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1. Introduction 

Nano-sized substances and the vast number of incorporating systems have 

become so widespread up that they are now indisputably relevant in many 

research areas. Nano-sized materials based composites will probably play 

even more pivotal role for further developments in all scientific and 

engineering fields. Similarly to the process underwent in nano-technology 

dating back to the early nineties, the same scenario was expected to occur in 

the discipline of corrosion protection. Indeed, it is currently dynamically 

taking place and anticipated to bring an evolutionary leap in reducing 

deployment and maintenance costs, revalue service performance and life-

cycle durability, increase reuse or recycle-ability and environmental 

friendliness of protecting means such as paint coatings. 

In the case of corrosion protection with paint coatings, the share of 

metal-rich primers is considerable. Besides the aluminium-rich counterparts, 

zinc-rich paints (ZRPs) are definitely the most prominent representatives 

from them regardless the ways of applications, such as liquid paints, powder 

coatings or organic-inorganic hybrid matrix type paints. Focusing on the 

broadly used and low budget segment, zinc-rich liquid paints were selected as 

a subject of my study. Although ameliorations have been accomplished 

relating to this coating family by revealing effects of alloy compositions, 

sizes and shapes of sacrificial pigments, very small number of attempts have 

been made to develop paint formulations with nano-size forms of intrinsically 

conducting polymers (ICPs) in spite of the expected considerable 

performance improvements. 

Accordingly, preparation and characterization of such composites are 

paramount priority of this work so as to establish comprehensive 

understanding and proper interpretation of their corrosion prevention 

functionality. 

2. Literature survey 

Great deal of work was aimed at modelling the characteristics of liquid 

ZRPs
1,2

, analysing the influence of contamination of the interface
3
, active-

passive protection terms
4
, the impact of shape, size and content of anodic 

                                              
1 C.M. Abreu, M. Izquierdo, M. Keddam, et al. Electrochim Acta 41 (1996) 2405. 
2 D. Pereira, J.D. Scantlebury, M.G.S. Ferreira, et al. Corros Sci 30 (1990) 1135. 
3 H. Shi, F. Liu, E.-H. Han, Surf Coat Technol 205 (2011) 4532. 
4 C.M. Abreu, M. Izquierdo, P. Merino, et al. Corrosion 55 (1999) 1173. 
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pigments
5,6

, and examine the effects of auxiliary electrically conducting 

particles like carbon black
7
. In addition, inorganic zinc silicate and the 

conventional organic liquid coatings
8
 were compared. Impedance 

characterisation of zinc-rich powder coatings
9
 was accompanied with Raman 

experimental technique
10

. Relationship between polarisation of the interface 

and cathodic current densities afforded by traditional ZRPs was revealed
11

. 

The effects of varied contents of n-type semiconductor, e.g., zinc oxide
12

, 

which precipitates and accumulates as corrosion product in the vicinity of 

anodic grains thereby filling coating pores, were also established, similarly to 

the elucidation of the role of rust converter
13

. However, relatively small 

number of studies has been pursued to examine and construe properly the 

role of ICPs
14

 in zinc-rich paints, although they are efficient corrosion 

inhibitors of aluminium
15

, iron
16–18

, steel
19–22

, copper
23

, magnesium
24

 and 

zinc
25

. In some studies, hydrochloric acid type salt form of polyaniline (Pani) 

was tested in powder coatings
26

, base form of Pani in liquid paints
27

 and 

Pani/clay nano-particles in hybrid binder like zinc-rich ethyl silicate primer
28

. 

In present times, there is nothing new about discussing the principles of 

                                              
5 J.R. Vilche, E.C. Bucharsky, C.A. Giudice, Corros Sci 44 (2002) 1287. 
6 R.N. Jagtap, R. Nambiar, S.Z. Hassan, et al. Prog Org Coat 58 (2007) 253. 
7 H. Marchebois, S. Touzain, S. Joiret, et al. Prog Org Coat 45 (2002) 415. 
8 O. Øystein Knudsen, U. Steinsmo, M. Bjordal, Prog Org Coat 54 (2005) 224. 
9 H. Marchebois, M. Keddam, C. Savall, et al. Electrochim Acta 49 (2004) 1719.  
10 H. Marchebois, S. Joiret, C. Savall, et al. Surf Coat Technol 157 (2002) 151. 
11 M. Yan, V.J. Gelling, B.R. Hinderliter, et al. Corros Sci 52 (2010) 2636. 
12 R.N. Jagtap, P.P. Patil, S.Z. Hassan, Prog Org Coat 63 (2008) 389. 
13 D.D.N. Singh, S. Yadav, Surf Coat Technol 202 (2008) 1526. 
14 E. Armelin, R. Pla, F. Liesa, et al. Corros Sci 50 (2008) 721. 
15 V.J. Gelling, M.M. Wiest, D.E. Tallman, et al. Prog Org Coat 43 (2001) 149. 
16 N.T.L. Hien, B. Garcia, A. Pailleret, et al. Electrochim Acta 50 (2005) 1747. 
17 I.L. Lehr, S.B. Saidman, Corros Sci 49 (2007) 2210. 
18 B.N. Grgur, N.V. Krstajic, M.V. Vojnovic, et al. Prog Org Coat 33 (1998) 1. 
19 D. Kowalski, M. Ueda, T. Ohtsuka, Corros Sci 50 (2008) 286. 
20 T. Tüken, Surf Coat Technol 200 (2006) 4713. 
21 B.N. Grgur, P. Zivkovic, M.M. Gvozdenovi, Prog Org Coat 56 (2006) 240. 
22 M.B. Gonzalez, S.B. Saidman, Corros Sci 53 (2011) 276. 
23 T. Tüken, B. Yazici, M. Erbil, Prog Org Coat 51 (2004) 152. 
24 Y.F. Jiang, X.W. Guo, Y.H. Wei, et al. Synth Met 139 (2003) 335. 
25 J.I. Martins, T.C. Reis, M. Bazzaoui, et al. Corros Sci 46 (2004) 2361. 
26 A. Meroufel, C. Deslouis, S. Touzain, Electrochim Acta 53 (2008) 2331. 
27 E. Armelin, M. Martí, F. Liesa, et al. Prog Org Coat 69 (2010) 26. 
28 E. Akbarinezhad, M. Ebrahimi, F. Sharif, et al. Prog Org Coat 70 (2011) 39. 
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protection mechanism afforded by zinc-rich liquid paints
29

. Nevertheless, the 

relationship between critical pigment concentration and the metallic pigment 

content is useful to understand the protection characteristics and to plan cost-

effective investment, development and service-life
30

. 

On the other hand, several studies reported negative effects of the carbon 

nanotubes (CNTs) on corrosion resistance of metals
31–33

, identifying the 

causes of increased corrosion rate as micro-galvanic action between metallic 

matrixes and the CNTs. High catalytic activity towards increased rate of 

charge-transfer reactions accelerating the kinetics of depolarisator reduction 

like oxygen deposition was recognised as a main deteriorating factor. 

MWCNTs are considered to be efficient cathodes
34

. Therefore, CNTs should 

be responsible for much of the deteriorated functionality of contacting 

metallic structures. 

Despite these findings, there was no attempt to propose viable solution to 

tackle such shortfalls of the CNTs in spite of their several favourable physical 

properties, especially the high aspect ratio (anisotropicity) and electrical 

conductivity which all should be effectively exploited. Up to this time, only 

one article showed positive corrosion protection results using CNTs in a 

stand-alone PPy film
35

 but the reported results were not either comprehensive 

nor convincing enough. Furthermore, as possible counterparts, CNTs-

embedded polyaniline films
36

 were tested for corrosion protection purposes 

but not any corrosion inhibition performance metrics have been presented at 

all. Only poor protection by the CNT-poly(o-phenylenediamine) composite 

was reported
37

. Otherwise, the permanganate oxidation functionalised CNTs 

incorporated into 3 μm thin waterborne polyurethane films prepared by dip-

coating technique showed moderate corrosion protection functionalities
38

. 

Nonetheless, overall two papers presented short experimental data 

revealing some aspects of the potential of organic vehicle composited nano-

particles composed of either alumina hydrate supported PPy for anodic 

                                              
29 S. Shreepathia, P. Bajaj, B.P. Mallik, Electrochim Acta 55 (2010) 5129. 
30 M.T. Rodríguez, J.J. Gracene, J.J. Saura, et al. Prog Org Coat 50 (2004) 68. 
31 M.C. Turhan, Q. Li, H. Jha, et al. Electrochim Acta 56 (2011) 7141. 
32 H. Fukuda, J.A. Szpunar, K. Kondoh, et al. Corros Sci 52 (2010) 3917. 
33 N.N. Aung, W. Zhou, C.S. Goh, et al. Corros Sci 52 (2010) 1551. 
34 M. Liu, P.J. Uggowitzer, A.V. Nagasekhar, et al. Corros Sci 51 (2009) 602. 
35 M. Ionita, A. Pruna, Prog Org Coat 72 (2011) 647. 
36 V. Martina, M.F. De Riccardis, D. Carbone, et al. J Nanopart Res 13 (2011) 6035. 
37 M.A. Salam, S.S. Al-Juaid, A.H. Qusti, et al. Synth Met 161 (2011) 153. 
38 S.T. Hu, X.H. Kong, H. Yang, et al. Adv Mater Res 189–193 (2011) 1157. 
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corrosion inhibition of aluminium alloy
39

 and free-standing polyaniline in 

water-based epoxy coating
40

. As an overall impression, in most of the studies 

no intention is paid to emphasise and not even delineate the initial or 

embedded size of the ICPs. Furthermore, only one article presented some 

details on liquid ZRPs containing carbon black supported PPy
14

. The article 

was especially focused on the role of the ICP and gave evidence of poor 

corrosion protection functionality. Despite the early initiative in nano-sized 

fillers based composites
41

, the nano-sized carriers-supported forms of PPy 

have not been comprehensively studied. 

These facts served partially charging me with incentives to explore a 

rather new research area at a time based on my ideas, which was in line with 

the instructions of my late supervisor (Erika Kálmán). Furthermore, I also felt 

urged to reveal unique protection phenomena both in corrosion prevention by 

anodic and cathodic branches besides opening new perspectives in designing 

innovative paint composites and higher performing hybrid paints. 

3. Scope of the study 

After perceiving several niches in the subject of corrosion protecting paint 

coatings, the following aims were outlined. Due to the favourable properties, 

scope of the study involved clarification and establishment of the feasibility 

of nano-particles, viz., alumina monohydrate and multi-walled carbon 

nanotubes supported PPy which was composited with neat alkyd and zinc-

rich epoxy vehicles (featuring anodic and cathodic corrosion protecting 

characteristics). On the one hand, to circumvent the yet fully unresolved 

converse effects of porosity and percolation related problems of the liquid 

ZRPs, the thesis work targeted to investigate preconditions of anodic 

corrosion inhibition efficiency with paint coatings containing nano-sized 

inhibitor particles. More on that, by invoking the latest achievements in the 

related areas, I was committed to favourably exploit the electrical 

conductivity behaviour and structure of the nano-particles so as to noticeably 

improve traditional ZRPs, as well as to gain yet untapped reserves of hybrid 

pigment-particle compositions (sacrificial zinc grains/particles supported 

PPy). Corrosion prevention mechanism of the coatings was to be 

                                              
39 D.E. Tallman, K.L. Levine, C. Siripirom, et al. Appl Surf Sci 254 (2008) 5452. 
40 M.R. Bagherzadeh, M. Ghasemi, F. Mahdavi, et al. Prog Org Coat 72 (2011) 348. 
41 H.K. Schmidt, H. Krug, Adv Mater Intermed 572 (1994) 183. 
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appropriately elucidated with special regard of numerous types of inhibitor 

and inhibitor/conductive particles besides the various paint formulations. 

4. Experimental details 

In order to assess the effects of nano-sized additives on corrosion protection 

performance of the coatings, simple alkyd and complex hybrid paints were 

applied. Accordingly, for the neat and zinc-rich model paints, one component 

alkyd and two components type epoxy-poly(amido-amine) vehicles were 

used. For the sake of gaining reliable measurement data, the same organic 

binder, i.e., dissolved alkyd resin was used for anodic protecting coatings and 

rheology investigations. The one component air hardened alkyd resin was 

favoured for my research because by using it the paint formulation related 

experimental uncertainties could be obviated or minimised. Thus, corrosion 

protecting function of the nano-particles could be more adequately studied. 

Polypyrrole was introduced into the coatings in the form of alumina 

hydrate and MWCNTs supported nano-metric layers. Three series of nano-

particles were prepared by wet chemical-technique (pyrrole in situ 

polymerisation and deposition onto substrates from diluted colloid sols) so 

that I could elaborate robust processes to obtain high quality filler substance. 

To suppress unpreferred chemical activity of the MWCNTs, they were 

modified by polypyrrole after either purification or functionalization. Some 

techniques relating to the modification and functionalisation of the MWCNTs 

had been earlier developed so I had an overview to select the most matching 

processes and quality of solids so that I obtained promising powder samples 

(nano-sized materials). For corrosion tests, cold-rolled steel panels (RS type 

Q-panels) were utilised. 

Composition of the inhibitor particles was determined by elemental 

analysis based on the detection of carbon and nitrogen elements. Morphology 

and distribution of the nano-particles were assessed by transmission electron 

microscopy observation and rheology investigation. Nano-size structure of 

the PPy was identified by FTIR spectroscopy. Cyclic voltammetry was to 

appraise redox-activity and electric conductivity related electroactivity and 

reversibility of PPy within the particles. 

Corrosion protection characteristic of neat alkyd and the epoxy/urethane 

paint coatings were evaluated by immersion and salt-spray chamber tests 

performed with either sodium chloride or hydrochloric acid aqueous 

solutions (in the latter case the propagation was impacted by Prohesion®). 

The coatings covered steel panels were monitored by electrochemical 
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technique, recording open-circuit potentials and impedance spectra during the 

immersion corrosion propagations. Quality appraisal of the corrosion tested 

samples of the coatings and steel panels was made in compliance with the 

guidelines of the EN ISO 4628:2005 standard, regarding the degree and 

homogeneity of coating blistering and delamination as well as steel rusting 

around the buried and scribe activated areas. 

After immersion type corrosion tests, depth-profile analysis of the epoxy 

primers was made by glow-discharge optical emission spectroscopy. 

Scanning electron microscopy was employed to carry out cross-section 

observations and elemental analysis. To detect corrosion resulted species and 

identify their structure on the surface of steel panels, X–ray photoelectron 

and FT–Raman spectroscopy investigations were performed. In one case, 
57

Fe conversion electron Mössbauer spectroscopy (CEMS) measurement was 

done at room temperature to corroborate the results obtained by the 

aforementioned two superficial investigation techniques. 
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5. New scientific & engineering results, thesis points 

1. I pointed out that alkyd and epoxy paint coatings containing highly 

dispersed core-shell type nano-particles (with the average particle size of 50 

nm) composed of thin-layer electrochemically active polypyrrole (PPy) 

deposited alumina hydrate provide efficient anodic corrosion inhibition of 

cold-rolled steel. [5,8,9] 

a) I cleared dispersions of similar compositions to the paint coatings feature 

infinite spanning association. 

b) I concluded that these paint coatings should contain highly dispersed and 

evenly distributed inhibitor particles to exert viable anodic and firm 

barrier protection. 

 

2. I confirmed that alkyd paint coatings containing PPy/PSS complex 

modified alumina/MWCNT based particles afford efficient corrosion 

inhibition in salty and acidic electrolytes. I verified that the absence and 

incomplete PPy films on the hydrophilic modified and functionalised 

MWCNTs lead to either inefficient or the lack of anodic and cathodic 

corrosion protection. [8,9] 

 

3. I proved that hybrid zinc-rich paints (ZRPs) containing aqueous-

ethanol-prepared PPy deposited alumina particles afford viable active 

galvanic and passive barrier function, overall firm corrosion prevention 

which exceeds the protection efficacy of water-solvent-prepared particles 

based hybrid ZRPs. [9] I ascertained that improved protection is connected to 

less globular structure of the PPy and moderate aggregation of the particles at 

a range of 100 nm. [6] 

 

4. I developed zinc-rich hybrid compositions with high zinc and very 

low inhibitor contents compared to earlier literature examples, providing 

efficient corrosion prevention based on well balanced galvanic and barrier 

(combined) function. [5] 

 

5. I achieved to develop a hybrid ZRP affording efficient corrosion 

protection, which contains the inhibitor and conductor particles of PSS-

modified larger diameter (50 nm) MWCNTs. I revealed that particles in the 

dispersions must be present in contents to indicate kinetic percolation 

threshold. [4,7] 
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6. Based on experimental results carried out with various compositions 

of particles and paint coatings, I state that hybrid ZRP (with zinc content of 

80 wt.%) containing inhibitor and conductor particles of PSS-modified larger 

diameter MWCNTs provide intense galvanic and moderate barrier function, 

when particle interactions are below kinetic percolation threshold. [2] 

 

7. I state that well balanced active galvanic and passive barrier 

protection is provided by hybrid ZRPs containing particles composed of low 

functionalised smaller diameter type MWCNTs. I explained the appreciable 

corrosion protection of the hybrid ZRPs with partially flocculated structure of 

the inhibitor-conductor particles in the binder and degree of the particle 

interactions remaining below the kinetic percolation threshold. [4,7] 

 

8. Based on the electrochemical measurement and corrosion results, I 

concluded that PPy modification of the MWCNTs (full surface coverage) 

allows their successful application in corrosion protecting paint coatings 

[4,7], provided that  

a) direct functionalisation of the MWCNTs with sulfonate and sulphate 

groups should not exceed 0.4 atomic%; 

b) the low functionalised MWCNTs enhance electroactivity and cause 

interfacial film-like arrangement of the PPy allow valuable anodic and 

cathodic corrosion protection by the paint coatings with very low relative 

amounts of the PPy. [2,4] 
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6. Remarks on feasibility of materials and paint compositions, possible 

applications 

The industry needs for multifunctional polymer composites, simple barrier 

and galvanic corrosion protecting paint coatings with increased performance, 

reliability (longer service life) and environmental friendliness are thought to 

be partly addressed by transferring main objectives and accomplishments of 

this thesis work. 
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