
SCHOOL OF NAVAL ARCHITECTURE AND MARINE ENGINEERING

Study of Environmentally Friendly
Antifouling Coatings to Optimize the

Energy Efficiency of Ships

Evangelia Kiosidou

Naval Architect and Marine Engineer, NTUA

Supervisor: D.I. Pantelis, Professor NTUA

A thesis submitted for the degree of

Doctor of Philosophy

Athens, March 2018



SCHOOL OF NAVAL ARCHITECTURE AND MARINE ENGINEERING

Study of Environmentally Friendly
Antifouling Coatings to Optimize the

Energy Efficiency of Ships

Evangelia Kiosidou

Naval Architect and Marine Engineer, NTUA

Supervisor: D.I. Pantelis, Professor NTUA

A thesis submitted for the degree of

Doctor of Philosophy

Athens, March 2018



 

 

 
 

 

 
 

 

 

 

 



This thesis is dedicated to my family and especially to my newborn niece.



Acknowledgements

With the completion of the present Thesis, there are many people who I am deeply

thankful to, because their contribution was more than significant, in order to con-

duct all the different types of experimets that were performed throughout this thesis.

First of all I would like to express my gratitude to my PhD Advisory Committee:

I would like to deeply thank my PhD supervisor Prof. D.I. Pantelis for entrusting

me this thesis, which was something totally new and challenging for me. Prof. D.I.

Pantelis offered me also the opportunity to participate in a large-scale European

Collaborative project, in the smaller-scale SFERA project twice, while he also gave

me the opportunity to participate in a case study. All these tasks and projects en-

riched my scientific background, while they also helped me gain analytical thinking,

self-descipline and, through his valuable guidance, a more mature professional atti-

tude. Above all, though, I would like to thank him for giving me the freedom and

support to undertake research on, until recently, unknown for me scientific fields.

Prof. Pantelis always showed trust in my research instict and encouraged my re-

search leaps, essentially contributing to the development of my character, helping

me become responsible, decisive and initiative.

I am thoroughly grateful to Asst. Prof. Antonis Karantonis, whose support has been

instrumental in getting this thesis to completion. I would like to thank him for his

genuine interest in my research, his priceless scientific, technical and ethical support

and suggestions and his constant encourangememnt throughout the PhD period.

His natural enthusiasm and his attitude for helping and providing his knowledge

to his students seamlessly, served as great motivation towards completion of this

thesis. His immense knowldege in diversified disciplines played a catalytic role in

finding solutions for very difficult scientific problems. Last but not least, Prof.

Karantonis implanted me with the tenets of morality, kindness, modesty, generosity

and dedication to research, which will always constitute life-values for me.

I am deeply grateful to Prof. George Tzabiras for his kindness and valuable guid-

ance and advice towards the successful performance and interpretation of the hy-

drodynamic resistance tests. Professor Tzabiras showed me trust and encouraged

me throughout the hydrodynamic investigation, providing solutions to scientific

problems and helping me gain confidence on this scientific field. Along with Prof.

Tzabiras I would like to thank all the people that I collaborated with, at the Labo-

ratory of Ship and Marine Hydrodynamics, throughout these experiments. Hence,



I would like to thank Anastasios Venetis for the successful and effective collabo-

ration during these experiments. Moreover, I would like to thank Spyros Ermidis

for the short-term collaboration we had, during the design and 3D printing of the

fouling units. However, successful completion of the experiments would not be

feasible without the genuine interest, wide experience and extensive scientific and

technical background of Dimitrios Liarokapis, George Mylonas, Ioannis Trachanas,

Fotios Chasapis and Spyros Balis, who represent a model-team, that always finds or

creates solutions even for the hardest problems. I am grateful because with them,

successful completion of the experiments is always guaranteed, while they create a

very nice and warm working environment. During these experiments, I collected

very nice memories which I will always happily recall.

Moreover, starting with a chronological order, I would like to thank:

� Asst. Prof. Antonis Karantonis, of School of Chemical Engineering NTUA,

for giving me thorough access to the facilities of the Laboratory of Physical

Chemistry and Applied Electrochemistry, where all the electrochemical mea-

surements of the present thesis were conducted (during the whole duration of

the PhD), along with the measurements related to water quality (titration, pH,

conductivity) and some supplementary measurements during determination of

mechanical and physical properties of organic coatings. I am deeply thankful

to Prof. Antonis Karantonis for making all these measurements feasible, and

especially for the electrochemical measurements, which constitute a wide and

essential part of the present Thesis.

� PhD Candidate George Sakalis, School of Naval Architecture and Marine Engi-

neering, for his valuable contribution in the regression procedure of the exper-

imental curves which were obtained through electrochemical impedance spec-

troscopy and are presented in Chapter 3 and in Appendices A and B. His effort

and collaboration were priceless and much appreciated.

� CHROTEX company, starting with the owners, Mr. B. Nikologiannis and G.

Tsimpoukis, who are always open to collaborations with the Academia and

their company culture enhances and promotes scientific knowledge. I would

like to thank the company for the sponsorship of the three types of painting

systems (alkyd, polyurethane and aspartic polyurethane), which I examined in

the beginning of my PhD. The technical staff of the company undertook pro-

fessional application of the painting systems as well. More specifically, I would

like to show my gratitude to Ms. A. Karana, M. Moschakou, A. Mavroudis,

T. Tsoukatos and A. Gournia who offered their know-how generously and for

offering me the opportunity to perform essential experiments in their facilities,

such as König pendulum hardness, pull-off and gloss measurements, during the

period that I was becoming familiar with the field of paints. The CHROTEX

4



staff were always friendly and amenable providing me with essential scientific

and technical knowledge and helping me build a strong foundation in the field

of organic coatings.

� WILCKENS company, for offering an alkyd and an antifouling system, during

the same period as previously reported. I am thankful to Mr. E. Tsaousoglou

who responded to our request and offered the paints.

� Prof. A. Moropoulou and especially Ms. E. Delegou, of School of Chemical

Engineering NTUA, for offering access to the climatic chamber in School of

Chemical Engineering, NTUA, in order to perform the accelerated aging tests.

� HALYVOURGIKI S.A. for offering us access to their facilities in Elefsis Gulf,

thus, giving us the opportunity to perform the field tests. The static immersion

tests included immersion of painted steel samples in 2.5 m depth in the territory

of HALYVOURGIKI facilities, in a water channel which was in contact with

the open sea. More specifically, I would like to thank Mr. I. Nikolaou, who

responded to our request in 2013 offering access to the facilities. However, I am

deeply thankful to Mr. I. Panagiotoulias, with whom I cooperated for the rest

of the examination period of the specimens, i.e. during years 2013-2015. Mr.

Panagiotoulias ensured easy access to the facilities, allowed collection of water

samples from the immersion site and he was always kind and helpful. Many

times he offered me advice and valuable information concerning geological or

environmental issues concerning the Elefsis Gulf. I am deeply grateful to him,

because with his help I managed to complete a very crucial experiment, with

regard to the evaluation of antifouling marine paints.

� Prof. M. Ochsenkuehn-Petropoulou, of School of Chemical Engineering NTUA,

for allowing us access to the FTIR equipment. More specifically, I would like

to thank Dr. O. Serifi and Ms. B. Tsakanika for their willingness and valuable

assistance in performing these measurements.

� Asst. Prof. C. Papadopoulos, of School of Naval Architecture and Marine

Engineering NTUA, for giving us prompt access for use of the home-made

hydrophobicity equipment.

� Ms. Kerasia Bikli and Mr. E. Prionas, with whom I cooperated during the

period 2012-2013 and 2014-2015, respectively, during their graduation theses.

Their eagerness and self-discipline, as well as their genuine ideas, were essential

for the successful performance of the wide range of experiments, which were

conducted during both diploma theses and helped in the progress of my PhD.

� The Professors of the Laboratory of Manufacturing Technology of School of

Mechanical Engineering NTUA, G.-C. Vosniakos and D. Manolakos, for giv-

ing me access to the laboratory, in order to perform manufacturing processes

related to the experimental setup for the flat plate experiments at Laboratory

5



of Ship and Marine Hydrodynamics. I would like to thank Mr. N. Melissas for

his genuine interest and valuable contribution, with regard to the performance

of these manufacturing tasks.

� Prof. E. Pavlatou, of School of Chemical Engineering NTUA, who facilitated

prompt use of XRD and micro-Raman equipment. Also, I am grateful to PhD

Candidate Ms. E. Rosolymou and Dr. E. Siranidi, for their valuable aid in

performing the measurements on each equipment, respectively.

� The staff of the Shipbuilding Technology Laboratory, of School of Naval Archi-

tecture and Marine Engineering, C. Xanthis, A. Markoulis, Dr. C. Sarafoglou

and T. Tsiourva for the nice cooperation and working atmosphere and their

valuable assistance.

My colleagues and friends from the Shipbuilding Technology Laboratory, Dr.

N. Daniolos, Dr. K. Triantou, PhD Candidate P. Karakizis and PhD Candi-

date M. Kazasidis. I would like to deeply thank V. Bougiouri for her positive

attitude, kindness, continuous support and valuable advice during my PhD.

Vera is a trustworthy colleague and friend and I am really happy that we col-

laborated at the STL laboratory.

All my close friends who continuously encouraged and supported me.

Last but not least, I am deeply grateful to my family for their continuous

patience and support throughout my PhD. Their support was pivotal for the

completion of this thesis.

6



Abstract

In the present thesis, commercial and experimental antifouling painting systems

were examined, in terms of antifouling, anticorrosion and hydrodynamic efficiency

and with regard to their mechanical and physical properties. The examined paints

were of silicone, polyurethane (PU) and acrylic formulations. Five antifouling (AF)

systems were tested, while also an anti-corrosive system, without antifouling effect,

was examined for comparative purposes. The experimental formulations were de-

veloped in the framework of the FP7 European Collaborative Project Foul-X-Spel

(Grant Agreement 285552).The novelty of the experimental formulations arises from

the immobilization of the biocide which minimizes leaching and was accomplished

via a newly developed functionalization method, based on reaction of the biocide

with highly reactive isocyanate functionality. All the examined painting systems

are presented in Table 1.

Table 1: Painting systems examined

Painting Abbreviated Characteristics/ Biocides
system name Type of action

Silicone-based Ref. Si Commercial/ No biocides
Foul-release

Acrylic-based Acrylic Commercial/ 10%≤Cu2O≤25%
Self polishing Copolymer(SPC) 5%≤Zineb≤10%

Silicone-based Exp. Si Experimental 0.56% immobilized Econea
PU-based Exp. PU Experimental 2% immobilized Econea

(or Exp. PU1)
PU-based Exp. PU2 Experimental Mixture of biocides
PU-based PU Newly developed No biocides

anti-corrosive

Anticorrosion assessment was performed through accelerated aging tests, namely

salt spray tests (ISO 14993:2001), UV tests (ASTM G 154-06) and immersion in

3.5% NaCl at room temperature. The aim of these tests is to impose larger ther-

mal stresses than those encountered in the field, in order to cause an accelerated

degradation effect. The paints examined during these tests were in intact state,

meaning that no flaw, such as scratches, existed. The objective of these experi-

ments was to determine the barrier properties of each painting system. The first

two experiments lasted 9 weeks, while continuous immersion was performed for 12

months. Examination of specimens was performed regularly and involved electro-

chemical impedance spectroscopy (EIS), König pendulum hardness (ISO 152:2006),



gloss and color measurements. Painted specimens of Grade A steel substrate and

of dimensions 100 mm × 100 mm × 6 mm were used, unless otherwise specified.

Experiments on painted samples with scribes and of the same dimensions as above

were performed for 12 weeks in salt spray exposure. The aim of this test was to

examine the barrier properties that the unscratched part of the paint provides. The

observed rust morphology in the area of the scribes was correlated with the paint effi-

ciency and a ranking between the examined painting systems was performed. Rust

morphology characterization was performed through XRD, Raman spectroscopy

and SEM observation. The next step of this study included electrochemical exami-

nation of the rusted, scribed specimens at 6, 8 and 12-week intervals and included

EIS and linear polarization resistance (LPR) methods. Fitting of the experimental

impedance curves was performed using a Particle Swarm Optimization algorithm

for a selected number of representative corrosion models, which could potentially

describe the mode of corrosion during the course of the salt spray experiment.

Antifouling assessment included static immersion tests in Elefsis Gulf for one year.

Six (6) specimens per painting system, of the same dimensions and substrate as

previously stated were immersed at 2.5 mm depth. Every two months a specimen

was removed from site and examined in the laboratory, in terms of fouling density,

types of foulers and physical damage of the paint, according to ASTM D 3623 and

ASTM D 6990 standards. Periodic examination included also EIS measurement of

barrier properties, gloss, color and König pendulum hardness.

Hydrodynamic tests included flat plate resistance tests in three conditions: smooth,

painted with AF coating systems and covered with sandpapers of 40 and 80-grit size.

The experiments were performed in the experimental towing tank of the Laboratory

of Ship and Marine Hydrodynamics (LSMH) at various speeds (or Reynolds num-

bers) and drag measurements for each case were performed, in order to compare

the drag effect caused by each condition.

Examination of the painting systems in terms of mechanical and physical properties

included water-liquid transmission rate, cupping, chalking and dirt pick up tests.

Cupping test (ISO 1520) measures the resistance to deep drawing, which is a form

of adhesion. Chalking test (ASTM D 4214) measures the chalking character of the

paint (loss of pigments). Dirt pick up test (ASTM D 3719-00) is a tool for quantify-

ing the dirt collection of paints during outdoor exposure for 61 days. Water-liquid

transmission rate test is used to determine the permeability of the paint to water

liquid, according to the BS EN 1062-3 standard. For these tests, specimens of spe-

cific dimensions and/or substrate were used and are described in the corresponding

section.
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The investigation performed during the present thesis intended to offer a thorough

analysis for a comprehensive assessment of the efficiency of commercial and experi-

mental antifouling (or organic, in general) paints.
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Περίληυη 

Σηελ παξνχζα δηδαθηνξηθή δηαηξηβή εμεηάζηεθαλ εκπνξηθά θαη πεηξακαηηθά αληηξξππαληηθά πθαινρξψκαηα 

σο πξνο ηελ αληηξξππαληηθή, αληηδηαβξσηηθή θαη πδξνδπλακηθή ηνπο απνδνηηθφηεηα, θαζψο θαη ζε ζρέζε κε 

ηηο κεραληθέο θαη θπζηθέο ηνπο ηδηφηεηεο. Τα ζπζηήκαηα βαθήο πνπ εμεηάζηεθαλ ήηαλ ζηιηθνλνχραο, 

πνιπνπξεζαληθήο θαη αθξπιηθήο πνιπκεξηθήο κήηξαο.  Σπλνιηθά πέληε αληηξξππαληηθά πθαινρξψκαηα 

εμεηάζηεθαλ, θαζψο θαη έλα ρξψκα πνιπνπξεζάλεο αληηδηαβξσηηθφ, ην νπνίν ρξεζηκνπνηήζεθε σο κέηξν 

ζχγθξηζεο γηα ηηο αληίζηνηρεο πεηξακαηηθέο βαθέο πνιπνπξεζάλεο. Οη πεηξακαηηθέο ζπλζέζεηο αλαπηχρζεθαλ 

ζην πιαίζην ηνπ Δπξσπατθνχ Πξνγξάκκαηνο Foul-X-Spel (Grant Agreement 285552). Ζ θαηλνηνκία ησλ 

πεηξακαηηθψλ πθαινρξσκάησλ έγθεηηαη ζηελ αθηλεηνπνίεζε ηνπ βηνθηφλνπ (ή κείγκαηνο απηψλ) κέζα ζηελ 

πνιπκεξηθή κήηξα, κία δηαδηθαζία γλσζηή σο «biocide immobilization». Με ηνλ ηξφπν απηφ ην πθαιφρξσκα 

δξα εμ’ επαθήο (ηνπηθά) θη έηζη απνθεχγεηαη ε απειεπζέξσζε ηνπ βηνθηφλνπ ζηε ζάιαζζα («leaching»), κία 

δηαδηθαζία κε πνιχ ζεκαληηθφ, αξλεηηθφ, πεξηβαιινληηθφ αληίθηππν. Τα ζπζηήκαηα πνπ κειεηήζεθαλ θαηά 

ηε δηάξθεηα ηεο δηαηξηβήο, θαζψο θαη ε ζχζηαζή ηνπο ζε βηνθηφλα, εθφζνλ δηαζέηνπλ,  έρνπλ παξνπζηαζηεί 

ζηνλ Πίλαθα 1 ηεο αγγιηθήο πεξίιεςεο. 

1. Μελέηη ανηιδιαβρφηικής προζηαζίας τρφμάηφν 

Ζ αληηδηαβξσηηθή πξνζηαζία ησλ ρξσκάησλ κειεηήζεθε ηφζν ζε άζηθηα δνθίκηα φζν θαη ζε δνθίκηα κε 

ζρηζκέο. Σηελ πξψηε πεξίπησζε κειεηψληαη νη ηδηφηεηεο θξαγκνχ ηνπ άζηθηνπ ζπζηήκαηνο βαθήο, δειαδή ε 

αληίζηαζε ηεο βαθήο ζε εηζρψξεζε ηνπ ειεθηξνιχηε (ζπλήζσο 3.5% NaCl). Σηε δεχηεξε πεξίπησζε 

κειεηψληαη νη ηδηφηεηεο θξαγκνχ παξνπζία ζθάικαηνο, δειαδή θαηά πφζν ην αλεπεξέαζην θνκκάηη ηεο 

βαθήο κπνξεί λα απνηειέζεη θξαγκφ ζε εηζρψξεζε ειεθηξνιχηε ή/θαη ζε εμάπισζε πξντφλησλ δηάβξσζεο 

θάησ απφ ην ζηξψκα βαθήο.   

1.1. Μελέηη ανηιδιαβρφηικής προζηαζίας ζε βαμμένα δοκίμια τάλσβα με ζτιζμές έπειηα από 

έκθεζη ζε περιβάλλον αλαηονέθφζης 

Ζ αληηδηαβξσηηθή πξνζηαζία παξνπζία ζρηζκψλ κειεηήζεθε κε έθζεζε βακκέλσλ δνθηκίσλ ράιπβα, 

δηαζηάζεσλ 100 mm × 100mm × 6mm, πνπ έθεξαλ δχν δηαγψληεο ζρηζκέο κήθνπο 9cm θαη πιάηνπο πεξίπνπ 

1mm, ζε πεξηβάιινλ αιαηνλέθσζεο. Γχν δνθίκηα αλά ζχζηεκα βαθήο (Ref. Si, Δxp. Si, Exp. PU1, Acrylic) 

κειεηήζεθαλ ζε αιαηνλέθσζε γηα ζπλνιηθφ δηάζηεκα 12 εβδνκάδσλ. Οη ζπλζήθεο ηνπ πεηξάκαηνο είλαη 

εθείλεο πνπ ππαγνξεχνληαη απφ ηελ νδεγία ISO 14993:2001 θαη πεξηιακβάλνπλ 2h αιαηνλέθσζεο ζηνπο 

35
o
C κε δηάιπκα NaCl 5%, αθνινπζνχκελν απφ 4h μεξήο αηκφζθαηξαο ζηνπο 60

o
C θαη έπεηηα απφ 2h 

πγξαζίαο ζηνπο 50
o
C κε ζρεηηθή πγξαζία 95%. Απηφο ν θχθινο 8h επαλαιακβάλεηαη ζπλερψο θαη 

δηαθφπηεηαη κφλν θαηά ηελ πεξηνδηθή αμηνιφγεζε ησλ δνθηκίσλ. Σηε ζπγθεθξηκέλε έξεπλα έγηλε ζπζρέηηζε 

ηνπ είδνπο ησλ πξντφλησλ δηάβξσζεο  ζηελ πεξηνρή ησλ ζρηζκψλ κε ηελ απνδνηηθφηεηα ηνπ εθάζηνηε 

ζπζηήκαηνο βαθήο. Ο ραξαθηεξηζκφο ησλ θάζεσλ ζηε ζθσξία έγηλε κέζσ XRD θαη θαζκαηνζθνπία Raman, 

θαζψο θαη κέζσ παξαηήξεζεο ζε κηθξνζθφπην SEM. Ζ καθξνζθνπηθή παξαηήξεζε ησλ ζρηζκψλ θαη ηεο 

ζπκπεξηθνξάο ηεο βαθήο θαηά ηελ έθζεζε, έγηλε κέζσ νπηηθνχ ζηεξενζθνπίνπ. 

Ζ ζπγθεθξηκέλε έξεπλα είλαη ρσξηζκέλε ζε δχν κέξε. Σην πξψην κέξνο έγηλε ζχγθξηζε ηεο 

αληηδηαβξσηηθήο ηθαλφηεηαο ηεο πεηξακαηηθήο ζηιηθνλνχραο βαθήο, ε νπνία πεξηέρεη 0.56% 

αθηλεηνπνηεκέλεο Econea (Exp. Si), κε ηελ εκπνξηθή εθδνρή ηεο, ε νπνία δελ πεξηιακβάλεη βηνθηφλα (Ref. 

Si). Σην δεχηεξν κέξνο έγηλε κειέηε ηεο ζπκπεξηθνξάο ηεο πεηξακαηηθήο πνιπνπξεζάλεο κε 2% Econea (Exp. 

PU1), ελψ παξάιιεια κειεηήζεθε θαη ε αθξπιηθή απηνιεηαηλφκελε (self-polishing copolymer) εκπνξηθή 

βαθή (Acrylic) γηα ιφγνπο πιεξφηεηαο. Σην ηέινο πξαγκαηνπνηήζεθε κία ζχγθξηζε αλάκεζα ζε φια ηα 

εμεηαδφκελα ζπζηήκαηα. 
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Αλαθνξηθά κε ην ζχζηεκα Exp. Si, ε πεξηνρή ησλ ζρηζκψλ παξνπζίαζε πεξηνξηζκέλε απψιεηα πιηθνχ, ε 

νπνία έγηλε αληηιεπηή σο θνηιάδεο ζην κεηαιιηθφ ππφζηξσκα, ελψ ην ζηξψκα ησλ πξντφλησλ δηάβξσζεο 

ήηαλ ζρεηηθά ζπκπαγέο. Αληίζεηα, ε εκπνξηθή εθδνρή ηνπ ελ ιφγσ ζπζηήκαηνο (Ref. Si) παξνπζίαζε εθηελή 

απψιεηα πιηθνχ θαη κία αξθεηά αλνκνηφκνξθε δνκή ζηξψκαηνο δηάβξσζεο κε θελά, ππνδειψλνληαο πην 

έληνλε δηάβξσζε. Παξάιιεια, ηα πξντφληα δηάβξσζεο πνπ παξαηεξήζεθαλ θαη ζηα δχν ζπζηήκαηα ήηαλ 

θπξίσο νμπ-πδξνμείδηα, γεγνλφο πνπ ππνδειψλεη πεξηνξηζκέλε αληηδηαβξσηηθή πξνζηαζία ζηελ πεξηνρή ησλ 

ζρηζκψλ, ελψ ε κνξθνινγία απηή ζπλδέζεθε κε ηελ «αλαζήθσζε» ηεο βαθήο θαηά ηε δηάξθεηα ηνπ 

πεηξάκαηνο (paint swelling), ε νπνία νδήγεζε ζην ζρεκαηηζκφ κεγάισλ, ζπκπαγψλ ζπζζσκαησκάησλ 

ζθσξίαο ρσξίο πξφζθπζε κε ην κεηαιιηθφ ππφζηξσκα. Ζ ζπρλή απνθφιιεζε απηψλ ησλ ζπζζσκαησκάησλ 

ζα νδεγνχζε ζηελ επαλεθθίλεζε ηεο δηάβξσζεο, ζπλεπψο ζηε δεκηνπξγία λένπ ζηξψκαηνο ζθσξίαο, 

απνηεινχκελν θπξίσο απφ ηα πξψηκα ζρεκαηηδφκελα νμπ-πδξνμείδηα, φπσο παξαηεξήζεθε θαη ζηελ ελ ιφγσ 

έξεπλα. 

Ζ κνξθνινγία ηεο ζθσξίαο ζηελ πεξηνρή ησλ ζρηζκψλ ηνπ ζπζηήκαηνο Exp. Si πεξηειάκβαλε θπξίσο 

κείγκα αθαγαλίηε (β-FeOOH-akaganeite)/ γθεηίηε (α-FeOOH-goethite) ζηηο άζπξεο, θίηξηλεο θαη πνξηνθαιί 

πεξηνρέο, ελψ ν καγλεηίηεο (Fe3O4-magnetite) ήηαλ ε θχξηα θάζε ζηηο καχξεο πεξηνρέο. Αληίζηνηρεο θάζεηο 

παξαηεξήζεθαλ θαη γηα ην ζχζηεκα Ref. Si, ζην νπνίν παξαηεξήζεθε επηπιένλ ιεπηδνθξνθίηεο (γ-FeOOH-

lepidocrocite) ζηελ άζπξε πεξηνρή θαη ζε κέξνο ηεο θίηξηλεο. Ζ ζχγθξηζε ησλ κνξθνινγηψλ ζθσξίαο 

αλάκεζα ζηα δχν ζπζηήκαηα γηα ηηο θίηξηλεο θαη πνξηνθαιί πεξηνρέο, φπνπ νη θάζεηο ήηαλ παξεκθεξείο, 

αλέδεημε ηελ θαιχηεξε αληηδηαβξσηηθή πξνζηαζία ηεο πεηξακαηηθήο ζηιηθφλεο ζε ζρέζε κε ηελ εκπνξηθή, 

ιφγσ ηνπ ζρεηηθά πςειφηεξνπ πνζνζηνχ ζηαζεξνχ γθεηίηε ζην κείγκα αθαγαλίηε/γθεηίηε.  

Ζ κειέηε ηνπ ζπζηήκαηνο Exp. PU1 έδεημε φηη ε ελ ιφγσ βαθή δελ ππέζηε επηθαλεηαθή αιινίσζε ή 

παξακφξθσζε θαηά ηε γήξαλζε, παξνπζίαζε κφλν κία ειαθξά «αλαζήθσζε» (swelling) ζηελ πεξηνρή ησλ 

ζρηζκψλ, ε νπνία πξνήιζε απφ ζπζζψξεπζε πξντφλησλ δηάβξσζεο ζηελ πεξηνρή θαη φρη ιφγσ ίδηαο 

παξακφξθσζεο ηεο βαθήο. Αμίδεη λα ζεκεησζεί φηη ηα πξντφληα δηάβξσζεο δελ είραλ εμαπισζεί πέξαλ ηεο 

πεξηνρήο ησλ ζρηζκψλ. Αληίζεηα, ηα δνθίκηα πνπ ήηαλ βακκέλα κε ην αθξπιηθφ πθαιφρξσκα (Acrylic) 

παξνπζίαζαλ εθηελή απψιεηα πιηθνχ ηνπ ππνζηξψκαηνο, θιχθηαηλεο (blistering), ξσγκάησζε ηνπ ηειηθνχ 

επηρξίζκαηνο (topcoat checking) θαη εθηεηακέλε εμάπισζε ζθσξίαο ζε φιν ην δνθίκην, ε νπνία θάιπςε ην 

κεηαιιηθφ ππφζηξσκα θάησ απφ ην πνιπζηξσκαηηθφ ζχζηεκα βαθήο. Ωο εθ ηνχηνπ, νη ηδηφηεηεο θξαγκνχ 

ηεο αθξπιηθήο βαθήο παξνπζία ζθαικάησλ ήηαλ αλεπαξθείο. 

Ζ ζθσξία πνπ παξαηεξήζεθε ζηελ πεξηνρή ησλ ζρηζκψλ γηα ηελ πεηξακαηηθή πνιπνπξεζάλε 

απνηεινχληαλ απφ κείγκα νμεηδίσλ, πνπ ζεσξνχληαη πην πξνζηαηεπηηθά απφ άπνςε δηάβξσζεο, θαη ησλ 

ιηγφηεξν επηβιαβψλ απφ ηα νμπ-πδξνμείδηα. Απηή ε κνξθνινγία επηβεβαίσζε ηελ θαιχηεξε αληηδηαβξσηηθή 

ζπκπεξηθνξά ηνπ Exp. PU1 ζπζηήκαηνο θαη ζπλδέζεθε κε ηελ απνπζία παξακφξθσζεο ηνπ ζπζηήκαηνο 

βαθήο θαηά ηε δηάξθεηα ηνπ πεηξάκαηνο, γεγνλφο πνπ επέηξεςε ην ζρεκαηηζκφ ζπκπαγνχο ζηξψκαηνο 

δηάβξσζεο, ην νπνίν παξείρε επαξθή κφλσζε ηνπ κεηαιιηθνχ ππνζηξψκαηνο. Απηφ κε ηε ζεηξά ηνπ παξείρε 

αξθεηφ ρξφλν γηα λα ζπληειεζηνχλ κεηαζρεκαηηζκνί ησλ ζεξκνδπλακηθά κεηαζηαζψλ νμπ-πδξνμεηδίσλ ζε 

πην πξνζηαηεπηηθέο δνκέο, φπσο παξαηεξήζεθαλ ζηελ παξνχζα κειέηε, εκπνδίδνληαο πεξαηηέξσ εμέιημε ηεο 

δηάβξσζεο. 

Ζ κνξθνινγία ηεο ζθσξίαο γηα ηα ραιχβδηλα δνθίκηα κε ζρηζκέο πνπ είραλ βαθηεί κε ην ζχζηεκα Exp. 

PU1 πεξηειάκβαλε αηκαηίηε (α-Fe2O3-hematite), σο θπξίαξρε θάζε ζηελ άζπξε πεξηνρή θαη καγθεκίηε (γ-

Fe2O3-maghemite) ζηηο πνξηνθαιί θαη καχξεο πεξηνρέο. Ζ θίηξηλε πεξηνρή είρε ζαλ θπξίαξρε θάζε 

ιεπηδνθξνθίηε (γ-FeOOH-lepidocrocite). Τν αθξπιηθφ ζχζηεκα παξνπζίαζε αηκαηίηε σο θπξίαξρε θάζε 

ζηελ άζπξε πεξηνρή, κείγκα αθαγαλίηε/γθεηίηε ζηελ θίηξηλε πεξηνρή, καγθεκίηε ζηελ πνξηνθαιί πεξηνρή θαη 

γθεηίηε ζηελ καχξε πεξηνρή, εθδειψλνληαο ππνδεέζηεξεο αληηδηαβξσηηθέο ηδηφηεηεο ζε ζρέζε κε ηελ 

πεηξακαηηθή πνιπνπξεζάλε. Σπλεπψο, ε πεηξακαηηθή πνιπνπξεζάλε παξνπζίαζε ζπλνιηθά θαιχηεξε 

ζπκπεξηθνξά ζε δηάβξσζε ζε ζρέζε κε ην αθξπιηθφ ζχζηεκα. 
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Σπγθξηηηθά κε ηελ αληηδηαβξσηηθή ζπκπεξηθνξά ησλ ζηιηθνλνχρσλ ζπζηεκάησλ βαθήο, ε πεηξακαηηθή 

πνιπνπξεζάλε θαηαηάζζεηαη ζηελ πξψηε ζέζε, αθνινπζνχκελε απφ ηελ πεηξακαηηθή ζηιηθφλε, έπεηηα απφ 

ηελ εκπνξηθή ζηιηθφλε θαη ηειηθά απφ ην αθξπιηθφ SPC ζχζηεκα. Σπλεπψο, ηα λέα πεηξακαηηθά ζπζηήκαηα 

βαθήο παξνπζίαζαλ ζπλνιηθά θαιχηεξε ζπκπεξηθνξά απφ ηα εκπνξηθά ρξψκαηα αιιά κεηαμχ ησλ δχν 

πεηξακαηηθψλ ζπλζέζεσλ, ε πνιπνπξεζάλε απνδείρηεθε πην απνδνηηθή.      

1.2. Φαζμαηοζκοπία ηλεκηροτημικής εμπέδηζης ζε βαμμένα δοκίμια τάλσβα με ζτιζμές 

έπειηα από έκθεζη ζε περιβάλλον αλαηονέθφζης 

Τα δνθίκηα κε ζρηζκέο πνπ εμεηάζηεθαλ ζηελ πξνεγνχκελε παξάγξαθν κειεηήζεθαλ έπεηηα απφ 6, 8 θαη 12 

εβδνκάδεο ειεθηξνρεκηθά, κέζσ θαζκαηνζθνπίαο ειεθηξνρεκηθήο εκπέδεζεο (Electrochemical Impedance 

Spectroscopy-EIS) θαη κε ηε κέζνδν ηεο γξακκηθήο πφισζεο (Linear Polarization Resistance Method-LPR). 

Ο ζθνπφο ησλ κεηξήζεσλ απηψλ έγθεηηαη ζηελ αμηνιφγεζε ηεο δηαβξσηηθήο ζπκπεξηθνξάο ησλ δνθηκίσλ κε 

ηελ πάξνδν ηνπ ρξφλνπ. Τα ζήκαηα πνπ πξνέθπςαλ θαηά ηελ αμηνιφγεζε ησλ δνθηκίσλ απηψλ ήηαλ αξθεηά 

πνιχπινθα, παξφια απηά ππήξραλ νκνηφηεηεο κεηαμχ ησλ ζεκάησλ δηαθνξεηηθψλ δνθηκίσλ. Γηα ην ιφγν 

απηφ, ζηελ παξνχζα κειέηε έγηλε αλάιπζε ησλ ζεκάησλ EIS γηα έλα βακκέλν δνθίκην κε ζρηζκέο έπεηηα απφ 

6, 8 θαη 12 εβδνκάδεο ζε αιαηνλέθσζε, ζεσξψληαο ηα ζήκαηά ηνπ αληηπξνζσπεπηηθά ηνπ ζπλφινπ. Τν 

δνθίκην πνπ επηιέρζεθε ήηαλ έλα απφ ηα δχν βακκέλα δνθίκηα κε ην ζχζηεκα Exp. PU1. 

Τα πεηξακαηηθά ζήκαηα αλαιχζεθαλ, πξνθεηκέλνπ λα δηαζαθεληζηεί ν κεραληζκφο δηάρπζεο δηαιπκέλνπ 

νμπγφλνπ κέζα ζην ειεθηξνιπηηθφ δηάιπκα, ζεσξψληαο φηη ε δηάρπζε ηνπ νμπγφλνπ θαζνξίδεη ην ζπλνιηθφ 

ξπζκφ δηάβξσζεο. Γηα ην ζθνπφ απηφ, κειεηήζεθαλ δηάθνξα κνληέια πνπ πεξηγξάθνπλ εκπέδεζε δηάρπζεο 

θαη αμηνινγήζεθαλ σο πξνο ηελ ηθαλφηεηά ηνπο λα πεξηγξάςνπλ ηηο πεηξακαηηθέο θακπχιεο. Οη παξάκεηξνη 

ησλ καζεκαηηθψλ εθθξάζεσλ απηψλ ησλ κνληέισλ ππνινγίζηεθαλ κε αλάιπζε παιηλδξφκεζεο (regression 

analysis), κέζσ αιγνξίζκνπ βειηηζηνπνίεζεο πνπ ζρεδηάζηεθε εηδηθά γηα απηφλ ηνλ ζθνπφ. Τα ζήκαηα EIS 

πνπ πξνέθπςαλ απφ ηα κνληέια κέζσ ηεο βειηηζηνπνίεζεο αμηνινγήζεθαλ κε βάζε ηηο ηηκέο ησλ 

θπζηθνρεκηθψλ παξακέηξσλ, ζεσξψληαο ην θαηάιιειν ηζνδχλακν ειεθηξηθφ αλάινγν (equivalent circuit). Ο 

ζθνπφο ηεο κειέηεο απηήο είλαη λα πξνηείλεη κία κεζνδνινγία γηα ηελ εξκελεία θαζκάησλ EIS πνιχπινθσλ 

ζπζηεκάησλ θαη ην ζπγθεθξηκέλν παξάδεηγκα ηεο δηάβξσζεο ηνπ βακκέλνπ ράιπβα κε ζρηζκέο 

ρξεζηκνπνηήζεθε γηα λα γίλεη επίδεημε ηεο ελ ιφγσ δηαδηθαζίαο. 

Τα κνληέια πνπ πεξηέγξαςαλ ηθαλνπνηεηηθά ηελ δηαδηθαζία δηάρπζεο δηαιπκέλνπ νμπγφλνπ θαηά ηε 

δηάξθεηα ηεο αιαηνλέθσζεο βαζίδνληαη ζηνλ κεραληζκφ πεπεξαζκέλεο δηάρπζεο, ππνδεηθλχνληαο φηη ε 

δηάρπζε ζπληειείηαη εληφο ηνπ πνξψδνπο ζηξψκαηνο πξντφλησλ δηάβξσζεο. Γειαδή ε δηαβάζκηζε ηεο 

ζπγθέληξσζεο ηνπ νμεηδσηηθνχ (εδψ ηνπ νμπγφλνπ) πνπ εθθηλεί ηε δηάρπζε αλαπηχζζεηαη κέζα ζηνπο πφξνπο 

ηνπ ζηξψκαηνο νμεηδίσλ. Έηζη, ην κήθνο ηνπ ζηξψκαηνο δηάρπζεο (LD), φπσο απηφ πξνθχπηεη γηα ηελ 

ελδεηθηηθή ηηκή ηνπ ζπληειεζηή δηάρπζεο 1.9 10
-5

 cm
2
/s, εθθξάδεη ην πάρνο ηνπ ζηξψκαηνο πξντφλησλ 

δηάβξσζεο ζην εθάζηνηε δηάζηεκα αμηνιφγεζεο (6, 8 ή 12 εβδνκάδεο). Τν ζηξψκα ησλ νμεηδίσλ απμήζεθε 

βαζκηαία απφ 0.38 mm έπεηηα απφ 6 εβδνκάδεο, ζε 0.72 mm έπεηηα απφ 8 εβδνκάδεο θαη ηειηθά ζε 0.88 mm 

κεηά ην πέξαο ησλ 12 εβδνκάδσλ. Απηή ε αχμεζε ηνπ πάρνπο ζπλνδεχηεθε απφ κία αχμεζε ζηελ αληίζηαζε 

δηάρπζεο, RD, έπεηηα απφ 8 εβδνκάδεο, ε νπνία φκσο δελ ήηαλ ζηαηηζηηθψο ζεκαληηθή, φπσο απνδείρζεθε κε 

ρξήζε ηεο δηαδηθαζίαο CNLLS (complex non-linear least squares). Ωζηφζν, έπεηηα απφ 12 εβδνκάδεο ε ηηκή 

ηεο RD έπεζε ζε πεξίπνπ 47 Ω cm
2
, ππνδεηθλχνληαο επθνιφηεξε δηάρπζε. Ζ παξαηήξεζε απηή 

επηβεβαηψζεθε γηα ην ζχλνιν ησλ εμεηαδφκελσλ δνθηκίσλ. Σπλεπψο, έπεηηα απφ 12 εβδνκάδεο, ην ζηξψκα 

δηάβξσζεο δελ πξνζέθεξε θάπνηνπ είδνπο δπζθνιία ζηελ δηάρπζε ηνπ νμπγφλνπ, νδεγψληαο ζε κείσζε ηεο 

αληίζηαζεο πφισζεο θαη ζε αχμεζε ηνπ ξπζκνχ δηάβξσζεο. 

Τα ζήκαηα EIS ηεο ελ ιφγσ έξεπλαο ζα κπνξνχζαλ λα αληηζηνηρηζηνχλ κε ηελ ειεθηξνρεκηθή απφθξηζε 

ηεο δνκήο κεηαιιηθνχ ππνζηξψκαηνο/καγλεηίηε, ε νπνία πηζαλφλ λα απνηειεί θαη ηελ επηθάλεηα πάλσ ζηελ 

νπνία ζπληειείηαη ε αλαγσγή ηνπ νμπγφλνπ. Πάλσ απφ ην ζηξψκα απηφ ππάξρεη ην θφθθηλν ζηξψκα ζθσξίαο, 

απνηεινχκελν θαηά βάζε απφ αηκαηίηε (ην νπνίν δελ επεξεάδεη ηελ θηλεηηθή), πηζαλφλ 
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ζπκπεξηιακβαλνκέλσλ ησλ θάζεσλ καγθεκίηε θαη δ-FeOOH (feroxyhyte), ελψ ην αλψηεξν ζηξψκα ζθσξίαο 

πηζαλφλ λα πεξηιακβάλεη ιεπηδνθξνθίηε. Απφ κία άιιε νπηηθή, ην ζηξψκα ζθσξίαο κπνξεί λα ζεσξεζεί νηί 

απνηειείηαη απφ δχν επηκέξνπο ζηξψκαηα: ην ζηξψκα ηνπ αγψγηκνπ καγλεηίηε πάλσ απφ ην ειεθηξφδην θαη 

ην ζηξψκα φισλ ησλ ππφινηπσλ πξντφλησλ δηάβξσζεο (νμεηδίσλ θαη νμπ-πδξνμεηδίσλ) δηακέζνπ ησλ νπνίσλ 

ζπληειείηαη ε δηάρπζε ηνπ νμπγφλνπ.  

1.3. Μελέηη ανηιδιαβρφηικής προζηαζίας ζε άθικηα βαμμένα δοκίμια τάλσβα έπειηα από 

δοκιμές επιηατσνόμενης γήρανζης 

Πεηξάκαηα επηηαρπλφκελεο γήξαλζεο πξαγκαηνπνηήζεθαλ ζηα ζπζηήκαηα βαθήο πνπ κειεηήζεθαλ αλσηέξσ, 

θαζψο θαη ζηελ αληηδηαβξσηηθή πνιπνπξεζάλε (PU). Τα πεηξάκαηα απηά πξνθαινχλ κεγαιχηεξεο ηάζεηο ζην 

εμεηαδφκελν ζχζηεκα, απφ απηέο πνπ ζα αληηκεηψπηδε ππφ πξαγκαηηθέο ζπλζήθεο ιεηηνπξγίαο θαη γηα ηε 

ζπγθεθξηκέλε κειέηε πεξηειάκβαλαλ έθζεζε ζε πεξηβάιινλ αιαηνλέθσζεο, ζε ππεξηψδε αθηηλνβνιία θαη ζε 

εκβάπηηζε ζε ηερλεηφ ζαιαζζηλφ λεξφ ζε ζπλζήθεο πεξηβάιινληνο. Σηελ παξνχζα κειέηε νη ζπλζήθεο 

αιαηνλέθσζεο ήηαλ ίδηεο κε απηέο πνπ παξνπζηάζηεθαλ ζηελ πξνεγνχκελε παξάγξαθν. Γχν δνθίκηα αλά 

ζχζηεκα βαθήο κειεηήζεθαλ γηα ζπλνιηθά 9 εβδνκάδεο. Αλαθνξηθά κε ηα πεηξάκαηα ππφ ππεξηψδε 

αθηηλνβνιία, αθνινπζήζεθε ε νδεγία ASTM G 154-06, ζχκθσλα κε ηελ νπνία ηα δνθίκηα εθηίζεληαη γηα 4h 

ζε ζπλζήθεο κέξαο (UV on) ζηνπο 60
o
C αθνινπζνχκελεο απφ άιιεο 4h ζε ζπλζήθεο λχρηαο (UV off) ζηνπο 

50
o
C θαη κε RH 98%. Ζ πεγή αθηηλνβνιίαο πνπ ρξεζηκνπνηήζεθε ζηα πεηξάκαηα εμέπεκπε ζην εχξνο 

UVB+UVC. Τν πείξακα απηφ δηήξθεζε επίζεο 9 εβδνκάδεο θαη κειεηήζεθαλ 2 δνθίκηα αλά ζχζηεκα βαθήο. 

Τα πεηξάκαηα εκβάπηηζεο ζε ηερλεηφ ζαιαζζηλφ λεξφ (3.5% NaCl) δηήξθεζαλ 12 κήλεο. Γχν δνθίκηα αλά 

ζχζηεκα βαθήο εμεηάζηεθαλ θαη ζε απηήλ ηελ πεξίπησζε. Ζ αληηδηαβξσηηθή πνιπνπξεζάλε δελ κειεηήζεθε 

ζε απηφ ην πείξακα. Κάζε δεχγνο δνθηκίσλ αλά ζχζηεκα βαθήο ήηαλ εκβαπηηζκέλν ζην ίδην δνρείν πνπ 

πεξηείρε 0.5L δηαιχκαηνο 3.5% NaCl. Ζ πεξηνδηθή αμηνιφγεζε ησλ δνθηκίσλ ζηα πξψηα δχν πεηξάκαηα 

πξαγκαηνπνηήζεθε έπεηηα απφ 4, 6 θαη 9 εβδνκάδεο, εθηφο απφ ηα δνθίκηα πνπ ήηαλ βακκέλα κε ηα 

ζπζηήκαηα Ref. Si θαη Acrylic θαη πνπ εθηέζεθαλ ζε αθηηλνβνιία UV, ηα νπνία κειεηήζεθαλ έπεηηα απφ 6 

θαη 9 εβδνκάδεο. Τα δνθίκηα πνπ εμεηάζηεθαλ ζε ζπλερή εκβάπηηζε ζην ειεθηξνιπηηθφ δηάιπκα 

αμηνινγνχληαλ κεληαίσο. 

Ο ζθνπφο ησλ πεηξακάησλ απηψλ είλαη λα αμηνινγεζνχλ νη ηδηφηεηεο θξαγκνχ ησλ επηθαιχςεσλ κε ηνλ 

ρξφλν, νη νπνίεο ζρεηίδνληαη κε ηε δηαπεξαηφηεηά ηνπο ζε θάπνηνλ ειεθηξνιχηε (εδψ 3.5% NaCl). Οη 

ηδηφηεηεο θξαγκνχ αμηνινγήζεθαλ ζηα θαζνξηζκέλα ρξνληθά δηαζηήκαηα κε EIS. Παξάιιεια, έγηλε 

αμηνιφγεζε ησλ νπηηθψλ ηδηνηήησλ (απνρξσκαηηζκφο θαη 60
ν
 ζηηιπλφηεηα) θαη ηεο ζθιεξφηεηαο θαηά  König 

(ISO 1522). 

Τα απνηειέζκαηα επηηαρπλφκελεο γήξαλζεο ζε αιαηνλέθσζε θαη UV αλέδεημαλ ηελ θαιχηεξε 

ζπκπεξηθνξά ηεο πεηξακαηηθήο ζηιηθφλεο απφ άπνςε ζθιεξφηεηαο θαηά ηε δηάξθεηα θαη ησλ δχν δνθηκψλ. 

Παξάιιεια, ην ζχζηεκα απηφ παξνπζίαζε ην κηθξφηεξν απνρξσκαηηζκφ έπεηηα απφ UV. Γηα ηηο ππφινηπεο 

πεξηπηψζεηο, ε απφδνζή ηνπ ήηαλ κέηξηα. Ζ εκπνξηθή ζηιηθφλε παξέκεηλε ζηαζεξή απφ άπνςε ζθιεξφηεηαο, 

έπεηηα απφ αιαηνλέθσζε, ελψ παξάιιεια δηαηήξεζε ηε ζηηιπλφηεηά ηεο έπεηηα απφ UV, παξνπζηάδνληαο 

ηελ θαιχηεξε ζπκπεξηθνξά ζε απηήλ ηελ ηδηφηεηα ζην ζπγθεθξηκέλν πείξακα. Τν αθξπιηθφ ζχζηεκα δελ 

ραξαθηεξίδεηαη απφ νπηηθέο ηδηφηεηεο, ζπλεπψο δελ δηαηήξεζε ζηηιπλφηεηα, ελψ εθδήισζε θαη ηνλ 

εληνλφηεξν απνρξσκαηηζκφ, έπεηηα θαη απφ ηα δχν πεηξάκαηα. Παξάιιεια παξνπζίαζε ξσγκάησζε ηνπ 

ηειηθνχ επηρξίζκαηνο (topcoat checking) θαη αχμεζε ηεο ζθιεξφηεηαο. Ωο εθ ηνχηνπ, ην ζχζηεκα απηφ 

παξνπζίαζε ηε ρεηξφηεξε ζπκπεξηθνξά απφ άπνςε νπηηθψλ ηδηνηήησλ, ελψ απφ άπνςε δηαηήξεζεο ηεο 

ζθιεξφηεηάο ηνπ, ε ζπκπεξηθνξά ηνπ ήηαλ κέηξηα. Ζ πεηξακαηηθή πνιπνπξεζάλε κε 2% Econea παξνπζίαζε 

ηε κεγαιχηεξε αχμεζε ζηε ζθιεξφηεηα έπεηηα θη απφ ηα δχν πεηξάκαηα θαη ηελ κηθξφηεξε κεηαβνιή ζηελ 

ζηηιπλφηεηα έπεηηα απφ αιαηνλέθσζε. Γηα ηηο ππφινηπεο πεξηπηψζεηο, ε απφδνζή ηνπ ήηαλ κέηξηα. Τν 

αληηδηαβξσηηθφ ρξψκα πνιπνπξεζάλεο παξνπζίαζε δηαθπκάλζεηο ζηηο ηδηφηεηέο ηνπ αλάκεζα ζηα 

δηαθνξεηηθά δνθίκηα, αιιά γεληθά παξνπζίαζε αχμεζε ηεο ζθιεξφηεηαο, ζε ιηγφηεξν κηθξφηεξν βαζκφ απφ 
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ηελ πεηξακαηηθή πνιπνπξεζάλε. Δπίζεο, παξνπζίαζε ηελ θαιχηεξε ζπκπεξηθνξά απφ άπνςε 

απνρξσκαηηζκνχ έπεηηα απφ αιαηνλέθσζε. Απφ άπνςε ειεθηξηθψλ ηδηνηήησλ φια ηα ζχζηεκαηα 

παξνπζίαζαλ πιήξσο ρσξεηηθή ζπκπεξηθνξά, ε νπνία είλαη ραξαθηεξηζηηθή ελφο άζηθηνπ, αλαιινίσηνπ 

ρξψκαηνο.  

Οη παξαπάλσ παξαηεξήζεηο δελ επαιεζεχηεθαλ εμ ‘ νινθιήξνπ θαηά ην πείξακα εκβάπηηζεο ζε ηερλεηφ 

ζαιαζζηλφ λεξφ. Πην ζπγθεθξηκέλα, ε πεηξακαηηθή ζηιηθφλε παξνπζίαζε ηελ πην ζηαζεξή ζπκπεξηθνξά απφ 

άπνςε ζθιεξφηεηαο θαη ζηηιπλφηεηαο, αιιά ήηαλ κέηξηα απφ άπνςε απνρξσκαηηζκνχ. Ζ εκπνξηθή ζηιηθφλε 

παξνπζίαζε κία ελδηάκεζε απφδνζε ζε ζρέζε κε ηα ππφινηπα ζπζηήκαηα απφ άπνςε ζθιεξφηεηαο θαη 

ζηηιπλφηεηαο θαη ηελ θαιχηεξε ζπκπεξηθνξά απφ άπνςε απνρξσκαηηζκνχ. Ζ πεηξακαηηθή ζηιηθφλε δελ 

παξνπζίαζε ηφζν έληνλε αχμεζε ζηελ ζθιεξφηεηα, φπσο παξαηεξήζεθε έπεηηα απφ ηελ έθζεζε ζε 

αιαηνλέθσζε θαη UV. Γεληθά, παξνπζίαζε ελδηάκεζε απφδνζε γηα φιεο ηηο ηδηφηεηεο. Τν αθξπιηθφ ζχζηεκα 

παξνπζίαζε ηε ρεηξφηεξε απφδνζε ζε φιεο ηηο ηδηφηεηεο. Γελ παξαηεξήζεθε «checking». Απφ άπνςε 

ειεθηξηθψλ ηδηνηήησλ, ηα ζπζηήκαηα ζηιηθφλεο δηαηήξεζαλ ρσξεηηθή απφθξηζε θαζ’ φιε ηε δηάξθεηα ηνπ 

πεηξάκαηνο. Τν αθξπιηθφ θαη ε πεηξακαηηθή πνιπνπξεζάλε παξνπζίαζαλ πιήξσο ρσξεηηθέο αιιά θαη 

ρσξεηηθέο παξνπζία αληίζηαζεο πφξσλ απνθξίζεηο αλά δηαζηήκαηα, νη νπνίεο δελ ήηαλ αληίζηνηρεο ηεο 

δηάξθεηαο εκβάπηηζεο. Παξφια απηά, νη ηηκέο ηεο αληίζηαζεο πφξσλ γηα ην αθξπιηθφ ζχζηεκα ήηαλ 

πςειφηεξεο απφ ηεο πεηξακαηηθήο πνιπνπξεζάλεο, παξά ην γεγνλφο φηη θαη ηα δχν ζπζηήκαηα παξνπζίαζαλ 

παξεκθεξείο ηηκέο έπεηηα απφ 12 κήλεο πεηξάκαηνο, γεγνλφο πνπ ππνδειψλεη θάπνηα απψιεηα ζηηο ηδηφηεηεο 

θξαγκνχ. Παξφια απηά, φπσο αλαθέξζεθε θαη πξνεγνπκέλσο, ε κνξθή ησλ ζεκάησλ παξνπζίαζε 

δηαθπκάλζεηο θαηά ηελ πεξηνδηθή εμέηαζε. 

Λακβάλνληαο ππφςε ην ζχζηεκα κε ηελ θαιχηεξε ζπκπεξηθνξά έπεηηα απφ φιεο ηηο κεηξήζεηο θαη ζηα 

ηξία πεηξάκαηα, ε πεηξακαηηθή ζηιηθφλε παξνπζίαζε ηελ θαιχηεξε ζπκπεξηθνξά 5 θνξέο, αθνινπζνχκελε 

απφ ηελ εκπνξηθή ζηιηθφλε κε 3 θνξέο θαη ηελ πεηξακαηηθή θαη αληηδηαβξσηηθή πνιπνπξεζάλε κε κία θνξά ε 

θαζεκία. 

Δπηπιένλ, ε δηαθνξεηηθή ζπκπεξηθνξά πνπ παξαηεξήζεθε απφ άπνςε ζθιεξφηεηαο γηα ηελ πεηξακαηηθή 

πνιπνπξεζάλε θαη απφ άπνςε παξνπζίαο «checking» γηα ην αθξπιηθφ ζχζηεκα, ππνδειψλεη φηη ην πείξακα 

ηεο εκβάπηηζεο εηζάγεη κηθξφηεξεο ηάζεηο ζηα εμεηαδφκελα ζπζηήκαηα ζε ζρέζε κε ηελ αιαηνλέθσζε θαη 

ηελ έθζεζε ζε UV. Απφ ηελ άιιε πιεπξά, ηα ζπζηήκαηα ζηιηθφλεο παξνπζίαζαλ κηθξήο έθηαζεο, 

πεξηνξηζκέλεο κφλν ζην ηειηθφ επίρξηζκα, θιχθηαηλεο, νη νπνίεο δελ παξαηεξήζεθαλ θαηά ηελ αιαηνλέθσζε 

ή ηελ έθζεζε ζε UV. Πέξαλ απηνχ, παξνπζίαζαλ ηελ θαιχηεξε ζπκπεξηθνξά θαηά ηελ 12-κελε εκβάπηηζή 

ηνπο ζε 3.5% NaCl. 

 

2. Πειραμαηική διερεύνηζη ηης επίδραζης ηης ηρατύηηηας ζηην σδροδσναμική 

ανηίζηαζη πλοίοσ μέζφ πειραμάηφν ανηίζηαζης ζε επίπεδη πλάκα και ζε 

μονηέλο πλοίοσ 

Ζ ζπγθεθξηκέλε κειέηε είρε ζαλ ζθνπφ ηελ πδξνδπλακηθή αμηνιφγεζε επηθαλεηψλ κε ηξαρχηεηα θαη ην θαηά 

πφζν ε επίδξαζε ηεο ηξαρχηεηαο ζε κηθξή θιίκαθα (εξγαζηεξίνπ) κπνξεί λα κεηαθεξζεί ζηελ θιίκαθα ηνπ 

πινίνπ. Ζ ηξαρχηεηα ζε κεγάιε θιίκαθα είλαη πνιχ βαζηθή γηαηί πξνθαιεί αχμεζε ζηελ πδξνδπλακηθή 

αληίζηαζε ηνπ πινίνπ θαη θαη’ επέθηαζε ζηελ θαηαλάισζε θαπζίκνπ. Τξαρχηεηα κπνξεί λα πξνθιεζεί είηε 

απφ επηθαζίζεηο ζηελ γάζηξα ηνπ πινίνπ (fouling) είηε απφ ην εθάζηνηε ζχζηεκα βαθήο. Σε εξγαζηεξηαθή 

θιίκαθα ε επίδξαζε ηεο ηξαρχηεηαο αμηνινγείηαη ζπλήζσο κε πεηξάκαηα αληίζηαζεο ζε επίπεδε πιάθα. Απηφ 

ζπκβαίλεη επεηδή ε επίπεδε πιάθα, ιφγσ ηνπ ζρήκαηφο ηεο, δελ έρεη κεγάιε ζπληζηψζα ππφινηπεο 

αληίζηαζεο, δειαδή θπκαηηζκνχ θαη κνξθήο, θαη έηζη νη κεηξήζεηο αθνξνχλ ζρεδφλ εμ’ νινθιήξνπ ζηελ 

αληίζηαζε ηξηβήο. Δπηπιένλ, απφ ηε βηβιηνγξαθία ππάξρνπλ κέζνδνη πξνεθβνιήο ηεο επίδξαζεο ηεο 

ηξαρχηεηαο απφ ηελ επίπεδε πιάθα ζε θιίκαθα εξγαζηεξίνπ ζε κία επίπεδε πιάθα κήθνπο ηάμεο κεγέζνπο 

πινίνπ. Ζ πξνεθβνιή ζηελ θιίκαθα ηνπ πινίνπ πξνυπνζέηεη φηη ε ηξαρχηεηα πνπ ραξαθηεξίδεη ηελ ππφ 
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κειέηε επηθάλεηα έρεη αλαρζεί ζε κία νκνηφκνξθε ηξαρχηεηα, ε νπνία πεξηγξάθεηαη απφ ην ιεγφκελν 

ηζνδχλακν χςνο νκνηφκνξθεο ηξαρχηεηαο (ks). Ζ έλλνηα ηνπ φξνπ ks είλαη φηη ε εθάζηνηε ηπραία ηξαρχηεηα 

κπνξεί λα πεξηγξαθεί ζαλ νκνηφκνξθε ηξαρχηεηα κε χςνο ηξαρχηεηαο ηέηνην πνπ λα πξνθαιείηαη ε ίδηα 

κείσζε ζην πξνθίι ηαρχηεηαο, γηα ηελ πεξηνρή ηνπ ηπξβψδνπο νξηαθνχ ζηξψκαηνο πνπ ε ηαρχηεηα 

πεξηγξάθεηαη απφ ηνλ ινγαξηζκηθφ λφκν, φπσο θαη κε ηελ αξρηθή ηπραία ηξαρχηεηα. Απηφ είλαη πνιχ 

ζεκαληηθφ, γηαηί έηζη κπνξεί νπνηαδήπνηε ηξαρχηεηα λα κνληεινπνηεζεί ζε θψδηθα CFD θαη λα πξνβιεθζεί ε 

επίδξαζή ηεο θαη ζηελ θιίκαθα ηνπ πινίνπ.  

2.1. Μελέηη επίδραζης ομοιόμορθης ηρατύηηηας με τρήζη γσαλόταρηφν 40 και 80-grit 

Τν πξψην ζηάδην κειέηεο ηεο επίδξαζεο ηεο ηξαρχηεηαο ζηελ πδξνδπλακηθή αληίζηαζε πεξηειάκβαλε 

πεηξάκαηα ζε επίπεδε πιάθα θαη ζε κνληέιν πινίνπ, θαιπκκέλα κε γπαιφραξηα 40 θαη 80-grit. Δπεηδή ηα 

πεηξάκαηα επίπεδεο πιάθαο έγηλαλ κε κία δηάηαμε πνπ θαηαζθεπάζζεθε απφ ηελ αξρή γηα απηφ ην ζθνπφ ζην 

Δξγαζηήξην Ναπηηθήο θαη Θαιάζζηαο Υδξνδπλακηθήο (ΔΝΘΥ) ηνπ ΔΜΠ, ήηαλ ζεκαληηθφ λα 

επαιεζεχζνπκε ηελ αμηνπηζηία ησλ πεηξακαηηθψλ κεηξήζεσλ, κέζσ εμέηαζεο αξρηθά επηθαλεηψλ κε 

νκνηφκνξθε ηξαρχηεηα. Ο ζθνπφο ινηπφλ ησλ πεηξακάησλ απηψλ ήηαλ λα ππνινγηζζεί ην ks πεηξακαηηθά θαη 

λα ζπζρεηηζηεί κε ην νλνκαζηηθφ χςνο ηξαρχηεηαο (Ra) ηνπ εθάζηνηε γπαιφραξηνπ.  

Πξηλ απφ ηελ κειέηε ηεο επίδξαζεο ηεο ηξαρχηεηαο ζηελ αληίζηαζε ηεο επίπεδεο πιάθαο, πξνεγήζεθε 

κία ελδειερήο κειέηε ηεο αληίζηαζεο ηεο επίπεδεο πιάθαο ζε ιεία θαηάζηαζε. Όπσο αλαθέξζεθε θαη 

πξνεγνπκέλσο, ε δηάηαμε κε ηελ επίπεδε πιάθα ζρεδηάζζεθε θαη θαηαζθεπάζηεθε απφ ηελ αξρή γηα απηά ηα 

πεηξάκαηα. Αμίδεη λα ζεκεησζεί φηη ε δηάζηαζε ηεο πιάθαο ήηαλ 2m × 1m × 3mm, ελψ νη αθκέο ηεο είραλ 

δηακνξθσζεί κε ηέηνην ηξφπν, ψζηε λα ζπκίδνπλ πδξνηνκέο NACA, δειαδή πνκπέ κπξνζηά θαη ηξηγσληθέο 

πίζσ. Δπίζεο, άιιν έλα ραξαθηεξηζηηθφ, πνπ ζπληζηά θαη θαηλνηνκία ησλ ελ ιφγσ πεηξακάησλ, είλαη ην πνιχ 

κηθξφ πάρνο ηεο πιάθαο, θαζψο ζηελ βηβιηνγξαθία ην κηθξφηεξν πάρνο πνπ έρεη αλαθεξζεί είλαη 3.2mm. Τν 

κηθξφ πάρνο ηεο επίπεδεο πιάθαο θαηέζηεζε αλαγθαία ηε ρξήζε εληαηήξσλ, νη νπνίνη ζα δηαζθάιηδαλ φηη ε 

πιάθα δελ ζα παξνπζίαδε βέινο θάκςεο θαηά ηελ ηέιεζε ησλ πεηξακάησλ. Τξεηο εληαηήξεο ηνπνζεηήζεθαλ 

θαηά κήθνο ηεο πιάθαο, δηακέηξνπ 0.8mm. Λφγσ ηεο απμεκέλεο πξφζζεηεο αληίζηαζεο πνπ πξνθιήζεθε απφ 

απηή ηελ πξνζζήθε, ε νπνία κπνξεί λα έθηαλε θαη ζην 48% ηεο ζπλνιηθήο κεηξνχκελεο αληίζηαζεο γηα ηνλ 

κέγηζην αξηζκφ Reynolds (πεξίπνπ 4.2 10
6
), ήηαλ αλαγθαίν λα γίλεηαη αθαίξεζε ηεο αληίζηαζεο ησλ ηξηψλ 

ζπξκάησλ (tension wires) εθεμήο, ψζηε ηειηθά λα πξνθχπηεη ε αληίζηαζε ηξηβήο ηεο πιάθαο. Σην ζεκείν απηφ 

αμίδεη λα ζεκεησζεί φηη ζηε δηάηαμε απηή πεξίπνπ 5% ηεο ζπλνιηθήο αληίζηαζεο νθεηιφηαλ ζε αληίζηαζε 

κνξθήο, φπσο πξνέθπςε έπεηηα απφ πξνζνκνίσζε ζε θψδηθα CFD. Τν δεχηεξν ζηάδην κειέηεο ηεο επίπεδεο 

πιάθαο ζε ιεία θαηάζηαζε πεξηειάκβαλε ηελ εμέηαζε δηεγεξηψλ ηχξβεο, πξνθεηκέλνπ λα βξεζεί ν ηδαληθφο 

γηα δηέγεξζε ηεο ξνήο ζε φιν ην εχξνο ηαρπηήησλ πνπ κειεηήζεθαλ (0.25-2.5m/s). Ζ επηινγή ηνπ 

θαηάιιεινπ δηεγέξηε ηχξβεο είλαη πνιχ ζεκαληηθή, ψζηε λα πξνθχπηεη ξνή εθάκηιιε κε εθείλε πνπ 

παξαηεξείηαη ζην πινίν, δειαδή ηπξβψδεο. Πεηξάκαηα πνπ δηεμήρζεζαλ ζηελ επίπεδε πιάθα ρσξίο δηεγέξηε 

έδεημαλ φηη ε ξνή ήηαλ κεηαβαηηθή, ζπλεπψο ήηαλ αλαγθαίν λα ηνπνζεηεζεί δηεγέξηεο. Με ρξήζε 

θαηάιιεινπ ινγηζκηθνχ ηεο ITTC πνπ δηαζέηεη ην ΔΝΘΥ, κε βάζε ην νπνίν πξνηείλεηαη κία ζεηξά δηεγεξηψλ 

ηχξβεο ζπλαξηήζεη ηεο ζεξκνθξαζίαο ηνπ λεξνχ θαη ησλ ηαρπηήησλ ησλ πεηξακάησλ, εμεηάζηεθαλ δηεγέξηεο 

ηχξβεο δηακέηξνπ 0.8, 0.9, 1, 1.128 θαη 1.3mm. Απφ ηνπο δηεγέξηεο απηνχο, ην ζχξκα δηακέηξνπ 1.3mm 

δηέγεηξε απνηειεζκαηηθά ηε ξνή ζε φιν ην εχξνο ηαρπηήησλ. Όινη νη δηεγέξηεο πνπ εμεηάζηεθαλ είραλ 

ηνπνζεηεζεί ζε απφζηαζε 5% ηνπ ρείινπο πξφζπησζεο.  

Δπηζηξέθνληαο ζηα πεηξάκαηα κε ηα γπαιφραξηα, ε αχμεζε ηεο αληίζηαζεο ιφγσ ηεο ηξαρχηεηαο ήηαλ 

76% γηα ην 40-grit θαη 45% γηα ην 80-grit γπαιφραξην γηα ηαρχηεηεο πάλσ απφ 2m/s. Ζ κνξθή ησλ θακππιψλ 

αληίζηαζεο θαη γηα ηα δχν γπαιφραξηα ήηαλ ραξαθηεξηζηηθή επηθαλεηψλ κε νκνηφκνξθε ηξαρχηεηα, φπσο 

παξνπζηάδνληαη ζην δηάγξακκα ηνπ Schlichting γηα ηηο «sand roughened plates». Ζ απεηθφληζε ησλ θακππιψλ 

αληίζηαζεο ζηε κνξθή πνπ πξνηείλεηαη απφ ηνλ Schlichting, δειαδή 1000CF-Re, αλέδεημε φηη ηα ηέζζεξα 
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ηειεπηαία ζεκεία θαη απφ ηα δχν γπαιφραξηα, ηα νπνία αληηζηνηρνχλ ζε αξηζκνχο Reynolds 3 10
6
 – 4.4 10

6
, 

ζρεκαηίδνπλ έλα πιαηφ, ην νπνίν εθθξάδεη πιήξσο ηξαρηά επηθάλεηα (fully rough regime). Σηελ πεξίπησζε 

απηή ν ζπληειεζηήο ηξηβήο είλαη αλεμάξηεηνο ηνπ αξηζκνχ Reynolds, ζρεηίδεηαη κφλν κε ηνλ φξν ℓ/ks, φπνπ ℓ 

είλαη ην κήθνο ηεο πιάθαο θαη ks ην ηζνδχλακν χςνο νκνηφκνξθεο ηξαρχηεηαο άκκνπ. Ζ ηηκή ηνπ ks πνπ 

ππνινγίζηεθε θαη γηα ηα δχν γπαιφραξηα ήηαλ παξαπιήζηα ηεο νλνκαζηηθήο ηηκήο ηνπο, φπσο απηή 

πξνθχπηεη απφ ηνλ θαηαζθεπαζηή.  

Ωζηφζν, ε ηειηθή ηηκή ηνπ ks ζα πξνθχςεη κέζσ ηνπ ππνινγηζκνχ ηεο ζπλάξηεζεο ηξαρχηεηαο 

(roughness function). Ζ ζπλάξηεζε ηξαρχηεηαο είλαη ε κείσζε πνπ πξνθαιείηαη ζην πξνθίι ηαρχηεηαο ιφγσ 

ηεο ηξαρχηεηαο, ζηελ πεξηνρή εθείλε ηνπ ηπξβψδνπο νξηαθνχ ζηξψκαηνο, φπνπ ηζρχεη ν ινγαξηζκηθφο λφκνο 

γηα ην πξνθίι ηαρχηεηαο (log-law). Ζ «roughness function» ππνινγίδεηαη κέζσ ηεο κεζνδνινγίαο ηνπ 

Granville θαη ην δηάγξακκα πνπ ηελ παξνπζηάδεη είλαη ην ΓU
+
-k

+
, φπνπ ΓU

+
 είλαη ε ζπλάξηεζε ηξαρχηεηαο 

θαη k
+
 είλαη ν «roughness Reynolds number», δειαδή ν αξηζκφο Reynolds ηξαρχηεηαο πνπ νξίδεηαη σο 

k
+
=ksUη/λ, φπνπ ην ks έρεη ήδε νξηζηεί, Uη είλαη ε ηαρχηεηα ηξηβήο θαη λ ε θηλεκαηηθή ζπλεθηηθφηεηα. 

Αλάινγα κε ην είδνο ηεο ηξαρηάο επηθάλεηαο πνπ κειεηάηαη, ππάξρεη θαη αληίζηνηρε «roughness function» πνπ 

ηελ πεξηγξάθεη. Γηα παξάδεηγκα, νη επηθάλεηεο κε γπαιφραξηα, πνπ αλαπαξηζηνχλ ρνλδξηθά νκνηφκνξθε 

ηξαρχηεηα, πεξηγξάθνληαη απφ ηελ «roughness function» ηνπ Nikuradse (universal roughness function), ελψ 

νη επηθάλεηεο κε ηπραία ηξαρχηεηα (arbitrarily rough surfaces), θαη ηδηαηηέξσο νη επηθάλεηεο πνπ είλαη 

βακκέλεο κε «antifouling» βαθέο αθνινπζνχλ ηελ ιεγφκελε «Colebrook-type roughness function». Με ηε 

δεχηεξε ζπλάξηεζε ηξαρχηεηαο ζα αζρνιεζνχκε ζηε ζπλέρεηα. Δλ πξνθεηκέλσ, ε ζπλάξηεζε ηξαρχηεηαο γηα 

ηα γπαιφραξηα ήηαλ ηχπνπ Nikuradse, ην νπνίν επηβεβαίσζε γηα αθφκα κία θνξά ηελ νξζφηεηα ησλ 

πεηξακαηηθψλ κεηξήζεσλ. Δπεηδή ε πεηξακαηηθή ζπλάξηεζε ηξαρχηεηαο πξνέθπςε αξηζηεξφηεξα ηεο 

Nikuradse, απαηηνχληαλ πνιιαπιαζηαζκφο ηνπ αξρηθνχ ks κε 1.7. Ο πνιιαπιαζηαζηηθφο παξάγνληαο 

πξνθχπηεη σο απνηέιεζκα ηεο αλνκνηνγέλεηαο πνπ ππάξρεη ζηνπο θφθθνπο ηνπ γπαιφραξηνπ (polydispersity), 

αλ θαη ε έσο ηψξα εθηίκεζε αθνξνχζε ζε νκνηνκνξθία κεγέζνπο θφθθσλ (monodispersity). Αληίζηνηρα, αλ ε 

ηηκή Rt (total roughness height) ρξεζηκνπνηνχληαλ ζαλ χςνο ηξαρχηεηαο, πηζαλφλ ε πεηξακαηηθή ζπλάξηεζε 

ηξαρχηεηαο λα έβγαηλε δεμηφηεξα ηεο Nikuradse, νπφηε ζα απαηηνχληαλ κείσζε ηνπ αξρηθά εθηηκψκελνπ ks. 

Αμίδεη εδψ λα ζεκεησζεί φηη ε κεηαθνξά ηεο πεηξακαηηθήο ζπλάξηεζεο ηξαρχηεηαο ζηελ ζεσξεηηθή είλαη 

αλαγθαία, θαζψο απφ ηε ζέζε ησλ πεηξακαηηθψλ ζεκείσλ πάλσ ζηελ ζεσξεηηθή θακπχιε κπνξεί λα 

εθηηκεζεί θαη ε έληαζε επίδξαζεο ηξαρχηεηαο ζηελ ξνή. Έηζη, ζηα ζπγθεθξηκέλα πεηξάκαηα, κφλν ηα δχν 

ηειεπηαία ζεκεία ηνπ γπαιφραξηνπ 40-grit (δειαδή ζηηο δχν κεγαιχηεξεο ηαρχηεηεο) παξαηεξήζεθε 

ζπκπεξηθνξά πιήξσο ηξαρηάο επηθάλεηαο (fully rough regime), ελψ φια ηα ππφινηπα ζεκεία ηνπ 40-grit θαη 

φια ηα ζεκεία ηνπ 80-grit ππέδεημαλ κεηαβαηηθή θαηάζηαζε (transitionally rough regime). Τέινο, πξνεθβνιή 

ησλ ηηκψλ ηεο ζπλάξηεζεο ηξαρχηεηαο ζηελ θιίκαθα ηνπ πινίνπ, κέζσ κεζφδνπ πνπ έρεη πξνηαζεί πάιη απφ 

ηνλ Granville, ππέδεημε φηη ην γπαιφραξην 40-grit κπνξεί λα νδεγήζεη ζε 6.66% πςειφηεξε νιηθή αληίζηαζε 

(εθθξαζκέλε κέζσ ηνπ ζπληειεζηή νιηθήο αληίζηαζεο CT)  απφ ην 80-grit ζε θαηάζηαζε «heavy ballast 

(HB)» θαη 6.46% ζηελ θαηάζηαζε «full load departure (FLD)». 

Ζ επίδξαζε ηεο ηξαρχηεηαο κειεηήζεθε κε ηνλ ίδην ηξφπν (δειαδή κε γπαιφραξηα 40 θαη 80-grit) θαη ζε 

κνληέιν πινίνπ. Πξηλ απφ απηφ φκσο, έγηλε πιήξεο αλάιπζε ηεο αληίζηαζεο ηνπ κνληέινπ ζε ιεία 

θαηάζηαζε (smooth condition), ηδηαηηέξσο έπεηηα απφ πξνεθβνιή ζηελ θιίκαθα ηνπ πινίνπ ρξεζηκνπνηψληαο 

δχν βαζηθέο κεζφδνπο, ηελ Froude θαη ηελ ITTC 78 θαη γηα δχν θαηαζηάζεηο θφξησζεο, ηηο ΖΒ θαη FLD. Ζ 

παξαδνζηαθή κέζνδνο ηνπ Froude νδήγεζε ζε 15% κεγαιχηεξν CT ζε ζρέζε κε ηελ ITTC 78 θαη γηα ηηο δχν 

θαηαζηάζεηο θφξησζεο, ζηνλ κεγαιχηεξν αξηζκφ Reynolds. Απηή ε δηαθνξά πξνθχπηεη απφ ην γεγνλφο φηη ε 

παξαδνζηαθή κέζνδνο κεηαθέξεη ζηελ θιίκαθα ηνπ πινίνπ φιεο ηηο ζπληζηψζεο ηεο νιηθήο αληίζηαζεο, πέξαλ 

ηεο ζπληζηψζαο ηξηβήο, κε βάζε ην λφκν ηνπ Froude, ελψ ε δεχηεξε κέζνδνο εθαξκφδεη απηή ηελ αξρή κφλν 

γηα ηελ αληίζηαζε θπκαηηζκνχ, ελψ ε αληίζηαζε ζπλεθηηθφηεηαο πξνεθβάιιεηαη κε βάζε ην λφκν ηνπ 

Reynolds. Δπίζεο, ζηε κέζνδν ITTC 78 έγηλε ρξήζε δχν δηαθνξεηηθψλ ηχπσλ γηα ηνλ ππνινγηζκφ ηνπ 

ζπληειεζηή CA (correlation allowance), ηνπ δηνξζσηηθνχ ζπληειεζηή πνπ αλαθέξεηαη ζηε δηαθνξά 

ηξαρχηεηαο αλάκεζα ζην κνληέιν θαη ην πινίν θαη ηε δηαθνξά ζηε ξνή ζηελ πεξηνρή ηεο πιψξεο. Ο ηχπνο 
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ησλ Bowden-Davidson νδήγεζε ζε 5% πςειφηεξν CT θαη ζηηο δχν θαηαζηάζεηο θφξησζεο, γηα ηνλ 

πςειφηεξν αξηζκφ Reynolds, ζε ζρέζε κε ηνλ ηχπν ηνπ Townsin. 

Αλαθνξηθά κε ηα πεηξάκαηα ζην κνληέιν πιήξσο θαιπκκέλν κε γπαιφραξηα, επηρεηξήζεθε πξνεθβνιή 

ηνπ CT ζηελ ηξαρηά θαηάζηαζε ζηελ θιίκαθα ηνπ πινίνπ, εθαξκφδνληαο κία παξαιιαγή ηεο κεζφδνπ ηνπ 

Froude θαη θάλνληαο ρξήζε ηoπ δηαγξάκκαηνο ηνπ Schlichting γηα ηηο «sand roughened plates». Δδψ ζα 

πξέπεη λα αλαθεξζεί φηη ην χςνο ηξαρχηεηαο πνπ πξνεθβάιιεηαη είλαη ίδην αλάκεζα ζην πινίν θαη ην 

κνληέιν. Πην ζπγθεθξηκέλα, ε κεζνδνινγία αθνινπζεί ην λφκν ηνπ Froude γηα ηελ ππφινηπε αληίζηαζε, αιιά 

αληί λα ρξεζηκνπνηεζεί σο θακπχιε ζπζρέηηζεο ηξηβήο ε ITTC 57 (friction correlation line), ρξεζηκνπνηείηαη 

ην δηάγξακκα ηνπ Schlichting, φπνπ ε αληίζηνηρε γξακκή ηξηβήο είλαη ε γξακκή ζηαζεξνχ ℓ/ks. Σηελ πξψηε 

εθδνρή ηεο κεζφδνπ, ε γξακκή ℓ/ks, φπσο πξνέθπςε απφ ηα πεηξάκαηα ηεο επίπεδεο πιάθαο παξακέλεη 

ζηαζεξή γηα φινπο ηνπο αξηζκνχο Reynolds, ηφζν ζε θιίκαθα κνληέινπ φζν θαη ζε θιίκαθα πινίνπ. Σηελ 

δεχηεξε εθδνρή, ε γξακκή ℓ/ks απφ ηα πεηξάκαηα επίπεδεο πιάθαο ρξεζηκνπνηείηαη γηα ηνλ ππνινγηζκφ ηνπ 

CF ζηελ θιίκαθα ηνπ κνληέινπ, ελψ γηα ηελ θιίκαθα ηνπ πινίνπ ρξεζηκνπνηείηαη ε γξακκή Ls/ks, φπνπ Ls 

είλαη ην κήθνο ηεο ηζάινπ ηνπ πινίνπ, γηα ηελ εθάζηνηε θαηάζηαζε θφξησζεο. Ζ πξψηε εθδνρή ηεο κεζφδνπ 

πξνέβιεςε ηηο κεγαιχηεξεο ηηκέο γηα ην CT, ζπγθξηηηθά κε ηα απνηειέζκαηα απφ ηελ πξνεθβνιή ηεο πιάθαο 

κε ηξαρχηεηα θαη ηεο ιείαο γάζηξαο, ελψ ε δεχηεξε εθδνρή νδήγεζε ζηηο κηθξφηεξεο ηηκέο ηνπ CT. Σπλεπψο, 

νη δχν εθδνρέο απηήο ηεο κεζνδνινγίαο νδεγνχλ ζε έλα άλσ θαη έλα θάησ φξην γηα ην CT ζηελ θιίκαθα ηνπ 

πινίνπ. 

2.2. Μελέηη επίδραζης ηρατύηηηας επιθάνειας βαμμένης με σθαλότρφμα 

Σθνπφο ηεο παξνχζαο κειέηεο ήηαλ ν πξνζδηνξηζκφο ηεο επίδξαζεο ηεο ηξαρχηεηαο βακκέλσλ 

επηθαλεηψλ κε αληηξξππαληηθά πθαινρξψκαηα ζηελ πδξνδπλακηθή αληίζηαζε επίπεδεο πιάθαο. Γηα ην ζθνπφ 

απηφ, πξαγκαηνπνηήζεθε βαθή ηεο επίπεδεο πιάθαο κε θαζέλα απφ ηα ζπζηήκαηα Exp. PU1 (πεηξακαηηθή 

πνιπνπξεζάλε κε 2% αθηλεηνπνηεκέλε Econea), Exp. PU2 (πεηξακαηηθή πνιπνπξεζάλε κε κείγκα 

βηνθηφλσλ), Acrylic (εκπνξηθφ πθαιφρξσκα ηερλνινγίαο SPC κε Cu2O θαη Zineb), Exp. Si (πεηξακαηηθή 

ζηιηθφλε κε 0.56% αθηλεηνπνηεκέλε Econea) θαη Ref. Si (εκπνξηθή ζηιηθφλε ηερλνινγίαο απειεπζέξσζεο 

ξχπσλ ρσξίο βηνθηφλα). Όπσο αλαθέξζεθε θαη πξνεγνπκέλσο, ε ζπλάξηεζε ηξαρχηεηαο πνπ πεξηγξάθεη 

επηθάλεηεο κε ηπραίν κνηίβν ηξαρχηεηαο, θαη ηδίσο επηθάλεηεο βακκέλεο κε θάπνην antifouling ρξψκα, 

πεξηγξάθνληαη απφ ηελ ζπλάξηεζε ηξαρχηεηαο ηχπνπ Colebrook, ε νπνία νξίδεηαη σο: ΓU
+
=1/θ ln(1+k

+
), 

φπνπ θ=0.41, ε ζηαζεξά ηνπ Von Karman. 

Τα πεηξάκαηα ηεο επίπεδεο πιάθαο έδεημαλ φηη ηα ζπζηήκαηα πνιπνπξεζάλεο θαη ζηιηθφλεο παξνπζίαζαλ 

παξφκνηα ζπκπεξηθνξά, παξνπζηάδνληαο δηαθπκάλζεηο γχξσ απφ ηηο ηηκέο αληίζηαζεο ιείαο πιάθαο. Ζ 

αληίζηαζε πνπ πξνέθπςε απφ ην αθξπιηθφ πθαιφρξσκα ήηαλ ε κεγαιχηεξε ζε ζρέζε κε ηα ππφινηπα 

ζπζηήκαηα βαθήο θαη ηδηαίηεξα απμεκέλε ζε ζρέζε κε ηελ ιεία πιάθα, ζρεδφλ γηα νιφθιεξν ην εχξνο 

Reynolds. H ζπλάξηεζε ηξαρχηεηαο γηα ην εθάζηνηε ζχζηεκα παξνπζίαζε πνιχ θαιή ζπζρέηηζε κε ηελ 

ηχπνπ Colebrook ζπλάξηεζε ηξαρχηεηαο, κε ηηο πνιπνπξεζάλεο λα εθδειψλνπλ ηελ κεγαιχηεξε ζπζρέηηζε, 

αθνινπζνχκελεο απφ ην αθξπιηθφ θαη ηέινο απφ ηηο ζηιηθφλεο, νη νπνίεο δηέζεηαλ ηα ιηγφηεξα ζηαηηζηηθψο 

ζεκαληηθά πεηξακαηηθά ζεκεία. Παξφια απηά, απφ ηε βηβιηνγξαθία έρεη παξαηεξεζεί φηη θαη νη ζηιηθφλεο 

παξνπζηάδνπλ ζπζρέηηζε κε ηελ ζπλάξηεζε ηχπνπ Colebrook. Τν ηζνδχλακν χςνο νκνηφκνξθεο ηξαρχηεηαο 

ήηαλ θάπνηνο πνιιαπιαζηαζηήο ηνπ Ra (κέζνπ χςνπο ηξαρχηεηαο), φπσο παξαηεξήζεθε θαη ζηα πεηξάκαηα 

κε ηα γπαιφραξηα. Σπλεπψο, θαη ε ηξαρχηεηα ησλ βακκέλσλ επηθαλεηψλ κπνξεί λα πεξηγξαθεί κε έλα κφλν 

κέγεζνο, φπσο ην κέζν χςνο ηξαρχηεηαο.  
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3. Δοκιμές πεδίοσ εμπορικών και πειραμαηικών σθαλοτρφμάηφν ζηον κόλπο 

ηης Ελεσζίνας 

Σηελ παξνχζα κειέηε πξαγκαηνπνηήζεθαλ δνθηκέο πεδίνπ (field tests) εκπνξηθψλ θαη πεηξακαηηθψλ 

πθαινρξσκάησλ ζηνλ θφιπν ηεο Διεπζίλαο. Τα πεηξάκαηα απηά αθνξνχλ ζε εκβάπηηζε βακκέλσλ 

ραιχβδηλσλ δνθηκίσλ, δηαζηάζεσλ 100mm × 100mm × 6mm, ζε βάζνο 2.5m γηα ζπλνιηθφ δηάζηεκα ελφο 

έηνπο. Τα πεηξάκαηα απηά πξαγκαηνπνηήζεθαλ κε βάζε ηηο νδεγίεο ASTM D 3623 θαη ASTM D 6990. 

Σπλνιηθά 6 δνθίκηα αλά ζχζηεκα βαθήο «antifouling» εκβαπηίζηεθαλ ζην πεδίν (Exp. PU1, Exp. PU2, Exp. 

Si, Ref. Si, Acrylic), θαζψο θαη 3 δνθίκηα βακκέλα κε ην αληηδηαβξσηηθφ ρξψκα πνιπνπξεζάλεο (PU), ηα 

νπνία ρξεζηκνπνηήζεθαλ σο αξλεηηθή αλαθνξά (negative control) γηα ην πεηξακαηηθφ ρξψκα Exp. PU1. 

Γειαδή, ηα δνθίκηα απηά, αθξηβψο επεηδή δελ κπνξνχλ λα εκπνδίζνπλ ηελ επηθάζηζε ησλ ζαιάζζησλ 

νξγαληζκψλ, κπνξνχζαλ λα ξππαλζνχλ πνιχ έληνλα, παξέρνληαο ελδείμεηο ηεο ζαιάζζηαο ρισξίδαο θαη 

παλίδαο ηεο πεξηνρήο εκβάπηηζεο.  Κάζε δχν κήλεο έλα δνθίκην απνζπξφηαλ απφ ηελ πεξηνρή θαη 

κεηαθεξφηαλ ζην εξγαζηήξην γηα αμηνιφγεζε. Ζ αμηνιφγεζε πεξηειάκβαλε ππνινγηζκφ ηνπ πνζνζηνχ 

θάιπςεο ηεο βακκέλεο επηθάλεηαο απφ θπηηθνχο θαη δσηθνχο ζαιάζζηνπο νξγαληζκνχο (foulers), ην είδνο ησλ 

νξγαληζκψλ απηψλ θαη  ηπρφλ θπζηθή αιινίσζε ησλ βαθψλ ιφγσ πξνζθφιιεζεο ησλ νξγαληζκψλ. Ζ 

αμηνιφγεζε απηή νδεγεί ζηε βαζκνιφγεζε ηνπ δνθηκίνπ, ηφζν ζε ζρέζε κε ηελ ππθλφηεηα ησλ νξγαληζκψλ 

(fouling rating-F.R.), φζν θαη ζε ζρέζε κε ηηο αιινηψζεηο πνπ κπνξεί λα έρνπλ πξνθιεζεί απφ απηνχο ή απφ 

ην πεξηβάιινλ (physical damage rating-P.D.R.). Τα δνθίκηα πνπ απνζχξνληαλ απφ ην πεδίν δελ 

μαλαρξεζηκνπνηνχληαλ. Ζ αμηνιφγεζε πεξηειάκβαλε επίζεο ειεθηξνρεκηθή εμέηαζε ησλ δνθηκίσλ κε 

θαζκαηνζθνπία ειεθηξνρεκηθήο εκπέδεζεο (ΔΗS), θαζψο θαη κειέηε ηεο ζθιεξφηεηαο ησλ βαθψλ (κέζσ ηεο 

δνθηκήο απφζβεζεο ηαιάλησζεο εθθξεκνχο θαηά König – ISO 1522), φπσο θαη ηε κεηαβνιή ησλ νπηηθψλ 

ηνπο ηδηνηήησλ, κέζσ κεηξήζεσλ απνρξσκαηηζκνχ θαη ζηηιπλφηεηαο 60
ν
.  

Τα απνηειέζκαηα έδεημαλ φηη ε εκπνξηθή βαθή ζηιηθφλεο, ε νπνία βαζίδεηαη ζηελ απειεπζέξσζε ξχπσλ 

(foul release), δελ επέδεημε ζηαζεξή αληη-επηθαζηζηηθή δξάζε, θαζψο ζηελ επηθάλεηα ησλ δνθηκίσλ έπεηηα 

απφ 8, 10 θαη 12 κήλεο παξαηεξήζεθε πνιχ έληνλν «fouling», ην νπνίν νδήγεζε ζε ξαγδαία πηψζε ηνπ F.R., 

ην νπνίν έιαβε ηηκέο 9.55%, 10.8% θαη 6.61%, αληίζηνηρα, θαζηζηψληαο ηε βαθή κε απνδνηηθή (ζεσξψληαο 

φηη ε απνδνηηθή βαθή έρεη F.R.≥80%). Ωζηφζν, νη νξγαληζκνί πνπ είραλ επηθαζίζεη, νη νπνίνη ήηαλ θπξίσο 

εθπξφζσπνη ηεο νηθνγέλεηαο serpulidae, κπνξνχζαλ λα αθαηξεζνχλ πνιχ εχθνια θάησ απφ ηξερνχκελν λεξφ 

κηθξήο πίεζεο. Απηφ νθείιεηαη ζηελ κηθξή επηθαλεηαθή ελέξγεηα ησλ ζηιηθνλνχρσλ ρξσκάησλ. Παξφια απηά, 

αλ θαη νη νξγαληζκνί αθαηξέζεθαλ εχθνια, παξαηεξήζεθε πνιχ έληνλν «digging effect» ζηελ επηθάλεηα ηνπ 

δνθηκίνπ, δειαδή νη νξγαληζκνί είραλ «ζθάςεη» ηε βαθή, πξνθεηκέλνπ λα πξνζθνιιεζνχλ ηζρπξφηεξα, αλ θαη 

ηειηθά απηφ δελ θαηέζηε δπλαηφ. Σε πξαγκαηηθέο ζπλζήθεο, ε έθηαζε ηνπ «digging» ζα είλαη ζπλάξηεζε ηνπ 

ρξφλνπ πνπ ην πινίν παξακέλεη αδξαλέο ζην ιηκάλη. Οη κεηξήζεηο ζθιεξφηεηαο ηνπ δνθηκίνπ ήηαλ 

ραξαθηεξηζηηθέο ηεο καιαθήο θχζεο ηεο ζηιηθφλεο, γχξσ ζηηο 25 κνλάδεο θαηά König, ιφγσ ηνπ φηη είλαη 

ειαζηνκεξέο. 

Ζ εκπνξηθή αθξπιηθή βαθή, ε νπνία βαζίδεηαη ζηελ ηερλνινγία ηνπ απηνιεηαηλφκελνπ ζπκπνιπκεξνχο κε 

βηνθηφλα Cu2O+Zineb, παξνπζίαζε ηελ θαιχηεξε ζπκπεξηθνξά θαηά ηε δηάξθεηα ηεο ζηαηηθήο εκβάπηηζεο 

ζηελ Διεπζίλα. Ο δείθηεο F.R. ήηαλ κεγαιχηεξνο ηνπ 94.93%, θαζ’ φιε ηε δηάξθεηα ηνπ πεηξάκαηνο. Τα 

δνθίκηα δελ παξνπζίαζαλ ζρεδφλ θαζφινπ πξνζθφιιεζε καθξν-νξγαληζκψλ. Ζ πςειή απνδνηηθφηεηα ηεο 

βαθήο απηήο πξνθχπηεη απφ ηνλ ηξφπν δξάζεο ηεο, πνπ είλαη ε απειεπζέξσζε ησλ βηνθηφλσλ (leaching). Ζ 

βαθή απηή δελ δηαζέηεη θαζφινπ νπηηθέο ηδηφηεηεο, παξνπζηάδεη κεγαιχηεξε ζθιεξφηεηα απφ ηελ εκπνξηθή 

ζηιηθφλε (πεξίπνπ 50-70 κνλάδεο θαηά König αιιά κε δηαθπκάλζεηο) θαη ην βαζηθφ ηεο κεηνλέθηεκα είλαη ε 

θζνξά ηνπ ηειηθνχ επηρξίζκαηνο (wearing of the topcoat), φπσο θαη ην θαηλφκελν ηνπ «chipping», θαηά ην 

νπνίν δεκηνπξγνχληαη πνιιαπιέο εζηίεο «μεθινπδίζκαηνο» ηεο βαθήο. Τν θαηλφκελν απηφ παξαηεξήζεθε 

κεηά απφ 12 κήλεο εκβάπηηζεο θαη ήηαλ ηφζν εθηεηακέλν πνπ νδήγεζε ζε ξαγδαία πηψζε ηνπ P.D.R. ζηελ 

ηηκή ηνπ 22.12%. 
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Ζ πεηξακαηηθή ζηιηθφλε κε 0.56% αθηλεηνπνηεκέλε Econea απνηέιεζε κία βειηησκέλε έθδνζε ηεο 

εκπνξηθήο ζηιηθφλεο. Τν ζχζηεκα απηφ παξνπζίαζε πξνζθφιιεζε καθξν-νξγαληζκψλ (macrofouling) 

κεγάιεο πνηθηιίαο, φπσο θαη ε εκπνξηθή ζηιηθφλε, θαζηζηψληαο ην κε απνδνηηθφ αλά δηαζηήκαηα, φπσο 

παξαηεξήζεθε έπεηηα απφ 8 θαη 10 κήλεο πεηξάκαηνο, φπνπ ε ηηκή ηνπ F.R. έπεζε ζην 69.46% θαη ζην 

38.97%, αληίζηνηρα. Παξφια απηά, ε κεησκέλε απφδνζε δελ ήηαλ ηφζν έληνλε φζν ηεο εκπνξηθήο ζηιηθφλεο. 

Οη πξνζθνιιεκέλνη νξγαληζκνί κπνξνχζαλ εχθνια λα απνκαθξπλζνχλ κε ηξερνχκελν λεξφ θαη κηθξή πίεζε, 

ελψ ην «digging effect», απφ ην νπνίν ππέθεξε ε εκπνξηθή ζηιηθφλε, ήηαλ κεδακηλφ. Σπλεπψο, ζε 

πξαγκαηηθέο ζπλζήθεο, ζα ήηαλ εχθνιν γηα ηνπο νξγαληζκνχο λα απνθνιιεζνχλ θαηά ηνλ πινπ κε ειάρηζηε 

θπζηθή αιινίσζε. Τέινο, νη νπηηθέο ηδηφηεηεο παξνπζίαζαλ πνιχ κηθξέο δηαθπκάλζεηο, ελψ ε ζθιεξφηεηα 

ηνπ ζπζηήκαηνο απηνχ βξέζεθε παξαπιήζηα ή θάπσο κηθξφηεξε ηνπ αληίζηνηρνπ εκπνξηθνχ.    

Ζ πεηξακαηηθή πνιπνπξεζάλε κε 2% αθηλεηνπνηεκέλε Econea δελ ζα κπνξνχζε λα ρξεζηκνπνηεζεί ζαλ 

βαθή antifouling. Τν ζχζηεκα απηφ έραζε ηελ αληηξξππαληηθή ηνπ πξνζηαζία πνιχ γξήγνξα, αθνχ ήδε 

έπεηηα απφ 6 κήλεο ην F.R. είρε πέζεη ζην 64.69%, ελψ έπεηηα απφ 8, 10 θαη 12 κήλεο, νη αληίζηνηρεο ηηκέο 

ήηαλ 12.14%, 3.39% θαη 12.38%. Ζ βαζηθή δηαθνξά κε ηα ππφινηπα ζπζηήκαηα είλαη φηη νη νξγαληζκνί πνπ 

παξαηεξήζεθαλ, θπξίσο βξπφδσα (bryozoans) θαη ζθψιεθεο ηεο νηθνγέλεηαο serpulidae, ήηαλ πνιχ έληνλα 

πξνζθνιιεκέλνη πάλσ ζηε βαθή. Αθφκε θαη ζε πξαγκαηηθέο, δπλακηθέο ζπλζήθεο, ζα ήηαλ πνιχ δχζθνιν γηα 

απηνχο ηνπο νξγαληζκνχο λα απνθνιιεζνχλ απφ ηε γάζηξα. Σε ζρέζε κε ηε θπζηθή αιινίσζε, «digging», 

απνρξσκαηηζκφο, αχμεζε ηεο ζθιεξφηεηαο θαη κείσζε ηεο 60
ν
 ζηηιπλφηεηαο ήηαλ ην γεληθφ κνηίβν πνπ 

παξαηεξήζεθε, θαζ’ φιε ηε δηάξθεηα ηνπ πεηξάκαηνο. 

Ζ πεηξακαηηθή πνιπνπξεζάλε κε κείγκα βηνθηφλσλ παξνπζίαζε ηελ ρεηξφηεξε απφδνζε, αθνχ ήδε απφ 

ηνπο πξψηνπο δχν κήλεο πεηξάκαηνο ην F.R ήηαλ ίζν κε 44.3% θαη παξνπζίαζε αθφκε κεγαιχηεξε πηψζε ζηα 

ππφινηπα δηαζηήκαηα. Τα βαζηθά είδε νξγαληζκψλ πνπ παξαηεξήζεθαλ ήηαλ βξπφδσα, άιγεηο θαη ηα 

αζβεζηνιηζηθά θειχθε δαθηπιηνζθσιήθσλ (spirorbinae). Όινη νη νξγαληζκνί ήηαλ πνιχ ηζρπξά 

πξνζθνιιεκέλνη πάλσ ζηελ βαθή, φκνηα κε ην πξνεγνχκελν ζχζηεκα πνιπνπξεζάλεο. Ζ θπζηθή αιινίσζε 

πξνήιζε θπξίσο απφ «digging» ησλ νξγαληζκψλ. Οη ππφινηπεο ηδηφηεηεο αθνινχζεζαλ ην γεληθφ κνηίβν πνπ 

πεξηγξάθεθε γηα ηελ πξνεγνχκελε πεηξακαηηθή πνιπνπξεζάλε. Οη ηηκέο ηεο ζθιεξφηεηαο δελ κπνξνχλ λα 

ζπγθξηζνχλ κε ηα ππφινηπα ζπζηήκαηα, γηαηί παξνπζίαζαλ δηαθπκάλζεηο. 

Γελ παξαηεξήζεθε απψιεηα πηγκέλησλ γηα θακία απφ ηηο πεηξακαηηθέο πνιπνπξεζάλεο (softness rating 

equal to 10). 

Σπλεπψο, ζε ζηαηηθέο ζπλζήθεο εκβάπηηζεο, ην αθξπιηθφ ζχζηεκα παξνπζίαζε ηελ θαιχηεξε 

ζπκπεξηθνξά. Σε ζρέζε κε ηε θπζηθή αιινίσζε/δεκηά απφ ηνπο νξγαληζκνχο ή απφ θαηλφκελα θζνξάο θαηά 

ηελ εκβάπηηζε, ε πεηξακαηηθή ζηιηθφλε παξνπζίαζε ηελ θαιχηεξε ζπκπεξηθνξά. Ωο εθ ηνχηνπ, ζε 

πξαγκαηηθέο ζπλζήθεο, φπνπ νη νξγαληζκνί κπνξνχλ λα αθαηξεζνχλ εχθνια ιφγσ ηξηβήο, ε πεηξακαηηθή 

ζηιηθφλε κπνξεί λα παξέρεη απνδνηηθή αληηξξππαληηθή πξνζηαζία καθξνπξφζεζκα. Δπηπιένλ, ε ηερλνινγία 

ηνπ αθηλεηνπνηεκέλνπ βηνθηφλνπ θαζηζηά ηε βαθή απηή κία θηιηθή πξνο ην πεξηβάιινλ πξφηαζε. 

Ζιεθηξνρεκηθά, νη ηδηφηεηεο θξαγκνχ ηεο πεηξακαηηθήο πνιπνπξεζάλεο κε κείγκα βηνθηφλσλ παξέκεηλαλ 

ζρεδφλ αλεπεξέαζηεο θαηά ηε δηάξθεηα ηνπ πεηξάκαηνο. Παξαπιήζηα ζπκπεξηθνξά παξνπζίαζε θαη ε 

πεηξακαηηθή ζηιηθφλε.  

Λακβάλνληαο ππφςε φιεο ηηο παξαηεξήζεηο, ε πεηξακαηηθή ζηιηθφλε κπνξεί λα απνηειέζεη κία απνδνηηθή 

αληηξξππαληηθή θαη αληηδηαβξσηηθή ιχζε γηα λαππεγηθέο εθαξκνγέο, εάλ ηεξνχληαη θαη θάπνηεο πξνθπιάμεηο, 

αλαθνξηθά κε ηελ καιαθή ειαζηνκεξή ηεο ζχλζεζε.  
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4. Προζδιοριζμός ηφν μητανικών ιδιοηήηφν βαμμένφν δοκιμίφν και ηφν 

θσζικών ηοσς παραμέηρφν 

Οη δνθηκέο πνπ πξαγκαηνπνηήζεθαλ ζηελ ελ ιφγσ έξεπλα είραλ σο ζθνπφ λα αμηνινγήζνπλ ηα ζπζηήκαηα 

βαθήο ζε ζρέζε κε ηε δηαπεξαηφηεηά ηνπο ζε λεξφ (water liquid transmission rate test- BS EN 1062-3), ηελ 

πξφζθπζε ηνπ πνιπζηξσκαηηθνχ ζπζηήκαηνο κε ην κεηαιιηθφ ππφζηξσκα κέζσ δνθηκψλ βαζείαο θνίιαλζεο 

(cupping test- ISO 1520), ηελ ηάζε γηα ζπιινγή ξχπσλ κέζσ έθζεζεο ζηελ αηκφζθαηξα (dirt pick-up test- 

ASTM D 3719-00), θαζψο θαη ηελ εθδήισζε θηκσιίαζεο (chalking test- ASTM D 4214-98).    

Σρεηηθά κε ηε δνθηκή δηαπεξαηφηεηαο ζε λεξφ (water liquid transmission rate test), ρξεζηκνπνηήζεθαλ 

ππξφηνπβια, ησλ νπνίσλ ε κία απφ ηηο δχν κεγαιχηεξεο πιεπξέο βάθηεθε κε ην εθάζηνηε πνιπζηξσκαηηθφ 

ρξψκα, ελψ φιεο νη ππφινηπεο επηθάλεηεο θαιχθζεθαλ κε κνλσηηθή ξεηίλε. Τα ηνχβια ππνβιήζεθαλ ζε 4 

θχθινπο, θάζε έλαο απφ ηνπο νπνίνπο πεξηειάκβαλε θάπνηα ειαθξηά ζέξκαλζε ησλ ηνχβισλ γηα εμάιεηςε ηεο 

πγξαζίαο (conditioning), εκβάπηηζε ζε πφζηκν λεξφ θαη μήξαλζε. Εχγηζε ησλ ηνχβισλ πξαγκαηνπνηήζεθε ζε 

ζπγθεθξηκέλα δηαζηήκαηα θαη ν ξπζκφο δηαπεξαηφηεηαο ππνινγίζηεθε κέζσ ζπγθεθξηκέλεο ζρέζεο πνπ 

πξνηείλεηαη απφ ηελ αληίζηνηρε νδεγία. Τα ζπζηήκαηα πνπ κειεηήζεθαλ ζε δηαπεξαηφηεηα ήηαλ ηα Ref. Si, 

Exp. Si, Acrylic, Exp. PU1, Exp. PU2 θαη PU. Όια ηα ζπζηήκαηα παξνπζίαζαλ κηθξή δηαπεξαηφηεηα, 

θιάζεο ΗΗΗ. 

Γηα ηε δνθηκή βαζείαο θνίιαλζεο (cupping test) ρξεζηκνπνηήζεθαλ δνθίκηα δηαζηάζεσλ 120mm × 60mm 

× 1mm γηα ην Ref. Si θαη ην Acrylic, ελψ δνθίκηα δηαζηάζεσλ 200mm × 60mm × 1mm ρξεζηκνπνηήζεθαλ γηα 

ηα ζπζηήκαηα Exp. Si, Exp. PU1 θαη Δxp. PU2. Φξεζηκνπνηήζεθαλ 3 δνθίκηα αλά ζχζηεκα βαθήο. Καηά ηε 

βαζεία θνίιαλζε, ε βαθή ζεσξείηαη φηη έρεη αζηνρήζεη απφ ηε ζηηγκή πνπ δεκηνπξγείηαη ε πξψηε ξσγκή θαηά 

ηελ θάκςε ή φηαλ ην πνιπζηξσκαηηθφ ζχζηεκα έρεη απνθνιιεζεί απφ ην κεηαιιηθφ ππφζηξσκα. Τελ 

θαιχηεξε ζπκπεξηθνξά εθδήισζε ην Ref. Si ζχζηεκα, κε κέζν βάζνο θνίιαλζεο κέρξη ηελ πξψηε 

ξσγκάησζε ίζν κε 1.70mm, αθνινπζνχκελν απφ ην Exp. PU1 κε 1.64mm, ην Acrylic κε 1.55mm, ην Exp. Si 

κε 1.22mm θαη ηειηθά ην Exp. PU1 κε 0.84mm.  

Ζ δνθηκή πξνζθφιιεζεο ξχπσλ (dirt pick-up test) ζηελ επηθάλεηα ησλ βαθψλ πξαγκαηνπνηήζεθε κε 

έθζεζε δνθηκίσλ δηαζηάζεσλ 150mm × 250mm × 6mm γηα 61 εκέξεο ζηελ αηκφζθαηξα (weathering test). Τα 

δνθίκηα ηνπνζεηήζεθαλ ζε βάζε θιίζεο 45
ν
 κε λφηην πξνζαλαηνιηζκφ. Ζ αμηνιφγεζε ησλ βαθψλ γίλεηαη 

κέζσ κεηξήζεσλ απνρξσκαηηζκνχ θαη κε βάζε ηχπν πνπ πξνηείλεηαη απφ ηελ νδεγία ASTM D 3719-00. Σε 

απηήλ ηε δνθηκή εμεηάζηεθαλ νη βαθέο Ref. Si, Exp. Si, Acrylic, Exp. PU1 θαη Exp. PU2, ελψ δχν δνθίκηα 

αλά ζχζηεκα βαθήο εθηέζεθαλ ζην πεξηβάιινλ. Τα απνηειέζκαηα έδεημαλ ηελ θαιχηεξε ζπκπεξηθνξά ηεο 

Exp. PU1 βαθήο κε «dirt collection index (Dc)» 97.85%, αθνινπζνχκελε απφ ην ζχζηεκα Ref. Si κε 100.65 

%, ην Exp. Si κε 101.44%, ην Exp. PU2 κε 102.82% θαη ην Acrylic κε 118.14%. 

Τέινο, ε δνθηκή θηκσιίαζεο (chalking) αθνξά ζηελ αμηνιφγεζε ησλ βαθψλ κε βάζε ηε δεκηνπξγία 

εχζξππηεο ζθφλεο ζηελ επηθάλεηα ηνπ ηειηθνχ επηρξίζκαηνο, σο απνηέιεζκα έθζεζεο πηγκέλησλ, ιφγσ 

κηθξήο πξφζθπζεο κε ηελ πνιπκεξηθή κήηξα. Ζ θηκσιίαζε κπνξεί λα είλαη απνηέιεζκα αιινίσζεο ησλ 

βαθψλ ή εγγελέο ραξαθηεξηζηηθφ ηνπο, φπσο ζηελ πεξίπησζε ηνπ αθξπιηθνχ ρξψκαηνο. Γχν δνθίκηα αλά 

ζχζηεκα βαθήο εμεηάζηεθαλ ζε θηκσιίαζε (Ref. Si, Exp. Si, Acrylic, Exp. PU1), κε βάζε ηε «method D-

TNO type method». Μφλν ην αθξπιηθφ ζχζηεκα παξνπζίαζε «chalking» Νν. 3, ελψ ηα ππφινηπα ζπζηήκαηα 

δελ παξνπζίαζαλ θαη αμηνινγήζεθαλ σο Νν. 2.  

Σπλεπψο, ηα πεηξάκαηα απηά αλέδεημαλ σο θαιχηεξα ζπζηήκαηα ηα Ref. Si θαη Exp. PU1, ηα νπνία 

παξνπζίαζαλ ηελ θαιχηεξε ζπκπεξηθνξά απφ 2 θνξέο. 
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5. Γενικά ζσμπεράζμαηα 

Απφ ηελ αλάιπζε πνπ πξνεγήζεθε πξνθχπηεη φηη ηελ θαιχηεξε αληηδηαβξσηηθή ζπκπεξηθνξά ζε θαηάζηαζε 

κε ειάηησκα (θξίλνληαο απφ ηηο θάζεηο ζθσξίαο ζηελ πεξηνρή ηνπ ειαηηψκαηνο, δειαδή ησλ ζρηζκψλ) 

παξείρε ην ζχζηεκα Exp. PU1, αθνινπζνχκελν απφ ην Exp. Si. Σε άζηθηε θαηάζηαζε, ην Exp. Si ζχζηεκα 

παξνπζίαζε ηελ πην ζηαζεξή ζπκπεξηθνξά έπεηηα απφ επηηαρπλφκελε γήξαλζε. Απφ άπνςε πδξνδπλακηθήο 

ζπκπεξηθνξάο, ηα δχν ζπζηήκαηα πεηξακαηηθήο πνιπνπξεζάλεο θαη νη δχν ζηιηθφλεο παξνπζίαζαλ ίδηα 

πδξνδπλακηθή απφδνζε ζε θιίκαθα εξγαζηεξίνπ, θαζψο νη ηηκέο αληίζηαζεο ήηαλ γχξσ απφ ηηο αληίζηνηρεο 

ηεο ιείαο πιάθαο. Απφ άπνςε απνηειεζκαηηθφηεηαο ελάληηα ζηηο επηθαζίζεηο ή ζην θαηά πφζν ηζρπξά 

πξνζθνιινχληαη νη ζαιάζζηνη νξγαληζκνί πάλσ ζηε βακκέλε επηθάλεηα, ην αθξπιηθφ ζχζηεκα ζα ήηαλ 

ηδαληθφ ζε ζηαηηθή εκβάπηηζε, ελψ ην Exp. Si ζα απνηεινχζε κία πνιχ απνδνηηθή ιχζε ζε δπλακηθέο 

ζπλζήθεο, ζπλδπάδνληαο ρακειή επηθαλεηαθή ελέξγεηα (άξα εχθνιε απνθφιιεζε ησλ νξγαληζκψλ), πνιχ 

κηθξή θπζηθή αιινίσζε ιφγσ «digging» θαη φια απηά καδί κε ηθαλνπνηεηηθέο ηδηφηεηεο θξαγκνχ (ζπλεπψο 

δηαηήξεζε ρακειήο δηαπεξαηφηεηαο γηα κεγαιχηεξν ρξνληθφ δηάζηεκα), εθφζνλ ηεξνχληαη θάπνηεο 

πξνθπιάμεηο σο πξνο ην ρεηξηζκφ θαη ηελ ειηθηηθφηεηα ηνπ πινίνπ, πξνθεηκέλνπ λα ειαρηζηνπνηεζεί ε 

πηζαλφηεηα πξφθιεζεο κεραληθψλ αιινηψζεσλ ζηε βαθή. Αληίζεηα, θαλέλα απφ ηα δχν πεηξακαηηθά 

ζπζηήκαηα πνιπνπξεζάλεο ζα κπνξνχζε λα εκπνδίζεη ηελ επηθάζηζε ησλ ζαιάζζησλ νξγαληζκψλ. Τέινο, ηα 

ζπζηήκαηα  Ref. Si θαη Exp. PU1 παξνπζίαζαλ ηελ θαιχηεξε ζπκπεξηθνξά έπεηηα απφ δνθηκέο 

πξνζδηνξηζκνχ κεραληθψλ θαη θπζηθψλ ηδηνηήησλ.  Απφ απηέο ηηο παξαηεξήζεηο πξνθχπηεη φηη δελ ππάξρεη ην 

ηδαληθφ ρξψκα. Πξνθαλψο, εάλ ηα θχξηα θξηηήξηα ζχγθξηζεο είλαη ε απνηειεζκαηηθφηεηα ζηελ παξεκπφδηζε 

ησλ επηθαζίζεσλ θαη ε πδξνδπλακηθή απφδνζε, πνπ απνηεινχλ θπξίαξρεο παξακέηξνπο γηα ηελ επηινγή ελφο 

«antifouling» ρξψκαηνο, ε πεηξακαηηθή ζηιηθφλε ζα ήηαλ ε πην θαηάιιειε, θηιηθή πξνο ην πεξηβάιινλ 

επηινγή. 
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Introduction

Antifouling marine paints constitute a crucial part of the maritime economy. This is because

the quality of the applied painting system is directly related to the hydrodynamic efficiency of

the ship in the as-painted condition, the vulnerability to fouling and the attachment strength of

the foulers. A fouled hull may lead to increased fuel consumption and voyage costs. Biofouling

on ship hulls has also adverse environmental effects, arising from biocide(s) leaching during

ship voyaging. It is, hence, of paramount importance to formulate environmentally friendly

antifouling paints, onto which the marine organisms would not be able to attach strongly.

To this purpose, the focus of the present thesis was the examination and evaluation of ex-

perimental, environmentally friendly, marine antifouling paints. The experimental formulations

were developed during the Foul-X-Spel project (Grant agreement: 285552) and were based on

immobilization of the biocide into the polymeric matrix. In this way, the biocide would act by

contact and not through leaching into the sea.

Evaluation of the newly-developed paints was performed in terms of anticorrosion, hydro-

dynamic and antifouling efficiency, as well as, through examination of their mechanical and

physical properties.

More specifically, in the first two chapters of the present thesis, the anticorrosion efficiency

of the painting systems is presented, which was evaluated through salt spray tests on coated

steel specimens with scribes. The morphology of the corrosion products in the area of the

scribes was linked to the paint efficiency.

In the third chapter, a representative scribed specimen from the ones investigated in the

first two chapters was selected and its corrosion behavior was examined, at specific intervals

during the salt spray test, through electrochemical impedance spectroscopy (EIS). The obtained

EIS spectra during the exposure were correlated with actual physical processes that affect

the corrosion over time. For this reason, this study intended to clarify the type of diffusion

impedance that best described dissolved oxygen diffusion at each interval, considered as the

rate-determining step. Some supplementary imformation of this study is presented in Appendix

A. In Appendix B the appropriate diffusion impedance models describing the EIS curves of the

rest specimens are presented, while also the results considering the porous electrode theory for

all specimens are also included.

In the fourth and fifth chapters, hydrodynamic investigation of roughness effect on ship

resistance was performed, through towing tests on a flat plate. More specifically, in the fourth

chapter, flat plate tests were performed in smooth and rough condition. The experiments on

smooth flat plate included examination of a series of trip wires for flow stimulation, among
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which the optimum was 1.3 mm. In rough condition, the plate was covered with sandpapers

of 40 and 80-grit. The roughness functions were calculated and extrapolation to ship scale was

performed. In the fifth chapter, flat plate tests in painted condition were performed and the

theoretical roughness function describing the painted surfaces was determined. A comparison

with regard to the hydrodynamic behavior of the tested antifouling paints was performed for

the as-painted condition from the hydrodynamic resistance measurements.

In the sixth chapter, the antifouling assessment of the experimental paints is presented. To

this purpose, static field tests were performed in Elefsis Gulf for 1 year. The specimens were

immersed at 2.5 m depth and examined every two months, in terms of fouling density, types of

foulers, electrochemical, mechanical and optical properties variations. Commercial paints were

also immersed, for comparative purposes. Finally, a ranking among the different systems was

performed. Some supplementary information of this champter is provided in Appendix C.

Finally, in the seventh chapter, the anticorrosion efficiency of the new products was evaluated

through accelerated aging tests (salt spray, UV and immersion in artificial seawater) in intact

state. The specimens were examined at frequent intervals, with regard to their electrochemical

behavior, mechanical and optical properties. Also, standardized tests, regarding determination

of their mechanical and physical properties were performed. All the tests were also conducted

for the commercial painting systems, as well. Finally, a ranking among the different systems

was attained.
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Chapter 1

Rust morphology characterization of
silicone-based marine antifouling paints
after salt spray test on scribed
specimens

Abstract

The experimental silicone formulation (Exp. Si) containing 0.56% immobilized Econea was

examined in terms of its anticorrosion performance. The painting system was applied on steel

specimens, then scribed with a sharp cutter and examined for 12 weeks in cyclic salt spray ex-

posure. Identification of the rust morphologies was done with XRD, Raman spectroscopy, SEM

and EDS methods. The observed paint swelling during the experiment caused the formation of

large, coarse rust agglomerates without adherence, which detached frequently causing reinitia-

tion of the corrosion process. This procedure was revealed by the oxyhydroxide nature of the

corrosion products. The basic corrosion morphology observed was a mixture of akaganeite and

goethite. The commercial, silicone-based, foul-release coating (Ref. Si) served as a reference.

The experimental formulation exhibited superior anticorrosion performance overall, since the

reference system presented higher enlargement of the scribed areas, increased substrate material

loss, a highly inhomogeneous corrosion layer with voids and smaller (stable) goethite amounts

in the rust areas containing mainly akaganeite/goethite mixture.

1.1 Introduction

Accelerated aging tests have long been considered a fast method to examine the anticorro-

sion performance of organic coatings [1–3]. Among these, salt spray test is one of the most

widespread techniques, because it offers the potential to perform tests in more realistic condi-

tions, by applying the relevant standards (e.g.ISO 14993:2001). The painted specimens can be

examined in the chamber either intact, in order to study the barrier properties of the intact

coat, or scribed, in order to examine the protection that the unscratched part of the paint

provides [4, 5]. The second scenario offers the ability to assess the anticorrosion efficiency of
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the painting system when it is flawed, which represents a common problem during the service

life of a paint.

Determination of corrosion efficiency in scribed condition is also important for marine an-

tifouling (AF) coatings. More specifically, the hull paint could be scratched either from natural

or mechanical causes. In the first case, the fouling communities attaching onto the hull would

dig into the paint in order to adhere more firmly [6], while in the second case paint defects could

be created during ship handling or maneuvering. Hence, it is important to examine antifouling

marine paints, not only in terms of their antifouling performance, but also in terms of their an-

ticorrosion resistance by performing salt spray tests, which simulate the marine atmosphere [7].

Characterization of the performance of a paint, when it is scribed, can be performed by

investigating the morphology of the corrosion products after the end of the salt spray test.

In general, the most representative corrosion products of steel, when exposed to natural or

artificial chloride containing environments are considered to be akaganeite (β-FeOOH), goethite

(α-FeOOH), lepidocrocite (γ-FeOOH) and magnetite (Fe3O4) [8–10]. Formation of each of these

oxides in salt spray conditions depends on the availability of dissolved hydrogen, oxygen and

ions, which alternate among the dry, wet and salt fog conditions [11].

With regard to the nature of the corrosion products of steel, it is generally believed that

magnetite forms at the interface of the metal substrate with the corrosion layer, where the con-

ditions are more anoxic [12]. Presence of magnetite often denotes a high severity environment,

while the higher the aggressiveness the more magnetite and less lepidocrocite is formed [13].

This is possibly due to the enhancement of magnetite production from lepidocrocite, through

reaction of lepidocrocite with the ferrous ions from iron oxidation, and has been linked to high

corrosion rates [14]. However, other study [15] suggests that magnetite, along with the rest of

the iron oxides, is a more stable form than the oxyhydroxides and can be considered to provide

protection to the steel substrate, reducing the corrosion rate.

Lepidocrocite is the most common corrosion product of steel found in a marine environment

and forms, generally, in the outer layer of the rust, in contact with the environment [8]. Its

presence decreases when the environmental conditions become more severe, in favor of formation

of other phases, such as goethite or magnetite [13, 14]. Lepidocrocite has been linked to high

corrosion rates, for painted mild steel exposed to marine atmosphere [15]. Salt spray tests have

revealed that transformation of lepidocrocite to either of the aforementioned phases is favored

during the drying process, while lepidocrocite itself forms during the wetting stage [11].

Goethite is the major corrosion product found in mild or severe chloride containing envi-

ronments along with lepidocrocite and is considered the most stable of the oxyhydroxides [16].

Environments with high aggressiveness could promote formation of more crystalline structures

or small particle goethite, which is believed to provide corrosion protection [13], since its sta-

ble structure inhibits chloride ions diffusion [17]. Chloride ions of certain concentration could

accelerate transformation of lepidocrocite to goethite [15]. Usually, lepidocrocite transforms

to goethite in the inner parts of the rust, leaving the lepidocrocite layer on the surface [18].
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During a salt spray test, goethite is believed to form from lepidocrocite during the drying step

of the cycle [14].

Akaganeite, a characteristic phase of severe marine atmospheres, requires high concentra-

tions of chloride and ferrous ions to form, with the latter depending on relative humidity (RH)

and time of wetness [19]. It is believed to form from oxidation of green rust (GR1) during

dry conditions of natural exposure to marine atmosphere [20] and it is usually addressed at

the steel/rust layer interface, after migration of the chloride ions through the rust layer [18].

Nevertheless, on the rust surface akaganeite can be formed through reaction of the ferrous ions,

produced by corrosion, with chloride ions from the atmosphere [17]. During salt spray tests,

formation of akaganeite is favored especially during the salt spray (fog) part of the cycle when

the chloride ions are in abundance [13].

In general, akaganeite can adsorb an amount of chloride ions since they are part of its

structure, however, above a threshold free chloride ions can attack the substrate and accelerate

corrosion [18]. High akaganeite concentration has been linked to high corrosion rate and pro-

gressed corrosion state [21]. The same work highlighted also that the presence of akaganeite

as the main corrosion product denotes intense and frequent detachment of large particle rust

and exposure of the steel substrate to fresh attack. The same was also reported by Oh and

Cook [22] after exposure of carbon steel specimens in marine environment. They assigned the

presence of thick corrosion layers and increased chloride concentration to the increased amount

of akaganeite noticed. Ma et al. [20] highlighted the importance of the porous, tunnel structure

of β-FeOOH to the permeation of corrosive species, thus leading to corrosion acceleration, while

they supported that the coexistence with more compact phases could restrict ion migration to

the metallic substrate.

In accordance to the aforementioned analysis, the representative corrosion products of steel

when exposed to salt spray conditions are presented in Table 1.1.

Table 1.1: Representative corrosion products of steel in salt spray conditions

Corrosion Location in rust Salt spray step
product layer for formation
β-FeOOH Outer rust layer- Salt fog

Rust/Substrate interface
γ-FeOOH Outer rust layer Humid
α-FeOOH Inner rust layer Dry

Fe3O4 Rust/Substrate interface Dry

In the present chapter, the experimental silicone formulation containing 0.56% immobilized

Econea was examined in terms of its anticorrosion properties, compared to the commercial

silicone paint, serving as reference. The aim of this work was to compare the anticorrosion

performance of the new formulation with the known efficiency of a reference paint of the same

category. For this reason, steel specimens were painted with the silicone systems and then

scribed manually with a sharp cutter. The specimens were examined for a total of 12 weeks in

cyclic salt spray exposure, as per ISO 14993:2001, while periodic investigation was performed
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every two weeks. After the end of the experiment, the rust morphology from each scribed

painting system was assessed through SEM, XRD and Raman spectroscopy and was linked

to the paint efficiency. The study presented in this chapter encompasses two innovative char-

acteristics: the first is that it examines a state-of-the-art antifouling coating formulation with

regard to its anticorrosive properties, while the second is that it links the nature of the corrosion

products in the scratched areas with the paint efficiency.

1.2 Experimental methods and materials

1.2.1 Coating systems examined

The coat under investigation was the experimental antifouling (AF) silicone formulation con-

taining 0.56% covalently bound Econea (Exp. Si). The experimental formulation was developed

in the framework of the European FP7 collaborative project FOUL-X-SPEL (grant agreement

285552). Its innovative character arises from the immobilization of the biocide, which avoids

the leaching effect commonly encountered in conventional biocide based AF painting systems.

Biocide immobilization was provided by a newly developed functionalization method [23, 24].

It comprises the functionalization of the biocide with highly reactive isocyanate (NCO) func-

tionality (Fig. 1.1).

Figure 1.1: The newly developed functionalization method for biocide immobilization into the
polymeric matrix.

The first step of this immobilization approach starts with biocide dissolution into a suitable

solvent. In this case ethyl acetate p.a. from Sigma-Aldrich was suitable for Econea biocide.

The prepared solution, which contained between 15 wt.% to 30 wt.% of biocide, was further

added dropwise into aromatic diisocyanate (4,4 diphenyl diisocyanate-MDI), placed in a three

necked round bottom ask, at 40 ± 5◦C under mechanical agitation (about 400 rpm). The whole

system was in inert atmosphere (nitrogen atmosphere), while the mixing of the two reactant

components lasted about 7 to 10 hours, depending on the biocide content. The used content

of the aromatic diisocyanate was calculated in order to obtain close stoichiometric reaction

conditions between the NCO group of the diisocyanate and the NH groups of the biocide.

After completion of the mixing process the reaction mixture was left for one to two hours

more, maintaining the above described conditions. Then, it was left to cool down to room

temperature, promoting precipitation of the final product. Finally, the precipitate was filtrated
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and further dried in a Butchi R-210/215 rotovapor for complete solvent removal. The obtained

solid product, named Econea-NCO, was used as a biocide additive in the silicone matrix base.

The optimum percentage of incorporated biocide into the silicone matrix was determined af-

ter examination of various matrix loading percentages and it was the one that satisfactorily

improved the mechanical and antifouling characteristics [23] of the original unloaded paint.

The foul-release commercial silicone system (Ref. Si), based on hydrogel technology, was

used as the reference system. For this chapter, the newly developed coating will be system (A),

while the reference paint will be system (B). The coating systems were applied on a metallic

Grade A steel substrate with dimensions 100 mm× 100 mm× 6 mm, according to manufacturer

specifications. Each system consisted of three layers, namely a primer, a tie and a top coat

layer with an average total thickness of 695 and 756 X’Om, respectively.

1.2.2 Accelerated aging tests on scribed specimens

Accelerated aging on scribed specimens included salt spray tests in a QFOG CCT1100 chamber,

according to the ISO 14993:2001 standard for cyclic exposure to salt spray conditions. The

conditions applied included 2 h salt mist at 35◦C with 5% NaCl solution, 4 h dry conditions at

60◦C and 2 h wet conditions at 50◦C and relative humidity RH 95%. Two specimens from each

coating system were scribed manually with a sharp cutter. On each specimen two diagonal

scribes, perpendicular to each other, were made. The length of each scribe was 9 cm, while a

2 cm distance from the specimen’s edges was kept. The scribe marks penetrated the coating

until the metallic substrate was exposed. The scribed specimens were examined for a total

duration of twelve weeks, while periodic examination of their condition was performed after 6,

8 and 12 weeks of experiment.

1.2.3 SEM, XRD and Raman examination of rust samples

After twelve weeks in the salt spray chamber, one scribed specimen from each painting system

was transversely cut in three sections, in order to examine the amount of rust that spread

beyond the scribes and beneath the coating. The observation of the cut sections was performed

with a Leica MZ6 stereoscope. After the observation, rust samples collected from the cut

specimens were observed with a JEOL JJM-6390 scanning electronic microscope (SEM), in

order to capture the different morphologies of the corrosion products found in the rust. Finally,

EDS analysis was performed, in order to identify the elements comprising the different rust

morphologies.

Quantities of rust were also collected from the uncut scribed specimens. These rust amounts

were then processed with mortar and pestle, in order to become a fine powder, and examined

with a Siemens D5000 powder diffractometer using Cu-Kα radiation at 40 kV and 30 mA, in

the 2θ range from 10◦ to 90◦, 0.025◦ step size and 1 s/step counting time. Phase identification

was performed by comparison to the ICDD-PDF Database, using the EVA Software. XRD

measurements were performed, in order to identify rust phases with crystalline structure. The

principle of the method is that is based on constructive interference of in-phase reflected X-Ray
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beams from crystal atoms, according to Bragg’s law: nλ=2dsinθ (nλ ≤2d), upon incidence of

X-ray beams. The interpretation of the diffractograms is based on the position of the 2θ peaks,

which represent a family of atomic planes of a specific crystal rust phase.

Validation of the corrosion products detected with SEM and XRD methods was attained

using micro-Raman spectroscopy. The principle of the method is that is based on inelastic

light scattering upon incidence of a monochromatic beam of light on molecules (frequency

of scattered beam differs from frquency of incident beam). The intensity of the peaks in the

spectrum is proportional to substance concentration, while the peak positions are characteristic

of the chemical substance (vibrations, stretching etc.). The spectra were acquired on a Renishaw

InVia Reflex Raman microscope, with a solid state laser excitation operating at 532 nm. The

laser beam was focused on a 0.76 X’Om spot size using a 100X objective lens. The laser power

applied was below 0.1 mW, while the acquisition time for each spectrum was 20 min. The

spectra were obtained for every differently colored area found on each rust sample. The regions

examined were of white, yellow, orange and black color. The measurements on each color

were performed in various areas of the rust sample, in order to ensure reproducibility of the

spectrum.

Many repetitions were performed with different percentages of laser power, in order to

determine the optimum that would not cause phase transformation or intense fluorescence that

could mask the signal (the latter was observed for laser power 0.01%). It was concluded that

a suitable laser power would be at 0.1% of the maximum laser power, which corresponds to

actual power reaching the sample smaller than 0.1 mW, after measurement with a power meter.

1.3 Results and Discussion

1.3.1 Observation of the scribed areas

The condition of system (A) before and after the salt spray test is presented in Fig. 1.2a. The

average width in the as-scribed condition was 1.134 mm, while after the end of the test it became

1.979 mm, exhibiting an increase of 0.845 mm. For comparative reasons a macrograph of system

(B) is presented in Fig. 1.2b, where the width increase was found to be 0.981 mm. In other

words, the mean width increase of the scribed area for the reference system was 13.9% larger

than the experimental system’s, indicating that it would be harder for the corrosion products

to form a corrosion layer with more compact nature and therefore the corrosion protection

provided by the reference system was less sufficient.

A macrograph from the transversely cut areas of specimen (A) is presented in Fig. 1.3a. The

macrograph was selected from the region where the paint exhibited the most intense swelling

effect, in order to present the worst case. The maximum swelling value for this area was

2.596 mm. Moreover, the cross-sectional view revealed a close-packed corrosion layer buildup,

which could account for the limited substrate material loss, manifested only as local small-scale

cavities on the surface. The small-scale width and height increase, observed in the scratched

areas of the experimental system, could account for the formation of a denser corrosion layer,
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(a) Paint (A)

(b) Paint (B)

Figure 1.2: Surface views of scribed specimens before (left) and after 12 weeks (right) of
experiment in the salt spray chamber.

(a) Paint (A) (b) Paint (B)

Figure 1.3: Optical macrographs of two cross sections of the scribed specimens after 12 weeks
experiment in the salt spray chamber.
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sealing the substrate more efficiently. On the contrary, system (B) exhibited a swelling value of

3.874 mm which, along with the higher width increase of the scribed areas, lead to significant

substrate material loss and large rust quantities accumulation underneath the scribes with

inhomogeneities and voids, thus denoting a more severe corrosion attack (Fig. 1.3b).

1.3.2 XRD examination of rust samples

The diffractogram of the rust samples collected from the scribed area of system (A) is presented

in Fig. 1.4. The diffractogram was dominated by halite (NaCl) and magnetite (Fe3O4) response.

The NaCl peaks could imply sodium and chloride ion precipitation from the aqueous solution,

a process that could depend on the position of the samples [11]. Hence, rack inclination inside

the salt spray chamber could affect the amount of deposited salt onto the specimens. Magnetite

peaks were relatively broad and weak implying low crystallinity and hindering a more secure

identification of the observed phases. The diffractogram of reference system (B) was similar

to the experimental, however, magnetite exhibited higher crystallinity, while a maghemite (γ-

Fe2O3) and two basic goethite peaks (α-FeOOH) were also apparent.

Figure 1.4: XRD graphs of the rust samples collected from the two silicone coatings after 12
weeks in the salt spray chamber.

With regard to the magnetite/maghemite peaks, it is very hard to identify their difference

and usually they are not separated in an XRD graph [16]. However, in the diffractogram of

system (B) the peaks at 35.48◦, 57◦ and 62.67◦ were assigned to magnetite, while the peak

at 43.47◦ could be attributed to maghemite traces. In the first case the peaks for maghemite

could be expected around 35.8◦, 57.2◦ and 63◦, respectively, while in the second case the peak

for magnetite would be expected around 43.1◦, according to EVA software matching. Hence,
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Table 1.2: 2θ positions for the phases observed in the XRD graph for each scribed system.

System 2θ Phases
(◦) identified

A 30.1,35.42,62.8 Fe3O4

31.6,45.3,75.2,84.1 NaCl
B 21.3,36.4 α-FeOOH

35.48,57.0,62.67 Fe3O4

31.9,45.57,75.4, NaCl
84.0

magnetite would be expected to appear in slightly lower 2θ values than maghemite, especially

above 35.55◦ [25]. However, maghemite 2θ value was not reported in Table 1.2, along with the

rest of the phases, due to its trace amount.

The XRD graphs were characterized by the intense response of NaCl, followed by magnetite,

while for the reference paint a small contribution of goethite was also noticed. Hence, the

information provided by this method, with regard to the rust morphologies, was limited. Also,

a safe comparison between the two systems was not feasible, since the diffractograms exhibited

many similarities. As a result, Raman spectroscopy was performed, in order to gain a more

thorough insight with regard to the nature of the formed corrosion products and draw a clearer

conclusion, with regard to the anticorrosion efficiency of the painting system under investigation.
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1.3.3 Raman spectra identification of rust samples

1.3.3.1 Raman spectra identification of rust samples from scribed experimental
silicone system (Paint A)

Figure 1.5: Raman spectra from rust areas of different color for scribed painting system (A)

The spectra from the white, yellow and orange regions were similar and could be identified as

being mainly akaganeite (β-FeOOH), since the most intense peak was at 721 cm−1, followed by

the second characteristic peak of akaganeite at 309 cm−1 [18] (Fig. 1.5). The weak bands at

916, 1147 and 1405 cm−1 could also be attributed to akaganeite [19, 26, 27]. The strong peak

at 386 cm−1 verified the existence of goethite, which contributed also to some common bands

with akaganeite and could account for the high intensity of the second band of akaganeite

at 309 cm−1 [18] (Table 1.4). Goethite presence was more intense in the yellow and orange

spectra, since its peak was higher than the 309 cm−1 peak of akaganeite and slightly lower than

akaganeite’s main peak at 721 cm−1. The differences in relative intensity of the two phases

in each of the three graphs could indicate different relative concentrations [18]. Finally, the

band at 1573 cm−1, which appeared in the white spectrum, was probably due to burnt organic

matter.

The black area spectrum revealed magnetite as the major phase, with an intense band

at 668 cm−1 and contributions from the band at 300 cm−1 [26, 28, 29] and the hump at 550

12



cm−1 [30–32]. Goethite appeared also in the spectrum, with its strongest peak at 386 cm−1,

while some trace amounts of akaganeite were denoted by the hump at 721 cm−1, at the flank of

the strong magnetite band. The positions of the low intensity peaks of the spectrum were similar

to the positions of the main peaks of the white, yellow and orange spectra analyzed before,

hence, goethite could be designated as the second phase of the spectrum, while akaganeite

would be ranked third, exhibiting the smallest amount.

Table 1.4: Raman bands for rust samples of scribed system (A)

Colour Raman bands Phases
(cm−1) identified

White 314,391,415,492,536, β-FeOOH
608,682,727,916,1147,1405
314,391,415,682 α-FeOOH

Yellow 309,389,494,536,605 β-FeOOH
682,724,916,1147,1405
309,389,682 α-FeOOH

Orange 309,393,413,536,608, β-FeOOH
682,721,916,1147,1405
248,309,393,413,682 α-FeOOH

Black 300,550,668 Fe3O4

300,386,550,682 α-FeOOH
300,386,536,721,1405 β-FeOOH

1.3.3.2 Raman spectra identification of rust samples from scribed reference sili-
cone system (Paint B)

The white area spectrum of system (B) was totally different from system (A), since it consisted

of lepidocrocite, as the major phase, followed by goethite and akaganeite mixture (Fig. 1.6).

Lepidocrocite (γ-FeOOH) was predominant with the highest peak at 251 cm−1, followed by

goethite with maximum peak at 386 cm−1 and akaganeite contributions at 303, 386, 532 and

the hump at 721 cm−1 [18]. The weak band with a center around 687 cm−1 could result from

the synergistic contributions from α-FeOOH at 684 cm−1, β-FeOOH at 721 cm−1 and γ-FeOOH

at 651 cm−1.

From the yellow area two characteristic spectra were obtained. The first spectrum (Yellow1)

exhibited the characteristic spectrum of akaganeite mixed with some goethite (388 cm−1) and

it was similar to the orange color spectrum of the same specimen, but with different intensities.

These spectra were similar to the corresponding yellow and orange spectra of system (A) but

with different intensities. The second spectrum (Yellow2) presented the characteristic spectrum

of lepidocrocite with the most intense peaks at 248 and 1307 cm−1, accompanied by akaganeite

and goethite mixture. Lepidocrocite was not found in any of the examined rust areas of the

experimental system (A). Finally, the black color area presented the characteristic spectrum

of magnetite with an intense band at 670 cm−1 accompanied by a weak broad band at 543
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Figure 1.6: Raman spectra from rust areas of different color for scribed painting system (B).

cm−1 and a hump at 309 cm-1, similarly to the black spectrum of the experimental system (A).

Akaganeite could contribute to the 309 and 721 cm−1 humps, however, due to its small fraction

it was not included in Table 1.6.
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Table 1.6: Raman bands for rust samples of scribed system (B)

Colour Raman bands Phases
(cm−1) identified

White 251,314,386,651,1307 γ-FeOOH
303,386,684 α-FeOOH
303,386,532,721 β-FeOOH

Yellow1 309,388,412,489,535,603, β-FeOOH
684,721,911,1147,1407
309,388,412,684 α-FeOOH

Yellow2 248,348,383,527,651,1307 γ-FeOOH
309,383,527,721 β-FeOOH
295,383 α-FeOOH

Orange 309,389,417,489,535,608, β-FeOOH
684,721,911,1147,1407
309,389,417,684 α-FeOOH

Black 309,543,670 Fe3O4

1.3.4 Identification of rust morphologies

Raman spectroscopy revealed the presence of akaganeite, goethite, lepidocrocite and magnetite.

The corrosion products were mainly of white, yellow, orange and black color, without neces-

sarily implying presence of different phases, except for magnetite, which was found only in

the black regions of rust. Each color consisted mainly of mixture of these phases, verifying

the aggressiveness of the accelerated aging conditions [33]. In total, the different oxides and

oxyhydroxides identified for each specimen were, as follows:

(a) System (A):Fe3O4,α,β-FeOOH

(b) System (B):Fe3O4,α,β,γ-FeOOH

With regard to the rust morphologies of scribed system (A), the structure presented in Figs.

1.7a and 1.7b in different magnifications could be assigned to goethite nuclei [34]. However,

The EDS spectrum (Fig. 1.7c) taken from the marked point in Fig. 1.7b revealed a chloride

percentage of 2.84 at.%, making also possible this structure to be akaganeite. The nuclei would

grow to a flowery morphology.

SEM images of the rust morphologies found in other regions of the collected rust from

system (A) revealed again a small area of flowery crystals, as presented in Fig. 1.8a. Moreover,

the porous structure appearing in the center of Fig. 1.8b could be assigned to akaganeite [20].

The structure is surrounded by more compact rust parts, which could hinder permeation of

chloride ions to the metallic substrate, in contrast to the porous akaganeite structure.

Finally, another morphology from scribed system (A) was the lamellar structure with cubic

crystals aggregates presented in Figures 1.9a and 1.9b. EDS measurements were performed

on the two points marked in Figure 1.9b and revealed presence of Fe, O, Cl and Na ions;
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(a) (b)

(c)

Figure 1.7: Electron micrographs from rust samples of scribed system (A) appearing nuclei of
flowery morphology; a) nuclei (×500), b) nuclei (×4000) and c) EDS spectrum from (b)

hence, these cubes could be deposited NaCl crystals. Presence of Mn could be justified by its

incorporation into the mild steel as alloying element. The EDS spectra are presented in Figures

1.9c and 1.9d.

The SEM rust morphologies of scribed system (B) are presented in Fig. 1.10. The first

morphology observed is presented in Figs. 1.10a and 1.10b in different magnifications. This

morphology consisted of wide and long rods, either found individually or connected together

making leaf-type morphologies. The second morphology (Figs. 1.10c and 1.10d) was globular,

and cotton-ball like in nature, hence it could be goethite [13,35].

1.3.5 Correlation of the observed rust morphologies with paint effi-
ciency

With regard to the experimental scribed system (A), Raman spectroscopy revealed that three

of the four spectra (white, yellow, orange) were a mixture of akaganeite with goethite. The

black rust region consisted mainly of magnetite, followed by a small amount of goethite and

trace amounts of akaganeite. Hence, the majority of the corrosion products were oxyhydroxides

in nature, with akaganeite being predominant, while magnetite was the only oxide and it was
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(a) (b)

Figure 1.8: Electron micrographs from rust samples of scribed system (A); a) flowery
structure (×800), b) akaganeite (×4000)

restricted to the black rust areas. The nature of the corrosion products was similar for reference

system (B), with the additional presence of lepidocrocite oxyhydroxide as the major phase in

the white rust area and in a part of the yellow rust area. Systems (A) and (B) were expected

to exhibit the same corrosion products, since the substrate was the same. Nevertheless, since

the presence of specific corrosion products depends on the stage of the corrosion process, some

corrosion products might not develop, due to the corrosion protection offered by the different

coatings.

The rust morphology encountered in these systems denotes high vulnerability to corrosion

attack [36] and it is an indicator of the degree of protection the corrosion products in the scribed

areas of the examined silicone paints would provide.

The above observation is directly related to the paint behavior when flawed. The silicone

paints exhibited intense swelling, which led to large coarse corrosion products that could be-

come easily detached, leaving only hollows underneath the paint. In other words, there would

be enough space for the corrosion products to fall off, leaving the steel substrate vulnerable to

fresh attack. This process would repeat, whenever the newly developed corrosion layer detached

the substrate. As a result, the corrosion layer would be formed and destroyed multiple times.

Hence, during its formation stage, oxyhydroxides would appear, since they are the first phases

to form during oxide layer buildup. If the time until the next detachment was adequate, the

oxyhydroxides would have enough time to transform to more stable oxide forms [17], such as

maghemite or hematite, which are considered to provide better protection against corrosion,

compared to the oxyhydroxides [36]. However, Raman spectroscopy revealed mainly oxyhy-

droxides as corrosion products, thus denoting a continuous formation-detachment (spalling)

process of the corrosion layer and frequent corrosion attack of the substrate.

In order to come to safer conclusions with regard to Raman spectroscopy, the absolute and

relative intensities of the spectrum peaks should be taken into consideration, since they are

proportional to concentrations. Therefore, with regard to the experimental system (A), for the
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(a) (b)

(c) (d)

Figure 1.9: Electron micrographs exhibiting lamellar structure with scaled NaCl for system
(A): a) ×2000 and b) ×4000; EDS measurements from c) left point on (b) and d) right point

on (b)

white area spectrum the intensity of the highest peak was 1877, for the yellow area was 1637,

for the orange area was 1559, while for the black spectrum was 1124. The respective values for

the reference system were 773, 1444 (Yellow1), 2759 and 1755. Since the white and black rust

spectra of the two systems exhibited differences in the observed phases, a direct comparison

could be made only between the yellow and orange spectra. More specifically, the maximum

intensity of the yellow spectrum of system (A) was 1.13 times that of reference system (B),

implying higher absolute concentrations. However, the ratio of akaganeite/goethite peaks at

724 cm−1 and 389 cm−1, respectively, was close to 1.05 for both systems. A basic difference

between the two spectra arises from the akaganeite/goethite ratio at 309 cm−1 and 389 cm−1

positions. For the experimental system this ratio was 0.88, while for the reference system it

was 1.03. In other words, goethite contribution was more apparent for the experimental system

than the reference paint. With regard to the orange spectra, the experimental system intensity

was 0.56 times the reference, denoting the high concentration of akaganeite in the reference

mixture. However, similarly to the aforementioned observation, the relative intensity between

akaganeite and goethite was close to 1.1 for both systems. To this purpose, the main goethite

peak was compared to the second characteristic akaganeite peak as in the yellow spectra and

their ratio was found to be 0.97 for the experimental system and 1.03 for the reference system,
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(a) (b)

(c) (d)

Figure 1.10: Electron micrographs of rust collected from scribed system (B); a) rod-type
structure (×500), b) rod-type structure (×1500), c) globular morphology (×1200), d) globular

morphology (×1500)

designating once more the presence of higher quantity of stable goethite in the experimental

system compared to the reference counterpart.

With regard to the presence of lepidocrocite in the white spectrum and in a part of the

yellow rust area of the reference system, its effect on the corrosion resistance is not feasible

from the present study, since this phase was not encountered in any of the respective spectra

of the experimental system. However, in the white spectrum of the reference system, lepi-

docrocite coexisted with akaganeite and goethite. Hence its presence could denote incomplete

transformation to the more stable goethite. This fact, along with the presence of akaganeite

could lead to higher corrosion attack and justify the inhomogeneities and voids found in the

corrosion layer of this system (Fig. 1.3b).

From the aforementioned comparisons it could be concluded that for the spectra with com-

mon phases, i.e. in the yellow and orange areas, the protection provided by the experimental sys-

tem was rather improved, since the relative amount of stable goethite in the akaganeite/goethite

mixture was higher than the reference system. This observation, along with the more intense
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macroscopic deterioration of the reference system in the scribed areas (Fig. 1.3), would clas-

sify the experimental silicone system as exhibiting superior anticorrosion performance overall,

compared to the reference silicone system.

1.4 Conclusions

� The experimental silicone formulation (Exp. Si) was examined with regard to its anti-

corrosive properties during salt spray test. The scribed area of the painting system was

characterized by limited material loss, which was manifested in the form of local valleys

on the substrate surface, while the corrosion layer was close-packed. On the contrary,

the reference silicone system (Ref. Si) exhibited extended material loss and a rather

inhomogeneous corrosion layer with voids indicating more severe corrosion attack.

� The study presented in this chapter linked the nature of the corrosion products in the

scratched areas with the paint efficiency. More specifically, the oxyhydroxide nature of

the corrosion products verified the limited corrosion protection provided in the scribed

areas by the silicone paints in general and was linked to the observed paint swelling during

the experiment, which caused the formation of large, coarse rust agglomerates without

adherence. The frequent detachment of these rust parts would reinitiate the corrosion

process, thus, recreating a new corrosion layer, consisting mainly of the firstly forming

oxyhydroxides, as observed in the current study.

� Rust morphology for the experimental silicone system included mainly akaganeite and

goethite mixture for the white, yellow and orange rust areas and magnetite in the black

rust areas. The reference silicone system exhibited similar morphologies, in addition to

lepidocrocite in the white area and in a part of the yellow rust area.

� Comparison of the two systems in the yellow and orange rust areas, where the corrosion

phases were similar, verified a rather improved corrosion protection for the experimental

system, due to the relatively higher amount of stable goethite in the akaganeite/goethite

mixture.

� The silicone experimental antifouling system provided better anticorrosion protection

overall compared to the reference silicone system, combining satisfactory anticorrosion

protection along with a newly developed antileaching mechanism for environmentally

friendly antifouling protection.
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Chapter 2

Rust morphology characterization of
polyurethane and acrylic-based marine
antifouling paints after salt spray test
on scribed specimens

Abstract

The experimental polyurethane marine antifouling coating containing 2% immobilized Econea

(Exp. PU1) was examined in terms of its anticorrosion performance. The novelty of the experi-

mental formulation arises from the immobilization of the biocide, similarly to the experimental

silicone formulation presented in Chapter 1. The painting system was applied on steel speci-

mens, then scribed with a sharp cutter and examined for 12 weeks in cyclic salt spray exposure.

Identification of the rust morphologies was performed with XRD, Raman spectroscopy, SEM

and EDS methods. The absence of paint deformation during the experiment led to formation of

compact corrosion products, firmly adherent to the substrate, allowing transformation to more

protective forms, such as oxides (hematite, maghemite, magnetite) and the least harmful of the

oxyhydroxides (goethite, feroxyhyte), found in mixture, ensuring sufficient corrosion protection.

The unscratched part of the paint served as a barrier to corrosion product expansion beyond the

scribed areas. The acrylic-based antifouling system (Acrylic) was also examined, for reasons

of comparison. The experimental formulation exhibited superior anticorrosion performance

overall, since the acrylic system presented extended material loss, blistering, checking and ex-

tensive substrate rust coverage beneath the multilayer coat, implying unsatisfactory corrosion

protection.

2.1 Introduction

Marine structures, such as ships or platforms, are vulnerable to fouling, i.e. the accumulation of

sea micro and macro flora and fauna on their surface [37]. In the case of ships, these organisms

increase the surface roughness, thus, increasing friction resistance [38] and subsequently fuel

consumption and total voyage cost [39, 40]. Heavy fouling could lead to paint failure and

subsequent corrosion of the substrate, if not repelled or washed off of the submerged surface.
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For this reason, the submerged metallic structures need to be efficiently protected both in terms

of corrosion and fouling, by applying a multilayer coat, usually consisting of an anticorrosive

primer and an antifouling topcoat, ensuring sufficient substrate protection.

The most commonly applied antifouling technologies are the ones exhibiting self-polishing

(SP) or foul-release (FR) properties. The first category refers usually to acrylic copolymers

combined with a common biocide, such as cuprous oxide [41] and some booster biocides [42].

The second category usually refers to cross-linked polydimethylsiloxane (PDMS), most com-

monly known as silicone paints [41] and usually they do not incorporate biocides. Polyurethane

paints can also be used for antifouling purposes [43, 44] and are positioned between the main

two categories. Some examples include fluorinated [45] and PDMS [46,47] polyurethanes, while

Verborgt and Webb [48] suggested their use as SP coats, incorporating hydrolysable polyols.

Assessment of the anticorrosion efficacy of a multilayer marine painting system is as im-

portant as its antifouling performance. Usually, the corrosion resistance of organic coatings is

examined through accelerated aging tests [1–3] and more specifically through salt spray tests [7].

When the painted specimens are examined in scribed condition, these tests can provide infor-

mation with regard to the barrier properties provided by the unscratched part of the paint [4,5],

which can be correlated to the protection provided by a flawed coating in real conditions. In

the case of an antifouling painting system, the flaw could result from fouling attachment [6] or

during ship handling or maneuvering.

Characterization of paint performance in scribed condition can be performed by investigat-

ing the morphology of the corrosion products after the end of the salt spray test. The basic

corrosion products of mild steel when exposed to natural or artificial seawater are akaganeite

(β-FeOOH), goethite (α-FeOOH), lepidocrocite (γ-FeOOH) and magnetite (Fe3O4) and have

been described in previous work [49], which was presented in Chapter 1. Other phases, such

as maghemite (γ-Fe2O3), hematite (α-Fe2O3) and feroxyhyte (δ-FeOOH), can also be formed

either in natural [20, 33] or artificial salt spray environment [50]. Dubois et al. [21] reported

that the corrosion products generally found on steel grades exposed to a marine environment

form from the outermost to the innermost part of the rust layer in the following order: lepi-

docrocite, goethite, hematite (not always present), maghemite and possibly magnetite. Ma et

al. [20] noticed that β-FeOOH decreased with the exposure time in favor of γ-Fe2O3 formation.

A proposed mechanism suggests reduction of akaganeite (or lepidocrocite) to magnetite and

then air oxidation of magnetite to maghemite [16]. Superparamagnetic maghemite, along with

small particle goethite could create protective corrosion layers in inner rust layers [8].

Correlation of the corrosion products formed in the scribed areas of experimental and com-

mercial antifouling silicone painted specimens, with paint performance, after 12 weeks of salt

spray test was analyzed in Chapter 1 and published in [49]. The basic morphology of the cor-

rosion products, a mixture mainly of akaganeite (β-FeOOH) and goethite (α-FeOOH), was a

result of the deformation of the paint during the test (swelling), which made the products to

loose adherence with the steel substrate frequently, leading to reinitiation of the corrosion pro-

cess. The specific oxyhydroxide phases verified this argument and revealed the limited corrosion
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protection provided by the silicone systems.

In the present chapter, the newly developed experimental polyurethane formulation contain-

ing 2% immobilized Econea (Exp. PU1) was examined in terms of its anticorrosion properties.

Furthermore, the commercial, acrylic based antifouling coating, of the self-polishing copoly-

mer (SPC) technology (Acrylic), was also examined for comprehensiveness reasons. This work

continues and completes the work regarding the silicone based marine paints, in terms of cor-

rosion products characterization after salt spray tests. The aim of this chapter is to provide

a final ranking among all the examined painting systems of both works, with regard to their

overall anticorrosion performance, by taking into account the observed rust composition and

morphology. In order to ensure as thorough a comparison as possible, a wide range of different

antifouling technologies, both experimental and commercial, were examined during these two

studies.

The study presented in this chapter encompasses three innovative characteristics: the first is

that it examines a state-of-the-art antifouling coating formulation with regard to its anticorro-

sive properties, the second is that it links the nature of the corrosion products in the scratched

areas with the paint efficiency and the third is that it attempts a comparison among the most

representative antifouling paint categories, in terms of their overall anticorrosion efficiency.

2.2 Experimental methods and materials

2.2.1 Coating systems examined

The coat under investigation was the experimental antifouling (AF) polyurethane (PU) for-

mulation (Exp. PU1) containing 2% covalently bound Econea. The polyurethane coating was

applied on top of an epoxy primer, used mainly to improve paint adhesion. The method of

application of the coating material was by spraying, while the recoating interval was about 24 h.

The innovative character of this paint arises from the immobilization of the biocide, similarly

to the experimental silicone formulation. The immobilization process has been described in

Sec. 1.2.1 of Chapter 1.

The commercial, acrylic based AF coating, of the self-polishing copolymer (SPC) technology,

containing 21.6% Cu2O and 7.1% Zineb as biocides was also examined. For this study, the newly

developed polyurethane coating will be system (A), while the acrylic system will be system (B).

The coating systems were applied on a metallic Grade A steel substrate with dimensions 100

mm × 100 mm × 6 mm, according to manufacturer specifications. Each system consisted of

two layers, namely a primer and a top coat layer with an average total thickness of 522 and

580 X’Om, respectively.

2.2.2 Salt spray tests-XRD, Raman and SEM examination of scribed
samples

Salt spray tests were performed on scribed specimens for 12 weeks, similarly with the procedure

presented in Sec. 1.2.2 of Chapter 1. With regard to the XRD, Raman and SEM examination
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of the scribed samples after the end of the test, the same procedure as the one presented in

Sec. 1.2.3 of Chapter 1 was followed.

2.3 Results and Discussion

2.3.1 Observation of the scribed areas

The condition of experimental system (A) before and after the salt spray test is presented in

Fig. 2.1a. The average width in the as-scribed condition was 1.108 mm, while after the end of

the test the average width was 2.204 mm, exhibiting an increase of 1.096 mm. With regard to

the acrylic system (B), the macrograph revealed a width increase of 0.660 mm.

(a) Paint (A)

(b) Paint (B)

Figure 2.1: Surface views of scribed specimens before (left) and after 12 weeks (right) of
experiment in the salt spray chamber.

Even though the mean width increase of the scribed area for the experimental system (A)

was found larger than system’s (B), the experimental system was slightly affected by accelerated

aging overall, since it did not exhibit any degradation characteristics, but rather a slight swelling
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along the scratched areas. On the contrary, the overall condition of the acrylic system was

characterized by intense discoloration, blistering (ASTM D714) and checking (ASTM D660),

verifying its lower performance. In Fig. 2.2, the areas in circles represent blisters. Blistering was

apparent in various areas of the acrylic-based system, leading to local top layer cracking. Top

coat micro-cracking (checking) was apparent as a self-induced phenomenon, as well (Fig.2.2c).

(a) (b)

(c) (d)

Figure 2.2: Surface views of system (B) after 12 weeks in the salt spray chamber; a) blister
next to the down left scribe, b) blister next to the down right scribe, c) paint cracks, d)

blister and cracks in the central specimen area

A macrograph from the transversely cut areas of system (A) is presented in Fig. 2.3a. The

macrograph was selected from the region with the widest horizontal spread of the products

beneath the scribes and the highest vertical corrosion product build-up, in order to present

the worst case. The maximum vertical rust accumulation for this area was 1.387 mm, while

the widest expansion beneath the unscratched part of the paint reached the value of 14.507

mm. Beyond this area the paint acted as a barrier and hindered further coverage of the metallic

surface with rust. On the contrary, for system (B) the vertical rust accumulation was 1.845 mm,

while horizontally the rust covered almost the entire metallic surface and the value of 24.432

mm presented in Fig. 2.3b is only a sample dimension, taken by the minimum magnification
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of the stereoscope. Hence, the SPC acrylic-based system exhibited almost no barrier to rust

accumulation and spreading, leading to substantial substrate material loss, thus, exhibiting

characteristics of a severely degraded or failed coat.

(a) Paint (A) (b) Paint (B)

Figure 2.3: Optical macrographs of two cross sections of the scribed specimens after 12 weeks
experiment in the salt spray chamber.

Compared to the macroscopic observation results of the experimental silicone system from

the previous chapter [49], the swelling effect exhibited by the experimental polyurethane system

(A) of the present study was kept at a minimum. This could also be verified by the surface view

of the PU system (Fig. 2.1a), where the swelling effect is hardly distinguishable even through

stereoscopic observation. The minimum deformation of the PU system allowed the corrosion

products to accumulate almost without any spalling, leading to effective substrate sealing.

On the contrary, the paint swelling of the silicone system was manifested as obvious hollows

underneath the paint, visible with the naked eye. For this reason, the corrosion products of

the silicone system were characterized by frequent detachment, indicating insufficient substrate

sealing and, thus, less effective corrosion protection.

In summary, the macroscopic observation from both studies revealed the satisfactory anti-

corrosion protection provided by the polyurethane experimental system in scribed condition,

since the paint did not exhibit any degradation characteristics, the corrosion products sealed

the substrate effectively and the paint deformation was retained to a minimum level. The ex-

perimental silicone system of Chapter 1 [49] exhibited the second best performance, followed

by the commercial silicone paint (also examined in Chapter 1) and finally the acrylic based

system exhibited the least satisfactory performance with apparent and extensive macroscopic

deterioration, characteristic of a severely degraded coat.

2.3.2 XRD examination of rust samples

In the XRD graph presented in Fig. 2.4, (H) stands for hematite, (M) for coexistence or

presence of either magnetite (Mn)/maghemite (Mh), (G) for goethite, (A) for akaganeite, (L)

for lepidocrocite, (F) for feroxyhyte and (h) for halite (NaCl).
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Figure 2.4: XRD graphs of the rust samples collected from scribed systems (A) and (B) after
12 weeks in the salt spray chamber.

The XRD graph of system (A) exhibited mainly goethite (α-FeOOH), akaganeite (β-FeOOH)

and magnetite (Fe3O4)/maghemite (γ-Fe2O3) as main phases. Also, halite (NaCl) peaks ap-

peared in the diffractogram. The peak at 35.2◦ could be attributed to both akaganeite and

feroxyhyte (δ-FeOOH), since there were distinct peaks in other 2θ values of the graph that

could justify existence of these phases. Since the peak at 35.2◦ is the most intense peak of

the feroxyhyte spectrum, it is possible that the main contribution to this peak came from this

phase. Also, the peaks at 33.2◦ and 54.3◦, assigned to goethite and feroxyhyte, respectively,

could also have contribution from hematite (α-Fe2O3), since they are the most intense peaks of

its spectrum. Compared to the acrylic-based system (B), which exhibited similar phases, the

diffractogram of system (A) exhibited also lepidocrocite (γ-FeOOH), which was noticed at 14.2◦

and 26.9◦ and more distinct peaks above 40◦, such as those of maghemite and akaganeite at

43.45◦ and 46.6◦, respectively. Moreover, above 60◦, system (B) exhibited two peaks assigned to

akaganeite and magnetite/maghemite at 61.3◦ and 62.8◦, respectively, while for the experimen-

tal system (A) the more stable magnetite and maghemite/feroxyhyte peaks appeared at 62.62◦

and 63.0◦, respectively. Finally, the diffractogram of system (B) presented lower crystallinity

than system (A), especially at the positions of the maximum peaks, that is at 35.55◦, 36.8◦ and

63.0◦.
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With regard to the magnetite/maghemite responses, it is very hard to identify their differ-

ence and usually they are not separated in an XRD graph [16]. However, in the diffractogram

of system (A) the peak at 62.62◦ was assigned to magnetite, while the peak at 63.0◦ could

be assigned to maghemite. This observation led in an effort to make separate identifications,

when feasible. Hence, for the rust samples of the same system, the peaks at 43.45◦, 57.27◦ and

63.0◦ were assigned to maghemite, when the corresponding magnetite peaks would be expected

around 43.1◦, 57.0◦ and 62.5◦, according to EVA software matching. Hence, magnetite would

be expected to appear in slightly lower 2θ values than maghemite, especially above 35.55◦, as

reported also by Kim et al [25]. A maghemite peak at 57.2◦ was also noticed for system (B),

however the peak at 62.8◦ could not be differentiated. For the peaks around 30◦ and 35.5◦, no

separation was made, since both phases coincide. All the observed phases, as obtained from

the XRD peaks, are presented in Table 1.

Compared to the XRD results of the scribed silicone system [49], the diffractogram of the

experimental PU system exhibited a great variety of corrosion phases, both oxides and oxy-

hydroxides. On the contrary, the XRD graph obtained from the experimental scribed silicone

system was dominated by halite peaks accompanied by some magnetite peaks, thus, hindering

a more accurate assessment of its corrosion behavior.

Table 2.1: 2θ positions for the phases observed in the XRD graph for each specimen.

System 2θ Phases
(◦) identified

A 21.2,33.2,36.8,53.2, α-FeOOH
11.8,17.0,26.9,35.0, β-FeOOH
46.6,56.0
14.2,26.9 γ-FeOOH
35.0,40.1,54.3,63.0 δ-FeOOH
30.0,35.55,43.45(Mh), Fe3O4/
57.27(Mh),62.62(Mn),63.0(Mh) γ-Fe2O3

33.2,54.3 α-Fe2O3

31.7,45.25,56.0, NaCl
75.2,84.0

B 21.3,33.2,36.4,53.2, α-FeOOH
11.8,16.9,26.7,35.2, β-FeOOH
56.2,61.3
35.2,40.52,54.3,62.8 δ-FeOOH
30.1,35.55,42.3(Mn), Fe3O4/
57.2(Mh),62.8 γ-Fe2O3

33.2,54.3 α-Fe2O3

31.8,45.45,56.2 NaCl
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2.3.3 Raman spectra identification of rust samples

The XRD graphs revealed a wide variety of rust morphologies for the polyurethane experimental

system. Similar morphologies were observed for the acrylic system, as well. In order to ensure

the existence of the various phases obtained by XRD and gain a more thorough insight with

regard to the nature of the formed corrosion products for each system, Raman spectroscopy

was performed, a valuable method for more precise determination of the corrosion behavior of

the coating systems under investigation.

2.3.3.1 Raman spectra identification of rust samples from scribed experimental
polyurethane system (Paint A)

Figure 2.5: Raman spectra from rust areas of different color for scribed painting system (A)

The white area spectrum exhibited the most intense peak at 1320 cm−1 implying that

the dominant phase was hematite [29]. Indeed, the narrow peaks at 227 and 297 cm−1 are

characteristic of the hematite oxide. Also, a weak shoulder at 247 cm−1, at the flank of the 227

cm−1 peak, as well as the intense band with full width at half maximum from 380 cm−1 to 415

cm−1 also imply hematite presence. The α-Fe2O3 spectrum includes also the weak shoulder at

611 cm−1 and contributes to the band which extends from 637 cm−1 to 730 cm−1 and includes

magnetite. The magnetite phase was readily apparent from its characteristic band around
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668 cm−1 and the weak broad band at 530 cm−1 [51]. The morphologies of the bands around

247, 297, 393 and the weaker bands around 483 and 564 cm−1 denote the presence of some

goethite [30]. In the first band its contribution might be masked by the more intense hematite

contribution, however, the morphology of the other bands indicate more clearly its presence.

Finally, goethite contributes along with hematite to the magnetite broad band, but they are

both masked by the stronger magnetite peak.

The intense hump following the magnetite peak with a center at around 711 cm−1 could be

attributed to akaganeite. The morphology of the whole band underlines the predominance of

magnetite, since its peak is apparent, however it seems that akaganeite has a strong presence, as

well. Also, β-FeOOH contributes to the relatively narrow band at 300 cm−1 and to the broader

band at 393 cm−1. For the characterization of the hump three phases were examined: a) γ-

Fe2O3, b) δ-FeOOH and c) β-FeOOH. The first phase could be apparent in trace amounts since

the bands at 350 and 500 were not present, but at 1420 cm−1 a slight hump was noticed [52].

The second option was rejected because there were no contributions from higher wavenumbers,

i.e. from 1160 and 1314 cm−1, while the morphology of the spectrum was not similar to that

obtained for feroxyhyte (see below description of orange area) [29, 53]. As a result, the only

phase that matched the peaks at 305 and 393 cm−1 and could contribute at around 711 cm−1

would be akaganeite. It should be mentioned, however, that β-FeOOH is usually found around

723 cm−1 [18, 52], which could justify the asymmetry of the hump on the right side.

The yellow area exhibited the characteristic spectrum of lepidocrocite. Almost all of the

peaks noticed in the graph are attributed to this phase with the 253 cm−1 peak being the most

intense followed by the peak at 1304 cm−1 [28]. The weak bands at 742 and 1430 cm−1 could

be attributed to maghemite traces and, thus, they were not reported in Table 2.3. Finally, the

band at 818 cm−1 is probably attributed to a phase other than the oxides and oxyhydroxides

addressed in this work and was not identified.

The orange area spectrum presented a more complicated morphology. The basic band of

the spectrum had a center at 700 cm−1, without exhibiting a sharp peak. The second most

important band was the area extending from 1284 to 1462 cm−1, which could be decomposed to

two bands with centers at 1318 and 1420 cm−1, accordingly. Also, the spectrum contained two

distinct, weak, broad bands at 394 and 506 cm−1 and a very weak hump at 1162 cm−1. These

observations could reveal that this spectrum is a combination of γ-Fe2O3 and δ-FeOOH [29,53].

The 350 cm−1 band of maghemite is included in the broad 394 cm−1 band. The band at 1318

cm−1 could be attributed to both feroxyhyte and hematite. With regard to δ-FeOOH, the

morphology and position of the identified peaks, along with the upward trend of the curve from

wavenumber 1100 cm−1 and beyond consolidate this assumption [53]. With regard to α-Fe2O3,

many of the bands of the spectrum and especially at 227, 245 and 401 cm−1 could be assigned

to hematite, as well. As a result, these phases could share the band at 1318 cm−1. Finally,

a small amount of goethite appears at 297 cm−1 and contributes also to the 393 cm−1 peak,

since goethite spectrum presents a peak at 386 cm−1. In general, goethite is found around

386 cm−1 [26, 31], but it has also been positioned above 390 cm−1 [28, 54]. Hence, due to the
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presence of two phases in this band, there could be a slight shift towards higher wavenumbers,

but still identify it as goethite.

The black region spectrum was characteristic of maghemite. The largest peak appeared

at 723 cm−1, followed by weaker bands at 367, 506 and 1420 cm−1. The morphology of the

spectrum implied that γ-Fe2O3 was the only oxide present in this area. The broad and slightly

shifted to the right shape of the band at 367 cm−1 denotes the presence of some goethite with

a peak at 386 cm−1. However, since its presence was denoted only by this peak, meaning that

the amount of this phase was small, it was not included in Table 2.3 along with the rest of the

observed morphologies.

Table 2.3: Raman bands for rust samples of scribed system (A)

Colour Raman bands Phases
(cm−1) identified

White 227,247,297,410, α-Fe2O3

494,611,660,1320
530,668 Fe3O4

247,297,393,483, α-FeOOH
564,680
305,393,711 β-FeOOH

Yellow 219,253,311,350,380, γ-FeOOH
527,653,1055,1304

Orange 350,506,700,1425 γ-Fe2O3

394,506,680,1162,1318 δ-FeOOH
227,245,295,401,507, α-Fe2O3

613,659,1318
245,297,382,682 α-FeOOH

Black 367,506,723,1420 γ-Fe2O3

2.3.3.2 Raman spectra identification of rust samples from scribed acrylic system
(Paint B)

The white area spectrum of system (B) was very similar to the orange color spectrum of system

(A), for wavenumbers below 1162 cm−1. Indeed, the same phases were identified with some

slight variations in the wavenumbers. More specifically, the peak at 1314 cm−1 was predom-

inant, followed by the 693 cm−1 band. This fact suggested hematite to be the predominant

oxide in the white rust area, followed by maghemite. Except for the maximum peak at 1314

cm−1, hematite could also have contributions from its second more intense peak at 409 cm−1,

as well as from the peaks at 222, 240 and 295 cm−1. Maghemite contributions could also come

from the 494 and 1432 cm−1 bands. In addition, feroxyhyte was readily apparent from the

asymmetric peak at 399 cm−1 and from the positive slope of the curve close to 1160 cm−1 (at

1137 cm−1), as well as, from the peak at 1314 cm−1 [29]. Finally, goethite could participate in

the formation of the broad band with center at 399 cm−1, by contributing at 386 cm−1, while
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Figure 2.6: Raman spectra from rust areas of different color for scribed painting system (B)

its presence could also affect formation of some other bands of the spectrum, as presented in

Table 2.5.

The yellow area exhibited the spectrum of akaganeite as a major phase, followed by goethite.

Akaganeite presented its characteristic peaks at 306 and 724 cm−1. Also, the weak bands at

916, 1137 and 1397 cm−1 could be attributed to akaganeite [19,26,27]. The intense peak at 391

cm−1 denotes the presence of goethite [18], which contributed also to some common bands with

akaganeite [18], as presented in Table 2.5. Above 916 cm−1 the spectrum exhibited very broad

bands with multiple peaks, which could be recognized as three independent bands: a) one that

extended from 990 to 1286 cm−1, b) another from 1286 to 1492 cm−1 and c) a third band from

1494 to 1699 cm−1. The center for each band, irrespectively of the fluctuations presented in

each one of them were around 1137, 1397 and 1594 cm−1, respectively. The first two bands

around 1160 and 1390 cm−1 could be attributed to akaganeite [27], while the band at 1594

cm−1 could be attributed to burnt organic matter [32].

The orange area spectrum presented a more complicated morphology. The most intense

band of the spectrum was the band with a center around 693 cm−1, including contributions

from magnetite, maghemite and akaganeite. Maghemite and magnetite were found only as

contributions to the 693 cm−1 band, since no other characteristic bands [52] or humps [51, 55]

of their spectrum were apparent. Akaganeite contribution included also the peak at 391 cm−1.
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The smooth convexity of the maximum band of the spectrum and the fact that the center of

the band was around 700 cm−1, could imply maghemite as the major component. However, the

lack of sufficient amount of peaks per phase in this spectrum did not allow for a more accurate

characterization of the main peak. The rest of the peaks at 242, 298 and 391 cm−1 could be

attributed to goethite, which also contributed as a secondary phase in the biggest band of the

spectrum at around 684 cm−1 [28, 32]. Finally, the bands at 224, 242 cm−1, a contribution at

409 cm−1 (as part of the 391 cm−1 band) and the band at 1314 cm−1 could be assigned to

hematite.

The black spectrum indicated the existence of goethite with the maximum peak at 391

cm−1, followed by peaks at 299 and 684 cm−1 [32]. The weak band at 990 cm−1 could also

be part of the goethite spectrum [28, 29, 56]. Another weak band at 1100 cm−1 and a slightly

stronger band with a well-shaped peak at 1323 cm−1 could also be assigned to goethite [27,32],

exhibiting, however some deviation from the reference values of 1120 and 1255 cm−1 [28], which

could also be attributed to lepidocrocite traces [29]. In Table 2.5, the bands at 990, 1100 and

1323 cm−1 were presented as part of the goethite spectrum, with some reservation about the

1323 cm−1 peak, because it could be attributed to hematite traces [29]. Finally, the band at

251 cm−1 was possibly due to trace amounts of lepidocrocite and was not presented in Table

2.5.

Table 2.5: Raman bands for rust samples of scribed system (B)

Colour Raman bands Phases
(cm−1) identified

White 222,240,295,409,494, α-Fe2O3

608,659,1314
494,700,1432 γ-Fe2O3

399,494,680,1137,1314 δ-FeOOH
240,295,386,684 α-FeOOH

Yellow 306,391,415,494,543,608, β-FeOOH
684,724,916,1137,1397
306,391,415,684 α-FeOOH

Orange 700 γ-Fe2O3

662 Fe3O4

391,720 β-FeOOH
242,298,391,684 α-FeOOH
224,242,409,1314 α-Fe2O3

Black 299,391,555,684, α-FeOOH
990,1100,1323

2.3.4 Identification of rust morphologies

Raman spectroscopy revealed the presence of oxyhydroxides, such as goethite, akaganeite, lep-

idocrocite and feroxyhyte and oxides, such as magnetite, maghemite and hematite. The corro-

sion products were mainly of white, yellow, orange and black color, without necessarily implying
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presence of different phases. Each color consisted mainly of mixture of these phases, verifying

the aggressiveness of the accelerated aging conditions [33]. In total, the different oxides and

oxyhydroxides identified for each specimen are, as follows:

(a) System (A):α,γ-Fe2O3,Fe3O4,α,β,γ,δ-FeOOH

(b) System (B):α,γ-Fe2O3,Fe3O4,α,β,δ-FeOOH

The SEM rust morphologies of scribed system (A) are presented in Fig. 2.7. Figures 2.7a

and 2.7b present typical flowery structures from two different areas of the observed rust parts,

thus, denoting oxyhydroxide presence [13, 15]. The morphology presented in Figs.2.7c and

2.7d could be rod-type goethite [35, 57]. Finally, the morphology presented in Figs. 2.7e and

2.7f is a compact structure consisting of globular, nano-scale grains and could be assigned to

magnetite [58]. The globular morphologies have also been assigned to goethite [13,35].

With regard to the rust morphologies of scribed system (B), in Figs. 2.8a and 2.8b a

structure with irregularly shaped grains is presented. The grains would grow in a variety

of shapes towards the vertical direction, making compact structures. However, the structure

presents cracks at few locations on the left side of Figure 2.8a. At the lower side of the same

figure, rust agglomerates are presented. The open porous structure presented either alone in

Figure 2.8c, or mixed with a flowery structure in Fig. 2.8d could be akaganeite [20].

A very characteristic rust morphology from system (B) is presented in Fig. 2.9. This

morphology presents characteristic wide, leaf type formations. The structure in the form of

wide plates appears to interconnect with some nest formations [13, 33, 59], which could be

protective goethite [60].

Finally, another rust morphology of system (B) appears in Figure 2.10. More specifically,

this structure consists of large rust parts, while the EDS measurement performed on the marked

point of Fig. 2.10a revealed presence mainly of iron and oxygen, while 1.16 at.% Cl and 8.94

at.% C were also found. Hence, this spectrum could imply presence of an oxide or oxyhydroxide,

other than akaganeite, due to the low chloride content.

2.3.5 Correlation of the observed rust morphologies with paint effi-
ciency

With regard to the experimental antifouling polyurethane scribed system (A), Raman spec-

troscopy revealed a variety of oxides and oxyhydroxides. More specifically, the white area spec-

trum exhibited hematite as the main oxide, followed by magnetite, goethite and akaganeite.

The yellow area was pure lepidocrocite, the orange area spectrum exhibited maghemite as the

main phase followed by feroxyhyte, hematite and goethite, while the black area was mainly

maghemite. The same variety of phases, except for lepidocrocite, was noticed for the acrylic

SPC system (B), but in different combinations. For the white area spectrum, in particular,

the main oxide was hematite followed by maghemite, feroxyhyte and goethite. In the yellow

area spectrum akaganeite was the predominant phase mixed with goethite. The orange area

spectrum revealed predominance of maghemite, followed by magnetite, akaganeite, goethite
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(a) (b)

(c) (d)

(e) (f)

Figure 2.7: Electron micrographs of rust collected from scribed system (A); a) flowery
structure (×4000), b) flowery structure from another area (×4000), c) thin microrods (×500),
d) thin microrods (×4000), e) morphology exhibiting globular grains (×500), f) morphology

exhibiting globular grains (×4000)

and hematite, while the black area was mainly goethite. In other words, for three of the four

spectra of system (A) oxide phases were predominant (hematite in white area and maghemite

in orange and black areas), while the oxyhydroxide lepidocrocite was predominant only in the
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(a) (b)

(c) (d)

Figure 2.8: Electron micrographs of rust collected from scribed system (B); a) irregular
shaped structure (×1500), b) irregular shaped structure (×4000), c) open structure (×4000),

d) open structure mixed with flowery morphology (×2000)

Figure 2.9: Electron micrograph from rust sample of system (B) presenting wide plate
formations

yellow region. With regard to system (B), oxide phases were predominant in two of the four

spectra. More specifically, hematite and maghemite were the main phases in the white and
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(a) (b)

Figure 2.10: Electron micrographs of rust collected from scribed system (B); a) compact rust
parts (×4000), b) EDS spectrum from the marked point in (a)

orange areas, respectively, while the oxyhydroxides akaganeite and goethite were abundant in

the yellow and black areas, correspondingly.

With regard to lepidocrocite presence in experimental system (A), this oxyhydroxide usually

forms in the outer layer of the rust [22], in contact with the environment and is quite common

during marine exposure of carbon steel [8]. Thus, the observed high purity lepidocrocite in

the yellow Raman spectrum of experimental system (A) was probably incorporated in the

surface rust layer. Lepidocrocite is considered more aggressive than small particle goethite,

which is considered protective [13, 17] and less aggressive than akaganeite, which is linked to

very high corrosion rates [21, 59]. As an oxyhydroxide, lepidocrocite is quite unstable and

usually transforms to other forms, such as goethite or magnetite [13, 14], which were also

observed in both examined painting systems. The latter phases are mostly abundant in inner

rust layers [16, 18], eventually limiting γ-FeOOH presence on the outer rust. In either case,

comparison of the corrosion performance between the two painting systems cannot be based

solely on the presence of the pure lepidocrocite spectrum, since the corrosion rate depends on

the total composition of the rust layer [17].

Antifouling systems (A) and (B) were expected to exhibit the same corrosion products,

since the substrate was the same. Nevertheless, since the presence of specific corrosion products

depends on the stage of the corrosion process, some corrosion products might not develop, due to

the corrosion protection offered by the different coatings. The rust composition encountered in

these systems denotes sufficient protection against further corrosion attack and it is an indicator

of the degree of protection the corrosion products in the scribed areas of the examined systems

would provide. The composition and combination of corrosion products for the experimental

system denoted its superior performance compared to the acrylic-based system, due to the

more intense presence of corrosion protective oxides [17] as major phases and the less intense

presence of corrosion threatening oxyhydroxides [36]. In addition, system (B) was greatly

affected by the exposure, since it exhibited intense blistering, discoloration (possibly implying
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chemical alterations) and checking, either self-induced or caused by blistering. Moreover, as

mentioned earlier, the rust spread beyond the scribes covering almost the entire surface of the

metallic substrate making the traditional SPC antifouling technology practically unsuitable for

anticorrosion purposes.

The nature of the corrosion products is directly related to the paint behavior when flawed.

The experimental system exhibited very slight deformation along the scribe lines, which was

mainly originated by the accumulation of corrosion products in the vicinity of the scribes. As a

result, compact rust structures were formed, firmly attached to the surface of the steel and the

paint, which sealed the scribed areas effectively and hindered further corrosion progression. The

adherence of the rust layer onto the metallic substrate, along with its compact structure, would

lead to minimum oxide spalling. This, in turn, would provide adequate time for the initially

formed oxyhydroxides to transform to more stable oxide forms, such as maghemite or hematite,

which provide better protection against corrosion [17], compared to the oxyhydroxides [36]. The

variety of the corrosion products observed in this investigation, where oxides (e.g. hematite,

maghemite) and less harmful oxyhydroxides (goethite, feroxyhyte) were predominant, verify

the limited deformation of the experimental painting system during accelerated aging, which

favored formation of more stable rust morphologies. It should be noted that the goethite

oxyhydroxide is considered as the most stable form among the oxyhydroxides [16, 36], while

the presence of feroxyhyte, even in small amounts, is important, since it is considered as an

oxyhydroxide that provides protection to the substrate [61].

With regard to the silicone paints [49], it was found that the oxyhydroxide form of the cor-

rosion products was a result of the intense swelling that the silicone systems exhibited during

accelerated aging and caused the formation of large, coarse rust agglomerates without adher-

ence. This led to a continuous alternation among corrosion layer detachment, corrosion attack,

formation of a new corrosion layer, a procedure that was revealed by the rust phases and

verified the limited corrosion protection provided in the scribed areas by the silicone paints

in general. The above observations corroborate the better anticorrosion performance of the

experimental polyurethane system (A) of the present study, compared to the silicone painted

scribed specimens. The nature of the corrosion products observed in these two investigations

was totally different. In the first study, the majority of the corrosion products were oxyhydrox-

ides, with predominance of akaganeite, denoting vulnerability to corrosion attack [36]. On the

contrary, in this study a mixture of mainly oxides and the most stable of the oxyhydroxides

were predominant ensuring sufficient corrosion protection.

In summary, the main observation of the present study is that the variety of the rust phases

formed during accelerated aging of the antifouling polyurethane experimental system (A), with

predominance of oxides and the least harmful of the oxyhydroxides, was indicative of a compact

oxide layer sufficiently sealing the substrate, since the observed phases require sufficient time

to form from the initial oxyhydroxide phases. The observed morphologies were a result of the

paint behavior in the scribed areas, where the absence of intense swelling or deformation along

the scribe lines favored the formation of solid and compact oxide layers that would not spall,
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hence there would be sufficient time for the metastable forms to transform to more protective

phases, such as oxides.

A final ranking between the examined paints in the present study would designate the anti-

corrosion properties provided by the experimental polyurethane system (Exp. PU1) in flawed

condition as being more than satisfactory, while, on the contrary, the general deterioration of

the acrylic system on the surface and under the coating would rank it as unsatisfactory for

severe corrosive conditions. The experimental system exhibited hardly any deterioration char-

acteristics providing adequate corrosion protection. As a result, the experimental formulation

exhibited better anticorrosion performance overall compared to the acrylic paint. Finally, a to-

tal comparison among all the examined antifouling systems in both investigations would rank

as first the experimental polyurethane system, second the experimental silicone system, third

the commercial silicone system and last the commercial SPC acrylic based system. Hence, the

newly developed experimental systems surpassed the known anticorrosion efficiency of com-

mercial products, however, between the two experimental systems, the polyurethane coating

exhibited superior performance.

2.4 Conclusions

� The experimental antifouling polyurethane formulation (Exp. PU1) was examined with

regard to its anticorrosive properties during salt spray test. The newly developed ex-

perimental system was not deformed or degraded during aging, only exhibited a slight

swell in the close vicinity of the scribes, due mainly to local rust accumulation beneath

the coat, without extending, though, far beyond the scribed area. On the contrary, the

acrylic-based antifouling system exhibited extended material loss, blistering, checking and

extensive substrate rust coverage beneath the multilayer coat, implying insufficient barrier

properties of the unscratched part of the paint.

� This study linked the nature of the corrosion products in the scratched areas with paint

efficiency. More specifically, the presence of mixture of the more protective oxides with

the least harmful of the oxyhydroxides verified the sufficient corrosion protection provided

by the polyurethane system and was linked to the absence of paint deformation during the

experiment, which allowed formation of compact corrosion products, efficiently sealing the

substrate. This, in turn, provided sufficient time for transformation of the firstly formed

and thermodynamically metastable oxyhydroxides to the more corrosion protective phases

observed in this study, hindering further corrosion progression.

� Rust morphology for the experimental polyurethane system included hematite oxide as

major phase in the white rust area and maghemite in the orange and black rust areas. The

yellow area exhibited lepidocrocite. The acrylic-based system exhibited hematite as major

phase in the white area, mixture of akaganeite-goethite in the yellow area, maghemite

in the orange area and goethite in the black rust area, indicating its inferior corrosion

properties, compared to the experimental system.
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� The polyurethane experimental antifouling system provided better anticorrosion protec-

tion overall compared to the traditional self-polishing copolymer technology, combining

satisfactory anticorrosion protection along with a newly developed antileaching mecha-

nism for environmentally friendly antifouling protection.

� Compared to the overall anticorrosion efficiency of the silicone systems presented in Chap-

ter 1, the experimental polyurethane system would be ranked in the first position, followed

by the experimental silicone system, the commercial silicone system and finally the com-

mercial SPC acrylic based system. Hence, the newly developed experimental systems

surpassed the known anticorrosion efficiency of commercial products, however, between

the two experimental formulations, the polyurethane coating exhibited superior perfor-

mance.
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Chapter 3

Electrochemical impedance
spectroscopy of scribed coated steel
after salt spray testing

Abstract

In the present study, the electrochemical behavior of scribed coated steel examined for 12 weeks

in salt spray conditions (Chapters 1 and 2) was investigated at 6, 8 and 12-week intervals. The

impedance curves of the scribed specimens examined in salt spray (two scribed specimens

for each of the systems Exp. Si, Ref. Si, Exp. PU1 and Acrylic) exhibited similar trends

(Appendix B). For this reason, this study focused on the investigation of one scribed coated

specimen, which was selected to be one scribed specimen painted with the Exp. PU1 system.

During this investigation, various representative models of finite length diffusion impedance

were examined, in order to find the optimum description for dissolved oxygen diffusion at each

interval. Modified restricted diffusion fitted the experimental data after 6 and 8 weeks,and

modified restricted or modified transmissive could fit the data after 12 weeks, accompanied by

a decrease in corrosion resistance. Oxygen would diffuse through the porous corrosion layer

and reduce on the magnetite layer, lying on top of the electrode surface.

3.1 Introduction

The use of painting systems is important for protection of metallic structures from their environ-

ment. The appropriate painting system should withstand the specific environmental conditions

and provide long-lasting protection. This is why it is of paramount importance to assess the

corrosion resistance of coated metals. For most applications, salt spray testing is considered as

one of the most widespread methods for accelerated corrosion testing [62]. Salt spray results

have been correlated with results from atmospheric exposure in subtropical environments [63],

enhancing their validity. The painted specimens can be examined into the chamber either

intact, in order to study the barrier properties of the intact coat, or scribed, in order to ex-

amine the protection that the unscratched part of the paint provides. The second scenario

offers the ability to assess the anticorrosion efficiency of the painting system when it is flawed,
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which represents a common problem during the service life of a paint and commonly leads to

failure [64].

Oxygen diffusion plays a very important role in the corrosion rate of coated and uncoated

carbon steel. For uncoated steel or coated steel with large scribes, the limiting diffusion rate

of oxygen could be the predominant corrosion rate if the rust layer morphology can facilitate

corrosion, as in the case of presence of both lepidocrocite oxyhydroxide (γ-FeOOH) and mag-

netite oxide (Fe3O4), during immersion of steel in 3% NaCl solution [65]. These corrosion

products are also representative of steel exposure in natural or artificial chloride containing

environments [8–10] and have been reported, among other phases, during 12 weeks of cyclic

salt spray exposure (ISO 14993:2001) of painted steel specimens with large scribes [49, 66].

Reduction of lepidocrocite to magnetite is attained through reaction of the former with the

ferrous ions from oxidation and is promoted during immersion in 3% NaCl solution or in cyclic

exposure conditions (alternation of dry, wet and salt mist steps) during a salt spray test, hence

in slightly acidic environments [65]. In this way, magnetite presence is enhanced, which, in turn

can provide a large cathodic area for oxygen reduction, leading to increased corrosion rates [14].

In order to evaluate the protective properties of a painting system or depict the corrosion

process of a corroded metal beneath a coating, electrochemical impedance spectroscopy (EIS)

is usually applied, because it comprises an electrochemical method that does not disturb the

system during the measurement and it is also applicable to very thick coatings [62]. The

indication for a freshly degraded coating is usually a well-resolved semicircle in the Nyquist

plot, appearing in the high frequency (HF) range, which accounts for the barrier properties

of the coating, i.e. capacitance and pore resistance [67]. In a later stage of degradation the

impedance graphs usually become more complicated, depicting, in a general case, a second arc in

the mid frequency (MF) range, accounting for the double layer capacitance and charge transfer

resistance and a diffusion tail with an angle of -45◦ in the low frequency (LF) range, accounting

for Warburg diffusion processes [64], usually attributed to mass transport of dissolved oxygen.

Finally, for coatings with extensive porosity, a -45◦ diffusion line would appear in the HF range

upon immersion in the electrolyte, due to their high permeability, while the familiar LF diffusion

tail would appear to designate severe degradation [68].

Unfortunatelly, the above description is not valid for more complex systems, such as scribed

samples after salt spray testing, since corrosion products accumulate on the scribed areas af-

fecting the diffusion process and giving rise to complex impedance graphs. In such a case, a

proper expression for diffusion impedance, i.e. the difficulty for the electroactive species to

travel through the diffusion layer and reach the reaction site, would arise by taking into con-

sideration both the morphology of the scribed area covered by the corrosion products and the

physicochemical characteristics of these products.

Indeed, impedance graphs exhibiting a shape similar to modified restricted finite-length

diffusion (to be discussed in Sec. 3.3.4) have been obtained during salt spray testing of painted

steel specimens with scribes after 30 days of exposure [69]. More specifically, the HF diffusion

branch exhibited an angle equal to -20◦, while the LF branch exhibited a CPE response. The

42



authors suggested that this behavior was attributed to a more “confined environment” caused

by the corrosion products, possibly implying hindering of dissolved oxygen diffusion through

the corrosion layer. A blocking effect to oxygen transport caused by the corrosion products has

also been reported by van der Weijde et al. [70], during investigation of cathodic delamination

of painted steel panels with small defects. Finally, a restricted diffusion character has also

been reported by Tansuğ et al. [71] after 24 h and 192 h of mild steel immersion in 3.5% NaCl

solution of pH 8. The authors attributed this characteristic on accumulation of non protective

corrosion products, which decreased the rate of diffusion.

On the other hand, transmissive finite-length diffusion (to be discussed in Sec. ??) has been

proposed by Jüttner et al. [72] to describe oxygen diffusion through a porous 3D oxide layer,

covering a steel electrode. More specifically, in their study they defined the total mass transport

impedance as the sum of the diffusion impedances taking place in the Nernst layer, within a

sub-layer inside the Nernst diffusion layer and finally through the pores of the oxide layer. Each

of these three diffusion impedances was expressed as finite-length transmissive impedance.This

type of diffusion is usually chosen to describe oxygen diffusion through the corrosion layer,

during steel corrosion [73], while its physical meaning is that the whole concentration gradient

is developed within the thickness of the corrosion layer [74]. Hence, in this case the diffusion

layer thickness (LD) would approximate the thickness of the corrosion products (δ), assuming

them as a porous layer that covers the electrode. Apparently, this observation also holds for

restricted diffusion, if a more enclosed space has been created by the corrosion products and

some impermeability to dissolved oxygen diffusion has been developed. Transmissive diffusion

has also been proposed by Bonnel et al. [75] to describe diffusion impedance of oxygen during

immersion experiments of carbon steel in 3% NaCl solution (pH 6.2), using a rotating disk

electrode (RDE). The mass transport of dissolved oxygen, as reported by Bonnel et al. [75] was

of two types: the first type included convective diffusion in the liquid phase, where the Nernst

diffusion layer applies (outside the porous layer), while the second type referred to dissolved

oxygen diffusion through the porous oxide layer. The circuit proposed during this investigation

was similar to the one proposed by Orazem and Tribollet [76] for iron dissolution and oxygen

reduction reaction (ORR) (presented in Sec. 3.3.6), with the cathodic diffusion impedance being

of the transmissive type.

Another approach for the interpretation of the impedance spectra of corroded steel is based

on porous electrodes [77]. A characteristic example of application of porous electrode theory

is the problem of cast iron in drinking water [76,78,79]. The corrosion products layer covering

the cast iron electrode consisted of red rust (goethite and hematite), black magnetite and

a layer of green rust (Fe2+ and Fe3+ in mixture) and carbonates. The authors supported

that the black rust layer consisted of macropores, was in direct contact with the metal and

it was an electronic conductor, thus could not be separated during EIS measurements by the

electrode response. The macropores of the black rust layer were filled with red rust, which is

an electronic insulator but ionic conductor [76] and, finally, the pore walls of black rust were

covered circumferentially by green rust and carbonates. The EIS response for this problem
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consisted of two capacitive loops, the HF loop arising from the presence of green rust and

carbonates and the cathodic charge-transfer process (making basically two loops) and a LF

loop, which accounted for diffusion and the anodic process. The observed semicircles were

depressed, a characteristic that arises from the presence of black rust [76]. Finally, the diffusion

related LF loop exhibited an angle of -22.5◦, in absence of free chlorine, even from the beginning

of immersion, implying semi-infinite pores as per de Levie, while in presence of free chlorine a

-45◦ line was observed at initial stages of immersion, which progressively decreased to -22.5◦.

In the present chapter, the individual EIS spectra obtained for mild coated steel with scribes

after 6, 8 and 12 weeks of salt spray exposure are presented. The experimental data were an-

alyzed, in order to interpret oxygen diffusion, which is considered to determine the overall

corrosion rate. To this purpose, several diffusion impedance models were examined for as-

sessing their ability to represent the experimental data. The parameters of the mathematical

expressions of these models were calculated with a regression analysis specially developed for

this procedure. The obtained EIS spectra from the regression models were evaluated based on

the success of the equivalent circuit fitting and the values of the determined physicochemical

parameters. The aim of the present work is to suggest a methodology for interpreting EIS

spectra of complex systems and the specific paradigm of corrosion of painted steel with scribes

was used for demonstrating this procedure.

3.2 Experimental methods and materials

3.2.1 Salt spray test and coating system

The accelerated aging test was the procedure described in Chapters 1 and 2, while the examined

scribed coated system was one of the two samples painted with the Exp. PU1 paint, which was

analyzed in Sec. 2.2.1 of Chapter 2. The condition of the specimen during the exposure period

is presented in Fig. 3.1.

After the end of the experiment and the completion of the electrochemical examination, the

specimen was cut in transverse sections and the thickness of the corrosion layer was measured,

with the aid of a stereoscope. The average thickness was 1.4 mm.

3.2.2 Electrochemical examination setup

Corrosion behavior of scribed coated steel during salt spray test was evaluated by electrochemi-

cal impedance spectroscopy (EIS) and linear polarization resistance (LPR) measurements. EIS

is a non-destructive technique, which is based on a small amplitude, sinusoidal potential per-

turbation of the electrochemical system, around the open circuit potential value. The small

amplitude perturbation causes a linear response of the current. The impedance is the ratio of

the phasor of the potential to the phasor of the current. With this method, the electrical char-

acteristics of the system are obtained, as a response to the AC perturbation. The impedance

response is depicted as a spectrum from frequencies around 10 5 to 0.01 Hz. In this way, re-

sponses of different electrical characteristics (corresponding to certain physical processes) are
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Figure 3.1: a) Photo of the scribed specimen after 6 weeks of experiment and surface views
after b) 8 and c) 12 weeks of experiment in the salt spray chamber

depicted, depending on the frequency regime. The small perturbation around the DC potential

value ensures that the system is not polarized. Also, the AC characteristic of the measurement

enables the capture of electrical characteristics of high impedance systems with no measurable

OC potential (insulators), such as coated steel with paint of large thickness. The physical

processes are represented using equivalent electrical circuits (e.g. series and/ or parallel con-

nections of resistors and capacitors). The LPR method is a DC technique, which provides a

measure of the corrosion resistance of the electrochemical system. It is based on small scale

polarization of the system around the OC potential value, usually ±20 mV versus the corrosion

potential. The small polarization and slow scan rate ensure a linear response in the V-I plot,

hence, Ohm’s law can be applied in a small region around I=0 (corresponding to the corrosion

potential) and the obtained resistance is a representative value of system’s corrosion resistance.

The measurements were performed in a three electrode flat cell using the scribed coated
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specimen as a working electrode, a platinum mesh as counter electrode and a saturated calomel

electrode (SCE) as a reference. The electrolytic solution consisted of 3.5% NaCl in naturally

aerated deionized water. Measurements were performed at room temperature. The exposed

scratched area was 0.783 cm2. A Solatron 1260 impedance/phase gain analyzer was used,

combined with a PAR 263A potentiostat. The perturbation amplitude was ±10 mV and was

applied versus the open circuit potential. The maximum starting frequency for the EIS mea-

surements was 105 Hz and the minimum was 10−2 Hz, with 10 points per decade. It should

be noted that, in the high-frequency range only the points with a physical meaning for each

curve were kept. The highest frequency was 3162 Hz for the 6-week curve, 39811 Hz for the

8-week curve and 10000 Hz for the 12-week curve. For frequencies above these thresholds, a

positive phase angle was recorded, which could not be correlated with any physical processes,

regarding the investigated system and they could be attributed to experimental artifacts. As a

result, the curves could not all initiate from the same high-frequency. The impedance spectra

were obtained via the Zplot software.

Normalization of the resistance was performed versus the geometrical surface of the exposed

scratched area, that is 0.783 cm2. The aim of the study was to assess the corrosion behavior

of the exposed scratched area overall at each interval and not to determine the corrosion rate

of the exposed metallic substrate underneath the corrosion products. In other words, the focus

of the present investigation was on the change of corrosion resistance over time for a damaged

area as a whole, i.e. macroscopically, without focusing on the corrosion rate variations arising

from changes of the active area beneath the pores of the corrosion layer microscopically.

For the LPR method only the PAR 263A potentiostat was required. The polarization was

set at ±20 mV versus the corrosion potential, while the scanning rate was set to 0.166 mV/sec,

in order to avoid charging of the double-layer. The LPR measurements were obtained through

the PowerSuite software.

3.2.3 Fitting of the experimental data

In the present work, certain models - equivalent circuits, that could potentially fit the exper-

imental data, were tested. The mathematical expression of total impedance for each of these

equivalent circuits is dependent on several parameters, which have to be adjusted in order

for the models to express the frequency response of the measured data as good as possible.

Calculation of these parameters was carried out through the formulation and solution of an

optimization problem. The aforementioned parameters are assumed to be the independent (or

decision) variables of the optimization problem. The objective function (OF) to be minimized

is the sum of the distances between each point on the complex plane representing each of the

measured data (Zexp,i) and the corresponding point representing the expression of the model

equation at the same frequency (Zfit,i). The optimization problem was solved using a Particle

Swarm Optimization algorithm.
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OF =
n∑
i=1

|Zfit,i − Zexp,i| (3.1)

where Zfit,i = Zfit,i( ~X, ωi), with ~X being the vector containing all the parameters for fitting and

ωi the angular frequency corresponding to data point i.

3.2.4 Reproducibility and error estimation

The analysis presented in the following sections is focused on the determination of the appropri-

ate diffusion impedance mechanism for a painted steel specimen with scribes after 6, 8 and 12

weeks of exposure in the salt spray chamber. It should be mentioned that the selected diffusion

impedance mechanism for each examination interval was verified through repeatability tests on

painted steel specimens with scribes of similar dimensions, examined simultaneously with the

specimen described herein. The results from the repeatability measurements are presented in

Appendix B of this chapter.

Estimation of the goodness of fit (through calculation of chi-squared and sum of squares

values) and the uncertainties of the physicochemical parameters was attained through complex

non-linear least squares (CNLLS) fitting procedure. For all the examined models (both in this

chapter and the Appendix B) the results as obtained from the PSO and the CNLLS methods

are presented. The goodness of fit values, along with the physical interpretation of the obtained

parameters, were crucial for the selection of the appropriate diffusion impedance mechanism

for all the examined specimens.

3.3 Results and discussion

3.3.1 Impedance in scribed condition

In order to properly model the experimental impedance graphs of a corroding system, it is

first important to determine its electrochemical behavior, i.e. type, sequence, sites and number

of anodic and cathodic reactions, as well as the species that dissolve or reduce. However, in

complicated systems, such as corrosion of painted steel with scribes after salt spray test, this

might not be such an easy task to accomplish. The difficulty in interpreting such systems lies

on the wide variety of iron corrosion products, which either form from scratch or transform

to/from other phases, while these phases can be found either alone or in mixture in various

positions across the corrosion layer [49,66]. Hence, iron corrosion is a dynamic process affected

by a large number of variables. In such cases, the shape of the impedance curves could provide

crucial information, with regard to the basic mechanism that controls the corrosion rate of the

system.

The experimental curves in the as-scribed condition are presented in Fig. 3.2. As can be

seen from the plot, a one time-constant curve was obtained, with the charge-transfer resistance

(Rct) being 936.80±0.49% Ω cm2 and the double-layer capacitance parameters (treated as a
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contant phase element-presented in Sec. 3.3.3) being 7.71 10−4±0.51% F sn−1 cm−2 for the

CPE-Q and 0.539±0.14% for the CPE exponent n.

Figure 3.2: a) Nyquist and b) Bode plots of painted steel with scribes in the as-scribed
condition

The experimental curves are presented in Fig. 3.3. The difference in the electrolyte resistance

between the three curves of the Nyquist plot (Fig. 3.3a) could be attributed to the change of

the active surface, during the experiment. Indeed, the electrolyte resistance, Re , could be given

as:

Re = %
l

S
(3.2)

where % is the specific resistance of the electrolyte [Ω cm], l is the distance between the electrode

surface and the reference electrode [cm], while S is the exposed surface of the electrode to the

electrolyte [cm2]. Since resistivity is characteristic of the electrolyte and the distance between

the exposed area and the reference electrode is also fixed in a three electrode flat cell, the

electrolyte resistance could be affected only by changes on the exposed surface. These changes

could result, for example, either from corrosion products accumulation on the steel surface

creating some blocking effect (decrease of S ) or from corrosion acceleration (increase of S ).

In order to come to safer conclusions with regard to the theory that best interprets the

observed EIS spectra, various models were examined, as proposed from the literature and are

presented in the following sections.
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Figure 3.3: a) Nyquist and b) Bode plots of the examined scribed specimen after 6, 8 and 12
weeks of experiment in the salt spray chamber

3.3.2 Linear polarization resistance method

Linear polarization resistance method was performed after 6, 8 and 12 weeks of experiment.

The obtained curves are presented in Fig. 3.4.

Figure 3.4: Linear polarization resistance curves for the experimental data after 6, 8 and 12
weeks of exposure in the salt spray chamber

The resistance obtained from the LPR method (RLPR), defined as [73]:
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RLPR =
[∆E

∆i

]
(E−Ecorr)→0

(3.3)

was calculated from the slope of the obtained curve (V/I), according to Ohm’s law, for the

range ±2 10−5 A for the 6 and 8-week curves and in the range ±5 10−5 A for the 12-week

curve.The corresponding values of the resistance RLPR are presented in Table 3.1. Comparison

of RLPR with |Z(ω → 0)| from the Bode plot, Fig. 3.3b, revealed a similar trend, as presented

in Table 3.1.

Table 3.1: Comparison of resistance values obtained from the low-frequency impedance
magnitude and the LPR method

Weeks |Z(ω → 0)| RLPR

[Ω cm2] [Ω cm2]
6 151.59 133.35
8 173.42 207.66
12 94.14 93.22

As can be seen from Table 3.1, the obtained values using the two methods are in good

agreement. In the present study, where the lowest frequency for EIS measurements was 10−2 Hz

and the LPR was performed with a scan rate of 0.166 mV/s, a very good correlation between the

two methods was attained, possibly because the scan rate applied corresponded to a frequency

equal to or slightly smaller than the low frequency limit of the impedance measurements.

3.3.3 Semi-infinite diffusion impedance

If the diffusion layer (LD) for oxygen has an infinite thickness within the examined frequency

range, the diffusion is semi-infinite and the corresponding impedance is called Warburg impedance

[80]. The physical meaning behind this type of diffusion impedance is that unrestricted dif-

fusion commences on a planar electrode surface and that the concentration gradient starting

with its lowest value onto the electrode surface, reaches its (maximum) bulk value in infinite.

The Warburg impedance is defined as [81,82]:

ZW =
(1− j)σ√

ω
=

√
2σ√
jω

=
σ′

(jω)1/2
(3.4)

where σ is the Warburg coefficient and can be obtained from the slope of the plot ZRe or ZIm

vs ω−1/2 [82]. Lasia [82] defines a mass-transfer coefficient given as σ′ =
√

2σ. In the case of a

Redox process and semi-infinite diffusion, the Warburg coefficient (σ) is given by the following

formula:

σ =
RT

z2F 2
√

2

[ 1√
DOxCOx(0) +

√
DRedCRed(0)

]
(3.5)

where R is the gas constant (8.314 J mol−1 K−1), T is the absolute temperature [K], z is

the number of transferred electrons per diffusing species, F is the Faraday constant (96500

C mol−1), COx(0) is the surface concentration of oxidant species [mol cm−3], CRed(0) is the
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surface concentration of reductant species [mol cm−3], DOx is the diffusion coefficient of oxidant

species [cm2 s−1] and DRed is the diffusion coefficient of reductant species [cm2 s−1].

Apparently, the real and imaginary parts of the Warburg impedance are equal. Hence, in a

Nyquist plot the Warburg impedance appears as a straight line, with a slope corresponding to

-45◦. A corroding system exhibiting this type of diffusion is usually represented by a Randles

cicuit where the faradaic impedance, composed by a series connection of the charge transfer

resistance Rct and the diffusion impendace ZW, is in parallel to the double layer capacitance

Cdl. This connection is in series with the electrolyte resistance Re. The Randles connection is

presented in Appendix A, Fig. A.1. For the present case, ZD = ZW. In the high frequency (HF)

range, a semi-circle appears, either perfect or depressed, depending on whether Cdl is ideal or

behaves as a constant phase element, with ZCPE = 1/[Q(jω)n]. The time constants for the two

processes are defined as [81,82]:

τct = RctCdl for the charge-transfer process (3.6)

τD,Inf = R2
ct/2σ

2, for the semi-infinite diffusion process (3.7)

In the case of an overlap between the kinetic and the diffusion process, extrapolation of the

Warburg tail to the real axis would intersect it at Re + Rct − 2σ2Cdl [81]. Finally, in the case

of a CPE for double-layer the kinetic time constant becomes [83]:

τct,CPE = [RctQ]1/n (3.8)

3.3.4 Finite-length diffusion impedance

The finite-length diffusion theory assumes a diffusion layer of finite thickness. For the particular

case of corrosion of scribed steel examined herein, the thickness of the diffusion layer is correlated

with the actual thickness of the corrosion layer. Compared to semi-infinite linear diffusion, the

concentration gradient is developed within the pores of the porous layer of corrosion products,

while the diffusion time constant becomes [81]:

τD,FD = L2
D/D (3.9)

D is the diffusion coefficient for dissolved oxygen, which usually ranges between 10−5 cm2/s [82]

to 1.9 10−5 cm2/s [65].

Moreover, in this case the Warburg coefficient should be modified accordingly [84], for a

corrosion process involving one type of diffusing species:

σf =
RT

z2F 2
√

2

[ 1√
DfCf

]
(3.10)

where, as proposed in the work of Dawson and John [84], Df is the diffusion coefficient through

the pores of the film and Cf is the concentration, which depends on the concentration gradient

through the film pores.
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3.3.4.1 Restricted diffusion in its ideal form

In the present model, diffusion impedance was considered to be linear restricted diffusion in its

ideal form [81,82,85]:

ZD,res(ω) =
σ′

(jω)1/2
coth

√
jωL2

D

D
= RD

coth
√
jωτD,FD√

jωτD,FD

(3.11)

where RD is a diffusion related resistance, defined as [82]:

RD =
σ′LD√
D

(3.12)

From Eq. (3.12) the mass transfer coefficient can be derived, as follows:

σ′ =
RD√
τD,FD

(3.13)

The high frequency part of restricted diffusion impedance is a semi-infinite Warburg impedance

with a slope equal to -45◦, given by the following formula [80,86]:

ZD,res(ω) =
RD√
jωL2

D

D

(3.14)

At low frequencies, the impedance branch becomes a line parallel to the imaginary axis,

exhibiting a purely capacitive behavior with an angle of -90◦. The characteristic diffusion

frequency from the high-frequency Warburg behavior to the low-frequency imaginary branch is

equal to ωD,FD = D/L2
D [81]. The low frequency impedance is represented by a series connection

of RD/3 with a pseudocapacitance CD, defined as [80]:

CD =
z2F 2C∗LD

RT
(3.15)

where C∗ is the bulk concentration of the diffusing species. The original definition of Eq. (3.15)

included the active electrode area (A) in the numerator. However, in the present study all

parameters are normalized, hence the area was not included.

Another definition for CD has been proposed by Lasia [82],

CD =
LD√
Dσ′

(3.16)

In the LF range limx→0

(
coth(x)

x

)
≈ 1

3
+ 1

x2
+ . . ., hence the diffusion impedance becomes,

ZD,res(ω) =
RD

3
+

1

jωCD

(3.17)

For the present model, the total impedance assuming Randles connection and CPE for

double layer is given by Eq. A.1, with ZD = ZD,res. In the LF range, the total impedance

becomes,

Ztot(ω) =
(
Re +Rct +

RD

3

)
+

1

jωCD

(3.18)
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For the purpose of the present model, Eq. (A.1) was used as total impedance, while diffusion

impedance was given by Eq. (3.11). This model was not suitable for the experimental data.

This is verified by the goodness of fit values, chi-squared and sum of squares (Table A.3),

which were larger than the values for the finally selected diffusion impedance models, which

will be presented in the following sections. For this reason, the results for this model are

presented in the Appendix section A.2.1. The characteristic of this model was that the high-

frequency semicircle, describing the charge-transfer process, was barely approached (Fig. A.3).

This observation could be verified especially by the very small values of the CPE-exponent

n, which was found smaller than 0.3 for all curves (Table A.1). Moreover, with regard to

the CNLLS results (Table A.2), the τD,FD and RD values after 12 weeks exhibited uncertainty

223% and 107%, respectively, meaning that the diffusion related components of this model were

statistically insignificant.

The τct,CPE and σ′ values (Tables A.1 and A.2) were calculated from the mean values of the

corresponding parameters, according to Eqs. (3.8) and (3.13), respectively. The value of τct,CPE

was used in comparison to the τD,FD time constant, in order to have an indication of how much

faster the charge-transfer process is compared to the diffusion process. The mass-transfer (or

the Warburg) coefficient is a parameter that is apparent in both semi-infinite and finite-length

diffusion impedance mechanisms but, to the authors’ knowledge, is not generally analyzed in

the literature. As can be seen from Eqs. (3.10) and (3.13), its value depends on the diffusion

coefficient inside the pores (Df), concentration gradient inside the pores (Cf), diffusion-related

resistance (RD) and diffusion layer thickness (LD), hence, it would be very hard to estimate

what are the exact parameter(s) in each model that could affect its value. To this purpose,

calculation of σ′ was performed for comprehensiveness reasons. The observations reported in

this paragraph apply for all the diffusion impedance mechanisms presented in this chapter.

3.3.4.2 Modified restricted diffusion

In the present model, diffusion impedance was considered to be linear modified restricted dif-

fusion, given by the following equation [81,82]:

ZD,mod−res(ω) = RD

coth
( jωL2

D

D

)φ/2( jωL2
D

D

)φ/2 = RD

coth
(
jωτD,FD

)φ/2(
jωτD,FD

)φ/2 (3.19)

where φ is a dispersion parameter [81], which can take values between zero and unity [82].

This model is different from the restricted diffusion of Ho et al. [85] in that it predicts two

CPE responses, for the high-frequency (HF) and low-frequency (LF) diffusion impedance parts

correspondingly, deviating from the Warburg slope (-1) and the purely capacitive reponse at

the respective frequency regimes. According to Cabanel et al. [86], modified restricted diffusion

impedance could be separated in the HF and LF regime. For the HF regime,

ZD,mod−res(ω) =
RD

(ωτD,FD)φ/2
(cos(φπ/4)− j sin(φπ/4)) =

RD

(jωτD,FD)φ/2 (3.20)
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and for the LF regime,

ZD,mod−res(ω) =
RD

3
+

RD

(ωτD,FD)φ
(cos(φπ/2)− j sin(φπ/2)) =

=
RD

3
+

RD

(jωτD,FD)φ
(3.21)

Taking into consideration Eq. (A.1), with ZD,mod−res as diffusion impedance and Eq. (3.21)

for the LF limit of this impedance, the total impedance of the corroding system in the LF

region, assuming modified restricted diffusion impedance, becomes,

Ztot(ω) =
(
Re +Rct +

RD

3

)
+

1

(jω)φQD

(3.22)

where QD = (τD,FD)φ/RD

For the purpose of the present model, Eq. (3.19) was taken into consideration for diffusion

impedance, which predicts a −φπ/4 angle in the HF part of the diffusion branch and a −φπ/2
angle at low frequencies [81, 86]. The total impedance, assuming Randles connection, is given

by Eq. (A.1).

Table 3.2: PSO fitting results and derived parameters for the painted scribed specimen after
6, 8 and 12 weeks of experiment in the salt spray chamber, assuming modified restricted

diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 78.30 281.27 8.11 105

RD [Ω cm2] 88.38 112.61 184.72
φ 0.450 0.288 0.368
Rct [Ω cm2] 7.37 9.25 0.97
n 0.698 0.749 0.793
Q [F sn−1 cm−2] 2.87 10−4 1.78 10−5 1.36 10−4

σ′ [Ω cm2 s−1/2] 9.99 6.71 2.05 104

τct,CPE [s] 1.47 10−4 8.89 10−6 1.28 10−5

Table 3.3: CNLLS fitting results and derived parameters for the painted scribed specimen
after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming modified restricted

diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 100.50±23.4% 239.00±71.3% 7.67 105±1.3 106%
RD [Ω cm2] 94.96±8.9% 110.20±17.3% 206.90±2.4 105%
φ 0.481±7.7% 0.308±13.7% 0.384±4.3%
Rct [Ω cm2] 8.56±23.1% 13.49±26.7% 0.67±87.0%
n 0.737±5.6% 0.728±3.5% 0.943±9.0%
Q [F sn−1 cm−2] 2.46 10−4±39.0% 1.96 10−5±30.8% 4.31 10−5±85.3%
σ′ [Ω cm2 s−1/2] 9.47 7.13 0.24

τct,CPE [s] 2.33 10−4 1.22 10−5 1.54 10−5
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With regard to the results presented in Tables 3.2 and 3.3, the fitting values refer to pa-

rameters τD,FD, RD, Rct, n, Q and φ, while the calculated parameters are σ′ and τct,CPE.

Table 3.4: Chi-squared and sum of squares values, as indicators of goodness of fit for the
modified restricted diffusion impedance mechanism

Parameter 6 weeks 8 weeks 12 weeks
χ2 3.12 10−5 3.62 10−5 3.22 10−5

Sum of Squares 3.19 10−3 4.57 10−3 3.67 10−3

Figure 3.5: Fitting curves for the painted scribed specimen after a) 6, b) 8 and c) 12 weeks of
experiment in the salt spray chamber, assuming modified restricted diffusion, Randles

connection and CPE for double-layer

The goodness of fit results (Table 3.4) indicated that this model provided the best fit for the

6 and 8-week curves, compared to the rest of the diffusion impedance mechanisms examined

throughout this study. However, this is not the case for the 12-week curve, since the goodness

55



of fit values were found larger than the finally selected model (presented in a following section),

while the uncertainties of the τD,FD and RD parameters were±1.3 106 and±2.4 105, respectively,

implying that this model was unsuitable for these data.

With regard to the results after 6 and 8 weeks, it can be seen from Tables 3.2 and 3.3 that

the results provided by the two methods per interval were in close proximity. More specifi-

cally, the results from the PSO procedure were within the uncertainty range of the calculated

parameters of the CNLLS regression analysis for the respective examination period. This is a

very important finding in favor of the PSO algorithm, which is much less dependent on initial

guesses and does not require any weighting factors for minimization of the objective function.

This type of diffusion impedance is not very common in corrosion studies. Transmissive

type diffusion impedance is usually encountered (e.g. [74, 75, 87]). However, since modified

restricted diffusion impedance suggests finite-length diffusion, two basic assumptions shall be

common between the two types of finite-length diffusion impedance mechanisms: a) that the

concentration gradient develops inside the pores of the corrosion layer and b) there is some

hindrance to dissolved oxygen diffusion through the porous layer [74]. This type of diffusion

impedance, along with the modified transmissive type presented in a following section, could

be attributed to nonuniform diffusion or existence of multiple paths [82]. With respect to the

low-frequency CPE behavior, and borrowing the observations from ion inserion experiments

through thin film electrodes, this characteristic could result from modification of the ”terminal

impedance” Zf , assuming that the diffusion impedance is represented as a transmission line with

distributed resistance and capacitance elements with Zf being the impedance of the boundary

[88]. According to Bisquert et al. [88], in the ideally restricted case Zf =∞−j∞ (open circuit),

while in the modified restricted case Zf corresponds to a CPE. However, in the same work it is

reported that the LF CPE response could also result from a purely reflecting boundary with

porosity or roughness.

The CPE-restricted diffusion proposed by Bisquert et al. [88] includes a Warburg behavior

at the HF branch of diffusion impedance and the CPE is observed only in the LF part. In

our case, the type of restricted impedance observed included a non-Warburg behavior in the

HF part of the difffusion impedance branch, while a doubling exponent for jω between the HF

and LF parts of the diffusion branch was observed, as has also been reported by Cabanel et

al. [86] and it is confirmed by the slope ratio equal to 2, between the two frequency regimes,

in the log(−ZIm) vs log(f) plot (Fig. 3.6). According to the same work, this behavior arises

from the non-ideal behavior of the electrochemical systems. Indeed, the curves corresponding

to 6 and 8 weeks of experiment exhibited two-sloped curves with a ratio equal to 2.03 and 2.44,

respectively, Fig. 3.6a and 3.6b, satisfying this theory.

With regard to the values of the obtained parameters after 6 and 8 weeks, the higher value

of RD compared to the corresponding Rct denotes a faster kinetic process, which becomes more

profound by comparison of the characteristic time constants for both processes. The difference

between the kinetic and mass-transfer time constants was more obvious in the 8-week data,

where the HF semicircle was better resolved. Another characteristic of the obtained parameters
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is that there is no statistically significant difference between the two intervals for almost all

parameters containing error estimates, except for the CPE pre-factor Q. This means that there

was not a significant change in the corrosion layer between the two periods such that could

affect the diffusion and charge-transfer processes. Despite the increase in RLPR after 8 weeks

(Table 3.1), the overlapping of almost all the parameter values between the two intervals, as is

deduced by the corresponding uncertainties, did not imply a change in the corrosion protection

provided by the oxide layer for this period.

Figure 3.6: Plots of log(−ZIm) vs log(f), as proposed by Cabanel et al. [86], for the EIS
experimental data after a) 6 and b) 8 weeks of experiment in the salt spray chamber

3.3.4.3 Anomalous linear restricted diffusion

With regard to the present investigation, anomalous diffusion Ia with reflecting boundary

(ADIa) [89] was applied, in order to fit the experimental data. This type was selected be-

cause it exhibits an angle smaller than -45◦ in the HF diffusion branch and a CPE behavior in

the LF range. This type of impedance is characterized by a power law dependence of frequency,

departing from the ordinary Warburg dependence of 1/2 and could describe cases where there is

structural complexity of the substrate of diffusion [89]. In terms of transmission line represen-

tation, this case could be represented using a series of distributed resistance and CPE elements,

considering an open circuit at the end of the transmission line (reflecting boundary) [89]. The

formula for the diffusion impedance, applied in the present model, is the following,

ZD,AD(ω) = RD

coth
(

jω
ωD,AD

)γ/2(
jω

ωD,AD

)γ/2 (3.23)

where ωD,AD = (D/L2
D,AD)1/γ. The dffusion time constant now becomes:

57



τD,AD = (L2
D,AD/D)1/γ (3.24)

where D has units [cm2 s−γ] and γ is a power-law exponent, with γ ≤ 1.

Hence, Eq.(3.23) finally becomes:

ZD,AD(ω) = RD

coth
[
(jω)γ/2

√
L2
D,AD/D

]
(jω)γ/2

√
L2
D,AD/D

(3.25)

In the HF and LF diffusion branch, respectively, the impedance becomes,

Z(ω) = RD

(ωD,AD

jω

)γ/2
if ω > ωD,AD (3.26)

Z(ω) =
1

3
RD +

QAD

(jω)γ
if ω < ωD,AD (3.27)

where QAD = RDω
γ
D,AD.

The LF impedance is described by an equivalent circuit similar to the one proposed for

modified restricted diffusion. Also, as can be seen from Eq. (3.27), the power-law exponent γ

becomes double in the LF part. Similar behavior has been reported by Cabanel et al. [86] for

modified restricted diffusion, where the ratio of the two-sloped curve presented in the log(−ZIm)

vs log(f) plot is near to two (Fig. 3.6).

The obtained fitting parameters assuming diffusion ADIa were similar to the modified re-

stricted model, especially with regard to the 6 and 8-week data, which were efficiently described

by the modified restricted type of diffusion. For this reason, the results are presented in the

Appendix section A.2.2 and more specifically in Table A.4 and Fig. A.4, respectively.

Even though the results were similar between the two diffusion impedance mechanisms,

some differences do exist. More specifically, taking into consideration Eq. (3.19) for modified

restricted and Eqs. (3.23) and (3.24) for ADIa diffusion, the following equation is valid with

regard to the value of the diffusion layer thickness, LD, as calculated for the two models:

LφDmod−res
= LD,ADD

φ−1
2 (3.28)

For the two models it is that the diffusion related exponents are equal, φ=γ and that they

both exhibit similar time constants. However, according to Eq. (3.28) and for an indicative

diffusion coefficient equal to 1.9 10−5 cm2/s, the diffusion layer thickness in the case of anoma-

lous diffusion would be 0.12 mm after 6 weeks and 0.10 mm after 8 weeks of experiment, while

the corresponding indicative values using the modified restricted model would be 0.38 and

0.72 mm, respectively. Hence, there is a difference in the estimated diffusion layer thickness

between the two models. However, at this point, this difference could not be used as a criterion

of choice between the two options, due to the range of uncertainties in the modified restricted

model (reported in the previous paragraph) and the difficulty for estimating uncertainties for

the present model.
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3.3.4.4 Transmissive diffusion in its ideal form

In the present model, diffusion impedance was considered to be linear transmissive diffusion in

its ideal form [81,82]:

ZD,trans(ω) =
σ′

(jω)1/2
tanh

√
jωL2

D

D
= RD

tanh

√
jωL2

D

D√
jωL2

D

D

= RD

tanh
√
jωτD,FD√

jωτD,FD

(3.29)

Definition of RD is the same as in Eq. (3.12). At high frequencies, the impedance exhibits a

Warburg behavior, similarly to restricted diffusion impedance (Eq. (3.14)). At low frequencies,

where limx→0
tanhx
x

= 1, the diffusion impedance becomes,

ZD,trans = RD (3.30)

At low frequencies, the impedance takes the form of a semicircle, intersecting the real axis

at RD. The semicircle can be represented by a parallel connection of the diffusion related

resistance RD with a limiting differential capacitance CD/3 [80]. The corresponding formula for

RD, except for Eq. (3.12), is RD ≈ L2
D/(DCD), where CD is given by Eq. (3.15) and (3.16). In the

presence of a charge-transfer reaction coupled with the diffusion impedance, the system would

be described by a Randles circuit (Eq. (A.1) with ZD = ZD,trans) and the overall impedance at

ω → 0 would be [80,82]:

Ztot = Re +Rct +RD (3.31)

Hence, at low frequencies the total impedance equals the polarization resistance.

The fitting curves could not efficiently describe the experimental ones, when transmissive

diffusion was used as diffusion impedance and for this reason the results are presented in the

Appendix section A.2.3. This became apparent from the large goodness of fit values (Table A.7),

which were the largest among the rest examined models for the 6 and 8-week curves. The

large errors (above 100%) for the τD,FD parameter for both intervals and for RD after 8 weeks

consolidate this argument (Table A.6). Moreover, for these curves, the sum of RD+Rct was

much larger than their corresponding RLPR values (Table 3.1).

The same observations apply for the 12-week curve, as well. The goodness of fit values

were larger than the selected model for this curve, which will be presented in a following

paragraph. Moreover, even though the uncertainty ranges of the parameters could not provide

enough information to exclude this model (Table A.6), it becomes apparent from the very

small value of the CPE-exponent n that the charge-transfer process was barely approached

(Fig. A.5c), which was observed for the rest curves, as well. Moreover, the small diffusion

related time constant τD,FD, indicated a diffusion layer thickness equal to 0.15 mm (assuming

D=1.9 10−5 cm2/s), one order of magnitude smaller than the actual corrosion layer thickness,

as observed through stereoscopic observation, which was measured around 1.4 mm. From

the above observations it becomes apparent that transmissive diffusion impedance could not

describe any of the experimental curves.
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3.3.4.5 Modified transmissive diffusion

For the present model, the equation applied is presented as follows [82],

ZD,mod−trans(ω) = RD

tanh
(
jωL2

D

D

)φ/2
(
jωL2

D

D

)φ/2 = RD
tanh(jωτD,FD)φ/2

(jωτD,FD)φ/2
(3.32)

The parameter φ is the dispersion parameter, as defined in modified restricted diffusion impedance.

Table 3.5: PSO fitting results and derived parameters for the painted scribed specimen after
6, 8 and 12 weeks of experiment in the salt spray chamber, assuming modified transmissive

diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 3.56 103 3.40 105 4.01 102

RD [Ω cm2] 300.95 421.82 46.82
φ 0.601 0.350 0.400
Rct [Ω cm2] 16.62 15.02 1.97
n 0.540 0.694 0.731
Q [F sn−1 cm−2] 1.30 10−3 3.44 10−5 2.74 10−4

σ′ [Ω cm2 s−1/2] 5.04 0.72 2.34
τct,CPE [s] 8.24 10−4 1.84 10−5 3.39 10−5

Table 3.6: CNLLS fitting results and derived parameters for the painted scribed specimen
after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming modified

transmissive diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 1.76 103±1112.8% 3.47 105±83982% 4.71 102±77.3%
RD [Ω cm2] 253.00±355.9% 464.90±15469% 51.82±14.5%
φ 0.632±4.1% 0.368±3.7% 0.432±5.8%
Rct [Ω cm2] 17.60±8.8% 15.62±8.2% 2.53±30.4%
n 0.566±5.1% 0.762±3.2% 0.747±9.2%
Q [F sn−1 cm−2] 1.18 10−3±25.0% 1.77 10−5±27.1% 2.73 10−4±69.9%
σ′ [Ω cm2 s−1/2] 6.03 0.79 2.39

τct,CPE [s] 1.06 10−3 2.14 10−5 5.87 10−5

Table 3.7: Chi-squared and sum of squares values, as indicators of goodness of fit for the
modified transmissive diffusion impedance mechanism

Parameter 6 weeks 8 weeks 12 weeks
χ2 5.58 10−5 6.85 10−5 3.01 10−5

Sum of Squares 5.69 10−3 8.64 10−3 3.43 10−3

With regard to the results presented in Tables 3.5 and 3.6, the fitting values refer to pa-

rameters τD,FD, RD, Rct, n, Q and φ, while the calculated parameters are σ′ and τct,CPE.
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For this model, the uncertainty ranges for the τD,FD and RD parameters after 6 and 8

weeks were quite above 100%, indicating that this model was not appropriate for these curves

(Table 3.6). The goodness of fit values for these curves were larger than the modified resricted

model and smaller than the restricted and transmissive models.

Figure 3.7: Fitting curves for the painted scribed specimen after a) 6, b) 8 and c) 12 weeks of
experiment in the salt spray chamber, assuming modified transmissive diffusion, Randles

connection and CPE for double-layer

With regard to the 12-week curve, the goodness of fit values were found the smallest of

all the examined models. With regard to the calculated parameters, assuming an indicative

diffusion coefficient equal to 1.9 10−5 cm2/s, the diffusion layer thickness would be around

0.87 mm, close to the measured mean value of 1.4 mm. Moreover, the low frequency resistance

value, as given in Eq. (3.31), would be equal to 112.93 Ω cm2, very close to the value determined
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through LPR, which was around 94 Ω cm2 (Table 3.1). Finally, the kinetic branch (the HF

semicircle) was also well described.

3.3.5 Modeling with generalized Warburg diffusion

The 12-week curve reminded of Warburg diffusion in the frequency range 100 Hz–0.01 Hz,

however, its deviation from the Warburg angle of -45◦ would not allow the use of Eq. (3.4) for

fitting. Ni and Lu [90] have proposed the use of Eq. (3.33) for similar graphs, treating this type

of diffusion as a CPE,

ZD,CPE(ω) =
AD

(jω)nD
(3.33)

In this equation, AD has similar dimensions to Warburg coefficient σ, modified however to

account for the deviation from the ideal Warburg behavior [Ω cm2 s−nD ]. The term ”generalized

Warburg” is proposed in the work of Kendig et al. [91], even though Lasia [82] uses this term for

the modified restricted and transmissive cases. In either case, in this paragraph a modification

of the classic Warburg is assumed, where the CPE exponent nD is allowed to take values between

0 and 1. Ni and Lu [90] correlated the value of the exponent with the direction of the oxidants.

More specifically, for nD = 0.5, the diffusion direction is parallel to their concentration gradient

and Warburg diffusion is obtained. For nD < 0.5, infinite tangential diffusion is obtained and a

slope smaller than -45◦ appears in the Nyquist graph. Finally, for 0.5 < nD < 1, the diffusion

is hindered by obstacles (possibly oxide growth) and becomes finite-length, while the slope of

the diffusion tail is again smaller than unity. A generalized Warburg impedance with the same

formula as Eq. (3.33) has also been proposed by Kendig et al. [91]. However, these authors did

not recognize three regimes for nD, but only two; the Warburg (nD = 0.5) and the generalized-

Warburg (nD 6= 0.5) behavior. According to the authors [91], the latter behavior could arise

either from tangential or heterogeneous penetration of the electrolyte towards the metal/coat

interface.

In the LF region, the diffusion impedance would exhibit a behavior similar to classic War-

burg, meaning that its value would constantly increase [84]. Hence, the total impedance at LF

(ω → 0), assuming Eq. (A.1) for the equivalent circuit would be:

Ztot(ω) = Re +Rct + ZD,CPE(ω) (3.34)

The goodness of fit values presented in Table A.10 for the 6 and 8-week data were close

to the values obtained for the modified transmissive model. The corresponding values for the

12-week data were close to the modified restricted model. The best goodness of fit values for

the 6 and 8-week curves were obtained for the modified restricted model, while for the 12-week

curve for the modified transmissive model. Hence, it seems that this model was not suitable

for any of the experimental curves, in terms of goodness of fit values and this is why the results

are presented in the Appendix section A.2.4.
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The uncertainty estimates obtained for this model (Table A.9) could not be used as an

indicator of the suitability of the model for the curves, since similar ranges were obtained for

the corresponding parameters, except for the Rct and Q values after 12 weeks, which exhibited

a wider range than the corresponding uncertainties after 6 and 8 weeks.

With regard to the obtained parameters, the Q factor for the 6-week data was equal to

1.390 10−3 F sn−1 cm−2, one order of magnitude higher than the corresponding value from

the modified restricted model, indicating that the present model could not approach the HF

part of the experimental curve as efficiently. Moreover, the Rct value was around double the

value from the modified restricted model. With regard to the 8-week data, the parameters

related to the double-layer (n,Q) were found similar to the modified restricted model. The

AD value, representing the modulus of the CPE diffusion impedance, was found larger after 8

weeks, probably indicating that the accumulated corrosion products hindered oxygen diffusion

more efficiently than after 6 weeks. However, the Rct value remained more or less constant

between the two intervals. This in turn would mean that the concentration of the oxidant

at the electrode surface would not change during this period, which contradicts the greater

impedance for dissolved oxygen diffusion (expressed through AD), which would result in smaller

concentration, since the flux would decrease. Hence, in terms of physical interpretation, this

model would not be suitable for the 6 and 8-week curves.

Finally, with regard to the 12-week curve, the goodness of fit values would serve as a criterion

for selection, since the parameter values obtained in this model, as well as their uncertainties,

did not provide much information as per the suitability of the present model. More specifically,

the Rct value was around 1.35 Ω cm2, smaller than the corresponding values after 6 and 8 weeks,

as obtained from the modified restricted model. Moreover, the diffusion impedance magnitude

at 0.01 Hz would be 25.08 Ω cm2 much smaller than the corresponding RD values after 6 and 8

weeks (the impedance magnitude and not AD is used here for comparison with RD, because they

have similar units). The small values of the kinetic and diffusion related resistances after 12

weeks (compared to the corresponding parameters after 6 and 8 weeks), could imply corrosion

acceleration, expressed as infinite tangential diffusion (nD <0.5), suggesting that the corrosion

layer could not serve as an obstacle any longer. However, the slightly better goodness of fit

values for the modified transmissive case would make it the model of preference. In either case,

corrosion acceleration was observed after 12 weeks.

3.3.6 Orazem-Tribollet connection for the selected diffusion impedance
models

So far, the experimental data were modelled based on the Randles equivalent circuit. However,

as observed from the fitting parameters, this circuit encompasses the individual anodic and

cathodic charge-transfer resistances in a total corrosion resistance, termed as Rct. Hence, in

order to get an insight with regard to the individual values of these resistances, the circuit

proposed by Orazem and Tribollet [76] for iron dissolution and ORR was used. This circuit

consists of three parallel branches, the first being the CPE for double-layer, the second being
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the charge transfer resistance for the anodic reaction (Rct,Fe) and the third being the faradaic

cathodic impedance (Rct,O2 + ZD). The whole connection is in series with the electrolyte

resistance Re. This circuit is based on the anodic and cathodic impedances of the corrosion

process being connected in parallel and is presented in Appendix A, Fig. A.2. For this circuit,

the total impedance formula is given by Eq. A.2.

The circuit proposed by Orazem and Tribollet [76] was applied for the selected diffusion

impedance models for the data after 6, 8 and 12 weeks of experiment, i.e. modified restricted

diffusion after 6 and 8 weeks and modified transmissive diffusion after 12 weeks.

In the HF range, the diameter of the obtained semicircle would be equal toRct,FeRct,O2/(Rct,Fe+

Rct,O2), as proposed by Bonnel et al. [75]. Since this value corresponds to the total charge-

transfer resistance of the system, the Rct value obtained from the Randles circuit was used for

each case.

In the LF range, diffusion impedance is given by Eq. (3.21), when modified restricted dif-

fusion is the selected mechanism for mass transfer, while the total impedance of the system is

given by Eq.(A.2). Hence, the total impedance of the system as ω → 0 becomes,

Ztot(ω) = Re +
R1R2 +Rct,FeK

2
2

R2
2 +K2

2

− jRct,FeR2K2 −R1K2

R2
2 +K2

2

(3.35)

where,

R1 = Rct,Fe[Rct,O2 +
RD

3
+K1] (3.36)

R2 = Rct,Fe +Rct,O2 +
RD

3
+K1 (3.37)

K1 =
RD

(ωτD,FD)φ
(cos(φπ/2) (3.38)

K2 =
RD

(ωτD,FD)φ
(sin(φπ/2) (3.39)

When diffusion is of the modified transmissive type, in the LF range it is given by Eq. (3.30).

Hence, the total impedance of the system as ω → 0, according to Eq. (A.2), becomes:

Ztot = Re +
Rct,Fe(Rct,O2 +RD)

Rct,Fe +Rct,O2 +RD

(3.40)
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Figure 3.8: Fitting curves for the painted scribed specimen after 6, 8 and 12 weeks of
experiment in the salt spray chamber, assuming Orazem-Tribollet connection for the selected

diffusion impedance models; a) 6w-modified restricted, b) 8w-modified restricted and
c)12w-modified transmissive
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Table 3.8: PSO fitting results and derived parameters for the painted scribed specimen after
6, 8 and 12 weeks of experiment in the salt spray chamber, assuming Orazem-Tribollet

connection for the selected diffusion impedance models

Parameter Unit 6 weeks 8 weeks 12 weeks
Mod. Res. Mod. Res. Mod. Trans.

τD,FD [s] 78.74 80.29 472.20
RD [Ω cm2] 88.54 98.26 51.58
φ 0.451 0.281 0.409

Rct,Fe [Ω cm2] 3.49 107 872.09 499.80
Rct,O2 [Ω cm2] 7.42 9.20 1.97
n 0.697 0.663 0.740
Q [F sn−1 cm−2] 2.90 10−4 4.18 10−5 2.50 10−4

σ′ [Ω cm2 s−1/2] 9.98 10.97 2.37
τct,CPE [s] 1.49 10−4 6.95 10−6 3.38 10−5

Table 3.9: CNLLS fitting results and derived parameters for the painted scribed specimen
after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming Orazem-Tribollet

connection for the selected diffusion impedance models

Parameter Unit 6 weeks 8 weeks 12 weeks
Mod. Res. Mod. Res. Mod. Trans.

τD,FD [s] 101.00±22.7% 268.30±88.1% 371.00±85.4%
RD [Ω cm2] 95.32±8.8% 112.10±20.1% 64.77±92.0%
φ 0.488±7.7% 0.286±15.7% 0.127±37.1%

Rct,Fe [Ω cm2] 3.95 1018±2531.5% 1.09 109±1.57 107% 153.50±257.5%
Rct,O2 [Ω cm2] 9.29±21.6% 8.32 ±49.5% 3.823±67.4%
n 0.714±5.7% 0.836±3.4% 0.683±13.5%
Q [F sn−1 cm−2] 2.92 10−4±38.2% 7.34 10−6±34.2% 5.23 10−4±98.7%
σ′ [Ω cm2 s−1/2] 9.48 6.84 3.36

τct,CPE [s] 1.85 10−4 1.01 10−5 4.22 10−5

Table 3.10: Chi-squared and sum of squares values, as indicators of goodness of fit for the
Orazem-Tribollet equivalent circuit for the selected diffusion impedance mechanisms

Parameter 6 weeks 8 weeks 12 weeks
χ2 3.16 10−5 4.02 10−5 3.02 10−5

Sum of Squares 3.19 10−3 5.02 10−3 3.41 10−3

As can be seen from Figs. 3.5a and 3.8a, as well as from Tables 3.2 and 3.8, the fitting results

for the 6-week data were similar, when using Randles or the Orazem-Tribollet equivalent circuit.

Moreover, the results obtained from the PSO procedure were within the uncertainty range of the

parameters of the CNLLS procedure (Table 3.10). However, application of the latter connection

caused the Rct,O2 value to tend to zero, leading Rct,Fe to a very large value with an error much

larger than 100%. It was the presence of the constraint Rct,FeRct,O2/(Rct,Fe + Rct,O2) = Rct,

that hindered Rct,O2 from approaching zero, thus, becoming identical to Rct. As a result, the

Orazem-Tribollet [76] connection could not efficiently describe the experimental data after 6
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weeks of experiment, hence, the individual values of Rct,Fe and Rct,O2 could not be considered

as trustworthy.

With regard to the 8-week data, the fitting values of τD,FD and n differed between the two

connections (Tables 3.2 and 3.8). However, as can be seen from the CNLLS results in Table 3.10,

the obtained values were closer to the PSO results of Table 3.2, with some variations concerning

the charge-transfer related parameters n and Q. Similarly to the observations reported for the

6-week data, the Rct,Fe tended to an infinite value with a correspondingly increasing error.

Hence, once more, this connection would not be a trustworthy representation of the physical

processes related to modified restricted diffusion impedance.

As regards the 12-week data, even though the proposed impedance mechanism could favor

the use of this circuit, the results presented in Table 3.10 indicated that the anodic charge

transfer resistance was not a statistically significant parameter. Moreover, for this curve, the

uncertainties of all parameters were larger compared to the previously examined curves.

Finally, the goodness of fit values for this equivalent circuit (Table 3.10) were similar to

the ones obtained from the Randles connection for the 6 and 12-week data, denoting the

importance of examining also the uncertainty ranges of the obtained parameters for selection

of the appropriate diffusion impedance mechanism and/or equivalent circuit.

3.3.7 Comparative overview of the results

The values of the objective function (OF) from the PSO procedure for each model and for each

experimental curve are presented in Table 3.11. It should be noted that the value of the OF

could provide information only for the quality of the fitting curve and not for the suitability

of the model, similarly to the goodness of fit values (chi-squared and sum of squares) from

the CNLLS procedure. However, the models with the smallest OF were the ones eventually

selected. For example, the values of the OF for the 6 and 8-week data were the smallest for

the modified restricted and anomalous diffusion models, which gave similar results, in terms of

fitted parameters. Similarly, with regard to the values of the 12-week data, the value of the OF

was the smallest for the modified transmissive model, which was eventually the most suitable.

Table 3.11: Objective function values from the PSO procedure for all examined models for the
experimental data after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming

Randles connection

Fitting Model 6 weeks 8 weeks 12 weeks
Restricted 52.625 129.840 37.030

Mod. Restricted 30.878 51.555 21.378
Anomalous 30.836 51.555 21.379

Gen. Warburg 46.004 71.522 21.378
Transmissive 59.593 135.895 33.527

Mod. Transmissive 45.989 71.524 20.346

With regard to the diffusion impedance mechanism that was appropriate for the 6 and 8-

week curves, modified restricted diffusion impedance gave similar results to anomalous (ADIa)

67



diffusion [89], however, there was a difference in the calculated diffusion layer thickness (Eq 3.28).

The feasibility for error analysis of the results from the modified restricted case made it the

mechanism of choice for these intervals. After 12 weeks, modified transmissive diffusion was

the selected mechanism. The Bode plots for the selected models are presented in the Appendix

section A.2.5.

The selected diffusion impedance mechanisms for this specimen were validated, especially

for the 6 and 8 weeks of experiment, from the repeatability measurements. The results from

these measurements are presented in Appendix B. With regard to the results from the 12-week

curves, modified transmissive or modified restricted diffusion could be possible after 12 weeks

of exposure in the salt spray chamber. Moreover, it was concluded that Randles connection

could best describe the experimental curves of all intervals. Even though the parallel branches

suggested by Orazem and Tribollet [76] for separation of the anodic and cathodic reactions in

a corrosion process seem more appropriate, it was observed that this circuit was not suitable

for the experimental data presented here and in Appendix B.

For the specimen examined in the present study, in particular, it was observed that after 8

weeks no statistically significant differences were observed between similar parameters, hence,

it was assumed that the porous corrosion layer covering the electrode did not exhibit structural

changes that could affect the diffusion and charge-transfer processes. After 12 weeks, though,

there was a decrease in both RD and Rct values, which could be considered as statistically

significant, compared to the uncertainty ranges of these parameters for the rest intervals. This

decrease, which was also depicted in the LPR measurement, could imply corrosion accelera-

tion after 12 weeks. This result could be verified by the respective values of σ′, which had

the (indicative) value 9.99, 6.71 and 2.34 Ω cm2 s−1/2, after 6, 8 and 12 weeks, respectively.

Apparently, the increase of LD after 12 weeks (0.87 mm estimation from the model and 1.4 mm

actual mean measurement) compared to the estimated values after 6 and 8 weeks (0.38 mm

and 0.72 mm as estimated from the respective model), along with the decrease in RD could

lead to this result (Eq. (3.13)). Also, from Eq. (3.10), it becomes apparent that the decrease of

σ′ is related to an increase in the oxidant concentration inside the pores of the corrosion layer,

which could be correlated with the smaller diffusion impedance observed after 12 weeks. Even

though σ′ depends on various parameters, a conclusion that could be drawn is that an obvious

decrease in mass transfer coefficient could possibly imply easier diffusion and, hence, corrosion.

This finding was verified for the rest repeatability measurements presented in the Appendix B.

With regard to the morphology of the corrosion layer, the corrosion products observed

through XRD and Raman investigation of rust samples of the scribed specimen under study,

after 12 weeks of experiment, were magnetite (Fe3O4), maghemite (γ-Fe2O3), hematite (α-

Fe2O3), feroxyhyte (δ-FeOOH), goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) (presented

in detail in [66]), revealing presence of red and black rust, as in the problem of cast iron in

drinking water [76, 78, 79]. The physical model presented in the cast iron problem could be

correlated (even partially) with the observed rust morphology of the scribed specimen under

68



study. Hence, the EIS response for the present experimental data could refer to the metal-

magnetite structure, which could possibly serve as the available area for reduction reaction.

On top of this layer there would be the red rust layer (which does not affect the kinetics),

possibly along with maghemite and feroxyhyte, while the outer rust layer would consist of

lepidocrocite [65]. From another perspective, the corrosion products layer could be treated as

being two layers: the magnetite conducting layer covering the electrode and the layer including

all the other corrosion products (oxides and oxyhydroxides) through which diffusion occurs [69].

A simple physical model presenting the structure of the corrosion layer and the diffusion of

dissolved oxygen is presented in Fig. 3.9. The model is based on the one proposed by Jüttner

et al. [?, 72].

The basic difference between the theory adopted in the present investigation and the theory

of porous electrode lies primarily on the fact that the porous electrode theory assumes magnetite

to be a macroporous layer filled with red rust, while in the present study, magnetite and red rust

are treated as consecutive layers with porous structure. Another major difference is that the

pore walls of a porous electrode are electroactive, while for a porous oxide layer are inert [76].

Indicative PSO fitting results for the 6-week curve, making use of the equivalent circuit proposed

in the cast iron in drinking water problem, are presented in Appendix section A.2.6. It was

found that this model was not suitable for either of the experimental data, presented herein or

in the Appendix B.

Another finding of the present study was that most of the parameters obtained from the

PSO algorithm were in most cases within the uncertainty range of the parameters obtained

using the CNLLS procedure, especially for the impedance models that actually fitted the ex-

perimental data. This enhances the use of an alternative algorithm for regression of impedance

spectra, which is much less dependent on initial guesses and does not require weighting factors.

Verification of this observation depends on the quality of the impedance signals, as well. These

two methods could also be used supplementally. The PSO algorithm provides indicative and

representative values of the parameters, the uncertainty ranges of which could be estimated

using the CNLLS procedure. The goodness of fit values obtained from the two methods were

in agreement, hence, either could be used.
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Figure 3.9: A general physical model presenting the corrosion layer structure and oxygen
diffusion through its pores. L: lepidocrocite; Mn: magnetite, all the rest phases lie in between.

3.4 Conclusions

In the present study, coated steel in scribed condition was examined in a salt spray chamber

using cyclic corrosion conditions, for a total of 12 weeks. Periodic examination was performed

after 6, 8 and 12 weeks of experiment and included EIS and LPR measurements. The aim was

to correlate the impedance graphs with actual physical processes that affect the development

of corrosion over time. Considering diffusion as the mass transport of dissolved oxygen, this

study intended to clarify the type of diffusion impedance that best described this procedure at

each examination interval, considering it as the rate-determining step.

� Finite-length diffusion impedance described mass transport of dissolved oxygen after 6, 8

and 12 weeks of experiment, implying that the concentration gradient would be developed

inside the pores of the corrosion products layer, covering the electrode.

� The selected model for each curve exhibited minimum gooness of fit values for both PSO

and CNLLS procedures, a diffusion layer thickness compatible to the corrosion products

layer, as observed by stereoscopic observations and kinetic parameters that could be

ascribed to a charge transfer/ double layer time constant.

� Modified restricted diffusion described mass transport of oxygen after 6 and 8 weeks of

experiment, while, after 12 weeks diffusion impedance could be either modified restricted
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or modified transmissive. A decrease in corrosion resistance after 12 weeks was observed

for all the examined specimens.

� The porous electrode theory, as adopted in cast iron in drinking water model, could not

efficiently describe the experimental data.
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Chapter 4

Experimental investigation of
roughness effect on ship resistance
using flat plate and model towing tests

Abstract

In the present Chapter, the hydrodynamic resistance of a flat plate is presented, which was

studied in two conditions, namely smooth and with homogenous roughness, which was pro-

vided by sandpapers of 40 and 80-grit sizes. The aim of the present study was to examine

the effect of roughness in laboratory scale and in ship scale, using appropriate extrapolation

methods. Resistance data from model towing tests in both conditions were also processed and

extrapolation to ship scale was performed, based on common and newly proposed extrapolation

methods.

Towing tests on a thin flat plate of 3 mm thickness and extrapolation to ship scale was

attempted. A newly designed experimental setup was constructed for the examination of the

thin plate. The experiments on smooth flat plate included examination of a series of trip wires

for flow stimulation, among which the optimum was 1.3 mm. In rough condition, the plate

was covered with sandpapers of 40 and 80-grit. Both calculated roughness functions exhibited

Nikuradse behavior, verifying the validity of the experiments. The equivalent sand roughness

height was 1.7 times the average sandpaper roughness, as calculated by the Schlichting diagram

for sand roughened plates. Both roughness functions indicated transitionally rough regime,

except for the last two data of the rougher sandpaper that lay on the fully rough regime. The

results were extrapolated to ship scale using Granville method.

Also, resistance results from ship model towing tests from another study in smooth and

rough condition [92] were analysed. Extrapolation of smooth model results in ship scale revealed

that the traditional Froude method predicts higher resistance coefficient compared to the ITTC

78 method. Rough model results were extrapolated to ship scale by applying a newly proposed

extrapolation method, using Schlichting resistance formula for rough plates as the friction

correlation line, according to Froude method and for two length scales, namely the plate and

ship length. The two versions of the proposed extrapolation method provided an upper and

lower limit for the predicted rough hull total resistance coefficient.
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4.1 Introduction

Marine structures, such as ships or platforms, are vulnerable to corrosion [93] and biofouling [6],

which cause their surface to be rough. Corrosion could be stimulated by the aggressiveness of

the sea environment itself or it could result from extensive biofouling on the submerged part of

the metallic surface. When it comes to ships, the ship bottom area is threatened by both factors

with adverse structural, environmental, hydrodynamic and economic effects. It is noteworthy

that even small scale fouling (slime) can cause increase in skin friction [38], while intense fouling

could cause a 40% increase in fuel consumption and a 77% increase in total voyage cost [39,40].

It is, thus, of paramount importance to estimate the additional drag induced by the surface

roughness in large scale marine applications.

The most widespread method to assess the total resistance coefficient of rough large scale

surfaces is to perform laboratory towing tests on rough flat plates and calculate the roughness

function (∆U+) [94]. The roughness function expresses a downward shift in the log-law region

of the mean velocity profile [95], arising from increased momentum deficit, due to roughness

[96,97]. The roughness function is a function of the roughness nature and roughness Reynolds

number k+ [96]. For the case of uniform sand roughened surfaces, if k+<5, the flow is considered

to be hydraulically smooth, if 5<k+<70, the flow is transitionally rough, while if k+>70, the flow

is completely rough. For each of these regimes, the additional drag induced by the roughness is

null, considerable and predominant, respectively [95,98–100]. Finally, in the fully rough regime

the friction coefficient is independent of Reynolds number [97].

The roughness function and roughness Reynolds number can be calculated through iteration

via the indirect methodology proposed by Granville [101], which is based on total drag mea-

surements of rough flat plates and has been extensively analyzed in various studies [102, 103].

A very important parameter in this methodology is the roughness scaling length. In general,

surfaces are said to exhibit k-type behavior when the roughness function scales on roughness

height (k), which could be for instance the maximum peak to trough height (Rt) or the average

roughness height (Ra), while for surfaces with sharp rough elements of shallow angle, the slope

is the main scaling length [96].

For uniformly rough surfaces the equivalent sand roughness height (ks) is the roughness value

that collapses the experimental roughness function data onto the Nikuradse universal roughness

function in the fully rough regime [95,100] and it is usually a multiple of the roughness height,

k. In Nikuradse [98] experiments the ks value coincided with the diameter of the grains. For

sandpapers, this value has been proposed to be equal to 0.75Rt [104].

Arbitrarily rough surfaces, such as surfaces painted with epoxy or antifouling coatings,

exhibit Colebrook-type roughness functions, which can be usually described as follows [96,103,

105–107]:

∆U+ =
1

κ
ln(1 + k+) (4.1)

where κ is the Von Karman constant.
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A suitable roughness height for the collapse has been proposed to be 0.39Ra for epoxy

painted surfaces [104, 108] and 0.17Ra for antifouling coatings [107]. Determination of the

appropriate roughness height for collapse of either sandpapers or surfaces with engineering

roughness on the respective universal roughness function is important, for the complete and

accurate characterization of a rough surface. Changes in the value of the selected roughness

height (k), in order to attain the collapse, will not affect the value of the roughness function,

only the value of the roughness Reynolds number [103].

The value of the calculated roughness function can be applied in the similarity law proposed

by Granville [94], in order to predict the added frictional resistance component in ship scale

(∆CFs), which is then added to the smooth hull total resistance coefficient, as calculated by

applying the Froude method [109]. The traditional Froude method along with the Hughes

method are considered as the two main extrapolation methods from smooth model towing

tests. The latter method has also been suggested by Internatinal Towing Tannk Conference

(ITTC) [110] and is currently known as ITTC 78 [111–113]

The Froude method is based on the following hypothesis:

CT(Re,Fn) = CF(Re) + CR(Fn) (4.2)

where CT refers to the total resistance coefficient, CF refers to the friction resistance coefficient

of a flat plate with the same length as the model or the ship, depending on the scale of interest,

and CCR is the residual resistance coefficient. The Froude hypothesis assumes that the residual

resistance is only a function of Froude number (Fn) and not a function of both Reynolds (Re)

and Froude number. In other words, the difference between CT and CF is more or less constant

and independent of Reynolds number for geometrically similar ship models at the same Froude

number. Hence, CR is kept constant between the model and the ship during the extrapolation

process.

With regard to the friction coefficient (CF ), the Schoenherr friction line was adopted by the

American Towing Tank Conference (ATTC) in 1947 and is defined as:

0.242√
CF

= log10(ReCF) (4.3)

The disadvantage of this line is that iterations are required in order to calculate the value of

CF for a given Reynolds number. In order to avoid this, the ITTC 57 friction correlation line

was introduced, which is defined as follows:

CF(Re) =
0.075

(log10Re− 2)2
(4.4)

The two lines coincide at ship scale Reynolds numbers. However, in model scale the ITTC 57

line calculates a bit higher resistance, in order to avoid ship power overestimation [110].

The ITTC 78 method is based on Hughes’s proposed extrapolation method which takes

into consideration the form factor, k [111, 114]. More specifically, the Hughes hypothesis is, as

follows:
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CT(Re,Fn) = CF(Re) + CR(Re,Fn) (4.5)

Where,

CR(Re,Fn) = CFORM(Re,Fn) + CW(Fn) (4.6)

and also that,

CFORM(Re,Fn) = kCF(Re) (4.7)

Hence,

CR(Re,Fn) = kCF(Re) + CW(Fn) (4.8)

Finally,

CT(Re,Fn) = CF(Re) + kCF(Re) + CW(Fn)⇒

CT(Re,Fn) = (1 + k)CF(Re) + CW(Fn)⇒

CT(Re,Fn) = CV(Re) + CW(Fn)

(4.9)

In Hughes’s approach the residuary resistance is considered as a function of both the

Reynolds and Froude number and is divided into the form resistance (CFORM) and the wave-

making resistance (CW). Furthermore, according to Hughes’s hypothesis, the form resistance,

which is related to the different distribution of tangential stresses and vertical pressures com-

pared to the flat plate, due to the shape of the hull and accounts also for the fact that the wave

resistance is also dependent on Reynolds number, is presented solely as a function of Reynolds

number. Hence, the total resistance is a sum of the viscous resistance (CV), which incorporates

both friction and viscous pressure resistance components [110] and the wavemaking resistance.

The latter is kept constant between the model and the ship during extrapolation.

The calculation of the form factor, k, can be performed using Prohaska’s method in the

Froude range 0.12 to 0.20 (or 0.22) [114, 115]. If the wave resistance coefficient is defined

as [115]:

CW = a · Fnn, 4 6 n 6 6 (4.10)

Then,

CT

CF

= (1 + k) + a · Fnn

CF

(4.11)

For small values of Froude number the curve CT/CF versus Fnn/CF is linear and the inter-

section of the curve with the CT/CF axis (at Fn=0) equals to 1+k, hence the form factor can

be determined [115]. The value of the exponent n depends on the hull form, with fuller hulls

being better described with n>4 [115].
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Extrapolation to ship scale usually requires the addition of a correlation allowance (CA),

which traditionally in the Froude method has the value of 0.0004 [110]. This allowance accounts

for differences between the model and the ship in terms of roughness and flow characteristics

close to the bow. In ITTC 78 method this allowance was first given by the Bowden-Davidson

formula, defined as follows:

∆CF,B−D =
(

105
(ks

L

)1/3

− 0.64
)
× 10−3 (4.12)

If roughness measurements were lacking, the value of ks=150 µm could be used as ship

roughness. In later versions of the ITTC 78 method, the roughness allowance was separated

from the correlation allowance [112, 113]. The roughness allowance has been suggested to be

calculated by the Townsin formula, which incorporates also a correction for Reynolds number

[110]:

∆CF,T = 0.044
[
105
(ks

L

)1/3

− 10× Re−1/3
]

+ 0.000125 (4.13)

While, the correlation factor (CA) is given by the following equation:

CA = (5.68− 0.6log10Re)× 10−3 (4.14)

The sum ∆CF,T+CA should equal the value of the formerly applied Bowden-Davidson cor-

relation allowance including roughness effects (∆CF,B−D) [112,113].

One of the major subjects that necessitate the use of correlation allowance is the difference in

the laminar part of the flow close to the bow between the model and the ship. The extrapolation

process is widely affected by the similarity of the flow regimes between model and ship scale.

Extrapolation of frictional resistance implies turbulent flow at both scales, which is usually not

the case for the model [116]. The smaller the model is, the bigger the problem of laminar flow

becomes. In order to eliminate the extent of laminar flow on the model and ensure similar flow

characteristics at the two scales, the use of turbulence stimulators is usually recommended [117].

Some common examples of turbulent stimulators are the trip wires [118] and sand grains in

the form of sandpapers [96, 103]. Less common are small pins and Hama strips [116].The

stimulators are usually placed 5% aft the model’s or plate’s fore perpendicular or leading edge,

respectively [118]. The selection of the suitable type and size of a stimulating device is not an

easy task and may require multiple experiment repetitions with various types and/or sizes until

sufficient flow stimulation is attained. As proposed by Joubert and Matheson [117], a suitable

stimulator generates higher resistance values at low speeds and lower resistance values at high

speeds.

In the present study, flat plate towing tests in smooth and rough condition were performed

and extrapolation to ship scale was attempted. The novelty of the experiments lies on the

very thin plate used for the experiments, which had a thickness of 3 mm. For this reason,

a whole new experimental setup was designed and constructed for the performance of these

experiments. The experiments on the flat plate in smooth condition included examination of
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the resistance induced by the tension wires providing structural support and alignment and

investigation of a series of trip wires, in order to find the optimum that provided sufficient flow

stimulation. In rough condition, the plate was covered with sandpapers of 40 and 80-grit and

the roughness functions were found to be in agreement with Nikuradse behavior, verifying that

the newly developed experimental setup provided trustworthy results. The results were then

extrapolated to ship scale using Granville’s similarity method.

Also, data from ship model towing tank tests in smooth and rough condition [92] were

extrapolated to ship scale. The ship model towing experiments were performed in heavy ballast

and full load departure condition for smooth and rough hull [92]. The smooth hull total

resistance coefficient results were extrapolated to ship scale using both Froude and ITTC 78

method. The novelty was that a detailed presentation of both methods was attempted for a

wide speed range and in both loading conditions, in order to better illustrate their differences

in practice. The results from the rough condition were extrapolated to ship scale by applying a

newly proposed extrapolation method, using Schlichting formula for sand roughened plate as a

friction correlation line. The procedure was performed in two versions. In the first version the

length scale used for the extrapolation was the length of the plate, while in the second version

the plate length was used in model scale and the ship length was used in ship scale. Finally, a

comparison among the selected extrapolation methods from both rough plate and rough model

towing tests was performed and their differences on the calculated rough hull total resistance

coefficient were estimated.

4.2 Experimental methods and materials

The tests were carried out in the Towing Tank of Laboratory of Ship and Marine Hydrodynamics

(LSMH) of the National Technical University of Athens, which has a length of 91 m, a width

of 4.55 m and a water depth of 3 m. The towing tank is equipped with a running carriage that

can achieve a maximum speed of 5.5 m/s or 10.7 knots.

Before initiation of each experiment, the tank water level was checked, in order to ensure

consistent measuring conditions. Moreover, during the experiments the tank water temperature

was measured and proper corrections were made for density and viscosity.

4.2.1 Flat plate experimental setup

A flat plate made of aluminium for marine applications with dimensions 2 m × 1 m × 3 mm

was used for the resistance tests. The plate length is a crucial parameter for the flat plate

tests, in order to ensure high Reynolds numbers and turbulent flow at most of the plate’s

length. The length of the plate is limited by the dimensions of the towing tank. Another

limitation is introduced by the maximum weight that the resistance dynamometer can handle.

The maximum load of 50 kg for the Kempf and Remmers R35 dynamometer that was used

for the present tests did not allow the use of a steel plate. For this reason, a plate made

of aluminium was used, even though its higher elasticity caused some deflection during the
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experimemnts. To this purpose, the plate was reinforced longitudinally with two aluminium

square hollow sections of dimensions 2.1 m × 5 cm × 5 cm, placed at the top of each side and

vertically using three tension wires with diameter 0.8 mm. Each tension wire was stretched

at both sides of the plate passing through a through hole, while a controllable tensor system

allowed adjustment of the wire tension, if needed.

For the purpose of plate alignment a rotary table with precision higher than 0.1◦ was fitted

on top of a stiffener at the fore side of the plate, allowing micrometric position control. The

whole system was attached to the resistance dynamometer on the towing carriage and the plate

was submerged at 79.45 cm (fore - 79.8 cm, aft - 79.1 cm). The plate was towed multiple times

at constant speed, until a position was found where the dynamometer strain gages received

minimum deformation. The rotary table was locked in this position and the alignment was

completed. A schematic of the experimental setup is presented in Fig. 4.1.

Figure 4.1: Front, plan and side view of the flat plate experimental setup

The dynamometer used for the experiments was a Kempf and Remmers R35 resistance

dynamometer, with average load range towards the x-direction equal to 20 kg and maximum

load equal to 50 kg. The signal was received by strain gages in full bridge arrangement for

high precision measurements. The data were gathered at a sampling rate of 100 Hz and were

digitized using a 12-bit A/D converter. A ±2.5 V and ±5 V voltage range, corresponding to

25 s and 15 s of recording time, was used for the measurements, depending on the load of each

speed. Usually, the big range was used for speeds above 1.75 m/s.

The use of the tension wires (three on each side) was crucial for the successful performance of

the resistance measurements, since they provided structural support to the thin aluminium plate

and ensured that it was kept aligned. The added resistance induced by each wire was measured

with a naval steel blade with dimensions 119 cm × 7.6 cm × 1 cm, appropriately processed to

gain a NACA airfoil shape and cold galvanized, in order to ensure cathodic corrosion protection
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(Fig. 4.2). The angle of the wire adapted in the perimeter of the blade and its wetted length

were equal to the corresponding values of the plate’s wires. The tension wire resistance was

subtracted from the measured flat plate towing resistance ever since, in order to obtain the net

flat plate frictional resistance coefficient.

All the tests were performed in fresh water and covered a speed range from 0.25 m/s (Re 4 ×
105) to 2.5 m/s (Re 4.2 × 106) with a step of 0.25 m/s. The smooth plate runs were performed

with and without trip wires for comparative reasons. A series of trip wires of different diameters

were examined, in order to find the optimum that ensured completely turbulent flow in the whole

range of measurements. The selected range included diameter values as proposed by ITTC,

depending on water temperature and speed range. In total, five different trip wires were used,

namely of 0.8, 0.9, 1, 1.128 and 1.3 mm diameter. Each wire was attached on both sides of

the plate, at the fore part, located longitudinally from the trailing edge distance equal to 5%

of plateb��s total length. Finally, each trip wire extended in height above the waterline level,

in order to ensure stimulation at the whole flow front.

Figure 4.2: a) Front, plan and side view of the blade experimental setup and b) blade tank
tests for determination of its resistance without the tension wire

After examination of the smooth condition, the plate was covered with sandpapers of 40

and 80-grit, in order to examine the roughness effect on the friction resistance coefficient.

4.2.2 Uncertainty estimates

Uncertainty estimates on the flat plate towing tank tests were performed according to ITTC

[119] procedure. Estimation of the uncertainties related to carriage speed, applied force,

temperature-density-viscosity and total resistance coefficient was performed.

The carriage speed is measured via an encoder wheel, which is connected to the carriage.

In order to calculate the speed, the following equation was used.

V =
cπD

2500∆t
(4.15)

where, c=pulse count
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D= wheel diameter

∆t=AD card time base

The uncertainty of the pulse count includes four components. With regard to the bias of

the encoder calibration, the optical encoder is factory calibrated with a rated accuracy of ±0.2

pulses on every update. Hence, BC1= 0.2 pulses. With regard to the speed data acquisition

error, the speed data were converted to the PC by two 12-bit conversions. The AD boards are

accurate by 1.5 pulses, as determined by the calibration sheet of the manufacturer. Therefore,

the bias is BC2=BC3=1.5 pulses. The data reduction bias error was assumed by ITTC to be

BC4= 0.25 pulses.

The time base of the speed circuitry is related to the clock speed of its oscillator module,

which is up to 300 kHz, giving an accuracy of 6 × 10−6 s on every update. However, for

the present calculations, the smaller accuracy suggested by ITTC was used, in order to avoid

underestimation. Hence, B∆t=1.025 × 10−5 s. The wheel diameter was considered accurate

within BD= 0.000115 m. The total speed bias is given by the following equation:

BV =

√(∂V

∂c
Bc

)2

+
(∂V

∂D
BD

)2

+
( ∂V

∂∆t
B∆t

)2

(4.16)

From the total 17 tests performed on the plate, the raw speed data were gathered and the

mean values, along with the total speed bias error (BV) were calculated for the speed range

1.5 m/s to 2.5 m/s (Table 4.1). The bias error ranged from 0.078% to 0.074% in the examined

speed range.

Table 4.1: Uncertainty estimation for the flat plate towing tank tests

Average speed Average resistance Speed bias (BV) Resistance bias (BR)
(m/s) (N) (m/s) (N)
1.247 14.910 1.00E-3 9.55E-2
1.498 21.455 1.12E-3 9.55E-2
1.751 28.854 1.34E-3 9.55E-2
2.003 37.760 1.51E-3 9.55E-2
2.254 47.133 1.68E-3 9.55E-2
2.506 56.680 1.86E-3 9.55E-2

With regard to the force term, the uncertainty estimation includes four components. The

first component is related to the tolerance of the dynamometer calibration weights (BRX1),

which was equal to 0.003%. The second component arises from the assumption of the linearity

of the load cell, where the calibration data are approximated with a linear regression curve

fit [119], which introduces a precision error (SEE- standard error of estimate), given by the

following formula [120]:

SEE =

√√√√√ N∑
i=1

(Yi − (aXi + b))2

N− 2
(4.17)

80



In Eq. (4.17), N is the number of calibration data, Yi is the actual measured force (N), whilethe

equation in parenthesis is the linear curve fit for force (N), with Xi being the ouput voltage

(V). The precision error was equal to 0.0408 N, corresponding to a bias component equal to

BRX2=0.0815 N. The alignment of the experimental apparatus (smooth plate together with

the load cell versus the dynamometer) to the mid-section of the carriage was performed via

a laser sheet. The total misalignment of the plate at each edge was found equal to ±1 mm,

corresponding to a maximum 2 mm deviation from the load cell or 0.057◦. The total apparatus

misalignment was assumed less than 0.25◦ (BRX3=0.25◦). Nevertheless, with the aid of the

high precision rotary table positioned at the fore part of the plate (Fig. 4.1), with accuracy

higher than 0.1◦, the position of minimum drag of the plate was determined. This procedure

was necessary, in order to eliminate the effect of other factors affecting the final alignment (e.g.

plate shape). The fourth component (BRX4) is the AD conversion bias error in voltage, which

was found equal to BRX3=0.04972 N. With regard to the fifth component, the tests consisted

of fixed trim and draught conditions. Hence, BRX5 can be assumed to be zero. The final bias

error for each measured resistance is presented in Table 4.1. The total bias limit in resistance

ranged from 0.640% (at 1.25 m/s) to 0.168% (at 2.5 m/s) of the average measured resistance.

During each test, the temperature was measured using a mercury-in-glass thermometer with

an accuracy of ±0.1◦C. With regard to the density bias error calculations, this error consists of

three components. The first component is related to the calibration and is equal to Bρ1=0.0133

kg/m3. The second component is related to the conversion of temperature to density and is

equal to Bρ2=0.0769 kg/m3. The third component is zero (Bρ3=0), since, the density was

calculated according to the measured temperature. Hence, the total bias limit for density is

Bρ= 0.078 kg/m3. Finally, with regard to the viscosity, the first component of the bias limit is

related to the calibration and is equal to Bν1=3.199 × 10−9 m2/s. The second component is

related to the difference of the viscosity values given by the table in ITTC [121] and the fitting

curve of the temperature/density data and was found equal to Bν2= -9.01 × 10−10 m2/s. Hence,

the total bias limit for viscosity is Bν=3.323 × 10−9 m2/s. With regard to error estimation of

the wetted surface, in flat plate towing tests no wetted surface changes are considered. Hence,

no wetted surface error is taken into consideration.

Following the ITTC [119] guidelines, the total bias limit for total resistance coefficient (BCT)

of the smooth plate is presented in Table 4.2. The total CT bias ranged from 0.658% to 0.224%

of the value of CT.

Table 4.2: Total uncertainty limit for total resistance coefficient of the experimental setup

Average speed Average CT BCT PCT UCT

1.247 0.0061 3.99E-5 1.28E-5 4.19E-5
1.498 0.0060 2.84E-5 1.15E-5 3.06E-5
1.751 0.0059 2.17E-5 1.59E-5 2.69E-5
2.003 0.0059 1.75E-5 5.54E-8 1.75E-5
2.254 0.0058 1.47E-5 5.42E-6 1.57E-5
2.506 0.0057 1.28E-5 3.93E-5 4.13E-5
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The precision limit of total resistance coefficient is given by the following formula:

PCT
=

√
KSDevCT√

M
(4.18)

In Eq. (4.18), K is a coverage factor usually taken equal to two [119, 120, 122] and M is

the number of test repetitions. The largest value of the precision limit error (PCT) was at 2.5

m/s and was 0.690% of CT. The high speed error can be partially justified as small deflections

occurred at this speed. These variations could also arise from the limited test repetitions.

Hence, more repeatability tests would cause a significant decrease in PCT. This is the main

reason that tests were not conducted at higher speeds, although it was desirable to achieve even

higher Reynolds numbers.

Finally, the expanded uncertainty of CT (Fig. 4.3), as proposed by Delen and Bal [122] is

given by the following equation:

CT = CT ± UCT
(4.19)

where UCT
is the total uncertainty.

Figure 4.3: CT values with error bars for the speed range 1.25 m/s -b�“ 2.5 m/s. (Bias error
ranged from ±0.658% at lowest Reynolds number to ±0.224% at highest Reynolds number,

for the presented data. Precision uncertainty ≤ ±0.690%)

4.2.3 Ship model towing tests

The model towing tests were performed during the Diploma Thesis of Korfiatis [92]. The

model used for the resistance measurements was a bulk carrier at scale 1/35, while the general

particulars for both the model and the ship are presented in Table 4.3.
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Table 4.3: General particulars for ship and model for heavy ballast and full load departure
conditions

Heavy ballast Full load departure
Particulars Symbol Units Ship Model Ship Model

Waterline length LWL
m 179.880 5.139 183.200 5.234

Waterline breadth BWL
m 23.700 0.677 23.700 0.677

Mean draft Tm m 7.250 0.207 10.150 0.290
Displacement ∆ t 25996 591.500 37290 848.500

Trim t ◦ 0.000 0.000 0.000 0.000
Wetted surface S m2 5720.900 4.670 6883.900 5.620

Block coefficient CB 0.820 0.820 0.820 0.820
Water plane coefficient CW 0.872 0.872 0.872 0.872

Prismatic coefficient CP 0.825 0.825 0.825 0.825

The dynamometer used for the experiments was a Kempf and Remmers R47 resistance

dynamometer, with average load range towards the x-direction equal to 25 kg and maximum

load equal to 37.5 kg. A ±10 V voltage range was used for the measurements. The sensors and

digitization of data was similar to the R35 dynamometer used for the flat plate towing tests.

The dynamometer was attached longitudinally at the center of buoyancy (LCB) and vertically

at the center line (CL).

The towing tests were performed for two different loading conditions, namely heavy ballast

and full load departure. For every loading condition the hull was examined smooth and covered

with 40 and 80–grit sandpapers (Fig. 4.4b), respectively. The towing tests were performed for

13 speeds ranging from Froude number (Fn) 0.072–0.20, according to Froude similarity between

ship and model scale. In Fig. 4.4a, the plate covered with sandpapers is also presented.

Figure 4.4: a) Flat plate and b) ship model entirely covered with sandpaper
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4.3 Results and discussion

4.3.1 Flat plate towing tests

4.3.1.1 Effect of tension wires on smooth plate resistance

The effect of tension wires on total resistance is presented in Figure 5a. As can be seen from the

graph, the tension wires resistance accounted for 48% of the total measured resistance at 2.5

m/s. The tension wire resistance, if not subtracted, would cause a significant increase in smooth

plate total resistance coefficient, as presented in Figure 5b. More specifically, the increase in

resistance coefficient was around 28% at 0.25 m/s and reached a maximum value of 45% at 2.5

m/s.

ITTC (2002) [119] guidelines for uncertainty estimation of the measured total resistance

coefficient (Fig. 4.5b) were applied for the six highest Reynolds numbers. The overall error

ranged from 0.691% (at Reynolds number 2.09×106) to 0.268% (at Reynolds number 3.78×106)

of the measured CT. An exception to this trend was the measurement corresponding to the

highest Reynolds number (4.20×106), which exhibited an overall error of 0.726% and could

be attributed to small plate deflections, as mentioned in previous paragraph. The same uncer-

tainty percentages are applied for total resistance (Fig. 4.5a), as proposed by ITTC (2014) [123].

Determination of smooth plate resistance was attained through uncertainty propagation, af-

ter subtraction of the tension wires drag from the experimental total resistance. The overall

uncertainty in plate total resistance ranged from 1.304% (at Reynolds number 2.09×106) to

0.518% (at Reynolds number 3.78×106), while for the largest Reynolds number it was 1.440%

of plate’s total resistance. Finally, the overall uncertainty percentages for the last six data of

the resistance coefficient were similar to the uncertainties of the total resistance [123], while

the error bars are presented in magnification in the inset graph of Fig. 4.5b.

Figure 4.5: Smooth plate a) total resistance and b) total resistance coefficient before and after
subtraction of tension wires resistance. Error bars presented for the six highest Reynolds

numbers. (Overall uncertainty in CT before subtraction of tension wires drag: ≤ 0.726%; after
subtraction of tension wires drag: ≤ 1.440%, with the error bars presented in magnification in

inset graph)

84



4.3.1.2 Effect of trip wires on smooth plate resistance

Resistance measurements were performed on the smooth plate using various trip wires of dif-

ferent diameter, in order to determine the optimum turbulent stimulator in the entire Reynolds

range (Liarokapis et al. [124]). Wires of 0.8, 0.9, 1, 1.128 and 1.3 mm in diameter were tested

progressively. The total resistance coefficient curves for each wire are presented in Fig. 4.6a.

The four values appearing in the frame correspond to resistance values at 0.25 m/s and imply

transitional flow. Despite these data, however, the curves corresponded to turbulent flow. The

best stimulation was attained with the wire of 1.3 mm in diameter, as it seemed to behave

better at low speeds. Following the instructions of ITTC, the 0.8 mm trip wire was supposed

to stimulate properly for speeds higher than 0.8 m/s, while the 1.3 mm stimulator for speeds

higher than 0.4 m/s. On the other hand, using bigger trip wire diameters would restrain the

highest speeds of the experiments (i.e. for 13.6◦C a trip wire of 1.6 mm diameter stimulates

efficiently the flow up to 1.5 m/s, according to ITTC). Nevertheless, the selected trip wire was

closest to the Schoenherr line (4%) for the entire speed range (Fig. 4.6b). The fitted curve for

these data was used as the smooth plate friction line.

Figure 4.6: Smooth plate total resistance coefficient for a) all the tested trip wires and b) for
the optimum turbulence stimulator. The experimental data for the six highest Reynold

numbers are presented with error bars. The inset graphs present these data in magnification.
(Overall uncertainty ≤ 1.501% for all trip wires, calculated for the six highest Reynolds

numbers)

From a physical point of view, as the diameter of a trip wire increases, an increase in

friction resistance is expected. In strictly statistical terms, though, the error bars could mask

this difference and cause confusion, especially in lack of a sufficient amount of repeatability

tests. However, calculation of the statistical differences of total resistance coefficients between

the selected trip wire (1.3 mm) and either of the other examined stimulators revealed that

they were statistically significant especially in the higher Reynolds numbers, which are of most

significance. The statistical differences between the 1.3 mm wire with the 0.8 mm and 1.128

mm stimulators, respectively, are presented in Fig. 4.7.
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Figure 4.7: Calculation of the difference between the total resistance coefficient of the 1.3 mm
trip wire with a) the 0.8 mm wire (uncertainty range: 20.24%–71.50%) and b) the 1.128 mm
stimulator (uncertainty range: 14.30%–81.77%), for the examined speed range. (Uncertainty

ranges refer to the statistically significant differences)

As can be seen from Fig. 4.7, the calculated differences exhibited uncertainties with positive

lower limit, for Reynolds numbers of 2.1×106 and higher, which correspond to fully turbulent

flow. The positive value of the lower uncertainties in this Reynolds range is a strong indi-

cator of statistical significance, implying that the CT values of these trip wires could not be

equal. The above argument could be further supported by comparing the values of the CT

differences with their respective uncertainties (for the positive uncertainties). More specifically,

with regard to the first couple (Fig. 4.7a), the calculated differences were found to be 1.40 (at

Reynolds=2.93×106) to 4.94 (at Reynolds=3.36×106) times larger than their respective uncer-

tainties, ensuring that for the measured CT values we could be over 68% (over one standard

deviation) confident that are actually different. Similarly, for the second couple (Fig. 4.7b),

the CT differences were 1.22 (at Reynolds=2.1×106) to 6.99 (at Reynolds=3.36×106) times

larger than their uncertainties, implying a confidence level that initiates above 68%. Similar

findings were noticed for the other two couples, 1.3 mm–0.9 mm and 1.3 mm–1.0 mm, as well.

The former exhibited statistically significant differences for Reynolds numbers of 2.1×106 and

higher, while the latter for Reynolds numbers of 1.66×106 and higher. As a result, it could be

concluded that, in the higher Reynolds numbers, the experimental CT values obtained during

flat plate tests with various trip wires were actually different and could not be attributed to

chance.

4.3.1.3 Plate entirely covered with sandpapers

The sandpaper experiments caused a significant increase in measured total resistance compared

to the smooth plate (Fig. 4.8a). The added resistance for the 40-grit sandpaper was around 26

N at 2.5 m/s and around 16 N for the 80-grit sandpaper at the same speed. The total increase

in resistance compared to the smooth plate is presented in Fig. 4.8b. As can be seen from the
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graph, the resistance increase was apparent until 2 m/s and then it was stabilized at 76% for

the 40-grit and at 45% for the 80-grit sandpaper.

Figure 4.8: a) Total frictional resistance of the flat plate covered with sandpapers (overall
uncertainty range: 0.40%–1.17%) and added sandpaper resistance (uncertainty range; 40-grit:
1.11%–3.41%, 80-grit: 1.56%–6.02%) and b) percentage increase of frictional resistance due to

the sandpapers (uncertainty range; 40-grit: 1.23%–3.65%, 80-grit:1.64%–6.16%)

Overall uncertainty estimation for added sandpaper resistance is presented in Fig. 4.8a,

for the six highest Reynolds numbers. The percentage uncertainty in total resistance was

similar for smooth and rough condition, since the experimental setup and the environmental

factors were not altered. The uncertainty for added resistance of the examined sandpapers

was calculated through uncertainty propagation method for differences. For the 40-grit sand-

paper the added resistance uncertainty ranged from 1.11% (at Reynolds 3.83×106) to 3.41%

(at Reynolds 2.11×106), while for the 80-grit sandpaper it ranged from 1.56% (at Reynolds

3.83×106) to 6.02% (at Reynolds 2.11×106). Finally, the uncertainties of the percentages in

Fig. 4.8b were calculated making use of the uncertainty propagation method, as well. For the

40-grit sandpaper the uncertainty ranged from 1.23% to 3.65%, at the same Reynolds numbers

as the previously reported for Fig. 4.8a for the same grit, while for the 80-grit sandpaper the

uncertainty ranged from 1.64% to 6.16%, for the same Reynolds numbers as for Fig. 4.8a, as

well.

4.3.1.4 Uniform sand roughness height (ks) calculation from Schlichting diagram

In order to proceed with the calculation of the roughness function for each of the examined

sandpapers, it was crucial to calculate a proper roughness length scale. To this purpose, firstly,

the total resistance coefficient for each sandpaper-grit was plotted against the Reynolds number,

along with the smooth plate for comparative reasons (Fig. 4.9a). The shape of both rough

curves followed Nikuradse’s resistance formula for rough pipes, exhibiting the characteristic

dip of the transitionally rough regime of uniformly rough surfaces [95, 97, 98], with the 40-

grit sandpaper displaying the inflection at an earlier stage. The behavior of the sandpapers
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indicated their homogenous roughness nature, hence, their roughness scale could be described

by the uniform sand roughness height, ks, as defined in Nikuradse [98] and Schlichting [99].

Figure 4.9: a) Total resistance coefficient for both examined sandpapers and b) ks calculation
from Schlichting resistance formula for sand-roughened plate (Overall uncertainty in CT: ≤
0.726% for smooth condition and ≤ 1.17% for rough condition, calculated for the six highest

Reynolds numbers)

The plateau-like behavior of the last four data (Fig. 4.9a) made it possible to apply Schlicht-

ing’s [99] diagram for the resistance formula of sand-roughened plate in the fully rough regime,

in order to calculate the value of ks (Fig. 4.9b). The ks values for the 40 and 80-grit sandpapers,

as calculated by the respective l/ks values, where l the length of the plate, were 477 X’Om and

229 X’Om, lying in close proximity to the nominal average particle diameter values (Ra) of 425

X’Om and 201 X’Om, respectively. Hence, despite the difference between the mono-disperse

nature of Nikuradse sand and the poly-disperse nature of the sandpapers [108], the results

verified the homogenous roughness pattern of the sandpapers.

Statistical validity of the experimental data presented in Fig. 4.9 was confirmed through

calculation of the differences between the total resistance coefficients of the smooth plate with

each rough condition, as well as between the two rough conditions. The procedure was similar

to the one followed for the trip wires and the results are presented in Fig. 4.10.

As can be seen from Fig. 4.10, the uncertainties obtained for the differences in CT between

the smooth condition and plate covered with 40-grit sandpaper were all positive. Moreover, the

calculated CT difference ranged from 2.87 (at lowest Reynolds number) to 94.21 (at Reynolds

3.78×106) times the value of the corresponding uncertainties, indicating a confidence interval

initiating from almost three standard deviations, hence larger than 99.7%. Consequently, it

is almost certain that the observed values could not be equal. Same observations hold for

the differences between the smooth plate and the 80-grit sandpaper. In this case, the CT

difference ranged from 3.54 (at Reynolds 8.26×105) to 68.01 (at Reynolds 3.78×106) times the

values of their uncertainties, indicating once more a certainty about these experimental data

being different. Only the difference corresponding to the lowest Reynolds number exhibited

a lower boundary limit equal to zero, hence there is a possibility that these two values were
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Figure 4.10: Calculation of the difference between the total resistance coefficient of the
smooth plate with a) the 40-grit sandpaper (uncertainty range: 1.06%–37.30%) and b) the

80-grit sandpaper (uncertainty range: 1.47%-28.22%), for the examined speed range.
(Uncertainty ranges refer to the statistically significant differences)

equal. Finally, all the differences between the two rough conditions exhibited positive lower

boundaries for the whole examined Reynolds range (corresponding to carriage speed ≥ 0.5 m/s)

with minimum confidence over 68%.

4.3.1.5 Roughness functions and correlation with Nikuradse results

The calculated ks was used in Granville’s [101] equations for the calculation of roughness func-

tion (∆U+) and roughness Reynolds number (k+). The procedure is presented in Fig. 4.11a.

For comparison, the Nikuradse data [98] for the corresponding roughness heights ks=200 X’Om

and ks=400 X’Om, along with the Prandtl-Karman equation for smooth pipes, as presented

in Granville [101], are also showed. The fitted lines of the experimental data were used to

better represent the similarity of the corresponding curves between the experimental and the

Nikuradse data. Uncertainty propagation method was performed, in order to obtain the overall

uncertainties of the last six data after applying Granville method. The error for the smooth

condition ranged from 0.26% to 0.72%, for the 40-grit condition from 0.20% to 0.55% and for

the 80-grit condition from 0.21% to 0.58%, of the calculated y-value depicted in Fig. 4.11a.

The same procedure was followed for estimation of the roughness functions of 40 and 80-grit

sandpapers presented in Fig. 4.11b. The total uncertainty in ∆U+ for the former ranged from

±0.090 to ±0.250 and for the latter from ±0.096 to ±0.266. The average values from both

sandpapers made an overall uncertainty in ∆U+ of ±0.171 or 2.9%.

The experimental roughness functions exhibited a Nikuradse behavior (Fig. 4.11b) [103].

Both functions lay on the same line, similarly to Nikuradse roughness functions and indicated

transitionally rough regime, as was noticed in Fig. 4.9a. This was also verified by the maximum

k+ value which was found to be equal to 48 and, according to Schlichting [99], denotes this

regime. Nevertheless, the asymptote of the universal roughness function, which denotes fully

rough regime, initiates above the value of 70, supporting the aforementioned hypothesis.

89



Figure 4.11: a) Granville method for calculation of roughness functions for experimental and
Nikuradse (1933) data of similar ks (mean overall uncertainties for last six data; smooth:
0.47%, 40-grit: 0.37%, 80-grit: 0.40%) and b) the calculated roughness functions (mean

overall uncertainty in ∆U+ for last six data of both conditions: ±0.171)

However, the experimental functions were on the left side of Nikuradse universal roughness

function and a factor of 1.7 would collapse the data on the Nikuradse curve (Fig. 4.12). Similar

behavior has been reported by Schultz and Flack [96] for sharp roughness elements of steep

slope. The distance between the experimental and Nikuradse universal roughness function

could be attributed to the poly-dispersity of the sandpapers [108]. As a result, the average

particle size used for the calculations could be an underestimation of the actual roughness

pattern of the sandpaper, hence, this factor accounts for the grains of higher size. A factor of

0.75 has been proposed by Schultz and Myers [103] when the maximum roughness height (Rt)

is used as the characteristic roughness length scale, because in this case the roughness pattern

is overestimated.

The factor of 1.7 collapsed well the experimental roughness function data on the universal

roughness function for both regimes, even though this is not always guaranteed [95]. The

collapse on the Nikuradse curve revealed that the last two points of the 40-grit sandpaper lay

on the fully rough regime, since they exhibited k+ values of 74 and 82, respectively, in contrast

to the observations made before their transfer. This fact suggests that a proper comparison

for the two sandpaper grits can be performed only if both lie onto the Nikuradse curve. From

the comparison it became apparent that the 80-grit sandpaper lay entirely on the transitionally

rough regime, in accordance to the observations before transfer. The difference between the

two sandpapers became even more obvious through the last five data from each curve, since

the rougher sandpaper lay clearly ahead the smoother grit.

The above observations suggest that, in order to draw right conclusions with regard to the

proper roughness length scale (ks) and the flow regime of different roughness patterns, it is

important to collapse their roughness functions onto the Nikuradse curve. Also, from the same

study it became apparent that even though the shape of the friction resistance curves (Fig. 4.9a)

implied uniform roughness, which in turn led us use Schlicting’s diagram for uniform roughness
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Figure 4.12: Collapse of the experimental data on uniform sand roughness function for the
final value of ks=1.7Ra (mean overall uncertainty in ∆U+ for last six data: ±0.171)

assuming fully rough regime and, finally, calculate a ks similar to the nominal Ra value of the

sandpaper, it was finally proven that the equivalent sand roughness height was 1.7 times the

initial estimation of ks. Since the initial estimation of ks was driven by the assumption of

uniform roughness, it was somehow expected to end up to the equivalent sand roughness height

of the sandpaper. As a result, the poly-dispersity of surfaces that are commonly considered as

uniformly rough should always be kept in mind, even if the data imply mono-dispersity.

4.3.2 Ship resistance calculation

4.3.2.1 Model based extrapolation methods for smooth hull

The smooth model towing tests were performed for Froude number values of 0.072 to 0.20 in

heavy ballast (HB) (Fig. 4.13a) and full load departure (FLD) (Fig. 4.13b) conditions [92].

For each loading condition the total ship resistance coefficient (CT,S) was calculated using two

methods, namely the Froude [109,110] and ITTC 78 method [111].

The data referring to the model tests were derived from the Diploma Thesis of Korfiatis

[92]. Uncertainty analysis concerning model testing in the Laboratory of Ship and Marine

Hydrodynamics (LSMH) of NTUA has been previously investigated [125] and was found to be

up to 2% of CT for a speed of 1.5 m/s.

With regard to the ITTC 78 method, Prohaska’s method was applied in the Froude range

of 0.12 to 0.20, in order to determine the form factor, k [111, 114]. As a result, the first four

measurements were excluded from form factor calculation, since they corresponded to Froude

numbers smaller than 0.12. Due to the full hull form of the model (CB >0.8), the quantity of

CT/CF was plotted versus Fn6/CF, in order to avoid a concave shape of the curve [115]. The
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Figure 4.13: Froude method for smooth hull total resistance coefficient for a) heavy ballast
and b) full load departure conditions (overall uncertainty in model CT at 1.5 m/s ≤ 2%)

value of 1+k was found to be 1.2915 and 1.3087 for each condition, respectively. As regards

the methodology for the HB condition, the first four measurements lay below the Prohaska

linear fitting curve, leading to negative wavemaking resistance coefficient (CW) values. As a

result, these measurements could not be extrapolated to ship scale (Fig. 4.13a). Finally, for the

calculation of the correlation allowance including roughness effects (∆CF), a value of ks=150

X’Om was used for the average hull roughness. The ITTC 78 method was repeated using

Townsin’s formula for ∆CF [112,113].

The model total resistance coefficient (CT,M) curve exhibited the highest values due to the

significantly higher friction coefficient values of the ITTC 57 correlation friction line in the

lower Reynolds numbers. With regard to the Froude and ITTC 78 methods, the traditional

extrapolation seems to overestimate the CT,S, because it assumes that all the non-frictional

parts of total resistance scale according to Froude’s law, while the latter method assumes that

only for the wavemaking resistance, while for the viscous resistance assumes scaling according

to Reynold’s law [110]. Moreover, as can be observed from Fig. 4.13b, the ITTC 57 correlation

friction line for the selected 1+k value for the FLD condition is tangential to the inflection

point of the CT,M curve. Similar behavior, but not as profound has been observed for the HB

condition, as well (Fig. 4.13a). Finally, when applying the roughness allowance proposed by

Townsin the CT,S curve is tangential to the friction correlation line for the selected value of 1+k,

similarly to the model CT,S curve. On the other hand, using the Bowden-Davidson correlation

allowance the curve lies higher, representing a rougher condition.

With regard to the model resistance in the two loading conditions, an average increase of

3.11% in CT,M was noticed in the FLD condition compared to the HB. With regard to HB

condition in ship scale, the Froude method led to 24.05% higher resistance than the ITTC 78

method for the first point of extrapolation (Re=8.03×108) and 14.29% for the last point at

Reynolds 1.36×109. For the FLD condition, the difference was 28.42% at Reynolds 4.91×108

and 14.51% at the highest Reynolds value of 1.39×109. With regard to the two versions of

ITTC 78 in HB condition, the common methodology using Bowden-Davidson formula for ∆CF
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led to 13.20% higher estimation of CT,S compared to Townsin’s for the extrapolation point

corresponding to Reynolds 8.03×108 and 5.49% for the point of highest Reynolds number. In

the FLD condition, the corresponding differences ranged from 15.92% at Reynolds 4.91×108

to 5.09% at Reynolds 1.39×109. The calculated CT,S values for the FLD condition, using the

common ITTC 78 method, were in average 1.82% higher than the respective values in the HB

condition, for similar Froude values. On the contrary, by applying the Froude method, the FLD

CT,S values were on average 2.55% higher than the HB condition.

4.3.2.2 Comparison of flat plate and model based extrapolation methods for rough
hull

Figure 4.14: Comparison of flat plate and model based extrapolation methods in calculated
ship resistance for rough hull for a) heavy ballast and b) full load departure conditions

(overall uncertainty in model CT at 1.5 m/s ≤ 2%)

In Fig. 4.14 three extrapolation methods are presented, based on the resistance data from

rough flat plate and rough model towing tests. All methods considered the same roughness

height between plate, model and the ship for each rough condition. The first method included

prediction of ship total drag coefficient from rough flat plate towing tests based on Granville’s

similarity law analysis [94], which is described also in Schultz [109]. The other two methods

are proposed herein and were based on Schlichting [99] resistance formula for sand roughened

plates and are a variation of Froude method. More specifically, the methodology follows Froude

law for residual resistance, but, instead of using ITTC 57 friction correlation line for CF, the

Schlichting diagram is used, where the correlation line is the line of constant l/ks. In the first

version of the method the line of l/ks as calculated from flat plate towing tests (Fig. 4.9b)

is kept constant in both model and ship Reynolds numbers. In the second version, the line

of l/ks from flat plate towing tests was used for calculation of CF in model scale, while the

extrapolation in ship scale was based on the line of Ls/ks, where Ls the ship length for each

loading condition (Table 4.3).

The results from all the extrapolation methods applied, for both the HB and FLD condi-

tions are presented in Fig. 4.14a and 4.14b, respectively. As can be seen from the graphs,
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the Schlichting method using constant l/ks in both scales predicted the highest values of CT,S,

followed by Granville method and, finally, the second version of Schlichting method predicted

the lowest values. With regard to the 40-grit sandpaper in HB condition, the CT,S values pre-

dicted using the first method were in average 55.68% higher than Granville’s, 85.12% higher

than Schlichting’s second version and 99.64% higher than smooth hull CT,S as calculated using

Froude method. The respective values for the 80-grit sandpaper in the same loading condi-

tion were 44.37%, 94.65% and 73.50%, respectively. With regard to the 40-grit sandpaper in

FLD condition, the respective values were 56.24%, 79.67% and 98.30%, while for the 80-grit

sandpaper were 40.22%, 96.20% and finally 67.12%. The two versions of Schlichting method

provided an upper and lower limit for CT,S, even though the CT,S values corresponding to 80-

grit sandpaper roughness height exhibited values smaller than the smooth hull, when applying

the second version of Schlichting method.

The extrapolation methods could also be characterized by the difference between the 40 and

80-grit CT,S results, compared to the initial differences in laboratory scale. More specifically,

with regard to the flat plate tests, the 40-grit CF was in average 19.76% higher than the 80-

grit. This difference was translated as 6.66% higher CT,S in HB condition and 6.46% in FLD

condition, by using Granville’s method. With regard to the respective differences in CT,M in

model scale, the 40-grit sandpaper was 20.94% higher than the 80-grit in HB and 23.80% in

FLD condition. The corresponding differences in CT,S for the first version of Schlichting method

were 15% and 18.63%, that is around 5% smaller difference in both loading conditions, whereas

the second version for the HB condition was closer to the initial difference in laboratory scale

with 20.86% difference, while for the FLD condition the difference was 29.47%, that is 5.67%

higher than the laboratory scale.

4.4 Conclusions

The main objective of the present investigation was to gain an insight with regard to the resis-

tance components of rough surfaces in large scale. To this purpose, flat plate and model towing

tank tests on rough surfaces were performed in the laboratory and extrapolation to ship scale

was attempted. The results from the rough flat plate were extrapolated according to Granville

method, while the results from the rough model were extrapolated based on Schlichting’s for-

mula for sand roughened plate. With these experiments, data were provided with regard to the

resistance components in rough condition, in order to get an insight of ship’s CF, and, finally

be able to estimate ship’s CP. In order to ensure trustworthy results from the flat plate tests

in rough condition, a thorough examination of the flat plate setup in smooth condition was

initially performed and presented also in this study.

� Flat plate tests on a very thin plate of 3 mm thickness were performed. The novelty

arising from the very small thickness of the plate required the design and construction of

a whole new experimental setup presented in this study.
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� With regard to the flat plate towing tests, the tension wires resistance was significant and

accounted for 48% of total measured resistance at 2.5 m/s necessitating its subtraction

for correction purposes ever since. From the series of trip wires examined, the 1.3 mm trip

wire was found to satisfactorily stimulate the flow in the whole examined speed range.

� With regard to the rough plate experiments, the resistance increase compared to the

smooth plate was 76% for the 40-grit and at 45% for the 80-grit sandpaper for speeds

over 2 m/s. The shape of the friction resistance curves for both sandpapers was indicative

of uniformly rough sand surfaces in the transitionally rough regime, in accordance to

Nikuradse experiments. These results verified the validity of the experimental data and

hence, of the newly designed experimental setup. This allowed the use of Schlichting’s

resistance formula for sand roughened plates, in order to make an initial estimation of the

equivalent sand roughness length scale, which was similar to the nominal average particle

diameter of the sandpaper. The roughness functions exhibited a Nikuradse behavior,

while a factor of 1.7 collapsed the data onto the universal roughness function revealing

that the last two data of the 40-grit roughness function lay on the fully rough regime and

that the equivalent sand roughness height was 1.7 times the nominal average roughness,

designating the polydispersity of the sandpapers.

� With regard to the model towing tests on smooth hull, a detailed presentation of the

Froude and ITTC 78 methods was performed for two loading conditions. The Prohaska’s

method in ITTC 78 methodology required the use of sixth power, in order to calculate

the form factor, due to the full hull form of the model. However, for the heavy ballast

condition the first four data could not be extrapolated to ship scale. The traditional

Froude method led to around 15% higher total resistance coefficient compared to the

ITTC 78 method for both heavy ballast and full load conditions, at the highest Reynolds

number, which is attributed to the different scaling background of the methods.

� A comparison of the most commonly applied formulas for correlation allowances in both

extrapolation methods was presented. The Bowden-Davidson formula for correlation al-

lowance led to approximately 5% higher total resistance coefficient in both loading condi-

tions and at the highest Reynolds number, compared to Townsin’s formula for roughness

allowance.

� With regard to the model towing tests in rough condition, a newly proposed extrapola-

tion method based on Schlichting diagrams of sand roughened plates was applied. This

method, when using plate’s l/ks as friction correlation line predicted the highest total re-

sistance coefficient in ship scale, followed by the Granville method, while, the Schlichting

method using l/ks in laboratory scale and Ls/ks in ship scale predicted the smallest resis-

tance coefficient. Granville’s method predicts an added frictional resistance component

due to roughness, which is added to the smooth hull total resistance coefficient, while the
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proposed method predicts the total resistance coefficient by applying Froude methodol-

ogy in rough condition. The two versions of the newly proposed methodology based on

Schlichting diagrams provided an upper and lower limit in the predicted ship resistance

coefficient.
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Chapter 5

Experimental investigation of paint
roughness on ship resistance using flat
plate towing tests

Abstract

Flat plate tests in painted condition were performed and extrapolation to ship scale was at-

tempted. In total, all the five different experimental and commercial antifouling (AF) systems

of silicone, polyurethane and acrylic formulation were examined (Ref. Si, Exp. Si, Acrylic, Exp.

PU1, Exp. PU2). The towing tank tests were performed in the range of 0.75-2.5 m/s, with a

step of 0.25 m/s. The silicone and polyurethane formulations exhibited similar hydrodynamic

behavior, fluctuating around the smooth condition, whereas the acrylic system exhibited the

highest resistance increase of all. Roughness function calculation was based on Ra and correla-

tion with the Colebrook-type roughness function was feasible for all systems, when the proper

multiplication factor was applied to Ra.

5.1 Introduction

Marine structures, such as ships or platforms, are vulnerable to biofouling, i.e. the attachment

of marine fauna and flora on the submerged part of their surface [6]. When it comes to ships,

the ship bottom area is threatened by biofouling with adverse structural, environmental, hy-

drodynamic and economic effects. It is noteworthy that even small scale fouling (slime) can

cause an increase in skin friction drag [38], while intense fouling could cause 40% increase in

fuel consumption and 77% increase in total voyage cost [39,40]. Fouling effect on drag is more

profound in lower speeds, where the frictional resistance is predominant [109]. For these rea-

sons, application of an efficient antifouling (AF) and anticorrosion protection painting system

is required, which will provide a hydrodynamically smooth surface, leading to minimized drag

and fuel consumption [126].

Among the most commonly applied antifouling systems are the tin-free biocide-containing

self-polishing copolymers (SPC-chemically active AFs) and the foul release systems (FRS-non-

toxic AFs) [127]. In the former category the biocide is mixed into the polymeric matrix and
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both are released into the water via hydrolysis. Representatives of this category are acrylic

copolymers as a matrix and cuprous oxide (Cu2O) as a biocide. The latter category contains

no biocides and its AF protection arises from the low surface tension between paint and fouling

agent. Polydimethylsiloxane (PDMS) silicone elastomers are widely used for this purpose [103,

128].

Examination of the roughness effect of a freshly painted flat plate on friction resistance has

been performed by Schultz [107] and Candries [102, 129]. Both studies concluded that the FR

systems exhibited lower frictional resistance overall than the examined SPC systems, while all

systems presented higher roughness and friction resistance than the unpainted smooth plate.

The maximum increase in resistance of a freshly painted plate, compared to the unpainted

condition could reach up to 8% [107].

The roughness effect of a freshly painted or fouled plate can be expressed through calculation

of the roughness function (∆U+) [101] ,which was also analyzed in Chapter 4. The value of

the roughness function can then be applied in the similarity law proposed by Granville [94], in

order to predict the added frictional resistance component in ship scale (∆CFs), which is then

added to the bare hull total resistance coefficient (CT), as calculated by applying the Froude

method [109]. The roughness function expresses a downward shift in the log–law region of the

mean velocity profile [95], arising from increased momentum deficit, due to roughness [96, 97].

The roughness function is a function of the roughness nature and roughness Reynolds number

k+ [96].

A very important parameter in this methodology is the roughness length scale, k. For

uniformly rough surfaces, such as sandpapers, the equivalent sand roughness height (ks) is

the appropriate roughness length scale to be specified, because for this value the experimen-

tal roughness function data collapse onto the Nikuradse universal roughness function in the

fully rough regime [95, 100], while for arbitrarily rough surfaces, such as painted surfaces, the

appropriate length scale is the one that collapses the data onto the Colebrook-type roughness

function [103] (presented in Eq. 4.1).

In the present study, towing tests on a flat plate painted with each one of the commercial

and experimental antifouling systems examined in this thesis (Ref. Si, Exp. Si, Acrylic, Exp.

PU1 and Exp. PU2) were performed and the resistance coefficient for each case was calculated

for Reynolds numbers 1.26×106 – 4.2×106. The aim of the present study was to examine if

there would be any differences in flat plate resistance using different painting systems. An-

other purpose of this study was to calculate the roughness function of each painting system

and determine potential correlation with common theoretical roughness functions, such as the

Colebrook-type roughness function. Correlation with theoretical roughenss functions is crucial

in terms of CFD modelling of the effect of arbitrary roughness in ship scale.
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5.2 Experimental methods and materials

5.2.1 Flat plate experimental setup

The experimental setup for the flat plate towing tests has been presented in Sec. 4.2.1 of

Chapter 4.

5.2.2 Towing tank tests on painted flat plate

During these tests, the plate was painted with each one of the commercial and experimental

antifouling systems examined in this study, namely the Ref. Si, Exp. Si, Acrylic, Exp. PU1

and Exp. PU2 formulations. For comparative purposes smooth plate experiments were also

performed. During both experiments in smooth and painted condition a flow stimulator of

diameter 1 mm was applied at the fore part of the plate, at distance equal to 5% of plate’s total

length.

Application of each coat was performed with a 2.2 mm nozzle spray gun, under 8 bar pres-

sure, according to manufacturer’s specifications from an expertice technician. The polyurethane

(PU) topcoats were applied on top of a primer. With regard to the silicone coatings, their ap-

plication necessitated the use of a tie-coat, in order to attain adequate adhesion between the

elastomeric topcoat and the aluminium surface. After application of each coat, thickness and

roughness measurements were performed at both sides of the plate. The roughness measure-

ments were performed with a TR100 Surface Roughness Tester, using a cutoff length of 2.5 mm

and measuring the average surface roughness (Ra). Thickness measurements were performed

with a Wilson-Wolpert WCG 200/210 thickness gauge. Twenty five measurements per side

were performed and their average values are presented in Table 5.1.

Table 5.1: Mean roughness and thickness measurements of the painting systems

System Thickness Roughness (Ra)
(µm) (µm)

Exp .PU1 107.40 0.94
Exp. PU2 146.80 1.37

Acrylic 195.38 2.15
Exp. Si 59.90 1.87
Ref. Si 92.16 1.55

Smooth plate 0.41

The roughness distribution of the coating systems is presented in Fig. 5.1. The box plot of

Fig. 5.1a was constructed, in order to compare the roughness range of the different systems and

gain an insight with regard to the roughness values with the highest frequency. The frequency

polygon of Fig. 5.1b was constructed after selecting six classes to classify the 50 roughness

measurements of each coating system.

With regard to the boxplot of Fig. 5.1a, the values within the limits of the box represent

the 50% of the measurements, while the horizontal black line inside each box represents the

median of each data set. The lower and upper quartiles correspond to 25% and 75% of the
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Figure 5.1: a) Box plot and b) frequency polygon presenting the roughness distribution of the
examined coating systems

observed measurements, respectively. The box plot can provide an insight with regard to the

distribution of the roughness measurements. With regard to the experimental PU1, PU2 and

the acrylic systems, the 50% of the data above the median exhibited wider distribution than the

data below this value. This implied a slight positive skew in the respective histograms of these

systems (Fig. 5.1b). The silicone systems exhibited a more symmetrical behavior. However, in

either case, the smooth shape of the roughness histograms, consisting of one main peak, without

long tail-ends and plateaus, indicated the successful application of the painting systems using

a spray gun [102]. The condition of the plate after examination of the experimental PU2 and

the acrylic system is presented in Figs. 5.2a and 5.2b, respectively.

Figure 5.2: Plate painted with a) the experimental polyurethane (2) and b) the acrylic
self-polishing copolymer painting schemes

5.3 Results and discussion

5.3.1 Plate painted with AF paints on the whole surface–Resistance
results

The results for total resistance coefficient for the examined AF systems are presented in Fig.

5.3. It should be mentioned that all the presented points lay on the turbulent region. The

measurements at 0.25 m/s and 0.5 m/s were omitted, since they corresponded to transitional

rather than turbulent flow. With regard to the smooth plate, a curve similar to Schoenherr’s

line was used to fit the data.
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Figure 5.3: Total resistance coefficient versus Reynolds number for a) the polyurethane and
acrylic based coatings and b) the silicone based coating systems (Uncertainty range for last

six data:0.53%–1.50% for all conditions)

The resistance measurements of the polyurethane experimental systems indicated that

hardly any effect in resistance was caused by any of the systems (Fig.5.3a). More specifi-

cally, Exp. PU1 formulation exhibited CT values smaller than the unpainted plate at 1 m/s

(-1.74%), 1.25 m/s (-0.31%), 1.5 m/s (-0.42%) and at 2 m/s (-2.15%). With regard to the Exp.

PU2 paint, resistance values smaller than the unpainted condition were measured at 0.75 m/s

(-1.23%) and at 2 m/s (-1.87%). Finally, the acrylic system exhibited resistance increase at the

whole Reynolds range, which ranged from 1.42% at 0.75 m/s to 7.06% at 2.5 m/s.

The resistance measurements of the silicone systems revealed also a smoother nature, com-

pared to the unpainted (smooth) plate (Fig. 5.3b). The biggest differences were recorded for

the speed 1 m/s (-1.75%) and 2.25 m/s (-1.46%). On the other hand, at 2.5 m/s the coating

exhibited resistance 1.03% higher than the unpainted plate. The reference silicone system ex-

hibited smaller resistance than the smooth condition at 1.5 m/s (-1.44%), at 2 m/s (-0.19%)

and at 2.25 m/s (-0.85%). At 1.75 m/s the resistance coefficient was the same as the smooth

condition. The CT defferences between each paint with the smooth condition are presented in

Table 5.2.

From Table 5.2 it can be observed that the increase in total resistance coefficient of the AF

paints, compared to the smooth condition, was rather low for most of the coatings. This is not

the case for the acrylic system, though, for which the observed resistance increases could be

considered as significant [107] for almost the whole Reynolds range. For the rest systems the

highest positive increase was noticed for the highest Reynolds number and for the experimental

PU1 system was 1.41%, for the experimental PU2 system was 2.92%, for the experimental

silicone was 1.03%, while for the reference silicone was 1.91%. The highest increase in total

resistance coefficient was obtained for the acrylic system and it was 7.06% (obtained at the

highest Reynolds number). Even though all the AF coated surfaces exhibited the highest

resistance at the highest Reynolds number, the roughness effect did not increase accordingly
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Table 5.2: CT differences [%] between painted and smooth condition, for all examined
painting schemes

Velocity Exp. PU1 Exp. PU2 Acrylc Exp. Si Ref. Si
(m/s)
0.75 0.12 -1.23 1.42 -0.91 0.54
1.00 -1.74 1.44 4.43 -1.75 1.16
1.25 -0.31 0.01 4.22 -0.71 1.04
1.50 -0.42 0.25 3.05 -0.80 -1.44
1.75 1.13 1.41 4.94 0.12 0.00
2.00 -2.15 -1.87 5.94 -0.75 -0.19
2.25 0.38 0.15 2.64 -1.46 -0.85
2.50 1.41 2.92 7.06 1.03 1.91

with increasing Reynolds number, as has also been reported by Schultz [107]. This can be

verified by the shape of the experimental curves presented in Fig. 5.1. Similar behavior has

also been observed by Candries [102], during experiments on a 2.55 m flat plate painted with

foul-release (FR) and self-polishing copolymer (SPC) painting schemes. The shape of the curve

for the SPC painted plate in that study was even more similar to the curves obtained in the

present work.

In order to come to safer conclusions with regard to the validity of the total resistance

coefficient values for each painting system, the statistical differences were measured, according

to the procedure followed in Chapter 4. It should be noted that the differences presented in

Figs. 5.4– 5.6 are the absolute differences.

Figure 5.4: Absolute values of statistical differences between the total resistance coefficient of
the smooth plate with the a) Exp. PU1 (uncertainty range: 32.53%–86.94%) and b) Exp.

PU2 (uncertainty range: 37.30%–85.99%) painted conditions (Uncertainty ranges refer to the
statistically significant differences.)

As can be seen from Figs. 5.4a and b, the statistically significant CT values for the Exp.

PU1 system were the values at 1.75 m/s (+1.13%) and 2 m/s (-2.15%). For the Exp. PU2

system, the values at 1.75 m/s (+1.41%), 2 m/s (-1.87%) and 2.5 m/s (+2.92%) could be
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Figure 5.5: Absolute values of statistical differences between the total resistance coefficient of
the smooth plate with the a) Ref. Si (uncertainty range: 76.93%–97.73%) and b) Exp. Si
(uncertainty range: 48.94%–97.18%) painted conditions (Uncertainty ranges refer to the

statistically significant differences.)

Figure 5.6: Absolute values of statistical differences between the total resistance coefficient of
the smooth plate with the acrylic painted condition (uncertainty range: 12.42%–86.44%)

(Uncertainty ranges refer to the statistically significant differences.)

considered as real experimental values and not as experimental error. A closer look at both

figures reveals that the stastically significant values follow the same trend for the polyurethane

systems, with the Exp. PU2 system exhibiting an extra value at 2.5 m/s. With regard to the

silicone systems, the Ref. Si painted plate exhibited CT values beyond the experimental error

at 1.5 m/s (-1.44%), 2.25 m/s (-0.85%) and 2.5 m/s (+1.91%) (Fig. 5.5a), whereas the Exp.

Si at 2 m/s (-0.75%) and 2.25 m/s (-1.46%) (Fig. 5.5b). Finally, the acrylic painted plate

exhibited statistically significant values for almost all speeds, except for the value at 0.75 m/s,

ensuring that the rest of the measurements were actually different from the smooth condition.

The differences observed between the different painting systems were quite small (except for

the acrylic system) and were very close to the values of the unpainted condition. The generally
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good hydrodynamic characteristics of the FR silicone systems are usually attributed to the

inherent surface properties of these paints, which exhibit a longer surface waveform [107]. The

better hydrodynamic behavior of the FR systems compared to the SPC technology observed

in the present study has also been reported by Candries [102]. Apparently, the large mean

roughness value of the SPC acrylic system compared to the polyurethane and silicone systems

could play a major role in this finding. Moreover, the leaching nature of the SPC formulation

(constantly altering the surface texture) and probably the specific surface texture of the SPC

system, could also account for the large CT differences compared to the rest of the painting

systems.

5.3.2 Roughness function calculation

In order to calculate the roughness function for each of the coating systems it is important for

the resistance in the painted condition to be larger than the smooth condition. The results

from the comparison of CT values between the two conditions (smooth and painted) did not

reveal a stable pattern, rather a behavior exhibiting fluctuations around the smooth condition.

However, comparison of the experimental data for each painted condition with the fitted

smooth curve (blue line in Fig. 5.3) would result in an average increase of 3.01% for the

Exp. PU1 system, 3.97% for the Exp. PU2 system, 1.27% for the Exp. Si, 2.76% for the

Ref. Si and finally 6.15% for the acrylic system (all percentages refer to statistically significant

differences between the fitted smooth condition and the individual CT points of each painted

ccondition). Hence, the comparison of the experimental data with the smooth fitted line results

in a mean resistance increase for all the painted surfaces, without altering the observations

made in the previous section, with regard to the hydrodynamic characteristics provided by

each paint category. Under this assumption, the statistically significant differences for each

painted condition with the smooth plate are presented in Figs. 5.7–5.9.

For the calculation of the roughness functions, the overall method of Granville [101] was

applied. The roughness functions were calculated for the points in painted condition which

exhibited statistically significant differences with the smooth condition and did not exhibit

large error bars. However, it should be noted that statistically significant differences were

calculated also for points with smaller CT than the smooth condition, as is the case of the 1.5

m/s data for the reference silicone paint (Fig. 5.8a) and the 1.25 m/s data for the exprimental

silicone paint (Fig. 5.8b). For the calculation of the roughness function, though, only the points

with larger CT values than the smooth condition were used.

The initial calculation of the roughness Reynolds number was based on the measured Ra

values (Table 5.1). However, in order to examine correlation with the Colebrrok–type roughness

function, which commonly describes antifouling coatings, a multiplication factor was applied,

which was not the same for all painting systems. More specifically, the value of 3.48Ra would

lead to a variance equal to R2=0.900 for the Exp. PU1 system, the value 2.48Ra would lead

to a variance equal to R2=0.886 for the Exp. PU2 system, with a value equal to 2.44Ra for

the acrylic system the Colebrook–type function would match the data with a variance equal to
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Figure 5.7: Statistical differences between the total resistance coefficient of the fitted smooth
plate with the a) Exp. PU1 (uncertainty range: 19.86%–67.05%) and b) Exp. PU2

(uncertainty range: 21.16%–65.67%) painted conditions (Uncertainty ranges refer to the
statistically significant differences.)

Figure 5.8: Statistical differences between the total resistance coefficient of the smooth plate
with the a) Ref. Si (uncertainty range: 16.77%–78.96%) and b) Exp. Si (uncertainty range:
18.61%–80.43%) painted conditions (Uncertainty ranges refer to the statistically significant

differences.)

0.724, for the Ref. Si painted plate the value of 3Ra would lead to R2=0.622, whereas for the

Exp. Si painted plate the value of 1.63Ra would lead to R2=0.711. The calculated roughness

functions are presented in Fig. 5.10.

The roughness functions exhibited very good correlation with the Colebrook-White law,

for most of the painting systems, indicating that the appropriate roughness length scale could

consist of only one scaling parameter, such as the average roughness (Ra) or the peak to

trough roughness height (Rt) [95]. The best correlation was attained for both experimental

polyurethane formulations, followed by the acrylic system, the experimental silicone system

and finally the reference silicone system, for which a variance equal to 62.2% was obained.
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Figure 5.9: Statistical differences between the total resistance coefficient of the smooth plate
with the acrylic painted condition (uncertainty range: 7.19%–65.88%) (Uncertainty ranges

refer to the statistically significant differences.)

Figure 5.10: Calculated roughness functions for all painted systems for the points with CT

larger than the smooth condition; a) original position of points and b) after transfer on the
Colebrook–type roughness function (mean overall uncertainty in ∆U+: Exp. PU1:±0.162,

Exp. PU2:±0.114, Acrylic:±0.246, Exp. Si:±0.135, Ref. Si:±0.095)

For the rest of the systems, the Colebrook–type roughness function would fit the experimental

roughness functions with a variance larger than 71.1%.

As can be seen from Fig. 5.10, the points referring to the roughness function of the silicone

systems exhibited variarions, with respect to the polyurethane systems, hence, a comparison

would be hard among the systems. However, these silicone systems are expected to exhibit

Colebrook-type behavior [130], as well. In addition, the shape of the roughness function for the

acrylic and the polyurethane-based systems has also been reported elsewhere [130].
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5.3.3 Effect of fouling on the resistance of a flat plate

The aim of this study was to examine the increase in resistance caused by the attached foulers

first in laboratory and then in ship scale. To this purpose towing tank tests on the flat plate

covered with 5%, 10% and 15% artificial fouling were performed. Each artificial fouling unit

had dimensions 10 cm×10 cm×4 mm and it was made of ABS plastic. The goal of this study

was to represent as real fouling conditions as possible. In order to achieve this task, the fouling

schemes observed on painted specimens of dimensions 10 cm×10 cm×6 mm, during their 1

year static immersion in Elefsis Gulf were examined and a representative fouling pattern was

created. The field tests in Elefsis were performed for all the antifouling systems presented so

far in this Chapter and are presented in more detail in Chapter 6. The fouling condition of two

specimens covered with high density fouling is presented in Fig. 5.11.

Figure 5.11: Fouling condition of a) Exp. PU1 painted specimen after 8 months and b) Ref.
Si painted specimen after a 12-month static immersion in Elefsis Gulf

In order to design the artificial fouling unit, first some representative foulers were selected,

which are presented in Fig. 5.12a. These foulers were observed on almost all the painting

systems examined for 1 year in Elefsis, hence they could be found on the hull of a ship remaining

idle in Elefsis. These foulers were 3D scanned and their geometry was digitized to an .stl file.

Then, the artificial unit was designed in Rhinoceros 5 with dimensions 10 cm×10 cm×4 mm

(Fig. 5.12b) [131], with the selected height being representative of the height of the observed

macrofoulers, such as barnacles. At the final stage, the designed sample was printed in a

Makerbot Replicator 2X 3D printer.

The plate with 3 lines of fouling (15% coverage) is presented in Fig. 5.13. The fouling lines

were positioned at the aft-part of the plate, while at the fore part a turbulence stimulator of

1.128 mm in diameter was placed at distance equal to 5% of plate’s leading edge. Each artificial

fouling unit was glued onto the plate. In order to reduce the form resistance caused by the

107



Figure 5.12: a) Representative foulers selected from Elefsis field test for creation of artificial
fouling unit; 1) clam, 2),3),6) various sizes of polychaetes tubes, 4) calcareous tube of a

serpulid, possibly the serpulinae sub-family and 5) barnacle; b) the artificial fouling unit in
Rhinoceros 5

height of the samples (4 mm), a wedge was placed in front of the fouling samples, with an angle

equal to 30◦, a height equal to 4 mm and a length equal to 6.93 mm. The width of the wedge

was equal to the width of the plate. Some first results regarding the total resistance values (Rt)

for each coverage are presented in Fig. 5.14. Detailed analysis of the results is the aim

of future work.

Figure 5.13: Plate covered with 15% artificial fouling at the aft-part
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Figure 5.14: Total resistance results for all the coverages examined with artificial fouling

5.4 Conclusions

� The silicone and polyurethane formulations exhibited similar hydrodynamic behavior,

fluctuating around the smooth condition, whereas the acrylic system exhibited the highest

resistance increase of all.

� The roughness functions exhibited very good correlation with the Colebrook-White law,

for most of the painting systems, indicating Ra as the appropriate roughness length scale.

� Best correlation with the Colebrook-type roughness function was attained for the experi-

mental polyurethane formulations, followed by the acrylic, the experimental silicone and,

finally, the reference silicone system.
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Chapter 6

Field tests of commercial and
experimental antifouling paints in
Elefsis Gulf

Abstract

In the present Chapter, all the painting systems examined throughout this thesis (reference sil-

icone, acrylic-based, experimental silicone, experimental polyurethane 1, experimental polyure-

thane 2 and anticorrosive polyurethane) were investigated in terms of antifouling performance.

To this purpose, static immersion tests were performed in Elefsis Gulf for one year. Six (6)

specimens per painting system were immersed (for the polyurethane system three (3) specimens

were immersed and the examination was performed for six months). All systems were applied

on top of a Grade A steel substrate. Every two months, one specimen from each painting sys-

tem was removed from site and examined the laboratory, in terms of fouling density, types of

foulers, physical damage, optical and mechanical characteristics and electrochemical behavior.

The specimens that were removed from site were not re-immersed. The acrylic-based system

exhibited only incipient fouling throughout the test, but its self-polishing nature caused intense

erosion. The reference silicone system exhibited variety of foulers, which were easily detached,

causing, however, extensive digging effect, especially in the summer period (June-September).

The experimental silicone system exhibited improved characteristics overall compared to its

commercial counterpart. The experimental polyurethane systems would be unsuitable for an-

tifouling purposes, exhibiting intense fouling, already from the first months of immersion, which

was strongly adherent. In terms of electrical properties, generally all systems exhibited a ca-

pacitive response. Only the reference silicone system after 10 months of immersion could be

described by a Randles circuit, exhibiting corrosion. In conclusion, the experimental silicone

formulation was proven to be the most efficient system, since it exhibited the best antifouling

and physical damage behavior in the long run, compared to the rest of the systems, quite stable

optical and mechanical characteristics and hardly any electrochemical degradation.
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6.1 Introduction

Field tests are considered as the most important tests when examining antifouling paints, be-

cause the painting systems are examined under real conditions, that is into the marine environ-

ment. The paints are then ranked, according to their fouling efficiency and physical condition

after the end of the test [132]. Field tests can be either static or dynamic. In the former case,

the specimens are immersed in site and remain still throughout the entire testing period, until

they are removed from site and examined in the laboratory. The latter case could include

stripes of the paint of interest directly onto the ship hull, in order to assess its effectiveness

against the fouling communities encountered during the ship route. Another type of dynamic

tests includes painted specimens subjected to erosion using seawater of high velocity (ASTM D

4938 [133]) or using painted panels adjusted on a rotating drum, being immersed in seawater

(ASTM D 4939 [134]). These tests simulate the erosion conditions encountered during ship

voyaging. Static and dynamic tests could also be performed in succession. First, the severity

of the fouling and types of foulers are estimated and then the amount of fouling removed under

shear forces in seawater is assessed [135]. The former test simulates a ship in port, while the

latter a ship in motion [136].

The main advantage of the static tests is that the paint is allowed to become heavily fouled

without disturbance. This means that the paint may suffer severe fouling, so its performance

is estimated in the most difficult conditions. For this reason, water temperature and salinity

are crucial when selecting an immersion site [137]. Short-term static tests (less than a month)

with a large number of replicates could also be performed in the ’proof-of-concept phase’ of new

products, for preliminary review of their antifouling and mechanical integrity in the field [138].

Short term static tests (45 days) have been performed by Abdel-Gaber et al. [139], during

investigation of a vinyl chloride-vinyl acetate copolymer based paint, incorporating Lupine

seeds extract, in Egypt. The authors reported the antifouling character of ZnO, when used as

a pigment in the paint, in contrast to TiO2 pigment, which enhanced fouling growth. Five-

year tests have been performed on ”flexible” (hardness 40 Shore A) and ”rigid” (hardness 90

Shore A) polyurethane paints in Brest Estuary, France by Davies and Evrard [43]. The authors

observed that the fouling layer could be easily removed when wet, however, barnacles were

more strongly attached and have dug the paint. Static tests can be performed in parallel in

many places of the world, in order to examine the efficiency of a specific antifouling paint under

different climate, salinity and pollution conditions.

Another advantage of the static tests is that they are much easier to perform if some

precautions are followed. The precautions refer to factors such as the safety of the immersion

site, for instance if it is exposed to heavy winds and waves, if it is located in open sea or in

contact with the sea, or, finally, if there is a possibility that the specimens hit one another or

the installation (e.g. a wall). Also, the specimens should be immersed in more than 0.5 m depth

but no more than 3 m (as described in ASTM D 3623 standard for shallow submergence [140])

and be rigidly and tightly hung. Generally, static tests are easier and cheaper to perform than

dynamic tests.
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Either static or dynamic, field tests constitute the basic method for assessing the efficacy

of an antifouling coat. They provide an insight into the paint’s behavior against micro and

macrofoulers, which in turn provides valuable knowledge for continuous improvement of the

antifouling technology, in terms of fouling defense and environmental protection.

6.2 Experimental methods and materials

6.2.1 Painting systems examined

All the commercial and experimental systems were studied in the field. The systems are pre-

sented in Table 6.1 (also presented in Abstract). All systems were multilayered and applied on

top of a Grade A steel substrate of dimensions 100 mm × 100 mm × 6 mm. The total thick-

ness of the systems was around 600 µm. Application of the painting systems was performed by

expertice technicians in Estaleiros Navais de Peniche in Portugal. The ready painted samples

were then sent to NTUA for examination using the various methods presented in the present

study.

Table 6.1: Painting systems examined in the field

Painting Abbreviated Characteristics/ Biocides
system name Type of action

Silicone-based Ref. Si Commercial/ No biocides
Foul-release

Acrylic-based Acrylic Commercial/ 5%≤Zineb≤10%
Self polishing Copolymer(SPC) 10%≤Cu2O≤25%

Silicone-based Exp. Si Experimental 0.56% immobilized Econea
PU-based Exp. PU Experimental 2% immobilized Econea

(or Exp. PU1)
PU-based Exp. PU2 Experimental Mixture of biocides
PU-based PU Newly developed No biocides

anti-corrosive

6.2.2 Description of field tests in Elefsis

The field tests were conducted in Elefsis Gulf, according to the ASTM D-3623 standard for

shallow submergence. The site of immersion is presented in Fig. 6.1, while its climatic and

geographical characteristics are presented in Table 1. Six specimens per AF system and three

from the anticorrosive system were submerged in the site. Every two months one specimen per

system was removed from site and examined in the laboratory, while the rest of the specimens

were photo recorded. The specimen that was removed from site was not re-immersed. The last

specimen from each AF painting system was removed after one year of exposure, while from

the anticorrosion system after six months.
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Figure 6.1: The immersion site in Elefsis

Table 6.2: Elefsis exposure site characteristics

Country City Lat./Lon. Climate Exposure Type
Greece Elefsis 38◦3’18”N Temperate Specimens hung using

23◦32’14”E a 2mm thick trawl

The ecosystem in the immersion site was a channel in communication with the open sea,

with temperate climate. The choice of this specific site was made after detailed considerations

and designing of the field test. In order for a static field test to succeed, there are some

parameters that need to be fulfilled: a) the area to be in contact with the open sea (if not a

site at open sea is offered), b) to be protected from heavy winds and waves, c) the structure

of immersion to be rigid enough to hold the panels and d) the structure of immersion to be

as wide as possible in order to allow a safe distance between the panels. In other words, there

should be some control and protection of the whole process, in order to guarantee the safety

of the samples and that they are not going to experience any physical damage caused by non

experimental factors.

All specimens were immersed in 2.5 m depth (as mentioned in ASTM D 3623, shallow

submergence refers to an immersion depth ranging from 0.3 m-3 m) hung vertically by a 2 mm

thick trawl. The retrieved panels were transferred to the laboratory into containers filled with

water from site, in order to keep the attached foulers alive for longer and be able to capture

them during stereoscopic observation.
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6.2.3 Biofouling assessment

Biofouling assessment of the retrieved specimens was performed by calculating the fouling

resistance index (FR), combining both ASTM D 3623 and ASTM D 6990 standards. More

specifically, as mentioned in paragraph 11.1.3 of D 6990-03 guideline, the fouling resistance

should be calculated by subtraction of the fouled area by 100, when macrofouling is present.

However, in standard ASTM D 3623, a penalty of 5% is proposed, when macrofouling appears

on the specimen. Hence, in the present investigation, all the macrofoulers were subtracted

from 95%, according to the covered area and not by separating colonial and solitary forms (as

proposed in ASTM D 3623). This procedure has also been suggested by Redfield et al. [141].

With regard to the biological slime, it may refer to germinal fouling, such as algal spores,

diatomaceous or bacterial layers. Generally, in ASTM D 3623 standard the presence of slime

does not affect the fouling rating. Only incipient fouling causes a penalty of 5%. In ASTM D

6990 standard, however, it is reported that a painted surface free from macrofouling but with

microfouling, referred as adherent slime, shall be ranked with 99%. In the present study, the

slime was treated as having no impact on the fouling rating.

As per the presence of silt, in ASTM D 6990 silt refers to sedimentary material consisting of

mineral particles, being in size between those of sand and clay. It will be observed throughout

this investigation that some specimens were covered with sand, clay and/or silt, which was

referred as silt. The silt coverage percentage was reported before water rinse of the specimens,

as proposed in ASTM D 6990 standard practice. Whenever possible, the surface covered by

larger macrofoulers was excluded from silt coverage calculation.

The fouling communities were identified through visual examination via a Leica MZ6 stere-

oscope. Measurements of characteristic lengths (e.g. tubeworm diameters) were performed

with the Leica Application Suite (LAS) software platform. The observed species were mainly

slime and algae, as regards the flora, and barnacles, bryozoans (encrusting or/and filamen-

tous), serpulid tubeworms, mussels and amphipods, as regards the fauna. Characteristics of

these organisms have been presented in the work of Almeida et. al [126]. With regard to the

amphipods (which were also observed in the present study), in ASTM D 6990 standard it is

stated that the surface coverage percentage by mud tube-building amphipods shall be reported

but not included in the fouling rating.

Classification and rating of physical deterioration (PDR) was based on guidelines proposed

by ASTM D 6990-05 standard. Finally, the overall performance rating would be the smallest

rating between the fouling resistance rating and the physical damage rating.

According to standards ASTM D 3623 and D 6990, a negative control is suggested to be

used for comparison. The negative control is an inert surface susceptible to heavy fouling and

indicates the degree of fouling expected if no AF protection is provided. The polyurethane

coating system, which was anticorrosive, was used as a negative control for the experimental

polyurethane antifouling formulation, Exp. PU1. Apart from the negative control, the same

standards suggest the use of a reference, which is an AF paint of known efficiency, which could

also be used for comparative purposes with the systems under investigation. For the present
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study, the commercial silicone AF system could serve as a reference for the experimental silicone

system.

Finally, a 1 cm distance from the specimens’ edges should be kept when examining the

fouling density, because the edges are more prone to physical damage. Whenever possible, this

guideline was followed.

6.2.4 Water quality measurements

Water quality measurements were conducted every two months. Along with the samples that

were retrieved from site, water samples were also collected and analyzed in the laboratory.

Conductivity measurements were performed with a Thermo Scientific Orion 3 Star conductivity

benchtop meter and pH measurements were performed with a Metrohm 744 pH meter. Finally,

the volumetric chloride content of the seawater was calculated through titration, according to

the Mohr method.

6.2.5 Electrochemical examination

Coating degradation during immersion was evaluated by electrochemical impedance measure-

ments. EIS measurements were performed in a three electrode flat cell using the coated spec-

imen as a working electrode, a platinum mesh as counter electrode and a saturated calomel

electrode (SCE) as a reference, similarly to the setup presented in Chapter 3. The electrolytic

solution consisted of 3.5% NaCl in naturally aerated deionized water. Measurements were

performed at room temperature. The total exposed area was 10.75 cm2. A Solatron 1260

impedance/ phase gain analyzer was used, combined with a PAR 263A potentiostat. The per-

turbation amplitude was ±10 mV. All measurements initiated at 105 Hz, with 10 points per

decade. The impedance spectra were obtained via the Zplot softwate.

6.2.6 Coating hardness measurements

Hardness measurements were performed for all painted samples before and at the end for their

immersion period. These measurements reflect the hardness of the coat (or the vehicle), that

is resistance to deformation. Five measurements per sample were performed, located at a

distance of 2 cm from one another. The measurements were performed according to standard

ISO 1522 [142], based on the König pendulum damping test. Pendulum damping measurements

were performed with an Erichsen R299/300 König pendulum.

6.2.7 Physical properties measurements

Gloss measurements were performed with a HORIBA gloss checker, the IG-331 model, with

measurement capabilities at 20◦ and 60◦. Since the primary aim of an antifouling system is

protection, rather than aesthetic appearance, these coatings do not have a measurable gloss

at 20◦, hence all gloss measurements were taken at 60◦. This means that the glossmeter will

transmit a concentrated beam of light at 60◦ and measure the percent of the beam reflected.
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The discoloration index (DE) of the specimens was determined using the colorimetry tech-

nique, according to the CIE L∗a∗b color model. Each one of the L, a, b represents a different

color axis. The L axis is for lightness, the a for red (if positive)-green (if negative) and, finally,

the b axis represents yellow (if positive)-blue (if negative). Optical examination is very impor-

tant, since, if we know each coating’s chemical composition and the degree of discoloration, we

could assess whether any chemical alterations have commenced on the painted surface.

6.3 Results and discussion

In the present section, the results from the fouling assessment and physical damage of the Ref.

Si and Acrylic painted specimens are presented together, since the specimens painted with these

coatings were immersed simultaneously. Similarly, the antifouling performance of the Exp. Si,

Exp. PU1 and PU painted specimens is presented, which were immersed simultaneously in

Elefsis. Finally, the fouling analysis of the Exp. PU2 painted specimens is presented.

6.3.1 Commercial Silicone and Arcylic AF systems

6.3.1.1 After 2 months of immersion

Figure 6.2: Surface condition of Ref. Si specimen from Pair 1 that remained immersed for 2
months in Elefsis: a) after 2 months, during removal from site and b) after gentle cleaning

with rinsing water
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Figure 6.3: Surface condition of Acrylic specimen from Pair 1 that remained immersed for 2
months in Elefsis: a) after 2 months, during removal from site and b) after gentle cleaning

with rinsing water

Table 6.3: Antifouling performance calculation of Ref. Si specimen from Pair 1 (2 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Ref. Si
Examination

Fouling on surface No silt, slime, algal spores or other micro or macro fouling
was observed.

Fouling Resistance 100
(F.R.) [%]

Physical Condition of � The specimen had physical damage before immersion;
Antifouling Film this is why it was the first to be immersed, in order for

the damage not to affect the fouling rating.
� Discoloration index (DE) before immersion: 3.21
� DE after 2 months immersion: 3.11
� König pendulum hardness: 31.2
� 60◦ gloss before immersion: 11
� 60◦ gloss after 2 months immersion: 11.5

Physical Damage Rating 100
(P.D.R.) [%]

Overall Performance 100
(O.P.) [%]
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Table 6.5: Antifouling performance calculation of Acrylic specimen from Pair 1 (2 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Acrylic
Examination

Fouling on surface Only slime was apparent, especially on the upper left side of the
specimen (6.5%).

Fouling Resistance 100
(F.R.) [%]

Physical Condition of � No physical damage was caused.
Antifouling Film � The specimen exhibited discoloration which is attributed

to the self-polishing nature of the paint.
� Discoloration index (DE) before immersion: 0.70
� DE after 2 months immersion: 9.46
� König pendulum hardness: 69.6
� 60◦ gloss before immersion: 14
� 60◦ gloss after 2 months immersion: 3.25

Physical Damage Rating 100
(P.D.R.) [%]

Overall Performance 100
(O.P.) [%]

As can be seen from Tables 6.3 and 6.5, no physical damage caused by fouling was observed

on any of the examined specimens. With regard to the optical characteristics of the paints,

the discoloration index (DE) values refer to the difference between the color of each examined

specimen and a reference that serves as a calibration for all the subsequent measurements. For

every paint category examined in the present investigation a different color reference has been

saved in the colormeter.

Discoloration was more apparent on the acrylic-based specimen, due to its leaching nature,

which makes the acrylic matrix to become depleted from biocides and pigments. This leaching

nature was also apparent as chalking (ASTM D 4214 [143]) before immersion, which was ranked

as No. 3, according to the TNO method. This characteristic of the acrylic paint justifies the

abrupt gloss drop after 2 months of immersion. On the contrary, the foul-release silicone system

exhibited stable characteristics in terms of color and 60◦ gloss after 2 months of immersion,

implying that it was hardly affected by the experiment. Finally, the König pendulum hard-

ness measurements revealed the much harder nature of the acrylic vehicle, compared to the

elastomeric silicone formulation.
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6.3.1.2 After 4 months of immersion

Figure 6.4: Surface condition of Ref. Si specimen from Pair 2 that remained immersed for 4
months in Elefsis: a) after 2 months and b) after 4 months, when it was removed from site

Figure 6.5: Surface condition of Acrylic specimen from Pair 2 that remained immersed for 4
months in Elefsis: a) after 2 months and b) after 4 months, when it was removed from site

Figure 6.6: Surface condition of a) Acrylic and b) Ref. Si specimens from Pair 2 after surface
cleaning with rinsing water in the laboratory
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Figure 6.7: Stereoscopic observation of Ref. Si specimen after 4 months of immersion in
Elefsis with samples of spirorbinae attached on the coated surface; a) dextral and sinistral and

d) a dextral spirorbis with ascending coiling

Table 6.7: Antifouling performance calculation of Ref. Si specimen from Pair 2 (4 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Ref. Si
Examination

Fouling on surface Polychaetes (PC)- Spirorbinae: 29, diameter 1–4 mm

Total area: A=181.43 mm2

Silt: 60%, light layer
Fouling Resistance 95-1.81=93.19

(F.R.) [%]
Physical Condition of � Slight digging effect caused by 6 individuals of total surface

Antifouling Film equal to: 13.14 mm2 (0.1314%)
� DE before immersion: 2.65
� DE after 4 months immersion: 2.32
� König pendulum hardness: 25.8
� 60◦ gloss before immersion: 17
� 60◦ gloss after 4 months immersion: 18.25

Physical Damage Rating 100-(0.1314)≈99.87
(P.D.R.) [%]

Overall Performance 93.19
(O.P.) [%]
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Table 6.9: Antifouling performance calculation of Acrylic specimen from Pair 2 (4 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Acrylic
Examination

Fouling on surface PC- Spirorbinae:3, mean diameter: 1.67 mm

Total area: A=6.57 mm2

Light layer of slime and silt uniformly covering the surface (81%)
Fouling Resistance 95-0.066≈94.93

(F.R.) [%]
Physical Condition of � Some discoloration, arising from the self-polishing nature

Antifouling Film of the paint. It was not considered as physical damage.
� DE before immersion: 0.6
� DE after 4 months immersion: 8.52
� König pendulum hardness: 37.6
� 60◦ gloss before immersion: 17
� 60◦ gloss after 4 months immersion: 3.25

Physical Damage Rating 100
(P.D.R.) [%]

Overall Performance 94.93
(O.P.) [%]

With regard to the physical damage of the paints, slight digging was caused on the silicone

specimen by 6 of the 10 spirorbinae, possibly due to the soft nature of the specific system.

The system retained its gloss and color characteristics after 4 months of immersion, while the

hardness measurements revealed once more its soft nature. Wih regard to the acrylic specimen,

no digging or other kind of physical damage was observed. In terms of hardness, the present

specimen was found softer (37.6), compared to the hardness value (69.6) after 2 months of

immersion. However, since the examined specimens are different, it is possible that some

differences exist, which could arise from the painting procedure.

6.3.1.3 After 6 months of immersion

Figure 6.8: Surface condition of Ref. Si specimen from Pair 3 that remained immersed for 6
months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, when it was

removed from site
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Figure 6.9: Surface condition of Acrylic specimen from Pair 3 that remained immersed for 6
months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, when it was

removed from site

Figure 6.10: Surface condition of Ref. Si specimen after 6 months of immersion: a) as dried
condition and b) after gentle cleaning with rinsing water

Figure 6.11: Surface condition of Acrylic specimen after 6 months of immersion: a) as dried
condition and b) after gentle cleaning with rinsing water
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Figure 6.12: Stereoscopic observation of a) Ref. Si (possibly cheilostomata bryozoans colony)
and b) Acrylic specimen (2 mussels) after 6 months of immersion

Table 6.11: Antifouling performance calculation of Ref. Si specimen from Pair 3 (6 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Ref. Si
Examination

Fouling on surface PC-Spirorbinae:18, 0.361 to 1.383 mm in diameter

Diameters of the observed spirorbinae [mm]: 0.828, 1.270, 0.584,
0.723, 0.924, 0.361, 0.421, 1.007, 0.615, 1.202, 1.077, 0.516, 0.612,
0.716, 1.383, 1.199, 0.632 and 0.771.
Total area: A= 10.85 mm2 (0.109%)
PC-Serpulidae: 4, non-ringed tubeworms, 2.96 to 10.44 mm2 in
surface, isolated (Table 6.15)
Encrusting Bryozoans (EB): 7.926 mm2 (0.0793%), considering
only the part covering the top of the painted surface (Fig. 6.12a).
Silt: 30%, layer of moderate thickness

Fouling Resistance 95-(0.109+0.272+0.079)=94.54
(F.R.) [%]

Physical Condition of � Digging effect was caused by individuals of PC-spirobinae:
Antifouling Film 10, 0.824 mm mean diameter. Total digging area=5.34 mm2

(0.0534%)
� DE before immersion: 2.37
� DE after 6 months immersion: 1.56
� König pendulum hardness: 25.3
� 60◦ gloss before immersion: 15.5
� 60◦ gloss after 6 months immersion: 16.5

Physical Damage Rating 100-(0.0534)≈99.95
(P.D.R.) [%]

Overall Performance 94.54
(O.P.) [%]
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Table 6.13: Antifouling performance calculation of Acrylic specimen from Pair 3 (6 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Acrylic
Examination

Fouling on surface Mollusks-(Mol): 2, mussels found solitary (Fig. 6.12b)

A1=1.912 mm × 1.029 mm=1.967mm2 (0.0197%)
A2=1.470 mm × 0.880 mm=1.294 mm2 (0.0129%)
Silt: 60%, layer of moderate thickness, mixed with slime
(Fig. 6.11a)

Fouling Resistance 95-(0.0197+0.0129)≈94.97
(F.R.) [%]

Physical Condition of � Paint wearing, leading to exposure of the underneath coat:
Antifouling Film A=396.62 mm2 (3.9662%)

� Discoloration and black stains (Fig. 6.11b).
� DE before immersion: 0.48
� DE after 6 months immersion: 7.63
� König pendulum hardness: 78.5
� 60◦ gloss before immersion: 14
� 60◦ gloss after 6 months immersion: 1
� Softness rating (ASTM D 6990-05): 4, ’moderate amount of

pigment transferred to a cotton swab’
Physical Damage Rating 100-3.9662≈96.03

(P.D.R.) [%]
Overall Performance 94.97

(O.P.) [%]

Table 6.15: Cacluclation of surfaces for the four non-ringed tubeworms observed on Ref. Si
specimen of Pair 3, after 6 months exposure in Elefsis

Mean length Mean width Mean surface
(mm) (mm) (mm2)
2.993 0.989 2.960
10.562 0.989 10.446
5.865 1.000 5.865
3.015 2.629 7.926

Total surface 27.197

With regard to the physical damage of the silicone system, 10 of the 18 spirorbinae had left

their stain on the paint. The pendulum hardness of the paint remained in similar levels as after

4 months immersion. As regards the acrylic system, some paint wearing was observed, which

led to exposure of the undercoat, of surface 396.62 mm2. This behavior could be characterized

either as wearing (ASTM D 16-03), which is related to paint loss as a result of environmental

exposure, or as erosion (ASTM D 662-93), in terms of paint wearing, which causes exposure

of the underneath layer or the substrate and could result from chalking. However, erosion is

usually related to wearing due to interaction with moving water, hence, the ”wearing” term

was used. Moreover, the change in color and gloss were profound. The pendulum hardness
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for this specimen was measured to be 78.5, higher than the values after 2 (69.6) and 4 (37.6)

months of immersion.

6.3.1.4 After 8 months of immersion

Figure 6.13: Surface condition of Ref. Si specimen from Pair 4 that remained immersed for 8
months in Elefsis after: a) 2, b) 4, c) 6 and d) 8 months, when it was removed from site

Figure 6.14: Surface condition of Acrylic specimen from Pair 4 that remained immersed for 8
months in Elefsis after: a) 2, b) 4, c) 6 and d) 8 months, when it was removed from site

Figure 6.15: Surface condition after cleaning for the a) Acrylic and b) Ref. Si specimens after
8 months of immersion
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Figure 6.16: Cleaning process of Ref. Si specimen after 8 months of immersion in Elefsis. The
foulers were easily removed from the specimen under flowing water with gentle finger

pressure, verifying the low surface tension of the FR paint

As can be seen in Fig. 6.16a-d, the cleaning process of the foul-release silicone system was

very easy, since the foulers adhered loosely onto the painted surface. This is a result of the

low surface tension of the hydrogel surface of the silicone system. Despite the low surface

tension, however, physical damage caused by the majority of the attached hard macro-foulers

(e.g. tubeworms) can be seen in Fig. 6.15b. The print of some foulers onto the coated surface is

readily apparent and is a result of these foulers ”digging” into the coat, in order to adhere more

firmly. Even though strong attachment is not possible on foul-release systems, some physical

deterioration was caused, possibly due to the elastomeric nature of the polydimethylsiloxane

(PDMS), which is not characterized by mechanical integrity. This is why this type of AF

systems is characterized as being soft compared to the traditional self-polishing AF technology,

which is generally quite hard, thus more efficient against digging.
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Table 6.16: Antifouling performance calculation of Ref. Si specimen from Pair 4 (8 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Ref. Si
Examination

Fouling on surface PC-Serpulidae:15, non-ringed tubeworms of cylindrical cross-
section, of similar dimensions, found in various positions over the
coated surface.
Mean area per individual: 10.988 mm × 0.587 mm=6.45 mm2

(0.0645%)
Total area: A=96.75 mm2 (0.9675% )
PC-Serpulidae:2, non-ringed tubeworms of cylindrical cross-
section, larger than the previous ones (Fig. 6.16b, lower left side,
covered with mud, green in color and Fig. 6.16c, lower central re-
gion). Their mean areas are:
A1=10.6 mm × 1.8 mm=19.08 mm2 (0.1908%)
A2=11.8 mm × 2.1 mm=24.78 mm2 (0.2478%)
PC-Serpulinae:1, non-ringed tubeworm, the largest of all, attached
onto the central specimen region (Fig 6.16d), of triangular cross-
section, similar to pomatoceros triqueter.
Mean area is: A=51mm × 4mm=204 mm2 (2.04%)
The area of this cell was 2% of the specimen’s area. Hence, for FR
calculation, the area was subtracted.
PC-Spirorbinae: Heavy fouling, of diameters 0.446-3.394 mm.
Dense population with uniform coverage (Fig. 6.13d, Fig. 6.16a)
Mol: 2, mussels found as secondary fouling, attached onto a mud
agglomeration and not directly onto the surface. Hence, not con-
sidered for the calculation of the FR index.
Silt: 73%, as presented in Fig. 6.16a. The observed silt was dense
but not uniform.

Fouling Resistance 9.55
(F.R.) [%]

Physical Condition of � Extensive digging caused by the attached calcareous cells on the
Antifouling Film surface (Fig. 6.15b).

� Total area of digging:A= 3234.6 mm2 (32.35%)
� DE before immersion: 2.66
� DE after 8 months immersion: 2.62
� König pendulum hardness: 32
� 60◦ gloss before immersion: 35.25
� 60◦ gloss after 8 months immersion: 30.75

Physical Damage Rating 100-(32.35)=64.65
(P.D.R.) [%]

Overall Performance 9.55
(O.P.) [%]
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Table 6.18: Antifouling performance calculation of Acrylic specimen from Pair 4 (8 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Acrylic
Examination

Fouling on surface Medium severity biological slime and some incipient fouling cover-
ing the area in a wide extent, mixed with silt (72%) (Fig. 6.14d).

Fouling Resistance 95
(F.R.) [%]

Physical Condition of � Top coat loss, due to leaching. Exposure of the undercoat:
Antifouling Film A=1139.15 mm2 (11.391%)

� Discoloration of the paint.
� DE before immersion: 0.58
� DE after 8 months immersion: 8.02
� König pendulum hardness: 59
� 60◦ gloss before immersion: 14
� 60◦ gloss after 8 months immersion: 1

Physical Damage Rating 100-11.391≈88.61
(P.D.R.) [%]

Overall Performance 88.61
(O.P.) [%]

With regard to the silicone painted specimen, many of the attached foulers could be removed

from the specimens with gentle finger pressure under running water, without breaking or leaving

remainders of their calcareous shells on the silicone surface. However, extensive digging effect

was noticed, affecting an area around 3234.6 mm2 and causing a sharp drop to P.D.R. The

heavy fouling observed on the Ref Si painted specimen after 8 months could be attributed to

the increased temperature encountered during July, when these organisms reproduce and grow

faster.

With regard to antifouling performance of the acrylic-based specimen (Table 6.18), the

biofilm covering the paint after 8 months (Fig. 6.14d) did not extend over the whole surface,

as after 6 months of immersion (Fig. 6.14c). This was probably attributed to the leaching

effect of the paint. The ”fingerprints” on the specimen after 6 months are probably attributed

to some kind of fish that came in contact with the specimen. Finally, its pendulum hardness

(59) compared to the silicone specimen (32) revealed the harder nature of the SPC technology.

Hence, compared to the silicone system, the acrylic paint appeared to be harder after 8 months

of immersion, with less fouling and physical damage.
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6.3.1.5 After 10 months of immersion

Figure 6.17: Surface condition of Ref. Si specimen from Pair 5 that remained immersed for 10
months in Elefsis after: a) 2, b) 4, c) 6, d) 8 and e) 10 months, when it was removed from site

Figure 6.18: Surface condition of Acrylic specimen from Pair 5 that remained immersed for 10
months in Elefsis after: a) 2, b) 4, c) 6, d) 8 and e) 10 months, when it was removed from site
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From Figs. 6.17 and 6.18 it can be seen that the silicone system tended to accumulate silt on its

surface, in contrast to the acrylic-based SPC system which did not exhibit such a problem. The

acrylic-based antifouling coating exhibited only slime and some incipient fouling throughout its

10-month sea immersion. Apparently, the self-polishing nature of this system is quite effective

against macro-fouling, allowing fouling only from biofilms and micro-foulers. With regard to

the silicone system, even though the silt along with the attached macro-foulers could be easily

removed under running water using finger pressure (Fig. 6.19b), the accumulation of all these

organisms would negatively affect the final fouling rating of the paint, leading to small values.

Moreover, physical damage caused by the attached foulers (digging) was also observed on the

silicone specimen. On the other hand, the hard SPC coat did not exhibit digging but other

forms of physical damage, such as wearing, which could be attributed to the continuous release

of biocide, making the acrylic matrix depleted.

Figure 6.19: Surface condition of a) Acrylic and b) Ref. Si specimen after 10 months of
immersion in Elefsis after gentle cleaning with rinsing water
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Figure 6.20: Cleaning process of the Ref. Si specimen after 10 months of immersion in Elefsis.
The foulers were easily removed from the specimen under flowing water with gentle finger

pressure, verifying the low surface tension of the FR paint

Figure 6.21: Stereoscopic observation of Ref. Si specimen after 10 months of immersion in
Elefsis with representative species of the serpulidae family: a) spirorbinae, all dextral, b) a

serpulid similar to pomatoceros triqueter

As can be seen from Fig. 6.21, the attached foulers onto the silicone specimen after 10
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months immersion in Elefsis included mainly representatives of the phylum Annelida, class

Polychaeta and Family Serpulidae. In Fig. 6.21a, some representatives of the spirorbinae sub-

family are presented, all exhibiting dextral (counter-clockwise) coiling (dexiospira). From closer

observation two types were identified, namely, spirorbis spirillum (mainly smooth tube) and

spirorbis pagenstecheri (tube exhibiting three longitudinal ridges) [144]. The former species

creates ascending tubes which were also observed in Fig. 6.21a. In Fig. 6.21b some representa-

tives of the serpulidae family are presented, with the triangular tube reminding of pomatoceros

triqueter [144]. This species is characterized by its triangular cross-sectional area and its central

longitudinal ridge with teeth. It is important to note that the operculum of this species (the lid

that seals the entrance of the tube, inside which the organism is protected) is closed, meaning

that possibly a living organism was lying inside, during stereoscopic observation.

Table 6.20: Antifouling performance calculation of Ref. Si specimen from Pair 5 (10 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Ref. Si
Examination

Fouling on surface PC-Spirorbinae:Heavy fouling, 0.735-1.446 mm in diameter,
uniformly covering the painted surface (Fig. 6.20b).
PC-Serpulidae: 160, non-ringed tubeworms of cylindrical
cross-section and of similar dimensions.
Mean average area per individual=6.08mm × 1.25 mm=7.6
mm2 (0.076%)
Mean total area A=1216 mm2 (12.16%)
PC-Serpulidae: 11, non-ringed tubeworms of cylindrical cross-
section lying adjacent to the larger foulers, as in Fig. 6.21b.
a)Adjacent to the pomatoceros triqueter tube:
A1=5mm × 0.875mm=4.375 mm2 (0.04375%)
A2=21.43mm × 0.53mm=11.358 mm2 (0.1136%)
A3=10.714mm × 0.53mm=5.678 mm2 (0.0568%)
A4=2.38mm × 0.595mm=1.416 mm2 (0.0142%)
A5=11.31mm × 0.42mm=4.750 mm2 (0.0475%)
b) Randomly dispersed onto the entire surface:
A6=20.00mm × 0.60mm=12.000 mm2 (0.1200%)
A7=12.00mm × 0.60mm=7.200 mm2 (0.0720%)
A8=12.60mm × 0.72mm=9.072 mm2 (0.0907%)
A9=16.20mm × 0.46mm=7.452 mm2 (0.0745%)
A10=12.63mm × 0.75mm=9.472 mm2 (0.0947%)
A11=7.58mm × 0.50mm=3.790 mm2 (0.0379%)
Mean total area A=76.563 mm2 (0.7656%)
PC-Serpulinae: 2, non-ringed tubeworms, of triangular cross-
section, similar to pomatoceros triqueter, lying on the left
side of the painted specimen, close to its edges (Fig. 6.20b,
Fig. 6.21b).Mean area is:
A1=13mm × 2.5mm=32.5 mm2 (0.325%)
A2=10.83mm × 1.31mm=14.19 mm2 (0.142%)
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Silt: 74%, thick layer of silt, without homogenous coverage of
the surface.

Fouling Resistance 10.80
(F.R.) [%]

Physical Condition of � The great amount of tubeworms observed left their stain
Antifouling Film on the specimen’s surface causing a digging effect. The total

area of digging was A=3338 mm2 (33.38%).
� DE before immersion: 2.56
� DE after 10 months immersion: 2.62
� König pendulum hardness: 23.4
� 60◦ gloss before immersion: 13.75
� 60◦ gloss after 10 months immersion: 12

Physical Damage Rating 100-(33.38)=66.62
(P.D.R.) [%]

Overall Performance 10.80
(O.P.) [%]

Table 6.21: Antifouling performance calculation of Acrylic specimen from Pair 5 (10 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Acrylic
Examination

Fouling on surface PC-Spirorbinae: 12, 1.52 mm mean diameter

Mean area per individual: 1.814 mm2

Total mean area: 21.768 mm2 (0.2177%)
Slime: A uniform and moderately dense layer covering almost 75%
of the specimen area. Fish-prints are apparent.

Fouling Resistance 95-0.2177≈94.78
(F.R.) [%]

Physical Condition of � Wearing: A=3469.02 mm2 (34.690%)
Antifouling Film � Flaking: at the top left side of the specimen (not included in

the PDR, because it was close to specimen’s edge)
� DE before immersion: 0.71
� DE after 10 months immersion: 6.05
� König pendulum hardness: 35.2
� 60◦ gloss before immersion: 17
� 60◦ gloss after 10 months immersion: 1

Physical Damage Rating 100-34.690≈65.31
(P.D.R.) [%]

Overall Performance 65.31
(O.P.) [%]

After 10 months, the silicone specimen was mainly affected by fouling, dropping its overall

rating to 10.80%, while the acrylic-based specimen was mainly affected by wearing, dropping

its overall rating to 65.31%. Flaking referred to the missing paint parts at the top left side

(Fig.. 6.19a) of the specimen (ASTM D 772-93 [145]). Despite its physical deterioration, though,

the acrylic system exhibited better performance overall compared to the silicone specimen,
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which, as mentioned previously, is mainly attributed to its efficiency against macrofouling

attachment.

6.3.1.6 After 12 months of immersion

Figure 6.22: Surface condition of the Ref. Si specimen from Pair 6 that remained immersed
for 12 months in Elefsis after: a) 2, b) 4, c) 6, d) 8, e) 10 and f)12 months, when it was

removed from site
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Figure 6.23: Surface condition of Acrylic specimen from Pair 6 that remained immersed for 12
months in Elefsis after: a) 2, b) 4, c) 6, d) 8, e) 10 and f)12 months, when it was removed

from site

Figure 6.24: Surface condition of dried a) Acrylic and b) Ref. Si specimens after 12 months
immersion in Elefsis

Surface condition after drying in the laboratory revealed some chipping (ASTM D 16-03 [146])

of the topcoat for the acrylic-based paint (Fig. 6.24a). Chipping effect becomes apparent as

small pieces detaching the layer and could be attributed to wear during service.
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Figure 6.25: Stereoscopic observation of Ref. Si specimen after 12 months immersion in
Elefsis depicting serpulids: a) possibly mercierella enigmatica and b) tube similar to

pomatoceros triqueter

In Fig. 6.25a many organisms appear, but all of them surround the tube of interest. The

characteristic of this tube is the multiple transverse flanges appearing on the opening of the

tube and on various locations along it. The tube diameter was around 2 mm and it was partly

above the surface. These characteristics could imply mercierella enigmatica. This organism can

be found in harbors and estuaries and has been distributed worldwide through shipping [144].

With regard to Fig. 6.25b, this serpulid exhibited an operculum with a brown crown con-

sisting of five branches, each projecting with two ”toothed edges”. The tube exhibited a

longitudinal ridge with teeth, while a sharp tooth projected at the mid-top of the opening

reminding of pomatoceros triqueter tube. Also some irregular coiling was observed. The tube

was ”dirty white” [144], while some mauve marks were observed circumferentially the tube

opening. Finally, the branchial filaments exhibited black and white bands, while further inside

a red abdomen was observed.

Table 6.23: Antifouling performance calculation of Ref. Si specimen from Pair 6 (12 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Ref. Si
Examination

Fouling on surface PC-Spirorbinae: Heavy fouling, of 0.393-2.946 mm in diame-
ter, uniformly covering the painted surface (Fig. 6.24b).
PC-Serpulidae: 6, non-ringed tubeworms of cylindrical cross-
section, standing on their one side over the painted surface, of
the largest dimensions (Fig. 6.22f).
A1=85.0 × 3.0 =255 mm2 (2.55%)
A2=55.0 × 3.0 =165 mm2 (1.65%)
A3=77.0 × 3.0 =231 mm2 (2.31%)
A4=55.0 × 3.0 =165 mm2 (1.65%)
A5=70.0 × 3.0 =210 mm2 (2.10%)
A6=77.0 × 4.0 =308 mm2 (3.08%)
Mean total area: A=1334 mm2 (13.34%)
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PC-Serpulidae: 7, non-ringed tubeworms of cylindrical cross-
section, of the shortest dimensions.
A1=21.0 × 1.5 =31.5 mm2 (0.315%)
A2=12.0 × 1.0 =12.0 mm2 (0.120%)
A3=23.0 × 2.0 =46.0 mm2 (0.460%)
A4=11.0 × 1.0 =11.0 mm2 (0.110%)
A5=15.0 × 1.0 =15.0 mm2 (0.150%)
A6=26.0 × 1.0 =26.0 mm2 (0.260%)
A7=8.0 × 1.0 =8.0 mm2 (0.080%)
Mean total area: A=149.5 mm2 (1.495% )
PC-Serpulinae: 2, non-ringed tubeworms, of triangular cross-
section, one appearing in Fig. 6.25b.Mean area is:
A1=48.0 × 4.0 =192.0 mm2 (1.92%)
A2=31.0 × 2.0 =62.0 mm2 (0.62%)
Mean total area: A=254 mm2 (2.54%)
Silt: not observed this time

Fouling Resistance 6.61
(F.R.) [%]

Physical Condition of � The great amount of tubeworms observed left their stain on
Antifouling Film the specimen’s surface causing a digging effect. The total area

of digging was A=5583 mm2 (55.83%).
� DE before immersion: 1.98
� DE after 12 months immersion: 2.30
� König pendulum hardness: 28
� 60◦ gloss before immersion: 21.33
� 60◦ gloss after 12 months immersion: 21.25

Physical Damage Rating 100-(55.83)=44.17
(P.D.R.) [%]

Overall Performance 6.61
(O.P.) [%]

Table 6.24: Antifouling performance calculation of Acrylic specimen from Pair 6 (12 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Acrylic
Examination

Fouling on surface Amphipods : 3, 1.8-2.19 mm in length (1.8, 2, 2.19 mm respec-
tively)
Filamentous bryozoans (FB): 3.2mm × 0.6mm=1.92 mm2

(0.0192%)
Slime: 95%, thick layer, uniformly covering the surface, mixed
with some silt (Fig. 6.23f).

Fouling Resistance 95-0.0192≈94.98
(F.R.) [%]

Physical Condition of � Extensive chipping: A=7788.19 mm2 (77.882%)
Antifouling Film � DE before immersion: 0.75

� DE after 12 months immersion: 17.73
� König pendulum hardness: 36.8
� 60◦ gloss before immersion: 14
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� 60◦ gloss after 12 months immersion: 1
Physical Damage Rating 100-77.882≈22.12

(P.D.R.) [%]
Overall Performance 22.12

(O.P.) [%]

After 12 months, the population of spirorbinae was still quite dense, similarly to 8 and 10-

month intervals. The dense fouling dropped the F.R. of the silicone painted specimen to 6.61%.

The heavy fouling caused a further drop to the P.D.R. value which became 44.17%. With regard

to the acrylic painted specimen, the F.R. remained close to 95%, providing efficient antifouling

protection. With regard to physical damage, though, extensive chipping was observed, covering

almost the entire surface of the acrylic-based specimen and dropping the final rating to 22.12%.

6.3.1.7 Conclusions with regard to the field tests of reference silicone and acrylic
paints

Table 6.25: Summary of antifouling and physical damage rating for the Ref. Si and Acrylic
systems during the 12-month immersion experiment in Elefsis

Months Ref. Si Acrylic
FR [%] PDR [%] OP[%] FR [%] PDR [%] OP[%]

2 100 100 100 100 100 100
4 93.19 99.87 93.19 94.93 100 94.93
6 94.54 99.95 94.54 94.97 96.03 94.97
8 9.55 64.65 9.55 95 88.61 88.61
10 10.80 66.62 10.80 94.78 65.31 65.31
12 6.61 44.17 6.61 94.98 22.12 22.12

As can be observed from Table 6.25, the silicone system was severely affected by fouling at-

tachment especially after 8 months, dropping its F.R. to around 10% and making this paint

to be insufficient for antifouling protection, assuming that an efficient system would always be

ranked above 80% [141,147]. However, its main characteristic is that the attached foulers were

loosely adherent, hence, they could be removed under running water. Even though hardly any

shell remainders were observed on the painted specimen, the digging effect was apparent. The

physical damage rating decreased after 8 months, exhibiting value equal to 64.65%. The acrylic

system, on the other hand, exhibited very good antifouling behavior. However, after 10 months

it started to exhibit physical damage, which progressed almost abruptly in the final interval,

leading to a PDR of 22.12% after 12 months of immersion.

From these observations, the mode of action for each antifouling category becomes apparent.

The silicone system seems to be more prone to spirorbinae attachment and it serves as a friendly

environment for growth of serpulidae tubes. As a result, the fouling rating drops easily, however,

in dynamic conditions, these organisms would be easily detached. Apparently, it is not possible

to predict the severity and extent of digging effect in real conditions, since it depends on many

factors. The static immersion test in Elefsis Gulf revealed that the organisms were easily
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removed from the paint, however, digging effect was apparent. In real conditions, a service

speed close to 10 m/s along with small idle periods would be an ideal combination for a foul

release coating to remain free from fouling [135]. With regard to the disadvantages of the

foul-release system, its elastomeric nature would be prone to mechanical damage, hence, extra

precautions should be taken, especially during ship maneuvering.

The acrylic-based system, which is based on the SPC technology, was quite efficient against

fouling attachment and growth but its physical properties became abruptly deteriorated after

a time regime, due to wearing, flaking and chipping. In the present investigation, the physical

damage expanded to the immediate underneath layer, without, however, revealing the substrate.

This characteristic makes the overall rating to drop quite sharply after a period of immersion

which, for the present investigation, was after a year of exposure. Moreover, it should be

mentioned that the SPC technology is based on biocide(s) leaching, which could be considered

as a drawback, from an environmental point of view.

6.3.2 Experimental Polyurethane (Exp PU1), Experimental Sili-
cone (Exp Si) AF systems and Polyurethane (PU) anticor-
rosion system

6.3.2.1 After 2 months of immersion

Figure 6.26: Surface condition of the a) Exp Si, b) Exp PU1 and c) PU painted specimens
from Pair 1 that remained immersed for 2 months in Elefsis, when they were removed from

site
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Figure 6.27: Surface condition of dried a) Exp Si, b) Exp PU1 and c) PU painted specimens
after 2 months immersion in Elefsis

Figure 6.28: Stereoscopic observation of the Exp Si specimen after 2 months of immersion in
Elefsis; a), b) calcareous shells of polychaetes

In Fig. 6.28, the cells of three tubeworms are presented. In Fig. 6.28a, the calcareous cell of

a polychaeta is presented with conical tube shape and a longitudinal flat ridge on the top. In

Fig. 6.28b the cells of two other polychaetes are presented, which have a circular cross-section

and do not exhibit a ridge.
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Figure 6.29: Stereoscopic observation of Exp. PU1 specimen after 2 months immersion in
Elefsis; a) amphipod and b) serpulidae spirorbinae (dextral and sinistral) and a tube of the

serpulidae family

In Fig. 6.29a, an amphipod is presented, probably of the corophiidae family. This crustacean

family is usually encountered in small depths and muddy habitats. The same organism was

also found on the surface of the PU painted specimen (Fig. 6.30). In Fig. 6.29a,b ”black-hair”

algae was noticed, covering the surface of the specimen.

With regard to Fig. 6.29b, two calcareous cells of thespirorbinae sub-family with sinistral

coiling are presented, on the left side of the specimen. Sinistral coiling has also been encountered

on the reference silicone specimen after two months immersion. The tubes had a diameter of

1.250 mm and 1.745 mm, respectively, while their tube was smooth, without apparent transverse

or longitudinal ridges and it was dirty white in color. Various genes could be related to these

characteristics, such as S. borealis [144] and S. militaris or S. pseudomilitaris [148].

Figure 6.30: Stereoscopic observation of PU painted specimen after 2 months of immersion in
Elefsis; a) a great amount of interconnected tubeworms among which many amphipods

existed; b) a moving amphipod along a tube
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Figure 6.31: Surface condition of a) Exp Si, b) Exp PU1 and c) PU painted specimens
immersed for 2 months in Elefsis after thorough cleaning

Table 6.26: Antifouling performance calculation of Exp. Si specimen from Triplet 1 (2 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface PC-Serpulidae: 32, non-ringed tubeworms, found at various
locations across the painted surface. The mean area covered
by the organisms is presented in Table C.1.
Total area: A=161.15 mm2 (1.611%)
PC-Spirorbinae: 5, 1-2 mm in diameter (2 individuals with
1mm diameter, 2 individuals with 1.5 mm and 1 individual
with 2mm diameter)
A1=0.785 mm2

A2=0.785 mm2

A3=1.767 mm2

A4=1.767 mm2

A5=3.141 mm2

Total area: A=8.245 mm2 (0.082%)
Silt: 24.2%

Fouling Resistance 95-(1.611+0.082)=93.31
(F.R.) [%]

Physical Condition of � Prints of the organisms attached onto the paint. A=1.38%
Antifouling Film � DE before immersion: 0.57

� DE after 2 months immersion: 0.87
� König pendulum hardness before immersion: 14.2
� König pendulum hardness after 2 months immersion: 16.6
� 60◦ gloss before immersion: 18
� 60◦ gloss after 2 months immersion: 17.5

Physical Damage Rating 100-1.38≈98.62
(P.D.R.) [%]

Overall Performance 93.31
(O.P.) [%]
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Table 6.27: Antifouling performance calculation of Exp. PU1 specimen from Triplet 1 (2
months immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU1
Examination

Fouling on surface PC-Serpulidae: 10, no-ringed tubeworms, 1.20 to 12.60 mm2

mean area. Calcareous tubes of circular cross-section, found
individually on the painted surface. The mean areas of the 10
cells are presented in Table C.2.
Total mean area A=46.37 mm2 (0.464%)
PC-Amphipods : 2, found solitary on the coated surface
A1=2.381 × 0.8=1.905 mm2 (0.0190%)
A2=2.892 × 1.0=2.892 mm2 (0.0289%)
PC-Spirorbinae:94, 82 of which with 1 mm mean diameter,
homogenously dispersed across the painted surface. The mean
area of coiled tubes with a diameter other than 1 mm is re-
ported below.
A1= 2.27 mm2 (0.0227%)
A2= 1.33 mm2 (0.0133%)
A3= 4.91 mm2 (0.0491%)
A4= 0.28 mm2 (0.0028%)
A5= 1.77 mm2 (0.0177%)
A6= 0.45 mm2 (0.0045%)
A7= 3.14 mm2 (0.0314%)
A8= 5.03 mm2 (0.0503%)
A9= 1.84 mm2 (0.0184%)
A10=1.81 mm2 (0.0181%)
A11=1.77 mm2 (0.0177%)
A12=0.78 mm2 (0.0078%)
Total mean area A= 89.78 mm2 (0.898%)
Black Algae (Al-b): 6%, black algae with length of filaments
around 5-10 mm, homogeneously covering the surface.
Silt: 35%, not uniform layer of silt, moderate thickness

Fouling Resistance 95-(0.464+0.898+6)=87.64
(F.R.) [%]

Physical Condition of Digging and remainders of shells/organisms that were strongly
Antifouling Film adherent onto the paint: A=1.362%

� Softness rating: 10, ”no pigment transferred to a cotton
swab”
� DE before immersion: 0.74
� DE after 2 months immersion: 0.96
� König pendulum hardness before immersion: 22.2
� König pendulum hardness after 2 months immersion: 31.2
� 60◦ gloss before immersion: 77.25
� 60◦ gloss after 2 months immersion: 54.5

Physical Damage Rating 100-1.362=98.64
(P.D.R.) [%]

Overall Performance 87.64
(O.P.) [%]
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Table 6.28: Antifouling performance calculation of PU specimen from Triplet 1 (2 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling PU
Examination

Fouling on surface PC-Amphipods : 2, found solitary on the coated surface
A1=5.0 × 0.7=3.5 mm2 (0.035%)
A2=2.0 × 0.3=0.6 mm2 (0.006%)
PC-Serpulidae: calcareous tubes of circular cross-section,
other than spirorbinae, making a network of interconnected
tubes of area A=44.16%
PC-Spirorbinae:38, 0.6-2.5 mm in mean diameter, found soli-
tary A=60.413 mm2 (Table C.3) (0.604%)
Silt: 35%, not uniform layer of silt, moderate thickness

Fouling Resistance 95-(44.16+0.6041)=50.23
(F.R.) [%]

Physical Condition of Almost all foulers with calcareous shells caused a digging effect
Antifouling Film on the painted surface, hence the affected area was taken equal

to the area of the foulers: A=4476.413 mm2 (44.764%)
� Softness rating: 10, ”no pigment transferred to a cotton

swab”
� DE before immersion: 0.47
� DE after 2 months immersion: 0.64
� König pendulum hardness before immersion: 57.67
� König pendulum hardness after 2 months immersion: 52.67
� 60◦ gloss before immersion: 23
� 60◦ gloss after 2 months immersion: 20.5

Physical Damage Rating 100-44.76=55.24
(P.D.R.) [%]

Overall Performance 50.23
(O.P.) [%]

As can be seen from Figs. 6.26c and 6.27c and from Table 6.28, the overall performance of

the polyurethane painted specimen, which was not an antifouling paint, was the worst of all. A

large amount of the painted surface was covered by large interconnected tubes (44.16%) drop-

ping its AF performance to 50.23%. Apparently, its PDR was not satisfactory either, since the

tubes left their stains on the paint (Fig. 6.31c) leading to a PDR equal to 55.24%. On the con-

trary, the experimental polyurethane formulation exhibited values equal to 87.64% and 98.64%,

correspondingly, verifying an efficient AF protection. However, the experimental silicone for-

mulation exhibited the best characteristics of all, with ratings equal to 93.31% and 98.62%,

respectively. The observed macrofoulers were mainly polychaetes, which could be spirorbinae

or not. The largest amount of spirorbinae was encountered on the Exp PU1 specimen (94),

followed by the PU (38) and the Exp Si (5) specimens. With regard to serpulidae worms, other

than spirorbinae, 32 individuals were found on the Exp Si specimen and 10 individuals on the

Exp PU1 specimen. The Exp PU1 specimen was also covered by black-algae, which covered

around 6% of the specimen’s surface. Silt coverage ranged between 24-35% for all specimens.
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After 2 months, ”digging” was caused on the experimental silicone painted specimen by the

attached foulers and accounted for 1.38% of the painted surface (Table 6.26). Compared to

the reference silicone system, the foulers on the experimental silicone system were also easily

removed under running water, however, their digging effect was quite faint and could be char-

acterized mainly as prints of the attached organisms onto the paint. König hardness exhibited

16.9% increase compared to the initial condition, while the discoloration index increased 0.3

units or 52.6%. Gloss value exhibited 0.5 units decrease, remaining almost stable.

With regard to the Exp. PU1 painted specimen, digging and remainders of shells/organisms

that were strongly adherent onto the paint accounted for damage covering 1.36% of the painted

surface (Table 6.27). Some discoloration was measured (29.73%) and gloss loss (29.45%), im-

plying deterioration of the optical characteristics of the painting system. The König pendulum

hardness increased by 40.5%, in accordance with the observations for the experimental silicone

system (Table 6.28), where the coating hardness exhibited an increase, compared to the initial

condition, during all the examination intervals. Finally, the softness rating was equal to 10,

meaning that no pigment loss was detected.

Finally, with regard to polyurethane painted specimen, almost all the attached foulers caused

a digging effect on the paint. Hence, the affected area was taken equal to the area of the foulers,

that is 44.76% (Table 6.28). The optical properties indicated some deterioration, with the DE

index increasing by 36.2% and the gloss decreasing by 10.9%. The König hardness exhibited a

slight decrease (8.7%).

6.3.2.2 After 4 months of immersion

Figure 6.32: Surface condition of Exp Si specimen from Pair 2 that remained immersed for 4
months in Elefsis: a) after 2 months, b) after 4 months, when it was removed from site.
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Figure 6.33: Surface condition of Exp PU1 specimen from Pair 2 that remained immersed for
4 months in Elefsis: a) after 2 months, b) after 4 months, when it was removed from site.

Figure 6.34: Surface condition of PU specimen from Pair 2 that remained immersed for 4
months in Elefsis: a) after 2 months, b) after 4 months, when it was removed from site.

Figure 6.35: Surface condition of dried a) Exp Si, b) Exp PU1 and c) Polyurethane specimens
after 4 months immersion in Elefsis
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Figure 6.36: Stereoscopic observation of Exp Si specimen after 4 months immersion in Elefsis;
a) two dextral spirorbinae and b) bryozoans at the lower right side of the specimen

With regard to Fig. 6.36a, the longitudinal ridges on the presented tubes are characteristic

of S. pagenstecheri. The encrusting bryozoans appearing in Fig. 6.36b could be bryozoans

cheilostomata [149].

Figure 6.37: Stereoscopic observation of Exp PU1 specimen after 4 months immersion in
Elefsis; a) the biggest shell observed in the specimen and b) sinistral and dextral spirorbinae

Figure 6.38: Stereoscopic observation of PU specimen after 4 months immersion in Elefsis; a)
white area full of spirorbinae spores, b) the biggest biomineralising polychaeta of the

specimen and c) various white interconnecting cells
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In Fig. 6.38a, a white area full of spirorbinae spores is presented. These spores were found

at various locations of the present specimen. Similar areas were encountered on Exp PU1

specimen, as well. In Fig. 6.38b the largest polychaeta of the specimen is presented. Its length

was 32.605 mm, while its diameter at the opening was 1.821 mm. The tube exhibited three

longitudinal ridges, it was funnel shaped, while its color was dirty white, except for the front

area, which was white. Finally, in Fig. 6.38c various interconnected tubes are presented, white

in color, with intense coiling, which could be salmacina dysteri [144].

Figure 6.39: Surface condition of a) Exp Si, b) Exp PU1 and c) Polyurethane specimens
immersed for 4 months in Elefsis after thorough cleaning

Table 6.29: Antifouling performance calculation of Exp. Si specimen from Triplet 2 (4 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface PC-Serpulidae: 37, non-ringed tubeworms, 1.827-40.298 mm2.
More details about their surface are presented in Table C.4.
Total area: A=306.985 mm2 (3.070%)
PC-Spirorbinae: 23, 0.404-1.552 mm, at random locations over the
painted surface. More details about their surface are presented in
Table C.5.
Total area: A=19.441 mm2 (0.194%)
FB : 21.077 mm2 (0.211%)
EB : 78.352 mm2 (0.783%)
Silt: 76.18%, small thickness and inhomogeneous coverage of the
surface

Fouling Resistance 95-(3.070+0.194+0.211+0.783)≈90.74
(F.R.) [%]

Physical Condition of Prints of the organisms attached onto the paint. A=242.92 mm2

Antifouling Film It should be noted that the prints were quite faint and no actual
digging was observed.
� DE before immersion: 0.60
� DE after 4 months immersion: 0.73
� König pendulum hardness before immersion: 17.75
� König pendulum hardness after 4 months immersion: 20.6
� 60◦ gloss before immersion: 23.25
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� 60◦ gloss after 4 months immersion: 28.75
Physical Damage Rating 100-2.429≈97.57

(P.D.R.) [%]
Overall Performance 90.74

(O.P.) [%]

Table 6.30: Antifouling performance calculation of Exp. PU1 specimen from Triplet 2 (4
months immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU1
Examination

Fouling on surface PC-Serpulidae: 24, non-ringed tubeworms, 0.411-104.017 mm2

mean surface. All surfaces are presented in detail in Table C.6.
Total mean area A=255.526 mm2 (2.555%)
PC-Spirorbinae:452, 0.591-1.0282 mm in diameter, dispersed over
the entire specimen surface. More details are presented in Ta-
ble C.7.
Total mean area A=218.304 mm2 (2.183%)
Barnacle(Barn): 1, A=0.833 × 0.625=0.521 mm2 (0.0052%)

FB : 0.134%, A=13.375 mm2

White surface including spirorbinae spores: 182.5 mm2 (1.825%),
possibly encrusting bryozoans
Silt: 76.92%, small thickness but extensive coverage

Fouling Resistance 95-(2.555+2.183+0.0052+0.134+1.825)≈88.30
(F.R.) [%]

Physical Condition of Digging and remainders of shells/organisms, that were strongly
Antifouling Film adherent onto the paint: A= 594.099 mm2

Softness rating: 10, ”no pigment transferred to a cotton swab”
� DE before immersion: 0.53
� DE after 4 months immersion: 0.92
� König pendulum hardness before immersion: 31.6
� König pendulum hardness after 4 months immersion: 57.6
� 60◦ gloss before immersion: 79
� 60◦ gloss after 4 months immersion: 24.5

Physical Damage Rating 100-5.941≈94.06
(P.D.R.) [%]

Overall Performance 88.30
(O.P.) [%]

Table 6.32: Antifouling performance calculation of PU specimen from Triplet 2 (4 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling PU
Examination

Fouling on surface PC-Spirorbinae: 239, 0.5-1.044 mm in diameter, dispersed over
the entire specimen surface. More details are presented in Ta-
ble C.8.
Total mean area A=101.772 mm2 (1.018%)
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PC-Serpulidae: : 67, non-ringed tubeworms, 0.5-52.168 mm2
mean surface. All surfaces are presented in detail in Table C.9.
Total mean area A=462.465 mm2 (4.625%)
White surface including spirorbinae spores :1.618%
(A=161.768 mm2), found at various locations across the
painted surface, which could be encrusting bryozoans. The
calculated surfaces are presented in Table C.10.
Barnacle(Barn): 1, A=5.71 × 3.66=20.899 mm2, located at
the thickness dimension of the specimen, hence not included
in the FR rating.
Amphipod : 1, A=1.91 × 0.30=0.570 mm2 (0.006%)
Silt: 92.52%, moderately thick, extended but inhomogeneous
coverage of the surface.

Fouling Resistance 95-(1.018+4.625+1.618+0.21)≈87.53
(F.R.) [%]

Physical Condition of Digging and remainders of shells/organisms, that were strongly
Antifouling Film adherent onto the paint: A= 694.621 mm2

Softness rating: 10, ”no pigment transferred to a cotton swab”
� DE before immersion: 0.51
� DE after 4 months immersion: 1.026
� König pendulum hardness before immersion: 56.33
� König pendulum hardness after 4 months immersion: 77
� 60◦ gloss before immersion: 32.25
� 60◦ gloss after 4 months immersion: 23.75

Physical Damage Rating 100-6.946≈93.05
(P.D.R.) [%]

Overall Performance 87.53
(O.P.) [%]

After 4 months of immersion, the AF Exp PU1 specimen exhibited similar antifouling per-

formance with the non-antifouling PU painted specimen. The FR for the former was 88.30%,

while for the latter 87.53%. The PDR values were also similar, being 94.06% and 93.05%,

respectively. The Exp Si specimen exhibited the best performance of all, scoring 90.74% and

97.57%, respectively. The observed foulers were spirorbinae, with the largest population en-

countered on the Exp PU1 specimen (452), followed by the PU specimen (239) and the Exp Si

specimen (23). Encrusting and filamentous bryozoans were found on all specimens. The largest

amount was found on Exp PU1 specimen, which was around 1.825% and it was possibly white

encrusting bryozoans. Finally, one barnacle was observed on the surface of each polyurethane

system. Other non-spirorbinae worms (PC-serpulidae) were also found on all specimens, with

the largest population encountered on the polyurethane painted specimen (67). Finally, silt

covered the surface of all specimens, ranging between 76-92.5%.

With regard to physical damage, the prints of the attached foulers on the Exp. Si painted

specimen accounted for 2.43% of the surface. The hardness of the vehicle exhibited 16% in-

crease, while DE increased 21.67%. With regard to the Exp. PU1 painted specimen, a similar

trend as after 2 months of immersion was observed also after 4 months. The digging effect

increased to 5.94%, leading to a P.D.R. value equal to 94.06%, hence, the physical damage was
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not extensive after 4 months of immersion. With regard to the rest of the properties, discol-

oration was once more apparent (73.58% increase), while the gloss loss was more profound than

the previous interval (around 69%). Finally, the coating hardness increased by 82.3%, becoming

almost double and approaching the hardness values of the acrylic-based system. As regards the

PU painted specimen, the digging effect was much smaller (6.95%), compared to the value after

2 months, while the variation of the rest of the properties reminded of the Exp. PU1 system

trend with discoloration (102%), gloss drop (26.36%) and hardness increase (36.7%). Hence,

after 4 months, the polyurethane paint was found to be the hardest of all (77), followed by the

AF polyurethane (57.6) and the experimental silicone (20.6). Finally, no pigment transfer was

observed for either of the polyurethane formulations (softness rating equal to 10).

6.3.2.3 After 6 months of immersion

Figure 6.40: Surface condition of Exp Si specimen from Triplet 3 that remained immersed for
6 months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, when it was

removed from site.

Figure 6.41: Surface condition of Exp PU1 specimen from Triplet 3 that remained immersed
for 6 months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, when it

was removed from site.
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Figure 6.42: Surface condition of PU specimen from Triplet 3 that remained immersed for 6
months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, when it was

removed from site.

Figure 6.43: Surface condition of dried a) Exp Si, b) Exp PU1 and c) Polyurethane specimens
after 6 months immersion in Elefsis

Table 6.33: Antifouling performance calculation of Exp. Si specimen from Triplet 3 (6 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface PC-Serpulidae: 46, 2.276-76.922mm2. More details about
their surface are presented in Table C.11.
Total area: A=692.256 mm2 (6.922%)
PC-Spirorbinae: 337, 1.011-2.166 mm, at random locations
over the painted surface. More details about their surface are
presented in Table C.12.
Total area: A=321.552 mm2 (3.215%)
Mol : 1, A=2.719 × 2.400=6.526 mm2, one black mussel-like
organism (Fig. 6.43a)
Amphipods : 4, 0.342-1.236 mm2, found randomly on the
painted surface. Their surfaces are analyzed in Table C.13.
Total area: A=3.100 mm2 (0.031%)
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Silt: 57.59%, a light-thickness layer of silt inhomogeneously
covering the painted surface.

Fouling Resistance 95-(6.922+3.215+0.065)≈84.80
(F.R.) [%]

Physical Condition of � Prints of the organisms attached onto the paint. A1=422.748
Antifouling Film mm2.The prints of the organisms were quite faint. No actual

digging was observed.
� Some physical damage possibly caused by the elastomeric
nature of the paint, due to wearing, and not due to the attached
foulers, was in the form of flaking and occupied a surface equal
to A2=349.380 mm2.
� DE before immersion: 0.90
� DE after 6 months immersion: 0.45
� König pendulum hardness before immersion: 12.60
� König pendulum hardness after 6 months immersion: 14.67
� 60◦ gloss before immersion: 19.0
� 60◦ gloss after 6 months immersion: 21.5

Physical Damage Rating 100-7.721≈92.28
(P.D.R.) [%]

Overall Performance 84.80
(O.P.) [%]

Table 6.34: Antifouling performance calculation of Exp. PU1 specimen from Triplet 3 (6
months immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU1
Examination

Fouling on surface PC-Serpulidae: 4, 133.451-337.801 mm2, the biggest on the
surface, as appearing in Fig. 6.43b. More details about their
surface are presented in Table C.14. Due to their very large
dimensions, they will be treated as a colony and not as solitary
forms. Hence, for the FR calculation, their surface will be
deducted.
Total area: A=889.983 mm2 (8.900%)
PC-Serpulidae: 79, 1.361-47.620 mm2, the rest of the calcare-
ous tubes observed on the painted surface. It should be noted
that most of them were of cylindrical cross-section (no ser-
pulinae forms detected). More information about the mean
calculated areas are presented in Table C.15.
Total area: A=549.291mm2 (5.493%)
PC-Spirorbinae: 489, 0.058-2.232 mm, at random locations
over the painted surface. More details about their surface are
presented in Table C.16.
Total area: A=854.341 mm2 (8.543%)
Amphipods : 9, 0.480-1.792 mm2 (Table C.17)
Total area: A=9.86 mm2 (0.099%)
Barn:3, 22.50-59.85 mm2

A1=5.387 × 5.387=29.020 mm2

A2=8.080 × 7.407=59.848 mm2
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A3=4.500 × 5.000=22.500 mm2

Total area: A=111.368 mm2 (1.114%)
White surface including spirorbinae spores :1.041%, found in
the middle and close to the specimen edges. A larger mag-
nification of this area revealed a surface similar to bryozoans.
A1=2.564 × 2.308=5.918 mm2

A2=1.600 × 1.760=2.816 mm2

A3=7.742 × 8.064=62.431 mm2

A4=5.600 × 5.880=32.928 mm2

Total area: A=104.093 mm2

Mol :4, possibly clams found on various locations on the spec-
imen, with the largest located at the lower right edge of the
specimen.
A1=17.845 × 9.428=168.243 mm2

A2=1.203 × 0.800=0.962 mm2

A3=0.352 × 0.850=0.299 mm2

A4=3.708 × 5.617=20.828 mm2

Total area: A=190.332 mm2 (1.903%)
FB : 1.228%
EB : 2.092%, white in color, located at the upper left side of
the specimen, while a small portion was also spotted at the
center of the painted surface.
A1=15.825 × 12.795=202.481 mm2

A1=2.258 × 2.958=6.679 mm2

Total area: A=209.160 mm2

Silt: 61.668%, which is the silt covering the specimen apart
from the large tubes.

Fouling Resistance 95-(8.9+5.493+8.543+1.114+1.041+1.903+1.228+2.092)≈64.69
(F.R.) [%]

Physical Condition of � Digging and remainders of shells/organisms, strongly ad-
Antifouling Film herent onto the paint. A=1078.034 mm2.

� Softness rating: 10, no pigment transfer
� DE before immersion: 0.27
� DE after 6 months immersion: 0.74
� König pendulum hardness before immersion: 25.8
� König pendulum hardness after 6 months immersion: 50.3
� 60◦ gloss before immersion: 78.25
� 60◦ gloss after 6 months immersion: 49.25

Physical Damage Rating 100-10.78=89.22
(P.D.R.) [%]

Overall Performance 64.69
(O.P.) [%]
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Table 6.35: Antifouling performance calculation of PU specimen from Triplet 3 (6 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling PU
Examination

Fouling on surface PC-Serpulidae: 45, 0.201-220.363 mm2. More details about
their surface are presented in Table C.18.
Total area: A=687.792 mm2 (6.878%)
PC-Spirorbinae: 324, 0.070-3.015 mm, at random locations
over the painted surface. More details about their surface are
presented in Table C.19.
Total area: A=254.963 mm2 (2.550%)
Amphipods : 1, A=6.88 × 0.88=6.054 mm2 (0.061%)
Mol : 2, solitary forms on the specimen surface
A1 (black mussel)=0.996 × 0.724=0.721 mm2

A2 (clam-like organism)=1.106 × 1.407=1.556 mm2

Total area: A=2.277 mm2 (0.023%)
EB : 0.689%, of the Cheilostomata order, white and transpar-
ent/grey in color, located on the right and middle side of the
specimen, respectively.
A1 (transparent/grey)=10.555 × 5.025=53.039 mm2

A2 (white)=15.904 mm2

Total area: A=68.943 mm2 (0.689%)
FB : 0.525%, Located on the middle-right area of the painted
surface (A=15 × 3.5=52.5 mm2)
Silt: 84.026%, a layer of moderate thickness, with variations
on thickness and coverage over the specimen surface.

Fouling Resistance 95-(6.878+2.550+0.023+0.689+0.525)≈84.34
(F.R.) [%]

Physical Condition of � Digging and remainders of shells/organisms, strongly ad-
Antifouling Film herent onto the paint. A=836.43mm2.

� Softness rating: 10, no pigment transfer
� DE before immersion: 0.50
� DE after 6 months immersion: 1.35
� König pendulum hardness before immersion: 60.50
� König pendulum hardness after 6 months immersion: 75.17
� 60◦ gloss before immersion: 37.0
� 60◦ gloss after 6 months immersion: 26.8

Physical Damage Rating 100-8.364≈91.64
(P.D.R.) [%]

Overall Performance 84.34
(O.P.) [%]

After 6 months of immersion in Elefsis the overall performance of the non-AF polyurethane

coating was better than the experimental polyurethane formulation. Even though both systems

exhibited a decrease in the FR, compared to 4 months, the decrease was more profound for the

AF polyurethane coat which was rated with 64.69%, compared to the 84.34% of the polyure-
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thane system. The PDR values were 89.22% and 91.64%, correspondingly. After 6 months of

immersion the anticorrosive polyurethane system was better overall than the AF experimental

polyurethane formulation. These findings can be verified from Figs. 6.41 and 6.42, where the

fouling of the experimental polyurethane system appears to be more severe. The experimental

silicone formulation was rated with FR 84.80% and PDR 92.28%, respectively, exhibiting the

best behavior overall. The types of the observed foulers were similar to the ones after 4 months,

in addition to some mussels observed on the two experimental formulations.

With regard to the pysical damage after 6 months, the prints of the organisms on theExp.

Si painted specimen covered area equal to 422.75 mm2. Some physical damage caused possibly

by the elastomeric nature of the paint, was attributed to wearing and affected area equal to

349.38 mm2. The hardness of the coat exhibited 16.43% increase, similarly to the observations

after 2 and 4 months of immersion. The gloss value exhibited small increase after 6 months,

similarly to the finding after 4 months, while the discoloration index exhibited 50% decrease.

With regard to the Exp. PU1 painted specimen, the physical damage caused by digging ex-

panded to 10.78% of the painted surface. With regard to the rest of the properties, a behavior

similar to previous intervals was observed. DE increased 174%, 60◦ gloss dropped by 37%, while

the hardness of the coat increased by 95%. As regards the PU painted specimen, the digging

effect affected a larger area, but still quite small, compared to the condition after 2 months,

equal to 8.36%. The optical properties exhibited the same behavior as in the previous interval,

with the corresponding changes being equal to 170%, 27.58% and 24.25%, respectively. The

anticorrosive polyurethane system exhibited the highest hardness, compared to the rest of the

systems (as was also reported after 4 months of experiment). Finally, no pigment transfer was

observed for either of the polyurethane formulations.

6.3.2.4 After 8 months of immersion

Figure 6.44: Surface condition of Exp Si specimen from Pair 4 that remained immersed for 8
months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, d) after 8

months, when it was removed from site.
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Figure 6.45: Surface condition of Exp PU1 specimen from Pair 4 that remained immersed for
8 months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, d) after 8

months, when it was removed from site.

As can be seen from Fig. 6.45, fouling progressively covered almost the entire surface of the

specimen after 8 months of immersion. An area equal to 19.445 cm2 was covered by encrusting

bryozoans, especially the ”rust”-colored cheilostomata. Also, in Fig. 6.45d, filamentous bry-

ozoans can be seen. The rest foulers were serpulidae and spirorbinae. Due to the high density

coverage of the surface with fouling, the fouling rating dropped to 12.14%. The two types of

bryozoans are presented in Fig. 6.46.

Figure 6.46: Stereoscopic observation of Exp PU1 specimen after 8 months of immersion; a)
encrusting bryozoans cheilostomata and b) bushy bryozoans

The retrieved specimen was transferred to the laboratory immersed in water from site.

Indeed, the foulers remained alive upon arrival to the laboratory, as can be seen from Fig. 6.47a.

In Fig. 6.47b, the same specimen during inspection in the stereoscope is presented, while, finally,

in Fig. 6.47c, the final condition of the specimen is presented, with the less adherent foulers

having been removed.
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Figure 6.47: Surface condition of Exp PU1 specimen after 8 months immersion in Elefsis; a)
in the laboratory, immersed in water from site, b) during drying and c) after total cleaning

and removal of less adherent foulers

Figure 6.48: Representatives of serpulidae family on Exp PU1 specimen after 8 months
immersion in Elefsis; a) protula and b) hydroides genera

In Fig. 6.48 two representatives of the serpulidae family are presented. In Fig. 6.48a, an

organism, possibly of the protula genus is presented, while in Fig. 6.48b a representative of the

hydroides genus, of the serpulinae sub-family is presented. The first organism exhibited similar

characteristics with the one presented in Fig. 6.49. The second organism was identified by its

characteristic operculum, which becomes apparent as a bending stalk, on the right side of the

filaments. The operculum exhibits a funnel stalk, in the middle of which a crown bearing brown

spines is presented.
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Figure 6.49: Representative of serpulidae family on Exp Si specimen after 8 months
immersion in Elefsis; a) before and b) after blossom

In Fig. 6.49, a representative of the serpulidae family is presented. This organism exhibited

a smooth tube, funnel-shaped, white in color especially in the half distal part and dirty-white to

brown for the latter half part. Two representatives of this species were found on the specimen,

with a diameter of 3.158 mm and 2.885 mm, respectively. The length of the tubes was 44.211

mm and 37.500 mm, correspondingly, while both tubes were prostrate. The organisms exhibited

colorless branchial filaments with yellow dots and faint red stripes. When blossomed, the dots

appeared along each branchial filament, while a faint red stripe appeared at the lower part of

the filaments. The large dimensions and the morphology of the tubes could imply the protula

genus, which has global distribution [144].

Table 6.37: Antifouling performance calculation of Exp. Si specimen from Pair 4 (8 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface PC-Serpulidae: 47, 4.429-139.618 mm2. It should be noted
that they were mainly of cylindrical cross-section (no serpuli-
nae forms detected). More information about the mean calcu-
lated areas are presented in Table C.20.
Total area: A=1626.465 mm2 (16.265%)
PC-Spirorbinae: : 141, 0.526-2.105 mm, at random locations
over the painted surface. More details about their surface are
presented in Table C.21.
Total area: A=229.216 mm2 (2.292%)
Barn: 1, 5.263×4.737=24.931 mm2 (0.249%)
Mol : 1, a very large clam covering the upper left side of the
painted surface.
A=421.204 mm2 (4.212%)
FB : 2.521%, found at three locations on the painted surface.
A1=7.895×12.632=99.730 mm2

A2=4×(10.526×5.263)/2=110.797 mm2
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A3=7.895×5.263=41.551 mm2

Silt: 14.588%, not uniform coverage of the surface and not of
uniform thickness

Fouling Resistance 95-(16.265+2.292+0.249+4.212+2.521)≈69.46
(F.R.) [%]

Physical Condition of � Prints of the organisms attached onto the paint. A=1319.15
mm2.

Antifouling Film � DE before immersion: 0.41
� DE after 8 months immersion: 1.56
� König pendulum hardness before immersion: 9.33
� König pendulum hardness after 8 months immersion: 11
� 60◦ gloss before immersion: 15.25
� 60◦ gloss after 8 months immersion: 14.75

Physical Damage Rating 100-13.192≈86.81
(P.D.R.) [%]

Overall Performance 69.46
(O.P.) [%]

Table 6.38: Antifouling performance calculation of Exp. PU1 specimen from Pair 4 (8 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface Extensive coverage with fouling. Main representatives: en-
crusting and bushy bryozoans, barnacles, a great variety of ser-
pulidae and spirorbinae, as well as amphipods. The encrusting
bryozoans covered a great amount of the painted surface, above
which secondary fouling-mainly serpulidae worms-appeared.
The surface that was not covered with bryozoans (encrusting
or bushy) and secondary foulers, was full of spirorbinae. The
total area that was free of fouling was A=1213.91 mm2

Fouling Resistance 12.14
(F.R.) [%]

Physical Condition of � Digging and remainders of shells/organisms, strongly ad-
Antifouling Film herent onto the paint. A=2278.488 mm2.

� Softness rating:10, no pigment trnasfer.
� DE before immersion: 0.482
� DE after 8 months immersion: 2.364
� König pendulum hardness before immersion: 44.33
� König pendulum hardness after 8 months immersion: 52.67
� 60◦ gloss before immersion: 53
� 60◦ gloss after 8 months immersion: 27

Physical Damage Rating 100-22.785≈77.22
(P.D.R.) [%]

Overall Performance 12.14
(O.P.) [%]

After 8 months of immersion, the experimental polyurethane formulation was almost fully
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fouled, exhibiting An FR equal to 12.14%. A large amount of the surface was covered by en-

crusting bryozoans cheilostomata, of rusty color. The PDR was 77.22%, remaining in relatively

high levels, compared to the extent of the fouling. The experimental silicone formulation re-

tained its fouling resistance to higher levels, scoring an FR of 69.46% and a PDR of 86.81%,

exhibiting better performance overall after 8 months immersion.

With regard to the physical damage of the specimens, a larger surface of ”fouling-prints”

was observed on the Exp. Si painted specimen (13.19%). The hardness of the coat exhibited

increase equal to 17.9%, similar to the previous observations. Discoloration index increased

(2.8%) and gloss value decreased (3.3%), a combination of changes that could indicate some

initial signs of deterioration. With regard to the Exp. PU1 specimen, digging increased after

8 months and affected area equal to 22.78%, discoloration increased by 391.67%, while gloss

dropped by 49%, remaining, however, higher than the less affected silicone painted specimen

(15.25 GU before experiment and 14.75 GU after 8 months). Also, the hardness values verified

the harder nature of the Exp. PU1 system, which had a value equal to 52.67 after 8 months,

while the Exp Si system a value of 11. Apparently, both systems became a bit harder after

immersion, which was noticed also for the examined specimens after 2, 4 and 6 months (the

only exception was the hardness for the non-AF PU system after 2 months immersion, which

exhibited a slight decrease). Finally, the softness rating for the Exp PU1 paint was once more

equal to 10, since no pigment loss was observed.

6.3.2.5 After 10 months of immersion

Figure 6.50: Surface condition of Exp Si specimen from Pair 5 that remained immersed for 10
months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, d) after 8

months and e) after 10 months, when it was removed from site.
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Figure 6.51: Surface condition of Exp PU1 specimen from Pair 5 that remained immersed for
10 months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, d) after 8

months and e) after 10 months, when it was removed from site.

Figure 6.52: Stereoscopic observation of Exp. Si specimen after 10 months of immersion,
presenting representatives of the serpulidae family

In Fig. 6.52a, a pomatoceros triqueter is presented [150]. This organism can be easily identified

by its characteristic operculum, bearing three distinct projections, and its triangular-sectioned

tube, with a prominent longitudinal ridge on top. A similar tube, but much larger in dimension,

is presented in Fig. 6.52b. The operculum of the organism reminded of spirobranchus tetraceros

[151], however the shape of its tube was similar to pomatoceros.
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Table 6.39: Antifouling performance calculation of Exp. Si specimen from Pair 5 (10 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface PC-Serpulidae: 30, 11.394-450.273 mm2, found on various lo-
cations over the painted surface. More details about their sur-
face are presented in Table C.22.
Total area: A=1874.903 mm2 (18.749%)
PC-Spirorbinae: 156, 0.521-2.604 mm, found mainly as
colonies on various locations over the painted surface. More
details about their surface are presented in Table C.23.
Total area: A=172.448 mm2 (1.724%)
Barn: 1, 2.604×1.982=5.161 mm2

Mol : 1, mussel of dimensions 5.208×3.204=16.686 mm2

Foulers (general): 35.34%, this surface refers to mixture of var-
ious kinds of foulers, consisting mainly of serpulidae tubes and
spirorbinae colonies, which could not be identified individually.
Silt: 15.54%, not uniform coverage of the surface and not of
uniform thickness. The small percentage of the silt is justified
by the fact that the covered macrofoulers could be easily dis-
tinguished (Fig. 6.50) in the silt and were excluded from the
coverage calculation.

Fouling Resistance 95-(18.749+1.724+0.052+0.167+35.34)≈38.97
(F.R.) [%]

Physical Condition of � Prints of the organisms attached onto the paint.
Antifouling Film A=886.644 mm2 (8.866%).

� Physical damage caused as a result of erosion/wear: 766.861
mm2 (7.669%)
� DE before immersion: 0.79
� DE after 10 months immersion: 1.51
� König pendulum hardness before immersion: 18.8
� König pendulum hardness after 10 months immersion: 24.2
� 60◦ gloss before immersion: 20.75
� 60◦ gloss after 10 months immersion: 17.5

Physical Damage Rating 100-(8.866+7.669)≈83.47
(P.D.R.) [%]

Overall Performance 38.97
(O.P.) [%]
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Table 6.40: Antifouling performance calculation of Exp. PU1 specimen from Pair 5 (10
months immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU1
Examination

Fouling on surface Extensive coverage with fouling. Some representatives of the
observed foulers are presented below:
PC-Serpulidae: 1, the biggest tube of the specimen with an
area A=4×75=300 mm2 (3%)
PC-Spirorbinae: 2.8%, a colony of spirorbinae occupying a
surface of A=14×20=280 mm2

Barn: 10, 0.839-3.489 mm on average, for the bigger inner di-
ameter of the barnacle shells. Average barnacle height around
5 mm.
EB : 14.52%, the large orange bryozoans surface on the lower
right side of the specimen (A=1452.20 mm2).
Bristle worm: 1, A=2×35=70 mm2 (0.7%)
The encrusting bryozoans covered a great amount of the
painted surface, above which secondary fouling-mainly serpul-
idae worms-appeared. The surface that was not covered with
bryozoans and secondary foulers, was full of spirorbinae. The
total area that was free of fouling was A=339.338 mm2

Fouling Resistance 3.39
(F.R.) [%]

Physical Condition of � Digging and remainders of shells/organisms, strongly ad-
Antifouling Film herent onto the paint. A=1621.997 mm2 (16.22%).

� Softness rating: 10, no pigment transfer
� DE before immersion: 0.82
� DE after 10 months immersion: 0.85
� König pendulum hardness before immersion: 30.67
� König pendulum hardness after 10 months immersion: 46.4
� 60◦ gloss before immersion: 72
� 60◦ gloss after 10 months immersion: 33.5

Physical Damage Rating 100-16.22=83.78
(P.D.R.) [%]

Overall Performance 3.39
(O.P.) [%]

After 10 months of immersion, the fouling on the Exp PU1 specimen covered almost the

entire surface, leaving a free surface equal to 3.39%. However, the physical damage of the paint

was not as profound, since a PDR equal to 83.78% was measured. This is attributed to the fact

that the phydical damage rating was performed after thorough cleaning of the specimens. For

the first time, a bristle worm was observed on the surface of the Exp PU1 specimen, covering

0.7% of the specimen area. The silicone specimen exhibited an FR equal to 38.97% and a PDR

equal to 83.47%, being superior overall, but inefficient, in terms of antifouling performance.

In terms of hardness, both systems became harder after immersion, with the polyurethane

164



having a higher value (46.4 compared to 24.2). In terms of optical characteristics, gloss drop

was more abrupt for the Exp PU1 system compared to the silicone (33.5 GU versus 17.5 GU).

No discoloration was observed for the polyurethane formulation, while for the silicone system

discoloration increased by 0.72 units, implying a slight change in color. Finally, no pigment

transfer was observed for the Exp PU1 system after 10 months of immersion in Elefsis.

6.3.2.6 After 12 months of immersion

Figure 6.53: Surface condition of Exp Si specimen from Pair 6 that remained immersed for 12
months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, d) after 8

months, e) after 10 months and f) after 12 months, when it was removed from site
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Figure 6.54: Surface condition of Exp PU1 specimen from Pair 6 that remained immersed for
12 months in Elefsis: a) after 2 months, b) after 4 months and c) after 6 months, d) after 8

months, e) after 10 months and f) after 12 months, when it was removed from site

Figure 6.55: Surface condition of Exp Si specimen from Pair 6 that remained immersed for 12
months in Elefsis; a) after gentle wash and b) after complete removal of the foulers
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Figure 6.56: Surface condition of Exp PU1 specimen from Pair 6 that remained immersed for
12 months in Elefsis; a) as dried, b) after gentle wash and b) after complete removal of the

foulers

As can be seen from Fig. 6.56a, the specimen was covered with an intense layer of silt, mixed

with a great amount of filamentous bryozoans. The silt covered the areas where encrusting

bryozoans were observed, hence, gentle cleaning was mandatory, in order to reveal these areas

(Fig. 6.56b). The surface of the specimen after thorough cleaning is presented in Fig. 6.56c.

Table 6.42: Antifouling performance calculation of Exp. Si specimen from Pair 6 (12 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. Si
Examination

Fouling on surface PC-Serpulidae: 52, non-ringed tubeworms, 0.719-133.702
mm2, found on various locations over the painted surface (Ta-
ble C.24).
Total area: A= 560.631 mm2 (5.606%)
PC-Spirorbinae: 175, 0.222- 2.083 mm, found mainly as
colonies on various locations over the painted surface (Ta-
ble C.25).
Total area: A= 86.822 mm2 (0.868%)
Amphipod : 1, of dimensions 1.832×0.550=1.008 mm2

Mol : 1, mussel of dimensions 2.602×3.861=10.046 mm2

EB : 2.946%, encrusting bryozoans were observed on the mid-
right side of the painted surface.
A1=8.681×8.293=71.992 mm2

A2=14.385×15.483=222.723 mm2

Silt: 63.37%, light layer of silt, not uniform coverage of the
surface.

Fouling Resistance 95-(5.606+0.868+2.946+0.100)=85.48
(F.R.) [%]

Physical Condition of � Prints of the organisms attached onto the paint.
Antifouling Film A=39.836 mm2 (0.398%).

� Physical damage caused as a result of wear: 343.146 mm2

(3.431%)
� DE before immersion: 0.724
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� DE after 12 months immersion: 0.666
� König pendulum hardness before immersion: 20
� König pendulum hardness after 12 months immersion: 23
� 60◦ gloss before immersion: 19.5
� 60◦ gloss after 12 months immersion: 20.75

Physical Damage Rating 100-3.83=96.17
(P.D.R.) [%]

Overall Performance 85.48
(O.P.) [%]

Table 6.43: Antifouling performance calculation of Exp PU1 specimen from Pair 6 (12 months
immersion), according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU1
Examination

Fouling on surface PC-Serpulidae: 8, non-ringed tubeworms, 21.789- 599.655 mm2. A
few but quite large tubes were observed after 12 months of expo-
sure. More details about their dimensions are presented in Table
C.26.
Total area: A= 968.74 mm2 (9.687%)
PC-Spirorbinae: 27.72%, 1.093-2.186 mm, extensive coverage of
the surface with spirorbinae, either mature forms, found solitary or
in colonies, or colonies of larvae.
Barn: 1, 9.836×9.290=91.376 mm2 (0.914%)
EB : 44.303%, extensively covering the painted surface (Fig. 6.56b).
Their dimensions are presented in Table C.27.
Silt: 32.72%, covering the surface covered by bryozoans. The
silt was mixed with filamentous bryozoans, which were secondary
foulers, hence, not included in the fouling rating assessment. Due to
the large amount of silt, the fouling rating was based on Fig. 6.56b.

Fouling Resistance 95-(9.687+44.303+0.914+27.72)=12.38
(F.R.) [%]

Physical Condition of � The physical damage of the paint was mainly attributed to
Antifouling Film digging and remainders of calcareous shells and organisms( espe-

cially bryozoans) (Fig. 6.56b). A= 2673.017 mm2 (26.730%).
� Some damage caused by black stains (possibly remainders of

foulers, silt and algae, Fig. 6.56c) was: A= 429.046 mm2 (4.290%)
� Softness rating: 10, no pigment transfer
� DE before immersion: 0.582
� DE after 12 months immersion: 2.014
� König pendulum hardness before immersion: 23.17
� König pendulum hardness after 12 months immersion: 23
� 60◦ gloss before immersion: 71.5
� 60◦ gloss after 12 months immersion: 43

Physical Damage Rating 100-(26.730+4.290)=68.98
(P.D.R.) [%]

Overall Performance 12.38
(O.P.) [%]

After 12 months of immersion, the fouling for the Exp PU1 specimen was as severe as after 8
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months of immersion. The FR was 12.38% and included mainly large serpulidae tubes, a large

amount of encrusting bryozoans (44.30% coverage), as well as, a great amount of spirorbinae,

homogenously covering the surface, giving a coverage percentage of 27.72%. The physical

damage was the lowest, compared to the previous intervals, giving a ranking equal to 68.98%.

The experimental silicone system exhibited a remarkable behavior (FR 85.48%), which could

be compared with the fouling ratings of the first 6 months of immersion. The same observation

also holds for the PDR which was 96.17%, ranked between the values after 4 and 6 months

immersion.

Hardness value remained the same for the Exp PU1 system and slightly increased (from 20

before immersion to 23 after 12 months) for the Exp Si specimen. The gloss value exhibited a

drop for the polyurethane system but remained at higher levels compared to the Exp Si system

(43 GU versus 20.75 GU), which remained unaffected. Discoloration increased 1.432 units for

the polyurethane and remained more or less unaffected for the silicone system. Finally, after

12 months of immersion the softness rating for the experimental polyurethane formulation was

granted a ranking equal to 10.

In summary, the experimental silicone formulation exhibited effective antifouling protection

after 2,4,6 and 12 months of immersion, since the F.R. was above 84.80%. However, after 8

and 10 months the dense fouling settlement made the paint become ineffective. The painted

surface facilitated mainly ringed tubeworms and serpulid tubeworms of cylindrical cross sec-

tion. Compared to the reference silicone formulation, the experimental system exhibited better

antifouling behavior overall. With regard to the physical damage, it was mainly attributed to

digging and some wearing of the topcoat. The P.D.R. value remained above 83.47% during

the whole immersion period. The optical characteristics exhibited variations from interval to

interval, hence, the paint was slightly affected. The hardness of the coat increased after all

intervals, remaining, however, at similar or somewhat lower levels than the reference silicone

formulation.

The Exp. PU1 system did not exhibit satisfactory behavior in terms of antifouling pro-

tection, since it became largely affected after 6 months of experiment with strongly adherent

foulers. Variety of foulers, especially serpulid worms (e.g. spirorbinae, protula, hydroides) and

bryozoans (both encrusting and filamentous) were observed. Physical damage rating was above

68.98% for all intervals, as calculated after specimens’ cleaning, and it was mainly atributed to

digging. Discoloration and 60◦ gloss drop were observed for all intervals, implying some dete-

rioration of physical properties. In terms of mechanical integrity, the coating was found harder

compared to the initial condition, after each interval, except for the 12-month examination,

during which no change in hardness was observed. The softness rating was always equal to 10,

meaning that there was no pigment loss for this paint.

Finally, With regard to the behavior of the anticorrosive polyurethane formulation, its an-

tifouling behavior was unsatisfactory after two months of immersion, however, after 4 and 6

months it was above 80%. The F.R. index after 6 monhts was better for the reference formu-

lation than its antifouling counterpart (64.69%). The physical damage was mainly atrributed
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to digging of the strongly attached foulers. The optical and mechanical properties followed the

trend of the experimental polyurethane formulation, with discoloration, 60◦ gloss drop and in-

crease of coating hardness. The hardness of the polyurethane painted specimens exhibited the

largest values compared to the previous systems. Apparently, the limited amount of specimens

painted with the PU system did not allow a complete comparison with the Exp. PU1 formula-

tion, which was immersed for one year. In either case, the PU formulation is an anticorrosive

system, not intended for antifouling purposes. Finally, it should be mentioned that the softness

rating was always equal to 10, meaning that there was no pigment loss for this paint, either.

6.3.2.7 Conclusions with regard to the field tests of Exp PU1, Exp Si AF systems
and the PU non-AF paint

Table 6.44: Summary of antifouling and physical damage rating for the Exp Si, Exp PU1 and
PU systems during the 12-month immersion experiment in Elefsis

Months Exp. Si Exp. PU1 PU
FR [%] PDR [%] OP[%] FR [%] PDR [%] OP[%] FR [%] PDR [%] OP[%]

2 93.31 98.62 93.31 87.64 98.64 87.64 50.23 55.24 50.23
4 90.74 97.57 90.74 88.30 94.06 88.30 87.53 93.05 87.53
6 84.80 92.28 84.80 64.69 89.22 64.69 84.34 91.64 84.34
8 69.46 86.81 69.46 12.14 77.22 12.14 - - -
10 38.97 83.47 38.97 3.39 83.78 3.39 - - -
12 85.48 96.17 85.48 12.38 68.98 12.38 - - -

The 12-month immersion of Exp Si, Exp PU1 and PU painted specimens revealed the better

behavior of the Exp Si formulation, compared to the polyurethanes overall. The experimental

AF silicone system retained a FR larger than 80% for the first 6 months and after 12 months of

experiment, exhibiting a drop only after 10 months of immersion. Its PDR was always above

83.47%, implying an excellent behavior against fouling attachment. The organisms were easily

removed under running water of low pressure, usually leaving a print, with almost any digging.

Even though the PDR calculation includes some wear of the paint, which is expected to be

high for an elastomeric paint, it was eventually proven that the paint was less affected than

expected, during the field test. The paint allowed loose attachment and growth of serpulidae

worms of various genera. Spirorbinae were also apparent. The mean hardness value of the

paint was around 17.71 and exhibited only small increases, during the experiment. Finally,

the optical characteristics did not exhibit sharp changes. The discoloration index changes were

smaller than +1.15, while the highest gloss drop was 3.25 GU, with the mean gloss value being

around 18.91 GU.

With regard to the AF experimental polyurethane formulation and its anticorrosive refer-

ence, after 2 months the reference paint was granted a very low rating, since a very big part

of the surface was covered with a large network of tubes. As can be seen from Table 6.44, the

FR was 50.23%, while for the AF formulation was 87.64%. After 4 months, the two systems

exhibited similar behavior. Finally, after 6 months their difference was profound, with the
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experimental formulation having an overall rating of 64.69%, while the anticorrosive system

had a rating of 84.34%. The unsatisfactory efficiency of the Exp PU1 system after 8, 10 and

12 months of experiment revealed its limited antifouling performance. Even though the PDR

was retained at high levels ranging from 68.98% (after 12 months) to 98.55% (after 2 months),

it should be mentioned that the organisms were strongly attached onto the painted surface

and it was very hard to remove them, even with high water or finger pressure (usually there

were remainders from the calcareous tubes). However, in order to be able to assess the physical

damage of the paint, the foulers were removed from the specimen. From the above observations

it could be concluded that the Exp PU1 formulation could not be used for antifouling purposes.

6.3.3 Experimental Polyurethane (Exp PU2) AF system

6.3.3.1 After 2 months of immersion

Figure 6.57: Surface condition of Exp PU2 specimen after 2 months immersion in Elefsis; a)
at site and b) after thorough cleaning

Table 6.45: Presentation of antifouling performance calculation of Exp PU2 paint after 2
months of immersion, according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU2
Examination

Fouling on surface PC-Spirorbinae: 114, 0.227- 1.111 mm (Table 6.46)
Total area: A= 70.923 mm2 (0.709%)
Amphipods : 8, 0.929-2.980 mm, in length
Al-FB : 49.99%, filamentous algae and/or bryozoans exten-
sively covering the painted surface.
Silt: 50%,not uniform coverage of the surface and not of uni-
form thickness.

Fouling Resistance 95-(49.99+0.709)≈44.30
(F.R.) [%]

Physical Condition of � Paint digging: A=42.421 mm2 (0.424%)
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Antifouling Film � Some damage of the paint noticed during inspection: A=
41.171 mm2 (0.412%)
� Softness rating: 10, no pigment transfer
� DE before immersion: 1.522
� DE after 2 months immersion: 1.593
� König pendulum hardness before immersion: 22.80
� König pendulum hardness after 2 months immersion: 26.63
� 60◦ gloss before immersion: 59
� 60◦ gloss after 2 months immersion: 28.5

Physical Damage Rating 100-(0.424+0.412)≈99.16
(P.D.R.) [%]

Overall Performance 44.30
(O.P.) [%]

Table 6.46: Mean diameter, number of individuals and total surface area covered by the 114
spirorbinae found on the surface of the Exp PU2 specimen after 2 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.402 1 0.127
0.590 1 0.273
0.455 4 0.650
0.318 1 0.079
0.227 1 0.040
0.385 1 0.116
1.000 1 0.785
0.753 61 27.165
1.111 43 41.686

Total area 70.923

6.3.3.2 After 4 months of immersion

Figure 6.58: Surface condition of Exp PU2 specimen after 4 months immersion in Elefsis; a)
after 2 months, b) after 4 months, when it was removed from site and c) after thorough

cleaning
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Table 6.47: Presentation of antifouling performance calculation of Exp PU2 paint after 4
months of immersion, according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU2
Examination

Fouling on surface PC-Spirorbinae: 155, 0.563-2.147 mm in diameter, found on
various locations over the painted surface (Table C.28).
Total area: A= 214.692 mm2 (2.147%)
Amphipods : 2, 0.963-3.148mm, in length
Al-FB : 85.316%, filamentous algae and/or bryozonas exten-
sively covering the painted surface.
Silt: 12.53%, almost uniform coverage of the painted surface
with a thick layer of silt

Fouling Resistance 95-(85.316+2.147)≈7.54
(F.R.) [%]

Physical Condition of � Paint digging: A=214.692 mm2 (2.147%).
Antifouling Film � Some black ”stains” observed during inspection (probably

remainders of algae/bryo): A= 423.453 mm2 (4.235%)
� Softness rating: 10, no pigment transfer
� DE before immersion: 1.296
� DE after 4 months immersion: 0.686
� König pendulum hardness before immersion: 22.80
� König pendulum hardness after 4 months immersion: 20.83
� 60◦ gloss before immersion: 52
� 60◦ gloss after 4 months immersion: 32

Physical Damage Rating 100-(2.147+4.235)≈93.62
(P.D.R.) [%]

Overall Performance 7.54
(O.P.) [%]

6.3.3.3 After 6 months of immersion

Figure 6.59: Surface condition of Exp PU2 specimen after 6 months immersion in Elefsis; a)
after 2 months, b) after 4 months, and c) after 6 months, when it was removed from site
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Table 6.48: Presentation of antifouling performance calculation of Exp PU2 paint after 6
months of immersion, according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU2
Examination

Fouling on surface PC-Spirorbinae: 403, 0.157-2.959 mm in diameter, found on
various locations over the painted surface (Table C.29).
Total area: A= 438.994 mm2 (4.390%)
PC-Serpulidae: 8, 0.505-13.725 mm2, found mainly as solitary
forms over the painted surface (Table C.30).
Total area: A= 21.388 mm2 (0.214%)
Al-FB : 65.119%, filamentous algae and/or bryozonas exten-
sively covering the painted surface.
Amphipods : 2, 2.029 -2.048 mm, in length
Mol : 1, mussel of dimensions 5.008×2.093=10.482 mm2

(0.105%)
Silt: 25.7%, a medium thickness silt layer without uniform
coverage of the painted surface

Fouling Resistance 95-(65.119+4.390+0.214+0.105)=25.17
(F.R.) [%]

Physical Condition of � Paint digging. A=51.555 mm2 (0.516%)
Antifouling Film � Some black ”stains” observed during inspection (probably

remainders of algae/bryo): 623.506 mm2 (6.235%)
� Softness rating: 10, no pigment transfer
� DE before immersion: 1.098
� DE after 6 months immersion: 1.646
� König pendulum hardness before immersion: 10.8
� König pendulum hardness after 6 months immersion: 18
� 60◦ gloss before immersion: 44.25
� 60◦ gloss after 6 months immersion: 9.25

Physical Damage Rating 100-(0.516+6.235)≈93.25
(P.D.R.) [%]

Overall Performance 25.17
(O.P.) [%]

6.3.3.4 After 8 months of immersion

Figure 6.60: Surface condition of Exp PU2 specimen after 8 months immersion in Elefsis; a)
after 2 months, b) after 4 months, c) after 6 months and d) after 8 months, when it was

removed from site
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Figure 6.61: Surface condition of Exp PU2 specimen after 8 months immersion in Elefsis; a)
dried, after gentle removal of the silt and b) after thorough cleaning

Figure 6.62: Stereoscopic observation of Exp PU2 specimen after 8 months immersion in
Elefsis; a) barnacle, having been colored with the paint and b) encrusting bryozoans on the

painted surface

Table 6.49: Presentation of antifouling performance calculation of Exp PU2 paint after 8
months of immersion, according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU2
Examination

Fouling on surface Heavily fouled surface with spirorbinae, bryozoans (both fila-
mentous and encrusting) and some serpulid-tubes. The surface
free from fouling was 14.66%. Stereoscopic observation of the
observed fouled area allowed measurement of an amount of the
representative species, which are presented right below.
PC-Spirorbinae: 876, 0.111-2.813 mm in diameter, homoge-
nously covering the painted surface (Table C.31).
Total area: A=305.971 mm2 (3.060%)
PC-Serpulidae: 14, 0.463-191.248 mm2, found mainly as soli-
tary forms over the painted surface (Table C.32).
Total area: A=297.256 mm2 (2.973%)
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FB and EB : 3.032%, found on various locations on the painted
surface (Table C.33)
Amphipods : 4, found solitary on different positions of the
painted surface
A1=2.784×0.385= 1.072 mm2

A2=1.820×0.259= 0.471 mm2

A3=2.218×0.370= 0.821 mm2

A4=1,167×0.294= 0.343 mm2

Total area: A=2.707 mm2 (0.027%)
Barn: 2, found solitary on different positions of the painted
surface
A1=3.967×3.818=15.146 mm2

A2=2.627×3.780= 9.930 mm2

Total area: A=25.076 mm2 (0.251%)
Silt: 43.52%, light silt layer, not homogenous coverage of the
painted surface

Fouling Resistance 14.66
(F.R.) [%]

Physical Condition of � Digging of serpulid-tubes and bryozoans: A=464.94 mm2

Antifouling Film (4.649%)
� Digging of spirorbinae: 155.88 mm2 (1.559%)
� Damage/black ”stains”: 167.78 mm2 (1.678%)
� Softness rating: 10, no pigment transfer
� DE before immersion: 1.456
� DE after 8 months immersion: 2.24
� König pendulum hardness before immersion: 18
� König pendulum hardness after 8 months immersion: 17
� 60◦ gloss before immersion: 34.25
� 60◦ gloss after 8 months immersion: 4.5

Physical Damage Rating 100-(4.649+1.559+1.678)≈92.11
(P.D.R.) [%]

Overall Performance 14.66
(O.P.) [%]
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6.3.3.5 After 10 months of immersion

Figure 6.63: Surface condition of Exp PU2 specimen after 10 months immersion in Elefsis; a)
after 2 months, b) after 4 months, c) after 6 months, d) after 8 months and e) after 10

months, when it was removed from site

Figure 6.64: Surface condition of Exp PU2 specimen after 10 months immersion in Elefsis; a)
dried and b) after thorough cleaning
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Figure 6.65: Stereoscopic observation of Exp PU2 specimen after 10 months immersion in
Elefsis; a) interconnecting network probably of salmacina dysteri and b) a barnacle, having

been colored with the paint

Table 6.50: Presentation of antifouling performance calculation of Exp PU2 paint after 10
months of immersion, according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU2
Examination

Fouling on surface Heavily fouled surface with spirorbinae, bryozoans (both fil-
amentous and encrusting) and a great amount of small inter-
connected white tubes, possibly salmacina dysteri. The surface
free from fouling was 6.67%. Stereoscopic observation of the
observed fouled area allowed measurement of an amount of the
representative species, which are presented right below.
PC-Spirorbinae: 467, 0.472-1.764 mm in diameter, homoge-
nously covering the painted surface (Table C.34).
Total area: A≈220.616 mm2 (2.206%)
PC-Serpulidae: 6, 2.442- 12.302 mm2, found mainly as solitary
forms over the painted surface (Table C.35).
Total area: A=35.814 mm2 (0.358%)
FB and EB : 4.708%, found on various locations on the painted
surface
Amphipods : 1, 2.649×0.306=0.811 mm2

Barn: 1, 7.147×4.354=31.118 mm2 (0.311%)
Mol : 5, 2.043-113.560 mm2, clams of various sizes found soli-
tary on the painted surface
Total area: A=281.411 mm2 (2.814%)
Silt: 60.87%, medium silt layer, not homogenous coverage of
the painted surface

Fouling Resistance 6.67
(F.R.) [%]

Physical Condition of � Digging of bryozoans/tubes/other foulers: 1695.114 mm2

Antifouling Film (16.951%)
� Prints of spirorbinae: 221.764 mm2 (2.218%)
� Damage/black ”stains”: 481.338 mm2 (4.813%)
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� Softness rating: 10, no pigment transfer
� DE before immersion: 1.68
� DE after 10 months immersion: 1.09
� König pendulum hardness before immersion: 32
� König pendulum hardness after 10 months immersion: 55.20
� 60◦ gloss before immersion: 52.25
� 60◦ gloss after 10 months immersion: 16.4

Physical Damage Rating 100-(16.951+2.218+4.813)≈76.02
(P.D.R.) [%]

Overall Performance 6.67
(O.P.) [%]

6.3.3.6 After 12 months of immersion

Figure 6.66: Surface condition of Exp PU2 specimen after 12 months immersion in Elefsis; a)
after 2 months, b) after 4 months, c) after 6 months, d) after 8 months, e) after 10 months

and f) after 12 months, when it was removed from site
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Figure 6.67: Surface condition of Exp PU2 specimen after 12 months immersion in Elefsis; a)
dried and b) after thorough cleaning

Table 6.51: Presentation of antifouling performance calculation of Exp PU2 paint after 12
months of immersion, according to ASTM D 3623 and ASTM D 6990 guidelines

Fouling Exp. PU2
Examination

Fouling on surface Heavily fouled surface with spirorbinae, bryozoans (mainly fila-
mentous and a small amount of encrusting) and a great amount
of small interconnected white tubes, possibly salmacina dys-
teri. The surface free from fouling was 12.31%. Stereoscopic
observation of the observed fouled area allowed measurement
of an amount of the representative species, which are presented
right below.
PC-Spirorbinae: 275, 0.528-1.106 mm in diameter, homoge-
nously covering the painted surface (Table C.36).
Total area: A≈177.966 mm2 (1.780%)
PC-Serpulidae: 7, 8.884-28.498 mm2, found mainly as soli-
tary forms over the painted surface (Table C.37). Total area:
A=126.02 mm2 (1.260%)
PC-Serpulidae: 3.21%, colony of salmacina dysteri
FB and EB : 14.63%, found on various locations on the painted
surface
Barn: : 1, 2.671×2.844=7.596 mm2 (0.076%)
Silt: 71.58%, medium silt layer, not homogenous coverage of
the painted surface

Fouling Resistance 12.31
(F.R.) [%]

Physical Condition of � Digging of bryozoans: 2532.042 mm2 (25.320%)
Antifouling Film � Digging of serpulidae tubes: 1003.11 mm2 (10.031%)

� Digging of spirorbinae: 70.907 mm2 (0.709%)
� Damage/black ”stains”/other foulers: 70.1 mm2 (0.701%)
� Softness rating: 10, no pigment transfer
� DE before immersion: 1.68
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� DE after 12 months immersion: 1.26
� König pendulum hardness before immersion: 17.8
� König pendulum hardness after 12 months immersion: 28.4
� 60◦ gloss before immersion: 41
� 60◦ gloss after 12 months immersion: 3.75

Physical Damage Rating 100-(25.320+10.031+0.709+0.701)≈63.24
(P.D.R.) [%]

Overall Performance 12.31
(O.P.) [%]

6.3.3.7 Conclusions with regard to the field tests of the Exp PU2 AF system

Table 6.52: Summary of antifouling and physical damage rating for the Exp PU2 system
during the 12-month immersion experiment in Elefsis

Months Exp PU2
FR [%] PDR [%] OP[%]

2 44.30 99.16 44.30
4 7.54 93.62 7.54
6 25.17 93.25 25.17
8 14.66 92.11 14.66
10 6.67 76.02 6.67
12 12.31 63.24 12.31

The main foulers observed onto the surface of the Exp PU2 painted specimens were filamen-

tous algae/bryozoans, spirorbinae and encrusting bryozoans. More specifically, after 2 months

immersion, extensive coverage with algae/bryozoans was observed, which covered around half

of the specimen’s surface. As a result, the FR dropped to 44.3% (Table 6.52). The PDR was

kept quite high, due to the limited amount of spirorbinae (114). In accordance to previous

observations of the optical and mechanical properties of the antifouling paints, DE increased

by 4.66%, gloss dropped by 51.69%, while the coat became harder after 2 months of immer-

sion, since the König hardness increased by 16.8%. No pigment transfer to a cotton swab was

observed for the Exp. PU2 painted specimen after 2 months of immersion in Elefsis (softness

rating equal to 10).

After 4 months, the filamentous algae/bryozoans covered almost the entire surface, reaching

a percentage equal to 85.32% (Table 6.47). As a result, the FR dropped to 7.54%. Apparently,

the surface was nearly completely fouled. Once more, the PDR was quite high, due to the small

amount of spirorbinae (155) and the small amount of ”black stains” (probably remainders of

algae/bryo), leading to a PDR value of 93.62%. However, the attached foulers were strongly

adherent. The color and hardness values decreased after 4 months, deviating from the observed

trend, so far. However, the 60◦ gloss exhibited 38.46% drop. The softness rating remained

unaffected.

After 6 months, along with the algae/bryozoans and the 403 spirobinae, 8 serpulidae tubes

were also observed. The distribution of the foulers was such that the FR was equal to 25.17%.
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At this point, it should be mentioned that the foulers were strongly adherent onto the paint

and it was quite hard to remove them even with high water/finger pressure, as has also been

reported for the rest polyurethane systems. However, for the PDR analysis, the specimens

were thoroughly cleaned and the analysis was based on the quality of the washed surface. As a

result, the PDR value after 6 months was 93.25%. Some ”black stains” were noticed, covering

a surface equal to 6.24%. The rest of the properties followed the common rule of increase in

discoloration (50%) and hardness (66.67%) and decrease in gloss (79.1%), while once more, the

softness rating was equal to 10.

After 8 months of immersion, the variety of the attached macrofoulers increased and included

spirorbinae (876), serpulidae of other genera (14), barnacles (2) and filamentous and encrusting

bryozoans, covering around 3.03% of the painted surface. The characteristic of these foulers

was their intense digging into the paint, as was observed for a barnacle, the cell of which

had been colored circumferentially with the paint (Fig. 6.62a). Also, some amphipods were

observed, however, since these organisms do not attach onto the paint, they are not taken

into consideration during fouling rating calculation. The fouling rating was again quite low

(Table 6.52), due to the wide extent of fouling coverage (Fig. 6.61a). The gloss value after 8

months decreased by 86.86%, while discoloration increased by 53.42%, exhibiting close values

with the previous interval. The König hardness remained stable and so did the softness rating.

The P.D.R. value, as calculated through stereoscopic observation of the stains and damages

after the cleaning process of the specimen, was found equal to 92.11%.

After 10 months of immersion the fouling rating dropped to 6.67%, meaning that the surface

was basically completely fouled. The types of organisms were similar to the specimen that was

retrieved from site after 8 months, however, a large population of salmacina dysteri tubes was

observed (Fig. 6.65a). The hardness increased (72.5%) and gloss decreased (68.61%), however,

discoloration decreased. At this point, the PDR exhibited a significant drop being equal to

76.02%. The softness rating remained unaffected.

After one year of exposure, the types of foulers were similar to the ones observed after

10 months, with the population of bryozoans covering a larger surface, equal to 14.63%. The

fouling rating was 12.31%, while the PDR continued to decrease, reaching a value equal to

63.24%. Similarly to the previous interval, discoloration decreased, while hardness increased

(59.55%) and 60◦ gloss decreased (90.85%), following these properties (gloss and hardness) the

common trend, as has been developed in the present study. No pigment loss was observed after

12 months of experiment.

With regard to the mechanical characteristics of the examined specimens, the König pen-

dulum hardness had a mean value of 22.93, while the largest increase was observed after 10

months of experiment, when the hardness increased 23.2 units (from 32 before immersion it

became 55.2 after 10 months of experiment). In terms of optical characteristics, the gloss val-

ues exhibited wide variations. The mean gloss value before immersion was 47.13 GU and the

largest decrease was observed after 12 months of experiment, where a sharp decrease of 37.25

GU was measured, since the gloss value dropped from 41 GU before immersion to 3.75 at the
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end of the experiment. However, the discoloration index was not affected as much, exhibiting

a maximum difference in DE equal to +0.78.

The antifouling performance of the Exp PU2 system could not be described as satisfactory.

The painted surface became fouled almost immediately, with large amounts of algae/bryozoans

and spirorbinae. The variety and population of foulers increased constantly throughout the

experiment, almost totally covering it, already after 4 months of immersion. Intense digging

effect with coloring of the foulers was also observed. The foulers were strongly attached and it

was very hard to be removed by traditional means (high water/finger pressure). As a result,

it could be stated that the Exp PU2 system would not be an appropriate paint for antifouling

protection.

6.3.4 Electrochemical results

6.3.4.1 Reference silicone system

Table 6.53: Electric properties of the specimens painted with the Ref Si system, during their
immersion in Elefsis

Months Coating Capacitance
[F]

Before 8.057 10−10

2 2.604 10−10

4 2.063 10−10

6 1.675 10−10

8 3.152 10−10

12 3.416 10−10
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Figure 6.68: Bode plot of the Ref. Si painted specimens during the 12-month immersion in
Elefsis. The presented curves exhibited purely capacitive characteristics.

As can be seen from Fig. 6.68, the Bode plot was typical of a capacitive response, implying an

intact coat [68]. The magnitude graph exhibited straight lines with slopes around -0.9, implying

a perfect coat. The phase angle plots were straight lines around the value -π/2, which is the

phase shift of the capacitor. The obtained capacitance values were characteristic of a thick,

high-impedance coating (Table 6.53). As a result, no electrochemical degradation was detected

for the specimens that were immersed for 2, 4, 6, 8 and 12 months in Elefsis.

On the contrary, the specimen that remained immersed for 10 months, exhibited an open

circuit potential equal to -0.510 V vs SCE and the obtained impedance spectra had the shape

presented in Fig. 6.69. More specifically, the Nyquist plot exhibited a semicircle in the high

frequency range, implying a kinetic time-constant, while in the mid-frequency range a diffusion

tail appeared, which exhibited a slope increase in the low frequency region of the spectrum. In

other words, the diffusion related branch could be considered to be separated in two constant

phase elements (CPE). This behavior has also been reported during salt spray examination of

painted steel samples with scribes, after 6 and 8 weeks of experiment, as presented in Chapter

3.
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Figure 6.69: EIS graphs of the specimen painted with the Ref. Si system, that remained
immersed for 10 months in Elefsis

The diffusion process, related to the mass transport of dissolved oxygen through the pores

of the corrosion products layer, could be described using the modified restricted diffusion model

proposed by Diard et al. [81] and Lasia [82]. This type of diffusion impedance generally implies

that the corrosion products layer provides some protection to the substrate. However, this

observation could be verified only through comparative analysis of the obtained parameters in

the course of time. The equation providing the modified restricted diffusion impedance is given

by Eq. (3.19). A Randles circuit was used to fit the total impedance, which is presented in

Fig. A.1, while the expression for total impedance is given by Eq. (A.1).

The parameters presented in Table 6.54 were obtained from the regression analysis. The

diffusion related time constant (τD,FD) was found equal to 93.6 s. Assuming a representative

diffusion coefficient for dissolved oxygen equal to 1.9 10−5 cm2/s [65], the diffusion layer thick-

ness (LD) becomes equal to 0.42 mm, around half the actual thickness value of the multi-layer

coat, which was measured 864.5 µm, using a portable KTA-Tator Elektro-Physik eXacto coat-

ing thickness gauge, the FN type. This means that the amount of corrosion products was not

thick enough to cover the whole coating thickness. The diffusion related resistance (RD), repre-

senting the difficulty for the oxygen molecules to travel through the corrosion layer, was equal

to 243.56 Ω, one order of magnitude larger than the charge-transfer resistance (Rct), which was

equal to 27.88 Ω. Hence, the charge-transfer process was quicker. This can be verified through

comparison of the diffusion related (τD,FD) and kinetic (τct,CPE) time constants. Apparently,

the time needed for the oxidant molecules to travel through the diffusion layer is five orders

of magnitude larger than the time needed for electron exchange. The kinetic time constant is

given by Eq. (3.8) and the diffusion related time constant is given by Eq. (3.9). Finally, the

CPE parameters n and Q could be ascribed to a double layer.

Linear polarization resistance method provided a polarization resistance value equal to

541.601 Ω, close enough to the polarization resistance value of 500.065 Ω obtained from the

fitting results. The obtained LPR curve is presented in Fig. 6.70.
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Table 6.54: Fitting results and derived parameters for the specimen painted with the Ref Si
system, that remained immersed for 10 months in Elefsis, assuming modified restricted

diffusion, Randles connection and CPE for double-layer

Parameter Unit Value
τD,FD [s] 93.602
RD [Ω ] 243.556
φ 0.465
Rct [Ω] 27.881
n 0.671
Q [F sn−1] 2.648 10−4

τct,CPE [s] 6.653 10−4

Figure 6.70: Linear polarization resistance examination of the specimen painted with the Ref
Si system, that remained immersed for 10 months in Elefsis.

6.3.4.2 Acrylic system

The specimens that were painted with the acrylic system and remained immersed for 2, 4 and

6 months, exhibited purely capacitive characteristics, with the capacitance values being in the

range of 10−10 F (or 10−11 F/cm2). The respective signals are presented in Fig. 6.71. The

deviation of the EIS signal corresponding to 2 month-immersion from the ideal slope of -1 was

attributed to the quality of the signal, which exhibited more intense noise in the high-frequency

range, compared to the other responses.

186



Table 6.55: Electric properties of the specimens painted with the Acrylic system, that
remained immersed for 2, 4 and 6 months in Elefsis

Months
Coating Capacitance

[F]
Before 2.214 10−10

2 2.302 10−9

4 2.814 10−10

6 2.662 10−10

Figure 6.71: Bode plot of the Acrylic painted specimens that remained immersed for 2, 4 and
6 months in Elefsis. The presented curves exhibited purely capacitive characteristics.

The specimen that remained immersed for 8 months exhibited a two time-constant behavior,

as can be seen from Fig. 6.72. The parameters obtained from the regression analysis (Table 6.56)

indicated that the high-frequency, better resolved semicircle accounted for the coating time-

constant, while the low-frequency depressed semicircle accounted for the charge-transfer process

at the metal/coat interface. The values of Rpore and Rct were equal to 3.66 105 Ω cm2 and

3.34 105 Ω cm2, respectively, smaller than 106 Ω cm2, indicating loss of barrier properties and

corrosion susceptibility [152]. Finally, the polarization resistance (Rp), defined as Re +Rpore +

Rct, had a value of 8.34 105 Ω cm2 at the lowest frequency (0.025 Hz).
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Figure 6.72: EIS graph for the specimen painted with the Acrylic system, that remained
immersed for 8 months in Elefsis.

Table 6.56: Fitting results and derived parameters for the specimen painted with the Acrylic
system, that remained immersed for 8 months in Elefsis, assuming a two time-constants model

Parameter Unit Value
nc 0.914
Qc [F sn−1] 1.653 10−9

Rpore [Ω] 3.406 104

n 0.248
Q [F sn−1] 3.457 10−5

Rct [Ω] 3.107 104

τct,CPE [s] 1.333

Figure 6.73: EIS graphs for the specimens painted with the Acrylic system, that remained
immersed for 10 and 12 months in Elefsis.
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Table 6.57: Electric properties of the specimens painted with the Acrylic system, that
remained immersed for 10 and 12 months in Elefsis

Months
Coating Capacitance Coating Resistance

[F] [Ω]
10 3.271 10−9 1.949 106

12 1.555 10−9 4.144 104

The specimens that remained immersed for 10 and 12 months, respectively, exhibited the

impedance graphs presented in Fig. 6.73. The Nyquist plot corresponding to 12 months of

immersion is also presented as inset graph in Fig. 6.73. Both responses corresponded to a one

time-constant circuit, consisting of the parallel connection of the coating capacitance and the

pore resistance (Table 6.57). These two graphs are characteristic of the gradual deterioration

of an organic coating. More specifically, after 10 months the Rpore was equal to 2.09 107 Ω cm2,

indicating satisfactory protection [153]. However, the specimen that remained immersed for

12 months exhibited an Rpore equal to 4.45 105 Ω cm2, exhibiting a plateau, implying barrier

properties deterioration and increase of permeability [154], even for frequencies above 100 Hz.

Generally, as a coating degrades, coating resistance (Rpore) decreases [155], due to easier per-

meation of the electrolyte. Under this prism, coating capacitance could also increase for the

same reason, since, water ingress increases the dielectric value. However, the present spec-

imens exhibited similar coating capacitances, being 3.04 10−10 Ω cm2 after 10 months and

1.45 10−10 Ω cm2 after 12 months.

6.3.4.3 Experimental silicone system

Table 6.58: Electric properties of the specimens painted with the Exp. Si system, during their
12-month immersion in Elefsis

Months
Coating Capacitance Coating Resistance

[F] [Ω]
Before 3.572 10−10 -

2 3.447 10−10 4.497 105

4 3.730 10−10 -
6 3.472 10−10 -
8 6.356 10−10 -
10 3.182 10−10 -
12 4.518 10−10 -
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Figure 6.74: Bode plot of the Exp. Si painted specimens that remained immersed for 4, 6, 8,
10 and 12 months in Elefsis. The presented curves exhibited purely capacitive characteristics.

Figure 6.75: EIS graph for the specimen painted with the Exp. Si system, that remained
immersed for 2 months in Elefsis.

The specimens that remained immersed for 4, 6, 8, 10 and 12 monhts exhibited a purely

capacitive behavior (Fig. 6.74). The largest capacitance value was equal to 6.36 10−10 F (or

5.91 10−11 F/cm2), corresponding to impedance magnitude |Z(ω → 1)| equal to 1.69 1010 Ω cm2,

implying a rather efficient protection [152]. The only specimen that exhibited some initial

degradation characteristics was the one that remained immersed for 2 months in Elefsis. The
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EIS response of this specimen could be described by a one time-constant circuit, with the

coating capacitance being in parallel to the coating resistance (Fig. 6.75). The values of the

parameters are presented in Table 6.58. The value of the pore resistance (4.83 106 Ω cm2) was

close to the threshold of 106 Ω cm2 [152], arising some thoughts with regard to its long-term

anticorrosion efficiency.

6.3.4.4 Experimental polyurethane (1) system

Figure 6.76: EIS graph for the specimens painted with the Exp. PU1 system, that remained
immersed for 6 and 10 months in Elefsis.

Table 6.59: Electric properties of the specimens painted with the Exp. PU1 system, during
their 12-month immersion in Elefsis

Months
Coating Capacitance Coating Resistance

[F] [Ω]
Before 2.624 10−10 -

2 3.929 10−10 5.505 105

4 3.821 10−10 5.316 105

6 2.811 10−10 -
8 3.619 10−10 3.253 105

10 3.967 10−10 -
12 4.602 10−10 1.022 106
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Figure 6.77: EIS graph for the specimens painted with the Exp. PU1 system, that remained
immersed for 2, 4, 8 and 12 months in Elefsis.

The painted specimens that retained their barrier properties were the ones that were immersed

for 6 and 10 months in Elefsis (Fig. 6.76). Similarly to previous observations, the coating

capacitance was in the range of 10−10 F (Table 6.59), with the largest value calculated for the

specimen that remained immersed for 10 monhts in Elefsis (3.967 10−10 F or 4.26 10−11 F/cm2),

corresponding to magnitude at ω → 1 equal to 2.34 1010 Ω cm2 . With regard to the specimens

that remained immersed for 2, 4, 8 and 12 monhts (Fig. 6.77), they could be described by a one-

time constant circuit. The Rpore values for the corresponding periods were 5.92 106, 5.71 106,

3.49 106 and 1.10 107 Ω cm2, respectively. Hence, the barrier properties for the first three

specimens could be considered to be slightly above the margin of efficient protection (106 Ω cm2,

according to [152]) or even beneath it (107 Ω cm2, as mentioned in [153]). However, the barrier

properties of the specimen that remained immersed for 12 months could be considered as

satisfactory and implied an efficient coating.

6.3.4.5 Polyurethane system

The PU painted specimens that were immersed for 2 and 6 months did not exhibit any degra-

dation characteristics (Fig. 6.78). The specimen that was examined for 4 months in the field

exhibited some degradation, which was at initial stage, since only the high-frequency part of

the semicircle was depicted during EIS (Fig. 6.79). The obtained parameters are presented in

Table 6.60. After 4 months, the capacitance exhibited some increase, compared to the previ-

ous interval, being equal to 1.04 10−9 F (or 9.67 10−11 F/cm2), while the Rpore was equal to

9.55 105 Ω or 1.03 107 Ω cm2, implying an efficient coating [152,153].
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Table 6.60: Electric properties of the specimens painted with the PU system, during their
6-month immersion in Elefsis

Months
Coating Capacitance Coating Resistance

[F] [Ω]
Before 2.710 10−10 -

2 7.868 10−10 -
4 1.042 10−9 9.545 105

6 2.425 10−10 -

Figure 6.78: EIS graph for the specimenS painted with the PU system, that remained
immersed for 2 and 6 months in Elefsis.
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Figure 6.79: EIS graph for the specimen painted with the PU system, that remained
immersed for 4 months in Elefsis.

6.3.4.6 Experimental polyurethane (2) system

Five of the six specimens painted with the experimental polyurethane formulation (2) exhib-

ited a purely capacitive behavior throughout the testing period, despite the heavy fouling

(Figure 6.80). The capacitance of the metal/electrolyte system, with the coating serving as

the dielectric, was in the order of 10−10 F, corresponding to an intact coat with an efficiently

protective character (Table 6.61). Only the curve corresponding to 4 months of immersion

exhibited deviation from the ideal behavior (Figure 6.81), compared to the rest of the curves,

exhibiting a poorly resolved semicircle, due to the large value of the Rpore (2.73 107 Ω cm2).

Table 6.61: Electric properties of the specimens painted with the Exp. PU2 system, during
their immersion in Elefsis

Months
Coating Capacitance Coating Resistance

[F] [Ω]
Before 3.159 10−10 -

2 2.943 10−10 -
4 1.197 10−9 2.544 106

6 2.294 10−10 -
8 5.585 10−10 -
10 4.553 10−10 -
12 2.504 10−10 -
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Figure 6.80: Bode plot of the Exp. PU2 system during the 12-month immersion in Elefsis. All
curves exhibited purely capacitive characteristics.

Figure 6.81: EIS graph for the specimen painted with the Exp. PU2 system, that remained
immersed for 4 months in Elefsis.

6.3.5 Water titration results

The titration procedure was performed, in order to calculate the molarity of chloride ions into

the sea water taken from Elefsis. The Mohr’s method was applied for determination of the

Cl− concentration. According to this procedure, in order to calculate a substance of unknown

195



concentration (here the chloride ions, called the analyte), we should first use a standard solution

(the titrant) of known concentration, which will react with the NaCl of the seawater to produce

a solid precipitate. In the Mohr’s method the titrant is AgNO3 in concentration of 0.1M. The

precipitation reaction is the following:

AgNO3(aq) +NaCl(aq)→ AgCl(s) +NaNO3(aq) (6.1)

The method stops when all the Ag+ ions have reacted with the Cl− ions of the solution,

to form AgCl precipitate. In order to visually be able to determine the equivalence point (the

point at which the moles of the titrant are equal to the moles of the analyte in the sample), we

usually use a potassium chromate indicator (K2CrO4), which is yellow in color. The potassium

chromate reacts with the silver (I) ions, according to the following reaction:

K2CrO4(aq) + 2AgNO3(aq)→ Ag2CrO4(aq) + 2KNO3(aq) (6.2)

As soon as the Ag+ ions have reacted with all the Cl− ions of the seawater, they start to

react with the indicator, turning the solution to light orange. This is when the experiment

stops. More specifically, firstly the seawater is diluted with distilled water because the chloride

concentration is too big to measure. The diluted seawater sample is placed into a conical flask

and then 1 ml or 2 ml of the indicator are added, turning the solution into transparent yellow

(Fig. 6.82a). The sample is placed under the burette presented in Fig. 6.82, which contains the

0.1M AgNO3.

By the moment the first drop of the titrant (AgNO3) from the burette reaches the analyte,

it obtains a milky white color (Fig. 6.82b). At the endpoint, the maximum quantity of AgCl

precipitates has been created and the solution obtains a slight orange color (Fig. 6.82c). If

the process continues beyond the endpoint, the solution turns into dark orange, due to the

production of Ag2CrO4 molecules (Fig. 6.82d).

Figure 6.82: Titration steps; a) before initiation of the titration, b) during the titration
procedure, c) endpoint of titration and d) excess of AgCl in the solution beyond the endpoint

The solution used for the titration was a two-times diluted seawater sample taken from

Elefsis. The procedure followed was:

196



1. 20 ml seawater diluted to 100 ml distilled H2O

2. 10 ml from the above diluted seawater diluted again to 50ml H2O, containing 1 ml of the

indicator (to color the solution yellow). This solution was the sample used for titration.

3. The procedure was repeated three times for each sample and the mean value was calcu-

lated.

In order to calculate the molarity of Cl− ions in the original undiluted seawater sample, the

following procedure was applied [156] (example presented for seawater sample taken after 10

months immersion in Elefsis):

1. Calculation of the amount of Cl− ions into the 50 ml solution which was titrated

nCl− =
0.1molAg+

1LAg+
× 0.0111LAg+ × 0.1molCl−

1molAg+
= 1.11 10−3 mol (6.3)

2. Calculation of Cl− concentration in the diluted solution

cCl− =
nCl−

Vsolution

=
1.11 10−3

0.050

mol

L
= 0.0222 M (6.4)

3. Calculation of Cl− concentration in the original undiluted seawater

cCl− = 25× 0.0222 = 0.555 M (6.5)

The sample was diluted two times by five times each. Hence, it was finally diluted twenty-

five times its original concentration. The obtained Cl− concentrations, during the 24-month

experiment in Elefsis, are presented in Table 6.62 .

Table 6.62: Water characteristics for the total of 24 months immersion in Elefsis

Months pH Conductivity Average AgNO3 Cl− concentration
(mS/cm) (ml) (M)

2 9.67 37.1 10.0 0.500
4 8.28 49.1 13.7 0.685
6 8.22 48.8 11.3 0.565
8 7.88 49.2 11.2 0.560
10 8.06 48.4 11.1 0.555
12 8.13 42.2 10.1 0.503
14 8.28 33.7 9.50 0.475
16 8.30 45.2 9.43 0.472
18 8.42 45.2 8.47 0.423
20 8.35 48.8 13.00 0.650
22 8.41 47.2 12.33 0.617
24 8.33 47.0 13.73 0.687

The titration measurements revealed that the mean chloride content of the seawater was

0.558 M. The mean pH value was 8.19, while the average conductivity was 44.99 mS/cm.
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6.4 Conclusions

� The commercial, foul-release, silicone-based formulation (Ref Si) did not exhibit a consis-

tent antifouling behavior, since it could facilitate dense fouling, dropping the F.R. index

quite sharply, thus, becoming ineffective. However, the attached foulers, mainly serpulid

representatives, could be easily removed under running water, due to the low surface

tension of the paint, causing, though, intense digging. In real conditions, the severity

of digging would depend on the idle periods of the ship. The hardness measurements

revealed the soft nature of the elastomeric system.

� The commercial, self-polishing, acrylic-based system exhibited the best antifouling be-

havior overall, with F.R. values close to 95%, with almost any macrofoulers attached. Its

efficiency arises from the mode of action, based on leaching. This paint does not retain

any optical properties, it is harder than the commercial silicone formulation but suffers

wearing and chipping, as a result of leaching.

� The experimental silicone formulation with 0.56% immobilized Econea (Exp. Si) was an

improved version of the commercial silicone system. This system could also facilitate

macrofouling attachment of great variety, which could make it inefficient on occasion,

but not as severely as the reference silicone formulation. The foulers could be easily

removed under running water, while the digging effect was minimized, compared to the

commercial silicone system. Hence, in real conditions, it would be easy for the organisms

to detach from the hull with minimum physical damage. Finally, the optical properties

were only slightly affected, while, in terms of hardness, it was found somewhat softer than

its commercial counterpart.

� The experimental polyurethane formulation with 2% immobilized Econea (Exp. PU1)

would not be suitable for antifouling purposes. This system lost its antifouling efficiency

quickly after immersion, becoming progressively more heavily fouled with serpulid-worms

and bryozoans, strongly adherent onto the paint. Even in dynamic conditions, it would be

very difficult for these foulers to become detached. In terms of physical damage, digging,

discoloration, gloss drop and hardness increase were observed as a general trend, during

immersion.

� The experimental polyurethane formulation with mixed biocides (Exp. PU2) would be

rather unsuitable for antifouling protection, since it became heavily fouled even from the

first two months of immersion. Bryozoans, algae and spirorbinae were the main foulers.

The foulers were strongly attached, similarly to the Exp. PU1 formulation. Physical

damage was mainly attributed to digging. The rest of the properties exhibited the trend

reported for the previous experimental polyurethane system. The hardness of the coat

exhibited variations.
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� No pigment loss or other manifestations of physical damage (e.g. wearing, chipping,

flaking etc.) were observed for either of the polyurethane formulations.

� In terms of antifouling protection in static immersion, the acrylic-based system exhibited

the best behavior. In terms of physical damage, the experimental silicone system was the

best candidate. As a result, in real conditions, where the foulers would be easily removed

due to friction, the experimental silicone formulation would provide a long-lasting efficient

behavior. Moreover, the immobilized biocide makes this formulation an environmentally

friendly solution.

� Electrochemically, the Exp. PU2 system retained its barrier properties almost unaffected

throughout the test. The second best behavior was exhibited by the experimental silicone

system, if a comparison among the antifouling paints is to be made.

� Taking into consideration the aforementioned observations, the experimental silicone for-

mulation would be an efficient antifouling and anticorrosive solution for marine applica-

tions, if some precautions are followed, concerning its soft elastomeric nature.
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Chapter 7

Mechanical testing of experimental and
commercial antifouling systems and
electrochemical investigation thereof
after accelerated aging tests on intact
specimens

Abstract

In the present chapter, accelerated aging tests in a salt spray and a climatic chamber, as well as,

immersion tests in artificial seawater in laboratory conditions were performed for selected paint-

ing systems in intact condition. The performance of the systems was assessed through König

pendulum hardness, 60◦ gloss, discoloration (DE) and EIS measurements. The experimental

silicone formulation exhibited the best behavior, followed by the reference silicone, while the

experimental polyurethane (Exp PU1) and the anticorrosive polyurethane systems were ranked

in the last position exhibiting the best behavior only one time, during all three tests. From

the results obtained from all these tests, it was concluded that the immersion test imposes

smaller stresses on the painting systems compared to the accelerated aging tests. Moreover,

the mechanical and physical properties of the systems were determined through water liquid

transmission rate test, cupping, chalking and dirt pick-up standardized practices. In these tests,

the reference silicone system and the experimental polyurethane system (Exp PU1) exhibited

the best behavior.

7.1 Introduction

In order for an organic coating to be efficient and suitable for the service conditions it is

intended to, it should withstand the specific environmental stresses it is subjected to, retaining

its barrier properties, adhesion, physical, chemical and mechanical characteristics. Assessment

of the effective performance of a painting system is usually performed through accelerated

aging tests. These tests impose larger stresses on the examined paint than it would normally

encounter in the field and could include continuous immersion in an electrolyte, exposure to salt
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spray or UV conditions and/or increased temperatures with variations. Under these conditions,

penetration of the electrolyte through the coating becomes faster and, as a result, the corrosion

process starts and progresses faster [1]. Apparently, the selection of the right aging test or

combination of those depends on the service conditions that the paint will encounter. During

accelerated aging tests the failure mechanism remains the same but the failure commences

faster [1].

Since oxygen, water (or generally a conducting electrolyte), UV radiation and temperature

are the most important parameters for a coating’s degradation, a proper accelerated aging test

could involve most or all of them as imposed stresses. The ASTM D 5894-96 [157] standard

practice combines exposure in a UV chamber (as proposed in ASTM G 154-06 standard [158]

for UV exposure of non-metallic materials) with a Prohesion chamber, based on alternation

of fog/dry cycles. Due to the intervals with absent UV radiation, this procedure was proven

to be less damaging after 27 weeks of experiments than a 24-week UV exposure, during aging

of high gloss polyurethane coatings [3]. More specifically, the authors observed as a major

degradation indication the intense pigment exposure on the surface, leading to void and cracks

in the bulk of the coat. On the contrary, through the UV/Prohesion test, pigment loss was

hardly detected. The same trend was observed in gloss loss, while blistering was observed after

both experiments, with the ones observed after UV exposure being larger and fewer than after

the UV/Prohesion test.

UV aging is a very common accelerated aging method and it is used as a simulation method

of the stresses induced from UV radiation from sunlight for coatings intended for outdoors. UV

light along with oxygen lead to ”photo-oxidation” or ”photodegradation” [159]. Incorporation

of water effect is often assured through a step including condensation. UV aging has been

reported to cause blistering to epoxy varnish paints after 35 days of exposure, causing coating

resistance drop and loss of adhesion [160]. Also, an epoxy primer/ epoxy topcoat paint exhibited

intense chalking after 4500 h of UV aging and topcoat degradation, which became apparent

through a measurable coating resistance. On the contrary, an epoxy primer/polyester-urethane

topcoat paint was hardly deteriorated and retained its capacitive behavior during the course of

the experiment [161]. A drawback of these tests is that the failure mode induced by the usually

applied short wavelength UV source could be different from the one observed during natural

weathering [162]. This is because the higher intensity UV sources have a larger potential to

break chemical bonds, which might not be the case during an outdoor weathering test, where

the sunlight intensity depends on season, location and atmosphere quality [163].

Salt spray test is one of the most widespread techniques, because it offers the potential to

perform tests combining increased temperature, salt spray-simulating marine atmosphere- and

humidity. The painted specimens can be examined into the chamber either intact, in order to

examine the barrier properties of an intact coat, or scribed, in order to investigate the barrier

properties of the unscratched part and possible corrosion products accumulation and expansion

beneath the unscratched paint [7, 164]. One of the most common standards is the ASTM B

117 [165] standard practice for continuous salt fog at 35◦C. Paint assessment of painted samples
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after the end of the test is usually based on visual inspection, with an emphasis on blistering

dimensions and their density [166]. Currently, the standard ISO 14993:2001 [167] has been

widely applied, because it combines cyclic corrosive conditions, based on alternation of salt fog,

dry and humid steps at different temperatures, thus better representing conditions that could

be encountered in the field.

If temperature is the main parameter that affects a coating’s performance, thermal cycling

tests could be applied. These tests are based on alternation of temperature steps and can

be combined with continuous immersion of the painted samples in an electrolyte, in order

to draw conclusions with regard to their barrier and adhesion properties. These tests are

ideal for coatings that are intended to work at temperatures higher than their glass transition

temperature [168]. Increase of temperature would cause increased water penetration through

the coating, leading to faster physical and chemical aging [162]. The same authors proposed

reversibility of film damage after cooling to room temperature, as an accredited criterion for

assessment of barrier properties and adhesion performance of the examined paint. Thermal

cycling without immersion in an electrolyte, but including intervals with UV radiation have been

performed at NTUA [169]. The painting systems were multilayer (primer and topcoat) with

alkyd, vinyl-chloride, polyurethane and aspartic polyurethane as topcoats. Also, an antifouling

system was examined. The specimens were exposed to UV aging (ASTM G 154-06) for 240

h and then to thermal cycling for 480 h. Three temperatures were examined, namely 25◦C,

45◦C and 65◦C. Each thermal cycle lasted 120 h and included five steps of 24 h each. Each

step included alternation of UV lamp on and off every 4 hours, starting with the lamp off. The

succession of steps was 25◦C, 45◦C, 65◦C, 45◦C and finally 25◦C. The vinyl-chloride system

was electrochemically more largely affected, since there was exposure of the primer coat and

corrosion spots on the iron peaks exposed outside the paint. Chemical degradation was also

observed for this system, with a larger effect on the 879.4, 1541 and 1699 cm−1 transmittance

peaks, hence implying chemical modification of the epoxy resin [170]. Finally, the antifouling

system exhibited intense pigment loss and a cohesion mode of detachment, 5% top coat and

95% primer, during the pull-off test (ISO 4624:2002 [171]).

Immersion test in artificial seawater (NaCl) at room or elevated temperatures [43] comprises

also another common aging procedure. This test is directly related to EIS measurements and

aims at depicting electrolyte uptake gradually, until substrate corrosion initiates. This test

has been performed by Abdel-Gaber et al. [139], during investigation of a vinyl chloride-vinyl

acetate copolymer based paint, containing lupine seed extract. The authors performed the test

for a duration of 33 days. Even though two time constants were already apparent after 24 days

of exposure, the lupine extract acted as an inhibitor, leading to higher coating and double-layer

resistances and capacitances, respectively, compared to the unloaded paint. However, this type

of tests generally requires a long immersion period, in order to differentiate high performance

paints, which could range from 10 weeks to 1 year, without ensuring that a measurable change

in barrier properties would be feasible [162].
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Assessment of paint performance should be performed at frequent intervals during testing

and should include measurement of as many characteristics of the painting system as possible,

such as physical characteristics (e.g. gloss, color), electrical characteristics (e.g. through electro-

chemical impedance spectroscopy), mechanical characteristics (e.g. König pendulum hardness)

and any chemical alterations (e.g. through FTIR).

A subject of extended conversation is whether accelerated aging tests can be correlated with

natural exposure tests. In the work of Deflorian et al. [172], the authors performed a 10 month

natural weathering test in Trento, Italy, between August and May on two polyester paints with

different thicknesses. Also, various accelerated aging tests, such as salt spray, UV and thermal

cycling tests were performed. The authors reported that UV aging could not be correlated with

natural exposure, in contrast to the salt spray and thermal aging tests, which could be correlated

with natural weathering results for painted samples of small thickness (around 45 µm). The

authors highlighted the importance to clarify the relative effect of each meteorological parameter

(UV radiation intensity, precipitation, humidity etc) on coating degradation and the synergistic

effect of combination of different accelerated aging tests on polymer degradation. In this way,

a tailor made accelerated aging protocol could be applied, simulating specific environmental

conditions encountered in the field of interest.

Electrochemical impedance spectroscopy (EIS) has been proven to be a very valuable tool

in the examination of coated steel, since it is a non-destructive method that can be applied

even on thick coatings, when no current can flow. With EIS, progressive degradation of the

barrier properties of a painting system can be captured if performed at frequent intervals during

aging. During a weathering test, barrier properties are largely affected by coating thickness,

with lower thickness coatings being more affected. This is because their smaller thickness allows

the electrolyte to permeate easier through the coat and reach the substrate, usually leading to

blister formation and subsequent decrease of coating resistance [172].

At initial stages of immersion, an intact coat of good quality would exhibit only an imaginary

component in a Nyquist plot, corresponding to the response of a capacitor, where the coating

serves as the dielectric. The dielectric values for an organic coating are usually between 3-8 [173],

while more strict limits have also been reported, ranging between 3-4 [1]. The magnitude of

the impedance of a perfect capacitor is |Zc|=1/(ωC), meaning that for ω=1 the capacitance

would be given by the following equation: C=10−log|Zc|. The plates of the capacitor are the

electrolyte and metallic substrate, correspondingly. The impedance magnitude plot would

exhibit a straight line with a slope equal to -1, while the phase angle plot would be -π/2,

corresponding to the phase shift of a capacitor.

As degradation progresses, straight lines will continue to appear in the impedance magnitude

plot with the same slop (-1), transferred however towards lower frequencies, implying initiation

of electrolyte penetration and increase of coating capacitance [173]. By the time some water

ingress has commenced, a plateau will appear at lower frequencies, representing the sum of the

electrolyte resistance Re and the coating pore resistance Rpore. At this point, the phase angle

plot would exhibit an inclination towards zero, which is the phase shift of the resistor, while
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in the Nyquist plot a semicircle would appear, with a diameter equal to Rpore, corresponding

to the time constant CRpore, where C is the coating capacitance [174]. At this point, water

infiltration has started, which would preferentially proceed through the interconnections of the

hydrophylic regions of the coat, which allow permeation of large amounts of electrolyte [175].

Another approach suggests that infiltrated water forms inclusions inside the polymer, mostly

filling void areas of the polymer, while some water paths between inclusions allow diffusion of

water inside the polymer coating [176].

At the final stage of degradation the electrolyte approaches the film/substrate interface and

reaches the metallic substrate. Corrosion initiates at the base of the pathway (anodic region),

while cathodic reactions occur in the periphery (cathodic region). The cathodic reactions lead

to cathodic delamination blistering of the coating, with the corrosion products located in the

center of the blister [175]. At this stage, usually a third plateau appears in the low frequency

region of the impedance magnitude plot, corresponding to the sum of the electrolyte resistance,

the pore resistance and the polarization resistance [173,177,178].

In the present study, cyclic salt spray (ISO 14993:2001 [167]), UV aging (ASTM G 154-

06 [158]) and immersion in 3.5% NaCl solution at room temperature were performed for four

antifouling and one anticorrosive system, namely the Ref. Si, Acrylic, Exp. Si and Exp.

PU1. Also, the anticorrosive polyurethane formulation (PU) was examined. Duration of the

salt spray and UV tests was 9 weeks, while immersion in 3.5% NaCl solution lasted 1 year.

Assessment of the paints was performed at frequent intervals through König pendulum hardness

(ISO 1522:2006 [142]) measurements, gloss, color and EIS. In parallel, mechanical testing of

these systems was performed and included cupping (ISO 1520:2006 [179]), chalking (ASTM D

4214-98 [143]), dirt pick-up (ASTM D 3719-00 [180]) and water-liquid transmission rate tests

(BS EN 1062-3:1999 [181]).

7.2 Experimental methods and materials

7.2.1 Painting systems examined

The painting systems examined are presented in Table 7.1. All systems were multilayered and

applied on top of a Grade A steel substrate of dimensions 100 mm × 100 mm × 6 mm. The

total thickness of the systems was around 500-600 µm.

7.2.2 Experimental procedure

Accelerated aging tests on intact specimens included salt spray and UV tests. The former

experiments were performed in a QFOG CCT1100 chamber, according to the ISO 14993:2001

standard for exposure to cyclic corrosive conditions. The aging steps were 2 h salt mist at 35◦C,

4 h dry conditions at 60◦C and 2 h wet conditions (RH 98%) at 50◦C. Photo-oxidation was

performed in a Angelantoni ACS Global Test System 600, according to the ASTM G 154-06

standard Cycle No. 2, which suggests 4 h with lamp on at 60◦C (dry day), followed by 4 h with

lamp off at 50◦C and RH 98% (humid night). The light source radiated in the UVB+UVC
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Table 7.1: Painting systems examined in either/both accelerated aging and mechanical testing

Painting Abbreviated Characteristics/ Biocides
system name Type of action

Silicone-based Ref. Si Commercial/ No biocides
Foul-release

Acrylic-based Acrylic Commercial/ 10%≤Cu2O≤25%
Self polishing Copolymer(SPC) 5%≤Zineb≤10%

Silicone-based Exp. Si Experimental 0.56% immobilized Econea
PU-based Exp. PU Experimental 2% immobilized Econea

(or Exp. PU1)
PU-based Exp. PU2 Experimental Mixture of biocides
PU-based PU Newly developed No biocides

anti-corrosive

range. Both experiments were performed for a total of 9 weeks, while two specimens per coating

system were examined. Examination of specimens was performed at 4, 6 and 9-week intervals,

with an exemption of the reference silicone and acrylic painted specimens exposed to UV, which

were examined at 6 and 9-week intervals.

With regard to the laboratory immersion experiments, two specimens per painting system

were examined. The specimens painted with the same system were simultaneously immersed

in a plastic container filled with 0.5 L of 3.5% NaCl solution. The total duration of the

experiment was 12 months, while periodic examination was performed every month, unless

declared otherwise.

7.2.3 Electrochemical examination

Coating degradation during immersion was evaluated by electrochemical impedance measure-

ments, similarly to the procedure presented in Sec. 6.2.5 in Chapter 6.

7.2.4 Coating hardness and physical properties measurements

Coating hardness measurements were performed according to the procedure presented in Sec. 6.2.6

in Chapter 6 and physical properties measurements were presented in Sec. 6.2.7 of Chapter 6.

7.2.5 Mechanical testing and determination of physical parameters

Water liquid transmission rate test was performed on all the painting systems presented in

Table 7.1. This test aims at determining the permeability of the paint to water liquid, according

to the BS EN 1062-3 standard. The examined paint is applied on one of the two bigger sides of

a firebrick, while the rest sides are covered with insulating resin. The bricks are then subjected

to 4 cycles, each one of which involves conditioning, immersion in potable water and drying

steps. Weighing of the painted specimens is performed at specific intervals and the transmission

rate is calculated through a proposed formula. Finally, a ranking for each paint is performed,

regarding their overall permeability to water liquid.
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The cupping test (ISO 1520:2006) gives valuable results with regard to the adhesion strength

of a multilayer painting system. Coated specimens with dimensions 120 mm × 60 mm × 1mm

for the reference paints (reference silicone and acrylic) and of dimensions 200 mm × 60 mm × 1

mm for the new paints (experimental silicone, experimental polyurethane (1) and experimental

polyurethane (2)) were subjected to deep drawing using a spherical punch of 33 mm diameter,

which was drawn from a blank of 64 mm diameter. The punch was moving via a manually

controlled rotor. The total depth of the drawing was easily readable through a graduated ruler

on the cupping tester body. The whole test was performed at a slow rate (rotation at 0.1 mm

steps), in order to capture the gradual loss of adhesion of each system. Three specimens per

painting system were examined, while on each specimen the experiment was performed once.

The tests were performed with a Sheen Ref-760 cupping tester. The paint is considered to have

failed as soon as the first crack appears during drawing or the multilayer coat has detached

from the metallic substrate.

Dirt pick-up test was performed on the reference paints and on both the experimental

polyurethane and the experimental silicone paint, according to the ASTM D 3719-00 standard.

This method provides a tool for quantifying the dirt collection of paints during outdoor exposure

for 61 days. The prerequisite for a successful dirt pick-up determination is the specimens to

be placed at a 45◦ angle to the horizontal and facing the equator. For this test, two panels

per painting system were examined, with dimensions 150 mm × 250 mm × 6 mm. Assessment

of dirt collection onto the painted surface was made through colorimetry measurements. The

discoloration index of the specimens was determined using the colorimetry technique, according

to the CIE L*a*b color model.

Finally, chalking tests were performed, according to the ASTM D 4214-98 standard. As

mentioned in the standard, chalking is defined as ”the formation on a pigmented coating of

a friable powder evolved from the film itself at or just beneath the surface”. In other words,

when the paint degrades, the pigment particles loose their adherence to the film and can be

removed just by wiping the surface. The shorter time is needed for a paint to chalk, the sooner

the paint will fail.
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(c) After 9 weeks

Figure 7.1: Surface condition of the specimens painted with the Ref Si system during their
9-week examination in the salt spray chamber. Left: specimen (A), Right: specimen (B)

7.3 Results and discussion

7.3.1 Electrochemical measurements on intact specimens during a
9-week accelerated aging test in salt spray chamber

7.3.1.1 Salt spray tests on reference silicone (Ref Si) system

(a) After 4 weeks

(b) After 6 weeks
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Table 7.2: König pendulum hardness measurements for specimens painted with the Ref Si
system during their 9-week examination in the salt spray chamber

Duration
Ref Si (A) Ref Si (B)

(Weeks)
Before 25.00 31.00

4 21.80 24.60
6 22.00 26.80
9 27.40 30.80

Table 7.3: 60◦ gloss measurements for specimens painted with the Ref Si system during their
9-week examination in the salt spray chamber

Duration
Ref Si (A) Ref Si (B)

(Weeks)
Before 28.00 13.00

4 28.50 15.50
6 26.00 13.25
9 21.50 10.00

Table 7.4: Discoloration (DE) measurements for specimens painted with the Ref Si system
during their 9-week examination in the salt spray chamber

Duration
Ref Si (A) Ref Si (B)

(Weeks)
Standard sample: L=36.43, a=32.64,

b=11.68, C=34.66, H=19.69
Before 0.58 0.68

4 1.27 1.37
6 1.63 1.74
9 1.12 1.12

After 9 weeks of experiment in the salt spray chamber, the König hardness of the reference

silicone system remained more or less constant, ranging between 25 and 30. Generally, the

smaller the oscillations number till total damping is (till an angle of 3◦), the softer the coat will

be. Silicone based paints exhibit small number of oscillations, due to their elastomeric nature,

being considered as soft paints. Gloss loss was in the order of 23% for both specimens. Finally,

discoloration index exhibited fluctuations, however, taking into consideration the value after

9 weeks of experiment, a 93% increase was observed for specimen (A) and a 76% increase for

specimen (B). As can be seen from Table 7.4, the discoloration was quite small for the silicone

system.

At this point, it should be noted that the gloss and color measurements are largely affected

by the selected measurement points onto the specimen surface. If there are flaws on the painted

surface, e.g. scratches etc., the results could be misleading. For this reason, care should be

taken when selecting the points of measurement, in order to more accurately represent the

condition of the painted surface, during the course of the experiment.
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Figure 7.2: Nyquist and impedance magnitude plots for the specimens painted with the Ref Si
system, during their 9-week examination in the salt spray chamber. Left: specimen (A),

Right: specimen (B)

Table 7.5: Electric properties of specimens painted with the Ref Si system, during their
accelerated aging in salt spray chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Ref Si (A) (F)-Ref Si (B)
Before 7.335 10−10 1.816 10−10

4 3.829 10−10 2.792 10−10

6 3.240 10−10 3.439 10−10

9 2.805 10−10 2.903 10−10

EIS data revealed the pure capacitive nature of the silicone painted specimens after 9 weeks

of experiment in the salt spray chamber. This becomes apparent through the pure imaginary

component of the Nyquist plot and the straight line in the impedance magnitudde plot, exhibit-

ing a slope close to -1. The shape of the ”Before” curve for specimen (A) could be attributed to

experimental artifacts. The capacitance value was in the order of 10−10 F for both specimens,

revealing their high impedance character. Apparently, their large thickness (around 510 µm)

served as the most important parameter in retaining their barrier properties intact after 9 weeks

of salt spray.
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(c) After 9 weeks

Figure 7.3: Surface condition of the specimens painted with the Acrylic system during their
9-week examination in the salt spray chamber. Left: specimen (A), Right: specimen (B)

7.3.1.2 Salt spray tests on acrylic (Acrylic) system

(a) After 4 weeks

(b) After 6 weeks
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Table 7.6: König pendulum hardness measurements for specimens painted with the Acrylic
system during their 9-week examination in the salt spray chamber

Duration
Acrylic (A) Acrylic (B)

(Weeks)
Before 68.00 79.00

4 69.40 97.60
6 85.80 106.80
9 87.80 98.60

Table 7.7: 60◦ gloss measurements for specimens painted with the Acrylic system during their
9-week examination in the salt spray chamber

Duration
Acrylic (A) Acrylic (B)

(Weeks)
Before 9.00 17.00

4 5.00 7.00
6 4.00 5.00
9 2.50 2.00

Table 7.8: Discoloration (DE) measurements for specimens painted with the Acrylic system
during their 9-week examination in the salt spray chamber

Duration
Acrylic (A) Acrylic (B)

(Weeks)
Standard sample: L=37.22, a=23.26,

b=8.48, C=24.76, H=20.03
Before 0.47 0.47

4 9.23 9.40
6 9.36 9.74
9 10.58 11.81
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Figure 7.4: Nyquist and impedance magnitude plots for the specimens painted with the
Acrylic system, during their 9-week examination in the salt spray chamber. Left: specimen

(A), Right: specimen (B)

Table 7.9: Electric properties of specimens painted with the Acrylic system, during their
accelerated aging in salt spray chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Acrylic (A) (F)-Acrylic (B)
Before 2.007 10−10 2.167 10−10

4 8.014 10−10 1.371 10−9

6 1.667 10−9 1.862 10−9

9 6.614 10−10 7.408 10−10

The main characteristic of the acrylic system is the checking effect that was noticed in a wide

extent after 6 weeks and especially after 9 weeks of experiment (Fig. 7.3). The type of checking

was of the mosaic type, the ASTM No. 3 rank (ASTM D 660-93 [182]). The KöG’Anig hardness

of the paint exhibited an increase during the experiment which ranged from 25% (specimen B)

to 29% (specimen A). The initial hardness of the coat was in the range 68 to 79, revealing its

harder nature compared to the silicone elastomer. Gloss is not a property that characterizes this

system. Finally, intense discoloration was observed, due to leaching, which exposes pigments

and biocides.
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The acrylic system exhibited satisfactory electrical characteristics during the salt spray

test. A capacitive behavior was observed, with some fluctuations in the capacitance values,

which could arise either from the quality of the measured signal or from differences in physical

properties of the polymer.

7.3.1.3 Salt spray tests on experimental silicone (Exp Si) system

(a) After 4 weeks

(b) After 6 weeks

(c) After 9 weeks

Figure 7.5: Surface condition of the specimens painted with the Exp Si system during their
9-week examination in the salt spray chamber. Left: specimen (A), Right: specimen (B)
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Table 7.10: König pendulum hardness measurements for specimens painted with the Exp Si
system during their 9-week examination in the salt spray chamber

Duration
Exp Si (A) Exp Si (B)

(Weeks)
Before 20.60 18.67

4 20.33 15.50
6 18.00 18.40
9 20.60 16.80

Table 7.11: 60◦ gloss measurements for specimens painted with the Exp Si system during
their 9-week examination in the salt spray chamber

Duration
Exp Si (A) Exp Si (B)

(Weeks)
Before 22.25 14.25

4 22.25 18.50
6 18.75 18.50
9 22.75 20.25

Table 7.12: Discoloration (DE) measurements for specimens painted with the Exp Si system
during their 9-week examination in the salt spray chamber

Duration
Exp Si (A) Exp Si (B)

(Weeks)
Standard sample: L=35.71, a=35.04,

b=12.52, C=37.21, H=19.66
Before 0.81 0.69

4 0.61 0.51
6 0.62 0.77
9 0.49 0.53

The surface of the experimental silicone painted specimens after the end of the test was hardly

affected. This can be verified by the almost no gloss change for specimen (A) and the 42% gloss

change for specimen (B). Specimen (A) was the least affected of the two, since it exhibited also

a very small variation in the König pendulum hardness values, remaining stable. The same is

also true for specimen (B), which exhibited also small variations remaining more or less stable.

The elastomeric nature of the PDMS experimental paint is apparent by the small hardness

values, which ranged around the value of 20. Color change was -39.5% for specimen (A) and

-23.2% for specimen (B). EIS results revealed their capacitive nature, as observed for the rest

of the paints so far.
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Figure 7.6: Nyquist and impedance magnitude plots for the specimens painted with the Exp
Si system, during their 9-week examination in the salt spray chamber. Left: specimen (A),

Right: specimen (B)

Table 7.13: Electric properties of specimens painted with the Exp Si system, during their
accelerated aging in salt spray chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Exp Si (A) (F)-Exp Si (B)
Before 2.854 10−10 5.056 10−10

4 2.282 10−10 2.453 10−10

6 2.028 10−10 3.108 10−10

9 2.216 10−10 3.221 10−10
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7.3.1.4 Salt spray tests on experimental polyurethane (Exp PU1) system

(a) After 4 weeks

(b) After 6 weeks

(c) After 9 weeks

Figure 7.7: Surface condition of the specimens painted with the Exp PU1 system during their
9-week examination in the salt spray chamber. Left: specimen (A), Right: specimen (B)
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Table 7.14: König pendulum hardness measurements for specimens painted with the Exp PU1
system during their 9-week examination in the salt spray chamber

Duration
Exp PU1 (A) Exp PU1 (B)

(Weeks)
Before 31.67 28.83

4 86.50 75.17
6 95.00 91.20
9 104.80 102.40

Table 7.15: 60◦ gloss measurements for specimens painted with the Exp PU1 system during
their 9-week examination in the salt spray chamber

Duration
Exp PU1 (A) Exp PU1 (B)

(Weeks)
Before 80.00 86.75

4 68.75 59.50
6 76.25 77.25
9 76.00 83.50

Table 7.16: Discoloration (DE) measurements for specimens painted with the Exp PU1
system during their 9-week examination in the salt spray chamber

Duration
Exp PU1 (A) Exp PU1 (B)

(Weeks)
Standard sample: L=35.92, a=28.75,

b=8.26, C=29.91, H=16.03
Before 0.70 0.70

4 0.49 0.62
6 0.68 1.77
9 0.38 0.60

Experimental polyurethane system was not largely affected in terms of color. Color change

exhibited variations during the experiment and exhibited a 45.7% decrease for specimen (A)

and 14.3% decrease for specimen (B), after the end of the test. A profound increase in hardness

was observed for both specimens. More specifically the hardness of specimen (A) after 9 weeks

was 3.3 times its initial value, while for specimen (B) was 3.55 times larger. The initial hardness

values for this system were close to the silicone based paints. However, the increase after the

test led to hardness values around 100. Gloss exhibited variations, however a constant drop

was observed leading finally to a decrease equal to 5% for specimen (A) and 3.75% for specimen

(B). It should be noted that the experimental polyurethane system has exhibited the highest

gloss value so far and the smallest gloss decrease, compared to the rest of the paints. In terms

of hardness, it exhibited initial values similar to the silicone system but, after the test the

obtained hardness values were comparable to the acrylic system. This is attributed to the fact

that the initially harder acrylic system exhibited a 1.25 to 1.5 times increase in hardness during

the test, while the experimental polyurethane system exhibited an increase of around 3 times
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its initial value. Finally, in terms of barrier properties, both specimens retained their capacitive

behavior, while all the obtained EIS signals were of good quality.

Figure 7.8: Nyquist and impedance magnitude plots for the specimens painted with the Exp
PU1 system, during their 9-week examination in the salt spray chamber. Left: specimen (A),

Right: specimen (B)

Table 7.17: Electric properties of specimens painted with the Exp PU1 system, during their
accelerated aging in salt spray chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Exp PU1 (A) (F)-Exp PU1 (B)
Before 2.684 10−10 2.922 10−10

4 4.544 10−10 2.096 10−10

6 1.906 10−10 2.395 10−10

9 2.106 10−10 2.153 10−10
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7.3.1.5 Salt spray tests on anticorrosive polyurethane (PU) system

(a) After 4 weeks

(b) After 6 weeks

(c) After 9 weeks

Figure 7.9: Surface condition of the specimens painted with the PU system during their
9-week examination in the salt spray chamber. Left: specimen (A), Right: specimen (B)

219



Table 7.18: König pendulum hardness measurements for specimens painted with the PU
system during their 9-week examination in the salt spray chamber

Duration
PU (A) PU (B)

(Weeks)
Before 56.17 33.40

4 82.83 69.50
6 85.40 78.60
9 93.80 79.00

Table 7.19: 60◦ gloss measurements for specimens painted with the PU system during their
9-week examination in the salt spray chamber

Duration
PU (A) PU (B)

(Weeks)
Before 40.50 12.00

4 33.50 10.00
6 38.50 11.25
9 33.25 16.00

Table 7.20: Discoloration (DE) measurements for specimens painted with the PU system
during their 9-week examination in the salt spray chamber

Duration
PU (A) PU (B)

(Weeks)
Standard sample: L=36.29, a=28.49,

b=8.90, C=29.85, H=17.36
Before 0.61 0.49

4 0.50 0.42
6 0.50 0.44
9 0.59 0.61

Table 7.21: Electric properties of specimens painted with the PU system, during their
accelerated aging in salt spray chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-PU (A) (F)-PU (B)
Before 2.613 10−10 2.065 10−10

4 4.156 10−10 2.453 10−10

6 2.537 10−10 2.691 10−10

9 2.537 10−10 2.415 10−10
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Figure 7.10: Nyquist and impedance magnitude plots for the specimens painted with the PU
system, during their 9-week examination in the salt spray chamber. Left: specimen (A),

Right: specimen (B)

The newly developed anticorrosive polyurethane formulation exhibited variations in König pen-

dulum hardness and gloss values between the two specimens. The surface structure was not

homogenous enough to obtain similar results. More specifically, the initial hardness value for

specimen (A) was equal to 56.17, ranking it below but close to the acrylic system. Specimen

(B), though, exhibited a value equal to 33.40, slightly higher than the experimental polyure-

thane system. Similar deviations between the two specimens were also observed for the 60◦

gloss. More specifically, specimen (A) exhibited a value equal to 40.5, larger than the silicone

system and smaller than the experimental polyurethane formulation. However, specimen (B)

exhibited initial gloss value equal to 12, close to the values observed for reference silicone and

experimental silicone specimen (B). With regard to the change of properties during the test,

hardness increase was observed, similarly to the acrylic and experimental polyurethane formula-

tion. The increase for specimen (A) was 67%, while the increase for specimen (B) was 136.53%,

revealing again inhomogeneity of properties between the two specimens. Gloss decreased 17.9%

for specimen (A) and increased 33.33% for specimen (B). Color of both specimens exhibited

variations but remained more or less stable. Finally, impedance measurements revealed good

barrier properties, since both specimens retained their pure capacitive behavior, similarly to

the rest of the specimens examined so far.
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7.3.2 Conclusions with regard to the results after 9 weeks of salt
spray examination

The experimental polyurethane formulation exhibited the highest increase in König hardness,

followed by the anticorrosive polyurethane, the acrylic and finally the silicone paints, which

exhibited a stable behavior. In terms of color change, the acrylic system exhibited the highest

discoloration, followed by the reference silicone formulation, the experimental polyurethane,

the experimental silicone and finally the anticorrosive polyurethane, which exhibited stable

color characteristics. Gloss could not be perceived as a characteristic property for the acrylic

system. Also, this system suffered from checking. With regard to the rest of the systems,

experimental silicone was affected most (one of the two specimens), followed by the anticorrosive

polyurethane, the reference silicone and finally the experimental polyurethane formulation. The

barrier properties of all systems remained unaffected, during the exposure. The results exhibited

variations among the examined painting systems, hence, no system could be selected as the

best overall after 9 weeks in salt spray. A ranking between the different systems (taking into

consideration the worst values obtained for each coating system) in terms of hardness, gloss

and discoloration would be as follows:

� König hardness: Exp.PU (greatest variation)<PU<Acrylic<Ref.Si=Exp.Si (most stable

behavior)

� 60◦ gloss: Acrylic<Exp.Si<PU<Ref.Si<Exp.PU

� DE: Acrylic<Ref.Si<Exp.PU<Exp.Si<PU

7.3.3 Electrochemical measurements on intact specimens during a
9-week accelerated aging test in UV chamber

7.3.3.1 UV tests on reference silicone (Ref Si) system

(a) After 6 weeks
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(b) After 9 weeks

Figure 7.11: Surface condition of the specimens painted with the Ref Si system during their
9-week examination in the climatic chamber. Left: specimen (A), Right: specimen (B)

Table 7.22: König pendulum hardness measurements for specimens painted with the Ref Si
system during their 9-week examination in the climatic chamber

Duration
Ref Si (A) Ref Si (B)

(Weeks)
Before 24.00 29.67

6 18.80 18.00
9 20.83 23.17

Table 7.23: 60◦ gloss measurements for specimens painted with the Ref Si system during their
9-week examination in the climatic chamber

Duration
Ref Si (A) Ref Si (B)

(Weeks)
Before 22.00 27.00

6 23.00 29.25
9 21.00 28.50

Table 7.24: Discoloration (DE) measurements for specimens painted with the Ref Si system
during their 9-week examination in the climatic chamber

Duration
Ref Si (A) Ref Si (B)

(Weeks)
Standard sample: L=35.59, a=34.00,

b=12.90, C=36.36, H=20.77
Before 2.26 2.56

6 0.52 0.55
9 0.77 0.70

After UV aging, a slight decrease in hardness of both reference silicone painted specimens

was observed. The decrease was 13.2% for specimen (A) and 21.9% for specimen (B). Gloss

remained more or less stable. Color difference was intense for both specimens exhibiting a
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decrease of 65.93% for specimen (A) and 72.66% for specimen (B). EIS data revealed, once

more, a capacitive character of the paint for both specimens.

Figure 7.12: Nyquist and impedance magntude plots for the specimens painted with the Ref
Si system, during their 9-week examination in the climatic chamber. Left: specimen (A),

Right: specimen (B)

Table 7.25: Electric properties of specimens painted with the Ref Si system, during their
9-week examination in the climatic chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Ref Si (A) (F)-Ref Si (B)
Before 2.725 10−10 9.160 10−10

6 2.590 10−10 2.611 10−10

9 3.093 10−10 3.197 10−10
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7.3.3.2 UV tests on acrylic (Acrylic) system

(a) After 6 weeks

(b) After 9 weeks

Figure 7.13: Surface condition of the specimens painted with the Acrylic system during their
9-week examination in the climatic chamber. Left: specimen (A), Right: specimen (B)

Table 7.26: König pendulum hardness measurements for specimens painted with the Acrylic
system during their 9-week examination in the climatic chamber chamber

Duration
Acrylic (A) Acrylic (B)

(Weeks)
Before 67.67 83.00

6 82.80 83.80
9 81.50 88.50

Table 7.27: 60◦ gloss measurements for specimens painted with the Acrylic system during
their 9-week examination in the climatic chamber

Duration
Acrylic (A) Acrylic (B)

(Weeks)
Before 12 14

6 1 1
9 1 1
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Table 7.28: Discoloration (DE) measurements for specimens painted with the Acrylic system
during their 9-week examination in the climatic chamber

Duration
Acrylic (A) Acrylic (B)

(Weeks)
Standard sample: L=37.78, a=22.66,

b=8.70, C=24.27, H=21.01
Before 0.46 0.39

6 5.99 6.26
9 7.37 8.00

Figure 7.14: Nyquist and impedance magnitude plots for the specimens painted with the
Acrylic system, during their 9-week examination in the climatic chamber. Left: specimen (A),

Right: specimen (B)

Table 7.29: Electric properties of specimens painted with the Acrylic system, during their
accelerated aging in the climatic chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Acrylic (A) (F)-Acrylic (B)
Before 1.893 10−10 2.253 10−10

6 2.433 10−10 3.118 10−10

9 1.465 10−10 4.624 10−10
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The acrylic system exhibited once more checking effect (Fig. 7.11), which was of the shrinkage

type (ASTM D 660-93). For specimen (A), the grading would be No. 3 in the ASTM rank,

while for specimen (B) No. 2, since the latter specimen exhibited smaller and denser cracks.

König hardness exhibited small increase during the test, 20.44% for specimen (A) and 6.63%

for specimen (B). The increase was smaller for this system after UV aging, compared to the

salt spray test. Gloss was almost zero, while intense discoloration, arising from the leaching

character, was the main characteristic, ranging from 16 to 20.5 times the initial color value.

No electrochemical degradation was observed for either of the acrylic painted specimens. The

capacitance values were in the order of 10−10 F, implying an undamaged coating.

7.3.3.3 UV tests on experimental silicone (Exp Si) system

(a) After 4 weeks

(b) After 6 weeks

Figure 7.15: Surface condition of the specimens painted with the Exp Si system during their
9-week examination in the climatic chamber. Left: specimen (A), Right: specimen (B)
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Table 7.30: König pendulum hardness measurements for specimens painted with the Exp Si
system during their 9-week examination in the climatic chamber

Duration
Exp Si (A) Exp Si (B)

(Weeks)
Before 23.40 25.00

4 21.60 24.40
6 22.40 23.40
9 18.50 20.50

Table 7.31: 60◦ gloss measurements for specimens painted with the Exp Si system during
their 9-week examination in the climatic chamber

Duration
Exp Si (A) Exp Si (B)

(Weeks)
Before 21.60 28.20

4 21.75 26.00
6 22.75 27.50
9 26.50 32.75

Table 7.32: Discoloration (DE) measurements for specimens painted with the Exp Si system
during their 9-week examination in the climatic chamber

Duration
Exp Si (A) Exp Si (B)

(Weeks)
Standard sample: L=35.71, a=35.04,

b=12.52, C=37.21, H=19.66
Before 0.76 0.82

4 1.09 1.01
6 0.62 0.69
9 0.62 0.58

Table 7.33: Electric properties of specimens painted with the Exp Si system, during their
accelerated aging in the climatic chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Exp Si (A) (F)-Exp Si (B)
Before 3.421 10−10 3.459 10−10

4 4.125 10−10 3.418 10−10

6 3.388 10−10 3.019 10−10

9 2.622 10−10 2.266 10−10
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Figure 7.16: Nyquist and impedance magnitude plots for the specimens painted with the Exp
Si system, during their 9-week examination in the climatic chamber. Left: specimen (A),

Right: specimen (B)

Experimental silicone system exhibited small variations after UV aging, similarly to the be-

havior after salt spray. König hardness exhibited slight decrease (which was also observed for

specimen (B) of the same system after salt spray) and ranged from 18% to 20.94%. Similar

trend with the salt spray behavior was observed for the gloss change, which exhibited small

increase. For specimen (A) the increase was 22.69% and for specimen (B) 16.13%. Color change

exhibited fluctuations, but eventually after 9 weeks the decrease was 18.42% for specimen (A)

and 29.27% for specimen (B). The EIS response was indicative of a coating with intact barrier

properties.
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7.3.3.4 UV tests on experimental polyurethane (Exp PU1) system

(a) After 4 weeks

(b) After 6 weeks

Figure 7.17: Surface condition of the specimens painted with the Exp PU1 system during
their 9-week examination in the climatic chamber. Left: specimen (A), Right: specimen (B)

Table 7.34: König pendulum hardness measurements for specimens painted with the Exp PU1
system during their 9-week examination in the climatic chamber

Duration
Exp PU1 (A) Exp PU1 (B)

(Weeks)
Before 36.00 20.17

4 86.80 83.20
6 96.00 100.20
9 112.80 108.40

Table 7.35: 60◦ gloss measurements for specimens painted with the Exp PU1 system during
their 9-week examination in the climatic chamber

Duration
Exp PU1 (A) Exp PU1 (B)

(Weeks)
Before 66.00 68.60

4 63.33 64.00
6 77.00 67.25
9 71.33 60.50
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Table 7.36: Discoloration (DE) measurements for specimens painted with the Exp PU1
system during their 9-week examination in the climatic chamber

Duration
Exp PU1 (A) Exp PU1 (B)

(Weeks)
Standard sample: L=35.92, a=28.75,

b=8.26, C=29.91, H=16.03
Before 0.39 0.32

4 1.18 1.12
6 1.10 0.91
9 1.01 1.19

Figure 7.18: Nyquist and impedance magnitude plots for the specimens painted with the Exp
PU1 system, during their 9-week examination in the climatic chamber. Left: specimen (A),

Right: specimen (B)

Table 7.37: Electric properties of specimens painted with the Exp PU1 system, during their
accelerated aging in the climatic chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-Exp PU1 (A) (F)-Exp PU1 (B)
Before 2.743 10−10 2.523 10−10

4 3.655 10−10 2.912 10−10

6 1.392 10−10 2.279 10−10

9 1.923 10−10 1.982 10−10
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After 9 weeks of UV aging, the experimental polyurethane system exhibited once more an

intense increase in König hardness, similarly to the trend observed after salt spray test. The

increase was 3 times the initial value for specimen (A) and 5.37 times for specimen (B). In ad-

dition, the final hardness value was around 110 for both specimens, around 20 units larger than

the hardness of the acrylic system. Gloss did not change in the same manner for both speci-

mens. More specifically, it increased 8% for specimen (A) and decreased 11.8% for specimen

(B). However, both changes were small. Color exhibited an increase after UV test for both spec-

imens, in contrary to the specimens after salt spray, which exhibited a decrease. The increase

in color was 159% for specimen (A) and 272% for specimen (B). Impedance characteristics

remained unaffected.

7.3.3.5 UV tests on anticorrosive polyurethane (PU) system

(a) After 4 weeks

(b) After 6 weeks

Figure 7.19: Surface condition of the specimens painted with the PU system during their
9-week examination in the climatic chamber. Left: specimen (A), Right: specimen (B)
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Table 7.38: König pendulum hardness measurements for specimens painted with the PU
system during their 9-week examination in the climatic chamber

Duration
PU (A) PU (B)

(Weeks)
Before 50.17 58.17

4 80.75 84.40
6 69.67 98.33
9 56.50 102.80

Table 7.39: 60◦ gloss measurements for specimens painted with the PU system during their
9-week examination in the climatic chamber

Duration
PU (A) PU (B)

(Weeks)
Before 40.75 11.00

4 36.00 7.25
6 35.25 7.25
9 42.00 7.00

Table 7.40: Discoloration (DE) measurements for specimens painted with the PU system
during their 9-week examination in the climatic chamber

Duration
PU (A) PU (B)

(Weeks)
Standard sample: L=36.29, a=28.49,

b=8.90, C=29.85, H=17.36
Before 0.41 0.37

4 0.81 0.66
6 0.71 0.46
9 0.62 0.50

Table 7.41: Electric properties of specimens painted with the PU system, during their
accelerated aging in the climatic chamber

Duration Coating capacitance Coating capacitance
(Weeks) (F)-PU (A) (F)-PU (B)
Before 2.749 10−10 2.719 10−10

4 3.628 10−10 4.002 10−10

6 3.391 10−10 2.759 10−10

9 2.290 10−10 2.429 10−10
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Figure 7.20: Nyquist and impedance magnitude plots for the specimens painted with the PU
system, during their 9-week examination in the climatic chamber. Left: specimen (A), Right:

specimen (B)

Anticorrosive polyurethane formulation exhibited variations in gloss values between the two

specimens, as observed also during the salt spray test. Specimen (A) exhibited a value equal

to 40.75, while specimen (B) equal to 11. Gloss increased 3% for the first specimen and

decreased 36.4% for the second specimen, exhibiting completely different behavior. With regard

to König hardness, both specimens exhibited an initial value ranging from 50 to 58, being

similar. However, the rate of increase was totally different. Hardness of specimen (A) increased

12.62%, while hardness of specimen (B) increased 76.72%, reaching a value similar to the ones

observed for the experimental polyurethane formulation. A slight discoloration was observed on

both specimens. Specimen (A) exhibited a discoloration index increase equal to 51.2%, while

specimen (B) equal to 35.1%. Barrier properties remained intact for both specimens.

7.3.4 Conclusions with regard to the results after 9 weeks of UV
examination

A ranking between the different systems (taking into consideration the worst values obtained

for each coating system) in terms of hardness, gloss and discoloration would be as follows:

� König hardness: Exp. PU (highest increase)<PU<Ref.Si<Acrylic<Exp.Si (most stable

behavior)
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� 60◦ gloss: Acrylic<PU<Exp.Si<Exp.PU<Ref. Si

� DE: Acrylic<Exp.PU<Ref.Si<PU<Exp.Si

7.3.5 Electrochemical measurements on intact specimens during a
12-month immersion in artificial seawater in laboratory con-
ditions

7.3.5.1 Reference silicone (Ref Si) system

(a) Condition of Ref Si system in
intact state

(b) After 3 months

(c) After 6 months
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(d) After 9 months

(e) After 12 months

Figure 7.21: Surface condition of the specimens painted with the Ref Si system during their
12-month immersion in artificial seawater. Left: specimen (A), Right: specimen (B)

Table 7.42: König pendulum hardness measurements for specimens painted with the Ref Si
system during their 12-month immersion in artificial seawater

Duration
Ref Si (A) Ref Si (B)

(months)
2 34.80 25.00
3 44.20 32.40
4 39.40 33.60
5 45.25 30.00
6 41.50 28.83
7 50.40 30.25
8 50.00 43.80
9 38.60 29.00
10 51.25 31.60
11 61.33 34.83
12 57.17 33.67
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Table 7.43: 60◦ gloss measurements for specimens painted with the Ref Si system during their
12-month immersion in artificial seawater

Duration
Ref Si (A) Ref Si (B)

(months)
Before 41.00 29.00

2 50.00 32.70
3 15.50 25.50
4 14.75 18.25
5 29.00 46.75
6 31.50 28.25
7 34.00 27.25
8 28.50 20.00
9 13.75 18.50
10 25.50 14.75
11 36.25 26.00
12 28.50 25.00

Table 7.44: Discoloration (DE) measurements for specimens painted with the Ref Si system
during their 12-month immersion in artificial seawater

Duration
Ref Si (A) Ref Si (B)

(months)
Standard sample: L=36.43, a=32.64,

b=11.68, C=34.66, H=19.69
Before 2.26 2.56

2 1.46 1.53
3 0.95 1.28
4 1.05 1.81
5 1.33 1.23
6 0.59 0.62
7 1.29 1.07
8 1.28 1.20
9 1.00 1.13
10 2.06 1.38
11 0.96 1.17
12 1.01 0.96
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Figure 7.22: Bode plot for specimen (B) painted with the Ref Si system and immersed for 12
months in artificial seawater

Table 7.45: Electric properties of specimen (B) painted with the Ref Si system, during 12
months of immersion in artificial seawater

Duration Coating capacitance
(Weeks) (F)-Ref Si (B)
Before 1.914 10−10

2 1.514 10−10

3 1.904 10−10

4 1.461 10−10

5 2.348 10−10

6 2.468 10−10

7 2.225 10−10

8 3.567 10−10

9 2.792 10−10

10 2.422 10−10

11 2.574 10−10

12 3.409 10−10
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Figure 7.23: Coating capacitance values of specimen (B) painted with the Ref Si system,
during 12 months of immersion in artificial seawater

The reference silicone system exhibited stable behavior after 12 months of immersion in

3.5% NaCl solution. Some blistering was observed after 12 months (Fig. 7.21e) on specimen

(A). König hardness exhibited gradual increase of 64.8% and 34.7% for specimens (A) and

(B), correspondingly. Gloss loss was also small, being 30.5% and 13.8% for the two specimens,

respectively. Finally, discoloration index exhibited a decrease after 12 months, equal to 55.3%

and 62.5%, respectively. With regard to the presented EIS spectra, only the results of specimen

(B) are presented, because the quality of the signals obtained for specimen (A) were not satis-

factory, especially for the duration 9 to 12 months, after a Kramers-Kronig (KK) validity test.

A pure capacitive response was obtained for specimen (B) for the whole experiment duration

(Fig. 7.22). The capacitance values were in the order of 10−10 F, implying an intact coat.

As can be seen from Fig. 7.23, the coating capacitance exhibited a gradual increase during the

experiment, but the change was quite small, ranging from around 0.2 nF to 0.35 nF. As a result

no change in electric properties was observed for the Ref. Si painted sample.
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7.3.5.2 Acrylic system

(a) Condition of Acrylic system in
intact state

(b) After 3 months

(c) After 6 months
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(d) After 9 months

(e) After 12 months

Figure 7.24: Surface condition of the specimens painted with the Acrylic system during their
12-month immersion in artificial seawater. Left: specimen (A), Right: specimen (B)

Table 7.46: König pendulum hardness measurements for specimens painted with the Acrylic
system during their 12-month immersion in artificial seawater

Duration
Acrylic (A) Acrylic (B)

(months)
2 35.40 23.60
3 25.60 24.40
4 45.60 34.40
5 32.00 19.00
6 47.83 42.33
7 43.00 28.80
8 65.60 53.20
9 57.50 44.50
10 65.00 66.20
11 63.67 64.17
12 69.00 66.20

Table 7.47: 60◦ gloss measurements for specimens painted with the Acrylic system during
their 12-month immersion in artificial seawater

Duration
Acrylic (A) Acrylic (B)
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(months)
Before 14.00 14.00

2 3.20 2.50
3 3.00 3.50
4 2.75 3.00
5 2.00 2.00
6 3.00 3.25
7 2.75 3.00
8 3.00 3.25
9 2.50 3.25
10 2.75 2.75
11 3.00 1.50
12 3.50 3.50

Table 7.48: Discoloration (DE) measurements for specimens painted with the Acrylic system
during their 12-month immersion in artificial seawater

Duration
Acrylic (A) Acrylic (B)

(months)
Standard sample: L=37.22, a=23.26,

b=8.48, C=24.76, H=20.03
Before 0.46 0.39

2 13.65 12.98
3 15.54 14.33
4 13.52 13.30
5 13.93 13.20
6 10.79 11.50
7 11.22 10.29
8 10.28 10.83
9 10.72 10.72
10 9.20 10.09
11 11.28 15.33
12 10.57 12.71
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Figure 7.25: Bode graph for specimen (A) painted with the Acrylic system for the first 8
months of immersion in artificial seawater

Table 7.49: Electric properties of specimen (A) painted with the Acrylic system, during
during the 12-month immersion in artificial seawater

Duration Coating capacitance Coating
(Weeks) (F)-Acrylic (A) resistance (Ω)
Before 2.374 10−10 -

2 3.819 10−10 -
3 6.489 10−10 -
4 5.293 10−10 -
5 8.132 10−10 -
6 9.856 10−10 4.012 106

7 1.218 10−9 -
8 4.204 10−9 5.566 106

9 5.534 10−10 1.990 105

10 6.788 10−10 4.506 105

12 7.270 10−10 1.246 104
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Figure 7.26: Nyquist and Bode graph for specimen (A) painted with the Acrylic system after
6, 8, 9 and 10 months of immersion in artificial seawater

Figure 7.27: Nyquist and Bode graph for specimen (A) painted with the Acrylic system after
12 months of immersion in artificial seawater

The acrylic system exhibited intense discoloration, due to leaching, which was depicted in the

discoloration index, becoming 23 and 33 times larger than the initial value. Compared to the

previous accelerated aging tests, no checking effect was noticed, probably due to the temper-

ature that the immersion test was performed (room temperature). As mentioned previously,

gloss is not a property that could characterize this system. Finally, König hardness increased

94.9% and 180.5% for specimens (A) and (B), respectively. It should be noted that the initial
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hardness values of these specimens were smaller than the values obtained for the rest of the

acrylic painted specimens examined in accelerated aging.

The EIS results are presented here for specimen (A), since specimen (B) did not exhibit a

good response for the last four months of experiment. As mentioned previously, validity of the

responses was examined through KK relations. With regard to specimen (A), a pure capacitive

response was obtained for the first 5 months of immersion and after 7 months (Fig. 7.25), while

for the rest of intervals a one-time cosntant appeared (Figs. 7.26 and 7.27).

Figure 7.28: Change of a) coating capacitance and b) coating resistance of specimen (A)
painted with the Acrylic system, during the 12-month immersion in artificial seawater

As can be seen from Fig. 7.28a, coating capacitance was generally in the order of 10−10 F,

exhibiting a slight increase throughout the test, reaching however a value of 0.73 nF, implying

an intact coat. With regard to coating resistance (Fig. 7.28b), there were intense fluctuations

during the experiment, while after 12 months Rpore had a value of 1.246 104 Ω or 1.339 105 Ω cm2,

implying deterioration of barrier properties and increase of permeability [154], in accordance

with the (small) increase in capacitance [155].
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7.3.5.3 Experimental silicone (Exp Si) system

(a) After 1 month

(b) After 3 months

(c) After 6 months

(d) After 9 months
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(e) After 12 months

Figure 7.29: Surface condition of the specimens painted with the Exp Si system during their
12-month immersion in artificial seawater. Left: specimen (A), Right: specimen (B)

Table 7.50: König pendulum hardness measurements for specimens painted with the Exp Si
system during their 12-month immersion in artificial seawater

Duration
Exp Si (A) Exp Si (B)

(months)
Before 16.50 24.80

1 21.25 24.60
2 24.00 24.20
3 18.80 22.00
4 20.40 20.50
5 19.00 20.83
6 16.67 19.17
7 15.00 21.00
8 20.60 21.50
9 19.80 21.75
10 20.80 23.40
11 18.40 19.40
12 20.75 18.80

Table 7.51: 60◦ gloss measurements for specimens painted with the Exp Si system during
their 12-month immersion in artificial seawater

Duration
Exp Si (A) Exp Si (B)

(months)
Before 17.50 24.00

1 14.00 16.75
2 8.25 16.50
3 13.50 20.25
4 10.50 16.50
5 15.00 20.50
6 15.00 18.25
7 11.50 16.00
8 9.25 9.25
9 10.50 13.00
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10 12.75 12.75
11 15.25 21.00
12 15.50 21.75

Table 7.52: Discoloration (DE) measurements for specimens painted with the Exp Si system
during their 12-month immersion in artificial seawater

Duration
Exp Si (A) Exp Si (B)

(months)
Standard sample: L=35.71, a=35.04,

b=12.52, C=37.21, H=19.66
Before 0.52 0.70

1 0.96 1.31
2 4.48 3.71
3 4.12 3.09
4 3.12 3.00
5 3.87 3.50
6 3.80 3.51
7 3.33 3.57
8 5.19 4.37
9 4.78 6.00
10 8.44 9.82
11 6.31 8.04
12 7.11 6.32

Table 7.53: Electric properties of the specimens painted with the Exp Si system, during 12
months of immersion in artificial seawater

Duration Coating capacitance
(Weeks) (F)-Exp Si (B)
Before 2.965 10−10

1 5.097 10−10

2 1.099 10−9

3 4.543 10−10

4 1.376 10−9

5 5.230 10−10

6 4.539 10−10

7 8.303 10−10

8 4.597 10−9

9 6.616 10−10

10 1.999 10−9

11 5.906 10−10

12 8.839 10−10
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Figure 7.30: Bode graph for specimen (B) painted with the Exp Si system during 12 months
of immersion in artificial seawater

The experimental silicone formulation exhibited large discoloration, compared to the reference

silicone, since the discoloration index after 12 months of immersion was 13.7 and 9 times larger

than the initial color values for specimens (A) and (B), respectively. Also, as can be seen in Fig.

7.29e, a blister was observed on the upper left side of the specimen. However, it was limited to

the topcoat layer only. König hardness exhibited an increase for specimen (A) equal to 25.8%

and a decrease for specimen (B) equal to 24.2%. Also, the initial hardness values of the two

specimens exhibited variations, being 16.5 and 24.8, respectively. Gloss loss was observed in

both specimens, being equal to 11.4% and 9.4%, respectively. These differences were limited

only on the top coat, hence, both specimens retained their barrier properties (Table 7.53).

The fluctuations in phase shift, ranging from -1 to -1.57 rad is attributed to the quality of

the obtained signals. Even though some variations in the obtained capacitance were observed

during the course of the experiment (Fig. 7.31), no actual degradation has commenced on either

of the examined painting systems.
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Figure 7.31: Change of coating capacitance of specimen (B) painted with the Exp. Si system,
during the 12-month immersion in artificial seawater

7.3.5.4 Experimental polyurethane (Exp PU1) system

(a) After 1 month
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(b) After 3 months

(c) After 6 months

(d) After 9 months

(e) After 12 months

Figure 7.32: Surface condition of the specimens painted with the Exp PU1 system during their
12-month immersion in artificial seawater. Left: specimen (A), Right: specimen (B)
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Table 7.54: König pendulum hardness measurements for specimens painted with the Exp PU1
system during their 12-month immersion in artificial seawater

Duration
Exp PU1 (A) Exp PU1 (B)

(months)
Before 21.83 21.83

1 16.67 16.33
2 34.00 33.20
3 38.60 35.60
4 52.40 51.00
5 50.33 45.33
6 59.17 57.50
7 42.60 42.75
8 36.60 34.80
9 26.80 26.20
10 36.60 33.60
11 40.80 39.00
12 55.20 55.00

Table 7.55: 60◦ gloss measurements for specimens painted with the Exp PU1 system during
their 12-month immersion in artificial seawater

Duration
Exp PU1 (A) Exp PU1 (B)

(months)
Before 62.75 84.00

1 68.00 77.75
2 59.25 82.75
3 64.50 79.75
4 68.50 80.25
5 73.00 74.75
6 55.75 58.25
7 58.25 60.25
8 49.50 63.25
9 45.67 69.75
10 24.00 27.00
11 77.33 89.67
12 76.33 81.00

Table 7.56: Discoloration (DE) measurements for specimens painted with the Exp PU1
system during their 12-month immersion in artificial seawater

Duration
Exp PU1 (A) Exp PU1 (B)

(months)
Standard sample: L=35.92, a=28.75,

b=8.26, C=29.91, H=16.03
Before 0.51 0.46

1 0.59 0.57
2 0.77 0.57
3 0.92 0.76
4 0.46 0.59
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5 1.01 0.76
6 1.29 1.42
7 0.67 1.04
8 1.19 1.24
9 1.44 1.42
10 1.50 1.30
11 1.04 1.37
12 0.74 0.75

Table 7.57: Electric properties of specimen (B) painted with the Exp PU1 system, during 12
months of immersion in artificial seawater

Duration Coating capacitance Coating resistance
(Weeks) (F) (Ω)
Before 2.363 10−10 -

1 5.272 10−10 -
2 5.496 10−10 5.738 105

3 3.208 10−10 -
4 3.213 10−10 -
5 2.742 10−10 1.375 104

6 3.012 10−10 3.811 105

7 3.446 10−10 5.339 104

8 3.117 10−10 1.283 105

9 5.642 10−10 -
10 1.389 10−9 5.578 105

11 4.333 10−10 -
12 4.761 10−10 3.274 104
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Figure 7.33: Bode graph for specimen (B) painted with the Exp PU1 system for intervals
with pure capacitive behavior

Figure 7.34: EIS graph for specimen (B) painted with the Exp PU1 system for intervals with
one time-cosntant
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Figure 7.35: EIS graph for specimen (B) painted with the Exp PU1 system, where intervals 5,
7 and 12 months are presented in magnification.

Figure 7.36: Change of a) coating capacitance and b) coating resistance of specimen (B)
painted with the Exp. PU1 system, during the 12-month immersion in artificial seawater

During the 12-month immersion of experimental polyurethane system, the specimens retained

their gloss properties, since for specimen (A) a gloss increase equal to 21.6% was measured,

while for specimen (B) a gloss loss equal to 3.57% was measured. A very interesting finding is

related to the König hardness values for both specimens, which exhibited samilar initial and

final values. Indeed, as observed in Table 7.54, an initial value of 21.83 was measured for

both specimens, while after the end of the experiment the increase in hardness was 152.9% for

specimen (A) and 151.9% for specimen (B), being similar. The increase in pendulum hardness
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after the end of the immersion test was not as sharp and profound as after the rest accelerated

aging tests. Discoloration index exhibited also small variations during the test, increasing

amount equal to 45% for specimen (A) and 63% for specimen (B), slightly larger than the gloss

variation values observed during the rest accelerated aging tests.

With regard to EIS results, only specimen (B) is presented, since the quality of the responses

for specimen (A) could not lead to trustworthy conclusions, especially regarding signals after 2,

5, 6, 7, 10 and 12 months. With regard to specimen (B), the intervals where a pure capacitive

response was obtained, are presented in Fig. 7.33. The intervals where only the capacitor was

measured were after 1, 3, 4, 9 and 11 months. The rest of intervals exhibited one time-constant

Nyquist plots with diameter (Rpore) variations among the intervals (Fig. 7.34). The EIS re-

sponses after 5, 7 and 12 months are also presented in mangification in Fig. 7.35. In order to

be able to better assess the electrochemical response of the system, the variations of coating

capacitance and coating resistance with time are presented in Figs. 7.36a,b, while the corre-

sponding values are also presented in Table 7.57. From Fig. 7.36a it could be concluded that

the coating capacitance retained its small value throughout the experiment, despite the intense

peak after 10 months. With regard to coating resistance, as appears in Fig. 7.36b, intense vari-

ations were observed not always consistent with the corresponding capacitance fluctuations, as

can be observed after 2, 6 and 10 months of immersion. The largest value of Rpore was 5.738

105 Ω or 6.168 106 Ω cm2, being close to the threshold of 106 Ω cm2 [152] for sufficient corrosion

protection in the long run.

The EIS responses from the specimens during the 12-month immersion in 3.5% NaCl aqueous

solution indicated that the coating capacitance of all specimens was generally smaller than

10−9 F, indicating an intact coat. Fluctuations of the measured values of coating capacitance

and coating resistance were observed, which could arise from changes of the physical properties

of the polymeric matrices, leading to differences in pore size, density and/or conductivity

throughout the testing period. This could justify the alternations between purely capacitive

and one time-constant behavior for the acrylic and experimental polyurethane systems.

7.3.6 Conclusions with regard to the results after 12 months of la-
boratory immersion test

A ranking between the different systems (taking into consideration the worst values obtained

for each coating system) in terms of hardness, gloss and discoloration would be as follows:

� König hardness: Acrylic (largest increase)<Exp.PU1<Ref.Si<Exp.Si (most stable behav-

ior)

� 60◦ gloss: Acrylic<Ref.Si<Exp. PU1<Exp.Si

� DE: Acrylic<Exp.Si<Exp.PU1≤Ref.Si
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7.3.7 EIS testing of parameters for intact coatings

Figure 7.37: Impedance magnitude plots showing a) extension of high frequency
measurements using standalone configuration and b) effect of examined surface on the

obtained impedance

EIS investigation included also an effort to determine the upper and lower frequency limit for a

purely capacitive signal. As can be seen from Fig. 7.37a, when the potentiostat was connected

to the impedance/phase gain analyzer, the signal was limited to the frequency range 105-103

Hz. The value of 1000 Hz was a threshold, since at lower frequencies only noise was measured.

This problem was solved using a standalone configuration or, in other words, disconnecting the

potentiostat from the impedance and performing the measurements using only the impedance

analyzer. As can be seen from the same figure, the frequency range using this technique

increased, starting above 106 Hz to almost 102 Hz. Apparently, this configuration could be

applied only for cases when no open circuit potential is measured and the response is purely

capacitive.

Investigation was also performed with regard to the effect of exposed surface to measured

impedance. As can be seen from Fig. 7.37b, the larger the exposed surface is the smaller the

low frequency impedance would be for a high impedance intact coat. Larger exposed surfaces

make the line in the magnitude plot to move in parallel towards lower |Z| values. This finding

is in accordance to the equation for ideal capacitor, C = εεoA/d, where a larger surface (A)

would lead to higher capacitance (C), hence in smaller |Z| value for ω=1, since C and |Z| are

inversely proportional, connected with the relationship |Z|=1/ωC.
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7.3.8 Water quality measurements from laboratory immersion test

Table 7.58: Water pH and conductivity measurements of immersion solution, during the
12-month immersion of reference paints

Duration Ref Si Acrylic Temp.
(months) pH Conductivity (mS/cm) pH Conductivity (mS/cm) ◦C

1 6.14 51.2 7.38 52.7 17.7
2 6.29 51.8 7.59 54.1 22.2
3 5.99 52.4 7.60 53.8 22.6
4 5.58 54.1 7.75 55.8 25.3
5 5.07 62.4 7.86 63.6 28.0
6 5.03 64.7 7.89 66.7 24.0
7 4.15 69.1 7.80 70.4 21.6
8 4.37 74.1 7.99 71.9 20.5
9 5.29 77.4 8.20 80.8 19.8
10 5.10 78.8 8.41 80.2 18.1
11 6.14 51.2 7.38 52.7 17.7
12 6.29 51.8 7.59 54.1 22.2

Table 7.59: Water pH and conductivity measurements of immersion solution, during the
12-month immersion of experimental paints

Duration Exp PU1 Exp Si Temp.
(months) pH Conductivity (mS/cm) pH Conductivity (mS/cm) ◦C

1 6.56 48.4 6.14 51.5 29.2
2 6.94 50.0 6.16 49.1 24.6
3 4.68 51.5 7.20 53.1 21.5
4 7.54 54.1 4.73 53.9 18.8
5 7.25 52.3 5.11 51.6 20.1
6 7.26 53.2 5.05 52.5 18.9
7 7.61 54.9 4.97 53.9 24.4
8 4.94 53.0 4.98 53.2 24.7
9 6.43 54.5 4.19 53.1 28.2
10 6.39 55.6 4.53 54.5 23.9
11 7.03 58.3 5.50 57.2 22.5
12 6.53 58.8 5.84 58.4 19.4

7.3.9 Mechanical testing and determination of physical parameters

7.3.9.1 Water-liquid transmission rate test (permeability)

The aim of this test is to classify the permeability of organic coatings to water liquid. The test

complies with the EN 1062-3 standard for ”Coating materials and coating systems for exterior

masonry and concrete”. In order to perform the test, the following steps should be followed.

1. The substrate for the painting system should be clay bricks or mortar slabs. In our case

fire bricks with an area of 120 cm2 were used.

2. Each system was applied on two bricks making a total of 12 bricks.
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3. The systems applied on the bricks were each one of the six systems presented in the

”Experimental Setup” section. The aforementioned systems were supplied in liquid state

and the application of each system onto the bricks was performed in the laboratory with

a 5 cm width roller, according to manufacturer’s specifications.

4. Only one surface of each brick was painted, one of two largest surfaces, according to the

EN 1062-3 standard. The rest of the surfaces were sealed with a sealing epoxy resin, until

no pores were visible or until there was a homogenous white layer of resin covering the

brick, so that its surface underneath was not visible anymore.

Figure 7.38: Firebricks during the painting procedure; a) painted with primer and b) in the as
painted condition

5. The interval between two successive paint applications ranged between 3 to 7 days, in

order to achieve complete curing.

6. After completion of the paint application, the test was ready to start and included the

following steps:

Weight measurement of bricks in the as painted conditiona)

Conditioning of the bricks at 23±2 ◦C with 50% RH for 24 hb)

Weighing after 24 h conditioningc)

Immersion of bricks in potable water for 24 h, with their surface upside down and

immersed 1 cm below the water surface.

d)

Weight after 2 he)

Weight after 3 hf)

Weight after 4 hg)

Weight after 5 hh)

Weight after 6 hi)
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Weight after 24 h immersion (weight of 1st period)j)

Drying at 50 ◦C for 24hk)

Conditioning at 23±2 ◦C with 50% RH for 48 hl)

Weight after 48 h conditioningm)

Immersion of bricks in potable water for 24 h, with their surface upside down and

immersed 1cm below the water surface.

n)

Weight after 24 h immersion (weight of 2nd period)o)

Repeat the procedure for another two periods with 24 h conditioning intervals.p)

Figure 7.39: Painted firebricks, during their immersion interval in potable water, as described
in step (d)

7. After each period, calculation of the average of the weight gain for the two bricks of

each system was performed and the liquid transmission rate w was obtained, using the

following formula:

w =
dm

A
√

24
(7.1)

where, w is the transmission rate [kg/(m2 h0.5)], dm is the average weight gain from the

two bricks for each system, A is the painted area of each brick (one side painted only)

and
√

24, due to the 24-hour immersion of the bricks.

8. Finally, according to the calculated value of w, a classification is made, with regard to

the transmission rate.

The procedure presented above is summarized in the following tables, for all the four periods

of the experiment.
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Table 7.60: Transmission rate calculation after the 1st period (w1)

Weight Weight Weight of Water gain (dm) Average
w1in Step (a) in Step (c) 1st period of 1st period (dm)

(g) (g) Step (j) (g) (g) (g) kg/(m2 h0.5)
Ref Si(A) 1008.68 1005.89 1017.85 11.96

18.080 0.3075
Ref Si(B) 1001.79 999.54 1023.74 24.20
Acrylic(A) 999.86 998.04 999.12 1.08

1.065 0.0181
Acrylic(B) 998.89 997.15 998.20 1.05

Exp PU1(A) 1269.78 1268.24 1269.27 1.03
1.010 0.0172

Exp PU1(B) 1283.25 1281.57 1282.56 0.99
Exp Si(A) 1280.71 1278.23 1282.80 4.57

3.790 0.0645
Exp Si(B) 1283.39 1281.49 1284.50 3.01

PU(A) 995.25 992.96 1037.99 45.03
45.935 0.7814

PU(B) 1006.66 1004.82 1051.66 46.84
Exp PU2(A) 1259.45 1259.45 1260.31 0.86

0.800 0.0136
Exp PU2(B) 1281.24 1281.24 1281.98 0.74

Table 7.61: Transmission rate calculation after the 2nd period (w2)

Weight Weight Weight of Water gain (dm) Average
w2in Step (a) in Step (m) 2nd period of 2nd period (dm)

(g) (g) Step (o) (g) (g) (g) kg/(m2 h0.5)
Ref Si(A) 1008.68 1009.38 1010.93 1.55

4.245 0.0722
Ref Si(B) 1001.79 1005.83 1012.77 6.94
Acrylic(A) 999.86 997.94 998.47 0.53

0.825 0.0140
Acrylic(B) 998.89 997.07 998.19 1.12

Exp PU1(A) 1269.78 1268.15 1269.35 1.20
0.845 0.0144

Exp PU1(B) 1283.25 1281.46 1281.95 0.49
Exp Si(A) 1280.71 1278.25 1279.75 1.50

1.785 0.0304
Exp Si(B) 1283.39 1281.37 1283.44 2.07

PU(A) 995.25 999.53 1003.20 3.67
42.105 0.0358

PU(B) 1006.66 1011.84 1012.38 0.54
Exp PU2(A) 1259.45 1259.32 1259.92 0.60

0.560 0.0095
Exp PU2(B) 1281.24 1281.10 1281.62 0.52

Table 7.62: Transmission rate calculation after the 3rd period (w3)

Weight Weight Weight of Water gain (dm) Average
w3in Step (a) in Step (m) 3rd period of 3rd period (dm)

(g) (g) Step (o) (g) (g) (g) kg/(m2 h0.5)
Ref Si(A) 1008.68 1005.58 1006.25 0.67

3.515 0.0598
Ref Si(B) 1001.79 999.24 1005.60 6.36
Acrylic(A) 999.86 997.78 998.11 0.33

0.345 0.0059
Acrylic(B) 998.89 996.88 997.24 0.36

Exp PU1(A) 1269.78 1267.97 1268.41 0.44
0.410 0.0070

Exp PU1(B) 1283.25 1281.23 1281.61 0.38
Exp Si(A) 1280.71 1277.90 1278.50 0.60

1.060 0.0180
Exp Si(B) 1283.39 1281.19 1282.71 1.52
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PU(A) 995.25 992.75 997.49 4.74
3.630 0.0617

PU(B) 1006.66 1004.58 1007.10 2.52
Exp PU2(A) 1259.45 1259.10 1259.34 0.24

0.225 0.0038
Exp PU2(B) 1281.24 1280.84 1281.05 0.21

Table 7.63: Transmission rate calculation after the 4th period (w4)

Weight Weight Weight of Water gain (dm) Average
w4in Step (a) in Step (m) 4th period of 4th period (dm)

(g) (g) Step (o) (g) (g) (g) kg/(m2 h0.5)
Ref Si(A) 1008.68 1005.61 1006.16 0.55

2.100 0.0357
Ref Si(B) 1001.79 1000.69 1004.34 3.65
Acrylic(A) 999.86 997.79 998.21 0.42

0.465 0.0079
Acrylic(B) 998.89 996.90 997.41 0.51

Exp PU1(A) 1269.78 1268.01 1268.39 0.38
0.375 0.0064

Exp PU1(B) 1283.25 1281.27 1281.64 0.37
Exp Si(A) 1280.71 1277.93 1278.70 0.77

1.330 0.0226
Exp Si(B) 1283.39 1281.18 1283.07 1.89

PU(A) 995.25 993.42 997.33 3.91
3.605 0.0613

PU(B) 1006.66 1004.75 1008.05 3.30
Exp PU2(A) 1259.45 1259.10 1259.45 0.35

0.325 0.0055
Exp PU2(B) 1281.24 1280.85 1281.15 0.30

Table 7.64: Summary of the transmission rates for all paints, during the four periods of the
experiment

Period Ref Si Acrylic Exp PU1 Exp Si PU Exp PU2
1 0.3075 0.0181 0.0172 0.0645 0.7814 0.0136
2 0.0722 0.0140 0.0144 0.0304 0.0358 0.0095
3 0.0598 0.0059 0.0070 0.0180 0.0617 0.0038
4 0.0357 0.0079 0.0064 0.0226 0.0613 0.0055

Table 7.65: Water-liquid transmission rate classification for all paints after the end of the
experiment

System Classification
Ref Si III (low)
Acrylic III (low)
Exp Si III (low)

Exp PU1 III (low)
PU III (low)

Exp PU2 III (low)
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Figure 7.40: Water-liquid transmission rate variation of the examined painting systems,
during the course of the experiment

The results presented in Table 7.64 indicate that all systems were characterized by low

transmission rate of water liquid, since the value of w4 was smaller than 0.1 kg/(m2h0.5), as

proposed by the standard.

7.3.9.2 Cupping test

1. Reference silicone system

Figure 7.41: Indicative gradual cracking of the Ref Si system during cupping test; a) crack
initiation, b) front of cracks at the center, c) finish of experiment with obvious substrate

exposure
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Figure 7.42: Surface view of the cracked specimens painted with the Ref Si system after the
end of the cupping test

Figure 7.43: Surface view of the cracked specimens painted with the Ref Si system after the
end of the cupping test

2. Acrylic system

Figure 7.44: Indicative gradual cracking of the Acrylic system during cupping test; a) crack
initiation, b) front of cracks at the center, c) finish of experiment with obvious substrate

exposure
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Figure 7.45: Surface view of the cracked specimens painted with the Acrylic system after the
end of the cupping test

Figure 7.46: Surface view of the cracked specimens painted with the Acrylic system after the
end of the cupping test

3. Experimental polyurethane (1) system

Figure 7.47: Indicative gradual cracking of the Exp PU1 system during cupping test; a) crack
initiation, b) front of cracks at the center, c) finish of experiment with obvious substrate

exposure
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Figure 7.48: Surface view of the cracked specimens painted with the Exp PU1 system after
the end of the cupping test

Figure 7.49: Surface view of the cracked specimens painted with the Exp PU1 system after
the end of the cupping test

4. Experimental silicone system

Figure 7.50: Indicative gradual cracking of the Exp Si system during cupping test; a) crack
initiation, b) front of cracks at the center, c) finish of experiment with obvious substrate

exposure
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Figure 7.51: Surface view of the cracked specimens painted with the Exp Si system after the
end of the cupping test

Figure 7.52: Surface view of the cracked specimens painted with the Exp Si system after the
end of the cupping test

5. Experimental polyurehane (2) system

Figure 7.53: Indicative gradual cracking of the Exp PU2 system during cupping test; a) crack
initiation, b) front of cracks at the center, c) finish of experiment with obvious substrate

exposure
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Figure 7.54: Surface view of the cracked specimens painted with the Exp PU2 system after
the end of the cupping test

Figure 7.55: Surface view of the cracked specimens painted with the Exp PU2 system after
the end of the cupping test

Table 7.66: Indentation Depth (I.D.) during the cupping test

Specimen ID at first crack Average ID at total Average
(failure) (mm) ID detachment (mm) ID

Ref Si (A) 1.23
1.70

4.30
3.93Ref Si (B) 1.95 3.78

Ref Si (C) 1.91 3.72
Acrylic (A) 1.52

1.55
6.62

6.43Acrylic (B) 1.58 6.27
Acrylic (C) 1.54 6.39

Exp PU1 (A) 1.34
1.64

3.10
3.23Exp PU1 (B) 1.70 3.26

Exp PU1 (C) 1.87 3.33
Exp Si (A) 1.16

1.22
2.51

2.27Exp Si (B) 1.26 2.41
Exp Si (C) 1.25 1.90

Exp PU2 (A) 0.81
0.84

2.20
2.61
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Exp PU2 (B) 0.91 2.88
Exp PU2 (C) 0.81 2.75

A failure ranking in deep drawing would be: Ref.Si>Exp.PU>Acrylic>Exp.Si>Exp. PU2,

meaning that the reference silicone system exhibited the first crack at the greatest depth com-

pared to the other systems. However, the final failure, including coating detachment and/or

metallic substrate exposure, was noticed in greater depth for the acrylic system followed by the

reference silicone, the experimental polyurethane (1), the experimental silicone and finally the

experimental polyurethane system (2). The reference silicone, both the experimental polyure-

thane systems and the experimental silicone system failed following the same mode: few and

long cracks extending through the multilayer coat to the substrate. On the contrary, the acrylic

system exhibited a unique failure mode: intense microcracking and flaking of the topcoat. The

indenter should be further pushed to 6.43 mm, in order for the cracked parts to start being

detached from the substrate. According to the ISO 1520 standard, though, failure is considered

the depth ”until a crack is first observed on the surface of the coating and/or the coating begins

to become detached from the substrate”. Hence, in our case, the ranking of the coats results

from the depth at which the first crack appeared. As a result, the acrylic system, despite the

increased depth for total failure, it was ranked in the 3rd place overall.

7.3.9.3 Dirt pick-up test

According to the ASTM D 3719-00 standard, the dirt collection index, Dc, may be calculated

as follows:

Dc =
L ∗ B

L ∗ A
× 100 (7.2)

where, L*A is the arithmetic mean of the unexposed panel lightness values and L*B after

exposure. A wooden base with a tilt of 45◦ was constructed at NTUA and then placed to

a position facing south. The whole setup was placed at the rooftop of School of Chemical

Engineering building. The experimental setup is presented in the following figure.

Figure 7.56: Experimental setup for the dirt pick-up test; a) the base with all the specimens
positioned and b) a panoramic view of the exposure area
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Figure 7.57: Surface condition of plates painted with the Ref Si system, during dirt pick-up
test; a) after 30 days and b) after 61 days of outdoor weathering

Figure 7.58: Surface condition of plates painted with the Acrylic system, during dirt pick-up
test; a) after 30 days and b) after 61 days of outdoor weathering
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Figure 7.59: Surface condition of plates painted with the Exp PU1 system, during dirt
pick-up test; a) after 30 days and b) after 61 days of outdoor weathering

Figure 7.60: Surface condition of plates painted with the Exp Si system, during dirt pick-up
test; a) after 30 days and b) after 61 days of outdoor weathering

Table 7.67: Dirt collection index (Dc) calculation after 61 days of outdoor exposure

Specimen Metric Average Metric Average
Dc

Lightness (L*A) L*A Lightness (L*B) L*B
Ref Si (A) 35.54

35.58
35.77

35.81 100.65
Ref Si (B) 35.62 35.84
Acrylic (A) 36.20

36.16
42.65

42.72 118.14
Acrylic (B) 36.13 42.80

Exp PU1 (A) 35.77
35.88

35.36
35.11 97.85

Exp PU1 (B) 35.98 34.86
Exp Si (A) 35.34

35.35
35.98

35.88 101.44
Exp Si (B) 35.37 35.771

Exp PU2 (A) 36.06
35.86

37.13
36.87 102.82

Exp PU2 (B) 35.65 36.61
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Figure 7.61: Dirt pick up index calculation after 61 days of experiment, according to ASTM
D 3719-00

From Fig. 7.61, it is apparent that the acrylic paint, which exhibited an obvious and

intense discoloration (Fig. 7.58), exhibited the highest discoloration index. This value reflects

mainly the intense discoloration rather than the dirt accumulation of the paint. As stated in

paragraph 10.1.2. of the standard: ”Any noticeable color change which, for reasons other than

dirt accumulation, may have occurred” should be reported. ”The dirt collection index is not

valid if these color changes or fungal growth are significant”. The acrylic paint is a special case,

due to the intense chalking effect, arising from its leaching nature. Hence, this large increase in

Dc would be hard to distinguish whether it could be attributed to leaching, dirt accumulation

or both. Another characteristic of this paint is the checking effect, which was reported during

the accelerated aging tests and has been also observed here. Checking effect of the mosaic type

and of the ASTM 2 rank was observed (ASTM D 660-93). With regard to the experimental

silicone system, indeed the obtained index was attributed to dirt, which was easier to adhere,

due to the surface texture of the paint. The same is also true for the reference silicone system.

The experimental polyurethane system exhibited the smallest index, even though discoloration

had also occurred (Fig. 7.59) and could mask the attached dirt. The same trend was noticed

for the experimental polyurethane formulation (2), giving rise to the second highest index. A

final ranking would be: Exp.PU (best behavior)>Ref.Si>Exp.Si>Exp.PU2.

7.3.9.4 Chalking test

In the present case, the method D b�“ TNO Type Method was applied from the ASTM D 4214-

98 standard, in order to assess the total chalking susceptibility of the Ref Si, Acrylic, Exp PU1

and Exp Si systems. The specimens used for the test were of dimensions 110 mm×50 mm×6

mm. The procedure includes:

� Application of a piece of cellular tape (13 mm width) onto each specimen’s surface, using

gentle finger pressure.
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� The tape is then removed and applied with the adhesive side onto a black construction

paper.

� The tape on the black paper is subsequently compared to the photographic reference

standard No. 2, as presented in ASTM D 4214-98 standard.

� The chalking rating is the one that matches more the colored mark left by the paint

onto the cellular tape. The reference standard is from white to black, since this standard

was first introduced for paints with titanium oxide as a pigment, which is white in color.

However, the same procedure may be applied for light colored paints, as well, similarly

to the paints examined in the present study.

Figure 7.62: Chalking test on specimens painted with the a) Ref Si and the b) Acrylic systems

Figure 7.63: Chalking test on specimens painted with the a) Exp PU1 and the b) Exp Si
systems

It should be noted that the chalking specimens of the paints presented in Fig. 7.63 were

a bit larger than the reference specimens (Fig. 7.62). More specifically, the dimensions of the
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new painted specimens were 120 mm×50 mm×4 mm, while the dimensions of the reference

specimens were 110 mm×50 mm×6 mm. The dimensions were selected larger for the new

specimens, in order to be able to take two measurements from each surface. The chalking

rating for all specimens is presented in Table 7.68.

Table 7.68: Chalking rating for all the specimens

System Chalking rating
Ref Si (A) 2
Ref Si (B) 2
Acrylic (A) 3
Acrylic (B) 3

Exp PU1 (A) 2
Exp PU1 (B) 2
Exp Si (A) 2
Exp Si (B) 2

From the above rating we can conclude that there was no chalking effect on the paints,

except for the acrylic paint, which is a self-polishing antifouling paint. Hence, its surface is

expected to be chalky, in order to release the biocide. In addition, from all the experiments

performed so far (natural and accelerated aging tests), the acrylic system always appeared to

release great amount of pigments, which is characteristic of the leaching nature of this paint.

7.4 Conclusions

From the accelerated aging investigation in salt spray and UV chamber of the painting systems,

some unique characteristics for each system were determined:

� Reference silicone system remained stable in terms of hardness, after salt spray test, while

it retained its gloss after UV test, exhibiting the best behavior.

� Experimental silicone system exhibited the best behavior after both tests in the hardness

property and the smallest discoloration after UV aging. For the rest cases, its performance

was average.

� Acrylic system retained no gloss, exhibited intense discoloration and checking and increase

in hardness. This system exhibited the least satisfactory behavior in terms of gloss and

discoloration after both tests, while in terms of hardness was average.

� Experimental polyurethane exhibited the largest increase in hardness in both tests and

the smallest gloss change after salt spray test. For the rest cases, its performance was

average.

� Anticorrosive polyurethane exhibited variation of properties among the different speci-

mens, but, generally, it exhibited increase in hardness, in slightly less extent than the

experimental polyurethane formulation. Also, it presented the best behavior in terms of

discoloration after salt spray test.
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� In terms of electrical properties, all systems exhibited purely capacitive characteristics,

implying that no degradation has commneced during the experiments.

These characteristics were not completely verified during the immersion test, since:

� The experimental silicone formulation exhibited the most stable behavior in terms of

hardness and gloss, but it was mediocre in terms of discoloration.

� The reference silicone paint was average in terms of hardness and gloss and exhibited the

best behavior in terms of discoloration.

� The experimental polyurethane formulation did not exhibit such a sharp increase in hard-

ness, as was observed after salt spray and UV aging. Generally, it was average for all

properties.

� The acrylic system exhibited the worst behavior in all properties. No checking effect was

observed.

� In terms of electrical properties, the silicone systems retained a capacitive response

throughout the test. The acrylic and experimental polyurethane sytems exhibited both

capacitive and capacitive/ pore resistance responses on occasions. The pore resistance

values of the acrylic system were larger than the experimental polyurethane, even though

both systems exhibited similar values after 12 months of immersion, impyling some loss

of barrier properties.

Taking into consideration the system with the best behavior after all measurements in all

tests, the experimental silicone formulation exhibited the best behavior 5 times, followed by the

reference silicone formulation with 3 times and the experimental polyurethane and anticorrosive

polyurethane systems with 1 time each.

Also, the different behavior observed especially for the experimental polyurethane system,

in terms of hardness increase and for the acrylic system, in terms of checking presence, could

denote that the immersion test imposes smaller stresses on these systems compared to salt

spray and UV aging. On the other hand, silicone systems exhibited low intensity blistering,

which was not observed during salt spray and UV aging. Despite that, they exhibited the best

behavior during their 12-month immersion.

With regard to the results from physical and mechanical properties:

� All systems exhibited low transmission rate in water liquid

� Cupping: reference silicone exhibited the best performance, followed by the experimental

polyurethane.

� Dirt pick-up: experimental polyurethane exhibited the best performance, followed by the

reference silicone.

� Chalking: only the acrylic system exhibited chalking.
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Hence, reference silicone and experimental polyurethane system were even after physical

and mechanical properties related tests.
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Chapter 8

Conclusions of the PhD thesis

� Assessment of the anticorrosion efficiency of scribed coated specimens during salt spray

exposure revealed the better behavior of the experimental polyurethane system with 2%

immobilized Econea, followed by the experimental silicone system, the commercial silicone

system and finally the commercial SPC acrylic based system. Hence, the newly devel-

oped experimental systems surpassed the known anticorrosion efficiency of commercial

products, however, between the two experimental formulations, the polyurethane coating

exhibited superior performance in flawed condition.The better behavior provided by the

Exp. PU1 system was verified through the mixture of the more protective oxides and

the least harmful of the oxyhydroxides present as corrosion phases, accompanied by small

degree paint deformation, leading to compact corrosion products, which could provide

some sealing to the substrate.

� With regard to the corrosion behavior of a representative coated sample with scribes dur-

ing salt spray exposure, modified restricted diffusion impedance described mass transport

of oxygen after 6 and 8 weeks of experiment. After 12 weeks, diffusion impedance could

be either modified restricted or modified transmissive, while a decrease in corrosion resis-

tance was observed, indicating that oxygen diffusion was not hindered by the corrosion

layer. As a result, corrosion accelerated beyond 8 weeks of exposure in the salt spray

chamber.

� The towing tests performed on the flat plate, using 40 and 80-grit sandpapers, revealed

that the experimentally calculated equivalent sand roughness height (ks), according to

Schlichting’s resistance formula for sand roughened plates, was in close proximity to the

nominal roughness of the sandpapers, hence, ensuring their validity. In this way, an initial

estimation of ks value for uniformly rough surfaces could be determined experimentally.

� A more precise estimation of the rough regime and the roughness Reynolds number would

require collapse of the experimental roughness functions of the sandpapers onto the Niku-

radse (universal) roughness function. This procedure revealed that the appropriate rough-

ness length scale would be 1.7 times the initially estimated ks, accounting for the poly-

dispersity of the sandpapers. Also, it was observed that the last two data of the 40-grit
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roughness function lay in the fully rough regime, which was not readily apparent from the

1000CF-Re graph, where a plateau, implying fully rough regime,was obtained for both

sandpapers and for the last four data in the highest Reynolds numbers.

� Towing tests of the flat plate painted with the various antifouling systems revealed that, in

the laboratory scale the silicone and polyurethane formulations exhibited similar hydro-

dynamic behavior, fluctuating around the smooth condition, whereas the acrylic system

exhibited the highest resistance increase of all. The roughness functions exhibited very

good correlation with the Colebrook–type roughness function, which usually describes

antifouling paints.

� Extrapolation of smooth model resistance to ship scale revealed the higher total resistance

coefficient (CT) predicted by the Froude method, compared to the ITTC 78 method.

Moreover, for the same extrapolation method, the use of Bowden-Davidson formula for

correlation allowance lead to higher CT values, compared to the Townsin’s formula for

roughness allowance.

� The two versions of the newly proposed methodology for extrapolation of rough model

results in ship scale, based on Schlichting diagram for sand roughened plates, provided

an upper and lower boundary in the calculated CT, compared to the extrapolated results

for smooth model and for rough plate with 40 and 80-grit sandpapers.

� Antifouling performance assessment in static immersion revealed that the acrylic-based

system exhibited the best behavior. However, this paint is based on biocides leaching.

From the environmentally friendly paints, the experimental silicone system exhibited the

best antifouling behavior. Moreover, in terms of physical damage, the experimental sili-

cone system was the best candidate of all. As a result, in real conditions, where the foulers

would be easily removed due to friction, the experimental silicone formulation would pro-

vide a long-lasting efficient behavior. Moreover, the barrier properties of the Exp. Si

system were retained almost unaffected during the test. Hence, the experimental silicone

formulation would be an efficient antifouling and anticorrosive solution for marine appli-

cations, if some precautions are followed, concerning its soft elastomeric nature. Finally,

the experimental polyurerhane paints (Exp. PU1 and Exp. PU2) would be unsuitable for

antifouling purposes.

� Accelerated aging tests in salt spray chamber, UV climatic chamber and through immer-

sion in artificial seawater on intact coated specimens revealed the best behavior of the

experimental silicone system (most stable behavior), followed by the reference silicone

and, finally, by the Exp. PU1 and the anticorrosive PU system, in terms of 60◦ gloss,

König hardness and discoloration.

� In terms of electrical properties, all systems retained their barrier properties unaffected

during salt spray and UV tests. With regard to the laboratory immersion tests, the sil-

icone systems retained a capacitive response throughout the test, while the acrylic and
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experimental polyurethane sytems exhibited both capacitive and capacitive/ pore resis-

tance responses on occasions, not necessarily consistent with the duration of immersion,

exhibiting, however, after 12 months some loss of barrier properties. Hence, combining

the electrochemical results with the previous observations for the rest of the properties,

the Exp. Si system exhibited the best behavior overall after accelerated aging on intact

specimens.

� With regard to the standardized tests: Water liquid transmission rate was low for all

systems, chalking characterized only the acrylic-based paint, resistance to deep drawing

was larger for the reference silicone formulation followed by the experimental polyurethane

system (Exp. PU1), while the results were opposite for the dirt pick-up test (weathering

test for quantification of dirt collection). Hence, reference silicone and experimental

polyurethane system were even after physical and mechanical properties related tests.

As a result, the best anticorrosion efficiency in flawed condition (judging by the observed

corrosion phases) was provided by the Exp. PU1 system, followed by the Exp. Si formulation.

In intact state, the Exp. Si system exhibited the most stable characteristics after accelerated

aging. In terms of hydrodynamic efficiency, polyurethane and silicone systems exhibited sim-

ilar behavior in laboratory scale, being close to the smooth condition. The Colebrook-type

roughness function could potentionally describe all systems. In terms of antifouling efficiency,

the Acrylic system would be ideal in static immersion, however, the Exp Si system would be

the best candidate in real conditions, combining also efficient barrier properties and minimum

physical damage, if precautions during ship handling or maneuvering are followed. On the

contrary, neither of the examined experimental polyurethane formulations would be suitable as

an antifouling paint. Finally, Ref. Si and Exp. PU1 systems exhibited the best behavior after

physical and mechanical properties related tests. From these observations it becomes appar-

ent that an ideal paint does not exist. Apparently, if the primary criteria for comparison are

the antifouling and hydrodynamic efficiency, which are crucial for an antifouling system, the

experimental silicone (Exp. Si) formulation would be the most appropriate, environmentally

friendly candidate.
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Chapter 9

Innovation of the PhD thesis

The innovative character of the Thesis is summarized in the following points:

� The present study focused on the evaluation of newly developed experimental marine an-

tifouling painting systems, which were formulated according to a newly proposed process,

based on biocide immobilization into the polymeric matrix. In this way, the mode of

action of these systems would be by contact and not through, the currently widespread,

leaching.

� The evaluation of the experimental systems was attained through examination of their

antifouling, anticorrosion and hydrodynamic efficiency, as well as, through assessment of

their physical and mechanical properties. For reasons of comparison commercial painting

systems were also examined. Hence, this Thesis approaches the subject of antifouling

paint evaluation thoroughly, delving into all the potential disciplines that could be ac-

quired, in order to make an as rounded an investigation as possible, in terms of paint

efficiency.

More specifically, the innovative points per chapter are presented below:

� With regard to the salt spray tests in scribed condition (Chapters 1 and 2): this study links

the nature of the corrosion products in the scratched area with the paint efficiency. More

specifically, this study combined the degree of paint deformation in the area of the scribes

with the nature of the formed corrosion products and their ability to provide protection

to the metallic substrate. For identification of rust morphologies, SEM observation, as

well as XRD and Raman spectroscopy measurements were conducted, which led to very

complex spectra, including mixtures of iron oxides and oxy-hydroxides, making their

interpretation quite challenging and innovative. Also, this study could also serve as

a general methodology when examining the anticorrosion efficiency of coated scribed

samples (irrespectively of the service conditions that the organic coating is intended for).

� With regard to the electrochemical impedance spectroscopy (EIS) examination of scribed

coated specimens after salt spray testing (Chapter 3): this study aimed at correlating

the EIS spectra with actual physical processes that affect corrosion over time. To this
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purpose, the appropriate impedance mechanism for description of dissolved oxygen dif-

fusion was sought. This study includes three innovative characteristics: the first is that

it presents and compares characteristic models of diffusion impedance, by applying the

PSO optimization procedure, in order to examine the degree that each of the examined

theoretical impedance mechanisms could describe the experimental EIS curves. Compar-

ison of the PSO results with the results from the CNLLS procedure is also performed.

The second is that it compares the two basic theories that describe steel corrosion (finite-

length diffusion and porous electrode theory), while the third is that it compares the two

most commonly used equivalent circuits in the literature (Randles and Orazem-Tribollet).

Once more, this research could also serve as a general guideline for the interpretation of

complex EIS spectra. Finally, taking into consideration the selected diffusion impedance

mechanisms, a physical model concerning the structure of the corrosion layer over the

steel substrate was proposed, as well as the mode of oxygen diffusion through the pores

of this corrosion layer.

� With regard to the hydrodynamic investigation of roughness effect on ship resistance

using flat plate and model towing tests (Chapter 4): the new insight provided by this

work is that the flat plate was very thin, only 3 mm thick, when in the literature there

are reports for 3.2 mm. Moreover, a newly designed experimental setup was constructed

for the need of the present experiments. The plate was tested in both smooth and

rough condition and the results verified the validity of the newly developed experimental

setup, ensuring that Schlichting’s formula for sand roughened plates could be applied,

in order to make an initial estimation of the equivalent sand roughness height (ks) for a

uniformly rough surface in the fully rough regime. Also, another novelty is that a newly

proposed extrapolation method from rough model data in ship scale, based on Schlichting

diagrams for rough flat plates, was applied. Finally, a thorough comparison between all

the extrapolation methods for both the plate and the ship was attempted.

Despite these novelties, this work also encompasses an as thorough an investigation as

possible, in terms of extrapolating smooth model data in ship scale (comparison of Froude

and ITTC 78 methods), the correlation allowances usually encountered and their effects

on measured resistance, a wide examination of different trip wires for the flat plate until

the optimum is determined and finally the examination of the thin plate with the home

made experimental setup in rough condition and the agreement with the Nikuradse re-

sults (Nikuradse curve also produced from our laboratory from Nikuradse data). With

these experiments, data were provided with regard to the resistance components in rough

condition, in order to get an insight of ship CF, and, finally be able to estimate ship’s Cp.

� With regard to the hydrodynamic investigation of paint roughness on ship resistance

using flat plate towing tests (Chapter 5): the innovation of this study is that newly

developed experimental antifouling painting systems were applied on top of the flat plate

of Chapter 3 and a comparison was made, with regard to their hydrodynamic efficiency.
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For comparative reasons commercial painting systems were also examined. Generally, the

calculated roughness functions were in accordance with the Colebrook-type roughness

function.

� With regard to the field tests of commercial and experimental marine antifouling paints

in Elefsis Gulf (Chapter 6): similarly to previous chapters, the novelty of the present

work lies on the fact that newly designed experimental antifouling paints were exam-

ined in the field. In addition, this work could serve as a methodology for performance

and presentation of field tests. Finally, this research included also electrochemical, phys-

ical properties and mechanical properties examination during immersion, comprising a

rounded investigation in the field of static immersion tests.

� With regard to the mechanical testing of experimental and commercial antifouling sys-

tems and the electrochemical investigation thereof after accelerated aging tests on intact

specimens (Chapter 7): a comprehensive study was performed on newly developed an-

tifouling coatings, in terms of accelerated aging examination for anticorrosion efficiency

in intact state (through electrochemical examination), along with mechanical and optical

properties determination at frequent intervals. Moreover, standardized mechanical tests

were performed for assessment of their mechanical integrity. Commercial products were

also examined for comparison. The results of this research provided a ranking among

the experimental painting systems and also in comparison to currently used commercial

products.

In other words, this thesis could serve as a guide for the selection, performance and pre-

sentation of the appropriate experiments, in order to efficiently evaluate and compare organic

coatings, generally, or antifouling marine painting systems, specifically.

282



Chapter 10

Suggestions for further research

Some suggestions for further research are presented below:

� With regard to the salt spray tests in scribed condition: a greater amount of scribed

coated specimens could be examined, in order to be able to propose a general mechanism

for the corrosion of coated steel in scribed condition, during salt spray tests.

� With regard to the hydrodynamic investigation: the experiments performed on the flat

plate with 3D printed fouling could be analyzed, in order to calculate the equivalent sand

roughness height of this arbitrarily rough surface and estimate the effect in ship scale.

Also, 3D fouling could be applied on propellers (currently scheduled) and ship models, in

order to examine the effect in resistance compared to the smooth condition in laboratory

scale and, if possible, in ship scale. Surfaces with engineering roughness could also be

examined. Finally, the experiments could be conducted at higher Reynolds numbers.

� With regard to the field tests: experiments for longer duration could be performed, pos-

sibly for 2 years, in order to gain a more detailed insight, with regard to the antifouling

efficiency of antifouling marine paints. Moreover, a site at the open sea could be used,

while the examination could be performed every month. Finally, dynamic tests could be

performed, in order to compare the results with the findings from static immersion.
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Appendix A

Appendix of Chapter 3

A.1 Equivalent circuits and total impedance relations

for Randles and Orazem Tribollet connections

The corroding system could be described either with a Randles or an Orazem-Tribollet [76]

circuit. For the former case, the equivalent circuit is presented in Fig. A.1, while the equation

describing the total impedance is given by Eq. A.1.

Figure A.1: Randles connection

Ztot(ω) = Re +
Rct + ZD

1 + (jω)nQ(Rct + ZD)
(A.1)

The connection proposed by Orazem and Tribollet is presented in Fig. A.2, while the equa-

tion for total impedance is given by Eq. A.2.

Figure A.2: Orazem-Tribollet connection

Ztot(ω) = Re +
Rct,Fe(Rct,O2 + ZD)

(jω)nQRct,Fe(Rct,O2 + ZD) +Rct,O2 + ZD +Rct,Fe

(A.2)
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A.2 Rest of diffusion impedance models examined for

the experimental data

A.2.1 Results with regard to the restricted diffusion impedance
mechanism

Figure A.3: Fitting curves for the painted scribed specimen after a) 6, b) 8 and c) 12 weeks of
experiment in the salt spray chamber, assuming restricted diffusion, Randles connection and

CPE for double-layer
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Table A.1: PSO fitting results and derived parameters for the painted scribed specimen after
6, 8 and 12 weeks of experiment in the salt spray chamber, assuming restricted diffusion,

Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 48.00 62.28 148.96
RD [Ω cm2] 121.86 126.99 73.32
Rct [Ω cm2] 53.21 86.94 63.51
n 0.297 0.208 0.210
Q [F sn−1 cm−2] 1.07 10−2 6.90 10−3 4.74 10−2

σ′ [Ω cm2 s−1/2] 17.59 16.09 6.01
τct,CPE [s] 0.15 8.57 10−2 190.17

Table A.2: CNLLS fitting results and derived parameters for the painted scribed specimen
after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming restricted diffusion,

Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 62.62±14.5% 72.94±34.8% 147.20±223%
RD [Ω cm2] 110.90±6.6% 109.80±15.4% 58.39±107%
Rct [Ω cm2] 42.88±4.3% 57.34±3.4% 38.49±18.6%
n 0.360±3.4% 0.325±4.3% 0.249±5.5%
Q [F sn−1 cm−2] 7.27 10−3±8.5% 2.48 10−3±12.7% 3.76 10−27±10.6%
σ′ [Ω cm2 s−1/2] 14.01 12.86 4.81

τct,CPE [s] 3.93 10−2 2.47 10−3 4.41

Table A.3: Chi-squared and sum of squares values, as indicators of goodness of fit for the
restricted diffusion impedance mechanism

Parameter 6 weeks 8 weeks 12 weeks
χ2 8.12 10−5 3.33 10−4 6.87 10−5

Sum of Squares 8.36 10−3 4.23 10−2 7.90 10−3

With regard to the results presented in Tables A.1 and A.2 , the fitting values refer to parameters

τD,FD, RD, Rct, n and Q, while the calculated parameters are σ′ and τct,CPE.
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A.2.2 Results with regard to the anomalous ADIa diffusion impedance
mechanism

Figure A.4: Fitting curves for the painted scribed specimen after a) 6, b) 8 and c) 12 weeks of
experiment in the salt spray chamber, assuming anomalous linear restricted diffusion, Randles

connection and CPE for double-layer
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Table A.4: Fitting results and derived parameters for the painted scribed specimen after 6, 8
and 12 weeks of experiment in the salt spray chamber, assuming anomalous linear restricted

diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
L2

D,AD/D [s] 7.180 5.000 109.096
RD [Ω cm2] 88.494 111.919 157.567
γ 0.452 0.287 0.369
Rct [Ω cm2] 7.472 9.132 0.980
n 0.696 0.750 0.792
Q [F sn−1 cm−2] 2.926 10−4 1.762 10−5 1.371 10−4

τD,AD [s] 78.525 273.476 3.385 105

τct,CPE [s] 1.506 10−4 8.698 10−6 1.300 10−5

With regard to the results presented in Table A.4, the fitting values refer to parameters

L2
D,AD/D, RD, Rct, n, Q and γ, while the calculated parameters are τD,AD and τct,CPE.

A.2.3 Results with regard to the transmissive diffusion impedance
mechanism

Table A.5: PSO fitting results and derived parameters for the painted scribed specimen after
6, 8 and 12 weeks of experiment in the salt spray chamber, assuming transmissive diffusion,

Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 200.36 218.96 12.00
RD [Ω cm2] 242.41 238.11 19.48
Rct [Ω cm2] 54.51 89.83 26.87
n 0.294 0.204 0.255
Q [F sn−1 cm−2] 1.10 10−2 7.18 10−3 3.21 10−2

σ′ [Ω cm2 s−1/2] 17.13 16.09 5.62
τct,CPE [s] 0.18 0.12 0.56

Table A.6: CNLLS fitting results and derived parameters for the painted scribed specimen
after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming transmissive

diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 233.70±120.2% 282.70±360% 19.63±10.9%
RD [Ω cm2] 205.40±59.6% 205.80±178.6% 19.83±6.3%
Rct [Ω cm2] 45.31±4.9% 58.83±3.6% 22.94±8.3%
n 0.350±3.6% 0.318±4.3% 0.294±4.5%
Q [F sn−1 cm−2] 7.90 10−3±8.8% 2.67 10−3±12.7% 2.54 10−2±10%
σ′ [Ω cm2 s−1/2] 13.44 12.24 4.48

τct,CPE [s] 5.31 10−2 2.97 10−3 0.16

In Tables A.5 and A.6, the fitted parameters are τD,FD, RD, Rct, n, Q, while the calculated

parameters are σ′ and τct,CPE.
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Table A.7: Chi-squared and sum of squares values, as indicators of goodness of fit for the
transmissive diffusion impedance mechanism

Parameter 6 weeks 8 weeks 12 weeks
χ2 9.40 10−5 3.49 10−4 4.79 10−5

Sum of Squares 9.68 10−3 4.40 10−2 5.51 10−3

Figure A.5: Fitting curves for the painted scribed specimen after a) 6, b) 8 and c) 12 weeks of
experiment in the salt spray chamber, assuming transmissive diffusion, Randles connection

and CPE for double-layer
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A.2.4 Results with regard to the generalized Warburg impedance
mechanism

Figure A.6: Fitting curves for the painted scribed specimen after a) 6, b) 8 and c) 12 weeks of
experiment in the salt spray chamber, assuming generalized Warburg diffusion, Randles

connection and CPE for double-layer
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Table A.8: PSO fitting results and derived parameters for the painted scribed specimen after
6, 8 and 12 weeks of experiment in the salt spray chamber, assuming generalized Warburg

diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
AD [Ω cm2 s−nD ] 25.57 45.34 15.07
nD 0.302 0.175 0.184
Rct [Ω cm2] 16.86 15.04 0.99
n 0.536 0.692 0.791
Q [F sn−1 cm−2] 1.39 10−3 3.49 10−5 1.39 10−4

τct,CPE [s] 9.04 10−4 1.82 10−5 1.31 10−5

Table A.9: CNLLS fitting results and derived parameters for the painted scribed specimen
after 6, 8 and 12 weeks of experiment in the salt spray chamber, assuming generalized

Warburg diffusion, Randles connection and CPE for double-layer

Parameter Unit 6 weeks 8 weeks 12 weeks
AD [Ω cm2 s−nD ] 23.86±4.0% 44.37±2.8% 14.97±4.1%
nD 0.316±3.1% 0.184±3.1% 0.196±4.1%
Rct [Ω cm2] 17.57±7.7% 15.62±7.4% 1.35±44.8%
n 0.567±4.9% 0.762±3.1% 0.832±9.2%
Q [F sn−1 cm−2] 1.17 10−3±23.5% 1.77 10−5±26.3% 1.04 10−4±78.7%

τct,CPE [s] 1.06 10−3 2.14 10−5 2.34 10−5

Table A.10: Chi-squared and sum of squares values, as indicators of goodness of fit for the
generalized Warburg impedance mechanism

Parameter 6 weeks 8 weeks 12 weeks
χ2 5.54 10−5 6.80 10−5 3.23 10−5

Sum of Squares 5.70 10−3 8.64 10−3 3.71 10−3

In Tables A.8 and A.9 the fitted parameters are AD, nD, Rct, n and Q, while the derived

parameter is τct,CPE.

A.2.5 Fitting of the Bode plots for the selected models

In the present paper the results of the regression analysis were presented in a Nyquist represen-

tation, because the differences among the examined models could qualitatively be more easily

observed. For comprehensiveness reasons, the Bode plots of the selected models, along with

their corresponding Nyquist plots are presented herein.
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Figure A.7: Fitting curves for Nyquist and Bode plots of the painted scribed specimen after
a) 6 and b) 8 weeks of experiment in the salt spray chamber, assuming modified restricted

diffusion and c) after 12 weeks of experiment, assuming modified transmissive diffusion,
Randles connection and CPE for double-layer
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A.2.6 Results based on the cast iron in drinking water problem

The cast iron in drinking water model [76] could not describe the experimental curves. The

response was three capacitive loops (as mentioned in the Introduction section), accounting for a

microporous layer, possibly green rust, covering the magnetite macropores, the cathodic charge-

transfer resistance and the diffusion impedance-anodic charge transfer resistance, respectively.

The shape of the obtained curves could not be correlated with the HF semicircle and the LF

diffusion tail of the experimental data, as observed in Fig. D.1a. A simpler version of this

model, not including a layer circumferentially the magnetite macropores, was also examined.

However, the fitting was again not satisfactory (Fig. D.1b). As a result, the equivalent circuit

proposed in the cast iron in drinking water problem could not describe the experimental data.

Figure D.1: Indicative fitting curves for the painted scribed specimen after 6 weeks of
experiment in the salt spray chamber assuming the cast iron in drinking water model [76]: a)

with and b) without presence of a microporous layer circumferentially the magnetite
macropores
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Appendix B

Appendix of Chapter 3

B.1 Introduction

The repeatability measurements presented herein refer to the impedance results obtained after

6, 8 and 12 weeks of experiment in the salt spray chamber, for the rest 7 specimens exam-

ined, in addition to the specimen presented in Chapter 3. Also, it should be noted that the

same procedure as the one presented in Chapter 3 was followed, in order to choose the most

appropriate diffusion impedance mechanism for the data; that is to say, the most caharacteris-

tic diffusion impedance mechanisms (restricted, modified restricted, anomalous, transmissive,

modified transmissive, generalized Warburg) were examined and their suitability was assessed

through the goodness of fit values (chi-squared and sum of squares as ontained from the CNLLS

procedure and the value of the objective function as obtained from the PSO algorithm), as well

as, their physical interpretation. The comparative results between the different models are not

presented here, only the final selected models.

The obtained impedance spectroscopy curves from all the examined specimens (8 in total),

for the 6, 8 and 12-week intervals were also regressed using the porous electrode theory. The

results are presented in Sec. B.3.
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B.2 Results considering finite-length diffusion impedance

theory

B.2.1 Results for specimen No. 2

Table B.1: PSO fitting results and derived parameters for the scribed specimen No. 2

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 232.11 3.11 103 111.49
RD [Ω cm2] 371.60 153.39 25.93
Rct [Ω cm2] - - 1.719
n 0.894 0.804 0.681
Q [F sn−1 cm−2] 1.32 10−5 4.19 10−5 1.99 10−3

φ 0.395 0.352 0.626
σ′ [Ω cm2 s−1/2] 24.39 2.75 2.46

τct,CPE [s] - - 2.39 10−4

Table B.2: CNLLS fitting results and derived parameters for the scribed specimen No. 2

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 272.40±25.4% 3.02 103±76.6% 101.70±7.0%
RD [Ω cm2] 387.70±5.7% 201.80±13.8% 24.99±2.9%
Rct [Ω cm2] - - 1.45±7.3%
n 0.942±2.2% 0.831±2.5% 0.777±4.1%
Q [F sn−1 cm−2] 9.65 10−6±18.9% 2.62 10−5±20.8% 8.36 10−4±29.6%
φ 0.399±0.7% 0.347±0.7% 0.611±1.8%
σ′ [Ω cm2 s−1/2] 23.49 3.67 2.48

τct,CPE [s] - - 1.76 10−4

Table B.3: Chi-squared and sum of squares values, as indicators of goodness of fit for the
selected diffusion impedance models, for specimen No. 2

Parameter 6 weeks 8 weeks 12 weeks
χ2 2.605 10−5 2.761 10−5 6.386 10−6

Sum of Squares 2.527 10−3 3.175 10−3 7.024 10−4

Table B.4: Objective function values for the selected models for specimen No.2

Examination interval 6 weeks 8 weeks 12 weeks
Objective Function 44.12 22.23 5.72
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Figure D.1: Fitting curves for the painted scribed specimen No. 2 after a) 6, b) 8 and c) 12
weeks of experiment in the salt spray chamber

B.2.2 Results for specimen No. 3

Table B.5: PSO fitting results and derived parameters for the scribed specimen No. 3

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 183.72 925.75 27.74
RD [Ω cm2] 95.16 71.27 11.82
Rct [Ω cm2] - 0.76 0.492
n 0.821 0.875 0.817
Q [F sn−1 cm−2] 1.02 10−4 7.34 10−5 2.00 10−4

φ 0.345 0.435 0.351
σ′ [Ω cm2 s−1/2] 7.02 2.34 2.24

τct,CPE [s] - 1.38 10−5 1.25 10−5
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Table B.6: CNLLS fitting results and derived parameters for the scribed specimen No. 3

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 239.00±51.1% 850.20±31.2% 56.16±23.1%
RD [Ω cm2] 100.40±10.5% 70.60±7.7% 14.36±6.8%
Rct [Ω cm2] - 0.57±50.5% 0.66±22.8%
n 0.881±2.9% 0.951±5.8% 0.839±3.1%
Q [F sn−1 cm−2] 6.82 10−5±21.8% 3.57 10−5±58.5% 1.64 10−4±27.1%
φ 0.350±1.6% 0.433±2.2% 0.380±4.4%
σ′ [Ω cm2 s−1/2] 6.49 2.42 1.92

τct,CPE [s] - 1.17 10−5 1.88 10−5

Table B.7: Chi-squared and sum of squares values, as indicators of goodness of fit for the
selected diffusion impedance models, for specimen No. 3

Parameter 6 weeks 8 weeks 12 weeks
χ2 1.512 10−5 1.641 10−5 5.901 10−6

Sum of Squares 1.285 10−3 1.903 10−3 6.963 10−4

Table B.8: Objective function values for the selected models for specimen No.3

Examination interval 6 weeks 8 weeks 12 weeks
Objective Function 13.64 14.01 5.02

B.2.3 Results for specimen No. 4

Table B.9: PSO fitting results and derived parameters for the scribed specimen No. 4

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 180.61 748.93 80.86
RD [Ω cm2] 93.57 64.27 31.06
Rct [Ω cm2] 3.51 - 2.86
n 0.817 0.898 0.685
Q [F sn−1 cm−2] 2.08 10−5 3.46 10−5 1.19 10−3

φ 0.314 0.347 0.554
σ′ [Ω cm2 s−1/2] 6.96 2.35 3.45

τct,CPE [s] 8.65 10−6 - 2.49 10−4
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Figure D.2: Fitting curves for the painted scribed specimen No. 3 after a) 6, b) 8 and c) 12
weeks of experiment in the salt spray chamber

Table B.10: CNLLS fitting results and derived parameters for the scribed specimen No. 4

Parameter Unit 6 weeks 8 weeks 12 weeks
τD,FD [s] 68.94±77.3% 499.20±42.0% 120.30±27.0%
RD [Ω cm2] 80.59±20.7% 56.48±9.1% 33.69±6.3%
Rct [Ω cm2] 5.12±71.2% - 2.49±11.8%
n 0.833±5.2% 0.891±5.7% 0.722±4.9%
Q [F sn−1 cm−2] 1.85 10−5±50.8% 4.12 10−5±49.8% 8.46 10−4±33.2%
φ 0.334±18.1% 0.336±1.9% 0.528±2.8%
σ′ [Ω cm2 s−1/2] 9.71 2.53 3.07

τct,CPE [s] 1.48 10−5 - 1.96 10−4
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Table B.11: Chi-squared and sum of squares values, as indicators of goodness of fit for the
selected diffusion impedance models, for specimen No. 4

Parameter 6 weeks 8 weeks 12 weeks
χ2 2.914 10−5 5.753 10−5 1.246 10−5

Sum of Squares 3.205 10−3 6.847 10−3 1.296 10−3

Table B.12: Objective function values for the selected models for specimen No.4

Examination interval 6 weeks 8 weeks 12 weeks
Objective Function 72.47 30.24 10.35

Figure D.3: Fitting curves for the painted scribed specimen No. 4 after a) 6, b) 8 and c) 12
weeks of experiment in the salt spray chamber
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B.2.4 Results for specimen No. 5

Table B.13: PSO fitting results and derived parameters for the scribed specimen No. 5

Parameter Unit 6 weeks 12 weeks
τD,FD [s] 660.69 1.46 103

RD [Ω cm2] 72.59 47.55
Rct [Ω cm2] - -
n 0.862 0.757
Q [F sn−1 cm−2] 4.47 10−5 1.64 10−4

φ 0.348 0.292
σ′ [Ω cm2 s−1/2] 2.82 1.24

τct,CPE [s] - -

Table B.14: CNLLS fitting results and derived parameters for the scribed specimen No. 5

Parameter Unit 6 weeks 12 weeks
τD,FD [s] 622.90±40.0% 1.25 103±39.2%
RD [Ω cm2] 71.07±7.6% 46.49±7.1%
Rct [Ω cm2] - -
n 0.890±2.2% 0.798±2.7%
Q [F sn−1 cm−2] 3.48 10−5±18.9% 1.17 10−4±20.7%
φ 0.347±0.7% 0.292±1.3%
σ′ [Ω cm2 s−1/2] 2.85 1.31

τct,CPE [s] - -

Table B.15: Chi-squared and sum of squares values, as indicators of goodness of fit for the
selected diffusion impedance models, for specimen No. 5

Parameter 6 weeks 12 weeks
χ2 1.863 10−5 1.389 10−5

Sum of Squares 2.031 10−3 1.597 10−3

Table B.16: Objective function values for the selected models for specimen No.5

Examination interval 6 weeks 12 weeks
Objective Function 11.69 10.50
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Figure D.4: Fitting curves for the painted scribed specimen No. 5 after a) 6 and b) 12 weeks
of experiment in the salt spray chamber

B.2.5 Results for specimen No. 7

Table B.17: PSO fitting results and derived parameters for the scribed specimen No. 7

Parameter Unit 12 weeks
τD,FD [s] 43.55
RD [Ω cm2] 19.95
Rct [Ω cm2] 0.80
n 0.631
Q [F sn−1 cm−2] 1.80 10−2

φ 0.886
σ′ [Ω cm2 s−1/2] 3.02

τct,CPE [s] 1.21 10−3

Table B.18: CNLLS fitting results and derived parameters for the scribed specimen No. 7

Parameter Unit 12 weeks
τD,FD [s] 46.57±4.4%
RD [Ω cm2] 20.69±2.4%
Rct [Ω cm2] 0.81±11.3%
n 0.658±7.5%
Q [F sn−1 cm−2] 1.71 10−2±39.0%
φ 0.910±0.9%
σ′ [Ω cm2 s−1/2] 3.03

τct,CPE [s] 1.50 10−3
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Table B.19: Chi-squared and sum of squares values, as indicators of goodness of fit for the
selected diffusion impedance models, for specimen No. 7

Parameter 12 weeks
χ2 1.661 10−5

Sum of Squares 1.594 10−3

Table B.20: Objective function values for the selected models for specimen No.7

Examination interval 12 weeks
Objective Function 3.35

Figure D.5: Fitting curve for the painted scribed specimen No. 7 after 12 weeks of experiment
in the salt spray chamber

B.2.6 Results for specimen No. 8

Table B.21: PSO fitting results and derived parameters for the scribed specimen No. 8

Parameter Unit 12 weeks
τD,FD [s] 70.26
RD [Ω cm2] 17.57
Rct [Ω cm2] 0.71
n 0.715
Q [F sn−1 cm−2] 2.65 10−3

φ 0.675
σ′ [Ω cm2 s−1/2] 2.10

τct,CPE [s] 1.54 10−4
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Table B.22: CNLLS fitting results and derived parameters for the scribed specimen No. 8

Parameter Unit 12 weeks
τD,FD [s] 82.24±12.6%
RD [Ω cm2] 18.35±3.9%
Rct [Ω cm2] 0.91±6.4%
n 0.738±4.4%
Q [F sn−1 cm−2] 1.97 10−3±30.3%
φ 0.663±1.1%
σ′ [Ω cm2 s−1/2] 2.02

τct,CPE [s] 1.90 10−4

Table B.23: Chi-squared and sum of squares values, as indicators of goodness of fit for the
selected diffusion impedance models, for specimen No. 8

Parameter 12 weeks
χ2 7.049 10−6

Sum of Squares 7.049 10−4

Table B.24: Objective function values for the selected models for specimen No.8

Examination interval 12 weeks
Objective Function 3.11

Figure D.6: Fitting curve for the painted scribed specimen No. 8 after 12 weeks of experiment
in the salt spray chamber
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B.2.7 Summary of results

Table B.25: Summary of selected diffusion impedance mechanisms for all the examined
specimens during the 12-week exposure in the salt spray chamber

Specimen No. 6 weeks 8 weeks 12 weeks
1 Mod. Res. Mod. Res. Mod. Trans.
2 Mod. Res. Mod. Res. Mod. Res.
3 Mod. Res. Mod. Res. Mod. Res.
4 Mod. Res. Mod. Res. Mod. Trans.
5 Mod. Res. Porous electrode only Mod. Res.
6 No reliable signal No reliable signal Porous electrode only
7 No reliable signal Porous electrode only Mod. Res.
8 No reliable signal No reliable signal Mod. Trans.

Table B.26: Summary of the LPR results [Ω cm2] for all the examined specimens during the
12-week exposure in the salt spray chamber

Specimen No. 6 weeks 8 weeks 12 weeks
1 133.35 207.66 93.22
2 377.60 123.69 45.51
3 146.29 68.34 42.96
4 124.65 56.45 53.44
5 101.09 68.30 49.16
6 62.09 58.18 68.71
7 142.73 65.82 21.25
8 132.53 68.44 26.03

B.3 Results considering the porous electrode theory

The porous electrode theory applied for examinatinon of the experimental curves was based on

the work of Bisquert [183] and Bisquert et al. [184]. From the former work, models (b), (d) and

(f) were applied. Model (b) predicts a doubling exponent at the LF range of the impedance part

described using the porous electrode theory, similarly to the modified restricted mechanism.

In this case, the boundary is considered purely reflecting (ZB →∞). The transmission line in

this case includes a CPE as the interfacial impedance at the pore walls, hence the frequency

dispersion comes from the pore walls. In model (d), the HF branch of the part described using

the porous electrode theory has a slope smaller than -1, implying non-Warburg behavior at

HF, while in the LF range the exponent does not become double. In this case, the transmission

line includes a CPE as interfacial impedance and a CPE as boundary impedance. Hence,

dispersion arises from both the boundary and the pore walls. In model (f) of the same work,

the interfacial impedance is a parallel arrangement of a distributed resistance and a distributed

CPE, while the boundary impedance is similar to model (b). Model (f) is also presented in

the work of Bisquert et al. [184] as Eq. (42). A variation of this model is introduced when the
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characteristic frequency of the interfacial process ω3 is larger than the characteristic frequency

ωL, which usually separates the regimes of different responses.

B.3.1 Results for specimen No. 1

Table B.27: PSO fitting results and derived parameters for the scribed specimen No. 1

Parameter Unit 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (d) (f) (f)-no ωL

R1 [Ω cm2] 88.65 67.17 111.85 72.70 0.45 70.98
QB [F sn−1 cm−2] - 2.96 10−2 - 3.24 10−2 - -
nB [Ω cm2] - 0.568 - 0.400 - -
ωL [s−1] - - - - 322.84 -
R3 [Ω cm2] - - - - 18.61 33.26
Q3 [F sn−1 cm−2] 8.17 10−2 5.97 10−2 4.46 10−2 1.74 10−2 0.61 0.37
n3 [Ω cm2] 0.453 0.454 0.287 0.261 0.496 0.446
Rct [Ω cm2] 7.57 7.15 9.12 - 4.79 2.73
n 0.694 0.710 0.750 0.944 0.665 0.707
Q [F sn−1 cm−2] 2.98 10−4 2.55 10−4 1.76 10−5 1.81 10−6 6.04 10−4 3.67 10−4

τct,CPE [s] 1.54 10−4 1.39 10−4 8.72 10−6 - 1.52 10−4 5.73 10−5

Figure D.7: Fitting curve for the painted scribed specimen No. 1, using the porous electrode
theory, after 8 weeks-model (d)

With regard to the curves presented in Fig. D.7a,b, it should be noted that the fitting curves

obtained using model (b) were the same as the ones obtained using the modified restricted

diffusion impedance mechanism, thus, they were not presented. Finally, with regard to the

curve after 12 weeks, model (f) gave the same fitting curve as the modified transmissive diffusion

impedance (not presented).
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Table B.28: CNLLS fitting results and derived parameters for the scribed specimen No. 1 - 6
weeks

Parameter Unit 6 weeks
Model (b) (d)

R1 [Ω cm2] 95.32±8.7% 59.16±22.2%
QB [F sn−1 cm−2] - 4.18 10−2±18.1%
nB [Ω cm2] - 0.517±17.1%
Q3 [F sn−1 cm−2] 9.96 10−2±18.7% 3.77 10−2±27.4%
n3 [Ω cm2] 0.488±7.6% 0.403±3.5%
Rct [Ω cm2] 9.29±21.5% -
n 0.714±5.6% 1.109±3.8%
Q [F sn−1 cm−2] 2.92 10−4±38.0% 1.05 10−5±37.7%

τct,CPE [s] 2.54 10−4 -

Table B.29: CNLLS fitting results and derived parameters for the scribed specimen No. 1 - 8
weeks

Parameter Unit 8 weeks
Model (b) (d)

R1 [Ω cm2] 110.20±17.3% 64.08±10.2%
QB [F sn−1 cm−2] - 3.82 10−2±5.3%
nB [Ω cm2] - 0.370±8.2%
Q3 [F sn−1 cm−2] 4.90 10−2±27.3% 1.35 10−2±19.6%
n3 [Ω cm2] 0.308±13.7% 0.280±4.5%
Rct [Ω cm2] 13.49±26.7% -
n 0.728±3.5% 1.014±2.2%
Q [F sn−1 cm−2] 1.96 10−5±30.8% 8.54 10−7±26.5%

τct,CPE [s] 1.22 10−5 -

Table B.30: CNLLS fitting results and derived parameters for scribed specimen No. 1 - 12
weeks

Parameter Unit 12 weeks
Model (f) (f)-no ωL

R1 [Ω cm2] 0.45 186.10±3.3 105%
ωL [s−1] 322.84 -
R3 [Ω cm2] 18.61 14.87 ±3.3 105%
Q3 [F sn−1 cm−2] 0.61 1.09 ±3.3 105%
n3 [Ω cm2] 0.496 0.490±12.3%
Rct [Ω cm2] 4.79 3.76±46.3%
n 0.665 0.673±20.1%
Q [F sn−1 cm−2] 6.04 10−4 5.47 10−4±114.6%

τct,CPE [s] 1.52 10−4 -
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Table B.31: CNLLS goodness of fit values for scribed specimen No. 1, using the porous
electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (d) (f) (f)-no ωL

χ2 3.126 10−5 2.689 10−5 3.624 10−5 1.885 10−5 - 3.178 10−5

Sum of squares 3.188 10−3 2.711 10−3 4.567 10−3 2.356 10−3 - 3.560 10−3

Table B.32: PSO OF values for scribed specimen No. 1, using the porous electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (d) (f) (f)-no ωL

OF 30.837 29.325 51.555 32.036 20.312 26.469

The results from the CNLLS procedure indicated that model (d) would be unsuitable after

6 weeks, since the CPE-n value was 1.109, with the smallest value being 1.067, as obtained

from the estimated uncertainty range. Also, the Rct value would be equal to zero using the

CNLLS procedure. Hence, model (b) would be a potential candidate, in terms of porous

electrode theory. With regard to the curve after 8 weeks, the CPE-n value was 1.014, with the

smallest value being 0.991, hence, there would be a possibility that this model could fit the

experimental curve. Compared to model (b), the value of the OF was 32.036 versus 51.555.

Finally, with regard to the 12-week curve, model (f) assuming ω3 > ωL would lead to enormous

errors (Table B.30), hence it would not be a possible option. With regard to the general case,

as represented using model (f), even though uncertainty ranges were not feasible to estimate,

this model could be considered as a potential candidate in terms of porous electrode theory,

in accordance to the observation that model (b) gives the same curve and goodness of fit as

modified restricted diffusion impedance. Hence, model (f), which predicts the same curve as

the modified transmissive case, shall be chosen.

B.3.2 Results for specimen No. 2

Table B.33: PSO fitting results and derived parameters for the scribed specimen No. 2

Parameter Unit 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (b) (d)

R1 [Ω cm2] 371.72 334.06 153.50 25.63 11.55
QB [F sn−1 cm−2] - 2.06 10−3 - - 6.44 10−2

nB [Ω cm2] - 0.347 - - 0.323
Q3 [F sn−1 cm−2] 2.32 10−2 2.08 10−2 0.11 0.72 0.27
n3 [Ω cm2] 0.395 0.395 0.352 0.623 0.499
Rct [Ω cm2] - - - 1.68 0.76
n 0.893 0.893 0.804 0.687 0.871
Q [F sn−1 cm−2] 1.32 10−5 1.32 10−5 4.17 10−5 1.88 10−3 2.91 10−4

τct,CPE [s] - - - 2.29 10−4 6.36 10−5
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Table B.34: CNLLS fitting results and derived parameters for scribed specimen No. 2 - 6 and
8 weeks

Parameter Unit 6 weeks 8 weeks
Model (b) (d) (b)

R1 [Ω cm2] 387.70±5.7% 329.30±77.1% 148.40±14.0%
QB [F sn−1 cm−2] - 9.00 10−3±83.3% -
nB [Ω cm2] - 0.615±143.2% -
Q3 [F sn−1 cm−2] 2.41 10−2±5.5% 2.10 10−2±78.2% 0.11±13.9%
n3 [Ω cm2] 0.399±0.7% 0.416±1.16% 0.346±0.7%
Rct [Ω cm2] - - -
n 0.942±2.2% 1.023±2.2% 0.828±2.5%
Q [F sn−1 cm−2] 9.65 10−6±18.9% 6.07 10−6±20.0% 3.67 10−5±20.8%

τct,CPE [s] - -

Table B.35: CNLLS fitting results and derived parameters for scribed specimen No. 2 - 12
weeks

Parameter Unit 12 weeks
Model (b) (d)

R1 [Ω cm2] 24.99±2.9% 11.28±494.3%
QB [F sn−1 cm−2] - 3.47 10−2±3158%
nB [Ω cm2] - 0.371±327%
Q3 [F sn−1 cm−2] 0.67±5.6% 0.23±499%
n3 [Ω cm2] 0.611±1.8% 0.421±2.6%
Rct [Ω cm2] 1.45±7.3% -
n 0.777±4.1% 1.119±3.6%
Q [F sn−1 cm−2] 8.36 10−4±29.6% 2.80 10−5±38.5%

τct,CPE [s] 1.76 10−4 -

Table B.36: CNLLS goodness of fit values for scribed specimen No. 2, using the porous
electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (b) (d)
χ2 2.605 10−5 2.238 10−5 2.779 10−5 6.385 10−6 4.638 10−6

Sum of squares 2.527 10−3 2.126 10−3 3.252 10−3 7.024 10−4 5.056 10−4

Table B.37: PSO OF values for scribed specimen No. 2, using the porous electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (b) (d)

OF 42.607 42.597 22.229 5.719 4.237

The results obtained from model (d) after 6 and 12 weeks of experiment exhibited wide ranges

of uncertainties (over 100%), making these models inappropriate to describe the experimental

curves. Afrer 8 weeks, only model (b) could describe the experimental curve, hence, this was
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the model of choice. For specimen No. 2, model (b) could describe all the experimental curves.

As mentioned previously, the fitting curves obtained using model (b) are the same as the curves

using the modified restricted diffusion impedance model, hence, they are not presented.

B.3.3 Results for specimen No. 3

Table B.38: PSO fitting results and derived parameters for the scribed specimen No. 3

Parameter Unit 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (d) (b) (d)

R1 [Ω cm2] 95.46 71.34 70.70 37.75 11.74 12.22
QB [F sn−1 cm−2] - 2.82 10−2 - 0.27 - 8.45 10−2

nB [Ω cm2] - 0.618 - 0.619 - 0.333
Q3 [F sn−1 cm−2] 6.37 10−2 4.58 10−2 0.27 0.15 0.27 0.34
n3 [Ω cm2] 0.345 0.360 0.434 0.483 0.349 0.454
Rct [Ω cm2] - - 0.75 1.65 0.48 1.43
n 0.823 0.865 0.878 0.808 0.817 0.725
Q [F sn−1 cm−2] 1.01 10−4 6.87 10−5 7.12 10−5 1.56 10−4 2.01 10−4 5.80 10−4

τct,CPE [s] - - 1.36 10−5 3.61 10−5 1.22 10−5 5.62 10−5

Table B.39: CNLLS fitting results and derived parameters for scribed specimen No. 3

Parameter Unit 6 weeks
Model (b) (d)

R1 [Ω cm2] 100.40±10.5% 46.99±27.2%
QB [F sn−1 cm−2] - 4.70 10−2±11.7%
nB [Ω cm2] - 0.427±28.5%
Q3 [F sn−1 cm−2] 6.77 10−2±9.7% 2.69 10−2±37.9%
n3 [Ω cm2] 0.350±1.6% 0.395±6.3%
Rct [Ω cm2] - -
n 0.881±2.9% 0.972±4.7%
Q [F sn−1 cm−2] 6.82 10−5±21.8% 2.92 10−5±43.2%

τct,CPE [s] - -

Table B.40: PSO fitting results and derived parameters for the scribed specimen No. 3

Parameter Unit 8 weeks
Model (b) (d)

R1 [Ω cm2] 70.60±7.7% 41.54±22.6%
QB [F sn−1 cm−2] - 0.26±36.9%
nB [Ω cm2] - 0.669±29.1%
Q3 [F sn−1 cm−2] 0.26±10.2% 0.17±19.6%
n3 [Ω cm2] 0.433±2.2% 0.475±4.6%
Rct [Ω cm2] 0.57±50.5% 1.44±31.8%
n 0.952±5.9% 0.863±6.4%
Q [F sn−1 cm−2] 3.57 10−5±58.5% 9.57 10−5±58.0%

τct,CPE [s] 1.18 10−5 3.36 10−5
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Table B.41: CNLLS fitting results and derived parameters for scribed specimen No. 3 - 12
weeks

Parameter Unit 12 weeks
Model (b) (d)

R1 [Ω cm2] 14.36±7.7% 13.05±1733%
QB [F sn−1 cm−2] - 4.40 10−2±11435%
nB [Ω cm2] - 0.342±1431%
Q3 [F sn−1 cm−2] 0.32±8.5% 0.31±1729%
n3 [Ω cm2] 0.380±4.4% 0.401±17.3%
Rct [Ω cm2] 0.65±22.8% 0.87±61.0%
n 0.839±3.1% 0.814±6.3%
Q [F sn−1 cm−2] 1.64 10−4±27.1% 2.21 10−4±58.7%

τct,CPE [s] 1.84 10−5 2.72 10−5

Figure D.8: Fitting curves for the painted scribed specimen No. 3, using the porous electrode
theory, after a) 6 weeks-model (d) and b) 8 weeks-model (d)

Table B.42: CNLLS goodness of fit values for scribed specimen No. 3, using the porous
electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (d) (b) (d)
χ2 1.512 10−5 1.376 10−5 1.641 10−5 1.472 10−5 5.901 10−6 5.988 10−6

Sum of squares 1.285 10−3 1.142 10−3 1.903 10−3 1.678 10−3 6.963 10−4 6.946 10−4

Table B.43: PSO OF values for scribed specimen No. 3, using the porous electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (d) (b) (d)

OF 13.646 12.264 14.008 12.513 5.024 5.047
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The results obtained from specimen No. 3 after 6 weeks would allow use of both models (b)

or (d). Model (d) exhibited a large value for the CPE exponent, which was equal to 0.972

and with the largest value being 1.018. Model (d) had slightly smaller goodness of fit values

and OF. After 8 weeks, model (b) exhibited a large CPE exponent, with a value of 0.952 and

maximum equal to 1.008. Model (d), on the other hand, exhibited generally no problems and

also better goodness of fit values. Finally, after 12 weeks, only model (b) could describe the

experimental data, since model (d) exhibited enormous errors.

B.3.4 Results for specimen No. 4

Table B.44: PSO fitting results and derived parameters for the scribed specimen No. 4

Parameter Unit 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (f) (f)-no ωL

R1 [Ω cm2] 81.99 50.70 64.14 8.56 53.56
QB [F sn−1 cm−2] - 3.48 10−2 - - -
nB [Ω cm2] - 0.475 - - -
ωL [s−1] - - - 0.10 -
R3 [Ω cm2] - - - 55.55 18.25
Q3 [F sn−1 cm−2] 4.86 10−2 2.02 10−2 0.15 8.91 10−2 0.67
n3 [Ω cm2] 0.323 0.322 0.347 0.516 0.633
Rct [Ω cm2] 4.16 - - 2.34 3.57
n 0.810 0.998 0.898 0.718 0.648
Q [F sn−1 cm−2] 2.26 10−5 2.59 10−6 3.48 10−5 8.57 10−4 1.75 10−3

τct,CPE [s] 1.07 10−5 - - 1.75 10−4 3.97 10−4

Figure D.9: Fitting curves for the painted scribed specimen No. 4, using the porous electrode
theory, after 6 weeks-model (d)
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Table B.45: CNLLS fitting results and derived parameters for scribed specimen No. 4 - 6 and
8 weeks

Parameter Unit 6 weeks 8 weeks
Model (b) (d) (b)

R1 [Ω cm2] 80.59±20.7% 54.30±15.5% 56.48±9.1%
QB [F sn−1 cm−2] - 3.61 10−2±13.9% -
nB [Ω cm2] - 0.500±15.5% -
Q3 [F sn−1 cm−2] 5.11 10−2±30.2% 2.18 10−2±24.5% 0.14±8.2%
n3 [Ω cm2] 0.334±18.1% 0.312±4.6% 0.336±1.9%
Rct [Ω cm2] 5.12±71.2% - -
n 0.833±5.2% 0.983±3.3% 0.891±5.7%
Q [F sn−1 cm−2] 1.48 10−5±50.8% 2.82 10−6±36.0% 4.12 10−5±49.8%

τct,CPE [s] 1.48 10−5 - -

Table B.46: CNLLS fitting results and derived parameters for scribed specimen No. 4 - 12
weeks

Parameter Unit 12 weeks
Model (f) (f)-no ωL

R1 [Ω cm2] 8.56 97.86±4264%
ωL [s−1] 0.10 -
R3 [Ω cm2] 55.55 12.67±4282%
Q3 [F sn−1 cm−2] 8.91 10−2 1.15±4265%
n3 [Ω cm2] 0.516 0.594±4.1%
Rct [Ω cm2] 2.34 3.14±10.9%
n 0.718 0.682±5.0%
Q [F sn−1 cm−2] 8.57 10−4 1.27 10−3±31.7%

τct,CPE [s] 1.75 10−4 3.03 10−4

Table B.47: CNLLS goodness of fit values for scribed specimen No. 4, using the porous
electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (f) (f)-no ωL
χ2 2.914 10−5 1.630 10−5 5.753 10−5 - 1.330 10−5

Sum of squares 3.205 10−3 1.777 10−3 6.847 10−3 - 1.370 10−3

Table B.48: PSO OF values for scribed specimen No. 4, using the porous electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (b) (f) (f)-no ωL

OF 37.747 29.421 30.242 10.148 10.589

With regard to specimen No. 4, after 6 weeks model (b) provided reasonable parameters. Model

(d) provided a large CPE-n value, being 0.982, with the maximum being 1.015. However, model

(d) exhibited much smaller goodness of fit values. After 8 weeks, only model (b) could fit the
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experimental data. The signal was not of very good quality, in general. Finally, after 12 weeks,

model (f) assuming ω3 > ωL exhibited enormous errors, hence, it could not be considered.

However, similarly to specimen No. 1 after 12 weeks, model (f) in its general manifestation

shall be considered, since it provides a curve similar to the modified transmissive case, as

observed also through the similar OF values from the PSO procedure.

B.3.5 Results for specimen No. 5

Table B.49: PSO fitting results and derived parameters for the scribed specimen No. 5

Parameter Unit 6 weeks 8 weeks 12 weeks
Model (b) (d) (d) (b) (d)

R1 [Ω cm2] 72.55 49.99 43.14 47.00 14.67
QB [F sn−1 cm−2] - 8.26 10−2 0.83 - 9.81 10−2

nB [Ω cm2] - 0.773 0.950 - 0.242
Q3 [F sn−1 cm−2] 0.13 8.84 10−2 9.47 10−2 0.17 4.27 10−2

n3 [Ω cm2] 0.348 0.356 0.372 0.291 0.343
Rct [Ω cm2] - - - - -
n 0.862 0.902 0.822 0.753 0.858
Q [F sn−1 cm−2] 4.47 10−5 2.99 10−5 8.25 10−5 1.72 10−4 5.52 10−5

τct,CPE [s] - - - - -

Figure D.10: Fitting curves for the painted scribed specimen No. 5, using the porous
electrode theory, after a) 6 weeks-model (d) and b) 8 weeks-model (d)

335



Table B.50: CNLLS fitting results and derived parameters for scribed specimen No. 5 - 6
weeks

Parameter Unit 6 weeks
Model (b) (d)

R1 [Ω cm2] 67.38±6.3% 44.55±14.7%
QB [F sn−1 cm−2] - 9.19 10−2±13.5%
nB [Ω cm2] - 0.642±25.0%
Q3 [F sn−1 cm−2] 0.12±5.9% 7.64 10−2±16.6%
n3 [Ω cm2] 0.337±0.8% 0.357±1.5%
Rct [Ω cm2] - -
n 0.841±2.2% 0.917±2.4%
Q [F sn−1 cm−2] 4.59 10−5±18.6% 2.27 10−5±22.6%

τct,CPE [s] - -

Table B.51: CNLLS fitting results and derived parameters for scribed specimen No. 5 8 and
12 weeks

Parameter Unit 8 weeks 12 weeks
Model (d) (b) (d)

R1 [Ω cm2] 43.87±3.1% 46.49±7.1% 9.77±30.5%
QB [F sn−1 cm−2] 1.00±13.7% - 0.10±8.0%
nB [Ω cm2] 0.985±6.1% - 0.228±7.7%
Q3 [F sn−1 cm−2] 9.80 10−2±4.0% 0.17±6.5% 1.74 10−2±73.1%
n3 [Ω cm2] 0.371±1.0% 0.292±1.3% 0.419±14.7%
Rct [Ω cm2] - -
n 0.868±2.3% 0.798±2.7% 0.978±7.3%
Q [F sn−1 cm−2] 5.86 10−5±19.5% 1.17 10−4±20.7% 1.54 10−5±81.8%

τct,CPE [s] - - -

Table B.52: CNLLS goodness of fit values for scribed specimen No. 5, using the porous
electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (d) (b) (d)
χ2 1.647 10−5 1.349 10−5 1.049 10−5 1.389 10−5 1.273 10−5

Sum of squares 1.796 10−3 1.443 10−3 1.206 10−3 1.597 10−3 1.438 10−3

Table B.53: PSO OF values for scribed specimen No. 5, using the porous electrode theory

Parameter 6 weeks 8 weeks 12 weeks
Model (b) (d) (d) (b) (d)

OF 11.686 10.101 8.610 10.501 9.731

After 6 weeks, models (b) and (d) could describe the experimental curve, with model (d)

exhibiting smaller goodness of fit values. After 8 weeks only model (d) was appropriate for

the experimental data, even though the nB value was 0.985 with a maximum value of 1.045.
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Finally, after 12 weeks models (b) and (d) could be chosen, with model (b) exhibiting smaller

uncertainty ranges, but larger goodness of fit values. With regard to model (d), in particular,

Q exhibited 81.8% error, while the CPE-n maximum value would be 1.049.

B.3.6 Results for specimen No. 6

Table B.54: PSO and CNLLS fitting results and derived parameters for scribed specimen No.
6 - 12 weeks

Parameter Unit 12 weeks 12 weeks-CNLLS
Model (d) (d)

R1 [Ω cm2] 40.39 40.24±25.8%
QB [F sn−1 cm−2] 0.15 0.22±14.8%
nB [Ω cm2] 0.784 0.890±28.4%
Q3 [F sn−1 cm−2] 8.79 10−2 9.30 10−2±20.1%
n3 [Ω cm2] 0.335 0.351±10.9%
Rct [Ω cm2] 1.45 2.38±50.9%
n 0.850 0.819±4.7%
Q [F sn−1 cm−2] 3.70 10−5 4.46 10−5±44.3%

τct,CPE [s] 9.46 10−6 1.40 10−5

Table B.55: CNLLS goodness of fit values for scribed specimen No. 6, using the porous
electrode theory

Paramete 12 weeks
Model (d)
χ2 7.528 10−6

Sum of squares 8.130 10−4

Table B.56: PSO OF values for scribed specimen No. 6, using the porous electrode theory

Parameter 12 weeks
Model (d)

OF 11.872
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Figure D.11: Fitting curve for the painted scribed specimen No. 6, using the porous electrode
theory, after 12 weeks-model (d)

This specimen did not provide a reliable signal after 6 and 8 weeks, hence, the rest experimental

curves could not be depicted. After 12 weeks only the porous electrode theory could describe

it, using model (d).

B.3.7 Results for specimen No. 7

Table B.57: PSO fitting results and derived parameters for the scribed specimen No. 7

Parameter Unit 8 weeks 12 weeks
Model (d) (b) (d)

R1 [Ω cm2] 27.36 20.03 18.36
QB [F sn−1 cm−2] 0.20 - 8.88 10−2

nB [Ω cm2] 0.437 - 0.796
Q3 [F sn−1 cm−2] 0.10 1.42 1.31
n3 [Ω cm2] 0.428 0.886 0.883
Rct [Ω cm2] - 0.82 0.78
n 0.874 0.620 0.638
Q [F sn−1 cm−2] 2.75 10−4 1.96 10−2 1.69 10−2

τct,CPE [s] - 1.28 10−3 1.13 10−3
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Table B.58: CNLLS fitting results and derived parameters for scribed specimen No. 7

Parameter Unit 8 weeks 12 weeks
Model (d) (b) (d)

R1 [Ω cm2] 23.48±11.2% 23.24±2.9% 20.83±40.8%
QB [F sn−1 cm−2] 0.18±14.8% - 0.77±27.7%
nB [Ω cm2] 0.378±11.3% - 1.219±57.1%
Q3 [F sn−1 cm−2] 8.57 10−2±14.2% 1.88±4.7% 1.57±42.8%
n3 [Ω cm2] 0.444±2.5% 0.884±1.2% 0.910±2.3%
Rct [Ω cm2] - 0.67±16.7% 1.04±22.2%
n 0.957±3.4% 0.731±12.2% 0.558±13.3%
Q [F sn−1 cm−2] 1.49 10−4±28.1% 9.34 10−3±70.6% 3.04 10−2±60.9%

τct,CPE [s] - 9.67 10−4 2.05 10−3

Table B.59: CNLLS goodness of fit values for scribed specimen No. 7, using the porous
electrode theory

Parameter 8 weeks 12 weeks
Model (d) (b) (d)
χ2 8.708 10−6 4.495 10−5 4.142 10−5

Sum of squares 8.621 10−4 4.495 10−3 4.059 10−3

Table B.60: PSO OF values for scribed specimen No. 7, using the porous electrode theory

Parameter 8 weeks 12 weeks
Model (d) (b) (d)

OF 6.804 3.356 3.352

Figure D.12: Fitting curve for the painted scribed specimen No. 7, using the porous electrode
theory, after 8 weeks- model (d)
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After 12 weeks, the nB value obtained using model (d) was above 1 (1.219), exhibitng also a

wide uncertainty range (57.1%). Most of the parameters had large errors in this model, hence,

model (b) was preferred.

B.3.8 Results for specimen No. 8

Table B.61: PSO and CNLLS fitting results and derived parameters for scribed specimen No.
8

Parameter Unit 12 weeks
Model (f) (f)-no ωL (f)-no ωL-CNLLS

R1 [Ω cm2] 7.61 9.25 9.39±5.3%
ωL [s−1] 0.062 -
R3 [Ω cm2] 27.22 49.15 13.86±25.7%
Q3 [F sn−1 cm−2] 0.40 0.53 0.46±7.3%
n3 [Ω cm2] 0.499 0.725 0.682±3.2%
Rct [Ω cm2] 0.32 1.10 0.86±11.2%
n 0.876 0.679 0.771±5.7%
Q [F sn−1 cm−2] 4.81 10−4 3.79 10−3 1.43 10−3±41.7%

τct,CPE [s] 4.44 10−5 3.13 10−4 1.68 10−4

Table B.62: CNLLS goodness of fit values for scribed specimen No. 8, using the porous
electrode theory

Parameter 12 weeks
Model (f) (f)-no ωL

χ2 - 7.757 10−6

Sum of squares - 7.679 10−4

Table B.63: PSO OF values for scribed specimen No. 8, using the porous electrode theory

Parameter 12 weeks
Model (f) (f)-no ωL

OF 3.149 3.229

340



Figure D.13: Fitting curves for the painted scribed specimen No. 8, using the porous
electrode theory, after 12 weeks-model (f) with ω3 > ωL

After 12 weeks, the version of model (f) with ω3 > ωL provided trustworthy results. The

obtained curve was similar to the generalized version of model (f) and the modified transmissive

case. Since no error estimation can be performed for the general case of model (f), but the

obtained curve is similar to the modified transmissive case, it shall be considered as a potential

candidate for description of the experimental curve.

B.3.9 Summary of results using the porous electrode theory

Table B.64: Summary of selected porous electrode models for all the examined specimens
during the 12-week exposure in the salt spray chamber

Specimen No. 6 weeks 8 weeks 12 weeks
1 (b) (b)-(d) (f)
2 (b) (b) (b)
3 (b)-(d) (b)-(d) (b)
4 (b)-(d) (b) (f)
5 (b)-(d) (d) (b)-(d)
6 No reliable signal No reliable signal (d)
7 No reliable signal (d) (b)
8 No reliable signal No reliable signal (f)-two versions

B.4 Difference in physical interpretation between finite

length diffusion and porous electrode theory

B.4.1 Finite-length diffusion

In the case of finite-length diffusion impedance, the metallic substrate is covered with the

porous oxide layer, for which the pore walls are considered inert [76]. In contrast to semi-infinite
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diffusion, the diffusion layer thickness in the finite-length diffusion coincides with the corrosion

layer thickness and the concentration gradient is considered to be developed within the pores

of the oxide structure [74]. This type of impedance, being either transmissive, restricted or

even anomalous, is largely the mode of diffusion of injected ions through thin film electrodes.

More specifically, in these experiments the transmissive or restricted mode corresponds to

the permeability of a boundary, through which the ions may penetrate or not, respectively.

Variations of the ideal transmissive or reflective case could aslo be found. For instance, a CPE

response is usually observed in the LF branch of restricted impedance, which could arise from

some degree of permeability of the back contact (boundary) in injection experiments of ions

through film electrodes or due to roughness or porosity of the back contact [88].

With regard to transmissive diffusion, in particular, except for the aforementioned experi-

ments, where it is usually called bounded diffusion and refers to a permeable boundary [81,82],

this type of impedance was used as an adjustment of semi-infinite Warburg diffusion, in order

to be able to obtain a measurable, real impedance value at lower frequencies. This type of

diffusion impedance is usually encountered in corroded flat electrodes. Pech-Canul and Tur-

goose [74] correlated the transmissive type of dissolved oxygen diffusion impedance through the

porous corrosion layer with a restriction of diffusion through this layer. Finally, the limit of

this impedance to a real impedance value at low frequencies makes it possible to be directly

correlated with the polarization resistance [84].

With regard to the present experiments, modified restricted and modified transmissive dif-

fusion impedance mechanisms efficiently described most of the experimental EIS curves. These

specific mechanisms have not been observed in the literature for interpretation of corroding

flat electrodes. Hence, the exact physical interpretation would be quite challenging. Borrowing

the theory from insertion experiments, the transmissive/restricted response could result from

a permeable/impermeable-rough boundary, the role of which could probably serve the porous

oxide layer. As a general picture, the oxide layer would consist of the magnetite layer in direct

contact with the electrode surface (not separated electrochemically), the rest of the layer would

consist of the rest phases observed, such as hematite/maghemite oxides and α, β oxyhydrox-

ides, while the outer rust layer would probably consist mainly of γ oxyhydroxide (lepidocrocite),

since it is usually abundant in this region, in contact with the atmosphere.

B.4.2 Porous electrode theory

In this case, the metallic substrate is covered with a porous electroactive layer, which is a

mixture of two phases, namely a liquid phase, which corresponds to the electrolytic solution

inside the pores and a solid phase, which corresponds to the pore walls [183]. Orazem and

Tribollet [76] used the porous electrode theory for interpretation of the cathodic reaction for

the cast iron in drinking water problem. In their physical interpretation, magnetite macropores

where on top of the cast iron substrate, covered with a microporous layer of green rust and

carbonates, while the pores where filled with red rust and electrolytic solution. The observed

rust phases in the work of Orazem and Tribollet [76] were similar to the ones observed in
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the present study and which are presented in more detail in Kiosidou et al. [49, 66], except

for the carbonates. Green rust could be apparent in the rust phase, since it transforms also

to akaganeite, however, it was not observed during SEM observation. Hence, apart from the

microporous layer covering the magnetite layer, the corrosion layer structure as proposed by

Orazem and Tribollet [76] could be considered as representative of the corrosion layer structure

of the present study.

With regard to the curves described using model (d) [183], the obtained EIS spectra ex-

hibited a CPE response in the LF region, excluding correlation with a transmissive type of

distributed diffusion impedance, as is suggested in the work of Barcia et al. [79] and Frateur et

al. [78]. Even though the principle between the two transmission lines remains the same, that

is, a distributed electrolyte resistance and a distributed interfacial impedance, there are two

major differences: a) the interfacial impedance in the work of Bisquert [183] does not include

a diffusion impedance, only the CPE response of the pore walls and b) in the work of Bis-

quert [183] there is also a boundary impedance ZB at the electrolyte/electrode interface, which

is also a CPE and accounts for the dispersion of the LF branch of the EIS response.
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Appendix C

Appendix of Chapter 6

C.1 Foulers dimensions measurements for Exp. Si, Exp.

PU1 and PU specimens immersed for 2 months in

Elefsis

Table C.1: Mean area of the 32 serpulidae with circular cross-section found individually on
the painted surface of Exp Si specimen, after 2 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
15.5 × 0.50 7.75
5.5 × 0.30 1.65
14.0 × 0.45 6.30
14.5 × 0.33 4.78
6.5 × 0.60 3.90
18.0 × 0.60 10.80
12.2 × 1.00 12.20
7.0 × 0.30 2.10
8.5 × 0.50 4.25
3.5 × 0.50 1.75
6.0 × 0.40 2.40
5.1 × 0.70 3.57
3.0 × 0.50 1.50
8.5 × 0.50 4.00
8.5 × 0.60 5.10
4.0 × 0.30 1.20
5.0 × 0.50 2.50
6.0 × 0.45 2.70
15.0× 1.00 15.00
13.5× 0.40 5.40
10.0 × 0.80 8.00
5.0 × 0.50 2.50
6.5 × 0.60 3.90
8.5 × 0.60 5.10
5.0 × 1.00 5.00
3.0 × 0.50 1.50
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9.0 × 0.50 4.50
5.5 × 0.80 4.40
11.0 × 1.00 11.00
10.0 × 0.80 8.00
7.0 × 0.50 3.50
7.0 × 0.70 4.90
Total area 161.15

Table C.2: Mean area of the 10 serpulidae with circular cross-section found individually on
the painted surface of Exp PU1 specimen, after 2 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
15.0 × 0.45 6.75
10.5 × 1.20 12.60
4.0 × 0.30 1.20
6.0 × 0.30 1.80
5.5 × 0.40 2.20
8.0 × 0.30 2.40
16.7 × 0.50 8.35
5.0 × 0.50 2.50
12.6 × 0.50 6.30
7.58 × 0.30 2.27
Total area 46.37

Table C.3: Mean diameter, number of individuals and total surface area covered by the 38
spirorbinae found on the surface of the PU specimen after 2 months immersion in Elefsis

Mean diameter Number of
(mm) individuals

0.6 1
0.8 4
1.0 9
1.1 1
1.2 4
1.3 1
1.4 2
1.5 5
1.6 2
1.7 2
1.9 1
2.0 4
2.1 1
2.5 1

Total area 60.41
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C.2 Foulers dimensions measurements for Exp. Si, Exp.

PU1 and PU specimens immersed for 4 months in

Elefsis

Table C.4: Mean area of the 37 serpulidae found on the painted surface of Exp Si specimen,
after 4 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
10.343 × 0.4 4.137
7.686 × 0.4 3.074
4.567 × 0.4 1.827
4.278 × 0.5 2.139
6.000 × 0.5 3.000
18.732 × 0.5 9.366
16.704 × 0.7 11.693
16.838 × 0.5 8.169
6.534 × 0.5 3.267
15.428 × 0.5 7.714
26.379 × 0.6 15.827
7.700 × 0.5 3.850
11.600 × 0.3 3.480
13.000 × 0.3 3.900
8.100 × 0.4 3.240
10.100 × 0.6 6.060
2.000 × 2.4 4.800
21.212 × 0.5 10.606
15.404 × 0.7 10.783
39.899 × 1.01 40.298
12.121 × 0.5 6.061
9.595 × 0.4 3.838
21.717 × 0.5 10.858
10.606 × 0.5 5.303
19.134 × 0.36 6.888
23.354 × 0.7 16.348
11.191 × 0.7 7.834
9.386 × 0.36 3.379
14.801 × 0.54 7.992
9.025 × 1.083 9.774
10.830 × 0.36 3.899
15.162 × 0.7 10.613
8.303 × 0.4 3.321
22.744 × 0.4 9.098
11.552 × 0.4 4.621
18.411 × 0.7 12.888
38.628 × 0.7 27.040
Total area 306.985
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Table C.5: Mean diameter and total surface area covered by the 23 spirorbinae found on the
surface of the Exp Si specimen after 4 months immersion in Elefsis

Mean diameter Mean area
(mm) (mm2)
0.596 0.279
0.666 0.348
0.404 0.128
1.215 1.159
1.279 1.285
0.754 0.446
1.468 1.692
1.136 1.013
0.833 0.545
1.182 1.097
0.866 0.589
0.596 0.279
1.267 1.261
1.552 1.892
1.055 0.874
1.120 0.985
0.936 0.688
0.408 0.131
1.323 1.375
1.043 0.854
1.229 1.186
1.100 0.950
0.700 0.385

Total area 19.441

Table C.6: Mean area of the 24 serpulidae found on the painted surface of Exp PU1
specimen, after 4 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
3.210 × 0.128 0.411
20.560 × 0.583 11.986
24.707 × 0.571 14.108
19.553 × 0.833 16.288
3.667 × 0.417 1.529
10.394 × 0.290 3.014
6.329 × 0.290 1.835
17.489 × 0.362 6.331
9.958 × 0.435 4.332
4.019 × 0.290 1.165
6.174 × 0.290 1.790
5.082 × 0.667 3.390
4.853 × 0.333 1.616
6.869 × 0.333 2.287
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10.441 × 0.5 5.220
4.852 × 0.333 1.616
26.917 × 0.6 16.150
7.136 × 0.4 2.854
41.607 × 2.5 104.017
20.667 × 0.5 10.333
4.673 × 0.2 0.935
16.959 × 0.4 6.784
25.195 × 0.5 12.597
31.172 × 0.8 24.938
Total area 255.526

Table C.7: Mean diameter, number of individuals and total surface area covered by the 452
spirorbinae found on the surface of the Exp PU1 specimen after 4 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.929 28 18.979
0.769 30 13.934
0.740 35 15.053
0.605 108 31.047
1.028 5 4.150
0.795 23 11.417
0.943 62 43.302
1.002 4 3.154
0.851 49 27.870
0.757 34 15.302
0.873 23 13.767
0.591 36 9.786
0.946 15 10.543

Total area 218.304

Table C.8: Mean diameter, number of individuals and total surface area covered by the 239
spirorbinae found on the surface of the PU specimen after 4 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.904 26 16.688
0.523 7 1.504
0.500 27 5.301
1.000 12 9.425
0.546 3 0.702
0.870 28 16.645
0.753 5 2.227
0.765 2 0.919
0.530 12 2.647
0.511 20 4.102
0.600 4 1.131
0.853 9 5.143
0.420 10 1.385
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1.044 1 0.856
1.018 7 5.697
0.644 15 4.886
0.627 10 3.088
0.804 5 2.538
0.687 16 5.931
0.869 10 5.931
0.800 10 5.026

Total area 101.772

Table C.9: Mean area of the 67 serpulidae on the painted surface of PU specimen, after 4
months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
21.651 × 0.5 10.825
11.300 × 0.6 6.780
19.200 × 0.5 9.600
22.770 × 0.4 9.108
11.594 × 0.4 4.638
12.600 × 0.3 3.780
4.300 × 0.3 1.290
27.765 × 0.7 19.435
3.400 × 0.7 2.380
6.000 × 0.3 1.800
29.072 × 1.5 43.608
9.218 × 0.4 3.687
17.206 × 0.4 6.882
15.223 × 0.4 6.089
5.000 × 0.1 0.500
12.256 × 0.6 7.354
11.862 × 0.4 4.745
10.651 × 0.3 3.195
21.540 × 0.6 12.924
9.206 × 0.4 3.682
14.190 × 0.5 7.095
4.851 × 0.3 1.455
10.105 × 0.5 5.052
12.586 × 0.4 5.034
9.151 × 0.5 4.575
12.522 × 0.5 6.261
15.796 × 0.4 6.318
6.877 × 0.3 2.063
5.269 × 0.4 2.108
6.733 × 0.4 2.693
4.769 × 0.4 1.908
16.069 × 0.3 4.821
20.812 × 0.7 14.568
13.667 × 0.7 9.567
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6.434 × 0.5 3.217
2.176 × 0.4 0.870
6.656 × 0.3 1.997
8.200 × 0.2 1.640
19.332 × 0.5 9.666
5.317 × 0.5 2.658
17.330 × 0.6 10.398
14.949 × 0.6 8.969
6.382 × 0.4 2.553
13.054 × 0.4 5.222
4.431 × 0.3 1.329
11.512 × 0.7 8.058
8.400 × 0.4 3.360
18.758 × 0.6 11.255
19.217 × 0.4 7.687
11.752 × 0.4 4.701
13.410 × 0.3 4.023
15.166 × 0.4 6.066
3.900 × 0.2 0.780
11.200 × 0.3 3.360
28.936 × 0.4 11.574
15.842 × 0.3 4.753
11.374 × 0.5 5.687
25.241 × 0.5 12.621
7.206 × 0.3 2.162
8.554 × 0.4 3.422
3.615 × 0.4 1.446
4.373 × 0.5 2.186
32.605 × 1.6 52.168
17.414 × 0.7 12.190
10.107 × 0.3 3.032
7.490 × 0.4 2.996
24.332 × 0.6 14.599
Total area 462.465

Table C.10: White surfaces including spirobinae spores found on PU painted specimen after 4
months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
6.107 × 4.888 29.851
5.410 × 1.517 8.207
6.466 × 4.508 29.149
2.930 × 2.308 6.762
8.599 × 3.662 31.489
7.000 × 3.500 24.500
6.556 × 4.852 31.810

Total area 161.768
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C.3 Foulers dimensions measurements for Exp. Si, Exp.

PU1 and PU specimens immersed for 6 months in

Elefsis

Table C.11: Mean area of the 46 serpulidae on the painted surface of Exp Si specimen, after 6
months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
17.756 × 0.6 10.654
6.835 × 0.8 5.468
9.549 × 0.7 6.684
9.408 × 0.5 4.704

18.232 × 0.75 13.674
3.793 × 0.6 2.276
13.471 × 0.6 8.083
8.046 × 0.4 3.218

24.910 × 1.083 26.977
45.570 × 1.688 76.922
39.350 × 1.444 56.821
42.599 × 1.083 46.135
8.664 × 1.083 9.383
37.545 × 0.722 27.107
26.715 × 0.722 19.288
11.191 × 0.722 8.080
14.440 × 0.361 5.213
11.913 × 0.361 4.300
20.217 × 0.722 14.597
7.942 × 0.722 5.734
18.050 × 0.722 13.032
24.910 × 1.083 26.977
19.494 × 0.361 7.037
20.939 × 0.722 15.118
7.581 × 0.722 5.473
15.162 × 0.541 8.203
7.942 × 0.541 4.297
18.772 × 0.541 10.156
13.357 × 0.361 4.822
34.296 × 1.083 37.142
10.108 × 0.541 5.468
33.213 × 0.361 11.990
22.383 × 1.083 24.241
37.906 × 0.722 27.368
26.715 × 0.722 19.288
39.711 × 0.361 14.336
32.130 × 0.361 11.599
18.772 × 0.541 10.156
21.661 × 0.500 10.831
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34.296 × 0.722 24.762
12.996 × 0.722 9.383
15.884 × 0.722 11.468
14.440 × 0.361 5.213
17.689 × 0.361 6.386
18.772 × 0.361 6.777
10.830 × 0.500 5.415

Total area 692.256

Table C.12: Mean diameter, number of individuals and total surface area covered by the 337
spirorbinae found on the surface of the Exp. Si specimen after 6 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
1.500 2 3.534
1.750 1 2.405
1.385 1 1.506
2.166 1 3.685
1.805 25 63.971
1.011 307 246.451

Total area 321.552

Table C.13: Mean area of the 4 amphipods on the painted surface of Exp Si specimen, after 6
months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
2.831 × 0.4 1.132
3.089 × 0.4 1.236
1.950 × 0.2 0.390
1.712 × 0.2 0.342
Total area 3.100

Table C.14: Mean area of the 4 largest serpulidae on the painted surface of Exp PU1
specimen, after 6 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
46.209 × 2.888 133.451
50.180 × 3.249 163.035
78.700 × 3.249 255.696
77.978 × 4.332 337.801

Total area 889.983

Table C.15: Mean area of the 79 serpulidae on the painted surface of Exp PU1 specimen,
after 6 months immersion in Elefsis
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Mean dimensions Mean area
(length × width) (mm2)

(mm)
14.079 × 0.361 5.082
9.386 × 0.722 6.777
10.830 × 1.083 11.729
8.303 × 1.444 11.989
6.859 × 0.361 2.476
11.191 × 0.722 8.080
14.801 × 0.361 5.343
7.220 × 0.361 2.606
12.121 × 0.500 6.060
6.734 × 0.337 2.269
18.050 × 0.842 15.198
35.353 × 1.347 47.620
21.212 × 0.673 14.276
14.815 × 1.010 14.963
17.508 × 0.337 5.900
12.289 × 0.337 4.141
12.121 × 0.673 8.157
9.764 × 0.505 4.931
15.825 × 0.337 5.333
16.162 × 1.010 16.324
17.508 × 0.337 5.900
17.845× 0.337 6.014
12.795 × 0.337 4.312
10.774 × 0.337 3.631
14.815 × 0.337 4.993
18.518× 0.337 6.241
26.599 × 0.337 8.964
11.111 × 0.337 3.744
13.805 × 0.673 9.291
8.081× 0.673 5.438

10.438 × 0.337 3.518
14.814 × 0.673 9.970
14.814 × 0.673 9.970
7.408× 0.673 4.986
5.724 × 0.337 1.929
7.744 × 0.337 2.610
10.101 × 0.337 3.404
17.845× 0.673 12.010
19.865 × 0.337 6.694
11.111 × 0.337 3.744
15.151 × 0.337 5.106
7.744× 0.673 5.212
8.754 × 0.337 2.950
18.855 × 0.337 6.354
6.397 × 0.337 2.156
10.744× 0.673 7.251
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4.040 × 0.337 1.361
3.800 × 0.600 2.280
6.000 × 0.600 3.600
6.300× 0.600 3.780
5.000 × 0.400 2.000

28 individuals of mean dimension
20.202×0.337=6.808

Total area for the 28 190.624
Total area 549.291

Table C.16: Mean diameter, number of individuals and total surface area covered by the 489
spirorbinae found on the surface of the Exp. PU1 specimen after 6 months immersion in

Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.781 2 0.958
0.679 1 0.362
1.150 1 1.039
1.100 3 2.851
0.250 2 0.098
0.350 11 1.056
0.600 1 0.283
0.330 3 0.256
0.550 4 0.948
0.300 1 0.071
0.450 1 0.159
0.400 2 0.251
0.700 4 1.539
1.200 3 3.393
0.611 2 0.586
0.948 3 2.118
0.335 1 0.088
0.289 1 0.065
1.064 2 1.778
1.237 1 1.202
0.750 3 1.326
0.270 1 0.057
1.500 2 3.534
0.800 2 1.006
1.000 4 3.140
0.058 1 0.003
1.171 1 1.077
0.838 2 1.102
0.332 1 0.086
0.723 1 0.410
1.400 2 3.079
2.232 1 3.913
1.300 3 3.982
2.020 2 6.409
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0.894 2 1.255
1.556 1 1.901
1.890 1 2.805
1.347 140 199.505
1.683 270 600.650

Total area 854.341

Table C.17: Mean area of the 9 amphipods found on the painted surface of Exp. PU1
specimen, after 6 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
2.45 × 0.45 1.10
2.50 × 0.50 1.25
1.60 × 0.30 0.48
3.20 × 0.56 1.79
2.40 × 0.48 1.15
2.90 × 0.45 1.30
2.50 × 0.40 1.00
1.60 × 0.32 0.51
3.20 × 0.40 1.28
Total area 9.86

Table C.18: Mean area of the 45 serpulidae on the painted surface of PU specimen, after 6
months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
72.727 × 3.030 220.363
14.241 × 1.300 18.513
20.805 × 1.300 27.046
21.256 × 0.800 17.005
36.364 × 1.010 36.728
14.646 × 1.515 22.189
29.648× 1.508 44.709
41.206 × 1.508 62.139
28.141 × 1.005 28.282
19.347 × 0.503 9.731
15.076 × 0.503 7.583
14.322× 0.503 7.204
6.030 × 0.503 3.033
13.819 × 0.503 6.951
11.558 × 1.759 20.331
15.578 × 0.503 7.836
11.056× 0.503 5.561
13.066 × 0.400 5.226
9.045 × 0.400 3.618
0.503 × 0.400 0.201
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9.548 × 1.005 9.595
13.568× 0.252 3.419
12.061 × 0.252 3.039
9.950 × 0.754 7.502
14.071 × 0.754 10.609
6.533 × 0.400 2.613
5.025× 0.503 2.528
5.528 × 0.400 2.211
15.076 × 0.754 11.367
12.061 × 0.503 6.066
20.101 × 0.252 5.065
7.538× 0.754 5.683
7.538 × 0.754 5.683
5.508 × 0.754 4.153
6.533 × 0.252 1.646
15.076 × 0.252 3.799
16.583× 0.754 12.504
12.061 × 0.252 3.039
7.035 × 1.005 7.070
7.035 × 0.252 1.773
9.045 × 0.252 2.279
9.040× 0.252 2.278

30.654 × 0.252 7.725
25.628 × 0.400 10.251
6.533 × 0.252 1.646

Total area 687.792

Table C.19: Mean diameter, number of individuals and total surface area covered by the 324
spirorbinae found on the surface of the PU specimen after 6 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.395 1 0.122
0.447 2 0.314
0.273 1 0.058
0.286 2 0.128
0.388 1 0.118
0.382 1 0.115
0.512 2 0.411
0.263 2 0.108
0.433 1 0.147
0.328 1 0.084
0.465 20 3.396
0.655 15 5.054
0.483 6 1.097
0.945 17 11.923
0.778 2 0.951
0.740 1 0.430
0.844 1 0.559
1.052 1 0.868
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0.410 2 0.263
0.374 1 0.110
0.707 1 0.392
0.300 1 0.071
0.234 1 0.043
0.553 20 4.795
1.350 1 1.431
0.696 1 0.380
0.070 1 0.004
0.590 11 3.007
3.015 2 14.279
1.508 40 71.394
1.005 47 37.284
1.257 20 24.800
2.010 8 25.385
1.759 5 12.150
0.754 10 4.465
2.513 4 19.832
0.503 25 4.958
0.252 38 1.888
0.201 6 0.190

Total area 254.963

C.4 Foulers dimensions measurements for Exp. Si spec-

imen immersed for 8 months in Elefsis

Table C.20: Mean area of the 47 serpulidae on the painted surface of Exp Si specimen, after 8
months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
17.895 × 1.158 20.722
24.211 × 1.053 25.494
20.000 × 1.053 21.060
18.421 × 0.789 14.534
32.632 × 1.579 51.526
25.263 × 1.842 46.534
25.263 × 1.579 39.890
44.211 × 3.158 139.618
26.316 × 1.053 27.711
4.842 × 0.947 4.585
24.737 × 0.947 23.426
26.316 × 1.579 41.553
9.474 × 1.053 9.976
8.421 × 0.526 4.429
14.737 × 1.053 15.518
24.211 × 1.579 38.229
26.842 × 1.053 28.265
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31.053 × 1.842 57.200
45.263 × 1.842 83.374
40.000 × 1.316 52.640
18.947 × 1.316 24.934
14.737 × 1.053 15.518
19.474 × 1.053 20.506
11.053 × 1.316 14.546
15.789 × 0.526 8.305
16.316 × 1.053 17.181
20.526 × 1.053 21.614
9.474 × 0.526 4.983
28.421 × 1.053 29.927
33.684 × 2.105 70.905
31.053 × 1.579 49.033
18.947 × 1.579 29.917
10.526 × 1.579 16.621
29.474 × 1.053 31.036
57.368 × 1.053 60.409
7.895 × 1.053 8.313
21.579 × 1.053 22.723
43.684 × 2.105 91.955
40.000 × 1.579 63.160
23.684 × 1.579 37.397
30.526 × 1.053 32.144
29.474 × 1.053 31.036
43.684 × 1.053 45.999
7.895 × 1.053 8.313
10.526 × 1.053 11.084
4.211 × 1.053 4.434
37.500 × 2.885 108.188

Total area 1626.465

Table C.21: Mean diameter, number of individuals and total surface area covered by the 141
spirorbinae found on the surface of the Exp Si specimen after 8 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
1.579 9 17.264
2.105 50 174.006
1.053 29 25.255
0.789 3 1.467
0.526 50 10.865

Total area 229.216

C.5 Foulers dimensions measurements for Exp. Si spec-

imen immersed for 10 months in Elefsis
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Table C.22: Mean area of the 30 serpulidae on the painted surface of Exp Si specimen, after
10 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
32.292 × 1.042 33.648
17.188 × 1.042 17.910
62.500 × 1.042 65.125
26.563 × 1.042 27.679
35.938 × 1.042 37.447
46.875 × 1.563 73.266
26.563 × 1.042 27.679
53.125 × 4.167 221.372
79.167 × 1.042 82.492
86.458 × 5.208 450.273
20.313 × 1.563 31.749
11.458 × 1.042 11.939
60.417 × 1.042 62.955
40.625 × 1.042 42.331
32.292 × 0.781 25.220
68.750 × 3.067 210.856
38.542 × 1.823 70.262
20.833 × 1.302 27.125
17.708 × 1.563 27.678
22.917 × 1.563 35.819
6.250 × 1.823 11.394
13.542 × 1.042 14.111
18.229 × 1.042 18.995
33.854 × 1.302 44.078
30.208 × 1.302 39.331
30.729 × 1.042 32.020
27.604 × 1.042 28.763
14.583 × 1.563 22.793
22.917 × 1.563 35.819
28.646 × 1.563 44.774

Total area 1874.903

Table C.23: Mean diameter, number of individuals and total surface area covered by the 156
spirorbinae found on the surface of the Exp Si specimen after 10 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.521 75 15.989
0.781 6 2.874
1.042 14 11.939
1.302 15 19.971
1.563 30 57.561
2.083 11 37.485
2.604 5 26.628
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Total area 172.447

C.6 Foulers dimensions measurements for Exp. Si and

Exp. PU1 specimens immersed for 10 months in

Elefsis

Table C.24: Mean area of the 52 serpulidae on the painted surface of Exp Si specimen, after
12 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
60.118 × 2.224 133.702
34.516 × 0.900 31.064
13.324 × 0.500 6.662
13.028 × 0.444 5.784
4.396 × 0.444 1.952
5.735 × 0.259 1.485
3.391 × 0.259 0.878
3.668 × 0.196 0.719
11.485 × 0.593 6.811
11.280 × 0.593 6.689
7.248 × 0.417 3.022
5.345 × 0.417 2.229
9.375 × 0.521 4.884
16.146 × 0.521 8.412
3.125 × 0.521 1.628
8.333 × 0.521 4.341
3.125 × 0.521 1.628
5.729 × 0.521 2.985
4.688 × 0.521 2.442
13.542 × 0.521 7.055
32.813 × 1.042 34.191
22.396 × 0.521 11.668
12.500 × 0.521 6.513
34.375 × 1.042 35.819
9.375 × 0.521 4.884
7.813 × 0.781 6.102
25.521 × 0.781 19.932
7.292 × 0.781 5.695
14.063× 0.781 10.983
20.833 × 0.521 10.854
20.833 × 1.042 21.708
16.667 × 0.521 8.684
10.417× 1.042 10.855
11.458 × 0.781 8.949
6.250 × 0.521 3.256
7.292 × 0.521 3.799
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16.146× 0.521 8.412
9.375 × 0.521 4.884
10.417 × 0.521 5.427
23.958 × 0.521 12.482
29.688× 0.521 15.467
25.000 × 0.521 13.025
10.938 × 1.042 11.397
5.729 × 1.042 5.970
13.542× 0.781 10.576
8.333 × 0.521 4.341
17.708 × 0.781 13.830
5.729 × 0.521 2.985
10.938× 0.521 5.699
4.688 × 0.521 2.442
5.208 × 0.521 2.713
5.215 × 0.521 2.717

Total area 560.631

Table C.25: Mean diameter, number of individuals and total surface area covered by the 175
spirorbinae found on the surface of the Exp Si specimen after 12 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.351 4 0.387
0.642 1 0.324
0.584 2 0.536
1.984 1 3.092
1.832 1 2.636
0.495 3 0.577
1.333 2 2.791
0.810 10 5.153
0.948 1 0.706
1.285 1 1.297
0.275 3 0.178
0.309 1 0.075
1.179 2 2.183
1.915 1 2.880
0.431 2 0.292
0.519 1 0.212
0.222 1 0.039
0.417 7 0.956
1.302 4 5.326
1.563 8 15.350
2.083 1 3.408
1.042 17 14.497
0.521 100 21.319
1.823 1 2.610

Total area 86.822
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Table C.26: Mean area of the 8 serpulidae on the painted surface of Exp PU1 specimen, after
12 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
137.158 × 4.372 599.655
31.148 × 2.186 68.090
40.984 × 2.186 89.591
21.858 × 1.639 35.825
21.134 × 1.031 21.789
39.175 × 1.546 60.565
42.268 × 1.546 65.346
18.033 × 1.546 27.879

Total area 968.74

Table C.27: Mean area of encrusting bryozoans observed on the painted surface of Exp PU1
specimen, after 12 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
8.197 × 6.557 53.748

25.137 × 13.115 329.672
40.984 × 6.011 246.355
18.033 × 21.311 384.301
7.104 × 6.011 42.702
8.197 × 13.661 111.979
11.475 × 17.486 200.652
12.022 × 8.197 98.544
4.918 × 6.011 29.562
7.104 × 7.650 54.346
39.891 × 7.104 283.386
39.344 × 4.372 172.012
19.126 × 12.842 245.606
14.208 × 34.426 489.125
6.557 × 5.464 35.827
4.918 × 5.464 26.872
3.825 × 4.918 18.811

(16.393 × 4.372)/2 35.835
7.104 × 7.650 54.346
7.104 × 5.464 38.816

10.929 × 15.301 167.225
6.557 × 6.011 39.414

(10.929 × 2.732)/2 14.929
8.197 × 14.208 116.463
12.022 × 10.383 124.824
9.290 × 13.661 126.911
7.104 × 6.011 42.702
10.929 × 6.557 71.661
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8.197 × 6.011 49.272
10.929 × 5.464 59.716
8.197 × 10.929 89.585
27.322 × 5.464 149.287

(4.918 × 5.464)/2 13.436
10.929 × 3.825 41.803
9.836 × 8.197 80.626
4.372 × 9.836 43.003
5.464 × 5.464 29.855
12.568 × 6.557 82.408

(14.208 × 5.464)/2 38.816
13.115 × 4.918 64.499

(16.393 × 3.825)/2 31.352
Total area 4430.284

C.7 Foulers dimensions measurements for Exp. PU2

specimen immersed for 4 months in Elefsis

Table C.28: Mean diameter, number of individuals and total surface area covered by the 155
spirorbinae found on the surface of the Exp PU2 specimen after 4 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.991 5 3.855
1.330 3 4.167
0.696 4 1.520
0.748 6 2.640
1.617 3 6.159
1.432 5 8.050
0.835 5 2.740
1.129 9 9.009
1.228 7 8.288
0.783 3 1.446
1.254 6 7.416
0.866 5 2.945
1.901 2 5.678
2.147 2 7.240
1.021 7 5.733
0.643 3 0.975
1.850 9 24.201
0.918 8 5.296
0.947 5 3.525
1.530 5 9.190
1.104 9 8.613
1.197 4 4.500
1.356 7 10.108
1.784 7 17.507
1.572 5 9.700
1.501 6 10.620

363



1.293 4 5.252
2.018 6 19.182
0.563 1 0.249
1.682 4 8.888

Total area 214.692

C.8 Foulers dimensions measurements for Exp. PU2

specimen immersed for 6 months in Elefsis

Table C.29: Mean diameter, number of individuals and total surface area covered by the 403
spirorbinae found on the surface of the Exp PU2 specimen after 6 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
1.860 5 13.586
0.952 9 6.406
1.559 6 11.453
1.417 7 11.039
1.023 40 32.878
0.912 3 1.960
0.880 11 6.690
0.707 6 2.355
0.411 9 1.194
0.666 13 4.529
1.331 13 18.088
0.470 10 1.735
1.170 71 76.334
0.760 12 5.444
0.558 12 2.935
0.238 7 0.311
0.802 5 2.526
2.959 1 6.877
1.206 8 9.138
1.602 3 6.047
0.590 3 0.820
1.228 58 68.693
0.500 3 0.589
0.304 11 0.798
1.672 63 138.326
0.601 2 0.567
0.355 4 0.396
1.356 5 7.221
0.157 3 0.058

Total area 438.994

Table C.30: Mean area of the 8 serpulidae on the painted surface of Exp PU2 specimen, after
6 months immersion in Elefsis

Mean dimensions Mean area
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(length × width) (mm2)
(mm)

2.980 × 0.180 0.536
3.167 × 0.180 0.570
2.808 × 0.180 0.505
11.822 × 1.161 13.725
2.679 × 0.268 0.718
4.386 × 0.487 2.112
4.572 × 0.357 1.632
5.031 × 0.316 1.590

Total area 21.388

C.9 Foulers dimensions measurements for Exp. PU2

specimen immersed for 8 months in Elefsis

Table C.31: Mean diameter, number of individuals and total surface area covered by the 876
spirorbinae found on the surface of the Exp PU2 specimen after 8 months immersion in Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
1.397 4 6.131
0.772 89 41.660
0.369 33 3.529
0.829 6 3.239
0.470 21 3.643
0.290 16 1.057
0.230 31 1.288
0.111 2 0.019
0.163 3 0.063
0.268 30 1.692
0.781 3 1.437
0.595 186 51.717
0.301 30 2.135
0.388 23 2.719
0.666 143 49.817
0.515 12 2.500
0.923 12 8.029
0.410 33 4.357
1.000 32 25.133
0.328 33 2.788
0.856 20 11.510
0.710 21 8.314
0.805 5 2.545
0.983 17 12.902
1.626 3 6.229
1.277 11 14.088
0.201 13 0.413
0.908 10 6.475
0.542 10 2.307
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1.180 10 10.936
2.813 1 6.215
1.463 2 3.362
1.997 2 6.264
0.454 9 1.457

Total area 305.971

Table C.32: Mean area of the 14 serpulidae on the painted surface of Exp PU2 specimen,
after 8 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
4.955 × 0.370 1.833
17.144 × 1.407 24.122
6.360 × 0.148 0.941
3.127 × 0.148 0.463
88.664 × 2.157 191.248
5.579 × 0.147 0.820
6.370 × 0.147 0.936
13.976 × 1.818 25.408
12.936 × 1.222 15.808
3.604 × 0.444 1.600
3.433 × 0.444 1.524
3.846 × 0.147 0.565
5.721 × 4.345 24.858
11.765 × 0.606 7.130

Total area 297.256

Table C.33: Mean area of bryozoans found in 16 locations on the painted surface of Exp PU2
specimen, after 8 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
5.157 × 7.489 38.621
7.494 × 0.114 0.854
1.902 × 0.457 0.869
1.203 × 0.875 1.053
2.193 × 0.938 2.057
1.153 × 0.625 0.721
1.841 × 2.500 4.603
2.058 × 1.778 3.659
1.672 × 1.481 2.476
1.245 × 1.111 1.383
4.316 × 1.828 7.890

12.534 × 14.773 185.165
5.828 × 1.628 9.488
2.355 × 1.298 3.057

(3.885 × 9.175)/2 17.822
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(5.120 × 9.175)/2 23.488
Total area 303.206

C.10 Foulers dimensions measurements for Exp. PU2

specimen immersed for 10 months in Elefsis

Table C.34: Mean diameter, number of individuals and total surface area covered by the 467
spirorbinae found on the surface of the Exp PU2 specimen after 10 months immersion in

Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
0.616 40 11.921
0.752 26 11.548
0.594 14 3.880
0.819 31 16.331
0.752 38 16.878
1.764 21 51.322
0.670 75 26.442
0.701 31 11.964
0.576 30 7.817
0.867 35 20.663
0.669 38 13.358
0.472 28 4.899
1.105 13 12.467
0.549 47 11.126

Total area 220.616

Table C.35: Mean area of the 6 serpulidae on the painted surface of Exp PU2 specimen, after
10 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
14.116 × 0.173 2.442
10.355 × 1.188 12.302
11.173 × 0.424 4.737
9.414 × 0.402 3.784
13.943 × 0.621 8.659
15.497 × 0.251 3.890

Total area 35.814

C.11 Foulers dimensions measurements for Exp. PU2

specimen immersed for 12 months in Elefsis
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Table C.36: Mean diameter, number of individuals and total surface area covered by the 275
spirorbinae found on the surface of the Exp PU2 specimen after 12 months immersion in

Elefsis

Mean diameter Number of Mean area
(mm) individuals (mm2)
1.106 23 22.097
0.528 22 4.817
0.709 23 9.081
0.975 41 30.611
1.076 64 58.196
0.871 54 32.175
0.576 26 6.775
0.907 22 14.214

Total area 177.966

Table C.37: Mean area of the 7 serpulidae on the painted surface of Exp PU2 specimen, after
12 months immersion in Elefsis

Mean dimensions Mean area
(length × width) (mm2)

(mm)
19.165 × 1.006 19.280
16.242 × 0.547 8.884
16.319 × 0.702 11.456
13.798 × 1.045 14.419
17.811 × 1.600 28.498
19.829 × 1.023 20.285
25.549 × 0.908 23.198

Total area 126.02
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