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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 agueous 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 Mg?* 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 Mg?* 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.



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
auBergewohnlichen Starke-Gewichts-Verhaltnisses, ihrer niedrigen Dichte und Biokompatibilitat in den Vordergrund
gertickt. Die Anwendung von Mg-Legierungen wird jedoch erheblich durch ihre hohe Korrosionsanfalligkeit,
insbesondere in wassrigen Umgebungen, eingeschrankt. Plasmaelektrolytische Oxidationsbeschichtungen (PEQ)
werden als vielversprechende Losung vorgeschlagen, da sie eine schiitzende Barriere bilden und ein "aktiven Schutz"
durch die Einbindung von Korrosionsinhibitoren in ihre pordse Struktur erméglichen. Trotz des Potenzials dieses
Ansatzes ist das Feld wenig erforscht, und es gibt nur begrenzte Forschung zu wirksamen Korrosionsinhibitoren fiir
PEO-beschichtete Mg-Legierungen.

Diese Arbeit widmet sich dieser Liicke, indem eine systematische Untersuchung verschiedener Korrosionsinhibitoren
durchgefiihrt wird, um die Korrosionsbestandigkeit von PEO-beschichteten Mg-Legierungen zu verbessern. Eine
anfangliche Bewertung von mehr als zwanzig potenziellen Inhibitoren zeigte, dass deren Wirksamkeit auf
unbeschichteten Mg-Legierungen nicht zwangslaufig zu einer verbesserten Korrosionsbestdndigkeit in PEO-
beschichteten Systemen fiihrt. 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 Komplexitdt der
Inhibitor-Interaktionen in PEO-beschichteten Magnesiumsystemen verdeutlicht. Infolgedessen wurde eine
eingehende Untersuchung durchgefiihrt, um diese unerwarteten nachteiligen Effekte zu verstehen und letztlich
Einblicke in die Auswahl effektiver Inhibitoren fiir PEO-beschichtete Mg-Legierungen zu gewinnen.

Unter den getesteten Inhibitoren verbesserten Natriumsalze von 8-Hydroxychinolin (8HQ) und Decylphosphonsaure
(DP) signifikant die Korrosionsbestdndigkeit von PEO-beschichteten AZ21-Mg-Legierungen. Insbesondere DP zeigte
eine Uberlegene Inhibitorleistung, indem es das Versagen der PEO-Beschichtung um Uber 50 Tage verzogerte,
verglichen mit einer Versagenszeit von 4 Tagen bei der Referenz-PEO-Beschichtung ohne Inhibitor. Die Bildung
unléslicher Verbindungen zwischen diesen Inhibitoren und Mg?*-lonen trug durch verschiedene Mechanismen zum
verbesserten Schutz bei. Angesichts der hervorragenden Inhibitorleistung von DP wurde ein schiitzendes PEO-System
weiterentwickelt, indem die PEO-Schicht mit einer hohen Konzentration an DP beladen wurde, was die
Korrosionsausbreitung bei einem Salzspriihtest 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 unléslicher Verbindungen, die aus der Interaktion zwischen dem Inhibitor und
Mg?**-lonen resultieren. Diese Kriterien wurden fiir die anfangs untersuchten Verbindungen bewertet, um ihre
Gultigkeit Gber verschiedene Inhibitortypen hinweg zu prifen.

Die Ergebnisse dieser Arbeit tragen zu einem tieferen Verstindnis der Wechselwirkungen zwischen
Korrosionsinhibitoren und PEO-beschichteten Mg-Legierungen bei und bieten einen Rahmen fir die Auswahl und
Anwendung von Inhibitoren fiir PEO-beschichtetes Magnesium. Die gewonnenen Erkenntnisse sollen kiinftige
Studien und industrielle Anwendungen informieren und letztlich die Entwicklung langlebigerer und
korrosionsbestandigerer Mg-Legierungskomponenten fiir verschiedene kritische Anwendungen unterstiitzen.



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/cm?, 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

4



the conclusions drawn from all the results. This section also offers insights into potential applications and future
research directions for inhibitor-loaded PEO coatings.



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:

e PEO Formation Mechanism
e Composition of PEO Coatings
o Core Chemistry
o Particle Addition
o Non-Aqueous Electrolytes
e Applied Electrical Parameters
e  Energy Consumption
e  Pre-treatment
e  Post-treatment

e 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
lll—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. Raul 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:

e Foreword


https://doi.org/10.3390/ma15238489

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



2.2 Plasma Electrolytic Oxidation (PEO)
2.2.1 Introduction

Plasma Electrolytic Oxidation (PEO), also called micro-arc oxidation (MAQ), 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.

Outer layer

Microcracks

Inner layer

*Barrier layer
200 pm 50 um

/ I Ba;rierlayer

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.

S5um

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.

Jl Currentmode (Unipolar,
bipolar or hybrid)

Applied current
density/voltage

Electrical parameters g

== Frequency/duty cycle

Treatment time

Pulse shape

Pretreatment and
substrate properties

Base chemistry

= Electrolyte composition

Particle addition

m -
L -

)

=

()

E -
@©

p -

®©

2 -
7p]

n
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®)

)

p—

o

O

L -
- -

Sealing

— Post-treatment

Inhibitor incorporation

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 (Vv) (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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Electrolyte
Porous outer layer
Thick & solidified Oxide

Dense interface layer

Mg alloy substrate
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Aluminium alloy substrate

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)., 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 Mg>SiO4, Mgs(P0O4),, and
MgAl20s4, respectively. Figure 2.5 presents the XRD patterns of a PEO-coated magnesium alloy substrate treated in
electrolytes containing NaAlO2, NasPOs, and NazSiOs. NaF, or other fluoride salts, is commonly added to the PEO
electrolyte, leading to the formation of the MgF. 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 < Mgs(PO,), < Mg,SiO, [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.

12
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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(lll), La(lll)), 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.
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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
TiO; particles into a PEO coating on an AM50 Mg alloy. Although most of the TiO; particles were incorporated inertly
into the PEO coating, a small amount of Mg>TiO4 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
14



channels and micropores. Figure 2.7 presents an overview of the insoluble particles added to the PEO electrolyte to
be applied on Mg alloys.
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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 um 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™' [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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c) Bubble growth, leading
to increased resistance,
reduction in current and
cooling of the plasma.
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d) Current shut-down, plasma collapse
and condensation of water vapour (heating
the electrolyte). Oxide condensation from
the plasma and perhaps also formation of
new phases from trapped particulate.

e) Channel
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electrolyte.

a) Discharge initiation
by dielectric breakdown.

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 NaNOs- KNOs 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(NOz)2+NaNOsz+ KNOs 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+NaNOs 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].

PEO resin

resin Substrate

PEO

20pum

substrate

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:

e The kinetics of electrode reactions (e.g., metal oxidation and gas evolution).
e Local conditions at the electrode/electrolyte interface (e.g., breakdown power, heating and cooling rates).

e 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/dm?). 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 (Naz2B407-:10H20),
trisodium citrate dihydrate (NasCsHsO07:2H20), and EDTA—to a reference NazSiOs+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 Al203 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/cm?) 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 um 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.
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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 MgF: film [6, 114]. Similarly, Cai et al. [107] formed a Ce-based conversion layer on an A91D alloy by
immersion in a Ce(NOs)s + H202 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(ll)-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 Eu20s particles to the PEO electrolyte [149], resulting in
MgO/MgAl,04 phases doped with Eu®* [150, 151]. In another study, a PEO coating on an aluminum substrate was
functionalized with magnetic properties by introducing Fe2(C204)3.5H20 into the PEO electrolyte, which led to the
formation of a PEO coating containing Fe® [152, 153].
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Abstract: Owing to the unique active corrosion protection characteristic of hexavalent chromium-
based systems, they have been projected to be highly effective solutions against the corrosion of
many engineering metals. However, hexavalent chromium, rendered a highly toxic and carcinogenic
substance, is being phased out of industrial applications. Thus, over the past few years, extensive
and concerted efforts have been made to develop environmentally friendly alternative technologies
with comparable or better corrosion protection performance to that of hexavalent chromium-based
technologies. The introduction of corrosion inhibitors to a coating system on magnesium surface is a
cost-effective approach not only for improving the overall corrosion protection performance, but also
for imparting active inhibition during the service life of the magnesium part. Therefore, in an attempt
to resemble the unique active corrosion protection characteristic of the hexavalent chromium-based
systems, the incorporation of inhibitors to barrier coatings on magnesium alloys has been extensively
investigated. In Part II of the Review, several types of corrosion inhibitors for magnesium and
its alloys are reviewed. A discussion of the state-of-the-art inhibitor systems, such as iron-binding
inhibitors and inhibitor mixtures, is presented, and perspective directions of research are outlined,
including in silico or computational screening of corrosion inhibitors. Finally, the combination of
corrosion inhibitors with other corrosion protection strategies is reviewed. Several reported highly
protective coatings with active inhibition capabilities stemming from the on-demand activation of
incorporated inhibitors can be considered a promising replacement for hexavalent chromium-based
technologies, as long as their deployment is adequately addressed.

Keywords: corrosion; inhibitor; magnesium; hexavalent chromium; self-healing

1. Foreword

Magnesium (Mg} and its alloys are characterized by their low density and high specific
strength, which make them competitive alternatives to traditional structural materials in
aerospace and automotive industries. However, Mg alloys are prone to corrosion, particu-
larly when in contact with aqueous solutions. While this property of magnesium alloys is
taken as an advantage in the field of biodegradable metallic implants and primary Mg-air
batteries, it stifles magnesium utilization for structural applications in aerospace and auto-
motive. The traditional approach to suppress the corrosion of magnesium and other metals
is to apply a coating system, which acts as a barrier against the penetration of corrosive
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species toward the metal surface. In a complementary approach, corrosion inhibitors are
added to a corrosive medium or a protective coating to further retard the corrosion of
the exposed metallic part [1]. Tnhibitors are widely used for various industrial applica-
tions, including the protection of engineering parts, pipelines, and petroleum-handling
facilities [2]. Application of inhibitors is considered a cost-effective, easy-to-operate, and
practical method for corrosion control. The best-known chemical with inhibitive features
is hexavalent chromium, which functions as a panacea to the corrosion susceptibility of
many engineering metals. However, due to the strict rules and regulations imposed by
environmental agencies, the utilization of hexavalent chromate has been limited [3]. In
particular, in Europe, the use of Cr(VI) substances is regulated by the European Chemical
Agency, an agency of the European Unicn that composed an authorization list, also known
as the list of substances included in Annex X1V of REACH [4]. Three leading chromate-
containing substances have been banned since 21 May 2015. The majority of the other
Cr(VI) compounds have been banned since 21 September 2017, while strontium chromate
and three more Cr(VI) compounds were banned starting from 22 January 2019 [5]. Since no
adequate substitutes for chromates have been adapted in a timely manner by concerned
industries, a number of key players in the European space industry have initiated the Space
Chromate Task Force, aiming to postpone the ban to use Cr(VI) compounds in aerospace
industry [6]. As a result, the sunset date for the use of Cr(VI) compounds for surface
treatment for a number of companies related to aeronautics and aerospace industries has
been postponed until the year 2024 [7]. Nevertheless, the use of Cr(VI) is expected to
be prohibited for all industries in the future. In light of these factors, the search for new
corrosion inhibitors suitable for industrial applications is urgent and extremely pertinent.
Thus, numerous recent scientific works have been dedicated to the discovery of adequate
substitutes for chromates.

This review is the third part of a trilogy on Cr(VI)-free corrosion protection strategies
for magnesium alloys. In PART I of the review [8], conversion coating technologies are
reviewed as one of the most widely used methods of protecting metal surfaces. As a
controlling step for the performance of a conversion coating, pre-treatment of magnesium
surface is also discussed in PART I. PART II of the review [9] focuses on Plasma Electrolytic
Oxidation (PEQ) coating as one of the highly developed methods to protect magnesium
surface in the recent years. This part of the review (PART III) focuses on corrosion inhibitors
for magnesium and approaches to incorporate them into coating systems. An overview of
the review trilogy is illustrated in the graphical abstract of all three review parts. Figure 1
high-lights the outline of PART III with the most promising corrosion inhibitors and
inhibitor classes.

In contrast with coatings, which aim to isolate the whole surface of an engineering
part from corrosive media, inhibitors are able to target specific regions of the metal surface
(the cathodic region and the anodic region). In this context, inhibitors can be classified
as cathodic, anodic, or mixed types. Another way to categorize inhibitors is based on
their interaction with a metal surface in corrosive media. Inhibitors can precipitate in the
form of an insoluble compound or can be adsorbed on the surface of metal: precipitation,
passivation, or adsorption inhibitors. The distinction between these three groups is subtle,
especially with the passivation and precipitation types. The latter is deposited as a partially
protective layer (e.g., cerium and lanthanum hydroxides), while the former is similar to
conversion coating, forming a layer of sparingly soluble magnesium products (phosphates
and fluorides). Many of the inhibitors that form precipitation layers on the surface can
also be considered as conversion coating precursors (see PART I of this review [8]). For
instance, chromate has been frequently addressed in the literature as either an inhibitor or
a chemical used to form conversion coatings. Although they follow a similar protection
mechanism, technical features can distinguish them as belonging to distinct categories.
The main difference is that inhibitors are present in the corrosive medium throughout the
service life of an engineering component. In contrast, precursors for conversion coatings
are removed from the media when the coating formation is finished. Moreover, conversion
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coating solution baths are usually at low pH levels and contain oxidizing agents in order
to accelerate the dissolution of the magnesium substrate. On the contrary, inhibitors are
typically incorporated into coating systems under conditions that are the least corrosive to
the coating system.
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Figure 1. Schematic of review trilogy. This work, as PART III of the review, has been highlighted
with more vivid colors, in contrast to the dimmed color of PART I and PART II.

There are numerous factors affecting the chemistry of the interaction between inhibitor
and metal. Small variations in each factor may result in very different inhibition behaviors.
This must always be kept in mind when different scientific work results are being compared;
for instance, in the case of magnesium alloys, a minor variation in Al and Zn content in alloy
composition can activate or deactivate the inhibitive properties of many inhibitors [10].

This review focuses neither on magnesium corrosion mechanisms nor on the methods
used to measure corrosion rates. These aspects were extensively reviewed by Esmaily
etal. [11]. The experimental methods for calculating the inhibiting efficiency (IE) are typi-
cally thoroughly discussed in the original papers and refer to the well-known relation, TE(%)
=100% x (ExpParyunx — ExpPary,,)/ ExpPary,,. ExpPar refers to measured experimental
parameter; blank and inh refer to a blank testing medium, e.g., NaCl solution and that with
added corrosion inhibitor, respectively. Most typical measured experimental parameters
include weight loss, volume of evolved hydrogen, polarization resistance, or low-frequency
impedance accessed from EIS measurements (Electrochemical Impedance Spectroscopy),
and corrosion current density calculated from potentiodynamic polarization curves.

In this review, the substances used as inhibitors for magnesium alloys are first cate-
gorized as organic and inorganic inhibitors, since this leads to a comparable interaction
between inhibitors and metal surface in each category. The corrosion inhibition mechanisms
stand at the center of this review when placing inhibitors in a particular group. In each
category, in addition to reviewing the important inhibitors that have been studied at length,
the most promising and most recent inhibitors are discussed. Emerging approaches of
inhibitor discovery using ix silice, or computational, screening are briefly described.
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2, Inorganic Inhibitors

As mentioned in the introduction, corresion inhibitors with the ability to form precip-
itating compounds can also be classified as conversion coating precursors. This overlap
between two categories mostly happens for inorganic substances such as chromate, vana-
date, phosphate, and rare earth elements salts. Therefore, here, we briefly provide a review
of some inorganic inhibitors studied for magnesium alloys, while the complementary
information about conversion coatings formed based on these inhibitors has been provided
in PART I of the review [8].

2.1. Chromate Based Inhibition

Hexavalent chromium is a panacea for corrosion of engineering metals. Compounds
containing hexavalent chromium remain among the most effective inhibitors, with superior
protective properties for steel, aluminum alloys, and magnesium alloys [12].

Chromate or hexavalent chromium (Cr(VI)) is a strong oxidizing agent that is reduced
to trivalent chromium by oxidizing the magnesium on the surface. Then, the hydroxide
Cr(OH); and oxide Cr;O3 of chromium co-precipitate on the Mg surface to form a mixed
hydroxide compound [13,14]. Apart from Cr(IlI}, this complex film contains trapped
residual hexavalent chromium that acts as the active inhibitor and provides the ability
of film “regeneration” [15,16]. Trapped hexavalent chromium is enriched more in the
outermost layer of the film, since reducing Cr(VI) by magnesium is less probable due
to coverage of the surface [17]. However, the chromates trapped in the formed film
have relatively high mobility, and are thus capable of reaching the defects and locally
re-passivating the exposed area [18].

Although the excellent corrosion inhibition effect of chromate-based inhibitors has
been known for decades, the exact mechanism of inhibition is still not fully understood,
especially for Mg alloys. Williams et al. [19] reported a mechanism for cathodic site
depolarization by chromate ions based on SVET measurement over AZ31 magnesium alloy
from the initial stages of immersion in an aerated 5% w/v aqueous Na(l solution containing
Na,CrQy salt. They observed very intense cathodic “hotspots” over the exposed surface,
which decreased in number per unit area over time of immersion. Moreover, these cathodic
hotspots have a limited lifetime (less than 15 min), emerging and disappearing at different
locations over the scan area. Based on the SVET observations, they concluded that this
transient intense local cathodic current is due to the reduction of Cr(VI) oxyanions to Cr(III)
and hydrolysis of the Cr(Ill) species according to the following reaction, rather than typical
cathodic hydrogen evolution reaction:

CrO7 (ag) +4H0 + 3¢~ = Cr(OH),(s) + 50H (1)

The abovementioned reaction occurs mostly on cathodic sites where the elevated
local pH imposes more precipitation of chromium hydroxide, which prevents further
cathodic activity.

2.2. Phosphates

Phosphates have been extensively researched as an alternative to chromate-based in-
hibitors due to their environmentally friendly properties and comparatively high protective
properties for magnesium alloys. Numerous phosphate solutions modified with different
organic and inorganic additives have been reported, mainly with the aim of achieving a
conversion coating on magnesium alloys with higher protective behavior (see PART I of
this review [8]). However, only a few studies have addressed the mechanism of corrosion
inhibition caused by phosphate ions in corrosive media.

Depending on the pH of the solution, phosphate ions can be protonated to different
degrees. Tribasic phosphate anions PQ4*~, which predominantly exist at elevated pH,
can bond with Mg?* ions and form sparingly soluble Mgz(PQ,); (see Reaction (2)) that is
believed to play the main role in the inhibition of magnesium alloys [16]. Other compounds
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of magnesium with phosphates such as Mg(H>FPOy); and MgHPO, are relatively soluble in
aqueous environments and do not contribute to magnesium surface passivation [20].

3Mg*" (aq) + 2P0} (aq) = Mga(POy), | (2)

pH increase in the vicinity of cathodic sites such as iron-rich impurities and second
phases restilts in the deprotonation of HPO,?~ species to PO,*~. Free magnesium ions pro-
duced by oxidation of magnesium surface migrate to the regions with a high concentration
of PO4>~ and form solid Mgz (POy)o [21]. Figure 2 depicts a schematic representation of
corrosion inhibition by phosphate anions at neutral or slightly acidic pH (between 4-7),
with HPO,?~ as the dominant specie. At higher pH values, the inhibition efficiency is
reduced due to the precipitation of Mg3(POy), away from the Mg surface.

(a) Aqueous NaCl solution

HPO HPO
HPO >, HPO?,, 4w

20H
Mg Mg Mg* 2H0 i, Mgt Mgt Mg

(b) Aqueous NaCl solution

HPO,* i ! HPO,> -

(c) Aqueous NaCl solution

HPO, HPO >
HPO >, HPO >, 1

Figure 2. Schematic representation of the mechanism of magnesium corrosion inhibition by aqueous
phosphate ions at neutral pH, showing (a) localization of the early stages of corrosion, (b) phosphate
speciation in the vicinity of the local cathode, and (¢) deposition of an insoluble film [21]. Adapted
from [21] with permission from Elsevier.

Therefore, Mga(POy); is more likely to precipitate on cathodic sites, on which local
alkalization occurs due to the cathodic reactions. Consequently, phosphates are usually
considered cathodic inhibitors and shift Eco.r to more negative values [19]. Preferential
precipitation of Mgz (PO,); on the beta phase in Mg-Li alloy [22] and AZ91D alloy [23] is
also in agreement with the abovementioned mechanism. On the other hand, it has been
shown that local pH on Mg surface reaches a value of above 10 within the first minute of
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expostre to the electrolyte [24]. Hence, phosphate precipitation should normally occur
homogeneously on the entire surface.

Diammonium phosphate (NH;);HPO, is also reported to provide a high inhibiting ef-
fect on magnesium alloys with co-precipitation of Mg3(POy)» and MgNH, PO, [25,26]. Rel-
atively high dissolution of AM60 alloy has been observed instantaneously in (NH4);HPOy
solution that is substantially reduced within a few h due to the formation of a denser
protective film.

2.3. Rare Earth Salts

Rare earth salts, especially cerium salts, have also been intensively used as a possible
candidate for the replacement of chromate-base inhibitors to protect non-ferrous alloys.
Their exact inhibition mechanism on magnesium alloys is still under critical scrutiny. Spar-
ingly soluble cerium hydroxides are believed to be the main components of the protective
layer on the magnesium substrate when it is immersed in a cerium-containing solution.

Montemor et al. [27] observed that the film formed on AZ31 Mg alloy at the very early
stage of immersion (less than 1 min) in 1.0 x 1073 M Ce(NQ3); is mainly composed of Mg
oxide/hydroxide. The cerium content in the formed film is enriched after 1 min of immer-
sion, and for a longer immersion time, the concentration of Ce becomes approximately
constant, mainly reflecting film thickening.

Williams et al. [19] observed a poor corrosion inhibition on AZ31 alloy by addition of
1072 M Ce(NOs)3 into the 5% v/ NaCl solution. The critical pH value for precipitation of
cerium (IIT) hydroxide was obtained as pH 8.5, which is a near-neutral pH value. Therefore,
they suggested that cerium (III) hydroxide precipitation occurs in the bulk electrolyte above
the corroding surface, leading to inefficient protection properties. Similar results were
observed, and the same conclusions were drawn by Lamaka et al. [10] with regard to Ce?*
and La®* salts. It is crucial that when inhibitors are added to the aqueous solution as salts,
the effect of both anions and cations must be taken into consideration. For instance, in the
case of Ce-base inhibitors, Ce(NO3); salt exhibits good corrosion resistance for Mg alloys,
whereas CeCl; may even accelerate the corrosion rate [10,19]. This can be related to the
increase in corrosiveness of the electrolyte when additional chlorides are introduced. More
importantly, there is clear evidence [10,28] of the strong inhibition effect of NO™3 on
magnesium alloys that can synergistically boost the overall inhibition effect when it is
present along with Ce™ ions in the electrolyte.

It is worth mentioning here that, despite a few reports on the remarkable inhibition
effects of NO3~ on the corrosion of magnesium and its alloys [10,28-30], the inhibition
mechanism has not been addressed in detail.

2.4. Inhibition Preventing Hydrogen Re-Combination

Another class of corrosion inhibitors has been introduced by Williams, McMurray, and
Birbilis [31-33]. Arsenic species, either soluble arsenates added to corrosive medium [31]
or metallic arsenic alloyed with magnesium [32,34], exhibited marked cathodic inhibition
owing to the ability of arsenate to inhibit hydrogen atom recombination, and thus the
cathodic H; evolution, Figure 3a—c. The poisoning mechanism is based on the reduction
of arsenates in the electrolyte to metallic arsenic on Fe-rich impurities in the Mg matrix.
At elevated pH values, analogous to phosphates, the precipitation of Mgs(AsQO,); in
the electrolyte away from the Mg surface leads to the depletion of arsenates close to
the substrate. Thus, the poisoning of the HER is reported to be more effective in the
acidic condition below four. Furthermore, the precipitation of insoluble Mgs(AsO,)2
(Kep =2 x 1072V at 25 °C) itself plays a role in the corrosion inhibition of magnesium alloys.
Considering the toxicity of arsenic, there is a small likelihood that any water-soluble arsenic
species can find an unrestricted commercial application as a corrosion inhibitor.
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Figure 3. (a,b) Schematic representation of the mechanism of hydrogen recombination poisoning
and (c) decreased corrosion rate in presence of arsenic alloyed with Mg [32]. Adapted from [32] with
permission from Elsevier.

A similar advantageous poisoning effect has also been reported via alloying of magne-
sium with germanium [33,35], antimony [36], and indium [37,38]. Thus, a similar effect is
expected from the addition of their soluble salts to the electrolyte, rendering them potential
corrosion inhibitors. In addition to the advantageous poisoning effect of indium on the
water reduction cathodic reaction, precipitation of In{OH); on the surface can contribute to
the corrosion inhibition of Mg substrate [39]. However, in common with the adverse effect
of Ce® and La®* ions in the electrolyte, the formation of In{(OH); can hinder the increase in
the local pH close to the Mg substrate, which may lead to a higher corrosion rate [37,39].

In addition to the reduction of metals and their salts on Fe-rich impurities, a recent
report by Mercier et al. [40] have reported adsorption of sulfur on Fe-rich impurities from
HS.q in the electrolyte. As a result, a significant reduction in HER at OCP and anodic
polarization (OCP + 0.25 V and OCP + 0.5 V) was observed.

2.5. Other Inorganic Inhibitors

There are several inorganic inhibitor systems reported to effectively reduce the cor-
rosion rate of Mg alloys, but limited studies have been conducted on them. Many of the
related studies are promising in terms of performance and environmental impact and are
worthy of more investigation. Below, some of them are briefly reviewed:

Fluorides

Hydrofluoric acid (HF) has been intensively investigated and used as a component
of pretreatment and conversion coatings on Mg, establishing a uniform passive thin
layer made of partially hydrated magnesium fluoride MgF;_,OH,-yH;O or a mixture
of Mg(OH); and MgF; (see PART I of the review [8]). As an inhibitor in neutral or al-
kaline conditions, F~ has been shown to exhibit some degrees of inhibition effect on
different Mg alloys [10,25,41-43]. Similar to the conversion coating based on HF, the for-
mation of MgF; film along with Mg(OH), on the Mg surface has been mentioned as the
main inhibition mechanism. However, perovskite crystals (NaMgF3) are also frequently
observed in such cases, which is promoted by the increase in F~ concentration [44,45].
Hydrofluoric acid also passivates Mg surface and was used to dissolve Ti phase from Mg-Ti
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micro-composite [46] or Ti-Ta-Cu phase from bicontinuous nanccomposite [47], leaving
micro-porous or nanoperous magnesium, correspondingly.

Bi/Carbonate

Dissolved carbonate anions (HCO32~ and CO5 ™) are able to reduce the corrosion rate
of magnesium alloys through the formation of insoluble magnesium carbonate [48]. Their
effect on the atmospheric corrosion of magnesium alloys has drawn more attention due
to the higher supply of dissolved COjy in the thin electrolyte film. Magnesium carbonate,
formed during atmospheric exposure, is a primary corrosion product and has better protec-
tiveness than the magnesium hydroxide [49]. Similarly, in the physiological environment,
due to the presence of a variety of carbonates, their influence on the corrosion rate of Mg al-
loys has been demonstrated to be profound [50]. The inhibition performance of dissolved
bi/carbonate is highly dependent on the electrolyte pH, being more effective at alkaline
pH [51], since the concentration of bi/carbonate rapidly decreases in favor of carbonic acid
as the pH becomes more acidic. The inhibition effect of individual carbonates seems to
be unsatisfactory for severe corrosive conditions, while the synergistic effects with other
inhibitors, including Li* ions [51,52] and phosphates {H,PO,~ /HPOQ42~ /PO,37) [50], can
boost the overall reduction in corrosion rate. The environmental benignity of the carbonates
also renders them suitable and unrestricted components to improve corrosion inhibition.

Calcium

Calcium is a well-known component of phosphate conversion coatings for magnesium
alloys (see PART I of this review [8,53,54]). Although standalone calcium cation, Ca?*, does
not look like a typical corrosion inhibitor for magnesium alloys, even a very low concentra-
tion of carbonate, characteristic for tap water or carbonate and phosphate found in fresh-
water lakes, is sufficient for triggering precipitation of calcium-carbonate {(and phosphate)
species. Multiple reports refer to a strong corrosion inhibition effect when Ca?* is combined
with anions that form sparingly soluble precipitates in an alkaline environment, which is
immediately (within the first minute of immersion) generated on Mg interface upon contact
with aqueous electrolytes. These ions include phosphates (HyPOy~/ HPO, 2~/ PO43‘),
carbonates (HCO;~ and Cng‘), and fluorides, F~ [24,25,50,55,56]. Under the presence
of Ca®" cations, the precipitation of several Ca-containing phases such as hydroxyapatite
(Cas(POy)20OH), CaMg(COz);, and CaCO; occurs on magnesium surface, prompted by
the alkalinization front due to cathodic HER and ORR. The formation of these products
buffers the interface pH in a range of 7.8-8.5 at room temperature. Figure 4 illustrates the
formation of the additional layer of CaCO3 on top of Mg(OH), upon immersing binary
Mg0.5Zn or ternary Mg0.5ZnX (0.5Ca or 0.2Ge) alloys in 0.9 wt.% NaCl when tap water was
used for solution preparation. In the presence of 59 mg/L calcium at pH 7.48 in tap water,
the corrosion resistance of the alloys was improved by almost one order of magnitude,
according to the electrochemical test results [55]. Besides, EIS clearly shows the formation
of an additicnal time constant at high frequencies ascribed to an outer layer containing
calcium-carbonate (and often phosphate) species [50,55]. Similar to calcium ions, Sr2t Zn?t,
and Mn** ions promote precipitation of phosphates on alkaline Mg surface and are used
for chemical conversion treatments; see PART I of this review [&].

Vanadates

Vanadate salts, well known for their corrosion suppressing properties when applied
to aluminum [57] and zinc [58] alloys, have also been tested as corrosion inhibitors for
magnesium alloys [59]. Feng et al. [59] found that the inhibition mechanism of vanadates
applied on AZ31 magnesium alloy differs from that observed for aluminum alloys. Due to
the considerable reduction power of magnesium, vanadate oxyanions containing V>* under
neutral and alkaline conditions are reduced to V3* and V2* in the short term. Reductive
adsorption of vanadium oxoions under acidic conditions results in a film containing Vit
also in the short term. However, independent of pH, all the reduced vanadium species
are reoxidized back te V> upon exposure to air. Corrosion inhibition by vanadate is
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attributed to the formation of a reductively adsorbed layer comprised of vanadium oxides
and magnesium hydroxides. Only dense and continuous layers of tetrahedral vanadate
speciation, formed under neutral and alkaline conditions, provide reasonable protection.
Given the specific chemistry of vanadate oxyanions, they are quite efficient at forming
corresponding conversion layers or combined with other protective approaches, such as
incorporation in Layer Double Hydroxide (LDH) [8] or Plasma Electrolytic Oxidation (PEO)
surface layers [60]; see below in this review.
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Figure 4. Schematic presentation of the corrosion processes and formation of corrosion products
of binary Mg0.5Zn or ternary Mg0.5ZnX (X = 0.5Ca or 0.2Ge) alloys in 0.9 wt.% NaCl solutions
prepared with deionized water and tap water (as source of Ca%* and HCO? ). Adapted from [55]
with permission from Elsevier.

Molybdates

Molybdate protective systems have been investigated for Mg alloys, either as con-
version coatings (see PART I of this review [8]), or as inhibitors incorporated into other
coating systems (see Section 5). However, the inhibition effect and mechanism of individ-
ual molybdates on bare Mg substrate have not been investigated in depth until recently.
Kharitonov et al. [61] investigated the effect of Na,MoQO, with concentrations of 5-150 mM
in 0.05 M NaCl solution on WE43. A significant corrosion inhibition was observed after
24 h for 100 mM concentration of sodium molybdate Figure 5a,b. The formation of a mixed-
valence Mo(VI)-Mo(V) polymerized layer was proposed as the inhibition mechanism of
molybdate ions [61]. Additionally, the precipitation of brownish hydroxide MoO(OH)3
could block the Mg surface. The formation of insoluble magnesium molybdate MgMoQ,
has also been hypothesized [62].
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Figure 5. (a,b) light microscopy images of the WE43 alloy surface after 24 h exposure to 0.05 M NaCl
solution without (a) and with (b) 100 mM of Na;MoQy inhibitor. Numbers and arrows indicate the
areas of Raman spectroscopy carried out in the corresponding paper [61] (c) SEM image of as-polished
WEA43 surface. (d) Surface morphology of the WE43 alloy after 24 h exposure to 0.05 M NaCl solution
with 100 mM Nay;MoQj. (e) Potentiodynamic polarization curves obtained after 24 h exposure to
0.05 M NaCl without and with molybdate inhibitor. (f) Nyquist EIS plots in 0.05 M NaCl solution
without and with varying amounts of NaMoQj inhibitor after 24 h of exposure. Adapted from [61]
with permission from Elsevier.

The Mo-containing precipitates exhibited a high tendency to form on the Mg matrix
rather than the second phases Figure 5¢,d, which resulted in a significant positive shift
of OCP and a reduction in anodic activity of the Mg substrate Figure 5e. Reaching a
critical concentration is essential to achieve a high inhibition efficiency, below which the
corrosion rate of the Mg substrate is accelerated (Figure 5f). The acceleration occurs due
to the partial surface coverage, which in turn may intensify the local corrosion. A very
similar high corrosion inhibition performance of Na,MoO, was also reported for AZ31
magnesium substrate [63], which may be reflective of its universal effect. Molybdates have
low harmfulness to the environment and can be considered a promising substitute for
chrome(VI)-based inhibitors.

Selenite

Similar to arsenate, selenite (SeQ32~) can be reduced in the form of crystalline and
amorphous Se’ on an AZ31 magnesium alloy [64,65]. The reduction reaction to Se” was
shown to be not limited only to low pH values, as in the case of arsenate. A strong
reduction in cathodic activity was recorded independent of selenite concentration in the
range of 1-50 mM. A mixed layer containing MgSeOs hydrate and Mg-Se oxyhydroxide
film containing Se” and Se** was formed on the Mg surface, which led to a significant
reduction in the corrosion rate. Similar to arsenate, selenite poses some risks from a human
health perspective, and the concentration in use must be kept at low levels for industrial
uses [66—68].

31



Materials 2022, 15, 8489

11 of 51

Nitrates

Nitrates are commonly used as corrosion inhibitors for steel. A few reports also
showed their significant positive effect on magnesium alloys [10,28-30,69]. A universal
high inhibition effect of KNCs has been observed by Lamaka et al. [10]. In spite of several
auspicious results, the inhibition mechanism is quite untouched. Additionally, as with
the RE-based inhibitors, cations in the form of salts of nitrates are frequently studied as
corrosion inhibitors, overlooking the effect of nitrate anion itself. It has been suggested that
the inhibition mechanism of NO;~ is not related to the competitive adscrption between
NO;~ and CI™ [29]. Rather, the inhibiting effect of NO3; ™ and its reduced form NO; ™~
might be related to the interference in Fe* /Fe®* /Fe oxidation-reduction-redeposition
cycle as one of the main cathodic impurities in most Mg alloys [10].

There are still many untouched inorganic systems to be explored as corrosion inhibitors
for magnesium and its alloys. Many of them are potentially expected to provide corrosion
inhibition effect based on their performance either as corrosion inhibitors for aluminum
and its alloys, or as precursors for effective conversion coatings, or as alloying elements in
Mg with a low corrosion rate.

For instance, the corrosion inhibition mechanism of scme alloying elements, such as
germanium, indium, and arsenic, is partially attributable to the re-deposition of zero-valent
forms of the same elements following their dissolution in the corrosive medium during
corrosion. The same mechanism has also been proposed for salts of the same elements that
act as corrosion inhibitors in solution. However, there are still scanty (if any) reports on the
effect of salts of indium and germanium as corrosion inhibitors.

3. Organic Inhibitors

Numerous environmentally benign organic inhibitors have been tested in search of
chromate-free inhibitors. Many organic substances with a relatively high ability to reduce
the corrosion rate of magnesium alloys have already been reported, while their inhibition
efficiency has rarely been compared with that of chromate. The reported effective organic
substances range from very simple organic molecules such as salts of formic acid, the
simplest carboxylic acid, to very complex molecules such as tannic acid or high-molecular-
weight surfactants.

What makes the understanding of the inhibition mechanism of organic substances
difficult is that even small variations in the molecular structure and composition of either
inhibitor or substrate can significantly change the mechanism of inhibition. The inhibition
mechanisms prompted by organic substances are mostly based on forming a complex
with either magnesium ions already dissolved into the corrosive solution or atoms located
on the magnesium alloy surface. Complex formation occurs by donating one or more
electron pairs by organic ligands to a magnesium atom. The atoms in an organic melecule
with the ability to donate electron pairs are O, N, S. When the complexation occurs on the
surface of magnesium, it results in an adsorptive layer, isolating the magnesium surface
from the corrosive medium. On the other hand, when the complexing occurs in the
solution with magnesium ions, it must form an inscluble compound that precipitates on the
magnesium surface to function as an effective precipitation inhibitor. In the following, the
most important and effective groups of organic inhibitors are studied, and current progress
in the understanding of their inhibition mechanisms is reviewed.

3.1. Adsorption and Precipitation Inhibitors

The inhibition mechanism of several effective corrosion inhibitors for Mg alloys has
been ascribed to their ability to be adsorbed on the Mg surface. The adsorption of molecules
on the surface can be viewed as forming a barrier layer, preventing corrosive species from
reaching the Mg surface. This adsorption mechanism is usually postulated from the
inhibitor molecule chemistry, which has electron donor atoms, which can interact with Mg
atoms on the surface. However, the direct evidence of such adsorption has been barely
reported for Mg alloys. The cther effect of such adsorption is changing the morphology of
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Mg(OH); as the main corrosion product of Mg corrosion. For instance, the adsorption of
organic molecules such as BTA has been claimed to serve as a nucleating agent on the Mg
surface, stimulating the precipitation of denser crystalline Mg(OH), film [70].

Triazole and its derivatives, such as 3-amino-, 4-amino-, 3-mercapte-, and 3-hydroxy-,
have also been tested as corrosion inhibitors for Mg alloys [10,71-76]. Benzotriazole
also exists in commercial inhibiting compounds such as Ardrox 3961 [77]. Reported
results are controversial, ranging from high corrosion inhibition to dramatically accelerated
degradation of Mg alloy. Similarly, it has been shown that the effect of benzotriazole
(BTA) and its 5-chlore- derivative differs depending on experimental conditions and tested
alloy [10,70,71,75,78-80]. Considering the high condition dependency of BTA and its
harmfulness to aquatic life, it is not likely to find any industrial application.

Schiff base (SB} compounds are a group of organic substances with at least one
double bond between carbon and nitrogen atom -C=N-R (imine; R is either Alkyl or Aryl
group). The imine group offers a strong bond with the metallic ions. SBs with polar
substituents at suitable molecular positions can form chelates with metal ions, which boosts
their bonding strength. The effective inhibitive properties of many Schiff base compounds
have been frequently reported for corrosion protection of aluminum [81-83], steel [84-86],
and copper [87,88]. Their inhibition effect is mainly attributed to their adsorption on
the metallic surface to form a protective film that isolates the metals from the aggressive
environment. The same mechanism of corrosion inhibition is also claimed for Mg and its
alloys, although direct evidence for such adsorption has been barely reported. The relatively
simple route for synthesizing a countless number of SBs via condensation reactions of
aromatic or aliphatic amine and carbonyl compounds [89] renders them a highly potential
territory for looking for an effective corrosion inhibitor for Mg alloys. SBs are widely
used in bio-applications such as antimicrobial, anti-inflammatory, antiviral, and anticancer
agents, which implies their low environmental toxicity [89]. Nevertheless, there are only a
few reports of 5Bs for magnesium; many of them have been tested in acidic conditions or
in ethylene glycol aqueous solutions, which are not common conditions for the industrial
application of magnesium [90-92].

Recently, Ma et al. [93] synthesized three different SBs molecules via a condensation
reaction of paeonel with amino acids tyrosine (PCTyr), phenylalanine (PCPhe), and cysteine
(PCCys). All the SBs in the concentration range of 10~?~10~2 M could inhibit the corrosion
of a Mg-Zn-Y-Nd alloy in 0.9 wt.% NaCl solution, among which PCCys (see the molecular
structure in Figure 6a) at a concentration of 102 yield the highest inhibition efficiency of
92%. A strong reducticn in the anodic activity of the Mg alloys was observed for all the
SBs (Figure 6b), reflecting their anodic-type inhibition. The morphology of the corrosion
products has been changed in the presence of the SBs in the electrolyte, Figure 6¢—f, which
was postulated as the precipitation of insoluble complexes between Mg?" and the SBs. The
possibility of a precipitation mechanism has also been postulated in other works; however,
direct evidence of this was not provided.

In addition to the adsorption of inhibitors, they can form insoluble complexes with
magnesium ions that precipitate and block the magnesium surface. Of course, their ten-
dency to form a bond with magnesium atoms can still occur on the surface of magnesium;
however, experimental results show that a precipitation mechanism is more likely to happen
than direct adsorption of this group of organic substances on the magnesium substrate.

8-Hydroxyquinoline (8HQ) is a strong complexing agent that has the ability to chelate
with Mg?* and form an insoluble complex, which is highly stable in the pH range of 9.4
to 12.7 [94]. It is actually used in classical analytical analysis as a low-selectivity group
reagent due to its ability to form insoluble chelates with a number of cations. At pH > 8§,
apart from Mg2+, the following cations precipitate with 8HQ: CaZt, A%, Be?*, Cr¥*, Co?*,
Ni%t, Zn?*, Cd?*, Cu?*, and Ag™. Several reports of strong corrosion inhibition by 8HQ on
different magnesium alloys confirm that 8HQ is a plausible candidate for commercial use
on Mg parts [25,95-98]. On the other hand, some reports [10,80,99,100] suggest that 8HQ
and its derivatives have a minimal or negligible inhibition effect on magnesium alloys,
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notwithstanding critical factors related to testing conditions, such as the substrate elemental
composition and microstructure, the composition and concentration of testing electrolyte,
concentration of inhibitors, initial solution pH, the ratio between electrolyte volume and
exposed magnesium surface area, and eventually the testing time. Generally, the corrosion
inhibition effect of 8HQ is attributed to the formation of an insoluble complex with Mg?*
ions (8HQ(Mg)), which precipitates and blocks the surface of magnesium substrate [25,95].
Although the flower-like morphology of SHQ(Mg} complex (Figure 7a) may provide some
degree of hydrophobicity [101], a continuous blocking layer seems to be achieved with
delay. This is evident in the slow increase in Mg AZ21 impedance exposed to a 8HQ-
containing corrosive NaCl electrolyte (compare Figure 7b,c) as well as rather dispersed
SHQ(Mg) flakes present on the already formed corrosion product layer after 1 day of
immersion (Figure 7d).
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Figure 6. (a) Chemical structure of PCCys Schiff-based molecule. {b) Potentiodynamic polarization
curves for Mg-Zn-Y-Nd alloy in 0.9 wt.% NaCl solution with and without different concentration
of PCCys. (¢—f) Corrosion morphologies of Mg-Zn-Y-Nd alloy after 7 days immersion in 0.9 wt.%
NaCl solution: (¢,d} without PCCys, {e,f) with 102M PCCys. Numbers and arrows in (d,f) indicate
the areas of EDS analysis carried out in the corresponding paper Adapted from [93] with permission
from Elsevier.

A layer of 8HQ(Mg) precipitating on a Mg substrate is believed to provide self-
healing properties [96]. The corrosion of a Mg substrate at a defect leads to a locally high
concentration of Mg2+ and OH™. The latter causes the partial dissolution of SHQ(Mg)
flakes, which re-precipitates in the local enriched Mg?* region on the coating defect (see
Figure 8 for the schematic mechanism of self-healing by 8HQ(Mg)).

Although the effectiveness of 8HQ as a corrosion inhibitor for Mg has resulted in
numerous previous and recent related research activities [103-105], the risk of mutagenicity
and chemical instability in light hinders the wide use of 8HQ in commercial applications.
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Figure 7. (a) Surface morphology of bare AZ21 exposed to 3.5 wt.% NaCl electrolyte containing 8HQ.
(b,c) Bode plots of the EIS spectra obtained for the AZ21 Mg during 4 days of immersion in NaCl
3.5 wt.% solution with and without 8HQ, respectively. (d) Cross section view of (a) along with the
elemental mappings of the marked area. Adapted from [102] with permission from Elsevier.

3.2. Surfactants

Surfactant (the short form of surface active agent) is a general term used for a group of
organic molecules that are conventionally described as a single hydrocarbon tail connected
to an ionic or polar head group [106]. Many surfactants are already used in various
industries to control the corrosion rate of steel and Al engineering parts [2]. Similar to
other organic inhibitors, surfactants interact with magnesium atoms, mostly by forming
bonds through their electron donor atoms, N, O, and S. For surfactants, electron donation
occurs mostly on the metal surface, resulting in their predominant adsorptive characteristic.
Therefore, surfactants are able to cover the metal surface and act as a barrier to corrosive
media. The barrier effect is intensified when the complex of surfactants with Mg cation is
highly insoluble and precipitates along with surfactant adsorption. Moreover, a surfactant
molecule consists of one (or more) long organic chain (also called a “tail”) that brings two
main enhancements to the inhibitive characteristics of this group of chemicals:

1. Due to the hydrophobic properties of the tail of surfactants in aqueous environments,
they can effectively keep corrosive media from coming into contact with the magne-
sium surface.

2. Due to the bulky tail of surfactants, they are highly effective at covering surfaces, even
in small concentrations.

It has been shown that as the length of the surfactant chain increases (wWhen other
factors are equal), higher inhibition efficiency is achieved [107,108], mainly due to the fact
that the abovementioned inhibitive characteristics become more effective [109]. However,
the inhibition efficiency reduces when the chain length exceeds a certain value [110,111].
Steric hindrance prevents the bulky molecules from staying close to each other and covering
the entire surface. Moreover, the chain length affects the electronegativity of the head group
in the surfactant, which influences the adsorption ability of the surfactant molecule on the
surface. Furthermore, the long surfactant tail limits its solubility in aqueous media.
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Figure 8. Schematic illustration of inhibition mechanism of 8HQ(Mg) layer on a Mg substrate. Note:
Mg(HQ); in the figure and 8HQ(Mg) in the text refer to the same complex. Adapted from [96] with
permission from Elsevier.

Changes in the head of surfactants, which function as the adsorptive part of the
surfactant, can significantly change the inhibition efficiency. Various surfactants with the
molecular structure of carboxylic head linked to alkyl chains of different lengths have been
studied as corrosion inhibitors for Mg alloys [10,75,80,109,112-115]. They are environment-
friendly organics that are mostly derived from natural sources. For instance, lauric acid
(C12) and myristic acid (C14) are mainly found in human breast milk and coconut milk.
Stearic acid (C18) and palmitic acid (C16) are widely used in the production of soaps and
detergents. Most of the alkyl carboxylates were reported as mixed-type inhibitors with
a small shift in the corrosion potential to noble values. However, chemisorption of the
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surfactant’s head on regions that are characterized by cathodic behavior can effectively
improve the protective performance of inhibitors on magnesium alloys. Adsorption of
surfactants on phases with cathodic characteristics is particularly effective when low
d-orbital energy elements such as Zr and RE are present in the chemical composition
of the magnesium alloy [80,112]. Analogously, the preferential adsorption of sodium
dodecylsulfate (SDS) on the Mn-containing second phase AlgMnjs rather than on Mg7Al»
in AZ91 Mg alloy has been detected by [116], as shown in Figure 9. However, possible
preferential adsorption of SDS on Mg(OH);, which forms more on the Mn-containing
secondary phase with a higher galvanic potential difference to the Mg matrix [117,118],
should also be taken into consideration.

Figure 10 is a schematic representation of the surface film formation on ZE41 alloy
immersed in an aqueous solution containing alkyl carboxylates. The formed surface film
consists of a complex of alkyl carboxylate with magnesium ion, Mg(OH);, and chemisorbed
surfactant, dominantly on the second phases with higher cathodic characteristics with
respect to «-Mg phase [112]. Tt is believed that anodic inhibition of magnesium alloys is
achieved mainly through densification of the porous surface Mg(OH); film by physical
adsorption of Mg carboxylates [115] rather than the direct adsorption of alkyl carboxylate
anions on magnesium surface.

Sulfates and sulfonates are other functional groups as the head-group of surfactants. Sedium
lauryl sulfate [119], N-lauroyl-N-methyltaurine [119], sodium N-lauroylsarcosine [10,119],
sodium dodecylsulfate (SDS) [116,120-123], and sodium dodecylbenzenesulfonate
(SDBS) [10,25,80,95,119,124-128] have been studied as inhibitors for magnesium alloys,
among which SDS and SDBS have drawn more attention. In addition to oxygen and sulfur
atoms with lone-pair electrons, the benzene ring is also able to share its lone-pair electrons
with magnesium atoms on the surface. Due to its chemical composition and molecular
structure, SDBS is considered a good adsorptive organic chemical. Adsorption of SDBS
molecules on the surface is combined and reinforced by precipitation of SDBS-Mg complex
that further blocks corrosion active sites [119,128,129]. Chen et al. [128] proposed an inhibi-
tion mechanism model based on the competition between DBS™ and the aggressive C1~
ions to be adsorbed on the Mg surface. They suggested that the inhibition efficiency of the
SDBS increases with the concentration until it exceeds the concentration required to form a
bi-layer (hemi-micelle adsorption) of DBS™ molecules covering the Mg(OH); nano-sheets
on the Mg surface (Figure 11a-d). This trend was also confirmed by the inhibition efficiency
extracted from the dynamic polarization test (Figure 11e,f).

Recently, Li et al. [121,122] have claimed that the presence of SDS in a Na(l electrolyte
exposed to AZ91 and AM50 Mg alloy can facilitate the oxidation reaction of the Mg matrix
with the dissolved O3 in the electrolyte. As a result, a relatively thick passivating MgO layer
can form on the Mg matrix, significantly reducing the anodic activity of the substrate. This
claim was confirmed by the nine-fold increase in the corrosion rate in the same electrolyte
after deaeration by purging with N> gas. However, the chemical mechanism of such
enhancement in the MgO formation has remained unanswered.

In general, the high corrosion inhibition ability of surfactants at reasonable cost effec-
tiveness can be reflected in their common use in commercial inhibition products, which are
also effective for Mg alloys [77,130].
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Figure 9. Main elemental distribution (Mg, O, S, Mn, and Al) on Mg surface after immersion for 6 h
(a) and 48 h (b,c) in 3.5 wt.% NaCl solution with addition of 0.05M SDS. Adapted from [116] with
permission from Elsevier.
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Figure 10. The schematic representation for the surface adsorption of alkyl carboxylates over different
phases of ZE41. Adapted from [112] with permission from Elsevier.
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concentrations of SDBS reaching spherical and rod-like micelles, respectively. Adapted from [128]
with permission from Elsevier.
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3.3. Ionic Liquids

Ionic liquid (IL) is a type of salt with a low melting point below 100 °C [131],
which is mostly composed of organic cation-anion pairs [132,133]. High conductivity
(0.1-14 mS/cm), broad electrochemical stability windows, high thermal stability, and low
vapor pressure [134] are some of the unique physicochemical properties of ILs. In addition,
the organic nature of the cation-anion pair allows innumerable formulations of the ILs,
which can also be “designed” according to their desired properties. Several reports have
investigated the use of ILs to form a conversion coating on Mg alloys (PART I of the review).
However, only recent studies (mainly published after 2020) by a few scientific groups have
investigated the application of ILs as corrosion inhibitors for Mg alloys [135-142].

So far, only bis(trifluoromethanesulfonyl)imide (NTf,, also abbreviated as TFSA in the
literature) has been the most used anion for ILs as Mg corrosion inhibitors; while the effect
of different cations, including pyrazolium [135,136,138], imidazolium [137], and phospho-
nium [139-142] have been investigated. The role of NTf; anion in IL inhibitors plays an
important role in forming a protective layer on the Mg substrate. The decomposition of
NTf; into smaller fragments, including F~ ion, leads to the formation of a thin protective
MgF; film. The presence of MgS and MgSQy, as the result of the reaction of Mg ions with
fragmented NTf;, has also been concluded from XPS analysis [137,138]. Although the
decisive role of cations in [Ls can be clearly reflected in their different corrosion protection
performances, the mechanistic view of their inhibition roles is not clear and is usually
explained by the different degrees of adsorption of their fragments on the Mg surface.

The concentration of investigated ILs is usually below 1 mM, with an increasing inhibi-
tion efficiency with their concentration. A relatively high (~87%) inhibition efficiency (calcu-
lated based on a potentiodynamic test) has been reported for 1 mM
1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([DMIm][NTf5]) in rigor-
ous 3.5 wt.% NaCl solution on an AZ31 alloy [137].

In a recent work by Kurchavov et al. [143], the surface activity of a CP-Mg and
AZp1 alloy was investigated in two IL-water mixture solutions, in which the ILs were
composed of acetate (OAc™) anion and two different 1-methyl-pyrrolidiunium-based
cations, denoted as BMPyrr* (1-bytyl-) and mPEG,MPyrr* (1-methoxy-polyethylenglycol-).
Their difference is that the former contains an aliphatic chain, while the latter contains
an etheric chain of polyethylene glycol. Interestingly, although Mg alloys dissolved in
these electrolytes at relatively high anodic potential and current, the HER rate on both
magnesium substrates was significantly reduced at anodic polarization (up to +1 V vs. Euc)
only when mPEGnMPyrr* OAc-H; O (rather than BMPyrr* OAc-H,O) was employed. This
was explained by formation of low adherent acetate-containing passivating film.

The limited recent reports of the remarkable effects of ILs as “green” corrosion in-
hibitors for Mg alloys can be taken as a promising approach to finding an effective substitute
for chromate-based inhibitors. Nevertheless, it is at its nascent stage and deserves fur-
ther investigation.

3.4. Iron Binding Inhibitors

Most of the organic inhibitors described above target the anodic dissolution of mag-
nesium. Inhibition of cathodic activity is another possibility for suppressing corrosion.
The detrimental effect of iron impurities on the acceleration of magnesium corrosion via
cathodic activation has been known for decades [144] and keeps attracting the attention of
many scientific groups [145-147]. In a recent explanation of this phenomenon proposed
by Hoche et al. [147], the cathodic activity of the corroding front can be increased over
time (which means a higher galvanic corrosion rate) by re-deposition of iron ions that
originated from already detached iron-rich impurity particles from the surface and dis-
solved into the electrolyte. The negative difference effect (NDE), which is the acceleration
of cathodic hydrogen evolution reaction at anodic polarization, has also been explained by
such re-deposition of iron. Michailidou et al. [148] and Mercier et al. [149] supported this
mechanism by providing new experimental evidence. Based on this explanation, Lamaka
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et al. [150] showed that the prevention of ircn re-deposition by strong iron complexing
agents can effectively reduce the corrosion rate of commercially pure magnesium. More-
over, Vaghefinazari et al. [151] have clearly shown that the NDE can be suppressed by
the presence of the strong complexing agent EDTA on a CP-Mg. Following this concept,
numerous organic inhibitors have been found with inhibition efficiencies comparable to or
exceeding that of chromium (VI) [10].

In particular, derivatives of salicylic and pyridinedicarboxylic acids were found to
have the highest inhibiting efficiency for a number of commercially important alloys (AZ31,
AZ91, AMB0, WE43, ZE41, and Elektron 21) and three grades of pure magnesium.

Corrosion of most of the tested magnesium materials were strongly inhibited by
amino-, methyl-, thio-, nitro-, and dinitro-derivatives of salicyliate., The suppression of iron
re-deposition was accounted for the observed high inhibition effects. In contrast with the
aforementioned derivatives of salicylate, sodium salts of salicylic itself and sulfosalicylic
had weak or even adverse inhibition effects for on the tested alloys, which is due to the
formation of stable and soluble complexes with Mg?* (]ogKf\in = 5.1 for sulfosalicylic
acid) [152]. In this instance, the positive effect of iron complexa"cion is counteracted by the
accelerated dissolution of magnesium. Amino-, methyl-, nitro-, and dinitro-derivatives
of salicylic acid also form stable complexes with Fe®* (logK}i)3 . = 18.13 for 3-methyl-,
logKy' s, = 14.57 for 5-methyl-, logK3}, = 14.19 for 3-nitrosalicylic acid [152-154]). The
highest inhibiting effect of salicylic acid derivatives was found for highly corroding pure
Mg with active iron impurity particles and aluminum-containing alloys AZ31, AZ91, and
AMS50. The formation of stable and soluble complexes between Mg2+ and two derivatives
of benzoic acids, namely 4-hydroxybenzate and 3,4-dihydroxibenzate (I ogK?\j[gz + =9.84 for
3,4-dihydroxybenzoic acid), also resulted in a high dissolution rate of tested MgL materials, in
spite of their chelating effect with Fe** [153]. Salicylaldehyde demonstrated high inhibiting
efficiency for RE-containing alloys but should not be considered for industrial use due to
its toxicity to aquatic life [10,155,156].

Sodium salts of several derivatives of pyridinedicarboxylic acids, (2,6-, 2,5-, 2,3- and
3,4-PDCA) showed high inhibition efficiency (more than 70% on average) for all tested
magnesium materials. PDCAs are also able to form strong chelates with Fe?*/3* (e.g., for
2,6-PDCA ZagK;i a1 = 17.13 [157]); thus, their observed high corrosion inhibition effect was
partially attributed to the suppression of iron re-deposition. Sodium salts of derivatives of
pyridine with only one carboxylic acid group, namely picolinic and nicotinic acids, could
also weakly inhibit most of the test Mg materials.

Figure 12 provides an overview of the most efficient corrosion inhibitors as derived
from hydrogen evolution measurements in pH neutral 0.5 wt.% NaCl electrolyte with
or without corrosion inhibitor. A corrosion inhibitor that is found to be effective for RE-
containing Mg alloys is not always effective for Al-containing Mg alloys, though it is more
likely to be effective if it is applied within the same group of Mg alloys.

One of the valuable outcomes of the comprehensive screening of corrosion inhibitors
for different magnesium alloys by Lamaka et al. [10] was the discovery of chemical sub-
stances that are able to effectively inhibit six tested alloys and three grades of pure mag-
nesium, which can be considered “universal” inhibitors. Among them, PDCs, fumarate,
and derivatives of salicylates were further investigated in several reports at different ex-
perimental conditions and using different characterization methods to gain more insights
into their inhibition mechanisms [158-162]. Apart from their role in suppressing the iron
re-deposition of these inhibitors, it was found that the complex formation between 2,5PDC
and Mg?* precipitates as a coordination polymer, further protecting the Mg substrate.
The corrosion inhibition of 2,5PDC requires an initial dissolution of Mg substrate, which
was evident from the induction period in rate of Mg(OH), growth measured by in situ
Raman characterization of the Mg surface (Figure 13a,b). Salicylate is also able to stabilize
the Mg(OH); nano-crystals via a chemisorption mechanism. Similar to 2,5PDC, salicy-
late requires an initial dissolution of Mg in order for its inhibition to become activated.
Adsorption of fumarate on the metallic Mg or MgQO leads to an immediate inhibition effect.
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Figure 12. Inhibiting efficiency of top 15 corrosion inhibitors for pure Mg, RE, and Al containing Mg
alloys. Based on the data presented in Table 5 of reference [10].

Moreover, all of the abovementioned universal inhibitors affect the morphology of
Mg(OH); as the main corrosion product, resulting in a more compact and less porous
microstructure (Figure 13c}, which in turn hinders the penetration of corrosive species. A
recent work by Cui et al. also emphasizes the effect of crganic molecules on the nucleation
and growth of Mg(OH),, which can determine their corrosion inhibition efficiency [163].

3.5. In Silico Screening of Corrosion Inhibitors

Another valuable outcome of the comprehensive screening of 150 organic corrosion
inhibitors for different magnesium alloys by Lamaka et al. [10] is that it created a relatively
large database of inhibiting efficiency values, acquired under the same conditions. These co-
herent data allowed extension of the data-driven computational methods, such as machine
learning [164-167], to the field of magnesium corrosion inhibition [168-171]. The successful
predictions of several new corrosion inhibitors for Mg alloys via in silico methods have
already been reported in several recent papers [168,170]. There are technically a limitless
number of organic compounds potentially effective at inhibiting the corrosion of metals.
Experimental approaches are capable of evaluating only an insignificant percentage of
such infinite chemistry space. Thus, in silico methods have recently come into play to
expand the explored chemical space and predict the effective corrosion inhibitors for Mg
alloys [168-173].

Although time consuming (months scale) at the stage of methodological development
of robust and reliable models, data-driven computational methods can explore large chemi-
cal spaces much more quickly, thus saving resources and labor while not generating any
waste. In a recent paper by Wiirger et al. [168], the accuracy of the developed model was
tested by screening a commercial database containing 7094 organic compounds (provided
by Thermo Fisher Scientific). Experimental testing of such scale is unrealistic, as it would
require years of continuous experimenting, even employing high-throughput methods and
associated costs of millions of euros. This in silico screening resulted in the prediction of a
number of molecular structures, which were proven to be rather strong corrosion inhibitors.
1,2,4-benzenetricarboxylate and two nitro-phthalates were shown to possess inhibiting effi-
ciency above 70% through experimental testing. The similarity-based discovery workflow
is available online at www.exchem.de; accessed on 2 December 2020. Other examples of
predicted (and experimentally validated) inhibitors for a commercial purity magnesium
are sodium salts of 0.05 M of trimesic acid and n-Octyl-gallate with inhibition efficiencies
of more than 80% in 0.5 wt.% NaCl solution [170].
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Figure 13. (a) Fragments of in situ Raman spectra recorded on CP-Mg342 in 0.1 M NaCl in absence
and in presence of corrosion inhibitors; (b) growth kinetics of Mg(OH); recorded on CP-Mg342 in
0.1 M NaCl with or without the corrosion inhibitors; (c) SEM micrographs of CP-Mg342 surface after
30 min contact with flowing 0.1 M NaCl solution with and without 0.05 M inhibitors (a: without
inhibitors; b: sodium salicylate (Sal); ¢: 2,5-pyridin-dicarboxylate (PDCA); d: fumarate (Fum)).
Adapted from [158] with permission from Elsevier.

With the fast development of computational methods, software, and computational
power, computational algorithms are able to rapidly process the experimental databases to
train machine learning models. The lack of coherent and reliable experimental databases,
covering large chemical spaces, for data-hungry artificial intelligence approaches remains
a problem.

The most valuable datasets are those acquired under the same experimental conditions
so that the data in the set are directly comparable. This, however, limits the further extension
of such models to other magnesium alloys, inhibitor concentrations, etc. Additionally, the
quickly growing amount of corrosion inhibition efficiency values, acquired by a large
variety of methods, for different substrates (Al-, Zn-, Cu-alloys and steels along with Mg),
with different experimental conditions and testing times, calls for efficient ways to organize
them and possibly find the most efficient “universal” corrosion inhibitors with a broad
window of conditions where such inhibitors remain highly efficient. Galvdo et al. [174]
have established an online database of corrosion inhibitors, which are freely available
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for contributors datacor.shinyapps.io/cordata/; accessed on 8 May 2021. It enables a
better overview, centralized access, and simultaneous yet independent methods of data
processing, possibly yielding valuable general trends.

An overview of different organic and inorganic categories of corrosion inhibitors for
Mg and its alloys is presented in Figure 14. The following sections focus on the strategies
to boost the inhibition effect via mixing individual inhibitors from different categories and
incorporating individual and mixtures of inhibitors into various coating systems.
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Figure 14. General overview of different categories of corrosion inhibitors for Mg and its alloys with
their most effective examples.

4. Inhibitor Mixtures: Synergistic Inhibiting Effect

The combination of individual inhibitors in order to boost the overall inhibition perfor-
mance by a synergistic effect is a simple and promising approach. Synergy occurs when the
inhibitive property of the combination exceeds the sum of the individual components” per-
formance. The synergistic combinations of inhibitors cannot be predicted a priori because
the behavior of synergies is usually non-linear. In spite of requiring extensive testing and
combinatorial optimization [175], inhibitor mixtures are a promising research direction.

It should be noted that many already developed inhibitors are actually a combination
of two components, yielding a synergistic inhibition effect, however, the impact of one
component is usually overlooked. For instance, when nitrates of organic and inorganic
cations are studied, the effect of nitrate on the corrosion of Mg is usually neglected, and the
observed inhibition is fully attributed to the cation.

Synergic effect of two well-known inhibitors, SDBS and 8HQ, on AZ91D was inves-
tigated by Gao et al. [95]. Although the stand-alone 8HQ could achieve a 95% inhibition
efficiency (calculated by data extracted from EIS) after 72 h of immersion in ASTM D1384-87
corrosive solution, with the addition of SDBS, the highest inhibition efficiency of 98% could
be achieved after a shorter time of 48 h. Note that the presence of sodium bicarbonate in the
ASTM D1384-87 has been neglected in this work, in spite of its reported inhibition impact
(see Section 2.5).

44



Materials 2022, 15, 8489

24 of 51

Hu et al. [176] investigated the inhibition effect of organo-silicate aminopropyltri-
ethoxysilicate (ATPS-Na) accompanied by inorganic zinc nitrate on Mg-10Gd-3Y (GW103).
Although each of these inhibitors shows a weak inhibition effect, their combination boosts
the corrosion protection. The improvement is attributed to the remarkable reduction in the
size of the cracks in the formed film on the substrate. This is the result of the co-deposition
of zinc and magnesium organo-silicate. Figure 15 presents SEM micrographs of the surface
of GW103 alloy after immersion in a solution containing both inhibitors individually and in
combination. Nevertheless, the effect of NO3 ™ in zinc nitrate and bicarbonate in the blank
corrosive solution has been overlooked again.

Figure 15. SEM micrograph of the surface of GW103 alloy after 24 h of immersion in (a) blank
solution; (b) blank solution + 0.1 mM zinc nitrate; {¢) blank solution + 0.5 mM APTS-Na and
(d) blank solution + 0.5 mM APTS—Na + 0.1 mM zinc nitrate [176]. “Blank solution” is a cor-
rosion testing solution from ASTM D1384, which consists of corrosion test solution: 184 mg/L
NayS0; + 138 mg/L NaHCO; + 165 mg/L NaCl. Adapted from [176] with permission from Elsevier.

Alginic acid and its derivatives have been widely used as environmentally friendly corro-
sion inhibitors for some engineering metals such as steel [177-179] and aluminum [180-182].
Few works also have reported the limited effectiveness of sodium alginate (SA) additives
in corrosive inhibition of magnesium alloys [183]. The main issue of using SA as corrosion
inhibitor is its inherent massive molecule, which is likely to face steric hindrance when it
is adsorbed on the surface, preventing the formation of a compact film on magnesium al-
loy [184]. Li et al. [185] added sodium alginate to a 3.5 wt.% NaCl at concentrations between
0 and 0.05 M, while two other inhibitive substances, sodium tungstate, and sodium silicate,
were already present at fixed concentrations. The EIS results revealed that the presence of
SA could significantly improve the inhibition efficiency up to 94% for 0.03 M SA. At the
same time, excessive SA addition can almost completely negate this positive effect. They
suggested that at SA concentrations lower than 0.03 M, SA is adsorbed on the defects of the
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already formed passivation composite film of MgWO, and MgSiOs. However, at higher
concentrations, the preferential adsorption of SA on the surface hinders the deposition of
silicate and tungstate, causing deterioration of their corrosion inhibition characteristics.
These results emphasize the fact that achieving the highest synergistic inhibition effect from
individual inhibitors may depend on finding a sweet spot of mixture concentration; any
deviation from this composition may have an adverse effect.

In another recent work, Hou et al. [184] investigated the combined inhibitive effect of
SA at a fixed concentration of 0.05 wt.% and sodium phosphate at a concentration range of
0.05-0.2 wt.% on AZ31. Thermodynamic studies on the formation of insoluble Mgs(I?O4)s,
and SA-Mg complexes showed that SA-Mg complex is the dominant component of the
film covering the AZ31 surface under the initial stage of immersion. Then, deposition of
insoluble Mg»(PQy); modifies this film as the immersion time is extended, and corrosion
of Mg substrate results in the formation of a more protective complex film consisting of
Mg(OH),, SA-Mg complex and Mg3(PO4);. Sodium phosphate has also been coupled with
other organic inhibitors, including sodium dodecylsulfate (SDS) [186], sodium dodecyl-
benzene sulfonate (SDBS) [80], and 2-mercaptobenzothiazole (MBT) [187], with the aim of
achieving a synergistic inhibition effect. The synergistic effect of these combinations has
been attributed to the formation of an adsorption layer on the Mg;(POy)2 /Mg(OH}); film
and Mg substrate. The highest synergistic effect strongly depends on the sweet spot in the
ratio of two components to assure the sufficient precipitation of Mgs(PO4), and adsorption
of the organic component.

Recently, Qui et al. [45] investigated the synergistic corrosion inhibition of NaF and
DL-malate (DMA) on a Mg-Al-Mn magnesium alloy. The DL-malate molecules chemisorb
on Mg(OH)2 /MgO film through binding of the carboxylate groups with Mg sites, which
itself, to some degree, hinders the penetration of corrosive Cl~ ions towards the substrate.
On the other hand, precipitation of MgF» and NaMgFs as the result of the interaction of
Mg2+ ions with F~ ions is a well-known inhibition mechanism of fluoride-based inhibitors.
Indeed, the concurrency of these two inhibition mechanisms may boost Mg corrosion
mitigation. However, the synergistic corrosicn inhibition was rationalized based on an
additional factor, which is the modification of the morphology of NaMgF3 precipitates with
DMA molecules. Figure 161 shows the morphology of NaMgFs particles synthesized with
different ratios of NaF:MgCl,. Decreasing the F~:Mg?* ratio leads to the modification of
NaMgF3 particles from cubic to spherical form. The same variation in the morphology
of the precipitated particles on the Mg alloy was observed when the concentration of
DMA in the corrosion electrolyte increased (Figure 161l). Thus, it was postulated that DMA
could regulate the F~:Mg?* ratio by forming a complex with Mg?*, hindering them from
interacting with F~ ions. As a result of the precipitation of spherical NaMgF3 particles with
higher efficacy to cover the surface, a significantly enhanced passivation of the Mg surface
could be achieved (Figure 16I1I). The schematic illustration of the synergistic corrosion
inhibition mechanism of NaF and DMA can be seen in Figure 161V,
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Figure 16. (I) The morphology of NaMgF; particles synthesized at varied reactants (NaF: MgCly)
molar ratios of (a) 20:1, (b} 10:1, (¢) 2.5:1, and (d) the XRD patterns of the synthesized particles.
(II) Morphology of NaMgF; particles obtained from Mix solutions containing 0.05 M NaF and
different molar concentrations of DMA (a) 0.05 M, (b} 0.15 M, and (c} 0.01 M. (III) Potentiodynamic
polarization curves of the AM50 specimen immersed in the NaCl background solution (BGS) with and
without .05 M DMA, 0.05 M NaF, and Mix after 24 h of stabilization. (IV) Schematic illustration of
the synergistic corrosion inhibition mechanism of NaF and DMA hybrid inhibitor. Adapted from [45]
with permission from Elsevier.

5. Combining Inhibitors with Other Corrosion Protection Strategies

The application of corrosion inhibitors onto metallic surfaces can be accomplished
in a number of ways. If the metallic part is used in continuous contact with an aqueous
electrolyte, the simplest way to deliver the inhibiting substances to the corroding region
is to load the corrosive medium with the inhibitor. For example, in an engine cooling
system, the coolant contains inhibitors to protect the part from premature failure due to
corrosion. However, in most applications, the metallic parts are not fully submerged in a
liquid medium and experience only periodic contact with a corrosive electrolyte or thin
condensation electrolyte films. In such a case, the corrosion inhibitors can be incorporated
into the coatings applied onto the metallic substrate.

The addition of corrosion inhibitors to the coating system can impart active inhibition
properties and improve overall protective performance, provided that the coating’s barrier
properties are not adversely affected by the inhibitors. Furthermore, the interaction between
the inhibitors and the coating’s components may lead to a (partial) loss of the active capacity
of the inhibitor. One of the promising ways to incorporate inhibitors into coatings is to
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encapsulate the corrosion inhibitor in a container that is ideally fully compatible with the
inhibitor, coating matrix, and substrate. Several types of repository systems for inhibitor
substances have been described in the literature over the last decade [188]. Repository
systems can be classified by their composition (e.g., nano-containers with polyelectrolyte
shells, polymer shells, layered double hydroxides, mesoporous inorganic materials, etc.,
reviewed in [189]) or by the release mechanism (e.g., mechanical rupture, desorption, ion
exchange, pH, or AE -controlled release, etc., reviewed in [190]). The following section
reviews several technologies relevant to magnesium alloys, enabling loading protective
coatings with corrosion inhibitors.

Sol-gel is an effective and economical coating technique that is environmentally
friendly, can be applied onto complex shapes, and has a low process temperature [191].
Additionally, sol-gel-based systems provide good adhesion to metallic surfaces and top
coats, which are subsequently applied to the cured sol-gel [192]. Loading sol-gel matrix
with corrosion inhibitors has been reported as a highly effective strategy to enhance the
corrosion protection properties of the coated magnesium alloys.

Galio et al. [193] added S8HQ inhibitor into a sol-gel coating formulation deposited
on an AZ31 magnesium alloy at different stages of sol-gel synthesis: after and before
hydrolysis of the sol-gel precursors. Higher corrosion protection was observed when 8HQ
was incorporated after the hydrolysis. They postulated that the addition of the inhibitor in
the sol—gel formulation before the hydrolysis step can partly deactivate the 8HQ, while the
already formed silane-based network after hydrolysis is more inert to 8HQ molecules. The
improvement in the corrosion protection properties of the sol-gel coating was attributed to
the formation of a complex between the 8HQ and the Mg?" during the corrosion of the Mg
substrate. The insoluble SHQ(Mg) blocks the micropores and cracks of the sol-gel coating,
which results in enhanced barrier properties of the coating.

Toorani et al. [194] incorporated 5 ppm of four different organic inhibitors, namely 8HQ,
indole-3-carbaldehyde (13C), 2-mercaptobenzoxazole (MBO), and sodium diethyldithiocarba-
mate (DDTC), into a sol-gel with the mixture of y-amino propyltriethoxysilane (APS) and
y-glycidoxypropyltrimethoxysilane {y-GPS). The modified sol-gel mixture was applied
on a PEO-coated AZ31 substrate. All the inhibitors showed adverse or negligible effects
on the barrier properties of the sol-gel coating except for SHQ. The initial corrosion resis-
tance of the system modified by 8HQ (evaluated by low-frequency impedance values) was
comparable to the unmodified system. However, a sharp increase in the charge transfer
resistance value after 6 h of immersion indicated an active inhibition characteristic. Asa
result, the incorporation of 8HQ into the sol-gel coating significantly improved the overall
corrosion resistance of the system.

The modification of silane-based sol-gel coatings with cerium ions has been extensively
studied with the aim of improving the corrosion protection of different metallic substrates.
The barrier properties of a silane coating are improved by the addition of cerium in the sol
formulation owing to several proposed mechanisms. The incorporation of Ce** ions into
the silane network as a substitution for 5i atoms leads to a more packed and interconnected
silane network [195]. Moreover, the higher rate of sol bath acidification due to the presence
of Ce accelerates the hydrolysis process [196,197]. Furthermore, cerium ion remnants
inside the sol-gel micropores can form insoluble hydroxides and block the pathways for the
penetration of the corrosive medium towards the substrate. This improvement in the barrier
properties of the sol-gel coating may further intensify during the corrosion of Mg due to
the generation of more OH™ as a result of cathodic reaction on the Mg substrate [195,197].
In one of the early studies on the incorporation of Ce in sol—gel coatings, Montemor and
Ferreira [195] observed considerably weaker anodic and cathodic current densities using
SVET over an artificial defect made on a silane coating doped with cerium ions. The
active corrosion inhibition was claimed to be caused by the release of cerium ions and
their precipitations in the form of hydroxides on the bare Mg. It should be noted that the
incorporation of Ce™ ions into the sol-gel coating is often conducted using the nitrate salt
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of cerium. However, as previously mentioned, the inhibition effect of nitrate ion itself on
the corrosion of the Mg substrate [10] is often ignored.

One drawback of cerium-based corrosion inhibitors is their high solubility in neutral
aqueous environments, which may result in their high release rate and early leaching from
a coating [198]. The application of organic anions, such as phosphates, to bind to cerium
cations can control their solubility in the aqueous solution [199]. Recently, inspired by the
same approach, Calado et al. [200,201] synthesized a cerium Tri(bis{2-ethylhexyl)phosphate)
(Ce(DEHP)3) inhibitor. Then, an epoxy-silane coating modified by 325 ppm Ce(DEHP)s
was applied on AZ31 and WE43 magnesium alloys. The barrier properties of the coating
on AZ31 alloy were significantly improved, resulting in three orders of magnitude higher
impedance value (modulus of impedance at 0.01 Hz) after 600 days of immersion in 0.05 M
NaCl compared to the non-modified coating after just 70 days of immersion, Figure 171
The local pH increase due to the cathodic reactions on the magnesium substrate leads to
the hydrolysis of Ce(DEHP)5, resulting in the release of Ce®* cations and organophosphate
anions. The Ce®" precipitates on the catholically active area as cerium hydroxides. On the
other hand, the organophosphates can form a hydrophobic layer at the anodic area or make
stable complexes with Mg?*. The combined effect of released Ce®* and organophosphate
ions leads to “self-healing” properties, as observed on an artificially defected area on
the coated Mg substrate via SVET and SIET measurements (Figure 171I). The schematic
mechanism of corrosion inhibition and self-healing is illustrated in Figure 17111.

Incorporated cerium does not always show good compatibility with the sol-gel ma-
trix [197,202,203]. For instance, the incorporation of cerium nitrate into a sol-gel network
at a concentration higher than 0.6 wt.% resulted in the formation of network defects in
the sol-gel matrix. The formed micro-holes retained water, facilitating the penetration of
corrosive substances through the sol—gel coating [204]. The formation of structural defects
in the sol-gel matrix by increasing the concentration of doped Ce** has also been observed
elsewhere [205].

The inefficacy of the barrier properties of sol-gel coatings due to the incompatibility of
the sol—gel matrix with the incorporated inhibitors can be overcome by loading nano/micro
containers with good compatibility with the sol-gel coating, and then incorporating them
into the coating [206-212]. Thus, the detrimental interaction of the inhibitors with the
sol-gel is minimized. For instance, in a recent work, Adsul et al. [206] loaded the Cet /Zet
ions into halloysite nanotubes, which were capped with polymeric microcapsules. Then, the
loaded nanotubes were dispersed into a silica sol-gel and deposited on AZ91 magnesium
alloy. A significant increase in the sol-gel coating resistance over 24 h of immersion in
3.5 wt.% NaCl was reported.

It is of essential importance that the terms “active protection” and “self-healing” be
properly used when the effect of an inhibiter incorporated into a coating system is under
investigation. Initial stronger barrier properties of a coating with incorporated inhibitors
do not necessarily mean that it is able to be actively involved in the suppression of the
corrosion process on the substrate. Attempts to incorporate several amino acid inhibitors
into different sol-gel coatings have resulted in significant improvement in the barrier
properties of the coating on Mg alloys [202,213-215], yet the active inhibition effect of the
incorporated inhibitors is not evidenced. Note that the “intrinsic self-healing” ability of sol-
gel coatings, which does not require the addition of corrosion inhibiting agents, is another
well-known approach to achieving “self-healing” properties in sol-gel coatings [216]. In
this case, the “healing” properties involve reversible chemical reactions in the sol-gel
network that lead to the closure or sealing of damage in the coating.
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Figure 17. (I) Evolution of low-frequency impedance modulus (0.01 Hz, obtained through EIS) for ref-
erence and Ce(DEHP)3-modified coatings during immersion in 0.05M NaCl. (II) Optical micrographs,
and SVET (b—d) and SIET (f-h) maps obtained for different immersion times of the Ce(DEHP);-
modified coating in 0.05M NaCl. Optical micrographs correspond to the beginning of immersion for
SVET (a) and SIET (e) measurements. (III) Schematic mechanism of action of Ce(DEHP); corrosion
inhibitor added to the hybrid epoxy-silane coating for protection of magnesium alloy substrate. R
represents the hydrocarbon chain. Adapted from [200] with permission from Elsevier.

LDH

The application of Layered Double Hydroxides (LDH) in corrosion protection systems
has been one of the most active topics under scrutiny due to their unique anion-exchange
properties (see PART I of the review [8]). LDHs are generally composed of stacking of
positively charged mixed metals M'/M"T-M™ hydroxide layers, balanced by the presence
of anions [217]. Organic and inorganic inhibitors in their anion form can be intercalated
within the LDH inter-galleries and can be released into the corrosive medium in exchange
for the corrosive CI~ ions. Therefore, there is a higher control on the inhibitor release
rate, which results in long-term active corrosion protection rather than fast leaching of
the inhibitor. Furthermore, the trapping of the corrosive C1~ ions mitigates the severity
of corrosion at local conditions. It is of importance to identify whether the inhibitors are
successfully intercalated into the LDH inter-galleries to benefit from the controlled release
functionality or physically trapped within its porous morphology. This can be checked
by observing a shift in the diffraction angle of characteristic peaks (003 and 006) [218], as
a result of the change in the LDH layer’s distance, accommodating anions with different
ionic sizes.

LDHs in a powder/slurry form can be incorporated into a coating system to act as
nano-containers for desired inhibitors; or they can be grown directly on the metal surface
as a conversion coating (see PART I of this review [8]). Inhibitors can be intercalated
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into LDH inter-galleries during the formation process or post-treatment via an anion-
exchange process.

Different inorganic inhibitors such as molybdate [62,219], vanadate [219-222], phos-
phate [219], and nitrate [220] have been successfully intercalated into LDH conversion
coatings on Mg alloys. The corrosion inhibition of CO32~ on Mg alloys has been reviewed
in Section 2.5, can also be intercalated into LDH structure. However, the higher stability of
intercalated CO3?~ compared to Cl~ ions [223,224] leads to an inefficient release of CO32~
during the immersion in Cl™-containing electrolyte. Ce™ ion can be inserted into the LDH
structure as a trivalent cation, rather than being intercalated. In such a case, self-healing
properties have been postulated when the LDH coating is degraded, and Ce ions precipitate
as cerium hydroxide [221,225].

Phytic acid, aspartic acid (ASP) [226,227], lauric acid (LA) [226], 8HQ [228,229], sodium
dodecyl benzene sulfonate (SDBS) [230], sodium alginate [230], and 2-mercaptobenzothiazole
{MBT) [230] are examples of organic inhibitors that are successfully intercalated in LDH
conversion coating on Mg alloys. Deprotonation of mentioned organic molecules, which
is usually carried out with NaOH solution, is required to obtain their anion form, so that
they can be intercalated within the LDH layers [217]. The increased dgg3-spacing between
the LDH layers by hosting large anions of organic inhibitors facilitates the anion exchange
process with aggressive Cl™ [226].

Numerous remarkable enhancements in the anti-corrosion performance of LDH coat-
ings on Mg alloys by hosting inhibitors have been reported during the recent decades. The
enhancement of the corrosion resistance is frequently attributed to the sole active inhibition
by the inhibitors. However, it should be taken into account that the intercalation of in-
hibitors into the LDH structure, either via a post anion exchange method or directly during
the LDH formation, can affect the LDH morphology, thickness, and porosity, which in turn
influence the corrosion protection properties of the LDH layer. For instance, Figure 18
illustrates how the intercalation of sodium dodecyl sulfate (SDS), NO3; ~, and MoQy2~ yield
different morphologies of MgAl-LDH flakes on Mg alloy.

Moreover, the adsorption of surfactants on LDH flakes during the intercalation step
endows the specimen surface with a high hydrophobicity, which in turn, enhances the
overall corrosion protection performance [232,233] and does not necessarily yield active
corrosion properties. Furthermore, the hosted inhibitors may react or form a complex
with the LDH precursors during the intercalation process. For example, Anjum et al. [228]
intercalated 8HQ inhibitor molecules into a Mg-Al-LDH during the hydrothermal growth
of LDH on a AZ31 alloy. The shift of the diffraction peak of (003) plane at the lower
260 angles indicates the intercalation of anions of 8HQ molecules into the LDH structure,
Figure 19. However, the relatively strong peak at 20 of 6.8° reveals a considerable amount
of SHQ(Mg) complex precipitation [102], which can already fill the pores of LDH and
improves its corrosion resistance.

Although the application of LDH in the corrosion field is labeled with “active” and
“self-healing”, such functionalities have rarely been evaluated, and presuming an effective
inhibition of the intercalated inhibitors is commonly postulated as a necessary “active” cor-
rosion inhibition. Nevertheless, the anion-exchange rate between the intercalated inhibitor
and Cl~ ion determines the local concentration of anions, and thus the inhibition efficiency
of the inhibitor.

PEO

Plasma electrolytic oxidation (PEQ) coatings can be used as containers for inhibitors
owing to their porous structure that provides a potentially high-capacity reservoir for
corrosion inhibitors. Incorporation of inhibitors into the PEO pores is usually carried out
after the coating process. This is due to the fact that process parameters such as high local
heat generation and high-energy arc discharge formation are likely to alter the molecular
structure or oxidize the inhibitor, especially in the case of organic inhibitors.

In situ addition of organic/inorganic substances into the PEO bath has been carried
out in many scientific works, but their impact on corrosion behavior can be primarily due
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to their influence on PEO coatings morphology rather than their inhibitive characteristics
themselves [234-238]. For instance, the addition of 2 g/L of 8HQ in a PEO bath, containing
NaOH and NaySQOy, results in better uniformity of pores, with a lower number of pores
per area in the PEO coating on AZ91 (Figure 20a,b). Some leaf-like particles also appears
(indicated with arrows in Figure 20b) with the addition of 8HQ. However, a further increase
in 8HQ concentration results in more heterogeneous morphology, with some regions
porous and others compact (Figure 20c,d) [234]. A comprehensive review of the effects of
organic/inorganic additives to the PEO electrolytes for Mg alloys has been provided in
PART II of this review [9]. One of the very first attempts to incorporate inhibitors into a
PEO layer during the coating formation on a magnesium alloy in a PEO bath was carried
out by Blawert et al. [239]. They reported that the addition of chromate to the PEO bath,
apart from its undesirable environmental issues, does not exhibit any improvement in the
corrosion resistance of the substrate.

/
=

LDHs namosheets

Figure 18. SEM surface micrographs of (a,b) MgAl-NO; -LDHs, (¢,d) MgAl-MoO,? -LDHs, and
(e,f) MgAI-SDS-LDHs. Adapted from [231] with permission from Elsevier.
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Figure 19. XRD patterns of AZ31 with Mg-Al-CO32  and Mg-Al-8HQyg (x = 0.25, 0.5 and 1) LDH
coatings. Adapted from [228] with permission from Elsevier.
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Figure 20. Surface morphologies of anodic films formed in the solutions of 10 g/L NaOH and 18 g/L
NaySiQj3 (a) without 8-HQ, with addition of (b) 2 g/L 8-HQ, () 5 g/L 8-HQ and (d) 8 g/L 8-HQ
under current density 40 mA/ cm?, frequency 2000 Hz, duty cycle 20% and anodizing time 3 min.
Adapted from [234] with permission from Elsevier.
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Incorporation of the inhibitors into the formed PEO layer has two main positive
contributions to the corrosion protection properties of the coated substrate: 1—corrosion
inhibition functionality on the Mg substrate when the PEO coating is damaged or corroded.
2—Blocking the pores of the PEO coating triggered by the substrate corrosion to provide a
more compact barrier between Mg substrate and corrosive medium via either adsorption
of the organic molecules themselves or via the formation of secondary compounds such
as insoluble hydroxides or metal complexes. A schematic illustration of the corrosion
protection mechanisms provided by PEO coating with incorporated inhibitors is shown
in Figure 21.

Secondary compounds

Self-healing
Corrosion

Figure 21. Schematic illustration of the corrosion protection mechanisms provided by PEO coating
with inhibitors.

Sealing of the PEC pores after the inhibitor loading is essential to prevent the wasteful
release of the inhibitors into the corrosive medium. Sealing of the pores can be achieved via
different surface post-treatments that are described in detail in PART II of this review [9].
Some chemicals known for their inhibition effect on Mg alloys, such as rare earth element
salts [240-249], phosphates [242,250], stannate [240], and surfactants [240], can be used
primarily for the sealing post-treatment. In such a case, their inhibition effect on the Mg
substrate also contributes to a reduction in the corrosion rate and provides active inhibition.

One of the very first attempts to incorporate inhibitors in PEO coating on Mg alloy,
followed by sealing of the PEO pores with an organic top layer, was made by Lamaka et al.
in 2009 [100]. Cerium nitrate and 8HQ were incorporated in the porous PEC layer by simple
post-immersion in inhibitor-containing solutions, then dried and sealed with a thin sol-gel
coating (3—4 um) synthesized frem (3glycidoxypropyl)-trimethoxysilane and titanium(IV)
iso-propoxide. Figure 22 illustrates the composite corrosion protection coating based on a
PEO coating, loaded with corrosion inhibitors, and sealed with a thin sol—gel layer. Results
showed that the incorporated cerium nitrate has good compatibility with the silane-based
sol-gel coating that improves its barrier effect, which was reflected in the resistance of the
sol-gel layer measured via EIS. Stable and insoluble cerium hydroxides are formed due to
the consumption of OH™ produced by the cathodic reactions on magnesium. These cerium
hydroxides can further improve the barrier properties of the coating complex by sealing the
pores of the PEO layer. Moreover, an active corrosion inhibition was observed via SVET on
an artificial defect on the coating loaded with cerium. On the other hand, incompatibility
of 8HQ with a silane-based sol-gel as the sealing topcoat caused its impairment. Since this
pioneering study, the incorporation of 8H(Q) and Ce-based chemicals into the PEO coating
on magnesium alloys with different approaches has been frequently investigated [251-254].
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Figure 22. (a) Schematic representation of the composite protective coating comprising the highly
porous anodized or PEQO layer enriched with corrosion inhibitors and sealed with the organic coating;
{b) Nyquist plots of corresponding ZK30 Mg alloy samples enriched with Ce?* or 8HQ after 2 weeks
in 0.05 M NaCl solution. Adapted from [100] with permission from Elsevier.

For instance, Gnedenkov et al. [252] loaded 8HQ into a PEO coating on MAS alloy via
simple immersion in a saturated 8HQ bath. Local current density was measured via SVET
over an artificial defect in the PEO coating immersed in 0.05 M NaCl. Loaded 8HQ can be
activated by pH increase on cathodic sites due to its higher solubility at elevated pH, and
then precipitated again in the form of 8HQ(Mg) complex on anodic sites. As a result, the
measured anodic local current density on the defected zone was considerably reduced. The
increase in the concentration of the 8HQ solution and the duration of the incorporation
period enhances the overall corrosion resistance of the system [255]. However, 8HQ is
known to form insoluble complexes with Mg?*, which can be supplied not only from the Mg
substrate, but also from the dissolution of the Mg-containing phases in a PEO coating [102].
As a result, the incorporation step can lead to the sealing of the PEO pores, which improves
the barrier properties of the PEO even before 8HQ comes to play as an inhibitor.

A similar concept of multilayer coating was applied on ZE41 magnesium alloy, loaded
with 1,2,4-triazole inhibitor and covered by a sol-gel layer [76]. The self-healing properties
of this multilayer coating were evaluated using SVET, measuring the local current density
over two artificial defects on the coating (with diameter of 200 um each), Figure 23. An
intensive corrosion attack was observed at the beginning of immersion in 0.05 M NaCl
solution for the sample loaded with the inhibitor. However, after 30 min, the measured
current density reduced to a negligible value, showing active corrosion protection of the
coating. No corrosion activity was observed for the next 10 h of immersion. However, after
16 h of immersion, filiform corrosion was observed next to the artificial defects, which was
gradually suppressed within the next 6 h [76], indicating active corrosion inhibition. On the
other hand, when the coating was not loaded by the inhibitor, considerable ionic currents
were firstly detected after 3 h of immersion in the NaCl solution. Then, the detected currents
were gradually intensified during the immersion measured.
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Figure 23. Microphotograph of scanned area and distribution of ionic currents {measured by SVET)
for the ZE41 magnesium alloy coated with composite film after different immersion time in 0.05

M NaCl solution (a) without loaded 1,2,4 triazole and (b) with loaded 1,2,4 triazole. Adapted and
reprinted from [76].

Liu et al. [256] compared the self-healing properties of a PEO coating on AM60 alloy
loaded with Ce(NOj3)s, NazPO,, and NaVO;3 by observing the surface of an artificial scratch
made on the coating during the immersion in 3.5 wt.% NaCl solution, Figure 24. The
scratched area of the specimen without any loaded inhibitor was severely corroded after
24 h immersion. The release of Ce(NO3)3 was able to mitigate the corrosion on the scratched
area, resulting in a reduced amount of observed corrosion products. Both specimens with
loaded NaVOj3 and NazPO4 could significantly suppress the corrosion, although localized
corrosion sites could be observed at high magnification for the NaVOz-loaded specimen,
as shown in Figure 24d—g. The considerably higher impedance of the scratched specimen
loaded with Na3z POy also confirm its superior self-healing properties (Figure 24h).

The capillary effect can help the inhibitor solution to enter the micro/nano-size pores
in PEO coatings. However, since the pores are semi-closed, the air trapped inside them
often hinders the solution uptake [257,258]. Therefore, the effective way to load the pores
with more inhibitor solution is to force out the air from the pores by applying low pres-
sure during the loading [256]. Prolonging immersion time and increasing the number
of successive immersions can increase the amount of inhibitor loaded inside the pores.
However, excessive exposure of PEO film to the aqueous solution has been reported to
have an adverse effect on the corrosion protection of the PEO coating [159,256,259,260].

The quantification of incorporated inhibitors in the PEO pores and their release rate in a
corrosive medium is a determining factor for evaluating the ability and time of self-healing
functionality. As an example, Liu et al. [256] incorporated NazPOy in a PEO coating through
immersion in 0.5 M Na3PO, for 10 min in a low-pressure vacuum condition. The PEO
pores were then sealed with top paint. The concentration of the released phosphate from a
scratched specimen exposed to 3.5 wt.% NaCl solution was quantified according to national
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standard of GB/T 9727-2007 (for details, see [256]). They reported that the concentration of
released phosphate reaches a stable value after 7 days, meaning the phosphate is almost
fully released within 7 days. Similar investigations on the release rate of the inhibitors from
any type of coatings, which is a piece of valuable information to evaluate the self-healing
ability of the coating, are unfortunately scanty in the literature [208,261,262].
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Figure 24. (a) SEM micrographs of the scratched areas of a PEO coating on AM60 alloy sealed with
a water-based paint; (b) after immersion in 3.5 wt.% NaCl for 24 h (¢) with Ce(NOs)3, (d,f) with
NazPOy, (e,g) with NaVOs. (h) EIS spectra of the scratched composite coatings after immersion in
3.5 wt.% NaCl for 24 h. Adapted from [256] with permission from ECS.

The concentration of incorporated organic inhibitors on the PEO layer can be enhanced
using a secondary substance loaded into the PEO and facilitate the adsorption of the
organic substances. In a recent work by Al Zoubi et al. [263], TiO, nano particles were
incorporated into a PEO layer on a Mg alloy during the PEO formation process. Diethyl-
5-hydroxyisophthalate (DEIP) was loaded into a PEO inorganic coating by immersion in
1 M ethanolic solution of DEIP. The presence of TiO, particles resulted in a significantly
higher amount of DEIP-contained layer on the PEO layer. As a result, the corrosion rate of
the coated Mg was considerably improved, although the active corrosion inhibition was
not discussed.

In a recent work by Wierzbicka et al. [264], a PEO coating was formed on an AZ31 alloy
in a solution containing silicate Na;S5iO3z, NazgPOy, and KF. Sodium salt of 4-Metylsalicylate
(4MSA) was incorporated into the PEO pores via immersion in low-pressure condition.
SVET maps over the sample surface (shown in Figure 25) revealed a rather unique corrosion
suppression behavior. Filiform corrosion appeared on the samples with and without the
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inhibitor after approximately 60 h of immersion in 0.05 M NaCl solution, which was also
reflected in the local cathodic and anodic activity in their SVET maps. The filiform corrosion
on the sample with inhibitor was temporary and largely suppressed over time. Further
immersion time revealed similar activation/suppression behavior at another location,
demonstrating the endowed active corrosion protection with the incorporated 4MSA
inhibitor. In contrast, the inhibitor-free sample exhibited a much higher local anodic
current. Interestingly, in comparison to a commercial chromate conversion coating (CCC),
the 4MSA-loaded PEO exhibited a lower corrosion activity within 96 h of immersion.
Another isomer of the same inhibitor (3-Methylsalicylate) has also shown a strong active
inhibition characteristic when it is loaded into a PEO coating on CP-Mg [262]. Some
other recently discovered organic corrosion inhibitors, including sodium salts of glycolic,
4-aminosalicylic, and 2,6-pyridinedicarboxylic acids have been loaded into a PEO coating
on AZ91 alloy and sealed with a thin sol-gel to prevent uncontrolled leaching [265]. The
active corrosion protection of such composite coating was proven by continuous SVET
measurements for 48 h.

—e— CrCC Anodic

—e— CrCC Cathodic
—v»— Inhib-PEO Anodic
—+— Inhib-PEO Cathodic
—u=— Refer-PEO Anodic
—a— Refer-PEO Cathodic
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Figure 25. (a) Optical micropgraphs and SVET current density maps of reference CCC and PEO coat-
ings with and without 4MSA inhibitor, acquired during immersion in 0.05 M NaCl. The immersion
time is specified in each section of this Figure. (b,c) Evolution of the peak current density, anodic and
cathodic, for three types of tested samples during 96 h of immersion in 0.05 M NaCl. “SiPF” refers to
the reference PEO sample. Adapted [264] with permission from Elsevier.
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Inhibitors can also be loaded into nanocontainers, such as halloysite
nanotubes [60,266-268] and LDH, and subsequently applied onto PEC coating via im-
mersion post-treatment. Such an approach yields more control on the release of inhibitors,
which is triggered by the effect of corrosion reaction byproducts (e.g., increase in OH™ or
Mg?*} or corrosive ions {e.g., C1~ or $O4%7). Thus, active and long-term corrosion protection
can be achieved [60]. Recent research has highlighted LDH’s potential to serve as nanocon-
tainers in the PEO layer [30,254,260,261,269-272]. A LDH layer can be directly grown on the
PEQ layer, which also blocks the PEQ pores and improves its barrier properties.

Recently, Zhang et al. [273] showed that the application of a thin MnOOH layer on
a PEO coating via a simple immersion in MnCl, solution can promote the formation of
LDH flakes, which are supplied by the corrosion products of Mg dissolution (Mg?" and
OH™ ions}. Active corrosion protection was confirmed in different ways, including the
increase in the impedance value of the specimen during the immersion in a NaCl solution
(Figure 26a b), observing the LDH growth on an artificially defected zone (Figure 26c), and
detecting the C1~ on the defected zone (Figure 26c). A similar concept of promoting the
formation of LDH film by inhibitors (in this case, Li) and as the response to corrosion of
aluminum alloy was firstly proposed by Visser et al. [274-279].

PEO coating is a ceramic film that usually features inertness toward many chemicals,
including neutral inhibitor-containing aqueous solution. However, in a recent study,
Vaghefinazari et al. [159] demonstrated that although the significant corrosion inhibition
effect of 2,5PDC has been reported for several Mg alloys [10], it can deteriorate the protective
properties of a PEO coating on Mg, which in turn, leads to overall faster degradation of
PEO-coated Mg substrate. Figure 27a illustrates the reduction in the H; evolution rate of
bare AZ21 Mg with the increase in the concentration of 25PDCA in corrosive 3.5 wt.% NaCl
solution. Meanwhile, in Figure 27b, the severe degradation of the same Mg substrate coated
with PEO immersed in solutions with an increasing concentration of 2,5PDCA is shown.
The adverse effect of 2,5PDC on the PEO coating is attributed to the formation of soluble
complexes between 2,5PDC and Mg, which destabilize the PEO components. Moreover,
the inhibition mechanism of 2,5PDC on bare Mg alloys has been shown to be tied to the
formation of a relatively thick Mg(OH), film on the substrate [159]. The formation of such
Mg(OH); layer in the PEQ/Mg interface exerts mechanical force on the PEQ layer atop,
which in turn facilitates its detachment. Therefore, it is crucial to preliminarily investigate
the interaction of an effective corrosion inhibitor with both a bare and PEQ layer to foresee
its potential adverse effects on the overall corrosion protection performance of the system.
Such adverse effects of 2,5PDC have also been reflected in another recent report [260].

Zhang et al. [260] loaded a PEO layer on AZ31 with 0.1 M concentration of 2,5PDC and
two other inhibitors, namely metavanadate and 5-aminosalicylate. The adverse effect of
inhibiter impregnation on the initial (within 20 min) impedance of the samples immersed
in 3.5 wt.% was observed. However, further immersion led to a slightly higher impedance
value for the corresponding samples with metavanadate and 5-aminosalicylate inhibitors.
To prevent the wasteful release of inhibitors into the electrolyte during immersion, the
PEO pores were sealed via immersion in Ce(NO3)3 and oxidative H>O; solution, which
resulted in a CeO; sealing layer. Eventually, MgAl-LDH was grown on PEO in an autoclave
at 398° K. The composite coatings loaded with 5-aminosalicylate and sealed with CeO,
and LDH layers excelled in high protective properties, demonstrating 0.1-0.5 Gohm.cm?
low-frequency impedance during the first day of immersion in 3.5% NaCl. The results
showed that the incorporated inhibitors can promote the formation of the LDH layer via
modification of the Mg ion supply through complexation with Mg ions, possibly from both
the PEO layer and Mg substrate. Nevertheless, a very complex active corrosion mechanism
could be hypothesized from the loaded inhibitors, the cerium-containing layer, and the
LDH layer.
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Figure 26. (a) Nyquist plots of the PEO sample without (a) and with (b) deposited MnOOH layer
immersed in 0.9 wt.% NaCl solution for various times. (¢} SEM surface views and EDS spectra of
scratches area on the PEO sample without and with deposited MnOOH layer immersed in 0.9 wt.%
NacCl solution for various times. PEO-Mn3 denotes the PEO-coated sample immersed in 12 g/L
MnCl, for 9 h. Adapted [273] with permission from Elsevier.
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Figure 27. (a) H; evolved during immersion of the AZ21 sample in 3.5wt.% NaCl solution containing
different concentrations of 2,5PDC. (b) The surface appearance of PEO-coated AZ21 after the failure
(duration is specified in each case) in 3.5 wt.% NaCl solution containing different concentration of
2,5PDC. Adapted [159] with permission from Elsevier.

The growing number of studies on PEQ coating with incorporated corrosion inhibitors
indicates the highly promising properties of PEO layer in storing the inhibitors. Combined
use of protective strategies, i.e., loading of porous PEO layers with corrosion inhibitors
alone or in nanocontainers, followed by sealing with hybrid or organic coatings loaded
with inhibitor, provides enhanced long-term corrosion protection for magnesium alloys
possessing strong barrier and active corrosion protection in case the coating is damaged.

6. Summary and Perspectives

The acute needs of Mg corrosion protection research have been discussed, empha-
sizing the development of durable barrier corrosion protection, the continuing quest for
replacement of carcinogenic chromates, and especially the ways of merging barrier and
active protection by developing new corrosion-inhibiting coating technologies. Despite
recent achievements uncovering new effective corrosion protection systems on Mg alloy, the
quest continues to replace carcinogenic Cr(VI) from everyday corrosion protection practice.
Durable barrier corrosion protection can be endowed with active corrosion inhibition by
accommodating corrosion inhibitors, achieving the benchmark “self-healing” properties of
Cr(VI)-based protection technologies.

Despite the remarkable corrosion inhibition of several inorganic inhibitors, including
vanadate, arsenate, and selenite, they are not likely to become industrially acceptable
candidates for the replacement of Cr(VI) due to their environmental and toxicity issues.
Nitrates and molybdates, given their seemingly universal and significant inhibition effects,
have not received the dedicated attention they deserve.

Given the vast number of organic molecules with potentially corrosion-inhibiting
properties, computational (in silico) screening of the most effective corrosion inhibitors is
the only way to find optimized solutions within a relatively short time. Machine learning,
successfully applied to solve other chemical problems, allows rational design of bespoke
inhibitors for each specific magnesium alloy. This will be much more time and cost efficient
compared to a purely experimental appreach. Representative and reliable experimental
databases are needed for setting up the initial training space. A systematic approach to
comparing the inhibiting efficiency of multiple corrosion inhibitors to specific alloys is
needed, given the significant influence of individual alloy impurities and surface treatment.
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This calls for application of existing and development of new, reliable high-throughput
testing techniques, potentially involving robotic testing, Collection of big datasets, however,
does not substitute the in-depth study of inhibiting mechanisms of selected most effective
or representative inhibitors.

Development of new experimental techniques and data processing methods is needed
to alleviate the influence or benefit from critical factors related to testing conditions (el-
emental composition and microstructure of alloy, the composition and concentration of
testing electrolyte, inhibitor concentration, initial pH, the ratio of exposed surface area to
electrolyte volume, and eventually the testing time}).

Loading coating systems with inhibitors is an effective approach to improve the overall
corrosion protection performance and achieve active corrosion inhibition. PEQ coatings
feature porous microstructure to accommodate a high concentration of inhibitors, LDH
coatings possess a more controlled release of the inhibitor and trap the aggressive chloride
in exchange, and sol-gel coatings with potentially highly achievable barrier properties
also can benefit from the loaded inhibitors, as long as their barrier properties are not im-
paired by the inhibitors. Unfortunately, despite the numerous combinations of coatings
and inhibitor with remarkable corrosion protection performance, the “active” inhibition
properties are commonly taken for granted and left without putting into examination,
presuming a successful corrosion inhibition of bare Mg by the inhibitor. Thorough experi-
mental validation of self-healing or active protection effect needs to be acquired, including
that by (local) electrochemical methods and industrially relevant salt-spray tests or long
atmospheric exposure.

In addition to the high corrosion protective performance of the reviewed inhibitor-
loaded systems, their environmentally friendliness renders them as a suitable replacement
technology to Cr(VI)-based coatings. Indeed, cost effectiveness and feasibility of developed
inhibitor-loaded systems for engineering parts in industrial scale must be justified by
the industry.
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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 159+ 1.05+ 0.29 28+1 22+ 3 23+1 650 balanced
(unit) 0.07 0.07 (wt.%) | (ppm) | (ppm) | (ppm) | (ppm)
(wt.%) (wt.%)

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 formula

chemical (i irical) Molecular structure purity CAS number application supplier
inear or empirica
S
8-Hydroxyquinoline (8HQ) CoH7NO N/ 99% 148-24-3 inhibitor Alfa Aesar
OH
(0]
2,5-Pyridinedi lic aci HO N
& y”dgeSd'Ff;rck;SXy e acid CHsNO4 L L on 98% 100-26-5 inhibitor Sigma-Aldrich
72" N
0
| N
2 6-Pvridinedi lic aci
/6 y”d'("zeg;c;{:z‘)’xy icacid C7HsNO4 HO Ny 99% 499-83-2 inhibitor Sigma-Aldrich
0 O
HO O
O
3’4'Py”d£2ei':;rct;3xyl'c acid C7HsNO4 Pz OH 97% 490-11-9 inhibitor Sigma-Aldrich
o
N
HO\
Decylphosphonic acid C10H2303P HO/P\\;\/\/\/\/\CH, 97% 6874-60-8 inhibitor Sigma-Aldrich
Investigate the
Magnesium Oxide MgO MgO 97% 1309-48-4 effect in the Sigma-Aldrich
presence of
2,5PDC
Sodium fluoride NaF NaF >99% 7681-49-4 inhibitor Carl Roth
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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

8 Sodium acetate trihydrate CH3COONa - 3H20 )L >99% 64-19-7 inhibitor Carl Roth
O Nat
o)
9 Calcium acetate hydrate CsHgCaOs Hac)l\o' Ca2* +H0 >99% 5743-26-0 inhibitor Fuka
2
?
10 Octadecylphosphonic acid CigH3903P CHa(CHz)16CHz—P—OH 97% 4724-47-4 inhibitor Sigma-Aldrich
OH
O
11 Sodium fumarate dibasic NaOOCCH=CHCOONa NaONONa >99% 17013-01-3 inhibitor Sigma-Aldrich
O
NS
12 8-Nitroquinoline CoHeN20:2 N/ 98% 607-35-2 inhibitor Sigma-Aldrich
NO2
RS
13 Quinaldic acid C10H7NO2 N OH 98% 93-10-7 inhibitor Alfa Aesar
o
a
O(—J
14 Stearic acid sodium salt CigH3sNaO2 NE >88% 822-16-2 inhibitor Carl Roth
HsC
X
15 8-Aminoquinoline CoHsN:2 N7 98% 578-66-5 inhibitor Sigma-Aldrich
NH,»
0. OH
16 Trimesic acid CsH3(CO2H)3 Oﬁ/&yo 95% 554-95-0 inhibitor Sigma-Aldrich
OH OH
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OH

4-Quinolinol
17 CsH7NO ~ 98% 611-36-9 inhibitor Sigma-Aldrich
~
N
CH3(CH2)10CON(CH3)CH o q
18 | N-Lauroylsarcosine sodium salt } Zé?:)ONa 3 CHS(CHE)QCHZ\an\/kowa >94% 137-16-6 inhibitor Sigma-Aldrich
2
0
Sodium g ON Technic
= a
19 dodecvlbenzenesulfonate CH3(CH2)11CsH4SOsNa /@5 al 25155-30-0 inhibitor Sigma-Aldrich
Y CH3(CHz)1oCHz grade
20 Calcium Chloride CaClz CaCl; >98% 10043-52-4 inhibitor Merck
o]
O=N OH
21 3,5-Dinitrosalicylic acid (O2N)2C6H2-2-(OH)CO2H >98% 609-99-4 inhibitor Sigma-Aldrich
OH
NO,
0. _CH
22 5-Methylsalicylic acid CH3CsH3(OH)CO2H /&OH 98% 89-56-5 inhibitor Alfa Aesar
HsC
0
P OH -+ 2H.0 o g
23 Oxalic acid dihydrate HO2CCOzH - 2H20 HO 99% 6153-56-6 inhibitor Chempure
0
OH O
24 L(+)-Tartaric acid HOZCCH(OH}_:CH(OH)CO HONOH 99.5% 87-69-4 inhibitor Merck
2 z
O OH




4.2 PEO preparation

PEO coating was applied on AZ21 specimens with dimensions of 20 x 20 x 2 mm? 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 duration | duty cycle final
curre.nt (minute) voltage
density (V)
1 | phosphate | 20g/L NasPOas+ 2g/L KOH 40 mA.cm™ 10 1ms on, 9ms off 4004
2 | silicate 20g/L  NasSi0s + 250mL/L | 40 mA.cm? 10 1ms on, 9ms off 471+8
Glycerol + 5 g/L KF + 2g/L KOH

4.3 Localized measurement

The electrochemical corrosion processes typically lead to change of pH, and concentrations of O2 and H; 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 O, was measured using a fiber-optic OXR50-UHS O2 micro-optode coupled with a
FireString02 fiber-optics oxygen meter (Pyroscience, Germany). Local concentration of dissolved H2 was measured
using a H2 microsensor (10 um tip diameter, H2-10) connected to a fx-6 UniAmp (both from Unisense, Denmark).
Both 02 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 O: 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 O, micro-optode and pH
microelectodes, simultaneously measuring the local (~50um above the surface) concentration of Oz 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 Ka 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 (20) 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 um x 1.5 pm. 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 um x 80 um were scanned with the
step sizes of 2 um for both vertical and horizontal directions, respectively. Data reduction was performed using the
software package pyFAl [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 20 values from the synchrotron beam wavelength were converted to Cu Ka 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 cm? 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 mVms. The scanned frequency ranged from 100 kHz to 0.01 Hz with 9 points per
frequency decade acquisition.

potentiostat

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
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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 MgCl2.6H20 (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.I'* CrOs 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:

8.76 X 10 x AW

corrosion rate (mm/year) = ( 20D )

equation 4.1,

where AW denotes mass loss in grams, A is the exposed area of the sample in cm?, t is time of exposure in second,
and D is the density of substrate in g.cm?.

The inhibition efficiency (IE) was calculated using the equation below:
Wrer—W;i
IE (%) = <L~ % 100 equation 4.2
Wref

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

4.9 H,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 x 100 + 1 mm x
14 + 1 mm (32.2 + 2.9 cm? 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 H: evolution test. The generated H, 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 um x 40 um, 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 pl 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 Nz. All the drops from different electrolytes left similar circular marks with
diameter between 7 and 8.5 mm.

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

Time of Flight Secondary lon 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° 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 pm?) 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 um? area, interlaced with a 1 keV Cs* sputter beam delivering 30 nA target current over a 300x300 um? 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.

Specificions were chosen to describe the corrosion layer, the inhibitor, and the elements constituting the electrolyte.
Thus, Mg0O2" (55.975 amu), MgOH" (40. 988 amu), MgH(24.993 amu), 25MgH" (25.994 amul) are selected since these
ions are characteristic of the Mg oxide, Mg hydroxide and Mg hydride species respectively [164]. CI" (34.969 amu),
Na (22.990 amu) and COs (59.985 amu) represent chloride, sodium and carbonate species, respectively, while
C7HsNO4sMg (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 um 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:

e Section 5.2: Screening of Corrosion Inhibitors
e Section 5.3: Adverse Effect of 2,5-PDC Corrosion Inhibitors (Peer-Reviewed Paper)

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

e 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.
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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 Mg?* 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.
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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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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 NaH2POa, 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|o.11z. 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 Mg?* 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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Besides their noteworthy tribological and corrosion protection properties, Plasma Electrolytic Oxidation (PEQ)
coatings feature a porous microstructure that is able to host corrosion inhibitors. This study reveals that although
2,5pyridindicarboxylate (2,5PDC) shows a remarkable corrosion inhibition effect for bare AZ21 Mg alloy, it can
extensively deteriorate a PEO coating on the same Mg substrate, resulting in an overall accelerated failure of the

PEO-coated AZ21 alloy. The deteriorative behavior of 2,5PDC towards PEO-coated AZ21 is explained based on
the characterization of the bare and PEO-coated AZ21 exposed to the NaCl electrolyte with and without inhibitor
using EIS, SEM, STEM and ToF-SIMS.

1. Introduction

Plasma Electrolytic Oxidation (PEO) is a well-known surface treat-
ment technology that forms a ceramic layer with good tribological and
protective properties via the formation of high voltage discharges on a
metallic substrate submerged in aqueous electrolytes [1]. The formed
layer provides a barrier against the penetration of a corrosive medium,
rendering this technology effective in the prevention of corrosion on
metallic surfaces [2]. However, the relatively high porosity of the PEQ
layer limits its long-term use in offering protection against corrosion [3].
Therefore, intensive research work aiming at improving the corrosion
protection abilities of PEO is actively being carried out. Modification of
the chemistry of PEO electrolyte and power supply parameters are the
main approaches meant to enhance the corrosion protection properties
of PEO layers [4].

Incorporation of corrosion inhibitors into coating systems is a typical
cost-effective approach to further enhance the overall corrosion resis-
tance and provide active corrosion protection properties to coatings [5].
In fact, the high porosity of PEO layer has been promisingly studied as an
appropriate reservoir for corrosion inhibitors, The impregnation of an
inhibitor into a PEO coating is typically achieved via simple immersion
of the PEO-coated sample into a solution containing the inhibitor. In this
case, a subsequent sealing layer is applied onto the PEO coating to
prevent the fast leaching of the incorporated inhibitors into the

* Correspending author.
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corrosive environment [6].

Several organic and inorganic corrosion inhibitors have been incor-
porated in PEQ coatings on magnesium alloys [3,6-11] and their posi-
tive effect on corrosion protection has been reported. For instance, Yang
et al. [7] impregnated a phosphate-based PEO on a commercially pure
(CP) magnesium with inhibitor 3-Methylsalicylate (3-MS) followed by
sealing of the pores with an epoxy layer. In addition to a significant
barrier effect offered by the combination of PEO and epoxy coatings,
active corrosion protection of the coating system, granted by the local
release of 3-MS, was concluded via observation of local current density
using Scanning Vibrating Electrode Technique (SVET) over
artificially-formed defects in the coating. Apart from simple immersion,
other approaches have been utilized to introduce inhibitors into the PEO
coating system. For instance, inhibitors can be put directly in the sealing
top layer [12] or incorporated into nano/micro containers such as
layered double hydroxide (LDH) film developed on or within PEO
coating. The latter is a recent approach providing promising benefits due
to the on-demand release of inhibitors by LDH in exchange for corrosive
Cl” ions in the medium [13-16]. Jiang et al. [13] investigated a
multi-layer coating system on AZ91 stratified as PEQ/LDH/lubricant.
Through a hydrothermal process, the LDH, intercalated with molybdate
as an inhibitor, was formed on the PEO layer. During the immersion in
NaCl solution, the suppressed local electrochemical activity on a
defected area of the coated sample was observed via SVET technique.
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The observed self-healing behavior was partly attributed to the active
release of inhibitive molybdate ions in exchange for detrimental Cl” ions
in the solution.

The positive corrosion inhibition effect of a chemical for a magne-
sium alloy in a relevant environment is usually considered as the pri-
mary criterion for the selection of inhibitors to be incorporated into a
PEO coating system on a Mg alloy. This is confirmed by the fact that
most of the reported related studies have utilized inhibitors that had
already been investigated [17]; or the performance of the incorporated
inhibitors was initially established in the same work [11,18,19]. As a
rational approach, the mechanism of enhancement to the coating system
by incorporation of the inhibitors is mainly justified by examining an
artificially defected coating, causing the local but direct exposure of the
bare substrate to the corrosive medium [20,21]. However, the chemical
interaction that takes place between the PEO layer itself and the incor-
porated corrosion inhibitor is usually overlooked, probably owing to the
presumption that the ceramic-like PEO layer possesses rather high
chemical stability and can withstand a neutral aqueous environment,

This study, however, seeks to demonstrate how 2,5PDC, as an
effective and universal corrosion inthibitor for magnesium alloys (shown
to be effective for a wide range of Mg alloys [22]), can be detrimental to
the overall corrosion protection properties when it is introduced to a
magnesium substrate coated with PEO. This will mount the significance
of taking into consideration the interaction between the desired inhib-
itor and the PEO layer as a criterion for choosing an effective inhibitor
for a PEQ-coated magnesium substrate.

2. Experimental procedure
2.1. Materials

AZ21 magnesium alloy cast and rolled in house (at Helmholtz Zen-
trum Hereon), was used as the substrate. The chemical composition of
the alloy is 1.59 + 0.07 wt% Al, 1.05 + 0.07 wt% Zn, 0.29 wt% Mn,
measured by spark discharge-optical emission spectroscopy (SD-OES),
Ametek-Spectro. All AZ21 substrates were ground with emery paper up
to 2500 grit size, followed by rinsing with ethanol and drying with cold
pressurized air. KOH (CHEMSOLUTE ®, > 85%) and NazPO4 (Alfa
Aesar), were used for preparation of the PEQ electrolyte,

Different derivatives of pyridinedicarboxylic acid (PDCA), including
2,5PDCA, 2,6PDCA and 3,4PDCA, all were supplied by Sigma-Aldrich.
The molecular structure of studied PDCAs are given in Table 1. All the
solutions for different corrosion tests were prepared by dissolving
different concentrations of PDCAs and NaCl in deionized water (DI-W)
and the pH of the solutions were adjusted to 7.0 & 0.2 using NaOH. The
pH of the solutions was measured with Metrohm 713 pH meter equipped
with InLab® Expert Pt1000 pH electrode from Mettler Toledo. At pH 7,
all the carboxyl groups of PDCAs are deprotonated, and thus, exist in the
form of soluble salt in the solution, which hereafter are denoted as PDC,
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2.2. PEO preparation

PEO coating on AZ21 samples with the dimensions of
40 mm x 40 mm x 2 mm was conducted using a standard power sup-
ply (Electro Automatik, Germany) with a self-designed pulsing unit in
the electrolyte of 20 g/L NagPO4 and 2 g/ KOH. A constant current
density of 40 mA em~? with pulse ratio (topiterr) of 1 ms:9 ms was
applied to the bare AZ21 samples for 10 min, which resulted in the final
voltage of 400 & 4 V. The electrolyte temperature was kept constant at
20 £ 0.2 °C using a stainless steel hollow tube coil, which was func-
tioning as the cathode as well. Afterwards, the specimens were
immersed in DI-W for 20 min at low-pressure condition (~0.9 atm
pressure), which was applied using a water jet pump. During this careful
rinsing step, the DI-W is able to penetrate into the pores of the PEO layer
and dilute the PEO electrolyte remnant. In addition, release of entrapped
air in the pores due to the applied low pressure helps the convection of
the DI-W into the pores. This step is necessary to reduce the effect of the
remained phosphate for any unambiguous interpretation of the results.
Following the rinsing step, the specimens were immersed in acetone
(EMSURE® supplied by Sigma-Aldrich) for 20 min and finally dried in
oven at 80 °C for 30 min.

2.3. Electrochemical measurements

Gamry reference 600 potentiostat with conventional 3-electrode
arrangement was used for Electrochemical Impedance Spectroscopy
(EIS) measurements. Pt wire and Ag/AgCl electrode served as the
counter and the reference electrode, respectively. An area limited to
0.5 cm? of the samples were exposed to the 400 ml of corrosive elec-
trolyte. EIS measurements were carried out under potentiostatic mode
after at least 10 min of open circuit condition to ensure a relatively
stable OCP condition. The scanned frequency was ranged from 100 kHz
to 0.1 Hz with 9 points per decade and the applied perturbation voltage
was 10 mMVyy,.

2.4. Localized measurement

Local concentration of dissolved Oy was measured using a fiber-optic
OXR50-UHS O3 micro-optode coupled with a FireStringO4 fiber-optics
oxygen meter (Pyroscience, Germany). Local concentration of dis-
solved Hs was measured using a Ha microsensor (10 pm tip diameter,
Hs-10) connected to a fx-6 UniAmp (both from Unisense, Denmark).
Both O3 optode and H» probes were calibrated considering the salinity
and temperature of the solution. Local pH was measured using a glass-
type pH microelectrode (Unisense, pH-10). Hz and O3 local concentra-
tions were measured simultanecusly, 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 in-
tegrated in commercial SVET-SIET system from Applicable Electronics
for probe positicning and movement.

Table 1
Molecular structure of different derivatives of PDCAs studied in this work.
2,5PDCA 2,6PDCA 3,4PDCA
7 S HO. O
X
HO™ ™Y HO NP -OH
N OH = OH
5 O 0 <
N
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2.5. Characterization methods

Bruker D8 Advance diffractometer (Karlsruhe, Germany) with Cu Ka
radiation (40 kV and 40 mA) was adopted for X-ray diffraction analysis
(XRD) and investigation of phase composition of the PEO layer. The
incident angle was 3° with 5 s dwell time and 0.027 step size. The surface
morphology of bare and PEO layer as well as their cross-section were
investigated by a scanning electron microscope (SEM) (TESCAN Vega3
SB). Higher magnification microscopy was carried out using a scanning
tunneling electron microscopy (STEM) mode of TESCAN LYRA3. STEM
was used on the lamellar obtained from the PEOQ/substrate interface. For
detailed procedure of lamellar formation, see the Supplementary Ma-
terial (section 8.1).

2.6. ToF-SIMS

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) ana-
lyses were performed using a ToF-SIMS V spectrometer (ION TOF
GmgH, Munster, Germany) operating at a pressure of approximately
10~? mbar. Data acquisition and post processing analysis were per-
formed 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). Negative ions depth profiles were recorded by
sequential analysis (Bit, 25 keV, 1 pA, 100 x 100 pm?) 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 100 x 100 ym? area,
interlaced with a 1 keV Cs' sputter beam delivering 30 nA target current
over a 300 x 300 pm? 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 are reported using a logarithmic
scale, which gave equal emphasis to signals of all intensities. The vari-
ation 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 in-
hibitor, and the elements constituting the electrolyte. Thus, MgOsy
(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 [23]. CI
(34.969 amu), Na~—3 (22.990 amu) and CO3 (59.985 amu) represent
chloride, sodium and carbonate species, respectively, while
C7Ha NO4Mg™ (157.022 amu) is a marker of the PDCA (as identified on
the ToF-SIMS mass spectrum, not shown here).

2.7. Hj evolution test

Hy evolution setup using eudiometers, described in details in our
previous work [24], was adopted to measure the corrosion rate of the
bare AZ21 in the different electrolytes. The eudiometer cylinder was
initially filled with water and the evolved Hy due to the cathodic reac-
tion of hydrogen evolution reaction (HER) on the magnesium substrate
displaces the water in the cylinder. The volume of the collected H» was
recorded by weighing the displaced water using an electronic balance
(OHAUS, SKX2202). The values were automatically recorded using a
USB data logger (OHAUS, 30268984) and an in-house developed Python
script.  The  AZ21 pieces  with  the  dimensions of
2mm x 100+ 1mm x 14+ 1mm (32.2+29cm® total surface
area) were fully immersed in either 0.5 wt% or 3.5 wt% Na(Cl electrolyte
inside a container, which was connected and sealed to the eudiometer
cylinder. The exact concentration for each specific experiment is noted
below in the text. During the test, the 500 ml electrolyte was constantly
stirred using magnetic stirrers. The effects of ambient temperature
(23 £ 1 °C) and pressure on the volume of collected Haz were offset by
the variations simultaneously recorded for an extra reference electrolyte

98

Corrosion Science 192 (2021) 109830

without any immersed sample. The samples weight loss after the Hs
evolution test was measured by subtracting the initial and final weight
of the samples. The corrosion products were removed using 180 g/1
chromic acid solution. The equivalent weight loss according to the
evolved Hy was also calculated in the testing condition (ambient tem-
perature and the pressure during the test were considered) and
compared with the actual sample weight loss.

3. Results
3.1. Vualidating the effectiveness of PDC inhibitor

The PDCs have been recently identified as universal magnesium
corrosion inhibitors [22]. To validate the effectiveness of PDCs as
corrosion inhibitors for the AZ21 substrate, Hy evolution tests were
carried out for three different PDCs - namely 2,5-PDC, 3,4-PDC and 2,
6PDC in 0.5 wt% NaCl. The concentration of all the tested PDCs was
0.05M. Fig. 1 shows the evolved Hy for each PDC along with the
appearance of magnesium samples after the test. Generally, it can be
seen that all the tested PDCs were able to inhibit the corrosion of mag-
nesium substrate because of the lower rate of evolved Hy throughout the
immersion. The magnesium sample immersed in the NaCl electrolyte
without any inhibitor experienced a filiform corrosion propagating all
over the surface, which intermittently ended up in pitting sites observ-
able as the black regions on the sample in Fig. 1. Upon adding any of the
three different PDCs, the filiform corrosion was still observed, but at
significantly lower rates of propagation. Moreover, a lower number of
active pitting sites were observed at the end of the immersion test
compared to the sample immersed in NaCl solution without any inhib-
itor. Having outperformed the other PDCs, 2,5PDC was chosen for
further investigations. Note that the low concentration of NaCl (0.5 wt
%) was used so that the validation experiment is consistent with all the
studies published regarding the corrosion inhibition effect of PDCs on
magnesium alloys, where the same concentration of NaGl was used [3,
22,25-27], However, to induce a harsher corrosive medium, a higher
concentration of NaCl (3.5 wt%) was used as the background solution
for the rest of the study. This leads to a faster assessment of corrosion
protection properties of PEO-coated AZ21 [28].

3.2, Concentration effect of 2,5PDC on bare AZ21

When a corrosion inhibitor is incorporated into a system, it will
gradually take part in the inhibition process, triggered by different
corrosion reaction responses. Therefore, reduction in the amount of
remaining inhibitors will reduce the real-time efficiency of the corrosion
inhibitors over time. Furthermore, it is impractical to determine the
actual concentration of the incorporated inhibitor on the locally active
region on the magnesium surface. Therefore, a prudent approach to
assure a positive inhibition performance of inhibitor on a magnesium
alloy is to evaluate a range of concentrations of the inhibitor in im-
mersion methods such as H, evolution test. Fig. 2 illustrates that all
concentrations of 2,5PDC, ranging from 5 mM to 0.25 M, are able to
reduce the corrosion rate of AZ21 immersed in the 3.5 wt% NacCl elec-
trolyte. The rate of corrosion (i.e. Hz evolution rate) declines as the
concentration of 2,5PDC in the electrolyte increases, which sustains for
the whole immersion period. The highest inhibition efficiency of
92.4 + 1.7% was obtained for the electrolyte containing 0.25 M of
2,5PDC after 72 h of immersion. Observation of surfaces of the samples
after the immersion revealed that the corresponding sample without any
inhibitor in the electrolyte was fully covered with corrosion products,
with some areas where the underneath filiform corrosion is still visible.
The surface of the corresponding sample with low concentration
(0.005 M) of 2,5PDC is similar to that of the sample without inhibitor,
but with different color and more visible filiform corrosion beneath the
formed corrosion products, suggesting a thinner layer of Mg(OH); on the
surface. When higher concentrations of 2,5PDC are present in the
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Fig. 2. (left) H, evolved during immersion of the AZ21 sample in 3.5 wt% NaCl solution containing different concentrations of 2,5PDC (middle) optical macrographs
of the AZ21 samples after 72 h of immersion in the corresponding solutions. (right) final pH of solution and inhibition efficiency after 72 h of immersion. The error
bars present the standard deviation of the three measurements away from the mean value.

electrolyte, some regions on the surface of AZ21 have a smooth and
yellowish appearance free of filiform corrosion. These regions are
significantly larger when the highest concentration of 2,5PDC (0.25 M)
is present in the electrolyte. Two different rates of Hy evolution during
the course of immersion can be noticed for all the cases (see insert in
Fig. 2). The initial high rate of Hy evolution occurs within the first hour
of immersion, followed by a lower rate of evolved Hy, which remains
stable for the rest of the immersion period. This transition between two
different rates of Hy evolution can be linked to the stabilization of Mg
(OH),, formation at alkaline pH [29], which is mainly due to the cathodic
H, evolution reaction. Against expectations, the final pH of the elec-
trolyte has higher values when the sample was corroded with lower rates
that is when the electrolyte contains higher concentrations of 2,5PDC.
Fig. 3 shows the weight loss of the samples after removal of the corrosion
products as well as the equivalent weight loss calculated based on the
amount of evolved hydrogen. A slightly lower value can be observed in
each of the calculated equivalent weight loss based on Hy volume as
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compared to the actual weight loss of the sample after 72 h of immer-
sion. This variance between the actual and calculated weight loss is
more pronounced in lower corrosion rate conditions. Similar inconsis-
tency between the actual weight loss and the equivalent weight loss
obtained from evolved Hy has been previously documented for magne-
sium alloys with low corrosion rates [30]. This disparity can be due to
the secondary cathodic oxygen reduction reaction (ORR) that occurs on
the magnesium alloy surface, which is often overlooked in corrosion
immersion tests for magnesium alloys [31-34].

3.3. Effect of 2,5PDC on PEO-coated AZ21

Fig. 4(a) illustrates the voltage and current density registered during
the formation of PEO coating on AZ21 substrate. The diagram marks
three main consecutive stages during the PEO formation. The initial
rapid rise of voltage to ~200 V within the stage(l) is attributed to the
development of a barrier film assimilating the conventional anodizing
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process [35]. Stage (II) is characterized by the formation of homoge-
nously distributed microdischarges on the surface, accompanied by the
declining rate of voltage increase. In stage (III), the voltage increases
with a relatively low and constant rate and the micro discharges grow
bigger in size and smaller in number. Moreover, the microdischarges
stay longer at one position, The steadily increasing voltage is correlated
with the thickening of the PEO layer [36]. XRD analysis presented in
Fig. 4(b) reveals the phase composition of the PEQ coating formed on
AZ21 substrate. The incident angle of 3° was chosen to ensure that the
X-ray is diffracted from the entire thickness of the coating, which is
confirmed by the presence of Mg peaks in the obtained spectra. The XRD
spectra indicated the presence of MgO and Mgs(POy4)2 as the main
phases of the PEO layer. A few small peaks can be observed in the 20
range of 10-20°, which remained unidentified and possibly associated
with the minor phases that contain aluminum and zinc from the sub-
strate. The hump observed in the 26 range of 20-40°, which is situated
where the majority of Mgs(PO4), diffraction peaks are populated, can be
attributed to nano-crystalline or amorphous Mgs(PO4)2 phase [37,38].

The incorporation of an inhibitor in a coating system inherently runs
into the problem of inefficient release of the inhibitor that is consumed
during the exposure to corrosive medium. Moreover, it is challenging to
determine the local concentration of inhibitors in the coating. Therefore,
to overcome the hurdle of the abovementioned obscurities, here we
directly immerse a circular area of the PEO-coated magnesium substrate
with diameter of 8 mm into a NaCl solution containing 2,5PDC. This
approach allows for better control of the corrosion inhibitor concen-
tration that is exposed to the PEO-coated sample. Besides, in this
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method, the inhibitor is being supplied to the sample from an ample
source of electrolyte that helps to solve the problem of insufficiency of
inhibitors during the immersion test.

Fig. 5 illustrates the Bode plots of the PEO-coated AZ21 exposed to
3.5 wt% NacCl containing different concentrations of 2,5PDC. The sur-
face macrographs of the PEO-coated AZ21 after the immersion in each
solution are presented at the bottom of each case. The immersion tests
were stopped when a failure in the PEO coating was observable. Failure
of PEO coating occurs when a chunk of the PEO layer is detached from
the coating which appears as a black pitting-like region, marked with an
arrow in Fig. 5. This failure appears as a relatively drastic drop of
impedance value (at low frequencies) due to the complete deterioration
of PEO layer in the local area. Fig. 6 displays the modulus of the
impedance at low-frequency 0.1 Hz for the spectra shown in Fig. 5,
which can be considered as the corrosion resistance of the samples. For
the sake of clarity, only a selection of the recorded EIS spectra during the
immersion is presented in Fig. 5 for each case, while all the data points
are provided in Fig. 6. Fig. 6 and Fig, 5, clearly show that the addition of
2,5PDC in the solution, in all the tested concentrations, did not have any
positive effect on the corrosion protection properties of PEQ-coated
AZ21, but rather reduced the corrosion resistance and accelerated the
failure. The increase in the concentration of 2,5PDC in the solution re-
sults in faster deterioration of PEO protective properties in different
manners: decrease in Zy,q values at low frequencies, faster observable
failure, and faster extension of failure region. Similar slightly negative
effect of 2,5PDC (along with 5-aminosalicylate and metavanadate) on
protective properties of PEO treated AZ31 alloy was recently reported by
Zhang et al. [39].

This discrepancy between the corrosion inhibition effect of 2,5PDC
on bare AZ21 and PEO-coated AZ21 is, as of now, the focus of this work
in the search for possible criteria to choose an effective inhibitor for
PEO-coated magnesium alloys. Since the higher concentrations of
2,5PDC led to a more adverse effect on the PEO-coated AZ21, 0.25 M
was chosen as the 2,5-PDC concentration to be used for the rest of the
investigation.

To have a better understanding of the variation in PEO barrier
properties during the immersion, the impedance of PEQ-coated AZ21
immersed in 3.5 wt% NaCl with and without 0.25 M 2,5PDC was
recorded in more frequent time intervals within 24 h of immersion, as
shown in Fig. 7. The Nyquist curves between 10 and 90 min of immer-
sion in 3.5 wt% NaCl reveal two distinguishable capacitive semicircles
at the high and low-frequency range. The corresponding time constant at
high-frequency range is attributed to the oxide layer on the Mg substrate
that comprises the inner layer of PEQO at the beginning of the immersion.
The low-frequency range time constant is attributed to the double layer
capacitance coupled with the charge transfer resistance on the surface of
the corroding magnesium substrate. Bear in mind that the relatively high
thickness (~43 um) of the PEO outer layer with large pores does not

(b) . - Mg
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.. * Mgs(PO,),
L J b A
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Fig. 4. (a) Current density/voltage — time characteristics of the PEO formed on the AZ21 substrate (b) XRD spectrum of PEO-coated AZ21.
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Fig. 6. Impedance modulus at 0.1 Hz for the EIS spectra presented in Fig. 5.

impose any impedance response visible in the EIS spectra, and the
applied potential perturbation during the EIS measurement perceives
the electrolyte inside the outer layer pores as similar to the electrolyte in
the bulk electrolyte away from the PEO layer. The two time constants

10° 107

. 5. Bode plots of PEO-coated AZ21 immersed in 3.5 wt% NaCl containing (a) 0, (b) 0.005 M, (c) 0.05 M, and (d) 0.25 M 2,5PDC until the failure of PEO coating.
surface appearance of PEO-coated AZ21 after the failure is shown in the bottom of each case.
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extensively overlap during the immersion, seemingly appearing as one
semi-circle within the measured frequency range after 150 min of im-
mersion. Further immersion in the electrolyte leads to a gradual
shrinkage of the overall impedance, which reaches its minimum at 13 h
of immersion. Only a negligible variation can be observed from the 13th
to the 24th hour.

When 2,5PDC is introduced to the solution, a similar two-time con-
stant curve can be seen at the beginning of immersion, followed by the
extensive overlapping of the two time constants and shrinkage of the
overall impedance amid the immersion. The minimum overall imped-
ance is achieved only after 60 min of immersion, which is significantly
lower than that of NaCl solution without 2,5PDC. Interestingly, unlike
the electrolyte without 2,5PDC, the continued immersion in the solution
leads to a considerable increase in the impedance for the remainder of
the immersion period. Such a remarkable enhancement of impedance
after its initial rapid drop can also be seen in Fig. 6 for the electrolyte
containing all tested concentrations of 2,5PDC. This increase reflects a
relatively fast formation of a protective layer on the substrate, yet
weaker as compared to the barrier properties of the film at any time of
immersion for the case of electrolyte without 2,5PDC.

The EIS spectra in Fig. 7 are modeled with the equivalent circuit in
Fig. 8(d) and the extracted values of the resistant elements are illustrated
in Fig. 8(a—c). In the equivalent circuit, Rg represents for the solution
resistance. Roy and CPE,y denote the resistance and the constant phase
element of the oxide layer on the Mg substrate, respectively. Ry and
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CPEq signify for the charge transfer resistance and the double layer
constant phase element corresponding to the corrosion occurring on the
surface of magnesium. During the first hour of immersion in the elec-
trolyte with and without 2,5PDC the Ry, rapidly declines to a minimum
value due to the fast degradation of the inner layer of PEO. Subse-
quently, the resistance of the oxide layer on the magnesium substrate
increases, which can be ascribed to the local alkalinization during the
corrosion of the magnesium substrate [40]. In the case of the electrolyte
without 2,5PDC, Ryx shows a diminishing trend again after 6 h for the
rest of the immersion. However, the presence of 2,5PDC in the electro-
lyte leads to a continuous enhancement of the Rgy till the end of 24 h.
Within the first hours of immersion, R, corresponding to the electrolyte
with 2,5PDC, experiences a sharp decline to its minimum value. This is
followed by a continuous growth for the rest of the immersion. On the
other hand, in the case of the blank NaCl electrolyte, Ry continuously
decreases until it reaches a plateau after about 13 h. Thus, the R, value
for of 2,5PDC-containing electrolyte surpasses that of blank NaCl elec-
trolyte at the end 24 h of immersion. Rqa was calculated from the sum
of Ryy and Ry, which roughly reflects the corrosion resistance of the
sample. From Fig. 8(c), the corrosion resistance of the PEO-coated AZ21
immersed in the 2,5PDC-containing electrolyte initially steeply reduces
to a lower value than that of blank NaCl electrolyte. However, the im-
mediate and continuous increase of corrosion resistance amid the im-
mersion stems from the formation of a protective layer on the
magnesium substrate, as explained from the visual interpretation of the
Nyquist plots in Fig. 7.

Fig. 9 represents the surface and cross-sectional morphology of PEO-
coated AZ21 before and after 1 day of immersion in 3.5 wt% NaCl so-
lution in presence or absence of 2,5PDC. The as-received PEO layer has
average thickness of 43.7 + 10.8 um and features large pores in the
outer layer, capacious for storing inhibitor. Moreover, several cracks can
be observed in the PEO outer layer, which are formed due to the thermal
stresses generated during the PEQ process [41].

Immersion in 3.5 wt% NaCl with and without 2,5PDC for 1 day
causes deterioration of the PEO layer which is evident by more open and

frequent cracks observable on both top and cross-sectional view of the
PEQ layer. Corrosion products are also formed uniformly at the PEO/
substrate interface after 1 day of immersion, which is typical of the
initial degradation stage of stand-alone phosphate-based PEQ coatings
on magnesium alloys [42,43]. Evidently, the presence of 2,5PDC in the
electrolyte exacerbates the deterioration of PEO-coated AZ21 immersed
in the 3.5 wt% NaCl solution, which is evident from larger pores and
wider cracks in the PEO layer. Furthermore, a significantly thicker
corrosion product is formed at the PEQ/substrate interface.

Higher magnification images taken in STEM mode from a lamella
taken at the interface between the PEO and the substrate are presented
in Fig. 10. The PEO layer features nano-size pores at some regions
marked in Fig. 10(a). Comparing the interface of the samples immersed
in 3.5 wt% NaCl with and without 2,5PDC reveals that the corrosion
product formed on AZ21 substrate is considerably more porous when
2,5PDC is present in the solution. Moreover, the corrosion products in
the case of NaCl solution without 2,5PDC are limited to the substrate/
PEO interface, while the corrosion products in the case of 2,5PDC-con-
taining solution have extended even to the pores of the PEO outer layer.

Fig. 11 presents the variation of dissolved O, and H; concentrations
at about 50 pm above the PEO-coated specimen during the first 4 h of
immersion in 3.5 wt% NaCl solution in the presence and absence of
2,5PDC. The concentration of dissolved O- and H» in the solution can be
affected by different chemical/electrochemical reactions occurring
during immersion.

Coupled with the anodic magnesium oxidation reaction in Eq. (1), Hy
evolution reaction (HER) is commonly considered as the main cathodic
reaction occurring on Mg alloys surface according to the Eq. (2).

Mpg—Mg*' + 2e @8}
2H,0 +2¢” —=H, —20H (2)

Based on the same concept of H; evolution test, concentration of
dissolved Hj in the solution can be used as an indication of the cathodic
reaction rate in Eq. (2). The local measurement of the Hy concentration
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Fig. 8. Evolution of parameter obtained from the fitting of EIS spectra in Fig, 7 with the corresponding equivalent circuit depicted in (d).

provides valuable information on the magnesium substrate corrosion
rate that is out of the detection limit of a typical integral Hy evolution
test. In fact, the dissolved H; in the electrolyte solution is considered as
the source of error for typical Hy evolution measurements [44], espe-
cially for specimens with substantially low corrosion rates [30,45],
which include magnesium substrates protected by a PEO layer. The
solubility of Hs in the 3.5 wt% NaCl solution with and without 2,5PDC
0.25 M is 679.24 and 508.47 ymol L_l, which was calculated based on
the salinity of the solution at 22 °C [46]. As can be seen in Fig. 11(a), Hp
concentration increases progressively from the onset of immersion in
3.5 wt% NaCl solution until it reaches the maximum value of about
40 pmol .~! after about 4 h. However, immersion of the sample in the
solution containing 2,5PDC leads to a higher initial rate of evolved Hy,
which reaches its maximum value at about 85 ymol L~ after 3 h of
immersion. A slight decline in the dissolved Hy content can be observed
for the rest of the immersion period. Therefore, it can be claimed that the
corrosion rate of PEO-coated AZ21 due to the cathodic reaction of Eq.
(2) is much higher when 2,5PDC is present in the solution. The same is
observed from the bigger bubbles appeared on the surface of 2,5PDC
sample. The slight drop of Hy; concentration after 3 h of immersion is
consistent with the increased barrier effect observed from the EIS result
(Fig. 7(b)), explaining the reduction of the corrosion rate based on the
H; evolution.

The oxygen reduction reaction (ORR) is the second possible cathodic
reaction that occurs on magnesium surface according to Eq. (3):

Oy +2H,0 —4e” —40H™ 3)

The oxvgen concentration value above the PEQ layer immersed in
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3.5 wt% NaCl (Fig. 11(b)) remains at 7 ppm for the whole course of
immersion, with only a negligible decrease.

Addition of 2,5PDC to the NaCl solution causes an overall decrease in
the solubility of the O5 in the solution due to its higher icnic strength.
Thus, the initial dissolved oxygen concentration has a lower value
(around 6 ppm) as compared to the solution containing 2,5PDC. Note
that, to the best of our knowledge, 2,5PDCA and its isomers do not react
with oxygen in aqueous environment. The oxygen concentration in the
solution containing 2,5PDC is not subjected to any significant change
within the first 30 min of immersion. Then, a drastic decrease to almost
full local depletion of oxygen after 90 min can be observed, suggesting
that the ORR is highly activated on the substrate. Finally, the oxygen
concentration gradually increases to about 2 ppm after 4 h of immer-
sion. Akin to the Hjy concentration trend, the last slight rise of oxygen
content is attributed to the mild protective film forming on the substrate.
Moreover, the formation of a thicker corrosion product layer (see Fig. 9)
in the case of immersion in the electrolyte containing 2,5PDC can
impede the penetration of dissolved Oy towards the substrate.

Fig. 11(c) represents the pH values measured above the PEO layer
during the immersion. pH in both solutions abruptly surges from neutral
pH to a plateau in less than a minute of immersion. The rapid increase of
pH in the proximity of the PEO layer mainly stems from the cathodic
reactions in Eqs. {3) and (2). In addition to the HER and ORR, the hy-
drolysis of MgQ [47-49] and dissolution of Mgs(PO4), as the main
components of the PEQ layer can cause a pH increase at the proximity of
the PEO layer (see Eqs. (4-7)). Note that hydrolysis of MgZJr (Eq. (8)),
released due to the dissolution of Mgz(PO4)s (Eq. (5)) and the anodic
reaction on the bare magnesium in (Eq. (1)), generates low amount of
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1d in NaCl 3.5% + 2,5PDC 0.25M

Fig. 9. Cross-sectional and surface morphologies of PEO-coated AZ21 (a) and (d) as-received; (b) and (e) after 1 day immersion in 3.5 wt% NacCl; (¢) and (f) after

1 day immersion in 3.5 wt% NaCl + 0.25 M 2,5PDC.

As-received

nano pores’

1d in NaCl 3.5%

1d in NaCl 3.5% + 2,5PDC 0.25M

Fig. 10. Bright field STEM image of lamella from the PEO/substrate interface of (a) as received sample (b) after 1 day immersion in 3.5 wt% NaCl (c) after 1 day
immersion in 3.5 wt% NaCl + 0.25 M 2,5PDC. (CP here stands for corrosion products).

H', negligible as compared to all the alkalinizing reactions from HER
and ORR (Eq. (7)) [50].

MgO — Hy0 — Mg>* + 20H’log K = —6.49 )
Mgy(POs), — 3Mg”™ + 2P0, log K = —23.28 5)
PO,* — H;0 — HPO,> + OH log K — —1.62 (6)
HPO,” + H,0 — H,POy + OH log K — —6.79 )
Mg> + 2H,0 — 2H* + Mg(OH); log K — —16.84 )

The plateau pH value is slightly higher (about 0.5 pH unit) when the
solution contains 2,5PDC, which is in line with the bulk pH observed in
Fig. 2.

Formation of Mg(OH); after the elevation of pH substantially hinders
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further pH increase in the solution [51] which is reflected by a plateau in
Fig. 11(c). This can be seen in the equilibrium chemical composition
obtained using Hydra-Medusa software [52] for the aqueous system
containing PEO components with and without the presence of 2,5PDC,
as depicted in Fig. 12. The input concentrations for Mgz_ and PO4> ions
are approximately given, although, the main interpretation of solution
pH variation and the effect of the addition of 2,5PDC into the system
remains consistent for different rational range of concentrations (two
orders of magnitude variation in the given concentration of Mg®* or
PO43'). It is observed that the presence of 2,5PDC leads to a shrinkage of
stability region for Mgs(PO4)2, which in turn means higher dissolution of
this phase into the solution. Furthermore, the Mg(OH), formation pH is
slightly shifted to a higher value with the presence of 2,5PDC in the
electrolyte, which is in line with the observed higher plateau pH in
Fig. 11(c) and higher pH bulk in Fig. 2.
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Fig. 11. (a) H, and (b) O- concentration, and (c) pH locally measured above the PEO-coated magnesium during 4-h immersion in 3.5 wt% NaCl with and without the
presence of 2,5PDC 0.25 M. Macrographs on the bottom: visual appearance of PEO-coated magnesium after 0, 2, and 4 h of immersion.

4. Discussion
4.1. Inhibition mechanism of 2,5PDC on bare AZ21 magnesium alloy

The corrosion inhibition effect of 2,5PDC on the AZ21 magnesium
substrate was validated via the Hj evolution test; however, when the
AZ21 magnesium is coated with the PEOQ, it failed earlier in the presence
of 2,5PDC in corrosive NaCl solution. To better understand the observed
contradictory effect of 2,5PDC towards bare and PEO-coated AZ21, the
available knowledge of the inhibition mechanism of PDCs on bare
magnesium alloys is meticulously reviewed and provided in this section.
Moreover, an additional characterization of surface of a bare pure
magnesium in the interaction with one PDC is discussed.

The universal corrosion inhibitive properties of PDCs on Mg alloys
were introduced and initially investigated by Lamaka et al. [22]. Four
different isomers of PDCs were found to have effective corrosion inhi-
bition on six different magnesium alloys (WE43, ZE41, E21, AZ31,
AZ91, and AM50) and three different grades of pure magnesium (two
high purity (HP) magnesium and one commercially pure (CP) magne-
sium). One deduced mechanism of inhibition was established based on
PDCs’ affinity to form complexes with Fe**/3% that suppresses the
re-deposition of Fe impurities onto a corroding Mg substrate [53,54].
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Yang et al. [25] substantiated the dominating anodic inhibition mech-
anism of 2,5-PDC on a CP-Mg (342 ppm Fe) using electrochemical
characterization methods. In particular, when the PDC was introduced
to the NaCl solution, the OCP was shifted towards more positive values,
a lower anodic current density was detected using potentiodynamic
polarization method, and the magnesium surface experienced higher
barrier properties detected by EIS. An in-situ characterization using
Confocal Raman Microscopy (CRM) on the same CP Mg (342 ppm Fe)
immersed in NaCl solution containing 2,5PDC detected a delayed strong
fluorescent response on the same CP magnesium (342 ppm Fe), sug-
gesting a coordination polymer formed by the complexation between
Mg ions and 2,5PDC [26]. Employing GD-OES depth profiling, the
detected polymer layer was stratified in between two Mg(OH); layers.
Moreover, using the same technique, it was found that the Cl" concen-
tration in the formed corrosion layer was significantly limited when 2,
5PDC was present in the NaCl solution. Fockaert et al. [27] investigated
the in-situ interaction of a 2,5PDC solution with pure magnesium surface
using the ATR-FTIR measurement in Kretschmann configuration. The
formation of a hydroxylated Mg(OH)2/MgO was observed, which
rapidly increased at the beginning of the exposure to the electrolyte,
followed by a sharp decrease in the detected quantity of Mg(OH), after
2 min of immersion.
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In brief, based on the review of available literature on PDCs’ inter-
action with bare magnesium alloys, it can be deduced that the inhibition
mechanism on bare magnesium is inextricably tied to the formation of
Mg(OH)» on the surface. This points out the major effect of magnesium
matrix and fits well with the observed universal effect of PDCs on a wide
range of alloys with different second phases. Additionally, in the
reviewed studies, a sort of initial incubation time for the inhibition
response from PDCs has been recorded that can be inferred as the
required time to stabilize the formation of Mg(OH): /PDC combination.

Following the same experimentation as the reviewed scientific
studies above, an additional characterization using ToF-SIMS was car-
ried out on a CP magnesium (342 ppm Fe). Chemical in-depth profiles
have been measured on the surface of freshly polished samples before
and after 15 min immersion in 0.5 wt% NaCl solution with or without
2,6PDC. They are presented in Fig. 13.

Before immersion, the CP-Mg substrate is covered by a corrosion
product layer, whose thickness is determined from the decrease of the
MgO- ion signal. The thickness of the corrosion layer corresponds to
25 s of sputtering, which means, after calibration of the sputtering rate
from XPS data (not presented here), around 5 nm. The oxide scale is
characterized by intense MgOs", and MgOH’ ions, meaning that it
comprises Mg oxide and Mg hydroxide. The position of the maxima of
intensity of these ions (MgO»” and MgOH) clearly shows that the oxide is
stratified with a MgO inner layer and a Mg(OH): outer layer. This re-
flects the widely accepted Mg(OH),/MgO bilayer model of the corrosion
products on magnesium substrates [40,55-58]. A more detailed exam-
ination of the depth profile shows that the maximum of the CO3 signal is
located above the MgOH' signal. This is assigned to the formation of a
carbonate layer, likely MgCO3, covering the surface, Finally, MgH™ and
Z5MgH signals, indicating the presence of MgHz [49], were also iden-
tified, which are more pronounced close to the oxide/substrate. The
presence of magnesium hydride in the corrosion products formed on
magnesium alloys has been reported before [23.5559]. However,
further discussion about the role of this compound in magnesium
corrosion is out of the scope of this work and will not be addressed in the
rest of this paper.

The depth profile of the magnesium surface after immersion in NaCl
solution with and without the presence of 2,6PDC shows the same ions
as for the polished sample before immersion. Except for the very low
amount found at the extreme surface, the C;H4NO4Mg™ fragment related
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to the presence of 2,6PDC was not detected after the immersion in the
solution containing this inhibitor. A high Cl" signal, especially close to
the substrate, indicates that the CI" are mainly located at the MgO/Mg
interface and at the extreme surface. This observation suggests that
chloride are entrapped within the formed film and the rinsing step could
not remove them. MgO™ and MgOH' intensities remain at the same level
in the whole thickness of the corrosion product layer. After immersion,
the stratification of the corrosion layer is no longer clearly marked.
Nevertheless, a slight gradual decrease in intensity of the MgOH- signal
towards the substrate interface and a progressive increase of the MgOy
signal close to the surface are observed, indicating a more pronounced
Mg(OH)p and MgO concentration at the outer interface and oxide-
substrate interface, respectively. The total estimated thicknesses
(based on the sputtering rate determined from XPS for the reference
sample before immersion) of the formed films are 294 nm and 526 nm
when the sample is immersed in NaCl without and with 2,6PDC,
respectively. From this result, it can be concluded that 2,6PDC has
initially promoted the corrosion product formation on the magnesium
substrate that resulted in a thicker corrosion product layer. This
conclusion is again in line with all the reviewed results that a rapid
establishment of an initial corrosion product layer, mainly made of Mg
(OH)a, is crucial to activate the corrosion inhibition effect of PDCs on
magnesium alloys.

4.2, Adverse effect of 2,5PDC on AZ21 magnesium alloy coated with PEQ

Fig. 14 shows the schematic of the failure mechanism for PEQ-coated
AZ21 immersed in NaCl solution containing 2,5PDC. At the beginning of
the immersion, the water penetrates through the PEO pores and trans-
fers C1" and 2,5PDC towards the Mg substrate Fig. 14(a). The aqueous
medium reaches the AZ21 substrate within the first few minutes of
immersion, which leads to the immediate cathodic HER occurring on the
Mg substrate, as was evident in the increasing local concentration of
dissolved Hs in Fig. 11(a).

Despite being often disregarded as the contributing cathodic reaction
on magnesium surface, recent studies have strongly substantiated the
potentially high contribution of ORR to the magnesium corrosion rate,
especially if the overall corrosion rate of magnesium is relatively low
[31,33,45,60]. A recent study conducted by Wang et al. [33] has re-
ported that a considerably high rate of ORR can occur on
ultra-high-purity magnesium, while comparatively low oxygen is
consumed on commercially pure magnesium (CP-Mg) during the im-
mersion in 0.05 M NaCl solution. This observation was explained by the
barrier effect of intensively formed Mg(OH); on CP-Mg against the

Corrosion Science 192 (2021) 109830

diffusion of dissolved oxygen towards the substrate. Analogously, the
thin barrier layer of the PEO on the AZ21 substrate can restrict the
diffusion of dissolved oxygen molecules towards the substrate. Thus,
ORR could not occur on the PEO-coated AZ21 immersed in NaCl solution
amid 4 h of measurement (Fig. 11(b)}. The stable oxygen content at the
first 30 min of immersion in the solution containing 2,5PDC can be
similarly explained by the barrier effect of the PEO layer against the
penetration of O3 molecules towards the AZ21 substrate. However, the
rapid deterioration of the PEQ layer by 2,5PDC, which was evident in
the cross-sectional images in Fig. 9(c), opens up cracks and pores in the
PEO coating, facilitating the diffusion of oxygen molecules, as illustrated
in Fig. 14(b). Therefore, the ORR on the substrate becomes activated,
which appears in the rapid drop of oxygen concentration after 30 min of
immersion. Furthermore, the widened pathways within the PEO layer
can deliver higher concentrations of Cl” towards the AZ21 substrate that
intensifies its corrosion rate [61-63].

The deteriorating effect of the 2,5PDC against the PEQ layer stems
from its capability to form soluble complexes with Mg?", Thus, the
presence of 2,5PDC in the NaCl solution facilitates the dissolution of
Mgs(PO4)2, as one of the main phases in the PEO layer (Fig. 4(b)), which
was confirmed by the thermodynamic calculation of equilibrium com-
positions presented in Fig. 12. Note that, the amorphous form of
Mg5(PO4)2, which was confirmed by the apparent hump in the XRD
spectrum in Fig. 4(b), undergoes a relatively faster dissolution as
compared to the crystalline Mg;(PO4)z. MgO is thermodynamically
unstable in an aqueous environment. Therefore, there is no stability
region for MgO in the equilibrium condition illustrated in Fig. 12.
However, as compared to the amorphous Mg3(PO4)2, MgO has a higher
stability in a CI” containing aqueous electrolyte [42]. On the other hand,
it has been reported that MgQ hydration kinetics can be affected by the
presence of carboxylic acids [64] in the solution, which in turn leads to
different morphology of the formed Mg(OH), [26]. Such effect is
attributed to the decrease of the energetic barrier for the interaction
between MgO and H30 at the sites where the carboxylate group has
bonded (or adsorbed) to the MgO surface [65]. The inner barrier layer of
PEO, which primarily endows the corrosion protection properties of this
coating technique, is reported to be mainly made of MgO [66,67].
During the exposure of this layer to an aqueous solution, Mg( undergoes
hydrolysis, which is intensified by the presence of CI" in the solution
[28]. This degradation process of the PEQO inner barrier layer occurs
within the first 13 h of immersion in the NaCl solution as the impedance
response of the sample surface reached its minimum value (Figs. 7 and
8). 2,5PDC accelerates the degradation of PEQ inner barrier layer, which
is shown by the considerably faster decline of the impedance response.
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Fig. 14. Schematic of failure mechanism for PEO-coated magnesium immersed in Na€l solution containing 2,5PDC.
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After only 1 h of immersion in the solution containing 2,5PDC, when the
PEQ inner barrier layer is already eradicated, the corrosion prevention
response of the inhibitor on the bare Mg starts to develop. This was
reflected in the gradual reduction in HER and ORR rates and the rapid
increase of impedance during the same immersion time window
attributed to the formation of a thick modified MgO/Mg(OH)o film.
However, the barrier properties of this film are considerably lower than
that of the inner barrier layer of the PEO, resulting in a much lower
impedance value.

The formation of corrosion product in the interface of PEQ/substrate
exerts stress on the PEO layer atop during the immersion in a corrosive
medium. The accumulated stress can cause a local breakdown of the
PEQ layer (Fig. 14(c)), which is considered as the failure for the PEO and
reflects in a considerable drop of impedance value. The establishment of
a thick protective MgO/Mg(OH); layer on the AZ21 substrate due to the
presence of 2,5PDC intensifies the applied stressed on the PEO layer
atop, which in turn causes its earlier breakdown. The destructive
accumulation of MgO/Mg(OH)- in the PEQ/substrate interface is not
only due to the corrosion process of the substrate. The soluble complex
formed between the 2,5PDC and Mg ions taken from the PEO outer layer
can transport more Mg ions towards the proximity of the PEO/substrate
interface, which features high alkalinity owing to the cathodic reactions
on the substrate. Consequently, Mg(OH); precipitates and piles up on
the interface or between the PEO pores, applying more destructive force
to the PEQ layer.

Furthermore, the interaction of 2,5PDC with the PEQ layer itself
causes consumption of free 2,5PDC during its pathway towards the
substrate. Thus, lower concentrations of 2,5PDC reach the substrate,
which degrades the inhibitive properties of 2,5PDC on AZ21 substrate
(shown in Fig. 2).

5. Conclusion

In this study, the universal corrosion inhibition effect of 2,5PDC was
validated on AZ21 magnesium alloy via the common H; evolution test.
However, it was observed that when AZ21 substrate was coated with the
PEQ, the presence of 2,5PDC in the corrosive NaCl solution caused an
earlier failure of the coated sample, The positive inhibition effect on the
bare AZ21 and the adverse effect on the PEO layer are both intensified
with the increase of 2,5PDC concentration in the electrolyte.

The main mechanisms of such discrepancy of 2,5PDC effect are
summarized as follows:

1. 2,5PDC forms soluble complexes with Mg ion, 2,5PDC expedites the
decomposition of the PEQ coating in the aqueous medium, which
occurs by destabilization of Mgs(POy4), and facilitation of MgO hy-
dration. This results in hastened obliteration of the protective inner
barrier layer of PEO, as well as opening up the pathways for diffusion
of the corrosive medium containing CI" and Oa.

2. The inhibitory mechanism of 2,5PDC on magnesium alloys entails
the initial formation of a thick Mg(OH)»/MgO layer which further
limits the magnesium corrosion. The formed protective layer pro-
vides considerably lower corrosion protection properties as
compared to that of the already degraded inner barrier layer of PEO.
Moreover, the additional mechanical stress exerted by the formation
of this film on the PEO layer atop leads to its local breakdown.

The findings of this study suggest that the positive effect of an in-
hibitor towards the corrosion of a bare magnesium alloy must not be
taken for granted when it is aimed to be incorporated in a PEO layer. The
interaction between the PEO layer and the effective inhibitor must be
investigated prior to its incorporation into the PEO layer.
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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 Al20s slurry
(average 1um 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 PEQ/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.
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ARTICLE INFO ABSTRACT
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In this study, the corrosion inhibition effect of 8-hydroxyquinoline (8HQ) on a PEO-coated AZ21 magnesium
alloy is explored, The interaction of 8HQ molecules with both bare AZ21 and PEQ layer was thoroughly scru-
tinized during the exposure to a corrosive NaCl electrolyte using different characterization methods, including
EIS, SEM, Raman spectroscopy, and XRD. The corrosion inhibition mechanism stems from the extensive pre-
cipitation of the insoluble complex between 8HQ molecules and Mg on top of the PEO layer, which leads to

subsequently inhibition-enhancing phenomena, including meodification of the corrosion products and re-
precipitation of the PEO amorphous phase.

1. Introduction

PEO (Plasma Electrolytic Oxidation) is a surface treatment process
on metallic substrates based on the formation of a ceramic-like coating
with remarkable tribological properties and promising corrosion pro-
tection performance [1,2]. PEO coatings have already found applica-
tions in a wide range of consumer industries, including biomedical,
aerospace, transportation and electronic [3]. The coating is formed by
applying a high voltage to the substrate while immersed in an aqueous
electrolyte [4], thereby generating short-living micro-discharges on the
substrate surface. The high-energy plasma formed in the
micro-discharges causes local melting of the substrate surface and fast
re-solidification of the oxides and other compounds depending on the
electrolyte chemistry [2,5]. The formed coating comprises an outer
porous layer and a compact inner layer. PEO coatings provide a rela-
tively good corrosion resistance thanks to the barrier effect of the inner
layer, while the corrosive medium can easily penetrate through the
relatively large pores of the outer layer. However, the porous feature of
the outer layer can be utilized as spacious containers to store chemicals
with desired functionalities. Loading of the pores of the layer, which is
formed on Mg alloys during high-voltage treatment, with corrosion in-
hibitors has been first proposed in 2009 [6]. Since then, this became an
established procedure te improve the overall corrosion protection
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properties of the PEQ-coated metals [7-11], The PEQ pores are usually
loaded by simply immersing the sample into the inhibitor-containing
solution, For instance, the impregnation of a flash-PEQ coating on an
AZ31 magnesium alloy with inhibitor 4-Methylsalicylic acid signifi-
cantly reduced the corrosion rate of the Mg substrate as compared to the
stand-alone flash-PEO without any inhibitor [11]. Moreover, the
inhibitor-loaded sample outperformed a commercially treated Mg sub-
strate with chromate conversion coating in a salt spray test. A subse-
quent sealing step is usually carried out by applying a top layer on the
PEQ coating to minimize the unnecessary leaching of the inhibitors from
the open pores of PEO. Several reports of the enhancement of corrosion
protection properties of PEQ on Mg alloys by the incorporation of
corrosion inhibitors into the PEO coating have already been published
[6-8,12-16].

8-Hydroxyquinoline (8HQ) is a well-known chemical for its
remarkable corrosion inhibition effects on different metallic substrates,
including steel, aluminum, and copper. The scientific content pertaining
to the corrosion inhibition of 8HQ available in the Scopus database dates
back to 1929 [17] that reported a strong inhibition effect on steel in
sulfuric acid. As a result of a significant body of research on the appli-
cation of 8HQ and its derivatives, several review papers have recently
been published on this matter [18-20], Several reports of the strong
corrosion inhibition effect of 8HQ on different magnesium alloys also
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render 8HQ a propitious candidate for commercial applications of in-
dustrial magnesium parts [21-25]. However, it is notable that some
reports [6,26-28] on the adverse or minimal inhibition effect of 8HQ
and its derivatives on magnesium alloys reveal the highly crucial roles of
testing conditions, such as tested magnesium substrate, corrosive
background electrolyte, and the ratio between electrolyte volume and
exposed Mg surface area. The corrosion inhibition effect of 8HQ on
magnesium alloys is generally asecribed to the formation of an inseluble
complex with the MgZJr ions (hereafter denoted as 8HQ(Mg)) that pre-
cipitates on the Mg surface and forms a barrier layer against the corro-
sive species [21,25],

Being indicated as an auspicious corrosion inhibitor for bare mag-
nesium, 8HQ is also one of the most studied chemicals as an incorpo-
rated inhibitor into different coating systems. For example, Galio et al.
[29], in one of the early attempts to incorporate 8HQ in a coating on a
magnesium alloy, found out that the incorporation of 8HQ in a sol-gel
coating can significantly enhance the protective properties of the
sol-gel coating. This is attributed to the formation of the insoluble 8HQ
(Mg) that blocks the micro-pores of the sol-gel layer. Several attempts
have been made to incorporate 8HQ into the PEO porous outer layer
formed on magnesium alloys [6,15,30,31]. In order to control the
release of 8HQ during the exposure to the corrosive medium, it has also
been initially loaded to different micro/nano-containers such as hal-
loysite nanotubes (HNT), before being incorporated into the PEO outer
layer [21]. This way, the stimulations generated during the corrosion
process of the magnesium substrate, such as the increase in the pH,
liberates the 8HQ molecules from the containers.

Although improvement in the overall corrosion resistance of the
coating by incorporation of 8HQ into PEQ coatings on magnesium alloys
has been reported [9,31-34], the individual effect of 8HQ on the PEO
layer and the mechanism of enhancement in its corrosion resistance is
yet to be addressed in detail. In the majority of these studies, the pres-
ence of other components of the coating system, such as the sealing
layer, as well as its interaction with 8HQ molecules affect the final
corrosion resistance of the coating system, thus rendering the under-
standing of the 8HQ inhibition mechanism complicated [35]. Further-
more, the mechanism of enhancement in the corrosion protection
properties of the PEO coatings on Mg by adding 8HQ in a majority of the
research items have been justified by a simple formation of the inscluble
8HQ(Mg) complex, without elaborating any details on the interaction of
8HQ molecules with the PEO layer.

It is worth mentioning that the use of 8HQ in the industry may be
restricted concerning its potential toxicity. However, in-depth studies of
highly effective inhibitors such as 8HQ help understanding the inhibi-
tion mechanism, which will eventually give insight into finding more
green inhibitors with superior corrosion inhibition properties.

This work places the emphasis on how 8HQ interacts with both bare
magnesium AZ21 substrate and PEO layer to facilitate an in-depth un-
derstanding of the overall inhibition effect of 8HQ in contact with a PEO-
coated AZ21 substrate.

2. Experimental procedure
2.1. Materials

Magnesium alloy AZ21 sheet (cast and rolled at Helmholtz Zentrum
Hereon) was used as the substrate. The chemical composition of the
alloy, determined by spark discharge-optical emission spectroscopy (SD-
OES), Ametek-Spectro, is 1.59 + 0.07 wt% Al, 1.05 + 0.07 wt% Zn,
0.29 wt% Mn, 28 + 1 ppm Fe, and 23 £ 1 ppm Ni. All the AZ21 speci-
mens were mechanically ground up to 2500 grit SiC abrasive paper.

All the solutions containing 8HQ (Alfa Aesar, 99%) were in satura-
tion condition (—5 mM), which were prepared by 1 h vigorous stirring of
the solution containing an excessive amount of 8HQ at room tempera-
ture. The remaining undissolved 8HQ was filtered out using filter paper
(LLG-filter medium/fast). The pH of the 8HQ-containing electrolyte was
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7.1. The pH of the reference NaCl 3.5 wt% electrolyte was 5.6.
2.2. Preparation of PEO

PEQ coating was applied on AZ21 specimens in an electrolyte con-
taining 20 g/L NazPQ, (Alfa Aesar) and 2 g/L. KOH (CHEMSOLUTE®,
>85%), using a pulsed DC power source (Electro Automatik, Germany).
The samples were subjected to constant current density of 40 mA.cm ™2
and a duty cycle of 1 ms:9 ms for a period of 10 min, resulting in a final
voltage of 400 + 4 V. The electrolyte temperature is controlled at 20 °C
by a cooling system that utilizes a stainless steel tube cathode. Rinsing
after the PEO process was done by immersion in deionized water for 20
min. The rinsing was carried out at low-pressure condition (~0.9 atm
pressure) to remove the entrapped air inside the pores and ensure that
the deionized water can penetrate through the pores and dilute the
remaining PEO electrolyte. 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.

2.3. 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 MgCls.6 HoO (supplied by 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 BHQ(Mg) precipitation can be achieved [36]. 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.

2.4. Crystallographic characterization

The bulk phase composition of the coating was analyzed by a
diffractometer (Bruker D8 Advance, Karlsruhe, Germany) with Cu K, X-
ray beam generated with a voltage and current of 40 kV and 40 mA,
respectively, The incident angle was 4° with 5 s acquisition time per
point and 0.02° step size in the range of 5-70°.

High resolution two dimensional XRD maps were acquired at the
nanofocused endstation of beamline P03 at PETRAIII storage ring,
Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany)[37].
The beam size was 1.5 um x 1.5 ym. Beam exposure for each step was set
at 15 keV for the dwell time of 0.5 s. Regions of 80 um x 80 ym were
scanned with the step sizes of 2 pm and 4 ym for vertical and horizontal
directions, respectively. The horizontal direction is parallel to the sub-
strate surface, For the sake of clarity, the XRD pattern is presented after
the converting the 20 values from the Synchrotron beam wavelength to
that of Cu K.

2.5. Electrochemical measurements

The electrochemical measurements were carried out using a Gamry
interface 1010 potentiostat with a 3-electrode arrangement. The adop-
ted reference electrode was Ag/AgCl electrode in saturated KCL solu-
tion. Pt coil was served as the counter electrode. A sample surface of 0.5
em? was exposed in a vertical position to 400 ml of 3.5 wit% NaCl
electrolyte with and without the presence of 8HQ at stagnant condition.
Electrochemical Impedance Spectroscopy (EIS) was performed under
potentiostatic mode at open circuit potential {OCP), and after an
adequate immersion time (5 min for bare AZ21 and 30 min for PEO-
coated samples) to ensure stable conditions. The scanned frequency
was ranged from 100 kHz to 0.01 Hz for PEO-coated samples and from
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100 kHz to 0.1 Hz for bare magnesium samples, with 9 points per decade
acquisition. A 10 mVy,; Ac perturbation voltage was applied. During the
impedance acquisition for the PEO-coated sample, careful observation
of the obtained Lissajous curves was conducted, especially at low fre-
quency range, to avoid any significant deviation from the zero response
current, which means a strong deviation from the OCP condition and
destructive polarization of the specimen. In such a case, the EIS acqui-
sition was aborted. All the electrochemical measurements were carried
out at 21 4+ 1 °C, in air-conditioned lab.

To evaluate the corrosion rate of the bare AZ21 by weight loss
measurement, chromic acid (prepared by dissolving 200 g/1 CrQOg in
deionized water) was used to remove the corrosion products formed
after immersion. The inhibition efficiency (IE) was calculated using the
equation below:

Wer — Wang «

ref

IE (%)= 100
Wit and Wygrg denote the weight loss of bare AZ21 after exposure to
the NaCl electrolyte without and with 8HQ, respectively.

2.6. 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 um
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 integra-
tion time was 3 s in all cases. Validation and evaluation of the data were
carried out with the Bruker OPUS software version 7.5.

2.7. Microscopy
The surface morphology and cross-section of bare and PEO-coated

substrate was characterized using scanning electron microscope (SEM)
(TESCAN Vega3 SB) and energy dispersion spectrometer (EDS) (iXRF
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system). The acceleration voltage was 15 kV. The SEM images were
taken with both secondary electron (SE) and backscattered electron
(BSE) modes.

For the cross-sectional observations, the samples were embedded in
epoxy resin (EpoxiCure, Buehler). Then the surface of the sample was
ground with SiC emery papers up to 25004 grit number and polished
with water-free silicon oxide polishing suspension (OPS™, Cloeren
Technology GmbH). Samples’ surface was sputter coated with gold
using Cressington Sputter Coater 108auto, except for those samples
analyzed with Raman spectroscopy.

3. Results
3.1. Effect of 8HQ on bare AZ21

3.1.1. EiS

In order to understand the effect of 8HQ on the PEO-coated mag-
nesium, it is important to first understand the interaction of 8HQ with
the bare AZ21 substrate during the corrosion in the NaCl electrolyte. The
A721 samples were immersed in the corrosion testing electrolyte of
3.5 wt% NaCl with the presence and the absence of 8HQ at saturated
concentration. Meanwhile, EIS was employed to characterize the surface
condition of the magnesium substrate. Fig. 1 shows the evolution of
Bode plots obtained from the AZ21 substrate during the immersion in
the NaCl solution with and without 8HQ.

In the case of the blank NaCl solution without the presence of 8HQ,
two time constants are visible at the high (between 10% and 10 Hz) and
low frequency range (between 10 and 1 Hz) for 5 min and 30 min of
immersion times, which can be attributed to the oxide layer [38] and a
double layer formed on the Mg surface [39], respectively. The positive
phase angle located at the low-frequency range is believed to be origi-
nated from the non-statiocnary condition of the Mg surface during the EIS
measurement [40]. For the immersion times that exceed 30 min, the
time constant at low frequency (i.e., the double layer response) is no
more identifiable in the phase angle spectra. When 8HQ is present in the
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Fig. 1. Bode plots of the EIS spectra obtained for the AZ21 sample during 4 days of immersion in NaCl 3.5 wt% NacCl solution (a) without and (b) with 8HQ.
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NaCl electrolyte, the phase angle spectra indicate two capacitive relax-
ation processes similar to that of blank NaCl electrolyte for the first hour
of immersion, with a not so easily identifiable low-frequency capacitive
behavior. However, further immersion results in the emergence of a
third capacitive time constant at the very high-frequency range (as
evidenced at frequencies more than 10* Hz), marked in Fig. 1. This, in
turn, is attributed to the formation of an extra layer on the Mg surface,
containing 8HQ(Mg) precipitates, which leads to a remarkable increase
in the modulus of impedance at the high-frequency range until the first
day of immersion. This increase in the impedance value at the
high-frequency range occurs concomitantly with the enhancement in
the low-frequency impedance. During this period, the time constants
attributed to the oxide layer and the double layer also become more
distinct in the phase angle representations.

The equivalent circuits presented in Fig. 2 (a and b) are employed to
model the EIS spectra, Moreover, the impedance modulus at the low
frequency of 1 Hz (hereafter denoted as |Z|; 11} was considered as the
corrosion resistance indicator and presented in Fig. 2 (f). As explained
above, the frequency range less than 1 Hz is influenced by the non-
stationary condition, thereby rendering the comparative evaluation of

R Rux

AW\
CP;Q
o
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the corrosion rate faulty. Ry represents the electrolyte resistance. Ry
denotes the resistance of the oxide layer on the magnesium surface.
CPE,y is the constant phase element that models the non-ideal capacitive
behavior of the oxide layer on the magnesium surface. Ry is coupled
with the CPEg4 to model the charge transfer resistance and the capacitive
behavior of the double-layer, respectively. Both Rex and CPEg, also
denote the electrical properties of the extra layer formed in the case 8HQ
is present in the electrolyte. Note that for the blank NacCl electrolyte, the
charge transfer resistance and double-layer capacitive behavior are
eliminated from the equivalent circuit since their values are negligible
and indecisive to the fitting results, Fig. 2 (¢-e) illustrates the evaluation
of the extracted parameters from the equivalent circuits over the time of
immersion. Rex shows an increasing trend over the time of immersion,
albeit very fluctuating, which can imply the instantaneous deterioration
and healing of the extra layer’s barrier properties over the immersion
time. Note that the average values of three measurements for Ry, have
been presented in the supplementary materials, while in Fig. 2, only the
result of one measurement has been illustrated to show the highly
fluctuating values of Ry over immersion time. When 8HQ is present in
the electrolyte, Rox, Ret, and |Z]) 11z tend to develop a rapid enhancement
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Fig. 2. (a) and (b): the equivalent circuits employed to fit the EIS spectra for the NaCl electrolyte without and with the presence of 8HQ, respectively. (c-e): evolution
of parameters obtained from the fitting of EIS spectra of bare AZ21 exposed to the NaCl electrolyte with and without 8HQ. (f) |Z| value at 1 Hz obtained from the
corresponding Bode plots in Fig. 1. The error bars indicate the standard deviation of the three measurements.
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within the first 7 h of immersion in comparison to those of blank elec-
trolyte. Subsequently, they are subjected to a gradual inclination until
the end of the 4 days of immersion. Nevertheless, the |Z|y 5 value for the
8HQ-containing electrolyte remains significantly higher than that of
blank NaCl electrolyte for the entire duration of immersion.

The corrosion rate of the AZ21 samples in the electrolyte with and
without 8HQ, calculated based on the weight loss of the samples after 4
days of immersion, is presented in Fig. 3, which confirms the corrosion
inhibition effect of 8HQ on AZ21 magnesium, yielding an inhibition
efficiency (IE) of 65%. The visual appearances of the AZ21 surface after
4 days of immersion are also presented in the same figure, The surface of
the sample exposed to the 8HQ-containing solution was covered with a
yellowish precipitation.

3.1.2. SEM

Fig. 4 shows the surface of bare AZ21 after different periods of
exposure to the blank NaCl solution. After only 5 min of immersion,
some filiform corrosion is already formed on the surface. The increased
duration of exposure till 1 day leads to the complete coverage of the
surface with corrosion products mainly made of Mg(OH)a, which fea-
tures a cracked morphology all over the surface.

Fig. 5 shows the surface of bare AZ21 after different periods of
exposure to the NaCl solution containing 8HQ. The filiform corrosion
was also observed within the first 5 min of immersion (Fig. 5 (a)).
Flower-like precipitations are formed on random places of the Mg sur-
face. These precipitations, as will be characterized later by XRD and
Raman methods, are the insoluble complex between 8HQ and Mg>*
released by the degradation of the Mg substrate.

After 1 h of immersion, 8HQ(Mg) precipitates covered a larger sur-
face of the AZ21. However, some places can still be found free of 8HQ
(Mg) precipitates, evidenced in the higher magnification of Fig. 5(b).

After 1 day of immersion (Fig. 5 (c)), the substrate is fully concealed
by the 8HQ(Mg) precipitates. An analysis of higher magnification re-
veals spherical voids surrounded by flakes of 8HQ(Mg), as marked in
Fig. 5 (¢). Hy bubbles as the product of cathodic water reduction on the
magnesium substrate can be trapped in the corrosion products for a
short duration, and the BHQ(Mg) flakes precipitate around the bubble

—_ —_
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corrosion rate (mm.year™)

NaCl 3.5%

+8HQ

Fig. 3. Corrosion rate of the AZ21 substrate after 4 days of immersion in the
NaCl electrolyte with and without 8HQ. The error bars indicate the standard
deviation of the three measurements, The visual appearance of the AZ21 sur-
face after 4 days of immersion is shown on the top of each bar.
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shaping a spherical void on the surface.

Fig. 6 shows the cross-sectional morphology of the AZ21 substrate
after 1 day of immersion in the NaCl electrolyte with and without 8HQ.
Wide cracks in the corrosion products in the case of NaCl electrolyte
without 8HQ are present in its entire thickness. When 8HQ was present
in the electrolyte, a two-layered corrosion product could be observed
(Fig. 6 (b)), comprising a top layer of SHQ(Mg) flakes and an inner layer
similar to the corrosion products in the case of the blank NaCl electro-
lyte, albeit with considerably denser morphology and narrower cracks.

Elemental mapping conducted by EDS also confirms the two-layer
structure of the precipitations with different chemical compositions in
the case of the presence of 8HQ in the electrolyte. The small amount of
detected carbon in the inner layer of corrosion products in Fig. 6 (b) as
well as in the corrosion products in Fig. 6 (a) could be due to the con-
taminations from the embedding resin that occurs during the polishing/
grinding step. Furthermore, the trace of carbon can be ascribed to the
presence of magnesium hydroxy carbonates [41,42], formed as the
result of the reaction of Mg(OH), with the dissolved CO; from the
environment. Notably, the element N could also be selected to identify
8HQ molecules. However, the relatively high quantity of O and C atoms
in Mg(OH)s (main corrosion products on Mg alloys) as well as in the
surrounding resin lead to a strong overlapping with the characteristic
x-ray energy peak of the N atom.

3.2, Effect of 8HQ on PEO

The effect of 8HQ as a corrosion inhibitor on the AZ21 substrate
coated with PEO was investigated by the direct addition of 8HQ to the
corrosive NaCl electrolyte. EIS test was conducted during the exposure
to the corrosive electrolyte to evaluate the corrosion protective prop-
erties of the PEQ-coated sample.

3.2.1. EIS

Fig. 7 illustrates the Bode plots of the AZ21 coated with PEO during
the immersion in NaCl electrolyte with and without 8HQ. The imped-
ance at low frequency, which roughly represents the corrosion resis-
tance of the Mg surface, experiences a slight variation during the first 2
days of immersion in the blank NaCl solution, followed by a rapid drop
in its value after 3 days. This significant decline in the impedance ac-
companies the emergence of corrosion pits, as marked in the corre-
sponding macrograph in Fig. 7, which is considered as the failure of PEO
coating.

When 8HQ is present in the electrolyte, the impedance value at low-
frequency range gradually grows over the immersion time. A visible
formation of bubbles at the place marked in the associated macrograph
in Fig. 7 after 11 days of immersion is assigned the PEO coating’s failure,
albeit still considerably higher impedance value in comparison to that of
the blank NaCl electrolyte. As can be seen, a yellowish film has covered
the PEO layer, resembling the same precipitation on the surface of bare
AZ21 after exposure to the 8HQ-containing electrolyte (Fig. 1).

Two time constants can be identified at all immersion periods in the
blank NaCl electrolyte. The high-frequency range time constant is
associated with the oxide layer on the Mg substrate [35]. The middle
frequency time constant is associated with the double-layer capacitive
behavior coupled with the resistive charge transfer on the Mg substrate.

In the case of the presence of 8HQ in the electrolyte, an extra time
constant gradually develops at the high-frequency range, observable
after 1 day of immersien. This is attributed to the formation of an extra
layer with barrier properties. The time constant at the low-frequency
range is related to the oxide layer on the Mg surface. The time con-
stant related to the corrosion of Mg substrate (charge transfer resistance
coupled with the double layer) has been shifted to the frequencies lower
than 0.01 Hz, and cannot be clearly observed in the spectra. Only hardly
distinguishable evidence of corrosion-related time constant can be
observed at the low-frequency range for immersion time before 1 day.

Additionally, a less evident time constant also can be detected

117



B. Vaghefinazari et al.

Corrosion Science 203 (2022} 110344

Fig. 4. Surface morphology of AZ21 exposed to NaCl solution after (a) 5 min and (b) 1 day.

between high and low frequency ranges. For instance, this time constant
is located in the frequency range of 10%-10% Hz for the corresponding EIS
spectrum of 2 days of immersion in the 8HQ-containing electrolyte. This
time constant can be attributed to an intermediate film between the
oxide layer on the Mg substrate and the extra layer evident at high-
frequency range. Although this intermediate time constant appears to
be inappreciable as compared to the other time constants, it was
considered in the equivalent circuit for a better fit, especially at low
immersion times.

The equivalent circuits employed to fit the EIS spectra as well the
corresponding extracted parameters are presented in Fig. 8. Rg repre-
sents the electrolyte resistance. Rex and CPE¢y represent the resistance
and the capacitive properties of the extra layer attributed to the high-
frequency range time constant in the presence of 8HQ in the electro-
lyte. Rin and CPE;, are implemented to simulate the intermediate pro-
tective layer between the oxide layer on the Mg substrate and the extra
protective layer.

Ryx and CPE,; were used to simulate the barrier oxide layer on the
magnesium surface. Re; and CPEq indicate the charge transfer resis-
tancec and the double layer constant phase element corresponding to the
corrosion activity on the magnesium surface.

The resistance of the oxide layer on the magnesium surface (Roy)
experiences an initial slight increase in the case of blank NaCl electro-
lyte, probably due to the local alkalization, which stems from the
cathodic reactions on the magnesium [38]. Note that the initial inner
barrier layer of the PEO is subjected to degradation by the corrosive
medium within the first hours of immersion, as reported for the same
condition and material in our previous work [35].

The addition of 8HQ in the electrolyte leads to higher values of Ry
for the entire duration of immersion, which gradually rises until a
drastic decline after 8 days. Further immersion time reveals unstable

values for Ry implying a continuous change in the Mg surface
condition.

Rex has an increasing trend for the entire duration of the immersion,
which implies a continuous enhancement of the formed extra barrier
film on the PEO. The Ry does not change significantly even after the
failure of the sample (this also holds in linear scale presentation, which
is not shown here).

3.3. XRD of PEO

Fig. 9 shows the XRD patterns obtained from the PEO-coated mag-
nesium before and after 3 days of exposure to the NaCl electrolyte with
and without 8HQ.

The XRD pattern of the reference sample (before immersion) reveals
that the PEO coating is mainly composed of MgO (Periclase) and
Mgs(PO4); (Farringtonite) phases. The appearance of the Mg peak in the
pattern ensures that the XRD incident beam passed through the thick-
ness of the coating and reached the Mg substrate. The hump in the 26
region between 20° and 40° is explained by the presence of amorphous
Mg3(PO4); phase. Other peaks with relatively low intensities that are not
marked in the spectra cannot be assigned to any phase with certainty.

After 3 days of immersion in the NaCl electrolyte, all phases in the
reference PEO (before immersion) can be identified, albeit with much
lower intensity as compared to the XRD peaks assigned to the Mg. This
could be due to the degradation of the PEO layer that lets the incident X-
ray penetrate easier towards the magnesium substrate.

The XRD pattern obtained from the sample after immersion in the
8HQ-containing electrolyte was dominated by the diffraction peak at 20
of 6.8°, which is the most intense peak of 8HQ(Mg) complex (Fig. 9 (d)).
While the diffraction patterns from the PEO phases, as well as the sub-
strate, remain detectable at higher magnification, the hump associated
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Fig. 5. Surface morphologies of bare AZ21 exposed to the NaCl electrolyte containing 8HQ after (a) 5 min, (b) 1 h, and (¢) 1 day. An enlarged version of each marked
area is illustrated on its right hand side. All images are taken in the backscatter electron (BSE) mode of SEM.

with the Mg3(PO4); cannot be observed, probably due to the consider-
ably low intensity concealed by the background noise spectra. XRD
peaks of Mg(OH), were not found in the spectrum of the samples after
corrosion in neither blank nor 8HQ-containing NaCl electrolyte.

3.4. SEM

Fig. 10 illustrates the surface and cross-section of PEO coating before
and after 1 day of immersion in the NaCl solution. Prior to the immer-
sion, the PEO layer contains large pores in its outer layer. The average
total thickness of the PEO layer was measured 44 + 10 um. Cracks are
also visible, spreading all over the surface and in the thickness of the
PEO outer layer, which could be caused by the thermal stresses during
the PEO coating formation [43,44]. Following 1 day of immersion in

NaCl solution, the surface of the PEO layer (Fig. 10 (b)) becomes rougher
as compared to that of the reference PEO layer (Fig. 10 (a)), showing its
degradation. Magnesium substrate is also subjected to corrosion that is
evident from the thin layer of corrosion products at the PEO/substrate
interface, as marked in Fig. 10 (e). Higher magnification from the sur-
face of the PEO layer after corrosion is shown in Fig. 10 (c) that reveals
two distinctive regions, labeled as “smooth” and “rough”. The smooth
region possesses a similar morphology to the surface of reference PEO
before immersion, based on which it can be inferred that this region has
not been degraded after 1 day of immersion. On the other hand, the
rough region, which appears as a deeper level as compared to the sur-
rounding smooth one, has been degraded. The elemental composition of
these regions was measured using a statistical (20 data points for each
region) EDS analysis, which is shown in Fig. 10 (f). The atomic
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Fig. 6. Cross-sectional morphology of the AZ21 after 1 days of exposure to NaCl electrelyte (a) without and (b} with 8HQ. The elemental mappings of the marked

area are depicted on the right side of each case.

percentage of element P appears to be slightly lower in the rough
degraded region, which suggests that Mgs(PO.,)2 has been preferentially
degraded in comparison to MgQ. This conclusion can also be drawn from
the atomic ratio Mg:O in different phases, as presented in the table in
Fig. 10 (f). Assuming the PEO layer is only composed of MgO and
Mg3(PO4)2, a higher Mg:O atomic ratio means higher ratio of the MgO
phase in the measured volume of the EDS analysis, which again means
more dissolution of Mgz(PO4)s.

Fig. 11 shows the cross-sectional and surface morphology of the PEO
layer after 1 h and 1 day immersion span in NaCl solution with 8HQ.
After 1 h of immersion, two morphologies/sizes of the 8HQ(Mg) flakes
were identified: 1- Small flakes mostly located directly on the very top
surface of the PEQ layer (Fig. 11 {al)), 2- Relatively larger flakes mostly
grown from/around the PEO pores, which occasionally appeared as the
spherical voids similar to the ones observed on the bare AZ21 in Fig. 5.
The large flakes were also identified inside the pores in the PEO outer
layer, as marked in Fig. 11 (a3). Different morphology of the flakes
suggests different supply of its precursors, namely Mg®* or 8HQ. The
Mgz‘ required for the formation of smaller flakes, which are formed
directly on the outer PEO layer surface, are supplied mostly from the
dissolution of the PEO layer itself, which takes place during the exposure
of PEO to the NaCl solution, as depicted in Fig. 10. On the other hand,
the Mg®* participating in the formation of the larger flakes are supplied
by the corrosion of both PEO and the Mg substrate, which was evident in
the corrosion product formed at the PEO/substrate interface (Fig. 11
(a3)).

After 1 day of immersion, the top surface of the PEO outer layer was
completely covered with the 8HQ(Mg) flakes, and the frequently
observed spherical voids, which are formed on the PEO pores. The white
patches appearing in random places on the surface were rich in Na and
Cl, which are probably due to the precipitation of the NaCl sclution

residue, entrapped in the rough morphology of the flakes.

Note that the resin for the embedding of the substrate was able to
penetrate through the PEO outer layer and fill the pores, as is evident
from the same shade of gray from the resin in Fig. 11 (a3). After 1 day of
immersion, the precipitation of 8HQ(Mg) on the PEO surface seems to
block the penetration of the resin through the pores that lead to occa-
sionally observed voids, as shown in Fig. 11 (b3). This suggests the
potential hindrance effect of 8HQ(Mg) precipitates on the PEQ surface
against the penetration of the corrosive solution toward the substrate.
Some other pores in the PEO outer layer seem to be partially filled with
some compounds with a similar elemental composition to that of the
PEQ layer (see the EDS results of the points marked Fig. 11 (b3)). Thus,
these filling compounds, could contain the dissolved Mgs(PO4)» from
the PEO layer that is subsequently re-precipitated in the form of the
same phase or its hydrated compounds, All the pores are fully filled with
a similar compound after 11 days of immersion, as shown in the sup-
plementary material Fig. $2, However, wide cracks are also frequently
observable within these filling compounds. The presence of Si element in
the EDS analysis of these filled pores is attributable to the presence of
silicon oxide remnant from the sample polishing step using silica pol-
ishing suspension.

3.5. Localized diffractometry

Local diffractometry was conducted to investigate the local phase
distribution in the PEO coating. Fig. 12 shows an example of a series of
vertical scans along the thickness of the PEQO layer (before exposure to
any electrolytes). More examples of PEO-coated samples after exposure
to the electrolytes are presented in the supplementary materials
(Fig. S4). As compared to the XRD pattern obtained from the bulk of the
PEQ layer, in Fig. 9, the local diffractometry revealed more peaks that
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Fig., 7. Bode plots of PEQ-coated AZ21 immerged in the NaCl solution (a) with and () without 8HQ. On the bottom of each case, the surface appearance of the PEO-

coated AZ21 at the end of the testing is illustrated.

mostly belonged to the Mgs(PO4)2 phase, though they are not marked in
Fig. 12 for the sake of visual clarity.

The integrated peak intensity of the strongest diffraction from each
phase can be considered as a qualitative evaluation of the presence of
each phase. The XRD peaks positioned at 268 of 37° and 6.8° are taken as
the strongest peaks associated with MgO and 8HQ(Mg) phases, respec-
tively. Mgs(PO4); phase showed a preferential orientation in different
scanned positions of PEO. This can be seen in the noticeable variation of
relative intensities of diffracted peaks associated with different crystal-
lographic planes of Mgg(PO4)3 phase within the thickness of the PEO
layer (Fig. 12). This could be attributed to the fact that the focused X-ray
beam volume is too small to be located inside Mgs(PO4); grains with
different crystallographic orientations. Therefore, it is not practical to
make even a qualitative evaluation of the Mgs(PO4); phase based on the
integrated intensity of any of its corresponding peaks. Note that a
negligible local inhomogeneity was also observed for MgO crystal ori-
entations. The 2D maps of the MgO, Mg and 8HQ(Mg) complex within
the cross-section of the PEQ-coated AZ21 after 3 days of immersion in
the 8HQ-containing NaCl electrolyte are presented in Fig. 13.

MgO seems to be distributed homogenecusly along with the

thickness of the PEQ coating. While the 8HQ(Mg) phase is mostly
located on the top of the PEO layer and its intensity significantly declines
within the PEO outer layer. There was no clear evidence of the presence
of Mg(OH)2 in all the obtained spectra. This could be due to either its
low amount or its low crystallinity.

3.6. Raman spectroscopy

Raman spectroscopy of the different regions in the PEO cross-section
of the sample after 11 days of immersion in the 8HQ-containing elec-
trolyte was carried out to primarily characterize the different regions of
the PEQ cross-section. In particular, the filling compounds in the PEO
outer pores, which is marked in the SEM micrograph (Fig. 11 (b3) re-
gion 2) was the subjected for characterization. For the sake of com-
parison, the Raman spectrum obtained from the synthesized 8HQ(Mg)
powder is also depicted in the same figure. As can be seen, the Raman
spectrum derived from the flakes on the PEQ layer are fully coincident
with that of synthesized 8HQ(Mg) powder in the presented spectral
range, further confirming the formation of pure 8HQ(Mg) on the PEO
surface. In particular, the most intense band at 1370 cm ™! corresponds
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Fig. 8. (a) and (b) evolution of R., and R, extracted from the fitting of EIS spectra with the equivalent circuits presented in (¢} and {d). (c) and (d): the equivalent
circuit employed to fit the EIS spectra for the NaCl electrolyte withour and with 8HQ, respectively.

to the combined mode of C-H bending and stretching of the quinoline
ring [45]. Other two intense bands at 500 and 733 cm ™' are due to the
in-plane bending of the quinoline ring [46].

The characteristic bands of the 8HQ(Mg) complex also appear in the
Raman spectra of the filled PEO pores, indicating the local presence of
this complex, albeit with a considerably lower intensity ratio to the other
existing bands.

The filled pores of the PEO outer layer are highly prone to be
contaminated with the used commercial OPS solution during the pol-
ishing step of the sample preparation, as confirmed by the EDS results in
Fig. 11, which also shows a considerable presence of Si element in the
same region. Therefore, the Raman spectrum of this region shows
several bands that may overlap, and thus, it casts doubts on the asserted
presence of other possible chemicals, including magnesium phosphate.
Nevertheless, the presence of the 8HQ(Mg) complex in the pores is
induced.

4, Discussion
4.1. Inhibition effect of 8HQ on bare AZ21

The inhibition effect of 8HQ on magnesium alloys has been proposed
based on the formation of the insoluble complex with Mg2 (Ksp, sHOMMg)
=4 % 107'%[47]). On AZ21 substrate, the exposure to the 8HQ-contain-
ing electrolyte results in immediate precipitation of 8HQ(Mg) flakes,
growing like flowers in separate locations, rather than uniform precip-
itation on the Mg surface, although the effect of concentration gradient
close to the magnesium surface was tried to be minimized by the con-
stant stirring of the electrolyte.

Therefore, a full coverage of the magnesium surface by 8HQ(Mg)
precipitates is slowly achieved, so that even after 1 h of exposure to the
corrosive medium, regions free of 8HQ(Mg) precipitates are still visible,
depicted in Fig. 5 (b). This is also evident from the negligible difference
between the corresponding EIS spectra of the electrolytes with and

without 8HQ at the earlier stages of the immersion (before 2 h). How-
ever, the emergence of an extra capacitive behavior at the very high-
frequency range of the EIS suggests that the extra layer fully covers
the magnesium surface, as also visible from Figs. 5(c) and & (b).
Consequently, after 1 day of exposure to the electrolyte containing 8HQ,
a two-layer film is formed on the magnesium substrate, consisting of the
outer layer of 8HQ(Mg) and the cracked inner layer of Mg(OH)s.
Cracks in the corrosion products and other precipitations on mag-
nesium alloys have been associated with the post-processing of the
surface rather than the inherent existence of cracks within their struc-
ture. For instance, the shrinkage in the volume of corrosion products due
to the dehydration of the present compounds can lead to the formation
of cracks [48,49]. The low-pressure condition during the SEM/EDX
surface characterization may also intensifies the crack formation in the
corrosion/conversion films on the Mg surface [50]. However, assuming
the influencing post-processing steps are identical for both cases, Fig. 6
clearly indicates that the presence of 8HQ in the electrolyte led to a
stronger resistance of the formed inner layer corrosion products against
any crack-inducing post-processing step as compared to the corrosion
products formed in the case of electrolyte without 8HQ. Thus, it can be
inferred that the inner layer is capable of obstructing the penetration of
the corrosive medium towards the substrate more effectively than the
corrosion products formed after exposure to the blank NaCl electrolyte.
Simultaneously, the OH" generated during the corrosion of the substrate
is also confined within the dense corrosion products that escalate the
local alkalinity. This not only enhances the barrier properties of the
oxide layer [38], which is consistent with the Ry trend in Fig. 2, but also
leads to a denser Mg(OH); morphology with a smaller flake size [51].
Moreover, the presence of organic molecules is reported to form
complexes with Mg~ that can modify the morphology of the formed Mg
(OH);. For example, Maltseva et. al [52] pointed out that the presence of
some organic corrosion inhibitors with carboxylate functional groups
densifies the Mg(OH); flakes. Thus, 8HQ molecules are also expected to
play a role in the denser appearance of Mg(OH), in the inner layer.
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Fig. 9. XRD spectra of PEO-coated Mg (a) before and after 3 days of immersion in (b) NaCl (¢} NaCl — 8HQ solution, (d) XRD spectra of the synthesized 8HQ

(Mg) powder.

Fig. 14,

The progressive formation of Mg(OH)a, along with the formation of
Ha bubbles, exert mechanical forces on the top 8HQ(Mg) layer, which
causes its local breakdown. The reaction of more released Mg~ from the
substrate and the 8HQ from the electrolyte in the local breakdown heals
the outer layer. In Fig. 2, the very fluctuating value of Rex implies the
active successive breakdown and healing of the outer layer, albeit with a
rising trend. Despite the general improvement in the barrier properties
of the extra layer over the immersion time, which is supplied by the
abundant source of 8HQ molecules in the electrolyte, the inner layer is
progressively deprived from the free 8HQ molecules, which in turn,
leads to the gradual declination of Rex, Rer, and consequently |Z|1 .

4.2. Inhibitory effect of 8HQ on PEO-coated AZ21

Fig. 15 illustrates the schematic presentation of inhibition mecha-
nism of 8HQ against the corrosion of PEQO-coated magnesium substrate.
When AZ21 substrate is coated with the PEQ layer, dissolution of
Mga(PO,)2 and MgO in the electrolyte provides the Mg?™ to react with
8HQ (Ksp, sHomg) — 4 % 10716 [47]), which is evident in the early pre-
cipitation of the fine 8HQ(Mg) flakes on the PEO outer layer. The

interaction of PEO-coated AZ21 at its early stages of exposure to the
8HQ-containing NaCl electrolyte is schematically presented in Fig. 15
(a) and (b).

The EDS results obtained from the different regions on top of the PEO
layer suggest that Mg;(PO4)2 is prone to dissolution more preferably
than the MgO phase. However, the dissolving Mga(PO4)2 is probably in
the amorphous phase, as its existence was confirmed by the XRD anal-
ysis in Fig. 9. Amorphous phases are typically more prone to dissolution
than their erystalline counterparts [43,53]. The higher content of
amorphous Mg3(PO4)2 has also been reported to cause a swifter
decomposition of the PEO coating [43,54]. In a mixed phosphate/sili-
cate PEO coating on AM50 alloy, the stability of the PEO phases under
the attack of CI'-containing aqueous electrolyte has been concluded as
follows: amorphous materials < MgO < Mga(PO4)2 < MgsSi04 [55].

However, the dissolved amorphous Mg3(PO4)z could re-precipitate
[53,56], the probability of which is higher when the liberated Mg+
and PO} ions are confined in a region in the electrolyte like the PEO
pores, and cannot be diluted to the bulk electrolyte. The precipitation of
8HQ(Mg) on top of the PEO layer can hinder the dilution of liberated
Mg?" and PO to the bulk electrolyte. Consequently, the PEO pores are
filled with Mgs(PQ4)2 during the exposure to the 8HQ-containing NaCl
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electrolyte, which is evident based on the SEM micrographs in Fig. 11
and Fig. S1. Although the re-deposited form of magnesium phosphate
has been hypothesized to be a hydrated form (as Cattite:
Mg3(P04)2.22 HyO or Bobierrite: Mgz(PO4}2.8 Ho0) [43,53], local and
bulk XRD analysis in this work cannot conclude a confident detection of
such phases.

The precipitation of SHQ(Mg) occurs extensively on top of the PEOQ
layer, as it is evident from the SEM micrographs (Fig. 11) and phase map
(Fig. 13) obtained from the cross-section of PEQO. This is because the
initial grown layer on top of PEO can, to some degree, impede the
further passage of 8HQ molecules into the pores of the PEO layer by its
physical barrier properties. Moreover, the higher concentration of 8HQ
in the bulk electrolyte tends to participate in the crystal growth of
already formed 8HQ(Mg) flakes on the top PEO layer, as schematically
presented in Fig. 15 (b) and (c). Similar to the case of bare AZ21, the
partial physical barrier properties of the formed 8HQ(Mg) layer leads to
the accumulation of the generated OH" within the PEO layer, thereby
resulting in the formation of a denser Mg(OH) as the corrosion product.
The high local alkalinity also enhances the oxide film barrier properties
[38], which is evident in the higher Ry (Fig. 8 (b)).

Furthermore, the re-precipitation of the Mgs(PO4), along with the
formation of the 8HQ(Mg) complex (as confirmed from the Raman
spectra) inside the pores of the PEO outer layer help hindering the
penetration of the corrosive electrolyte toward the magnesium sub-
strate. It is worth mentioning that the re-deposition of the Mgs(PO4)2
from the PEO coating can also occur when the electrolyte does not
contain 8HQ, as similar behavior has been observed for PEO coatings
containing magnesium phosphate [11,53]. Such re-deposition, indeed,
can mitigate the corrosion of the Mg substrate. However, the effect of
re-deposition could be more pronounced when 8HQ is present in the
electrolyte since the blockage of the 8HQ(Mg) layer on top of the PEO
causes the re-depositions to occur within the confines of the PEO pores
rather than the dilution of dissolved magnesium phosphate into the bulk
electrolyte. This can also be induced by the considerably higher amount
of P-rich precipitates in the pores of PEO after 1 day of immersion when
8HQ is present in the electrolyte (compare Fig. 11 (b3) and Fig. 10 (e)).
Nevertheless, considerably wide cracks and voids in the filled pores of

the PEO outer layer were observed even after 11 days of exposure to the
8HQ-containing electrolyte (Fig. S2). Thus, the entire PEQ outer layer
cannot result in the emergence of the additional layer with capacitive
characteristics sensed by EIS at high frequencies. The extra layer
observable in EIS is probably limited to the region close to the substrate
where the PEO pores are considerably smaller as compared to that of the
PEQ outer layer, which can be filled and form a barrier more efficiently,
as schematically shown in Fig. 15 (c).

Such re-precipitation of magnesium phosphate in the pores of the
PEO outer layer was not observed in the case of exposure to the blank
NaCl electrolyte even after 3 days of immersion, which could be ascribed
to the free diffusion of released Mg®* and POZ ions from the open pores
of PEO to the bulk.

As the corrosion of the substrate proceeds, more corrosion products
form at the PEO/substrate interface, which exerts more mechanical
forces on the top layers. Meanwhile, 8HQ is being depleted locally by
precipitating in the form of 8HQ(Mg). At one point, the increasing me-
chanical forces of the formed corrosion products, as well as the formed
Hg bubbles, induce cracks to the top protective layer, thus allowing for
greater penetration of corrosive Cl toward the substrates. This is visible
in the sudden drop of R after 8 days of immersion.

5. Conclusion

The investigation of the interaction of 8HQ with both bare AZ21 and
phosphate-based PEC coating revealed the main corrosion inhibition
mechanism of 8HQ as summarized below:

1. The Mg®" liberated due to the corrosion of the magnesium substrate
and the dissolution of the PEQO layer forms an inscluble complex with
8HQ molecules, which is adequately supplied from the saturated
electrolyte.

2. Both the accumulated OH ions within the PEO pores, as well as the
presence of 8HQ, modify the formation of the corrosion products on
the magnesium substrate, resulting in a denser morphology of the
corrosion products,
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Fig. 11. Cross-sectional and surface morphology of the PEO-coated AZ21 after (a) 1 h and (b) 1 day of immersion in NaCl solution containing 8HQ. The EDS spectra
obtained from the point measurement marked on (a3) and (b3) are provided below the corresponding image.
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on the PEO layer, and the filled PEO pores.

3. Co-precipitation of 8HQ(Mg) and re-deposited Mg3(PO4), inside the
PEO pores provides further barrier properties against the penetration
of corrosive Cl toward the magnesium substrate.

The findings of this study provide an in-depth and mechanistic un-
derstanding of the inhibition effect of 8HQ, upon being incorporated
into a PEO layer.
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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.
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Figure S2 Cross-sectional SEM image in backscattered mode. PEO-coated AZ21 after 11 days immersed in NaCl electrolyte containing 8HQ

129



1: Mg

2: MgO
3: Mgs(PO,),
4 : 8HQ(Mg)
(a)
3333333111 2 13 3 3 133 23
=
= _{
r ; i’ dyi) "~
— ﬂ—._.:._.p'l A : A - ~ : Ju\ .E
g "\ P A " ’b
& = e S ey o
= : == = &
O —< % ” u\_u__agw o e : /b
AR === i ===t
o o A - ; i ]
£ o ¥ v = =
\ .__A_L__J.udwwbww& 4 ‘ <
w i (i} h
W v _& o/ t— @
+ i h AT
© I ———  — A
g — e e
a I |I : 1 d : 1 — = 1 1
10 20 30 40 50 60
26 (°)
(b) 4 4 44
3333333111 2 13 3 3 133 23
=
14}

outer
8HQ(Mg)

A=A
{1
L
rr}r}
(1

LLL e

i A=
- — N ;
S 7 —
© ) AmE S o
~— . e w
> v - o o
@) = PYRI VYN, L\ { j
w @ S ) ‘ N
(a1 O Aot o A ‘ 2
== e Ve e mary = =
- — by
—— SiESSIN =

suiJ-s‘tEe
%
T
il

20 (°)

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 S5 Optical microscopy image of the regions characterized by Raman spectroscopy. Region 1: the center of the spot chosen for
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pores after immersion in 8HQ+NaCl electrolyte.
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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,
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ARTICLE INFO ABSTRACT

Keywords:

Corrosion inhibitor
Surfactant

PEO
Alkylphosphonic acid
Magnesium

PEQ coatings, aside from their reasonable corrosion protection, also feature a porous microstructure that can
serve as a repository for corrosion inhibitors. This study presents and investigates the high corrosion inhibition
effect of sodium salt of decylphosphonate (DP) when incorporated into PEO coating on a magnesium substrate.
The interaction of DP with both bare and PEO-coated magnesium substrates was studied to understand its
corrosion inhibition mechanism. Additionally, a strategy to enhance the active anti-corrosion ability of the DP-

containing system was suggested and examined. The findings provide new insights into the potential of sur-
factants as corrosion inhibitors for magnesium alloys.

1. Introduction

Plasma electrolytic oxidation (PEO), also known as micro-arc
oxidation (MAQ), is a surface treatment process that has been widely
applied on Mg, Al, Ti, and their alloys to enhance their corrosion
resistance and tribological properties [1-3]. The ceramic-like coating
formed via PEO process typically consists of two layers: the inner barrier
layer and the outer layer. The inner barrier layer prevents the access of
corrosive species to the metallic substrate, while the outer layer has a
porous microstructure that readily allows the penetration of corrosive
media. Research on PEQ coatings has focused on medifying their
morphology to achieve more compact layers and to enhance overall
corrosion protection [1,4-9]. On the other hand, the large pores in the
outer layer can be exploited as a repository of different substances with
various functionalities, including corrosion inhibitors [10].

The highly promising concept of using PEQ pores as inhibitor re-
positories has already resulted in several reports with successful en-
hancements of the overall corrosion protection performance of the PEQ
coating on magnesium substrates [5,11-21]. Additionally, active
corrosion inhibition is also highly sought through the incorporation of
corrosion inhibitors into the PEO layer. This is particularly desirable
when a barrier coating is disrupted, exposing the unprotected substrate
to the corrosive medium. Thus, the release of corrosion inhibitors from

* Correspending author.
E-mail address: bahram.vaghefinazari@hereon.de (B. Vaghefinazari).

https://doi.org/10.1016/].corsci.2023.111651

the coating onto the unprotected substrate inhibits severe corresion. For
instance, Wierzbicka et al. [5] impregnated a thin (~5 pm thickness)
PEO coating on an AZ31 magnesium alloy with sodium salt of 4-methyl-
salicylic acid via a simple immersion method. A commercial primer
coating was then applied on the PEO layer to moderate leaching of the
corrosion inhibitors. Compared to the sample without inhibitor, a
remarkable reduction in corrosion propagation from an
artificially-made defect on the coated sample was observed, indicating
successful active corrosion protection. Further analysis of the samples
via Scanning Vibrating Flectrode Technique (SVET) on the
inhibitor-loaded sample revealed a unique recurring activation/sup-
pression of corrosion activity, corresponding to the ini-
tiation/suppression of filiform corrosion at different locations of the
sample,

In another work, Gnedenkov et al. [19] loaded a PEO coating on a
MAS8 magnesium alloy with 8-hydroxyquinoline (8HQ) corrosion in-
hibitor via a simple immersion procedure in a saturated 8HQ solution.
The impregnated PEO layer was then sealed with two different polymer
coatings to augment the barrier properties of the coating as well as to
prevent the rapid dissolution of the inhibitor from the substrate. The
significant retardation of corrosion processes observed in the presence of
8HQ inhibitor was attributed to the formation of a thin adsorption film
on the surface of the substrate. The local alkalinization due to the

Received 31 July 2023; Received in revised form 26 October 2023; Accepted 4 November 2023
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cathodic activity during the corrosion of Mg substrate was believed to
facilitate the dissolution of impregnated 8HQ, which leads to the for-
mation of an insoluble complex between magnesium and 8HQ on the
defected site, which is rich in Mg2 jons. As a result, active corrosion
protection was achieved.

Typically, the selection of an inhibitor to be incorporated into a PEO
coating is based on previously observed corrosion inhibition of a sub-
stance on a bare substrate. Consequently, the corrosion inhibition is
typically explained based on the inhibition mechanism of the incorpo-
rated inhibitor on the bare substrate. Further, the relatively high
chemical stability of ceramic-like PEO layers may give the false
impression that corrosion inhibitors are harmless to the PEO layer.
Therefore, in the research route for taking advantage of the incorpora-
tion of inhibitors in the PEO coating, the interaction between the in-
hibitor and PEQ layer itself is often overlooked. However, in our recent
studies [20,22], we have demonstrated that such interaction is a highly
influential factor for the corrosion protection performance of the PEO
layer itself. For instance, 2,5-pyridinedicarboxylate (2,5-PDC), which
has been reported as an effective corrosion inhibitor for several different
Mg alloys [17,22-25], actually accelerates the corrosion of PEO-coated
Mg. The study of the corrosion inhibition mechanism of 2,5-PDC on bare
Mg substrate, as well as its interaction with the PEO layer, uncovered the
mechanism of this adverse effect. The parallel study of the interaction of
corrosion inhibitors with bare and PEO-coated Mg substrate is also
beneficial in understanding the inhibition mechanism of corrosion in-
hibitors incorporated into PEO layers [10].

Despite the auspicious approach of enhancing the corrosion resis-
tance and equipping a coating with active corrosion protection capa-
bility, the incorporation of inhibitors into PEQO coatings has been
investigated only for a limited number of organic and inorganic sub-
stances [10]. Surfactants have been frequently investigated as corrosion
inhibitors for Mg alloys since they are economical and environmentally
friendly [23,26-28]. Their promising corrosion inhibition has been re-
flected as actively ongoing research on understanding their inhibition
mechanism on bare Mg [28-35]. Moreover, their presence in commer-
cial corrosion-inhibiting compounds highlights their cost-effectiveness
and environmental friendliness [36,37]. Nevertheless, there is very
limited scientific report on the application of surfactants on PEO coat-
ings on Mg [38]. The majority of the available studies have used sur-
factants with the aim of achieving hydrophobic PEQO surface, which
improves the overall corrosion resistance of the system. Despite their
potential as corrosion inhibitors, surfactants have been barely investi-
gated as substances incorporated into PEO layers.

Alkylphosphonic acids are a group of surfactants that have been
widely researched for their corrosion inhibition effects on various
metallic substrates, including Al [39-41], Cu [42-44], and steel [45,46].
In this work, we illustrate the significant corrosion inhibition effect of
sodium salt of decylphosphonate (DP), as a surfactant substance, on both
bare and PEO-coated AZ21 Mg alloy, which, to the best of our knowl-
edge, have not been reported before. Several electrochemical and sur-
face characterizations have been carried out to gain a comprehensive
and in-depth understanding of the observed inhibition effects. By
investigating the inhibition mechanism of DP on bare AZ21 Mg as well
as its interaction with the PEO layer, the study sheds light on the
mechanisms of overall and active corrosion protection. In the end, a
strategy to augment the active corrosion capability of incorporated DP
has been proposed and evaluated.
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2. Experimental procedure
2.1. Material

AZ21 Mg sheets with a thickness of 2 mm were used as the substrate.
The chemical composition of the AZ21 sheet, obtained via spark
discharge-optical emission spectroscopy (SD-OES), Ametek-Spectro, is
presented in Table 1.

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. The last grinding step was repeated under a stream of
ethanol. Then, the samples were flushed with ethanol and dried with
pressurized air.

Potassium hydroxide (KOH) pellets {99.99% purity) and sodium
phosphate anhydrous (NazP0O,) powder (technical purity, >95 wt%)
were supplied from Sigma-Aldrich and Alfa Aesar, respectively. Decyl-
phosphonic acid (DPA) (97% purity) was supplied from Sigma-Aldrich.

A saturated solution of sodium salt of DPA (which will be denoted as
DP hereafter), was prepared by addition of excessive DPA powder to a
NaCl 3.5 wt% solution, as the reference corrosion test solution. The
solution pH was adjusted to 7.0 + 0.1 using NaOH. The pH of the so-
lutions was controlled by Metrohm 713 pH meter equipped with InLab®
Expert Pt1000 pH electrode from Mettler Toledo. The remaining un-
dissolved DPA was filtered out using filter paper (LLG-filter medium/
fast). The saturation concentration of DP at the prepared pH was ~2
mM.

A micellar solution of DP in deionized water (DI-W) with a total DP
concentration of 0.1 M was prepared at an elevated temperature of
60 “C. Krafft temperature (Ti) of DP was visually determined in the
range of 35-40 °C. The micellar solution of DP was used to incorporate a
relatively high concentration of DP into the PEO pores.

2.2. Preparation of PEO coating

The PEQ process on AZ21 substrate was carried out using a DC power
source (Electro Automatik, Germany) and a self-made pulsing unit. A
constant current density of 40 mA.cm ™2 with a duty cycle of 1 ms:9 ms
was applied to AZ21 specimens with dimensions of 20 x 20 x 2 mm?® for
10 min, The specimens were immersed in an electrolyte containing 20 g.
L1 NajzP0O4 and 2 g.L’l KOH. A stainless steel hollow tube was used as
the cathode for the PEQ process. The electrolyte temperature was kept at
20 £ 0.1 °C by running temperature-regulated water through the
stainless steel tube, The PEO electrolyte was mixed during the PEO
process via purging bubble air in the electrolyte. After the PEQ 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).
With this, the air entrapped inside the PEQ pores escapes, and instead,
the DI-W electrolyte can penetrate into the pores, diluting the remained
electrolyte from the PEQ process. Then, 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

Incorporation of DP into the PEC coating was carried out via im-
mersion in the micellar solution of DP 0.1 M for 2 h at 60 °C. The 2-hour
incorporation process included an initial immersion of 20 min at a low
pressure of ~0.9 atm to release the entrapped air inside the pores, fol-
lowed by immersion under atmospheric pressure.

Table 1
Elemental composition of AZ21 Mg substrate.
element Al Zn Mn Fe Cu Ni Si Mg
Concentration 1.59 1 0.07 1.05 + 0.07 0.29 28 L1 2213 2311 650 balanced
{unit) (wt%) (Wt%) (wt%) (ppm) (ppm) (ppm} (ppm)
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2.3. Electrochemical measuremerts

All the electrochemical characterizations were performed using
Gamry reference 600 potentiostat. Platinium coil and Ag/AgCl electrode
in saturated KCl were used as counter and reference electrodes,
respectively. A surface area of 0.5 cm? from the working electrode was
exposed to 400 ml of the testing solutions. 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 mVyps. The scanned frequency ranged from
100 kHz to 0.01 Hz with 9 points per frequency decade acquisition. For
bare magnesium substrates, the low frequency range was limited to 0.5
Hz. The stationary condition, 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 acquired
data points in the spectra were reported. In the case of testing bare AZ
substrate, the sclution was continucusly stirred during the EIS test.

2.4. Weight loss measurement

Weight loss measurements on bare AZ21 Mg specimens were carried
out to evaluate their corrosion rates. A solution of 200 g.L™' CrO; in
deionized water was used to remove the corrosion products.

2.5. 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 specimens’ 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, For higher
magnification of cross-sectional images, the FIB system on TESCAN
LYRA3 was used.

2.6. Crystallographic characterization

Crystallographic characterization was carried out using an X-ray
diffractometer (Bruker D8 Advance) with Cu Ko radiation source
generated with a voltage and current of 40 kV and 40 mA, respectively.
The incident angle was 3°. The dwell time was 1 s and 5 s for bare and
PEQ-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 (26) 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) [47].
The beam cross-section was 1.5 um x 1.5 ym. The beam energy was 19.8
keV employing an Eiger9m detector. Calibration of the detector with
respect to beam center and sample to detector distance was done
lanthanum hexaboride. The acquisition time of each diffraction pattern
was set to 0.5 s. Regions of 80 ym x 80 pm were scanned with the step
sizes of 2 pm for both vertical and horizontal directions, respectively.
Data reduction was performed using the software package pyFAI [48].
The analysis of the two dimensional diffraction maps was conducted by
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inhouse developed Matlab scripts. The horizontal direction is parallel to
the substrate surface. The details of the experimental set-up can be found
in [49]. The 26 values from the synchrotron beam wavelength were
converted to Cu K, for easier comparison to the results obtained from lab
XRD measurements.

2.7. 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 informaticn 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
1V, scan size 40 ym x 40 ym, number of lines 512 and scan rate 0.3 Hz.
Pt covered probes purchased from BudgetSensors (Multi75E-G; reso-
nance 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 [50-52],
where more negative values represent more active metals, while more
positive represent more noble metals and/or presence of surface films
[53].

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 No.

Drop tests were carried out on the polished sample before the AFM
measurement as follows: 50 ul 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 N». All the drops from
different electrolytes left similar circular marks with diameter between 7
and 8.5 mm.

2.8. Salt spray test

Specimens with dimensions of 40 mm x 20 mm x 2 mm were pre-
pared for salt spray test. To prevent corrosion on the edges and corners,
they were insulated with a mixture of beeswax and gum rosin at a weight
ratio of 9:7, both were supplied by Sigma-Aldrich. The salt spray test was
carried out in accordance with the ASTM B117 standard in NaCl 5 wt%
fog and at 35 °C for 30 days. The scratch on the defected samples was
made using a tool made of tungsten carbide with 90° tip included angle.
The scratch was 150 um deep which corresponds to ~215 pm width on
the surface. The samples’ surface appearance was periodically docu-
mented during the salt spray test. The process of taking pictures of the
samples were shortened as much as possible to avoid drying of the
samples, and only the remaining NaCl droplets were gently removed
from the surface. However, the thoroughly dried samples after 30 days
of SST are also provided for the better visual perception of the extent of
corrosion products.

2.9. Contact angle measurement

Static contact angle measurements were carried out using contact
angle meter (Kriiss Drop Shape Analyzer DSA100, Germany), with the
sessile droplet method. Air was used as a medium for the measurement,
with milli-Q H>0 and the droplet volume was 2 ul. Contact angle
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measurements were performed randomly on the whole sample surface
after 5 s and reported as the average of six.

3. Result
3.1. Effect of DP on bare AZ21

The electrochemical properties of the bare AZ21 surface were
investigated during exposure to the NaCl test solution with and without
DP using EIS measurements. The Bode plots acquired during 4 days of
immersion are selectively presented in Fig. 1.

In the case of blank NaCl electrolyte, the phase angle spectra are
dominated by one time constant in the middle-frequency range (be-
tween 10 - 10" Hz) that is attributed to the oxide film on the magne-
sium surface [54]. A secondary time constant usually appears at the
low-frequency range, which is attributed to the capacitive characteris-
tics of the double layer coupled with the charge transfer phenomena on
the magnesium surface [54,55]. However, the low-frequency time
constant is difficult to discern from the corresponding Bode plots of the
blank NaCl solution, probably due to its relatively low value.

As it was mentioned in the experimental procedure in pSection 3.3,
the low frequency range for the EIS measurements of bare Mg substrate
was limited to 0.5 Hz. This is because of known non-stationarity of Mg
substrate during the exposure to NaCl solution and during the EIS test
[56], which leads to not only the misinterpretation of the EIS spectra but
also to undesirable polarization of the Mg surface. The response to this
non-stationarity potentially is reflected as inductive behavior at low
frequency range. Such deviation from the stationarity can also be
observed from the corresponding Lissajous curves during the EIS mea-
surement [56]. Therefore, by the real-time observation of the phase
angle and Lissajous curve, the EIS test was aborted in case of entering to
the non-stationarity condition. This is reflected in the missing data
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points for 5 and 30 min of exposure. Albeit such precaution, as can be
seen in the EIS spectra of AZ21 after 5 and 30 min of exposure, the phase
angle is shifting to positive values, indicating the inductive behavior.

When DP is present in the electrolyte, a similar dominant middle-
frequency range time constant, which is attributed to the oxide layer
on the magnesium surface, appears in the Bode plots. The second time
constant at low-frequency range is better identifiable as compared to the
reference electrolyte. In addition, a gradual increase of the magnitude of
impedance (Zmoa) at high-frequency range (>10* Hz), which is accom-
panied with the gradual shift of the corresponding phase angle to more
negative values, suggests a formation of an extra layer on the magne-
sium surface. Similar phenomena was described earlier for ca?! , HPOE’,
HCO* containing electrolytes where an additional layer of
hydroxyapatite-like compound was gradually precipitating on top of
Mg/MgO/Mg(OH), layer [57]. What also can be concluded from the
Bode plot (|Z|) is that the resistance of the magnesium oxide, which is
reflected in the middle frequency range is increasing along with the
precipitation of the extra layer.

The absolute value of impedance at low frequency is typically used
for rough comparison of the corrosion performance. To avoid the erro-
neous values at lower frequencies due to the non-stationary conditions
attributed to the magnesium surface during EIS [58,59], the absolute
value at frequency as low as 1 Hz (hereafter represented as |Z |, iz) has
been taken to assess the corrosion rate of bare AZ21 qualitatively. As can
be seen in Fig. 2a, |Z]; u; gradually increases over the whole 4 days of
exposure when AZ21 is exposed to the blank NaCl solution. Addition of
DP in the electrolyte results in a slightly higher initial value of |Z|1
within the first 1 h. Further exposure to the electrolyte leads to a rapid
enhancement of the |Z|i 1, within the first 3 h, followed by a slow
decrease for the rest of the exposure period, indicating a gradual loss of
corrosion resistance. However, even after 4 days of exposure, |Z|; ug is
still considerably higher as compared to the reference NaCl electrolyte.
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Fig. 1. Bode plots of EIS spectra obtained from the AZ21 samples exposed to NaCl 3.5 wt% electrolyte for 4 days (a) with and (b) without DP.
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Fig. 2. (a), (b): |Z| value at 1 Hz obtained from the corresponding Bode plots in Fig. 1. (c): weight loss of AZ21 after 4 days of immersion in the NaCl solution with
and without DP. (d): The visual apperance of the AZ21 surface after 4 days of immersion. The error bars present the standard deviation of three measurements away

from the mean value.

The significant inhibition effect of DP is also evident from the weight
loss measurement after 4 days, which reveals a 10-fold reduction (in-
hibition efficiency of 90% based on the calculation method in [23]) in
the overall corrosion rate of AZ21 specimens (Fig. 2¢). As can be seen
from the appearance of the AZ21 samples after 4 days of exposure
(Fig. 2d), the entire surface was covered with corrosion products in the
case of blank NacCl electrolyte. However, when DP was added to the

NaCl

NaCl + DP

electrolyte, only a portion of the sample’s surface was covered with
bulky corrosion products. The final pH of the solution was 9.8 + 0.1 and
7.4 £ 0.1 for the solution without and with DP, respectively.

Fig. 3 illustrates SEM images of the surface of AZ21 substrate after
exposure to the NaCl with and without DP. After just 5 min of exposure
to the blank NaCl solution, signs of filiform corrosion appear on the
surface with corrosion products on top, which are mainly Mg(OH)s.

(b)

Fig. 3. surface morphology of bare AZ21 exposed to the NaCl with and without DP after (a) 5 min and (b) 1 h. (SEM images are taken in secondary electron mode).
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Extending the exposure duration to one hour results in growth of the
area covered with filiform corrosion and accumulation of Mg(OH).

When the NaCl solution contained DP, some precipitates formed and
partially covered the Mg surface after just 5 min of immersion. The
precipitates are homogenously dispersed over the sample and no pref-
erential nucleation/growth of these precipitates, for instance on the
intermetallic second phases of AZ21, is observed. For the information on
the intermetallic second phases see the supplementary materials in
Fig. S1.

Prolonged exposure to the NaCl + DP solution for one hour results in
the full surface coverage as illustrated in Fig. 3b. The deposits feature
distorted flakes randomly grew on the surface, forming voids within
each other. In some locations, brighter round-shaped precipitates with
more dense flakes can be observed (e.g., in the center of the Fig. 3b).
These are actually the precipitates with more vertical growth as can be
seen in tilted images in supplementary material Fig. S3 as well as in a
cross-sectional view in Fig. 4.

Fig. 4a illustrates the cross-sectional view of the AZ21 bare magne-
sium substrate after 1 h of exposure to the NaCl + DP solution. The EDS
elemental maps of the cross-section are shown in Fig. 4b.

The precipitates cover the whole magnesium surface with a mini-
mum thickness of about 3 um, although voids are often observed within
the layer. The precipitates are rich in carbon, phosphorus, and magne-
sium, suggesting the formation of a compound consisting of DP and Mg,
Moreover, the cross-sectional view reveals some regions, marked with
red arrows, rich in oxygen but no evidence of phosphorus and carbon.
These regions are mostly located below the straight dashed line in Fig. 4,
representing the imaginary interface between the Mg substrate and the
precipitates. These regions are expected to be made of Mg(OH)» as the
primary corrosion product of Mg alloys.

Fig. 5 illustrates the XRD spectra obtained from the bare AZ21 sur-
face after exposure to the NaCl electrolyte for 4 days, with and without
DP. In a simple experiment of mixing DP-containing solution and MgCl,
we learned that DP forms an insoluble complex with Mg, which here-
after will be denoted as DP(Mg). The XRD pattern of the DP(Mg) powder
is also included in Fig. 5 for the sake of comparison. The preparation
procedure for the DP(Mg) powder is provided in supplementary material
Section 4.

The XRD spectra of the reference sample exposed to the blank NacCl
indicates that the corrosion products are mainly composed of Mg(OH),
phase. When DP is present in the electrolyte, additional diffraction peaks
appear at 20 of 6.5° and 9.7¢, which are attributed to the DP(Mg) phase,
as confirmed by the XRD spectra of its separately synthesized powder,
The presence of diffraction peaks Mg(OH); also reveals the co-existence
of its phase with DP(Mg) phase. However, the significantly weaker in-
tensity of Mg(OH), suggests its minor existence in the formed corrosion
products, which is consistent with the SEM images in Fig. 4.

AFM/SKPFM measurement provides insight into the changes
occurring on the Mg surface after exposure to the electrolyte, from both

(b)

EDS map
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surface morphology and Volta potential perspective [60]. Fig. 6a pre-
sents the topography and Volta Potential Difference maps of the pol-
ished AZ21 surface after exposure to a drop of NaCl 3.5 wt% with and
without DP for 60 s. Furthermore, an additional measurement with the
same conditions was conducted for a drop of DI-W for comparison.

The topography of the specimen exposed to the DI-W drop reveals
intermetallic phase (IMP) particles protruding from the surface marked
by white arrows. The IMPs in the AZ21 alloy are mostly Al-Mn-based, as
their characterizations are provided in the supplementary material
Fig. S1. The brighter appearance of this intermetallic in the Volta po-
tential map corresponds to its higher nobility as compared to the Mg
matrix, indicating a maximum of ~130 mV difference. Note that not all
the bright points in the corresponding topography of the DI-W sample
are associated to the IMPs. Some of these bright points do not show any
difference in the VPD value as compared to that of the magnesium
matrix. They are likely to be minuscule debris landed on the surface
during the sample handling.

Similar to the specimen exposed to DI-W, the surface topography of
specimen exposed to the NaCl solution shows several IMPs protruding
from the magnesium surface. Comparing the VPD maps of the NaCl and
DI-W samples, a relatively broader cathodic region on the IMPs can be
observed for the latter. One speculation for this observation is that
cathodic hydrogen evolution reaction (HER) and oxygen reduction re-
action (ORR) mostly occur on the IMPs, resulting in galvanic corrosion
with the Mg matrix [61]. In the case of DI-W, the mentioned cathodic
reactions can also occur but considerably slower than in the NaCl so-
lution due to the lack of corrosive CI ions attacking the MgO protective
layer. Due to the low conductivity of DI-W, slight galvanic corrosion is
expected to happen confined to the periphery of IMPs, resulting in the
cloud of cathodic potential around the IMPs. While in the NaCl solution,
the presence of high concentration of Cl” attacks the MgO all over the
surface, which leads to the shift of VPD to more negative potential (more
comprehensible comparison of VPDs in VPD histograms is provided
below). Nevertheless, further investigation and local characterization of
the IMPs and their surroundings are required to confirm this hypothesis.

In the case of exposure to the drop of NaCl + DP, micron-size de-
posits are rather homogenously dispersed all over the surface, which are
the initial precipitates of DP(Mg) (Fig. 6a). The corresponding VPD map
depicts their higher Volta potential compared to that of matrix, The
IMPs cannot be unambiguously pinpointed on the topography and VPD
maps due to their considerably smaller size, which are likely concealed
beneath the DP(Mg) deposits. As confirmation to the SEM figures in
Fig. 3, it can be claimed that there is no preference in the location of
initial DP(Mg) deposits, for example on IMPs.

The histograms of VPD values with respect to Ni reference sample are
presented in Fig. 6b. The peaks of intensity in the histograms of samples
exposed to DI-W and NaCl represent the VPD of the Mg matrix, and the
more positive VPD of IMPs are barely visible in the histogram due to
their negligible relative surface area. The overall VPD of the surface

Fig. 4. (a) cross-sectional view of the bare AZ21 surface exposed to the NaCl + DP electrolyte after 1 h. (b) elemental mappings of the marked area in (a).
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Fig. 5. XRD spectra of bare AZ21 magnesium exposed to NaCl 3.5 wt% solution with and without DP. The XRD pattern of the DP(Mg) powder is also presented

for comparison.
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Fig. 6. (a) images of the topography (top) and VPD (bottom) maps of AZ21 surface exposed to a droplet of the NaCl solution with and without DP. (b) Histogram of

VPD vs Ni from the maps in (a).

exposed to NaCl solution shows the most negative values with more than
200 mV potential difference to that of exposed to DI-W or NaCl+DP. The
negative shift of Volta potential of Mg matrix after exposure to NaCl
solution has been reported before, and has been attributed to the posi-
tively charged nature of Mg/MgO [53].

The corresponding VPD histogram of NaCl-DP reveals two peaks.
The peak in higher VDP values is attributed to the DP(Mg) precipitates,

while the peak in lower VDP values belongs to the Mg matrix. The VPD
of Mg matrix exposed to NaCl+DP has the most positive values as
compared to the other samples, which means that the surface condition
has been modified by the presence of DP in the solutions. Such surface
modification can be due to the change in electronic properties of the
MgO layer, the electric dipole of DP molecules on the surface, and their
interaction with the substrate beneath [53]. The adsorption of
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alkylphosphonic acids on different metal surfaces including Mg has been
reported in several publications [62-65], with details on the bonding
configuration between the phosphonic acid group and the metal surface.
Several parameters related to the adsorbed molecules affecting VPD
include the angle and magnitude of the DP dipole on the surface,
whether or not they form a bilayer (as is commonly observed for sur-
factants [66]), the molecular structural relaxations, intermolecular
charge rearrangement and depolarization [67-69]. Additionally, de-
posits themselves can provide an offset to VPD, if they consist of ag-
glomerates or crystals with specific molecular orientations on the
surface, resulting in effective dipole moments. Clearly, attributing VPD
shifts to each of these factors requires a thorough examination of the
parameters involved, which is beyond the scope of this work.

3.2. Effect of DP on PEO

The effect of DP on the PEO-coated AZ21 was investigated via direct
exposure to the NaCl electrolyte with and without DP. The results of EIS
measurement from the samples during the exposure are presented in
Fig. 7. The Bode plots after 1 h of exposure to the NaCl electrolyte reveal
two distinctive time constants at high and mid-frequency ranges. The
high-frequency range (10°-10? Hz) time constant is attributed to the
capacitive properties of the PEO inner layer on the Mg surface. The
middle-frequency range (<10* Hz) time constant represents the MgO
passive film on the Mg surface. For exposure times more than 1 h, the
time constant corresponding to the MgO passive film becomes dominant
in the frequency range between 10°-107! Hz. The effect of charge
transfer resistance coupled with the double layer capacitance is negli-
gible at low frequency range below 107! Hz for all recorded spectra.
There is only a negligible change in the Bode spectra over the course of
exposure till the third day, at which a considerable drop of impedance
value at the low-frequency range was observed. For better wisual
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comprehension, the absolute values of the impedance at the low fre-
quency of 0.01 Hz (denoted as |Z]n,g1 ur), which are roughly indicating
the corrosion resistance of the sample, are provided in Fig. 8a. The drop
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Fig. 8. (a) The corresponding |Z|g.01 11z from Fig. 7. (b) The surface appearance
of the PEO-coated A21 samples at the end of the exposure test (i.e., after 3 and

54 days for the sample exposed to the reference NaCl selution with and without
DP, respectively).
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Fig. 7. Bode plots of the PEO-coated magnesium exposed to NaCl (a) without and (b} with DP. Failure is supported by visual observation of localized corrosion

in Fig. 8.
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in |Z|o.01 u, after 3 days was accompanied by the occurrence of a pitting
on the sample surface shown in Fig. 8b.

When DP is added to the electrolyte, the impedance spectra for the
first 3 h of exposure are similar to those of samples exposed to the blank
NacCl solution with two time constants. However, further exposure re-
veals the development of an additional time constant at high-frequency
range of the Bode plot, which can be attributed to the formation of an
extra protective layer on the surface. It is accompanied by an increased
capacitance of the inner layer showing its dissolution as a result of a
conversion process leading to formation of a new layer. Development of
this high-frequency range time constant shifts the other time constants
to lower frequencies, resulting in only two visible time constants over
the tested frequency range. The shape of the Bode plots remains un-
changed for the rest of the exposure, with slight fluctuations in the
impedance values. At some points, instability of the Bode spectra,
especially at low-frequency range, was observed (e.g., for “35 days” in
Fig. 7b). After 51 days, the instability became more pronounced and the
phase angle of the high-frequency time constant drifted further away
from the — 90° for ideal capacitive behavior. |Z|q.01 u, experiences an
initial drop within the first 3 h, followed by an increase of one order of
magnitude within the first 2 days (Fig. 8a). Then, |Z|.01 u- stays in a

(a)

counts (a.u.)
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limited range with slight variation for the rest of the exposure. Some pits
were spotted after 51 days, accompanied by the generation of Hy bub-
bles from the pits’ region, which indicates local degradation of the PEO
coating and corrosion of the Mg substrate. This also coincides with a
slight drop in impedance at 51 days, which is marked in Fig. 8a. How-
ever, further exposure to the electrolyte led to recovery of |Z]o.01 n, to
higher values as well as the formation of some precipitates on the
severely corroded areas, as can be seen in the appearance of the pitted
area the sample after 54 days (Fig. 8b).

Fig. 9 illustrates the surface of PEO coating before and after exposure
to the NaCl solution with and without DP. The corresponding XRD an-
alyses of the PEO layers are also presented in Fig. 9d. The pristine PEO
layer has a smooth surface with pores and cracks present all over the
sample. After exposure to the NaCl solution, the PEO layer surface be-
comes rough in some areas, suggesting degradation caused by the attack
of NaCl electrolyte. The SEM image in Fig. 9b was taken after 1 day of
exposure to the NaCl solution for the sake of visibility of the degrada-
tion. Nevertheless, it is plausible to infer that the degradation process
starts from the beginning of the exposure. When DP is in the electrolyte,
some precipitates, morphologically very similar to what is observed on
the bare AZ21 Mg exposed to the DP-containing electrolyte (Fig. 3),

(d)
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3 : Mg;(POy),
4 2
4 1
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Fig. 9. SEM images from the surface of PEO coating: (a) Pristine PEO layer. (b), (c) after exposure to the NaCl solution with and without DP, respectively. The
duration of exposure is indicated on top of each case. (d) XRD spectra of PEO-coated sample exposed to the NaCl solution with and without DP after 1 day. The XRD
pattern of the DP(Mg) powder is also presented for comparison. The unlabeled small peaks between 10° and 20° can be associated to different magnesium hy-

drates [70].
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cover the outer surface of PEO layer already after 1 h of exposure. XRD
analysis of the pristine PEO-coated sample indicates MgO and
Mgs(PO4); as the main phases of the PEO layer. The PEO layer exposed
to NaCl reference solution reveals similar XRD spectra to the pristine
PEO, but with higher ratio of Mg substrate peaks’ intensity, suggesting
the degradation of the PEO layer and easier penetration of X-Ray beam
through this layer. The XRD analysis of PEO layer exposed to the DP-
containing electrolyte reveals two extra peaks at 20 of 6.5° and 9.7°,
confirming that the precipitates on the PEO surface contain DP(Mg)
complex.

Fig. 10 illustrates the cross-section of the PEO-coated AZ21 at the
substrate/PEO interface after exposure to the NaCl solution with and
without DP for 2 days. The duration of 2 days was selected since the
obtained EIS spectra have already reached a stable phase without
considerable change for some time. The corresponding PEO/substrate
interface exposed to the reference NaCl solution reveals a corrosion

(a) NacCl

substrate

P

(b) NaCl +DP
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layer with the thickness of few micrometers, which features wide cracks
so that the corrosive electrolyte can easily penetrate through. The EDS
map of the corrosion layer reveals the presence of P, O, and Mg elements.
The element C was homogenously, detected all over the corrosion
products and the Mg substrate, but with very low signal intensity,
indicating that it originates from the contamination deposited on the
surface during the SEM/EDS analysis [71].

When DP was in the electrolyte, an additional dense layer was
formed on the Mg substrate, which is outlined by dotted red lines in
Fig. 10. The thickness of this layer is mostly below 1 ym. From the EDS
map, this layer also contains elements O, Mg, and P. Similar to the case
of NaCl reference electrolyte, there was no distinct distribution of
element carbon in different regions of the cross-section. However,
compared to the PEQ layer, this compact layer contains less elemental P,
indicating its different chemical composition. Additionally, there was an
extra layer sandwiched between the PEO layer and the compact layer

PEO layer

filled pores

extra dense
layer

P

Fig. 10. 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.
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(outlined by blue solid lines). This layer was the PEO porous region filled
with some corrosion products, with smaller crack size and extension
than those of the NaCl reference sample. Flement Cl was also expected to
be detected in the EDS analysis of both samples. However, likely due to
the detection limit of EDS and a relatively high background noise, no
distinctive contrast of Cl is observable across the cross-sections. Further
details on the EDS analysis, including distribution of Cl elements, can be
found in the supplementary material Section 4.

3.3. Incorporation of DP into PEO pores

So far, the interaction of DP molecules with both the PEO layer and
Mg substrate has been studied, which is essential to develop an under-
standing of corrosion inhibition mechanism when DP is incorporated
into PEQ pores and cracks. In the following, the PEO-coated samples are
incorporated with DP and their corrosion behavior, exposed to 3.5%
NaCl solution, is studied.

The incorporation process was carried out via immersion of PEQ-
coated sample in high concentration (0.1 M) of DP solution, which
was achieved by increasing the temperature to 60 °C. At this tempera-
ture, the solution is above the Krafft temperature (Ty) of DP. Ty de-
termines the minimum temperature at which micelles of a surfactant
molecule can form (applicable to DP molecules), provided that the
concentration of DP exceeds the critical micelle concentration (CMC).
The phase diagram of the DP structures is depicted in Fig. 11b, which
illustrates the relationship between the solubility of DP and solution
temperature.

As the result of loading PEO pores with a high concentration of DP,
the local depletion of DP, either via precipitation as DP{Mg) complex or

(a)
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via dilution into the exposed electrolyte, will be delayed. A common
approach to hinder the leaching of the incorporated inhibitors from the
PEO pores into the corrosive medium is by applying a sealant on the PEO
layer [1,10,11,72]. This approach, although effective in prolonging the
inhibition effects of the inhibitor, adds more interacting components
into the system, which leads to higher complexity of the system’s
behavior interpretation. Thus, the application of a sealant on such
inhibitor-containing PEO coating will be presented in a separate report.

Fig. 11a illustrates the Bode representation of EIS spectra from the
DP-loaded sample exposed to NaCl 3.5 wt%. The sample failed after 13
days (the drop of impedance value accompanied with the formation of a
pit on the surface), which is a delay of 10 days as compared to the
reference PEQ-coated sample, Fig. 7a. The initial one-order-of-
magnitude higher value of |Z|o 1 u, at the commencement of exposure
to the NaCl solution, visible in Fig. 1lc, suggests that the inhibitor
incorporation process itself has already improved the barrier properties
of the PEO layer. This can be due to the formation of an additional
protective layer, inferred from the high impedance modulus values at
high- frequency (3-10° to 7-10°%chm-cm?®) and initial negative high-
frequency range phase angle, along with the corresponding high
impedance modulus values (Fig. 11a). A gradual decrease in impedance
value at all frequencies and fading (drifting toward zero) of the phase
angle at the high-frequency range phase angle can be observed over the
course of exposure. However, more careful observation of the
commencement of exposure to the NaCl electrolyte reveals an initial
opposing trend within the first 20 h, which are marked with orange
circles in Fig. 11a, c. This is probably attributed to the incorporated DP
molecules interacting according to the behavior observed in p4.2.

In order to gain more insight into the phase composition across the
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Fig. 11. (a) Bode plots of PEO-coated AZ21 impregnated with DP. (b) phase diagram of the DP structures (¢) Absolute value of impedance at low frequency (|Z]o.1)

from (a).
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thickness of the PEO coating loaded with DP, two-dimensional scanning
diffraction was carried out using a nano-focused X-ray beam. Fig. 12a
illustrates a representative XRD spectra obtained from a single spot
within the PEO layer to identify the phases in the samples loaded with
DP before and after exposure to the NaCl solution for 3 days.

Diffraction peaks of main components of the PEO layer (i.e., MgO
and Mgsz(PO4);) are identified and confirmed with the XRD analysis
presented in Fig. 9d. For the sake of clarity only the highest intensity
peaks of MgO and the region with population of Mgs(PO4), peaks be-
tween 20 20-40° are marked in the figure.

The corresponding peaks of DP(Mg) complex are present on both
samples, indicating that the incorporation process led to a reaction be-
tween the DP and Mg taken from PEO layer. The experimental set-up of
the local diffractometry allows for acquiring diffraction even at 20 as
low as 2° with high precision and low background to noise ratio. As a
result, an extra peak at 20 of 3.3° was identified for DP(Mg) crystals with
a considerably higher intensity as compared to the other associated
peaks. Interestingly, the XRD spectra acquired from the DP-loaded
sample before exposure to the NaCl solution revealed an additional
peak at low 20 of 2.3°, as well as some low intensity, shoulder-like peaks
for each of DP(Mg) diffraction peaks, which can be attributed to
unreacted incorporated DP crystals in the PEO pores. Bear in mind that
the crystal structure of the unreacted DP depends on several parameters
including DP concentration, electrolyte ionic strength, pH of the incor-
poration solution, and its cooling rate to the room temperature [73,74].
Since these parameters are unknown at the local conditions inside of the
PEQ pores, preparation of a reference DP powder as the “unreacted DP”
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is not feasible.

Fig. 12b illustrates the 2D phase distribution over the sample cross-
section based on the intensity of the corresponding peaks for the present
phases. Peaks located at 20 of 34.5°, 43.2%, 3.3%, and 2.3° are taken for
the phases Mg, MgO, DP(Mg), and unreacted DP, respectively.

Using the 2D map of Mg and MgO (as one of the main phases of PEO),
the borders of the PEO layer can be identified as marked with dash lines.
The 2D maps show a rather homogenous distribution of MgO and
Mgs(PO4); phases across the thickness of PEO layer of both samples. DP
(Mg) can also be identified all over the PEO layer. However, the top half
of the PEO layer is populated with slightly higher intensities of DP(Mg)
indicating its higher intensity. The 2D map of unreacted DP also clearly
indicates its higher intensity on the top half of the PEO. This in-
homogeneity of the DP across the PEO layer is probably due to the
usually larger pore area on the top of the PEO outer layer, which can
accommodate more DP during the incorporation process. Moreover, the
formation of DP(Mg) phases during the incorporation step leads to the
blockage of the pathways for DP penetrations towards the substrate,
resulting in fewer DP molecules reaching the bottom part of the PEQ to
either precipitate as DP(Mg) or remain unreacted.

The effect of DP incorporation into the PEO coating on the corrosion
resistance of the samples was also evaluated through SST, and the ap-
pearances of the samples at different exposure times of the test are
presented in Fig. 13, As can be seen in Fig. 13a, the surface of the
reference sample is subjected to a gradual change of color to black
during the SST. Similar color-change of PEQ samples during SST has
previously been reported for PEQO coating with high content of
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Fig. 12, (a) XRD patterns from two individual points selected from PEO coating regions of the DP-loaded sample before and after exposure to NaCl. (b) 2D maps of
the phase distribution on cross-secticn of the PEO-coated AZ21 loaded with DP before and after exposure to the NaCl solution for 3 days. X and Y axes are in pm.
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Fig. 13. (a) Macrographs of AZ21 sample coated with PEO with defect at different periods of SST; “ref” and “DP-loaded” denote the samples with and without the
incorporation of DP. All the macrographs were taken immediately after taking our the sample from the SST chamber. The last row on the bottom shows the
thoroughly dried sample after 1 month. (b) contact angle measurement of the reference PEO and DP-loaded PEO samples before SST.

phosphate-based phases [75], and has been attributed to the change in
the refractive index of the PEO layer due to the increase in the size of
PEQ pores. The color-change of surface occurred at a significantly lower
extent for the sample with the incorporated DP. On the other hand, when
the sample is fully dried, the shade of black disappears, suggesting that
the color is associated with the extend of wet substances on the sample.
Fig. 13b confirms that the inhibitor incorporation process modifies the
hydrophilic PEO surface toward a superhydrophobic surface, i.e., the
increase in contact angle from 46° to 151°.

The corrosion creepage from scratch on the reference sample
occurred more extensively than on the sample with the incorporated DP.
Moreover, several spots away from the defect zone and covered with
corrosion products were observed on the reference sample, indicating
the local degradation of the PEO layer and pitting formation.

3.4. Discussion

3.4.1. Effect of DP on bare Mg surface

The presence of DP in the NaCl solution was shown to yield high
corrosion inhibition performance on bare AZ21 substrate. The formation
of an insoluble complex between the DP molecule and Mg ™ ions, sup-
plied via corrosion of the Mg substrate, results in the precipitation of a
protective layer, as shown in the SEM images in Fig. 3. The barrier
properties of this layer are reflected in the high-frequency range
impedance in Fig. 1b. This is in contrast to weak or ne barrier properties
of Mg(OH); corrosion products in the reference NaCl electrolyte.

Many inhibitors with the precipitation mechanism tend to prefer-
entially precipitate on the IMPs, which often act as cathodically active
sites [10]. However, the AFM images of AZ21 after 1 min of exposure to
DP-containing electrolyte revealed no preferential growth/nucleation of
DP(Mg) precipitates. Similar behavior can be observed from the SEM
images after 5 min of exposure. The seemingly high tendency of DP(Mg)
complex to homogenously nucleate on the Mg surface led to rapid
coverage of Mg surface and, thus, rapid corrosion protection, which is
evident from the rapid enhancement of |Z|; g, in Fig. 2a.

At the pH of the experiment (pH 7.0 + 0.1), the phosphonic acid is in
its monoanionic form and only one hydroxyl group is protonated (pKa;
— 3.98 and pKay — 7.90 [76]). Thus, DP shows a buffering effect against
alkalinization caused by the cathodic HER and ORR on magnesium [77].
On the other hand, the formation of DP(Mg) complex leads to the
acidification of the solution according to the reaction illustrated in
Fig. 14. This slows down the pH increase and hinders the formation of
poorly protective Mg(OH),, which is stabilized at an electrolyte pH of
> 10.4 [59]. The relatively low electrolyte pH increase (about 0.4 pH
unit) after 4 days of exposure to NaCl-DP electrolyte is due to the
above-mentioned acidification mechanisms as well as general corrosion
inhibition.

However, as it was evidenced from the phase determination via XRD
measurements (Fig. 5) and cross-secticnal view (Fig. 4) of the sample
exposed to the DP-containing electrolyte, there is still some Mg(OH)3
formed at the interface of Mg substrate covered with a DP(Mg) layer.
The Mg(OH), is probably formed at locations with locally high cathodic
activity on the Mg surface, which thermodynamically favors its forma-
tion. The formation of the DP(Mg) layer on the surface, besides
providing a barrier against the corrosive medium, hinders DP molecules
to pass through this layer and reach the Mg surface. As the result, the
poorly protective Mg(OH); accumulates over time in between the Mg
substrate and the DP(Mg) layer, which is reflected in the gradual
decrease of |Z|q.1 g in Fig. 2a. If, at some point, the accumulation of the
Mg(OH)» causes the rupture of DP(Mg) protective layer, the instanta-
neous supply of local Mg?* from the substrate and DP from the elec-
trolyte locally triggers the formation of DP(Mg) complex. This is evident
from the relatively large piles of corrosion products on the localized
corrosion sites in Fig. 2d.

Investigations on the use of alkylphsophonic acids and their salts for

Fig. 14. Formation reaction of DP(Mg) salt.
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the corrosion protection of Mg is scanty and limited to the study of self-
assembled monolayers (SAM) with the aim of functionalizing the Mg
surface via immersion in ethanolic solution of alkylphosphonic acids
[64,65,78,79]. Here, the adsorption of DP molecules or initial deposi-
tion of DP(Mg) on the Mg surface also can be inferred from the positive
shift of VPD detected on the Mg matrix exposed to the NaCl+DP solu-
tion. Nevertheless, as previously mentioned, the modification of the
dielectric properties of the MgO layer also contributes to a change in the
VPD, which is again due to the presence of DP molecules.

In addition to the adsorption and precipitation mechanisms of
corrosion inhibitors, another proposed inhibition mechanism relies on
the modification of the morphology of the Mg(OH)z corrosion products
towards the formation of a dense layer on the Mg surface [25,53,80-82].
In recent investigations by Cui et al. [81,82], the anicnic nature of a
surfactant sodium dodecyl sulfate (SDS) is claimed to promote the
nucleation kinetics of positively charged Mg(OH)2 embryos, and thus,
the formation of denser corrosion products layer. In this respect, DP
molecule, with a negatively charged phosphonate group, may cause a
densification of Mg(OH); precipitates.

3.4.2. Effect of DP on PEO-coated Mg

The presence of DP in the NaCl electrolyte led to a significant
enhancement in the corrosion resistance of PEO-coated sample. As a
result, only temporary signs of pitting on the PEO coating were observed
after 51 days, as opposed to the short 3-day failure time of the sample in
the reference NaCl electrolyte.

DP(Mg) precipitates, similar to those observed on the bare Mg sub-
strate, formed on the PEO layer (Fig. 9¢,d). Even after 5 min of exposure
to the DP-containing electrolyte, the surface of the PEO revealed
extensive precipitation of DP(Mg) complex (SEM images are provided in
the supplementary materials Fig. 54). However, such early and extensive
corrosion of the coated Mg substrate is not expected to occur providing
the required Mgz’ ions for the formation of DP(Mg). Instead, the Mgz’
ions are provided by the dissolution of the PEQ layer (i.e., dissolution of
MgO and Mgs(PO4)> phases) in the NaCl electrolyte, as evident from the
degraded morphology of the PEO outer layer illustrated in Fig. 9b. Apart
from the aggressive nature of the NaCl solution towards the PEO layer,
the formation of DP(Mg) itself and its resulting acidification (Fig. 14)
initially promote the dissclution of PEQ and growth of the protective
layer as a result of a conversion process. Nevertheless, the barrier
properties of DP(Mg) precipitates self-regulate their growth, in analogy
to the formation of a conversion coating with passivating properties
[831.

In addition to the protection of the PEO outer surface via the DP(Mg)
layer formation, the precipitation of DP(Mg) in the PEO pores leads to
their blockage, which in turn hinders the penetration of corrosive me-
dium through the coating. The pores filled with relatively dense corro-
sion products marked in Fig. 10, confirming the sealing of the PEO
pores. In addition to the DP(Mg), it is expected that the corrosion
products also comprise a mixture of Mg(OH); and Mg3(PO4),. The later
phase originated from the re-precipitation of dissolved Mgs(PQ4)s from
the PEO layer (most likely from its amorphous phase) [20.75,84]. The
co-existence of Mg(OH); and Mg3(PO4), has been thermodynamically
illustrated to be possible at pH values higher than ~10 [22].

Another layer with barrier properties was formed at the Mg/PEO
interface, which features a dense morphology (Fig. 10b) and is evi-
denced in the FIS spectra by a time constant developed at high-
frequency range. In addition to the barrier properties provided by this
layer, its dense morphology means lower mechanical stress on the atop
PEO layer, in contrast to the less dense corrosion products in the absence
of DP. The local mechanical stress by the corrosion products in the
substrate/PEO interface is believed to be one of the main accelerating
factor for degradation of phosphate-based PEO coatings on Mg [22].
Characterization of this dense layer by EDS can only reveal that it is
different from the PEO layer, corrosion products in the pores, and DP
(Mg) complex. Moreover, although the contribution of DP molecules in
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this layer could either be via co-precipitation as DP(Mg) or via adsorp-
tion on the corrosion product, the relatively low detected C signal can
only be accounted for a minor existence of DP. From another point of
view, as mentioned above, the presence of anionic surfactants can affect
the morphology and crystallinity of Mg(OH), precipitates via medifi-
cation of Mg(OH); nucleation/growth kinetics [85-88], which can lead
to denser Mg(OH),. The same effect is expected for the morphology
alteration of re-precipitated Mgs(PO4)2 phase in the presence of DP
molecules. Nevertheless, further characterization methods are required
to obtain more information about the composition and crystallography
of this layer.

3.4.3. DP as incorporated inhibitor

During the incorporation process, DP molecules are accommodated
in the spacious PEQO pores and interact with the PEO layer in a similar
way as when they are present in the NaCl solution. Part of the PEO layer
dissolves and DP(Mg) complex precipitates, forming a protective film on
the PEO outer layer and blocking the PEO pores. The high concentration
of DP in the incorporation solution, as well as the elevated temperature,
accelerates the precipitation kinetics. Additionally, the absence of Cl in
the impregnation solution mitigate the degradation of Mg substrate.
Furthermore, the highly concentrated micellar solution of DP in the PEO
pores crystallizes upon the cooling after the incorporation process,
further contributing to the blockage of PEO pores.

When the sample is exposed to the NaCl solution, the loaded DP
dissolves into the electrolyte and inhibits the degradation of the PEO-
coated Mg and bare Mg in the defected areas, via the mechanisms
explained for each case. This in turn enhances the barrier properties of
the PEO coating.

The presence of DP molecules, either as adsorbed molecule on the
surface or as compound in DP(Mg), functionalizes the surface with hy-
drophobicity, due to DP’s hydrophobic alkane tail. Moreover, the micro-
scale cavities between of the DP(Mg) flakes deposited on the surface
forms an air cushion, significantly reducing the actual contact area be-
tween the corrosive medium and the surface [89-91]. This in turn
effectively contributes to the high hydrophobicity of the surface, as
observed from the high contact angle determined in Fig. 13,

Fig. 15 illustrates the schematic of the explained corrosion inhibition
mechanism for PEO-coated Mg impregnated with DP in the presence of a

hydrophobic layer
— defect

PEO/substrate

"DP crystal

Fig. 15. schematic of mechanisms contributing to corrosion protection of PEO-
coated Mg loaded with DP in the presence of a defect.

147



B. Vaghefinazari et al.

defect in the coating.

In the context of atmospheric corrosion, in which the SST test is
relevant, the hydrophobicity of the surface prevents the electrolyte
droplets from remaining on the surface, as evident from the less wetted
surface in Fig. 13. From another perspective, the loaded DP molecules,
when dissolved in the condensed electrolyte on the surface, also tend to
stay in the air/liquid interface, which in turn can act as a hindrance for
0y diffusion from air into the electrolyte [92-94]. As the result, ORR,
which can play a decisive role in corrosion of the Mg [77,95], especially
in atmospheric corrosion [96], is mitigated.

There have been several attempts to functionalize the surface of a
PEO coating by immersion of the PEO-coated magnesium in ethanolic
solutions of alkylphosphonic acids, such as octadecylphosphonic acid
(ODP) in the work of Mingo et al. [97]. However, the functionalized
surface via this approach leaves a thin layer of adsorbed ODP, which
may provide only a short-term corrosion protection.

It is worth mentioning that from the literature on the use of alkyl-
phosphonic acids for corrosion protection enhancement of different
metals [39,65,98,99], a common conclusion can be drawn that the
longer alkyl chain length results in higher hydrophobicity and higher
corrosion protection. Therefore, octadecylphosphonic acid appears to be
one of the most investigated alkylphosphonic acid [64,78,100,101].
However, this is mostly again from the perspective of adsorption inhi-
bition mechanism. Nevertheless, increasing the alkyl chain length also
decreases their solubility in aqueous environments, which means they
may be less available to actively inhibit corrosion.

4. Conclusion and outlook

In this work, the highly effective inhibition of decylphosphonate
(DP) against both bare and PEO-coated AZ21 corrosion was demon-
strated. The presence of DP in NaCl 3.5 wt% corrosive medium reduced
the corrosion rate of bare AZ21 by about 10 times and delayed the
occurrence of pitting on PEO-coated AZ21 from 3 days to 51 days.

The interaction of DP with both bare AZ21 and the PEO layer
resulted in different corrosion inhibition mechanisms, including:

- DP forms insoluble complex with Mg2 + liberated as a result of Mg
substrate activation. The precipitated DP(Mg) complex forms a
protective layer on the Mg substrate against the corrosive species.
Degradation of PEO layer, which is mainly composed of Mg3(P04)2
and MgO, also releases Mg2 — . The resulting DP(Mg) complex
protects the PEO layer from the corrosive medium.
- The formed DP(Mg) provides hydrophobic properties to the surface,
inhibiting the access of aqueous corrosive medium to the substrate.
- The process of incorporation of DP into the PEO layer itself results in
the sealing of the PEO pores, achieved through the formation of DP
(Mg) protective layer and precipitation of DP crystals from the high
concentration micellar solution.

The incorporation of a high concentration of DP into PEO layers via a
simple immersion in a micellar solution of DP was found to be effective
and merits more investigation.

These results are expected to stimulate further research on the use of
surfactants as corrosion inhibitors in PEO coatings, paving the way for
the development of cost-effective and environmentally friendly corro-
sion protection strategies for magnesium alloys.
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5.5.1 Supplementary material
S1. IMPs in AZ21 characterization
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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
AlsMns 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.

%
S

o 53 LT ‘x A TN,
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.

(a) Nacl (b) NaCl+DP

PEO layer

filled pores

extra dense
layer

P

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 Ka 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 Mg?* 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 26 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 28 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 Mg,SiO4 phase is also expected to lose stability in the presence of 2,5PDC-Na, much like
Mgs(PQ4),, due to 2,5PDC-Na’s tendency to form soluble complexes with Mg?* 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.
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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 28 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 (logl{snfgZ+ = 8.6[184]) and DTPA (logl(sl\,fg2+ = 9 [185]), which form highly soluble
and stable complexes with Mg?*, 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 MgAl,O, phases. Similarly, Chen et al. [187] observed dissolution of a PEO coating composed of MgO

and Mg,SiO, on AM50 after exposure to a solution containing EDTA or SSA (5-sulfosalicylic acid, log](sﬂfgpr =51
[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 Mg?* with DP and 8HQ are discussed in section 5.4 and section
5.5. The fluoride ion (F7) in NaF forms the highly insoluble MgF, salt. Although the acetate ion in Ca-acetate forms a
soluble complex with Mg?*, the Ca?* interacts with the PEO layer, leading to the formation of insoluble hydroxyapatite
(Cas(PO4)30H) and CaHPO, [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 Mg?*.

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 Ks, reported in the range of 4-
6.8x107%6 [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 = 1.15x107°) 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 Mg?* ion diffusion at the PEO/electrolyte interface may result in continuous
dissolution of PEO before a critical concentration of Mg?* 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 1.94x1073 (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 MgCl, 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), 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), 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),
as a corrosion product. In contrast, fumarate-Na reduced the formation rate of Mg(OH), 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].
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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 Mg?* 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:

e  Formation of an insoluble compound as the result of interaction between the inhibitor and Mg?*
e A higher degree of insolubility of the compound is preferable
e 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 Il, 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. Anin-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 2,5PDC? accelerates the degradation of the PEO coating,
which is primarily composed of MgO and Mgs(P0Oa).. 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 Mg?* 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. Todesign 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:

e  Formation of an insoluble compound as a result of interaction between the inhibitor and Mg?*.
e A higher degree of insolubility of the compound is preferable.

e The inhibitor must have sufficient solubility in the testing medium.
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e 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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