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Polymer  alloys,  particularly  interpenetrating  polymer  networks  (IPNs)  exhibit  excellent  coating  proper-
ties.  Often  combination  of  polymers  result  in  IPNs  with  controlled  morphologies  and  synergistic  behavior.
In  this  study,  corrosion-resistant  IPNs  were  prepared  from  immiscible  resins  (epoxy,  silicone  and  thio-
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phene)  using  a cross-linking  agent  and  a catalyst.  GPC,  FTIR,  NMR,  TG, DTA  and  SEM  studies  used  to fix
the best  performing  IPN.  Surface  morphology  studies  using  SEM  confirm  the  incorporation  of  silicone
and  polythiophene  in to  the  epoxy  polymer  to form  homogeneously  micro  structured  IPN. The  heat-
resistance  of  the IPN  was  determined  as per  ASTM  2485.  The  improved  corrosion  resistance  of  the  IPN
was evaluated  by  AC  impedance  measurements.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The search for polymers with desirable properties for a variety
f applications is everlasting. In this context, interpenetrating poly-
er  networks (IPNs), a class of polymer alloys exhibit a number

f advantageous properties such as corrosion resistance, chemi-
al resistance and improved mechanical characteristics. IPN may
e described as a combination of chemically dissimilar polymers

n which the chains of the polymers are completely entangled
ith one another, the entanglement being rendered permanent

y homo-cross linking of polymeric chains. At least one of the
onstituent polymers is synthesized and/or cross-linked in the
mmediate presence of the other [1].

Most IPNs are classified under “compatibilized immiscible poly-
er  blend alloys” [2].  In fact, two or more immiscible polymers are
ade compatible by special synthetic procedures to achieve fully

ompatibilized polymer alloys [3].  If only one polymer of the IPN is
ross-linked while the other is in linear form, the system is termed
s a semi-IPN. If all the member polymers are cross-linked, then the
ystem is called a full-IPN [4].  This makes the field of application
or IPN very wide and opens a floodgate for further developments.

ince all the IPN is cross-linked they swell but do not dissolve in
he presence of solvents and also exhibit suppressed creep and flow.
he properties of the combined polymers depend on the properties

∗ Corresponding author. Tel.: +91 4565 241367; fax: +91 4565 227779.
E-mail address: palrajsironmani@gmail.com (S. Palraj).

300-9440/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.porgcoat.2012.07.014
of the member polymers and the way in which they are combined
together [5,6]. IPN also help to improve the mechanical strength
and elasticity of polymers [7,8] thus exhibits improved physical
and chemical characteristics such as temperature sensitivity and
interfacial compatibility [9,10].  IPN are newer variety of polymer
hybrids with excellent physico-chemical properties [11].

Epoxy resin is well known for its chemical resistance and also
useful as a maintenance coating [12,13].  The silicone resins are
mainly used for protecting the metal surface from high temperature
corrosion [14]. Dhoke et al. [15,16] reported the performance of
epoxy–silicone, silicone–polypyrrole and silicone–polythiophene
IPN for high temperature applications. Anandakumar and Sankara-
narayanan [17] has reported the thermal properties of silicone
based IPN.

In recent years, conducting polymers have been used as
inhibitors for corrosion protection. The protective mechanism
of conducting polymers is ascribed to the intelligent release of
inhibitor anions, which is similar to Lira and Cordoba deTorresi [18]
who  studied the controlled release of medicine from IPN. However
conducting polymers and pigments fail to protect large defec-
tive areas, although they offer excellent protection to small defect
sites. Conducting polymer based IPN are widely used in actuators
[19,20], but their use in protective coating is not well explained.
Generally conducting forms of polypyrrole, polythiophene and

polyaniline undergo property changes during reversible redox and
pH switch reactions, properties include color, electrical conduc-
tivity, permeability, density and charge density. The presence of
conducting polymer in the organic coating anodically protects the

dx.doi.org/10.1016/j.porgcoat.2012.07.014
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:palrajsironmani@gmail.com
dx.doi.org/10.1016/j.porgcoat.2012.07.014


ganic 

b
[
f
o
a

o
m
t
p

2

2

(
M
t
a
i
r
b
t

2
I

i

t
r
b

p
l

h
(

properties of the coatings significantly at high temperatures. This
is due to the fact that the homogeneity of the IPN is uniform and
closely packed and agrees with Nayak et al. [22].
S. Palraj et al. / Progress in Or

ase metal, by encouraging the formation of a passive oxide layer
21]. Characterization and evaluation of these IPN can lead to the
ormulation of an optimized IPN based system for the protection
f steel substrates from corrosion as well as high temperature
pplications.

In this study, IPN was prepared by mixing different amounts
f silicone resin with a constant amount of epoxy and thiophene
onomers with other additives. The best performing IPN was iden-

ified, characterized with respect to heat resistant and corrosion
roperties were studied.

. Materials and methods

.1. Preparation of IPNS

Benzoyl peroxide (Qualigens, India) was dissolved in xylene
Qualigens, India), mixed with epoxy resin (CY 250, Ciba Geigy,

umbai) and refluxed in a round-bottomed flask. A xylene solu-
ion of dibutyl tin laurate (Aldrich) and thiophene (E-Merck) was
dded drop wise to the refluxing mixture. After 90 min  of reflux-
ng silicone resin (Metro-ark) dissolved in xylene was added and
efluxing was continued for 6 h. After refluxing, IPN was obtained
y distilling off the excess solvent. The compositions of the four IPN
hus prepared are given in Table 1.

.2. Mechanism of formation of epoxy–polythiophene–silicone
PNs

The first step in the formation of IPN is the free radical formation,
nitiated by the benzoyl peroxide.

CH2 CH CH2 C

CH3

CH3

CH2 - CH CH2

O O

Benzyl peroxide

CH2 CH CH2 C

CH3

CH3

CH2 - CH CH2

O O
..

Once this highly reactive form of epoxy polymer is formed,
hiophene readily penetrates and reacts with the methylene
adical to form the corresponding thiophene polymer as given
elow:

CH2 CH CH2 C

CH3

CH3

CH2 - CH CH2

O
. OH

S

Thus formed IPN further reacts with the silicone polymer in the
resence of the catalyst, dibutyl tin laurate to form higher molecu-

ar weight heat resistant IPN of the following structure.

C

CH3

CH3

CH2 - CH CH2

OH
S

CH2 CH2 CH2

O

O Si O
This high molecular weight IPN silicone polymer contains
ydroxyl groups, which readily reacts with the curing agent
polyamide) to form a hard film over the substrate.
Coatings 75 (2012) 356– 363 357

2.3. Characterization

The GPC analysis was carried out using software-controlled GPC
of Jasco, Chromatopac. FTIR spectra were recorded using Paragon
500 FTIR spectrometer with a scan rate and resolution of 4 cm−1

and 64 at room temperature. Bruker 400 NMR spectrometer was
utilized to record NMR  spectrum. Thermal analytical studies were
carried out using STA-1500 TG-DTA thermal station. Morpholog-
ical studies were carried out using a Hitachi 3000-H scanning
electron microscope. The coating thickness was measured using
Minitest 600FN, EXACTO (range 0–2000 �m) coating film thick-
ness meter. Gloss measurements of the coatings were carried out
using Stargloss tester. Hate adhesion tester was  used to determine
the adhesion strength of the coatings. Impedance measurements
were carried out using PARSTAT model 2273 electrochemical work-
station. The electrochemical cell used for this study consists of
epoxy–silicone–polythiophene coated steel as working electrode,
a platinum foil as counter electrode and a saturated calomel elec-
trode (SCE) as reference electrode and 3% NaCl as electrolyte.
Impedance measurements were carried out periodically for differ-
ent durations of time.

2.4. Coating preparation

The IPN were mixed with a hardener (polyamide, HY 840, Ciba
Geigy) and applied over the pickled mild steel panels and dried at
room temperature for 7 days. Four sets of panels of uniform thick-
ness of S1 (56.5 �m),  S2 (66 �m), S3 (72.5 �m),  and S4 (76.5 �m)
compositions were selected for gloss, adhesion and heat resistance
and corrosion studies separately.

3. Results and discussion

3.1. Gloss measurements

The gloss measurements were carried out for 4 different IPNs
incorporated coatings over mild steel to determine the best per-
forming composition for further characterization. Fig. 1 shows the
results of gloss measurement for the four compositions of IPN resins
with hardener-coated over mild steel specimen. It indicates that
except for sample S2, the gloss characteristics improved with an
increase in temperature up to 350 ◦C. For S1, S3 and S4 it starts
decreasing up to 380 ◦C whereas for S2 the value remains con-
stant beyond 270 ◦C. The indifferent behavior of S2 is attributed
to its homogenous nature of the composition. It is evident from
the results that the silicone contents within the IPN alters the gloss
Fig. 1. Gloss measurement on IPN resin with hardener coated on mild steel.
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Table  1
Compositions of the IPN resins.

Sample no Silicone resin
(mole)

Thiophene
(mole)

Liquid epoxy
(mole)

Benzoyl
peroxide (mole)

Dibutyl tin
laurate (mole)

1 0.00625 0.569 0.346 0.001 0.00259
2 0.01250  0.569 0.346 0.001 0.00259
3  0.01875 0.569 0.346 0.001 0.00259
4  0.0250 0.569 0.346 0.001 0.00259
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Fig. 2. FT-IR spectrum of th

.2. Adhesion and heat resistance properties

Table 2 shows the adhesion values measured for four different
ompositions of IPN resin with hardener coated on mild steel spec-
mens. It is observed that the adhesion value of all the coatings
ncreases steadily up to the temperature of 200 ◦C, remains almost
qual up to 270 ◦C and with further increase in temperature the
alues decrease, the decrease being negligible in the case of S2 com-
osition. The decrease in the adhesion values of S1, S3 and S4 are
ue to the initiation of the decomposition of coating at 270 ◦C and

 total failure of the coating occurs beyond 350 ◦C.
Coated specimens were subjected to the heat treatment as

er ASTM specification D2485. The experiment was conducted by
xposing the coated samples to desired temperatures for different
urations of time. The failure of the coating was observed visu-
lly by its color change, chalking, blistering, cracking and loss of
dhesion. The coatings with S1, S3 and S4 IPN failed beyond 350 ◦C;
owever the coatings with S2 IPN were found to be intact even
t 380 ◦C. These results establish the fact that when the silicone
ontent (0.0125 mole) of the IPN is changed the adhesion and heat

esistant properties of the coatings are affected. These results are
lso in good agreement with the gloss measurement studies. Hence
he IPN (S2) with an optimum content of silicone (0.0125 mole)
as subjected to the further characterization individually as well as

able 2
dhesion properties.

Sample no 32 ◦C
(Mpa)

200 ◦C
(Mpa)

270 ◦C
(Mpa)

325 ◦C
(Mpa)

380 ◦C
(Mpa)

S1 2.5 3.0 3.0 2.5 2.0
S2 4.5 5.0 5.0 4.8 4.7
S3  3.5 3.5 3.5 3.5 2.0
S4 2.5 3.5 3.0 2.5 1.8
 resin coated on mild steel.

with polyamide for understanding the structure, thermal behavior
and surface morphology.

3.3. IPN characterization

3.3.1. FT-IR spectrum
FTIR spectrum was recorded for the IPN (S2) and IPN with hard-

ener (polyamide) and they are shown in Figs. 2 and 3. The broad
peak observed at 3432 cm−1 in Fig. 2 corresponds to the stretch-
ing vibration of the hydroxyl group. The peaks at 2926 cm−1 and
2873 cm−1 corresponds to CH2 stretching vibration and the
peaks at 2968 cm−1 and 3056 cm−1 to the methyl and CH attach-
ments to aromatic rings. The peak at 1297 cm−1 confirms to the
presence of aryl O CH2 group, while those at 1034 cm−1 and
1083 cm−1 are attributed to Si O Si and Si O C bonds in sili-
cone, which are attached to the secondary carbon of the polymer
network. The signal at 701 cm−1 indicates the presence of C S
stretching of thiophene, which agrees with Frederic Vidal et al.
[23]. The C C stretching bonds of thiophene is indicated by the
peak at 1510 cm−1 while the FTIR fingerprint of 2,5-disubstituted
thiophene is indicated by the absorption peaks at 768 cm−1 and
833 cm−1.

In Fig. 3, the peak at 1431 cm−1 is attributed to the presence of
amide group. The broad band observed at 1610 cm−1 corresponds
to the C O group of polyamide. According to Kambour et al. [24], the
peaks at 1511 cm−1 is indicative of a combination of C N stretching
and N H bending of the groups attached to the secondary carbon
of the polymer network. All the characteristic peaks of the IPN are
also observed.
3.3.2. NMR spectroscopy
The 13C and 1H NMR  studies of the IPN (S2) were carried out

to understand its structure are shown in Figs. 4 and 5. In the 13C
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Fig. 3. FT-IR spectrum of the IPN r

MR  spectrum (Fig. 4), the peak at 156.07 ppm confirms the pres-
nce of the aromatic ring attached to the OCH2 group. The peak
t 143.37 ppm suggests the presence of 2,5-disubstitution in thio-
hene. The multiple peaks at 77 ppm correspond to the presence
f the solvent. The signal at 113.74 ppm indicates that an aromatic
arbon is attached to a quaternary carbon atom. The signals at 49.94,
4.48, 41.45 and 30.77 ppm are all due to different types of aliphatic
arbons related to the CH group attached with hydroxyl, methy-

ene and methyl carbons in the main chain. The chemical shift at
8.4,49.9 and 44.4 ppm confirms the presence of epoxide groups
25–27].

Fig. 4. 13C NMR  spectrum
ith hardener coated on mild steel.

The 1H NMR  spectrum of the IPN (S2) is characterized by a
signal at 7.27 ppm for the solvent (CDCl3). The multiple peaks
at 6.8 ppm correspond to the presence of proton in thiophene.
The peaks at 7.1 and 7.2 confirm that there is a branching in
the 2nd or 5th position of the thiophene ring, which agrees well
with our earlier studies [28]. The corresponding proton signals
at 1.651, 4.2–4.1 and 7.6–7.14 ppm correspond to the methy-
lene group attached with thiophene, OCH group attached to
2
the aromatic ring and the proton of the aromatic ring, respec-
tively. The peaks at 2.9–2.7, 3.9–3.7 and 1.2 ppm correspond to
the C H group attached to hydroxyl, proton of the hydroxyl group

 of the IPN resin.



360 S. Palraj et al. / Progress in Organic Coatings 75 (2012) 356– 363

ectrum

a
c

3

y
fl

Fig. 5. 1H NMR  sp

nd the methyl group of the proton attached with quaternary
arbon.
.3.3. Thermal analysis
Thermo gravimetric and differential scanning calorimetric anal-

sis of the IPN was carried out at a heating rate 20 ◦C/min under
owing nitrogen atmosphere. Fig. 6 shows the thermal behavior

Fig. 6. TGA and DSC analy
 of the IPN resin.

of the epoxy–silicone–thiophene IPN. It shows that the decom-
position/vaporization process commences around 150 ◦C with the
weight loss reaching to 3.3% at 249 ◦C. This weight loss is due to the

evaporation of superficial moisture and other volatile compounds
present in the polymer. The weight loss registered up to 361 ◦C is
69%, indicates that beyond 250 ◦C the IPN resin is broke down possi-
bly into two fragments, consequent to the loss of water and carbon

sis of the IPN resin.
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perature to 764 ◦C leads to fragmentation of the silicone polymer,
yielding silica and oxygen as products with a final residual weight
of 8%.
Fig. 7. TGA and DSC analys

ioxide from the epoxy moiety. The silicone resin segment present
n the IPN as well as the thiophene molecule appears to be stable
p to 360 ◦C. Further fragmentation at 646.9 ◦C, with a weight loss
f 19% is attributed to a breakdown of the bond between thiophene
nd silicone polymer. With a further increase in the temperature to
35 ◦C, the silicone polymer also fragments, yielding silica and oxy-
en. The weight of the residue remains at 5% of the original material
t the end.

DSC gives information on the energy absorbed or liberated dur-
ng the thermal treatment of the polymers. The differential thermal
nalysis of epoxy silicone IPN was reported in one of our previous
tudies [29]. This study indicated that two exothermic reactions
ccur between 250 and 350 ◦C and 350 and 400 ◦C. The exothermic
eaction suggests that the formation of higher cross-linked poly-
er  in the epoxy–silicone IPN. The second narrow band exothermic

eactions are the dissociation of the IPN. The energy loss associ-
ted with patterns of epoxy silicone and thiophene indicate that,
s the IPN decompose, an initial endotherm is followed by three
xotherms. The endotherm peaks at 334.6 ◦C indicate absorption
f 70.6 J/g of energy. The endothermic reactions also involve excess
onomers (thiophene) present in the IPN structures. The peak at

68.7 ◦C with liberation of 50.5 J/g of energy is due to breaking of the
ond between the bisphenol-A and thiophene. The second exother-
ic  peak at 539 ◦C accompanied by liberation of 51.5 J/g of energy

s related to breaking of the bond between thiophene and silicone;
his process releases thiophene, which subsequently decomposes.
hese processes release sulfur dioxide and carbon dioxide, result-
ng in a stable silicone polymer. However, the silicone polymer
lso decomposes at 600 ◦C and complete disintegration of poly-
er  occurs at 750 ◦C, leaving a residue of silica. The last of the

ecomposition process involves breakage of the strong Si O Si
inkages within the polymer releasing an enormous quantity of
nergy (1541 J/g).

Fig. 7 shows the TGA and DSC profiles of a polyamide-cured IPN
olymer. It is observed from the DSC pattern that glass transition in
he IPN begins at 45 ◦C and reaches a steady state at 150 ◦C. Beyond
50 ◦C, degradation processes set in, proceeding up to 235.6 ◦C,
here the weight loss reaches 16.6%. This loss in weight is mainly

ue to evaporation of superficial moisture and other volatile com-
ounds present in the polymer as before. The weight loss recorded
t 387 ◦C is about 35%. This indicates that the polyamide linkage
resent in the cured polymer is disbanded from the IPN and burned
e IPN resin with hardener.

off from the coating. The IPN and the thiophene molecule are sta-
ble at this temperature. However, they fragment at 477.6 ◦C with
the weight loss of 62%. This loss is due to breakdown of the bond
between thiophene and the epoxy resin. Another weight loss of
75.3% observed at 648.8 ◦C is due to the breakdown of the bond
between thiophene and the silicone resin. A further increase in tem-
Fig. 8. (a) SEM micrograph of the IPN resin and (b) SEM micrograph of the IPN resin
with hardener.
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ig. 9. Equivalent electrical circuit of coating system in aggressive environment.

The DSC profile of the IPN with the hardener shows an exother-
ic  peak at 413.2 ◦C. The energy released in this step is 103 J/g,
hich corresponds to breaking of entanglement between the

isphenol-A and thiophene. A second exothermic peak at 555.6 ◦C,
ith 138.3 J/g of liberated energy is due to breaking of the bond

etween the thiophene and silicone moieties. This decomposition
rocess is accompanied by liberation of sulfur dioxide and carbon
ioxide, leaving behind a stable silicone polymer. However, the sili-
one polymer begins to degrade at about 610 ◦C and gets completely
isintegrated at 800 ◦C, leaving a residue of silica. The cleavage of
he strong Si O Si linkages in the polymer finally release an
normous quantity of energy (2177 J/g) during the decomposition
rocess.

.3.4. Morphology of IPN
The surface morphology of IPN as examined by SEM are shown

n Fig. 8(a) and (b). The IPN is supposed to be cured uniformly in
rder to give a uniform final film. But in practice, nucleation of cur-
ng may  initiate with different nucleation densities under different
onditions. When the resin is subjected to curing/drying, nucle-
tion is predominantly non-uniform, which leads to films with
on-uniform thickness. It is seen from Fig. 8(a) that the silicone
omains indicated by white globes, confirm the existence of the
hiophene polymers in the IPN. The major portion covered by black
egion is indicative of epoxy resin dominating the IPN. This con-
rms that the thiophene monomers are incorporated with in the
poxy polymers to form interpenetrating polymer network. The
on-uniformity vanishes when the hardener is added and dried.
ig. 8(b) shows a uniform morphology of the cured polymer with
he existence of excess silicone domains. The increases in the black
egion indicate the formation of cross linkage between the IPN and
he polyamide hardener. Hence the protective efficiency of these
olymers enhances appreciably.

.4. Electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) was employed
or the evaluation of the corrosion behavior of different IPN with
ardener coated over mild steel in 3% NaCl. Fig. 9 represents the
quivalent electrical circuit for the IPN-polyamide coated metal

n aggressive corrosion environments, where RS is the electrolyte
esistance, RP is the pore resistance of the coating, Ccoat is the coat-
ng capacitance, Rct is the charge transfer resistance, Cdl is the
ouble layer capacitance and ZW is the warburg impedance. The

able 3
he charge transfer resistance and double layer capacitance of IPN-polyamide coatings in

System with hardner First hour 24th

Rct (� cm2) Cdl (F cm−2) Rct (

S1 3.25 × 108 7.5 × 10−10 2.15
S2 2.51 × 107 1.5 × 10−10 1.5 ×
S3 5.24 × 107 2.06 × 10−10 5.0 ×
S4 1.45 × 108 6.55 × 10−10 3.5 ×
Fig. 10. Impedance behavior of IPN resin with hardener coated on mild steel in 3%
NaCl.

Rct and Cdl for IPNs with hardener coated over mild steel immersed
in 3% NaCl for 1, 24 and 168th hours of immersion are consolidated
in Table 3.

The impedance plots showed that initially the coatings were
capacitance in nature with very high resistance of ∼=107–108 � cm2.
Fig. 10 shows a Bode plot of the IPN resins with the hardener coated
on mild steel in a 3% NaCl solution at the end of the 168th hour of
immersion. The charge transfer resistance of S1, S3 and S4 com-
binations in 3% NaCl decreases by 2–3 folds at the end of 168th
hour of immersion and the double layer capacitance increases by an
order of 1. However in the case of S2-IPN incorporated coatings the
changes in charge transfer resistance and double layer capacitance
are less with little deviation from their initial values.

The values of the parameters related to the high frequency are
Cdl and Rct, which are considered to be coating properties changed
with immersion time. Usually Cdl increases with the immersion
time in the initial period and then remains approximately con-
stant since the absorption of the water becomes saturated even
if the immersion time further increases. Due to the porous nature
of the coatings, formation of micro-cells occurs at the metal sur-
face/coating interface. With the increase of immersion time and
accumulation of corrosion products at the metal/coating interface,
diffusion process was  established. But in the case of S2-IPN with
polyamide, the structure of the cross-linked IPN-Polyamide con-
tributed to the compactness of the coating which made water and
chloride ions hard to transport and reduced the trend so that the
corrosion resistance was improved. The EIS results also supports
the fact that the IPNs with optimal silicone concentrations are com-
paratively less pore free with improved compactness. The content
of absorbed water inside the coating as a measure of corrosion sta-
bility of a coating (from TG curves 4.2% to 2.8%), the lower value

of the moisture content also indicate again the less porous struc-
ture which also contributes for a more stable system in a corrosive
environment.

 3% NaCl for different duration of time.

 hours 168th hours

� cm2) Cdl (F cm−2) Rct (� cm2) Cdl (F cm−2)

 × 107 3.24 × 10−8 4.01 × 106 9.9 × 10−8

 107 8.01 × 10−10 1.32 × 107 9.10 × 10−10

 106 9.2 × 10−9 3.14 × 105 4.05 × 10−9

 107 3.5 × 10−9 2.64 × 105 5.5 × 10−9
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. Conclusion

Based on the investigations together with NMR  and FT-IR data
onfirm the presence of epoxy, thiophene and silicone linkages
n the prepared IPN resin. The morphology of IPN also confirms
he interpenetration of the polymers. Gloss and adhesion mea-
urements reveal that adhesion improved with an increase in
emperature. However, a further increase in the temperature leads
o deterioration of the adhesion. TG-DTA studies suggest that there
s improvement in heat resistance properties of the modified IPN.
he heat resistance property of the IPN shows an upper stability
imit of 380 ◦C for IPN with optimum silicone content and to 325 ◦C
or IPN with higher silicone content. Impedance measurements
how that IPN (S2) exhibits better corrosion resistances when com-
ared to other samples.
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