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Summary

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

vi



Summary

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 zing, 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

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 opperviakte gevoelige
technieken. Hiervoor zijn we tot op vandaag nog steeds afhankelijk van modelsystemen. Echter,
industriéle metaal-polymeer systemen zijn typisch erg heterogeen waardoor de afstand tussen
model en industriéle 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 grensviak 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 initiéle 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 geintegreerde 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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Introduction

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.* As a result 95 % of the prepainted
metal used in buildings is being recycled, making it a very sustainable choice of material.® 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.?

!
i

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

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.

Entry end Curing ovens Exit end
Preclean Pre-treatment
ot
L 0 00 010 3
(‘f]@ﬁ | | sl TR —_—
Cleaning \\
Accumulator Coaters Accumulators

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 hew generation of surface treatments are being




Chapter 1

developed. Zirconium and/or titanium-based fluoroacid treatments are currently gaining more
attention since they offer both improved corrosion resistance and paint adhesion.” 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.® Conventional galvanized steel
substrates concern steel substrates coated with a homogeneous zinc layer, in this thesis referred to
as Gl. 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.’ 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.

Traditional New generation
coil coated coil coated
galvanized steel galvanized steel

mm Coil coat

I Ti/Zr-based CC

B Traditional CC

I Steel

W Zinc

@® Aluminium

E= Zn— MgZn, binary eutectic
= Zn-Al- MgZn, ternary eutectic

Interfaces of interest

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 (Gl 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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(a) (b) (c) (d)

I Native oxide
I Converted oxide . A
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adhesion testing
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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 agueous 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 m-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
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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.

Primer

Primer

Conversion oxide

Conversion oxide

Conversion oxide Conversion oxide

metal substrate metal substrate | metal substrate ‘ metal substrate

Conversion film formation » Model chemisorption » Validate chemisorption » Interfacial stability

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. Gl 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.

6
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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.* 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 processes>® and final interfacial metal-polymer bonding
integrity.” 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.>® 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.” Whereas the corrosion
resistance of zirconium- and titanium-treatments is relatively well described,® ™ 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.”* 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." The
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first usage of zinc in construction dates from 79 AD,® 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.'® 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 (Gl) 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 (Gl) with low aluminium additions (<1 %)

Gl results from dipping steel into a molten zinc bath with low additions of aluminium. Aluminium
levels of more than 0.005 wt. % form a Fe,AlsZny inhibiting layer at the iron-zinc interface
suppressing the formation of brittle Fe-Zn phases."” 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. In addition, a
continuous Al,O; 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.”” A lot of
work has been done towards achieving thinner weight-saving coatings with comparable or an even
better performance than the traditional Gl. 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.>™°

Additions of small amounts of magnesium have shown to provide two to four times
longer corrosion protection than the standard zinc alloy.”* However, the addition of magnesium
limits the adhesion to steel.”” 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.' Numerous studies describe the formation of compact

3-10

protective corrosion products on zinc alloyed coatings. 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.”® 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.** 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.** 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.”* 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 (Zns(OH)gCl,-
H,0).2%* This stabilization effect of Mg”*" occurs in an initial corrosion stage, whereafter in an
advanced stage, the dissolution of aluminium starts in neutral or alkaline conditions. In neutral
conditions AI** is formed when zinc rich phases are sufficiently consumed to allow an increase of the
electrochemical potential. The presence of AP** results in formation of Zn-Al and or Mg-Al layered
double hydroxide (LDH).**?® The chemical composition of LDH can be described as: M(I1)xM(Ill)y(A-
)m(OH)n.zH,0 with M(1Il) = Mg* or Zn*, M(Ill) = A** and A" = CO5>, CI" or SO,*.* 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.”’ 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—-MgZn, phases.”” 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.”’
The formation of LDH on aluminium containing alloys has been reported to show a 4-6 times lower
mass loss than Gl, however ZnMg did not contain LDH and performed even better with up to 10-fold

lower weight loss compared to zinc.'®*

The contribution of Mg ions on the formation of different
corrosion products is thus very complex and is still a subject for further investigations.?® The presence
of LDH on corroded coatings might be a consequence of high pH at cathodic sites, leading to the
dissolution of aluminium.?® 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.?***3*

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 Gl and zinc-
magnesium alloys in rainwater was higher than in modified rainwater, indicating that the reality is
more complex and other possible effects of NH* and HCO* on the corrosion mechanisms such as
modification of the intrinsic anodic reactivity should be considered.”

However, the chemical nature of the protective layer was not uniquely identified. Basic zinc salts
such as zinc hydroxyl chloride (=simonkolleite)®, Al-rich oxide layers®, layered double
hydroxides®**>*’, hydrozincite' 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 ZnAl,Mg,
coating has a multiphase structure with a Zn— MgZn, binary eutectic and Zn dendrites. In addition,
there are also zones of ternary eutectic Zn—Al-MgZn, and Al-dendrites, these phases are illustrated in
figure 2.1.%? 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.

F——— 10 um

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

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

73336 and this on both ferrous

since they improve both corrosion resistance® ™ and paint adhesion
and non-ferrous substrates.®” Fluorides present in the conversion solution activate the metal oxide
removing natural metal (hydr)oxides by anodic dissolution.® The requirement for fluoride attack
depends on the nature and thus the electrochemical activity of the native oxide.*® 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.>**™*

Consequently, zirconium and titanium-based conversion are pH-based as well as electrochemical-
based processess.>*™*

Tetravalent elements are soluble only within narrow acidity ranges and the hydroxides M(OH), are
too polarized to be stable.”® Consequently, because of their high formal charge, Ti and Zr cations

46,47

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

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

39,46,48 Conversely, the high coordination number of zirconium (Nz = 8 vs Ny =

temperature conditions.
6) and resulting geometry (associated with its larger ionic radius) does not allow the formation of
compact condensation products.”” Instead, amorphous polymeric structures are being formed, also

%30 Literature on precipitation of Zr(VI)- and Ti(VI)-oxides from fluoroacid

known as oxyhydroxides.
solutions are very scarce. Verdier et al. showed that during the conversion of AM60 magnesium alloy,
titanium occurred only in its oxide form (TiO,), whereas zirconium, depending on the solution
composition, was found as oxide (ZrO,), oxyhydroxide (ZrO,.OH,) and hydroxyfluoride.*® This
confirms the formation of amorphous zirconium oxyhydroxide phases, which have been reported to
have variable compositions depending on the experimental conditions.”” 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.*®"’

Finally, when forming solid phases, OH groups can be replaced by anions,
which effect diminishes with increasing pH."’

Although the conversion mechanism is reported to be similar for different substrates.* 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.”* 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 Gl. Consequently, variations in electrochemical activity and
local pH effects at Gl 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.*? Lostak reported that
Zn-rich phases are more noble than Al-rich phases, while both are nobler than Mg-rich phases.*”
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.*”
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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

%042 The coverage of these surface heterogeneities are reported to reduce

intermetallic particles.
potential differences and thus cathodic activity, which is one explanation of improved corrosion
resistance by zirconium- and titanium-treatments. Additionally, zirconium-based conversion coatings

38,51,52

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

|1153 9,11,34

stee and steel substrates 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.”®>> Whereas the
metallic cations act as nucleation sites enhancing precipitation of the conversion layer®, 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.

4558 and altered

Increased surface roughness,® surface free energies,>’ electron donor properties
hydroxide fractions”* 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.*® 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

60-62

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

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

%> |t has been reported that

(PAA), polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP).°
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.® 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.*® 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.”
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.” 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).®*® 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.®® 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).% Ti(IV) is considered as a highly attractive, yet challenging cation due to its high polarizing
power resulting in fast and spontaneous precipitation of TiO,.® Zr(IV) on the other hand, has shown
to be a noticeable exception for tetravalent cations based MOFs.®” 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.®’ 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-

3,7,39-41,43 .
o 2 In-situ

depth) strongly depend on the microstructure and chemistry of the substrate surface.
ATR-FTIR combined with OCP measurements elucidated the critical importance of the initial
hydroxide fraction on the zirconium deposition rate and final surface chemistry.*® 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

2.2* This competitive surface hydroxylation has shown to retard the zirconium deposition of zinc >

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.*

In accordance to the work of Taheri et al.”>, on pure zinc substrates, Cerezo et al.2, confirmed the
determining role of surface hydroxide fractions during zirconium-based convers