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Abstract 

Corrosion is a maMor concern in various industries, and protective coatings play a crucial role 

in mitigating this challenge by creating a barrier against corrosion�causing agents. *iven the 

myriad of parameters involved, all of which influence the properties and performance of the 

coatings in different ways, an extensive range of tests exist to assess these individual influences. 

However, since it is not feasible to carry out all tests for every coating due to time and budget 

limitations, it is crucial to decide which tests should be carried out in each case.  

The overarching aim of this thesis was to establish standardized methods using as few lab tests 

as possible while at the same time maximizing the yield of data concerning the specimens under 

investigation. For this goal, an array of laboratory tests using various methods such as 

electrochemical impedance spectroscopy and salt spray testing was used to undertake a 

comprehensive examination of coating performance and attributes. A specific emphasis was 

laid on thermoset thin film primers with variations of the contained pigments, aiming to enhance 

corrosion resistance within industrial milieus. Furthermore, it was tried to examine the influence 

of substrate, layer thickness, and particle size on the performance, and to investigate how to 

reduce delamination, especially cathodic delamination. 

The thesis presents a review of the current state of the art on the performance of primers under 

different conditions as well as information on the occurrence and prevention of damage to 

coatings. The first chapter undertook an extensive characterization of several anti�corrosion 

pigments, resulting in the selection of two for further investigations. The second chapter 

optimized thin�film primer parameters, identifying a dry film thickness of 3 μm as effective 

corrosion protection under specific conditions. The third chapter investigated graphene 

nanoparticle additives
 potential, highlighting both their promise and practical limitations. The 

fourth chapter assessed the influence of grinding time on particle size distribution and 

performance, suggesting implications for coating development. The fifth chapter delves into 

cathodic delamination, revealing intricate electrochemical and mechanical factors driving this 

phenomenon. The results of selected experiments were also published in the form of two papers. 

In conclusion, this thesis
s multifaceted research enhances corrosion protection strategies for 

galvanized steel sheets. The insights gained from each chapter contribute to the development 

of more effective and durable corrosion protection solutions, with potential applications across 

various industries. Continued research in these areas promises to improve the understanding in 

the field and application of corrosion�resistant coatings. 
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Kurzfassung 

Korrosion stellt in verschiedenen %ranchen eine ernsthafte Herausforderung dar, und 

Schutzbeschichtungen sind von entscheidender %edeutung, um diese Herausforderung zu 

bewlltigen, indem sie eine %arriere gegen korrosionsverursachende Stoffe bieten. Aufgrund 

der Vielzahl an Parametern, die alle auf unterschiedliche :eise die Eigenschaften und 

/eistungsflhigkeit von %eschichtungen beeinflussen, gibt es eine umfangreiche Anzahl an 

Tests zur %eurteilung dieser einzelnen Einfl�sse. 'a es Medoch aus Zeit� und Kostengr�nden 

nicht m|glich ist, alle Pr�fungen f�r Mede %eschichtung durchzuf�hren, ist es essenziell zu 

entscheiden, welche Pr�fungen im Einzelfall durchgef�hrt werden sollen. 

'as Ziel dieser Arbeit bestand darin, standardisierte 0ethoden zu etablieren, um mit m|glichst 

wenigen /abortests die 'atenausbeute der untersuchten Proben zu maximieren. Zu diesem 

Zweck wurde eine 5eihe von unterschiedlichen 0ethoden wie elektrochemische 

Impedanzspektroskopie oder Salzspr�htests durchgef�hrt, um eine umfassende 8ntersuchung 

der %eschichtungsleistung und %eschichtungseigenschaften durchzuf�hren. Ein besonderer 

Schwerpunkt wurde auf duroplastische '�nnschichtprimer mit Variationen der enthaltenen 

Pigmente gelegt, um die Korrosionsbestlndigkeit in industriellen 8mgebungen zu verbessern. 

'ar�ber hinaus wurde versucht, den Einfluss von Substrat, Schichtdicke und Partikelgr|�e auf 

die /eistung zu untersuchen und festzustellen, wie Enthaftung, insbesondere kathodische 

'elamination, reduziert werden kann. 

'ie Arbeit enthllt eine umfassende hbersicht �ber den momentanen Stand des :issens �ber 

die Flhigkeit von Primern unter verschiedenen %edingungen sowie Informationen �ber das 

Auftreten und die Vermeidung von Schlden an %eschichtungen. Im ersten Kapitel wurde eine 

ausf�hrliche Charakterisierung mehrerer Korrosionsschutzpigmente vorgenommen, die zur 

Auswahl von zwei f�r weitere 8ntersuchungen f�hrte. Im zweiten Kapitel wurden die 

Parameter von '�nnschichtprimern optimiert und eine Trockenschichtdicke von 3 μm als 

wirksamer Korrosionsschutz unter bestimmten %edingungen identifiziert. 'as dritte Kapitel 

untersuchte das Potenzial von *raphen�Nanopartikel�Additiven und hob sowohl deren 

/eistungsflhigkeiten als auch praktische Einschrlnkungen hervor. Im vierten Kapitel wurde 

der Einfluss der Partikelmahldauer auf die Partikelgr|�enverteilung und �leistung untersucht 

und m|gliche Auswirkungen auf die %eschichtungsentwicklung aufgezeigt. 'as f�nfte Kapitel 

befasst sich mit der kathodischen 'elamination und deckt komplizierte elektrochemische und 

mechanische Faktoren auf, die dieses Phlnomen antreiben. 'ie Ergebnisse ausgewlhlter 

Experimente wurden auch in Form von zwei Arbeiten ver|ffentlicht.  
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Zusammenfassend llsst sich sagen, dass die vielflltigen Forschungsergebnisse dieser Arbeit 

Korrosionsschutzstrategien f�r verzinkte Stahlbleche verbessern. 'ie in Medem Kapitel 

gewonnenen Erkenntnisse tragen zur Entwicklung effektiverer und langlebigerer 

Korrosionsschutzl|sungen mit potenziellen Anwendungen in verschiedenen %ranchen bei. 
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/ist of Abbreviations 

  

&D�6LOLFD calcium�exchanged silica oxide 

&' Cathodic delamination 

&63 Cross section polisher 

'�� 'iameter at which 50� of the particles are smaller (=mean diameter) 

'�� 'iameter at which 90� of the particles are smaller 

(,6 Electrochemical impedance spectroscopy 

('; Energy�dispersive X�ray spectroscopy 

)7,5 Fourier�transform infrared spectroscopy 

*,  *alvanized  

,&3�2(6 Inductively coupled plasma optical emission spectroscopy 

.7�� %lister tests, conducted at 70 °C 

/35 (/inear) polarization resistance 

/69 /inear sweep voltammetry 

1667 Neutral salt spray test 

2&3 Open circuit potential 

307 Peak metal temperature 

6'6 Safety data sheet 

6+( Standard hydrogen electrode 

6(0 Scanning electron microscope 

60' Sauter mean diameter 

7+) Tetrahydrofuran 

90' Volume mean diameter 
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ZW�� 0ass fraction 

;5' X�ray crystallography 

= Steel hot�dip galvanized with pure zinc 

=0 Steel hot�dip galvanized with a zinc/aluminum/magnesium alloy 
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Introduction and ObMective ϭ 

1 Introduction and ObMective 
Corrosion presents a formidable challenge across various industries, leading to financial 

setbacks, safety concerns, and a decline in operational efficiency. Sectors such as infrastructure, 

transportation, manufacturing, and energy are particularly susceptible to the detrimental effects 

of corrosion on both their structures and eTuipment. The safeguarding of steel, a globally 

renowned material for its versatile properties, holds special significance. Notably, the steel 

industry is a maMor player, contributing to about 10� of the world
s CO2 emissions >1@ >2@. An 

extensive study conducted by the International 0easures of Prevention, Application, and 

Economics of Corrosion Technology (I0PACT), led by NACE (National Association of 

Corrosion Engineers), underscores the magnitude of the issue. The I0PACT study estimates 

that the global cost of corrosion stands at a staggering 8S�2.5 trillion, eTuating to roughly 3.� 

percent of the global *ross 'omestic Product (*'P) >3@. In response to this persistent issue, 

protective coatings have gained widespread acceptance as an effective countermeasure. These 

coatings serve as a protective barrier between the metal substrate and the surrounding 

environment, providing a defense against corrosive agents.  

The effectiveness of coating systems in providing protection relies heavily on a comprehensive 

understanding of their mechanisms and interactions with the substrate. Extensive research 

efforts have been devoted to determining the factors that influence coating performance, 

including adhesion strength, chemical resistance, and mechanical durability. %y gaining a deep 

understanding of these factors, researchers and engineers can develop coating systems that 

exhibit enhanced resistance to corrosion, prolonged service life, and reduced maintenance costs. 

The obMectives of this study are therefore� 

• gathering comprehensive information about coating systems while minimizing the 

number of reTuired tests 

• identifying the key factors influencing the performance of coating systems in corrosion 

protection, encompassing critical parameters such as substrate selection, composition of 

the coating – especially the contained anti�corrosion pigments – and layer thickness 

• examining the mechanisms involved in coating disbondment, especially the mechanism 

of cathodic delamination 

%y achieving these obMectives, it is possible to enhance the understanding of corrosion 

mechanisms and their interactions with different types of coatings. This knowledge is crucial 

for the development of more efficient and durable coating systems, enabling customization for 
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specific applications, optimizing material performance, and reducing maintenance expenses 

associated with corrosion�related issues. 

To identify principal factors and parameters for evaluating coating performance and corrosion 

resistance, various analytical techniTues were employed, including neutral salt spray tests 

(NSST), electrochemical impedance spectroscopy (EIS), and blistering tests at 70 °C (KT70). 

This thesis is structured into several sections to ensure a coherent reading experience. The 

introduction and obMective part provides an overview of the importance of corrosion protection 

across various industries. It outlines the research obMectives and Tuestions to be addressed 

throughout the study. 

Following this section, the current state of the art review critically reviews existing research 

and knowledge related to coating systems, corrosion and disbondment mechanisms, and factors 

influencing coating performance. This review identifies gaps in current understanding and sets 

the stage for the research conducted in this thesis. 

The subseTuent section provides a comprehensive overview of the materials and methods used 

in the study, including the experimental setup, sample preparation, and testing protocols 

employed for evaluating coating performance and corrosion resistance. 

The main body of the thesis comprises five chapters, each focusing on a specific 

corrosion�related topic and addressing a uniTue research Tuestion. 

Chapter 1, titled �Analyses of typical commercially available anti�corrosion pigments,� 

investigates the properties and structure of common anti�corrosion pigments used within 

coating systems. This comprehensive investigation led to the identification of two promising 

candidates for further research, Shieldex and ASP�00, both selected based on their distinctive 

properties that exhibit potential to enhance corrosion protection.  

Chapter 2, named �Thermoset thin film primers� Influence of Substrate, /ayer Thickness, and 

:ettability of Additives in /aboratory Testing�, presents the results and interpretations of 

several experiments in which different parameters were varied to determine their influence on 

the performance of the samples. $ dry film thickness of 3 µm was identified as sufficient in 

providing effective corrosion protection under specific circumstances. The examination 

included a broad spectrum of factors encompassing coating thickness, composition, and 

substrate material. The content of this chapter was also published in an article >�@. 



Current state of the art 3 

In chapter 3 entitled �Evaluation of a Commercial *raphene Additive for %oosting the 

Corrosion Performance of a Thermal Curing Primer� the effect of adding a commercially 

available graphene additive on the properties of a commercial primer system was tested. 

Although the outcomes across various test protocols are found to be mixed, the improvements 

in performance in some of the tests underscore the crucial role of graphene as a possible 

additive. These results were also published in a paper >5@. 

Chapter �, bearing the title �The Influence of Pigment 0illing Time and Primer /ayer 

Thickness on Anti�Corrosion Coatings for *alvanized Steel Strip Samples,� delves into the 

influence that pigment milling time and primer layer thickness exert on the efficacy of anti�

corrosion coatings for samples of galvanized steel strips. The chapter
s analysis unveils a crucial 

relationship, demonstrating that extended pigment milling times contribute to enhanced particle 

distribution and heightened anti�corrosion protection. This revelation holds significant 

implications for the development and optimization of coatings for safeguarding galvanized steel 

strip samples. 

Chapter 5, named �Examining the Influence of 'ifferent Parameters on Cathodic 'elamination� 

Assessing their Impact on Coating Integrity� delves into the range of parameters that impact 

cathodic delamination and analyzes how they affect the integrity of coatings. Through rigorous 

analysis, the chapter illuminates the connection between electrochemical and mechanical 

factors that affect this complex behavior.  

Each chapter provides an in�depth analysis of the respective topic, supported by experimental 

data, interpretation of the gained results, and relevant literature. 

Finally, the conclusions and outlook section summarizes the key findings of the study, 

highlights the contributions made to the field of corrosion protection, and suggests future 

research directions. %y following this structured approach, the thesis aims to contribute to the 

knowledge base surrounding coating systems and corrosion protection. 8ltimately, the findings 

of this research endeavor will facilitate the development of more effective and sustainable 

solutions for corrosion mitigation in various industries. 

2 Current state of the art 

2.1 Corrosion Protection 
In today
s economy, metals play a crucial role and find extensive application in vital sectors 

like construction, automotive, and aviation. However, despite their importance, metals are 
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susceptible to corrosion, which can lead to structural degradation, increased maintenance costs, 

and compromised safety. ConseTuently, the industry is consistently trying to discover effective 

strategies for reducing corrosion damage and extending the lifespan of metal components. 

Historically, corrosion�related challenges were tackled through the development of 

corrosion�resistant alloys and the application of inorganic coatings. A still commonly employed 

techniTue for steel is galvanizing, which involves the deposition of a protective zinc layer on 

the surface of the substrate. These zinc coatings serve as physical barriers, effectively shielding 

the metal from corrosive agents present in the surrounding environment >�, 7, 8@. 

However, in some cases these protective measures prove to be insufficient. Therefore, 

researchers and engineers have explored alternative approaches to enhance corrosion protection 

and adhesion of coatings. One such approach involves the formation of conversion layers by 

chemically modifying the oxide layer on the metal surface. These conversion layers, commonly 

composed of chromates or phosphates, not only improve corrosion resistance but can also serve 

as forming aids and conseTuently enhance the malleability of metals. In addition, they also 

promote better adhesion between the substrate and subseTuent organic coatings, such as paints 

and lacTuers >9, 10@. 

Organic coatings, which encompass a wide range of formulations, are widely used to provide 

enhanced corrosion protection or fulfill specific material reTuirements. They consist of various 

components, including binders, solvents, fillers, additives, and pigments. Of particular interest 

are the anti�corrosion pigments, which can be broadly classified into three categories based on 

their mode of action� barrier pigments, sacrificial pigments, and inhibitive pigments. %arrier 

pigments slow or prevent the diffusion of corrosive substances along with altering the 

polarization of the cathode and/or anode, sacrificial pigments provide cathodic protection by 

sacrificially corroding in place of the metal substrate, and inhibitive pigments inhibit the 

corrosion process by passivating the metal surface >11, 12, 13, 1�@. 

2.2 Anti�Corrosion Pigments 
For a long time, zinc chromate�based pigments served as the gold standard for corrosion 

protection. However, their use became highly controversial due to the implementation of the 

5oHS directives and 5EACH regulations in the European 8nion. As a result, companies began 

exploring alternative options. The pigments commonly employed today can be classified into 

different categories, some of which include� 

• Phosphates 

• Exchanged silicon oxides 
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• *raphene and (reduced) graphene oxides 

• Silicates 

• /ayered 'ouble Hydroxides (/'H) 

As the demand for environmentally friendly and sustainable corrosion protection continues to 

rise, research in this area has expanded, leading to the development of new pigments and coating 

formulations. These advancements aim to meet the strict regulatory reTuirements while 

ensuring effective and long�lasting corrosion resistance. %y understanding the mechanisms of 

action and performance of these alternative pigments, researchers and industry professionals 

can make informed decisions and contribute to the development of improved corrosion 

protection strategies. This review will focus on two types of pigments � exchanged silicon oxide 

and graphene. 

Exchanged silicon oxide is part of a class of corrosion inhibiting pigments known as ion 

exchangers. These materials are formed through reactions of cations (such as calcium, cerium, 

etc.) or anions (such as phosphates, chromates, etc.) with suitable inorganic oxide hydrates. A 

generic example of an alkaline ion exchanger, with a pH of approximately 9, is 

calcium�exchanged silica oxide (Ca/Silica). It differs from a mere calcium silicate, constituting 

a chemical framework composed of silica oxide intertwined with embedded particles of calcium 

oxide or calcium hydroxide. The pigment is typically synthesized through an acid�base 

interaction between surface groups on silica and calcium ions in solution. 5emarkably, it 

possesses distinctive characteristics, including a comparatively low specific gravity and 

relatively elevated oil absorption, distinguishing it from other pigments. Such properties may 

prove advantageous, depending on the specific reTuirements of the coating system. 'espite its 

low porosity, it possesses a large surface area of �0 m²g�1, enabling various surface processes 

such as adsorption, desorption, and ion exchange >15, 1�@. 

The corrosion inhibition process begins upon contact of aggressive cations with the coating. In 

response, calcium ions are selectively released from the pigments, which serve to impede or at 

least slow down the movement of the aggressive cations towards the metal surface. This can be 

regarded as an acid�base reaction at the interphase. Additionally, the presence of Ca/Silica 

lowers the cathodic current density in oxygen�depleted regions >17, 18@.  

*enerally, there are three theories explaining the functioning of ion exchange pigments >19, 

20@� 
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• The ion exchange theory suggests that the pigments engage in an exchange reaction 

with other aggressive ions (e.g., H+), immobilizing or at least retarding them while the 

originally incorporated calcium ions are leached out. The pigments may also possess an 

overall negative charge, repelling chloride ions.  

• The migration theory postulates that both silica and calcium ions can freely move within 

the coating, slowly forming a protective layer at the interface with the substrate. This 

protective layer has been confirmed through XPS measurements and electrochemical 

tests. Additionally, the pigment can fill the pores of the paint. 

• The pigment theory proposes that the pigment influences certain properties of the 

coating (crosslinking, permeability, porosity, etc.), thereby positively modifying the 

coating
s ability. 

Another possible mechanism underlying the protective action of Ca/Silica is the establishment 

of a high pH value by the pigment. This theory is supported by the fact that in conducted 

experiments, steel did not corrode in a chloride�containing solution with a pH of 9.2, whereas 

it did corrode in a solution with a pH of 7 in the absence of chloride ions. However, the alkaline 

nature of the pigment can lead to undesirable side effects, as the high pH causes to reactions 

with acidic binders or catalysts. These effects can be mitigated through appropriate formulation 

of the coating. Nevertheless, the pH theory is disputed, as other publications suggest that there 

is no causation between pH value and protective properties. The high pH value is believed to 

promote the properties and solubility of the pigment and does not affect the ion exchange 

capacity >17, 19, 18, 21, 22@.   

The proper binder�to�pigment ratio is crucial when using Ca/Silica. Several publications have 

demonstrated that the best properties are gained at a concentration of approximately 10 wt�. 

Higher concentrations lead to increased permeability, resulting in reduced barrier effectiveness. 

:hile the increased permeability enhances the pigment
s exchange capacity, it also promotes 

underfilm corrosion and blistering, which could potentially be mitigated by applying a thicker 

coating. In addition, surface adhesion is essential to ensure a functional coating, thus the 

substrate should be properly pretreated before the coating application >15, 1�, 22, 23@. 

The correct selection of binder is also necessary to ensure sufficient effectiveness. Some 

publications indicate that coatings based on epoxy, in combination with Ca/Silica pigments, 

achieve better results compared to coatings based on polyester or alkyd. This is attributed to 

improved adhesion of the paint and protection against permeability >19, 2�@. 
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Ca/Silica has maintained a substantial presence in the commercial market, notably under the 

trademark Shieldex�, for an extended period. The pigment
s individual efficacy has been 

substantiated across the passage of time. Nonetheless, several publications have reported 

instances of enhanced corrosion protection through the combined use of zinc phosphate and 

Ca/Silica pigments >17, 18@. 

*raphene, on the other hand, is not currently used on a large scale, but has received significant 

attention in recent years due to its uniTue properties. As a two�dimensional, atomically thin 

carbon film with a hexagonal honeycomb structure and sp2 binding orbitals, graphene stands 

out among other carbon modifications such as fullerenes, carbon nanotubes, and graphite. Its 

notable characteristics include exceptional thermal conductivity, strength, and a theoretically 

proMected specific surface area exceeding 2,500 m²g�1. 0oreover, graphene exhibits remarkable 

impermeability to gases. These extraordinary characteristics have inspired extensive research 

efforts exploring diverse graphene�based technologies in various applications. Notably, 

graphene has already found utility in fuel cells, biological devices, and as an anti�corrosive 

coating for metallic substrates >25, 2�, 27, 28, 29, 30, 31@. 

Extensive efforts have been made to utilize the protective capabilities of graphene coatings 

against corrosion, particularly through chemical vapor deposition (CV'). However, this 

approach is not without its challenges. :hile these coatings can provide formidable short�term 

protection, their long�term effectiveness can be compromised. Imperfections in CV' coatings 

are practically unavoidable, leading to microgalvanic corrosion. Corrosive fluids can infiltrate 

the graphene layer and progress towards the metal interface, establishing an electrochemical 

connection between the graphene and the metal. Additionally, the formation of corrosion 

products on the metal surface leads to the detachment and cracking of the graphene coating. As 

a result, some researchers propose that graphene
s potential as a corrosion prevention material 

might be limited to early transient periods. ConseTuently, the long�term potential of graphene 

to prevent corrosion remains uncertain >32, 33, 3�@. 

The corrosion mitigation offered by graphene particles predominantly stems from from their 

substantial surface area, leading to impressive barrier properties, as well as their inherent 

hydrophobicity. Acting as an almost impermeable barricade within the coating, graphene slows 

the propagation of cracks and prevents the diffusion of corrosive media to the substrate. 

Additionally, graphene serves as an electron conduit within the coating, enhancing the 

protective properties of sacrificial anodes by establishing connections between anodic particles 

and the substrate. The strong adhesion characteristics of graphene, combined with the 
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film�forming attributes of the coating matrix, synergize within graphene composite coatings, 

enhancing overall performance. Incorporating graphene as a filler material also enables the use 

of conventional coating formulations, avoiding the complexities and costs associated with pure 

graphene coatings >35@. 

'espite these advantages, the commercial utilization of graphene as an anti�corrosion pigment 

is still limited. This can be attributed primarily to the challenges associated with the 

compatibility of graphene dispersions with resins, leading to significant issues. The main 

obstacle in integrating graphene into composite coatings lies in its limited solubility in solvents 

due to the absence of functional groups. Furthermore, the high aspect ratio and the presence of 

van der :aals forces lead to a rapid agglomeration of graphene particles. ConseTuently, 

practical coating formulations reTuire complex compositions and the usage of various additives 

such as leveling agents, anti�settling agents, and anti�foaming agents. Furthermore, current 

investigations mainly focus on the transient corrosion behavior observed in controlled 

laboratory settings, despite some research groups have reported promising findings in real life 

applications >3�, 37, 38@. 

Nevertheless, select suppliers now offer ready�made graphene particles that can be directly 

applied in coating formulations. 0oreover, the field of anti�corrosion coatings has witnessed 

significant advancements with the development of nanotechnology in recent years, resulting in 

notable improvements in performance. %y incorporating smaller nanoparticles into coatings, 

nanotechnology enhances anti�corrosion properties, adhesion, and scratch resistance. 

Furthermore, the utilization of nanoparticles enables cost�effective measures by reducing the 

thickness of the coating. The efficacy of nanoparticle�based anti�corrosion coatings has been 

demonstrated in various applications, including marine environments and the automotive 

industry, through recent studies >39, �0, �1, �2, �3@. 

2.3 Cathodic 'isbondment  
Various forms of damage that can occur to coatings exist, but these can be broadly categorized 

into a few groups, more specifically anodic and cathodic delamination >��, �5, ��, �7@, 

blistering >�8, �9, 50, 51@, water disbondment >52, 53@, and filiform corrosion >5�, 55@.  

Coating delamination or disbondment describes the separation or detachment of a protective 

coating from the underlying substrate or surface. This phenomenon arises when the adhesion 

between the coating and the substrate weakens or fails, resulting in the loss of protective and 

aesthetic properties provided by the coating. 'isbondment can occur due to diverse factors, 

including inadeTuate surface preparation, improper coating application, mechanical stress, 
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chemical attacks, or environmental exposure. In addition, electrochemical disbondment is also 

possible and occurs when the adhesion between a coating and its substrate is compromised due 

to electrochemical processes.  

8pon establishment of an electron flow conduit between the zinc substrate and the aTueous 

milieu, an electrochemical process, corrosion, is initiated. Since the presence of oxygen plays 

a crucial role for the cathodic part of the reaction, the diffusion of oxygen into the delimited 

area around the zinc substrate is an important aspect to consider. In the presence of water, 

molecular oxygen undergoes a reduction process, yielding hydroxide ions through the uptake 

of electrons, resulting in the alkalization of the reaction region. The diffusion of oxygen and the 

reduction to hydroxide ions are thus closely linked and influence the course of the cathodic 

reaction. 

The cathodic reaction is accompanied by an anodic reaction, wherein the zinc substrate 

undergoes oxidation in the presence of sufficient hydroxide ions and forms a complex. This 

complex chelates the hydroxide ions and leads to a decrease in pH, causing zinc oxide and water 

to precipitate. The anodic reaction thus buffers the pH since a pH that is too alkaline would 

further increase the anodic reaction rate. Therefore, although the pH is maintained at a value 

above 10, it is maintained at a lower value than, for example, iron, where the pH can reach 

values as high as 1�. 'iffusion of O2 then starts the process all over again. Since the coating 

would be partially destroyed by the alkaline pH, this buffer effect can stabilize pH�sensitive 

coatings on galvanized steel. In )LJXUH � the postulated mechanism is shown >5�, 57@. 

In the absence of oxygen or at very negative voltages (more negative than �1,350 mV vs. SHE 

>58@), the reduction of oxygen is replaced by the dissociation of water, yielding hydrogen gas 

and hydroxide ions�  

H2O + 2 e� → H2 ↑ + 2 OH� 

5egardless of the specific cathodic reaction, the production of hydroxide ions transpires, 

conseTuently resulting in a pH increase >59@. 

Other sources postulate a two�stage cathodic mechanism� 

2 H+ + O2 + 2 e� → H2O2 

H2O2 + 2 e� → 2 OH� 
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)LJXUH �� Postulated mechanisms of electrochemical partial reactions in corrosion. O2 reduction in the presence of water 

leads to an increase in the hydroxide concentration, causing zinc to oxidize and form a complex. %inding of the hydroxide 

ions in the complex causes the pH to decrease and zinc oxide and water precipitate. 'iffusion of O2 starts the process all over 

again. Figure reproduced with permission and adapted from >57@. 

According to this theory, peroxide exists in solution as HO2
� ions. There are two ways in which 

the oxygen reduction occurring the delamination front can lead to the propagation of the front� 

either through pH elevation or the generation of highly oxidizing intermediates and it would 

not be possible to distinguish between these two mechanisms. Supporting the notion that 

peroxide molecules drive delamination, among other considerations, is the observation that the 

delamination rate on polymer�coated zinc was strongly dependent on the presence of oxygen 

but not on the presence of NaOH in the electrolyte. This implies that OH� is not the important 

species in the degradation reaction, although these results could also be explained by the 

inhibition of ion transport through the polymer layer and the metal�polymer interface >�0@. 

Other results have demonstrated a degree of correlation between the alkali resistance of the 

surface layer in tested specimens and the susceptibility to cathodic delamination. An additional 

argument refuting the theory that the rate�limiting step involves the direct polymer oxidation 

by intermediates participating in the oxygen reduction reaction is the absence of delamination 

on phosphated surfaces. The steady increase in pH occurring at the interface of the metal and 

polymer can potentially attack the surface treatment layer or the polymer matrix, thereby 

intensifying the corrosion rate of the underlying zinc metal layer. Therefore, mechanisms 

encompassing pH changes are deemed to be more favorable >�0@. 
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In literature, � reactions are typically attributed to cathodic disbonding of coatings >�1, �2@�  

• 'issolution of the metal oxide, leading to the detachment of the coating from the 

substrate. 

• Polymer hydrolysis Must above the boundary layer, leaving behind a thin polymer 

residue. 

• Alkaline degradation of metal/coating bonds. 

• 0echanical delamination triggered by hydrogen formation. 

If polymer hydrolysis above the boundary layer has already occurred, subseTuent oxide layer 

dissolution becomes irrelevant to the delamination process, as delamination has already taken 

place. In cases of metal oxide dissolution and alkaline attack on metal/coating bonds, the 

rate�limiting step is the generation of hydroxide ions, for polymer hydrolysis, it is instead the 

rate of water diffusion into the coating, influenced by factors including the size of hydrated ions 

present >�1@. A graphical overview of the delamination mechanisms is presented in )LJXUH �. 

 
)LJXUH �� Overview of the � possible delamination mechanisms. a) dissolution of the metal oxide, b) hydrolysis of the 

polymer, c) alkaline attack on the metal/coating bonds, d) mechanical delamination by hydrogen. Figure reproduced with 

permission and adapted from >�3@. 

'etermining the responsible mechanism for delamination in each scenario involves the 

consideration of different parameters� For oxide reduction, the potential must be very high 

(noble), while polymer failure at the interface exhibits kinetics dependent on migration path 

length, yielding a directly proportional relationship between delamination area and test time. 

Polymer hydrolysis manifests observable diffusion through the polymer, resulting in failure 

across the entirety of the polymer area exposed to the aTueous phase >�1@. 

'iverse mechanisms can be the driving force for delamination under varying conditions, with 

potential coupling between mechanisms. A pH increase leads to surface treatment dissolution 
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and increased available metallic surface area for oxygen reduction. This intensifies oxygen 

reduction beneath the coating, thereby further elevating pH within the interfacial region. Even 

when the anode and cathode are in close proximity, acidification due to hydrolysis of Zn2+ 

remains minimal, as localized corrosion of zinc leads to a net pH increase >�0@. 

The distinction between anodic and cathodic regions often poses challenges. Initial stages of 

delamination allow a clear differentiation, but as the delamination front progresses, both anode 

and cathode can coexist beneath the coating. In addition, voluminous corrosion products can 

form, exerting considerable mechanical force on the coating from below. F�rbeth and 

Stratmann reported that under a high CO2 partial pressure, the formation of ZnCO3 inhibits the 

electron transfer of oxygen reduction, resulting in pure anodic delamination for coated 

electrolytically galvanized steel. Experimental observations have therefore shown that the 

explanation of delamination becomes complicated when passive films or corrosion products 

form under the coating >�0, ��@. 

'uring accelerated testing, most of the area beneath coatings exhibits anodic behavior, yet the 

delamination front remains cathodic. It has been shown that the anodic mechanism is dominant 

for complete automotive coating systems, as these coatings form significant barriers to oxygen 

diffusion. However, thin polymer layers, such as cathodically deposited primer systems in the 

automotive sector, permit oxygen diffusion, conseTuently favoring the cathodic delamination 

mechanism >�0@. 

Furthermore, cathodic disbonding freTuently occurs in coated metal structures submerged in 

seawater or soil and protected by sacrificial anodes. The failure of organic coatings can often 

be attributed to the formation of local cathodes. As soon as a defect occurs in the coating, anodic 

corrosion reactions transpire directly, accompanied by cathodic reductions beneath the coating 

near the defect. Primarily, these involve the reduction of oxygen in the presence of water to 

yield hydroxide ions. A prereTuisite for this reaction to occur is that sufficient water and oxygen 

have diffused through the coating to the substrate below. This reaction increases the pH, which 

eventually leads to the destruction of the metal/primer bonds and thus to delamination. The 

released metal surface can then serve as an anode, continuing the process of delamination. 

Thicker coatings inhibit diffusion, which can reduce or even completely inhibit the extent of 

cathodic delamination >�5@.  

As per Stratmann et al., cathodic delamination systems encompass three zones� a defect, for 

example a scribe, exposing bare metal to the atmosphere, a delaminated zone where the bonds 

are partially damaged, and an intact zone where no reactions have taken place so far. 
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'elamination generally originates at the defect and propagates from there. The deposition of 

Zn(OH)2 or ZnO on the exposed zinc substrate prevents corrosion of the uncoated area, 

therefore, on coated zinc samples, the cathodic reaction on the scratch becomes dominant. 

8nder these conditions, on zinc and steel, the delaminated region spreads laterally away from 

the defect with a well�defined delamination front. Exposure of the metal surface to the 

atmosphere thereby promotes metal dissolution at the defect. Along the delaminated zone, 

where the anodic reactions are inhibited by the presence of the coating, O2 and water penetrate 

the coating and react at the interface. 'uring the delamination process, the coating is 

transformed into a gel�like medium, weakening the adhesive bond at the metal�coating 

interface. >�0, ��@. 

However, there are other studies, according to which the extent of delamination of coatings is 

controlled by other factors. Huang et al. showed that the overall delamination process is mainly 

determined by the transport of cations from the defect to the front region. The rate of 

delamination depends on the mobility, ionic strength, and concentration of cations. The 

presence of large, hydrated cations can slow down the process of delamination because they are 

preferentially attracted by the potential field of the substrate to the regions of the coating where 

the cross�links are weaker, and their presence stops the migration of water molecules. /arge 

molecules take longer to migrate through the coating, thus, it takes longer for water molecules 

to use the subseTuently vacated paths through the coating for migration. :atts and S¡rensen 

came to similar conclusions. >��, �1, ��@. 

S¡rensen et al. demonstrated in several studies that an increased concentration of secondary OH 

groups within the coating correlates with reduced cathodic delamination This relationship is 

attributed to a greater number of coating adhesion sites, thereby enhancing adhesion strength. 

The authors also suggest that factors diminishing adhesion forces, such as the occurrence of 

high internal stresses, heighten cathodic delamination. Pigments hinder air and oxygen 

diffusion into the coating layer, further mitigating delamination. At the same filling level, 

diffusion is particularly well avoided by platelet�shaped pigments, such as graphene. *lover et 

al. suggest that the addition of graphene as a flat pigment in coatings reduces the diffusion of 

oxygen and thus slows down cathodic delamination particularly well >��, �7, �8@. 

In conclusion, the phenomenon of cathodic delamination, encompasses a complex interplay of 

electrochemical and chemical processes. The various theories proposed to explain cathodic 

delamination mechanisms, such as those focusing on oxygen reduction, peroxide generation, 

pH elevation, and polymer hydrolysis emphasize the challenges in determining a single 
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dominant mechanism. Additionally, the interplay of factors such as coating adhesion strength, 

pigment characteristics, and diffusion pathways further complicates the overall picture. As 

illustrated by the diverse experimental observations and studies, no single mechanism is 

exclusively responsible for cathodic delamination across all scenarios. 

It is, therefore, evident that a comprehensive investigation into cathodic delamination 

necessitates a thorough assessment of these competing mechanisms. In the following section, 

the methodologies and insights gained through various corrosion testing techniTues are delved 

into, with the aim of shedding light on the underlying factors driving cathodic delamination and 

its associated mechanisms. 

2.� Corrosion Testing 
To assess the effectiveness and durability of coating systems, corrosion testing is crucial. These 

tests aim to simulate real�world conditions and provide insights into the performance of 

coatings under various environmental factors. Commonly employed corrosion tests include 

accelerated tests conducted in laboratory settings, in which the coated specimens are subMected 

to fastened deterioration by exposing them to aggressive environments such as salt spray or 

high humidity >�9, 70@. 

Another useful tool, which has emerged and proved to be a valuable tool in corrosion testing 

due to its ability to provide detailed information about corrosion mechanisms and material 

performance, is electrochemical testing. TechniTues such as potentiodynamic or cyclic 

polarization tests enable researchers to evaluate the electrochemical behavior of coated systems 

and identify factors that influence their corrosion resistance. Another significant milestone in 

this field was the development of electrochemical impedance spectroscopy (EIS), enabling 

researchers to characterize the electrical response of coatings and gain insights into their 

protective properties >71@. 

:hile a wide array of corrosion tests and techniTues is available, it is crucial to select 

appropriate tests that effectively capture the key corrosion mechanisms. 8nderstanding the 

specific mechanisms involved in coating degradation is essential for developing reliable 

predictions of performance under actual operating conditions.  

However, the complexity of corrosion processes and the interplay of numerous parameters pose 

significant challenges. Factors such as coating thickness, applied potential, substrate properties, 

and environmental conditions can influence the corrosion behavior of coatings. The 

interdependencies among these parameters further complicate the prediction of coating 
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performance. Therefore, extensive research efforts are dedicated to comprehensively elucidate 

the individual factors influencing different corrosion mechanisms and develop predictive 

models that enable accurate assessment of coating performance in real�world scenarios >72, 73, 

7�@. 

Although considerable progress has been made in corrosion research, there is still much to learn 

about the complex factors influencing corrosion behavior. Ongoing research efforts are focused 

on refining corrosion testing methodologies, exploring innovative approaches to testing, and 

expanding our knowledge of coating performance under diverse conditions. These endeavors 

are crucial for the advancement of cutting�edge coating technologies and for mitigating the 

economic and environmental impacts of corrosion in various industrial sectors. 

The research obMective of this study was therefore to gather comprehensive information about 

coating systems while minimizing the number of reTuired tests. %y achieving this obMective, 

researchers and engineers aim to enhance their understanding of corrosion mechanisms and 

their interactions with different types of coatings. This knowledge is essential for developing 

more efficient and long�lasting coating systems. Additionally, it helps in customizing coatings 

for specific applications, optimizing material performance, and reducing maintenance costs 

associated with corrosion�related problems. 

3 0aterial and 0ethods 

3.1 0aterials 
In this work, two types of steel strips were used as substrates, depending on the specific 

reTuirements of the respective test program. The first type, hereinafter referred to as Z, 

consisted of hot�dip galvanized steel with an alloy coating composed of zinc and aluminum. 

The second type, hereinafter referred to as Z0, was hot�dip galvanized steel with a Zn�Al�0g 

alloy coating. All used samples were technological steel samples, which were produced on a 

large�scale industrial plant of voestalpine Stahl *mbH in /inz. The specimens used were 

skin�pass rolled, oiled, and had a total thickness of 0.52 mm and 0.75 mm respectively. The Z 

specimens had a coating density of 275 g/m², and the Z0 had a coating of 120 g/m² (half on 

each side). The exact material designation was 'X52' + Z2750% for Z and 'X52' + 

Z01200% for Z0, where 'X52' describes the steel substrate and Z2750% or Z01200% 

describes the galvanized coating (Z = Zn/Al coating� Z0 = Zn/Al/0g coating� 120 and 275 = 

coating density in g/m²� 0% = surface finish). 
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The steel substrates were designated according to their chemical composition in accordance 

with 'IN EN 103���2015� the exact parameters of the specimens are listed in 7DEOH �. 

7DEOH �� Composition and thickness of the metallic coatings on the used steel substrates. 

/DEHO =Q ��� $O ��� 0J ��� &RDWLQJ WKLFNQHVV ��P� 7RWDO WKLFNQHVV ��P� 

= 99,8 0,2 � 20 520 

=0 9�,0 2,5 1,5 9 750 

 

In this study, two types of primers were employed. Firstly, commercially available primers 

based on polyester polyol binders were utilized, incorporating blocked trimeric isocyanate 

crosslinkers. These primers were occasionally modified to align with specific test 

reTuirements,, for example by adding graphene nanoparticles. Additionally, custom�made 

model primers were also employed to systematically assess the impact of diverse factors, such 

as pigment hydrophobization, and to establish comparisons between various pigment types.  All 

primers possessed a peak metal temperature (P0T� temperature needed to completely crosslink 

the coating) between 231 °C and 23� °C and an approximate dwell time of 25 s. A total of 10 

different primer formulations were the subMect of this study. The formulations of the model 

primers used in chapter �.2 to study various parameters are given in 7DEOH � and 7DEOH �. Two 

commercially available topcoats based on polyester polyol binders were additionally used for 

some tests. 

7DEOH �� Primer formulations used for comparison between barrier pigments and inhibitive pigments. 

 )RUPXOD � ZLWK 
EDUULHU 

SLJPHQWV �3�%� 

)RUPXOD � ZLWK 
LQKLELWLYH 

SLJPHQWV �3�,� 

)RUPXOD � ZLWK 
EDUULHU 

SLJPHQWV �3�%� 

)RUPXOD � ZLWK 
LQKLELWLYH 

SLJPHQWV �3�,� 

3RO\HVWHU UHVLQ 

�OLQHDU� 0: ������� 
1�,00 1�,00 10,00 10,00 

(SR[\ UHVLQ �0: 
������� 

� � �,10 �,10 

6RIW UHVLQ �OLQHDU� 

0: ������ 
�,70 �,70 �,70 �,70 

,VRF\DQDWH �,70 �,70 �,70 �,70 
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6KLHOGH[ &��� � 5,75 � 5,75 

7LWDQLXP GLR[LGH 75 
�� 

10,�5 10,�5 10,�5 10,�5 

$63 ��� 5,75 � 5,75 � 

$HURVLO 5 ��� 0,30 0,30 0,30 0,30 

0HWKR[\ SURS\O 
DFHWDWH �03$� 

39,85 39,85 52,375 52,375 

%XW\O DFHWDWH 20,00 20,00 � � 

&\FORKH[DQRQH � � 12,375 12,375 

'HIRDPHU 0,25 0,25 0,25 0,25 

6XP LQ ZW��� ������ ������ ������ ������ 

 
 

7DEOH �� Primer formulations used to determine the influence of hydrophobization and addition of barrier pigments. 

 6 +6 60 6. +60 +6. 

3RO\HVWHU UHVLQ 21.5 21.5 21.5 21.5 21.5 21.5 

(SR[\ UHVLQ 1.8 1.8 1.8 1.8 1.8 1.8 

6RIW UHVLQ �.0 �.0 �.0 �.0 �.0 �.0 

,VRF\DQDWH 5.0 5.0 5.0 5.0 5.0 5.0 

'HIRDPHU 0.3 0.3 0.3 0.3 0.3 0.3 

6LODQH � 2.5 � � 2.5 2.5 

6KLHOGH[ &��� 7.9 7.9 7.9 7.9 7.9 7.9 

7LWDQLXP GLR[LGH 75 �� 10.2 10.2 10.2 10.2 10.2 10.2 

$63 ��� � � � �.5 � �.5 

3ODVWRULW PLFUR � � �.5 � �.5 � 

$HURVLO 5 ��� 0.3 0.3 0.3 0.3 0.3 0.3 
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0HWKR[\ SURS\O DFHWDWH 29.0 2�.5 30.0 30.0 27.0 27.0 

6ROYHVVR ��� 10.0 10.0 10.0 10.0 10.0 10.0 

6XP LQ ZW�� ���� ���� ���� ���� ���� ���� 

 

chapter �.1 of this thesis deals with the characterization of various anti�corrosion pigments, 

which were obtained directly from the manufacturers. A list of the characterized pigments is 

depicted in 7DEOH �. 

7DEOH �� Trade name, manufacturer and composition of the pigments examined. 

7UDGHQDPH 0DQXIDFWXUHU 
&RPSRVLWLRQ DFFRUGLQJ WR 

0DQXIDFWXUHU 

1RYLQR[ ;&$�� SNCZ Calcium ion�exchanged amorphous 

silica 

1RYLQR[ 3$7�� SNCZ 0gHPO� ā 3 H2O 

1RYLQR[ 3$7�� SNCZ 0gHPO� ā 3 H2O 

1RYLQR[ 3$0 SNCZ AlH2P3O10 ā 2 H2O + 0gO 

1RYLQR[ 3&�� SNCZ CaHPO� ā x H2O 

6KLHOGH[ &��� *race Calcium ion�exchanged amorphous 

silica 

+HXFRSKRV &03 Heubach *mbH Ca0g(HPO�)2 ā x H2O 

+HXFRSKRV 6533 Heubach *mbH Strontium aluminum polyphosphate 

hydrate 

=LQNZHLVV +DU]VLHJHO 
&) 

Norzinco *mbH ZnO 

$63 ��� %ASF SE Al�>(OH)8_Si�O10@ 

.�:KLWH *��� Tayca Corp 0odified aluminum triphosphate� 

Al2P�O20 ā � H2O 

.�:KLWH 7& ��� Tayca Corp 0agnesium ion�exchanged amorphous 

silica 
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3.2 Coating Application 
The substrates were cleaned applying a strong alkaline cleaning solution in a cleaning machine 

to remove dirt and traces of oil. %onderite C�AK C 72 (Henkel A* 	 Co. K*aA) was used as 

the cleaning agent in a concentration of 10 g// and the cleaning solution was heated to �0 °C 

during the process. The samples went through a cleaning zone and a washing zone twice each, 

with a throughput speed of 3 m/min. 

SubseTuently, a chromium�free pretreatment solution (%onderite 1�55� Henkel A* Co. K*aA) 

was applied to the clean substrates to form a conversion layer that served as both an adhesion 

promoter for the organic coating and provided additional protection against corrosion. 

'epending on the reTuirements, the specimens were then coated with primer with a layer 

thickness of 3 to 9 µm using spiral wire bar coaters (5' Specialties, Inc.) and then dried at the 

P0T of the appropriate material in an air�circulating oven (Hofmann :lrmetechnik *mbH). 

Typically, a primer layer of � µm thickness was employed unless stated otherwise, which aligns 

with the standard thickness for industrial samples. However, certain scientific tests incorporated 

varying layer thicknesses.  In order to simulate the curing behavior of a primer topcoat system, 

samples that were only coated with primer underwent a second cure at the P0T of the primer. 

For primer�topcoat systems, the primer was first applied to the substrate and cured at its P0T. 

Then, a topcoat with a thickness of approximately 20 µm was applied on top of the primer, 

followed by curing of the entire coating at the appropriate topcoat P0T. The dry film 

thicknesses of the topcoats and primers were measured using the magneto�inductive method 

('eltascope F0P30, Fischer) and the beta backscatter method (Fischerscope 00S, Fischer), 

respectively. The measurements revealed thickness variations of �1 µm.  

As part of some experimental programs, free films were generated. For this purpose, 

polytetrafluoroethylene (PTFE) films were affixed to degreased steel sheets, on top of which 

primer coatings were created through the use of spiral bar coaters and subseTuently heated to 

their P0T in an air�circulated oven. The free films were then peeled off once the coatings had 

cooled down. The PTFE foil substrate enabled a convenient peel�off process, yielding films 

with an approximate dry film thickness of 12 µm. 

3.3 Characterization 
Cross�sectional images were obtained using scanning electron microscopy (SE0� 

Zeiss/8ltra 55) to identify the surface morphologies and particle distribution of the composite 
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coatings. For this purpose, the coated samples were sputtered with gold and embedded in an 

epoxy matrix. The components were identified using an energy dispersion X�ray analyzer 

(E'X� Tescan Clara, Tescan Orsay Holding) at an accelerating voltage of 15 keV and 

Tuantitative compositional data was acTuired. The samples were prepared using cross�section 

polishing (CSP) with an argon ion beam. This techniTue is commonly used in materials science 

and microscopy to prepare samples for analysis by creating a smooth and flat surface 

perpendicular to the cross�section of the material. It involves bombarding the sample surface 

with a focused beam of argon ions, which removes material through sputtering. A typical 

cross�section demonstrating the composition and distribution of the primer
s components is 

depicted in )LJXUH �D� 

 
)LJXUH �� a) A cross‐section polisher (CSP) cross�section of a primer‐coated sample on a hot‐dip galvanized steel substrate 

with a zinc coating of approximately 20 μm per side (Z) before exposure to a NSST. A commercially available primer with a 

layer thickness of approximately 9 μm was applied on top of the zinc coating. To identify the primer components, they were 

labeled with symbols. The sTuare denotes the primer matrix, the circle titanium oxide, the triangle, a phosphate pigment, and 

the star an ion‐exchange pigment. b) Schematic set�up of the blister tester used. 

Anti�corrosion pigments were either purchased directly from the manufacturer or gained by 

separating them from commercially available primers using repeated centrifugation and 

subseTuent decanting using THF. To determine the particle size of the anti�corrosion pigments 

that were obtained from the liTuid primer, two methods were employed. Firstly, a laser 

diffraction analysis (HE/OS/%5 	 48IXE/� Sympatec *mbH) was used to evaluate the 

particle size distribution and secondly, a grindometer (*rindometer nach Hegman, 0odell 232� 

Erichsen *mbH 	 Co. K*) was utilized to determine the maximum particle size for particles 

dispersed in primer. The particle size of pigments, which were received directly from the 

manufacturer, were only analyzed using laser diffraction analysis. 

X�ray diffraction (X5', PANalytcal X’Pert P5O 0P') measurements of all pigments were 

performed at a glancing angle of 3° using a Cobalt Kα radiation (λ = 1.78 Å) at a scanning rate 
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of 1.5°/min in the 2θ range of 10−115°. Characterizations of the pigments and some coatings 

were also carried out using FTI5 (Transit Platinum AT5, %ruker) and 5aman ('X5 

Smart5aman Spectrometer, Thermo Fisher Scientific).   

3.� Physical/0echanical Tests 
'epending on the reTuirements of the test program, various mechanical tests were performed. 

Color measurements in the CIE/A% color space (0A�8II, X�5ite) were taken to determine the 

changes in color. Tribological measurements (Pin�On�'isk Tribometer� T5%3, Anton Paar) 

were performed to estimate the different friction coefficients. The wettability was determined 

by calculating the surface energy by measuring the corresponding contact angles of the applied 

liTuids (0obile Surface Analyzer � 0SA One�Click SFE� Kr�ss), and the dry adhesion was 

determined by pull�off tests in accordance with 'IN EN ISO ��2�. Thermomechanical analysis 

(T0A� 4�00, TA Instruments) was used to determine the glass transition temperatures (Tg) of 

the primer. 

Thermal analysis (T*A/'SC) was conducted on all pigments, which were analyzed in the form 

of pellets. The samples were placed in Al2O3 crucibles with a capacity of 85 µl and were 

analyzed without a lid under a nitrogen atmosphere. The thermal analysis procedure followed 

a temperature protocol commencing at 30 °C and subseTuently ramping up at a rate of 10 K/min 

until reaching 800 °C, at which point it was maintained for a duration of 30 minutes. 

3.5 Corrosion Tests 
Neutral salt spray tests (NSST) were performed in accordance with 'IN EN ISO 9227. The 

specimens were cut to dimensions of 150 mm î 100 mm using plate shears. Tests were 

conducted on both, the barrier properties of the specimens, for which undamaged samples were 

used, and protection against anodic delamination, for which two scribes were applied to the 

sample surface. A scribe extending to the zinc coating was administered on the left�hand side, 

while another scribe extending to the steel substrate underneath was applied on the right�hand 

side. To mitigate ambiguous corrosion occurrences at the specimen edges, adhesive tape was 

employed to cover them entirely. The samples were photographed daily during the initial 

weeks, transitioning to a weekly schedule thereafter, in order to monitor the progression of 

corrosion. Following a predetermined duration, ranging between �00 to 3,000 hours based on 

specific reTuirements and experimental setups, all samples were taken out of the chamber, and 

in the case of samples with scribes, the delaminated region was removed using a blunt scalpel. 

Each sample was examined using S0A5T, a commercial image analysis program, to Tuantify 

the extent of corrosion or delamination (accessible at http�//www.Tuantiz.tech/). Via 
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identification of any color changes on the surface, it was possible to distinguish between intact 

and delaminated portions in taken images. 

In addition, a homemade blister tester applying 100� condensing humidity was used to 

replicate and accelerate the effects of rain and dew on the coated materials. Primer and top coat 

samples measuring 90 mm x 90 mm were used. %ecause of the ambient temperature of 

approximately 23 °C and the constant water bath temperature of 70 °C, the backsides of the 

samples had a thermal gradient and a surface temperature of approximately 55 °C. A schematic 

of the used set�up is depicted in )LJXUH �E� The coatings were examined for defects, and the 

extent of blistering was visually evaluated once a week, in accordance with ISO ��28�2. A 

bubble assessment matrix was used to convert bubble Tuantity (T) and size (s) into numerical 

values, as shown in 7DEOH �. 5eference photographs were employed to rate the samples on a 

scale of 0 to 5, with 0 indicating no bubble formation and 5 indicating significant bubble 

formation. 

7DEOH �� A blister assessment matrix in accordance with ISO ��28�2. 8sing reference photos, the bubble Tuantity (m) and 

bubble size (g) were rated and conseTuently converted into numerical values. 0 denotes no bubble formation and 5 denotes 

extensive bubble production. 

1XPHULFDO 

(YDOXDWLRQ 
%OLVWHU LPDJH UDWLQJ DFFRUGLQJ WR ,62 ������ 

� T0s0          

� T1s1          

� T1s2 T2s1 T1s3        

� T2s2 T1s� T1s5 T3s1       

� T3s2 T�s2 T�s3 T2s3 T3s3 T2s� T1s5 T�s1 T5s1  

� T5s2 T�s3 T5s3 T3s� T�s� T5s� T2s5 T3s5 T�s5 T5s5 

 

3.� Electrochemical Tests 
All electrochemical measurements were performed with a 2�electrode setup using homemade 

measuring cells. P00A tubes were affixed to the sample surfaces, using a two�component glue 

(8H8 2�Komponentenkleber Plus, 8H8 *mbH 	 Co K*) creating an exposed area of about 

12.5 cm2. The working electrode was the steel substrate, which was in contact with the 

electrolyte solution (1 0 NaCl solution), a platinum mesh was used as the counter/reference 
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electrode and the sample was connected to a potentiostat (*amry 5eference �00� *amry 

Instruments Inc.). The parameters of the measurements were changed in accordance with the 

experiments. A representation of the setup is depicted in )LJXUH �� 

 

 
)LJXUH �� A Schematic illustration of the two‐electrode setup used for the electrochemical measurements. Figure from >�@. 

The eTuilibrium OCP value was recorded after the sample had been in contact with the 

electrolyte solution (1 0 NaCl solution) for 2� h, and this value served as the starting point for 

further electrochemical measurements. In each experiment, the measured value had adMusted to 

the value of the substrate after 2� hours, regardless of the coating. For the Z�samples, the OCP 

value was �750 � 10mV vs SHE, while for the Z0�samples, it was �783 � 10mV vs SHE. Visual 

examination with the naked eye did not reveal any noticeable disparities on the sample surface 

after exposure to the electrolyte. Although there were no discernible chemical differences 

detected by E'X analyses, SE0 images indicated minor visual differences after electrolyte 

exposure, with the surface appearing somewhat rougher.  

For the impedance measurements, the excitation amplitude was 10 mV, and the recorded 

freTuency range was 10�2�105 Hz. The measurements were performed every 30 min for 2� h to 

track the changes in the impedances of the coatings. Echem AnalystT0 software was used for 

the analysis (*amry Instruments Inc.). To measure the linear polarization resistance (/P5), 

electrolyte solution was added to the tube, and polarization curves in the range of �10 mV vs 

the OCP were recorded every 30 minutes for 2� hours. The slope of the polarization curves in 

the range of �5 mV vs the OCP was used to calculate the resistance. 

Two devices were used to measure the cathodic delamination (C'), both of which were 

self�made or consisted of an adaption of an existing electrochemical cell. On the one hand, a 

cathodic delamination apparatus, which had been constructed for verifying whether specimens 

were pretreated before coating, was used. In this device up to 8 samples can be exposed in 

parallel to a specified current intensity. Test duration, temperature, and current intensity are 
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freely selectable, but only a galvanostatic mode of operation is possible. The specimens were 

cut to a size of 30 mm x 150 mm for use in this test and, in the case of full coating build�up 

specimens, a 50 mm long and 1 mm wide scribe was applied in the center down to the zinc 

coating (scribe according to van /aar). The edges of the specimens were masked and after 

exposure, the detached paint was removed with a blunt scalpel, and the distance of the detached 

paint from the scribe is determined either visually or using the S0A5T program. In this test, a 

potassium hydroxide solution was used as electrolyte. 

On the other hand, an electrochemical cell from *amry was adapted by 3' printing a 

replacement for one part of the cell, therefore creating a sample test area of approximately 

38.5 cm² for the experiments. This modified cell configuration enabled the variation of multiple 

parameters, including changes in the electrolyte composition and gassing conditions. 0oreover, 

the setup allowed for the versatility to operate in either galvanostatic or potentiostatic modes. 
)LJXUH �  illustrates the two experimental setups. 

 
)LJXUH �� a) Self�built delamination apparatus used by voestalpine to check whether samples have been pretreated. b) 

Electrochemical cell adapted by means of 3' printing. 

8pon the completion of the tests, for samples that were additionally coated with a topcoat, the 

detached coating was carefully removed using a blunt scalpel. The extent of detachment, 

measured from the point of origin at the scribe, was subseTuently determined either through 

visual inspection or by utilizing the S0A5T image analysis software. 

3.7 Elution Tests 
Free coating films were used to carry out elution tests. Approximately 550 mg of the coating 

film was immersed in �00 m/ of deionized water at 50 °C for 10 days. Flame atomic absorption 

spectrometry (F�AAS, Analytic ContrAA 300� Analytic -ena *mbH), inductively coupled 

plasma�mass spectrometry (ICP�0S, Thermo Scientific ICAP�54, Thermo Scientific Inc.), and 

anion chromatography (Thermo Science AS9�HC � mm Ion Pac, Thermo Fisher Scientific Inc.) 
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were used to measure the ion concentration in the eluate. Furthermore, daily measurements of 

the conductivities of all eluates were conducted to monitor all changes.  

3.8 :ater 8ptake 
The water absorption of the primer samples was determined using two different methods. On 

the one hand, it was calculated by evaluating NyTuist plots derived from impedance 

measurements using the %rasher�Kingsbury eTuation. On the other hand, it was calculated 

gravimetrically using a sorption balance (ATuadyne 'VS™, 4uantachrome Instruments). For 

the sorption balance measurements, free coating films were utilized as described in section 3.2, 

and a program was used in which the temperature was kept at 30 °C and the relative humidity 

was increased over a period of 2� h in increments of 10� per hour from 0 to 100� and then 

decreased again to 0�. 'uring the first 3 hours of the measurements, the samples were each 

dried at 80 °C in the sorption balance in order to reset aging effects The change in mass of the 

sample material with subseTuent humidity variations at 30 °C was continuously measured. 

� 5esults and 'iscussion 

�.1 Analyses of Typical Commercially Available Anti�Corrosion Pigments 

�.1.1 ObMective of the Study and Implementation 
There is a whole range of commercially available pigments, which can be divided into different 

categories. The aim of this part of the thesis was to analyze and categorize 12 commercially 

available pigments as comprehensively as possible using a variety of methods, including 

infrared spectroscopy (I5), 5aman spectroscopy, scanning electron microscopy (SE0), energy�

dispersive X�ray spectroscopy (E'X), X�ray diffraction analysis (X5'), inductively coupled 

plasma optical emission spectroscopy (ICP�OES), and particle size distribution analysis using 

laser diffraction. This comprehensive characterization was carried out in order to identify the 

different corrosion protection mechanisms of the pigments. 

The results showed that the 12 pigments can be classified into one of three categories� barrier 

pigments, sacrificial pigments, and inhibitive pigments. The barrier pigments act as a physical 

barrier to prevent the corrosive species from coming into contact with the metal surface. The 

sacrificial pigments corrode preferentially to the metal, thereby protecting it and the inhibitive 

pigments function by forming a protective layer on the metal surface, which slows down the 

corrosion process. 
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The use of different characterization techniTues allowed for a comprehensive understanding of 

the morphology, composition, and distribution of the pigments. I5 and 5aman spectroscopy 

were used to determine the functional groups present in the pigments. SE0 and E'X were used 

to study the morphology and elemental composition of the pigments. For SE0 analysis, the 

pigments were each embedded in Araldite� '%F epoxy resin 2,2
�bis>��(2,3�

epoxypropoxy)phenyl@propane in combination with Aradur H< 95� / 5EN H< 95�� 

(triethylenetriamine) hardener. ICP�OES was used to determine the concentration of various 

metals in the pigments. Particle size distribution analysis using laser diffraction was employed 

to study the size distribution of the pigments. 

In conclusion, this study provides a comprehensive analysis and characterization of 12 different 

anti�corrosion pigments, allowing for a better understanding of their mechanism of corrosion 

inhibition. The classification of the pigments into three categories provides insights into their 

uniTue properties and potential applications in various industries. 

�.1.2 5esults 
An overview of the mechanical properties of all the pigments provided by the companies’ data 

sheets is displayed in 7DEOH �. 

7DEOH �� Properties of all pigments according to their data sheet. 

3LJPHQW 
'HQVLW\ � 

J FP�� 

2LO &RXQW � 

P/ ��� J�� 
S+ 
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μm 
+D]DUGV 

1RYLQR[ 
;&$�� 

2,1 75 7,0 1,0 5 None 

1RYLQR[ 
3$7�� 
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H�10 

1RYLQR[ 

3$7�� 
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1RYLQR[ 3$0 2,� 50 9,5 0,� � H319 

1RYLQR[ 3&�� 2,7 35 �,0 0,1 � None 
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+HXFRSKRV 
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+HXFRSKRV 
6533 
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=LQNZHLVV 
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*��� 
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7&��� 
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7DEOH � shows the grain size distribution of the particles, measured via laser diffraction, carried 

out in the laboratory for environmental and operational analysis at voestalpine Stahl *mbH. 

The '50 value, the '90 value, the Sauter mean diameter (S0') and the volume mean diameter 

(V0') are listed. 

7DEOH �� Particle size distribution of all Pigments, measured via laser diffraction. 

3LJPHQW D50 / μm D100 / μm SMD / μm VMD / μm 

1RYLQR[ 

;&$�� 
�,89 15,00 3,9� 5,0� 

1RYLQR[ 
3$7�� 
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1RYLQR[ 

3$7�� 
5,78 33,37 3,85 7,29 

1RYLQR[ 3$0 �,0� 30,5 �,�8 8,52 

1RYLQR[ 3&�� �,98 25,50 2,89 �,0� 

6KLHOGH[ &��� 3,80 10,50 3,18 3,93 

+HXFRSKRV 

&03 
3,71 21,50 2,5� �,22 
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=LQNZHLVV 

+D]VLHJHO &) 
2,08 30,50 1,�� 3,5� 

$63 ��� 3,79 30,50 2,�7 5,13 

.�:KLWH 
*��� 

5,58 39,85 3,87 7,�� 

.�:KLWH 
7&��� 

13,1� �7,33 �,53 1�,19 

 

SE0 images were taken of all samples, which are provided in the appendix. Individual results 

for all pigments are as follows� 

�.1.2.1 Novinox XCA02 

According to the manufacturer, the pigment is an amorphous calcium�exchanged silica. 

�NOVINOX XCA02 is a corrosion inhibiting pigment designed for coil coatings. It is a stable 

and easily dispersed white powder with a low tinting strength. NOVINOX XCA02 has been 

developed as a non�toxic and Eco�Friendly alternative to Strontium chromate in Coil Coatings. 

Compatible with P8 and PE/0elamine systems, NOVINOX XCA02 gives excellent 

anticorrosive performance in Coil Coatings applied to H'*S, *alfan, *alvalume and C5S. 

NOVINOX XCA02 may be used alone or in association with a phosphate�based pigment.” >75@. 

The E'X analysis revealed the predominant presence of nearly pure calcium oxide (CaO) and 

silicon dioxide (SiO2) particles within the sample. This outcome is potentially attributable to 

the combination of pure CaO and SiO2 particles during the manufacturing process of the 

pigment. The compositional profile exhibited high purity, as confirmed by ICP�OES analysis, 

which detected only a minor trace of magnesium (0g) impurity alongside the anticipated 

elemental constituents, namely calcium (Ca), silicon (Si), and oxygen (O). In addition, the E'X 

analysis on a carbon tape exhibited an absence of detectable impurities. It is therefore worth 

noting that the E'X techniTue has a lower sensitivity compared to ICP�OES. 4uantification of 

carbon content was not feasible using either analytical method due to their limitations for carbon 

detection. 'etailed ICP�OES and E'X compositions are listed in 7DEOH �.  
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7DEOH �� Chemical composition of Novinox XCA02 according to ICP�OES and area E'X. Impurities are underlined and 

bold. 

$QDO\VLV 0HWKRG )XVLRQ &D � Z� 0J � Z� 6L � Z� 2 � Z� 

,&3�2(6 NaHSO� 3,80 ���� 3�,�0 59,53 

('; � 3,2 � 38,0 58,7 

 

The X5' analyzes posed challenges because of the amorphous nature of the material. However, 

calcium carbonate and hatrurite could be detected (see 7DEOH �). 8nfortunately, a large 

proportion of pure silicon oxide is still missing for a realistic depiction of the element ratios. 

)LJXUH � shows the X5' spectrogram of the pigment. 

7DEOH �� /ist of phases found in the X5' of Novinox XCA02. 

0LQHUDO 0ROHFXODU IRUPXOD 

Calciumcarbonat CaCO3 

Hatrurit Ca3SiO5 

 

 
)LJXUH �� X5' spectrogram of Novinox XCA02. 

Characterization using infrared and 5aman spectroscopy was only possible to a limited extent 

due to the amorphous nature of the material. However, characteristic bands could be found 
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which indicate amorphous SiO2 (FTI5) and carbonates (5aman). In )LJXUH �, the wave number 

is plotted against the transmission (FTI5) and the intensity (5aman).  

 
)LJXUH �� FT�I5 and 5aman spectra of Novinox XCA02. 

 

�.1.2.2 Novinox PAT30 

According to the manufacturer, the pigment is a magnesium hydrogen phosphate trihydrate 

(0gHPO� 3H2O) with a low impurity of zinc phosphate (�5�). 

�NOVINOX PAT30 is a corrosion inhibiting pigment that allows the formulation of 

environmentally friendly paints. It is a stable and non�hygroscopic white powder, which is 

easily dispersed. NOVINOX PAT30 is compatible with solvent and water�based resins. It 

shows the best performance in solvent borne alkyd systems. NOVINOX PAT30 is also used in 

coil coating in association with ion exchanged silica.” >7�@. 

Contamination with zinc were detected in both elemental analyses, a result which is in 

accordance with the manufacturer
s documented information, accessible on the official website 

of the product.  In addition, a small amount of calcium contamination was detected. The carbon 

content of the sample could not be determined because both analytical methods are unsuitable 

for measuring carbon. 7DEOH �� lists the ICP�OES and E'X compositions on carbon tape. 
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7DEOH ��� Chemical composition of Novinox PAT30 according to ICP�OES and area E'X. Impurities are underlined and 

bold. 

$QDO\VLV 0HWKRG )XVLRQ &D � Z� 0J � Z� 3 � Z� =Q � Z� 2 � Z� 

,&3�2(6 HCl ���� 1�,80 17,�0 ���� ��,98 

('; � ��� 1�,1 18,2 ��� ��,� 

 

The peaks could be well assigned to the expected substances� magnesium hydrogen phosphate 

trihydrate and zinc phosphate tetrahydrate, with only magnesium hydrogen phosphate being 

desirable from the two substances and zinc phosphate being an impurity, which was announced 

by the manufacturer. )LJXUH � shows the spectrogram of the pigment, 7DEOH �� shows the 

phases found. 

7DEOH ��� /ist of phases found in the X5' of Novinox PAT30. 

0LQHUDO 0ROHFXODU IRUPXOD 

0agnesium hydrogen phosphate trihydrate 0gHPO�ā(H2O)3 

Zinc phosphate tetrahydrate Zn3(PO�)2ā(H2O)� 

 

 
)LJXUH �� X5' spectrogram of Novinox PAT30. 

:hen characterizing the pigment using FTI5 and 5aman spectroscopy, characteristic bands for 

magnesium phosphate trihydrate (FTI5) and magnesium hydrogen phosphate (5aman) were 
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found. In )LJXUH �, the wave number is plotted against the transmission (FTI5) and the intensity 

(5aman). 

 
)LJXUH �� FT�I5 and 5aman spectra of Novinox PAT30. 

�.1.2.3 Novinox PAT15 

According to the manufacturer, the pigment is a magnesium hydrogen phosphate trihydrate 

(0gHPO� ā 3H2O) with a small impurity of zinc phosphate (0�2.5�). 

“NOVINOX PAT15 is a corrosion inhibiting pigment developed to formulate Chrome free coil 

coatings. It is a stable and non�hygroscopic white powder, which can be easily dispersed. 

NOVINOX PAT15 is compatible with P8 and PE/melamine systems designed for coil coatings. 

NOVINOX PAT15 is usually used in association with Novinox XCA02.” >77@. 

%ased on ICP OES data, the pigment contains no impurities, with solely magnesium and 

phosphorus detected (oxygen and hydrogen being beyond detection limits). The particle 

analysis using E'X revealed a heterogeneity in magnesium concentrations among different 

particles. As indicated by the manufacturer, the pigments do contain minor zinc impurities and 

the E'X analyzes also found small amounts of calcium impurities, similar to the Novinox 

PAT30 sample. This outcome is consistent with the expectations as Novinox PAT30 and 

Novinox PAT15 share their chemical compositions. Interestingly, these impurities remained 

undetected in ICP�OES analyses. The carbon content of the sample could not be determined 

due to the unsuitability of E'X analyses on carbon tape for carbon measurement. 7DEOH �� lists 

the E'X compositions. 
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7DEOH ��� Chemical composition of Novinox PAT15 according to surfaces E'X. Impurities are underlined and bold. 

$QDO\VLV 0HWKRG )XVLRQ &D � Z� 0J � Z� 3 � Z� =Q � Z� 2 � Z� 

,&3�2(6 NaHSO� � 17,79 15,28 � ��,93 

('; � ��� 21,� 1�,� ��� �3,1 

 

0agnesium phosphates were present in their modifications as phosphate and hydrogen 

phosphate. The zinc phosphate impurity appears to be present as diphosphate. )LJXUH � shows 

the spectrogram of the pigment, 7DEOH �� shows the phases found. 

7DEOH ��� /ist of phases found in the X5' of Novinox PAT15. 

0LQHUDO 6XPPHQIRUPHO 

0agnesium Hydrogen Phosphate Hydrate 0gHPO�ā(H2O)3 

0agnesium Phosphate Hydrate 0g3(PO�)2ā(H2O)8 

Zinc phosphate Zn2P2O7 

 

 
)LJXUH �� X5' spectrogram of Novinox PAT15. 

The FT�I5 and 5aman spectra indicate (magnesium) phosphates, like %obierrite (0g3(PO�)2 ā 

8 H2O). In )LJXUH � the wave number is plotted against the transmission (FTI5) and the 

intensity (5aman). 
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)LJXUH �� FT�I5 and 5aman spectra of Novinox PAT15. 

�.1.2.� Novinox PA0 

According to the manufacturer, the pigment is a magnesium aluminum triphosphate 

(AlH2P3O10 ā 2 H2O + 0gO) (impurity� zinc oxide (�0.25�)). 

�NOVINOX PA0 is a corrosion inhibiting pigment suitable for coil coatings. It is a stable and 

non�hygroscopic white powder with a low tinting strength, it is easily dispersed. NOVINOX 

PA0 has been developed to be an alternative to Strontium chromate in Coil Coatings. It is 

compatible with P8 and PE/melamine systems. It gives excellent anti�corrosive performance 

in Coil Coatings applied to *alvalume.� >78@. 

The particles measured with E'X all consist almost exclusively of either aluminum phosphate 

or magnesium oxide. The pigment appears to have either originally existed as a double salt or 

simply two different salts were mixed together. The ICP OES analysis also found very small 

amounts of iron and zinc oxide. The carbon content of the sample could not be determined due 

to the unsuitability of E'X analyzes on a carbon tape for measuring carbon. 7DEOH �� lists the 

compositions according to ICP OES and E'X. 
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7DEOH ��� Chemical composition of Novinox PA0 according to ICP�OES and area E'X. Impurities are underlined and bold. 

$QDO\VLV 0HWKRG )XVLRQ 
0J � 
Z� 

3 � 
Z� 

=Q � 
Z� 

$O � 
Z� 

)H � 
Z� 

2 � 
Z� 

,&3�2(6 H2SO� 17,90 20,30 ���� �,�0 ���� 55,12 

('; � 19,7 20,1 � 7,3 � 52,9 

 

The X5' measurements detected aluminum triphosphate (as dihydrate and anhydrous) and 

magnesium oxide in the form of periclase. )LJXUH � shows the spectrogram of the pigment and 

7DEOH �� shows the phases found. 

7DEOH ��� /ist of phases found in the X5' of Novinox PA0. 

0LQHUDO 0ROHFXODU IRUPXOD 

Aluminum dihydrogen triphosphate dihydrate Al>H2P3O10@ā(H2O)2 

Aluminum dihydrogen triphosphate Al>H2P3O10@ 

Periclase 0gO 

 

 
)LJXUH �� X5' spectrogram from Novinox PA0. 

'espite clear bands, no assignment using the database was possible. There are, however, 

indications of phosphates. In )LJXUH ��, the wave number is plotted against the transmission 

(FTI5) and the intensity (5aman). 
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)LJXUH ��� FT�I5 and 5aman spectra of Novinox PA0. 

�.1.2.5 Novinox PC01 

According to the manufacturer, the pigment is a calcium hydrogen phosphate (in the form of 

mono� and dihydrate). �NOVINOX PC01 is a calcium phosphate used as an anticorrosion 

inhibiting pigment in '<I coatings. It is a stable and non�hygroscopic white powder, it is easily 

dispersed. NOVINOX PC01 may be used in formulations for environmentally friendly 

coatings.” >79@. 

The measured elements almost perfectly reproduce the expected, theoretical composition, with 

the exception of iron (0.�� and 0.2�, respectively) and magnesium (0.8�) impurities. The 

carbon content of the sample could not be determined because E'X analyzes on a carbon tape 

are unsuitable for measuring carbon. 7DEOH �� lists the compositions according to ICP OES and 

E'X. 

7DEOH ��� Chemical composition of Novinox PC01 according to ICP�OES and area E'X. Impurities are underlined and bold. 

$QDO\VLV PHWKRG )XVLRQ &D � Z� 3 � Z� )H � Z� 2 � Z� 0J � Z� 

,&3�2(6 HCl 27,00 20,80 ���� 51,80 � 

('; � 27,9 19,7 ��� 51,� ��� 

 

X5' measurements revealed the presence of calcium phosphate in the modifications hydrogen 

phosphate and hydroxyapatite. In addition, a proportion of calcium carbonate was detected, 
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which should not actually be present. )LJXUH ��)LJXUH  shows the spectrogram of the 

pigment and 7DEOH �� shows the phases found. 

7DEOH ��� /ist of phases found in the X5' of Novinox PC01. 

0LQHUDO 0ROHFXODU IRUPXOD 

Calcium hydrogen phosphate CaHPO� 

Hydroxyapatite Ca5>OH(PO�)3@ 

Calcite CaCO3 

 

 
)LJXUH ��� X5' spectrogram from Novinox PC01. 

Characteristic bands for calcium phosphate (FTI5) and calcite, CaCO3 (5aman) were found 

when characterizing the pigment using FTI5 and 5aman spectroscopy. Since CaCO3 was 

detected in both the X5' measurement and the 5aman measurement, it can be assumed that 

carbonate is present in the pigment. In )LJXUH ��, the wave number is plotted against the 

transmission (FTI5) and the intensity (5aman). 
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)LJXUH ��� FT�I5 and 5aman spectra of Novinox PC01. 

�.1.2.� Shieldex C303 

Shieldex C303 is a well�established pigment with a history of use and numerous existing 

publications exploring potential reaction mechanisms. As stated by the manufacturer, the 

pigment is composed of amorphous calcium�exchanged silica >80@. 

The measured elements are very similar to the expected values with a small impurity of 

magnesium measured using ICP OES (0.0��). The carbon content of the sample could not be 

determined because E'X analyzes on a carbon tape are unsuitable for measuring carbon. 7DEOH 
 lists the compositions according to ICP OES and E'X. 

7DEOH ��� Chemical composition of Shieldex C 303 according to ICP�OES and area E'X. Impurities are underlined and 

bold. 

$QDO\VLV PHWKRG )XVLRQ &D � Z� 0J � Z� 6L � Z� 2 � Z� 

,&3�2(6 NaHSO� 2,73 ���� 39,29 57,9� 

('; � 2,9 � �1,7 55,� 

 

Since the pigment is highly amorphous, phases could not really be detected. Only mutinaite, a 

modification of silicon dioxide, can be assumed. )LJXUH �� shows the spectrogram of the 

pigment and 7DEOH �� shows the phases found. 
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7DEOH ��� /ist of phases found in the X5' of Shieldex C 303. 

0LQHUDO 0ROHFXODU IRUPXOD 

0utinaite SiO2 

 

 
)LJXUH ��� X5' spectrogram of Shieldex C 303. 

:hen characterizing the pigment using FTI5, characteristic bands for amorphous silicon 

dioxide were found. It was not possible to gain a 5aman spectrum. In )LJXUH �� the wave 

number is plotted against the transmission (FTI5). 

 
)LJXUH ��� FT�I5 spectrum of Shieldex C 303. 
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�.1.2.7 Heucophos C0P 

According to the manufacturer’s specifications, the pigment consists of calcium magnesium 

orthophosphate a compound that has a well�established history in the market, supported by 

relevant literature. The particle properties were found on the manufacturer
s website >81@. 

8pon elemental analysis, the pigment exhibited traces of contamination, including zinc, 

aluminum, and iron. It is worth noting that the concentrations of aluminum and iron were 

exclusively Tuantifiable using the more sensitive ICP OES analysis method. The proportion of 

calcium is many times higher than that of magnesium. 7DEOH �� lists the compositions 

according to ICP OES and E'X. 

7DEOH ��� Chemical composition of Heucophos C0P according to ICP�OES and area E'X. Impurities are underlined and 

bold. 

$QDO\VLV 
PHWKRG 

)XVLRQ 
&D � 
Z� 

0J � 
Z� 

3 � 
Z� 

=Q � 
Z� 

$O � 
Z� 

)H � 
Z� 

2 � 
Z� 

,&3�2(6 HCl 30,�0 1,82 18,90 ���� ���� ���� �7,7� 

('; � 31,9 1,9 18,2 ��� � � �5,0 

 

The measurements encompass a mixture of different calcium phosphate and magnesium 

phosphate modifications, as well as a composite of both. A spectrogram of the pigment is 

depicted in )LJXUH ��, while 7DEOH �� details the identified phases.  

7DEOH ��� /ist of phases found in the X5' of Heucophos C0P. 

0LQHUDO 0ROHFXODU IRUPXOD 

0onetite CaHPO� 

Hydroxyapatite Ca5>OH(PO�)3@ 

0agnesium hydrogen phosphate trihydrate 0gHPO�ā(H2O)3 

:hitlockite Ca9Fe0.20g0.8>PO3OH(PO�)�@ 
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)LJXUH ��� X5' spectrogram of Heucophos C0P. 

:hen characterizing the pigment using FTI5 and 5aman spectroscopy, characteristic bands for 

hydroxyapatite, Ca5(PO�)3(OH) (FTI5) and apatite, Ca5>(F,Cl,OH)_(PO�)3@ (5aman) were 

found. In )LJXUH ��, the wave number is plotted against the transmission (FTI5) and the 

intensity (5aman). 

 
)LJXUH ��� FT�I5 and 5aman spectra of Heucophos C0P. 

�.1.2.8 Heucophos S5PP 

According to the manufacturer, the pigment consists of strontium aluminum polyphosphate 

hydrate >82@. 
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ICP�OES analysis was unfeasible due to the pigment
s insolubility, resisting dissolution via 

traditional methods—neither through NaHSO�, nor when subMected to HCl or H2SO�. In the 

E'X analysis, the expected elements were identified, with a higher proportion of aluminum 

than strontium. %oth composite particles, comprising aluminum and strontium, and particles 

comprising only one of those were Tuantifiable. 7DEOH �� lists the E'X compositions on carbon 

tape. 

7DEOH ��� Chemical composition of Heucophos S5PP according to area E'X. 

$QDO\VLV PHWKRG )XVLRQ 6U � Z� 3 � Z� $O � Z� 2 � Z� 

('; � 18,8 19,7 7,2 5�,3 

 

'uring the X5' analysis, unexpected findings emerged, including aluminum phosphate, 

aluminum triphosphate, and a variant of strontium carbonate – contrary to anticipated outcomes. 

According to the manufacturer, strontium phosphate should be present instead. )LJXUH �� 

shows the spectrogram of the pigment and 7DEOH �� depicts the phases found. 

7DEOH ��� /ist of phases found in the X5' of Heucophos S5PP. 

0LQHUDO 0ROHFXODU IRUPXODU 

%erlinit AlPO� 

Aluminum dihydrogen triphosphate dihydrate Al>H2P3O10@ā(H2O)2 

Strontianite SrCO3 
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)LJXUH ��� X5' spectrogram of Heucophos S5PP. 

:ith pigment characterization through FTI5 and 5aman spectroscopy, characteristic bands for 

carbonates were found in both analyses. Since carbonates were also detected in the X5' 

measurement, it is reasonable to assume the presence of carbonate within the pigment. In 

)LJXUH ��, the wave number is plotted against the transmission (FTI5) and the intensity 

(5aman). 

 
)LJXUH ��� FT�I5 and 5aman spectra of Heucophos S5PP. 
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�.1.2.9 Zinkweiss Harzsiegel CF 

The pigment is composed exclusively of zinc oxide, a very old pigment predominantly used for 

cold rolled coil coatings. Numerous publications discussing its properties and applications are 

available, the safety data sheet contains the following information >83@. 

%oth ICP�OES and E'X analyses exclusively revealed the presence of zinc oxide, suggesting 

that the pigment likely exists in a pure form. 7DEOH �� lists the results of the E'X analysis and 

the ICP OES analysis. 

7DEOH ��� Chemical composition of Zinkweiss Harzsiegel CF according to ICP�OES and surfaces E'X. 

$QDO\VLV PHWKRG )XVLRQ =Q � Z� 2 � Z� 

,&3�2(6 HCl 80,�0 19,�0 

('; � 81,0 19,0 

 

Only one modification of zinc oxide was detected in the X5' measurement. This is listed in 

7DEOH ��. The X5' spectrogram is shown in )LJXUH ��. 

7DEOH ��� /ist of the phases found in the X5' of Zinkweiss Harzsiegel CF. 

0LQHUDO 0ROHFXODU IRUPXODU 

Zincite ZnO 

 

 
)LJXUH ��� X5' spectrogram of Zinkweiss Harzsiegel CF. 
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:hen characterizing the pigment using FTI5 and 5aman spectroscopy, characteristic bands for 

zincite and ZnO were found in both analyses, which is consistent with the X5' analysis. In 

)LJXUH �� the wave number is plotted against the transmission (FTI5) and the intensity 

(5aman). 

 
)LJXUH ��� FT�I5 and 5aman spectra of Zinkweiss Harzsiegel CF. 

�.1.2.10 ASP �00 

ASP�00 is a filler which, according to the manufacturer, consists largely of kaolinite >8�@. 

“ASP� �00 is a good extender when used in primers. ASP� �00 kaolin is highly recommended 

for polyester pultrusion profiles and is generally used in solvent�borne adhesives and rubber 

compounds where color is not of primary importance. Typical applications� OE0 primers, 

phenolics, solvent�borne gravure inks, %0C / S0C, solvent�borne adhesives and sealants, 

pultrusion profiles” >85@. 

In addition to the expected elements, the elemental analysis also detected impurities of calcium, 

titanium and iron. 7DEOH �� lists the compositions according to ICP OES and E'X. 

7DEOH ��� Chemical composition of ASP �00 according to ICP�OES and area E'X. Impurities are underlined and bold. 

$QDO\VLV PHWKRG )XVLRQ 
&D � 
Z� 

6L � 
Z� 

$O � 
Z� 

7L � 
Z� 

)H � 
Z� 

2 � 
Z� 

,&3�2(6 NaHSO� ���� 20,7� 19,70 ���� � 58,�5 

('; � � 19,� 20,0 ��� ��� 59,1 
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In addition to the expected modification kaolinite, a modification of alumina and two 

modifications of silica were found, which could be present due to decomposition of kaolinite. 

Notably absent are the identified phases for the measured impurities – calcium, titanium, and 

iron – likely due to their possibly low concentrations. )LJXUH �� shows the spectrogram of the 

pigment, 7DEOH �� shows the phases found. 

7DEOH ��� /ist of phases found in the X5' of ASP �00. 

0LQHUDO 0ROHFXODU IRUPXODU 

Silicon oxide hydride H3SiOSiH3 

Kaolinite Al�>(OH)8_Si�O10@ 

Zeolite SiO2 

Aluminum oxide Al2O3 

 

 
)LJXUH ��� X5' spectrogram of ASP �00. 

 

'uring the pigment
s characterization through FTI5 and 5aman spectroscopy, characteristic 

bands corresponding to aluminum silicate were discernible within the FTI5 spectrogram, which 

aligns with findings from other analyses. Furthermore, the 5aman spectrogram revealed the 

presence of titanium oxide. Thus, the detected titanium exists in an oxide form, commonly 

employed as an industry�grade filler. In )LJXUH ��, the wave number is plotted against the 

transmission (FTI5) and the intensity (5aman). 
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)LJXUH ��� FT�I5 and 5aman spectra of ASP �00. 

 

�.1.2.11 K�:hite *730 

According to the manufacturer, K�:hite * 730 is an anti�corrosion pigment based on modified 

aluminum triphosphate >8�, 87@. 

In the elemental analysis, in addition to the expected elements, the ICP�OES revealed an 

unexpected presence of calcium, while the E'X analysis detected zinc and silicon. The 

proportion of magnesium is greater than that of aluminum, contradicting the fact that the 

pigment is advertised as modified aluminum phosphate and not modified magnesium oxide. 

7DEOH �� lists the compositions according to ICP OES and E'X. 

7DEOH ��� Chemical composition of K�:hite *730 according to ICP�OES and area E'X. Impurities are underlined and bold. 

$QDO\VLV PHWKRG )XVLRQ 
6L � 
Z� 

$O � 
Z� 

&D � 
Z� 

0J � 
Z� 

=Q � 
Z� 

3 � 
Z� 

2 � 
Z� 

,&3�2(6 NaHSO� � �,2� ���� 12,8� � 1�,2� �8,5 

(';  � ��� 7,8 ��� 10,7 ��� 2�,5 50,� 

 

As stated by the manufacturer, aluminum phosphate, which is present in its dimeric form, could 

be detected in the X5' analysis. In addition, magnesium oxide in the modification periclase 

and silicon dioxide were found. In the case of the latter, it is uncertain whether the compound 

was not contaminated with silicon oxide particles during sample preparation, since no silicon 
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could be detected in the analysis using ICP OES. The spectrogram of the pigment is listed in 

)LJXUH ��, and the phases found in 7DEOH ��. 

7DEOH ��� /ist of phases found in the X5' of K�:hite * 730. 

0LQHUDO 0ROHFXODU IRUPXODU 

Periclase 0gO 

Aluminum triphosphate dihydrate Al2P�O20 ā � H2O 

Silica SiO2 

 

 
)LJXUH ��� X5' spectrogram of K�:hite * 730. 

Although both 5aman and infrared spectra could be displayed, a clear assignment of 

compounds was not possible. However, there is evidence of the presence of phosphates in the 

pigments. In )LJXUH �� the wave number is plotted against the transmission (FTI5) and the 

intensity (5aman). 
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)LJXUH ��� FT�I5 and 5aman spectra of K�:hite *730. 

�.1.2.12 K�:hite TC720 

Information regarding the anti�corrosion pigment K�:hite TC 720 is generally scant, however, 

the consensus among various online sources is that it constitutes a magnesium�modified silicon 

oxide >87@. 

'uring the elemental analysis, a substantial Tuantity of titanium was identified through both 

methods, which was probably added as a filler in the form of titanium dioxide. In addition to 

the expected elements, contamination with aluminum and zinc could also be detected during 

the analysis using E'X on carbon tape. 7DEOH �� lists the compositions according to ICP OES 

and E'X. 

7DEOH ��� Chemical composition of K�:hite TC 720 according to ICP�OES and area E'X. Impurities are underlined and 

bold. 

$QDO\VLV 
PHWKRG 

)XVLRQ 6L � Z� $O � Z� 
0J � 
Z� 

=Q � 
Z� 

7L � Z� 2 � Z� 

,&3�2(6 NaHSO� 19,75 � 1,57 � 2�,08 52,� 

(';  � 19,� ��� 1,� ��� 32,2 �5,7 

 

In the X5' analyses, the measured signals could be assigned to the minerals dodecasil 1H and 

rutile. The pigment consists to a large extent of silicon oxide to which a large amount of titanium 

dioxide has been added as a filler. No modification of magnesium oxide could be detected, 
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possibly the proportion was too low, or the signals were superimposed. The spectrogram of the 

pigment is listed in )LJXUH ��, and the phases found in 7DEOH ��. 

7DEOH ��� /ist of phases found in the X5' of K�:hite TC 720. 

0LQHUDO 0ROHFXODU )RUPXODU 

'odecasil 1H SiO2 

5utile TiO2 

 

 
)LJXUH ��� X5' spectrogram of K�:hite TC 720. 

The signals detected in the infrared spectrum could be assigned to amorphous silicon dioxide 

and the signals in the 5aman spectrum to titanium dioxide (anatase). In )LJXUH ��, the wave 

number is plotted against the transmission (FTI5) and the intensity (5aman). 
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)LJXUH ��� FT�I5 and 5aman spectra of K�:hite TC720. 

 

�.1.3 Final Conclusion and Selection of Pigments 
The first chapter of this thesis delved into an extensive characterization of various 

anti�corrosion pigments through a diverse range of analytical methods. From this 

comprehensive analysis, two pigments, Shieldex and ASP�00, were selected for further 

investigation in the following chapters. The decision to focus on those two pigments was driven 

by several reasons that highlighted their potential as effective corrosion inhibitors. 

Firstly, Shieldex, a calcium�exchanged silica, showed immense promise due to its ability to 

form a robust and protective barrier on metal surfaces. This barrier formation is crucial in 

preventing corrosive agents from reaching the underlying substrate, thus acting as an efficient 

shield against degradation. Shieldex has earned a reputation as a dependable additive for 

coatings, thus prompting our decision to thoroughly evaluate its potential.  

Similarly, ASP has demonstrated impressive anti�corrosion properties and is a well�established 

industrial material. Its effectiveness has been well�documented, and it seamlessly integrates 

with existing coating systems, making it a strong candidate for further exploration. 0oreover, 

ASP
s abundance and cost�effectiveness make it an appealing option for corrosion protection 

strategies. 

Additionally, both Shieldex and ASP demonstrated properties that complemented each other in 

a corrosion protection system. Shieldex
s ability to form a robust barrier, combined with ASP
s 
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uniTue interactions and compatibility with other components, suggested a synergistic potential 

that could enhance the overall anti�corrosive performance of the thin film primers. 

%y focusing on Shieldex and ASP, we aimed to shed light on their individual contributions to 

the overall corrosion protection system while exploring potential synergies when combined. 

The meticulous evaluation of these pigments through a battery of corrosion tests and analysis 

of key engineering parameters sought to provide valuable insights into their efficacy, thereby 

contributing to the development of more effective and durable corrosion protection strategies 

for galvanized steel sheets. 

 

�.2 Thermoset thin film primers� Influence of Substrate, /ayer Thickness and 

:ettability of Additives in /aboratory Testing 
The results shown in this section were in large part published in >�@. The publication is available 

at https�//onlinelibrary.wiley.com/doi/full/10.1002/maco.20231378�. The copyright agreement 

is attached in $SSHQGL[ �.  

�.2.1 ObMective of the Study and Implementation 
Typically, a combination of a thermoset thin film primer and a top coat is used for corrosion 

protection of galvanized steel sheets. However, the corrosion resistance of thin film primers 

alone has not been thoroughly studied. In this part of the thesis, it was tried to assess the 

performance of thin film primers using a variety of corrosion tests across a range of engineering 

parameters, including thickness, wettability, and substrate. 13 primer formulations were tested 

without a top coat on *I and Z0�coated steel, with primer layer thicknesses ranging from 3 to 

9 µm using five established, complementary tests. Those tests cover all predominant 

mechanisms that may occur and include cathodic and anodic delamination as well as barrier 

protection. In order to be able to better interpret the results, they were grouped into two sections. 

In section �.2.2, the variation in the composition of the primers was interpreted, in section �.2.3 

a variation in the layer thickness.  

�.2.2 5esults Primer Composition and Substrate Variations 
In this part of the study, the performance of primers of different compositions was evaluated 

and a comparison was made between coated Z and Z0 substrates. 

7DEOH � in section 3.1 provides a list of the model primer components employed to distinguish 

different aspects of the formulations, including hydrophobizing and the incorporation of barrier 

pigments. Furthermore, a comparison was made between the performance of primers containing 

https://onlinelibrary.wiley.com/doi/full/10.1002/maco.202313786
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only barrier pigments and primers containing only inhibitive pigments. 7DEOH � gives an 

overview of the compositions of these primers. 0oreover, three commercially available 

primers, designated as P1 to P3, were used. These primers were based on polyester polyol 

binders and blocked trimeric isocyanate crosslinkers, and they contained inhibitive pigments, 

that is, calcium�exchanged silica. The P0T reTuired for complete crosslinking of the coatings 

was approximately 235 °C, with a dwell time in the oven of 25 s. In total, 13 distinct primer 

formulations were evaluated in this study. 

�.2.2.1 Sample Characterization 

The samples underwent various characterization methods before their performance was 

evaluated through several tests. Specifics on the characterization can be found in section 3.3. 

E'X was used to examine the components of the samples, and cross�sectional images were 

taken to visualize the arrangement of the primer system components. 0icrostructural 

characterization was possible by combining these images with E'X. )LJXUH �� displays the 

elemental analyses of various model primer samples, which contained either classical or 

hydrophobized Shieldex pigments and were supplemented with either mica or kaolin as barrier 

pigments to selected samples. The low layer thickness may have contributed to the fact that no 

differences in pigment distribution were observed in the coating among the samples, despite 

the utilization of various pigments. All pigments had an average particle diameter of ≤ 3.8 µm. 

 
)LJXUH ��� Cross�sectional SE0 images were taken of six model primer samples� a) containing only Shieldex, b) containing 

Shieldex and mica, c) containing Shieldex and kaolin, d) containing only hydrophobized Shieldex, e) containing 

hydrophobized Shieldex and mica, and f) containing hydrophobized Shieldex and kaolin. In addition to these pigments, all 

samples also contained titanium dioxide. The elements in the images were color�coded for easy identification� titanium was 

highlighted in yellow, silicon in purple, oxygen in blue, carbon in red, and calcium in green. 'espite the use of different 

pigments, no variations in pigment distribution were observed among the samples. The thickness of the primer layer in all 

samples was roughly 3 µm. 

�.2.2.2 Salt Spray Tests 

After undergoing 1,000 hours of salt exposure in the NSST, all specimens which had been put 

in the chamber with intact surfaces demonstrated remarkable resistance to corrosion (data not 

aͿ ‐ cͿ Samples 
with hydrophilic
Pigments

dͿ ‐ fͿ Samples 
with hydrophobic
Pigmentsϱ ђm

aͿ bͿ

dͿ eͿ fͿ

cͿ
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shown). Nearly all specimens remained visually unscathed, suggesting that a 3 µm thickness is 

sufficient to safeguard the underlying substrate against corrosion for a few weeks in the NSST. 

Even at a lower film thickness, the primer coating
s barrier protection appears to be given 

regardless of the composition of the primer. 

To further investigate the impact of substrate and pigments on anodic delamination protection, 

NSSTs were conducted with specimens with coating defects. Two scribes were applied to each 

specimen, one on the left�hand side down to the zinc coating and the other on the right�hand 

side reaching the underlying steel substrate, following ISO 17872�2007 guidelines. 

In a first experiment, the performance of samples coated solely with a clearcoat was compared 

to samples coated with primers containing either barrier pigments (kaolin� ASP �00) or 

inhibitive pigments (calcium exchanged silica� Shieldex) in the NSST. The purpose of this 

experiment was to evaluate the protective abilities of these different coatings against corrosion. 

As anticipated, the samples coated with a primer that did not contain any pigments were 

completely corroded after �72 hours of exposure in the NSST. This outcome aligns with 

expectations, as the absence of pigments leaves the substrate vulnerable to direct contact with 

corrosive agents – in this case NaCl – present in the test environment. The corrosion observed 

on these samples served as a control, highlighting the importance of incorporating protective 

pigments in coating formulations. 

Interestingly, when comparing the performance of primers containing barrier pigments to those 

containing inhibitive pigments, the latter demonstrated superior corrosion protection 

capabilities. This disparity in performance can be attributed to the specific mechanisms of 

action employed by these two types of pigments. %arrier pigments primarily act by establishing 

physical barriers by forming a dense and impermeable layer, thereby preventing corrosive 

species from reaching the substrate. However, they may not provide effective long�term 

protection if the coating is compromised or if corrosion�inducing species manage to permeate 

the barrier layer. 

On the other hand, inhibitive pigments possess inherent chemical properties that enable them 

to actively inhibit the corrosion process. These pigments release inhibiting compounds or form 

a passivating layer when exposed to corrosive environments, thus impeding the electrochemical 

reactions that lead to corrosion. This active corrosion inhibition mechanism exhibited by 

inhibitive pigments makes them more effective at preventing the onset and progression of 

corrosion, especially in scenarios where the coating may be compromised to some extent, which 
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is not unlikely, as primer coatings are comparatively thin. )LJXUH �� shows all samples after 

�72 hours (� weeks) in the salt spray test with scribes. 

 
)LJXUH ��� 'elamination initiated at the scribes of two polyester model primers (P1 and P2), each with barrier pigment (P1% 

and P2% respectively) and inhibitive pigment (P1I and P2I respectively) after �72 hours (� weeks) in the salt spray test. 

In a more comprehensive experiment, various pigment combinations were evaluated, including 

the use of an inhibitive pigment (calcium�exchanged silica� Shieldex) in its original (S) and 

hydrophobized (HS) form, alone and in combination with two different barrier pigments� mica 

(0) and kaolin (K). Z and Z0 steel were used to assess the influence of the substrate (see 

section 3.1 for details). )LJXUH ��D presents the outcomes of this experiment after �72 hours 

(for Z) and 2,000 hours (for Z0) in the salt spray test. %ecause steel specimens with a Z0 

coating have better salt spray test resistance than those with a Z coating, a longer test duration 

was reTuired for meaningful differentiation and evaluation >88, 89@. %listers were only 

discernible on the Z samples, while the Z0�coated specimens exhibited only corrosion at the 

scribes, likely due to the influence of the substrate.  

 
)LJXUH ��� a) The corrosion and delamination of model primers were observed starting from the scribes on substrates with 

either a pure zinc coating (Z) or a zinc�magnesium�aluminum coating (Z0) after exposure for �72 h (for Z) and 2,000 h (for 

Z0). The primer formulations included S with only Shieldex, HS with hydrophobized Shieldex, S0 and SK with Shieldex 

and mica or kaolin, respectively, and HS0 and HSK with hydrophobized Shieldex and mica or kaolin, respectively. The 

sample panels had dimensions of 100 mm x 150 mm, and the primer film thickness was uniform at 3 µm across all samples. 

b) The scribe delamination of the model primers was evaluated on both Z and Z0 substrates. 
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In order to Tuantitatively determine the extent of primer delamination, the detached primer was 

removed using a blunt scalpel and the distance of detachment was measured from the scribes 

using the S0A5T software. The average delamination length for Z�coated and Z0�coated 

samples is shown in )LJXUH ��E. To verify the results, the samples were also analyzed with a 

white light interferometer to measure height differences between the primer surface and 

detached areas. )LJXUH ��D shows a typical evaluation of a Z�coated sample, with the height 

profile indicating that the delamination was anodic due to the dissolution of the zinc coating. 

This phenomenon is also visible in the cross section recorded using a light microscope, as 

shown in )LJXUH ��E.  

The experiments demonstrated that when artificial coating defects, such as scribes, are present 

on the zinc coating or underlying steel substrate, delamination occurs. The galvanic effects 

within the scribe play a role, as delamination proceeding from scribes down to the steel substrate 

are more pronounced than from those down to the zinc coating. 8nder these conditions, anodic 

contributions were mainly observed, with complete dissolution of the metallic coating under 

the delaminated coating, as can be seen in )LJXUH ��E.  

 
)LJXUH ��� a) 8sing a white�light interferometer, a height profile of the samples subMected to the salt�spray test was generated 

to determine the type of delamination. The arrow points to the location where the cross�section was taken. b) An optical 

microscope image of the transition region between the delaminated and still�adhering primer confirms the prevalence of the 

anodic delamination mechanism. 

In addition, variations were observed in the behavior of different substrates. On coated Z 

samples, spherical irregularities were observed around the scribe, indicating the occurrence of 

local cathodic delamination in the form of blistering at an earlier stage of the NSST. In contrast, 

delamination on coated Z0 substrates happened due to the formation and spread of corrosion 

products around the scribes. This occurs because coated Z0 substrates generate corrosion 
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products that hinder oxygen reduction on the sample surface, in contrast to Z substrates >88, 

90@. ConseTuently, due to the potential gradient between the defect and the undamaged 

interface, cathodic delamination is not possible with Z0. Instead, delamination occurs through 

an anodic mode triggered by ion migration at the metal oxide/polymer interface. Although the 

rate of delamination under prolonged exposure to the NSST is slower for coated Z0 than for 

coated Z, it is not insignificant >91@. However, the corrosion of the Z0 samples was similarly 

severe regardless of the primer formulation.  

In this test setup, the hydrophobic treatment of the pigments hardly had any effect on 

delamination starting from the scribes down to the steel substrate. Nevertheless, it led to a 

deterioration on delamination starting from the scribes down to the zinc coating on average. :e 

believe that the hydrophobic treatment slowed the dissolution kinetics of the pigments, thereby 

reducing their protective effect, as part of the protective mechanism is the dissolution of the 

pigment >92@. It was not possible to provide a definitive statement regarding the addition of the 

barrier pigments, mica, and kaolin on the protection of the coatings. 

�.2.2.3 Cathodic 'elamination Tests 

In another experiment, C' tests were conducted with test durations optimized for the best 

possible differentiation among sample setups (see section 3.� for specifics). After the 

completion of each test, the delaminated primer was removed using a blunt scalpel and adhesive 

tape in compliance with ISO 2�09�2013. )LJXUH ��D illustrates the outcomes of primer 

composition variations on *I steel and steel with Z0 coating, respectively, with a primer layer 

thickness of 3 µm. S denotes Shieldex only, HS hydrophobized Shieldex, S0 and SK contain 

mica and kaolin in addition to Shieldex, while HS0 and HSK contain hydrophobized Shieldex 

and mica and kaolin, respectively. The percentage of detached primers was calculated using the 

commercially available image analysis software S0A5T, as shown in )LJXUH ��E. 

The addition of barrier pigments (mica and kaolin) was found to worsen the protection against 

cathodic delamination in these experiments, possibly due to the formulation of the primers not 

being optimized, resulting in the creation of additional diffusion pathways. However, 

hydrophobizing the inhibition pigments significantly increased the resistance to delamination, 

particularly when comparing primer samples containing only Shieldex (S) with those 

containing hydrophobic Shieldex (HS) on Z0. Hydrophobicity appeared to be crucial for the 

performance in this test. This improvement can be attributed to the enhanced adhesion of the 

primer resulting from the silanization of the pigments, a phenomenon described in the literature 

>92@. 
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However, when analyzing the average performance among all tests, also including the NSST 

and the electrochemical tests described in following sections, primer formulations incorporating 

hydrophobic pigments showed lower effectiveness compared to their non�hydrophobic 

counterparts overall. It is suspected that this discrepancy arises from the slower kinetics of 

pigment dissolution caused by the hydrophobic treatment. This treatment may create a barrier 

on the pigment surface, leading to reduced leaching and hindering subseTuent exchange 

processes. ConseTuently, the corrosion inhibition mechanism becomes less efficient. 

 

 
)LJXUH ��� a) The cathodic delamination of the model primers was compared after a 5�minute test on hot�dip galvanized steel 

with Z coating (upper half) and hot�dip galvanized steel with Z0 coating (lower half). The primers used were S, which 

contained only Shieldex, HS, which contained hydrophobized Shieldex, S0, which included Shieldex and mica, SK, which 

included Shieldex and kaolin, and HS0 and HSK, which included hydrophobized Shieldex along with mica and kaolin, 

respectively. All samples had a primer film thickness of 3 µm, and the delaminated primer was removed using adhesive tape 

in accordance with ISO 2�09�2013. b) An overview of the percentages of detached primers using the image evaluation 

software. 

�.2.2.� EIS measurements 

The EIS measurements aimed to determine the barrier properties of the primers, and the impact 

of the pigments was more noticeable in this test compared to the others. Hydrophobization of 

the inhibition pigments led to an increase in impedance value, which was similar to the effect 

of switching from a Z substrate to a Z0 substrate. Coated Z0 substrates have a tendency to 

corrode faster, which leads to the formation of protective corrosion products that increase the 

measured impedance value. 0oreover, the addition of barrier pigments, such as mica and 

kaolin, did not show a significant impact on the measured impedance value. This could 

potentially be attributed to suboptimal formulation conditions, where the concentration or 

dispersion of these pigments may not have been optimized for enhancing barrier properties. 

)LJXUH ��D depicts the measured impedance values at 100 mHz for the various primer 

compositions on both substrates. 
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)LJXUH ��� a) The impedance values at 100 mHz were measured after exposing 3 µm thick model primer coatings on 

substrates with pure zinc coating and Zn�Al�0g coating to a 1 0 NaCl solution for 2� hours. The primer formulations used 

were S containing only Shieldex, HS containing hydrophobized Shieldex, S0 and SK containing Shieldex and mica/kaolin, 

respectively, and HS0 and HSK containing hydrophobized Shieldex and mica/kaolin, respectively. b) The polarization 

resistances measured using linear sweep voltammetry (/SV) and the impedance values at 100 mHz measured using 

electrochemical impedance spectroscopy (EIS) were compared for different commercial primers (P1�P3) sorted by primer 

type in a black frame and blue frame, respectively. c) The same measurements were sorted by primer thickness. 

 

�.2.3 5esults Primer Thickness Variations 
After identifying the influence of the primer composition and the substrate in previous tests, 

additional tests were conducted to evaluate the impact of the primer layer thicknesses on the 

performance of the samples. 
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�.2.3.1 Salt Spray Tests 

In order to find out the influence in salt spray tests, undamaged samples with layer thicknesses 

of 3 µm, � µm and 9 µm on Z were placed in the NSST chamber. Four different primers were 

used, which included a model primer containing hydrophobized inhibitive pigments (HS), two 

commercially available thin�film primers with classical inhibitive pigments (P1 and P2), and a 

commercially available thick�film primer containing classical inhibitive pigments (P3). 

%ecause these primers did not contain hydrophobic pigments, they exhibited similarity to the 

model primers S, S0, or SK.Similar to the first part of the test program, described in section 

�.2.2, the samples were largely intact after 1,000 hours NSST, even with a layer thickness of 

only 3 µm. In the absence of any damage to the primer surface, it appears that there is adeTuate 

protection against salt exposure for several weeks, even given this thin film thickness. 

In a subseTuent step, two artificial defects in the form of scribes were applied to the samples, 

on the left�hand side down to the zinc coating, on the right�hand side down to the steel substrate 

underneath. A duration of 8�0 hours was selected for this test in order to ensure the best possible 

differentiation between the samples. An overview matrix of all specimen setups after 8�0 h of 

exposure in the salt spray test is displayed in )LJXUH ��D. The detached primer was removed 

with a blunt scalpel. 

The S0A5T software was utilized to assess the delamination, as shown in )LJXUH ��E, for both 

delamination starting from the scribe to the zinc coating and that starting from the scribe to the 

underlying steel. )LJXUH ��F groups together different formulations with the same layer 

thickness to highlight their impact on corrosion protection. This not only facilitates 

differentiation among various primer combinations but also highlights distinctions between 

film thicknesses. As a result, a relationship was established between the thickness of the applied 

primer coating and its capacity to guard against delamination. This relationship indicates that a 

thicker coating corresponds to reduced delamination. None of the used primers demonstrated 

superiority over the others, and there was no correlation in the delamination outcomes between 

scribes down to the zinc coating and those down to the steel substrate. The increase in 

delamination is more significant when the primer layer thickness is increased from 3 µm to � 

µm than when it is increased from � µm to 9 µm. It is likely that a minimum layer thickness is 

reTuired to provide stable protection against water diffusion, which is necessary for the 

electrochemical processes. This phenomenon can be attributed to the dimensions of the pigment 

particles within the coating, as well as less efficient diffusion pathways along the coating as the 

coating becomes much thicker than the pigment dimensions. 
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)LJXUH ��� a) The result matrix displays the delamination of primers starting from the scribes (with the left scribe down to 

the zinc coating and the right scribe down to the steel substrate below) after exposure for 8�0 hours in the salt spray test. The 

primers tested were HS, a model primer, P1 and P2, commercially available thin�film primers, and P3, a commercially 

available thick�film primer. The primers were applied in different layer thicknesses (3, �, and 9 µm) on hot�dip galvanized 

steel substrates (Z) of size 100 mm x 150 mm. b) The image evaluation software S0A5T was used to evaluate the 

delamination of the four primers with different layer thicknesses after exposure for 8�0 hours in a single image. c) The 

delamination of the four primers at different layer thicknesses was compared. 
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�.2.3.2 Cathodic 'elamination Tests 

The results of the cathodic delamination test for the same set of samples are depicted in )LJXUH 
. The percentage of detached primers was determined using the software S0A5T. )LJXUH 

D presents the results sorted by primer and layer thickness, while in )LJXUH ��E the results 

are sorted by layer thickness of different primers and displayed as a box plot. This type of 

visualization provides a clearer understanding of the range and distribution of delamination 

percentages for each thickness category across different primers. 

In general, an increasing film thickness shows a correlation with improved protection against 

delamination. This observation suggests that thicker primer layers provide better resistance to 

detachment during the cathodic delamination test. However, it is important to note that even a 

primer thickness of 9 μm is insufficient to offer complete protection against delamination over 

extended periods of testing.  

 
)LJXUH ��� The percentage of detached primer from different specimen setups after cathodic delamination testing for a 

duration of 10 minutes is presented. The detachment of the primer was performed with adhesive tape following ISO 

2�09�2013. The primers used in the experiment include HS, a model primer containing hydrophobized Shieldex pigments, 

commercially available thin�film primers P1 and P2, and a commercially available thick�film primer, P3. Each primer was 
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applied with film thicknesses of 3 µm, � µm, and 9 µm. The data is presented in two ways� a) sorted by primer and b) sorted 

by film thickness. 

 

�.2.3.3 Electrochemical Tests 

To gain a more comprehensive understanding of the primer performance, additional 

electrochemical measurements were conducted to complement the earlier findings. These 

measurements involved the use of two techniTues� Electrochemical Impedance Spectroscopy 

(EIS) and /inear Sweep Voltammetry (/SV). The purpose was to evaluate the polarization 

resistance of the samples, which is a key parameter to evaluate their corrosion resistance. 

The EIS analysis focused on investigating the dominant influence of polarization resistance at 

a freTuency of 100 mHz. %y measuring the impedance response of the samples, the polarization 

resistance could be assessed, providing insights into the samples’ ability to withstand corrosion. 

On the other hand, /SV was employed as an alternative electrochemical method to evaluate 

polarization resistance. This method involved analyzing the slope of the linear region of �5 mV 

of the open circuit potential (OCP). %y comparing the results obtained from both techniTues, a 

comprehensive understanding of the polarization resistance behavior was obtained. 

)LJXUH ��E and ��F present the data from both, the EIS and the /SV measurements for different 

primer layer thicknesses, arranged in two different manners. In )LJXUH ��E, the measurement 

data are sorted based on the type of primer, allowing for a comparison of the polarization 

resistance values among different primer compositions. In )LJXUH ��F, the data are organized 

according to layer thickness, enabling an assessment of the influence of layer thickness on 

polarization resistance. 

The results revealed a direct relationship between the measured resistance value and the layer 

thickness, regardless of the techniTue used to determine polarization resistance. As the layer 

thickness increased, the measured resistance value also increased, indicating improved 

corrosion protection. This correlation highlights the importance of considering layer thickness 

as a critical factor influencing polarization resistance in the tested samples. 

However, it is worth noting that significant variations were observed in the measurements of 

samples with the same layer thickness. This suggests that factors other than layer thickness, 

such as primer composition or specific formulation characteristics, may contribute to the 

observed variations in polarization resistance. Nonetheless, the impact of layer thickness on the 

measured polarization resistance appeared to be more pronounced than that of the primer 

composition, as demonstrated in )LJXUH ��.  
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In summary, the electrochemical measurements performed using EIS and /SV techniTues 

provided further insights into the corrosion resistance of the samples. The results highlighted 

the direct relationship between layer thickness and polarization resistance, emphasizing the 

importance of considering layer thickness as a crucial parameter in designing effective 

corrosion protection systems. 

�.2.� Conclusions 
This part of the thesis aimed to comprehensively investigate the impact of various factors, 

including coating thickness, composition, and substrate, on the corrosion resistance of 

galvanically protected steel sheets coated solely with thin film primers. Through the 

experimental programs conducted, several key findings emerged, which contribute to the 

optimization of thin�film primers� 

• A dry film thickness of 3 µm was found to provide complete corrosion protection for 

1,000 hours in the NSST (Neutral Salt Spray Test) as long as the coating film remained 

intact. However, once damage had occurred, the thickness of the coatings played a 

significant role in determining the performance of the primers. 

• Increasing the film thickness had a positive impact on performance across all tests, 

regardless of the primer composition, except in NSST tests without scribes. In those 

specific tests, a 3 µm thickness was sufficient for achieving full protection, and further 

increasing the film thickness did not yield additional benefits. 

• The hydrophobization of Shieldex, a component used in the primer formulation, 

demonstrated a positive effect on the cathodic delamination test by enhancing pigment 

efficiency. However, it had a negative impact on protection against white rust formation. 

It is suspected that the hydrophobic treatment slowed down pigment leaching and ion 

exchange, thereby reducing the protective function in the NSST. On the other hand, the 

silanization process improved adhesion and provided protection against cathodic 

delamination. 

These findings contribute to the ongoing optimization of thin�film primers. However, further 

research is necessary to fully comprehend their potential in practical applications. Future studies 

should evaluate the performance of these coatings in real�world environments, such as marine 

or industrial settings, while considering additional factors like 8V radiation, humidity, and 

long�term corrosion resistance monitoring. Additionally, it is recommended to investigate the 

effect of hydrophobization on corrosion resistance, as it had divergent effects on cathodic 

delamination and protection against white rust formation. 
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Overall, this study demonstrates that the suggested combination of five corrosion tests 

effectively reveals competing effects and enables targeted engineering of thin film primers. 

Practitioners and researchers in the field of corrosion protection are encouraged to consider 

these findings when developing improved thin�film primers for diverse applications. 

 

�.3 Evaluation of a Commercial *raphene�Additive for %oosting the Corrosion 

Performance of a Thermal Curing Primer 
The results shown in this section were in large part published in >5@. The publication is available 

at https�//onlinelibrary.wiley.com/doi/full/10.1002/maco.20231391�. The copyright agreement 

is attached in $SSHQGL[ �. 

�.3.1 ObMective of the Study and Implementation 
The uniTue planar structure and low permeability of graphene make it an attractive additive for 

enhancing the corrosion resistance of organic coatings. :hile several publications have 

reported positive outcomes attributed to its barrier properties, detailed investigations of 

incorporating commercial�grade graphene into coatings have been limited due to its restricted 

availability, hindering widespread utilization. This part of the thesis addresses this gap by 

comprehensively evaluating the impact of the addition of a commercially available graphene 

additive on the performance of a commercial primer. Industry�standard corrosion tests and 

advanced characterization techniTues were employed to assess the coating
s behavior. 

�.3.2 5esults and 'iscussion  

�.3.2.1 5heology preliminary tests 

As graphene particles were supplied suspended in xylene by A*0, the direct addition of the 

suspension to the primer base was deemed to be the most suitable method to incorporate the 

nanoparticles to the existing primer base. However, to determine the concentration of xylene 

reTuired to achieve the desired flow behavior, viscosity measurements were conducted using a 

rheometer. 'ilutions of 0, 5, 10, 15, and 20 wt.� xylene were used, and a technical primer 

sample from a plant was used as a reference. The viscosity was measured while varying the 

shear rate. 

The results showed that the addition of xylene to the primer base decreased the viscosity of the 

primer, and the viscosity decreased with increasing shear rate. %ased on the results of the 

rheology tests, it was decided to use an addition of 20 wt.� of xylene for the addition of 

graphene particles to the primer base to achieve the desired concentration of 0.1 wt.� graphene. 

https://onlinelibrary.wiley.com/doi/full/10.1002/maco.202313914
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It is worth noting that although the flowing behavior of the primer at this concentration is not 

optimal, it was considered as the best option to achieve the desired graphene concentration. 

)LJXUH �� shows the measured viscosity at varying shear rates for the addition of different 

xylene�graphene suspension concentrations and the viscosity of the reference sample from the 

plant. 

 
)LJXUH ��� Viscosity measured at varying shear rate for the addition of different xylene�graphene suspension concentrations. 

�.3.2.2 Characterization  

According to the S'S, the graphene particles possessed a particle size distribution with a '50 

value of 5�� µm and a '90 value of ��28 µm. %oth, the primer samples with and without 

graphene nanoparticles, exhibited a comparable microstructure and a similar distribution as 

observed in crosscut SE0 images. Therefore, the incorporation of graphene did not have an 

impact on the orientation or distribution of the primer constituents. )LJXUH ��D and )LJXUH ��E 

depict crosscut images of the primer applied on Z substrates. The higher Tuantity of pigments 

visible in )LJXUH ��D is a coincidence. 

Furthermore, the graphene particles obtained from the graphene�xylene suspension were 

characterized. )LJXUH �� depicts a Moint FTI5 and 5aman spectrum. FTI5 spectroscopy was 

utilized to investigate the modification of the graphene particles and identify the presence of 

graphene oxide (*O). One of the indicators for the presence of *O is the peak observed at 

3000 cm�1, representing hydroxyl groups. Other supporting evidence for the existence of *O 

includes the bands at 1055 cm�1 and 1150 cm�1, which correspond to C�O stretching vibrations 

of alkoxy and epoxy groups, as well as the bands at 1370 cm�1 (stretching of tertiary C�OH 

groups) and 1730 cm�1 (C=OH stretching of COOH groups). Furthermore, two more bands are 
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visible in the FTI5 spectrum� one at 1220 cm�1 due to C=C skeletal vibration and the other at 

1��0 cm�1 owing to a stretch of C=C groups >93, 9�@. 

 
)LJXUH ��� a) The CSP cross�section of a primer to which xylene has been added, and b) the CSP cross�section of a primer to 

which both xylene and graphene nanoparticles have been added, were analyzed. The dry�film coating thickness was 

consistently around � µm on average. 

)LJXUH �� also displays the 5aman spectrum of the graphene particles. The ' band was 

observed at 13�0 cm�1, the * band at 15�0 cm�1, the '
 band at 1580 cm�1, and the 2' band at 

28�0 cm�1 in the spectrum. The * band appears due to the first�order dispersion of the E2g 

mode, while the ' band arises from defects in the material, such as bond�angle disorder, 

bond�length disorder, vacancies, and edge defects. The 2' band is employed to evaluate the 

structural parameters of the orientation of the c�axis. %oth, graphene and graphite exhibit * and 

2' peaks, however, the 2' peak in graphene is sharp and intense, whereas in graphite, it is 

broad, less intense, and it splits. Therefore, it can be deduced that graphite was present in the 

suspension, in addition to graphene oxide >95, 9�@. 



5esults and 'iscussion ϲϴ 

 
)LJXUH ��� A combined FTI5 and 5aman spectrum of the graphene nanoplatelets. 

Additionally, color measurements were conducted on primer samples with and without 

graphene nanoparticles. The CIE/A% color space, which characterizes colors based on their 

lightness (/
), red�greenness (a
), and yellow�blueness (b
), was used to evaluate the results. 

The findings proved that the addition of graphene nanoparticles significantly impacted the color 

of the primer. Specifically, the /
 value decreased, indicating that the color became darker, and 

the a
 and b
 values increased, suggesting that the primer
s green and blue hues became more 

red and yellow, respectively. These changes were Tuantified by calculating the color difference 

(ΔE) between the samples with and without graphene particles. 7DEOH �� summarizes the 

average /
, a
, b
, and ΔE values obtained from the samples. )LJXUH �� visually represents the 

color changes by displaying images of the primer samples with and without graphene 

nanoparticles, showcasing the effects of graphene on the primer
s appearance. Higher 

concentrations of graphene would result in even more pronounced effects, thereby restricting 

its suitability for industrial applications. 

7DEOH ��� 0easured values in the cielab color space and the dE value calculated from them.  
/
 D
 E
 

:LWKRXW *UDSKHQH 75,02 �2,78 �2,�1 

:LWK *UDSKHQH 58,23 �1,0� �0,95 

Δ( 1�,95 
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�.3.2.3 Physical/0echanical Tests 

 
)LJXUH ��� Coated samples a) primer without graphene b) primer with graphene. 

Incorporation of graphene particles into the primer resulted in a decline in the pull�off adhesion 

as evidenced in )LJXUH ��D. This decrease may be attributed to the presence of graphene 

particles at the interface which permits only non�chemical bonds or van der :aals forces to 

form. %esides, the high surface energy of graphene particles and their propensity to agglomerate 

often lead to poor adhesion and a rough surface finish. 

In addition, the inclusion of graphene particles in the primer led to an increase in the maximum 

coefficient of friction, as demonstrated in )LJXUH ��E. *raphene is known for its superior 

lubrication properties, and its incorporation into a primer can result in a reduction in surface 

friction, making it smoother and less susceptible to damage. However, if the graphene pigments 

agglomerate, it can result in uneven dispersion and coverage, leading to variations in the 

concentration of graphene and negatively affecting the performance of the coating. 

Agglomeration may also result in an irregular or rough coating surface, which can cause an 

increase in the coefficient of friction. 

The coefficient of friction can also be influenced by the orientation and distribution of graphene 

nanoparticles in the primer matrix. *raphene is a highly anisotropic material, meaning its 

characteristics can differ significantly based on the orientation of the flakes. Thus, the observed 

increase in the coefficient of friction upon addition of graphene pigments to the primer can be 

attributed to both agglomeration and the anisotropic nature of graphene. The choice of polymer 

and its interaction with graphene may also play a significant role, since while the maMority of 

research has reported a reduction in the coefficient of friction, some publications have reported 

an increase >97, 98@. 



5esults and 'iscussion ϳϬ 

The surface tension of the coated samples was assessed by analyzing the contact angle of two 

different liTuids, water and formamide, on primers with and without graphene nanoparticles. 

Contact angle values were utilized to determine surface energies, the results are shown in 7DEOH 

. The surface tension values were similar, but the primer with graphene particles exhibited a 

marginally higher percentage of disperse energy. This increase may be attributed to changes in 

the surface energy of the primer caused by altering the interactions between the primer and the 

test liTuids. It is worth noting that the addition of graphene particles to the primer was only 

0.1�, which may explain why the influence on surface tension was minimal. The measured 

contact angle values and the calculated surface energies obtained using them are shown in 

)LJXUH ��F. 

7DEOH ��� 0easured contact angles for primers with (+*) and without (�*) graphene nanoplatelets. 

 &RQWDFW DQJOH – ZDWHU � � &RQWDFW DQJOH – IRUPDPLGH � � 

�* 81,� � 0,9 ��,1 � 0,� 

�* 83,1 � 0,� ��,0 � 1,0 

 

According to T0A measurements, the addition of graphene nanoparticles did not have any 

significant effect on the glass transition temperature (Tg) of the primer system. %oth systems 

exhibited a Tg value of �8�1 °C. The Tg is a crucial parameter in coating technology and 

polymer processing, and it can be influenced by various factors such as the molecular weight 

of the polymer chains, spatial structure, and the addition of additives >99, 100@. This finding is 

important for potential applications of the primer system, as it suggests that although graphene 

has been reported to increase the Tg, this may not be the case at such low concentrations. 

Additionally, poor dispersion of graphene in the primer system may also hinder its ability to 

interact with the polymer matrix and modify its properties.  
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)LJXUH ��� a) adhesion, determined by means of pull�off tests b) the maximum measured coefficient of friction, measured 

with a tribometer c) surface energies, calculated from contact angle measurements with formamide and water. All 

measurements were conducted for primed samples with (+*) and without (�*) graphene. 

�.3.2.� Salt Spray Tests  

Salt spray tests were performed to evaluate the long�term corrosion resistance of undamaged 

primer samples with and without graphene particles for 3,000 hours. Images of the samples 

were captured periodically to evaluate the surface conditions as displayed in )LJXUH ��D. Even 

after 1,500 hours, no visible changes were observed on the sample surface. However, corrosion 

phenomena gradually migrated from the taped edges towards the center of the specimen center. 
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After 3,000 hours, all samples exhibited a considerable amount of corrosion products on the 

surface, which had moved there from the edges. Although the addition of graphene particles 

could potentially improve the barrier protection, the protective effect of the coating without 

graphene was already sufficient to withstand the entire test period. Therefore, this test could not 

be used to confirm the influence of graphene platelets on the barrier properties, as suggested in 

the literature >35, 101@. 

 
)LJXUH ��� a) Comparison of the conditions of the primer samples without scribes with and without graphene in the salt spray 

chamber over the course of 3,000 h. b) Image of a sample without graphene with a scribe to the zinc coating on the left and 

on the right down to the steel substrate below after 1,000 h in the salt spray chamber. c) Image of a primer with graphene 

nanoparticles. The delaminated primer was removed using a blunt scalpel. d) The evaluation of delamination using the 

commercial software S0A5T is presented. 

In addition to the specimens with intact surfaces, protection against anodic delamination was 

tested by using specimens in the NSST that had been scribed twice, on the left�hand side down 

to the zinc coating, on the right�hand side down to the steel substrate below. After undergoing 

1,000 hours of exposure to the salt spray, the samples were examined and analyzed using the 

S0A5T image analysis software. )LJXUH ��E and )LJXUH ��F depict typical images of the 

samples after the delaminated primer had been removed, while the S0A5T software evaluation 

of the delamination is presented in )LJXUH ��G. The primer samples that contained graphene 
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particles showed a decrease in delamination in both the scribes down to the zinc coating and 

the scribes down to the underlying steel substrate. One explanation for this is the high potential 

of the graphene particles, which shifts the potential of the entire system to a more noble region. 

Additionally, the enhanced barrier protection of the coating reduces the diffusion of oxygen and 

other ions through it to the interface, thereby inhibiting redox reactions. ConseTuently, the 

delamination reactions are reduced >35, 102@. 

�.3.2.5 %listering Tests 

A homemade blister testing apparatus was used to evaluate samples coated with primer and 

topcoat, and the samples were monitored for 1� weeks. 'uring the first 7 weeks, no changes 

were observable on any of the samples, whether graphene was present in the primer or not. 

However, during the 8th week, small bubbles emerged on the primer�coated samples containing 

graphene, while the primer�only samples without graphene continued to exhibit no changes. 

The number and size of blisters on the graphene�containing samples increased progressively 

and reached a plateau at week 12, after which no significant changes were observed. The 

experiment was concluded after 1� weeks, at which point the surfaces of the non�graphene 

primer samples had still remained entirely intact. The evaluation of bubble formation according 

to 7DEOH � is shown in )LJXUH ��E. The findings indicate a noticeable decrease in blistering 

resistance, which may be due to several factors, such as oxygen reduction on graphene or 

accelerated diffusion pathways. The test involved exposing the coating system to high humidity 

conditions, which can cause moisture to infiltrate the coating layers, creating blisters and 

bubbles. *iven that the adhesion of the graphene�containing primer is weaker than that of its 

non�graphene counterpart, moisture infiltration may have been more pronounced, resulting in 

more severe blistering. The findings differ from the salt spray test outcomes due to variations 

in the delamination processes. This highlights the importance of using different tests to 

determine the overall performance of graphene coatings. 
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)LJXUH ��� a) The surface of the samples in the blister tester was monitored for several weeks, and blisters began to appear on 

the graphene�containing samples at week 8. b) The formation of blisters was evaluated according to 7DEOH � for 1� weeks, 

and samples with graphene in the primer (*+) and without graphene (*�) were tested, both of which had a topcoat. c) The 

samples with primer and topcoat underwent a 30�minute cathodic delamination test. One sample had graphene nanoparticles 

in the primer (on the left�hand side), while the other did not contain graphene (on the right�hand side). The test was 

performed in a 0.5 0 KOH solution at 3�°C with a current of 0.5 A. 

�.3.2.� Cathodic 'elamination Tests 

'uring the cathodic delamination tests, samples coated with both, primer and topcoat were 

assessed. The inclusion of graphene particles in some primer samples did not yield any 

enhancement in contrast to those lacking graphene. On the contrary, a slight rise in cathodic 

delamination was observed, suggesting that the introduction of particles did not have a 

favorable effect on sample performance. Nonetheless, this change was of negligible magnitude. 

)LJXUH ��F illustrates the average cathodic delamination. SubseTuent analysis of delamination 

using the S0A5T image analysis software produced the following outcomes� 1.08�0.0� mm 

delamination for primer samples with graphene and 0.98�0.0� mm delamination for primer 

samples without graphene. 
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�.3.2.7 Electrochemical Tests 

Electrochemical measurements were executed following the guidelines outlined in section 3.�. 

The incorporation of graphene into the coatings resulted in a shift of the open circuit potential 

(OCP) towards more positive levels, signifying improved corrosion protection >103@. For 

primer samples containing graphene, impedance measurements displayed slightly elevated _Z_ 

values, indicating fortified barrier protection. Nevertheless, all recorded _Z_ values remained 

under 10⁶ Ohm cm², indicating insufficient barrier protection >10�@. The phase angles of all 

samples showed a similar progression, but the primer samples containing graphene exhibited a 

leftward shift, resulting in slightly better performance. The breakthrough freTuency, which is 

the freTuency at which capacitive behavior transitions to ohmic behavior (phase angle = �5 °), 

occurred at lower freTuencies in samples containing graphene. A breakpoint freTuency 

exceeding 10 Hz indicates the failure of a protective function in an organic coating >105@. 

Nevertheless, it is important to note that this threshold serves only as a general rule of thumb, 

as it may vary depending on the specific characteristics of the coating system. The averaged 

measured %ode plots of primer samples with and without graphene in )LJXUH �� showed 

slightly better performance in electrochemical tests for graphene�containing samples. The 

fluctuations at the beginning of the impedance measurements were due to water absorption, and 

the values stabilized later. These results agree with those of the salt spray test with a scribe, in 

which slightly better barrier properties were observed in coatings containing graphene. 

However, it should be noted that the threshold for the breakdown of a coating
s protective 

function varies depending on the coating system. 

 
)LJXUH ��� a) EIS measurements were conducted on primer samples with (+*) and without (�*) graphene pigments after 

2� h in a 1 0 NaCl solution, over a freTuency range of 10�1�105 Hz, and were plotted on %ode diagrams. The impedance 

values were represented by lines, while the phase angle was denoted by dots. b) The EIS measurements were conducted for 

2� hours, and the magnitude of impedance at 0.1 Hz was monitored over time. 
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�.3.2.8 :ater 8ptake 

Two methods were used to investigate the impact of graphene addition on the water sorption 

behavior of the coating� sorption balance measurements and analysis of electrochemical 

impedance spectroscopy (EIS) data using the %rasher�Kingsbury eTuation. )LJXUH �� presents 

the results obtained from both methods. The outcomes indicate that the incorporation of 

graphene pigment has only a minimal effect on the water vapor sorption behavior of the coating, 

which is mainly influenced by the ion exchange pigments in the coating. The water absorption 

variation resulting from the addition of graphene was less than 0.2 percentage points in the 

sorption balance measurements, suggesting that the water sorption behavior of the coating is 

not significantly altered by the graphene pigment. However, caution is reTuired when 

interpreting the results since the %rasher�Kingsbury eTuation is based on various assumptions, 

including low water content in the coating and a uniform distribution of it throughout the whole 

coating. :hile the first assumption limits the validity of the eTuation to the initial stages of 

absorption, the second assumption is seldom met during transient mass transfer processes >10�@. 

These findings suggest that coating systems containing graphene could be utilized in 

moisture�sensitive applications without compromising their water sorption properties. Further 

research could explore the coating
s other properties to assess its suitability for practical 

applications. 

 
)LJXUH ��� a) Change in the mass of primers with (+*) and without (�*) graphene pigments with changes in relative 

humidity. The measurements were carried out using a sorption balance at a constant temperature of 30 °C. The relative 

humidity was increased in increments of 10� from 0 to 100� and then stepwise decreased back to 0�. b) 'iffusion 

coefficients calculated from EIS measurements using the %rasher�Kingsbury eTuation. 

�.3.3 Conclusions 
The aim of this part of the thesis was to investigate whether the addition of graphene 

nanoparticles to a commercial primer base could enhance its anti�corrosion properties without 

affecting the overall performance of the coating. %oth, the graphene suspension and the primer, 
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are commercially available, and they were tested as additives at a concentration of 0.1 w�. The 

graphene particles were extensively characterized using 5aman and FTI5, which revealed the 

presence of both graphene oxide and graphite. The results of industrial tests were mixed, with 

some indicating only minor improvements in performance, while others showed significant 

decreases, as summarized in 7DEOH ��. A particular decrease was detected in blistering 

resistance, which could be due to oxygen reduction on graphene or accelerated diffusion 

pathways. Additionally, the presence of graphene at the surface was found to lower adhesion, 

likely due to weaker binding of the coatings to the base material, as graphene cannot bond 

specifically or via any acid/base mechanism. However, the addition of graphene did improve 

NSST performance, possibly due to an increased barrier effect or electrochemical modification 

of the surface. The inconsistent results from the tests indicate that further research and 

optimization are necessary before considering graphene as a viable additive for industrial 

corrosion�resistant coatings. For instance, reducing interfacial graphene adsorption could 

improve performance for all test protocols. Furthermore, the limited beneficial properties of 

graphene and its cost suggest that its incorporation into commercial coatings may not be 

Mustified at this time. 

7DEOH ��� Overview table summarizing the influences of *raphene on the individual tests. 

$QDO\VLV (IIHFW RI WKH DGGLWLRQ RI JUDSKHQH RQ WKH SULPHU 

Color change 'arker surface 

Adhesion 'ecrease 

Surface tension Almost the same 

Coefficient of friction Increase 

*lass transition temperature Stayed the same 

%listering test 'ecreased performance 

Cathodic delamination test A slight decrease in performance 

Impedance measurement Slight improvement in performance 

NSST without scribes Almost the same 

NSST with scribes Slight improvement in performance 
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�.� The Influence of Pigment 0illing Time and Primer /ayer Thickness on Anti�

Corrosion Coatings for *alvanized Steel Strip Samples 

�.�.1 ObMective of the Study and Implementation 
Organic coatings containing anti�corrosion pigments are widely used to protect substrates 

against corrosion. Nevertheless, the impact of varying the milling time of these pigments 

remains poorly understood. To address this knowledge gap, the effect of milling time variation 

(100�, 75�, 50�, and 25�) of an ion�exchanged silica pigment commonly utilized in a 

commercially available primer system on Z samples as substrates was investigated. 

Additionally, the influence of primer layer thickness on the performance of coatings was 

examined. Samples of all four grinding times were prepared with three different layer 

thicknesses� 3 µm, � µm and 9 µm. 

This investigation provided valuable insights into optimizing anti�corrosion coatings for hot dip 

galvanized steel strip samples, with the potential for practical implications in industries such as 

automotive and construction. 

�.�.2 5esults and 'iscussion 

�.�.2.1 Characterization  

The particle size distribution analysis of the gained anti�corrosion pigments was conducted for 

all grinding times using laser diffraction analysis. The obtained results indicate that the median 

particle size did not significantly change, even when the milling time was reduced by 75�. 

However, the number of particles larger than 10 µm changed with varying grinding times. A 

longer grinding time led to a decrease in the number of oversized particles, as confirmed by 

grindometer testing. Furthermore, an increase in grinding time resulted in a reduction of the 

average maximum particle size. 

Several possible explanations exist for why an increased milling time resulted in a decrease in 

the number of oversized particles without affecting the median particle size. One possibility 

lies within the physical properties of the pigment, as calcium�exchanged silica is a hard and 

abrasive material, which can cause bigger particles to break or fracture during grinding. This 

could reduce the number of oversized particles but may not necessarily affect the median 

particle size. Another explanation is that the particle size distribution of the calcium�exchanged 

silica pigments is relatively narrow, meaning that most particles are already close to the desired 

average size before grinding. Therefore, increasing the grinding time may not significantly 

affect the average particle size but can still reduce the number of oversized particles. It is 
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essential to note that other factors such as the properties of the primer and other components in 

the formulation could also impact the final particle size distribution of the pigment in the paint 

system. Therefore, any changes in these components could potentially impact the milling 

process and the resulting particle size distribution. 

To visualize the particle size distribution, )LJXUH ��D shows the probability density function of 

particle sizes for different milling times using laser diffraction analysis, while )LJXUH ��E 

shows the average maximum particle size as determined using a grindometer. 

 
)LJXUH ��� a) Probability density function of the particle sizes at different grinding times determined using laser diffraction 

analysis. b) 'etermined maximum particle sizes at different grinding times using a grindometer. 

Cross�sectional images of the coated Z275 samples were obtained to visually assess the 

distribution of the primer components. )LJXUH �� shows images of samples from all grinding 

durations with a layer thickness of approximately 9 µm. No differences were found between 

samples with different grinding times. A reason for that might be that the coating process could 

have caused the oversized particles to break down or disperse more evenly throughout the 

coating layer. 0oreover, the oversized particles may have been present in the coating layer but 

were not visible in the SE0 images due to their distribution or orientation. SE0 images are 

limited by their two�dimensional nature, and particles that are oriented perpendicular to the 

surface or that are buried within the coating layer may not be visible. 
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)LJXUH ��� SE0 images of the cross sections of primer samples with different milling times of the anti�corrosion pigments. 

a) 100� grinding time, b) 75� grinding time, c) 50� grinding time, and d) 25� grinding time. 

�.�.2.2 6DPSOHV LQ 6DOW 6SUD\ 7HVW  

Salt spray tests were conducted with scribed and unscribed samples. The surfaces of all samples 

without a scribe, even those with a layer thickness of only 3 µm, were still intact after 1,000 h 

in the salt spray chamber. After 1,500 h, all samples with a layer thickness of 3 µm began to 

show signs of white rust, regardless of the milling time of the contained anti�corrosion 

pigments, which increased further over the course of an additional 500 h. At 2,000 hours, 

corrosion began to migrate from the taped edges to the exposed surface on all samples, leading 

to the termination of the test. Samples with layer thicknesses of � µm and 9 µm showed intact 

surfaces up to this point. )LJXUH ��D shows the result matrix of the samples with a milling time 

of 100� over the course of 2,000 h. The study found no differences between samples with the 

same layer thickness but different milling times. However, 3 µm thick samples performed worse 

than those with higher thicknesses.  

In the case of the surfaces of the scribed samples, no clear differences were recognizable with 

different milling times of the anti�corrosion pigments, but there were discernible differences 

with variations in the layer thickness. The thicker the coating, the lower the delamination. This 

observation was further confirmed by determining the delaminated area using the S0A5T 

software. )LJXUH ��E shows the primer samples after 1,000 h of neutral salt spray testing after 
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the delaminated primer was carefully removed with a blunt scalpel. )LJXUH ��F shows the 

evaluation of the average delamination of all the samples using the evaluation software 

S0A5T. 

 
)LJXUH ��� a) Sample matrix of primer samples of primers with a grinding time of 100� without scribes over the course of 

2,000 h in the salt spray chamber. b) Sample matrix of the primer samples with scribes after 1,000 h in the salt spray chamber 

with different degrees of grinding (25�100�) and different layer thicknesses (3�9 µm). The scribe on the left is down to the 

zinc coating, and that on the right is down to the underlying steel substrate. c) Evaluation of the average delamination using 

the S0A5T software. 

The findings of this experiments are consistent with previous research, which suggests that a 

thicker coating layer is generally more effective in providing protection against corrosion >107@.  

This is because a thicker coating layer can decrease the rate of penetration of corrosive agents 

and oxygen through the coating, thereby decreasing their concentration at the interface between 

the substrate and the coating layer. As a result, the corrosion rate slows down. In the presence 

of a scribe, a thicker coating layer can further decrease the likelihood of corrosion occurring at 

the scratch site by decreasing the rate of penetration of corrosive agents and oxygen. If corrosion 

does initiate at the scratch site, a thicker coating layer can limit its spread by confining it to the 

immediate vicinity of the scratch site. In summary, a thicker coating layer can effectively reduce 
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the occurrence and severity of delamination in a salt spray test by decreasing the corrosion rate 

and confining it to the scratch site. 

�.�.2.3 %OLVWHULQJ 7HVWV 

Samples with primer and top coat were exposed to a blister tester for 20 weeks. 8pon weekly 

examination, the surfaces of the samples remained intact under a light microscope for the first 

9 weeks. However, blister formation began to occur slowly thereafter. The longer the grinding 

time, the longer it took for the first bubbles to appear, and the subseTuent propagation and 

enlargement kinetics were decelerated. In )LJXUH ��D, images taken with a light microscope at 

1�x magnification after 10�20 weeks in the blister tester show the sample surfaces. )LJXUH ��E 

displays a plot of bubble size and count against time after being converted to numerical values 

according to 7DEOH �. The results indicate that samples with a grinding time of 50� and 25� 

exhibited significantly poorer performance compared to those with 75� and 100� grinding 

time, which showed only a minimal difference. 

 
)LJXUH ��� a) 'evelopment of blisters from weeks 10 to 20 in the blistering test for grinding times of 25�100�. b) %ubble 

size and bubble count on the sample surfaces were converted to numerical values according to 7DEOH � and plotted against 

the weeks passed. 

The observed results may be attributed to the reduction of the number of oversized particles 

and a more uniform dispersion in the primer resulting from a longer grinding time. This 
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contributes to the formation of a compact and homogeneous primer layer with fewer defects 

and pores, thereby offering superior protection against corrosive agents. A shorter grinding 

time, on the other hand, can result in a higher number of oversize particles remaining in the 

primer, which may result in voids and weak spots that allow corrosive agents to penetrate more 

easily, leading to blister formation. 

Furthermore, the oversized particles in the primer layer may impede the adhesion of the topcoat, 

creating bumps or roughness on the surface, thereby weakening the bond between the topcoat 

and the primer. This may eventually cause premature failure of the coating system. 

�.�.2.� &DWKRGLF 'HODPLQDWLRQ 7HVWV 

For this test, samples coated with only primer as well as samples coated with primer and top 

coat were used. Samples coated with only primer performed similarly well at the same coating 

thickness, regardless of the grinding time of the contained anti�corrosion pigments. For samples 

that were additionally coated with a top coat, it was found that the grinding time had a strong 

influence on the performance in the test. Similar to the blistering test, a longer milling time 

correlated with less pronounced delamination starting from the scribe. The delamination itself 

increased steadily with increasing testing duration. The results indicate that the grinding time 

of the anti�corrosion pigments used in the coating of the hot�dip galvanized steel samples only 

has a strong influence on the performance in the cathodic delamination test when a top coat is 

used. It appears that the effectiveness of the top coat is influenced by the Tuality of the 

underlying primer, as oversized particles in the primer layer may impede the adhesion of the 

topcoat, creating bumps or roughness on the surface, thereby weakening the bond between the 

topcoat and the primer. This may eventually cause premature failure of the coating system. 

)LJXUH ��D shows surfaces of samples coated with primer and topcoat after 30 min cathodic 

delamination test at 0.5 A in a 0.5 0 KOH solution at 3� °C. )LJXUH ��E shows the evaluation 

of the average delamination at different degrees of grinding and test durations using the 

S0A5T image analysis software, confirming the correlation between longer grinding time and 

reduced delamination. 
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)LJXUH ��� a) Samples after 30 min cathodic delamination testing with a 0.5 A current using a custom�built tester. A 0.5 0 

KOH electrolyte was used, and the temperature was maintained at 3� °C. The delaminated primer was removed with a blunt 

scalpel. b) The samples were evaluated using the S0A5T image software. 

�.�.2.5 (OHFWURFKHPLFDO 7HVWV  

The comparison of impedance values gained at 100 mHz revealed a clear trend with respect to 

dry film thickness, wherein thicker coatings exhibited higher values. This is attributed to the 

superior barrier properties provided by thicker coatings, which restrict the flow of ions and 

electrons through the coating, thereby resulting in increased impedance and indicating stronger 

corrosion resistance. Additionally, the breakdown freTuencies, which indicate the transition 

from capacitive to ohmic behavior, were evaluated. Typically, the initial reference point for 

analysis is defined as the absolute value of the freTuency at which the phase angle falls below 

�5°. The lower the freTuency value, the better the barrier properties. %reakpoint freTuencies 

greater than 10 Hz suggest a failure of the barrier function, but this value should only be used 

as a general reference due to coating system variability >105@. A similar correlation was 

observed between the thickness of the layer and both the impedance value and the breakdown 

freTuency. 

/inear sweep voltammetry (/SV) was employed to measure the polarization resistance (/P5), 

which also exhibited a strong dependence on the dry film thickness of the coating. Thicker 

coatings resulted in higher polarization resistance values, indicating better protection against 

corrosion. Notably, no clear correlation was observed between milling time and the measured 

impedance or polarization resistance values, indicating that the milling process has a negligible 

impact on the barrier properties of the coating. 

)LJXUH �� depicts the measured impedance magnitudes at 100 mHz and the polarization 

resistance values determined using /SV measurements, which are in good agreement with each 

other. 7DEOH �� displays the breakdown freTuencies determined using EIS measurements. 

Overall, the results emphasize the crucial role of dry film thickness in determining the barrier 
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properties of organic coatings. Thicker coatings offer superior corrosion resistance, resulting in 

higher impedance and polarization resistance values. 

 
)LJXUH ��� The results of a) EIS measurements at 100 mHz of samples with different primer layer thicknesses and grinding 

times of the anticorrosion pigments. b) Polarization resistance values determined using /SV measurements. All 

measurements were conducted after the sample surface had been in contact with a 1 0 NaCl electrolyte for 2� h. 

7DEOH ��� Average breakthrough freTuencies of primer samples with different layer thicknesses and grinding times 

determined using EIS measurements. 
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�.�.2.� (OXWLRQ 7HVWV 

The release of ions over time from free coating films, which were produced as described in 

materials and methods, was investigated through elution tests. The conductivity of the eluents 

was measured, and an initial increase was observed for all grinding times, followed by a plateau 

after approximately 8 days, with only slight changes thereafter. A correlation was noted 

between pigment grinding time and solution conductivity, indicating that a longer pigment 

grinding time results in a higher number of dissolved ions. However, an exception was found 
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for the 25� grinding time. )LJXUH ��D shows the progression of the conductivity over the 

course of the first 10 days. 

To determine the ions responsible for the increase in conductivity, the composition of the eluate 

was analyzed. The concentration of all ions in the eluate was found to be nearly eTual, except 

for calcium and silicon, which had higher concentrations on average in primer samples with 

longer pigment grinding times. The findings indicate that the enhanced conductivity observed 

can be attributed to the depletion of calcium and silicon ions from the coating films. )LJXUH 
E shows the measured concentration of calcium and silicon after 10 days of leaching for all 

grinding times. 

In summary, the elution tests suggest that the release of ions from free coating films, which is 

a time�dependent process, is influenced by pigment grinding time. The differences in 

conductivity are believed to be due to the different concentrations of dissolved silicon and 

calcium, with their concentration increasing with longer pigment milling times.  

 
)LJXUH ��� The results of the elution tests using free films of primers with different grinding times of their contained 

anticorrosion pigments. Each time, 550 mg of the sample was leached in �00 m/ of deionized water at 50 °C for 10 days and 

conductivity and ion content were determined. a) The evolution of conductivity over 10 days for different pigment grinding 

times. b) The dissolved calcium and silicon concentration at the end of the 10�day leach. 

In addition, attempts were made to find a relationship between the conductivity of the eluate 

and the mass loss of the pigments separated by T*A. It was found that the higher the 

conductivity was after 10 days, the higher the proportion of the sample that remained at a 

temperature of 700 °C in the T*A. )LJXUH ��D shows the T*A curves of the separated anti�

corrosion pigments. )LJXUH ��E shows the Correlation between the conductivity of the leached 

free coating films and mass loss in T*A. Further investigation would be necessary to determine 

the specific mechanism behind this correlation. 
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)LJXUH ��� a) 0ass loss of the anti�corrosion pigments separated from the primers with different grinding times at T*A in 

the temperature range of 100 to 700 °C. b) Correlation between the conductivity of the leached free coating films and mass 

loss in T*A. 

�.�.2.7 :DWHU 8SWDNH  

The water absorption of the coatings was assessed using two different techniTues� sorption 

balance measurements and evaluation of electrochemical impedance spectroscopy (EIS) data 

using the %rasher�Kingsbury eTuation. The sorption balance measurements indicated minimal 

differences in water uptake between free coating films with varying grinding times, with a 

deviation of less than 0.2 percentage points between the specimens. All samples showed a 

similar hysteresis, suggesting comparable water absorption. 

:hen using the %rasher�Kingsbury eTuation to evaluate EIS measurements of steel samples 

coated with primer, only slight differences were observed for different grinding times, but 

significant differences were found for variations in layer thickness. This is because thicker 

coatings can absorb more water, resulting in lower capacitance values and a higher diffusion 

coefficient, which are inversely related in the %rasher�Kingsbury eTuation >108@. Therefore, 

only samples with the same layer thickness should be compared. However, the results should 

be interpreted with caution, as the %rasher�Kingsbury eTuation depends on certain assumptions, 

including low water content in the coating and uniform distribution of water throughout it. 

:hile the first assumption often limits the applicability of the eTuation to the early stages of 

absorption, the second assumption is rarely met during the transient mass transfer process >10�@.  

In conclusion, there was no clear trend between the grinding time of the anti�corrosion pigments 

and the diffusion coefficient. The results of the sorption balance measurements are presented in 

)LJXUH ��D, the calculated diffusion coefficients from EIS measurements using the 

%rasher�Kingsbury eTuation in )LJXUH ��E. 
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)LJXUH ��� a) The change in mass of a free film sample measured using a sorption balance. The relative humidity was 

increased in increments of 10 � from 0 to 100 � and then decreased again in increments to 0 � while the temperature was 

held constant at 30°C. b) 'iffusion coefficients calculated from EIS measurements using the %rasher�Kingsbury eTuation. 

�.�.3 Conclusions 
The aim of this part of the thesis was to investigate the effect of grinding time on the particle 

size distribution and performance of calcium�exchanged silica anti�corrosion pigments in a 

paint system. /aser diffraction analysis was used to determine the particle size distribution of 

the pigment, while SE0 images were used to evaluate the distribution of the primer 

components, and salt spray and blister tests were conducted to assess the performance of the 

coated samples. 

The results of the particle size distribution analysis indicate that the median particle size 

remained relatively constant, even when the milling time was reduced by 75�. However, the 

distribution of particles larger than 10 µm varied with different grinding times. /onger grinding 

times were found to reduce the number of oversized particles, and the average maximum 

particle size also decreased with increased grinding time, as confirmed by grindometer testing. 

Possible explanations for this result include the physical properties of the pigment and the 

influence of other components in the formulation. 

The cross�sectional images of the coated samples revealed no significant differences between 

samples with different grinding times. A reason for this might be that the coating process could 

have caused the oversized particles to break down or disperse more evenly throughout the 

coating layer. 0oreover, oversized particles may have been present in the coating layer but 

were not visible in the SE0 images due to their distribution or orientation. 

The salt spray tests revealed that all samples with a layer thickness of 3 µm began to show signs 

of white rust after 1,500 hours, regardless of the milling time of the anti�corrosion pigments. At 

2,000 hours, corrosion began to migrate from under the taped edges to the exposed surface on 
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all samples, leading to the termination of the test. Samples with layer thicknesses of � and 9 µm 

showed intact surfaces up to this point. The test could not differentiate between � µm and 9 µm 

samples as the experiment was terminated at 2,000 hours, with all sample surfaces still intact at 

that time. In the case of the surfaces of the scribed samples, no clear differences were 

recognizable with different milling times of the anti�corrosion pigments, but there were 

discernible differences with variations in the layer thickness. 

The blister tests revealed that the longer the grinding time, the longer it took for the first bubbles 

to appear, and the subseTuent propagation and enlargement kinetics were decelerated. 

In conclusion, the results of this study suggest that longer grinding times can reduce the number 

of oversized particles and decrease the average maximum particle size of calcium�exchanged 

silica anti�corrosion pigments but may not necessarily affect the median particle size. The 

properties of the primer and other components in the formulation may also influence the final 

particle size distribution of the pigment in the paint system. A thicker coating layer is generally 

more effective in providing protection against corrosion as it reduces the rate of penetration of 

corrosive media and oxygen through the coating layer. This reduces the concentration of 

corrosive agents at the interface between the substrate and the coating layer, thus slowing down 

the corrosion rate. The longer the grinding time of the pigment, the longer it takes for blister 

formation to occur, and the subseTuent propagation and enlargement kinetics are decelerated. 

Overall, the findings of the study have important implications for the development and 

optimization of anti�corrosion coatings for steel products. %y providing insights into the 

influence of various factors on the corrosion resistance of coated samples, the study can help 

improve the durability, reliability, and safety of steel products in a range of applications. 

 

�.5 Examining the Influence of 'ifferent Parameters on Cathodic 'elamination� 

Assessing their Impact on Coating Integrity 

�.5.1 ObMective of the Study and Implementation 
The evaluation of the resistance of coatings to cathodic delamination plays an essential role in 

determining their performance in the protection of metallic surfaces against corrosion. There 

are various test methods used to evaluate their resistance, which differ both in the procedures 

used and in their test duration. The range of test periods extends from several weeks to Must a 

few minutes. 
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A representative standard in this context is 'IN EN ISO 15711, which is used to determine the 

resistance to cathodic disbonding of coatings in seawater. This standard reTuires a minimum 

test period of 2� weeks, which is eTuivalent to about �.5 months. Another significant standard 

is the V*%/%A: standard �Corrosion Protection of Offshore Structures for the 8tilization of 

:ind Energy�, Part 2, which describes the compatibility testing of coating materials with 

corrosion protection systems and stipulates a test duration of 15 months. 

Although test periods of this length allow detailed observation of the behavior of the coatings 

under realistic conditions, such an extended test duration is often impractical and economically 

demanding for companies in practice. Especially in dynamic industries, where rapid responses 

to product innovations and market demands are reTuired, waiting for results over several 

months proves unfeasible.  

However, there are also test methods that aim to significantly shorten the test duration. An 

example of this is the Volkswagen *roup standard for cathodic polarization on coated metallic 

materials, which prescribes a test duration of only 2� hours. Similarly, the %0: *roup 

standard for a galvanostatic cathodic polarization test on painted steel substrates also specifies 

a test duration of this length. Such short�term tests offer the advantage of faster results and can 

be used as a screening method for rapid evaluation of coatings. However, these galvanostatic 

tests use more unrealistic test media and employ extreme cathodic polarizations in the range of 

�1,�00 to �3,000 mV vs. Ag/AgCl. In contrast, the two previously mentioned standardized tests 

use test media that are closer to reality, and the coatings are tested in realistic polarization ranges 

of �800 to �1,100 mV vs. Ag/AgCl. These tests are performed potentiostatically. 

*iven the wide variety of test methods and the widely varying test durations, it is of great 

importance to understand the respective advantages and disadvantages and to select the most 

appropriate method according to the specific reTuirements of the coatings and the intended 

application. This is particularly relevant since cathodic disbondment test methods, which have 

been developed to shorten test cycles, face some criticisms. First of all, it is criticized that in 

order to reduce the test times, the test parameters were excessively tightened, which leads to a 

distortion of the real conditions and Tuestions the transferability of the results to practical 

applications. 

Another point of criticism concerns the comparability of the test results with other established 

methods. The validity of the test depends heavily on whether it provides results that are 

comparable with those of other recognized tests. A lack of comparability could affect the 

acceptance and use of the procedure in industry, as concerns have been expressed about 
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potential competition with already established V*%/%A: procedures and 'IN standards. The 

introduction of new test methods needs to prove itself in order to be accepted as a reliable 

alternative and to obtain industry accreditation. 

Another critical aspect concerns the mechanism leading to cathodic delamination. In particular, 

it is criticized that the present test procedure has a strong focus on mechanical delamination by 

hydrogen. There is a possibility that other important mechanisms that can also lead to 

delamination are not sufficiently considered, which limits the validity of the test results. 

Furthermore, the derivation of meaningful electrochemical parameters is challenging, which 

calls into Tuestion the validity and added value of the method for the evaluation of cathodic 

delamination. 

In this study, the influence of the test parameters on the delamination behavior was investigated. 

For this purpose, hot�dip galvanized steel specimens were used as substrate, which were first 

pretreated and then coated with primer and topcoat. In the subseTuent experiments, the 

parameters were systematically varied to determine the respective effects on the progress of 

delamination. Variations included test duration, which ranged from a few minutes to several 

hours, to evaluate the resistance of the coating to delamination at longer exposure times, 

temperature, ranging from 30 to �0 °C, and current density in the mA/cm² range, to determine 

thresholds at which delamination onset and propagation were more likely to occur. 

Furthermore, additional variations such as a change of electrolyte, the presence of oxygen or a 

change from galvanostatic to potentiostatic mode of operation were tested. 

A comprehensive analysis and evaluation of the experimental results obtained with home�built 

experimental setups should contribute to a better understanding of the factors affecting cathodic 

delamination.  

�.5.1.1 Samples :ith Only Primer 

In a first step, samples coated solely with a commercially available primer, having a layer 

thickness of � µm, were tested. The self�constructed setup, as described in section 3.�, was 

employed for this purpose. The standard conditions for performing the test were the usage of a 

0.5 0 KOH solution as electrolyte, a temperature of 35 °C, a duration of 30 minutes, and a 

continuous current flow set at 0.5 A. SubseTuently, these parameters were systematically varied 

to achieve a more comprehensive study. 

It is worth noting that the standard test duration of 30 minutes is tailored to samples with a 

complete system setup, including both a primer and a topcoat, resulting in an overall layer 
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thickness of approximately 25 µm. However, to assess the standalone performance of the 

primer, the test duration for pure primer samples was substantially reduced, and each test was 

conducted for only a few minutes. This adMustment allowed us to examine the initial resistance 

and early failure mechanisms of the primer layer in isolation. )LJXUH ��F showcases the results 

obtained from a series of tests where the test duration was systematically varied, captured at a 

��fold magnification. The images were then evaluated using the S0A5T image evaluation 

software and the proportion of the detached primer was plotted against the test duration, as 

displayed in )LJXUH ��D. 

:ithin the first 3 minutes of the test, no changes were visually detectable. This indicates that 

during the initial period, the primer layer remains relatively stable and has sufficient adhesion 

to the substrate. It takes some time for the electrolyte to fully diffuse into the primer and allow 

current flow to the substrate. However, as the test progresses beyond the critical time frame, 

the coating begins to delaminate at existing defects. The observed phenomenon of delamination 

in the primer samples can be attributed to hydrogen evolution at the surface of the samples. It 

is known that the electrochemical reactions that take place during accelerated testing at voltages 

below �1.35 V vs. SHE can lead to the formation of hydrogen gas at the cathodic sites >58@. In 

this case, the strong negative potential during the test allows a strong evolution of H2, which in 

combination with the strong alkaline pH can cause detachment of the coating. In )LJXUH ��E, 

the strong gas bubble formation during the performance of the test in the delamination apparatus 

can be seen. 

The observed delamination phenomenon become more pronounced with increasing test 

duration, ultimately leading to complete detachment after 12 minutes. This significant 

deterioration highlights the limited barrier effect provided by the pure primer samples, even 

within the short testing period. 
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)LJXUH ��� a) The proportion of primer detached plotted against the test duration. b) Hydrogen formation in the delamination 

apparatus while performing the cathodic delamination test. c) Surface of samples coated only with primer with varying test 

duration. 

The results indicate that the protective effect of the coating, which is completely maintained for 

the standard duration of 30 minutes with a full coating build�up, appears to fail within a few 

minutes when the primer is tested independently. In order to ascertain whether the triggering 

factor for delamination is the current flow and its conseTuent hydrogen evolution, or if it is the 

elevated pH of the KOH solution, undamaged primer samples were immersed in the KOH 

solution for several hours, followed by surface observations. Even after an extensive period of 

1�8 hours (1 week), the surfaces maintained their integrity under optical microscopy, exhibiting 

sustained primer adhesion that withstood peel tests using adhesive tape. 'elamination, 

therefore, only occurs with simultaneous formation of hydrogen gas. However, discerning 

whether delamination could also result solely from gas formation remains uncertain, as such 

gas generation is accompanied by a simultaneous rise in pH into the alkaline range. In )LJXUH 

 optical images taken at 5� and 50�times magnification of samples before and after contact 

with KOH for 1�8 hours are shown.  
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)LJXUH ��� a) Surface of a pretreated and primer�coated sample before contact with KOH. Image taken with an optical 

microscope at 5x magnification. b) Image taken with 50x magnification. c) Surface of a sample after contact with 0.5 0 

KOH for 1�8 hours. Image taken with 50x magnification. 

�.5.1.2 Samples :ith Primer and Topcoat 

In the next step, samples with a full coating buildup, consisting of primer and top coat were 

tested. For this, both the self�made test apparatus, as described in section 3.�, and the 3'�printed 

cell were used. Since no change on the surface of undamaged samples was detectable even after 

several hours when a high voltage or current was applied, provided the coating did not have 

any defects, the samples were scribed with a 50 mm long and 1 mm wide scribe down to the 

zinc coating. The conditions originally used (30 minutes, 35 °C, 0.5 A) were systematically 

varied in different experiments. In )LJXUH �� the varied parameters were plotted against the 

delamination. The test duration was varied in a), the temperature in b) and the current intensity 

in c). :hen varying those parameters, it can be seen that an increase in the respective value 

leads to greater delamination, with the effect being most pronounced when the temperature is 

increased. In all the tests performed, it was also seen that when the parameter under 

investigation was aggravated, delamination starting at the scribes increased. In )LJXUH �� an 

overview of the effects of varying the parameters is shown. The greater occurrence of bubble 

formation with an increase in temperature, test duration or current intensity can be seen as well. 
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)LJXUH ��� Effect of varying the investigated parameters in cathodic delamination tests of specimens with full coating 

buildup with a scribe. In a) the test duration was varied, in b) the electrolyte temperature and in c) the current flow. It can be 

seen that the delamination distance increases as the value of the investigated parameter is increased. The occurrence of 

bubble formation is increased as well. 

The observed tendency of increased delamination at elevated temperature can be attributed to 

several underlying factors. First, higher temperatures tend to enhance the mobility and diffusion 

of molecules within the coating system. Increased mobility generally accelerates the rate at 

which reactions occur, which could also increase the rate of delamination. Additionally, 

increased mobility can lead to a change in interfacial interactions such as adhesion, which can 

subseTuently promote delamination.  
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Additionally, elevated temperatures can induce thermal expansion effects, causing differential 

expansion coefficients between the layers of the coating system. This discrepancy in expansion 

rates can create significant stress at the interface, potentially surpassing the adhesion strength 

and contributing to delamination. 

 
)LJXUH ��� The parameters of the cathodic delamination test were varied systematically, and the respective parameter was 

plotted against delamination, starting from the scribe. In a) the test duration was varied, in b) the temperature and in c) the 

current flow. 

0oreover, increased temperature can accelerate the degradation or breakdown of chemical 

bonds within the coating layers, particularly in cases where the polymer or binder materials are 
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susceptible to thermal degradation. This degradation can weaken the structural integrity of the 

coating, making it more susceptible to delamination under applied stress. 

In some tests, the temperature was increased above the glass transition temperature Tg 

of approximately �0 °C, which is the temperature at which an amorphous material (such as 

certain polymers or coatings) transitions from a rigid, glassy state to a softer and more rubbery 

state. Above this temperature, the polymer chains of the paint or coating material may exhibit 

more mobility and flexibility, resulting in a decrease in stiffness and an increase in elasticity. It 

is important to note that the specific mechanisms governing delamination under elevated 

temperature conditions may vary depending on the composition, structure, and properties of the 

coating system.  

:hen the test duration was varied, an almost linear relationship was found, since the 

delamination increased continuously with increasing test duration. After about 90 minutes, 

almost complete delamination had occurred. One possible reason for this delamination rate is 

the increase in the delamination area. The delamination reaction leads to a progressive increase 

in the delaminated area and thus in the interface between the coating and the substrate. This 

causes a continuously increasing reaction area, which accelerates the delamination process. At 

the same time, delamination results in increased defects in the coating, which increases its 

permeability. This favors easier access of the delamination medium to the interface between 

coating and substrate and further contributes to the acceleration of the delamination process. 

'ue to the fact that the current flow is synonymous with the reaction rate, an increase in the 

current intensity results in an increased formation of hydrogen gas. At the same time, this 

increased current intensity causes an accelerated and more pronounced increase in pH at the 

interface due to the increased formation of hydroxide ions. As a result, delamination also 

increases with an increase in current intensity. However, plateau formation can be observed at 

a value above 0.� A, since delamination is the same for 0.� A and 0.75 A. This behavior could 

indicate that neither the hydrogen gas formation nor the increase in the number of hydroxide 

ions in this range are the rate�limiting steps, and at this threshold value and above, neither more 

hydrogen gas nor a higher pH value can further increase the delamination rate. 

Since the possibilities of varying the parameters in our home�made apparatus were limited, a 

with a 3' printed part modified cell as described in section 3.� was used for further 

experiments. Here, the KOH electrolyte (0.5 0� pH 13.7� 98.7 mS/cm) was replaced with a 

sodium sulfate electrolyte (0.1 0� pH 5.8� 1�.� mS/cm), as predefined by the standards 

considered for these experiments. Some other standards recommend the use of KOH solutions, 
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but the reasons for choosing these specific electrolytes are not clear. %esides typical reasons 

such as high conductivity, chemical stability and easy availability of the substances, two 

possible hypotheses for the choice are, on the one hand, that these electrolytes were chosen 

because they are chloride�free. In the case of strong cathodic polarization in a chloride�

containing electrolyte, the formation of toxic chlorine gas is a significant health risk. On the 

other hand, sodium sulfate solution in particular provides a good source of hydrogen, which is 

advantageous in this experimental setup. The use of sodium sulfate as an electrolyte thus meets 

the goal of ensuring both safety and efficient hydrogen release.  

Among other variations, the influence of changing from a galvanostatic to a potentiostatic mode 

of operation was also tested. :ith polarizations, the ohmic voltage drop in the electrolyte leads 

to measured potentials that are subMect to a measurement error. This measurement error is also 

called �i5 drop�, which stands for �internal resistance drop� (or �internal voltage drop�). The 

occurrence is evident because the further the reference electrode is from the sample surface, the 

more negative the measured potential becomes. However, since the i5 drop is merely a 

measurement error, it has no influence on the result of the delamination in the case of 

galvanostatic polarizations. In )LJXUH �� the delamination for two different paint systems at 

different applied voltages (potentiostatic mode of operation) or different current flows 

(galvanostatic mode of operation) for various times is shown. The delaminated paint was 

removed with a blunt scalpel and the distance of the delaminated area starting from the cracks 

was evaluated using the image evaluation software S0A5T. In )LJXUH �� the evaluation of the 

delamination is plotted against time.  

The series of tests carried out showed an almost linear increase in delamination with increasing 

test duration. This indicates an attack on the metal�polymer bonds, which is additionally 

supported and accelerated by the simultaneous generation of hydrogen gas. Furthermore, the 

investigation revealed that increased delamination occurs when a more negative voltage is 

applied or an increased current flow is used, which is consistent with the results of the tests with 

the delamination apparatus. 

These observations can be attributed to the fact that, on the one hand, fewer hydroxide ions 

were formed at a lower reaction rate, which means that the postulated delamination mechanisms 

can proceed more slowly. This can be seen, among other things, in pH value measurements of 

the sample surface after completion of 2��hour tests, which are more negative at more negative 

voltages or higher current flows. The higher pH value at a higher current flow, whether directly 

by adMustment in a galvanostatic mode of operation or indirectly by adMusting a lower voltage, 
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which also results in a higher current flow, is the conseTuence, since a higher current flow 

corresponds to a higher reaction rate and all possible reactions taking place (reduction of 

oxygen, hydrogen ions or water) are accompanied by an increase in the pH value. 

 
)LJXUH ��� 'elamination for different paints at different voltages or currents for different times. The delaminated paint was 

removed with a blunt scalpel in each case. In the case of the samples with metallic paint, the exposed zinc surface was 

copper�plated after removal of the delaminated paint to enable evaluation using the S0A5T software. 

Additionally, no visual formation of hydrogen gas could be observed when more positive 

voltages or a lesser current flow were applied, resulting in reduced bubble formation. 

In another variation of the experimental parameters, the influence of oxygen exclusion was 

tested. For this purpose, the electrolyte solution was thoroughly rinsed with nitrogen before the 

test was carried out and the test was performed under nitrogen flow. It was observed that the 

pH was slightly lower compared to previous experiments and at the same time the delamination 

was reduced. A plausible explanation for this lies in the altered cathodic reaction during the 
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test. 'ue to the exclusion of oxygen, the reduction of oxygen no longer occurred as the 

predominant process. Instead, reduction of hydrogen ions or of water took place. In )LJXUH �� 

the pH values of the electrolyte and below the delaminated primer are shown. In a) for an 

experiment where a voltage of �1.0 V vs. OCP (=�2.0 V vs. SHE) was applied for 2� hours at 

room conditions, in b) the same conditions under oxygen exclusion.  

 
)LJXUH ��� Variation of the applied voltage and current flow for different test durations. The distance of the delaminated area 

starting from the applied scribe was performed using the S0A5T software. 

 

)LJXUH ��� a) pH value after 2� hours of current flow when �1 V vs. OCP (=�2 V vs. SHE) is applied under room atmosphere� 

left pH value of �the electrolyte, right pH value under the delaminated paint� b) pH value after 2� hours of current flow when 

�1 V vs. OCP (=�2 V vs. SHE) is applied under oxygen exclusion� left pH value of �the electrolyte, right pH value under the 

delaminated paint. 
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�.5.2 Conclusions 
In this part of the thesis, an in�depth investigation into the phenomenon of cathodic 

delamination of coatings was conducted. The goal was to understand the influence of various 

test parameters on the delamination behavior and to shed light on the underlying mechanisms 

that drive this process. The experiments were carried out using hot�dip galvanized steel 

specimens (Z) coated with primer and topcoat layers, and a range of parameters including test 

duration, temperature, current density, electrolyte composition, and mode of operation were 

systematically varied. 

The findings from the experiments provide valuable insights into the complex interplay of 

factors affecting cathodic delamination. For samples coated only with a � µm primer layer, it 

was observed that the initial stability of the primer layer vanishes rapidly when subMected to 

cathodic polarization in an alkaline electrolyte. The observed delamination phenomenon was 

attributed to hydrogen evolution at the sample surface, resulting from electrochemical reactions 

under negative potentials. 0oreover, the relationship between test duration and delamination 

showed an exponential trend, indicating that the expansion of the delamination area accelerates 

the process. 

Samples with both primer and topcoat displayed similar trends but demonstrated in additionally 

conducted experiments that elevated temperature had the most significant impact on promoting 

delamination. This effect could be attributed to increased mobility and diffusion of molecules 

within the coating, thermal expansion effects, and potential degradation of chemical bonds. The 

current intensity was also shown to contribute to delamination, particularly through enhanced 

hydrogen gas evolution and increased alkalinity. Furthermore, switching from a galvanostatic 

to a potentiostatic mode of operation or excluding oxygen from the system resulted in 

observable changes in the delamination behavior, indicating the complexity of the underlying 

mechanisms. 

The results presented here emphasize the intricate balance between electrochemical and 

mechanical factors governing cathodic delamination. :hile short�duration tests offer rapid 

screening capabilities, longer�term tests under more realistic conditions yield insights into the 

behavior of coatings over time. The study also raises important Tuestions about the validity and 

transferability of results from accelerated tests to practical applications. The selection of 

appropriate test methods must be carefully considered to ensure reliable and meaningful 

evaluations of coatings
 performance against cathodic delamination. 
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8ltimately, this research contributes to the broader understanding of cathodic delamination 

mechanisms and provides valuable guidance for choosing appropriate testing methodologies 

that align with industry needs and real�world scenarios. As the field of corrosion protection 

continues to evolve, further research will undoubtedly refine our understanding of this intricate 

phenomenon and drive advancements in protective coating technologies. 

5 Conclusions and Outlook 
This doctoral thesis has addressed key aspects of corrosion protection, focusing on the 

characterization of anti�corrosion pigments, the optimization of thin�film primers, the potential 

of graphene nanoparticle additives, the influence of grinding time on pigment performance, and 

the investigation of cathodic delamination behavior in coatings. Each chapter has provided 

valuable insights and contributed to the development of more effective corrosion protection 

strategies for galvanized steel sheets. 

In the first chapter, an extensive characterization of 10 anti�corrosion pigments was performed, 

leading to the selection of Shieldex and ASP�00 for further investigation. Shieldex, a 

calcium�exchanged silica, exhibited immense promise due to its ability to form a robust and 

protective barrier on metal surfaces. This attribute is critical in preventing corrosive agents from 

reaching the underlying substrate, making it a valuable corrosion inhibitor. Shieldex
s 

reputation as a reliable additive for coatings underscored its potential, leading to its selection 

for thorough evaluation. Similarly, ASP�00 demonstrated noteworthy anti�corrosion properties 

and established industrial use. Its effectiveness had been well�documented, and its compatibility 

with existing coating systems positioned it as a strong candidate for deeper investigation. 

Furthermore, the cost�effectiveness and widespread availability of ASP�00 enhanced its appeal 

as a corrosion protection solution. 0oreover, the combination of Shieldex and ASP�00 

showcased properties that complemented each other in a corrosion protection system. The 

barrier�forming ability of Shieldex, combined with ASP�00
s interactions and compatibility, 

suggested a synergistic potential that could elevate the overall anti�corrosive performance of 

thin�film primers. 

The second chapter delved into optimizing thin�film primers, exploring factors such as coating 

thickness, composition, and substrate The research unveiled important insights, including the 

fact that a dry film thickness of 3 µm provided complete corrosion protection for 1,000 hours 

in the Neutral Salt Spray Test (NSST), as long as the coating remained intact. Furthermore, the 

study showed that increasing film thickness generally improved performance across various 
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tests, except in NSST tests without scribes, where a 3 µm thickness was sufficient. The 

hydrophobization of Shieldex showed mixed effects, enhancing cathodic delamination 

resistance but negatively affecting protection against white rust formation. These findings offer 

valuable guidance for optimizing thin�film primers and point toward further research in 

real�world conditions. In addition, the need for real�world testing and assessment of additional 

factors like 8V radiation and humidity were emphasized. 

In the third part, the potential of graphene nanoparticles as additives for enhancing 

anti�corrosion properties in commercial primers was explored. The outcomes were mixed, with 

varying effects observed across different test protocols. :hile some tests indicated minor 

improvements in performance, others revealed significant decreases, particularly in blistering 

resistance. The presence of graphene at the surface was also found to lower adhesion due to 

weak binding mechanisms. However, the addition of graphene did improve NSST performance, 

possibly due to an increased barrier effect or electrochemical surface modification. The chapter 

emphasizes the need for further research and optimization before considering graphene as a 

viable additive for industrial corrosion�resistant coatings. The currently still high price in 

combination with the limited benefit from the addition of graphene makes its use unattractive 

at the moment. 

The fourth chapter investigated the influence of grinding time on the particle size distribution 

and performance of calcium�exchanged silica anti�corrosion pigments within paint systems. 

The analysis revealed that while the median particle size remained relatively constant, grinding 

time affected the distribution of particles larger than 10 µm. /onger grinding times reduced the 

number of oversized particles and decreased the average maximum particle size. The properties 

of the primer and other formulation components may also have influenced the final particle size 

distribution. The cross�sectional images of coated samples indicated no significant differences 

between different grinding times, possibly due to coating processes influencing particle 

distribution. Salt spray tests showed that thicker coating layers were more effective in providing 

corrosion protection, corroborating with reduced corrosive media penetration and slower 

corrosion rates. Furthermore, longer grinding times correlated with delayed blister formation, 

indicating decelerated kinetics. These findings hold implications for anti�corrosion coating 

development, offering insights into the impact of various factors on coating performance and 

corrosion resistance. 

/astly, the fifth chapter delved into the complex phenomenon of cathodic delamination in 

coatings. 8sing hot�dip galvanized steel specimens coated with primer and topcoat layers, the 
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study systematically varied test parameters to unravel the complex factors influencing 

delamination behavior. The results highlighted the interplay of electrochemical and mechanical 

factors driving cathodic delamination. For samples with only a � µm primer layer, the primer
s 

initial stability vanished rapidly under cathodic polarization in an alkaline electrolyte. This 

delamination was attributed to hydrogen evolution from electrochemical reactions under 

negative potentials. 0oreover, the relationship between test duration and delamination 

exhibited an exponential trend, suggesting that delamination area expansion accelerated the 

process. For samples with both primer and topcoat, elevated temperature emerged as a 

prominent promoter of delamination. The impact of current intensity, mode of operation, and 

electrolyte composition further emphasized the complex mechanisms at play. The study 

underscored the intricate balance between various factors contributing to cathodic delamination 

behavior and highlighted the importance of careful test method selection for meaningful coating 

performance evaluations. 

:hile this thesis has made notable contributions to the field of corrosion protection, it also 

unveils various potential directions for future research. 5eal�world testing of optimized 

thin�film primers is essential to validate laboratory findings and assess the coatings
 

performance under diverse environmental conditions. Further investigation into the potential 

synergistic effects of Shieldex and ASP�00 in practical applications is warranted. 

Incorporating graphene nanoparticles as anti�corrosion additives reTuires continued research to 

overcome challenges related to adsorption and cost. Efforts should focus on developing 

strategies to improve graphene
s compatibility with coating systems while maximizing its 

beneficial properties. The findings related to grinding time and particle size distribution 

highlight the need for more comprehensive studies involving different pigment systems and 

coating formulations. 8nderstanding the impact of particle size distribution on coating 

performance can lead to more tailored corrosion protection solutions. 5egarding cathodic 

delamination, future research should focus on bridging the gap between accelerated testing and 

real�world applications. 'eveloping standardized protocols that provide reliable and 

transferable results will be crucial. Furthermore, exploring alternative mechanisms contributing 

to delamination and validating their significance will enhance the understanding of this complex 

phenomenon. 

In conclusion, this doctoral thesis has made significant strides in advancing the knowledge of 

corrosion protection strategies. The insights gained from characterizing pigments, optimizing 

primers, exploring new additives, understanding particle size effects, and investigating 
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delamination mechanisms collectively contribute to the development of more robust and 

reliable corrosion protection solutions for diverse industrial applications. Continued research in 

these directions will play a pivotal role in enhancing the durability and longevity of materials 

in corrosive environments. 
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7 Appendix 1 – SE0 Images of the Pigments 

 
)LJXUH ��� SE0 images of Novinox XCA02 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 

 
)LJXUH ��� SE0 images of Novinox PAT30 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 



Appendix 1 – SE0 Images of the Pigments ϭϭϵ 

 
)LJXUH ��� SE0 images of Novinox PAT15 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 

 
)LJXUH ��� SE0 images of Novinox PA0 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 



Appendix 1 – SE0 Images of the Pigments ϭϮϬ 

 
)LJXUH ��� SE0 images of Novinox PC01 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 

 
)LJXUH ��� SE0 images of Shieldex C303 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 



Appendix 1 – SE0 Images of the Pigments ϭϮϭ 

 
)LJXUH ��� SE0 images of Heucophos C0P at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 

 
)LJXUH ��� SE0 images of Heucophos S5PP at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 



Appendix 1 – SE0 Images of the Pigments ϭϮϮ 

 
)LJXUH ��� SE0 images of zinc white resin seal CF at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 

 
)LJXUH ��� SE0 images of ASP �00 at different magnifications� a) 50, b) 1,000, c) 3,000, d) 30,000. 



Appendix 1 – SE0 Images of the Pigments ϭϮ3 

 
)LJXUH ��� SE0 images of K�:hite * 730 at different magnifications� a) 500, b) 1,000, c) 3,000, d) 30,000. 

 
)LJXUH ��� SE0 images of K�:hite TC 720 at different magnifications� a) 500, b) 1,000, c) 3,000, d) 30,000. 
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additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For

photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at

their request by on-campus bookstores or copy centers, or by ot-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or

to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the

entire portion of the Work copied) (ii) permit "publishing ventures" where any particular anthology would be systematically

marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Consrmation arising from

data provided by User), any use authorized under the academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identiser as assigned by the institution, and thereby

including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or

articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two

articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution

of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to

produce an identical copy of a Work before or during the academic term (or analogous period) as to which any particular

permission is granted. In the event that User shall choose to retain materials that are the subject of a photocopy

permission in electronic memory for purposes of producing identical copies more than one day after such retention (but

still within the scope of any permission granted), User must notify CCC of such fact in the applicable permission request

and such retention shall constitute one copy actually sold for purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by

User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by

means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall

maintain for at least four full calendar years books and records suqcient for CCC to determine the numbers of copies made by

User under such permission. CCC and any representatives it may designate shall have the right to audit such books and

records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that

User shall have underpaid for, or underreported, any photocopies sold or by three percent (3%) or more, then User shall bear

all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit. Any amount determined by such audit to

have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per

annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this

License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management

systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts in learning management

systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations

to import requested material in electronic format, and allows electronic access to this material to members of a designated

college or university class, under the direction of an instructor designated by the college or university, accessible only

under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still

images not embedded in text, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also the

following authorization: to include the requested material in course materials for use consistent with Section 14(b)(i)(A)

above, including any necessary resizing, reformatting or modiscation of the resolution of such requested material
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(provided that such modiscation does not alter the underlying editorial content or meaning of the requested material, and

provided that the resulting modised content is used solely within the scope of, and in a manner consistent with, the

particular authorization described in the Order Consrmation and the Terms), but not including any other form of

manipulation, alteration or editing of the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual

content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also the following

authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A) above; (ii)

to display and perform the requested material to such members of such class in the physical classroom or remotely by

means of streaming media or other video formats; and (iii) to "clip" or reformat the requested material for purposes of

time or content management or ease of delivery, provided that such “clipping” or reformatting does not alter the

underlying editorial content or meaning of the requested material and that the resulting material is used solely within the

scope of, and in a manner consistent with, the particular authorization described in the Order Consrmation and the Terms.

Unless expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Consrmation, no License granted shall in any way: (i) include any right by

User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by means

of deleting material immediately preceding or following the entire portion of the Work copied or, in the case of Works subject

to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course

materials would be systematically marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in

the Order Consrmation arising from data provided by User), any use authorized under the electronic course content pay-per-

use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identiser as assigned by the institution, and thereby

including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or

articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two

articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution

of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic

password, student identiscation or other control permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining

electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the etect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been

made available electronically solely for use in the class, and

a statement to the etect that the material may not be further distributed to any person outside the class, whether by

copying or by transmission and whether electronically or in paper form, and User must also ensure that such cover

page or other means will print out in the event that the person accessing the material chooses to print out the material

or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is

thereupon required to delete the applicable material from any electronic storage or to block electronic access to the

applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or

college class, require separate permissions under the electronic course content pay-per-use Service. Unless otherwise provided

in the Order Consrmation, any grant of rights to User is limited to use completed no later than the end of the academic term

(or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall

maintain for at least four full calendar years books and records suqcient for CCC to determine the numbers of copies made by

User under such permission. CCC and any representatives it may designate shall have the right to audit such books and

records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that

User shall have underpaid for, or underreported, any electronic copies used by three percent (3%) or more, then User shall

bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit. Any amount determined by such

audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of
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10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination

of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan

reporting) (Non-academic internal/external business uses and commercial document delivery). The License expressly excludes

the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable Rightsholder) for: academic

photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial

document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specisc customer of User;

v) republication in any diterent form. Please obtain authorizations for these uses through other CCC services or directly from

the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Consrmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic

reproductions", which generally includes e-mail use (including instant messaging or other electronic transmission to a desned

group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance incidental thereto),

the following additional terms apply:

i) Unless otherwise set forth in the Order Consrmation, the License is limited to use completed within 30 days for any use on

the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as measured from the

"republication date" as identised in the Order Consrmation, if any, and otherwise from the date of the Order Consrmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Consrmation (after request

by User and approval by Rightsholder); provided, however, that a Work consisting of photographs or other still images not

embedded in text may, if necessary, be resized, reformatted or have its resolution modised without additional express

permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or

content management or ease of delivery (provided that any such resizing, reformatting, resolution modiscation or “clipping”

does not alter the underlying editorial content or meaning of the Work used, and that the resulting material is used solely

within the scope of, and in a manner consistent with, the particular License described in the Order Consrmation and the

Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that

Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the prior terms and

conditions in the order workrow and shall be etective as to any subsequent Licenses but shall not apply to Licenses already

granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at

www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an

organization of any kind) the License or any rights granted thereunder; provided, however, that, where applicable, User may assign

such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in any new

material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including,

where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any writing prepared by or

on behalf of the User or its principals, employees, agents or aqliates and purporting to govern or otherwise relate to the License

described in the Order Consrmation, which terms are in any way inconsistent with any Terms set forth in the Order Consrmation,

and/or in CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to

the Order Consrmation, and whether such writing appears on a copy of the Order Consrmation or in a separate instrument.

e) The License described in the Order Consrmation shall be governed by and construed under the law of the State of New York,

USA, without regard to the principles thereof of conricts of law. Any case, controversy, suit, action, or proceeding arising out of, in

connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state court located in the

County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of

the Rightsholder set forth in the Order Consrmation. The parties expressly submit to the personal jurisdiction and venue of each

such federal or state court.

Last updated October 2022
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Article:

1. Materials and corrosion
Evaluation of a commercial graphene‐additive for boosting the corrosion performance of a thermal

curing primer

Billing Status:

Open
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Republication Permission

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

ADDITIONAL DETAILS

Order License ID 1400156-1

Order detail status Completed

ISSN 0947-5117

Type of Use Republish in a

thesis/dissertation

Publisher WILEY - V C H VERLAG GMBH

& CO. KGAA

Portion Chapter/article

Publication Title Materials and corrosion

Article Title Evaluation of a commercial

graphene‐additive for

boosting the corrosion

performance of a thermal

curing primer

Date 01/01/1995

Language English, German

Country Germany

Rightsholder John Wiley & Sons - Books

Publication Type Journal

Portion Type Chapter/article

Page Range(s) n/a

Total Number of Pages 13

Format (select all that

apply)

Print, Electronic

Who Will Republish the

Content?

Publisher, not-for-prost

Duration of Use Life of current edition

Lifetime Unit Quantity Up to 499

Rights Requested Main product

Distribution Worldwide

Translation Original language of

publication

Copies for the Disabled? No

Minor Editing Privileges? Yes

Incidental Promotional Use? No

Currency EUR

Title Use of Complementary

Testing Technology for the

Evaluation of the

Characteristics of Diterent

Systems

Instructor Name Markus Valtiner

Institution Name TU Wien

Expected Presentation Date 2023-11-27
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Total Items: 1 Subtotal: 0,00 EUR

Order Total: 0,00 EUR

REQUESTED CONTENT DETAILS

John Wiley & Sons - Books Terms and Conditions
No right, license or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is

granted hereunder, and you agree that you shall not assert any such right, license or interest with respect thereto. You may not

alter, remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley material. This Agreement

will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the licensing process. In no

instance may the total amount of Wiley Materials used in any Main Product, Compilation or Collective work comprise more than 5%

(if sgures/tables) or 15% (if full articles/chapters) of the (entirety of the) Main Product, Compilation or Collective Work. Some titles

may be available under an Open Access license. It is the Licensors' responsibility to identify the type of Open Access license on which

the requested material was published, and comply fully with the terms of that license for the type of use specised Further details can

be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html.

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use

of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such

Works through CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

1) De[nitions. For purposes of these General Terms, the following desnitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order

Consrmation.

“Order Consrmation” is the consrmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order

Consrmation Terms” are additional terms set forth on specisc Order Consrmations not set forth in the General Terms that can include

terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specisc terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which

are displayed on specisc Order Consrmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Consrmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on

behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the User’s behalf, such

person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Consrmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all

relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identised in the relevant Order Consrmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any conrict

between General Terms and Order Consrmation Terms, the latter shall govern. User acknowledges that Rightsholders have complete

discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC has no right to supersede

or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User

to accept, and hereby does accept, all Terms.

The Requesting

Person/Organization to

Appear on the License

Simon Wiener

Title, Description or

Numeric Reference of the

Portion(s)

Evaluation of a commercial

graphene-additive for

boosting the corrosion

performance of a thermal

curing primer

Editor of Portion(s) Wiener, Simon; Strauß,

Bernhard; Luckeneder,

Gerald; Hagler, Josef;

Valtiner, Markus

Volume / Edition n/a

Page or Page Range of

Portion

n/a

Title of the Article/Chapter

the Portion Is From

Evaluation of a commercial

graphene‐additive for

boosting the corrosion

performance of a thermal

curing primer

Author of Portion(s) Wiener, Simon; Strauß,

Bernhard; Luckeneder,

Gerald; Hagler, Josef;

Valtiner, Markus

Publication Date of Portion 2023-06-12
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5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and

exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms and conveys no other

rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be

invoiced, the User shall: (i) remit payments in the manner identised on specisc invoices, (ii) unless otherwise speciscally stated in an

Order Consrmation or separate written agreement, Users shall remit payments upon receipt of the relevant invoice from CCC, either

by delivery or notiscation of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within

30 days of receipt, the User may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is

less. While User may exercise the rights in the License immediately upon receiving the Order Consrmation, the License is automatically

revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Consrmation, any grant of rights to User (i) involves only the rights

set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject

to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the

Terms. Upon completion of the licensed use as set forth in the Order Consrmation, User shall either secure a new permission for

further use of the Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by

removing or severing links or other locators) any further copies of the Work. User may only make alterations to the Work if and as

expressly set forth in the Order Consrmation. No Work may be used in any way that is unlawful, including without limitation if such use

would violate applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third

parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit, or

obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the

Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform CCC if it becomes aware of any

infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as

photographs, illustrations, graphs, inserts and similar materials) that are identised in such material as having been used by permission

(or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if available, or otherwise)

for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service.

Unless otherwise provided in the Order Consrmation, a proper copyright notice will read substantially as follows: "Used with

permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright]; permission conveyed

through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably legible font size and must be placed either on

a cover page or in another location that any person, upon gaining access to the material which is the subject of a permission, shall see,

or in the case of republication Licenses, immediately adjacent to the Work as used (for example, as part of a by-line or footnote) or in

the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to

include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each

such failure equal to twice the use fee specised in the Order Consrmation, in addition to the use fee itself and any other fees and

charges specised.

10) Indemnity. User hereby indemnises and agrees to defend the Rightsholder and CCC, and their respective employees and

directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of any use of a Work

beyond the scope of the rights granted herein and in the Order Consrmation, or any use of a Work which has been altered in any

unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or

intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT,

CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR

INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OR BOTH OF

THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC

(including their respective employees and directors) shall not exceed the total amount actually paid by User for the relevant License.

User assumes full liability for the actions and omissions of its principals, employees, agents, aqliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS

GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO

THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRANTIES OF

MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,

GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A

MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH

ADDITIONAL RIGHTS TO GRANT.

13) E\ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License

set forth in the Order Consrmation and/or the Terms, shall be a material breach of such License. Any breach not cured within 10 days

of written notice thereof shall result in immediate termination of such License without further notice. Any unauthorized (but licensable)

use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license

price therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example,

because materials containing the Work cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in

no event to a payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use

plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.



25.09.23, 12:17 Manage Account

https://marketplace.copyright.com/rs-ui-web/manage_account/orders/view-search/1400156 4/6

14) Additional Terms for Speci[c Products and Services. If a User is making one of the uses described in this Section 14, the

additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For

photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at

their request by on-campus bookstores or copy centers, or by ot-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or

to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the

entire portion of the Work copied) (ii) permit "publishing ventures" where any particular anthology would be systematically

marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Consrmation arising from

data provided by User), any use authorized under the academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identiser as assigned by the institution, and thereby

including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or

articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two

articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution

of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to

produce an identical copy of a Work before or during the academic term (or analogous period) as to which any particular

permission is granted. In the event that User shall choose to retain materials that are the subject of a photocopy

permission in electronic memory for purposes of producing identical copies more than one day after such retention (but

still within the scope of any permission granted), User must notify CCC of such fact in the applicable permission request

and such retention shall constitute one copy actually sold for purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by

User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by

means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall

maintain for at least four full calendar years books and records suqcient for CCC to determine the numbers of copies made by

User under such permission. CCC and any representatives it may designate shall have the right to audit such books and

records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that

User shall have underpaid for, or underreported, any photocopies sold or by three percent (3%) or more, then User shall bear

all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit. Any amount determined by such audit to

have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per

annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this

License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management

systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts in learning management

systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations

to import requested material in electronic format, and allows electronic access to this material to members of a designated

college or university class, under the direction of an instructor designated by the college or university, accessible only

under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still

images not embedded in text, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also the

following authorization: to include the requested material in course materials for use consistent with Section 14(b)(i)(A)

above, including any necessary resizing, reformatting or modiscation of the resolution of such requested material

(provided that such modiscation does not alter the underlying editorial content or meaning of the requested material, and

provided that the resulting modised content is used solely within the scope of, and in a manner consistent with, the

particular authorization described in the Order Consrmation and the Terms), but not including any other form of

manipulation, alteration or editing of the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual

content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also the following

authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A) above; (ii)

to display and perform the requested material to such members of such class in the physical classroom or remotely by
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means of streaming media or other video formats; and (iii) to "clip" or reformat the requested material for purposes of

time or content management or ease of delivery, provided that such “clipping” or reformatting does not alter the

underlying editorial content or meaning of the requested material and that the resulting material is used solely within the

scope of, and in a manner consistent with, the particular authorization described in the Order Consrmation and the Terms.

Unless expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Consrmation, no License granted shall in any way: (i) include any right by

User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by means

of deleting material immediately preceding or following the entire portion of the Work copied or, in the case of Works subject

to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course

materials would be systematically marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in

the Order Consrmation arising from data provided by User), any use authorized under the electronic course content pay-per-

use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identiser as assigned by the institution, and thereby

including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or

articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two

articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution

of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic

password, student identiscation or other control permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining

electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the etect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been

made available electronically solely for use in the class, and

a statement to the etect that the material may not be further distributed to any person outside the class, whether by

copying or by transmission and whether electronically or in paper form, and User must also ensure that such cover

page or other means will print out in the event that the person accessing the material chooses to print out the material

or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is

thereupon required to delete the applicable material from any electronic storage or to block electronic access to the

applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or

college class, require separate permissions under the electronic course content pay-per-use Service. Unless otherwise provided

in the Order Consrmation, any grant of rights to User is limited to use completed no later than the end of the academic term

(or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall

maintain for at least four full calendar years books and records suqcient for CCC to determine the numbers of copies made by

User under such permission. CCC and any representatives it may designate shall have the right to audit such books and

records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that

User shall have underpaid for, or underreported, any electronic copies used by three percent (3%) or more, then User shall

bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit. Any amount determined by such

audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of

10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination

of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan

reporting) (Non-academic internal/external business uses and commercial document delivery). The License expressly excludes

the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable Rightsholder) for: academic

photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial

document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;
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ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specisc customer of User;

v) republication in any diterent form. Please obtain authorizations for these uses through other CCC services or directly from

the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Consrmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic

reproductions", which generally includes e-mail use (including instant messaging or other electronic transmission to a desned

group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance incidental thereto),

the following additional terms apply:

i) Unless otherwise set forth in the Order Consrmation, the License is limited to use completed within 30 days for any use on

the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as measured from the

"republication date" as identised in the Order Consrmation, if any, and otherwise from the date of the Order Consrmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Consrmation (after request

by User and approval by Rightsholder); provided, however, that a Work consisting of photographs or other still images not

embedded in text may, if necessary, be resized, reformatted or have its resolution modised without additional express

permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or

content management or ease of delivery (provided that any such resizing, reformatting, resolution modiscation or “clipping”

does not alter the underlying editorial content or meaning of the Work used, and that the resulting material is used solely

within the scope of, and in a manner consistent with, the particular License described in the Order Consrmation and the

Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that

Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the prior terms and

conditions in the order workrow and shall be etective as to any subsequent Licenses but shall not apply to Licenses already

granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at

www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an

organization of any kind) the License or any rights granted thereunder; provided, however, that, where applicable, User may assign

such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in any new

material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including,

where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any writing prepared by or

on behalf of the User or its principals, employees, agents or aqliates and purporting to govern or otherwise relate to the License

described in the Order Consrmation, which terms are in any way inconsistent with any Terms set forth in the Order Consrmation,

and/or in CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to

the Order Consrmation, and whether such writing appears on a copy of the Order Consrmation or in a separate instrument.

e) The License described in the Order Consrmation shall be governed by and construed under the law of the State of New York,

USA, without regard to the principles thereof of conricts of law. Any case, controversy, suit, action, or proceeding arising out of, in

connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state court located in the

County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of

the Rightsholder set forth in the Order Consrmation. The parties expressly submit to the personal jurisdiction and venue of each

such federal or state court.

Last updated October 2022
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check if the article is Open Access on http://www.sciencedirect.com and refer to the user license for the individual article. Any reuse

not included in the user license terms will require permission. You must always fully and appropriately credit the author and source.

If any part of the material to be used (for example, sgures) has appeared in the Elsevier publication for which you are seeking

permission, with credit or acknowledgement to another source it is the responsibility of the user to ensure their reuse complies with

the terms and conditions determined by the rights holder. Please contact permissions@elsevier.com with any queries.
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ADDITIONAL DETAILS
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Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use

of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such

Works through CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

1) De[nitions. For purposes of these General Terms, the following desnitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order

Consrmation.

“Order Consrmation” is the consrmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order

Consrmation Terms” are additional terms set forth on specisc Order Consrmations not set forth in the General Terms that can include

terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specisc terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which

are displayed on specisc Order Consrmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Consrmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on

behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the User’s behalf, such

person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Consrmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all

relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identised in the relevant Order Consrmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any conrict

between General Terms and Order Consrmation Terms, the latter shall govern. User acknowledges that Rightsholders have complete

discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC has no right to supersede

or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User

to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and

exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms and conveys no other

rights in any Works
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Stratmann, Martin; Erbe,

Andreas

Issue, if Republishing an

Article From a Serial

89

Publication Date of Portion 2015-11-18
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be

invoiced, the User shall: (i) remit payments in the manner identised on specisc invoices, (ii) unless otherwise speciscally stated in an

Order Consrmation or separate written agreement, Users shall remit payments upon receipt of the relevant invoice from CCC, either

by delivery or notiscation of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within

30 days of receipt, the User may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is

less. While User may exercise the rights in the License immediately upon receiving the Order Consrmation, the License is automatically

revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Consrmation, any grant of rights to User (i) involves only the rights

set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject

to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the

Terms. Upon completion of the licensed use as set forth in the Order Consrmation, User shall either secure a new permission for

further use of the Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by

removing or severing links or other locators) any further copies of the Work. User may only make alterations to the Work if and as

expressly set forth in the Order Consrmation. No Work may be used in any way that is unlawful, including without limitation if such use

would violate applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third

parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit, or

obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the

Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform CCC if it becomes aware of any

infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as

photographs, illustrations, graphs, inserts and similar materials) that are identised in such material as having been used by permission

(or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if available, or otherwise)

for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service.

Unless otherwise provided in the Order Consrmation, a proper copyright notice will read substantially as follows: "Used with

permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright]; permission conveyed

through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably legible font size and must be placed either on

a cover page or in another location that any person, upon gaining access to the material which is the subject of a permission, shall see,

or in the case of republication Licenses, immediately adjacent to the Work as used (for example, as part of a by-line or footnote) or in

the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to

include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each

such failure equal to twice the use fee specised in the Order Consrmation, in addition to the use fee itself and any other fees and

charges specised.

10) Indemnity. User hereby indemnises and agrees to defend the Rightsholder and CCC, and their respective employees and

directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of any use of a Work

beyond the scope of the rights granted herein and in the Order Consrmation, or any use of a Work which has been altered in any

unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or

intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT,

CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR

INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OR BOTH OF

THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC

(including their respective employees and directors) shall not exceed the total amount actually paid by User for the relevant License.

User assumes full liability for the actions and omissions of its principals, employees, agents, aqliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS

GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO

THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRANTIES OF

MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,

GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A

MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH

ADDITIONAL RIGHTS TO GRANT.

13) E\ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License

set forth in the Order Consrmation and/or the Terms, shall be a material breach of such License. Any breach not cured within 10 days

of written notice thereof shall result in immediate termination of such License without further notice. Any unauthorized (but licensable)

use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license

price therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example,

because materials containing the Work cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in

no event to a payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use

plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Speci[c Products and Services. If a User is making one of the uses described in this Section 14, the

additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For

photocopies for academic coursepacks or classroom handouts the following additional terms apply:
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i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at

their request by on-campus bookstores or copy centers, or by ot-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or

to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the

entire portion of the Work copied) (ii) permit "publishing ventures" where any particular anthology would be systematically

marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Consrmation arising from

data provided by User), any use authorized under the academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identiser as assigned by the institution, and thereby

including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or

articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two

articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution

of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to

produce an identical copy of a Work before or during the academic term (or analogous period) as to which any particular

permission is granted. In the event that User shall choose to retain materials that are the subject of a photocopy

permission in electronic memory for purposes of producing identical copies more than one day after such retention (but

still within the scope of any permission granted), User must notify CCC of such fact in the applicable permission request

and such retention shall constitute one copy actually sold for purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by

User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by

means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall

maintain for at least four full calendar years books and records suqcient for CCC to determine the numbers of copies made by

User under such permission. CCC and any representatives it may designate shall have the right to audit such books and

records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that

User shall have underpaid for, or underreported, any photocopies sold or by three percent (3%) or more, then User shall bear

all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit. Any amount determined by such audit to

have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per

annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this

License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management

systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts in learning management

systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations

to import requested material in electronic format, and allows electronic access to this material to members of a designated

college or university class, under the direction of an instructor designated by the college or university, accessible only

under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still

images not embedded in text, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also the

following authorization: to include the requested material in course materials for use consistent with Section 14(b)(i)(A)

above, including any necessary resizing, reformatting or modiscation of the resolution of such requested material

(provided that such modiscation does not alter the underlying editorial content or meaning of the requested material, and

provided that the resulting modised content is used solely within the scope of, and in a manner consistent with, the

particular authorization described in the Order Consrmation and the Terms), but not including any other form of

manipulation, alteration or editing of the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual

content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also the following

authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A) above; (ii)

to display and perform the requested material to such members of such class in the physical classroom or remotely by

means of streaming media or other video formats; and (iii) to "clip" or reformat the requested material for purposes of

time or content management or ease of delivery, provided that such “clipping” or reformatting does not alter the

underlying editorial content or meaning of the requested material and that the resulting material is used solely within the

scope of, and in a manner consistent with, the particular authorization described in the Order Consrmation and the Terms.
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Unless expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Consrmation, no License granted shall in any way: (i) include any right by

User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by means

of deleting material immediately preceding or following the entire portion of the Work copied or, in the case of Works subject

to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course

materials would be systematically marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in

the Order Consrmation arising from data provided by User), any use authorized under the electronic course content pay-per-

use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identiser as assigned by the institution, and thereby

including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or

articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two

articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution

of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic

password, student identiscation or other control permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining

electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the etect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been

made available electronically solely for use in the class, and

a statement to the etect that the material may not be further distributed to any person outside the class, whether by

copying or by transmission and whether electronically or in paper form, and User must also ensure that such cover

page or other means will print out in the event that the person accessing the material chooses to print out the material

or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is

thereupon required to delete the applicable material from any electronic storage or to block electronic access to the

applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or

college class, require separate permissions under the electronic course content pay-per-use Service. Unless otherwise provided

in the Order Consrmation, any grant of rights to User is limited to use completed no later than the end of the academic term

(or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall

maintain for at least four full calendar years books and records suqcient for CCC to determine the numbers of copies made by

User under such permission. CCC and any representatives it may designate shall have the right to audit such books and

records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that

User shall have underpaid for, or underreported, any electronic copies used by three percent (3%) or more, then User shall

bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit. Any amount determined by such

audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of

10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination

of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan

reporting) (Non-academic internal/external business uses and commercial document delivery). The License expressly excludes

the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable Rightsholder) for: academic

photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial

document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
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iv) reproduction for resale to anyone other than a specisc customer of User;

v) republication in any diterent form. Please obtain authorizations for these uses through other CCC services or directly from

the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Consrmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic

reproductions", which generally includes e-mail use (including instant messaging or other electronic transmission to a desned

group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance incidental thereto),

the following additional terms apply:

i) Unless otherwise set forth in the Order Consrmation, the License is limited to use completed within 30 days for any use on

the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as measured from the

"republication date" as identised in the Order Consrmation, if any, and otherwise from the date of the Order Consrmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Consrmation (after request

by User and approval by Rightsholder); provided, however, that a Work consisting of photographs or other still images not

embedded in text may, if necessary, be resized, reformatted or have its resolution modised without additional express

permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or

content management or ease of delivery (provided that any such resizing, reformatting, resolution modiscation or “clipping”

does not alter the underlying editorial content or meaning of the Work used, and that the resulting material is used solely

within the scope of, and in a manner consistent with, the particular License described in the Order Consrmation and the

Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that

Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the prior terms and

conditions in the order workrow and shall be etective as to any subsequent Licenses but shall not apply to Licenses already

granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at

www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an

organization of any kind) the License or any rights granted thereunder; provided, however, that, where applicable, User may assign

such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in any new

material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including,

where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any writing prepared by or

on behalf of the User or its principals, employees, agents or aqliates and purporting to govern or otherwise relate to the License

described in the Order Consrmation, which terms are in any way inconsistent with any Terms set forth in the Order Consrmation,

and/or in CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to

the Order Consrmation, and whether such writing appears on a copy of the Order Consrmation or in a separate instrument.

e) The License described in the Order Consrmation shall be governed by and construed under the law of the State of New York,

USA, without regard to the principles thereof of conricts of law. Any case, controversy, suit, action, or proceeding arising out of, in

connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state court located in the

County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of

the Rightsholder set forth in the Order Consrmation. The parties expressly submit to the personal jurisdiction and venue of each

such federal or state court.
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