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Summary 

Until today, interfacial bond formation and degradation between polymer coatings and metal 

substrates is still far from fully understood, whilst it is a limiting factor for the durability of metal-

polymer hybrid systems.  

To improve the corrosion resistance and adhesion properties of metal substrates, a chemical surface 

treatment is applied prior to painting. However, due to ecological and health related issues, 

traditional well established surface treatments containing hexavalent chromate or high phosphate 

loads are being replaced by a new generation of ecologically-justified surface treatments. This comes 

with the need of gaining fundamental insights on the impact of substrate and pretreatment 

variations on the (chemical) adhesion of polymers to guarantee the lifetime of newly developed 

metal-polymer hybrid systems. A challenge in this regard is the hardly accessible buried interface, 

which until today requires the use of model systems when using non-destructive surface sensitive 

techniques. Yet, industrial metal-polymer hybrid systems are typically highly heterogeneous, creating 

a distinct gap between model and industrial systems.  

This dissertation aims to close this gap starting from simplified model systems to which complexity is 

gradually added. This has been done using the thin organic film approach on one hand, and the thin 

(thermally vaporized) metal substrate approach on the other hand, allowing non-destructive access 

of the metal-polymer interface from the polymer side and metal side, respectively. Complementary 

use of both approaches allows systematically comparison of model systems to industrially relevant 

paint and metal substrates.  

The first part of this dissertation discusses the effect of substrate heterogeneities on the formation of 

a conversion oxide layer. The growing interest of implementing lightweight metals in prepainted 

structures, for example in carbodies and zinc coatings used for galvanizing lead to the use of pure 

zinc, aluminium and magnesium as model substrates. This evidenced varying conversion kinetics with 

thermally vaporized magnesium growing ten times thicker conversion oxides compared to zinc, while 

aluminium was shown to be only partially covered and thus the least efficient under the defined 

conversion conditions. Next to conversion kinetics, also (de)hydroxylation equilibria were shown to 

strongly relate to the native metal oxide properties, affecting final hydroxide densities.  

The second part of this dissertation investigates metal-molecule interactions using functionalized 

model molecules, with selected functionalities representative for polyester polyurethane coil coats. A 

direct correlation was established between initial metal hydroxide fractions and interfacial bond 

density. This demonstrated that surface hydroxides act as a bonding site for the chemisorption of 

organic compounds. On the other hand, the type of interfacial bond was associated to the oxide’s 

acid-base properties. It was evidenced that zirconium-and titanium-treatments increase the acidic 
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nature of the respective metal oxides, thereby altering the ratio of competitive interfacial 

interactions. 

The third part of this dissertation aims to validate the chemisorption mechanisms using model 

molecules to industrially relevant polyester primer used for coil coating. This required modelling of 

the metal substrate to access the buried metal-paint interface. Using this thin substrate approach, 

polyester primers were shown to form interfacial carboxylate bonds validating the chemisorption 

mechanisms observed using model compounds. However, whereas model ester-functionalized 

compounds were found to coordinate in a bridging bidentate mode, polyester primer coordinated in 

a monodentate  coordination, which was attributed to steric hindrance of the macromolecular 

polymer chains. In addition to the polyester resin also the melamine-based crosslinker was shown to 

interact with the metal substrates, which highlights the increased complexity of interfacial 

phenomena at metal–paint interfaces.  

Subsequently, interfacial bond formation and degradation was followed in-situ during exposure to an 

aqueous environment with an initial neutral pH value. This demonstrated that interfacial bond 

degradation was associated to the susceptibility of the metal substrate to corrosion under the 

exposed conditions. As such, interfacial bond degradation was delayed in following order: 

magnesium < zinc < aluminium. Furthermore, it was shown that zirconium-treatment of magnesium 

and zinc, significantly delayed interfacial bond degradation which was attributed to the passivation of 

the respective oxides. Consequently, in addition to the type of interfacial bonds, also the activity of 

the metal oxide has a predominant role on the interfacial stability.  

The final chapter of this dissertation presents two case studies to highlight the strengths and 

limitations of ATR-FTIR as interface-sensitive tool. The first case investigates the interfacial sensitivity 

of ATR-FTIR by performing a comparative study with the inherently surface sensitive technique 

vibrational summed frequency generation (SFG). The second case focusses on the integrated EIS-

ATR-FTIR setup as in situ tool to simultaneously study chemisorption mechanisms and corrosion 

resistance. This demonstrates that in situ ATR-FTIR in Kretschmann configuration is a highly valuable 

tool for molecular studies at buried metal (oxide) – polymer interfaces during immersion in aqueous 

media.  
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Samenvatting 

Tot op vandaag bestaat er nog steeds veel onduidelijkheid over de vorming en afbraak van 

moleculaire interacties aan het metaal oxide-polymeer grenslak, terwijl het een beperkende factor is 

voor de duurzaamheid van metaal-polymeer hybride systemen. 

Om de corrosieweerstand en hechtingseigenschappen van het metaaloppervlak te verbeteren wordt 

deze vaak chemisch behandeld alvorens de verflaag aan te brengen. Echter omwille van ecologische 

en gezondheid gerelateerde problemen die geassocieerd worden met traditionele 

voorbehandelingen, die typisch zeswaardig chroom of hoge fosfaatconcentraties bevatten, worden 

zij momenteel vervangen door een nieuwe generatie ecologisch verantwoorde voorbehandelingen. 

Om de levensduur van recent ontwikkelde metaal-polymeer hybride systemen te garanderen,  is er 

een urgente nood aan fundamentele inzichten in de effecten van substraat en voorbehandelingen 

variaties op de chemische hechting van polymeren. De uitdaging hierin bestaat erin om het 

verborgen grensvlak op een niet-destructieve manier te bereiken met oppervlakte gevoelige 

technieken. Hiervoor zijn we tot op vandaag nog steeds afhankelijk van modelsystemen. Echter, 

industriële metaal-polymeer systemen zijn typisch erg heterogeen waardoor de afstand tussen 

model en industriële systemen tot op vandaag nog steeds erg groot is.  

Deze dissertatie beoogt deze afstand te verkleinen door een fundamentele studie op te bouwen, 

startende vanuit vereenvoudigde modelsystemen waarvan de complexiteit systematisch  verhoogd  

wordt. Langs de ene kant trachten we het metaal-polymeer grensvlak te bereiken langs de 

polymeerzijde, door gebruik te maken van een organisch modelsysteem, en langs de andere kant 

trachten we hetzelfde grensvlak te bereiken langs de metaalzijde gebruik makend van model-

metaalsubstraten. Door beide methoden complementair toe te passen, kunnen modelsystemen 

systematisch vergeleken worden met industrieel relevante metaal substraten en verfsystemen.  

Het eerste deel van de thesis beschrijft de impact van substraat heterogeniteit op de vorming van 

conversielagen. De groeiende interesse in het implementeren van lichtgewicht metalen in geverfde 

toepassingen zoals auto’s en gegalvaniseerd staal, leidde tot het gebruik van puur zink, aluminium en 

magnesium als gedefinieerde modelsubstraten. Hieruit volgde een verschillende conversie kinetiek 

voor de betreffende metalen die thermisch opgedampt werden als modelsubstraat, waarbij 

magnesium een 10 keer dikkere conversielaag groeit dan zink, en waarbij aluminium slechts 

gedeeltelijk bedekt wordt door een conversielaag en dus het minst effectief werd bevonden onder 

de gedefinieerde conversie condities. Naast de conversiekinetiek, bleek ook het (de)hydroxylatie 

evenwicht sterk afhankelijk te zijn van de initiële metaaloxide eigenschappen.  

Het tweede deel van de dissertatie bestudeert metaal-molecuul interacties aan de hand van 

gefunctionaliseerde modelmoleculen. De functionaliteit van deze modelmoleculen werd 
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geselecteerd op basis van de functionele groepen aanwezig in polyester polyurethaan coil coats die 

verantwoordelijk worden geacht voor de hechting met het metaal substraat. Deze studie toont aan 

dat hydroxylgroepen op het metaaloxide oppervlak dienst doen als hechtingsplaats voor deze 

functionele groepen (esters en amiden). Daardoor is de hydroxidefractie rechtstreeks gerelateerd 

aan de hoeveelheid bindingen die worden gevormd aan het grensvlak. Anderzijds, het type binding 

dat gevormd word is afhankelijk van de zuur-base eigenschappen van het oxide. Het zuurkarakter 

van de metaaloxiden werd bovendien verhoogd door zircoon- en titaan-gebaseerde 

voorbehandelingen, waardoor de verhouding van competitieve grensvlakinteracties met zowel ester- 

als amide-groepen verschuift na chemische voorbehandeling.  

Het derde deel van de dissertatie beoogt de chemisorptiemechanismen bekomen voor 

modelmoleculen te valideren voor industrieel relevante verfsystemen. Dit vereist het gebruik van 

modelmetaalsubstraten om het grensvlak langs de metaalzijde te bereiken. Een gelijkaardig 

hechtingsmechanisme kon zo aangetoond worden voor polyester primers. Naast de estergroepen 

eigen aan het polyester resin, blijkt ook de melamine-gebaseerde crosslinker interacties te vertonen 

met het metaal oxide oppervlak. Dit benadrukt de toenemende complexiteit van metaal-verf 

grensvlakken.  

Vervolgens werd de (ont)hechting in-situ gevolgd tijdens het onderdompelen van het metaal-

polymeer systeem in waterig milieu bij neutrale pH waarden. Dit toonde aan dat de afbraak van 

bindingen aan het grensvlak gerelateerd waren aan de gevoeligheid van metaal oxiden voor corrosie, 

welke afneemt in volgende volgorde: magnesium < zink < aluminium. Verder werd er aangetoond dat 

een zircoon-gebaseerde voorbehandeling actieve substraten zoals magnesium en zink passiveert, 

wat de afbraak van bindingen aan het grensvlak vertraagt. Bijgevolg kan men dus besluiten dat naast 

het type bindingen ook de activiteit van het metaaloxide een bepalende rol heeft voor de stabiliteit 

aan het grensvlak.  

Het laatste deel van deze dissertatie beschrijft twee casestudies die de sterktes en beperkingen van 

ATR-FTIR benadrukken. De eerste case bestudeert de grensvlakgevoeligheid van ATR-FTIR aan de 

hand van een vergelijkende studie met de inherent oppervlaktegevoelige techniek vibrational 

summed frequency generation (SFG). De tweede case focust op de geïntegreerde EIS – ATR-FTIR 

setup als in situ tool om gelijktijdig chemisorptiemechanismen en corrosieweerstand te beoordelen. 

Dit toont aan dat situ ATR-FTIR in Kretschmann configuratie een zeer waardevolle 

oppervlaktegevoelige techniek is om moleculaire fenomenen aan het verborgen metaal(oxide) – 

polymeer grensvlakken te bestuderen en dit in situ tijdens onderdompeling in waterig milieu.  
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Abbreviations 

2,5-PDCA 2,5-pyridinedicarboxylic acid 
3-MSA 3-methylsalicylic acid 
AES Auger electron spectroscopy 
ATR Attenuated total reflection  
BB Bridging Bidentate 
BE Binding Energy 
CA Contact Angle 
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DFT Density Functional Theory 
DMS Dimethylsuccinate 
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FA Fumaric acid 
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IRE Internal Reflection Element 
IRRAS Infrared Reflection – Absorption Spectroscopy 
MOF Metal Organic Framework 
MZ Magizinc® 
OCP Open Circuit Potential 
PAA Polyacrylic acid 
PAW Projector Augmented Wave 
PDP Potnetiodynamic polarisation measurements 
PE Polyester 
PVA Polyvinyl alcohol 
PVD Physical Vapor Deposition 
PVP Polyvinyl pyrrolidone 
RE Reference electrode 
SFE Surface Free Energy 
SFG Sum Frequency Generation 
SS Sodium salicylate 
THF Tetrahydrofuran 
ToF-SIMS Time of Flight – Secundary Ion Mass Spectroscopy  
TiCC Titanium-based Conversion Coating 
VASP Vienna Ab Initio Simulation Package 
vdW van der Waals 
VIS Visible light 
WE Working Electrode 
XC Exchange-Correlation 
XPS X-ray photoelectron Spectroscopy 
ZrCC Zirconium-based Conversion Coating 
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Chapter 1: Introduction 

1.1. Motivation 

Prepainted metal is a popular material in the building and construction industry, but also the 

automobile industry appreciates the many benefits of prepainted metal. Unlike other building 

materials, such as cement, wood and brick, prepainted metal can be recycled without loss of quality, 

durability or aesthetical appeal and this even for multiple times.1 As a result 95 % of the prepainted 

metal used in buildings is being recycled, making it a very sustainable choice of material.1 In the 

1980’s European-based coil coating companies began producing textured prepainted metal products, 

the look of traditional building materials such as brick, stone and wood could be recreated. Since 

then, prepainted metal is knowing a growing trend, which is forecast to maintain in the next decade.2 

 

Figure 1.1: Examples of coil coat as roofing- and cladding products.3 

Coil coating is a highly efficient way to apply surface treatments and paint finishes and is therefore 

very cost-effective. This process consists of multiple steps, including cleaning, pretreatment, i.e. 

chemical conversion coating and two paint sections, one for primer and one for top coat application. 

 

Figure 1.2: Multiple steps taken during the coil coating process. 

With the appropriate surface treatment, prepainted roofing and cladding products can be amazingly 

durable. However, due to recent restrictions on the use of well-established treatments such as 

phosphating and hexavalent chrome passivation, a new generation of surface treatments are being 
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developed. Zirconium and/or titanium-based fluoroacid treatments are currently gaining more 

attention since they offer both improved corrosion resistance and paint adhesion.4 However, 

whereas the corrosion resistance of zirconium- and titanium-based conversion coatings are 

extensively described, insights in their bonding properties and this on a molecular level are largely 

lacking. These lack of insights relate to the well-known difficulties of non-destructively probing metal-

paint interfaces. Furthermore, next to new developments in surface treatment, also the base metal, 

typically hot dipped galvanized steel, continuously develops.5–8 Conventional galvanized steel 

substrates concern steel substrates coated with a homogeneous zinc layer, in this thesis referred to 

as GI. However, zinc alloy coatings containing magnesium and aluminium additions are gaining more 

attentions because of their excellent corrosion resistance properties allowing the use of thinner 

coatings with respect to traditional zinc coatings.9 TataSteel produces galvanized steel sheets with a 

zinc-aluminium-magnesium coating named Magizinc®, in this thesis referred to as MZ. These 

developments resulting in heterogeneous and multi-metal substrates poses a number of new 

challenges. Although different oxides exist at the surface of such multi-metal substrates, all are lead 

through the very same industrial coil coating process raising questions on the long term durability of 

newly designed metal-polymer hybrid systems.  

 

Figure 1.3: Traditional and new generation coil coated galvanized steel. 

Until today, developing conversion coatings as well as organic coatings was much more based on trial 

and error than on science. Yet, the latter becomes inevitably more crucial due to more strict 

regulations and increasing performance requirements. A fundamental understanding of the relation 

between metal oxide physicochemical properties and its bonding affinity and stability towards 

organic coatings would allow for more efficient development of a new generation of chemical 
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conversion coatings. Consequently, there is an increasing need for thorough insights on interfacial 

bond formation and degradation mechanisms. However, whereas destructive methodologies on 

adhesion and corrosion resistance measurements are well established. This is not the case for non-

destructive methodologies which aims to access the buried metal-polymer interface chemistry and 

this on a molecular level. In addition, since the durability of metal-polymer hybrid systems are 

determined by its resistance to interfacial bond degradation in the presence of water and ions, there 

is a need of studying metal-polymer interfaces in-situ during exposure to an aqueous environment.  

1.2. Research aim 

This thesis aims to develop a methodology that: (1) provides non-destructive access to the buried 

interface, (2) has a high surface sensitivity elucidating the interfacial chemistry on a molecular level 

and (3) which allows to in-situ to follow interfacial bond formation and degradation.  

Using such non-destructive in-situ interfacial methodology, this thesis aims to (partially) answer 

following open research questions.  

On the effect of substrate heterogeneities: 

- What is the effect of substrate heterogeneity on conversion coating formation?  

- What is the role of metal oxide acid-base properties on chemisorption mechanisms?  

- What is the role of surface hydroxides on the chemisorption mechanism?  

- Which interface parameters are responsible for the stability of interfacial bonds established at 

(conversion treated) metal oxide-paint interfaces exposed to an aqueous environment?  

- How do thermally vaporized model substrates used for the thin substrate approach correlate to 

industrially relevant substrates? 

On the effect of conversion bath composition:  

- What is the effect of conversion bath composition on the conversion layer build-up? 

- What is the effect of fluoacid cation (Zr-and Ti) on adhesion performance? 

- What is the effect of organic compounds added to conversion bath to adhesion performance? 

On the effect of paint composition and curing:  

- How do model organic components used for the model molecule and thin film approach correlate to 

industrially relevant paint formulations? 

- How does curing alter the interfacial properties? 

On the development of a non-destructive in-situ interfacial sensitive tool:  

- What is the importance of the use of complementary tools? 
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- To which degree can attenuated total reflection – Fourier transform infrared spectroscopy (ATR-

FTIR) in Kretschmann configuration be considered as an interfacial sensitive technique? 

1.3. Approach 

1.3.1 Definition of metal substrates 

The complicated microstructure of zinc alloyed coatings used for galvanizing increase the system 

complexity hindering a straightforward mechanistic study. Therefore, this study starts with 

separating the metal oxides occurring at galvanized steel surfaces, i.e. zinc, aluminium and 

magnesium oxide.  

The main challenge of studying buried metal-polymer interfaces are the high thicknesses of 

industrially relevant metal substrates and polymer coatings. Because of these high thickness, they 

fully absorb X-rays or infrared radiation before reaching the metal-polymer interface, hindering the 

use conventional surface sensitive techniques. Therefore, until today the application of thin films 

with a thickness in the nanoscale remains a prerequisite for non-destructive access of the buried 

metal-polymer interface. This thin film approach can be employed from the metal side using 

thermally evaporated metal films with applied thicknesses between 20-80 nm allowing the use of 

spectroscopic techniques such as attenuated total reflection – Fourier transform infrared 

spectroscopy (ATR-FTIR) and sum frequency generation (SFG). Nevertheless, it can be expected that 

the oxide’s nature and thus its bonding properties considerably varies between thermally vaporized 

metal films (model substrates) and thicker metal sheets (bulk substrates). Therefore, a comparative 

study between thermally vaporized model substrates and thicker metal substrates has been 

conducted. Polished metal sheets with a high purity grade of zinc, aluminium and magnesium (bulk 

substrates) have been used as an intermediate step between thermally vaporized model metal 

substrates and industrial galvanized steel substrates (GI and MZ), as illustrated in figure 1.4. For this 

approach, reaching the metal-polymer interface form the polymer side, a thin organic coating is 

required allowing the use surface sensitive techniques such as X-ray photonelectron spectroscopy 

(XPS).  
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Figure 1.4: Bridging fundamental science with industrially applied metal-polymer hybrid systems. 

 

1.3.2 Definition of conversion bath 

The formation of zirconium- and titanium-based conversion film formation on these multi-metal 

substrates have been characterized both in-situ and ex-situ. Initially, a commercial zirconium-based 

conversion solution has been used, containing hexafluorozirconic acid, phosphates and polyacrylate. 

However, the multi-component composition of commercial conversion coatings complicate the 

subsequent bonding studies due to the high share of interface variables. Therefore, model 

conversion solutions have been defined to characterize the bonding properties of zirconium- and 

titanium conversion coatings without additives. After studying the role of metal oxide cations (Zn, Al, 

Mg, Zr, Ti), commonly used organic additives have been added to the zirconium-and titanium-based 

conversion solutions to study their effect on the chemisorption of organic compounds and their 

stability in aqueous environment 

1.3.3 Definition of the polymer coating 

Due to the multicomponent composition of industrial coatings the resulting spectra become very 

complex and information-rich and thus hard to interpret. As a consequence, chemical interfacial 

interactions have been unravelled using model compounds with a well-defined chemistry even when 

the interface has been approached from the metal side. As such monomeric molecules with 

carboxylic acid, ester and amide functionalities has been defined representative for polyester 

polyurethane primers. In addition, a comparative study using aliphatic and aromatic carboxylic acid 

compounds elaborates on the contribution of π-electrons at interfacial interactions. Subsequently, 

the unravelled chemisorption mechanisms using model compounds are being translated to industrial 

multi-component coating, i.e. a primer with polyester-based resin and melamine-based crosslinker. 

Upon characterizing the chemisorption of the polyester coil coat in dry conditions, the metal-polymer 



Chapter 1 

 

6 
 

hybrid system will be exposed to an aqueous environment to further determine the stability of the 

established interfacial bonds. This stepwise approach is illustrated in figure 1.5. 

 

Figure 1.5: Research steps taken in the proposed research approach. 

1.4. Thesis outline 

Figure 1.6 illustrates the structure of this thesis. The industrial relevance of this work and a general 

introduction are given in chapter 1. Chapter 2 provides an extensive literature review on the 

corrosion properties of newly developed galvanized steel substrates, fluoro acid-based treatments as 

a promising chrome(VI)-free pretreatments and state-of-the-art methodologies for studying buried 

metal-polymer interfaces. Subsequently, the experimental work is presented in chapter 3-7. Because 

the published articles related to this thesis systematically describe conversion film formation, 

chemisorption mechanisms and interfacial stability, there has been opted to disassemble the 

published articles accordingly to maintain a structure as illustrated in figure 1.5. Chapter 3, describes 

the conversion film formation of multi-metal model evaporated and bulk substrates, i.e. zinc, 

aluminium and magnesium with a high purity grade (> 99.9 %) and industrially relevant galvanized 

steel substrates, i.e. GI and MZ. First a commercially available zirconium-based conversion system 

has been characterized to demonstrate its complexity, after which model conversion solutions have 

been defined based on hexafluorozirconic and -titanic acid. Chapter 4 unravels chemisorption 

mechanisms at the respective (converted) metal substrates using model monomeric compounds with 

functionalized groups representative for polyester polyurethane primers. Subsequently, the 

elucidated chemisorption mechanisms are validated using realistic paint formulations in chapter 5. 

The bonds established in dry conditions as described in chapter 5 are than exposed to aqueous 

media to determine their stability as given in chapter 6. Finally, chapter 7 covers the strengths and 

limitations of ATR-FTIR as interfacial sensitive technique. The conclusions and further perspectives of 

this current work are summarized in chapter 8. The numbers given between brackets in the thesis 

outline illustrated in figure 1.6 refer to the articles where parts of the concerning chapter are being 

published. 
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Figure 1.6: Thesis outline 
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Chapter 2: Literature review 

To guarantee the lifetime of newly developed metal-polymer hybrid systems, there is an urgent need 

to gain fundamental insights on the impact of substrate and pretreatment variations on the 

(chemical) adhesion of coil coat primers. The existing lack of knowledge on metal paint interfaces 

relates to the difficulty of studying buried interfaces. Different methodologies have been developed 

in the past to overcome this challenge. For non-destructive research simplification of reality remains 

a prerequisite. However, with newly developed multi-substrates, as well as multi-component paint 

systems, there remains a gap between model and realistic systems. Moreover, a new generation of 

Cr(VI)-free surface treatments arises. Fundamental knowledge on the relation of oxide properties 

and paint adhesion would allow more efficient developments within chemical treatments. This 

chapter aims to describe innovations within galvanizing, Cr(VI)-free conversion treatments as well as 

the state-of-the-art methodologies currently used to study buried metal-polymer.  
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2.1 Introduction 

The need for thinner, weight-saving zinc coatings together with the aim of conserving limited natural 

zinc resources, creates a significant industrial interest in the reduction of the amount of zinc used in 

galvanized steel. The best balance between adhesion quality, corrosion performance and cost was 

determined for an aluminium-magnesium-zinc alloy.1 In order to further improve the durability of 

galvanized steel a protective polymer coating can be applied. Coil coating represents the most 

efficient, reliable and environmentally friendly means of applying a high quality paint finish to metal 

surfaces for the building industry. This process includes i.e. a cleaning-, pretreatment- and a paint 

section, determining the final quality and durability of the polymer-metal hybrid system. Alterations 

in metal oxide chemistry and morphology, induced by varying types of galvanized steel, greatly 

influence subsequent pretreatment processes2,3 and final interfacial metal-polymer bonding 

integrity.4 To establish a stable metal-polymer adhesion a chemical conversion treatment is applied 

on the metal surface. Traditional conversion coatings based on phosphate and hexavalent chromate 

are associated to different health and environmental issues. As a result a new generation of surface 

treatments based on non-regulated metals (Zr, Ti) and with a reduced phosphate load arises. 

However, the traditional surface treatments have been used during the past 60 years, proving their 

long term effectiveness and self-healing properties in the case of hexavalent chromate.5,6 Although 

the new generation conversion processes are associated to lower energy consumption and waste 

disposal, their long term effects are not yet fully determined. Moreover, the effect of substrate 

variations on conversion film formation remains underexposed. Acquiring a correlation between 

initial metal oxide and final conversion oxide physicochemical properties is important to understand 

the consequences for subsequent corrosion resistance and paint adhesion.7 Whereas the corrosion 

resistance of zirconium- and titanium-treatments is relatively well described,8–13 its effect on the 

chemisorption of polymer coatings remains far from fully understood. A major reason for this lack of 

knowledge relates to the well-known difficulties of studying buried interfaces.14 In addition, a high 

portion of interface variables in each separate layer of the metal-polymer hybrid system, i.e. metal 

substrate heterogeneities, multi-component conversion solutions and multi-component paint 

formulations hinder a straightforward mechanistic study. This chapter provides a literature review on 

development in galvanizing, zirconium-based conversion treatments and state-of-the-art 

methodologies to study buried metal-polymer interfaces.  

2.2 Zinc and zinc-alloyed coated steel 

The application of zinc and zinc alloyed coatings on steel is one of the commercially most important 

processing techniques used to protect steel components exposed to corrosive environments.15 The 
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first usage of zinc in construction dates from 79 AD,16 hence its capability to protect iron and steel 

from corrosion has long been known. Today, more than 13 million tons of zinc are produced annually 

word wide of which more than half is used for galvanizing.16 The most common technique used to 

apply a zinc coating is the hot-dip (HDG) in a molten zinc bath, which results in a thick zinc coat. 

Other ways are continuous sheet galvanizing, spraying or electro-galvanizing, which results in 

approximately 10 times thinner zinc layers compared to HDG, what makes them less suited for 

outdoor use. This work focusses on two types of hot-dip galvanized steel sheets. Conventionally hot-

dip galvanized steel (GI) resulting in a homogeneous zinc coat and a zinc-aluminium-magnesium coat 

(MZ). Their properties will be briefly discussed in the following paragraphs.  

2.2.1 Hot-dip galvanized steel (GI) with low aluminium additions (<1 %) 

GI results from dipping steel into a molten zinc bath with low additions of aluminium. Aluminium 

levels of more than 0.005 wt. % form a Fe2Al5ZnX inhibiting layer at the iron-zinc interface 

suppressing the formation of brittle Fe-Zn phases.17 This compact and hence ductile inhibiting layer 

acts as a barrier to preventing the diffusion of Fe and Zn atoms forming other alloy layers and allows 

the coated sheet to be formed into many complexes without loss of coating adhesion.17 In addition, a 

continuous Al2O3 layer is formed on the zinc coating surface. This surface layer of aluminium 

improves the reflectivity of the surface, but is known to be detrimental for paint adhesion. 

Consequently, prior to coil coating surface aluminium will be removed, typically by an alkaline 

cleaning step.  

2.2.2 Magizinc (MZ) with additions of aluminium (1.6 %) and magnesium (1.6 %) 

Zinc coatings add corrosion resistance to steel by offering barrier and sacrificial corrosion protection. 

Therefore, the durability of the protective zinc film is mainly determined by its thickness.17 A lot of 

work has been done towards achieving thinner weight-saving coatings with comparable or an even 

better performance than the traditional GI. This in order to optimize process costs as well as 

conserving limited natural resources and reducing energy consumption and carbon emissions. 

Different types of zinc alloys have shown to fulfill these requirements without reducing corrosion 

resistance.3–10 Additions of small amounts of magnesium have shown to provide two to four times 

longer corrosion protection than the standard zinc alloy.21 However, the addition of magnesium 

limits the adhesion to steel.22 This effect can be solved by adding aluminium to the alloy, at least 

equaling the level of magnesium, which at the same time offers the possibility of further 

improvements in corrosion protection.1 Numerous studies describe the formation of compact 

protective corrosion products on zinc alloyed coatings.3–10 The atmospheric corrosion rate of 

galvanized steel is governed by oxygen reduction which is often limited by diffusion through a layer 
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of corrosion products. Therefore, together with the eutectic microstructure, which retards the 

corrosion progress, the nature and stability of the corrosion products is considered as the main 

mechanism responsible for the enhanced corrosion performance.23 The presence of ZnO is often 

associated with elevated corrosion rates since it accelerates the electron transfer from zinc to 

adsorbed oxygen molecule. The formation of this undesired corrosion product is hindered by zinc-

aluminium-magnesium alloyed coatings, which corrosion products have lower electric conductivity 

inhibiting the rate-controlling oxygen reduction reaction.24 This was confirmed by scanning Kelvin 

probes experiments, which showed that the oxygen reduction efficiency significantly decreased due 

to the presence of aluminium and even more strongly by the presence of magnesium.24 Impedance 

measurements revealed that the capacity of the double electric layer decreases significantly with the 

content of magnesium and aluminium, which was ascribed to a decreasing porosity of the corrosion 

products.24 The presence of magnesium hinders the formation soluble hydroxide, carbonate or 

sulfate complexes by pH buffering or by consumption of the excess anions. The continuous ability of 

magnesium corrosion products to neutralize hydroxide ions at the cathodes reduces the surface 

alkalinity allowing the formation of insoluble zinc hydroxyl chloride simonkolleite (Zn5(OH)8Cl2-

H2O).21,25 This stabilization effect of Mg2+ occurs in an initial corrosion stage, whereafter in an 

advanced stage, the dissolution of aluminium starts in neutral or alkaline conditions. In neutral 

conditions Al3+ is formed when zinc rich phases are sufficiently consumed to allow an increase of the 

electrochemical potential. The presence of Al3+ results in formation of Zn-Al and or Mg-Al layered 

double hydroxide (LDH).23,26 The chemical composition of LDH can be described as: M(II)XM(III)Y(A-

)M(OH)N.zH2O with M(II) = Mg2+ or Zn2+, M(III) = Al3+ and A- = CO3
2-, Cl- or SO4

2-.26 The dissolution of 

magnesium and aluminium controls the pH and has a buffering effect which prevents the formation 

of regions with very high pH. This reduces (or prevent) the formation of ZnO and extensive zinc 

dissolution in alkaline areas at the cathodic sites.27 Instead magnesium and aluminium will 

precipitate on the surface slowing down the cathodic process and as a consequence also retard the 

anodic dissolution of the Zn–MgZn2 phases.27 Mg/Al LDH is formed in larger amounts compared to 

Zn/Al LDH implying a preferential dissolution of magnesium in the initial stages of the corrosion.27 

The formation of LDH on aluminium containing alloys has been reported to show a 4-6 times lower 

mass loss than GI, however ZnMg did not contain LDH and performed even better with up to 10-fold 

lower weight loss compared to zinc.18,19 The contribution of Mg ions on the formation of different 

corrosion products is thus very complex and is still a subject for further investigations.28 The presence 

of LDH on corroded coatings might be a consequence of high pH at cathodic sites, leading to the 

dissolution of aluminium.29 The relative content of LDH in corrosion products then correlates to the 

aggressiveness of exposure conditions, specifically to a chloride load. Harsh conditions (acid pH, 

alkaline pH, extreme salt concentrations) can cause misleading conclusion as compared to real live 
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situations. Therefore recent publications described electrolytes based upon a statistical study of 

natural rainwater composition respecting the ratio of the various species while maintaining a total 

dissolved salt content equivalent to standard corrosion testing electrolytes.23,29,30 Those publications 

revealed that LDH formation was delayed during rainwater tests, suggesting an overestimated 

anticorrosion performance in accelerated tests. Moreover the weight loss of both GI and zinc-

magnesium alloys in rainwater was higher than in modified rainwater, indicating that the reality is 

more complex and other possible effects of NH4+ and HCO3- on the corrosion mechanisms such as 

modification of the intrinsic anodic reactivity should be considered.29  

However, the chemical nature of the protective layer was not uniquely identified. Basic zinc salts 

such as zinc hydroxyl chloride (=simonkolleite)18, Al-rich oxide layers31, layered double 

hydroxides23,25,27, hydrozincite19 and other carbonate compounds are described corrosion products. 

The variation of the reported results relates to the highly heterogeneous microstructure of the 

alloyed coating as well as the various chemical environments used to study corrosion. The ZnAl2Mg2 

coating has a multiphase structure with a Zn– MgZn2 binary eutectic and Zn dendrites. In addition, 

there are also zones of ternary eutectic Zn–Al–MgZn2 and Al-dendrites, these phases are illustrated in 

figure 2.1.32 This heterogeneity hinders a straightforward mechanistic study on the correlation of the 

different oxides and their physicochemical properties to their bonding properties and the stability of 

metal-polymer hybrid interfaces when water is being introduced. 

 
Figure 2.1: Crossection profile of microstructure zinc coatings on (a) GI and (b) MZ.32  

 

2.3 Cr(VI)-free surface treatments 

2.3.1 titanium- and zirconium-based conversion film formation 

Recent restrictions on the use of carcinogenic hexavalent chromium, as well as ecological concerns 

on the use of heavy loads of phosphate lead to the development of a new generation of surface 

treatments. Currently, zirconium- and/or titanium-treatments are considered as viable alternatives 

since they improve both corrosion resistance8–13 and paint adhesion7,33–36 and this on both ferrous 

and non-ferrous substrates.37 Fluorides present in the conversion solution activate the metal oxide 

removing natural metal (hydr)oxides by anodic dissolution.38 The requirement for fluoride attack 

depends on the nature and thus the electrochemical activity of the native oxide.39 During the anodic 

dissolution of native metal (hydr)oxides cathodic counter reactions are taking place on local cathodes 
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which lead to local alkalinization and thus the precipitation of zirconium- and titanium oxides.2,40–43 

Consequently, zirconium and titanium-based conversion are pH-based as well as electrochemical-

based processess.39–45  

Tetravalent elements are soluble only within narrow acidity ranges and the hydroxides M(OH)4 are 

too polarized to be stable.46 Consequently, because of their high formal charge, Ti and Zr cations 

hydrolyse to hydrated oxides.46,47 In the case of titanium oxide, spontaneous dehydration via 

oxolation reactions leads to TiO2 which crystal structure (rutile or anatase) depends on the acidic and 

temperature conditions.39,46,48 Conversely, the high coordination number of zirconium (NZr = 8 vs NTi = 

6) and resulting geometry (associated with its larger ionic radius) does not allow the formation of 

compact condensation products.47 Instead, amorphous polymeric structures are being formed, also 

known as oxyhydroxides.46–50  Literature on precipitation of Zr(VI)- and Ti(VI)-oxides from fluoroacid 

solutions are very scarce. Verdier et al. showed that during the conversion of AM60 magnesium alloy, 

titanium occurred only in its oxide form (TiO2), whereas zirconium, depending on the solution 

composition, was found as oxide (ZrO2), oxyhydroxide (ZrO2-xOH2x) and hydroxyfluoride.48 This 

confirms the formation of amorphous zirconium oxyhydroxide phases, which have been reported to 

have variable compositions depending on the experimental conditions.47 As such, the pH, Zr 

concentration, temperature and presence of anions in the conversion solution determine the 

equilibrium between competitive olation (leading to Zr-OH-Zr bonds) and oxolation (leading to Zr-O-

Zr bonds) reactions.46,47 Finally, when forming solid phases, OH groups can be replaced by anions, 

which effect diminishes with increasing pH.47  

Although the conversion mechanism is reported to be similar for different substrates.42 Deposition 

kinetics and thus lateral and in-depth elemental composition highly depends on the fluorine 

concentration, presence of additives to the conversion solution and the nature of native oxide.2,3 The 

previous paragraph already discussed the ability of magnesium to neutralize hydroxide ions at the 

cathodes present at the MZ surface, which may delay the precipitation of zirconium and titanium 

oxides. On the other hand, the various phases appearing at the MZ surface increase the 

electrochemical activity compared to GI. Consequently, variations in electrochemical activity and 

local pH effects at GI and MZ surfaces are expected to affect the kinetics of conversion film formation 

and thus the thickness and elemental distribution both lateral and in-depth.42 Lostak reported that 

Zn-rich phases are more noble than Al-rich phases, while both are nobler than Mg-rich phases.43 

Additionally, he showed that the deposition of zirconium-based conversion coating on Zn-Al-Mg 

alloys preferentially starts on Zn-rich cathodes. The simultaneous dissolution of Mg- and to a lesser 

extent Al-rich phases enriched the metallic phases with Zn. Upon, longer immersion times, 

precipitation of the zirconium-based conversion coating also takes place on Mg-rich phases, followed 

by complete coverage of the alloy surface.43  



Literature review 
 

15 
 

2.3.2 Barrier and bonding properties titanium- and zirconium-based conversion films  

It is well accepted that the preferred deposition of zirconium oxide layers occurs on and around 

intermetallic particles.40–42 The coverage of these surface heterogeneities are reported to reduce 

potential differences and thus cathodic activity, which is one explanation of improved corrosion 

resistance by zirconium- and titanium-treatments. Additionally, zirconium-based conversion coatings 

have been reported to reduce the corrosion current density on aluminium alloys,38,51,52 galvanized 

steel12,53 and steel substrates9,11,34 acting as a barrier coating. These barrier properties can be further 

improved by adding inorganic and or organic compounds to the conversion bath. Typical inorganic 

additives are metallic cations (Cu, Ni) in the form of phosphates or sulphates.54,55 Whereas the 

metallic cations act as nucleation sites enhancing precipitation of the conversion layer42, barrier 

properties are enhanced by their anionic counterparts. Next to adding corrosion resistance 

conversion coatings are expected to improve bonding properties to an organic layer. Improved paint 

adhesion has been ascribed to altered oxide physicochemical properties upon zirconium-treatment. 

Increased surface roughness,56 surface free energies,9,57 electron donor properties45,58 and altered 

hydroxide fractions7,45 have shown to enhance chemical interactions with an organic layer. 

Moreover, scanning Kelvin probe studies revealed a lowered potential difference at the delamination 

front reducing the delamination rate.59 However, the impact of organic additives is less described. 

There are various reasons to add polymeric compounds to the conversion solution. Among others, 

they are supposed to improve conversion coating homogeneity, as well as enhance bonding 

properties to both the underlying substrate and overlaying paint layer.60–62 Common water soluble 

polymeric compounds found in patents to be added to conversion treatments are polyacrylic acid 

(PAA), polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP).61–65 It has been reported that 

polymeric additives are more effective in a zirconium- than in a titanium-based coating due to the 

ability of zirconium to act as a crosslinking agent.60 Deck et al. reported that the addition of polymeric 

additives improves both stability and corrosion resistance of zirconium- and titanium-treatment of 

aluminium, with polyacryl amide performing better than polyacrylic acid.60 Smit et al, investigated 

the effect of polyacrylic and tannic acid added to the titanium-treatment of aluminium-manganese 

alloys and confirmed the corrosion resistance to be improved significantly due to organic additives.51 

However, longer immersion in NaCl solutions leads to selective dissolution of the polymer film 

resulting in worse corrosion protection performances than those obtained after titanium-treatment 

without organic additives.51 Since the majority of the work on zirconium- and titanium-treatments 

focusses on corrosion resistance and macroscopic adhesion testing, fundamental insights on the 

bonding properties of zirconium- and titanium coatings are largely missing. Yet similarities can be 

found in literature describing metal-organic frameworks (MOFs).66 MOFs are metal ions coordinated 

to organic ligands forming one, two-or three dimensional structures, mostly containing divalent 
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transition metal cations.66 However, there is a high interest in increasing the charge of the metal 

cation to strengthen the cation-ligand bond and thus its chemical stability (especially in the presence 

of water).66 Ti(IV) is considered as a highly attractive, yet challenging cation due to its high polarizing 

power resulting in fast and spontaneous precipitation of TiO2.66 Zr(IV) on the other hand, has shown 

to be a noticeable exception for tetravalent cations based MOFs.67 The high affinity between Zr(IV) 

and carboxylate oxygen atoms gives stable Zr-MOFs in organic solvents, water and acidic aqueous 

solutions. In alkaline aqueous solutions they are found to be less stable due to replacement of 

carboxylate groups by OH- anions.67 Although such coordination chemistry cannot fully be translated 

to metal oxide – polymer interactions, higher bonding properties of zirconium than titanium oxide 

can be hypothesized from this.   

2.3.3 The role of surface hydroxide fractions on conversion film formation 

Different studies reported that the deposition kinetics and elemental distribution (lateral and in-

depth) strongly depend on the microstructure and chemistry of the substrate surface.3,7,39–41,43 In-situ 

ATR-FTIR combined with OCP measurements elucidated the critical importance of the initial 

hydroxide fraction on the zirconium deposition rate and final surface chemistry.45 As such, high 

hydroxide fractions were shown to encourage the zirconium deposition, whereas lower hydroxide 

fractions favours surface hydroxylation what retards the zirconium deposition as depicted in scheme 

2.245 This competitive surface hydroxylation has shown to retard the zirconium deposition of zinc 3 

and AA6014 2.  

 

Figure 2.2: Schematic sketch of the conversion process kinetics versus the initial hydroxyl fraction. The 

arrow widths indicate the process kinetics qualitatively.45 

In accordance to the work of Taheri et al.45, on pure zinc substrates, Cerezo et al.2, confirmed the 

determining role of surface hydroxide fractions during zirconium-based conversion of aluminium 

alloys. However, the resulting surface chemistry is shown to be highly substrate dependent. Low 

hydroxylated aluminium alloys result in a less developed zirconium film which contains more 

aluminium(hydr)oxides.2 On the other hand, higher amounts of zinc impurities occur within the 
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zirconium film when zinc is highly hydroxylated.45 This phenomenon, shown in figure 2.3, 

demonstrates the importance of a fundamental interface parameter study to gain insights in the 

zirconium oxide deposition on multi-metal substrates. 

 
Figure 2.3: schematic presentation of the effect of initial surface hydroxide fractions on zinc45 and 

aluminium alloy 60142 substrates on the final zirconium-converted oxide composition. 

2.4 The chemistry of polyester-polyurethane primers relevant for coil coating 

Polyester/polyurethane primers are widely used as in coil coating and therefore the coating of 

interest for this current research.75,76 The final coating properties strongly depend on the nature of 

the resin components. Aromatic isocyanates result in higher rates of cross-linking and curing, but 

these resins are susceptible to color retention due to sunlight exposure.75 Conversely, aliphatic 

isocyanates lead to lower rates of cross-linking and curing and are therefore better resistance to 

yellowing and chalking.75 Although polyester polyurethanes are highly cross-linked resins when 

cured, they are not suitable for immersion service.76 However, they have excellent heat stability, 

adhesive properties and oil resistance, making them highly suitable as primer. Additionally, the lower 

manufacturing cost has made widespread application of polyester type PU coatings.76 These resins 

are formed by reaction of a polyisocyanate with free hydroxyl groups in polyols such as acrylics, 

epoxies, polyesters, polyethers and vinyls,76  as demonstrated in figure 2.4.  

R N O + R' OH R
NH O

R'

O  
Figure 2.4: Reaction of a polyisocyanate and an alcohol forming polyurethane resin. 

Polyesters polyols are formed during the reaction of diacid with an excess diol, as seen in figure 2.5. 

Despite the vulnerability of polyester polyols to gradually hydrolyse to their former carboxylic acid 
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and alcohol, they are generally preferred for harder coatings with better weather resistance.76 The 

in-situ formation of carboxylic acid catalyses further ester hydrolysis, accounting for an significant 

reduction of average molar mass.76 Therefore, to slow down deterioration of mechanical properties 

during prolong exposure to humid atmosphere acid scavengers are typically added to  suppress this 

autocatalytic effect.76  

O
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OH OH
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diacid ecxess diol Polyester polyol

 

Figure 2.5: Preparation of polyester polyol with diacid and excess diol.  

Polyester resins for coating applications are usually prepared with both aromatic and aliphatic dibasic 

acids.77 The excess acid and alcohol compounds in the polyester resin is indicated by the acid- and 

OH-value which is obtained by titration. The polyester primer formulation used in this current work is 

given in table 2.1. Two types of coil coat formulations have been used, i.e. a white pigmented primer 

and a transparent clearcoat. Both coatings are crosslinked with a melamine-based crosslinker, which 

crosslinking reaction takes place between terminal CH3 groups of the highly methylated melamine-

based crosslinker and OH-groups of the highly hydroxylated polyesters as illustrated in figure 2.6. 78 

 
Figure 2.6: Crosslinking reaction between highly hydroxylated polyester resin and highly methylated 

melamine-based crosslinker. 

The multi-component coil coat formulation given in table 2.1, indicates the high complexity of 

industrially relevant paint systems. As a result, the use of vibrational tools lead to information rich 

interfacial spectra hindering a straightforward mechanistic study. Moreover, the high absorptive 

properties of both paint and metal substrate hinder direct access to the buried metal-paint interface 
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using conventional surface sensitive techniques such as XPS and ToF-SIMS. Therefore, major insights 

in metal-polymer chemisorption reactions result from model systems.45,79–84 Different methodologies 

for studying chemisorption mechanisms are discussed below. Moreover, a literature review on 

chemisorption mechanisms reported on zinc, aluminium and magnesium oxide is given in the 

following paragraphs.  

 

Table 2.1 Polyester primer and clearcoat formulation 

Compound Quantity 
primer 
(wt. %) 

Quantity 
Clearcoat 
(wt. %) 

Function Chemistry + properties 

Dynapol LH  
820-16 /55% 

61.1 70.2 Polyester resin Saturated, medium molecular (MM 5000 
g/mol), linear hydroxylated co-polyester 
resin. TG = 60°C, (acid value of 2 mg KOH /g 
and an OH-value of 20 mg KOH /g) 

Aerosil 200 0.4 0.0 Thicking agent SiO2, Hydrophilic fumed silica, surface area 
200 m2/g 

Kronos 2360 11.1 0.0 Pigment white Rutile TiO2 

Cymel 303 4.8 5.5 Crosslinker Highly methylated-monomeric melamine-
based crosslinker (methoxy methyl 
functional sites) 

Dynapol 
Catalyst 1203 

1.8 2.1 Catalyst for 
crosslinker 

Non-ionic blocked sulfonic acid catalyst for 
aminoplast crosslinking 

Deuteron MK 1.1 0.0 Matting agent Methylediaminomethylether 
Resiflow FL2 0.4 0.0 Flow control 

agent 
polyacrylate 

Solvent 
Naphta 200 

9.6 11.0 Solvent Aromatic solvent 

Butyl diglycol 4.0 4.6 Solvent HO-(CH2)2-O-(CH2)2-(CH2)3CH3  

Butyl glycol 5.8 6.6 Solvent CH3-(CH2)3-O-CH2-OH 
 

 

2.5 Studying chemisorption mechanisms at buried metal-polymer interfaces 

Most chemisorption studies at metal oxide surfaces focus on simplified organic compounds 

representative for components present in paint formulations.45,79–82 The use of monomeric 

compounds gives a high freedom of selecting chemical functionalities of interest. Three functional 

groups relevant for polyester polyurethane primers will be discussed in terms of their bonding 

affinity to metal oxides. The first functionality are carboxylic acids which originate from the excess 

acid compounds used for the in-situ synthesis of polyester resin. Subsequently, chemisorption 

mechanisms reported for ester- and amide-functionalized molecules representative for polyurethane 
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number.92 The amount of covalent nature in metal carboxylate bonds as proposed by Hocking et al, 

equals 20 % for magnesium, between 10 and 30 % for zinc, and 50 % for aluminium.92 Therefore, a 

higher bonding strength as well as resistance against water is expected for aluminium compared to 

zinc and magnesium. For comparison, the amount of covalent character in phosphor-carboxylate 

complexes situates around 80%. Consequently, phosphate-based surface treatments are expected to 

contribute to carboxylate bond strength and stability. Similar, tetravalent cations (Zr and Ti) are also 

expected to increase carboxylate bond strength and thus its resistivity against water. 

  

2.5.1.2 Amides 

Amide-functionalized molecules are representative for functional groups present in polyurethane 

coatings.71,102–104 Polyurethanes are formed by reaction of a polyisocyanate with free hydroxyl groups 

in polyols, which results in amide and ester functionalized polymer chains. Contrary to carboxylic acid 

groups, amide and esters are known as non-ionisable. Moreover, amides are stable and thus rather 

unreactive because the electrophilicity of the amide oxygen is reduced by nitrogen sharing his free 

electron pair.105 This explains the good chemical and weathering resistance properties of 

polyurethane coatings. However, those inert properties might be disadvantageous for adhesion.  

The occurrence of two different electrophilic atoms, i.e. nitrogen and oxygen, increases the possible 

metal-amide bonding mechanisms. For the interaction of N,N’-dimethylsuccinamide with iron oxide it 

has been proposed that the chemisorption occurs through the amide nitrogen atom.71,102 On the 

other hand, N,N’-dimethylsuccinamide was shown to donate electrons through its oxygen lone pair 

to aluminium oxide hydroxide end groups establishing hydrogen bonds.103,104 Hence, the bonding 

site, i.e. metal hydroxide or metal cation and thus the chemisorption mechanisms is expected to 

correlate to the metal oxide physicochemical properties.  

It should be mentioned that the majority of the chemisorption studies concerning amide-

functionalized molecules are based on the results of one technique, commonly IRRAS102,103 or 

XPS71,104. FTIR is particularly sensitive for carbonyl (C=O) bond vibration and therefore suitable for 

chemisorption studies with carboxylic molecules. The tendency for changes in electronic structure 

and inter- and intramolecular hydrogen bonding induces large shifts in vibration energy. Studying the 

susceptibility to hydrogen bonding, or carboxylate formation by means of XPS is less straightforward. 

This because of its high surface sensitivity, what leads to contributions of adsorbed ambient carbon 

contamination in the C1s and O1s XPS peaks. However, amide-functionalized molecules contain a 

nitrogen hetero-atom, which binding energy gives unique information on the interfacial dipole and 

thus the type of interaction with metal oxides. Barthés-Labrouse and Mercier proposed an approach 

to quantify Bronsted and Lewis acid-base interactions by deconvoluting the N 1s XPS peak.106,107 
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Bronsted interactions on one hand concern a proton exchange from the metal hydroxide ion towards 

the amide-functionalized molecule. As a result the metal oxide becomes negatively charged, whereas 

the amide-functional group becomes positively charged. The positive charge is energetically more 

favourable on the nitrogen atom than the oxygen atom. As a consequence, an ionic Bronsted bond is 

being established between the amide nitrogen atom and metal oxide. A second bonding mechanism 

concerns Lewis acid-base interactions, where the electron-rich oxygen atom donates electrons to 

metal oxide cations. Since the amide-functionalized molecule becomes partially positive charged and 

the metal oxide partially negative, the resulting shift of the N1s XPS peak will be smaller for Lewis 

acid-base interactions compared to ionic Bronsted interactions, as illustrated in figure 2.8.71,104  

  

Figure 2.8: Chemisorption reactions of amide-functionalized molecules at a metal oxide surface (a) 

Lewis acid-base interaction, (b) Bronsted interaction.  

2.5.1.3 Esters  

Various chemisorption mechanisms have been reported for ester-functionalized molecules. Most 

commonly reported are the saponification reactions resulting in metal carboxylate complexes by a 

two-step mechanism.108–110 During the first step, the ester group is being hydrolysed to more reactive 

carboxylic acid groups. Whereas in a second step, the carboxylic acid is being deprotonated allowing 

the formation of metal-carboxylate bonds.111 Divalent metal cations have shown to be able to 

catalyse ester hydrolysis reactions which have extensively been studied for Zn2+, Cu2+, Ni2 and 

Co2+.108–110
 However, this saponification reaction was not consistently observed questioning the 

possibility of bond cleavage under mild conditions.80,89,112 Instead, Lewis acid-base bonding has been 

propsed with the ester carbonyl oxygen acting as electron donor and the aluminium hydroxyls as 

electron acceptor, establishing a hydrogen bond.79,94 This was evidenced by the downward shift of 

the v(C=O) carbonyl stretching band in the FTIR spectrum.79,94 The susceptibility of ester-

functionalized monomeric compounds to hydrolysis is thus part of an ongoing debate. The tendency 

to hydrolyse ester groups is expected to depend on the metal (hydr)oxide acid-base properties and 

thus the tendency of metal oxides to donate hydroxide groups to hydrolyse the esters to carboxylic 
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acids. Moreover, the cation plays a determining role as they may catalyse hydrolysis reactions by 

chelating to the ester-groups. For optimal conditions for cation catalysed ester hydrolysis reactions, 

the organic compounds should have a poor leaving group and a steric functional group to promote 

chelation of the metal ion to the leaving group oxygen and not to the carboxyl oxygen.110  

 

The requirement for cations to chelate to specific functional groups to induce the desired reaction is 

more readily fulfilled when using small molecules.  This because monomeric compounds sense a high 

degree of rotational freedom. Because of this, unravelled chemisorption mechanisms may not be 

fully representative for polymer coatings. Moreover, monomeric compounds can be more 

susceptible to decomposition, either due to metal oxide catalysis or by the high dose of ion or X-ray 

bombardment.113,114 To take this into account, the thin film approach is described in the following 

paragraph. 

 

2.5.2 Thin-film approach (XPS, IRRAS, ATR-FTIR) 

Next to the use of functionalized monomeric compounds, the chemisorption of industrially–relevant 

paints is often mimicked using the thin-film approach. For this approach, model polymer films are 

applied by solvent evaporation forming a nanolayer, which still allows the use of surface sensitive 

techniques (XPS, ToF-SIMS, IRRAS, etc.) while offering more similarities with the mobility and thus 

reactivity of functional groups embedded in polymeric chains as in the case of industrially-relevant 

paint systems. One point of attention is the potential competition with solvent adsorption as shown 

by Pletincx et al.115 Moreover, similar to the model molecule approach, the use of surface sensitive 

techniques when using the thin film approach, unavoidable also detects adsorbed adventitious 

carbon contamination, which may interfere with the signal specific to the organic compound of 

interest. This carbon contamination is typically formed immediately upon exposure of the oxide 

surface to the atmosphere and might block potential surface bonding sites.40 

 Frequently applied polymeric compounds are polyacrylic acid (PAA)98,100,116 and polymethyl 

methacrylate (PMMA).82,117–120 Leadley and Watts studied metal oxide - polymethylmethacrylate 

(PMMA) interfaces performing XPS analysis.79 Similar to ester-functionalized molecules two different 

chemisorption mechanisms have been demonstrated. Acidic metal oxides, such as silicon, interact 

with PMMA by hydrogen bonding. Whereas amphoteric substrates, such as iron and aluminium 

oxide, hydrolyse PMMA forming interfacial carboxylate bonds.79 PMMA hydrolysis resulting in 

aluminium-carboxylate bonds was also evidenced by other authors using solid state NMR.119,121  

Tannenbaum, et al.118, reported the importance of water as a mediating agent in the chemisorption 

of PMMA to aluminium oxide. Hydrolysing the ester group forming carboxylic acids was believed not 
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to be sufficient to establish chemical bonding at the aluminium oxide surface. A subsequent 

intermediate step, being the dissociation of acid to carboxylate anions in the presence of water, was  

considered as a requirement for chemisorption to occur.118 Pletincx et al.82 supported this statement 

using near-ambient XPS, ToF-SIMS and ATR-FTIR in Kretschmann geometry. More water at the 

interface was shown to lead to more ionic bond formation with PAA.82 dependent.7,42,45 It becomes 

clear that the majority of thin film studies have been conducted on aluminium oxide, whereas those 

on zinc and magnesium oxide are more limited. Based on a comparative study on the deformation 

behaviour of PAA-metal oxides (Zn, Al, Mg and Ca). PAA- zinc and aluminium- oxide composites were 

shown to behave as elastic brittle materials.100 Their tensile strength partially reduced during 

submersion in water, but elastic-brittle behaviour was maintained. Conversely, PAA-calcium and 

magnesium oxide composites changed to elastically soft materials when saturated with water, which 

was explained by weakening of the metal-carboxylate bonds associated to the different nature of the 

carboxylate bonds.100 Whereas magnesium and calcium oxide formed ionic polyacrylate salts with a 

highly ionic nature, zinc and aluminium oxide were shown to form a bridging bidentate or chelating 

carboxylate coordination with a higher covalent character. The differences in ionic/covalent ratio of 

the interfacial PAA-metal oxide bond was considered as the main cause for different mechanical 

behaviour in aqueous media.100 

2.5.3. Thin substrate approach (ATR-FTIR and SFG) 

The use of simplified organic compounds (functionalized-monomers or thin film approach) has thus 

shown to be highly useful for revealing chemisorption mechanisms.14 However, hitherto, these 

insights have not been validated on industrially relevant paints, which are typically multicomponent 

systems containing crosslinkers, curing agents, matting agents, fillers, binders, corrosion-inhibiting 

pigments, etc. As a result, its chemical composition is complex hindering straightforward 

chemisorption studies. Next to the well-known difficulties of studying buried interfaces, this is one of 

the reasons why molecular studies on metal-paint interfaces are limited. Obviously, the effect of 

adhesion promotors on interfacial properties cannot be neglected. In particular silanes play an 

important role in the chemical interaction of paints with metal oxides.122 Another component that 

affect the interfacial strength are crosslinkers and more specifically, the degree of crosslinking. Too 

much crosslinking can make the polymer system too rigid hindering dissipation. On the other hand, 

less crosslinked polymers are more elastic, so when performing the pull-off test they may deform 

before the interface breaks.123 Moreover, in case of a not fully crosslinked polymer system a higher 

amount of functional groups will be available to interact with the metal substrate.124 Next to the 

amount of crosslinkers, also curing is assumed to have an impact on the interfacial properties. 

Chemical interactions at the metal-polymer interface are expected to take place already before 
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curing.125 However, curing can change the interface significantly. For instance, it has been reported 

that curing can relieve polymeric constraints leading to a lower steric hindrance and a stronger 

metal-polymer bonding.126 Conformational variations as well as improved hydrolysis and metal-bond 

formation due to curing at elevated temperatures have also been reported for silane primer films on 

aluminium.122 It becomes increasingly clear that adhesion properties are not only a result of resin 

chemistry. In addition, also disbondment phenomena of painted metal substrates result from an 

interplay of multiple compounds present in the complex paint formulation.14,127,128 Öhman et al.129 

integrated attenuated total reflection – Fourier transform infrared spectroscopy (ATR-FTIR) with an 

electrochemical cell (EC), allowing simultaneous electrochemical and molecular characterization of 

the metal-polymer hybrid system during exposure to electrolyte. Using the integrated ATR-FTIR – EC-

setup, it was demonstrated that the character of water in epoxy films differs from the water within 

the siloxane network.130 Moreover, in-situ ATR-FTIR studies lead to insights in water transport and 

polymer swelling phenomena, as well as corrosion processes at the buried interfaces.84,127,129–131 

Later, Taheri et al. adopted the in-situ ATR-FTIR approach to study buried metal-polymer interfaces, 

demonstrating increased polymer stability due to curing, which not only increased barrier properties 

but also the interfacial stability of carboxylic polymer – zinc oxide interface.128 The growth of water 

bands in the ATR-FTIR spectra were correlated to the polymer stability against water. A correlation 

between water uptake of the coating and initial surface hydroxide fractions and thus interfacial 

bonding density was demonstrated.128 The importance of surface hydroxides for interfacial bond 

formation with carboxylic polymers was also evidenced by Pletincx, et al.98, who showed initial 

increase of carboxylate bonds between PMMA and aluminium oxide when water was introduced at 

the interface. However, in-situ real-time monitoring of  interfacial carboxylate bond degradation by 

means of ATR-FTIR is experimentally hindered by the strong OH-bending modes of water which occur 

at similar IR-frequencies as the carboxylate bonds of interest. Moreover, the role of zirconium-based 

conversion treatments on interfacial bond formation and degradation with industrially relevant 

paints has not yet been described. The main reason for this is the high complexity of commercial 

conversion systems containing inorganic and organic additives which increases the surface chemistry 

complexity The high share of interface parameters at realistic metal (oxide)-polymer hybrid systems 

hinders straightforward interpretation of bonding properties at these metal (oxide)-polymer hybrid 

interfaces.  

It is clear that the study of industrially relevant metal (oxide)-paint interfaces are complicated by the 

high share of interfacial parameters. Another key-factor in the lack of knowledge on interfacial metal 

(oxide)-paint interface are the high absorptive properties of both paint layer and metal substrate, 

hindering the non-destructive use of common surface sensitive techniques.  
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By applying model metal films with thicknesses ranging in the nanometer scale IR-light transparency 

is maintained which allows the use of vibrational tools to reach the metal oxide – polymer interface 

from the model metal side. Currently, two spectroscopic techniques are used interchangeably to 

elucidate molecular interactions at the buried polymer-metal (oxide) interfaces. Presumably the 

most accessible and user-friendly spectroscopic tool is ATR-FTIR in the Kretschmann geometry.4,59,127 

In the Kretschmann geometry, a nanolayered metal (oxide) film, transparent for the IR-beam, is 

brought in direct contact with an internal reflection element (IRE). Upon reflection from the internal 

surface of the IRE, an evanescent wave is created and projected orthogonally into the sample as 

illustrated in figure 2.9. The charges in the evanescent wave create an electric field that extends into 

the coating were a second wave, i.e. the polariton, is generated reducing the intensity of reflected 

light.10 A fraction of the energy of the evanescent wave is absorbed by the sample, the reflected 

radiation is returned to the detector. The true depth of this evanescent wave passing the 

nanolayered metal film into the polymer coating is an ongoing debate.132 It is known that some 

transition metals are capable of inducing an enhancement-effect in the Kretschmann configuration, 

also known as surface enhanced infrared adsorption (SEIRA).133,134 Due to this enhancement, 

vibration modes in the first monolayer (within 5 nm) directly attached to the surface are 10-1000 

times more intense compared to measurements without metal.133,134 Two mechanisms are supposed 

to contribute to the total enhancement; the electromagnetic (EM) and chemical mechanism (CM). 

The first mechanism only occurs on discontinuous films, typically thinner than 10 nm.133 The second 

mechanism relates to chemical effects, such as charge-transfer interactions between adsorbate and 

metal. Vibrational modes with dipole changes perpendicular to the metal surface are preferentially 

enhanced.134 Although some transition metals are capable of inducing such an enhancement effect, 

they have rarely been studied. This because the enhancement is more significant on noble metals.134 

Consequently, ATR-FTIR with reported probing depths from 100 nm to several µm is not a surface 

sensitive technique.135136 Yet, it is frequently used to gain metal-polymer interfacial 

information.4,59,84,126–128 The majority of ATR-FTIR Kretschmann studies use monolayered model 

coatings. This because of the high level of control on chemical behaviour. Yet, it also eliminates the 

discussion on interfacial sensitivity, as there is no interfering bulk signal. When making the step from 

model molecules to industrial coatings, the thickness of the applied organic layers shifts from the 

nanoscale to the microscale, which raises the ongoing debate on the interfacial sensitivity of ATR-

FTIR. 
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Figure 2.9: in-situ spectroscopic tools with different interfacial sensitivity: (a) ATR-FTIR and (b) SFG. 

Contrary, the second order non-linear spectroscopic tool; visible-infrared sum-frequency generation 

spectroscopy (SFG) is able to probe the true interface with sub-monolayer sensitivity and 

selectivity.137,138 Because SFG is a second order non-linear technique it requires symmetry breaking. 

The SFG signal generation is therefore absent in the centrosymmetric media, which is the case for 

most of the materials in bulk. By definition sample symmetry is broken at surfaces and interfaces. Its 

surface and interface selectivity makes SFG a highly valuable tool for studying interfaces. However, 

existing literature on the use of SFG on metal-polymer interfaces are still rather limited.139 Most likely 

this relates to the complex setup, as well as experimental limitations on the use of SFG in the mid-IR 

region. Because of these experimental limitations, existing literature mainly focusses on the O-H and 

C-H stretch region, i.e. 3800 – 2400 cm-1.137,140 In addition, efforts had to be taken to differentiate 

the SFG signal at the metal-polymer interface from those of the polymer-air interface.138,141–143 

Nowadays, the SFG setup becomes more user-friendly. Moreover, recent developments in laser 

technology opened up the mid-IR region up to 1200 cm-1 for SFG studies144,145, giving access to the 

vibrational modes of carboxylic groups such as carbonyl (C=O) stretch vibrations and carboxylate 

(COO-) stretch vibrations. Gained access to this head group region offers SFG the opportunity to 

become a valuable tool in a broad range of research fields.   

2.6 Conclusions 

The nature of oxides on the two types of galvanized steel substrates, i.e. GI and MZ, are highly 

different. It is reported that magnesium acts as a pH buffer, continuously neutralizing hydroxide ions 

at the cathodes, which prevents the formation of regions with very high pH. Since, zirconium- and 

titanium-based conversion film formation are pH based processes, this is expected to affect their 

precipitation from aqueous solution. Furthermore, the formation of zirconium- and titanium-based 

conversion films are also determined by the electrochemical activity of the native metal oxides. The 

coexistence of multiple phases with different electrochemical activity at the surface of MZ 

substrates, is therefore expected to enhance the formation of zirconium- and titanium-based 

conversion coatings. Next to variations in the base metal oxides, also considerable variations exists in 
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the physicochemical properties of titanium and zirconium oxide. As such titanium oxide is most 

acidic, resulting in a lower coordination number leading to different precipitation products. 

Furthermore, it has been described that the native metal oxide properties determine the conversion 

oxide precipitation rate as well as its oxide chemistry, and more specifically its hydroxide fraction. 

The latter is known to act as a key parameter in the bonding mechanisms of organic compounds. 

Hence, it becomes increasingly clear that the different nature of native metal oxide greatly influences 

the conversion oxide physicochemical properties and therefore thus also its bonding properties 

towards organic coatings. Because of this there is a crucial need to gain more fundamental insights 

on the relation between metal oxide physicochemical properties and the chemisorption of organic 

coatings. However, such approach offering in-situ molecular interfacial information of buried metal-

polymer interfaces in a non-destructive manner is not yet available. As a consequence, the use of 

model systems remains a prerequisite. Studying the chemisorption of organic model compounds has 

shown to result in important fundamental insights in interfacial interactions.  The main advantages of 

using monomeric molecules are the high freedom of selecting molecular structures and the access to 

surface sensitive techniques, such as XPS, ToF-SIMS and IRRAS. Possible pitfalls associated to the use 

of monomeric compounds are the higher sensitivity for catalytic and chelating effects which require a 

high degree of rotational freedom, which makes them not always highly representative for large 

polymer chains. Because of this, the thin film approach was introduced using model polymers, which 

chains approaches the steric behaviour of realistic resins. These model polymers are typically applied 

by solvent evaporation resulting in a monolayer or maximum couple of monolayers of a polymeric 

compound. Consequently, the resulting thin films, which are in the order of nanometres, still allow 

the use of surface sensitive techniques. A point of attention when using surface sensitive techniques 

relates to their sensitivity for ambient carbon contamination which may block potential surface 

bonding sites. In addition, also competitive solvent adsorption can hinder straightforward 

interpretation of chemisorption mechanisms of the organic compound of interest. As an alternative 

ATR-FTIR in the Kretschmann configuration has been proposed as a valuable tool to access buried 

metal-polymer interfaces by applying thin IR-transparent metal films. The resulting invert 

configuration (i.e. interface access through metal side) allows the use of realistic paint systems 

applied with thicknesses in the µm-range. Furthermore, it offers the possibility to integrate an 

electrochemical cell on top of the polymer coated substrates providing in-situ interfacial molecular 

information during exposure to an aqueous environment. These advantages open the way to many 

research questions regarding buried metal-polymer interfaces. Yet, the surface sensitivity of this 

technique is still an ongoing debate. On the other hand, SFG is considered as an inherent interface 

sensitive tool. Yet, due to its unfamiliarity, not very frequently used for studying buried metal-

polymer interfaces.  
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Chapter 3 : Zr/Ti-based conversion treatments 

Zirconium- and titanium-based conversion treatments are currently being used as environmentally 

viable alternative for chromate- and phosphate- based conversion treatments. However, due to  

substrate variations on one hand, and the multi-component conversion bath composition on the 

other hand, conversion film formation is not yet fully understood.  

This chapter describes the effect of different oxides occurring at galvanized steel surfaces, fluoroacid 

cation (i.e. zirconium and titanium) and organic additives on the conversion film formation. The high 

variety of interface variables requires a systematic approach starting from simplified systems to 

which complexity is gradually added.  

As such, the zirconium-treatment of zinc, aluminium and magnesium oxides have been studied in-situ 

using ATR-FTIR in a Kretschmann geometry. This set-up was coupled to an electrochemical cell, 

correlating physico-chemical surface properties to precipitation kinetics as well as the protective 

nature of the converted oxide layer. The conversion kinetics obtained by in-situ studies of thermally 

vaporized multi-metal substrates were in accordance with those obtained by ex-situ XPS and AES 

studies on polished metal sheets. However, different (de)hydroxylation equilibria were noted for 

model and industrially relevant substrates. This was attributed to the different nature of the native 

oxides and thus their different activity in the respective conversion solution. Nevertheless, GI and MZ 

were shown to be equivalent in terms of conversion layer composition, surface hydroxide fractions 

and surface free energy.  
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3.1 Introduction 

The formation of zirconium- and titanium-based conversion coatings is known to highly depend on 

the nature and thus the activity of the metal oxide.1–7 Not only the kinetics and thus final layer 

thickness, but also surface chemistry correlates to the initial oxide physicochemical properties as 

discussed in section 2.3.7,8 It is well-known that zirconium- and titanium conversion coatings result 

from a pH-based and electrochemical based mechanism. The electrochemical mechanism is mainly 

determined by substrate heterogeneities creating local anodes and cathodes.5 Conversely, the 

activity of the oxide layer and its surface hydroxide fractions have shown to play a predominant role 

in the pH-based mechanism.7,8 Because many interfacial factors can affect the conversion film 

formation, a straightforward mechanistic study is hindered by the complex surface chemistry of 

magnesium-aluminium-zinc alloys (MZ). Therefore, pure model metal substrates have been defined 

to allow a fundamental interface parameter study. As such, pure zinc, aluminium and magnesium 

have been thermally vaporized (20-50 nm) on internal reflection elements (IRE) for in-situ ATR-FTIR 

studies by means of physical vapor deposition (PVD). This way, oxide evolution can be followed in-

situ during conversion.7,9 Moreover, integrating an electrochemical cell in the ATR-FTIR setup 

provides additional information on the dynamic equilibrium between anodic and cathodic reactions 

and the evolution of conductive properties of the oxide layer during conversion.1,7 Complementary to 

this, AES depth profiles have been collected on polished bulk metal sheets (1.0 mm) to evaluate the 

in-depth elemental distribution and conversion layer thickness.  

Section 3.3.1 describes the in-situ zirconium-based conversion of thermally vaporized zinc, 

aluminium and magnesium substrates using the integrated ATR-FTIR – EC setup. Furthermore, ex-situ 

surface analysis has been performed on zirconium-treated polished metal sheets (1.0 mm) to 

describe the lateral and in-depth elemental distribution of the converted oxide layers. For these 

studies a commercial conversion system (Mavom CC1742) has been used, which in addition to 

hexafluorozirconic acid (H2ZrF6) also contains inorganic (phosphates) and organic (poly acrylic acid) 

additives increasing the conversion coating complexity. It becomes clear that the interchangeable 

use of bulk and thermally vaporized substrates together with the use of a commercial conversion 

system increases the variables having impact on conversion film formation. Consequently, a good 

parameter control is crucial for a fundamental understanding of the bonding properties of 

conversion oxides. Therefore, 3.3.2 continues the study using a model conversion solutions without 

any additives. Furthermore, surface analysis has been performed consistently on thermally vaporized 

substrates. This way, the obtained surface chemistry can directly be correlated to chemisorption 

studies performed using ATR-FTIR as described in the following chapters. Subsequently, section 3.3.3 

presents a comparative study on zirconium-treatment of thermally vaporized and polished bulk 



Zr/Ti-based conversion treatments 
 

43 
 

metal substrates. To further bridge the gap with industrially relevant systems, section 3.3.4 discusses 

the zirconium- and titanium-treatment of hot-dip galvanized substrate GI and MZ substrates. Finally, 

section 3.3.5 presents a comparative study on the bonding properties of zirconium- and titanium-

treated GI and MZ substrates with and without organic additives. For this study model conversion 

solutions have been prepared based on hexafluorozirconic acid (H2ZrF6) and hexafluorotitanic acid 

(H2TiF6) to which commonly used organic additives, i.e. poly acrylic acid (PAA), poly vinylalcohol (PVA) 

and poly vinylpyrrolidone (PVP) are added. The surface free energy of variously treated GI and MZ 

substrates have been determined using the OWRK method by means of contact angle 

measurements.  

3.2 Experimental 

3.2.1 Materials and chemicals  

Section 3.3.1: For the ex-situ studies (XPS and AES) 1.0 mm thick metal sheets (zinc foil: Goodfellow, 

99.95% - aluminium foil: Goodfellow, 99.999% - magnesium foil: Alfa Aesar, 99.9%) were polished to 

1 µm diamond paste grade. Subsequently, the samples were generously rinsed with aceton and 

ultrasonically cleaned with ethanol for 15 min. For the in-situ study, metal films (20nm) were 

deposited on a germanium internal reflection element (PIKE Technologies, 60°) by means of a high-

vacuum Balzers BAE 250 evaporation system. The high purity metal sheets used for the ex-situ 

studies were used as source material for physical vapour deposition. Hexafluorozirconic acid solution 

with a low phosphate contribution and polyacrylic acid (PAA) additives (MAVOM, CC1742) was 

diluted to 20 g/L and brought to pH 4 with 0.1M NaOH. The conversion was conducted at room 

temperature for 90 seconds, where after the samples were generously rinsed with demineralized 

water and dried with pressed air.  

Section 3.3.2  and 3.3.3:  The metal substrates used were similar to those described for section 3.3.1. 

For the ex-situ studies, the high purity metal sheets were polished to 1 µm diamond paste grade. 

Subsequently, the samples were generously rinsed with aceton and ultrasonically cleaned with 

ethanol for 15 min. For the in-situ study, metal films (20nm) were deposited on a germanium internal 

reflection element (PIKE Technologies, 60°) by means of a high-vacuum evaporation system (VCM 

600 Standard Vacuum Thermal Evaporator, Norm Electronics). Zirconium-treatment was conducted 

using hexafluorozirconic acid (Sigma-Aldrich Chemistry) diluted to 0.01 M and brought to pH 4 with 

0.1 M NaOH. Aluminium and zinc coated IREs were dipped in conversion solution at room 

temperature for 60 seconds, whereas the exposure time of magnesium coated IRE to the conversion 

solution was limited to 10 seconds, due to the high reactivity of the thermally vaporized magnesium 
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film. Bulk substrates were dipped in the conversion solution for 90 seconds. Subsequently, the 

samples were generously rinsed with demineralized water and dried with pressurized air. 

Section 3.3.4 and 3.3.5: Hot-dip galvanized steel (GI and MZ) sheets with a thickness of 0.4 mm were 

sourced from Tata Steel IJmuiden B. V. They were ultrasonically cleaned in acetone and ethanol both 

for 10 minutes. This was followed with an alkaline cleaning step at elevated temperature (60 °C) to 

remove surface aluminium, which results from the galvanizing process.10 Therefore, the samples (50 

x 50 mm) were immersed for 30 seconds in 1 M NaOH adjusted to pH 12 using concentrated 

phosphoric acid, after which they were rinsed using demineralized water and dried with compressed 

air. To investigate the effect of the cation (Zr vs Ti) and organic additives, model conversion 

treatments were prepared. Hexafluorozirconic acid, 50 wt% in H2O (Sigma-Aldrich Chemistry) and 

hexafluorotitanic acid, 60wt% in H2O (SigmaAldrich Chemistry) were diluted to 0.01 M. The pH was 

adjusted to 4 using 1 M NaOH. GI and MZ were dipped in the conversion solution for 90 seconds, 

after which they were abundantly rinsed with demineralised water and dried with pressurized air. 

The polymer additives investigated as potential adhesion enhancers were polyvinyl alcohol (PVA) 

molecular weight 145 000 (Sigma-Aldrich Chemistry), polyvinylpyrrolidone (PVP) molecular weight 

360 000 (Sigma-Aldrich Chemistry) and polyacrylic acid (PAA) molecular weight 150 000 (Sigma-

Aldrich Chemistry). They were added to the fluoroacid solutions with a concentration of 0.1 g/L. To 

dissolve the polymers, stirring at elevated temperatures was required. PVA and PAA were fully 

dissolved after 30 min stirring at 70°C, PVP required a higher temperature and was dissolved after 12 

hours stirring at 80 °C.  

3.2.2 Attenuated Total Reflection (ATR)-FTIR setup coupled to an electrochemical cell to in-situ 

study the formation of conversion oxide layer  

The spectro-electrochemical cell was mounted on a VeeMAX III multi-purpose reflection accessory 

with ATR specifications from PIKE Technologies. The FTIR apparatus used was a Thermo-Nicolet 

Nexus equipped with a liquid-nitrogen cooled mercury-cadmium-telluride A detector and a nitrogen-

purged measurement chamber. The incident infrared light was reflected off the surface at 80° to the 

surface normal. In order to reduce dominant water signals during in-situ conversion studies, infrared 

backgrounds were collected from native metal oxides exposed to demineralized water. Infrared 

spectra were taken every 10 seconds during zirconium-based conversion and averaged from 5 cycles 

with a resolution of 4 cm-1. An electrochemical cell (Pike Technologies) was mounted on the VeeMAX 

III multi-purpose reflection accessory. Open circuit potential (OCP) measurements were conducted 

simultaneously in a conventional three-electrode cell using an SI1286 Electrochemical Interface 

Solartron Potentiostat. The reference was a silver/ silver chloride electrode. A platinum gaze was 
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10 seconds of contact with the solid substrate is presented in this work. Surface free energies were 

calculated based on the OWRK method using the OneAttension software. This software does not 

allow for standard deviation calculations. Yet, the reproducibility was verified by at least three 

measurements per liquid and substrate of which the average contact angle value for each 

liquid/substrate was used for calculating the SFE. For this reason presented SFE values are shown 

without error bars.  

3.3 Results 

3.3.1 Zirconium oxide film formation on model metal substrates using commercial conversion 

systems 

3.3.1.1 In-situ spectro-electrochemical ATR-FTIR – OCP study 

The oxide conversion kinetics of thermally vaporized aluminium, zinc and magnesium using a 

commercial zirconium-based conversion solution with phosphate load is studied in-situ using ATR-

FTIR coupled with an electrochemical cell. The ATR-FTIR spectra during zirconium-based conversion 

of aluminium is presented in figure 3.2 (a). Two strong vibration bands at 570 and 1080 cm-1 are 

assigned symmetric and asymmetric to P-O stretches vibrations respectively,14,15 although the latter 

also contains contributions of aluminium (hydr)oxide.16 Their instantaneous presence, indicates the 

rapid formation of aluminium phosphate. The band positioned at 631 cm-1 is assigned to OH-F 

deformation vibrations,17 whereas the weak band positioned at 728 cm-1 relates to Zr-O stretching 

vibrations,18,19 representative for zirconium oxide precipitation. The in-situ ATR-FTIR spectra during 

zirconium-based conversion of zinc are shown in figure 3.2 (b). Similar to aluminium, peaks at 568 

and 979 cm-1 demonstrate the instantaneous formation of zinc phosphate at initial conversion times, 

whereas the peak at 736 cm-1 is attributed to Zr-O stretching vibrations.18 Contrary to the P-O 

stretching vibrations, the Zr-O peak area is shown to increase progressively during prolonged 

conversion times. Similarly, also the peak positioned at 639 cm-1, associated to OH-F deformation 

vibrations, slightly increases with conversion time. The ATR-FTIR spectra during zirconium-based 

conversion of magnesium are demonstrated in figure 3.2 (c). A simultaneous growth of the peaks at 

626 cm-1 and 716 cm-1, illustrate rapid zirconium- fluoride and oxide formation. However, upon 

prolonged conversion times the respective peak areas turn negative. In addition, also the peaks 

positioned at 3276 and 846 cm-1 attributed to Mg-OH and Mg-O vibrations turn negative implying 

magnesium (hydr)oxide dissolution.20 Consequently, thermally vaporized magnesium is shown to be 

unstable in the acid conversion solution (pH 4).  
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Figure 3.2: in-situ ATR-FTIR spectra obtained during zirconium-based conversion treatment of (a) 

aluminium, (b) zinc and c) magnesium oxide and the quantified peak areas for M-OH and Zr-O bonds 

scaled on the primary Y-axes and the corresponding OCP response scaled on the secondary Y-axes for 

(c) aluminium, (b) zinc and (c) magnesium oxide.   

 

Furthermore, figure 3.2 shows OH stretch bands positioned at 3545, 3576 and 3276 cm- during 

conversion of aluminium, zinc and magnesium, respectively. Although the IR signal of water has been 
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implemented in the background which was collected during immersion of the native metal oxides in 

water. No unambiguous statement on the evolution of metal hydroxide groups can be made based 

on this OH-stretch band. This because the presence of interfacial water, indicated by small OH-

bending signals at 1640 cm-1 also contributes to the OH-stretching band. Yet, the evolving OH-

stretching band area, demonstrated in figure 3.3 indicates that OH groups are involved in conversion 

reactions. This because the signal of bulk water is expected to remain constant over time. The OH-

stretch band might relate to surface hydroxylation reactions resulting in metal and/or zirconium 

hydroxide formation. While also the in-situ generation of water as a result of the interaction 

between removed hydroxide anions and the excess protons in the acid conversion solution might 

contribute to the OH-stretch peak area. Hence, both hydroxide formation and removal reactions are 

expected to affect the OH-stretch peak area.  

Figures 3.2 (d-f) scales the Zr-O and OH-stretch peak area evolution during conversion on the primary 

Y-axis and the simultaneously obtained OCP response on the secondary Y-axis. The OCP response 

during conversion of aluminium is shown in figure 3.2 (d). The observed OCP decay is associated to 

natural oxide dissolution caused by free fluorides present in the conversion solution.7,8 Thinning of 

the natural oxide layer alters the oxide electronic properties, reducing the OCP. The absence of a 

cathodic OCP shift indicates that zirconium oxide deposition on aluminium is limited, as the 

formation of a compact stable oxide would shift the OCP to more positive values. This hypothesis is 

supported by the limited increase in Zr-O peak area indicating a low precipitation rate. Analogous 

behaviour is observed during the conversion of zinc, shown in figure 3.2 (e). Yet, the final OCP 

reduction is smaller compared to those observed on aluminium. After 7 seconds of conversion the 

OCP of zinc reduced by 50 mV, which is 50 % of the final OCP drop. The OCP of aluminium shows a 

total reduction of 200 mV. The smaller OCP decay on zinc can be related to a higher zirconium 

deposition rate. This is supported by the increasing Zr-O peak area. On both aluminium and zinc 

oxide, the anodic OCP shift is associated to the growth of OH-stretch band. In section 2.3.3, it has 

been described that zirconium deposition kinetics strongly relates to the equilibrium between 

surface hydroxide removal and formation.7 Whereas metal substrates with high initial hydroxide 

fractions favour hydroxide removal and consequently fast zirconium deposition, poorly hydroxylated 

substrates tend to shift the equilibrium more to hydroxide formation. This concurrent surface 

hydroxylation has shown to retard the zirconium deposition of zinc and AA6014.7,8 The competition 

between surface hydroxylation and zirconium deposition might explain the absence of a cathodic 

OCP shift for aluminium and zinc. It is thus suggested that the increased OH-stretch band area 

observed during conversion of aluminium and zinc, as illustrated in figure 3.3 (a) and (b), 

respectively, is attributed to the formation of a metal hydroxide film. Therefore, despite its high 

sensitivity for water, ATR-FTIR is suggested to be able to elucidate metal hydroxide evolution 
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reactions in aqueous media. Meanwhile, figure 3.2 (f) indicates a cathodic OCP shift during the 

conversion of magnesium oxide. The substantial increase of OCP suggests the formation of a thick 

oxide layer during the zirconium-based conversion, which is supported by the growth of the Zr-O 

peak at 716 cm-1 observed in the FTIR spectra in figure 3.2 (c). The high activity of magnesium in the 

acid conversion solution is shown to be challenging to in-situ monitor the zirconium oxide deposition 

on by means of ATR-FTIR. Hence, the Zr-O peak area, illustrated in figure 3.2 (f), is expected to be 

lower than the actual zirconium concentration in the converted oxide layer, due to the interference 

of the negative Mg-O peak. 

Finally, it should be noted that the absorbance scale varies for the different metal substrates. This is 

related to the optical properties of the respective metal oxides. Therefore, the absorbance intensity 

cannot be directly compared between the different metal oxides.  

3.3.1.2 Ex-situ surface characterization, lateral and in-depth elemental distribution 

Whereas the in-situ study described in section 3.3.1.1. describes thermally vaporized metal 

substrates, the ex-situ elemental surface characterization of zirconium-treated aluminium, zinc and 

magnesium substrates discussed in this section have been conducted on polished metal sheets. The 

elements identified in the XPS survey scan, not shown, are expressed in atomic percentages using the 

relative sensitivity factors provided by the manufacturer. Figure 3.3 (a) presents the carbon (C), 

oxygen (O) and fluorine (F) concentrations at the zirconium-treated surfaces. Because the oxygen 

concentration is highly dominant with respect to the other elements, the metallic compounds of 

interests are presented using an enlarged scale, as shown in figure 3.3 (b). Although the 

physicochemical properties of the native oxides and thus their conversion kinetics are expected to 

vary compared to the thermally vaporized substrates described in section 3.3.1.1, a similar trend for 

zirconium oxide deposition is observed, with increasing zirconium concentrations in following order 

Al < Mg < Zn. Moreover, XPS surface analysis demonstrate higher phosphate concentrations on 

zirconium-treated aluminium and zinc substrates, whereas zirconium-treated magnesium substrate is 

characterized by the highest fluoride concentration. 
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Figure 3.3: XPS elemental surface analysis of zirconium-treated aluminium, zinc and magnesium 

substrates (a) carbon, oxygen and fluorine concentrations, (b) metal, zirconium and phosphor 

concentration on an enlarged scale. 

It has been demonstrated that the zirconium-based conversion kinetics strongly depends on the 

metal oxide physicochemical properties. In order to indicate the final conversion oxide thickness, 

Auger electron spectroscopy depth profiling has been performed after a 90 seconds dip in the 

zirconium-based conversion solution. The resulting AES depth profiles of zirconium-treated 

aluminium are shown in figure 3.4 (a). This demonstrates simultaneous evolution of zirconium and 

phosphor, which both rapidly reach the baseline, i.e. after 0.5 min of argon sputtering. On the other 

hand, figure 3.4 (b) demonstrates that longer sputter times are required to penetrate the zirconium 

oxide layer on zinc, i.e. 1.5 min. Phosphor and zirconium does not show analogous precipitation rates 

during the conversion of zinc. Since the phosphor signal reaches the baseline after 0.5 min of 

sputtering, phosphates are shown to be concentrated at the outer surface of the conversion film, 

which is in accordance with the ATR-FTIR data shown in figure 3.2 (b). Moreover, figure 3.4 (c) 

illustrates the in-depth elemental distribution of zirconium-treated magnesium. The high sputter 

times required to penetrate the zirconium oxide layer, i.e. more than 30 minutes suggest extreme 

high precipitation rates on magnesium oxide. These high precipitation rates are expected to correlate 

to the basic nature of magnesium oxide having an isoelectric point of 12, compared to 8 and 9 for 

aluminium and zinc oxide.21 The alkaline nature of magnesium oxide, together with its highly active 

oxide enhances the efficiency of fluoride attack, which explains the high precipitation rate.  
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Figure 3.4. AES sputter depth profiles of zirconium-based converted (a) aluminium oxide (b) zinc oxide 

and (c) magnesium oxide. 

 

The atomic concentration of zirconium at the surface obtained by AES analysis varies from 4 at.% on 

aluminium, 6 at.% on zinc and 9 at.% on magnesium, which slightly deviates from the concentrations 
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3.3.2 Zirconium- treatment of thermally evaporated metal substrates using a model conversion 

solution without additives 

The previous sections; 3.3.1 and 3.3.2, describe the conversion characteristics of model metal 

substrates using a commercial zirconium-based conversion solution. Its multicomponent 

composition, containing inorganic and organic additives, are considered as challenging for 

mechanistic interfacial chemisorption and stability studies of buried metal-polymer interfaces. 

Therefore, there has been opted to define a model conversion solution to reduce the complexity of 

the converted oxide surfaces enabling mechanistic interfacial studies as described in chapters 4-6.  

3.3.2.1 XPS elemental surface characterization  

Thermally vaporized metallic layers were characterized using XPS analysis. Survey scans elucidated 

carbon, oxygen and metal signals on the native oxides. After zirconium-treatment, also zirconium and 

fluoride were traced on all converted oxide layers. An example of the survey scan for zirconium-

treated zinc is presented in figure 3.6.  

 
Figure 3.6: Survey scan and the resulting elemental concentration of (a) native zinc oxide and (b)  

zirconium-treated zinc oxide. 

The elements identified in the survey scan are expressed in atomic percentages using the relative 

sensitivity factors provided by the manufacturer. The resulting elemental surface composition is 

illustrated in figure 3.7 (a-b). Figure 3.7 (a) compares the carbon (C), oxygen (O) and metal (M) 

contributions at the surface before (Native) and after (ZrCC) zirconium-treatment. This illustrates an 

increase in surface oxygen concentration after zirconium-treatment of zinc, aluminium and 

magnesium, while surface carbon and metal concentrations are being reduced. The reduction of 

surface carbon is attributed to the removal of ambient carbon contamination, resulting in a cleaner 

surface. The reduction of surface metal concentrations relates to the deposition of zirconium oxide. 

The atomic concentrations of zirconium (Zr), metal (M) and fluor (F) after zirconium-treatment (ZrCC) 
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are illustrated in figure 3.7 (b). Significant variations in metal concentrations are being observed after 

zirconium-treatment of zinc (22 At. %), aluminium (14 At. %) and magnesium (8 At. %). Whereas 

more or less constant concentrations of zirconium oxide (ca 7 At. %) are being observed. The 

indication of metal oxides may refer to metal impurities existing in the zirconium oxide layer, or to 

the formation of a homogeneous zirconium oxide layer, with a thickness thinner than 10 nm, being 

the maximum sampling depth of XPS measurements. Surface concentrations of fluorides are minor 

(1-2 At. %) in case of zinc and magnesium and reach approximately 5 At.% in case of converted 

aluminium. This is in line with reported stability constants for fluoride complexes, which are reported 

to increase in following order; Zn2+ (K = 0.8-1),  Mg2+(K = 1.3), Al3+ (K = 6-7).23 

   

Fig. 3.7: Elemental surface composition (a) relative surface contributions oxygen, carbon and metal 

(Zn, Al, Mg) on native oxides (Native) and zirconium-treated (ZrCC) PVD substrates, (b) relative 

surface contributions of metal, zirconium and fluoride on zirconium-treated PVD substrates.         

3.3.2.2. FE-AES elemental surface mappings 

FE-AES mappings, shown in figure 3.8, were performed to evaluate the lateral elemental distribution 

of the converted oxide layers. The white squares implemented in the FE-AES mappings define a 5 x 5 

µm area demonstrating homogeneous lateral elemental distribution in the micrometer scale. Since 

molecular interfacial interactions take place on the nanometer scale, homogeneity of the converted 

oxide layers is thus shown to exist on a higher order of magnitude. Notable intensities of both 

aluminium and zirconium, given in figure 3.8 (a) and (b) respectively, indicate a mixed conversion 

oxide with aluminium and zirconium oxide coexisting at the outer surface. On the other hand, minor 

intensities of zinc and magnesium, shown in figure 3.8 (c) and (e), together with the higher intensities 

observed for zirconium, given in figure 3.8 (d) and (f), demonstrate that the outer surface of 

zirconium-treated zinc and magnesium oxide solely exists of zirconium oxide. As a result, molecular 

interactions on zirconium-treated zinc and magnesium substrates are taking place with zirconium 
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oxide, whereas in case of zirconium-treated aluminium molecular interactions can take place on both 

aluminium and zirconium oxide.  

 

 

 

Figure 3.8: FE-AES mappings obtained after zirconium-treatment, (a) aluminium and (b) zirconium 

distribution after conversion of aluminium, (c) zinc and (d) zirconium distribution after conversion of 

zinc, (e) magnesium and (f) zirconium distribution after conversion of magnesium.  
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5.1 Introduction 

The use of simplified organic compounds has shown to be useful for revealing chemisorption 

mechanisms.1 However, hitherto, these insights have not been validated on industrially relevant 

paints, which typically consist of crosslinkers, curing agents, matting agents, fillers, binders, 

corrosion-inhibiting pigments, etc. This complex chemistry and constitution of a multicomponent 

coating is one reason why molecular studies on metal-paint interfaces are limited. Another 

component that affect the interfacial strength are crosslinkers and more specifically, the degree of 

crosslinking. Too much crosslinking can make the polymer system too rigid hindering dissipation. On 

the other hand, less crosslinked polymers are more elastic, so when performing the pull-off test they 

may deform before the interface breaks.2 Moreover, in case of a not fully crosslinked polymer system 

a higher amount of functional groups will be available to interact with the metal substrate.3 Next to 

the amount of crosslinkers, also curing is assumed to have an impact on the interfacial properties. 

Chemical interactions at the metal-polymer interface are expected to take place already before 

curing.4 However, curing can change the interface significantly. For instance, it has been reported 

that curing can relieve polymeric constraints leading to a lower steric hindrance and a stronger 

metal-polymer bonding.5 It becomes increasingly clear that adhesion properties are not only a result 

of resin chemistry. In addition, also disbondment phenomena of painted metal substrates result from 

an interplay of multiple compounds present in the complex paint formulation.1,6,7  Moreover, the role 

of zirconium-based conversion treatments on interfacial bond formation and degradation with 

industrially relevant paints has not yet been described. The main reason for this is the high 

complexity of commercial conversion systems containing inorganic and organic additives which 

increases the surface chemistry complexity. Thus the high share of variables at industrially relevant 

metal-polymer hybrid systems hinder a straightforward interpretation of bonding properties at these 

hybrid interfaces.  

Due to the well-known difficulties of studying buried metal-polymer interfaces, most interface 

studies are based on simplification of polymer formulation. Nevertheless, from industrial 

perspective, there is still a need to obtain reliable molecular information of true metal-paint 

interfaces. This work attempts to validate the chemisorption mechanisms previously described for 

ester-functionalized compounds to industrially relevant multicomponent polyester primer 

formulations using ATR-FTIR in Kretschmann configuration. For ATR-FTIR studies IR-transparent metal 

substrates are evaporated on internal reflection elements (IRE) on which subsequently a realistic 

polyester primer is applied (with a thickness within µm-scale). The incident IR-light passes the IRE 

generating an evanescent wave which penetrates through the thin metal film (20-50 nm). As a 

consequence, the attenuated reflected IR beam contains molecular information from the metal-
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polyester interface. In section 5.3.1 the polyester coil coat has been characterized by means of ATR-

FTIR and Raman. Subsequently, section 5.3.2 describes the chemisorption of polyester coil coat on 

native  multi-metal substrates (i.e. zinc, aluminium and magnesium). Subsequently, the effect of 

zirconium-treatment on the chemisorption of polyester coatings has been investigated in section 

5.3.3. To gain fundamental insights on the bonding properties associated by the zirconium 

conversion oxide layer, there has been opted to use a model conversion solution containing H2ZrF6, 

without organic or inorganic additives. This allows to use study solely the effect of zirconium oxide to 

the bonding properties of multi-metal substrates . Thereafter, in section 5.3.4 a comparative study 

has been performed on the role of zirconium and titanium cation in terms of bonding properties of 

zinc substrates using mode conversion solutions based on H2ZrF6 and H2TiF6. Finally section 5.3.5 

discusses the effect of organic additives is elucidated by polymeric compounds to the model 

zirconium- and titanium conversion solutions. Three organic additives have been selected based on 

the polymeric compounds frequently reported in patents being polyacrylic acid (PAA), polyvinyl 

alcohol (PVA) and polyvinyl pyrrolidone (PVP). 

5.2 Experimental 

5.2.1 Materials and chemicals.  

50 nm zinc (Goodfellow, 99.95%), aluminium (Johnson Matthey, 99.99%) and magnesium (Alfa Aesar, 

99.9%) were deposited on germanium internal reflection elements (IRE) by means of a high-vacuum 

evaporation system (VCM 600 Standard Vacuum Thermal Evaporator, Norm Electronics). To 

investigate the effect of the cation (Zr vs Ti) and organic additives, model conversion treatments 

were prepared. Hexafluorozirconic acid, 50 wt% in H2O (Sigma-Aldrich Chemistry) and 

hexafluorotitanic acid, 60wt% in H2O (SigmaAldrich Chemistry) were diluted to 0.01 M. The pH was 

adjusted to 4 using 1 M NaOH. The polymer additives investigated as potential adhesion enhancers 

were polyvinyl alcohol (PVA) molecular weight 145 000 (Sigma-Aldrich Chemistry), 

polyvinylpyrrolidone (PVP) molecular weight 360 000 (Sigma-Aldrich Chemistry) and polyacrylic acid 

(PAA) molecular weight 150 000 (Sigma-Aldrich Chemistry). They were added to the fluoroacid 

solutions with a concentration of 0.1 g/L. To dissolve the polymers, stirring at elevated temperatures 

was required. PVA and PAA were fully dissolved after 30 min stirring at 70°C, PVP required a higher 

temperature and was dissolved after 12 hours stirring at 80 °C. Aluminium and zinc coated IREs were 

dipped in conversion solution at room temperature for 60 seconds, whereas the exposure time of 

magnesium coated IRE to the conversion solution was limited to 10 seconds, due to the high 

reactivity of the thermally vaporized magnesium film. Subsequently, the samples were generously 

rinsed with demineralized water and dried with pressurized air. A polymer coating with polyester-

based resin, Dynapol LH 820 (Evonik Industries AG) was applied using a 30 µm bar coater. The 
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Figure 5.2: Raman spectrum of cured polyester clearcoat applied on CaF2 window, collected with a 

532 nm laser, using  2400 grating, with centre at (a) 850 cm-1, (b) 1400 cm-1 and (c) 3100 cm-1.  

5.3.2 Chemisorption mechanism polyester coil coat on native multi-metal oxides  

ATR-FTIR spectra of the cured polyester coats were obtained after background collection of the 

metallic coated internal reflection elements. The combination of the high refractive index of 

germanium with a 80° incident IR angle gives the most interfacial sensitive results. Figure 5.3 (a) 

demonstrates a clear reduction of OH-stretch vibrations in the FTIR spectra of cured polyester coats 

applied on native metal oxides. Since the spectra in figure 5.3 were collected using the native oxides 

as background, this reduction must be related to the disappearance of OH-groups at the oxide 

surfaces. For aluminium and magnesium a second negative band characteristic of O-H bending 

vibrations is observed at ca. 1690 cm-1 and 1670 cm-1, respectively. The observed intensity reduction 

of OH stretch vibrations, can be related to chemisorbed water being removed during curing at 

elevated temperatures (130°C) and/or the consumption of metal hydroxides in interfacial reactions 

with the polyester coating. After curing of the polyester primer, an intense peak around 1609 cm-1 

arises in the ATR-FTIR spectra, presented in figure 5.3. The peak positioned at circa 1609 cm-1 is 

positioned at similar wavenumbers as the aromatic ring vibration observed in the cured polyester 

coat described in figure 5.1. However, aromatic ring vibrations are rather symmetric and thus their 

infrared vibrations appear as small sharp peaks9, whereas the peak shapes in figure 5.3 (a) and (b) are 

broader and more intense. Therefore, the peak is attributed to carboxylate stretching vibrations, 

which are known to be broad due to interactions with their chemical environment.10 There are two 

possible origins for the formed carboxylate species upon interaction with native metal oxides. A first 

hypothesis relates to the free acid groups present in the polyester resin, as indicated by the acid 

value in table 5.1. The polyester carbonyl peak in absence of metal substrate, presented in figure 5.1, 

has shown to be positioned at 1723 cm-1. After interaction with metal oxides, the carbonyl peak 

shifts to higher wavenumbers, being, 1727 cm-1 on native zinc oxide, and at 1731 cm-1 on native 

magnesium and aluminium oxide. Since the carbonyl peak appears symmetric without a distinct 

shoulder, carbonyl bonds specific to acid and ester groups are expected to occur very close to each 
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Figure 5.4: Chemisorption kinetics of uncured polyester coat applied on native zinc oxide, collected 

using p-polarized IR-light. 

5.3.2.2 Orientation analysis 

Variations in asymmetric and symmetric carboxylate peak intensities before and after curing indicate 

a reorientation of interfacial carboxylate bonds upon curing. Figure 5.5, compares the ATR-FTIR 

spectra of polyester coated zinc, collected after curing using p-, s- and non-polarized infrared light. It 

is evidenced that the asymmetric carboxylate stretch vibration becomes most intense when using p-

polarized infrared light. The symmetric carboxylate stretch vibration is not directly evidenced, 

suggesting strong orientation of interfacial carboxylate bonds upon curing.  

 
Figure 5.5: ATR-FTIR spectra of cured polyester coating applied on zinc coated germanium internal 

reflection element, collected using p-polarized, s-polarized and non-polarized IR-light with an incident 

angle of 80 degrees.  
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zinc (1714 cm-1). From the coil coat formulation it is known that the polyester resin contains both 

acid and ester functional groups, which leads to two contributions at the carbonyl peak. Since ester 

carbonyl bonds vibrate at higher wavenumbers (> 1720 cm-1)9 compared to acid carbonyl bonds (< 

1720 cm-1),9 this shift towards higher wavenumbers indicates a reduced fraction of acid carbonyl 

bonds at the conversion treated zinc interface. Consequently, protonated acid groups (COOH) are 

being converted to deprotonated carboxylate groups (COO-) at the zinc surface forming interfacial 

carboxylate bonds, which is in accordance with the appearance of a broad carboxylate peak at 1605 

cm-1. A similar bonding mechanism, i.e. interfacial carboxylate bond formation with carboxylic groups 

specific to the polyester resin, is thus revealed on both the native zinc oxide surface as well as the 

zirconium- and titanium-treated zinc surfaces. Yet, a lower carbonyl (C=O) and higher carboxylate 

(COO-
as) peak intensity can be observed for zirconium-treated compared to titanium-treated 

substrates. This demonstrates a higher affinity of zirconium oxide for carboxylates bond formation 

with the polyester resin. On the other hand, the shoulder attributed to C-N=C bonds of the 

melamine-based crosslinker is more pronounced at titanium-treated zinc substrates suggesting a 

higher bonding affinity of titanium oxide to the melamine-based crosslinker.   

 

Figure 5.8: (a) ATR-FTIR spectra of cured polyester coating applied on blank IRE (without zinc film) 

and variously treated zinc substrates (b) zoom in  polyester coating interaction with variously treated 

zinc substrates. 

5.3.5 Chemisorption mechanism polyester coil coat on zinc substrates treated with zirconium- and 

titanium conversion solutions containing organic additives  

Figures 5.9 (a) and (b) show the obtained interfacial chemistry between variously treated zinc 

substrates and the polyester coating upon adding the polymeric compounds of interest (PAA, PVA 

and PVP) to the zirconium- and titanium--treatments respectively. It should be noted that these 

spectra were collected using the conversion treated zinc substrates as a background, which means 
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that the chemical structures associated with the polymeric compounds are also included in the 

background. Despite the inclusion of organic additives in the background, it can be seen from figure 

5.9 (a) that the carbonyl (C=O) peak intensity of polyester coated zinc increases for zirconium-

treatments containing organic additives. This increase in carbonyl (C=O) bonds indicates the presence 

of more carboxylic groups (COOH or COOR) at the converted oxide interface which are not involved 

in interfacial carboxylate bond formation (COO-). Consequently, the presence of organic additives 

does not further improve the bonding properties of zirconium oxide, which is in line with the similar 

or lowered polar component of the surface free energies illustrated in chapter 3, figure 3.22. Figure 

5.9 (b) shows more variations in the respective peak intensities. Similar to the ATR-FTIR spectra in 

figure 5.8, a higher C-N=C peak area, assigned to the melamine-based crosslinker is demonstrated for 

titanium-treated zinc substrates, shown in figure 5.9 (b). To verify the degree of interfacial bond 

formation the COO-
as/C=O peak area ratio is calculated, which requires deconvolution of the 

carboxylate peak into its two components, being COO-
as and C-N=C. This was done using the 

following fitting parameters: COO-
as 1595 ± 6 cm-1, FWHM of 56 ± 4 cm-1 and C-N=C 1552 ± 10 cm-1, 

FWHM of 25 ± 3 cm-1. From the obtained peak areas for COO- and C-N=C bonds, competitive 

interfacial interactions with polyester resin and melamine-based crosslinker were verified using the 

COO-
as/C=O and COO-

as/C-N=C peak area ratios, respectively presented in figure 5.10 (a) and (b).  

 

Figure 5.9: ATR-FTIR spectra of cured polyester coating applied on (a) zirconium-treated zinc and (b) 

titanium-treated zinc substrates. 

Figure 5.10 (a) shows the resulting COO-
as/C=O peak area ratios. The higher this ratio, the more 

carboxylate bonds are being formed at the respective oxide surface. This confirms the higher affinity 

for carboxylate bond formation of zirconium-treatment compared to titanium-treatment. The 

presence of organic additives does not further enhance carboxylate bond formation, but in case of 
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PAA and PVA rather reduces the chemical reactivity of zirconium oxide. This observation is likely 

associated to the crosslinking of the respective polymeric compounds into the zirconium oxide 

structure, thereby reducing available bonding sites. Furthermore, figure 5.10 (b) shows the COO-
as/C-

N=C peak area ratios. The lower values obtained for titanium-treated zinc substrates confirm their 

higher affinity for the melamine-based crosslinker. It is well-known that titanium, due to its small 

ionic radius, is even more acidic than zirconium. Consequently, its high positive partial charge leads 

to a lower tendency to donate hydroxide ions. Because of this, electrostatic interactions with the 

highly polarized titanium oxide structure and electron-rich nitrogen ring structures are hypothesized 

as favoured interaction mechanism. The carboxylic acid study, presented in chapter 4, indicated that 

electrostatic interactions between metal oxides and electron-rich ring structures can play a 

predominant role in interfacial metal-molecule interactions, as they were held responsible for the in-

plane orientation of aromatic compounds. A comparable interaction mechanism is proposed 

between titanium-treated zinc substrates and the electron-rich ring structures of the melamine-

based crosslinker.  

 

Figure 5.10: ATR-FTIR peak area ratio obtained for variously treated zinc substrartes (a) COO-
as/C=O 

ratio representative for carboxylate bond formation with polyester resin, (b) COO-
as/C=N-C ratio 

representative for competitve interaction with melamine-based crosslinker.  

5.4 Conclusions 

The chemisorption of an industrially relevant polyester coil coat was revealed on variously treated 

multi-metal substrates. The polyester resin was shown to interact with the metal oxide surface 

forming interfacial monodentate carboxylate bonds. The establishment of carboxylate bonds is thus 

in line with the observed chemisorption mechanism elucidated using ester-functionalized model 

compounds as discussed in chapter 4. However, whereas monomeric model compounds were shown 

to coordinate in a bridging bidentate mode, polyester resin forms monodentate carboxylate 
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complexes. The formation of a monodentate coordination was attributed to a combination of steric 

hindrance and a lower mobility of functional groups due to the large polymeric backbone. 

Interactions between zinc oxide and polyester resin were shown to occur upon immediate contact. 

Yet, upon curing at elevated temperatures the carboxylate bonds became more strongly oriented at 

the interface. A higher affinity for carboxylate bond formation was evidenced on zirconium-treated 

than on titanium-treated zinc substrates. Similar observations have been made in other research 

fields, such as the development of metal organic frameworks (MOFs)22,23 and is believed to be 

associated to the crosslinking abilities of zirconium oxide. The presence of organic additives did not 

further enhance carboxylate bond formation, but in case of PAA and PVA even reduces the chemical 

reactivity of zirconium oxide. Furthermore, it was evidenced that metal oxide not only interacts with 

polyester resin, but also with the electron-rich groups of the melamine-based crosslinker. As such, 

titanium-treated zinc demonstrated a higher bonding affinity for the melamine-based crosslinker 

than zirconium-treated zinc substrates. That interactions with the melamine-based crosslinker are 

more pronounced on titanium-treated zinc substrates might imply that these interactions are 

electrostatic. It is well-known that titanium due to its small ionic radius is even more acidic than 

zirconium. Consequently, its tendency to donate hydroxide ions is very low. Because of this, 

electrostatic interactions with the highly polarized titanium oxide structure and electron-rich 

nitrogen ring structures are hypothesized as favoured interaction mechanism.  
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Chapter 6 : Interfacial stability polyester coil coat primers  

Zirconium-based conversion treatments are currently being used as Cr(VI)-free pretreatment for 

multi-metal substrates prior to painting. However, due to well-known difficulties of studying buried 

metal-polymer interfaces, its effect on the established interface in aqueous solution is far from fully 

understood. This chapter presents in-situ ATR-FTIR in the Kretschmann configuration as interfacial 

sensitive technique able to probe interfacial bond formation and degradation in-situ. This 

demonstrates improved interfacial stability due to zirconium-based treatment in real-time and on a 

molecular level. It was evidenced in chapter 5 that the presence of organic additives in zirconium- 

and titanium-treatments did not further improve the bonding properties. Nevertheless, this chapter 

demonstrates that organic additives are able to improve interfacial stability. Based on the molecular 

approach, the effect of organic additives on the interfacial stability was most pronounced for 

titanium-treated substrates, with PAA performing better than PVA, followed by PVP. However, the 

macroscopic approach conducted upon longer immersion times, demonstrated a reduced adhesion 

strength due to the presence of organic additives of 40 and 14 % for titanium-treated and zirconium-

treated GI, respectively. This adverse effect was attributed to the dissolution of polymeric 

compounds during immersion.  
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6.1 Introduction 

Zirconium-based conversion treatments are currently being used as Cr(VI)-free pretreatment for 

multi-metal substrates prior to painting. However, due to well-known difficulties in studying buried 

metal-polymer interfaces, its effect on the established interface in aqueous solution is far from fully 

understood. A major reason for this lack of knowledge relates to the well-known difficulties of 

studying buried interfaces. In addition, the multicomponent composition of both conversion solution 

and paint formulations hinder a straightforward mechanistic chemisorption study. In the 

Kretschmann configuration thin metal films (< 80 nm) are deposited on an internal reflection 

element. The metal film thickness is kept sufficiently low to allow access of infrared light through the 

metal film, providing interfacial molecular information. The use of such inverted geometry offers the 

possibility to introduce aqueous media to the metal oxide-polymer interface. Consequently, the 

stability of the established interface can be evaluated in-situ using ATR-FTIR. There has been opted to 

use deuterated water (D2O) because the O-D bending mode is positioned at a lower wavenumber 

compared to the O-H bending mode (i.e. 1200 vs 1640 cm-1, respectively). This shift allows in-situ 

study of the evolution of interfacial carboxylate bonds positioned around 1610 cm-1 without 

interference of dominant water signals. The evolving interface chemistry elucidated by ATR-FTIR is 

subsequently correlated to pull-off adhesion measurements obtained after 24 hours immersion in an 

aqueous 0.05 M NaCl solution to study its long term stability.  

Section 6.3.1 describes in-situ ATR-FTIR in Kretschmann configuration as an interface-sensitive 

technique to study the interfacial stability of polyester coated metal oxide surface in real time on a 

molecular level. This has been done on native and zirconium-treated zinc, aluminium and magnesium 

oxides. In addition, a comparative study on the effect of zirconium-and titanium-treatment and the 

impact of organic additives on the durability of polyester coated zinc substrates has been elucidated. 

Subsequently, section 6.3.2 aims to correlate these gained insights to the industrially relevant 

substrates GI and MZ by pull off adhesion testing, which is indicative for the adhesion strength after 

immersion in NaCl solution on a macroscopic level.    

6.2 Experimental 

6.2.1 Materials and chemicals.  

Conversion solution: To investigate the effect of the cation (Zr vs Ti) and organic additives, model 

conversion treatments were prepared. Hexafluorozirconic acid, 50 wt% in H2O (Sigma-Aldrich 

Chemistry) and hexafluorotitanic acid, 60wt% in H2O (SigmaAldrich Chemistry) were diluted to 0.01 

M. The pH was adjusted to 4 using 1 M NaOH. The polymer additives investigated as potential 

adhesion enhancers were polyvinyl alcohol (PVA) molecular weight 145 000 (Sigma-Aldrich 
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Figure 6.1 (a) and (b) presents in-situ ATR-FTIR spectra obtained during submersion of polyester 

coated zinc oxide in D2O. O-D stretch vibrations, positioned at 2500 cm-1, are shown to increase with 

increasing immersion times referring to the migration of D2O through the polyester coat towards zinc 

oxide surface. Simultaneously, peaks assigned to the polyester backbone turn negative illustrating 

the replacement of polyester by D2O at the zinc oxide interface. Contrary, asymmetric carboxylate 

(COO-
as) stretching vibrations appear positive, which can be interpreted as an increase of carboxylate 

bonds with respect to the dry state. Consequently, it is evidenced that D2O induces ester hydrolysis, 

resulting in increased interfacial carboxylate bonds. Yet, after 0.9 hour, illustrated by the blue curve 

in figures 6.1 (a) and (b), the asymmetric carboxylate peak reaches its maximum intensity, where 

after it gradually shifts towards lower wavenumbers when reducing in intensity. Hence, interfacial 

bond degradation as a result of D2O penetration is monitored in situ. After 2.1 hours, presented by 

the red curve in figure 6.1, the asymmetric carboxylate peak turns negative. From this point on, a 

lower amount of interfacial bonds is observed with respect to the dry state.  

   

Figure 6.1: ATR-FTIR spectra of D2O permeation through polyester coating applied on native zinc 

oxide (a) full scale, (b) enlarged carboxylate region. 

A similar evolution of asymmetric carboxylate peak are is observed for zirconium-treated zinc with a 

maximum of interfacial bonds is observed after 3.6 hours, presented by the blue curve in figure 6.2, 

followed by interfacial disbondment after 5.5 hours, presented by a red curve. Hence, it is evidenced 

that the zirconium-treatment of zinc increases the interfacial stability in the presence of D2O. 
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Figure 6.2: ATR-FTIR spectra of D2O permeation through polyester coating applied on zirconium 

treated zinc (a) full scale, (b) enlarged carboxylate region. 

6.3.1.2 Native and zirconium-treated magnesium oxide 

Figure 6.3 demonstrates the interfacial stability of polyester coating applied on native magnesium 

oxide. An immediate reduction of both carboxylate (COO-
as) and magnesium oxide peaks, suggest 

that the interface rapidly dissolves upon interaction with D2O. The high reactivity of magnesium 

oxide plays a key-role in the instable magnesium-polymer interface.  

 

 Figure 6.3: ATR-FTIR spectra of D2O permeation through polyester coating applied on native 

magnesium oxide.  

The interfacial stability of polyester coated zirconium-treated magnesium is presented in figure 6.4 

(a) and (b). Peaks at 1595 and 1422 cm-1 are assigned to asymmetric and symmetric carboxylate 

stretching vibrations. Contrary, to native magnesium oxide, carboxylate bonds with zirconium-

converted magnesium are shown to increase during initial immersion times in D2O. The enlarged 
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carboxylate region, given in figure 6.4 (b), demonstrates maximum carboxylate peak intensity after 

3.1 hours where after the asymmetric carboxylate peak gradually reduces. However, disbondment 

does not occur within the first 19 hours of D2O accumulation. Large variations in actual disbondment 

time were observed for zirconium-treated magnesium. The high reactivity of magnesium in the 

conversion solution resulted in ultrathin converted magnesium films. For this reason, conversion 

times of 60 seconds as applied on zinc and aluminium were reduced to 10 seconds for magnesium 

substrates. Yet, due to the high reactivity, the conversion process remains hardly controllable and 

lead to variations in observed interfacial stability. Nevertheless, the interfacial stability significantly 

improved due to zirconium-treatment, compared to native magnesium oxide. Moreover, next to the 

growth of asymmetric carboxylate peaks, positioned at 1595 cm-1, also the growth of C-N=C peak, 

positioned at 1530 cm-1 is demonstrated in figure 6.4 (a) and (b). The simultaneous increase of both 

carboxylate and melamine peaks confirm the high affinity of magnesium substrates for the 

melamine-based crosslinker. Therefore, hydroxylation of the zirconium-based converted magnesium 

surface by D2O creates increased binding sites for competing interactions with ester groups related 

to the polyester resin and uncured methyl groups of the melamine-based crosslinker. From the in-

situ data presented in figure 6.4 (b), higher interfacial stability is demonstrated for interactions with 

the melamine, since the asymmetric carboxylate peak reduces more rapidly during immersion in D2O. 

Yet, similar to the stability of carboxylate bonds, also variations in stability of melamine-interactions 

were observed. 

   

Figure 6.4: ATR-FTIR spectra of D2O permeation through polyester coating applied on zirconium-

treated magnesium oxide (a) full scale, (b) enlarged carboxylate region. 

6.3.1.3 Native and zirconium-treated aluminium oxide 

Figure 6.5 illustrates the enhancement of interfacial carboxylate bond formation by D2O on (a) 

untreated aluminium and (b) zirconium-treated aluminium. The exceptional stability of carboxylate 
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species adsorbed on both native and zirconium-based converted aluminium oxide (> 24 hours) is 

related to the stability of aluminium in the presence of D2O (theoretical pD of D2O = 7). A broad 

vibration band at 940 cm-1 (Al-O), with a shoulder at 776 cm-1 (Al-O-Al) grows at immediate 

interaction with D2O. Remarkable is the presence of carbonyl (C=O) stretching vibrations during 

immersion in D2O, which appeared to be negative or absent during immersion of zinc and 

magnesium, respectively. The carbonyl (C=O) peak, positioned at 1723 and 1714 cm-1 for untreated 

and zirconium-treated aluminium, respectively, indicates a shift towards lower wavenumbers with 

respect to the dry state (1731 and 1730 cm-1 for aluminium and zirconium-treated aluminium, as 

shown in figures 5.3 and 5.7, respectively), indicating its involvement in hydrogen or more correctly 

deuterium bonds. The higher shift observed in figure 6.5 (b) indicates that deuterium bond 

interactions are stronger on zirconium-treated aluminium. This is in accordance with the hypothesis 

that the acid nature of zirconium oxide promotes hydrogen bonding as described for carboxylic 

monomers in section 4.3.2. The prolonged presence of carbonyl peaks during immersion 

demonstrate that deuterium bonds formed between both native and zirconium-treated aluminium 

oxide and polyester carbonyl are stable during immersion in D2O. Furthermore, peaks attributed to 

asymmetric carboxylate stretching vibrations appear at 1589 and 1585 cm-1 for untreated and 

zirconium-treated aluminium, respectively. In addition to asymmetric carboxylate peaks also 

symmetric carboxylate peaks arise upon exposure to deuterated water, positioned at 1408 and 1417 

cm-1 for untreated and zirconium-treated aluminium, respectively. Consequently, the appearance of 

a symmetric carboxylate peak indicates an altered orientation of interfacial bonds upon exposure to 

deuterated water as compared to the dry state, discussed in chapter 5. 

 

 
Figure 6.5: ATR-FTIR spectra of D2O permeation through polyester coating applied on (a) untreated 

and (b) zirconium- treated aluminium.  

6.3.1.4 Quantification of the interfacial stability of zirconium-treated multi-metal oxides 
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Figure 6.6 presents the quantified carboxylate (COO-
as) peak areas observed on native and zirconium-

treated zinc oxide (discussed in 6.3.1.1) versus the immersion time in D2O. Three stages can be 

distinguished during the exposure of polyester coated zinc to D2O. Firstly, carboxylate peaks increase 

due to hydrolysis reactions induced by D2O. Secondly, interfacial carboxylate bonds reach a 

maximum peak area, whereafter their portion gradually decreases, which can be interpreted as the 

real onset of disbondement. Finally, the carboxylate peak area turns negative, indicating the third 

stage, which is the defined onset of disbondment. Since the delay time required to reach the defined 

onset of disbondment is more straightforward to determine than the real onset of disbondment, the 

former will be used as a reference to quantify the interfacial stability of polymer coated metal 

substrates.  

 

Figure 6.6: Peak area dynamics of polyester coated zinc as a function of exposure time to D2O. 

Figure 6.7 summarizes the defined onsets of delamination during exposure to D2O, calculated using 

the approach presented in figure 6.6. On native zinc and magnesium, chemical disbonding is 

observed rapidly, within less than 2 hours. On the other hand, it is shown that zirconium-treatment 

successfully passivates the zinc and magnesium oxide surfaces resulting in prolonged interfacial 

stability. Furthermore, it is clear that the competitive chemisorption of polyester resin and 

melamine-based crosslinker, as demonstrated on magnesium substrates is not detrimental for the 

interfacial stability. The highest interfacial stability is demonstrated for aluminium. Interfacial 

carboxylate bonds established at both untreated, as well as zirconium-treated aluminium remain 

stable for more than 40 hours. This exceptional durability of the aluminium-polyester interface 

relates to the stability of aluminium oxide in solutions at neutral pH, or more correct in this case 
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neutral pD values2. Whereas, according to the Pourbaix diagrams, zinc and magnesium are known to 

be unstable at neutral pH values.2 zirconium-treatment of zinc and magnesium has shown to 

passivate these oxides successfully. Further improvement is expected to be possible as a model 

conversion solution has been used. Optimization of the passivation performance to increase 

interfacial stability can be done, by adjusting conversion bath concentration and conversion time, as 

well as by adding organic and/or inorganic additives.  

 

Figure 6.7: Onset of delamination based on infrared peak area of asymmetric carboxylate stretching 

vibration followed in-situ during exposure to D2O.  

6.3.1.5 Quantification of the interfacial stability of zirconium- and titanium-treated zinc substrates 

and the effect of organic additives 

A similar approach as those discussed in 6.3.1.4 has been used to quantify the interfacial stability of 

zirconium- and titanium-treated zinc substrates and the effect of organic additives. The required 

delay times to reach the defined onset of disbanding are summarized in figure 6.8. This evidences a 

higher interfacial stability for zirconium-treated zinc compared to titanium-treated zinc. On the other 

hand, the effect of organic additives added to zirconium-treatments is less pronounced than when 

these are added to titanium-treatments. Comparing the three additives, PAA yields the best 

performance in stabilizing the zinc-polyester interface in presence of D2O. On the other hand, PVA 

and PVP are shown to improve interfacial stability only when added to the titanium-treatment.  
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Figure 6.8: Delay time for carboxylate disbondment during immersion in D2O, observed using in-situ 

ATR-FTIR. 

6.3.2 Pull-off adhesion testing of variously treated GI and MZ revealing interfacial stability on a 

macroscopic scale 

Pull-off adhesion tests have been performed after 24 hours immersion of polyester coated GI 

substrates in 0.05 M NaCl solution, which results are given in figure 6.9 (a). A pull-off failure stress of 

7.2 ± 1.6 MPa was noted for untreated GI. After zirconium- and titanium-treatment the pull-off 

failure stress increased to 9.3 ± 1.6 MPa and 8.6 ± 1.3 MPa, respectively. The larger increase in 

adhesion strength in the case of zirconium-treatment (± 30 %) compared to titanium-treatment (± 20 

%) is in line with the results presented in chapter 3, evidencing higher polar forces and elemental 

concentration on zirconium-treated GI compared to titanium-treated GI, as shown in table 3.1 and 

figure 3.16, respectively. Adding polymeric compounds to both zirconium- and titanium-treatment 

reduces the adhesion strength. This is most obvious for for the titanium-treatment of GI which gives 

an adhesion strength of 8.6 ± 1.3 MPa without organic additives and 5.0 ± 0.8 MPa with organic 

additives. Consequently, the adhesion strength reduced 40 % upon the addition of organic additives 

after 24 hours of immersion in aqueous environment. In contrast to the initial advantageous effect of 

the polymeric compounds added to the titanium-treatment, as demonstrated by ATR-FTIR in figure 

6.8, the final adhesion strength after longer immersion times becomes thus even worse than 

untreated GI. The lack of crosslinking ability of titanium oxide is expected to result in more discrete 

layers of polymeric compounds and titanium oxide, as described in figure 3.23, making them more 

susceptible to dissolution in aqueous environments. Therefore, the dissolution of the organic 

additives at the titanium-based conversion coatings is suggested to detoriate the metal-polyester 
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interface (reduced adhesion strength of 40 %), whereas the impact of organic additives at the 

zirconium-converted surfaces appears to be more limited (reduced adhesion strength of 14 %).  

    
Figure 6.9: Pull-off adhesion strength of variously treated (a) GI and (b) MZ substrates.  

The pull-off faillure stresses obtained on variously treated MZ are presented in figure 6.9 (b). Similar 

to GI, both zirconium-and titanium-treatment improve the adhesion strength of MZ, increasing the 

failure stresses from 4.3 ± 1.5 MPa to 5.7 ± 1.5 (± 30 %) and 7.2 ± 1.3 MPa (± 65 %), respectively. 

However, contrary to GI, titanium-treatment of MZ is shown to be more efficient than zirconium-

treatment. This is in line with the elemental surface concentrations evidenced by XPS measurements 

shown in figure 3.1, showing higher titanium compared to zirconium concentrations on conversion 

treated MZ. Furthermore, in accordance to the observation with GI, organic additives added to the 

zirconium-treatment of MZ does not significantly alter the adhesion strength, i.e. 6.2 ± 0.6 MPa, 

which is associated to the crosslinking abilities of zirconium oxide. However, contrary to GI, also the 

effect of organic additives added to titanium-treatment is shown to be more limited, i.e. 7.9 ± 0.3 

MPa. This might be associated to the stable oxides at the MZ surface compared to GI which is 

benedicial for the interfacial stability. Only PVP is shown to significantly alter the adhesion strength, 

where it in particular increases the adhesion strength of titanium-treated MZ (± 56 %). Since this 

beneficial effect of PVP is specific to MZ substrates, it is suggested that the polymeric PVP film is not 

only concentrated at the outer surface of titanium oxide, but possibly also underneath the titanium 

oxide at the MZ surface, presented as interface 1 in figure 6.10 (a). As a consequence PVP might 

anchor both oxide layers by inducing chemical interactions with both magnesium oxide and titanium 

oxide. Since PVP, which is characterized by a nitrogen containing ring structure has some similarities 

with melamine, this hypothesis is in accordance with the observations in chapter 5, demonstrating a 

higher bonding affinity of titanium-treated zinc and native magnesium oxide for the melamine-based 

crosslinker than for the polyester resin. To confirm this theory, it is recommended to characterize the 

remainings of both substrate and dolly to gain more insights on the failing interface as illustrated in 









































































Chapter 8 
 

176 
 

attributed to its protective native oxide layer at the conversion conditions used (pH 4). When using a 

model conversion solution (0.01 M H2ZrF6), thin zirconium oxide layers were probed on thermally 

vaporized zinc and magnesium with a final thickness ranging between 5 and 10 nm. On the other 

hand, zirconium-treatment of polished bulk substrates with a commercially available conversion 

solution resulted in pronounced oxide thickness variations, with magnesium forming a conversion 

oxide layer 10 times thicker than zinc and similarly to the model conversion solution only partially 

covering aluminium bulk substrates.   

 
Figure 8.1: Zirconium conversion  oxide layer build-up on thermally vaporized aluminium, zinc and 

magnesium. 

 

Further characterization of zirconium- and titanium conversion oxide layers formed on GI and MZ 

substrates indicate a homogeneous zirconium oxide coverage of zirconium-treated substrates, while 

both zinc and titanium coexist at the outer surface of titanium-converted oxides. In addition, it was 

shown that the fluoride surface concentration was higher on zirconium-treated than on titanium-

treated GI and MZ substrates. Consequently, the conversion oxide layer build-up was shown to 

depend more on the conversion solution (i.e. Zr- or Ti-based), rather than on the base metal 

substrate (i.e. GI or MZ). The surface free energy of both GI and MZ significantly increased upon 

conversion. This was attributed to altered polar forces, which increased by a factor ten upon 

conversion treatment. Consequently, GI and MZ were shown to be equivalent in terms of surface 

free energy and conversion oxide layer build-up as illustrates in figure 8.2. Therefore, it can be 

concluded that the variations in conversion oxide precipitation are considerably more pronounced 

when comparing the separated metal oxides (i.e. high purity zinc, aluminium and magnesium) than 

when comparing the industrial substrates GI and MZ. 
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Figure 8.2: zirconium and titanium-based conversion layer build-up on GI/MZ substrates 

8.2.2 What is the role of metal oxide acid-base properties on chemisorption mechanisms?  

Both carboxylic acid- and ester-functionalized compounds have shown to form interfacial carboxylate 

bonds upon interaction with multi-metal oxides. In addition, ester-functionalized compounds were 

also shown to interact by hydrogen bonding. The nature of the established bonds strongly correlates 

to the metal-oxide acid-base properties. A higher acidic metal oxide character increases the 

hydrogen bond strength as well as the covalent character of established carboxylate bonds, whereas 

metal oxides with a highly alkaline character form highly ionic carboxylate bonds as illustrated in 

figure 8.3.  

 
Figure 8.3: Determining role of metal oxide acid-base properties on the preferred interfacial 

interaction mechanism. 
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capacities, which means that the polymeric compounds form an additional layer on top of the 

titanium oxide layer, explaining its higher impact on the surface free energy.  

 
Fig. 8.6: Proposed conversion oxide structures containg PAA as organic additive, (a) PAA crosslinked in 

amorphous zirconium-oxide strucure, (b) PAA layer positioned on top of titanium oxide. 

8.3.2 What is the effect of fluoacid cation (Zr-and Ti) on adhesion performance? 

A higher affinity for carboxylate bond formation was evidenced on zirconium-treated than on 

titanium-treated zinc substrates. Furthermore, it was evidenced that not only carboxylic acid and 

ester groups specific to the polyester resin, but also the electron-rich groups of the melamine-based 

crosslinker interacts at the metal oxide surface. As such, titanium-treated zinc demonstrated a higher 

bonding affinity for the melamine-based crosslinker than zirconium-treated zinc substrates. It is well-

known that titanium due to its small ionic radius is even more acidic than zirconium. Consequently, 

its tendency to donate hydroxide ions is very low, what explains the lower affinity for carboxylate 

bond formation compared to zirconium. Instead, electrostatic interactions between highly polarized 

titanium oxide and electron-rich nitrogen ring structures of melamine are hypothesized as favoured 

interaction mechanism.  

In addition, the highest adhesion strength of polyester coil coat was demonstrated on zirconium-

treated GI and titanium-treated MZ. This invers relation is in line with the XPS surface analysis, which 

demonstrated higher atomic concentrations of titanium on MZ and zirconium on GI. This substrate 

dependency on conversion efficiency might relate to variations in surface alkalinity or 

electrochemical activity.  

8.3.3 What is the effect of organic compounds added to conversion bath to adhesion performance? 

The presence of organic additives did not further enhance carboxylate bond formation, but in case of 

PAA and PVA even reduces the chemical reactivity of zirconium oxide. This suggests that bonding 
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with PAA and PVA reduces the number of available bonding sites at the zirconium oxide surface, 

what results in a lower carboxylate formation with the polyester resin. Conversely, the adhesion 

strength of titanium-treated MZ could be further improved due to the addition of PVP. It was 

suggested that PVP is not only concentrated at the outer surface of titanium oxide, but possible also 

underneath the titanium oxide at the MZ surface, where it anchors both oxides forming chemical 

interaction with both titanium and magnesium oxide. Consequently, it is shown that organic 

additives do not enhance interactions with the polyester resin. Yet, they are able to improve 

interfacial stability. Based on the molecular approach using in-situ ATR-FTIR, the effect of organic 

additives on the interfacial stability was most pronounced for titanium-treated substrates, with PAA 

performing better than PVA, followed by PVP. However, the macroscopic approach conducted upon 

longer immersion times, demonstrated a reduced adhesion strength due to the presence of organic 

additives of 40 and 14 % for titanium-treated and zirconium-treated GI, respectively. This adverse 

effect was attributed to the dissolution of polymeric compounds during immersion.  

8.4 The effect of paint composition and curing  

8.4.1 How do model organic components used for the model molecule and thin film approach 

correlate to industrially relevant paint formulations? 

The chemisorption of an industrially relevant polyester coil coat was revealed on variously treated 

multi-metal substrates. The polyester resin was shown to interact with the metal oxide surface 

forming interfacial monodentate carboxylate bonds. The establishment of carboxylate bonds is thus 

in line with the observed chemisorption mechanism elucidated using ester-functionalized model 

compounds as discussed in chapter 4. Yet, whereas monomeric model compounds were shown to 

coordinate in a bridging bidentate mode, polyester resin formed monodentate carboxylate 

complexes. The formation of a monodentate coordination was attributed to a combination of sterical 

hindrance and a lower mobility of functional groups due to the  large polymeric backbone. 

Furthermore, it was evidenced that not only carboxylic acid and ester groups specific to the polyester 

resin, but also the electron-rich groups of the melamine-based crosslinker interacts at the metal 

oxide surface. As such, titanium-treated zinc demonstrated a higher bonding affinity for the 

melamine-based crosslinker than zirconium-treated zinc substrates. It is well-known that titanium 

due to its small ionic radius is even more acidic than zirconium. Consequently, its tendency to donate 

hydroxide ions is very low. Because of this, titanium is known to have a lower affinity for carboxylate 

bond formation compared to zirconium. Therefore, electrostatic interactions between the highly 

polarized titanium oxide structure and electron-rich nitrogen ring structures of melamine are 

hypothesized as favoured interaction mechanism. 
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