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Summary 
Corrosion, commonly known as rust, is a form of material deterioration that humans keep facing in 

our daily lives. The costs currently allocated to it were calculated to be about 3% of the world’s GDP, 

although researchers around the world have been trying to eliminate it already for centuries. General 

countermeasures against corrosion are corrosion inhibitors and organic coatings. Corrosion inhibitors 

are substances that interact with the metal surface under corrosive attack and form a thin chemical 

or physico-chemical protective layer towards water, oxygen and other corrosive species. Organic 

coatings are polymer networks, which are applied on top of metals as a much thicker barrier keeping 

water etc. away from the metal. But there are unavoidable moments in the lifetime of any product, 

when these prevention mechanisms fail and corrosion starts its destructive process.  

To work around this problem, a group of “smart” materials has been under development that has the 

ability to specifically re-act in the case of such events causing corrosion e.g. small scratches, stone-

chipping or water that diffused through the coating. Self-healing coatings are aimed to set free the 

necessary amount of corrosion inhibitors or to restore the barrier of coatings if a defect has been 

inflicted to it. Thereby, the product’s lifetime could theoretically be drastically increased, as corrosion 

could be much better addressed. However, the technological break-through has been limited up to 

now, because of various rather specific demands of the different coatings.  

With this work, I tried to come up with a solution to these problems by combining a type of barrier-

restoring self-healing coating with an autonomously triggered corrosion inhibition system into a 

multi-action self-healing (MASH) coating. The two self-healing mechanisms have namely the 

capability of compensating the disadvantages of each other. Therefore, a polymer that can recover 

its shape upon heating was mixed with corrosion inhibitor containers that release their content only 

in the presence of aggressive chloride ions and coated on hot-dip galvanized (HDG) steel. This 

combined self-healing mechanism as well as both single self-healing mechanisms were examined 

with (local) electrochemical and surface analytical techniques to test their corrosion inhibition 

properties. 

Electrochemical impedance spectroscopy (EIS) shows the recovery of the barrier properties of the 

shape recovery coating when a microdefect in the poly-caprolactone based urethane acrylate coating 

is healed by heating the sample for only two minutes to 60°C. The disappearance of ionic activity (i.e. 

the reduction of ionic current density) in solution on top of healed defects could be monitored by 

scanning vibrating electrode technique (SVET) and the defect closure was verified by scanning 

electron microscopy (SEM). Several corrosion inhibitor containers were synthesized out of which the 

layered double hydroxides (LDH) were finally added to the shape recovery coating. Raman 

spectroscopy and SEM were used to check the loading and distribution of the containers in the 

coating as well as of the triggered release of the corrosion inhibitor 2-mercaptobenzothiazole (MBT). 

The HDG surface in a defect of the MASH coating is protected by autonomously released MBT as was 

demonstrated by EIS and SVET. Similarly, the restoration of the coating barrier by heating the MASH 

sample to 60°C could be shown. 

These results prove that the combination of two types of self-healing systems into a multi-action self-

healing system works and that this way (even more) advanced self-healing coatings can be developed 

to further reduce the detrimental effects of corrosion. 
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Abbreviations 
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1 Introduction 

For a long time healing has been a property characteristic for living organisms but unavailable to 

dead matter. Lately, self-healing materials have been developed that bridge this gap in a way that 

they react upon certain triggers with an automated repair mechanism.1 The research on this concept 

is evolving fast creating a wide range of promising industrial applications. Today only a few are 

already on the market, but sooner or later self-healing materials will have their fixed place in our 

daily life. 

Self-healing coatings are one group of these fascinating materials that are meant to protect the 

underlying metal substrate mainly against corrosion, with the special property of being able to heal 

themselves so that the coating can restore its properties after a damage event, as opposed to the 

conventional non-healing coatings. Research on self-healing coatings received an enormous boost 

since the awareness of carcinogenic effects in humans 2,3 of the very performant and since long used 

corrosion inhibiting compound Chromium (CrVI+), resulting in a change in the legislation around its 

use. This trend for finding new (self-healing) corrosion inhibitors even included the development of 

new corrosion inhibitor screening techniques.4–8 So self-healing coatings are either able to close a 

gap in the coating or can autonomously protect directly the metal substrate against corrosion. Both 

concepts fall under the common definition of “self-healing coatings”. However, three main self-

healing strategies for coatings on metal substrates currently exist. First, healing can be achieved by 

closure of a coating defect, when the coating around the defect “flows back” into the gap (Figure 

1.1a). The healing is then performed by the polymer matrix itself which is why it is called intrinsic 

self-healing.9–11 This type of self-healing, however, requires an external trigger in the form of heat, 

UV light or other kinds of energy. Secondly, the gap can also be filled by reactive agents such as 

monomers which are being stored in microcapsules in the coating (Figure 1.1b).9,10,12 When the 

containers break, the monomers are released, fill up the gap and polymerize eventually. As a 

consequence of both of those intrinsic and extrinsic self-healing strategies, the barrier functionality 

of the coating is (at least partially) restored. Thirdly, instead of the barrier, the coating’s functionality 

as a corrosion protection system can also be restored by using corrosion inhibitors. This second 

extrinsic self-healing mechanism is based on the autonomous release of corrosion inhibitors from 

mostly nanocontainers into a defect to protect the metal substrate (Figure 1.1c).11,13,14 In this case 

the containers are designed to open up only in specific cases i.e. when being triggered. These release 

triggers can be the presence of water, a certain pH or corrosive ions in solution; none requiring a 

mechanical force to break the capsules or a human interaction with the sample. In this thesis mostly 

strategy one (Figure 1.1a) and three (Figure 1.1c) will be discussed. 
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Figure 1.1: Scheme of three ways how self-healing can be achieved in coatings. The polymer network itself 
closes the defect and restores the coating barrier (a), reactive agents such as monomers are released from 
microcapsules and restore the coating barrier (b) and corrosion inhibitors from nanocontainers passivate the 
metal surface in the defect (c). 
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1.1 Objective 

The aim of various self-healing mechanisms can differ and thus also the approaches to reach the goal 

vary, with each one having its own advantages and disadvantages (fast healing, slow release, 

triggered, autonomously, etc.).11 This thesis aims to overcome some of these disadvantages by 

combining two different types of self-healing mechanisms into one multiple-action self-healing 

(MASH) coating (Error! Reference source not found.). More precisely, two key issues will be studied: 

 The healing of the polymer coating resulting in the recovery of the barrier properties at the 

defect site. 

 The incorporation of a corrosion inhibitor into the self-healing coating and its triggered 

release from the same coating in case of a defect. 

 

 

Figure 1.2: Concept of a multiple-action self-healing (MASH) coating 
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The idea of developing such a MASH coating is as follows: 

Once the coating is damaged, it is prone to corrosion. As soon as a corrosive environment (water and 

especially aggressive ions such as chlorides) reaches the defect, corrosion inhibitors leach out of the 

nanocontainers in the coating. Because of the built-in trigger, the release happens fully 

autonomously and a thin protective layer is formed on top of the metal surface. In a second step, the 

self-healing functionality of the polymer network is triggered, which closes the defect and re-

establishes the barrier functionality at the former defect site in the coating (Error! Reference source 

not found.). The healing of the polymer network will be on-demand and initiated by human 

interaction in this case, but might be a temperature increase or autonomously induced by sunlight in 

other cases. 

1.2 Approach 

To achieve this aim, the preparation and application of this complex coating system as well as the 

coating’s self-healing and corrosion inhibition performance will be investigated. Therefore, the 

corrosion inhibitor, the nanocontainers and the organic matrix need to be compatible. In this case a 

shape recovery polymer network will serve as the organic matrix, while environmentally friendly 

corrosion inhibitors and different nanocontainers will be evaluated for their use on hot-dip 

galvanized steel substrates. 

The MASH coating system focuses on the healing of defects in the coating and not on rebuilding large 

areas of coating that were removed from the metal substrate. Generally, the dimensions of healable 

defects are in the range of the thickness of the coating. In this case, the coating is several (tens) of 

micrometers thick and thus the healable defects are expected to be in the micrometer range. They 

include micro-cracks occurring during metal processing (e.g. forming, deep drawing, etc.), general 

use of a product as well as externally induced defects such as thin scratches or stone-chipping. 

Although, being almost invisibly small, their presence forms the on-set for corrosive attack leading 

without proper treatment to a drastically shortened life-time of the product. 

The analysis of this coating has to take into account inherent limitations. First, the characterization of 

the shape recovery properties of the coating has to be performed partially with bulk polymer. 

(Tensile tests of a coated metal sheet mainly show the mechanical properties of the metal and not of 

the polymer coating.) Secondly, the dimensions of the defects require analysis techniques that have 

micrometer resolution. Therefore, it is necessary to use local electrochemical analytical tools, which 

monitor the corrosion activity of a micro-defect in-situ in a corrosive solution while complementary 

electrochemical and surface analytical techniques show the full picture of the self-healing capability 

of the sample. 

1.3 Overview of the thesis 

Figure 1.3Error! Reference source not found. shows a graphical overview of the thesis with keywords 

about the chapters’ content. 

This thesis is split into five major parts. 
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The first chapter describes the current state-of-the-art of different kinds of self-healing mechanisms 

and their analysis. Subsequently, there is a description of the most important analytical methods 

with background information on the different measurement principles.  

In chapter two, the development and analysis of a shape recovery polymer coating is presented; this 

coating was developed together with Otto van den Berg from the PCR group of the University of 

Ghent. A repeatable on-demand defect closing system was created.  

The third chapter focuses on a new analytical approach making use of high spatial resolution 3D 

Raman mapping to investigate the distribution of capsules filled with organic substances in a 

polymeric coating. The location of microcapsules and their integrity are important factors for the 

effectiveness of self-healing coatings.  

Chapter 4 describes the path towards embedding of corrosion inhibitors in micro and nanometer 

sized smart containers for the automatically triggered corrosion protection in coating defects. The 

system was developed in the group of Mikhail Zheludkevich at the CICECO department of the 

University of Aveiro, Portugal and the knowledge was transferred to the SURF group by Hans 

Simillion. Hans and Hilke Verbruggen performed during their master theses work several experiments 

under my supervision which are presented in this chapter. 

The fifth chapter is an extension of the work on these inhibitor containers, merging the technology 

with the one of the shape recovery coating described in the second chapter. This way, a self-healing 

system was developed that combines different types of self-healing actions into a single coating 

system overcoming several disadvantages of the single self-healing systems.  

Finally, the thesis is rounded up by a critical discussion on self-healing coatings and suggestions for 

future work on the topic.  
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Figure 1.3: Schematic overview of this thesis. 

 



 

2 Literature review 

Within the group of self-healing materials, research on self-healing coatings has been performed for 

about fifteen years either only on polymeric materials or purely on corrosion inhibitors. This chapter 

is first a collection of the most relevant publications in both fields including important analysis and 

coating application techniques. In the second part I present the results achieved so far in combining 

these two fields into more effective and robust coating systems.a 

2.1 Introduction 

Many scientists have been trying to mimic nature’s phenomenon of (self-) healing which is so self-

evident for humans when accidentally cutting their skin for example. This ability to restore 

properties when damaged fascinated material engineers aiming to implement this function into 

various different application areas: Dry and Sottos demonstrated self-repair mechanisms of 

composite materials.15 More recently self-repair of concrete containing bacteria has been proven.16–

18 Schlangen and his group are currently testing a self-healing asphalt on a highway.19–22 Also thermal 

barrier coatings (TBC) for high temperature applications with self-healing properties based on crystal 

structure changes have been developed.23,24 A major contribution on self-healing bulk polymers was 

published in 2001 by White et al.25 Since then the technology of self-healing materials has caught the 

attention of coatings researchers.1,9–12,26–28 A self-healing paint could potentially prolong a metal 

structure’s lifetime several times if its corrosion protection could be restored repeatedly. Such 

intentions have created new challenges; firstly because the performance of a coating strongly 

depends on its adhesion to the underlying material and secondly because the reduction into an 

almost two-dimensional structure (most coatings are only a few tens of micrometers thin) leaves 

fewer degrees of design freedom. 

This review starts by zooming into the discussion of various paths for corrosion protection of metallic 

structures existing today. Further it demonstrates the possibility of combining selected protection 

mechanisms to achieve a multi-action corrosion protection. Finally, it lists some of the questions 

which still have to be answered before industrial implementation. 

Generally, the coatings discussed here are mainly paints or formulations for paints, which after 

application usually experience ambient temperatures and are designated for corrosion protection of 

metallic substrates such as iron, aluminum and galvanized steel. Of course there are more coating 

properties such as visual appearance, hydrophobicity, electrical insulation, wear resistance, etc. but 

these fall out of the scope of this review. 

2.2 Materials for self-healing coatings  

The varying demands from coatings and paints in industry today, lead to a range of different 

coatings. Future self-healing coatings will also need to fulfil these demands and different chemistries 

will be necessary. Currently three big groups of coatings can be distinguished: water based, solvent 

                                                           
a
 This chapter is based on an accepted manuscript that will presumably be published in November 2015 as 

Lutz, A.; Mol, J.M.C.; De Graeve, I.; Terryn, H. “Smart Corrosion Protection by Multi-Action Self-Healing 
Polymeric Coatings” in Smart Composite Coatings and Membranes, Woodhead Publishing 2015. 
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based and 100% paints (including powder coatings). The chemistry of such polymeric coatings can 

vary from epoxy, acrylate, polyurethanes, polyesters, polyvinyl, alkyd, to silane based coatings. 

Additionally, one can differentiate between single and multi-layer coatings, and whether a 

conversion coating, a primer and/or one or several topcoats build up the full coating. 

Conversion coatings are very thin layers, which increase the adhesion of the paint to the substrate 

and – in case of metallic objects – often provide active corrosion protection by the addition of 

inhibitors. Primers provide the barrier properties and the protection against for example water 

ingress and topcoats contain color pigments and UV absorbers to protect the underlying layers.11,12,26 

Self-healing functions can be implemented in each of these layers, but research is usually performed 

on single layer coatings. 

To avoid confusion a crucial distinction has to be made when discussing self-healing coatings: In the 

last decades the term ‘self-healing’ was introduced for two different mechanisms, both of which 

have valid reasons for making use of this term. In polymer chemistry  ‘self-healing’ is usually related 

either to the process when the volume where material was removed is being filled up again or when 

two pieces cling together again. Recently, in addition the recovery of functional properties has 

become a topic of interest.29 A coating generally has the main task of corrosion protection of the 

underlying metallic substrate. From a ‘self-healing’ coating, one would expect it to regain its main 

functional property after an inflicted defect, which is corrosion protection. Corrosion scientists 

therefore use this term when inherent corrosion inhibition and metal passivation takes place after a 

first period of initial corrosion which activates the healing mechanism.11,30 

For the implementation of self-healing mechanisms two totally different concepts exist: extrinsic and 

intrinsic healing. Extrinsic healing can be provided by any kind of fillers or paint additives which are 

included in the coating, but are not the main (molecular) structure themselves. In contrast, one 

speaks of intrinsic healing when the coating matrix itself has self-healing properties. 

The addition of reactive species into the polymeric coating is the most straightforward example for 

extrinsic self-healing. In most cases the healing agent for matrix healing as well as for corrosion 

inhibition is extrinsically added to the coating in some form of container13,31,32: as particles, capsules, 

hollow fibers33 or even three dimensional vascular networks.34 The first two methods are used for 

inhibitor storage, whereas the latter three are used for encapsulation of reactive agents. To our 

knowledge, the group of S. R. White developed the only extrinsic system which allows repeated 

healing in the same crack so far.34 The system is based on a catalyzed polymerization reaction where 

the repeatability depends on the amount of catalyst. Pang and Bond could demonstrate the release 

of a UV dye into a crack from hollow fibers with a diameter of 60µm. However, both techniques 

suffer from difficulties when it comes to industrial production.33 Such large structures require 

separate and complex application steps and questions about their implementation in a thin coating 

remain unanswered.  

Encapsulation is a method of extrinsic self-healing, which is most commonly used to embed all kind 

of self-healing agents – from monomers to corrosion inhibitors. Encapsulation of monomers is often 

performed via an oil-in-water emulsion polymerization reaction leading to sphericalcapsules.25,35–39 

These microcapsules are then embedded in organic polymer matrices such as epoxy coatings. The 

capsules are supposed to rupture when a defect is made and the liquid content will flow into the 

defect and simultaneously react and close the defect. To start the polymerization only after the 
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capsule breakage, catalysts are generally added into the coating matrix. The amount of available 

catalyst and polymerizable material is crucial for high healing efficiency. Therefore other, non-

polymer based paths of defect closure by extrinsic healing were also investigated. A promising 

system was presented by Garica et al., which does not need an expensive catalyst but where silyl 

esters react upon contact with water and form a polymer-like layer on the metal surface.40 Water-

based swelling of fillers such as calcium aluminum oxides or some clays can close big defects but it 

also has some drawbacks like swelling in three dimensions and the resulting influence on the 

adhesion.41,42 Another option is the integration of encapsulated plasticizers which provide a local 

temporary mobility of the matrix when the coating is scratched.43 Although the chances are low for a 

coating to be scratched twice at exactly the same spot, the absence of repeatable healing 

functionality of extrinsically healed coatings is a well-known restriction. 

For high healing efficiency of the polymer coating the defect needs to be refilled with encapsulated 

material. The bigger the defect, the more ‘filling agent’ is needed and hence the bigger the capsules 

need to be or the higher their concentration39,44. However, this reasoning is limited by the negative 

influence that big capsules and high capsule concentration have on the coating, especially in terms 

of mechanical and barrier properties. 

For the encapsulation of corrosion inhibitors smaller containers are sufficient, because only a 

comparatively small amount of an effective corrosion inhibitor is necessary for long-term metal 

protection. One approach of encapsulation of corrosion inhibitors also successfully applied an 

emulsion based reaction. It results in silica nanocapsules and porous silica nanospheres.45 Staff et al. 

showed the possibility of redox-responsive release from polymeric nanocapsules.46 Shchukin and co-

workers developed a layer-by-layer assembly of corrosion inhibitor and polyelectrolyte with pH 

dependent release of a corrosion inhibitor47 and more recently more publications have appeared on 

different pH responsive release systems.48,49 Several groups have investigated ion-exchange 

materials with outstanding corrosion protection performances.50–52 Williams et al. succeeded with a 

cationic organic ion-exchanger embedded in a Polyvinyl butyral (PVB) coating53 and Buchheit et al. 

and Tedim et al. focused on anion exchanging layered double hydroxides (LDH).50,54 Finally, not all 

inhibitors need to be encapsulated and for example Cerium dibutyl phosphate can be directly mixed 

into an epoxy coating resin.55 

Intrinsic healing usually happens during a short time – compared to the lifetime of the object – when 

the coating is in a state of high mobility. The to-be-healed area can be covered in this reflow time 

and when changing back into its non-mobile state the coating will regain its original properties such 

as its mechanical strength. Theoretically, such a healing mechanism is repeatable multiple times and 

can be achieved either by chemical de- and re-bonding or by physicochemical interactions.11,56,57 

The most prominent chemical intrinsic healing mechanism is based on the Diels-Alder and retro-

Diels-Alder (rDA) reaction.58 Upon heating, the cross-linking reaction reverses, thereby enhancing 

the mobility of the molecules.59 The two big disadvantages of this system are not reversible side-

reactions and the currently still relatively high temperatures (80-150°C) which are necessary for the 

rDA reaction to take place.60 The second mechanism is based on the thiol-disulphide reaction which 

was shown to be reversible by reducing the disulphide bonding.61 Alternatively, there are the groups 

of ionomeric polymers62,63, self-healing coatings based on hydrogen bonds64 and even donor-

acceptor Π-Π stacking.65 Although the interaction is different in all three cases, they are all based on 
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a splitting and reassembling of molecular physicochemical bonds at temperatures around the boiling 

point of water and/or during healing times of several hours. Polymers based on thermoplastics with 

shape recovery properties form a different group in this context. Upon heating above their glass 

transition temperature (Tg), they change into a rubbery and mobile state. The material now returns 

to its original pristine shape and cures a deformation, which has been inflicted at low temperature. 

This healing is based on two phenomena, namely the release of stored deformation energy and 

reduction of surface tension.31 As long as the ratio between defect size and coating thickness is 

smaller than one, repeatable and full recovery can be achieved.57,66,67 

Generally, it has to be mentioned, that a continuous resupply of building blocks as in the case of the 

human skin is currently technically not feasible. However, it is (theoretically) possible to combine 

some self-healing techniques and thereby improve the coating’s self-healing performance. It should 

have self-repair functionalities for the polymer and provide corrosion protection properties for the 

time until a defect in the coating is closed (autonomous or non-autonomous) or for the case that the 

self-healing is not triggered (any more). In the remaining sections we want to list the different self-

healing mechanisms and discuss the steps that are necessary to have a multiple action self-healing 

coating for corrosion protection. 

2.3 High throughput screening of corrosion inhibitors  

To date, hexavalent chromate-containing pigments are added in the polymer formula demonstrating 

exceptional performance in active corrosion protection.68,69 However, the health issues associated 

with the use of chromates have become increasingly highlighted in recent years and decades.70–72 

The EU Regulation (EC) No 1907/2006 (‘REACH’) creates a new legal framework for the use of 

chemical substances in Europe (i.e. the 27 EU Member States plus Norway, Iceland and 

Liechtenstein). Multiple Cr(VI) compounds currently used in a wide variety of applications are 

included in the list of Substances of Very High Concern (SVHC) subject to Authorization (Annex XIV) 

of REACH in the beginning of 2013 and 2014. This means that they must no longer be used after 

‘sunset dates’ specified in Annex XIV, unless an authorization has been granted to the user or the 

upstream manufacturer/importer. Authorization applies regardless of the quantity used, and in 

addition to the REACH registration requirement. 

Today Cr(VI) compounds are still critical components for corrosion protection of metals, as their 

complete substitution by suitable safer alternatives by the estimated ‘sunset dates’ will not be 

possible. Lacking appropriate action, Cr(VI) usage in the European industry will be forbidden by 

2017. The high toxicity and these recent international legislative restrictions have led to an 

increasing need for the development of new corrosion inhibitors with reduced ecological footprints. 

For example, cerium based inhibitors are generally well known as promising chromate substitute 

especially for aluminum substrates.73 

However, up to now the quest for alternative corrosion inhibitors for all sorts of metals is still going 

on. Testing the intrinsic efficiency of a high number of chromate-free alternative inhibitors by 

traditional electrochemical techniques and/or (accelerated) exposure testing would require too long 

testing times, i.e. many years of research, to be able to provide a shortlist of alternative inhibitors. 

High-throughput methods need to be used for appraising inhibiting efficiency of a broad range of 
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potential inhibitors. It should be noted that the meaning of the word ‘screening’ does not imply ‘fast 

instead of accurate’. 

Several groups have therefore been trying to develop high-throughput or rapid screening techniques 

for corrosion inhibitors.74–78 Chambers et al. developed a method where several pairs of aluminum 

wires were polarized against each other in different wells filled with various corrosion inhibitors. In 

other publications Chambers and Tyler present a fluorometric method for the high throughput 

assessment of corrosion inhibitors for aluminum alloys. The disadvantages are that the fluorescent 

agent needs to be changed for other metals and interferences with inhibitors are possible.77,79 

More recently, Muster et al. embedded nine pairs of wires made of (alloys of) different base metals 

(iron, aluminum, magnesium and zinc) in one single assembly. Immersed into various inhibitor 

solutions and at relatively low polarization, the current flowing between each metal pair was 

measured. The current exchange between the individual electrodes of the same metal (alloy) was 

expressed in inhibitor efficiency with respect to that in uninhibited solutions. They could 

demonstrate similar results as in single metal experiments and state to be able to perform up to 30 

tests per hour.4 Similarly, several single-metal-wires were embedded into an epoxy matrix and 

measured with a local electrochemical technique.8 Additionally, two non-electrochemical, high-

throughput screening techniques based on basic microfluidic technology7 and a multi-well 

technique80 were developed. The multi-channel method adapts basic microfluidic technology to 

create a multiple-channel system, which allows solutions, with or without inhibitor, to flow over a 

metal surface after which the effluent can be analyzed on type and concentration of dissolved 

species corroborated by a visual or automated assessment of corrosion attack/protection in the 

channels. The high-throughput multi-well testing method involves a metal substrate exposure to a 

variety of inhibitor types and concentrations together with a computerized optical analysis method 

for quantification of the corrosion inhibition efficiency in the individual wells. Furthermore, 

combining two or more corrosion inhibitors may result in a synergistic inhibitive effect. Improved 

inhibition of aluminum alloy corrosion by two or more inhibitors was reported while the highest 

synergy was achieved by combining anodic and cathodic inhibition abilities in one inhibiting 

additive.81–83 Harvey et al. tried to link the molecular structure of organic corrosion inhibitors with 

their inhibition efficiency making room for a more methodical search within organic molecules.84 

Several methods would allow screening of self-healing polymeric coatings.56,58,85–87 For example 

optical examination or the evaluation of the coating’s gloss provide a possibility to quickly evaluate 

the self-healing performance of a polymeric coating to a certain extent. 

2.4 Evaluation methods for the self-healing performance 

A single technique is usually not sufficient to evaluate the self-healing performance of a self-healing 

coating (see figure 2.1). Therefore, this section describes results which could so far be achieved with 

various techniques used in literature.  



Literature review 

21 

 
Figure 2.1: This scheme gives an overview of the various methods to test self-healing polymers and corrosion 
protection mechanisms. For industrial testing large batches are necessary, macroscopic electrochemistry offers 
information about the whole sample performance, local electrochemical techniques are very important for 
defect analysis and especially tensile tests are used to investigate the polymer healing performance. 
Microscopy is supplemental for each technique. 

Industry uses different accelerated tests with the aim to determine the lifetime of an object. Salt 

spray tests, UV aging, weathering and cyclic climate chamber tests were developed for accelerated 

testing (ASTM B117, ASTM D4799, ASTM D5272, …). All of them are usually performed on large 

batches of samples to evaluate reproducibility. Neutral Salt Spray tests following the ASTM B117 

standard are performed to compare coating performances industrially. As shown by González-García 

et al. and Zheludkevich et al. such tests are typically accompanied by EIS measurements and 

microscopic evaluation.88,89 However, the correctness of such predictions is doubtful because the 

constant humidity and salt concentration is not very representative for real circumstances. 

Therefore natural environment (e.g. seaside) exposure tests or weathering tests are performed to be 

as close to reality as possible. Yet, these tests require several months or even years to be performed 

which is – for scientific – research a very long time. Results of such tests are hardly ever published in 

scientific papers.  

Linear Sweep Voltammetry (LSV) allows to compare corrosion inhibitors dissolved in a solution in 

which the metal is immersed.90 The resulting polarization curves give access to the corrosion rate 

and visualize anodic or cathodic protection. Electrochemical impedance spectroscopy (EIS) measures 

several different effects almost simultaneously. Depending on the different time constants, surface 

effects (for example the corrosion inhibitor action), the barrier effect of a polymeric coating and 

even kinetics can be distinguished. Lamaka et al. compared several organic corrosion inhibitor 

solutions for aluminum substrates with EIS.91 The corrosion inhibition at low frequencies and the 

presence of the adsorbed layer of the organic inhibitors at high frequencies was demonstrated. 

Similarly, EIS was used to estimate the corrosion protection by encapsulated inhibitor molecules 

over time.45 In another paper the impedance spectrum initially showed only the barrier properties of 

a polyurethane coating. After several months blistering was detected and a second time constant 
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which could be related to delamination and the onset of the corrosion became visible in the 

impedance spectrum.92 Jorcin et al. evaluated the correctness of equivalent circuit models for their 

fits of the impedance data obtained by odd random phase multisine electrochemical impedance 

spectroscopy. They applied different models for unscratched and scratched coatings and related the 

effects visible in the high frequency range to the coating.66 

Zheludkevich et al. analyzed the protection of an aluminum sample with a scratched coating by the 

inhibitor 8-hydroxyquinoline. In this paper they describe the agreement of the results of a self-

healing coating measured with EIS and scanning vibrating electrode technique (SVET).93 Again, the 

decrease of the impedance at low frequencies was linked to the corrosion reaction in a scratch 

whereas an increase of these values demonstrated the corrosion inhibitor action. With SVET – a local 

electrochemical technique that measures the ionic current density distribution in solution – the 

inhibitor action was pinpointed in the scratch. In other corrosion relevant papers active pits were 

identified94 and coating defects were detected95–97 in current density maps recorded by SVET. Hence, 

the corrosion inhibitor performance can be evaluated and compared with these techniques.40,93 

 The simultaneous SVET and scanning ion-selective electrode technique (SIET) measurements have 

additional benefits.97–99 Due to such measurements the ionic current distributions could be linked 

with the local pH changes in solution above corroding samples. By the simultaneous SIET mapping 

with one pH selective electrode and one Mg2+ selective electrode, the pH change in actively 

corroding areas could be compared with the concentration of dissolved magnesium ions in the 

solution above an aluminum-magnesium alloy.100 Recently, chloride and sodium ion concentrations 

were mapped in-situ above cross sections of a Zn-Al coated steel.101 Interestingly, the chloride ion 

concentration was lower above the anodic coating because of the formation of solid corrosion 

products containing chlorides.  

A scanning electrochemical microscope (SECM) can be used for local amperometric measurements. 

Here a micro-electrode picks up the current caused by the change in oxidation state of a redox active 

species. It has various modes in which it can either for example detect the amount of dissolved 

oxygen102 or map the topography of a sample surface. The second mode was used to scan over a 

scratch in a polymeric coating before and after healing.86 Also the detection of coating failures in a 

very early stage is possible.103,104 

Adhesion of the coating to the metallic substrates has an important influence on the corrosion rate. 
105–107 Coating delamination as well as the formation of corrosion inhibiting oxide layers can be 

followed with the Scanning Kelvin Probe (SKP).51,53,108 It monitors the Volta potential difference 

between the sample surface and the tip in a non-contact and non-destructive way at very high 

spatial resolution when used in combination with an AFM. Strongly reduced cathodic delamination 

of an inhibitor doped conductive polypyrrole film was demonstrated by Paliwoda-Poresbska et al. 109 

Here, smart corrosion inhibitors make use of the synergistic effect of molybdate as inhibitor and 

phosphate as pH buffering agent at the delamination front. Local electrochemical impedance 

spectroscopy (LEIS) can be used in-situ to detect coating delamination at a frequency of 5kHz and 

was proven to work also on industrial samples revealing the actual delaminated area compared to 

the appearance of corrosion products.110 

Generally, most of these self-healing material containing reservoirs are specifically tested for a single 

coating. Yet, the more versatile their application, the more interesting it would be for industrial use. 
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The standard technique to analyze the self-healing performance of polymers is based on tensile 

tests. 25,34,67 The free-standing sample (see inset figure 2.2) is clamped on two sides and pulled apart 

with increasing load until it finally ruptures. The shape of the curve (load vs. displacement) and the 

maximum load are key values of the strength of a material. After breaking, the two parts of the self-

healing polymer samples are put together again and left to heal. Subsequently the healed sample is 

tested again. A 100% healing (of mechanical properties) would result in the same curve for a broken-

and-healed sample as for a virgin sample. 

 
Figure 2.2: Tensile tests show that self-healed polymer can still withstand three fourth of the load of the virgin 
sample before breakage. (Reprinted with permission from Macmillan Publishers Ltd. Nature, 

25
) 

White et al. demonstrated about 75% recovery of the virgin fracture load after healing in the case of 

the epoxy based polymer with DCPD capsules and Grubbs’ catalyst. (See figure 2.2) By tuning the 

ratio of catalyst and monomer and the amount of capsules in the polymer it was recently shown that 

a healing efficiency of 91% is possible.111 A thermally remendable Retro-Diels-Alder reaction based 

polymer proposed by Wudl’s group shows about 57% when heating to 150°C, but at least 

theoretically has the ability to heal repeatedly.112 Virtually full recovery upon three cycles is possible 

with a PCL based shape memory assisted self-healing polymer as shown in figure 2.3. But it is 

important to mention that in these experiments the specimens were not fully ruptured, because 

otherwise the memory effect would disappear.67 
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Figure 2.3: PCL-based shape memory polymers show repeatable self-healing properties without losing 
mechanical properties for three cycles in adapted tensile tests. (Adapted with permission from 

67
. Copyright 

2011 American Chemical Society) 

Obviously, such tensile tests are of little value for samples which are coated on a metallic substrate, 

which commonly have much higher tensile strengths than polymers. In this case line scans over a 

scratch before and after healing can give an adequate measure. Brancart et al. used an AFM in 

tapping mode to demonstrate the self-healing effect of a thermo-reversible polymer network.85 

Gonzalez-Garcia et al. present various different methods which not only can prove the self-healing of 

a polymeric coating, but also give an estimation of its healing efficiency based on current changes at 

the SECM tip.86,87 They observed the disappearance of corrosion related currents when the silyl ester 

was hydrolyzed and silanol and oleic acid blocked the defect on a coated AA2024-T3 substrate87 as 

well as the physical closing of a scratch using SECM in different modes.56,86,87 

As shown, electrochemical methods such as SECM, SVET and EIS have the advantage that they can 

be used for the investigation of self-healing polymeric coatings as well as for self-healing corrosion 

inhibition approaches. 

Möhwald’s group states that higher coating performances can be achieved if smaller containers are 

used, which not only provide corrosion inhibitors, but also additional barrier properties to the 

coating, as the EIS results show.113 It insinuates that different models are valid for inhibitor release 

and scratch filling coatings. Vanadate filled LDH in a sol-gel coating protects an aluminum substrate 

for at least 21 days and similarly Cerium filled zeolites provide protection for aluminum for at least 

one week according to the EIS data.114,115 In the system of Hollamby et al. after 4 days the impedance 

is about 100 times higher for the coating with silica nanocapsules filled with benzotriazole compared 

to the control sample, but similar results are already seen in the current density map of SVET after 
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six hours. Reactive silyl ester protects a scribe well for two hours up to 2 days as shown by EIS and 

SVET results.40 Zheludkevich et al. concluded that effects visible in impedance spectra can be 

detected and explained also with SVET and vice versa. The same group also monitors the activation 

of the corrosion protection of impregnated nanocontainers in a sol-gel coating.116 

Apart from these intense investigations on self-healing corrosion inhibition mechanisms, little 

research is performed in the direction of compatibility with other coating systems (i.e. epoxy, 

polyester or vinyl based coatings, acrylics, etc.) – self-healing or not. The effects on adhesion and 

visual appearance might be unsatisfactory. Especially the main question stays unanswered: What 

happens after the corrosion inhibitor is locally consumed? 

2.5 Coating preparation and application aspects  

The coating application procedure has a big influence on the quality of the coating and a bad coating 

well applied can have better properties than a good coating badly applied. The surface preparation is 

an important part of the application, but is out of scope of this chapter. In this section the authors 

will focus on the preparation of coatings with self-healing corrosion inhibitor containers and self-

healing polymers. 

In a few papers the use of corrosion inhibitors in conversion coatings similar to chromate conversion 

coatings is described.117–120 An atmospheric plasma spray coating with non-encapsulated Cerium 

dibutyl phosphate was very recently presented.121 But most conversion coatings are applied by a dip-

coating process which can be scaled up conveniently for industrialization. 

Several groups investigated sol-gel coatings with embedded corrosion inhibitor containers by testing 

the self-healing properties: zeolites, LDH, silica nano-reservoirs and silica nanocapsules with pH 

sensitive protection layers.113,115,122–126 

The micrometer-sized zeolites are commercially available and are loaded with corrosion inhibitors by 

ion-exchange reaction in acidic solution at slightly elevated temperature.115 LDH is synthesized from 

the nitrate salts at room-temperature in alkaline solution under inert atmosphere. Carbonates have 

to be avoided because they will permanently block the interstitial positions of the corrosion 

inhibitor, which is loaded into the LDH by ion-exchange reaction in a second step. If loaded LDH127 

cannot be mixed into the coating directly in aqueous solution, it needs to be dried by 

lyophilization128, which makes the process a lot more difficult to scale up. Alternatively, hydrotalcites 

can be synthesized by co-precipitation, but careful pH adjustments are necessary.129 Silica nano-

reservoirs are produced by a 24 hour oil-in-water emulsion reaction at room temperature using 

cetyltrimethylammonium bromide as emulsifier and templating agent, tetraethyl orthosilicate as 

reactive agent and ammonia as catalyst.130 The addition of pH sensitive layers is based on an 

alternating adsorption and washing cycle in different solutions of imines, sulfonates and 

benzotriazole as corrosion inhibitor.47 Summarized, each of these reservoirs has its advantages and 

drawbacks so future experiments will have to show which ones are most suitable. 

One of the decision factors will be the compatibility of these containers with other coatings. There 

are already some groups who used the aforementioned inhibitor containers in epoxy coatings.50,113 

McMurray’s group incorporated anionic and cationic ion-exchange materials in ethanol based 

Polyvinyl butyrate coatings51,53 and Hollamby et al. were able to incorporate hydrophilized silica 
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nanocapsules in a polyester coating.131 Thus, a first step into the variation of coatings has been done, 

but thinking of all the different types of coatings, still a lot of compatibility issues might need to be 

solved. Sauvant-Moynot et al. mentioned the problem of compatibility when they had to apply 

inversed emulsion polymerization for their capsules in order to encapsulate MgSO4 as corrosion 

inhibitor in an epoxy based coating.132 Kartsonakis et al. recently demonstrated the successful 

incorporation of several pigments in a single organic-inorganic hybrid coating. They presented the 

positive effects on the corrosion protection of an aluminum substrate by chloride and water nano-

traps in combination with 8-hydroxyquinoline loaded cerium molybdate nanocontainers.133 Garcia et 

al. managed to incorporate silyl esters encapsulated in poly-(urea-formaldehyde) microcapsules 

which were originally developed for Dicyclopentadiene (DCPD) encapsulation.40 Probably for the first 

time, technology which is used for corrosion inhibition was combined with the original polymer self-

repair techniques developed by White and Sottos.25,39,134 However, to our knowledge no paper has 

been published where corrosion inhibitor containers are embedded in polymeric systems together 

with other self-repairing mechanisms described in the earlier sections of this chapter. 

2.6 Paths towards a multi-action system 

Advanced corrosion protection can be achieved by combining self-healing polymeric coatings with 

smart corrosion protection methods (). If such a multi-action self-healing coating is scratched the 

substrate is locally prone to corrode in an aggressive environment. Upon corrosive attack the smart 

corrosion inhibition mechanisms are automatically triggered and will protect the sample in a first 

step. In a second step the coating repair mechanism is initiated and closes the defect. Thereby, 

similar barrier properties are achieved as for the pristine coating.  

Cerium-based inhibitors provide a high corrosion protection for aluminum alloys. Therefore, Cerium 

nitrate was incorporated into a shape memory polyurethane developed at Ghent University57 and 

applied as a coating on an AA2024-T3 substrate.66 This coating consists of two phases: an amorphous 

polyurethane phase and a semi-crystalline polycaprolactone phase. The latter has a melting 

temperature of about 60 °C and the viscosity (Young’s modulus) of the coating strongly decreases 

above this temperature (Tm). Mechanical deformation at lower temperatures causes stress to the 

coating which is removed above Tm when the coating is in its low viscous form and returns into its 

un-deformed state. A scratch made into the coating with a scalpel knife closes upon heating to 80°C 

as was demonstrated by SECM (Figure 2.4).86 Also Cerium in form of CeIV+ was identified with X-ray 

photoelectron spectroscopy (XPS)135, when the x-ray beam was centered on the scratch. These 

results are in accordance with another publication on corrosion inhibition in a scratch by Cerium ion 

activated nanoparticles which were incorporated in a silane coating.136  
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Figure 2.4: SECM line scans over a scratch in a self-healing coating on AA2024-T3. The black line shows the 
decrease of the current of the oxygen reduction reaction above the scratch due to local corrosion of 
aluminum. After heating the sample, no corrosion activity can be detected any more above the healed scratch 
(Adapted from 

86
. Copyright (2011), with permission from Elsevier). 

In another projectb, galvanized steel was covered with a coating containing 2-

Mercaptobenzothiazole (MBT), the latter being well known for its corrosion inhibition efficiency. 

However, if it is directly mixed into an epoxy resin, it causes problems during the coating application 

and increases delamination of the coating next to a corroding defect. Encapsulation of MBT can 

strongly reduce these effects as microscopy images (not shown) and current density maps proved 

(Figure 2.5).137 The results on these measurements are discussed in more details in chapter 5. 

                                                           
b
 Together with the group of M. Zheludkevich from University of Aveiro, Portugal 
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Figure 2.5: Current density maps (µA/cm²) were recorded with SVET above polyurethane coated galvanized 
steel samples with two defects (made by a micro-drill) in a NaCl solution (0.05 M) after 4 hours of immersion. 
The maps show the effect of different encapsulation methods of the corrosion inhibitor (MBT). Map (a) is the 
result of a reference sample without inhibitor, map (b) is of a coating loaded with MBT-filled SiO2 
nanocontainers and map (c) is of a coating loaded with MBT-doped LDH. The latter shows the least ionic 
currents above the defects and therefore shows the best corrosion inhibition (adapted from 

137
). 

For these tests a special micro-drill setup was developed where a battery and a light bulb were 

connected to the micro-drill.c If the drill went through the coating and touched the metallic 

substrate, the electrical circuit was closed, the bulb lit up and the forward movement of the drill was 

stopped.137 Because the defect size could be controlled precisely (Figure 2.6), different corrosion 

inhibitor containers could be compared with high accuracy compared to the conventional scalpel 

scribe method. 

 
Figure 2.6: Example of a reproducible drill hole with a diameter of 100µm. The bright grey center is the 
metallic surface. The micro-drill pushed some polymer material next to the hole. 

 

2.7 Conclusions 

In the last 15 years various self-healing concepts for coatings have been published. Knowledge from 

different fields (e.g. self-healing bulk polymers, corrosion inhibitors, coating application, etc.) is 

currently being merged into a new field of self-healing polymeric coatings. Several new methods 

have been developed to study these systems. 

                                                           
c
 In collaboration with M. Zheludkevich’s group from the CICECO department at the University of Aveiro, 

Portugal 
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In this chapter different possibilities for self-healing coatings have been presented that are currently 

under investigation giving an overview over both intrinsic and extrinsic self-healing mechanisms. The 

first one is mainly based on retro Diels Alder reaction or the shape memory effect. The second one 

usually works by breaking capsules filled with reactive agent or leaching from smart corrosion 

inhibitor containers. Table 7.1 highlights the most recent achievements in these fields. Further, 

promising high throughput methods were presented. Their development was driven by the urgent 

need for an alternative corrosion inhibitor for chromates to match the upcoming REACH regulation 

deadline. Results of major analysis tools for self-healing coatings are discussed based on selected 

papers. Important aspects of resin preparation and coating application round up the review part of 

this chapter. 

Table 2.1: Overview of recent highlights of self-healing coatings. The variation of self-healing chemistries for 
different types of coatings and different substrates shows the diversity of self-healing coatings. 

Reference 
Healing 
agent Healing chemistry Type of coating Substrate 

124 BTA Adsorption layer Sol-gel AA2024-T3 
131 BTA Adsorption layer Polyester Galvanized 

steel 
40 Silyl ester Adsorption 

layer 

Epoxy AA2024-T3 

133 8-HQ Oxide stabilization Epoxy silicate 
hybrid 

AA2024-T3 

127 NaVO3 Oxide formation Epoxy AA2024-T3 
66 80°C Diels Alder reaction Polyurethane AA2024-T3 
38 DCPD Reactive monomer Epoxy None 

 

Additionally, the authors have showed recent work on aluminum and steel wherein the first trials for 

smart corrosion inhibitor containers for multi-level corrosion protection coatings were presented. 

The combination of a cerium inhibitor and a shape memory effect based polymeric coating on 

AA2024-T3 allows a 2-step healing mechanism: Firstly, the inhibitor reduces the corrosion rate in a 

scratch and secondly, the scratch closes when heated to 80°C.  

Many polymeric self-healing mechanisms have been proven to work in bulk, but only a few have 

been tested in coatings. On the other hand, smart corrosion protection systems have up to now 

mainly been tested in water based coatings especially sol-gel coatings. Research on the combination 

of these two paths for corrosion protection has been limited. In this chapter we summarized first 

results on multi-level self-healing polymeric coatings and proof this concept. However, it becomes 

clear that still a lot of work needs to be done and factors such as compatibility and adhesion play a 

significant role in the development of such systems. Ideally, environmental friendliness, price and 

future raw material availability138 should be taken into account already now to avoid cases such as 

the ones of hexavalent Chromium. 





 

3  Methods – Analytical tools 

In this chapter the most important analytical techniques used in this thesis are presented. The focus 

is set on explaining the theoretical background, possibilities and limitations as well as calculations 

used for data analysis. The first part will be on three electrochemical techniques while the second 

part will focus on Raman spectroscopy (RS). 

3.1 Electrochemical Techniques 

Electrochemical techniques are important analysis methods in corrosion research, because they 

provide information to understand the different corrosion mechanisms, the reaction kinetics, etc. 

Linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) are “global” 

electrochemical techniques that show the response of the whole sample. The scanning vibrating 

electrode technique (SVET) is a local electrochemical technique that analyzes a small area of the 

sample with high spatial resolution. 

3.1.1 Linear sweep voltammetry 
Linear Sweep Voltammetry is an electrochemical technique where the potential is swept linearly (in 

time) and the current response of the system is measured. The resulting electrochemical information 

is represented by so called polarization curves in current (log i) vs. potential (E) plots as shown in  

figure 3.1.  

 
Figure 3.1: Schematic diagram showing a typical polarization curve with the cathodic branch in blue (left) and 
the anodic branch in red (right). By fitting both linear activation polarization regions with Tafel lines, the 
corrosion current density and the corrosion potential can be determined at their intersection. 

At the equilibrium or corrosion potential, the reduction and oxidation reaction have the same 

reaction rate which leads to a zero net current.  At both sides of this potential, the rate of either the 

cathodic or anodic reaction dominates (dashed blue and red lines). Further away from the 

equilibrium, the influence of the respective counter reaction becomes negligible and the current 

density increases on a logarithmic scale linear with the potential (solid lines). This behavior can be 

described by the Tafel equation where η is the over potential or potential difference from the 

equilibrium, the j is the current density, j0 is the exchange current density at the equilibrium and b is 

the factor determined by the charge transfer of the reaction. 

𝜂 = 𝑏 𝑙𝑜𝑔 
𝑗

𝑗0
 (3.1) 
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For the anodic side b has to be replaced by ba and for the cathodic side b has to be replaced by bc: 

𝑏𝑎 =
2.3 𝑅 𝑇

𝛼𝑎 𝑛 𝐹
 and 𝑏𝑐 = −

2.3 𝑅 𝑇

𝛼𝑐 𝑛 𝐹
 (3.2) 

In the dashed region of the polarization curve, both terms have to be taken into account and the 

Butler-Volmer equation describes the electric current at the electrode (equation 3.3).  

𝑗 = 𝑗0 ∙ [𝑒𝑥𝑝
𝛼𝑎𝑛𝐹𝜂

𝑅𝑇
− 𝑒𝑥𝑝

−𝛼𝑐𝑛𝐹𝜂

𝑅𝑇
 ] (3.3) 

α describes the charge transfer coefficient of the anodic or cathodic reaction and is dimensionless, n 

is the amount of transferred electrons, F is the Faraday constant, R is the universal gas constant and 

T the absolute temperature. These three equations (equations 3.1-3.3) are valid in the region where 

the polarization is determined by kinetics of the charge transfer reaction.  

At the intersection point of the extrapolated anodic and cathodic Tafel lines (black lines) in figure 3.1 

the corrosion current density can be determined. The latter can then be converted into the metal 

dissolution rate or corrosion rate (rcorr) by figure 3.4 allowing the quantitative comparison of different 

corrosion inhibitors.  

𝑟𝑐𝑜𝑟𝑟 =
𝑀

𝑛𝐹𝜌
𝑗𝑐𝑜𝑟𝑟  (3.4) 

M is the atomic weight of the metal and ρ is the density of the metal. 

In a linear (and not logarithmic) presentation of the polarization curve, the slope of the polarization 

curve is constant around the equilibrium potential. Because  exp(x) can be approximated by 1+x for 

very small values, the Butler-Volmer equation (equation 3.3) can be rewritten into the Stern-Geary 

equation (equation 3.5) for very small overpotentials (η displayed as ΔE for very small changes).  

𝑗𝑐𝑜𝑟𝑟 =
1

2.3

𝑏𝑎∙𝑏𝑐

𝑏𝑐+𝑏𝑎

∆𝑖

∆𝐸
 (3.5) 

This linear equation contains the polarization resistance (Rp) as the inverse of the ratio Δi over ΔE. 

𝑅𝑃 = (
∆𝐸

∆𝑖
)

∆𝐸→0
 (3.6) 

The corrosion rate can thus also be correlated to this polarization resistance, knowing the Tafel slope 

coefficients (ba and bc). The higher the polarization resistance, the lower is the corrosion rate. This is 

a second way of quantitatively comparing corrosion inhibitors based on the polarization curves 

recorded by LSV. 

However, linear sweep voltammetry depends on the scan rate and the chemical activity of the 

electroactive species. Because a potential is applied to the sample, its surface is modified during the 

measurement and for example can be unintendedly passivated or reduced. Therefore, the 

measurements in this thesis were always performed starting at the OCP and scanning away from it. 

For calculations, the cathodic and anodic branches were combined in a single polarization curve (see 

figure 5.1 and figure 5.2) and treated as one. 
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3.1.2 Electrochemical Impedance Spectroscopy  
Electrochemical impedance spectroscopy is used to evaluate inhibitor and coating performances, 

passive layer characteristics, to determine corrosion rates through the polarization resistance and 

much more.139 It is frequently used in corrosion studies and therefore only a brief introduction will be 

given in this section. More detailed information can be found in literature.140 

EIS is an AC technique based on the application of a very small sinusoidal potential perturbation at 

various frequencies on a stationary electrochemical system. For such small perturbations, the 

resulting causal current response is approximately linear. In this case, the impedance (Z) can be 

described as the ratio of the Fourier transform of the potential (V) to the Fourier transform of the 

current (I) 

𝑍(𝜔) =
𝐹(𝑉)

𝐹(𝐼)
 (3.7) 

where the small potential perturbation applied to the electrochemical system 

𝑉 = 𝑉0 ∗ 𝑠𝑖𝑛 (𝜔𝑡) (3.8) 

results in a pseudo-linear current response  

𝐼 = 𝐼0 ∗ 𝑠𝑖𝑛 (𝜔𝑡 + 𝜑). (3.9) 

Its radial frequency can be converted into frequency by  

𝜔 = 2 ∗ 𝜋 ∗ 𝑓  (3.10) 

In other words, the modulus of the complex impedance is the ratio between the modulus of the 

voltage and the modulus of the current and its phase is the phase difference between voltage and 

current. Thus the impedance can be written as a complex quantity 

𝑍 = 𝑍𝑅𝑒 + 𝑖 ∗ 𝑍𝐼𝑚 (3.11) 

with a real and an imaginary part. 

Accordingly, it has three major advantages over direct current based techniques: 

 In EIS the electrochemical cell stays in the steady state, because the potential perturbation 

around 10 mV applied as the excitation signal is very small.  

 Processes of different rates manifest themselves at different frequencies in the impedance 

spectrum and thus can be distinguished e.g. charge transfer processes at a corroding surface 

(low frequencies), double layers at the surface (medium frequencies) or the solution 

resistance (high frequencies). 

 Finally, because different electrochemical phenomena depend on different variables (e.g. 

resistive behavior is frequency independent (see also equation 3.12), but inductive and 

capacitive effects are not) they can be distinguished from each other in the electrochemical 
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system. EIS can thus monitor changes in these different processes depending on time, 

solution, temperature, etc. 

Nonetheless, it is often not possible to know the exact reaction mechanism and the kinetic values of 

the investigated systems. Therefore, it is common to try to fit the impedance data with electrical 

equivalent models that can explain the physical processes. Such models are built up by theoretical 

electrical components such as resistors and capacitors to simulate the observed effects of the 

different parts of the system in one equivalent electrical circuit (EEC). The most important 

components for a corroding system are: 

 The resistor R is used to simulate the conductivity of the solution (Rs) or the charge transfer 

resistance of the dissolving metal (Rct). It is frequency independent and accordingly 

contributes only to the real part of the impedance 

𝑍 = 𝑅 (3.12) 

 The capacitor C simulates double layers at metal surfaces or dielectric oxide barrier layers 

such as the one of aluminum. 

𝑍 =
1

𝑖𝜔𝐶
 (3.13) 

 Thirdly, a constant phase element Q is often used instead of a capacitor to include the non-

ideal nature of real electrochemical systems that show capacitive behavior. It is equal to a 

capacitor if n=1 and equal to a pure resistor if n=0. However, there is no clear physical 

explanation for this component. 

𝑍 =
1

(𝑖𝜔)𝑛∗𝑌0
. (3.14) 

A basic electrochemical system like the simplified Randles circuit can be modeled by one resistor 

simulating the charge transport through the solution Rs (the resistivity of the wires are negligibly 

small), one capacitor for the ionic double layer at the metal/solution interface Cdl and another 

resistor for the charge transfer at the same metal/solution interface Rct. Figure 3.2 shows the typical 

semicircle of the Randles circuit in a Nyquist plot. Its EEC model is depicted in the top right corner.   

The Nyquist plot shows the real versus the imaginary part of the impedance on the axes of the 

diagram (cf. equation 3.11). So a pure resistor would just be a point on the x-axis independent of the 

frequency. A pure capacitance would result in one point on the y-axis per measured frequency, the 

lower the frequency, the higher the magnitude of the impedance. Ergo it results in a vertical line. The 

combination of a resistor and a capacitor into a parallel circuit results in a semi-circle, which in the 

case of the Randles circuit is shifted from zero ZRe by Rs. 
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Figure 3.2: The Randles circuit models many corrosion systems and is the basis for more elaborated models. 

 

 
Figure 3.3: Nyquist plot (ZIm vs. ZRe) of a coated metal showing the typical two semi-circles. The EEC model for 
this simulation is plot in the top-right corner. 

If the metal is also coated, new elements need to be added to the equivalent electrical circuit (EEC) 

describing the coating behavior; a capacitor for the coating Cc and a resistor for the pore resistance 

of the (semi-permeable) coating Rpo(Figure 3.3). 

Alternatively to the Nyquist plot, EIS results can also be shown in  Bode Modulus or Bode Phase plots, 

which are usually presented simultaneously. They show the frequency dependence of the impedance 

modulus and of the phase, respectively. In the modulus a pure resistor is a horizontal line whereas a 

capacitor forms a negative sloped line (from low to high frequencies). Accordingly, the Bode phase 

plot allows a quick determination at which frequencies a sample has a resistor-like (zero phase shift) 

or a capacitor-like (-90° phase shift) response. The amount of time constants in the measured system 

can be extracted from both types Bode plots, which provides important information for modeling.  
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Figure 3.4: Bode plots (Impedance modulus and phase shift) of a metal with a semi-permeable coating.  

Finally, the measured data can be modeled with EECs and fit to receive specific values for the 

different phenomena. Nowadays, computer programs do the fitting based on estimated starting 

values applying the non-linear least squares method. The results for the different EEC elements of 

the model fitted to the data can then be used for the interpretation. However, EIS has also 

limitations. 

First, the measured system needs to be stable and stationary during the whole measurement. 

Especially, when measuring at low frequencies, this can become a problem. Secondly, the system’s 

current response to a sinusoidal potential excitation is only (pseudo-)linear at small excitation 

potentials and only then its current response is free of harmonics, which is necessary for correct data 

interpretation. In the SURF Group, this limitation was used to develop the Odd-Random-Phase 

Electrochemical Impedance Spectroscopy: by applying several frequencies simultaneously as one 

signal, it is possible to determine non-linear sample behavior and by applying successive periods of 

the same excitation signal, the variations of the impedances can be used to detect the non-

stationarity of electrochemical systems 141–146. 

In this work EIS shows the reduction of the barrier properties when the polymer coating was 

damaged and monitors the restoration of the barrier after the coating was healed. Additionally, also 

the effect of the corrosion inhibitor on the metal surface could be investigated. 

 

3.1.3 Scanning Vibrating Electrode Technique 
Originally Scanning Vibrating Electrode Technique (SVET) was developed for biomedical analysis of 

ionic gradients around cells147,148 and only in the eighties this technique was first used for localized 

corrosion studies.149,150 The measurement principle of SVET is based on the difference of the 

electrolyte potentials at two points due to an ionic flux in the solution. This flux originates from the 
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redox reaction at the surface of the metallic substrate and is the respective equivalent in solution to 

the electric flux through the metal. Its current lines lead away from a point current source and thus 

equipotential lines run perpendicular as outlined in figure 3.5. For this system, Ohm’s law can be 

applied to calculate the local ionic current density jlocal from the potential difference ΔV: 

𝑗𝑙𝑜𝑐𝑎𝑙 = −
∆𝑉

𝜌𝑑
 (3.15) 

Where ρ is the conductivity of the solution and d the distance between the two points of 

measurement. With SVET the two measurement points are taken at the extreme points of a 

sinusoidal vibration of the electrode and fed into a phase sensitive detector (PSD). A lock-in amplifier 

filters out all other frequencies than the applied one and thereby removes most of the background 

noise. By further signal amplification, SVET can measure current densities as low as nA/cm². 

 
Figure 3.5: Scheme showing the vibrating probe. Adapted from 

151
 

Two measures need to be taken to achieve good and reliable results: 

1. The microelectrode, which consists of a platinum/iridium needle insulated with Parylene-C 

on the whole shaft except for the tip, with a diameter of about 2µm is platinized. By 

electrodepositing platinum black (PtB), the surface of the tip and thereby the signal-to-noise 

ratio is strongly increased. A typical plating procedure looks as follows: First, a layer of PtB is 

deposited at constant current around 200 mA and secondly intense grain formation, but little 

grain growth, is induced by applying 15-20 current shots of above 1A for only about 0,5 

seconds each. This electrodeposition is performed in chloroplatinic acid (H2PtCl6) solution 

doped with lead acetate. 152–154 

2. The platinized electrodes are calibrated against a known current at a known distance from 

the source. The source is either a Pt needle similar to the unplatinized one or a tapered glass 

capillary. Important is that the calibration is performed with a point source and that the 

distance to the measurement probe is similar to the tip-to-surface distance of the 

subsequent experiment. This ensures the best accuracy and repeatability. With this set-up, 

the electric field is concentric and the current lines radial. So the current I can easily be 

transformed to current density by  
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𝐽 =
𝐼

4𝑟2𝜋
 (3.16) 

where r is the distance between the source and the tip. In fact, it was shown recently that 

the distance between a point source and the tip has to be at least 100 µm to avoid 

interaction of the vibrating probe and the surface, which leads to wrong current density 

values. 155 

The SVET was used in this work to record two-dimensional maps (multiple measurements along a 

grid on a plane) of local corrosion activity above defects in coatings. Based on these maps the 

inhibition action of corrosion inhibitors on the metallic substrate could be compared and whether a 

defect was healed or not. The instrument was purchased from Applicable Electronics, LLC and used 

together with the standard software ASET 2.1 from Science Wares, Inc. Data visualization was 

performed with Quikgrid, a freeware program developed by John Coulthard and OriginPro 9.0 from 

OriginLab Corp. 

The purchase, setup and maintenance of the SVET in the local electrochemical lab of the Research 

Group Electrochemical and Surface Engineering at the VUB were part of the tasks during this PhD. 

Additionally also two other local electrochemical techniques were purchased and setup in this lab: 

the scanning ion-selective electrode technique for local single ion concentration measurements (e.g. 

pH, chloride) and the scanning electrochemical microscope which can be run in various modes to 

measure in-situ topography, surface passivation, etc. with micro and nano-scale resolution. All three 

instruments are state-of-the-art tools in corrosion research and local electrochemistry. 

3.2 Raman Spectroscopy 

In 1928 Raman and Krishnan observed and documented for the first time inelastic scattering of 

visible light by matter, the fundamental principle of Raman spectroscopy (RS). 156,157 Light being an 

electromagnetic wave can interact with atoms elastically (Rayleigh scattering) and inelastically. 

For the latter case, part of the energy of the incident photon (hν) is transferred to a virtual vibration 

state of molecules (Eν) during the scattering process. According to energy conservation this process 

can be described with equation Error! Reference source not found.. 

ℎ𝜈 + 𝐸𝑖 = ℎ𝜈′ +  𝐸𝜈  (3.17) 

This equation can be elaborated into equation Error! Reference source not found. 

ℎ(𝜈′ − 𝜈) = 𝐸𝑖 −  𝐸𝜈 = ℎ𝛥𝜈 (3.18) 

where the frequency shift Δν for the case of RS corresponds to specific vibrational and rotational 

energy differences of the molecule. Therefore, Raman spectra are like a fingerprint and can be used 

to identify substances or prove their presence. 
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Figure 3.6: Possible interactions of an electromagnetic wave with matter. Depending on the type of interaction 
different analytical possibilities arise. 

Raman scattering requires a vibration that changes the polarizability of a certain molecular bond. On 

the contrary, infrared (IR) absorption requires a change in the dipole moment. Both techniques 

produce spectra at the same energy (or wavelength), but can thus give different spectra based on the 

respective selection rules. 158 Although the two techniques are similar and provide complementary 

information, there are also some technical differences: 

Firstly, because modern Raman Spectroscopes use a finely focused laser, the information can be 

recorded at high lateral resolution on a sample surface. Secondly, RS can be performed through 

water without a big absorption band as in IR Spectroscopy. On the contrary, the probability for 

Raman scattering are relatively low as is the resulting signal. Additionally, fluorescence can be much 

stronger than the Raman signal and cause a major overtone making RS impossible on fluorescing 

samples. 158 To reduce this issue instruments equipped with lasers with different wavelengths (red, 

green, UV,…) become common state of the art. 

In the case of RS, only a very small part of the incident beam is scattered (in general less than 1 

photon in 106). Therefore, Raman spectroscopes are equipped with lasers, being a powerful and 

monochromatic radiation source.  

Surface enhanced Raman spectroscopy (SERS) 

Surface enhanced Raman spectroscopy (SERS) is a variation of the normal Raman spectroscopy 

whereby the sensitivity at a surface is strongly enhanced. Though the exact enhancement 

mechanisms are not fully understood yet, there are two theories commonly accepted: the 

electromagnetic enhancement and the chemical enhancement. 

The first one can cause a Raman spectrum that is easily million fold more intense than a bulk 

spectrum and in some cases even single molecule detection was reported.159 This huge increase is 

the result of the resonant excitation of surface plasmons – collective oscillations of the conduction 

electrons against the background of ionic metal cores. Silver, gold and copper are typical “SERS 

active” metals, but also alkali metals are known to show a SERS effect.160–162 

The SERS effect can be even further enhanced on small particles typically in the order of the incident 

wave length (20 – 100 nm). Polycrystalline material, surfaces with a roughness similar to the 
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wavelength and even special SERS probes exist which are sample plates covered with noble metal 

nanoparticles. 160,163 

The chemical enhancement effect is smaller and the enhancement is about a factor 10 - 100. It is 

especially observed when a molecule is chemisorbed on a metal substrate. The occurring molecule-

to-metal charge transfer alters dramatically the resonances of the system and thereby contributes to 

the enhancement.164 



 

4 A Shape-Recovery Polymer Coating for the Corrosion 

Protection of Metallic Surfaces  

Self-healing polymer coatings are a type of smart material aimed for advanced corrosion protection 

of metals. This chapter presents the synthesis and characterization of two new UV-cure self-healing 

coatings based on acrylated polycaprolactone polyurethanes. On a macroscopic scale, the cured films 

all show outstanding mechanical properties, combining relatively high Young’s modulus of up to 270 

MPa with a strain at break above 350%. After thermal activation the strained films recover up to 97% 

of their original length. Optical and electron microscopy reveals the self-healing properties of these 

coatings on hot-dip galvanized (HDG) steel with scratches and micro-indentations. The temperature-

induced closing of such defects restores the corrosion protection and barrier properties of the 

coating as shown by Electrochemical Impedance Spectroscopy (EIS) and Scanning Vibrating Electrode 

Technique (SVET). Therefore, such coatings are a complementary option for encapsulation based 

autonomous corrosion protection systems.d 

The synthesis and characterization of the polymer network presented within this chapter was 

performed by Otto van den Berg from the PCR group at UGent. The application of the coating on the 

metal and the UV curing were performed at the instrumentation of Flamac. 

4.1 Introduction 

The worldwide most used metals such as iron and aluminum have the disadvantage of 

thermodynamic instability of their metallic form. Consequently, a wide range of corrosion protection 

mechanisms exist to extend the product’s lifetime in various conditions: passivation, alloying, 

cathodic protection, sacrificial metallic coatings such as HDG steel,165 barrier coatings, and a plethora 

of corrosion inhibitors.166–168 The application of organic coatings and paints not only gives a color to 

the metal and provides better processability, but also hinders corrosive species from reaching the 

metal surface. In this way, organic coatings can provide outstanding corrosion protection. However, 

when a small defect is made into the coating, and the metal surface is exposed to an aggressive 

solution, it will immediately start to corrode with disastrous effects on the adhesion of the coating 

and the integrity of the coated object. Such defects cannot only occur when a product is used, but 

also already during its production, for example during forming processes of pre-coated metal sheets. 

The addition of corrosion inhibitors to the coating system is an established approach to improve the 

corrosion protection. Some corrosion inhibitors specifically act on sites of corrosive attack and locally 

inhibit corrosion, which is why such coatings were the first to be called “self-healing”.169–171 

In the last two decades this term has been used for a range of developments for local, autonomous 

and on demand corrosion inhibitor release from different inhibitor containers.45,49,50,52,53,98,127 For 

example Maia et al. produced silica nanocapsules with increased inhibitor release at elevated pH45 

whereas the groups of Zheludkevich, Buchheit and McMurray proposed clays and organic ion-

exchange materials, which release the inhibitor in exchange for aggressive chloride ions.51,52,117 Very 

                                                           
d
 This chapter has been published as article: Lutz, A.; van den Berg, O.; Van Damme, J.; Verheyen, K.; Bauters, 

E.; De Graeve, I.; Du Prez, F. E.; Terryn, H. A Shape Recovery Polymer Coating for the Corrosion Protection of 
Metallic Surfaces. ACS Appl. Mater. Interfaces 2015, 7 (1), 175–183. 
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recently, synergistic corrosion protection effects were achieved by various combinations of different 

nanocontainers in epoxy coatings.98,133 However, coatings based on this self-healing principle inhibit 

corrosion, but do not close the defect, nor do they re-establish the barrier properties of the 

polymeric coating. 

Filling of scratches and defects is a completely different protection mechanism and independent of 

the self-healing mechanism described above. The White and Sottos group were the first who 

encapsulated a healing agent to fill defects in polymers.38 Upon breakage of the microcapsules, 

dicyclopentadiene was released and initiated the healing in an epoxy matrix. Similarly, Caruso et al. 

achieved 82% fracture toughness recovery of a polymer with encapsulated solvents.43 Although fully 

autonomous, such extrinsic healing mechanisms are limited to the amount and the size of capsules in 

the coating and relatively small defects.10 A microvascular system (2D or 3D) incorporated in the 

coating allows much larger defects to be healed, though technological implementation is 

difficult.34,172,173 However, these systems demonstrate repeatable healing. The class of self-healing 

polymers based on intrinsic healing effects shows also repeatable healing ability.174 Unlike extrinsic 

container based systems, their healing functionality is theoretically undepletable, but they need 

some kind of trigger. Additionally, intrinsically self-healing polymers were shown to have less defect 

size limitations than capsule based systems.11,58,86 A common intrinsic self-healing mechanism is 

based on the Diels-Alder and retro-Diels-Alder reaction. Above a specific temperature (e.g. 120°C), 

the cycloaddition can be reversed, and the polymerization is reversed.58,60,175,176 However, any 

mechanism where a chemical reaction takes place has the possibility of undesired irreversible side 

reactions, which permanently reduce the healing efficiency. Therefore, our choice was a physico-

chemical mechanism, i.e. the shape memory or shape recovery effect. The stress or strain induced to 

a shape recovery material by mechanical deformation can be fully reversed by heating without any 

chemical reaction taking place.60,61,177 In detail this effect is possible because of a multiple phase 

structure with different glass transition (Tg) or melting temperatures (Tm). One phase of the 

segmented block copolymer network melts whereas the other keeps its solid form. This property 

gives the polymer on the one hand enough mobility for strain recovery and on the other hand 

enough stability to keep its shape. Rodriguez et al. blended linear polycaprolactone (PCL) with a 

cross-linked PCL network.67 The shape recovery properties of the cross-linked PCL network assist with 

the scratch closure before self-healing by interdiffusion of the linear PCL chains over the crack 

surface takes place (shape memory assisted self-healing or “SMASH”). This principle has been very 

recently combined with Diels-Alder chemistry (DASMASH) to additionally covalently re-form the 

reversible crosslinks of thermo-remendable shape memory polyurethanes.178 D´Hollander et al. have 

shown that several segmented PCL-based (A-B)n polymers show excellent shape memory-based 

characteristics.57 Applied as a coating on a metallic substrate, it has the ability to close scratches as 

demonstrated by Gonzales-Garcia et al. with optical and electrochemical microscopy and Jorcin et al 

using “Odd random phase electrochemical impedance spectroscopy” (ORP-EIS).66,86 However, the 

production of a coating, using a technique that requires the use of a toxic and/or high-boiling organic 

solvent, is not feasible for large-scale coating application.  

UV-cure coatings have received much attention in recent times and often are 100% solvent free. 

Except for the photoinitiator, all molecules in the liquid resin react during curing and no solvents 

(organic or aqueous) need to be evaporated. The wet thickness of such a coating before curing is 

thus the same as the dry thickness after curing. In addition, the use of energy during application and 

curing is low, because of efficient polymerization initiation and no need of thermal energy for solvent 



A Shape-Recovery Polymer Coating for the Corrosion Protection of Metallic Surfaces 

 43 

evaporation. The most common way to formulate a 100% radiation cure type coating is to combine a 

multifunctional acrylated oligomer (two or more acrylate moieties per chain) with a low molecular 

weight acrylate (mono or multifunctional) that acts as a reactive solvent for the oligomeric acrylate 

resin. After addition of a photoinitiator, application on a substrate and exposure to UV-radiation, a 

film is formed within a fraction of a second. Polycaprolactone is a well-known material for 

preparation of reactive oligomers, including urethane-based acrylates.179,180 However, the use of 

higher molecular weight polycaprolactone acrylates as coating resins is an unexplored area of 

research, probably because of viscosity issues and a lack of (formulation) stability caused by 

crystallization of high molecular weight PCL from solution at ambient temperature. By specific 

modifications of both the polycaprolactone resin and the formulation composition, these issues are 

circumvent, whereas making use of the excellent shape recovery properties of high molecular weight 

polycaprolactone. 

This chapter contains the experimental evaluation of the shape recovery and corrosion protection 

properties of the coating. I present the thermal properties of the coating and its components based 

on Differential Scanning Calorimetry (DSC) measurements and show its mechanical strength and 

flexibility with tensile tests aiming for future industrial application. Based on thermal relaxation 

experiments, I discuss the shape recovery properties of the polymer network and show that the 

different segments in the polymer network have different effects on the healing. In the second part, I 

evaluate the healing of the polymer applied as a coating on HDG steel with optical and electron 

microscopy. Conventional and local electrochemical techniques show the recovery of the coating’s 

barrier properties and corrosion protection properties. These results are compared with a second 

polymer discussing the influence of the introduction of flexible spacers into the polymer structure 

and demonstrate the coatings’ properties as a novel corrosion protection system. 

The on-demand self-healing functionality of the coating allows the owner of a product to increase 

the product lifetime by closing defects, thereby stopping the corrosion attack and thus saving 

corrosion inhibitor reservoirs. 

4.2 Experimental 

4.2.1 Materials 
1,6-diisocyanatohexane (HDI, >99%), dibutyltin dilaurate (DBTL) and hydroxyethyl acrylate (HEA, 

96%), HPLC grade toluene (dried over sodium and distilled prior to use) and isobornyl acrylate (IBOA, 

>85%) were purchased from Sigma Aldrich Co. HEA was dried over 4Å molecular sieves prior to use. 

Pripol 2033 fatty dimer diol was obtained from Croda Chemicals. Hydroxyl-functional telechelic 

polycaprolactone (Mn=6000 g/mol) was obtained from Solvay. HDG Steel (HDG Z350, with a 25µm 

thick zinc layer on each side) panels produced by ArcelorMittal were cleaned with Ridoline C72 from 

Henkel prior to coating application. KIP 160 and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%) 

were used as photoinitiators for UV curing from Allnex Belgium NV and Sigma Aldrich, respectively.  
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4.2.2 Synthesis and Coating Application 

4.2.2.1 Synthesis of telechelic acrylated polycaprolactone (PPNF) 

Hydroxyl-functional telechelic polycaprolactone (100g, 16.6 mmol) was dried by co-evaporation with 

dry toluene (2 x 100 ml), taking care that all polymer material had dissolved before the toluene was 

removed. This required heating to approximately 50°C in a water bath. Dry toluene (300 ml) was 

added and the solution was brought under an argon atmosphere. The temperature of the solution 

was raised to 90°C in an oil bath, and all 1,6-diisocyanatohexane (5.61 g, 33.3 mmol) was added at 

once under vigorous stirring. Then three drops of dibutyltin dilaurate were added and the stirring 

was continued for 60 minutes. Hydroxyethyl acrylate (3.87 g, 33.3 mmol) was added and the stirring 

was continued for another 60 minutes at 90°C. Finally the solution was precipitated in cold 

methanol. The prepolymer was then dried under vacuum yielding telechelic acrylated 

polycaprolactone (PPNF, 105 g, 96%) as a white fluffy solid. 1H NMR (300 MHz, CDCl3) : 6.37 (dd, 

0.017H, HCH=CH-), 6.07 (dd, 0.017H, HCH=CH-), 5.79 (dd, 0.017H, HCH=CH-), 4.75 (s, 0.013H, O-CH2-

CH2-O-C=ONH-), 4.67 (s, 0.027H, CH2-CH2-CH2-O-C=ONH-), 4.25 (m, 0.075H, -O-CH2CH2O-), 3.99 (t, 

2H, CH2O-), 3.09 (m, 0.12H, CH2NHC=O), 2.24 (t, 2H, CH2C=O), 1.58 (m, 4H, O=C-CH2CH2CH2CH2 CH2O-

), 1.33 (m, 2H, O=C-CH2CH2CH2CH2 CH2O-) 

4.2.2.2 Synthesis of telechelic acrylated polycaprolactone with flexible spacers (PPFL)  

A mixture of hydroxyl-functional telechelic polycaprolactone (100 g, 16.6 mmol) and Pripol 2033 

fatty dimer diol (17.9 g, 33.3 mmol) as flexible spacers was dried by co-evaporation with dry toluene 

(2 x 100 ml), taking care that all polymer material had dissolved before the toluene was removed. 

This required heating to approximately 50°C in a water bath. Dry toluene (300 ml) was added and 

the solution was brought under an argon atmosphere. The temperature of the solution was raised to 

90°C in an oil bath, and 1,6-diisocyanatohexane (11.2 g, 66.7 mmol) was added all at once under 

vigorous stirring like in the synthesis of PPNF. Three drops of dibutyltin dilaurate were added and the 

stirring was continued for 60 minutes. Hydroxyethyl acrylate (3.87g, 33.3 mmol) was added and the 

stirring was continued for another 60 minutes at 90°C. Finally the solution was precipitated in cold 

methanol. The prepolymer was then dried under vacuum yielding telechelic acrylated 

polycaprolactone with flexible spacers (PPFL, 121 g, 94%) as a white fluffy solid. 1H NMR (300 MHz, 

CDCl3): 6.44 (dd, 0.019H, HCH=CH-), 6.15 (dd, 0.019H, HCH=CH-), 5.86 (dd, 0.019H, HCH=CH-), 4.82 

(s, 0.018H, O-CH2-CH2-O-C=ONH-), 4.72 (s, 0.096H, CH2-CH2-CH2-O-C=ONH-), 4.32 (m, 0.097H, -O-

CH2CH2O-), 4.06 (t, 2.2H, CH2O-), 3.15 (m, 0.25H, CH2NHC=O), 2.31 (t, 2H, CH2C=O), 1.0-1.8 (m, 

8.72H, CH2 alkyl), 0.87 (m, 0.27H, CH3) 

4.2.3 Coating formulation and application 
The coating resins (RNF and RFL) were formulated as 60/40 IBOA/PPNF and 50/50 IBOA/PPFL mixtures 

respectively. The ratios were chosen to have equal amounts of PCL (36 mol%) in them, without 

having formulation viscosities that are either too low or too high for suitable application (1000 

cPs>X<15000 cPs). 10 mg/g of 2,2-dimethoxy-2-phenylacetophenone (DMPA) was added for curing 

of 1-2 mm thick samples for polymer tests, using a low intensity mercury vapor lamp. 

For the coatings on HDG steel, 10mg/g KIP 160 was added to the above described resins that were 

heated to 60°C before application. The HDG steel panels were first cleaned by acetone rinsing, then 

immersed for 3-5 seconds in a 10% solution of Ridoline C72 at 60°C and then rinsed twice with 

distilled water. After drying the panels by pressurized air, they were coated with a “doctor blade” 
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(100 µm wet coating thickness). Subsequently, the panels were UV cured by irradiation under two 

UV-lamps (D- and H-lamp) with a total power of 236 W/cm under a nitrogen atmosphere and at a 

speed of 30 cm/s. Samples prepared with RNF, containing PPNF, without flexible spacers are referred 

to with the abbreviation NF whereas samples prepared with RFL, containing PPFL, including flexible 

spacers, are referred to as FL. 

4.2.4 Thermo-mechanical polymer characterization 
Differential Scanning Calorimetry (DSC) was performed on a DSC Q2000 from TA Instruments with 

samples of about 7 mg in hermetically sealed pans. Tensile testing was performed on a Tinus-Olsen 

H10KT tensile tester equipped with a 100 N load cell, using flat standard dog bone type specimen 

with an effective gage length of 13 mm, a width of 2 mm, and a thickness of 1 mm. The tensile tests 

were run at a speed of 1 mm/min. Test specimens were prepared by injection of the formulation 

between glass plates fitted with 1 mm silicone spacers, leaving open spaces all around the liquid 

formulation to allow shrinkage in the lateral direction. Photo-curing was performed at an 

approximate light intensity (365 nm) of 12 mW/cm² in a Metalight Classic irradiation chamber for 5 

minutes. After cooling, samples were cut from the sheets using a Ray-Ran dog bone cutter. The 

thermal recovery was measured on a Q800 series DMA in tensile mode at a heating rate of 

2.5°C/min up to a temperature of 130°C. 

4.2.5 Microscopy 
The microscopy images were taken with a top view digital camera (UI-1640LE-C-HQ) from IDS 

Imaging Development Systems GmbH (Germany) with a 1 MPixel resolution, which was part of the 

SVET system. To record the healing stages of the coating, a heating plate was installed under the 

microscope objective and pictures were taken regularly with the ASET LV2 software from Science 

Wares, Inc. during the heating process. 

Secondary Electron (SE) images were taken with a Phenom Pro X (Phenom-World BV, the 

Netherlands) at 5 kV in charge reduction mode. A standard scalpel knife was used to make the 

scratches in the microscopy samples.  

4.2.6 Electrochemical techniques 
For all electrochemical tests, the coated HDG samples were covered with adhesive tape (3M™ 

polyester tape no. 8402) except for the measurement area - a circle of 1.1cm². The samples were 

immersed in 0.05M sodium chloride (NaCl) solution and were left for 5 - 30 minutes until a stable 

OCP was reached. Electrochemical Impedance Spectroscopy (EIS) was performed using an Autolab 

302N potentiostat from Metrohm AG (Swiss) and a standard 3-electrode setup. 49 frequencies were 

excited, logarithmically equally distributed over the whole measurement range from 105 to 10-1 Hz 

with an amplitude of 10mV rms. EIS is used for qualitative evaluation of the healing. Preliminary 

quantitative modeling can be found in the appendix (see table A.). 

Scanning Vibrating Electrode Technique (SVET) measurements were performed using a SVET from 

Applicable Electronics, LLC in combination with the ASET software from Science Wares Inc. (USA). 

Every 35 µm one measurement point of the vertical component of the current density was recorded 

to build up the entire current density map. A screwdriver was sharpened with sand paper of 500, 

1200 and finally 4000 grit to create a knife-like edge. Defects of about 50 by 500 µm for SVET 

analysis were made by pushing this handmade micro-chisel perpendicular to the surface into the 
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coating. Full penetration of the organic coating, exposing the underlying HDG steel, was confirmed 

under an optical microscope. For SVET the measurement area not covered by tape was about 1 x 2 

mm. 

4.3 Results and Discussion 

4.3.1 Coating Resin 
For the preparation of a self-healing coating, mobility, either on molecular, segmental or on 

macroscopic scale is required in at least one form to facilitate the healing process.29 A radical-

initiated UV-cure coating has little or no volatile organic compounds content and requires little 

energy-input for curing. Such coatings usually consist of two main structural components that make 

up the majority of the coating formulation.181 Generally an oligomeric acrylated resin is combined 

with a low molecular weight (multi)functional acrylate monomer that acts as a reactive diluent. After 

irradiation, an intricate network is formed where both the reactive diluent and the resin can act as 

crosslinkers, resulting in an insoluble, immobile coating material. To introduce mobility into the final 

coating material, several measures can be taken. First, a monofunctional reactive diluent can be 

used that leads to the formation of long linear acrylate chains. Second, a high molecular weight 

acrylated resin with limited functionality can be introduced to keep the overall crosslink density low. 

These measures will however also decrease the solvent resistance and the strength of the coating. 

To minimize these undesired effects, a reactive diluent was chosen that, after cure, results in a 

polymer with a low crosslink density, but with a Tg far above room temperature and thereby trying 

to compensate these undesired effects without introducing too much rigidity. Isobornylacrylate 

(IBOA) is a monomer widely used in industrial applications where a high Tg of the final cured product 

is required.182 It was the material of choice with a Tg of about 94°C.183 As crosslinker, a relatively high 

molecular weight commercial PCL diol was used as starting material. A DBTL catalyzed reaction with 

two equivalents of HDI at 90°C in dry toluene led to the formation of a PCL urethane prepolymer 

that was acrylate end-capped by addition of two equivalents of HEA, yielding telechelic acrylated 

polycaprolactone (PPNF). Addition of more than two equivalents of HEA resulted in the unexpected 

formation of non-acrylate functional PCL-urethanes due to transesterification reactions of the HEA-

urethane end groups with HEA, forming ethylene glycol bisacrylate and hydroxyethyl urethane end 

groups. However, when stoichiometry was maintained, no signs of transesterification were found 

and NMR analysis showed near 100% functionalization. The resin prepared in the above fashion did 

not dissolve in IBOA at room temperature and application on any substrate required some heating to 

keep the resin in solution (vide infra). Although practically possible, heating is not desirable for any 

coating system.  

To increase the compatibility between IBOA and the PCL resin, the PCL diol was chain-extended 

using a commercially available fatty dimer diol, which imparts flexibility and solubility in 

hydrocarbon solvents. Thus, by reacting four equivalents of HDI with a mixture of one equivalent PCL 

diol, and two equivalents of fatty dimer diol, a fatty dimer modified PCL-urethane prepolymer was 

obtained that was finally acrylate end-capped by addition of two equivalents of hydroxyethyl 

acrylate (HEA), yielding telechelic acrylated polycaprolactone, containing flexible spacers (PPFL). 

Omitting the flexible spacer gave a resin (RNF) that required heating during application to keep the 

formulation stable, whereas RFL can be applied without preheated substrates. 
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Figure 4.1: Acrylated urethane-resin synthesis from telechelic hydroxy-functional polycaprolactone (1, Mn = 
6000 g/mol), fatty dimer diol (2, Pripol 2033, a mixture of cyclic and non-cyclic structural isomers containing 36 
carbon atoms, the structure depicted in this scheme is one of many structures present in Pripol 2033) and 
hexamethylene diisocyanate (3). i) dibutyltin dilaurate, toluene, 90°C, 1h. ii) hydroxyethyl acrylate (2 molar 
equivalents), 90°C, 1h. Polymers having no Pripol 2033 (n = 0, RNF), and having two equivalents of Pripol 2033 
(n = 2, RFL) were synthesized. 

 

Size exclusion chromatography (SEC) of both RNF (Mn 11700, Mw 15000, Ð 1.28) and RFL (Mn 27000, 

Mw 42000, Ð 1.6, see figure A.1) shows clear increases in molecular weight compared with the 

starting PCL diol. (See S.I.1 in the supplementary information.) Because HDI is a non-selective 

diisocyanate, a certain degree of polymer-polymer coupling is to be expected depending on statistics 

only. NMR analysis of RNF shows that the number of end group functionality (acrylate double bonds) 

is in accordance with the number average molecular weight (Mn) determined with SEC, indicating full 

functionalization of the resin. For RFL no such agreement was found, probably because of the 

formation of short-chain products not taken into account using SEC. 

4.3.2 Thermo-mechanical characterization 
The thermo-mechanical properties of the two polycaprolactone-containing materials, described in 

the previous section, were first investigated by DSC, showing the melting peaks of the PCL phases in 

both kinds of polymer networks. For the polymer with flexible spacers, the melting temperature (Tm) 

of the PCL phase was derived to be at 49.6°C whereas for the one without flexible spacers it was 

derived to be at 51.7°C (Figure 4.2). The steps on the left side of the peaks indicate recrystallization 

during the melting process with an onset temperature of 33.7°C and of 39.2°C, respectively. (Not 

shown in Figure 4.2) However, because of the nano-phase separated nature of the polymer network, 

the Tg of the IBOA phase could not be determined (see figure A.2). The recrystallization of the 

polymer network with flexible spacers during solidification takes place at 15°C below the one 

without flexible spacers. The presence of the fully amorphous molecular spacer units in the polymer 

network delays its recrystallization and shifts the heat flow peak to lower values. These results are 

somewhat different compared with those found by D’Hollander et al.57, where crystallization of PCL 

was enhanced, rather than inhibited, by the introduction of flexible units. This difference in behavior 

can be explained by the presence of hydrogen-bonded crystalline polyurethane segments in the 

materials prepared by D`Hollander, whereas no such polyurethane segments are present in the 

materials reported in this chapter. Moreover the idea behind the use of flexible spacers in functional 
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PU-resins is to introduce a kind of “surfactant” effect with flexible units in the uncured formulation 

pointing outwards from PCL-clusters to inhibit the crystallization from solution. This inhibition of 

crystallization is preserved in the cured state of the formulation. In the D’Hollander’s materials the 

opposite effect is observed; an enhanced crystallization at higher temperatures with little hysteresis.  

 
Figure 4.2: The DSC thermograms of the cured coating formulations prepared from RNF containing no flexible 
spacers (NF) and from RFL containing flexible spacers (FL), showing the melting and crystallization peaks.  

The mechanical properties of the polymer networks were characterized by tensile tests (Figure 4.3). 

The strain at break of both polymer networks is similar, 360 and 390% for the FL- and NF-resin 

respectively. Their Young’s modulus was calculated to be 0.15 GPa and 0.27 GPa, respectively. The 

introduction of the flexible spacers thus reduces the Young’s modulus of the polymer network as 

expected, but barely changes the stiffness and strain at break. This is not surprising, because the 

flexible spacers do not alter the main structure of the network. 

 
Figure 4.3: The stress-strain curves of the polymer network with (FL) and without (NF) flexible spacers are very 
similar.  

4.3.3 Strain recovery 
The shape recovery properties of the polymer were followed by DMA-analysis. Both samples were 

heated to 130°C and the strain recovery from initially 150% and 200% strain was recorded. Four 

effects can be deduced from Figure 4.4. First, the recovery mechanism changes for both polymer 

networks at two temperatures. 50% of the strain recovery happens at temperatures below 55°C. 

Until about 95°C, the strain recovery reaches at least 75% and the rest takes place at higher 

temperatures. Comparing this fact with the DSC measurements of Figure 4.2, the main part of the 

healing is achieved by the recrystallization, which happens just before the melting of the PCL phase 
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(at about 50°C). At higher temperatures, the shape recovery continues while the PCL phase is molten 

(Figure 4.4). If complete healing has not yet been achieved, such as for the polymer network without 

flexible spacers and 200% original strain, the surpassing of the Tg of the IBOA phase (The Tg of pure 

poly-IBOA is 94°C.183) gives the network enough mobility to fully heal. Because of the different 

recovery stages (35-55°C and 55-100°C) I presume that different phases participate in the healing 

(melting of the PCL phase, glass transition phenomena of poly-IBOA phase, respectively); depending 

on the degree of deformation. 

  
Figure 4.4: Strain recovery curves of the polymer networks with (FL) and without (NF) flexible spacers, 
stretched to 150% and 200% recorded with a DMA equipment. All samples show almost full shape recovery 
when heated above 115°C.  

Second, both polymer networks require a lower initial healing temperature for the same amount of 

partial healing when a lower initial strain was applied. Anyway, as one sees in Figure 4.4 this effect 

has no influence on the full strain recovery. The temperature requirements for full healing will be 

further discussed on coated samples with defects. Third, the polymer with flexible spacers shows 

higher strain recovery at lower temperatures, which might be ascribed to an earlier (temperature 

wise) onset of the PCL phase recrystallization and melting, but slightly lower strain recovery at 

higher temperatures compared with the NF samples. Fourth, the strain recovery reaches about 95% 

at 130°C for both polymer networks. When thermal expansion is taken into account, this value will 

be even higher.  

In another test, the samples were stretched to 200% strain at room temperature and put in an oven 

at 90°C for five minutes. The distance between two marks was compared with the distance before 

stretching. The procedure was repeated for a second time to prove the repeatability of the shape 

recovery properties. Table 4.1 shows that the shape recovery remains on a similar level. In 

accordance with Figure 4.4, the recovery of the NF samples is at this temperature still below the 

recovery of the FL samples. Because of the short recovery time at 90°C compared with the tensile 

tests in Figure 4.4, the sample with flexible spacers shows better recovery than the coating without 

flexible spacers, also after a second deformation. This can be explained by the increased mobility of 

the coating with flexible spacers. Increasing the recovery time will allow the coating without flexible 

spacers to have also a higher recovery as shown in Figure 4.4. 
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Table 4.1: Summary of the recovery of the distance between two marks of dog bone samples of the two 
polymer networks with (FL) and without (NF) flexible spacers after stretching to 200% strain and heating to 
90°C for 5 min. once and twice. 

Sample 
name 

Recovery after 
heating [%] 

Recovery after 
second cycle [%] 

FL 96 97 

NF 87 82 

4.3.4 Characterization of the applied coating 
For this section, the polymer networks were applied as coatings on galvanized steel plates (see 

experimental part) and the corrosion protection properties were tested. Optical and electron 

microscopy was used for visualization of the defect closure whereas EIS and SVET showed the 

recovery of the barrier properties of the healed defects in an aggressive NaCl solution. 

The macroscopic self-healing ability of the two coatings was investigated by optical microscopy. The 

results were similar and thus only images of the coating without flexible spacers will be presented. 

Three scratches were made with a scalpel knife into the coating (Figure 4.5). Because of its 

transparency, the grain structure of the underlying zinc layer can clearly be seen. For the two outer 

scratches, only little force was applied to just superficially scratch the coating. The third scratch in 

the center was made with higher force to clearly cut through the coating and thus also partially 

scratch the zinc layer of the HDG steel substrate. The samples were heated on a hot plate mounted 

underneath a microscope camera. In this way, the closing of the scratches in the self-healing coating 

could be filmed. The main part of the healing process took place within a few tens of seconds after 

reaching the melting temperature of the PCL block (Figure 4.5b), but only after heating to 

temperatures above the Tg of the hard phase (IBOA), the scars became also invisible (Figure 4.5c). 

After 2 minutes, the scratches were fully closed and no change of the surface could be detected 

anymore. Obviously, the scratch in the zinc layer does not heal at these temperatures and thus is still 

visible underneath the transparent healed coating in Figure 4.5c.  
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Figure 4.5: Optical micrographs of three scratches in the transparent self-healing coating on HDG steel (a). The 
same scratches after heating the sample to 60°C can be seen in (b) and after heating to 115°C for a few 
minutes in (c). White arrows point to the scratches in (a) for better recognizability. The HDG structure 
underneath the coating is clearly visible.  

The coating’s defect closing ability on the microscopic scale was verified with secondary electron 

microscopy. The images in Figure 4.6 show three scratches of about 50µm width: The first one is a 

freshly made scratch (Figure 4.6a), the second a similar scratch that was heated to 60°C for 2 

minutes (Figure 4.6b), and the last image shows a scratch healed at 115°C (Figure 4.6c). The two 

sides of the scratch clearly approach when heating to 60°C. The scratch is partially healed, but at 

least after such a short time, some parts of the coating are still not yet fully closed. After heating to 

115°C, the sides of the scratch are again in full contact with each other and there is almost no 

difference with the surrounding material.  

In Figure 4.6a and b the area can be seen which got deformed because of scratching the coating. For 

the 50 µm scratch the deformed area is about 70 µm thick, which results into a compression of 

about 30%. (The compression gradient and three dimensional movement of the coating are not 

taken into account in this simple approximation.) This is only a small deformation compared with the 

ones in the strain recovery experiments (see Figure 4.4). Therefore better healing can be expected. 

Electrochemical tests presented in the next paragraph show that the healing at 60°C for 2 minutes is 

already sufficient to regain the coatings corrosion protection and barrier properties; even if full 

healing is not yet achieved.  
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Figure 4.6: SEM images (1000x magnification) of a scratch (width ca. 50µm) in the self-healing coating NF (a), a 
scratch healed at 60°C (b) and a scratch healed at 115°C for a few minutes (c).   

Electrochemical Impedance Spectroscopy (EIS) gives a general picture of the corrosion protection of 

coatings before and after healing. Figure 4.7 shows the Bode plots for the amplitude of the 

impedance and the phase shift as a function of the frequency. Both pristine unscratched samples of 

the two different self-healing coatings on HDG steel described herein produce very much the same 

impedance spectrum (red solid line).  
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Figure 4.7: EIS spectra represented in Bode plots of two samples of HDG steel coated with the self-healing 
coating with (FL) and without (NF) flexible spacers in the polymer network before scratching, after scratching 
and after heating to 60°C for 2 min. For both networks, the spectra for the unscratched and scratched samples 
are the same. All measurements were recorded in 0.05 M NaCl after a stable OCP was reached within a few 
minutes (e.g. -0.92 V for the scratched sample).  

The red solid line in Figure 4.7 shows the characteristic properties of the effective barrier of the self-

healing coatings, high impedance amplitudes (2*109 Ωcm2 at 0.1 Hz) and almost purely capacitive 

behavior throughout the whole frequency range. The spectra of both types of unscratched coatings 

remains the same, even after 13 days of neutral salt spray tests, reflecting a minimal amount of 

water uptake. At very high frequencies (above 10 kHz), an artefact of the measurement cell – 

presumably due to the reference electrode – can be seen: The phase shift lower than -90° can thus 

be neglected in all spectra. However, due to the superposition of this effect on the spectra, the 

interpretation of the spectra above 10 kHz is ambiguous. If a small defect similar to the ones in 

Figure 4.8a (vide infra) is made into the self-healing coating, it causes a drop of the impedance by 

about 2.5 decades (black dashed line). Multiplication with the estimated size of the free zinc surface 

results in typical impedance values for pure HDG steel at low frequencies (103-104 Ωcm2 at 0.1 Hz).110 
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At the same time, the phase angle increases at higher frequencies and two new time constants 

appear. The process at about 1 kHz can be assigned to the coating capacitance and pore resistance. 

The time constant at lower frequencies (about 1 Hz) represents the ionic double layer capacitance 

and the polarization resistance or the corrosion reaction at the HDG surface.184–186 The reduction of 

the impedance at higher frequencies shows the ingress of solution in between the coating-metal 

interface, as described by Gonzáles-Garcia et al.92 Preliminary modeling shows how the CPE of the 

coating increases when a defect is made into the coating and the pore resistance decreases at the 

same time  (table A.). 

After heating the scratched sample to 60°C for a minute, the impedance modulus returns to almost 

the same values as before scratching (orange dotted and blue dash-dotted line). The increase of the 

impedance back to about 109 Ωcm2 (at 0.1 Hz) and the recovery of the phase in almost the whole 

frequency range (until 10 Hz) prove the recovery of the barrier properties of the coatings. Again 

preliminary modeling shows the recovery of the coating capacitance and the pore resistance (table 

A.).  The small difference in the low frequency region of the healed samples, compared with the 

unscratched samples, can have different reasons: It can be an effect of the already started corrosion 

process below the coating during immersion, of small pores and defects along the healed sides of 

the defect (Figure 4.6) or of a locally slightly thinner coating because of a healing efficiency below 

100% (see Table 4.1). Generally, the performance of the two coatings is almost the same. The 

recovery of the self-healing coating with flexible spacers (orange dotted line, FL) is slightly below the 

one without flexible spacers (blue dash-dotted line, NF) when looking at their barrier properties. The 

results are similar to other publications used to describe coatings on metals and defects 

therein.66,92,93,187–192 Trabelsi et al. for example used electrochemical impedance spectra, together 

with equivalent circuit models, to explain the corrosion protection of corrosion inhibitor doped 

silane coatings on galvanized steel192 whereas Zheludkevich et al. described the decrease of barrier 

properties of a hybrid sol-gel film after scratching the surface of aluminum Al2024 and the 

protection of the aluminum surface by 8-hydroxyquinoline using EIS.93 Garcia-Gonzalez et al. 

measured the coating breakdown of a polyurethane (PU) coating on HDG steel with EIS.92 Their PU 

coated samples immersed for a short time behave similar as the unscratched coatings presented in 

this chapter. When the protection of their coating is drastically reduced, the impedance Bode plots 

look similar to the scratched coating in Figure 4.7, because of the direct contact of the solution with 

the metallic surface. Also Jorcin et al. obtained similar results when they investigated the recovery of 

the barrier properties of another, thin shape memory polyurethane coating on Al2024-T3 using ORP-

EIS.66 Because of the thickness of the self-healing coatings described in this chapter, generally 

stronger recovery effects are observed. 

Several groups showed that the combination of EIS with a local electrochemical technique such as 

SVET has the advantage of additional certainty about the interpretation of other effects which might 

accidentally also be measured by EIS.93,151,192,193 Figure 4.8b is an ionic current density map recorded 

in situ with SVET on top of a coated HDG steel sample with two indentations (Figure 4.8a) immersed 

in 0.05 M NaCl solution. After half an hour in solution, one distinct anodic and one distinct cathodic 

area are visible on the map (Figure 4.8b). These areas clearly have the shape and position of the two 

indentations made into the sample and thus can be correlated with the active corrosion of the two 

defects. The current densities peak at about +8 µA/cm² and -8 µA/cm² in the respective areas above 

the defects are several times higher than the ones measured above the intact coating and away 

from the defects. Next, the sample was removed from the SVET and put on a heating stage to heal 
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the coating at 60°C for 2 minutes. The healed sample produces a different current density map 

(Figure 4.8c). The current densities are clearly lower and the anodic and cathodic areas above the 

healed defects are gone. Because only current fluctuations in the range of background noise can be 

detected, I conclude that there is no active site of corrosion present. These results confirm our 

interpretation of the EIS data. Figure 4.8b shows the two actively corroding areas of the defects 

which caused the drop in impedance in Figure 4.7 (solid red and dashed black line). The SVET map in 

Figure 4.8c proves the successful self-healing already observed by microscopy and EIS. The map is in 

accordance with the re-establishing of the barrier properties after healing measured by EIS. 

Hereby, I show that these coatings protect the metal against corrosion similar to corrosion 

inhibitors. Because of the short time and relatively low temperature required for healing, the 

necessary energy input is so low that it could even be reached by infra-red lamps in a continuous 

production process or by washing a product with hot water. On the other hand, the coatings 

presented in this chapter are not fully industrial products and thus currently do not contain 

corrosion inhibitor pigments, adhesion promoters or leveling agents. However, they can still be 

embedded in these coatings to protect the metal for the period until the defects are healed. 

Therefore, long-term corrosion protection tests were performed to demonstrate the synergistic 

effects of the combination of these coatings with corrosion inhibitors (see chapter 7). 
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Figure 4.8: Optical micrograph of a HDG sample coated with the self-healing coating and two defects marked 
with white arrows (a). The SVET tip enters the image diagonally from the lower right corner. Current density 
maps recorded with the SVET on top of the two defects before (b) and after (c) healing at 60°C for 2 min. 

4.4 Conclusions 

Two shape recovery polyurethane acrylate based coatings were synthesized, one with and one 

without flexible spacer units in the molecular network structure. High molecular weight PCL 

acrylates in the polymer network create the necessary mobility for self-healing of large damages 

upon heating above the Tm of the PCL phase. Although the two 100% UV curable coatings show 

similar shape recovery efficiencies in bulk, the coating without flexible spacers shows slightly higher 

toughness and mechanical strength. On the other hand, the coating with flexible spacers has a 

reduced onset of the healing temperature and shows better shape recovery below the Tg of the IBOA 

phase. The recovery of both polymer networks from 200% strain is around 95% when slowly heated 

above 115°C. Below the Tg of the IBOA phase, higher strain recovery at lower temperatures is 

achieved for both polymer networks if the samples are less strained. DMA experiments show the 

influence of the different phases of the polymer network on the self-healing ability. Additionally, 

repeatable shape recovery could be demonstrated by stretching, heating to 90°C for five minutes 

and a second stretching and heating cycle. The advantage of the healing mechanism of this type of 



A Shape-Recovery Polymer Coating for the Corrosion Protection of Metallic Surfaces 

57 

polymer network is that 96% healing efficiency (in the case of FL) can be achieved within a few 

minutes, compared with other mechanisms that include chemical reactions. 

When applied on HDG steel, the two coatings show good mechanical properties and corrosion 

protection. The introduction of flexible spacers into the polymer network has no influence on these 

properties. Small defects in both coatings close above the melting temperature of the PCL phase, 

and fully disappear above the Tg of the IBOA phase. Both coatings locally lose their protection 

properties when scratches or indentations are applied. A short heating period of a few minutes to 

only 60°C is sufficient for these coatings to heal the scratches and almost fully regain their original 

barrier and corrosion protection properties as shown by EIS and SVET. Interestingly, the surpassing 

of the melting temperature of the PCL phase seems to be sufficient for the recovery and heating to 

higher temperatures is not necessary for its corrosion protection. 
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5  Self-Healing Coating by Corrosion Inhibitor 

Encapsulation 

The on-demand self-healing effect can be a very impressive one, but if the trigger is not activated 

the coating will fail and the metal will corrode as if there is no repair mechanism at all. Moreover, 

water can diffuse through the coating over time without a defect. So even if coatings are not 

mechanically damaged, metal protection by corrosion inhibitors is necessary. In this chapter, I 

introduce an extrinsic and fully autonomic self-healing approach based on encapsulation of 

corrosion inhibitors. The first part shows the evaluation of corrosion inhibitors in solution. The 

second part focused on the synthesis of corrosion inhibitor containers and the release of the 

corrosion inhibitor from these containers. The third part discusses the effect of compatibility of the 

corrosion inhibitor containers with the coating. Finally, these corrosion inhibitor containers are 

evaluated in a benchmark non-self-healing coating with a defect.e 

5.1 Comparison of corrosion inhibitors for hot-dip galvanized (HDG) steel 

Even a short literature screening shows that there are many different corrosion inhibitors for HDG 

steel and zinc.89,194–197 It is beyond the scope of this thesis to compare all of them. On top, the choice 

for a certain corrosion inhibitor might depend on the application.139 Therefore, a handful of 

promising corrosion inhibitors were evaluated on zinc using Linear Sweep Voltammetry (LSV). 

Although not zinc but hot-dip galvanized steel (HDG) is the substrate used for the coating 

experiments presented later in this thesis, zinc was chosen for these preliminary tests. It is the main 

element in HDG that needs to be protected against corrosion. Two types of screenings were 

performed: First, 14 corrosion inhibitors were tested at the concentration of 1mM. Then, five of 

those inhibitors were compared at different concentrations to compare their efficiency in less 

concentrated (and more realistic) solutions. The chemicals are summarized in table 5.1. 

Table 5.1: List of corrosion inhibitors and their concentrations in NaCl solution compared with LSV. (* stands 
for inhibitor saturated solution) 

Compound name Structure Source Purity Concentration 
[mol.L-1] 

3-Amino-1,2,4-Triazole 

 

Sigma Aldrich 95 % 10-3 

Cerium chloride heptahydrate CeCl3.7H2O Sigma-Aldrich 99.9 % 10-3 

                                                           
e Major parts of this work were carried out by two master students that I supervised during their thesis work, 

namely Hans Simillion and Hilke Verbruggen. Additionally, Hans could perform the SVET measurements that 

are shown in this chapter during an internship in the group of M. Zheludkevich from the CICECO Department at 

the University of Aveiro, Portugal. Hans also brought back the knowledge about the corrosion inhibitor 

encapsulation.  
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Cerium molybdate Ce2(MoO4)3 Alfa Aesar 99 % 10-3* 

Cerium nitrate hexahydrate Ce(NO3)3 ∙ 6H2O Sigma-Aldrich 99 % 10-3, 10-4, 10-5 

Cerium vanadate CeVO4 Alfa Aesar 99.9 % 10-3* 

Cerium dibutylphosphate Ce(dbp)3 synthesized 198 10-3* 

Disodium phosphate Na2HPO4 Sigma-Aldrich 99% 10-3, 10-4 

1H-Benzotriazole 

  

Fluka 98% 10-3, 10-4, 10-5 

8-Hydroxyquinoline 

 

Sigma-Aldrich 99% 10-3* 

2-Mercaptobenzothiazole 

  

Fluka 99% 10-3*, 10-4, 10-5 

Salicylaldoxime 

 

Sigma-Aldrich 98% 10-3 

Sodium metavanadate NaVO3 Merck 99 % 10-3 

Sodium molybdate dihydrate Na2MoO4∙ 2H2O Fluka 99% 10-4, 10-5 

Sodium orthovanadate Na3VO4 Alfa Aesar 99.9 % 10-3 

 

5.1.1 Experimental 
The two different zinc substrates (99%  and 99.9% purity) used for the voltammetry measurements 

were cleaned for 2 min in ethanol in a sonification bath. Subsequently, the samples were taped to 

limit the exposed surface to 1.13 cm². The zinc surface was subsequently treated with 0.1 M H2SO4 

at 50°C for 1 min to start each measurement with a fresh and clean sample surface. A new substrate 

was used for each new inhibitor solution. Solutions of 200 ml were prepared by dissolving the 

appropriate amount of the different inhibitors (see table 5.1) in a 0.1 M NaCl solution. The solution 

was continuously stirred at the same rate for all the measurements.  

The samples were placed in solution one by one and the open circuit potential (OCP) was measured 

after 10 min of equilibration. The potential imposed on the WE was a staircase starting 10 mV before 

(against the direction of measurement) the OCP and going 100 mV down to probe the cathodic 

reaction or 100 mV up to probe the anodic reaction. The incremental step was 1 mV. Only one side 

of the OCP was probed for each measurement to avoid effects of previous oxidation or reduction 

reactions for the cathodic and anodic reaction, respectively. The sample was removed from the 

solution and treated again with ethanol and 0.1 M H2SO4 at room temperature before a second 

measurement was performed. 
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5.1.2 Corrosion inhibition on zinc assessed with LSV 

 
Figure 5.1: Polarization curves of 99% pure zinc in a reference solution (STD) of 0.1 M NaCl without inhibitor 
and in different 0.1 M NaCl solutions containing  either 1mM corrosion inhibitor or 0.1 M NaCl solutions 
saturated with corrosion inhibitor . 

Figure 5.1 shows the polarization curves of the different corrosion inhibitors tested within this 

thesis.73,91,199–202 The inhibitor concentration of all inhibitors was 1 mM or the solutions were 

saturated, if the inhibitor solubility was lower. The various Cerium based corrosion inhibitors, which 

are very performant in combination with Aluminum (Al 2024) alloys, only show modest corrosion 

inhibition on zinc as does 8-Hydroxyquinoline. The only exception is CeCl3, which points out the 

influence of the counter ion on corrosion inhibition efficiency. On the other hand, sodium 

molybdate, sodium vanadate, sodium phosphate, benzotriazole, salicylaldoxime and 3-amino-1,2,4-

triazole all do shift the OCP to more positive values and either on the anodic or on the cathodic side 

show corrosion inhibition.  

Out of the earlier tested corrosion inhibitors sodium molybdates, disodium phosphate, cerium 

nitrate, benzotriazole and 2-mercaptobenzothiazole were investigated in more detail to compare 

their inhibition efficiency. An overlay of the polarization curves of these inhibitors at their highest 

concentration is given in figure 5.2. The current density is plotted as a function of the overpotential, 

the potential difference between the applied potential and OCP, to recognize cathodic, anodic or 

mixed corrosion inhibition behavior. This representation is also advantageous for the determination 

of the inhibitor efficiency in the following paragraphs, because the current density is a function of 

the overpotential and not the OCP (Equation 3.3). A first qualitative comparison of the corrosion 

inhibitor efficiency can already be made based on the polarization curves in figure 5.2: the lower the 

polarization curves the lower the current density and thus the lower the corrosion rate and the 



62  

better the inhibition efficiency of that system. The results of the calculations will give a more 

quantitative view. 

 
Figure 5.2: Overlay of the polarization curves of 99.9% pure zinc in 0.05 M NaCl solution containing several 
inhibitors at their highest tested concentration. REF is the measurement in the solution without corrosion 
inhibitor.MoO4-4 and MBT-4 stand for measurements in a solution containing 10

-4
M sodium molybdate or 2-

mercaptobenzothiazole, respectively. PO4-3, CE-3 and BTA-3stand for measurements in a solution of 10
-3

M 
sodium phosphate, cerium nitrate or benzotriazole, respectively.  

 

5.1.3 Corrosion rate calculations using LSV measurements 
Calculation of the corrosion rate requires a determination of corrosion currents (equation 3.4). Two 

main algorithms are used to calculate the corrosion current from the LSV measurements: 

1. One relies on the extrapolation of the Tafel plots, where fittings are performed on the linear 

part of the polarization curves (equations 3.1 and 3.3). In this region of the activation 

polarization the oxidation or reduction reaction are basically only dependent on the 

activation energy of the respective single reaction. Too close to the OCP the contribution of 

anodic or cathodic reaction cannot be neglected in the calculation of the respective opposite 

reaction. However too  far away from the OCP, mass transfer of reaction species to the 

metal-solution interface (e.g. oxygen) determines the reaction rate and the Butler-Volmer 

equation is no longer valid. Usually the region where extrapolation of the Tafel plots is 

possible is at an overpotential of about ± 60 to 100 mV.  
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2. A second algorithm is based on the determination of the polarization resistance. This 

polarization resistance is linked to the corrosion rate according to equation 3.6 and is 

calculated from the linear part of the polarization curve in the non-logarithmic plot. The 

polarization resistance is multiplied by the corrosion surface to obtain a corrosion current 

density instead of a corrosion current: as such the results become independent of the 

immersed area of zinc.  

The results of the first algorithm are presented in the appendix in table a. while the results of the 

second algorithm are presented in the appendix in table a.3. In figure 5.3 the results of both 

algorithms are plot in one graph and allow their visual comparison. Generally, the corrosion current 

densities of both algorithms coincide and all systems show a lower corrosion current density than 

the reference system except low amounts of phosphate and molybdates when retrieving the 

corrosion current densities from the Tafel plots. At the respective concentrations of 10-4 and 10-5 M 

they actually make zinc more prone to corrosion. This counteraction is a typical and undesired 

behavior of anodic corrosion inhibitors or passivators at low concentrations. However, using the 

polarization resistance algorithm, the results suggest that they do inhibit corrosion a bit. This 

difference can be explained by the somehow arbitrary manual determination of the Tafel slopes. 

Although cerium nitrate and benzotriazole strongly reduce the corrosion currents of zinc, their 

efficiency approaches the one of MBT only at high concentrations (10-3 M). Higher concentrations in 

the solution also require higher amounts of corrosion inhibitors in the coating. Yet, the lower the 

amount of a corrosion inhibitor, the easier is its integration into a coating. Therefore, MBT is thus 

the best corrosion inhibitor of this selection for zinc in sodium chloride solution and was chosen as 

model inhibitor for the rest of the thesis even though its free thiol group will react with the coating 

while curing. 
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Figure 5.3: The comparison of the corrosion current densities show that the 2 different algorithms (Tafel slope 
analysis and polarization resistance calculations) agree quite well. CE-3 stands for a measurement in a solution 
containing 10

-3
M cerium nitrate, etc. REF is the measurement in the solution without corrosion inhibitor. 

 

5.2 Encapsulation techniques 

Corrosion inhibitors are mostly chosen for their outstanding protection properties. But these 

properties do not guarantee that these inhibitors are also compatible with the coatings. Direct 

mixing into the coating resin before curing can result in flocculation, reaction with the resin, 

deactivation, or the inhibitors might simply be immiscible with the coating. For example, the thiol 

group of MBT will react during curing with a polyurethane coating instead of the alcohol or with the 

radicals of acrylates and will on the one hand interfere with the coating network and on the other 

hand no longer be free and leachable. It will thus be no longer available to inhibit corrosion at the 

metal substrate surface. To avoid such problems and achieve higher concentrations, corrosion 

inhibitors are encapsulated in many different ways.13,113,203–206 Additionally extra functionality such as 

for example delayed release can also be achieved by smart encapsulation technology. Accordingly, 

two types of corrosion inhibitor encapsulation techniques are described in this section. 
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5.2.1 Synthesis of porous silica nanoparticles 
Two possibilities for the synthesis of porous silica nanoparticles have been investigated.130 Both are 

based on a well-known synthesis route.207 First, an emulsion is prepared with an aqueous phase, an 

organic solvent phase, a cationic surfactant cetyltrimethylammonium bromide (CTAB) and an 

alkaline catalyst which is dissolved in the aqueous phase. This emulsion forms the frame for the 

reaction of tetraethyl orthosilicate (TEOS) at the interface between oil and water to form silicate and 

ethanol as byproduct. The initially hydrophobic TEOS thereby forms hydrophilic porous silica 

particles, which depending on the oil phase have a different structure. Porous silica nanocapsules 

with a porous shell can be produced using ethyl ether as organic solvent phase. Chen et al. claim that 

a gasification step of this low boiling point solvent is the reason for the capsules’ structure.130 On the 

other hand using 2-ethoxyethanol leads to sponge-like porous silica nanospheres.130 Maia et al. 

showed that MBT could be dissolved in the organic solvents before synthesis resulting in the 

production of corrosion inhibitor loaded nanocontainers. 45 

For the synthesis of porous silica nanocapsules (SiNC), an aqueous solution (35 ml) was prepared 

containing 0.25 g CTAB surfactant and 0.25 ml of a 25% ammonia (NH4OH) solution (alkaline 

catalyst). This solution was rigorously stirred. Meanwhile a second solution was prepared by 

dissolving the organic inhibitor into an organic solvent. Here, 0.1 g of MBT was dissolved in 25 ml 

ethyl ether. Both solutions were added together still under strongly stirred conditions. An oil-in-

water microemulsion was obtained. The droplets of organic solvent contain dissolved MBT and are 

surrounded by surfactant CTAB. Ammonia in the aqueous phase serves as catalyst for the 

silanization reaction at the oil-water interface. The reaction is initiated by slowly adding dropwise 2.0 

ml TEOS to the solution. The reacting system was kept in a closed vessel for 24 hours, under vigorous 

stirring at room temperature. The obtained white precipitate was filtered and washed with distilled 

water. 

For the synthesis of porous silica nanospheres (SiNS) 0.1 g MBT were first dissolved in 26 ml 2-

Ethoxyethanol. Secondly, 0.5 g CTAB were dissolved in 50 ml distilled water and 0.5 ml NH4OH (25%) 

were added to this solution. While the second solution was stirred at 1200 rpm in a glass bottle the 

organic solvent solution was slowly added. After a few minutes 2 ml TEOS were added dropwise to 

start the reaction. The bottle was closed and the reaction solution was stirred overnight. The next 

day, the white suspension was centrifuged at 10 000 rpm for 5 minutes, washed with distilled water 

and dried in a laboratory oven at 60°C to obtain the porous silica nanospheres. This sample is called 

SiNS. 

A second batch of SiNS was also synthesized with the aim of making the outer surface of the silica 

nanospheres more hydrophobic and thus more compatible with polymeric resins.131,208 The porous 

silica nanospheres (SiNS) were mixed in 70 ml ethanol after the centrifugation step and without 

being dried. 1 ml octyl triethyl silicate (OTES) was added to this suspension and the reaction mixture 

was stirred overnight. Afterwards, the suspension was centrifuged at 10 000 rpm for 5 minutes and 

washed with ethanol before drying in an oven at 60°C. This sample is called SiNS2. 

The octyl end group of OTES changes the otherwise hydrophilic outer surface of the SiNS to a 

hydrophobic one as shown in figure 5.4a where the hydrophobic SiNS2 float on water. Figure 5.4b 

shows a comparison of hydrophilic and hydrophobic silica nanospheres in Isobornylacrylate (IBoA). 

The hydrophilic nanospheres (SiNS) form agglomerates and sediment on the bottom of the bottle, 
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while the SiNS2 form a well dispersed and transparent solution. However, mixing these hydrophobic 

nanospheres into the urethane acrylate coating resin presented in the previous chapter (NF) did not 

lead to improved compatibility compared with the hydrophilic SiNS (Figure 5.4c). Presumably, the 

ester groups within the polymer network repel the hydrophobic octyl chains. Thus, this approach 

was abandoned and no further experiments were performed with these batches. 
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Figure 5.4: (a) Picture of hydrophobic silica nanospheres (SiNS2) floating on water. (b) Comparison of silica 
nanocapsules mixed in isobornylacrylate (left) and hydrophobic silica nanospheres mixed in isobornylacrylate 
(right). The compatibility of SiNS2 seems to be a lot better. However, after curing the NF resin, the coatings are 
equally bad. (c) SEM image of agglomerated SiNS2 in a cured self-healing coating. 

5.2.2 Synthesis of layered double hydroxides 
Layered double hydroxides (LDHs) are naturally occurring clays that have a layered crystal 

structure.209,210 It is described by Newman211 by considering the structure of brucite, an octahedral 

mineral form of magnesium hydroxide (Mg(OH)2). The octahedral units of brucite share edges to 

form infinite, charge neutral layers. The magnesium ions can easily be exchanged by cations of 

similar size to create double hydroxides. If the cations have another charge (e.g. mono- or trivalent), 

it is compensated by intercalating additional anions in between the layer of octahedra. Zn2+, Fe2+, 

Co2+, Ni2+, Li+, Al3+, Fe3+, etc. are just some of the possible cations for LDH. Similarly, a plethora of 

anions are known to be able to balance the positive charges in double hydroxides.209,212 A general 

structural formula of LDH is given by [𝑀1−𝑥
2+ 𝑀𝑥

3+(𝑂𝐻)2] 𝐴𝑥/𝑛
𝑛− ∙ 𝑚 𝐻2𝑂 in which 𝑀2+ and 𝑀3+ are the 

divalent and trivalent cations, x is the ratio 
𝑀3+

𝑀2++𝑀3+ and 𝐴𝑛− is an anion of valence n. The factor 

𝑚 𝐻2𝑂 represents bound water on the charged surface of the LDHs. Figure 5.5 shows the layer wise 

structure of LDHs with the anions and water molecules in between the layers.  
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Figure 5.5: Schematic illustration of LDH structure showing the metal hydroxide layers. Water (blue) and 
anions (red) are intercalated between the cation layers.

213
  

LDHs can be synthesized in different ways:214 The co-precipitation method is usually a one-pot 

method. They require careful pH adjustments to achieve supersaturated solutions of the two 

cations. LDHs have also been prepared hydrolyzing urea.215 However, using this method carbonate 

ions are usually intercalated in between the hydroxide layers, which is undesirable for this work. The 

ion-exchange method is based on the separate synthesis of a LDH precursor and a second ion-

exchange step to intercalate the desired anions. Further, also hydrothermal methods, rehydration 

procedures and synthesis in emulsions are known. The synthesis of choice depends strongly on the 

cations and anions used for the experiment and the desired size and crystallinity of the product. 
210,214 The synthesized LDHs in this work are built up by Zn2+ and Al3+ cations and MBT- anions. The 

synthesis was based on the ion-exchange method.54,128,211 Thus, the preparation was done in two 

steps: (1) first a precursor LDH was synthesized and this was followed by (2) ion-exchange of the 

intercalated anion by the inhibiting organic anions. The synthesis was performed under nitrogen 

atmosphere and all the solutions were prepared using boiled distilled water, in order to avoid 

contamination with carbonate anions which are preferentially adsorbed in the interlayer of the LDH, 

but prevent the ion-exchange step.214 

100 ml of a 1.5 M NaNO3 solution were adjusted to pH above 10 with drops of NaOH solution and N2 

was purged through it. Then, the precursor solution of (0.25 M Al(OH)3 and 0.5 M Zn(OH)2) was 

added dropwise under N2 atmosphere. Approximately for each drop of precursor solution a drop of 

NaOH solution had to be added to keep the pH around 10. The addition was finished after 2 hours 

and the pH was adjusted before the glass bottle was closed and put in an oven at 65°C for 24 h. 

Subsequently, the suspension was centrifuged at 10 000 rpm for 5 minutes and washed four times 

with boiled distilled water. This LDH precursor is at this stage loaded with nitrate ions which are 

easily exchangeable by many other ions (e.g. MBT-, Cl-, CO32-). 

About 2.5 g of wet LDH precursor was mixed with 0.1 M NaMBT solution stirred overnight in a closed 

vessel, centrifuged and mixed a second time with fresh 0.1 M NaMBT solution. After another 24 h 

stirring in a closed vessel, the suspension was centrifuged and washed with boiled distilled water 

before dried at 65°C. 

5.2.3 Analysis of corrosion inhibitor containers 
An analysis of the corrosion inhibitor containers by electron microscopy and Raman spectroscopy 

was performed to investigate their size, shape and their successful loading with MBT. The SEM 

image of the synthesized porous silica nanospheres in figure 5.6a confirms their narrow size 
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distribution (100 – 150 nm in diameter) of the ball shaped SiNSs while figure 5.6b reveals their rough 

outer surface. EDX maps taken by TEMf from a single capsule show sulfur next to silicon and oxygen 

(figure 5.7). This indicates the successful MBT loading of the SiNSs. Similar results were achieved in 

literature for silica nanocontainers.45 Also the MBT loaded LDHs were analyzed by SEM and EDX 

(figure 5.8). The particles have an irregular bulky shape and mostly range between 0.5 µm to 5 µm. 

EDX maps confirm the presence of aluminum, zinc, oxygen and sulfur overlapping at all particle 

locations. Once again, this was taken as indication for MBT being successfully intercalated in the 

LDHs. 

 

 

 
Figure 5.6: SEM images of porous silica nanospheres at two different magnifications: (a) x10 000 and (b) 
x100 000 magnified. 

 

                                                           
f
 These images were taken by Tyché Perkisas at the EMAT department of University of Antwerp in the 
framework of the NAPROM project. 
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Figure 5.7: STEM image of a single SiNS. The EDX maps prove the presence of MBT by detecting sulfur next to 
silicon and oxygen.

g
 

 

 
Figure 5.8: SEM image of MLDH particles and EDX maps of the same area show the presence of MBT in the LDH 
particles. 

Subsequently, the release of the corrosion inhibitor MBT from these nanocontainers was 

investigated. Therefore, the dry inhibitor containers were re-immersed in water and the solution 

was stirred for a moment. A drop of this solution was put on a SERS active silver probe and Raman 

spectra were recorded on the probe’s surface (figure 5.9). The spectrum of the SiNS solution (red, 

top) was compared with a reference solution (black, bottom) and with literature.160,216 The peaks in 

both spectra fully overlap with the reference and are at the typical shifts of MBT on silver which 

                                                           
g
 These measurements were performed by Tyché Perkisas at the EMAT department of University of Antwerp in 

the framework of the NAPROM project. 
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proves the release of MBT from the nanocontainers. A peak identification table can be found in the 

appendix (Table 9.3). 

A similar procedure was followed to investigate the release of MBT from LDH. MBT loaded LDH was 

mixed thoroughly in water and a drop of the solution was put on the Ag SERS probe. Because the 

release of MBT was in this case not triggered by aggressive anions, no peaks of MBT were detected 

in the Raman spectrum. The Ag SERS probe is attacked and deactivated by chloride ions, which made 

the release study of MBT not possible to be performed with standard NaCl solution, but Na2CO3 had 

to be used as trigger. However, the carbonate ions also exchange the MBT anions in the LDH crystal 

lattice and take their place leading to the release of MBT into the solution. Therefore, MBT loaded 

LDH was mixed into a 0,1 M solution of Na2CO3 and a drop of this solution was put on the Ag SERS 

probe. This time, the Raman spectrum contained the typical peaks of MBT as can be seen in figure 

5.9 (blue, center). 

On the one hand these results confirm that MBT was loaded into the corrosion inhibitor containers 

(SiNS and LDH) and on the other hand they prove that the release is triggered by water in the case of 

SiNS and triggered by aggressive anions in the case of LDH. 

  
Figure 5.9: Raman spectra of MBT on a SERS probe. The black line (bottom) is the spectrum of the MBT 
reference solution, the blue line (center) is the spectrum of the MBT loaded LDH solution containing 0,1M 
Na2CO3 and the red line (top) is the spectrum of the solution where MBT leached out of the SiNS. 
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5.2.4 Preparation of coatings containing corrosion inhibitor containersh 
The next step was testing these corrosion inhibitor containers (in this case porous silica 

nanocapsules and layered double hydroxides) embedded in a coating on HDG steel. HDG steel was 

therefore pre-cleaned with an alkaline solution. The samples were immersed in 10 g/l Ridoline C72 

at 60°C for 3 s and subsequently rinsed with distilled water and dried with pressurized air. 

The coating was a water-based epoxy resin (Mankiewicz SEENVAX) containing bisphenol A used in 

combination with an amine hardener. First, to improve particle dispersion a water suspension of the 

respective corrosion inhibitor containers was added to the resin and then the hardener was mixed 

into it. The coating was applied on the pre-cleaned HDG sheets with a 100 µm (wet thickness) bar 

coater. Afterwards, the samples were allowed to dry for 24 h at room temperature. Estimated from 

the dry content of the resin, the resulting dry thickness was expected to be around 50 µm. 

One sample was prepared with MBT loaded silica nanocapsules (called SiNC-MBT), a second sample 

was prepared with MBT loaded layered double hydroxides (called LDH-MBT) and a third one without 

corrosion inhibitor containers (called Reference). The amount of inhibitor capsules mixed into the 

coating resin was calculated so that the amount of MBT in the dry coating was 0.4 wt%. For SVET 

measurements all samples were foreseen with two holes prepared by a micro drill. The holes had a 

diameter of 500 µm and the precise manufacturing process was described by Simillion.137 In 

principle, the drill was lowered onto the sample and when it reached the metal surface an electric 

circuit was closed and lit up a light bulb to signal the penetration of the coating. The two defects 

were in the center of the measurement area for SVET. 

5.2.5 Analysis of coatings containing corrosion inhibitor containersh 
The coated samples were measured by SVET in 0.05 M NaCl solution. The results of these SVET 

measurements obtained after 4 hours are presented in figure 5.10. The SVET maps of LDH-MBT and 

SiNC-MBT show only ionic current density levels around the background noise level. The reference 

sample is the only system that shows elevated ionic activity in the SVET map. One anodic and one 

cathodic current density peak are clearly visible above the drill holes. The SVET measurements are 

supported by the optical images that confirm either no corrosion products in the drill holes of the 

samples with corrosion inhibitor containers or black corrosion products in the case of the reference 

sample. These results are a strong indication for the protection of the surface in the drill holes by 

MBT and thus for the successful implementation of corrosion inhibitor containers into a coating.  

                                                           
h
 The coating application and SVET analysis of this section were performed by Hans Simillion during his master 

thesis internship in the group of Mikhail Zheludkevich at CICECO at the University of Aveiro, Portugal. 
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LDH-MBT 

 
 

SiNC-MBT 

  

Reference 

  
Figure 5.10: SVET maps and optical images of coated systems with different nanocontainers and inhibitor after 
4 hours of immersion in 0.05 M NaCl. 

 

5.3 Conclusions 

In this chapter a range of possible corrosion inhibitors for HDG at a concentration of 10-3 M was 

tested on zinc with LSV. Out of these results, a selection was made of the most promising 

candidates, which were then compared based on their corrosion current densities at different 

concentrations. Their inhibitor efficiency was determined from the Tafel slopes as well as from the 

calculated polarization resistance. Thereby, MBT proved to be the best corrosion inhibitor with the 

highest reduction of the corrosion rate of zinc. However, its incompatibility with and low solubility in 

the coating resin required the encapsulation of MBT. Therefore, silica nanocontainers and layered 

double hydroxides were synthesized and both were successfully loaded with MBT as demonstrated 

by SEM EDX maps. The fast but uncontrolled release of MBT from the silica nanospheres in water 

was shown by Raman spectroscopy making use of a Ag SERS probe. On the contrary, the release of 

MBT from LDH needed to be triggered by carbonate which was used as an example of an aggressive 

ion. Finally, these nanocontainers were embedded in an epoxy coating. The protective effect of the 

leached corrosion inhibitor could be shown by SVET, when no ionic activity was detected above 

defects in the respective coatings, contrary to the reference sample without corrosion inhibitor 

containers. 



 



  

 

6 Detection of self-healing agents 

Nowadays, the properties of polymeric coatings are enhanced by various additives mixed into the resin. 

Recently, embedding of polymeric microcapsules into the coating matrix has been investigated to provide 

special on-demand features to the coating. The detection and characterization of such microcapsules in a 

polymeric coating are of major importance but difficult, because both are built up by similar molecules 

with similar densities. Current analysis methods require complex sample preparation to allow reliable 

measurements. 

In contrast, Confocal Raman spectroscopy allows fast and non-destructive differentiation between 

characteristic molecular bonds at a spatial resolution below one micrometer. Hence, the objective of this 

research was to apply this technique on microcapsules embedded in a coating and provide answers to 

the following questions: Can one detect microcapsules embedded in a coating and clearly identify them? 

Can one differentiate between full and empty microcapsules and the coating matrix? Can one determine 

the exact location of the capsules and their distribution in the coating? 

Therefore, several two-dimensional confocal Raman spectroscopy mappings recorded at different depths 

allowed a three-dimensional reconstruction of the polymeric coating with the polymeric microcapsules in 

it. Thereby, the distribution of the capsules within the coating could be determined with micrometer 

resolution. As a result Raman tomography provides a more detailed insight into the distribution of 

microcapsules through the possibility of three dimensional reconstruction.i 

The knowledge about three-dimensional mapping was also applied to visualize the distribution of 2-

mercaptobenzothiazole loaded layered double hydroxides in the shape recovery coating as described in 

chapter 7. Although other techniques217 can be used in the case of inorganic additives, 3D Raman 

mapping was available in-house and also provides molecular fingerprint identification. Therefore it was 

the technique of choice. 

 

6.1 Introduction 

Pharmaceutical industry uses micro- and nanoencapsulation technology extensively to control the 

release of drugs.218 In the last 15 years, microcapsules were also embedded in polymers to provide 

additional properties to coatings.219–221 The existence, the distribution 222, the shape 223, the size 113 and 

the loading of such capsules 9,224 as well as the release of their content 45,127,128 are crucial factors. In 

general, either the capsules are analyzed alone (not embedded in the coating) or the effect of the 

leached content is measured.40 In the first – the ex-situ – case, electron microscopy (SEM or TEM) 

provides high resolution images for determination of the shape and size. The loading is usually 

determined by chromatographic measurements as for example high pressure liquid chromatography 

(HPLC).45 In the second – the indirect – case, the leaching out of the encapsulated agent from the 

capsules embedded in the coating is generally proven by either colored dyes 225 or by mechanical 

adhesion tests of broken and “self-glued” bulk polymer samples.43 However, the addition of a dye during 

the encapsulation procedure might alter the results of the microcapsule synthesis (e.g. reaction of the 

                                                           
i
 This chapter has been published as article in: Lutz, A.; De Graeve, I.; Terryn, H. Non-Destructive 3-Dimensional 
Mapping of Microcapsules in Polymeric Coatings by Confocal Raman Spectroscopy. Prog. Org. Coat. 2015, 88, 32–
38. 
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dye with the encapsulated agent or with the capsule matrix) and mechanical adhesion tests of coated 

samples do not show the strength of the coating itself. Therefore, the possibility to analyze capsules and 

their contents without a marker or dye within the coating would give more certainty and allow evaluating 

effects such as the leaking of encapsulated core content into the coating. 

Many organic molecules can be distinguished from similar molecules based on their specific fingerprint-

like spectrum collected by Raman spectroscopy (RS).161,226 The position of a peak can even depend on the 

underlying substrate as in the case of surface enhanced Raman spectroscopy (SERS).161 Zhu et al. 

differentiated between the different layers of a 100µm big capsule based on the respective Raman 

spectra: depending on the depth of focus they measured the glycidyl methacrylate core or parts of its 

multiple-layer-shell consisting of poly-melamine-formaldehyde, poly-methyl methacrylate and paraffin 

wax.37 Alternatively, also two dimensional maps across cross-sections of multi-layered microcapsules can 

be recorded.227 Yuan et al. on the other hand embedded microcapsules containing an epoxy and a thiol 

based hardener in a polymeric coating matrix for self-healing applications. 228 The authors of the article 

followed the reaction of the two reactive agents at the polymer fracture interface by monitoring the 

disappearance of the thiol peak over time. But also the penetration depth of one graft polymer into 

another can be followed with RS.229 In the same publication also the density of graft and depth of 

functionalization was monitored with RS. Schrof et al. described the potential of confocal Raman 

spectroscopy with a confined measuring volume of only about 1 µm³.230 However, the three layered UV-

coating made a 3D representation redundant and they limited their results to a depth profile with a step 

size of about 5 µm similar to Zhu et al.37 Froud et al. presented the use of an oil immersion objective on a 

sample with 11 polymer layers to increase scan depth to 100 µm and a better depth resolution compared 

to measuring in air.231 

Currently, industrial coatings often only have thicknesses of a few tens of micrometers and microcapsules 

therein would be even smaller. Accordingly, much smaller step sizes are needed for their investigation. In 

this chapter I will demonstrate the extended potential of confocal Raman spectroscopy by investigation 

of microcapsules down to 1 µm in diameter within a coating of 15 µm thickness and step sizes of only 1 

µm in x, y and z direction. Because of the (partial) transparency of the coating for the excitation laser, 

Raman spectra can be obtained at different depths in the coating.230 With high confocality and focus of 

the laser the intensity of peaks of material around (to the sides and above and below) the measuring 

volume is negligibly small. By comparing the spectra at different measurement points and choosing 

characteristic peaks of each molecule of interest, Raman maps can be produced.227,232 Thereby, the 

location of the capsules with an organic core within the polymeric coating can be exactly defined with 

three coordinates (x, y and z). 

 

6.2 Experimental 

6.2.1 Sample preparation 
The microcapsules with a diameter between 1 and 5 µm were fabricated by Devan Chemicals. They 

consist of a melamine formaldehyde based shell and a hydrophobic corej. These capsules were analyzed 

in the first experiment. Afterwards, 8 wt% of these microcapsules were mixed into a water based 

aliphatic urethane acrylate resin from Allnex NV. Subsequently the resin was applied on a glass plate with 

a bar coater and UV cured in air resulting in a coating with  ̴15 µm dry thickness named C15. Another 

                                                           
j
 Due to confidentiality reasons the exact composition of the capsule core is not specified. 
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sample named C40 of a  ̴40 µm thick coating containing  ̴15 µm big microcapsules was prepared to show 

the transparency of as well the coating as well the capsules and that the technique is also applicable for 

thicker samples. Although not shown, the measurements were repeated several times at different 

locations and also with different samples (different coatings, different microcapsules and different 

microcapsule content). Similar results were obtained in all cases. 

6.2.2 Confocal Raman Spectroscopy 
The samples were analyzed with a LabRAM HR Evolution confocal Raman spectrometer from Horiba 

Scientific. A 532 nm wavelength green laser was used with 50 % or approximately 7.5 mW/cm² intensity 

together with an air cooled CCD detector with a 1800 grating resulting in a spectral resolution of 1 cm-1. 

Either a 50x long distance objective or a 100x objective was used for optical images and recording of the 

Raman spectra. The data was processed with the standard LabSpec 6.2 software for this instrument 

including spike removal and background correction on each single spectrum. 

6.2.3 Raman Mapping 
The above described confocal Raman spectrometer has an automated sample stage. Thus several spectra 

in a row, on a plane and even in three dimensions can be recorded and compared with each other (see 

figure 6.1). This way the operator can perform point measurements, one-dimensional cross-sections, 

two-dimensional (2D) and three-dimensional (3D) mappings. Different peaks (sections of the spectra) 

were indicated in the spectra and their intensity was compared after integration. Thereby, a 

representation of the scanned volume (3D map) can be produced based on the intensities of the peaks in 

all spectra recorded. For the cross-sections and 3D maps, the measured depth of analysis was taken as 

true value. In fact, because the refractive index of the polymer is higher than the one of air, the true 

depth of analysis might be off by a factor of about 1.5.231,233 However, the exact determination of the 

depth is not crucial to the outcome of this chapter. The comparison of the optical image with a map (2D 

or 3D) allows a very straight forward determination of the distribution of chemical species (more 

precisely molecular bonds) within the sample. 
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Figure 6.1: A 3D Raman map is constructed by measuring the whole volume of interest point by point, line by line 
and layer by layer and comparing the spectra or parts thereof of each point with each other. 

 

6.3 Results and discussion 

6.3.1 Mapping of core content of single capsules 
In a first experiment single dry capsules and a drop of the pure capsule core solution were compared 

under the Raman microscope. The spectra of the capsules show the same peaks as the spectrum of the 

reference core solution (Figure 6.2, C-H vibrations and alkane chain vibrations (768 cm-1, 827 cm-1, 875 

cm-1, 893 cm-1), alkane chain stretching (1040 – 1150 cm-1), CH2 skeletal twisting vibrations (1303 cm-1), 

CH2 asymmetric stretching at 1420 cm-1 and CH3 asymmetric deformation at 1446 cm-1). This confirms 

that the capsules contain the initially encapsulated organic liquid. 
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Figure 6.2: The Raman reference spectrum (black, top) of the organic core material and spectrum obtained from the 
center of a filled microcapsule (red, bottom) match and thus indicate the presence of the core material in the 
microcapsule. 

To investigate the distribution of the core material in a capsule a 2D map of three capsules was recorded. 

An optical image of the three capsules with a diameter of about 2 µm on a glass dish in air is presented in 

figure 6.3a. Several measurement points were taken in x and y direction. figure 6.3b shows all the spectra 

recorded between 1200 cm-1 and 1550 cm-1. The intensity of the peaks depending on their location on 

the map is plotted in figure 6.3c, the more red the stronger the intensity. The color of the map is black 

where only background noise was measured. In the top right corner (d) of figure 6.3 is an overlay of the 

map (c) on the optical microscopy image (a). This overlay allows three observations: First, as expected, 

only at the location of the capsule the spectrum of the core material was obtained, and not around it. 

Secondly, the spectrum of the core material was found back everywhere in the capsule proving a uniform 

distribution of the encapsulated molecule within the capsule. Finally, towards the edges of the capsules 

the intensity of the peaks weakens as a result of less material at the measurement spot. 

 

 
Figure 6.3: Raman map of dry microcapsules on a glass dish. Picture (a) shows the high magnification optical image 
of the three microcapsules. After recording a grid of several hundreds of Raman spectra (b) a map of the intensity at 
a certain Raman shift (e.g. the peak at 1303 cm

-1
) can be constructed. An overlay of (a) and (c) shows that high 

signal intensity of specific Raman shifts only appears at the location of the three filled microcapsules (d). 
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6.3.2 Mapping of core contents of capsules in coatings 
For the next experiment the capsules were mixed into the resin and applied as a coating on glass. 

 
Figure 6.4: Optical image of the surface of sample C15 - the coating containing about 8 wt% microcapsules. The 
white circle marks the spot where the cross section (depth profile) was taken. 

  

The capsules seem to be equally distributed as far as can be determined from the optical image of the 

surface of sample C15 (see Figure 6.4). However, their distribution deeper within the coating is difficult to 

determine from this image. The capsules partially sticking out of the coating are bright in the center and 

have a dark ring around them and are marked with A. The ones without a dark ring are fully covered with 

the coating and are marked with B. In this experiment the laser beam is focused 1 µm above the surface 

at the location of the white circle. While the focal point is stepwise lowered into the coating until the 

glass substrate Raman spectra are recorded.  
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Figure 6.5: (a) Raman spectra of the coating (top, blue), a microcapsule in the coating (middle, red) and the glass 
coating interface (bottom, green). The inset is a schematic drawing of the cross-section of the sample C15 at the 
measurement location. On the basis of the intensity at the spectral location of the three peaks marked with arrows, 
the depth profile (b) was constructed. It shows an embedded capsule underneath the coating on top of the glass 
substrate. 

 

Because the Raman spectra of the coating, of the microcapsule and of the glass substrate differ (more 

precisely, the intensity differs at different ranges of the Raman shift), the intensity of the spectra at the 

three different peak locations can be compared and a depth profile was plotted (Figure 6.5): Initially 1 

µm above the coating, the intensity of the recorded spectrum is very low. When the focal point of the 

excitation laser enters the coating, the intensity of the coating’s peak strongly increases. At the location 

of the measurement spot (marked with a white circle in Figure 6.4) there is no capsule visible at the 

surface of the coating. Only when the focal point of the laser is further lowered, the intensity of the 

characteristic coating peak at  ̴1000 cm-1 decreases, while at the same time the intensity of the selected 

characteristic peak of the capsule at  ̴900 cm-1 increases. This proves the existence of the microcapsule 

within the coating. Finally at around 13 µm depth, the broad peak around 1100 cm-1 of the glass becomes 

visible in the spectra providing a proof for the penetration of the whole coating. 
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Figure 6.6: Left: Depth profile through a capsule and the coating until the glass substrate of sample C40. The same 
peaks as in Figure 6.5a were used to plot the data. Top right: optical image of the sample surface with the 
microcapsule visible as the big black spot in the middle. Lower right: Scheme of the cross section of sample C40. The 
thin dotted line through the red capsule, through the blue coating and into the green glass represents the axis of 
the depth scan. 

 

A similar depth profile was recorded of sample C40 in Figure 6.6, but not only is the coating thicker (  ̴40 

µm) and the microcapsule larger (  ̴15 µm), but also is the microcapsule at the surface of the coating. In 

the first  ̴15 µm, the capsule is measured and therefore the intensity of the capsule’s signal is very high. 

When the laser focus lowers, it reaches the coating underneath the capsule and the intensity of the 

capsule peaks decreases whereas at the same time the intensity of the peaks of the coating increases. 

When lowering the focus even further down, it ultimately reaches the glass substrate and the intensity of 

the peaks of the glass increases as the intensity of the coating decreases. Thus the coating and the 

capsules can be penetrated by the laser beam and information about the material underneath both of 

them can be gathered independently. 

6.3.3 2D mapping of the capsules on the coating’s surface 
In the third experiment, Raman spectra of the surface of the coating were recorded while the sample was 

moved stepwise in x and y direction describing a horizontal plane. Thereby, spectra of the coating as well 

as of the capsules in the coating were recorded depending on the location of the laser spot. The 

intensities of peaks which did not overlap (see Figure 6.5a) in these spectra were plotted as an overlay on 

the optical image (Figure 6.7). Blue and red areas represent a high intensity of the peaks of the coating 

and of the capsules, respectively. The areas in bright red are in accordance with the location of the 

capsules. Peaks of the coating have thus only sufficient intensity where there are no capsules. At the 

location of the capsules is no coating and around the capsules no peak is observed at 900 cm-1. There is 

thus no major leakage of the liquid organic core into the coating matrix. 

The white arrow in Figure 6.7 points to a capsule which is difficult to see (Figure 6.4), but the peak is 

clearly present in the Raman spectra which were recorded at that location. On the other hand, the black 

arrow points to a microcapsule without core content. Its content was already released prior to the 
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measurement and the empty shell remains. If one takes a closer look, one detects the bright region at the 

left side of this capsule by which the concavity of the caved microcapsule can be identified. Further also 

the two red points prove the presence of two very small microcapsules which are even more difficult to 

see. However, their presence is confirmed in the next section. 

 
Figure 6.7: Overlay of the 2D Raman map on the optical microscopy image. 8 wt% of microcapsules are dispersed in 
the coating, some protrude from the coating surface and have a dark shadow around them, others are just 
underneath it (white arrow) and are more difficult to see. Those deeper in the coating are not visible on this image. 
The blue pixels represent high intensity of the main peak of the coating at  ̴1000 cm

-1
 whereas the red pixels 

represent a high intensity of the peak at  ̴900 cm
-1

, which is specific for the capsule content. The black arrow points 
to an empty microcapsule. 

6.3.4 Raman Tomography - 3D mapping of a coating 
The fourth experiment is a combination of the depth profile and the 2D mapping. As shown in the depth 

profile experiment, the coating is transparent for the laser and a sufficiently high signal can be obtained 

throughout the full coating thickness to differentiate between the coating and the capsules. The above 

described experiments show a sufficiently high lateral and depth resolution, which are necessary for 3D 

mapping. 

For Raman tomography, several 2D maps of the coating were recorded at different heights which result 

in total in an analyzed cubic volume of 15 x 15 x 15 µm. The results are shown as fifteen 2D maps 

recorded from -1 µm above the surface until 13 µm deep into the sample with one measurement point 

every micrometer (Figure 6.8). 

In the top three maps only the two filled capsules from Figure 6.7 can be seen. Underneath them, several 

small capsules appear which are already no longer visible on the optical image (Figure 6.4) of the surface. 

Then at 5 µm depth, there is a layer with only very weak signals from capsules. Again one micrometer 

deeper a new set of microcapsules appears on the left side of the map. At 8 µm under the coating’s 

surface the signal of a microcapsule with  ̴3 µm diameter is recorded. This is the capsule which was also 

detected in the depth profile measurements of experiment two (Figure 6.5). These results thus agree 

with each other. Finally, at  ̴12 µm the capsule’s peak intensity together with the coating’s peak intensity 

(not shown) decreases as the coating-glass interface is reached. 
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Figure 6.8: 2D Raman maps (15x15 µm) of the intensity of the capsules peak at different depths in the coating. The 
depth increases from left to right and from top to bottom so that top left is the map 1 µm above the coating and in 
lower right corner is the map recorded at the coating-glass interface. The brighter the red, the more intense is the 
capsule peak at 900 cm

-1
 relative to the characteristic coating’s peak. This way capsules are traced within the 

coating. 

 

 
Figure 6.9: The 2D scans in Figure 6.8 were combined into a 3D plot for better visualization and interpretation 
purposes. Each ball is one measurement point. 

On the basis of these maps and the combination of them (Figure 6.9), one can thus get a good idea about 

the distribution of organic microcapsules in a coating and detect possible capsule agglomeration. 

Additionally, simply by counting the red pixels in the map and comparing them to the amount of black 
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pixels, one can verify the amount of capsules in the coating. In this case the value of 8.5 vol% is close to 

the expected 8 wt% of microcapsules mixed into the coating resin. Consequently, I could prove that the 

microcapsules are equally distributed, not only on the surface but within the whole coating (Figure 6.9). 

6.4 Conclusions 

In this chapter I presented the analysis of polymeric microcapsules containing organic hydrophobic 

liquids embedded in polymeric coatings with confocal Raman spectroscopy in four steps:  

1. The encapsulated organic liquid was identified with reference spectra in the microcapsules alone.  

2. The microcapsules of only a few micrometers in diameter were localized within the polymeric 

coating, which were not detectable with optical techniques.  

3. Full and empty microcapsules on the surface of the coating could be distinguished from each 

other. On top, confocal Raman spectroscopy proves that there is no major leaking of the organic 

liquid into the coating during or after application. 

4. The 2-dimensional mapping at different heights allows a 3-dimensional representation and can 

thus give more precise information about the location of the microcapsules within the coating. 

This back scattering based “Raman tomography” facilitates a more precise evaluation of the 

capsule distribution in the coating. Additionally, the amount of broken as well as empty 

microcapsules in the coating can be determined with this method. 

Finally, the advantages of practically no sample preparation and non-destructive measurements at 

ambient pressure and at resolutions below one micrometer make confocal Raman spectroscopy a very 

interesting technique for the analysis of pigments and especially microcapsules in polymeric coatings for 

various applications.  



  

 



 

 

7 A Multiple-Action Self-Healing Coating 

 

This chapter describes a self-healing coating for corrosion protection of metals which combines two 

different types of self-healing mechanisms in one coating. It provides protection where the single-

action self-healing systems alone would fail. 2-Mercaptobenzothiazole (MBT) was loaded into layered 

double hydroxide (LDH) carriers which were mixed into an acrylated polycaprolactone polyurethane 

based shape recovery coating and applied on Hot-dip Galvanized steel (HDG). The effect of triggered 

release of MBT on the protection of HDG became visible when samples with manually applied 

defects in the coating were immersed in 0.05 M NaCl solution (first healing mechanism). The shape 

recovery (second mechanism) was triggered by heating the samples for 2 minutes to 60°C. SEM-EDX 

and Raman Spectroscopy proved the presence of MBT in the LDH, together with LDH in the coating 

and the MBT release on the HDG surface in the damaged area after being in contact with a solution 

containing corrosive ions. Electrochemical impedance spectroscopy (EIS) and scanning vibrating 

electrode technique (SVET) demonstrate the corrosion protection of MBT in the unhealed coating 

and the increase of the barrier properties of the coating after defect closure. This way, the 

independent mechanisms of this multi-action self-healing coating could be demonstrated.k 

7.1 Introduction 

Many researchers are trying to tackle the immanent problem of corrosion by using self-healing 

coatings for all kinds of applications (off-shore wind parks, airplanes, automotive industry, chromium 

replacement, etc.). Their work led to different sorts of self-healing mechanisms being developed 

which fulfil different requirements. Several reviews exist which discuss the latest advances in the 

field.1,9–12,26–28 There are coatings which physically close or fill defects34,56,66,85,86, others that 

automatically protect the metal substrate underneath the coating against corrosion induced by 

aggressive species.113,127,204,206,222,234 Alternatively, self-healing coatings can also be split in two 

categories: (i) Intrinsically healing coatings where the coating matrix performs the healing,67,235,236 

and (ii) extrinsically healing coatings which embody containers within the coating matrix that release 

a healing agent.34,45,113,127,173 Some coating systems are thus fully autonomous45,203,224,237 and their 

trigger are either species that are generated by the corrosion process122,124or the infliction of a 

defect.25,34,173,224,237 Other coatings, called non-autonomous or on-demand healing systems, require a 

trigger such as heat to initiate the healing process. 56–58,66,85,86,175,236,238 

As reviewed by Garcia et al., each self-healing mechanism has its advantages but also has its 

disadvantages.11 In the last two years, the first combinations of healing agents have been 

presented.67,98,133,235,239–243 Yet, the focus of these developments has been set on extending one sort 

of healing mechanism (e.g. better corrosion inhibition by using a second corrosion inhibitor98,133,239–243 

or achieving better scratch closing by adding another polymer which links the two surface boundaries 

of a closed scratch.67,235). It does however not solve the basic issues of single action healing systems 

in the former case, the scratch will stay open for continuous access of corrosive species and in the 

latter case the surface in the defect is not protected until after the scratch closing is triggered. 

                                                           
k
 This chapter has been submitted as manuscript to frontiers in Materials. 
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Therefore, I developed a multi-action self-healing coating which combines an extrinsic autonomous 

corrosion protection system with an intrinsic on-demand shape recovery coating. To underline the 

importance of the combination of the two systems it is necessary to understand the limitations of the 

single self-healing systems; these ones being just examples for others: The corrosion inhibitor system 

alone would after a (long enough) period of time be depleted and no longer be able to locally release 

corrosion inhibitors. The absence of certain species still enables corrosion, but does not trigger the 

release of the inhibitor. Also, the visual appearance of a product with scratches is no longer flawless 

and thus loses its aesthetical value. Generally, such autonomous systems protect the metal 

substrate, but lack the ability to restore the coatings’ initial barrier properties. The release of an 

actively self-healing agent (corrosion inhibitor, water repellent, coating repair agent, etc.) reduces 

the barrier functionality at the original location of the container where it was stored in trade for the 

corrosion inhibition in the defect. Additionally, the amount of locally stored self-healing agent is 

small compared to the to-be-healed defect size. On the other hand, the shape recovery coating does 

not provide any protection if the healing is not triggered. Consequently, delamination and corrosion 

in the defect and under the coating can hinder the scratch closing process. The combination of the 

two parallel healing systems tackles these disadvantages. The corrosion inhibitor can reduce 

delamination of a not yet healed defect and when the scratch is closed, further corrosion inhibitor 

depletion is prevented.  

Figure 7.1 shows the working principle of this multi-action self-healing coating system: The self-

healing polymer coating contains finely dispersed corrosion inhibitor containers (Figure 7.1a). For this 

study 2-Mercaptobenzothiazole (MBT) was chosen as a corrosion inhibitor244,245 and as shown by 

Tedim et al. intercalated in between the octahedral layers of layered double hydroxides (LDH).128 

Because LDH can be loaded with a lot of different kinds of negatively charged ions, it readily releases 

the MBT anions at elevated pH from the crystal lattice in exchange for smaller and highly charged 

chloride ions.214 This inhibitor release mechanism works fully autonomous as soon as the pH is high 

enough and/or chloride ions are present in the solution. Such nano- to micrometer sized particles 

were embedded into a shape recovery coating based on polycaprolactone and isobornylacrylate.236 

The combination of the two blocks, results in a high molecular weight PCL acrylate with good 

mechanical properties with shape recovery functionality above the glass transition temperature of 

the PCL phase. Heating this coating to 60 °C induces enough mobility to automatically close 

mechanically inflicted defects such as scratches or indentations (Figure 7.1b) within only two 

minutes. This mechanism is fully independent of the MBT-release mechanism as sketched in Figure 

7.1c. However, if the scratch in the coating is not immediately healed, water and corrosive species 

can reach the metal and initiate corrosion. In this case, the corrosion inhibitor containers close to the 

scratch locally release the MBT into the solution and take up chloride ions in exchange. The released 

MBT dissolves and diffuses to the metal surface to form a protection layer on top of it (Figure 7.1d). 

The shape recovery mechanism can still be triggered independently of the first mechanism and 

additionally close the scratch at a later moment (Figure 7.1e). 

In this study, the structure and composition of the MASH coating will be analyzed by SEM EDX and 

Raman spectroscopy to investigate the inorganic (LDH and metal surface) and organic parts (MBT and 

coating) of this composite material, respectively. The effect of the released corrosion inhibitor and 

the independent restoration of the barrier properties of the coating after heating will be evaluated 

by EIS, while SVET will be used to indicate the different corrosion activity of defects in a coating. 

Finally, the delaminated areas underneath the coatings after immersion were compared under an 
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optical microscope and the presence of the corrosion inhibitor on the metal surface in the case of the 

MASH sample will be confirmed by Raman spectroscopy. 

 
Figure 7.1: Working mechanism of a multi-action self-healing (MASH) coating (a): When a MASH coating is 
scratched (b) two independent actions can follow: 1. The scratch is closed by heating the sample and restoring 
the coating barrier (c). 2. If a solution containing for example aggressive chloride ions reaches the defect, the 
corrosion inhibitor MBT is released from LDH in exchange for the chloride ions. The released MBT forms a 
protective layer protecting the metal substrate (d). Eventually, the scratch closing action by heating can still be 
triggered to prevent continuous access of aggressive ions (e). 
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7.2 Experimental 

7.2.1 Synthesis 
The shape-recovery based self-healing polymer coating resin was prepared as described in a recent 

article.236 In short, the prepolymer – a telechelic acrylated polycaprolactone (36 mol % PCL in the 

final formulation) – was mixed with isobornylacrylate at 60°C. 2,2-Dimethoxy-2-phenylacetophenone 

(10 mg/g, 99%, from Sigma-Aldrich Co.) and KIP 160 (a difunctional alpha hydroxy ketone, 10 mg/g 

from Allnex Belgium NV) were added to the mixture as photoinitiators. This resin was applied by a 

bar coater resulting in a dry film thickness of about 100 µm on hot-dip galvanized steel (HDG) sheets 

(S250GD + Z350 from ArcelorMittal; thickness 0.8 mm) and cured by passing twice under 210 W/cm 

UV lamps (H+D) under nitrogen atmosphere. Before coating application, the steel samples were 

cleaned in two steps: (i) vapor cleaning in Kerry Ultrasonics installation and (ii) alkaline degreasing 

with Gardoclean S5086. The samples were prepared without the use of any other corrosion 

protection pretreatment of the HDG steel or an adhesion promotor to avoid unambiguous results 

and have clearly visible coating delamination. This sample is the reference and will be called SH. 

Layered double hydroxides (LDH) were synthesized following a procedure similar to the one of 

Poznyak et al.128 All solutions were prepared with boiled distilled water minimizing the amount of 

dissolved CO2 in the solutions. 0.5 M Zn(NO3)2.6H2O and 0.25 M Al(NO3)3.9H2O were added dropwise 

to a 1.5 M NaNO3 solution at pH 10 and kept constant (±1) at this pH by adding simultaneously drops 

of 2 M NaOH. Nitrogen was bubbled through the reaction volume to avoid CO2 contamination. 

Afterwards the closed glass bottle with the solution was put into an oven at 65 °C for 24 h. 

Subsequently, the white suspension was centrifuged and washed with boiled distilled water several 

times. The anion-exchange reaction was performed by adding the LDH slurry to a saturated solution 

of 2-MBT under argon atmosphere and stirring the closed bottle overnight. The solution was 

centrifuged and the anion-exchange reaction was repeated a second time. The slurry was washed 

with boiled distilled water and centrifuged twice again and dried in an oven at 65 °C. The dry MBT 

loaded LDH (MLDH) was grinded to a fine powder with a pestle and mortar, mixed into the SH 

coating resin at 60 °C and put into the sonication bath for 10 min. Subsequently, the MASH resin was 

applied on HDG the same way as the reference (SH) coating with a 100 µm bar coater and cured with 

210 W/cm UV lamps under nitrogen atmosphere. This sample is called MASH. 

7.2.2 Analysis 
Electrochemical impedance spectroscopy (EIS) was performed using an Autolab 128N potentiostat 

from Metrohm AG (Swiss) and a three-electrode setup (the sample as working electrode, a platinum 

grid as counter electrode and a Ag|AgCl reference electrode coupled with a Pt wire and a capacitor). 

49 frequencies were excited, logarithmically equally distributed over the whole measurement range 

from 105 to 10−1 Hz with an amplitude of 10 mV rms. A 1 cm² surface of the samples was exposed to a 

0.05 M sodium chloride (NaCl) solution and was left immersed for about 5 min until a stable open 

circuit potential (OCP) was reached. EIS was mainly used for qualitative evaluation of the healing. 

Preliminary quantitative modeling results are presented in the appendix (see table A.). All defects 

within this work were inflicted with a handmade microchisel that was pushed perpendicularly to the 

surface into the immersed coating. The size of the formed defect was roughly 50 by 500 μm. The 

microchisel was manufactured by sharpening a screwdriver with sand paper of 500, 1200, and finally 

4000 grit to create a knifelike edge. 
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SVET measurements were performed using a SVET from Applicable Electronics, LLC, in combination 

with the ASET software from Science Wares Inc. (USA). Every 35 μm one measurement point of the 

vertical component of the current density was recorded to build up the entire current density map. 

For SVET the coated HDG samples were covered with adhesive tape (3 M polyester tape No. 8402) 

except for the measurement area (∼2 mm²). Within this area two defects were made as described 

above (See figure 7.5). Full penetration of the organic coating, exposing the underlying HDG steel, 

was confirmed under an optical microscope. The samples were put on a hot-stage and heated to 

60°C for two minutes and then put on a lab table to cool down to room temperature. 

Optical microscopy was performed on a Leica stereomicroscope together with its official LAX 

software. The SEM images were acquired with JSM-IT300 from Jeol (Europe) BV at 10 and 15 kV. The 

instrument was coupled with an Oxford Instruments SDD X-MaxN 80 mm2 EDS detector for elemental 

analysis. Raman spectroscopy was performed with a LabRAM HR Evolution confocal Raman 

spectroscope from Horiba Scientific. A 532 nm wavelength green laser, a 50x long distance objective, 

a 600 gr/mm grating and an air cooled CCD detector were used to record the Raman spectra. The 

100x objective was used for the 2D maps. The data was processed with the standard LabSpec 6.2 

software for this instrument including spike removal and background correction on each single 

spectrum. 

7.3 Results and Discussion 

7.3.1 Coating characterization 
The SEM cross-section in figure 7.2 shows a cross-section of the MASH sample. Figure 7.2a presents 

the layers of steel and zinc from the substrate and the self-healing coating on top. The elemental 

mapping (Figure 7.2b) confirms this structure. The MASH sample also contains finely dispersed LDH 

particles in the coating which contain the corrosion inhibitor MBT. These micrometer sized particles 

can also be seen as brighter dots in the self-healing coating in figure 7.2a. Again, the EDX mapping 

(Figure 7.2c) confirms the elements Al and Zn (from LDH) and S (from MBT), all present at the same 

locations. 

Raman maps of the MASH coating show the location of MBT loaded LDH particles and their 

distribution (see Figure 7.3). One single red square has the dimension of 1 µm x 1 µm and is in the 

range of the spot size. The squares in the overlay appear only red when the intensities of the MBT 

peaks are sufficiently high and therefore very small particles might not be detected. Generally, the 

locations of the red squares coincide with the locations of the particles of the optical images. 
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Figure 7.2: The SEM image (a) shows the structure of the MASH sample in cross-section. EDX mappings show 
the different layers (b) and the finely distributed corrosion inhibitor containers (c). 

 

Figure 7.3: Nine 2D Raman scans of MBT loaded LDH containers in the MASH coating with the respective optical 
images. The white square in the top left image shows the actual scan surface. The red squares mark the 
locations where the intensity of the MBT peaks was high. The scan depth was increased from the top left to the 
bottom right scan in 1 µm steps. 

A Raman spectrum of one of these MBT loaded LDH particles in the coating is presented in figure 7.4. 

The main peaks of this spectrum colored in orange match the ones of the Raman spectrum of loose 

LDH particles loaded with MBT (blue). Figure 7.4 also shows a reference spectrum (black) of a drop of 

MBT solution put on an in-house developed SERS probe containing finely dispersed silver 

nanoparticles. The peaks are slightly shifted because of the different substrate, but coincide with 

those reported in literature. 216 An aqueous solution of MBT loaded LDH powder was also put directly 

on HDG and the Ag-SERS probe. In both cases no MBT could be detected. This is not surprising, 
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because in near-neutral solution the ion-exchange mechanism to release MBT is not triggered. On 

the contrary, when a drop of solution containing MLDH particles together with Na2CO3 was put on 

the Ag-SERS probe, the pH of the solution was high enough to cause the release of MBT. In this case 

the red spectrum (top) in figure 7.4 was recorded. It also shows that the MBT molecule first 

encapsulated in LDH can be released again unaltered into the solution. Finally, the Raman spectrum 

of MLDH particles in the coating contains weak peaks of the surrounding coating. Because of the 

MLDH particle size and the similar laser spot size, it is not surprising that the information gathered 

with the Raman spectrometer contains information of the material surrounding the MLDH particle. 

However, these measurements confirm the successful embedding of the corrosion inhibitor MBT 

encapsulated in LDH in the self-healing coating. 

 
Figure 7.4: Raman spectra of a MLDH particle in the MASH coating, of the non-embedded MLDH powder, of 
MBT and of the self-healing coating next to the MLDH particle confirming the presence of MBT encapsulated in 
the MASH coating. Peak assignment can be found in the Appendix (Table A.5). 

7.3.2 First self-healing action: Effect of MBT 
The restoration of the barrier properties of the self-healing coating alone were already demonstrated 

in chapter 4. Therefore, in this part the focus is set on the additional corrosion protection of released 

MBT before thermal healing of the coating is induced. The corrosion inhibition effect was 

investigated using SVET and EIS.  

Figure 7.5a shows the area of the MASH coating with two defects as measured by SVET. Because the 

coating is transparent, the typical HDG steel surface can still vaguely be seen. The green insulation 

tape – visible at the outside borders of the image - ensures that all actively corroding areas will be 

recorded by the vibrating probe. The corrosion activity/ion flux above the reference coating and of 

defects in the MASH coating were measured by SVET 4 h after immersion and 100 µm above the 

surface. Figure 7.5b shows the high current densities (of cathodic and anodic currents) up to about 

±12 µA/cm² on the map above the artificial defects (or scribes) in the reference coating. Because no 

corrosion inhibitors were added, corrosive attack took place in the defects where the metal is 

exposed to the aggressive solution. The maximum current densities in the SVET map just above the 

defects in the MASH coating are much smaller and only around ±2-3 µA/cm² (see figure 7.5c). The 

reduced current is thus a direct effect of the MBT leaching out of the LDH containers in the coating 

inhibiting corrosion at the exposed surface. 
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Figure 7.5: The optical micrograph (a) shows the MASH sample surface. (The reference sample looks similar.) In 
the center are two vertical screwdriver blade indentations that form the defects through the coating. The ionic 
current density maps were recorded after 4 h of immersion 100 µm on top of the surfaces. For comparison, 
both maps have the same scale. The map of the reference sample (b) shows high current densities (±12 
µA/cm²) – an indication for the actively corroding sample. On the contrary, the sample with MLDH (c) shows 
much smaller current densities and thus corrosion inhibition. 

Initially, the barrier properties of the undamaged coating were evaluated over time with EIS. The 

sample was continuously immersed in the measurement solution (0.05 M NaCl) and impedance 

spectra were recorded immediately after immersion, after 15 h, 5 d, 8 d and 18 d (see figure 7.6). The 

impedance spectra show the capacitive behavior of the barrier coating in almost the full frequency 

range. All five measurements are approximately the same and deviations are only insignificant during 

the period of the experiment. This result rules out influences of the solution on the coating of the 

subsequent time-dependent measurements of samples with defects.  



   A Multiple-Action Self-Healing Coating 

95 

 

Figure 7.6: EIS spectra of the undamaged reference coating continuously immersed in 0.05 M NaCl solution 
recorded at 5 moments (immediately after immersion, after 15 h, 5 d, 8 d and 18 d) during a period of 18 days. 

Figure 7.7 shows a typical impedance spectrum of an undamaged self-healing coating without 

corrosion inhibitor and spectra of the same sample with an artificially inflicted defect after 1 h and 48 

h immersed in 0.05 M NaCl. The impedance modulus of the unscratched SH sample increases almost 

linearly with decreasing frequency until ~5 x 109 Ωcm² at 0.1 Hz (Figure 7.7a). Deviations from the 

sample in chapter 4 are attributed to inhomogeneities in the coating, coating thickness differences 

and variations from batch to batch. The almost purely capacitive behavior on the whole measured 

frequency range is reflected in the phase angle of about -90° and typical for a barrier coating.205 

When the barrier is disrupted, the effect of the underlying layers becomes visible. After 1 h of 

immersion the impedance modulus only reaches about 5 x 105 Ωcm² at 0.1 Hz and simultaneously 

two time constants appear in the respective Bode phase plot (Figure 7.7b). Preliminary modeling (see 

table A.) shows that the capacitive behavior above 10 kHz is an artefact of the reference electrode. 

The first time constant around 1kHz is related to the coating capacitance and pore resistance as 

commonly described in literature.92,246–249 The second one, which is initially less pronounced, shows 

the effects at the metal – solution interface. A double layer capacitance and a charge transfer 

resistance of the corrosion reaction are commonly used to describe these effects of the passivation 
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layer. After 48 h the effect of the coating measured around 10³ Hz disappears in the phase plot 

(Figure 7.7b) because of strong coating delamination (see also figure 7.9). The time constant at low 

frequencies can again be described by a double layer capacitance and a charge transfer resistance of 

the continuing corrosion process. As a consequence of this process, the absolute impedance modulus 

decreases further to 6x104 Ωcm² after 48 h. 

 
Figure 7.7: Bode plots of the self-healing reference coating without corrosion inhibitor immersed in 0.05 M 
NaCl solution. The undamaged coating shows good barrier properties. (a) But once a defect is inflicted into the 
coating, its impedance is strongly reduced (1 h) and further decreases over time (48 h). The phase plot (b) 
shows the various time constants. 

The results of the EIS measurements of the MASH sample differ from the reference sample, see 

figure 7.8. The barrier properties of the unscratched MASH sample with an impedance modulus of 

almost 1010 Ωcm² at 0.1 Hz (Figure 7.8a) are similar to the SH reference sample, with a slight 

improvement caused by the embedded LDH particles. This deviation can be explained by a slightly 

different coating thickness or a difference in the permittivity (dielectric constant) of the coating with 

LDH particles. One hour after the infliction of a defect the impedance decreased to 106 Ωcm². The 

Bode phase plot (Figure 7.8b) shows three time constants. At the highest frequencies the artefact of 
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the reference electrode is still visible. Between 10 and 1000 Hz the time constant related to the 

coating capacitance and the pore resistance of the coating is visible. The time constant around 1 Hz 

represents again the metal-solution interface with a double layer capacitance and a resistance of the 

charge transfer. The more pronounced low frequency time constant in the case of the MASH sample 

indicates a more capacitive behavior originating from the MBT layer formed at the metal surface 

inhibiting the corrosion reaction. The effect of this layer on the corrosion activity coincides with the 

results of the SVET measurements earlier in this chapter. Equally, the preliminary modeled values for 

the charge transfer resistance (Rct) of the MASH sample are higher than the respective values of the 

self-healing reference sample and stay almost constant during the measurements on the MASH 

sample, in opposition to the Rct values of the reference sample (see table A.). The protective 

properties of this layer are confirmed by the impedance modulus of the MASH sample after 48 h still 

being around 106 Ωcm² and similar to the original value just after defect infliction. The protection of 

MBT has presumably even increased because the low frequency time constant is more pronounced 

even though slow coating delamination has started. Further, the disappearance of the time constant 

at higher frequencies of the MASH sample is slower than its disappearance of the reference coating 

(It is still visible after 48 h in Figure 7.8). This indicates already less severe coating delamination of the 

MASH sample.  

Figure 7.9 shows microscopy pictures of two samples with a defect after 48 h of immersion in 0.05 M 

NaCl solution. The coloration of the zinc surface gives a good estimation of the delaminated area. The 

latter was roughly estimated by measuring the width of the delaminated area twice (red lines). The 

second measurement was performed perpendicular to the first one. The values were summed up 

and divided by two to calculate the mean diameter. From this value the delaminated surface was 

calculated using the formula for the surface of a disk (A=(d/2)²*π). The MASH sample has a 

delaminated surface of 2 mm² and the coating without inhibitor loaded containers has a delaminated 

surface of 27 mm². Thus, the addition of MLDH to the reference coating reduces the delaminated 

area around a defect after 48 h in immersion by a factor 13.  

Next, the delaminated area underneath the coating was analyzed by SEM EDX and Raman 

spectroscopy. At the delamination front, three different areas could be distinguished (Figure 7.10). 

On the left side marked with the number 1 is the surface where the coating was not yet delaminated. 

It consists of zinc, oxygen and about 1% of aluminum. The area in the middle (2) is the delamination 

front. Small amounts of sulphur were detected by EDX. The rest of the delaminated area looks like 

area 3 on the right side of figure 7.10. Here again sulphur and additionally 2 at% of chlorine were 

detected on the surface by EDX, the latter being the main responsible for the corrosive attack of the 

zinc surface and coating delamination. The detected sulphur originates from MBT which was shown 

by another series of Raman spectroscopy measurements (Figure 7.11). The spectrum of the MBT 

solution on the SERS probe was again taken as a reference. The uncorroded HDG surface after 

removal of the coating is Raman inactive and basically just shows background noise in its spectrum 

(blue). The optical image on the bottom shows the uncorroded surface where the spectrum was 

recorded. Around the defect where the coating was already delaminated as a consequence of the 

corrosive attack, the spectrum contains weak MBT peaks (orange). The microscope image in the 

middle shows the respective surface. The same peaks – but more intense – are present in the 

spectrum taken just next to the defect (red), with the optical image of the side of the defect in the 

top right corner. I therefore conclude that MBT is in the case of a corrosive environment 
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automatically released from MLDH in the MASH coating and actively inhibits corrosion at the HDG 

surface. 

 

 
Figure 7.8: Bode plots of the MASH coating immersed in 0.05 M NaCl solution. The undamaged coating shows 
even better barrier properties than the barrier properties of self-healing reference coating. (a) Once a defect is 
inflicted into the coating, its impedance is reduced (1 h). However, over time (48 h) the impedance modulus 
stays more or less constant. The phase plot (b) shows the reduction of the coating capacitance, but an increase 
of the phase angle at low frequencies, a result of the protection layer. 
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Figure 7.9: The optical microscope images show the corroded surface underneath the delaminated transparent 
coating with a defect in the center. The sample without corrosion inhibitor containers (a) shows 13 times 
bigger delamination than the sample where MBT was released from LDH in the coating. 

 
Figure 7.10: SEM image of the HDG surface at the delamination front (2): Left side (1) not attacked area, right 
side (3) corroded surface. 
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Figure 7.11: Raman spectra recorded at the HDG surface underneath the coating around the defect showing 
the release of MBT from the LDH containers onto HDG. The optical images to the right (side length about 100 
µm) show the surface at the location of the measurements (top: HDG (defect), middle: HDG (corroded) and 
bottom: HDG (virgin)).  

7.3.3 Second self-healing action: Effect of the Shape Recovery Coating 
When the coating was foreseen with a scratch or a defect, the energy that was put into the coating 

by mechanically deforming it, was stored by the material. However, it can be released by heating the 

sample. Surpassing the glass transition temperature of PCL, increases the mobility of the molecular 

network structure of the coating so much that it can recover its original shape with that stored 

energy, resulting in the closure of the defect. Thereby, no chemical bonds (other than by the creation 

of the defect) are broken or formed in this process and thus theoretically it is infinitely 

repeatable.236,250 

A similar defect as shown for the ones before was inflicted to the coating of another MASH sample. 

The sample was immersed in 0.05 M NaCl solution and its impedance was measured once (Figure 

7.12). Next, this sample was taken out of the solution, wiped dry with a tissue and heated to 60 °C for 

2 minutes to trigger the on-demand healing action. The performance of the healed sample was again 

analyzed with EIS. Figure 7.12 shows the spectra of the undamaged sample, the sample with a 

defect, the sample which was heated to 60 °C for 2 min. The undamaged and the damaged MASH 

sample show similar spectra as described before in Figure 7.8. The sample after healing has clearly 

increased barrier properties which can be related to the closed defect. The impedance at 0.1 Hz is 

108 Ω/cm².  
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Figure 7.12: EIS spectra recorded in 0.05 M NaCl solution after OCP was constant (about 5 min), showing the 
increase of barrier properties achieved by healing of the self-healing polymer at 60°C for 2 min. a) Bode 
modulus, b) Bode phase plot. 

If the defect was fully healed, an impedance modulus similar to the one of the sample prior to 

causing damage to it would be expected. The impedance of the healed sample is between the one of 

the virgin sample and the one of the damaged one. The barrier properties of the coating could be 

increased by heating the sample providing better corrosion protection, but could not be fully 

restored. The two phase boundaries came closer to each other, but the phase boundaries are still 

visible under the optical microscope (see figure A. ). The open circuit potential (OCP) also provides an 

indication for the partial recovery, see figure 7.13. The undamaged samples (SH reference and 

MASH) have an OCP of -0.62 V and -0.56 V, respectively. With a damage the OCP decreases to -0.95 V 

for both samples as the HDG surface is determining the corrosion potential. After healing, the 

potential of the SH reference sample rose again to -0.77 V and the potential of the MASH sample to -

0.67 V. The difference in potential between the undamaged and healed sample is due to the non-
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perfect healing of the damage. Therefore it is not surprising, that the impedance did not recover to 

the same level as prior to the infliction of the defect. However, the effect of the defect closing is 

much higher than the one of the MBT leached from the LDH particles. 

 
Figure 7.13: The different open circuit potentials of the samples immersed in 0.05 M NaCl after equilibration 
against a Ag|AgCl reference electrode. 

7.4 Conclusions 

In this chapter, I demonstrate for the first time the combination of two different types of self-healing 

mechanisms namely an intrinsic action and an extrinsic action in a single coating. Smart corrosion 

inhibitor containers embedded in the shape recovery coating automatically release 2-

Mercaptobenzothiazole to inhibit corrosion of a HDG steel sample with a defect in the self-healing 

polymer coating. Alternatively, the shape recovery polymer coating closes the defect on demand 

when heating the sample for 2 minutes above 60°C preventing ingress of solution and thus corrosive 

attack. By combining the two self-healing mechanisms deficiencies of the single self-healing systems 

can be overcome. In particular, this leads to the following conclusions: 

 The barrier properties of both undamaged coatings are similar, with slightly higher 

impedance of the MASH sample presumably caused by the finely distributed layered double 

hydroxide containers in the coating. 

 Upon immersion of a sample with a defect in 0.05 M sodium chloride solution, the additional 

protection of MBT leached out of the LDH containers can be observed with EIS. 

 Local electrochemical (SVET) measurements show a clear decrease of the corrosion activity 

of the MASH sample. 

 After two days of immersion in this solution, the delaminated area underneath the coating of 

the MASH sample is significantly smaller than the one of the pure shape recovery coating. 

 Thermally induced on-demand self-healing partly closes the defect within 2 minutes by shape 

recovery of the polymeric coating. 

Additionally, MBT could be detected in the defect and at the surface of the delaminated area which 

proves the presence of the corrosion inhibitor protecting the metal surface at least until the sample 

is heated and the defect is closed. However, for better long-time corrosion protection and reduced 

delamination adhesion promoters certainly need to be added to the coating system. 



   Conclusions 

103 

8 Conclusions 

Corrosion plays an important role determining the lifetime of most metal products. Depending on 

the application and the location of the product, different corrosion protection mechanisms like 

cathodic polarization, galvanizing or passivating layers are applied.  Organic coatings are one of these 

mechanisms forming a barrier on top of the metal against water and corrosive species. However, 

when a standard coating is damaged and the barrier is gone, a corrosive attack can take place in the 

damaged area eventually leading to disastrous results. Corrosion inhibitors in the coating can 

decelerate or in some cases even stop the process by forming an inert passivation layer, but might at 

some point be depleted due to continuous fresh water access to the defect site. There are two 

possibilities to overcome this problem: either the defect in the organic coating is closed and the 

barrier is re-established thereby hindering the corrosive species to reach the metal or to only release 

corrosion inhibitor when there is actual need for it, i.e. the metal is corroding and thus reducing 

inhibitor depletion. 

Self-healing coatings are a recently emerging group of materials that depending on the type of 

healing mechanism can solve these problems. Polymers containing capsules filled with self-healing 

agents and intrinsically healing polymers with reversible bonds or shape recovery functionality can 

close nano- to micro-defects. Similarly, different encapsulation methods were recently presented, 

that can carry high amounts of corrosion inhibitors and only release them under certain 

environmental conditions. The latter were researched a lot since the currently most effective group 

of corrosion inhibitors for most metals has been proven to be carcinogenic and its use in the 

European Union will be prohibited by the year 2017. So far these self-healing coatings were 

developed to be the sole system to prevent corrosion. However, just like current paints also contain 

various additives of which each is playing its role to increase the coatings properties, there is no 

reason not to combine these diverse self-healing systems. Moreover, the current self-healing 

coatings have disadvantages, as pointed out by Garcia et al.11, which could be compensated by other 

mechanisms if they were combined into one coating system. 

Accordingly, in this thesis I present two self-healing mechanisms being merged into a single coating. 

A shape-recovery coating, that can be triggered to close scratches, is used as the polymer matrix. 

Therein, corrosion inhibitor containers are embedded that autonomously release their content to 

protect the metal substrate. The first one restores the barrier properties of the coating on-demand 

of which the corrosion inhibitor alone is not capable of. The corrosion inhibition mechanism is 

triggered automatically but only in the presence of corrosive anions. Both mechanisms are working 

fully independent of each other, healing the damaged coating. 

The conclusions are divided in three parts: First, the development of the multi-action self-healing 

coating will be summarized step by step. Then the results will be critically appraised and compared 

with currently available coatings. Finally, a short review into the very recent work of colleagues forms 

the basis for a summary of future research questions on multi-action self-healing coatings. 
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8.1 Development of a multi-action self-healing coating system 

The development of a multi-action self-healing coating system originates from two different needs 

for self-healing coatings. The need to repair mechanically inflicted defects in coatings and the need to 

protect the metal substrate against corrosion. Figure 8.1 shows schematically how these needs were 

addressed.  

 

Figure 8.1: Approach of different sorts of damage management. When the organic coating on top of a metal is 
scratched, water can reach the metal surface and lead to corrosion (a). Self-healing coatings can either close 
the defect re-establishing the barrier (b) or leach corrosion inhibitors to protect the metal surface (c). A multi-
action self-healing coating allows both mechanisms to act individually or combined (d). 

The need for restoration of the coating barrier was addressed by a PU acrylate polymer being built up 

by two segments, a hard phase (IBoA) and a soft phase (PCL) resulting in a shape recovery coating. 
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DSC measurements show that the soft phase melts around 50°C which is still about 45°C below the 

Tg of the hard phase. Thus when heating the sample to a temperature that lies in between these two 

(the Tm of the soft phase and the Tg of the hard phase), the polymer will become mobile, but not lose 

all physical properties and flow off a tilted metal surface. At room temperature, the polymer is very 

flexible and can be strained above 350% without breaking as tensile tests show. However, its Young’s 

modulus is still around 0.27 GPa. DMA shows the strain recovery depends on the applied strain. The 

lower the strain before heating, the higher is the recovery at lower temperatures. Generally, 50% of 

the strain is already recovered after reaching Tm of the 150% strained sample and almost 100% 

around 95°C. Also repeated recovery was demonstrated. 

Adding a flexible spacer into the molecular structure of the polymer shifts the recrystallization 

temperature about 15°C lower, but hardly changes the PCL-phase’s melting temperature. It reduces 

the mechanical properties of the coating by cutting the Young’s modulus in half, and lowers a little 

bit the strain at break. Yet, the strain recovery of the polymer with flexible spacers happens 

temperature-wise earlier or in other words is better at the same temperature. 

The scratch closing of microdefects in the coating applied on HDG was observed with SEM and 

optical microscopy. The barrier properties of the coated sample were investigated with EIS. The 

impedance of the coating healed for 2 minutes at 60 °C reached 1 x 109 Ω cm² at 0.1 Hz. This is on the 

logarithmic scale almost the same value as before the coating was scratched (2 x 109 Ωcm²). Similarly, 

the ionic current density in solution just above microdefects, which indicates corrosion, was reduced 

to levels typical for the undamaged coating. These results were similar for the coating without and 

with the flexible spacer in its molecular structure. Both polymer coatings show outstanding corrosion 

protection when their self-healing mechanism is triggered by heating the sample shortly above the 

melting temperature of the soft phase. However, it has only poor corrosion protection when the 

defects are not healed within reasonable time of exposure to corrosive environment or when water 

penetrates through the healed defect (see figure 8.2). Nevertheless, the results in figure 8.2 show 

that EIS and SVET can also confirm whether defects are healed or not. 



 

106 

 

Figure 8.2: (a) Optical micrograph of two defects that were not fully healed. The dotted rectangular marks the 
scan area of the SVET map (b), which clearly shows ionic activity on top of the only partially healed defects. EIS 
measurement of a healed coating (green line) vs. a coating where the defect was not properly healed and 0.05 
M NaCl solution penetrated through the defect (violet). 

Amongst others to compensate for this deficiency, a second track was followed being the 

development of a corrosion protection mechanism that is fully autonomic and protects the metal 

substrate in the presence of corrosive species. First, out of the plethora of organic and inorganic 

corrosion inhibitors one model system was chosen. A comparison of these corrosion inhibitors based 

on polarization curves, showed that 2-Mercaptobenzothiazole (MBT) is an effective inhibitor for zinc 

at high and at low concentrations. It reduces the corrosion current densities of zinc by about two 

decades at 10-5 M until saturation. Its toxicity is considerably lower compared with chromium based 

inhibitors. Being also easily detectable with surface analytical techniques made it the corrosion 

inhibitor of choice for this work. However, when directly mixed into the coating resin, MBT reacts 

with it during curing, is no longer leachable and furthermore deteriorates the coating’s properties. 

Therefore, MBT was encapsulated in various types of nano- and microcontainers. Its successful 

encapsulation in porous silica nanospheres (SiNS) and layered double hydroxides (LDH) was proven 

by electron microscopy. The potential of MBT to leach out of the containers was shown by surface 

enhanced Raman spectroscopy; from the SiNS by immersion in water and from the LDH by 

immersion in alkaline carbonate containing solution. Finally, its autonomous release from porous 

SiNS and LDH and corrosion inhibition was also tested in a model polyurethane coating applied on 

hot-dip galvanized steel. SVET maps recorded on top of artificial defects in these coatings showed the 

lowest ionic activity after four hours for the LDH containing sample. 
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Subsequently, the possibility of Raman mapping to investigate microcontainers in such polymeric 

coatings was explored. Molecular identification based on the characteristic Raman fingerprint-like 

spectra was performed with one-micron resolution. Thereby, not only the location and distribution of 

such capsules in-situ could be evaluated but also whether they were full or empty. The 

measurements could be performed at ambient pressure and without destroying the samples 

complementing the analytical possibilities of electron microscopy and x-ray analysis. 

Finally, the corrosion inhibitor containers were mixed into the shape recovery polymer coating resin 

and applied on HDG steel. The LDH containers were well distributed in the coating and MBT was 

present within these containers as was shown by SEM and Raman spectroscopy. Also a slight 

increase of the barrier properties of the undamaged coating – presumably because of the LDH 

particles – could be observed with EIS. Both self-healing mechanisms were proven to be active in this 

multiple-action self-healing coating: 

 On the one hand, MBT protects the metal surface when a defect is made into the coating. 

The ionic activity above the defects is reduced by a factor four as shown by SVET. The 

impedance of the MASH coating with a defect is increased by a factor 10 at 0.1 Hz and shows 

an additional time constant in the Bode plot compared with the reference self-healing 

coating without MBT releasing LDH. The presence of leached MBT on the HDG surface of the 

MASH sample with a defect after EIS measurements was verified by SEM and Raman 

spectroscopy. 

 On the other hand, the shape-recovery coating of the MASH sample closes a microdefect 

when triggered by heating the sample to 60°C for 2 minutes. Its impedance at 0.1 Hz is two 

decades higher than when the defect is not closed. However, this is not as high as the 

recovery of the single self-healing coating, which opens the question of counteracting. 

Although no long time measurements were performed on this multiple-action system to 

simulate a real-life situation, this is the first example of merging two basically different self-

healing technologies into one as shown in figure 8.1.  

Summing up, figure 8.3 gives an overview of the advantages and disadvantages of the different 

coatings described in this thesis. Non-self-healing coatings have good barrier properties, but lose 

their protection when damaged. The single self-healing mechanism systems can still protect the 

metal when the coating is damaged, but encounter new problems. The combination of the two types 

of self-healing mechanisms solves several of these issues, though some points still need further 

improvement.  

Finally, table 8.1 shows a summary of the various analytical techniques used to investigate the self-

healing coatings presented in this thesis. Therein, I describe in a few keywords for which research 

question the different techniques were used. Fundamental polymer properties were analyzed by 

NMR and DSC. DMA and tensile tests showed the recovery properties of the polymer. Microscopy 

techniques allowed monitoring the self-healing (closing) of mechanical defects in the applied coating 

and together with Raman spectroscopy characterize the corrosion inhibitor containers. Most 

important for the analysis of the corrosion protection were the electrochemical techniques. 

Especially SVET provided straight forward information about the activity of microdefects in the 

various coatings. 
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Figure 8.3: Scheme showing the advantages and disadvantages of the different self-healing coatings. 
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Table 8.1: Overview of the techniques used within this thesis to analyze the self-healing coatings. 

 



 

110 

8.2 Critical examination of self-healing coatings 

The level of corrosion protection of a polymeric non-self-healing coating is currently measured based 

on properties such as crosslinking density, water repulsion and corrosion inhibitor content. The 

higher the crosslinking density, the better the water repulsion, the higher the corrosion inhibitor 

content and the thicker the coating, the better is the coating’s protection against corrosion. 

Obviously, this way of thinking is based on the fact that once the coating is applied, nothing can be 

changed anymore and the coated sample is – in a way – “doomed” when one or more of these 

protection mechanisms fail. Self-healing coatings are designed to restore the coating’s protection 

either by re-acting themselves or allow some human interaction when the coating is penetrated. 

Figure 8.4 shows a scheme of how a non-self-healing and a self-healing coating perform during their 

lifetimes. The non-self-healing coating might be highly crosslinked and provides in the beginning a 

very high protection to the substrate. However, once the coating is penetrated (marked by a “D” for 

defect), it practically does not protect the substrate anymore and the object needs to be replaced. 

On the contrary, maybe the self-healing coating provides less protection in the beginning, but will 

endure longer because the defects are healed (marked with an “H” for healing). 

 

Figure 8.4: Scheme of the comparison of a coating's protection during its lifetime: A highly crosslinked non-self-
healing coating (red line) vs. a self-healing coating (black line). “D” marks the infliction of a defect, “H” marks 
the initiation of the healing process. 

The red line in figure 8.4 was deliberately drawn above the curve for the self-healing coating, 

because current non-self-healing coatings outperform self-healing coatings, at least the intrinsically 

self-healing ones that focus on restoring the barrier properties. The reason for this is twofold: first, 

research on non-self-healing coatings has been undertaken much longer than for self-healing 
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coatings. Secondly, where non-self-healing coatings are often paints containing many additives to 

improve their performances, self-healing polymeric coatings are just pure resin formulations that are 

currently limited to a handful of chemistries. Figure 8.5 highlights the current coating landscape in 

another light. Current high-performance coatings such as acrylate or urethane coatings owe many 

good properties to their high crosslinking density. Shape-recovery coatings on the other hand need 

high molecular mobility and flexibility to have good self-healing properties. Many crosslinks reduce 

this mobility. It thus seems as if future producers will have to accept a trade-off either in self-healing 

or in coating properties or find a way to work around this problem. 

 

Figure 8.5: Coating landscape of self-healing coatings. 

Although self-healing coatings have (at least in theory) very promising capabilities, one has to be 

realistic. A coating might be several hundreds of square meters wide; its thickness is usually in the 

range of a few to a hundred micrometers. The removal of even “just” a few square centimeters of 

coating will thus have the same detrimental effect on self-healing coating systems as it has on non-

self-healing coating systems. The healing that can be performed and the protection that can be 

provided by self-healing coatings are in the range of defects in the nano to millimeter range.11 

Nevertheless, many types of defects start as very small deficiencies in the coating. So at that point, 

self-healing coatings can provide a very effective countermeasure against possible bigger damage. 

For extrinsic scratch closing, the defect in the polymer coating needs to be filled with encapsulated 

material. Because the filling material is stored in the capsules and only capsules that are broken and 

thus are at the air-polymer interface i.e. the scratch surface, two factors play a crucial role in high 

healing efficiency: the capsule size and the capsule concentration. High healing efficiency can only be 

achieved with big capsules or high capsule concentration. For the same defect of 1 µm (w) by 100 µm 

(h) by 500µm (l), approximately  either 5 vol% of 20 µm capsules or 20 vol% of 5 µm capsules are 

necessary to theoretically fill the scratch. Furthermore, the bigger the defect, the more ‘filling agent’ 

is necessary and hence the bigger the capsules need to be.39,44 For a 10 µm wide scratch (10x100x500 

µm), 20 vol% of 50µm capsules would be necessary (see table 8.2). However, this reasoning is limited 

because  big capsules have a negative influence on the coating, especially in terms of mechanical and 

barrier properties. Table 8.2 shows a summary of the calculations and the influence of the capsule 

size, loading, scratch width and coating thickness. Because most of the healing agent is coming from 

the sidewalls of the scratch, the results vary only negligibly with the length of the defect. On the 

contrary, the thickness of the coating (I.e. the scratch height) is crucial for the healing efficiency, 
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because full healing can only be achieved if the scratch width is a tenth of the scratch height. l (For 

detailed calculation see appendix Table A.7 – Table A.10.)  

Table 8.2:Summary of the calculations performed to estimate the possible healing efficiency (healable height) 
of a scratch in a coating with self-healing scratch-filling agent capsules. Grey fields mark altered values to the 
respective cell to the left, green font expresses an increase, red font a decrease. 
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Scratch width µm 50 50 50 1 1 1 1 10 1 

Scratch height µm 100 100 100 100 100 100 100 100 10 

Capsule 
diameter µm 2 50 50 2 50 5 10 50 5 

Coating 
loading with 
SH containers vol% 1 1 20 1 1 20 10 20 20 

Healable 
height µm 0,044 0,94 24 2,0 54 101 102 112 10 

 

For the encapsulation of corrosion inhibitors smaller (nano-sized) containers are sufficient, first 

because only a comparatively small amount of an effective corrosion inhibitor is necessary for the 

metal protection and secondly because the inhibitor can also leach through the coating to the defect 

if the containers are not at the scratch surface. Water penetrating into the coating can transport the 

dissolved corrosion inhibitors to the defect. Hence the inhibitor release (or leaching) depth plays a 

much more important role than the size of the corrosion inhibitor containers. Calculations show, that 

already at 1 vol% inhibitor loading and a release depth of only 1 µm enough corrosion inhibitor 2-

Mercaptobenzothiazole (MBT) is available to saturate the solution in a 50 µm thick scratch (Table 

8.3). But corrosion inhibitors also work at much lower concentrations (about 10-5 mol/l for MBT) and 

thus the corrosion inhibitor present in the first few nanometers of the scratch walls of the coating 

can provide sufficient protection for the scratch. Variations of the release depth, inhibitor loading, 

scratch width and coating thickness provide an insight into the effects of these variables. Generally, 

                                                           
l
 Obviously, these rough estimations do not take into account the healing agent/inhibitor that is removed from 
the defect (e.g. dissolved in water) or the possibility that not 100% of the healing agent is released. For 
simplistic reasons the usually ball-like capsules were calculated as cubic volumes and a perfectly well dispersed 
container system is assumed. 
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the protectable scratch size can be much bigger than for the filling agent system although the effect 

of time was neglected in the calculations. Expecting the dissolved corrosion inhibitor to stay only in 

the scratch volume is probably not very realistic. Therefore, calculations were also performed for a 

water volume of 5 ml and even then the exposed metal surface can be covered with a monolayer 

with the amount of MBT present in 20 nm coating.l (For detailed calculation see Appendix Table A.11 

– Table A.18.) 

Table 8.3:Summary of the calculations performed to estimate the possible corrosion inhibitor concentration in 
a scratch in a coating with a perfectly dispersed corrosion inhibitor. 
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Scratch width µm 50 50 50 10 10 10 1 1 

Scratch height µm 100 100 100 100 100 100 100 10 

Inhibitor release 
depth µm 0,001 1 0,001 0,001 1 0,001 0,001 0,001 

Coating loading 
with SH 
containers vol% 1 1 10 1 1 10 1 1 

Inhibitor concen-
tration in scratch mol/L 4E-06 4E-03 4E-05 2E-05 2E-02 2E-04 2E-04 2E-04 

  

The multi-action self-healing coating presented in this work has similar limitations. Because its self-

healing mechanism is based on the shape recovery effect, the defects that can be healed need to be 

inflicted mechanically. If there is no pressure applied to the coating, there is no recovery possible, 

because the polymer network is not strained. Additionally, the side walls of a scratch have broken 

chemical bonds at their surface. Because the healing mechanism is purely physicochemical, there is 

no chemical reaction involved; ergo the broken chemical bonds will not recombine. Consequently, 

although the side walls of a scratch are “touching” each other again after full recovery, there will 

always be an interface which stays a weak spot in the coating. 

Further, the shape recovery coating is at its current state of development no full paint formulation 

yet. It contains molecular blocks that were inserted in the network for other reasons than good 

protection, chemical resistance, scratch resistance or gloss. Neither does it contain any additives 
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other than the corrosion inhibitor containers to improve for example its adhesion on the substrate. 

Therefore, it is not surprising that it does not perform as good as non-self-healing coatings that are 

currently on the market. The finely distributed crystalline phases of the nano-phase separated 

coating structure (Appendix a.2) lead to a certain whitish opacity after a few days at room 

temperature which reduces its applicability. Nevertheless, the shape-recovery coating presented in 

this work was compared with the commercial available self-healing coating from Nissan.m The 

mechanism of the Nissan’s Scratch Shield™ is based on a very elastic resin that makes superficial 

scratches disappear over a period of time at elevated temperatures (see figure 8.6).  

 

Figure 8.6: Advertisement on the website of Nissan showing the self-repairing properties of the Scratch Shield 
coating.

m 

For the comparison, the Scratch Shield resin was applied on HDG and cured.n Next, a microdefect was 

made into the coating and the sample (called NSS) was heated to 60°C for 12 h to heal. The sample 

was then analyzed in 0.05 M NaCl solution with EIS and SVET. Figure 8.7a shows an impedance 

spectrum of the undamaged coating (orange line) and of the NSS sample after heating the sample 

(black line). Because the red line is only reaching about 105 Ωcm² at 0.1 Hz, one can expect that the 

solution still reaches the metal surface and the defect is not fully healed. The SVET measurements 

confirm this indication: The maps recorded on top of the coating with the (healed) defects before (b) 

and after (c) healing are almost identical and the current density reduction is negligible. Both maps 

show high ionic current densities and thus corrosion activity. For comparison, SVET maps before (d) 

and after (e) healing of defects in the shape recovery coating are presented, too. The map after 

healing shows only background noise, which is typical for closed defects. In other words, this 

experiment shows that self-healing coatings can differ a lot in their efficiency depending on the range 

of application. The Nissan Scratch Shield might show good performance in healing very light 

superficial scratches on the surface, but has clearly bad barrier restoring properties if the coating is 

fully penetrated. The same is valid for the shape recovery coating presented in this thesis: If it is used 

outside its foreseen area of application, it will not be able to perform satisfactorily. 

                                                           
m

 http://www.nissan-global.com/EN/TECHNOLOGY/OVERVIEW/scratch.html, accessed on 18
th

 of August 2015. 
n
 The coating application was performed by an external company. 

http://www.nissan-global.com/EN/TECHNOLOGY/OVERVIEW/scratch.html
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Figure 8.7: Electrochemical evaluation of the self-healing properties of the Nissan Scratch Shield. (a) shows the 
EIS spectra (bode plots) of the undamaged NSS (orange line) and the healed NSS (black line). (b) and (c) are 
SVET maps of the NSS before and after “healing” of two defects, respectively. (d) and (e) are SVET maps of the 
shape recovery coating presented in this thesis before and after healing of two defects, respectively. 

The corrosion inhibitor 2-mercaptobenzothiazole is greener than chromates, because no 

cancerogenity or mutagenity is proven, but in big amounts it is still not healthy or environmentally 

friendly. For this research its corrosion inhibition performance and its good detectability especially 

with Raman spectroscopy were more important than its “greenliness”, which justifies its use in this 

thesis work. Yet, MBT had more disadvantages which became clear only after some time. Two 

batches of MBT had different color, which raises the question of (photo-) degradation. MBT has also 

a tautomeric thione form which could explain the color change, too. Finally, MBT was found to not 

only adsorb on zinc surfaces that start to corrode, but for example also on a platinum tip of a 

scanning electrochemical microscope when the latter was polarized during a measurement. 

Therefore, the SECM results are not presented in this thesis. 
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8.3 Perspectives and future work 

Having summarized the work and critically examined its results, one should take a short look on 

other developments that have taken place in the most recent years before listing the next possible 

steps in the development of self-healing coatings. 

8.3.1 Retrospective 
About four and a half years ago, in the beginning of my thesis work, researchers on self-healing 

coatings were mainly publishing new single self-healing concepts for coating barrier restoration, 

were screening new chromate replacing corrosion inhibitors and were investigating new smart 

encapsulation methods.11,40,67,76,109,120,134 However, lately a lot of research work was done on 

combining self-healing protection systems: an Australian research team around A.E. Hughes and M. 

Forsyth showed how the combination of mixtures of various lanthanides can have synergistic 

corrosion inhibition effects on aluminum alloys.82,241,251 Meanwhile, another European collaboration 

analyzed the effect of cerium molybdate nanowires on the corrosion of aluminum AA-202498,201,234 

where both ions have an inhibiting effect. Also cerium nitrate in combination with benzotriazole 

showed better performance than the single inhibitors on an zinc-iron galvanic couple81, and equally, 

the combination of two corrosion inhibitors (cerium and diethyldithiocarbamate) in a zeolite showed 

enhanced protection.243 Further, combinations of corrosion inhibitor release mechanisms were 

shown to provide short and long term corrosion protection.98 Even the combination of corrosion 

inhibitor pigments, chloride traps and water traps in different layers of a coating was investigated.133 

Nevertheless, the combination of organic corrosion inhibitors and inorganic LDH containers did not 

always result in improved protection, as Stimpfling et al. concluded.252 But also in the area of self-

healing polymeric coatings combinations of self-healing chemistries were made for example the self-

healing polymer with reactive azide end groups and sites for hydrogen bonding synthesized by 

Döhler et al.235 So thinking of the vast possibilities of extrinsic polymer healing237, chances are high 

that also capsule-based double healing systems will exist in the near future. However, the papers on 

microcapsules containing polymer healing agents are still on relatively large capsules of 100 µm-and-

more in diameter which are not suitable for most coatings.88,253–255 However, generally it seems as if 

in the future combined self-healing systems will call the attention of even more researchers. 

Next to the self-healing combinations also in the field of analysis, important progress was made. 

Scanning ion-selective technique can monitor the pH in solution. However, its restricted linear 

measurement range led to the development of better ion-selective membranes256,257 as well as to a 

solid contact tip.258 The same group even reduced the influence of the measurement tip, by 

proposing to use a micro-optrode instead of an ion-selective electrode tip.259 In a way similar to 

Raman 3D mapping, Hughes et al. studied the distribution of corrosion inhibition pigments in 

polymeric coatings with x-ray tomography.217,260 In two other cases, a pH indicator was used to 

visualize corrosion processes.203,261 

Finally, also new developments are made in new self-healing concepts. Garcia et al. encapsulated a 

silane in an organic microcapsule and showed their release and metal surface passivation upon 

breaking of the capsules in a coating.40 The same group also recently developed the first healable sol-

gel coating which is based on organic-inorganic crosslinks.262 A very interesting concept was 

presented by Song et al., who developed a sunlight-induced microcapsule-based self-healing 
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mechanism.263 All in all, research towards surface modification of nanocontainers shows49,131, that 

compatibility issues can in some cases play a very important role. 

8.3.2 Corrosion inhibitor encapsulation 
Although different corrosion inhibitor containers such as silica nanospheres and layered double 

hydroxides were tested, the maximization of their load capacity was not part of this research. In this 

perspective, layered double hydroxides are a very interesting group of materials. In theory they can 

incorporate up to 33 mol% corrosion inhibitor anions, which for the case of aluminum zinc LDH and 

MBT is about 50 wt%. However, the current amount of inhibitor loading is topped at around 

20wt%.137 With an optimized synthesis route and ion-exchange method, better results might be 

achievable. 264 Also the size and shape of LDH particles can be adapted 210, which might be worth 

looking into. 

On the other hand, organic microcapsules are known to have even better loading capacities up to 98 

wt%.265 If these capsules could be foreseen with a trigger like in the case of LDH, they might become 

the next generation corrosion inhibitor containers. However, in many cases they are currently still 

too big for their implementation in a coating. 

The case of silica nanospheres showed (Figure 8.8), that depending on the chemistry of the coating 

and the containers compatibility problems might occur. Each new type of corrosion inhibitor 

container has possibly to be adapted to the coating wherein it shall be used. Although, basic 

guidelines such as hydrophobicity, charge or density exist, this will presumably stay in a trial and 

error phase.  

 

Figure 8.8: SEM image of silica nanospheres agglomerated in the shape recovery coating because of bad 
compatibility. 
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Instead of encapsulating the corrosion inhibitor, one could also think of masking the “reactive” site of 

the corrosion inhibitor during coating application. After curing or when for example in contact with 

water or chlorides, the corrosion inhibitor can then be activated similar to Garcia et al. 40 A very 

elegant way of designing a smart coating might be a coating that has the corrosion inhibitor bound to 

its polymeric chain. Again the trigger for the corrosion inhibitor release could be pH dependent, the 

presence of water, chlorides or the metal ion of the corroding substrate. However, the weakening of 

the polymer barrier by the corrosion inhibitor splitting-off might cause an issue. 

8.3.3 Shape recovery coating 
For the shape recovery coating presented in this thesis, two points need to be tackled in the future: 

The adhesion towards the metal substrate and the scar that remains after healing a defect below the 

Tg of IBoA (about 96°C). The first point is more difficult than simply trying several adhesion 

promoters, because the healed coating also needs to restore its adhesion towards the metal surface 

in the defect. One possibility would be that the corrosion inhibitor would at the same time act as an 

adhesion promoter similar to chromate or phosphates. Alternatively, the adhesion properties of the 

self-healing polymer coating itself need to be adapted. Because this includes a change of polymer 

chemistry, this option is probably less favorable. Anyways, other chemistries than PCL and IBoA 

might be worth looking into, as well.  

For the second point maybe the combination with a third self-healing mechanism could be 

considered. This could be a microcapsule that opens only above 60°C and contains an agent that 

glues the two interfaces together. Because the linking agent is only necessary after the shape 

recovery is triggered, this temperature increase could at the same time be used as trigger to release 

the linking agent. Alternatively, a combination of Diels-Alder type and shape-recovery type self-

healing mechanism could be thought of. The Diels-Alder type would then allow a chemical 

recombination of the bonds that were split by inflicting the defect.60,85 

8.3.4 Analytical techniques 
Doubtlessly, other analysis techniques than the ones used in this work (see table 8.1) could also offer 

answers to the research questions, but for various reasons were not used in this thesis. SIET monitors 

– contrary to SVET measuring the total ionic current density – the concentration of a single specific 

sort of ions.97,101,266 It can thus give information about the pH in solution on top of defects.267 

However, although it can be used quasi-simultaneous with SVET268, its influence on the corrosion 

process is not negligible.259 SECM in negative feedback mode has been used to monitor the defect 

closure of self-healing coatings86 as well as the effect of corrosion inhibitors on a metal surface.269 

However, its tip can also influence the corrosion process and thus influence the results of the 

measurement.270 SKP could potentially be used to evaluate coating delamination as well as the 

influence of MBT on the passivation of the metal surface.151 Especially, when defects would be 

smaller, AFM would be a valid technique to monitor scratch closing by the shape recovery polymer.58 

Finally, The presence of MBT on the HDG surface could be investigated by XPS271, although it lacks 

spatial resolution and could thus only be used on uncoated metal. Similarly, FTIR could provide 

complementary information to RS on MBT adsorbed on HDG. However, it does not have the same 

spatial resolution such as RS. Concluding, the mentioned techniques are intriguing knowledge 

sources on the self-healing systems of this thesis and are certainly starting points for future work. 

 



   

 

Bibliography 
 

 

1  Zwaag, S. Self Healing Materials; Springer: Dordrecht, 2007. 

 

2  IARC. Evaluation on Cancerogenic Risks to Humans: Chromium, Nikel and Welding; 

International Agency for Research on Cancer: Lyon, 1990. 

 

3  Grevatt, P. C. Toxicological Review of Hexavalent Chromium; 1998. 

 

4  Muster, T. H.; Hughes, A. E.; Furman, S. A.; Harvey, T.; Sherman, N.; Hardin, S.; Corrigan, P.; 

Lau, D.; Scholes, F. H.; White, P. A. A Rapid Screening Multi-Electrode Method for the 

Evaluation of Corrosion Inhibitors. Electrochim. Acta 2009, 54 (12), 3402–3411. 

 

5  Garcia, S. J.; Muster, T. H.; Hughes,  a. E.; White, P. a.; Lau, D.; Markley, T.; Harvey, T.; 

Sherman, N.; Hardin, S.; Corrigan, P.; et al. Validation of a Fast Scanning Technique for 

Corrosion Inhibitor Selection: Influence of Cross-Contamination on AA2024-T3. Surf. Interface 

Anal. 2010, 42 (4), 205–210. 

 

6  García, S. J.; Muster, T. H.; Özkanat, Ö.; Sherman, N.; Hughes, A. E.; Terryn, H.; de Wit, J. H. W.; 

Mol, J. M. C. The Influence of pH on Corrosion Inhibitor Selection for 2024-T3 Aluminium Alloy 

Assessed by High-Throughput Multielectrode and Potentiodynamic Testing. Electrochim. Acta 

2010, 55 (7), 2457–2465. 

 

7  White, P. A.; Hughes, A. E.; Furman, S. A.; Sherman, N.; Corrigan, P. A.; Glenn, M. A.; Lau, D.; 

Hardin, S. G.; Harvey, T. G.; Mardel, J.; et al. High-Throughput Channel Arrays for Inhibitor 

Testing: Proof of Concept for AA2024-T3. Corros. Sci. 2009, 51 (10), 2279–2290. 

 

8  Kallip, S.; Bastos, A. C. C.; Zheludkevich, M. L. L.; Ferreira, M. G. S. G. S. A Multi-Electrode Cell 

for High-Throughput SVET Screening of Corrosion Inhibitors. Corros. Sci. 2010, 52 (9), 3146–

3149. 

 

9  Wu, D.; Meure, S.; Solomon, D. Self-Healing Polymeric Materials: A Review of Recent 

Developments. Prog. Polym. Sci. 2008, 33 (5), 479–522. 

 

10  Zadeh, M. A.; Garcia, S. J. J.; van der Zwaag, S.; Abdolah Zadeh, M.; van der Zwaag, S.; Garcia, 

S. J. J. Routes to Extrinsic and Intrinsic Self-Healing Corrosion Protective Sol-Gel Coatings: A 

Review. Self-Healing Mater. 2013, 1, 1–18. 

 

11  García, S. J.; Fischer, H. R.; van der Zwaag, S. A Critical Appraisal of the Potential of Self Healing 

Polymeric Coatings. Prog. Org. Coat. 2011, 72 (3), 211–221. 

 



 

120 

12  Samadzadeh, M.; Boura, S. H.; Peikari, M.; Kasiriha, S. M.; Ashrafi, A. A Review on Self-Healing 

Coatings Based on Micro/nanocapsules. Prog. Org. Coat. 2010, 68 (3), 159–164. 

 

13  Shchukin, D. G.; Möhwald, H. Self-Repairing Coatings Containing Active Nanoreservoirs. Small 

2007, 3 (6), 926–943. 

 

14  Hughes, A. E.; Cole, I. S.; Muster, T. H.; Varley, R. J. Designing Green, Self-Healing Coatings for 

Metal Protection. NPG Asia Mater. 2010, 2 (4), 143–151. 

 

15  Dry, C. M.; Sottos, N. R. Passive Smart Self-Repair in Polymer Matrix Composite Materials. In 

Smart Structures and Materials; Varadan, V. K., Ed.; Proceedings of the society of photo-

optical instrumentation engineers (SPIE); SPIE: BELLINGHAM, 1993; Vol. 1916, pp 438–444. 

 

16  Van Tittelboom, K.; De Belie, N.; De Muynck, W.; Verstraete, W. Use of Bacteria to Repair 

Cracks in Concrete. Cem. Concr. Res. 2010, 40 (1), 157–166. 

 

17  Jonkers, H. M.; Schlangen, E. Crack Repair by Concrete-Immobilized Bacteria. In 1st 

International Conference on Self-Healing Materials; 2007. 

 

18  Jonkers, H. M.; Thijssen, A.; Muyzer, G.; Copuroglu, O.; Schlangen, E. Application of Bacteria as 

Self-Healing Agent for the Development of Sustainable Concrete. Ecol. Eng. 2010, 36 (2), 230–

235. 

 

19  García, Á.; Schlangen, E.; Ven, M.; Vliet, D. Highway A58: The First Engineered Self Healing 

Asphalt Road. In 3rd International Conference on Self-Healing Materials; Bath, UK, 2011; Vol. 

44. 

 

20  García, Á.; Schlangen, E.; Ven, M. Van De; Bochove, G. Van. Optimization of Composition and 

Mixing Process of a Self-Healing Porous Asphalt. Constr. Build. Mater. 2012, 30, 59–65. 

 

21  Liu, Q.; Wu, S.; Schlangen, E. Induction Heating of Asphalt Mastic for Crack Control. Constr. 

Build. Mater. 2013, 41, 345–351. 

 

22  Schlangen, E.; Joseph, C. Self-Healing Processes in Concrete. In Self-healing Materials: 

Fundamentals, Design Strategies, and Applications; 2008; pp 141–182. 

 

23  Nijdam, T. J.; Sloof, W. G. Combined Pre-Annealing and Pre-Oxidation Treatment for the 

Processing of Thermal Barrier Coatings on NiCoCrAlY Bond Coatings. Surf. Coatings Technol. 

2006, 201 (7), 3894–3900. 

 

24  Clarke, D. R.; Levi, C. G. Materials Design for the Next Generation Thermal Barrier Coatings. 

Annu. Rev. Mater. Res. 2003, 33 (1), 383–417. 

 



   Bibliography 

121 

25  White, S. R.; Sottos, N. R.; Geubelle, P. H.; Moore, J. S.; Kessler, M. R.; Sriram, S. R.; Brown, E. 

N.; Viswanathan, S. Autonomic Healing of Polymer Composites. Nature 2001, 409 (6822), 794–

797. 

 

26  Fedrizzi, L. Self-Healing Properties of New Surface Treatments; EFC: Leeds, 2011; Vol. Leeds. 

 

27  Yuan, Y. C. Self Healing in Polymers and Polymer Composites. Concepts, Realization and 

Outlook: A Review. eXPRESS Polym. Lett. 2008, 2 (4), 238–250. 

 

28  Blaiszik, B. J.; Kramer, S. L. B.; Olugebefola, S. C.; Moore, J. S.; Sottos, N. R.; White, S. R. Self-

Healing Polymers and Composites. Annu. Rev. Mater. Res. 2010, 40 (1), 179–211. 

 

29  Esteves, A. C. C.; Lyakhova, K.; van Riel, J. M.; van der Ven, L. G. J.; van Benthem, R. a T. M.; de 

With, G. Self-Replenishing Ability of Cross-Linked Low Surface Energy Polymer Films 

Investigated by a Complementary Experimental-Simulation Approach. J. Chem. Phys. 2014, 

140 (12), 124902. 

 

30  Zhao, J.; Xia, L.; Sehgal, A.; Lu, D.; McCreery, R. L.; Frankel, G. S. Effects of Chromate and 

Chromate Conversion Coatings on Corrosion of Aluminum Alloy 2024-T3. Surf. Coatings 

Technol. 2001, 140 (1), 51–57. 

 

31  Ghosh, S. K. Self-Healing Materials: Fundamentals, Design Strategies and Applications; 2009. 

 

32  White, S. R.; Blaiszik, B. J.; Kramer, S. L. B.; Olugebefola, S. C.; Moore, J. S.; Sottos, N. R. Self-

Healing Polymers and Composites Capsules , Circulatory Systems and Chemistry Allow 

Materials to Fix Themselves. Am. Sci. 2011, 392–399. 

 

33  Pang, J. W. C.; Bond, I. P. A Hollow Fibre Reinforced Polymer Composite Encompassing Self-

Healing and Enhanced Damage Visibility. Compos. Sci. Technol. 2005, 65 (11-12), 1791–1799. 

 

34  Toohey, K. S.; Sottos, N. R.; Lewis, J. A.; Moore, J. S.; White, S. R. Self-Healing Materials with 

Microvascular Networks. Nat. Mater. 2007, 6 (8), 581–585. 

 

35  Mookhoek, S. D.; Blaiszik, B. J.; Fischer, H. R.; Sottos, N. R.; White, S. R.; van der Zwaag, S. 

Peripherally Decorated Binary Microcapsules Containing Two Liquids. J. Mater. Chem. 2008, 18 

(44), 5390–5394. 

 

36  Latnikova, A.; Grigoriev, D. O.; Möhwald, H.; Shchukin, D. G. Capsules Made of Cross-Linked 

Polymers and Liquid Core: Possible Morphologies and Their Estimation on the Basis of Hansen 

Solubility Parameters. J. Phys. Chem. C 2012, 116 (14), 8181–8187. 

 

37  Yu, D.; Zhi, M.; Qiu, M.; Zhu, D. Y.; Rong, M. Z.; Zhang, M. Q. Preparation and Characterization 

of Multilayered Microcapsule-like Microreactor for Self-Healing Polymers. Polymer (Guildf). 

2013, 54 (16), 4227–4236. 

 



 

122 

38  Blaiszik, B. J.; Sottos, N. R.; White, S. R. Nanocapsules for Self-Healing Materials. Compos. Sci. 

Technol. 2008, 68 (3-4), 978–986. 

 

39  Rule, J. D.; Sottos, N. R.; White, S. R. Effect of Microcapsule Size on the Performance of Self-

Healing Polymers. Polymer (Guildf). 2007, 48 (12), 3520–3529. 

 

40  García, S. J.; Fischer, H. R.; White, P. a.; Mardel, J.; González-García, Y.; Mol, J. M. C.; Hughes, 

A. E. Self-Healing Anticorrosive Organic Coating Based on an Encapsulated Water Reactive Silyl 

Ester: Synthesis and Proof of Concept. Prog. Org. Coat. 2011, 70 (2-3), 142–149. 

 

41  Sugama, T.; Gawlik, K. Self-Repairing Poly(phenylenesulfide) Coatings in Hydrothermal 

Environments at 200 °C. Mater. Lett. 2003, 57 (26-27), 4282–4290. 

 

42  Miccichè, F.; Fischer, H.; Varley, R.; van der Zwaag, S. Moisture Induced Crack Filling in Barrier 

Coatings Containing Montmorillonite as an Expandable Phase. Surf. Coatings Technol. 2008, 

202 (14), 3346–3353. 

 

43  Caruso, M. M.; Delafuente, D. a.; Ho, V.; Sottos, N. R.; Moore, J. S.; White, S. R. Solvent-

Promoted Self-Healing Epoxy Materials. Macromolecules 2007, 40 (25), 8830–8832. 

 

44  Mookhoek, S. D.; Fischer, H. R.; Zwaag, S. Van Der. A Numerical Study into the Effects of 

Elongated Capsules on the Healing Efficiency of Liquid-Based Systems. Comput. Mater. Sci. 

2009, 47 (2), 506–511. 

 

45  Maia, F.; Tedim, J.; Lisenkov, A. D.; Salak, A. N.; Zheludkevich, M. L.; Maia, F.; Ferreira, G. S. 

Silica Nanocontainers for Active Corrosion Protection. Nanoscale 2012, No. 4, 1287–1298. 

 

46  Staff, R. H.; Gallei, M.; Mazurowski, M.; Rehahn, M.; Berger, R.; Landfester, K.; Crespy, D. 

Patchy Nanocapsules of Poly(vinylferrocene)-Based Block Copolymers for Redox-Responsive 

Release. ACS Nano 2012, 6 (10), 9042–9049. 

 

47  Shchukin, B. D. G.; Zheludkevich, M.; Yasakau, K.; Lamaka, S.; Ferreira, M. G. S.; Möhwald, H. 

Layer-by-Layer Assembled Nanocontainers for Self-Healing Corrosion Protection. Adv. Mater. 

2006, 18, 1672–1678. 

 

48  Zheng, Z.; Huang, X.; Schenderlein, M.; Borisova, D.; Cao, R.; Möhwald, H.; Shchukin, D. Self-

Healing and Antifouling Multifunctional Coatings Based on pH and Sulfide Ion Sensitive 

Nanocontainers. Adv. Funct. Mater. 2013, 23 (26), 3307–3314. 

 

49  Li, G. L.; Schenderlein, M.; Men, Y.; Möhwald, H.; Shchukin, D. G. Monodisperse Polymeric 

Core-Shell Nanocontainers for Organic Self-Healing Anticorrosion Coatings. Adv. Mater. 

Interfaces 2014, 1, 1300019. 

 

50  Buchheit, R.; Guan, H.; Mahajanam, S.; Wong, F. Active Corrosion Protection and Corrosion 

Sensing in Chromate-Free Organic Coatings. Prog. Org. Coat. 2003, 47 (3-4), 174–182. 



   Bibliography 

123 

 

51  Williams, G.; McMurray, H. N. Inhibition of Filiform Corrosion on Organic-Coated AA2024-T3 

by Smart-Release Cation and Anion-Exchange Pigments. Electrochim. Acta 2012, 69, 287–294. 

 

52  Tedim, J.; Kuznetsova, A.; Salak, A. N.; Montemor, F.; Snihirova, D.; Pilz, M.; Zheludkevich, M. 

L.; Ferreira, M. G. S. Zn – Al Layered Double Hydroxides as Chloride Nanotraps in Active 

Protective Coatings. Corros. Sci. 2012, 55, 1–4. 

 

53  Williams, G.; Geary, S.; McMurray, H. N. Smart Release Corrosion Inhibitor Pigments Based on 

Organic Ion-Exchange Resins. Corros. Sci. 2012, 57, 139–147. 

 

54  Tedim, J.; Poznyak, S. K.; Kuznetsova,  a; Raps, D.; Hack, T.; Zheludkevich, M. L.; Ferreira, M. G. 

S. Enhancement of Active Corrosion Protection via Combination of Inhibitor-Loaded 

Nanocontainers. ACS Appl. Mater. Interfaces 2010, 2 (5), 1528–1535. 

 

55  Mardel, J.; Garcia, S. J.; Corrigan, P. A.; Markley, T.; Hughes, A. E.; Muster, T. H.; Lau, D.; 

Harvey, T. G.; Glenn, A. M.; White, P. A.; et al. The Characterisation and Performance of 

Ce(dbp)3-Inhibited Epoxy Coatings. Prog. Org. Coat. 2011, 70 (2-3), 91–101. 

 

56  González-García, Y.; Mol, J. M. C.; Muselle, T.; De Graeve, I.; Van Assche, G.; Scheltjens, G.; Van 

Mele, B.; Terryn, H. A Combined Mechanical , Microscopic and Local Electrochemical 

Evaluation of Self-Healing Properties of Shape-Memory Polyurethane Coatings. Electrochim. 

Acta 2011, 56, 9619–9626. 

 

57  D’Hollander, S.; Van Assche, G.; Van Mele, B.; Du Prez, F. Novel Synthetic Strategy Toward 

Shape Memory Polyurethanes with a Well-Defined Switching Temperature. Polymer (Guildf). 

2009, 50 (19), 4447–4454. 

 

58  Scheltjens, G.; Diaz, M. M.; Brancart, J.; Van Assche, G.; Van Mele, B. A Self-Healing Polymer 

Network Based on Reversible Covalent Bonding. React. Funct. Polym. 2013, 73 (2), 413–420. 

 

59  Bergman, S. D.; Wudl, F. Mendable Polymers. J. Mater. Chem. 2008, 18 (1), 41–62. 

 

60  Scheltjens, G.; Brancart, J.; Graeve, I.; Mele, B.; Terryn, H.; Assche, G. Self-Healing Property 

Characterization of Reversible Thermoset Coatings. J. Therm. Anal. Calorim. 2011, 105 (3), 

805–809. 

 

61  Canadell, J.; Goossens, H.; Klumperman, B. Self-Healing Materials Based on Disulfide Links. 

Macromolecules 2011, 44 (8), 2536–2541. 

 

62  Wilson, A. D.; Prosser, H. J. Developments in Ionic Polymers; Applied Science Publishers: New 

York, 1983; Vol. New York. 

 

63  Kalista, S. J.; Ward, T. C. Self-Healing of Poly(ethylene-Co-Methacrylic Acid) Copolymers 

Following Ballistic Puncture. In 1st International Conference on Self-Healing Materials; 2007. 



 

124 

 

64  Wietor, J.-L.; Dimopoulos, A.; Govaert, L. E.; van Benthem, R. a. T. M.; de With, G.; Sijbesma, R. 

P. Preemptive Healing through Supramolecular Cross-Links. Macromolecules 2009, 42 (17), 

6640–6646. 

 

65  Burattini, S.; Greenland, B. W.; Hayes, W.; Mackay, M. E.; Rowan, S. J.; Colquhoun, H. M. A 

Supramolecular Polymer Based on Tweezer-Type π−π Stacking Interactions: Molecular Design 

for Healability and Enhanced Toughness. Chem. Mater. 2011, 23 (1), 6–8. 

 

66  Jorcin, J.-B.; Scheltjens, G.; Van Ingelgem, Y.; Tourwé, E.; Van Assche, G.; De Graeve, I.; Van 

Mele, B.; Terryn, H.; Hubin, A. Investigation of the Self-Healing Properties of Shape Memory 

Polyurethane Coatings with the “Odd Random Phase Multisine” Electrochemical Impedance 

Spectroscopy. Electrochim. Acta 2010, 55 (21), 6195–6203. 

 

67  Rodriguez, E. D.; Luo, X.; Mather, P. T. Linear/Network Poly(ε-Caprolactone) Blends Exhibiting 

Shape Memory Assisted Self-Healing (SMASH). ACS Appl. Mater. Interfaces 2011, 3 (2), 152–

161. 

 

68  Sinko, J. Challenges of Chromate Inhibitor Pigments Replacement in Organic Coatings. Prog. 

Org. Coat. 2001, 42 (3-4), 267–282. 

 

69  Baghni, I. .; Lyon, S. .; Ding, B. The Effect of Strontium and Chromate Ions on the Inhibition of 

Zinc. Surf. Coatings Technol. 2004, 185 (2-3), 194–198. 

 

70  Costa, M.; Klein, C. B. Toxicity and Carcinogenicity of Chromium Compounds in Humans. Crit. 

Rev. Toxicol. 2006, 36 (2), 155. 

 

71  LaPuma, P. T.; Fox, J. M.; Kimmel, E. C. Chromate Concentration Bias in Primer Paint Particles. 

Regul. Toxicol. Pharmacol. 2001, 33 (3), 343–349. 

 

72  US Public Health Service. Toxicological Profile for Chromium, Report No. ATSDR/TP 88/10; 

1988. 

 

73  Birbilis, N.; Buchheit, R. G.; Ho, D. L.; Forsyth, M. Inhibition of AA2024-T3 on a Phase-by-Phase 

Basis Using an Environmentally Benign Inhibitor , Cerium Dibutyl Phosphate. Electrochem. 

Solid-State Lett. 2005, 8 (11), C180–C183. 

 

74  Barnartt, S. Tafel Slopes for Iron Corrosion in Acidic Solutions. Corrosion 1971, 27 (11), 467–

470. 

 

75  Mansfeld, F. Simultaneous Determination of Instantaneous Corrosion Rates and Tafel Slopes 

from Polarization Resistance Measurements. J. Electrochem. Soc. 1973, 120 (4), 515–518. 

 

76  Garcia, S. J.; Mol, J. M. C.; Wit, J. H. W. De; Muster, T. H.; Hughes, A. E.; Miller, T.; Markley, T.; 

Mardel, J.; Terryn, H. Advances in the Selection and Use of Rare-Earth-Based Inhibitors for 



   Bibliography 

125 

Self-Healing Organic Coatings. In Self-healing properties of new surface treatments; Fedrizzi, L., 

Fürbeth, W., Montemor Fátima, Eds.; EFC, 2011; pp 148–183. 

 

77  Chambers, B. D.; Taylor, S. R. The High Throughput Assessment of Aluminium Alloy Corrosion 

Using Fluorometric Methods. Part I – Development of a Fluorometric Method to Quantify 

Aluminium Ion Concentration. Corros. Sci. 2007, 49 (3), 1584–1596. 

 

78  Muster, T. H.; Trinchi, A.; Markley, T. A.; Lau, D.; Martin, P.; Bradbury, A.; Bendavid, A.; 

Dligatch, S. A Review of High Throughput and Combinatorial Electrochemistry. Electrochim. 

Acta 2011, 56 (27), 9679–9699. 

 

79  Chambers, B. D.; Taylor, S. R. The High Throughput Assessment of Aluminium Alloy Corrosion 

Using Fluorometric Methods . Part II – A Combinatorial Study of Corrosion Inhibitors and 

Synergistic Combinations. Corros. Sci. 2007, 49 (3), 1597–1609. 

 

80  White, P. A.; Smith, G. B.; Harvey, T. G.; Corrigan, P. A.; Glenn, M. A.; Lau, D.; Hardin, S. G.; 

Mardel, J.; Markley, T. A.; Muster, T. H.; et al. A New High-Throughput Method for Corrosion 

Testing. Corros. Sci. 2012, 58, 327–331. 

 

81  Kallip, S.; Bastos, A. C.; Yasakau, K. a.; Zheludkevich, M. L.; Ferreira, M. G. S. Synergistic 

Corrosion Inhibition on Galvanically Coupled Metallic Materials. Electrochem. commun. 2012, 

20 (3), 101–104. 

 

82  Muster, T. H.; Sullivan, H.; Lau, D.; Alexander, D. L. J.; Sherman, N.; Garcia, S. J.; Harvey, T. G.; 

Markley, T. A.; Hughes, A. E.; Corrigan, P. A.; et al. A Combinatorial Matrix of Rare Earth 

Chloride Mixtures as Corrosion Inhibitors of AA2024-T3: Optimisation Using Potentiodynamic 

Polarisation and EIS. Electrochim. Acta 2012, 67, 95–103. 

 

83  Muster, T. H.; Lau, D.; Wrubel, H.; Sherman, N.; Hughes, A. E.; Harvey, T. G.; Markley, T.; 

Alexander, D. L. J.; Corrigan, P. A.; White, P. A.; et al. An Investigation of Rare Earth Chloride 

Mixtures: Combinatorial Optimisation for AA2024-t3 Corrosion Inhibition. Surf. Interface Anal. 

2010, 42 (4), 170–174. 

 

84  Harvey, T. G.; Hardin, S. G.; Hughes, A. E.; Muster, T. H.; White, P. A.; Markley, T. A.; Corrigan, 

P. A.; Mardel, J.; Garcia, S. J.; Mol, J. M. C.; et al. The Effect of Inhibitor Structure on the 

Corrosion of AA2024 and AA7075. Corros. Sci. 2011, 53 (6), 2184–2190. 

 

85  Brancart, J.; Scheltjens, G.; Muselle, T.; Van Mele, B.; Terryn, H.; Van Assche, G. Atomic Force 

Microscopy-Based Study of Self-Healing Coatings Based on Reversible Polymer Network 

Systems. J. Intell. Mater. Syst. Struct. 2012, 25 (1), 40–46. 

 

86  González-García, Y.; Mol, J. M. C.; Muselle, T.; De Graeve, I.; Van Assche, G.; Scheltjens, G.; Van 

Mele, B.; Terryn, H. SECM Study of Defect Repair in Self-Healing Polymer Coatings on Metals. 

Electrochem. commun. 2011, 13 (2), 169–173. 

 



 

126 

87  González-García, Y.; García, S. J.; Hughes, A. E.; Mol, J. M. C. A Combined Redox-Competition 

and Negative-Feedback SECM Study of Self-Healing Anticorrosive Coatings. Electrochem. 

commun. 2011, 13 (10), 1094–1097. 

 

88  Huang, M.; Yang, J. Salt Spray and EIS Studies on HDI Microcapsule-Based Self-Healing 

Anticorrosive Coatings. Prog. Org. Coat. 2014, 77 (1), 168–175. 

 

89  Kong, G.; Lu, J.; Wu, H. Post Treatment of Silane and Cerium Salt as Chromate Replacers on 

Galvanized Steel. J. Rare Earths 2009, 27 (1), 164–168. 

 

90  Aramaki, K. The Inhibition Effects of Chromate-Free, Anion Inhibitors on Corrosion of Zinc in 

Aerated 0.5 M NaCl. Corros. Sci. 2001, 43 (3), 591–604. 

 

91  Lamaka, S. V.; Zheludkevich, M. L.; Yasakau, K. A.; Montemor, M. F.; Ferreira, M. G. S. High 

Effective Organic Corrosion Inhibitors for 2024 Aluminium Alloy. Electrochim. Acta 2007, 52 

(25), 7231–7247. 

 

92  González-García, Y.; Gonzalez, S.; Souto, R. M.; González, S.; Souto, R. M. Electrochemical and 

Structural Properties of a Polyurethane Coating on Steel Substrates for Corrosion Protection. 

Corros. Sci. 2007, 49 (9), 3514–3526. 

 

93  Zheludkevich, M. L.; Yasakau, K. A.; Bastos, A. C.; Karavai, O. V; Ferreira, M. G. S. On the 

Application of Electrochemical Impedance Spectroscopy to Study the Self-Healing Properties 

of Protective Coatings. Electrochem. commun. 2007, 9, 2622–2628. 

 

94  Franklin, M. J.; White, D. C.; Isaacs, H. S. Pitting Corrosion by Bacteria on Carbon Steel, 

Determined by the Scanning Vibrating Electrode Technique. Corros. Sci. 1991, 32 (9), 945–952. 

 

95  de Vooys, A.; van der Weijde, H. Investigating Cracks and Crazes on Coated Steel with 

Simultaneous SVET and EIS. Prog. Org. Coat. 2011, 71 (3), 250–255. 

 

96  He, J.; Gelling, V. J.; Tallman, D. E.; Bierwagen, G. P.; Wallace, G. G. Conducting Polymers and 

Corrosion III. A Scanning Vibrating Electrode Study of Poly(3-Octyl Pyrrole) on Steel and 

Aluminum. J. Electrochem. Soc. 2000, 147 (10), 3667. 

 

97  Karavai, O. V; Bastos, A. C.; Zheludkevich, M. L.; Taryba, M. G.; Lamaka, S. V; Ferreira, M. G. S. 

Localized Electrochemical Study of Corrosion Inhibition in Microdefects on Coated AZ31 

Magnesium Alloy. Electrochim. Acta 2010, 55 (19), 5401–5406. 

 

98  Montemor, M. F.; Snihirova, D. V; Taryba, M. G.; Lamaka, S. V; Kartsonakis, I. A.; Balaskas, A. 

C.; Kordas, G. C.; Tedim, J.; Kuznetsova, A.; Zheludkevich, M. L.; et al. Evaluation of Self-Healing 

Ability in Protective Coatings Modified with Combinations of Layered Double Hydroxides and 

Cerium Molibdate Nanocontainers Filled with Corrosion Inhibitors. Electrochim. Acta 2012, 60, 

31–40. 

 



   Bibliography 

127 

99  Taryba, M.; Lamaka, S. V.; Snihirova, D.; Ferreira, M. G. S.; Montemor, M. F.; Wijting, W. K.; 

Toews, S.; Grundmeier, G. The Combined Use of Scanning Vibrating Electrode Technique and 

Micro-Potentiometry to Assess the Self-Repair Processes in Defects on “smart” Coatings 

Applied to Galvanized Steel. Electrochim. Acta 2011, 56 (12), 4475–4488. 

 

100  Lamaka, S.; Karavai, O.; Bastos,  a; Zheludkevich, M.; Ferreira, M. Monitoring Local Spatial 

Distribution of Mg2+, pH and Ionic Currents. Electrochem. commun. 2008, 10 (2), 259–262. 

 

101  Alvarez-pampliega, A.; Taryba, M. G. G.; Bergh, K. Van Den; Strycker, J. De; Lamaka, S. V. V; 

Terryn, H.; Van den Bergh, K.; De Strycker, J. Study of Local Na+ and Cl− Distributions During 

the Cut-Edge Corrosion of Aluminum Rich Metal-Coated Steel by Scanning Vibrating Electrode 

and Micro-Potentiometric Techniques. Electrochim. Acta 2013, 102, 319–327. 

 

102  Souto, R. M.; Fernandez-Merida, L.; Gonzalez, S. SECM Imaging of Interfacial Processes in 

Defective Organic Coatings Applied on Metallic Substrates Using Oxygen as Redox Mediator. 

Electroanalysis 2009, 21 (24), 2640–2646. 

 

103  Souto, R. M.; Santana, J. J.; Fernández-Mérida, L.; González, S. Sensing Electrochemical Activity 

in Polymer Coated Metals during the Early Stages of Coating degradation–Effect of the 

Polarization of the Substrate. Electrochim. Acta 2011, 56 (26), 9596–9601. 

 

104  Souto, R. M.; González-García, Y.; Izquierdo, J.; González, S. Examination of Organic Coatings 

on Metallic Substrates by Scanning Electrochemical Microscopy in Feedback Mode: Revealing 

the Early Stages of Coating Breakdown in Corrosive Environments. Corros. Sci. 2010, 52 (3), 

748–753. 

 

105  Margarit, I. C. P.; Mattos, O. R.; Markley, T. a.; Hughes, A. E.; Ang, T. C.; Deacon, G. B.; Junk, P.; 

Forsyth, M.; Hong, Y.; Devarapalli, V. K.; et al. About Coatings and Cathodic Protection 

Properties of the Coatings Influencing Delamination and Cathodic Protection Criteria. 

Electrochim. Acta 1998, 44 (6), 363–371. 

 

106  Sørensen, P. A.; Kiil, S.; Dam-Johansen, K.; Weinell, C. E. Influence of Substrate Topography on 

Cathodic Delamination of Anticorrosive Coatings. Prog. Org. Coat. 2009, 64 (2-3), 142–149. 

 

107  Sørensen, P. A.; Dam-Johansen, K.; Weinell, C. E.; Kiil, S. Cathodic Delamination: Quantification 

of Ionic Transport Rates along Coating–steel Interfaces. Prog. Org. Coat. 2010, 68 (1-2), 70–78. 

 

108  Klimow, G.; Fink, N.; Grundmeier, G. Electrochemical Studies of the Inhibition of the Cathodic 

Delamination of Organically Coated Galvanised Steel by Thin Conversion Films. Electrochim. 

Acta 2007, 53 (3), 1290–1299. 

 

109  Paliwoda-Porebska, G.; Stratmann, M.; Rohwerder, M.; Potje-Kamloth, K.; Lu, Y.; Pich,  a. Z.; 

Adler, H.-J. On the Development of Polypyrrole Coatings with Self-Healing Properties for Iron 

Corrosion Protection. Corros. Sci. 2005, 47 (12), 3216–3233. 

 



 

128 

110  Jorcin, J.-B.; Aragon, E.; Merlatti, C.; Pébère, N. Delaminated Areas Beneath Organic Coating: A 

Local Electrochemical Impedance Approach. Corros. Sci. 2006, 48 (7), 1779–1790. 

 

111  Jin, H.; Mangun, C. L.; Stradley, D. S.; Moore, J. S.; Sottos, N. R.; White, S. R. Self-Healing 

Thermoset Using Encapsulated Epoxy-Amine Healing Chemistry. Polymer (Guildf). 2012, 53 (2), 

581–587. 

 

112  Chen, X.; Dam, M. A.; Ono, K.; Mal, A.; Shen, H.; Nutt, S. R.; Sheran, K.; Wudl, F. A Thermally 

Re-Mendable Cross-Linked Polymeric Material. Science (80-. ). 2002, 295 (5560), 1698–1702. 

 

113  Borisova, D.; Akçakayıran, D.; Schenderlein, M.; Möhwald, H.; Shchukin, D. G. Nanocontainer-

Based Anticorrosive Coatings: Effect of the Container Size on the Self-Healing Performance. 

Adv. Funct. Mater. 2013, 23 (30), 3799–3812. 

 

114  Yasakau, K. A.; Tedim, J.; Zheludkevich, M. L.; Ferreira, M. G. S. G. S. Active Corrosion 

Protection by Nanoparticles and Conversion Films of Layered Double Hydroxides. Corrosion 

2013. 

 

115  Dias, S. A. S.; Lamaka, S. V.; Nogueira, C. A.; Diamantino, T. C.; Ferreira, M. G. S. Sol–gel 

Coatings Modified with Zeolite Fillers for Active Corrosion Protection of AA2024. Corros. Sci. 

2012, 62, 153–162. 

 

116  Zheludkevich, M. L.; Shchukin, D. G.; Yasakau, K. A.; Ferreira, M. G. S. Anticorrosion Coatings 

with Self-Healing Effect Based on Nanocontainers Impregnated with Corrosion Inhibitor. 

Chem. Mater. 2007, 19 (3), 402–411. 

 

117  Guan, H.; Buchheit, R. G. Corrosion Protection of Aluminum Alloy 2024-T3 by Vanadate 

Conversion Coatings. Corrosion 2004, 60 (3), 284–296. 

 

118  Zhao, D.; Sun, J.; Zhang, L.; Tan, Y.; Li, J. Corrosion Behavior of Rare Earth Cerium Based 

Conversion Coating on Aluminum Alloy. J. Rare Earths 2010, 28 (10), 371–374. 

 

119  Khramov, A. N.; Voevodin, N. N.; Balbyshev, V. N.; Mantz, R. A. Sol–gel-Derived Corrosion-

Protective Coatings with Controllable Release of Incorporated Organic Corrosion Inhibitors. 

Thin Solid Films 2005, 483 (1-2), 191–196. 

 

120  Andreeva, D. V; Fix, D.; Möhwald, H.; Shchukin, D. G. Self-Healing Anticorrosion Coatings 

Based on pH-Sensitive Polyelectrolyte/Inhibitor Sandwichlike Nanostructures. Adv. Mater. 

2008, 20 (14), 2789–2794. 

 

121  Kakaroglou, A.; Nisol, B.; Hauffman, T.; Graeve, I. De; Reniers, F.; Assche, G. Van. Evaluation of 

the Efficiency of Incorporated Cerium Dibutyl Phosphate in Plasma Polymerized Allyl 

Methacrylate Coatings. Plasma Process. Polym. 

 



   Bibliography 

129 

122  Zheludkevich, M. L.; Tedim, J.; Ferreira, M. G. S. “ Smart ” Coatings for Active Corrosion 

Protection Based on Multi-Functional Micro and Nanocontainers. Electrochim. Acta 2012, 82, 

314–323. 

 

123  Andreeva, D. V; Shchukin, D. G. Smart Self-Repairing Protective Coatings. Mater. Today 2008, 

11 (10), 24–30. 

 

124  Grigoriev, D. O.; Köhler, K.; Skorb, E.; Shchukin, D. G.; Möhwald, H. Polyelectrolyte Complexes 

as a “smart” Depot for Self-Healing Anticorrosion Coatings. Soft Matter 2009, 5 (7), 1426. 

 

125  Latnikova, A.; Grigoriev, D.; Schenderlein, M.; Helmuth, M.; Möhwald, H.; Shchukin, D. A New 

Approach towards “‘active’” Self-Healing Coatings: Exploitation of Microgels. Soft Matter 

2012, 8 (42), 10837–10844. 

 

126  Borisova, D.; Shchukin, D. G.; Möhwald, H.; Shchukin, D. G. Influence of Embedded 

Nanocontainers on the Efficiency of Active Anticorrosive Coatings for Aluminum Alloys Part I: 

Influence of Nanocontainer Concentration. ACS Appl. Mater. Interfaces 2012, 4, 2931–2939. 

 

127  Zheludkevich, M. L.; Poznyak, S. K.; Rodrigues, L. M.; Raps, D.; Hack, T.; Dick, L. F.; Nunes, T.; 

Ferreira, M. G. S. Active Protection Coatings with Layered Double Hydroxide Nanocontainers 

of Corrosion Inhibitor. Corros. Sci. 2010, 52 (2), 602–611. 

 

128  Poznyak, S. K.; Tedim, J.; Rodrigues, L. M.; Salak, A. N.; Zheludkevich, M. L.; Dick, L. F. P.; 

Ferreira, M. G. S. Hydroxides Intercalated with Guest Organic Inhibitors for Anticorrosion 

Applications. ACS Appl. Mater. Interfaces 2009, 1 (10), 2353–2362. 

 

129  Mahajanam, S. Application of Hydrotalcites as Corrosion-Inhibiting Pigments in Organic 

Coatings, The Ohio State University, 2005. 

 

130  Chen, H.; He, J.; Tang, H.; Yan, C. Porous Silica Nanocapsules and Nanospheres: Dynamic Self-

Assembly Synthesis and Application in Controlled Release. Chem. Mater. 2008, 20 (18), 5894–

5900. 

 

131  Hollamby, M. J.; Fix, D.; Dönch, I.; Borisova, D.; Möhwald, H.; Shchukin, D. Hybrid Polyester 

Coating Incorporating Functionalized Mesoporous Carriers for the Holistic Protection of Steel 

Surfaces. Adv. Mater. 2011, 23 (11), 1361–1365. 

 

132  Sauvant-Moynot, V.; Gonzalez, S.; Kittel, J. Self-Healing Coatings: An Alternative Route for 

Anticorrosion Protection. Prog. Org. Coat. 2008, 63 (3), 307–315. 

 

133  Kartsonakis, I. A.; Athanasopoulou, E.; Snihirova, D.; Martins, B.; Koklioti, M. A.; Montemor, M. 

F.; Kordas, G.; Charitidis, C. A. Multifunctional Epoxy Coatings Combining a Mixture of Traps 

and Inhibitor Loaded Nanocontainers for Corrosion Protection of AA2024-T3. Corros. Sci. 2014, 

85, 147–159. 

 



 

130 

134  Suryanarayana, C.; Rao, K. C.; Kumar, D. Preparation and Characterization of Microcapsules 

Containing Linseed Oil and Its Use in Self-Healing Coatings. Prog. Org. Coat. 2008, 63 (1), 72–

78. 

 

135  Muselle, T. Multiple Action Self-Healing Coatings for the Corrosion Protection of Metals, 2010. 

 

136  Montemor, M. F.; Ferreira, M. G. S. Analytical Characterization of Silane Films Modified with 

Cerium Activated Nanoparticles and Its Relation with the Corrosion Protection of Galvanised 

Steel Substrates. Prog. Org. Coat. 2008, 63 (3), 330–337. 

 

137  Simillion, H. Study of the Protective Effect of Corrosion Inhibitors in an Organic Coating on 

Galvanized Steel, Vrije Universiteit Brussel, 2012. 

 

138  Mi, A.; Bol, D. Material Scarcity; 2009. 

 

139  Sastri, V. S. Corrosion Inhibitors Principles and Applications; John Wiley & Sons Ltd, 1998. 

 

140  Orazem, M. E.; Tribollet, B. Electrochemical Impedance Spectroscopy; John Wiley & Sons, 

2008. 

 

141  Ingelgem, Y. Van. Implementation of Multisine EIS in a Toolbox for Electrochemical Studies, 

2009. 

 

142  Blajiev, O. L.; Pintelon, R.; Hubin, A. Detection and Evaluation of Measurement Noise and 

Stochastic Non-Linear Distortions in Electrochemical Impedance Measurements by a Model 

Based on a Broadband Periodic Excitation. J. Electroanal. Chem. 2005, 576, 65–72. 

 

143  Van Gheem, E.; Pintelon, R.; Vereecken, J.; Schoukens, J.; Hubin,  a.; Verboven, P.; Blajiev, O. 

Electrochemical Impedance Spectroscopy in the Presence of Non-Linear Distortions and Non-

Stationary Behaviour Part I: Theory and Validation. Electrochim. Acta 2004, 49 (26), 4753–

4762. 

 

144  Van Gheem, E.; Pintelon, R.; Hubin, A.; Schoukens, J.; Verboven, P.; Blajiev, O.; Vereecken, J. 

Electrochemical Impedance Spectroscopy in the Presence of Non-Linear Distortions and Non-

Stationary Behaviour. Electrochim. Acta 2006, 51 (8-9), 1443–1452. 

 

145  Breugelmans, T.; Tourwé, E.; Van Ingelgem, Y.; Wielant, J.; Hauffman, T.; Hausbrand, R.; 

Pintelon, R.; Hubin, A. Odd Random Phase Multisine EIS as a Detection Method for the Onset 

of Corrosion of Coated Steel. Electrochem. commun. 2010, 12 (1), 2–5. 

 

146  Van Ingelgem, Y.; Tourwé, E.; Blajiev, O.; Pintelon, R.; Hubin, A. Advantages of Odd Random 

Phase Multisine Electrochemical Impedance Measurements. Electroanalysis 2009, 21, 730–

739. 

 



   Bibliography 

131 

147  Blüh, O.; Scott, B. I. H. Vibrating Probe Electrometer for the Measurement of Bioelectric 

Potentials. Rev. Sci. Instrum. 1950, 21 (10), 867. 

 

148  Jaffe, L. F.; Nuccitelli, R. An Ultrasensitive Vibrating Probe for Measuring Steady Extracellular 

Currents. J. Cell Biol. 1974, 63 (2), 614–628. 

 

149  Isaacs, H. S.; Ishikawa, Y. Current and Potential Transients during Localized Corrosion of 

Stainless Steel. J. Electrochem. Soc. 1985, 132 (6), 1288. 

 

150  Crowe, C. R.; Kaspar, R. G. Ionic Current Densities in the Nearfield of a Corroding Iron-Copper 

Galvanic Couple. J. Electrochem. Soc. 1986, 133 (5), 879. 

 

151  Grundmeier, G.; Schmidt, W.; Stratmann, M. Corrosion Protection by Organic Coatings: 

Electrochemical Mechanism and Novel Methods of Investigation. Electrochim. Acta 2000, 45 

(15-16), 2515–2533. 

 

152  Shipley, A. Scanning Vibrating Electrode Technique (SVET). 2006. 

 

153  Burke, L. D.; Moynihan, A. PLATINUM-BLACK SURFACE OXIDES *. 1970, 15 (May 1969), 1437–

1443. 

 

154  Mills, A. Instrumental Note Platinized Platinum , Platinum Sponge and Platinum Black. English 

2006, 89 (89), 35–37. 

 

155  Demeter, A. S.; Dolgikh, O.; Bastos, A. C.; Deconinck, D.; Lamaka, S.; Topa, V.; Deconinck, J. 

Multi-Ion Transport and Reaction Model Used to Improve the Understanding of Local Current 

Density Measurements in Presence of Concentration Gradients around a Point Current Source. 

Electrochim. Acta 2014, 127, 45–52. 

 

156  Raman, C. V.; Krishnan, K. S. A New Type of Secondary Radiation. Nature 1928, 121 (3048), 

501–502. 

 

157  Raman, C. V.; Krishnan, K. S. The Optical Analogue of the Compton Effect. Nature 1928, 121 

(3053), 711–711. 

 

158  McCreery, R. L. Raman Spectroscopy for Chemical Analysis; John Wiley & Sons, Inc., 2000. 

 

159  Nie, S. Probing Single Molecules and Single Nanoparticles by Surface-Enhanced Raman 

Scattering. Science (80-. ). 1997, 275 (5303), 1102–1106. 

 

160  Woods, R.; Hope, G. A.; Watling, K. A SERS Spectroelectrochemical Investigation of the 

Interaction of 2-Mercaptobenzothiazole with Copper , Silver and Gold Surfaces. J. Appl. 

Electrochem. 2000, 30, 1209–1222. 

 



 

132 

161  Sandhyarani, N.; Skanth, G.; Berchmans, S.; Yegnaraman, V.; Pradeep, T. A Combined Surface-

Enhanced Raman – X-Ray Photoelectron Spectroscopic Study of 2-Mercaptobenzothiazole 

Monolayers on Polycrystalline Au and Ag Films. J. Colloid Interface Sci. 1999, 161, 154–161. 

 

162  Garell, R. L. Surface-Enhanced Raman Spectroscopy. Anal. Chem. 1989, 61 (6), 401A – 411A. 

 

163  Yliniemi, K.; Vahvaselkä, M.; Ingelgem, Y. Van; Baert, K.; Wilson, B. P.; Terryn, H.; Kontturi, K. 

The Formation and Characterisation of Ultra-Thin Films Containing Ag Nanoparticles. J. Mater. 

Chem. 2008, 18 (2), 199. 

 

164  Moskovits, M. Surface-Enhanced Raman Spectroscopy: A Brief Retrospective. J. Raman 

Spectrosc. 2005, 36 (6-7), 485–496. 

 

165  Landolt, D. Corrosion and Surface Chemistry of Metals; CRC Press: Boca Raton, Florida, 2007. 

 

166  Kuznetsov, Y. I. Organic Inhibitors of Corrosion of Metals; Springer: New York, 1996. 

 

167  Sastri, V. S. Corrosion Inhibitors: Principles and Applications; Wiley: New York, 1998. 

 

168  Sastri, V. S. Green Corrosion Inhibitors: Theory and Practice; John Wiley & Sons: Hoboken, New 

Jersey, 2012; Vol. 10. 

 

169  Xia, L.; Mccreery, R. L. Chemistry of a Chromate Conversion Coating on Aluminum Alloy 

AA2024-T3 Probed by Vibrational Spectroscopy. J. Electrochem. Soc. 1998, 145 (9), 3083–

3089. 

 

170  Kendig, M. W.; Davenport, A. J.; Isaacs, H. S. The Mechanism of Corrosion Inhibition by 

Chromate Conversion Coatings from X-Ray Absorption Near Edge Spectroscopy (XANES). 

Corros. Sci. 1993, 34 (1), 41–49. 

 

171  Wainright, J. S.; Murphy, O. J.; Antonio, M. R. The Oxidation State and Coordination 

Environment of Chromium in a Sealed Anodic Aluminum Ooxide Film by X-Ray Absorption 

Spectroscopy. Corros. Sci. 1992, 33 (2), 281–293. 

 

172  Norris, C. J.; Meadway, G. J.; O’Sullivan, M. J.; Bond, I. P.; Trask, R. S. Self-Healing Fibre 

Reinforced Composites via a Bioinspired Vasculature. Adv. Funct. Mater. 2011, 21 (19), 3624–

3633. 

 

173  Hansen, C. J.; Wu, W.; Toohey, K. S.; Sottos, N. R.; White, S. R.; Lewis, J. A. Self-Healing 

Materials with Interpenetrating Microvascular Networks. Adv. Mater. 2009, 21 (41), 4143–

4147. 

 

174  Billiet, S.; Hillewaere, X. K. D.; Teixeira, R. F. A.; Du Prez, F. E. Chemistry of Crosslinking 

Processes for Self-Healing Polymers. Macromol. Rapid Commun. 2013, 34 (4), 290–309. 

 



   Bibliography 

133 

175  Wouters, M.; Craenmehr, E.; Tempelaars, K.; Fischer, H.; Stroeks, N.; van Zanten, J. 

Preparation and Properties of a Novel Remendable Coating Concept. Prog. Org. Coat. 2009, 64 

(2-3), 156–162. 

 

176  Tian, Q.; Rong, M. Z.; Zhang, M. Q.; Yuan, Y. C. Synthesis and Characterization of Epoxy with 

Improved Thermal Remendability Based on Diels-Alder Reaction. Polym. Int. 2010, 59 (10), 

1339–1345. 

 

177  Jones, A. R.; Cintora, A.; White, S. R.; Sottos, N. R. Autonomic Healing of Carbon Fiber/Epoxy 

Interfaces. ACS Appl. Mater. Interfaces 2014, 6 (9), 6033–6039. 

 

178  Rivero, G.; Nguyen, L.-T. T.; Hillewaere, X. K. D.; Du Prez, F. E. One-Pot Thermo-Remendable 

Shape Memory Polyurethanes. Macromolecules 2014, 47 (6), 2010–2018. 

 

179  Smith, O. W.; Weigel, J. E.; Trecker, D. J. United States Patent Re.29131. USRE29131, 1977. 

 

180  Nabeth, B.; Gerard, J. F.; Pascault, J. P. Dynamic Mechanical Properties of UV Curable 

Polyurethane Acrylate with Various Reactive Diluents. J. Appl. Polym. Sci. 1996, 60 (12), 2113–

2123. 

 

181  Ghodsieh, M.; Ebrahimi, M.; Bastani, S. UV Curable Urethane Acrylate Coatings Formulation: 

Experimental Design Approach. Pigm. Resin Technol. 1972, 43 (2), 61–68. 

 

182  Koleske, J. V. Paint and Coating Testing Manual: Of the Gardner-Sward Handbook; West 

Conshohocken, Pennsylvania, 1995; Vol. 17. 

 

183  Brandrup, J.; Immergut, E. H.; Grulke, E. A. Polymer Handbook, 4th ed.; Wiley-Interscience: 

New York, 1999. 

 

184  Bastos, A. C.; Ferreira, M. G. S.; Simões, A. M. Comparative Electrochemical Studies of Zinc 

Chromate and Zinc Phosphate as Corrosion Inhibitors for Zinc. Prog. Org. Coat. 2005, 52 (4), 

339–350. 

 

185  Jorcin, J.-B.; Orazem, M. E.; Pébère, N.; Tribollet, B. CPE Analysis by Local Electrochemical 

Impedance Spectroscopy. Electrochim. Acta 2006, 51 (8-9), 1473–1479. 

 

186  Trabelsi, W.; Triki, E.; Dhouibi, L.; Ferreira, M. G. S.; Zheludkevich, M. L.; Montemor, M. F. The 

Use of Pre-Treatments Based on Doped Silane Solutions for Improved Corrosion Resistance of 

Galvanised Steel Substrates. Surf. Coatings Technol. 2006, 200 (14-15), 4240–4250. 

 

187  Beaunier, L.; Epelboin, I.; Lestrade, J. C.; Takenouti, H. Etude Electrochimique, et Par 

Microscopie Electronique a Balayage, Du Fer Recouvert de Peinture. Surf. Technol. 1976, 4 (3), 

237–254. 

 



 

134 

188  Bastos, A. C.; Ostwald, C.; Engl, L.; Grundmeier, G.; Simões, A. M. Formability of Organic 

Coatings—an Electrochemical Approach. Electrochim. Acta 2004, 49 (22-23), 3947–3955. 

 

189  Mansfeld, F.; Han, L. T.; Lee, C. C.; Zhang, G. Evaluation of Corrosion Protection by Polymer 

Coatings Using Electrochemical Impedance Spectroscopy and Noise Analysis. Electrochim. Acta 

1998, 43 (19-20), 2933–2945. 

 

190  Deflorian, F.; Fedrizzi, L.; Bonora, P. L. Determination of the Reactive Area of Organic Coated 

Metals: Physical Meaning and Limits of the Break-Point Method. Electrochim. Acta 1993, 38 

(12), 1609–1613. 

 

191  Bonora, P. L.; Deflorian, F.; Fedrizzi, L. Electrochemical Impedance Spectroscopy as a Tool for 

Investigating Underpaint Corrosion. Electrochim. Acta 1996, 41 (7-8), 1073–1082. 

 

192  Trabelsi, W.; Cecilio, P.; Ferreira, M.; Montemor, M. Electrochemical Assessment of the Self-

Healing Properties of Ce-Doped Silane Solutions for the Pre-Treatment of Galvanised Steel 

Substrates. Prog. Org. Coat. 2005, 54 (4), 276–284. 

 

193  Khramov, A. N.; Balbyshev, V. N.; Voevodin, N. N.; Donley, M. S. Nanostructured Sol–gel 

Derived Conversion Coatings Based on Epoxy- and Amino-Silanes. Prog. Org. Coat. 2003, 47 (3-

4), 207–213. 

 

194  Blin, F.; Koutsoukos, P.; Klepetsianis, P.; Forsyth, M. The Corrosion Inhibition Mechanism of 

New Rare Earth Cinnamate Compounds — Electrochemical Studies. Electrochim. Acta 2007, 52 

(21), 6212–6220. 

 

195  Aramaki, K. The Inhibition Effects of Chromate-Free, Anion Inhibitors on Corrosion of Zinc in 

Aerated 0 . 5 M NaCl. Corros. Sci. 2001, 43, 591–604. 

 

196  Montemor, M.; Ferreira, M. Cerium Salt Activated Nanoparticles as Fillers for Silane Films: 

Evaluation of the Corrosion Inhibition Performance on Galvanised Steel Substrates. 

Electrochim. Acta 2007, 52 (24), 6976–6987. 

 

197  Sherbini, E. E. F. El; Rehim, S. S. A. El. Pitting Corrosion of Zinc in Na2SO4 Solutions and the 

Effect of Some Inorganic Inhibitors. Corros. Sci. 2000, 42, 785–798. 

 

198  Scholes, F. H.; Hughes, A. E.; Jamieson, D.; Inoue, K.; Furman, S. A.; Muster, T. H.; Hardin, S. G.; 

Lau, D.; Harvey, T. G.; Corrigan, P.; et al. Interaction of Ce(dbp) 3 with Surface of Aluminium 

Alloy 2024-T3 Using Macroscopic Models of Intermetallic Phases. Corros. Eng. Sci. Technol. 

2009, 44 (6), 416–424. 

 

199  Nazarov, A.; Thierry, D.; Prosek, T.; Le Bozec, N. Protective Action of Vanadate at Defected 

Areas of Organic Coatings on Zinc. J. Electrochem. Soc. 2005, 152 (7), B220. 

 



   Bibliography 

135 

200  Jakab, M. A.; Scully, J. R. Effect of Molybdate , Cerium , and Cobalt Ions on the Oxygen 

Reduction Reaction on AA2024-T3 and Selected Intermetallics Experimental and Modeling 

Studies. 2006, 244–252. 

 

201  Yasakau, K. A.; Tedim, J.; Montemor, M. F.; Salak, A. N.; Zheludkevich, M. L.; Ferreira, M. G. S. 

Mechanisms of Localized Corrosion Inhibition of AA2024 by Cerium Molybdate Nanowires. J. 

Phys. Chem. C 2013, 117 (11), 5811–5823. 

 

202  Finšgar, M. EQCM and XPS Analysis of 1,2,4-Triazole and 3-Amino-1,2,4-Triazole as Copper 

Corrosion Inhibitors in Chloride Solution. Corros. Sci. 2013, 77, 350–359. 

 

203  Maia, F.; Tedim, J.; Bastos,  a C.; Ferreira, M. G. S.; Zheludkevich, M. L. Nanocontainer-Based 

Corrosion Sensing Coating. Nanotechnology 2013, 24 (41), 415502. 

 

204  Shchukin, D. G.; Grigoriev, D. O.; M, H. Application of Smart Organic Nanocontainers in 

Feedback Active Coatings †. Soft Matter 2010. 

 

205  Montemor, M. F. Functional and Smart Coatings for Corrosion Protection: A Review of Recent 

Advances. Surf. Coatings Technol. 2014, 258, 17–37. 

 

206  Andreeva, D. V; Shchukin, D. G. Smart Self-Repairing Nanocontainers with a Shell Possessing 

Controlled Release Properties Can. 2008, 11 (10), 24–30. 

 

207  Le Page, M.; Beau, R.; Duchene, J. Porous Silica Particles Containing a Crystallized Phase and 

Method, 1970. 

 

208  Kecht, J.; Schlossbauer, A.; Bein, T. Selective Functionalization of the Outer and Inner Surfaces 

in Mesoporous Silica Nanoparticles. Chem. Mater. 2008. 

 

209  Layered Double Hydroxides; Duan, X., Evans, D. G., Eds.; Structure and Bonding; Springer, 

2006. 

 

210  Kuang, Y.; Zhao, L.; Zhang, S.; Zhang, F.; Dong, M.; Xu, S.; District, C. Morphologies, 

Preparations and Applications of Layered Double Hydroxide Micro-/Nanostructures. Rev. Lit. 

Arts Am. 2010, 5220–5235. 

 

211  Newman, S.; Jones, W. Comparative Study of Some Layered Hydroxide Salts Containing 

Exchangeable Interlayer Anions. J. Solid State Chem. 1999, 148 (1), 26–40. 

 

212  Rives, V.; Angeles Ulibarri, M. Layered Double Hydroxides (LDH) Intercalated with Metal 

Coordination Compounds and Oxometalates. Coord. Chem. Rev. 1999, 181 (1), 61–120. 

 

213  Hintze-Bruening, H.; Leroux, F. Nanocomposite Based Multifunctional Coatings. In New 

Advances in Vehicular Technology and Automotive Engineering; InTech, 2012. 

 



 

136 

214  He, J.; Wei, M.; Li, B.; Kang, Y.; Evans, D. G.; Duan, X. Preparation of Layered Double 

Hydroxides. In Layered Double Hydroxides; 2006; Vol. 119, pp 89–119. 

 

215  Oh, J.-M.; Hwang, S.-H.; Choy, J.-H. The Effect of Synthetic Conditions on Tailoring the Size of 

Hydrotalcite Particles. Solid State Ionics 2002, 151 (1-4), 285–291. 

 

216  Yang, H.; Sun, Y.; Ji, J.; Song, W.; Zhu, X.; Yao, Y.; Zhang, Z. 2-Mercaptobenzothiazole 

Monolayers on Zinc and Silver Surfaces for Anticorrosion. Corros. Sci. 2008, 50 (11), 3160–

3167. 

 

217  Hughes, A. E.; Mayo, S.; Yang, Y. S.; Markley, T.; Smith, S. V.; Sellaiyan, S.; Uedono, A.; Hardin, 

S. G.; Muster, T. H. Using X-Ray Tomography, PALS and Raman Spectroscopy for 

Characterization of Inhibitors in Epoxy Coatings. Prog. Org. Coat. 2012, 74 (4), 726–733. 

 

218  Gordon, K. C.; McGoverin, C. M. Raman Mapping of Pharmaceuticals. Int. J. Pharm. 2011, 417 

(1-2), 151–162. 

 

219  Leelajariyakul, S.; Noguchi, H.; Kiatkamjornwong, S. Surface-Modified and Micro-Encapsulated 

Pigmented Inks for Ink Jet Printing on Textile Fabrics. Prog. Org. Coat. 2008, 62 (2), 145–161. 

 

220  Jämsä, S.; Mahlberg, R.; Holopainen, U.; Ropponen, J.; Savolainen, A.; Ritschkoff, A.-C. Slow 

Release of a Biocidal Agent from Polymeric Microcapsules for Preventing Biodeterioration. 

Prog. Org. Coat. 2013, 76 (1), 269–276. 

 

221  Nesterova, T.; Dam-Johansen, K.; Kiil, S. Synthesis of Durable Microcapsules for Self-Healing 

Anticorrosive Coatings: A Comparison of Selected Methods. Prog. Org. Coat. 2011, 70 (4), 

342–352. 

 

222  Borisova, D.; Möhwald, H.; Shchukin, D. G. Influence of Embedded Nanocontainers on the 

Efficiency of Active Anticorrosive Coatings for Aluminum Alloys Part II: Influence of 

Nanocontainer Position. ACS Appl. Mater. Interfaces 2013, 5 (1), 80–87. 

 

223  Latnikova, A. Polymeric Capsules for Self-Healing Anticorrosion Coatings, University of 

Potsdam, Germany, 2012. 

 

224  Brown, E. N.; Kessler, M. R.; Sottos, N. R.; White, S. R. In-Situ Poly(Urea-Formaldehyde) 

Microencapsulation of Dicyclopentadiene. J. Microencapsul. 2003, 20 (6), 719–730. 

 

225  Kumar, A.; Stephenson, L. D.; Murray, J. N. Self-Healing Coatings for Steel. Prog. Org. Coat. 

2006, 55 (3), 244–253. 

 

226  Liu, G.; Zeng, H.; Lu, Q.; Zhong, H.; Choi, P.; Xu, Z. Adsorption of Mercaptobenzoheterocyclic 

Compounds on Sulfide Mineral Surfaces : A Density Functional Theory Study of Structure – 

Reactivity Relations. Colloids Surfaces A Physicochem. Eng. Asp. 2012, 409, 1–9. 

 



   Bibliography 

137 

227  Lee, W. L.; Widjaja, E.; Loo, S. C. J. Designing Drug-Loaded Multi-Layered Polymeric 

Microparticles. J. Mater. Sci. Mater. Med. 2012, 23 (1), 81–88. 

 

228  Yuan, Y. C.; Rong, M. Z.; Zhang, M. Q.; Chen, J.; Yang, G. C.; Li, X. M. Self-Healing Polymeric 

Materials Using Epoxy/Mercaptan as the Healant. Macromolecules 2008, 41 (14), 5197–5202. 

 

229  Blakey, I.; Day, G.; Girjes, E.; Hunter, D. S.; Rasoul, F. Characterisation of Grafted Supports 

Used for Solid-Phase Synthesis. Polym. Int. 2003, 52 (11), 1734–1739. 

 

230  Schrof, W.; Beck, E.; Etzrodt, G.; Hintze-Brüning, H.; Meisenburg, U.; Schwalm, R.; Warming, J. 

Depth-Resolved Characterization of UV Cured Coatings by Confocal Raman and Two-Photon 

Microscopy. Prog. Org. Coat. 2001, 43 (1-3), 1–9. 

 

231  Froud, C. a; Ard, I. P. H.; Laven, J. Advances in the Raman Depth Profiling of Polymer 

Laminates. 2003, 57 (12), 1468–1474. 

 

232  Jérez Rozo, J. I.; Zarow, A.; Zhou, B.; Pinal, R.; Iqbal, Z.; Romañach, R. J. Complementary near-

Infrared and Raman Chemical Imaging of Pharmaceutical Thin Films. J. Pharm. Sci. 2011, 100 

(11), 4888–4895. 

 

233  Everall, N. Modeling and Measuring the Effect of Refraction on the Depth Resolution of 

Confocal Raman Microscopy. Appl. Spectrosc. 2000, 54 (6), 773–782. 

 

234  Yasakau, K. a.; Tedim, J.; Zheludkevich, M. L.; Drumm, R.; Shem, M.; Wittmar, M.; Veith, M.; 

Ferreira, M. G. S. Cerium Molybdate Nanowires for Active Corrosion Protection of Aluminium 

Alloys. Corros. Sci. 2012, 58, 41–51. 

 

235  Döhler, D.; Peterlik, H.; Binder, W. H. A Dual Crosslinked Self-Healing System: Supramolecular 

and Covalent Network Formation of Four-Arm Star Polymers. Polymer (Guildf). 2015, 69, 264–

273. 

 

236  Lutz, A.; van den Berg, O.; Van Damme, J.; Verheyen, K.; Bauters, E.; De Graeve, I.; Du Prez, F. 

E.; Terryn, H. A Shape Recovery Polymer Coating for the Corrosion Protection of Metallic 

Surfaces. ACS Appl. Mater. Interfaces 2015, 7 (1), 175–183. 

 

237  Hillewaere, X. K. D.; Du Prez, F. E. Fifteen Chemistries for Autonomous External Self-Healing 

Polymers and Composites. Prog. Polym. Sci. 2015. 

 

238  Luo, X.; Mather, P. T. Shape Memory Assisted Self-Healing Coating. ACS Macro Lett. 2013, 2 

(2), 152–156. 

 

239  Montemor, M.; Trabelsi, W.; Lamaka, S.; Yasakau, K.; Zheludkevich, M.; Bastos, A.; Ferreira, M. 

The Synergistic Combination of Bis-Silane and CeO2·ZrO2 Nanoparticles on the 

Electrochemical Behaviour of Galvanised Steel in NaCl Solutions. Electrochim. Acta 2008, 53 

(20), 5913–5922. 



 

138 

 

240  Hong, Y.; Devarapalli, V. K.; Roy, D.; Babu, S. V. Synergistic Roles of Dodecyl Sulfate and 

Benzotriazole in Enhancing the Efficiency of CMP of Copper. J. Electrochem. Soc. 2007, 154 (6), 

H444. 

 

241  Markley, T. a.; Hughes, A. E.; Ang, T. C.; Deacon, G. B.; Junk, P.; Forsyth, M. Influence of 

Praseodymium. Electrochem. Solid-State Lett. 2007, 10 (12), C72. 

 

242  Serdechnova, M.; Kallip, S.; Ferreira, M. G. S.; Zheludkevich, M. L. Active Self-Healing Coating 

for Galvanically Coupled Multi-Material Assemblies. Electrochem. commun. 2014, 41 (3), 51–

54. 

 

243  Ferrer, E. L.; Rollon, A. P.; Mendoza, H. D.; Lafont, U.; Garcia, S. J. Double-Doped Zeolites for 

Corrosion Protection of Aluminium Alloys. Microporous Mesoporous Mater. 2014, 188, 8–15. 

 

244  Bastos, A. C.; Zheludkevich, M. L.; Ferreira, M. G. S. A SVET Investigation on the Modification 

of Zinc Dust Reactivity. Prog. Org. Coat. 2008, 63, 282–290. 

 

245  Müller, B.; Imblo, G. Heterocycles as Corrosion Inhibitors for Zinc Pigments in Aqueous 

Alkaline Media. Corros. Sci. 1996, 38 (2), 293–300. 

 

246  Hauffman, T.; Van Ingelgem, Y.; Breugelmans, T.; Tourwé, E.; Terryn, H.; Hubin, A. Dynamic, in 

Situ Study of Self-Assembling Organic Phosphonic Acid Monolayers from Ethanolic Solutions 

on Aluminium Oxides by Means of Odd Random Phase Multisine Electrochemical Impedance 

Spectroscopy. Electrochim. Acta 2013, 106, 342–350. 

 

247  Bastos,  a. C.; Zheludkevich, M. L.; Klüppel, I.; Grundmeier, G.; Ferreira, M. G. S. Modification 

of Zinc Powder to Improve the Corrosion Resistance of Weldable Primers. Prog. Org. Coat. 

2010, 69 (2), 184–192. 

 

248  Walter, G. W. A Review of Impedance Plot Methods Used for Corrosion Performance Analysis 

of Painted Metals. Corros. Sci. 1986, 26 (9), 681–703. 

 

249  Amirudin,  a.; Thieny, D. Application of Electrochemical Impedance Spectroscopy to Study the 

Degradation of Polymer-Coated Metals. Prog. Org. Coat. 1995, 26 (1), 1–28. 

 

250  Westbrook, K. K.; Mather, P. T.; Parakh, V.; Dunn, M. L.; Ge, Q.; Lee, B. M.; Qi, H. J. Two-Way 

Reversible Shape Memory Effects in a Free-Standing Polymer Composite. Smart Mater. Struct. 

2011, 20 (6), 065010. 

 

251  Catubig, R.; Hughes,  a. E.; Cole, I. S.; Hinton, B. R. W.; Forsyth, M. The Use of Cerium and 

Praseodymium Mercaptoacetate as Thiol-Containing Inhibitors for AA2024-T3. Corros. Sci. 

2014, 81, 45–53. 

 



   Bibliography 

139 

252  Stimpfling, T.; Leroux, F.; Hintze-Bruening, H. Organo-Modified Layered Double Hydroxide in 

Coating Formulation to Protect AA2024 from Corrosion. Colloids Surfaces A Physicochem. Eng. 

Asp. 2014, 1–8. 

 

253  Sharma, P.; Shukla, S.; Lochab, B.; Kumar, D.; Kumar Roy, P. Microencapsulated Cardanol 

Derived Benzoxazines for Self-Healing Applications. Mater. Lett. 2014, 133, 266–268. 

 

254  Sanna, V.; Roggio, A. M.; Pala, N.; Marceddu, S.; Lubinu, G.; Mariani, A.; Sechi, M. Effect of 

Chitosan Concentration on PLGA Microcapsules for Controlled Release and Stability of 

Resveratrol. Int. J. Biol. Macromol. 2014, 72C, 531–536. 

 

255  Wang, W.; Xu, L.; Li, X.; Yang, Y.; An, E. Self-Healing Properties of Protective Coatings 

Containing Isophorone Diisocyanate Microcapsules on Carbon Steel Surfaces. Corros. Sci. 

2014, 80, 528–535. 

 

256  Nazarov, V. A.; Taryba, M. G.; Zdrachek, E. A.; Andronchyk, K. A.; Egorov, V. V.; Lamaka, S. V. 

Sodium- and Chloride-Selective Microelectrodes Optimized for Corrosion Studies. J. 

Electroanal. Chem. 2013, 706, 13–24. 

 

257  Zdrachek, E. A.; Karotkaya, A. G.; Nazarov, V. A.; Andronchyk, K. A.; Stanishevskii, L. S.; Egorov, 

V. V.; Taryba, M. G.; Snihirova, D.; Kopylovich, M.; Lamaka, S. V. H+-Selective Microelectrodes 

with Optimized Measuring Range for Corrosion Studies. Sensors Actuators B Chem. 2015, 207, 

967–975. 

 

258  Taryba, M. G.; Lamaka, S. V. Plasticizer-Free Solid-Contact pH-Selective Microelectrode for 

Visualization of Local Corrosion. J. Electroanal. Chem. 2014, 725, 32–38. 

 

259  Taryba, M. G.; Van den Bergh, K.; De Strycker, J.; Dolgikh, O.; Deconinck, J.; Lamaka, S. V. 

Novel Use of a Micro-Optode in Overcoming the Negative Influence of the Amperometric 

Micro-Probe on Localized Corrosion Measurements. Corros. Sci. 2015, 1–5. 

 

260  Hughes, A. E.; Trinchi, A.; Chen, F. F.; Yang, Y. S.; Cole, I. S.; Sellaiyan, S.; Carr, J.; Lee, P. D.; 

Thompson, G. E.; Xiao, T. Q. The Application of Multiscale Quasi 4D CT to the Study of SrCrO4 

Distributions and the Development of Porous Networks in Epoxy-Based Primer Coatings. Prog. 

Org. Coat. 2014, 77 (11), 1946–1956. 

 

261  van Soestbergen, M.; Erich, S. J. F.; Huinink, H. P.; Adan, O. C. G. Inhibition of pH Fronts in 

Corrosion Cells due to the Formation of Cerium Hydroxide. Electrochim. Acta 2013, 110, 491–

500. 

 

262  Abdolahzadeh, M.; C. Esteves,  a. C.; Van Der Zwaag, S.; Garcia, S. J. Healable Dual Organic-

Inorganic Crosslinked Sol-Gel Based Polymers: Crosslinking Density and Tetrasulfide Content 

Effect. J. Polym. Sci. Part A Polym. Chem. 2014, 52 (14), 1953–1961. 

 



 

140 

263  Song, Y.-K.; Jo, Y.-H.; Lim, Y.-J.; Cho, S.-Y.; Yu, H.-C.; Ryu, B.-C.; Lee, S.-I.; Chung, C.-M. Sunlight-

Induced Self-Healing of a Microcapsule-Type Protective Coating. ACS Appl. Mater. Interfaces 

2013, 5 (4), 1378–1384. 

 

264  Iyi, N.; Yamada, H. Efficient Decarbonation of Carbonate-Type Layered Double Hydroxide (CO3 

2- LDH) by Ammonium Salts in Alcohol Medium. Appl. Clay Sci. 2012, 65-66, 121–127. 

 

265  Vrignaud, S.; Benoit, J.-P.; Saulnier, P. Strategies for the Nanoencapsulation of Hydrophilic 

Molecules in Polymer-Based Nanoparticles. Biomaterials 2011, 32 (33), 8593–8604. 

 

266  Bastos, A. C.; Taryba, M. G.; Karavai, O. V; Zheludkevich, M. L.; Lamaka, S. V; Ferreira, M. G. S. 

Micropotentiometric Mapping of Local Distributions of Zn2+ Relevant to Corrosion Studies. 

Electrochem. commun. 2010, 12 (3), 394–397. 

 

267  Lamaka, S. V.; Souto, R. M.; Ferreira, M. G. S. In-Situ Visualization of Local Corrosion by 

Scanning Ion-Selective Electrode Technique (SIET). In Microscopy: Science, Technology, 

Applications and Education; 2010; pp 2162–2173. 

 

268  Lamaka, S. V.; Taryba, M.; Montemor, M. F.; Isaacs, H. S.; Ferreira, M. G. S. Quasi-

Simultaneous Measurements of Ionic Currents by Vibrating Probe and pH Distribution by Ion-

Selective Microelectrode. Electrochem. commun. 2011, 13 (1), 20–23. 

 

269  Izquierdo, J.; Santana, J. J.; González, S.; Souto, R. M. Scanning Microelectrochemical 

Characterization of the Anti-Corrosion Performance of Inhibitor Films Formed by 2-

Mercaptobenzimidazole on Copper. Prog. Org. Coat. 2012, 74 (3), 526–533. 

 

270  Abodi, L. C.; Gonzalez-Garcia, Y.; Dolgikh, O.; Dan, C.; Deconinck, D.; Mol, J. M. C.; Terryn, H.; 

Deconinck, J. Simulated and Measured Response of Oxygen SECM-Measurements in Presence 

of a Corrosion Process. Electrochim. Acta 2014, 146, 556–563. 

 

271  Finšgar, M.; Kek Merl, D. An Electrochemical, Long-Term Immersion, and XPS Study of 2-

Mercaptobenzothiazole as a Copper Corrosion Inhibitor in Chloride Solution. Corros. Sci. 2014, 

83, 164–175. 

 



   

 

Appendix 

 

 

Figure A.1: SEC trace of NF, Mn 11700, Mw 15000, Ð 1,28 

 

 

Figure A.2: TEM image of a stained NF polymer. Dark zones show the poly-IBOA phase around the bright zones 
(PCL). Image taken by Hans D’Hondt from EMAT, University of Antwerp.  
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Table A.1: Results of preliminary modeling of the EIS results on the coating with (FL) and without (NF) flexible 
spacers. The reference electrode artefacts at high frequencies prevented the calculation of the solution 
resistance and only values below 5 kHz were used for the fitting procedure. 

Name 
CPEcoat-
T(+) 

CPEcoat-
P(+) Rpore(+) 

CPEdl-
T(+) 

CPEdl-
P(x) Rct(+) 

FL undamaged 9,48E-10 0,992 7,74E+09 
   FL defect 5,66E-09 0,89252 4374400 3,76E-07 1 2030200 

FL healed 1,22E-09 0,96995 3,79E+08 
   NF undamaged 9,82E-10 0,99284 7,02E+09 
   NF defect 4,72E-09 0,89548 2863200 1,27E-07 1 1097600 

NF healed 1,21E-09 0,96893 1,19E+09 
    

Table A.2: The average Tafel coefficients, corrosion currents and corrosion potentials on zinc obtained from 
LSV experiments. 

System banodic 
(V) 

bcathodic 
(V) 

𝐿𝑜𝑔
𝑗𝑐𝑜𝑟𝑟

𝑚𝐴
𝑐𝑚2

 

REF 0.119 -0.352 -1.10 

CE-3 0.028 -0.326 -2.64 

CE-4 0.068 -0.480 -1.49 

CE-5 0.037 -0.606 -1.26 

BTA-3 0.042 -0.198 -3.08 

BTA-4 0.069 -0.285 -2.25 

BTA-5 0.103 -0.270 -1.32 

MBT-4 0.030 -0.277 -3.18 

MBT-5 0.038 -0.258 -3.18 

MoO4-4 0.062 -0.326 -1.66 

MoO4-5 0.097 -0.446 -1.06 

PO4-3 0.075 -0.573 -2.03 

PO4-4 0.108 -1.083 -1.05 

 



  Appendix Appendix 

143 

Table A.3: Polarization resistance and calculated corrosion current density of zinc in the respective solutions. 

 Rp 

(kΩ*cm²) 
𝐿𝑜𝑔

𝑗𝑐𝑜𝑟𝑟

𝑚𝐴
𝑐𝑚2

 

REF 0.30 -0.58 

CE-3 8.73 -2.81 

CE-4 0.70 -1.30 

CE-5 0.48 -1.44 

BTA-3 24.25 -3.02 

BTA-4 0.67 -1.23 

BTA-5 0.34 -0.67 

MBT-4 33.12 -3.35 

MBT-5 3.88 -2.30 

MoO4-4 3.92 -2.07 

MoO4-5 0.30 -0.74 

PO4-3 0.81 -1.33 

PO4 -4 0.38 -0.86 

 

Table A.4: Table for the peak identification of the surface enhanced Raman spectra of MBT on a silver probe in 
chapter 5. 

Vibration ν(CS) ν(CH) ν(CH) ν(CC), ν(CH) CH rock CH rock ν(ring) 

Peak /cm
-1

 569 (w) 712 (w) 1004 (m) 1132 (w) 1236 (m) 1386 (s) 1589 (w) 

 

  
Figure A.3: The indentations in the MASH coating were closed by heating the sample for 2 min to 60°C. (Left 
figure: before heating, right figure: after heating) 
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Table A.5: Peak identification of the Raman spectra in Figure 7.4. Peaks shifts are in cm
-1

. 

Vibration N-H wag. ν(CH) ν(CH) ν(CH) ν(CH) 
ν(COC), 
ν(CH) 

 

MBT leached out of 
MLDH particle 

   712 (w) 1004 (m)   

MLDH particle in 
coating 

502 (m) 625 (w) 649 (w) 702 (w) 1016 (m) 1081 (w)  

MLDH powder 502 (m)   702 (w) 1016 (m)   

MBT reference    712 (w) 1004 (m)   

coating  625 (s) 649 (s)   1081 (m)  

        

Vibration 
ν(COC), 
ν(CC) 

ν(CC), 
ν(CH) CH rock CH rock ν(CN) ν(ring) ν(CO) 

MBT leached out of 
MLDH particle 

 1132 (w) 1236 (m) 1386 (s)  1589 (w)  

MLDH particle in 
coating 

1109 (w) 1132 (w) 1237 (s) 1365 (s) 1450 (w) 1582 (w) 1723 (w) 

MLDH powder  1132 (w) 1237 (s) 1365 (s) 1450 (w) 1582 (w)  

MBT reference  1132 (w) 1236 (m) 1386 (s)  1589 (w)  

coating 1109 (m)      1723 (m) 

 

Table A.6: Results of preliminary modeling of the EIS results on the reference coating (NF) and the MASH 
coating (MLDH). The reference electrode artefacts at high frequencies prevented the calculation of the 
solution resistance and were fitted with a CPE and a resistance in parallel. This artefact model might physically 
not be correct, but allowed the fitting of the full spectrum. 

 Name 
CPE1-
T(+) 

CPE1-
P(+) R1(+) 

CPEcoat-
T(+) 

CPEcoat
-P(+) Rpore(+) 

CPEdl-
T(+) 

CPEdl
-P(+) Rct(+) 

NF defect 
   

4,72E-09 0,90 2,86E+06 1,27E-07 1 1,10E+06 

NF 1h 2,05E-10 0,98 21996 1,22E-08 0,81 1,72E+05 1,92E-06 0,68 3,52E+05 

NF 48h 1,96E-10 0,99 8609 2,56E-06 0,59 5,24E+03 3,27E-06 0,81 5,87E+04 
MLDH 
defect 1,38E-10 0,99 22877 3,59E-08 0,79 1,80E+05 7,19E-08 0,87 2,35E+06 

MLDH 1h 1,21E-10 0,99 29562 3,00E-08 0,81 1,71E+05 1,70E-07 0,82 1,69E+06 

MLDH 48h 1,62E-10 0,97 20685 3,99E-07 0,65 1,13E+05 4,04E-07 0,86 1,92E+06 
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Table A.7: Calculations of the influence of the size of scratch filling agent loaded capsules and a 100 µm thick 
coating loaded with different amount of these capsules on the filling of a 50 µm wide scratch.  

Scratch width µm 50 50 50 50 50 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 50 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 52 54 60 70 90 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 2500000 2500000 2500000 2500000 2500000 
self-healing agent releasing volume µm³ 110400 221600 560000 1140000 2360000 
coating loading with SH containers vol% 1 1 1 1 1 
fillable volume µm³ 1104 2216 5600 11400 23600 
healable height µm 0.044 0.089 0.224 0.456 0.944 
       

Scratch width µm 50 50 50 50 50 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 52 54 60 70 90 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 2500000 2500000 2500000 2500000 2500000 
self-healing agent releasing volume µm³ 110400 221600 560000 1140000 2360000 
coating loading with SH containers vol% 5 5 5 5 5 
fillable volume µm³ 5520 11080 28000 57000 118000 
healable height µm 0.221 0.443 1.120 2.280 4.720 
       

Scratch width µm 50 50 50 50 50 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 52 54 60 70 90 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 2500000 2500000 2500000 2500000 2500000 
self-healing agent releasing volume µm³ 110400 221600 560000 1140000 2360000 
coating loading with SH containers vol% 10 10 10 10 10 
fillable volume µm³ 11040 22160 56000 114000 236000 
healable height µm 0.442 0.886 2.240 4.560 9.440 
       

Scratch width µm 50 50 50 50 50 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 50 
self-healing agent releasing depth µm 1 2 5 10 25 
self-healing agent releasing width µm 52 54 60 70 100 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 550 
Scratch volume µm³ 2500000 2500000 2500000 2500000 2500000 
self-healing agent releasing volume µm³ 110400 221600 560000 1140000 3000000 
coating loading with SH containers vol% 20 20 20 20 20 
fillable volume µm³ 22080 44320 112000 228000 600000 
healable height µm 0.883 1.773 4.480 9.120 24.000 
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Table A.8: Calculations of the influence of the size of scratch filling agent loaded capsules and a 100 µm thick 
coating loaded with different amount of these capsules on the filling of a 10 µm wide scratch.  

Scratch width µm 10 10 10 10 10 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 12 14 20 30 50 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 500000 500000 500000 500000 500000 
self-healing agent releasing volume µm³ 102400 205600 520000 1060000 2200000 
coating loading with SH containers vol% 1 1 1 1 1 
fillable volume µm³ 1024 2056 5200 10600 22000 
healable height µm 0.205 0.411 1.040 2.120 4.400 
       

Scratch width µm 10 10 10 10 10 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 12 14 20 30 50 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 500000 500000 500000 500000 500000 
self-healing agent releasing volume µm³ 102400 205600 520000 1060000 2200000 
coating loading with SH containers vol% 5 5 5 5 5 
fillable volume µm³ 5120 10280 26000 53000 110000 
healable height µm 1.024 2.056 5.200 10.600 22.000 
       

Scratch width µm 10 10 10 10 10 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 12 14 20 30 50 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 500000 500000 500000 500000 500000 
self-healing agent releasing volume µm³ 102400 205600 520000 1060000 2200000 
coating loading with SH containers vol% 10 10 10 10 10 
fillable volume µm³ 10240 20560 52000 106000 220000 
healable height µm 2.048 4.112 10.400 21.200 44.000 
       

Scratch width µm 10 10 10 10 10 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 50 
self-healing agent releasing depth µm 1 2 5 10 25 
self-healing agent releasing width µm 12 14 20 30 60 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 550 
Scratch volume µm³ 500000 500000 500000 500000 500000 
self-healing agent releasing volume µm³ 102400 205600 520000 1060000 2800000 
coating loading with SH containers vol% 20 20 20 20 20 
fillable volume µm³ 20480 41120 104000 212000 560000 
healable height µm 4.096 8.224 20.800 42.400 112.000 
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Table A.9: Calculations of the influence of the size of scratch filling agent loaded capsules and a 100 µm thick 
coating loaded with different amount of these capsules on the filling of a 1 µm wide scratch.  

Scratch width µm 1 1 1 1 1 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 50 
self-healing agent releasing depth µm 1 2 5 10 25 
self-healing agent releasing width µm 3 5 11 21 51 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 50000 50000 50000 50000 50000 
self-healing agent releasing volume µm³ 100600 202000 511000 1042000 2704000 
coating loading with SH containers vol% 1 1 1 1 1 
fillable volume µm³ 1006 2020 5110 10420 27040 
healable height µm 2.012 4.040 10.220 20.840 54.080 
       

Scratch width µm 1 1 1 1 1 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 3 5 11 21 41 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 50000 50000 50000 50000 50000 
self-healing agent releasing volume µm³ 100600 202000 511000 1042000 2164000 
coating loading with SH containers vol% 5 5 5 5 5 
fillable volume µm³ 5030 10100 25550 52100 108200 
healable height µm 10.060 20.200 51.100 104.200 216.400 
       

Scratch width µm 1 1 1 1 1 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 4 10 20 40 
self-healing agent releasing depth µm 1 2 5 10 20 
self-healing agent releasing width µm 3 5 11 21 41 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 540 
Scratch volume µm³ 50000 50000 50000 50000 50000 
self-healing agent releasing volume µm³ 100600 202000 511000 1042000 2164000 
coating loading with SH containers vol% 10 10 10 10 10 
fillable volume µm³ 10060 20200 51100 104200 216400 
healable height µm 20.120 40.400 102.200 208.400 432.800 
       

Scratch width µm 1 1 1 1 1 
Scratch height µm 100 100 100 100 100 
Scratch length µm 500 500 500 500 500 
capsule diameter µm 2 5 10 20 40 
self-healing agent releasing depth µm 1 2.5 5 10 20 
self-healing agent releasing width µm 3 6 11 21 41 
self-healing agent releasing height µm 100 100 100 100 100 
self-healing agent releasing length µm 502 504 510 520 550 
Scratch volume µm³ 50000 50000 50000 50000 50000 
self-healing agent releasing volume µm³ 100600 252400 511000 1042000 2205000 
coating loading with SH containers vol% 20 20 20 20 20 
fillable volume µm³ 20120 50480 102200 208400 441000 
healable height µm 40.240 100.960 204.400 416.800 882.000 
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Table A.10: Calculations of the influence of the size of scratch filling agent loaded capsules and a 10 µm thick coating loaded with different amount of these capsules on the 
filling of a 0.1 µm wide scratch.  

Scratch width µm 0.1 0.1 0.1 
 

0.1 0.1 0.1 
Scratch height µm 10 10 10 

 
10 10 10 

Scratch length µm 10000 10000 10000 
 

10000 10000 10000 
capsule diameter µm 2 4 10 

 
2 4 10 

self-healing agent releasing depth µm 1 2 5 
 

1 2 5 
self-healing agent releasing width µm 2.1 4.1 10.1 

 
2.1 4.1 10.1 

self-healing agent releasing height µm 10 10 10 
 

10 10 10 
self-healing agent releasing length µm 10002 10004 10010 

 
10002 10004 10010 

Scratch volume µm³ 10000 10000 10000 
 

10000 10000 10000 
self-healing agent releasing volume µm³ 200042 400164 1001010 

 
200042 400164 1001010 

coating loading with SH containers vol% 1 1 1 
 

5 5 5 
fillable volume µm³ 2000 4002 10010 

 
10002 20008 50051 

healable height µm 2.000 4.002 10.010 
 

10.002 20.008 50.051 

         
Scratch width µm 0.1 0.1 0.1 

 
0.1 0.1 0.1 

Scratch height µm 10 10 10 
 

10 10 10 
Scratch length µm 10000 10000 10000 

 
10000 500 10000 

capsule diameter µm 2 4 10 
 

2 5 10 
self-healing agent releasing depth µm 1 2 5 

 
1 2.5 5 

self-healing agent releasing width µm 2.1 4.1 10.1 
 

2.1 5.1 10.1 
self-healing agent releasing height µm 10 10 10 

 
10 10 10 

self-healing agent releasing length µm 10002 10004 10010 
 

10002 504 10010 
Scratch volume µm³ 10000 10000 10000 

 
10000 500 10000 

self-healing agent releasing volume µm³ 200042 400164 1001010 
 

200042 25204 1001010 
coating loading with SH containers vol% 10 10 10 

 
20 20 20 

fillable volume µm³ 20004 40016 100101 
 

40008 5041 200202 
healable height µm 20.004 40.016 100.101 

 
40.008 100.816 200.202 
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Table A.11: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 100 µm thick coating loaded with 1 vol% MBT 
into a 50 µm wide scratch.  

Scratch width µm 50 50 50 50 50 50 50 50 50 50 

Scratch height µm 100 100 100 100 100 100 100 100 100 100 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,02 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 50,002 50,02 50,04 50,2 51 52 60 70 150 250 

self-healing agent releasing height µm 100 100 100 100 100 100 100 100 100 100 

self-healing agent releasing length µm 500,002 500,02 500,04 500,2 501 502 510 520 600 700 

Scratch volume µm³ 2500000 2500000 2500000 2500000 2500000 2500000 2500000 2500000 2500000 2500000 

self-healing agent releasing volume µm³ 110 1100 2200 11004 55100 110400 560000 1140000 6500000 15000000 

coating loading with SH containers vol% 1 1 1 1 1 1 1 1 1 1 

container volume µm³ 1 11 22 110 551 1104 5600 11400 65000 150000 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 9,35E-15 9,35E-14 1,87E-13 9,36E-13 4,69E-12 9,39E-12 4,76E-11 9,69E-11 5,53E-10 1,28E-09 

Scratch volume L 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 

possible inh concentration in scratch mol/L 3,74E-06 3,74E-05 7,48E-05 3,74E-04 1,87E-03 3,75E-03 1,90E-02 3,88E-02 2,21E-01 5,10E-01 

possible inh concentration in 5 ml mol/L 1,87E-12 1,87E-11 3,74E-11 1,87E-10 9,37E-10 1,88E-09 9,52E-09 1,94E-08 1,11E-07 2,55E-07 

minimum amount of inhibitor for 
monolayer on scratch surface

o
 mol 1,21E-13 

         

 

  

                                                           
o
 This value was calculated using the density of MBT (1,45 g/dm³), the molar weight of MBT (168 g/mol)and an approximation of the volume of one MBT molecule. Its 

height is approximately double the base sides lengths. (The MBT molecule consists more or less of two rings.) 
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Table A.12: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 100 µm thick coating loaded with 10 vol% MBT 
into a 50 µm wide scratch.  

Scratch width µm 50 50 50 50 50 50 50 50 50 50 

Scratch height µm 100 100 100 100 100 100 100 100 100 100 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 50,002 50,02 50,1 50,2 51 52 60 70 150 250 

self-healing agent releasing height µm 100 100 100 100 100 100 100 100 100 100 

self-healing agent releasing length µm 500,002 500,02 500,1 500,2 501 502 510 520 600 700 

Scratch volume µm³ 2500000 2500000 2500000 2500000 2500000 2500000 2500000 2500000 2500000 2500000 

self-healing agent releasing volume µm³ 110 1100 5501 11004 55100 110400 560000 1140000 6500000 15000000 

coating loading with SH containers vol% 10 10 10 10 10 10 10 10 10 10 

container volume µm³ 11 110 550 1100 5510 11040 56000 114000 650000 1500000 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 9,35E-14 9,35E-13 4,68E-12 9,36E-12 4,69E-11 9,39E-11 4,76E-10 9,69E-10 5,53E-09 1,28E-08 

Scratch volume L 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 2,50E-09 

possible inh concentration in scratch mol/L 3,74E-05 3,74E-04 1,87E-03 3,74E-03 1,87E-02 3,75E-02 1,90E-01 3,88E-01 2,21E+00 5,10E+00 

possible inh concentration in 5 ml mol/L 1,87E-11 1,87E-10 9,35E-10 1,87E-09 9,37E-09 1,88E-08 9,52E-08 1,94E-07 1,11E-06 2,55E-06 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 1,21E-13 
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Table A.13: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 100 µm thick coating loaded with 1 vol% MBT 
into a 10 µm wide scratch.  

Scratch width µm 10 10 10 10 10 10 10 10 10 10 

Scratch height µm 100 100 100 100 100 100 100 100 100 100 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 10,002 10,02 10,04 10,2 11 12 20 30 110 210 

self-healing agent releasing height µm 100 100 100 100 100 100 100 100 100 100 

self-healing agent releasing length µm 500,002 500,02 500,04 500,2 501 502 510 520 600 700 

Scratch volume µm³ 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 

self-healing agent releasing volume µm³ 102 1020 2040 10204 51100 102400 520000 1060000 6100000 14200000 

coating loading with SH containers vol% 1 1 1 1 1 1 1 1 1 1 

container volume µm³ 1 10 20 102 511 1024 5200 10600 61000 142000 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 8,67E-15 8,67E-14 1,73E-13 8,68E-13 4,35E-12 8,71E-12 4,42E-11 9,01E-11 5,19E-10 1,21E-09 

Scratch volume L 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 

possible inh concentration in scratch mol/L 1,73E-05 1,73E-04 3,47E-04 1,74E-03 8,69E-03 1,74E-02 8,84E-02 1,80E-01 1,04E+00 2,41E+00 

possible inh concentration in 5 ml mol/L 1,73E-12 1,73E-11 3,47E-11 1,74E-10 8,69E-10 1,74E-09 8,84E-09 1,80E-08 1,04E-07 2,41E-07 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 2,42E-14 
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Table A.14: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 100 µm thick coating loaded with 10 vol% MBT 
into a 10 µm wide scratch.  

Scratch width µm 10 10 10 10 10 10 10 10 10 10 

Scratch height µm 100 100 100 100 100 100 100 100 100 100 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 10,002 10,02 10,1 10,2 11 12 20 30 110 210 

self-healing agent releasing height µm 100 100 100 100 100 100 100 100 100 100 

self-healing agent releasing length µm 500,002 500,02 500,1 500,2 501 502 510 520 600 700 

Scratch volume µm³ 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 

self-healing agent releasing volume µm³ 102 1020 5101 10204 51100 102400 520000 1060000 6100000 14200000 

coating loading with SH containers vol% 10 10 10 10 10 10 10 10 10 10 

container volume µm³ 10 102 510 1020 5110 10240 52000 106000 610000 1420000 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 8,67E-14 8,67E-13 4,34E-12 8,68E-12 4,35E-11 8,71E-11 4,42E-10 9,01E-10 5,19E-09 1,21E-08 

Scratch volume L 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 5,00E-10 

possible inh concentration in scratch mol/L 1,73E-04 1,73E-03 8,67E-03 1,74E-02 8,69E-02 1,74E-01 8,84E-01 1,80E+00 1,04E+01 2,41E+01 

possible inh concentration in 5 ml mol/L 1,73E-11 1,73E-10 8,67E-10 1,74E-09 8,69E-09 1,74E-08 8,84E-08 1,80E-07 1,04E-06 2,41E-06 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 2,42E-14 
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Table A.15: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 100 µm thick coating loaded with 1 vol% MBT 
into a 1 µm wide scratch.  

Scratch width µm 1 1 1 1 1 1 1 1 1 1 

Scratch height µm 100 100 100 100 100 100 100 100 100 100 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 1,002 1,02 1,1 1,2 2 3 11 21 101 201 

self-healing agent releasing height µm 100 100 100 100 100 100 100 100 100 100 

self-healing agent releasing length µm 500,002 500,02 500,1 500,2 501 502 510 520 600 700 

Scratch volume µm³ 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 

self-healing agent releasing volume µm³ 100 1002 5011 10024 50200 100600 511000 1042000 6010000 14020000 

coating loading with SH containers vol% 1 1 1 1 1 1 1 1 1 1 

container volume µm³ 1 10 50 100 502 1006 5110 10420 60100 140200 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 8,52E-15 8,52E-14 4,26E-13 8,52E-13 4,27E-12 8,55E-12 4,35E-11 8,86E-11 5,11E-10 1,19E-09 

Scratch volume L 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 

possible inh concentration in scratch mol/L 1,70E-04 1,70E-03 8,52E-03 1,70E-02 8,54E-02 1,71E-01 8,69E-01 1,77E+00 1,02E+01 2,38E+01 

possible inh concentration in 5 ml mol/L 1,70E-12 1,70E-11 8,52E-11 1,70E-10 8,54E-10 1,71E-09 8,69E-09 1,77E-08 1,02E-07 2,38E-07 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 2,42E-15 
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Table A.16: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 100 µm thick coating loaded with 10 vol% MBT 
into a 1 µm wide scratch.  

Scratch width µm 1 1 1 1 1 1 1 1 1 1 

Scratch height µm 100 100 100 100 100 100 100 100 100 100 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 1,002 1,02 1,1 1,2 2 3 11 21 101 201 

self-healing agent releasing height µm 100 100 100 100 100 100 100 100 100 100 

self-healing agent releasing length µm 500,002 500,02 500,1 500,2 501 502 510 520 600 700 

Scratch volume µm³ 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 

self-healing agent releasing volume µm³ 100 1002 5011 10024 50200 100600 511000 1042000 6010000 14020000 

coating loading with SH containers vol% 10 10 10 10 10 10 10 10 10 10 

container volume µm³ 10 100 501 1002 5020 10060 51100 104200 601000 1402000 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 8,52E-14 8,52E-13 4,26E-12 8,52E-12 4,27E-11 8,55E-11 4,35E-10 8,86E-10 5,11E-09 1,19E-08 

Scratch volume L 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 5,00E-11 

possible inh concentration in scratch mol/L 1,70E-03 1,70E-02 8,52E-02 1,70E-01 8,54E-01 1,71E+00 8,69E+00 1,77E+01 1,02E+02 2,38E+02 

possible inh concentration in 5 ml mol/L 1,70E-11 1,70E-10 8,52E-10 1,70E-09 8,54E-09 1,71E-08 8,69E-08 1,77E-07 1,02E-06 2,38E-06 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 2,42E-15 
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Table A.17: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 10 µm thick coating loaded with 1 vol% MBT into 
a 1 µm wide scratch.  

Scratch width µm 1 1 1 1 1 1 1 1 1 1 

Scratch height µm 10 10 10 10 10 10 10 10 10 10 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 1,002 1,02 1,1 1,2 2 3 11 21 101 201 

self-healing agent releasing height µm 10 10 10 10 10 10 10 10 10 10 

self-healing agent releasing length µm 500,002 500,02 500,1 500,2 501 502 510 520 600 700 

Scratch volume µm³ 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 

self-healing agent releasing volume µm³ 10 100 501 1002 5020 10060 51100 104200 601000 1402000 

coating loading with SH containers vol% 1 1 1 1 1 1 1 1 1 1 

container volume µm³ 0,1 1 5 10 50 101 511 1042 6010 14020 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 8,52E-16 8,52E-15 4,26E-14 8,52E-14 4,27E-13 8,55E-13 4,35E-12 8,86E-12 5,11E-11 1,19E-10 

Scratch volume L 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 

possible inh concentration in scratch mol/L 1,70E-04 1,70E-03 8,52E-03 1,70E-02 8,54E-02 1,71E-01 8,69E-01 1,77E+00 1,02E+01 2,38E+01 

possible inh concentration in 5 ml mol/L 1,70E-13 1,70E-12 8,52E-12 1,70E-11 8,54E-11 1,71E-10 8,69E-10 1,77E-09 1,02E-08 2,38E-08 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 2,42E-15 
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Table A.18: Calculations of the amount of corrosion inhibitor 2-mercaptobenzothiazole (MBT) released from the scratched 10 µm thick coating loaded with 10 vol% MBT 
into a 1 µm wide scratch.  

Scratch width µm 1 1 1 1 1 1 1 1 1 1 

Scratch height µm 10 10 10 10 10 10 10 10 10 10 

Scratch length µm 500 500 500 500 500 500 500 500 500 500 

self-healing agent releasing depth µm 0,001 0,01 0,05 0,1 0,5 1 5 10 50 100 

self-healing agent releasing width µm 1,002 1,02 1,1 1,2 2 3 11 21 101 201 

self-healing agent releasing height µm 10 10 10 10 10 10 10 10 10 10 

self-healing agent releasing length µm 500,002 500,02 500,1 500,2 501 502 510 520 600 700 

Scratch volume µm³ 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 

self-healing agent releasing volume µm³ 10 100 501 1002 5020 10060 51100 104200 601000 1402000 

coating loading with SH containers vol% 10 10 10 10 10 10 10 10 10 10 

container volume µm³ 1 10 50 100 502 1006 5110 10420 60100 140200 

molar mass of inhibitor g/mol 167 167 167 167 167 167 167 167 167 167 

density of inhibitor g/dm³ 1420 1420 1420 1420 1420 1420 1420 1420 1420 1420 

leached mol of inh in scratch mol 8,52E-15 8,52E-14 4,26E-13 8,52E-13 4,27E-12 8,55E-12 4,35E-11 8,86E-11 5,11E-10 1,19E-09 

Scratch volume L 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 5,00E-12 

possible inh concentration in scratch mol/L 1,70E-03 1,70E-02 8,52E-02 1,70E-01 8,54E-01 1,71E+00 8,69E+00 1,77E+01 1,02E+02 2,38E+02 

possible inh concentration in 5 ml mol/L 1,70E-12 1,70E-11 8,52E-11 1,70E-10 8,54E-10 1,71E-09 8,69E-09 1,77E-08 1,02E-07 2,38E-07 

minimum amount of inhibitor for 
monolayer on scratch surface

Error! 

Bookmark not defined.
 mol 2,42E-15 

          



 

157 

List of Figures 
Figure 1.1: Scheme of three ways how self-healing can be achieved in coatings. The polymer network 

itself closes the defect and restores the coating barrier (a), reactive agents such as monomers are 

released from microcapsules and restore the coating barrier (b) and corrosion inhibitors from 

nanocontainers passivate the metal surface in the defect (c). ....................................................... 11 

Figure 1.2: Concept of a multiple-action self-healing (MASH) coating ................................................. 12 

Figure 1.3: Schematic overview of this thesis. ...................................................................................... 15 

Figure 2.1: This scheme gives an overview of the various methods to test self-healing polymers and 

corrosion protection mechanisms. For industrial testing large batches are necessary, macroscopic 

electrochemistry offers information about the whole sample performance, local electrochemical 

techniques are very important for defect analysis and especially tensile tests are used to 

investigate the polymer healing performance. Microscopy is supplemental for each technique. . 21 

Figure 2.2: Tensile tests show that self-healed polymer can still withstand three fourth of the load of 

the virgin sample before breakage. (Reprinted with permission from Macmillan Publishers Ltd. 

Nature, 25) ........................................................................................................................................ 23 

Figure 2.3: PCL-based shape memory polymers show repeatable self-healing properties without 

losing mechanical properties for three cycles in adapted tensile tests. (Adapted with permission 

from 67. Copyright 2011 American Chemical Society) ..................................................................... 24 

Figure 2.4: SECM line scans over a scratch in a self-healing coating on AA2024-T3. The black line 

shows the decrease of the current of the oxygen reduction reaction above the scratch due to 

local corrosion of aluminum. After heating the sample, no corrosion activity can be detected any 

more above the healed scratch (Adapted from 86. Copyright (2011), with permission from 

Elsevier). ........................................................................................................................................... 27 

Figure 2.5: Current density maps (µA/cm²) were recorded with SVET above polyurethane coated 

galvanized steel samples with two defects (made by a micro-drill) in a NaCl solution (0.05 M) after 

4 hours of immersion. The maps show the effect of different encapsulation methods of the 

corrosion inhibitor (MBT). Map (a) is the result of a reference sample without inhibitor, map (b) is 

of a coating loaded with MBT-filled SiO2 nanocontainers and map (c) is of a coating loaded with 

MBT-doped LDH. The latter shows the least ionic currents above the defects and therefore shows 

the best corrosion inhibition (adapted from 137). ............................................................................ 28 

Figure 2.6: Example of a reproducible drill hole with a diameter of 100µm. The bright grey center is 

the metallic surface. The micro-drill pushed some polymer material next to the hole. ................. 28 

Figure 3.1: Schematic diagram showing a typical polarization curve with the cathodic branch in blue 

(left) and the anodic branch in red (right). By fitting both linear activation polarization regions 



 

158 

with Tafel lines, the corrosion current density and the corrosion potential can be determined at 

their intersection. ............................................................................................................................ 31 

Figure 3.2: The Randles circuit models many corrosion systems and is the basis for more elaborated 

models. ............................................................................................................................................ 35 

Figure 3.3: Nyquist plot (ZIm vs. ZRe) of a coated metal showing the typical two semi-circles. The EEC 

model for this simulation is plot in the top-right corner. ................................................................ 35 

Figure 3.4: Bode plots (Impedance modulus and phase shift) of a metal with a semi-permeable 

coating. ............................................................................................................................................ 36 

Figure 3.5: Scheme showing the vibrating probe. Adapted from 151 .................................................... 37 

Figure 3.6: Possible interactions of an electromagnetic wave with matter. Depending on the type of 

interaction different analytical possibilities arise. ........................................................................... 39 

Figure 4.1: Acrylated urethane-resin synthesis from telechelic hydroxy-functional polycaprolactone 

(1, Mn = 6000 g/mol), fatty dimer diol (2, Pripol 2033, a mixture of cyclic and non-cyclic structural 

isomers containing 36 carbon atoms, the structure depicted in this scheme is one of many 

structures present in Pripol 2033) and hexamethylene diisocyanate (3). i) dibutyltin dilaurate, 

toluene, 90°C, 1h. ii) hydroxyethyl acrylate (2 molar equivalents), 90°C, 1h. Polymers having no 

Pripol 2033 (n = 0, RNF), and having two equivalents of Pripol 2033 (n = 2, RFL) were synthesized.

 ......................................................................................................................................................... 47 

Figure 4.2: The DSC thermograms of the cured coating formulations prepared from RNF containing 

no flexible spacers (NF) and from RFL containing flexible spacers (FL), showing the melting and 

crystallization peaks. ........................................................................................................................ 48 

Figure 4.3: The stress-strain curves of the polymer network with (FL) and without (NF) flexible 

spacers are very similar. .................................................................................................................. 48 

Figure 4.4: Strain recovery curves of the polymer networks with (FL) and without (NF) flexible 

spacers, stretched to 150% and 200% recorded with a DMA equipment. All samples show almost 

full shape recovery when heated above 115°C. .............................................................................. 49 

Figure 4.5: Optical micrographs of three scratches in the transparent self-healing coating on HDG 

steel (a). The same scratches after heating the sample to 60°C can be seen in (b) and after heating 

to 115°C for a few minutes in (c). White arrows point to the scratches in (a) for better 

recognizability. The HDG structure underneath the coating is clearly visible. ................................ 51 

Figure 4.6: SEM images (1000x magnification) of a scratch (width ca. 50µm) in the self-healing 

coating NF (a), a scratch healed at 60°C (b) and a scratch healed at 115°C for a few minutes (c). 52 

Figure 4.7: EIS spectra represented in Bode plots of two samples of HDG steel coated with the self-

healing coating with (FL) and without (NF) flexible spacers in the polymer network before 



 

159 

scratching, after scratching and after heating to 60°C for 2 min. For both networks, the spectra 

for the unscratched and scratched samples are the same. All measurements were recorded in 

0.05 M NaCl after a stable OCP was reached within a few minutes (e.g. -0.92 V for the scratched 

sample). ........................................................................................................................................... 53 

Figure 4.8: Optical micrograph of a HDG sample coated with the self-healing coating and two defects 

marked with white arrows (a). The SVET tip enters the image diagonally from the lower right 

corner. Current density maps recorded with the SVET on top of the two defects before (b) and 

after (c) healing at 60°C for 2 min. ................................................................................................... 56 

Figure 5.1: Polarization curves of 99% pure zinc in a reference solution (STD) of 0.1 M NaCl without 

inhibitor and in different 0.1 M NaCl solutions containing  either 1mM corrosion inhibitor or 0.1 

M NaCl solutions saturated with corrosion inhibitor . .................................................................... 61 

Figure 5.2: Overlay of the polarization curves of 99.9% pure zinc in 0.05 M NaCl solution containing 

several inhibitors at their highest tested concentration. REF is the measurement in the solution 

without corrosion inhibitor.MoO4-4 and MBT-4 stand for measurements in a solution containing 

10-4M sodium molybdate or 2-mercaptobenzothiazole, respectively. PO4-3, CE-3 and BTA-3stand 

for measurements in a solution of 10-3M sodium phosphate, cerium nitrate or benzotriazole, 

respectively. ..................................................................................................................................... 62 

Figure 5.3: The comparison of the corrosion current densities show that the 2 different algorithms 

(Tafel slope analysis and polarization resistance calculations) agree quite well. CE-3 stands for a 

measurement in a solution containing 10-3M cerium nitrate, etc. REF is the measurement in the 

solution without corrosion inhibitor. ............................................................................................... 64 

Figure 5.4: (a) Picture of hydrophobic silica nanospheres (SiNS2) floating on water. (b) Comparison of 

silica nanocapsules mixed in isobornylacrylate (left) and hydrophobic silica nanospheres mixed in 

isobornylacrylate (right). The compatibility of SiNS2 seems to be a lot better. However, after 

curing the NF resin, the coatings are equally bad. (c) SEM image of agglomerated SiNS2 in a cured 

self-healing coating. ......................................................................................................................... 67 

Figure 5.5: Schematic illustration of LDH structure showing the metal hydroxide layers. Water (blue) 

and anions (red) are intercalated between the cation layers.213 .................................................... 68 

Figure 5.6: SEM images of porous silica nanospheres at two different magnifications: (a) x10 000 and 

(b) x100 000 magnified. ................................................................................................................... 69 

Figure 5.7: STEM image of a single SiNS. The EDX maps prove the presence of MBT by detecting 

sulfur next to silicon and oxygen. .................................................................................................... 70 

Figure 5.8: SEM image of MLDH particles and EDX maps of the same area show the presence of MBT 

in the LDH particles. ......................................................................................................................... 70 



 

160 

Figure 5.9: Raman spectra of MBT on a SERS probe. The black line (bottom) is the spectrum of the 

MBT reference solution, the blue line (center) is the spectrum of the MBT loaded LDH solution 

containing 0,1M Na2CO3 and the red line (top) is the spectrum of the solution where MBT leached 

out of the SiNS. ................................................................................................................................ 71 

Figure 5.10: SVET maps and optical images of coated systems with different nanocontainers and 

inhibitor after 4 hours of immersion in 0.05 M NaCl. ...................................................................... 73 

Figure 6.1: A 3D Raman map is constructed by measuring the whole volume of interest point by 

point, line by line and layer by layer and comparing the spectra or parts thereof of each point 

with each other. ............................................................................................................................... 78 

Figure 6.2: The Raman reference spectrum (black, top) of the organic core material and spectrum 

obtained from the center of a filled microcapsule (red, bottom) match and thus indicate the 

presence of the core material in the microcapsule. ........................................................................ 79 

Figure 6.3: Raman map of dry microcapsules on a glass dish. Picture (a) shows the high magnification 

optical image of the three microcapsules. After recording a grid of several hundreds of Raman 

spectra (b) a map of the intensity at a certain Raman shift (e.g. the peak at 1303 cm-1) can be 

constructed. An overlay of (a) and (c) shows that high signal intensity of specific Raman shifts only 

appears at the location of the three filled microcapsules (d). ........................................................ 79 

Figure 6.4: Optical image of the surface of sample C15 - the coating containing about 8 wt% 

microcapsules. The white circle marks the spot where the cross section (depth profile) was taken.

 ......................................................................................................................................................... 80 

Figure 6.5: (a) Raman spectra of the coating (top, blue), a microcapsule in the coating (middle, red) 

and the glass coating interface (bottom, green). The inset is a schematic drawing of the cross-

section of the sample C15 at the measurement location. On the basis of the intensity at the 

spectral location of the three peaks marked with arrows, the depth profile (b) was constructed. It 

shows an embedded capsule underneath the coating on top of the glass substrate. .................... 81 

Figure 6.6: Left: Depth profile through a capsule and the coating until the glass substrate of sample 

C40. The same peaks as in Figure 6.5a were used to plot the data. Top right: optical image of the 

sample surface with the microcapsule visible as the big black spot in the middle. Lower right: 

Scheme of the cross section of sample C40. The thin dotted line through the red capsule, through 

the blue coating and into the green glass represents the axis of the depth scan. .......................... 82 

Figure 6.7: Overlay of the 2D Raman map on the optical microscopy image. 8 wt% of microcapsules 

are dispersed in the coating, some protrude from the coating surface and have a dark shadow 

around them, others are just underneath it (white arrow) and are more difficult to see. Those 

deeper in the coating are not visible on this image. The blue pixels represent high intensity of the 



 

161 

main peak of the coating at  ̴1000 cm-1 whereas the red pixels represent a high intensity of the 

peak at  9̴00 cm-1, which is specific for the capsule content. The black arrow points to an empty 

microcapsule. ................................................................................................................................... 83 

Figure 6.8: 2D Raman maps (15x15 µm) of the intensity of the capsules peak at different depths in 

the coating. The depth increases from left to right and from top to bottom so that top left is the 

map 1 µm above the coating and in lower right corner is the map recorded at the coating-glass 

interface. The brighter the red, the more intense is the capsule peak at 900 cm-1 relative to the 

characteristic coating’s peak. This way capsules are traced within the coating. ............................ 84 

Figure 6.9: The 2D scans in Figure 6.8 were combined into a 3D plot for better visualization and 

interpretation purposes. Each ball is one measurement point. ...................................................... 84 

Figure 7.1: Working mechanism of a multi-action self-healing (MASH) coating (a): When a MASH 

coating is scratched (b) two independent actions can follow: 1. The scratch is closed by heating 

the sample and restoring the coating barrier (c). 2. If a solution containing for example aggressive 

chloride ions reaches the defect, the corrosion inhibitor MBT is released from LDH in exchange 

for the chloride ions. The released MBT forms a protective layer protecting the metal substrate 

(d). Eventually, the scratch closing action by heating can still be triggered to prevent continuous 

access of aggressive ions (e). ........................................................................................................... 89 

Figure 7.2: The SEM image (a) shows the structure of the MASH sample in cross-section. EDX 

mappings show the different layers (b) and the finely distributed corrosion inhibitor containers 

(c). .................................................................................................................................................... 92 

Figure 7.3: Nine 2D Raman scans of MBT loaded LDH containers in the MASH coating with the 

respective optical images. The white square in the top left image shows the actual scan surface. 

The red squares mark the locations where the intensity of the MBT peaks was high. The scan 

depth was increased from the top left to the bottom right scan in 1 µm steps. ............................ 92 

Figure 7.4: Raman spectra of a MLDH particle in the MASH coating, of the non-embedded MLDH 

powder, of MBT and of the self-healing coating next to the MLDH particle confirming the 

presence of MBT encapsulated in the MASH coating. Peak assignment can be found in the 

Appendix (Table A.5). ....................................................................................................................... 93 

Figure 7.5: The optical micrograph (a) shows the MASH sample surface. (The reference sample looks 

similar.) In the center are two vertical screwdriver blade indentations that form the defects 

through the coating. The ionic current density maps were recorded after 4 h of immersion 100 

µm on top of the surfaces. For comparison, both maps have the same scale. The map of the 

reference sample (b) shows high current densities (±12 µA/cm²) – an indication for the actively 



 

162 

corroding sample. On the contrary, the sample with MLDH (c) shows much smaller current 

densities and thus corrosion inhibition. .......................................................................................... 94 

Figure 7.6: EIS spectra of the undamaged reference coating continuously immersed in 0.05 M NaCl 

solution recorded at 5 moments (immediately after immersion, after 15 h, 5 d, 8 d and 18 d) 

during a period of 18 days. .............................................................................................................. 95 

Figure 7.7: Bode plots of the self-healing reference coating without corrosion inhibitor immersed in 

0.05 M NaCl solution. The undamaged coating shows good barrier properties. (a) But once a 

defect is inflicted into the coating, its impedance is strongly reduced (1 h) and further decreases 

over time (48 h). The phase plot (b) shows the various time constants. ........................................ 96 

Figure 7.8: Bode plots of the MASH coating immersed in 0.05 M NaCl solution. The undamaged 

coating shows even better barrier properties than the barrier properties of self-healing reference 

coating. (a) Once a defect is inflicted into the coating, its impedance is reduced (1 h). However, 

over time (48 h) the impedance modulus stays more or less constant. The phase plot (b) shows 

the reduction of the coating capacitance, but an increase of the phase angle at low frequencies, a 

result of the protection layer. .......................................................................................................... 98 

Figure 7.9: The optical microscope images show the corroded surface underneath the delaminated 

transparent coating with a defect in the center. The sample without corrosion inhibitor 

containers (a) shows 13 times bigger delamination than the sample where MBT was released 

from LDH in the coating. .................................................................................................................. 99 

Figure 7.10: SEM image of the HDG surface at the delamination front (2): Left side (1) not attacked 

area, right side (3) corroded surface. .............................................................................................. 99 

Figure 7.11: Raman spectra recorded at the HDG surface underneath the coating around the defect 

showing the release of MBT from the LDH containers onto HDG. The optical images to the right 

(side length about 100 µm) show the surface at the location of the measurements (top: HDG 

(defect), middle: HDG (corroded) and bottom: HDG (virgin)). ...................................................... 100 

Figure 7.12: EIS spectra recorded in 0.05 M NaCl solution after OCP was constant (about 5 min), 

showing the increase of barrier properties achieved by healing of the self-healing polymer at 60°C 

for 2 min. a) Bode modulus, b) Bode phase plot. .......................................................................... 101 

Figure 7.13: The different open circuit potentials of the samples immersed in 0.05 M NaCl after 

equilibration against a Ag|AgCl reference electrode. ................................................................... 102 

Figure 8.1: Approach of different sorts of damage management. When the organic coating on top of 

a metal is scratched, water can reach the metal surface and lead to corrosion (a). Self-healing 

coatings can either close the defect re-establishing the barrier (b) or leach corrosion inhibitors to 



 

163 

protect the metal surface (c). A multi-action self-healing coating allows both mechanisms to act 

individually or combined (d). ......................................................................................................... 104 

Figure 8.2: (a) Optical micrograph of two defects that were not fully healed. The dotted rectangular 

marks the scan area of the SVET map (b), which clearly shows ionic activity on top of the only 

partially healed defects. EIS measurement of a healed coating (green line) vs. a coating where the 

defect was not properly healed and 0.05 M NaCl solution penetrated through the defect (violet).

 ....................................................................................................................................................... 106 

Figure 8.3: Scheme showing the advantages and disadvantages of the different self-healing coatings.

 ....................................................................................................................................................... 108 

Figure 8.4: Scheme of the comparison of a coating's protection during its lifetime: A highly 

crosslinked non-self-healing coating (red line) vs. a self-healing coating (black line). “D” marks the 

infliction of a defect, “H” marks the initiation of the healing process. ......................................... 110 

Figure 8.5: Coating landscape of shape recovery coatings. ................................................................ 111 

Figure 8.6: Advertisement on the website of Nissan showing the self-repairing properties of the 

Scratch Shield coating.n ................................................................................................................. 114 

Figure 8.7: Electrochemical evaluation of the self-healing properties of the Nissan Scratch Shield. (a) 

shows the EIS spectra (bode plots) of the undamaged NSS (orange line) and the healed NSS (black 

line). (b) and (c) are SVET maps of the NSS before and after “healing” of two defects, respectively. 

(d) and (e) are SVET maps of the shape recovery coating presented in this thesis before and after 

healing of two defects, respectively. ............................................................................................. 115 

Figure 8.8: SEM image of silica nanospheres agglomerated in the shape recovery coating because of 

bad compatibility. .......................................................................................................................... 117 

Figure A.1: SEC trace of NF, Mn 11700, Mw 15000, Ð 1,28 ................................................................ 141 

Figure A.2: TEM image of a stained NF polymer. Dark zones show the poly-IBOA phase around the 

bright zones (PCL). Image taken by Hans D’Hondt from EMAT, University of Antwerp. .............. 141 

Figure A.3: The indentations in the MASH coating were closed by heating the sample for 2 min to 

60°C. (Left figure: before heating, right figure: after heating) ...................................................... 143 

 



 

 



 

165 

List of Publications 
Peer reviewed international written publications 

Book Chapter: 

Smart Corrosion Protection by Multi-Action Self-Healing Polymeric Coatings, Lutz A., J.M.C. 

Mol, De Graeve I., Terryn H., in Smart Composite Coatings and Membranes, Woodhead 

Publishing (accepted). 

Journal papers: 

1. Non-Destructive 3-Dimensional Mapping of Microcapsules in Polymeric Coatings by Confocal 

Raman Spectroscopy, Lutz A., De Graeve I., Terryn H., Progress in Organic Coatings (2015), 

88, 32 – 38. 

2. A Shape Recovery Polymer Coating for the Corrosion Protection of Metallic Surfaces, Lutz A., 

van den Berg O., Van Damme J., Verheyen K., Bauters E., De Graeve I., Du Prez F. E., Terryn 

H., ACS Applied Materials & Interfaces (2015), 7, 1, 175 – 183. 

3. Investigation of the oxygen exchange mechanism on Pt|yttria stabilized zirconia at 

intermediate temperatures: Surface path versus bulk path, Opitz A. K., Lutz A., Kubicek M., 

Kubel F., Hutter H., Fleig J., Electrochimica Acta (2011), 56, 27, 9727 – 9740. 

 

 Not yet published: 

4. Multiple-Action Self-Healing Coating for Corrosion Protection, Lutz A., van den Berg O., 

Wielant J., De Graeve I., Terryn H., submitted to Frontiers in Materials. 

5. Influence of silicon on the electrochemical behaviour of aluminized steel, Lemmens B., Lutz 

A., Corlu B., De Strycker J., De Graeve I., Verbeken K., in prep.. 

Conference proceeding: 

Combining Self-Healing Polymers and Encapsulated Inhibitors in Coatings for Corrosion 

Protection, Lutz A., De Graeve I., Terryn H., Proceedings of the 19th International Corrosion 

Conference (2014). 

 

International conference publications (oral) 

1. A Shape Recovery Polymer Coating for the Corrosion Protection of Metallic Surfaces, Lutz A., 

van den Berg O., Van Damme J., De Graeve I., Du Prez F. E., Terryn H., Smart Coatings 2015, 

Orlando, FL, USA. 

2. Non-Destructive In-Situ Characterization of Microcapsules and Self-Healing Coatings Using 

Confocal Raman Spectroscopy, Lutz A., De Graeve I., Terryn H., EUROCORR 2014, Pisa, Italy. 



 

166 

3. Development of self-healing polymer coatings on metals, Lutz A., De Graeve I.*, Terryn H., 

EUROCORR 2014, Pisa, Italy. 

4. Combining Self-Healing Polymers and Encapsulated Inhibitors in Coatings for Corrosion 

Protection, Lutz A., Gonzalez-Garcia Y., Simillion H., De Graeve I., Terryn H.*, ICC 2014, Jeju, 

South Korea. 

5. Comparison of Incorporation and Leaching-Out Process of Inhibitors in Self-Healing Coatings 

on HDG Steel, Lutz A., Van den Berg O., Du Prez F., De Graeve I., Terryn H., EUROCORR 2013, 

Estoril, Portugal. 

6. Self-healing coatings with multiple functionalities for the corrosion protection of metals, De 

Graeve I.*, Lutz A., Verbruggen H., Van Den Berg O., Du Prez F., Terryn H., ICSHM2013, Gent, 

Belgium. 

7. Self-healing coatings with multiple healing functionalities for the corrosion protection of 

metals, De Graeve I.*, Lutz A., Muselle T., Cordioli C., Brancart J., Scheltjens G., Van Assche 

G., Verbruggen H., Terryn H., Van Mele B., AETOC 2013, Emmetten, Switzerland. 

8. A SECM Study on Corrosion Activity of Defects in Self-Healing Polymers, Lutz A., Gonzalez Y., 

De Graeve I., Terryn H., SECM 2013, En Gedi, Israel. 

9. Following the Leaching-Out Process of Corrosion Inhibitors, Lutz A., De Graeve I., Terryn H., 

EMNT 2012, Austria. 

International conference publications (poster) 

1. Comparison of incorporation and leaching out process of inhibitors in organic coatings for 

HDG steel, Lutz A., Simillion H., De Graeve I., Terryn H., EUROCORR 2012, Istanbul, Turkey. 

2. The Leaching-Out Process of Inhibitors from Organic Coatings for HDG Steel, Lutz A., 

Simillion H., De Graeve I., Terryn H., Gordon Research Conference Corrosion – Aqueous 

2012, USA. 

National conference publications (poster) 

1. Encapsulation of corrosion inhibitors in a self-healing polymeric coating, Verbruggen H.*, 

Lutz A., Terryn H., De Graeve I., SIM User Forum 2014, Gent, Belgium. 

2. Self-Healing Coatings and Their Electrochemical Analysis, Lutz A., De Graeve I., Terryn H., 

VUB PhD Day 2013, Brussels, Belgium (best poster award). 

3. Instrumentation for Local Electrochemical Measurements on Corrosion Inhibitors and Self-

Healing Materials, Lutz A., De Graeve I., Hubin A., Terryn H., SIM User Forum 2012, Antwerp, 

Belgium. 

4. Investigation on the Integrability of Inhibitors in Self-Healing Polymers, D’Hondt H.*, Lutz A., 

Abakumov A.M., Van Tendeloo G., De Graeve I., Terryn H. , SIM User Forum 2012, Antwerp, 

Belgium. 

5. In-situ Analysis of Local Electrochemical Corrosion Processes and Their Inhibition, Lutz A., De 

Graeve I., Hubin A., Terryn H., ChemCys 2012, Blankenberge, Belgium. 

 


