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Abstract

The omnipresence of paints and adhesives in contact with metals requires a detailed knowledge of
water diffusion and the ionic pathways through their polymer networks and along their interfaces. The
E-coat, for example, generally shows uniform water diffusion. However, the substrate dissolves during
film formation and enriches the E-coat. Iron ions in particuiar biock the interfaciai ion transport and
normal water diffusion compared with zinc and aluminium ions. Moreover, Raman-SKP investigations
show that the ions move through the E-coat in parallel to the aluminium interface. The pH-value
immediately changes at the interface and the Volta potential increases with the pH-value, whereupon
the interfacial dipole changes from ionic bonds to hydrogen bonds. Indeed, selective dealloyings or
micro-galvanic couplings can cause the breakdown of the aluminium oxide and then the ion transport
also takes place at the interface. Furthermore, various impedance approaches quantify the in-plane
water and ion diffusion through various automotive polymer-metal systems. Concomitantly, the
degree of plasticising, internal stress and topographical changes are assessed to clarify the core issue
surrounding the Fickian and non-Fickian treatment. All in all, the methods and results developed offer

several links for further paint and adhesive developments.



Kurzfassung

Die Omniprasenz von Lacken und Klebstoffen in Kontakt mit Metallen erfordert detaillierte Kenntnisse
Uber die Wasserdiffusion und die Wege der lonen durch das Polymernetzwerk und entlang der
Grenzflachen. Die kathodische Tauchlackierung zum Beispiel zeigt generell eine gleichmaRige
Wasserdiffusion. Das metailische Substrat i0st sich jedoch wahrend der Abscheidung auf und die
Tauchlackierung reichert sich mit Metallionen an. Insbesondere die Eisen-lonen hemmen den
Grenzflachentransport und die Wasserdiffusion in Substratrichtung - im Vergleich zu Zink- und
Aluminium-lonen. Raman-SKP-Untersuchungen zeigen dariber hinaus, dass sich der lonentransport
am Aluminium-Substrat hauptsachlich durch die Tauchlackierung vollzieht. Gleichzeitig andert sich der
pH-Wert an der intakten Grenzflache, das Volta-Potenzial steigt mit dem pH-Wert und die Dipole an
der Grenzflache gehen von ionischen Bindungen in Wasserstoffbriickenbindungen lber. Selektive
Metallauflésungen oder mikrogalvanische Interaktionen verursachen mit der Zeit allerdings den
Zusammenbruch des Aluminiumoxides, wodurch der lonentransport dann direkt an der Grenzflache
stattfindet. Die Wasser- und lonendiffusion durch verschiedene Automobillacke parallel zur
Metallgrenzflache werden durch diverse Impedanz-Spektroskopische Ansatze quantifiziert. Der Grad
der Plastifikation, des inneren Stresses und die topographischen Anderungen durch die Salzwasser-
Aufnahme werden herangezogen, um die Diffusion Fickischen oder Nicht-Fickischen Bedingungen
zuzuordnen. Insgesamt er6ffnen die entwickelten Methoden und die Ergebnisse eine Vielzahl von

Ankniipfungspunkte fir weitere Lack- und Klebstoffentwicklungen.
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Glossary of applied techniques

Electrochemical Impedance Spectroscopy (EIS):

Perturbation of an electrode surface by small periodic signals and detection of the electrochemical
response for the appraisal of corrosion mechanism and kinetics.

Potentiodynamic Analysis:

Potential changing at the working electrode and monitoring the current which is produced as a
function of time or potential.

Scanning Kelvin Probe (SKP):

Vibrating capacitor technique at which the Kelvin Probe |

vibrates micrometres above the sample surface while the | I

Fermi level of the SKP needle tries to reach the Fermi level of ::f:g:

the metallic sample. The detected Volta potential provides | E(h)=const Z(AE)=0 G)
information about the electron transfers from the metal to

the needle and is usually used to observe the progress of ’%AVGI
corrosion processes at polymer-metal interfaces. An —— Gas _ AEEZ
extension of the SKP technique is a height control whereby a Polymer 1] e
further circuit adjusts a constant distance of the needle to ——— = AE,

the surface before the Volta potential is measured via the

vibrating capacitor technique.
Height control (I) and vibrating

capacitor technique (Il)

Source: Leng et al. (1999), Wapner et al. (2005)
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Glossary of applied techniques

Infrared Spectroscopy (IR):

Triggering molecular vibrations through irradiation with infrared light. The resulting IR spectra provides

information about the antisymmetric stretching and bending of the molecules.

e Attenuated Total Reflectance (IR-ATR):

IR light undergoes multiple internal reflections in a crystal which is in direct contact with the

sample.

e |R-Reflection:

IR light is reflected at the metal surface while the light passes through layers with a high level

of transparency.
Raman-active Raman-inactive Raman-active
IR-inactive IR-active IR-active

Confocal Raman Spectroscopy:

Light scattering technique that can be thought of in its simplest form as a process where a photon of

light interacts with a sample to produce scattered radiation of different wavelengths:

e Rayleigh scattering

Elastic push, photon emission at constant frequency

e Stokes scattering

Inelastic push, photon emission at low frequency

e Anti-Stokes scattering

Hyperelastic push (weak), dislocation of stimulated molecules, photon emission with sum

frequency of causative and molecular vibrations

Due to this, Raman spectra provide
information  about the symmetric
stretching and bending vibrations.
Additionally, the confocal technique has
the ability to spatially filter the analysis
volume of the sample, in the XY (lateral)
and Z (depth) axes.

Objective Raman fibre

‘\ (multimode)
!

Splitter

Laser small
core fiber

Confocal Raman setup with slope (spatial filter)

Source: Horiba handbook, Hesse (2012), Larkin (2011)
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Glossary of applied techniques

Dynamic-Mechanical Analysis (DMA):

Measurement of material’s properties as a function of temperature, time, frequency, stress,
atmosphere or a combination of these parameters.

Atomic Force microscopy (AFM):

Nanoscale imaging of topographical, electronical and mechanical properties due to a surface scan by
a tip/cantilever in various modes (contact, non-contact, trapping) dependent on the issue.

Force Modulation Microscopy (FMM):

Extension of atomic force microscopy (AFM) imaging at which the AFM tip is scanned in contact with
the sample surface, and the Z feedback loop maintains a constant cantilever deflection. In addition, a
periodic signal known as the ‘driving signal’ is applied to a bimorph piezo and vibrates either the tip or

the sample. The resulting tip motion is

converted to an electrical signal. This Tio

Oscillati
electrical signal is separated into ACand DC R w— !

components for analysis. The amplitude of Hard Coating Soft Coating
Metal Substrate Metal Substrate

the AC signal is sensitive to the elastic

¢
properties of the sample surface, while the WWW ‘W

. —Driving Signal =Driving Signal )
DC signal represents the topography of the ——Response Hard Material —Response Soft Material

sample surface. Mechanical behaviour of the AC signal

Source: www.parkafm.com

Nanoindentation:

A load is applied to an indenter in contact with the sample measuring the depth of penetration at the
same time. Mechanical properties such as hardness and elasticity are determined in the nanoscale of
the sample surface.



Glossary of applied techniques

Multi-angle Spectrophotometer:

Measurement of the total colour impression by different viewing angles and viewing conditions to
assess the appearance of effect finishes. Light/dark flops, colour shifts and special sparkling effects are
determined as two tone, graininess, brightness, sparkle intensity/area, gloss and colour coordinates.

Source: Byk handbook

Scanning Electron Microscope (SEM):

Technique that scans a sample with a focused electron beam and delivers images with information
about the samples’ topography and composition.

Energy Dispersive X-ray Spectroscopy (EDX):

Elemental analysis due to the interaction of some source of X-ray excitation and a sample and the
determination of the unique set of peaks in the electromagnetic emission spectrum of each element.

Focused lon Beam Scanning Electron Microscope (FIB-SEM):

Tomography and fabrication of a specimen surface in the nanoscale and observation via SEM, often
used for the creation of cross sections from 3D-objects.

-Xi-



1 General introduction

Diffusion of corrosive species through polymer coatings and the transport along their metal interfaces
play a fundamental role in the lifetime of coating-metal systems [1-2]. The polymer permeability for
water molecules and solvated ions causes a swelling, in which water acts as a plasticiser. The chemical
properties of the coating change and the polymer network passes on to an amorphous state. The salt-
water transport occurs at the polymer-metal interface either after the water penetrates through the
whole polymer or due to substrate-deep defects in the coating. Solvated ions such as chloride or
sulphate increase conductivity, which in turn increases the corrosion rate. Combined with a humid
oxygen atmosphere, these conditions are the perfect environment for cathodic delamination [3],

filiform corrosion [4-5], blistering [5] and, lastly, the complete deterioration of the coating.

The water-borne cataphoretic paintings (E-

coats) in particular have the major function ‘.= - $
Filament-tail

of resisting corrosion and de-adhesion. They ez e P =4

are the first protective shield of automobile

bodies. The slow degradation of the E-coat

due to the addition of functional additives,

- 5 "‘ ;
Alkaline Cathode:

pigments and fillers makes it harder to O,+2H,0 +4 e°— 4 OH

determine the water diffusion and the ion = #% .,‘ri"AEidicAno&_e:A : = '206p;n -
transport. Steel and hot-dip galvanised o~ AL 0 [AIH;0).]™ (aq) 38

(HDG) steel are usually protected by the E- Fig.1.1 PH-driven filiform corrosion at the aluminium
coat. Additionally, light metals such as alloy [6]
aluminium alloys are increasingly being used as they reduce vehicle weight [7-8]. Their technical
surfaces are very heterogeneous with several intermetallic particles (IMPs) and insulating oxides. Due
to this, the interface of aluminium alloys can only accessed with difficultly. Chromate-free conversion
coatings such as titanium or zirconium layers with various additives are used to protect the aluminium
alloys. Moreover, polymer coatings are heterogeneous as well. The salt water ingress in the normal
and in plane direction can conspicuously differ through the coating. The direction-driven nature, the
so-called anisotropy, of a polymer system depends on its peculiarities such as the binder systems, the

pore structures, the functional pigments or polymer-polymer interfaces.

Recent research has focused on the characterisation of the coating barrier normal to the metal surface
via the electrochemical impedance spectroscopy (EIS) [9-10] and the interfacial ion transport along the
polymer-metal interfaces by means of the scanning Kelvin probe (SKP) [11-13] or scanning Kelvin probe
force microscopy (SKPFM) [14-16] in a humid oxygen atmosphere. The water uptake is further

monitored by means of in-situ atomic force microscopy (AFM) combined with an infrared spectroscopy

-1-



General introduction

(IR) at single layers [17], nuclear magnetic resonance (NMR) on the basis of the GARfield approach [18]
or various electrochemical approaches with embedded electrodes [19-21] at multilayers. Moreover,
metals with a zirconium conversion layer are polarised to mimic the cataphoretic deposition with in
situ Raman studies [22], or the Kelvin probe technique is coupled with the Raman spectroscopy [23-
25] to gain the structural and electrochemical information about the polymer-metal interface. Often,
ideal Fickian behaviour is assumed and, at the same time, the plasticising of the polymer [9, 10, 17],
hydrolyse reactions [9, 17-18], stress [18] and the osmotic pressure [18] are discussed. Only a few
studies consider non-Fickian circumstances [9]. Quantification data about the water diffusion and the
ion transport is rare and a comparative study about the substrate dependencies at the E-coat has not
been available until now. In particular, the insulating character of the aluminium oxide forces
researchers only to assess the consequences of the ion transport, e.g. due to the observation of the
filiform progression [6]. The cause, the ion transport, is quasi invisible for the Kelvin probe, which is
why studies about any kinetics at the aluminium interface rarely exist.
H,0

Defect - Chapter 2 -
HaO+lon Clear/pigment E-coat Salt water transport through the E-coat bulk
and along its metal interface

lon
Metal oxide

Metal substrate: steel, HDG steel, Al alloy

- Chapter 3 -
Interfacial behaviour along the Al alloy/ Defect with |
E-coat interface pH change Clear E-coat
............. O
3A - Excursion: Oxide
PH-behaviour of the E-coat interface with 4 7 -
7 : :
chromate-free conversion layers Al alloy w 724 Intermetallic particles
H,0 +lon H,0 + lon
Clear coat Clear coat
- Chapter 4 -
Base coat =" === == Base coat Normal diffusion vs. in plane diffusion:
Oxide Oxide Single layer, multilayer and their peculiarities
HDG steel HDG steel

Fig. 1.2 Diagram of the approach followed in the study at hand

This work is introduced with a comprehensive study about the interface and the normal water diffusion
on a technical E-coat with a focus on pigmentation and substrate effects, see Figure 1.2. Beyond the
kinetics, the physicochemical aftermaths due to the salt water uptake are analysed by the degree of
plasticising and topographical changes to clarify the core issue surrounding the Fickian and non-Fickian

treatment.



General introduction

Due to the difficulties at the aluminium interface, a new approach is pursued by changing the prevailing
pH-value at the interface and simultaneous Raman-SKP-analysing in a humid oxygen-deficiency. Using
the generated data base, the detectability of the pH-activities underneath the E-coat is assessed across
the Volta potential as a result of bond modifications. This approach is additionally proven at titanium

and zirconium conversion layers with the addition of a pickling inhibitor, a self-assembly and a polymer.

In the last part of this work, the direction-driven nature of the E-coat and various other single and
multilayers is highlighted to understand the transport mechanisms completely. The in plane diffusion
of water is compared with the in plane ion diffusion in a wet-dry-wet cycle and the role of the base
coat — clear coat interface is pointed out during the salt water ingress. The changes in the glass
transition, the Deborah number as a degree of elasticity, the effect finish and the stress and strains

present are related to the deviations of the water sorption from the ideal Fickian law.

All in all, the results identify the rate-determined water/ion transport pathways through various
polymer-metal systems and the simultaneously physicochemical processes at and in these coatings.
With regard to the type of the polymer coatings, their pigmentation, their formation, their conversion
layer and their type of substrate, this work provides a holistic view of later corrosion and de-adhesion

due to all types of electrolyte ingress.



General introduction

References

(1]

(2]

3]

(4]

(5]
(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

Z. W. Wicks, F. N. Jones, S. P. Pappas, D. A. Wicks, Organic coatings: science and technology,
Vol. 3, Wiley, New Jersey, 2007.

G. Grundmeier, M. Stratmann, Adhesion and de-adhesion mechanisms at polymer/metal
interfaces: mechanistic understanding based on in situ studies of buried interfaces, Ann. Rev.
Mat. Res. 35 (2005) 571.

E. L. Koehler, The influence of contaminants on the failure of protective organic coatings on
steel, Corros. Nace 33 6 (1977) 209.

A. Bautista, Filiform corrosion in polymer-coated metals — review paper, Prog. Org. Coat. 28
(1996) 49.

W. Funke, Blistering of paint films and filiform corrosion, Prog. Org. Coat. 9 (1981) 29.

G. Williams, H. N. McMurray, D. Hayman, P.C. Morgan, Time-lapse potentiometric imaging of
active filiform corrosion using a scanning Kelvin probe technique, PhysChemComm 6 (2001) 1.

N. Birbilis, T. Muster, R. G. Buchheit, Corrosion of aluminium alloys. Corrosion mechanisms in
theory and practice, Ed. P. Marcus, 3™ Edition, CRC Press, London (2011) 705.

O. Engler, E. Briinger, Microstructure and texture of aluminium alloys for autobody
applications, Matériaux & Techiques 5-6 (2002) 71.

V. N. Nguyen, F. X. Perrin, J. L. Vernet, Water permeability of organic/inorganic hydrid coatings
prepared by sol-gel method: A comparison between gravimetric and capacitance
measurements and evaluation of non-Fickian sorption models, Corros. Sci. 47 (2005) 397.

Q. Zhou, Y. Wang: Comparison of clear coating degradation in NaCl solution and pure water,
Prog. Org. Coat. 76 (2013) 1674.

W. Fiurbeth, M. Stratmann, The delamination of polymeric coatings from electrogalvanized
steel — a mechanistic approach. Part 1: Delamination from a defect with intact zinc layer,
Corros. Sci. 43 (2001) 207.

W. Flrbeth, M. Stratmann, The delamination of polymeric coatings from electrogalvanized
steel — a mechanistic approach. Part 2: Delamination from a defect down to steel, Corros. Sci.
43 (2001) 229.

S. M. Cambier, R. Posner, G. S. Frankel, Coating and interface degradation of coated steel, Part
1: Field exposure, Electrochim. Acta 133 (2014) 30.

C. Sendz, S. Borodin, M. Stratmann, M. Rohwerder, In situ detection of differences in the
electrochemical activity of AlL,Cu IMPs and investigation of their effect on FFC by scanning
Kelvin probe force microscopy, Corros. Sci. 58 (2012) 307.

C. Seno6z, M. Rohwerder, Scanning Kelvin probe force microscopy for the in situ observation of
the direct interaction between active head and intermetallic particles in filiform corrosion on
aluminium alloy, Electrochim. Acta 56 (2011) 9588.

P. Leblanc, G. S. Frankel, A study of corrosion and pitting initiation of AA2024-T3 using atomic
force microscopy, J. Electrochem. Soc. 149 6 (2002) B239.

S. Morsch, S. Lyon, S. R. Gibbon, The degradation mechanism of an epoxy-phenolic can coating,
Prog. Coat. 102 Part A (2017) 37.



General introduction

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

V. Bankh, H. P. Huinink, O. C. G. Adan, S. J. F. Erich, L. G. J. van der Ven, NMR imaging of water
uptake in multilayer polymeric films: stressing the role of mechanical stress, Macromolecules
43 (2010) 3382.

K. N. Allahar, B. R. Hinderliter, D. E. Tallman, G. P. Bierwagen, Water transport multilayer
organic coatings, J. Electrochem. Soc. 155 8 (2008) F201.

A. Miszczyk, T. Schauer, Electrochemical approach to evaluate the interlayer adhesion of

organic coatings, Prog. Org. Coat. 52 (2005) 298.

V. Upadhyay, K. N. Allahar, G. P. Bierwagen, Environmental humidity influence on a
topcoat/Mg-rich primer system with embedded electrodes, Sensors and Actuators B 193
(2014) 522.

A. Sarfraz, R. Posner, A. Bashir, A. Topalov, K. J.J. Mayrhofer, K. Lill, A. Erbe, Effect of
polarisation mimicking cathodic electrodeposition coating on industrially relevant metal
substrates with ZrO,-based conversion coating, ChemElectroChem 3 (2016) 1415.

R. Posner, A. M. Jubb, G. S. Frankel, M. Stratmann, H. C. Allen, A simultaneous Kelvin Probe
and Raman spectroscopy approach for in situ surface and interface analysis, Electrochim. Acta
76 (2012) 34.

R. Posner, A. M. Jubb, G.S. Frankel, M. Stratmann, H. C. Allen, Simultaneous in situ Kelvin probe
and Raman spectroscopy analysis of electrode potentials and molecular structures at polymer
covered salt layers on steel, Electrochim. Acta 83 (2012) 327.

D. Verreault, A. M. Jubb, G. S. Frankel, M. Stratmann, H. C. Allen, R. Posner, Laser effects on
Volta potential transients recorded by a Kelvin probe, ECS Electrochem. Letters 2 5 (2013) H19.



2 Interface and volume transport on technical E-coats: A comparison of steel, hot-dip
galvanised steel and AlMg(Mn)

2.1 Introduction

The water-borne cataphoretic paintings (E-coats) — the first protective shield of automobile bodies —
have the major function of resisting corrosion and de-adhesion. Commonly, a conversion of an epoxy
resin with amino alcohol forms a polyamine with hydroxyl groups. The resulting resin is cross-linked by
a blocked aromatic isocyanate and forms a polyurethane network. During electrophoresis, the
positively charged amine is neutralised to the metal cathode and therefore the resin is deposited
homogeneously on the metal substrate [1]. In spite of the excellent corrosion resistance of these
paintings, de-adhesion on steel and zinc substrates in the form of blistering is observed along the
interface and far away from any defects. By contrast, anodic undermining dominates on the
boundaries of aluminium and low-alloyed steel [2]. The complex interactions at the different polymer-
metal interfaces, coupled with the plasticising of the pure coating, hinder a simple explanation of the

practical corrosion and infiltration phenomena.

Network diffusion in amorphous

Polymer network with o o polymer with microgel structures and
infinite amount of Amorphisation crystallisation of solvent segments [5,6]
penetrating agents [4,5] polymer (excluded volume effect) [4,5] .
) | @ - G . SC>0
= |Ideal Fickian Sorption | Non-Fickian Sorption J
S : Rl sC=0
§ v
5 I (I1ny (V) SC>>0
n I .
[ e.g. crosslinker
I 2) Step-increase of
I Z. molecular mobility
: e [7]
Relaxation | R (_V_) __________ G0
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[Diffusion << Relaxation]| Diffusion = Relaxation /+ Chemical Impact
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Fig. 2.1 Review of the polymer mechanism (top) and the diffusion kinetic (bottom) during the
moisture swelling referred to [4, 5-7]

Actual research is focused on typical failure by corrosion with assumed Fickian swelling in an oxygen

atmosphere. The barrier coating properties are modelled via electrochemical impedance spectroscopy
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(EIS), which characterises the failure due to interstitial stagnant moisture [3]. Unfortunately, only a few
EIS studies consider the transition from Fickian to non-Fickian behaviour during water uptake as
summarised in Figure 2.1. First, the relaxation or the diffusion is rate-determined (1), then, the
amorphisation crystallisation of the polymer (2) starts and the transport processes get disordered [4,
5-7]. Dependent on the coating, microgel structures and solvent segments diffuse in networks [8]
and/or the molecular mobility increases in steps on account of the different interactions of the
backbone and cross-linkers to water molecules [7]. Scission is also possible due to hydrolysing of
organometallic boundaries in the presence of titanium dioxide pigments [6]. With regard to stone-
chipping defects, time-dependent Volta potential changes — measurable via scanning Kelvin Probe
(SKP) — describe the failure progress along the polymer-metal interface. Anodic and cathodic
undermining is intensively studied on model coatings excluding functional additives, pigments or fillers
on steel [8-12], electro-galvanised steel [13-15] and aluminium alloys [16-18]. Indeed, transport
guantification data is rare and a comparative study about the substrate dependencies, especially on
technical coatings including pigments, has not been available until now. Due to the omnipresence of

technical coatings, robust studies about de-adhesion of these coatings are necessary.

This work will point out the substrate-dependent water and ion transport with a focus on the polymer-
pigment bulk and the polymer-metal interfaces by quantifying the transport rates. The general coating
properties of technical clear and pigment E-coats were characterised by infrared spectroscopy in
attenuated reflection (IR-ATR) and energy dispersive X-ray (EDX) on profile cuts via focused ion beams
(FIB). Current density-potential curves are used to describe the substrate behaviour of steel, hot-dip
galvanised (HDG) steel and aluminium alloy AIMg(Mn) in various pH buffers. The water diffusion
through the coating volume is quantified via Fickian and non-Fickian approaches using extensive EIS
data. Independent resistance and confidence analyses support the diffusion determination with the
applied circuit. The level of polymer plasticising and the roughness changes are described via Force
modulation microscopy (FMM) to identify the Fickian state after salt-water uptake. The SKP is used to
compare the interfacial ion transport at the clear and pigment E-coat in a humid nitrogen atmosphere.
Further, the metal-dependent kinetic data was assessed on the pigment E-coat, with 0.1 M, 0.5 M and
1 M NaCl defects. In brief, the results clarify the general differences between technical clear and
pigment coating-metal systems, as well as the substrate-dependent circumstances for later corrosion

and de-adhesion due to electrolyte ingress on an E-coat.
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2.2 Experimental

2.2.1 Metal preparation and coating application

Steel, HDG steel and AIMg(Mn) samples (Gardabond E HDG, C and F (5005A), Chemetall GmbH) were

cleaned by soaking them in toluene, acetone and ethanol, followed by submerging them in alkaline
cleaner Gardoclean® 855/1 (20 g/1, Chemetall GmbH) and stirring them at 500 rom at 60 °C for 5 min.
Then, the samples were soaked and jetted with distilled water and dried in recirculated air at 40 °C for
120 min. The clear and pigment E-coats (Aqua EC3000, Axalta Coating Systems Germany GmbH) were
deposited at 32 °C and with an initial voltage of 260 V (Wachter GLT 400/20), the metal substrate
served as a counter electrode. Film thicknesses of 20 um +1.5 um were deposited on steel, HDG steel

and AIMg(Mn) and were measured with PHYNIX® Surfix after hardening at 180 °C for 20 min.
2.2.2 Sample characterisation

The alkaline-cleaned metal substrates were analysed by the Zeiss Neon® 40 system with a SE2 detector
to observe the surface topography. The current density-potential curves were recorded on the
Zennium workstation (Zahner-Elektrik GmbH) with a three-electrode arrangement. The metal sheets
(Gardabond E HDG, C and F (5005A), Chemetall GmbH) were degreased in toluene, acetone and
ethanol and masked with an electrical and chemical resistant lacquer except for a defined analysis
surface. A calomel electrode as a reference and a Pt sheet as a counter electrode were used to
complete the setup. Various pH buffers were prepared with p.a. quality chemicals (Sigma-Aldrich),
pH(H2PO4/H3P0O4)=2, pH(HPO4*/H,P04)=6, pH(B(OH)s/B(OH)s3)=10, pH(CO3*/HCO5)=11, pH(PO,*

/HPO,%)=13, and used as electrolytes.

Next, the metals were polarised at -1.2 V for 3 minutes and, when the potential stabilised, the current-
potential curves were recorded with a scan rate of 5 mV/s at 25 °C. The IR spectra of the clear and
pigment E-coat were measured via the Bruker Vector in attenuated total reflection between 500 and
4000 cm™ (100 scans), with a resolution of 4 cm™. Element profile analyses were operated by the Zeiss
Neon® 40 with an ultra-dry X-ray detector from Thermo Fisher Scientific. The SEM images of the FIB
cuts were made with an Inlens detector. For minimising the subsequent sample removal, the coating
thicknesses were slightly reduced to around 12-18 um. Then, the samples were sputtered with Au/Pd
(80/20) and finally deposited by the Ga emitter with 2 nA and 30 kV across a length of 30 um down to
the substrate. The first element detection was done in the mapping mode at 20 kV. Further, the
acceleration voltage was decreased to 5 kV due to the lower interaction volume, and three line scans

were taken for each sample by quantifying the relevant elements.
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2.2.3 Impedance and resistance measurements

The EIS analyses on the E-coat were performed in a 0.5 M NaCl solution with a Zennium workstation
(Zahner-Elektrik GmbH) and a two-electrode setting [19], in which a platinum mesh wire (HMT,
Heraeus) acted as a counter electrode. The use of a NaCl solution has the advantages of being similar
to practical applications of salt contaminations and being comparable to other publications. From a
start frequency of 1 kHz the single run was continued up to 100 kHz and returned to 100 mHz with 10
points per decade. The first course from 1 kHz to 100 mHz served only as a transient oscillation to avoid
artefacts in the fitting region and was later disregarded in the evaluation. Three runs per substrate
were started every 5 min with each run lasting up to 72 h. The test-coated surfaces (12.6 cm?) were
perturbed with an amplitude of 20 mV and coupled on the initial open circuit potential of the metal in
electrolyte [20]. The spectra were fitted between 10-100 kHz by Randles circuit (see Figure 4.2) [21],
containing the coating resistance, Reoat, parallel to the capacitance, Ccoat, and an electrolyte resistance,
Rel, in series. This physical model assumes ideal coating behaviour, which is only given up to 10 kHz
[22]. The capacitance, C; was further calculated about the impedance Zi, at =10 kHz [23, 24]:

1
 2nfZim
The resistance measurements were recorded between a highly resistive ring electrode (FE 50, diameter

, (2.1)

d=60 mm) on the top of the coating and the contacted metal of the coated samples with a
TeraOhmmeter TO-3 (H.-P. Fischer Elektronik GmbH & Co.) according to DIN IEC 60093. First, this
resistance, Ry was measured ten times, then, the EIS measurements were taken for 72 h and the
resistance analysis repeated. Finally, the first resistances, Rcoat, Of the chosen circuit were compared to

the resistances, Ry, of the original and swollen coating (repeat determination).
2.2.4 Force modulation microscopy and nanoindentation

The plasticising behaviour of the polymer was reviewed with an atomic force microscope (Park XE7,
Park Systems Corp.) in FMM mode. A Fort Silicon cantilever with a spring constant k, of 2.81 N/m and
a g-factor of 175 mapped the original and swollen coating surface in an area of 90 um x 90 um with an
amplitude of Az of 7 nN, T=296 K; the results were extracted by XEl and the amplitude responses were

calibrated by a five-fold nanoindentation measurement on the E-coated steel samples.

The nanoindentation tester (CSM Instruments) with a Berkovich diamond indenter initially loaded with
100 mN/min up to 50 mN, which was held for 10 s and then relieved again with 100 mN/min. The Oliver
& Pharr method was used to calculate the Young’s modulus E, assuming a Poisson ratio of 0.22 for

epoxides [25].
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Referring to the force modulation, the surface deforms by an amount, 6, which expresses the deviation
of the constant amplitude Az, and the resulting cantilever deflection amplitude, Ad. The dynamic force
AF is found by AF=ké [26], where k presents the contact stiffness. The counterforce, given by AF=k.Ad,

is introduced from the cantilever. Due to the balances of forces, k was determined by:

k= =%z (2.2)

for the FMM samples. Further, there is a linear connection (2.3) between the stiffness k, and the
Young’s modulus E [27], where the parameter a expresses the contact radius between the tip/indenter

and the sample.
k = 2aE (2.3)

Hence, the Young’s modulus can be calculated as a function of the resulting amplitude Ad, and the

constant but technique-shifted contact radius a’.

__k
e

Finally, the Young’s modulus was calculated from the common areas and the roughness parameters

(2.4)

were assessed from the achieved topography images (dpi=96) according to I1SO 14755.
2.2.5 Scanning Kelvin Probe measurements

For the SKP analyses, the samples were prepared with a stone-chipping defect filled with NaCl solution
which is comparable to realistic car damage (see Figure 3.5). To facilitate this, a metal deep defect area
was masked during the cataphoretic deposition with a sharp-cut frontier to the coating area. This
preparation differs from the typical practice as described in [28]. Further, a self-made reservoir with a
size of 15 mm x 20 mm x 15 mm was placed on the coating-free area and filled with a 1 mL NaCl
solution to initialise the water and ion transport underneath the coating. The filling of the reservoir
was done at standard atmosphere conditions, and, because of this, the solutions were alkalised at the
beginning of the exposure. For the comparison of the clear and pigment E-coat, steel samples were
placed in anaerobic pots in a humid oxygen atmosphere for a duration of 525 h and were then
suspended in the SKP chamber under a humid nitrogen purge. After a constant atmospheric setting
(relative humidity (rH) of 84-86 %, 0,<3 %), the samples were suspended further for 48 h in a humid,
oxygen-deficient environment before the SKP measurement were started. For the concentration-
dependent measurements on the pigment E-coat, steel, HDG steel and AIMg(Mn) were directly placed
and measured in a humid nitrogen atmosphere (rH=88-91%, 0,52 %). The height-controlled SKP from
Wicinski & Wicinski GbR [29], with a 120 um thick Ni/Cr needle, was calibrated with saturated CuSQO,,

-10-
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adjusted to a standard hydrogen electrode (SHE) and finally, potential and height profiles (DH=160 mV,

x/y-steps=20 um) were measured in the humid nitrogen atmosphere.
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2.3 Theory - Ideal-Fickian and non-Fickian approach
Assumed ideal Fickian water sorption through a supported polymer volume is represented by the

following equation [4]:

My _ log(Ce/Co) _ —(2n+1)2Dn:2tD

8 (0.0}
Mg~ 1og(Cs/Co) ( N EZ"=0(2n+1)e p 212 (2.5)

where M; acts as water amount at time t, M as water amount at saturation, D as diffusion coefficient
and L as layer thickness. This calculation assumes an initial dry and homogeneous single layer with a
constant penetrate activity and layer thickness. The Brasher & Kingsbury (BK) water uptake [30] (6)

can be expressed by the capacitances and the dielectric constant of water (e,=78.3):

BK = 09(Ct/C) (2.6)

logey

The non-Fickian approach, based on Berens [31] and Van Westing and co-workers [32], adds the linear
swelling and the corresponding thickness increases by an adsorption coefficient SC to equation (5).

Applied to EIS data it is defined as:

My _ log(Ct/Co) _ 8 voo —(2n+1)?Dm?t
M= Toacc ey = (I~ 2 Xn=o exp z
Mg log(Cs/Co) T (2n+1) 4L

]) +SC-t (2.7)

where the SC coefficient expresses negative or positive deviations of the ideal Fickian sorption with
time (see Figure 2.1). The SC coefficient relates to the polymer rearrangement and additionally includes

phenomena such as [6]:

e Slower ion diffusion compared to water
e  Practical dissolution and leaching out of organic fragments

e Change in the distribution and/or the state of water during long exposure times

The ideal Fickian ion diffusion along the polymer-metal interface is described by a linear isotropic and

semi-infinite transport processes according to [4, 8-9]:

Ao,1

© =01 m[1-erf (22)]-05 M [1 - erf (22)]-1.0 M [1 - ers (Z22)] 28

with c* as the threshold concentration, K as equilibrium constant, the initial ion concentrations and

their slopes, Ao, Aosand Aig resulting from the movement of the potential front plotted against the

square root of time.
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2.4 Results and discussion
This chapter provides an overview of the interface and volume transport on a technical E-coat with
focus on pigmentation and substrate effects. The first subsection presents the peculiarities of the
technical substrates and their E-coats. The volume transport through the E-coat is characterised by
diffusion parameters and analyses of the physicochemical aftermaths — the degree of the plasticising
and topographical changes — to clarify the core issue surrounding the Fickian and non-Fickian
treatments. The interfacial transport from the incubation to the sub-surface flux is described to
understand the overall kinetics. The defect is initialised in an oxygen atmosphere whereupon the ion
flux is recorded under humid oxygen-deficiency. The uniqueness of this SKP approach is specified and

the additional benefits are demonstrated.
2.4.1 General properties of the technical substrates and E-coats

A topographical impression of the substrates is given in Figure 2.2. Steel has a homogeneous surface
with roundish recesses. The surface of HDG steel is more edged with larger recesses compared to the

steel surface, and the AIMg(Mn) surface has the flattest and most homogeneous finish.

Fig. 2.2 SEMs of the alkaline-cleaned metal surfaces before the cataphoretic deposition: a.) steel, b.)
HDG steel, c.) AIMg(Mn)

The oxygen-driven natures of these substrates show the current density-potential curves at different
pH values (see Figure 2.3). The logarithmic limiting current density In (j.) is noticeably lower with HDG
steel compared to the other metals at higher pH values. AIMg(Mn) and steel have In (j.) higher than -
4, whereas In (j.) of HDG steel reaches values of -5 at a pH of 13 and -5.5 at a pH of 10. The amphoteric
zinc seems to be stabilised due to several thermodynamic equilibriums in the pH range between 8 and
14 [33]. A passive range between the pH values of 12 and 13 has already been found whereby it is
assumed that the zinc surface is protected by a HO-Zn-(O-Zn),-OH cover [34]. These reasons lead to
the increased corrosion resistance of HDG steel compared to the other metals. Furthermore, the
amphoteric character of the aluminium alloy AIMg(Mn) is visible by the highest In (j.) at pH=2 followed
by the In (j.) at pH=11 and the lowest value around -3.5 at pH=6 in the passive range of the alloy. Note

that these potentials are not comparable to the SKP-potentials in humid oxygen-deficiency.
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Fig. 2.3 Current density-potential curves of steel, HDG steel and AIMg(Mn) in different pH buffers,
pH(H2PO4/H3P04)=2, pH(HPO4*/H,P04)=6, pH(B(OH)s/B(OH)3)=10, pH(COs*/HCO3)=11,
pH(PO4>/HPO,%)=13, dE/dt=5 mV/s, T=298 K in O,-atmosphere

The chemistry of the clear and the pigment E-coat is displayed by the IR spectra in Figure 2.4. The
absorbance of the pigment E-coat is less than the clear E-coat due to a lower amount of functional
groups per area. The coating itself is characterised by the urethane stretching vibrations at 1740-
1690 cm}(0-CO-N), the amine bending at 1580-1490 cm™ (NH) and 1650-1560 cm™ (NH,), the
stretching vibrations of C-OH at 1150-1040 cm™ as well as the alkyl groups at 2990-2860 cm™ and
hydroxyl/amine vibrations in hydrogen bonds between 3600 cm™ and 3200 cm™. Further, the aromatic
CH bonding at 863 cm™, =C-O-C stretching vibrations at 1180 cm™ and C-O-C bending at 1220 cm™ are

present in the fingerprint region.
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Fig. 2.4 IR-ATR spectra of the clear and the pigment E-coat; spectral resolution: 4 cm™
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Typically, the E-coat matrix contaminates due to the
dissolved substrate during the cataphoretic deposition
(see Figure 2.5). The complete element analysis is
placed in Appendix Al, which is why Figure 2.6
presents only the metal content of the polymer layer
through the coating profile. The polymer matrices of
the amphoteric metals have up to 10 at% aluminium
or zinc with a slight increase in the interface region.
The polymer matrix of steel contains even more than
20 at% of iron. These results are independent of the
clear or the pigment deposition. The substrate
alkalises at up to a pH of 14 during the film formation
at the cathodic polarised substrate. Zinc and
aluminium dissolve but steel is generally passive in

such an environment. However, the reaction is highly

2um

Fig. 2.5 FIB cuts of the clear and the pigment-
coated AlMg(Mn) samples

exothermic - the substrate temperature increases especially due to the great deposition

voltage/current of 260 V/~10 As. The amount of free secondary amines should stimulate dissolution

by chelate formation. Further, Serebrennikova and co-workers [35] have proven that iron loses its

passivity by transpassive iron dissolution in 40 % KOH solutions at temperatures of 333 K so the

increased iron content compared to zinc and aluminium is a likely result.
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Fig. 2.6 Metal ion concentrations in the clear and pigment coating profile
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2.4.2 Water diffusion through the clear and pigment E-coat volume

This part is centred on the EIS data, the validation of the raw data and the applied Randle circuit as
well as the proceeding how the diffusion coefficients D and the adsorption coefficients SC are
determined. The results identify reliable velocity trends and deviations of physicochemical properties

via the SC parameter assuming non-Fickian behaviour.
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Fig. 2.7 Bode plots of the 20 um thick clear and pigment E-coat on steel, HDG steel and AIMg(Mn)

during the salt water uptake up to 70 h, frequency range: 10 kHz to 100 mHz, start: OCP
(metal), amplitude: 20 mV

First, the substrate and pigmentation differences, as seen in Figure 2.7, are made clear via the Bode
plots of the clear (left) and the pigment E-coat (right). The clear system on steel shows linear capacitive
behaviour, especially at low frequencies and phase angles of -90 ° during the whole 72 h. All

observations express ideal coating circumstances and affirm the used RC circuit. Meanderings of this
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state occur on HDG steel and are even larger on AIMg(Mn). The phase angles and impedances decrease

significantly between 100 mHz and 50 Hz. The Bode plots of the pigment E-coat are quite similar to

each other with slight phase angle variations dependent on the type of metal. Steel and HDG steel

show a phase decrease at low frequencies, whereas the phase angle on AIMg(Mn) decreases at higher

frequencies. However, the ideal capacitive behaviour is present in the used fitting range from 10 to

100 kHz except for the deviations at the AIMg(Mn) due to the slight phase decrease to -75°.

Appendix A2.2 contains more details relating to the data quality and validation. Briefly, the raw

impedances are reproducible at 10 kHz and the independent resistances, Rx, confirm the coating

resistance, Reoat, Of the applied Randle circuit before and after the salt-water uptake of 72 h. For this

EIS study, the Randle circuit is proven and the procedure/process is continued.
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Fig. 2.8 E-coat capacitances on steel, HDG steel and AIMg(Mn)
calculated with RC fit applied between 10 kHz-100 kHz
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Next, the capacitance was
estimated, logarithmised and
displayed against the square root of
time to calculate the diffusion
kinetics. The results of the threefold
analysis are shown in Figure 2.8.
The curves are widely
superimposable. Variations of curve
progression are noticeable on steel
and HDG steel with pigment E-coat
in the initial stage. The curve slopes
seem to be equal, and only the
pigment coated steel samples have
a more moderate capacitance gain
with a small step at 8.5E6 s*?/m
(98 min). Thickness fluctuations are
always a problem on polymer
coatings, which is why proper
samples were selected from the
bulk and only presented in this case
study. However, if the layer

thickness of the pigment E-coated

steel increases up to 25 um, the observed capacitance step in the initial zone disappears. Roy and co-

workers [36] have modulated such curve progress in an infinite element approach including creep
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during anomalous moisture swelling in polymer composites. Nevertheless, creep or thickness increase
caused by swelling is expressed by the non-Fickian approach with the adsorption coefficient SC, which

will be discussed later.

Typically, the BK water amounts

51— Clear E-coat — 1 Pigment E-coat — are presented in Figure 2.9
. ‘ ‘ assuming ideal Fickian
§ J 1 conditions. The results of the
= 3 1 ‘
§ 3 I clear and pigment E-coat are
§ 5 based on the raw capacitances
[5)
g from the start and the end of the
x 14 39 3,6
@ 3.3 o salt-water uptake. The water
) 2,5 23
0 - - - - - - content is slightly higher in the
> > S > 2 S .
¥ ¥ N X ¥ N clear E-coat with 3.6 % to 2.5 %
SR OIS
A v A v on average but there are no

Fig. 2.9 BK water contents of the clear and the pigment E-coat prominent discrepancies among

on steel, HDG steel and AIMg(Mn) the substrates. Especially, the
error bars of HDG steel and AIMg(Mn) with the pigment E-coat are large and fluctuate with standard
deviations of 1.3 and 1.6 %, as indicated in the impedance diagram (Figure A2.2.1). In general, the error
bars of the BK values decrease while coating thickness increases, due to the higher capacitances and
the E-coats are relatively thin layer of 20 um. The quality of the start value additionally depends on the

velocity of the operator to start the experiment. In this case, the BK determination does not reflect

dominant substrate or pigmentation differences.

Furthermore, the capacitance curves have to be fitted as an exponential function to determine the
diffusion parameters of the different approaches [37]. A number of degrees of freedom exists to fit
these curves in an adequate way and only the short slope region dominates the results with a small
amount of raw data as described in [38]. Therefore, three curves of each type of sample were averaged
to gather a higher amount of available data for the early stages and the variation values of the averaged
curve were produced from the raw data. From these resulting variations, negative and positive curve
progressions were created and fitted to get a confidence interval for the diffusion parameters. As a
general fitting standard, the curves have to converge and the chi? tolerance value has to reach 1E-9.

The initial fitting parameters were not changed or fixed and the initial SC coefficient was set to zero.
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All kinetic results of this process ,
Clear E-coat Pigment E-coat

are shown in Appendix A2.3 and

are summarised in Figure 2.10 6,08-131 T +6,0E-13
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the non-Fickian results give

nearly the same picture of the diffusion for the clear and the pigment E-coats. The slowest water

transport process is shown to be on steel followed by HDG steel and AIMg(Mn), with a constant overlap

of the HDG steel and AlIMg(Mn) interval. The calculated means point to a slightly higher diffusion

coefficient on AIMg(Mn). This trend is further in an agreement with the found metal concentrations in

the E-coats. The high iron content of around 20 at% seem to protect the E-coat against the water

ingress while a blocking of the ingress of sodium and chloride ions is probable due to osmotic forces.

The SC coefficients of the clear E-coat hover around zero which implies a substrate-independent ideal
Fickian behaviour (see Figure 2.1). The results of the pigment E-coat reflect a tendency towards
negative SC coefficients on steel and HDG steel up to -0.048 min™. If the pigment E-coat plasticises, the

negative SC coefficient would hint to bounded water in the polymer bulk due to the smaller
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permeability constant (ew=60) compared to free water (ew=78.3). By contrast, the SC coefficients on
AlMg(Mn) are positive with values between 0.005 and 0.010 min, which would indicate network

diffusion and/or electrolyte segments through an increased disorder.

After reviewing all diffusion data, the diffusion coefficients show a slight increase from steel, HDG steel
to AIMg(Mn) with the exception of the Fickian data of the pigment E-coat. However, the SC coefficients
of the pigment E-coat also diverge from zero in contrast to the clear E-coat. Consequently, the clear E-
coat can be fitted with the Fickian or the non-Fickian approach, both are equivalently suitable. The
substrate-dependencies are nearly the same when comparing the non-Fickian results of the pigment
E-coat to the results of the clear E-coat. If a non-Fickian process exists, the E-coat would pass to an
amorphous state with polymer segments and microgel structures, which is why the following section

sheds light on the viscoelasticity and the topography of the pigment E-coat after salt-water uptake.
2.4.3 Physicochemical characteristics of the ‘swollen’ pigment E-coat

The degree of the plasticising and topographical changes indicate the creation of polymer segments,
microgel structures and pigment moves, and offers the first hint of non-Fickian processes through the
E-coat volume. The extraction of this
information is shown by FMM results
of the pigment E-coated steel. The
substrate differences are pointed out
by Young’s modulus distributions and
roughness changes, which clarify the

Fickian states.

The pigment E-coated steel is loaded
with a 7.9 mL/cm? 0.5 M NaCl solution
for 50 days. Figure 2.11 shows the
corresponding amplitude, phase and
topography images of the original

L ol N Lany. 0 ] 5 ot - PR -
0 20 o4 20 30 60 90 (left) and the swollen surface (right).

The amplitude is more homogeneous
on the original E-coat than on the

Fig. 2.11 Force amplitude, phase and
topography images (top to
bottom) of the original (left) and
the swollen E-coat (right) on
steel, load: 7.9 mL/cm? 0.5 M
NaCl, duration: 50 days




Interface and volume transport on technical E-coats

swollen one. The median amplitude

um T T T T T um
06F 0,6 .
increases from 14.1 nm to 16.9 nm
0,3 | 0,3
0l : after salt-water uptake. Both phase
00F 70.0 P i
03l 03 distributions are nearly equivalent.
-0,6 -0,6 The median phase shifts slightly from
06 R | 0.6 -16.1° to -14.1° due to the salt-
0,3}/l 1. 0,3 - .
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03l | 03 between the samples are evident by
06k 06 the topography. The images indicate
0 15 30 45 60 75 90 smaller original hills of approximately

Fig. 2.12 Exemplified profile diagrams of the original (top) 2-0Hm, whereas the hills of the
and the swollen E-coat surface (bottom) and their ¢\ qllen surface increased to 3.6 um.

roughness parameters on steel after 50 days
After the elimination of form

deviations (e.g. skewness, sphericity) and waviness, roughness parameters such as the arithmetic
roughness, R, and the maximal roughness depth Rmax are accessible. Figure 2.13 presents exemplified
profile diagrams of the original (top) and the swollen surface (bottom). Their roughness parameters
have been analysed by fourteen measured lines with a length of 90 um. The original E-coat surface has
an arithmetic roughness of 0.13 um with a maximal roughness depth of 0.8 um. In comparison to the

original E-coat, the swollen E-coat is significantly rougher. After 50 days of salt-water uptake without

7/ original: Steel swollen: Steel | original: HDG Steel
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Fig. 2.13 Young’s modulus (left) and amplitude (right) distributions of the original (white) and the
swollen E-coat (grey), swollen coatings loaded with 7.9 mL/cm? 0.5 M NaCl on steel for a

duration of 50 days, on HDG steel and AIMg(Mn) for 75 days
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visible corrosion processes, the E-coat
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Fig. 2.14 Substrate-dependent arithmetic roughness, R,

coat achieves its glass transition point (top) and maximal roughness, Rmax, (bottom) of
the original (white) and the swollen E-coats
(dashed); swollen E-coats loaded with
state, a logarithmical abatement of the 7.9 mL/cm? 0.5 M NaCl on steel for a duration of
50 days, on HDG and AlMg(Mn) for 75 days

(~90 °C) and passes on to an amorphous

Young’s modulus of epoxy films according
to [39] would be expected. Rather, the amount of decrease suggests the first sign of free volume
increase so that localised bond movements such as bending and stretching, as well as side chain
movements, can occur [39]. However, this so-called ‘gamma transition” may also involve associations

with water [40].

The attendant roughness parameters are presented in Figure 2.14. The arithmetic roughness
parameters double on steel and HDG steel, but are halved on AlMg(Mn). The roughness gains are
accompanied by a rise of the mean variations. The bar chart of the maximal roughness depths support
these findings. The swollen E-coat surfaces excluding AIMg(Mn) have visible orange peeling. Corrosion,
lifting or other de-adhesion phenomena were not observed but the finish of the metal surfaces

(Figure 2.2) differs noticeably, as seen in the section 2.4.1.

Due to the salt-water uptake, the polymer mobility increases and the E-coat becomes more like a

liquid, which is why the pigment-polymer bulk fills the available valleys of the metal surface. E-coats
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are renowned for their well-defined layer thicknesses. This benefit gets lost due to an inhomogeneous
substrate structure such as those of steel and HDG steel. Contrarily, a liquid-like bulk will
homogenously disperse on a flat substrate and level the coated surface as shown on AlMg(Mn).
Additionally, an amplitude/hardness increase, coupled with a roughness gain, can only occur due to an
increased surface ratio of brittle components such as pigments and fillers. The spatial orientation of
the E-coat seems to be modified due to the water uptake on steel and HDG steel. The pigments in the
E-coat enrich on the top of the E-coat during the water uptake, whereas the AIMg(Mn) surface causes

only a levelling with a constant particle distribution in the topmost E-coat section.

In brief, FMM results show that the E-coat does not plasticise during water uptake but the embedded
particles cause a disorder in the polymer network dependent on the substrate finish. This behaviour
seems to be comparable to the disorder of plasticising processes and clarifies the good suitability of

the non-Fickian model for the pigment E-coat.
2.4.4 lon transport along the metal interface

The previous results showed that the metal has an influence on the volume diffusion independent of
the type of coating but it is doubtful whether these results are in line with the interface mechanisms.
The following subsection should clarify this question using the SKP approach, by comparing the
interfacial transport on clear and pigment-coated steel, and concentration-dependent measurements

on the pigment E-coat for the different substrates with a special regard to the E-coated AlMg(Mn).

2.4.4.1 SKP approach at semi-conductive and insulating metal oxides

Typically, the cathodic delamination is investigated along the interfaces of semi-conductive metal
oxides such as those of zinc or steel in a humid oxygen ambience. The oxygen reduction promotes the
migration of solvated ions underneath the polymer while the metal substrate dissolves as the anodic
counter reaction in the defect. The measurable Volta potential Ay is dominated by the electron
transfer of the redox reaction, the mobile charge carriers and the interaction of corrosion product with
the interfacial layer [2]. As a result, the time-dependent potential scan shows a cathodic progress to

the intact polymer area with continuous failure.

In the present case, the ambience is changed to oxygen-deficient conditions under N, purge. This
procedure causes an inhibition of the electron transfer of the redox reaction and a blocking of the
creation of corrosion products. The Volta potential then is dominated by the charge carriers
whereupon the smallest one, e.g. Na*, move ahead due to their highest mobility. These charge carriers

strongly impact the Galvani potential A®Y¢%%of the semi-conductive metal oxides MeOx. The initial
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Fig. 2.15 Mechanistic understanding of the applied SKP approach on the semi-conductive oxide
interfaces under nitrogen purge

produced corrosion products may also affect the Galvani potential A@Me0X=Poly of the interfacial layer
MeOx-Poly in a small amount. In detail, the Volta potential is a function of the sum of the Galvani
potentials and constant parameters such as the chemical potential y, the work function W, the Faraday

constant F (96485.3 C/mol) and the electric surface potential y°% of the polymer [41, 42]:

AY = APMe 4 ApMeOx | ApMeOx—Poly _ % _ % _l_XPoly (2.9)

In contrast to the cathodic delamination along the interfaces of conductive metal oxides, the insulating
aluminium oxide is well-known for the filiform corrosion with an anodic head and a cathodic tail. The
ions of the acidic aluminium dissolution move ahead followed by the corrosion products resulting from
the alkaline oxygen reduction in the tail. However, the transported charge carriers have no bearing on
the Galvani potential of an intact aluminium oxide due to its low rate of electron transfer (ETR). The
ion incorporation is quasi invisible to the Kelvin probe. The introduced N, purge stabilises the
aluminium oxide and avoids the complete breakdown. Similar to the conductive oxides, the redox
reaction and the corrosion products are blocked but the resulting Volta potential is just dominated by

the interfacial dipole layer MeOx-Poly.

Of course, the metal oxides can be stabilised or destabilised by the initial oxygen exposure and due to
the sample preparation, the charge carriers additionally move through the polymer in parallel to the
polymer-metal interface (see Figure 2.15). However, these circumstances recreate the usual problem
caused by stone damage, especially for wetness due to dammed-up water. The N purge stabilises and
preserves this running process (approx. after 48 h) whereupon the Volta potential is mainly driven by
the charge carriers at semi-conductive oxides (steel and HDG steel) and the state of the interfacial

dipole layer at intact insulating oxides (AIMg(Mn)).
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2.4.4.2 Comparison of the clear and pigment E-coat

The described SKP approach is applied to analyse the pigmentation effect on the interfacial transport
of the clear and the pigment E-coat on steel with the use of a 0.5 M NaCl solution. Therefore, the

samples were stored for 525 h in a humid oxygen atmosphere followed by the N, purge.

Figure 2.16 presents the
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Fig. 2.16 Potential lines of clear (top) and pigment E-coat (bottom) on coated steel interface was

steel with 0.5 M NaCl defect, atmosphere: rH=86-84 %, 0,<3 %
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to achieve the boundary conditions for the sub-surface flux without detectable transport activities.
Consequently, the time is reset at 594 h to calculate only the assumed transport-controlled process as
the basis for the applied square root law. Figure 2.17 presents the kinetic results across these 51 h
from 594 to 645 h. The data shows linear behaviour. The observed potential drops are further in line
with the calculated slopes A with a value of 974 um/hY? at the clear E-coat and 191 pm/hY/? at the
pigment E-coat. Compared to the volume diffusion data, the interface differences between the
pigment and the clear E-coat are prominent, whereby the sub-surface flux on the clear system is five

times faster compared to the flux of the pigment system.

Referring to the SKP approach, the measured flux jy,+ is composed of diffusion jqier and migration

processes jyjg and expressed in the Nernst-Planck equation [4]:

OCy .t (x,t) aE(x))

. . . F
Ina* = Jaiff T Jmig = (—Dzva+ T) + (_EDNG‘LCNCI‘LT (2.10)

. . . . . AE .
With the assumption of a linear concentration gradient and a = v the relation of the transport terms

[15] is illustrated by the equation (2.11) and calculated for the clear E-coat with a potential drop of
425 mV across 1073 pm:

. ] mol
jaigs _ RT Ac _ B31451 7 29815K 05" 1073 um 649 um 2.11)
Jmig  Fcoa Ax 9.64853 - 10% - 05™%. 0425V - Ax Ax

As a result, the migration should dominate after 65 um on the clear and after 92 um on the pigment
E-coat. The measured flux is mainly driven by migration due to the electrical field and secondary by
diffusion caused by the concentration gradient. The SKP approach primarily provides the kinetic
information about the present galvanic coupling of conductive metal oxides in a humid nitrogen

ambience.

In brief, the pigmentation effect of the E-coat is prominent along the steel interface. The charge
carriers start earlier and move five times faster at the clear E-coat interface compared to the pigment
one. According to the Nernst-Planck equation, the measured flux is driven by migration and should not

be comparable with the EIS data as is often suggested [43, 44].

2.4.4.3 Metal- and concentration-dependent effects

An initial oxygen exposure of 525 h seem to cause a migration-driven ion flux at the steel interface in
a humid oxygen-deficient ambience. For the following results, the samples were directly placed and

measured in a humid nitrogen atmosphere, rH=88-91% and 0,<2 % after filling the defect. The metal
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and concentration differences
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more prominent on the water-borne E-coat. The sample characterisation further showed that there is

an increased amount of iron ions in the polymer network, which may also affect the potential drop.

While the oxides of steel are stable, the oxides of zinc and aluminium destabilise, in the alkaline
environment at the beginning of the experiment. Impressively, Figure 2.19 illustrates the instability of
the amphoteric substrates, HDG steel and AIMg(Mn), due to an anodic behaviour in the defect area. It
is still conspicuous that for all HDG samples the first detected move happens at least one week after
the first movement signs along the steel interface. Unfortunately, a parallel detection of steel and HDG
steel did not succeed due to the different starting times and the finite sample length. It is assumed
that the initial anodic behaviour of zinc plays the major role in causing the delay, because the anodic
flux underneath the coating is generally many times slower than the cathodic flux. Further, Figure 2.3
(section 2.4.1) already indicated the increased corrosion resistance of HDG steel compared to the other
substrates in the oxygen environment. Posner and co-workers [45, 46] analysed the coated iron and
galvanic zinc interfaces in a single sample due to the partial dissolution of the zinc layer. In a humid
oxygen-deficient atmosphere, the iron oxide interface showed a cathodic shifted potential combined
with a XPS/ToF-SIMS-proven potassium ion flux. Contrary to the iron oxide, no ion ingress was

observed at the covered zinc oxide after 60 h, which is in line with present results across 820 h.

Steel HDG Steel
80 T T T T 250
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Fig. 2.20 Interface kinetics of the E-coated steel with defect concentrations of 0.1 M, 0.5 M and 1.0
M NaCl presented as distance to defect against the square root of time
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Tab. 2.1 Interface kinetic data of steel and HDG steel calculated after Leng et al. [8] in which the mean
transport coefficient expresses the assumption of concentration-independent behaviour; ¥
Requirement of sub-surface flux: coux > c*/K

Transport

Conc. c Slope A .. Mean transport U riti
Substrate _1/ p _1/2/ coefficient / " p . Mean cr_lltlcal bul_k1
mol L pum h m2 s-l coefficient / m?s conc. c*K /mol L
0.1 16.3 0.4E-13
2.6E-13 0.030
Steel 0.5 26.0 1.2E-13
+3.6E-13 +0.009
1.0 80.2 6.3E-13
0.1 30.5 0.9E-13
16.8E-13 0.016
HDG 0.5 80.3 6.3E-13
Steel +26.2E-13 +0.000
1.0 210.5 43.3E-13

Accordingly, the concentration-dependent transport rates were quantified for the conductive oxides
of steel and HDG steel (see Figure 2.20). The recordings started at ca. 512 h for steel and 786 h for HDG
steel dependent on the defect concentration. In general, it was difficult to linearise the movement, the
transport occurs very slowly and the inflexion point detection about the second potential deviation
does not always express the measured movement due to the natural potential course of the technical
E-coat. Nevertheless, the data generated regression coefficients above 0.9 and it showed that the sub-
surface flux at the zinc interface is approximately two times faster than the transport on steel.
However, the overall transport is twice as slow along the zinc interface (=1.5 um/h at 815 h) compared
to the steel interface (=3.4 pm/h at 596 h) due to the delayed start of zinc. The undermining threshold
concentration, c*/K for steel is twice that of the threshold concentration of zinc with 0.016 mol/L (see
Table 2.1). The determined transport coefficients reach values of 0.4E-13 m?/s to 6.3E-13 m?/s for steel
and 0.9E-13 m?/s to 43.3E-13 m?/s for HDG steel with a rising trend coupled to the NaCl concentration.
Generally, the coefficients have to be determined irrespective of the ion concentration. Possible
reasons for the deviations are the poor linearization and the results of any mathematic operation of
erf(x)-function. Further, the included particles can interact on the oxidised metal, the amines can form
chelate complexes with metal ions [47] or cluster water can accumulate at the interface [48]. The

results indicate non-Fickian interface behaviour as was already discussed with the EIS and FMM data.

As shown in Figure 2.19, the AlIMg(Mn) interface does not develop potential drops under oxygen-
deficient conditions. The potential curve has an anodic region at the beginning of the defect upto 0.3 V
and flattens continuously to -0.05 V with a 1.0 M NaCl solution. Referring to these potentials,

investigations of the surface oxide properties on the aluminium/epoxy interfacial bonding [42, 49-50]
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Fig. 2.21 Time-dependent potentials of the E-coated AIMg(Mn) at 1 M (top), 0.5 M (middle) and 0.1 M
NaCl (bottom), measured 2500 um away from defect, atmosphere: rH=88-91 %, 0,52

show that the alkaline-cleaned aluminium has a potential of -0.05 V as amide and -0.30 V as amine
bonding, correlated via X-ray photoelectron spectroscopy (XPS). Correspondingly, Figure 2.21 presents
the concentration-dependent potentials 2500 um away from the initial defect in the time frame of
150 h to 275 h. As seen before, the potential of the 1 M NaCl solution is constant at -0.05 V. The
potential of the 0.5 M NaCl solution shifts from -0.05 V to -0.30 V and the potential of the 0.1 M NaCl
electrolyte flips between -0.30 V and -0.05 V in this time range. These initial results were unexpected,
which is why the measurement was repeated to avoid artefacts. The impact of atmospheric conditions
can be excluded due to the same treatment of samples. The potential was freshly calibrated before
recording and the samples were directly measured in an area of 5000 um x 300 um with a step length
of 20 um in succession. Lastly, the results hint at a flip between two different boundary states at the

interface.

All things considered, the interfacial transport starts a week earlier on steel than on HDG steel
whereupon the velocity along the interface is then twice faster on HDG steel. With increased defect
concentration, the transport rates increase while the potential barriers decrease. Due to this fact,
migration seem to be inhibit and diffusion gains in importance. Additionally, the AIMg(Mn) interface
shows a time- and concentration-dependent potential flip which hint at two different interfacial
boundaries. However, it has to be clarified, whether a transport takes place and the potential flip

provides any kinetic information.
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2.5 Conclusion
This comprehensive study shows that clear and pigment E-coated steel, HDG steel and AIMg(Mn) differ
conspicuously in their transport behaviours and during their film formation. The substrates dissolve
due to the extreme cathodic polarisation under high alkaline conditions, which is why the E-coat is
contaminated by the solvated metal on zinc and aluminium and — contrary to expectations — with its
highest content on steel. Therefore, the E-coated steel shows the slowest water diffusion through the
polymer bulk followed by HDG steel and AIMg(Mn), see Figure 2.22. The high iron content of around
20 at% seem to protect the E-coat against the water ingress while a blocking of the ion ingress is
probable due to osmotic forces. The polymer matrix reveals a slight Young’s modulus drop and an
increased disorder in the pigment-polymer network on rough substrates after 50 days of salt-water

uptake. Further signs of plasticising are

Salt Water H,0 H,0 H,0
not observed but these circumstances
already require a non-Fickian approach. Pglear,t & . “
. . igmen @ b3 &
Moreover, a noticeable influence of the E-coat « S -
pigmentation is not reflected in the EIS
. . . . . Oxide Oxide Oxide
diffusion data but is prominent in the SKP
Steel HDG Steel AlMg(Mn)

findings. The time lines of the interfacial

results are summarised in Figure 2.23. The Fig. 2.22 Scheme of the water diffusion through the E-

. coat bulk
ion transport at the clear E-coat starts
i Clear E—oojat— Steel Pigment E-coat
earlier and is five times faster than theion | E I HDG Steel
T b ' -
transport at the pigment version on steel. £ b P'gmg?;: coat
2 o
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Fig. 2.23 Interfacial results at the time line, 1) incubation,

1) ion transport
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3 Interfacial behaviour along the AIMg(Mn)/E-coat interface

3.1 Introduction
During the last decades, the global application of aluminium alloys has increased to the second position
in terms of usability behind ferrous alloys due to their good formability and due to the rising
importance to lowering vehicle weight [1, 2]. Because of their increased importance, additional
attention has to be paid to avoiding corrosion in forms of pitting, selective dissolutions, intermetallic
particle etchants, intergranular attacks and exfoliation — especially when covered by an E-coat.
However, the technical surface of aluminium alloys tend to be as heterogeneous as the alloy itself with
various intermetallic particles (IMPs) and oxides. Great efforts were done to explain the micro-galvanic
interactions of the alloys by electrochemical studies [3-5], scanning Kelvin probe force microscopy
(SKPFM) approaches [6-8] and Finite element methods (FEM) [9]. A lot of filiform corrosion studies
were performed in the macroscopic scale via SKP in a humid oxygen ambience [10-13] but the
investigation of the sub-surface flux of polymer-coated aluminium alloys stagnates due to the
insulating aluminium oxides. Salgin and co-workers [14] developed a setup with an external electrical
field whereby the SKP mapped the potential change along a differently pre-treated aluminium alloy
during and after the application of high voltages. They also clarified the surface oxide properties on
the aluminium/epoxy interfacial bonding [15]. Both studies focused on an intact aluminium oxide or
an intact interfacial bonding but an investigation about an active sub-surface flux, which changes the

interfacial bonding, has not been available until now.

The E-coat contains urethane, ether, amine and hydroxyl groups, whereas urethane is nearly
comparable to the described amide of Salgin and co-workers [15] regarding the polarity tendencies
and the formation of hydrogen boundaries. Both functional groups are sluggish in their reactions, thus,
the molecules are resonance-stabilised and react neutrally in aqueous solutions. A potential drop due
to protonation or deprotonation is improbable. Mostly, hydrogen boundaries originate between the

basic polymer groups and the hydroxyl groups of the aluminium oxide, illustrated in Figure 3.1 on the
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Fig. 3.1 Schematic of the boundary characteristics of the E-coat on aluminium alloy by exceeding
(left) and undercutting (right) the IEP of the interfacial dipole
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left hand. However, amines can protonate and shift the potential to the cathodic range (see Figure 3.1,
right). The amine protonation is promoted in an acidic environment by undercutting the isoelectric
point (IEP) of the bonding dipole. This characteristic has the potential to be used to detect the pH-

activities underneath the E-coat.

Supported by the results of the last chapter, this work should prove this theory. It focuses on the
existence of the sub-surface flux itself and the manner of the interfacial bonds under oxygen-deficient
conditions. The pH- and concentration-dependent peculiarities as well as the impact of the
intermetallic particles (IMPs) are picked out as central themes in which the interfacial dipole changes

are investigated and linked with the Volta potential.

The in situ observation of the interfacial processes is generally challenging. All peel-off, tensile and
shear efforts failed to remove the E-coat of the substrates which is why non-destructive methods are
the preferred choice. Referring to [15, 16], Volta potential measurements are used to describe the
interfacial bonding of the aluminium oxide of an AIMg(Mn) alloy with a 10 um thick clear E-coat. A
confocal Raman with 785 nm laser is coupled on to the SKP chamber to simultaneously analyse the
interface in humid oxygen-deficiency and to detect the ions, the structural changes and the interfacial
dipole layer via the Volta potential. Such a Raman-SKP setup was firstly described by Posner and co-
workers (2012) with a 532 nm laser in dry/humid air and in dry nitrogen [17, 18]. This short-wave laser
causes an irreversible potential shift with a partial relaxation while the 785 nm laser shows a reversible
potential transient [19]. Additionally, the long-wave laser reduces the fluorescence signal caused by
the presence of interfacial water, this advantage allows measurements during an active sub-surface
flux. The findings are supported by local infrared spectra based on reflection and cross sections of the
interfaces made by focus ion beam (FIB) and analysed by SEM/EDX. All in all, this study clarifies the
detectability of the pH-activities underneath the E-coat of aluminium alloys via the Volta potential

under humid oxygen-deficient conditions.
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3.2 Experimental

3.2.1 Sample preparation

All experiments were carried out using AIMg(Mn) alloy — composition by weight: 0.3 % Si, 0.7 % Fe,
0.2 % Cu, 0.2 % Mn, 0.5-1.1 % Mg, 0.1 % Cr, 0.25 % Zn, 0.15 % other elements, remainder Al — supplied
by Chemetall GmbH (Gardabond F (5005A)). The AIMg(Mn) sheets (70 mm x 30 mm) were cleaned by
soaking them in toluene, acetone and ethanol, followed by submerging them in the alkaline cleaner
Gardoclean® 855/1 (20 g/L, Chemetall GmbH) and stirring them at 500 rpm at 60 °C for 5 min. Then,
the sheets were soaked and jetted with distilled water and dried in recirculated air at 40 °C for 120 min.
The clear E-coats (Aqua EC3000, Axalta Coating Systems Germany GmbH) were deposited at 32 °C and
with an initial voltage of 260 V (Wachter GLT 400/20), the same substrate served as counter electrode.
Film thicknesses of 10 um +1.0 um were deposited and were measured with PHYNIX® Surfix after
hardening at 180 °C for 20 min. During the deposition of the clear E-coat, an area was masked with a
sharp-cut frontier to the coating side to prepare the substrate-deep defect. Further, the self-made
reservoir with a size of 15 mm x 20 mm x 15 mm was placed on the coating-free area, as seen in Figure
2.15. Phosphate-based buffers were prepared with a pH=1.6 (conductibility at 25 °C, x(H2PO4
/H3P04)=23.5 mS/cm), a pH=6.1 (x(HPO4*/H,P04)=16.6 mS/cm) and a pH=12.2 (x(PO4>/HPO,*
)=28.5 mS/cm) as stock solutions for 1 M, 0.5 M |4

and 0.1 M KBr or Na,SO, electrolytes, p.a.
quality (Sigma-Aldrich). Lastly, the defect
reservoirs of the 10um thick clear E- ;

. Kelvin
coat/AIMg(Mn) samples were filled with the Probe
pH- and concentration-varying electrolytes to A

initialise the water and ion transport along the

aluminium interface.

3.2.2 Raman-SKP setup

A height-controlled SKP from Wicinski &
Wicinski GbR [20] was coupled with a modular
Raman spectrometer of Horiba Jobin Yvon
GmbH. As seen in Figure 3.2, the door of the
SKP chamber was replaced by a self-made
mount for the Raman ConfHead (RB07020601,
Horiba Jobin Yvon GmbH). The utilised 785 nm |

continuous-wave diode laser (Innovative

) ) ) Fig. 3.2 Overview of the Raman-SKP setup
Photonic Solutions) sent the laser light across a
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fibre optic cable to the ConfHead. The
objective of the ConfHead had to be
extended due to its limited focal length of
10.6 mm. The used tube was jacketed by a
crease collar to achieve relative moistures
up to 92 % and low oxygen concentrations
smaller than 3 % in the chamber inside. The
laser light with a power of 20-25 mW hit the
sample at an angle of 30° from surface
normal with a beam diameter of 2-3 um at
the focal spot underneath the 120 um thick
Ni/Cr needle of the SKP setup (see Figure

3.3). The ConfHead itself was placed on an

Polymer Defect
Kelvin ! i
Probe
Raman
Head
/,"/8042'
- Na* Y
H,O
Polymer
Metal

yz-table with a driving motor to define the Fig, 3.3 Principle of the Raman-SKP measurement

height regulation (z) and to adjust the focal spot at each surface position. The light scattered from the

substrate surface was collected by the ConfHead and sent via a fibre optic cable to the spectrometer

(iHR 320, Horiba Scientific) equipped with a 1800 groove/mm grating, with a spectral resolution of

0.6cm™.

Preliminary studies showed that a 532 nm laser with a power of 200 mW reduces the E-coat to ashes,

illustrated by the large vibrations at 1344 and 1597 cm™. No laser-induced degradation of the E-coat

was observed via a 633 nm laser (max. 17.5 mW) and the used 785 nm laser with a maximal power of

300 mW. However, any laser energy will dry the wet samples which is why a small power of 20-25 mW

is applied during the acquisition time of 300 s. The impact a laser power of 20 mW has on the SKP
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potential during a long-term exposure
at a clear E-coat/AlMg(Mn) sample is
shown in Figure 3.4. The potential
decreases in an amount of 10 mV
followed by a rising up to 60 mV after
around 18 h. At the pigment E-coat, the
potential changes up to 250 mV. A
potential drift of 60 mV is already
noteworthy. Additionally, the local

focusing of the interface is very time-

consuming in spite of the driving
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motor. The low time-resolution of the Raman system paired with the high speed of the Kelvin Probe
contradict each other, hence, the Raman spectra were recorded only at certain instances between 100

and 1800 cm™.

For the potential scans, the samples were directly placed in a humid nitrogen atmosphere (rH=90-92%,
0,53 %). The experiments were visualised by an external camera at the left side of the chamber. The
SKP needle was calibrated with saturated CuSO,, adjusted to a standard hydrogen electrode (SHE) and
potential and height profiles (DH=160 mV, x/y-steps=20 um) were measured in the humid nitrogen

atmosphere.
3.2.3 Attendant analytics

Selected samples were dried at 40 °C in vaccum for 20 min to stop the transport process. Then, the E-
coat surface was mapped via EDX with the Hitachi TM 3000 system at 15 kV. Local points of interest
were analysed via infrared spectroscopy between 500 and 4000 cm™ (100 scans) in reflection through
the E-coat by a Lumos FT-IR-Microscope ECL 10 of Bruker, with a resolution of 4.0 cm™. Moreover, FIB
cuts were operated by the Zeiss Neon® 40 with an ultra-dry X-ray detector from Thermo Fisher
Scientific. The SEM images of the FIB cuts were made with an Inlens detector. The samples were
sputtered with Au (pH=6) and Au/Pd (80/20) (pH=12) and deposited by the Ga emitter with 2 nA and
30 kV across a length of 30 um down to the substrate. The first element detection was done in the
mapping mode at 20 kV. Finally, the cross sections were mapped again with a decreased acceleration

voltage of 5 kV due to the lower interaction volume.
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3.3 Results and discussion
This chapter focuses on the existence of the sub-surface flux itself and the manner of the interfacial
bonds under oxygen-deficient conditions. It is assumed that the interfacial dipole can vary between
pure hydrogen bonds above the IEP of the dipole and protonated amines with anionic charged
aluminium oxides at lower pH-values. PH- and concentration-dependent investigations should prove
this theory by analysing their changes during the electrolyte transport, as well as the impact of the
IMPs of the aluminium alloy. Using the generated data base, the detectability of the pH-activities
underneath the E-coat is assessed across the Volta potential changes as a result of the dipole

modifications.
3.3.1 Interfacial changes in humid oxygen-deficiency

A survey of the pH-activities at the E-coated AIMg(Mn) interface should clarify the existence of the

sub-surface flux and the manner of the interfacial bonds of the dipole as fundamentals of the theory.

KBr-containing phosphate-buffers with pH-values of 2, 6 and 12 are used as defect solutions to change
the interfacial conditions. During the experiment, bubbles at the top of the E-coat occur at a pH-value
of 2 and 12 more than 5 mm away from the defect. Figure 3.5 shows the SEM images of the dried E-
coat surfaces after the long-term exposure in humid nitrogen atmosphere. The corresponding EDX

images prove the existence of the buffer components — K, Br and P —in the bubble areas (see Appendix

Coating

Fig. 3.5 SEMs of the clear E-coated AIMg(Mn) with defect buffers of a pH=12 (PO4*>/HPO4*) plus 1 M KBr,
6 (HPO4*/H,POy) plus 1 M KBr and 2 (H,PO4/H3PO4) plus 0.5 M KBr, stored in humid oxygen-
deficiency for 650 h, excepting pH=2 with 100 h
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A3.1). Itimpressively illustrates the amphoteric character of the aluminium oxide by hydrogen-induced
crevice corrosion. The oxygen-driven corrosion is blocked due to the nitrogen purge. Nonetheless,
aggressive media such as pH-buffers of 2 or 12 break down the nominally passive and corrosion-
resistant aluminium oxide film at weak locations of the heterogeneous AIMg(Mn) surface as illustrated
in Figure 3.6. The buffers enable micro galvanic couplings which cause a dissolution at the anode and
hydrogen evolution at the cathode. As a result, transport channels are formed from the AIMg(Mn)
surface to the top of the E-coat. These channels transport the infiltrated electrolytes out of the layer.
Aluminium is well-known for its localised attacks in an oxygen-rich atmosphere. However, the results

prove a pH-dependent sub-surface flux at the E-coat/AIMg(Mn) interface and an ion transport through

the E-coat in parallel to the interface in humid oxygen deficiency.

+ Defect KBr (aq) \
\\ \\\\\\;
E-coat K*/Br \
Interface H*/OH %
Anodic dissolution
AlMg(Mn) 5005A s

Fig. 3.6 Transport model based on the observations at the AIMg(Mn)E-coat samples referred to Fig.
3.5 in humid oxygen-deficiency

The interfacial bonds can be verified by using XPS, but all peel-off, tensile and shear efforts failed to
remove the E-coat of the substrate, which is why XPS was not possible. EDX-mappings of the cross
sections are a poor choice due to the overlapping of the X-ray production volumes in the interfacial
nanoscale [21]. However, local points of the bubble and the closed E-coat area were analysed by
infrared spectroscopy in reflection to record structure information from the E-coat bulk to the
AIMg(Mn) surface. The spectra are given in Figure 3.7. The clear E-coat is represented by the urethane
stretching vibrations at 1740-1690 cm™ (0O-CO-N), the amine bending at 1580-1490 cm™ (NH) and
1650-1560 cm™® (NH,), the stretching vibrations of C-OH at 1150-1040 cm™ as well as the alkyl groups
at 2990-2860 cm™* and hydroxyl/amine vibrations in hydrogen bonds between 3600 cm™ and 3200 cm’
! Further, aromatic CH bonds at 3035 cm™, 767 cm™/830 cm™, =C-O-C stretching vibrations at 1185 cm’
! and C-O-C bending at 1257 cm™ characterise the clear E-coat in the fingerprint region [22]. The
vibration in the zone of the phosphates shifts from 1038 cm™ at pH=12, 1046 cm™ at pH=6 to 1053 cm"
1 at pH=2. These vibrations show the used buffer solutions in the E-coat bulk and/or at the AIMg(Mn)
interface. By comparing the bubble and the closed area, the spectra of the bubbles show larger
hydroxyl vibrations (3600-3200 cm), which have a slight shift to lower wavenumbers. In spite of the

drying, these changes hint at higher and loosely bonded water content [23, 24]. Moreover, protonated
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Fig. 3.7
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amines are visible at 2700-2250 cm™ [22] in the bubble areas at pH=12 and 2 as well as in the closed
area at pH=2. An anodic attack resulting in the bubble will continue to propagate into the alloy due to
acidification of the solution. When the dissolved metal ions migrate away from this pit, the aluminium
alloy precipitates as a membrane, further isolating and intensifying local acidity [1]. Due to this, the
bubble areas show an increased amount of protonated amines. Using a buffer of pH=2, protonated
amines are generally present. Beyond, the spectra of the alkaline-produced bubbles show strongly
reduced vibrations lower than 1200 cm™, which indicate local disbondments. Interestingly, Al-O
stretching vibrations at 950 cm™ [24-26] are found everywhere when using the pH-buffer of 12. These
stretching vibrations describe the barrier aluminium oxide [27, 28] and are not visible at pH-values of
6 or 2, which means that the interface termination of the aluminium oxide changes between a
prevailing pH-value of 6 and 12. Theoretically, the IEP of the interfacial dipole has to be the mean of
the IEP of the aluminium oxide (7-10) [14] and the IEP of the amines (8-10) [29] and this is in line with

the results.

The infrared spectra measured in reflection provide information about the sum of the bulk material
and the interface, while the confocal Raman spectroscopy allows the investigation at the wet interface
under a humid nitrogen-purge. The Raman spectra is only based on the symmetric stretching and
bending [30], which are generally a small number of signals compared to the infrared spectra including
the antisymmetric stretching and bending vibrations. However, the scissoring (1650-1590 cm™) and
the wagging vibrations of the primary amine (around 800 cm™) are Raman-active. The protonation and
the hydrogen bonding of the amine are thus detectable around the vibration shifts. These shifts
depend on the bonding energy of the amine, while the ionic bonding is generally energy-rich with 600

to 1000 kJ/mol, the hydrogen bonding is energy-low with <50 kJ/mol [31].

E— pH=6
""""" pH=12
————— dry defect
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Fig. 3.8 Confocal Raman spectra of the dry defect and the clear E-coated AIMg(Mn) with substrate-
deep defect filled with pH=6 (HPO4*/H,P0O4) and pH=12 buffers (PO,>*/HPO,*) and added
with 1 M KBr after 650 h stored in humid oxygen deficiency; spectral resolution: 0.6 cm™
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Figure 3.8 shows the Raman results at the clear E-coated AIMg(Mn) between 600 and 1800 cm™ for
the pH-value of 6 and 12. Note that further vibrations lower 600 cm™ were invisible for the used
785 nm layer due to its low energy compared to 532 nm or 633 nm laser. Evidently, the wide wagging
and the scissoring vibrations shift slightly with 5 and 3 cm™ to lower wavenumbers at a pH of 6. These
results dominate across the total interfaces. The spectra were not manipulated by baseline corrections
and the peaks were mathematically identified by the Gaul3-Lorentz distribution. Due to a spectral
resolution of 0.6 cm™, the measured shifts are proper and the primary amine protonates by
undercutting the IEP of the interfacial dipole. Besides these effects, the phosphate vibrations are
absent at around 1000 cm™, phosphate precipitations at the interface can be excluded but the spectra
are affected by the fluorescence due to the wet measuring conditions. As mentioned before, the
electrolyte transport can occur along the interface and through the E-coat volume parallel to the
interface. At the interface, no phosphate ions were found even though an anodic-driven transport
would promote phosphate movements. The phosphate vibration could be covered by the fluorescence
of water, but then phosphate would have to be found at the dry interface. The self-evident explanation
is that there is simply no phosphate transport along the interface. In this case, the detected amine
protonation is supported by the electrolyte ingress through the E-coat parallel to the interface, as

summarised in Figure 3.9.

PO /L ), E-coat PO \/L -
rd
N ANt
pH=12 p OH > H,0)> Interface pH=6(2) (H) > H,0
o] E (o}
---------- Ty I
N AlMg(Mn) il

Fig. 3.9 Transport model including the interfacial bonding at the AIMg(Mn)/E-coat samples in humid
oxygen-deficiency

In brief, the main flux at the AIMg(Mn) occurs in parallel to the interface through the E-coat while the
flux causes a pH-change at the interface. At pH-values of 6 and 2, the interfacial amine groups
protonate. Conversely, at a pH-value of 12, the termination of the aluminium oxide changes and the

amine bond energy decreases which hints at interfacial hydrogen bonds.
3.3.2 PH- and concentration-dependent sub-surface flux

The systematic change of the pH-value and the salt concentration should describe and verify the
dependency of the interfacial bonding on the Volta potential and identify the role of the IMPs of the
AlMg(Mn).

As seen in Figure 3.5 before, the AIMg(Mn) interface acidifies under hydrogen evolution with a pH-

buffer of 2. The corresponding SKP findings are shown in Figure 3.10 with 0.1 M, 0.5 M and 1.0 M KBr.
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The potentials are obviously flatten across the total line-scans and are very low up to -1.5V. A
concentration-dependent trend is not reflected in the data. The low potentials exclude the adsorption
of H* which would lead to the formation of a cationic charge (AIOH;"); this is why an amine protonation
has to be favoured. The potential levelling further excludes galvanic cells underneath the E-coat at the
heterogeneous AIMg(Mn) surface. However, Mg,Si particles are found underneath the bubbles in the
material inside (see Figure 3.11) and the magnesium dissolves as Mg?* with hydrogen evolution in
acidic solution. The selective magnesium dealloying is independent of the present potentials [5] and
explains the smooth potentials. Moreover, a cathodic underminining is observed in parallel to the
defect breadth against the rolling direction after around 100 h, as illustrated in Figure 3.12. The
potential changes from -0.7 V to -1.5 V. The great potential drop of 0.8 V hints at a high driving force

which promotes the ion migration.

At neutral conditions, the aluminium is generally passive with aresistant oxide film according to the
Pourbaix diagram [32]. The Volta potentials are described by constant behaviour at -0.6 Vupto 0.1V,

as seen in Appendix A3.2. No concentration effects are observed.

Compared to the acidic and neutral series, the alkaline series show potential increases which are

steeper with rising concentrations and stabilise at around 0.4 V. The details are given in Figure 3.13.
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Fig. 3.10 Potential and height scans of the AIMg(Mn) alloy covered with a 10 um thick E-coat
between 60 h and 93 h after the addition of a buffer pH=2 to a substrate-deep defect
in humid Nj-atmosphere, rH=90-92%, 0,<3 %
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Fig. 3.11 FIB cut at a bubble caused by the
buffer pH=2 under humid oxygen-
deficient conditions
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Fig. 3.12 Cathodic undermining at the E-
coat/AIMg(Mn) interface in parallel to
the defect breadth (pH=2, 0.5M
KBr)/against the rolling direction after
~100 h under humid N,-purge
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Fig. 3.13 Potential and height scans of the AIMg(Mn) alloy covered with 10 um thick E-coat
between 50 h and 95 h after the buffer addition pH=12, rH=90-92 %, 0,53 %
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Fig. 3.14 FIB cut at a bubble caused by the buffer pH=12 under humid oxygen-deficient conditions

The line scans are further characterised by cathodic potential decreases in the defect area but these

underminings have an independent progress of the defect concentration. The height profiles display

irregularities while the correspondingly local potentials slightly increase or decrease from the potential

baseline. An anionic surface charge (Al(OH),), via OH™ adsorption, and an amine protonation cannot

be favoured due to the cathodic potentials. The amines seem to build hydrogen bonds due to their

free electron pairs. The hydrogen bonds cause a neutral charging of the aluminium oxide which will

increase its Galvani potential and the Volta potential. Further, the potential and height irregularities

are placed at the observed bubble areas and seem to express the micro-galvanic interactions and their

corrosion products. The FIB
cut through the bubble (in
Figure 3.14) prove that the
causes of the hydrogen
evolution are the Al6MnFe
particles at the top of the
AlMg(Mn) surface. The
cathodic undermining near
the defect express the
weakness/break down of
the aluminium oxide film.
Interestingly, the alkaline
undermining is oriented in
the rolling direction (see

Figure 3.15) while the acidic
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Fig. 3.16 Confocal Raman spectra of the clear E-coated AIMg(Mn) with substrate-deep defect filled
with pH=12 (PO4*/HP04%) and added with 1 M Na,SO, after ~250 h stored in humid oxygen
deficiency; spectral resolution: 0.6 cm™

undermining shows the progress against the rolling direction. AIMg(Mn) is hot-rolled while hot-rolling

deforms the original cast structure and the as-cast grains are elongated in the rolling direction [1]. This

fact implies an alkaline attack along the as-cast grains in the form of exfoliation. Besides, the potential
difference of 0.3V between the anodic and the cathodic area is low in comparison to the acidic
potential change of 0.8 V. Consequently, the acidic-induced migration is many times faster than the
alkaline-induced one. This ion migration takes place directly at the aluminium oxide, as proven at
pH=12 in Figure 3.16. The galvanic coupling (or selective Mg de-alloying at pH=2) seem to weaken the
oxide film until it breaks down. Then, the ions reach the interface and promote the progressive de-
adhesion and corrosion (see Figure 3.17). As a result, the transport at the insulating aluminium oxide
is driven by two transport mechanisms, through the polymer layer in parallel to the interface and at

the interface itself.

An overview of the results at different pH-values shows that there is a stable potential at pH-values of
2 and 6, after which the potential increases until it stabilises at a pH-value of 12. This cathodic shift

stabilises faster with increased ion concentration but further concentration dependencies are not

<+ Defect

E-coat SO,

new galvanic N
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/ /

Anod
AIMg(Mn) - 5

Fig. 3.17 Transport model after the break down of the aluminium oxide at pH=12

/
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observed. Additionally, the acidic Mg dealloying and the alkaline galvanic coupling at the AlgMnFe
particles weaker the aluminium oxide until it breaks down which directly promote a second ion

transport at the interface.

3.3.3 PH-detectability via the Volta potential in humid oxygen deficiency

Based on the generated data, the measurability of the pH-activities underneath the E-coat should be
assessed across the Volta potential changes. Therefore, Figure 3.18 shows the Volta potentials of the
intact areas after the potential stabilisation. The potentials are averaged up to the observation time of

93 h after the addition of the buffers with 0.1 M, 0.5 M and 1.0 M KBr.
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Fig. 3.18 PH- and concentration-dependent Volta potentials 2500 um away from the defect, extracted
after potential stabilisation and averaged up to the observation time of 93 h after the
addition of the buffers

The diagram illustrates a large potential differences up to 2.0 V, after which the Volta potential shows

a linear gain with the increase of the pH-value. More negative charge carriers have to rest at the

aluminium oxide at low potentials while the degree of protonated dipoles increases with the decrease

of the pH-value. However, the number of outliers increases with higher KBr-concentrations, which
decreases the solubility and promotes the tendency to precipitations of AIBrs (or AIPO,). Such side
effects seem to affect the Volta potential. The general trend is an agreement with the theory of the
ad-atom charge of Gross et al. [33] and Salgin’s finding, where alkaline-produced oxide exhibits higher
potentials with respect to the acidic oxide [14]. However, the potentials are affected by micro-galvanic
cells and underminings which is why the local potential resolution — present resolution: 160 um — has

to be increased e.g. via SKPFM to detect the pH-activities around the IMPs.
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3.4 Conclusion
This Raman-SKP study focuses on the changes of the interfacial bonds at the AlMg(Mn)/E-coat
interface due to a sub-surface flux in humid oxygen deficiency. By the initiation of the flux at the
AIMg(Mn) substrate, the main flux occurs in parallel to the interface through the E-coat. Media such
as pH-buffers of 2 and 12 cause a hydrogen-induced crevice corrosion, which illustrates the pH-changes
at the interface. At a pH-value of 12, the hydrogen evolution is caused by a galvanic coupling of the
AlsMnFe particles at the top of the AIMg(Mn) substrate. The interface at neutral conditions is displayed
by a resistant oxide of the AIMg(Mn). At a pH-value of 2, the selective Mg dealloying occurs under
hydrogen evolution at the Mg,Si particles in the material inside, independently of the present
potential. Moreover, the interfacial amine groups protonate at pH-values of 6 and 2 while the
termination of the aluminium oxide change at a pH-value of 12, shown by Al-O stretching vibrations at
950 cm™. The Volta potential, which indirectly represents the charge carriers of the interfacial dipole,
shows stable potentials at pH-values of 2 and 6, while the potential increases until it stabilises at a pH-
value of 12. This cathodic shift stabilises faster with increased ion concentration but further
concentration dependencies are not observed. In general, the Volta potentials show a linear gain from
-1.7 V up to 0.8 V with the increase of the pH-value. More functional groups change their orientation
at the E-coat/AIMg(Mn) interface and the Volta potential increases due to the change of ionic bonds
to hydrogen bonds between the aluminium oxide and the amine groups. This general effect, the
dependency of the interfacial pH-value with the Volta potential, can be used to detect the pH-activities

at the epoxy-covered aluminium oxide.
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3A Excursion: PH-behaviour of the E-coat interface with chromate-free conversion layers

3A.1 Introduction

Corrosion and adhesion protection is the central issue of the conversion layers in the transport
industry. However, typical phosphate-based conversion layers have a weak performance with
aluminium alloys, while the successful chromate systems are restricted by environmental policies —
e.g. the well-known “End of Life Vehicles Directive” of the European Community [1]. Zirconium,
vanadium, titanium or silane-based compounds with or without organic or inorganic polymerisation
are used as environmentally friendly solutions [1-3]. Most of these technologies function similarly to
create a surface conversion coating, by means of fluoro-based chemistry. H.ZrFs and H,TiFs are
common systems. In principle, a fluoride etching dissolves the surface of the aluminium alloy under
hydrogen evolution and the solvated aluminium ions build a complex with the fluoride. The interface
alkalises with time due to the water decomposition, which causes a subsequent precipitation of Zr/Ti

oxyhydroxides [2-4]. The reactions are summarised in the following equation:

AP*+Zr* + F+4H,0 — AI(OOH)Zr(OOH)F + 6 H* (3A.1)
The structure of the resulting conversion layer is
F 0
disputed in the literature [2, 3, 5]. A consent may N0 N
. . S H Zr H
exists about a two layer formation which is illustrated 7N 2 i PN )
- ) 0 o]
in Figure 3A.1 and confirmed by the GDOES/XPS-AES N ) y \A| A N ’
profile results [6-8]. The strong electronegativity and o A S A N S N A
0 o] o] 0
the free electron pairs of the fluorine combined the | | | |
hydroxyl groups promote several hydrogen bonds AlLO,/AIOOH
with the top coat. The deposition of the conversion is Al alloy

driven by the prevailing pH-value at the interface Fig. 3A.1 Model sequence of the Zr/Ti

which is why cathodic IMPs with their alkaline conversion coating on aluminium
) o alloy; all bonds are not illustrated.

surrounding cause a favourable precipitation of the

Zr/Ti oxyhydroxides as an island growth [2-4]. Additionally, self-assemblies (SAs) can be added to the

conversion coating. For aluminium alloys, these SAs are mainly based on phosphonic acids [9], which

condensate with the hydroxyl groups of the conversion network (R'=Zr/Ti/Al) [9], as seen in (3A.2), and

are often linked with organic compounds R such as the diethylenetriamine penta(methylene

phosphonic acid) (DETPMPA) or the 3-phenylpropen phosphonic acid (PPPA) [10].

HO © rRLO ©

\ /
/P/—OH + 2 R1—OH —_— \p//_o + 2 HZO (32)
R R/ \R1
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For an improved functionality, the organic side chain of the phosphonic acids can further cross-linked
or polymeric acids can be directly blended into the bath. Some examples are acrylic acids, Mannich
product of polyalkenyl phenol [10], polyhydroxy phenol (tannin) [10], acryl amide [3] and several more
[10-13].

Recent research is focused on the protection of multi metal interfaces using different strategies [7, 14-
17]. One approach is the improvement of the conversion layers by the addition of copper particles [7,
16-17], which covers the IMPs and improves the homogeneity [6] and the film growth of the
subsequent Zr/Ti layers. Other groups improve the organic coating at the top to avoid or eliminate the
conversion step. Smart-release cation and anion-exchange pigments incorporated within an organic
polymer binder [15] are promising as inhibitors and sequesters of aggressive ions. On the other hand,
chromate-free silane-based primers can be an alternative due to their strong adhesion properties [18,
19]. However, the performance of the aluminium interface is always determined by the acid-base
interactions underneath the top coat — the coupling of IMPs or grains with hydroxyl groups of the

conversion layer or the aluminium oxide, as well as the bonds of self-assemblies or polymers.

In the automotive section, chromate-free conversion layers are actually usual as an underground for
the E-coat which is why the scope of this chapter leans on the pH-activities underneath the clear E-
coat at the AIMg(Mn) with conversion films. Ti- and Zr-based conversion coatings were investigated
with the addition of a pickling inhibitor, a self-assembly and a polymer. The interfacial pH-values are
changed and the corresponding Volta potentials are measured under a humid nitrogen purge. The
merit of the results is assessed by means of the structural changes, the corrosion and de-adhesion

processes.
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3A.2 Experimental

3A.2.1 Deposition and analysis of chromate-free conversion layers

AIMg(Mn) sheets (70 mm x 30 mm) — composition by weight: 0.3 % Si, 0.7 % Fe, 0.2 % Cu, 0.2 % Mn,
0.5-1.1 % Mg, 0.1 % Cr, 0.25 % Zn, 0.15 % other elements, remainder Al, Chemetall GmbH (Gardabond
F (5005A)) — were used as substrates. The pre-treatment started by submerging the sheets in an
alkaline cleaner for 5 min at 60 °C. After rinsing with water, the samples were deoxidised for 60 s at
30 °C and rinsed again with de-ionised water. Then, three common passivation baths were applied by
Henkel, their products are listed in A3.3. The bath A is based on H,TiFs with a pickling inhibitor to block
the hydrogen evolution. The other baths contain H,ZrFs and are improved by a self-assembly (bath B)
and by the addition of a polymer (bath C). The chosen Ti- and Zr-based conversion coatings were

deposit for 60 s at 30 °C and finalised by rinsing and drying.

The surface topography and the coverage of the conversion layers were analysed by the Zeiss Neon®
40 system with a SE2 detector. The electrochemical performance was measured via potential-dynamic
curves and impedance spectra, which were recorded on the Zennium workstation (Zahner-Elektrik
GmbH) with a three-electrode arrangement. For this purpose, the pre-treated AIMg(Mn) sheets were
masked with an electrical and chemical resistant lacquer except for a defined analysis surface. A
calomel electrode was the reference and a Pt sheet acted as a counter electrode. A neutral buffer
solution, pH(HPO4%/H,P04)=5.7 - X(HPO4%/H,P0O4)=2.78 mS/cm, p.a. quality chemicals (Sigma-Aldrich),
completed the setup. The current-potential curves were recorded with a scan rate of 1 mV/s (5 mV/s)
at 25 °C. For the impedance spectra, the sample surface (12.6 cm?) were polarised at 1 V and perturbed
with an amplitude of 20 mV. With a start frequency of 1 kHz, the run was continued up to 100 kHz and
returned to 100 mHz with 10 points per decade. The first course from 1 kHz to 100 mHz served only as

a transient oscillation to avoid artefacts and was later disregarded in the evaluation.

3A.2.2 Investigations of the E-coated conversion layers during and after sub-surface flux

For the cataphoretic deposition, the pre-treated AIMgMn sheets were moistened in de-ionised water
and the clear E-coat (Aqua EC3000, Axalta Coating Systems Germany GmbH) was deposit at 32 °C with
an initial voltage of 260 V (Wé&chter GLT 400/20), countered to the substrate. Film thicknesses of 10 um
1+1.0 um were reached and were measured with PHYNIX® Surfix after hardening at 180 °C for 20 min.
During the deposition of the clear E-coat, an area was masked with a sharp-cut frontier to the coating
side to prepare the defect up to the conversion layer. Lastly, a reservoir with a size of 15 mm x 20 mm
x 15 mm was placed on the E-coat-free area and filled with the same phosphate-based buffers from

the previous study — with a pH=1.6 (conductibility at 25 °C, x(H2PO4/H3P04)=23.5 mS/cm) and a
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pH=12.2 (x(PO4*/HPO,*)=28.5 mS/cm), p.a. quality (Sigma-Aldrich) — to initialise a defect at the
conversion coating of the AIMg(Mn). Directly after the addition of the electrolyte, the samples were
purged with humid nitrogen (rH=86-88 %, 0,52 %) in the SKP chamber of the SKP-Raman setup, which
was already described in Chapter 3. The SKP needle was calibrated with saturated CuSQO,4, adjusted to
a standard hydrogen electrode (SHE) and, potential and height profiles (DH=160 mV, x/y-steps=20 um)
were measured for 516 h after the start of the experiment. Next, Raman spectra (785 nm) were
recorded in the “intact” areas with an 1800 groove/mm grating, a power of 20-25 mW and an
acquisition time of 300 s (spectral resolution: 0.6 cm™). No bubbles were observed with the naked eye

which is why the scans were continued until 709 h in a humid oxygen ambience (rH=86-88 %).

Additionally, the samples were dried at 40 °C in vaccum for 20 min to stop the transport process. Then,
the E-coat surface was mapped via EDX with the Hitachi TM 3000 system at 15 kV. Local points of
interest were analysed via infrared spectroscopy between 500 and 4000 cm™ (100 scans) in reflection
through the E-coat by a Lumos FT-IR-Microscope ECL 10 of Bruker, with a resolution of 4.0 cm™.
Moreover, FIB cuts were operated by the Zeiss Neon® 40 with an ultra-dry X-ray detector from Thermo
Fisher Scientific. The SEM images of the FIB cuts were made with an Inlens detector. The samples were
sputtered with Au and deposited by the Ga emitter with 2 nA and 30 kV across a length of 30 um down
to the substrate. The first element detection was done in the mapping mode at 20 kV. Finally, the cross
sections were mapped again with a decreased acceleration voltage of 5 kV due to the lower interaction

volume.
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3A.3 Results and discussion

The acid-base interactions at chromate-free conversion layers of AIMg(Mn) underneath the E-coat are
the central theme of this chapter. The influence of a pickling inhibitor, a self-assembly and a polymer
in the conversion layer are pointed out by interfacial pH-changes in a humid nitrogen/oxygen
atmosphere. Therefore, the peculiarities of the conversion layers are presented and an alkaline and
acidic flux are initiated at the conversion layer under the E-coat. The corresponding Volta potential and
structural results clarify the role of the conversion coatings in protecting the bonds of the E-coat with

the aluminium substrate.

3A.3.1 Characterisation of chromate-free conversion layers

An overview of the surface topography and the coverage of the conversion layers at the AIMg(Mn)
substrate is given in Figure 3A.2, with a magnification at the bottom. All coatings show a high degree
of the coverage but they differ in their surface structure. The Ti- (A) and Zr-based conversion layers (B)
are characterised by a homogeneous surface with some dark spots and grooves along the rolling
direction. The dark spots result from lower secondary electron emission due to locally topographical
inhomogeneity. The smoothest impression makes the Zr-based conversion with the polymer (C). No
grooves of the AIMg(Mn) substrate are visible. In the magnification, the Ti-based coating with the
inhibitor shows a fine structured topping, additionally, the Zr-based layer has several small plates at
the top, which close the surface. At the third layer, the polymeric parts seem to protrude out of the
coating. In general, the acidic deposition of the conversion layers causes a favourable island growth in
the alkaline surrounding of cathodic IMPs [2-4]. This causes the observed dark spots in the topography,

while the visibility of the groove depends on coating thicknesses lower than 100 nm. Moreover, the

1A 1B 1C

Fig. 3A.2 SEMs of the pre-treated AIMg(Mn) before the cataphoretic deposition: A) Ti-based, B) Zr-
based, C) Zr+Polymer-based conversion layers
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self-assembly of the Zr-based layer seems to be cross-linked with a covering organic compound, as
shown in forms of small plates, which have further anchors to the substrate. The smooth impression
of the polymer-based layer is also reported by Deck et al. [3]. The polymer forms a real monolayer
above the stable oxide to protect the substrate [9] while the structural inhomohgenities decrease with

the increase of the coating thickness.
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Fig. 3A.3 Tafel diagrams of the AlIMg(Mn) alloy and the conversion layers - A) Ti+inhibitor, B) Zr+SA,
C) Zr+Polymer — measured at pH=5.7, x(HPO4?/H,P04)=2.78 mS/cm; dE/dt=1 mV/s, except
for A/B with 5 mV/s; T=25 °C in O,-atmosphere
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Fig. 3A.4 Bode diagrams of the AIMg(Mn) alloy and the conversion coatings — A) Ti+inhibitor, B) Zr+SA,
C) Zr+Polymer — measured at pH=5.7, x(HPO4*/H,P04)=2.78 mS/cm; frequency range: 10 kHz
to 100 mHz, start at 1 V, amplitude: 20 mV; T=25 °C in O,-atmosphere

The oxygen-driven nature of the conversion coatings in neutral buffer solution is illustrated by the
potential-dynamic curves in Figure 3A.3. The logarithmic limiting current densities In(j.) are

significantly lower for all types of conversion layers compared to the pure substrate. The smallest In(j.)
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with a value of -4.8 and the best corrosion resistance is shown by the conversion layer C with the
polymeric compound, which increase the barrier properties of the sample. The next one is the Ti-based
conversion layer with the inhibitor (A) with a value of -4.6, whereas the Zr-based conversion layer B

reaches a In(j.) of -4.3. In the same order, the corrosion potential slightly shifts from -0.35 V to -0.27 V.

Intact barrier conversion coatings behave as capacitor, which is characterised in the Bode plots of
Figure 3A.4. Interestingly, the Ti-based conversion coating A is displayed by the largest capacitance
range from 10 kHz up to 0.1 Hz with a maximal impedance of 2E4 Q/cm? (0.1 Hz). A nearly ideal phase
spreads from 0.5 Hz to 1.2 kHz with values between -75 ° and -90 °. The coating does not exhibit signs
of breakdown. This performance is comparable to a CeCls-treated 7075-T6 during the immersion in
0.5 NaCl solution [20]. However, degradation signs are obvious at the conversion coatings B and C due
to an increased resistance at low frequencies and a small area of a phase around -90 °. The Zr-based
conversion coating with the polymer (C) reaches 1.8 E3 QO/cm? and the Zr-based conversion coating

with the SA (B) 1.1 E3 Q/cm? at 0.1 Hz. The corresponding Nyquist diagrams are given in Figure 3A.5.

— A- AlMg(Mn)
02} --- B - AMg(Mn)
-~ C - AIMg(Mn)
c
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Fig. 3A.5 Nyquist diagrams of the AIMg(Mn) alloy and the conversion coatings — A) Ti+inhibitor,
B) Zr+SA, C) Zr+Polymer — measured at pH=5.7, x(HPO4*/H,P04)=2.78 mS/cm; frequency
range: 10 kHz to 100 mHz, start at 1 V, amplitude: 20 mV; T=25 °C in O-atmosphere

While the Ti-based conversion layer shows a semicircle, the Zr-based conversion layers have a
semicircle with a linear slope of approx. 45° such as a Warburg. This slope is further continued by a
normal progress such as a simple inductance at the Zr-based conversion layer with SA. Accordingly, the
electrolyte has to reach the interfaces to form a double layer at the Zr-based conversion layer,
expressed by the Warburg and the SA has to act as a dielectric, which weakens the capacitor of the Zr-

network.

Note that all investigated conversion coatings show an improvement of their corrosion resistance as

well as their barrier properties by anodization up to 3 V.
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Briefly, under neutral conditions, the polymer conversion coating (C) has the best corrosion resistance,
but the polymer and the SA conversion coatings (C+B) are permeable for the electrolyte. Due to this
fact, their barrier resistance decrease while the Ti-based conversion coating with the inhibitor (A) is
stable against the electrolyte ingress. However, an overview of the real protection potential of the
conversion layers has to include their behaviour against aggressive media which is why the next section

is focused on the acidic and alkaline attack at the conversion coating.

3A.3.2 Acidic and alkaline sub-surface flux at the E-coat-covered conversion layers
The acid-base interactions underneath the E-coat are pointed out by interfacial pH-changes in humid
nitrogen and oxygen atmosphere. The corresponding Volta potential and structural results clarify the

protection and failure mechanism at the conversion coatings.

First, an acidic and alkaline flux are initiated at the different conversion layers along the E-coat-
conversion-interface and the atmosphere was purged with humid nitrogen for 519 h. Appendix A3.4
contains the corresponding SKP scans to the experiment. In general, the potential profiles show a
comparable behaviour as the pure AIMg(Mn) substrate (see Figure 3.13 and 3.10). The acidic flux
causes flat potentials because the local Mg dealloying has no bearing on the potentials, as discussed
in Chapter 3. Interestingly, the conversion layers A and C have distinctively anodic areas, which express
the first degradation signs near the defect. However, no anodic area is seen at the covered conversion
layer B with the SA. The alkaline flux causes typically local potential increases in the SKP scans due to

the micro-galvanic of the AlsMnFe.

The averaged Volta potentials present Figure 3A.6 at an intact area 2500 um away from the defect
after the potential stabilisation. In general, the potential increases from the conversion layer A, B to C.
This observation hints at a higher amount of functional groups [21] from the titanium (A) to the
zirconium plus SA (B) and lastly to the zirconium plus polymer (C). However, no prominent pH-
differences are observed by comparing the data with the pure AIMg(Mn). The Volta potential slightly
decreases by 0.2 V from pH=12 to pH=2 at the Ti- and the Zr-based conversion coating with polymer.
Conversely, the potential increases around 0.1V at the Zr-based conversion coating. With the naked
eye, no bubbles were visible after 519 h which is why the experiment was continued in humid oxygen
atmosphere. Due to the change of the ambience, the potentials decrease rapidly. The slight potential
shift at the Ti-based conversion disappears while the potential increases to 0.2 V at the Zr-based
conversion layer with the SA. At the Zr-based conversion layer with the polymer, the surface is roughed
up during the acidic flux. Due to that reason, the height control of the SKP was very time-consuming

and the measurement of this sample was stopped to increase the time resolution of the other samples.
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Fig. 3A.6 Volta potentials of the Cr-free conversion layers — A) Ti plus inhibitor, B) Zr plus SA, C) Zr plus
polymer — covered with a 10 um thick E-coat 2500 um away from the defect (intact areas),
extracted after potential stabilisation — averaged from 293 h to 519 h in humid N, and up to
709 h in humid O, ambience

In general, the potential changes are slight and can also be a result of precipitations, mechanical stress
[22] and the observed roughness changes. Although, the ZrO; is an ionic conductor [16-17], there is a
very low bearing of the charge carriers on the sum of the Galvani potentials and the Volta potential.
All conversion layers seem to neutralise developing potential gradients and this mechanism protects
the interface from an electrochemical point of view. Additionally, the TiO, and ZrO, have a larger
passivation range in the alkaline direction compared to the aluminium [23]. At the aluminium, the
potential increase is prominent at a pH-value of 12, which seems to not be enough for the TiO, and
the ZrO,. However, the results of the Zr-based conversion layer with SA (B) are uncommon. Sarfraz and
co-workers [16] analysed the behaviour of a Zr-based conversion coating with copper while mimicking
the strongly alkaline conditions with the high voltages during the cataphoretic deposition. They started
in a neutral solution und alkalised the interface, getting a slight potential increase of 0.1 V and showing
the chemical stability of the conversion layer, via Raman analyses and photoluminescence (PL)

spectroscopy — unfortunately, the complete composition of this layer is unknown.
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Fig. 3A.7 Raman spectra of the Cr-free conversion layers — A) Ti plus inhibitor, B) Zr plus SA, C) Zr plus
polymer — at an intact area during the transport of the phosphate-based pH-buffers 2 and 12

under humid nitrogen purge, spectral resolution: 0.6 cm™
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Next, the interfacial pH-behaviour and the manner of the ion transport should be clarified by analysing
the confocal Raman spectra in Figure 3A.7 during the acidic and alkaline flux. The used pH-buffers are
based on phosphates, due to this, an ion transport at the interface would be visible by vibrations
around 1000 cm™. These vibrations are not found in the spectra, consequently, the general transport
has to occur through the E-coat in parallel to the interface, as already found at the AIMg(Mn) interface.
Interestingly, at the Zr-based conversion with SA (B), two new vibrations appear at 907 cm™ (pH=2)
and 963 cm™? (pH=12), which could characterise different P-OR esters (900-1050 cm™) — a pH-

interaction of the SA.

The interfacial pH-behaviour is given by the scissoring (1650-1590 cm™) and the wagging vibrations of
the amines (around 800 cm™). A shift to higher wavenumbers characterises loose bonds such as
hydrogen bonds between the hydroxyl groups and the amines of the E-coat while a shift to lower

wavenumbers hints at an amine protonation due to strongly ionic bonds.

e At the Ti-based conversion with the inhibitor (A), the vibrations are nearly equal at high
wavenumbers, which express an alkaline state at the AIMg(Mn) interface for both buffers.

e The Zr-based conversion coating with the SA (B) has generally stronger amine bonds than the
Ti-based conversion (A) while the ionic bonds are slightly weaker with a flux of pH=12. The
results express a more acidic state compared to AIMg(Mn).

e The Zr-based conversion coating with the polymer (C) shows the strongest bonds with
vibrations at 808 cm™ and 1615 cm™ during the acidic flux but the loosest bonds with
vibrations at 818 cm™ and 1618 cm™ in alkaline environment. This tendency is typical for the

pure AIMg(Mn), too.

A classic pickling inhibitor is the hexamethylen tetramine which acts as a buffer solution around a pH-
value of 5 and blocks the occurrence of the hydrogen evolution. In an acidic environment, the
hexamethylen tetramine decomposes to formaldehyde and ammonium ions. The effect of the inhibitor
explains the marginally interfacial changes at the Ti-based conversion coating. Of course, the SA and
the polymer of the other conversion coatings can also interact with the acidic or alkaline environment

but for any explanations, the chemical structures have to be analysed.

For further information about the structural changes, the samples were dried. The corresponding SEM
and EDX (P) images are presented in Figure 3A.8. With an alkaline defect, the performance of the
conversion layer is weaker compared to the acidic one. Especially, the conversion layer with the
polymer (C) shows numerous small bubbles at the top of the E-coat surface. The Ti-based conversion
with the inhibitor (A) shows a high number of bigger bubbles while the Zr-based conversion with the

SA (B) only shows some little bubbles due to the hydrogen evolution. With the acidic defect, the Zr-
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based conversion layers (B+C) show only single bubbles. This corrosion resistance seems to be rooted
in an increased molecular weight and an improved adhesion of the E-coat at the Zr-based conversion
layer [24]. Conversely, the Ti-based conversion layer (A) has a singularly big bubble followed by a large
tail of little bubbles. These observations are in line with the results of the bond strength between the

amines and the hydroxyl groups of the conversion layers

A B
Coating

Defect

Coating

Pefect

Coating

Defect

Fig. 3A.8 Overview (REM/EDX(P)) of the E-coat surface behind the defect at 709 h after the addition
of the defect buffers with a pH=12 (PO4*/HPO,*) and pH=2 (H,PO,/HsP0s); A) Ti plus
inhibitor, B) Zr plus SA, C) Zr plus polymer, same size as in Figure 3.5

Additionally, Appendix A3.5 shows the IR spectra in reflection of all samples in the intact and bubble
areas. In principle, the increase of the water vibration of the intact areas supports the findings of Figure
3A.7. Interestingly, the Al-O stretching vibration around 950 cm™ is visible at the conversion layers with
inhibitor (A) and SA (B) but this vibration disappears at the conversion layer with SA (B) in an alkaline
environment. The Al-O-change at the SA layer is converse to the change at the untreated AlIMg(Mn),

however, the Volta potential shifts are converse, too.

-64-



PH-behaviour of the E-coat interface with chromate-free conversion layers

— Bubblearea
———— Intactarea

~ 1728
on)

Intensity / a.u.

w7 N~ IF

T T T
1000 1500 2000

Wavenumber / cm

Q
2.5 g — Bubblearea
| C ———— Intactarea

Intensity / a.u

—

T T T T T T
2000 2500 3000 3500 4000

Wavenumber / cm -1

Fig. 3A.9 IR spectra in reflection of the Zr-based conversion coatings with the SA (B) and the polymer
(C) after the alkaline flux; average of min. three spots, spectra resolution: 4 cm™*

The previous study (see Figure 3.7 in Chapter 3) demonstrated that the local acidity is very distinctive
under alkaline conditions, due to this reason, the structural changes are obvious here. The locally acidic
bubble areas and the alkaline intact areas of the Zr-based conversion coatings (B+C) are presented in
Figure 3A.9, via IR spectra in reflection after the alkaline treatment. The Zr-based conversion coating
with the SA (B) gets an expanded vibration at 1048 cm™ in the acidic area compared to the alkaline
area. The conversion coating with the polymer (C) shows converse behaviour to the untreated
AIMg(Mn). In the acidic bubble area, the polymer is stable but the vibrations are strongly reduced to

lower wavenumbers than 1200 cm™ in the alkaline region. The loose bonds cause a loss of adhesion.

Typically, the SAs for aluminium are phosphonic acids, which condensate with the hydroxyl groups of
the conversion layer and form an ester. However, the phosphate/phosphonate chemistry can be

further used to protect the aluminium alloy against acidic attacks due to precipitation:

i ]S
- 1
O0—P=0 + R—OH —>» 1 —P— l
c')— R'| 0 f|> O | x HO (3A.3)
OH

2
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The incorporation of phosphates or phosphonates in the conversion layer causes their dissolution in
the pit, where insoluble salts with the metal ions R? of the conversion layer are formed, effectively
sealing the pit [12, 25]. The jellylike salts such as the Zr[HPQO4]; x H,O will cover the protruding Al-O
groups so that they disappear in the IR spectra. Cross-linkers of phosphonates will embedded in the
salt and guarantee a further adhesion. This scenario is likely due to the vibration increase at 1255 cm’

! (phosphonate) and the expansion at 1048 cm™ (phosphate at 1000 cm™) at the SA sample.

Under an alkaline attack, the SA ester and an ester of the polymer can hydrolyse at the anchor groups,

as expressed in the next reactions:

e}

o
R)]\? + |:Na + HO':| R o R)LO- + Na + HO—R1
R’ aq (3A.4)
aq
1
R—0O O Ro o
\//
P—O\1+ |:Na + HO':| - >P//—o' + Na" |+ RLoH
R R aq R (3A.5)

aq
In regard to the water content, the bond strength and the pits, the reaction at the polymeric ester has

to be favoured, the vibrations of the polymeric ester (1034 cm™ and 1112 cm™) distinctively decrease

while the ester of the phosphonate (900-1050 cm?) is stable and protects the substrate.

Note that the results of the alkaline behaviour of the conversion layer also reflect the conditions during
the cataphoretic deposition. At high voltages, a transpassive dissolution of ZrO, under zirconate
formation was not found [16]. The AIMg(Mn) dissolves slightly due to the deposition (see Figure 2.6)
but, in this case, it is protected by the conversion coating. Impressively, the electrochemical stability
of this system is shown by the nearly constant Volta potentials in comparison to the single AIMg(Mn).

Due to this fact, the electrochemical effects can be disregarded in this example.

Moreover, Figure 3A.10 and 3A.11 show the cross sections at the bubbles of the Zr-based conversion
coating with the polymer. All cross sections are given in Appendix A3.6. In general, the IMPs are found
1-2 um deep in the inside of the AIMg(Mn). The IMPs are leached out by deoxidation step during the
pre-treatments. However, this distance alone does not protect the AIMg(Mn) sufficiently. The charge
cloud of the IMPs overcomes it. Further, the top of the bubbles makes a fur-like impression at the Zr-
based conversion layers (B+C) compared to the Ti-based conversion layer (A) and the untreated
AlMg(Mn) (see Figure 3.11/3.14). The organic compounds seem to be flushed out of the Zr-based

conversion layers.
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Fig. 3A.10 FIB cuts at the bubbles of the Zr-based conversion
coating with polymer after the acidic and the alkaline

sub-surface flux

The overview of the acid-base
interactions at the interface of
the E-coat-covered conversion
layers showed that there are
three general modes of action to
protect the aluminium substrate.
The pickling inhibitor buffers the
pH-value at the interface but it
weakens the bonds to the
AlMg(Mn). Alternatively, the
addition of a polymer compound
shows a strong resistance under
the acidic flux whereby its bonds
hydrolyse and loss their adhesion
at alkaline conditions. The self-
assembly has a good
performance in both
environments due to the acidic

precipitation of insoluble salts

and their high amount of anchor groups to the substrate. These results correlate well with the Raman

shifts of the amine groups. However, the mechanisms are chemically driven and balance the interface

activities. The TiO, and the ZrO; have a high electrochemical stability when compared to the AIMg(Mn),

which  might be the
reason why the pH-
activities do not influence
the Volta potential,

significantly.

Fig. 3A.11 Nanoscale of the interface in the cross section of the Zr-based
conversion coating (C) after the acidic sub-surface flux
underneath a bubble; (a) and (b) are different areas.
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3A.4 Conclusion

In this study, the pH-activities underneath the clear E-coat were investigated at the Ti- and Zr-based
conversion coatings with the addition of a pickling inhibitor, a self-assembly (SA) and a polymer at the
AlIMg(Mn). Three different modes protect the substrate and work very efficiently in acidic

environments, while they weaken under alkaline conditions, as illustrated in Figure 3A.12.

S\

A \% Electrolyte
§ (aq) _§ B
E-coat \x E-coat
§§ OH- H,0O OH- H,0
Ti-based |nh|b|lo$ %g‘hibilor - Zr-basgd
conversion = \ " H}'d";‘;?d:"‘g';‘l'"'“'" conversion Zi{HPO,J, x H,0 |
Z o..‘ox o0t Z - - s 7
AlMg(Mn) 4 + +— Al dealloying region AlMg(Mn) _' .'+ . :;—— Al dealloying region
: + Z Z
Al.MnFe ? AlgMnFe
Mg,Si § - .+ Mg,Si Mg,Si + . * Mg;Si
B\ N\ \\\
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Polymer with
OH- H,0 anchorlgroups
/ / / / / l *
® o {:
Zr-based .
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Z +
nFe
Mg,Si + Al + Mg;Si

Fig. 3A.12 Schemes about the actions at the chromate-free conversion layers — A) Ti plus inhibitor, B)
Zr plus self-assembly, C) Zr plus polymer — during the alkaline flux underneath the E-coat.
At the Ti-based conversion coating (A), the inhibitor buffers the interfacial pH-value and reduces the
hydrogen evolution to avoid the further dissolution of the aluminium. This layer is stable against the
electrolyte ingress but it has a weak adhesion to the E-coat. The self-assembly (B) has a good
performance in both environments due to the precipitation of insoluble salts and their high amount of
anchor groups to the substrate. Under acidic and neutral conditions, the conversion coating with the
polymer (C) shows the best corrosion resistance combined with the strongest adhesion. However, the
organic compounds of the conversion layer are permeable for the electrolyte and can hydrolyse during
an alkaline flux. This scenario weakens the conversion layer by flushing the organic compound out of
the layer. Especially, the polymer conversion coating loses its bonds with the E-coat, due to this,

numerous of small bubbles occur across the E-coat.

Although, the bond strength of the amines changes, the Volta potentials are nearly stable at the
conversion layers. The TiO, and ZrO, have an increased electrochemical resistance, due to their larger
passivation range when compared to the AIMg(Mn), and the addition of chemical ingredients to the
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conversion system balances the interfacial pH-value. These reasons seem to avoid the change of the
charging of the metal oxides and the interfacial dipole of the oxide with the polymer, which is why the
Volta potential has no significant merit of information about the interfacial processes at the conversion
layers. However, the results present impressively the protection behaviour of the conversion layers at
the AIMg(Mn) due to the decrease of the potential gradient from 2.5V to 0.2 V, by an interfacial pH-

change from 12 to 2.
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4 Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

4.1 Introduction
The previous studies identified the influence of the E-coat bulk on the interface. For example, the
pigments in the E-coat bulk decrease the velocity of the interfacial ion transport or the pH-activities

uminium oxide are dominated by the flux through the E-coat bulk. These results show the

along the al
direction-driven nature, the so-called anisotropy, of the layer systems for the electrolyte. In general,
the intramolecular conformations of the polymer must be anisotropic in the directions parallel and
normal to the surface, while they must be varied with the distance normal to the surface [1]. Currently,
the water diffusion normal to the interface and the ion transport at the interface are investigated, but
there is no information about the ion and water diffusion/transport in parallel to the interface.
However, the quantification of this characteristic plays a key role in assessing the complete diffusion
processes. Peculiarities of the layer systems such as solvated ions in the E-coat, functional pigments
such as aluminium flakes, which act as diffusion barrier, or polymer-polymer interfaces will impact the

transport paths.

In the actual research, the water sorption and the diffusion in polymer coatings are monitored by
fluorescence [2], nuclear magnetic resonance (NMR) [3] and electrochemical techniques [4-7]. An
overview of further techniques is given elsewhere [8]. The fluorescence techniques are based on
extrinsic molecular rotor probes, whose sense changes in the mobility of the polymer matrix as it is
plasticised by water [2]. Bankh and co-workers [3] imaged the water uptake and the mechanical stress
in multilayer films via the GARfield approach, whereby the magnetic field varies linearly with the
position. Electrochemical approaches use embedded electrodes to detect the water accumulation in
the polymer bulk and in the interlayer [4-7], or various electrolyte holders with electrodes were
mounted at different coating levels for EIS measurements [9]. However, all studies unify the one-
dimensional view of the transport through the polymer; a comparison study of the normal and in plane

water and ion transport is not available, until now.

This chapter highlights the direction-driven nature of single layers and multilayers. Therefore, the E-
coat, a base coat and a clear coat were selected and the impact of the aluminium flakes and the base
coat-clear coat interface have been highlighted as a central theme. The quantitative study is based on
a standard EIS setup with a single electrolyte holder and an EIS setup with two electrolyte holders, in
which the counter and the working electrode are placed in such a way that they can measure the in
plane water diffusion (see Figure 4.2). The results of the in plane water diffusion are compared with
the in plane ion diffusion measured via embedded electrodes in a wet-dry-wet cycle (see Figure 4.3).

Additionally, the Fickian and the non-Fickian approaches are applied while the changes in the glass

-72-



Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

transition, the Deborah number as a degree of elasticity and the stress and strains present are

determined via dynamic-mechanical analyses (DMA).

Ultimately, the results demonstrate the rate-determined diffusion paths through single and the
multilayers and characterise the physicochemical circumstances during the electrolyte ingress. The
study presents the relation between water and the ion diffusion as well as the relation between the
adsorption coefficients of the non-Fickian law and various physicochemical factors and will complete

the total diffusion investigations.
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4.2 Experimental

4.2.1 Sample preparation: coatings and their application

Various HDG steel samples (150 mm x 75 mm/75 mm x 60 mm, Gardabond E HDG, Chemetall GmbH)
were cleaned by soaking them in toluene, acetone and ethanol, followed by submerging them in

Qe /A (AN =/t Al oI L) o)
029/ 1 (LU g/ L, LIEmeELdll 9imnpr) dnu Surri

aikaline clea

PR PN PR PR
1€1 Gdraociedri

for 5 min. Then, the samples were soaked and jetted with distilled water and dried in recirculating air
at 40 °C for 120 min. The pigment E-coats (CP) were deposited at 32 °C and with an initial voltage of
260V (Wachter GLT 400/20), while a HDG steel sheet served as a counter electrode. Coating
thicknesses of 22.7 um+1.3 um were deposited and measured with the PHYNIX® Surfix after hardening
at 180 °C for 20 min. The water-borne base coats (BC/BCs) are acrylic core-shell systems with a grey
pigment paste, in which 90 % of the pigments are smaller than 5.5 pum. As illustrated in Figure 4.1, a
base coat was modified by the addition of silver
dollars and cornflakes as non-leafing pigments with
a quantile Qg of 32.5um, measured via laser
diffraction. The chosen 2-pack clear coat (CC) is
based on a solvent-borne polyester/isocyanate
resin. All coating materials were supplied by Axalta

Coating Systems Germany GmbH, which is why the

structural information about the single layers is

Fig. 4.1 Cross section of the base coat with
silver dollars and cornflakes

additionally given by infrared spectra in Appendix
A4.1. After the viscosity adjustment and the mixing,
the base coats and the clear coat were sprayed on the alkaline-cleaned HDG steel with a SATA LP90
gun in an automatic spraying machine, with flash-offs of 5 min after two cycles. Coating thicknesses of
30.3+1.2 um for the base coat and 28.6+2.9 um for the base coat with Al flakes were reached after an
intermediate curing at 70 °C for 5 min and a final curing at 145 °C for 20 min, measured with the
PHYNIX® Surfix. The clear coat was further sprayed on electrodes (DEA 28800A59. 010-00, Netzsch)

Tab. 4.1 Single and double layers and their thicknesses for normal and in plane diffusion
experiments

Samble Cataphoretic Base Base coat Clear coat Base coat — Base coat plus Al
P Painting coat plus Al flakes Clear coat  flakes — Clear coat
Abbr. CP BC BCs cC BC-CC BCs-CC
1t layer 22.7+1.3 30.3+1.2 28.612.9 52.9+4.1 29.2+2.1 29.9+3.5
2" layer 26.612.0 18.7+1.9
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which were placed at a steel, see Figure 4.3. The thicknesses of the clear coats average 52.9+4.1 um
after the curing at 145 °C for 20 min to cover the electrodes completely. The double layers exhibit base
coat thicknesses of 29 um and clear coat thicknesses of around 23 um after the intermediate curing

and the final curing at 145 °C. All layer thickness are summarised in Table 4.1.
4.2.2 Water diffusion: normal and in plane measurement

All EIS experiments were carried out using a 0.5 M NaCl solution, a Zennium workstation (Zahner-
Elektrik GmbH) and a two-electrode setting [10]. The normal diffusion measurements were done by a
standard EIS setup with a single electrolyte holder and a platinum mesh wire (HMT, Heraeus) as a
counter electrode. The in plane diffusion was measured by an EIS setup with two electrolyte holders,
in which platinum mesh wires were placed as counter and working electrodes. Due to this, the setup
represents the normal water ingress into the polymer and the in plane ingress through the polymer.
The electrolyte reservoirs had a diameter of 40 mm while the distance between the holders amounted

35 mm. Figure 4.2 shows the differences of the setups.

CE

REJ/———\ :J—F T

e
Pt Na*cl- - Pt Na*ci- | Pt
H,0
H,0 H,0
Polyme, v
Il
Na* CI- H,0 H,0 E:> H,0
Polymer Na* CI- <:I * CI
WE _\@_/ y Na*Cl
Metal Metal
Electrolyte
Electrolyte Rg Rg
Rg
Polymer
Polymer
Reoat CCoal
Reoat
Metal ! - —

Metal

Fig. 4.2 Normal and in plane EIS setups and their circuits to calculate the water diffusion rates

Similar to the EIS investigations in Chapter 2, the runs started at a frequency of 1 kHz, were continued
up to 100 kHz and returned to 100 mHz with 10 points per decade. The first course from 1 kHz to
100 mHz served only as a transient oscillation to avoid artefacts in the fitting region and was later
disregarded in the evaluation. Three runs per sample were started every 4 min, with each run lasting
up to 72 h. The working electrodes were perturbed with an amplitude of 20 mV and coupled on the
initial open circuit potential of the metal in the electrolyte [11]. The spectra of the normal and the in
plane direction were fitted between 10-100 kHz by Randles circuit [12], containing the coating
resistance, Reoat, parallel to the capacitance, Ceoat, and an electrolyte resistance, Re, in series. This
treatment is additionally useful for the in plane spectra, because the two resistances of the electrolyte
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reservoirs can be added together. Finally, the ideal Fickian and the non-Fickian approach were applied.
The details about the approaches and the standards for the data treatment were already presented in

sections 2.3 and 2.4.2. All samples were measured three times.

4.2.3 lon diffusion: in plane measurement with embedded electrodes

As mentioned during the sample preparation, comb electrodes as counter electrodes and the working
electrode (DEA 28800A59.010-00, Netzsch) were covered by a 52.9+4.1 um thick clear coat. Then,
electrolyte reservoirs were placed at the end of the electrodes at the top of the clear coat to initialise
the ion ingress, as illustrated in Figure 4.3. The distance between the single electrodes amounts around
80 um, while the distance between the last electrode of the comb and the working electrode amounts
around 500 um, with an accuracy of £10 um. The EIS measurement was directly started after the
addition of 0.5 M NaCl solution to the reservoirs, under standard atmosphere conditions. The spectra
were recorded from 100 kHz to 100 mHz, starting at 1 kHz, while the return from 100 kHz to 100 mHz
was used for the examination. The runs were repeated every 4 min until the end of the experiment.
CE
e
0.5 M NaCl , / 0.5 M NaCl
Resenvoi y 4 Reservoir

WE

Polymer

Electrolyte ‘

Polymer Wion, Ccoat
Re, =
Electrod Electrode
RCoa(

|y
1T
Fig. 4.3 In plane EIS setup and the applied circuit for the calculation of the ion diffusion rates

This setup is comparable to the in plane setup with the two electrode holders. First, the electrolyte has
to find its way into the polymer and when the ions reach the electrodes, the transport in the polymer
and parallel to the interface is measurable. The examination of the results was done by a Randles

circuit with a Warburg element.
4.2.4 Dynamic-mechanical analyses of free films

Several free films were measured with the dynamic-mechanical analyser Q800 of TA Instruments and

a tension clamp. The base coats were coated with a doctor knife of 250 um on a glass plate and were
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cured at 70 °C for 5 min and at 145 °C for 20 min. The clear coats were sprayed on a sheet in the same
manner as described in 4.2.1 for the HDG steel. Thicknesses of 90 um were reached after the curing.
For the double layer, the base coats were coated again with the doctor knife (250 um) on a glass plate,
were cured at 70 °C for 5 min and coated with the clear coat and a doctor knife of 500 um and were
finished after a curing at 145 °C for 20 min. The dry samples were directly peeled off the sheets and
the glass plates, while the wet samples were first stored in 0.5 M NaCl solution before they were peeled
off. Then, the films were cut to a size of 10-15 mm x 13 mm and measured with an amplitude of 20 um
(f=1 Hz) and an initial load of 0.01 N with a constant force track of 125 %. The temperature program

was divided into eight steps:

(1) 5°C/min gradientto 0 °C (5) 1°C/min gradientto 0 °C
(2) 3 minisothermat0 °C (6) 3 minisothermat 0 °C

(3) 1 °C/min gradient to 125 °C (7) 1°C/min gradientto 125 °C
(4) 3 minisotherm at 125 °C (8) 3 minisotherm at 125 °C

The films of the single layers were heated from 0 °C to 125 °C (1-4) while the films of the double layers
were heated from 0 °C to 125 °C followed by a cooling down to 0 °C and a second heating up to 125 °C

(1-8). Two measurements per sample were done as a repeat determination.
4.2.5 Attendant analyses

The IR spectra of the base coats and the clear coat were measured via the Bruker Vector in attenuated

total reflection between 500 and 4000 cm™ (100 scans), with a resolution of 4 cm™.

The multi-angle spectrophotometry was carried out with a Byk-mac (Byk-Gardner GmbH) at the base
coat and the base coat-clear coat on glass plates, which were prepared as described in the previous

section 4.2.4. The data were averaged of three different spots on the samples.
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4.3 Theory — Deborah number as a degree of elasticity

According to the law of conversion of energy, temperature effects on elasticity are given in the

following equation:

&), =7G),, 7)., (44)
with the length |, the temperature T, the constant tensile force f, the energy U and the entropy S. The
first term expresses the energy elasticity and the second term represents the entropy elasticity, while
volume changes dV have to be very small at constant pressure. This thermodynamic relation can be
displayed by dynamic-mechanical analyses [13-14]. If stress is introduced to a polymeric film by a
temperature gradient, the film will be expanded or compressed and the length of the film will change.
Exemplarily, Figure 4.4 shows the stress and the length behaviour of a clear coat during a temperature

increase with time.

| Retarded Elastic Strain Dashpot

= 1.97 MPa
12

| =11.7 mm
ax

m

Stress o / MPa
Length I/ mm

- 11
tege,= 44.3 Min \x Retarded Elastic Recovery

0
t=57.0 min
R 1 R 1 L. 1 R I R
0 25 50 75 100 125
Time t/ min

Fig. 4.4 Example: stress relaxation on free films illustrated by the stress and length behaviour of a clear
coat during a temperature increase with time

Based on the four parameter model, the following analogies may be drawn [13]:

e Energy elasticity represents the elastic straining of bond angles and lengths. All bonds in
polymer chains have equilibrium angles and lengths. The deformation involves interatomic
bonds, which occur essentially from a macroscopic point of view.

e The dashpot represents the resistance of the polymer chains to uncoiling and coiling, caused
by temporary mechanical entanglements of the chains and molecular friction during these

processes.
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e The area of entropy elasticity represents the restoring force brought about by the thermal
agitation of the chain segments, which tend to return chains oriented by stress to their

random, or highest entropy, configuration.

Generally, the dashpot is described by the maximum of the tan delta [13]. This method is suitable for
the pure system. However, the water content in the polymer shifts the maximum of the tan delta curve
to higher values when the glass transition point Ty is lower than 100 °C. The water evaporates on
account of temperature increase during a typically dynamic-mechanical analysis. Therefore, the length

is more suitable as a temperature-independent parameter to indicate the dashpot of samples.

Moreover, the Deborah number (De) is strictly defined as the ratio of the time scale of the material

response to the time scale of the measurement process or in other words [13-14]:

time of relaxation
De = f

time of observation

(4.5)

When the time of relaxation expresses the
time of observation (De=1), the material o0
shows viscoelastic behaviour. If the
relaxation time is lower than the time of

observation (De<<1), the material will be

Loss Modulus / MPa

viscous, and in the case, where the 10 —dry

- 11d

relaxation time is higher (De>>1), the .. 184

material will be elastic. However, the 10 100 1000

. . . . Storage Modulus / MPa
concept of a single relaxation time applies to

Fig. 4.5 Wicket plot of 90 um thick clear coat films
with various times of salt water uptake
applicable to real materials [13-14]. Figure (0.5 M Nacl)

first-order response and thus is not

4.5 illustrates the behaviour of clear coat films with various times of salt water uptake in a Wicket plot.
The loss modulus against the storage modulus has to form an ideal semicircle when the clear coat films
give a first-order response. However, the response of the clear coats show wide and misshapen
semicircles. Nevertheless, the characteristic time for any material can be defined as the time required
for the material to reach 1-1/e or 63.2 % of its ultimate retarded elastic response to a step change [14].
This empirical approach can be transferred to the example in Figure 4.4. The ultimate retarded elastic
response is equal to the maximal stress (omax=3.12 MPa) and the approximate time of relaxation is
44.3 min at a stress of 1.97 MPa (=63.2 % of omax). The time of observation is given by the maximal
change of the length. As a result, the clear coat film has a Deborah number of 0.78, which expresses a

viscous behaviour.
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4.4 Results and discussion
This chapter characterises the rate-determined transport paths of water in the substrate-containing E-
coat, a base coat with and without Al flakes and a clear coat. Moreover, the in plane diffusion of water
is compared with the in plane ion diffusion in a wet-dry-wet cycle and the role of the base coat-clear
coat interface is highlighted during the salt water ingress. For the interpretation of the data, the ideal
Fickian circumstances are assessed by the changes in the effect finish, the glass transition, the Deborah
number as a degree of elasticity and the stress and strains present. Thereupon, the adsorption
coefficients SC of the non-Fickian law are related to various parameters to estimate the

physicochemical expressiveness of this coefficient.
4.4.1 Direction-driven water diffusion at various single layers

Previously, the transport investigations of Chapter 2 and 3 indicate an influence of the in plane flux
through the E-coat bulk on the metal interface. Next, the dominance of the normal to the in plane
water diffusion through various single layers —the pigment E-coat, the base coat with/without Al flakes
and the clear coat — is identified via the normal and the in plane EIS setups. The peculiarities of the

layers are pointed out and are related to their anisotropic behaviour and their degree of plasticising.

The anisotropic characteristic of the single layers were analysed during the ingress of the 0.5 M NaCl
solution up to 72 h. All normal and in plane EIS results are summarised in the Bode diagrams in Figure
4.6. The diffusion parameters and the water contents are displayed in Figure 4.7, while Appendix A4.2

provides the corresponding Nyquist diagrams and the fitting data.

4.4.1.1 Pigment E-coat

The Bode plot of the 23 um thick and pigment E-coat (1) shows nearly ideal capacitive behaviour with
a linear impedance up to 2.1E8 Q and phase angles of -90 ° with decreases to -38 ° lower than 1 Hz
during the normal electrolyte ingress (1A). More dominant degradation signs of the E-coat are visible
in the in plane direction (1B) starting at 10 Hz with an impedance abatement from 2.8E8 Q to 3.1E7 Q
as well as the phase angle decrease from -90 ° to -7.4 °. The slightly decreased BK water content
support the in plane trend with values between 3.0 wt% and 1.2 wt% compared to the normal values
in a range between 3.8 wt% and 1.1 wt%. The normal and the in plane diffusion coefficients calculated
via the ideal Fickian law overlap at around 1.4 E-13 m?/s, while the non-Fickian values overlap around
2.5 E-13 m?/s. However, the normal adsorption coefficient is strongly negative with up to -0.05 1/min

compared to 0.002 1/min for the in plane direction.
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Fig. 4.6 Bode plots of the E-coat (1), the base coat (2), the base coat with Al flakes (3) and the clear
coat (4) at HDG steel during the electrolyte ingress up to 70 h measured in normal (A) and
in plane direction (B), frequency range: 10 kHz to 100 mHz, start: OCP, amplitude: 20 mV
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Fig. 4.7 Fickian and non-Fickian diffusion coefficients with the adsorption coefficient SC and the BK
water content for the E-coat (CP), the base coat (BC), the base coat with Al flakes (BCs) and
the clear coat (CC) in normal (white) and in plane direction (dashed) of the water transport
corresponding to Figure 4.6

Previous results of Chapter 2 prove a non-Fickian behaviour of the pigment E-coat and solvated
substrate ions in the E-coat due to a transpassive dissolution, while an increased substrate content
decreases the normal water diffusion coefficient and the interfacial ion transport. The new results
show ideal Fickian behaviour during the in plane ingress due to the hovering of the adsorption
coefficient around zero but a strongly negative deviation of the ideal Fickian law during normal ingress.

Consequently, it has to be assumed that the non-Fickian deviations are rooted in the normal direction.

During the transpassive dissolution of steel, various scenarios are possible in which hydrated ions
and/or complex ions will be formed. Possible scenarios are illustrated in Figure 4.8. According to
Elmore [15], the gradient of the ion concentration between the valleys and peaks/mountains of the
substrate surface causes a diffusion of the substrate ions through the Nernst double layer and this
causes a levelling of the peaks at the substrate surface (a). Additionally, Lewis bases such as amines
from the bulk can form complexes with the substrate ions, which cause a mass control at the double
layer [16]. If a diffusion- and a mass-controlled transport is existent, then micro-roughness will be

embedded like electropolishing with a high gloss (b) [17].
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Fig. 4.8 Possible scenarios during the cataphoretic deposition on steel: a) Diffusion-controlled
dissolution, b) Diffusion- and mass-controlled dissolution, c.) Fe as a catalyst to increase the
cross-linking and the integration of Fe-complexes in the E-coat matrix

Furthermore, some ions such as iron or cobalt can act as a catalyst and increase the cross-linking of
the E-coat, especially at the interface (c). The alkaline metal ions can form polyoxometalates via olation
or oxolation and template complexes with the saturated amines [18] and/or the triphenylphosphine
(E-coat catalyst) [19] as ligands to change the E-coat distribution in favour of specific macrocyclic
compounds. Interestingly, the pigment paste of the E-coat bath contains triphenylphosphine [20] as
well, while the pigment E-coat was eye-catching due to the five times lower sub-surface flux compared
to that of the clear E-coat, see section 2.4.4.1. In addition, it has to be assumed that a higher
concentration of the ligand will support the cross-linking. A levelling due to the deposition or/and an
increase of the cross-linking improves the corrosion protection of the E-coat. Metal complexes in the
polymeric network will have advantages and disadvantages. While metal complexes tend to various
colours and dye the coating, an enrichment of substrate ions at the interface decreases the driving
force of the interfacial ion migration. The ion concentration of the bulk aligns with the metal substrate,
the potential gap decreases and the interfacial ion velocity decreases with the increase of the substrate
content in the coating, as verified at the E-coat/steel interface in section 2.4.4.3. Williams and co-
workers [21] additionally prove a significant decrease of the sub-surface flux at the zinc interface due
to embedded zinc particles. Intelligent developments of surface treatments or E-coats can use this
effect by a specific dissolution of active species at the surface or in the substrate during the deposition
and/or the curing procedure. However, with the exception of the interface, no significant anisotropy

is reflected in the diffusion data through the E-coat on HDG steel.
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4.4.1.2 Base coat without Al flakes

The Bode plots of the 30 um thick base coat without Al flakes (2) show nearly the same curves with a
resistance behaviour at low frequencies and a capacitor behaviour at higher frequencies for the normal
(2A) and the in plane direction (2B). The impedance reaches values of 5.4E6 Q at 100 mHz. Slight
differences are obvious at the impedance resistance, which ranges up to 4 Hz for the normal and to
10 Hz for the in plane ingress. The phase angles decrease from around to 85 ° to -2 ° (normal) and -7 °
(in plane) during the change of the capacitive to the resistant course. The BK water content amounts
7.9-5.1 wt% while the results of the normal measurements tend to higher water contents than the
results of the in plane measurements. This tendency is reflected in the ideal diffusion coefficients with
values of around 1.3E-12 m?/s, too. However, the normal non-Fickian diffusion coefficient is
significantly higher with 1.7E-12 m?/s than the in plane one at 6.7E-13 m?%/s. The adsorption

coefficients are nearly equal
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consuming, especially as a repeat determination, which is why the chosen procedure only allows a
vague assessment of the glass transition points at the base coat systems. The dry base coat shows a

maximum tan delta of around 5 °C, while the maximum shifts to 20 °C after 12/19 days of soaking.

Typically, the main binder of the base coat dries physically at low temperatures, while another part of
the binder initiates the plasticising of the physically dried binder and further cross-linking [20].
Therefore, core-shell dispersions are used with a high inner glass transition temperature of the acrylic
resin of around 20 °C [3] and an low outer glass transition temperature of the polyurethane of around
0 °C[3]. As a result, the base coat is viscoelastic and has a low glass transition temperature of 5 °C (T,
coat), Which is necessary to ensure a planar orientation of the Al flakes. The salt water uptake causes an
increase in the glass transition temperature to 20 °C. In general, it would be expected that water acts
as a plasticiser and the glass transition temperature of the base coat shifts to a glassy state as it is often
reported for thermal ageing. However, the increase of the glass transition temperature can be

understood comprehensible when one uses the Fox equation [22]:

1 w, w
= = Coat + Water (46)
Tg TgCoat Tg Water

This equation based on the theory of interstitial free volumes and occupied volumes in the polymer
[23] and assumes that contributions of the components are additive [22]. The glass transition point of
water amounts to -134 °C to -138 °C (Tg water) Using differentially thermal analyses and other methods
[24-25]. Assuming a water content of 5 wt% (Wwater), the glass transition temperature of the soaked
base coat film would achieve an increase from 5.0 °C to 5.3 °C, which conforms to the measured trend.
Moreover, the water will evaporate on account of the temperature increase and will shift the tan delta
to higher values. A decrease in the glass transition temperature of the base coat has to be present in
the absence of water. Due to the high degree of viscoelasticity and the pigments, a non-Fickian
behaviour has to be concluded, in which the normal water diffusion of the base coat is faster than the
in plane water diffusion. One self-evident reason for the anisotropy seems to be the evaporation of
the solvent during the curing procedures, result in pores that act as the entrance point for the

electrolyte.

4.4.1.3 Base coat with Al flakes

The 29 um thick base coat with Al flakes (3) shows a conspicuous picture in its normal (3A) and in plane
Bode diagrams (3B, Figure 4.6). The curves are characterised by a resistance at low frequencies and a
capacitor at higher frequencies. The transitions from the resistance to the capacitor are equal to the
pure base coat at 4 Hz in the normal direction and at 10 Hz in the in plane direction. However,

impedances are higher with values of 4.2E7 Q (normal) and 2.3E7 Q (in plane) compared to the base
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coat without Al flakes (5.4E6 Q for both) at 100 mHz. Conversely, the water content is slightly
increased from the normal to the in plane ingress and is generally higher compared to base coat
without Al flakes. Interestingly, the diffusion results reflect impressively the consistency of the in plane
diffusion data visualised by equal Fickian and non-Fickian diffusion coefficients for the in plane water
uptake. Furthermore, the normal diffusion coefficients of the base coat with the Al flakes are always
decreased in comparison to the in plane diffusion coefficients. With regard to the viscoelasticity, the
storage moduli increase from the dry state, 12 days to 23 days of soaking up to 1750 MPa, while the
dash pot, tan delta, decreases with a shift to increased glass transition temperatures from approx.
16 °Cto 23 °C. Additionally, residual water is found in the IR-ATR spectra at 3200-3600 cm™ after having

been heated up to 125 °C (see Figure 4.10 bottom).
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Fig. 4.10 IR-ATR spectra of the base coat with Al flakes (BCs) in the dry state, after 45 h and 116 h of
salt water uptake (top) and in the dry and wet state after the first heating up to 125 °C
(bottom), spectral resolution: 4 cm™
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Fig. 4.11 Results of the multi-angle spectrophotometry of the base coat with Al flakes in a dry state,
after 50 h and 158 h of salt water uptake.

The influence of the salt water ingress on the effect finish is determined by IR-ATR spectroscopy and
multi-angle spectrophotometry on the dry sample and after 45 h and 185 h of salt water ingress. The
results are displayed in the top diagram of Figure 4.10 and Figure 4.11. Additional material is given in
Figure A4.3.1 of the appendix. The IR-ATR spectra show increased water vibrations in the wet states,
as anticipated, but the water vibration exhibits two amplitudes at 3367 cm™ and 3497 cm™. The results
of the multi-angle spectrometry show a constant brightness L* and a nearly constant blue-yellow axis
b* while the green-red axis a* slightly shifts towards the red. The decrease of the sparkle area at 15 °

and 75 ° is more prominent compared to the colour changes.

When the Al flakes come into contact with water, acid or alkaline media, they will be attacked and
dissolved under hydrogen evolution [26, 27]. Inorganic or organic compounds should protect the Al
flakes like phosphoric ester, chromate and phosphate conversion layers by a good corrosion resistance
and an interlacing to the binder [20]. Nonetheless, the flakes are a weakness in the coating and are
able to bound water due to their high polarity. The IR spectra already point to bound (3367 cm™) and
free water (3497 cm®). As a result, the water content increases compared to the base coat without the
Al flakes. The higher brittleness due to the addition of the Al flakes causes a shift to a more rubbery-
like state expressed in increased glass transition temperatures. Additionally, the plate-like shape of the
Al flakes oriented parallel to the substrate forms itself a diffusion barrier in the inner base coat, while
the decreased sparkle area points to a disorientation of these diffusion barriers with time. The free

length of path increases in the normal direction which is why the in plane water diffusion is four times
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faster than the normal water diffusion — assuming non-Fickian conditions based on the viscoelasticity,
the high water content and the pigment content. The differences rendered conspicuous by the
comparison of both base coats and their normal water diffusion coefficients. Here, the water diffusion

of the pure base coat is ten times faster than the water diffusion with Al flakes.

4.4.1.4 Clear coat

The normal (4A) and the in plane Bode plots (4B) of the 53 thick clear coat in Figure 4.6 illustrate ideally
capacitive behaviour across the total range of the frequency. At 100 mHz, the highest impedances
were detected with 8E8 Q (normal) and 8.4E8 Q (in plane) of the complete study of the single layers.
Meanderings are obvious for both directions in phase angle decreases at low frequencies, while these
slight degradation signs are more prominent at the normal distance. The clear coat contains up to
3.3 wt% water. The normal and the in plane diffusion coefficients overlap when using the Fickian and
the non-Fickian approach, while the normal adsorption coefficient SC tends towards more negative
deviations as the in plane coefficient. Figure 4.9 (bottom) shows the results of the dynamic-mechanical
analyses in the dry state, after 11 days and 18 days of salt water uptake. The clear coat shows a classic
curve progression during the temperature scans. A little step of the storage moduli at around 16 °C
indicates the B-transition which smears over at the wet clear coats. With continuous heating, the
storage modulus rapidly decreases, whereby the slope of the wet samples are more flattened
compared to the dry samples. Conversely, the loss modulus increases faster at the wet samples until
the glass transition is reached. The tan delta shifts from 68.5 °C to approx. 74 °C, whereupon the value
of the tan delta decrease due to the salt water uptake. No residual water is found after this heating,

see Figure A4.2.2.

The intention of the clear coat is to protect against the influences of weather and mechanical wear and
tear and this is reflected in the results, too. The high resistance to dammed-up water is supported by
the high impedances at 100 mHz and the ideally capacitive behaviour. The curing of the clear coat at
145 °C reduces the water content compared with the physically dried base coats [28], while curing
above the dry glass transition temperature (Tg(CC)~68 °C) generally causes the increased adhesion of
the clear coat [29]. Additionally, no anisotropy is confirmed by the diffusion data. This result will be
rooted in the high flexibility and the excellent intercoat adhesion of the clear coat which is necessary
to reduce the damage caused by chippings. The toughness [30] which is empirically expressed by the
storage modulus of the B-transition (< 16 °C) changes insignificantly due to the salt water. Moreover,
there are three techniques to determine the glass transition point — using the maximum of the tan
delta curve, the maximum of the loss modulus or the intersection of the tangents of the storage

modulus — with three different results for the clear coat. The glass transition temperature increases by
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the tan delta, whereby it is nearly stable with the loss modulus and it slightly decreases via the tangents
of the storage modulus. As a result, it has to be assumed that the clear coat does not plasticise
significantly after 18 days of soaking and the Fickian and the non-Fickian law have to be equally

applicable to the isotropic water diffusion.

4.4.1.5 Relation between the adsorption coefficient SC and the physiochemical parameters

FPLION LOCTIILICTIL oL aflu Liic i y=21oLieinical paratricicio

For the assessment of the physicochemical expressiveness of the adsorption coefficients SC, the
maximal stress, the length and the tan delta were extracted and the changes in these parameters from
the dry state to the state of the longest salt water uptake were determined. Figure 4.12 presents the
results, while the raw data are attached in Table A4.2.5. Note that the dynamic-mechanical analysis
with the tension clamp used only provides a one-dimensional view of the stress and the length of the
film — given a supported film, it will be the in plane direction. Regardless, the means of the in plane
and the normal adsorption coefficients SC are correlated with the other parameters. The adsorption
coefficients of the base coat and the clear coat show negative deviations of the ideal Fickian law with
-0.009 1/min (BC both) and -0.006/-0.011 1/min (CC in plane/normal) while the base coat with the Al
flakes deviates more positively from the law with 0.009/-0.002 1/min (BCs in plane/normal). The length
decreases at the base coat with Al flakes and the clear coat, but the length increases at the pure base
coat due to the salt water uptake. Interestingly, the changes in the tan delta tend to the SC-order of
the single layers. The tan delta decreases by the water ingress. The smallest change of the tan delta is
displayed in the base coat with Al flakes followed by the base coat and the clear coat. This layer order

is further found in the BK water contents, as presented in Figure 4.7. However, the stress confirms the
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Fig. 4.12 Relation between the adsorption coefficients SC and the changes in the maximal stress,
tan delta and length from the dry state to the longest salt water uptake for the base coat
(BC), the base coat with Al flakes and the clear coat films (CC)
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converse trend, whereupon the stress at the base coat with Al flakes is three times and the pure base

coat two-and-a-half times higher compared to the clear coat.

Regardless of the binder types, the main difference between the three coatings is the degree of
pigmentation. The clear coat can act in a flexible manner. It can freely expanse/strain which is why the
internal stress is strongly reduced compared the base coats. In the base coat, the water transport and
the expansion are hindered by the colour particles. Stress occurs in the layer. The addition of the plate-
like Al flakes strengthens the internal stress, as illustrated in Figure 4.13. However, the dominance of
stress and strain depends on the amount of water, which further depends on the binder system.
Conversely, the tan delta as a quotient of the loss modulus and the storage modulus expresses the
abatement of water in the layer due to heating. Due to this, the BK water amount conversely acts to
the tan delta. As a result, the adsorption coefficients represent the trend to stress and stored water in

the investigated layer.

Note that this conclusion is representative for the results at hand. However, the water content and the
kinetic data were determined at supported coatings (on HDG steel), while the viscoelasticity, the stress
and the strain were measured at free films. These films were cured and soaked in salt water on a glass
plate or sheet to avoid changes in solvent evaporations, boundary conditions or the promotion of
selective crystallisation in the layer. Nonetheless, stress and strain will change on a supported coating
due to the interfacial bonds. Thus, these results only reflect the general trend of the coating system

disregarding the metal interface.
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4.4.1.6 Conclusion of single layers

The E-coats show neither a plasticising nor an anisotropy through the layer during the salt water

uptake. However, the interfacial activities are prominent while the substrate ions can have the

potential to increase the cross-linking at the interface due to their dissolution during deposition.

Conversely, the base coats react via plasticising and anisotropy. The coloured base coat has a faster

normal diffusion, which is rooted in its opened pores that act as an entrance for the salt water. The

addition of the Al flakes blocks normal diffusion, while the normal diffusion is then ten times slower

compared the base coat without
the Al flakes. At the clear coat,
no significant plasticising is
proven which is why the Fickian
and the non-Fickian laws are
equally suitable for the isotropic
diffusion present. Moreover,
the adsorption coefficients tend
torelate to the stored water and
the stress present of the layer
system, whereby the stress at
the base coat with Al flakes is
three times and the base coat
two-and-a-half times higher

compared with the clear coat.

a.) Coloured Base coat b.) Base coat plus flakes

HDG Steel HDG Steel

c.) Coloured Base coat plus flakes d.) Clear coat

HDG Steel HDG Steel

Fig. 4.13 Transport models of the investigated single layers during
the salt water uptake
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4.4.2 In plane ion diffusion in a wet-dry-wet cycle

The previous section focuses on water diffusion but corrosion and de-adhesion are additionally
promoted by ions such as chlorides or sulphates. Therefore, the in plane diffusion of water is compared

with the in plane ion diffusion at the 53 um thick clear coat in a wet-dry-wet cycle via embedded

electrodes.
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Fig. 4.15 Nyquist and Bode plots of the in plane measurement via embedded electrodes; I) after the
1t addition of 0.5 M NaCl solution, Il) during the dry section, llI) after the 2"¢ addition of 0.5 M
NaCl solution; frequency range: 10 kHz to 100 mHz, start: OCP, amplitude: 20 mV

Figure 4.15 presents the Nyquist and Bode plots after the first addition of 0.5 M NaCl solution (1), during
the dry section (ll) and after the second addition of the NaCl solution (lll). In the first wet section (I),
the Nyquist diagrams were displayed by growing and decreasing semi-circles with linear slopes in an
imaginary dimension up to -0.4 MQ and a real extent up to 1.2 MQ. The Bode diagrams show a large
resistive range of around 1 MQ up to 5 kHz, followed by a capacitive descent. At low frequencies, the
phase angles indicate irregularities in range lower than -32 °, while the phase angles continues with an
increase up to -80 °, accompanied by a small step at around 1-10 kHz. During the dry section (Il), the
Nyquist diagrams exhibit inductances up to imaginary -75 MQ and real 1.5 MQ and the Bode diagrams
are characterised by an ideal capacitor with phase angles of -90 ° and a linear impedance course up to

10 GQ. In the second wet section (lIl), the Nyquist diagrams show growing and decreasing semi-circles
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with linear slopes similar to those observed during the first wetting. However, the impedances
significantly decrease to imaginary -0.08 MQ and to real 0.25 MQ. The Bode diagrams have large
resistance areas with capacitive slopes and resistive plateaus at intermediate frequencies and the

phase responses are minimally displayed by two time constants with a maximal phase angle of -70 °.

The observed semi-circles characterise a kinetic control due to the formation of a double layer which
indicates that water reaches the embedded electrodes in the first and the second wet sections. Note
that if the semi-circles are caused by the E-coat, they would have been found in the dry section. More
than a single semi-circle leads to the assumption that kinetic processes/charge transfers overlap with
individual time constants — for example, as a result of the achievement of the next single comb
electrode. This case is very plainly observed during the second wetting. Each of these semi-circles is
presentable by an RC element in the circuit. Additionally, a diffusion of an ion species exhibits a linear
slope with an angle of -45 ° as found in the Nyquist diagrams. This Warburg impedance is small at
higher frequencies, because the ion species has to move a small pathway, while the Warburg
impedance increases with the decreasing of the frequency due to the longer pathway. However, the
calculation of the ion diffusion by the Warburg element will be manipulated because the linear slopes
sometimes deviate from -45 °. Conversely, the dry section can be easily assessed by isolative properties

due to the inductances and the high resistances.
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Fig. 4.16 Capacitance at 10 kHz during the in plane measurement with embedded electrodes in a wet-

dry-wet cycle, addition of 0.5 M NaCl at t=0 min and t=1516 min, At; and Ats indicate the
time spans with linear slopes in the Nyquist diagrams.
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An impression of the time line of the experiment is given by Figure 4.16 which presents the
development of the capacitance at 10 kHz. The diagram shows four stages of the capacitance. After
the first addition of the 0.5 M NaCl solution, the capacitance rapidly increases and levels off at approx.
5E-10 F up to 788 min while linear slopes in the Nyquist diagrams occur after 78 min until the end of
this stage. Then, the capacitance decreases to 2.7E-10 F for a while. This stage is dominated by the
inductance and is defined as the dry section. Next, the reservoirs were filled again with 0.5 M NaCl
solution for around 1510 min. Thereupon, the capacitance increases very fast to a magnitude of 9.6E-
9F (at 1516 min), then, the capacitance continually falls down to 1.6E-9 F in 738 min before it

completely reduces to 2.7E-10 F and stabilises there.

Numerous studies [31-32] assume that the coating capacitance is negligibly affected by accompanying
processes at and above 10 kHz and it is dominated by the water uptake. As a result, the water
saturation has to be reached very quickly, while the ion diffusion occurs around 78 min later than the
water transport during the first wet section. After the second addition of the 0.5 M NaCl solution, the
water transport and the ion diffusion are similarly observed. The high initial capacitance of 9.6E-9 F
suggests that the water content in the clear coat is significantly higher than that of the first wet section,

but it decreases with time until the sample is dried again.

By means of the Nyquist and Bode plots (Figure 4.15), the difficulties in determining the ion diffusion
coefficients become apparent. When the water achieves the next electrode with time, a new RC
element has to be considered. Moreover, the linear slopes of the Nyquist diagram sometimes differ
from -45 °, which is why the ion diffusion determination will be manipulated via the slope deviations.
Therefore, an analytical approach was followed based on the Warburg element in which the equation
(4.7) [33, 34] has to be fulfilled:

2
RT 1 aImz R
ReZ = Rg; + Rcoar — (m (E)) Ccoat at SRez tan(—45°) = —1 (4.7)

As already mentioned, the ion diffusion is defined by a linear slope of -45 ° in the Nyquist plot due to
this, all events were selected in which the first derivation accounts for -1. The sum of the electrolyte
resistance Rg and the coating resistance Rcoat is given by the impedance at low frequencies (100 mHz)
[34], while the coating capacitance Ccoat is represented at 10 kHz [31-32]. Additionally, the equation is
completed by the universal gas constant (R=8.31451 JK'mol?), the temperature (T=298.15 K), the
number of molar electron transfers (z=1), the Faraday constant (F=96485.3329 C), the electrolyte

concentration (co=0.5 molL?) and the area (A=80.1 um x 2000 pm=1.6E-7 m?3).
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Figure 4.17 presents the results
in which the time domains

express all events in the time
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In plane ion diffusion coefficients of the clear coat during
the first wetting (1) and the second wetting (Ill) analytically
calculated via the Warburg element.

Compared to the in plane water diffusion results in the section 4.3.1, water is a potency faster than

the solvated ions during the first wetting. At the beginning of the second wetting, the diffusion

coefficients nearly equalise, while the ion diffusion is then two potencies slower than water. It has to

be concluded that the ionic transport pathways are introduced by the action of water during

immersion [35]. Alkaline hydrolysis reactions, leaching out of unreacted material or else cause a

damage in the polymer matrix [35-37].

traversing the film [35], which are the
transport pathways for the ions, as
illustrated in Figure 4.18. When the
ions completely conquer the channels
of the first wetting, new channels have
to be formed by water. As a result, the
ion transport is blocked until new
channels are developed by water.
Additionally, it is discussed that cations
contribute to the polymer degradation
by inducing localised morphological
changes via ion exchange reactions or
mass actions [38, 39]. The findings are

further supported by an EIS/UV-vis

These local failures gradually form hydrophilic channels
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Fig. 4.18 In plane water and ion diffusion model in a wet-

dry-wet cycle: a.) First wetting, b.) Second
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study at acrylic dispersions [40] and a study in which pure water is faster compared to salt water by a

normal uptake through a clear coat [41].

Briefly, an initial salt water uptake leads to a fast saturation of the clear coat, while the ions diffuse a
potency behind the water. After a drying section followed by a next initiation of salt water, the ions
diffuse faster and in a way that is comparable to water due to the water-induced damage caused by
the first wetting. However, later on, the ions are blocked around two potencies because new

hydrophilic channels through the clear coat have to be formed by water.
4.4.3 Direction-driven transport at polymer-polymer interfaces

The base coat and the clear coat are completely different systems with regard to their plasticising and
their anisotropic behaviour during the salt water ingress. At the auto bodies, the clear coat has to
protect the base coat, whereby they were applied wet in wet to avoid any intermediate curing. Due to
this, the double layers of the base coat and the clear coat have to fulfil strict requirements, which is

why this section focuses on the characteristic of this double layer with and without Al flakes.

4.4.3.1 Normal and in plane water diffusion

The rate-determined transport pathway of water through the double layers, base coat — clear coat (BC-
CC) and base coat with Al flakes — clear coat (BCs-CC), should be assessed by the results via the normal
and the in plane EIS measurements during the ingress of the 0.5 M NaCl solution up to 72 h. Therefore,
the Bode diagrams are given in Figure 4.19, which is supported by Figure 4.20 with the diffusion and

water data, while Appendix A4.3 presents the corresponding Nyquist diagrams and the raw fitting data.

In general, the Bode plots negligibly differ from each other. They show ideally capacitive behaviour up
to the GQ-range and phase angles between -80 ° and -90 °. Slight variations become obvious by a look
at the impedance at 100 kQ, whereby the normal impedances (A) are always lower than the in plane
impedance (B). The Nyquist plots display no classic circuit elements due to the overlapping of various
time constants, especially at the double layer with the Al flakes. A more distinct picture of the results
is provided by Figure 4.17. According to the ideal Fickian approach, the double layer shows an
anisotropy with a dominating normal diffusion of 5.4E-12 m?/s. Due to the addition of Al flakes, the
trend to an increased normal diffusion is also exhibited, but the normal and the in plane diffusion
coefficients overlap in a small range. By using the non-Fickian approach, the results are converse. The

diffusion coefficients of the pure double layer are comparable at around 2.1E-13 m?/s, while the Al
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Fig. 4.19 Bode plots of the double layers: base coat — clear coat (2-4) and base coat with Al flakes —
clear coat (3-4) during the electrolyte ingress up to 70 h measured in normal (A) and in plane
direction (B), frequency range: 10 kHz to 100 mHz, start: OCP, amplitude: 20 mV
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flakes cause a significant dominance of the normal diffusion with 7.5E-12 m?/s to the in plane diffusion
with 2.1E-13 m?/s. The corresponding adsorption coefficients show a tendency to negative deviations
which is especially distinct in the in plane direction. The water content is decreased with values around
2.85 wt% at the BC-CC system compared to 4.4 wt% at the BCs-CC system. However, no direction-

driven dominance is reflected in the data of the water contents.

The previous study about the performance of the single layers (see section 4.1.1) verified a faster
normal diffusion at the base coat, while the Al flakes inhibit the normal diffusion about the decuple,
assuming non-Fickian conditions. The clear coat behaves the same in both directions. However, these
characteristics seem to smear out due to the double layer system. The dominance of the top coat is
often discussed [42, 43]. On the other hand, it is reported that the water diffusion depends on the
thickness of the multilayer [42, 43, 3] and is independent of the layer compositions [42, 43]. The theory
of the thickness-dependency is rooted in the simplest case, the unidirectional sorption of multilayers,

which is defined by the following equation [44]:

L Ly Ly Ly
— =424 .10

D D, D, Dy, (4.8)

with the total diffusion coefficient D, the total coating thickness L and their monolayer 1,2...n. Table
4.2 compares the experimental results of the double layers with the calculations via the unidirectional
sorption across the results of the single layers to assess the dependencies. An overlap of the confidence
intervals, which is found at the IF diffusion data of the double layer without Al flakes for both
directions, is marked grey. The interface between the base coat and the clear coat smears out, due to
the wet in wet application. The solvent of the clear coat diffuses into the base coat during application,
which improves the intercoat adhesion [20] and “melts” them into a unit. These circumstances clarify
Tab. 4.2 Comparsion of experimental diffusion data of the double layers, base coat — clear coat (BC-

CC) and base coat with Al flakes — clear coat (BCs-CC), with the diffusion calculations across

the experimental data of the single layers based on the unidirectional sorption; an overlap of
the data ranges is marked grey.

upper lower mean upper lower mean
Parameter Type of double layer limit limit BC-CC limit limit BCs-CC
BC-CC  BC-CC BCs-CC  BCs-CC

Normal IF diffusion experimental data 8.6E-12 2.1E-12 5.4E-12 1.7E-11 2.6E-13 8.6E-12
coefficient / m?/s based on single layer  1.1E-12 6.4E-13 8.8E-13 3.5E-13  3.0E-13 3.2E-13
In plane IF diffusion experimental data 9.1E-13 3.3E-13  6.2E-13 3.9E-13 1.3E-13  2.6E-13
coefficient / m?/s based on single layer  7.4E-13  4.1E-13 5.7E-13 8.7E-13 4.3E-13  6.5E-13
Normal NE diffusion experimental data 1.86-13 1.6E-13 1.7E-13 1.5E-11 5.1E-13 7.5E-12
coefficient / m?/s based on single layer  5.2E-13  7.2E-13  6.2E-13  2.1E-13  2.5E-13  2.3E-13
In plane NF diffusion experimental data 3.2E-13 1.9E-13 2.5E-13 6.3E-14 3.5E-13  2.1E-13
coefficient / m?/s based on single layer  3.9E-13  6.4E-13  5.2E-13 4.4E-13 7.6E-13 6.0E-13
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the good agreement of the ideal Fickian law and the unidirectional sorption. As a result, the normal

diffusion is significantly higher than the in plane diffusion at the BC-CC system.

With the addition of the Al flakes, the normal NF diffusion data overlaps with the theory about the
unidirectional sorption. However, the IF data and the in plane NF data show strong deviations. The Al
flakes hinder any examination via the ideal Fickian law. Additionally, the calculation of the
unidirectional sorption acts on the assumption that there is an equally in plane flux through the clear
and the base coat with the Al flakes but the mean free path of the base coat is many times larger than
the free path of the clear coat. Due to the EIS setup (see Figure 4.2), an equal flux through the base
coat is not ensured. The Al flakes block the normal water diffusion, which is the basis for the in plane
diffusion through the base coat itself. Consequently, the mainly in plane transport will occur through

the clear coat, but a significant dominance of the clear coat is not reflected in the data.

In brief, both double layer systems, BC-CC and BCs-CC, show a trend to a faster normal diffusion, while
the in plane diffusion is a potency slower. The ideal Fickian approach is suitable for the BC-CC system
and the non-Fickian approach for the BCs-CC system by comparing the result with the theory about
the unidirectional sorption. However, further investigations have to clarify the circumstances at the

double layers with regard to stress, strains and plasticising to assess the results correctly.

4.4.3.2 Physicochemical aftermaths of salt water uptake

Similar to the single layers, the physicochemical aftermaths at the double layers are identified with
regard to the changes in the glass transition, the stress and the strains. Furthermore, the long-term
consequences are exhibited by the degree of the irreversible storage of water and the changes of the

effect finish.

Figure 4.21 shows the glass transitions of the double layers in dry and wet states for the first heating
up to 125 °C. It is obvious that the storage moduli and the loss moduli are significantly higher at the
BC-CC compared to that at the BCs-CC, although the BC-CC has a shorter soaking time of max. 19 days
than the BCs-CC with max. 23 days. The moduli increase due to the salt water ingress. This is very
distinct at the BC-CC layer with a gain of the storage moduli from 1326 MPa to 2928 MPa at 0 °C. The
corresponding loss moduli show their largest gain from 104 MPa to 250 MPa at around 45 °C. At the
BCs-CC, the storage moduli slightly increase from 1224 MPa to 1481 MPa at 6 °C. The loss moduli
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increase from 116 MPa to 171 MPa at
around 30 °C with a trend to lower
temperatures with the increase of
the soaking time. The magnitude of
the tan delta of the BC-CC layers
amounts to 0.85 and shifts 5°C
forward to 69 °C from the dry state to
the state after 19 days of soaking. The
addition of the Al flakes causes a
decrease of the tan delta with a
magnitude of 0.7, whereby the
amplitude shifts 4°C forward to
63 °C.

Compared to the results of the single
layers, the curve progression of the
double layers is nearly equal to that
of the clear coat. The tan delta shift of
the clear coat with 5.5 °C is similar to
the changes at the double layers.
However, the clear coat shows no
prominent signs of  modulus
increases after 18 days of soaking. As

a result, the modulus increases have
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Fig. 4.21 Dynamic behaviour of the base coats (BC) and the

base coats with Al flakes (BCs) covered with the
clear coat (CC) after various days of soaking of 0.5 M
NaCl solution; Conditions:  T=0-125  °C,
dT/dt=1 °C/min, f=1 Hz, averaged curves of repeat
determination

to be caused by the proven plasticising of the base coats. While the BCs shows maxima of the tan delta

at higher temperatures than the pure BC (see Figure 4.9), their behaviours are converse with the clear

coat at the top. This fact points to a change of the plasticising distribution.

The degree of the elasticity is displayed by the dimensionless Deborah numbers (De) in Figure 4.22.

The calculations of the results are based on the given theory in the section 4.3, whereupon a heating-

cooling-heating procedure is used to detect the impact of water on the entanglement behaviour of the

double layers. Generally, the dry double layers are viscous with De numbers of 0.62 (BC-CC) and 0.64

(BCs-CC) but they become nearly viscoelastic with values of 0.98 (BC-CC) and 0.93 (BCs-CC) after the

2" heating.
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Fig. 4.22 Deborah numbers (De) measured during the first and the second heating of the base coat-
clear coat (BC-CC) and the base coat with Al flakes — clear coat (BCs-CC) after various times
of 0.5 M NaCl exposure, repeat determination.
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curves against the time of the double layers base coat-clear coat (BC-CC) and base coat with
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Prominent differences occur by salt water with De-numbers of 0.62 (BC-CC) and 0.64 (BCs-CC). After
the salt water ingress, the BC-CC layer shows nearly the equal behaviour to the dry state. However,
the BCs-CC layer has a significantly viscous tendency with the increase in the soaking time. During the
1°t heating, the De number decreases from 0.64 to 0.54, while the 2" heating causes a change from

0.93 to 0.86.

With regard to the results in the section 4.4.1.3, it is known that the BCs layer contains free and bound
water whereby it has to be assumed that the bound water is found as residual water after the 1%
heating. This theory is supported by the decrease of the elasticity at the BCs-CC samples during the 2™
heating. The water can be bond at the Al flakes, but it can also be localised in the topmost section of
the base coat due to the initial ingress from the clear coat to the first barrier of Al flakes. In contrast to

BCs-CC, the BC-CC double layer responds to water reversibly as a homogeneous phase.

Moreover, the recorded stress and the length response of both double layers are illustrated in Figure
4.23 for the heating-cooling-heating cycle with time. First, the heating causes the introduction of
stress. This stress is very prominent with up to 5 MPa at the wet BC-CC layers. Correspondingly, the
BC-CC layers expand with a change in length of up to 250 um. The subsequent cooling compresses the
layers again. The next heating introduces the same stress as the 1% heating, however, the increase in
the length is much greater with 700 um while the water content slightly improves this trend. The layers

are then more elastic. Impressively, the introduced stress is bisected by the BCs-CC layer compared to
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Fig. 4.24 Multi-angle spectrophotometry of the base coat with Al flakes and the clear coat cover in a dry
state, after 50 h and 158 h of salt water uptake.
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the BC-CC layers, while the length expansion is decreased via the water content. These converse

responses correlate to the different dashpots (max. tan delta) of the double layers.

Moreover, Figure 4.24 presents the results of the multi-angle measurements at the BCs-CC layer in the
dry state, after 50 h and after 185 h of salt water ingress, similar to the results at the BCs layer. A
comparison of the BCs layer and the BCs-CC layer with regard to the changes of their graininess, their
two tones and their sparkle grades is additionally given in Figure A4.3.1 of the Appendix. The brightness
L* and colour changes a*/b* at BCs-CC layer are in the confidence interval. However, there is a
distinctly yellow shift behind the gloss at -15 ° after a salt water ingress of 185 h and the sparkle area

decreases in a similar way to the single BCs layer.

The visual impression of the BCs layer is lustreless while the BCs-CC layer shows a high gloss. The main
gloss is produced by the clear coat. At an observation angle of -15 ° (behind the gloss), the light may
impinges on the polymer-polymer interface of the BCs-CC layer. Consequently, it is likely that the
interface changes due to the salt water uptake. However, the BCs-CC layer acts like a cage which stores

water and stress due to the Al flakes and the polymer-polymer interface.

In brief, both double layers, BC-CC and BCs-CC, plasticise but the water ingress has different
aftermaths. The BC-CC layer responds to water reversibly as a homogeneous phase which freely
expanses and compresses. Conversely, the BCs-CC layer acts like a cage in which water and stress are
stored. The water ingress compresses the BCs-CC layer. Free water especially is localised at the

polymer-polymer interface and on the Al flakes with an irreversible value of bound water.

4.4.3.3 Relation between the adsorption coefficients SC and the physicochemical parameters

The expressiveness of the adsorption coefficient SC is assessed at the double layers, BC-CC and BCs-

CC, by the comparing it with the physicochemical changes during the heating-cooling-heating cycle.

Similar to the single layers, Figure 4.25 presents the summarised results of the double layers. The
corresponding data table is attached in the Appendix. The means of normal adsorption coefficients
show positive deviations of the ideal Fickian law with 0.003 min? (BC-CC) and 0.016 min™ (BCs-CC)
while the means of the in plane adsorption coefficients are negative with -0.031 min* (BC-CC) and -
0.014 min? (BCs-CC). The tension clamp used draws the layers from the in plane direction. However,
the BCs-CC layer always has higher adsorption coefficients than the BC-CC layer. Interestingly, the
changes in the stress, the length and the tan delta show converse behaviour to the adsorption
coefficients of the two double layers during the 1% heating (blue) as was already found for the single
layers other than the length changes. During the 2" heating, the stress and the tan delta are in line

with the general trend of the adsorption coefficients of the double layers (grey).
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Fig. 4.25 Relation between the adsorption coefficients SC and the changes in the maximal stress, tan
delta and length from the dry state to the longest salt water uptake for the first heating (l)
and the second heating (Il) of the double layers: Base coat — clear coat (BC-CC) and base coat
with Al flakes — clear coat (BCs-CC).

As argued in the section 4.4.1.5, the main difference of the three single layers is the degree of
pigmentation. While the clear coat freely expands and compresses by means of water, the coloured
base coat is more restricted by the pigments and in particular, the addition of Al flakes strengthens the
internal stress. The adsorption coefficients express a sum of non-Fickian activities. However, the BCs
layers and the BCs-CC layers always show more positive deviations from the ideal Fickian law than the
other layers (BC, CC, BC-CC), see Figure 4.7 and 4.20, which is why it has to be assumed that the
increase of internal stress causes an increase in the adsorption coefficient. As a consequence, the strain
of the BC, CC and BC-CC layers by water has to cause a decrease in the adsorption coefficients.
Moreover, internal stress can also occur during the curing or by the clear coat as a response to the
swelling of the base coat [3]. These causes may have a smaller impact on the layer system than the
stress which is introduced by the Al flakes. Additionally, the De decrease causes a changing of the stress
and tan delta trends at the BC-CC and BCs-CC layers upon 2" heating. The BCs-CC layer is then more
viscous than the BC-CC layer due to the irreversible amount of bound water. However, bound water in
the BCs layer attenuates the increase of the adsorption coefficient because bound water has a lower
permeability constant (ew=60) than free water (ew=78.3) [45]. The tan delta acts conversely to the
increase of water which increases the adsorption coefficients and is also driven by the stress and

strains present.
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Ultimately, the investigations at the double layers support the relation of the adsorption coefficients
to the internal stress and the tan delta which conversely correlates to the water content. However, it
has to be considered that the results give a more distinct picture about the stress and strain behaviour
than it would be at supported layer because the experiments were performed at free films and related

to the adsorption coefficients measured at supported coatings.

4.4.3.4 Conclusion of multilayers

The double layer systems, BC-CC and BCs-CC, show a trend to a faster normal diffusion while the in
plane diffusion is a potency slower during the salt water ingress. Both double layers plasticise but the
BC-CC layer responds to water reversibly as a homogeneous phase which freely expands and
compresses. Due to this, the ideal Fickian approach is applicable to the BC-CC layer. In contrast, the
BCs-CC layer acts like a cage in which water and stress are stored. The water ingress compresses the
BCs-CC layer, see Figure 4.26. Free water especially exists localised at the polymer-polymer interface

and at the Al flakes with an irreversible value of bound water. The non-Fickian approach best describes

the water diffusion at the BCs-CC a.) Base coat - clear coat b.) Base coat with Al flakes -

BC-CC | t (BCs-CC
layer. The results support the ( ) clear coat (BCs-CC)

relation of the adsorption

coefficients to the internal stress CC cC
and the tan delta, which conversely .« - _ _ ¢ _ __ _.___ r g i . .
. . . . ‘ ._ " L J ..\
correlates with the water content. ° e o e —
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circumstances at the BCs-CC layer, Fig. 4.26 Model of the physicochemical circumstances at the

the theory about the unidirectional double layers, base coat — clear coat (BC-CC) and the
L . base coat with Al flakes — clear coat (BCs-CC), during
sorption is only applicable to the
salt water uptake

BC-CC layer.
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4.5 Conclusion
In this study, the direction-driven nature of the water diffusion is investigated at the pigment E-coat,
a base coat (BC) without and with Al flakes (BCs) and a clear coat (CC) with regard to Fickian and non-
Fickian circumstances. The E-coats show neither a plasticising nor anisotropy through the layer during
the salt water uptake. However, the interfacial activities are prominent, while substrate ions can have
the potential to increase the cross-linking at the interface due to their dissolution during the
deposition. Conversely, the base coats react via plasticising and an anisotropy. The coloured base coat
(BC) has a faster normal diffusion, which is rooted in its opened pores that act as an entrance for the
salt water. The addition of the Al flakes blocks the normal diffusion, making normal diffusion then ten
times slower compared with the base coat without the Al flakes. At the clear coat (CC), no significant
plasticising is proven which is why the Fickian and the non-Fickian laws are equally suitable for the

present isotropic diffusion.

Moreover, the in plane diffusion of water is compared with the in plane ion diffusion in a wet-dry-wet
cycle. The results show that an initial salt water uptake leads to the fast saturation of the clear coat
(CC) while the ions diffuse a potency slower than the water. After a drying section followed by a
subsequent initiation of salt water, the ions diffuse faster and in a way that is comparable to that of
water due to a damage caused by the first wetting. However, later on, the ions are blocked around

two potencies because new hydrophilic channels through the clear coat have to be formed by water.

By pointing out the role of polymer-polymer interfaces, the double layer systems, base coat — clear
coat (BC-CC) and base coat with Al flakes — clear coat (BCs-CC), show a trend to a faster normal
diffusion, while the in plane diffusion is a potency slower during the water ingress. Both double layers

plasticise but the BC-CC layer responds to water reversibly as a homogeneous phase which freely
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Fig. 4.27 Diagram showing the water sorption into a polymeric matrix under ideal Fickian and non-
Fickian circumstances and the meaning of the adsorption coefficient SC as the deviation of
the ideal Fickian law.
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expands and compresses. Due to this, the ideal Fickian approach is applicable to the BC-CC layer. In
contrast, the BCs-CC layer acts like a cage in which water and stress are stored. The water ingress
compresses this double layer. Free water especially is localised at the polymer-polymer interface and
at the Al flakes with an irreversible value of bound water. The non-Fickian approach best describes the
water diffusion at the BCs-CC layer. Due to the non-Fickian circumstances at the BCs-CC system, the

theory about the unidirectional sorption is only applicable to the BC-CC double layer.

Based on the generated data, the adsorption coefficients SC of the non-Fickian law are related to
various parameters to estimate the physicochemical expressiveness of this coefficient. At the single
and double layers, the adsorption coefficient relates to the internal stress and the tan delta, which
conversely correlates with the water content. Consequently, the non-Fickian approach of Nguyen and
co-workers [45] is complemented by the inner stress as a positive deviation and the outer strain as a

negative deviation of the 2" Fickian law, see Figure 4.27.
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5 Overall conclusion and outlook
The omnipresence of paints and adhesives in contact with metals requires a detailed knowledge of the
water diffusion and the ionic pathways through their polymer networks and along their interfaces,

addressing specific developments to improve the corrosion and de-adhesion resistance.

The E-coat-metal interface in particular is of paramount importance to the automotive industry. The
transport behaviour and the film formation of the E-coat conspicuously depend on the type of the
substrate. During deposition, the substrates dissolve due to the extremely cathodic polarisation under
highly alkaline conditions, which is why the E-coat is contaminated by the solvated metals. Steel, HDG
steel and AlMg(Mn) were tested, whereby the highest E-coat contamination is found on steel.
Interestingly, the interfacial ion transport at steel is slower compared to HDG steel, too. This effect
becomes noticeable after incubation, see Figure 5.1. The duration of the incubation is mainly
determined by the metal. The high resistance of HDG steel causes a delay of the interfacial transport
of a week compared to that of steel. Pigmentation is also prominent in the findings. The ion transport
at the clear E-coat starts slightly earlier and is five times faster than the ion transport at the pigment

E-coat.

Conversely to steel and HDG steel,
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oxide is driven by two transport mechanisms, through the polymer layer in parallel to the interface
and at the interface itself. When the aluminium oxide is intact and the transport is completely driven

in parallel to the interface, two effects are found:

e The protonation of the interfacial amine groups of the E-coat (pH=2) and

e The change in the termination of the aluminium oxide (pH=12).

Since charge carriers have no bearing on the Galvani potential of the intact aluminium oxide, the
measurable Volta potential is dominated by this interfacial dipole alone. With regard to this, the Volta
potentials show a linear gain from -1.7 V up to 0.8 V with an increase in the pH-value. It is assumed
that the interfacial dipole changes from ionic bonds to hydrogen bonds, resulting in a charge transfer

at the aluminium oxide and this is reflected by the Volta potential signal.

At the Ti/Zr-based conversion layers, the Volta potential has no significant merit of information about
the interfacial processes. The pH-activities along the conversion layers are dominated by the flux
through the E-coat in parallel to the interface. No interfacial ions are observed but the bond strength
of the amines changes and this is in line with the performance of the conversion layer under the chosen
pH-conditions, e.g. pit sealing or flushing out of polymer compounds. The protection barrier of the
conversion layers at the AIMg(Mn) becomes apparent due to the decrease of the potential gradient

from 2.5V to 0.2 V, by means of an interfacial pH-change from 12 to 2.

With reference to the water diffusion to the surface normal, the E-coated steel shows the slowest
water diffusion, followed by HDG steel and AlIMg(Mn), see Figure 5.2 (a-c). The high iron content of
around 20 at% seem to protect the E-coat against the water ingress, while a blocking of the ion ingress
is probably due to osmotic forces. The normal and the in plane water diffusion are uniform/isotropic.
The E-coat matrix reveals a slight Young’s modulus drop and increased disorder in the pigment-
polymer network on rough substrates after 50 days of salt-water uptake. Further signs of plasticising

are not observed, but these circumstances already require non-Fickian treatment.

At a clear coat (CC, Figure 5.2 d), neither plasticising nor any anisotropy are proven, which is why the
ideal Fickian and the non-Fickian law are equally suitable for carrying out the determination. In the in
plane direction, the first salt water ingress leads to a fast saturation while the ions diffuse a potency
slower than the water. After a drying section followed by a subsequent initiation of salt water, the ions
diffuse faster and in a way that is comparable to water due to the water-induced damage caused by
the first wetting. However, when the ions have to enter a new territory, the ions are blocked around

two potencies, because new hydrophilic channels through the clear coat have to be formed by water.
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Fig. 5.2 Overview of the normal and the in plane water diffusion through various single and
multilayers

With the degree of pigmentation, the limitation of polymer coatings increase to compensate the water
ingress by expansion or swelling. As a consequence, the strains decrease and the internal stress
increase, as presented at the clear coat, a coloured base coat (BC) and the base coat with aluminium
flakes (BCs) (Figure 5.2 d-f). The internal stress causes a positive deviation of the water sorption from

the ideal Fickian law, which is why such circumstances have to be expressed by a non-Fickian approach.

Moreover, the base coats plasticise and show the direction-driven nature of the water diffusion. The
coloured base coat has a faster normal diffusion than the clear coat. Its opened pores are the point of
entrance for the salt water. The addition of the aluminium flakes blocks the normal diffusion while the
normal diffusion is then ten times slower than it is compared with the base coat without aluminium

flakes.
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By pointing out the role of polymer-polymer interfaces, the double layer systems, base coat — clear
coat (BC-CC) and base coat with Al flakes — clear coat (BCs-CC), show a trend to faster normal water
diffusion, while the in plane diffusion is a potency slower (Figure 5.2 g-h). Both double layers plasticise,
but the BC-CC layer reversibly responds to water as a homogeneous phase which freely expands and
compresses. In contrast, the BCs-CC layer acts like a cage in which water and stress are stored. The
water ingress compresses this double layer. Free water in particular exists at localised points at the
polymer-polymer interface and at the aluminium flakes with an irreversible value of bound water.

Neither the ideal Fickian law nor the theory of unidirectional sorption are applicable in this case.

These results are the product of several method developments which show the uniqueness of this
work and allow the quantification and assessment of the water and ion transport through polymer

networks and along their interfaces. For example:

e Electrochemical impedance methods for the normal and in plane water diffusion with Fickian
and non-Fickian treatment,

e Electrochemical impedance method with embedded electrodes to detect the in plane ion
diffusion in a wet-dry-wet cycle,

e Scanning Kelvin probe approach and the coupling with confocal Raman spectroscopy to detect
the pH-activities at the insulating aluminium oxide across the interfacial dipole,

e Dynamic-mechanical method to quantify the stress and strains at soaked multilayers and to

calculate the dimensionless Deborah number as a degree of elasticity.

The collective information on the substrate dependencies and the rate-determined water and ion
pathways through the polymer-metal systems offers new opportunities for paint and adhesive

developments.

The results of the clear and the pigment E-coat on steel in particular were unforeseeable. It is assumed
that alkaline solvated iron forms a complex with the amines as ligands. This complex changes the E-
coat distribution in favour of specific macrocyclic compounds, such as polyoxometalates, which
decrease the interfacial ion transport and the normal water diffusion. The principle of this effect can
be used to specifically increase the cross-linking at the polymer-metal interface. It can be immediately
adapted for various other polymer-metal systems of the transport, bond or electronic industry in order

to block the water and ion transport and to improve their corrosion and de-adhesion resistance.
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Interface and volume transport on technical E-coats

A2.1 EDX spectra of the clear and pigment E-coats and near the E-coat-substrate
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Fig. A2.1.1 EDX spectra of the coated steel, HDG steel and AIMg(Mn) in the polymer network (inside)
and near the polymer-metal interface (interface)

The results of the EDX line scan spectra are shown in Figure A2.1.1 for each type of sample. The
polymer contains carbon (K,=0.277 keV), nitrogen (K,=0.392 keV) and oxygen (K,=0.525 keV) as the
main elements. The pigment coating adds titanium (L,=0.452 keV) in small amounts. The steel samples
have a major peak at 0.705 keV of the Fe(L,)-line with manganese as a peak shoulder of iron
(Le=0.637 keV) and chromium at 0.573 keV. In the HDG steel spectra, the Ly-line of zinc dominates at
1.012 keV, accompanied by several alloying elements like nickel, aluminium and chromium. The
aluminium substrate contains mainly aluminium, shown as Ke-line at 1.486 keV and magnesium at

Ka=1.253 keV.
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A2.2 Validation of raw EIS data and the applied Randle circuit
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Fig. A2.2.1 Raw impedance data of the different substrates coated with clear and pigment E-coats at
10 kHz
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Fig. A2.2.2 Comparison of the independent resistance, Ry, with the resistance, Rcoat, Of the Randle
circuit from 100 mHz to 100 kHz for clear-coated steel, HDG steel and AIMg(Mn) samples
as repeat determination.
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Figure A2.2.1 provides an impression about the reproducibility of the threefold measurement by the
impedance data at 10 kHz for clear and the pigment E-coats and their different substrates at the
beginning and the end of the measurement. Due to the water uptake, the impedance values decrease,
and this tendency can always be proven in the face of the standard deviations. The error bars overlap
on HDG steel and AlMg(Mn) coated with the pigment E-coat, the other sample series show no
overlapping error bars. The independent resistance measurements (Ry) on the clear E-coat further
support these trends compared to the resistances of the RC circuit from 100 mHz to 10 kHz, as seen in

Figure A2.2.2. The applied Randle circuit is proven.
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Interface and volume transport on technical E-coats

A2.3 Fitting details of Fickian and Non-Fickian approaches
Tab. A2.3.1 Diffusion intervals and the raw fitting data of the ideal Fickian approach based on y(t)=y-+Aiexp(t/b1)+Azexp(t/b,)

Mean D SDD
H i2 2 2 -1
Coating Substrate Yoo Ay t1 Az t2 Chi R D/m?s /m? st /m? st
1,01 -1,00 -1,10 -0,11 -10,79 9,68E-05 1,00 1,68E-13
Steel 1,52E-13 2,16E-14
1,00 -0,25 -7,91 -0,81 -1,23 1,61E-05 1,00 1,37E-13
1,00 -0,15 -6,90 -0,94 -0,74 7,17E-05 1,00 3,75E-13
Clear E-coat HDG Steel 3,06E-13 9,76E-14
0,98 -0,87 -0,93 -0,20 -8,17 7,02E-05 1,00 2,37E-13
0,99 -0,18 -3,10 -0,91 -0,68 3,52E-05 1,00 4,59E-13
AlMg(Mn) 2,95E-13 2,31E-13
1,01 -1,03 -1,24 -0,13 -14,28 3,86E-04 0,99 1,32E-13
1,03 -0,92 -5,95 -0,17 -0,87 3,62E-04 0,99 2,72E-13
Steel 1,92E-13 1,14E-13
1,02 -0,26 -1,41 -0,77 -4,89 1,69E-04 1,00 1,11E-13
Pigment 0,97 0,00 3,10 -1,03 -1,10 9,38E-05 0,98 1,90E-13
HDG Steel 1,70E-13 2,77E-14
E-coat 1,04 -0,86 -1,17 -0,27 -10,69 7,49E-05 1,00 1,51E-13
0,90 -0,75 -0,73 -0,24 -2,27 4,10E-03 0,83 4,24E-13
AlMg(Mn) 2,73E-13 2,13E-13
0,83 0,03 15,85 -1,03 -1,29 6,94E-04 0,10 1,23E-13

A2-5



Interface and volume transport on technical E-coats

Tab. A2.3.2 Diffusion and SC intervals incl. the raw fitting data of the Non-Fickian approach based on y(t)=y-+Aexp(t/b1)+A.exp(t/b,)+SC-t
Mean D SDD Mean SC  SD SC
H 2 2 2 -1 -1
Coating Substrate Yeo Az t A; t Chi R D/m?s Jm2st /m2st SC / min Jmint / min®
1,07 -0,82 -1,26 -0,30 -11,16 1,57E-05 1,00 1,30E-13 -0,002
Steel 1,53E-13 3,31E-14 0,000 0,002
097 -098 -109 -009 -593 9,63E-05 1,00 1,76E-13 0,001
094 -091 -0,71 -0,13 -3,66 6,93E-05 1,00 4,12E-13 0,002
Clear E-coat HDG Steel 3,63E-13 6,91E-14 0,003 0,001
08 -0,21 -28 -0,77 -0,84 6,41E-05 1,00 3,14E-13 0,004
098 -088 -0,66 -0,21 -2,59 3,41E-05 1,00 4,92E-13 ,
AlMg(Mn) 3,65E-13 1,80E-13 0,000 0,002 0,002
091 -053 -130 -0,53 -1,31 4,00E-04 0,99 2,38E-13 0,003
1,03 -069 -541 -035 -1,74 1,71e-04 1,00 7,37E-14 i
Steel 1,27E-13 7,51E-14 0,000 -0,006 0,008
1,34 -0,25 -1,07 -1,16 -8,84 3,20e-04 0,99 1,80E-13 -0,011
i 0% -013 -103 -0,88 -1,03 1,10E-04 0,98 3,79E-13 0,002
Pigment 1inG steel 2,81E-13 1,38E-13 0,023 0,035
E-coat 1,62 -0,85 -1,05 -3,86 -54,18 5,54E-05 1,00 1,84E-13 -0,048
o881 -037 -080 -053 -080 1,85E-04 0,99 6,36E-13 ,
AlMg(Mn) 448613 265613 000 0,008 0,003
o84 -050 -1,25 -0,50 -1,25 7,21E-04 0,98 2,60E-13 0,005
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A3 Interfacial behaviour along the AIMg(Mn)/E-coat interface

Excursion:

PH-behaviour of the E-coat interface with chromate-free conversion layers
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Interfacial behaviour along the AIMg(Mn)/E-coat interface

A3.1 Interfacial changes in humid oxygen-deficiency

Coating

pH=12

Defect

Fig. A3.1.1 SEMs/EDX mappings of the clear E-coated AIMg(Mn) with defect buffers of a pH=12
(PO4>/HPO4*) plus 1 M KBr, 6 (HPO,*/H,P0Oy) plus 1 M KBr and 2 (H,P0O,/H3P0O,) plus
0.5 M KBr, stored in humid oxygen-deficiency for 650 h, excepting pH=2 with 100 h
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Interfacial behaviour along the AIMg(Mn)/E-coat interface

A3.2 Neutral concentration-dependent sub-surface flux
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Fig. A3.2.1 Potential and height scans of the AIMg(Mn) alloy covered with a 10 um thick E-coat
between 72 h and 95 h after the buffer addition pH=6, rH=90-92 %, 0,<3 %
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Confocal Raman spectra of the clear E-coated AIMg(Mn) with substrate-deep defect
filled with pH=6 (HPO4*/H,P0,) and added with 1 M Na,SO, after ~250 h stored in
humid oxygen deficiency; spectral resolution: 0.6 cm™
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PH-behaviour of the E-coat interface with chromate-free conversion layers

A3.3 Chromate-free conversion layers applied by Henkel

Tab. A3.3.1 Details of the different chromate-free pre-treatments at the AIMg(Mn) substrate done by Henkel
Bath Function Product Conc./ Time  Temperature A B C
% /s /°C Ti-based layer Zr-based Zr-Polymer
with inhibitor  layer with SA based layer
1 Cleaning BONDERITE C-AK 1563 2.5 300 60 X X X
BONDERITE C-AD 5003 0.25
2 Rinsing Water 60 RT X X X
3 Deoxidation BONDERITE C-IC 3610 1.0 60 30 X X
4 Rinsing Water 60 RT X X X
5 Rinsing De-ionised water X X X
6A Passivation BONDERITE M-NT 160 0.5 60 30 X
6B BONDERITE M-NT 4850-2 0.5 60 30 X
6C BONDERITE M-NT 2040 R2 1.5 60 30 X
7 Rinsing Water 60 RT X X X
8 Rinsing De-ionised water 60 RT X X X
9 Drying 600 70 X X X
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PH-behaviour of the E-coat interface with chromate-free conversion layers

A3.4 Volta potentials of the E-coat-covered conversion layers at the AIMg(Mn) during an
acidic and alkaline sub-surface flux in humid oxygen-deficiency
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Potential and height scans of the pre-treated AlIMg(Mn) alloy covered with a 10
pm thick E-coat during an acidic and an alkaline sub-surface flux in humid nitrogen
ambience; A) Ti plus inhibitor, B) Zr plus SA, C) Zr plus Polymer.
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PH-behaviour of the E-coat interface with chromate-free conversion layers

A3.5 Structural changes of the E-coat-covered conversion layers at the AIMg(Mn) after
an acidic and alkaline sub-surface flux
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Fig. A3.5.1 IR-reflection spectra of the intact areas of the pre-treated AIMg(Mn) alloy covered

with a 10 um thick E-coat after an acidic and an alkaline sub-surface flux; A) Ti plus
inhibitor, B) Zr plus SA, C) Zr plus Polymer; average of min. three spots, spectral
resolution: 4 cm™
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PH-behaviour of the E-coat interface with chromate-free conversion layers
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Comparison of the IR-reflection spectra of the bubble and intact areas of the pre-
treated AIMg(Mn) alloy covered with a 10 um thick E-coat after an alkaline sub-
surface flux; A) Ti plus inhibitor, B) Zr plus SA, C) Zr plus Polymer; average of min.
three spots, spectral resolution: 4 cm™
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PH-behaviour of the E-coat interface with chromate-free conversion layers
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Comparison of the IR-reflection spectra of the bubble and intact areas of the pre-
treated AIMg(Mn) alloy covered with a 10 um thick E-coat after an acidic sub-surface
flux; A) Ti plus inhibitor, B) Zr plus SA, C) Zr plus Polymer; average of min. three spots,
spectral resolution: 4 cm™?
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PH-behaviour of the E-coat interface with chromate-free conversion layers

A3.6 FIB cuts of the E-coat-covered conversion layers at the AIMg(Mn) after the acidic and alkaline sub-surface flux

v

e TR

Fig. A3.6.1 FIB-cuts at the bubbles of the Ti-based conversion coating with the inhibitor (left) and the Zr-based conversion coating with the SA (right) after
the acidic and alkaline sub-surface flux
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

A4.1 Structural characteristic of the pigment E-coat, the base coats and the clear coat

) ——— Pigment E-coat
>
©
=
w
&
=
w ' T ' T , | ' w ' T ' | , w
500 1000 1500 2000 2500 3000 3500 4000
i - ——— Base coat, dry
S & e Base coat silver, dry
0.30 - =
3 020
=
Z i
&
= 010
0.00—
T . I | | ; B : — L e R
500 1000 1500 2000 2500 3000 3500 4000
<
e o ——— Clearcoat
{
5
©
=
%
8
=
' | ' | ; i . w ‘ | ' | , \
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber / cm !
Fig. A4.1.1 IR spectra of the pigment E-coat, the base coat (BC), the base coat with Al flakes (BCs)

and the clear coat in a dry state at the HDG steel, spectral resolution: 4 cm™
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

A4.2 Direction-driven water diffusion at various single layers
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Fig. A4.2.1 Nyquist plots of the E-coat (1), the base coat (2), the base coat with Al flakes (3) and

the clear coat (4) at HDG steel during the electrolyte ingress up to 70 h measured in
normal (A) and in plane direction (B), frequency range: 10 kHz to 100 mHz, start: OCP,
amplitude: 20 mV
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

Tab. A4.2.1 Normal direction: diffusion intervals and the raw fitting data of the ideal Fickian approach based on y(t)=y-+Aexp(t/b1)+Aexp(t/b,)

Mean D
Coating Y.. A, t, A, t, Chi R D/m?s’ Jm2st  SDD/m? s
m?s

. 0,97 0,00 3,10 -1,03 -1,10 9,38E-05 0,98 1,90E-13

Pigment E-coat 1,70E-13 2,77E-14
1,04 -0,86 -1,17 -0,27 -10,69 7,49E-05 1,00 1,51E-13
0,99 -0,53 -0,32 -0,56 -1,02 9,64E-05 0,99 2,13E-12

Base coat 1,54E-12 8,32E-13
0,95 -0,50 -0,65 -0,50 -0,65 8,74E-04 0,95 9,50E-13
. 1,00 -0,39 -2,84 -0,66 -0,92 3,98E-05 1,00 2,66E-13

Base coat silver 2,52E-13 1,93E-14
0,95 -0,46 -1,02 -0,56 -2,18 5,14E-05 1,00 2,39E-13
0,98 -0,59 -0,75 -0,59 -0,75 7,79E-04 0,96  7,26E-13

Clear coat 6,01E-13 1,78E-13
0,98 -0,59 -0,92 -0,59 -0,92 2,01E-03 0,91 4,75E-13

Tab. A4.2.2 In plane direction: diffusion intervals and the raw fitting data of the ideal Fickian approach based on y(t)=y~+Aiexp(t/b1)+Aexp(t/b2)

Mean D

Coating Yo A t A, t, Chi? R p / m? S_1 1 SDD/m? S_1
/m?s

. 1,04 -0,09 -23,27 -1,03 -1,13 2,10E-04 0,99 1,60E-13

Pigment E-coat 1,17E-13 6,10E-14
0,94 -0,95 -1,68 -0,07 -9,59 1,13e-04 1,00 7,41E-14
0,95 -0,52 -0,59 -0,52 -0,59 4,04E-04 0,98 1,18E-12

Base coat 1,06E-12 1,66E-13
0,92 -0,96 -0,66 -0,04 -0,66 1,11E-03 0,94 9,43E-13
) 1,02 -0,38 -2,29 -0,74 -0,52 1,48E-04 0,99 7,75E-13

Base coat silver 1,12E-12 4,89E-13
0,53 -0,31 -0,53 -0,31 -0,53 5,22E-02 0,95 1,47E-12
0,99 -0,51 -0,88 -0,51 -0,88 3,09E-04 0,99 5,25E-13

Clear coat 3,88E-13 1,93E-13
0,90 -0,53 -1,27 -0,53 -1,27 7,77E-04 0,99 2,52E-13
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

Tab. A4.2.3 Normal: water diffusion and SC intervals incl. the raw fitting data of the Non-Fickian approach based on y(t)=y-+Aiexp(t/b1)+Aexp(t/b,)+SC-t

4 MeanD/ SDD/ SC/ MeanSC SDSC
Coating Yoo A t, A, t, Chi*  R® Dp/m?s”

-1 -1 .-l .-l .-l
m?2s m?s min / min min
094 -013 -1,03  -0,88  -1,03 1,10E-04 0,98 3,79E-13 1002
Pigment E-coat 2816-13 1,38E-13 002 0023 0,035
162 -085 -1,05  -38  -54,18 5,54E-05 1,00 1,84E-13 -0,048
132 -08 035  -061  -1,30 5,83E-051,00 1,74E-12 -0,003
B 1,74E-12 5,39E-15 -0,009 0,008
ase coat 137 -072 -035  -0,77  -1,37 5719E-051,00 1,74E-12 -0,014
1,06 -0,80 -1,04  -030  -486 3,44E-051,00 1,97E-13 0,
Base coat silver 1,85E-13 1,72E-14 0,003 -0,002 0,001
098 -0,68 -1,16  -036  -3,07 4,52E-051,00 1,73E-13 -0,002
119 -026 -10,90  -1,14  -0,68 5,88E-04 0,97 4,36E-13 0,
Clear coat 3,646-13 1,016-13 %% 9011 0,004
1,49 058 -1628  -1,13  -0,83 812E-04 0,96 2,92E-13 -0,014

Tab. A4.2.4 In plane: water diffusion and SC intervals incl. the raw fitting data of the Non-Fickian approach based on y(t)=y-+Aiexp(t/b1)+Aexp(t/b,)+SC-t

,MeanD/SDD/m? SC/ MeanSC SDSC
1

Coating Yoo A, t A, t, Chi? R D/m?s -1 .-l ! -1
m?s s min / min min
0,96 -0,52 -1,14 -0,52 -1,14 2,10E-04 0,99 3,10E-13 0,002
Pigment E-coat 2,22E-13 1,25E-13 0,002 0,000
0,90 -0,49 -1,74 -0,49 1,74 1,17E-04 1,00 1,33E-13 0,002
1,31 -0,02 6,49E+04 -1,35 -0,67 1,07E-04 0,99 4,50E-13 -0,
Base coat ’ ’ ’ ! ! ! 6,68E-13 3,07E-13 0,003 -0,009 0,008
0,99 -0,63 -1,43 -0,81 -0,51 1,09E-04 0,99 8,85E-13 -0,014
1,10 -0,83 -0,58 -0,36 -3,78 1,28e-04 1,00 6,17E-13 -0,
Base coat silver 7,55E-13 1,95E-13 0,005 0,009 0,019
0,54 -0,29 -0,67 -0,29 -0,67 9,18e-04 0,97 8,93E-13 0,022
1,06 -0,25 -0,43 -0,86 -1,22 1,56E-04 0,99 1,21E-12 -0,010
Clear coat 7,28E-13 6,88E-13 -0,006 0,005
0,92 -0,54 -1,30 -0,54 -1,30 7,72E-04 0,99 2,41E-13 -0,002
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities
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Fig. A4.2.2 IR-ATR spectra of the clear coat in the dry and wet state after the first heating up to

125 °C, spectral resolution: 4 cm™

Tab. A4.2.5 Raw data of Fig. 4.12: Relation between the adsorption coefficients SC and the changes
of the maximal stress, tan delta and length from the dry state to the longest salt water
uptake for the base coat (BC), the base coat with Al flakes and the clear coat films (CC)

Type of Film BC BCs CcC
sC... /min" -0.009 -0.002  -0.011
SC 11 yane / MU -0.009 0.009  -0.006
Stress dry / MPa 0.29 1.01 2.81
Stress' /% 240 308 109
Length dry / um 666 128 530
Length1 /% 175 80 64
Tan Delta dry /- 0.37 0.27 0.91
Tan Delta’ /% 84 90 81

Y Averaged relation to the dry layer
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

A4.3 Direction-driven water diffusion at polymer-polymer interfaces
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Fig. A4.3.1 Nyquist plots of the double layers: base coat — clear coat (2-4) and base coat with Al
flakes — clear coat (3-4) during the electrolyte ingress up to 70 h measured in normal
(A) and in plane direction (B), frequency range: 10 kHz to 100 mHz, start: OCP,
amplitude: 20 mV
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities

Tab. A4.3.6 Normal and in plane water diffusion intervals of the double layers and their raw fitting data of the ideal Fickian approach based on
y(t)=y-+Aiexp(t/b1)+Azexp(t/b2)

) ) 4 MeanD 1
Coatmg Yoo A1 t1 Az tz Chi? R? D/m2 S / 5 1 SD D/rT'I2 S
m?s

0,99 0,57 -0,34 -1,54 -0,77 6,30E-05 1,00 2,10E-12

Normal: Base coat -Clear coat 5,37E-12  4,63E-12
0,97 0,25 -0,16 -1,19 -0,91 2,81E-04 1,00 8,64E-12
. 1,00 -0,29 -0,11 -0,80 -1,04 7,08E-05 1,00 1,70E-11

Normal: Base coat silver -Clear coat 8,60E-12 1,18E-12
3951,27 -0,78 -0,89 -3950,56 -111964,51 3,17E-04 0,99 2,55E-13
0,97 -0,54 -0,67 -0,54 -0,67 7,54E-04 0,98 9,14E-13

In plane: Base coat -Clear coat 6,23E-13  4,13E-13
1,24 -0,30 -7,84E+114 -1,02 -0,78 6,79E-04 0,99 3,31E-13
. 0,95 -0,49 -1,76 -0,49 -1,76 3,25E-04 0,99 1,31E-13

In plane: Base coat silver -Clear coat 2,60E-13 1,82E-13
1,00 -0,87 -0,73 -0,23 -4,02 2,82E-04 0,99 3,89E-13

Tab. A4.3.7 Normal and in plane water diffusion and SC intervals of the double layers incl. their raw fitting data of the Non-Fickian approach based on
y(t)=y-+Arexp(t/b1)+Aexp(t/bs)+SC-t

4, MeanD/ SDD/ SC/ MeanSC SDSC

Coating Ye A t A, t, Chi? R> D/m?s 1 1 L1 L1 !
m?2s m?2s min / min min

098 0,48 -18,03 -1,54 -1,13  2,26E-04 1,00 1,60E-13 -0,008

Normal: Base coat - Clear coat 1,71E-13 1,57E-14 0,003 0,016
1,00 0,42 -6,00 -1,55 -1,07 3,74E-04 0,99 1,82E-13 0,014
1,03 -0,80 -1,12 -0,31 -0,12 6,30E-05 1,00 1,45E-11 -0,004

Normal: Base coat silver - Clear coat 7,50E-12 9,89E-12 0,00 0,016 0,028
0,71 -0,39 -0,89 -0,39 -0,89 3,18E-04 0,99 5,09E-13 0,035
1,30 0,22 -2,50 -1,62 -0,84 4,18E-04 0,99 3,22E-13 -0,014

In plane: Base coat - Clear coat 2,54E-13 9,62E-14 -0,031 0,024
1,24 0,22 -2,42E+21 -1,51 -1,04 1,74E-04 1,00 1,86E-13 -0,048
. 1,33 -0,66 -2,53 -0,67 -2,53 1,60E-04 1,00 6,34E-14 -0,047

In plane: Base coat silver - Clear coat 2,07E-13 2,03E-13 -0,014 0,048
0,97 -0,93 -0,76 -0,13 -1,91E+04 2,00E-04 1,00 3,51E-13 0,020
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Normal diffusion vs in plane diffusion: Single layer, multilayer and their peculiarities
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Fig. A4.3.1 Sparkle grades, graininess and two tones of the base coat with Al flakes (BCs) and this
base coat covered with the clear coat (BCs-CC) in the dry state, after 50
Tab. A4.3.8 Raw data of Fig. 4.23: Relation between the adsorption coefficients SC and the changes

of the maximal stress, tan delta and length from the dry state to the longest salt water
uptake for the first heating (I) and the second heating (ll) of the base coat — clear coat
(BC-CC) and the base coat with Al flakes — clear coat (BCs-CC)

Type of Double layer BC-CC BCs-CC
s, /min" 0.003 0.016
SC i1 yane / MU -0.031 -0.014
Stress dry / MPa 2.03 2.20 1.80 1.83
Stress’ /% 150 142 144 138
Length dry / um 92 659 84 632
Length' /% 268 109 -57 84
Tan Deltadry /- 0.76 0.91 0.66 0.76
Tan Delta’ /% 118 97 96 112
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Y Averaged relation to the dry layer



