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Abstract 

 
Adhesive bonding has become an accepted joining method in the automotive 
industry due to the increasing importance of  lightweight construction and the use 
of multi-material design. However, water absorption is a problem as it can cause 
electrochemical reactions at the adhesive-metal interface, which can lead to 
degradation or even failure of the adhesive bond. In this study, several model 
formulations (MF) containing D.E.R. 331, DICY and additives commonly used in the 
adhesive industry are investigated to simulate a commercially available adhesive as 
well as a commercial formulation (CF) whose exact composition is unknown. This 
thesis therefore addresses a comprehensive approach using electrochemical 
techniques as well as corrosion tests to investigate the water absorption and 
delamination of the interface of galvanised steel/epoxy adhesive systems in NaCl 
solutions.  
 
Electrochemical impedance spectroscopy (EIS) is used to determine the water 
uptake via the linear relationship of the wet coating dielectric constant and the 
dielectric constant of the dry coating. EIS measurements allowed to detect 
differences between the model and the commercially available adhesives which 
could be traced back to specific additives present in the commercially available 
adhesive. Admixing different concentrations of hollow glass microspheres (HGM) 
as well as other commonly used additives to the model formulation allowed to 
understand the significant different absorption behaviour of both adhesives and the 
role of admixed components. Whereas scanning Kelvin probe (SKP) measurements 
allowed to observe the preferred delamination process of our epoxy coated 
galvanized steel surfaces. Not only different adhesives but also different Zn coatings 
were tested to investigate the influence of different alloying elements such as 
aluminium and magnesium. It was found that pure zinc coatings mainly cause 
cathodic delamination, whereas a certain concentration of magnesium in the zinc 
coating leads to anodic delamination such as filiform corrosion.  
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In addition, metal oxide (MOx) pH electrodes were fabricated from niobium to test 
whether these electrodes are suitable for future studies at the adhesive/metal 
interface. pH electrodes are valuable for corrosion research because the pH value 
can provide information about the corrosion mechanism, such as whether different 
polymer coated galvanized steel samples delaminate anodically or cathodically and 
reveal corrosion pathways.  Niobium oxide (NbOx) is a promising pH sensing 
material because it is easily available, inexpensive, chemically very stable, and non-
toxic. Therefore, three fast and simple fabrication methods for NbOx pH electrodes 
were tested, and the electrochemical fabrication method was found to produce pH 
electrodes with the highest reproducibility and the highest sensitivity of -41 
mV/pH. In addition, their pH sensing and electrode performance properties were 
determined by measurements of open circuit potential (OCP) and long-term 
stability. Scanning electron microscopy (SEM), energy dispersive X-ray 
spectroscopy (EDX) and EIS were used to characterize the oxide layer. It was found 
that niobium-based pH electrodes have very good stability in corrosive 
environments and therefore could be a more affordable alternative to other MOx 
electrodes.  
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Kurzfassung 

 
Das Kleben hat sich in der Automobilindustrie aufgrund der zunehmenden 
Bedeutung des Leichtbaus und der Verwendung von Multimaterialkonstruktionen 
zu einer anerkannten Verbindungsmethode entwickelt. Die Wasseraufnahme stellt 
jedoch ein Problem dar, da sie elektrochemische Reaktionen an der Klebstoff-Metall-
Grenzfläche hervorrufen kann, die zu einer Verschlechterung oder sogar zum 
Versagen der Klebverbindung führen können. In dieser Dissertation werden 
mehrere Modellformulierungen untersucht, die D.E.R. 331, DICY und in der 
Klebstoffindustrie übliche Additive enthalten, um einen handelsüblichen Klebstoff 
zu simulieren sowie eine kommerzielle Formulierung, deren genaue 
Zusammensetzung unbekannt ist. In dieser Arbeit wird daher ein umfassender 
Ansatz verfolgt, bei dem elektrochemische Techniken sowie Korrosionstests 
eingesetzt werden, um die Wasseraufnahme und Delaminierung an der Grenzfläche 
von verzinktem Stahl/Epoxid-Klebstoffsystemen in NaCl-Lösungen zu 
untersuchen. Mit Hilfe der elektrochemischen Impedanzspektroskopie wird die 
Wasseraufnahme über die lineare Beziehung zwischen der Dielektrizitätskonstante 
der nassen Beschichtung und der Dielektrizitätskonstante der trockenen 
Beschichtung bestimmt.  
 
Mit Hilfe der EIS-Messungen konnten Unterschiede zwischen der 
Modellformulierung und dem kommerziellen Klebstoff festgestellt werden, die auf 
spezifische Additive im handelsüblichen Klebstoff zurückgeführt werden konnten. 
Die Beimischung verschiedener Konzentrationen von Mikrohohlglaskugeln sowie 
anderer üblicherweise verwendeter Zusatzstoffe zur Modellformulierung 
ermöglichte es, dass deutlich unterschiedliche Absorptionsverhalten der beiden 
Klebstoffe und die Rolle der beigemischten Komponenten zu verstehen. Messungen 
mit der Raster-Kelvin-Sonde ermöglichten die Bestimmung des bevorzugten 
Delaminationsprozess auf den epoxidbeschichteten verzinkten Stahloberflächen. 
Neben den unterschiedlichen Klebstoffen wurden auch verschiedene Zn-



 

xvi  

Beschichtungen getestet, um den Einfluss verschiedener Legierungselemente wie 
Aluminium und Magnesium auf den Delaminationsprozess zu untersuchen. Es 
stellte sich heraus, dass reine Zinküberzüge hauptsächlich kathodische 
delaminieren, während eine bestimmte Konzentration an Magnesium in 
Zinkbeschichtung zu anodischer Delaminierung wie Filiformkorrosion führt.  

 
Darüber hinaus wurden Metalloxid pH-Elektroden aus Niob hergestellt, um zu 
testen, ob diese Elektroden für künftige Studien an der Klebstoff/Metall-
Grenzfläche geeignet sind. pH-Elektroden sind für die Korrosionsforschung 
wertvoll, da der pH-Wert Informationen über den Korrosionsmechanismus liefern 
kann, z. B. ob verschiedene polymerbeschichtete verzinkte Stahlproben anodisch 
oder kathodisch delaminieren und Korrosionspfade aufzeigen.  Nioboxid ist ein 
vielversprechendes Material für pH-Messungen, da es leicht verfügbar, 
kostengünstig, chemisch sehr stabil und ungiftig ist. Daher wurden drei schnelle 
und einfache Herstellungsmethoden für NbOx pH-Elektroden getestet und es zeigte 
sich, dass die elektrochemische Herstellungsmethode pH-Elektroden mit der 
höchsten Reproduzierbarkeit und der höchsten Empfindlichkeit von -41 mV/pH 
ergibt. Darüber hinaus wurde die Elektrodenperformanz durch OCP-Messungen 
und Langzeitstabilitätsmessungen bestimmt. Zur Charakterisierung der 
Oxidschicht wurden Rasterelektronenmikroskopie (SEM), energiedispersive 
Röntgenspektroskopie (EDX) und EIS eingesetzt. Es wurde festgestellt, dass pH-
Elektroden auf Niob Basis eine sehr gute Stabilität in korrosiven Umgebungen 
aufweisen und daher eine kostengünstigere Alternative zu anderen MOx-
Elektroden darstellen könnten.  
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Chapter 1  

Motivation and Literature Reviews 

1.1 Literature background  
1.1.1 Adhesive bonding in the automotive industry  

Adhesive bonding has become increasingly important in the automotive industry 
due to lightweight construction, design flexibility and multi-material structures to 
reduce CO2 emissions and  fuel consumption. Furthermore, adhesive bonding can 
be used to increase the crash performance and therefore the safety of the car, 
because continuous bonding often results in stronger and stiffer structures and the 
more uniform stress distribution under load ensures that local stress concentrations 
are avoided [1,2]. Fig. 1.1 illustrates examples where adhesive bonding is used in a 
vehicle. Adhesives commonly used in the automotive industry are structural 
adhesives such as epoxy resins [2–4]. Structural adhesives were first reported to be 
used during the First World War for bonding the wooden frames of Mosquito 
aircraft. From the 1950s, the motivation for the aerospace industry increased to 
replace mechanical fasters with adhesives to reduce the weight as well as costs and 
to prolong the aircraft life. Only from the late 1960s, structural adhesives were used 
in the automotive industry [2,5,6].  

Adhesive bonding also comes with some disadvantages. One of the most important 
one is the durability of the bonded joints when exposed to harsh conditions, such as 
water and corrosive surroundings [2,7]. It is known that all adhesives permeable 
water, although to varying extent [2,8]. Once water enters the adhesive joints, they 
can be weakened in several ways. For example, the absorbed water leads to 
plasticization of the adhesive and thus weaken the bond. Plasticization is a 
reversible process and although it is usually a weakening effect, low water 
concentrations can sometimes lead to strengthening of the bond [2,8–10]. Another 
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important degradation process is related to free energy. Here, the adhesive is most 
likely displaced by the water and physical effects such as Van der Waals 
interactions can no longer take place [8]. Other possible effects that water can have 
on adhesive joints are swelling which can cause internal stress or corrosion of the 
underlaying metal substrate when the water reaches the interface between the 
adhesive and the metal substrate [2,8,11–13]. The impact of adhesive failure can be 
devastating in the automotive industry. It can cause the operation of the car to be 
hindered and the safety of the driver to be compromised [1,14]. Although the 
processes are better understood and many studies have been carried out, the exact 
effects and mechanisms of adhesive debonding especially with commercially 
available adhesives and commonly used additives under corrosive load are not yet 
fully understood.  

 

 

 

 

 

 

 

 
 
 

Figure 1.1: A vehicle with marked areas where adhesives are frequently used. 

 

1.1.2 Theories of adhesion  

To better understand delamination processes at the adhesive/metal interface, it is 
necessary to know the main theories of adhesion, which include mechanical theory, 
physical adsorption, chemical bonding, diffusion theory and electrostatic theory. 
Despite the numerous theories, the mechanism responsible for adhesion is much 
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more complex and not yet fully elucidated [2,15–18]. Fig. 1.2 illustrates some of the 
most important adhesion models, which are also summarised below:  

• Mechanical theory: This concept was proposed by McBain and Hopkins in 
1925 and is the oldest adhesion theory [19]. The mechanical theory is also 
referred to as mechanical interlocking because the adhesive is keying into the 
surface of the adherend where it fills the cavities and pores. Therefore, this 
theory states that the strength of the adhesion is directly depending on the 
porosity and roughness of the substrate [15,20–22]. However, this theory is 
controversial because a higher porosity means also an increase in the surface 
area of the substrate and thus could mean an increase in the number of 
chemical bonds, which results in higher adhesive strength [23]. In addition, 
good adhesion can also be obtained on smooth surfaces and is not limited to 
porous surfaces [24]. Whether this theory applies to adhesion between a 
polymer/metal interfaces is strongly dependent on the topographic 
properties of the metal substrate as well as on the wetting ability of the 
adhesive [25]. 

• Physical adsorption: Physical adsorption only occurs when two materials 
are in close molecular contact.  Here, adhesion relies on secondary molecular 
forces such as van der Waals forces, which are the weakest of all 
intermolecular forces, have a very short range and are experienced just by a 
single or double molecular layer in the interfacial layers. Van der Waals 
forces contribute to all adhesive bonds, including the adhesion between the 
polymer/metal interface [15,26,27]. Depending on whenever non, one or 
both of the paired atoms have electric dipoles, the van der Waals forces are 
classified as London, Debye and Keesom forces [2,26,28].  

• Chemical bonding: Chemical bonding is similar to physical adsorption but 
involves the formation of stronger primary chemical bonds such as covalent, 
ionic bonds, hydrogen bonds or acid-base interactions. Here, the reactivity of 
the adhesive and the adherend depends on whether a chemical bond is 
formed or not [27,29]. One of the most important interactions that occur at a 
polymer/metal interface is the acid-base interaction. Here, an acceptor 
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interacts with an electron pair donor. The acceptor consists of unoccupied 
levels with an affinity for electrons, while the donor has a lone pair of 
electrons.  According to Brønsted, an acid is a proton donor and a base is a 
proton acceptor. A Lewis base, on the other hand, has a lone pair of electrons 
that can be used to complete the valence shell of a Lewis acid. Lewis acid-
base interactions play an important role in adhesion at  polymer/metal oxide 
interfaces [2,30].  

• Diffusion theory: The basic principles of the diffusion theory of adhesion 
were established by Voyutskii and are mainly applicable for adhesion 
between two polymers and therefore not so relevant for adhesion between 
polymers and metals. The diffusion is based on micro-Brownian motion 
[18,26,31]. In order to develop a bond, it is necessary for the adhesive to 
contain a solvent for the adherend. Adhesion is generated when there is 
interdiffusion of molecules in and between the adhesive and adherend. With 
two polymer surfaces, the bond is formed by the interdiffusion of the 
polymer molecules on the first surface into the molecular network of the 
second polymer surface. In this process, interdiffusion strongly depends on 
the duration of contact, the temperature, the structure of the polymers and 
the polymer molecular weight [15,26,32].  

• Electrostatic theory: Derjaguin was the first to introduce the electrostatic 
theory of adhesion, in which the adhesive and the material to be bonded are 
brought into contact (e.g., a polymer and a metal substrate) and on which 
their surfaces function like the plates of a plate capacitor. Charge is then 
transferred from one surface to the other, which can be compared to 
electrochemical processes, but in the absence of an electrolyte. Due to the 
charge transfer of the dissimilar surfaces, an electrical double layer is formed 
at the interface, which causes adhesion [15,16,33].   
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Figure 1.2: Schematic overview of the main adhesion theories including the mechanical 
interlocking, adsorption and chemical bonding as well as the diffusion and electrostatic theory 
reproduced after [2]. 

1.1.3 Effect of water on the adhesive/metal interface 
Water can get into the adhesive/metal interface in several ways. One is through 
capillary action, which can occur when organic coatings have pores or small defects 
such as cracks. Another way water can penetrate into the polymer is through a 
concentration gradient that forms if the adhesive is exposed to an aqueous solution 
or a humid environment [34–36]. According to E. McCafferty, there are three 
mechanisms that may cause delamination when water penetrates into the 
polymer/oxide-coated metal interface. The first is the dissolution of the metal oxide 
film due to a local increase in pH. The second is also due to a strong alkaline 
environment, which can lead to the degradation of the adhesive. In addition, loss of 
adhesion at the interface between the adhesive and the oxide-coated metal is 
possible. The loss of adhesion can be caused either by chemical separation when the 
water molecules interact with covalent, hydrogen or polar bonds at the interface, 
while mechanical disbonding can be caused by water accumulation and osmotic 
pressure [35]. In addition to delamination of the adhesive due to chemical reactions 
or loss of physical forces at the polymer/metal interface, cathodic and anodic 
delamination are also well known in the automotive industry. Both delamination 
processes are caused by the formation of an electrochemical cell in which the anode 
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and cathode are connected by water as the electrolyte [37,38]. Since cathodic and 
anodic delamination, especially filiform corrosion, and osmotically induced 
blistering were the main delamination processes observed in this work, a more 
detailed literature review of these processes at the adhesive/metal interface is given 
below: 

• Cathodic delamination: Cathodic delamination is often found on metals like 
iron or zinc which form conductive oxides on the metal surface [39]. In the 
1980s, numerous research papers on cathodic delamination were written by 
H. Leidheiser et al. and W. Funke. Although cathodic delamination was 
already known before the 1980s, these two research groups contributed 
significantly to a better understanding of the mechanism behind cathodic 
delamination [40–42]. A schematic illustration of cathodic delamination 
along an adhesive/galvanized steel interface where the defect is in close 
contact with a NaCl solution is shown in Fig. 1.3.  As shown in Fig. 1.3, if 
there is a defect in the coating and it comes into contact with an electrolyte 
such as water or seawater, metal dissolution can occur on the uncoated metal 
surface. When the metal is oxidised, electrons are released and the free 
electrons on the metal surface are consumed by the oxygen reduction 
reaction (ORR) under the intact polymer/metal interface. During the ORR, 
mainly hydroxyl ions are formed, leading to the build-up of an alkaline 
atmosphere under the coating, which can lead to bond breakage at the 
interface. In addition to hydroxyl ions, other active intermediates such as 
peroxides and free radicals are also formed, which can also contribute to 
delamination of the organic coating. In this process, the defect serves as the 
local anode and the intact polymer/metal interface as the local cathode. The 
electrolyte connects the local anode and the local cathode. As a result of an 
excess of negative charge under the coating, hydrated sodium ions migrate 
from the anodic site to the cathodic site leading to the formation of a galvanic 
element. In epoxy coatings, including epoxy-based structural adhesives, 
cation transfer from the defect to the cathodic site is assumed to be the rate-
determining step for cathodic delamination [43–45]. 
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Figure 1.3: Schematic illustration of cathodic delamination along an adhesive/galvanized 
steel metal interface where the defect is in contact with a NaCl solution reproduced after 
[45].  

• Anodic delamination: Anodic delamination is often referred to as anodic 
undermining. Compared to cathodic delamination, the position of the local 
anode and cathode is reversed. The anodic metal dissolution reaction takes 
place under the coating while the cathodic ORR takes place in the defect. 
Fig 1.4 describes anodic undermining along an adhesive/Zn-Al-Mg hot-dip 
galvanized steel interface where the local anode and local cathode are 
connected by an electrolyte forming a galvanic element. Anodic 
delamination is particular often found on aluminium  surfaces. Many studies 
demonstrated that anodic delamination, especially filiform corrosion, which 
is a special form of anodic undermining, occurs on polymer coated zinc alloy 
surfaces containing magnesium [13,46–49].  

 
Figure 1.4: Schematic illustration of anodic undermining along an adhesive/Zn-Al-Mg hot-
dip galvanized steel interface where the local anode and local cathode are connected by an 
electrolyte.  
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• Filiform corrosion: Filiform corrosion was first studied by Sharman in 
1944 [50]. This type of delamination often occurs on polymer coated 
aluminium, magnesium and iron surfaces when they come into contact 
with aggressive anions such as chloride ions or when they are exposed to 
a very humid environment. Fig. 1.5 shows the structure of a corrosion 
filament at the interface between an adhesive and galvanised steel, where 
the zinc layer also contains magnesium and aluminium. The filament has 
a tail and a head, with the head acting as the active corrosion cell and 
moving across the metal surface. The tail is formed by the formation of 
inert corrosion products behind the head of the filament which creates a 
differential aeration cell [47,51]. A. Bautista describes that there are two 
cathodic sites, one at the end of the head and one around the head of the 
filament, which was also observed by potential and pH measurements. 
The anode is at the front of the head and the pH is usually between 1 and 
4, depending on the metal surface, while the cathodic sites have alkaline 
pH values. [47].    

 
Figure 1.5: Schematic illustration of a corrosion filament at the adhesive/galvanized steel 
interface reproduced after [47].  

• Osmotically induced blistering: Osmosis is believed to be one of the 
main mechanisms causing blistering of organic coatings on steel 
substrates [52]. When an intact polymer coating, such as an epoxy 
adhesive, is in close contact with an aqueous environment that is free of 
solutes or has a lower solute concentration than under the coating, a 
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semi-permeable membrane can be formed at the polymer/metal 
interface in combination with water-soluble compounds, often inorganic 
salts. The membrane formed allows diffusion of water but is 
impermeable to dissolved solids, resulting in a concentration gradient 
across the polymer film where the concentration of solutes at the 
polymer/metal interface is significantly higher than at the outer surface 
of the coating. Therefore, water is drawn through the film towards the 
concentrated solute under osmotic pressure. This water transfer takes 
place because both the water pressure and the salt concentrations on 
both sides of the membrane strive for equilibrium [53,54]. Blistering then 
occurs due to the deformation pressure caused by the water entering the 
polymer/metal interface [52].  

 

1.1.4 State of the art for investigating the buried polymer/metal interface  

Investigating the buried polymer/metal interface is often a difficult task, as the 
interface is located under a µm-thick polymer layer that is difficult to measure using 
conventional analytical methods. A variety of methods have been used to reach or 
simulate the interface. One simple method is the mechanical removal of the coating, 
which can lead to a deformation of the interface and was therefore not considered in 
this work [55]. A more convenient method might be cross-section techniques such as 
cross-section polishing (CSP) or focused ion beam (FIP), which allow the buried 
polymer/metal interface to be accessed with little risk of damage to the interface. The 
disadvantage, however, is that the interface is then directly exposed to the environment 
[55,56]. In literature, sputtering with C60 ions [57] and Ar [58], ultra-low angle 
microtome (ULAM) [59,60] and cryo-ULAM [61] are also cited as suitable methods for 
exposing the buried polymer/metal interface and subsequent examination of the 
exposed interface with analytical methods such as X‐ray photoelectron spectroscopy 
(XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS) or atomic force 
microscopy-based infrared spectroscopy AFM-IR [56,57,60,61].  

In this work, however, we have prioritised the use of non-destructive methods for 
investigating the buried polymer/metal interface, of which we give a rough 
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overview below. Fig. 1.6 lists a few methods found in literature to investigate the 
buried interface in a destructive and non-destructive way.  

 
Figure 1.6: An overview of a few commonly used methods to investigate the buried polymer/metal 
interface.  

A frequently used method is to apply model molecules to the metal oxide surface 
and study their interactions, e.g. using infrared reflection-absorption spectroscopy 
(IRRAS). Van den Brand et al. (2004) used anhydride and carboxylic acid based 
compounds widely used in the adhesives industry and investigated the chemical 
bonding of these compounds on aluminium substrates using IRRAS. This is a 
relatively simple method to simulate a buried polymer/metal interface and obtain 
valuable information about interfacial interactions.  However, the disadvantages of 
this method are that the polymer coating is not made of monomers, which means 
that the simulated interface is not very realistic, and that a highly reflective 
substrate surface is required [55,62].  

Another in-situ infrared spectroscopy method to study the buried interface is 
attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) in 
Kretschmann geometry, which was used by Taheri et al. (2013) to study ionic bond 
formation between Zn surfaces and carboxylic polymers [63].  This method is a non-
destructive method that also relies on the use of thin polymer films or thin metal 
(oxide) films. Unlike IRRAS or many other methods, the Kretschmann geometry 
allows the infrared beam to reach the buried interface not only from the polymer 
side but also from the metal (oxide) side. It is an appropriate method to measure the 
transport of water or ionic species through the polymer film to the polymer/metal 
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interface and is often combined with EIS [55,63–65].  

It is also possible to study water transport along the buried polymer/metal interface 
with HR-SKP. Both EIS and HR-SKP were found to be excellent for studying 
commercial adhesives as well as model formulations and were therefore used 
throughout this thesis. A more detailed description of both methods can be found in 
Chapters 2.3 and 4 and is therefore not explained here.  

As described in Chapter 1.1.3, the pH values at the local cathode and the local anode 
change when a galvanic element forms between the defect and the intact 
polymer/metal interface due to the absorption of water in the coating. At the 
cathode, the pH becomes strongly alkaline due to the formation of hydroxide ions 
by the oxygen reduction reaction whereas at the anode the pH-value becomes more 
acidic. Measuring of the pH-value at the polymer/metal interface clearly should 
indicate if the coated metal delaminates cathodically or anodically. Micro- MOx pH 
electrodes are one way to measure the pH value at the polymer/metal interface. An 
overview of already existing micro-MOx pH electrode and their application in 
corrosion research is given in Chapter 5.1. 

 

1.2 Motivation and outline of this thesis  
1.2.1 Research aim  

Within the framework of the DuraBond “Durability of high strength adhesives and 
adhesive bonds under corrosive load” project and considering the literature 
background presented above, the following research questions were defined for this 
PhD thesis in agreement with all company and research partners:  

• How to reliably measure water/ion diffusion at the metal/adhesive 
interface? 

• What influence does the composition of the adhesive and the surface 
chemistry of the metal substrate have on water absorption and the 
delamination process? 

• What methods can be used to electrochemically identify the delamination 
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processes under an organic coating? 

• How can a low-cost, robust and easy-to-manufacture pH electrode be 
produced for future pH measurements at the adhesive/metal interface? 
Which metal oxide would be suitable for such measurements? 

 

1.2.2 Thesis outline 

This thesis consists of six chapters. The first chapter contains the motivation for 
this work as well as a comprehensive literature review, while Chapter 2 gives 
an overview of the main methods used in the course of the work. Starting with 
a brief introduction to the electrochemistry of corrosion, followed by the basics 
of electrochemical impedance spectroscopy and the height-regulated scanning 
Kelvin probe. 

In Chapter 3 "Water absorption in hollow glass microspheres and its influence 
on cathodic and anodic delamination along the polymer/metal interface", it 
was shown that EIS can be used to investigate commercial adhesives with 
additives rather than simplified adhesive systems without additives. Here, EIS 
enabled the estimation of water absorption in hollow glass microspheres, which 
are important lightweight fillers for structural adhesives. Additionally, the 
delamination process on two galvanized steel substrates were confirmed using 
HR-SKP. The results are in good agreement with standardised corrosion tests 
that were additionally carried out to investigate the influence of HGM on the 
corrosion resistance of epoxy adhesives.  

Chapter 4 "Systematic variation of inorganic additives and their impact on 
interfacial delamination processes of automotive coating systems" deals with 
the effects of inorganic additives, in particular CaO, CaCO3 and hydrophobic 
fumed SiO2, on various delamination processes. As in Chapter 3, the water 
absorption behaviour is determined by means of EIS. The results are compared 
with results from the cataplasma test. The blistering that occurs on the ZE 
substrate is investigated with additional cataplasma tests under oxygen-
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depleted and oxygen-rich atmospheres to determine whether blistering is 
caused by osmotic blistering or cathodic delamination.  

Since the pH value is an important parameter in corrosion research because it 
can provide information about the corrosion mechanisms that may occur at the 
polymer/metal interface, Chapter 5 "Versatile, low-cost, non-toxic niobium-
based potentiometric pH sensors" focuses on the production of niobium-based 
pH sensors that are low-cost, non-toxic, easy to produce and have excellent 
long-term stability. Three different manufacturing routes were compared and 
the characterisation of the fabricated NbOx electrodes was performed by SEM, 
EDX and EIS.  

Chapter 6 "Conclusion and outlook" gives an overview of the most important 
results of this thesis as well as a brief outlook. 
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Chapter 2 
 

Methodology 
 

This section provides an overview of the relevant methods used in the present 
work. The exact execution of the measurements can be found in the individual 
chapters. Firstly, electrochemistry, in particular electrochemical impedance 
spectroscopy, which was used to determine the water absorption of the 
different adhesive formulations and to investigate the influence of commonly 
used additives such as the hollow glass microspheres, CaCO3, CaO and 
hydrophobic fumed SiO2 on the water uptake (see Chapters 3 and 4). EIS was 
also used for the characterization of the NbOx pH electrodes. Despite EIS 
measurements, cyclovoltammetry, polarization and open circuit potential 
measurements were carried out to either prepare the pH electrodes or to 
determine its performance (see Chapter 5). For the identification of the 
delamination process along the buried adhesive/galvanized steel interface, a 
heigh-regulated scanning Kelvin probe (HR-SKP) was used (see Chapter 3).  

 

2.1 Electrochemistry of corrosion 
Electrochemistry is a quite old science that deals with chemical reactions in 
which electrons are transferred at the interface between an electrode and an 
electrolyte. Here, the electrode can be either a metal or a semi-conductor, 
whereas the electrolyte is a solution that acts like an ionic conductor. A 
well-known example of an electrochemical process in material science or 
nature is corrosion of metals in an aqueous environment. Corrosion of 
metals with its environment occurs through coupled electrochemical half-
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cell reactions that can lead to deterioration or decomposition of the metal. 
One half-cell reaction is the oxidation reaction, where the electrons are 
produced. The other half-cell reaction is the reduction reaction, in which the 
electrons are consumed. Here, the dissolution of the metal is indicated by 
the oxidation reaction at a local anode as follows [66,67]:  

 M → Mz+ +ze-    (2.1) 

The cathodic reaction to this is the reduction reaction. In corrosion 
processes, a common cathodic reaction in neutral or basic environments is 
the oxygen reduction reaction, in which dissolved oxygen reacts with water 
to form hydroxyl ions as follows [67]: 

  O2 + 2H2O + 4e- → 4OH-                                                          (2.2) 

However, in acidic solutions, the predominant cathodic reaction is 
hydrogen evolution on metal surfaces as follows [67]:                                    

                                                     2H+ + 2e- → H2                                             (2.3) 

The driving force for the electron flow, also called corrosion current, is the 
potential difference between the corresponding cathodes and anodes. A 
higher potential difference leads to an acceleration of the corrosion process 
[68,69].  

Thermodynamically, when a metal corrodes, there is a change in the Gibbs 
free energy, which corresponds to the work associated with the corrosion 
reaction. The spontaneity of such reactions is usually determined by a 
decrease in Gibbs free energy (ΔG < 0) [69,70]. Marcel Pourbaix invented 
potential-pH diagrams to sum up thermodynamic information about 
corrosion of different metals and to show the stability of those metals as a 
function of potential and pH. Even though the kinetic aspects have been 
neglected here, Pourbaix diagrams are useful to predict the corrosion 
tendency of metals [69,71]. Fig. 2.1 illustrates the Pourbaix diagram of an Fe-
H2O system, where the regions of corrosion, immunity and passivity are 
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marked. The horizontal lines indicate electron transfer reactions that are 
potential-dependent, while the vertical lines represent reactions that do not 
involve electron transfer and are pH-dependent. The diagonal lines 
represent the redox potentials of a solution in a state of equilibrium with 
hydrogen and oxygen. These equilibria are potential- and pH-dependent. 
The dotted lines, however, represent the hydrogen and oxygen lines in the 
Pourbaix diagram [69]. 

 

 
Figure 2.1: Potential-pH diagram for an iron-water system. Reprinted with permission from 
[69]. 

 

2.2 Electrochemical Impedance Spectroscopy 
EIS was mainly used to measure the water uptake and the effective water 
diffusion coefficients for all coatings on ZE or ZM substrates throughout the 
entire work.  The setup of the electrochemical cell for the EIS measurements is 
illustrated in Fig. 2.2. A three-electrode cell arrangement was used, where the 
coated sample was the working electrode, a dimensionally stable anode (DSA) 
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was used as the counter electrode (CE) and an Ag/AgCl (3 M KCl) electrode as 
the reference electrode (RE) with a 3.5 wt% NaCl solution as the electrolyte. A 
CompactStat from IVIUM technologies was used for the impedance 
measurements. The electrochemical impedance spectra were evaluated with the 
software ZView and IVIUM soft. The measurements were performed in a 
frequency range of 103-104.5 Hz with an AC disturbance of 10 mV with respect 
to the OCP of the system at room temperature. A detailed description on how 
the water uptake and the effective water diffusion coefficients were calculated 
from the EIS data can be found in Chapter 3. 

 
Figure 2.2: The setup of the electrochemical cell for the EIS measurements. 

For the characterisation of the oxide layers and for the determination of the 
porosity of the fabricated NbOx pH electrodes, EIS measurements were 
conducted. As with the water uptake measurements, a three-electrode cell 
arrangement consisting of a dimensionally stable anode as CE, an 
Ag/AgCl/3 M KCl electrode as RE and the NbOx electrode as WE was used 
here. Measurements were carried out at room temperature in a 3.5 wt% NaCl 
solution and with a frequency range of 10-2-104 Hz using a 10 mV AC 
perturbation at the OCP which was determined before EIS. For these 
measurements, the EIS spectra were fitted using ZView software (Scribner 
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Associates, United States). 

 

2.3 Heigh-regulated scanning Kelvin probe 

HR-SKP has proven to be a powerful, versatile and non-destructive tool for 
investigating delamination processes of organic coatings on metal substrates. The 
SKP technique was first introduced to electrochemical corrosion by M. Stratmann 
and H. Streckl. Fig. 2.3a demonstrates the set-up of an SKP technique. As illustrated 
in the figure, the SKP consists of a vibrating probe tip that forms a capacitor when 
brought to a short distance from the sample surface. An image of the experimental 
set-up of the SKP in the climate chamber used throughout the entire work is shown 
in Fig. 2.3b. If the tip, which acts as the reference electrode and the sample are made 
of different metals and are brought into contact, the different Fermi levels lead to a 
potential gradient that can be used to determine the contact potential difference 
(CPD) or the Volta potential difference Δψ between a WE and the vibrating RE.  As 
shown in Fig. 2.3c, the equilibrium of the Fermi levels leads to a Volta potential 
difference because of the correlated charge transfer. Applying an external bias 
voltage between the sample and the tip equalises the Volta potential difference and 
the two surfaces are no longer charged  [72,73]. 

The SKP was mainly used in this dissertation to investigate the delamination 
processes of close-to-reality adhesive formulations on different galvanized steel 
surfaces. For this purpose, an artificial defect was created with a scalpel and then an 
untreated wool thread was placed inside the defect. The exact procedure of the 
measurement as well as a detailed description of the sample preparation for the SKP 
measurements can be found in Chapter 3.2.6. The climate chamber made it possible 
to carry out measurements under elevated oxygen concentration and thus accelerate 
the delamination processes. Furthermore, due to the climate chamber and a 
humidity sensor, measurements could be carried out with a relative humidity of 96 
%.  The prepared samples were then stored in the humid climate chamber for at 
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least 10 hours to eliminate electrostatic charges. Delamination was then initiated by 
soaking the wool threads with 0.5 M NaCl solution. The surface scans were 
performed with an HR-SKP from Wicinski-Wicinski GbR. The SKP tip used 
consisted of 80 wt.% Ni and 20 wt.% Cr and had a diameter of 174 µm. Before the 
measurements, the SKP was calibrated with a Cu/Cu2+-system [13]. 

 
 

 

Figure 2.3: The set-up of a SKP technique (a) as well as a picture of the used SKP in the climate 
chamber (b). When the Kelvin probe, the reference electrode and a sample are brought into contact, 
the balance of the Fermi levels results in a Volta potential difference as a consequence of the 
correlated charge transfer. Applying an external bias voltage between the sample and the tip 
equalises the Volta potential difference and the two surfaces are no longer charged reproduced after 
[72,74]. 
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Chapter 3 
 

Water-uptake in hollow glass 
microspheres and their influence on 
cathodic and anodic delamination along 
the polymer/metal interface 

 
This chapter is based on the article published under the same title in the 
journal Corrosion Science (see [13]) and reproduced under the corresponding 
copyright agreement. This study was conducted because water absorption can 
cause reactions at the adhesive/metal interface that can lead to degradation 
and failure of the bonded joint. Many publications therefore deal with water 
absorption in epoxy coatings and its effects on delamination processes at the 
interface. In contrast to previous publications, our study shows for the first 
time that EIS can be used to investigate commercially available adhesives with 
additives rather than simplified adhesive systems without additives. In this 
case, EIS enabled the estimation of water absorption in HGM, which are 
important lightweight fillers for structural adhesives. The results are in good 
agreement with standardised corrosion tests that were additionally carried out 
to investigate the influence of HGM on the corrosion resistance of epoxy 
adhesives. 
 
Most of the experiments were carried out by the author herself. With the 
exception of the SEM images, which were carried out by voestalpine Stahl 
GmbH, and the corrosion tests, which were conducted with the assistance of 
Philipp Ricopuerto. 
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Water-uptake in hollow glass microspheres filled polymers, and in turn 
corrosion processes along the polymer/metal interface are not well studied to 
date. Here, we examine water absorption and diffusion of two epoxy adhesives 
in the absence and presence of HGM on zinc coated steel using electrochemical 
impedance spectroscopy and height-regulated scanning Kelvin probe. Mild 
filiform corrosion was detected on all epoxy adhesive coated Zn-Al-Mg (ZM) 
surfaces during cataplasma aging, suggesting anodic delamination as 
degradation mechanism. In contrast substantial cathodic delamination and 
blistering was observed for epoxy/electrogalvanized steel samples (ZE). Hence, 
HGM containing coatings can inverse effects on ZM or ZE coated steel, having 
important implications for industrial application. 

 

3.1 Introduction  
Given the increasing importance of lightweight construction and the deployment of 
multi material design in the automotive industry, adhesive bonding has become 
established as a joining process. Often used structural adhesives for automotive 
applications are epoxy adhesives [75–77]. Advantages of epoxy adhesives are a 
good chemical and heat resistance, excellent mechanical properties, high corrosion 
resistance, as well as strong adhesion [78–80]. However, epoxy resins are inherently 
brittle and have poor pressure resistance without additives [81,82]. 

One way to improve the properties of epoxy resins and to make the adhesive still 
suitable for lightweight construction is by adding HGM [83]. HGM are important 
lightweight fillers for polymers used in the aerospace industry, ship engineering 
and automotive industry [84,85]. For example, HGM fabricated foams are much 
stronger than other commonly used foams for building ships while maintaining the 
low weight. Properties which make HGM a key additive for the polymer industry 
are the controllable size and shape of the microspheres, the low density combined 
with the relatively high crack resistance, followed by the dielectric properties as 
well as the good thermal and acoustic insulation of the hollow glass beads [83]. 
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Despite the improved properties due to the fillers, one known problem of adhesive 
bonding is that water absorption can generate reactions at the adhesive/metal 
interface, which can cause degradation and failure of the adhesive bond [75,86–89]. 
Considering the amount of research work published on the thermal, mechanical, 
and electrochemical properties of epoxy-HGM composites, little attention was 
placed on their influence on corrosion processes along the polymer/metal interface 
[81,90–94]. 

Therefore, the aim of this study was to determine the influence of HGM on the 
water uptake and the delamination process of two galvanized steel surfaces coated 
with epoxy adhesives as schematically shown in Fig. 3.1a-c and described in more 
detail in Chapter 3.2.3. EIS was used to determine the water uptake and the effective 
water diffusion coefficients of the coatings and HGM whereas corrosion tests 
allowed to identify the impact of HGM on the delamination process in structural 
adhesives. Finally, HR-SKP was used to confirm the delamination mechanism on 
both metal substrates.  

 
3.2 Materials and Methods 

3.2.1 Materials 

For this study electrogalvanized steel and Zn-Al-Mg hot-dip galvanized steel 
were provided by voestalpine Stahl GmbH. The composition of the ZM coating 
was approximately 96 wt% Zn, 2.5 wt% Al and 1.5 wt% Mg ± 0.25 wt%. The 
average coating weight was 35 g/m² per side with a coating thickness of 5.5 µm 
and the steel substrate was CR4 mild steel with a thickness of 0.71 mm. ZE had 
an average coating weight on both sides of 100 g/m² Zn with a coating 
thickness of 7 µm. The substrate again was CR4 mild steel sheet with a thickness 
of 0.76 mm. 

For the investigation of the water uptake, both substrates were coated with two 
different epoxy adhesives containing solid glass microspheres (SGM) or 
different amount of HGM from 3M technologies provided by Henkel AG & Co. 
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KGaA. The coating was applied by using a doctor blade. The first investigated 
adhesive was a MF containing D.E.R. 331 epoxy resin, dicyandiamide, and 
several additives like CaO as water scavenger, CaCO3 as inert filler, 
polyurethane prepolymer flexibilizers, core-shell rubber tougheners and purple 
dioxazine pigments to simulate a commercially available adhesive. Tab. 3.1 
illustrates the exact composition of MF. The second adhesive was a CF of which 
the exact composition is unknown. For HR-SKP measurements a further 
simplified adhesive formulation referred as Jeffamine formulation (JF), 
consisting of 37.8 wt% Jeffamine D400 and 62.2 wt% D.E.R. 331 P, was used to 
determine the interfacial delamination process.                                                                                                     

Table 3.1: Detailed description of all concentrations and components used to prepare MF. 

Substance name wt (%) 

D. E. R. 331 epoxy resin 40.00 

DGEBA with core shell particles 10.00 

Flexibilizers 10.00 

CTBN modified epoxy resin 10.00 

Hydrophobic silica 3.00 

Dicyandiamide 5.60 

Accelerator 0.35 

CaCO3 16.00 

CaO 5.00 

Dye, violet 0.05 

3.2.2 SEM 

Scanning electron microscopy, used to image the microstructure of HGM and 
the HGM charged CF coating, was performed on the Carl Zeiss AG-SUPRA 35 
with an acceleration voltage of 15 kV or 5 kV. 

3.2.3 EIS measurements 

For sample preparation, ZE and ZM were ultrasonically cleaned with benzine 
and acetone. Afterwards, the cleaned metal surfaces were coated with neat MF 
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and CF, respectively. Additional MF coated ZE samples with different 
concentrations of HGM were prepared. Either 2 wt%, 4 wt%, 6 wt% HGM or 
2 wt% SGM were added to the uncured MF adhesive and mixed using a Dual 
Asymmetric Centrifuge by SpeedMixer. After coating, the samples were cured 
at 180 °C for 0.5 h and the thickness of the adhesive coating was measured 
using a portable coating thickness gauge PHASCOPE PMP10 DUPLEX by 
Fisher. To obtain homogeneous coatings, a larger metal surface was coated than 
necessary for the EIS measurements, the thickness of the coating was measured 
with the portable coating thickness gauge and the samples were cut out into 45 
x 45 mm² pieces where the coating had the desired homogeneity. The dry 
coating thickness d was 80 ± 35 µm for EIS measurements. Three parallel 
samples of each coating were prepared and measured to obtain a representative 
set of results. 

For the EIS measurements, a three-electrode cell arrangement was used in 
which the coated sample acted as working electrode, a dimensionally stable 
anode was used as counter electrode and a Ag/AgCl (3 M KCl) electrode was 
used as reference electrode. The electrolyte for all measurements was a 3.5 wt% 
NaCl solution. Impedance measurements were carried out using a CompactStat 
by IVIUM technologies. Electrochemical impedance spectra were analysed with 
the software ZView and IVIUM soft. The measurements were carried out over a 
frequency range of 103-104.5 Hz using a 10 mV AC perturbation with respect to 
the OCP of the system at room temperature. The active electrode area was 
12.5 cm² and the electrochemical cell which was placed on top of the working 
electrode was sealed with an O-ring. The water absorption of fully H2O 
saturated coatings determined via EIS was compared with gravimetric 
measurements. Here, the MF coated samples mixed with 2 wt%, 4 wt% or 
6 wt% HGM and the MF coated samples containing 2 wt% SGM were first 
weighed dry and after complete saturation of the coatings with water. Fig. 3.1a 
and c illustrate the coated sample including HGM and the equivalent circuit of 
epoxy coated metal surfaces. The SEM image in Fig. 3.1b shows the HGM 
charged CF coating. According to the manufacturer, the used HGM and SGM 
generally have a size distribution of 25-85 µm. In the equivalent circuit, Rs, Rp 
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and Rct are the resistances of the electrolyte solution, the pore, and the charge 
transfer whereas CPEc and CPEdl are the constant phase elements of the coating 
and the double layer. Because of the non-ideal capacitance behaviours of the 
coating and the double layer, constant phase elements are used to fit the EIS 
spectra instead of capacitors. The impedance of CPE is described by Eq. (3.1) 
[94,95]. 𝑍(𝑗𝜔) = (𝑌0)−1 (𝑗𝜔)−𝑛  (3.1) 

where 𝑌0 is the CPE constant, 𝑗 the imaginary unit, 𝜔 the angular frequency and 𝑛 represents the power of CPE. The CPE is a pure capacitor if 𝑛 equals 1 and a 
pure resistor if 𝑛 equals 0 [95]. 

 

  

 

 

 

 
 

Figure 3.1: The diffusion of water in a MF-HGM coated steel surface after exposure to 3.5 wt% 
NaCl solution (a) including a SEM image of HGM charged CF (b) and an equivalent circuit of 
epoxy coated metal surfaces (c). 

 

3.2.4 Determination of the water uptake and effective diffusion coefficient 

The water uptake 𝜙 of a polymer coating on a metal surface can be calculated
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using the Brasher-Kingsbury (B-K) equation, where 𝐶𝑡 is the coating 
capacitance, 𝐶0 is the initial coating capacitance and 𝜀𝑤𝑎𝑡𝑒𝑟 is the relative 
permittivity of water (80 at RT), Eq. (3.2) [86,96,97].  

𝜙 = log(𝐶𝑡𝐶0)log(𝜀𝑤𝑎𝑡𝑒𝑟)  (3.2) 

Since the capacitance of the polymer coating changes with water diffusion, this 
method is often referred to as the capacitance method. 𝐶𝑡 is calculated according 
to Eq. (3.3) [97]. 𝐶𝑡 = 12𝜋𝑓𝑍′′  (3.3) 

where f is the frequency and 𝑍′′ is the imaginary part of the impedance at 𝑓. 

Another used method to calculate the water uptake 𝜙 from EIS data is via linear 
relationship (LC), Eq. (3.4) [98]. 𝜀𝑤 = 𝜀𝑐 (1 − 𝜙) + 𝜀𝑤𝑎𝑡𝑒𝑟 𝜙 (3.4) 

where 𝜀𝑤 is the wet coating dielectric constant and 𝜀𝑐 is the dielectric constant of 
the dry coating. The wet coating dielectric constant 𝜀𝑤 can be calculated 
according to Eq. (3.5) [98].  𝜀𝑤 = 𝐶𝑡𝑑𝜀0   (3.5) 

where 𝑑 is the coating thickness and 𝜀0 is the vacuum permittivity. 

The water uptake can be separated into two parts, whereas the water uptake at 
the initial first stage is fast and follows the Fick´s law as compared to the water 
uptake in the second part, which finally leads to a saturation of the polymer 
layer. If the possible swelling of the epoxy adhesives is ignored, Eq. (3.6) can be 
used to determine the effective water diffusion coefficient 𝐷𝑒𝑓𝑓 [86,95,99].  
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ln 𝐶𝑡−ln 𝐶0ln 𝐶𝑠−ln 𝐶0 = 2 √𝑡𝑑√𝜋 √𝐷𝑒𝑓𝑓  (3.6) 

where 𝐶𝑡 is the capacitance of the time 𝑡 , 𝐶0 is the dry coating capacitance, 𝐶𝑠 is 
the coating capacitance when the coating is saturated with water and 𝑑 is the 
coating thickness [95]. 

 3.2.5   Corrosion tests 

Neutral salt spray tests according EN ISO 9227 as well as cataplasma tests 
according EN ISO 9142 were performed to determine the influence of HGM on 
the corrosion resistance of the epoxy adhesives. For all corrosion tests, ZE and 
ZM steel sheets were cut into 80 x 150 mm² pieces and ultrasonically cleaned 
with benzine and acetone. Afterwards, the sample surfaces were knife coated 
with MF containing 0 wt%, 2 wt%, 4 wt% or 6 wt% HGM as well as with CF. 
The adhesives were cured at 180 °C for 0.5 h. A 1 mm wide and 70 mm long 
defect was scratched with a Sikkens scratching tool through the polymer 
coating into the metal coating of each sample, subsequently. The edges and 
backside of each sample were covered with tape, to prohibit edge corrosion.  

The salt spray tests were performed up to 480 h using a Q-FOG cyclic corrosion 
camber (Q-Lab) whereas the cataplasma tests were carried out up to 504 h with 
deionized H2O at 70 °C in an oven. The area of interest was 40 x 70 mm² for all 
samples including the 70 mm long artificial defect in the middle of the shorter 
side. Afterwards, the delaminated area of each sample was removed via scalpel 
and its extension was determined by using the software ImageJ. Five parallel 
samples were measured per coating, for each metal substrate and each 
corrosion test. The dry coating thickness for the epoxy coated ZE and ZM 
samples were 140 ± 15 µm. 

3.2.6 Determination of the interfacial delamination process via HR-SKP 

SKP samples were prepared by ultrasonically cleaning ZM and ZE steel sheets 
with benzine and acetone. Afterwards, the JF coating was applied by knife 
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coating on both metal surfaces and cured at 120 °C for 1 h. The coated polymer-
metal sheets were cut into 15 x 20 mm2 pieces, subsequently. The resulting 
coating thickness was 90 ± 10 µm. Before the SKP measurements, an artificial 
defect was created by scratching the samples with a scalpel. Untreated wool 
threads were then positioned and fixed with tape within the defect. The 
prepared samples were stored in the humid climate chamber for at least 10 h to 
eliminate electrostatic charges. Afterwards, the delamination was initiated by 
soaking the wool threads with 0.5 M NaCl solution. Surface scans were carried 
out using a HR-SKP by Wicinski-Wicinski GbR. The used SKP tip consisted of 
80 wt% Ni and 20 wt% Cr with a diameter of 174 µm. Prior the measurements, 
the SKP was calibrated using a Cu/Cu2+- system. During all measurements, the 
relative humidity was set at 96 % and controlled with a feedback control loop 
connected to a humidity sensor inside the climate chamber. In order to 
accelerate the delamination process of the samples, the climate chamber was 
flushed with oxygen. 

 

3.3 Results and Discussion 
 

In this work, a commercial epoxy structural crash resistant adhesive, which 
is commonly used in the automotive industry, was compared with MF. By 
using MF, it was possible to draw clean structure-activity relationships of 
the adhesive´s compounds from measurement results. The commercial 
adhesive system was a CF which already contained HGM but had an 
unknown formulation whereas MF mixtures with and without HGM or 
solid glass microspheres were studied. EIS was used to determine the water 
uptake as well as the diffusion of water into the adhesives and HGM. 
Corrosion tests were performed with CF, MF and MF mixed with different 
amounts of HGM to determine the influence of HGM on the delamination 
process. Finally, the delamination process on both galvanized steel surfaces 
was confirmed using HR-SKP. 
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3.3.1 Water uptake behavior 

To calculate the water absorption, it was necessary to determine the coating 
capacitance. Here, the coating capacitance was calculated according to Eq. 3.3 at 
a fixed frequency. The chosen frequency was 6.3 kHz for CF and MF coated ZE 
and ZM samples as well as for MF mixed with 2 wt% SGM or 2 wt% HGM 
coated ZE substrates, because the total impedance of the system in this high 
frequency domain was determined by the coating capacitance. For the MF 
mixed with 4 wt% HGM coated ZE sample, the chosen frequencies to calculate 
the coating capacitance were 6.3 kHz (0-80 h) and 10.0 kHz (90-140 h) while for 
MF mixed with 6 wt% HGM covered ZE, the frequencies were 6.3 kHz (0-50 h), 
10 kHz (60 h), 15.9 kHz (70 h) and 20.0 kHz (80-140 h). All the chosen 
frequencies were in a frequency range, where the measured θ was close to        -
90 degrees. The Bode plots of CF and MF coated ZE and ZM exposed to 3.5 wt% 
NaCl solution for 55 h at room temperature with the chosen frequencies marked 
with dotted lines to calculate the coating capacitance as well as the associated 
Nyquist plots are illustrated in Fig. A.1.1 and A.1.2. Fig. A.1.3 and A.1.4 
describe the Bode and Nyquist plots of MF mixed with 2 wt% SGM, 2 wt% 
HGM, 4 wt% HGM and 6 wt% HGM covered ZE surfaces exposed to 3.5 wt% 
NaCl solution for 140 h at room temperature.  

Fig. 3.2a and b illustrate water uptake curves of ZE and ZM, each coated with 
CF and MF determined via B-K approach. In order to remove the thickness 
effect of the epoxy coatings, all water uptake curves were plotted as a function 
of the reduced time 𝜏 = √𝑡 ⁄ 𝑑 where 𝑡 is the immersion time [100]. One major 
difference between CF and MF is the admixing of hollow glass beads to CF. 
Differences between both adhesives could be identified using EIS. At the 
beginning of the measurement, CF coated samples shown in Fig. 3.2a absorb 
water very fast into the coating, followed by a slow down until the first plateau 
is reached due to saturation of the coating with water. After the first plateau, 
water diffuses into the HGM and slows down after saturation of HGM with 
water is reached which marks the second plateau. In the next step, MF was used 
where HGM were left out to examine the impact of HGM in adhesives on the 
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water absorption behavior.  Comparing the water uptake curves of CF coated 
samples with the water uptake curves of MF coated samples shown in Fig. 3.2b, 
one plateau was detected instead of two plateaus as seen in Fig. 3.2a which 
indicated, that the additional water uptake is caused by HGM in CF. Further, 
the water uptake in CF coatings is lower than in MF coatings as seen in the first 
plateau, because additives were left out in MF. No significant differences 
between the water uptake of ZM and ZE could be detected. 

 

 

 

 

 

 
  

Figure 3.2: Water uptake curves of CF (a) and MF (b) coated ZE and ZM exposed to 3.5 wt% 
NaCl solution for 55 h at room temperature. 

SEM images of pure HGM at magnifications of 200, 500 and 2000 are shown in 
Fig. 3.3a-c. The SEM images show that some of the HGM were broken and that 
HGM had a general size distribution of 25-85 µm. Depending on the proportion 
of broken glass spheres in the adhesive, the water absorption and diffusion may 
vary slightly. Therefore, each coating was measured at least three times
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Figure 3.3: SEM images of pure HGM at different magnifications of 200 (a), 500 (b) and 2000 (c). 

It is now interesting to understand if an interaction between the glass surface 
and the adhesive is responsible for the further water uptake. In order to prove 
that the water uptake is caused by water diffusing inside the hollow glass 
microspheres, EIS reference measurements with solid glass microspheres were 
done. As shown in Fig. 3.4, no second plateau could be detected in coatings 
with 2 wt% SGM compared to coatings with 2 wt% HGM where a second 
plateau was observed. Therefore, the possibility that interfacial processes 
between the glass surface and the adhesive caused the additional water 
absorption can be ruled out and that the water actually diffuses into the inside 
of HGM. More water is absorbed into the adhesive with SGM compared to MF 
coated samples without glass beads. The higher water absorption can be 
explained by the more defect-rich coating, which is created by mixing SGM in 
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the uncured MF [101].  

 

 

 

 

 

 

 
 

Figure 3.4: Comparison of the water uptake curves of ZE coated with MF mixed with 
2 wt% SGM, 2 wt% HGM, 4 wt% HGM and 6 wt% HGM exposed to 3.5 wt% NaCl solution for 
140 h at room temperature. 

Hence and shown in Fig. 3. 4, the water uptake behavior of MF mixed with 
different concentrations of HGM was investigated. Generally, the results show a 
similar two-step water absorption as seen in the water uptake curves of CF 
coated ZE or ZM samples illustrated in Fig. 3.2b. Moreover, the second 
saturation is more pronounced with higher concentrations of HGM. This result 
indicates that water diffuses inside the hollow glass beads. Accordingly, the 
second plateau of the curve is due to fully saturation of the hollow glass spheres 
with water. All values for the water uptake in MF, CF and HGM calculated 
according to B-K are listed in Tab. 3.2. Furthermore, it is noticeable that for all 
mixtures the adhesive MF absorbs a similar amount of water of about 6-8 vol% 
until the first plateau of the curve is reached regardless the amount of HGM. 
However, the additional water uptake by HGM between the first plateau and 
the second plateau increases with increasing content of HGM. Plotting the 
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additional water uptake against the concentration of HGM resulted in a linear 
relation given in Fig. 3.5. Consequently, this relation allowed to estimate the 
amount of HGM in CF which was calculated to be 4.6-4.7 wt% and which is 
illustrated in Fig. 3.5 as a blue triangle. 

Table 3.2: Water uptake in MF, CF and HGM calculated according to B-K as well as effective 
water diffusion coefficient measured via EIS. 
Sample wtHGM  

(%) 
wtSGM  

(%) 
𝝓𝑯𝟐𝑶 𝒊𝒏 𝒂𝒅𝒉𝒆𝒔𝒊𝒗𝒆  

(%) 
𝝓𝑯𝟐𝑶 𝒊𝒏 𝑯𝑮𝑴 

(%) 
𝑫𝒆𝒇𝒇,   𝑯𝟐𝑶 𝒊𝒏 𝒂𝒅𝒉𝒆𝒔𝒊𝒗𝒆  

(m² s-1) 
𝑫𝒆𝒇𝒇,   𝑯𝟐𝑶 𝒊𝒏 𝑯𝑮𝑴 

(m² s-1) 

MF 
coated ZE 

- 2 7.2 ± 0.3 - 4.32x10-13 ± 
6.83x10-14 

- 

MF 
coated ZE 

2 - 7.2 ± 0.3 3.9 ± 0.4 1.18x10-13 ± 
4.03x10-14 

1.64x10-14 ± 
7.08x10-15 

MF 
coated ZE 

4 - 7.9 ± 0.3 9.8 ± 0.7 1.77x10-13 ± 
3.65x10-14 

2.54x10-14 ± 
1.20x10-14 

MF 
coated ZE 

6 - 5.9 ± 0.6 13.4 ± 0.7 2.27x10-13 ± 
4.95x10-14 

8.43x10-14 ± 
2.40x10-14 

MF 
coated ZE 

- - 5.6 ± 2.1 - 2.09x10-13 ± 
8.35x10-14 

- 

MF 
coated 
ZM 

- - 6.4 ± 2.3 - 4.60x10-13 ± 
1.39x10-13 

- 

CF coated 
ZE 

4.7 - 4.4 ± 0.3 10.6 ± 0.2 9.27x10-13 ± 
3.30x10-13 

2.99x10-13 ± 
1.86x10-13 

CF coated 
ZM 

4.6 - 3.1 ± 1.3 10.5 ± 1.3 4.53x10-13 ± 
7.59x10-15 

5.87x10-14 ± 
5.70x10-14 
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Figure 3.5: Linear relation between the concentration of HGM and the additional water uptake 
by HGM where the blue data point marks the calculated weight percentage of HMG in CF. 

The effective diffusion coefficients of water into the epoxy adhesives 
determined according to Eq. (3.6) are listed in Tab. 3.2 and are comparable to 
values found in literature [11,102,103].The effective diffusion coefficient of 
water in HGM is approximately 3-8 times smaller than the diffusion coefficient 
of water into the adhesive. Fig. 3.6 illustrates the logCt-t1/2  curves of HGM 
containing MF coatings on ZE substrates for the determination of the effective 
diffusion coefficients of water in the adhesives as well as in HGM. The red lines 
show the linear range fitted to calculate the diffusion coefficients of water into 
the adhesive or into HGM. It is noticeable that the slopes of the curves are the 
same for the transport of water into the adhesive, whereas the slopes for the 
investigation of diffusion in HGM increase with increasing HGM concentration. 
The diffusion coefficient of water in the adhesive rises with increasing addition 
of HGM although the slopes are the same for all three curves, which is related 
to the more defect-rich coating that occurs when glass spheres are mixed into 
the adhesive as discussed earlier. The lower the proportion of HGM in the 
coating, the longer it takes for the adhesive to become completely saturated and 
for the diffusion of the water into HGM to begin, since the quantity of the 
adhesive in the coating is higher, consequently. The effective diffusion 
coefficient of water in HGM increases with increasing amounts of HGM, which 
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can be explained by the larger surface area of glass in the adhesive.  

 

 

 

 

 

 

 

 
Figure 3.6: The curves logCt-t1/2 of MF mixed with 2 wt%, 4 wt% and 6 wt% HGM covered ZE to 
determine the effective water diffusion coefficient in MF and HGM. 

Tab. 3.3 compares total water uptake values determined gravimetrically and via 
EIS, for ZE coated with MF containing different amount of glass microspheres. 
The calculation of the absorbed mass of water using EIS was done by B-K (3.2) 
and LC (3.4). Values obtained by B-K formula greatly exceeded the gravimetric 
results. The deviation from gravimetric values reached up to more than 90 %. In 
contrast, the water uptake values calculated via LC were mainly lower 
compared to gravimetric ones, with deviations of up to approximately 40 %. 
Therefore, LC approximated better with gravimetric values than B-K, but the 
water uptake was usually a bit underestimated. The comparison of the two 
calculation methods showed that LC is better suited to determine the water 
uptake in coatings measured via EIS. Similar results are shown in the studies of 
Nguyen et al. [98]. 
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Table 3.3: Comparison of the total water uptake determined gravimetrically, B-K and LC as well 
as the deviation of the two calculation methods with that of the gravimetric method. 

wtHGM  

(%) 

wtsGM  

(%) 

mgrav.  

(mg) 

mB-K  

(mg) 

mLC  

(mg) 

ΔmB-K vs grav.  

(%) 

ΔmLC vs grav.  

(%) 

- 2 5.7 ± 0.5 10.9 ± 1.1 3.6 ± 0.4 + 91.2 - 36.8 

2 - 4.0 ± 0.8  7.1 ± 1.2 2.5 ± 0.5 + 77.5 - 37.5 

4 - 8.7 ± 2.8 15.7 ± 2.9 5.9 ± 1.5 + 80.5 - 32.2 

6 - 7.7 ± 0.5 14.9 ± 0.9 8.3 ± 1.2 + 93.5 + 7.8 

 

3.3.2 Influence of HGM in the adhesive on cathodic and anodic 
delamination 

Neutral salt spray (NSS) tests based on EN ISO 9227 as well as cataplasma tests 
based on EN ISO 9142 were chosen as corrosion tests to evaluate the influence 
of coatings with different amount of HGM on the interfacial delamination 
process of ZE and ZM surfaces. Although the same coatings were used for the 
corrosion tests, two different delamination processes could be detected on ZE 
and ZM surfaces. This result shows that the different composition of the two 
zinc layers had a great influence on the delamination behaviour of the adhesive 
during cataplasma aging, as shown in Figure 3.7a-d. Fig. 3.7a and b show the 
optical images of two MF coated ZM samples without any glass microspheres 
and with 6 wt% HGM, where filiform corrosion took place during the 
cataplasma test. Filiform corrosion is more pronounced in coatings without any 
HGM than with additional hollow microspheres. The filament consists of an 
active head and an inactive tail. In general, it is assumed to occur at or near the 
front of the head whereas the oxygen reduction reaction mainly takes place at 
the back of the head. Diffusion of oxygen along the tail area, creates different 
aeration between the head and the tail which moves the head of the filament 
forward [47,104,105]. Filiform corrosion is a form of anodic delamination and 
ZM is known to inhibit cathodic delamination, because anodic dissolution from 
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Mg-rich phases, especially from intermetallic MgZn2 present on the ZM surface, 
releases Mg2+ and forms Mg(OH)2 with cathodically produced OH-, which 
buffers the interfacial pH to slightly alkaline values. Therefore, the production 
of more soluble zinc oxide compounds is hindered and stable zinc compounds 
like simonkolleite are formed. The mildly alkaline pH values also initiate the 
anodic dissolution of aluminates from Al-rich phases, which react with Mg2+ to 
form stable layered double hydroxides (LDH). Therefore, the stabilization of the 
passive layer due to the presence of LDH and protective zinc compounds 
reduces the cathodic oxygen reduction reaction which would lead to cathodic 
delamination [48,49,106–109]. 

In contrast to Fig. 3.7a and b, no filiform corrosion was observed on epoxy 
coated ZE surfaces as illustrated in Fig. 3.7c and d. Instead of filiform corrosion, 
blistering took place on all adhesive coated ZE surfaces during the cataplasma 
test regardless if glass microspheres were added to the coating before curing or 
not. Blistering is often found on organic polymer coated metal surfaces which 
preferentially undergo cathodic delamination as seen on epoxy coated ZE 
surfaces in this study. One reason for blister initiation is the presence of small 
defects and pores in the coating [110–114]. Comparing the blistering of MF 
coated ZE without HGM with the blistering of MF coated ZE metal containing 
6 wt% HGM, the number of blisters increased with higher concentrations of 
hollow microspheres in the adhesive. Hence, the increase of blistering can be 
explained by the more defect-rich coating due the addition of glass 
microspheres. 

 

 

 
Figure 3.7: Optical images of filiform corrosion on MF coated ZM with 0 wt% HGM (a), 6 wt% 
HGM (b) as well as blistering on MF coated ZE containing 0 wt% HGM (c) and 6 wt% HGM  (d) 
after the cataplasma test. 



 

43   

Fig. 3.8 summarizes the results obtained from both corrosion tests. Plotted are 
the percentage of the delaminated and intact area against the differently coated 
ZE and ZM samples with different concentrations of HGM. On the left the 
results of the salt spray test are shown and on the right side the results of the 
cataplasma test. The green bars represent the intact area, while the red bars 
represent the delaminated area.  All tested samples, except CF coated ZM, have 
a similar area fraction of around 13-16 % which delaminated during the salt 
spray corrosion test. Therefore, HGM do not seem to influence the delamination 
process of the coated ZM and ZE samples during NSS. As already mentioned, 
an exception was the CF coated ZM surface, which was more stable against 
delamination and only had a delaminated area fraction of 1 %. ZM is known to 
have lower corrosion rates due to the addition of a certain amount of 
magnesium in the alloy [115–117]. CF contains additional unidentified 
additives, which are not included in MF, and which causes the CF coating to be 
more resistant against anodic delamination. The reason is not yet fully 
elucidated and will be investigated in future studies. 

In contrast to the results of the salt spray test, in the cataplasma test, the size of 
the delaminated areas differs significantly depending on the metal substrate. 
The delamination of the adhesive is more pronounced on the ZE surfaces where 
cathodic delamination occurs. The five parallel samples from each coating differ 
strongly, which is visible in the large standard deviation. As discussed above, 
blistering was observed during the cataplasma test in addition to cathodic 
delamination. Depending on the location where the blistering occurs, 
differences in the size of the delaminated area were detected, because the size of 
the delaminated area increased with blisters closer to the artificial defect. For 
this reason, the delaminated area caused only by cathodic delamination as well 
as the influence of the hollow glass spheres on the cathodic delamination 
during cataplasma aging of the adhesive coated ZE samples could not be 
determined. Considering the delaminated areas of the coated ZM surfaces after 
cataplasma aging, it can be observed that the delaminated areas of all coated 
ZM surfaces containing up to 4 wt% HGM show a comparable delaminated 
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area fraction of 1.6-2.0 %. By adding 6 wt% HGM to MF, the delaminated area is 
only 0.7 % which leads to the assumption that a higher content of HGM 
improves the resistance against filiform corrosion during cataplasma aging.  
Bahrami et al. found out that HGM in a coating can create a physical barrier 
against the corrosive electrolyte, which increases the corrosion protection of the 
coating [94]. Results from the cataplasma test showed that HGM can 
significantly decrease delamination under anodic conditions, while HGM 
increase cathodic delamination rates and trigger blistering. The reason for the 
lower delamination under anodic conditions could be that HGMs act as water 
traps that slow down the delamination process. However, in the case of the 
epoxy coated ZE surfaces, where cathodic delamination is assumed to be the 
dominant delamination process, it was found that the number of blisters 
formed by the hollow glass beads increased significantly during the cataplasma 
test. As mentioned earlier, the reason for this is that the hollow glass 
microspheres cause more defects in the coating where cathodic oxygen 
reduction and anodic metal dissolution can occur, leading to blistering. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.8: Percentage of the intact area (green) to the delaminated area (red) after 480 h in the 
NSS and 504 h in the cataplasma test. 
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3.3.3 Determination of the interfacial delamination process on epoxy coated 
ZE and ZM surfaces 

In order to further confirm the delamination process another more simplified 
model formulation was used which only consisted of the hardener Jeffamine 
D400 and the epoxy resin D.E.R. 331P. Fig. 3.9a and b demonstrate the potential 
profiles of JF coated ZE and ZM samples in humid oxygen flushed atmosphere 
at 25 °C after 0.5 M NaCl was added to the artificial defect, obtained by HR-SKP 
measurements. SKP line scans at a fix position were chosen out of an area scan 
to ensure that no additional defects within the zinc coating disturb the 
delamination process. SKP line scans at different exposure times with 0.5 M 
NaCl electrolyte were plotted against the distance x-x0 away from the artificial 
defect, subsequently. The JF coated ZE in Fig. 3.9a was exposed to 0.5 M NaCl 
for up to 22 h whereas the exposure time of JF coated ZM shown in Fig. 3.9b 
was up to 200 h. The potential profile in Fig. 3.9a shows characteristics of 
cathodic delamination which can be divided into three parts. The first part is the 
defect where oxidation of the metal takes place and is defined as local anode. It 
is followed by the delamination front, which is marked as an inflection point in 
the potential profile and which shifts further to longer distances as the exposure 
time progresses. At the delamination front, which is the local cathode, oxygen is 
reduced to hydroxide ions and the pH value rises. Due to an excess of negative 
charge under the coating, hydrated sodium ions migrate, leading to a galvanic 
coupling between local anode and local cathode. Plotting the shift of the 
inflection point against the square root of time allows to determine the diffusion 
coefficient of the hydrated cations [118–120]. Therefore, the diffusion of 
hydrated Na+-ions along the buried JF-ZE interface was estimated to be 8.4 x 
10−10 m2 s−1, which is in good agreement with values found in literature [121]. 
Near the defect, the potential is around -0.45 V, as a result of metal dissolution 
within the defect and increases with expanding distance from the defect. In 
literature the same effect was found and explained by an ohmic potential drop, 
which occurs because of the ionic current at the delaminated interface [122]. 
Leng et al. reported that the highly anodic shifted potential of the intact 
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polymer/metal interface is due to the absence of anodic current which occurs if 
metal dissolution was not inhibited and the oxygen reduction reaction was not 
reduced [119,122]. 

Comparing, the SKP line scans of JF coated ZE with the line scans of the ZM 
surface with the same adhesive in Fig. 3.9b, no cathodic potential shift next to 
the defect due to cathodic delamination was detected, although the exposure 
time of 0.5 M NaCl was nearly 10 times longer with up to 200 h. The intact 
polymer/metal region has lower potential values than the region next to the 
defect, which indicates that an inversion of the local anode and local cathode 
was observed compared to the ZE surface where cathodic delamination was 
identified as the interfacial delamination process. As mentioned above, it is 
known that ZM preferentially undergoes anodic delamination, because Mg-rich 
phases dissolve anodically, releasing Mg2+ and buffering the interfacial pH to 
slightly alkaline pH values through the formation of Mg(OH)2 with the 
cathodically produced OH-. This hinders the formation of more soluble zinc 
species, leading to the formation of stable zinc compounds. Furthermore, the 
mildly alkaline pH values can cause the release of aluminates from Al-rich 
phases, leading to the formation of LDH with the previously formed Mg2+. The 
presence of LDH and the stable zinc compounds stabilize the passive layer, 
which impedes the cathodic oxygen reduction reaction that would lead to 
cathodic delamination [48,49,106–109].  

 

 

 

 

 

Figure 3.9: Potential profiles of JF coated ZE (a) and ZM (b) in humid atmosphere with 
increased oxygen concentration at 25 °C after adding 0.5 M NaCl to the artificial defect. 
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3.4 Conclusion 

The different water absorption behavior of CF and MF could be explained by 
admixing different amounts of HGM to MF. Water diffused first into the adhesive, 
and after saturation of the adhesive with water, diffused into HGM. Evidence that 
HGM absorbs water could be shown, because with increasing amounts of HGM the 
water absorption increases. Subsequently, CF contains 4.6-4.7 wt% HGM, which was 
calculated through the linear relation between the additional water uptake by HGM 
and the concentration of HGM. EIS measurements allowed to estimate the effective 
diffusion coefficients of water into CF, MF and HGM. Additionally, the calculation 
of the water uptake via LC equation showed less deviation from the gravimetric 
determined total water uptake than using B-K equation. Corrosion test showed that 
during the NSS, no influence of the HGM on the delamination process could be 
found. In contrast, during the cataplasma aging, cathodic delamination and 
blistering took place on the coated ZE substrates and filiform corrosion could be 
detected on coated ZM samples. HGM increased blistering during cataplasma aging 
on coated ZE surfaces due to the more defect-rich coating. Concentrations above 6 
wt% HGM seem to improve the resistance against anodic delamination on coated 
ZM samples during the cataplasma test and comprise less delaminated area. HR-
SKP measurements allowed to confirm that coated ZE samples preferentially 
undergo cathodic delamination while coated ZM surfaces tend to undergo anodic 
delamination which was also seen during the corrosion tests. In summary, HGM in 
coatings are good for ZM which preferentially delaminates anodically whereas 
HGM triggers blistering and increases the delamination rate on cathodic 
delaminated samples as seen on coated ZE surfaces. 
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Chapter 4 
 
Systematic variation of inorganic 
additives and their impact on interfacial 
delamination processes of automotive 
coating systems 

 
The following chapter is based on the article published under the same title in 
Progress in Organic Coatings (see [123]) and reproduced under the 
corresponding copyright agreement. This study was performed since inorganic 
fillers in adhesives for the automotive industry allow both functional and 
mechanical adjustment of the adhesive properties. Although the integral effects 
of additives are well known, the individual effects of each component and how 
they can lead to synergistic and antagonistic effects are less well studied. 
Therefore, we systematically vary calcium oxide (CaO), calcium carbonate 
(CaCO3) and hydrophobic fumed silica (SiO2) to understand individual and 
combined effects. For example, our study allowed to determine the origin of 
blistering on ZE surfaces and the delamination process on ZM surfaces, as well 
as the influence of the inorganic components in the adhesive on the 
delamination resistance by performing cataplasm tests in several environments.  
 
The majority of the experiments were carried out by the author herself. With the 
exception of the SEM images, which were carried out by voestalpine Stahl 
GmbH, and the cataplasma tests, which were conducted with the help of Philipp 
Ricopuerto. 
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Inorganic fillers incorporated in adhesives for the automotive industry enable 
both functional and mechanical tuning of adhesive properties. While integral 
effects of additives are well understood, the individual effects of single 
components and how they may lead to synergies as well as antagonistic effects 
remain unclear. Here, we systematically vary the concentration of CaO, CaCO3 
and hydrophobic fumed SiO2 to understand individual and combined effects. 
For this purpose, the inorganic additives were mixed into a model formulation 
without inorganic additives and compared with a close to real application  one-
component epoxy adhesive, which also contained these fillers. The water 
uptake of the filled adhesives was measured with EIS and the results were 
compared with findings from cataplasma tests under atmospheric conditions. 
These results indicated that hydrophobic SiO2 can result in accelerated water 
uptake, although the opposite would be expected due to the more hydrophobic 
surface coating. In addition, blistering was observed on all galvanized surfaces, 
while filiform corrosion was observed on all hot-dip galvanized Zn-Al-Mg 
steels. Cataplasma tests in oxygen-depleted and oxygen-rich atmospheres 
allowed to identify interfacial delamination processes. Our results showed that 
CaO can cause osmotic blistering and accelerate the diffusion of water into the 
adhesive due to a local increase in pH near the hydrated CaO particles, while 
CaCO3 reduces water diffusion. However, coating defects may occur due to the 
addition of CaCO3, leading to increased cathodic blistering. A strategy for 
improving beneficial and synergistic effects is discussed.  

 

4.1 Introduction  
Adhesive bonding established as a central joining process in the automotive 
industry due to the increasing importance of lightweight construction and the use of 
multi-material designs [75–77]. However, water can have a detrimental effect on 
adhesives, as it easily diffuses into the adhesive and causes damage at the interface 
between the adhesive and the adherend [13,124]. Typical mechanisms for adhesive 
displacement are hydrolysis and bond breakage at the interface [125]. Another well-
known form of failure in structural adhesives is blister formation [126,127]. Here, 
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the diffused water is assumed to condense in micropores, especially at the 
polymer/metal interface, leading to partial dissolution of the adhesive, e.g. 
inorganic fillers, at the interface and creating an osmotic pressure leading to 
osmotically induced blistering [128,129]. In contrast, to osmosis, being primarily 
responsible for blistering, Leng, Streckl, and Stratmann argued that cathodic 
delamination is the main cause of blistering [130]. 

Since the use of inorganic fillers is common practice to adjust adhesive properties 
and reduce costs, understanding their influence on delamination processes such as 
osmotically induced blistering, cathodic and anodic delamination is crucial. CaO, for 
example, has a very reactive surface that forms CaCO3 with atmospheric CO2 and 
calcium hydroxide (Ca(OH)2) with H2O. For this reason, CaO serves as a water 
scavenger in polymers such as epoxy adhesives [131,132]. On the other hand, CaCO3 
is added to adhesives as an inert filler. A major advantage of this inorganic filler is 
its capability to improve the hardness, scratch resistance and thermal stability of 
epoxy coatings. Moreover, CaCO3 improves the toughness and wear resistance of 
epoxy adhesives and composites [133–136]. Another benefit of adding inert 
additives such as CaCO3 to adhesives is that these fillers can physically prevent the 
penetration of water into the adhesive and thus provide better delamination 
resistance [137,138]. A further frequently used inorganic additive in the adhesives 
industry is fumed silica, which is used to improve rheological properties, for 
example to achieve stable thickening and thixotropy of epoxy and polyurethane 
adhesives [139,140]. The hydrophilic surface of fumed silica can be modified with 
organic trimethylsiloxyl groups making it hydrophobic. If hydrophobic fumed SiO2 
is then used as an additive, the resulting film is expected to be both water and 
moisture repellent, with enhanced hardness and strength [141,142].    

Since it is now known that inorganic components in adhesives can partially dissolve 
due to water absorption and lead to increased blistering, the aim of this study is to 
comprehensively investigate the water absorption behaviour of commonly used 
inorganic additives in the adhesive industry and their influence on the delamination 
process.  For this purpose, inorganic additives CaO, CaCO3 and hydrophobic fumed 
SiO2 were individually mixed into model formulations without inorganic additives 
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(MFwithout inorganic additives) and compared with a close to application one-component 
epoxy adhesive, which contained all inorganic additives, similar to 1K epoxy 
structural adhesives for automotive body-in-white (BIW) application. Furthermore, 
two metal substrates were used, where it was shown in a previous study that epoxy 
adhesive coated electrogalvanized steel (ZE) preferentially undergoes cathodic 
delamination, while epoxy adhesive coated hot-dip galvanized Zn-Al-Mg steel is 
prone to undergo anodic delamination [13]. EIS measurements were carried out to 
determine the water uptake and diffusion of water in all adhesive formulations. 
Finally, cataplasma tests were conducted in oxygen-depleted, atmospheric, and 
oxygen-rich environments to identify the mechanism of coating blistering on ZE 
surfaces and to confirm the delamination process on coated ZM surfaces, as well as 
the delamination resistance of the structural adhesives filled with CaO and CaCO3.  

 
4.2 Materials and Methods 

4.2.1 Materials 

Electrogalvanized steel and hot-dip galvanized Zn-Al-Mg steel were provided 
by voestalpine Stahl GmbH for performing this study. ZE samples consisted of 
a 0.76 mm thick CR4 mild steel sheet and a 7 µm thick Zn coating with an 
average coating weight of 100 g/m² on both sides. The composition of the ZM 
coating was about 96 wt% Zn, 2.5 wt% Al and 1.5 wt% Mg ± 0.25 wt% with an 
average coating weight of 70 g/m² on both sides. The ZM coating had a coating 
thickness of 5.5 µm, while the steel substrate, also a CR4 mild steel, had a 
thickness of 0.71 mm. The thickness of the zinc layer of ZM is 1.5 μm thinner 
than that of ZE, as industrial samples were used for this study. 

For the water absorption study, ZE substrates were coated with close to reality 
one-component (1K) epoxy adhesive containing CaO as water scavenger, 
CaCO3 as inert filler and hydrophobic fumed SiO2 as rheological additive (MF), 
which was used in a previous study [13], and a model formulation (MFwithout 

inorganic additives) free from inorganic additives. Our previous study also showed 
that the water absorption of the adhesive is almost identical regardless of 
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whether the adhesive is applied on the ZE or ZM surface. Therefore, the EIS 
measurements were only carried out on the ZE substrate [13]. The coating was 
applied by using a doctor blade. Besides the inorganic additives, the epoxy 
adhesives contained D.E.R. 331 epoxy resin, dicyandiamine as curing agent and 
several additional additives like polyurethane prepolymer flexibilizers, core 
shell rubber tougheners, an accelerator and purple dioxazine pigments. Both 
model formulations were provided by Henkel AG & Co. KGaA and the exact 
compositions are shown in Table 4.1. In order to investigate the influence of 
inorganic additives on the water-uptake of the adhesive and on the 
delamination process, Henkel AG & Co. KGaA also provided CaO, CaCO3 and 
hydrophobic fumed SiO2 from Teroson, which were mixed in different 
concentrations into MFwithout inorganic additives.  

Table 4.1: A detailed description of all concentrations and components used to prepare MF and 
MFwithout inorganic additives. 

Substance name 𝐰𝐭𝐌𝐅 (%) 𝐰𝐭𝐌𝐅𝐰𝐢𝐭𝐡𝐨𝐮𝐭 𝐢𝐧𝐨𝐫𝐠𝐚𝐧𝐢𝐜 𝐚𝐝𝐝𝐢𝐭𝐢𝐯𝐞𝐬  (%) 
D.E.R. 331 epoxy resin 40.00 50.00 
DGEBA with core shell 
particles 

10.00 13.00 

Flexibilizers 10.00 13.00 
CTBN modified epoxy resin 10.00 13.00 
Hydrophobic fumed silica 3.00 - 
Dicyandiamide 5.60 7.50 
Accelerator 0.35 0.46 
CaCO3 16.00 - 
CaO 5.00 - 
Dye, violet 0.05 0.07 

4.2.2 SEM 

Scanning electron microscopy, used to image the microstructure of MF coated 
on ZE and ZM surfaces, was performed on Carl Zeiss AG-SUPRA 35 with an 
acceleration voltage of 5 kV. 

4.2.3 Electrochemical impedance spectroscopy  

For the sample preparation, ZE was ultrasonically cleaned with benzine and 
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acetone. Subsequently, the cleaned metal surfaces were coated with neat MF or 
MFwithout inorganic additives. In addition, MFwithout inorganic additives coated ZE samples 
were prepared with different amounts of CaO, CaCO3 and hydrophobic fumed 
SiO2. For this purpose, either 5 wt% CaO, 10 wt% CaO, 16 wt% CaCO3, 32 wt% 
CaCO3, 3 wt% SiO2 or 6 wt% SiO2 were added to the uncured MFwithout inorganic 

additives and mixed using a dual asymmetric centrifuge of the SpeedMixer. After 
coating, the samples were cured at 180 °C for 0.5 h and the thickness of the 
adhesive layer was measured using a Fisher PHASCOPE PMP10 DUPLEX 
portable coating thickness gauge. In order to prepare homogeneous coatings, a 
larger metal surface area than required for the EIS measurements was coated. 
Afterwards, the thickness of the coating was measured with the portable 
coating thickness gauge and the samples were cut into 45 x 45 mm2 pieces 
where the coating exhibited the desired homogeneity. The dry film thickness d 
was 95 ± 30 µm for the EIS measurements. Here, Fig. 4.1a and b illustrate SEM 
images of the MF coated ZE and ZM samples, where the filler CaO and CaCO3 
in the adhesive are displayed as well as the microstructure of the different zinc 
coatings on ZE and ZM substrates. At least, three parallel samples of each 
coating were measured to obtain a representative set of results. 

A three-electrode cell arrangement was used for the EIS measurements with the 
coated sample as the working electrode, a dimensionally stable anode as the 
counter electrode and an Ag/AgCl (3 M KCl) electrode as the reference 
electrode. The electrolyte for all measurements was a 3.5 wt% NaCl solution. 
The measurements were conducted using a CompactStat from IVIUM 
technologies. The spectra were analyzed using ZView and IVIUM soft software. 
Measurements were performed in a frequency range of 103-104.5 Hz using an 
AC perturbation of 10 mV with respect to the open circuit potential of the 
system at room temperature. The small frequency range was chosen because 
the water uptake into the coating is very fast at the beginning and follows Fick's 
law, it is necessary to record the impedance spectra in very short intervals to 
obtain the water absorption curves. The active electrode area was 12.5 cm2 and 
the electrochemical cell mounted on the working electrode was sealed with an 
O-ring. Fig. 4.1c and d show a schematic of the setup for measuring the water 
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absorption of organic coatings on metal substrates via EIS and an equivalent 
circuit suitable for describing epoxy-coated metal surfaces. In the equivalent 
circuit, Rs, Rp and Rct are the electrolyte solution, pore and charge transfer 
resistances, respectively, while CPEc and CPEdl are the constant phase elements 
of the coating and double layer. Due to the non-ideal capacitance behavior of 
the coating and double layer, constant phase elements are used instead of 
capacitors in this equivalent circuit. The impedance of CPE is given by Eq. (4.1) 
[94,95]. 

  𝑍(𝑗𝜔) = (𝑌0)−1 (𝑗𝜔)−𝑛       (4.1) 

where Y0 represents the CPE constant, j the imaginary unit, ω the angular 
frequency and n the power of CPE. The CPE is a pure capacitor if n equals 1 and 
a pure resistor if n equals 0 [95]. 

The calculation of the water uptake ϕ from the resulting EIS data using the 
linear combination method has been applied in previous studies and is 
described in detail elsewhere [13]. Eq. (4.2) can be used to determine the 
effective water diffusion coefficient 𝐷𝑒𝑓𝑓, 𝐻2𝑂, if the possible swelling of the 
epoxy adhesives is ignored [86,95,99]. 

 

                                                                         ln 𝐶𝑡−ln 𝐶0ln 𝐶𝑠−ln 𝐶0 = 2 √𝑡𝑑√𝜋 √𝐷𝑒𝑓𝑓                                                      (4.2) 

where Ct is the capacitance of the time t , C0 is the dry coating capacitance, Cs is 
the coating capacitance when the coating is saturated with water and d is the 
coating thickness [95]. 
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Figure 4.1: SEM images of MF coated ZE (a) and ZM (b) surfaces as well as a schematic of the 
setup for measuring the water absorption of organic coatings on metal substrates by means of 
EIS (c) and an equivalent circuit for describing epoxy-coated metal surfaces (d). 

4.2.4 Cataplasma tests performed in atmospheric conditions, oxygen-depleted 
and oxygen-rich atmospheres 

To investigate the impact of CaO, CaCO3 and hydrophobic fumed SiO2 on the 
delamination resistance of the epoxy adhesives, cataplasma tests according to 
EN ISO 9142 were carried out. For this purpose, ZE and ZM steel sheets were 
cut into 80 x 150 mm² pieces and cleaned ultrasonically with benzine and 
acetone. The sample surfaces were then knife coated with MF, MFwithout inorganic 

additives and MFwithout inorganic additives mixed with either 5 or 10 wt% CaO, 16 or 
32 wt% CaCO3 and 3 or 6 wt% hydrophobic fumed SiO2. The coatings were 
cured at 180 °C for 0.5 h and the thickness of the adhesive layer was measured 
using a Fisher PHASCOPE PMP10 DUPLEX portable coating thickness gauge. 
The dry film thickness d was 135 ± 20 µm for all cataplasma tests. Afterwards, a 
1 mm wide and 70 mm long defect was scratched with a Sikkens scratching tool 
through the polymer coating into the metal coating of each sample. In order to 
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prevent edge corrosion, the sample edges were covered with tape. For the 
cataplasma test, samples were soaked at 70 °C in a water saturated atmosphere. 
To reach this environment, samples were individually wrapped in cotton wool 
and soaked in deionized water. The cotton wool wrapped samples were then 
placed in sealable polyethylene bags and the samples were placed in an oven at 
70 °C. Ageing of the samples took place over 3 weeks. Before the delaminated 
coating was removed, the samples were cooled at -20 °C for at least 2 hours. For 
the evaluation of the results, an area of interest of 40 x 70 mm2 was determined 
for all samples, including the 70 mm long artificial defect in the middle of the 
shorter side. Subsequently, the delaminated area of each sample was removed 
with a scalpel and its extent was determined with ImageJ.  

To understand the different delamination mechanisms of CaO and CaCO3 filled 
coatings compared to MF coatings during cataplasma aging, further cataplasma 
tests with oxygen-depleted and oxygen-rich atmospheres were performed. 
Here, the samples were prepared in the same way as for the previously 
performed cataplasma tests. In contrast to the previous cataplasma tests, 
cataplasma aging was performed in climate chambers that were regularly 
flushed with either argon or oxygen. The evaluation of the results was identical 
to the first cataplasma tests. 

 

4.3 Results and Discussion 
 

In this work, the influence of commonly used inorganic fillers in adhesives 
for the automotive industry in form of CaO, CaCO3 and hydrophobic fumed 
SiO2 was investigated systematically. Therefore, the inorganic additives 
were mixed into a model formulation without inorganic additives and 
compared with a realistic one-component epoxy adhesive that already 
contained CaO, CaCO3 and hydrophobic fumed SiO2. EIS measurements 
were conducted to determine the water absorption and diffusion of water in 
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all adhesive formulations. Cataplasma ageing in various atmospheres 
allowed the different delamination processes at the inorganic additive-filled 
coating/metal interface to be elucidated. 

4.3.1 Water uptake behavior of inorganic additives filled structural adhesives 
using EIS 

EIS measurements were carried out to determine the water absorption next to 
the effective water diffusion coefficient in the adhesive and to investigate the 
influence of inorganic components in MFwithout inorganic additives on the additional 
water uptake. It was therefore necessary to determine the coating capacitance 
Ct, which was calculated from the EIS data according to Eq. 4.3 at a fixed 
frequency [97]. 𝐶𝑡 = 12𝜋𝑓𝑍′′  (4.3) 

where f is the frequency and 𝑍′′ is the imaginary part of the impedance at 𝑓. 

The frequency chosen was 4.0 kHz (0-160 h) for epoxy coatings with 6 wt% SiO2 
and 5 wt% CaO, while for coatings with 3 wt% SiO2 the frequencies were 4.0 
kHz (0-2 h) and 6.3 kHz (2-160 h), as the total impedance of the system in this 
high frequency region was determined by the coating capacitance. For MF, 
MFwithout inorganic additives and coatings with 10 wt% CaO, the frequency 6.3 kHz (0-
160 h) was selected. For MFwithout inorganic additives with 16 wt% or 32 wt% CaCO3, 
the frequencies 4.0 kHz (0-80 h) and 6.3 kHz (80-160 h) were chosen to calculate 
the coating capacitance. All selected frequencies were in a frequency range 
where the phase angle θ was close to -90 degrees.  

Figs. 4.2a-c compare one of the obtained water uptake curves of MFwithout inorganic 

additives, MFwithout inorganic additives mixed with CaO, CaCO3, hydrophobic fumed 
SiO2, and MF coated ZE samples from at least three measurements. The mean 
values of all measurements can be found in Table 4.2. On the right side of each 
water uptake curve, a close-up of the water uptake curves during the initial 
exposure time and the linear regression of each water uptake curve are 
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presented to show the linear water uptake when the coating was first exposed 
to the electrolyte. All EIS measurements were performed on ZE surfaces, as 
previous studies showed that there are no significant differences between the 
water uptake on epoxy coated ZE and ZM surfaces [13]. In order to eliminate 
the thickness effect of the coatings, all water uptake curves were plotted as a 
function of reduced time τ =√t⁄d, where t is the immersion time and d the 
coating thickness [100]. As expected and shown in Fig. 4.2a, mixing CaO in 
MFwithout inorganic additives attracted water because CaO has a reactive surface and 
thermodynamic driving force to hydrate to Ca(OH)2, a more stable compound 
[143]. A non-linear water uptake behaviour was observed when twice the 
amount of CaO was added. This might indicate that not only CaO was 
converted to Ca(OH)2, but also other processes took place in the adhesive 
leading to an increased water uptake.  One reason for the non-linear water 
absorption could be that the formed Ca(OH)2 was partially washed out of the 
adhesive due to its very low water solubility, resulting in holes in the coating 
[144]. In addition, a saturated Ca(OH)2 solution can form around the Ca(OH)2 
particle with a pH between 12 and 12.5. The local alkaline pH value at the 
adhesive/zinc interface can lead to dissolution of the zinc layer and form 
corrosion products such as calcium hydroxyzincate (Ca[Zn(OH)3]2 · 2H2O), zinc 
oxides (ZnO) or zinc hydroxides (Zn(OH)2) [145–148]. An additional water 
uptake was also observed by adding CaCO3 to the adhesive as demonstrated in 
Fig. 4.2b, while no additional water absorption was recorded in coatings that 
were filled with hydrophobic fumed SiO2 which is shown in Fig 4.2c. 
Prevention of water transport into the adhesive by adding hydrophobic 
additives was not observed. Comparing the water uptake curves of the coatings 
filled with 16 wt% and 32 wt% CaCO3, it can be noticed that the more CaCO3 
was added to the adhesive, the lower the additional water uptake due to the 
addition of CaCO3. As previously mentioned, CaCO3 is an inert filler which 
hardly reacts with water. In the literature, it is described that inert fillers are 
capable to physically prevent penetration of water into the adhesive, and to 
slow its kinetics by blocking and/or extending diffusion pathways [137,138]. 
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However, this applies more to inert fillers that have a high diameter-to-
thickness ratio, such as 2D nanomaterials like graphene, graphene oxide, boron 
nitride, mica, and zirconium phosphate. In the case of CaCO3, the physical 
barrier effect plays a rather minor role, since the 5-10 µm particles are relatively 
small and have a low diameter-thickness ratio, which was later shown by the 
determined diffusion coefficients in Fig. 4.3 [149–151]. To conclude, the water 
uptake curves showed that the water uptake of MF compared to MFwithout inorganic 

additives was due to the added CaO and CaCO3, while hydrophobic fumed SiO2 
had no effect on the water uptake behavior, as shown in Fig. 4.2 a-c.  

 

 

 

 

 

 

 

 

 
Figure 4.2: Comparison of water uptake curves of MFwithout inorganic additives, MFwithout inorganic additives 
mixed with CaO (a), CaCO3 (b), hydrophobic fumed SiO2 (c) and MF coated ZE samples 
determined by EIS (left), with a close-up of the water uptake curves during the initial exposure 
time and linear regression of each water uptake curve to show the linear water uptake when the 
coating was first exposed to the electrolyte (right). 

Fig. 4.3 illustrates the effective water diffusion coefficients of MFwithout inorganic 
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additives and with a defined concentration of CaO, CaCO3 and hydrophobic 
fumed SiO2. It was found that all measured diffusion coefficients only differ 
slightly from each other and were in a similar range of 10-13 m² s-1. The effective 
water diffusion coefficients agreed well with values found in literature 
[11,102,103]. Here, Fig. 4.3 shows that water molecules diffused slightly slower 
in MF than in MFwithout inorganic additives. Differences in water diffusion coefficients 
were only observed when different inorganic fillers were mixed in MFwithout 

inorganic additives, whereas minimal to no differences were found when the amount 
of a particular inorganic filler was varied. This suggests that the presence of a 
filler can trigger certain damage mechanisms as assumed for the CaO filled 
coatings when in contact with water, which then leads to an increase in the 
water diffusion rate. Another reason for the increased  𝐷𝑒𝑓𝑓, 𝐻2𝑂 could be the 
reactivity of the CaO surface with water, which pulls water molecules into the 
coating and immediately converts CaO to Ca(OH)2. Comparing CaO filled 
coatings with CaCO3 filled coatings, the addition of CaCO3 resulted in a 
decrease of 𝐷𝑒𝑓𝑓, 𝐻2𝑂. Since the diffusion rate did not change significantly when 
the amount of CaCO3 was doubled, it can be assumed that no path lengthening 
of the diffused water molecules was responsible for the lower diffusion 
coefficient. Studies have shown that the addition of certain inorganic additives, 
for example CaCO3 or BaSO4, to organic coatings may change the morphology 
of the polymer, which could explain the lower diffusion coefficient. For 
example, the addition of nano-BaSO4 particles to neat epoxy resin resulted in a 
higher cross-linking density [152,153]. It could also be seen that hydrophobic 
fumed SiO2 slightly increased 𝐷𝑒𝑓𝑓, 𝐻2𝑂. In contrast to previous work, our data 
suggests that hydrophobized SiO2 can lead to accelerated water absorption, 
which is likely due to more defects at the metal/coating interface [154–156]. 
Our observations are also consistent with work by Dolatzadeh et al. (2013), 
where they showed that the addition of hydrophobic fumed silica to the 
uncured polyurethane matrix can negatively affect the curing process, leading 
to a lower degree of curing and thus accelerating water diffusion [157]. 
Comparing the slightly increased effective water diffusion coefficient with the 
results from Fig. 4.2c, where the amount of water absorbed did not change 
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when hydrophobic fillers were added to MFwithout inorganic additives. It seems that a 
more wide-meshed network was created, leading to faster water diffusion. The 
amount of water absorbed is assumed not to have changed compared to 
MFwithout inorganic additives, because the wider-meshed network was able to absorb 
more water, but not in the areas around the hydrophobic fillers. As a result of 
both effects, the water uptake was compensated in such a way that the 
hydrophobic fumed SiO2 apparently had no influence on the amount of water 
absorbed by the coating, but only affected the diffusion rate. 

 

 

 

 

 

 

 

 
Figure 4.3: Effective water diffusion coefficients of MF, MFwithout inorganic additives and MFwithout 

inorganic additives mixed with a defined concentration of CaO, CaCO3 and hydrophobic fumed SiO2. 

Table 4.2 summarizes the water uptake values of MF and MFwithout inorganic additives 
mixed with 5 wt% CaO, 10 wt% CaO, 16 wt% CaCO3, 32 wt% CaCO3, 3 wt% 
SiO2 and 6 wt% SiO2 as well as the effective water diffusion coefficients 
measured via EIS. 
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Table 4.2: Water uptake of MF and MFwithout inorganic additives mixed with 5 wt% CaO, 10 wt% CaO, 
16 wt% CaCO3, 32 wt% CaCO3, 3 wt% SiO2 or 6 wt% SiO2 on ZE surfaces as well as effective 
water diffusion coefficient measured via EIS. 
Adhesive 𝐰𝐭𝐂𝐚𝐎  

(%) 
𝐰𝐭𝐂𝐚𝐂𝐎𝟑   

(%) 
𝐰𝐭𝐒𝐢𝐎𝟐  

(%) 
𝝓𝑯𝟐𝑶 (%) 𝑫𝒆𝒇𝒇, 𝑯𝟐𝑶 (m2 s−1) 

MFwithout inorganic additives 0 0 0 1.05 ± 0.13 1.88 x 10-13 ± 2.48 x 10-14 
MFwithout inorganic additives 5 0 0 1.57 ± 0.19 2.62 x 10-13 ± 4.76 x 10-14 
MFwithout inorganic additives 10 0 0 2.60 ± 0.30 2.68 x 10-13 ± 1.25 x 10-15 
MFwithout inorganic additives 0 16 0 1.85 ± 0.06 1.41 x 10-13 ± 7.93 x 10-15 
MFwithout inorganic additives 0 32 0 2.35 ± 0.16 1.57 x 10-13 ± 1.60 x 10-14 
MFwithout inorganic additives 0 0 3 0.97 ± 0.01 2.12 x 10-13 ± 1.22 x 10-14 
MFwithout inorganic additives 0 0 6 0.96 ± 0.15 2.11 x 10-13 ± 6.02 x 10-14 
MF 5 16 3 2.54 ± 0.24 1.76 x 10-13 ± 2.39 x 10-14 

4.3.2 Impact of inorganic fillers in adhesives on delamination process as 
well as on their delamination resistance 

Cataplasma tests according to EN ISO 9142 were chosen to evaluate the 
influence of coatings with different amounts of CaO, CaCO3 and hydrophobic 
fumed SiO2 on the delamination process at the interface of ZE and ZM surfaces. 
The cataplasma test was chosen even though it is known that the cataplasma 
test may not be fully representative of real automotive environmental 
conditions. Cyclic corrosion tests proved to be more reliable for the 
classification of the coating performance. However, cyclic corrosion tests often 
require the use of NaCl solutions. Studies have shown that the NaCl 
concentration has a great influence on the coating degradation [158,159]. In 
order to neglect this influence and evaluate only the influence of the inorganic 
additive filled coated sample systems on the delamination behaviour, the 
cataplasma test was chosen, using deionized water as electrolyte instead of 
NaCl solutions. It should also be noted that this study uses an open sample 
geometry approach instead of closed joints. This sample geometry is more 
frequently used when evaluating the delamination behaviour of coatings such 
as paints and rarely for adhesives. It is important to note that this allows both 
water and atmospheric gases to reach the interface through the coating as well
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 and not just through the exposed edges as would be the case with a closed joint 
geometry. Andreon et al. performed in-situ SKP measurements on an open and 
a closed sample geometry and found, for example, that cathodic delamination is 
significantly slowed down due to less available oxygen in closed joint geometry 
compared to an open sample geometry [160]. Although the sample geometry 
does not change the electrochemical delamination process, as shown by 
Andreon et al., the results do not fully translate to adhesive performance, but 
more so to coatings such as paints. However, the sample geometry was relevant 
for assessing and visualizing the delamination process at polymer/metal 
interface when inorganic additives were added. Although the same coatings 
were used for cataplasma aging, two different delamination processes were 
observed on the ZE and ZM surfaces as shown in Fig. 4.4 where optical images 
of cataplasma aged ZE surfaces (a) coated with MF, MFwithout inorganic additives and 
mixed with 5 and 10 wt% CaO and cataplasma aged ZM surfaces (b) coated 
with MF, MFwithout inorganic additives and mixed with 5 and 10 wt% CaO, where the 
cataplasma tests were conducted in oxygen-depleted environment, are 
illustrated. During the cataplasma test, blisters, partially filled with an 
electrolyte, were formed on ZE substrates, whereas no blistering was observed 
on ZM surfaces. The delamination process on ZM surfaces was similar to 
filiform corrosion in appearance. This result indicates that the different 
composition of the two zinc coatings had a profound influence on the 
delamination behavior of the adhesive during cataplasma aging, which was 
also shown in a previous study where the delamination processes were 
investigated with scanning Kelvin probe measurements.  

In our study, it was confirmed that epoxy coated ZE surfaces preferentially 
undergo cathodic delamination, while epoxy coated ZM surfaces are prone to 
delaminate anodically [13]. Due to the different delamination processes on ZE 
and ZM surfaces, the blister area was used to evaluate the delamination 
resistance of epoxy coated ZE surfaces. On ZM the extent of filiform corrosion 
on ZM surfaces was used for evaluation.  
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Figure 4.4: Optical images of cataplasma aged ZE surfaces (a) coated with MF, MFwithout inorganic 

additives and mixed with 5 and 10 wt% CaO, and cataplasma aged ZM surfaces (b) coated with 
MF, MFwithout inorganic additives and mixed with 5 and 10 wt% CaO where the cataplasma tests were 
conducted in an oxygen-depleted environment. 

Fig. 4.5 demonstrates the influence of hydrophobic fumed SiO2 embedded in 
MFwithout inorganic additives compared to MF and MFwithout inorganic additives on ZE and 
ZM surfaces after cataplasma aging in atmospheric environment. Results 
showed that hydrophobic fumed SiO2 filled MFwithout inorganic additives coatings on 
ZE surfaces had an equally large blister area of approximately 40 % as MFwithout 

inorganic additives on the ZE surface. In contrast to blistering which occurred on ZE 
surfaces, filiform corrosion was observed under the SiO2 filled coatings on ZM 
surfaces. In comparison, coatings filled with SiO2 behaved in the same way as 
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the MFwithout inorganic additives coated ZM substrates.  Differences were only noticed 
on MF coated metal substrates.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Influence of hydrophobic silica mixed to MFwithout inorganic additives compared to MF and 
MFwithout inorganic additives on ZE and ZM surfaces after the cataplasma test in atmospheric 
environment. 

Compared to SiO2 filled coatings, MF coated ZE samples were more 
delamination resistant during cataplasma aging. In contrast, deteriorated 
delamination resistance was detected on MF coated ZM surfaces. One reason 
for this could be the addition of CaO and CaCO3 in MF, which are not present 
in MFwithout inorganic additives and which may provide better adhesion to the zinc 
surface. In contrast to SiO2 filled coatings, CaO and CaCO3 filled coatings 
exhibited different water absorption and delamination behavior than metal 
surfaces coated with MFwithout inorganic additives during cataplasma aging in an 
atmospheric environment, as shown in Fig. 4.6b. For this purpose, cataplasma 
tests were performed in climate chambers that were regularly purged with
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 argon or oxygen. The results of these cataplasma tests on ZE and ZM surfaces 
coated with MF, MFwithout inorganic additives mixed with/without CaO and CaCO3 in 
atmospheres with different oxygen concentrations are displayed in Fig. 4.6a-c. 
Fig. 4.6a illustrates the results of the cataplasma test in a low-oxygen 
environment, while the results of the cataplasma test under atmospheric 
conditions are displayed in Fig. 4.6b and in an oxygen-rich environment on ZE 
and ZM surfaces in Fig. 4.6c. These experiments were done to distinguish 
between osmotically induced blistering and blister formation due to cathodic 
delamination. If looking at the results of the CaCO3 filled coatings on ZE, it can 
be seen immediately that almost no blisters were formed in an oxygen-depleted 
environment, which indicates that the blisters formed during cataplasma aging 
were not due osmosis. Another indication of this assumption is that blistering 
increased with higher oxygen concentration, suggesting that blistering was 
caused by cathodic delamination rather than osmotic blistering. As mentioned 
above, CaCO3 is an inert filler. Due to its inertness, CaCO3 hardly reacts with 
other additives in the adhesives or environmental components such as moisture 
or CO2. Therefore, no concentration gradient was created in the coating that 
allowed the generation of osmotic pressure, which can then cause blistering 
[137,138]. However, if inert fillers with a low diameter-to-thickness ratio are 
added, water diffusion is not blocked. Due to additional defects such as 
micropores that may occur due to the addition of such additives in the adhesive 
during curing, the electrolyte can still penetrate into the polymer/metal 
interface where electrochemical processes such as cathodic delamination can 
occur, as observed with coatings mixed with CaCO3 on ZE surfaces and 
demonstrated in a previous study [13,111,111]. Considering the CaO filled 
MFwithout inorganic additives, it was found that the extent of blister formation during 
cataplasma aging was the same in oxygen-depleted and atmospheric 
environments. The blister area increased just in an oxygen-rich atmosphere. 
Only when the oxygen content was greatly increased, additional blisters were 
formed due to cathodic delamination in addition to those produced by osmosis. 
Therefore, it can be concluded that CaO in MFwithout inorganic additives can cause 
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osmotic blistering during cataplasma aging. Whereas osmotic blistering was not 
observed in CaCO3 filled coatings applied on ZE surfaces. However, coating 
defects occur on ZE surfaces, leading to increased blistering due to cathodic 
delamination.  

Further evidence for this assumption can be found in Fig. 4.7, where optical 
images of two delaminated ZE surfaces coated with CaO and CaCO3 filled 
MFwithout inorganic additives after cataplasma aging in an oxygen-depleted 
environment are shown. Dissolution of the zinc layer under the blisters was 
observed on the ZE surface under the delaminated CaO filled coating. When 
water penetrates the CaO filled coating, the contained CaO is hydrated to 
Ca(OH)2. Even though it is poorly soluble in water, a Ca(OH)2 solution will be 
formed around the Ca(OH)2 particle with a pH of up to 12.5. This can lead to 
dissolution of the zinc coating and corrosion products such as Ca[Zn(OH)3]2 · 
2H2O, ZnO or Zn(OH)2 are formed [145–148]. Due to the reactions at the 
interface, a concentration gradient is formed, which leads to osmotic blister 
formation. The dissolution of the zinc coating is characterized by the dark spots 
on the ZE surface formed under the blisters when the coating was filled with 
CaO. On the other hand, no dark spots or blisters were observed during 
cataplasma tests under oxygen-depleted atmosphere when the coating was 
filled with CaCO3, indicating that osmotic blistering is not induced by the 
addition of CaCO3 to the adhesive.  
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Figure 4.6: Results of the cataplasma test on ZE and ZM surfaces coated with MF, MFwithout 

inorganic additives mixed with/without CaO and CaCO3 in oxygen-depleted atmosphere (a), 
atmospheric environment (b) and oxygen-rich atmosphere (c). 
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Figure 4.7: Optical images of two delaminated ZE surfaces after cataplasma aging in an oxygen-
depleted environment when coated with CaO and CaCO3 filled MFwithout inorganic additives, where 
dissolution of the zinc coating under the blisters was noticed on the ZE surface under the 
delaminated CaO filled coating. 

4.4 Conclusion 

EIS was used to measure the water uptake of inorganic additives. Results suggested 
that hydrophobic SiO2 may lead to accelerated water uptake. Our data indicate that 
water transport in the adhesive was not prevented by the addition of hydrophobic 
additives. Additional cataplasma tests in different environments allowed to 
distinguish whether blistering on ZE surfaces was caused by osmosis or cathodic 
delamination. It was confirmed that CaO caused osmotic blistering and accelerated 
the diffusion of water into the adhesive. In contrast, no osmotic blister formation 
was observed on CaCO3 filled coatings applied on ZE surfaces. However, coating 
defects do occur on ZE surfaces, leading to increased cathodic blister formation. It 
was also confirmed that oxygen accelerated the delamination process on CaO and 
CaCO3 filled coatings on ZM surfaces.  
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Chapter 5 
 
Versatile, low-cost, non-toxic 
potentiometric pH-sensors based on 
niobium 

 
The following chapter is based on the article published under the same title in 
the journal Sensing and Bio-Sensing Research (see [161]) and reproduced under 
the corresponding copyright agreement. The pH value is an important 
parameter in corrosion research, as it can provide information about corrosion 
mechanisms. For this reason, pH sensors based on niobium were manufactured 
that are inexpensive, non-toxic, easy to produce and have an excellent long-
term stability. Our study shows that the electrochemical preparation method 
yields pH electrodes with high reproducibility and a sensitivity of about  0.04 
V/pH over a pH range of 2-12. Characterisation of the fabricated NbOx 
electrodes was performed by SEM, EDX and EIS. Our results show that NbOx 
electrodes are robust pH sensors that allow long-term monitoring of pH 
changes. Thus, these sensors offer the possibility of having important 
implications for corrosion research. 

Experiments were conducted with the help of Ines Traxler and Gabriela Schimo-
Aichhorn, whereas the SEM and EDX measurements were kindly carried out by 
Marcus Molnar from voestalpine Stahl GmbH. 

A low-cost potentiometric pH electrode based on Nb/NbOx was developed 
with excellent stability over several months under various storage conditions. 
Three fast and simple preparation routes including thermal growth as well as
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chemical and electrochemical deposition were tested. Our data demonstrates 
that the electrochemical manufacturing method produces pH electrodes with 
high reproducibility and a sensitivity of -41 mV/pH. OCP (Open Circuit 
Potential) measurements showed that the pH electrode can be used over a wide 
pH range from pH 2 to 12. Furthermore, the oxide layer of all produced 
electrodes was characterized and compared via SEM, EDX (Energy-Dispersive 
X-Ray Spectroscopy) and EIS. It was shown that the electrochemical fabrication 
route leads to the highest porosity, which is in turn linked to the highest 
sensitivity. The hysteresis of this pH sensor was determined to be 2 mV in a pH 
region between 4 and 10. In long-term experiments a drift of 1.1 mV/h was 
obtained. Negligible interference was observed with NaCl and KCl ions, 
whereas sensitivity and linearity were affected by Li-ions. 

 
 

5.1 Introduction 

One of the most important parameters in corrosion research is the pH value as it 
can give insights into corrosion mechanisms or indicate corrosion pathways via 
pH mappings [162–166]. Therefore, pH electrodes with a wide measuring rang 
and a high long-term stability are required. MOx pH sensors offer these 
advantages and are, among other things, easy to miniaturize, mechanically and 
chemically stable as well as relatively stable in salt solutions, which is necessary 
for pH monitoring during corrosion experiments or in biological systems 
[167,168]. Metal oxides that have already been used to produce MOx pH 
electrodes include IrO2 [166,169–172], RuO2 [172–174], TiO2 [172,175], WO3 [176], 
Sb2O3 [177], OsO2 [172], Ta2O5 [172], SnO2 [172,178], ZrO2 [172], PdO [179], and 
PtO2 [180]. Among these metal oxides, the most promising ones are IrO2 and 
RuO2 pH electrodes. RuO2 is an electrochemically conductive oxide with a stable 
rutile structure. Similar to RuO2, IrO2 is an electrochemically conductive oxide 
which crystallizes in the rutile structure but has a lower catalytic activity than 
RuO2. Both MOx pH electrodes have excellent stability over a wide pH range, 
high sensitivity near Nernstian potential, fast response and long lifetime
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 [167,170,181,182]. Common fabrication methods for IrO2 pH electrodes include 
electrochemical methods such as electrochemical oxidation of Ir wires [183], 
anodic electrodeposition [184], or reactive sputter deposition [185], as well as 
thermal oxidation of Ir wires in potassium nitrate or carbonate [170,186] and 
thermal deposition of iridium salts [187]. A variety of methods are also known 
for the preparation of RuO2 pH sensors, such as screen printing [188–190], 
sputter deposition [191], thermal decomposition [192,193] or the Pechini method 
[168,181]. It is known that the performance of the MOx pH electrode is highly 
dependent on the manufacturing method, the metal oxide pH sensing material 
as well the type of material composition, because they affect the microstructure, 
porosity, surface homogeneity as well as the crystal structure of the metal oxide 
and thus influence the sensitivity of the electrode [167]. Therefore, when 
developing a new MOx pH electrode material, it is important to investigate 
different fabrication routes and their influence on the formed metal oxide layer. 
Despite the demonstrated pH sensing properties of NbOx, there is little literature 
on niobium oxide used as MOx  pH sensor [194–197]. Gill et al. reported that the 
pH sensing properties of bismuth-niobium mixtures worked very well over a 
wide pH range and that pH electrodes with higher niobium content 
demonstrated higher stability than pH electrodes with high bismuth 
concentrations [198]. For this reason, we investigated whether NbOx would be 
suitable as MOx pH electrodes for corrosion research. Besides RuO2 and IrO2, 
NbOx could be another promising pH sensor material for monitoring corrosion 
processes as it is easily available, inexpensive, chemically very stable and non-
toxic [199]. In literature, it is described that Nb forms a porous Nb2O5 film upon 
anodic polarization, which is used for catalytic applications, batteries, hydrogen 
sensors and solar cells [200–202]. In contrast to RuO2 and IrO2, Nb2O5 is not a 
conductor but a n-type transition metal oxide semiconductor with a wide band 
gap of about 3.2 eV [199,201]. The pH sensing mechanism of semiconductors 
including the reaction mechanisms between solution and metal oxide is 
currently still under investigation.  However, adsorption of hydronium and 
hydroxide ions and resulting change of the electrical characteristics of the oxide 
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film are a central explanatory approach [198]. 

In this work various preparation techniques for niobium pH electrodes are 
tested and their pH sensing properties are investigated, as well as their long- 
term stability. Furthermore, the oxide layer of the electrodes was characterized 
by means of SEM, EDX and EIS. In addition, the sensor properties such as drift, 
hysteresis and interferences with LiCl, KCl and NaCl were determined on the 
electrochemically produced NbOx electrodes.  

 

5.2 Materials and Methods 

5.2.1 Preparation of NbOx electrodes 

For the preparation of the NbOx electrodes, a 1 mm thick niobium wire (99.8 %, 
Alfa Aesar, Germany) was used. The Nb wire was cut into 2 cm long pieces and 
ultrasonically cleaned in ethanol (per analysis, Carl Roth, Germany) for 5 min. 
Then three different preparation routes for the formation of the desired Nb 
oxides on the Nb wire were tested: the first was a thermal treatment, the second 
a chemical preparation and the third an electrochemical preparation method. 
For the thermal preparation the Nb wire was heated in a drying cabinet (ED115, 
Binder, Germany) at 250 °C for 10 min to form the wanted oxide layer. The 
chemical preparation route consisted of immersing 1 cm of the Nb wire for 24 h 
at room temperature in a 0.1 wt% potassium permanganate solution (99 %, Carl 
Roth, Germany), followed by rinsing with ethanol. For the electrochemical 
method, 1 cm of the Nb wire was positioned in a 0.1 M hydrochloric acid 
solution (37 %, per analysis, Carl Roth, Germany) at room temperature and a 
cyclic voltammogram from -0.5 to 2.2 V (vs. SHE) was carried out followed by 
polarization at 1.7 V (vs. SHE) for 1 h. All electrochemical measurements were 
carried out using a CompactStat.h potentiostat (Ivium Technologies, 
Netherlands), a Ag/AgCl/3 M KCl electrode (Metrohm, Switzerland) as 
reference electrode and a platinum electrode as counter electrode. After 
oxidation of the Nb wire, the electrode was insulated with Teflon at the area 
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where the Nb wire was not oxidized to obtain a defined electrode area, as 
shown in Fig. 5.1. 

 

 

 

 

 

                                         Figure 5.1: Image of NbOx pH electrode. 

5.2.2 pH response measurements and storage conditions 

To investigate the pH dependency of the sensor response, OCP measurements 
were carried out. The OCP measurements were done in commercially available 
pH buffer solutions (pH 1, 1.7, 4, 5, 7, 9, 10, 11 and 13, pH ± 0.02 (20 °C), Carl 
Roth, Germany) starting from pH 13 to 1. The electrodes were preconditioned 
for 15 min in pH 13 buffer solution. The same conditions and buffer solutions 
were used for the hysteresis, drift and ion interference measurements. The 
evaluation of the drift effect was carried out in the pH 7 buffer solution for 24 h. 
For the determination of the interference with alkali metal ions aqueous 
solutions of LiCl, NaCl and KCl (per analysis, Carl Roth, Germany) were added 
to the buffer solutions in order to reach a concentration of 0.1 mol l−1. 

The time-dependent pH response of the electrochemically prepared electrodes 
was examined by titration of the NbOx electrode with 1 M sodium hydroxide 
solution (>99 %, Carl Roth, Germany) and 1 M hydrochloric acid solution from 
pH 13 to 1. Here, the electrode was also preconditioned for 15 min in pH 13 and 
the pH value of the solution was controlled with a pH meter (pH 70, XS
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Instruments, Italy) connected to a PC. The response time of the fabricated pH 
electrode was determined as described elsewhere [167]. 

5.2.3 NbOx electrode characterization 

The characterization of the oxide layer of the differently prepared NbOx 
electrodes was done with SEM (Zeiss Ultra 55). Cross-sections of the electrodes 
were prepared by cold embedding to determine the oxide layer thickness. EDX 
mappings of the oxide layer were recorded with a Zeiss Ultra 55 with an X-Max 
50mm2 detector an acceleration voltage of 15 kV. In order to determine the 
porous area fraction optically from the SEM images which is defined by the 
area of pores divided by the total area of the investigated image region the 
ImageJ software was used [203]. 

EIS was done for characterization of the oxide layers and for determination of 
the porosity. A three-electrode cell arrangement consisting of a DSA as counter 
electrode, a Ag/AgCl/3 M KCl electrode as reference electrode and the NbOx 
electrode as working electrode were employed. The measurements were 
performed at room temperature in a 3.5 wt% NaCl solution and with a 
frequency range of 10−2-104 Hz using a 10 mV AC perturbation at OCP, which 
was determined prior to the EIS. The EIS spectra were fitted with ZView 
software (Scribner Associates, United States). 

 
5.3 Results and Discussion 

In this work, NbOx electrodes were prepared in a thermal, chemical and 
electrochemical approach. The pH response of each electrode was examined in 
pH buffer solutions over a pH range of 1-13. The response time was evaluated 
via acid-base titration. Long-term stability was tested for different storage 
conditions over several months. For the investigation of the oxide layer, SEM, 
EDX and EIS measurements were carried out. 
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5.3.1 Comparison of chemically, thermally and electrochemically produced 
NbOx electrodes 

Fig. 5.2 illustrates the OCP measurements of the three preparation approaches 
directly after manufacturing. The electrochemically produced NbOx electrode 
revealed the highest sensitivity with -41 mV/pH, followed by the chemical pH 
electrode with -38 mV/pH. The NbOx electrode with the thermally formed 
oxide layer showed the lowest sensitivity and poorest linearity in OCP values 
over the pH range. Thus, this preparation method was rejected. Directly after 
preparation, the electrochemical and chemical electrodes demonstrated 
excellent linearity over the whole investigated pH range. Since the 
electrochemical approach displayed the highest sensitivity and linearity, as well 
as the shortest preparation route, this preparation method was chosen for 
further experiments. 

 

 

 

 

 

 
 

Figure 5.2: OCP measurements (electrode potential versus standard hydrogen electrode (SHE)) 
of chemically (black), thermally (red) and electrochemically (blue) produced NbOx electrodes in 
pH-buffer solutions with pH 1, 1.7, 4, 5, 7, 9, 10 and 13. 
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The sensitivity of the fabricated electrodes deviates from the ideal Nernstian 
response. This sub-Nernstian behavior is commonly observed for several 
(semiconducting) metal oxides and we similarly attribute this effect to electric 
double layer (e.g. local pH) and electronic structure modulation of the semi-
conducting oxide due to proton adsorption at the surface [167,204,205]. 

It is assumed that the different pH sensing performance is caused by the 
structure and the thickness of the artificially grown oxide layer on the Nb wire. 
Therefore, SEM measurements were used to characterize the surface 
constitution of the different electrodes. Fig. 5.3a-c illustrates the texture of the 
oxide layer of the three electrodes. The SEM images revealed that the 
electrochemically produced electrodes (c) show the highest porosity, followed 
by the chemical one (b), whereas the thermally produced electrode (a) shows 
the densest oxide layer only a few, shallow cracks. The porous area fraction was 
determined optically and revealed that the electrochemical NbOx electrode has 
the largest porous area fraction with 30 %, followed by the chemically produced 
NbOx layer with 20 % and the thermally produced NbOx layer with 6.5 %. The 
dense oxide layer of the thermally produced electrode causes a poor pH 
sensitivity of this electrode [206]. The investigations showed a correlation 
between the electrode performance and the texture of the NbOx layer. This 
assumption is supported by the results of the electrochemical electrode, as it 
shows the best agreement between electrode sensitivity and oxide layer 
porosity. 
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Figure 5.3: SEM images of a (a) thermally, (b) chemically and (c) electrochemically produced 
NbOx electrode surface. 

In order to estimate the thickness of the oxide layer, SEM cross section 
measurements were carried out which are depicted in Fig 5.4a-c. The SEM cross 
section image of the thermally manufactured electrode (a) exhibits a dense 
oxide layer with a thickness variation of 3.4-5.0 µm. A thinner, but also dense 
oxide layer with a thickness of 1.0-2.0 µm grows on the Nb wire during the 
immersion in potassium permanganate shown in Fig. 5.4b. For the 
electrochemical variant (c), it can be seen that the oxide film does not grow 
continuously and is much thinner (0.2-1.0 µm). 
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Figure 5.4: SEM cross section images of a (a) thermally, (b) chemically and (c) 
electrochemically produced NbOx  electrode. 

In Table 5.1 the EDX results of the electrodes are summarized. EDX 
measurements showed that the oxygen and carbon content is higher for the 
electrochemically prepared electrode compared to the other two electrodes. The 
carbon content can be explained due to the formation of niobium carbides, 
whereas the oxygen resulted from the formation of NbOx. In literature, it is 
described that Nb electrodes form in most aqueous solutions a Nb2O5 film 
during anodic polarization, which can be used for dielectric applications [200]. 

Furthermore, Teixeira da Silva et al. showed that the formed Nb2O5 tends to be 
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converted into conductive niobium carbides, which explains the high carbon 
concentrations detected in EDX measurements [207,208]. The zirconium and 
tantalum values emerge from the extraction process of pure niobium, as these 
occur as accompanying elements [209,210]. 

Table 5.1:  EDX results of the three electrodes.  

Element Thermal NbOx 
layer (wt%) 

Chemical NbOx layer 
(wt%) 

Electrochemical 
NbOx layer (wt%) 

Nb 85.9 82.0 72.1 
C 7.5 11.7 20.1 
O 4.6 4.2 5.9 
Zr 1.6 1.6 1.4 
Ta 0.3 0.3 0.4 

 

Additionally to SEM characterization of the oxide layer, EIS measurements 
were carried out. The results as well as the equivalent circuit for curve fitting 
are presented in Fig. 5.5. The equivalent circuit consisting of Rs, Rp and Rct 
which are the resistances of the electrolyte solution, the pore and the charge 
transfer are illustrated. In addition, CPE0 and CPEdl, which are the constant 
phase elements of the oxide layer and the double layer are included in the 
equivalent circuit. To fit the EIS spectra, CPE were used instead of capacitors 
due to the non-ideal capacitance behaviours of the oxide film and the double 
layer [211,212]. Curve fitting allowed to estimate the pore resistance of each 
electrode. Fig. 5.5 (green curves) illustrates the EIS curve of the electrochemical 
electrode as well as the fitting result with a pore resistance of 2.65 x 105 Ω. The 
EIS curve of the thermal electrode (red curve) has a similar shape but with a 
much higher pore resistance of 1.90 x 106 Ω, which confirms a less porous oxide 
layer of the thermal electrode. The porosity of the chemical electrode (in purple 
in the EIS plot) with a pore resistance of 3.90 x 105 Ω is in between the two other 
electrode types, confirming the trend in porosity as observed in the SEM 
analyses. The values for the pore resistance of the oxide layers are generally in 
good agreement with values found in literature [213,214]. Generally, it was 
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observed that a higher porosity with a higher surface to volume ratio has an 
effect on the sensitivity of pH electrodes [167]. A similar effect could be found 
in the present study. 

 

 

 

 

 

 

 

 

 

Figure 5.5: EIS measurements of (green) electrochemically, (red) thermally and (purple) 
chemically produced NbOx electrodes with the equivalent circuit for curve fitting. 

5.3.2 pH response 

In order to investigate the pH sensing performance of the electrochemically 
produced NbOx electrode, acid-base titration was done. Experiments proofed 
that preconditioning of the electrode in alkaline solution is necessary for faster 
response. In Fig. 4.6a the titration curve from pH 12 to 1 is depicted. pH 13 is 
not included because the reaction times and stability varied widely. Good 
response times, for about several seconds could be achieved for pH 1.0, 9.0 and 
11.8. pH 4.0 and 11.0 were reached in 1.5 min, pH 1.8, 3.0 and 9.9 in less than 
3 min. Longer response times were recorded in the near-neutral region with up 
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to 7 min for pH 7 and 7.8. Reaching pH 5.0 and 6.1 took up to 12.5 min, which 
were the maximum in response time observed. As illustrated in Fig. 5.6b, good 
linearity was reached in pH range 1-12 despite the longer response times of the 
previous mentioned pH values. 

 

 

 

 

 

 

 

 
 

Figure 5.6: Titration curve of 1 M NaOH with 1 M HCl using an electrochemically produced 
NbOx electrode, (a) titration curve from pH 12-1 and (b) electrode potential versus pH obtained 
from the titration curve. 

The Pourbaix diagram of the niobium-water system at 25 °C describes that 
Nb2O5 should be stable and pH sensitive between pH 1-13. As previously 
shown in the OCP measurements, the electrodes are often unstable at pH 1 and 
13, this may be due to the fact that at very low pH Nb2O5 can be converted to 
niobic acid or at very high pH to niobates [215]. In order to confirm this 
hypothesis further investigations are planned in the future. 

Fig. 5.7 illustrates the hysteresis measurement of the electrochemically 
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produced NbOx pH electrode with a pH loop of pH 7-4-7-10-7 for up to 1500 s. 
The obtained hysteresis voltage was very low with 2 mV. 

 

 

 

 

 

 
 

 

 

Figure 5.7: Hysteresis measurement of the electrochemically produced NbOx pH electrode with 
a pH loop of pH 7-4-7-10-7. 

In a long term OCP measurement in pH 7 buffer solution the potential drift of 
the pH sensor was determined to 1.1 mV/h, which is in a similar region as 
several other metal oxide pH sensors described in literature [167]. 

Additionally, the effect of alkali metal ions was analyzed by adding either LiCl, 
NaCl or KCl to the buffer solutions with pH 4, 7 and 10. For NaCl and KCl 
containing solutions, the linearity and response of the pH electrode was not 
affected. The slopes of the calibration curves were -49.7 mV/pH for NaCl 
containing solutions and -50.2 mV/pH for KCl containing solutions. In case of 
LiCl slight interference was observed causing deviation from linear behavior 
and decreased sensitivity of -32.7 mV/pH. This can be due to interaction of 
Nb2O5 with Li ions [216]. 
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5.3.3 Evaluation of different storage conditions and their influence on the 
stability of NbOx electrodes 

Since it is important to produce reliable and robust electrodes, the stability over 
several months of the electrochemically produced electrodes was evaluated. 
Furthermore, different storage conditions were tested including dry storage 
over silica gel, storage in laboratory air, in 3 M KCl solution and 5 wt% NaCl 
solution. In Fig. 5.8 the OCP results over four months for the four different 
storage methods are summarized and compared. Keeping the electrode dry, 
Fig. 5.8a, revealed that for the first three months the sensitivity of the electrode 
remained stable with a sensitivity between -40 and -50 mV/pH. Afterwards, the 
slope of the curve decreased and the sensitivity halved compared to the initial 
values and was not stable anymore. The behavior of the electrode, which was 
stored under laboratory conditions, Fig. 5.8b, was better compared to the first 
storage method, because the decline in sensitivity was less compared to the first 
storage method. Immersing the electrode in 3 M KCl and 5 wt% NaCl, as shown 
in Fig. 5.8c and d, illustrates that the electrode is still stable after four months 
with almost no change in sensitivity. An advantage of the stability in NaCl 
solution is, that a lot of corrosion tests are performed in NaCl environment. 
Therefore, one possible application of this electrode can be the monitoring of 
pH changes during corrosion processes. The results indicate that the electrodes 
can be stored either under laboratory conditions or immersed in salt solutions 
like 3 M KCl and 5 wt% NaCl over several months. Whereas the storage under 
dry conditions only allows a storage for three months.  
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Figure 5.8: Potential-pH dependency of four different electrochemically produced NbOx 
electrodes stored dry over silica gel (a), under laboratory conditions (b), in 3 M KCl solution (c) 
or in 5 wt% NaCl solution (d) for up to 4 months. 

 
 

5.4 Conclusions 

In the present study, a robust, low-cost pH sensor based on niobium/niobium oxide 
was developed. Different manufacturing routes were examined, revealing the 
electrochemical production variant, involving anodic polarization, as optimum to 
produce electrodes with a linear potential-pH correlation in a wide pH range from 
pH 2-12 in buffer solutions with a sensitivity of -41 mV/pH. The superior sensitivity 
of these electrodes compared to the chemically and thermally produced niobium 
oxide electrodes could be linked to the highest porous area fraction of 30 % (versus 
20 % chemical route, 7 % thermal oxidation). The storage stability of the electrodes 
was tested under various conditions and over a period of several months. It was 
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shown that the electrodes can be stored in KCl, NaCl or even dry in laboratory air 
over 3 months without a noticeable drop in sensitivity. Long-term measurements 
showed a drift at pH 7 of 1.1 mV/h. 

Our results demonstrate that the produced niobium/niobium oxide sensor, which is 
chemically stable at various conditions and physiologically inert, can be used as a 
pH electrode and is a promising sensor material for many applications, such as in 
situ pH monitoring in corrosion testing or biological systems. 
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Chapter 6  
 
Conclusion and Outlook 

 
The conclusions mentioned in this section are of general nature. The more 
specific findings from each study can be found at the end of the related 
chapters. 
 
In this work, a comprehensive approach is taken involving electrochemical 
techniques, corrosion tests and the invention of a suitable MOx pH sensing 
material to investigate the pH values at the interface between adhesive and 
galvanized steel surfaces or for in-situ corrosion monitoring. EIS and HR-SKP 
were found to be excellent for studying commercial adhesives as well as model 
formulations and were therefore used throughout this thesis. 
 
EIS proved to be an excellent method for our sample systems and for 
addressing the questions of this dissertation and thus became a key method. An 
extensive literature review revealed numerous publications investigating water 
uptake in epoxy coatings and its effects on interfacial delamination processes 
via EIS. In contrast to previous publications, in this PhD thesis it was shown for 
the first time that EIS can be used to study commercially available adhesives 
with additives and not only simplified adhesive systems without additives. For 
example, with EIS the water uptake in HGMs, which are important lightweight 
fillers for structural adhesives, could be estimated. At a later stage, EIS, in 
particular the effective water diffusion coefficient obtained from these 
measurements, was used to assess the influence of commonly used inorganic 
additives in the adhesive on interfacial delamination processes.  To sum up, it 
could be shown that EIS is deservedly 
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a fundamental method for investigating organic coated metals. One disadvantage 
of EIS, however, is that an open sample geometry is used instead of closed joints. 
This sample geometry is more commonly used when assessing the delamination 
behaviour of coatings such as paints and less often for adhesives. It is important to 
note therefore that this allows both water and atmospheric gases to reach the 
interface through the coating and not just through the exposed edges as would be 
the case with a closed joint geometry. To measure water that only penetrates from 
the side, SKP measurements are suitable, as shown in Chapter 3. In the course of 
this PhD thesis, however, the determination of the water diffusion coefficient was 
not performed due to time constraints. Here, the SKP was only used to measure 
the electrochemical delamination processes on different galvanized steel samples. 
Another advantage of the SKP is that this method is non-destructive and the 
interface could be measured without exposing it to the environment. The 
knowledge gained from the measurements helped to gain a better understanding 
of the interfacial processes between and to assess the results of numerous 
corrosion and ageing tests done during the PhD thesis.  
 
Finally, to complete the work and obtain more information in future studies about 
the reactions taking place at the interface, a pH sensor material was searched that 
was stable enough to be embedded in the adhesive later on. Within the framework 
of the PhD thesis, a robust, low-cost pH sensor based on niobium/niobium oxide was 
successfully developed. In order to be able to determine the pH value at the interface, 
the electrode must be scaled down to a micro pH electrode and cured together with 
the adhesive. Promising preliminary work was done in this dissertation. However, the 
fabrication of micro pH electrodes could not be completed in time and is planned for 
future work.   
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Appendices 

 
A.1 The Bode diagrams and the Nyquist diagrams 
where the selected frequencies were marked with 
dotted lines in the Bode plots 

 

 
Figure A.1.1: Bode plots of CF and MF coated ZE and ZM exposed to 3.5 wt% NaCl solution for 
55 h at room temperature with the red line marking the frequency chosen to calculate the 
coating capacitance at t = 0-140 h. 
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Figure A.1.2: Nyquist plots of CF and MF coated ZE and ZM exposed to 3.5 wt% NaCl solution 
for 55 h at room temperature.  

 

 
Figure A.1.3: Comparison of the Bode plots of ZE coated with MF mixed with 2 wt% SGM, 
2 wt% HGM, 4 wt% HGM and 6 wt% HGM exposed to 3.5 wt% NaCl solution for 140 h at room 
temperature with the lines marking the frequencies chosen to calculate the coating capacitance.  
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Figure A.1.4: Comparison of the Nyquist plots of ZE coated with MF mixed with 2 wt% SGM, 
2 wt% HGM, 4 wt% HGM and 6 wt% HGM exposed to 3.5 wt% NaCl solution for 140 h at room 
temperature.  
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