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Abstract 

Organic coatings are widely used to lower the corrosion rate of metallic 
structures. However, penetration of water, oxygen and corrosive ions 
through pores present in the coating results in corrosion initiation and 
propagation once these species reach the metal substrate. Considering the 
need for systems that offer active protection with self-healing functionality, 
composite coatings containing polyaniline (PANI) conducting polymer are 
proposed in this study. In the first phase of my work, PANI was 
synthesized by various methods and characterized. The rapid mixing 
synthesis method was chosen for the rest of this study, providing PANI 
with high electrical conductivity, molecular structure of emeraldine salt, 
and morphology of spherical nanoparticles. PANIs doped with phosphoric 
and methane sulfonic acid revealed hydrophilic nature, and I showed that 
by incorporating a long-chain alkylphosphonic acid a hydrophobic PANI 
could be prepared. The second phase of my project was dedicated to 
making homogenous dispersions of PANI in a UV-curable resin based on 
polyester acrylate (PEA). Interfacial energy studies revealed the highest 
affinity of PEA to PANI doped with phosphoric acid (PANI-PA), and no 
attractive or long-range repulsive forces were measured between the PANI-
PA surfaces in PEA. This is ideal for making conductive composites as, 
along with no aggregation tendency, the PANI-PA particles might come 
close enough to form an electrically connected network. Highly stable 
PEA/PANI-PA dispersions were prepared by pretreatment of PANI-PA in 
acetone followed by mixing in PEA in small portions under pearl-milling. 
The third phase of my project dealt with kinetics of the free radical 
polymerization that was utilized to cure the PEA/PANI-PA mixture. UV-
vis absorption studies suggested a maximum allowed PANI-PA content of 
around 4 wt.% in order not to affect the UV curing behavior in the UV-C 
region. Real-time FTIR spectroscopy studies, using a laboratory UV 
source, revealed longer initial retardation of the photocuring and lower 
rates of crosslinking reactions for dispersions containing PANI-PA of 
higher than 3 wt.%. The presence of PANI-PA also made the formulations 



iv 

 

more sensitive to changes in UV light intensity and oxygen inhibition 
during UV curing. Nevertheless, curing of the dispersions with high PANI-
PA content, of up to 10 wt.%, was demonstrated to be possible at either low 
UV light intensities provided the oxygen replenishment into the system was 
prevented, or by increasing the UV light intensity to very high levels. In the 
last phase of my project, the PEA and PEA/PANI-PA coatings, cured under 
high intensity UV lamps, were characterized. SEM analysis showed small 
PANI-PA particles to be closely packed within the matrix, and the 
electrical conductivity of the composite films was measured to be in the 
range of semiconductors. This suggested the presence of a connected 
network of PANI-PA, as confirmed by investigations of mechanical and 
electrical variations at the nanoscale by PeakForce TUNA AFM. The data 
revealed the presence of a PEA-rich layer at the composite-air interface, 
and a much higher population of the conductive network within the 
polymer matrix. High current signal was correlated with a high elastic 
modulus, consistent with the level measured for PANI-PA, and current-
voltage studies on the conductive network showed non-Ohmic 
characteristics. Finally, the long-term protective property of the coatings 
was characterized by OCP and impedance measurements. Short-term 
barrier-type corrosion protection provided by the insulating PEA coating 
was turned into a long-term and active protection by addition of as little as 
1 wt.% PANI-PA. A large and stable ennoblement was induced by the 
coatings containing PANI-PA of up to 3 wt.%. Higher content of PANI-PA 
led to poorer protection, probably due to the hydrophilicity of PANI-PA 
facilitating water transport in the coating and the presence of potentially 
weaker spots in the film. An iron oxide layer was found to fully cover the 
metal surface beneath the coatings containing PANI-PA after final failure 
observed by electrochemical testing. 

 

Key words: Conducting polymer, Polyaniline, Conductive network, 
Nanocomposite, Active corrosion protection, Interfacial energy, UV curing 
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Sammanfattning 

Organiska beläggningar används ofta för att minska 
metallkonstruktioners korrosion. Vatten, syre och korrosiva joner kan 
emellertid penetrera genom porer som kan finnas i sådana beläggningar, 
vilket slutligen leder till korrosionsinitiering och propagering. Det finns ett 
behov av att utveckla system med aktivt skyddande och ‘själv-läkande’ 
funktioner, och i den här avhandlingen föreslås kompositbeläggningar som 
innehåller polyaniline (PANI) som en möjlig väg för att uppnå detta. I den 
första fasen av mitt arbete syntetiserades PANI med hjälp av olika metoder, 
och produkten karakteriserades sedan. Den syntesmetod som kallas ‘rapid 
mixing’ valdes för resten av avhandlingsarbetet eftersom den metoden 
resulterade i sfäriska PANI partiklar i form av emeraldine salt med hög 
elektrisk ledningsförmåga. PANI dopat med fosforsyra och 
metansulfonsyra ger en hydrofil produkt, medan jag visade att 
alkylfosfonsyra med lång alkylkedja som dopant ger en hydrofob PANI. 
Den andra fasen av mitt projekt inriktades på att göra homogena 
dispersioner av PANI i en UV-härdande matris baserad på polyester akrylat 
(PEA). Ytspänningsmätningar visade högst affiniteten för PEA till PANI 
dopat med fosforsyra (PANI-PA), och inga attraktiva eller långväga 
repulsiva krafter uppmättes mellan PANI-PA ytor i PEA. Detta är perfekt 
för att göra ledande kompositer eftersom ingen aggregering sker, men ändå 
kan PANI-PA partiklarna komma tillräckligt nära varandra för att bilda ett 
elektriskt ledande nätverk. Stabila PEA/PANI-PA dispersioner framställdes 
genom förbehandling av PANI-PA i aceton följt av inblandning i PEA i 
små portioner under kulmalning. Den tredje fasen i mitt projekt 
fokuserades på friradikalpolymerisationen som utnyttjades för att härda 
PEA/PANI-PA blandningen. UV-vis absorptionsstudier visade att maximalt 
4 vikt.% PANI-PA kunde användas utan att UV-härdningsprocessen 
påverkades i UV-C regionen. Real-tids FTIR spektroskopistudier, med 
hjälp av en laboratorieljuskälla, visade längre initial fördröjning av 
fotohärdningen och lägre tvärbindninghastighet för dispersioner 
innehållande PANI-PA med högre halt än 3 vikt.%. Formuleringar 
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innehållande PANI-PA var också mer känsliga för förändringar i UV-
ljusintensitet och syreinhibering under UV härdning. Härdning av 
dispersioner med högt PANI-PA innehåll, upp till 10 vikt.%, var dock 
möjligt antingen vid låga UV-ljusintensiteter under förutsättning att ny 
syrgas inte kunde nå systemet, eller genom att öka UV-ljusintensiteten till 
mycket höga nivåer. I den sista fasen av mitt doktorandprojekt 
karakteriserades PEA och PEA/PANI-PA beläggningar som härdats med 
högintensiva UV-lampor. SEM-analys påvisade små PANI-PA partiklar 
som var tätt packade inne i matrisen, och den elektriska ledningsförmågan 
hos dessa kompositfilmer var på samma nivå som typiska halvledare. Detta 
tyder på närvaron av ett nätverk av PANI-PA partiklar, vilket också kunde 
konstateras genom mekaniska och elektriska mätningar på nanonivå med 
PeakForce TUNA AFM. Dessa data visade också att det fanns ett PEA-rikt 
skikt på komposit-luft gränsytan, medan en mycket högre population av det 
ledande nätverket kunde konstateras inne i matrisen. Jag fann en korrelation 
mellan en lokalt hög strömsignal och en lokalt hög elasticitetsmodul, i 
nivån med den som uppmätts för ren PANI-PA. Den uppmätta relationen 
mellan strömstyrka och spänning visade att det ledande nätverket hade 
icke-Ohmska egenskaper. Den långvariga korrosionshämmande förmågan 
hos beläggningarna studerades med OCP och impedansmätningar. PEA 
utan ledande polymer gav ett kortvarigt korrosionsskydd av barriär-typ. 
Detta kunde omvandlas till ett långvarigt och aktivt skydd genom att 
tillsätta så lite som 1 vikt.% PANI-PA. Detta ledde till en stor och stabil 
‘förädling’ när beläggningar innehållande PANI-PA på upp till 3 vikt.% 
användes. Högre halt av PANI-PA ledde till sämre skydd, förmodligen på 
grund av PANI-PAs hydrofila karaktär som underlättar vattentransport i 
beläggningen, och förekomsten av potentiellt svagare områden i filmen. 
Efter att den korrosionsskyddande förmågan slutligen upphört täckte ett 
järnoxidskikt hela metallytan under de beläggningar som innehöll PANI-
PA.  
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Preface 

During my PhD project I enjoyed collaborations with many research 
and industrial groups, and a fundamental scientific work was performed 
with high focus on the demands from relevant industries. This project was 
performed under valuable supervision of Prof. Per Claesson, Prof. Jinshan 
Pan and Prof. Christofer Leygraf from KTH Surface and Corrosion 
Science division. I started my work in close collaboration with Per-Erik 
Sundell and Per-Erik Augustsson from SSAB EMEA (Borlänge, Sweden), 
who had a future plan of changing their coil coating line from heat curing 
to the more effective UV-curable systems, and a demand for active 
protective coatings with self-healing properties. The resin base of interest 
was a UV-curable laboratory formulation provided by Marc Heylen from 
Cytec Surface Specialties (Belgium), and I started some preliminary studies 
with synthesizing polyaniline in collaboration with Arindam Adhikari who 
worked at SP Technical Research Institute of Sweden (former YKI, 
Stockholm, Sweden) at the time. I made composite films of various 
thickness, and used the coating application and UV curing facilities at 
SSAB. Characterization of the composites, mainly in terms of 
electrochemical properties, was performed at KTH Surface and Corrosion 
Science division, which showed promising results for the action of 
polyaniline in active corrosion protection. With the financial support from 
the Swedish SSF program; Microstructure, Corrosion and Friction 
Control, I moved one step back and started more systematic studies on the 
fundamental aspects of the composite coatings. This included synthesizing 
polyaniline by various methods, testing the effects of different dopants, and 
characterizing components of the composites, both individually and as a 
part of the blend, from molecular to bulk properties. Most of these 
experiments were performed at KTH Surface and Corrosion Science 
division and SP. Also, useful collaborations with Ted Rönnevall from 
TEAMATOR AB (Helsingborg, Sweden), who gave me the chance to use 
their centrifugal sedimentation facilities, should be mentioned. The UV 
curing kinetics part of my work was designed and performed in a close 
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collaboration with Prof. Mats Johansson from KTH Coating Technology 
Division, using the facilities at KTH Department of Fiber and Polymer 
Technology. During my PhD work, I also got the chance to collaborate with 
Thomas Deltin and Ann-Sofie Olovsson from Akzo Nobel Industrial 
Finishes AB (Gamleby, Sweden), who showed interest in the topic and 
helped me with useful discussions, providing needed raw materials and lab 
facilities. I used the polishing equipment at Swerea Kimab AB (Stockholm, 
Sweden) to prepare the metal substrates, and then applied and UV-cured the 
composite coatings at Akzo Nobel Decorative Paints (Malmö, Sweden). The 
part of my PhD project with focus on corrosion protection was also 
financed by Jernkontoret, and the results were frequently presented and 
discussed in meetings at Jernkontoret where both partners from SSAB and 
Akzo Nobel were present. Majid Sababi, a former PhD student in KTH 
Surface and Corrosion Science division, has been a great collaborator who 
made the long hours of sample preparation and electrochemical testing 
more enjoyable. I should also mention many valuable discussions learning 
new techniques from:  

- The former or present members of KTH Surface and Corrosion Science 
division mainly; Esben Thormann regarding the colloidal probe technique 
and Peak-Force TUNA AFM, Magnus Bergtröm regarding DLS, Rubén 
Álvarez regarding high resolution SEM at Albanova, and Eric Tyrode 
regarding Raman spectroscopy 
- The members of SP in Stockholm mainly; Michael Sundin and Asaf Oko 
regarding contact angle measurement, Rodrigo Robinson regarding SEM, 
and Kenneh Möller from SP in Borås, Sweden regarding microtoming  
- The former or present members of KTH Coatings Division; Mauro 
Claudino regarding real-time FTIR, Stacy Trey regarding DSC, Marcus 
Willgert regarding DMA 
 

I have learned a lot during this period, not only scientifically but also about 
opening up new collaborations, by attending in international conferences 
and meetings, and on learning to make plans and stick to deadlines. The 
main conclusion of the whole work for me is that RESEARCH IS FUN! 
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Summary of this PhD work 

The aim of the work presented in this PhD thesis was to understand and 
optimize the factors affecting homogeneity and compatibility within 
polymeric composite films containing conducting polymers, with an end 
goal of providing a functional and green coating system which could 
actively protect metal substrates from corrosion. Polyaniline (PANI), a 
conducting polymer owing reversible redox property, was chosen as the 
active component according to the promising results obtained in a 
preliminary work (published in [1]). A UV-curable formulation based on 
polyester acrylate (PEA) was selected as the polymer matrix. This choice 
was stimulated by particular interest from industrial partners in this project, 
and also due to the environmental benign properties of the UV-curable 
system as it is free from volatile components. It is also beneficial from a 
cost perspective due to the low energy consumption and fast curing at room 
temperature. A multi-analytical approach was employed, starting from 
preparation and characterization of the pure components to evaluation of 
the protecting ability of the UV-cured composite films on polished carbon 
steel. Intermediate steps were concerned with design and characterization 
of PEA/PANI blends, in order to optimize the coatings performance.  

In order to have a good control of the properties of PANI, different 
synthesis methods and various dopants (phosphoric and methane sulfonic 
acid) were evaluated in Paper I. The aim was to provide small particles 
with no need for templates or surfactants. By characterizing the synthesized 
polymers in terms of electrical conductivity, chemical structure, particle 
size and morphology, PANI doped with phosphoric acid (PANI-PA) and 
synthesized by the rapid mixing method was concluded to be the best 
choice for this study. PANI-PA was synthesized as nanoparticles with less 
than 70 nm diameter, and found to be in the emeraldine salt state with 
conductivity in the range of good semiconductors (10-2 to 10-1 Scm-1). Due 
to the importance of dispersion homogeneity, detailed surface tension 
studies were performed and reported in Paper I, on both PANI and PEA 
materials. The results demonstrated high wettability of PEA on PANI-PA, 
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and no aggregation tendency for PANI-PA particles in PEA was suggested 
by the interfacial energies (calculated from contact angle data).   

Paper II aims to extend our knowledge of interactions between PANI 
particles in the PEA matrix. To quantify these interactions, direct 
measurement of the surface forces was performed employing the AFM 
colloidal probe technique. Here, a thin layer of PANI-PA was synthesized 
directly on spherical polystyrene particles and mounted on the AFM 
cantilever. Using pressed pellets of PANI as the planar substrate and by 
performing the force measurements in liquid PEA resin, direct investigation 
of the colloidal interactions was facilitated. No attractive and only short-
range repulsive forces between PANI-PA surfaces in PEA were 
demonstrated, in agreement with the conclusion from interfacial energy 
calculations. To better understand the nature of the interaction forces, a 
parallel study was performed on synthesized PANI doped with DecylPA, 
being hydrophobic in contrast to hydrophilic PANI-PA, where the observed 
attractive forces suggested less compatibility and higher tendency for 
aggregation in PEA. The short range nature of the repulsive forces between 
PANI-PA particles in PEA suggests that such particles can come close 
enough to provide interparticle electrical conduction within the PEA 
matrix.  

According to the understanding gained and reported in the first two 
papers, blends of PANI-PA in PEA were prepared by ultrasonically 
softening of PANI powders in acetone, followed by addition to PEA in 
small portions under high speed pearl-milling. The dispersion stability was 
determined to be high by a centrifugal sedimentation method, and the 
PANI-PA particle size in PEA was measured to be in the range of a few 
hundred nanometers (reported in Paper I). The next step was to apply and 
cure the blends on metal substrates. The part of the work reported in Paper 
III was designed in order to investigate any possible effect from PANI-PA 
on the UV curing kinetics and properties of the cured composite coatings. 
To do this, Real-Time FTIR spectroscopy was employed as the main 
technique. In the presence of PANI-PA, longer initial retardation of the 
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radical polymerization and lower rates of cross-linking reactions were 
observed. Moreover, the intensity of the UV light and the oxygen inhibition 
showed more pronounced effects on the UV curing process for the 
formulations containing PANI-PA, which is due to some UV absorption by 
this polymer. Such effects could counteract proper curing of the blends 
especially if PANI existed in the form of large aggregates.  Therefore it is 
important to have small PANI particles which are homogenously dispersed 
within the matrix. However, cured films of blends with PANI-PA content 
up to 10 wt.% could be made by removing oxygen access to the films 
during curing, or by exposing the samples to very high doses of UV light. 
Full conversion of the acrylate double bond was measured for the 
composite films cured under Fusion UV lamps of 1.5 Wcm-2 intensity. 
Further, mechanical and thermal analysis of these cured films suggested 
similar behavior for films with different PANI content, and no vitrification 
induced by PANI-PA.  

The next important issue concerning the UV-cured composite films 
was to determine if a connected network of conductive phase was present 
within the matrix. Such a network in electrical contact with the metal 
substrate is required to have the whole PANI content involved in active 
corrosion protection. In Paper IV, the composites bulk electrical 
conductivity was calculated (from the data obtained by impedance 
spectroscopy) to be in the range of semiconductors (in the order of 10-3 
Scm-1). Furthermore, local probing of the nanoscale variations in the 
surface topography, nanomechanical properties and electrical conductivity 
was simultaneously performed using PeakForce TUNA AFM. It was found 
that it is mostly PEA forming the top layer of the films, and the dispersed 
PANI particles are depleted from the coating-air interface due to the 
favorable interaction with the PEA matrix. By removing the top layer using 
a microtome, the PANI-PA phase was observed to exist in the form of a 
conductive network inside the coating. This network is connected to the 
metal substrate as evidenced by the high current signal detected between 
the AFM tip and the substrate. The current-voltage characteristics of the 
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conductive phase in the composite films revealed non-Ohmic behavior. 
This suggests hopping of charge carriers between the neighboring 
conductive PANI-PA particles to be the main charge induction mechanism. 
SEM images visualizing closely packed PANI-PA particles of several tens 
of nanometers in size within the bulk of the cured composite films 
(presented in Paper II) are in agreement with the suggested charge 
transport mechanism. 

In Paper V, the end goal of the studied composite films as active 
corrosion protective systems comes into focus. In order to ennoble the 
metal surface, PANI needs to keep its oxidizing power when exposed to 
UV irradiation during the curing process. A slight decrease in the electrical 
conductivity, and no change in the (emeraldine salt) oxidation state of 
PANI-PA were found as a result of exposure to the UV light. Long-term 
OCP measurements and EIS analysis of the PEA coating and PEA/PANI-
PA composites of various PANI content exposed to 3 wt.% NaCl 
electrolyte are also presented in Paper V. Significant improvement of the 
protective properties in the presence of a small amount of PANI-PA in the 
formulation was demonstrated. The OCP data revealed a large and stable 
ennoblement of the carbon steel substrate induced by PANI-PA. The barrier 
protection provided by PEA for a period of around 10 days of exposure was 
turned to an active protection by adding 1 wt.% PANI-PA into the film, and 
this protection lasted as long as around 70 days. Increasing the PANI-PA 
content up to 5 wt.% had a negative effect on the active protection, and 
resulted in poorer properties with a gradual drop in OCP and low frequency 
impedance observed after around two weeks of exposure. SEM/EDX was 
also employed in Paper V to characterize the metal surface beneath the 
coatings after failure observed by electrochemical testing. Here, a uniform 
oxide layer was observed on the surface beneath the PEA/3 wt.% PANI-PA 
composite coating, in contrast to the localized oxides formed under the 
PEA coating without PANI-PA due to early defects. The long-lasting oxide 
layer, together with the high OCP and impedance, highlights the role of 
PANI in stabilizing such a protective layer at the metal/coating interface. 
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Abbreviations 

AFM  Atomic force microscopy 

ATR-FTIR  Attenuated total reflectance-Fourier transform infrared 

CCD  Charge-coupled device 

DecylPA  n-Decylphosphonic acid 

DLS   Dynamic light scattering 

DMA  Dynamical mechanical analysis 

DMT  Derjaguin-Muller-Toporov 

DSC  Differential scanning calorimetry 

EIS   Electrochemical impedance spectroscopy 

HDDA  1,6-Hexanediol diacrylate 

ICPs  Intrinsically conducting polymers 

LED  Light emitting diode 

MeSA   Methane sulfonic acid 

NIR  Near infrared 

NMP   N-Methyl-2-pyrrolidone 

OCP   Open circuit potential 

PA   Phosphoric acid 

PANI   Polyaniline 

PEA   Polyester acrylate 

PS   Polystyrene 

REDOX  Reduction-Oxidation 

RT-FTIR   Real time-Fourier transform infrared 

SEM   Scanning electron microscopy 

UV  Ultraviolet 

XRD   X-ray diffraction 
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1 Introduction 
 

1.1 Intrinsically conducting polymers- Polyaniline 

Intrinsically conducting polymers (ICPs) consist of a conjugated structure 
with alternating single and double bonds, creating an extended π-bond 
network. The movement of electrons within the π-orbitals is the source of 
conductivity for this type of polymers, and a dopant is often required to 
increase the level of conductivity. ICPs provide a combination of good 
mechanical properties and processability of organic polymers with useful 
electronic and optical properties of semiconductors and metals. 
Polyacetylene, polypyrrole, polyaniline, polythiophene, poly(p-phenylene), 
poly(p-phenylenevinylene), and their derivatives, are among the most 
studied ICPs, offering a wide range of applications due to their interesting 
and tunable properties [2, 3].  

Polyaniline (PANI) is one of the oldest known synthetic organic ICPs, with 
its discovery reported back in 1862 [4]. During the last decades PANI has 
captured significant attention in different applications [5] due to its ease of 
synthesis and low cost monomer, high environmental and chemical 
stability, wide controllable range of electrical conductivity by simple 
doping/dedoping chemistry, and reversible redox property [6]. PANI exists 
in three oxidation states; colorless leucoemeraldine base or the fully 
reduced form, blue emeraldine base or the intermediate form, and violet 
pernigraniline base or the fully oxidized form (schematically shown in 
Figure 1-1a). All these three forms of PANI are poor conductors, but the 
conductivity of the emeraldine base can be modified by a suitable dopant 
and proper level of doping [5, 7]. Other features of PANI such as optical 
properties [8] or hydrophilicity [9] may also be tuned by varying the dopant 
used. One easy way of doping polyaniline is to use protonic acids, such as 
chlorides, sulfonic and phosphoric acids [10-12]. The protonation first takes 
place at imine groups and results in a spinless charged bipolaronic structure 
(Figure 1-1b), which rearranges to relatively stable radical cations (Figure 
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1-1c) followed by polaron separation (Figure 1-1d) in a polaronic structure 
with delocalized p-charge carriers and conjugated π-bonds [13]. The doped 
PANI can be dedoped using a base to yield the emeraldine base form.  

 

Figure 1-1. Schematic structure of (a) three oxidation states of the base form of 
PANI, and doping and dedoping of the emeraldine base to form emeraldine salt 
with (b) bipolarons, and (c) polarons which separate resulting in (d) a polaron 

lattice [14]. 
 

The most common way to synthesize PANI is chemical oxidative 
polymerization of aniline with ammonium peroxydisulfate as oxidant in an 
acidic aqueous solution. The PANI particle size might be controlled by 
different factors like reactant concentrations, reaction time, temperature, 
and synthesis method [15]. Conventionally, the oxidant has been added 
dropwise to the aqueous solution of monomer and dopant to have a better 
control on the exothermic reactions [16]. However, it is found that the 
polymer nanostructures produced in early stages form agglomerates due to 
secondary growth of irregularly shaped particles during polymerization 
[17]. In order to produce submicro- and nano-sized PANI fibers and 
particles steric stabilizers [18, 19], surfactants [20], various templates [21-
25] or self-assembly [15, 26] have been used. Huang et al. [27] have 
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suggested simple methods to produce small-diameter PANI, with no need 
for any external template or surfactant. In one of these methods, interfacial 
polymerization, the monomer and oxidant are kept in two immiscible 
phases during polymerization in order to minimize contacts of reaction sites 
and, thus, counteract aggregate formation. Here, PANI is formed at the 
organic/aqueous biphasic interface. A drawback with this method is that 
only small amount of polymer is produced. The other method is based on 
rapid mixing, where the oxidant is added to the aqueous solution of 
monomer and dopant all at once. Here, small PANI particles are achieved 
presumable by suppressing the overgrowth due to the rapid consumption of 
reactants during the primary growth and reduction in reaction time during 
polymerization. 

 

1.2 Conductive polymer composites with dispersed polyaniline 

Blends of PANI in a polymer matrix are favorable for many applications, as 
the desired properties of the system regarding the expected functionality 
may be achieved by varying the host polymer [28]. In the doped state, 
PANI has a very high Hildebrand solubility parameter [2], due to the 
stronger contribution of polar and hydrogen bonding interactions compared 
to undoped PANI [29], which may result in self-associating and poor 
solubility in most of the available solvents and some processing difficulties. 
To overcome this, different methods such as melt mixing, mill mixing, 
solution/dispersion mixing, in-situ polymerization, electrochemical 
polymerization, and thermal reflux have been suggested to prepare 
conductive composites of doped PANI [5, 28].  

Homogeneous dispersions are needed for making uniform and high quality 
composite films. One factor affecting the homogeneity of blends containing 
PANI is PANIs morphology and size. It has been shown that nanostructures 
of PANI are preferred for achieving good dispersibility and processability 
[17], improved interactions with the environment [27], and a low 
percolation threshold [18, 30, 31] that is favorable for making transparent 
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conductive blends and for retaining the mechanical properties of the host 
insulating polymer. Another factor to consider is the compatibility of PANI 
with the polymer matrix and other components existing in the system, 
which is particularly important when the interfacial area is large due to the 
small particle size of PANI [32]. Here, characteristics of the interactions 
between the dispersed PANI particles in polymeric media and also between 
PANI and other components are the deciding factors [2]. No attraction 
between the colloidal PANI particles, and a polymer matrix with good 
affinity to PANI, is preferable to provide well dispersed composites where 
formation of large PANI aggregates is counteracted. In order to provide 
conductive composites with a continuous network of PANI, strong long-
range repulsion between the conductive constituents is also unfavorable, as 
the dispersed particles should get close enough to facilitate the charge 
carriers’ conduction above the percolation threshold [31, 33, 34]. Hence, 
one should strive for a balance between attractive and repulsive interactions 
when designing functional composites containing conductive additives.    

 

1.3 UV-curable coatings 

UV-curable systems are superior to the conventional solvent-based or heat-
curing coatings due to environmental considerations, as there is no volatile 
component in the system, and also because of their low energy 
consumption and high-speed curing at room temperature. The liquid resin is 
transformed to a solid polymer with good thermal and mechanical 
properties within a very short time through free radical or cationic 
polymerization of reactive functional groups, leading to formation of a 
crosslinked polymeric network. There are several factors affecting the 
kinetics of a photopolymerization process [35], such as the photoinitiator 
type and concentration (which determines the depth of radiation penetration 
and thus the curing depth), the chemical structure of the functionalized 
oligomer and monomer [36, 37] (which mostly influences the ultimate 
degree of conversion and the residual unsaturation content in the cured 
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polymer), the light intensity level [38] (which decides the amount of free 
radicals formed by the photolysis of the initiator), the reactivity and 
concentration of functional groups as well as viscosity of the resin [35] 
(which mostly affects the rate of polymerization). The film thickness and 
possibility of the presence/absence of atmospheric oxygen in the film has 
also pronounced effects on the rate of polymerization [39, 40]. In the 
presence of oxygen, the free radicals are first rapidly scavenged by the 
oxygen molecules, especially at the surface layers, causing chain 
termination as the formed peroxyl radicals are not reactive towards the 
unsaturated compounds in the formulation [40]. The oxygen inhibition acts 
effectively until the oxygen concentration becomes low enough to allow the 
monomers to predominantly react with the initiating radicals [41]. This 
effect is more pronounced in thin films as the consumed oxygen is faster 
replaced by atmospheric oxygen diffusing through the surface layer. 
Furthermore, the possible effects of additives and fillers on the UV curing 
process should be taken into account [42-46]. Such components might 
interfere with the curing reactions in many ways, like absorbing the UV 
light [47] (thus giving rise to a light intensity gradient through the coating 
depth and an inhomogeneous cure), causing unexpected side reactions [47] 
(leading to termination of the radical polymerization by 
disproportionation), or interacting chemically [47] or physically [48] with 
the matrix (affecting the mobility of the reactive groups and consequently 
the curing rate). One way to evaluate the radicals’ mobility, and thereby the 
origin for radical polymerization termination, is to determine the glass 
transition temperature (Tg) range [49]. At temperatures higher than Tg the 
polymer segments are mobile, and below Tg the system is vitrified. Tg is 
affected by the composition of the polymer, the length of the polymer 
chains, and the degree of crosslinking. It can be observed as a smooth step 
in differential scanning calorimetry (DSC) thermograms. 

 

 



6 

 

1.4 Active corrosion protection 

Organic coatings are widely used to protect metallic structures from 
corrosion. Most conventional coatings provide a barrier that prevents direct 
contact of the corrosive environment to the metal substrate. However, the 
penetration of water and ions along the paths with low ionic resistance, i.e. 
pores and possible defects, within the coating causes corrosion initiation 
and propagation at the metal/coating interface. To provide corrosion 
protection using functional systems with active components and ‘self-
healing’ properties is of high interest for coating specialists. Many studies 
have focused on the corrosion protection performance of ICPs [50], and 
especially PANI [51], since the first reports by Mengoli et al. [52] and 
DeBerry [53]. PANI can be polymerized directly on the metal substrate 
acting as a protective primer film [54-56], or it can be used as an additive in 
blends with insulating polymers [1, 12, 57]. Such systems could effectively 
be used as replacement for the hazardous phosphate-chromium surface 
treatments [51, 58]. PANI has a reduction potential (vs. Standard Hydrogen 
Electrode at pH7) in the range of 0.4 to 1.0 V which is, like for chromates 
with 0.42 V,  more positive than most commonly used metals, e.g., iron 
with -0.62 V, zinc with -0.76 V and aluminum with -1.96 V [58]. This 
suggests anodic protection provided by PANI, meaning that it shifts the 
potential of the metal substrate in positive direction and into the passivation 
range where the corrosion current is very low [10]. Note that for the 
reduction potential of PANI a range is given and the actual value depends 
on parameters such as the dopant, doping level and the electrolyte [58].  

The active corrosion protection is known to be due to the reversible 
reduction-oxidation (redox) property of PANI [59, 60]. As a results, the 
formation and stabilization of a protective oxide layer at the metal/coating 
interface is facilitated by PANI’s high oxidizing power [12, 57] whereby 
reducing metal dissolution [61]. The reduced PANI can then be oxidized 
again by oxygen present in the system, and these continuous redox 
reactions passivate the surface and help blocking possible pinholes and 
defects in the coating [1]. A second complex barrier layer might also be 
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formed by reaction between (metal) cations and (doping) anions released 
by PANI [62, 63]. It has also been proposed that the conducting PANI 
increases the resistance to cathodic disbondment by limiting the increase in 
pH at the metal surface [64]. This is due to displacement of the cathodic 
oxygen reduction away from the metal/coating interface [65] by the 
blocking effect of the formed complex oxide layer, and also the preferential 
occurrence of the cathodic reactions on the surface of PANI [59] or on the 
formed metal/PANI complexes [63]. Moreover, the emeraldine salt form of 
PANI has been suggested to act as a pH buffer [66] by absorbing the OH− 
ions produced in cathodic oxygen reduction, and therefore preventing or 
delaying alkaline dissolution of the oxide barrier layer [67]. All these 
actions are effective only if PANI is in galvanic contact with the metal 
substrate [1, 57], meaning that it is a part of a continuous network 
connected to the substrate. The active protection, which is of 
electrochemical nature, will last as long as PANI’s oxidizing power can be 
re-gained, a continuous charge transfer occurs between PANI and the metal 
substrate, and counter-ions exist in the system [68]. In-situ Raman 
spectroscopy studies have shown that after the breakdown PANI is left in 
its leucomeraldine (reduced) state, with the bipolarons separation and 
charge delocalization hindering re-oxidation of PANI [69]. 
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2 Materials 
 

2.1 Polyaniline 

PANI was synthesized by chemical oxidative polymerization of aniline 
(Aldrich grade, 99%) with ammonium peroxodisulfate (Merck grade, 99%) 
as oxidant. Various dopants of phosphoric acid (PA) (Sigma-Aldrich, 
99%), methane sulfonic acid (MeSA) (Aldrich grade, 99%) and n-
decylphosphonic acid (DecylPA) (PCI Synthesis, 99%) were employed in 
different parts of my study. These polymers will be referred to as ‘PANI-
PA’, ‘PANI-MeSA’ and ‘PANI-DecylPA’ with respect to the dopant used. 
The synthesized PANI had dark green color, corresponding to the 
emeraldine salt sate (schematically shown in Figure 1-1b-d). The possible 
counter-ions (X−) induced by each dopant are as follows: H2PO4

−, HPO4
2−, 

PO4
3− for PANI-PA, CH3SO3

− for PANI-MeSA, and CH3−(CH2)9−HPO3
−, 

CH3−(CH2)9−PO3
2− for PANI-DecylPA. Note that for the phosphoric acid 

based dopants different dissociation levels of PA depending on the acidity 
of the medium is predicted [70]. 

Three synthesis methods were employed to prepare PANI. In the 
conventional method [16], an aqueous solution of (0.11 M) oxidant was 
added dropwise (by a rate of 0.1mLs-1) to an aqueous solution of (0.1 M) 
aniline and (0.1 M) dopant. The reaction temperature was kept at 0-5°C by 
having ice around the vessel. The solution was stirred for 12 hours at 1500 
rpm before filtering. The collected polymer, emeraldine salt PANI, was 
washed with ultrapure (Milli Q) water several times followed by rinsing 
with ethanol to remove residual monomers and impurities. The powders 
were then dried at room temperature in a desiccator with silica gel 
desiccant. 

In the rapid mixing method [17], an aqueous solution of (0.055 M) oxidant 
was added all at once to an aqueous solution of (0.05 M) aniline and (0.1 
M) dopant. Compared to the conventional method, half the concentration 
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was used in order to minimize the heat increase due to the exothermic 
reactions. Moreover, the shorter reaction time was the reason for using 
double amount of dopant, i.e. aniline:dopant molar ratio of 1:2. The 
temperature of the reaction vessel was kept at 0-5°C by using an ice bath. 
The PANI first appeared in blue color, corresponding to the non-conducting 
emeraldine base state (Figure 2-1a), which turned into the dark green color, 
corresponding to the conducting emeraldine salt state (Figure 2-1b) by 
further reactions with the dopant. After 12 hours of stirring (with a speed of 
1500 rpm), PANI was filtered and collected following the same procedure 
as for the conventionally synthesized polymer.  

 

Figure 2-1. Photographs showing the color change during rapid mixing synthesis 
of PANI-MeSA after (a) 10 and (b) 60 minutes of reaction. The shift from blue to 
dark green indicates the transition from emeraldine base to emeraldine salt form. 

 

 

Figure 2-2. Photographs showing the interfacial polymerization of PANI after (a) 
5, (b) 15, (c) 30 and (d) 120 minutes. The lower part is the aqueous phase and the 

upper part is the organic phase (xylene). 
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In the interfacial polymerization method [17], an aqueous solution of (0.11 
M) oxidant and (1.5 M) dopant in ultrapure (Milli Q) water and an organic 
solution of (0.1 M) aniline in xylene were added to a separating funnel. 
Here, the reactions take place at the phase boundary of the immiscible 
biphasic system and, depending on the organic solvent and also the dopant 
used (which decides the hydrophilic or hydrophobic nature of PANI), the 
polymer might be formed in the aqueous or organic phase. No cooling is 
needed as the reactions proceed gradually (limited by the number of 
reactants at the interface) and there is no stirring of the system. Figure 2-2 
shows some snapshots illustrating the interfacial polymerization of PANI-
MeSA, where the blue color has started to appear at the interface a few 
minutes after pouring the two solutions into the separating funnel and by 
further reaction with the dopant the green polymer (hydrophilic PANI-
MeSA [71]) has moved into the aqueous medium. The polymer was 
collected after 12 hours. 

 

2.2 Polyester acrylate 

The polymer matrix used in my study was a UV-curable resin (laboratory 
formulation Ebecryl 584 from Cytec Surface Specialties) based on a 
chlorinated polyester acrylate (PEA) resin mixed with 40 wt.% 1,6-
hexanediol diacrylate (HDDA) monomer. The schematic structure of PEA 
and HDDA are shown in Figure 2-3. This UV-curable formulation also 
contains 5 wt.% free radical photoinitiators (a blend of 3 parts 1-Hydroxy-
cyclohexyl-phenyl-ketone, Additol CPK from Cytec Surface Specialties, 
with 2 parts 2,4,6-Trimethylbenzoyldiphenylphosphine oxide, Lucirin 
TPO-L from BASF) and 5 wt.% of a methacrylate modified acidic adhesion 
promoter (Ebecryl 171 from Cytec Surface Specialties). The density of this 
PEA formulation was found to be 1.372 gcm-3, the viscosity at 25°C was 
measured to be 1750 mPa by a Bohlin Gemini Rheometer 150, and the 
refractive index was determined to be 1.525 by an Abbé Refractometer, 
model A (Carl Zeiss, Germany). 
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Figure 2-3. Schematic structure of PEA and HDDA 

 

2.3 Carbon steel 

The metal substrate on which the coatings were applied was carbon 
steel provided by SSAB EMEA. The substrates were grinded with sand 
paper, followed by polishing using rotating wheels covered with a cloth 
impregnated with a diamond paste compound down to 0.25 µm. The 
polished carbon steel substrates were then rinsed with acetone and ethanol, 
followed by drying with nitrogen gas, prior to the coating application. 
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3 Techniques 
 

3.1 Summary of techniques 

Technique  

 Instrumentation 

Tested sample Used for 

In
 P

ap
er

 

Sc
at

te
ri

ng
 a

nd
 d

iff
ra

ct
io

n 

X-ray diffraction (XRD) 
[72] 

X’ Pert Pro MPD X-ray 
diffractometer from PAN 
analytical equipped with a Cu 
Kα X-ray source 

 

PANI-PA and 
PANI-MeSA in 
powder form 

 

Molecular 
structure 
characterization 

 

I 

Dynamic light scattering 
(DLS) [73] 

Brookhaven Instruments device 
consisting of a BI-200SM 
goinometer and a BI-9000AT 
digital auto-correlator, with a 
water-cooled argon-ion laser 
(Lexel 95 model 2) light source 

 

PANI-PA and 
PANI-MeSA 
dispersed in 
water, NMP, 
acetone and 
chloroform 

 

Analyzing particle 
size distribution 
in solvents 

 

I 

E
le

ct
ro

ch
em

is
try

 

Open circuit potential 
(OCP) and Electrochemical 
impedance spectroscopy 
(EIS) [74] 

AUTOLAB PGSTAT 128N 
electrochemical interface 
coupled to a FRA2 frequency 
response analyzer 

 

Cured composite 
films of PEA and 
PEA/PANI-PA on 
carbon steel 

 

Investigation of 
long-term 
corrosion 
protective 
performance 

 

V 
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Sp
ec

tr
os

co
py

 
UV-Visible Spectroscopy 
[75] 

LAMBDA 650 
spectrophotometer from Perkin-
Elmer 

UV-2550 spectrophotometer 
from UV-2500PC Series from 
Shimadzu 

 

PANI-PA and 
PANI-MeSA 
solution in 
chloroform 
 
 

PANI-PA solution 
in chloroform 

 

Molecular 
structure 
characterization 
 
 
 

Absorptivity 
measurement 

 

I 
 
 
 
 
 

II 

Attenuated total 
reflectance-Fourier 
transform infrared (ATR-
FTIR) Spectroscopy [76] 

IR spectrometer from Perkin-
Elmer controlled with Spectrum 
One 

SPECTRUM 2000 spectrometer 
from Perkin-Elmer 

 

PANI-PA and 
PANI-MeSA in 
powder form 
 
 

Free films of neat 
PEA and blends 
with 1, 3, 5 and 
10 wt.% PANI-
PA; Cured under 
UV Fusion lamp 
of 1.5 Wcm-2 
intensity 
 

 

Molecular 
structure 
characterization 
 
 

Determination of 
the degree of 
conversion after 
UV curing 

 

I 
 
 
 
 

III 

Real time-Fourier 
transform infrared (RT-
FTIR) Spectroscopy [77] 

SPECTRUM 2000 spectrometer 
from Perkin-Elmer and a 
HAMAMATSU UV spot lamp  

 

Dispersions of 0, 
1, 3, 5 and 10 
wt.% PANI-PA in 
PEA resin 

 

Investigation of 
the kinetics of 
UV-initiated 
radical 
polymerization 

 

III 

Raman Spectroscopy [78] 

A home-built Raman 
spectrometer with a 532 nm CW 
laser from Laser Quantum  

 

Pressed pellets of 
PANI-PA 

 

Determination of 
PANI’s oxidation 
state 
 

 

V 
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A
F

M
 a

nd
 S

E
M

 
Scanning electron 
microscopy (SEM) [79] 

High resolution SEM by FEI 
COMPANY, Claymount 
Instrument 

 

 

PHILIPS SEM, Model XL30, 
FEI 

 

 

 

High resolution FEG-SEM, 
SUPRA35 from Carl Zeiss 

 

PANI-PA 
powders 
deposited on a 
glass plate from 
solutions of water, 
NMP, acetone and 
chloroform 
 
 

Colloidal probes 
with glued 
particles of PS 
and core/shell 
structured 
PS/PANI-PA and 
PS/PANI-
DecylPA 
 
 

Cured composite 
films of PEA, 
PEA/PANI-PA 
and PEA/PANI-
DecylPA on 
carbon steel 
 

 

Morphology 
investigation 

 

I 
 
 
 
 
 
 
 
 

II 
 
 
 
 
 
 
 

 
 

II 
V 

Atomic force microscopy 
(AFM)-Colloidal probe 
technique [80] 

Multimode Nanoscope III AFM 
equipped with a Picoforce 
controller and a fused quartz 
liquid cell from Bruker 

 

Colloidal probes 
with spherical PS 
and core/shell 
structured 
PS/PANI-PA and 
PS/PANI-
DecylPA 
particles, and 
planar substrates 
of pressed pellets 
of PANI-PA and 
PANI-DecylPA 
 

 

Force 
measurements 

 

II 

PeakForce TUNA Atomic 
force microscopy (AFM) 
[81] 

Multimode Nanoscope V AFM 
connected to a PF-TUNA 
module from Bruker 

 

Coatings of neat 
PEA and 
PEA/PANI-PA 
composites on 
carbon steel, and 
pressed pellets of 
PANI-PA 
 

 

Imaging of the 
surface 
topography, 
nanomechanical 
properties and 
conductivity. 
Investigating I-V 
characteristics 
 

 

IV 
V 
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Contact angle and Surface 
tension measurements [82]  

DataPhysics OCA20 instrument 
performed with sessile drop method, 
connected to a high resolution CCD 
camera  
 

 

Pressed pellets of 
PANI-PA and 
PANI-MeSA, and 
smooth films of 
PEA  
 
 

Pressed pellets of 
PANI-PA and 
PANI-DecylPA, 
and smooth films 
of PS on silica 
 

 

Interfacial energy 
calculation 

 

I 
 
 
 
 
 
 

II 

Centrifugal sedimentation 
analysis [83] 

LUMiSizer dispersion analyzer, 
model 611 from L.U.M., GmbH 
equipped with a CCD-Line sensor 

 

Blends of PANI-
PA powders with 
various contents 
in liquid PEA 
resin 

 

Determination of 
dispersion 
stability and 
particle size 
distribution in 
resin 

 

I 

Conductivity measurement [84]  

Solartron 1296 electrochemical 
interface coupled to a Solartron 
1260 frequency response analyzer 

 

Pressed pellets of 
PANI-PA, PANI-
MeSA and PANI-
DecylPA 
 
 

PEA/PANI-PA 
composite films 
on carbon steel 
 

 

Conductivity 
measurement 
using impedance 
data 

 

I 
II 
IV 
V 
 
 

IV 

Differential scanning 
calorimetry (DSC) [85] 

DSC 820 from Mettler Toledo 
equipped with a sample robot 

 

 

Free films of PEA 
and PEA/PANI-
PA; Cured under 
UV spot lamp of 
5 mW cm-2 and 
Fusion lamp of 
1.5 Wcm-2 
intensity 
 

 

Determination of 
glass transition 
temperature, Tg 

 

III 

Dynamical mechanical analysis 
(DMA) [86]  

DMA, model Q800, from TA 
instruments 

 

 

Free films of PEA 
and PEA/PANI-
PA; Cured under 
UV Fusion lamp 
of 1.5 Wcm-2 
intensity 
 

 

Determination of 
molecular weight 
of chain segments 
between cross-
links, degree of 
cross-linking and 
cross-link density 
 

 

III 
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3.2 Details of some key techniques 

As seen in Section 3.1, my thesis work has required the use of a large 
number of techniques. Below I describe some of these techniques that I 
judge have been particularly important in more detail. 

 

3.2.1 Contact angle measurements 

This technique has been used to examine the compatibility of PANI and 
PEA resin by calculating the interfacial energy between these two 
components. Contact angles were assessed by the sessile drop method [87] 
utilizing an OCA20 instrument (from DataPhysics, Germany). Here, the 
liquid droplet is illuminated while being dispensed on the surface and the 
variation in droplet shape is captured by a high resolution CCD camera. 
The recorded series of images are then examined and the contact angle is 
determined by employing the SCA20 software using the Ellipse fitting 
method [88]. A picture of the experimental setup is shown in Figure 3-1. 

 

Figure 3-1. Experimental setup for the contact angle measurements, showing a 
PEA resin droplet dispensed on a PANI-PA pellet (inset) being illuminated from 

one side and captured by the CCD camera from the other side. 
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For determination of surface energy components of solid substrates, three 
liquids with known surface energy properties (Table 3-1) are needed to 
solve Equation 3-1, which arises from the Good-Girifalco-Fowkes 
combining rule for interfacial Lifshitz-van der Waals interactions and the 
Young-Dupré equation considering acid-base interactions [89]. 

(1 + cos θ)γL = 2(�γSLWγLLW + �γS+γL− + �γS−γL+)                  (eq.3-1) 

where; θ is the contact angle between a droplet of a known liquid L and a 
solid S, γ is the surface energy, γLW is the Lifshitz-van der Waals (apolar) 
component of the surface energy, γ+ is the electron-acceptor surface energy 
parameter and γ− is the electron-donor surface energy parameter of the 
material. γ+ and γ− are non-additive parameters of the Lewis acid-base 

(polar) component of the surface energy; 𝛾𝐴𝐵 = 2�𝛾+𝛾−.  

Table 3-1. Surface energy components (mJm-2) of the contact angle liquids used for 
characterizing solid surfaces [90] 

Liquid γL γLW γAB γ+ γ− 

Diiodomethane 50.8 50.8 ≈0 ≈0 0 

Water 72.8 21.8 51.0 25.5 25.5 

Ethylene glycol 48.0 29.0 19.0 1.92 47.0 

 

The interfacial energy of a solid (material 1) immersed in a liquid (material 
2) is calculated according to van Oss [90] (Equation 3-2). 

𝛾12 = 𝛾12𝐿𝑊 + 𝛾12𝐴𝐵 = (�𝛾1𝐿𝑊 − �𝛾2𝐿𝑊)2 + 2(�𝛾1+𝛾1− + �𝛾2+𝛾2− − �𝛾1+𝛾2− −

�𝛾1−𝛾2+)                        (eq.3-2) 

Equation 3-3 [89] is employed to calculate the interfacial energy between 
two different solids (materials 1 and 2) immersed in a liquid (material 3). 
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𝛾132 = 𝛾12𝐿𝑊 − 𝛾13𝐿𝑊 − 𝛾23𝐿𝑊 + 𝛾132𝐴𝐵 = ��𝛾1𝐿𝑊 − �𝛾2𝐿𝑊�
2
− ��𝛾1𝐿𝑊 − �𝛾3𝐿𝑊�

2
−

(�𝛾2𝐿𝑊 − �𝛾3𝐿𝑊)2 + 2��𝛾3+��𝛾1− + �𝛾2− − �𝛾3−� + �𝛾3−��𝛾1+ + �𝛾2+ − �𝛾3+� −

�𝛾1+𝛾2− − �𝛾1−𝛾2+)�          (eq.3-3) 

In this study, Equations 3-2 and 3-3 were used to calculate the interfacial 
energies between PANI and PEA, and between different PANI surfaces in 
liquid PEA in order to determine their compatibility. 

 

3.2.2 Atomic Force Microscopy 

3.2.2.1 Force measurements 

The colloidal probe technique [80] has been used to determine the surface 
interaction between various PANI surfaces in PEA resin by direct 
measurement of the force vs. separation. A Multimode Nanoscope III 
atomic force microscope (AFM) equipped with a Picoforce controller and a 
fused quartz liquid cell (from Bruker, USA) was employed. Colloidal probe 
cantilevers were prepared by attaching selected spherical particles to the 
end of tip-less rectangular cantilevers (NSC12 Cr Au F-lever, from 
MikroMasch, Estonia) by a tiny amount of a two-component epoxy glue. 
The gluing process was performed using etched tungsten wires attached to 
an Eppendorf Micromanipulator 5171 under a Nikon Optiphot 100S 
reflection microscope. The spring constant of the cantilevers were 
calibrated before particle attachment by the Sader method [91], and were 
found to be between 0.22 and 0.56 Nm-1. Cantilevers with intermediate 
spring constants were chosen as a compromise between maximizing the 
sensitivity to allow detection of weak interactions, and minimizing the 
effect of drag forces on the cantilever body in the viscous media. Figure 3-2 
shows optical microscope images of the gluing process and SEM images of 
the resulting colloidal probe cantilevers. Core/shell structured particles 
were prepared by direct synthesis of PANI on polystyrene (PS) 
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microparticles, and PS microparticles of 10 µm diameter were used for 
comparisons. 

 

Figure 3-2. Preparation of the colloidal probe cantilevers with particles of 

core/shell structured PS/PANI-PA (first row) and PS/PANI-DecylPA (second row), 

in comparison with the PS microparticles (third row); Optical microscope images 

of (a) particles deposited on a glass substrate, (b) a particle on an etched tungsten 

wire, and (c) SEM images of particles glued on a tip-less rectangular cantilever. 
 

Force vs. separation data were obtained by moving the sample surface 
relative to the colloidal probe by a piezo-electric stage, while 
simultaneously measuring the vertical deflection of the cantilever as a 
function of the piezo displacement. The obtained raw data containing 
photodetoctor output (related to cantilever deflection) vs. piezo 
displacement were converted to force vs. separation data by use of the 
cantilever spring constant and the deflection sensitivity as described in 
detail elsewhere [92]. 

The force vs. separation measurements were conducted in liquids of PEA 
with various HDDA monomer content. The liquid phase with 60 wt.% PEA 
in HDDA is the original UV-curable formulation and the two others (30 
wt.% PEA in HDDA and pure HDDA monomer) were chosen for 
comparison and in order to study the influence of HDDA content in PEA 
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resin, and to correlate with the calculated surface energies. In order to 
lower the viscosity and make the movements of the cantilever being less 
affected by the high viscous media, all measurements were performed at 
50°C. The viscosity of the original formulation (60 wt.% PEA in HDDA) 
was measured by a Bohlin Gemini Rheometer 150, and revealed a decrease 
from 1750 mPa.s at 25°C to 230 mPa.s at 50°C. The temperature was set 
using a thermal application controller attached to a Bioheater element (from 
Bruker, USA) mounted under the sample. The temperature on the sample 
surface was calibrated by an external thermostat and controlled with an 
accuracy of ±1°C.  Force measurements were carried out at two different 
approach and retraction velocities of 80 and 400 nm/s in order to detect 
possible hydrodynamic effects, which were found to be negligible. A total 
number of around 30 force curves were collected at each condition, which 
showed good reproducibility with respect to the nature of interactions after 
the first couple of measurements.  

 

3.2.2.2 PeakForce TUNA 

Atomic force microscope (AFM) operating in PeakForce TUNA mode was 
used to simultaneously obtain images of surface topography, surface 
nanomechanical properties and electrical conductivity on composites of 
PEA/PANI-PA with nanometer scale lateral resolution. A Multimode 
Nanoscope V AFM (from Bruker, USA) and conductive Pt-coated 
rectangular silicon cantilevers (DPE15/NO Al, from MikroMasch, Estonia) 
with nominal spring constant of 46 N/m and a tip radius of <40 nm 
(determined more precisely for each used cantilever) were employed. An 
illustration of the experimental setup is shown in Figure 3-3. 

In PeakForce tapping [93-95], imaging is performed with a controlled 
feedback force and eliminated lateral forces, which reduces the risk of 
sample damage and tip contamination. Here, the surface position is 
modulated by a sine wave with amplitude of approximately 150 nm and a 
frequency of 1 kHz. During each period of oscillation, the surface is moved 
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Figure 3-3. Experimental setup for PeakForce TUNA, showing a laser beam 
coming from the AFM laser source and being reflected to the photodetector from 

the backside of a conductive cantilever. An electrical circuit connects the 
cantilever to the metal substrate, passing through a current modifier which 

measures the current. A current map of a 20×20 µm scan area on a PEA/10 wt.% 
PANI-PA composite coating is shown as an illustration of the sample surface.  

 

into contact with the AFM tip until the maximum cantilever deflection 
(equal to the peak force setpoint) is reached. The applied force setpoint has 
been adjusted during each experiment so that the sample surface is 
deformed a few nanometers, which is optimal in order to calculate the 
elastic modulus of the surface layer without losing too much lateral 
resolution [93]. By calibration of the optical lever sensitivity and the 
cantilever spring constant, information about cantilever deflection and 
piezo position can be converted to force vs. distance curves describing the 
tip-sample interaction during approach and separation [92]. From such a 
force curve, one can for example determine the elastic modulus of the 
sample by fitting the Derjaguin-Muller-Toporov (DMT) model [96, 97] to 
the part of the force curve where the sample and tip are in contact 
(Equation 3-4), 

𝐹 = 4
3
𝐸∗√𝑅𝑑3 + 𝐹𝑎𝑑ℎ        (eq.3-4) 
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where; F is the force, R is the tip radius, d is the deformation value at a 

given force, Fadh is the maximum adhesion force, and 𝐸∗ = �1−ν𝑆
2

𝐸𝑆
+

1−ν𝑇𝑖𝑝
2

𝐸𝑇𝑖𝑝
�
2
 is the effective elastic modulus. In the equation for E*, Es and ETip 

are Young’s modulus of the sample and tip, respectively, and ν is the 
Poisson’s ratio. The tip radius was determined by an indirect method where 
the radius is adjusted to fit the DMT model for a sample with known elastic 
modulus (polystyrene, E = 2.7 GPa).  

In PeakForce TUNA [81], a current amplifier (TUNA module) is added to 
the system to measure the current signal while a voltage is applied to the 
substrate. It should be noted that a current signal is obtained only if the tip 
during the sample contact constitutes a part of a closed electrical circuit 
that, in our case, means that a network of PANI should span from the metal 
substrate to the conductive AFM-tip. It is noteworthy that the TUNA 
module is collecting the current signal within the short time of one Peak 
Force tapping cycle (a fraction of 1 millisecond). Figure 3-4 illustrates a 
plot of force vs. time obtained during one cycle on our composite coatings.  

 

Figure 3-4. A force vs. time plot obtained during one Peak Force tapping cycle on 
a PEA/PANI-PA composite coating. At points A and E the tip is far from the 

surface and the current flow is zero. At point B the tip jumps into contact to the 
surface and at point D it pulls off the surface. Point C represents the maximum 

reached force, i.e. the peak force setpoint. The contact current is being collected 
during the highlighted time period, i.e. from point B to D. 
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Depending on the level of measured current, the current sensitivity of the 
TUNA module was switched between 20 and 100 pA/V, and a bias voltage 
ranging between 7 to 9 V was applied. Besides PeakForce TUNA imaging, 
AFM was also used in spectroscopy mode to investigate the current-voltage 
(I-V) characteristics at selected surface positions in order to quantify the 
variations of the local conductance. Here, the tip is pressed against the 
sample with a constant force (i.e. feedback switches to contact mode) and 
the voltage is linearly ramped up and down while the current signal is being 
collected. Analysis of the AFM images and I-V curves was performed with 
the Nanoscope Analysis V1.40 software (from Bruker, USA).  

 

3.2.3 Electrochemical Impedance Spectroscopy 

Long-term electrochemical analysis was performed on cured PEA and 
PEA/PANI-PA coatings, mounted in three-electrode electrochemical cells 
with 1 cm2 surface area of the coating exposed to the electrolyte (3 wt.% 
NaCl) as the working electrode, a saturated Ag/AgCl as the reference 
electrode, and a Pt mesh as the counter electrode. A potentiostat 
(AUTOLAB PGSTAT 128N) was used to hold the potential of the sample 
at a pre-determined OCP, apply an AC potential perturbation to the sample 
with amplitude of 10 mV peak to peak by means of the reference electrode, 
and collect the responding current between the sample and the counter 
electrode. The impedance, Z, was then calculated by a frequency response 
analyzer (FRA2) in a frequency range of f=104-10-2 Hz using Equation 3-5, 

𝑍𝑡 = 𝐸𝑡
𝐼𝑡

= 𝐸0 sin(𝜔𝑡)
𝐼0 sin(𝜔𝑡+∅)

                                                                                    (eq.3-5) 

where; ω=2πf is the angular frequency in radians/s, Et and It are the 
potential and current at time t, and φ is the phase angle between the 
sinusoidal potential and the current response. By transforming Equation 3-5 
using the Euler’s formula, the impedance can be expressed as a complex 
function (Equation 3-6), 
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Z(ω)=Z'(ω)+jZ"(ω)                                                                                 (eq.3-6) 

where; Z'=|Z|cosφ and Z"=|Z|sinφ are the real and imaginary parts of the 

impedance, respectively, and 𝑗 = √−1 is the imaginary unit. 

The impedance spectrum was collected from the first day of exposure and 
once per day, at room temperature and with minimum three replicates of 
samples, until final failure in the protective properties was observed. Data 
analysis was performed by using the Nova V1.8.17 software from Metrohm 
AUTOLAB. The data is conveniently presented in terms of Nyquist and 
Bode plots. In Nyquist plots Z", which is the capacitive and inductive 
response of the system, is plotted vs. Z', which is a measure of the resistive 
properties. Here the shape of the curve provides mechanistic and kinetic 
information of the processes taking place at the electrode-electrolyte 
interfaces, and activation-controlled processes with distinct time-constants 
show up as semi-circles in Nyquist plots. However, the frequency-
dependence of the impedance data is not seen in these plots. In the Bode 
representation of the data, the plots of the impedance magnitude of the 

whole system, |𝑍| = √𝑍"2 + 𝑍′2, and the phase angle, ∅ = tan−1(𝑍"/𝑍′), 
vs. frequency in logarithmic scale are provided, showing the dominating 
properties in different frequency regions. 

 

3.2.4 Real-Time Fourier Transform Infrared Spectroscopy 

This technique was used to study the kinetics of the UV-initiated radical 
polymerization of PEA resin with and without PANI-PA. Here, a droplet of 
the dispersion was applied and smoothened on the diamond ATR crystal of 
a FTIR spectrometer, a SPECTRUM 2000 instrument from Perkin-Elmer 
Instruments, USA. After collecting real-time spectra for 60 seconds, the 
HAMAMATSU UV spot lamp was turned on from the top side of the 
sample. A picture of the experimental setup is shown in Figure 3-5. For 
each sample, IR spectra over the wavenumber range of 600-4000 cm-1, and 
with a spectral resolution of 4.0 cm-1, were collected every 1.2 seconds 
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during the whole exposure period using the TimeBase software from 
Perkin-Elmer. The results were analyzed by Spectrum and TimeBase 
softwares. 

 

Figure 3-5. Experimental setup for the real-time FTIR spectroscopy measurements, 
showing the sample applied on the diamond ATR crystal of an ATR gate and 

exposed to UV spot light from the top side. 
 

Examples of the (fingerprint region of) IR spectra collected on a droplet of 
PEA resin exposed to UV light with 1 mW cm-2 intensity are shown in 
Figure 3-6. It is seen that the absorbance peak that undergoes the most 
significant changes during the UV curing is centered at around 810 cm-1 
(attributed to the alkene (=CH) stretching vibration in the acrylate group). 
The other absorbance peaks that disappear gradually during the reaction 
period are the ones at around 984 cm-1 (vinyl group, CH2=CH−), 1408 cm-1 
(=CH2), and 1635 cm-1 (C=C) [37, 42]. The course of the reaction has, in 
this work, been determined by monitoring the decrease in area of the peak 
centered at around 810 cm-1. Figure 3-7 shows three chosen stacked plots 
for the IR absorbance around this peak as a function of irradiation time, 
exemplifying three cases of rapid, delayed or slow, and no curing 
concluded from the sudden, gradual, and no decrease in absorbance area.  
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Figure 3-6. Selected IR spectra of PEA resin exposed to UV spot light of 1 mW cm-2 
intensity, with the right side column showing different UV exposure times and the 

corresponding net UV energy doses. The resin droplet was exposed to UV from the 
top side, while real-time FTIR spectra were collected from the bottom side of the 

film being formed under UV irradiation. 
 

 

 Figure 3-7. Stacked plots for IR absorbance around the peak centered at 810 cm-1 
as a function of irradiation time for (a) PEA resin and (b) PEA/5 wt.% PANI-PA 
dispersion droplets covered by a KBr pellet, both exposed to 2 mW cm-2 UV light, 
and (c) PEA/5 wt.% PANI-PA dispersion exposed to 1 mW cm-2 UV light with no 

KBr pellet on top of the droplet. The decrease in this characteristic peak is due the 
reaction of acrylic double bonds. 

 

In order to quantify the kinetics of the UV-initiated radical polymerization, 
the degree of conversion (X) of the C=C bonds was calculated from the IR 
absorbance peak area centered at around 810 cm-1 normalized to the C=O 
stretching signal located at around 1730 cm-1 as internal reference 
according to Equation 3-7 [98]. 

𝑋 (%) = (𝐴810/𝐴1730)𝑡=0−(𝐴810/𝐴1730)𝑡
(𝐴810/𝐴1730)𝑡=0

× 100%                                            (eq.3-7) 
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where; A810 and A1730 represent the area of the IR band centered at 810 cm-1 
and 1730 cm-1, respectively, and the subscript t indicates the peak area at 
time t of the UV irradiation. The spectral normalization was done in order 
to allow comparison between results from different experiments, and was 
based on the assumption [99] that the area under the peak assigned to C=O 
stretching remains constant throughout the entire reaction (see evolution of 
the peak centered at 1730 cm-1 upon irradiation in Figure 3-6). 

In order to study the inhibitory effect of oxygen on the UV curing process, 
in some experiments, transparent pressed pellets of KBr were placed on top 
of the liquid droplet once it was applied on the ATR crystal. In this way, 
although the oxygen dissolved in the resin was not removed, diffusion of 
atmospheric oxygen into the system during real-time measurements upon 
photopolymerization was reduced.  

 

3.2.5 Centrifugal sedimentation analysis 

The dispersion stability and the PANI particle size distribution in blends of 
PEA/PANI-PA were determined by means of a centrifugal sedimentation 
method [83]. Here, the sedimentation of PANI-PA particles directly in 
liquid PEA resin was followed under centrifugal forces using a 
microprocessor controlled analytical centrifuge, a LUMiSizer dispersion 
analyzer model 611 (from L.U.M., GmbH, Berlin), and the results were 
analyzed with the SEPView 5.1 software. The dispersions were filled into 
cuvettes made of polyamide with an optical path length of 2.2 mm, and the 
measurement was performed at 25°C with a rotation speed of 4000 rpm. 
The intensity of the transmitted NIR-LED (880 nm) light over the full 
sample length was detected by a CCD-Line (2048 elements) sensor, and the 
measured transmission values, T, were transformed into extinction values, 

E, using the equation: 𝐸 = −ln � 𝑇
𝑇0
�, where; T0 is the transmission of the 

sample cell filled with the dispersion medium only. The extinction profiles 
were recorded as a function of time and radial position during 
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centrifugation with 300 s time interval. Figure 3-8 illustrates the test 
principle, and in Figure 3-9 an example of the recorded normal 
centrifugation transmission profiles vs. position and time is presented. 

 

Figure 3-8. Illustration of the principle of centrifugal sedimentation analysis 
by LUMiSizer 

 

 

Figure 3-9. An example of the transmission profiles of a PEA/PANI-PA 
dispersion, collected by a LUMiSizer dispersion analyzer. Color scale from red to 

green shows the time progress of the profiles (every 5th profile of the recorded 
ones with ∆t=300 s are shown). The meniscus is positioned at 106.5 mm and 

bottom of the test tube is at a position of 130 mm. Insets on the left side show the 
dispersions in test cuvettes before and after centrifugal sedimentation experiment. 
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The dispersion stability can be evaluated from changes in the integral of 
transmission profiles between the bottom and the fluid level vs. 
centrifugation time [100, 101]. Here, the velocity of clarification can be 
derived from the slope of integral transmission curves, and a plateau is 
reached when the separation is finished. By invoking Stokes law together 
with the definition of the centripetal force, the particle size (equivalent 
sphere size) was calculated according to Equation 3-8, 

𝑥 = � 18∙𝜂𝐹
(𝜌𝑃−𝜌𝐹)∙𝜔2∙𝑡𝑚

∙ ln �𝑟𝑚
𝑟0
�        (eq.3-8) 

where; x is the PANI particle diameter, ηF is the PEA fluid viscosity,  n                                           
ρP and ρF correspond to the densities of PANI powder and PEA fluid, r0 is 
the starting position of the particles, rm and tm are the measurement position 
and time, and ω is the angular frequency. With the constant time method 
[102], the cumulative volume weighted particle size distribution was then 
calculated directly from the extinction profiles using Equation 3-9,  

𝑄3(𝑥) =
∫ 𝑟2

𝐴𝑣(𝑥)𝑑𝐸(𝑟)𝐸(𝑟)
𝐸𝑚𝑖𝑛

∫ 𝑟2
𝐴𝑣(𝑥)𝑑𝐸(𝑟)𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

                     (eq.3-9) 

where; Aν is the volumetric cross section, and this quantity is calculated by 
the instrument software using Mie theory [102]. These data are, 
theoretically, comparable with results from other laser diffraction and 
centrifugal techniques [103].  
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4 Summary of the Key Results and Discussions 
 

The overall aim of this thesis work was to understand the fundamental 
aspects of a UV-curable polymeric composite coating containing 
conducting polymer in order to develop an environmentally benign system 
with active corrosion protection functionality. To accomplish this task, 
considerations of many different scientific questions of relatively different 
nature were required. This explains the large number of techniques that I 
used during my PhD project (see Section 3.1).   

 

4.1 Characterization of synthesized polyaniline 

The first issue that I encountered was to synthesize the conducting polymer 
and to characterize it. This task involved choice of synthesis method and 
dopant, and the use of a series of techniques to characterize PANI polymers 
after synthesis. In this section, I present the results of the characterization, 
mainly for PANI-PA which is the conducting polymer used mostly in my 
studies. 
 

Density of PANI-PA was measured through the volume change in water by 
adding grinded powders of known mass, and found to be 1.77 gcm-3. 
 

Refractive index of PANI-PA was determined by a phase modulated 
ellipsometer (Beaglehole Instruments) at the wavelength of 632.8 nm using 
the smooth surface of a pressed PANI pellet, and the real and imaginary 
parts of the refractive index were calculated to be 1.48 and 0.208, 
respectively. 
 

Electrical conductivity of all synthesized PANI polymers with various 
dopants (PA, MeSA and DecylPA), and prepared with different synthesis 
methods (conventional, rapid mixing and interfacial polymerization; see 
Section 2.1 for details), were measured to be in the order of 10-2 to 10-1 
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Scm-1. This level of electrical conductivity, which is in the range of good 
semiconductors, is consistent with the values reported in the literature for 
doped PANI [70]. 
 

Molecular structure of the synthesized polymers was characterized by 
ATR-FTIR, UV-vis absorption, XRD and Raman spectroscopy. Figure 4-1 
shows the spectra of PANI-PA obtained by these four techniques. 

 

Figure 4-1. (a) ATR-FTIR, (b) UV-vis absorption, (c) Raman, and (d) XRD spectra 
of PANI-PA. 

 

In the ATR-FTIR spectrum (Figure 4-1a), the peaks at 1570 and 1485 cm-1 
are assigned to the non-symmetric aromatic ring stretching modes, with the 
peak at 1570 cm-1 arising from C=N and C=C stretching vibration of the 
quinoid diimine unit (N=Q=N) [59, 104, 105], and that at 1485 cm-1 from 
the C-C aromatic ring stretching of the benzenoid diamine unit (N-B-N) 
[104-106]. The peak around 1300 cm-1 corresponds to the C-N stretching 
vibration of secondary aromatic amine [59, 105], the band at 1250 cm-1 is 
associated with the C−N+• stretching vibration in a polaron structure [13], 
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and the one at 1125 cm-1 is assigned to aromatic C-H in-plane bending [59, 
106]. The broad band around 1050 cm-1 is a fingerprint arising from the 
combination of dopant anions; H2PO4

- and HPO4
2- moieties [107] and/or 

tetrahedral PO4
3- vibration [70]. The peak close to 800 cm-1 is due to out-

of-plane deformation of C-H of 1,4 disubstituted benzene rings [59, 104, 
106].   

In the UV-vis absorption spectrum (Figure 4-1b), the peak at around 380 
nm is assigned to π-π* transition of the benzenoid rings [59, 105]. The peak 
at around 470 nm and the broad band starting at around 600 nm are 
attributed to the electronic absorptions of radical cation segments [108], 
more specifically polaron-π* and π-polaron transitions, respectively [13, 
15, 105]. These two peaks are known as a sign of the protonated 
(emeraldine) form of PANI [109]. The peak at 254 nm corresponds to the 
anilinium cation [109] which would be expected to disappear when PANI 
was formed. However, it has been discussed [109] that absorbance at this 
wavelength could also be affected by the formation of dispersed particles 
with high molar mass, which might scatter light considerably. 

In the Raman spectrum (Figure 4-1c), the strong peak at around 1336 cm-1 
originates from the stretching mode of the radical cation C−N+•, and it is 
associated with the delocalized polaronic structures [110, 111]. This peak 
(also referred to as the protonation band [112]) is a characteristic band for 
the protonated imine form of PANI [113]. The peak at around 1240 cm-1 
has also been assigned to the C−N+• stretching of the semiquinone radical 
by Lindfors et al. [110]. Moreover, the strong peak at around 1175 cm-1, 
assigned to the in-plane C−H bending vibration of the semiquinonoid 
radical cations, corroborates that PANI is found in its conducting form 
[114]. The assignment of the remaining bands, mainly associated to the 
benzenoid and quinoid rings of the emeraldine salt form of PANI, are 
summarized in Paper V. 

In the XRD pattern of PANI-PA (Figure 4-1d), a broad peak centered at 
around 2θ≈25° demonstrates the predominant amorphous structure of 
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PANI. This peak is reported as the characteristic peak for PANI in the 
literature [59, 104]. Moreover, the presence of some sharp peaks indicates 
the presence of some crystalline regions in the sample. 
 

Based on the spectroscopic studies and XRD we conclude that the 
synthesized PANI-PA is in the conductive state (emeraldine salt), which is 
what we want for our end application, and that the particles are largely 
amorphous. We now have to consider how the morphology of the 
synthesized particles depends on synthesis method and the solvent used to 
disperse the PANI-PA particles. 
 

Particle size of PANI dispersed in various solvents was found, by DLS, to 
be in the order PANIin acetone<PANIin chloroform<PANIin water irrespective of the 
type of dopant or the synthesis method. Less aggregation tendency of PANI 
in acetone led to the choice of this solvent as a suitable dispersion media 
for pretreatment of PANI. Figure 4-2 shows the effective hydrodynamic 
diameter distribution for PANI-PA dispersed in acetone and prepared by 
three different synthesis methods. Based on these results, the rapid mixing 
method was chosen as the most suitable synthesis method for further 
studies considering that the obtained PANI particles had a small size and a 
narrow size distribution profile. 

 

Figure 4-2. Relative number of particles with a given size vs. hydrodynamic 
diameters for PANI-PA dispersed in acetone and synthesized by (a) conventional, 

(b) rapid mixing, and (c) interfacial polymerization methods. The particle size 
ranges for 50% and 90% of the distribution are reported on the graphs and the red 

lines illustrate the cumulative number percentage of particles. 
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Morphology of PANI-PA was found to depend on the media from which it 
was dried. SEM images of PANI-PA particles (synthesized by the rapid 
mixing method) show the presence of aggregates formed by spherical 
particles when PANI is deposited from a solution of acetone (Figure 4-3a). 
These spherical particles have diameters in the range measured in acetone 
by DLS (<100 nm). The aggregates formed by these particles have an open 
structure, which is expected to facilitate re-dispersion upon mixing in a 
compatible media. In contrast, the clusters seen for PANI-PA particles 
dried from aqueous solutions (Figure 4-3b) appear to be sintered together, 
in agreement with the large particle sizes observed in water by DLS. It is 
also seen that NMP (Figure 4-3c) and chloroform (Figure 4-3d) leave 
aggregates of PANI-PA with mostly fibrillar morphology, with the fibers 
being more separated in case of NMP. In NMP, the interactions with the 
dopant acid result in de-doped (emeraldine base) PANI [115], and it has 
been suggested that hydrogen bonds between the carbonyl groups in NMP 
and the amine sites of emeraldine base PANI (i.e. C=O···H˗N) counteracts 
formation of large aggregates of the emeraldine base [116]. Wessling et al. 
[2] found that the PANI primary particles are of spherical nature with a 
diameter of about 10 nm, but frequently tend to aggregate to spherical 
secondary particles of up to 100 nm in size (consistent with Figure 4-3a) . 
They suggested that the secondary particles may also have fibrillar shape 
due to strong dipolar interactions that favor linear growth (ex. Figure 4-3c 
and d). 
 

The aim was to create a conducting network in our composite coating, 
which means that we need to use an additive concentration above the 
percolation threshold. It is known that the percolation threshold decreases 
with decreasing particle size and thus, in order to maintain the mechanical 
properties of the matrix, small PANI-PA particles should be used. For this 
reason, we chose the rapid mixing method for PANI-PA synthesis and to 
disperse the synthesized particles in acetone. 
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Figure 4-3. SEM images showing the morphology of PANI-PA, synthesized by the 
rapid mixing method and dried out from dispersions in (a) acetone, (b) water, (c) 

NMP and (d) chloroform. 
 

The next issue to consider is how the choice of dopant ion type affects 
nanomechanical properties and surface energies of the synthesized 
conducting polymer. 
 

Surface topography and nanomechanical properties of PANI-PA (and 
for comparison PANI-DecylPA) pressed pellet surfaces, measured by 
PeakForce AFM, are shown in Figure 4-4. These surfaces were also used 
for contact angle and colloidal interaction measurements. Comparison of 
the DMT modulus data reveals that PANI-DecylPA is significantly softer 
than PANI-PA, and this demonstrates the important role of dopant with 
respect to the stiffness of the synthesized polymer particles. 
 

Contact angle of water droplets on the surfaces of PANI-PA, PANI-MeSA 
and PANI-DecylPA pressed pellets was measured to be 49±2, 57±3 and 
94±2, respectively. The hydrophilic nature of PANI (seen for PANI-PA and 
PANI-MeSA in this work) is well known from the literature [70]. Here, we 
succeeded to synthesize hydrophobic PANI by using a long-chain 
alkylphosphonic acid (DecylPA). The contact angle of ethylene glycol and 
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Figure 4-4. (a) AFM topography, (b) DMT modulus, and (c) deformation images 
and line scan profiles (from the middle of each image) recorded by PeakForce 

AFM on a pressed pellet of PANI-PA (first row) and PANI-DecylPA (second row). 
 

diiodomethane on PANI surfaces was also determined and used in the 
surface energy components calculations together with the water contact 
angle. These values and also the contact angles of HDDA monomer and 
PEA resin on the surface of hydrophilic PANI-PA, and for comparison on 
hydrophobic PANI-DecylPA, are summarized in Table 4-1.  

Surface energy components of these PANIs, calculated according to 
Equation 3-1 using the data in Tables 3-1 and 4-1, are presented in Table 4-
2. These data will be used in the next section to calculate the interfacial 
energies between PANI surfaces in PEA resin. 
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Table 4-1. Contact angle of the liquids used for surface energy component 
calculations, HDDA monomer and PEA resin droplets on PANI-PA and PANI-

DecylPA surfaces. All contact angle data are averages of at least three replicates. 

 Substrate 

 

liquids for surface energy 
component calculation HDDA 

monomer 
PEA 
resin* 

water ethylene 
glycol diiodomethane 

PANI-PA 49±2 37±3 45±1 ∼6 ∼14 

PANI-DecylPA 94±2 78±5 71±5 ∼58 66±2 

* Data after 5 minutes of droplet relaxation on the surface. 
 

Table 4-2. Surface energy components (mJ m-2) calculated for PANI-PA and PANI-
DecylPA. γ is the surface energy, γLW is the Lifshitz-van der Waals (apolar) 

component of the surface energy, γ+ and γ− are the electron-acceptor and the 
electron-donor surface energy parameters. 

 Substrate γ γLW γ+ γ− 

 PANI-PA 40.4 36.8 0.09 36.9 

 PANI-DecylPA 22.4 22.3 ∼0 5.94 

 

From the studies above we have learned that the properties of doped PANI 
are significantly affected by the choice of dopant ions. This facilitates an 
easy route for tuning surface energies, hydrophobicity and elastic modulus 
of the particles for a given application. In my case I needed to achieve good 
dispersibility of the PANI particles in a UV-curable PEA resin, and this is 
considered next. 

 

4.2 Polyaniline/Polyester acrylate dispersion 

Compatibility of the dispersion components was examined by studying the 
interfacial characteristics of the PEA/PANI interface, together with 
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measurements of the interactions between PANI surfaces within the PEA 
matrix. High wetting tendency of PEA resin on PANI-PA is suggested by 
the very low contact angle value obtained on this hydrophilic PANI (Table 
4-1). In contrast, the higher contact angles measured on the PANI-DecylPA 
surface is a sign of less wettability of PEA resin on the hydrophobic PANI 
surface. This is visualized by the snapshots of a liquid PEA resin droplet on 
PANI-PA and PANI-DecylPA surfaces in Figure 4-5, which illustrates the 
changes in the wetting behavior with time. We observe immediate and fast 
spreading of the liquid PEA over the PANI-PA surface until the point of 
full wetting. This contrasts to the pinned droplet base diameter and no 
spreading of the liquid over the PANI-DecylPA surface.  

 

Figure 4-5. Plots showing quantitative changes in contact angle, droplet volume 
and base diameter during the initial stages (plots in first row, with arrows pointing 

to the corresponding Y-axis) and snapshots illustrating the spreading behavior 
(rows 2-5) for liquid PEA resin droplet on (a) PANI-PA and (b) PANI-DecylPA 

 

Interfacial energies between different PANIs and PEA, calculated 
according to Equation 3-2 using the data for the surface energy components 
for the PANIs (Tables 4-2) and PEA (Tables 4-3), were found to be 
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γPEA/PANI-PA = −2.8 mJm-2 and γPEA/PANI-DecylPA = 3.5 mJm-2. Negative 
interfacial energy between PEA and PANI-PA and positive interfacial 
energy between PEA and PANI-DecylPA indicates that the free energy of 
interaction (∆G121 = −2γ12) between two PANI surfaces immersed in the 
PEA resin is repulsive between PANI-PA and attractive between PANI-
DecylPA particles dispersed in this media. This is due to the much stronger 
Lewis base character of PANI-PA compared to PANI-DecylPA (Table 4-
2), knowing that the PEA resin has some Lewis acid character (Table 4-3).  

Table 4-3. Contact angle of the liquids used for surface energy component 
calculations on a cured film of PEA resin, and surface energy components (mJ m-2) 

calculated for PEA. 

Substrate 

 

Contact angle of liquids for surface 
energy component calculation 

γ γLW γ+ γ− 
water ethylene 

glycol diiodomethane 

cured PEA 67±3 39±6 50±7 40.7 34.0 0.8 13.7 

 

Colloidal interactions between PANI surfaces in PEA matrix were directly 
measured as surface forces vs. separation, using the AFM colloidal probe 
technique. Representative force curves for interactions between PANI-PA 
and PANI-DecylPA colloidal probes with a pressed pellet of each polymer 
in three media of PEA with various HDDA content are presented in Figure 
4-6. 

No attraction was observed between hydrophilic PANI-PA surfaces, neither 
as a jump-in during approach or as a contact adhesion during retraction 
(Figure 4-6a). This is in agreement with the conclusions from interfacial 
energy measurements, where no tendency of PANI-PA particles to 
aggregate (once dispersed in PEA resin) was suggested. Moreover, the 
absence of any long-range repulsion between PANI-PA surfaces in PEA 
(Figure 4-6a) is ideal considering the end application of our composites as 
conductive coatings, because the particles may get close to each other and 
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form a network that results in conductive paths with relatively low 
resistance.  

Between hydrophobic PANI-DecylPA surfaces, strong contact adhesion 
was observed (Figure 4-6b), and the adhesion forces increased at higher 
PEA content (illustrated in the histograms in Figure 4-7). This suggests a 
tendency of aggregation for PANI-DecylPA particles in PEA resin.  

 

Figure 4-6. Representative approach (blue) and retraction (red) force curves for 
(a) PANI-PA/PANI-PA and (b) PANI-DecylPA/PANI-DecylPA interaction in the 
media with PEA:HDDA ratio of 0:100 (first row), 30:70 (second row) and 60:40 

(third row). All force curves were obtained at 50°C. 
 

From these studies one can conclude that interfacial energy calculations 
based on contact angle measurements and direct measurements of surface 
forces in the PEA resin give the same picture. PANI-PA particles will not 
tend to adhere to each other in the resin and ought to be relatively easy to 
disperse. In contrast, PANI-DecylPA particles attract each other in the resin 
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Figure 4-7. Adhesion force histograms for PANI-DecylPA/PANI-DecylPA 
interaction in the media with PEA:HDDA ratio of (a) 0:100, (b) 30:70, and (c) 
60:40. Histograms are based on approximately 30 pull-off events in each case. 

 

and will thus show a higher aggregation tendency. For this reason we chose 
to focus our work on PANI-PA even though the hydrophobic character of 
PANI-DecylPA could be considered as an advantage regarding the end 
application of our composite coatings in corrosion protection, where a slow 
water transport through the coating would be favourable.  
 

Next I needed to consider if the predicted good dispersibility of PANI-PA 
in PEA resin also was observed directly by experiments. 
 

Dispersion stability of PANI in PEA resin was examined by measuring the 
sedimentation rate, which can be related to the changes in integrated 
transmission profiles vs. the centrifugation time. These data are presented 
in Figure 4-8a for PEA/PANI-PA dispersions with different PANI content. 
The relatively low initial change in transmission indicates slow 
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sedimentation and high dispersion stability. This is due to the non-adhesive 
PANI-PA/PANI-PA interactions reported above, together with the high 
viscosity of PEA. For the dispersions with higher PANI-PA content, 
hindered settling and concentrated highly absorbing solutions are the main 
reasons for the slightly different progress and slower initial changes 
observed in the transmission profiles.   

 

Figure 4-8. (a) Integral transmission versus centrifugation time for PEA/PANI-PA 
dispersions with different PANI content (integration in the middle region; position 
106.5-129.5 mm of the transmission profiles), and (b) Number weighted particle 

size distribution of a PEA/1.5 wt.% PANI-PA dispersion. 
 

PANI particle size distribution in PEA resin was calculated according to 
Equations 3-8 and 3-9 using the centrifugation transmission data. The 
results are illustrated in Figure 4-8b as the equivalent Stoke’s diameter for 
PEA/PANI-PA dispersions with 1.5 wt.% PANI content. Statistical 
analysis shows that 50% of the particles have a size below 200 nm and 90% 
of the distribution is less than 400 nm. Note that this range of particle size 
is achieved for PANI powders prepared by ultrasonically drying from 
acetone solution and in a solvent-free and highly viscous resin. The small-
size distribution peak (at around 100 nm) is close to the particle size found 
by DLS for PANI-PA dispersed in acetone (Figure 4-2). 
 

Our data demonstrate that we indeed have a good dispersion stability and a 
large fraction of small PANI-PA particles in PEA, as predicted by 
interfacial energy and surface force measurements. However, the size 
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distribution of PANI-PA in PEA is larger than that in acetone, which 
suggests that breaking up all aggregates during dispersion of PANI-PA in 
PEA remains a challenge. 
 

Now it is time to cure the achieved PEA/PANI-PA dispersions to make the 
composite coatings. Considering that the curing is to be done by UV-
irradiation, the observed absorption of PANI-PA in the UV region (Figure 
4-1b) might be a problem. Hence, this issue was investigated next. 
 

Maximum allowed concentration of PANI-PA in the UV-curable PEA 
formulation, in order not to affect the UV curing process, was estimated by 
UV-vis absorption studies on PANI-PA. Here, the absorptivity, ε, was 
calculated using the Lambert-Beer law (Equation 4-1), 

A=εbc                                                                                                      (eq.4-1) 

where; b is the length of the UV pathway (1 cm for the cuvettes used in my 
experiments), c is the concentration of the tested material in solution (0.15 
gL-1 in chloroform), and A is the experimental absorbance value, extracted 
from the data in Figure 4-1 for the three wavelengths of 254 nm (in UV-C 
region), 313 nm (in UV-B region) and 366 nm (in UV-A region). These 
wavelengths are the critical ones on which most of the UV sources have 
their highest radiation power. The maximum allowed concentration of 
PANI-PA in PEA was estimated using the calculated data for ε254, ε313 and 
ε366 at the three mentioned wavelengths. For this, Equation 4-1 was applied 
for A<0.3, considering the fact that the UV absorbance by a 10 µm thick 
coating layer should lie around 0.3 [117] in order to allow sufficiently 
homogenous distribution of the UV light throughout the film. These data 
are presented in Table 4-4, and suggest that the curing process may be 
affected by PANI-PA when its concentration is more than around 4 wt.% 
(UV-C region), and 5 wt.% (UV-B and UV-A regions).  
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Table 4-4. Absorptivity and the maximum allowed concentration of PANI-PA in 
order to not affect the UV curing of PEA, determined experimentally for three 

critical UV wavelengths of 254, 313 and 366 nm. 

Wavelength 
(nm) 

Absorptivity 
(Lg-1cm-1) 

Max PANI-PA 
concentration  

(gL-1) 

Max allowed 
PANI-PA 

wt.% in PEA 

254 5.0 60.0 4.4 

313 3.8 78.9 5.7 

366 4.3 69.8 5.1 

 

4.3 UV curing process 

Kinetics of the UV curing reactions of PEA and dispersions of 
PEA/PANI-PA were followed by real-time FTIR, in terms of changes in 
the degree of conversion of C=C bonds, calculated using Equation 3-7, vs. 
the UV irradiation time. Figure 4-9a presents the conversion data for PEA 
resin with PANI-PA content of 0, 1 and 3 wt.%, exposed to UV spot light 
of 1 mW cm-2 intensity and in the presence of oxygen. The free radical 
polymerization could not proceed for dispersions with a PANI-PA content 
higher than 5 wt.% under these conditions, and the conversion remained 
almost zero for the whole irradiation period (Figure 3-7c for the case of 
PEA/5 wt.% PANI-PA). This is in agreement with the UV absorption 
studies, where significant effect of PANI-PA higher than 5 wt.% was 
suggested in the UV-B and UV-A regions (Table 4-4). Note that the UV 
spot lamp used in the laboratory tests of this work is a 365-nm type with a 
radiation wavelength range of 300 to 450 nm. 

It is seen that the conversion vs. time curves follow a well-known 
characteristic S shape profile [98], consisting of the three regions of 
induction, propagation, and equilibrium. 
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Figure 4-9. (a) Conversion vs. UV irradiation time for PEA resin and blends with 1 
and 3 wt.% PANI-PA content exposed to 1 mW cm-2 UV light (the inset shows the 

in-zoomed curves for degrees of conversion up to 5%), and (b) the kinetic 
parameters calculated from the conversion curves presented in (a). 

 

In the induction region, the curing is retarded partly due to the time needed 
for the radicals to generate, and to that some of the first propagating 
radicals are consumed in a competing reaction with oxygen and/or 
quenched by PANI. The initiation step and some possible reactions of these 
radicals are suggested in the following: 
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Here, I is the photo initiator, M is the HDDA monomer, R and R′ are chains 
of different length depending on the propagation stage containing acrylate 
groups which can form radicals and take part in the crosslinking reactions, 
and X− is the dopant anion which could be H2PO4

−, HPO4
2− or PO4

3− for 
PANI-PA. The longer induction period observed for the systems containing 
PANI-PA could also be due to some UV screening, i.e. absorption of the 
UV light by PANI, and thus less radical formation especially in deeper 
layers. 

The slope of the conversion vs. time curve in the propagation region is used 
to calculate the rate of polymerization, Rp, using Equation 4-2 [98]. 

𝑅𝑝 = [𝑀]0
(𝐴810)𝑡1−(𝐴810)𝑡2

𝑡1−𝑡2
                                                                           (eq.4-2) 

where; [M]0 is the original concentration of acrylate double bonds 
(calculated to be 4.56 molL-1 for HDDA), (𝐴810)𝑡1 and (𝐴810)𝑡2 are the 
area of the IR band centred at 810 cm-1 at the irradiation times t1 and t2. In 
the following, (Rp)max, which is the maximum rate of polymerization, will 
be reported. This quantity was calculated from the maximum slope of the 
conversion curves, smoothed by a Savitzky-Golay filter [118]. 

In the equilibrium region, the ultimate degree of conversion is reached as a 
plateau at longer irradiation times. The progressive slowing down observed 
with increasing degree of conversion is the result of the reduced monomer 
concentration, and formation of a tight network which reduces the 
segmental mobility of the growing polymer chains. Thus, the radical sites 
move mainly by reacting with neighboring functional groups and by further 
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gelation, the polymer chains will finally stop growing and long-lived 
radicals remain trapped in the matrix, unless oxygen is present. 

The quantities of the kinetic parameters describing these three regions, 
extracted from the data shown in Figure 4-9a, are presented in Figure 4-9b. 
Longer delay in polymerization initiation, lower (Rp)max, and slightly lower 
ultimate degree of conversion (at a UV dose of 1800 mJ cm-2) are observed 
with increasing PANI-PA content.  
 

The effect of changes in the UV light intensity on the kinetics of the 
radical polymerization was investigated, and the conversion data are shown 
in Figure 4-10a. It is seen that the enhanced initiator photolysis, and 
consequently faster production of free radicals, at higher UV light 
intensities has promoted the polymerization initiation and propagation. A 
wider gap between the polymerization curves is observed for the 
dispersions containing PANI-PA compared to the neat PEA resin. This 
difference is suggested to be due to some UV screening and radical 
quenching by PANI. Furthermore, the extracted data presented in Figure 4-
10b reveals that different stages of polymerization are not affected by the 
UV light intensity in the same manner. For example, the acrylate 
conversion data calculated for PEA films formed under 2 or 5 mW cm-2 UV 
light intensity (at a UV dose of 1800 mJ cm-2) is almost the same, while for 
the films with 5 wt.% PANI-PA content the conversion is still enhanced as 
the light intensity is increased to 5 mW cm-2. Considering the attempt to 
prevent the replenishment of oxygen into the coating during 
photopolymerization by covering the droplet with a KBr pellet, this lower 
conversion at low light intensities is suggested to be due to the light being 
absorbed and scattered by PANI. 



49 

 

 

Figure 4-10. (a) Conversion vs. UV irradiation time curves for PEA resin and 
PEA/5 wt.% PANI-PA dispersions exposed to UV light of 1, 2 and 5 mW cm-2 

intensity, and (b) the kinetic parameters calculated from the conversion curves 
presented in (a). All samples have been covered by KBr pellet in order to reduce 

the oxygen inhibition. 
 
 

The oxygen inhibitory effect on the UV curing kinetics was also 
investigated, and the conversion data for PEA resin under a UV light 
intensity of 2 mW cm-2, and for both PEA resin and PEA/3 wt.% PANI-PA 
dispersions under a UV light intensity of 5 mW cm-2 are presented in 
Figures 4-11 and 4-12, respectively. As expected, shorter induction time, 
higher propagation rate and larger ultimate degree of conversion are 
reached when the rapid replacement of atmospheric oxygen is prevented. 
The oxygen inhibition is seen to be less effective on the PEA resin at higher 
intensity (compare Figure 4-12 to Figure 4-11), which indicates that the 
rate of propagation at a light intensity of 5 mW cm-2 is much higher than the 
rate of oxygen diffusion into the film. This is a known phenomenon [38], 
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Figure 4-11. (a) Conversion vs. UV irradiation time curves for PEA resin droplet 
exposed to UV light of 2 mW cm-2 intensity, with and without KBr cover, and (b) the 

kinetical parameters calculated from the conversion curves presented in (a).   
 
 

 
Figure 4-12. (a) Conversion vs. UV irradiation time curves for PEA resin and 

PEA/3 wt.% PANI-PA dispersions exposed to UV light of 5 mW cm-2 intensity, with 
and without KBr pellet cover, and (b) the kinetic parameters calculated from the 

conversion curves presented in (a). 
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and it is the formulation which decides the threshold level of intensity. The 
PANI-containing formulations are observed to be more sensitive to the 
presence of oxygen, showing pronounced changes in the kinetic parameters 
when the oxygen replenishment is limited (Figure 4-12). It is also seen in 
Figure 4-12b that both initiation and propagation reactions occur slower in 
the presence of PANI-PA which results in a prolonged reaction period, 
making more time for the atmospheric oxygen to penetrate and scavenge 
both initiator and polymer radicals. It should be noted that after some 
conversion, the increase in viscosity slows down the diffusion of oxygen 
into the sample and, therefore, the gap between the induction period and 
(Rp)max for the PANI-containing samples with and without KBr cover is 
wider than that of the conversion at higher UV doses. Here, at the applied 
UV intensity of 5 mW cm-2, the kinetic parameters for the PEA and PEA/3 
wt.% PANI-PA dispersions are comparable when the oxygen access is 
prohibited (Figure 4-12b).  
 

The effect of PANI-PA content on the UV-initiated curing was 
investigated, and the conversion curves for PEA resin and dispersions with 
various PANI-PA content, covered with KBr pellet and exposed to UV 
light of 2 mW cm-2 intensity, are presented in Figure 4-13a. Significant 
effects on the curing kinetics are observed for dispersions with PANI-PA 
content higher than 3 wt.%. The induction time is more than doubled by 
increasing the PANI-PA content from 3 to 5 wt.% (Figure 4-13b), which 
reflects the presence of less photons available for photolysis of the initiators 
due to the UV absorption by PANI. This will retard the initiation of the 
reaction and directly decrease the rate of polymerization. It also prolongs 
the time during which the system becomes depleted of oxygen, and makes 
the oxygen inhibition effect more pronounced. Under the applied UV light 
intensity of 2 mW cm-2, the sample with 10 wt.% PANI-PA content initiates 
the polymerization at a very low rate and reaches a conversion degree of 
only 65% at a UV dose of 1800 mJ cm-2. The real-time FTIR data has been 
continuously collected for this sample until the irradiation time of 3600 
seconds, where the conversion plateau was found to be around 68%.  
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Figure 4-13. (a) Conversion vs. UV irradiation time curves for PEA resin and 

blends with 1, 3, 5 and 10 wt.% PANI content exposed to UV light of 2 mW cm-2 
intensity, and (b) the kinetic parameters calculated from the conversion curves 
presented in (a). All the samples have been covered by KBr pellet in order to 

reduce the oxygen inhibition. 
 

Our results show that the curing process, as executed by means of a 
laboratory UV source, indeed is affected by the presence of PANI-PA (and 
oxygen). In summary we note that the curing rate and degree of conversion 
decreases with increasing PANI-PA content and with decreasing UV light 
intensity. Since curing under industrial conditions will occur using a more 
than 100 times stronger UV source than in the laboratory tests, our data 
suggests that curing of the PEA/PANI-PA composite under high intensity 
industrial UV lamps will not be a problem. This prediction was tested in the 
next part of my work. 

 

4.4 Characterization of cured composite coatings 

Conversion of acrylate double bonds on both sides of 50 µm thick PEA 
and PEA/PANI-PA free films was determined using Equation 3-7 and the 
data collected by ATR/FTIR spectroscopy. The free films were cured under 
Fusion UV lamps of 1.5 Wcm-2 intensity and a UV dose of 1.2 Jcm-2, in the 
UV-A region. Such high intensity UV lamps (which irradiate light with 
around 300 times higher intensity than the spot lamps used in my kinetic 
studies) are used to provide fast and effective curing in the industries. The 
calculated degrees of conversion are presented in Table 4-5, where proper 
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curing is concluded from the high conversion levels obtained for the 
composites with PANI content of up to 10 wt.%. It is also seen in Table 4-5 
that the high intensity of the UV light has overcome any significant 
inhibitory effect of oxygen, and the outer part of the layers has reached 
degrees of conversion as high as 95-96%.   

Table 4-5. Conversion data for front and backside of free films of neat PEA and 
blends with 1, 3, 5 and 10 wt.% PANI-PA content, cured under UV light of 1.5 

Wcm-2 intensity. ‘Front’ is the upper side of the free films exposed to the UV light 
and in direct contact to the air. 

Sample     
(free film) PEA PEA/1 wt.% 

PANI-PA 
PEA/3 wt.% 

PANI-PA 
PEA/5 wt.% 

PANI-PA 
PEA/10 wt.% 

PANI-PA 

Degree of 
conversion 
/ front side 

96% 96% 95% 96% 95% 

Degree of 
conversion 
/ backside  

99% 99% 99% 99% 99% 

 

 

Glass transition temperatures (Tg) of PEA and PEA/PANI-PA coatings 
were determined by thermal analysis on cured free films using DSC. The 
Tg was found to be around 46°C for the PEA and PEA/1 wt.% PANI-PA 
films, and around 40°C for the films containing 3, 5 and 10 wt.% PANI-
PA. The measured range of Tg is lower than the curing temperature, as the 
samples are heated (to around 60°C) by strong UV lamps. This indicates 
that the UV curing is not limited by vitrification in the presence of PANI, 
which is in agreement with the high degree of conversion (Table 4-5).  
      

Mechanical properties of PEA and PEA/PANI-PA coatings were 
calculated from the DMA data plotted in Figure 4-14, as the storage 

modulus (𝐸′) and tan δ (= 𝐿𝑜𝑠𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠,𝐸′′

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑚𝑜𝑑𝑢𝑙𝑢𝑠,𝐸′
) vs. temperature. It is seen 

that, although the actual magnitude of the storage modulus slightly varies 
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for samples containing different PANI content, all the samples have 
qualitatively similar mechanical properties in the tested temperature 
interval.  

 

Figure 4-14. Storage modulus (E′) (left Y-axis and solid line) and tan δ (right Y-
axis and dashed line) for free films of PEA and blends with 1, 3 and 5 wt.% PANI-
PA content, obtained by DMA performed in Tensile mode using a frequency of 1 
Hz and a strain amplitude of 10 µm. The highlighted region in the E′ plots shows 

the equilibrium rubbery tensile modulus, and maximum in the tan δ plots represent 
the Tg range of the films measured under the mechanical test conditions. 

 

The equilibrium rubbery tensile modulus (E′min) is found at temperatures 
far above Tg (highlighted in yellow in Figure 4-14). This quantity was used 
to calculate the average molecular weight of chain segments between the 
crosslinks (Mc) employing Equation 4-3 [86],  

𝑀�𝑐 = 3𝜌𝑅𝑇
𝐸′𝑚𝑖𝑛

                                                                                           (eq.4-3) 

where; ρ is the film density (determined using hexane as the auxiliary 
liquid), R is the universal gas constant, and T is the test temperature. The 
degree of crosslinking (Xc; 0≤Xc≤1) can be related to the average molecular 
weight as: Xc=1/Mc [86]. The crosslink density (υe), also defined as the 
number of moles of elastically effective network chains per cubic 
centimeter of film, was calculated using Equation 4-4 [119], 

υ𝑒 = 𝐸′𝑚𝑖𝑛
3𝑅𝑇

                                                                                                     (eq.4-4) 
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Table 4-6 presents the calculated quantities of average Mc, Xc and υe for 
the PEA and PEA/PANI-PA coatings. A slightly lower degree of 
crosslinking and crosslink density is determined for the samples with 
higher PANI-PA content, which is inconsistent with the constant high level 
of acrylate conversion calculated from ATR/FTIR spectroscopy data 
(presented in Table 4-5).  

Table 4-6. Average molecular weight of chain segments between the crosslinks 
(Mc), degree of crosslinking (Xc) and crosslink density (υe) for the free films of 

PEA with 0, 1, 3 and 5 wt.% PANI-PA content, calculated from DMA data. 

Sample  
(free film) 

Mc 

(g mol-1) 

Xc(×10-3) 

(mol g-1) 

υe 

(mol cm-3) 

PEA 789 1.3 1.8 

PEA/1 wt.% 
PANI-PA 943 1.1 1.5 

PEA/3 wt.% 
PANI-PA 1247 0.8 1.1 

PEA/5 wt.% 
PANI-PA 1347 0.7 1.0 

 

From the data presented above we draw the conclusion that PEA/PANI-PA 
composites can be UV-cured, at least with up to 10 wt.% PANI content, 
using an industrial UV light source. The presence of PANI-PA has a slight 
effect on the properties of the cured coating, but they are not dramatically 
altered by adding PANI-PA. Thus, the favourable properties of the matrix 
polymer are largely conserved.  

In our end application as a corrosion protective coating, in addition to 
proper UV-curing of the composite films, we also need to have a 
conductive network within the matrix in order to have the whole PANI 
content involved in the expected active function. To determine if we have 
achieved this was the next goal of the project.  
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Morphologies of the cured coatings are seen in the SEM images of a PEA 
film (Figures 4-15a), which is compared with the composite films 
containing hydrophilic PANI-PA (Figures 4-15b) and hydrophobic PANI-
DecylPA (Figures 4-15c). No microscopic aggregates were seen on the 
PEA/PANI-PA composite films and, by examining the side-walls of a 
conical bore-hole using high resolution SEM, closely packed PANI-PA 
particles of several tens of nanometers were detected within the bulk of the 
coating (inset in Figure 4-15b). On the other hand, aggregates were clearly 
seen on the coating containing PANI-DecylPA (Figure 4-15c). These 
observations are consistent with the predictions based on surface energy 
and force measurements, where good compatibility of PANI-PA with PEA 
resin results in no aggregation tendency of PANI-PA, in contrast to the 
suggested poor dispersibility of PANI-DecylPA in PEA resin.  

 

Figure 4-15. SEM images of the (a) side-walls of a conical bore-hole in pure PEA 
coating, (b) side-walls of a conical bore-hole in PEA/3 wt.% PANI-PA composite 
film, and (c) outer layer of a PEA/3 wt.% PANI-DecylPA composite film. Inset in 
(b) shows at a higher magnification closely packed PANI-PA particles of several 

tens of nanometers size within the bulk, and inset in (c) shows a close-up of a 
PANI-DecylPA aggregate sticking out of the composite surface. 

 

Electrical conductivities of PEA/PANI-PA composite films containing 3, 
5 and 10 wt.% PANI, applied on polished carbon steel, were measured to 
be in the order of 10-4 to 10-3 Scm-1. This should be compared with the bulk 
electrical conductivity of the neat PEA film that was found to be in the 
order of 10-12 Scm-1, which lies in the range of insulators. The relatively 
high level of conductivity of the composites suggests the presence of a 
conductive network of PANI-PA within the PEA matrix, as also indicated 
by the SEM images reported in Figure 4-15.    
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Nanoscale distribution of the conductive networks of PANI-PA within 
the cured composite films was examined, by PeakForce TUNA AFM, in 
terms of local surface topography, nanomechanical properties and electrical 
conductivity. The current level on the surface layer of the coatings was 
mostly too low to be detected. However, some regions of very low 
conductivity (current signal up to a few pA) and with the modulus level 
close to that of PEA (around 2.6 GPa) were found, which suggests the 
presence of a thin layer of PEA on top of the conductive phase. The 
preferential depletion of dispersed PANI particles from the interface is due 
to the favourable interaction between PEA and PANI-PA (see compatibility 
and interfacial energies data in Section 4.2). Moreover, on some areas 
conductive spots were found to have an elastic modulus as high as that of 
PANI-PA (around 6.3 GPa). These spots were separated by large insulating 
regions (with lower modulus). An example of AFM images on such spots, 
representing aggregates of PANI-PA sticking out from the surface, is 
shown in Figure 4-16. 

 

Figure 4-16. PANI-PA aggregates sticking out of the PEA matrix at the coating-air 
interface. (a) Topography, (b) DMT modulus and (c) current maps, with a line 

scan profile over a part of the modulus image (inset). The PEA/PANI-PA 
composite film was applied on polished carbon steel. The images were recorded in 

air using PeakForce TUNA AFM. 
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The distribution of the conductive phase within the composite films was 
also visualized by means of PeakForce TUNA AFM. To this end, the 
internal structure was exposed by removing the top layer of the coatings 
using a microtome. Figure 4-17 shows the current maps of microtomed 
areas in PEA and PEA/10 wt.% PANI-PA films, where the high fraction of 
conductive regions in the presence of PANI (Figure 4-17b) is compared to 
the zero conductivity of the insulating PEA film (Figure 4-17a). The data 
suggest formation of a conductive network within the PEA/PANI-PA 
composite layer.  

 

Figure 4-17. Current maps of microtomed areas on (a) PEA and (b) PEA/PANI-PA 
films applied on polished carbon steel. The images were recorded in air using 

PeakForce TUNA AFM. 

 

 

 

Figure 4-18. (a) Topography, (b) DMT modulus, and (c) current maps of a 
microtomed area on PEA/PANI-PA composite film applied on polished carbon 

steel. The images were recorded in air using PeakForce TUNA AFM. 
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Figure 4-18 presents the PeakForce TUNA AFM images of a 6×6µm scan 
area on the microtomed PEA/PANI-PA surface. Here, a direct correlation 
between the conductive regions with high current signal and a modulus 
level consistent with that of PANI-PA (Figure 4-4) is observed. It should be 
remembered that a high signal in the current map is achieved when a 
conductive network spans from the contact point of the AFM tip at the 
surface down to the metal substrate. It is seen in Figure 4-18b that on some 
areas PANI-PA with higher modulus exists at the surface, but it is not 
associated to any detected high current signal (Figure 4-18c) due to the lack 
of electrical contact to the metal substrate.      
 

Current-voltage (I-V) characteristics of the PANI-PA conductive 
network within the PEA matrix were studied by conductive AFM in 
spectroscopy mode. Representative I-V curves recorded on the surface of a 
PANI-PA pellet, polished carbon steel (for comparison), and on selected 
conductive spots of a PEA/PANI-PA composite film are shown in Figure 4-
19. It is seen that PANI-PA displays an Ohmic response and rather 
symmetrical I-V curves with respect to 0 V (Figure 4-19a). This is an 
indication of the good conductivity and conducting homogeneity of our 
synthesized PANI. In contrast, the I-V characteristics of the conductive 
network in PEA/PANI-PA composites reveal non-Ohmic behaviour, 
apparently similar to that of semiconductors [120], which is not 
symmetrical with respect to 0 V. Considering the high wettability of PEA 
on PANI-PA and attractive interfacial interactions measured between these 
two materials (Section 4.2), the observed non-Ohmic electron transfer 
across PANI-PA particles is suggested to be due to the presence of a thin 
layer of PEA resin around the particles. Interparticle electrical conduction 
is, nevertheless, possible as the particles can come close to each other due 
to the absence of long-range repulsive forces between PANI-PA particles in 
PEA resin (Figure 4-6). The observed I-V characteristics suggest that the 
conduction mechanism is hopping of the charge carriers between the 
neighboring PANI-PA particles with (mostly) no direct physical contact 
[84].  
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It is also seen in Figure 4-19b that for the magnitude of the applied bias 
voltage lower than a certain threshold, no or a very low current flow is 
detected. Such a threshold value is known as the energy band gap in 
semiconductor theory, and is determined to be ranging from 2 eV down to 
sub eV for the curves recorded on various surface positions of the 
conductive network. This is consistent with the above suggested conduction 
mechanism since the inhomogeneity in the distribution of the conducting 
phase within the composite will naturally lead to variations in the local 
PANI-PA interparticle separations and, thus, in the values of the energy 
band gaps. 

 

Figure 4-19. I-V curves for (a) PANI-PA and carbon steel, and (b) various spots on 
a microtomed PEA/PANI-PA composite film. The dashed black line in (b) 

represents an I-V curve recorded on an insulating area on a PEA/PANI-PA 
composite film before microtoming. The current passing through this area is 

essentially zero over the whole range of applied bias voltage (-8 to 8 V). I-V curves 
are obtained by AFM-based I-V spectroscopy, where the current is measured 

under a constant force and an applied bias voltage that is linearly ramped down. 
 

In conclusion, SEM and AFM images demonstrate the presence of 
dispersed PANI-PA particles within the matrix, with less particles being 
present at the composite-air interface. In agreement with our interfacial 
energy and surface force measurements, the particles are often found close 
to each other but not in direct contact. The overall conductivity of the 
coating and the local measurements of conductivity using PeakForce 
TUNA AFM demonstrate the presence of a conductive network within the 
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composite film, which is what we wanted to achieve. The presence of a thin 
PEA layer between the conducting particles, resulting in a non-
homogeneous band gap and the non-Ohmic response, suggests electron 
hopping as the charge transport mechanism.  
 

In the next phase of my research it was time to test if the PEA/PANI-PA 
composite coating could offer active corrosion protection. To evaluate this, 
we chose to work with an active metal (carbon steel) substrate in an 
aggressive solution (3 wt.% NaCl). 
 

Long-term corrosion protective properties of PEA and PEA/PANI-PA 
coatings were studied by following the evolution of the OCP level and the 
impedance properties upon exposure to a corrosive electrolyte of 3 wt.% 
NaCl. In Figure 4-20, the OCP vs. Ag/AgCl for a PEA coating and 
PEA/PANI-PA composites with various PANI content are plotted vs. the 
exposure time. The impedance data of these samples, in terms of Nyquist 
and Bode plots, are presented in Figure 4-21.  

 

Figure 4-20. Representative OCP vs. time of exposure to 3 wt.% NaCl electrolyte 
for pure PEA coating and PEA/PANI-PA composites coatings containing 1, 3 and 

5 wt.% PANI, applied on polished carbon steel. 
 

It is seen in Figure 4-20 that the OCP value of the PEA coating fluctuates 
during the first 10 days of exposure after which a dramatic drop in OCP is 
observed. The fluctuations could be a sign of corrosion in pinholes and the 
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subsequent blocking of these by corrosion products. The sudden drop in 
OCP after 10 days indicates penetration of water and ions to the 
metal/coating interface and loss of protective properties. By further 
exposure to the electrolyte, a slight increase in OCP is observed for this 
sample which could be due to formation of corrosion products around the 
corroded sites. However, after around 30 days the OCP value drops down 
to -0.6 V vs. Ag/AgCl, which is the OCP level of bare steel.  

In contrast, the composite coatings containing PANI-PA induced large and 
stable ennoblement to the substrate (as seen in Figure 4-20). This 
ennoblement was largest for the samples with 1 and 3 wt.% PANI-PA, and 
the effect lasted as long as 70 days for PEA/1 wt.% PANI-PA while it 
underwent a sudden drop at around 38 days for PEA/3 wt.% PANI-PA. The 
OCP level of these two samples fluctuated somewhat, up to 200 mV, 
especially during the first 30 days of exposure. This is a sign of active 
protection induced by PANI-PA, where a slight drop in OCP indicates 
water and ion penetration through some defects in the coating, and the rapid 
increase in OCP to the same high level is due to formation of oxides (by 
PANI’s high oxidizing power) that plugs the defect. The latter process is 
the so called ‘self-healing’ ability of PANI, after which PANI (left in the 
reduced state) can be re-oxidized by oxygen present in the system. The 
ennoblement period was shorter for PEA/5 wt.% PANI-PA, and a gradual 
decrease in OCP value was observed after around two weeks of exposure. 
A second increase in the OCP value for this sample starting at exposure day 
18 was also followed by a gradual drop in OCP after just a few days. 

The Nyquist plots for the PEA coating (first row in Figure 4-21a) during 
the first 10 days of exposure revealed large semi-circles, and the impedance 
level was found to be high and in the range of 108  Ω.cm2 at the frequency 
of 0.01 Hz as seen in the Bode plots (first row in Figure 4-21b). The high 
impedance modulus at low frequency, which is a measure of the 
polarization resistance (Rp), indicates good initial barrier properties of the 
insulating PEA coating. However, a sudden drop (of around three orders of 
magnitude) in the Rp at around exposure day 11, followed by appearance of 
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Figure 4-21. Representative EIS spectra; (a) Nyquist and (b) Bode plots for 
selected days of exposure to 3 wt.% NaCl electrolyte on a PEA coating (first row), 
and PEA/PANI-PA composite coatings with PANI content of 1 wt.% (second row), 
3 wt.% (third row) and 5 wt.% (fourth row), applied on polished carbon steel. The 
insets in (a) represent the Nyquist plots with zoom-in on the high frequency region 

in order to better visualize the data for longer exposure times. 
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two semi-circles in the Nyquist plots, is observed for this sample. The two 
semi-circles (seen for exposure days of 15 and 20) are attributed to charge 
transfer reaction (corrosion of metal) taking place at the metal-electrolyte 
interface beneath the coating, and the decreased barrier property of the 
coating itself. After this short exposure period, the barrier protection of the 
PEA coating is irreversibly weakened due to penetration of water and 
corrosive ions, and by further exposure, to around 30 days, a second sudden 
drop in Rp down to the order of 103 Ω.cm2 which is the Rp level of bare 
carbon steel is observed. This indicates iron dissolution and complete 
failure in protective properties of the PEA coating, leading to propagation 
of corrosion at the metal/coating interfaces.  

The impedance at low frequency for the composites containing PANI-PA 
starts with lower level than that of the pure PEA coating (Figure 4-21b). 
This is due to the presence of connected conductive pathways within the 
film (see Figures 4-17 and 4-18), and the impedance level is decreased by 
increasing the PANI-PA content. For the PEA/1 wt.% PANI-PA, the 
impedance modulus is kept high (in the range of 107 Ω.cm2 at the frequency 
of 0.01 Hz) for more than 30 days. Upon further exposure to the corrosive 
solution, it undergoes a gradual slight decrease. However, the absence of 
any sudden drops in Rp during 65 days of exposure reveals the long-term 
protection provided by this coating. For PEA/3 wt.% PANI-PA, the high 
level of impedance modulus at low frequency lasts for a period of up to 36 
days, after which failure in the good protective property was concluded 
from the sudden drop in impedance down to the order of 104 Ω.cm2 (third 
row in Figure 4-21b). This is probably due to opening of large defects that 
could not be healed by re-passivation with PANI-PA. The Nyquist plots for 
the samples with 3 and 5 wt.% PANI-PA exhibit a low frequency 
diffusional tail, characteristic for systems containing conductive species. A 
continuous decrease in the impedance modulus at low frequency for PEA/5 
wt.% PANI-PA (fourth raw in Figure 4-21b), together with the appearance 
of small high frequency semi-circles in the Nyquist plots (fourth raw in 
Figure 4-21a), after only 15 days of exposure indicate a low charge transfer 
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and Rp for this sample. Here, a total failure is evidenced from the 
impedance plots showing completely different behaviour compared to the 
data obtained at shorter exposure times. A reason for the poorer protective 
properties observed for the composites with higher content of PANI-PA 
could be the hydrophilic nature of this polymer (see Table 4-1) which may 
facilitate transport of water into the system, and also the presence of 
potentially weaker spots in the film (see Figure 4-15). 
 

Corrosion products formed beneath the coating, after final failure 
observed by electrochemical testing, were examined by SEM/EDX. Figure 
4-22 shows the SEM images obtained after removal of PEA and PEA/3 
wt.% PANI-PA coatings, together with the elemental analysis over the 
whole imaged area. 

 

Figure 4-22. SEM images of the carbon steel surface beneath (a) PEA and (b) 
PEA/3 wt.% PANI-PA coatings recorded after failure observed by EIS. EDX data 

(wt.% of each element) collected over the imaged areas in (a) and (b) are 
presented in (c). 

 

On the carbon steel surface beneath the PEA coating, localized oxides are 
observed (Figure 4-22a), which suggests that localized corrosion of the 
barrier coating caused by large defects has been the origin for the OCP drop 
down to the level of iron dissolution (Figure 4-20). On the contrary, the 
surface beneath the composite containing PANI-PA is almost fully covered 
by an iron oxide layer (Figure 4-22b), which reflects the role of  PANI in 
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stabilizing the passive oxide layer at the metal/coating interface and 
counteracting the dissolution of this layer [67]. Here, the higher content of 
oxygen on the surface after removal of the composite layer containing 
PANI-PA compared to beneath the pure PEA coating, and the appearance 
of some phosphor originating from the doping anions of PANI-PA, 
detected by EDX analysis (Figure 4-22c), is consistent with the improved 
barrier properties of the passivating complex layer and in agreement with 
the conclusions drawn from electrochemical measurements. 
 

In conclusion, our data demonstrate that PEA/PANI-PA composite coatings 
containing a low amount of PANI-PA (1-3 wt.%) are able to provide good 
corrosion protection for carbon steel in highly corrosive solutions (3 wt.% 
NaCl) over prolonged times. The excellent corrosion protection observed is 
a result of favourable barrier properties of the polymer matrix and active 
corrosion protection by the conductive network of PANI-PA. 
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5 Conclusions 
 

Functional composite films of conducting polyaniline (PANI) dispersed in 
a UV-curable resin based on polyester acrylate (PEA) were designed to be 
used as a corrosion protective coating with self-healing property on carbon 
steel. Homogenous dispersions were prepared by controlling the 
morphology and size of PANI, as well as compatibility within the polymer 
matrix. Nanoparticles of PANI were synthesized by the rapid mixing 
method and in the presence of phosphoric acid as dopant. Good 
compatibility of PANI-PA with PEA was concluded from the interfacial 
energy studies showing high affinity of PEA on PANI-PA, and interaction 
force measurements revealing no aggregation tendency of PANI-PA 
particles in PEA. By a proper mixing method, stable PEA/PANI-PA blends 
with dispersed small PANI-PA particles were prepared. The appropriate 
UV curing conditions were identified after a a thorough study of the 
kinetics of the radical polymerization reactions in the presence of PANI-
PA. The cured composite films revealed an electrical conductivity level in 
the range of semiconductors, suggesting formation of a connected network 
of the conductive PANI-PA phase within the insulating PEA matrix. This 
network was detected to be in electrical contact with the metal substrate, by 
local measurement of the current passing through the coating layer using 
PeakForce TUNA AFM. The presence of such a conductive network is 
essential to have the whole PANI content involved in the expected active 
corrosion protection. Current-voltage (I-V) characteristics of the conductive 
phase revealed non-Ohmic behaviour, suggesting that the PANI-PA 
particles are surrounded by a layer of PEA which is thin enough to allow 
electrical conduction despite limited direct physical contact between 
individual particles. This is in agreement with the understandings from 
colloidal interaction measurements, where no long-range repulsive forces 
between PANI-PA particles dispersed in PEA were observed, and with 
SEM observations, where closely packed particles were found on cross-
section cuts of the cured composite films. The conduction mechanism is 
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suggested to be hopping of the charge carriers between the neighboring 
PANI-PA particles. Stable ennoblement of carbon steel and active 
protection induced by PANI-PA were concluded from the long-term OCP 
and impedance measurements. The effect was highest for the composites 
containing 1 wt.% PANI-PA, while higher content of conducting polymer 
resulted in poorer protective properties. Examination of the metal surface 
after final failure upon electrochemical testing showed full coverage of the 
oxide layer beneath the composite film containing PANI-PA in contrast to 
the more local corroded spots under the PEA coating. This suggests the 
active action of PAN-PA in stabilizing the protective oxide layer at the 
metal/coating interface. More studies are needed to in-situ follow the 
changes that may occur at the interface and in pinholes upon the self-
healing action of PANI.    

 

  



69 

 

6 Future Works 
 

Composite coatings of PEA/PANI-PA were found in this work to provide a 
large ennoblement and active corrosion protection on carbon steel. 
However, the hydrophilic nature of PANI-PA was suspected to affect the 
long-term corrosion protection in a negative way at high PANI content. 
Hydrophobic PANI-DecylPA was synthesized to overcome this problem, 
but the applicability was limited by the determined incompatibility of this 
PANI with the PEA resin of interest in this work. An idea for continuation 
is to test other resins and find a suitable one with higher affinity towards 
our synthesized PANI-DecylPA. Alternatively, other long-chain dopants 
could be tested to prepare a hydrophobic PANI and a compatible coating 
formulation. Another idea could be to apply a hydrophobic or 
superhydrophobic topcoat on our proposed composite films and study the 
electrochemical behavior. A PhD project based on the latter idea is now 
ongoing in our division.  
To confirm the hypothesis of PANI-PA facilitating water transport into the 
system, water-uptake calculations are suggested. Due to the complexity of 
an equivalent circuit model for the systems containing conductive species, 
the water-uptake is not straight forward to calculate from EIS data. One 
idea could be to determine the water-uptake using quartz crystal 
microbalance (QCM) on PEA and PEA/PANI-PA coatings applied on the 
QCM crystal. 
Detailed information about the nature of the passive layer formed at the 
metal/coating interface after failure observed by electrochemical testing 
could be obtained by confocal Raman microscopy and X-ray photoelectron 
spectroscopy (XPS). The changes at the interface upon exposure to the 
electrolyte could also be followed ex-situ using these techniques, by 
removing the samples from the electrochemical cells at certain exposure 
times and examining the surface after coating removal.  
During my project I have thought about suitable ways of directly 
monitoring the proposed ‘self-healing’ ability of the PEA/PANI-PA 
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composite coatings. One suggestion is to make scratches of known 
dimension through the coating down to the substrate using a nano-
scratcher, followed by characterization using:  
 In-situ electrochemical AFM; by following the changes in topography 
around the scratch upon exposure of the coating to a corrosive solution. 
Formation of a passive layer induced by PANI is expected to be observed. 
A PhD project based on this idea is now ongoing in our division.  
 In-situ EIS/ATR; by following the changes in the oxidation state of 
PANI-PA at the interface through IR data being collected from the 
backside of an ultra-thin metal substrate coated by PEA/PANI-PA. Here, 
the coated surface should be exposed to the electrolyte and connected to a 
running electrochemical cell from the top side. 
 Scanning vibrational electrode technique (SVET) combined with 
electrochemical analyser; by mapping the current/potential density 
distribution at a fixed distance above the scratched surface freely 
corroding in a solution.  

At the end, it will be interesting to apply the PEA/PANI-PA composite 
coatings proposed in this thesis work in large scale and examine their 
adhesion to steel together with the long-term corrosion protective properties 
under field exposure to a corrosive environment. 
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