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a b s t r a c t

Application of paint coatings on wet surfaces is rather difficult due to poor adhesion of coatings. For
painting of wet surfaces, moisture curable coating systems based on epoxy resin and ketimine are found
to be useful. Hence a study has been made on the corrosion protection ability of coating on wet surfaces
using epoxy resin, ketimine and polyaniline. Paints with 20–30% PVC were prepared and applied over the
wet steel surface and the corrosion protection performance of the coating was found out by salt spray
eywords:
oisture paint

ANI
teel
orrosion
IS
TIR

and electrochemical impedance spectroscopic techniques. Coating with 20% PVC is found to offer very
high protection since the impedance values are remained at greater than 109 � cm2 after immersion and
salt spray tests.

© 2009 Elsevier B.V. All rights reserved.
alt spray test

. Introduction

Organic coatings are commonly used to protect metals against
orrosion. Protection of steel structures from corrosion in high
umidity places especially in coastal areas is rather difficult due
o poor adhesion of organic coatings on the metal surface. In
uch high humidity conditions, organic coatings based on mois-
ure cured urethanes [1] are found to be highly effective. Besides
t is reported that epoxy coating with modified curing agents
uch as epoxy–amine aduct [2] and ketimine [3] is also found
o be effective in protection of steel structures under damp con-
itions. The ketimine hardener in contact with, water hydrolysis
eleasing free amine, which in turn reacts with epoxy resin and
o curing takes place in situ. However, these coating systems are
ound to contain pinholes through which initiation of corrosion
s expected. It has been reported that polyaniline (PANI) contain-
ng coatings are found to protect the pinholes and defects in the
rganic coatings due to passivation ability of the polyaniline pig-
ents [4–7].

In this paper, the corrosion protection performance of the
poxy coating with ketimine curing agent along with polyaniline

s reported.

∗ Corresponding author. Tel.: +91 4565 227555; fax: +91 4565 227779.
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2. Experimental

2.1. Preparation and characterization of PANI pigment

Polyaniline was obtained by oxidative polymerization of dis-
tilled aniline dissolved in H3PO4 using ammonium persulphate
oxidant as reported earlier [8]. The X-ray diffraction pattern of
the polyaniline were taken with analytical (Model PW 3040/60)
X-ray diffractometer using CuK� radiation in the 2� range 0–90◦

at the scan rate of 0.017◦ 2�. The FTIR spectra of polyaniline
were recorded on NICOLET 380 FTIR spectrometer using ATR
at room temperature. The morphology of PANI samples was
found out by SEM (Hitachi S3000H) by spreading the pow-
der over a copper block over which gold was sputtered. The
electrical conductivity of PANI was found out by four-probe
resistance meter. The TGA analysis of PANI was done using ther-
mal analyzer (STA, 1500), Polymer laboratory, Therman Science
Ltd.

2.2. Preparation of paint and curing agent

Solid epoxy resin having epoxy equivalent 475–525 was dis-
solved in xylene in such a way that resin part was 70% by volume
in the prepared solution. Micaceous iron oxide (MIO) was used as

pigment along with polyaniline and silica and talc as extender pig-
ments. The pigment volume concentration (PVC) of the prepared
paints was 20, 25 and 30%.

The curing agent was prepared with polyamide and ketimine.
The ketimine was based on amines diphenylamine, triethylamine

http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:Sathya_cecri@yahoo.co.in
dx.doi.org/10.1016/j.porgcoat.2009.06.008
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to the scattering from polyaniline chains at interplanar spaces
[13].
14 S. Sathiyanarayanan et al. / Progres

nd methyl ethyl ketone. The polyamide having the amine value of
10–230 was used for the studies.

.3. Preparation of coated panels

The paint was applied on the sand blasted (SA 2.5) mild steel
anel and evaluated after 10 days curing at room temperature.
wo coats were applied over the moist surface. The dry film thick-
ess (DFT) of the coating was 300 ± 20 �m. Since higher coating
hickness of 300 �m is usually employed for protection of marine
tructures, the coating thickness of 300 ± 20 �m is used in this
tudy.

.4. Corrosion testing of coated panels

.4.1. EIS test
A glass tube of 1.2 cm diameter was fixed on the coated steel

anel with epoxy based adhesive. Solution of 3% NaCl was taken in
he glass tube and the saturated calomel reference electrode and
latinum auxiliary electrode were placed inside the glass tube. The
ssembly was connected to an Advanced Electrochemical System
PAR 2273). Impedance measurements were carried out using Pow-
rsine software for a frequency range of 100 kHz–0.1 Hz with an ac
ignal of amplitude of 20 mV for different immersion time in 3%
aCl. The impedance values are reproducible by ±2–3%. From the

mpedance plots, the coating resistance (Rc) and the coating capac-
tance (Cc) values were calculated using ZsimpWin 3.21 software
sing the equivalent circuit:

here Rs is the solution resistance, Rc is the coating resistance and
is the constant phase element of the coating capacitance.

For the description of a frequency independent phase shift
etween an applied AC potential and its current response, a con-
tant phase element (CPE) is used which is defined in impedance
epresentation as:

(Q ) = Y−1
0 (jω)−n

here Y0 is the CPE constant, ω is the angular frequency (in rad s−1),
2 = −1 is the imaginary number and n is the CPE exponent (n > 0, for
deal capacitance Z(CPE) = C, n = 1). The following equation is used
o convert Y0 into Cc [8]:

c = Y0(ω′′
m)n−1

here Cc is the coating capacitance and is the angular frequency at
hich Z′′ is maximum.

.4.2. Salt spray test
Coated mild steel panels were prepared by coating on sand

lasted (SA 2.5) specimen of size 15 cm × 10 cm × 0.1 cm. The coated
anels were exposed to salt spray of 5% NaCl solution as per ASTM
117 for 750 h.
.4.3. Open circuit potential studies
The open circuit potential of the coated steel was measured with

espect to SCE using a high input impedance voltmeter (HP 973 A).
he setup for measurements is as described in Section 2.4.1.
Fig. 1. FTIR spectra of Polyaniline pigment.

3. Results and discussion

3.1. Characterization of PANI pigment

The FTIR spectra of polyaniline pigment is shown in Fig. 1. The
main characteristic bands are assigned as follows: bands at 1574 and
1483 cm−1 are the stretching mode of C N and C C of quinoid and
benzenoid rings, the bands at 1300 and 1233 cm−1 are due to C–N
stretching mode for benzenoid ring while peak at 1113 cm−1 is to a
plane bending vibration of C–H which is formed during protonation
[9].

The thermogravimetric analysis of polyaniline pigment is shown
in Fig. 2. It can be seen that the thermal degradation of PANI occurs
at 404 ◦C and the initial mass loss at lower temperature is mainly
due to release of water (up to 149 ◦C) and dopant anions (246 ◦C)
[10,11]. The loss at around 246 ◦C is due to loss of dopant anions
which has been confirmed by conductivity measurements [12]. The
conductivity of the polyaniline is found to be 0.155 cm−1. The XRD
analysis (Fig. 3) has shown that the doped polyaniline has some
degree of crystallinity. A maximum peak at 25◦ can be assigned
Fig. 2. Thermogravimetric curve of polyaniline powder.
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Fig. 5. Impedance behavior of 20% PVC paint coated steel in 3% NaCl. —, initial; , 3
days; �, 15 days; �, 40 days; ©, 100 days; �, 150 days; and ♦, 300 days.
Fig. 3. XRD pattern for polyaniline powder.

.2. Open circuit potential studies

The changes in the open circuit potential values (OCP) for coat-
ngs containing PANI of different PVC values are shown in Fig. 4. It
s found that the coatings of 20 and 25% PVC show a shift of poten-
ial to active values up to 90 days immersion and after wards show
shift to noble values. After 300 days of immersion, the OCP val-
es reached to the initial OCP values. However, the coating with
0% PVC showed a shift of OCP in the active direction and reached
value of −0.634 V vs SCE after 300 days of immersion. The OCP

tudies suggest that the coatings with 20 and 25% PVC are able to
rotect steel by forming a passive layer as evidenced by the attain-
ent of OCP values in noble region. Similar results in shift of OCP

alues to noble direction for PANI containing coatings are reported
arlier [14,6,15,16].
.3. EIS studies of coated steel

The impedance behavior of coated steel with different PVC is
hown in Figs. 5–7. The impedance parameters such as coating

ig. 4. Variation of open circuit potential with immersion period. �, 20% PVC; �,
5% PVC; and �, 30% PVC.

Fig. 6. Impedance behavior of 25% PVC paint coated steel in 3% NaCl. —, initial; , 3
days; �, 15 days; �, 40 days; ©, 100 days; �, 150 days; and ♦, 300 days.

Fig. 7. Impedance behavior of 30% PVC paint coated steel in 3% NaCl, —, initial; , 3
days; �, 15 days; �, 40 days; ©, 100 days; �, 150 days; and ♦, 300 days.
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Table 1
Impedance parameters of PANI containing coating on steel in 3% NaCl.

Duration (days) PVC 20% PVC 25% PVC 30%

Coating resistance
Rc (� cm2)

Coating capacitance Cc

(F cm−2)
Coating resistance
Rc (� cm2)

Coating capacitance Cc

(F cm−2)
Coating resistance
Rc (� cm2)

Coating capacitance Cc

(F cm−2)

Initial 3.36 × 108 1.98 × 10−10 2.38 × 108 2.50 × 10−10 1.87 × 108 2.45 × 10−10

3 1.33 × 108 2.94 × 10−10 5.77 × 107 4.05 × 10−10 4.58 × 107 4.35 × 10−10

15 3.11 × 108 3.17 × 10−10 1.81 × 108 2.40 × 10−10 1.03 × 108 2.32 × 10−10

40 1.21 × 108 1.43 × 10−10 1.54 × 108 4.76 × 10−10 8.32 × 107 6.28 × 10−10

100 8.18 × 108 3.15 × 10−10 7.88 × 108 3.34 × 10−10 1.09 × 108 8.11 × 10−10

150 1.99 × 109 3.01X 10−10 1.85 × 109 2.99 × 10−10 6.96 × 107 5.19 × 10−10

300 3.88 × 109 2.68 × 10−10 3.39 × 109 2.81 × 10−10 1.65 × 107 6.08 × 10−10
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areas in comparison with that of higher PVC containing coating. It
has been explained that the percolation threshold of PANI in coat-
ing is 15–16% and hence the coating with 15–20% PVC is able to
offer higher protection [18,19]. At higher PVC values, the presence
Fig. 8. Photograph of salt spray exposed p

esistance (Rc) and the coating capacitance (Cc) derived from these
gures are given in Table 1. The coating resistance (Rc) values for

he coating with 20% PVC are found to decrease from 3.35 × 108

o 1.21 × 108 � cm2 after 40 days of immersion and afterwards the
oating resistance values are increased to 3.87 × 109 � cm2 after
00 days of immersion. Similar trend is noticed for the coating
ith 25% PVC and the coating resistance value is found to be

.58 × 109 � cm2 after 300 days of immersion. The higher resistance
alues exhibited by these coatings indicate the higher corrosion
rotection ability. In both the cases the capacitance values of the
oatings are remained at 2–5.4 × 10−10 F cm−2. However for the
oating with 30% PVC, the coating resistance values are decreased
rom 1.87 × 108 to 1.65 × 107 � cm2 after 300 days of immersion.
ut the capacitance values of the coatings are not markedly affected
ith immersion time. These result show that the coatings with 20

nd 25% PVC are more protective than the coating with 30% PVC.

.4. Salt spray test

Fig. 8 shows the appearance of the coated panels after salt spray
est for 720 h. It can be seen that there is no rusting in the scribed
reas of the coated panel with 20% PVC whereas a slight rust for-
ation is found in the scribed areas of 25 and 30% PVC coating. In

ther areas, some minute blisters are observed. Visual inspection of
listered areas has been made after removal of coating. However, no
usting is noted under the blisters. The impedance behavior of the

oated panels after salt spray test is shown in Fig. 9. It is observed
hat the coating resistance of the coated panel with 20% PVC is found
o be at 7 × 109 � cm2 while the coating resistance values of the
oatings with 25 and 30% PVC are 3 × 107 � cm2 and 8 × 106 � cm2

espectively. These results show that the coating with 20% PVC is
(a) 20% PVC, (b) 25% PVC, and (c) 30% PVC.

highly protective in comparison with coatings with 25 and 30% PVC
since the coating resistance value is found to be 100–1000 times
higher for the coating with 20% PVC. In a similar study made by
Kalendova et al. [17], it has reported that the polyaniline coatings
with 15–20% PVC are able to offer higher protection in the damaged
Fig. 9. Impedance behavior of coated steel in 3% NaCl after salt spray test. �, 20%
PVC; �, 25% PVC; and ©, 30% PVC.
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Fig. 10. Impedance behavior of scribed areas in 3% NaCl after salt spray test. �, 20%
PVC; �, 25% PVC; and ©, 30% PVC.
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ig. 11. FTIR reflectance spectra taken on the scribed area of 20% PVC coated panel
fter salt spray test.

f conducting pathways due to conducting polymer in the coat-
ng would promote corrosion rather than to prevent it and hence
educed corrosion protection is observed at higher PVC values.

The extent of corrosion damage in the scribed areas after salt
pray test has been assessed by measuring the impedance on the
cribed areas. Fig. 10 shows the impedance spectra of scribed areas
or 20, 25 and 30% PVC containing coatings after salt spray expo-
ure test. It can be seen that the coating with 20% PVC is able to

9 2
aintain very high resistance value of 10 � cm whereas the other
oatings show the resistance values less than 106 � cm2. The pres-
nce of polyaniline in the scribed areas has been confirmed from
TIR spectra (Fig. 11) taken on the scribed areas for the coating with
0% PVC after salt spray test. The spectra show the presence of char-

[
[
[

ganic Coatings 66 (2009) 113–117 117

acteristic polyaniline bands at 1608, 1510, 1256, 1112 cm−1 due to
emeraldine salt form. Besides a new band at 1383 cm−1 is observed
due to the presence of non-conducting PANI base [20]. These results
show that polyaniline present in the scribed areas is converted par-
tially to non-conducting form. Similar results are observed in FTIR
spectra for coatings with 25 and 30% PVC.

The mechanism of corrosion protection of iron by polyaniline
emeraldine salt containing coating is by the formation of passive
Fe2O3 [7] and also by the formation of iron–phosphate secondary
complex [20] due to redox reaction of polyaniline [4,6]. Hence
the protection of iron takes place via the reduction of polyaniline
emeraldine salt to polyaniline leucoemeraldine salt with the con-
comitant release of phosphate ions. The released phosphate ions
form iron–phosphate complex along with the passive film formed
by the polyaniline. Hence the corrosion protection of polyaniline in
the coating is due to its redox property of polyaniline.

4. Conclusions

Both immersion and salt spray tests show that the coating with
20% PVC is able to offer more corrosion protection than that of coat-
ings with 25 and 30% PVC. Polyaniline in the coating is found to offer
protection in the scribed areas. The conducting state of polyaniline
is changed partially in the scribed areas due to the redox property
of polyaniline.
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