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ABSTRACT

Corrosion is persistent problem faced by manmade structures made up of metal alloys.
Aluminum 2024-T3 is high strength, light weight alloy used in aerospace applications. It suffers
from the problem of corrosion due to its composition. Cold rolled steel is employed in structural
applications but undergoes severe corrosion when exposed to corrosive conditions. Coatings are
one of the best avenues to protect metal alloys from the corrosion. Traditional coating systems
such as barrier type coatings, metal rich coatings, and inhibitor containing coatings have their
own drawbacks. Conducting polymers (CPs), such as polypyrrole (PPy) can be used for the
corrosion protection of the metals. Redox activity in conjunction with corrosion inhibiting ion
release ability make CPs as a promising candidate for the replacement for hexavalent chromates.
However CPs porous nature, inherent insolubility, stiff chains, and poor mechanical properties
pose significant hindrance towards their implementation in coatings. In order to overcome the
problems associated with the CPs and to extract maximum functionality out of them, conducting
polymer containing composites (CPCC) were developed. CPCC combines CPs with inorganic
pigments in unique ways and pave for excellent properties.

In this work, series of composites of PPy/Inorganic pigments (aluminum flakes, iron
oxide, micaceous iron oxide, and titanium dioxide) were synthesized by ecofriendly, facile
chemical oxidative polymerization. Core and shell morphologies of PPy with titanium dioxide
and iron oxide were synthesized and employed for the corrosion protection of cold rolled steel
substrate. Various dopants such as phosphate, nitrate, molybdate, vanadate, and tungstate were
incorporated in the backbone of PPy. These composites were characterized for morphology,
elemental composition, and conductivity by various techniques. Furthermore coatings based on
these composite pigments were formulated on Aluminum 2024-T3 and cold rolled steel

substrates. These coatings were exposed to salt spray and prohesion test conditions and



electrochemically evaluated against corrosion by Electrochemical Impedance Spectroscopy
(EIS), DC Polarization, galvanic coupling and Scanning Vibrating Electrode Technique (SVET).
Effect of solvent in the composite synthesis and PPy morphology in the final composite on the
protective properties of coating was investigated. Effect of corrosion inhibiting anions on the

final performance properties was also evaluated.
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CHAPTER 1. INTRODUCTION

1.1.  Introduction

Corrosion is an electrochemical phenomenon in which metal transforms to its original
oxide form. It is also described as extractive metallurgy in reverse (Figure 1.1). The metal oxide
obtained from ore is subjected to tremendous energy in order to obtain its metal form. So there is
thermodynamically favorable tendency of metals to regress to lower energy form (metal oxide)
in contact with conducive environmental conditions. We live in the civilization which is heavily
dependent on the metals and their alloys. Corrosion of metals and their alloys impacts several
aspects of human life including utilities, manufacturing, transportation, infrastructure and several
more. Corrosion leads to a compromise with health and safety. The useful system life is also lost
requiring for expensive maintenance and repair. Corrosion also affects cosmetic appearance of
the object. The worldwide annual coast of corrosion is at 2.2 trillion U.S dollars which is

approximately equivalent to over 3% of worlds total GDP [1].
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Figure 1.1: Process of corrosion, an extractive metallurgy in reverse.



Corrosion can not be completely stopped, but it can be mitigated. Several strategies have
been employed for the protection of metals and their alloys from corrosion. These include proper
material selection and design, cathodic protection, inhibitors, and coatings. Coatings are the most
widely used techniques for the prevention of the corrosion. For the protection and the decoration
of metal structures one-third of the total paint produced is utilized [2]. Traditional paint systems
such as barrier type coatings fail once a defect is made on the coating. Well know corrosion
inhibitors hexavalent chromates, are carcinogenic and toxic in nature. Metal rich primers need
very high pigment volume concentration (PVC) for the metal to metal contact. Again these
metals (zinc or magnesium) have environmental impacts. In the changing environment of the 21
century with increasing pollutants in the ecosystem and taking into consideration the drawbacks
of existing coating systems, there is a need to discover possible ecofriendly alternatives to the
exiting coating systems for the corrosion protection of the metals and metal alloys. New coating
systems should exhibit not only corrosion inhibiting properties for prolonged durations in severe
environments but also should provide extra functionality such as self-healing and smart
protection.

1.2.  Conducting polymers for corrosion protection

Conducting polymers (CPs) are new class of materials which have shown promise over
the last three decades for the corrosion protection of metals and metal alloys [3-7]. Polyaniline
(PAnI), Polypyrrole (PPy), and Polythiophene (PTh) are the representative CPs studied for
corrosion protection [8-10]. CPs exhibit desirable properties such as good electrical conductivity,
ease of synthesis by chemical and electrochemical polymerization methods, good thermal
stability, and environmental friendly nature [11-12]. However there are several disadvantages as

per as application in coatings is concerned. CPs are insoluble in commonly used solvents in



coatings. They exhibit porosity and poor to moderate adhesion to the substrate [13]. There is a
possibility of irreversible charge consumption which is stored in the CPs due to the redox
reactions, in presence of small corrosive anions which might result in catastrophic corrosion
failures [12].

In order to overcome problems associated with CPs several avenues have been explored
by researchers. These include chemical modification of CP monomers in order to render them
solubility. Dopant ion solutions as well as use of composites of CPs, nanocomposites of CPs,
bilayer’s and multilayer’s of CPs, copolymers of CPs are some of the possible ways attempted by
researchers in recent past. The subject of the current research is synthesis and characterization of
conducting polymer containing composite (CPCC) with varying morphologies and various
corrosion inhibiting dopants for corrosion protection of metal alloys. The synthesis method
employed is facile, room temperature chemical oxidation polymerization of monomers of CP. It
is possible to synthesize CPCC on larger scale by employing a chemical oxidation
polymerization method. Corrosion inhibiting anions can be easily incorporated on to the
backbone of CPs by this method, and their quantities can be easily monitored. Resultant pigment
composite can be handled industrially and easily incorporated into coating systems. However,
the protection offered by the CPs strongly depends on the type of substrate, substrate preparation,
CPs synthesis and application process, and the type of dopant and electrolyte used in CP
synthesis [14].

Several mechanisms have been proposed for the corrosion protection of metal alloys by
CPs [9-10]. However, ambiguity persists in literature about the generally accepted corrosion
protection mechanism by CPs [15]. Suggested mechanisms for the corrosion protection in the

case of PAni are barrier effects, as corrosion inhibitors, anodic protection, corrosion inhibiting



dopant release, shift in corrosion potential, inhibition of the diffusion rates, and healing in
pinholes. Suggested mechanisms for the corrosion protection in the case of PPy are anodic
protection, ennobling, passivation, and corrosion inhibiting dopant release [10].
1.2.1. Polypyrrole for corrosion protection

PPy is one of the most important members of the family of CPs. PPy exhibits interesting
properties such as environmental stability, good conductivity, excellent thermal stability and eco-
friendly nature [16-17]. Conjugated n-system and doping due to chemical and electrochemical
methods is responsible for the conductivity exhibited by PPy. Doping and de-doping results in
oxidized form of PPy (Figure 1.2) and in neutral form (Figure 1.3) respectively. Positive charge
is balanced with counter anion to maintain charge neutrality. Doping results from the anion of

oxidant or electrolyte used in reaction [18].

Figure 1.3: Neutral form of PPy.



PPy finds applications in sensors [19] biosensors [20], actuators [21], rechargeable
batteries [22], capacitors [23], tissue engineering [24], optoelectronic devices [18],
electromagnetic interference (EMI) shielding [25], fuel cells [26], drug delivery [27], and anti
corrosion coatings [28]. Taking into consideration earlier mentioned drawbacks of CPs, PPy has
been modified for various applications. Composites and nanocomposites of PPy are finding
applications in the corrosion protection of metal and their alloys. Doped PPy is also used as a
additive pigment in small proportion in the coatings or as a primer alone with or without topcoat,
or as a blend with conventional coating binders [29].
1.2.1.1. Composites and nanocomposites of PPy for corrosion protection

Composites bring together diverse properties of different materials for the enhancement
in property and performance. Nanocomposites exert added advantage of increased surface area
resulting in the manipulation of the final properties for intended applications.

A composite of PPy with TiO, was synthesized by anodic co-deposition on the surface
of AISI 1010 steel substrate. Higher anodic corrosion potential in case of PPy/TiO, films than
just PPy and steel suggested improvement in corrosion resistance properties [30]. This composite
PPy/TiO, might serve as a possible replacement material for phosphatized layers on mild steel
[31]. Again for replacing phosphatized layers on mild steel, PPy/zinc phosphate composite
coatings were formed on mild steel surfaces with sodium salicylate as a medium by
electrochemical polymerization. Protective ability of PPy/zinc phosphate composite coatings was
demonstrated in salt spray and weight loss experiments [32]. PPy/carboximethylcellulose
(CMC) was synthesized on the surface of steel by electrodeposition process. Positive shift in
corrosion potential and reduction in oxidation current was observed suggesting uniform and

protective films of PPy/CMC [33].



Soluble PPy in m-cresol was added to methyl methacrylate (MMA) and
Azobisisobutyronitrile (AIBN) initiator and was applied on iron substrate by spin coating which
was furthermore polymerized at 80°C in vacuum. This resulted in the formation of PMMA/PPy
composite on iron substrate. A positive shift in potential by 200 mV and two orders of magnitude
decrease in anodic current than bare steel was observed for PMMA/PPy composite in Tafel
curves suggesting better corrosion protection offer by composite material to the iron substrate
[34]. In another study, diglycidylether of bisphenol A (DGEBA)/PPy composite material based
coatings were applied on mild steel substrate. It was claimed that the stable passive film was
formed on the surface of mild steel due to presence of PPy resulting in the shift in open circuit
potential (OCP) values in positive direction [35]. Composite of PPy, carbon black with epoxy
resin was applied on steel substrate. PPy with 1% concentration in this composite showed
corrosion performance in 480 hours of exposure in saline solution [36]. In another study, in
presence of dihydroxybenzene, pyrrole monomer was polymerized on alumina surface to form
nanocomposite particles of PPy and alumina. These particles were employed as filler in coating
for the corrosion protecting of AA-2024-T3. Impedance measurements exhibited better corrosion
protection offered by nanocomposite particles [37]. Other researchers studied PPy deposited
alumina particles incorporation in zinc rich primers. Increase in the corrosion protection ability
of zinc rich primers was observed at lower concentrations of PPy deposited alumina particles in
the coating [38].

Epoxy coating (E), Epoxy-montmorillonite (MMT) coating (EM), Epoxy-PPy coating
(EP), and Epoxy-PPy-MMT coatings (EPM) were applied on Al 5000 substrate [39]. At 10 wt%
concentration of MMT, PPy or PPy/MMT corrosion studies were performed by employing

electrochemical impedance spectroscopy (EIS). It was observed that, superior coating resistance



(Rcoat) values were obtained for Epoxy-PPy-MMT coating ever after 100 days of immersion in
3.5% NaCl solution (Figure 1.4) suggesting better corrosion protection than E, EM, and EP
coatings. This improvement was attributed to the denser and compact films of EPM. Increased
hydrophobicity and adhesion of EPM coatings with combination with PPy electrochemical

activity resulted in better corrosion resistance.
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Figure 1.4: Time dependence of coating resistance of E, EP, EM and EPM coatings in 3.5%
NaCl solution, “Reprinted from ref. [39] (Progress in Organic Coatings, 66(3), M.G. Hosseini,
M. Raghibi-Boroujeni, I. Ahadzadeh, R. Najjar, M.S. Seyed Dorraji, Effect of polypyrrole—
montmorillonite nanocomposites powder addition on corrosion performance of epoxy coatings
on Al 5000, 321-327, 2009), with permission from Elsevier.

PPy-epoxy polyamide composite coatings were studied for the corrosion protection of
steel. In this study, potassium permanganate and potassium persulfate were used as oxidants for
synthesis of PPy. Higher impedance values were observed for PPy-epoxy polyamide composite
coatings after 30 days of immersion in 3% NaCl solution. Passive layer formation due to the
release of dopant ions was indicated for improved corrosion protection [40]. In another study, by
electrodeposition, PPy and PPy-ZnO nanocomposites were synthesized on the mild steel

substrate. The EIS and Tafel test results indicated that PPy-ZnO nanocomposite coatings

exhibited better corrosion protection due to the nanozised dimensions and compactness of the



coating leading to the increase in the charge transfer resistance thereby reducing corrosion rate.
Positive shift in the OCP value was observed for PPy-ZnO nanocomposite coatings [41].

PPy/polyaminobenzene sulfonic acid-functionalized single-walled carbon nanotubes
(CNT-PABS) and PPy/carboxylic acid-functionalized single-walled carbon nanotubes (CNT-
CA) composite coatings were synthesized by galvanostatic method on carbon steel substrate. In
presence of PPy positive shift in potential and reduced current was observed indicating better
corrosion protection. The protection provided by PPy/CNT-PABS and PPy/CNT-CA was
attributed to increased conductivity of the composite coating [42].

PPy/Sn-doped TiO, nanocomposites were synthesized and were employed as pigments
at 1 wt% and were added to epoxy-polyamide coating which was applied to steel substrate.
Increase in anticorrosion performance was attributed to the increased surface area of PPy which
could lead to greater interaction with substrate and resistance to hole transport in the p-n type
semiconductor formed due to p-type PPy and n-type TiO, [43]. PPy/Ni-doped TiO,
nanocomposites were synthesized and employed at 1 wt% in the coating. The nanocomposites
exhibited improved corrosion performance owing to same reasons mentioned earlier [44].

Poly (N-methylpyrrole) (PMPy) was electrodeposited in presence and absence of TiO,
nanoparticles using dodecyl benzene sulfonic acid and oxalic acid as the electrolytes. Presence of
TiO, nanoparticles resulted in the increase in surface area for PMPy leading to increased ability
of PMPy/ TiO, nanocomposite coating to interact with ions in the corrosion reaction. Coating
capacitance (C.) and pore resistance (Rpo) values confirmed lesser water uptake and increased
corrosion protection offered by PMPy/ TiO, nanocomposite coating as shown in Figure 1.5.[45].

Lamellar shape materials can lengthen the path of corrosive species thereby delaying

the onset of corrosion. It has been found that; inorganic flake can reduce the electrolyte



permeability by the factor of 10 in the polymeric coating [46]. Inorganic flakes such as
aluminum and mica can be combined with CPs and composite can be formed. This composite
can exert the properties of both, inorganic pigment and CPs. Inorganic flake will provide barrier
protection and CP will provide protection by its redox mechanism involving anodic protection,
ennobling, passivation or inhibition [47]. CPCP are the novel materials in which CPs are in-situ
synthesized on the surface of inorganic flakes. PPy/Aluminum flake pigments were incorporated
in epoxy primer and applied on aluminum 2024-T3 substrate [48]. In galvanic contact with
aluminum flake and underlying aluminum substrate, PPy tended to be reduced and activated
aluminum flakes towards the sacrificial protection of the substrate aluminum 2024-T3. Reduced

PPy also reoxidized by oxygen and decreased corrosion rate.
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Figure 1.5: The comparison of (a) the pore resistance, Ry, (b) the polymer coating capacitance,
C., coated steel with synthesized PMPYy in the presence and the absence of TiO, NPs, as a
function of immersion time, “Reprinted from ref. [45] (Applied Surface Science, 257, M.R.
Mahmoudian, W.J. Basirun, Y. Alias, Synthesis and characterization of poly(N-
methylpyrrole)/TiO, composites on steel, 3702-3708, 2011), with permission from Elsevier.



1.2.1.2. Doped PPy for corrosion protection

PPy can be doped with corrosion inhibiting anions, serving as reservoir of the anions
which can be released when PPy changes its redox state. The released corrosion inhibiting anions
can combine with metal cations of the substrate and form a passivating layer in scratch resulting
in smart corrosion protection mechanism [49-50]. The depleted charge of the PPy can again be
replenished by the oxygen doping. However the protection proved by doped PPy depends upon
the size of dopant, level of doping, method of synthesis, type of substrate, and nature of dopant
(organic or inorganic).

It has been found that, large size dopants provide better corrosion protection than the
small size dopants [51]. PPy doped with polystyrenesulfonate (PSS) dopant anion has shown
better corrosion protection than, oxalate or tosylate doped PPy films electropolymerized iron
substrate. Large size anion, PSS gets trapped in polymer matrix resulting in decreased mobility
which furthermore reduces the ingress of corrosive chloride ions resulting in decreased corrosion
rate [51]. Larger anion also provides steric effect and prevents OH- ion exchange, thereby
reducing corrosion rate [52]. Dodecylsulfate doped PPy was electropolymerized on the surface
of 1Cr18Ni9Ti stainless steel substrate. Positive shift in corrosion potential was observed (600
mV vs SCE) in the acidic electrolyte [53]. Sulfonated PPy was electropolymerized on stainless
steel surface [54]. Anodic dissolution of stainless steel was inhibited by sulfonated PPy as well
as pitting corrosion was reduced. Sulfonated PPy catalyzed the stainless steel surface to form
protective ferric oxides.

Dodecylsulphate and bis(2-ethylhexyl) sulfosuccinate doped PPy were electrodeposited
on pure aluminum substrate [55]. A drastic increase in corrosion potential and decrease in

corrosion rate was observed improving corrosion protection for the pure aluminum substrate
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[56]. Sodium dodecylbenzene sulfonate doped PPy was electropolymerized on aluminum alloy
1100 surface. An increase in impedance, corrosion potential and decrease in corrosion current
density was observed for sodium dodecylbenzene sulfonate doped PPy coated on aluminum alloy
1100 surface. Various doping agents such as para-toluene sulfonic acid, camphor sulfonic acid,
oxalic acid, phenylphosphonic acid, and cerium nitrate salt were employed in PPy
electrosynthesis on the surface of aluminum alloy 2024-T2 [57]. Improved corrosion resistance
performance was observed for cerium nitrate doped and camphor sulfonic acid doped PPy.
Salicylate doped PPy was electrochemically synthesized on the copper substrate. A positive shift
in potential was observed for salicylate doped PPy coated copper substrate [58]. Better corrosion
protection performance was attributed to the redox reaction between salicylate doped PPy and
the copper substrate.

Mobility of the corrosion inhibiting anions is very helpful for the corrosion protection
in the cases where the anion release finally is responsible for the passivation. Molybdate doped
PPy was electrochemically synthesized on the surface of mild steel. Dopant anion molybdenum
was released when PPy was coupled with mild steel and corrosion was started in the defect.
Sufficient mobility of molybdenum anion migration through PPy film lead to the formation of
the passive layer in the defect [59]. In the same study, hexafluorophosphate doped PPy was
compared with molybdate doped PPy for the corrosion protection of mild steel by
potentiodynamic experiment. Hexafluorophosphate doped PPy was not able to passivate the mild
steel as hexafluorophosphate anion is not corrosion inhibiting in nature whereas in case of
molybdate doped PPy about 0.4V (vs SCE) shift in positive direction was observed indication

passivation and corrosion protection (as shown in Figure 1.6).
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In another study molybdate and phosphomolybdate anion doped PPy were employed
for the corrosion protection of iron substrate. It was found that the release of phosphomolybdate
anion is electrochemical process and not affected by the high pH at the metal/polymer interface
[60]. The same observation was not evident in case of molybdate anion even though partial
passivation was possible. It was also observed that in some cases care should be taken where
small cation incorporation in high pH conditions is possible. Phosphotungstate doped PPy was
electrosynthesized on carbon steel substrate [61]. Two fold increase in charge transfer resistance
was observed for coating in comparison with bare steel indicated better corrosion protection.
Phosphate and tungstate doped PPy films were electrochemically prepared on mild steel
substrate [62]. Formation of primary passive layer was responsible for the improvement in

corrosion resistance properties.
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Figure 1.6: Potentiodynamic curves of PPy films with defect in 0.1 M NaCl 1: mild
steel/PPy(PF6), Icorr=8x10"* A 2: mild steel/PPy(-M00,), icorr=8x10° A, “Reprinted from ref.
[59] (Journal of Applied Electrochemistry, 35(12), U. Rammelt, L. Duc, W. Plieth,
Improvement of protection performance of polypyrrole by dopant anions, 1225-1230, 2005),
with permission from Springer.

In another study, tungstate doped PPy was electropolymerized on carbon steel
substrate. It was found that the tungstate increased stored charge of PPy coating and improved

12



corrosion resistance. A primary protective passive layer was observed which was responsible for
the corrosion protection [12]. A similar increase in storage charge of PPy doped with phosphate
anion was observed with increased corrosion protection as result of passivation on carbon steel
substrate [63]. Polyphosphate doped PPy was electrodeposited on the surface of steel [64]. Bulky
polyphosphate posses possibility to remain in PPy matrix and exhibiting hindrance to chloride
ion ingress and can also give rise to passivation improving the corrosion protection properties of
doped PPy. Phosphate doped PPy was electropolymerized on mild steel substrate [65].
Improvement in corrosion performance on mild steel was attributed to the formation of
phosphate layer on mild steel surface which restricted the anodic dissolution of the metal
substrate. In another study phosphate doped PPy was electrodeposited on the mild steel substrate
[66]. Phosphate doped PPy increases potential and decreases corrosion current and rate (Figure
1.7). Electrochemical impedance spectroscopy (EIS), showed increase in charge transfer
resistance indicating decreased corrosion rate.

Bi-layers of doped PPy were employed for the corrosion protection of steel. An inner
layer of PPy was doped with molybdophosphate and phosphate anion where as outer layer was
of PPy doped with various organic dopants such as dihydroxynaphthalenedisulfonate,
dodecylsulfate, naphthalenedisulfonate, and anthraquinonedisulfonate anions. An outer layer
helps for extended corrosion protection. Better corrosion performance was obtained for PPy
doped with dodecylsulfate anion. In 3.5% NaCl solution coating maintained its passive domain
for 7 days which was the result of highly oxidized state of PPy and dense nature of PPy doped
with dodecylsulfate anion [67]. In another study single layer of oxalate doped PPy and dual
layer of oxalate doped PPy and poly(styrene sulfonate) doped PPy was electrochemically

synthesized on steel substrate [68]. The dual layer showed six fold more time to failure in 0.1M
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NaCl solution than single layer. The large size of poly(styrene sulfonate) was responsible for
preventing ingress of chloride ions thereby improving the corrosion protection provided by the

dual layer for the steel substrate
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Figure 1.7: Tafel plots of (a) bare mild steel, (b) mild steel/Ppy and (c) mild steel/Ppy—
phosphate electrodes in 3.5% NaCl solution after 1 h immersion; scan rate: 0.166 mV s—1,
“Reprinted from ref. [66] (Progress in Organic Coatings, 60(3), M.G. Hosseini,M. Sabouri,T.
Shahrabi, Corrosion protection of mild steel by polypyrrole phosphate composite coating, 178-
185, 2007), with permission from Elsevier.

Co-doping with oxalate and dodecyl benzenesulfonate was performed for PPy
electrodeposited on stainless steel substrate [69]. Smooth and adherent films with increased
doping level were responsible for the corrosion protection offered by co-doped PPy. Nitrate and
molybdate co-doped PPy was electropolymerized on pure aluminum substrate [70]. Increased
pitting potential in neutral chloride media was observed which was attributed to the inhibiting
action provided by dopant anions.

Co-doped PPy as well as doped PPy have shown improved corrosion protection ability

as compared with just doped with single dopant or with single layer of PPy. However co-doping

can also be dependent on the chemical nature of the different dopants employed in the synthesis
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and in case of multilayer formation care should be taken for the adhesion and interactions
between different layers.
1.3.  Conclusions

A combination of CPCC and dopant ion incorporation in the backbone of the CP can
pave for the unique properties for the corrosion protection. The galvanic protection offered by
aluminum flakes can be combined with the dopant release which will further lead to the
passivation and improved corrosion protection. In this dissertation, various CPCCs were
synthesized based on inorganic pigments such as aluminum flakes, iron oxide, micaceous iron
oxide, and titanium dioxide in combination with PPy and PAni. Different dopants were
incorporated on the backbone of the CPs in CPCC. Composites were characterized by SEM,
TEM, EDS, XPS, C-AFM, four point probe conductivity, and density tests. The resultant
composites were employed in the coatings on aluminum and steel alloys. The corrosion
protection ability of coatings exposed to accelerated corrosion tests was monitored by EIS,
anodic polarization, SVET, and galvanic coupling experiments.

In chapter 2 of the dissertation, which is being accepted for publication in Electrochimica
Acta, different morphologies of PPy were synthesized on the surface of aluminum flakes and
their effect on the final corrosion performance on the aluminum 2024-T3 substrate was studied.
Wire morphology of PPy was found to be offering better corrosion protection for aluminum
2024-T3 substrate for 120 days of Salt spray exposure. This PPy/Al flake pigment also provided
sacrificial protection in the lager defects.

In chapter 3, which was published in ECS Transactions, phosphate and nitrate doped
PPy/Al flake pigments were synthesized by chemical oxidative polymerization method. Dopants,

phosphate and nitrate provided passivation in the defect areas as observed in anodic polarization
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experiments and no corrosion activity was detected on the defect areas as evidenced in SVET
experiments.

In chapter 4, which was published in Proceedings of CoatingsTech Conference,
American Coatings Association, Rosemont, Illinois, March 11-13, 2013, tungstate and vanadate
doped PPy/Al flake composite pigments were synthesized and electrochemically characterized
for the corrosion protection of aluminum 2024-T3. Cathodic protection was provided by the
tungstate and vanadate PPy/Al flake composite to the aluminum 2024-T3. However protection
provided by the composite pigments was dependent on the type and amount of dopant as well as
the conductivity of the composite pigment.

In chapter 5, which was published in Proceedings of CoatingsTech Conference,
American Coatings Association, Rosemont, Illinois, March 11-13, 2013, core and shell TiO,/PPy
composite, TiO,/PPy (Tungstate doped) composite, and TiO,/PAni composite were synthesized
and employed in coating for the corrosion protection of cold rolled steel substrate. Incorporation
of CP to form composite with TiO, improved corrosion protection due to CPs redox ability.

In chapter 6, which was published in Polymeric Materials: Science & Engineering
(PMSE) Preprints, core and shell morphology of iron oxide/PPy was synthesized by chemical
oxidative polymerization. The synthesized core and shell composite was incorporated in the
coatings for the corrosion protection of mils steel. For 40 days of Salt spray exposure, coating
containing core and shell iron oxide/PPy composite pigments showed improved corrosion
performance owing to the ability of PPy to act an oxidizer to form dense protective layer.

In chapter 7, which will be communicated to the corrosion journal, micaceous iron oxide
(MIOX)/PPy composites were synthesized and characterized for corrosion protection of cold

rolled steel. Smaller drop in impedance was observed for MIOX/PPy composite pigment based
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coating at 100 days of Salt spray exposure than MIOX30 pigment coatings for the same duration
of exposure. Lamellar nature of MIOX provided increased barrier protection and PPy added
extra functionality due to its redox nature resulting in better corrosion protection than only
MIOX containing coatings.
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CHAPTER 2. THE EFFECT OF POLYMER MORPHOLOGY ON THE
PERFORMANCE OF A CORROSION INHIBITING POLYPYRROLE/ALUMINUM

FLAKE COMPOSITE PIGMENT

(Accepted for publication in Electrochimica Acta

http://dx.doi.org/10.1016/j.electacta.2013.03.128)
2.1.  Abstract

Two different morphologies of polypyrrole (PPy) aluminum flake composites, namely

spherical PPy/Al flake composites and wire PPy/Al flake composites, were synthesized by
chemical oxidative polymerization. These composites were characterized by Fourier transform
infrared spectroscopy (FT-IR), four point probe conductivity, conductive atomic force
microscopy (C-AFM), scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). These composites were incorporated into an epoxy primer and coatings
were applied on an aluminum alloy (AA 2024-T3) substrate. The coatings were exposed to salt
spray according to ASTM B117 and prohesion conditions according to ASTM G85-A5. The
corrosion resistance properties were monitored via electrochemical impedance spectroscopy
(EIS). The current produced by corrosion reactions on the surface of the substrate was mapped
using the scanning vibrating electrode technique (SVET). Galvanic coupling experiments were
performed for measurement of galvanic current and mixed potential in controlled environment. It
was observed that the morphology of PPy on the surface of aluminum flake has an effect on the
conductivity and anticorrosion performance of the pigment. The wire PPy/Al flake composite
coatings exhibited better anticorrosion performance than the spherical PPy/Al flake composite
coatings and as received aluminum flake coatings. The enhancement in anticorrosion

performance was attributed to the unique morphology and electrochemical activity of the PPy on
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the surface of aluminum flakes. It was also revealed that the wire PPy/Al flake composite
coating was sacrificially protecting the AA 2024-T3 substrate in larger defects.
2.2.  Introduction

The protection of assets from corrosion remains as challenging as ever before. Metals and
their alloys are the backbone of human civilizations and their protection from corrosion remains
an area of high interest to materials scientists. Due to changes in environmental conditions in the
21 century, the commonly used methods for protection are not always sufficient for
multipurpose protection. Organic coatings are the most widely used method of corrosion
mitigation. Coatings typically protect either by barrier, sacrificial or by inhibitor release
mechanisms [1]. Barrier protection by coatings is only effective as long as the coating remains
intact and defect free. Once a defect has been introduced into a barrier coating, due to exposure
to corrosive conditions, it leads to diffusion of corrosive ions through the coating. At this point,
delamination at the metal/coating interface occurs and a barrier coating ceases to perform its
protective function [2]. Sacrificial protection in the case of zinc rich primers requires a high
pigment volume concentration (PVC) of zinc for the coating to offer protection to the substrate.
Such high PVCs often decrease the flexibility of the primer which limits its application to
substrates that do not undergo large strains [3]. Many of the corrosion inhibitors released by
coatings are toxic in nature. For example, one of the most effective corrosion inhibitors,
hexavalent chromate, is carcinogenic and mutagenic in parts per million concentrations [4]. One
solution to the some of the problems associated with traditional corrosion prevention strategies
may be conducting polymers (CPs) such as polypyrrole. Due to their redox activity, CPs are able
to actively inhibit corrosion once barrier protection has been compromised. Additionally, CPs

do not possess the toxicity of other corrosion inhibitors such as hexavalent chromates.
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CPs are used in various applications including batteries [5], sensors [6], electromagnetic
interference shielding [7], drug delivery [8], corrosion inhibition [9], actuators [10], solar cells
[11], light emitting diodes [12], and printing electronic circuits [13]. CPs possess properties such
as electrical conductivity, low toxicity, simplistic synthesis procedure, ease of doping by both
chemical and electrochemical polymerization, good environmental stability, eco-friendly nature,
and excellent thermal stability [14-16]. Polyaniline, polypyrrole (PPy), and polythiophene are
the most commonly used CPs for corrosion inhibition [17-25]. Amongst these, PPy seems to be
promising due to its facile synthesis, good environmental stability, and high conductivity [26].

Several mechanisms have been proposed to account for the corrosion inhibition by CPs
on active metal substrates [27]. One proposed mechanism involves the formation of a passive
layer. Most commonly, CPs must be oxidized in order to be conductive, and this is the form in
which they are often applied to metal substrates. When in an oxidized state, the electroactive
nature of CPs allows them to be fairly strong oxidizing agents which can oxidize the underlying
substrate, thereby forming and maintaining a passive oxide layer at the interface between the CP
and metal substrate [28]. CPs have also been shown to protect ferrous substrates via anodic
protection. Due to their positive open circuit potentials and electroactive nature, CPs are able to
form an electrochemical couple with the underlying metal substrate. A mixed potential then
establishes between the CP coating and the metal substrate that maintains the potential of the
metal substrate at a more positive potential in the passive region of the metal, leading to reduced
corrosion rates [29]. CPs can also serve as a store house for corrosion inhibiting anions that can
be released on demand to inhibit corrosion. This mechanism is proposed for CPs that are in an
oxidized state which have a positive charge associated with them. Counter anions are then

incorporated onto the polymer backbone to achieve charge neutrality. The electrons produced by
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a corroding substrate will then reduce the CPs to a neutral state. The negatively charged counter
ions (corrosion inhibiting anions) are then expelled from the CP, thereby protecting the metal
from corrosion. Proper conditions are needed for these mechanisms to realize their effects [30].
If the proper conditions are not present, CPs can, in some circumstances, actually accelerate
corrosion. One example of this would be that CPs can act as an electrochemical mediator
between the metal and O resulting in severe, accelerated corrosion. This happens when
passivation is not maintained in some conditions such as in the presence of large defects.

There are some disadvantages associated with the application of CPs. In the case of PPy,
a lack of solubility in common solvents makes the processing and application of PPy difficult. Its
porous nature and moderate to poor adhesion also pose problems towards its application as a
coating. The possibility of the consumption of stored charges due to redox reactions inherent in
PPy and its ion exchange properties can also cause a loss of its anticorrosion function [31, 32]. In
order to overcome these disadvantages, several approaches have been tried including copolymers
of CPs, derivatives of CPs, and various multilayers of CPs. Another approach is to use a CP
primer with a conventional topcoat [34, 35]. The technique of adding small amounts of CPs as
anticorrosive additives is also used [36-38]. CPs blended with conventional polymer coating is
another avenue for their use [39].

CPs can be used as primers alone by electrochemical deposition on to a metal substrate.
In electrochemical polymerization of CPs, dissolution of the working electrode due to anodic
polarization must be controlled by using proper electrochemical deposition conditions [33]. The
electrochemical polymerization method has limitations in terms of the bulk synthesis of CPs.

Chemical oxidation methods can be more easily used for the large scale synthesis of CPs.
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Conducting polymer containing composite (CPCC) coating is another method to alleviate
the problems associated with the successful application of CPs in coatings for corrosion
protection. A polyaniline-TiO, composite was studied on steel for its ability to protect against
corrosion [40, 41]. In this case, the passivation of steel by polyaniline resulted in improved
anticorrosion performance. Several studies have been performed to synthesize and evaluate
CPCC:s for the corrosion protection of metals and their alloys [42, 43].

The deposition of CPs onto inorganic flakes serves several purposes. The flakes can
impart some barrier protection to the substrate which compensates for the porous nature of the
conducting polymer. In our group, we have deposited PPy on the surface of aluminum flakes via
chemical oxidation of pyrrole to form a PPy/Al flake composite pigment [30, 44]. By controlling
synthesis parameters, different morphologies can be obtained on the surface of aluminum flakes.

In the present work, two different morphologies of PPy (spherical and wire) were
obtained on the surface of aluminum flakes. Resultant composites were characterized for their
morphology, chemical and elemental composition, and conductivity. Using these composites and
as received aluminum flakes, coatings were prepared with an epoxy binder and applied on AA
2024-T3 substrate. The anticorrosive properties of the composite coatings were evaluated by
electrochemical methods (EIS, galvanic coupling, and SVET) and salt spray, prohesion exposure
via ASTM methods B117 and G85-Ab5.

2.3.  Experimental work
2.3.1. Materials

Aluminum flakes (Stapa® Aloxal® PM 2010) were provided by Eckart America. The

chemical composition of as received aluminum flakes was 39% aluminum, 26% aluminum

oxide, and 35% 1-methoxy-2-propanol. For the synthesis, pyrrole monomer and 1-methoxy-2-

26



propanol were procured from Alfa Aesar Co. Ammonium Persulfate (APS) was purchased from
BDH. Aluminum alloy AA 2024-T3 panels (dimensions-0.063"x6x3") were obtained from Q-
Panel Lab Products. EPON 830 and Epikure 3015 were supplied by Momentive Specialty
Chemicals Inc. Methyl isobutyl ketone (MIBK) was purchased from Aqua solutions. Pyrrole
monomer was distilled prior to its use in the synthesis. All other chemicals were used as received
without further purification. In this synthesis, 18.2 MQ Millipore® water was used.
2.3.2. Synthesis procedure of the wire PPy/Al flake composite and the spherical PPy/Al
flake composite

To synthesize the wire PPy/Al flake composite, 1000 ml of Millipore® water was added
into an Erlenmeyer flask. This was followed by the addition of 30 grams of as received
aluminum flake. After complete dispersion of the flakes, 22.8 grams of APS was added. After
the APS was completely dissolved, 13.9 ml of pyrrole was added. The reaction was performed at
ambient temperature and was continued for 24 hours. After 24 hours, the coated flakes were
separated from the reaction mixture via vacuum filtration and were washed with Millipore®
water until the filtrate was colorless.

This product was maintained overnight in an oven at 60°C for drying. After drying, it was
ground using a mortar and pestle to obtain a fine pigment powder. Finally, the resultant material
was sieved through a sieve with a 106 pm opening diameter to obtain a fine powder. For the
synthesis of the spherical PPy/Al flake composite, 500 ml of Millipore® water and 500 ml of 1-
methoxy-2-propanol were initially added to an Erlenmeyer flask. The other materials and

procedures were the same as mentioned for the synthesis of the wire PPy/Al flake composite.
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2.3.3. Coatings preparation

Prior to use, AA 2024-T3 panels were sandblasted with 100 pum alumina grit and then
degreased thoroughly with hexanes. The composite pigment was added in the required quantity
to the EPON 830 and then the cross linker (Epikure 3015) was added in a stoichiometric ratio of
1:1. The coatings were prepared at 20% PVC for the wire PPy/Al flake composite, spherical
PPy/Al flake composite, and as received aluminum flakes. These are bi-component coatings with
epoxy resin, hardener, and pigment without any additives. The coatings were allowed to cure at
room temperature for a week in order to have full development of the mechanical and barrier
properties of the coating.
2.3.4. Instrumentation

To investigate the morphology of the samples, A JEOL JSM-6490LV scanning electron
microscope (SEM) was used. The sample preparation was performed by sprinkling ground
powder onto carbon tape attached to aluminum mounts. To determine the elemental composition
of the samples, X-ray photoelectron spectroscopy (XPS) measurements were performed on an
SSX-100 system (Surface Science Instruments) equipped with a monochromatic Al K, X-ray
source, a hemispherical sector analyzer (HSA), and a resistive anode detector. The base pressure
of the XPS system was 1.0 x 10”° Torr. During the data collection, the pressure applied was ca. 1
x 10 Torr. The size of the X-ray spot was 1x1 mm?, which correlated to an X-ray power of 200
W. Each survey spectrum was collected with 16 scans at 150 eV pass energy and 1 eV/step. The
atomic percentages were calculated using the ESCA 2005 software provided with the XPS
system. Fourier transform infrared spectroscopy (FT-IR) measurements were performed on a
NICOLET 8700 spectrophotometer from Thermo Scientific. The data of FT-IT was collected in

transmittance mode.
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Conductive Atomic Force Microscopy (C-AFM) studies were performed using a Veeco
Dimension 3100 atomic force microscope in contact mode and a current sensing probe to obtain
the surface morphology and surface current density. A four-point probe instrument consisting of
a Keithley®2000 multimeter, a Keithley® 220 programmable current source, and Signatone®
probes was employed to measure conductivity.

Electrochemical Impedance spectroscopy (EIS) studies were performed using Gamry
Reference 600 Potentiostats with Gamry Framework Version 5.58/E1S 300 software. Dilute
Harrison’s solution (DHS, 0.35% ammonium sulfate and 0.05% sodium chloride) was used as an
electrolyte and the measurements were carried in triplicates. A three electrode assembly was
used with a saturated calomel reference electrode, platinum mesh counter electrode, and coated
substrate as a working electrode. The frequency range for the measurements was 100,000-
0.01Hz, collecting 10 points/decade using 10 mV RMS of AC perturbation potential.

Scanning vibrating electrode technique (SVET) measurements were performed using
instruments from Applicable Electronics, Inc. Microprobe, Inc. supplied vibrating probes which
were Pt-Ir microelectrodes with platinum black deposited on their tips. The Quasi-reference
electrode was a platinum wire coated with platinum black. SVET measurements were carried out
in DHS solution in duplicate and representative samples are demonstrated here. An artificial
defect was made through the coatings with a razor blade and the measurement area was masked
off with tape. This scribed sample was immersed in DHS in a petri dish and the vibrating probe
was brought as close as 100 um to the surface. This distance was measured using the optic
system on the SVET instrument. The SVET results were graphed in Origin software as current
density maps where cathodic and anodic activity over the scanned area was displayed as a

function of position in the X and Y directions in the space.
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Galvanic coupling experiments were performed by employing the experimental setup
described elsewhere [30]. It is two compartment enclosed cell with one compartment of bare
aluminum 2024-T3 as a working electrode and second compartment with coated metal as another
working electrode. The compartment with bare aluminum 2024-T3 was bubbled with air while
compartment with coated metal was bubbled with nitrogen. For both the compartments, working
areas were 1 cm? each, yielding area ratio of 1. Gamry Reference 600 Potentiostats were
employed for the measurement of coupling current and mixed potential between coated metal
and bare aluminum 2024-T3. A galvanic corrosion technique was employed using potentiostat in
zero resistance ammeter (ZRA) mode with DHS as an electrolyte in both the compartments.
2.3.5. Accelerated corrosion tests

Coatings were exposed to salt spray test (ASTM B117) and to the prohesion test (ASTM
G85-A5) for 120 days. In ASTM B117, 5% sodium chloride solution is continuously sprayed
over coatings at 35°C at 100% relative humidity. In ASTM G85-A5, DHS mist is sprayed for an
hour at 25°C followed by an hour of a dry stage at 35°C.

2.3.6. Pull-off adhesion test

Pull-off adhesion tests were performed on coated samples of as received Al flake
coating, wire PPy/Al flake composite coatings, and spherical PPy/Al flake composite coatings.
Minimum of six measurements were performed by employing PosiTest® Pull-Off Adhesion
Tester with dolly size 14 mm glued to substrate with Hysol® epoxy two-component adhesive.

Pull-off adhesion tests were performed according to ASTM 4541.
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2.4.  Results and discussions
2.4.1. Scanning electron microscopy (SEM)

Microscopic morphology investigations of the prepared composites were performed
using SEM. The morphology of the as received aluminum flakes, as shown in Figure 1.1,
appeared fairly smooth. In the preparation of CPs, synthesis parameters such as the dopant
anion, pH of the solution, temperature of reaction, method of synthesis, and nature of solvent can
affect the final morphology of CPs [45-50]. The surface morphology of CPs plays an important
role in their electrochemical responses and doping-undoping behavior [51]. By modifying the
synthesis parameters, unusual microstructures of PPy were obtained on the surface of the AA

2024-T3 [52].

Figure 2.1: SEM micrographs of as received Al flake (scale bar =1um).

In current study, a partial amount of the reaction solvent (50% water) was replaced with
another solvent (50% 1-methoxy-2-propanol). With 100% water in the synthesis, wires like
structures of PPy along with spherical PPy particles were observed on the surface of the
aluminum flakes as shown in Figure 2.2(A and C). This structure will be treated as the wire

PPy/Al flake composite throughout this paper. With 50% 1-methoxy-2-propanol and 50 % water
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in the synthesis, regular and spherical structures of PPy were formed on the surface of the
aluminum flake which covers the entire flake surface as shown in Figure 2.2(B and D). As
observed in the higher magnification micrograph of wire PPy/Al flake composite and of
spherical PPy/Al flake composite, the PPy wire diameter observed through SEM was ca. 200-

300 nm (Figure 2.3(A)) and the diameter of PPy spheres was ca. 100-200 nm (Figure 2.3(B)).

Polypyrrole wires Polypyrrole spherical particles

Figure 2.2: SEM micrographs of wire PPy/Al flake (images A and C), and spherical PPy/Al
flake (images B and D) (scale bar =2um).
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Figure 2.3: SEM micrographs for wire PPy/Al flake (image A) and spherical PPy/Al flake
(image B) (scale bar =200 nm).

The structures of PPy are characteristic of the solvent used in the synthesis [48]. By
changing the synthesis parameters and procedure, it is possible to prepare nanometer sized PPy
[56]. The PPy was likely able to maintain its structure after solvent washing and grinding in a
mortar and pestle due to its stiff, inflexible chains and insoluble nature in commonly used
solvents [53]. Changes in the surface morphology due to different solvents can be influenced by
the concentration and type of solvent present in the reaction mixture [46, 47]. The combination
of organic solvents and water has been shown to lead to thicker and denser films of CPs [54].
The polarity and the hydrophilicity of the reaction media influence the rate of polymerization and
the size of polymer particles formed. The water and 1-methoxy-2-propanol mixture is less polar
and more hydrophobic than pure water, resulting in a decreased rate of polymerization and
increased particle size [55]. A decrease in the rate of polymerization allows enough time for the
nucleation and growth of PPy particles. This may be the factor responsible for the spherical and

dense morphology of PPy on the surface of the aluminum flakes.
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2.4.2. Fourier transform infrared spectroscopy (FT-IR)

Figure 2.4 represents the FT-IR spectra of pure PPy, as received aluminum flakes, the
wire PPy/Al flake composite, and the spherical PPy/Al flake composite. As received flakes were
composed of aluminum, aluminum oxide, and 1-methoxy-2-propanol. In the as received
aluminum flake spectra, a Al-O stretching vibration was observed at 750-490 cm™[57]. Weak,
variable, symmetric C-O-C stretching was observed at 1040-820 cm™ and very strong
asymmetric C-O-C stretching was observed at 1150-1060 cm™ due to the presence of 1-
methoxy-2-propanol [57]. Variable OH stretching was seen at 3428 cm™, which signified the
hydroxyl groups on the aluminum flake surface due to 1-methoxy-2-propanol [58]. The strong
OH band was also evident at 1400 cm™, which was attributed to aluminum oxide [59].

In the case of pure PPy, the peak at 1558 cm™ represented ring stretching vibrations of C-
C and C=C bonds, whereas the band at 1476 cm™ signified a combination of C-N and C=C
stretching modes [60]. At 1292 cm™, C-H and C-N in plane deformations were identified [60]. In
pure PPy, the 1046 cm™ band showed C-H deformation. The characteristic bands of PPy were
observed at 917 cm™ due to ring breathing and at 789 cm™ due to C—H ring out-of-plane
bending mode [61, 62]. Stretching vibrations of 3446-3340 cm™ were absent in pure PPy which
was consistent with work performed by other researchers [60, 63]. N-H out of plane vibration at
616 cm™ overlapped with that of the sulfate anion [63].

In the cases of both the wire structures and the spherical structures of PPy on the
aluminum flake surface, combinations of bands due to PPy and as received aluminum flakes
were observed. The FT-IR spectra of the wire PPy/Al flake composite and spherical PPy/Al flake
composite did not show significant differences. Ring stretching vibrations of C-C and C=C

bands were observed at 1566 cm™ in the wire PPy/Al flake composite and at 1573 cm™ in the
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spherical PPy/Al flake composite. C-N and C=C stretching modes were observed at 1465 cm™
in the wire PPy/Al flake composite whereas it was seen at 1447 cm™ in the spherical structured
PPy on aluminum flakes. OH stretching at 3431 cm™ in the wire structured PPy and at 3425 cm’
Lin the spherical PPy/Al flake composite was observed. This signified aluminum oxide was
present with aluminum flakes on its surface. It can be concluded from the FT-IR results that the

PPy was deposited on the surface of aluminum flakes.
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Figure 2.4: FTIR spectrum of (a) PPy, (b) as received Al flakes, (c) wire PPy/Al flake
composite, and (d) spherical PPy/Al flake composite.

2.4.3. X-ray photoelectron spectroscopy (XPS)

The elemental compositions of the as received Al flake, the wire PPy/Al flake composite,
and the spherical PPy/Al flake composite were obtained by XPS and are shown in Figure 2.5. As
received Al flake contained 39% aluminum, 26% aluminum oxide, and 35% 1-methoxy-2-
propanol. This accounted for the presence of large quantities of aluminum on surfaces along with

organic matter contributed from 1-methoxy-2-propanol. Phosphorous and little amount of
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nitrogen was also observed due to the presence of trace quantities of proprietary phosphonic acid
and undisclosed additive on the as received aluminum flakes. In the case of the wire PPy/Al
flake composite and spherical PPy/Al flake composite, higher nitrogen concentrations were
observed on their surfaces. This was due to the formation of PPy on the surface of aluminum
flakes. The presence of sulfate ions in the wire PPy/Al flake composite and spherical PPy/Al
flake composite indicated sulfate anion incorporation in the PPy chains as dopant counter ions.
The ratio of S/N in the case of the wire structured PPy was 0.1 and in the case of the spherical
PPy was 0.132 which indicated a low level of doping of sulphate anions [64]. The presence of
very low concentrations of aluminum on the wire PPy/Al flake composite and spherical PPy/Al

flake composite indicated extensive coverage of the aluminum flakes by PPy.

I Wire PPy/Al flake composite

70
Il Spherical PPy/Al flake composite

L- As received Al flake

Atom/ %

O1s N 1s C1s S2p Al 2p P 2p

Elements
Figure 2.5: Elemental composition results obtained by XPS.
For the composite pigments consisting of PPy and aluminum flakes, high resolution
spectra of the N 1s was obtained for the wire PPy/Al flake composite as shown in Figure 6(a).
The peak for the N 1s at 400 eV was split into two distinct high intensity peaks at 400 eV and

401 eV. One small intensity peak was also observed at 402.6 eV. The peak at 400 eV was due to
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the presence of neutral amine nitrogens (-NH-). The peaks at 401 and 402.6 eV were due to the
presence of positively charged amine species of N* and N** respectively [65-69]. The very small

peak around 398 eV is suggestive of an imine (-N-R).
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Figure 2.6 (a): High resolution spectra for N 1s obtained by XPS for wire PPy/Al flake
composite.

5000
4500 |
4000 |
3500 |
3000 |

n

£2500

5

32000 -
1500
1000 -

500 |
0

405 404 403 402 401 400 399 398 397 396
Binding Energy/eV

Figure 2.6 (b): High resolution spectra for N 1s obtained by XPS for spherical PPy/Al flake
composite.
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The high resolution spectrum of the N 1s for the spherical PPy/Al flake composite is
shown in Figure 2.6(b). The major difference between the high resolution spectra for the N 1s
orbital of the wire PPy/Al flake composite and the spherical PPy/Al flake composite is the
absence of 401 eV peak due to positively charged amine N™in the spherical PPy/Al flake
composite. This signified less conductivity in case of the spherical PPy/Al flake composite. The
intensity of the N* peak is a good indicator of the conductivity of PPy which is dependent upon
bipolaron formation during PPy synthesis. From the high resolution spectra obtained through
XPS, it was evident that the PPy/Al flake composites obtained were conductive in nature.

2.4.4. Conductivity

The morphology and current flow through the composites were studied via C-AFM. The
as received aluminum flakes exhibited no measurable current signals on a current density image
(as shown in Figure 2.7(a)). In contrast, both the wire PPy/Al flake composite, and the spherical
PPy/Al flake composite exhibited current on a current density image as shown in Figure 2.7(b)

and Figure 2.7(c) respectively.

0 5.00 pm 0 5.00 pm 0 5.00 pm
Data type Height Data type Deflection Data type C-AFM Current
Z range 500.0 nm Z range 0.10000 v Z range 10000 pa

Figure 2.7 (a): Height, deflection and current image of as received aluminum flakes.
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Figure 2.7 (b): Height, deflection and current image of wire structure of PPy on aluminum
flakes.
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Figure 2.7 (c): Height, deflection and current image of spherical structure of PPy on aluminum
flakes.

When conductivity was measured by the four point probe method, it was observed that
the wire structured PPy on the aluminum flakes exhibited a conductivity value of 1.05 S/cm and

the spherically structured PPy on the aluminum flake displayed a conductivity value of 0.1S/cm.

This data is shown in Table 2.1.

Table 2.1
Conductivity measurements obtained using the four point probe technique
. Standard
Average conductivity (S/cm) Deviation
Wire PPy/Al flake composite 1.05 0.07
Spherical PRy/AI flake 01 0.01
composite
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This difference in conductivity was attributed to factors as described in the following
discussion. The stacking of monomer units between polypyrrole chains determines the charge
transfer properties between polypyrrole chains. This is dictated by the microscopic morphology
which is responsible for the conducting properties of CPs [70]. A more ordered structure causes
greater interaction between chains and therefore increases the macroscopic conductivity of the
polymer. This morphology is dependent on the synthesis parameters including the solvents used
in the synthesis [71].

The relationship between morphology, conductivity, and reaction conditions can be found
by equation 2.1:

G =nep (2.1)
Here, “n” is the density of charge carriers, “e” is electron charge, “c” is conductivity, and “p” is
the mobility of charge carriers. As the conductivity value observed in the wire PPy was greater
than that of the spherical PPy in the four point probe and the density of charge carriers was less
(in XPS, S/N in the case of the wire structured PPy was 0.1 and in the case of the spherical PPy
was 0.132), it can be concluded that the mobility of the charge carrier was greater in the case of
the wire like structures due to their greater interconnectivity and interaction between polymer
chains as observed in SEM and C-AFM [72, 73]. These results elucidate interdependence
between morphology, conductivity, and reaction conditions. All other reaction conditions were
constant in both synthesis of wire PPy and spherical PPy on aluminum surface except the
variation in the solvent. This variation resulted in a change in morphology and conductivity.
2.4.5. Electrochemical impedance spectroscopy (EIS) and equivalent circuit modeling

AA 2024-T3 panels coated with an epoxy primer containing as received aluminum

flakes, the wire PPy/Al flake composite, and the spherical PPy/Al flake composite at 20% PVC
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were exposed to prohesion test conditions according to ASTM G 85-A5. EIS measurements were
conducted initially and then on the exposed panels at 14 days, 28 days, 56 days, and 120 days
using DHS as an electrolyte. Bode plots for the as received Al flake coating, the wire PPy/Al
flake composite, and the spherical PPy/Al flake composite are represented in Figure 2.8(a), (b),
and (c) respectively. Bode plots are the representation of impedance and phase angle with respect
to the varied frequency. As observed in Figure 2.8(a), the low frequency (0.01Hz) impedance of
the as received Al flake coating was initially between 10° and 10° ohms. As the duration of
exposure increased, the low frequency impedance of the as received Al flake coating was
observed to be decreasing to a value less than 10° ohms as seen in Figure 2.8(a). In the case of
the wire PPy/Al flake coating and spherical PPy/Al flake coating, the initial low frequency
impedance was approximately 10° ohms as shown in Figure 2.8(b) and Figure 2.8(c)
respectively. As the duration of exposure to prohesion test conditions was increased, the coatings
exhibited decrease in the low frequency impedance to approximately 10* ohms which is an order

of magnitude less than the as received flake coatings.
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Figure 2.8 (a): Bode plot of as received Al flake coating.
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Figure 2.8 (b): Bode plot of wire PPy/Al flake composite coating.

10° -0
—a— |nitial i
—e— 14 day R / 10
7 3 —*— 28 di ol ool S = =
10 —— 56 d:;l
—+— 120 day
10° Wi
(0]
(0]
. --30 5
10 L [}
~ ©
§ ) --40 B
10 . &)
= L 50 &
— 10° i 3
wit--60 8
P L o
10 | 70
10’ - -80
100 1 A S B ] —R-S.EIE0 LB ALY | LER AR AL ] LA B A | LB DL | LI ELRE L '90
102 10 10° 10’ 10? 10° 10* 10°

Frequency/ Hz

Figure 2.8 (c): Bode plot of spherical PPy/Al flake composite coating.

The decrease in the low frequency impedance can be attributed to the ingress of corrosive
ions, resulting in the progressive loss of protective properties of the coating due to exposure to
corrosion environment of prohesion test. This was true in case of as received Al flake coating.

The impedance of both the wire PPy/Al flake coating and the spherical PPy/Al flake coating was
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lower than that of as received Al flake coating owing to the conductive nature of PPy. The
conducting ability of PPy forces AC current (as in EIS experiment) to take conducting pathways
of PPy, thereby resulting in the decrease of impedance. This has been confirmed by earlier
results [30]. A lower impedance value of coatings containing PPy does not imply that those are
not protective in nature. Salt spray and prohesion exposure observations explained in later in this
paper reaffirm this statement. As demonstrated by EIS results, the wire PPy/Al flake coating and
the spherical PPy/Al flake coating appear not to act by barrier protection mechanism. Their
redox active, conductive nature has caused another mechanism of protection to occur as
evidenced by SVET and galvanic coupling measurements in following sections.

The EIS data was fitted to model circuits by using ZView 2 software (Scribner Associates
Inc.). The equivalent circuit (Randles circuit model) provided in Figure 2.9(a) was used to model
all the coatings except 120 hours exposure coatings of as received Al flake composite and
spherical PPy/Al flake composite. In circuit modeling, R1 is the uncompensated solution
resistance, R2 is the coating resistance, in this case it is pore resistance, and CPE is the constant
phase element which represents pseudo capacitance and is presented by equation 2.2:

Z(coey = U[(T) (o)’ (2.2)
where, T is capacitance, j is an imaginary component, , ® is the angular frequency (o = 2xf, fis
the frequency), P is the power (0 < n < 1), and Zcpg) is the impedance of CPE.

Figure 2.9(b), represented the circuit modeling for 120 hours exposure coatings of as
received Al flake composite and spherical PPy/Al flake composite. In this case R3 was
polarization resistance and Cdl was the double layer capacitance. This is due to the appreance of
second time constant. Circuit modeling results are shown in Table 2.2. It was observed that the

actual data obtained from EIS experiments closely matches with that of results obtained from
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equivalent circuit modeling. At 120 days of exposure, the as received Al flake coatings and the
spherical PPy/Al flake coatings exhibited an order of lower magnitude of pore resistance than
that of wire PPy/Al flake composites as observed in Table 2.2. Figure 2.9(c) represents an

example of the fit for 120 days exposure coatings of as received Al flake composite.
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Figure 2.9: Equivalent Circuits Models (a) Randles cell, (b) Model for 120 days exposure
coatings of as received Al flake composite and spherical PPy/Al flake composite, (c) Example of
the fit for 120 days exposure coatings of as received Al flake composite (green curve is fit result
and red curve is actual EIS data).
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Table 2.2
Results of equivalent circuit modeling obtained from EIS data

CPE1 CPE2
. P1 Double P2
d EXposure | pa/ Qem? Coating R3/ Qem’ Layer
uration/Days Capacitance/ c : /
Ecm? apamtgznce
Fcm
As received Al flake coating
0 6.8 x 106 8.7 x 10"-7 0.70
14 6.3 x 10"5 5.7 x 10"-6 0.60
28 5.1 x 10"5 7.3 x 10"-6 0.54
56 4.9 x 1075 7.3 x 10"-6 0.53
120 4.8 x 10"3 6.2 x 10"-6 059 | 1.3x10"5 | 75x10"6 |0.82
Wire PPy/Al flake composite coating
0 1.1 x 10"6 3.6 x 10"-6 0.70
14 2.8 x 10"5 6.1 x 10"-6 0.62
28 1.7 x 10"5 8.3 x 10"-6 0.61
56 1.9 x 1015 1.5x 10"-5 0.48
120 3.8x10M 5.1x10"-5 0.62
Spherical PPy/Al flake composite coatin
0 4.8 x 1075 2.3 x 10"-6 0.68
14 3.6 x 1075 5.9 x 10"-6 0.58
28 2.9 x 10"5 5.9 x 10"-6 0.60
56 3.2x 1075 8.5 x 10"-6 0.48
120 5.2 x10"3 2.9 x 10"-6 052 | 7.1x10M | 16x10"5 |0.72

2.4.6. Pull-off adhesion test

Force of 305 psi with standard deviation of 60 psi was observed for the cohesive failure

of the coating in case of as received Al flakes. In case of spherical PPy/Al flake composite

coatings it was 335 psi with standard deviation of 33 psi and in case of wire PPy/Al flake

composite coatings it was observed to be 336 psi with standard deviation of 26 psi for the

cohesive failure of the coating. In all three cases no adhesive failure between coating and

substrate was observed. Results suggest that wire PPy/Al flake composite coatings has better

adhesion as compared to the as received Al flake coating and spherical PPy/Al flake composite

coatings.
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2.4.7. Accelerated salt spray and prohesion tests

The x-shaped scribed panels exposed to prohesion test conditions for 120 days were
examined. The optical images of the exposed panels are shown in Figure 2.10. The corrosion
performance was monitored by visual inspection of blistering and delamination along the scribe.
All coatings did not exhibit blistering on the coating or around the scribe whereas delamination
was evident along the scribe in the prohesion chamber after 120 days (Figure 2.10).

Another set of x-shaped coated panels were exposed to ASTM B117 salt spray for 120
days. The results are shown in Figure 2.10. It was observed that the best corrosion protection
was observed for the wire PPy/Al flake composite coated panels as compared to spherical
PPy/Al flake composite coated panels and as received Al flake coated panels. The largest amount
of blistering was observed on the as received Al flake coated panels. The formation of large
blisters along the scribe on the as received aluminum flake coating signified delamination along

the scribe as well. Small blisters were apparent on the spherical PPy/Al flake coating.

As received Al Wire PPy/Al Spherical PPy/Al
flake coating flake coating flake coating

Prohesior
exposure
120 days

exposure
120 days

Large blisters and Small blisters and no
delamination delamination

Figure 2.10: Prohesion and salt spray exposure results.
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2.4.8. Scanning vibrating electrode technique (SVET)

Current density maps obtained from SVET measurements for the as received Al flake
coatings, spherical PPy/Al flake coatings, and wire PPy/Al flake coatings are represented in
Figure 2.11, 2.12, and 2.13 respectively. All SVET measurements were performed with scribes
of approximately the same size. The SVET measurements were carried out on 20 % PVC
coatings in order to have insights into the electrochemical reactions happening above the
substrate. For the as received Al flake based coating, an anodic peak was observed due to the
anodic metal dissolution just after 5 minutes of the immersion in DHS (Figure 2.11(a)). This
behavior did not last for longer times. After 48 hours of immersion in DHS, anodic and cathodic
currents were observed in the scribe as is shown in Figure 2.11(b). The cathodic current at this
point was likely to be associated with the reduction of oxygen in the scribe. This suggested the
establishment of a complete corrosion cell within the scribe [74]. The magnitudes of the currents

observed in this case were not large which is likely due to the formation of corrosion products in

the scribe.
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=
1Sy

Figure 2.11: SVET current density maps on as received Al flake coatings, (a) Initial, and (b) 48
hours.
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In the case of the spherical PPy/Al flake composite, an initial well defined peak of anodic
activity was observed (as shown in Figure 2.12(a)) in the defect and the cathodic activity was
distributed on the coating surface. The current density associated with this anodic area was ~ 40
HA/cm?. This behavior continued after 48 hours of immersion in DHS solution (as shown in
Figure 2.12(b)).

For the wire PPy/Al flake composite coatings, a cathodic peak was observed in the scribe
after 5 minutes of immersion in DHS solution (as shown in Figure 2.13(a)). This behavior
continued after 48 hours of immersion in DHS solution (as shown in Figure 2.13(b)). In this
case, anodic current was distributed on the coating surface. The presence of cathodic activity in
the defect implied a sacrificial protection mechanism by the wire PPy/Al flake composite
pigmented coating. This sacrificial behavior continued beyond 385 hours of immersion in DHS
solution.

However, the magnitude of cathodic current density (~25pA/cm?) associated with the
scan decreased at 385 Hours (as shown in Figure 2.14(a)). The optical image superimposed with
current density vectors for the wire PPy/Al flake composite coating is shown in Figure 2.14(b).
As shown in Figure 2.14(b), the defect was still shiny without any sign of visual corrosion after
385 hours of immersion in DHS solution; the blue color vector on the defect signifies cathodic
activity whereas a red vector signifies anodic activity.

This situation was inverted and the area in the scribe switched to anodic behavior after
407 hours of immersion in DHS solution (as shown in Figure 2.15(a) and 2.15(b)). The

magnitude of the anodic current density in the defect was ~ 12 uA/cm?.
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Figure 2.12: SVET current density maps on spherical PPy/Al flake coatings, (a) Initial, and (b)
48 hours.

The initial cathodic current density observed in the case of the wire PPy/Al flake
composite coatings had very high magnitudes (~ 300 pA/cm?) in comparison with the anodic
current density of spherical PPy/Al flake composite coatings (~ 40 pA/cm?). In both of these

cases the defect was still shiny after 48 hours of immersion in DHS with no visible signs of
corrosion product.

o
t=}

o

2

2

K
o
g8 &

N
o
o

Current density/ pACM
current density/ pAcm

N
o
o

Figure 2.13: SVET current density maps on wire PPy/Al flake coatings, (a) Initial, and (b) 48
hours.
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Figure 2.14: (a) SVET current density map and (b) Optical micrograph superimposed by current
density vectors for wire PPy/Al flake coatings on AA 2024-T3 after 385 hours of immersion in
DHS solution.

Several interactions are possible in these PPy/Al flake composite with the exposure to the

accelerated corrosion conditions. When CPs are in contact with active metals the corrosion
performance is mostly governed by redox, nonredox, and chemical interactions. These
interactions are dependent on the conductivity and connectivity CPs in contact with active metals
[75].

The anodic current in the SVET experiments is due to the anodic dissolution of
aluminum, re-oxidation of PPy and cathodic current was associated with reduction of PPy or
oxygen. The SVET experiments were open to air and it was difficult to control the environment
with existing SVET setup. So it was not clear about the origin of the cathodic and anodic areas

arising on the defect and coating for different morphologies (wire and spherical) of the PPy/Al
flake composite pigment coating. In order to simulate oxygen free situation, and for highlighting
more on galvanic interactions between PPy, aluminum flakes, and underlying aluminum

substrate, galvanic coupling experiments were performed in controlled environment
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Figure 2.15: (a) SVET current density map and (b) Optical micrograph superimposed by current

density vectors for wire PPy/Al flake coatings on AA 2024-T3 after 407 hours of immersion in
DHS solution.

2.4.9. Galvanic coupling measurements

In galvanic coupling experiments, DHS in bare aluminum compartment was purged with
air to simulate presence of oxygen whereas the coated metal compartment was purged with
nitrogen to simulate de-aerated conditions. This also indicated that coated metal is behaving as it
is under topcoat. In this setup, positive current signified cathode for bare aluminum 2024-T3 in
substrate compartment. As shown in Figure 2.16, both wire PPy/Al flake coating and spherical
wire PPy/Al flake coating displayed negative coupling current for initial period of time. This was
due to the PPy which is originally in the oxidized form due to its p-doped nature. In de-aerated

conditions this PPy in contact with aluminum tends to be reduced [76]. This reduction of PPy
results into the oxidation of aluminum flakes which is in its contact. Thus aluminum flakes are
activated. Activated aluminum flakes have found to sacrificially protect underlying aluminum
2024-T3 substrate [30]. Therefore the combination of PPy and aluminum flakes has resulted in
the increased galvanic coupling current when they are coupled, thereby protecting the underlying
aluminum 2024-T3 substrate. After first few hours of the experiment, the coupling current in
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case of the wire PPy/Al flake coating increased rapidly and continued to increase for the
duration of the experiment. The initial delay in the increase could be attributed to the possibility
of presence of native aluminum oxide layer on the surface of aluminum flakes which then
dissolved by the action of electrolyte and then electrical contact between PPy and aluminum
flakes became possible. Whereas in case of the spherical PPy/Al flake coating, coupling current
stayed low for almost first 36 hours. Eventhogh in this case also there was presence of aluminum
oxide layer on the surface of aluminum flakes, it would take same amount of time for the
dissolution as in case of the wire PPy/Al flake coating. In case of the spherical PPy/Al flake
coating where along with long induction time (36 hours), increase in the galvanic coupling
current was very low as compared to wire PPy/Al flake coating for the complete duration of the
experiment as shown in Figure 2.16.

High galvanic coupling current in case of the wire PPy/Al flake coating indicates that it
was providing strong cathodic protection the aluminum 2024-T3. As PPy and Al flakes are in
contact with each other, the galvanic interactions between them (as PPy is conductive and in
oxidized form) will reduce PPy which will then serve as an oxygen scavenger by redox reaction.
This will inherently decrease the corrosion rate as the oxygen is consumed by PPy [30]. Along
with this, in the atmospheric conditions where there is presence of oxygen, an oxygen doping
mechanism might be occurring due to the presence of the neutral form of PPy along with its
oxidized form as was shown in the XPS (results as displayed in as Figure 2.6 ) [76]. Neutral and
reduced form of PPy has found to providing cathodic protection to the underlying aluminum
2024-T3 substrate [22]. Oxygen doping mechanism in this case involves the re-oxidation of the

reduced PPy due to oxygen. Re-oxidized PPy again ensured continuous oxidation of aluminum
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flakes till the point they completed transformed to aluminum oxide. This can be observed in salt

spray and prohesion results after 120 days of exposure as shown in Figure 2.10.

20
—— Wire PPy/Al flake composite coating

—— Spherical PPy/Al flake composite coating
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10

Coupling Current/ pA

Time/ h

Figure 2.16: Galvanic current plot for bare aluminum 2024-T3 and PPy/Al flake coatings.

The mixed potential values observed for the wire PPy/Al flake coating was more negative
than the spherical PPy/Al flake coating as shown in Figure 2.17. For the wire PPy/Al flake
coating, mixed potential was -100mV more negative which signified more cathodic polarization
and higher level of coupling current.

There is still question of how the wire PPy/Al flake coating and the spherical PPy/Al
flake coating showing different behaviors. SVET experiments were performed in open to air
conditions whereas galvanic coupling experiments were performed in controlled environment. In
the previous results it was concluded that in open to air SVET conditions it is difficult to observe
the electrochemical interactions between PPy and aluminum flakes [30]. Similar behaviors for
as received aluminum flake coating, PPy coating and PPy/Al flake coating was observed in
SVET experiment without any distinctions [30]. In the current research also it is difficult to
conclusively comment on the SVET results. For more convincing results, galvanic coupling

experiments in controlled environment were helpful. For the wire PPy/Al flake coating strong
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positive coupling current was observed in comparison to the spherical PPy/Al flake coating
where little positive coupling current was observed. Also in case of the wire PPy/Al flake
coating, fast reduction of PPy was observed as compared to slow reduction of PPy in case of the
spherical PPy/Al flake coating. Again there was less induction period for the wire PPy/Al flake
coating as compared to the spherical PPy/Al flake coating. It is possible to attribute this to the
conductivity and the connectivity of the PPy chains in case of the wire PPy/Al flake coating. In
another research it was observed that high conductivity of CP results in the easy reduction of PPy
[75]. In case of the wire PPy/Al flake coating, it was an order of magnitude more conductive
than the spherical PPy/Al flake coating along with wire morphology of the PPy provided easy
and faster mobility for electrochemical reactions including reduction of PPy as observed in
galvanic coupling experiments. Again reduced PPy was found to be providing the cathodic
protection to the aluminum 2024-T3 [22]. Therefore the combination of the conductivity and the
connectivity in case of wire PPy/Al flake coating might be responsible for the behavior shown by

it in galvanic coupling experiments.

—— Wire PPy/Al flake composite coating
—— Spherical PPy/Al flake composite coating

el i A
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Figure 2.17: Mixed potential plot for bare aluminum 2024-T3 and PPy/Al flake coatings.
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2.4.10. Defect size study by SVET

The SVET and galvanic coupling results indicated that the wire structured PPy/Al flake
composite coating may be sacrificially protecting the substrate in the smaller defects. It has been
found in other studies that coatings based on pure CPs are often unable to protect a substrate in
the presence of large defects [77].

It has been suggested that the inherent problems with pure PPy coatings can be overcome
using conducting polymer containing composite coatings [78]. To investigate the effect of a large
defect on the performance of the wire PPy/Al flake composite coating, a circular defect of 3.6
mm in diameter was made on the surface of the wire PPy/Al flake composite coating using a
milling bit.

As is shown in Figure 2.18 and 2.19, initially, the coating showed very little cathodic
activity in the defect. As the exposure duration to the DHS was increased, cathodic activity was
increased in the defect area and the coating around the defect exhibited anodic activity.

These SVET results indicate that even with a fairly large defect, the coating was
providing sacrificial protection to the substrate. However, due to the increased defect area, the
intensity of the cathodic current density was not as high as observed in presence of small defects.
This sacrificial protection provided by the coating eventually will be lost as the oxide layer over
aluminum flakes becomes thick enough or the aluminum flake in the coating is consumed, not
allowing any galvanic contact between the PPy and the flakes. Therefore the wire structured

PPy/Al flake composite coating was able to protect substrate even in larger defects.

55



2

2

S SN
- <

NS

soarso il

| VN,

st

Current density/ pACm
Current density/ tACT

| | | ‘\“"3'\: W)
RO VR
Nl

2

2

o

i i
BV "):l g
bl ] J:\"!""n“!’ ‘A"?"II'AA'{"A/‘M‘ / \‘ \‘ LK
-10 \

il
il 'V'Vl'”f"{{./l’"
por

el

Current density/ pACM
Current density/ pACT

20
-30
40 1200
50 -
1609500 = g ; \§
a0 g 100 . -800 *
X um 890 1200 -1200

1600

Figure 2.18: SVET current density maps on wire PPy/Al flake coatings, (a) Initial, (b) 24 hours,
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2.5. Conclusions

In this study, aluminum flakes were combined with PPy in unique way by forming the
composite and the incorporation of this pigment into an epoxy primer on AA 2024-T3 substrate
was performed. These coatings were studied for their anticorrosive properties. The wire PPy/Al
flake and the spherical PPy/Al flake composites were successfully prepared via facile chemical
oxidative polymerization by varying the type and amount of solvent in the synthesis. The wire
PPy/Al flake composite was found to be more conductive than the spherical PPy/Al flake
composite. This was the result of wire morphology of the deposited PPy which enhanced the
connectivity of the PPy deposited onto the aluminum flake surface. During 120 days of salt
spray exposure, the wire PPy/Al flake composite coatings showed the best performance. It was
determined that the wire PPy/Al flake composite coating provided sacrificial protection to the
AA 2024-T3 substrate possibly by activating the aluminum flakes. This was reconfirmed with
galvanic coupling experiments which showed increasing coupling current (sacrificial protection)
and more negative mixed potential (cathodic polarization) for wire PPy/Al flake composite
coating in controlled environment. It was also determined that the wire PPy/Al flake composite
was able to sacrificially protect the substrate even in a much larger defect as evidenced by SVET
results.
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CHAPTER 3. CHARACTERIZATION AND ELECTROCHEMICAL
INVESTIGATIONS OF POLYPYRROLE/ALUMINUM FLAKE COMPOSITE

PIGMENTS ON AA 2024-T3 SUBSTRATE

(Published as “Characterization and Electrochemical Investigations of Polypyrrole/Aluminum

Flake Composite Pigments on AA 2024-T3 Substrate” ECS Transactions 2012, 41 (15), 75-89)

3.1.  Abstract

Phosphate and nitrate doped Polypyrrole (PPy)/Aluminum (Al) flake pigments were
synthesized by chemical oxidative polymerization method. Coatings were formulated from the
phosphate doped PPy/Al flake pigment, nitrate doped PPy/Al flake, and as received Al flakes at
20% pigment volume concentration (PVVC). The anticorrosion properties of coatings on
aluminum alloy (AA 2024-T3) were monitored by exposure with accelerated salt spray (ASTM
B 117), electrochemical impedance spectroscopy (EIS), scanning vibrating electrode technique
(SVET), and anodic polarization experiments. Phosphate and nitrate doped PPy/Al flake coatings
showed enhanced anticorrosion ability in comparison with as received Al flake coating as
observed in accelerated salt spray test. In the anodic polarization experiments, phosphate and
nitrate doped PPy/Al flake coatings exhibited a positive shift in the potential suggesting the
passivation of the substrate. Additionally, SVET experiments did not detect appreciable
corrosion activity for the samples demonstrating better corrosion protection ability of phosphate
and nitrate doped PPy/Al flake coatings.
3.2.  Introduction

Conducting polymers (CPs) are an important class of materials with distinguishable

properties and a wide range of applications [1, 2]. Extended conjugated backbone separates CPs
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from insulating polymers and results in interesting redox properties imparting conductivities to
CPs in the semiconducting to conducing ranges [3]. CPs are environmentally stable, non-toxic,
and relatively easily synthesized [4]. Correspondingly, CPs have numerous applications such as
sensors [5-8], batteries [9, 10], solar cells [11, 12], light emitting diodes [13, 14], and coatings
for corrosion protection (15-23). Polyaniline (PAni), polythiophene, and polypyrrole (PPy) are
often studied CPs and have been employed for the corrosion protection of metals and their alloys
[24-30].

PPy is amongst one of the most studied CPs for corrosion protection. This is attributed to
its good environmental stability, conductivity and facile synthesis [31]. PPy is non-toxic,
environment friendly, and can be prepared by both chemical and electrochemical means [32].
PPy has been studied as a replacement for hexavalent chromate which is used in coatings for
corrosion inhibition; however, due to toxicity the use of hexavalent chromate will be limited in
the future [33]. Even though there is controversy over the protection mechanism provided by
CPs, the overall general mechanism has been surface ennobling and anodic passivation [34].
Also, CPs can be doped with corrosion inhibiting anions and when reduced can release these
anions resulting in passivation the substrate [35]. It is important to note that it has been observed
that if passivation is not achieved an enhancement in the rate of corrosion can occur [36, 37].
PPy possesses disadvantages such as poor mechanical properties, lack of sufficient adhesion,
porosity, and insolubility in the solvents used in the coatings [34, 38, 39]. This results in
problems with its application to coatings. Conducting polymer containing composites (CPCC)
are one of the possible avenues to overcome the problems associated with use of CPs [39]. For
example, PANi-TiO, composites were synthesized by in-situ chemical oxidative polymerization

of aniline [40]. This composite improved corrosion resistance of acrylic resin based primer on

64



steel substrate. A similar performance improvement was observed on several other composites
containing PAni [41, 42]. PPy containing composites were synthesized in the past [34, 39]. In
another example, PPy was synthesized on the surface of aluminum flakes by in-situ chemical
oxidative polymerization. Aluminum flakes lengthened the path of corrosive ions reaching the
coatings and PPy electrical contact with aluminum flake provided corrosion protection by
electrochemical activity.

Often the incorporation of corrosive inhibiting dopants in backbone of CPs improves
corrosion resistance ability [43]. For example, vinyl coatings with sulphonate doped PAni
protected steel in neutral and acidic media [44]. PPy films formed on bare aluminum substrate in
presence of molybdate and nitrate dopants displayed greater resistance to corrosive chloride ions
[45]. PPy-phosphate composite coatings have also been studied and were found to exhibit
enhanced corrosion protection on the mild steel substrate. This study also demonstrated that
dopant ion can influence the morphology of resultant conducting composite [46]. It has been
suggested that the active release of dopants is dependent on specific conditions occurring with
the release rate of anions dependant on the defect environment.

In the reported work, PPy containing phosphate and nitrate as dopants were synthesized
on the surface of aluminum flakes. This pigment combined the barrier protection provided by
aluminum flakes and the active release of corrosive inhibiting anions from PPy. The corrosion
inhibiting pigment was formed via chemical oxidative polymerization enabling the synthesis of
composite pigment on a large scale. Additionally, the synthesis procedure provided an easy
method for the incorporation of PPy in a coating matrix with the optimum amount of dopant with
respect to PPy. It is proposed that the PPy inhibitor will function as a reservoir of phosphate or

nitrate which will allow for the passivation of the substrate.
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3.3.  Experimental
3.3.1. Preparation of PPy/Al flake composite coating (doped with phosphate or nitrate)
and as received Al flake coating
In order to synthesize PPy/Al flake pigment, 500 ml of Millipore® water and 500 ml of
1-methoxy-2-propanol (Alfa Aesar Co.) were added to an Erlenmeyer flask. This was followed
by addition of the required quantity of the dopant (sodium phosphate monohydrate (BDH) or
sodium nitrate (Mallinckrodt Chemical, Inc.). After addition of dopant and its complete
dissolution, 30 grams of aluminum flakes (Stapa Aloxal PM 2010 from Eckart America) were
added. The aluminum flakes had composition of 39% aluminum, 26% aluminum oxide, and
35% 1-methoxy-2-propanol. After the dispersion of aluminum flakes, 22.8 grams of ammonium
persulfate (BDH) was added. The final step of the synthesis was the addition of 13.9 ml of
pyrrole (Alfa Aesar Co) to the reaction mixture. For this synthesis, the pyrrole monomer was
vacuum distilled prior to use. The reaction was continued at ambient temperature for 24 hours.
The reaction mixture was then filtered and washed with water. The product was placed in an
oven for drying at 60°C. It was ground in mortar and pestle and the product was collected after
sieving it through # 140 sieve (with 106 pum opening diameter).
3.3.2. Scanning electron microscopy (SEM)

A JEOL JSM-6300 scanning electron microscope (SEM) was employed for the
morphology investigations of as received Al flakes, phosphate doped PPy/Al flake composite,
and nitrate doped PPy/Al flake composite. The sample for SEM was prepared by sprinkling
ground powder onto carbon tape which was attached to the aluminum mounts followed by sputter
coating with gold using a Balzers SCD 030 sputter coater. The magnification, accelerating

voltage used, and scale bars are listed on each SEM micrograph.
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3.3.3. Coatings preparation

Coatings were prepared on AA 2024-T3 substrate (Q-panel, dimensions-6x3"). Prior to
the coating application, the substrate was sandblasted with 100 um alumina grit and degreased
with hexane. As received Al flake, PPy-Al flake composite, either phosphate or nitrate doped,
was mixed with EPON 830 (Momentive Specialty Chemicals Inc.) followed by addition of the
hardener, Epicure 3015 (Momentive Specialty Chemicals Inc.) in stoichiometric ratio (1:1). The
pigment volume concentration (PVC) of the prepared coating was 20%. The application
viscosity was adjusted with solvent methyl isobutyl ketone (MIBK from Aqua solutions). The
coating application was performed via a drawdown bar. The dry film thickness (DFT) of the
coatings was approximately 80-90 pm.

3.3.4. Accelerated salt spray exposure test

The scribes of ca. Imm width were made on fully cured panels. The “x” scribes were
made with Gravograph IM4 engraving system (Gravograph, USA) assisted with Gravostyle
Quick software. After scribing, the samples were exposed to accelerated environment according
to ASTM B 117 (5% NaCl solution at 35°C). The corrosion resistance performance was then
monitored by visual inspection of blistering and delamination along the scribe.

3.3.5. Electrochemical impedance spectroscopy (EIS)

A Gamry Instruments R600 Potentiostat/Galvanostat/ZRA with Gamry Framework
Version 5.58/EIS 300 software was employed for the EIS measurements. The measurements
were performed in a three electrode cell with a saturated calomel reference electrode, platinum
mesh counter electrode; coated substrate as a working electrode, and 5% NaCl was used as an
electrolyte so that the coating was exposed to the same electrolyte as was used in the exposure

cabinet. The frequency range was from 100,000 to 0.01Hz with 10 points/decade using 10 mV
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RMS of AC signal amplitude. The area of the working electrode exposed to electrolyte was 7
cm?. Three replicates of each coating were examined.
3.3.6. Scanning vibrating electrode technique (SVET) measurements

Current distributions due to corrosion reactions occurring in a damaged sample were
monitored by SVET measurements. A SVET system from Applicable electronics was employed
in this study. A Pt-1r microelectrode (Microprobe, Inc.) was deposited with a Pt black of sphere
with ca. 20 pm in diameter. The vibration amplitude of microelectrode was 20 pm in X and Y
direction. The scan was performed over the coating with artificial defect at the center with the
microprobe approximately 200 um above the sample. The coating on aluminum panel was taped
with polyester tape to expose an area of approximately 2mm x 2mm. The defect was
approximately .3mm in width and 1mm in length. This electrochemical cell was filled with
dilute Harrison solution (DHS, 0.35% ammonium sulfate and 0.05% sodium chloride). Scans
were started within 5 minutes of immersion in DHS solution. The noise of the instrument is
estimated to be +2 uA/cm?. The scans were obtained in a 20x20. Data obtained from the SVET
measurement is often presented in two ways. In the first representation, the vertical component
of current density is graphed in a 3D surface graph. The positive current density signifies anodic
current and negative current density signifies cathodic current. The second representation of the
data is with vectors representing current densities superimposed on optical image of the sample.
Two replicates of each coating were examined.
3.3.7. Anodic polarization

Anodic polarization scans were obtained using a similar procedure as with the EIS
experiments. However, in this experiment the panels were scribed for a defect of 1.5 cm in

length and 1 mm in width. Measurements were performed in a linear sweep from -0.1V to 2V
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vs. open circuit potential with scan rate of 5 mV/s. DHS was used as electrolyte and the
electrolyte was purged with nitrogen for 30 minutes prior to the experiment. Two replicates of
each coating were examined.

3.4.  Results and discussions

3.4.1. Scanning electron microscopy (SEM)

Synthesis conditions as well as parameters including reaction temperature, pH of the
reaction, method of synthesis, the type of dopant, and nature of solvent can influence the
resulting morphology of CPs [47-52]. In this synthesis equal amounts of water and 1-methoxy-2-
propanol were used along with the dopants (sodium phosphate monohydrate and sodium nitrate
respectively). As observed from SEM micrographs in Figure 3.1, the spherical and uniform
morphology of PPy was obtained on the surface of aluminum flakes in both synthesis
procedures, phosphate doped PPy/Al flake composite, and nitrate doped PPy/Al flake composite.
Formation of PPy was more prominent in case of nitrate doped composite than phosphate doped

composite.

Figure 3.1: SEM micrographs of as received Al flakes (left image), phosphate doped PPy/Al
flake (middle image), and nitrate doped PPy/Al flake (right image).

In the preparation procedure, phosphate doped PPy/Al flakes, and nitrate doped PPy/Al
flakes were ground in a mortar and pestle. The resulting composite maintained the structure of

PPy formed on aluminum flakes during the synthesis. This robustness of the composites can be
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attributed to the stiff and inflexible chains of PPy along with its insoluble nature in commonly
used solvents [53].
3.4.2. Electrochemical impedance spectroscopy (EIS)

EIS is used for quantitative monitoring of corrosion processes occurring at the surface of
corroding metal or underneath the coating on metal surface [54-57]. Based on equivalent circuit
elements and physical processes occurring in the coating and estimation of the degradation
resulting from electrochemical reactions due to corrosion can be predicted [54].

The Bode and Nyquist plots for as received Al flake coating, phosphate doped PPy/Al flake
composite coating, and nitrate doped PPy/Al flake composite coating are shown in Figure 3.2,
3.3, and 3.4, respectively. Bode plot represents the modulus of impedance verses frequency
whereas Nyquist plot represents real and imaginary components of impedance. Phase angles for
varying applied frequencies are also provided in the Bode graph.

As shown in the Bode plot of as received Al flake coating (Figure 3.2), the initial
impedance was very high, indicating a sufficiently high barrier property. This high impedance
was maintained for initial 350 hours. This behavior was attributed to the high aspect ratio of as
received Al flakes as well as to the pigment volume concentration (PVC) of the coating which
was below the critical pigment volume concentration (CPVC). This resulted in a barrier to
corrosive ions diffusion as any aggressive species would proceed via tortuous paths to reach to
the substrate [59]. Only one time constant was observed in as received Al flake coatings after
350 hours of exposure to salt spray conditions. After 750 hours of exposure, the resistance
provided by coating was breached resulting in decrease in impedance. In the Nyquist plot of as
received Al flake coating (Figure 3.2) after 750 hours of exposure, one complete conductive loop

along with start of second semicircle with diffusion controlled portion was evident The diffusion
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controlled portion was modeled with Warburg impedance, equation 3.1, according to Fick’s

second law partial differential equation (58).

Zw = 1o(io) (3.1)

Where, Z,, is Warburg impedance, i is imaginary component, ¢ is Warburg capacitance,
and o is the angular frequency. Warburg impedance implied development of pathways through
the coating due to prolonged exposure to corrosive environment. This observation was also
supported by decrease in the coating impedance.

The impedance of coatings with phosphate doped PPy/Al flake composite, and nitrate
doped PPy/Al flake composite displayed ca. 4 orders of magnitude decrease in comparison with
as received Al flake coating (Figure 3.3, and 3.4). This behavior was not due to the ion transport
through the coating; instead it is suggested to be due to the presence of conductive pathways
resulting from conductive nature of PPy. The semicircle was decreasing in case of phosphate
doped PPy/Al flake composite coatings, and nitrate doped PPy/Al flake composite coatings as
the time of exposure increased (Figure 3.3, and 3.4). The starting of the second semicircle loop
with straight line also signified charge transfer and diffusion. The decrease in the impedance due
to the conductive nature of PPy has been observed by many researchers [60, 61]. At higher
frequencies of perturbation, the resulting current prefers conductive pathways through PPy
instead of passing through dielectric component of the coating. If one uses the most accepted
criteria for EIS, where the higher the impedance the greater the protection provided to the
substrate, the impedance results are contradictory with the observations in salt spray exposure for
a longer duration of time. Even after displaying a decrease in impedance, the phosphate doped
PPy/Al flake composite coatings and nitrate doped PPy/Al flake composite coatings displayed

better performance in salt spray testing as determined via visual assessment. The
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electrochemical nature of PPy and the reactions occurring at PPy/Al flake interface as well as at

PPy/Al substrate interface are inherently important in this coating system.
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Figure 3.2: Bode plot (left), and Nyquist plot (right) of as received Al flake coating.
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Figure 3.3: Bode plot (left), and Nyquist plot (right) phosphate doped PPy/Al flake coating.
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Figure 3.4: Bode plot (left), and Nyquist plot (right) nitrate doped PPy/Al flake coating.

The equivalent circuit provided in Figure 3.5 (a) was used to model the coatings based on

phosphate doped PPy/Al flake composite, nitrate doped PPy/Al flake composite, and up to 350
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hours of exposure of as received Al flake coating. The data was fitted to model circuits by using
ZView 2 software (Scribner Associates Inc.). For 750 hours of exposure the as received Al flake
coating was modeled using equivalent cell displayed in Figure 3.5 (b). This model included
Warburg impedance element which confirms the physical phenomenon of ion diffusion through
the coating [58]. In circuit modeling, Rs is the uncompensated solution resistance, Rc is the
coating resistance, and CPE is the constant phase element which represents coating capacitance
where CPE is obtained by equation 3.2.

Zcre) = 1/(Yo)(jo)" (3.2)

Where, Y, is CPE constant, j is an imaginary component, , ® is the angular frequency
(o = 2nf, f is the frequency), n is the power (0 <n < 1), and Zcpg) is the impedance of CPE.
Circuit modeling results are shown in Table 3.1. An example of a fitted curve to obtained data
for 750 hours of exposure of as received Al flake coating is shown in Figure 3.6. The green line
is the fit while the red line is the obtained EIS data. It is apparent that the results obtained from

equivalent circuit modeling closely matches with the actual data obtained from EIS experiments.

Rs CPEC Rs CPEc
W r s 3%
Rc C W
L]
(a) (b)

Figure 3.5: Equivalent circuit models used for (a) Phosphate doped PPy/Al flake coating, nitrate
doped PPy/Al flake coating, and up to 350 hours of as received Al flake coating (b) 750 hours
exposure of as received Al flake coating.
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Figure 3.6: Fitted curve to obtained EIS data for 750 hours of exposure of as received Al flake
coating (Red line is actual EIS data and green line is fit data).

Table 3.1
Fitted parameters for EIS spectra
Exposure duration/hours Cpating Co_ating Warburg Chi-sqr
Resistance/Q | capacitance/F | resistance/Q
As received Al flake coating
1 1.09E+09 1.29E-09 0.070
3 7.90E+08 1.43E-09 0.085
5 5.28E+08 1.73E-09 0.080
48 1.72E+09 8.95E-10 0.048
350 2.08E+09 8.55E-10 0.049
750 2.48E+07 7.17E-10 3.49E+08 0.001
Wire PPy/Al flake composite coating
1 6.74E+03 2.37 E-04 0.131
3 9.25 E+03 2.33 E-04 0.135
5 8.75 E+03 2.41 E-04 0.140
48 2.15 E+03 5.15 E-04 0.121
350 2.97 E+03 7.21 E-04 0.006
750 2.48 E+03 9.75 E-04 0.101
Spherical PPy/Al flake composite coating
1 6.93 E+03 1.93 E-04 0.111
3 5.05 E+03 2.69 E-04 0.128
5 8.68 E+03 2.39 E-04 0.126
48 1.29 E+03 4.23 E-04 0.085
350 3.48 E+03 6.08 E-04 0.018
750 2.94 E+03 9.17 E-04 0.090
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3.4.3. Scanning vibrating electrode technique (SVET)

SVET results for phosphate doped PPy/Al flake coating and nitrate doped PPy/Al flake
coating are shown in Figure 3.7 and 3.8, respectively. A well defined scribe at the center of
coating emulates a coating defect. Anodic dissolution in the scribe was signified by positive
current in the defect. The corresponding cathodic reduction reaction was signified by negative
current in the defect. As shown in Figure 3.7, for the phosphate doped PPy/Al flake coating, no
cathodic or anodic current was observed in the scribe suggesting very little to no activity or
corrosion in the defect for initial 48 hours of immersion in DHS solution. Interestingly, the
oxidation and reduction currents were observed elsewhere on the coating rather than on the
scribe. This activity can be attributed to the redox nature of PPy. As PPy is already in the
oxidized form it tends to be reduced during the galvanic coupling with aluminum flakes and
underlying aluminum substrate. This reduced PPy can scavenge oxygen responsible for
corrosion reaction which will result in a decrease in the corrosion activity and a re-oxidation of
the PPy [34]. The intensity of the currents observed on the surface of the coating was decreasing
with the time of the immersion signifying reduced activity of the phosphate doped PPy/Al flake
coating.

In the case of the nitrate doped PPy/Al flake coating, initially no activity was observed on
the scribe or above the coating as shown in Figure 3.8. In this case, anodic current due to metal
dissolution in the defect was observed after 24 hours of immersion in DHS solution. The
magnitude of this current was low (ca. 10pnA/cm?). Most of the cathodic current was distributed
over the coating. Even though slight anodic current was observed on the scribe in case of nitrate
doped PPy/Al flake coating, the defect was still shiny after 48 hours of immersion in DHS,

exhibiting almost no visible corrosion in the defect area (Figure 3.9). Also, in case of the
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phosphate doped PPy/Al flake coating, the coating defect was shiny after 48 hours of immersion
in the DHS solution.
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Figure 3.7: SVET current density maps for phosphate doped PPy/Al flake coatings: top-left
(initial), top-right (12 hours), bottom-left (24 hours), and bottom-right (48 hours).

3.4.4. Anodic polarization

The results of the anodic polarization experiments are shown in Figure 3.10. A positive
shift of almost 400 mV in the potentials for both phosphate doped PPy/Al flake coatings and
nitrate doped PPy/Al flake coatings in nitrogen environment suggest the coupling between PPy

and aluminum flakes. This coupling was not observed in case of as received aluminum flake

coating as it showed more negative potential than phosphate doped PPy/Al flake coating and
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nitrate doped PPy/Al flake coating. A more positive potential in case of both phosphate and
nitrate doped PPy/Al flake coatings than as received Al flake coatings signify the protective and
passivating nature of the doped PPy based coatings. Phosphate and nitrate are corrosion
inhibiting anions which might have released in the reduction of PPy resulting in the passivation
giving rise to the positive shift in the potential. It is interesting to note that while there was the
aforementioned positive shift in potential for the PPy flake coatings, a corresponding decrease in

corrosion current was not observed. It is suggested that this is due to the conductive nature of
the coating effectively increasing the area under investigation during the experiment. This

increase in area could correspond to an increase in measured current.
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Figure 3.8: SVET current density maps for nitrate doped PPy/Al flake coatings: top-left (initial),
top-right (12 hours), bottom-left (24 hours), and bottom-right (48 hours).
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Figure 3.9: Optical image of nitrate doped PPy/Al Flake coating superimposed with current
vectors, initial (left image), and 48 hours (right image) immersion in DHS solution.
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Figure 3.10: Anodic polarization curves in DHS solution in nitrogen environment.

3.4.5. Accelerated salt spray exposure test

After exposure to salt spray for 750 hours, the coated panels were assessed visually for
the performance against corrosion. The optical images of exposed panels are shown in Figure
3.11. The as received Al flake coating exhibited blistering along the scribe signifying cathodic
detachment underneath the coating, whereas it was not evident in case of phosphate doped
PPy/Al flake coating and nitrate doped PPy/Al flake coating. As received Al flake coating is a
barrier type coating, as indicated by the EIS results. It is suggested that this barrier allowed for
the entrapment of the corrosion product (hydrogen gas) from escaping through the coating which

resulted in the blistering. Phosphate doped PPy/Al flake coating and nitrate doped PPy/Al flake
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coating are above the percolation threshold and porous in nature due to the porosity in PPy.
Possibly, the oxygen scavenging effect of PPy when in its reduced form, coupled with activated
aluminum flakes as observed in anodic polarization experiments was responsible for the
protective nature exhibited by phosphate doped PPy/Al flake coating and nitrate doped PPy/Al

flake coating.

Figure 3.11: Salt spray exposure images (after 750 hours) of as received Al flake coating (left),
phosphate doped PPy/Al flake coating (middle), and nitrate doped PPy/Al flake coating (right).

3.5.  Conclusion

It was determined during this study that the phosphate and nitrate doped PPy/Al flake
coating did not exhibit blistering with exposure to the salt spray for extended duration whereas
blistering along the scribe was observed on as received Al flake coating. Additionally, during the
anodic polarization experiments, a positive shift in the potential due to passivation was observed
for both phosphate and nitrate doped PPy/Al flake coating. Furthermore, the SVET experiments
did not find significant cathodic and anodic activity on the scribe suggesting the anticorrosive
nature of phosphate and nitrate doped PPy/Al flake coating.

It is suggested that the reduced and neutral form of PPy in the given conditions was
responsible for oxygen scavenging effect thereby protecting the substrate. The activation of the

aluminum flakes and underlying aluminum substrate as observed in anodic polarization
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experiments was responsible for the corrosion protection by phosphate and nitrate doped PPy/Al
flake coating. Due to the reduction of PPy, release of corrosion inhibiting anions (phosphate and
nitrates) lead to passivation as observed in anodic polarization experiments. Barrier properties of
aluminum flakes combined with redox properties of doped PPy lead to superior corrosion
protection on the surface of AA 2024-T3.
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CHAPTER 4. TUNGSTATE AND VANADATE DOPED PPY/AL FLAKE

COMPOSITES FOR THE CORROSION PROTECTION OF ALUMINUM 2024-T3

(Published in Proceedings of CoatingsTech Conference, American Coatings Association,
Rosemont, Illinois, March 11-13, 2013)

4.1.  Abstract

Conducting polymers (CPs), such as polypyrrole (PPy), can be used for the corrosion
protection of the metals. Their redox activity, in conjunction with the corrosion inhibiting ion
release ability, suggests CPs as a promising candidate for the replacement for hexavalent
chromates. However their porous nature, inherent insolubility, stiff chains, and poor mechanical
properties pose a significant hindrance towards their implementation in coatings. In order to
overcome the problems associated with the CPs, and to extract maximum functionality,
conducting polymer containing composites (CPCCs) were developed. CPCCs combines CPs
with inorganic pigments in unique ways leading to excellent properties. In this work, PPy doped
with Tungstate and Vanadate as counter anions were synthesized by chemical oxidative
polymerization on the surface of aluminum flakes. This resulted in the deposition of PPy on the
surface of the aluminum flakes. The composite pigments were characterized by Scanning
Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), Conductive-Atomic Force
Microscopy (C-AFM), Four point probe conductivity, and X-ray Photoelectron Spectroscopy
(XPS). Furthermore these composites were incorporated in an epoxy-amide binder system in
order to formulate a primer for an aluminum 2024-T3 substrate. The coatings were exposed to
the Prohesion test conditions and corrosion resistance properties were monitored by
Electrochemical Impedance Spectroscopy (EIS), DC Polarization, and galvanic coupling

measurements. It was found that the doped PPy/Al flake coatings provided sacrificial protection
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to the underlying aluminum 2024-T3 substrate. Additionally the release of dopants from PPy
backbone resulted in the passivation in the defect areas improving the corrosion protection
ability.

4.2.  Introduction

Corrosion is a thermodynamically favored process which primarily involves conversion
of metal to its original oxide form and is often described as extractive metallurgy in reverse [1-
2]. Coatings are one of the oldest form of corrosion control for the metals and their alloys [3].
Barrier, inhibitors, and cathodic protection are some of the important mechanisms which are
employed in coatings to combat against corrosion [4]. In modern times, the motivation behind
the development of improved corrosion resistance coatings involves factors such as improved
efficiency through multi-functionality, increased service times, ability to combat changing
environmental conditions, and eco-friendly approaches. Well known corrosion inhibitors such as
hexavalent chromates are being banned due to their toxicity [5-6], so environmental friendly and
nontoxic alternatives are the focus of current research activities.

Conducting polymers (CPs) are a new class of materials which are the subject of great
interest over the last four decades [7-10]. CPs posses several attractive properties including
electrical conductivity [11], good thermal stability [12], oxidative and catalytic nature, non-
toxicity, and easy synthesis by both chemical and electrochemical oxidative methods [13]. CPs
are employed in variety of applications such as sensors and electrochemical devices [14-15],
actuators[16], capacitors [17], batteries [18-19], light emitting diodes [20-21], control release
devices [22-23], solar cells [24], radar and electromagnetic interference shielding [25-26], and

corrosion protection of metals and their alloys[27-35].
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Polyaniline (PAni), polypyrrole (PPy), polythiophene (PT), and their respective
derivatives are important CPs which have exhibited promise towards mitigating corrosion [28-
29, 36]. Among these, PPy is the most promising candidate for corrosion protection owing to its
good conductivity, high environmental stability in its oxidized form, and low toxicity of pyrrole
monomer [37]. However, PPy is insoluble in commonly used solvents in the coatings industry
[38]. This insolubility coupled with its porosity, infusibility, poor mechanical properties, and
insufficient adhesion leads to difficulty in processing and application in coatings [39]. In order to
overcome these problems several strategies have been employed. First approach includes
chemical structural modifications of the pyrrole monomer in order to alleviate solubility
problems [40-41]. The second avenue investigated was the modification of PPy properties by
incorporation of dopant counterion on its backbone [42-43]. The third strategy used was
synthesizing a composite pigment of PPy and an inorganic flake, such as aluminum flake, for
overcoming the shortcomings of PPy application in the coatings [38, 44]. In the current study,
the combination of second and third strategy is employed, which involves not only an
incorporation of corrosion inhibiting dopant anions on the backbone of PPy but also the
deposition of this doped PPy on the surface of aluminum flake to form composite pigment.

PPy doped with tungstate anion has been previously electropolymerized on carbon steel [45].
The results indicated that the tungstate anion participated in stable oxide layer formation
resulting in improvement in corrosion resistance of carbon steel. The tungstate anion participated
in a passivation process thereby forming primary passive layer [46]. Tungstate doped PPy has
been also electropolymerized on the surface of aluminum 1100 with increased corrosion
resistance. The improvement in corrosion protection was attributed to adsorption of tungstate

anions at the defects and formation of passive film [12]. Vanadate has been shown corrosion
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inhibition on aluminum 2024-T3 by forming adsorbed layer on its surface [47]. Vanadate
adsorption, furthermore, reduced the oxygen reduction rate by blocking the sites for reduction.
Composites of CPs with other materials (montmorillonite, carbon nanotubes, titanium dioxide,
flakes, zinc, zinc oxide, etc.) have been synthesized and utilized for the corrosion protection of
metals and metal alloys [48-52]. The functional properties and specific morphology of these
materials exercise additional protection mechanism. For example, the platelet nature of flakes
can result in the lengthening of the path for corrosive ions. The majority of the research found is
literature for synthesizing doped CPs and composites have employed the electrochemical
polymerization method. Whereas, in the current research, a chemical oxidative polymerization is
used in which large scale synthesis of composite pigment is possible [44]. This composite
pigment can be handled easily on industrial level for its application into the coatings.

Several mechanisms have been proposed for the corrosion protection by CPs for metals
and their alloys. These include anodic passivation, surface ennobling, mediation of oxygen
reduction, cathodic protection, barrier protection after initial galvanic coupling, and an intelligent
dopant release mechanism [28-29, 53-55]. The efficacy of corrosion protection depends on
application conditions including substrate preparation, type of substrate (aluminum or steel),
methods of application, and different conductive forms of CPs [38, 56]. In the present work, a
corrosion inhibiting dopant release mechanism, galvanic contact of PPy with aluminum flakes,
and barrier protection resulting from the lamellar nature of aluminum flakes is suggested to
provide the corrosion inhibition.

In this chapter, tungstate and vanadate doped PPy was synthesized on the surface of
aluminum flakes by employing water a reaction medium. The composite pigments were

investigated for morphology by SEM, for elemental composition by EDS and XPS, for
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conductivity by CAFM and four point probe method, and for composition by FTIR. The
corrosion protection properties of the formulated coatings with epoxy-amide binder system and
applied on aluminum 2024-T3 substrate were evaluated by EIS, DC Polarization technique, and
galvanic coupling measurements with the concomitant exposure to the Prohesion test conditions
(ASTM G85-Ab5).
4.3. Experimental work
4.3.1. Materials

Aluminum (Al) flakes (Stapa Aloxal® PM 2010) were generously supplied by Eckart
America. Sodium tungstate dihydrate and sodium metavanadate were procured from MP
Biomedicals, LLC, and Strem chemicals respectively. Pyrrole was distilled prior to use and was
obtained from Alfa Aesar Co. Ammonium persulfate (APS) was purchased from EMD chemicals
Inc. Solvent used in the composite synthesis was 18.2 MQ Millipore water. Epoxy resin, EPON
828 and polyamide curing agent, EPIKURE 3175 were obtained from Momentive Specialty
Chemicals Inc. Coating solvent methyl ethyl ketone (MEK) was procured from Alfa Aesar Co.
Aluminum 2024-T3 (0.063”x6”x3”) panels were obtained from Q-Panel Lab Products.
4.3.2. Synthesis of PPy/Al flake composite pigment

The quantities of chemicals used in the in the synthesis of PPy/Al flake composite
pigment are outlined in Table 4.1. For the synthesis water was added to the Erlenmeyer flask
followed by the addition of respective amounts of dopants as indicated in Table 4.1. After
complete dissolution of the dopant salts, Al flakes were added. Dispersion of Al flakes in the
reaction mixture followed the addition of APS. After complete dissolution of APS, pyrrole was
added to the reaction mixture. The reaction was continued at ambient temperature under

continuous mixing with magnetic stirrer. After 24 hours, the reaction mixture was filtered and
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washed with copious amount of water. The product retained on filter paper was dried overnight

in oven at 60°C. Finally, dried product was milled with the help of mortar and pestle and sieved

through the sieve #400 (having 38 um of opening diameter) and was stored in plastic vials at

ambient conditions.

Acronyms were labeled for tungstate doped (0.1M) PPy/Al flake composite, Tungstate

doped (0.01M) PPy/Al flake composite, vanadate doped (0.1M) PPy/Al flake composite,

vanadate doped (0.01M) PPy/Al flake composite as CPCCW0.1, CPCCW0.01, CPCCV0.1, and

CPCCVO0.01 respectively.

Table 4.1
Synthesis reactions for PPy/Al flake composite pigment
CPCCWO0.1 CPCCWO0.01 CPCCVO0.1 CPCCV0.01
Water 500 ml 500 ml 500 ml 500 ml
Sodium 9.15 grams 0.915 grams - -
tungstate
dihydrate
sodium - - 6.05 grams 0.605 grams
metavanadate
Al flakes 15 grams 15 grams 15 grams 15 grams
APS 11.4 grams 11.4 grams 11.4 grams 11.4 grams
Pyrrole 6.95 mi 6.95 mi 6.95 ml 6.95 ml

4.3.3. Coatings preparation

To prepare substrate for coating, sandblasting with 100 um alumina grit was performed

on the aluminum 2024-T3. The panels were then degreased with hexane. In order to achieve

conducting primer, coatings were formulated at 20% pigment volume concentration (PVC) with

epoxy resin, EPON 828 and polyamide curing agent, EPIKURE 3175. Stoichiometric ratio of 1:1

of epoxy resin to the hardener was used. Five different formulations were prepared: as received

Al flakes, CPCCWO0.1, CPCCW0.01, CPCCVO0.1, and CPCCV0.01. The composite pigments

were mixed with the epoxy resin followed by the hardener addition. MEK was added as a
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solvent. A drawdown bar with 8 mils of wet film thickness was employed for coatings
application. Coatings were cured at 80°C for 2 hours in oven followed by 8 days of ambient
temperature curing for complete development of performance properties. The topcoat was also
applied with similar application and curing conditions.

4.3.4. Composite characterization

Morphological studies of the synthesized composites and as received Al flakes were
performed by JEOL JSM-6490LV SEM. For the sample preparation of SEM, powdered material
under investigation was sprinkled over carbon tape attached to aluminum mount. Then it was
covered with gold coating sputtered with Balzers SCD 030 sputter coater. For the ease of
analysis, the magnification, accelerating voltage employed, and scale bars are listed on each
micrograph later in this paper in the figures. NORAN System Six Il system comprising a high-
performance liquid-nitrogen-cooled energy-dispersive X-ray detector along with controlling
software on a dedicated computer was employed for EDS analysis.

FTIR characterization was performed by employing NICOLET 8700 spectrophotometer
from Thermo scientific. Prior to the analysis, all composite samples were ground fine with
mortar and pestle and were mixed with KBr to make pallets for FTIR. To obtain the surface
morphology and surface current density CAFM analysis was performed by employing a Veeco
Dimension 3100 atomic force microscope in contact mode and with a current sensing probe. For
CAFM measurements platinum-iridium (Pt/Ir) coated cantilevers were employed. For all the
CAFM experiments, between sample and substrate 200mV DC bias voltage was applied.
Conductivity measurements were performed with a four-point probe instrument consisting of a
Keithley®2000 multimeter, a Keithley® 220 programmable current source, and Signatone®

probes. The XPS measurements were performed on an SSX-100 system (Surface Science
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Laboratories, Inc.) with a monochromated Al K, X-ray source, a hemispherical sector analyzer
(HSA) and a resistive anode detector. For the measurements, the base pressure was 3.0 x 10-10
Torr. For the data collection, the pressure was ca. 1.0 x 10-8 Torr. For analysis each sample was
mounted separately on a sample holder using a piece of double-sized carbon tape. The X-ray spot
size used for measurements was 1 x 1 mm?, which in turn corresponded to an X-ray power of
200 W. The collection of the survey spectra was done using 12-14 scans at 150 eV pass energy
and 1 eV/step. For the collection of the high resolution spectra, 50 eV pass energy and 0.1
eV/step was employed.
4.3.4. Coating characterization

Coatings prepared with CPCC were characterized by EIS measurements. For EIS, a
Gamry Instruments R600 Potentiostat/Galvanostat/ZRA with Gamry Framework Version
5.58/EIS 300 software was employed with 10 mV of AC signal amplitude with 10 points/decade
over 100,000 to 0.01Hz frequency range. Potentiodynamic experiments were performed on
coated panels with defect of 1mm in width and 1.5 cm in length. EIS and potentiodynamic
experiments were performed in three electrode cell with coated substrate as a working electrode,
platinum mesh as a counter electrode, and saturated calomel as a reference electrode. The
electrolyte used in EIS and potentiodynamic experiments was dilute Harrison’s solution (DHS,
0.35% ammonium sulfate and 0.05% sodium chloride). Galvanic coupling experiments were
performed in enclosed cell with two compartments connected with salt bridge. One compartment
contained aluminum 2024-T3 panel whereas the other compartment was coated sample. The
working areas of samples in both compartments was 1 cm? resulting in area ratio of 1.
Experiments were performed in DHS solution and aluminum 2024-T3 panel compartment was

bubbled with air whereas coated panel compartment was bubbled with nitrogen to stimulate
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topcoated conditions. A Gamry Reference 600 Potentiostat was employed for galvanic coupling
experiments in zero resistance ammeter (ZRA) mode and the coupling current and mixed
potential values were measured between aluminum 2024-T3 paned and coated panel. Both
primer and topcoated samples of coatings were exposed to Prohesion test conditions according to
ASTM G85-A5. According to ASTM G85-A5, DHS mist is sprayed for an hour at 25°C
followed by an hour of a dry stage at 35°C in prohesion test chamber. EIS measurements were
performed in triplicates whereas potentiodynamic and galvanic coupling experiments were
performed in duplicates. The data reported is for the representative sample.

4.4. Results and discussion

4.4.1. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of CPCCW0.1, CPCCW0.01, CPCCVO0.1, and CPCCV0.01 are
presented in Figure 4.1. Peak positions (cm™) and FTIR modes of vibrations are identified in
Table 4.2. In the composites, N-H stretching was observed around 3400 cm™ [57]. Due to the
surrounding environment, in case of tungstate doped composite, this peak was broader due to the
increased solubility of sodium tungstate dihydrate which lead to probable hydrogen bonding due
to water molecules adsorption [58]. The band at 3100 cm™ was observed due to the C-H bond
aromatic stretching. The band around 1702 cm™ was observed due to the formation of carbonyl
group either due to the nucleophillic attack by water leading to chain terminations or due to the
overoxidation [59]. The peak at 1702 cm™ was not prominent in all of the four composite
samples, suggesting minimal overoxidation and little loss in conjugation along the polypyrrole
chain. The band at 1558 cm™ represents ring stretching vibrations due to C-C and C=C bonds
[58]. In case of the CPCCWO.1 and CPCCWO0.01; this band was slightly red shifted at 1556 cm™

and 1555 cm™ respectively. Whereas in case of CPCCV0.1, and CPCCV0.01, this band was blue
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shifted at 1569 cm™ and 1566 cm™ respectively. Delocalized m-electrons involving vibrations
exhibit changes due to the doping and these observed shifts in this band might due to the varying
degree of doping which might have been influenced by amount of dopant and nature of dopant

[60-61].
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Figure 4.1: FTIR spectra of (a) CPCCWO0.1, (b) CPCCW0.01, (c) CPCCV0.1, and (d)
CPCCV0.01.

A combination of C-N and C=C bond stretching was observed at 1464 cm™. The band at
1464 cm™ was not so prominent in the case of the CPCCV0.1 and CPCCV0.01 as compared to
CPCCWO0.1 and CPCCWO0.01. An approximate conjugation length can be calculated by taking
the ratio of intensities at 1465 and 1561 cm™[57-58, 62]. The band at 1295 cm™ was observed
due to the C-H and C-N in plane deformation [58, 63]. The shift in this band was observed for
the doped composite samples. The band at 1198 cm™ was attributed to ring breathing, as well as
the band at 1090 cm™ was from C-C in plane vibration, and the band at 1045 cm™ was observed
due to C-H deformation. These are characteristic band vibrations of PPy, including bands at 929

and 788 cm™.

94



Table 4.2

Peak positions (cm™) and FTIR modes of vibrations for CPCCW0.1, CPCCWO0.01,
CPCCV0.1, and CPCCV0.01

Wavenumbers (cm™) CPCCWO0.1 CPCCWO0.01 CPCCV0.1 CPCCV0.01
and modes of (Wavenumber | (Wavenumber | (Wavenumber | (Wavenumber
vibration (cm™)) (cm™) (cm™) (cm™)
3400, N-H stretching 3398 3408 3421 3422
3100, C-H aromatic 3118 3120 3100 3120
stretching
1702, carbonyl group 1700 1700 1698 1720
1558, C-C and C=C 1556 1555 1569 1566
ring stretching
1464, C-N and C=C 1470 1472 1463 1470
stretching
1295, C-H and C-N 1318 1311 1311 1311
in plane deformation
1198, ring breathing 1197 1202 1209 1203
1090, C-C in plane 1100 1102 1099 1099
deformation
1045, C-H 1050 1049 1055 1050
deformation
929 and 788 PPy 928, 801, 700, 926, 789, 429,789,681,60 | 926, 789, 672,
characteristic peak, 680 675,613 0 610
960-780 and 900-770
tungstate ion band,
1010-920 and 890-
830 vanadate ion
band, 750-490 AI-O
stretching vibration
490 weak tungstate 490 490,437 - -
ion band
540-490 vanadate ion - - 550 540
band

Regions of 960-780 cm™ and 900-770 cm™ for tungstate ion band in case of CPCCWO0.1

and CPCCW0.01 were observed, whereas regions of 1010-920 cm™ and 890-830 cm™ for

vanadate ion band were observed for CPCCV0.1 and CPCCV0.01. The region, 750-490 cm™

was attributed for Al-O stretching vibration [64]. Also a weak tungstate ion band was observed at

490 cm™ for CPCCWO.1 and for CPCCWO0.01. Vanadate ion band was observed in 550 cm™ and
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at 540 cm™ was for CPCCV0.1, and CPCCV0.01 respectively. The results obtained from FTIR
indicate the presence of tungstate in tungstate doped PPy/Al flake composites and presence of
vanadate in vanadate doped PPy/Al flake composites.

4.4.2. Scanning electron microscopy (SEM)

For the morphological investigations, SEM was performed on all CPCC samples. SEM
micrographs of as received Al flakes, CFCCW0.1, CPCCW0.01, CPCCV0.1, and CPCCV0.01
are shown in Figure 4.2. For all of the micrographs, 5000X magnification, 15 kV accelerating
voltage, and 1 um scale bar were employed and are mentioned on respective micrographs
(Figure 4.2). For the as received Al flakes (Figure 4.2(a)), a clear and smooth morphology was
exhibited. For CPCCWO0.1 (Figure 4.2(b)), spherical particles of PPy were found to be deposited
on the surface of aluminum flakes. The distribution of PPy formation on the surface of aluminum
flakes was dense. For CPCCWO0.01 (Figure 4.2(c)), spherical PPy particles and circular wire
formation of PPy was observed. For CPCCV0.1 (Figure 4.2(d)), spherical particles of PPy were
formed on the surface of aluminum flakes whereas in case of CPCCV0.01 (Figure 4.2(e)), along
with spherical particles of PPy wires of PPy were also formed.

It has been reported that the final surface morphology, mechanical and electrical
properties are directly influenced by parameters employed in the synthesis of PPy [64-66]. The
presence of dopants in the synthesis of PPy influences the morphology of resultant product [60].
The nature of dopants also influences the conductivity, mechanical properties and morphology of
PPy [67-68]. Polyhydroxyl sulfonate has been used as a dopant for the synthesis of PPy. It was
found that as the concentration of the dopant was increased in the synthesis, size of resultant PPy
decreased [69]. Morphologies such as rings, frames, and platelets were obtained for PPy in

presence of different flurosurfactants and f3-naphthalenesulfonic acid [70].
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Dodecylbenzenesulfonate doped PPy exhibited compact and globular morphology [60].
Also presence of dopant influences the rate of pyrrole oxidation resulting in different
morphology [71]. Lowering the concentration of dopant from 0.1M to 0.01M in both tungstate
and vanadate doped PPy/Al flake composite resulted into the formation of wires of PPy along
with spherical particles on the surface of aluminum flakes. It is hypothesized that the effect of
reduced concentration of dopant influences the rate of pyrrole polymerization and pyrrole
nucleation for the polymerization resulting in different morphology.

4.4.3. Energy dispersive spectroscopy (EDS)

For elemental composition, EDS analysis was performed at two different points on same
sample. According to product data sheet of as received aluminum flakes, it has a composition of
55-80% aluminum, 24-45% 1-methoxy-2-propanol, and up to 1% of proprietary phosphonic acid
with undisclosed additive. There is presence of aluminum oxide layer on the surface of flakes.
As observed in Figure 4.3, the as received aluminum flakes showed presence of carbon from 1-
methoxy-2-propanol and oxygen from aluminum oxide and aluminum. Along with carbon,
oxygen and aluminum; nitrogen, sulfur, and tungsten were also observed for CPCCWO0.1 (Figure
4.4). These two areas were specifically selected with one having highly dense PPy and another
area with less dense PPy.

As observed in Figure 4.4, area 2 (less dense PPy area) exhibited lower amount of
nitrogen and tungsten where as it showed higher amount of aluminum. Even though PPy is not
observed in this area (Figure 4.4) but it is present if the image is reformed at higher

magnifications. Presence of nitrogen in area 2 also proves formation of PPy.
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Figure 4.2: SEM micrographs of (a) as received Al flakes, (b) CPCCWO0.1, (c) CPCCWO0.01, (d)
CPCCV0.1, and (e) CPCCV0.01.

For CPCCWO0.01 (Figure 4.5), area 1 is on PPy wire and area 2 is on a flake. In this case

lower amount of tungsten was observed as compared to CPCCWO0.1. This may be due to the
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lower concentration of tungsten dopant employed in the synthesis resulting in lower doping. In
this case, on the wire PPy (area 1), significant amount of nitrogen was also observed confirming

the wires made up of PPy.

2 um 19991—:19555

C-K O-K | Al-K

Areal | 33.36 | 19.68 | 46.96

Area2 | 31.66 | 21.56 | 46.78

C-K | NNK | O-K | AI-KK | S-K | Cu-K | W-M

61.33 | 10.68 | 11.19 | 1542 | 0.20 1.18

59.80 | 7.62 | 10.24 | 21.10 029 | 0.95

Figure 4.4: EDS of CPCCWO.1.

AT =

C-K N-K O-K Al-K | S-K | W-M

Areal | 5853 | 11.20 | 16.40 | 13.37 | 0.37 | 0.15

Area2 56.02 8.72 1456 | 20.62 0.09

Figure 4.5: EDS of CPCCWO0.01.

For CPCCVO0.1 (Figure 4.6), both areas 1 (less dense PPy) and 2 (more dense PPy)
exhibited presence of vanadium confirming doping of PPy along with nitrogen, oxygen, carbon,
and aluminum. For CPCCV0.01 (Figure 4.7), both areas 1 (less dense PPy) and 2 (more dense

PPy) exhibited presence of vanadium but doping was lower than that in CPCCV0.1. In this case
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of CPCCV0.01, sulfur doping was also observed along with vanadium. Lower concentration of

vanadium dopant has to compete with sulfur from oxidant APS in the reaction.

C-K N-K O-K Al-K V-K

Areal | 55.79 9.15 10.30 24.42 0.34

Area2 | 58.90 9.84 8.89 22.10 0.27

Areal | 51.54 | 802 | 2399 | 1547 | 0.75 | 0.23

Area?2 | 56.44 | 825 | 2226 | 1214 | 0.71 | 0.20

Figure 4.7: EDS of CPCCV0.01.
4.4.4. Conductivity

Topography, deflection and current images were obtained from CAFM experiments.
Pellets of the composite sample and as received Al flakes were made in pellet presser from
International Crystal Laboratories and were glued to an aluminum mount; the silver epoxy was
used for CAFM studies. As received Al flakes did not show any current density on the current
image as observed in Figure 4.8. Lack of conductivity in case of as received Al flakes could be
attributed to the presence of aluminum oxide layer on the surface of aluminum flakes.
Topography image for as received Al flake (Figure 4.8) also exhibited similar neat and pristine

morphology as shown in SEM micrographs (Figure 4.2(a)). All of the CPCC samples namely
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CPCCWO0.1, CPCCWO0.01, CPCCV0.1, and CPCCV0.01 displayed current density on current
image as seen in Figure 4.9, 4.10, 4.11, and 4.12 respectively.

Four point probe conductivity method was employed for the quantitative measurement of
the conductivity. Pellets prepared for CAFM experiments were used in four point probe

conductivity measurements. The conductivity values were calculated by using equation 4.1.

o= (2).a/v (4.1)

Here t, I, and V are thickness, current, and voltage respectively. Conductivity results
obtained from four point probe method are displayed in Figure 13. Both tungstate doped
composites (0.1M and 0.01M) have comparable conductivities whereas CPCCV0.01 showed an
order of higher magnitude in conductivity than CPCCVO0.1. A similar observation was found in
the CAFM results as well. The current density observed in the case of the CPCCV0.01 (Figure
4.12) was higher than that of the CPCCV0.1 (Figure 4.11). The higher conductivity can be
attributed to the doping due to both sulfur and vanadate, in case of CPCCV0.01 (EDS result in
Figure 4.7) as against only of vanadate in case of CPCCV0.1 (EDS results in Figure 4.6). As
observed in Figure 4.13, the conductivity of the vanadate doped composites was lower than that
of tungstate doped composite. This could be due to the differences in the solubility of dopants in
the reaction medium (water) at near ambient temperatures. Sodium metavanadate solubility in
water at 25°C is 210 grams per liter of water whereas for sodium tungstate dihydrate it is 730
grams per liter of water at 20°C. Poor solubility in the reaction medium results in a smaller
amount of incorporation of the vanadate dopant in the PPy backbone resulting in reduced
conductivity. Polarons and bipolarons produced for the charge compensation of incorporated
dopant anions results into the higher conductivities for the doped PPy [72-74]. There is

possibility of formation of varied amounts of polarons and bipolarons in case of the different
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CPCC. CPCC (tungstate and vanadate doped PPy composites) are the combination of inorganic
aluminum flakes and PPy. Presence of inorganic flake could be also influencing the conductivity
of the composite. It has been found that the presence of inorganic pigment titanium dioxide
(TiO,) resulted in decrease in conductivity after 20% by weight concentration in
dodecylbezenesulfonate doped PPy- TiO, composite [75]. So presence of second component

apart from CPs results in the changes in conductivity of CPCCs.

0 20.0 pm 0 20.0 pm 0 20.0 pm
Data type Height Data type Deflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 4.8: Height, deflection, and current images for as received Al flake.

0 20,0 wum 0 20,0 um 0 20,0 pum

Data type Height Data type pDeflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 4.9: Height, deflection, and current images for CPCCWO.1.
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0 20.0 pm 0 20.0 pm 0 20,0 um
Data type Height Data type Deflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 4.10: Height, deflection, and current images for CPCCW0.01.

0 20.0 pm 0 20.0 pm 0 20.0 pm
Data type Height Data type peflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 4.11: Height, deflection, and current images for CPFCCV0.1.

0 20.0 um 0 20,0 pm 0 20.0 pm

Data twpe Height Data twpe Deflectiaon Data twpe C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 4.12: Height, deflection, and current images for CPCCV0.01.

103



0.06

0.05 T

0.04 |

0.03

Conductivity 0.02

(S/m) 0.01

Tungstate Tungstate Vanadate Vanadate
doped doped doped doped
(0.1Mm) (0.01m) (0.2Mm) (0.01Mm)

composite composite composite composite

Figure 4.13: Conductivity values obtained by four point probe method.
4.4.5. X-ray photoelectron spectroscopy (XPS)

The doping level and elemental composition for the synthesized composites was obtained
by XPS measurements. XPS measures composition at the surface with a depth of approximately
10 nm. As observed in Figure 4.14, both tungstate and vanadate doped composites were doped
with tungstate and vanadate respectively. It was also found that dopant level was less in case of
0.01M concentration of dopant as compared to 0.1M concentration of dopant in the synthesis of
both the composites as observed in Figure 4.14.

Table 4.3 demonstrates the different ratios of dopants with nitrogen. Dopant/nitrogen
ratio signifies the level of doping in the composite of PPy and Aluminum flake. In case of
CPCCWO0.1, WI/N ratio was higher than S/N whereas in case of CPCCW0.01, S/N ratio was
higher than W/N. This signified greater amount of tungstate incorporation as compared to sulfur
in the case of CPCCWO0.1 and higher amount of sulfur incorporation in case of CPCCW0.01.
With lower concentration of tungstate in the synthesis of CPCCWO0.01, the tungstate anion pose

possible competition with the sulfur anion to be incorporated into the PPy backbone. Similarity,
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V/N ratio was greater than S/N for CPCCV0.1 and S/N ratio was greater than V//N ratio for

CPCCVO0.01 owing to the same reason as cited for the tungstate doped composite.

70 ] -As received Al flake
- -Tungstate doped (0.1M) PPy/Al flake composite
60 _ Tungstate doped (0.01M) PPy/Al flake composite
- Vanadate doped (0.1M) PPy/Al flake composite
- Vanadate doped (0.01M) PPy/Al flake composite
50
40 - *]
o\o
=
S 30+
<
20
10 1
0 -
C1s N1s O1s Al2p P2s P V 2p3
Elements
Figure 4.14: Elemental analysis by XPS.
Table 4.3
Dopant rations obtained by XPS
Dopant ratio SIN W/N VIN
CPCCWO0.1 0.056 0.556 -
CPCCWO0.01 0.148 0.007 -
CPCCVO0.1 0.065 - 0.150
CPCCV0.01 0.137 - 0.011

4.4.6. Electrochemical impedance spectroscopy (EIS)
EIS has been employed for the quantitative assessment of coatings against the corrosion
[76-77]. EIS measurements were performed on CPCC containing primers of the composites for

initial, 6 hours, 7 days, 15 days, and 35 days of exposure to the prohesion test conditions. Bode
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plots for as received Al flake coating, CPCCWO.1 coating, CPCCWO0.01 coating, CPCCV0.1
coating, and CPCCV0.01 coating are presented in Figure 4.15, 4.16, and 4.17 respectively. As
observed in Figure 4.15, as received Al flake coating exhibited high impedance at low frequency
and capacitive behavior with phase angle close to -90. This is typical EIS behavior observed for
barrier type coating indicating no electrolyte has yet penetrated through the coatings [38]. There
was a little drop in the low frequency impedance of the as received Al flake coating was
observed as the exposure duration in Prohesion chamber was increased from initial time to the 35
days.

For the CPCCWO.1 coating and CPCCWO0.01 coating as observed in Figure 4.16, lower
impedance values were observed for the PPy containing Al flakes coatings. A similar
observation was noted for CPCCV0.1 coating and CPCCV0.01 coating as shown in Figure 4.17.
The low frequency impedance further decreased as the exposure to the Prohesion test conditions
was increased from initial to 45 days. Impedance was almost constant at 45™ day of prohesion
exposure of all CPCCWO0.1 coating, CPCCW0.01 coating CPCCVO0.1 coating, and CPCCV0.01

coating.
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Figure 4.15: Bode plot of as received Al flake coating.
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Figure 4.16: Bode plot of CPCCWO0.1 coating (left) and CPCCWO0.01 coating (right).
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Figure 4.17: Bode plot of CPCCV0.1 coating (left) and CPCCV0.01 coating (right).

Lower impedance values in the PPy containing composite coatings can be attributed to
the conducting nature of PPy. There is possibility of passing of alternating current (employed in
EIS) current through the conducting pathways created by PPy instead of the dielectric pathways
of epoxy binder [38, 44]. Lower impedance values in case of PPy doped composite coatings does
not mean that these coatings are not protective in nature as will be evidenced by exposure tests
mentioned in later in this paper. For PPy containing coatings, salt spray test results exhibited
better corrosion protection even though lower impedance values were observed in EIS

measurements for same coatings [78]. This behavior was attributed to the electroactive nature of
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PPy. A similar behavior is observed here in this paper for CPFCCWO0.1 coating, CPCCW0.01
coating CPCCV0.1 coating, and CPCCV0.01 coating as observed in prohesion test results
(Figure 19), the samples exhibited minimal corrosion. The active nature of PPy induces other
forms of corrosion protection mechanism such as charge transfer mechanism for the corrosion
protection instead of barrier type corrosion protection mechanism [79]. Another reason for lower
impedance values observed for PPy containing composite can be the porosity of PPy resulting in
extended percolation networks [80]. This is unlikely in this case as aluminum flake in the coating
also serves as barrier for corrosion protection. The active nature of PPy along with its
combination with aluminum flakes were further investigated for the corrosion protection
mechanism in more controlled experiments of galvanic coupling in the following sections.
4.4.7. Equivalent electric circuit modeling and equivalent fitting

Equivalent electric circuit modeling and of the obtained EIS data was performed by using
ZView? software from Scribner® Associates Inc. The results of data fitting are presented in
Table 4.4. The circuit models used for the fitting are shown in Figure 4.18. In Figure 4.18, R1 is
solution resistance, R2 is coatings resistance, R3 is polarization resistance, Cc is coatings
capacitance, Cdl is double layer capacitance, and CPE is constant phase element which
represents pseudo capacitance. The impedance of CPE can be obtained by Equation 4.2,

Z(cpe) = V[(T)(w)'] (4.2)

Where, T is capacitance, j is an imaginary component, o is the angular frequency (o =
2xf, f is the frequency), P is the power (0 <n < 1), and Zcpg) is the impedance of CPE. P value
close to 1 represents capacitor behavior. Only one time constant was evident for as received Al
flake coating up to the 7" day of exposure. This data was modeled by using circuit model as

represented in Figure 4.18(a), whereas after that two time constants were evident and that data

108



was modeled by using circuit model as represented in Figure 4.18(b). In the case of CPCCWO0.1
coating, CPCCW0.01 coating, CPCCV0.1 coating, and CPCCV0.01 coating, two time constants
were evident from the start of the exposure. A second time constant implied the reaction
happening at interface of PPy and aluminum flake and not to the reaction at the interface of
coating and surface as it was just starting of the exposure and no corrosion reaction was even
started. This data was modeled by employing the circuit model represented in Figure 4.18(b). For
the CPCCWO.1 coating, CPCCWO0.01 coating, CPCCV0.1 coating, and CPCCV0.01 coating in
the second time constant, initially were capacitive and CPEg-T started increasing as the exposure
to the prohesion test conditions increased but still value of P remained close to one indicating
capacitive behavior. Again for these coatings the value of R did not decrease below 10 Q after
35 days of exposure and it stayed at the constant value. These results of fit and modeling were in

agreement with the results obtained from EIS.

R1 Cc
k
R1 Cdl
Cc
R2
b
a R2 R3

Figure 4.18: Equivalent electric circuit models (a, and b) for equivalent fitting based on EIS
data.

4.4.8. Prohesion test exposure

Panels were exposed to Prohesion conditions according to ASTM G85-A5. Photographs
of panels (without topcoat) exposed for 35 days and panels with topcoat exposed for 65 days are
shown in Figure 4.19. As received Al flake coating without topcoat exhibited corrosion product

in the scribe and delamination along the scribe. Lesser quantities of white corrosion product of
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aluminum alloy most probably aluminum oxide was observed in the scribe for CPCCWO0.1
coating, CPCCWO0.01 coating CPCCV0.1 coating, and CPCCV0.01 coating but no delamination
along the scribe was observed. For the topcoated as received Al flake coating severe
delamination and corrosion was observed along the scribe where as for CPCCWO0.1 coating,
CPCCWO0.01 coating CPCCV0.1 coating, and CPCCV0.01 coating, less delamination and less
corrosion was observed. Minimum corrosion was observed for topcoated CPCCWO0.1 coating

possibility due to the high conductivity of the composite.

Table 4.4
Circuit elements obtained through EIS data
Time R. CPE, Ret CPEy Chi-
Q) Q Sqr
T P T P
(R (F)

As Initial 493 x10" | 1.10x10° | 0.97 - - - |0.003
received 6 hours 7.48 x10"° | 1.11x10° | 0.98 - - - | 0.006
Al flake 7 days 3.11x10"° | 1.94x10° | 0.94 - - - 10.007
coating 15 days 3.17 x10" | 1.21x10” | 0.97 [ 3.82x10" | 7.14x10™ | 0.79 | 0.001

35 days 3.04x10° | 1.19x10° | 0.97 | 5.55x10™ | 1.03x10° | 0.93 | 0.002
CPCCW Initial 4.77 x10* | 6.15x10° | 0.80 | 2.52x10° | 5.26 x10" | 0.63 | 0.017

0.1 6 hours 5.16 x10° | 2.99x107 | 0.69 | 6.58 x10* | 6.31x10° | 0.79 | 0.009

coating 7 days 1.96 x10° | 2.62x10” | 0.42 | 1.18 x10" | 8.42x10° | 0.66 | 0.020
15 days 3.88 x10° | 4.91x10° | 0.38 | 1.16 x10* | 1.27 x10” | 0.74 | 0.009

35 days 1.63x10° | 4.33x10° | 0.35 | 7.41x10° | 4.82x10* | 0.75 | 0.006

CPCCW Initial 2.89x10° | 1.98x10° | 0.86 | 1.01x10° | 1.54x107 | 0.77 | 0.005
0.01 6 hours 3.33x10" | 4.60x10° | 0.81 | 4.16x10° | 9.50x10" | 0.87 | 0.006
coating 7 days 1.53x10° | 1.91x10° | 0.47 | 1.28 x10" | 6.17 x10° | 0.73 | 0.031
15 days 2.37x10° | 7.43x10”° | 0.37 | 5.54x10° | 1.63x10* | 0.72 | 0.018

35 days 1.09 x10° | 1.31x10% | 0.27 | 1.67 x10° | 1.40x10* | 0.78 | 0.014

CPCCV Initial 8.91 x10* | 4.37x10®° | 0.82 | 1.17x10° | 5.30x10" | 0.84 | 0.010

0.1 6 hours 6.72x10* | 9.13x10® | 0.77 | 1.31x10° | 2.16 x10° | 0.80 | 0.005

coating 7 days 7.74x10" | 4.43x10° | 0.46 | 5.80x10° | 1.85x10* | 0.68 | 0.010
15 days 8.94 x10' | 8.11x10° | 0.35 | 5.70x10° | 5.16x10* | 0.66 | 0.030

35 days 7.49x10" | 1.28x10* | 0.25 | 2.23x10° | 1.53x10° | 0.81 | 0.009

CPCCV Initial 8.27 x10* | 5.69x10° | 0.55 | 1.01 x10° | 2.86x10" | 0.88 | 0.004
0.01 6 hours 430 x10" | 9.94x107 | 0.64 | 3.34x10* | 1.17x10° | 0.62 | 0.008
coating 7 days 7.06 x10" | 1.19x10° | 0.45 [ 5.70x10° | 2.19x10” | 0.61 | 0.021
15 days 0.42 x10' | 3.72x10° | 0.41 | 6.80x10° | 2.60x10* | 0.66 | 0.035

35 days 8.74x10' | 8.42x10* | 0.33 | 3.40x10° | 8.30x10* | 0.76 | 0.015
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4.4.9. Galvanic coupling measurements

Galvanic coupling measurements were performed on the samples without a topcoat in an
oxygen free local environment. In order to simulate local environment with limited oxygen as
under the topcoat, the coated sample compartment was purged with nitrogen. In these
experiments, the cathode for bare aluminum 2024-T3 was signified by positive current. The
results of coupling current and mixed potential are presented in Figure 4.20, and 4.21
respectively. All of the composite coatings exhibited positive coupling current suggesting that
PPy/Al flake coatings were acting as anode and sacrificially protecting aluminum 2024-T3
(Figure 4.20). For CPCCWO.1 coating, coupling current increased rapidly. A similar behavior
was also observed for CPCCV0.01 coating. The corrosion protection was also maximum for both
of these coatings as observed in the prohesion test results (Figure 4.19). Again for both of these
coatings, the mixed potential values were more negative and were decreasing with time
suggesting cathodic polarization (Figure 4.21). For CPCCWO0.01 coating and for CPCCV0.1
coating, the mixed potential values were more positive and stable but, still, the coupling current
was positive suggesting the sacrificial protection by PPy/Al flake composite coatings.

It has been observed that, in contact with aluminum alloy, PPy tends to be reduced as it is
coupled with aluminum alloy [53]. The reduction of PPy induces the anodic dissolution of
aluminum; in this case activating aluminum flakes which further more protects sacrificially the
underlying aluminum 2024-T3 substrate. The dissolution maintained high coupling current
levels [38]. Reduced and neutral form of PPy has been also found to provide sacrificial
protection to aluminum 2024-T3 [81]. The reduced PPy also serves as oxygen scavenger
reducing corrosion rate and in the process itself gets oxidized. PPy which is oxidized again keeps

aluminum flake dissolving and keeps galvanic current high till all aluminum flakes are
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consumed. As soon as corrosion begins, the anodic reaction at metal surface results in the

liberation of electrons which are utilized in CP reduction leading to the release of corrosion

inhibiting dopant anion as shown in Scheme 4.1. Oxygen reduction at CPs surface causes

replenishing of the depleted charge [82-84].

Coatings in Prohesion chamber after 35 days of exposure (without topcoat)

As received Al

flake coating

CPCPWO0.1

coating

CPCPWO0.01

coating

CPCPVO0.1

coating

CPCPV0.01

coating

Figure 4.19: Panels in Prohesion chamber (top) after 35 days (without topcoat) and (bottom)
after 65 days (with topcoat).
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Figure 4.20: Coupling current measurements obtained by galvanic coupling experiment.
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Figure 4.21: Mixed potential measurements obtained by galvanic coupling experiment.
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As mentioned earlier, this reduction of oxygen leads to the oxygen scavenging by CPs
resulting in reduced corrosion rates. The replenishment of the charge also results in the
stabilization of the potential in the passive region on the metal surface [82]. In the case of the
composite pigment of PPy and aluminum flakes, the galvanic contact of PPy with aluminum
flakes results in the reduction of PPy and, thereby, the release of corrosion inhibiting dopant
anions [38]. There is possibility of combination of released anions with cations of the substrate

forming an impervious layer resulting in reduction of corrosion rate.

Ais VO3 or WO,*

Scheme 4.1: Anion release by PPy in redox reaction.

4.4.10. Potentiodynamic scans

As observed in the potentiodynamic scans (Figure 4.22), the corrosion potential values
were shifted by approximately 300 mV in more noble for CPFCCWO0.1 coating, CPCCW0.01
coating CPCCV0.1 coating, and CPCCV0.01 coating as compared to the as received Al flake
coating. This positive shift may be attributed to the release of the dopant (tungstate or vanadate)
in to the defect area due to reduction of PPy in contact with aluminum flakes and underlying
aluminum substrate. The dopant (tungstate or vanadate) may combine with aluminum cations
forming impervious layer of oxide leading to passivation [45].

As observed in Figure 4.22, the corrosion current was also less in case of CPCCWO0.1
coating, CPCCWO0.01, and CPCCV0.01 than that of as received Al flake coating. Corrosion

current did not decrease in case of CPCCVO0.1 but passivation was still achieved as observed in
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potentiodynamic scans. This might be due to the lower conductivity of CPCCV0.1 as compared
to other composites resulting in slow release of dopant. The corrosion protection exhibited by
PPy/Al flake composite pigment was due to the combined effect of active nature of PPy,

galvanic coupling, and dopant release due to passivation.
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Figure 4.22: Potentiodynamic scans.
4.5. Conclusions

Tungstate and vanadate doped PPy/Al flake composites were synthesized by chemical
oxidative polymerization. The synthesized composites were conductive in nature as observed in
CAFM and four point probe measurements. Accelerated Prohesion test exposure showed
improved corrosion protection for doped PPy/Al flake composite coatings. The galvanic
coupling current measurements demonstrated sacrificial corrosion protection mechanism
provided by doped PPy/Al flake composite coatings to the underlying aluminum 2024-T3

substrate. Potentiodynamic scans suggested dopant release from PPy, resulting in passivation in
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the defect thereby enhancing the corrosion protection. In this way, sacrificial protection was
combined with active dopant release mechanism in the formed doped PPy/Al flake composite
coatings resulting in increased corrosion protection.
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CHAPTER 5. TITANIUM DIOXIDE /CONDUCTING POLYMERS COMPOSITE

PIGMENTS FOR CORROSION PROTECTION OF COLD ROLLED STEEL

(Published in Proceedings of CoatingsTech Conference, American Coatings Association,
Rosemont, Illinois, March 11-13, 2013)
51. Abstract
Human civilization is heavily dependent on metals and their alloys. Corrosion is
perennial problem faced by man-made structures which are made from metals and their alloys.
Several technologies, including coatings, are employed for combating the problem of corrosion.
Traditional coating systems such as barrier type coatings, metal rich coatings and inhibitor
containing coatings have their own drawbacks. In order to overcome these drawbacks, TiO,
/Conducting polymers composite pigments were synthesized by chemical oxidative
polymerization technique in simple and eco-friendly manner. These composite pigments were
characterized for morphology, conductivity, and elemental composition by various technigues.
Coatings based on these pigments were formulated and applied on cold rolled steel substrate.
Constant immersion in 5% sodium chloride was employed to accelerate corrosion. The corrosion
resistance of the coatings with time was monitored by Electrochemical Impedance Spectroscopy
(EIS) and DC Polarization technique. EIS results demonstrated increased corrosion protection for
the core and shell TiO,/Polypyrrole composite, TiO,/Polypyrrole (Tungstate doped) composite,
and TiO,/Polyaniline composite. Additionally, potentiodynamic scan results demonstrated
passivation achieved by synthesized composite based coatings improving corrosion protection.
5.2. Introduction
Worldwide yearly corrosion cost is at 2.2 trillion USD which amounts to almost 3% of

worlds total GDP [1]. Out of total metal under utilization one-third is often destroyed by
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corrosion [2]. Corrosion impacts several categories of human civilization such as infrastructure,
transportation, manufacturing, utilities, and governments [3]. Taking into consideration of
corrosion effects on human life and safety, corrosion associated costs, and need to conserve and
prolong the usage of materials, it becomes imperative for researchers to study corrosion into
details and find the necessary solutions for it [4]. Process of corrosion transforms metal to its
native oxide form mostly by combining with oxygen and water. Metal oxide form is metals
natural lowest energy state. Therefore it is very difficult to stop the corrosion. However it is
possible to mitigate corrosion by applying various methods such as coatings, inhibitors, cathodic
protection, judicial material selection, and proper design [5].

Application of protective coatings has been one of the most efficient methods for the
corrosion protection. Of all the total paint produced one-third is applied on metal for its
protection and decoration [6]. Protective coatings can be classified as barrier, conversion, anodic,
and cathodic coatings. Barrier type coatings are further subdivided into four type’s namely
anodic oxides, inhibitive coatings, organic coatings, and inorganic coatings. Barrier type coatings
prove ineffective once defect is formed. Chromates which are well known and highly effective
corrosion agents are mutagenic and carcinogenic in nature [7]. Metal rich primers need high
pigment volume concentration (PVC) for the corrosion protection. Furthermore these metals
such as zinc have negative environmental impact. Taking into consideration limitations of
existing coating systems along with changing environment, rapidly growing heavy
industrialization, increasing pollutants, there is need to find environmentally benign solutions
with superior properties.

Conducting Polymers (CPs) are the new class of materials with interesting properties

such as conductivity, good environmental stability, easy supply, and facile synthesis procedures
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[8-9]. Owing to these properties, CPs find numerous applications in the areas of science and
technology including sensors [10], actuators [11], electrochemical devices [12], electrochromic
cells [13], batteries [14], solar cells [15], light emitting devices [16], drug delivery [17], and
corrosion protection [18]. CPs were first explored for corrosion inhibition by Mengoli et al.[19].
This was followed by several research articles in last three decades demonstrating usefulness of
CPs for the corrosion inhibition [20-26]. CPs can be synthesized by chemical oxidative
polymerization and electrochemical polymerization. Large scale synthesis is possible with
chemical oxidative polymerization along with possibility of covalent modification of CPs
backbone. Several new monomers and modified monomers can be easily polymerized by
chemical oxidative polymerization [27].

Polyaniline (PAni), Polypyrrole (PPy), and Polythiophene are most widely studied CPs
for the corrosion inhibition on metal and metal alloys substrates [28-29]. PPy is widely studied
for the corrosion protection of metals and metal alloys owing to its properties such as good
conductivity, better environmental stability, non-toxicity, thermal stability, and ease of synthesis
[30-32]. However PPy has drawbacks such as insolubility, stiff chains, poor mechanical
properties, difficult processibility, irreversible charge consumption in redox process, and
porosity [33-35]. In order to overcome these problems associated with the application of PPy,
various avenues have been employed by several researchers such as chemical modification of
pyrrole monomer, dopant incorporation, copolymerization, composites and nanocomposites of
CPs with inorganic materials, and multilayer’s of CPs [36-38].

Composites of PPy and inorganic pigments are promising for overcoming drawbacks
associated with PPy application to the coatings [39]. Inorganic pigments are widely used in

coatings industry for hiding, color, mechanical strength, chemical resistance and thermal stability
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[40]. Combination of these inorganic pigments with PPy could impart properties of both PPy and
inorganic pigments for the synergistic effect. Composites of PPy and inorganic pigments have
been synthesized for the corrosion protection of steel by electrochemical methods [41-43].
Titanium dioxide (TiO,)/PPy composite was electrochemically prepared on AISI 1010 steel and
it was found that the incorporation of TiO, in composite matrix about 6.5% by weight results in
little improvement in corrosion resistance [43]. It was also found that TiO, did not interfere in
the polymerization of pyrrole when electrochemical polymerization was performed on the
surface of mild steel [44]. Sn-doped TiO, and PPy nanocomposite was prepared by chemical
oxidative polymerization of pyrrole. It was incorporated into epoxy polyamide coating at 1% by
weight and was applied on mild steel [45]. On the similar lines Ni-doped TiO, and PPy
nanocomposite were also synthesized [46]. Both of these papers report improvement in corrosion
resistance.

Corrosion inhibiting dopants can be incorporated on the backbone of PPy. Once PPy is
reduced, these corrosion inhibiting dopants can combine with underlying metal to form an
insoluble layer improving the corrosion resistance [47-48]. In contact with underlying metal,
oxidation of metal can induce reduction of PPy resulting in release of dopant anion which could
further passivate the defect demonstrating smart corrosion protection mechanism [49]. Tungstate
doped PPy was electropolymerized on the surface of carbon steel which showed participation of
tungstate anion in passivation resulting in improved corrosion protection [50]. Phosphate and
tungstate anion doped PPy was electropolymerized on mild steel surface demonstrating better
corrosion protection offered by tungstate anion doped PPy as compared to phosphate anion
doped PPy [35]. Tungstate has demonstrated good corrosion inhibition for steel [51]. It has been

reported that if effective passivation is not achieved in certain conditions such as in presence of
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large defect, CPs can act as a corrosion mediator promoting corrosion [52]. In order to avoid this
problem and the issues mentioned earlier about PPy incorporation in coatings and properties,
conducting polymers containing pigments (CPCP) have been developed [42]. Aluminum flakes
coated with PPy has been found to improve corrosion protection on the surface of Aluminum
2024-T3.

In current research paper, CPs redox activity and dopant release ability is combined and a
composite with TiO; is synthesized by chemical oxidative polymerization. Three different types
of CPCC were synthesized namely, TiO,/PPy composite, TiO,/PPy (Tungstate doped)
composite, and TiO,/PAni composite. These composites were characterized for morphology by
SEM and TEM, composition by FTIR, elemental analysis with XPS, conductivity with CAFM
and four point probe method. Coatings were formulated with epoxy-polyamide binder system
with these pigments at 5 and 20% by weight composition on the surface of cold roll steel.
Corrosion resistance ability of these coatings was evaluated by constant immersion studies in 5%
sodium chloride (NaCl) and corrosion resistance was electrochemically analyzed by EIS and DC
polarization techniques.

5.3.  Experimental work
5.3.1. Materials

For the synthesis of composites, 18.2 MQ Millipore water was used. TiO, (R-702) was
obtained from DuPont with alumina as surface treatment. Dopant sodium tungstate dihydrate
was purchased from MP Biomedicals, LLC. Oxidant ammonium persulfate (APS) was obtained
from EMD chemicals Inc. Monomer pyrrole was purchased from Alfa Aesar Co. and was
distilled prior to use. High purity grade monomer aniline was obtained from Sigma-Aldrich

Corporation and was used as such without any purification. Hydrochloric acid was procured
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from BDH. For coatings application, cold roll steel (0.032”’x6”x3”") panels were procured from

Q-Panel Lab Products. Epoxy resin (EPON 828) and polyamide curing agent (EPIKURE 3175)
were supplied by Momentive Specialty Chemicals Inc. Methyl ethyl ketone (MEK) was used as
a solvent for coating application and was procured from Alfa Aesar Co.

5.3.2. Synthesis of TiO,/PPy composite and TiO,/PPy (tungstate doped) composite

For the synthesis of TiO,/PPy composite, TiO, pigment was soaked in pyrrole monomer
for 5 days at ambient temperature. After 5 days of soaking, sample was centrifuged and
separated TiO, was added to Erlenmeyer flask containing magnetic stir bar. This was followed
by addition of 18.2 MQ Millipore water to the flask. After proper dispersion of TiO, in the water,
APS was added and reaction was continued for 24 hours. Product was filtered and washed with
abundant amount of water. Washed product was dried in oven overnight at 60°C followed by
grinding in mortar and pestle. In the end, the product was sieved with sieve #400 of 38 pum
opening diameter and was stored at dry place.

For the preparation of TiO,/PPy composite (tungstate doped), dopant sodium tungstate
dihydrate was added to 18.2 MQ Millipore water in above procedure just before the addition of
centrifuged and separated TiO; to the Erlenmeyer flask. Rest of the procedure and materials are
same as in the above mentioned synthesis of TiO,/PPy composite. Quantities of all the
ingredients used for the synthesis are mentioned in Table 5.1.

5.3.3. Synthesis of TiO,/PAni composite

For this synthesis, TiO, pigment was soaked in aniline monomer for 5 days at ambient
temperature. After 5 days of soaking, sample was centrifuged and separated TiO, was added to
Erlenmeyer flask containing magnetic stir bar. This was followed by addition of 18.2 MQ

Millipore water to the flask. Prior to addition of water to the flask it was acidified with the
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hydrochloric acid. After dispersion of TiO, in the water, oxidant APS was added and reaction
was continued for 24 hours. Reaction product was filtered and washed with copious amount of
water. This product was dried in oven overnight at 60°C followed by grinding in mortar and
pestle. Finally, the product was sieved with sieve #400 of 38 um opening diameter and was
stored at dry place.
5.3.4. Coatings preparation

Prior to the coatings application, cold roll steel panels were sandblasted with 100 pum
alumina grit. Hexane was used for the degreasing of the substrate. At stoichiometric ratio of 1:1
of EPON 828 and EPIKURE 3175, coatings were formulated with 5 and 20 % by weight of
TiO,, TiO,/PPy composite, TiO,/PPy composite (tungstate doped), and TiO,/PAni composite.
MEK was used as solvent to achieve application viscosity. Coatings were applied with
drawdown bar with wet film thickness of 8 mils. Curing was performed in oven for 2 hours at
80°C. For complete curing samples were kept at room temperature for 8 days. Formulated
coatings are denoted by acronyms as presented in Table 5.2.
5.3.5. Composite and coatings characterization

JSM-6490LV SEM (JEOL) and JEM-2100 TEM (JEOL) were employed for
characterization of the morphology of the synthesized composites. NICOLET 8700
spectrophotometer (Thermo scientific) was employed for the FTIR characterization. SSX-100
system (Surface Science Laboratories, Inc.) was used for XPS analysis of the composites. Veeco
Dimension 3100 atomic force microscope was employed for CAFM analysis of composite
samples. Four point probe instrument consisting of Signatone® probes, a Keithley® 220
programmable current source, and Keithley®2000 multimeter was employed for the conductivity

measurements of the composites. For performing EIS, Gamry Reference 600 Potentiostats with
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Gamry Framework Version 5.58/EIS 300 software (Gamry Instruments) was employed with AC

perturbation of 10 mV over frequency range 100,000-0.01 Hz at 10 points/decade.

Potentiodynamic experiments were performed by using same setup of EIS.

Table 5.1

Synthesis reactions for composite pigments

Ingredients TiO,/PPy | TiO,/PPy (Tungstate | TiO2/PAni composite
composite doped) composite
Pyrrole 30 ml 30 ml -
Aniline - - 30 ml
TiO, 30 30 39
Hydrochloric Acid - - 0.36 g
Water (18.2 MQ 100 ml 100 ml 100 ml
Millipore®)
Sodium Tungstate - 1.83¢ -
Dihydrate
Ammonium persulfate 2.28 ¢ 2.28 ¢ 2.28 ¢
Table 5.2
Formulated coatings with acronyms
Coating Designation
Coating with 5 wt% of TiO, T5
Coating with 20 wt% of TiO, T20
Coating with 5 wt% of TiO,/PPy composite TiPPy5
Coating with 20 wt% of TiO,/PPy composite TiPPy20
Coating with 5 wt% of tungstate doped TiO,/PPy composite TiPPyW5
Coating with 20 wt% of tungstate doped TiO,/PPy composite TiPPyW20
Coating with 5 wt% of TiO,/PAni composite TiPANI5
Coating with 5 wt% of TiO,/PAni composite TiPANi20

5.4. Results and discussion

5.4.1. Morphology

All the mentioned composites (TiO,/PPy composite, TiO,/PPy (Tungstate doped)

composite, and TiO,/PAni composite) in this paper were synthesized in-situ with single step
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chemical oxidative polymerization. SEM micrographs of TiO,, TiO,/PPy composite, TiO,/PPy
(Tungstate doped) composite, and TiO,/PAni composite are shown in Figure 5.1. All the
micrographs were obtained at same magnification and accelerating voltage which are mentioned
on each micrograph respectively. As observed in Figure 5.1, TiO;as such is spherical and well
separated without any agglomeration with particle size of individual particles in the range of
200-300 nanometers. In case of TiO,/PPy composite, increase in the particle size of the particles
is observed with varied particle size distribution and greater agglomeration. The observed
morphology was also not spherical as in case of just TiO,. For the TiO,/PPy (Tungstate doped)
composite, greater degree of agglomeration was observed possibly due to the presence of
tungstate dopant. Nature and concentration of dopant in the synthesis of CPs result in order or
disorder in the morphology of the CPs formation [53]. In case of TiO,/PAni composite even
larger amount of agglomeration was observed.

TEM images of TiO,, TiO,/PPy composite, TiO,/PPy (Tungstate doped) composite, and
TiO,/PANi composite are shown in Figure 5.2. For as received TiO, as observed in Figure 5.2,
spherical and needle like morphology was observed. For TiO,/PPy composite, uniform thickness
layer of PPy was observed around TiO, particles exhibiting core and shell morphology. This is
the unique core and shell morphology of TiO,/PPy synthesized in very facile manner. The
average thickness of PPy shell was 50-60 nanometers around TiO, particles. Incorporation of
PPy also resulted in agglomeration. In case of TiO,/PPy (Tungstate doped) composite, much
more dense layer of PPy was formed around TiO, particles. The average thickness of PPy shell
was 80-100 nanometers around TiO, particles as well was growth of PPy particles was also more
dense than that of in case of TiO,/PPy composite. The compactness of PPy in the formation was

found to be affected by the incorporation of the dopant anion [54]. For TiO,/PAni composite,
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PAni was randomly distributed around TiO; particles without any definite final morphology of
TiO,/PANni composite. Agglomerated morphology was also evident for TiO,/PAni composite as
observed in Figure 5.2. Even though resultant composite observed as agglomerated solids, size of
agglomerates was small resulting into free flowing particles which could be easily incorporated

into the coatings.

18K\, X10,000 . 15KV %10,000+" “pm

Figure 5.1: SEM micrographs of TiO, (Top left), TiO,/PPy composite (Top right), TiO,/PPy
(Tungstate doped) composite (Bottom left), and TiO,/PAni composite (Bottom right).

5.4.2. Chemical composition

Elemental composition was obtained by XPS analysis and the results are shown in Figure

5.3. As observed in Figure 5.3, in case of as received TiO, pigment particles, titanium, oxygen,

131



and aluminum content was high as compared to TiO,/PPy composite, TiO,/PPy (Tungstate
doped) composite, and TiO,/PAni composite. Presence of aluminum in case of TiO, pigment

particles was attributed to the alumina surface treatment.

TiO,/PPy composite
J .

TiO,/PPy (Tungstate doped)composite TiO,/PANi composite

Figure 5.2: TEM images of TiO, (Top left), TiO,/PPy composite (Top right), TiO./PPy
(Tungstate doped) composite (Bottom left), and TiO,/PAni composite (Bottom right).

Presence of nitrogen in case of TiO,/PPy composite, TiO,/PPy (Tungstate doped)
composite indicated formation of PPy and in case of TiO,/PAni composite indicated formation
of PAniI. Presence of sulfur in case of TiO,/PPy composite and TiO,/PAni composite indicated
sulfur doping whereas presence of tungsten in case of TiO,/PPy (Tungstate doped) composite

indicated doping by tungsten anion. No sulfur was detected in case of TiO,/PPy (Tungstate
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doped) composite probably due to the possible competition by tungstate dopant. More titanium
was observed in case of TiO,/PAni composite, indicating bare particles of TiO; adjacent to the
matrix of PAni. This morphology can be confirmed with TEM image as seen in Figure 5.2
(bottom right). No titanium was observed in case of TiO,/PPy (Tungstate doped) composite
indicating TiO; particles completely encapsulated in the PPy matrix as observed in TEM image
(Figure 5.2 (bottom left)). The ratios of dopant to the nitrogen were obtained from the elemental
analysis. For TiO,/PPy composite, S/N ratio was 0.21, for TiO,/PPy (Tungstate doped)

composite, W/N ratio was 0.14 and for TiO/PAni composite, S/N ratio was 0.23.

70
B o:
60 - TiO2/PPy composite
- TiO2/PPy (Tungstate doped) composite
- TiO2/PAni composite
50
L, 40+
S
£
S 304
<
20
10

C1s Ti2p O1s Al 2p S 2p N 1s W 4f

Elements

Figure 5.3: Elemental composition obtained by XPS.

High resolution core level spectrum of N 1s was obtained for TiO,/PPy composite
(Figure 5.4), TiO,/PPy (Tungstate doped) composite (Figure 5.5), and TiO,/PAni composite

(Figure 5.7), whereas high resolution core level spectrum of W 4f was obtained for (Tungstate
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doped) composite (Figure 5.6). The spectrum for N 1s and W 4f were deconvulated into the

individual peaks and are tabulated in Table 5.3.

Table 5.3
Peak distribution for composites obtained by XPS
TiO,/PPy composite TiO,/PPy (Tungstate doped) TiO,/PANi composite
composite
Peak | Species | Group | Peak Species Group | Peak | Species | Group
eV % eV % eV %
398.0 | -N=1imine | 3.03 | 400.21 -NH- 68.67 | 398.50 -N= 5.04
2 nitrogen neutral imine
amine nitrogen
nitrogen
399.9 -NH- 71.44 | 401.25 -N*- 31.33 | 400.25 -N*- 79.27
0 neutral positively localized
amine charged positively
nitrogen nitrogen charged
atom nitrogen
atom
401.1 -N*- 25.53 | 35.68 W 4f;, 51.16 | 401.56 -N*- 15.69
9 | positively we* positively
charged oxidation charged
nitrogen state nitrogen
atom atom
37.80 | W 4fs, W | 43.21
oxidation
state
41.30 | W loss peak | 5.63

Respective percentages of obtained species are also mentioned in Table 5.3. In case of

TiO,/PPy composite, the peak at 398.02 eV was ascribed to imine nitrogen (-N=) [55], the peak

at 399.90 eV was attributed to neutral amine nitrogen (-NH-), and the peak at 401.19 eV was

ascribed to positively charged nitrogen atom (-N*-) [56]. In case of TiO,/PPy (Tungstate doped)

composite the neutral amine nitrogen (-NH-) and positively charged nitrogen atom (-N*-) were

found at 400.21 eV and 401.25 eV respectively. For TiO,/PPy (Tungstate doped) composite

deconvulated W 4f spectrum showed peaks at 35.68 eV, 37.80 eV, and at 41.3 eV. For this 35.68

eV and 37.80 eV correspond to W°®" oxidation state [51, 57] and 41.3 eV is a peak due to W loss.
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In case of TiO,/PAni composite, 398.50 eV peak was attributed to imine nitrogen (-N=), 400.25
eV peak due to the localized positively charged nitrogen (-N*-), and at 401.56 eV due to the
positively charged nitrogen atom (-N*-) [58]. Protonation level can be obtained by [N*]/[N] ratio

[59]. Higher level of protonation signified higher doping for the composite pigments.
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Figure 5.4: TiO,/PPy composite N 1s high resolution.
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Figure 5.5: TiO,/PPy (Tungstate doped) composite N 1s high resolution.
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Figure 5.6: TiO,/PPy (Tungstate doped) composite, W 4f high resolution.
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Figure 5.7: TiO,/PANni composite N 1s high resolution.

FTIR spectra was collected for TiO,, TiO,/PPy composite, TiO,/PPy (Tungstate doped)
composite, and TiO,/PAni composite and is shown in Figure 5.8 (a, b, ¢, and d). Respective
wavenumbers (cm™) and modes of vibration are presented in Table 5.4. TiO, absorption band
can be observed at 700-500 cm™ [60] as observed in Figure 5.8(a). This peak for TiO, was
overshadowed by other characteristic peaks for PPy in case of TiO,/PPy composite (Figure

5.8(b)), PPy and tungstate ion band in case of TiO,/PPy (Tungstate doped) composite (Figure 5.
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8(c)), and by PAnI characteristic bands in case of TiO,/PAni composite (Figure 5.8(d)). This

might be due to the possible interaction of the PPy or PAni or tungstate ion with the TiO, surface

[61].

% Transmittance

T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500
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Figure 5.8: FTIR spectra of (a) TiO,, (b) TiO,/PPy composite, (c) TiO,/PPy (Tungstate doped)
composite, and (d) TiO,/PAni composite.

Carbonyl group vibration band for TiO,/PPy composite and TiO,/PPy (Tungstate doped)
composite was observed at 1701 cm™ due to overoxidation of CPs but this band was not so
prominent in both of the cases suggesting minimal loss in conductivity [62]. C-C and C=C ring
stretching vibrations were observed at 1561 cm™ and 1558 cm™ in TiO,/PPy composite and
TiO,/PPy (Tungstate doped) composite respectively. C-N and C=C stretching vibrations were
observed at 1473 cm™ and 1463 cm™ for TiO,/PPy composite and TiO,/PPy (Tungstate doped)
composite respectively [63]. C-H and C-N in plane deformations (1311 cm™) were observed for
Ti0,/PPy composite and TiO,/PPy (Tungstate doped) composite [64]. Pyrrole ring breathing
vibration was observed at 1202 cm™ and 1199 cm™ for TiO./PPy composite and TiO./PPy
(Tungstate doped) composite respectively [65]. Vibration around 1090 cm™ C-C in plane

deformation and 1045 cm™ C-H deformation were observed in both TiO,/PPy composite and
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TiO,/PPy (Tungstate doped) composite [66]. 929 cm™ and 788 cm™ PPy characteristic peak

were also observed for TiO,/PPy composite and TiO,/PPy (Tungstate doped) composite.

Tungstate ion band 960-780 cm™ and 900-770 cm™ was observed for TiO,/PPy (Tungstate

doped) composite as observed in Figure 5.8(c) [60].

Table 5.4

Peak positions (cm™) and FTIR modes of vibrations for TiO,, TiO./PPy composite,
TiO,/PPy (Tungstate doped) composite, and TiO,/PAni composite

960-780 and 900-770
tungstate ion band

Wavenumbers (cm™) and TiO, TiO,/PPy |TiO,/PPy (Tungstate| TiO./PAni
modes of vibration (Wavenu| composite doped)composite composite
mber [(Wavenumber composite (Wavenumber
(cm™) (cm™)  |[(Wavenumber (cm™)) (cm™)
1702, carbonyl group 1701 1701
1580, quinoid stretching 1581
1558, C-C and C=C ring 1561 1558
stretching
1505, benzene ring stretching 1505
1464, C-N and C=C stretching 1473 1463
1460, C=N stretching of 1448
quinoid ring
1300, C-N stretching mode 1299
1295, C-H and C-N in plane 1311 1311
deformation
1229, C-C twisting 1229
1144, -NH" = vibration due to 1148
protonation
1198, ring breathing 1202 1199
1090, C-C in plane 1090 1090
deformation
1045, C-H deformation 1048 1049
1045, C-H in plane bending 1042
929 and 788 PPy characteristic| 700-500 |923, 792, 678,| 925, 801, 678, 617 707
peak, 616
700-660 TiO, peaks,
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For TiO,/PAni composite, the band at 1581 cm™ was observed due to quinoid stretching
vibration mode and at 1505 cm™ due to benzene ring stretching deformation as seen in Figure 5.
8(d) [67-68]. Band at 1460 cm™ is due to the C=N stretching of quinoid ring [68] which was
observed at 1448 cm™ for TiO,/PAni composite. Band at 1299 cm™ was observed due to the C-N
stretching mode [51]. The band at 1235 cm™ is due to the C-C twisting and was observed at 1229
cm™ as observed in Figure 5.8(d) [69]. The band at 1144 cm™ is due to -NH" = vibration
resulting from protonation and was observed at 1148 cm™ for TiO,/PAni composite [51]. Band at
1045 cm™ is due to C-H in plane bending mode and was observed at 1042 cm™ [68].

5.4.3. Conductivity

For surface current density, CAFM experiments were performed on the pressed pellets of
composites glued to the aluminum mounts. For the CAFM measurements 100 mV DC bias was
applied. Surface topography, deflection, and current images for TiO,/PPy composite, TiO,/PPy
(Tungstate doped) composite, and TiO,/PAni composite as presented in Figure 5.9, 5.10, and
5.11 respectively. As observed in Figure 5.9, current image illustrated dense current density for
the TiO,/PPy composite whereas for TiO,/PPy (Tungstate doped) composite (Figure 5.10)
current image exhibited less dense areas as compared to the TiO,/PPy composite. For TiO/PAni
composite (Figure 5.11), the current image did not exhibit significant current density. The
conductive regions in CAFM measurements are on local scale so the current density image
shows the local conductive representation whereas for global scale conductivity measurements
were gathered by four point conductivity measurements. Same pellets as used for CAFM
measurements were employed in four point probe conductivity measurements and the results are
presented in Figure 5.12. In this case TiO,/PPy (Tungstate doped) composite showed highest

conductivity which might be possible due to the doping of tungstate ion in the backbone of PPy.
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Again here conductivity of the composite material is measured which gets affected by the
presence of TiO, in the total matrix. Even though XPS results suggest that TiO,/PAni composite
will be conductive but due to its presence in the blend with TiO; has resulted in the decrease in
the conductivity. There is also possibility that in TiO,/PAni composite, presence of TiO, in such
a way that connectivity between PAni chains is not achieved and so lesser conductivity is
observed or amount of PAni is not enough to provide high conductivity [70]. Conductivity value
of TiO,/PAni composite is 2.224x10™ S/m. It has been observed that charge transport in PANi

composites depends on the PAni percentage in the total composite [71].

5} 20,0 pm 5} 20,0 pm 0 20,0 pm

Data twpe Height Data twpe Deflection Data tyvpe C-AFM Current
Z range 2000 nm Z range 0.5000 v 7 range 20000 pa

Figure 5.9: Height, deflection and current images for TiO,/PPy composite.

0 20,0 um 0 20,0 pm 0 20,0 pm

Data twpe Height Data twpe Deflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 5.10: Height, deflection and current images for TiO,/PPy (Tungstate doped) composite.
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Figure 5.11: Height, deflection and current images for TiO,/PAni composite.
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Figure 5.12: Conductivity values obtained by four point probe measurement.
5.4.4. Electrochemical impedance spectroscopy (EIS)

EIS is a powerful technique which has been employed for studying corrosion protection
provided by coatings [72-75]. EIS was performed with three electrode cell with saturated
calomel as a reference electrode, coated substrate as working electrode, and platinum mesh as a
counter electrode. EIS was performed on the coated samples immersed in the 5% NaCl at initial,
24 hours, 7 days, 14 days, and 21 days. Bode plot of T5 and T20, TiPPy5 and TiPPy20,

TiPPyWS5 and TiPPyW20, TiPAnNi5 and TiPAnNi20 are presented in Figure 5.13, 5.14, 5.15, 5.16
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respectively. For coating T5 (Figure 5.13 (left)), initial impedance (low frequency) was very high
but as the duration of exposure to the electrolyte increased (21 days), the value of low frequency
impedance decreased to lower than 10° indicating passage of electrolyte through the coating and
reaching to interface leading to corrosion. In case of T20 coating (Figure 5.13(right)), low
frequency impedance which was higher initially decreased to 10° as exposure duration to the
electrolyte increased to 21 days. In case of TiPPy5 and TiPPy20 (Figure 5.14), initial value of
low frequency impedance was 108, however after 21 days of exposure to the electrolyte, only an
order of magnitude decrease to 10”-10° was observed. For TiPPyWS5 (Figure 5.15(left)), initial
low frequency impedance decreased to 10° after electrolyte exposure for 21 days whereas for
TiPPYyW20 (Figure 5.15(right)), it reached to the value of 10°. In case of TiPAni5 and TiPAni20
(Figure 16), after 21 days of exposure to the electrolyte, the value of low frequency impedance
was decreased to 10°. As observed in Figure 5.15 and 5.16, initial low frequency impedance
values were very high (10'°-10™) however as exposure duration to the electrolyte increased, the

impedance was observed to be decreasing.

...... +— 14 days
....... »— 21 days

Impedance/Q
Impedance/Q

10 T ™ T ™ T i T 10 " ) T ™ ™ T T T

10% 10" 10° 10" 10° 10° 10 10°  10° 10? 10" 10° 10" 10* 10° 10° 10° 10°
Frequency/Hz Frequency/Hz

Figure 5.13: Bode plot of T5 (left) and T20 (right).
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Figure 5.14: Bode plot of TiPPy5 (left) and TiPPy20 (right).
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Figure 5.15: Bode plot of TiPPyW5 (left) and TiPPyW20 (right).
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Figure 5.16: Bode plot of TiPANI5 (left) and TiPANi20 (right).

143



ZView? software from Scribner® Associates Inc. was employed for the equivalent circuit
modeling and fitting of the EIS data. The circuit models used for the data fitting are shown in
Figure 5.17, and the circuit element fit results are presented in Table 5.5. In Figure 5.17, R1 is
solution resistance, R2 is coatings resistance, R3 is polarization resistance, Cc is coatings
capacitance, Cdl is double layer capacitance, and Ws is Warburg short element. Constant phase

element (CPE) is a pseudo capacitor. Its impedance of CPE can be obtained by equation 5.1.

Z(cpey = 1/[(T)(jo)'] (5.1)

Where, T is capacitance, j is an imaginary component, o is the angular frequency (o =
2xf, f is the frequency), P is the power (0 <n < 1), and Zcpg) is the impedance of CPE. P value
close to 1 represents capacitor behavior. Diffusion phenomena observed in the coatings as time

of immersion in electrolyte increased was modeled by employing equation 5.2.
Zw = 1/o(im) Y2 (5.2)

Where, Z,, is Warburg impedance, i is imaginary component, ¢ is Warburg capacitance,
and o is the angular frequency.

For coating T5, after 24 hours of immersion in electrolyte, second time constant was
observed in Bode plot (Figure 5.13(left)). Second time constant continued till 14 days and this
data was modeled by circuit model presented in Figure 5.17(b). At 21* day, there was a
possibility of second time constant in low frequency region but due to noise it was difficult to
model. There is a possibility of complete damage of the coating due to the immersion [45]. This
is also supported with the lower impedance observed at low frequency obtained from circuit
modeling (10* Q) (Table 5.5). Increase in the capacitance value (CPEq-T) suggested coatings

degradation as exposure to the electrolyte increased. Increase in CPEgy-T value with immersion
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time was also observed in case of coating T20 (Table 5.5) however this increase was not

significant as compared to the coating T5.

=4 Cc
AR N
(a) R2
R Cc
e cdl
(b) >
R3
[=3] Cc
—AN >
(C) R2 Vs
YaVe A

Figure 5.17: Equivalent circuit models for EIS data fitting.

For coating TiPPy5, coating resistance (Rc) steadily decreased as exposure time to the
electrolyte increased however at the same time second time constant also appeared at 14™ and
21% day of immersion indicating corrosion happening underneath the coating upon the substrate
[76]. For coating TiPPy20, coatings resistance (Rc), increased at 21* day of immersion
indicating formation of passive layer due to the corrosion production or the passivation achieved
by PPy underneath the coating [28,77]. In case of coating TiPPyWS5 and TiPPyW?20, drop in the
value of coating resistance (Rc) was followed by increase in the value of Rc at 21% day of
immersion. A similar observation was made on mild steel substrate coated with tungstate doped

PPy. Tungstate anion participated in the passivation process resulting in increase in coating
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resistance value [35]. Increase in the values of polarization resistance (Rct) also suggested
increase in charge transfer resistance in tungstate doped coatings. For TiPAni5 coating, Warburg
element appeared at 24 hours and 7™ day indicating the diffusion of species through the coating
however, at 14" and 21% day, second time constant appeared suggesting reaction happening at
interface of the metal and the coating. However the coating resistance value was still at 10’ Q
after 21 days of the immersion. For TiPANi20 coating, only one time constant was employed for
modeling the data and coating resistance at 21 day of immersion was still high. Protection
mechanism suggested for the protection of mild steel substrate by PAni is mostly passivation
resulting from the redox activity [78].
5.4.5. Potentiodynamic scans

Potentiodynamic scans were performed on the defect made up of size 1.5 cm in length
and 1 mm in width. For T5, T20, TiPPy5, TiPPy20, TiPPyWS5, TiPPyW20, TiPAni5, and
TiPANi20 potentiodynamic scans are shown in Figure 5.18. Corrosion potential was shifted in
positive direction by 100-200 mV for all of the coating systems as compared to T5, and T20.
Almost 250 mV positive shift in potential was obtained for TiPPyW20. This might be due to the
increase in storage charge in TiPPyW20 coating due to tungstate ion incorporation, resulting in
improved corrosion protection [79]. There is also the possibility of participation in the
passivation process by tungstate anion resulting in improved corrosion protection [50]. Due to
the core and shell particles of PPy and TiO,, effective area for redox activity and for metal
surface interaction increased in case of TiO,/PPy composite [46] . Another mechanism at work is
the barrier posed by formed passivation layer to the corrosive species. Possibility of combining
tungstate with ferrous ions resulting from the oxidation of the underlying steel also results in

corrosion protection. Additionally PPy and PAni are p-type material whereas TiO; is n-type
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semiconductor which acts as inhibitor to the transport of holes. Intimate contact of CPs with
TiO; results into the formation of p-n junction which will decrease the charge transfer leading to

decrease in the corrosion rate [45].

Table 5.5
Fit results obtained from equivalent circuit modeling of EIS data
Time Rc CPEc Rct W-R CPEdI
T P T P
T5 Initial | 5.28 x10° | 3.55x10™° | 0.97
24 hours | 9.44 x10° | 3.48x10™ | 0.99 | 1.31 x10° 7.48 x10° | 0.68
7days | 3.32x10° | 4.21x10™ | 0.97 | 9.46 x10° 5.60 x10”" | 0.60
14 days | 8.81x10" | 455x10™ | 0.97 | 5.30 x10° 1.47 x10® | 0.69
21days | 5.31x10" | 3.49x10™ | 0.99
T20 Initial | 8.21 x10™ | 4.79 x10™ | 0.99
24 hours | 2.91x10° | 557 x10™ | 0.98 | 2.21 x10° 1.78 x107 | 0.49
7days | 1.19x10° | 5.88x10™° | 0.98 | 1.58 x10° 1.06 x10° | 0.63
14 days | 1.26 x10° | 6.78 x10™ | 0.97
21days | 3.73x10" | 6.38x10™° | 0.98 | 3.88 x10’ 9.06 x10° | 0.71
TiPPy5 Initial 1.20 x10° | 5.07 x10™° | 0.97

24 hours | 1.14 x10° | 6.05x10™ | 0.97
7days | 2.18x10" | 5.75x10™° | 0.97
14 days | 1.20x10" | 5.61x10™ | 0.97 | 1.14 x10’ 3.49 x107 | 0.56
21days | 9.97x10° | 5.62x10"° | 0.97 | 6.78 x10° 6.44 x10" | 0.81

TiPPy20 Initial | 1.28 x10" | 8.51x10™° | 0.98

24 hours | 3.52x10" | 1.37x10° | 0.96
7days | 4.93x10" | 1.72x10° | 0.94
14 days | 5.80x10" | 1.95x10° | 0.93
21days | 1.15x10° | 2.04x10” | 0.94

TiPPyW5 | Initial | 7.06 x10° | 3.27 x10™° | 0.99

24 hours | 4.22 x10" | 4.20x10™ | 0.98
7days | 5.25x10° | 4.63x10™° | 0.97

14 days | 8.40x10" | 9.76 x10™ | 0.98 | 7.89 x10’ 5.88 x10° | 0.45
21days | 4.36x10° | 4.36x10™ | 0.98 | 8.00 x10° 755x107 | 1
TiPPyW Initial | 2.21 x10™" | 4.77x10™° | 0.98
20 24 hours | 8.01x10° | 5.60 x10™° | 0.99

7days | 4.01x10° | 6.76 x10™° | 0.97
14 days | 1.43x10° | 6.93x10™ | 0.97

21days | 4.88x10° | 6.03x10™° | 0.98 | 5.87 x10’ 1.78 x10” | 0.86
TiPAni5 Initial | 8.25x107 | 2.82x107™° | 0.99
24 hours | 2.85x10" | 3.98 x10™ | 0.98 2.54 x10°
7days | 5.70x10" | 4.16 x10™ | 0.98 3.89 x10°
14 days | 4.63x10" | 419x10™ | 0.98 | 2.27 x10° 2.11x10° | 0.17
21days | 5.03x10" | 4.39x10™ | 0.97 | 6.36 x10’ 6.58 x10° | 0.65

TiPANi20 Initial | 6.75x10™ | 5.22x10™ | 0.97
24 hours | 1.76 x10° | 1.86 x10° | 0.90

7days | 1.04x10° | 2.63x10° | 0.87
14 days | 9.90x10" | 2.86x10° | 0.87
21days | 1.87x10" | 2.70x10° | 0.87
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Figure 5.18: Potentiodynamic scans.

5.5.  Conclusions

Core and shell composite of PPy and TiO, was successfully prepared by chemical
oxidative polymerization with PPy shell thickness of 50-60 nanometers. Similar and denser
morphology was also obtained for TiO,/PPy composite doped with tungstate anion. TiO,/PPy
composite and TiO,/PPy (Tungstate doped) composite were found to be conductive as observed
in CAFM and four point probe conductivity measurements. TiO,/PPy composite, TiO/PANi
composite and TiO,/PPy (Tungstate doped) composite based coatings exhibited improved
corrosion protection on steel substrate as evidenced in EIS measurements and potentiodynamic
scans. The suggested mechanisms for improved corrosion protection are effective area increase

of CP, passivation and dopant release.
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CHAPTER 6. SYNTHESIS AND CHARACTERIZATION OF IRON
OXIDE/POLYPYRROLE CORE AND SHELL COMPOSITE PIGMENTS AND
THEIR APPLICATION IN COATINGS FOR CORROSION PROTECTION OF

COLD ROLLED STEEL
(Published in Polymeric Materials: Science & Engineering (PMSE) 2012, 107, 536.)

6.1. Abstract

Core and shell composite pigments of iron oxide (Fe,O3) and polypyrrole (PPy) were
synthesized by chemical oxidative polymerization using water as a reaction medium. Core and
shell morphology of Fe,O3/PPy composite pigments was characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The elemental composition
was obtained by energy dispersive spectroscopy (EDS). Fourier transform infrared spectroscopy
(FTIR) was performed for chemical composition analysis. Conductivity studies were performed
with conductive atomic force microscopy (CAFM) and four point probe conductivity instrument.
Density tests were performed for the analysis of adhesion between Fe,O3; and PPy. Coatings of
Fe, O3 and Fe,0O3/PPy were formulated at 10% pigment volume concentration (PVVC) on cold
rolled steel substrate and were exposed to salt spray test conditions according to ASTM B 117.
Coatings were analyzed by electrochemical impedance spectroscopy (EIS) and equivalent circuit
modeling was performed for corrosion assessment. As observed in EIS and circuit modeling of
EIS data, better corrosion resistance was offered by Fe,O3/PPy composite pigments based
coatings as compared to Fe,O3 pigment based coatings after 40 days of salt spray test exposure.
6.2.  Introduction

Fabrication, characterization and application of core and shell particles have been the

area of the interest of researchers for many decades. Multi-functionality can be exhibited by
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hybrid core and shell particles. Tuning of properties of core and shell materials is possible by
control over the synthesis conditions. Shell material tends to modify the surface reactivity,
nature, charge, dispersibility and several other properties of the inside core materials giving rise
to new set of functional properties [1]. Inorganic pigment core in micron size with nanometer
size conducting polymer shell can give rise to hybrid and functional properties for various
applications.

Conducting polymer PPy has good environmental stability and excellent conductivity but
suffers from poor mechanical properties and porosity which can be overcome by combining it
with inorganic compounds [2-3]. Silica, Fe;O3, and alumina have been employed as core to grow
PPy on their surface as a shell [4-8]. These core and shell particles are finding their possible
applications in gas and humidity sensors [9], electromagnetic shielding [10], material for
microwave absorption [11], and electrochemical display devices [12-13].

Most of the methods used in conducting polymer and metal oxide composite synthesis
are multistep, tedious, and sometimes requires low or high temperatures [14]. In order to
improve adhesion between inorganic particles and conducting polymers for the formation of
composites several approached have been attempted. This includes substituted pyrrole monomer,
use of coupling agent, chemical modification of inorganic pigment, and use of surfactants [15-
17]. However there are few reports in the literature about the synthesis of Fe,O3/PPy
composites. Fe,O3/PPy composites have been synthesized before with chemical oxidative
polymerization of pyrrole with the application of sonication or mechanical stirring and with the
help of surfactants [18]. In the current work, we have synthesized core and shell particles
containing Fe,O3 as core and PPy as shell in very simple manner without using any surfactants at

ambient temperature with water as a medium for the reaction. By employing chemical oxidative
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polymerization, a PPy shell on Fe,O3 core was synthesized. These Fe,O3/PPy core and shell
particles were then characterized by SEM, EDS, TEM, FTIR, four point probe conductivity, and
CAFM. Fe,04/ PPy core and shell particles were further employed for the corrosion protection of
cold rolled steel in the coating systems. Corrosion performance properties of Fe,O3 and
Fe,O3/PPy composite pigment based coatings at 10% PVC on cold rolled steel were studied by
exposing coatings to salt spray test conditions and EIS.
6.3.  Experimental
6.3.1. Materials

Iron(111) oxide (Fe,O3) was procured from Sigma-Aldrich. Oxidant, Ammonium
Persulfate (APS) was obtained from BDH. Pyrrole monomer was purchased from Alfa Aesar Co.
and was distilled prior to the synthesis. In the synthesis, 18.2 MQ Millipore® water was used as
a reaction medium. The substrate was cold rolled steel with dimensions 0.032”’x6”x3” and was
purchased from Q-Panel Lab Products. Solvent, methyl ethyl ketone (MEK), was obtained from
Alfa Aesar Co. Momentive Specialty Chemicals Inc. kindly provided epoxy resin (EPON 830)
and polyamide hardener (Epikure 3015). Perchloroethylene used in density tests was procured
from Alfa Aesar Co. All the chemicals, except pyrrole, were used as received without further
purification.
6.3.2. Synthesis of Fe,O3/PPy core and shell composite pigments

The glassware and stir bar used for the synthesis were dried at 100-110°C for 24 h in
oven. In 500 mL beaker, 15 grams of iron oxide was kept under immersion in pyrrole monomer
for 5 days. After immersion of iron oxide in pyrrole for 5 days, it was centrifuged for 20 minutes
at 7000 rpm to separate iron oxide particles for pyrrole. The pyrrole monomer adsorbed iron

oxide was then transferred in 1000 mL Erlenmeyer flask to which 400 mL of 18.2 MQ
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Millipore® water was added. This mixture was subjected to gentle stirring. In separate beaker
11.4 grams of APS was dissolved in 100 mL of 18.2 MQ Millipore® water. This APS solution
was then slowly added to the mixture in previously described Erlenmeyer flask. The reaction was
continued for 24 hours at ambient temperature. It was then filtered and washed with plentiful
amount of water to remove any soluble ingredients. It was then subjected to 60°C overnight
drying in oven followed by grinding with mortar and pestle. It was then sieved through the sieve
of opening diameter 106 um. The final product was stored in plastic vials for further
characterization.
6.3.3. Fe,O3pigment and Fe,O3/PPy composite pigment characterization

A JEOL JEM-2100 transmission electron microscope was employed for the identification
of core and shell morphology. A JEOL JSM-6490LV scanning electron microscope was used to
obtain the general morphology of samples. The sample preparation for SEM was performed by
sprinkling the ground powder onto carbon tape, which was originally attached to aluminum
mounts. EDS connected with SEM was used to obtain elemental composition. CAFM studies
were performed using Veeco Dimension 3100 atomic force microscope in contact mode and
current sensing probe to obtain surface morphology and current density. Four point probe
instrument consisting of Signatone® probes, a Keithley® 220 programmable current source, and
Keithley®2000 multimeter was employed for the conductivity measurements of the composites.
FTIR measurements were performed in transmittance mode using NICOLET 8700
spectrophotometer from Thermo scientific.
6.3.4. Coatings preparation

Coatings were prepared on sandblasted and hexane degreased cold rolled steel substrate.

Coatings were formulated at 10% PV C for Fe,O3 pigment and Fe,O3/PPy composite pigment
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and 1:1 stoichiometric ratio of EPON 830 and Epicure 3015 used. MEK was used to reach
application viscosity for proper drawdown application on the cold rolled steel surface. The
coatings were applied with drawdown bar on cleaned cold rolled steel substrate. Coatings were
cured at ambient temperature for 8 days for full development of the protective properties. Final
dry film thickness of the coatings was 75-85 um.
6.3.5. Corrosion assessment

The coatings were exposed to salt spray test conditions according to ASTM B 117.
Corrosion performance was monitored by EIS with Gamry Reference 600 Potentiostats with
Gamry Framework Version 5.58/EIS 300 software. For EIS, AC perturbation of 10 mV over
frequency range 100,000-0.01 Hz at 10 points/decade was applied. For EIS experiments 5%
NaCl was used as electrolyte. Experiments were performed in triplicates and data is collected
from representative sample. The cell area for the EIS measurements was 7.1 cm?. Open circuit
potential (OCP) measurements were also performed with same set up used in EIS experiments.
6.4. Results and discussion
6.4.1. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)

The SEM micrographs obtained for Fe,O3 pigment and Fe,O3/PPy core and shell
composite pigment are shown in Figure 6.1 and 6.2 respectively. As observed in Figure 6.1,
Fe,O3 pigment particles were spherical in shape. In Figure 6.2, PPy layer grown on the surface of
Fe,O3 pigment was observed. A small increase in particle size was also evident in the SEM
micrograph of core and shell particles of Fe,O3/PPy composite pigment. There is possibility of
adsorption of pyrrole monomer on the Fe,O3 pigment surface [1, 9]. Further addition of monomer

and oxidant resulted in the formation of PPy shell around the Fe,O3 pigment particles. Some of
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the studies have suggested formation of monolayer of the PPy on the inorganic pigment surface
[19-20]. There is another possibility of adsorption of formed oligomers on the shell of Fe;Os.

Results for elemental composition studied by EDS are shown in Table 5.1 and 5.2
respectively. As observed in Table 6.1, presence of carbon in Fe,O3 pigment was attributed to the
carbon tape used in the sample preparation for the SEM/EDS. This carbon amount was increased
in case of Fe,O3/PPy core and shell composite pigment (Table 6.2) due to the organic content of
layer of PPy on the surface of Fe,Oj3 particles. Presence of nitrogen in Fe,O3/PPy composite
pigment (Table 6.2) core and shell particles sample signified formation of PPy on the surface of
Fe,O3; pigment particles. Sulfur was detected in Fe,O3/PPy core and shell composite pigment
sample which was the dopant in the PPy backbone. The origin of sulfur was the APS which was
the oxidant used in the synthesis of Fe,O3/PPy core and shell composite pigment. SEM and EDS
results suggested the formation and growth of PPy on Fe,O3 pigment particles. Reduced amount
of iron and oxygen in case of Fe,O3/PPy core and shell composite pigment and also signified

PPy layer shell around the Fe,O3 pigment core.

15kV. X10,000 1pm

Figure 6.1: SEM micrograph of Fe,Oz pigment.
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15kV _X10,000

Figure 6.2: SEM micrograph of core and shell morphology of Fe,O3/PPy composite pigment.

Table 6.1
Elemental composition of Fe,O3 particles obtained by EDS
Element Net Weight % Weight % Atom % Atom %
Line Counts Error Error
CK 535 5.48 +/-1.38 12.79 +/- 3.23
OK 23151 31.38 +/- 0.96 55.70 +/- 1.67
Fe K 27560 62.74 +/-1.93 31.51 +/- 0.97
Total 100.00 100.00
Table 6.2
Elemental composition of core and shell Fe,O3/PPy particles obtained by EDS
Element Net Weight % Weight % Atom % Atom %
Counts Error Error
Line
CK 6867 41.40 +/- 0.51 57.12 +/-2.12
N K 688 7.76 +/- 1.69 9.18 +/- 6.01
OK 8710 24.81 +/- 0.67 25.70 +/- 2.09
SK 2408 1.26 +/- 0.06 0.65 +/- 0.10
Fe K 11899 24.77 +/- 0.39 7.35 +/- 0.35
Total 100.00 100.00
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6.4.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of Fe,O3/PPy core and shell composite pigment and Fe,O3 pigment are
shown in Figure 6.3. As shown in Figure 6.3, the characteristic bands due to PPy were observed
in Fe;03/PPy core and shell composite pigment. C-C and C=C ring stretching vibrations were
observed at 1561 cm™ and C-N and C=C stretching modes in PPy were observed at 1481 cm™.
At 910 cm™ C-H deformation was observed in Fe,O3/PPy core and shell composite pigment [21].
C-H out of plane mode vibration was observed at 1040 cm™ in Fe,O3/PPy core and shell
composite pigment [22]. Breathing vibrations of PPy were confirmed at 1190 cm™ in Fe,O4/PPy
core and shell composite pigment [23]. Peak at 1321 cm™ was observed in Fe,O3/PPy core and
shell composite pigment due to C-N stretching vibrations [24].

Band in the regions 500 and 700 cm™ are attributed to vibrations due to Fe-O and Fe,Os,
Bands due to Fe,O3 pigment were also observed in the Fe,O3/PPy core and shell composite
pigment signifying their combined nature [25-26]. The prominence of the bands due to Fe;O5
pigment was decreased in Fe,O3/PPy core and shell composite pigment suggesting the interaction
between Fe,O3 and PPy.

6.4.3. Transmission electron microscopy (TEM)

In order to characterize core and shell morphology of Fe,O3/PPy particles in more details,
TEM studies were performed. As shown in Figure 6.4, a layer of PPy was observed on the
surface of Fe,O3 pigment particles. The thickness on the PPy layer was found to be
approximately 20-40 nm. The interior core portion was iron oxide as observed in Figure 6.4. This

confirmed the core and shell morphology of Fe,O3/PPy composite pigment particles.
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Figure 6.3: FTIR spectra of Fe,O3 pigment (Bottom) and Fe,O3/PPy core and shell composite
pigment (Top).

Figure 6.4: Core and shell morphology of Fe,O3/PPy core and shell composite pigment obtained
by TEM.

6.4.4. Conductive atomic force microscopy (CAFM) and four point probe conductivity
CAFM experiments were performed for the conductivity studies. Height, deflection and
current image of Fe,O3 pigment particles and Fe,O3/PPy core and shell composite pigments
obtained by CAFM are shown in Figure 6.5, and 6.6 respectively. As shown in Figure 6.5,
current was not observed on the current image in CAFM for Fe,O3 pigment particles whereas

current was observed in current image obtained in CAFM for Fe,O3/PPy core and shell
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composite pigment as shown in Figure 6.6. This conductive nature of Fe,Os/PPy core and shell
composite pigment particles was attributed to the conductivity possessed by inherently
conducting polymer (PPy) present on the Fe,O3 pigment particle surfaces. The conductivity
value obtained by four point measurement for Fe,O3/PPy core and shell composite pigment was
0.034 S/m. The observed conductivity was a result of composite nature of Fe,O3/PPy core and
shell composite pigment particles. The resultant conductivity is also dependant on the uniform

distribution of inorganic pigment and reduced aggregation in the matrix [9, 27].

2.00 um 0 2.00 pm 2.00 pm
Data type Height Data type Deflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 W Z range 20000 pa

Figure 6.5: Height, deflection and current image of Fe,O3 particles obtained by CAFM.

2,00 pm 2.00 pm 0 2.00 pm

Data twpe Height Data twpe Deflection Data twpe C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 6.6: Height, deflection and current image of Fe,O3/PPy particles obtained by CAFM.
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6.4.5. Density tests

In order to determine the adherent nature of PPy on Fe,O3 pigment particles, density tests
were performed. Perchloroethylene was used as the medium for suspending Fe,O3; pigment
particles and Fe,O3/PPy core and shell composite pigment particles. Perchloroethylene has
density of 1.623 g/cm®and Fe,O3 has density of 5.24 g/cm® and PPy has density of 1.05 g/cm®.
Whatever is free PPy present in the Fe,O3/PPy core and shell composite pigment will float on
perchloroethylene. As observed in Figure 6.7(b), no free PPy was floating in perchloroethylene

suggesting intimate contact and core and shell morphology of Fe,O3/PPy composite.

Figure 6.7: (a) Fe,O3in perchloroethylene, (b) Fe,O3/PPy in perchloroethylene.

6.5.  Corrosion performance of Fe,O3; pigment and Fe,O3/PPy composite coatings
6.5.1. Electrochemical impedance spectroscopy (EIS)

A three electrode cell consisting of substrate with coating as working electrode, saturated
calomel as reference electrode and platinum mesh as a counter electrode was employed for
performing EIS. As observed in Figure 6.8 and 6.9, low frequency (0.01Hz) impedance was very

high initially for both Fe,O3 and Fe,O3/PPy coatings. As the duration of the salt spray exposure
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increased, drop in low frequency impedance was observed for both Fe,O3 and Fe,O3/PPy
coatings. The drop in impedance in this case represents decrease in protection offered by coating
to the corrosion [28]. It represents the electrolyte ingress through the developed pores in the
coating [29]. Appearance of second time constant in Fe,Os3 coating is indicating the start of the
corrosion reaction at coating and cold rolled steel interface [30].

The EIS data was modeled by using ZView 2 software from Scribner Associates Inc. EIS
data was fitted to Randles circuit model equivalent circuit. Randles circuit model consists of
solution resistance and constant phase element which is in parallel with coatings resistance (R¢).
R, for both Fe,O3; and Fe,O3/PPy coatings was plotted against the duration of the exposure in salt
spray (Figure 6.10). Initially R; was higher for Fe,O3/PPy coating as compared with both Fe,03
coating. Even though the value of R decreased with duration of exposure to salt spray increased
for Fe,O3/PPy coating it was still higher than that of Fe,O coating for the same duration of

exposure. This suggested better corrosion performance offered by Fe,O3/PPy coating.
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Figure. 6.8: Bode plot of 10 % PVC of Fe,O3 coating.
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Figure 6.10. Change in coating resistance (Rc) with time of exposure.

6.5.2. Open circuit potential (OCP) measurements
Simultaneously with EIS experiments, OCP values were also collected. As shown in

Figure 6.11, OCP of the Fe,O3 coating was more towards the OCP of the cold rolled steel. For
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Fe,O3/PPy coating, OCP was more positive initially whereas it decreased over time as the
duration to the salt spray exposure increased. Similar behavior was observed earlier in case of
PPy doped with sulfate anions. The more positive values of the OCP were attributed to the doped
nature of the PPy [31]. PPy tends to be reduced and also serve as an oxidant to passivate
underlying iron substrate thereby further increasing corrosion protection [32]. The increased
corrosion protection offered in case of Fe,O3/PPy coating can also be attributed to the increased
surface area of PPy for redox reactions and interaction with metal substrate and corrosive ions
[33]. The reduced PPy can also scavenge oxygen and get oxidized thereby decreasing rate of

cathodic reaction and corrosion rate [34].
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Figure 6.11: Open circuit potential (OCP) with time of exposure.

6.6. Conclusions

Core and shell Fe,O3/PPy particles were successfully prepared by simple chemical
oxidative polymerization method. TEM results showed the layer of PPy in nanometer size (20-40
nm) on the surface of Fe,O3 pigment particles confirming the core and shell morphology. FTIR
showed the presence of PPy in Fe,O3/PPy core and shell composite particles. These core and
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shell Fe,O3/PPy composite particles exhibited conductivity as evidenced in current image of
CAFM and four point conductivity measurements. Density tests revealed better adherence
between PPy and Fe,O3 particles in Fe,O3/PPy core and shell composite particles suggesting
minimal free PPy. After exposure to salt spray test conditions, a lower drop in coating resistance
in case of Fe,O3/PPy coating as compared to Fe,O3 coating suggested better corrosion protection
offered by Fe,O3/PPy coating. Increased surface area for the interaction of ions with PPy and
passivating ability of PPy was responsible for the improved corrosion protection offered by Core
and shell Fe,O3/PPy particles based coatings.
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CHAPTER 7. SYNTHESIS AND CHARACTERIZATION OF MICACEOUS IRON

OXIDE (MIOX)/ POLYPYRROLE (PPY) COMPOSITE PIGMENTS AND THEIR

APPLICATION FOR CORROSION PROTECTION OF COLD ROLLED STEEL

(Communicated to Corrosion journal)
7.1.  Abstract
Novel hybrid composite pigments consisting of Micaceous Iron Oxide (MIOX) and
Polypyrrole (PPy) were synthesized by employing chemical oxidative polymerization method
and water as a reaction medium. Three different particle shapes (5, 10, and 30um) of MIOX
namely MIOX5, MIOX10, and MOIX30 were used for the synthesis of MIOX/PPy composite
pigments. The synthesized hybrid composite pigment was characterized by Scanning Electron
Microscopy (SEM) for morphology, Energy Dispersive Spectroscopy (EDS) for elemental
analysis, four point probe conductivity, and Conductive-Atomic Force Microscopy (C-AFM) for
conductivity studies. Density tests were also performed for the adhesion between MIOX and
PPy. MIOX30/PPy composite pigment based formulated coatings at 15, 25, and 35 % pigment
volume concentration (PVC) on cold rolled steel were exposed to salt spray test conditions
according to ASTM B 117. Corrosion performance was analyzed by electrochemical impedance
spectroscopy (EIS) and Anodic polarization. Equivalent circuit modeling of the EIS data was
performed for the understanding of the corrosion processes on the coated substrate. Smaller drop
in impedance was observed for MIOX30/PPy composite pigment based coating at 100 days of
salt spray exposure than MIOX30 pigment coating for the same duration of exposure.
7.2.  Introduction
Coatings are considered as oldest method for the corrosion protection of the metal alloys

[1]. For the protection and decoration of the metal substrates, one-third of the total coatings
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produced are consumed [2]. Coatings can act as barrier for corrosive species. Coatings can block
ionic pathways at metal/coating interface between local anode and cathodes, and can also act as
carrier for corrosive inhibiting pigments which can act once corrosion is started [3]. However
corrosion protection by barrier coatings is compromised in presence of pinholes and defects [4].
Active coatings (zinc rich and magnesium rich primers) suffer as the metal pigment gets
transformed into the oxide form. Its effectiveness for the cathodic protection is compromised.
Chromate conversion coatings which are very effective against corrosion are being phased out
due to their environmental and health impacts [5]. For the corrosion protection in ecofriendly
manner and in more smart approach, new coating systems and advanced materials are being
studied [6-8]. Conducting polymers (CPs) such as polyaniline (PAni), polypyrrole (PPy), and
polythiophene (PTh) have attracted considerable attention in the world of advanced materials.
CPs posses conjugated m-electron system which renders them conductivity [9-10]. CPs can be
prepared in simple chemical and electrochemical polymerization methods [11]. CPs have been
employed in various applications such as batteries [12], sensors [13], electrochromic devices
[14], tissue engineering [15], solid-phase microextraction [16], supercapacitors [17],
electromagnetic interference (EMI) shielding [18], and anticorrosion coatings [19]. PPy is one
of the most promising members of the CP family exhibiting properties such as good
environmental stability, high conductivity, non-toxicity, and facile synthesis procedures which
can be used in anticorrosion applications [20].

PPy can be employed in the coatings in several ways including as a pigment, as an
additives in small quantities, as multilayer’s, as copolymers of different CPs, composites and
nanocomposites of the PPy and inorganic pigments. These various approaches have been sorted

for PPy application in the coatings in order to overcome inherent drawbacks of PPy such as
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insolubility, porosity, and poor adhesion [21-22]. PPy/TiO, composite was synthesized
electrochemically on mild steel substrate. Good adhesion and no blistering was observed on the
composite deposited mild steel samples exposed to salt spray conditions [23].
PPy/Montmorillonite (MMT) composite was solution casted in epoxy matrix on aluminum 5000
alloy substrate [22]. EIS studies demonstrated better corrosion protection for PPy/MMT
composite owing to the combination of properties from MMT (hydrophobicity) and PPy (redox
nature). MIOX is a lamellar form of Fe,O5 and is a very well know anticorrosion pigment [24].
MIOX has lamellar nature which reduces the migration of oxygen, water and corrosive ions to
the substrate. MIOX provides long term corrosion protection by lengthening the path of
corrosive species to the substrate by its platelet nature. MIOX often orients parallel to the
substrate giving maximum possible barrier protection with mechanical reinforcement of coating
and ultraviolet radiation blocking [25]. MIOX coatings fail at sharp edges as proper orientation is
not achieved at the edges. In this paper, MIOX is combined with PPy in unique manner by in-
situ synthesis of PPy on the surface of MIOX. MIOX will serve as a carrier particle for the PPy
as well as will provide barrier protection. MIOX/PPy composite pigment will also alleviate
problems associated with PPy incorporation in coating mentioned earlier. PPy will exhibit redox
behavior and will pave a way for smart corrosion inhibition.

In the current research, composites pigments of MIOX/PPy are synthesized by chemical
oxidative polymerization with three particle sizes of MIOX (5, 10, and 30um). These composite
pigments were characterized by SEM, EDS, CAFM, and four point probe conductivity. Coatings
were formulated for 30um particle size MIOX and PPy composite pigment at 15, 25, and 35 %
pigment volume concentration (PVC) on cold rolled steel substrate. Coatings exposed to salt

spray conditions were analyzed by EIS and anodic polarization experiments.
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7.3.  Experimental
7.3.1. Materials

MIOX SUBMICRO5, MIOX MICRO10, and MIOX MICRO30 of three different
particles sizes of 5, 10, and 30 um respectively were kindly supplied by Kish Company, Inc.
Ammonium Persulfate (APS) was purchased from BDH. Epoxy resin (EPON 828) and
polyamide hardener (EPIKURE 3175) were kindly supplied by Momentive Specialty Chemicals
Inc. Methyl isobutyl ketone (MIBK) was supplied by Aqua solutions. Cold rolled steel
(0.0327x6x3”) panels were purchased from Q-Panel Lab Products. Perchloroethylene was
procured from Alfa Aesar Co. Prior to the synthesis, pyrrole monomer was distilled. Rests of the
chemicals were used as received in the synthesis and coating formulations without purification.
7.3.2. Synthesis of MIOX/PPy composite pigments

Three different particle sizes (5, 10, and 30um) of MIOX were used for the synthesis of
MIOX/PPy composite pigments. For the synthesis, 18.2 MQ Millipore water (1000 ml) was used
in which MIOX (30 grams) was dispersed. After the dispersion of MIOX, to the reaction mixture
APS (22.8 grams) was added. After complete dissolution of APS, pyrrole monomer (13.9 ml)
was added to the reaction mixture. The reaction was continued for 24 hours followed by filtration
and washing with copious amount of water. It was dried overnight in oven at 60°C followed by
grinding with mortar and pestle. The composite pigment was sieved through sieve of opening
diameter 106pum. Final product was stored in plastic vials for characterization and application.
7.3.3. Composite and coatings characterization

For viewing the morphology of the MIOX/PPy composite pigments, A JEOL JSM-
6490LV SEM was utilized. MIOX pigments and MIOX/PPy composite pigments in ground

powder form were sprinkled onto carbon tape attached to aluminum mounts for the sample
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preparation for SEM. EDS connected with SEM which was utilized to obtain elemental
composition of MIOX pigments and MIOX/PPy composite pigments. C-AFM studies of
MIOX30 and MIOX30/PPy composite pigments were performed for the surface morphology and
surface current density analysis. This was accomplished by using Veeco Dimension 3100 atomic
force microscope in contact mode and with current sensing probe. Conductivity measurements
were performed with four point probe with instrument consisting of Signatone® probes, a
Keithley® 220 programmable current source, and Keithley®2000 multimeter. For EIS studies,
Gamry Instruments R600 Potentiostat/Galvanostat/ZRA with Gamry Framework Version
5.58/EIS 300 software was used. For these measurements, 5% sodium chloride was used as
electrolyte solution. A saturated calomel reference electrode, platinum mesh counter electrode,
and coated substrate as a working electrode were employed in the three cell assembly for EIS
measurements. The frequency range for the measurement was 0.01-100,000 Hz with 10
points/decade using RMS of AC signal amplitude of 10 mV. Anodic polarization scans were
performed with the same setup employed for EIS in Dilute Harrison’s solution (DHS, 0.35%
ammonium sulfate and 0.05% sodium chloride). A scribe of 1.5 cm in length and 0.1 cm in width
was made on the surface of coatings by using Gravograph IM4 engraving system (Gravograph,
USA) assisted with Gravostyle Quick software with 0.15 cm? as an area under analysis.
7.3.4. Coating preparation

Coatings were formulated at 15, 25, and 35 PVC of MIOX30/PPy composite pigment and
MIOX30 pigment respectively on cold rolled steel substrate. The substrate was sandblasted with
alumina grit and degreased with the hexane prior to the coating application. Stoichiometric ratio
of 1:1 for epoxy resin EPON 828 and polyamide hardener EPIKURE 3175 was used for the

formulation of the coatings and MIBK was used as a solvent to reach application viscosity for
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the coatings application. Coatings were applied with drawdown bar on cleaned cold rolled steel
substrate. Curing of the coatings was carried out for 2 hours at 80°C in oven. Coating samples
were left as such at room temperature for 8 days for the full development of the performance
properties. Thickness of the primer coat was 60+5 pum. Topcoat consisting of EPON 828 and
EPIKURE 3175 was applied under similar conditions as primer for the salt spray exposure and
furthermore EIS characterization. Thickness of the topcoat was also 60+5 pm. Designations for

coatings prepared for corrosion assessment are shown in Table 7.1.

Table 7.1
Designations for coatings prepared for corrosion assessment
PVC, % MIOX30 pigment MIOX30/PPy composite
pigment
15 15PVC, MIOX30 coating 15PVC, MIOX30/PPy coating
25 25PVC, MIOX30 coating 25PVC, MIOX30/PPy coating
35 35PVC, MIOX30 coating | 35PVC, MIOX30/PPy coating

7.4.  Results and discussions
7.4.1. Morphology of MIOX pigments and MI1OX/PPy composite pigments

The morphology of the synthesized MIOX5/PPy, MIOX10/PPy, and MIOX30/PPy
composite pigments and as received MIOX5, MIOX10, and MIOX30 pigments are shown in
Figure 7.1. As observed in Figure 7.1A, MIOX5 pigments particles were observed with the
particle size below 5 um. Some of the particles were observed to be in size less than 1 um. When
polymerization of pyrrole monomer performed on the MIOX5 particles, the formation of PPy
particles was observed to be on the surface of MIOX5 pigment particles as observed in Figure
1B. The size of PPy particles deposited on the MIOX5 pigment surface was observed to be 200-
500 nm (Figure 7.1B). An overall increase in the total size of the MIOX5/PPy composite

pigment was observed due to the formation of PPy on MIOX5 pigment surface.
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As observed in Figure 7.1C, in case of MIOX10 pigment, the size of MIOX10 pigment
particles was around 10 pm with some random distribution of smaller particles as well. After in-
situ polymerization of pyrrole on the surface of MIOX10 particles, deposition of the PPy was
observed on the surface of MIOX particles (Figure 7.1D). The size of the PPy particles deposited
on MIOX pigment surface was found to be 200-500 nm. In case of MIOX30 pigment where size
of MIOX pigment particles was around 30 um (Figure 7.1E and 7.2A), the depositions of PPy
lead to the formation of spherical particles deposited uniformly on the surface of MIOX 30
pigment (Figure 7.1E, and 7.2B). The size of deposited PPy was observed to be ca. 200-500 nm.

Aggregates of the PPy were deposited on nickel flakes in presence of surfactant sodium
dodecyl sulfate and oxidant sodium persulfate by admicellar polymerization [26]. However in
the current research herein deposition was obtained without the use of surfactant in the synthesis.
Strong vander Waal’s forces of attraction between m-conjugated polymer PPy and inorganic
oxide can result in self-assembly [27]. This can result in deposition of PPy structures on MIOX.
Hydrophobicity of PPy oligomers can also result in the deposition of PPy oligomers on MIOX
which can further lead to polymerization on the surface of MIOX pigment leading to formation
of PPy polymer particles. Increased surface area for deposition and possible adsorption of
monomer pyrrole on MIOX can also lead to formation of PPy and MIOX pigment surface.
Aggregation of cation radicals of PPy is also possible towards the electronegative oxygen atom
of inorganic oxide surface [28]. Hydroxides on inorganic flake or pigment surface can also form
H-bond with the nitrogen atom of PPy. So it is possible to deposit the PPy on the surface of
inorganic flake such as MIOX in absence of the surfactant as well. One of the composite
pigments MIOX30/PPy was selected for further characterization and the corrosion resistant

coatings formulations owing to its well defined and dense morphology on the surface of MIOX.
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Figure 7.1: SEM micrographs of (A) MIOX5, (B) MIOX5/PPy, (C) MIOX10, (D)
MIOX10/PPy, (E) MIOX30, and (F) MIOX30/PPy.
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Figure 7.2: SEM micrographs of (A) MIOX30, (B) MIOX30/PPy.
7.4.2. Elemental composition

The elemental composition of the as received MIOX5, MIOX10, and MIOX30 pigments,
and synthesized MIOX5/PPy, MIOX10/PPy, and MIOX30/PPy composite pigments was
obtained by employing EDS attached to the SEM. The results obtained by EDS are shown in
Figure 7.3A, 7.3B, and 7.3C, for MIOX5 and MIOX5/PPy, MIOX10 and MIOX10/PPy, and
MIOX30 and MIOX30/PPy respectively. The carbon found in all of the samples (MIOXS5,
MIOX10 and, MIOX30) without any PPy was due to the carbon tape used in the sample
preparation of SEM and EDS. Increased amount of carbon in all MIOX/PPy composite pigment
samples indicated the organic carbon resulting from the formation of PPy on the surface of
MIOX in composite pigments. The reduced amount of oxygen and iron in all of the MIOX/PPy
composite pigment samples indicated that the MIOX particles were covered with PPy. Similar
results were obtained supporting this claim by density tests as disused later. The presence of
nitrogen in MIOX5/PPy, MIOX10/PPy, and MIOX30/PPy composite samples indicated the
formation of PPy on the surface of the MIOX5, MIOX10, and MIOX30 pigments respectively.
The presence of sulfur in minute amounts in MIOX/PPy composite pigment samples indicated

also indicated doping of PPy from sulfur. The origin of the sulfur was oxidant APS used in the
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synthesis. Due to presence of sulfur, the synthesized composite pigments exhibited conductivity

as exhibited in CAFM and four point probe conductivity studies as discussed later.
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Figure 7.3: EDS of (A) MIOX5 and MIOX5/PPy, (B) MIOX10 and MIOX10/PPy, and (C)
MIOX30 and MIOX30/PPy.
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7.4.3. Conductivity

Height, deflection and current images were obtained for MIOX30 pigment and
MIOX30/PPy composite and shown in Figure 7.4 and 7.5 respectively. The DC bias of 200 mV
was applied for the CAFM experiments. As shown in Figure 7.4, no current was observed on the
current image in case of MIOX30 pigment suggesting non-conducting nature of MIOX30
pigment. However in case of MIOX30/PPy composite pigment, current density domains were
observed in current image (Figure 7.5). The conductivity is rendered due to the conductive nature
of oxidized PPy doped with sulfur in this synthesis. However, the composite nature of
MIOX30/PPy will change the conductivity of the prepared composite [29]. The conductivity

value was obtained from four point conductivity measurement and was found to be 0.12 S/m.

0 2.00 um 4] 2.00 um 4] 2,00 um
Data type Height Data type peflection Data twvpe C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 7.4: Height, deflection and current images for MIOX30 pigment.

4] 2.00 um 0 2.00 um 4] 2.00 um
Data type Height Data type Deflection Data type C-AFM Current
Z range 2000 nm Z range 0.5000 v Z range 20000 pa

Figure 7.5: Height, deflection and current images for MIOX30/PPy composite pigment.

182



7.4.4. Density test

Density tests were performed for M1OX30 pigment and MIOX30/PPy composite
pigment. Density tests were conducted for determining the adherence of PPy to the MIOX
pigment surface and to provide a qualitative estimation of free PPy present in the MIOX30/PPy
composite pigment. In the density tests, perchloroethylene with density of 1.623 g/lcm® was
added to M1OX30 pigment and MIOX30/PPy composite pigment respectively. The as received
MIOX30 pigment has greater density (4.8 g/cm®) than perchloroethylene, so it will settle to the
bottom and PPy with density 1.05 g/cm® will float. The density test results are shown for
MIOX30 pigment and MIOX30/PPy composite pigment in Figure 7.6. As shown in Figure 7.6,
MIOX30/PPy composite pigment was well settled in the bottom in perchloroethylene. This
suggested that, PPy was well adhered to the M10OX30 pigment surface. As observed in Figure

7.6, no free PPy was observed floating in the perchloroethylene.

MIOX30/
MIOX30 PPy '

Figure 7.6: MIOX30 pigment and MIOX30/PPy pigment in perchloroethylene.
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7.4.5. Electrochemical impedance spectroscopy (EIS)

Coatings were exposed to salt spray test conditions (ASTM B 117) and EIS was
intermittently performed for the corrosion assessment. Bode plots of 15PVC, MIOX30 coating
and 15PVC, MIOX30/PPy coating are shown in Figure 7.7. As observed in Figure 7.7, an initial
low frequency (0.01Hz) impedance was ca. 10™ Q for 15PVC, MIOX30 coating and 15PVC,
MIOX30/PPy coating and coatings exhibited capacitive behavior. As exposure duration to salt
spray conditions increased, the drop in low frequency (0.01Hz) impedance was observed for
15PVC, MI0X30 coating and coating showed resistive behavior. At 100 days of exposure, 10’ Q
was the low frequency impedance observed for 15PVC, MIOX30 coating. Drop in low
frequency impedance for 15PVC, MIOX30/PPy coating was not as low as for 15PVC, MIOX30
coating. At 100" day of exposure, for 15PVVC, MIOX30/PPy coating, 10° Q was value of low
frequency impedance. This suggested the better resistance offered by 15PVC, MIOX30/PPy

coating to the corrosive ions as well as to the corrosion.
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Figure 7.7: 15PVC, MI0OX30 coating Bode plot (left), 15PVC, MIOX30/PPy coating Bode plot
(right).

Bode plots of 25PVC, MIOX30 coating and 25PVC, MIOX30/PPy coating are shown in
Figure 7.8. 25PVC, MIOX30 coating and 25PVC, MIOX30/PPy coatings showed very high
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(10" Q) low frequency impedance. This impedance then gradually decreased as exposure
duration to the salt spray increased in case of 25PVC, MIOX30 coating. At 100 days of exposure
to the salt spray the low frequency impedance dropped to ca. 10” Q. The drop in impedance
observed in case of 25PVC, MIOX30/PPy coatings was much lesser than that of in case of
25PVC, MIOX30 coatings. For 25PVC, MIOX30/PPy coatings, impedance at 100 days of the

salt spray exposure was ca. 10° Q.
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Figure 7.8: 25PVC, MI0X30 coating Bode plot (left), 25PVC, MIOX30/PPy coating Bode plot
(right).

For 35PVC, MIOX30 coating and 35PVC, MIOX30/PPy coating, Bode plots are shown
in Figure 7.9. As observed in Bode plot of 35PVC, MIOX30 coating and 35PVVC, MIOX30/PPy
coating, the very high (ca. 10' Q) low frequency (0.01Hz) exhibited by these coatings and the
behavior of the coatings was capacitive. Exposure to the salt spray test conditions lead to
decrease in the low frequency impedance in case of 35PVVC, MIOX30 coating to less than 10" Q
and to 10° Q in case of 35PVC, MIOX30/PPy coating and the coatings exhibited resistive
behavior. The drop in impedance in case of 35PVC, MIOX30/PPy coating was much smaller

than that of 35PVC, MIOX30 coating. In all the three cases of composite pigment based
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coatings of MIOX/PPy, fewer drops in impedance was observed as compared to the just MIOX

pigment based coatings.
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Figure 7.9: 35PVC, MI0X30 coating Bode plot (left), 35PVC, MIOX30/PPy coating Bode plot
(right).

7.4.6. Equivalent circuit modeling and fitting of EIS data

Data obtained from EIS measurements was modeled and fitted to equivalent circuits
using ZView 2 software from Scribner Associates Inc. EIS data of all the coated samples was
modeled by employing Randles circuit model (Figure 7.10A) except for 35PVC, MI0X30

coating at 60 and 100 days of salt spray exposure (Figure 7.10B)

Rs CPEC

Es CPEC
— NN > > VaVe >
Rc Rc W
A B 5

Figure 7.10: (A) Randles circuit model, (B) diffusion controlled model.

In Randles circuit model, Rs is the uncompensated solution resistance, Rc is the coating
resistance, and pseudo capacitance is represented by constant phase element (CPEc). CPEc can

be described by Equation 7.1.
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Z(CPE) = 1/[(T)(jo)"] (7.1)

In Equation 1, Z(CPE) is the impedance of CPE, T is capacitance, j isan imaginary
component, o is the angular frequency (o = 2xf, f is the frequency) and P is the power (0 <n <
1), Value of n=1 represents pure capacitor and value of n=0 represents pure resistor. Any value
of n in between 0 and 1 represents mixed behavior. For 35PVC, MIOX30 coating at 60 and 100
days of salt spray exposure, Nyquist plot exhibited straight line at ca. 45 degree angle after first
semicircle. This represented diffusion controlled region and was modeled by employing Warburg

element (Figure 7.10 (B)). The impedance of the Warburg component is given by Equation 7.2.
Zw = lo(io) (7.2)

Where, Z,, is Warburg impedance, i is imaginary component, ¢ is Warburg capacitance,
and o is the angular frequency (o = 2xf, fis the frequency). Warburg element implies diffusion
controlled process in the corrosion reactions [30-31]. Higher Warburg impedance in case of
35PVC, MIOX30 coating at 60 days of salt spray exposure as compared to its exposure at 100
days was observed from the circuit modeling. This implied longer diffusion pathways at 60 days
of exposure and the diffusion pathway length decreased as exposure duration to the salt spray
conditions increased resulting in lesser protection against corrosion [32-33].

The results obtained from equivalent circuit modeling are shown in Table 7.2. The results
obtained closely match with the actual EIS data. One of the representative circuit model fitting
(for 35PVC, MIOX30 coating at 100 days exposure to salt spray test conditions) was shown in
Figure 7.11. As observed in Figure 7.11, actual obtained data is overlapping with the data of the

model signifying closeness of fit.
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Figure 7.11: 35PVC, MIOX30 coating at 100 days exposure to salt spray test conditions (On
left: Bode plot, on right: Nyquist plot, green curve is fitted data and red curve is actual data).

Coating resistance (Rc) values obtained by equivalent circuit modeling and fitting are
plotted for all coatings with respect to the duration of exposure to salt spray (Figure 7.12). As
observed in Figure 7.12, values of Rc were very high initially which steadily decreased as time to
salt spray exposure increased. The drop in Rc was more in case of MIOX pigment coating
system as compared to the MIOX/PPy composite pigment coating system. A minimal drop in Rc
was observed for 25 PVC, MIOX30/PPy composite coating systems suggesting its better
performance as compared to all other coating systems employed in this study [33].

An increased corrosion protection offered by M10OX30/PPy composite coating systems
can be attributed to the PPy presence in the composite in intimate contact with the MI0OX30
pigments. PPy, which contains conjugated double bonds and polar —-NH group, acts as anodic
inhibitor and tends to easily adsorbed onto the metal substrate due to the electron richness of the
backbone [33]. Oxidized form of PPy is conductive in nature and it can easily take part in
electrochemical reaction at the metal substrate thereby transferring electrons and stabilizing
passive layer. PPy can also capture electrons at metal surface thereby reducing corrosion rate
[34]. There is possibility of suppressing the active dissolution of steel in presence of PPy. This
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can also result in the barrier protection offered by PPy coatings [35]. There is also possibility of
limiting the flow of electrons to an oxidizing species from the metal in presence of conducting
polymer thereby reducing the corrosion rate [36]. PPy couples with the iron metal in contact in
presence of electrolyte which leads to auto-undoping with PPy reduction and overall increase in
the impedance of the coating [37]. This might be the possible reason for the higher impedance of
PPy based MI0OX30 composites than that of just MIOX30 based composites. Along with these
mechanisms there is mechanism of passivation at work which is described in anodic polarization
section.
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Figure 7.12: Changes in coating resistance (Rc) with exposure to salt spray test conditions.
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Table 7.

2

Equivalent circuit modeling results of EIS data

Exposure CPE1 Chi-Square
duration/Days Re/ Q Coating P1 WSs-R/ Q
Capacitance/F
15PVC, MIOX30 coating
0 7.19 x 10M1 2.47 x 10°-10 0.98 0.009
15 7.46 x 10M1 2.69 x 10"-10 0.98 0.002
30 3.51x 10°1 2.63 x 10"-10 0.98 0.011
60 4.68 x 10"09 2.85 x107-10 0.98 0.001
100 1.82 x 1007 3.79 x 107-10 0.96 0.021
25PVC, MIOX30 coating
0 7.85x 10°1 3.14 x 10710 0.98 0.009
15 6.06 x 1009 4.51 x 107-10 0.97 0.020
30 6.99 x 1009 4.13 x 10710 0.97 0.009
60 2.75 x 1009 4.30 x 107-10 0.96 0.016
100 1.51 x 1007 3.69 x 107-10 0.98 0.007
35PVC, MIOX30 coating
0 1.97 x 10712 2.93 x 10"-10 0.97 0.015
15 4.43 x 10110 3.45x 10710 0.97 0.018
30 1.08 x 10M1 3.91x 10710 0.97 0.007
60 4.43 x 10707 3.54 x 107-10 0.97 8.87 x 1007 0.007
100 6.44 x 10"06 3.36 x 107-10 0.97 6.91 x 1006 0.001
15PVC, MIOX30/PPy coating
0 2.60 x 10"M11 4.82 x 107-10 0.98 0.002
15 1.26 x 10°1 6.23 x 10-10 0.97 0.008
30 8.54 x 10"10 6.49 x 10"-10 0.97 0.003
60 6.03 x 10709 6.94 x 107-10 0.96 0.017
100 1.57 x 1009 6.96 x 10"-10 0.96 0.018
25PVC, MIOX30/PPy coating
0 5.48 x 10"11 3.98 x 107-10 0.98 0.015
15 221 x10M1 5.38 x 107-10 0.97 0.014
30 1.44 x 10M1 4.68 x 107-10 0.98 0.002
60 5.79 x 10"10 5.79 x 107-10 0.95 0.010
100 1.27 x 10°0 6.07 x 10°-10 0.95 0.008
35PVC, MIOX30/PPy coating
0 2.48 x 10M1 3.30 x 107-10 0.99 0.003
15 5.96 x 10710 4.27 x 107-10 0.98 0.004
30 8.69 x 10"10 3.71x 10710 0.98 0.040
60 9.52 x 10”09 5.01 x 107-10 0.97 0.027
100 2.43 x 1009 4.57 x 10"-10 0.97 0.051
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7.4.7. Anodic polarization

Anodic polarization experiments were conducted for the coatings with scribe at scan rate
of 5 mV/s. The results of anodic polarization are shown in Figure 7.13, 7.14, and 7.15
respectively. In case of 15 PVC, MIOX/PPy coatings and 25 PVVC, MIOX/PPy coatings, 50-100
mV positive shift in the potential were observed with the reduction in corrosion current density
(Figure 7.13 and 7.14).

The shift in potential towards positive direction is from the passivation in the scribe.
Stored charge in the PPy which is already in oxidized form leads to the passivation in the defect
[38]. PPy reduction gives rise to possibility of PPy re-oxidation by oxygen leading to decreased
corrosion rate [39].The reason for the passivation is the strong oxidative power of conductive
PPy which leads to the oxidation of metal and formation of the passive layer [19, 35]. In the case
of steel substrate, stable passivating films of ferric oxide and ferrous oxide are formed at CP and
metal interface [23]. The integrity of this layer which also comes from the addition of PPy is also
responsible for the higher impedance values observed in EIS experiments.

In the case of 35PVC, MIOX/PPy coatings (Figure 7.15), a shift in potential in positive
direction was observed. However, an increase in the corrosion current density was also observed.
This would imply reduced corrosion protection [40]. These results might be due to the increased
surface area of the 35PVC, MIOX/PPy coating. This increase might be from the approaching
coatings PVC to critical pigment volume concentration (CPVC). Increased PVC of MIOX30/PPy
also leads to more amount of PPy in the coating as compared to MIOX30 containing coating
which also leads to the increase in the surface area due to the open porosity of the PPy. The area
employed in these experiments is only the area of the scribe but the effective area might be

larger. Similar behavior was observed in the 5% sodium chloride solution.
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Figure 7.13: Anodic polarization scans for 15PVC coating.
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Figure 7.14: Anodic polarization scans for 25PVC coating.
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Figure 7.15: Anodic polarization scans for 35PVC coating.
7.5.  Conclusions

Uniform growth of PPy particles was observed on the MIOX surface as evidenced in
SEM micrographs. The presence of nitrogen and lesser amount of iron in EDS results indicated
the formation of PPy on the surface of MIOX. The conductive regions found in C-AFM studies
confirmed the conducting nature of synthesized MIOX30/PPy hybrid composite particles.
During the last step of preparation of MIOX/PPy hybrid, it was ground using mortar and pestle.
Despite of the mechanical force, PPy particles were found to be well adherent as observed in
density tests. EIS studies showed higher coating resistance values for MIOX30/PPy composite
coatings and anodic polarization studies confirmed that the passivation was achieved due to the
presence of PPy in the MIOX30/PPy composites. Better corrosion protection in case of

MI0OX30/PPy composite coatings was attributed to the conductive and redox nature of the PPy.
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CHAPTER 8. SUMMARY

Corrosion is a perennial problem faced by human civilization. Worldwide annual
corrosion cost is at 2.2 trillion USD which is approximately 3% of worlds total GDP. As
corrosion is thermodynamically favorable process it is difficult to completely stop it but it is
possible to mitigate by applying various methods such as coatings, inhibitors, cathodic
protection, judicial material selection, and proper design. Commonly used barrier type coatings
prove ineffective once defect is formed on coated substrate. Chromates which are well known
and highly effective anticorrosion agents are mutagenic and carcinogenic in nature. Metal rich
primers need high pigment volume concentration (PVC) for the corrosion protection. Taking into
consideration limitations of existing coating systems along with changing environment, rapidly
growing heavy industrialization, increasing pollutants, there is need to find environmentally
benign solutions with superior properties.

In the reported work, conducting polymer containing composites (CPPC) were
synthesized in ecofriendly manner and coatings based on CPCC were formulated for aluminum
2024-T3 and cold rolled steel substrates and furthermore assessment of corrosion protection
provided by these coatings by various electrochemical characterization methods was carried out.
CPCC combines unique properties of conducting polymers (polypyrrole (PPy) and polyaniline
(PAnNI)) such as conductivity, good environmental stability, ecofriendly nature, and facile
synthesis procedures with inorganic pigments leading improved corrosion protection ability.

Two different morphologies of polypyrrole (PPy) aluminum flake composites, namely
spherical PPy/Al flake composites and wire PPy/Al flake composites, were synthesized by
chemical oxidative polymerization and the coatings based on them were applied to aerospace

alloy aluminum 2024-T3. The wire PPy/Al flake composite coatings exhibited 3000 hours of salt
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spray performance. The enhancement in anticorrosion performance was attributed to the unique
morphology and electrochemical activity of the PPy on the surface of aluminum flakes as
evidenced by electrochemical impedance spectroscopy (EIS) and galvanic coupling experiments.
It was also revealed by scanning vibrating electrode technique (SVET) that the wire PPy/Al flake
composite coating was sacrificially protecting the aluminum 2024-T3 substrate in larger defects.

Corrosion inhibiting dopants were incorporated on the backbone of PPy. Once the PPy
was reduced, these corrosion inhibiting dopants could combine with underline metal to form an
insoluble layer improving the corrosion resistance. Smart corrosion resistive coating systems
based on the CPCC which included successful incorporation of corrosion inhibition dopants such
as phosphate, nitrate, vanadate, molybdate, and tungstate on the backbone of PPy were applied to
aluminum 2024-T3 substrate. In a defect these coatings exhibited better corrosion performance
as evidenced by global and local electrochemical techniques. These doped CPCCs not only
provided sacrificial protection to the underlying aluminum 2024-Ts substrate as observed in
galvanic coupling experiments but also provided passivation in defect as suggested by
potentiodynamic scans.

In vary facile manner, core and shell particles of TiO,/PPy, iron oxide/PPy were also
synthesized and coatings based on these composites were applied on cold rolled steel.
Improvement in the corrosion protection was observed due to the presence of PPy in the
composite coatings. Composite pigments of micaceous iron oxide (MIOX)/PPy were synthesized
and were incorporated in the coating for the corrosion protection of cold rolled steel.
Improvement in the corrosion protection performance was observed for MIOX/PPy composite

based coatings for 100 day of Salt spray exposure.
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In summary, in the reported research, new coating systems for the corrosion protection of
aluminum and steel alloys were developed in ecofriendly manner with improved performance.
These new coating systems were characterized with global and local electrochemical techniques

which are nondestructive tests and have a potential of becoming industry standards.
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CHAPTER 9. FUTURE STUDIES

The principle of synthesizing CPs in-situ on the inorganic flake surfaces can be extended
to the other lamellar flakes such as talc and mica. Even though modification of inorganic surface
IS not necessary for the formation of PPy on lamellar pigments such as micaceous iron oxide
(MIOX), surface treatments of these flakes will lead to the formation of different morphologies
of PPy and changes in the corrosion protection performance. The MIOX/PPy composite pigment
studies were performed at 30 um particle size of MIOX pigment particles. In the future, it is
possible to study corrosion performance at lower particle sizes of MIOX (5 and 10 um) for
MIOX/PPy composites. A mixture of different particle sizes of PPy can also lead to diverse
corrosion performance of MIOX/PPy composite pigments.

Core and shell morphologies of inorganic pigments (titanium dioxide and iron oxide) and
PPy can be characterized in more details for the corrosion protection of cold rolled steel for the
optimization of quantities of PPy and inorganic pigments. Core and shell morphologies of metal
particles such as iron and zinc with PPy can be obtained with proper control of reaction
conditions. If the dissolution of the active metal can be controlled before the polymerization of
monomer of CP then there is possibility of obtaining core and shell particles of active metals and
PPy. This type of pigment can provide sacrificial protection to the underlying metal substrate.
Flakes form of these active metals can also be obtained for the synthesis of CPCC in the similar
manner as discussed for aluminum flakes in this dissertation.

In this study inorganic dopants were incorporated on the backbone of CPs in the
formations of CPCCs. There is possibility of incorporation of organic dopants such as sodium p-

toluene sulfonate, sodium dodecyl benzene sulfonate, and sodium 2-naphthalenesulfonate on the
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backbone of PPy in CPCC. These bulky dopants will pose significant hindrance to the rapid
ingress of chloride ions and will eventually provide long term corrosion protection.
Electroactive dopants such as sodium anthraquinone-2-sulfonate, 4
hydroxybenzenesulfonic acid sodium salt hydrate, 1 2-dihydroxybenzene-3 5-disulfonic acid
disodium salt monohydrate, hydroquinonesulfonic acid potassium salt, and 4,5-
Dihydroxynaphthalene-2,7-disulfonic acid disodium salt can be incorporated on be backbone of
PPy in CPCC synthesis. Interactions of these electroactive dopants with metal substrate and with
oxygen in the electrolyte can be studies with localized electrochemical techniques such as
scanning electrochemical microscopy (SECM) and scanning vibrating electrode technique

(SVET).
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