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bstract
A polyaniline–TiO2 composite (PTC) was prepared by oxidative polymerization of aniline in phosphoric acid with ammonium persulphate,
n the presence of TiO2. The composite was characterized by spectroscopic methods. An acrylic paint containing the PTC was prepared and the
oating formed on magnesium alloy was evaluated by electrochemical impedance spectroscopy after exposure to salt spray test for a period of
50 h. The coating containing the PTC was found to protect the magnesium alloy more efficiently than the coating containing polyaniline.

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

Magnesium and its alloys are extensively used in automobile
nd aerospace components due to their high strength, weight
atio, thermal conductivity, good electromagnetic shielding
haracteristics and high damping characteristics [1]. But magne-
ium and its alloys have poor corrosion and wear resistance, poor
reep resistance and high chemical reactivity. Besides, mag-
esium alloys undergo severe galvanic and pitting corrosion.
o minimize the corrosion of magnesium and its alloys, elec-

rochemical plating, conversion coatings, anodizing, gas-phase
eposition, laser surface alloying, cladding and organic coat-
ngs are employed [2]. The organic coatings for magnesium
lloys are based on resins such as polyvinyl butyral, acrylic
olyurethane, vinyl, epoxy and baked phenolic containing zinc
hromate or strontium chromate [3,4]. Due to high carcinogenic
ature of chromate, other pigments such as zinc phosphate and
inc molybdate have been used in the organic coating system
5]. In recent years, it has been shown that conducting poly-
ers such as polyaniline (PANI), polypyrrole can be applied
n steel as corrosion protective coatings and the mechanism of
rotection is formation of passive film on the metal surface. The
eviews summarize the application of conducting polymers for
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orrosion control of ferrous and non-ferrous metals [6–9]. The
se of conducting polymers for corrosion protection of magne-
ium is not well studied. Truong et al. [10] have shown that the
aint containing polypyrrole coated magnesium samples show
nsignificant corrosion protection in salt spray test and the pitting
otential is shifted to noble direction. The authors [11] have stud-
ed the corrosion resistant property of PANI—acrylic coating on

agnesium alloy and found that the PANI containing coating is
ble to protect magnesium alloy in 0.5% NaCl solution up to
5 days. In this paper, the performance of acrylic coating con-
aining polyaniline-TiO2 composite (PTC) on the protection of

agnesium ZM 21 alloy is reported.

. Experimental

.1. Preparation of PTC pigment

One mole of distilled aniline was dissolved in 500 ml of 1 M
olution of phosphoric acid containing 25 gm of TiO2. Pre-
ooled 500 ml of 1 M solution of ammonium persulfate was
dded drop wise to the pre-cooled aniline–acid mixture for
bout 1.5 h with constant stirring. The reaction was conducted at
± 1 ◦C. After the addition, the stirring was continued for 2 h for
nsuring complete polymerization. A dark green coloured con-

ucting PTC thus formed was filtered and repeatedly washed
ith distilled water to remove excess acid content. The polymer
as dried in oven at about 80 ◦C for 2 h. The dried polyaniline
as fine grinded using mortar and then used as pigment.
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Fig. 1. Experimental cell setup. (1) Painted magnesium alloy panel, (2) paint
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calculated using the equivalent circuit shown in Fig. 2. In the
equivalent circuit, Rs is the solution resistance, Rc is the coating
resistance and CPE is the constant phase element of the coating
capacitance (Cc).
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.2. Characterization of PTC pigment

The X-ray diffraction pattern of PANI–phosphate pigment
owder was taken with an Analytical (Model PW3040/60)
-ray diffractometer using Cu K� radiation in the 2θ range
–75◦ at the scan range of 0.0170◦ 2θ with continuous scan
ype with scan step time of 15.5056 s. The infrared spectra
f the polymer were recorded on NICOLET 380 FTIR spec-
rometer in KBr medium at room temperature in the region
f 2000–500 cm−1. The morphology of the pigment was ana-
yzed at a magnification of 1 k using Hitachi (Model S3000 H)
canning electron microscope by spreading the pigment over
copper block over which gold was sputtered. The electrical

onductivity of the pigment was found by four-probe resistivity
eter.

.3. Preparation of PTC pigmented paint

A commercially available acrylic resin (Kondicryl 166,
idilite, India) was used for formulating acrylic primer. The
rimer was formulated with 30% volume solids and 35%
igment volume concentration using titanium dioxide and
olyaniline conducting polymer doped with phosphate as main
igments.

Polyurethane topcoat was prepared by taking acrylic polyol
Pidilite, India) as base. The paint was prepared in a lab attritor
ith 40% volume solids. The pigments were premixed before
ixing with the resin. The mixture of xylene and butyl acetate
as taken as solvent. The attritor was run for 45 min. The paint
as transferred to an airtight container. The paint was mixed
ith aliphatic polyisocyanate curing agent in the mix ratio of
:1 and applied over the primer after 24 h as topcoat.

The formulation details of the primer and the topcoat are:
◦ Volume of solids: 30%;
◦ Pigment volume concentration: 35%;
◦ Pigments: PTC, TiO2, talc, silica and aluminium sterate;
◦ Specific gravity: 1.01 g/cm3;
◦ Dry film thickness: 55 ± 2 �m.
The details of the top coat are:
◦ System: Acrylic-polyurethane;
◦ Volume of solids: 40%;
◦ Pigment volume concentration: 18%;
◦ Pigments: TiO2, talc, mica, silica;
◦ Specific gravity: 1.08 g/cm3;
◦ Dry film thickness: 35 ± 2 �m.

.4. Water uptake studies of coating

The total paint system was applied over 5 cm × 7.5 cm glass
lates by means of brush and allowed to cure for seven days
t ambient temperature. Triplicate samples were prepared for
his test. These coated glass panels were weighed in an elec-

ronic balance (Shimadzu, Model AX200) with an accuracy of
.1 mg and immersed in a 500 cm3 beaker containing 400 cm3

f distilled water. The panels were reweighed after regular
ime intervals after removing the surface water by means of
emoved area for making working electrode contact, (3) Teflon tube, (4) platinum
ounter electrode, (5) SCE reference electrode, (6) test electrolyte, (7) silicon
rease.

filter paper. The average weight gain was measured up to
0 days.

.5. Evaluation of corrosion resistant properties of the
oating

Magnesium alloy (ZM 21) specimens of size 5 cm × 5 cm ×
.1 cm were polished and degreased with trichloroethylene and
oated with PTC pigment containing paint. The total thickness
f the coating was 100 ± 5 �m. The coated panels were exposed
o salt spray of 5% NaCl solution as per ASTM B117.

The panels exposed to salt spray fog was periodically
emoved and after air drying a Teflon tube of inner diameter
.2 cm was fixed over the coated panel using silicone vacuum
rease. 3% NaCl solution was poured into the tube and a plat-
num foil and saturated calomel electrode (SCE) were placed
nside. The schematic diagram of the experimental cell assembly
s shown in Fig. 1. The assembly was connected to electro-
hemical impedance analyzer (Model 6310, EG&G). Impedance
easurements were carried out for a frequency range of 100 KHz

o 0.01 Hz with an ac amplitude of 20 mV for different immer-
ion time up to 75 days. Higher amplitude of 20 mV is used since
he impedance of the system is very high. Using Z view soft-
are, the impedance data were analysed. The impedance values

re reproducible ±2–3%. From the impedance plots, the coat-
ng resistance (Rc) and the coating capacitance (Cc) values were
Fig. 2. Equivalent circuit for painted magnesium alloy panel.
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Assumption of a simple Rc–Cc is usually a poor approxima-
ion. 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

(CPE) = Y−1
0 (jω)−n

here Y0 is the CPE constant, ω the angular frequency (in rad
−1), j2 = −1 the imaginary number and n is the CPE exponent.
epending on n, CPE can represent resistance (Z(CPE) = R,
= 0), capacitance (Z(CPE) = C, n = 1),inductance (Z(CPE) = L,
= −1) or Warburg impedance for (n = 0.5) [12]. The following
quation used to convert Y0 into Cc is [13],

c = Y0(ω′′
m)n−1

here Cc is the coating capacitance and is ω′′
m the angular fre-

uency at which Z′′ is maximum. After the measurements were
ver, the Teflon tube was removed and the painted surface was
egreased using trichloroethylene and put back into the salt spray
hamber.

. Results and discussion

.1. Characterisation of PTC pigment

.1.1. XRD analysis
Fig. 3 shows the XRD pattern of PTC. It confirms that the

olyaniline deposited on the surface of TiO2 particles has no
ffect on the crystallization behaviour of TiO2 particles. Xu et
l. [14] and Lee et al. [15] have recorded similar observation on
he XRD pattern of polyaniline-nano TiO2 composites.

.1.2. Infrared analysis
Fig. 4 shows the FTIR spectra of PANI–TiO2 composite

PTC). The main characteristics of bands of polyaniline are
ound, i.e., the bands at 1574 and 1484 cm−1 are the stretch-

ng mode of C N and C C, the bands at 1297 and 1245 cm−1

re to C–N stretching mode of benzenoid ring and the band
t 1109 cm−1 is assigned to a plane bending virbration of C–H
ode which is found during protonation [16]. These peaks when

Fig. 3. XRD pattern of PANI–TiO2 composite.

3

T
a

Fig. 4. FTIR spectra of PANI–TiO2 composite.

ompared to that of pure polyaniline [17] are found to be shifted
lightly due to strong attraction of TiO2 particle with polyani-
ine. Similar observation has been reported by Lee et al [14].
n the case of TiO2, strong absorption around 670 cm−1 due to
i–O stretching [15] is observed while this band is found to be
eak in PTC due to the presence of PANI.

.1.3. Conductivity studies
The electrical conductivity of PANI–TiO2 composite is found

o be 0.0125 S cm−1. The reported values of the conductiv-
ty are 2.4 × 10−3 S cm−1 [14], 0.04 S cm−1 [15] and 0.16 to
.0 S cm−1 [18].

.1.4. SEM studies
Fig. 5 shows the morphology of the PTC pigment. It is found

hat PTC pigment shows a globular structure consisting of small
lobules and pores.

.2. Evaluation of coating
.2.1. Water uptake studies
Fig. 6 shows the water uptake values with immersion time.

he average value is 1.0 ± 0.2 mg in the case of PANI coatings
nd 0.6 ± 0.2 mg in the case of PTC coatings.

Fig. 5. Scanning electron micrograph of PTC.
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Fig. 8. Impedance plots of 25% PTC containing paint coated magnesium alloy
in 3% NaCl after salt spray exposure. (—) Initial; (�) 24 h; (�) 50 h; (©) 100 h;
(�) 250 h.
Fig. 6. Water up-take of paint films (�) PANI + TiO2; (©) PTC.

.2.2. EIS studies of coated magnesium alloy after salt
pray exposure test

The corrosion protection performance of the polyaniline and
TC containing coating on magnesium alloy has been found out
y salt spray exposure test as per ASTM B117. The specimens
ere visually examined periodically and even after 250 h of salt

pray exposure, it has been found that there is no corrosion prod-
ct observed on the coated surface. Besides the visual inspection,
he coatings performance has been periodically found out by
IS. Figs. 7–9 show the impedance variation of magnesium
lloy coated with polyaniline, 25% PTC and 40% PTC con-

aining coatings after salt spray exposure test, respectively. The
ariation of coating’s resistance and capacitance with time is
iven in Tables 1–3.

ig. 7. Impedance plots of PANI + TiO2 containing paint coated magnesium
lloy in 3% NaCl after salt spray exposure. (—) Initial; (�) 24 h; (�) 50 h; (©)
00 h; (�) 250 h.
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ig. 9. Impedance plots of 40% PTC containing paint coated magnesium alloy
n 3% NaCl after salt spray exposure. (—) Initial; (�) 24 h; (�) 50 h; (©) 100 h;
�) 250 h.

In the case of PANI containing coating, the initial resistance

alue of the coating is found to be 2.08 × 108 � cm2. After
50 h of salt spray test, the resistance value of the coating is
.09 × 107 � cm2. It can be seen that PANI containing coating is

able 1
mpedance parameters of PANI + TiO2 containing paint coated magnesium in
% NaCl after salt spray exposure

ime (h) Rc (� cm2) Y0 (�−1 sn) n Cc (F cm−2)

nitial 2.08 × 109 4.33 × 10−10 0.85 2.86 × 10−10

1.89 × 109 1.49 × 10−10 0.95 1.63 × 10−10

4 3.33 × 108 5.16 × 10−10 0.88 5.26 × 10−10

0 3.12 × 108 1.28 × 10−10 1 1.28 × 10−10

5 4.26 × 108 1.56 × 10−10 1 1.56 × 10−10

00 1.13 × 108 1.26 × 10−10 1 1.26 × 10−10

00 3.02 × 107 5.18 × 10−10 0.88 2.93 × 10−10

50 3.09 × 107 9.76 × 10−10 0.84 5.17 × 10−10
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Table 2
Impedance parameters of 25% PTC containing paint coated magnesium in 3%
NaCl after salt spray exposure

Time (h) Rc (� cm2) Y0 (�−1 sn) n Cc (F cm−2)

Initial 9.94 × 109 4.14 × 10−10 0.83 2.42 × 10−10

4 9.16 × 109 4.82 × 10−11 1 4.82 × 10−11

24 2.34 × 109 1.72 × 10−10 0.98 1.66 × 10−10

50 1.12 × 109 8.05 × 10−11 1 8.05 × 10−11

75 1.77 × 109 1.44 × 10−10 0.96 1.35 × 10−10

100 1.01 × 108 1.20 × 10−10 1 1.20 × 10−10
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00 2.84 × 10 3.49 × 10 0.88 2.54 × 10
50 2.91 × 108 4.05 × 10−10 0.87 2.95 × 10−10

ble to protect magnesium alloy since the variation in resistance
alue is low. During the period of testing, the capacitance values
f the coating are in the range 1.2 to 5.1 × 10−10 F cm−2 which
ndicates the low amount of water absorption by the coating.

From the Table 2, the resistance value of the 25% PTC con-
aining coating after 250 h of salt spray exposure is found to be
.91 × 108 � cm2 which is not much different from that of ini-
ial value 9.94 × 108 � cm2. On comparing the resistance value
f PANI containing coating, the resistance value of PTC con-
aining coating is nearly one order high which indicates the
igh protection ability of the composite containing coating. The
apacitance values of the coating containing 25% PTC are in
he range of 0.4 to 2.9 × 10−10 F cm−2 during the test period.
he low value of the capacitance values indicates the absence
f corrosion reaction.

The value of resistance of coating (Table 3) of 40% PTC con-
aining coating is 5.81 × 109 � cm2 initially and after 250 h of
al spray exposure, it is 3.63 × 108 � cm2. This value is also one
rder high when compared to that of PANI containing coating.
esides the capacitance values are not changed markedly.

The above studies indicate that the polyaniline–TiO2 com-
osite containing coating is more corrosion resistant than that
f PANI containing coating. This may be due to uniform dis-
ribution of PANI in the coating containing composite which
elicitates the passivation of magnesium alloy more uniformly.

The results obtained from the impedance values of coated
agnesium alloy after salt spray test indicate the protective
ature of the coating containing polyaniline and PANI com-
osite. In general, the magnesium corrosion reaction in neutral
edia can be given as follows:

able 3
mpedance parameters of 40% PTC containing paint coated magnesium in 3%
aCl after salt spray exposure

ime (days) Rc (� cm2) Y0 (�−1 sn) n Cc (F cm−2)

nitial 5.81 × 109 8.43 × 10−11 0.97 1.26 × 10−10

1.09 × 109 5.93 × 10−11 1 5.93 × 10−11

4 3.14 × 109 2.42 × 10−10 0.90 2.35 × 10−10

0 1.53 × 109 1.29 × 10−10 0.96 1.51 × 10−10

5 2.58 × 108 1.61 × 10−10 0.92 1.23 × 10−10

00 1.13 × 109 1.18 × 10−10 0.99 1.17 × 10−10

00 1.13 × 109 1.72 × 10−10 1 1.72 × 10−10

50 3.63 × 108 1.76 × 10−10 0.93 1.41 × 10−10

R

[

rganic Coatings 59 (2007) 291–296 295

Anodic reaction:

Mg → Mg2+ + 2e

Cathodic reactions:

O2 + 2H2O + 4e → 4OH−

2H2O + 2e → H2 + 2OH−

However, the presence of PANI in the coating maintains the
assive state on the metal surface by the reduction of the PANI
Emeraldine salt). The reduced PANI (Leuco Emeraldine base)
s again oxidized to original form by the oxygen reduction reac-
ion occurring on PANI. Due to this cyclic reaction, the metal is
lso covered with a passive film. The mechanism of protection
s shown schematically as follows. This type of mechanism has
een proposed by several workers [19–23] for the protection of
teel by PANI.

. Conclusion

The chemically prepared polyaniline and polyaniline–TiO2
omposite containing coatings are able to protect magnesium
lloy from corrosion. The corrosion protection ability of PTC
ontaining coating is found to be more than that of PANI con-
aining coating due to the uniform distribution of PANI which
an protect the metal surface more uniformly.
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