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Abstract 
 

The increasing demand for sustainable and energy-efficient materials in industries such as automotive, aerospace, 
and biomedical engineering has brought magnesium (Mg) alloys to the forefront due to their exceptional strength-
to-weight ratio, low density, and biocompatibility. However, the application of Mg alloys is significantly hindered by 
their high susceptibility to corrosion, particularly in aqueous environments. Plasma Electrolytic Oxidation (PEO) 
coatings have been proposed as a promising solution, offering a protective barrier and the potential for "active 
protection" through the incorporation of corrosion inhibitors within their porous structure. Despite the potential of 
this approach, the field remains underexplored, with limited research on effective corrosion inhibitors for PEO-coated 
Mg alloys. 

This thesis addresses this gap by systematically investigating a range of corrosion inhibitors to enhance the corrosion 
resistance of PEO-coated Mg alloys. An initial evaluation of more than twenty potential inhibitors revealed that their 
effectiveness on bare Mg alloys does not necessarily translate to improved corrosion resistance in PEO-coated 
systems. For example, while the sodium salt of 2,5-pyridinedicarboxylate (2,5PDC-Na) was effective on bare Mg, it 
was found to accelerate the degradation of PEO coatings, highlighting the complexity of inhibitor interactions within 
PEO-coated magnesium systems. Consequently, an in-depth investigation was conducted to understand these 
unexpected adverse effects, ultimately providing insights into the selection of effective inhibitors for PEO-coated Mg 
alloys. 

Among the tested inhibitors, sodium salts of 8-hydroxyquinoline (8HQ) and decylphosphonic acid (DP) were found 
to significantly improve the corrosion resistance of PEO-coated AZ21 Mg alloy. DP, in particular, demonstrated 
superior inhibition performance by delaying the failure of the PEO coating by over 50 days, compared to the 4-day 
failure time of the reference PEO coating without an inhibitor. The formation of insoluble compounds between these 
inhibitors and Mg²⁺ ions contributed to the enhanced protection through several mechanisms. Given DP's 
outstanding inhibition performance, a protective PEO system was further developed by loading the PEO layer with a 
high concentration of DP, which significantly reduced corrosion creep from defect in a salt spray test. 

Based on the findings from the in-depth investigation of the inhibition effects of these three chemicals (2,5PDC-Na, 
8HQ, and DP), a set of criteria was established for selecting effective corrosion inhibitors to be incorporated into PEO 
coatings on magnesium. A key parameter in these criteria is the formation of highly insoluble compounds resulting 
from the interaction between the inhibitor and Mg²⁺ ions. These criteria were evaluated for the initially screened 
compounds to assess their validity across different types of inhibitors. 

The findings of this thesis contribute to a deeper understanding of the interactions between corrosion inhibitors and 
PEO-coated Mg alloys, providing a framework for the selection and application of inhibitors for PEO-coated 
magnesium. The insights gained from this research are expected to inform future studies and industrial practices, 
ultimately supporting the development of more durable and corrosion-resistant Mg alloy-based components for 
various critical applications. 

 



3 

 

Zusammenfassung 
 

Die steigende Nachfrage nach nachhaltigen und energieeffizienten Materialien in Branchen wie der Automobil-, Luft- 
und Raumfahrt- sowie der biomedizinischen Technik hat Magnesium (Mg)-Legierungen aufgrund ihres 
außergewöhnlichen Stärke-Gewichts-Verhältnisses, ihrer niedrigen Dichte und Biokompatibilität in den Vordergrund 
gerückt. Die Anwendung von Mg-Legierungen wird jedoch erheblich durch ihre hohe Korrosionsanfälligkeit, 
insbesondere in wässrigen Umgebungen, eingeschränkt. Plasmaelektrolytische Oxidationsbeschichtungen (PEO) 
werden als vielversprechende Lösung vorgeschlagen, da sie eine schützende Barriere bilden und ein "aktiven Schutz" 
durch die Einbindung von Korrosionsinhibitoren in ihre poröse Struktur ermöglichen. Trotz des Potenzials dieses 
Ansatzes ist das Feld wenig erforscht, und es gibt nur begrenzte Forschung zu wirksamen Korrosionsinhibitoren für 
PEO-beschichtete Mg-Legierungen. 

Diese Arbeit widmet sich dieser Lücke, indem eine systematische Untersuchung verschiedener Korrosionsinhibitoren 
durchgeführt wird, um die Korrosionsbeständigkeit von PEO-beschichteten Mg-Legierungen zu verbessern. Eine 
anfängliche Bewertung von mehr als zwanzig potenziellen Inhibitoren zeigte, dass deren Wirksamkeit auf 
unbeschichteten Mg-Legierungen nicht zwangsläufig zu einer verbesserten Korrosionsbeständigkeit in PEO-
beschichteten Systemen führt. Zum Beispiel beschleunigte das Natriumsalz von 2,5-Pyridindicarboxylat (2,5PDC-Na), 
obwohl es auf unbeschichtetem Mg wirksam war, den Abbau der PEO-Beschichtung, was die Komplexität der 
Inhibitor-Interaktionen in PEO-beschichteten Magnesiumsystemen verdeutlicht. Infolgedessen wurde eine 
eingehende Untersuchung durchgeführt, um diese unerwarteten nachteiligen Effekte zu verstehen und letztlich 
Einblicke in die Auswahl effektiver Inhibitoren für PEO-beschichtete Mg-Legierungen zu gewinnen. 

Unter den getesteten Inhibitoren verbesserten Natriumsalze von 8-Hydroxychinolin (8HQ) und Decylphosphonsäure 
(DP) signifikant die Korrosionsbeständigkeit von PEO-beschichteten AZ21-Mg-Legierungen. Insbesondere DP zeigte 
eine überlegene Inhibitorleistung, indem es das Versagen der PEO-Beschichtung um über 50 Tage verzögerte, 
verglichen mit einer Versagenszeit von 4 Tagen bei der Referenz-PEO-Beschichtung ohne Inhibitor. Die Bildung 
unlöslicher Verbindungen zwischen diesen Inhibitoren und Mg²⁺-Ionen trug durch verschiedene Mechanismen zum 
verbesserten Schutz bei. Angesichts der hervorragenden Inhibitorleistung von DP wurde ein schützendes PEO-System 
weiterentwickelt, indem die PEO-Schicht mit einer hohen Konzentration an DP beladen wurde, was die 
Korrosionsausbreitung bei einem Salzsprühtest erheblich reduzierte. 

Basierend auf den Erkenntnissen aus der eingehenden Untersuchung der Hemmeffekte dieser drei Chemikalien 
(2,5PDC-Na, 8HQ und DP) wurde ein Satz von Kriterien zur Auswahl wirksamer Korrosionsinhibitoren entwickelt, die 
in PEO-Beschichtungen auf Magnesium eingebunden werden sollen. Ein entscheidender Parameter in diesen 
Kriterien ist die Bildung hochgradig unlöslicher Verbindungen, die aus der Interaktion zwischen dem Inhibitor und 
Mg²⁺-Ionen resultieren. Diese Kriterien wurden für die anfangs untersuchten Verbindungen bewertet, um ihre 
Gültigkeit über verschiedene Inhibitortypen hinweg zu prüfen. 

Die Ergebnisse dieser Arbeit tragen zu einem tieferen Verständnis der Wechselwirkungen zwischen 
Korrosionsinhibitoren und PEO-beschichteten Mg-Legierungen bei und bieten einen Rahmen für die Auswahl und 
Anwendung von Inhibitoren für PEO-beschichtetes Magnesium. Die gewonnenen Erkenntnisse sollen künftige 
Studien und industrielle Anwendungen informieren und letztlich die Entwicklung langlebigerer und 
korrosionsbeständigerer Mg-Legierungskomponenten für verschiedene kritische Anwendungen unterstützen. 
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1 Introduction 
The growing concern for environmental impact and energy efficiency has led industries such as automobile 
manufacturing, aerospace, and aeronautics to prioritize the use of lightweight and eco-friendly materials. In this 
regard, Mg alloys, known for being the lightest of all structural metals, are of significant interest as alternatives to 
traditional aluminum alloys and steel. Magnesium has high strength-to-weight ratio of 158, which is approximately 
3.4 times greater than that of steel and 1.4 times higher than aluminum. With a low density of 1.74 g/cm³, Mg is 
about 60% lighter than steel and 33% lighter than aluminum.  It also offers good machinability, favorable casting 
properties, and excellent dimensional stability.  

Moreover, magnesium-based materials are especially promising for use in the biomedical industry, including tissue 
engineering, orthopedic, and cardiovascular applications [1, 2] primarily due to their biodegradability, 
biocompatibility, and mechanical properties similar to natural bone [3, 4]. 

Despite the advantageous properties of magnesium alloys in several applications, their primary limitation in achieving 
widespread commercial applications is their high susceptibility to corrosion in aqueous environments, which leads 
to the rapid loss in their mechanical strength. Therefore, extensive research is being undertaken on understanding 
and controlling the degradation of Mg alloys.  

One of the primary methods to control Mg alloy corrosion involves applying protective coatings to shield the metal 
from corrosive media. Several categories of coatings on Mg include metal-based coatings [5] conversion coatings [6, 
7], silane sol-gel [6, 8, 9], and natural and synthetic polymeric coating [10]. Plasma Electrolytic Oxidation (PEO) is also 
an advanced electrochemical technique that produces ceramic-like coating on light metals, including Mg alloys. The 
PEO process involves polarizing the Mg substrate immersed in an electrolyte to a voltage above the anodic barrier 
breakdown, which accompanies with microdischarges on the surface of the substrate. The formed layer acts as a 
barrier against the penetration of corrosive substances, effectively preventing corrosion of Mg substrate. 
Additionally, this layer exhibits high tribological properties, enhancing the Mg substrate resistance to wear and 
friction. 

The PEO layer features a porous microstructure, with pores that reach diameters of several microns. On one hand, 
these pores do not offer barrier properties against the penetration of corrosive medium towards the substrate. 
However, on the other hand, these pores can serve as reservoirs for various substances, allowing for functionalization 
of the PEO coating based on the desired application. For instance, in biomedical applications, the PEO surface and 
pores can be loaded with bioactive materials or drugs [11-13]. When the aim is to improve tribological properties, 
lubricants can be loaded [14, 15]. Most commonly, the PEO pores are suitable location to accommodate corrosion 
inhibitors.  This not only enhances the corrosion resistance of the coating system but also provides active corrosion 
protection on demand.  

Although the effectiveness of loading PEO coatings with corrosion inhibitors was demonstrated nearly 15 years 
ago [16], only a handful of studies have since reported on this approach for different metallic substrates. The majority 
of these studies are limited to just two inhibitors, namely 8-hydroxyquinoline and Ce salts. However, a significantly 
larger number of potential inhibitors, particularly for Mg alloys, have been discovered [17], the inhibition efficiency 
of some of them is already confirmed by other researchers on different Mg substrate and conditions [8]. These can 
be considered as potential candidates for incorporation into the PEO coating to enhance its anti-corrosion and active 
inhibition performance.  

Therefore, the primary objectives of this dissertation are to discover effective corrosion inhibitors for a PEO-coated 
Mg system, to uncover the underlying mechanisms through which they inhibit the corrosion, and ultimately to 
establish criteria for determining the suitability of potential inhibitors. 

The structure of this dissertation is divided into seven separate sections. The literature review and state of the art in 
section 2 provides an overview and advances of PEO coatings and includes a published review paper on corrosion 
inhibitors for Mg, as well as strategies for incorporating them with other protection systems including PEO. Section 
3 outlines the motivation behind this research and the objectives we aim to achieve. Section 4 details all the materials 
used and experimental methods employed in this study. Section 5 presents the results obtained from this research, 
which includes three published papers and supplementary unpublished findings. In section 6, a comprehensive 
discussion on all the experimental results is provided. Section 7 summarizes the key findings of this work and presents 
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the conclusions drawn from all the results. This section also offers insights into potential applications and future 
research directions for inhibitor-loaded PEO coatings. 

 



6 

 

2 Literature review and state of the art 

2.1 Overview 

This section provides a review of the fundamental and state-of-the-art knowledge related to the two primary 
components of this thesis: 

1. PEO coatings 

2. Corrosion inhibitors 

In the first section, PEO is introduced as a surface modification technique for metals. The current understanding of 
its formation mechanisms is discussed, followed by an analysis of the process parameters that influence its 
performance. Additionally, contemporary strategies for enhancing the properties and performance of PEO coatings 
are reviewed. The topics covered in this section are outlined below: 

• PEO Formation Mechanism 

• Composition of PEO Coatings 

o Core Chemistry 

o Particle Addition 

o Non-Aqueous Electrolytes 

• Applied Electrical Parameters 

• Energy Consumption 

• Pre-treatment 

• Post-treatment 

• Applications and Commercialization 

 

The second section, focusing on "corrosion inhibitors", is provided from a published review paper: 

 

B. Vaghefinazari, E. Wierzbicka, P. Visser, R. Posner, R. Arrabal, E. Matykina, M. Mohedano, C. Blawert, M.L. 
Zheludkevich, S.V. Lamaka, Chromate-Free Corrosion Protection Strategies for Magnesium Alloys—A Review: Part 
III—Corrosion Inhibitors and Combining Them with Other Protection Strategies, Materials, 15 (2022) 8489. 
https://doi.org/10.3390/ma15238489. 

 

CRediT authorship contribution statement: 

 

Bahram Vaghefinazari: Conceptualization, Investigation, Validation, Writing – original draft, Writing – review & 
editing. Ewa Wierzbicka: Investigation, Writing – review & editing. Peter Visser: Investigation, Writing – review & 
editing. Ralf Posner: Investigation, Writing – review & editing. Raúl Arrabal: Investigation, Writing – review & editing. 
Endzhe Matykina: Investigation, Writing – review & editing. Marta Mohedano: Investigation, Writing – review & 
editing Carsten Blawert: Investigation, Writing – review & editing. Mikhail L. Zheludkevich: Conceptualization, 
Supervision, Writing – review & editing. Sviatlana V. Lamaka: Conceptualization, Supervision, Writing – review & 
editing. 

 

This review specifically covers corrosion inhibitors for magnesium and explores various approaches for incorporating 
them into different coating systems, including PEO coatings loaded with inhibitors. The content of the review is 
organized as follows: 

• Foreword 

https://doi.org/10.3390/ma15238489
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• Inorganic Inhibitors 

• Organic Inhibitors 

• Inhibitor Mixtures: Synergistic Inhibiting Effects 

• Integration of Inhibitors with Other Corrosion Protection Strategies 

o Sol-Gel Coatings 

o Layered Double Hydroxides (LDH) 

o PEO Coatings 

• Summary and Perspectives 
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2.2 Plasma Electrolytic Oxidation (PEO) 

2.2.1 Introduction 

Plasma Electrolytic Oxidation (PEO), also called micro-arc oxidation (MAO), is surface modification technique to form 
ceramic-like layers on magnesium, aluminum, zinc, titanium and other metals, mainly aiming for enhancement in 
wear and corrosion resistance. More than 3000 scientific papers registered after 2010 with keywords of “Plasma 
Electrolytic Oxidation” in Scopus database shows its popularity among scientist which indeed is supported by the 
interest of the industry. 

Similar to traditional anodizing process of metals, PEO process involves polarization of metal surfaces exposed to 
electrolyte. However, in contrast to anodizing that operates below a so-called breakdown voltage of original oxide 
films on the substrate, PEO requires polarizations of typically several hundreds of volts that is above the breakdown 
voltage. The coating process is featured with the formation of short-lived microdischarges on the surface of the 
metal, resulting in extremely high local temperature and pressure, which leads to compositional and morphological 
alteration of the metal surface and finally formation of ceramic-like PEO coating. 

PEO coatings have a unique layered structure, consisting of a thin inner barrier layer, well adhered to the substrate 
and an outer porous layer. In some cases, a third layer known as the “pore band” or sometimes called as just “inner 
layer”, characterized by micron-sized pores, also exists between the two layers [18]. The inner layer is compact and 
offers superior adhesion and resistance to corrosion, while the outer porous layer and the pore band do not provide 
considerable barrier properties against the penetration of corrosive media. Figure 2.1 presents an example of PEO 
microstructure. 

 

 
Figure 2.1  an example of PEO coating microstructure on a Mg alloy. (a) top view, cross section, (c) higher magnification of 

PEO/substrate interface. Adapted from [19] with permission from Elsevier. 

The composition of the electrolyte plays a crucial role in determining the properties and composition of the coating. 
Typical PEO electrolytes consist of aqueous solutions of alkali metal silicates, aluminates, and phosphates. 
Additionally, adjusting the applied electrical regime—such as voltage, current, mode and polarity, duty cycle, pulse 
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shape, and frequency—is a common strategy to achieve coatings with the desired properties and performance. 
Figure 2.2 summarizes the key parameters that influence the morphology and properties of PEO coatings. The figure 
also includes other strategies for modifying the functionality of PEO coatings and enhancing their performance. 

 
Figure 2.2  Effective parameters of PEO coatings and strategies to modify their properties. Adapted from [20]. 

In the following sections, the current models for the formation mechanisms of PEO are reviewed. Then, an overview 
of the most important parameters of PEO, as highlighted in Figure 2.2, is provided. 

2.2.2 Mechanism of formation 

The mechanisms behind the formation of the PEO layer are complex, as they involve electrochemical, thermal, and 
plasma-chemical reactions within the electrolyte [21]. As mentioned above, PEO formation involves the application 
of a voltage high enough that a dielectric breakdown of the anodic barrier layer occurs which is accompanied with 
microdischarges that appear as sudden and local spark formation on the surface. The breakdown voltage (Vb) (aka 
sparking voltage) depends on many parameters including the nature of the metallic substrate, electrolyte 
components and concentrations. On the other hand, other parameters, including the applied current density, surface 
topography of the substrate, and the history of the film formation, are believed to have negligible effect on the 
breakdown voltage [22].  

There are many studies to model the discharges and explain their contribution to the PEO coating formation, among 
which the most commonly accepted explanations can be summarized in the followings:  

The occurrence of a discharge locally damages the oxide films, forming a discharge channel, due to high current 
caused by electron avalanche [22, 23]. The presence of high electrical field and discharge channel result in the high 
ionic transport towards the substrate [23], which contributes to the coating formation at coating/substrate 
interface[24]. At the same time high local temperature caused by the formed plasma (several thousands of degrees 
of Celsius [21, 25]), melts the high melting point oxides and substrate, as well as vaporizes the electrolyte. The 
resultant high pressure (can reach 100MPa [25]) cause the ejection of the molten oxide material from the discharge 
channel onto the coating surface. The molten oxide is then quenched and solidified on the coating surface, which 
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result in pancake-form features [26] on the coating surface with a discharge channel in its center. The thermal stress, 
volume change, and extensive gas formation [27] lead to the microstructural microcracks and voids within the 
coating. 

Based on the location and intensity of the occurrence of discharges within the PEO layer, several types of discharges 
have been proposed to explain the mechanism formation of PEO coating, as depicted in Figure 2.3  [21, 27-29]. Figure 
2.3 (a) depicts the initial model proposed by Hussein et al. [21], who only considers three types of discharges that 
appear on the top surface of the PEO coating. While, Figure 2.3 (b) is the modified version by Cheng et al. [30], which 
also consider the existence of sparks within the PEO layer, based on the cross-sectional characterization evidence . 

- Type A: at the coating top layer. Mostly results in nodular features on the coating surface 

- Type B: at metal-oxide interface. Mostly results in pancake-shape features on the coating surface 

- Type C: at the oxide-electrolyte interface within the upper coating. Mostly results in nodular features on 

the coating surface 

- Type D: near the large pores near the interface between the inner and outer layer; in other words, in the 

pore band. It contributes more to the growth of inner layer. 

- Type E: within the outer layer. The discharge does not reach the substrate. 

Each of these discharges results in different coating growth and composition. Type A and C involve more 
concentration of electrolyte components, while type B and D yields compounds rich from the substrate. In the case 
of the schematic presented in Figure 2.3 (b), the electrolyte was silicate-based, which resulted in silicon-rich particles 
forming at the location of occurrence of discharge type-A. These types of discharge also contributes to inward or 
outward growth differently [31]. The PEO coating on Mg grows inwards to the substrate as well as outwards to the 
coating surface simultaneously [21, 31], although the inward/outward ratio is believed to be different at different 
stage of PEO formation [32]. The growth direction and kinetics of the coating formation are mainly controlled by the 
intensity, type and distribution of discharges [31]. 

Note that, although the models in Figure 2.3 might be initially proposed for the PEO coating on Al substrate, the 
evident similarities between the morphologies of the PEO layer as well as the spectroscopical characterization of the 
formed discharges of several metallic substrates, e.g. Al, Mg, Zr, Ti, can be speculated as the validity of these models 
for them as well. 
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Figure 2.3   (a) schematic diagram of the discharge models for the PEO process [21] (b) Schematic of the modified discharge 

model in (a), considering the discharges within a PEO layer with large pores between inner and outer layer [30]. With permission 
from Elsevier. 

2.2.3 PEO coating composition 

The composition of PEO coatings is primarily determined by the electrolyte used during the process. For magnesium 
alloys, PEO electrolytes are typically highly alkaline. When using a simple alkaline electrolyte, such as one based on 
KOH, the PEO coating predominantly consists of a MgO layer. It is believed that MgO forms either through the 
dehydration of Mg(OH)2, driven by the high temperatures generated by the discharges, or through the direct 
oxidation of molten Mg produced during these discharges. Additionally, the diffusion of oxygen anions towards the 
magnesium substrate is significantly enhanced by the strong electric field within the discharge channel, which 
facilitates the movement of anions towards the Mg surface [33]. 

This MgO layer generally provides only limited corrosion protection. However, incorporating additional elements 
into the electrolyte allows for their integration into the PEO coating, offering new opportunities for customizing the 
coating's design and achieving specific desired properties. Figure 2.4 provides a more detailed overview of various 
PEO electrolyte compositions along with the corresponding phases formed in the PEO layer. 
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Figure 2.4  An overview of the most frequently used electrolyte components and phases formed in the PEO process on Mg alloys 

[34]. 

Among the various PEO electrolyte chemistries, those based on silicate, phosphate, and aluminate are the most 
frequently employed. In addition to the common MgO phase, they lead to the formation of Mg2SiO4, Mg3(PO4)2, and 
MgAl2O4, respectively. Figure 2.5 presents the XRD patterns of a PEO-coated magnesium alloy substrate treated in 
electrolytes containing NaAlO2, Na3PO4, and Na2SiO3. NaF, or other fluoride salts, is commonly added to the PEO 
electrolyte, leading to the formation of the MgF2 phase. This phase not only enhances the corrosion protection 
properties of the final PEO coating but is also reported to be beneficial in promoting the growth of the PEO layer [35]. 

Several studies have compared the stability of the phases formed during PEO and the corresponding corrosion 
resistance of these coatings. For example, the following order of corrosion resistance to Cl− attack has been 
identified for different phases: amorphous material < MgO < Mg₃(PO₄)₂ < Mg₂SiO₄ [37]. However, it is important to 
note that this sequence does not necessarily correspond to improved corrosion resistance of the PEO coating when 
prepared from their respective precursors. 
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Figure 2.5 XRD patterns to determine the chemical composition of the PEO coatings. Adapted from [36] with permission from 

Elsevier. 

Mixtures of the individual precursors outlined in Figure 2.4 often outperform simple electrolyte compositions. For 
example, Wierzbicka et al. [38-40] developed an electrolyte combining silicate, aluminate, phosphate, and fluoride-
based compounds. They utilized a "flash-PEO" concept, characterized by a very short process time (less than 2 
minutes) to minimize energy consumption (see more in Section Energy consumption). The protective performance 
of the PEO layer applied to an AZ31 alloy was notably high, comparable to that of a chromate conversion coating 
(CCC) reference sample. 

Organic and inorganic additives are also commonly added to the PEO electrolytes outlined in Figure 2.4, focusing on 
improving coating properties. Inorganic additives, such as Mo(VI) and rare-earth elements (Ce(III), La(III)), can 
enhance the passivity and self-healing capabilities of coatings [34, 41, 42], while titanium/zirconium-based 
compounds are noted for their stability and pore-sealing effects [41, 43-45]. Organic additives typically do not alter 
coating composition but can influence the coating process, reducing surface porosity and improving corrosion 
resistance. Despite the potential for enhanced protection, the effectiveness of additives depends on careful control 
of their concentration and interaction with the electrolyte composition. Summary of effects of organic and inorganic 
additives on PEO coating and the corresponding formed phases are presented in Figure 2.6.  



14 

 

 
Figure 2.6 Schematic of soluble organic and inorganic substances added to PEO electrolytes and their effect on the resulting 

coatings [34] . 

2.2.3.1 Particle addition 

Recent research trends have been focused on modification of PEO coating composition by addition of particles into 
the PEO electrolyte, thereby achieving in-situ incorporation of particles, which provides desired features or seal the 
pores of PEO  [46].  Particles with various properties have been used to produce multifunctional PEO coatings with 
anti-corrosion [19, 47-49], self-lubrication [50-52], anti-wear [53], bioactive [46, 54-57] and photocatalytic properties 
[58]. 

The particles can be inert to the PEO process so that their size, shape and composition does not change during the 
PEO process [59]. For instance, Ag particles have been added to a silicate-based PEO coating on a commercially pure 
Mg, mainly aiming to achieve an antibacterial functionality. The Ag particles were inertly imbedded into the PEO 
coating, mostly in the large-sized pores of PEO coating. In another study by Lu et al. [58] were able to incorporate 
TiO2 particles into a PEO coating on an AM50 Mg alloy. Although most of the TiO2 particles were incorporated inertly 
into the PEO coating, a small amount of Mg2TiO4 also was reported that formed within the coating.  Due to the 
presence of TiO2 particles, a higher photocatalytic activity of the PEO coating was registered. 

Another possibility is that the high-energy discharges in the PEO melt the particles or activate them to react with 
other present species in the electrolyte and PEO coating. For instance, Blawert et al. [49] used clay particles with low 
melting temperature of  <1200 °C as a “sintering additive” to the PEO electrolyte. They showed that the melting of 
the clay particles during the PEO process contributes to facilitation of the coating formation and sealing of the coating 
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channels and micropores.  Figure 2.7 presents an overview of the insoluble particles added to the PEO electrolyte to 
be applied on Mg alloys. 

 
Figure 2.7 Overview of the insoluble particle types added into the PEO electrolyte and their effect on the formed phases [34]. 

The incorporation of particles into the PEO coating, whether inert or reactive, depends on various parameters, 
including the substrate, applied electrical conditions, electrolyte composition, and the properties of the particles 
(such as size, melting temperature, and chemical stability)  [46]. For instance, the incorporation of ZrO2 particles into 
the coating has been observed both inertly and reactively under identical electrical conditions but with different 
electrolytes [60]. 

Particles are more frequently observed around and within the PEO pores than in other areas of the coating [61]. The 
incorporation of particles into the PEO layer occurs through different mechanisms. The local vigorous fluctuations 
and mechanical mixing of the electrolyte, caused by the discharges, play a role in moving particles closer to the 
substrate [62]. Electrophoresis forces are also believed to drag charged particles towards the anodically polarized 
substrate under the imposed electrical field during the PEO process. However, some argue [63] against the significant 
contribution of this mechanism, noting the very slow movement of fine particles (<1 µm diameter) due to 
electrophoresis forces—typically just a fraction of a micron for a supply frequency of 50 Hz. This movement is 
especially insignificant compared to other phenomena occurring during PEO formation, such as gas bubbling, which 
induces a convective motion of approximately 10 m·s⁻¹ [64].  

In another proposed mechanism, the particles are swept into the PEO pores during a discharge cycle that involves 
plasma gas bubble. Figure 2.8 shows a schematic depiction of a single cycle discharge with explanation of each step, 
for an electrolyte containing particles in a suspension form. 
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Figure 2.8 Schematic of a single PEO discharge cycle, with the electrolyte containing particles in suspension form that leads to the 

sweeping of the particles into the PEO pores. Adapted from [63] with permission from Elsevier. 

2.2.3.2 Non-aqueous electrolyte 

Most studies on the PEO coating process have been conducted in aqueous media. However, recent efforts have also 
explored the application of PEO in non-aqueous media, such as molten salts [65-68]. The use of molten salts aims to 
circumvent the drawbacks of the aqueous-based PEO process, which include the formation of undesired compounds 
in the resulting coatings and the need for electrolyte cooling. 

A molten salt of NaNO3- KNO3 has been investigated as an electrolyte for several substrates, including Al alloys [67, 
69, 70], Ti alloys [71, 72] and Zr alloys [66]. The electrolyte temperature is around 280 °C.  In a recent study by Yuferov 
et al. [68], an electrolyte based on a ternary eutectic system of Ca(NO3)2+NaNO3+ KNO3 was used. The electrolyte has 
a significantly lower melting temperature of 129 °C, which not only improves the economic viability of the process 
but also facilitates the introduction of desired components into the PEO coating. In their work, they introduced 
ammonium dihydrogen phosphate (ADP) into the electrolyte. 

PEO coatings formed in molten salts, similar to those formed in aqueous-based electrolytes, exhibit high adhesion, 
high hardness, and improved wear and corrosion resistance compared to the uncoated substrate. However, the 
challenges associated with PEO in molten salts include the high operating temperature, which can lead to substrate 
degradation, and the corrosive nature of some molten salts, requiring specialized equipment and safety measures. 

The voltage at which the discharge sparks begin to form in molten salts is usually significantly lower than in the 
traditional PEO process using aqueous electrolyte. For instance, electric sparks were detected in the PEO process in 
a KNO3+NaNO3 mixture on a Ti-6Al-4V alloy at voltages as low as 16V [65, 71]. The minimum voltage, at which 
discharges were observed for a Zr alloy is reported to be 10V [66]. Although the applied voltage is considerably lower 
than in the case of an aqueous electrolyte, a systematic comparison is necessary, taking into account the energy 
consumption and the heat required to raise the electrolyte temperature to melt the salt mixture. 

To the best of our knowledge, as of the time of writing this thesis, there are no reports on the use of molten salts as 
the PEO process medium for Mg alloys. 
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2.2.4 Applied electrical parameters 

The influence of electrical parameters on the properties of PEO coatings is a central topic in its development research. 
Fine-tuning these parameters is essential for customizing coatings to meet specific application requirements. Despite 
extensive research and the development of general conclusions, the intricate and multifaceted interplay between 
electrical parameters and PEO coating properties make this a highly active and evolving field of study. 

The PEO process was initially developed by increasing the applied voltage in the anodizing process higher than the 
breakdown voltage, leading to the observation of microdischarging on the surfaces of magnesium and aluminum 
alloys [73, 74]. However, the early stages of PEO coating development using this approach resulted in highly porous 
and defective layers. Subsequent advancements involved the adoption of alternative electrical regimes, including 
pulsed DC, alternating polarization, and bipolar electrical configurations [73, 75, 76]. These modifications significantly 
mitigated the adverse effects associated with discharges under DC conditions, leading to notable improvements in 
both coating performance and process efficiency. 

For example, Hussein et al. [77] demonstrated that using a specific bipolar mode with cathodic periods produces a 
denser, less porous layer of aluminate-based PEO coating on AJ62 magnesium alloy compared to coatings formed 
under unipolar conditions with the same parameters (see Figure 2.9). Notably, the inclusion of cathodic periods in 
bipolar regimes was found to substantially reduce microdischarge activity and its detrimental effects on the PEO layer 
during formation [77], while maintaining a satisfactory coating growth rate even over extended processing times. 
The term "soft-sparking" is commonly used to describe this type of mild discharging, which has been a focus of 
extensive investigation in recent years [78]. 

 

 
Figure 2.9 EM micrographs of cross-section view of PEO coatings on an Mg AJ62 alloy by means of unipolar (a) and bipolar (b) 

current modes. Adapted from [77] with permission from Elsevier. 

Several parameters govern the electrical regime in a bipolar AC mode during the PEO process, including applied 
current/voltage, duty cycle, frequency, and the ratio cathodic/anodic currents. The modification of these parameters 
may affect the PEO microstructure and composition. For instance, as illustrated in Figure 2.10, the surface 
morphology of PEO coatings varies significantly with applied frequencies ranging from 60 to 2000 Hz. Increasing the 
frequency results in smaller surface pore sizes. Generally, an improvement in the corrosion resistance of PEO-coated 
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magnesium alloys with increasing frequency has been reported [79-81]. This enhancement in PEO coating quality is 
thought to be due to the lower intensity of micro-sparks occurring during each cycle of the PEO process, which is 
attributed to the reduced power and shorter duration available for electrical discharge [81]. 

 

 
Figure 2.10 SEM images showing the surface structures of a PEO coating on a Mg alloy at different frequencies of (a) 60, (b) 500, 

(c) 1000, and (d) 2000 Hz. Adapted from [81] with permission from Elsevier. 

The majority of the pulses applied in PEO processes are rectangular in shape. However, there have been a few reports 
exploring alternative pulse shapes, such as trapezoidal waveforms using Ceratronic® hardware[82-84], sine 
waveforms [85], and asymmetric bipolar pulse [86]. The use of non-square waveforms is generally reported to 
positively influence the density and corrosion resistance properties of the PEO layer. This improvement is primarily 
attributed to the reduction in the formation of sharp, high-intensity discharges that can be destructive. 

Recently, Rogov [87] introduced a novel power supply system capable of delivering desired waveforms at the high 
voltages and currents required for the PEO process. This system offers high precision and flexibility in controlling 
pulse shapes. Moreover, the applied pulses can be dynamically adjusted based on real-time analysis of the 
instantaneous current/voltage output. Utilizing this highly controllable power supply, Guo et al. [88] applied a PEO 
coating with a primary composition of Mg2SiO4 on CP-Mg using an electrical regime based on sawtooth-shaped 
anodic current pulses with extended ascending or descending segments (ramps). The use of sawtooth pulses was 
shown to enable precise control over microdischarge characteristics and coating morphology in both pulsed unipolar 
and reversed current regimes. Notably, they observed that applying anodic sawtooth pulses with a negative ramp 
could facilitate the healing of defects in the PEO layer, leading to reduced porosity and enhanced corrosion protection 
properties. 

The shape of the electrical regime impacts several aspects of the PEO formation process [88, 89], including: 

• The kinetics of electrode reactions (e.g., metal oxidation and gas evolution). 

• Local conditions at the electrode/electrolyte interface (e.g., breakdown power, heating and cooling rates). 

• Transport processes (e.g., migration, diffusion, and convection due to bubble collapse). 
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2.2.5 Energy consumption 

One of the primary challenges in the commercialization of the Plasma Electrolytic Oxidation (PEO) process is its 
relatively high energy consumption, as it typically requires the application of high voltages (in the hundreds of volts) 
and high current densities (generally 10–60 A/dm²). To put this in perspective, the energy consumption for PEO on 
aluminum alloys can be 20 to 50 times higher than that of conventional anodizing methods [90]. 

Given this, numerous studies have aimed to enhance the energy efficiency of the PEO process by optimizing various 
processing parameters, such as treatment time, temperature, applied current density, and electrolyte composition 
[90-92]. For example, research has shown that increasing the concentration of electrolytes containing phosphate, 
silicate, and aluminate within the range of 0.0625–0.5M can reduce both the breakdown and operating voltages 
during the coating process on AZ31 magnesium alloy, thereby lowering energy consumption [93]. 

In another study by Tian et al. [94], the addition of organic and inorganic compounds—Borax (Na2B4O7·10H2O), 
trisodium citrate dihydrate (Na3C6H5O7·2H2O), and EDTA—to a reference Na2SiO3+NaOH electrolyte resulted in a PEO 
coating that maintained similar morphology, thickness, and elemental distribution as the reference sample but with 
significantly improved corrosion resistance and a reduced maximum voltage (~100V compared to ~250V for the 
reference sample). 

A significant area of focus in reducing the energy consumption of the PEO process is the "soft-sparking" regime. This 
regime refers to a transition in the micro-arc state during PEO, marked by a notable drop in anodic voltage and 
decreased light and acoustic emissions. The "soft-sparking" transition typically occurs after the coating has reached 
a certain thickness [75, 95-97]. In this regime, the micro-discharges become more uniform and less intense compared 
to the conventional arcing regime, which is more chaotic and can damage the surface [98]. Besides reducing energy 
consumption, the "soft-sparking" regime also enhances the overall quality of the PEO layer, resulting in a denser layer 
with fewer microstructural defects, such as pores and cracks. 

By adjusting waveform parameters—specifically by incorporating cathodic polarization into the pulsing sequence—
the "soft-sparking" regime can be initiated earlier (see section 2.2.4). Although the mechanism behind "soft-sparking" 
and its relationship with the applied waveform is complex and currently a highly active area of research, most studies 
have focused on aluminum alloy substrates. There is significantly less research on other metals, including magnesium 
alloys [76, 89, 99, 100]. So far, the positive effects of "soft-sparking" in forming a thick, dense layer on aluminum 
alloys have not been replicated on magnesium. Notably, Tsai et al. [101]  reviewed the literature on the soft-sparking 
of magnesium alloys and suggested that even if a dense and thick inner layer could be achieved on magnesium 
through soft-sparking, it might still be due to the formation of Al2O3 from aluminate-containing electrolytes. 

Beyond waveform modifications, another strategy to induce the "soft-sparking" regime is the application of a 
"precursor" film prior to the PEO process [90, 102-104]. Mohedano et al. [105] reported energy savings of up to ~66% 
by applying a precursor anodic film compared to conventional direct PEO treatment on AA6082 aluminum samples, 
while still achieving comparable corrosion protection. In a follow-up study by the same group [102], a combination 
of high-frequency (400 Hz) and high current (500 mA/cm²) on anodized AA6082 samples led to a 76% reduction in 
energy consumption, with the optimized coating also exhibiting improved corrosion and wear resistance. However, 
this approach, like others focused on easing the transition to the "soft-sparking" regime, has been predominantly 
applied to aluminum alloys. While there have been investigations into pre-treatments on magnesium alloys to 
improve their properties, as detailed in section 2.2.6, these studies have not aimed at achieving the "soft-sparking" 
regime. 

The concept of "flash" plasma electrolytic oxidation (F-PEO) has also gained attention as a means to reduce the 
energy consumption of the PEO process. This approach emphasizes optimizing the electrolyte composition to 
produce a thin but adequately protective coating, typically ranging from 1 to 5 µm in thickness, within a very short 
treatment time, usually under 2 minutes. For instance, Wierzbicka et al. [38-40] demonstrated a successful F-PEO 
strategy by systematically screening electrolytes containing varying concentrations of silicate, aluminate, phosphate, 
and fluoride-based compounds. 



20 

 

2.2.6 Pre-treatment 

Compared to pre-breakdown anodizing, the properties of PEO coatings are less influenced by the substrate surface 
condition or pre-treatment [90, 106]. This suggests a simplification of the PEO process, which can shorten processing 
time and reduce associated costs, making it advantageous for industrial applications. 

However, several studies [107-110] have reported a significant impact of pre-treatment on the properties of the 
subsequent PEO coating, particularly on the overall corrosion resistance of the coated sample. In most of these cases, 
the employed pre-treatment method significantly alters the composition and microstructure of the substrate. For 
instance, laser surface melting (LSM) was employed on an AZ91D magnesium substrate as a pre-treatment step 
before applying the PEO coating [110]. LSM substantially modified the microstructure by reducing grain size and 
altering the distribution of the second phase. Consequently, even without the PEO coating, the corrosion resistance 
of the substrate was affected [111-113]. 

Other examples include the formation of an additional layer or the introduction of new elements onto the surface 
before PEO application, which ultimately contribute to the chemical composition of the PEO coating itself. For 
example, Wei et al. [109] dipped a Mg AZ91 alloy in an HF solution while simultaneously applying ultrasonic waves 
as the pre-treatment process. Fluorine element was found in the inner layer of the PEO coating after HF pre-
treatment, which contributed to the stabilization of the barrier layer on the Mg surface and formation of thin 
protective MgF2 film [6, 114]. Similarly, Cai et al. [107] formed a Ce-based conversion layer on an A91D alloy by 
immersion in a Ce(NO3)3 + H2O2 solution prior to PEO application. As a result, the CeO2 phase was incorporated into 
the PEO layer, effectively blocking PEO pores, thereby improving its corrosion resistance. 

 

2.2.7 Post-treatment 

Modifying the PEO layer with post-treatment techniques is a powerful approach to optimize its performance and 
achieve specific functionalities based on the application. To improve anti-corrosion capabilities and ensure long-term 
protection, it is crucial to seal the pores in the PEO layer and incorporate active protection mechanisms. This can be 
achieved through various techniques, including the application of sol-gel coatings [115-121], electrophoretic 
deposition [122-126], and the use of barrier topcoats. Another effective method involves immersion in solutions that 
promote the formation or precipitation of materials to block the PEO pores [127-130]. These post-treatment 
strategies can also be customized to achieve or improve the desired functionalities, such as increasing 
hydrophobicity, activating bioactivity, and enhancing the aesthetic qualities of the surface. 

For instance, natural biodegradable polymers, such as collagen [131] and chitosan (CS) [132, 133], along with 
synthetic biodegradable polymers like polycaprolactone (PCL) [134, 135] and poly-L-lactide (PLLA) [136], can be used 
as post-treatments for PEO (plasma electrolytic oxidation) coatings. These polymers enhance the PEO-coated 
properties by not only improving corrosion resistance—providing an additional barrier against the penetration of 
corrosive media—but also by imparting biocompatibility. For instance, a Cu(II)-chitosan/PVA nanofiber layer was 
applied to an AZ31 alloy with a PEO coating through electrospinning [137]. The resulting coatings demonstrated 
effective antibacterial activity against both gram-positive and gram-negative bacteria, attributed to the presence of 
copper ions, which are known for their antimicrobial effects, such as disrupting bacterial cell membranes and 
inhibiting growth. Additionally, in vitro tests indicated higher cell viability rates on these treated surfaces compared 
to untreated ones, suggesting favorable interactions with biological tissues. In another study, integrin-active organic 
components, such as the RGD peptide, were incorporated into a PEO coating on a titanium substrate via a simple 
immersion procedure. The functionalized PEO coating resulted in a 37% increase in the proliferation of human 
osteosarcoma (MG-63) cells [138]. 

To impart "active inhibition" or "self-healing" properties to PEO coatings, corrosion inhibitors can be incorporated 
into the PEO pores. In this context, the pores, typically considered a vulnerability in PEO coatings due to their impact 
on corrosion resistance, become an asset by serving as reservoirs for corrosion inhibitors. Designing a system that 
combines PEO with inhibitors and sealing treatments has demonstrated superior corrosion protection, being able to 
surpass the performance of traditional chromium (VI)-based coatings. A comprehensive review of the techniques for 
incorporating corrosion inhibitors into PEO coatings to achieve self-healing properties is discussed in detail in Section 
of corrosion inhibitors. 
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2.2.8 Applications and commercialization 

Despite the many advantages of PEO coatings across various applications, their use is still not as widespread as 
traditional anodizing, particularly for aluminum and its alloys. The primary barrier to their commercialization, as 
discussed earlier, is the relatively high energy consumption [85, 105, 139, 140], which is typically 20 to 50 times 
greater than that of conventional anodic oxidation [94]. Additionally, the PEO process is still a relatively young 
technology with numerous controlling parameters that require further investigation [73]. However, the need for 
extensive trial-and-error studies can be significantly reduced through a deeper understanding of the fundamental 
mechanisms that govern PEO coating formation. 

For magnesium, several commercial PEO processes have been developed to enhance corrosion resistance and wear 
properties. These include MAGOXID-COAT [141] (Aalberts Surface Technologies), Keronite [142] (Keronite 
International Ltd), Tagnite [143], and CERANOD [144] (Eloxalwerk Ludwigsburg Helmut Zerrer GmbH). Emerging 
trends in PEO processing are increasingly focused on applications involving magnesium as degradable implants and 
stents [145-147], which require a controlled degradation rate characterized by an initial slow phase followed by 
accelerated degradation towards the end of their lifecycle. An example of this is the Kermasorb® PEO coating (Meotec 
GmbH, Germany), which has been patented for mitigating corrosion in bioabsorbable magnesium-based implants 
[148]. 

The potential applications of PEO coatings can be further expanded by incorporating specific species into the 
electrolyte or through post-processing techniques that promote the formation of new compounds and phases within 
or on the surface of the PEO layer. For instance, a PEO coating with photoluminescent and photocatalytic properties 
was developed on AZ31 magnesium alloy by adding Eu2O3 particles to the PEO electrolyte [149], resulting in 
MgO/MgAl2O4 phases doped with Eu3+ [150, 151]. In another study, a PEO coating on an aluminum substrate was 
functionalized with magnetic properties by introducing Fe2(C2O4)3.5H2O into the PEO electrolyte, which led to the 
formation of a PEO coating containing Fe0 [152, 153]. 
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2.3 Corrosion inhibitors
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3 Motivation and objectives 
The global push for sustainable development and energy efficiency is driving industries like automotive, 
aerospace, and biomedical engineering to seek materials that reduce environmental impact while 
maintaining high performance. Magnesium alloys are at the forefront of this movement due to their 
remarkable strength-to-weight ratio, low density, and other advantageous properties, making them ideal 
for a wide range of applications. However, the potential of Mg alloys is significantly hindered by their high 
susceptibility to corrosion, particularly in aqueous environments. Overcoming this limitation is essential 
for the broader adoption of Mg alloys in critical industrial applications. 

The use of PEO coatings has emerged as a promising solution to this challenge by providing a protective 
barrier against corrosive media. An especially valuable feature of PEO coatings is their ability to offer 
“active protection” by accommodating corrosion inhibitors within their porous structure. This active 
protection capability is highly desirable and has often been benchmarked against the traditional 
chromate(VI)-based protective systems, which are now banned in many industries  due to environmental 
concerns, unless they are authorized under strict conditions. 

Despite more than a decade of research, the field of incorporating corrosion inhibitors into PEO coatings 
on Mg alloys remains underexplored, with a limited number of inhibitors successfully integrated into PEO 
coatings. The need to identify and understand effective corrosion inhibitors for PEO-coated Mg alloys 
presents a significant scientific challenge and an industrial necessity, motivating the research presented in 
this thesis. 

This thesis aims to identify and evaluate effective corrosion inhibitors specifically for PEO-coated Mg 
alloys. A critical aspect of this research is to uncover the mechanisms by which these inhibitors interact 
with both the PEO coating and the Mg substrate, addressing the challenges observed when inhibitors 
effective on bare Mg fail to perform in PEO-coated systems. The research also seeks to establish criteria 
for selecting the most effective corrosion inhibitors, providing a framework that can guide future 
investigations. Ultimately, the findings from this research are intended to offer valuable insights for future 
studies and practical applications in the development of durable, corrosion-resistant Mg alloys.
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4 Experimental 

4.1 Materials 

AZ21 magnesium alloy cast and rolled in house (at Helmholtz Zentrum Hereon), was used as the main substrate. The 
thickness of the rolled plate was 2mm. The chemical composition of the AZ21 sheet, obtained via spark discharge-
optical emission spectroscopy (SD-OES), Ametek-Spectro, is presented in Table 1. The concentrations of other trace 
elements were measured as below 5 ppm. 

Table 1 Elemental composition of AZ21 Mg substrate 

element Al Zn Mn Fe Cu Ni Si Mg 

Concentration 

(unit) 

1.59 ± 
0.07  

(wt.%) 

1.05 ± 
0.07 

(wt.%) 

0.29 

(wt.%) 

28 ± 1 

(ppm) 

22± 3 

(ppm) 

23 ± 1  

(ppm) 

650 

(ppm) 

balanced 

 

In addition to the AZ21 magnesium alloy, a commercial pure (CP) magnesium was used in a part of investigations. 
The detail of material characterizations and sample preparation of the CP magnesium can be found in [154]. 

The surface of the specimens was ground under a stream of water, using SiC emery paper with progressively 
increasing grit sizes of 800, 1200, and 2500. Then, the samples were flushed with ethanol and dried with pressurized 
air. 

The main chemicals used in this work are listed in Table 2, along with their molecular structure, purity, and supplier. 

The concentration of inhibitors was 0.05 M, unless otherwise mentioned. In particular, the concentrations of 8HQ 
and DP in NaCl 3.5 wt.% were ~5mM and ~2mM, both at saturation condition, respectively.  

The initial pH of solution containing inhibitors were always adjusted to 7.0 ± 0.1 using NaOH solution. The pH values 
deviating from 7.0 ± 0.1 are mentioned individually. The pH of the solutions was measured with Metrohm 713 pH 
meter equipped with InLab® Expert Pt1000 pH electrode from Mettler Toledo.    
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Table 2 information of chemicals used in this research. 

 chemical 
chemical formula 

(linear or empirical) 
Molecular structure purity CAS number application supplier 

1 8-Hydroxyquinoline (8HQ) C9H7NO 

 

99% 148-24-3 inhibitor Alfa Aesar 

2 
2,5-Pyridinedicarboxylic acid 

(2,5-PDCA) 
C7H5NO4 

 

98% 100-26-5 inhibitor Sigma-Aldrich 

3 
2,6-Pyridinedicarboxylic acid 

(2,6PDCA) 
C7H5NO4 

 

99% 499-83-2 inhibitor Sigma-Aldrich 

4 
3,4-Pyridinedicarboxylic acid 

(3,4-PDCA) 
C7H5NO4 

 

97% 490-11-9 inhibitor Sigma-Aldrich 

5 Decylphosphonic acid  C10H23O3P 

 

97% 6874-60-8 inhibitor Sigma-Aldrich 

6 Magnesium Oxide MgO MgO 97% 1309-48-4 

Investigate the 
effect in the 
presence of 

2,5PDC 

Sigma-Aldrich 

7 Sodium fluoride NaF NaF >99% 7681-49-4 inhibitor Carl Roth 

https://www.sigmaaldrich.com/DE/de/search/490-11-9?focus=products&page=1&perpage=30&sort=relevance&term=490-11-9&type=cas_number
https://www.sigmaaldrich.com/DE/en/search/6874-60-8?focus=products&page=1&perpage=30&sort=relevance&term=6874-60-8&type=cas_number
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8 Sodium acetate trihydrate CH3COONa · 3H2O 

 

>99% 64-19-7 inhibitor Carl Roth 

9 Calcium acetate hydrate C4H8CaO5 

 

>99% 5743-26-0 inhibitor Fuka 

10 Octadecylphosphonic acid C18H39O3P 

 

97% 4724-47-4 inhibitor Sigma-Aldrich 

11 Sodium fumarate dibasic NaOOCCH=CHCOONa 

 

>99% 17013-01-3 inhibitor Sigma-Aldrich 

12 8-Nitroquinoline C9H6N2O2 

 

98% 607-35-2 inhibitor Sigma-Aldrich 

13 Quinaldic acid C10H7NO2 

 

98% 93-10-7 inhibitor Alfa Aesar 

14 Stearic acid sodium salt C18H35NaO2 

 

>88% 822-16-2 inhibitor Carl Roth 

15 8-Aminoquinoline C9H8N2 

 

98% 578-66-5 inhibitor Sigma-Aldrich 

16 Trimesic acid C6H3(CO2H)3 

 

95% 554-95-0 inhibitor Sigma-Aldrich 
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17 
4-Quinolinol 

 
C9H7NO 

 

98% 611-36-9 inhibitor Sigma-Aldrich 

18 N-Lauroylsarcosine sodium salt 
CH3(CH2)10CON(CH3)CH

2COONa 
 

>94% 137-16-6 inhibitor Sigma-Aldrich 

19 
Sodium 

dodecylbenzenesulfonate 
CH3(CH2)11C6H4SO3Na 

 

Technic
al 

grade 
25155-30-0 inhibitor Sigma-Aldrich 

20 Calcium Chloride CaCl2 CaCl2 >98% 10043-52-4 inhibitor Merck 

21 3,5-Dinitrosalicylic acid (O2N)2C6H2-2-(OH)CO2H 

 

>98% 609-99-4 inhibitor Sigma-Aldrich 

22 5-Methylsalicylic acid CH3C6H3(OH)CO2H 

 

98% 89-56-5 inhibitor Alfa Aesar 

23 Oxalic acid dihydrate HO2CCO2H · 2H2O 

 

99% 6153-56-6 inhibitor Chempure 

24 L(+)-Tartaric acid 
HO2CCH(OH)CH(OH)CO

2H 
 

99.5% 87-69-4 inhibitor Merck 
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4.2 PEO preparation 

PEO coating was applied on AZ21 specimens with dimensions of 20 × 20 × 2 mm3 using a pulsed DC power source 
(Electro Automatik, Germany) and polarizing the sample at constant current regime. 

A preliminary investigation was carried out to identify appropriate parameters for the application of PEO with two 
different electrolyte compositions based on phosphate and silicate. The primary acceptance criterion for the coatings 
was the uniformity of the coating, with no signs of partial detachment. This was assessed through visual observation 
and SEM characterization of the PEO cross-sections. The main PEO process parameters are provided in Table 3. 

The electrolyte temperature is controlled at 20±1 °C by a cooling system that utilizes a stainless-steel tube cathode. 
The PEO electrolyte was mixed during the PEO process via purging bubble air in the electrolyte. 

After the PEO process, the specimens were first rinsed with a flush of DI-W and then immersed in DI-W for 20 min at 
a low-pressure condition (~0.1 atm pressure). This step was necessarily taken to diminish the influence of the 
remained PEO electrolytes on the evaluation of the results. Subsequently, the specimens were immersed in acetone 
(EMSURE® supplied by Sigma-Aldrich) for 20 min and finally dried in an oven at 80 °C for 30 min. 

To incorporate inhibitors into the PEO pores, the PEO-coated samples were immersed in the inhibitor solution under 
low-pressure conditions (~0.9 atm) to increase the amount of solution entering the semi-closed pores of the PEO 
layer. 

 

Table 3 Process parameters of two PEO coatings 

 chemistry electrolyte composition applied 
current 
density 

duration 

(minute) 

duty cycle final 
voltage 

(V) 

1 phosphate 20g/L Na3PO4 + 2g/L KOH 40 mA.cm-2 10 1ms on, 9ms off 400 ± 4 

2 silicate 20g/L Na2SiO3 + 250mL/L 
Glycerol + 5 g/L KF + 2g/L KOH 

40 mA.cm-2 10 1ms on, 9ms off 471 ± 8 

 

4.3 Localized measurement 

The electrochemical corrosion processes typically lead to change of pH, and concentrations of O2 and H2 in the 
electrolyte. Therefore, monitoring these values provides valuable insights into the corrosion mechanisms and rate. 

However, the conventional methods of measuring these values often fail to capture the highly localized nature of 
corrosion phenomena at the interface between metal surface and the electrolyte. Therefore, monitoring the local 
conditions near the substrate surface during exposure to a corrosive provides valuable insights into the corrosion 
mechanisms and rate. 

Local concentration of dissolved O2 was measured using a fiber-optic OXR50-UHS O2 micro-optode coupled with a 
FireStringO2 fiber-optics oxygen meter (Pyroscience, Germany). Local concentration of dissolved H2 was measured 
using a H2 microsensor (10 μm tip diameter, H2-10) connected to a fx-6 UniAmp (both from Unisense, Denmark). 
Both O2 optode and H2 probes were calibrated considering the salinity and temperature of the solution. Local pH 
was measured using a glass-type pH microelectrode (Unisense, pH-10). H2 and O2 local concentrations were 
measured simultaneously, using custom made dual-head stage, while the local pH was measured in a separate 
experiment with the same experimental setup. All three types of micro-sensors were integrated in commercial SVET-
SIET system from Applicable Electronics for probe positioning and movement.  

Figure 4.1 presents an example of the localized measurement setup with two probes of O2 micro-optode and pH 
microelectodes, simultaneously measuring the local (~50µm above the surface) concentration of O2 and pH of the 
solution. The sample is exposed to a NaCl electrolyte. 
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Figure 4.1  an example of the localized measurement setup adapted from [155] with permission from ACS Publications. 

4.4 Crystallographic characterization 

Crystallographic characterization was carried out using an X-ray diffractometer (Bruker D8 Advance, Karlsruhe, 
Germany) with Cu Kα radiation source generated with a voltage and current of 40 kV and 40 mA, respectively. The 
incident angle was between 3-4°. The dwell time was 1 s and 5 s for bare and PEO-coated magnesium specimens, 
respectively. The higher dwell time for PEO-coated specimens was chosen to reduce the strong noise in the acquired 
spectra. The diffraction angle (2θ) ranged between 5° and 70° with 0.02° step size.  

High-resolution two dimensional XRD maps were acquired at the nanofocused end-station of beamline P03 at 
PETRAIII storage ring, Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany) [156]. The beam cross-section 
was 1.5 µm × 1.5 µm. The beam energy was in the range of 15-19.8 keV employing an Eiger9m detector. Calibration 
of the detector with respect to beam center and sample to detector distance was done with lanthanum hexaboride. 
The acquisition time of each diffraction pattern was set to 0.5 s. Regions of 80 μm × 80 μm were scanned with the 
step sizes of 2 μm for both vertical and horizontal directions, respectively. Data reduction was performed using the 
software package pyFAI [157]. The analysis of the two-dimensional diffraction maps was conducted by inhouse 
developed Matlab scripts. The horizontal direction is parallel to the substrate surface. The details of the experimental 
set-up can be found in [158]. The 2θ values from the synchrotron beam wavelength were converted to Cu Kα for 
easier comparison to the results obtained from lab XRD measurements. 
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4.5 Microscopy 

The surface and cross-sectional morphology of the specimens were characterized using a scanning electron 
microscope (SEM, TESCAN Vega3 SB), equipped with an energy dispersive spectrometer system (EDS, eumeX IXRD 
systems). The acceleration voltage was 15 kV.  

For selected cases, higher magnification microscope, a TESCAN LYRA3 equipped with a focused ion beam (FIB) system 
was used. For the preparation of the specimen cross-section, the samples were embedded in epoxy resin (EpoxiCure 
2, Beuhler). The surface of the specimens was ground with SiC emery papers up to 4000 grit size. The subsequent 
polishing of the surface was carried out using a water-free silicon oxide polishing suspension (OPS™, Cloeren 
Technology GmbH). The surface of the samples was gold sputtered prior to SEM observation using a Cressington 
Sputter Coater 108auto.  

4.6 Electrochemical tests 

All the electrochemical characterizations were performed using Gamry interface 1000/1010 or reference 600 
potentiostats. Platinum coil and Ag/AgCl electrode in saturated KCl were used as counter and reference electrodes, 
respectively. A surface area of 0.5 cm2 from the working electrode was exposed to 400 ml of the testing solutions. 
Figure 4.2 illustrates the general electrochemical test setup and connections between the potentiostat and 
electrodes.  

The reference corrosion test electrolyte was NaCl 3.5 wt.%. The tests were carried out at 22 ± 2 °C. Electrochemical 
impedance spectroscopy (EIS) tests were carried out under potentiostatic mode at open circuit potential (OCP) with 
a perturbation voltage of 10 mVrms. The scanned frequency ranged from 100 kHz to 0.01 Hz with 9 points per 
frequency decade acquisition.  

 
Figure 4.2 schematic electrode connections to potentiostat. RE : reference electrode. WE : working electrode. CE: conter electrode. 

 

The stationarity of the system, as the requirement for the EIS tests, was assured by carefully observing the Lissajous 
curves during the test, especially at the low frequency range. Drift of Lissajous curve indicates deviation from the 
OCP condition, which means the non-stationarity of the system. In such cases, the EIS test was aborted and only the 



82 

 

acquired data points in the spectra were reported. In the case of testing bare AZ substrate, the solution was 
continuously stirred during the EIS test. 

 

4.7 Preparation of 8HQ(Mg) powder 

8HQ(Mg) powder was used for comparison reasons and synthesized according to the following procedure: saturated 
solution of 8HQ was prepared in deionized water. 5 mM MgCl2.6H2O (supplied from Sigma Aldrich) was added to the 
saturated 8HQ solution. Then, the solution pH was slowly adjusted to 9.5 using 0.1 M NaOH solution, at which the 
full yield of 8HQ(Mg) precipitation can be achieved [159]. During the entire process, the solution was vigorously 
stirred using a stirring magnet. The 8HQ(Mg) precipitations were collected from the solution using a centrifuge. The 
obtained powder was rinsed thoroughly with deionized water to remove the Cl- ions. Finally, the powder was dried 
in oven at 80 °C. 

 

4.8 Weight loss measurement 

The samples weight loss after exposure to the corrosive medium was measured by subtracting the initial and final 
weight of the samples. The corrosion products were removed using a solution of 180-200 g.l-1 CrO3 in deionized 
water.  

The corrosion rate of the specimen was calculated from the wight loss based on equation 4.1 according to standard 
ASTM-G1-03: 

𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑚/𝑦𝑒𝑎𝑟) = (
8.76 × 104 × ∆𝑊

𝐴 ×𝑡 ×𝐷
)      equation 4.1, 

where ∆𝑊 denotes mass loss in grams, A is the exposed area of the sample in cm2, t is time of exposure in second, 
and D is the density of substrate in g.cm-3. 

The inhibition efficiency (IE) was calculated using the equation below: 

𝐼𝐸 (%) =
𝑊𝑟𝑒𝑓−𝑊𝑖𝑛ℎ

𝑊𝑟𝑒𝑓
× 100    equation 4.2 

Wref and Winh denote the weight loss of bare AZ21 after exposure to the NaCl electrolyte without and with inhibitor, 
respectively. 

 

4.9 H2 evolution test 

A setup using eudiometers was adopted to measure the corrosion rate of bare AZ21 in different electrolytes by 
monitoring H2 evolution. The schematic of the H2 evolution test using the eudiometers is presented in Figure 4.3. 
The eudiometer cylinder was initially filled with water by pumping air into the cylinder from a valve on top. The 
evolved H2 from the cathodic hydrogen evolution reaction (HER) on the magnesium substrate displaced the water in 
the cylinder, pushing it back to the main water source bottle.  

The volume of the collected H2 was recorded by weighing the displaced water returned to the main water bottle 
using an electronic balance (OHAUS, SKX2202). These values were automatically recorded using a USB data logger 
(OHAUS, 30268984) and a custom-developed Python script. AZ21 pieces with dimensions of 2 mm × 100 ± 1 mm × 
14 ± 1 mm (32.2 ± 2.9 cm² total surface area) were fully immersed in the testing electrolyte inside a container, which 
was connected and sealed to the eudiometer cylinder. The length of the samples allowed them to lean on the wall 
of the bottle, resulting in negligible contact points between the sample and the bottle. During the test, the 500 ml 
electrolyte was constantly stirred using magnetic stirrers. The effects of ambient temperature (22 ± 1°C) and pressure 
on the volume of collected H2 were offset by simultaneously recording variations for an additional reference 
electrolyte without any immersed sample.  
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Figure 4.3 schematic of H2 evolution test. The generated H₂ displaces the water inside the eudiometers, pushing it back into the water bottle on 

the balance. The change in the bottle’s weight is continuously recorded by a data logger and a custom-developed Python script.. 

4.10 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM, Nanowizard 4, JPK Instruments AG) in AC mode coupled with scanning Kelvin probe 
force microscopy (SKPFM) was conducted to analyze the surface morphology and measure the Volta potential 
difference (VPD) of the bare AZ21 Mg substrate. VPD measurements were carried out in HoverMode. In a first pass 
(trace) over the sample the topography is measured, and on the return pass (retrace) this topography information is 
used to maintain the cantilever at a constant offset height above the surface while running the Kelvin probe 
measurements procedure. The following parameters for the measurements were used: height offset 100 nm, 
modulation amplitude 1 V, scan size 40 μm × 40 μm, number of lines 512 and scan rate 0.3 Hz. Pt covered probes 
purchased from BudgetSensors (Multi75E-G; resonance frequency 75 kHz, force constant 3 N/m) were used. Prior to 
the measurements the VPD of the probes was recorded on a clean Ni surface and the results reported in this work 
display VPD (V) values measured on Mg samples vs. Ni. The output values were negative to be able to compare VPD 
with the electrochemical potentials of metals [160-162], where more negative values represent more active metals, 
while more positive represent more noble metals and/or presence of surface films [163]. The AFM measurement 
was carried out in open air condition and at room temperature about 22 °C and relative humidity of about 50%. The 
surface of the specimens was polished using a water-free silicon oxide polishing suspension (OPS™, Cloeren 
Technology GmbH). Then, the samples were flushed with ethanol and subsequently polished on a clean polishing 
cloth soaked in ethanol absolute (>99.9%, Chemsolute). Then, the surface of the samples was dried with pressurized 
N2. Drop tests were carried out on the polished sample before the AFM measurement as follows: 50 μl of different 
electrolytes were dispensed on the surface of the polished sample, dwelling for 60 s. Then, the drops were removed 
from the surface using pressurized N2. All the drops from different electrolytes left similar circular marks with 
diameter between 7 and 8.5 mm. 

 

4.11 Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analyses were performed using a ToF-SIMS V 
spectrometer (ION TOF GmgH, Munster, Germany) operating at a pressure of approximately 10-9 mbar. Data 
acquisition and post processing analysis were performed using the SurfaceLab software (version 6.5). The 
spectrometer was run in the HC-BUNCHED mode in order to get a high mass resolution (M/DM around 8000). 
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Negative ions depth profiles were recorded by sequential analysis (Bi+, 25 keV, 1 pA, 100x100 µm2) and sputtering of 
the sample surface. The analysis beam was a pulsed 25 keV Bi+ ion source delivering 1.2 pA of target current over a 
100x100 µm2 area, interlaced with a 1 keV Cs+ sputter beam delivering 30 nA target current over a 300x300 µm2 area. 
Both guns have a 45° incidence angle with respect to the specimen surface. Bi+ ion flux was set below 1012 ions.cm-

2 to ensure quasi-static conditions. Analysis was centered inside the sputtered crater to avoid edge effects. In the 
depth profiles, the intensity of the characteristic species is reported using a logarithmic scale, which gave equal 
emphasis to signals of all intensities. The variation of the intensity with sputtering time reflects the variation of the 
in-depth concentration but is also dependent on the matrix from which the ions are emitted. 

Specific ions were chosen to describe the corrosion layer, the inhibitor, and the elements constituting the electrolyte. 
Thus, MgO2

- (55.975 amu), MgOH- (40. 988 amu), MgH-(24.993 amu), 25MgH- (25.994 amu) are selected since these 
ions are characteristic of the Mg oxide, Mg hydroxide and Mg hydride species respectively [164]. Cl- (34.969 amu), 
Na-3 (22.990 amu) and CO3

- (59.985 amu) represent chloride, sodium and carbonate species, respectively, while 
C7H4NO4Mg- (157.022 amu) is a marker of the PDCA (as identified on the ToF-SIMS mass spectrum, not shown here). 

 

4.12 Raman spectroscopy 

Confocal Raman spectroscopy was performed by a Senterra Raman microscope (Bruker). All spectra were collected 
with an excitation wavelength of 785 nm, a laser power of 50 mW, an aperture of 25 μm and 256 scans for the PEO 
layers and 64 scans for the raw materials, which were used for an appropriate signal-to-noise ratio. The integration 
time was 3 s in all cases. Validation and evaluation of the data were carried out with the Bruker OPUS software 
version 7.5. 
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5 Results  

5.1 Overview 

 

The results of this thesis are presented in four separate sections, as outlined below: 

 

• Section 5.2: Screening of Corrosion Inhibitors 

• Section 5.3: Adverse Effect of 2,5-PDC Corrosion Inhibitors (Peer-Reviewed Paper) 

• Section 5.4: Exploring the Corrosion Inhibition Mechanism of 8-Hydroxyquinoline for a PEO-Coated 
Magnesium Alloy (Peer-Reviewed Paper) 

• Section 5.5: Corrosion Inhibition of Decylphosphonate on Bare and PEO-Coated Mg Alloy (Peer-Reviewed 
Paper) 

 

The initial phase of this research involved screening various compounds for their corrosion inhibition effects on bare 
and PEO-coated magnesium. In the first section of this chapter (Section 5.2), the screened inhibitors are listed, and 
their effects on both bare and PEO-coated AZ21 alloy are discussed. Based on the screening results, three inhibitors 
were selected for more detailed investigation. First, an unexpected adverse effect of the corrosion inhibitor 2,5-
pyridinedicarboxylate on the PEO-coated AZ21 alloy was examined (Section 5.3). Subsequently, two outperforming 
inhibitors, 8-Hydroxyquinoline (Section 5.4) and decylphosphonate (Section 5.5), were investigated to explore their 
inhibition mechanisms. The findings from these studies have been published in peer-reviewed scientific journals and 
are incorporated into this thesis in the corresponding chapters. 
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5.2 Screening of corrosion inhibitors 
The initial stage of this research focused on the screening of several potentially effective corrosion inhibitors. A list 
of corrosion inhibitor candidates was compiled mainly based on a literature review. Notably, a comprehensive 
screening by Lamaka et al. [17] provided a list of more than 150 chemicals and their corrosion inhibition effect for 
several magnesium alloys in their bare condition. As a result of this study several inhibitors with universal inhibition 
effect for different Mg alloys have been discovered, including Na-fumarate and derivatives of pyridinedicarboxylates. 
Later their effect was confirmed and their inhibition mechanisms were investigated by several studies [154, 163, 165-
168]. The list of candidate inhibitors, however, was not limited to chemicals with high level of consistency from the 
literature in their positive effects. Several chemicals based on internal, unpublished results on corrosion inhibitors 
were also included in the screening campaign. The corrosion screening process was adaptive and iterative, with the 
list being updated based on the result of each test.  

The inhibitor screening was conducted on two types of samples: 1) bare AZ21 substrate and 2) PEO-coated AZ21. For 
the bare AZ21 substrate, the assessment parameter was the weight loss of the samples after 4 days of exposure to a 
3.5% NaCl solution, both with and without the inhibitor candidates. The electrolyte was in stagnant condition.  

The evaluation of the effect of the inhibitor candidates on the PEO-coated AZ21 samples was conducted via EIS tests 
on the samples exposed to the NaCl medium with and without inhibitors. The exposure tests were stopped as soon 
as a failure in the PEO coating was observed. Failure of the PEO coating is defined as the detachment of a chunk of 
the PEO layer, which usually appears as a black, pitting-like region on the sample surface. Figure 5.1 (a) shows an 
example of failure marks on the PEO coating exposed to NaCl 3.5 wt.% after 4 days. This failure is also reflected as a 
drastic drop in impedance values at low-frequency range due to the complete deterioration of the PEO layer in the 
locally affected area. Figure 5.1 (b) illustrates such a drop in the EIS spectra at low frequency range. 

 

 
Figure 5.1 (a) The surface appearance of the reference PEO-coated AZ21 after the failure. (b) Bode plot of PEO-coated AZ21 exposed to 3.5 wt.% 

NaCl over time. 
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It is worth mentioning that the sign of corrosion process on this type of PEO coating (based on phosphate electrolyte) 
usually emerges by surface discoloration (see around the pitting Figure 5.1 (a)) with a shape and progression 
resembling typical filiform corrosion on magnesium. However, detecting this discoloration on PEO-coated samples is 
often challenging to the naked eye, especially when submerged in the testing electrolyte. Additionally, the 
precipitation of products resulting from the interaction between the inhibitor and the PEO coating, and/or Mg2+ ions 
from the substrate, can further obscure the appearance of the PEO coating underneath. 

More details on the mechanism of PEO degradation and failure will be provided in sections 5.2-5.3. 

Figure 5.2 displays the tested chemicals, sorted by their effect on the weight loss of the AZ21 bare samples, which 
directly correlates with the inhibition efficiency of each chemical. Chemicals highlighted in green exhibit a corrosion 
inhibition effect, while those in red indicate an adverse effect on the corrosion rate of the bare AZ21. The impact of 
these inhibitor candidates on the PEO-coated samples is also shown, with positive and negative signs above each 
chemical. As explained in the figure legend, a positive sign denotes that the chemical extends the PEO coating failure 
time. The number above the positive sign represents the additional days the PEO coating lasts compared to the 
reference sample (4 days). Conversely, a negative sign indicates that the PEO coating fails in less than 4 days or has 
clearly lower absolute values of impedance at low frequency range as compared to those of the reference sample 
tested without any inhibitor. 

The EIS spectra and visual appearance of the PEO-coated samples after the test, corresponding to each chemical, 
are provided in Figure 5.3. The chemicals in Figure 5.3 are sorted based on their effectiveness in postponing PEO 
failure, where differentiation is possible.  

 

 
Figure 5.2 inhibition efficiency and the corresponding weight loss of the bare AZ21 sample exposed to the NaCl 3.5% with and without inhibitor 

candidates in stagnant condition. Additionally, the effect of the inhibitor candidates on the PEO-coated sample has been indicated on top of each 
bar with positive and negative signs, and numbers, as described in the figure legend. The names of chemicals marked with an asterisk (*) are the 

abbreviated version of the names as follows: 2,6PDC = 2,6-pyridinedicarboxylate; 2,5PDC= 2,5-pyridinedicarboxylate; SDBS = sodium 
dodecylbenzenesulfonate; DP = decylphosphonate; 8-HQ = 8-hydroxyquinoline; 4-HQ = 4-hydroxyquinoline; ODP = octadecylphosphonate. 
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Figure 5.3 Bode plots of PEO-coated AZ21 immersed in 3.5 wt.% NaCl containing until the failure of PEO coating. The surface appearance of PEO-coated AZ21 after the failure is shown in the bottom of each 

case. 
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Figure 5.3 (continue). 
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Figure 5.3 (continue). 
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Figure 5.3 (continue). 
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Figure 5.3 (continue). 
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Figure 5.3 (continue). 
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The first observation that stands out in Figure 5.2, which is quite counterintuitive, is that the majority of the chemicals 
with positive corrosion inhibition on the bare AZ21 sample have either no effect or even an accelerating effect on 
the degradation of the PEO-coated samples. On the other hand, the chemicals that accelerate the corrosion of bare 
AZ21 seem to have no substantial adverse effect on the corrosion of PEO-coated samples. This observation reveals 
that the corrosion inhibition of a chemical on a bare AZ21 substrate should not be taken for granted and does not 
automatically apply to PEO-coated AZ21 magnesium.  

The data presented in Figure 5.2 and Figure 5.3 for all chemicals can be analyzed and interpreted individually. 
However, below, we focus on analyzing only some of the chemicals, as this is required for further discussion in the 
subsequent chapters. 

Among the tested inhibitors, a high concentration of 0.5M sodium fumarate (fumarate-Na) yields the highest 
inhibition effect on the corrosion of the bare AZ21 substrate. It can also delay the failure of the PEO-coated sample 
by one day. However, a lower concentration of 0.05M has a negligible effect on the degradation rate of the PEO 
coating. The inhibition effect of fumarate-Na on bare magnesium has been demonstrated for several Mg alloys [17, 
165-169], making fumarate-Na a highly applicable and universal inhibitor. To the best of our knowledge, there is only 
one report on the incorporation of sodium fumarate into a PEO coating on the AZ91D alloy, which claims an inhibition 
effect [169]. However, this report lacks information about the concentration of sodium fumarate used. Additionally, 
since sodium fumarate was not used as a standalone inhibitor but rather in a mixture with NaH2PO4, primarily to seal 
the PEO pores, the specific inhibition effect attributed to sodium fumarate based on the provided results is unclear. 

Trimesate-Na is the second most effective inhibitor of corrosion for the bare AZ21 substrate. Our group has recently 
reported the significant inhibition effect of trimesate-Na on Mg alloys [170], indicating it is worthy of further 
investigation. Similar to fumarate-Na, although trimesate-Na demonstrates a remarkable corrosion inhibition effect 
on bare AZ21, it does not impact the degradation of the PEO-coated sample. 

The positive corrosion inhibition of 2,6PDC-Na was also expected since different derivatives of pyridinedicarboxylates 
have already proved to show a universal corrosion inhibition effect for several magnesium alloys [17]. However, 
neither of the tested 2,6PDC-Na nor 2,5PDC-Na were able to improve the corrosion resistance of the PEO-coated 
sample. In fact, a substantially higher deterioration of the PEO coating was observed with the addition of 2,5PDC-Na 
to the electrolyte. 

Other effective inhibitors for bare AZ21, including tartrate-Na [17], oxalate-Na [17], 5-Methylsalicylate-Na [17, 171], 
and SDBS [17, 172, 173], which have also been reported as effective corrosion inhibitors in the literature, were found 
to accelerate the corrosion of PEO-coated AZ21. 

Regarding the corrosion behavior of the PEO-coated samples, DP outperformed all other chemicals, delaying PEO 
degradation by more than 50 days. Local corrosion signs, indicated by accumulated products marked with arrows in 
the corresponding pictograph of the sample, were observed. Although the PEO layer might be degraded in these 
spots, no significant decline in the EIS spectrum was noted, unlike the reference sample, which showed about an 
order of magnitude decline in |Z|0.1Hz. The formation and accumulation of corrosion products were challenging to 
spot due to their similar color to the rest of the PEO coating. The test was stopped upon noticing a slight drop in |Z| 
at low frequencies. 

8HQ ranked second, extending the PEO coating life by 11 days compared to the reference sample. The most effective 
chemicals in delaying PEO degradation exhibited higher impedance values across the entire frequency range than 
the reference sample. Notably, an additional time constant at high frequencies was observed over time for the top 
five performing chemicals, likely due to the formation of an additional layer on the sample surface, possibly from the 
formation of an insoluble Mg2+ complex with the inhibitor. Precipitation on the PEO layer was also noted, particularly 
in the sample treated with 8HQ, which resulted in a yellowish/orange precipitate covering the surface. 

 As one of the study's aims is to identify effective corrosion inhibitors for incorporation into PEO coatings, 8HQ and 
DP, as the best performing inhibitors in the screening phase, were selected for further detailed investigation in 
separate sections 5.4 and 5.5, respectively. However, understanding why effective corrosion inhibitors for bare AZ21 
have adverse effects on PEO-coated AZ21 samples is also crucial. Therefore, the detailed investigation on the 
interaction of 2,5PDC-Na with both bare and PEO coating is provided in section 5.3.  

Understanding the mechanisms of both corrosion inhibition and acceleration by the selected inhibitors will help 
establish criteria for effective corrosion inhibitors to be incorporated into PEO coatings. 
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5.3 Adverse effect of 2,5-PDC corrosion inhibitor on PEO coated magnesium 
Based on the inhibitor screening results presented in the previous chapter, we observed that the corrosion inhibition 
effectiveness of several molecules on bare AZ21 is not consistently replicated when the AZ21 substrate is coated with 
a PEO layer. A notable example of this unexpected behavior is the sodium salt of 2,5-pyridinedicarboxylate (2,5PDC). 

It is crucial to investigate the mechanisms behind this negative interaction to understand why a corrosion inhibitor 
effective for bare magnesium can become detrimental when used on a PEO-coated substrate.  

The following published paper, incorporated as section 5.3 of this thesis, aiming to address why the highly effective 
corrosion inhibitor 2,5PDC, which has been established as a universal corrosion inhibitor, not only loses its inhibitory 
effect but also has a detrimental impact on PEO-coated magnesium substrates. 

 

B. Vaghefinazari, C. Wang, D. Mercier, D. Mei, A. Seyeux, P. Marcus, C. Blawert, S.V. Lamaka, M.L. Zheludkevich, 
Adverse effect of 2,5PDC corrosion inhibitor on PEO coated magnesium, Corrosion Science, 192 (2021) 109830. 
https://doi.org/10.1016/j.corsci.2021.109830 
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editing. Di Mei: Investigation, Writing – review & editing. Antoine Seyeux: Investigation, Writing – review & editing. 
Philippe Marcus: Supervision, Writing – review & editing. Carsten Blawert: Conceptualization, Supervision, Writing 
– review & editing. Sviatlana V. Lamaka: Conceptualization, Supervision, Writing – review & editing. Mikhail L. 
Zheludkevich: Conceptualization, Supervision, Writing – review & editing. 
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5.3.1 Supplementary material 

 

S.1 forming lamellar from the AZ21 substrate/PEO interface for STEM mode of SEM characterization 

PEO-coated samples (either as-received or after immersion in the electrolytes) were embedded in resin and ground 
up to 2500# grit size emery paper to obtain the desired cross-section. Then, samples were polished using Al2O3 slurry 
(average 1µm particle size) to obtain a smooth surface at the microscale. The samples' surface was gold-sputtered 
to avoid the charging effect due to the insulating PEO layer and corrosion products. Lamellae were carved out using 
FIB in-situ lift-out technique (TESCAN LYRA3) from the PEO/substrate interface. See marked area in Figure S1 (a) and 
(b) as an example of the lamellar region on the as-received PEO-coated AZ21. The final thickness of the lamellae was 
approximately 100 ± 10 nm. Figure S1 (c) shows the final prepared lamellar welded on a copper grid. Figure S1 shows 
lamellar production steps only for the as-received PEO-coated sample; however, lamellar formation for the rest of 
the samples follows the same procedure. 

 
Figure S1 (a) and (b) secondary electron image from the PEO-coated AZ21 cross-section at different magnification. The marked area shows the 
place and geometry of taken lamellar. (c) image of obtained lamellar welded on a copper grid 
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5.4 Exploring the corrosion inhibition mechanism of 8-hydroxyquinoline for a PEO-
coated magnesium alloy 

8-Hydroxyquinoline (8HQ) was one of the best-performing inhibitors from the screening stage (Figure 5.3). 8HQ has 
already been used and investigated as effective corrosion inhibitor for different metallic substrates including steel, 
copper, aluminum, and magnesium for decades [174, 175]. The promising effectiveness of 8HQ has made researchers 
to also investigate it as incorporated inhibitor into different coating systems including sol-gel, halloysite nanotubes 
(HNT), and PEO. However, the specific effects of 8HQ on the PEO layer and the detailed mechanisms behind this 
enhancement remain rather unexplored. 

The following published paper is incorporated as section 5.4, with the emphasis on how 8HQ interacts with both bare 
magnesium AZ21 substrate and PEO layer to facilitate an in-depth understanding of the overall inhibition effect of 
8HQ in contact with a PEO-coated AZ21 substrate. 

B. Vaghefinazari, Lamaka, S.V., Blawert, C., Serdechnova, M., Scharnagl, N., Karlova, P., Wieland, D.C.F., 
Zheludkevich, M.L., Exploring the corrosion inhibition mechanism of 8-hydroxyquinoline for a PEO-coated 
magnesium alloy, Corrosion Science, (2022) 110344. https://doi.org/10.1016/j.corsci.2022.110344. 
 

CRediT authorship contribution statement: 

 

Bahram Vaghefinazari: Conceptualization, Investigation, Validation, Writing – original draft, Writing – review & 
editing. Sviatlana V. Lamaka: Conceptualization, Supervision, Writing – review & editing. Carsten Blawert: 
Conceptualization, Supervision, Writing – review & editing. Maria Serdechnova: Investigation, Writing – review & 
editing. Nico Scharnagl: Investigation, Writing – review & editing. Polina Karlova: Investigation, Writing – review & 
editing. D.C.Florian Wieland: Investigation, Writing – review & editing. Mikhail L. Zheludkevich: Conceptualization, 
Supervision, Writing – review & editing. 
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5.4.1 Supplementary material 

 

 
Figure S1 Evolution of parameters obtained from the fitting of EIS spectra of bare AZ21 exposed to the NaCl electrolyte with and without 8HQ.  

The error bars present the standard deviation of the three measurements from the mean value. 

 

 
Figure S2 Cross-sectional SEM image in backscattered mode. PEO-coated AZ21 after 11 days immersed in NaCl electrolyte containing 8HQ. 
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Figure S3 (a) XRD patterns obtained from scanning of one vertical line along the PEO thickness after (a) 1 day immersion in NaCl 3.5% (b) 3 days 

immersion in NaCl + 8HQ. 
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Figure S4 2D maps of the phases present in the cross-section of the PEO-coated AZ21 before and after immersion in the NaCl electrolyte with and 
without 8HQ. 

 

 

 

 

 



132 

 

 

Figure S5 Optical microscopy image of the regions characterized by Raman spectroscopy. Region 1: the center of the spot chosen for 
characterizing the 8HQ(Mg) flakes on PEO layer. Region 2: the center of the spot chosen for characterizing the material inside the filled PEO outer 

pores after immersion in 8HQ+NaCl electrolyte. 

 
Figure S6 XRD spectra of bare AZ21 after 1 day of immersion in NaCl with and without 8HQ. The position of the strongest characteristic peak of 
MgO has been marked. 
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5.5 Corrosion inhibition of decylphosphonate on bare and PEO-coated Mg alloy 
Sodium salt of decylphosphonic acid (DP) demonstrated superior performance compared to all other tested 
chemicals during the screening stage (Figure 5.3). The inclusion of DP in the NaCl electrolyte extended the lifespan 
of the PEO coating to over 50 days without a considerable decrease in impedance values at low frequencies. The 
underlying mechanism of DP's remarkable corrosion inhibition has been explored in detail in a published paper 
incorporated in the following chapter of this thesis, focusing on its interactions with both the bare AZ21 substrate 
and the PEO layer. 
Considering the promising corrosion inhibition effects of DP, an effective approach to incorporate it into the PEO 
layer for achieving active corrosion inhibition properties has been proposed and evaluated. 
 
B. Vaghefinazari, S.V. Lamaka, E. Gazenbiller, K. Yasakau, C. Blawert, M. Serdechnova, N. Scharnagl, D.C.F. Wieland, 
M.L. Zheludkevich, Corrosion inhibition of decylphosphonate on bare and PEO-coated Mg alloy, Corrosion Science, 
226 (2024) 111651. https://doi.org/10.1016/j.corsci.2023.111651. 
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5.5.1 Supplementary material 

S1. IMPs in AZ21 characterization 

 
Fig. S1. (a): SEM (backscattered mode) image of intermetallic particles in AZ21 magnesium alloy. (b) EDS result obtained from the two types of 

intermetallic. 

The Backscattered image in Fig. S1 revealed the presence of two different intermetallic particles. Intermetallic 
particle #1 which appears brighter in the backscattered images and exhibits a relatively high concentration of the 
alloying elements Al, Mn. Thus, they are likely Al-Mn-based intermetallic particles that have been frequently reported 
in magnesium alloys of AZ series [18, 176, 177]. The size of these Al-Mn IMPs is considerably smaller than what is 
typically reported in the literature for AZ31 alloys, which primarily stem from the lower alloying elements in AZ21. 
Additionally, their needle-like shape clustering at one location resembles the common morphology of reported 
Al8Mn5 intermetallic [178]. Intermetallic #2 in Fig. S1, which appeared with lower contrast to the matrix as compared 
to the Al-Mn-rich intermetallic particles, are rich in Si. The Si-rich particles were found less frequently in the AZ21 
surface as compared to the Al-Mn-rich particles.  
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S2. SEM from bare AZ21 exposed to NaCl solution with and without DP  

 
Fig. S2 Surface morphology of AZ21 exposed to NaCl solution after (a) 5 min and (b) 1 day [179]. 

Fig. S3 illustrates the SEM secondary electron mode images from the surface of AZ21 magnesium substrate after 1 
hour of exposure to the NaCl + DP solution. Top and tilted views of the same region are presented to better 
understand the 3D morphology of the Mg(DP) precipitates. As can be seen, the Mg(DP) precipitates grow upward 
vertical to the surface of the magnesium substrate at random locations. 

 
Fig. S3. SEM secondary electron mode images of the AZ21 surface after 1 hour of exposure to the NaCl + DP solution from (a) top view and (b) 

tilted view. These images are taken by TESCAN LYRA3. 
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S3. SEM from PEO-coated AZ21 exposed to NaCl + DP solution. 

 
Fig. S4. Top-down (left) and cross-sectional (right) view of PEO coating after 5 min of exposure to the NaCl + DP electrolyte. 

S4. Cross-sectional view of the interface between the PEO layer and the Mg  

Fig. S5. is complementary to Fig. 9 in the manuscript with additional map of Cl element. As can be seen, the Cl signal 
appears throughout the maps, even on the Mg substrate, where it is not expected. This suggests that the main Cl 
signal likely arises from the EDS background noise. 

 

 
Fig. S5. cross-sectional view of the interface between the PEO layer and the Mg substrate after exposure for 2 days to (a) NaCl solution and (b) 

NaCl + DP solution. The EDS maps of marked region are provided below each case. 

This is further supported when examining of individual EDS spectra of different regions on the maps, as provided in 
Fig. S6, which do not show any distinct peak around 2.621 KeV corresponds to Kα of Cl. Although there seem to be 
different contrasts in Cl intensity on the map, they are attributed again to the different background noise levels and 
different porosity across regions. 
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Fig. S6. EDS map of element Cl for the region marked in Fig. S6. Also, for each case (sample exposed to (a) NaCl and (b) NaCl+DP) EDS spectra of 

marked region are provided below them. 

S5. Preparation of DP(Mg) complex powder 

Solution of DP was prepared by the addition of DPA, equivalent to 0.01M, in DI-W. pH of the solution was adjusted 
to 7.0 ± 0.1 using NaOH solution. The total amount equivalent to 0.01 M of magnesium chloride hexahydrate was 
gradually added to the DP solution. As a result of complexation between the DP and Mg2+ ions, the in soluble DP(Mg) 
precipitates and one H+ is released from DP molecule. The pH of solution was concomitantly adjusted back to around 
7 using NaOH solution. The final solution was passed through a filter paper (LLG-filter medium/fast). The remained 
precipitates were washed out 5 times by passing DI-W through the same filter. The filter paper containing the 
precipitates was dried out at 60 °C for 24 hours. The collected powder was analyzed by XRD. 

S6. XRD analysis of the corrosion products on bare AZ21 

Fig. S7 illustrates the XRD patterns obtained from the surface of AZ21 after 4 days of exposure to the NaCl solution 
with and without DP. The intensity of the spectra is normalized to the most intense peak, which is the diffraction 
peak of Mg substrate at 2θ of 34.5°.  
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Fig. S7. XRD spectra from the surface of the AZ21 bare magnesium exposed to the NaCl with and without DP after 4 days. The spectra are 

normalized to the intensity of the Mg at 2θ of 34.5°. 
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6 Discussion   
The comprehensive mechanistic investigation into the effects of three compounds on both bare and PEO-coated 
AZ21 substrates in section 5, provides valuable insights into the development of criteria for effective corrosion 
inhibitors. The findings also help to distinguish inhibitors that enhance corrosion protection from those that may 
accelerate degradation. 

Based on the results presented in section 5.3, two primary mechanisms have been identified that contribute to the 
adverse effects of the 2,5PDC-Na inhibitor on the PEO coating on Mg alloys: 

1- Formation of soluble magnesium complexes: The 2,5PDC-Na inhibitor forms soluble magnesium 
complexes, which degrade the PEO layer and compromise its protective properties. 

2- Mechanical stress on the PEO coating: The formation of a protective layer on the Mg substrate induces 
mechanical stress on the PEO coating. 

 

Given these interactions between 2,5PDC-Na and both the Mg substrate and the PEO layer, it is hypothesized that 
similar adverse effects might occur in other PEO systems on a Mg substrate. To test this hypothesis, a silicate-based 
PEO coating was applied to the AZ21 substrate, and the effect of 2,5PDC-Na on its corrosion protection was assessed 
using the same methodology as in the screening stage (section 5.2). Silicate-based PEO coatings primarily consist of 
MgO and Mg2SiO4 [180-182]. In an aqueous environment, 2,5PDC-Na accelerates the hydration of MgO, as confirmed 
later in this section. The Mg₂SiO₄ phase is also expected to lose stability in the presence of 2,5PDC-Na, much like 
Mg₃(PO₄)₂, due to 2,5PDC-Na’s tendency to form soluble complexes with Mg²⁺ ions. Therefore, the first mechanism 
described above can explain the degradation of silicate-based PEO coating. The second mechanism also holds since 
the substrate remains the same AZ21. 

Figure 6.1 illustrates the visual appearance and EIS spectra of samples coated with the silicate-based PEO and 
exposed to a 3.5 wt.% NaCl solution, both with and without 0.05M 2,5PDC-Na. Notably, the high-frequency time 
constant associated with the barrier layer of the PEO coating dissipates more rapidly in the presence of 2,5PDC-Na, 
indicating a greater deterioration of the coating’s barrier properties. Additionally, the lower impedance values 
observed at low frequencies when 2,5PDC-Na is present further confirms a reduction in the overall corrosion 
resistance of the coated samples. The visual appearance of the samples after the test also clearly reflects the 
deteriorative effect of 2,5PDC-Na on the AZ21 substrate coated with the silicate-based PEO coating. 

It is noteworthy that both the silicate- and phosphate-based PEO layers investigated in this study contain the MgO 
phase, which is inherently unstable in aqueous environments. The kinetics of MgO hydration are influenced by the 
presence of carboxylates in solution [183]. To validate this effect specifically for 2,5PDC-Na, a straightforward 
experiment was conducted: 10 g of MgO was added to 200 ml of DI water, with and without 0.25M 2,5PDC-Na (initial 
pH = 7.0±0.1). The mixture was stirred for one hour, filtered through an LLG-filter (medium/fast), and the residual 
solid was dried in an oven at 80°C before characterization via XRD. The results, presented in Figure 6.2, show distinct 
diffraction peaks corresponding to the MgO phase when exposed only to DI water. However, the addition of 2,5PDC-
Na resulted in the complete hydration of MgO to Mg(OH)2, confirming that 2,5PDC-Na facilitates this hydration 
process. It is important to note that 2,5PDC-Na exerts a negligible pH buffering effect within the neutral to alkaline 
range, with pKa values of pKa1 = 3.0 and pKa2 = 4.5. 
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Figure 6.1  EIS spectra of silicate-based PEO-coated AZ21 substrate during exposure to NaCl 3.5 wt.% solution (a) without and (b) with 0.05M 

2,5PDC-Na. The visual appearance of the samples at the end of EIS test is provided at the bottom of each case. 

 
Figure 6.2 Normalized XRD spectra of MgO powder after exposure to DI-W with and without 0.25M 2,5PDC-Na for 1 h. The normalization is 

based on the highest peak intensity observed at 2θ value of 37.6°. 
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In line with the idea that forming soluble complexes with magnesium can result in its adverse effect, chelating 

complexing agents such as EDTA (𝑙𝑜𝑔𝐾𝑠𝑡
𝑀𝑔2+

= 8.6 [184]) and DTPA (𝑙𝑜𝑔𝐾𝑠𝑡
𝑀𝑔2+

= 9  [185]), which form highly soluble 
and stable complexes with Mg²⁺, are expected to be detrimental to a PEO-coated Mg substrate. As a supporting 
example, Petrova et al. [186] reported strong etching behavior of DTPA against a PEO-coated AZ91, which consisted 
of MgO and MgAl₂O₄ phases. Similarly, Chen et al. [187] observed dissolution of a PEO coating composed of MgO 

and Mg₂SiO₄ on AM50 after exposure to a solution containing EDTA or SSA (5-sulfosalicylic acid, 𝑙𝑜𝑔𝐾𝑠𝑡
𝑀𝑔2+

= 5.1 
[188]). 

From the other hand, the other two effective inhibitors for the PEO-coated AZ21 alloys, 8HQ (section 5.4) and DP 
(section 5.5), were found to form insoluble complexes with magnesium ions. Additionally, from all the screened 
chemicals, presented in Figure 5.2 and Figure 5.3, all the top-performing chemicals for the PEO-coated AZ21 
substrate - namely DP, 8HQ, NaF, Ca-Acetate, and ODP - exhibited precipitation on the PEO surface. Furthermore, 
the development of a high-frequency range time constant for these chemicals suggests the formation of an additional 
layer on the substrate. The insoluble complexes of Mg²⁺ with DP and 8HQ are discussed in section 5.4 and section 
5.5. The fluoride ion (F⁻) in NaF forms the highly insoluble MgF₂ salt. Although the acetate ion in Ca-acetate forms a 
soluble complex with Mg²⁺, the Ca²⁺ interacts with the PEO layer, leading to the formation of insoluble hydroxyapatite 
(Ca₅(PO₄)₃OH) and CaHPO₄ [34]. ODP, which has a similar molecular structure to DP but with a longer alkane chain, 
also led to the formation of an additional layer on the PEO coating, likely resulting from the interaction between ODP 
and the released Mg²⁺. 

Given the observed correlation between the solubility of the Mg complex and its effect on the corrosion resistance 
of PEO-coated samples, an important question arises: Can the solubility of an Mg complex serve as a general criterion 
for predicting the impact of chemicals on the corrosion of PEO-coated magnesium? Specifically, is a soluble Mg 
complex consistently associated with adverse effects, and is an insoluble Mg complex sufficient to ensure positive 
outcomes? It is important to emphasize that we are focusing on measurable positive or negative effects, which are 
evaluated based on the exposure time required for the PEO coating to fail. As illustrated in Figure 5.2 and Figure 5.3, 
many of the tested chemicals did not exhibit any significant effects that could be quantified using our assessment 
approach. To address these questions, different scenarios regarding the solubility of Mg complexes are considered 
and discussed below. 

8HQ is an example of a chemical that forms highly insoluble 8HQ(Mg) complex with Ksp reported in the range of 4-
6.8×10-16 [189-191], which showed an inhibition effect. However, a chemical like oxalate, although known to form an 
insoluble compound with Mg, has a solubility of 0.38g/l [192] (equivalent to Ksp = 1.15×10-5) which is orders of 
magnitude higher than that of 8HQ(Mg). This implies that Mg-oxalate is stable only within a narrower concentration 
range of its components, potentially offering less protection due to the limited coverage of the PEO and Mg surface. 
The slow kinetics of PEO degradation and Mg²⁺ ion diffusion at the PEO/electrolyte interface may result in continuous 
dissolution of PEO before a critical concentration of Mg²⁺ is reached for the precipitation of a sparingly soluble 
compound like Mg-oxalate. Consequently, it can be speculated that a lower Ksp of the formed complex with Mg 
correlates with more protective properties of the complexant. This might explain why, despite Mg-oxalate being 
sparingly soluble, oxalate-Na exhibited an adverse effect on the PEO-coated Mg (Figure 5.2 and Figure 5.3). The same 
reasoning can be applied to explain the adverse effect of tartrate-Na, which forms a sparingly soluble Mg-tartrate 
with Ksp of 1.94×10⁻³ (calculated based on solubility of 0.76g/100ml [193]). 

Therefore, it can be speculated that a chemical that forms a Mg-complex with lower solubility is more likely to be an 
effective corrosion inhibitor for PEO-coated magnesium. Unfortunately, information on Ksp, as well as stability 
constants, is available in the literature for only a limited number of chemicals. Indeed, the recent advancements in 
prediction modeling could help predict the solubility of chemicals [194, 195]. Alternatively, the solubility of 
complexes can be roughly evaluated through laboratory experiments. This involves gradually adding MgCl₂ to a 
neutralized solution of the inhibitor at the desired concentration. The pH of the solution should then be gradually 
adjusted to an alkaline condition, just below the typical pH for Mg(OH)₂ formation (9.5-10.4 [196] in simple NaCl 
solution). The formation of insoluble complexes can be visually inspected during the experiment. 
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In conducting this experiment for the tested chemicals shown in Figure 5.2 and Figure 5.3, we found that all chemicals 
with a positive inhibition effect on PEO-coated Mg formed insoluble complexes with Mg, except for fumarate-Na. 
Only at a high concentration of 0.5M did fumarate-Na show a slight improvement in the corrosion resistance of the 
PEO-coated AZ21, delaying PEO failure by just one day. This anomaly may be explained by examining its corrosion 
inhibition mechanisms more closely. Maltseva et al. [165] investigated the kinetics of Mg(OH)₂ formation on a Mg 
substrate using in-situ Raman spectroscopy during exposure to a NaCl solution with and without 2,5PDC-Na and 
fumarate-Na. Interestingly, they observed an induction period before 2,5PDC-Na slowed the formation of Mg(OH)₂ 
as a corrosion product. In contrast, fumarate-Na reduced the formation rate of Mg(OH)₂ on the Mg substrate from 
the beginning, with no detectable induction period. This suggests that the initial formation of a protective layer, 
which may contribute to PEO layer destruction, does not occur with fumarate-Na. Additionally, the corrosion product 
thickness on the CP-Mg surface was considerably lower in the presence of fumarate compared to 2,5PDC-Na, 
reducing mechanical stress on the PEO layer [165]. Furthermore, increasing the concentration of fumarate-Na from 
0.005M to 0.5M led to higher corrosion resistance in a bare AZ21 sample, as indicated by higher low-frequency 
impedance values in EIS tests (Figure 6.3). In fact, fumarate-Na is one of the few inhibitors reported as a suitable 
corrosion inhibitor, capable of enhancing the corrosion resistance of PEO coating on Mg [197]. 

 

 

 
Figure 6.3 Bode plots of EIS spectra obtained from the AZ21 samples exposed to NaCl 3.5 wt.% electrolyte for 4 days. Concentration of fumarate-
Na in the solutions: (a) 0.005M, (b) 0.05M, and 0.5M. The appearance of the substrate after 4 days is presented at the bottom of each case. 
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Another factor to consider is the concentration of inhibitors in the NaCl testing solution. Stearate-Na and SDBS, which 
form insoluble compounds with magnesium (as confirmed both in the lab and in the literature [173]), did not exhibit 
any positive effect on the PEO-coated magnesium. This lack of effectiveness could be due to their very low solubility 
in the 3.5 wt.% NaCl testing solution (<1mM). 

Furthermore, in the case of SDBS, Frignani et al. [173] indicate that a relatively high concentration of 1M Mg²⁺ and 
an elevated pH of around 9.5 are required to initiate precipitation. While SDBS may adsorb onto the surface quickly, 
the precipitation process might be slower, as it depends on achieving the necessary magnesium ion concentration 
and pH level [173]. 

To conclude, the following key criteria have been identified from the discussion as guidelines for selecting an effective 
corrosion inhibitor for PEO-coated magnesium: 

• Formation of an insoluble compound as the result of interaction between the inhibitor and Mg²⁺ 

• A higher degree of insolubility of the compound is preferable 

• The inhibitor must have sufficient solubility in the testing medium 

Indeed, as demonstrated by the case of fumarate-Na, which did not conform to these criteria, it is important to note 
that these guidelines apply primarily to chemicals with common inhibition mechanisms in this study. Exceptions to 
these criteria, involving different inhibition mechanisms, are possible. 

 

Comparison between 8HQ and DP 

Both 8HQ and DP demonstrated the ability to enhance the corrosion resistance of PEO-coated AZ21. However, DP 
significantly outperformed 8HQ by delaying failure for over 50 days, compared to 11 days for 8HQ. The following 
analysis compares the characteristics and inhibition mechanisms of these two inhibitors to understand DP's superior 
performance: 

1. The 8HQ(Mg) complex forms only when the pH exceeds 9.4 [190], whereas the DP(Mg) complex is 
insoluble even at neutral pH, as validated experimentally in the lab. This aligns with the previously defined 
criterion that greater insolubility of the formed complex is desirable. 

2. DP(Mg) precipitates more uniformly on the surface of PEO and bare Mg, while 8HQ(Mg) precipitates are 
more prone to sporadic nucleation, leading to overgrown, flower-like structures. DP can adsorb onto the 
metal surface, which helps retard metal dissolution. This results in a lower concentration of metal ions at 
the PEO/substrate interface, favoring nucleation over crystal growth [198]. Additionally, DP's surfactant 
properties modify the electrolyte's surface tension, promoting better wetting and spreading on the metal 
surface, leading to a more uniform and complete substrate coverage [198, 199]. Adding surfactants to 
conversion coating baths is a common approach to achieve more homogeneous and compact coatings. 

These factors mean that 8HQ is more efficient than DP to form a continuous protective layer. This is evident from 
the SEM images comparing the PEO surface exposed to inhibitor-containing solutions. For DP (section 5, PART II, 
supplementary material, Figure S3), the PEO surface is almost fully covered with DP(Mg) precipitates after only 5 
minutes of exposure. In contrast, for 8HQ (section 5, PART II, Figure 11a), even after 1 hour of exposure, no 
continuous coverage of the PEO surface is achieved. 

3. The DP(Mg) layer on the PEO coating exhibited superhydrophobicity, which is attributed to various 
mechanisms, including the hydrophobic nature of DP and the formation of an air cushion within the porous 
DP(Mg) morphology [200]. In contrast, 8HQ(Mg) lacks such hydrophobic molecular functionality. 
Additionally, the nucleation and growth of 8HQ(Mg) result in the formation of overgrown Mg-8HQ crystals, 
leading to inhomogeneity and reduced air cushion formation. 
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7 Conclusion and Outlook 
PEO coatings have attracted significant attention due to their properties such as wear resistance, corrosion 
protection, thermal barrier capabilities, and ease of functionalization for specific applications. This interest has driven 
rapid advancements in optimizing PEO coatings for various applications, facilitating their commercialization. Despite 
the porous microstructure of PEO coatings often being highlighted as a promising feature for accommodating 
corrosion inhibitors—a concept introduced over 15 years ago [16]—there are still only a few reports demonstrating 
significant improvement in corrosion resistance through the impregnation of PEO with corrosion inhibitors [8]. 

The idea of this thesis was also initially launched based on observations that, despite the promise of several inhibitors 
for bare Mg alloys [8, 17], their effectiveness in enhancing the corrosion resistance of PEO-coated Mg was 
unsatisfactory. This research focused on understanding why an effective corrosion inhibitor for bare Mg substrate 
does not necessarily enhance the corrosion resistance of a PEO coating loaded with the inhibitor. Additionally, in-
depth investigations into the interactions between effective inhibitors and the PEO/substrate interface led to findings 
that could guide the identification of more effective corrosion inhibitors and the design of optimized inhibitor-loaded 
systems. The key findings and conclusions from this thesis are as follows: 

1. Over twenty potential chemicals were tested as corrosion inhibitors for both bare and PEO-coated AZ21. 
The results highlighted that a chemical’s ability to inhibit corrosion on bare AZ21 does not necessarily 
translate to positive effects on PEO-coated AZ21 and may even deteriorate the protective properties of the 
PEO coating. For instance, while 2,5PDC-Na effectively inhibited corrosion of the AZ21 alloy at 
concentrations ranging from 0.005M to 0.25M, it significantly accelerated the degradation of the PEO 
coating. 

2. An in-depth investigation into the interactions between 2,5PDC-Na and both bare AZ21 and the PEO coating 
provided insights into its unexpected adverse effects. Two main mechanisms were identified: firstly, the 
formation of soluble magnesium complexes by 2,5PDC2- accelerates the degradation of the PEO coating, 
which is primarily composed of MgO and Mg3(PO4)2. Secondly, the formation of a protective layer on the 
Mg substrate induces mechanical stress on the PEO coating. These detrimental interactions could be 
expected in other PEO systems on Mg substrates. 

3. Among the tested chemicals, 8HQ and DP significantly improved the corrosion resistance of the PEO-coated 
AZ21, delaying the coating failure by 11 days and over 50 days, respectively. Both chemicals form insoluble 
compounds with Mg2+ ions, which can be released due to either Mg substrate corrosion or PEO coating 
degradation. These precipitates cover the PEO coating and fill its pores, hindering the degradation of the 
coating and preventing the penetration of corrosive media towards the Mg substrate. For both inhibitors, 
an additional dense, capacitive layer formed at the substrate/PEO interface, protecting the Mg substrate 
from corrosion. 

4. To design a protective system exposed to an inhibitor-free corrosive medium, a high-concentration micellar 
solution of DP (0.1M) was incorporated at an elevated temperature (60°C) for 2 hours. This process not only 
loaded the PEO pores with DP but also enhanced the initial protective properties of the PEO layer by filling 
its pores with DP(Mg) precipitates. In immersion corrosion tests, the treated sample delayed PEO failure by 
10 days, tripling the protective lifespan of the coating. Additionally, a significant reduction in corrosion creep 
from a defect on the DP-loaded sample in a salt spray test, compared to the reference sample without the 
inhibitor, confirmed the effectiveness of loading the PEO with DP and demonstrated active corrosion 
protection. 

5. Several factors contributed to DP's superior performance compared to 8HQ in inhibiting corrosion on PEO-
coated AZ21, including the formation of a more uniform protective layer on the PEO coating. 

6. Based on the findings of this study, key criteria have been identified for selecting effective corrosion 
inhibitors for PEO-coated magnesium: 

• Formation of an insoluble compound as a result of interaction between the inhibitor and Mg²⁺. 

• A higher degree of insolubility of the compound is preferable. 

• The inhibitor must have sufficient solubility in the testing medium. 
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• These guidelines primarily apply to chemicals with common inhibition mechanisms as investigated in 
this study. Exceptions, involving different inhibition mechanisms, are possible. 

The established criteria for an effective corrosion inhibitor can help narrow down the list of potential organic 
chemicals. Many chemicals that form soluble or sparingly soluble compounds with Mg can be excluded from initial 
consideration, enabling a more efficient screening process in the search for effective corrosion inhibitors. In fact, a 
project has already been funded in 2024 by the DFG based on a proposal submitted by Hereon researchers supported 
by the findings of this work. This project will employ an automated, robotic testing system to evaluate the inhibition 
efficiency of a large number of organic compounds selected in light of this study's findings. In addition to identifying 
effective corrosion inhibitors and understanding their mechanisms, the compiled dataset will be used to train 
machine learning models to predict the inhibition efficiency of untested chemicals. 

It is also worth noting that alkylphosphonates like DP, and surfactants in general, despite their potential for effective 
inhibition and their variety, have been relatively underexplored as corrosion inhibitors and merit further investigation 
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Synergistic mixture of electrolyte additives: A route to a high-efficiency Mg–Air battery, The journal of 
physical chemistry letters, 11 (2020) 8790-8798. https://doi.org/10.1021/acs.jpclett.0c02174. 

14- T. Würger, D. Mei, B. Vaghefinazari, D.A. Winkler, S.V. Lamaka, M.L. Zheludkevich, R.H. Meißner, C. Feiler, 
Exploring structure-property relationships in magnesium dissolution modulators, npj Materials Degradation, 
5 (2021) 2. https://doi.org/10.1038/s41529-020-00148-z. 

15- E. Wierzbicka, B. Vaghefinazari, S.V. Lamaka, M.L. Zheludkevich, M. Mohedano, L. Moreno, P. Visser, A. 
Rodriguez, J. Velasco, R. Arrabal, E. Matykina, Flash-PEO as an alternative to chromate conversion coatings 

https://doi.org/10.1038/s41598-018-25789-8
https://doi.org/10.1039/9781788016407
https://doi.org/10.1016/j.corsci.2019.108245
https://doi.org/10.1016/j.jpowsour.2020.228106
https://doi.org/10.1021/acs.jpclett.0c02174
https://doi.org/10.1038/s41529-020-00148-z


174 

 

for corrosion protection of Mg alloy, Corrosion Science, 180 (2021) 109189. 
https://doi.org/10.1016/j.corsci.2020.109189. 

16- L. Wang, D. Snihirova, M. Deng, C. Wang, B. Vaghefinazari, G. Wiese, M. Langridge, D. Höche, S.V. Lamaka, 
M.L. Zheludkevich, Insight into physical interpretation of high frequency time constant in electrochemical 
impedance spectra of Mg, Corrosion Science, 187 (2021) 109501. 
https://doi.org/10.1016/j.corsci.2021.109501. 

17- M. Deng, L. Wang, B. Vaghefinazari, W. Xu, C. Feiler, S.V. Lamaka, D. Höche, M.L. Zheludkevich, D. Snihirova, 
High-energy and durable aqueous magnesium batteries: Recent advances and perspectives, Energy Storage 
Materials, 43 (2021) 238-247. https://doi.org/10.1016/j.ensm.2021.09.008. 

18- L. Wang, D. Snihirova, M. Deng, B. Vaghefinazari, D. Höche, S.V. Lamaka, M.L. Zheludkevich, Enhancement 
of discharge performance for aqueous Mg-air batteries in 2,6-dihydroxybenzoate-containing electrolyte, 
Chemical Engineering Journal, 429 (2022) 132369. https://doi.org/10.1016/j.cej.2021.132369. 

19- L. Wang, D. Snihirova, M. Deng, B. Vaghefinazari, D. Höche, S.V. Lamaka, M.L. Zheludkevich, Revealing 
physical interpretation of time constants in electrochemical impedance spectra of Mg via Tribo-EIS 
measurements, Electrochimica Acta, 404 (2022) 139582. https://doi.org/10.1016/j.electacta.2021.139582. 

20- B. Vaghefinazari, D. Snihirova, C. Wang, L. Wang, M. Deng, D. Höche, S.V. Lamaka, M.L. Zheludkevich, 
Exploring the effect of sodium salt of Ethylenediaminetetraacetic acid as an electrolyte additive on 
electrochemical behavior of a commercially pure Mg in primary Mg-air batteries, Journal of Power Sources, 
527 (2022) 231176. https://doi.org/10.1016/j.jpowsour.2022.231176. 

21- L. Wang, D. Snihirova, M. Deng, B. Vaghefinazari, W. Xu, D. Höche, S.V. Lamaka, M.L. Zheludkevich, 
Sustainable aqueous metal-air batteries: An insight into electrolyte system, Energy Storage Materials, 52 
(2022) 573-597. https://doi.org/10.1016/j.ensm.2022.08.032. 

22- E.J. Schiessler, T. Würger, B. Vaghefinazari, S.V. Lamaka, R.H. Meißner, C.J. Cyron, M.L. Zheludkevich, C. 
Feiler, R.C. Aydin, Searching the chemical space for effective magnesium dissolution modulators: a deep 
learning approach using sparse features, npj Materials Degradation, 7 (2023) 74. 10.1038/s41529-023-
00391-0. 

 

 

https://doi.org/10.1016/j.corsci.2020.109189
https://doi.org/10.1016/j.corsci.2021.109501
https://doi.org/10.1016/j.ensm.2021.09.008
https://doi.org/10.1016/j.cej.2021.132369
https://doi.org/10.1016/j.electacta.2021.139582
https://doi.org/10.1016/j.jpowsour.2022.231176
https://doi.org/10.1016/j.ensm.2022.08.032


175 

 

Acknowledgement  
 

The journey to completing this PhD has been a truly enriching experience, filled with challenges and 
invaluable support from many individuals. I am deeply grateful to everyone who helped me in countless 
ways, making this achievement possible. 

First and foremost, I would like to express my sincere appreciation to my supervisor, Prof. Mikhail 
Zheludkevich. Thank you for giving me the opportunity to pursue this research under your guidance. Your 
unwavering positivity, support, and resilience in the face of any challenge have been a constant source of 
inspiration. I am truly grateful for your dedication and belief in my potential. 

My deepest gratitude also goes to my daily supervisor, Dr. Sviatlana Lamaka, whose patient supervision 
and guidance shaped my journey from day one. I vividly remember our first meeting and how her 
encouragement motivated me to embrace not only the science but also various managerial 
responsibilities. She continuously challenged me to grow, and her unwavering support has been a 
fundamental part of my development. 

I would also like to extend my heartfelt thanks to my colleagues in the MO institute for their kindness, 
assistance, and the sense of community they provided. I am especially grateful to Mr. Gert Wise, whom I 
considered as a wiser brother, and Ms. Petra Fischer, who was always kind to me like an older sister. I am 
also thankful for the support I received throughout my time at Hereon from Mr. Volker Heitmann, Mr. 
Ulrich Burmester, Mr. Daniel Strerath, Ms. Sabine Schrader, and Ms. Anja Franke. 

I would also like to thank Dr. Daniel Höche, Dr. Christian Feiler, Dr. Carsten Blawert, Dr. Maria Serdechnova, 
and Dr. Nico Scharnagl for their insightful help and willingness to share their knowledge, which made a 
significant impact on my journey. The time you took to explain concepts and offer guidance not only 
deepened my understanding but also inspired me to approach challenges with curiosity and confidence. 

The extended duration of my PhD gave me the unique opportunity to connect with a diverse group of 
wonderful people. I would like to acknowledge Anissa and Rosario, who were the first to offer help from 
my very first day at Hereon and whose courage and helpfulness left a lasting impression. Darya, a great 
friend with a creative mind, has been a consistent source of inspiration. I also owe thanks to Cheng Wang, 
with whom I shared many insightful discussions about science and life during our journeys home. Linqian 
and Min, a talented and supportive couple, were always there to help me when I needed it. I am grateful 
to all my friends and colleagues who brought me happiness throughout my PhD journey: Arash, Tatsiana, 
Evgeni, Eshwara, Serge, Ksenyia, Christos, Mathias, Di, Eugen, Lukas, Valeryia, Danilo, Natalia, Aravinth, 
Hyemin, Wendi, Ya-jing, Lisa, Tim, Ting, Yulong, Ci, Mengyao, Qianqian, Peng, and others. 

Maman and Minoo, I am grateful for your constant love, encouragement, and support. You were my 
anchor in moments of doubt and always believed in my ability to persevere. 

To Zizoo, always listening with an open heart and offering soul-soothing words during the toughest times. 
Your kindness and wisdom brought comfort and strength when I needed it most, helping me grow into a 
better person. I owe my peace throughout our journey to you, and for that, I will be eternally grateful. 

 


