in Figure 6. The values of the E oy, jeorr, Tafel
constants (B, and B,), polarization resistance (Rpo1)
and CR obtained from these curves are given in

Table I. The mean value and SD of CR are also given
in Table I. The positive shifts in the E..,, as com-
pared to uncoated LCS, were observed for all the

0.1

0.2 4
.[).3:
0.4
0.5

0.6+

POTENTIAL (V)

0.7 +

0.9
1x10°

T T T
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CURRENT DENSITY (A/m’)
Figure 6 Potentiodynamic polarization curves for (a)
uncoated LCS, (b) PANI/LCS, (c¢) POA/LCS, (d) POA/

PANI/LCS, and (e) PANI/POA/LCS recorded in aqueous
3% NaCl solution.

Journal of Applied Polymer Science DOI 10.1002/app



2554

CHAUDHARI AND PATIL

TABLE I
Potentiodynamic Polarization Measurement Results
Ecorr ICOIT Ba BC RP CR (mm/yr)
Sample V) (A/m?)  V/dec V/dec Q/m? (mean value, SD) % P

Bare LCS —-0.710 0.3071 0.084 0.185 8.22 x 10? 0.35 (0.3466, 4.22 X 10_4) —
PANI coated LCS —0.502 0.0096 0.225 0.399 6.51 x 10* 0.01 (0.012, 2.10 X 1073) 2.00 x 1073

(~2.90 pm thick, SD = 0.085)
POA coated LCS -0.474  0.0361 0112 0396  1.05x 10*  0.04 (0.0416,2.40 X 1073 1.20 x 1072

(~6 um thick, SD = 0.081)
POA/PANI coated LCS -0.414  0.0067 0.061 0.180 297 X 10*  0.008 (0.0073, 3.3 X 10~ %) 8.70 X 107*

(~6 um thick, SD = 0.081)
PANI/POA coated LCS —0.406 0.0031 0.065 0.369 2.85 X 10°  0.004 (0.0039, 4.6 X 1074) 734 X 107°

(~9.66 um thick, SD = 0.10)

conducting polymer coatings. The shift in the E.oy
depends on type of the coating and it decreases in
the order PANI/POA > POA/PANI > POA >
PANI. The decrease in the j.o, for uncoated LCS
was observed from 0.3071 A/m?> to 0.0096, 0.036,
0.0067, and 0.0031 A/m?> for PANI, POA, POA/
PANI and PANI/POA coatings, respectively. The
CRs of PANI, POA, POA/PANI, and PANI/POA
coated LCS are found to be ~ 0.01, 0.04, 0.008, and
0.004 mm/year, which are ~ 35, 9, 44, and 88 times
lower than that observed for uncoated LCS. Thus,
the corrosion protection offered to LCS by bi-layered
composite coatings of PANI and POA is dependent
on the order in which the coatings were deposited.
The PANI/POA coating provides better protection
to LCS against corrosion than POA/PANI coating.
Nevertheless, both combinations of the bi-layered
composite coatings, i.e., POA/PANI and PANI/POA
provide effective protection to LCS than a single lay-
ered PANI and POA coatings.

The porosity in the coating is very important pa-
rameter which decides its suitability to protect the
substrate against corrosion. To calculate the porosity
of these deposits, we have used the relationship®’:

P Rpo1(uncoated) . - (%:“) 2
Rpoi(coated)

where P is the total porosity, R, (uncoated) is the
polarization resistance of uncoated LCS, R, (coated)
is the measured polarization resistance for coated
LCS, AE.,. is the difference between corrosion
potentials and B, the anodic Tafel slope for uncoated
LCS substrate. Table I also gives the porosity values
in the polymer deposits. The porosity in polymer
coatings depends on the type of the coating and it
decreases in the order PANI > POA > POA/PANI >
PANI/POA. Thus, PANI/POA coating is more com-
pact than other coatings and the porosity in this bi-
layered composite is almost 12, 27, and 163 times
lower than porosity in POA/PANI, PANI, and POA
coatings.

Journal of Applied Polymer Science DOI 10.1002/app

EIS studies

The Nyquist impedance plots of uncoated LCS,
PANI/LCS, POA/LCS, POA/PANI/LCS, and
PANI/POA /LCS recorded in 3% NaCl are shown in
Figure 7. The Nyquist impedance plot of uncoated
LCS [Fig. 7(a)] is modeled by an electrical equivalent
circuit depicted in the Figure 8(a), where R, repre-
sents the electrolyte resistance, CPE, the phase ele-
ment that represents all the frequency dependent
electrochemical phenomena, namely double layer ca-
pacitance (Cq;) and diffusion processes and R the
charge transfer resistance connected with corrosion
processes. The constant phase element, CPE, is intro-
duced in the circuit instead of a pure capacitor to
give a more accurate fit. Thus, the impedance plot of
the uncoated LCS can be fitted with a semicircle,
which is attributed to the processes occurring at the
steel surface.

The Nyquist impedance plots of PANI/LCS [Fig.
7(b)], POA/LCS [Fig. 7(c)], POA/PANI/LCS [Fig.
7(d)], and PANI/POA/LCS [Fig. 7(e)] were modeled
by the electrical equivalent circuit, model B, shown
in the Figure 8(b). It consists of R,, constant phase
element CPE. connected with coating capacitance,
pore resistance R,, CPE, and R connected with cor-
rosion processes in the bottom of the pores. Thus,
these impedance plots were fitted with two semi-
circles, a smaller one at high frequency range fol-
lowed by a larger one at lower frequencies. The first
semicircle is attributed to the characteristics of the
polymer/ electrolgte interface and it is characterized
by R, and CPE.””'**® The second semicircle in the
low frequency region is attributed to the polymer/
LCS interface and it is characterized by R.; for the
charge transfer reactions occurring at the bottom of
the pores in the coating and CPE,.”*'**® The values
of the impedance parameters of the best fit to the ex-
perimental impedance plots for uncoated LCS and
polymer coated LCS are given in Table II. The values
of R for PANI/LCS, POA/LCS, POA/PANI/LCS
and PANI/POA/LCS are found to be ~ 12.345,
4.562, 10.531, and 23.356 kQ, respectively, which are
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Figure 7 Nyquist impedance plots of (a) uncoated LCS, (b) PANI/LCS, (c) POA/LCS, (d) POA/PANI/LCS, and (e)

PANI/POA /LCS recorded in aqueous 3% NaCl solution.

about ~ 19, 7, 16, and 36 times higher than that
observed for uncoated LCS. The protective effect of
PANI, POA, POA/PANI, and PANI/POA is obvious
as the R values are significantly higher as com-
pared to the uncoated LCS.* However, bi-layered
PANI/POA composite provides effective protection
to LCS against corrosion than PANI, POA, and

POA/PANI, which is in agreement with the poten-
tiodynamic polarization results.

Immersion tests

To gain further insight into corrosion protection
properties of the PANI, POA, POA/PANI, and

Journal of Applied Polymer Science DOI 10.1002/app



2556

(a) CPE
A\ °
/4 -
R,
R
() CPE,

CPE,
A\

(c)

/4 g
CPE,,

CPEq

>__-

R

R-s.lr

€l

Figure 8 Electrical equivalent circuit models (a) model A,
(b) model B, and (c) model C used for the fitting of imped-
ance plots.

PANI/POA coatings, the impedance plots were
recorded as a function of immersion time in 3%
NaCl solution. The Nyquist impedance plots of
PANI/LCS recorded after 2, 4, and 16 h of immer-
sion times in aqueous 3% NaCl are shown in Figure
9. These impedance plots exhibit systematic varia-
tions in terms of the values of the impedance param-
eters, which are the result of the changes in the
dielectric characteristics of the coating because of
electrolyte penetration through the pores in the coat-
ing and consequently, the onset of corrosive proc-
esses at the surface of the LCS substrate.

The Nyquist impedance plots recorded after 2 and
4 h of immersion times [Fig. 9(a,b)] were analyzed in
terms of the same equivalent circuit model A, as
shown in the Figure 8(b). These plots are fitted with
two semicircles with diameters R, (at higher fre-
quency range) and R (at lower frequencies).

The R value is observed to increase, whereas the
R, decreases after 2 h of immersion time. The
decrease in R, value is attributed to the entry of the
electrolyte into the micropores in the coating.”

Journal of Applied Polymer Science DOI 10.1002/app
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While an increase in R value is attributed to the ox-
idation of the LCS by the conducting polymer, which
results into the formation of iron oxide compounds
at the PANI/LCS interface and also to partial reduc-
tion of the polymer film.

The R value is observed to increase further,
whereas the R, decreases further after 4 h of immer-
sion time. The increase in the R. value may be
attributed to the further reduction of the polymer
film and formation of the thicker layer of the protec-
tive iron oxide compounds. The E.,, value at this
immersion time is measured to be —0.510 V versus
SCE, which is more positive than that of the corro-
sion potential for the uncoated mild steel by upto
0.200 V. Therefore, it can be said that during first 4 h
of immersion, the detectable corrosion processes
were not started at the LCS substrate surface under
the coating.

The Nyquist impedance plot of the PANI/LCS
recorded after 16 h of immersion time in 3% NaCl
solution [Fig. 9(c)] cannot be well fitted to model A.
During immersion, the electrolyte penetrates via the
pores in the coating and develops the electrolyte
pathways with time through coating. The corrosive
species along with the water diffuse through these
paths towards the steel surface. When the sufficient
amount of electrolyte reaches to the LCS surface, the
corrosion processes are initiated at the POA/LCS
interface and as a consequence the E.,, value shifts
to less noble value. The measured open circuit
potential value at this moment is found to be
~ —0.550 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 which interacts with the electrolyte solu-
tion and results into the formation of corrosion prod-
ucts which diffuse towards the coating surface
through the pores in the coating.

More recently, we have investigated the corrosion
protection performance of POA coatings on LCS in
3% NaCl through immersion tests by EIS.*' It was
observed that a single equivalent circuit was inad-
equate to explain the various physical and electro-
chemical processes occurring at different immersion
times. It was shown that a diffusion combination,
which consists of the diffusion resistance (Rgif) and
the diffusion capacitance (Cgif) related to the diffu-
sion of corrosion products from steel surface
towards coating must be considered in the equiva-
lent circuit after a certain immersion time. The same
equivalent circuit, model C, depicted in the Figure
8(c) was used to fit the impedance plot of PANI/
LCS recorded after 16 h of immersion. The model C
consists of three time constants in which the first
time constant is a representative of the characteristics
of the PANI coating, while the second and third
capacitive loops are attributed to the complex reac-
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TABLE II
Impedance Parameter Values Extracted from the Fit to the Equivalent Circuit for the Impedance Spectra Recorded in
Aqueous 3% NaCl Solution

Immersion time Ry (ohm) C. (F/m) R (ohm) Cq1 (F/m) Ryt (ohm) Caifs (F/m)
Uncoated LCS

As it is — — 6.54 X 10? 7.99 x 107* — —
PANI coated LCS

As it is 1483 1.10 X 10°° 12.35 x 10° 1.67 X 107° — —

2h 732 1.63 X 107° 18.98 x 10° 1.09 X 107° — —

4h 403 3.64 X 1075 19.19 X 10° 3.02 X 10°°

16 h 68.94 7.36 X 107° 11.26 X 107 470 x 107° 47.36 X 10% 142 X 107°
POA coated LCS

As it is 125 1.83 X 107° 45.62 x 10? 531 X 10°° — —

2h 275 395 x 107° 55.36 X 10% 119 X 107° — —

4h 250 409 x 107° 74.90 X 107 1.48 X 107° — —

16 h 58 1.44 x 107* 55.39 X 10? 521 X 107° 35.26 X 10? 375 x 1074
48 h 50 154 x 107* 48.73 x 10% 5.70 X 107° 51.32 X 10% 1.97 x 107*
72 h 40 205 x 1074 31.99 x 10% 409 x 1074 61.63 X 107 224 x 1074
POA /PANI coated LCS

As it is 995 151 X 10°° 10.53 x 10° 222 X 107° — —

2h 900 1.76 X 107° 16.36 X 10° 479 X 107° — —

4h 899 253 x 107° 26.97 x 10° 6.57 X 107° — —

16 h 700 2.66 X 107° 15.10 x 10° 3.30 X 107° — —

48 h 500 389 x 107° 35.09 X 10% 3.36 X 107° — —

72 h 494 446 X 107° 35.00 X 10% 353 X 107° 26.57 X 107 352 x 1074
9 h 250 8.93 x 107° 15.00 X 10? 458 x 107° 32.93 x 107 371 x 1074
120 h 240 9.17 X 107° 91.20 % 10" 6.92 X 107° 36.48 X 102 9.62 X 1074
240 h 200 1.72 x 10°* 90.00 x 10 5.80 X 107* 52.89 X 107 1.26 X 1073
PANI/POA coated LCS

As it is 1589 344 x 107° 23.36 X 10° 247 X 107° — —

2h 1580 3.66 X 107° 23.57 x 10° 7.65 X 107° — —

4h 1431 3.86 X 107° 23.75 x 10° 7.76 X 107° — —

16 h 1400 3.99 x 107 50.50 X 10° 7.80 X 107° — —

48 h 1000 426 X 107 45.89 x 10° 8.99 X 107° 72.00 X 10° 131 X 107*
72 h 1000 4.66 X 107 4225 x 10° 1.16 X 107° 75.44 X 10° 1.14 x 107*
9 h 1000 475 x 107° 40.57 x 10? 156 X 107° 82.79 X 10° 6.01 X 107°
120 h 800 543 X 107° 37.45 X 10% 1.89 X 107° 89.27 x 10° 565 X 107°
240 h 725 557 X 107° 35.42 x 10? 1.95 x 107° 16.25 X 10° 8.62 X 107°

tions occurring at the surface of the LCS substrate.
The second loop is characterized by charge transfer
resistance (R.) and double layer capacitance (Cg)
and the third loop is correlated to diffusion proc-
esses (Rairr and Cgife) caused by presence of corrosion
products. It is found that the fitting curve gives a
good fit to the experimental impedance plot after 16
h of immersion when the equivalent circuit model C
is used.

After 16 h of immersion, the R value is observed
to decrease and its value is found to be ~ 1.126 kQ.
However, it is higher than that of the uncoated LCS.
The decrease in the value of R may be due to the
dissolution of the passive oxide layer on the LCS
surface. The diffusion resistance is the resistance
against the diffusion of the corrosion products from
LCS surface towards coating and its value is
observed to be 4.736 kQ.

After 48 h of immersion, the detachment of the
coating was observed, when the working electrode
was removed from the test electrolyte and therefore,

the immersion study was terminated at the end of
the 16 h.

The Nyquist impedance plots of POA/LCS, POA/
PANI/LCS, and PANI/POA/LCS recorded for vari-
ous immersion times in aqueous 3% NaCl solution
are presented in Figures S1-S3 (see supplementary
material at http:/ /www.interscience.wiley.com/jpages/
0021-8995/suppmat.).

Evolution of impedance parameters with
immersion time

The variation of R, for PANI/LCS, POA/LCS,
POA/PANI/LCS, and PANI/POA/LCS as a func-
tion of immersion time is shown in Figure 10(a). It is
seen that the value of R, decreases rapidly and the
most for PANI/LCS and POA/LCS. Moreover, even
after 240 h of immersion, the values of R, for both
combinations of bi-layered composites are found to
be higher than those observed for PANI and POA
after 16 and 72 h of immersion, respectively. In the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Nyquist impedance plots for PANI/LCS recorded after (a) 2, (b) 4, and (c) 16 h of immersion in 3% NaCl.

case of PANI/LCS, a rapid and continuous decrease
in the value of R, reveals that single layered PANI
coating provides the least corrosion protection. A
slow decrease in the value of R, is observed for the
bi-layered POA/PANI composite. Almost constant
value of R, for PANI/POA composite denotes that
development of electrolyte pathways through the
composite reached to steady state since the first
measurements.

The coating capacitance C. is the capacitance of
the intact coating layer or the capacitance of the
areas where rapid solution uptake does not occur.”
The evolution of the C. with the immersion time is
shown in Figure 10(b). The increase in the values of
C. for PANI, POA, and POA/PANI can be inter-
preted as consequence of continuous water uptake.
The values of C, for the bi-layered PANI/POA com-
posite are significantly lower than those observed for
PANI, POA, and POA/PANI even after 240 h of
immersion. Further more, the values of C. remains
fairly constant for PANI/POA composite which

Journal of Applied Polymer Science DOI 10.1002/app

reveals that water permeation is very small up to
240 h of immersion.

The volume fraction of the water in the polymer
coating when in contact with 3% NaCl solution as a
function of time is determined using Brasher—Kings-
bury equation

log C; / C,
= log 80 ©)
where C; is the coating capacitance at an instant t
and C, the capacitance at time f = 0; the value 80 is
the dielectric constant of water at 25°C. The volume
fraction of water in the coating as a function of
immersion time is shown in Figure 10(c). It is seen
that water permeation in the bi-layered PANI/POA
composite is very small up to 240 h of immersion,
which shows that this composite resists water
uptake and it is corrosion resistant.

The variation of R as a function of the immersion
time is shown in Figure 10(d). It is observed that for
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Figure 10 (a) : Variation of pore resistance (R,) for (a) PANI/LCS, (b) POA/LCS, (c) POA/PANI/LCS, and (d) PANI/
POA/LCS with immersion time in 3% NaCl. (b) Variation of coating capacitance (C.) for (a) PANI/LCS, (b) POA/LCS, (c)
POA/PANI/LCS, and (d) PANI/POA/LCS with immersion time in 3% NaCl. (c) Volume fraction of the electrolyte in (a)
PANI, (b) POA, (c) POA/PANI, and (d) PANI/POA coating as a function of immersion time in 3% NaCl. (d) Variation of
charge transfer resistance (R.) for (a) PANI/LCS, (b) POA/LCS, (c) POA/PANI/LCS, and (d) PANI/POA/LCS with
immersion time in 3% NaCl. (e) Variation of double layer capacitance (Cq4) for (a) PANI/LCS, (b) POA/LCS, (c) POA/
PANI/LCS and (d) PANI/POA/LCS with immersion time in 3% NaCl. (f) Delamination area for (a) PANI/LCS, (b)

POA/LCS, (c) POA/PANI/LCS, and (d) PANI/POA/LCS as a function of immersion time in 3% NaCl.
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PANI, POA, POA/PANI, and PANI/POA coatings,
the R. value increases up to 2, 4, 4 and 16 h of
immersion, respectively, and thereafter it decreases
with the immersion time, however, it is higher than
the uncoated LCS. The increase in the R value is
attributed to the formation of protective oxide layers
and the effective barrier behavior of the coating. The
decrease in the R value with an increase in the
immersion time reveals an initiation of the corrosion
processes. The PANI coating provides the least cor-
rosion protection followed by POA and POA/PANI
coatings. In the case of PANI/POA composite, the
corrosion processes begins after the 48 h of immer-
sion and after 240 h of immersion the R value is
found to be ~ 3.542 kQ which is about ~ 5 times
higher than that observed for uncoated LCS. Thus,
the PANI/POA coating provides better protection to
LCS against corrosion than PANI, POA, POA /PANI
coatings.

The double layer capacitance Cq4 represents the
wet area under the coating, which is the area in con-
tact with the electrolyte. The value of Cq4 for PANI,
POA and bi-layered composite POA/PANI [Fig.
10(e)] increases sharply after 4, 48, and 120 h of
immersion, respectively, which indicates an increase
in the area at which delamination and/or corrosion
occurred under the coating. It is observed that for
PANI/POA composite C4; value is the lowest and it
remains almost constant up to immersion time of
240 h indicating that this bi-layered composite pro-
vides better protection to LCS than PANI, POA, and
POA/PANI composite.

The delamination area is evaluated by comparing
the values of the measured C4; with a specific capac-
itance Cq (measured on uncoated substrate).”® The
determined delamination area values as a function
of immersion time [Fig. 10(f)] clearly indicates negli-
gible delamination up to 240 h as evident from the
lowest values of the order of 0.009-0.0245 cm?. This
confirms the stability of PANI/POA composite coat-
ing on LCS when exposed to 3% NaCl solution.

CONCLUSIONS

Bi-layered composites of PANI and POA were suc-
cessfully synthesized on LCS from an aqueous salic-
ylate solution by using cyclic voltammetry. The sin-
gle layer of PANI and POA protected the LCS in 3%
NaCl for 8 and 16 h, respectively. Both combinations
of the bi-layered composite coatings, i.e., POA/PANI
(POA on top of the PANI) and PANI/POA (PANI
on top of the POA) provided effective protection to
LCS than a single layered PANI or POA coating.
However, the corrosion protection offered to LCS
depends on the deposition order of polymer layers
in the composite. The PANI/POA composite pro-
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vides better protection to LCS against corrosion than
POA/PANI coating. The CRs of PANI, POA, POA/
PANI, and PANI/POA coated LCS are found to be
~ 0.01, 0.04, 0.008, and 0.004 mm/year, which are ~
35, 9, 44, and 88 times lower than that observed for
uncoated LCS. The bi-layered composites prevented
corrosion of the steel for longer time.
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