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Abstract

Plasma electrolytic oxidation (PEO) is a promising surface treatment technology for commercial
applications in order to improve the corrosion and wear resistance of light and valve metal substrates.
Moreover, the potential to produce multifunctional coatings including biocompatibility, biodegradation,
antifouling, electrical conductivity, magnetism as well as photocatalytic activity attracts further
attention for a wide range of applications. However, often the lack of insight into the PEO mechanism
restricts the optimization process of the coating performance. Furthermore, alloys and composite
materials with addition of alloying elements and reinforcement phases even make the process more
complex with respect to the pure metals. The understanding of the evolution of multi-phase materials
in PEO processing and their influence on the PEO coating formation and properties could lay a solid
foundation for an effective optimization strategy.

This thesis is a comprehensive study of PEO, covering a wide range of substrates from light metals such
as Al and Mg alloys, to composite materials. It is aimed at revealing the influence of substrate
microstructure/properties on PEO coating formation process, morphology, microstructure, composition
and properties, as well as the evolution behavior of the coatings in presence of additional phases and
intermetallics. The results have shown that, the presence of additional phases and intermetallics (caused
by alloying elements), eg. Al.O; fibers in Mg composite, and MgLi-Al (Li) in MgLi alloy, can be
responsible for fluctuation of the voltage response and modified characteristics of the discharges during
the processing. Moreover, the coatings are not uniform especially for short treatment duration due to
the local morphology and microstructure of coatings on the intermetallics, such as Mgi7Al12, Al-Nd,
Al-Mn-Nd in AZ91Nd alloy, and Al.Cu and AlsFeSi in AISi9Cu3 alloy. This heterogeneity of the
coating can be fully eliminated by either increasing the current density or prolonging the processing
time. However, it could be detrimental to the quality of the resultant coating.

New phases eg. MgAl,O, in the coating on Mg composite are found due to the incorporation of the
phases/alloying elements reacting with other coating forming species. The new phases can potentially
endow the coating with improved performance and/or additional functions. Before the breakdown
phenomena of the process, the oxidation of the substrate is controlled by the electrochemical stability
of different phases in the substrate, for instance, Mg:7Al:2/a-Mg and Al.Cu/a-Al. When the discharges
are generated, the reaction of the substrate/coating is controlled by the electrochemical property together
with the chemical stability and melting point of the additional phases and intermetallics, regarding their
reactive and/or inert incorporation into the coatings. Besides, the distribution of these phases and
intermetallics in the substrate can influence the evolution behavior, eg. the large size of Al.Os fibers
can delay the process and the incorporation will be postponed.

In addition, the in-situ PEO study of Ti alloy demonstrated a different oxidation behavior of Ti in
comparison to Al and Mg, featured by the lattice expansion due to the oxygen penetration. Attractive

combination of corrosion and photocatalytic properties were obtained on Ti and high melting



temperature Nb substrate. The introduction of species from the electrolyte is also a way to introduce
new phases in the coatings, which can enable the coatings with improved performance and even other

useful properties.



Zusammenfassung

Die plasmaelektrolytische Oxidation (PEO) ist eine vielversprechende
Oberflachenbehandlungstechnologie fiir kommerzielle Anwendungen, um die Korrosions- und
Verschleitfestigkeit von Leicht- und Ventilmetallsubstraten zu verbessern. Dariber hinaus weckt das
Potenzial zur Herstellung multifunktionaler Beschichtungen inklusive Biokompatibilitéat, biologischem
Abbau, Antifouling, elektrischer Leitfahigkeit, Magnetismus und photokatalytischer Aktivitat weiteres
Interesse fir ein breites Spektrum von Anwendungen. Allerdings schrankt der fehlende Einblick in die
Mechanismen der PEO oft den Optimierungsprozess der Leistungsféhigkeit der Beschichtung ein.
Aufllerdem machen Legierungen und Verbundwerkstoffe mit zusétzlichen Legierungselementen und
Verstarkungsphasen den Prozess im Vergleich zu reinen Metallen noch komplexer. Das Verstandnis
der Auswirkungen von Mehrphasenwerkstoffen auf den PEO-Prozess und deren Einfluss auf die
Bildung und die Eigenschaften von PEO-Schichten konnte eine solide Grundlage fir eine effektive
Optimierungsstrategie bilden.

Diese Arbeit ist eine umfassende Studie iber PEO, die ein breites Spektrum von Substraten abdeckt,
von Leichtmetallen wie Al- und Mg-Legierungen bis hin zu Verbundwerkstoffen. Sie zielt darauf ab,
den Einfluss der Mikrostruktur/Eigenschaften des Substrats auf den Prozess der PEO-Beschichtung, die
Morphologie, die Mikrostruktur, die Zusammensetzung und die Eigenschaften sowie das
Entwicklungsverhalten der Beschichtungen bei Vorhandensein zusatzlicher Phasen und
intermetallischer Verbindungen aufzuzeigen. Die Ergebnisse haben gezeigt, dass das Vorhandensein
zusétzlicher Phasen und intermetallischer Verbindungen (verursacht durch Legierungselemente), z. B.
Al,Os3-Fasern in Mg-Verbundwerkstoffen und MgLi,Al (Li) in MgLi-Legierungen, fir Schwankungen
der Prozessspannung und veranderte Eigenschaften der Entladungen wahrend der Behandlung
verantwortlich sein kann. Dariiber hinaus sind die Beschichtungen insbesondere bei kurzer
Behandlungsdauer aufgrund der lokalen Morphologie und Mikrostruktur der Beschichtungen auf den
intermetallischen Werkstoffen wie Mgi7Al12, Al-Nd, Al-Mn-Nd in der Legierung AZ91Nd sowie Al,Cu
und AlsFeSi in der Legierung AlSi9Cu3 nicht gleichmaliig. Diese Heterogenitét der Beschichtung kann
entweder durch eine Erhohung der Stromdichte oder eine Verldngerung der Bearbeitungszeit
vollstandig beseitigt werden. Dies kann sich jedoch nachteilig auf die Qualitdt der entstehenden
Beschichtung auswirken.

Neue Phasen, z. B. MgAIl;O., in der Beschichtung auf dem Mg-Verbundwerkstoff sind auf die
Einlagerung der Phasen/Legierungselemente zurlickzufiihren, die mit anderen beschichtungsbildenden
Spezies reagieren. Die neuen Phasen kdnnen der Beschichtung moglicherweise eine verbesserte
Leistung und/oder zusétzliche Funktionen verleihen. Vor Erreichen des Durchbruchspotentials wird die
Oxidation des Substrats durch die elektrochemische Stabilitdt der verschiedenen Phasen im Substrat
gesteuert, z. B. Mg17Al12/a-Mg und Al,Cu/a-Al. Wenn die Entladungen auftreten, wird die Reaktion

des Substrats/der Beschichtung durch die elektrochemischen Eigenschaften zusammen mit der



chemischen Stabilitat und dem Schmelzpunkt der zusétzlichen Phasen und Intermetalle hinsichtlich
ihrer reaktiven und/oder inerten Einbindung in die Beschichtungen gesteuert. AuBerdem kann die
Verteilung der Phasen und intermetallischen Verbindungen im Substrat das Evolutionsverhalten
beeinflussen, z. B. kann das groRe Volumen der Al,Os-Fasern den Prozess verzégern und die
Einlagerung wird hinausgezogert.

Dartiber hinaus zeigte die In-situ-PEO-Studie der Ti-Legierung ein anderes Oxidationsverhalten von Ti
im Vergleich zu Al und Mg, das zunéchst durch eine Gitterexpansion aufgrund des Sauerstoffeinbaus
gekennzeichnet ist. Eine attraktive Kombination von Korrosions- und photokatalytischen Eigenschaften
wurde sowohl auf Ti- und Nb-Substraten mit hoher Schmelztemperatur erzielt. Der Einbau von Spezies
aus dem Elektrolyten ist auch eine Mdglichkeit, neue Phasen in die Beschichtungen einzubringen, die
den Beschichtungen verbesserte Leistungen und weitere niitzliche Eigenschaften verleihen kdnnen.
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Introduction

1. Introduction

Plasma electrolytic oxidation (PEO) is a surface treatment process developed from conventional
anodization to produce ceramic-like coatings on different metallic substrates, eg. Al, Mg, Ti, Nb and Zr
and their alloys [1-5]. The process is typically performed in environmentally friendly electrolytes,
involving high voltage up to few hundred volts and accompanied by numerous short-living micro-
discharges on the surface of the work pieces [6-8]. The PEO process is complex and involves
electrochemical, chemical, plasma-chemical, thermal and pressure stimulated processes, which are
decisive to the microstructure, morphology and composition of the coating and hence to the properties
[9, 10]. The PEO coatings are attractive to provide high corrosion and wear resistance, as well as other
advantages, such as biocompatibility and photocatalytic activity relying on the composition of
electrolyte and substrate [11-16].

Optimizations and predictions of properties are limited since the formation process is influenced by
many factors, including the substrate materials, the electrolyte, the power source and the electrical
parameters. As a result, the properties of the PEO coatings are alterable and could not always meet the
requirements. Many efforts have been taken to improve the performance, especially the corrosion and
wear resistance of the coatings [17-19]. Some improvements have been achieved mainly through
optimizing the electrical parameters, adjusting the constituent of the electrolytes and using
combinations of PEO with various pre- and/or post-treatments [20-24]. However, some of the
optimizations are designed for a specific material and if the substrate materials are changing, the
optimizations may not work. Since the coating formation involves the oxidation of the substrate the
coating is mainly composed of species from the substrate. The clear understanding of how the
microstructure/composition of the substrate materials and the properties of oxides influence the PEO
coatings formation could be the key for more effective optimization strategies.

Therefore, in present PhD thesis, a comprehensive study is focused on the influence of various
substrates, including a wide range of Al, Mg, Ti and Nb based metals, alloys, and composites on the
PEO process, and the characteristics of the coatings (morphology, microstructure and composition), as

well as their effect on the final properties of the coatings.
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Abstract

Plasma electrolytic oxidation (PEO) processing of light metals has been established for decades and is
in increasing industrial use sometimes even as an alternative surface treatment to produce
multifunctional coatings with environmental-friendly processing concept. Significant efforts based on
different substrate materials have been devoted to optimize the PEO process for endowing the coating
with a combination of properties. However, the systematic process optimization focusing on the
adjustment of electrical parameters and electrolytes are restricted due to the lack of understanding about
the role of substrate materials, especially alloys or composites with a complex multiphase
microstructure in the PEO process. Material mix is present on the micro-scale in almost every alloy or
composite, but can reach macro-scale in the case of weldments of different light metals. The
investigation of the oxidation behavior of the substrate materials during PEO is essential for optimal
processing strategies, and further can be extended to the joint light metals/alloys in industrial
applications. The properties of the additional phases, secondary phases, intermetallics, and
reinforcement phases with different alloy content, microstructure and stability influence the current
distribution and alter the discharging behavior. Additionally, the incorporation of additional phases into
the coatings can modify the coating composition, and enable the coating with multifunctionalities. This
paper present a critical review of the different aspects of PEO processing of material mixes (Mg, Al, Ti
alloys/composites and joint metals/alloys) including the influence on the PEO process, on the coating
formation as well as structure and properties of the coatings. The evolution of different substrate
materials during PEO treatment is reviewed. Similarities and differences are highlighted. Based on the
discussion, the ideas that could potentially optimize the properties and performance of PEO coatings

are stated.

Keywords: plasma electrolytic oxidation, secondary phases, light metals, joint metals
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1 Introduction

Plasma electrolytic oxidation (PEO) is a promising anodizing technique utilizing high-energy electric
discharges to produce in-situ ceramic-like coatings mainly on the light metals [1-3]. Over the past
fifteen years, there is an outburst of publications on the topic of plasma electrolytic oxidation due to the
great concern for environmental protection, energy conservation and life extension. The main
application of PEO is for Al, Mg and Ti alloys; however, other substrates such as Zr, Nb, Hf and Mo
are also rising attention due to their potential applications. It is worth noting that PEO treatment of
common metals, such as Fe, Cu and Ni, was also reported. However, the processes are more likely
relying on the decomposition of species from the electrolyte and will not be discussed further here.
The process is commonly performed in dilute alkaline electrolytes containing components, such as F-,
SiOs%, PO+, AlOy, B4O+%, to promote strong passivation of the metallic substrates under a high
electrical field [4-7]. The employment of high voltages also creates short-living plasma discharges at
the interface of the work-piece and the electrolyte [8-10], involving chemical-, electrochemical-,
plasma-chemical and thermal processes [11-13]. In spite of the complexity of the involved processes, a
coating with different combination of properties, including hardness, corrosion resistance, wear
resistance, biocompatibility, biodegradation, thermal stability, photocatalysis and dielectric properties
can be obtained [14-19]. Therefore, PEO technique is very attractive for a wide range of applications
requiring multifunctional properties [20-22]. It can be expected that the properties of PEO coatings are
influenced by different factors, concisely ranging from the substrate composition to the power sources,
electrical parameters, and electrolytes [23-26]. Due to the intrinsic porosity, frequent micro-cracks,
and ceramic-like brittleness, further approaches are required to seal the coating to improve the
performance, and thus expand their applications. In addition to sealing post treatments (eg. polymer
coating, sol-gel, and LDH), the optimal combination of electrical and electrolyte parameters are
commonly applied to achieve a certain optimization of the PEO coatings and/or fulfil the requirements
of the intended applications.

Most of the recent developments of PEO treatment are focused on alloys aiming to address the galvanic
corrosion between the matrix and alloying components, enhancing their surface mechanical,
electrochemical and chemical stabilities, and further enable the coatings with new functionalities.
However, strong differences can be still observed on the coating of different substrates. The
performance is in fact a synergy of the substrate and coating properties, different types of base metal,
alloying components and metallurgical states of the substrate materials result in different properties of
the coating. Their different responses to the applied voltage/current influence the PEO process,
including the breakdown threshold, discharge intensity and density, which could change the coating
microstructure and properties. Moreover, it is certainly clear that the composition of PEO coatings is
originated from the oxidation of the substrate and the decomposition of electrolyte components. The

oxidation behavior of additional phases in the substrates is different from the base metals during the
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PEO. These additional phases could dissolve into electrolyte directly and/or be incorporated into the
coating reactively or inertly, which can correspondingly modify the coating composition, and endow
the resultant coating with new functionalities. This means that the performance of PEO coatings greatly
depends on the conditions of substrate materials [27-30].

The main galvanic corrosion issues at the phase interface of a multi material mix based on light metals,
such as the dissimilar weldments of Mg and Al also exist. PEO treatment is nowadays expanded to such
joint materials [31, 32], showing the possibility to coat the material mixes successfully. However,
optimization of the process is still required, the same as for the alloys, which are regarded as material
mixes however in micro scale. The successful optimization of PEO treatment on such material mix can
bring in the desirable replacements for steel materials, boosting significant weight savings and energy
consumption reduction. In this sense, the insight into evolution behavior of the substrate materials can
be the fundamental for a clearer direction to optimize the coating microstructure and properties
systematically.

The objective of this review is to give a critical state-of-the-art overview about the influence of material
mixes, ranging from different phases in an alloy to multi-material components, on the PEO process. It
starts with an overview of the aspects of additional phases in alloys and composites and their effect on
the PEO process and the evolutions of the secondary phases during the processing. A summary of PEO
treatment on Mg, Al and Ti alloys in the presence of different phases and the corresponding morphology,
thickness, micro-hardness and the corrosion performance of the resultant PEO coatings are outlined
next. Furthermore, the review is extending from the microscale to macroscale discussing the problems
and possibility of PEO processing of multi material mix. Finally, the similarities and differences are

critically addressed.
2 Influence of multi-phase substrates on PEO processing stages

2.1 Microstructure of substrates used for PEO treatment

In the majority of PEO studies, alloys are more widely selected as substrates rather than pure metals,
since multi-phase alloys have more desirable mechanical performance and their applications are more
widespread. Depending on the processing routes, the alloys which are suitable for PEO treatment
usually consist of various primary (eg. primary Si in Al alloys [33, 34]) and secondary phases (eg.
eutectics, intermetallics and precipitates), and polymorphs (eg. a- and B-Ti in Ti alloys [35, 36], a- and
B-Mg in MgLi alloys [9, 37]). In addition to “pure” alloys, additional reinforcement phases (eg.
AZ91/SiC [38], 2024/SiC [39]) can be incorporated for further strengthening forming metal matrix
composites (MMCs). The reinforcement phases are often ceramics and may not be suitable for PEO.
As a consequence of the multiphase microstructure, the compositional heterogeneity of these substrates
is inevitable, and the physical, chemical and electrochemical properties of the substrate surfaces are

influenced correspondingly. For instance, in AZ91/SiC, MMC, the secondary phase p-Mgi7Al12 and
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reinforcement SiC particles display relatively higher Volta potentials compared to a-Mg matrix in Fig.
1 [40], potentially indicating their higher electrochemical stability with respect to a-Mg. A challenge is
to obtain uniform PEO coatings in the presence of additional phases, especially for those showing

significantly different oxidation behavior in comparison to the metal matrixes during PEO processing.
2.2 Process before “breakdown”

It is well known that in a PEO process several stages can be typically distinguished. There is the
anodizing stage before the breakdown discharges start, and afterwards few stages can be distinguished
by different characteristics of the discharges [8, 10, 41]. Thus, the different influence of additional
phases that exhibit discernable oxidation behavior during the PEO coating formation can be derived
before and after the occurrence of discharges.

Before the onset of discharges, the process is an electrochemically-driven dissolution and deposition
process, normally considered similar to conventional anodization [42, 43]. At this stage, the local
dielectric properties of the initial conversion products on the different phases depend on the composition
of the forming layers, which further has an influence on the start of breakdown of those dielectric layers
[44, 45].

The electrochemical stability is an important parameter at that time influencing the dissolution, emission
and conversion processes at the surface. It was found that the conversion of Al,Cu and B-AlsFeSi
intermetallics developed more slowly in comparison to a-Al in Al alloys [46-49]. The conversion
products were preferentially accumulated at the periphery of the intermetallics, however, the boundary
of the intermetallics remained visible. In contrast, the electrochemically anodic MgLi2Al particles in
comparison to the surrounding Mg matrix are more likely to experience a faster dissolution and
redeposition processes due to the local pH increase, resulting in the scattered protuberances on the
surface of MgLi alloy [50]. If no adherent conversion products are formed, the dissolution of
intermetallic phases without deposition is also commonly observed [3, 51]. However, the non-
conductive nature of commonly used reinforcement phases may change the distribution of currents,
especially at the initial stage of the process, which causes a non-uniform deposition on the substrates.
For instance, SiC particles and Al;Os fibers in Mg alloys appear with no change at the beginning of
PEO treatment [52, 53].

In addition, the distribution of secondary phases shows an effect on the anodic conversion. Although [3-
Mgi7Al12 (-0.9 V, NHE) and Al-Mn intermetallics (-0.42 V, NHE) are both nobler than a-Mg (-1.3 V,
NHE) in Mg-Al alloys, the initial conversion products were observed to form only around the Al-Mn
intermetallics during PEO processing [13, 54]. A possible explanation is that the presence of eutectic
phases (a-Mg + B-Mgi7Al12) can alleviate the electrochemical potential drop between a-Mg and (-

Mgi7Al1 since the eutectic distributed as a transition between the two different phases [54].
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2.3 Process after breakdown

Once the strength of the electrical field across the dielectric layer reaches the dielectric breakdown level,
the initial discharges will be generated on the surface of the oxide film. At this period, the discharges
are the driving force for the coating growth. The discharge events induce the formation of high
temperature phases and reconstruct the coatings via melting of coating materials, enabling the coatings
with attractive properties (eg. hardness, wear resistance, and thermal stability) that cannot be achieved
through traditional conventional anodizing [55]. Normally the plasmas contain species originating from
the substrate and the electrolyte, and the characteristics of the discharges, eg., intensity, density and
distribution, are different due to the participation of different species [8, 9, 56]. In this sense, the
additional phases could influence the coating formation from participating in the plasma reactions and
further modifying the discharging behavior.

For Al, Mg and Ti substrates, many studies have reported the presence of substrate species in the optical
emission spectra of discharges [8, 50, 57-59]. Due to the relatively low amount of alloying elements, it
is difficult to detect their emission in the discharges considering the detection limit, however, there are
still exceptions, eg., Cu in 2024 Al alloy [60]. Furthermore, the spectral lines of Al were observed,
originated from an AZ31 alloy when the electrolyte did not contain any Al additives [57]. For Mg-Li
system, the alloying element Li was reported to participate in the plasma reactions, and the emission
intensity of discharges declined compared to pure Mg during the processing [9, 50]. Additionally, after
reinforced with SiC particles and Al,O3-SiO- short fibers, Si and C were detected in the emission spectra
for SiCy/AZ31 MMC, and Al and Si were also disclosed for Al,O3-SiO»/AZ31 alloy, respectively [57].
Since the species can be only originated from the reinforcement phases, it confirms that the SiC and
Al>,03-SiO; reinforcement take part in the plasma process during the treatment.

Alternatively, for Nb, the optical emission line was not detected during PEO treatment, which disclosed
the absence of Nb in the plasma reaction [61]. It can be assigned to the high melting temperature of Nb,
which is around 2477 °C. Nevertheless, the large quantities of heat released from the discharges will
stimulate thermal processes [7, 55], such as sintering and crystalline transformation reactions. The
reinforcement phases with high melting point can not be reactively incorporated into the coating unless
an efficient temperature of the discharges is reached. For AZ91Nd/Al,O3; MMC, the formation of
MgAl,O4 spinel only happened from reactive sintering process between alumina fiber and MgO once
the applied voltage exceeded 280 V, at which the effective temperature could be achieved [53].

The PEO process is also influenced by the size and amount of the additional phases in the substrates. It
was observed that large sized Zn-rich intermetallics at the interface of coating/ZC71 Mg alloy were
mostly embedded in the coating, which hindered the coating growth [2]. Only a lateral dispersion of
alloying elements in the coating around the intermetallics demonstrated the slow stepwise degradation
of the intermetallics. Furthermore, Rakoch et al. [62] have observed three types of discharges occurring

at the vertical, spherical and inner layer horizontal pores near the substrate (Fig. 2). The larger amount
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of big sized Mgi7Al12 in AZ91 alloy in comparison to AZ31 alloy resulted in the formation of vertical
pores in the coating, which were less curved.

Tabs. 1-3 summarize various secondary phases in Mg, Al and Ti alloys and their influence on the PEO
process of substrate, as well as on PEO coating structure and properties.

In combination with the electrolytes, power sources and electrical parameters, the formation process of
the PEO coatings is finally determined by a synergistic effect, not a separate or single factor.
z:200mV
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Figure 1 Surface potential maps and potential profiles in selected areas of (a, b) AZ91 and (c, d) AZ91/SiC/5p.
[40]

AZ91

Figure 2 A typical change in the type of microdischarges during the PEO treatment of AZ31 (a) and AZ91 (b)
alloys in alkaline-silicate electrolyte. [62]
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2.4 Influence of additional phases on electrical response

Since the presence of additional phases shows different influence on the coating formation process, the
electrical response usually presented as the voltage/current-time profiles can elucidate the evolution of
PEO process. Generally, different electrical responses were demonstrated for various substrates. It was
reported that additional phases could delay the voltage ramp-up during PEO processing in comparison
with pure metals [21, 47, 88, 112]. Martin et al. observed that the voltage increase for the heat treated
Mg-Gd-Y alloy (as-extruded + T6) was delayed due to the presence of MgaYs and Mgs(GdY)
intermetallics in comparison with as-extruded alloy (Fig. 3). Veys-Renaux et al. [88] reported that the
voltage rise to the breakdown voltage and the initial discharges start more slowly in the presence of Cu-
rich intermetallic particles in AA2214 Al alloy with respect to AA1050 Al alloy. Moreover, compared
to pure AZ91 Mg alloy, Wang et al. [21] found that the voltage ramp rate of AZ91 Mg alloys after being
reinforced with SiC particles was generally slower during PEO treatment. However, also more rapid
increase of voltage was claimed in the presence of additional phases. It was found that the voltage of
pure Zr substrate increased by 3 - 4 times slower compared with Zr-1% Nb alloy at the initial stage, but

finally reached a similar value of 230 V [113].

The presence of different additional phases in the same metal matrix can result in different voltage
responses [28, 66, 114]. Some studies [28, 78] have reported a more rapid voltage development and a
higher final voltage for WE43-T6 Mg alloy compared to AZ91D Mg alloy. The two alloys have
different intermetallics: WE43-T6 Mg alloy contains Mgi12Nd particles, Nd-enriched phases, Y-rich
particles and B-Mg14Nd.Y in addition to a-matrix, however, AZ91D Mg alloy is composed of single -
Mgi7Al12 and eutectic (a + B) phases. Nevertheless, there might be an influence of the main alloying
elements Al and Nd, Y in the matrix (solid-solution) as well. The effect of alloying elements on PEO
process of Mg, Al and Ti alloys is briefly summarized in Tabs. 4-6. For AZ31B alloy, the voltage is
lower than that of RE containing alloy (E21 abd WE43) [66].

The distribution of additional phases, including alloying elements even in solid solution have an
influence on the dielectric (passive) layer formation, the size and number of the phases in the substrates
also has an effect on the electrical responses [29, 80, 115]. The voltage curve of peak aged T6 GW103K
Mg alloy showed some fluctuations as sudden drop and jump at the beginning of the treatment, which
is however not present in the solution T4 treated GW103K Mg alloy nor in the as-extruded alloy [29].
Compared with A319 Al-Si alloy (~7% Si), the higher content and larger size of highly stable primary
Si in A390 Al-Si alloy (~17% Si) retarded the rapid increase of voltage during PEO treatment [80].
With the increase of Cu additives from 1 % to 4.5 % to an Al matrix, the voltage is slightly higher than
that of pure Al at first, but then the voltage ramp slows down particularly at the initial stage of the PEO

processing [115].
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For metal matrix composites (MMCs) , such as 2024/SiC [39], SiCy/AZ91 [21, 40], AZ92/SiC [38],
ZC71/SiC [104], SiCy/AZ31 [57, 101], TiB2/A201 [108], the reinforcement phases are always nobler
than the alloy matrix and have significant effect on the electrical response of PEO treatment. It was
reported that the voltage slope decreased with the increasing volume of SiC particles in an AZ91 Mg
matrix [40]. This is probably related to the presence of reinforcement phases disrupting the continuity

of the initial conversion layer and hence changed the barrier property of the dielectric layer [38, 116].

In summary, it could be stated that the presence of additional phases in the substrates has significant
influences on the electrical response. This is associated with their composition and distribution resulting,
in different chemical-, electrochemical- and thermal stabilities and electrical conductivity of the alloys.
The electrochemical stability and conductivity of the additional phases influence the formation of
barrier layer and thus the duration of the first stage before breakdown. Reduction of this period by
reaching the breakdown voltage promptly is beneficial for the more rapid start of discharge events and
for coating production. This can be achieved by the selection of electrolyte composition/concentration,
promoting strong and quick metal passivation. Thus, phosphate, silicate, aluminate, fluoride and their
mixtures [117] have been widely used for PEO. The electrolytes also allows the modifications of the
composition and properties of the barrier layers and thus changes the progress of the initial stage.
Meanwhile, increasing the energy input (current/voltage) can also accelerate the growth of barrier layer
and faster evolve into discharging stage.

When the discharging stage is established, a combined influence of melting point, conductivity,
chemical and electrochemical stability of additional phases, as well as their size and amount in the
substrates show a sophisticated influence on the properties of the discharges. This is correlated with the
composition of substrate since changes of oxidation behavior of the substrate occurs in the presence of
additional phases during PEO processing. In principal, the uniform and steady discharges are good to
produce defect-less coatings because of the lower tendency to generate thermal-stress caused cracks
and large micro-pores. Therefore, at this stage, a reasonable combination of electrical parameters,
including current density, voltage, frequency, duty ratio could balance the requirement of efficient
coating growth and good properties of the coating. In comparison to the oxidation of the substrate, some
electrolytes containing additives such as aluminate and silicate [118, 119] can be decomposed and
redeposited on the surface of the work-pieces more efficiently. In such cases, the coating is mainly
composed of the species from the electrolytes and mixed with little oxides from the substrate only
appearing near the substrate. This can be another option to form a relative homogeneous coating, which
can at least eliminate the surface heterogeneity of the coatings in local areas enriched by secondary

phases of the substrate.
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Figure 1 Voltage-time responses of PEO process conducted for (6 min) on the as- extruded substrate, on the
solution (T4) substrate and on the peak-aged (T6) substrate. [29]

3 Mechanisms of conversion of additional phases during PEO treatment

During PEO processing, the alloying elements from the substrate can be incorporated in the coating or
some of them can also be dissolved into the electrolyte [56, 57, 120-122]. The incorporation processes
of additional phases into the PEO coatings involve interfacial reactions, including the electrochemical-
driving dissolution, plasma-assisted and thermal-stimulated reactions under the high voltage [2].

For PEO coatings, the interface of coating between substrate is often found irregular due to the different
oxidation rate at different locations [42, 70, 76, 84, 123-125]. Wu et al. [49] have shown a sequential
oxidation of different phases in AISi9Cu3 alloy. At the very beginning of the processing, the conversion
products were primarily accumulated on a-Al adjacent to Al,Cu and B-AlsFeSi intermetallics. With
increasing treatment time, the discharges mainly start on this layer surrounding Al>Cu and B-AlsFeSi.
Later, even the stable eutectic Si was incorporated in the coating in form of mullite (Al.O5-SiO and
finally the surface heterogeneity of the coating disappeared with extension of treatment time. It was
also reported that the Mg-Zns intermetallic phases in Mg alloys interrupted the continuity of the PEO
coating near the substrate and are simply embedded by the growing coating [2, 75]. The reason for the
mitigation of oxidation may result from the higher electrochemical stability of MgzZns intermetallic
phases relative to the Mg matrix, which caused a rapid passivation and further delay of their oxidation.
However, the precipitate was disappearing towards the outer layer, which was associated with the effect
of discharges.

The melting point of additional phases is an important factor, especially for metal matrix composites,
which influences the incorporation process as well as the conversion products [39, 126]. Reinforcement

phases have rather high melting points so that the reactive incorporation is influenced by the effective
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temperature of discharges. A wide temperature range of discharges for PEO processes has been reported,
due to the use of different processing conditions. However, the effective temperatures in the discharge
affected zone is much lower than the temperature of electrons in the plasmas. There are studies that use
particles with known melting temperatures to estimate the real temperature reached by the discharges.
Lee et at. [127] have reported an estimation of the effective temperature in the range of 2116 - 2643 K,
which is between the melting point of TiO; and ZrO; particles. A temperature gradient across the PEO
coatings was also proposed, suggesting that the temperature at the surface raises faster than at the
interface [128]. As a result, a clear crystallization and grain growth of the coating towards the coating
surface. This observation could explain the decomposition and recrystallization of HNTs (halloysite
nanotubes) near the coating surface during PEO processing of AM50 Mg alloy. In fact, oxide mixtures
have often much lower melting points than single oxides and reactive incorporation can be achieved
[129]. Liu et al. [57] have found that the reinforcement phases of Al,0s-SiO./AZ91 composite reacted
with MgO (2852 °C) and were incorporated in the coating by the formation of MgAl1,O04 (2135 °C) and
MgSiO3 (1890 °C) during PEO processing. The larger size/volume of additional phases can also delay
the reactive incorporation into the coatings, due to not enough time in the short discharges to melt the
larger volume. Especially, for phases of higher thermal stability this process largely depends on the
discharges and regions with repetitive discharges [89, 101].

Overall, how the additional phases in the substrate are incorporated into PEO coatings is influenced by
their properties (mainly thermal-, chemical- and electrochemical properties), their sizes and distribution
as well as the parameters of PEO processing, the electrical parameters and the electrolytes. The
evolution of a micro scale material mix during PEO processing can be summarized in Fig. 4, illustrating
the different coating formation processes in the presence of polymorph, intermetallic and reinforcement
phases in the substrates, respectively.

Fig. 4(a) displays the growth behavior of the layer on a polymorph matrix. The more rapid conversion
of one phase indicates the faster oxidation compared to another phase. Different oxidation behavior is
originated from the compositional and structural heterogeneity of the different phases, causing the
change of stabilities. It also depends on the solubility of oxygen in the lattice and how oxygen is
influencing the stability of the polymorph phases. Such as the lattice transformation from B-Ti to a-Ti
due to the penetration of oxygen [130]. In the presence of secondary phases (Fig. 4(b)), their stabilities
relative to the matrix largely determine the sequence of oxidation and the evolution of coating formation
process. Fig. 4(b (1-3)) illustrates the faster degradation of a more active secondary phase at different
stages. It should be noted that the discharges are preferred to form on the layer adjacent to the secondary
phases, as lattice and phase changes are disturbing the forming (oxide) layer. Thus, the barrier properties
are reduced offering preferential sides for the discharges. However, Fig. 4(b (4-6)) shows the behavior
when the secondary phase is nobler than the matrix and/or has larger size, resulting in a postponed
conversion of those phases. The remaining additional phases stabilizes at the interface of

coating/substrate due to different reasons (eg., size, melting temperature), and can be even embedded
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in the coating. Similarly, the reinforcement phases in composite materials show two different
incorporation modes in the PEO coating (Fig. 4(c)). The highly stable reinforcement phases, normally
having quite high melting points, tend to incorporate in the coating inertly, as seen in Fig. 4(c(1-3)).
They are just embedded by the growing coating. Sometimes, an interfacial conversion will occur at the
boundary of the phase with the coating, leading to partial reactive incorporation. As indicated in Tab.
7, the majority of the reinforcement phases (preferentially oxides) can be still reactively incorporated
in the coating, however the degradation is sometimes quite slow (Fig. 4(c(4-6))). Nanoparticles
normally react faster with the coating phases than micro-sized particles. With increasing treatment time
(number of discharges) and increasing energy of discharges, the reinforcement phases are disappearing
gradually. In general, new phases are produced from the reaction between the reinforcement phases and
the matrix oxides.

Thus, different electrical parameters of PEO treatment have an effect on the incorporation process of
secondary phases. The energy of the discharges, for instance, intensive discharges can accelerate the
process if they increase the melt volume, which can stimulate the reactive incorporation [131, 132]. In
addition to different additives and particles added directly in the electrolytes, the formation of new
components in the coatings from the reactive incorporation of additional substrate phases offers an
alternative to modify the coating composition and properties. For example, mullite as a mixture of
alumina and silica is an important ceramic materials due to its high thermal and corrosion stability, high
creep resistance, low thermal expansion and conductivity. It was produced in PEO coatings on
SiCy/A356 Al composites because of the reactive incorporation of SiC particles from the composites
[109]. Although the substrate preparation process is not as flexible as the adjustment of the electrolytes.
The alloying elements, reinforcement particles and fibers on the one hand can significantly enhance the
mechanical performance of the substrates, on the other hand, they also bring in the possibility to produce

new phases in the coatings providing better performance and/or new functionalities.



State of the art

/onweﬂ‘tional anodization

Rt

(a)

Polymorph matrix

faster deposition on active phase

(4) b P
cg »® u‘bbl‘es".-"_‘
* \ @ o ’.‘

faster deposition on active phase

(1) vor, oo,

cg A% g em e
‘o .0t &

(b)

Alloy with intermetallics

faster oxidation of intermetllics
. ee FO0°, &%

(4)3 a? o gomle
s 0 o ¢ ®

S

...
9[-9 ///'(::/?GU

/fBrea kdown

.o bubbles” © . =
. +! @

initial discharges near phase interface

. %

L J
* )
Yl
e 9

initial discharges near phase interface

a® g s ®

..‘ ®
‘./n-_.l.“ & of ™

/Disﬂ-arging evolution

3).

faster coating growth on active phase
(6).
“ di harge ¢ fafin
[y I1SC
LR 8 "

e

ve0°, oo
.

faster coating growth on active phase

P oo
B w® osomice
v 510 18,0 8 o l,r‘ B 4%

initial discharges near intermetallics

o, o
°

\.

A

accumulation near intermetllics

(‘l')‘g a? o,

S @, o
.

(c) S

Metallic matrix composite

reinforcement phases disrupt
initial layer

initial layer

initial discharges near intermetallics delayed degradation of intermetallic:

o® l-'- L

a® ‘o“l.\..
ot w g ®
3 4

(zi,lj

faster degradation of intermetallics

€L,

a® \.“f.’\...
[ XJ X P

. e P0°, o2
‘3')4 a® o g 0.-5:

(v cbiw g

embedded reinforcement phases

P .o I.’. °
(S‘ba a’g;.;cm\'.

interfacial conversion products of
reinforcement phases

impede coating growth

° oo Lo ®e * %

(6 A o g ol
.. c,02 o o ©®

converted from reinforcement
phases

Figure 4 Schematic for the evolution process of (a) polymorph matrix, (b) secondary phase (precipitates and
intermetallics) in alloys and (c) reinforcement phases in metallic matrix composite during PEO treatment.

13



14

State of the art

4 Influence of multi-phase substrate materials on PEO coatings (formation,

structure and properties)

A wide range of applications from transport, constructions, environmental protection to biomedical
application require enhancement of the durability of PEO coatings and a reduction of costs [133-138].
In addition to the role of the electrolyte in coating formation, the composition and microstructure of the
substrate materials are the key factors that determine the compositions, microstructures/morphologies
and properties of PEO coatings. Different primary/secondary phases and/or reinforcement phases in the
alloys can introduce a broad range of compositions and phases to the PEO coatings, which can be used
to achieve a better performance of the coatings. A good example is the increase of corrosion resistance
due to the formation of MgAI.O4 spinel in PEO coatings on AZ based Mg alloys [139-141].

In the present work, PEO coatings formed on Mg, Al, Ti alloys containing different intermetallics and
reinforcement phases are summarized concerning coating thickness, morphology, and corrosion
performance in Tab. 1-3, 7. The influence of the common alloying elements in Mg and Al alloys on the
formation, properties and structures of PEO coatings is briefly stated in Tab. 4 and 5. The influence of
additional phases and solid solution alloying elements can overlap and needs to be considered in the

coating formation mechanisms. Further detailed discussions are provided as follows.
4.1 Mg alloys

PEO coatings have been mainly used to improve the corrosion performance of Mg and Mg alloys in
respect to the high corrosion susceptibility of Mg. An improved corrosion resistance is primarily
correlated with more uniform/compact coating morphology and the formation of more stable coating
phases. The coating composition also has an effect on the wear protection ability, which is largely
dependent on the electrolytes, electrical parameters and the substrate materials. Furthermore, the high
surface roughness of PEO coatings on Mg alloys due to the intrinsic porosity is detrimental to the
corrosion and tribological properties. Some publications have demonstrated photocatalytic properties
of PEO coatings on Mg alloys [18, 142, 143]. However, it was originated from the incorporation of
active photocatalytic species, such as TiO; and ZnQ, in the electrolytes. The Mg alloy substrates do not

show obvious influence on the photocatalytic ability of PEO coatings [144].
4.1.1 Intermetallic phases

Various intermetallic phases present in Mg alloys have been reported to participate in the PEO process
and show significant effects on the coating morphology, eg., porosity, compactness, thickness, and the
coating composition, hence resulting in changes of the corrosion performance of the formed coating [2,
14, 28, 30, 63, 65, 66, 70, 74, 77, 145-147]. In general, the intermetallic phases that have higher
chemical-, electrochemical- and thermal stabilities in comparison to a-Mg matrix show retarded

oxidation behavior, thus resulting in a non-uniform growth of the coating during PEO treatment.
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Through the reactive participation of intermetallics, eg., Mgi7Ali2, MgzZns, MgZnz, Mg:2Nd, Mg.Ca
and Mgai7Sr; in the coating formation, the alloying elements can be incorporated in the coating in the
form of MgAl,Q4, Zn0O, ZnF;, Nd203, CaSiO; and SrSiOs, respectively [63, 77, 148-152]. In contrast,
some studies demonstrated that the effect of intermetallic phases can be ignored regarding the
composition of PEO coatings, due to the relatively low content of alloying elements and/or their rapid
dissolution into the electrolyte [153-155]. The alloy composition is diluted by the incorporation of
electrolyte in the coating and concentration gradients are removed by subsequent discharges, eg., Li of
MgL.i alloy only participated in the early coating formation stages via enrichment in the conversion
products close to the coating/substrate interface (Fig. 5). The bulk of the coating towards the coating

surface does not show any noticeable Li enrichment or content.

<

MgLi substrate

Figure 5 STEM micro images of interface of coating/ MgL.i substrate after 3 min PEO treatment (a) bright field,
(b) dark field, (c) the distribution of Li and (d) the distribution of Al. [50]

In Mg-Al systems, the initial oxidation process developed more slowly on -MgizAl, phases with
higher electrochemical stability (-0.9 V, NHE) compared with a-Mg (-1.3 V, NHE) [156, 157]. The
coatings showed distinct local surface morphologies at the locations where the secondary phases were
present. It was shown that the layer formed on 3-Mgi7Al:2 phases had larger micro-pores than that of
a-Mg due to stronger discharges in presence of higher Al content [78]. The non-uniformity of coating
surface in the presence of B-phase can be eradicated by extension of processing time [67], however, the
retarded oxidation process of secondary phases could be still recognized at the rough interface of the
substrate and the coating (Fig. 4(b(4-6))).
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Some studies [14, 75] revealed that the coating thickness was reduced by increasing the amount of [3-
Mgi7Al12 phases in binary Mg-Al alloys. Nonetheless, after solution treatment of AZ91 Mg alloy, -
Magi7Al12 phases disappeared since Al is dissolving in the substrate completely. Afterwards, the PEO
coating showed a more inhomogeneous microstructure [54]. It was explained by a more significant
influence of cathodic AlMn intermetallics in localized oxidation behavior due to the absence of B-
Mgi7Al12 phase in the substrate. Note that AIMn intermetallics were not affected by the solution
treatment and remained as the only dominating intermetallics in the matrix after heat treatment.
Moreover, AlsMns intermetallics (Tm=1321 K) in AZ31B Mg alloy were more difficult to be melted by
the plasma discharges with respect to a-Mg (Tn=923 K) and were consequently entrapped in the PEO
coating [74]. However, the melting temperature of 3-Mgi7Al1> phase is the lowest (710 K), thus they
are melting and redistribute with Mg quite quickly.

The refinement of B-Mgi7Al12 by addition of Zn [145] and Nd [63] in Mg-Al-Zn ternary system can
effectively restrain the formation of destructive discharges, as a result, the PEO coating had fewer
micro-pores and more compact outer layer. After Nd addition in AZ91 Mg alloy, the B phase in the
substrate was refined and consequently the number and size of the open micro-pores were declined. It
has been found that PEO coated AZ91Nd Mg alloy (with ca. 1 wt.% Nd addition to AZ91 alloy) has an
improved resistance against galvanic corrosion due to the formation of denser coating in comparison to
bare AZ91 Mg alloy [63]. The corrosion current density of the coating became 1.75 mA/cm?, compared
to 2.75 mA/cm? of the coating on pure AZ91 Mg alloy.

Electrochemical impedance spectra demonstrated that the aluminum containing compounds in a PEO
coating of AZ91 alloy provided better passivation properties than Mg(OH), and MgO. As a result, the
PEO coating on AZ91 alloy has revealed better corrosion performance than that of WE43-T6 Mg alloy
(Fig. 6) [28]. PEO coatings with relative high thickness on AM60B, AJ62 and AZ91D Mg alloys have
demonstrated better corrosion performance in comparison to pure Mg [30]. Cakmak et al. [145] has
reported that PEO coatings on AZ series alloys exhibited greater adhesion strength than AM series
alloys. It was probably associated with the higher uniformity and lower porosity of the coatings. In
addition, with increasing Al content from 3 wt.% to 9 wt.%, the micro-hardness of PEO coatings was
demonstrated to increase from 380 HV to 775 HV (Fig. 7) [14]. The increasing formation of MgAIl,O4
as a hard phase was related to the increasing Al content in AZ alloy series and to the elevated micro-
hardness.

In the Mg-Zn system, it was reported that Mg-Zns/MgZn; precipitates were embedded in the coating at
the interface of coating and substrate with only lateral dispersion of alloying elements [2, 75, 104]. It
has been claimed that the increasing amount of Mgs;Zns in binary Mg-Zn alloys was detrimental to
coating thickness[75] but overall reduced the porosity of the coating [14].

The high reactivity of alloying elements Y and Nd in WE43 alloy was found to increase the coating

thickness in comparison to Al in AZ91 alloy [78]. It was also reported that the presence of Ca in AZ61
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alloy tended to increase the coating thickness [158]. With increasing amount of Ca from 0 to 2 wt.%,
the higher volume of Al,Ca and Mg,Ca phases in AM60 Mg alloy accelerated the coating thickening
[158, 159]. Large sized micro-pores in the coating were observed near Al.Ca intermetallics in AMX602
Mg alloy [74], possibly related to the altering of the discharging behavior during PEO treatment.

Additionally, the microstructure and morphology of PEO coating are also strongly correlated with the
electrical PEO parameters and the electrolytes applied in PEO processing but this is not in the scope of

this review.
4.1.2 Reinforcement phases

Studies of PEO treatment of Mg MMCs are relatively scarce. The presence of reinforcement
particles/fibers, e.g., SiC [21, 40, 52, 101, 104], Al:O3, Al:03-SiO; [57], generally hindered the coating
growth and resulted in a relatively rough coating surface as well as non-uniform interfaces of coating
and substrate. It has been reported that alumina fibers of an AZ91Nd/Al,O3: MMC were reactively
incorporated in the coating and a MgAI.Os-rich layer was formed near the coating surface (Fig. 8). The
incorporation mode of the reinforcement particle/fibers can be greatly influenced by their amount, size
and melting point. For instance, reactive incorporation of SiC particles into PEO coating was reported
for SiCp/AZ31 Mg MMC (6 vol.% SiC particles, 10 um in diameter), resulting in the formation of
MgSiO, [101]. However, partly reactive incorporation of SiC particles of ZC71/SiC/12p-T6 (2 - 20 um
in diameter) was demonstrated and only a thin layer of SiO, formed at the interface between coating/SiC
particles [104]. In contrast, an inert incorporation of SiC whiskers (20 vol.%, 0.1 - 1.0 um in diameter
and 30 - 100 um in length) was claimed by Wang et al [52], which can be referred to the mechanism
diagram in Fig. 4(c(1-3)). PEO coatings on Mg MMC:s reinforced with YAI; intermetallic particles
[103], HA (hydroxyapatite) [107] and MWCNTSs (multiwalled carbon nanotubes) [105, 106] were also
reported, unfortunately, whether and how these reinforcement phases were incorporated in the coating

was not discussed.
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Figure 6 Back-scattered electron micrographs of the cross-sections of WE43-T6 and AZ91D alloys after 5 days
of immersion in 3.5 wt.% NaCl. (a) Untreated WE43-T6, (b) untreated AZ91D, (c) WE43-T6 with PEO treatment
and (d) AZ91D with PEO treatment. [28]
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4.2 Al alloys

Different series of Al alloys, such as 2xxx (Al-Cu based), 3xxx (Al-Mn based), 4xxx (Al-Si based),
5xxx (Al-Mg based), 6xxx (Al-Mg based) and 7xxx (Al-Zn based) have been used for most of the PEO
studies [49, 160-163]. The effect of individual alloying elements (Cu, Mn, Si, Mg and Zn) on PEO
coating microstructures was studied on binary Al-X alloys (Tab. 5) [84, 87, 95-97, 112, 115]. Similar
to the coating on Mg alloys, the primary/secondary phases in Al alloys can be involved in the plasma
reactions and influence the coating compositions, microstructures and morphologies. The presence of
primary/secondary phases in Al alloys also has an influence on the corrosion properties of PEO coatings
[88, 89, 112, 115, 164].

4.2.1 Primary/secondary phases

In an AI9Si3Cu alloy, it has been claimed that larger micro-pores were distributed near Al,Cu and B-
AlsFeSi intermetallics in comparison to a-Al as seen in Fig. 9 [49]. However, the layer on eutectic Si
exhibited the most tiny micro-pores in the coating on Al9Si3Cu alloy. It was reported that the oxidation
of noble and low electrically conductive primary/eutectic Si (Tr=1410 °C) in Al alloys in PEO treatment
is difficult, while the reactive incorporation of Si in the coating is still possible with extension of
treatment duration and proper PEO parameter adjustment [46, 49, 84, 112, 165]. Without addition of Si
in the electrolyte, the incorporation of Si phases into the coating experienced different stages, which
finally resulted in the formation Al,O3-SiO, (mullite) at the outer region of the coating in addition to
the main aluminum oxide phases (Fig. 10) [48, 80, 84, 112, 166]. Moreover, the high electrical
resistivity of Si could retard the rapid growth of the coating and result in a decrease of coating thickness
[84, 165]. The coating surface became smoother with lower surface roughness as the amount of Si phase
increased, although a higher porosity was demonstrated [84]. In addition, refined Si phases can
effectively improve the uniformity and compactness of the coating, which also impeded the inward
growth of the coating [112]. Li et al [112] have introduced 0.1 wt% Sr into Al-Si alloy for grain
refinement. The corrosion potential of the PEO coating on the refined Al-Si alloys was -0.58 V, around
15% higher than that of the unmodified alloy. The corrosion current density of the coatings in 3.5 %
NaCl solution decreased from 1.52 uA/cm? to 0.29 pA/cm? after Sr modification.

The formation of Cu.O and CuO, visible by a color change to brownish and blackish, has been claimed
in the PEO processing of Al-Cu-Li alloy due to the oxidation of Al,Cu intermetallics [167, 168]. Veys-
Renaux et al [88] studied the effect of Cu intermetallics on the corrosion resistance of PEO coated
AA2214 alloy in comparison with PEO coated AA1050 alloy in 0.1 mol/L Na,SO, solution. The results
showed that the presence of Cu particles inside of the aluminum oxide led to a decrease of
electrochemical resistance by one order of magnitude (from 10° Q to 108 Q), compared with the coating
without Cu. A similar result was demonstrated in the work of [115] showing that Cu additions in Al

alloys impaired the corrosion performance of the PEO coatings. It was reported that PEO coating on
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friction stirred welded 6061 Al alloy has shown better corrosion properties in the NZ (nugget zone)
compared to the TMAZ (thermomechanical affected zone) and HAZ (heat affected zone) (Fig. 11) [89].
This is correlated with the presence of Al-Fe-Si particles in TMAZ and HAZ and a denser inner layer
at NZ.

Aluminum oxides (a-, y- and 6-Al,O3) are the main coating forming phases in PEO coatings on Al
alloys. The micro-hardness of PEO coatings on Al alloys is proportional to the content of a-Al,O3, as
seen in Fig 12. The addition of Mg, Mn, Zn and Sn in Al alloy is reported to be detrimental to the
formation of a-Al>Oz in PEO coating and thus results in a decrease of micro-hardness of the coatings
[87, 95-97, 169]. With increasing Mg content (0 -15 wt.%), the micro-hardness values of PEO coatings
on Al-Mg binary alloys decreased from 2200 HV to 400 HV due to the reduced amount of a-Al>O3 and
even the presence of a-Al.O3z was not noticeable in the coating with 15 wt.% Mg addition in the alloy
[95]. It is also revealed in [169], that a lower Mg content in Al-Mg alloy causes a higher a- to y-Al2O3
ratio and thus results in higher hardness. By a comparison of PEO coated 2024 (Cu-containing), 6061
(Mg-containing) and 7075 (Zn-containing) Al alloys [169], a-Al>Os; was found to be more compact in
the coatings on 2024 and 7075 alloys. However, the highest wear rate was revealed for the coating on
7075 Al alloy, which could be expected from the largest network of micro-cracks in the coating on 7075
alloy. Similar to Mg alloys, Mn as alloying element in Al alloy also suppress the formation of a-Al>O3
and a high content of Mn tends to produce more porous and loose coatings. As a result, the coatings on
Al-Mn alloys with higher Mn content showed a lower micro-hardness [87]. For Al-Zn alloys, a-Al>Os
was only produced in the coatings with up to 10 wt.% Zn addition. The micro-hardness of the coatings
reduced with increasing amount of Zn (1 - 33 wt.%) [96]. For Al-Sn system, the highest micro-hardness
of PEO coating was 1957 HV with 1 at.% Sn addition, then a further increase of Sn content to 6 at.%
resulted in lower micro-hardness values [97]. It was also found that the presence of Ali1Ces precipitates

increased the size and amount of porosity of PEO coatings and reduced the formation of a-Al>Os [98].

4.2.2 Reinforcement phases

There are only few studies focusing on PEO of Al matrix composites, reinforced with TiB, [108], CuO
[110] and SiC [39, 109, 111] respectively. TiB- particles as a reinforcement phase in TiB2/A201 Al
MMC was reported to be converted into TiO, and then dissolved in the coating uniformly with
increasing processing time [108]. Reinforced with CuO particles [110], the reaction of CuO with Al
substrate has already occurred before the PEO processing, since the metallic copper in the original
composite has been detected. After the PEO processing, an adherent Al.Os; coating was produced,
without delamination or cracking. Additionally, the coating showed an effective protection during dry
sliding wear tests, in comparison to the original composite.

There is no agreement on the incorporation mode of SiC in Al composites. Cui et al. [109] have reported
the presence of mullite phase in the coating, however, the formation of mullite was assigned to the

decomposition of the electrolyte. Nevertheless, Xue et al. [39] have demonstrated that most of SiC
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reinforcement particles in 2024/SiC MMC have been molten and silicon oxide was produced. But still
a few small SiC particles remained at the interface of coating/substrate, interrupting the continuity of
the coating. Du et al. [111] have compared the influence of SiC particles in Al alloy with two different
sizes of 40 and 60 um, respectively, on the PEO process. Since SiC is a semiconducting ceramic phase,
and does not have valve metal characteristic, a smaller current density was presented for the specimens
having larger sized SiC particles. Furthermore, discharges seemed more likely occur in the area without
SiC and the large-sized SiC particles resulted in an unstable process and even hindered the rapid
formation of barrier layer. Moreover, mullite phase was also revealed and the content of mullite in the
coating was affected by the SiC particles. The coating formed on the substrate consisting of larger SiC
particles has higher amount of mullite compared to 40 um SiC reinforced Al composite.
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Figure 9 Surface micro-morphologies on specimens after PEO treatment: (a) 15 s; (b) 30 s; (c) 60 s; (d) 120 s; ()
240 s; () 480 s. [49]
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Figure 10 XRD of PEO coatings on (a) un-modified alloy, (b) 0.1 wt% Sr modified alloy. [112]
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Figure 2 Effect of friction stirred Al-Fe-Si particles in 6061 aluminum alloy on structure and corrosion
performance of MAO coating: NZ (nugget zone), TM-HAZ (thermomechanical affected zone and heat affected
zone) and BM (base metal). [89]

23



24

State of the art

80 1600
—m— o-AlL,QO, (areal %)

Q) X
9 \ —®— Hardness —
© >
c 60f & 41200 T
£ S @
3 S
5 40 41800 &
= [ |
GCJ I \ g
3] =
o) - H 5
2 20+ 4400 ®©
© =
o
{ L

0 | " 1 L 1 " l .. 1 L 0

0.0 0.5 1.0 1.5 2.0 2.5

Alloying element content in coatings (wt%)

Figure 3 Correlation between the total residual alloying elements (Mg, Cu and Zn) and the percent of a-Al,O3

measured on the cross-sections of the coating layer, and maximum Vickers coating hardness metrics. [169]
4.3 Ti alloys
4.3.1 Polymorph microstructure

Ti alloys mostly consist either of a-Ti, biphasic (o + B)-Ti or metastable B-Ti. Ti6AI4V alloy as the
most prevalent Ti alloy for PEO treatment is composed of mainly a and 8 phases [10, 51, 118, 170]. An
PEO treatment in combination with in-situ high-energy synchrotron XRD has demonstrated an initial
lattice expansion of a-Ti phases near the surface region of Ti6Al4V (Fig. 13) [130]. The lattice
expansion was assigned to the high solubility of oxygen in a-Ti lattices before the formation of titanium
oxide. However, B-Ti was not detected for the entire processing. The possible rapid up-take of oxygen
could have already stimulated a fast transformation of B-Ti to a-Ti [130]. Furthermore, the discharges
were observed firstly on 3 phases with higher content of vanadium in comparison with a phases [130].
This can be related to that vanadium oxides are not stable in alkaline electrolyte due to the high
solubility, and the initial oxide layer on  phases was characterized with nodular surface morphology
during the PEO processing of Ti-6Al-4V alloy [171, 172]. During the processing, the formation of
crystalline TiO, can be hardly observed. Only after switching off the high voltage, the crystalline TiO;
starts to precipitate from the amorphous phase or nanocrystalline TiO; (Fig. 14).

Normally the coating thicknesses on Ti alloys are in the range of 5 - 40 um [3, 51, 105, 173]. There is
a grain side effect on the coating thickness. The PEO coating on ultrafine grained Ti (grain size ~25 nm)
revealed an average thickness of 36.5 um, compared to 24.4 pm of original Ti (grain size ~100 nm- 150

nm) [173]. Wu et al. [170] have shown that after SLM (selective laser melting) processing TC4 alloy
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contained smaller grain sized single o martensite grains and a faster coating growth rate was revealed
in comparison to a + B structured TC4 alloy (Fig. 15) [170]. In addition, a uniform micro-pore
distribution and relatively small micro-pores were observed on the coating surface in the presence of o’
phase. In contrast, the phase transformation from single o’ to multiphase o’+ a’’+  and complete 3
transformation of Ti-xNb alloys (x = 10, 30 and 50) did not have significant influence on coating
thickness. However, the micro-pores size was increased with increasing Nb concentration [92].
Furthermore, larger micro-pores were also found on the coating in the presence of sub-micro scaled
grains (Fig. 16) [174]. This could be explained by the increasing high-energy grain boundaries and
structural defects, leading to less stability and more active dissolution. In comparison to CP Ti, PEO
coating on Ti-6Al-7Nb alloy had a lower thickness and surface roughness [90].

The formation of different titanium oxides including anatase, rutile and brookite in the PEO coatings
on Ti alloys is greatly depending on the processing conditions, e.g. applied voltage, substrates and
electrolytes [10, 91, 92, 100, 170, 175]. Nevertheless, it was claimed that the content of rutile increased
in the coating after the microstructure transformation of TC4 from biphasic o + 3 to needle o’ phase
[170]. Kaseem et al. [92] have reported that only anatase was formed in the coating on o’ phase
structured Ti-10Nb alloys. The formation of rutile in PEO coatings on (a + B)/B-Ti alloys could be
controlled by the selected treatment parameters [91, 175]. At lower discharge energy, anatase can be

formed and at higher energies, the rutile phase becomes more dominant.
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function of time at different current density: (a) 3 A/dm?, (b) 5 A/dm? and (c) 10 A/dm?. [130]
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150V. [174]

Fazel et al [100] have compared the corrosion and tribocorrosion properties of PEO coated CP Ti and
Ti6Al4V alloy. The PEO coating on CP Ti has revealed a lower capacitance of the inner barrier layer,
leading to a higher corrosion resistance than that of the coating on Ti6Al4V alloy in a 0.9 wt.% NaCl
solution. However, a better tribocorrosion resistance was demonstrated for the coatings on Ti6Al4V
alloy. The tribocorrosion test showed a longer delay before a decrease in corrosion potential of the
coating on Ti6Al4V was realized. Matykina et al. [51] reported a higher stability of PEO coatings on
cp Ti in SBF (simulated body fluid) conditions with respect to Ti** release, compared to PEO coated
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Ti6Al4V alloy. Furthermore, the release of AIP* and V°* through the coating on Ti6Al4V in SBF
solution should be taken into consideration in respect to biocompatibility. Gu et al. [176] has claimed
that PEO coating on a surface grain refined Ti6Al4V via UCFT (ultrasonic cold forging technology)
has a higher micro-hardness of 568 HV relative to 501 HV of a coating for a non-modified Ti6AI4V
alloy. Subsequently, a lower corrosion current density of 1.5 pA/cm? was revealed on the modified
Ti6Al4V alloy, in comparison to 2.01 pA/cm? on the PEO coated non-modified Ti6Al4V alloy in 3.5
wt.% NacCl solution.

4.3.2 Alloying elements

The alloying elements in the Ti substrate can be incorporated in the PEO coatings, such as Nb and Zr,
in the form of Nb,Os (Fig. 17) [177] and Ti>ZrOg [175]. It was reported that the incorporation of Nb in
a Ti-35Ta alloy increased the size of HA particle grown on the surface during PEO processing (Fig. 18)
[91]. In general, Nb as in the case of alloying element (30 wt.%) in a Ti substrate can accelerate the
growth of HA on a PEO coating, which is related to a better bioactivity. A lower corrosion current
density, 6.00 x 10° A/cm?, of PEO coated Ti-30 wt% Nb alloy was revealed and related to the formation
of a more compact coating, compared with that of Ti-10 wt% Nb (6.95 x 10 A/cm? ) and Ti-50 wt%
Nb alloys (2.53x 107 A/cm?) [92]. It was also observed that the fatigue behavior of the alloy was not
changed by the PEO processing, and different fatigue property of a PEO coated CP Ti and Ti-6Al-7Nb
alloy was determined by the substrate materials only [90].

With addition of Mo to a Ti alloy, Hsieh et al. [174] have found a higher adhesive strength of the PEO
coating on TisoNisgsMoz s alloy compared to TisoNiso alloy. The metallurgical state of the substrate can
also influence the corrosion resistance of the PEO coating. It was demonstrated that a grain refinement
of CP Ti could enhance the corrosion resistance of the PEO coating due to a highly stable oxide layer

easily produced with the higher grain boundary fraction [173].
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Figure 17 XRD patterns of the MAO films on Ti-39Nb-6Zr alloy after treatment with different positive voltages.
[177]
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Figure 18 FE-SEM images of non-NaOH treated Ti-35Ta alloy in 2.5 mM Ca(NQOz)2-4H,0 + 1.5 mM NH4H2,PO4
solutions after PEO processing: (a) Ti-35Ta alloy and (b) Ti-35Ta-10Nb alloy. [91]

4.4 Impact of micro-scale material mix and consequences for PEO processing

There is a triple-fold impact of micro-scale material mix: First on the formation of the dielectric layer
and thus on the early stage voltage-time response, second on the later-stage coating growth and finally
on the coating composition and properties.

The PEO process in the presence of different phases in different alloys and composites changes the
coating composition, mainly due to different conversion oxides developing from the additional metal
phases or the limit reactive incorporation of inorganic/ceramic compounds in the coating. PEO
treatment improves often the surface corrosion and wear resistance through increasing the surface
homogeneity and decreasing the surface free energy. However, the non-uniform growth of the coating
on local areas is quite common for such micro-scaled material mixes, characterized by the locally larger
micro-pores/cracks and thinner layers. For the micro-scale material mix, the most important solutions
to obtain coating uniformity are

-Use of “depositing” electrolytes. Forming mainly coatings with electrolyte components/compounds.
-Stimulating/retarding dissolution in a controlled way for the different phases.

-Use of longer treatment times and higher discharge energies to force coating uniformity by reactive
incorporation.

-Multi-stage PEO processing of base materials and use of different coating growth behavior.

For instance, these weak and/or non-uniform areas of the coating could be healed through using “repair”
electrical mode [7], e.g. combining current-controlled mode with voltage controlled mode. At first,
using a relatively high current accelerates the coating thickening; afterwards, switching to an
appropriate constant voltage at higher frequencies maintains high-energy discharges to remelt the
coating/substrate and release thermal stress.

In other cases with a more complex microstructure, such as metallic matrix composites, the adjustment
of the PEO conditions can only achieve a very limited optimization. Moreover, the energy consumption
is significant during the processing if longer treatment times or higher energy discharges are required.

As a result, flash-PEO [178-180], which is proposed to achieve energy conservation using shorter
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treatment time and lower energy input, could not be a good solution for such complex substrates. The
surface differences/heterogeneity of the substrates cannot be easily removed with a coating thickness
of only about 1 - 5 um. To some certain degree, such a flash-PEO produced coating can remove the
surface contamination, partly impede the potential galvanic corrosion between the metal matrixes and
additional phases, expand the surface area and modify the surface chemistry. In that way it can still
form conversion layer where other processes fail. In those cases a combination with other surface
treatments (polymer coatings, sol-gel, LDH etc.) is regarded to optimize the surface properties more
efficiently.

5 PEO processing of macro-scaled joint materials

Joining of different metals or alloys as a design improvement is applied to offer specific properties,
weight reduction and performance enhancement in structural applications [181-184]. However, surface
treatment strategies for the joint materials are necessary due to galvanic protective differences. In this
sense, PEO could be a potential coating candidate, however, there are only a few studies [164, 185-195]
focusing on the PEO processing of joint mixed different materials, including joining of dissimilar Mg
alloys [187], Al alloys [164, 186], Mg/Al alloys [185, 186, 195] and Mg/Ti alloys [188].

5.1 Coupled Mg alloys

Savguira et al. [187] have evaluated the feasibility of PEO processing of AZ31/AZ80 FSW (friction stir
welded) joints for the purpose of corrosion mitigation. At different current densities, the coating
roughness did not show significant difference across the interface of two substrates. However, a
dramatic change in PEO coating thickness was observed when a current density of 10 mA/cm? was
applied. The coating thickness on AZ80 was about three times higher compared to the AZ31, which
was likely related to the different electrochemical activities of AZ31 and AZ80 Mg alloys. In contrast,
the coating became more uniform in thickness across all regions of the joints while using a current
density of 20 mA/cm?. As a result, the corrosion rate of PEO coated dissimilar joints has been reduced
by around 63% at higher current density (Fig. 19), due to the obvious difference in coating thickness at
the interface region of the substrates. It is possible that the corrosion resistance could be further

improved by an appropriate selection of current density during PEO processing.
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Figure 19 Corrosion morphology after a 5 day exposure to 0.086 M NaCl of a PEO processed FSW weldment
coated at: (a) 10 mA/cm? and (b) 20 mA/cm?. For comparison purposes (c) images showing the corrosion
morphology of uncoated specimens were included as well. [187]

5.2 Coupled Al alloys

An attempt to apply PEO on coupled AI/AA7075 alloy has been made by Baron-Wiechec et al [186],
since AA7075 alloy was generally considered more difficult to be anodized compared to pure Al. The
transition of discharging mode from “hard” to “soft” did not show any time difference on both
components of the coupled AlI/AA7075 alloy. However, there were different currents passing through
the different parts at different stages when a current density of 525 mA/cm? was applied (Fig. 20), such
that the rate of coating growth was different from the separate oxidation of the alloys. The current
density was firstly higher for AA7075 Al alloy, then dropping down to a lower value and finally ramped
back to a higher value compared to pure Al. However, no more than 15% of difference in the charge
passing through each of the two separate metals was observed, as a result, it is not sufficient to give rise
to major differences in the coating thickness of the two parts.
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Figure 20 (a) voltage—time responses of AlI/AA7075 alloy couple and separately oxidized specimens in sodium
silicate electrolyte at 525 mA/cm? and (b) current densities for each component of couple. [186]

In order to overcome the galvanic corrosion of friction stir welded 6061/7075 alloys, a PEO treatment
was performed [164] . The coating on 6061 and 7075 surfaces was much more similar and flat with
micro-pores about 0.5-2 um in diameter. However, different surface morphologies of the PEO coating
on the welding area of 6061-7075 alloys was observed [164], with some island-shaped and volcano-

like objects. Additionally, the content of Si (silicate-containing electrolyte) of the island-shaped porous
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layer was higher compared to the coating on the alloys. Nevertheless, the coating on the welding area
was integrated firmly to the substrate material. The average coating thickness was 5, 4, and 3.5 pum on
6061, 7075 and welding area, respectively, indicating different coating growth rate of different areas in
the coupled welding part. The phase composition of the coating was also not uniform at different areas.
In addition to a- and y-Al2Os, there was also mullite (3AI203-2Si0O5) in the coating. In comparison to
uncoated welded part, the PEO coating reduced the corrosion potential between the different areas, and
thus decreased the galvanic corrosion susceptibility between the two alloys.

5.3 Coupled Mg/Al alloys

For the PEO treatment of AZ31/AA5754 (AIMg3) friction stir welding joints, the results have
demonstrated that the coatings have been produced successfully on AZ31/AA5754 (AlMg3) FSW joints
using a hydroxide, phosphate and silicate containing electrolyte. Furthermore, the optimized PEO
processing resulted in the coating without any separation of the joints after being exposed to three days
salt spray (5% NacCl) as seen in Fig. 21. Blawert et al. [195] have stated that the different breakdown
potential for Mg and Al alloys could result in the different starting time of the discharges. The rapid
formation of thicker initial barrier layer on Mg alloy can guarantee the achievement of breakdown
voltage for Al, which is generally higher compared to Mg alloy. As a consequence, a constant voltage
treatment mode in combination with the high current densities can be a solution. Additionally, the
different coating growth rate on Mg and Al sides, respectively will lead to the non-uniform coating
thickness. To address this issue, the selection of electrolyte could minimize the difference in coating
growing rate for the two different substrates. However, the difference in coating composition and
properties cannot be erased since the coating species are originated from the substrates and electrolytes.
But the fine-tuning of the electrical parameters could at least produce coatings with the similar structure,
which is help to minimize the difference of the thermal resistance.

Figure 21 Optimised processing of a Mg/Al-FSW lap joint resulting in no separation of the two sheets after being
exposed to three days salt spray (5% NacCl). [195]

In the sense of corrosion mitigation, PEO can not only be a useful method to protect Mg alloys, but also
can be extended to Mg dissimilar metal joints to prevent galvanic corrosion. Baron-Wiechec et al [186]
have demonstrated that PEO is feasible to produce protective coating on joined AA7075/ZE41 alloy
using an AC PEO process. A difference in charge passing of 22-38 % was revealed for the

AAT7075/ZE41 alloy couple during the processing. In spite of the different composition in the substrates,
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the transition of discharges to “soft” sparking appeared simultaneously for the coupled alloys. The
current flow was briefly favored to the ZE41 alloy at first, but a stronger current switched to the AA7075
alloy after the start of “soft” sparking. Furthermore, the coating on the Mg alloy part was thicker
compared to the Al alloy part.

Bai et al [185] has studied the corrosion behavior of a PEO coated AZ31 Mg coupled with 2024/7075
Al alloys, in order to effectively block the corrosive medium and improved the resistance against
galvanic corrosion. It was reported that the life span of the coated Mg alloy coupled to Al alloy was
extended by more than 7 times longer in comparison to uncoated AZ31 alloy coupled to Al alloy.

5.4 Coupled Mg/Ti alloys

Aliasghari et al. [188] have studied PEO processing of FSW AZ31B alloy-titanium joints under a
voltage ramp from 0 to 500 V in 1 min at first, and then a fixed current density of 200 mA/cm?. At a
voltage above 20 V, the film growth was accompanied by the evolution of oxygen, explaining the
increase of current density. The sparks were firstly commenced on the Ti part and later on the AZ31B
alloy. The current density and the coating thickness are lower on the Mg alloy part than on the Ti part,
in agreement with the current-voltage behaviors for the joints. The surface appearance on the Ti part is
much coarser than on the AZ31B alloy part. There was no gradient region of intermediate morphology
observed only a sharp interface boundary between the AZ31B alloy and titanium (Fig. 22). The
processing produced a PEO coating with thickness between 4 - 12 um on the AZ31B alloy and 5 - 18
um on the titanium. In regard to the corrosion behavior, a severely corroded AZ31B alloy was revealed
without PEO coating, but limited corrosion with only a few dark localized corrosion sites were found
after PEO treatment. The PEO coating on the weld can block the access of the solution to the more
stable Ti and thus there is no chance to form a circuit, to a certain degree, reducing the galvanic influence

of the Ti on corrosion of the coated AZ31B alloy.
5.5 Impact of macro-scale material mix and consequence for PEO processing

Macro-scale material mix is of great importance for engineering solution but suffers from galvanic
corrosion. PEO treatment can be an option to treat joint metals/alloys with the flexibility to inhibit
galvanic corrosion but studies are still limited compared to other aspects of PEO processing. Overall
the potential of PEO seems to be largely underestimated to offer solutions for material mix, the related
research is still limited and industrial scale solutions are missing. This review is addressing PEO
processing on the micro-scale material mix, which can be a base for comparison with PEO on the macro-
scale. Overall problems are similar, but the treatment on micro-scale material mix has the advantage,
that a secondary phase in the matrix can be embedded by the growing coating on the matrix surrounding
the secondary phase. This is not possible on the macro-scale material mix. However, still a number of
problems are similar, and can give good suggestions (as seen in 4.4) for solving or at least improving

the PEO processing for macro-scale material mix.
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Different requirements for the application in the future should be taken into consideration. Although a
wide range of electrolytes and electrical parameters can be used for PEO treatment of separate alloys,
they may not work for coupled materials. For the joining of dissimilar metals/alloys, the different
sensitivities/responses of either parts to the PEO processing is a challenge to produce a uniform coating
with high quality. For example, in bio application, intensive galvanic corrosion of Mg side for the bare
coupled Mg/Ti is an essential issue. Surface protection measures at least on Mg side are required.
Regarding the different coating growth rate on dissimilar materials, the exploration of suitable
electrolytes and optimal electrical parameters can be a solution. For instance, a lower duty cycle can
achieve the best coating performance for the Mg side when Mg/Al couples are treated together. Similar
to the complexed micro-scale material mix, the employment of constant high voltage maintained by an
initial high current density can also decrease the difference of coating growth rate, as it helps to ramp
quickly through the anodizing stage. One electrolyte containing 12.72 g/L Na,SiOs-5H,0 has been
developed and claimed as universal to ensure the formation of a PEO coating on separate Al and Mg
alloys around 30 - 40 um thick and with the micro-hardness of 800 - 1000 HV1, [196]. However, the
formation of discharges on Ti6AIl4V in the silicate-based electrolyte is demonstrated to not as easy as
in the phosphate- and aluminate-based electrolytes [197]. More attempts are still required for the further

development of PEO treatment on joint materials.

Figure 22 (a) Scanning electron micrograph (secondary electrons) of the surface of an FSW AZ31B alloy-titanium
joint following DC PEO at 200 mA-cm for 10 min in an alkaline silicate-based electrolyte. (b) At increased
magnification. [188]

6 Summary and outlook

The presence of different phases in alloys has shown a significant effect on the PEO processes and the
composition, morphologies, microstructures and properties of PEO coatings. The start of discharges
shows a sequence on different stages, such as starting on B-Ti and then extending to a-Ti in Ti6AI4V.
The sequential discharges result in a different local surface morphology; however the differences cannot
be noticed after longer period of treatment. The properties of phases including the composition, stability,

melting point, amount, size and distribution can influence the PEO process and the PEO coatings. These
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aspects are mainly related to the participation of the phases in the coating formation process and also
the discharges. Therefore, the phases with more active chemical- and/or electrochemical properties
and/or lower thermal stabilities in the alloys can be involved in the coating formation more efficiently,
eg., MgLiAl in MgL.i alloy, and Al matrix in comparison to Al.Cu and AlsFeSi intermetallics. Thus,
more homogeneous PEO coatings can be produced compared to more noble or thermal stable phases,
such as reinforcement phases of metallic matrix composites. The distribution of secondary phases
concerning their amount and size controlled by the type/concentration of alloying elements and the
metallurgical processing of the alloys also shows an influence on the PEO process and the
microstructure of resultant coatings. Normally, uniformly distributed fine secondary phases are more
likely to stimulate the formation of uniform and compact coatings rather than interrupt the continuity
of the layers. The properties of the PEO coatings such as corrosion, wear, biocompatibility,
photocatalytic activity is affected by a combination of factors including the coating compositions,
microstructures and morphologies, in which the substrate microstructure has an considerable effect.
Nevertheless, it is certain that the PEO process and coatings are also determined by the electrical
parameters and the electrolytes.

In summary, it can be stated that the current driving force to study the influence of substrate
microstructure on the PEO coatings comes from the incomplete understanding of the fundamental
knowledge about the PEO process. It is clear that the PEO process is considerably controlled by a wide
range of parameters. The desired formation of multi-functional PEO coatings in controlled and
reproducible manner can be hardly achieved without the understanding of the role of substrate materials
in PEO processes and their effect on PEO coatings. Delay in the coating formation by secondary phases,
such as Si phase in Al alloys, has direct consequences for new trends in PEO processing such as flash
PEO, which utilizes short treatment times of only a few minutes. The careful selection of alloys for
desirable applications and the insight into the role of substrate microstructure are both necessary to
expand the application of PEO technique.

From a practical perspective, coupled materials in engineering are of great interests for weight reduction,
energy conservation, bio-implants, environmental protection and other functionality combination. The
joining of dissimilar light metals especially at the joint region may need a surface treatment to protect
against galvanic corrosion. In this sense, PEO huge potential due to the designable coating properties
and performance through parameter adjustment ranging from electrolyte to the electrical processing
options. The mechanisms on the small scale in an alloy with different phases are similar to what happens
on a large scale in a PEO treatment of a material mix. The studies of the evolution of multiphase
materials during PEO processing are profound to lay the foundation of its application in large-scaled
multi-components materials, because solving the problems in the small scale can solve the problems in

the large scale.
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However, a universal electrolyte working for all materials in the same manner is not existing up to now.
The problems in the PEO processing of dual or multiphase alloys, such as different coating growth rates
on different materials and distinct properties of the coating on dissimilar materials, are also the
challenges for the material mixes on a large scale. Although there are challenging issues in respect to
the complexity of PEO process, modelling approaches could be included to construct a database that
covers different substrate microstructures and process parameters to obtain a full picture of their
interactions and influence on the treatment result. Thus, to conduct more systematic studies on the
behavior of multiphase materials in PEO processing contributes to broaden PEO applications to

dissimilar materials joints at a larger scale.
Appendix

List of symbols and abbreviations

2D Two dimension

AC Alternating current

Al Aluminum

BM Base metal

BSE Backscattered electron
Ca Calcium

Ce Cerium

CpP Commercial purity
Cu Copper

DC Direct current

ECAP Equal-channel angular pressed
Fe Iron

FSW Friction stir welding

HA Hydroxyapatite
HAZ Heat affected zone
Hf Hafnium

HNT Halloysite nanotubes

HV Vickers hardness
lcorr Corrosion current density
Li Lithium

MAO Micro arc oxidation
Mg Magnesium

Mn Manganese
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MMC
Nb
NHE
Ni

NZ
OCP

PEO
Ra
R,

SBF
SE
SEM
SiC
SLM
Sn

Sr
STEM
SZ

T6
TEM
Ti
TiB:
Tm
TMAZ
UCFT

Vrms
XRD

ZC71
Zr

Metal matrix composite

Niobium

Normal hydrogen electrode

Nickel

Nugget zone

Open circuit potential
Phosphorous

Plasma electrolytic oxidation
Arithmetical mean roughness
Arithmetic mean value of the single roughness depths
Polarization resistance

Simulated body fluid

Secondary electron

Scanning electron microscopy
Silicon carbide

Selective laser melting

Tin

Strontium

Scanning transmission electron microscopy
Sensitized zone

Solution heat treated then artificially aged
Transmission electron microscopy
Titanium

Titanium diboride

Melting point

Thermomechanical affected zone
Ultrasonic cold forging technology
Vanadium

Root mean square voltage

X-ray diffraction

Yttrium

Mg-7 wt.% Zn-1 wt% Cu

Zirconium
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3. Motivation and Objectives

PEO has developed into an attractive surface modification technology to improve the surface
performance of different metals and their alloys. In general, the coating formation process involves the
oxidation of substrate and the incorporation of electrolyte species [25-27]. Thus, many attempts have
been carried out through changing the processing parameters to further improve the coating
performance [21, 28, 29]. However, because of the insufficient understanding of the role of substrate in
the PEO coating formation process and properties, the optimization of the processing parameters are
often relying on trial error approaches lacking clear strategies. In comparison to pure metals, the PEO
optimizations for alloys are more complex since the microstructure of alloys is controlled and modified
by the addition of alloying elements. The presence of primary and secondary phases and intermetallics
leads to a local heterogeneity of the coating, which has been reported in different studies [30-35].
However, a systematic investigation is still required to construct a roadmap for future PEO optimizing
strategies. The objectives of this work are focused on:

1. Understanding the role of substrate properties, eg. chemical stability (Mg/MgLi), solubility of

oxygen (Mg, Al and Ti), and melting temperature (Mg, Al, Ti and Nb) in PEO coating formation.

2. Studying the influence of additional phases and intermetallics in localized micro-scale material

mixes (Al, Mg and Ti substrates) on PEO process.

3. Understanding the influence of the properties (electrochemical, chemical stability, melting

point and distribution) of these phases and intermetallics on their evolution and incorporation

behavior during PEO processing.

4. Role of hydroxide and oxide properties on coating growth.

5. Evaluating the morphology, microstructure, and composition of PEO coatings in presence of

different phases and intermetallics in the substrate.

6. Attempting to produce multifunctional PEO coatings and exploring the possibility to improve

the performance of the coating via changing the composition of electrolyte, adjusting the current

density and altering the processing duration.

7. Understanding the differences and similarities between micro-scale material mixes and macro-

scale multi-metal joints (eg. a-Ti/p-Ti.).
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4. Methodology

4.1 Coating preparation

4.1.1 Substrate materials

A set of relevant metals (Al, Mg, Ti and Nb) and their alloys was used in this work. The detailed
information of the substrates can be found in Tab. 4-1. The chemical composition of the substrate
materials was analyzed using Arc Spark OES (Spark analyser M9, Spectro Ametek, Germany) or
Energy Dispersive Spectrometer system (EDS, eumeX IXRF systems). The selected substrates have
many different secondary phases and intermetallics, which allows to study their evolution during PEO
processing. The specimens were grinded using emery sheets up to 2500 grits and then polished with
polishing suspension diamond 1 um. It should be noted that the polishing process performed is intended
to clearly expose the metallurgical morphology of the substrates, which is necessary to observe the
evolution of the phases during PEO processing.

The microstructure of the substrates were firstly studied by using an optical microscope (OLYMPUS
BX53M) and a scanning electron microscope (SEM, TESCAN Vega3 SB). Fig. 4-1 shows the
microstructure of all the used substrates. The main phases in the substrate have been indexed. The
selection of substrates can be divided into three groups regarding the phase composition/microstructure
and melting temperature.

The first group includes MgL.i (pure Mg, paper 1) and Ti6Al4V (paper 2 and 3) alloys. With only lattice
transformation, they are the simplest material mixes. This is resulted from the completely dissolution
of the alloy elements in the matrix. Since there is no significant precipitation of additional phases, the
substrates do not show significant heterogeneity in the phase composition. For MgL.i alloy, with excess
of Li addition, there exists a lattice transformation that a-Mg (hexagonal) grains have been transformed
into B-Mg (cubic) grains completely, accompanied by the precipitation of MgLi-Al particles. For
Ti6AI4V alloy, it has a polymorph microstructure, composed of both a-Ti and B-Ti.

The second group is characterized by the presence of various additional phases in the micro-scaled
material mixes, which has more complex microstructure compared to the first group. AlSi9Cu3 alloy
(paper 4) and AZ91Nd/Al, O3 MMC (pure AZ91Nd, paper 5) are included in this group. They have
primary and secondary phases, intermetallics, as well as reinforcement phases, which are apparently
different from the matrix concerning the composition and properties. AISi9Cu3 alloy is a typical Al-Si
alloy, which can be regarded as an Al alloy (Al.Cu and AlsFeSi interetallics are contained) mixed with
Si phases. It is known that Si phase is not suitable for PEO. For Mg composite, in addition to B-Mgi7Al2,
Al-Nd, and Al-Mn-Nd intermetallics, the reinforcement phase Al,Os fiber is incorporated and it is
already in a stable phase that is not ideal for PEO.

The last group is devoted to the investigation of the PEO coating formation on pure Nb with high
melting temperature (paper 6). Nb has a very high melting point around 2447 °C, obviously higher in
comparison to the commonly used Mg (650 °C), Al (660 °C) and Ti (1668 °C) substrates. It is important
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to study the oxidation behavior of Nb substrate and the corresponding coating formation behavior

during PEQ processing.

Table 4-1 The selected substrate materials and parameters for PEO processing

Substrates Composition Size Processing Electrolytes Paper
parameters
0.022 wt.% Mn, 0.017
wt.% Si, 0.014 wt.%
Al, 0018 wt% Zn,
pure Mg 0.0017 wt% Fe,
0.0002 wt% Cu , constant current
<0.0002 wt.% Ni and density 3 A/dm?, duty
Mg balance ratio 10 %, frequency
15x15x 4mm 100 Hz, 10 * 2 °C, sfl_g}/('bﬂafo“ and1 1
11.36 wt.% Li, 2.39 processing time 15,
wt.% Al, 0.0093 wt.% 30, 60, 180, 600 and
Mn, 0.0072 wt.% Zn, 1200 s, respectively
MgLi 0.0032 wt% Fe,
0.0012 wt% Ni,
0.0009 wt.% Sn and
Mg balance
constant current
density 3 (only in-situ
PEO), 5 and 10
Al/dm?, duty ratio
10 %, frequency 100 20 g/L NasPOs and 1 2
Hz, 20 + 2 °C (only g/L KOH
for ex-situ PEO),
processing time 15,
30, 60, 300 and 600 s,
7.564 wt.%Al, 2.809 respectively
wt.% V, 0.097 wt.%
Mn, 0.182 wt.% Fe, .
TiGAI4V  0.102Wt% Ge, 0.104 20 x 16 x 4 mm El'aes%g:yt:nﬁ' 210 g;t
wt.% Nb, 0.108 wt.% KOH
Sn, 0.574 wt.% Ta, Ti
balance constant current
density 10 A/dm?, Electrolyte 2: 20 g/L
duty ratio 10 %, NaAlO, and 1 g/L 4
frequency 100 Hz, 20 KOH
+ 2 °C, processing
time 600 s
Electrolyte 3 : 20 g/L
Na,SiO; and 1 g/L
KOH
957 Wt% Si. 2.56 constant c;urrent
o G033 ety . oy
Algsiscy O 083 WL% MO, o qo amm 100 Hz, 20 + 1 °c, 20 9L NaPOsand1 4

0.38 wt.% Zn, 0.35
wt.% Fe, 0.14 wt.%
Mn and Al balance

processing time 15,
30, 60, 120, 240 and
480 s, respectively

g/L KOH
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AZ91Nd

AZ91Nd/Al,O3

7.16 wt.% Al, 0.57
wt.% Zn, 1.14 wt%
Nd, 0.21 wt. % Mn,
0.0049 wt.% Fe,
0.0044 wt% Cu,
0.0006 wt.% Ni and
Mg balance

7.16 wt% Al, 0.57
wt.% Zn, 1.14 wt.%
Nd, 0.21 wt. % Mn,
0.0049 wt% Fe,
0.0044 wt% Cu,
0.0006 wt.% Ni and
Mg balance + 20
vol.% Saffil 6-A|203

15x 15 x4 mm

constant current
density 6 A/dm?, duty
ratio 10 %, frequency
100 Hz, 10 £ 2 °C,
processing time 15,
30, 60, 180, 600 and
1200 s, respectively

Electrolyte 1: 20 g/L
NasPO, and 1 g/L
KOH

Electrolyte 2 : 10 g/L
NasPOg, 15 g/L
NaAlO;z and 1 g/L
KOH

20 g/L NasPO4 and 1
g/L KOH

pure Nb

0.483 wt% Ta,
0.3573 wt.% Sn,
0315 wt% Ge,
0.26833 wt.% La,
0.044 wt% Mn,
0.0353 wt.% Fe, Nb
balance

15x 15 x4 mm

constant current
density 10 A/dm?,
duty ratio 10 %,
frequency 100 Hz, 20
+ 2 °C, processing
time 600 s

Electrolyte 1: 20 g/L
NasPOs and 1 g¢/L
KOH

Electrolyte 2: 20 g/L
NaAlO; and 1 g¢/L
KOH

Electrolyte 3 : 20 g/L
NaySiO; and 1 g/L
KOH
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Figure 4-1 Micrographs of different substrate materials: (a) MgLi alloy and pure Mg, (b) Ti6Al4V alloy, (c)
AI9Si3Cu, (d) AZ91Nd/Al,O3 composite and AZ91Nd alloy, and () pure Nb.

4.1.2 PEO set-up
Lab PEO set-up

The PEO process was carried out as a function of treatment time, of which the intention is to understand
the transformation process for the phases present in the substrate into the coatings during the treatment.
In the present study, PEO processing was carried out using a lab-made DC pulsed power source as
shown in Fig. 4-2(a). A constant current mode was adopted and the selection of the current density is
based on the different responses of substrate materials to the current in PEO processing. For instance,
the MgL.i alloy containing 11.36 wt.% of Li is a highly active substrate and shows a high sensitivity to
the current density. After the comparison of two current densities (3 and 5 A/dm?), it is decided to
follow the evolution of the surface under the lower current density of 3 A/dm?. The respective
processing parameters, including electrical parameters (current density, duty ratio and frequency),
electrolyte composition, temperature of electrolyte and the processing durations are presented in Tab.
4-1. As shown in Fig. 4-2(b), the specimen was connected as anode and a stainless steel tube was used
as the cathode (surface area ca. 5 dm?), integrated into the cooling system to keep the temperature of
the electrolyte at 10 + 2 °C or 20 + 2 °C (also based on the stability of the substrate materials). A

magnetic stirrer was used for agitation the electrolyte in order to maintain a homogeneous electrolyte
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and prevent temperature and concentration gradients. The voltage response as a function of treatment
time was recorded using Q-gate data acquisition system and SignaSoft 6000 software package (Gantner,
Germany). Due to the interests in the role of Li in MgLi alloy and the evolution of pure Nb substrate
during PEO processing, optical emission spectroscopy (OES, PLASUS, Germany) was also applied
during PEO processing to monitor the optical emission of the discharges. The analysis of the species

incorporated in the plasmas was conducted using PLASUS SpecL.ine software (PLASUS, Germany).

~—» electrolyte

Power source
sample

cathode integrated with
cooling system

voltage current magnetic stirrer

Figure 4-2 Schematic of lab PEO set-up.

In-situ PEO-XRD set-up

Additional in-situ PEO-XRD treatment of Ti6Al4V alloy was performed at the beamline P23 at
PETRAIII storage ring (DESY, Deutsches Elektronen-Synchrotron), in order to track the coating
formation process and unveil the phase evolution in time-resolution during PEO processing. Fig. 4-3(a)
illustrates the schema of the in-situ PEO set-up, while Fig. 4-3(b) shows an actual in-situ PEO treatment.
During the PEO processing, the X-ray diffraction data acquisition was performed simultaneously with
a beam energy of 25 KeV and a beam size of 0.4 x 0.4 mm. To minimize signal from the substrate,
measurements were performed in grazing incidence geometry with an incidence angle of 0.5°. The
diffraction pattern were continuously acquired throughout the PEO process by a Lambda detector with
a pixel size 55 x 55 um and a measurement time of 100 ms (10 frames per second). After the HV (high

voltage) was turned-off (at 10 min), the acquisition of the diffraction patterns continued for around 5
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minutes more. Data reduction was attained employing an in-house developed Matlab® code and the
PyFAI [61] routine.

The cell set-up was changed in comparison to the standard set-up (Fig. 4-2(b)) in a way that only a thin
film of electrolyte was continuously running over the specimen surface, in order to minimize
background scattering and achieve a good diffraction signal. Although the same power supply and
nominally the same processing parameters were used, a different voltage response was still observed
(see Fig. 3 and 15 in paper 2), due to the different arrangement and size of the counter electrode. In
combination with the different geometry of the cells and no cooling integrated in the DESY cell set-up,
thus, even under the identical electrical PEO parameters, the behavior of the PEO process in the in-situ
DESY cell and standard lab cell are not fully the same. The voltage ramp in the DESY set-up is much
faster and therefore a voltage limit of 500 V was preset and the temperature of the electrolyte was
recorded at the end of the treatment, because there was no additional cooling system added. The only
cooling was obtained by pumping continuously new electrolyte from a 1-liter reservoir to the specimen.
In the DESY cell set-up, the 10 A/dm? treatment was almost an ideal constant voltage treatment at 500
V while the 5 A/dm? treatment was similar to the 10 A/dm? standard cell treatment. To have a
comparison with the 5 A/dm? standard cell treatment, an additional current density of 3 A/dm? was
adopted for the DESY cell set-up. Furthermore, it can slow down the efficiency of the coating formation
process by delaying the voltage increase and thus the PEO process. The lower current density is

beneficial to track the progress with more details by the diffraction experiments.

(a)
Incident beam >
N iy
- Ti6Al4V
|
A
A > cathode
ump in
e
Dump.out electrolyte

Figure 4-3 (a) schematic representation of in-situ PEO-XRD set-up used at P23, DESY, and (b) actual in-situ PEO

treatment of a specimen.

4.1.3 Preparation of electrolytes

The phosphate-based electrolyte (pH 12.72, conductivity 529 puS/cm), prepared via dissolution of 20
g/L NasPO4 and 1 g/L KOH in deionized water, was mainly used to study the oxidation of the substrate
as a function of processing time. Nevertheless, different electrolytes were also prepared to study the
influence of the electrolyte compositions on the PEO coating formation on AZ91Nd, Ti6Al4V and pure

Nb respectively (Tab. 4-1). The specific chemical compositions of the electrolytes can be seen in Fig.
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4-4.
MgLi Functionality studies
pure Mg 10 g/L Na,PO,
. 15 g/L NaAlO,
Coating growth studies Ti6Al4V 1 g/L KOH
20 g/L Na,PO, -
1g/L KOH
AZ91Nd/Al, O,
CAZ9INd > 20 g/L Na,Sio,
1g/L KOH
pure Nb

Figure 4-4 Electrolytes and substrates used for PEO processing

4.2 Coating characterization

4.2.1 Thickness measurement
Two different methods were used to evaluate and further validate the thickness of the PEO coatings.
The first measurement was performed using an eddy-current gauge (MiniTest 2100, ElektroPhysik),
with a resolution of 0.1 wm and measurement ability in the range of 1-200 um. The average coating
thickness was calculated from ten times measurements. Furthermore scanning electron microscope
(SEM) observations from the cross-sections of the coatings was adopted to verify the coating thickness
and further confirm the results evaluated by the eddy-current gauge. The cross-sectional observations
will be introduced further in 4.2.2 section.
4.2.2 Surface and cross-sectional morphologies
A laser scanning confocal microscope (LSM 800, ZEISS) was applied with 20x lens exclusively used
in air to characterize the surface morphology and the surface roughness of the coatings. The arithmetical
mean roughness Ra as seen in Fig. 4-5 (a) and the mean width of the profile elements RSm (Gaussian
filter, 0.8 mm) were adopted to indicate the waviness profile and the average value of the length of the
profile element along the sampling length of the coatings [36]:

Ra=: [} |Z(x)| dx (4-1)

1 m
RSm=— zizl Xs, (4-2)

The surface and cross-sectional micro-morphologies of the PEO coatings were examined by a scanning
electron microscope (SEM, TESCAN Vega3 SB) in secondary electron (SE) and backscattered electron
(BSE) modes. An energy dispersive spectrometer system (EDS, eumeX IXRFsystems) was performed
to analyzed the near surface and cross-sectional elemental composition and distribution of the coatings,
using point, line (paper 6) and area scans respectively. An acceleration voltage was applied at 15 - 20
kV for the operations of SEM and EDS. Prior to the operations, a thin Au layer was sputtered on the

specimens in order to eliminate surface charges due to the non-/low conductive PEO coatings. The
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evaluation of the surface porosity of the PEO coatings was based on SEM micrographs using ImageJ
1.53e software. Before the cross-sectional observation, the PEO coated specimens embedded in resin
for the preparation of cross-sections, by grinding successively using 500, 800, 1200, 2500 and 4000 grit
emery sheets and then polishing with colloidal silica suspension.

A closer investigation of the cross-sections of the PEO coatings on MgL.i alloy was also carried out
using a windowless Oxford Ultim Extreme EDS detector (OXFORD ULTIM EXTREME), which is
capable to detect Li. The preparation of a lamella, milled from the bulk PEO coated specimen, was
attained using focus ion beam cutting in a field-emission-scanning electron microscopy (FIB-SEM,
TESCAN Lyra3).

Figure 4-5 Schematic of surface roughness measurement: (a) arithmetical mean roughness, (b) mean width.

4.2.3 Phase composition and distribution

The phase composition of bare substrates and the PEO coated specimens were determined by X-ray
diffractions (XRD) measurement (XRD, D8 Advance, Bruker AXS) with Cu Ka radiation (1.5406 A).
The measurements were performed at a voltage of 40 kV and a current of 40 mA. The following
diffraction settings were selected: diffraction angle 26 between 20 °and 80 °, step size of 0.02 °/s, dwell
time of 1 s and grazing angle of 3 °. A continuous change of incident angles from 0.5 to 13° was also
adopted for PEO coated Ti6Al4V in order to characterize the variation of coating formation phases
along the coating thickness. Additionally, the in-situ treated Ti6AI4V specimens were also measured
using the laboratory X-ray diffraction at the same settings as the ex-situ processed specimens however
with a grazing angle of 10 °.

Synchrotron X-ray diffractions phase mappings were performed at Deutsches Elektronen-Synchrotron
(DESY, Hamburg, Germany) using the nano-focus end station of the beamline P03 at PETRAIII storage
ring [37]. Fig. 4-6 illustrates the schematic of the scanning and positions of the single diffraction
acquisitions. An Eiger 9 M detector was used with a pixel size of 75 um by 75 pm. The X-ray beam
had an energy of 19.7 keV and was focused to a beam size of 1.5 pm by 1.5 um. A mapping of the

specimen was performed with a step size of 2 um in the vertical direction (from air, across the coating
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thickness and towards the interface of coating and substrate materials), and a step size of 4 um in the
horizontal direction parallel to the interface of coating and substrate materials. Overall, an area of 80 x
80 um was mapped in each measurement. We have chosen this setting because a better resolution
parallel to the interface was not necessary and would have doubled the acquisition time. At each point,
a diffraction pattern was acquired with the dwell time of 0.5 s. Data reduction was done by employing
in-house developed MAtlab® code and the PyFAI [38] routine. The scattering angles of the diffraction
patterns were transformed to Cu K-alpha radiation for simplicity and comparison with the XRD results
measured by the regular X-ray diffractometer (D8 Advance, Bruker AXS). To study the phase
distribution across the coating thickness, a lab-made script in Python programming language, operated
in the “Spyder” package software environment included with Anaconda Navigator, was used for

analyzing and generating two-dimensional phase mapping graphics.

diffracted X-Rays

Figure 4-6 Schematic scanning diagram of each point of analysis (1.5 pum x 1.5 pm, 0.5 s) via synchrotron X-ray

diffraction giving a total scanning area of 80 um x 80 um across three-phase of air/PEQO coating/substrate.

4.3 Coating properties

4.3.1 Corrosion resistance

The electrochemical tests were performed using a Gamry Potentiostat (Gamry, United States) in order
to evaluate the corrosion performance of the PEO coated specimens, and detailed parameters can be
found in Tab. 4-2. A 0.5 wt.% NaCl solution was prepared to evaluate the corrosion resistance of PEO
coated pure Mg and MgL.i alloy. The electrochemical impedance spectroscopy (EIS) tests were carried

63



64

Methodology

out in conjunction with a classical three-electrode cell system. The coated specimens were adopted as
working electrode with an exposed surface area of 0.5 cm?2. The counter and the reference electrode
were a platinum wire and a saturated Ag/AgCI electrode, respectively. The tests were performed at
ambient temperature, covering a frequency range from 100 kHz to 0.1 Hz at open circuit potential
(OCP), with 10 mV RMS sinusoidal potential perturbations on specimens exposed to the solution for
different durations: 5 min, 1 h, 3 h, 6 h, 12 h, 24 h and 48 h respectively. Electrochemical impedance
spectroscopy studies for PEO coatings on Ti6Al4V alloy and pure Nb and the bare substrates were also
carried out, however, in Ringer’s solution (8.6 g/L NaCl, 0.3 g/L KCI and 0.56 g/L CaCl,-6H,0) to
preliminary study the biodegradation of the PEO coatings. The same cell set up was selected,
nevertheless, the frequency range was from 100 kHz - 0.01 Hz at open circuit potential (OCP) and the
immersion time started from 5 min, 1 h,3h,6 h, 12 h, 24 h, 48 h and 72 h respectively. The measurement
was reproduced on three samples of each PEO processing.

(a) Electrochemical flow cell (b)‘ ICP (AMETEK) (c)  Data acquisition
Transient mode and analysis
Ag/AgCl, RE i
Pt, CE Spemmer'ls,WE 2o .
e E_ S— C : E
L &8 hv |
4 Optic system
+ N | g
;.Tr;t‘
—
Membrane
Time
Ringer’s solution ——» i“-l_

Figure 4-7 Diagram of atomic emission spectroelectrochemistry (AESEC) system

Atomic emission spectroelectrochemistry (AESEC) measurements (coupled atomic emission
spectroscopy measurements with electrochemical investigations) [39-41] were used to provide a direct
analysis of elemental dissolution rates of the PEO coated specimens and bare Ti6Al4V alloy during
electrochemical testing. The selected AESEC set-up is illustrated in Fig. 4-7.

A three-electrode electrochemical flow cell (flow rate ca. 2 mL/min) was connected to an ICP-OES
(Inductively Coupled Plasma-Optical Emission Spectrometry) from Spectro Ametek (Acros 11 FHX22),
in radial plasma observation mode. Following sets-up were used during the measurements: generator
power of 1300 watts, 12 L/min cooling gas, 1.2 L/min auxiliary flow, 0.8 L/min nebulizer flow,
measured with a water cross flow nebulizer chamber (SCOTT AD36/DURAN) with 2 mL/min sample
flow. The specimens were acting as a working electrode with an exposed surface area of 0.5 cm? to
Ringer’s solution and connected to a computer controlled Gamry potentiostat Interface 1010E. The
counter and the reference electrode were a Pt wire and a saturated Ag/AgCI electrode, respectively.
After 1000 s immersion at open circuit potential, potentiodynamic polarization (PDP) scan started from

-1.0 V vs reference electrode at a scan rate of 0.5 mV/s and terminated at 10 V.
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Table 4-2 Corrosion, wear and photocatalytic measurements of bare and PEO coated specimens

Measurements Substrate Parameters

0.5 wt.% NaCl solution, frequency range of 100 kHz -
0.1 Hz at OCP, 10 mV RMS sinusoidal potential
perturbations, immersion time 5 min, 1 h, 3 h, 6 h, 12 h,

MgLi (Pure Mg)

Electrochemical 24 h and 48 h, respectively
Corrosion impedance Ti6AIAV Ringer's solution, frequency range from 100 kHz - 0.01
test Hz at OCP, 10 mV RMS sinusoidal potential
Nb perturbations, immersion time 5 min, 1 h, 3 h, 6 h, 12 h,
24 h, 48 h and 72 h, respectively
Potentiodynamic Ti6Al4V Ringer's solution, scan from 1.0 to 10 V vs. reference
polarization Nb electrode, 0.5 mV/s scan rate
. 2 N load, 10 mm oscillating amplitude, 5 mm/s sliding
Wear test MgLi (Pure Mg) velocity and 12 m total sliding distance
. Ti6Al4V 8 mg/L MO solution, simulated solar radiation of 16,000
Photocatalytic test lux i . A .
Nb ux intensity, total 6 h irradiation duration

4.3.2 Wear resistance

In paper 1, the dry sliding wear behavior of the PEO coatings on pure Mg and MgL.i alloy were evaluated
using a ball-on-disk oscillating tribotester (TRIBOtechnic). The static friction partner was a steel ball
(AISI 52,100) with a diameter of 6 mm. All of the tests were performed under ambient conditions of 25
+ 2 °C and 30% r. H. Following parameters were applied for all wear tests (Tab. 4-2): load of 2 N,
oscillating amplitude of 10 mm, sliding velocity of 5 mm/s and a total sliding distance of 12 m. The
width and depth of the wear tracks on the specimens were measured using a laser scanning confocal
microscopy (LSM 800, ZEISS) and the wear tracks were observed by means of the scanning electron
microscope (SEM, TESCAN Vega3 SB). The wear rate was calculated using the wear depth. Each
measurement was performed for three times in order to check reproducibility.

4.3.3 Photocatalytic activity

In paper 3 and 6, the photocatalytic properties of PEO coated Ti6Al4V alloy and pure Nb were evaluated
via photodegradation measurements of methyl orange (MO) (Tab. 4-2). The temperature in the
photoreactor was kept at room temperature by a water recirculation system. The specimen surface was
placed on a perforated holder and then immersed in a 10 mL agueous solution containing 8 mg/L of
MO under constant stirring (300 rpm) and exposed to the irradiation source. Prior to the measurement,
MO solution was firstly tested for photocatalysis in the absence of the photocatalyst to confirm its
stability. Then, the solution were stirred in the dark for 30 minutes with the presence of specimen to
achieve adsorption-desorption equilibrium before initiating the irradiation. A lamp (Osram Vitalux 300
W) was used to simulate the solar radiation providing 16000 lux intensity and it was fixed at 25 cm
above the surface of the solution. Six hours of irradiation duration in total was selected. A Agilent Cary
60 UV-Vis spectrophotometer was applied to measure the MO concentration at the maximum of the
absorption spectra (A = 464 nm) for every hour by taking a fixed quantity of 1 ml MO solution from the

photocatalytic reactor. The tested solution was returned to the photocatalytic reactor after each

65



66

Methodology

measurement. The absorption was converted to concentration based on a standard curve exhibiting a
linear dependence between MO concentration and absorption at 464 nm wavelength. A change of MO
concentration was absent after 6 h of irradiation without PEO treated specimen indicating its stability
and the observed degradation should result only from the presence of a photocatalyst under the applied
condition. The degradation rate of MO was given as ((Co-C)/Co), where Co was the initial MO
concentration and C was the tested MO concentration after increasing exposure duration.
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5. Results (Published)

The work in frame of this PhD thesis has the aim to study the evolution behavior of PEO coatings on
different materials during PEO processing. The obtained results are mainly presented and discussed in
form of six papers in scientific journals. The different substrates in present work include Al, Mg, Ti and
Nb based metals, alloys and composites. The results (papers) are arranged in three sections, based on
the microstructure and the melting temperature of the substrates, as divided in 4.1.1 regarding the
selection of the substrates. The first two sections start from the comparison of the simplest one-phase
structured substrates, to the polymorph-structured alloy, and then extend to the more complex
composite materials with various additional phases. Finally, the results are reviewed under general
aspects like role of melting temperature of substrate and oxide phases, oxygen solubility in the substrate,
substrate ion solubility in the electrolytes, oxide stability and mixed oxide formation.

The influence of lattice structure of substrate on PEO coating formation is the first section, including
paper 1 (MgLi alloy and pure Mg), and paper 2 and 3 (Ti6Al4V alloy). In paper 1, the effect of the
lattice structure of Mg (hexagonal (hcp) and body-centered (bcc)) was studied, however, the influence
turned out to be not dominant. The alloying element Li and its influence on the chemical stability of the
substrate have more significant influence on the PEO coating formation process, by comparing the PEO
of pure Mg (hcp) and MgLi alloy (bcc).

In paper 2, an in-situ PEO treatment combined with high-energy XRD diffraction was conducted using
Ti6AIl4V alloy. As an essential innovative approach, the in-situ experiments revealed the time-resolved
coating formation process. The absence of B-Ti signal could be assigned to the rapid transformation
from B-Ti to a-Ti due to the penetration of oxygen. Interestingly, a lattice expansion of a-Ti phases
before the formation of the oxide layer has been revealed due to the high solubility of oxygen. In ex-
situ experiments, the PEO process showed a more rapid coating evolution on B-Ti and the initially
discharges were preferred to start on B-Ti.

Afterwards, a further study on producing functional PEO coatings on Ti6Al4V was also performed in
paper 3. Good corrosion property and photocatalytic activity of the PEO coatings on Ti6Al4V alloy
were obtained.

Moving forward to the second section, it is focusing on the influence of additional phases in material
mixes (macro-scaled) on the coating formation, including paper 4 (AISi9Cu3 alloy) and paper 5
(AZ91Nd/AI,0; MMC and AZ91Nd alloy). Al9Si3Cu alloy was selected as the substrate since it is a
typical cast Al-Si-Cu alloy containing four different phases/intermetallics. The oxidation of the
intermetallics in Al9Si3Cu alloy and the evolution of coating on the different phases during the PEO
processing were studied in paper 4, and a sequential oxidation of the phases in the Al alloy was proposed,
starting on a-Al, then extending to Al.Cu and B-AlsFeSi, and finally to Si phase.

In paper 5, the oxidation behavior of intermetallics in a typical Mg-Al-Zn alloy (AZ91Nd alloy) was

studied and the evolution of the reinforcement phase (alumina fiber) in the same AZ91Nd alloy was
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tracked. The response of the alloy and MMC reinforced with Saffil alumina fiber (AZ91Nd/Al.0; MMC)

to a PEO treatment was investigated. A reactive incorporation of alumina fiber into the coating forming

MgAl,O4 was demonstrated. The source of Al,Os either from matrix or electrolyte does not matter

during PEQ processing.

Finally, the last section is concentrating on the PEO coating formation on Nb with a high melting

temperature, in paper 6. PEO of Nb is less studied, thus, a preliminary study of the PEO process on pure

Nb in different electrolytes was carried out in this work and multifunctional PEO coatings were obtained.

The brief overview of the arrangement of the work is presented in Fig. 5-1. It is worth noting that the

main results and discussion of each study are separately summarized in the publications.
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Results

5.1 Influence of lattice structure of substrate
5.1.1 PEO of one-phase structured MgL.i alloy

Paper 1: Ting Wu, Carsten Blawert, Xiaopeng Lu et al., Difference in formation of plasma electrolytic
oxidation coatings on MgLi alloy in comparison with pure Mg, Journal of Magnesium and Alloys
9(2021). https:// doi.org/ 10.1016/ j.jma.2021.03.017
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The motivation of this work was to study the effect of two different lattice structures of Mg based
materials, hexagonal pure Mg and body-centered MgLi alloy (11.36 wt.% Li), on the PEO coating
formation and the properties of resultant coatings, including corrosion and wear resistance. Compared
to the different original lattice structures, the presence of Li in the MgLi alloy showed a more essential
influence on the PEO coatings. The initial conversion products were accumulated on the MgLi,Al
particles, which were distributed in the grains and grain boundaries. Li was only incorporated in the
initial conversion layer at the interface of the coating/MgLi substrate and then dissolved from the
coating. Li participated in discharges but possibly there is no direct correlation with the intensities. It is
more the compactness of the layer that allows higher voltage for Mg, which resulted in the different
microstructure of PEO coatings. PEO coatings enabled a better corrosion and wear resistance than the
bare substrates; however, the much more active MgLi substrate always has lower resistance against

corrosion and abrasion than pure Mg, either before or after PEO treatment.
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Abstract

In order to study the substrate lattice structure (Li addition) on the growth of plasma electrolytic oxidation (PEO) coatings, MgLi alloy
(11.36 wt.% of Li, cubic) and pure Mg (hexagonal) were treated under a pulsed direct PEO mode in a phosphate electrolyte for different
periods of time. The results revealed that the presence of Li and Li-rich phases in the cubic Mg alloy seems to be essential for the treatment
result rather than the original lattice structure. A modified discharge behavior of MgLi alloy finally led to a different microstructure of the
coating. The unstable coatings of MgLi alloy tended to dissolve rapidly though shared the similar composition to that of pure Mg. Li was
incorporated only in the primary conversion products at the interface of coating/MgLi. In spite of the advanced efficiency of energy input

during processing, the more porous and thinner PEO coatings on the MgLi alloy were less resistant to abrasion and corrosion.
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Peer review under responsibility of Chongqing University

Keywords: Plasma electrolytic oxidation; Magnesium lithium alloy; Pure magnesium; Microstructure.

1. Introduction

Plasma electrolytic oxidation (PEO) is a plasma-assisted
anodizing process for the surface modification of lightweight
metals [1-8], such as Al, Mg and Ti alloys [9-12], in order to
improve their surface hardness, wear and corrosion resistance.
The process is characterized by numerous short-lived micro-
discharges under high voltage [13-15], which forces the for-
mation of PEO coatings with intrinsic cavities and cracks
[16-18].

In the framework of understanding the growth behavior of
PEO coating, some researches [19-26] were focused on the
migration of species, originated from the electrolyte during
PEO processing. Alloying elements, such as Ti, Nb and Zr
from the substrates used as tracers, were also reported and
provided a solid evidence of the dielectric breakdown of the

* Corresponding author.
E-mail address: ting.wu@hereon.de (T. Wu).

https://doi.org/10.1016/j.jma.2021.03.017

oxide layer [25,26]. PEO processing of AZ magnesium alloys
(eg., AZ31, AZ61 and AZ91) showed a sequential oxidation
at the initial stage starting with «-Mg and then extending to
the B-phase (Mg;7Alj2). A higher rate of coating formation
was observed on «-Mg, deriving from the higher reactivity
of Mg compared to Al [3,27-29]. Also, the discharges were
more intensive in the presence of Al in Mg alloys, resulting in
the more porous coatings [3]. Nevertheless, the PEO process-
ing of WE43 magnesium alloy developed more rapidly and
presented a reverse oxidation order compared to AZ91. The
growth of the initial conversion film started on the B-phase
(Mg14Nd,Y), possibly stemming from the higher reactivity of
Y and Nd than that of Al [30,31]. In binary Mg-Zn alloys
the presence of Mg;Zn3 phase was found to reduce the thick-
ness, however, smoothen the surface morphology of the PEO
coatings, ascribed to the hardship in passivating the Mg;Zn3
intermetallics [31,32]. That is to say, from manipulating the
composition and microstructure of Mg alloys, the alloying el-
ements have a significant influence on the PEO process and
hence on the properties of the PEO coatings.

2213-9567/© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongqing University
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Magnesium lithium (MgLi) alloys have recently been de-
veloped as potential engineering materials [33-39] due to the
desirable low temperature ductility and cold formability from
the body-centered cubic S-Mg containing more slip systems
[40]. PEO treatment has been adopted to improve the sur-
face stability of the vulnerable substrate materials consider-
ing the chemically active nature and ionization tendency of Li
[20,41-47]. Researchers have claimed that the PEO coatings
of MgLi alloy doped with salt additives, such as tungstate
[41] , molybdate [48], cerium salts [49], or sol additives, for
instance, silica [20] and titania sols [43], revealed a significant
enhancement in wear and corrosion resistance [41]. In fact, it
is not surprising that the cooperation of different additives in
the electrolytes can improve the coating performance on MgLi
alloys, since it has been established already for many other
magnesium alloys [2,50]. However, the effect of Li in the Mg
matrix during PEO processing is less taken into consideration,
regarding its active nature and the difficulty to trace the light
element with standard techniques used for characterization of
PEO coatings. Particular for high Li containing Mg alloys (>
10.3 wt% Li), the mechanical strength declines considerably
thus the surface protection is more necessary [51,52]. Optical
emission spectra of plasma discharges during the treatment of
MgLi alloy evidenced the participation of Li in the plasma
reactions due to the high temperature-forced excitation of Li,
although the absence of Li containing phase in the PEO coat-
ing [53].

Despite the progresses, the characteristics (thickness and
microstructure) and performance (wear and corrosion resis-
tance) of PEO coatings on MgLi alloys with high Li contents
remain unclear. The role of Li during PEO process still re-
quires further elucidation since the intrinsic chemical reactiv-
ity of MgLi alloy is more susceptible in aggressive environ-
ment. Thus, the aim of this work is to study the evolution of
the coating growth of MgLi alloy and to understand if the dif-
ferent lattice structure has an effect on the coating formation
and growth. Furthermore, the role of Li in the phase forma-
tion of the PEO coatings should be studied in more details. To
do this, PEO coatings on a selected MgLi alloy (11.36 wt.%
Li), were compared at different stages of the PEO process
with coatings formed on pure Mg under the same conditions.

2. Experimental
2.1. Materials and PEO treatment

Rectangular specimens of size 15mm x 15mm x 4mm
made of MgLi alloy with the chemical composition of
11.36wt.% Li, 2.39wt.% Al, 0.0093wt.% Mn, 0.0072wt.%
Zn, 0.0032wt.% Fe, 0.0012wt.% Ni, 0.0009 wt.% Sn and Mg
balance as measured by an Arc Spark OES (Spark analyze
M9, Spectro Ametek, Germany) were selected. Pure Mg spec-
imens with the same dimensions (15mm x 15mm x 4 mm)
and a purity of 99.94wt.% (0.022wt.% Mn, 0.017wt.% Si,
0.014wt.% Al, 0018wt.% Zn, 0.0017wt.% Fe, 0.0002wt.%
Cu, <0.0002wt.% Ni and Mg balance) were adopted as ref-
erences. All of the specimens were mechanically ground up
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to 2500 grit, cleaned in water and ethanol and dried with
compressed air at ambient temperature. A phosphate-based
aqueous electrolyte was prepared by the dissolution of tri-
sodium phosphate (NazPO4, > 98%, Carl Roth, Germany,
20g/L) and potassium hydroxide (KOH, > 85%, Th. Geyer,
Germany, 1g/L) in deionized water. The pH and conductiv-
ity of the electrolyte were 12.4 and 23.2 mS/cm respectively.
The temperature of the electrolyte was kept at 10+2 °C by
a cooling system. The specimens were screwed to a holder
acting as the anode. A stainless steel tube was integrated as
the cathode and part of the water-cooling system. During the
PEO process, continuous stirring of the electrolyte was ap-
plied to prevent concentration and temperature gradients as
much as possible. PEO treatment was carried out for six dif-
ferent treatment durations (15s, 30s, 1 min, 3min 10min and
20min) using a pulsed DC power supply at a constant cur-
rent density of 3 A/dm? with a duty cycle of 10% (1ms:9 ms)
and a frequency of 100Hz. The voltage-time response was
recorded using a data acquisition system (SignaSoft 6000 soft-
ware package, Gantner, Germany). The optical emission spec-
tra of the discharges during the processing was recorded using
Emicon system (PLASUS, Germany) with a spectral resolu-
tion of ~ 1.5nm in the range of 180 - 880 nm, in combination
with PLASUS SpecLine software (PLASUS, Germany). The
species (Na, Mg, Li and OH) involved in the plasma reac-
tions and the variation of emission intensity of these species
as function of treatment time were monitored.

2.2. Coating characterization

Scanning electron microscopy (SEM, TESCAN Vega3 SB)
combined with an energy dispersive spectrometer system
(EDS, eumeX IXRFsystems) were used to characterize the
surface and the cross sections of the PEO coatings in asso-
ciation with SE (secondary electron) and BSE (back scatter-
ing electron) modes. A lamella milled from the bulk sample
of MgLi alloy after 3min of PEO treatment was obtained
using focus ion beam cutting in a field-emission-scanning
electron microscopy (FIB-SEM, TESCAN Lyra3). Further in-
formation about the presence of Li in the coating was ob-
tained using a windowless Oxford Ultim Extreme EDS de-
tector (OXFORD ULTIM EXTREME), which is capable to
Li detection. The coating thickness measured by a micropro-
cessor coating thickness gage (MiniTest 2100, ElektroPhysik)
was validated and integrated with the observation of the coat-
ing cross sections. Phase composition studies were performed
by X-ray diffraction (XRD, D8 Advance, Bruker AXS) with
Cu Ko radiation. The following diffraction settings were se-
lected: diffraction angle 26 between 20° and 80°, step size of
0.02°/s, dwell time of 1s and grazing angle of 1° Laser scan-
ning confocal microscope (LSM 800, ZEISS) was employed
to monitor the roughness profile of the coating surface.

2.3. Wear test

The dry sliding wear behavior of the thicker PEO coatings
(10min and 20 min) were evaluated using a ball-on-disk oscil-
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Fig 1. (a) back scattered electron (BSE) micrograph of MgLi alloy, (b) secondary electron (SE) micrograph of pure Mg and (c) the XRD patterns of MgLi

alloy and pure Mg.

lating tribotester (TRIBOtechnic). The static friction partner
was a steel ball (AISI 52,100) with a diameter of 6 mm. All of
the tests were performed under ambient conditions of 2542
°C and 30% r.H. Following parameters were applied for all
wear tests: load of 2N, oscillating amplitude of 10mm, slid-
ing velocity of Smm/s and a total sliding distance of 12m.
The width and depth of the wear tracks on the specimens were
measured using a laser scanning confocal microscopy (LSM
800, ZEISS) and the wear tracks were observed by means
of a scanning electron microscopy (SEM, TESCAN Vega3
SB). The wear rate was calculated using the wear depth. Each
measurement was performed for three times in order to check
reproducibility.

2.4. Electrochemical measurements

To evaluate the corrosion performance of the PEO coatings
(1 min, 3min, 10min and 20 min) on MgLi alloy and pure Mg,
electrochemical impedance spectroscopy (EIS) tests were car-
ried out using a Gamry Potentiostat (Gamry, United States) in
conjunction with a classical three-electrode cell system. The
coated specimens were adopted as working electrode with an
exposed surface area of 0.5 cm?. The counter and the refer-
ence electrode were a platinum wire and a saturated Ag/AgCl
electrode, respectively. Tests were performed in 0.5 wt.%
NaCl solution at ambient temperature, over a frequency range
from 100kHz to 0.1 Hz at open circuit potential (OCP), with
10mV RMS sinusoidal potential perturbations on specimens
exposed to the solution for different durations: Smin, 1h, 3h,
6h, 12h, 24h and 48h respectively. The measurement was
reproduced on three samples of each PEO processing.

3. Results
3.1. Microstructure of the substrate materials

The grain boundaries of selected MgLi alloy with an av-
erage grain size of 230 wm are visible in the BSE mode, be-

cause they are decorated with small precipitates (Fig. 1(a)).
The bright and fine particles scattered also within the grains
are identified by X-ray diffraction (Fig. 1(c)) as MgLi,Al in-
termetallics, whereas the darker micro-pores seem to be the
result of the mechanical removal of MgLi,Al intermetallics
during the grinding preparation. Beside the fine MgLi, Al in-
termetallics, XRD pattern of MgLi alloy only presents inten-
sive peak signals of cubic f-Mg phases in comparison to the
hexagonal «-Mg of pure Mg. This is in accordance with the
common knowledge of cubic structure of MgLi alloy when
the content of Li exceeds 10.3wt.% [54]. Without precipita-
tion at the grain boundary, the microstructure of as-cast pure
Mg can be only recognized under SE mode (Fig. 1(b)) dis-
playing the irregular grain boundaries due to the different
sizes of grains.

3.2. Characterization of PEO process

The voltage-time responses of the PEO process of MgLi
alloy and of pure Mg exhibit the initial fast ramps of voltage
(Fig. 2(a)), suggesting a rapid electrochemical formation of
barrier layers of similar thickness (Fig. 2(b)) on both sub-
strates. As soon as the voltage reaches 110V for MgLi alloy
and 150V for pure Mg, the breakdown of the initial barrier
layers occurs, being accompanied with visible sparks. This
period of development is shorter than 30s. The discrepancy
in breakdown voltage can be explained via the electrical resis-
tance of the initial layer, which seems to be lower for MgLi
alloy and therefore needs a lower voltage to ignite the dis-
charges. After 1 min of treatment, frequent fast moving white
sparks cover the entire surface of both substrates; however,
the voltage increase for MgLi specimen slows down earlier
and more rapidly compared to pure Mg. From 3 min to 10 min
of PEO processing, there is a sluggish increase of voltage in
both cases, probably because of a competition between coat-
ing formation and dissolution at this stage. Nevertheless, for
MglLi alloy this stage takes longer until the voltage continues
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to rise faster again. This stage is characterized by less numer-
ous but larger and slowly moving orange discharges on the
surface of both substrates. Voltage fluctuation are observed af-
ter 13 min and are associated with the evolution of the plasma
discharges [55], which are also recognized from the sporadic
long-lasting large sparks before the end of the processing. The
final voltage of MgLi alloy and pure Mg is 340V and 480V
respectively. It is obvious that the electrical resistance of the
coating on the MgLi alloy is always lower than the one on
pure Mg as the same current density requires less voltage to
drive the current through the layer on the MgLi alloy.

The evolution of coating thickness with treatment time is
shown in Fig. 2(b). At the final treatment time of 20min
the PEO coating on MgLi alloy reaches a thickness of
4354+44pm and on pure Mg it is 52.3+5.8pum with a
growth rate of 2.2 um-min~! and 2.6 pm-min~!, respectively.
Obviously, under the same treatment conditions the response
of the MgL.i alloy to a PEO treatment in the sense of coating
formation and resistance (lower process voltage necessary to
let the predefined treatment current pass through the coating)
is worse compared to pure Mg. Whether this difference is
related to the different lattice structure, the lower corrosion
resistance of the Mgl substrate, less stable coating phases or
whether it is a combination of all possible influencing factors,
still needs to be studied in more details. The optical emission
spectra as depicted in Fig. 3(a) and (c) confirm the involve-
ment of Na, Mg and OH in the discharges on both substrate
materials after 20min of the PEO treatment. Following lines
are observed during the measurements: Na I, Mg I and OH.
In the case of MgLi alloy, an additional emission line of Li
(Li T line at 670.8nm) is detected, indicating its participa-
tion in the plasma reactions. All the emission intensities of
mentioned species, especially Na I (of pure Mg and of MgLi
alloy) and Li I (of MgLi alloy) increase gradually with treat-
ment time (Fig. 3(b) and (d)), which are however related to
respective trends of voltage increase. The initial white lumi-
nescence during conventional anodic oxidation, resulting from
the radiative recombination of electrons at flaws in the initial
oxide film [56], shows the lowest emission intensity of all
species because the voltage is not adequate to excite them.
Afterwards, the emission of Na (Na I emission line) for both
pure Mg and MgLi alloy and the emission of Li (Li I line)

for MgLi alloy are distinguished from ca. 300s (6 min) of
treatment until the end of the process. The appearance of
both lines takes place at initial voltages of 283V and 234V
for pure Mg and MgLi alloy, respectively, latter, indicates an
easier excitation of Na and Li for MgLi alloy. Nevertheless,
the intensity of Na I emission line for pure Mg increases more
rapidly in comparison with MgLi alloy. This can be correlated
with the faster rising of the voltage in the case of pure Mg.
Afterwards, the emission intensity of Na I line for pure Mg
reaches the technical saturation limit of the detector once the
voltage exceeds 443 V. For the MgL.i alloy, the emission of Li
I shows a similar pattern as Na I however at a lower intensity.
In regard to the emission of Mg (Mg I emission line) and OH,
they show a slight increase with moderate oscillation on both
substrate materials and, once appears, does not depend much
on the treatment time/applied voltage.

3.3. Coating characterization

3.3.1. Surface morphology

Figs. 4 and 5 exhibit the surface morphology and element
distribution of the coatings on MgLi alloy and pure Mg after
15s, 30s, Imin and 3min of PEO processing respectively.
The coverage of O over the entire surface of MgLi alloy in-
dicates the formation of a barrier layer within 15s (Fig. 4(a)).
Bright fine protuberances scattered on the surface of the MgLi
alloy are also observed at the earliest stage. The higher con-
centration of Al in these protuberances demonstrates the ac-
cumulation of initial conversion products on MgLi,Al inter-
metallics. The first conversion products appear to be Mg/Na
based phosphates. In comparison, larger protuberances of con-
version products are found spreading randomly on the surface
of pure Mg (Fig. 5(a)). As the “footprints” of plasma dis-
charges, sporadic micro-pores are distributed on the surface
of MgLi alloy and more frequent on pure Mg substrates af-
ter 30s of treatment (Figs. 4(b) and 5(b)), confirming that
the breakdown of the barrier layers is triggered in the range
between 15 and 30s (120 to 180V). The discharge channels
are considered to be the pathways for transporting the species
from the substrate outwards (Mg, Mg?*, Li and Li*) and from
the electrolyte inwards (OH~, H,O and PO4*") respectively.
Regions of strong interactions and reactions between the dif-
ferent compounds refreshing the coating materials [57] can be
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Fig 3. Optical emission spectra obtained after 20 min PEO treatment and evolution of the emission line intensity as a function of treatment times: (a) optical
emission spectrum of pure Mg, (b) emission line intensity of Na I, Mg I and OH for pure Mg treatment, (c) optical emission spectrum of MgLi alloy, (d)
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Fig 4. Surface morphologies and element distribution (Mg, O, Al, P and Na) of PEO coatings on MgLi alloy after the treatment time of (a) 15s, (b) 30s, (c)

1min and (d) 3 min.
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Fig 5. Surface morphologies and element distribution (Mg, O, Al, P and Na) of PEO coatings on pure Mg after the treatment time of (a) 15s, (b) 30s, (c)

1min, and (d) 3 min.

distinguished in the figures as well. The larger micro-pores
and volume of strongly melted regions on pure Mg reflect
more intensive and frequent plasma discharges at a higher
voltage. The higher intensity of Al on the surface of MgLi
alloy after 30s of processing is from the penetration of elec-
trons into the substrate material underneath the thin surface
film during the SEM examination. Hence, the intensity of
Al from the MgLi alloy substrate is also indicative of the
coating thickness. The signal of Al moderates gradually with
further increase of the treatment time as the coating is thicken-
ing steadily. Hereafter, typical pancake features with centered
micro-pores are observed on both coatings (Figs. 4(c) and
5(c)), which become larger and more dominant after 3 min
treatment (Figs. 4(d) and 5(d)).

Fig. 6(a)-(d) display the typical surface morphology of
PEO coatings with the open micro-pores (remains of dis-
charge channels) on MgLi alloy and pure Mg after 10 min and
20min of PEO treatment. The micro-pores cover about 21%
and 11% of the surface area for the MgLi alloy and around
15% and 13% for pure Mg after 10 and 20 min of treatment,
respectively. Considering also the less frequent surface micro-
cracks after the longest treatment time (20min), in particular
of MgLi alloy, the coating seems to be healed to a certain de-
gree since the discharge process always initiates in the weak-
est regions of the coating [58]. Interestingly, an accumulation
of bright fine particulates adjacent to the micro-pores are no-

ticed on the surface of PEO coatings on the MgLi alloy, as
revealed in the insertions at higher magnification (Fig. 6(a)
and (c)). It is reasonable to associate the formation of bright
particulates with the presence of abundant Li since a modified
voltage response and less intensive discharges are observed.
XRD patterns suggest a similar PEO layer composition based
on MgO and Mg;(POy), for both substrates after 10 min of
treatment. Nevertheless, there is no Li containing phase de-
tected after PEO processing of MgLi alloy. A bump in inten-
sity between 26 angles of 20° to 40° especially on the MgLi
alloy indicates the formation of amorphous phosphate, most
likely to the fact that the discharge energy is lower, causing
less crystalline phases and more phases that are amorphous.

Chemical composition and contents of the fine particulates
(A and D) and the regions without particulate (B, C, E and
F) are listed in Table 1. Li of light weight is beyond the
detectability of current main EDS and not available here. The
bright particulates (A and D) contain higher ratios of elements
from the electrolyte (P, O, Na) compared to the regions of
B, C, E and F without particulates. This could stem from the
less intensive A-type discharges [55,59,60] occurring near the
interface of coating/electrolyte, thus involving the deposition
of species mainly from the electrolyte. Another explanation
might be related to the fact, that those regions are further
away from the discharge channels, where the material is less
mixed and sintered. The surface around the discharges looks
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Fig 6. Surface morphologies of PEO coatings after 10 min and 20 min treatment on MgLi alloy (a) 10min, (c¢) 20 min; on pure Mg (b) 10min, (d) 20 min and

(e) XRD patterns of PEO coatings after 10min treatment.

Fig 7. Surface roughness profile of PEO coatings on MgLi alloy: (a) 1 min, (c) 3min, (¢) 10min and (g) 20min; on pure Mg: (b) 1 min, (d) 3min, (f) 10min

and (h) 20 min.

normally melted, uniform and smoother. Due to less sintering
in those regions, they might be also prone to more attack
from the electrolyte and those white particles are conversion
products.

Fig. 7(a)-(d) exhibit similar surface morphologies of the
coatings after shorter treatment durations (I min and 3 min).
Due to the limited thickness of the coatings, scratches pro-
duced during grinding still present on the surface of MgLi
alloy after 1min of treatment. The presence of Li or the
different lattice structure of the substrate does not signif-
icantly change the surface roughness of the coatings at
this stage and the respective Ra values are 0.58+£0.07 um

and 1.594+0.04 wm for MgLi alloy and 0.45+0.03 wm and
1.94+£0.02 um for pure Mg after 1 min and 3 min treatments.
However, the surface of the PEO coatings on MgLi alloy is
rougher after 10min and 20 min of treatment compared with
pure Mg. The Ra values of the PEO coatings on MgLi alloy
are 7.86+0.34pum and 5.59+1.12pum (Fig. 7(e) and (g)),
while the Ra values of the PEO coating on pure Mg are
6.43+2.31 wm and 4.31 £0.42 pm (Fig. 7(f) and (h)) respec-
tively. The healing effect of the discharges is herein revealed
at the later stage of PEO treatment. Since the PEO coatings
after 10min of treatment are thick enough to resist frequent
destructive B type of discharges, relatively soft discharges of
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Fig 8. Cross-sectional morphologies and EDS mapping results of PEO coatings at different duration of PEO treatment on MgLi alloy: (a) 1min, (c) 3min,
(e) 10min and (g) 20min; on pure Mg: (b) 1 min, (d) 3min, (f) 10min and (h) 20 min.

Table 1
Content of main elements (Mg, P, O, Na, Al) at the regions of A, B, C, D,
E and F in Fig. 6.

Elements (at.%) Mg P (0] Na Al O/Mg
A 15.5 16.5 58.9 8.9 0.2 3.80
B 25.6 21.7 46.5 6 0.2 1.82
C 26.1 16.9 51.5 5.4 0.1 1.97
D 17 19.3 55.7 79 0.1 3.28
E 235 16.7 53.8 5.8 0.2 2.29
F 26.5 19.5 47.2 6.7 0.1 1.78

A and C types are more likely generate at the pores and fis-
sures within the coatings. As a result, the sequential remelting
and sintering process could explain the modification of the
surface morphologies of the coatings with increasing treat-
ment time.

3.3.2. Cross-sectional morphology

The cross-sectional morphology and element distribution
of the PEO coatings on the two substrates after different treat-
ment times are depicted in Fig. 8. The typically layered coat-
ings are formed in both cases. A thin denser barrier layer can
be differentiated from the main outer porous PEO layer by a
pore bands (elongated horizontal cavity regions of agglomer-
ated pores). The pore band starts to be formed already after
I min treatment of both substrates and expands more in vol-
ume on both substrates with the increase of treatment time.
More and larger cavities are always present in the coatings
on MglLi alloy compared to pure Mg, corresponding to the
rough microstructure of the coating on MgLi alloy [61]. Dis-

tributions of Mg, O, P and Al are quite homogeneous across
the coatings regardless of the base materials and processing
durations. Nevertheless, Na originating from the electrolyte
concentrates around the edges of pores and large cavities and
on the coating surface (Fig. 8(e)-(h)) due to the penetration
of electrolyte.

The interface of the coating/MgLi substrate after 3 min
treatment is studied additionally in higher resolution. STEM
micrographs are shown in Fig. 9(a) and (b). By the differ-
ent contrast a narrow inner layer not more than 0.5 um thick
presents, which contains sporadic micro-pores. The distribu-
tion of Li and Al shows relative high intensity of Li at the
sites of MgLi,Al intermetallic and at the interface of coat-
ing/substrate (Fig. 9(c) and (d)). It seems as if Li is involved
in the early coating formation via the formation of conversion
products and remains enriched close to the coating/substrate
interface throughout the process.

The cross-sectional morphologies of the thicker PEO coat-
ings on MgLi alloy and on pure Mg after 10 min and 20 min
treatments are shown in Fig. 10. Since the discharges are the
driving force for the coating growth, the process is impeded
by the thicker coatings with increasing treatment time, es-
pecially from blocking the transport of the reaction species.
Nevertheless, beside the plasma discharge channels, frequent
cracks and defects are visible in the thicker outer layer on
both substrates. They are the additional pathways for the
species from the substrate and the electrolyte [21]. Thus, the
coating growth rate remains stable and constant with increase
of treatment duration. In addition, next to the pore bands the
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Fig 9. STEM micro images of interface of coating/ MgLi substrate after 3min PEO treatment (a) bright field, (b) dark field, (c) the distribution of Li and (d)

the distribution of Al.

inner layer allows a continuous growth due to electrolyte in-
ward diffusion and the generation of discharges within the
coating.

3.4. Wear resistance of PEO coatings

The friction coefficients as function of sliding distance
of the substrate materials and the different coatings running
against a steel ball under a load of 2N without additional
lubrication are displayed in Fig. 11. The friction coefficient
of pure Mg oscillates slightly around a value of 0.42+0.05
presenting an average wear rate of 4.51 x 107> mm?/ (N-m).
However, for the MgLi alloy the wear test is interrupted al-
ready after few cycles, because the friction force exceeds the
safety setting of the wear tests. The high ductility of the cu-
bic structured MgLi substrate has a higher friction coefficient
compared to the hexagonal Mg. Already after the few cycles
a clear wear track has formed in the soft MgLi substrate and
the material that has been worn off remains in the track as
shown in Fig. 12(a). PEO coatings can improve the wear per-
formance drastically. For the PEO coatings on MgLi alloy at
10 min and 20 min, both friction coefficients increase to about

0.62 within the first 2m of sliding remaining quite constant
up to 7m of sliding. Until the end of the test, the friction co-
efficient of the thicker coating (20min) fluctuates around 0.65
showing an average wear rate of 2.26 x 107> mm?/ (N-m). It
implies that there is no coating failure as manifested by the
remaining full coverage of PEO coating (Fig. 12(e)). How-
ever, the friction coefficient of the thinner coating (10min
treatment) rises to a value of 0.85 within the remaining slid-
ing distance but the coating is not failing. The worn track
of the sample in Fig. 12(c) unveils an average wear rate of
3.823 x 1073 mm?/ (N-m), which is related to the lower load
bearing capacity and the coating being deeper pressed into
the soft substrate.

The coating on pure Mg after 10min treatment shows a
rapid rise of the friction coefficient to 0.77 at the initial slid-
ing and then some slight oscillations. Without coating fail-
ure (Fig. 12(d)), the average wear rate of the coating is
3.75 x 107> mm?/ (N-m). For the thickest coating on pure Mg
after 20min of processing, the first increase of the friction
coefficient reaches a relative low value of 0.5 at the first 2m
of sliding. After that, the friction coefficient ramps constantly
to a final value of 0.72 after 10 m sliding distance. Compared
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Fig 10. Cross-sectional morphology of PEO coatings on MgLi alloy: (a) 10min and (c) 20min; and on pure Mg: (b) 10min and (d) 20 min.
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Fig 11. Variation of friction coefficients versus sliding distance for pure Mg
substrate and the PEO coatings on MgLi alloy and pure Mg.

to the other coatings, the thicker coating on pure Mg has the
lowest wear rate of 1.15 x 107> mm?/(N-m).

3.5. Corrosion behavior of PEO coatings

The Nyquist and Bode plots in Figs. 13 and 14 compare
the respective responses of substrate materials and PEO coat-
ings (1 min, 3min, 10min and 20 min) on the MgLi alloy and
the pure Mg in 0.5 wt% NaCl aqueous solution with con-
tinuous immersion up to 48h. For the uncoated MgLi alloy

(Fig. 13(a)), one well-defined time constant is detected in the
medium frequency range (~10Hz) after different immersion
times, which could be ascribed to the response of the native
oxide film. At low frequencies there is a relaxation process
(~0.2Hz) assigned to the double layer capacitance and charge
transfer resistance. The shrink of capacitive loops and drop
of the total impedance during 48h immersion confirm the
less protection of the oxide film and the active dissolution of
MgLi alloy. The well-defined time constant corresponding to
the native oxide film at medium frequencies is also found for
uncoated pure Mg (Fig. 14(a)) as well as the low-frequencies
relaxation process during 48h of immersion. However, the
expanding of the capacitive loops and the increased sum of
impedance modulus evidence the increase of stability of the
oxide film.

Fig. 13(b)-(e) clearly illustrate the degradation processes of
PEO coatings on MgLi alloy. The coating after 1 min of PEO
processing increases the total impedances slightly until 12h of
immersion. Although the layered structure of the coating has
been revealed, there is only one well-defined time constant
assigned to the inner layer. Afterwards, a relaxation process
presented as scattering at the low frequencies reveals the fail-
ure of the coating as a result of the local breakdown of the
coating. For the coating after 3 min of PEO treatment, a sim-
ilar behavior with only one capacitive loop in the medium
frequency range can be seen after 24h of immersion. This
explains the corrosion resistance of the coating, which how-
ever deteriorated after 48h immersion (corrosion pits were
observed). The initial test (5min immersion) of the obvious
two layered coating on MgLi alloy after 10min PEO treat-
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Fig 12. Worn tracks of substrate materials, PEO coatings and counter parts
pure Mg: (b) pure Mg, (d) 10min and (f) 20 min.

ment demonstrates the efficient protection of the inner layer.
However, the shrink of the capacitive loop at the medium fre-
quency with increasing immersion time afterwards indicates
the gradual degradation of the coating. As for the PEO coat-
ing on MgLi alloy after 20min of PEO processing, the Bode
plots at high frequencies (~6 x 10*Hz) demonstrates the re-
laxation process of the outer layer during the immersion due
to the remarkable thickness hindering the penetration of the
solution. The full penetration of corrosive solution through the
outer layer is revealed after 12h of immersion. Afterwards,
the relaxation process at high frequencies is no longer dif-
ferentiable and the outer layer contributes nearly nothing to
the high frequency impedance. PEO coatings on MgLi alloy
can effectively inhibit the penetration of corrosive solution
and thus delay the corrosion process in comparison to the
bare MgLi alloy. The higher total impedance |Z| of the coated
MgLi specimens in Fig. 15 also claims that the PEO coating
can significantly improve the corrosion resistance. Further-
more, the corrosion resistance of the coating increases with
treatment time from 1 min to 3 min. However, after 10 min and
20 min of processing the |Z| values decrease rapidly and show
a similar trend with immersion time, which could ascribed to
the high porosity of the coating after longer treatment.

In Fig. 14(b) the initial measurement (after 5 min of immer-
sion) of the coating on pure Mg after 1 min of PEO treatment
validates the increase of the total impedance in respective
to pure Mg. However, the shrink of the capacitive loop at
medium frequencies (~10Hz) correlated to the coating after
1h of immersion demonstrates the immediate deterioration of
the coating. The morphology of the exposed region also re-
veals scattered corrosion pits at the exposed coating. For the
coating obtained after 3min of PEO treatment after the im-
mersion from Smin to 1h (Fig. 14(c)), the similar behavior as
the coating after 1 min of PEO treatment reveals the degrada-

on MgLi alloy: (a) MgLi alloy (unfinished), (¢) 10min and (e) 20min; and on

tion of the coating. The total impedance of PEO coatings on
pure Mg after 10min and 20min of PEO treatments at ini-
tial immersion stage is two or three order of magnitude higher
than that of the pure Mg substrate, ascribed to the dense inner
layer. A capacitive impedance (Fig. 14(d) and (e)) observed at
high frequencies (~10° Hz) is associated with the evolution of
the outer layers. The response of outer layer at high frequen-
cies disappears gradually in course of immersion due to the
penetration process through the thickness. The gradual degra-
dation of the coatings can be inferred from the sharp shrink
of the capacitive loop at medium frequency (inner layer) af-
terwards. PEO coatings on pure Mg show a slight improve-
ment in corrosion resistance compared to bare Mg and the
total impedance value increases with the treatment time from
1min to 20 min. In summary, the evaluation of the PEO coat-
ings on pure Mg demonstrates a better corrosion resistance
in comparison to the coatings on MgLi alloy as revealed by
the larger magnitude of total impedance at 0.1 Hz (Fig. 15).

4. Discussion

The alloying of Li (11.36wt.%) to Mg transforms the
hexagonal «-Mg to a cubic B-Mg. However, it is not possible
to assign the observed changes in the PEO process directly to
the lattice structure of the two materials since the presence of
Li also changes the electrochemical stability of the alloy and
of corresponding coatings further. Thus for the MgLi alloy
a discrepancy in voltage-time response to the applied cur-
rent density results in the different coating thicknesses under
equal basic PEO processing conditions. The sluggish increase
of the voltage for MgLi alloy does not delay the initiation of
plasma discharges since the critical dielectric breakdown volt-
age is reached at the same treatment time around 15 to 30s,
although about 40V lower than that of pure Mg. The reason
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Fig 13. EIS results of PEO coatings on MgLi alloy: (a) bare substrate, (b) 1 min, (c¢) 3min, (d) 10min and (e) 20 min.

for the lower breakdown voltage might be a higher conduc-
tivity of the coating due to the incorporation of Li in the
initial conversion layer. Since the PEO process is following
Faraday’s laws [62], a lower electrical resistivity of the bar-
rier oxide layer is established on MgLi alloy against the flow
of current compared to pure Mg. The lower voltage of MgLi
alloy also implies less energy input for the coating growth
thus a thinner PEO coating in the results [63] in terms of
constant current-driven process. The efficiency of the energy
input (voltage) on coating growth with the duration of PEO
treatment could be evaluated by the coating growth rate rel-
ative to the voltage. Hence, after 20 min of PEO processing,

the average efficiency of the energy input for MgLi alloy is
0.13 wm/(V-min), higher than 0.11 wm/(V-min) for pure Mg.
There might be a positive role of Li for coating growth on
MglLi alloy as well as energy conservation, since a lower volt-
age is sufficient to excite the species of MgLi alloy involving
them in the plasma discharges during the process.

At the initial stage of PEO processing the conventional
anodization is dominant for both substrates. The conversion
products of MgLi alloy are preferentially accumulated on the
MgLi,Al intermetallics, appearing mainly as fine protuber-
ances due to aluminum oxide, which has better adherence to
the substrate and higher Pilling-Bedworth ratio of 1.28 than
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MgO (Pilling-Bedworth ratio 0.804). In spite of the partici-
pation of Li in the plasma reactions, it seems that Li only
presents in the primary conversion products at the interface
between coating/MgLi substrate, as the corresponding Li ox-
ide/hydroxide is freely soluble in aqueous alkaline solutions.
After longer PEO processing (10 min and 20min), there are
the large amount of bright particulates formed on the coat-
ing of MgLi alloy around the micro-pores. The main coating
composition (MgO and Mg3(PO,),) have O/Mg atomic ratios
of 1.00 and 2.67, respectively. The O/Mg atomic ratios of the
areas without the particulates (B, C, E and F in Fig. 6) falls
into the range of 1.00-2.67 exactly evidencing the main phase

composition of MgO and Mg3(POy),. Interestingly, the O/Mg
atomic ratios of the particulates (A and D in Fig. 6) are far
beyond the range of 1.00-2.67 and even reach the values of
3.80 and 3.28 respectively, indicating overwhelming O at the
bright particulates of the PEO coating on MgLi alloy. Com-
bined with the higher concentration of element P and Na in
the particulates, the sintering of the electrolyte (NazPO,4) on
the surface of the coatings is reasonable due to the local high
temperature.

After equal processing time, PEO coating on MgLi alloy
always exhibits higher inner porosity, which can be partly
associated with the type of discharges since the plasma re-
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actions involving Li in comparison to pure Mg. Further, the
lower stability of the PEO coating on MgLi alloy could be
also responsible for the more porous coating, considering the
rapid dissolution of the coating under the elevated temper-
atures and alkaline conditions, which appear in the coating
pores. Additionally, the gas generation could be also respon-
sible for the high porosity. The excess formation of oxygen
gas during PEO processing can be trapped within the coating
and present as coating porosity due to the quick solidification
of the melted coating.

After PEO treatment, the wear and corrosion resistance of
the coating evolves, compared with the uncoated MgLi alloy
and pure Mg. Nevertheless, they are mostly dependent on the
microstructure of the coatings such as the coating thickness,
uniformity, porosity and other defects. In our case, the higher
porosity within the PEO coatings on MgLi alloy having lower
thickness particularly after longer duration of PEO treatment
(10min and 20min) results in the less resistance of the coat-
ings in comparison to pure Mg.

5. Conclusion

(1) The presence of Li and the Li containing intermetallics
modified the behavior of the PEO process on the MgLi
alloy. A lower breakdown threshold of the initial dielec-
tric layer on MgLi alloy maintains the progress as that
of pure Mg in terms of the slower increase of the volt-
age for the MgLi alloy. The efficiency of energy input
(voltage) for coating formation on MgLi alloy is higher
than that of pure Mg.

(2) PEO coatings were mainly composed of MgO and
Mg3(POy);. Though the Li-containing phase was not
found in the coatings of MgLi alloy, Li was probably
incorporated in the primary conversion products at the
interface of coating/MgLi substrate during the process-
ing.

(3) Due to the less energy input (voltage), the sintered par-
ticulates from the insufficient recrystallization around

T. Wu, C. Blawert, X. Lu et al./Journal of Magnesium and Alloys 9 (2021) 1725-1740

the micro-pores on the surface of PEO coatings on
MglLi alloy, is mainly originated from the electrolyte.

(4) The wear and corrosion resistance of the PEO coatings
on MgLi alloy and pure Mg were improved compared
with the uncoated substrates, but especially the corro-
sion resistance was quite poor for all coatings. The less
stable coatings of MgLi alloy having the higher inner
porosity even present the lower resistance to wear and
corrosion.
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Results

5.1.2 PEO of polymorph structured Ti6Al4V alloy

Paper 2: Ting Wu, Carsten Blawert, Maria Serdechnova et al., Role of polymorph microstructure of
Ti6Al4V alloy on PEO coating formation in phosphate electrolyte, Surface & Coating Technology
428(2021). https://doi.org/10.1016/j.surfcoat.2021.127890
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Since the comparison of PEO coating formation on the separate a-Mg and -Mg did not show obvious
difference, the work moved forward to a biphasic substrate, to have a closer observation of the lattice
difference on the coating formation process.

In paper 2, the work investigated the influence of polymorph microstructure of Ti6Al4V alloy on PEO
coating formation under the control of constant current density (3, 5 and 10 A/dm?). Ti6Al4V alloy
contained typical hexagonal a-Ti with enrichment of Al and body-centered -Ti phases enriched with
V. In an in-situ PEO measurement, it has been elucidated that the high solubility of O in a-Ti lattice
resulted in the lattice expansion before the formation of Ti oxides. The absence of B-Ti was correlated
with its low amount in the substrate and possibly the fast transformation of B-Ti into a-Ti due to the
rapid oxygen penetration. The transformation to crystalline Ti oxides was highly related to the
temperature (voltage). With the treatment time, rutile and anatase were formed at certain voltage,
however; they just disappeared at higher voltage and showed up again after switching-off HV. In the
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Results

ex-situ PEO treatment, the development of discharges started preferentially on B-Ti phases, mainly at
the grain boundaries. Besides, the sintered morphology appear on the same locations where B-Ti phases
were originated. With increasing of processing time, the surface morphology of PEO coatings became
more uniform, but revealed still differences for a while as a consequence of the discharges starting
earlier on the dielectric layer on B-Ti phases. In addition, the higher current density accelerated the
formation of a more uniform coating. Hence, regarding the idea to produce a uniform coating on
Ti6AI4V alloy, further investigation could pay attention to either extend the processing time or further

increase the energy input.
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In this work, the formation behavior of PEO coatings on polymorph Ti6Al4V alloy with two different lattice
structures (hexagonal close packed o-Ti and cubic body centered B-Ti phases) was studied, using two galva-
nostatically controlled processes. The phase formation as a function of treatment time was studied ex-situ locally
on the two Ti phases by interrupting the treatment after certain time intervals and in-situ continuously in an
integral manner by recording diffraction patterns from the changing surface during the PEO process. The initial
discharges were preferred to start on B-Ti phases localized at the grain boundaries and then extends to the
surrounding o-Ti grains. The presence of o- and p-Ti phases was also responsible for the different local coating
surface morphology. A highly sintered morphology and larger-sized micro-pores developed firstly on the layer on
B-Ti phases, with higher concentration of vanadium. These findings highlight the importance of microstructure of
Ti6Al4V alloy on the formation of PEO coatings. Under the selected conditions of PEO processing, the higher
current density promotes the growing of the coating and reduces the surface roughness of the resultant coating.
The ex-situ characterization of the coatings after certain periods shows that the final coatings mainly consist of
anatase, rutile and an amorphous phase containing phosphorous. The formation of rutile, transformed from
anatase, is influenced by the effective temperature of the discharges, thus the ratio of anatase to rutile is
decreasing with treatment time. The in-situ characterization of phase evolution showed the formation of an
amorphous phase in parallel with an expanded a-Ti phase, which is a result of oxygen incorporation into solid
solution into the titanium lattice. Interestingly, the main formation of crystalline phases occur only when the HV
is turned off and the coating obviously cools down.
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1. Introduction

Plasma electrolytic oxidation (PEO) is a surface modification tech-
nique derived from conventional anodization under a high applied
voltage (up to a few hundred volts) [1-5]. It is also known as an efficient
and environmentally friendly process to produce durable ceramic-like
coatings on metallic substrates, such as Al [6,7], Mg [8,9], Ti [10,11],
Zr [12,13] and Nb [14,15] and their alloys. The process is typically
accompanied by the occurrence of numerous micro-discharges on the
surface of specimens in addition to an electrochemical and chemical
dissolution and deposition [8,16]. The coatings are generally composed
of amorphous and crystalline phases synthesized from the species

* Corresponding author.
E-mail address: ting.wu@hereon.de (T. Wu).

https://doi.org/10.1016/j.surfcoat.2021.127890

originated from substrate material and electrolyte [17-19]. As a result of
the discharge channels and gas evolution, PEO coatings inherently
contains noticeable porosity, thus a post sealing is necessary in severe
application conditions [5,20-24].

The main advantages of PEO coatings are improved corrosion [25]
and wear resistance [26,27] together with other additional properties
such as bioactivity [19], photocatalysis [28], and thermal stability [29].
It is now well established that the substrate materials play a significant
role in the coating formation process and have a serious effect on the
coating properties [2,6,8,25,30-34]. The incorporation of alloying ele-
ments can modify the coating composition and microstructure [6,8], and
further offer enhanced surface wear and corrosion resistance [32]. Such
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Fig. 2. (a) and (b) SEM (BSE, back scattered electron) images with elemental distribution, and (c) XRD pattern and of Ti6Al4V alloy.

an influence comes from the altered behavior of discharges with the
alloying elements incorporated [35-38]. The discharges are recognized
as the driving force for coating growth [4,39,40], stimulating various
thermal-driven reactions, and facilitating the formation of high-
temperature stable phases in the coating. The variation of substrate

composition and microstructure makes it possible to change the nature
and distribution of discharges in time, and subsequently influence the
composition, microstructure and properties of PEO layers [8].

PEO processing of Al and Mg alloys have been extensively studied in

respect to their different composition and microstructure
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Fig. 3. Voltage-time curves of PEO process as a function of time for phosphate-
base electrolyte.

[6,8,32,41-45]. At the initial stage of PEO processing, different evolu-
tion behavior was disclosed in local sites where secondary phases, in-
termetallics or precipitates are present in the matrix [6,8,46]. As a
result, the initial conversion layer was not uniform and a distinguishable
local morphology could be observed [32,33]. The fast-moving dis-
charges then can mostly eliminate the heterogeneity through continu-
ously restructuring the layer, and finally producing uniform coatings as
far as suitable electrical parameters, electrolyte constituent and pro-
cessing times are applied [2]. The electrochemical potential and
chemical stability as well as the distribution of the phases in the alloys
also show an influence on the coating growth and properties. For
instance, electrochemically and chemically inert Saffil alumina fibers in
Mg composite material interrupted the continuity of the coating, espe-
cially at the interface of the coating and substrate. Only partially and
stepwise the fibers were incorporated into the coating through reaction
with MgO near the coating surface.

In terms of titanium and its alloys, they have received increased
attention for a number of applications in recent years [47,48]. Ti6Al4V
alloy is one of the most commonly used titanium alloys and typically
contains a- and -Ti phases [49,50]. PEO coated Ti6A14V alloy shows not
only a good corrosion and wear resistance [51-53], but also potential in
biomedical and photocatalytic applications in regard to TiO5 as the main
constituent in the coatings [54-56]. So far, there was not much attention
paid to the effect of the polymorphous microstructure of Ti6Al4V alloy
on the PEO coating formation [57-59], which can provide insight to the
fundamental understanding of the PEO process on Ti alloys. In the
present study, the respective coating evolution behavior on a- and f-Ti
phases in Ti6Al4V alloy during PEO processing has been investigated in
a phosphate electrolyte both ex-situ and in-situ. Phase composition and
microstructure of the coating was analyzed as a function of processing
time and current density applied, in order to understand the coating
formation process on Ti6Al4V alloy and reveal the role of the substrate
microstructure in PEO treatment.

2. Experimental

Specimens of Ti6Al4V alloy (7.564 wt%Al, 2.809 wt% V, 0.097 wt%
Mn, 0.182 wt% Fe, 0.102 wt% Ge, 0.104 wt% Nb, 0.108 wt% Sn, 0.574
wt% Ta, Ti balance), with the respective sizes of 20 mm x 16 mm x 4
mm and 15 mm x 15 mm x 4 mm, were used as anode material sub-
jected to the ex-situ and in-situ PEO treatment.
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2.1. Ex-situ experiment

The standard PEO set-up (Fig. 1(a)) included a pulsed DC power
source and a cathode stainless steel tube (surface area ca. 5 dmz) inte-
grated with the cooling system by circulating water through the tube, to
keep the temperature of the electrolyte at 20 + 2 °C. An electrolyte with
the composition of 20 g/L NasPO,4 and 1 g/L KOH was used for PEO
processing. Magnetic stirring was used to agitate the electrolyte keeping
it homogeneous and to avoid temperature gradients. The specimens
were treated for 15's, 30 s, 60 s, 300 s and 600 s respectively, under two
different current densities of 5 and 10 A/dm? at a duty cycle of 10% and
a frequency of 100 Hz. The selection of the two current densities is based
on the principle that, the lower one (5 A/dm?) provides the better option
to follow the PEO process especially at the early stage, while the higher
current density (10 A/dm?) speeds up the coating formation process and
ensure a more uniform coating in the same time. The voltage response as
a function of processing time during the treatment was record with a
data acquisition system (SignaSoft 6000 software package, Gantner,
Germany). Additionally, a model experiment according to a set-up
suggested by ref. [60] was performed with a pure o-Ti (pure Ti)
coupled with p-Ti (T-35Nb-6Ta) using the same parameters with the
standard PEO set-up to further confirm the different discharging
behavior on different Ti phases. The appearance of discharges and the
current was recorded as a function of treatment time.

Surface morphology and surface roughness of the coatings were
characterized with a laser scanning confocal microscope (LSM 800,
ZEISS). A scanning electron microscope (SEM, TESCAN Vega3 SB)
equipped with an energy dispersive spectrometer system (EDS, eumeX
IXRFsystems) was used to observe the surface and cross-sectional
morphology and evaluate the elemental composition of the coatings. A
microprocessor coating thickness gauge (MiniTest 2100, ElektroPhysik)
was adopted to measure the coating thickness. Additionally, the coating
thickness was validated from the SEM cross-section observations. X-ray
diffraction (XRD, D8 Advance, Bruker AXS) with Cu Ko radiation
(wavelength 0.15406 nm) was applied to analyze the crystalline phase
composition of the substrate and the coatings. The measurement was
performed at the voltage of 40 kV and the current of 40 mA. The detailed
parameters selected in the measurement included a diffraction angle 20
range between 20° and 80°, a step size of 0.02° and a dwell time of 1 s,
with a grazing angle of 3°. The evaluation and variation of phase
composition across the thickness of the coating (10 A/dmz, 600 s) was
carried out using the nano focus end station of the beamline P03 at
PETRAIII storage ring, at Deutsches Elektronen-Synchrotron (DESY,
Hamburg, Germany) [61]. The X-ray beam energy of 19.7 keV (beam
size 1.5 x 1.5 pm) was used. The sample was scanned across the surface
by the beam in steps of 2 um in vertical and 4 pm in horizontal direction
finally covering an exposure area of 80 x 80 pm. Each XRD pattern was
acquired by an Eiger 9 M detector with an acquisition time of 0.5 s and a
pixel size 75 x 75 pm. Data reduction was attained employing an in-
house developed Matlab® code and the PyFAI [62] routine. The
diffraction patterns concerning scattering angle 20 were converted to Cu
K-alpha radiation (wavelength 1.5406 A). A lab-made Python script was
operated to analyze and construct two-dimensional phase map graphics,
in order to reveal the phase distribution across the coating thickness.

2.2. In-situ experiment

In order to further track coating formation and unveil the phase
evolution in time-resolution during PEO processing, additional in-situ
characterization of PEO formation process was conducted at the beam-
line P23 at PETRAIII storage ring (DESY). Fig. 1(b) illustrate the sche-
matic set-up of the in-situ measurement, while Fig. 1(c) shows a
specimen during PEO processing. To minimize background scattering
achieving a good diffraction signal the cell set-up was changed in
comparison to the standard set-up (Fig. 1(a)) in a way that only a thin
film of electrolyte was continuously running over the specimen surface.
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Fig. 4. Surface morphology of PEO coatings at 5 A/dm? after different treatment time: (a) 15 s, (b) 30 s, (¢) 60 s, (d) 300 s and (e) 600 s in phosphate-based

electrolyte.

In spite of using the same power supply and nominally the same pro-
cessing parameters, the different arrangement and size of the counter
electrode resulted in a different voltage response (see Figs. 3 and 15).
Thus, even under identical electrical PEO parameters, the behavior of
the PEO process in the in-situ DESY cell and standard lab cell are not the
same due to the different geometry of the cells and no cooling integrated
in the DESY cell set-up. The voltage ramp in the DESY set-up is much
faster and therefore a voltage limit of 500 V was preset and the tem-
perature of the electrolyte was recorded at the end of the treatment,
because there was no additional cooling system added. The only cooling
was obtained by pumping continuously new electrolyte from a 1 L
reservoir to the specimen. In the DESY cell set-up, the 10 A/dm? treat-
ment was almost an ideal constant voltage treatment at 500 V while the
5 A/dm? treatment was similar to the 10 A/dm? standard cell treatment.
To have a comparison with the 5 A/dm? standard cell treatment, an
additional current density of 3 A/dm? was adopted for the DESY cell set-
up. Furthermore, it can slow down the coating formation process effi-
ciency by delaying the voltage increase and thus the PEO process. The

lower current density is beneficial to track the progress with more de-
tails by the diffraction experiments. During the PEO processing, the X-
ray diffraction data acquisition was performed synchronously with a
beam energy of 25 KeV and a beam size of 0.4 x 0.4 mm. To minimize
signal from the substrate, measurements were performed in grazing
incidence geometry with an incidence angle of 0.5°. Single diffraction
pattern were continuously acquired throughout the PEO process by a
Lambda detector with a pixel size 55 x 55 pm and a measurement time
of 100 ms (10 frames per second). After the HV was turned-off (at 10
min), the acquisition of the diffraction pattern continued for around 5
min more. Data reduction was attained employing an in-house devel-
oped Matlab® code and the PyFAI [61] routine. Afterwards, the in-situ
treated specimens were also measured using X-ray diffraction (XRD, D8
Advance, Bruker AXS) with Cu Ko radiation (wavelength 0.15406 nm) at
the same settings as the ex-situ processed specimens however with a
grazing angle of 10°.
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Fig. 5. Overlap elemental mapping of PEO coating on Ti6Al4V alloy at 5 A/dm? (a) 15 s, (b) 30 s, (c) 60 s, (d) 300 s and (e) 600 s in phosphate-based electrolyte.

3. Results alloy due to the high solid solution ability of the alloying elements in the
Ti matrix. XRD pattern in Fig. 2 (c) validates the main signals of o-Ti

3.1. Microstructure of Ti6Al4V alloy phase and the presence of few p-Ti phase peaks with much lower in-
tensity. Fig. 2 (a) shows the microstructure of the substrate including the

Fig. 2 illustrates that Ti6Al4V alloy contains a-Ti phase (hexagonal) equiaxed o-Ti grains with the distribution of p-Ti at the grain bound-
stabilized by aluminum and B-Ti phase (cubic) stabilized by vanadium. aries. The main elemental composition/distribution (titanium,
Different from Al and Mg alloys, intermetallics are absent in Ti6Al14V aluminum and vanadium) in the substrate is revealed in Fig. 2(b), which
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B-Ti

initial discharge

Fig. 6. Evolution of discharges on coupled o-Ti and f-Ti substrates.

obviously illustrates the distribution of the two phases. The a-Ti contains
a higher aluminum content of 8.1 &+ 0.3 wt% and only 1.1 + 0.5 wt% of
vanadium. However, the B-Ti consists of a higher vanadium content of
11.4 + 0.6 wt% and 4.8 + 0.1 wt% of aluminum.

3.2. Voltage - time response during PEO processing

The changes of voltage as a function of treatment time at two
different current densities for PEO processing of Ti6Al4V alloy using the
standard set-up and phosphate-based electrolyte are shown in Fig. 3.

Regardless of applied current density, the voltage increases rapidly from
the beginning of the processing and the first discharges appears at
around 190 V. A steeper voltage ramp is revealed with increasing cur-
rent density from 5 to 10 A/dm?. The higher current density obviously
facilitates the layer deposition/growth, and thus the electrical resistance
of the layer raises faster and stimulates the more rapid increase of
voltage to maintain the pre-selected current density. According to the
change of voltage ramp, it is possible to divide the PEO process into four
stages. At the initial stage prior to the occurrence of discharges, the
voltage shows a linear dependence on treatment time, which is typical

93



94

T. Wu et al.

60
~ )
‘ B-Ti
5 i /
< ‘
240 %
? ’ [ ; y
[ | I Ti
o w ‘ o-11 I
5 [ " |
5 L |
320 ‘
0 T T T T T T T
0 100 200 300 400 500 600
Time/s

Fig. 7. Change of current density as a function of processing time for coupled
o-Ti and B-Ti substrates.

Table 1
Atomic content of main coating forming elements at local areas of the PEO
coating after 15 s of processing.

Ti Al v o P Na K
A 42.338 7.23 0.072 46.429 3.46 0.444 0.026
B 35.299 4.831 1.58 44.462 13.358 0.435 0.035
C 52.07 10.832 0.316 26.267 6.687 2.536 1.302
D 33.952 5.599 2.437 40.722 14.079 2.149 1.061

for conventional anodization. Acoustic emission can be noticed at this
stage when the voltage increases to 150-160 V after around 4 s. The
discharges start at ca. 10 and 7 s (190 V) under the current density of 5
and 10 A/dm? respectively. After the occurrence of discharges, the
voltage ramp declines significantly. The second stage is characterized by
the fast migration of white micro-discharges. With slow increasing of
voltage, the discharges grow in size, however, their population de-
creases in the third stage. The size and mobility change is also accom-
panied by a color evolution from white to yellow-orange. The fourth
stage for 5 A/dm? does not really reach since the voltage change is not
obvious and the final voltage for this condition is 330 V. Nevertheless,
for the higher current density, the discharges become larger but their
density decreases further with prolonged treatment time in the last
stage. The voltage becomes more stable with lower increase rate and the
final voltage is 450 V after 600 s of processing.

3.3. Surface morphology

Fig. 4 shows the evolution of surface morphology of the coatings with
processing time under 5 A/dm? in the phosphate-based electrolyte. It is
apparent that micro-pores have been formed on the coating surface
already after 15 s of processing (Fig. 4(a)), and the obvious sintered
morphology can be recognized in contrast to the uniform anodized
surrounding. The first discharges are observed already at 10 s, and the
formation of the micro-pores and the sintered surface around is a
consequence of the discharges. With closer observation of local
morphology in Fig. 4(a) on the right side, it is interesting to notice that
the larger micro-pores with surrounding sintered morphology seem to
start at the grain boundaries. Their presence even make the grain
boundaries more visible. Fig. 5(a) discloses the respective overlap
mappings of phosphorous/vanadium and phosphorous/aluminum on
the surface after 15 s. In the center of the micro-pores, vanadium is
detected, around which the segregation of phosphorous can be found on
the sintered coating materials. However, the surface areas with
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accumulation of aluminum do not contain any micro-pores left by dis-
charges. Tracking of the elemental distribution suggests that the dis-
charges initially occurred on the p-Ti phase rather than on «-Ti phase. In
order to validate this observation, a model experiment was designed
with a different pure § —Ti alloy coupled to pure a-Ti. The PEO process
of coupled o-Ti and B-Ti substrates under the same condition demon-
strates the discharges are firstly appearing on the surface of 3-Ti speci-
mens and only after that on o-Ti (Figs. 6, 27 s). Since the voltage is the
same, the change of current density as a function of processing time in
Fig. 7 reveals a higher current passing through the layer formed on B-Ti
at the very beginning stage. It further confirms the observation of initial
discharges/micro-pores appearing on B-Ti. Then, tiny discharges rapidly
envelope the surface of o-Ti specimen (Figs. 6, 35 s). At this stage, the
discharges are found on both specimens, while the current density
(Fig. 7) indicates actually that they are stronger on o-Ti specimen after
the initiation of the breakdown. After around 100 s of treatment,
stronger discharges (higher current density) are always noticed on $-Ti.

Table 1 illustrates the higher content of vanadium and phosphorous,
and lower aluminum content in area B (sintered porous appearance)
compared to the area A (uniform appearance). Thus, the original het-
erogeneity in the microstructure of Ti6Al4V alloy influences the early
growth of PEO coating and is a consequence of the earlier breakdown of
the dielectric layer on p-Ti phases.

With treatment time prolonging to 30 and 60 s, the sintered
morphology becomes more pronounced (Fig. 4(b) and (c)) and is
extending beyond the local areas related to p-Ti phases starting to cover
more or less the entire coating surface (Fig. 5(b) and (c)). There are
almost no discharges on the «-Ti phases firstly because the layer is
denser and discharge energy is not high enough. Only with increasing
time, the coating is growing thicker on the $-Ti phases and require even
more energy to drive the discharges. At this point discharges also appear
on o-Ti phases. The size of micro-pores also increases obviously, indi-
cating that the intensity of discharges elevates due to the continuous
increasing of layer resistance, stimulating further increase of voltage.
Fig. 4(d) displays that the coating surface is fully covered with micro-
pores after 300 s of PEO processing, which are mainly of similar size
and shape compared to those in Fig. 4(c), but in addition, some larger
micro-pores can be found on highly sintered islands. The island
morphology is associated with the stronger discharges at the last stage of
PEO processing and reduced discharge population. After 600 s of pro-
cessing, Fig. 4(e) shows that the highly sintered islands developed
further and started to interconnect each other. With increasing pro-
cessing time, the vanadium distribution became more uniform, none-
theless, the accumulation of aluminum is still distinguishable in regions,
where the micro-pores are still smaller and the coating is thinner (Fig. 5
(d) and (e)). Some micro-cracks can be observe on the sintered islands,
which could be a result of thermal stresses [63,64] due to the large heat
release from the discharges.

Fig. 8 presents the change of surface morphology of PEO coatings
after the same treatment times, but under higher current density of 10
A/dm? in phosphate electrolyte. Although the higher current density
accelerates the process and the increase of voltage is more rapid, a
similar sintering morphology is still recognized in Fig. 8(a) after 15 s of
processing. The elemental content of area C (less sintered) and D (highly
sintered) in Table 1 indicates a higher vanadium content at D, also
suggesting stronger sintering (arcing) is preferred to occur at the B-Ti
phase. From 15 to 60 s (Fig. 8(a-c)), it is evident that the highly sintered
morphology is gradually spreading to the entire surface, similar to the
evolution under 5 A/dm? but much faster. However, with increasing
processing time to 300 s, the coating surface as seen in Fig. 8(d) becomes
more uniform in comparison to the surface morphology prepared under
5 A/dm?, and the size of micro-pores seem to be decreased in general
values. There are sintered islands showing hazy boundaries that can be
only recognized by the slightly larger micro-pores in contrast to the
surroundings. The sintered islands evolve and cover the entire surface
with further processing. After 600 s of treatment, the coating shows
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Fig. 8. Surface morphology of PEO coatings at 10 A/dm? after different treatment time: (a) 15 s, (b) 30 s, (c) 60 s, (d) 300 s and (e) 600 s in phosphate-based

electrolyte.

almost uniform surface morphology with a wider distribution of micro-
cracks Fig. 8(e).

Fig. 9 reveals that the surface roughness increases with processing
time. The surface roughness Ra of the coatings under 5 A/dm? increases
from 0.69 + 0.18 to 1.45 + 0.25 and finally to 3.11 + 0.18 pm, and for
10 A/dm?, it increases from 1.01 & 0.07 to 1.91 £ 0.17 and 2.19 + 0.28
pm. This correlates with the SEM observations (Fig. 4(c-d) and Fig. 8(c-
d)) and demonstrates that finally with the higher current density a more
uniform and flatter surface is obtained.

3.4. Cross-sectional morphology

The cross-sectional observations combined with elemental maps of
the coatings prepared in phosphate-based electrolyte are shown in
Fig. 10 and Fig. 11 in respect to different processing time (15, 30, 60,
300 and 600 s) and current density (5 and 10 A/dmz). Many studies have
reported a layered morphology of PEO coatings [28,64,65]. For the
processing under 5 A/dm?, the coating firstly shows a compact and thin
layer consisting of only few micro-pores after 60 s of treatment (Fig. 10

(a) and (b)). With increasing processing time, a thicker outer porous
layer and a thinner inner layer with smaller micro-pores can be found. A
similar evolution can be observed for the coatings prepared under higher
current density of 10 A/dm? in Fig. 11, however, it looks as if the final
coating is less porous. According to the contrast in BSE images, one can
find in Fig. 11(a) and (b) that some tiny micro-pores are primarily
accumulated at the interface of coating and substrate, where p-Ti phase
can be recognized. This further confirms that the initial discharges are
preferred to start at the layer on the B-Ti phase, and agrees with the
initial surface sintered morphology on B-Ti phase in Fig. 8. Gas is
captured in the melted volume and entrapped after rapid cooling down
when the discharges are turned off. It can be seen from the cross sections
that the coating thickness is proportional to the processing time and
current density. The elemental mappings indicate that all coatings
contain titanium, aluminum, vanadium, oxygen, phosphorus, sodium
and potassium, suggesting a contribution of substrate material and
electrolyte species in the coating formation process. Closer analysis of
the mapping results shows a contrast gradient of phosphorous across the
coating thickness, which develops gradually with processing time. It
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Fig. 9. Surface profiling of PEO coatings after (a) 60 s, (b) 300 s and (c) 600 s of processing under 5 A/dm?, and after (d) 60 s, (e) 300 s and (f) 600 s of processing

under 10 A/dm? in phosphate-based electrolyte.

might lead to a change of phase composition across the coating thickness
and further discussion will follow in the coming sections.

The change of coating thickness as a function of processing and
current density is presented in Fig. 12. The coating thickness increases
with treatment time, and the coating grows more rapidly for the first 60 s
of treatment and then slows down with further processing time. The
average coating thickness at higher current density is always higher than
at 5 A/dm?, whereas, the difference is not that significant. Doubling the
current density is by far not resulting in a twice-fold increase of coating
thickness.

3.5. Phase composition

The XRD patterns of the PEO coated Ti6Al4V specimens formed
under different current density and processing time are displayed in
Fig. 13. It reveals two TiO phases namely anatase and rutile in the
coating, in combination with amorphous phases, which are visible by a
broad halo in the diffraction patterns at two theta ranging from 20° to
30°. For both used current densities, anatase is revealed after only 15 s of
processing. With prolonged treatment time until 60 s, the intensity of the
scattering peaks for anatase increase further. The formation of rutile
shows a dependence on the treatment time and voltage/current density.
The peaks of rutile can be observed after 60 s of treatment for 5 A/dm?
and maybe slightly earlier for higher current density. It is associated
with the energy of discharges, as the formation of rutile requires a higher
transition temperature (~600 °C) compared to anatase (~250 °C) [66].
Thus, the effective temperature of initial discharges might not be high
enough for the formation process, while with the continuous increasing
voltage, the intensity and energy of the discharges are increasing as
observed during the PEO processing. This could also explain the high
drop of faradic efficiency in coating growth (coating thickness) with
increasing current density in Fig. 12. The fast phase transformation from
anatase to rutile at higher current density results in the higher amount of
rutile. The coatings composed of higher concentration of rutile may have
lower electrical resistance, concerning a relatively lower band gap (3.0
eV) of rutile compared to anatase (3.2 eV) [67]. As a result, the voltage
ramp at 10 A/dm? does not increase to the value twice of that at 5 A/dm?
(Fig. 3) and the coating growth rate is dropping down accordingly.
According to the elemental analysis, the coatings also contain significant
amount of phosphorous, which is not included in the crystalline phase
composition of the coatings. Nevertheless, the preferential synthesis of
amorphous phosphate in PEO coatings prepared in phosphate-
containing electrolyte was reported [5,68]. Therefore, the presence of

the amorphous phase can be most likely assigned to the formation of
amorphous phosphate. However, the in-situ experiments, which will be
discussed later suggest that the amorphous phase may contain also ti-
tanium oxide in the form of TiOx with x ranging from O to 2.

For a better understanding of the phase distribution within the
coating, additional localized XRD measurements were performed at P03.
Fig. 14(a) shows a spatial XRD scan across the coating thickness from the
surface towards the substrate after 600 s of processing at 10 A/dm?2.
Based on the appearance of the different phases, the coating can be
distinguished from the air and the substrate. The strongest peaks of
anatase and rutile are also demonstrated at the two theta range of
20-30°, which is shown in Fig. 14(b). It was of interest to understand if
the original Ti structure has an influence on the formation of the oxide
film. However, the oxide phases are all enriched near the coating sur-
face, considering that the peak intensity visibly decreases from the outer
layer towards the interface of coating/substrate. Since the phase trans-
formation of titanium oxides may depend on the temperature stimulated
by the discharges, it is reasonable to find crystalline TiO, phases accu-
mulation near the interface of coating and electrolyte. Amorphous
phases may remain closer to the interface of coating and substrate
considering the EDS mapping results and the found distribution of
phosphorous closer to the substrate.

Moreover, it is obvious that the concentration of rutile remains lower
than that of anatase. Obviously, the efficient treatment temperature
necessary for the transformation process from anatase to rutile was only
locally reached. The coating thickness from the XRD depth profile is
estimated to be ca. 35 pm, which is higher than the measured coating
thickness from the cross sections in Fig. 12. The rough interfaces at the
coating/air and the coating/substrate might be responsible for the
overestimated coating thickness.

3.6. In-situ characterization of phase evolution

The in-situ results obtained by high energy synchrotron XRD at P23
suggest that there are amorphous phases existing during the whole
treatment period (Fig. 15(a-c)), which are presented as halos with
different intensity through the entire processing. The origin for this
amorphous signal is the specimen, as observed in the ex-situ measure-
ments, and as well from the water as a background signal. At the
beginning of the treatment during the linear voltage ramp, the XRD
patterns (Fig. 16) show broad peaks expanded from o-Ti (hcp) most
likely due to solid solution incorporation of oxygen in the lattice. This
expansion is reduced with time and discharge energy, most likely due to
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Fig. 10. Cross-sectional morphology and elemental mappings of PEO coatings at 5 A/dm? after different treatment time: (a) 15's, (b) 30s, (c) 60 s, (d) 300 s and (e)
600 s in phosphate-based electrolyte.
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Fig. 11. Cross-sectional morphology and elemental mappings of PEO coatings at 10 A/dm? after different treatment time: (a) 15s, (b) 30's, (¢) 60 s, (d) 300 s and (e)
600 s in phosphate-based electrolyte.
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Fig. 12. Change of coating thickness with treatment time under the two
different current densities.

a temperature increase during the treatment and further in- or outward
diffusion of the oxygen.

Taking into account the incident angle of 0.5° and an energy of 25
KeV, the main information comes from a depth of 6 pm. At a penetration
depth of 10 pm the intensity is dropped already to 1%. Thus, it is quite
likely that an amorphous oxide layer and underneath an oxygen
expanded a-Ti phase extending down to more than 10 pm is forming
within milliseconds as soon as the voltage is applied. The calculation of
the changes for o-Ti lattice parameters (Fig. 17) demonstrates the
obvious lattice expansion, considering the typical lattice parameters of
a-Ti as a = 0.295 nm and ¢ = 4.683 nm [69]. However, the lattice
expansion is going back again with processing time and reaches some
equilibrium condition determined obviously by the current density
driving the discharges responsible on the one hand for the oxygen for-
mation and up-take and on the other hand in- and outward and diffusion
via temperature increase. This could explain why the highest expansion
is not found for the highest current density, but for the medium one and
the longest lasting expansion for the lowest current density.

The diffraction peaks for a-Ti (not expanded), anatase and rutile
become visible gradually during the progress of the treatment/oxidation
while the signal of p-Ti is absent. The short acquisition time may not be
sufficient to resolve the low amount of p-Ti or it is quickly transformed to
a-Ti, as oxygen as alloying element is stabilizing the a-Ti phase. For the
lowest current density (3 A/ drnz), the process shows a gradual intensity
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increasing of anatase and rutile until the end of PEO processing, and the
voltage only reaches 390 V. However, at higher current densities, an
interesting observation (Fig. 15(b) and (c)) is that both crystalline tita-
nium oxides phases form, disappear and reappear with different texture
suggesting that both lower temperature and higher discharge energy
support the formation of amorphous oxide layer. When the temperature
is increasing crystallization should occur, but the involved higher
discharge energy (above 400 V) prevents the long lasting formation of
crystalline oxides by continuous re-melting them in the discharge and
subsequent solidification mainly as amorphous phase. Surprisingly, the
diffraction peaks of anatase and rutile appear again (and much more
pronounced) after switching off the HV (PEO treatment). After few
seconds, it seems that a continuous ongoing process starts that parts of
the amorphous oxide phase do transform into crystalline anatase and
rutile, visible by increasing intensity of the respective peaks (Fig. 18).
Unfortunately, it was not possible to observe this transformation for a
longer time in the beam line experiments. However, a week after the
beamline treatment the same specimen were remeasured with the lab-
XRD (Fig. 19) confirming almost the full transformation of the amor-
phous phase into anatase and rutile in the final coating. Only small
bumps around the main rutile and anatase peak positions are visible.
Interestingly, stronger intensity of rutile is still observed at 10 A/dm?,
which we have always associated with the higher temperature/
discharge energy causing the transformation of anatase to rutile during
the PEO processing. Now it seems as if both phases are mainly forming
simultaneously after the PEO processing from an amorphous oxide
phase.

4. Discussion

Ti6Al4V alloy is a polymorph alloy consisting of a- and p-Ti phases,
with hexagonal and cubic crystals respectively. The in-situ character-
ization of PEO coating formation process gives a time-resolved phase
evolution, which somehow differs from the expectations obtained after
the interrupted ex-situ characterization. During the initial periods of
PEO processing, a fast broadening and shift of a-Ti peaks can be
observed. The shift of peaks can be attributed to the oxygen diffusion
into the a-Ti lattice, expanding it in the near surface region of the
specimens (down to 10 pm). In terms of the high solubility of oxygen in
the hep lattice structure, the lattice expansion is a result from the
continuous formation of interstitial solid solution before the formation
of titanium oxide [69,70]. That finally the expanded «-Ti almost
disappear at the end of the treatment can be explained by the formation
of the oxide layer as well as by a faster diffusion of oxygen when an
overall higher temperature level of the specimen is reached. The absence
of B-Ti in the diffraction pattern can be firstly attributed to the low
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(R XX
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Fig. 13. XRD patterns (wavelength 0.15406 nm) of PEO coatings under (a) 5 A/dm? and (b) 10 A/dm? after different treatment time in phosphate-based electrolyte.
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(a)
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(b)
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20
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28

Fig. 14. (a) Spatial phase distribution across the PEO coating thickness formed
at 10 A/dm? for 600 s and (b) rutile (110) and anatase (101) intensity distri-
bution across coating thickness using the nano focus end station of the beamline
P03 (wavelength 0.15406 nm).

content considering the cubic structure is stabilized only by nominal 4
wt% vanadium. Another alternative explanation is that the continuous
penetration/diffusion of oxygen into the alloy surface broadens the o-Ti
stability range, stimulating the transformation from bcc to hep before
the oxygen saturation in o-Ti (TiOgs) is reached [71]. As the ex-situ
measurements show the existence of an amorphous phase we specu-
late that this phase will be also visible in the in-situ measurement. The
observed halo has contributions from water and the specimens. How-
ever, there is a clear influence of the current density on the intensity of
the halo visible as well as an absence of crystalline TiO, peaks, sup-
porting the theory of mainly amorphous oxide formation during the
early stages of PEO processing. The amorphous titanium oxide then
transforms into the different crystalline TiO4. phases, including anatase
and rutile [72]. The formation disappearing and reappearing of crystal
TiO, under the current density of 5 and 10 A/dm? could be associated
with the higher voltages and discharge energies changing the tempera-
ture regimes for melting and solidification. The high energy input
(voltage) can induce rather high temperature and pressure in local areas
on the surface of the specimens [36] and the still cold surrounding of the
electrolyte bath (max. 43.5 °C after 10 min treatment at 10 A/dm?) can
provide fast quenching, and thus mainly amorphous titanium oxide exist
in such severe condition. Interestingly, the lower current density results
in a more stable crystalline TiOy formation already during the PEO
processing, which is supposed to be related with less melt volume
generated by the less intense discharges. For the higher current den-
sities, the main formation of the anatase and rutile phases occurs after
the HV is turned off, obviously by precipitation out of the amorphous
oxide phase. At this time, the intensity of the halo is decreasing.
Coming back to the original question of the study, if there is an effect
of the two Ti phases on the coating formation the in-situ study would
suggest that it is quite limited because of the possible fast up-take of
oxygen, which should stimulate the transformation of §-Ti to o-Ti. With
regard to the different local morphology of the initial coating (Figs.4(a)
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Fig. 15. In-situ characterization of phase (wavelength 0.0496 nm)/voltage
evolution on Ti6Al4V surface as a function of time at different current density:
(a) 3 A/dm?, (b) 5 A/dm® and () 10 A/dm™.

and 5(a)), it is obvious that the coating formation involves the oxidation
of the two phases with different elemental composition. Thus, the initial
coating material comprises a modified titanium oxide-dominant layer
containing relatively different aluminum and vanadium contents on «
and p phases respectively (Table 1). Galvanic effects between the o- and
B-Ti phases have indicated their different electrochemical activity and a
higher electrochemical stability of p-Ti phase was demonstrated
[73,74]. This results in an initial layer showing different oxidation rates
of the two different phases and influencing the local morphology. With
continuous deposition of the coating, the increasing applied voltage
stimulates the generation of discharges, preferentially at the weakest
locations or “defects” [36]. It is clear that the local microstructural
features of the layer have an effect on the discharges, which is correlated
with the local electrical resistance [4]. Only if the initial dielectric layers
are overall strong enough to let the voltage ramp to breakdown voltage
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Fig. 16. In-situ XRD patterns (wavelength 0.0496 nm) of specimens treated at

different current density: (a) 3 A/dm?, (b) 5 A/dm? and (c) 10 A/dm>.

discharges will form. If not, no discharge will occur at all. In the model
experiment, where f-Ti was separated from a-Ti, the first breakdown
appeared on the B-Ti. Afterwards, the conditions are changing and dis-
charges appear on both samples, but with changing intensity, corre-
lating with the amount of current through the samples. In the case of a
polymorph Ti6Al4V alloy containing o-Ti and p-Ti, the voltage is the
same but the current is different through the two phases in substrate and
corresponding layers, similar to the model experiment (Fig. 7). Hence,
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the so-called “defects” could be associated with local areas of the coating
with lower electrical resistance than others nearby. The sintered
morphology resulted from the high temperature of discharges appears
firstly on the coating surface on f-Ti phase. Therefore, the p-Ti most
possibly forms the less resistant dielectric layer in comparison to that of
o-Ti phase. The B-Ti phase is rich in vanadium and it has been demon-
strated that vanadium oxides are not stable in alkaline electrolyte due to
a high solubility [75]. The coating on p-Ti phase is possibly more porous
due to the dissolving vanadium oxides or has more defects due to the
oxygen driven transformation to «-Ti and thus might have more
preferred locations for the discharges. Furthermore, it is known that the
atomic packing of the body-centered cubic p-Ti phase is lower than
close-packed o-Ti phase [74]; hence, the diffusion of oxygen is higher in
B-Ti phase stimulating the transformation. Overall, the differences are
getting smaller with increasing treatment time as the coating gets more
uniform and thicker.

The discharges migrate to the surface of a-Ti phase after “healing”
the layer on p-Ti phase. Consequently, the highly sintered morphology in
combination with large micro-pores spreads on the entire coating sur-
face, from the p-Ti phase to a-Ti phase with further increasing of voltage
(Fig. 4(b-e)). With thickening of the coating, more energetic discharges
are required, which could also cause the enlargement of the micro-pores
[35]. Meanwhile, the discharges rebuilds the coating structure, and the
high temperature and repetition of the discharges promote sufficient
diffusion and mixing of coating compounds making the coating more
homogeneous. As seen in Fig. 8(e), the coating formed under higher
current density after 600 s is quite uniform distributed with highly
sintered crater-centered islands. In summary, the different oxidation and
coating formation behavior at local areas can be assigned to the
microstructure of Ti6Al4V alloy due to the different composition and
electrochemical stability of a-Ti and p-Ti phases and as consequence the
chemical stability and electrical conductivity of the growing coating.
The different lattice structure seems to be less important, considering its
possible early transformation into one expanded a-Ti phase.

With the increasing of current density from 5 A/dm? to 10 A/dm?,
the initial local differences on the coatings can be also recognized,
however, the higher current density indicates a higher energy input,
which spontaneously accelerates the process for coating formation
confirmed by the slight increase of coating thickness. Furthermore, the
resultant coating (600 s) formed under 10 A/dm? exhibits more smooth
coating surface morphology compared to that of 5 A/dm? As a conse-
quence, increasing the current density can be a good idea to quickly
erase the coating differences at local areas, which is caused by the
polymorph structure of the substrate and to produce a higher quality
coating for potential applications.

5. Conclusion

This study revealed that the microstructure of Ti6Al4V alloy has an
effect on the formation process of PEO coating in phosphate-based
electrolyte. Different coating formation behavior was disclosed on o-Ti
and B-Ti phases due to their different composition and heterogeneous
electrochemical and chemical properties rather their different lattice
structure. At the initial stage of PEO process, the oxygen diffusion caused
a lattice expansion in o-Ti and a lattice transformation from bce (8-Ti) to
hcep structure before the formation of amorphous titanium oxide. The
earliest discharges commenced at the layers on p-Ti phases and forming
micro-pores with a sintered ring-like morphology. With increasing
voltage/processing time, the discharges also developed further to the
entire coating surface, however, only small-sized micro-pores were
generated on the coating of a-Ti phases. The highly sintered morphology
was found to form at the coating regions with higher content of vana-
dium (B-Ti phases), and also gradually expanded to the surroundings.
The local difference of the coating is still visible even for the higher
current density and the longest treatment (600 s). To reach a uniform
surface coverage on the polymorph alloy it seems to be necessary to
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Fig. 19. Lab XRD patterns (wavelength 0.15406 nm) of specimens after in-situ
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either extent treatment time or further increase current density. Looking
on the phase composition, in addition to amorphous phosphate/oxide,
the PEO coating is mainly composed of anatase and rutile. At lower
voltage, anatase is preferentially forming, but with increasing voltage
and discharge energy, the ratio is shifting towards rutile. Interestingly
the crystalline phase occurs mainly after the actual PEO processing by a
precipitation from the amorphous oxide film formed during the PEO
process.
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5.1.3. PEO of Ti6AIl4V alloy in different electrolytes

Paper 3: Ting Wu, Carsten Blawert, Maria Serdechnova et al, Influence of electrolyte composition on PEO
coatings of Ti6Al4V alloy, Applied Surface Science 595 (2022).https://doi.org/10.1016/j.apsusc.2022.153523
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In paper 2, the higher current density (10 A/dm? compared to 5 A/dm?) produced a more uniform PEO
coating on Ti6AI4V. Thus, a constant current density 10 A/dm? was used in paper 3, to make a
comparison of the coatings formation in different base electrolyte compositions. In addition,
multifunctional coatings were produced, in combination with good corrosion resistance and
photocatalytic activity. The most stable PEO process has been disclosed in the phosphate-containing
electrolyte considering the ease of breakdown and the coating formation efficiency. Microstructure and
elemental/phase composition of the different PEO coatings were evaluated. The PEO-P coating was
mainly composed of anatase and rutile, however, there are Al,Os and TiAl,Os dominant in the PEO-AI
coating and an amorphous silicate phase is detected in the PEO-Si coating. All coatings have shown
noticeable corrosion resistance and semiconductive behavior. Moreover, in the photocatalytic
measurements, MO degradation rates were higher than 45 % concerning all coatings, which indicates a
good photocatalytic activities of the coatings.
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Keywords: A comparison of PEO layers on Ti6Al4V alloy formed in phosphate, aluminate and silicate-based electrolytes
Plasma electrolytic oxidation respectively, has been made to reveal the influence of the electrolyte composition on the formation process. The
Ti6A14V

phosphate-based electrolyte has been identified as the most promising one as it has the best coating formation
efficiency and the lowest breakdown voltage. On the bases of the microstructure and elemental/phase analysis of
the different PEO coatings, it could be observed that the PEO coating formed in phosphate-based electrolyte is
mainly composed of anatase and rutile. An amorphous phase is dominant in the coating produced in silicate-
based electrolyte. Moreover, there are mainly y-AlpOs, NaAloxOsx.1 and TiAlyOs present in the coating
formed in the aluminate-based electrolyte. The coating formation process in silicate- and aluminate-based
electrolytes is more dependent on the deposition originating from the electrolytes. All of the coatings have
shown noticeable corrosion resistance and good performance in the photocatalytic test as the degradation rates

Corrosion resistance
Photocatalytic activity
Multifunctional coatings

of methyl orange higher than 45 %. Thus, multifunctional PEO coatings on Ti6Al4V alloy are obtained.

1. Introduction

Titanium alloys are currently in the focus of many applications. The
interest for them arises due to the high specific strength and corrosion
resistance, low elastic modulus and biocompatibility [1-4]. Various
surface treatments have been widely used to introduce a thick and du-
rable coating on the surface of titanium alloys, mainly to further
improve their wear and corrosion protection [4-8]. In this respect,
plasma electrolytic oxidation (PEO) as a surface modification process
has a number of advantages, offering an attractive method for surface
performance enhancement [9-11]. The relative high current densities
necessary (especially for Al) processing resulting in high energy con-
sumption and limited specimen sites are some drawbacks. Overall PEQ is
still an easy process to operate using nontoxic electrolyte. Thus, it can be
considered a green alternative compared to many other treatments.

PEO coatings are produced to potentially extend the service life of

* Corresponding author.
E-mail address: ting.wu@hereon.de (T. Wu).

https://doi.org/10.1016/j.apsusc.2022.153523

titanium-based components under mechanical and tribological loads
[12-15]. PEO coating formation process involves repeated dielectric
breakdowns, in the form of discrete discharges commenced at the
coating surface, once the applied voltage is higher than the threshold of
breakdown [16-19]. This mechanism results in the production of thick,
rough and adhesive coatings on titanium alloys [20-22]. In addition to
the improvement of wear resistance and durability, the coatings are also
attractive for photocatalysis and sensor applications [23-25] due to the
presence of titanium oxides (TiOy, gap bands around 3.05 eV) as a
consequence of the substrate oxidation [23,26,27].

Recently, a wide range of studies have been conducted to prepare
PEO coatings on titanium alloys in various electrolytes, in order to
obtain multifunctional composite coatings for applications [28-31]. The
addition of calcium acetate and calcium glycerophosphate resulted in
the formation of hydroxyapatite-containing PEO coatings. It can not
only improve the biocompatibility of titanium alloys [32-36], but also
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avoid the release of harmful metal ions, eg. AI**, from the Ti based
implant substrates into the body fluids [35,36]. The PEO coating on pure
titanium doped with Eu* through the addition of Euy05 powder into
phosphate-containing electrolyte was also studied [26]. It was found
that Eu®t ions are incorporated into TiO, lattice and, thus, Ti 2p
spin-orbit components in the composite coatings were shifted towards
higher binding energy compared to pure TiO2-based coatings. Further-
more, these composite coatings showed much higher photocatalytic
activity. In order to improve the wear resistance of PEO coatings on
Ti6Al4V alloy, Al,Og3 particles were added to a mixed silicate-aluminate
electrolyte [37]. Al,O3 particles were reported to fill the micro-pores of
the coating and reduce the friction coefficient of the layer. In addition,
the formation of an Al,TiOs phase was seen, which has a high thermal
stability and improves the high-temperature wear resistance of the
coating.

It is quite obvious that the electrolyte composition has a significant
effect on the PEO process and the phase composition of the coatings;
consequently, the properties of the coatings can be altered. Among
different PEO electrolytes, phosphate, silicate and aluminate are typi-
cally the main composition, respectively [13,28,38]. The addition of
aluminate resulted in the precipitation of aluminum hydroxide and
further thermochemical processes occurred during the formation of PEO
coatings, resulting in the formation of oxide mixture (AlyTiOs) [38].
Al,TiOs in the PEO coatings is a good candidate for engineering ce-
ramics characterized by prominent thermal expansion coefficient, high
melting temperature and low thermal conductivity [39]. However, the
phosphate/silicate in the electrolytes did not introduce any crystalline
phosphorous/silicon containing phase in the coatings on Ti based ma-
terials [28,40]. Nevertheless, the amorphous phosphate/silica was
identified and the incorporation of silicon and phosphorous in the
coating is reported positive to the biocompatibility [10]. Moreover, the
coatings formed in phosphate-based electrolyte showed larger micro-
pores in comparison to the silicate-based electrolyte, due to the higher
sparking voltage and thus the higher level of discharge energy [41]. In
terms of the coating formation species, only amorphous phosphate and
silicate/SiO5 were identified in addition to anatase and rutile [20,41].
However, In order to produce multifunctional PEO coatings on titanium
alloys, it is necessary to have a clear understanding in the influence of
different electrolytes of the PEO process, and final properties of the
coatings. Thus, the intention of the present study is to study the influ-
ence of electrolyte composition on PEO coatings, including the mor-
phologies, microstructures and phase composition. For this, PEO
coatings on Ti6Al4V alloys in different electrolytes containing phos-
phate, aluminate and silicate, respectively, are produced and system-
atically investigated. The corrosion degradation and the photocatalytic
activity of the coatings are measured to understand the influence of
electrolyte on the coating performance.

2. Experimental

Ti6Al4V alloy (7.564 wt% Al, 2.809 wt% V, 0.097 wt% Mn, 0.182 wt
% Fe, 0.102 wt% Ge, 0.104 wt% Nb, 0.108 wt% Sn, 0.574 wt% Ta, Ti
balance) with the size of 20 mm x 16 mm x 4 mm was selected as
working anode subjected to the PEO processing. A DC power source with
a pulsing unit was used to provide pulses with a duty cycle of 10 % and a
frequency of 100 Hz. A constant current density of 10 A/dm? was
applied. The stainless steel tube of the cooling system was used as a
cathode. The temperature of the electrolyte was kept stable at 20 +
2 °C.Three different electrolytes based on phosphate (containing
NasPO4 20 g/L and KOH 1 g/L, pH 12.72, conductivity 529 pS/cm),
aluminate (containing NaAlOj 20 g/L and KOH 1 g/L, pH 12.49, con-
ductivity 520 pS/cm) and silicate (containing NaySiOs 20 g/L and KOH
1 g/L, pH 12.29, conductivity 496 pS/cm) were prepared. The treat-
ments were carried out for 600 s. Magnetic stirring was used to agitate
the electrolyte, to keep it homogeneous and avoid temperature gradi-
ents. The coatings produced in phosphate-, aluminate- and silicate-based
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electrolytes were labeled as PEO-P, PEO-Al and PEO-Si coatings,
respectively. It should be noted that due to strong burning of the coating
in silicate-base electrolyte, the voltage was set to 350 V maximum under
this condition. A data acquisition system (SignaSoft 6000 software
package, Gantner, Germany) was used to record the voltage response as
a function of processing time.

The coating surface and cross-sectional morphology was analyzed
using a scanning electron microscope (SEM, TESCAN Vega3 SB),
equipped with an energy dispersive spectrometer system (EDS, eumeX
IXRFsystems) to assess the elemental composition of the coatings.
Further observation of surface morphology and evaluation of surface
roughness (Ra, arithmetical mean roughness, ISO 4287, Sa, arithmetical
mean height and Sdr, developed interfacial area ratio, ISO 25178) of the
coatings was evaluated through a laser scanning confocal microscope
(LSM 800, ZEISS) and analyzed by the surface imaging and analysis
software ConfoMap® ST. The coating thickness was measured adopting
a microprocessor coating thickness gauge (MiniTest 2100, Elek-
troPhysik), with an additional validation by SEM cross-section
observations.

The crystalline phase composition of the substrate and the coatings
were examined using X-ray diffraction (XRD, D8 Advance, Bruker AXS)
with Cu K, radiation at the diffraction angle 26 range between 20° and
80°. The following settings were applied: a step size of 0.02° and an
accumulation time of 1 s. A range of grazing angles from 0.5° to 13° were
used to evaluate the depth of phase composition variation of the
coatings.

To map the phase composition across the PEO coating thickness,
scanning X-ray diffraction at the P03, PETRA III, Deutsches Elektronen-
Synchrotron (DESY, Hamburg, Germany) was performed. The nano
focus end station of the beamline P03, which is operated by Helmhotz
Zentrum Hereon had a X-ray beam size of 1.5 by 1.5 pm, an energy of
19.7 KeV, an Eiger 9 M detector with a pixel size of 75 pm by 75 pm. The
beam was stepwise scanned across a surface area of 80 x 80 ym, with a
stepwise of 2 um in vertical and 4 pm in horizontal direction respec-
tively. The acquisition time for each XRD pattern was 0.5 s. The data was
reduced through employing in-house developed Matlab® and Python
code and the PyFAI [42] routine. The scattering angle 20 of the
diffraction patterns with the original wavelength of 0.9537 A was con-
verted to the wavelength of 1.5406 A, equal to Cu K-alpha radiation used
in lab XRD to simplify the comparison. The diffraction patterns were
used to reveal the phase composition/distribution across the coating
thickness.

Atomic emission spectroelectrochemistry (AESEC) measurements
(coupled atomic emission spectroscopy measurements with electro-
chemical investigations) were used to provide a direct analysis of
elemental dissolution rates of the PEO coated specimens and bare
Ti6Al4V alloy during electrochemical testing [43-45]. The selected
AESEC set-up is illustrated in Fig. 1.

A three-electrode electrochemical flow cell (Fig. 1(a)) was connected
to an ICP-OES (Inductively Coupled Plasma-Optical Emission Spec-
trometry) machine from Spectro Ametek (Acros II FHX22), in radial
plasma observation mode, with a flow rate of ca. 2 mL/min (Fig. 1(b)).
The specimens were acting as a working electrode with an exposed
surface area of 0.5 cm? to Ringer’s solution (8.6 g/L NaCl, 0.3 g/L KCl
and 0.56 g/L CaCly-6H20) and connected to a computer controlled
Gamry potentiostat Interface 1010E (Fig. 1 (c)). The counter and the
reference electrode were a Pt wire and a saturated Ag/AgCl electrode,
respectively. After 1000 s immersion at open circuit potential, poten-
tiodynamic polarization (PDP) scans were started from —1.0 V vs
reference electrode at a scan rate of 0.5 mV/s and terminated at 10 V.

The electrochemical impedance spectroscopy (EIS) experiments
were also performed to evaluate corrosion behavior over time. Firstly,
the EIS measurements versus open circuit potential (OCP) were carried
out with an AC amplitude of 10 mV RMS over the frequency range of
100 kHz — 0.01 Hz in Ringer’s solution after subsequent immersion
durations of 5min, 1 h, 3h, 6 h, 12 h, 24 h, 48 h, and 72 h, respectively.
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Fig. 1. Diagram of atomic emission spectroelectrochemistry (AESEC) set-up.

After that, in order to analyze the semiconductive property of TiOs,
additional EIS measurements were performed under the same condition,
however, versus different potentials in the range from —0.4 V to 0.4 V
versus open circuit potential in 0.1 V increments. Under the potential
bias, the capacitance response is assumed to be modulated if the elec-
trochemical response is influenced by the semiconductive behavior of
the coating due to the formation of a space charge region at the layer/
electrolyte interface [46]. The same three-electrode cell system was used
and a specimen surface area of 0.5 cm? was exposed to the corrosive
solution. The same measurement was reproduced on three specimens of
each PEO treatment condition for repeatability.

The photocatalytic activity of bare and PEO coated Ti6Al4V alloy
were evaluated via photodegradation measurements of methyl orange
(MO). The temperature in the photoreactor was kept at room tempera-
ture by a water recirculation system. The specimen was placed on a
perforated holder and then immersed in a 10 mL aqueous solution
containing, 8 mg/L MO under constant stirring (300 rpm) and exposed
to the irradiation source. Prior to the measurement, MO solution was
firstly tested for photocatalysis in the absence of the PEO layers to
confirm its stability. Then, the solutions were stirred in the darkness for
30 min with the presence of bare and coated Ti6Al4V alloy, respectively
to achieve adsorption-desorption equilibrium before initiating the
irradiation. A lamp (Osram Vitalux 300 W) was used to simulate the
solar radiation providing 16,000 lx intensity, and it was fixed at 25 cm
above the surface of the solution. In total, six hours of irradiation
duration was selected. An Agilent Cary 60 UV-Vis spectrophotometer
was applied to measure the MO concentration at the maximum of the
absorption spectra (A = 464 nm) for every hour by taking a fixed
quantity of 1 mL MO solution from the photocatalytic reactor. Addi-
tional measurement of MO adsorption in darkness was also performed
with the duration of six hours. The tested solution was returned to the
photocatalytic reactor after each measurement. The absorption was
converted to concentration based on a standard curve exhibiting a linear
dependence between MO concentration and absorption at 464 nm
wavelength. A change of MO concentration was absent after 6 h of
irradiation without PEO treated specimen, indicating that MO stability
and the observed degradation should result only from the presence of a
photocatalyst under the applied condition. The degradation and
adsorption rate of MO was given as ((Cy-C)/Cop), where Co was the initial
MO concentration and C was the tested MO concentration after
increasing exposure duration.

3. Results
3.1. PEO process

The voltage responses as a function of PEO processing time of
Ti6Al4V alloy in different electrolytes are shown in Fig. 2. Due to a
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Fig. 2. Voltage response as a function of treatment time in phosphate- alumi-
nate- and silicate-based electrolytes.

severe burning phenomenon at later stage of processing under a current
density of 10 A/dm?, the process in silicate-based electrolyte was
operated under different current and voltage control condition. The
process began with the pre-set current density of 10 A/dm?, but with
reaching 350 V, the voltage control was enabled and the voltage kept at
350 V while the current density was dropping until the end of
processing.

In the first stage, the voltages are ramping linearly at a similar speed
(ca. 45 V/s) in the phosphate- and aluminate-based electrolytes, while
the increase rate is ca. 32 V/s in silicate-based electrolytes. The break-
down threshold of initial gas and/or conversion layer in the phosphate-
and silicate-based electrolytes occurs at ca. 190 V, which is much lower
than in the aluminate-based electrolyte, where the breakdown voltage is
reached at ca. 290 V. There is around 1 s delay for the observation of tiny
shining discharges on the specimens after the onset of breakdown. In the
second stage, the surface of specimens was characterized by a growing
size of discharges, also leaving an impression of more stationary dis-
charges in comparison to the fast moving discharges on the surface of Mg
and Al substrates observed previously [16,17]. The voltage increases
further, though the voltage ramp is not as steep as it in the beginning.
This stage only sustains until ca. 40 s in aluminate-based electrolyte,
with a reduced voltage ramp rate of ca. 4.3 V/s. However, in the
phosphate-based electrolyte, this period of the process continues to ca.
250 s with an average voltage increase of ca. 0.8 V/s. Since the voltage
reaches the pre-set voltage limit of 350 V (ca. 2.6 V/s) in the silicate-
based electrolyte at this stage, the next stage is not reached anymore.
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Nevertheless, the third stage can be still distinguished in the other two
conditions by even slower voltage ramps and an altered appearance of
discharges with larger sizes. This stage remains relatively stable until the
end of the processing time and reaches final voltages of 450 V (0.2 V/s)
and 475 V (0.07 V/s) for the phosphate- and aluminate-based electro-
lytes, respectively.

3.2. Surface and cross-sectional morphology of PEO coatings

Figs. 3 and 4 shows the surface and cross-sectional morphologies of
the coatings prepared in different electrolytes for 600 s. The highest
thickness is revealed for PEO-P coating ca. 25 um, and ca. 11 and 5.3 ym
for PEO-Al and PEO-Si coatings in Fig. 4, respectively. The lowest
coating thickness of the PEO-Si coating is most likely the consequence of
the controlled energy input with reduced current density due to the
voltage restriction to 350 V. As a consequence, the current dropped to
1.5 A/dm? at the end of the treatment in the silicate-based electrolyte.
The surface and cross-sectional morphologies show that the coatings
have a large amount of micro-pores, left behind from the discharges due
to the fast solidification of melted coating materials and gas inclusion
[47,48]. Nevertheless, distinguishable coating morphologies can be
noticed for the different electrolyte composition. The PEO-P coating
(Fig. 3(a)) contains more large-sized micro-pores of ca. 10 ym in
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diameter and some segregations of tiny nano-pores are distributed
randomly, reaching a total porosity of 6.72%, based on the surface area
covered by open micro-pores. In comparison, the coating surface of the
PEO-AI coating (Fig. 3(b)) shows clusters of small particles surrounding
the micro-pores (ca. 5 um) on the coating surface, showing a total
porosity of 12.59%. This can be a reason for the higher Sdr value
(141.308%) for PEO-Al coating as compared to that of PEO-P coating
(63.735%), indicating the more contribution of additional surface area
of the measured area to the surface morphology. There is an exception
for the surface roughness of PEO-Si coating due to the same reason as for
the lowest coating thickness. Consequently, the PEO-Si coating shows
the most compact morphology with the smallest micro-pores (ca. 2 pm)
and lowest porosity of 2.31%, since the thickness is only a few micro-
meters. Blawert et al. [49] have suggested the healing effect of poten-
tiostatic control mode when applied to a PEO treatment of zinc, which
could obviously improve the quality of PEO coatings. Similarly, in the
silicate-containing electrolyte, the current-control at the beginning of
the processing stimulates the coating growth. Afterwards, when the
voltage reaches the pre-set 350 V, the maintained voltage and dropping
current moderates the intensity of discharges, which can heal the
weaker locations of the coating and further prevent the formation of
destructive higher intensity discharges.

The elemental composition of the coatings evaluated by EDS surface

Ra=2.19 pm “
$a=2.657 pm
Sdr=63.735% s

Ra=1.81 pm -
$a=2.705 pm
Sdr=141.308%

)‘I"N

Ra=0.75 pm
$a=0.910 pm
Sdr=101.628%

Fig. 3. Surface morphology of (a) PEO-P coating, (b) PEO-AI coating and (c) PEO-Si coating.
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Fig. 4. Cross-sectional morphology and elemental mapping of (a) PEO-P coating, (b) PEO-Al coating and (c) PEO-Si coating.

mapping is displayed in Table 1. It is clear that the main coating for-
mation elements are different due to the change of electrolyte compo-
sition. The PEO-P coating is composed of the highest levels of titanium
and oxygen, however relatively lower contents of titanium for the PEO-
Si coating and the PEO-Al coating were detected. The PEO-Al coating
has a quite high level of aluminum with an average of 45 at.%, and only
ca. 5 at.% of titanium. A higher content of Si (ca. 33 at.%) and ca. 11 at.
% titanium were measured in the PEO-Si coating. It can be concluded
that increased surface deposition of electrolyte phases from aluminate-
and silicate-based electrolytes occur, while for the phosphate-based
electrolyte, the deposition is less dominant and the primary phase is
titanium oxide, generated from the substrate. The cross-sectional dis-
tribution of elements in Fig. 4 also confirms the significant deposition of
Al and Si in the PEO-Al and PEO-Si coating s, respectively.

3.3. Phase composition and distribution of PEO coatings in different
electrolytes

Fig. 5(a-c) presents a series of XRD patterns for each PEO coating
using different grazing angles from 0.5 ° to 13 °. Near the coating surface
(0.5 °), the intensity of all peaks is apparently low for all the coatings. It
is correlated to the discharges and the resulting volcano-like
morphology that are increasing the surface roughness, and thus the

intensity of diffraction reduces. Fig. 5(a) illustrates that the phase
composition (anatase and rutile) of the PEO-P coating does not show
obvious change across the coating thickness. Nonetheless, one can find
evident diffraction peaks of the substrate even at a grazing angle of 2° for
PEO coated specimens in aluminate- and silicate-based electrolytes
(Fig. 5(b) and (c)), indicating the penetration of X-rays through the
coating into the substrate. The much stronger signal from the substrate
compared to the PEO-P coating is explained by the lower thickness of
PEO-Al and PEO-Si coating compared to the PEO-P coating since the o-Ti
intensity decreases at the same incident angle with the coating thick-
ening. In the two theta range of 20 — 30 °, a bump can be recognized and
associated with an amorphous silicate phase since a high concentration
of silicon in the PEO-Si coating was measured by EDS, but no crystalline
Si containing phases are detected. Furthermore, the PEO-Si coating
consists of similar crystalline phases as the PEO-P coating, anatase and
rutile, however, the intensity of them is much lower compared to the
substrate due to the lowest coating thickness (Fig. 4(c)). For the PEO-Al
coating, the main phases are Al,TiOs (a mixture of TiO, and Al;Os3),
v-Aly03 and NapAlpxOsy11. No separate crystalline titanium oxide was
observed in the coating, demonstrating the significant contribution of
aluminate from electrolyte in the coating formation process, also in a
good agreement with the EDS results.

Furthermore, two-dimensional scanning X-ray diffraction was

Table 1
Average content (at. %) of main coating formation elements on the surface of three different PEO coatings.
Ti Al v (0] P Si Na K
PEO-P 26.15 £ 1.25 2.05 +0.14 0.33 + 0.03 54.52 + 0.55 11.73 £ 1.11 - 4.87 + 0.33 0.39 + 0.05
PEO-Al 4.79 = 0.04 45.38 £ 0.31 0.13 + 0.02 47.06 £ 0.27 - - 2.57 + 0.08 0.35 + 0.03
PEO-Si 11.38 + 0.14 2.53 +0.07 0.12+0.01 51.76 £+ 0.65 - 33.35 £ 0.52 0.67 + 0.06 0.19 £ 0.01

109



T. Wu et al.

(a) | PEO-P coating
0 *-0 o-f
“J-anatase ¢-rutile

Intensity/a. u.

2theta/®

(b) PEO-Al coating
*-o o-f

V-Al,TiOg 0--Al,0,

#-NaAly, Oy

13°
12°
11°
10°
&
=
. (4°]
> f=>]
©
~
=
=
(72}
c
[0} pa
-— /
c | X
= |Z
e /co
20 30 20 50 50 70 80’ 0
o
2theta/
* . .
PEO-Si coating
(c) *-0. -
-anatase
O-rutile
0 At A M]13e
/ | N N L
11°
— 10°
7““““— A~ /9°,
7 - 1 Mol AL L N/ 8 ° @
—“««‘.L 70 ,%C”
> A 6 2
s / s 5
_‘2\ / s 1° O
= 0
@ 3 3°
[ 5o
£ /
£ /1
T ¥ T T T T |/ 05°
20 30 40 50 60 70 80

2theta/®

Fig. 5. XRD patterns of (a) PEO-P coating, (b) PEO-Al coating and (c) PEO-
Si coating.
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performed at P03 (DESY) to further analyze the spatial phase distribu-
tion across the coating thickness with a scan area of 80 x 80 pm. Fig. 6
displays two-dimensional maps of the intensity distribution of specific
diffraction peaks across the coating thickness. The coating/substrate
interface is well-defined by the different intensity of a-Ti (101) in the
substrate and coating regions. Consistent with the lab XRD (Fig. 5), the
results show that anatase and rutile are the main crystalline phases in
the PEO-P and PEO-Si coatings. However, their intensity in the PEO-P
coating is still much higher than in the PEO-Si coating. Moreover, in
the thicker PEO-P coating, enrichment of anatase can be noticed in the
outer layer (Fig. 6(b)), but such observation is not found for rutile (Fig. 6
(c)). The PEO-Si coating shows a similar thickness about 5 um compared
to the thickness measurements from thickness gauge and cross-section
observation. However, the PEO-P coating (higher than 30 pm) appears
to be thicker than measured from thickness gauge or SEM cross-sections,
which can be caused by the higher roughness of coating surface and
coating/substrate interface. Furthermore, a technical artifact, that
specimen could not be perfectly placed horizontally thus being slightly
tilted during DESY measurement, enlarged the beam penetrated coating
area. For PEO-Al specimen, apart from a clear interface between
coating/substrate, Fig. 6(d) shows that the interface appears extremely
smooth and flat in comparison to the other two specimens (Fig. 6(a) and
(h)). In correlation with the main phase/elemental compositions of PEO-
Al coating (Table 1 and Fig. 5 (c)), it can be confirmed that the formation
of the PEO-AI coating significantly happens via a deposition originated
from the electrolyte rather than an oxidation of the substrate. The three
main coating forming phases, Al;TiOs, y-Al,O3 and NasAloyO3x.1, are
distributed mainly at the inner, intermediate and outer layers respec-
tively (Fig. 6(e-g)). It reveals the enrichment of different phases at
different depths of the coating, which is correlated with different
dominant coating formation reactions across the coating thickness. At
the outer and intermediate layers, the deposition from the electrolyte is
essential (y-AlpO3 and NayAlyxOsx.1); however, the sintering process
between Al,O3 and TiO; is stronger at the inner layer and even pene-
trates into the substrate (Fig. 6(f)).

3.4. Dissolution measurement of bare and PEO coated Ti6A4V alloy

AESEC experiments are applied in order to verify whether any
elemental dissolution either from PEO layer or from substrate during
spontaneous corrosion can be detected. Firstly, the detection limits (DLs)
of main involved elements were determined (Table 2). DLs are defined
as 2 * (standard deviation) in the units of calibration standard (ug/L) at
the respective wavelength.

Since titanium is a very corrosion resistant material, one can see in
Fig. 7 that no dissolution of Ti from PEO-coated specimens is detectable.
However, careful analysis of bare Ti6Al4V spontaneous corrosion shows
a clear trend of titanium concentration increase in the electrolyte, but
still staying within detection limit range. This can be related to the
different surface microstructure of the bare alloy compared with the
PEO coated ones. It is well known that the PEO coatings have a large
amount of defects, especially micro-pores, flaws and micro-cracks. These
defects could significantly trap the dissolved Ti and further impede the
release of Ti into corrosion solution. However, there is only a semi-
barrier layer on the bare alloy, which does not have such an amount
of defects. As a result, the higher concentration of Ti was detected for
bare alloy. Dissolution of all other analysed elements stays below the
detection limit. Simultaneous measurements of corrosion potentials for
all specimens were performed. Bare Ti6Al4V alloy has demonstrated a
significantly different average OCP value of —0.4 V, compared to PEO-Al
coating of 0.57 V, PEO-P coating of 0.61 V and PEO-Si coating of 0.3 V.
In other words, one can expect more active surface of bare substrate in
comparison with PEO treated specimens.

The analysis of elements was also carried out for both bare and PEO-
treated systems during PDP measurements, as seen in Fig. 8. One should
notice that there is potentially a strong IR drop effect since the presence
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Fig. 6. Phase distribution across PEO coating thickness measured at P03 (DESY): (a) PEO-P coating, (b) PEO-Al coating and (c) PEO-Si coating.

Table 2
The detection limits of main coating formation elements.
Element Titanium  Vanadium  Aluminium Silicon Phosphorus
Wavelength, 334.94 309.31 167.08 251.61 178.29
nm
DL, pg/L 4.0 1.5 4.0 10.5 22

of a membrane with a certain resistance in the between of the reference
and working electrodes. Clear passive behaviour of bare and PEO coated
Ti6Al4V specimens in the potential range between 0 and ca. 8 V vs Ag/
AgCl is visible. For bare Ti6Al4V the breakdown of the passive oxide
layer takes place at 8.86 V. After that, a fast increase of anodic current
happens. Using an in situ cell, connected to ICP, we have determined the
main elements, titanium, aluminium and vanadium, released to the
electrolyte at the moment of breakdown in Fig. 9(a) and their ratio is
illustrated in Fig. 9(b). Unfortunately, only very narrow range of po-
tential can be used for this analysis, since the significant dissolution of
elements rapidly leads to a fast saturation of emission lines during

measurements. From the calculated values, one can see that the average
amount of aluminium and vanadium is higher in corrosive electrolyte
than substrate material (Al: 8.4 wt% vs. 7.564 wt% in the substrate and
V: 7.7 wt% vs. 2.809 wt% in the substrate). The high dissolution level of
aluminium can be explained in the way of selective dissolution of a-Ti
phase, in which aluminium dissolves more rapidly than titanium. The
o-Ti phase contains a higher aluminium content of 8.1 + 0.3 wt%,
correlating to the detection of 8.4 wt% of aluminium dissolved during
PDP test. Regarding the higher dissolution level of vanadium, it could be
assigned to the preferential dissolution of §-Ti phase (11.4 £+ 0.6 wt%
vanadium) compared to o-Ti [50,51].

During PDP measurements, breakdown is also reached for the PEO-Si
treated sample, but not for the PEO-Al and PEO-P systems. This can be
explained in a way that the barrier property of PEO-Si coating is lower in
comparison to the other layers, relating to the lower thickness as
revealed from cross-sectional observations. Furthermore, during the
PEO treatment silicates can participate in the formation of an amor-
phous barrier oxide-based layer, making it less resistant to corrosion due
to the decreased dielectric property compared to pure TiO5 film [52].
However, Si is not detected within the detection limitation using ICP
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Fig. 7. Spontaneous corrosion of bare and PEO treated Ti6Al4V: OCP and titanium concentration in the electrolyte as a function of immersion time.
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Fig. 8. PDP measurements of bare and PEO treated Ti6Al4V alloy.

after breakdown during polarization. For PEO-P and PEO-Al systems, the
breakdown was not reached in the conditions of PDP experiment.
However, for the PEO-Al coating, an interesting effect was observed
(Fig. 10). As soon as voltage increase reaches ca. 3.5V, slight dissolution
of titanium and noticeable dissolution of aluminium can be observed
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during AESEC analysis.

3.5. Corrosion resistance and electrochemical response of PEO coatings

EIS measurements were applied to further evaluate the corrosion
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Fig. 10. Elemental dissolution during PDP of PEO-AI treated Ti6Al4V alloy.

performance of the specimens before and after PEO treatments. Fig. 11
illustrates the Nyquist and Bode plots of the bare and PEO coated
Ti6Al4V alloy immersed in Ringer’s solution for up to 72 h. For the bare
alloy, one can see a well-defined time constant at the frequency of 10 Hz
for all measurements (Fig. 11(a)), which is related to the response of the
native oxide layer, possibly including the influence of a space charge
region [46] at the oxide-electrolyte interface in regard to the semi-
conductive behavior of titanium oxide. During the first measurement
after 5 min of immersion, it shows the narrowest capacitive loop, which
is in agreement with the slightly higher dissolution rate of titanium
during spontaneous corrosion detected in AESEC measurement. With
increasing immersion time, the total impedance at lower frequency is
increasing and an almost pure capacitive response is illustrated by a
stable phase angle near —90° at a wider range of frequency from 10 Hz
to 0.01 Hz. Meanwhile, the capacitive loop is expanding, suggesting an
improvement of the barrier property of the native oxide layer. For the
PEO-P coating, Bode plots in Fig. 11(b) clearly demonstrate two well-
defined time constants at high (10* Hz) and medium frequencies (10>
Hz) during the measurements, which are associated with the layered
structure of the coating. The first time constant at high frequency is
disappearing with prolonged immersion, suggesting the gradual degra-
dation of the layer by the penetration of corrosive solution. The second

time constant at medium frequency becomes more evident, which can be
assigned to the response from the barrier layer at the interface. The low
frequency response mainly comes from the space charge layer, which
can be seen from Fig. 12(b). Fig. 11(c) shows the electrochemical
response of PEO-Al coating in the measurements. One well-defined time
constant observed at the frequency of 10% Hz is also attributed to the
penetration of corrosive solution into the layer. However, the second
time constant is forming but is not completely developed. Thus, the
solution does not reach the interface between the coating and substrate
yet. Similar electrochemical response is revealed for the PEO-Si coating,
but the first time constant is present at a frequency of 10* Hz. Although
the thinnest, the PEO-Si coating presents the highest total impedance
value at the lowest frequency (0.01 Hz) in comparison to the other two
coatings. This could be attributed to the most uniform surface
morphology without large-sized micro-pores in the coating. For all
conditions, the total impedance at the lowest frequency increases after
the first measurement and the bare alloy presents the highest value after
72 h of immersion. However, it seems that the corrosive solution has not
reached the interface between the substrate and the coating for all
coated specimens, and there is no sign of corrosion reaction initiated.
An additional EIS experiment was performed to confirm further
whether the semiconductive behavior of anatase (n-type) plays a role in
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potential bias &+ 0.4 V versus open circuit potential in Ringer’s solution.

formation of the electrochemical response of formed coatings. The
capacitance of semiconductive layer will change depending on the po-
larization conditions and thus can be tracked in impedance spectra
[46,53-55]. Fig. 12 shows the Bode plots taken when the specimens are
polarized at &+ 0.4 V vs. open circuit potential on bare and PEO coated
specimens. At the lowest frequency at 0.01 Hz, it is quite obvious that
the total impedance increases with the increase of electrode potential,
suggesting the response from space charge region. The impedance
spectra of the bare Ti6Al4V (Fig. 12(a)) exhibit only one time constant as
an almost pure capacitive response indicated by the phase angle close to
—90° at the frequency range of 10? to 0.3 Hz. With the increase of po-
larization potential, it can be noticed that the time constant is gradually
shifting to lower frequencies. Only at lower frequencies, there is a sign of
resistive response originating from the native barrier layer. In terms of
PEO-Si coated specimen (Fig. 12(d)), the first time constant at the

(a) Rs Rb
CPE,
>_
(b) R

frequency of 10* Hz is related to the inner layer. The additional time
constant at lower frequency range originates from the space charge re-
gion. For PEO-P and PEO-Al coated specimens, three time constant can
be recognized and possibly correlated with the higher thickness of the
coatings. The first time constant can be assigned to the response of inner
layer at the higher frequency range. However, the second and third time
constants are very difficult to distinguish due to an overlapping, which
can be attributed to the capacitive response from the barrier layer and
space charge region, respectively.

Considering the structure of the PEO coatings, two different equiv-
alent circuits are adopted for fitting the impedance spectra, as shown in
Fig. 13, in order to meet the requirement to describe the impedance
spectra with a minimum error and number of elements. In addition,
taking into account the contribution of the space charge region, the
equivalent circuits are also selected to evaluate correctly the change of

Fig. 13. Equivalent circuits used for fitting the impedance spectra of the (a) bare Ti6Al4V and PEO-Si coating, and (b) PEO-P and PEO-AI coatings under potential

bias versus reference.
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capacitance under the potential bias. Fig. 13(a) is suitable for fitting the
impedance spectra of bare Ti6Al4V and PEO-Si coatings (thinner
coating), where the constant phase elements of barrier layer and space
charge layer are represented by CPE}, and CPE,, and the resistances of
Ringer’s solution, barrier layer and space charge layer are indicated as
Rs, Rp and R respectively. Fig. 13(b) is used for fitting the impedance
spectra of PEO-P and PEO-Al coatings (thicker coatings), where CPE;,
and Ry, represent the capacitance and resistance of the inner layer.
Further calculations are carried out to evaluate the influence of the
space charge region at the interface of the PEO coatings and the sub-
strate on the electrochemical behavior. Fig. 14 shows the calculation of
C:2 as a function of applied electrode potential for bare and PEO coated
Ti6Al4V. From the analysis of the electrochemical response from the
space charge region, the semiconductive property can be assessed using
Mott-Schottky equation:

kT
Cl= E—Ej, ——
¢ eNdeeo)( i e )

@

where Cg. is the capacitance of space charge layer in a semi-
conductive coating, Ngq the donor concentration for n-type semi-
conductor, € = 57 (dielectric constant of TiO, film) [46], g = 8.85 x 10
12E/m (vacuum permittivity) [54], E is the applied electrode potential,
Eg, is the flat band potential, k = 1.38 x 1022 J/K (Boltzmann’s con-
stant), T = 298.15 K (room temperature) and e = 1.602 x 101%¢ (charge
of an electron). A relatively linear portion of the plots in Fig. 14 was
extracted, which determined the applied electrode potential E and the
average flat band potential Eg, (-0.72 V for bare alloy, 0.08 V for PEO-P
coating, 0.12 V for PEO-Al coating and —0.28 V for PEO-Si coating). As a
result, the calculated donor concentration Ny was averaged for bare
alloy and PEO coated specimens, respectively. Fig. 15 presents the
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PEO-P
coating

PEO-Si
coating

PEO-AI
coating

TiGAI4V

Fig. 15. Evolution of the donor concentration Nd calculated from Mott-
Schottky plots on bare and PEO coated Ti6Al4V alloy.

calculated donor concentrations in average. One can notice that bare
Ti6Al4V and PEO-Si coating have higher donor concentrations with a
magnitude of 10'°, however, for PEO-P and PEO-Al coatings, the donor
concentrations are two orders of magnitude lower and PEO-P coating
shows the lowest donor concentration.

3.6. Photocatalytic activity of PEO coatings

Fig. 16 shows the average efficiency of MO photodegradation and
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Fig. 14. Mott-Schottky plots constructed from the data in Fig. 12 for (a) bare Ti6Al4V, (b) PEO-P coating, (c) PEO-Al coating and (d) PEO-Si coating.
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Fig. 16. MO degradation and absorption as a function of time in respect to PEO
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absorption in the presence of different PEO coatings on Ti6Al4V alloy,
respectively. Please note that bare Ti6Al4V did not show noticeable
photocatalytic activity during the experiment, moreover, natural titania
is amorphous and no photoactivity is expected. The MO absorption of
different coatings in darkness increases with exposure time, and the final
absorption rates after 6 h are in the range of 10-15%, indicating a quite
similar absorption behavior. The photocatalytic activity of the coatings
can be evaluated by the degradation rate of MO and shows a positive
correlation. It is obvious that the degradation efficiency of MO for the
three coatings increases to a value higher than ca. 45 % after 6 h of
exposure, suggesting a reasonable photocatalytic activity of these
coatings. Meanwhile, the photocatalytic activity of different coatings
almost does not depend on the composition of the coatings. The MO
degradation rates are quite similar for the three different coatings during
the measurements. However, the degradation efficiency for the PEO-P
coating is slightly higher than that of the other two coatings. It could
be correlated with the rougher coating surface and main phase
composition of anatase in the coating, which has higher active surface
area and possibly has higher concentration of charge carriers [56], in
comparison with the other coatings. It is worth mentioning that PEO-Al
coating shows comparable photocatalytic degradation rate even through
there is almost no TiOg. This can be assigned to the newly formed
Al,;TiOs phase, which has a narrow band gap of 2.88 eV and has already
been reported as an efficient photocatalyst in organic pollutant degra-
dation process [57,58].

4. Discussion

Looking at the voltage responses during PEO processing, the higher
breakdown voltage (ca. 290 V) for the PEO-Al coating suggests a higher
electrical resistance of the initial barrier layer compared to the PEO-P
and PEO-Si coatings (ca. 190 V). It does not seem to be influenced by
the conductivity of the electrolytes, since the aluminate-based electro-
lyte has a comparable conductivity to the silicate-based electrolyte,
which is higher than that of the phosphate-based electrolyte. However,
the effect of a different composition of initial barrier layer or a different
formation rate of the initial titanium oxide layer in different electrolytes
could be more significant. Based on the phase composition of the coat-
ings, one can notice that the PEO-Al coating contains a significant
amount of non-conductive y-AlpO3 and NaAlyxOsx1, which can only
originate from the electrolyte. Thus, the breakdown voltage is mainly
controlled by the composition of the coating, which is determined by the
electrolyte composition. The following main reactions (Egs. (2)-(7)) are
suggested for the formation of crystalline phase in the PEO-Al coating at
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different depth of the coating:
In the outer layer,

INa* + 2xAlO5 + (x — 1)Hy0—>NayAlyOsy.y +2(x — 1)OH™ )
In the intermediate layer,

AlO; +2H,0—AI(OH), + OH" 3)

2A1(0OH),—~ALO5 + 3H,0 4
In the inner layer near the substrate,

Ti->Ti*" +4e” (5)

Ti** +40H™ —Ti0, + 2H,0 (6)

TiO, +Al,O3—-ALTiOs ()

From Egs. (2)-(7), it can be expected that the thickness difference
between the PEO-Al and PEO-P coatings is probably related to the
different coating formation processes, where the deposition from the
electrolyte is dominating for PEO-Al systems. However, the reactive
formation involving oxidation of the substrate is the primary reaction for
the PEO-P system. The voltage is always higher for PEO-Al system than
PEO-P system at the same current density. That is to say, the energy
input for PEO-Al system is higher, but the lower thickness of PEO-Al
coating elucidates a lower coating formation efficiency. One reason
could be that, the formation of Al;TiOs in PEO-Al coating through the
interaction between AlpO3 and TiOy is accompanied by a volume
shrinkage (11% molar volume) [59]. Hence, a lower thickness in com-
parison to the TiO5 dominated PEO-P coating (Pilling-Bedworth ratio of
1.73) was revealed. Another explanation is also associated with the
different composition and microstructure of the coatings in different
electrolytes, which can result in different barrier property of the coating
and further change the coating formation behavior, indicated by a
different voltage response. An alternative explanation is associated with
the higher oxygen diffusivity in TiOy compared to AlyOs, and SiO;
[60-62]. Our previous study [63] has demonstrated that the expanded
o-Ti peaks due to high solubility of oxygen in Ti lattice in the phosphate-
based electrolyte. The faster oxygen diffusion in TiO, supported the
continuous penetration of oxygen into the Ti substrate and thus the
coating formation process could be accelerated. However, in the
aluminate- and silicate-based electrolytes, the outer layers are Al;03 and
SiO, dominated, respectively. The lower oxygen diffusivity in Al;03 and
SiO5 in comparison to TiO5 could interrupt the fast diffusion of oxygen
to the coating/substrate interface. As a result, the oxidation process of Ti
substrate was impeded, and the coating growth was much dependent on
the deposition from the electrolytes.

Considering the coating composition, we conclude that the reactions
in Eq. (5) and (6) are the main process for the formation of PEO-P
coating and the fabrication of crystalline phases in PEO-Si coatings. A
closer observation reveals a slightly increased amount of rutile in the
PEO-P coating towards the coating surface. It is clear that the high-
temperature stable rutile is transformed from anatase due to the high
temperature of the discharges. The increased intensity of rutile peaks
suggests that the highest temperature in the coating is reached at the
oxide/electrolyte interface where melted material is ejected through the
discharge channels. For the PEO-Si coating, the main coating formation
process is deposition-controlled similar to the PEO-Al coating, with
significant deposition/formation of amorphous phase. The declined
electrical power input in PEO-Si system is the reason for the lower
coating thickness. However, the electrical controlled mode also prevents
the generation of destructive discharges, attaining a less porous and
compact coating.

It is well known that the morphology, microstructure and phase
composition of the PEO coatings have an effect on their performance.
During PDP measurement, the breakdown of the PEO-AI coating is not
reached; however, a higher dissolution of Al is noticed after reaching
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3.5 V. It might take place due to water decomposition process under
anodic polarization condition, leading to the formation of oxygen. As a
result, there could be a decreasing of pH value, and further accelerating
the dissolution of aluminium oxides/hydroxides compounds. The sec-
ond option can be that at ca. 3.5 V vs Ag/AgCl electrode, the so-called
band-gap potential [64] was reached and resulted in a change of the
layer conductivity. Thus, the layer is not that protective anymore
because the electrons can pass through it causing further dissolution.
The result is also in agreement with the EIS measurements, showing that
the PEO-AI coating has lower impedance. However, at the lowest fre-
quency of 0.01 Hz, the low frequency loop is still incomplete for all
coatings and there is no sign for a well-defined time constant. Thus, the
real corrosion resistance of the coatings cannot be evaluated through the
impedance spectra. Nevertheless, in the EIS measurement, the semi-
conductive behaviour of the TiO,-containing coating could not be
ignored. The impedance spectra do not only demonstrate the physical
structure of the coating formed in different electrolyte, which is in
agreement with the observation of cross-sectional analysis, but can also
reveal the response from the space charge layer originated from the
coating-electrolyte interface [46]. The Mott-Schottky analysis from
additional EIS measurements is adequate for elucidating the contribu-
tion of space charge region since the capacitance of space charge layer is
shifting dependent on the applied potential. However it does not happen
on inner and barrier layers. Although Mott-Schottky equation reveals a
linear relationship between C;2 and the applied electrode potential (E) as
seen in Eq. (1), the C;% - E plots in Fig. 14 show a nonlinear increasing
trend with the potential bias. The possible reason could be generally
correlated with the complex coating composition and the heterogeneous
microstructure of the coatings.

It should be noted that the semiconductivity of the coatings evalu-
ated in present work is an assessment of the interface between the
coatings and the substrate. However, the photocatalytic activity of the
coating is focusing on the outer layer with numerous micro-pores
formed during PEO. That is to say, the calculated donor density
cannot be associated with the photocatalytic activity in this case. The
photocatalytic activity of the coatings only shows small differences and
a slight advantage of PEO-P coating is illustrated. The PEO-P coating
contains higher amount of anatase, which would theoretically increase
the amount of charge carriers since the indirect band gap shows a longer
lifetime of photo-excited electrons and holes than the direct band gap of
rutile [56]. Although lacking crystalline TiO,, the PEO-Al and PEO-Si
coatings still show considerable photocatalytic activity. The possible
explanations are based on the total active surface area and the additional
active species for photocatalysis [65,66]. For PEO-AI coating, it can be
partly assigned to either amorphous TiOz or the satisfactory photo-
degradation capacity of Al;TiOs. Besides, the highest surface roughness
(Sdr = 141.308%) can also expand the coating surface area and further
increase the exposed active surface area for the MO photodegradation
process. The recombination and trapping of photo-generated charge
carriers [46,67] could be increased in the porous outer layer produced
by the repeated discharges. In terms of PEO-Si coating, the composition
the TiOg/amorphous silica composite was already reported to exhibit
better photocatalytic performance in comparison to pure TiOy [65].
Moreover, the higher additional surface area (Sdr = 101.628%) could
explain such high photocatalytic performance.

5. Conclusions

The composition of the electrolyte influences the PEO process on Ti
alloy. The PEO process in phosphate-based electrolyte was the most
stable in comparison to the aluminate- and silicate-based electrolytes.
The PEO-P coating is mainly composed of anatase and rutile due to the
oxidation of substrate. However, for PEO-Al and PEO-Si systems, the
major coating formation process is largely dependent on the deposition
of the species from the electrolytes. Al;03 and NasAlyxO3x.1, as well as
Al,;TiOs oxide mixture are the main phases in the PEO-Al coating. An
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amorphous silicate phase in combination with anatase and rutile are
dominant in the PEO-Si coating. The three formed coatings have also
noticeably different morphology, of which the PEO-P coating showed
the highest surface roughness, while the most uniform coating was
formed in the silicate-containing electrolyte.

Regarding the corrosion properties, a breakdown during PDP was
only observed for the PEO-Si coating due to the lowest coating thickness
and amorphous phase fractions. Nonetheless, the dissolution of
aluminum was detected for the PEO-AI coating without a sign of coating
breakdown. The space charge region response was illustrated in the
impedance spectra at potential bias because of the semi-conductive
property of TiOp-containing coatings. Furthermore, all the coatings
have good photocatalytic activity with a MO photodegradation rate
higher than 45 %.
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Results

5.2 Influence of additional substrate phases

In addition to the phase transformation of substrate, the addition of alloying element can result in the
precipitation of other second phases/intermetallics, which are significantly different from the matrix.
Furthermore, the reinforcement process can introduce different reinforcement phases into the alloys that
are not suitable for PEO treatment, such as Si phase and Al,Os fibers. As a result of this different
oxidation behavior, to obtain uniform PEO coatings on these micro-scaled material mixes is a challenge
in comparison to the matrix. Finally, the study was progressed to micro-scaled material mix with more
complex phases.

5.2.1 PEO of Al-Si material mix

Paper 4: Ting Wu, Carsten Blawert and Mikhail Zheludkevich. Influence of secondary phases of
AISi9Cu3 alloy on the plasma electrolytic oxidation coating formation process. Journal of Materials
Science & Technology 50 (2020). https://doi.org/10.1016/j.jmst.2019.12.031
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AISi9Cu3 alloy is a good model alloy for PEO treatment of multi-material mix, revealing the problems
of delayed sparking and different coating growth/phase composition if two different materials should
be treated simultaneously. This work studied the oxidation behavior of a-Al matrix, intermetallics
Al>Cu, B-AlsFeSi, and Si phases in Al9Si3Cu alloy, as a function of processing time during PEO
treatment. From the local observation of the evolution of AI9Si3Cu substrate, different
phases/intermetallics have shown distinguishable responses to the current and different oxidation
behaviors with increasing processing time. Especially at the initial stage of the processing, an obvious
sequential oxidation was demonstrated, starting on Al matrix, following with two intermetallics and
finally extending to Si phases, due to a different chemical and electrochemical stability of the
intermetallics. Moreover, Si phase is known to be not suitable for PEO and thus it was only oxidized
slightly on the surface. The final coatings displayed distinct local morphology/microstructure on the
surface due to the presence of intermetallics and Si, nevertheless, the surface heterogeneity can be

erased gradually with prolonged treatment time.
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ABSTRACT

To understand the formation and growth of plasma electrolytic oxidation (PEO) coatings in presence of
different secondary phases in a substrate, PEO treatment was carried out on AlSi9Cu3 alloy at different
treatment times ranging from 15 s to 480s. The coating formation and evolution process was traced by
surface and cross-sectional observation of the layers on the different phases of the alloy. The results
demonstrated a sequential involvement of the different phases in the plasma discharges: firstly, dis-
charges start on the a-Al matrix, then on the intermetallic Al,Cu and B-AlsFeSi phases at the same time
and finally on the eutectic Si. The presence of intermetallic Al,Cu remarkably affects the initial dissolu-
tion, the deposition of conversion products and the ignition of discharges at the early stages of processing.
Eutectic Si in the substrate exhibits the highest electrochemical stability at all stages and contributes in
the beginning to a distinct coating morphology eventually. The resultant PEO coating tends to be uniform

if processing times are longer and a double-layer structure appears in the coating.
© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Plasma electrolytic oxidation (PEO) [1-6], as an eco-friendly
surface modification technology based on plasma-assisted anodic
oxidation for lightweight materials (aluminum, magnesium, tita-
nium etc.), allows the creation of ceramic-like oxide coatings with
firm adhesion to the substrate. Previous studies have demonstrated
that PEO coatings, particularly alumina coatings, possess excel-
lent resistances to environmental corrosion and abrasion damages,
thus, this technique has been applied on aluminum alloys in a wide
range of industrial applications for decades [7-11]. Many studies
[12-14] focused on optimizing the combination of electrolytes and
electric parameters in order to improve the performance of resul-
tant PEO coatings. However, the quality of PEO coatings is often
determined also by the chemical composition of the aluminum
alloys, either by the alloying elements influencing PEO layer com-
position or via formation of secondary phases affecting the PEO
process directly [15,16].

To investigate the effects of chemical composition of substrates,
attempts have been made to study aluminum alloys, which con-
tain different alloying elements. The major alloying element Cu

* Corresponding author.
E-mail address: ting.wu@hzg.de (T. Wu).

https://doi.org/10.1016/j.jmst.2019.12.031

generally exists in form of precipitates in aluminum alloys. An ear-
lier study [17] explained the absence of Cu in PEO coatings of a
commercial Al-Cu-Mg alloy (3.8-4.9 wt% Cu) by the dissolution of
Cu-rich precipitates into the electrolyte during PEO processing and
incapability of being absorbed and deposited into PEO coatings.
However, a later research [18] reported the irregularity distribu-
tion of Cu in the outer layer of PEO coating on 2024 aluminum
alloy, confirming Cu incorporation in the coatings. Afterwards, Oh
et al. [19] identified approximately a Cu residual ratio of 0.1 in the
PEO coating relative to that in the substrate of 2024 aluminum
alloy and revealed an adverse role of Cu in a-Al,03 transition. A
brownish-red PEO coating on 2A97 aluminum alloy (3.8 wt% Cu)
was obtained, which was attributed to the generation of dark red
Cu,0 from oxidation of Cu in 2A97 aluminum alloy [20] by spe-
cific B-type discharges [21]. Furthermore, Veys-Renaux et al. [22]
tracked the evolution of Cu-rich precipitates in AA2214 aluminum
alloy during PEO processing and discovered the de-alloying of Cu-
rich precipitates into Cu nanoparticles. Cu nanoparticles increased
the electrical conductivity of the oxides, delaying the initiation of
dielectric breakdown.

PEO coatings of binary Al-Mn alloys with increasing alloying
content of Mn (1-8at.%) exhibited increased surface roughness,
coating thickness, amount and size of porosities [23]. Electrochem-
ically active Mn, having a similar oxidation potential to Al, could
easily substitute Alin Al,O5 crystal structure thus accelerating coat-

1005-0302/© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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ing growth. The higher vapor pressure of Mn resulted in a higher
porosity and hence higher surface roughness of PEO coatings during
spark formation. In PEO studies of 2214-T6 and 7050-T74 alu-
minum alloys, the inhibition of a-Al,03 growth in the coating of
7050-T74 aluminum alloy was ascribed to the abundant Zn in the
substrate [24]. However, another study [19] identified a more sig-
nificant contribution of Mg to suppress the formation of a-Al,03
as compared with that of Cu and Zn. PEO coating formed on high Si
containing aluminum alloys were mainly composed of y-Al,03, a-
Al;03, Si0; and a small amount of mullite phase (Al;03-Si0;) [25].
The presence of Si in Al matrix led to lower efficiency in coating
formation and lower porosity of the coating during PEO treatment
due to the lower electrical conductivity of Si [26].

Although the influence of separate alloying elements in the sub-
strate on the characteristics of resultant PEO coatings has been
investigated, there is still a challenge to control the synthesis of
PEO coating when there is lack of knowledge about coating for-
mation and evolution on different materials and phases during
PEO processing for multiphase aluminum alloys. AlSi9Cu3 alloy
as an engineering material normally requires surface pretreat-
ment before application [27-29]. Unfortunately, the large-sized
secondary phases and high quantity of Si restrict the conventional
anodization since the thinner and vulnerable anodic film is not able
to fulfill the mechanical and tribological requirements [22,26]. As a
potential solution, PEO treatment was performed on AlSi9Cu3 alloy
in this work. It is noteworthy that AlSi9Cu3 alloy is a good model
system of hybrid materials for the purpose of investigating PEO
coating growth on different materials («-Al, Si) and phases (Al,Cu
and 3-AlsFeSi) at the same time. Our studies disclosed the inho-
mogeneous growth and discontinuity of PEO coatings in presence
of these different phases in AlSi9Cu3 alloy. The growth behavior of
the coating from initial stage of PEO coating formation and further
coating evolution was analyzed in detail and discussed.

2. Experimental

Rectangular specimens of as-cast AlSi9Cu3 alloy with dimen-
sionsof 15 mm x 15 mm x 4 mm were selected. The mass fraction of
the substrate is 9.57 wt% Si, 2.56 wt% Cu, 0.93 wt% Sn, 0.83 wt% Mg,
0.38 wt% Zn, 0.35 wt¥% Fe, 0.14 wt% Mn and Al balance. Prior to PEO
treatment, the surface of the specimens was ground using abrasive
papers from 1200 grit to 4000 grit and polished with 3 wm polish-
ing agent, then flushed by ethanol and distilled water respectively
and dried in air at ambient temperature.

PEO process was carried out by using a unipolar-pulsed DC
power source. In this work, a constant current regime was applied
with a current density of 3 A/dm? and a duty cycle of 10 % (ton : tos
=0.5ms : 4.5ms) in an alkaline electrolyte (pH = 12.4, conductivity
23.2mS/cm) composed of 20g/L Na3PO4 and 1g/L KOH. The test
specimens connected with a conductive holder worked as anode.
The stainless steel tube being part of the heat-exchange system
was adopted as cathode. The temperature of electrolyte was kept
at20+1°C.The PEO treatment was implemented at different treat-
ment times ranging from 15s to 480s (15s, 30s, 60s, 1205, 240s
and 480, respectively).

The resulting voltage as a function of processing time was
recorded with a data acquisition system (SignaSoft 6000 software
package) provided by Gantner. The distribution of different phases
of the substrate, surface and cross-sectional morphologies as well
as chemical composition of the coatings were evaluated by means
of scanning electron microscope (SEM, TESCAN Vega3 SB) equipped
with an energy dispersive spectrometer system of eumeX (EDS,
[XRFsystems). The phase composition of the substrate and coatings
were analyzed using X-ray diffraction (XRD, D8 Advance, Bruker
AXS) with CuK, radiation (40 kV, 40 mA). Diffraction pattern were
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Fig. 1. X-ray diffraction patterns of the specimens before (substrate) and after PEO
treatment for different times.

obtained at diffraction angle 26 from 20° to 80° with a step size of
0.02°/s and grazing angle of 1°.

3. Results
3.1. Microstructure and composition of AlSi9Cu3 alloy

Fig. 1 reveals that AlSi9Cu3 alloy is mainly composed of a-Al
and Si with additional intermetallic compounds AlCu and [3-
AlsFeSi respectively. The characteristic peaks of intermetallics can
be hardly observed because of their lower intensity relative to the
matrix. Simultaneously, Fig. 2 illustrates the microstructure of the
bare AlSi9Cu3 alloy with the phases indexed, in accordance with the
study of Puga et al. [30]. The microstructure is characterized as grey
a-Al matrix with lath-liked eutectic Si, herringbone-structured
intermetallic Al Cu and irregular intermetallic 3-AlsFeSi. At higher
magnification (Fig. 2(c) and (d)), the overlapping distribution of
intermetallic Al;Cu and -AlsFeSi is revealed as another fea-
ture of the substrate microstructure. The observation of substrate
microstructure provided visual information to differentiate the
phases and further assisted in monitoring the coating evolution on
these phases during PEO processing.

3.2. Characterization of PEO coating formation on AlSi9Cu3 alloy

3.2.1. Voltage evolution during PEO processing

Fig. 3 shows the change of voltage with increasing treatment
time until 480s. It is the typical form of voltage-time curve when
a constant current density is applied in PEO processing of alu-
minum alloys [31,32]. The curve can be divided into two discernable
stages: firstly, the stage of conventional anodic oxidation featured
by a rapid and linear increase of oxidation voltage at a rate of
3.3V/s, when the treatment time is shorter than 60s. The first
stage indicates the initial mostly electrochemical-driven dissolu-
tion of the substrate and the formation of thin passive barrier layer
on the interface of substrate/electrolyte [33]. First tiny arcs were
observed after 60s at a voltage of 200V. Afterwards, the process
progresses into the second stage, characterized by the phenomenon
of numerous visible micro arcs moving around on the surface of
the specimen. However, at this point, the slope of the voltage-time
curve decreases associated with the continuous thickening of the
porous PEO coating. The PEO process remains at this stage until
480 s and the increase of voltage is slowing down further, reaching
a final voltage of 350V.
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Fig. 2. Microstructures of AlSi9Cu3 alloy with four different phases: (a, c) BSE images; (b, d) SE images.
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Fig. 3. Voltage-time response during 480 s of PEO processing.

3.2.2. Phase composition

The phase composition of the coatings after different treatment
times is shown in the XRD patterns (Fig. 1). Besides the intensive
peaks from the substrate (a-Al, Si and Al,Cu) due to the X-ray
penetrating through the coating into the substrate, some weak sig-
nals (mainly after 480s treatment) demonstrate that the coatings
consist of y-Al,03 and mullite (3Al,03-2Si0, ) respectively. Inter-
estingly, although the phase composition of the coatings seems not
to change with treatment time, some substrate signals appear to be
stronger indicating that in spite of coating formation the Al matrix
is preferentially etched with intermetallic Al,Cu remaining. Only
at 480, an additional amorphous phase appears as a broad bump
at 26 around 20° to 35°. The transformation from amorphous alu-
mina to crystalline Al, 03 mostly depends on the temperature [34].
However, discharges providing enough energy for phase transfor-
mation and heating the specimen and electrolyte up, are still not
occurring within the short treatment times and a final voltage of
350V.

3.2.3. Surface morphologies and element distribution

Fig. 4 displays the surface morphologies on AISi9Cu3 after dif-
ferent PEO treatment times and reveals the coating evolution on
the four different phases (a-Al, eutectic Si, Al,Cu and [(3-AlsFeSi
intermetallics). At the very beginning (the first 155s), initial selec-
tive dissolution occurs in the interface to Al,Cu, as the denuded net
structure of Al,Cu is clearly revealing in Fig. 4(a). In the meantime,
the deposition of conversion products is observed preferentially
surrounding the periphery of the intermetallic Al,Cu, which is sup-
ported by O and P signals shown in the EDS analysis in Fig. 5(a).

After 30s, the conversion products accumulate around Al,Cu
and P-AlsFeSi intermetallics as revealed in (Fig. 4(b)). The sig-
nals of the characteristic elements Fe, O and P in these positions
(Fig. 5(b)) confirm the involvement of (3-AlsFeSi in formation of
the conversion products. However, the coverage of the surface in
larger distance from these intermetallics by elements O and P orig-
inated from the electrolyte is limited and the boundaries of Si are
still recognizable. The conversion products pile up further until
60s treatment (Fig. 4(c)) and the elements O and P start to cover
the entire surface (Fig. 5(c)), whereas, it seems that the conver-
sion products peel off from the surface, leaving behind some voids
around the Al,Cu phases after 120 s (Fig. 4(d)). According to obser-
vation of the sparking, the first sparks appear already after 60 s and
it is likely that they are involved in the removal of the conversion
products around the intermetallics.

The topography of intermetallic Al,Cu after 120 s features some
lower areas (Fig. 6(a)), which are obviously a result of the prefer-
ential dissolution of Al,Cu intermetallics. Micro-pores from initial
discharges can be seen at 120's as well. They are largely distributed
on the junction of intermetallic Al,Cu and surrounded a-Al matrix
(Fig. 6(a)) and less on the surface of Al;Cu and (3-AlsFeSi (Fig. 6(b)).
It can be inferred that the initial discharges have started on certain
regions of the barrier layer when the voltage reached 200V after
60s. These regions are apparently related to the fast growing con-
version layer on the top of a-Al matrix around the intermetallics.
When the voltage gradually ramps up to 250V at 120s, it also
exceeds the breakdown potential of the barrier layer on all phases
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Fig. 6. Surface morphologies and local EDS mapping results on different secondary phases after 120 s PEO treatment: (a) Al,Cu; (b) B-AlsFeSi; (c) eutectic Si.

except of eutectic Si [35], because of its lowest rates in anodizing
and formation of oxides illustrated by the weak coverage of O/P on
it (Fig. 6(c)).

The surface is firstly fully covered with a typical PEO coating
showing numerous micro-pores after 240 s treatment (Fig. 4(e)).
The continuous coverage of O on eutectic Si (Fig. 7(a)) reveals that
silicon surface is oxidized and an oxide layer is formed already.
Interestingly, there are discernible surface micro-morphologies
distinguishable by the distribution of micro-pores of different sizes.
According to the distribution of the characteristic elements (Al,
Si, Cu and Fe), the three distinct surface micro-morphologies are
related to the phases present at the surface, indicating the substan-
tial effect of secondary phases on the surface morphologies of the
coating at this stage. At higher magnification, the coating on eutec-
tic Si (Fig. 7(b)) shows a few small micro-pores and the boundaries
of eutectic Si underneath are still visible because the layer is too
thin to cover the morphology of eutectic Si completely. The mostly
sintered coating with the largest micro-pores is certainly growing
on the overlapping area of Al,Cu and 3-AlsFeSi in Fig. 7(d).

After longer treatment (480 s), the surface morphologies of PEO
coatings evolve significantly (Fig. 4(f)). Besides micro-pores spread
on the entire surface, even some micro-cracks form already in par-
ticular regions at 480 s. An increase in micro-pore sizes is observed

on the PEO coating surface compared with that of 240 s (Figs. 7(a)
and 8 (a)) due to the higher energy (voltage and current) in the
discharge as resistance of the coating is increasing with thickness
of the coating. Three micro-morphologies characterized by diver-
gent porosities as observed on the coating surface of 240s are still
discernible with extended treatment time, shown in Fig. 8(b)-(d))
(marked areas 1, 2 and 3). The inhomogeneity in the micro-
morphology is mainly controlled by the intensity and density of
discharges, which can be related to different resistance of the oxide
film on the different phases. The main element composition and
content of the coating in the three different micro-morphologies
are determined in Fig. 8(e). The amount of characteristic elements
(Al, Si, Cu and Fe) indicates the locations of the phases underneath
the coatings and is beneficial to trace the evolution of coating for-
mation and surface features on these phases respectively. Area 1
containing the highest amount of Si and lowest concentration of
Al, Cu and Fe is corresponding to the coating formed on eutectic Si.
Area 2 featured by the highest Al content among the three regions
refers to the coating deposited on a-Al matrix. While the highest Cu
and Fe quantities of area 3 indicate the coating on the typical over-
lapping region of Al,Cu and [(3-AlsFeSi intermetallics, which could
hardly be distinguished after 480 s treatment.
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Fig. 7. Surface evolution of PEO coating after 240 treatment: (a) overview of PEO coating on AlSi9Cu3 with EDS mapping results; surface morphologies on (b) eutectic Si,

(c) a-Al matrix and (d) the overlapping location of Al,Cu and [3-AlsFeSi.
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Fig. 8. Surface evolution of PEO coating after 480 s treatment: (a) overview of PEO coating on AlSi9Cu3. Surface morphologies on different phases with EDS mapping results:
(b) on eutectic Si; (c) on a-Al matrix; (d) on the overlapping location of Al,Cu and [3-AlsFeSi; (e) characteristic element contents at different selected areas in (a).

The micro-pore size of the resultant coating on the overlapping
of Al,Cu and B-AlsFeSi is 0.078-0.95 wm, 0.32-0.75 wm on o-Al
matrix and 0.05-0.26 wm on eutectic Si respectively. Micro-cracks
appear mainly in the coating grown on eutectic Si (Fig. 8(a)), which

is confirmed by the clustering of Si (Fig. 8(b) and (e)). A high PBR
value of 2.22 for SiO, indicates higher internal stresses of oxide
mixtures mainly containing SiO,. With smallest micro-pores on
eutectic Si, the inefficient release of internal stresses consequently
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Fig. 9. Cross-sectional morphologies and EDS mapping results of PEO coating after different treatment time: (a) 60s; (b) 120's; (c) 240s; (d) 480s.

results in the generation of micro-cracks at these regions. Besides,
the additional mismatch in an oxide mixture is prone to cause more
micro-cracks in the coating as well.

3.2.4. Cross-sectional morphologies and element composition

With the goal of investigating the evolution of PEO coating,
the cross-sectional morphologies in Fig. 9 demonstrates different
growth stages of the coating (from 60s to 480s). It is obvious
that the growth of coating on the different phases is dependent
on the treatment time. Even after 60s treatment, the oxide layer
on the specimen is hard to recognize (Fig. 9(a)). However, the
cross-sectional mapping result at 60 s (Fig. 9(a)) reveals a thin and
discontinuous coverage of O on the surface of the specimen, chiefly

associated with the disruption of the oxide layer by stable eutec-
tic Si. It is worth noting that there is most likely an oxide layer
already after 15 s and 30 s, but the metallographic preparation tech-
nique leads to rounding effects at the edges removing the thin film.
Afterwards, protuberant porous oxides already start to deposit on
the intermetallics of Al,Cu and [3-AlsFeSi within 1205, as shown by
the distribution of Cu, Fe and O in Fig. 9(b), whereas only a thinner
oxide layer covers the surface of eutectic Si.

A dense and continuous PEO coating coverage is firstly observed
at 240 s (Fig. 9(c)). The coating on overlapping region of Al,Cu and
[3-AlsFeSi intermetallics is still thicker, mainly due to the lower
melting temperature of the mixed oxides (Cu and Fe oxides) allow-
ing faster sintering and coating growth. The gap between coating
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Fig. 10. Cross-sectional evolution of PEO coatings at 240s and 480s: (a, b, c) cross-sectional morphologies of PEO coatings on different secondary phases at 240s; (d, e, f)
cross-sectional morphologies of PEO coatings on different secondary phases at 480 s; (g, h) characteristic element contents on different phases at 240 s and 480 s, respectively.

and substrate discloses a pore band in the interface. After that, the
coating develops further up to 480s. The coating becomes denser
and more uniform in both morphology and thickness on all phases
as presented in Fig. 9(d). This is most likely the results of the succes-
sive discharge breakdown in the weakest areas of the coating and
deposition of reinforced coatings in these regions. The higher posi-
tion of the interface of eutectic Si/coating relative to surrounding
a-Al matrix/coating (Fig. 9(d)) indicates a delay of dissolution and
oxidation of Si and a thinner oxide layer on eutectic Si. Simultane-
ously, the distribution of O on eutectic Si also suggests the highest
stability of Si among all phases in the substrate.

For PEO coatings after 240 s and 480 s treatments, Fig. 10 reveals
the coating evolution on the different phases in more details. The
coating appears as undulant single-layer morphology on all phases
at 240s. The layer on eutectic Siis thin and jagged (Fig. 10(a)), while
the layers on Al,Cu and [3-AlsFeSi (Fig. 10(b) and (c)) are quite thick
and dense, in agreement with results in literature [36]. The most
visible pore bands arise up in the coating on the «-Al, adjacent
to Al,Cu and 3-AlsFeSi intermetallics, primarily attributed to the
severe plasma discharges in these regions [37]. According to the
element composition of the coating on different phases at 240s
(Fig. 10(g)), there seems to be less mixing of coating above eutec-
tic Si. Si (SiO,) still dominates the coating on eutectic Si and only
little phosphate is incorporated. However, some Al, 03 seems to be
present as well.

The coating thickens evidently on all phases after 480 s treat-
ment (Fig. 10(d)-(f)). The average thickness values of the coating
on a-Al matrix, Al Cu, 3-AlsFeSi and eutectic Si, measured from the
cross-sections, are 2.62 +0.28 um, 3.01 £0.29 pum, 3.06 +£0.29 um
and 1.96 +0.38 um respectively. A dense layer with smooth and
sealed surface is successfully deposited on eutectic Si, despite the
coating thickness remains the thinnest with respect to the other
phases. The smooth conversion of the coating surface demonstrates
that sufficient molten oxide was involved in coating formation
at the final voltage of 350V, even for the formation of SiO,
(Tm>1600°C).

Fig. 10(h) shows the chemical composition of the coatings on
the four different phases at 480s and a general increase of O con-
tent on eutectic Si from 240 s (less than 20 at.%) to 480 s (more than
25 at.%) can be seen. However, this seems to be more an artefact
since there is more volume of the matrix region analyzed when the
layer is thinner. Interestingly, the structure of the coating converts
from a single-layer morphology to double-layer morphology on the
matrix, Al,Cu and [3-AlsFeSi intermetallics as shown in Fig. 10(e)
and (f) after 480 s. It may arise from a change of main growing direc-
tion of the coating at 240s. The subsistent thick coating impedes
the breakdown discharges, which further impairs the outwards
growing of the coating while inwards growth rate of the coating
increases [3]. With increase of treatment time, an outer layer with
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AlSi9Cu3 .
nano oxide layer

nano pores

micropore
initial discharge channel pore band

initial sparking

single PEO layer

anodic layer

Fig. 11. Schematic diagram of coating formation before and during PEO process: (a) air-formed oxide layer prior PEO processing; (b) initial deposition and accumulation
of conversion products around Al,Cu intermetallics; (c) initial plasma breakdown discharges on all phases except eutectic Si; (d) non-uniform growth of PEO coating with
single layer morphology; (e) uniform growth of PEO coating with inner layer and outer layer.

visible micro-pores and an inner compact layer free of micro-pores
develop eventually.

4. Discussion

At the very beginning, the boundary of intermetallics Al,Cu is
initially dissolved (Fig. 4(a)) with the assistance of applied elec-
trical field. Prior to anodizing, a native oxide layer formed in air
already covers the alloy (Fig. 11(a)). The oxide layer on Al,Cu inter-
metallics is not as protective as that on a-Al matrix as a result
of the high content of Cu. Inevitably, the intermetallics under-
neath are exposed directly to the electrolyte and especially at the
interface of Al,Cu/a-Al the native oxide layer compromises even
more defects [38]. Consequently, the electrical field-assisted disso-
lution is preferentially initiated and enhanced at the verge of Al,Cu
intermetallics. Afterwards, conversion products start to deposit in
these specific regions by the combination of Al3*/Cu?* from dis-
solved matrix and PO43~/OH- originating from the electrolyte. They
form of low soluble Al/Cu-based oxides and phosphates (Figs. 5(a)

and (b) and 11 (b)). The enrichment of Fe will produce residual
defects in the native oxide layer on [3-AlsFeSi providing a path
for the penetration of electrolyte. The presence of Si in 3-AlsFeSi
tend to change the current flow into less resistive a-Al matrix
around [39] and reduce the anodizing efficiency. Overall, 3-AlsFeSi
presents a lower oxide growth rate relative to intermetallic Al,Cu
(Fig. 5). With the increased voltage, conversion products gradu-
ally spread to the surface of intermetallics and accumulate further
(Fig. 11(b)).

The unexpected peeling-off (Fig. 4(d)) interrupts the collection
of conversion products after the breakdown voltage is reached.
It could be related to the thermal and mechanical stresses gen-
erated by the first discharges. Due to the excess of flaws within
high Cu contained conversion products the poor adhesion to the
substrate beneath is also a possible factor (Fig. 11(c)). The disap-
pearance of protuberant conversion products potentially provides
more weak regions for the plasma breakdown discharges and the
coating growth will be enhanced by the intensive and frequent
discharges [40].
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Plasma discharges after their extinguishing, are responsible for
the typical surface morphology with micro-pores on the coating
surface. When the increased voltage reaches the critical breakdown
voltage, the breakdown of dielectric layer takes place hence leaves
behind the characteristic micro-pores near the coating surface and
micro-channels within the coating [41].

The micro-pores from initial discharges are largely distributed
on the top of a-Al matrix (Fig. 6), demonstrating the ease of break-
down discharge in corresponding barrier layers. Interestingly, these
micro-pores are preferentially surrounding Al,Cu intermetallics
(Fig. 6(a)). A possible explanation is associated with the modified
structure and composition of the preferential barrier layer on a-Al
matrix next to the interface of Al,Cu/a-Al.

Severe gas generation during anodizing at the layer/electrolyte
interface prevents the penetration of electrolyte into the layer,
insulating the substrate and creating numerous resembling capac-
itors in the interface barrier layer/electrolyte. Once the voltage
exceeds the breakdown voltage, gas discharges take place accom-
panying with the breakdown of the barrier layer. Considering the
layers having excess of defects, i.e. the layers on Al,Cu containing
high content of copper oxide [42], are more prone to pass through
by the current flow and sustain dissolution and oxidation of the
intermetallics underneath rather than to be a barrier element of
the capacitors before reaching a specific thickness. In regards to lay-
ers of bare imperfection, i.e. the crystalline layer on a-Al, although
served as a part of the capacitors, are hardly to be broken down
due to the low dielectric permittivity of Al,03 (7.5-15) relative
to CuO (around 18) [43]. Nevertheless, layers around the interface
of Al,Cu/a-Al are modified either by morphology or composition
(Fig. 5(b)) arising from diffusion of Al3*/Cu?* in these regions com-
pared to layers strictly formed on Al,Cu and a-Al. Subsequently,
layers at the interface of Al,Cu/a-Al mixed with Al,03 offering
good passivity and CuO with high dielectric permittivity is precisely
subjected to the breakdown.

The continuous increase of voltage determines the growth of
PEO coatings. The cycles of arcing, melting, sintering and quench-
ing of the coating during pulsed PEO processing cause the sintered
appearance of the coating on the overlapping regions of Al,Cu
and B-AlsFeSi (Fig. 7(d)). Actually, lower melting points of FeO
(1377°C), Fe;03 (1565 °C) and CuO (1450°C) relative to higher
melting points of Al,03 (2072 °C) can be responsible for the more
sintered morphologies with larger micro-pore size compared to the
denser coatings on the surrounding «-Al matrix.

The continuous PEO coatings possess the smallest micro-pores
on eutectic Si (Figs. 7, 8 and 11(d)), determined by less intensive
breakdown discharges on eutectic Si. At this stage, all phases are on
the same potential. In terms of the low conductivity of eutectic Si,
less current can flow through the combination of Si/SiO, (semicon-
ductor/oxide) than through the combination Al/Al;03. The wider
band gap of SiO, compared with other oxides also contributes to
the lower current passing. Weaker current flow makes the igni-
tion of energetic discharges on eutectic Si more difficult as well as
being responsible for lower intensity of discharges. Besides this,
the hardship in breaking down the SiO, barrier layers with low
dielectric permittivity 3.8 on eutectic Si [43] further prevent the
formation of large-sized micro-pores. Generally, every single dis-
charge is a transient process to generate energetic species from
the collisions between high-energy electrons with gas molecules
and atoms in gasification. These energetic species then react with
the barrier layers by breaking the chemical bonds in barrier lay-
ers, revealing a typical breakdown process [44]. Highest ionization
energy of SiO; (11.43 eV) relative to Al;03 (10.5eV), CuO (9.41 eV)
and FeO (8.56 eV) [45] eventually moderates strength of reactions
on the barrier layer of eutectic Si.

With the thickening of the coating, the breakdown of the coat-
ing becomes more difficult and the outward growth of the coating

reaches a limit soon. In this case, the bottom of some large-sized
discharge channels turn into new reaction zones for the inward
growth of the coating. The opposite directions in coating growth
finally give rise to the double layer morphology in the coating as
shown in Fig. 10(e) and (f) and depicted in Fig. 11(e). At this stage,
gas discharges are prone to take place at the bottom of micro-pores
[46], from which the pore bands generate. The high electric field
forces the ionized gases inward from the electrolyte/coating inter-
face to the substrate and drives the aluminum ions outward via the
discharge channels. The inward ionized gases, filling the discharge
channels at high pressure, consequently constrain the accesses of
electrolyte into the discharge channels. A quenching effect of the
electrolyte on the solidification of the newly formed molten oxides
is hence prevented. As a result, a micro-pore free inner layer is
deposited next to the substrate.

5. Conclusions

(1) Al Cu intermetallics, [3-AlsFeSi and eutectic Si in AlSi9Cu3
alloy exhibit significant influence on phase formation and coating
growth during PEO processing mainly attributed to their different
chemical-, electrochemical- and physical properties. The coatings
formed in phosphate electrolyte are mainly composed of y-Al,03,
mullite (3Al,03-2Si0, ) and an amorphous phase.

(2) The involvement of the phases in the PEO process (dis-
charge formation) after initial conventional anodic oxidation is a-Al
matrix, followed by Al,Cu and [3-AlsFeSi and finally eutectic Si in
sequential order. The majority of initial micro-pores (discharges)
appear preferentially on the a-Al matrix surrounding Al,Cu inter-
metallics, indicating more active sites for plasma discharges at
these regions.

(3) Resultant PEO coatings show distinct surface morphologies
on different phases. The coating on Al,Cu and [-AlsFeSi inter-
metallics reveals a sintered morphology with large micro-pores.
The thinnest coating with smallest micro-pores and some micro-
cracks is found on eutectic Si.

(4) A double-layer morphology in the resultant coating is
observed on all phases except of eutectic Si, characterized by a
porous outer layer and a compact inner layer, due to the reverse
growing directions (outward firstly then inward) of the coating.

(5) The alloy AISi9Cu3 is a good model alloy for PEO treatment
of multi-material mix, revealing the problems of delayed sparking
and different coating growth/phase composition if two different
materials should be treated.
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Results

5.2.2 PEO of AZ91Nd/Al2.O3 Mg composite
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- The role of alumina fibers, Journal of Magnesium and Alloys 10(2022).
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This work mainly investigated the influence of a ceramic reinforcement phase-alumina fibers in
AZ91Nd alloy on the PEO processing. Al.Os fibers are already in a stable oxidation state. This gives a
fundamental understanding for the application of PEO processing with oxide particle additions in nano-
and micro-scale. Pure AZ91Nd alloy (1.14 wt.% Nd) was used as a reference, which offers a relatively
high amount of secondary phases, such as Al-Nd and Al-Mn-Nd intermetallics in the substrate. A lower
voltage response of the MMC was observed compared to the pure alloy, indicating that the composite
is less sensitive to the applied current and larger formation is disturbed. The coating thickness of the
MMC was also lower than that of the pure alloy. The coatings on the MMC showed a different
morphology due to the presence of alumina fibers, interrupting the continuity of the coatings especially
at the layer near the substrate. Alumina fibers were firstly embedded inertly in the coating. Then under
the effect of the discharges, the Al.Os fibers were reactively incorporated in a thermal-stimulated
reaction with MgO, and a new phase MgAlI.O4 spinel was formed. As a result, the homogeneity of the

coatings improved especially closer to the coating surface.
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Abstract

This work reports the influence of alumina fiber reinforcement of an AZ91Nd MMC (metal matrix composite) on the PEO coating
formation process in a sodium phosphate-based electrolyte. By comparison with the pure AZ91Nd, the evolution of alumina fiber during
the processing and the characteristics of the resultant PEO coating were investigated. The voltage response as a function of processing time
was changed. Lower voltage in the presence of alumina fiber is responsible for the lower coating thickness. The morphology and phase
composition of the coatings are also influenced by the incorporation of the fiber. Firstly, the fiber is embedded in the coating and interrupts
the continuity of the coating. With increasing processing time, the fiber is found to be reactively incorporated in the coating. The intention to
produce a MgAl,0, containing coating is achieved and it is mainly accumulated near the coating surface. However, due to the low number

of fibers, the Al content is overall still low and only near to the fibers the MgAl,O, spinel phase can form.
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Peer review under responsibility of Chongqing University

Keywords: Plasma electrolytic oxidation; Mg alloy; Metal matrix composite; Al,O3; MgAl,O4.

1. Introduction

Plasma electrolytic oxidation (PEO) is a promising surface
engineering technology for Mg alloys to enhance the surface
properties, renowned for the ease of operation and environ-
mentally friendly process [1-8]. In the case of AZ91 Mg al-
loys, PEO processing allows the formation of a ceramic-like
coating of generally tens of microns thick [3,6,9]. PEO coat-
ings can eradicate the surface heterogeneity of AZ91 Mg al-
loys, which is caused by the dual-phase microstructure («-Mg
and more inert 8-Mg7Al;, precipitates) [10,11]. In addition,
the PEO coatings on AZ91 Mg alloys are typically layered
[12,13] and the inner barrier layer towards the substrate of a

* Corresponding author.
E-mail address: ting.wu@hereon.de (T. Wu).

https://doi.org/10.1016/j.jma.2021.09.017

few hundred nanometers thick enables the mitigation of the
corrosion process from delaying the penetration of corrosive
media [1,11,14,15].

The formation of PEO coatings on Mg alloys involves
chemical, electrochemical, plasma, and thermal activated pro-
cesses in combination with the transition among solid, liquid,
gas and plasma states of the species, originated from sub-
strate and electrolyte [16—18]. Thus, the process is strongly
dependent on the applied voltage/current and the composition
of substrate and electrolyte. Many combinations of electri-
cal parameters and electrolytes have been studied extensively
for the last decades, in order to improve the performance of
PEO coating on Mg alloys [16,19-23]. Some effective ap-
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proaches, such as adding ceramic particles [24,25], apply-
ing bipolar electrical pulses [26,27] and post-healing process
[9,28] have been proposed. However, in the case of Mg sub-
strates, the role of alloying additions and the effect of the
presence of impurities, second phases and ceramic reinforce-
ment in the alloy microstructure during PEO processing are
scarcely discussed.

In fact, different anodic behavior of «-Mg and -Mg;7Al;,
in AZ91 Mg alloys have been observed during PEO process-
ing [6,29]. The discrepancy is stemming from the nature of
the two phases as well as the corresponding conversion prod-
ucts formed during initial conventional anodizing [11,30,31].
At the very beginning, the oxidation and deposition starts on
the ¢-Mg and then extends to the B-Mgi;7Al;, intermetallics
due to the electrochemically more active «-Mg. The respec-
tive conversion products of «-Mg and B-Mg;7Al;, present
discernible local morphologies and have different dielectric
properties. As a result, the discharge properties, e. g. inten-
sity and number, which depend on the breakdown of the con-
version film, change at different locations [11]. It was also
observed that the intensity of discharges is stronger in the
presence of Al in Mg alloys [3,12,32-34]. Furthermore, the
MgAl,O4 spinel phase has been identified in the PEO coatings
on AZ91 Mg alloys [6,34-36]. The contribution of MgAl,O4
to the corrosion resistance and the hardness of PEO coatings
has been reported in some works [37-40]. Nevertheless, with-
out additional Al supply, the nominal 9.0 wt.% Al of AZ91
Mg alloys is not sufficient to synthesize MgAl,O4 in a large
amount during PEO processing [41].

AZ91Nd matrix reinforced with alumina fibers is a metal
matrix composite (AZ91Nd/Al,O3; MMC), which significantly
enhance the mechanical strength of the resulting materials
[42,43]. Due to the introduction of alumina fibers, a large
number of different material phases and thus interface com-
binations are introduced into the AZ91Nd/Al,O; MMC. To
the best of our knowledge, no published research has put em-
phasis on the PEO process on AZ91Nd/Al,O3 MMC and the
role of ca. 20 vol.% alumina fibers on the coating forma-
tion. In the published studies of PEO treatment on Mg-based
MMCs [5,44-48], reinforcement phases of SiC and Al,O3-
SiO, were reactively incorporated in the coating as silicate
and aluminate. Hence, whether or not the alumina fibers of
AZ91Nd/Al,0; MMC facilitates the formation of MgAl,O4
in the PEO coating is worthy of being studied.

This work focuses on PEO processing and coating evolu-
tion of AZ91Nd/Al,03 MMC compared with pure AZ91Nd
Mg alloy in a sodium phosphate-based electrolyte. The mod-
ification of oxidation behavior in the presence of alumina
fibers and the stability of the alumina fiber during the pro-
cessing was studied at different treatment times. The phase
composition and distribution across the thickness of the coat-
ings on AZ91Nd/Al,O; MMC and on AZ91Nd Mg alloy were
investigated via micro-focused X-ray diffraction experiments.
In addition, the MgAl,O,4 formation in the coatings was com-
pared for the mentioned substrates in sodium phosphate and
phosphate-aluminate electrolytes to understand the role of dif-
ferent Al sources on phase formation.

T. Wu, C. Blawert and M. Serdechnova et al./Journal of Magnesium and Alloys 10 (2022) 423—439

2. Experimental

As-received AZ9INd Mg alloy was selected as the ma-
trix. The composition was 7.16 wt.% Al, 0.57 wt.% Zn,
1.14 wt.% Nd, 0.21 wt.% Mn, 0.0049 wt.% Fe, 0.0044 wt.%
Cu, 0.0006 wt.% Ni and Mg balance analyzed using Arc
Spark OES (Spark analyze M9, Spectro Ametek, Germany).
The samples of AZ91Nd/Al,O; MMC (18.022 wt.% Al)
were taken from as received squeeze cast blocks consist-
ing of 50 vol.% Saffil alumina fiber reinforcement and
20 vol.% alloy. The short alumina fibers (95.0-97.0% §-
Al,O3, 3.0-5.0% silica binder and < 0.5% trace elements)
are approximately 3 pm in diameter and up to 100 wm in
length.

Rectangular specimens (15 mm x 15 mm x 4 mm) of
AZ91Nd/Al,03 MMC and as-received AZ91Nd were used as
the working anodes. PEO processing was performed using
a pulsed DC power source under a constant current density
of 6 A/dm? with a duty cycle of 10% (1 ms: 9 ms) and a
frequency of 100 Hz. The basic alkaline electrolyte was pre-
pared via dissolution of NazPO,4 (20 g/L) and KOH (1 g/L) in
deionized water under continuously stirring in order to keep
the solution homogeneous. A cooling system, using a stainless
steel tube cathode, was employed to control the temperature
(10 £ 2 °C) of the electrolyte. Before and after the PEO
processing, the specimens were rinsed with deionized water
and dried with compressed air. Processing times of 15, 30,
60, 300, 600, and 1200 s were selected, respectively. Dur-
ing the processing, the voltage as a function of processing
time was recorded using the SignaSoft 6000 software pack-
age, Gantner, Germany. For understanding the role of different
Al sources in the synthesis of MgAl,O4 based PEO coatings
on pure AZ9INd, PEO treatment was additionally employed
in a phosphate-aluminate electrolyte (NazPO,4 10 g/L, NaAlO,
15 g/l and KOH 1 g/L) for 600 s and 1200 s, respectively
under the same electrical PEO parameters.

The microstructure of the substrates with and without Saf-
fil alumina fiber reinforcement were examined applying opti-
cal microscopy (OLYMPUS BX53M), scanning electron mi-
croscopy (SEM, TESCAN Vega3 SB) and X-ray diffractom-
etry (XRD, D8 Advance, Bruker AXS), respectively. For the
XRD measurement, the following parameters were selected:
diffraction angle 26 between 20° and 80°, step size of 0.02°,
acquisition time of 1 s per point and grazing angle of 1°

For the characterization of PEO coatings, surface and
cross-sectional morphologies, micro-pore size (at S00 x mag-
nification) and elemental distribution for the MMC and the
pure AZ91INd alloy as a function of processing time were in-
vestigated using a SEM combined with an energy dispersive
spectrometer system (EDS, eumeX IXRFsystems). The coat-
ing thickness measurements were performed with a coating
thickness gage (MiniTest 2100, ElektroPhysik), which was
validated from the cross-section observations of the SEM.
The phase composition of the coatings was obtained from
the aforementioned XRD measurement. Further investigation
of the phase formation of the PEO coatings formed in the
phosphate electrolyte after 600 s processing was carried out
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synchrotron X-Rays

425

diffracted X-Rays

Fig. 1. Schematic scanning diagram of each point of analysis (1.5 x 1.5 wm, 0.5 s) via synchrotron X-ray diffraction giving a total scanning area of

80 x 80 pwm across three-phase of air/PEO coating/substrate.

at Deutsches Elektronen-Synchrotron (DESY, Hamburg, Ger-
many) using the nano-focus end station of the beamline P03 at
PETRAIII storage ring [49]. The measurement set-up is illus-
trated in Fig. 1. An Eiger 9 M detector was used, which has a
pixel size of 75 wm by 75 pwm. The X-ray beam had an energy
of 19.7 keV and was focused to a beam size of 1.5 wm by
1.5 pm. A mesh scan of the interface was performed with 40
steps in the direction perpendicular to the interface with 2 pm
step size and 20 steps parallel to the interface with a step size
of 4 wm. This resulted in a measured area of 80 x 80 pwm. We
have chosen this setting as a resolution parallel to the interface
was not necessary and would have cost too much time. At
each point, a diffraction pattern was acquired for 0.5 s. Data
reduction was done by employing in-house developed MAt-
lab® code and the PyFAI [50] routine. The scattering angles
of the diffraction patterns were transformed to Cu K-alpha ra-
diation for simplicity. To access the phase distribution across
the coating thickness, a lab-made script in Python program-
ming language, operated in the “Spyder” package software
environment included with Anaconda Navigator, was used for

analyzing and generating the two-dimensional phase mapping
graphics.

3. Results
3.1. Microstructure of substrates

Fig. 2 shows the XRD patterns of pure AZ91Nd and
AZ91Nd/Al,0O3; MMC. In addition to the phases of «, 8, Al-
Mn and Al-Mn-Nd, which are present in both materials, the
additional diffraction peaks of §-Al,O3; from the reinforce-
ment fiber are found in the MMC. Al-Mn and Al-Mn-Nd
intermetallics can hardly be differentiated due to the rela-
tively similar values of their diffraction peak positions. In
the MMC, Mg,Si was recognized in LM and SEM studies
and consistent with the atomic ratio of Mg/Si in EDS anal-
ysis (Fig. 3(b) and (d)). However, it is not detected during
XRD measurement because of the relatively low content. The
residual Mg,Si is attributed to the interaction between Mg
substrate and the silica binder in Saffil alumina fiber during
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Fig. 2. XRD patterns of AZ9INd and AZ91Nd/Al,O3 MMC.

the squeeze casting process. The metallographic images of the
two substrates with and without the alumina fibers are given
in Fig. 3, which are consistent with the phase analysis. Larger
solid B precipitated at the grain boundaries of the @ matrix are
visible, surrounded by eutectic @+ morphology. Particulates
of Al-Nd intermetallics and aciculae Al-Mn-Nd intermetallics

T. Wu, C. Blawert and M. Serdechnova et al./Journal of Magnesium and Alloys 10 (2022) 423—439

are dispersed within the grains, respectively. Nevertheless, for
the MMC, Al-Mn-Nd intermetallics are recognized less fre-
quently, and the alumina fibers exhibit different orientations.

3.2. PEO process

The voltage responses as a function of processing time for
AZ91Nd and AZ91Nd/Al,03 MMC in phosphate electrolyte
are displayed in Fig. 4(a), respectively. Four stages of the PEO
process can be distinguished as listed in Table 1. For the pure
AZ91Nd, the voltage at the first stage is ramping up linearly
at the rate of ca. 30 V-s~!, indicating the rapid formation of a
dielectric passive film on AZ91Nd. The voltage is increasing
to maintain the pre-set current density. The second stage is
established once reaching the breakdown voltage of ca. 150 V.
The voltage ramp at this stage decreases to the average rate of
ca. 2.5 V-s~!, accompanied by short-living discharges firstly
appearing on the surface of AZ91Nd. At the third stage, the
voltage rise is at a lower rate of ca. 0.4 V-s~!, also the size
and color of the discharges are changing as the initial small
white discharges become larger and orange. With further in-
crease of treatment time, the ramp of the voltage reduces
further (0.07 V-s~!) at the last stage and further evolution of
the discharges is observed, as the orange-yellow sparks are
getting more stationary and larger at local regions. The final
voltage reaches a value of 530 V after 1200 s.

Fig. 3. Optical and SEM (BSE) micrographs of AZ9INd: (a), (c) and AZ91Nd/Al,03 MMC: (b), (d).
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Fig. 4. Evolutions of voltage (a) inserted with detailed voltage change from O to 25 s and coating thickness (b) as a function of PEO processing time in

sodium phosphate-based electrolyte.

Table 1
Voltage-time parameters at different stages of PEO treatment.

AZ91Nd AZ91Nd/Al, 03
Stage End time Final voltage Average rate End time Final voltage Average rate
I 5 150 v 30 Vos~! 25 s 150 v 6 Vs~!
1I 65 s 300 V 2.5 Vs~! 90 s 300 V 23 V.s~!
I 515 s 480 V 0.4 V! 775 s 470 V 025 V-s~!
v 1200 s 530 V 0.07 V-s~! 1200 s 425V —0.12 V-s~!

Obviously, the evolution of the voltage for AZ91Nd/Al,O;
MMC is different from the pure alloy. Following a surge to
60 V within the first 1 s of treatment, the voltage undergoes
a short delay (ca. 10 s) as seen in the inset of Fig. 4(a) dur-
ing the first stage. The delay is associated with the defects
in the dielectric film due to the alumina fibers’ presence. Af-
terward, the rapid voltage increase resumes, and the average
rate of the voltage ramp for the first stage is ca. 6 V-s~!. It
takes 20 s more to reach the breakdown voltage (150 V) com-
pared with pure AZ9I1Nd. At the second stage, the average
rate (2.3 V-s~!) for the voltage increase is similar to the pure
AZ91Nd (2.5 V-s~1). Nevertheless, the distribution of the ini-
tial discharges is not as uniform as on the pure AZ9INd. It
can be speculated that this is attributed to the disturbance of
the alumina fibers. With further processing (at the third stage),
the combination of fast-moving tiny sparks and long-lasted
large sparks dominates the surface of the MMC. The voltage
increase of the MMC at this stage declines to ca. 0.25 V-s~!,
which is lower than that of AZ91Nd. After reaching a maxi-
mum of 470 V (775 s), the process enters the last stage. The
voltage is surprisingly dropping down with increasing fluctu-
ations to a final value of ca. 425 V after 1200 s. It is possibly
associated with the instability of the coating/electrolyte inter-
face, such as the flaking-off of the coating.

The coating thickness of AZ91Nd and AZ9INd/Al,O;
MMC in phosphate electrolyte increases with processing time,
as indicated by Fig. 4(b). The coating on the MMC is growing

faster than that of AZ91Nd for the first 600 s of processing
after the occurrence of discharges. However, after 1200 s of
treatment, the coating thickness of the MMC is lower than
that of the pure AZ91Nd and even no further increase is ob-
served for the last 600 s. It could be assigned to a local
detachment of the outermost layer on the MMC due to ther-
mal stress and/or poorer interface, larger pore bands, which
also leads to the oscillation of the voltage at the last stage.

3.3. Surface morphologies

Fig. 5(a) reveals the micro-pores on the coating surface
of AZ91Nd alloy, indicating the occurrence of discharges al-
ready after 15 s of processing, which is in agreement with
the voltage exceeding the threshold for breakdown. In ad-
dition, discernible local morphologies of the coating surface
are present correlating with the presence of the intermetallics.
The boundaries of the intermetallics are still visible via dif-
ferent contrast of the elements from the substrate (Al, Mn,
Zn and Nd), due to the penetration of electrons through the
relatively thin coating. A more intense sintering morphology
and larger micro-pores of the coating are found on the B
phases, confirming the stronger discharges at the regions of
abundant Al. Furthermore, the conversion products are pref-
erentially accumulated around the Al-Mn-Nd particulates and
seem to be rich in O and P. The strong cathodic effect of Al-
Mn-Nd particulates relative to Mg matrix possibly accelerates
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Fig. 5. Surface morphologies (BSE) and elemental distribution (EDS) of PEO coatings on AZ91Nd in sodium phosphate-based electrolyte after different
processing time: (a) 15 s, (b) 30 s, (¢) 60 s and (d) 300 s, (e) 600 s and (f) 1200 s.
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the dissolution and oxidation of Mg during conventional an-
odization [11]. The heterogeneity of the local morphology is
disappearing after 30 s of processing, and the size of micro-
pores is in the range of ca. 0.5-3.6 pum (Fig. 5(b)). With
the increasing treatment time (60 and 300 s), the elemen-
tal distribution on the coating surface also becomes uniform
(Fig. 5(c) and (d)). The size of micro-pores on the coating
surface increases further, in the range of ca. 0.6-6.1 wm for
60 s and ca. 0.7-24.5 pm for 300 s, respectively, and the
number of micro-pores decreases correspondingly. After 600
and 1200 s of treatment, the size range of micro-pores on
the coatings are of ca. 0.8-27.8 wm and ca. 0.8-34.5 pm,
respectively. It should be noted that there are always two dis-
cernible types of micro-pores on the coating surface on dif-
ferent substrates due to the visible difference of their sizes.
This is the reason for the wider range of the micro-pore size
especially for the coatings processed for longer treatment.
A few radial-shaped micro-pores appear on the coating sur-
face highlighted in Fig. 5(e), which are possibly stemming
from strong gas pressure release pushing out melted coating
material.

As seen in Fig. 6(a), after 15 s, dissolution and deposition
processes have started on the o matrix as well as on the in-
termetallics of the MMC. The elements from the electrolyte
(P and Na) are indicators of deposition on the surface. How-
ever, different to the rapid development of the coating on pure
AZ91Nd, the continuity of the coating on the MMC is inter-
rupted by the presence of alumina fibers, and the discharge
formation is retarded. This is consistent with the delayed volt-
age ramp during the initial conventional anodization. Micro-
pores (ca. 0.3-2.3 wm) are firstly appearing on the surface
of the MMC after 30 s of processing, as shown in Fig. 6(b).
Different local morphology on the different intermetallics is
also found, which is similar to that of AZ91Nd. Furthermore,
the boundaries of alumina fibers are still visible, and the alu-
mina fibers are embedded in the coating. The fibers are still
more or less inert at this stage, and no continuous coating is
forming.

After 60 s of treatment (Fig. 6(c)), micro-pores with an
increased size in the range of ca. 0.3-6.9 wm dominate the
coating surface on the MMC. Few micro-pores are firstly rec-
ognized on the alumina fiber, and only the accumulation of Al
at some regions indicates traces of the fibers underneath the
coating. As depicted in Fig. 6(d), a uniform coating is finally
formed on the MMC after 300 s of processing, with homo-
geneous elemental distribution and a further increased micro-
pores size of ca. 0.6-28.4 pm. Compared with the coatings
on AZ9INd after 600 s and 1200 s of processing (Fig. 5(e)
and (f)), the coatings on the MMC are more porous (Fig. 6(e)
and (f)), with the micro-pore sizes in wider ranges of ca. 0.6—
30.7 pm and ca. 0.6-42.5 pm, respectively. Similarly, radial-
shaped micro-pores are also discovered even more frequently
on the coating of the MMC. This may indicate that the dis-
charges generate more melt volume due to a change of the
main coating composition by the reaction of the fibers with
the coating phase.
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3.4. Cross-sectional morphologies

Examinations of the cross-sections of the coatings on
AZ91Nd following the processing of 60, 300, 600 and 1200 s
in the phosphate electrolyte are displayed in Fig. 7. The in-
crease of coating thickness with treatment time agrees with
the observation of the coating thicknesses shown in Fig. 4(b).
A horizontal pore band is already formed after 60 s of treat-
ment, and the coating is somehow separated by it (Fig. 7(a)).
The strong contrast of AI-Nd and Al-Mn-Nd intermetallics
in BSE mode allow deducing their location in the coating
regions. The inset in Fig. 7(a) illustrates that the chunks of
the intermetallics are embedded in the coating near the in-
terface of the coating/substrate. After 300 s of processing
(Fig. 7(b)), it is found that the coating materials converted
from the AI-Nd and Al-Mn-Nd intermetallics are preferen-
tially distributed around micro-pores. As the micro-pores re-
sult from the discharges, the local regions of the coating with
elemental heterogeneity probably ease the discharging. Fur-
thermore, it seems as if the barrier layer in or close to the
intermetallics are the locations for ignition of stronger dis-
charges, which form the larger pores, as shown in Fig. 7(b).
With further treatment (Fig. 7(c)), the size of pore bands is
surprisingly diminishing, and the element distribution across
the coating thickness is becoming uniform towards the elec-
trolyte. The highest thickness coating after 1200 s of treat-
ment (Fig. 7(d)) presents the most uniform cross-sectional
morphology and elemental distribution.

The cross-sectional observations of the coatings on the
MMC after different processing times (60, 300, 600 and
1200 s) are shown in Fig. 8. The evolution of intermetallics
during the processing of the MMC resembles that of AZ91Nd.
However, the coatings are more porous with considerable
micro-cracks and, thus, more stressed compared with the coat-
ings on AZ9INd. An origin for this might be the more fre-
quent and/or intense discharges in the presence of alumina
fiber. After 60 s of processing, a discharge channel close to
alumina fibers shown in Fig. 8(a) agrees with the observa-
tion of micro-pores in the coating surrounding an alumina
fiber in Fig. 6(c). However, the alumina fibers remain stable
in the coating visible by the clear boundary between alumina
fibers and coating. With the coating growth (Fig. 8(b)), the
distribution of Al, similar to Nd, is dispersing around the
alumina fibers, demonstrating the local dissolution or reactive
incorporation of alumina fibers after 300 s of processing. It
can be concluded that a voltage in the approximate range of
280-370 V (60-300 s) is necessary to start the reactive in-
corporation via reaction of fiber with the surrounding melt.
In the phosphate electrolyte, MgAl,O4 spinel is confirmed
by X-ray diffraction in the coating on the MMC (Fig. 9(b))
and supports the reaction process stimulated by the assistance
of intense discharges [17,51]. However, at the interface be-
tween the coating and substrate, the passive alumina fiber
interrupts the continuity of the coating. After 600 s of pro-
cessing (Fig. 8(c)), the elemental distribution of the coating
is becoming uniform towards the coating surface, but hetero-
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Fig. 6. Surface morphologies (BSE) and elemental distribution (EDS) of PEO coatings on AZ91Nd/Al,O3 MMC in sodium phosphate-based electrolyte after
different processing time: (a) 15 s, (b) 30 s, (c) 60, (d) 300 s, (e) 600 s and (f) 1200 s.
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Fig. 7. Cross-section morphologies (BSE) and elemental distribution (EDS) of PEO coatings on AZ91Nd in sodium phosphate-based electrolyte after different
processing time: (a) 60 s, (b) 300 s, (¢) 600 s and (d) 1200 s.
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Fig. 8. Cross-section morphology (BSE) and elemental distribution (EDS) of PEO coatings on AZ91Nd/Al,O3 MMC in sodium phosphate-based electrolyte
after different processing time: (a) 60 s, (b) 300 s, (c¢) 600 s and (d) 1200 s.

geneity remains at the interface of coating/substrates, where
the alumina fibers and intermetallics are present. With further
treatment (Fig. 8(d)), horizontal pore bands are formed in the
coating, and the heterogeneous elemental distribution is dis-

appearing. However, a large number of micro-cracks indicate
that the coating neither have good cohesion nor adhesion to
the substrate. A local peel-off caused by cohesion problems
could be the reason for the lower thickness of the coating
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Fig. 9. XRD patterns of PEO coatings after different treatment times: (a) AZ91Nd and (b) AZ91Nd/Al,O3 MMC in phosphate electrolyte.

Table 2
Average composition (at.%) of PEO coatings by EDS analysis of the coating surface.
Substrate Electrolyte Time Mg Al Zn Mn Nd Si (0] P Na
AZ91Nd/A1,03 NazPOy 15s 63.05 15.52 0.36 0.05 0.11 0.69 17.98 1.09 1.15
30 s 38.04 12.28 0.21 0.02 0.30 1.41 39.19 7.13 1.42
60 s 25.82 1.70 0.21 0.01 0.01 0.27 51.12 15.99 4.87
300 s 21.75 2.33 0.68 0.29 0.44 0.74 52.80 13.19 7.78
600 s 21.88 3.48 0.67 0.25 0.39 1.14 50.72 13.38 8.09
1200 s 2191 3.49 0.61 0.28 0.45 1.03 49.82 13.96 8.45
AZ91Nd Naz POy 15s 56.09 3.69 0.69 0.28 0.46 0.68 31.72 5.05 1.34
30 s 29.23 2.29 0.68 0.26 0.52 0.71 51.27 11.77 3.27
60 s 25.31 1.72 0.63 0.26 0.41 0.69 53.46 12.80 4.72
300 s 23.39 1.55 0.72 0.31 0.45 0.69 52.83 13.15 6.91
600 s 22.90 2.24 0.68 0.28 0.46 091 49.82 14.64 8.07
1200 s 22.99 242 0.72 0.32 0.48 0.93 49.33 14.47 8.34
Naz POy 600 s 18.90 18.99 0.67 0.29 0.45 0.89 48.76 6.46 4.59
+NaAlO, 1200 s 20.16 18.67 0.68 0.31 0.46 0.88 48.49 5.92 443

compared to pure AZ9INd after 1200 s of processing and
almost no thickness increase compared to 600 s processing
of the MMC.

3.5. Elemental and phase composition of PEO coatings

Table 2 provides the elemental composition of the coatings
near the surface analyzed by EDS. In the case of the sodium
phosphate-based electrolyte, the concentration of the coating
forming elements Mg and Al are from the substrate decreas-
ing with reaction time. However, the change of elements O,
P and Na from the electrolyte shows a reverse trend with in-
creasing treatment time to 60 s. Afterward, the concentration
of all elements is constant. The highest Mg content after 15 s
of processing is associated with the penetration of electrons
into the substrates through the thin conversion layer. There is
a significant discrepancy of the oxygen fraction between the
coatings on the pure alloy (31.72 at.% and 51.27 at.%) and

the MMC (17.98 at.% and 39.19 at.%) after 15 s and 30 s,
respectively. The lower oxygen concentration observed in the
coatings on the MMC confirms the delay of the oxidation
process at the initial stage due to the presence of alumina
fibers, which reduces the initial growth rate of the coating.
After 60 s of treatment, the outward growth of the coating on
the MMC leads to the sharp decreasing of Al content from
12.28 at.% to 1.70 at.%, without interacting with the fibers.
For other treatment times, the constant Al level in coatings
on the MMC is slightly higher compared to the pure alloy,
suggesting the mixing with the coating materials and dilution
due to coating formation of MgO and phosphate.

The phase composition of the PEO coatings on the MMC
and the pure AZ91Nd in phosphate electrolyte is illustrated in
Fig. 9, respectively. The diffraction signal of all the samples
processed within 60 s is dominated by the scattering from the
substrates since X-rays are easily penetrating the thin coatings
and reach the substrate underneath. The broad bumps of amor-
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Fig. 10. XRD patterns of PEO coatings on AZ91Nd in phosphate-aluminate
electrolyte after 600 s and 1200 s of processing.

phous phosphate [52] and crystalline MgO start to appear in
the two theta range between 20° and 35° after 60 s of treat-
ment. Afterwards, the coatings on AZ91Nd and MMC reveal
the formation of an Mg3(POy), phase after 300 s, 600 s and
1200 s of processing. Furthermore, some diffraction peaks are
recognized as MgAl,O4 in the coatings on the MMC, con-
firming the reactive incorporation of alumina fibers as the only
additional source of Al. Overall SEM, EDS and XRD do sug-
gest that the coatings are a mixture of nano-crystalline MgO,
Mg3(POy), phases, where in the case of the MMC some of
the MgO has reacted with the Al,O3 of the fibers forming
MgA1204.

In contrast to the presence of alumina fibers in the AZ91Nd
matrix, the phosphate-aluminate electrolyte can provide an al-
ternative and more effective Al source for the formation of
MgAl,O4 spinel phase in the PEO coating on pure AZ9INd.
The highest atomic concentrations of Al demonstrated in
Table 2 are formed for the coatings on AZ9INd in the
phosphate-aluminate electrolyte after 600 s and 1200 s of
treatments. Fig. 10 reveals that the coatings are crystalline
and composed of primary MgAl,O4, MgO and a little amount
of Mg3(POy),, indicating that MgAl,O4-based PEO coatings
are achieved with the addition of aluminate in the electrolyte
much more efficiently. The cross sectional morphology and
elemental distribution of the coatings are illustrated in Fig.
S1. There are fewer micro-pores present within the coatings,
compared to the coatings formed in sodium phosphate-based
electrolyte. Additionally, the distribution of Al is uniform and
shows a strong contrast in the coatings.

3.6. Synchrotron X-ray diffraction

The measurements utilizing a nano-focused X-ray beam at
the PO3 have been conducted to understand the phase distri-
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bution of the coatings. Fig. 11 presents the high-resolution
localized XRD patterns of the coatings on AZ91Nd and the
MMC after 600 s of processing in phosphate electrolyte. The
XRD patterns are selected from one line of the scan across
the coating from the surface to the substrate, as illustrated in
Fig. 1. The phase composition of the coatings is consistent
with the results in Fig. 9, and the diffraction peaks in the
two theta range of 30—40° are more discernible in Fig. S2.
From the diffraction patterns of the completely scanned ar-
eas (80 x 80 pm), the local intensity of the primary coating
phases including MgAl,O4 (440), MgO (200) and Mg3(POj,),
(110) are extracted. The two-dimensional maps are plotted in
Fig. 12 to shows the spatial intensity of the phases across
the coating thickness. The distribution of Mg (101) from
the substrates is also displayed to illustrate the location of
the substrate. For the coating on AZ91Nd, it is evident that
MgO is the primary phase and almost uniformly spreading
through the entire thickness of the coating. The coating to
substrate and coating to air interface can be clearly sepa-
rated by the intensity change of MgO and Mg. The coating
thickness is estimated to be 60 wm, which is higher com-
pared to the cross-sectional observation. This difference could
be attributed to the wavy interfaces of the coating/substrate
(Fig. 7(c)). The distribution of Mg3(POy4), is similar to that
of MgO, however, with lower intensity. In addition, there is
only background noise of MgAl,O4. For the coating on the
MMC, a MgAl,0Oy4 rich layer of ca. 25 pm is formed near
the surface in Fig. 12(a), demonstrating the transformation
of the fiber near the coating surface in Fig. 8(c). In con-
trast to the coating results on AZ91Nd substrate, the coating
on MMC shows another phase distribution as the phases of
MgO and Mg3(POy4), appear to accumulated preferentially in
the MgAl,O4 rich layer. Moreover, the intensity of MgO is
lower than that of Mgs(POy),. This confirms the reactive in-
corporation consuming MgO while forming MgAl,O4. The
low intensity of the phases in the other region of the coating
near the substrate could be ascribed to the presence of pore
bands and the remaining fibers, as displayed in Fig. 8(d). The
coating/substrate interface is quite rough since the intensity of
Mg from the substrate loses its sharpness. The observation of
the coating thickness, of ca. 50 wm, is lower than the afore-
mentioned measurement, possibly due to the disturbance of
alumina fiber at the coating/substrate interface.

4. Discussion

The main intention of the study was to clarify the effect
of the alumina fiber reinforcement in AZ91Nd matrix on the
formation of PEO coatings during PEO processing in a phos-
phate electrolyte. From the comparison with pure AZ91Nd,
it was demonstrated that the presence of alumina fiber influ-
ences the growth of the coating by affecting the PEO process
itself as well as the phase formation, as the fibers are re-
actively incorporated into the coating. The delay of voltage
ramp at the initial period for the MMC is found to be the first
influence on the process due to the alumina fiber interrupting
the continuous formation of the dielectric film. The defects
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Fig. 11. High-resolution XRD patterns of a selected line perpendicular to the interface (air-coating-substrate) for the PEO coatings on AZ91Nd (a) and on
AZ91Nd/Al,03 MMC (b) in phosphate electrolyte after 600 s of processing.

at the interface between the alumina fibers and dielectric film  as the fibers are better integrated into the growing film. Af-
serve as “shortcuts”, through which the electrolyte is easily  ter the occurrence of discharges, the growth of the coating in
penetrating the gap between the alumina fibers and the ma-  terms of thickness is accelerated in the presence of alumina
trix, allowing current to flow without voltage increase [43,53]. fiber within the first 600 s of processing. However, the de-
As a result, the formation of initial conversion coating on the  crease and fluctuation of the voltage at the last stage indicate
surface of the MMC as well as the rapid voltage increase is  further changes of coating development on the MMC. Lower
suppressed at this stage. Subsequently, the layer thickness in- coating thicknesses compared to pure AZ91Nd and actually
crease is driven by the polarization and, thus, the resistance  no further increase in the last ten minutes of the treatment
of the forming film improves. The shortcuts are being closed, might be related to the high stresses and defects in the coat-
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Fig. 12. 2D maps of phase distribution across coating thickness (600 s) on AZ91INd: (a) MgAl,04, (c) Mg3(PO4)2 and (¢) MgO and on AZ91Nd/Al,O3

MMC: (b) MgAl,Oy4, (d) Mg3(PO4), and (f) MgO in phosphate electrolyte.

ing, which is consistent with the observation of the coating
cross-sections of the MMC (Fig. 8) showing extensive poros-
ity, extended pore band and micro-cracks. This could cause a
local flaking off, and rebuild of the coating, which can further
impedes the thickening of the coating. It should be noted that

this is also consistent with the voltage drop and fluctuation at
the end of the processing.

For the PEO processing of Mg alloys, the main steps of
coating formation Eqgs. (1)—((3)) [32] following are taking
place near the substrate while the coating is growing inwards:
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Mg — Mg*t +2e (H
Mg?* + 20H- — Mg(OH), )
Mg(OH), — MgO + H,O 3
3Mg*" + 2PO;” — Mg;(POy)s 4)

Due to the high pressure in the discharges, the coating
melt produced next to the substrate erupts outwards to the
coating surface rapidly via the discharge channels. Directly
at the interface also the reaction with phosphate occurs.

The findings of the present study suggest that the alumina
fibers were involved in the coating formation at a voltage
higher than 280 V. In the beginning, the fibers are stable
enough that the coating can only grow around them even
though the voltage was up to 280 V (breakdown voltage
150 V). Only when a higher voltage in the approximate range
of 280-370 V (60-300 s) was reached, the reactive incorpora-
tion of the fiber into the coating started, as the alumina fibers
close to the surface were disappearing and MgAl,O4 spinel
was identified. The cross-sectional observation suggests the
reactions initiated at the interface of fiber/coating and similar
evolution of SiC fibers/particles were reported in [5,45-48].
The XRD peak intensity of MgAl,O4 was rising with pro-
cessing time/voltage. From the intensity development of the
XRD peaks of the MgO phase, we speculate that this phase is
involved in the spinel formation. Its intensity increased dur-
ing a processing time of 300 s with a subsequent decrease,
indicating its consumption. The MgAl,O4 spinel formation
was reported in the sintering process of MgO and Al,O; at
temperatures of 900-1200 °C [54,55]. This is much lower
than the melting points of MgO (2827 °C), Al,03 (2054 °C)
as well as spinel (2105 °C) [56]. It can be inferred that the
temperature in the discharges was sufficient for the formation
of the spinel as the estimated temperature ranges from 4000-
33,000 K in the PEO process [57]. Correlated to the applied
voltage, the formation/sintering process only occurred at a
voltage exceeding 280 V. Due to the short-living discharges
and the rapid quenching effect of the electrolyte, the effec-
tive temperatures needed for sintering can be reached only
when the external applied voltage exceeded 280 V. There-
fore, we suggest the following MgAl,O4 formation reaction
above 280 V:

Further increase of the voltage accelerates the formation
process. A single alumina fiber located across the coating
thickness displayed in Fig. 8(c) indicates the continuous re-
construction of the coating via the discharges and step by step
dissolution of the fiber. The reactive incorporation of the fiber
commencing near the coating surface increases the composi-
tion/microstructure mismatches within the coating, which is
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visible by the non-uniform distribution of Al across the coat-
ing thickness. The discharges are preferred to occur at the
locations of defects, which are weaker and have lower elec-
trical resistance, like the coating interface around the fibers.
Thus, discharges appear close to the fibers, but all Al oxides
involved in the reaction and the spinel are quite temperature
stable phases and concentration gradients remain much larger
as melt volumes and/or diffusion in the solid is much more
restricted. As a result, unlike the homogeneous coating on the
alloy, the coating on the MMC consists of much more defects,
eg. micro-pores, micro-cracks and wide pore bands, and con-
centration gradients which are disappearing much slower with
processing time.

Regarding the large size and volume of alumina fibers, the
accumulation of MgAl,O4, mainly at the outer layer, is re-
lated to the reaction of the fibers and melt towards the surface,
where the largest number of discharges were occurring con-
sidering an inward growth of the coating. Additionally, the
sintering of MgAl,O4 from the mixing oxides of MgO and
Al,O3 was reported to cause a 5-7% volume expansion [58],
which could be a reason for the highly stressed coatings.

The free energy changes for the formation of MgO, Al,O3
and Nd,0; at 0 K are —1138.6 KJ-mol~!, —1054.9 KJ-mol~!
and —1147.4 KJ-mol~! per mole oxygen, respectively. With
the increasing temperature, the rate of decrease of this en-
ergy change is still similar [59]. Therefore, the lateral disper-
sion of Nd surrounding the Nd-containing intermetallics at
the coating/substrate interface indicates higher stability of the
intermetallics with respect to the «-Mg. The oxidation pro-
cess seems to take place at the interface between the coating
and intermetallics in every single discharge event. However,
not involving complete melting of the intermetallics since the
melting point of Al-Nd intermetallics could be higher than
1400 °C [60].

It has been reported that the introduction of MgAl,O4
spinel into the PEO coatings through the addition of Al
source in the electrolytes can significantly improve the corro-
sion performance [38,61-63]. One of the reasons is a lower
porosity of MgAl,O4 based PEO coatings [62]. Furthermore,
MgAl,O4 spinel also has many other attractive properties, in-
cluding a high density (3.58 g/cm?), high hardness (16 GPa),
high mechanical strength, high melting point (2135 °C) and
high chemical resistance [64,65]. The crystal structure of
MgAl,O4 spinel is based on the structure of diamond, which
can explain its good combination of properties and ensure
the good stability in corrosion environments [64]. The intro-
duction of Al,Os to the matrix is a suitable way to increase
the Al content in the alloy and stimulates the formation of
spinel. A MgAl,O4 spinel-rich coating was achieved for the
AZ91Nd/Al,0;3 MMC. In the case of bare AZ91Nd alloy, it
is possible to produce a spinel-based coating by introducing
alternative Al source via using a phosphate-aluminate elec-
trolyte. The presence of aluminate in the electrolyte is re-
ported to moderate the discharges and, thus, gives rise to a
low porosity of the coatings [66]. The formation process of
MgAlL,O4 in the coating of AZ91Nd alloy involving the alu-
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minate originated from the electrolyte is different from the
reinforcement alumina fiber, and the reactions are suggested
as follows Eqgs. (4)—((6)) [37]:

AlO; + 2H,0 — AI(OH); + OH~ 6)
2A1(0H); — ALO; + 3H,0 %)
MgO + AlL,O; — MgA1204 ®)

Without the disturbance of large size/volume alumina
fibers, there is a more rapid mixing process of MgO and
Al,O3 for the formation of MgAl,O4 in Eq. (4). Also, there
is more Al,O5 available for the reaction which is also the
more homogeneously distributed in the coating. All this re-
sults in the uniform distribution of MgAl,O4 as the main
coating phase in case of AIO?>~ addition from electrolyte.
Summarizing, MgAl,0O,4 can be formed from Al source from
the substrate, but from the practical point, the electrolyte is
the more preferential approach.

5. Conclusion

(1) The presence of alumina fiber in the AZ91Nd matrix
influenced the PEO process by firstly interrupting the
continuous formation of the dielectric film, thus, leading
to a short delay of the voltage increase at the conven-
tional anodization stage. Secondly, the large size/volume
of fibers led to a non-uniform distribution of the dis-
charges on the surface of AZ91Nd/Al,O; MMC after
reaching the breakdown voltage. Finally, the voltage at
the last stage declined with increasing fluctuations due
to the reactive incorporation of the fibers disturbing the
stability of the coating by causing high stresses.

(2) The coatings presented discernible local morphologies
at the locations of intermetallics during the first two
stages, and then the discrepancy was disappearing grad-
ually. The coatings on the MMC were rougher than the
coatings on the pure alloy in the phosphate electrolyte.

(3) The alumina fiber was embedded in the coating at first
and then reactively incorporated in the coating. The
large size and volume of the alumina fibers is respon-
sible for the step by step dissolution of the fiber within
the coatings preventing a fast and fully redistribution of
Al in the coating.

(4) It is evident that the alumina fibers can be converted
to the MgAl,O4 spinel phase by the interaction of the
fiber and MgO. A MgAl,O; rich layer of 25 pm at the
outer layer of the coating was successfully formed on
the MMC.

(5) Using an alternative Al source like a phosphate-
aluminate electrolyte is the more practical approach
and results in a MgAl,O4 based coating on the pure
AZ91INd alloy. This can be achieved due to higher
Al,O3 concentrations and a more rapid mixing process
of MgO and A1203.
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Nb is a transition metal that has many attractive properties, such as catalytic activity, biocompatibility,
corrosion resistance and high specific strength. The oxides of Nb also show remarkable redox and acidic
properties, as well as photosensitivity. This work was a preliminary investigation of PEO process on
pure Nb, in order to study the coating formation process in terms of the high melting point of Nb, and
produce functional coatings, i.e. anticorrosion and photocatalytic activity in different electrolytes. The
monitoring of the optical discharges showed that Nb did not participate in the plasma reactions directly.
Nb,Os was the main phase in the coatings, in addition, a slight difference of phase composition was
revealed in the coatings for three different processing conditions (aluminate-, phosphate-, silicate-base
electrolytes, respectively). Multifunctional PEO coatings were finally obtained on pure Nb. All the
coatings showed high corrosion resistance. A semiconductive behavior of the coating was also
demonstrated in electrochemical tests due to Nb,Os, which is a typical n-type semiconductor. And the

coatings displayed high photocatalytic activities (30 - 40 %) in degradation of methyl orange.

151


https://doi.org/10.1016/j.apsusc.2021.151629

Applied Surface Science 573 (2022) 151629

Contents lists available at ScienceDirect » Applied
Surface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

ELSEVIER

Full Length Article

t.)

Check for
updates
L |

Formation of plasma electrolytic oxidation coatings on pure niobium in
different electrolytes

Ting Wu® ', Carsten Blawert?, Maria Serdechnova?, Polina Karlova®, Gleb Dovzhenko ", D.
C. Florian Wieland “, Stevan Stojadinovic d, Rastko Vasilic ¢, Kristina Mojsilovic d

Mikhail L. Zheludkevich ¢

2 Institute of Surface Science, Helmholtz-Zentrum Hereon, Max-Planck Strasse 1, 21502 Geesthacht, Germany

b Institute of Materials Physics, Helmholtz-Zentrum Hereon, Max-Planck Strasse 1, 21502 Geesthacht, Germany

¢ Institute of Metallic Biomaterials, Helmholtz-Zentrum Hereon, Max-Planck Strasse 1, 21502 Geesthacht, Germany
d University of Belgrade, Faculty of Physics, Studentski trg 12-16, 11000 Belgrade, Serbia

¢ Institute for Materials Science, Faculty of Engineering, Kiel University, Kaiserstrasse 2, 24143 Kiel, Germany

ARTICLE INFO ABSTRACT

Keywords: The development of PEO surface treatments for Nb (niobium) provides a possibility to produce functionalized
Plasma electrolytic oxidation coatings with a combination of new compositions and phases. In the frame of this work, PEO coatings on pure Nb
Niobfum are produced in three electrolytes containing aluminate, phosphate and silicate. Furthermore, the influence of
Microstructure

the electrolyte composition on the PEO process and the microstructure, composition and properties of the
coatings were studied. It was observed that most of the coating forming species did not participate in the plasma
reactions directly, while the chemical-, electrochemical- and thermal stimulated reactions are dominating the
coating formation. The results show that all the coatings are mainly composed of the Nb,Os phase. An additional
mixture of oxides (Al03 and AINbO,) is found in the coating formed in aluminate-containing electrolyte, and the
coating formed in phosphate-containing electrolyte contains a small amount of Nby(PO4)3 and amorphous
phosphate. No additional crystalline phase other than the amorphous silica phase is detected in the coating
formed in silicate-containing electrolyte. Additionally, different morphology of the coatings is revealed and the
most uniform coating is produced in silicate-containing electrolyte, which further improves its corrosion resis-
tance. This coating also shows the highest photocatalytic activity due to the combination of NbyOs and silica.
Since all PEO coatings on pure Nb show superior corrosion resistance and photocatalytic activity, they might be
interesting for a wide range of applications ranging from transportation, biomedical implants to environmental
protection.

Photocatalytic activity
Corrosion resistance

the corrosive environment. Nevertheless, modification of the native
oxide layer on pure Nb is necessary in terms of the microstructure and
composition for further applications.

1. Introduction

Niobium (Nb) based materials are of great interest in various appli-
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cations, strikingly for the fields of catalysis [1-4] and biomedicine [5-9]
relying upon their catalytic activity and bio functionality. Nb oxide’s
combination with redox property, acidic property and photosensitivity
has been used especially in catalytic reactions where it can remarkably
promote the processes [10-12]. As biomedical implants, the intriguing
properties of biocompatibility, corrosion resistance and specific strength
also render Nb materials practical to reconstruct the failed tissue in the
body [13-16]. A thin oxide layer of NbyOs is deposited on the surface of
pure Nb immediately through spontaneous oxidation, isolating it from
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Plasma electrolytic oxidation (PEO) is an advanced surface modifi-
cation process. It has been widely performed on light metals such as Al
[17,18], Mg [19,20] and Ti [21,22] to form ceramic-like coatings. The
PEO coatings are primarily composed of the metal oxides of the sub-
strate metals [23-25], such as, Al;03, MgO and TiO,. PEO technology is
also a promising candidate to produce functional coatings on pure Nb.
The semiconducting Nb oxides in combination with the inherent
porosity of PEO layer are potentially interesting for the catalytic effi-
ciency as well as for the osseointegration of bio-implants.
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According to the intensive studies of PEO processing on Al, Mg and
Ti, the process is generally made up of few stages including the con-
ventional anodization, discharging and sparking [26]. With the assis-
tance of plasma, the electrochemical-driven process enables the
formation of coatings with excellent corrosion and wear resistance. Most
studies of plasma electrolytic oxidation involving Nb were focusing on
metallic substrates alloyed with Nb, such as Ti-Nb, Zr-Nb and Ti-Nb-Zr
alloys [27-29]. Only a limited number of studies are available for
pure Nb substrates [30-38]. Stojadinovic et al. [30,32] studied the
luminescence during PEO processing of pure Nb in acidic electrolyte
before and after reaching the breakdown voltage. The sparking emis-
sions were only composed of signals from oxygen and hydrogen atoms,
originated from the electrolyte. The absent spectral line of Nb resulted
from the high melting point of Nb (2447 °C) hindering its evaporation
during the processing. PEO coatings on pure Nb were composed of Nb
oxides and complex compounds deriving from the electrolytes. A study
[34] has claimed hydroxyapatite formation in the coating on pure Nb
during PEO processing after doping with calcium acetate in the phos-
phoric acid electrolyte. Furthermore, SiC particles, added to the elec-
trolyte, were revealed partly buried in the coating on pure Nb [36].

With respect to the extensive reports of PEO processing on Mg, Al
and Ti alloys [39-41], the insight of PEO process on pure Nb is also
necessary considering the complexity of possible reaction mechanisms
with the electrolytes. This work was focused on the formation of PEO
coatings on pure Nb in three different types of PEO electrolytes, con-
taining phosphate, silicate and aluminate, respectively. The evolution of
the coating formation process in different electrolyte composition was
studied during the treatment as a function of processing time. For
comparison reasons, the microstructure and composition of the resultant
PEO coatings were also characterized by a combination of analytical
techniques, correlated with the evaluation of photocatalytic activity and
degradation resistance.

2. Materials and methods

A pulsed DC power source was used to carry out the PEO processing
on the pure Nb for 600 s under a constant current density of 10A/dm?. A
duty cycle of 10 % and a frequency of 100 Hz were selected. Rectangular
specimens of pure Nb with dimensions of 15 x 15 x 4 mm were used as
anode and processed in three different aqueous electrolytes, containing
(1) NaAlO5 20 g/L and KOH 1 g/L (pH 12.49, conductivity 520 uS/cm),
(2) NaySiO3 20 g/L and KOH 1 g/L (pH 12.29, conductivity 496 pS/cm)
and (3) NazPO4 20 g/L and KOH 1 g/L (pH 12.72, conductivity 529 uS/
cm), respectively. A stainless steel tube cathode was integrated in to the
cooling system to keeping the temperature of the electrolyte at 20 +
2 °C. A mechanical stirring system was used to agitate the electrolyte
keeping it homogeneous and avoid temperature gradients. The speci-
mens were labeled as PEO-Al, PEO-P and PEO-Si after treatment in
aluminate-, phosphate- and silicate-based electrolyte, respectively. The
voltage response as a function of processing time was recorded using a
data acquisition system (SignaSoft 6000 software package, Gantner,
Germany). The spectral emission of the plasma was monitored during
PEO processing, using an Emicon OES system (PLASUS, Germany) with
PLASUS SpecLine software (PLASUS, Germany).

The surface morphology of the coatings was measured by a laser
scanning confocal microscope (LSM 800, ZEISS). Surface and cross-
sectional morphology and elemental composition of the coatings were
studied using a scanning electron microscope (SEM, TESCAN Vega3 SB)
combined with an energy dispersive spectrometer system (EDS, eumeX
IXRFsystems). The coating thickness was measured by a microprocessor
coating thickness gauge (MiniTest 2100, ElektroPhysik) and further
validated from the cross-section observations of the SEM.

The crystalline phase composition was measured by X-ray diffraction
(XRD, D8 Advance, Bruker AXS) with Cu Ka radiation. The following
diffraction settings were selected: diffraction angle 260 between 20° and
80°, step size of 0.02°, dwell time of 1 s and grazing angle of 3°. Further
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study of phase composition and spatial distribution across the PEO-P and
PEO-AI coatings were performed at Deutsches Elektronen-Synchrotron
(DESY, Hamburg, Germany) using the nano focus end station of the
beamline PO3 at PETRAIII storage ring [42]. The X-ray beam energy was
19.7 keV with a beam size of 1.5 by 1.5 pm. An Eiger 9 M detector was
employed with a pixel size of 75 pm by 75 pm. The beam was scanned
across the surface in steps of 2 pm and 4 pm in vertical and horizontal
direction respectively, covering a measured area of 80 pm x 80 pm. Each
XRD pattern was recorded with an acquisition time of 0.5 s. Data
reduction was done by employing in-house developed Matlab® code and
the PyFAI [43] routine. The scattering angle 20 of the diffraction pat-
terns was converted to Cu K-alpha radiation with the wavelength of
1.5406 A. The spatial distribution of the phases in the coating was
reconstructed, in order to reveal the phase distribution across the
coating thickness. A lab-made script in Python programming language
was operated in the “Spyder” software package environment included
with Anaconda Navigator, to analyze and generate two-dimensional
phase map graphics.

The photocatalytic properties of the PEO coatings on pure Nb were
investigated by measuring photodegradation of methyl orange (MO) at
room temperature. The temperature in the photoreactor was kept con-
stant by a water recirculation system. The specimen surface, placed on a
perforated holder, was immersed in a 10 ml aqueous solution containing
8 mg/L of MO, under constant stirring conditions (300 rpm) and posi-
tioned under the irradiation source. Prior to irradiation, the catalyst and
solution were stirred in the dark for 30 min to achieve adsorp-
tion—desorption equilibrium. Then, the solar radiation was simulated
using a lamp (Osram Vitalux 300 W), fixed at 25 cm above the surface of
the solution providing 16,000 Ix intensity. The total irradiation duration
was selected to be 6 h. A fixed quantity of 1 ml MO solution was taken
every hour to measure the MO concentration at the maximum of the
absorption spectra (A = 464 nm) by Agilent Cary 60 UV-vis spectro-
photometer. The absorption was converted to concentration according
to a standard curve showing the linear dependence between MO con-
centration and absorption at 464 nm wavelength. Similarly, the MO
adsorption in darkness with the presence of photocatalyst was also
recorded every hour during 6 h. After each measurement, the solution
was returned to the photocatalytic reactor. Prior to the measurement,
MO solution was tested for photocatalysis in the absence of the photo-
catalyst to confirm its stability. The absence of change in MO concen-
tration after 6 h of irradiation indicated its stability under the applied
conditions and its degradation resulted only from the presence of a
photocatalyst. The adsorption and degradation percentage of MO was
given as ((Co-C)/Cp), where Cy was the initial MO concentration and C
was the MO concentration before and after exposure.

The corrosion resistance of the PEO coated specimens and bare Nb
was evaluated by performing potentiodynamic polarization and elec-
trochemical impedance spectroscopy experiments, with a computer
controlled Gamry potentiostat Interface 1010E. A classical three-
electrode cell system was used and the specimens were acting as a
working electrode. The counter and the reference electrode were a Pt
wire and a saturated Ag/AgCl electrode, respectively. A specimen sur-
face area of 0.5 cm? was exposed to Ringer’s solution (8.6 g/L NaCl, 0.3
g/L KCI and 0.56 g/L CaCly-6H50). After 1000 s immersion at open
circuit potential, potentiodynamic polarization scan started from —1.0 V
vs reference electrode at a scan rate of 0.5 mV/s and terminated at 10 V.
EIS (electrochemical impedance) tests were carried out at open circuit
potential with AC amplitude of 10 mV RMS over the frequency range of
100 kHz - 0.01 Hz. The measurements were performed after subsequent
immersion durations of 5 min, 1 h, 3h, 6 h, 12 h, 24 h, 48 h, and 72 h,
respectively. The same measurement was reproduced on three speci-
mens for each PEO coating for repeatability.
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3. Results
3.1. Voltage evolution

The voltage as a function of processing time in three different elec-
trolytes containing aluminate, phosphate and silicate is shown in Fig. 1,
respectively. The voltage response is typical for the current-controlled
PEO processing [44-46] and two stages are obviously revealed. At the
initial conventional anodization, the primary oxide layer from air and
electrolyte passivation facilitates the rising of the voltage. The contin-
uous voltage increase, resulting from the coating formation and
increasing electrical resistance, maintains the pre-set current density.
The voltage ramp shows average growth rates of 27.8 V/s, 13.8 V/s and
27.1 V/s in aluminate-, phosphate- and silicate-based electrolytes,
respectively. Subsequently, the voltage ramp experiences a transition
due to the development of discharges on the specimen surface. The
presence of discharges manifests the commencement of the second
stage. It takes 20 s and by reaching ca. 350 V, the discharges become
visible in the aluminate-based electrolyte. However, it only takes around
10 s in phosphate- and silicate-based electrolytes to reach the break-
down voltage of ca. 240 V and ca. 260 V, respectively. Afterwards, the
voltage increase declines further, at average rates of 0.13 V/s, 0.30 V/s
and of 0.29 V/s for PEO-Al, PEO-P and PEO-Si specimens, respectively.
The final voltage of PEO-Al specimen is 489 V after 600 s of processing,
much higher than that of PEO-P (402 V) and PEO-Si (418 V) specimens.

3.2. Optical emission

At the beginning of the process, anodic luminescence is observed
with color evolution on the specimen surface. It is associated with the
collision-radiative recombination of electrons and bremsstrahlung ra-
diation at the conventional oxidation stage [20,30,47]. Once the dis-
charges appear, they rapidly cover the entire specimen surface. The
discharges are firstly tiny, short living and fast moving, and then their
size and lifetime increase, accompanied by a color change. Their motion
slows down with time. At the end of the process, the discharge number
dwindles obviously and they become large-sized and long-lasting. It
seems that the appearance of static large-sized discharges at certain
regions is due to the rapid creating and extinguishing of a cluster of
discharges [47]. Furthermore, the process is always accompanied by gas
evolution on the surface due to the oxygen production and electrolyte
evaporation under the high temperature of the discharges.

The characteristics of the discharges have a great influence on the
PEO coatings, such as its growth, composition and morphology [26].
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Fig. 1. Applied voltage as a function of PEO processing time on pure Nb in
different electrolytes.
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Fig. 2. Optical emission spectra of pure Nb during PEO processing in (a)
aluminate-containing, (b) phosphate-containing and (c) silicate-containing
electrolytes.

Fig. 2 illustrates the evolution of optical emission spectra from the dis-
charges with treatment time in different electrolytes. All species that
participate in the plasma discharges are originated from the electrolytes,
including H, O, Na, K and Al (in aluminate containing electrolyte). The
absence of Nb emission lines during the entire process is not surprising,
since Nb has a pretty high melting point (2477 °C) and high chemical
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stability. This was also observed in an investigation using phosphoric
acid [30]. With increasing processing time, the emission intensity for all
specimens rises. A broad halo was observed in the visible wavelength
range between 450 nm and 650 nm at 374 V after 20 s of treatment in the
aluminate-based electrolyte (Fig. 2(a)). It confirms the first observation
of the white shining at the voltage up to 350 V. Subsequently, the color
of the discharges changes immediately from white to orange-yellow. At
that moment, a surge of discharging intensity at 598 nm (Na I) is found
to reach the technical saturation limit of the detector under 415 V (30 s).
Thus, the color change of the discharges is ascribed to the dominant Na
species in the plasma discharges. In addition, it can be seen that the
spectral lines of H I, K I, Al T and OH band are also present with further
increasing voltage. In the silicate-based electrolyte, the discharge
emission shows similar patterns under a lower voltage (Fig. 2(c)). The
strong line of Na I appears already at 273 V (10 s). The spectral lines of
other species, including H I, OH and K I, are starting to be seen under a
voltage of 397 V (220 s). For the treatment in the phosphate-based
electrolyte, the emission intensity is revealed to be the lowest (Fig. 2
(b)). Even at the end of the process, the spectrum still shows continuous
emission and only the spectral lines of Na I at 598 nm, Hy at 486 nm and
H, at 656 nm are recognized at low intensity. It seems that the voltage
influences the emission intensity. The final voltage (402 V) in phosphate
electrolyte is lower compared to the other two electrolytes, possibly
resulting in the lower energy of the discharges and thus the lowest
emission intensity.

3.3. Surface characterization

The surface morphology of the coatings is visible in the three-
dimensional view of the surfaces and the extracted profile curves
(Fig. 3). Similar surface roughness Ra (arithmetical mean height, pm)
values are revealed for PEO-Al and PEO-P coatings, which are 3.24 +
0.30 ym and 3.04 + 0.25 um, respectively, while PEO-Si coating has a
lower Ra of 2.53 & 0.21 um. The results also indicate the highest and the
lowest RSm (mean width of the profile, mm) values (Gaussian filter, 0.8
mm) of PEO-Al and PEO-P coatings, 0.039 + 0.011 mm and 0.018 +
0.002 mm, respectively. Between them, RSm of PEO-Si coating is with a
value equal 0.024 + 0.003 mm. The higher Ra combined with lower
RSm gives an impression of a larger coating surface area to a certain
degree, demonstrating that PEO-P coating probably has the largest
surface area. One should notice that the surface laser scanning mea-
surement conducted at 20 x magnitude can not fully consider the
contribution of the detailed surface morphology to the surface area at
the micrometer or nanometer scales.

Fig. 4 illustrates surface morphologies of the coatings on the PEO-AI,
PEO-P and PEO-Si specimens, respectively. Discernible local morphol-
ogies can be easily found on each coating surface. Typical regions are
marked by rectangles in Fig. 4 and the composition was determined
there as well (Table 1). It is clearly revealed in Fig. 4(a) that the coating
surface of PEO-AIl specimen appears as the network of crater-centered
islands. The crater morphology is constructed from the discharge
channels, where the discharges generate and extinguish (Fig. 4(c)). The
yellow-circled (Fig. 4(a)) present as molten morphology near the crater
mostly resulted from the fast solidification of melts, which are ejected
from the discharge channel. Between the sintered islands, there are
many tiny particles and micro-pores appearing within the transition
regions (Fig. 4(b)). The main element content shows a mass of Al
incorporated into the coating, of up to 32.4 at.% on the sintered islands
and 27.4 at.% within the transition regions. Nb content rises from 5.5 to
11.2 at.% at different regions. The higher content of Nb is more likely
involved at the locations closer to the centered pores (discharge chan-
nels), in which large and strong discharges are formed.

As shown in Fig. 4(d), open micro-pores of ca. 8 um in diameter
spread on the entire PEO-P coating surface. What is visible in Fig. 4(e) is
that the micro-pores are connected from the coating surface ending up to
the inner coating towards the substrate. The large number and size of
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Fig. 3. Surface profiles of (a) PEO-Al, (b) PEO-P and (c) PEO-Si coatings.

micro-pores indicate the intensive gas release during the processing,
thus confirming the melting of coating materials during coating for-
mation process. In addition, some relatively large sintered-discs are
appearing sporadically (Fig. 4(f)), which is speculated to correlate with
the discharges that have the lowest emission intensity. The PEO-P
coating has the highest Nb content with respect to PEO-Al and PEO-Si
coatings, reaching 29.0 at.% at the more porous regions, as exhibited
in Fig. 4(e). The coating seems mainly composed of Nb oxide. In spite of
some discharges, it seems that the coating formation process is not
typical with mixed oxides from substrate and electrolyte, however, is
more a conventional anodization.

The PEO-Si specimen Fig. 4(g) has the most compact morphology,
characterized by the highly sintered surface. Similar to PEO-AI coating,
the coating surface consists of relatively low Nb content, but higher Si
concentration originated from the electrolyte. The high brightness re-
gions around the micro-pore shown at a higher magnitude in Fig. 4(i)
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Fig. 4. Surface morphologies of PEO-Al coating (a), PEO-P coating (d) and PEO-Si coating (g), with local high magnitude (b) and (c) for region 1 and 2, (e) and (f) for

region 3 and 4, (h) and (i) for region 5 and 6.

Table 1
Content of main elements (at. %) at different regions (Fig. 4) of coating surface
in different electrolytes.

Nb o Al P Si Na K
1 5.5 57.6 32.4 - - 4.1 0.4
2 11.2 59.2 27.4 - - 2.1 0.1
3 29.0 62.7 - 5.6 - 2.5 0.2
4 24.4 64.7 - 7.2 - 3.5 0.2
5 1.8 58.6 - - 33.1 5.7 0.8
6 7.9 63.5 - - 26.0 2.3 0.3

contains a relatively high Nb concentration of 7.9 at.% compared to the
other regions (1.8 at.%). It shows that the melted material was ejected
through the discharge channel and solidified on the surface. Thus, it
should be rich in Nb as it originated from the interface region of coating/
substrate. Furthermore, the different brightness might indicate a not
complete mixing of the coating materials since the image is taken under
the BSE (backscattered electron) mode.

3.4. Cross-sectional characterization

Fig. 5 displays the cross-sectional morphologies of different coatings,
as well as the EDS line scan across coating thickness, respectively. The
observations confirm that PEO-Al coating has the highest thickness of
24.9 £+ 5.5 pm, similar to 22.9 + 4.1 pm of PEO-P coating, and the lowest
coating thickness, 16.6 + 4.0 um, is revealed for PEO-Si coating. All the
coatings show porous cross-sectional morphology and a layered struc-
ture, with a thin barrier layer of a few hundred nanometers thickness at
the interface of substrate/coating typically [48-50]. Pore bands parallel
to the coating surface are found in the PEO-AI coating (Fig. 5(a)), be-
tween the more porous outer layer and the inner barrier layer. EDS line

scan shows the uniform distribution of Na and K across the coating
thickness, having a concentration lower than 10 wt%. As expected,
fluctuations of Nb, O and Al signals were detected along the micro-pores.
The concentration of Nb is higher than Al since Nb is 3.4 times the
atomic mass of Al. Near the coating/substrate interface there is a small
decrease of Al concentration while the O concentration increases slightly
towards the substrate. For PEO-P coating, open micro-pores stretch from
the coating surface to the inner layer (Fig. 5(b)), agreeing with the
surface observation. The EDS line scan shows that almost all of the main
coating composition elements are distributed uniformly across coating
thickness. Nb is dominant reaching 70 wt% and the O concentration is
about 20 wt%. One could observe a slight increase of P concentration to
10 wt% near the pore band, suggesting a preferred P accumulation at
this region. As seen in Fig. 5(c), it is obvious that PEO-Si coating shows
the most compact cross-sectional morphology and only relatively small-
sized micro-pores are present near the coating/substrate interface.
Nevertheless, the local morphology at a high magnitude should be
responsible for the absence of large-sized micro-pores/pore bands,
which could be seen in Fig. 6(c). The elemental distribution across the
coating seems not uniform. The concentration of Nb initially decreases
from 70 wt% to 40 wt%, starting at the coating surface to a distance of 6
pum towards the coating/substrate interface, in contrast, the concentra-
tion of O and Si show a reverse change. Before reaching stable value,
there is a bump and a hollow for the concentration of Nb and Si,
respectively, at the blue-marked area with high brightness in BSE image
(Fig. 5(c)). Interestingly, a track with higher brightness (highlighted by
red dash line) compared to the surrounding was found to extend across
almost the entire coating thickness. According to the BSE result, this
track contains a high accumulation of Nb, which indicates the outward
transport of coating formation species from the substrate to the coating/
electrolyte interface. These observations are also supported by the EDS
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Fig. 5. Cross-sectional morphologies of (a) PEO-Al, (b) PEO-P and (c) PEO-Si coatings with EDS line scan across coating thickness.

mapping results in Fig. 6. Al and Si have slightly stronger signals in PEO-
Al (Fig. 6(a)) and PEO-Si coatings (Fig. 6(c)), respectively. As a result,
Nb signals are diluted in the coatings. Especially at the region of micro-
pores and pore bands, PEO-Al coating shows a more intensive signal,
indicating that these regions are enriched with the species from the
electrolyte. The open porosity of the coating is obviously the preferential
place for the penetration of electrolytes. Similar observations are found
for P in PEO-P coating although the overall signal is quite low compared
to Nb and O (Fig. 6(b)).

3.5. Phase composition

The XRD patterns in Fig. 7 show a large, broad bump at the two theta
range between 15° - 35° for all the coatings, suggesting the presence of
amorphous phases. The crystalline NbyOs phase is visible in all the
coatings, especially for the PEO-Si coating it looks like the main phase. It
can be inferred that the large amount of Si in the PEO-Si coating is
responsible for the large halo since Si can form a glassy phase [51].
Additionally, Nb peaks are shown in all the coatings due to the X-rays
penetrating the coating and reaching the Nb substrate. The PEO-Al
coating contains additional crystalline phases of Al;O3, and a mixed

oxide AINbO,4 formed between Nb,Os and Al;03. Thus, the formation of
Al;03/AINDO4 can also explain the high Al concentration in the coating.
It has been previously reported that Al,O3 can be produced in PEO
coatings in aluminate-containing electrolytes [52]. Besides amorphous
phosphate and Nb,Os, additional crystalline Nby(PO4)s3 is also observed
in PEO-P coating, however, at a lower intensity with respect to NbyOs, in
accordance with the much lower P concentration in the coating.
High-resolved localized XRD measurement was conducted in order
to unveil the spatial phase distribution in the PEO coatings. Fig. 8 and
Fig. 10 display the XRD patterns across the coating moving from the air
above the surface via the coating towards the substrate for the PEO-P
and PEO-Al specimens, respectively. It shows the identical phase
composition of the coatings as depicted in Fig. 7. It is evident that NboOs5
is dominant in the PEO-P coating (Fig. 8). The spatial NbyOs distribution
(Fig. 9(a)) separated from the high contrast of Nb substrate (Fig. 9(b))
can be easily distinguished, crossing the entire coating thickness. The
well-defined region of Nb,Os appears to be thicker in comparison to the
thickness measurements and cross-sectional observation. This could
have resulted from the rough coating surface and interface of coating/
substrate. Additionally, the spatial distribution of Nbo(PO4)3 phase in
Fig. 9(c)) suggests a thickness of ca. 15 pm near the coating/air
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Fig. 6. Cross-sectional morphologies and elemental distributions of (a) PEO-Al, (b) PEO-P and (c) PEO-Si coatings.

interface.

A well-defined interface of coating/substrate for PEO-Al specimen is
visible in Fig. 11. At the substrate side (Fig. 11(b)), the intensity of Nb
shows an intensity reduction towards the inner substrate. The limited
transmission of the synchrotron X-ray beam due to the strong absorption

of photons through the Nb substrate [53] is responsible for this absence.
The coating thickness is estimated to be at 30 um, also slightly higher
than the observation from the cross-section. The spatial intensity shows
the highest concentration of AINbO4 in the center of the coating,
perpendicular to the coating/substrate interface. Compared with the
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Fig. 7. XRD patterns of PEO-Al, PEO-P and PEO-Si coatings at grazing angle
of 3°.

distribution of AINbO4, the spatial distribution of the Al;03 and Nb,Os
across the coating thickness is less uniform. It could be assigned to the
inhomogeneous accumulation of Al near the micro-pores/pore bands
similar to the elemental mapping in Fig. 6(a). The large amount of Al at
these regions may promote the deposition of Al,Os.

3.6. Photocatalytic activity

Fig. 12 shows the efficiency of MO photodegradation for the different
coatings in a photocatalytic activity tests a function of time. While the
bare substrate does not show photocatalytic activity, thus there are only
comparisons between different coatings. All coatings have shown
considerable photocatalytic activity, with MO degradation increasing
gradually with time. The best photocatalytic activity has demonstrated
for the PEO-Si specimens showing a MO degradation of ca. 39.3 %
within 6 h. The MO degradation of the PEO-P specimens is ca. 35.7 %
and the lowest MO degradation rate of ca. 32.9 % is revealed for the
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PEO-AI specimens. Additionally, all coatings also show obvious MO
adsorption in the dark. This could be related to the surface morphology
of the coatings, where the excess of micro-pores increases the surface
area for the adsorption of MO to the internal surface area.

3.7. Corrosion performance

3.7.1. Potentiodynamic polarization

Fig. 13 (a) reveals an obvious increase of open circuit potential of
specimens after PEO processing and the most significant enhancement is
found for PEO-AI coating, stabilizing at a value of 0.015 V. The poten-
tiodynamic polarization profiles of PEO coatings and bare Nb are pre-
sented in Fig. 13(b). It can be seen that the corrosion potentials for PEO
coated specimens are similar and show negative shift, which could be
attributed to the decreased cathodic current [54]. While no visible
change for that of bare Nb is found, which is slightly nobler than the
cases after PEO processing. During anodic polarization, bare Nb shows a
stable corrosion current density about 2.62 x 10°® A/cm?, indicating the
passive behavior. Nevertheless, the corrosion current densities for all
PEO coated specimens are lower compared to bare Nb, especially for
PEO-Si coating having the lowest corrosion current density of 5.695 x
10® A/cm? , while for PEO-AI coating showing a higher current density
of 8.578 x 107 A/cm> For PEO-P coated specimen, the corrosion cur-
rent density experiences a remarkable scattering at the potential range
of 2-5 V and then remains at 1.876 x 107 A/cm? before an obvious
breakdown of the passive film. It can be expected that PEO-P coating is
less stable than the other two coatings during the polarization.

3.7.2. EIS measurement

The long-term degradation of PEO coated specimens and bare Nb in
Ringer’s solution after different immersion duration up to 72 h is eval-
uated by EIS technique and the results are presented in Fig. 14. It can be
seen that one well-defined time constant is detected on the Bode plots of
bare Nb for all measurements (Fig. 14(a)). This time constant is the
electrochemical response of the native oxide layer, indicating the
capacitance of the barrier passive film. With immersion time, the
resistive response at the low frequency (0.01 Hz) is disappearing and a
near pure capacitive response is illustrated by the phase angle close to
-90°. Meanwhile, the impedance loop expands, indicating that the native
oxide layer is becoming more protective.
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Fig. 8. XRD patterns crossing the thickness of PEO-P coating on Ti6Al4V.
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It has been know that anodic niobium oxide is a n-type semi-
conductor [55], therefore, the influence of the space charge layer due to
the well defined semiconductive behavior could be noticed on the
electrochemical impedance spectra [54,56]. Fig. 14(b)-(d) shows the
respective impedance spectra of the three PEO coated specimens. For the
measurement of PEO-Al specimen (Fig. 14(b)), two time constants can
be recognized. Although the porous outer layer is observed from cross-
section, however, the fast infiltration of corrosive solution makes it
not possible to show any clear electrochemical response from it. As a

40
2theta (deg.)

60 70

10. XRD patterns crossing the thickness of PEO-AI coating on Ti6Al4V.

result, the first time constant at the high frequency (10° -10* Hz) is
assigned to the capacitance of inner barrier layer, combined with the
subtle influence of the outer layer that is disappearing with immersion
time. At the low frequency around 0.1 Hz, a second time constant ap-
pears, related to the space charge region formed at the layer-electrolyte
interface. Similar for PEO-P specimen (Fig. 14(c)), two time constants
can be also observed at high and medium frequencies of 10* Hz and 10?
Hz, attributed to the capacitance of the inner layer and the space charge
region respectively. As for the PEO-Si coating (Fig. 14(d)), the first time
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Fig. 12. MO degradation and adsorption as a function of time.

constant related to inner layer at 10* Hz is well-defined and always
present for all measurements during the immersion. Nevertheless, it can
be seen that the second time constant at low frequencies is shifting to
lower frequencies with immersion time, indicating the relaxation pro-
cess regulated by the space charge layer response. The impedance value
at the lowest frequency of 0.01 Hz is shown in Fig. 15 used to evaluate
the total impedance of the pure Nb and PEO coatings. All cases show a
slight fluctuation for the first 24 h immersion and then reaches a stable
value for the remaining immersion time. It is obvious that the total
impedance for PEO coated specimens is better than bare Nb and espe-
cially the PEO-Si coating shows the highest total impedance value.

10

4. Discussion

It is obvious that the different electrolyte composition influences the
PEO processing, the coating formation, chemical and phase composition
and morphology, as well as the coating performance. In previous
studies, the PEO coatings on pure Nb were composed of NbyOs oxide
phase [30,31,57], which we also find in the present work. It is known
that the coating phase composition during PEO process is greatly con-
nected to the change of discharges [26,58]. According to the OES results,
the coating forming element Nb is absent in the discharging emission,
which indicates that the formation of NbyOs is not produced directly
from the plasma interactions. This is easy to understand in terms of the
high melting temperature (2477 °C) and chemical stability. In the
aluminate-based electrolyte, the coating forming element Al is found to
be involved in the discharging emission. However, it does not mean that
the formation of crystalline Al;O3 and mixed oxide AINbO4 in the
coating happens directly in the plasma of the discharges. One can expect
that the coating formation and deposition are not favored in the
plasmas, estimated of an electron temperature up to 10* K [59]. The
possibilities are the interactions of plasma and liquid/solid states [47]
and the thermally assisted combination of the species at the end of
discharges and the cooling of plasmas [26]. For PEO-Si coating, neither
the production of a solid solution or the presence of silica phases is
found. Only a wide halo associated with an amorphous phase could be
attributed to a large amount of Si. It can be expected that the energy
released from discharges enables to sinter an amorphous silica phase.
For the coating of Nb, one could notice that this sintering process is
similar to the calcination of the SiO2/Nb2Os binary oxides, which were
used to modify the catalytic activity for environment protection [60,61].
There is only 5-7 at.% of P in PEO-P coating, some is incorporated in
Nby(PO4)3 and the rest is assigned to the amorphous phosphate. It is
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known that P also has the ability to form the amorphous phase during
PEO processing [33,62]. However, the lowest emission intensity of the
discharges and the more porous coating morphology are responsible for
the low P content in the PEO-P coating [59]. The continuous emission is
present in the entire processing duration in the phosphate-based elec-
trolyte. Only moderate Na I and H I emission lines derived from the
species of the electrolyte are visible. Since the emission intensity shows a
dependence on the voltage, it can be speculated that the efficient tem-
perature of discharges could not stimulate the formation of more
Nby(PO4)3 or amorphous phosphate under such a low voltage. Addi-
tionally, widespread open micro-pores on the coating surface, in favor to
fast electrolyte penetration, may cause strong quenching effect to pre-
vent the thermal-stimulated formation of crystalline or amorphous
phosphates.

Under a constant current density mode, the high electric field is
maintained at the interface of specimen/electrolyte, which provides the
energy for the discharges and further initiates thermal and chemical
reactions, in combination with the electrochemical processes at the
interface. The formation of Nb,Os is suggested as following steps:

Nb—Nb*" +5e¢~ @

2Nb°* +100H —Nb,0s + 5H,O0 2

Nb is firstly dissolving (Eq. (1)) under the high anodic voltage.
Closely, the dissolved Nb reacts with OH™ under the effect of high
voltage and the thermodynamic stimulation, resulting in the formation
of NbyOs on the substrate (Eq. (2)).

In regard to the coating formed in aluminate-based electrolyte, the
formation of AlyOg is relying on electrochemical and plasma assisted
thermal decomposition interactions [63]. The steps of the Al,O3 for-
mation processes are simplified as follows:

AlO; +2H,0—Al(OH), + OH™ 3)

2A1(0H),—~ALOs + 3H,0 4

Further, due to the presence of AlyOg3 in the coating, it is easy to
deduce that the mixing oxide AINbO4 can form between the oxides
Nb,Os and Al;03 through thermodynamic reactive sintering process:

%)

In fact, it was reported that at the NbyOs rich zone, the sintering
process could happen around 1390 °C [64]. The melting point of the
mixing oxide AINbO4 (Tm = 1530 °C [65]) is in the between of melting
temperature of the single oxides Nb,Os (Tm = 1512 °C) and Al;O3 (Tm
= 2072 °C), possibly eases the formation process.

It is interesting to note that PEO-P coating, containing the highest
amount of active NbyOs phase (the highest Nb concentration) and the

Nb205 +Alz 03 —>2Ale04

11

largest surface area estimated, does not show the most efficient MO
degradation. However, PEO-Si coating, revealing the lowest Nb content,
represents the best photocatalytic activity. The photocatalytic activity of
the coating is greatly dependent on the photogenerated hole/electron
pairs and the recombination rate of photo-excited electrons and holes
[30]. It was reported that higher catalytic activity of silica-supported/
Nb,Os-supported catalysts was demonstrated by the addition of NbyOs/
silica [61]. The PEO-Si coating with the combined composition of Nby,Og
and silica could be the case containing higher concentration of charge
carriers. Furthermore, the significantly distinct coating surface
morphology, resulting from the different discharge behavior appears to
influence the photocatalytic activity. The distribution of tiny sintered
particles on the entire PEO-Si coating surface may effectively increase
the active surface area for MO degradation. The open micro-pores
extending into the inner layer on the PEO-P coating can additionally
expand the surface area, however, does not make visible contribution to
the active surface area for the degradation process.

All of the PEO coatings present a significant improvement of corro-
sion resistance, around one or two magnitudes of total impedance value
higher than that of the bare substrate. PEO-Si coating shows the best
corrosion performance compared to the other two coatings due to the
most uniform and compact morphology. The space charge layer origi-
nated from the semi-conductive property of Nb,Os is disclosed, which is
similar to the anodic TiOs film [66]. The lowest corrosion resistance of
PEO-P coatings is attributed to the large amount of open micro-pores on
the coating surface and their connection to the inner layer. Nevertheless,
even after 72 h immersion duration, the stable total impedance values
can be seen for all coatings, indicating the slow degradation of the
coatings. Therefore, the PEO coatings provide evidently additional
protective properties and functionality to pure Nb.

5. Conclusions

Different PEO coatings were produced on pure Nb successfully. The
coating formation process on Nb involves a combination of various in-
teractions, including electrochemical/chemical conversions, and the
thermal assisted sintering process. The Nb substrate and the electrolyte
composition are highly effective in controlling the morphology and
composition (elements and phases) of the coatings, by influencing the
characteristics of the discharges during PEO processing. NbyOs and
Nby(PO4)3 are formed in the phosphate-based electrolyte with addi-
tional amorphous phosphate. Amorphous silicon phase can be produced
in the coating in the silicate-based electrolyte. Furthermore, the elec-
trolyte containing aluminate tends to form a composite coating with a
mixture of oxides (NbyOs, Al;03 and AINbOy).

The photocatalytic activity is determined by the coating composition
and active surface area of the coatings. The large active surface area of
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the coating can obviously increases the degradation rate of methyl or-
ange. PEO-Si coating, containing an amorphous silica phase that also
improves the photocatalytic activity. The order of the photocatalytic
activity of the three coatings is PEO-Al < PEO-P < PEO-Si.

The coating morphology also has an evident influence on the

12

Fig. 14. EIS spectra of pure Nb (a), PEO-Al specimen (b), PEO-P specimen (c) and PEO-Si specimen (d) in Ringer’s solution.

degradation of the coating in Ringer’s solution, by influencing the paths
of infiltration of the corrosive solution. The corrosion resistance of the
coatings and bare substrate follows the order Nb < PEO-P < PEO-Al <

PEO-Si.

Due to the respectable photocatalytic activity and the high corrosion
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resistance, the environmentally friendly PEO coatings on Nb, could
potentially attract great interests for the environmental protection of
photocatalysis and biomedical degradation of implants.
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6. Discussion

6.1 Influence of base metal on PEO process

All PEO processes performed in present work were under galvanostatic control. Once switching on the
pulse, the voltage ramps up promptly as a response to the current due to the presence of native oxide
layer already [30, 33, 42]. Afterwards, with the continuous growing of the barrier films, the improved
barrier properties of the films result in the further increase of the voltage in order to maintain the pre-
selected current, similar to the conventional anodizing process [43-45]. When the voltage is adequate
to stimulate the breakdown of the films, the discharges are generated. The discharges evolve and prompt
the growth and re-structuring of the coating further, following which the voltage changes further. From
this point, the varied ramp rate of the voltage and the transition of discharges could be good indicators
for the development of the coating as a function of processing time. As a consequence, the process has
been generally divided into several stages according to the voltage ramp and the appearance of
discharges [31, 46-50]:

Stage I: the conventional anodizing stage at the beginning of the processing is distinguished by the most
rapid increase of the voltage, manifesting the barrier property of the initial conversion layer/dielectric
film. This stage could continue for few seconds to minutes depending on the specific conditions of the
PEO system.

Stage II: the stage is mainly characterized by the start of sparking at the surface of specimens, with a
reduced ramp rate of voltage for the first time. At this stage, it is accompanied by tiny discharges fast
moving on the coating surface, with an increasing population.

Stage III: this stage is sometimes the final stage; nevertheless, it depends mainly on the operating
parameters such as treatment time and current density. Further decreasing of the ramp rate of the voltage
is typical for this stage. Also, the development of the discharges could be observed visually, generally,
the number of discharges reduces; however, the size of the discharges increases. This stage could remain
for few minutes to tens of minutes that is still determined by the operating conditions.

Stage I'V: if the processing time was long enough, a fourth stage could be noticed from the voltage curve,
which is almost flat with only slow changes. The number of the discharges decreases further, but the

size increases, appearing as long lasting sparks on the surface of specimens.
6.1.1 Breakdown voltage

It is well known that the oxidation of the substrate is the main process for PEO coating formation.
Regarding different substrates, eg,. Mg, Al, Ti and Nb included in present work, the composition and
microstructure of initial barrier layers and of following PEO coatings are different due to the different
nature of base metals even using the same parameters for the PEO processing. Thus, the properties and
microstructure of the layer/coating, eg. the electrical resistance, the electrochemical and chemical

stability, and the compactness are different from each other, as seen in Tab. 6-1. For respective base
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metals, as a result, different PEO process can be distinguished due to the different oxidation behavior

of substrates at the interface of coating /electrolyte.

Figure 6-1 Diagram of PEO coating growth process in phosphate-based electrolyte
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Table 6-1 Properties of oxides for different substrate

A {OH,PO,*

\OH-, PO,>

AOH, PO,

PBR Melting temperature Gibbs free energy Solubility
MgO 0.81 2852 °C -1138.6 kJ/mol soluble in acid, ammonia
Al,Os 1.28 2072 °C -1054.8 kJ/mol insoluble in all solvents
soluble in concentrated
TiO, 1.73 1843 °C -888.8 kJ/mol sulfuric, chlorhydric and
nitric acid
Nb2Os 2.69 1512 °C -706.3 kJ/mol soluble in HF

The voltage response to constant current input is a good reflection of the process for different PEO

systems [32, 50-52]. Since the identical parameters (the same phosphate-based electrolyte and electrical
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parameters) were used in present study, the breakdown voltage of the barrier layers was mainly
dependent on the barrier property of different oxides/phosphate from the oxidation of substrates and
decomposition of electrolyte. The oxides of the four types of substrates are all quite stable, where the
MgO and Al;Os; are both good electrical insulators [53, 54], and TiO, and Nb,Os have high
electrochemical stability [55, 56]. Nevertheless, these oxides have different structure, such as atom
packing and lattice size that changes the microstructure of the oxide layer spontaneously (eg.
microdefects and Pilling-Bedworth ratios 0.81 for MgO, 1.28 for Al;Os, 1.73 for TiO; and 2.69 for
Nb2Os respectively). It can be seen in Tab. 6-2 that the breakdown voltage changes with an increasing
order from Mg to Ti and Al, and to Nb in phosphate electrolyte.

The lowest breakdown voltage for Mg substrates could be related to the PBR ratio of MgO (0.804),
which is lower than 1. It can result in an incomplete coverage of the surface on Mg substrate during the
oxidation. Hence, there are probably some microdefects in the initial layer, which deteriorates the
barrier property of the film. As a result, the breakdown voltage required is decreased in comparison to
a compact MgO layer. Moreover, for MgLi alloy in paper 1, the active Li further reduced the dielectric

property of the layer, and the discharges were initially observed even at ca. 110 V.

Table 6-2 Breakdown and final voltage for different substrates during PEO processing in phosphate-based
electrolyte (20 g/L NasPO4 and 1 g/L KOH) at 6 A/dm? for 10 min, and the thickness of resultant coating

Substrate Breakdown voltage/V Final voltage/VV Thickness/ um
MgLi 110 (4 5) 372 37.7
pure Mg 150 (10 s) 486 28.3
AZ91Nd 150 (55) 493 62.6
AZ91Nd/Al,O4 150 (25 s) 447 42.1
Ti6AI4V 180 (6 5) 358 28.7
AISi9Cu3 200 (50 ) 384 10.3
Nb 220 (119) 373 22.6

The breakdown voltage for Ti6AI4V is in between of Mg and Al substrates. Since TiO- is quite stable,
it could be assigned to a different oxidation manner of Ti substrate. In paper 2, the in-situ PEO treatment
with time-resolved high energy XRD diffraction has demonstrated high solubility of oxygen in Ti
lattices, so that oxygen could penetrate into the Ti substrate more rapidly. The fast up-take and diffusion
of oxygen in the lattice caused the expansion of the lattice, and speeded up the oxidation process, which
potentially provided more preferred locations for discharges. However, the Ti oxide layer is still denser
relative to MgO regarding the PBR ratio. Compared to Al alloy, the higher breakdown voltage
elucidates that the Si phases are not the defects for the dense Al,Os layer. Alternatively, the presence of
Si phase could be a reason for the higher breakdown voltage since Si is not ideal for current passing.
As a result, the breakdown voltage for Ti6Al4V was around 180 V, higher than that of Mg-based
materials but lower than Al alloy.

As a transition metal, the oxide layer/coating of Nb is quite stable. That is to say, the initial layer
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possibly had a better barrier property in comparison to other base metals. As a result, the highest
breakdown voltage for pure Nb was determined.

6.1.2 Coating growth

Obviously, the PEO coating commonly contains many species originating from substrate and electrolyte,
as seen in Fig. 6-1. At the similar processing conditions, the coating formation is much more dominated
by the oxidation of substrate in comparison to decomposition of electrolyte. The oxides of the four base
metals have respective Gibbs free energy of formation, which favor the oxidation of the metals. With
higher driving force, it is likely that the plasmas are created easily during PEO. In a decreasing order,
that is -1138.6 kJ/mol of MgO, -1054.8 kJ/mol of Al;O3, -888.8 ki/mol of TiO, and -706.3 kJ/mol of
Nb,Os for per mole of oxygen molecule, respectively. From the comparison of final voltage and coating
thickness for different substrates in Tab. 6-1, the most rapid coating growth is on Mg based materials.
Furthermore, the coating growth on Mg based materials can be stimulated at a relatively low voltage,
such as MgL.i alloy. It should be noted for AZ91Nd/Al.O; containing additional Al.Os fibers that is
already in oxidized state. Al,O3; could be reactively incorporated into the coating formation resulting in
the mixed oxides formation (MgAl.O4) as demonstrated in paper 5.

However, the coating thickness is only ca. 10.3 um after 10 min treatment on AlI9SiCu3, indicating the
lowest coating growth efficiency. It can be concluded that the coating growth on AISi9Cu3 requires the
highest voltage (energy input) in comparison to other substrates. The presence of Si phase can impede
the coating formation efficiency since Si is not very easy to be oxidized with lower Gibbs free energy
of SiO; formation (-910.7 kJ/mol per mole oxygen molecule) in comparison to Al,Os. Hence, the
coating formation process is much dependent on the melted coating materials converted from Al for
short treatment time (paper 4).

Although Ti6AIl4V shows high electrochemical/chemical stability, the growing of PEO coating remains
much easier than that of AISi9Cu3, which can be still associated with the high solubility and rapid
penetration of oxygen in the lattices, which is not found in Al or Mg substrates.

6.1.3 Influence of high melting temperature (pure Nb)

As reported already [6, 7, 9, 27], the spectral emission of Al, Mg and Ti originating from the substrates
were detected during PEO processing, identified the incorporation in plasma reactions. However, as
seen in Fig. 6-2, it is apparent that PEO processing on Nb is different, since Nb did not participate in
the plasma reactions as demonstrated in paper 6. Regarding the selected base metals in present study,
they have a wide range of melting temperature from ca. 650 to ca. 2500 °C (650 °C of Mg, 660 °C of
Al, 1668 °C of Ti and 2447 °C of Nb). Whether the base metals participate in the plasma reactions could
be related to the melting temperature of the metals. With such high melting point (2447 °C) and thermal
stability, the effective discharge temperature is not adequate to stimulate the ionization of Nb [15, 57]

and only electrochemical-driven oxidation can happen. As a result, the coating on Nb is not formed
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directly through plasma reactions.

However, the PEO coating formation on Nb substrate with high melting temperature is probably based
on the following processes. At first, the electrochemical-driven oxidation of Nb substrate accelerated
the formation of Nb oxide. At the same time, an electrophoretic deposition of the species from the
electrolytes could occur under the high voltage, such as the deposition of amorphous phosphate, silica
and Al,Os in phosphate-, silicate- and aluminate-based electrolytes respectively. Afterwards, due to the
formation of the discharges (only containing species originating from the electrolytes, Fig. 6-2), the
high temperature can further stimulated the thermal process, resulting in the crystalline transformation
from amorphous phase and/or the sintering process. For example, the formation of AINbO; is due to
the sintering between Nb,Os and Al>Os in aluminate-based electrolyte. Finally, different phases were
present in the coatings regarding the electrolytes. In the phosphate-based electrolyte, it mainly contained
Nb,Os and amorphous phosphate. However, in the silicate-based electrolytes, the deposition from
electrolyte was dominant, and the coating was mainly composed of amorphous silica. In the aluminate-
based electrolyte, Al,Os, Nb,Os and oxide mixture AINbO4 were produced. The formation of Nb,Os,

Al;O3 and AINbO; in aluminate electrolyte are suggested as following steps:

Nb - Nb5* + 5e~ (6-1)
2Nb>* + 100H~ - Nb,0s + 5H,0 (6-2)
AlO5 + 2H,0 - Al(OH); + OH~ (6-3)
2A1(0H); — Al,03 + 3H,0 (6-4)
Nb,0s + Al,0; — 2AINbO, (6-5)

As a consequence, different electrolytes have shown obvious influences on the PEO coating formation.
The distinct PEO processes, and distinguishable coating morphologies and composition are revealed in
the different electrolytes. Nevertheless, all coatings present a significant improvement of corrosion
resistance around one or two magnitudes of total impedance value higher than that of the bare substrate,

and noticeable photocatalytic activity with the MO degradation rate of 30 - 40 %.
6.2 Influence of lattice structure in substrate

In comparison to pure metals, alloys are more widely used in industrial applications because their
comprehensive performance is more satisfactory in general, especially the mechanical properties. It is
well known that the alloying can influence lattice transformations and/or modify properties of alloys.
For Mg alloy, with the excess Li content (11.5 wt%), the original hexagonal structure is completely
transformed into cubic. For Ti alloy, V is an alloying element that stabilizes the cubic B phase, thus
stimulates the lattice transformation from o-Ti (hcp) to B-Ti (bcc), which is distributed at the grain
boundaries. During PEO treatment, also the coating formation process could be influenced. Thus, the
PEO coating formation process on alloys with different lattice structures might be different from the

pure metals (paper 1 and 2).
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Figure 6-2 Optical emission spectra recorded at 10 min during PEO processing on pure Nb at 10 A/dm? in different

electrolytes
6.2.1 Lattice transformation (a-Mg—p-Mg)

In paper 1, the development of PEO process on MgL.i alloy (cubic lattice) was faster in comparison to
pure Mg with original hexagonal microstructure, considering the voltage response and the start of
breakdown at lower voltage and shorter treatment time. However, compared with the lattice structure,
the alloying element Li played a more relevant role in the coating formation. There are three reasons:
Firstly, due to the high activity of Li in comparison to Mg, the alloy was less stable than pure Mg, as a
result, it can be oxidized faster under the polarization at the first conventional anodizing stage. Secondly,
Li participated in plasma reactions after the initiation of discharges, which means that Li was actively
involved in the coating formation process. Finally, at the interface of coating and substrate, the Li was
detected, which could deteriorate the stability of the coating. In addition, the high solubility of Li-
containing species in alkaline electrolyte might reduce the compactness of the resultant coating. As a
result, the faster degradation of the coating was revealed during EIS measurement.

The poor coating quality can be also confirmed from the voltage response. The voltage for pure Mg is
always higher than that of MgL.i alloy, indicating a poorer barrier property of the coating on MgL.i alloy,
compared with the coating on pure Mg. The characteristics (morphology, structure, composition) of the
coatings was different between MgL.i alloy and pure Mg, and the electrochemical resistance of the
coatings was discernible.

As a consequence, it is probably more important that the formation of MgO (via Mg(OH). formation)
is the step that controls the coating growth rate and it does not matter whether Mg comes/dissolves from
a cubic or hexagonal lattice. The presence of alloying element that results in the lattice transformation
in MgL.i alloy also has more obvious effect on the coating formation process, compared to the lattice

structure.
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6.2.2 Polymorph structure (a-Ti + B-Ti)

In paper 2, the in-situ PEO result (Fig. 15) of Ti6Al4V has revealed that, the a-Ti lattice at the beginning
of the processing was expanded. As seen in Fig. 6-3, the broadening of the a-Ti peaks can be observed
at three different current density within 5 s of processing. The calculation stated that the lattice
parameters of a-Ti were expanded near the surface region of the specimens (Fig. 17 in paper 2), due to
the continuous incorporation of oxygen in solid solution. Nevertheless, the lattice expansion was
disappearing with treatment time. Besides, the diffraction peaks for anatase and rutile became visible
gradually. At first, both crystalline Ti oxides formed and disappeared during the processing under higher
current densities (5 and 10 A/dm?). Then, the peaks of crystalline Ti oxides reappeared after switching
off the high voltage (Fig. 18 in paper 2). The amorphous phase was present for the entire PEO process,
but disappeared after a week of the in-situ experiments. This observation is associated with a
temperature and discharge energy controlled process, where the preferred formation of amorphous
phase at higher temperature and energy. However, the crystalline TiO, phases form mainly from the
precipitation of amorphous phase after the PEO processing.

Nonetheless, the signal of B-Ti phase is always absent, probably due to the low content of B-Ti phases.
Additionally, the possible fast up-take of oxygen could stimulate the transformation of B-Ti to a-Ti with
oxygen saturation since oxygen is stabilizing the a-phase. In this sense, the lattice structure does not
have significant influence on the coating formation.

In the ex-situ experiment, the initial micro-pores firstly appeared on the layer on B-Ti and then extends
to a-Ti, indicating the initial discharges occurred on B-Ti phase due to a less resistant barrier layer. One
possibility is that the oxygen driven transformation of B-Ti to a-Ti can cause more preferred locations
(defects) on B-Ti for the discharges. Alternatively, the composition heterogeneity of a-Ti and B-Ti could
be the reason for the different discharge behavior. Because the B-Ti phase is enriched with vanadium,
and the vanadium oxides are not stable in alkaline electrolyte.

A model experiment (paper 2) adopting the separate a-Ti (pure Ti, hcp) and B-Ti (Ti-35Nb-6Ta, bce)
substrate couples in the phosphate-based electrolyte was performed to confirm this order of breakdown
and reveal that under the same applied voltage the current through a-Ti and B-Ti phases is different.
Fig. 6 and Fig. 7 in paper 2 evidence that the different oxidation behavior we found on the micro-scaled
coupled materials (polymorph structured Ti6Al4V alloy) during PEO processing also happens to the
coupled materials in large-size: The discharges were firstly observed on B-Ti and then they are
developed on o-Ti rapidly. The change of current densities also confirms the higher current pass through
B-Ti substrate at the initial stage stimulating the first discharges. Then the current density is higher for
a-Ti, which is correlated with the more rapid development of discharges on the entire surface of the
substrate. Fig. 6-4 illustrates that the surface morphology of the coatings on the two substrates are quite
different. The coating on a-Ti has tiny micro-pores in the surface, with the randomly distribution of

sintered islands. However, the coating surface on $-Ti shows larger micro-pores with irregular shape.
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Nevertheless, the surface difference is more likely influenced by the alloying elements in B-Ti

considering the nominal 35 wt.% of Nb.
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Figure 6-3 XRD patterns of the Ti6Al4V surface at the very beginning of in-situ PEO treatment (within 5 s) under

different current density

Figure 6-4 Surface morphology of PEO coating on (a) a-Ti and (b) B-Ti

For Ti6AI4V alloy, the influence of two Ti phases on the coating formation is very limited, especially
the coating is quite uniform processed under higher current density. Nevertheless, this model
experiment also identifies the possibility of PEO treatment on real galvanically coupled materials.
However, obtaining uniform coatings on the coupled materials is more difficult in comparison to the
alloys. The reason is that the differences in the coatings could be magnified in macro scale. Thus, further
investigation to achieve the uniformity/enhancement of the coatings on gavanically-coupled materials
is more urgent and the optimization of the parameters is still necessary. By adjusting the electrolyte, it
can be possible to reach comparable coating growth rate, porosity and/or composition (which can, for
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instance, reduce the electrochemical potential difference and enhance the general corrosion resistance)
on different materials. The optimization of the electrical parameters can control the progress of PEO
stages and further control the growing of the coating. From this point, the PEO treatment on coupled

materials is one of the promising applications for future studies.
6.3 Influence of additional phases on coating formation

In addition to the transformation of lattice structure, alloys often consist of secondary phases due to the
segregation of alloying elements, which can be considered as the material mixes in micro-scale.
Furthermore, metal matrix composites reinforced with ceramic phases could be also treated as the
micro-scaled material mixes showing higher strength, such as the ceramic Al,Os fibers and Si phase for
Mg and Al alloys in present study. Inevitably, the presence of additional phases in the material mix can
alter the coating formation process during PEO due to the heterogeneous composition, which is much

complicated compared to pure metals.
6.3.1 Secondary phases

The presence of secondary phases in the alloys have an influence on the coating formation. Especially
at the initial conventional anodizing and the beginning of discharges stages, the different morphologies
of conversion layer could be recognized on the intermetallics. At the conventional anodizing stage, it is
dominated by the electrochemical-driven dissolution and deposition processes, depending significantly
on the electrochemical stability of the intermetallics relative to the matrix. Different conversion
products on the intermetallics regarding the local composition and morphology can be noticed.
Afterwards, at the beginning of discharges, due to the altered local composition/microstructure, the
local conversion layer is effective to change the local discharging behavior.

In paper 1, the initial MgLi2Al particles conversion products were found to be accumulated on the
MgL.i,Al particles in MgL.i alloy, indicating the faster oxidation of MgLi-Al particles compared to the
surrounding B-Mg matrix. However, Li was not detected in the resultant coating, possibly due to the
high solubility of Li-containing species in alkaline phosphate-based electrolyte.

In paper 4, Al9Si3Cu alloy was composed of Al,Cu and B-AlsFeSi intermetallics. It has shown different
coating growing behavior on different metallic phases, as illustrated in Fig. 11 in paper 4. Before
applying the polarization voltage, there is already an oxide layer on the surface of the alloy in an alkaline
electrolyte. When the voltage applied, a dielectric conversion layer is firstly formed on the surface and
the conversion products deposit more rapidly at the verge of Al,Cu and AlsFeSi intermetallics,
indicating the electrochemical-driven dissolution and deposition are more intensive at the interfaces of
Al>,Cu/a-Al and AlsFeSi/a-Al. It is probably ascribed to the higher electrochemical potential relative to
the matrix during polarization [58, 59]. After reaching the breakdown voltage, the discharges start on
the layer of a-Al near Al,Cu and AlsFeSi intermetallics, possibly due to the layer formed adjacent to

the intermetallics has more defects. Because the mixed oxides can be formed due to the incorporation
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of alloying elements, and thus the presence of potential mismatches in microstructure. Then the
discharges extend to the layer on the intermetallics, and finally spread on the entire surface. Since the
coating growth on Al alloy requires higher voltage, in paper 4, the relatively low current density of 3
Aldm? resulted in a long period (8 min) to produce a layered coating with only 3 pm thickness.

In paper 5, due to the presence of Mgi7Ali2, Al-Mn-Nd and Al-Nd intermetallics, the similar sequential
oxidation of the local areas on the surface of AZ91Nd alloy and AZ91Nd/Al,Os MMC could be
observed in the first stage of PEO processing. This is also assigned to the higher electrochemical
stability of the intermetallics in comparison to a-Mg matrix. The strong cathodic effect of Al-Mn-Nd
intermetallics even stimulated stronger oxidation of adjacent a-Mg and deposition. After the occurrence
of discharges, it was found that the large micro-pores and intensively sintered morphology appeared on
the layer converted from Mgi7Als, intermetallics, probably related to the intensive discharges with the
participation of Al [60, 61].

6.3.2 Reinforcement phases

There are two ways for the reinforcement phases to participate in the coating growth. The first inert
participation is depending on the embedding of reinforcement phases by the melted coating materials;
however, the reinforcement phase remained stable. This occurred for Si phase in AlSi9Cu3 alloy in
paper 4. However, the reactive participation is via the reactions between the reinforcement phase and
coating formation species, such as the formation of MgAIl.O, from the reaction between Al,O3
reinforcement fiber and MgO for AZ91Nd/Al,O3; MMC in paper 5.

For Al9Si3Cu alloy, the Si phases was almost stable during the entire processing, and was only covered
gradually by the melted coating materials from the oxidation of other phases in local areas. The lower
current density/voltage (lower than 400 V) only drove less efficient coating growth in present study. As
illustrated in Fig. 6-5(b), Si phases are embedded in the coating and no further interaction happened
after PEO treatment. It has been evidenced that the discharges can reach a high electron temperature up
to 2000-3500 K [6, 62]. However, the efficient discharge temperature cannot reach such high value,
and the primary Si has a higher melting temperature (Tm = 1410 °C) in comparison with Al (660 °C)
and Cu (1085 °C) in AlI9Si3Cu alloy. Thus, the reactive incorporation of Si was barely detected in paper
4,

However, it should be noted that the inert incorporation of Si phase could be evolved to reactive
incorporation, but the influence of the electrical parameters used during PEO are more significant.
Some studies [64, 65] have reported the reactive incorporation of Si phase in PEO coating formation
using extended processing time up to 45 min. The mixture of oxides, mullite (Al,O3-Si0O,), was
produced from the sintering of SiO;, and Al;Os in Al-Si alloys, as Si source was only originated from
the Al-Si substrates. As a consequence, the fast PEO coating formation process, such as flash PEO, can

not easily produce high quality PEO coatings on Al-Si alloys because of the presence of stable Si phase.
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As an alternative, increasing the energy input, such as using higher current density/voltage [66] and/or
extending the treatment time [64, 65] could be good choices to obtain uniform coatings on Al-Si alloys.
For Mg MMC, the incorporation of Al;Os fibers in PEO coating during the processing is different. The
Al,Os fibers are already in a stable oxidation state, however, additional reactive incorporation occurred

with longer treatment time:

Mg — Mg?*t + 2e (6-6)
Mg?**t + 20H™ — Mg(0H), (6-7)
Mg(OH), - MgO + H,0 (6-8)
MgO + Al,05 - MgAl,0, (6-9)

The melting point of reinforcement alumina fibers is ca. 2054 °C, lower than MgO (2827 °C). As the
efficient discharge temperature reaches the value for the formation of MgAIl;O4 spinel (ca. 2105 °C),
the reaction Eqg. 6-9 can be stimulated. However, the large size of the fibers (ca. 3 pm in diameter, ca.
100 pum in length) in AZ91Nd substrate could also delay the reactive incorporation in the coating. Note
that near the interface of coating and substrate, fibers still could be found, which interrupt the continuity
of the coating due to the step by step dissolution of the fiber and deposition of coating materials. As
illustrated in Fig. 6-5 (c), the Al.O; fibers were finally dissolved and incorporated in the coating
completely during PEO treatment.

Given the mechanism of PEO processing involving chemical-, plasma-chemical, electrochemical-,
pressure and thermal activated processes, the incorporation mode of the reinforcement phases is largely
dependent on the properties of these phases, such as their melting point and thermal stability.
Furthermore, the size and distribution of the reinforcement phases in the substrate are important to
influence the rapid incorporation. In addition, the electrical parameters are also primary factors
determined the incorporation process of the reinforcement phases during PEO.

It can be summarized that the most important influence comes from the base metals (Mg, Al, Ti and
Nb) since the oxidation of substrate is the main process for PEO coating formation. Primarily, the
different Gibbs free energy of formation for the oxides converted from the metals determine whether
the oxidation process is more favored or not. The favored oxidation process is beneficial for the coating
growth; nevertheless, the coating formation are altered with the presence of additional phases. In
addition, the melting temperature of the substrate is a factor that influences the discharging behavior,
such as, Nb with high melting temperature is difficult to participate in the discharges. However, the
lattice structure of the substrate does not have obvious influence on the coating formation as expected.
Alternatively, the oxygen solubility is high in the hexagonal Ti lattice, which can speed up the oxidation
process by fast penetration.

Besides, at the identical PEO conditions, the corresponding oxides of different substrate, to a large
extent, have significantly influenced the PEO process, eg. the period of each stage, the breakdown

voltage, the coating formation efficiency. Before the start of breakdown, the microstructure and the
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dielectric property of the corresponding barrier layer formed via the electrochemical-driving process
determine the initiation of the discharges. At the same time, the additional phases in the substrate
participated in the oxidation influence the start of the discharges, due to the local
composition/microstructure heterogeneity of the layer. Moreover, the additional phases can also change
the microstructure of the resultant coatings.

(a) (b)

electrolyte embedded Si phases

electrolyte

micro-pores
P

(c) (d)

electrolyte
. electrolyte

micro-pores

Figure 6-5 Evolution of reinforcement phases before and after PEO treatment: (a) before and (b) after PEO
processing on Al9Si3Cu alloy, and (c) before and (d) after PEO processing on AZ91Nd/Al, 03 MMC.
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7. Conclusions

The influence of microstructure and properties of different Mg, Al, Ti and Nb based metals, alloys and
composites has been studied to reveal the role of the lattice structures, additional phases and
intermetallics of the substrate in the formation process of PEO coatings. At the same time, the evolution
behavior of the substrate during the processing were investigated. In addition, the influence of properties
of hydroxides and other phases (phosphate, silicate and aluminate) due to the oxidation of substrate and
decomposition of electrolyte should not be neglected concerning the anodic deposition stage. Finally,
the morphology, microstructure, composition and properties of the PEO coatings were also studied. The
studies in present thesis have demonstrated that the substrate is a very important and underestimated
parameter in PEO processing. Accordingly, the main findings and conclusions are listed as follows:

1. Ingeneral, the barrier layers of different metal matrixes have different breakdown voltage, and
itis Mg, Ti, Al and Nb in an increasing sequence from ca. 110 V to ca. 220 V under the same processing
conditions. The addition of alloying elements and reinforcement phases can increase or reduce the
breakdown voltage through the modification of the coating composition and microstructure.

2. The lattice transformation of MgLi alloy is less effective to influence the PEO process in
comparison with the chemically and electrochemically active Li. The voltage response and discharging
behavior are modified as the voltage increases slower than that of pure Mg. Additionally, Li participates
in the plasma reactions and the intensity the discharges are also changed. The high solubility of Li
containing species in alkaline electrolyte determines that the coating only composes of Li at the interface
near the substrate.

3. However, the polymorph microstructure of Ti alloy shows the influence on the initial oxidation
and generation of discharges during PEO. The lattice expansion of a-Ti is revealed at the initial stage
of PEO processing, due to the high solubility of oxygen in the lattices at the surface of the substrate.
The fast penetration of oxygen can accelerate the oxidation process and thus the coating growth.
Nevertheless, the lattice expansion gradually disappears due to the precipitation of TiO, and the
thickening of the coating. Afterwards, the initial discharges start on the layer of B-Ti and then develop
to a-Ti. Moreover, the micro-pore on the B-Ti is larger in comparison to a-Ti.

4. Inaddition, the electrolyte composition also plays an important role in coating formation phases
on Ti alloy. The coating are mainly composed of anatase and rutile in phosphate-based electrolyte.
Nevertheless, in the aluminate- and silicate-based electrolytes, the deposition becomes more dominant.
The coating formation species are mainly originated from the electrolytes, presenting as Al.O; and
TiAlLOs, and amorphous silicate, respectively.

5. The intermetallics in AISi9Cu3 (Al.Cu and AlsFeSi) and AZ91Nd (Mgi7Al1z, Al-Nd, and Al-
Mn-Nd) interrupt the coating continuity, and the discernible coating microstructure at local areas can
be noticed. The oxidation process develops more slowly for the intermetallics in comparison to the Al

and Mg matrix, due to the higher electrochemical stability of the intermetallics. The surface
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heterogeneity can be erased with prolonged processing time, but the discontinuity can be also notice in
cross-sections. The accumulation of alloying elements in local areas of the coatings can be detected.
Nevertheless, the coatings are not composed of crystalline phases that contain the alloying elements,
due to the dilution of alloying elements with the incorporation of electrolyte species.

6. Moreover, the reinforcement phases (Si phases in AlSi9Cu3 and Al,O; fibers in AZ91Nd/Al,O3)
can still incorporate in the coating formation though they have higher melting temperature and thermal
stability. At first, the Si phases and Al.Os fibers are just inertly embedded in the coating. Afterwards,
the gradual degradation of Si phase for AISi9Cu3 can be detected with time, and the sintering process
between SiO;, and Al;Os can be activated as reported if the processing time further extended and/or
current density (applied voltage) increased. That is to say, the fast coating formation on Al-Si alloys is
not easy to achieve. Similarly, the more severe PEO conditions (high voltage, high temperature and
pressure) stimulate the sintering between the Al,Os fiber and MgO for Mg composite, in the form of
oxide mixture MgAl.Os spinel. MgAI,O4 spinel is mainly distributed at the outer layer. Nevertheless,
the Al,Os fiber can be observed embedded in the inner layer, which interrupt the continuity of the
coating near the substrate.

7. Nb does not participate in the plasma reaction directly due to the high melting temperature.
However, similar to Mg, Al and Ti substrates, the coating formation is also dependent on the
composition of electrolyte, such as the formation of amorphous phosphate and silicate, and Al;Os.
Therefore, the coating morphology and composition are also determined by the electrolyte composition.

8. The multifunctional PEO coatings have been produced on Ti alloy and pure Nb. In addition to
good corrosion resistance of PEO coatings, attractive photocatalytic activity is also demonstrated for
the coatings on Ti alloy with MO degradation rate higher than 40 % and on pure Nb with MO
degradation rate in the range of 30 - 40 %. This is due to the semiconductive property of the coatings
(mainly TiO2 and Nb,Os).

From the micro-scale, this work studied the PEO coating formation on material mixes including alloys
and composites, having phases with different composition and microstructure. The results obtained in
this work demonstrate that the substrate influences the PEO coating formation process through changing
the voltage evolution and the characteristics of the discharges. In addition, each phase and/or
intermetallic react differently on the applied current density and voltage, and the discharges. As a
consequence, the coating growth rate, composition, morphology, microstructure, and properties are all
different. The local differences can be noticed on the resultant coatings, which means the fast formation
of more uniform coatings on material mixes, eg. flash PEO, is not applicable. Alternatively, the
optimized parameters such as prolonged processing time combined increased current density/voltage
can be adopted to remove the heterogeneity and obtain the uniform coatings.

Extending to the macro-scale, joint materials are more widely applied in industry and surface protection
are sometimes necessary and required. The separate constituents of joint materials are predictable to

have different response to the PEO processing. It may lead to different development of PEO process
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such as different start of discharges and further cause the different coating thickness on separate material
parts, and even result in the failure of the process. The reason is similar to the difficulty to form uniform
PEO coatings on the micro-scaled material mixes, related to the different coating formation behavior
on the different materials. It means the influence of the substrate microstructure on coating formation
process also apply to the joint materials in macro-scale. With the foundation of present study, it is

worthy for further investigation and application of PEO process on joint materials.
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1. List of symbols and abbreviations

AESEC
Al
AI9Si3Cu
AZ91Nd
AZ91Nd/AlO3
BSE

Cu

CPE

DC

EDS

EIS

H
ICP-OES
K

Li

Mg
MgLi
MMC
MO

Na

Nb

OCP

OH

OES

PEO
PDP

Ra
Rin
Rout
Rp
Rs

Rsc

Atomic emission spectroelectrochemistry

Aluminum

Al-9 wt.% Si-3 wt.% Cu

Mg-9 wt.%Al-1 wt.% Zn-1 wt.% Nd
Mg-9 wt.%Al-1 wt.% Zn-1 wt.% Nd-20 vol.% Al,O;
Backscattered electron

Copper

Constant phase angle element

Direct current

Energy dispersive spectrometer
Electrochemical impedance spectroscopy
Hydrogen

Inductively coupled plasma-optical emission spectrometry
Potassium

Lithium

Magnesium

Mg-11.36 wt.% Li-2.39 wt.% Al
Metal matrix composite

Methyl orange

Sodium

Niobium

Open circuit potential

Hydroxyl

Optical emission spectroscopy
Phosphorous

Plasma electrolytic oxidation
Potentiodynamic polarization
Resistance

Arithmetical mean roughness
Resistance of inner layer

Resistance of outer layer
Polarization resistance

Solution resistance

Resistance of space charge layer
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RSm

SE

SEM

Ti
Ti6Al4V
\%

Zr

Mean width of profile elements
Secondary electron

Scanning electron microscope
Titanium

Ti-6 wt.% Al-4 wt.% V
Vanadium

Zirconium



2. Table (Cited reference number refer to the review paper in Chapter 2)

Table 1 Summary of secondary phases of Mg alloys studied in PEO process

Appendix

Secondary . - Coating Coating Co_ating . .
Mg alloys Size Stability PEQO process i micro- Corrosion resistance  Ref.
phases thickness morphology
hardness
electt'()lgr?ee%ical Lower growth More large-sized
AZ91D Mgi7Al1 - ) - rate on micro-pores on - - [6]
potential vs. a- M | I
Mg O17Al12 Mgi7Al2
160 mV higher 5.7 V-s* within
MgurAl2 vs. a-Mg 250 s, then
diminished to 4 - 40 um micro- 50 times higher than
AZ91D 1.38 x 10?2 V's 20 um % res bare substrate (3.5
AlgMns - 1 final voltage P wt.% NaCl)
in the range of
500-515V
- -1\ ithi - [28]
Mg1aNd2Y - 7.5 Vst within
220 mV higher 250, then _ _
Mg:.Nd vs. 0-Mg diminished to 4 - 40 um micto- 215 times higher than
WE43-T6  ~ Ndorich 1.79x 10?2 Vs 30 um K bare substrate (3.5
) e pores
phase , final voltage wt.% NaCl)
Y-rich in the range of
phase - 500-515V
i i i 5 pm micro-pores, 2.75 mA/cm? (5.0
AZ91 MgurAlz2 50 - 80 pm unclosed holes wt.% NaCl)
Mgl7A|12 5-10 um - _ - _ [63]
: 1.75 mA/cm? (5.0
AZ91NdA - X Thinner vs. a-  Even and smooth
AlNd Fine particles ngh:; VS & Mg and wt.% NaCl)
g Mgi7Al12
. More uniform vs.
50 mV higher
Mg17ALz ] vs. a-Mg ] e 15kQ (3.5 wt.%
AZ92 70 um Lateral 510 £ 25HV NaCl) after1 h [38]
AlgMns - 200 mV higher oxidation/dispersion immersion

vs. a-Mg

of Al and Mn
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50 mV higher
Mgi7Alz2 - ,
vs. a-Mg Rougher interfaces 12 kQ (3.5 wt.%
AZOLISICISP  AlMns ] 200 mV higher 65 pm vs. PEO coated ~ 589+30 HV NaCl) after 1 h
vs. a-Mg AZ92 immersion
SiC 5 um -
MguAl ) 50 mV h'\l/?her .
Vs. 0-Vig Rougher interfaces 67 kQ (3.5 wt.%
AZOUSICII0p  AlMne ; 200 mV higher 62 pm vs.PEO coated 644 60 HV NaCl) after 1 h
vs. a-Mg AZ92 immersion
SiC 5 um -
Ecor 0f -1.513 t0 -1.14
Influenced by Anodic coating V vs. SCE, leorr Of
AZ91D Mgi7Al1 - - different 44-6.6um  formed on a-Mg - 1.226E-4 to 1.385E-7  [64]
solutions preferentially Alcm? (3.5 wt.%
NaCl)
M917A|12 1-10pum micro-
AMG60B T Al-Mn 12 -33 um pores, 2-
intermetallic 4 %porosity Coated AJ62 < coated
AMB60B < coated
A2 AST ) ; ; 7 3yum 10 pmmicro-pores, - AZ91D (3.5 Wt.% [30]
Mg-Al-Sr K higher porosity NaCl)
intermetallic
AZ91D Mgi7Al1, 14 -35 um Higher porosity
AZ91D Mgi7Al1, Lamellar Open holes PEO coated ECAPed
Similar Uniform and AZ91D is more
- - . - - . [65]
iczgligj MgzAlL Fine particles thickness compact with few corgosmn resistant (3.5
small open holes wt.% NaCl)
MgurAl.. ] A sharp drop — _ N
Al:Mn from 280 V to epOSItlon Dear - i
AZ61 o - 190 V occurred - Mn particles 6-7 GIPa of - [4]
15 um in KF free Oxidized without outer layer
Mg.Si electrolyte causing significant
corrosion
E21 Nb-rich Precipitates - 12.3+2.7 um Similar - [66]
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0.39 mg/cm? per year

Zr-rich In the ;econd (3.5 Wt.% NaCl)
- and third stages,
Nb-rich the voltage of 0.53 mg/cm? per year
WE43 Zr-rich AZ31B are 13.2+1.9 ym alic ot s
. | than RE (3.5 wt.% NaCl)
Y-rich ower than
containing
0.11 mg/cm? per year
AZ31B - - alloys 8+ 1.6 um (3.5 Wt % NaCl)
Sparking
g::ScCuhr?(ra%emainly 5.4E6 Q-cm? of coated
. . Similar to a-  More porous on a- AZ91D compared to
AZ91D Mgi7Ali,  Eutectic/particles (e)z;lr? ps?gsz g} Mg Mg initially L 1E3 O-cm? of bare [67]
ry stag alloy (3.5 wt.% NaCl)
micro-arc
oxidation
SZ zone Best corrosion
(Mgi7Al12 11 pum grain size resistance (3.5 wt.%
particle) NaCl)
HAZ zone severe corrosion
FSW AZ31B (Mg17Al1, 26 um grain size - 50 um Similar attacks (3.5 wt.% [68]
particle) NaCl)
BM zone
(Mg17Al2 22 pum average -
particle)
Mgi7Al1, - 5 pum micro-pores,
AZ61 Al-Mn - 54+0.7um  surface roughness - [69]
intermetallic 1-15pum 0f2.4%0.5 um
AZ31/SiC, SiC 10 pm 60 pm
AZ91/Al,05- o D1-3pum,L50 - - - [57]
SiOzsf A|203 SIOz -100 um 65 um
AMS50 Mgi7Al1, Current for pure 25+ 5 um Slmllar_ t_o that with
Ce addition
AMS50 was "
. . Al1;Cesreduce pitting
MgurAl. - higher in corrosion (0.5 wt.% [70]
AMS50Ce0.5 constant voltage 20£2 pm Increased number >0
A|11C€3 . . NaCI)
mode, of pimples with Ce
AMS50Cel Mgi7Al 1 indicating the 20 £2 um
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smaller coating

Al1;Ces .
resistance
Similar surface 1.29E6 Q-cm? (3.5
AZ91 MguAl 10- 100 pm morphology wt.% NaCl)
1.2 um lamellar - - - . - [71]
’ fewer micro-pores 1.62E7 Q-cm? (3.5
AZ91-T6 Mgi7Al 0.5 um on cross-section wt.% NaCl)
precipitates
Smallest micro- Highest mass loss
AZ91D pores (3.5 wt.% NaCl)
UFG AZ91D Grain size
4P decrease from Increase firstly
UFG AZ91D Mgi7Al12 200t0 1 -2 um, - - and then_ More compact and - [72]
S - — final Mg17Al12 decrease with good adhesion to -
UFG{;E 91D particle of 7 um ECAP passes matrix
UFG AZ91D
16P
Mga7AlL Microdischarges
o commence at
190 V and . 700 + 200
AMS50 . Al-Mn . - - constant slope 75 um 5 pwm micro-pores HVO0 01 0.18 mm/y (SBF) [73]
intermetallic on voltage-time
curve
AlgMn Higher corrosion
AZ31B Similar resistance (5 wt.%
AlgMns NaCl)
IN& Particles - 10 um Less but larger - L ower corrosion [74]
AlgMns (Tm icro-
AMX602 1321 |(< micro-pores, AlzCa resistance (5 Wt.%
_ 1821k may be included in NaCl
Al,Ca (Tm Nobler vs. a- PEO layer aCl)
1352 k) Mg
Similar voltage- Small micro-pores
- i ; 1.6 £ 0.3 um, -
Mgi7Al1 09V time patterns, 0.1-02 um with coarse 138550 Q-cm? (3.5
AZ91D initial - boundaries - [54]
. thinner than on wt.% NaCl)
AIMn phase ) 042V conversion matrix i
(high Tm) ' products are
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Dissolved in

observed around

SS-AZ01 Mgu7Alzz matrix 09V intermetallics IC;(&:“ L?r?ceonaiggs i 67702 Q-cm? (3.5
AlMn phase ) 042V and sparking on region Larger cluster of wt.% NaCl)
(high Tm) ' o matrix firstly, pores
. and later on B
SAAZS g o Y phse 18402 pm Uniform 291766 Q-cm* (35
AIMn phase i 042V . s wt.% NaCl)
(high Trw) '
Mg-2Al - - 140 + 30 um Max. 931 £
NPT (Mg.8Al) _ 71 HV (Mg-
g MguAls Increased with decreased with Rougher with Al _ 8Al), ;
Mg-8AI Al Al increase
with Al
Mg-2Zn ] R - - Max. 832 + - [75]
31 HV (Mg-
Mg-4Zn ) Decreased with o ko 220),
Mg:Zns Increased with Zn insignificant
Mg-8Zn Zn change with
Zn
130 - 240 mV
Mgi7Alz2 - higher vs.a-  Two different
Mg tendencies Ra2.1+ 1.8 um, Rz 300
AZ91 160-300 MV between 35 pm 1832 0.8 um HV0.025 -
AlgMns 14 pum higher vs. a-  unreinforced
Mg and reinforced
130-240 mV  materials.
Mgi7Al12 - higher vs.a-  Voltage is
Mg slightly lower [40]
160 - 300 mV  for reinforced Ra3.6401 um. Rz
AZ91/SiC/2p AlgMns 14 pum higher vs. o-  materials and 2i 5. 1 0“ m At the Corrosion resistance
Mg AZ91/0-2p- 55 - 30 ’ VK cluster of decreased with SiC
130-240mV _ PEOshowsa Hm SiC 80 content (3.5 wt.%
SiC 15-25 um higher vs.a-  current drop HV0.025 NaCl)
Mg after 200s and
130-240mv  240s
AZOL/SIC/5p  MgisAls - higher vs.a-  respectively Rafig +0.2 pum, Rz
Mg 3+ 1.0 um
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160 - 300 mV
AlgMns 14 pm higher vs. a-
Mg
130 - 240 mV
SiC 15-25 um higher vs. a-
Mg
130 - 240 mV
Mgi7Al1 - higher vs. o-
Mg
160 - 300 mV
AZOL/SIC/10p  AlgMns 14 um highel\r/lg;/s. o fgc‘)’ff g"oilfsuﬁ
130 - 240 mV
SiC 15-25 um higher vs. a-
Mg
Slight
Mg.Ca Small globules dlfferenl(_:e, no
Mg- h%?]lcj)%:r?on Depends on Depends on
0.8wt.%Ca Mg-Si-Ca 1p20 2330 mv ) 70%5 pm electrolytes electrolytes [76]
~ Mg-Si-Ca- Impurities higher vs. a-
Fe Mg
Az3l - Increased firstly then
AZ91 decreased with Al
AZ111 MguAL ) i ) ) content (35 wt.% [77]
Some sunken area NaCl)
AZ141
WE43 showed Initial conversion
AZ91 Mgi7Al12 higher voltage. 17.1+£23 um  film formed on
For AZ91, matrix
formation of
) i conversion film i [78]
started on o Initial conversion
WE43 Mg1sNd2Y phase and then 21.6£3.2 um filmstarton
extended to Mg1aNd2Y

phase, however,
WE43 showed
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the opposite
trend.

As extruded L
Mg-Gd-Y - Grain size 15 pm 26 pm - 572 HV
— - - - 29
Mg-Gd-Y T4 Grain size 55 - 53 pm Less porous 641 HV [29]
— Mgs(GdY) 65 pm, nano
Mg-Gd-Y T6 meter precipitate 20 pm Largest pores 541 HV
Table 2 Summary of secondary phases of Al alloys studied in PEO process
Al alloys Secondary Size Stability PEO process C_oatlng Coating Coating micro- Co_rrosmn Ref
phases thickness morphology hardness resistance
Particles
AlmFe along grain
Al boundary
a-Alfesi 2~ O hmin
grains
. . <5 pm .
eutectic Si particles Block Som_e occulated in
A coating, larger
AlSi10 . . 5-20um Inert/oxidation at further .
primary Si flakes/needles a lower rate coating fluctuations a
f ti substrate/coating 47
o-AlFeSi Particles - ormation interface B B [47]
eutectic Si M
particles
rimary Si 220 m
AISIOCU3 P y flakes/needles
1o a-AlFeSi Particles
3-20 um Al,Cu Advances Large voids left
Al>Cu articlgs oxidized/dissolved more rapid  due to oxidation
P more rapidly to AloCu and dissolution
AA2024- Cu-rich 10 um 20 - 25 um ) )
T351 intermetallic  precipitates i ) (5-10 um i [79]
Peened Cu-rich Changed porous More DOrous Hiaher hardness
AA2024 intermetallic  distribution layer) P g
. . . Initial oxide around [80],
319 Al-Si eutecticSi Fine - - Si particles, voids - - [81]
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More rapid increase

and cavities in Si

of voltage with lower region
390 Al-Si primary Si  Needles Si content Similar, higher
surface roughness
Film thickness Rpis 4
increases with time: orders of
. . firstly grows linearly Irregular magnitude
2024/15SiC SiC 12.8 pm SiC hindered film and then growth rate 180 pm composite/film Max. 2000 HV lower than  [39]
particles growth . (500) .
reduces interface composite
(3.5wt.%
NaCl)
The surface remained
Al- . Deposited on a-Al uncoated qfter 250 5 Different local
. eutectic Si - - of processing and a - - - [82]
12wit%Si more rapid . . morphology
non-uniform oxide
layer on eutectic Si
Initial non-uniform
film formation with
voltage increasing Preferential
AA2099- Cu-rich Particles i and detachment of i oxidation of i i [42]
T8 intermetallic initial film due to the intermetallic and
formation of fine voids at the region
voids at alloy/film
interface
AlCu Particles Cathodic to o-Al ~ Galvanoluminescence
. brightness is largely
2297 Al- ) ) Anodic to a-Al, increased by the
Cu-Li Al.CuLi Particles Li dissovled addition of Mn, 32 um Pancake structure - - [83]
flrstl){ to Al,Cu suppressed by Zn,
MgZn, Particles Anodic to a-Al,  and unaffected by Cr,
dissovled firstly Cu, Fror Mg
Al-1Si ; ; ;
: Lower affinity of Decrease in Flrstly increased
Al-2Si : an spherical droplet
. . Increase with Si towards O and exponential  feature with Si
Al-4Si Si . lower electrical - 600 - 2000 HV - [84]
Si content S manner content and then
: conductivity and s
Al-8Si s 7 with Si become smoother
S oxidation kinetics
Al-12Si content and more porous.
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Al-16Si Surface roughness
— r
AL32Si decreased
eutectic Si - leorr OF
- - 5.2E-5
A356-GC _ Primary Si Flakes 20.11u Iio'G Some irregularities 850 HV mA/cm?
B-AlFeSi } Lower e_Ie_ctrlcaI (3.5wt.%
conductivity and i NaCl) [85],
eutectic Si 1.8+0.6pum lower oxidation icorr [86]
rates vs. a-Al . .. 4.2E-5
A356-RC _ 20.7+18 Some |rregular!t|e§, 1000 HV mA/cm?
8 tectic S
n-AlFeSiMg - pm pm on eutectic Si (3.5 Wt.%
NaCl)
Al-1Mn . 116 pm
 AloMn Amountand - Electrochemical T {19um _ Surface roughness  Decreased with Mn
Al-2Mn size increased  active Mn has a 119pum g
—— AlyyMny, - o e - —— increased, 6.6 - 8.4  content, max. - [87]
Al-4Mn with Mn similar oxidation 127 um
. W pm. 1500-2000HV
7AI aMn content potential to Al 6
- }‘I‘m
AA1050 - The presence of Cu ;
nar_mpartlcle_s n Dealloyed Cu-rich
Al>Cu oxide layer increase :
the electrical particles [88]
- - - - incorporated in - -
AA2214 AlCUFeMnSi conductivity and lead ::oatir?g and Iallrge
N CUrEVInSl to the delay of
intermetallic breakd holes formed on
reakdown surface
Al-Fe-Si Large Al-Fe- 3.4E4
6061 intermetallic  Si particles, Average 1.01 pm Q-cm?
Mg/Si rich  grain size 150 micro-pores (3.5wt.%
intermetallic  pum in width NaCl )
Al-Fe-Si Fine Al-Fe-Si Lowest amount of 2.1E4
intermetallic  particles, X . Q-cm?
NZ-6061 Mg/Sirich  grain size 20 i i i gg:;—g%r%slwﬂ i (3.5 Wt.% [89]
intermetallic  pwm in width gelrl 1 NaCl )
Al-Fe-Si Large Al-Fe- 2.5E5
TM-HAZ-  intermetallic  Si particles, Average 1.06 um Q-cm?
6061 Mg/Si rich  grain size 3 micro-pores (3.5wt.%
intermetallic  mm in width NaCl )
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cast

AlISi12 Eutectic Si 1-5um _ _ 102 + 6 pm _ 300 - 560 HVq.2 _ -
Dprinted g ecticsi 300 nm 109+ 7 um 430 - 610 HVo,
AlSi12 '
. . A sequential 1.96+£0.38 0.05-0.26 um of
Eutectic Si Lath-liked involvement of um micro-pores
. different phases in Preferential
. AlLCu Herringbone- plasma discharges: 3012029 4epsition around
AlSi9Cu3 structured - m - - [49]
start on a-Al , then on H Al,Cu, sintered
Al,Cu and B-AlsFeSi N morphology, with
B-AlsFeSi Irregular and finally on e micro-pores of
eutectic Si Hm 0.078-0.95 um
Table 3 Summary of secondary phases of Ti alloys studied in PEO process
. Coating
Ti alloys Secondary Size Stability PEO Coating thickness Coating micro- Corrosion resistance Ref.
phases process morphology
hardness
. The oxide layer
a Dissolution ;’ri:;\fsoatmg was not uniform at
Ti6Al4V - of B-Ti was faster on - - f|r§t’ then a - - [35]
greater than Ti than on uniform porous
p ina-Ti o-Ti structure was
produced
Ti-6AI-7Nb Gine 280-420nm  Many micro-
ispersion i protrusions i i [90]
rain size 30 containing
cpTi - gral mllz 400 - 600 nm uniformly pores
o Equiaxed gllécro—pore of 0.4 -
. .6 pm, pore )
TibAlav 8 Integranular Breakdown 10 m density of 20 x 103 205 HVoazs
) voltage of mm-? [51]
~200 Vims Micro-pore of 0.4 - 10 times more passive
cp Ti - Fine grain at~50's - 2.0 pm, pore - than PEO coated alloy
density of 36 x 10
mm?2 (3 M KCI)
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Ti-35Ta a” Needle-like -
] a” Needle-like - ] - [91]
Ti-35Ta-10Nb - ) Larger micropores
B Equiaxed
10.13+1.3%
. , i Higher porosity, micro- 4 yomin?
Ti-10Nb a Needle-like culrgrent 1.82£0.1 um pores of 1.05 + 0.9 6.1x10* Q-cm? (SBF)
density pm
o’ Needle-like levels with 1253+12%
. p iy i increasing porosity, micro- 4Oy
Ti-30Nb o Needle-like of Nb 1.85+£0.3 um pores of 1.13 + 0.8 8.5%10* Q-cm? (SBF) [92]
B Equiaxed content at pm
potentio- 40.83+15%
Ti-50Nb B Equiaxed conai 1.86+ 0.6 porosity, micro- 5.0x10* Q-cm? (SBF)
g condition : OHI T hores of 6.43 1.1 : om
pum
Table 4 Effect of alloying elements of Mg alloys on PEO coatings
Alloying element Substrate PEO process coating composition coating thickness coating morphology Ref.
With increasing of Al The formation of
A731 AZ91 With the increasing of Alin  content, the peak intensity some sunken area and
Ailll " Mg alloys, the oxidation of MgO weakened and the changed porosity. 77
' slope firstly increased and peak intensity of MgAIl,O4 i Relatively compact (7]
AZ141 ; )
then decreased became stronger (higher coating on AZ91
than 9 % Al) alloy
Al The coating got
relatively rougher,
) 0 . . and the size
Mg_ 2 at.o/o Al Breakdown voltage Mg.SiOs and MgO, no Decrease with distribution and the
Mg- 4 at.% Al . . extra aluminum containing  increasing of Al [75]
increased with Al content arrangement of
Mg- 8 at.% Al phase were observed content -
discharge channels
became
inhomogeneous
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Mg-2 at.%Zn,

Delay oxidation due to the

Mg.SiO4 and MgO, no

Decrease with

Smaller discharge
channels and less

Zn Mg-4 at.% Zn  presence of MgrZn3 extra aluminum containing  increasing of Zn accumulated around [75]
Mg-8 at.% Zn intermetallic compound phase were observed content discharge channels
with Zn content
The formation of MgO and
Decrease the breakdown MgZ(PO“)Z.’ and th?. Lower coating Rougher surface
. . accumulation of Li in the - .
Li MgLiAl voltage and slow down the S : thickness compared  morphology with [50]
. initial conversion layer at . :
increase of voltage : with pure Mg treatment time
the coating/substrate
interface
Rough and porous
surface appearance
i The formation of Mg-Al- Approximately 30 with the pore size
Ca AZCab12 Mn oxide and MgO pum ranged from [93]
submicron scale to
several micrometers
Depend on the electrolyte In silicate electrolyte,
composition, initial short- MgO, MgSiO; and Increased with There were Nd-
Nd WE43-T6 I|v_ed sparks dlstrlbuted_ Mg.SiOs4 phases were treatment time, up enriched regions with [94]
uniformly and long-lasting formed. In phosphate t0 30 UM cellular-like
sparks occurred at high electrolyte, MgO and H sodification structure
voltage Mgs(PO.), were formed
Table 5 Effect of alloying elements of Al alloys on PEO coatings
Alloying element Substrate Coating composition Coating thickness Coating morphology Ref.
Cu AA2099-T8 The formation of - 2550 um Single-layer structure and [42]

A|203 and Y-A'zOg

pancake structures
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pure Al,
Al-0.5 wt.% Mg Peak intensity of a-
Al-1 wt.% Mg Al,O3 decreases and Increase with Mg Porosity increased and
Mg Al-2 wt.% Mg formation of content, from 85 to dominant by spherical [95]
Al-4 wt.% Mg Mgo.388Al2.40804 With 150 pum particles with Mg content
Al-7 wt.% Mg Mg content
Al-15 wt.% Mg
The number and size of
- 0
Al-1at% Mn Peak intensity of y- Increase with Mn spongy features as well as
Al-2 at.% Mn . .
Mn Al>O3 decreased with content, from 116 to surface roughness increased [87]
Al-4 at.% Mn .
Mn content 162 pum with Mn content, from 6.6 to
Al-8 at.% Mn
8.4 um
Al-1 at.% Si
Al-2 at.% Si . . .
Al-4 at.% Si Peak. intensity of Decreased In an The number and size of
. . mullite and y-Al,Os . droplet feature decreased
Si Al-8 at.% Si L o exponential manner . [84]
. decreased with Si o (smoother) but the porosity
Al-12 at% Si content with Si content increased with Si content
Al-16 at.% Si
Al-32 at.% Si
- 0,
Al-1wt.% Zn Peak intensity mullite
Al-4 wt.% Zn R .
decreased with Si The number and size of
Al-8 wt.% Zn Increased to 120 pm L :
Zn contentand the - porosity increased with Zn [96]
Al-10 wt.% Zn formation of a-Al,O with Zn content content
Al-15 wt.% Zn was suppressed o
Al-33 Wt.% Zn PP
Al-1 at.% Sn :{fg\iv%;tog#ycgaigg\twd Increased from 91 to
Al-2 at.% Sn and the peak intensit 95 um , then decreased  The glassy appearance
Sn Al-4 at.% Sn e y to 73 um (the coating dominated at 6 at% Sn with [97]
of mullite increased .
Al-6 at.% Sn . was not formed at 8 decreasing sponge feature
with Sn content, SnO;
Al-8 at.% Sn at% Sn)
also detected
. 64 + 7.1 um, the
Y-A|203, A|6SI2013, . . .
Ce Al-18 Wt.% Ce alloy w-Al,0s and CeO, coating thickness of Outer porous and inner dense [98]

phases were formed

oxide layer increased
with addition of Ce

regions of the coating
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Table 6 Effect of alloying elements of Ti alloys on PEO coatings

Alloying

Coating

element Substrate PEOQ process composition Coating thickness Coating morphology Ref.
Igri I?)zee:jlzf With increasing voltage, the
Mo Ti-15Mo - P . - surface roughness increased [99]
anatase and rutile
- . from 0.33t0 3.17 um
and silicon species
: : With increasing Nb N
Ti-10 wt.% Nb gn%?:?grtl"ihs;?r:greasin content, brookite L?]Sg:;'ﬁam effect For higher than 30 wt% Nb,
Nb Ti-30 wt.% Nb X g disappeared, . g large sized crater with grooved [92]
. of Nb content caused a . thickness, around
Ti-50 wt.% Nb . - however, rutile and structure are observed
higher current density 1.8 pm
Nb,Os were formed
. Higher porosity (8.9%) on
pure Ti Breakdown \_/oltage 1s 90 Higher layer on B- alloy, with distribution of
V/AI - V for pure Ti, 80 - 83 V - . . ; : [100]
Ti6Al4V . Ti than on a-Ti irregular vermiform slots on
for Ti6AI4V
surface
Table 7 Effects of reinforcement phases of MMCs on PEO process
Matrix Reinforcement Size Mgltmg PEO process Incorporation mode Morphology Coatlng_ . Ref.
phase point composition
Take part in discharges Appear in the substrate Mamly c_ontalns
. gO, minor
10 um in detected by OES, Partiall near the content of Ma»SiO [57
AZ31 6 vol.% SiC average 3003 K molten firstly and then ally - composite/coating 925104 ;
. h reactive incorporation . (produced from 101]
(particles) reacted with oxygen interface, reduced .
and MgO number in the coating SiC),MgF and
Mgs(PO4)2
Mainly contains
. Take part in discharges Appear in the substrate MgO, and fT‘“”'te
1-3 umin d db h (3Alx03-2Si0y),
. diameter, 50 - etecte i OES, Partially near t ¢ . MgAl,O4 and
AZ91 Al,03-SiO; N 2123 K molten firstly and then - . composite/coating . [57]
100 pm in . reactive incorporation . MgSiOs also
. reacted with oxygen interface, reduced
length (fiber) and MaO number in the coatin observed, formed
g g from Al,Os3 and
SiO;
0 ca. 3 um in o Delay of voltage ramp  Partially Visible on the surfaceat MgO, MgAl,O4 and
AZ9INd 50 vol.% Al0s diameter, ca. 2054°C at initial stage, and reactive incorporation  first, then the surface Mgs3(POa)2 [102]




Appendix

100 pm in fluctuation of voltage become uniform
length (fiber) at the last stage however, the cross-
sections shows the
continuity interrupted
by the fiber
Voltage increment
2 vol.% SiC became lower than At Igwer voltage, _S|C Si0, was produced,
. pure alloy, at lower . particles can be still A
5 vol.% SiC ca. 5 um . Partially and SiC is still
AZ91 . . - current density, even S . observed, then the : [25]
10 vol.% SiC (particles) reactive incorporation : . detected in the
. the voltage cannot uniform porous coating ;
15 vol.% SiC ; . : coating
increase with is formed
increasing SiC content
Average growth rate of A rougher mtt_arface of
5vol.%SiC  ca.5pum 1-1.2 um/min, slightly  Partially substrate/coating than .
AZ92 ' . - - : 2 X ) . pure alloy, a Si-rich SiO, was produced [38]
10 vol.% SiC (particles) decrease for higher SiC  reactive incorporation .
interface around SiC
content -
particles
Voltage is slightly
lower for reinforced
2vol.% SiC i alloy than pure alloy, . Increased surface
AZ91 5 vol.% SiC ?aérltisclei)s Hm - no voltage drop rpezrélt?\l,lg incormoration  "oughness with g/rllg%eﬁélzos, MgF [40]
10 vol.% SiC P observed for higher P increasing SiC content 2
SiC contents (5-10
vol.%)
0 ca. 0.5-3 um i i i i MgO, MgzSiOs,
LA142 5wt.% YAl (particles) Mgo(SiO2)a(OH.F)s [103]
0.1-1.0 pmin MgO, minor
AZ91 20 vol.% SiC diameter, 30- - - Inert incorporation Some micro-cracks MgAl20s, MgF, [52]
100 um in were observed and magnesium
length (fiber) silicate
Numerous pores with an
i average size in the range
7c71 12volwsic G2 0S-3mmo o500 i Inertincorporation  of 1-4 um, SiC particles M9 [104]
(particles) > Mg2SiOs,Mg(OH),
are largely unchanged in
the coating
0.5 wt.% Crater-like holes with .
AZ31B MWCNT, Nano tubes - - - small size and low MgO and Mg.SiOs  [105]

197



198

Appendix

amount of porosity and
micro-cracks

0.25 wt.% Outer diameter
MWCNT, 10 - 40 nm, More inhomogeneities
AZ31B 0.5 wt.% inner diameter i i in coatin witg higher MgO and M@5SiO. [106]
MWCNT, 10 - 20 nm, oot g and Al,SiOs
1.0 length 30 - 50
wt.% MWCNT  nm (fiber)
0
Pure Mg 12%‘&””({/‘; HHQ - . , - HA and MgO [107]
Composite/coating
2024 15 vol.% SiC ca. 12.8 um i Most_ly incorporated mterfac_e isirregularand a- an_d v-Al;03, and [39]
reactively a few SiC appear atthe  mullite
interface
Four stages of voltage Highly porous layer on
— i response, characterized . . TiBy, the porosity i i
A201 8 wt.% TiB, by evolution of sparks Reactive incorporation decreased with PEO a- and y-Al,O3 [108]
and buzzing sounds processing
:\\f'v‘f)"l‘;y;gmapggedm"f 0-Al;05 and mullite
A356 20 vol.% SiC particles - - dense ?/a e’r and :30 m e the main phases, [109]
porous IZyer H v-Al,O3 is formed.
Very rough and porous
coating surface. The
pure Al 15 wt.% CuO ca. 40 ym - - coarse pores at the AlyOs [110]
outermost section of the
coating about 7 um.
Al- Four stages for current mzlsléteir?zg:j?[?on o
1.2Mg— 55 vol.% SiC 40 and.60 Hm e\_/olutlon. Sic . Reactive incorporation Rough and uneven a-Al,03, v-Al,03 [111]
0.6Si- particles hindered the formation pores at variable size and amorohous
0.3Cu of the coating P

phase
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