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Abstract: Cast Al-Si alloys, recognized for their excellent mechanical properties, constitute one of
the most widely employed non-ferrous substrates in several sectors, and are particularly relevant in
the transport industry. Nevertheless, these alloys also display inherent limitations that significantly
restrict their use in several applications. Among these limitations, their low hardness, low wear
resistance, or limited anti-corrosion properties, which are often not enough when the component is
subjected to more severe environments, are particularly relevant. In this context, surface modification
and the development of coatings are essential for the application of cast Al-Si alloys. This review
focuses on the development of coatings to overcome the complexities associated with improving
the performance of cast Al-Si alloys. Against this background, plasma electrolytic oxidation (PEO),
an advanced electrochemical treatment that has revolutionized the surface modification of several
metallic alloys in recent years, emerges as a promising approach. Despite the growing recognition
of PEO technology, the achievement of high-performance coatings on cast Al-Si is still a challenge
nowadays, for which reason this review aims to provide an overview of the PEO treatment applied to
these alloys. In particular, the impact of the electrolyte chemical composition on the properties of the
coatings obtained on different alloys exposed to harsh environments has been analyzed and discussed.
By addressing the existing gaps and challenges, this paper contributes to a better understanding of
the intricacies associated with the development of robust PEO coatings on cast Al-Si alloys.

Keywords: plasma electrolytic oxidation (PEO); cast Al-Si alloys; coatings; lightweighting

1. Introduction

Aluminum (Al) is frequently alloyed with various elements to produce a diverse
range of commercial alloys. Among these, cast aluminum–silicon (Al-Si) alloys stand out,
constituting over 80% of the globally produced cast Al alloys [1,2]. These alloys offer
interesting advantages, including excellent castability and weldability, a high strength-to-
weight ratio, optimal melt fluidity, and cost-effective manufacturing [2–4]. The alloying of
cast Al-Si alloys involves elements such as Si, Cu, Mg, Zn, Ni, or Fe, among others. The
specific properties of these alloys are determined by their chemical composition. Si serves
as the principal alloying element of cast Al-Si alloys, typically ranging between 4% and
24% [5]. These alloys are classified as hypoeutectic (Si wt.% < 11), eutectic (Si wt.%~11),
and hypereutectic (Si wt.% > 11) based on their Si content [1,6]. During the manufacturing
of castings, the inclusion of Si requires longer solidification times, favoring a higher fluidity
and lower shrinkage, and enhancing castability and weldability [1,3,6]. Furthermore, the

Coatings 2024, 14, 217. https://doi.org/10.3390/coatings14020217 https://www.mdpi.com/journal/coatings1
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addition of Si reduces the melting point of the resulting alloy, which is beneficial for the
industrial casting processes [7]. Cu and Mg are other commonly added alloying elements
in cast Al-Si alloys. The addition of Cu, typically ranging from 1% to 5%, improves the
hardening of the alloy in both the as-cast condition and during heat treatments [5,6]. On
the other hand, Mg is usually added in lower quantities (usually 0.2%–0.6%) [5] and serves
as a precipitation hardener, improving both the tensile properties at high temperatures (up
to 200 ◦C) and enhancing creep resistance [1,6]. Other alloying elements, such as Ni or Zn,
are usually incorporated to enhance the tensile strength or to improve the properties after
heat treatment without compromising ductility, respectively.

In cast Al-Si alloys, Fe typically emerges as the predominant undesirable impurity [1,8],
with its concentration being higher in recycled alloys, where it can elevate to approximately
1% [9]. Due to the limited solubility of Si and Fe in the Al matrix, brittle intermetallic
compounds, such as Al15(FeMn)3Si2 or Al15(FeMnCr)3Si2, can be formed (Figure 1) [4,10],
often resulting in a degradation of the mechanical properties of the alloy [9]. Nevertheless,
in the manufacturing of cast Al-Si alloys using specific techniques like high-pressure die-
casting (HPDC), the presence of Fe could be advantageous due to its role in preventing
molten alloys from adhering to the casting matrix [8] and reducing adhesion [11]. HPDC,
renowned for its cost-effectiveness and capability to manufacture components with complex
geometry and thin walls, stands as the predominant method for the manufacturing of cast
Al-Si components [12,13]. Nonetheless, the turbulences generated by the high-speeds
applied result in both superficial and internal porosities in HPDC components, which could
compromise some mechanical properties [4,14].

 

Figure 1. Optical (a) and SEM (b) micrographs of an AlSi7FeMn1.5Cr0.5 alloy containing iron-rich
intermetallic compounds [15]. Reprinted from Materials Letters; 277; Dongtao Wang, Xiaozu Zhang,
Hiromi Nagaumi, Xinzhong Li, Haitao Zhang; 3D morphology and growth mechanism of cubic
α-Al(FeMnCr)Si intermetallic in an Al-Si cast alloy; 128384; Copyright (2020), with permission
from Elsevier.

Due to their outstanding properties, cast Al-Si alloys are extensively used in
the automotive industry [4], and their application in the aerospace industry is also
growing [7,16] (Figure 2). The primary advantage of the use of cast Al-Si alloys in the
transport sector resides in the lightweighting achieved in comparison with other con-
ventional materials, like steel or cast iron [17,18], offering a substantial reduction of fuel
consumption, CO2 emissions, and overall carbon footprint [19,20]. In a mid-size vehi-
cle, one ton of Al replacing conventional materials can lead to an 18-ton reduction in
GHG emissions throughout its whole life cycle [21]. Cast Al-Si alloys serve as effective
substitutes for cast iron or steel in several automotive components, including those with
complex geometries, like engine blocks or cylinder heads [20,22], cylinder liners [23], and
pistons [1]; power train applications [18]; brake parts [24]; wheels [25]; and larger structural
components [26].
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Figure 2. Schematic representation of components manufactured from cast aluminum alloys.

Despite the promising features offered by cast Al-Si alloys, their industrial imple-
mentation faces significant limitations, especially in applications that require prolonged
durability under aggressive environments. Their poor tribological features, including
low wear and abrasion resistances [4,16,27], low hardness, and high tendency to adhe-
sion [28,29], constitute the primary drawbacks. Concerning corrosion resistance, although
Al alloys generally provide acceptable corrosion resistance due to their natural oxide layer,
this protection is often inadequate under harsh environments, particularly for cast Al-Si
alloys, due to the relevant heterogeneities in their chemical composition. Furthermore, the
high Si content promotes localized corrosion, rendering them unsuitable for applications
with severe requirements compared to wrought Al alloys [4,16,30–32].

Surface engineering, which emerged in the 1970s, entails the modification of coating
material surfaces and serves as a powerful tool, not only for the enhancement of the ma-
terials, but also to provide them with novel functionalities. Reinforcement, modification,
functionalization, or embellishment are among the technological and functional demands
faced by materials across several industrial sectors. Addressing these requirements, along-
side considerations such as sustainability and durability, constitutes critical elements in the
design and advancement of the latest generation of surface solutions to overcome the most
demanding challenges imposed by strategic industrial sectors.

Anodic oxidation, commonly known as anodizing, stands as a traditional and exten-
sively used technique for enhancing the surface properties of Al alloys, particularly for
the improvement of the anti-wear and anti-corrosion capabilities. During this process, an
anodic oxide film is electrochemically generated on the surface of Al under anodic polariza-
tion. This involves the anodic dissolution of the metal and the subsequent reaction between
the Al cations (Al3+) and the negatively charged anions from the acid solution in which
the treated component has been immersed, resulting in the formation of a metal oxide
film [33]. Different types of anodizing are available, such as chromic acid anodizing for
high protection, sulphuric anodizing for aesthetic and protective films, and hard anodizing
for thicker coatings. Despite its widespread application in recent years, the current use
of anodizing is facing limitations due to stringent EU policies restricting the use of acid
electrolytes. Furthermore, anodizing proves inadequate for treating the surfaces of cast
Al-Si alloys, particularly those with higher Si contents. This challenge is exacerbated when
dealing with recycled cast Al-Si alloys containing complex intermetallic compounds. Chal-
lenges associated with the treatment of these alloys arise from silicon phases hindering the
proper development of the anodic layer [16], which results in differing conductive behavior
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between the Al matrix and the dispersed Si phases, leading to variations in the growth rate
of the anodic oxide coating [3]. These discrepancies in the growth rates give rise to the
oxide layers of reduced thickness and hardness (up to 800 HV), increased heterogeneity [4],
as well as heightened porosity and brittleness [34], rendering their application unfeasible,
especially in more severe environments.

The growing demand for lightweight materials within the transport sector, especially
in automotive manufacturing, has prompted the exploration and refinement of advanced
technologies for the surface modification of Al alloys, particularly targeting cast Al-Si
alloys. Among these techniques, plasma electrolytic oxidation (PEO) has emerged as a
promising method garnering significant interest for its capability to enhance the durability
and corrosion resistance of these alloys. Surface treatment of cast Al-Si alloys resultsmore
complex compared to wrought Al alloys due to their complex microstructure, which
presents unique challenges. The widespread usage of these alloys in the transport sector
underlines the necessity for robust and effective surface engineering solutions.

This review provides a comprehensive description of the complexities associated
with the PEO treatment of cast Al-Si alloys, placing its relevance in context with conven-
tional surface modification techniques such as anodizing. A detailed examination of PEO
technology delves into the coating growth mechanism and the key influencing process
parameters, encompassing substrate composition, electrolyte composition, and the type
of power supply used. This is succeeded by a thorough review of the pertinent literature,
exploring the impact of different electrolyte formulations (silicate based, phosphate based,
and aluminate based) on the development of high-performance PEO coatings for cast
Al-Si substrates. Given the challenges linked with the treatment of cast Al-Si alloys, in
addition to addressing considerations related to the type of electrolyte used, strategies for
improving PEO coatings are addressed. This encompasses the examination of pre- and
post-treatments, as well as the incorporation of nanoparticles and microparticles into the
electrolyte, a promising frontier to further improve the functional attributes of PEO-treated
cast Al-Si alloys. By synthesizing these insights, this review aims to offer an overview of
the current state of knowledge, identify critical research gaps, and lay the basis for future
advances in the search for surface modification solutions for cast Al-Si alloys in different
applications within the transport sector.

2. Plasma Electrolytic Oxidation (PEO)

Plasma electrolytic oxidation (PEO), also known as microarc oxidation (MAO), rep-
resents an electrochemical plasma-assisted technology employed for the development of
multifunctional ceramic coatings on diverse valve metals. PEO combines electrochemical
oxidation processes with plasma discharges, thereby sintering the treated metal surface.
Within the metallic substrates treated by PEO, Al [35,36], Ti [37,38], and Mg [39,40] al-
loys outstand, while nowadays the technology is also being extended to other metallic
substrates, like Zr [41], Nb [42], Ta [43], and even steel [44–46].

The properties of the PEO coatings are strongly related to the type of alloy treated [4,47],
the chemical composition of the electrolyte used [4,23,48], and the electrical parameters
applied during the process [49–51]. Notable properties of PEO coatings include high wear
resistance [4,23,52], strong corrosion protection [53,54], high hardness [55,56], and excellent
adhesion to the metallic substrate [57]. The morphology of PEO coatings is also suitable
for the adhesion of other top coats, like sol–gel layers, while it could act as a reservoir
for liquid or solid lubricants, providing self-lubricating properties [58–60]. Furthermore,
PEO coatings exhibit high thermal resistance [61,62], superior dielectric properties [63,64],
or photo-catalytical features [38,65,66]. In the biomedical industry, PEO coatings provide
desirable properties such as biocompatibility [67,68], antibacterial properties [67,69], and
bioactivity [70,71].

Discharge phenomena that occurred during electrolysis were initially observed by
Sluginov around the year 1880 [72]. However, the technologies related to this phenomenon
and their applications gained more attention during the 20th century. Researchers such
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as Snezhko et al. [73], Markov et al. [74,75], Kurze et al. [76,77], and Yerokhin et al. [78]
significantly contributed to the understanding of these technologies. During this period,
various terms have been employed to describe PEO technology, including micro-plasma
oxidation, anode spark electrolysis, or plasma electrolytic anode treatment [79].

The PEO process constitutes an electrochemical procedure wherein the treated sample
or component is immersed in an electrolytic bath [80,81], while an electric current and a
potential are applied. This process requires two electrodes: the treated sample, serving
as the anode and connected to the positive output of the power supply; and a cathode
enveloping the treated sample [80,82], usually made of stainless steel [83–85] and connected
to the negative output of the power supply [80] (Figure 3a).

Figure 3. (a) Schematic representation of the PEO equipment and (b) plasma micro-discharges
occurring during a PEO process on an Al sample carried out at Tekniker.

During a PEO process, the treated sample undergoes anodic polarization to high
voltages, typically ranging from 300 V to 700 V, exceeding the dielectric breakdown voltage
threshold of the pre-existing oxide layer [86–88]. During the treatment, there is also a
continuous release of gas in the form of gas bubbles surrounding the anode. The establish-
ment of a high electric field between the anode and the cathode results in the ionization
of these gas bubbles, leading to the generation of plasma micro-discharges (Figure 3b)
characterized by high temperatures, around 1500 ◦C, resulting in localized melting of the
metal substrate. As a result, multiple and complex electrochemical reactions take place
simultaneously, involving specific reactions with ions from the electrolyte, mainly oxygen.
These plasma-chemical reactions culminate in the formation of the coating oxides, which so-
lidify instantaneously as the overall temperature of the system remains refrigerated [89,90].
Therefore, the PEO treatment requires the development of specific electrochemical pro-
cesses that include anodic oxidation of the treated metallic substrate [91–93], electrolysis
of water, promoting gas evolution [57,91], and thermo-chemical reactions including the
deposition of electrolyte-discharged anions [93–95].

PEO technology could be considered an evolution of anodizing for metal protec-
tion [16]. However, although both technologies work under a similar basic procedure,
PEO involves higher potentials, reaching hundreds of volts [96], leading to more complex
reactions and growth mechanisms [97]. Furthermore, compared with anodization, PEO
technology results in thicker and denser coatings [98], which are also less detrimental to the
fatigue limit of the alloy [99]. From an industrial perspective, PEO would be easier to apply
than anodization, with less critical pre-treatment requirements and PEO can be carried
out under atmospheric working environments, which would greatly simplify the whole
manufacturing process [98,100]. Moreover, another outstanding advantage that makes
PEO be viewed as a promising technology is the fact that employs water-based alkaline
electrolytes without heavy metals, which are much less harmful to the environment than
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the acidic solutions used in anodizing [88,101]. The main differences between anodizing,
hard anodizing and PEO have been summarized in Table 1.

Table 1. Comparison of the processing conditions and properties obtained in anodizing, hard
anodizing, and PEO treatments.

Parameter Anodizing Hard Anodizing PEO

Pre-treatment Critical Not necessary

Electrolyte Acidic (sulphuric, chromic, oxalic, etc.) Alkaline without heavy metals

Potential applied 10–50 V 20–120 V Higher than breakdown voltage

Current density Low: <10 A·dm−2 Medium-high: 5–25 A·dm−2

Metallic substrate Critical Medium High versatility

Adhesion to the substrate Good Moderate High

Time Moderate: 10–60 min High: 30–120 min Low < 10 min *

Coating growth rate Low: <1 μ·min−1 Medium: 1–3 μ·min−1 High: 1–5 μ·min−1

Microstructure Amorphous Amorphous and crystalline

Energy consumes Low Medium Medium-high

Eco-friendly No No Yes

* For the development of coatings with thicknesses typically applied by anodising. Thicker PEO coatings will
require longer treatment times.

The assessment of PEO technology in relation to other conventional surface modifica-
tion methods is context dependent, with each technique offering distinct advantages and
drawbacks based on factors like material properties, specific requirements, and intended
use cases. Regarding the surface modification of Al alloys, it is generally accepted that
PEO technology results in coatings of considerable thickness, superior substrate adhesion,
and exceptional wear and corrosion resistance, all while maintaining an environmentally
sustainable profile. The PEO process also offers versatility across alloys and geometries,
but requires precise control of parameters and can consume more energy than other con-
ventional techniques. Moreover, the relatively high surface roughness and scalability issues
are relevant constraints that are currently limiting the industrialization of this technology.

2.1. PEO Coating Growth Mechanism

The PEO coating growth is governed by two main mechanisms: the micro-discharge
mechanism and the coating growth mechanism [102]. The micro-discharge mechanism,
although not fully understood, is explained by three main theories [103]. The first, referred
to as local avalanche breakdown [104,105], proposes that each micro-discharge results from
localized electron avalanches in the bulk of the anodic film, leading to the breakdown of the
solid insulating coating. Albella et al. proposed an extension of this theory, suggesting that
the electrolyte species incorporated into the coating initiate electron avalanches, leading
to plasma micro-discharges [106,107]. However, the expected linear relationship between
applied voltage and coating thickness does not match practical observations [108]. The
second theory, usually referred to as glow discharge electrolysis, suggests that the initial
breakdown of the barrier layer is induced by free electrons from the electrolyte that are
injected into the gas bubbles at the oxide/electrolyte interface. This theory was defended by
Wang et al. [109], who found that anions from the electrolyte, other than OH−, minimally
influenced the composition of the active plasma species. According to this theory, the glow
discharges would promote the melting and sintering of the underlaying ceramic coating.
The third model, known as the discharge-in-pore theory, assumes that micro-discharge
initiation occurs at the bottom of the micropores of the coating by gas discharge [110].

Among these, the local avalanche breakdown is the most widely accepted theory [111],
suggesting that electron avalanches promoting the micro-discharges would also form

6



Coatings 2024, 14, 217

discharge channels in the oxide layer [112]. To explain the growth of a PEO coating on pure
Al, Monfort et al. [113] used a silicate- and phosphate-based electrolyte and studied the
distribution of the electrolyte species throughout the coating, finding that coating growth
occurred at dielectric breakdown sites, creating short-circuit pathways. These pathways,
enriched with phosphorus at the metal/coating interface, facilitated the penetration of
species from the electrolyte into the interior of the coatings.

The development of a PEO process and the associated coating growth mechanism is
typically divided into four stages [114–116] (Figure 4). During the first stage, the voltage
experiences a rapid and linear increase, similar to conventional anodic oxidation, and the
substrate is covered only by a thin layer of Al2O3. After reaching the breakdown voltage,
plasma micro-discharges gradually appear on the surface of the treated sample [25,117]
(Figure 4). In the second stage, the voltage increases more slowly, promoting the growth
of the PEO coating through the formation of the oxide phases. During the third stage, the
potential remains at a near-stable value, indicating the transformation of the previously
formed oxides into crystalline phases [118]. At this stage, the growth thickness of the
coating is also almost unaffected by the total current density.

 

Figure 4. Typical evolution of the potential over time during a PEO process, with the corresponding
plasma micro-discharges on the surface of the treated Al alloy [114]. Reprinted from Journal of Alloys
and Compounds; 753; Rui-qiang Wang, Ye-kang Wu, Guo-rui Wu, Dong Chen, Dong-lei He, Dalong
Li, Changhong Guo, Yefei Zhou, Dejiu Shen, Philip Nash; An investigation about the evolution of
microstructure and composition difference between two interfaces of plasma electrolytic oxidation
coatings on Al; 272–281; Copyright (2018), with permission from Elsevier.

In certain PEO processes, the potential evolution may not follow the typical pattern
shown in Figure 4, leading to a phenomenon known as “soft sparking”. This particular
regime occurs in those PEO processes where the applied cathodic current density is higher
than the anodic current density, R = Jcathodic/Janodic > 1, resulting in a drop in the positive
potential [119], and typically leads to a refinement of the plasma micro-discharges, in terms
of light and sound emissions [88,120].

Although the mechanism behind soft sparking, is not yet fully understood, it is
correlated with an increased resistance to energy transfer due to the thicker and denser
coating formed [121]. The earlier appearance of the soft sparking regime has also been
associated with the use of aged electrolytes, due to the decrease in ionic species that reduce
the electrical conductivity of the electrolyte while modifying the plasma discharges [122].
This regime would not only avoid the occurrence of aggressive plasma discharges, but
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the more refined discharges associated with it would promote the development of PEO
coatings with enhanced properties [57]. For example, it has been found that soft sparking
promotes denser inner layers in PEO coatings developed on Al substrates, together with a
higher formation of α-Al2O3 [119]. Furthermore, the transition to the soft sparking regime
will also favor an improved energy efficiency of the process, due to the reduction of the
total power consumption as a consequence of the lower potential during the process [87].

The morphological structure of PEO coatings typically shows three distinct layers.
The outer layer, usually comprising between 5 and 30% of the coating thickness, usually
shows defects (i.e., cracks and/or pores) and is mainly composed of γ-Al2O3 with relatively
low hardness values, around 500 HV and 1000 HV [31,115]. The intermediate layer, which
accounts for between 70 and 95% of the total coating thickness, is denser and consists of both
γ-Al2O3 and α-Al2O3, with higher hardnesses ranging from 900 HV to 2000 HV [31,115,123].
Adjacent to the substrate, an amorphous Al oxide inner layer promotes strong adhesion to
the coating [102,124]. Nevertheless, recent advances have reported bi-layered PEO coatings,
where the outermost layer promotes higher density. This particular structure has been
observed in PEO coatings developed on cast Al-Si alloys using aluminate-based electrolytes
that promote a higher rate of Al2O3 into the coating [4,14,23]. This particular morphology
would be explained by the fact that the oxidation and incorporation of the Si from the
substrate promotes the formation of Si- or aluminosilicate oxides, with a lower density
than the Al oxides, while the NaAlO2 from the electrolyte promotes a higher proportion of
Al2O3 in the outermost layer [54,125].

2.2. PEO Process Parameters

The key factors influencing the properties of PEO coatings on cast Al-Si alloys include
substrate composition, electrolyte composition, and electrical process parameters such as
the type of power supply or the voltage and current density applied. These factors affect
the thickness, composition, and morphology of the coating and ultimately the performance
of the coating in various environments. For example, variations in substrate composition
can alter the adhesion and mechanical properties of PEO coatings, while the chemical
composition of the electrolyte can directly influence the formation of specific oxide phases,
thereby affecting the corrosion resistance and tribological properties of the developed
coatings.

2.2.1. Substrate Composition

During the PEO process, part of the metallic substrate is dissolved. This actively
contributes to the formation of the ceramic coating. Consequently, the chemical composition
of the treated alloy plays a key role in determining the composition, microstructure, and
characteristics of the resulting coating [52,126,127]. Previous investigations have shown
that the presence of alloying elements, such as Cu, Mg or Zn in Al alloys, inhibits the
transition of γ-Al2O3 to α-Al2O3 [102,128]. This suppression of the phase transformation
is attributed to the lower bond energy between the oxygen and these alloying elements,
compared to the robust interaction between Al and O2. Under the influence of the electric
field, Cu2+, Mg2+, and Zn2+ ions would migrate to the outer part of the coating faster
than the Al2+ ions. The presence of these weaker bonds in the lattice would disrupt the
grain growth, as the transformation from γ-Al2O3 to α-Al2O3 involves a shift from cubic to
hexagonal packing, typically accompanied by grain growth and an increase in the transition
temperature [127]. In the particular case of cast Al-Si alloys, the Si will also significantly
inhibit the effective growth of the PEO coating [127,129].

2.2.2. Electrical Parameters

A PEO process can be carried out under direct current (DC), alternating current (AC),
and unipolar pulsed (UP) or bipolar pulsed (BP) current, with the type of power supply
being a determining factor in the characteristics of the PEO coating. DC, which provides
the lowest energy efficiency, represents the simplest mode and its application is best suited
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for treating components with a simple geometry that requires low thicknesses [130]. The
AC mode improves the process control but has limitations in terms of power and current
frequency. This mode provides coatings with better properties than those obtained with DC
sources and also allows better control of the discharge parameters and processes. However,
the control provided is sometimes insufficient for the design of PEO coatings with certain
requirements [131]. According to the literature [132], the processes performed using pulsed
sources show the most successful results in terms of energy efficiency.

In addition to the type of power supply, precise control of various electrical parameters
is essential, including anodic and cathodic potentials, applied current density, frequency,
duty cycle, process time, and temperature. Among these, the most relevant parameters
to control are the current density, frequency, and anodic potential. The anodic potential
is particularly relevant because it provides the energy required to form the coatings and
significantly influences the microstructure and properties of the PEO coatings [102]. Once
the applied anodic potential exceeds the value of the critical breakdown voltage of the bar-
rier layer of the metal substrate, plasma micro-discharges occur on the treated sample [57].
Increasing the anodic potential leads to an increase in the number, brightness, and size
of the plasma micro-discharges, as long as a limiting voltage value is not exceeded, and
beyond which the above-mentioned behavior of the plasma discharges is reversed. The
same pattern is observed for micropores, where higher anodic potentials lead to an increase
in both size and number [133].

The applied current density, which directly determines the growth rate of the PEO
coating, is primarily determined by the nature of the alloy being treated. Typically, applying
too low current densities would lead to a relatively slow coating growth rate, which would
impair the energy efficiency of the process. On the other hand, the use of excessive
current densities will promote a PEO coating with lower mechanical properties and higher
roughness, a higher releasement of gaseous products, and the treated sample may even
be burnt [100,134]. Al alloys containing low amounts of alloying elements will typically
require current densities between 5 A·dm−2 and 15 A·dm−2. However, Al alloys with
higher amounts of alloying elements, and especially cast Al-Si alloys, will require current
densities of around 25 A·dm−2 [4,14,23]. In terms of frequency, higher frequencies usually
result in coatings with lower roughness and provide shorter plasma discharge lifetimes,
reducing the occurrence of large destructive discharges [134]. The roughness of the coating
is also proportional to the process time applied: longer processes will increase the arc
force occurring at the surface and promote higher discharges, resulting in more uneven
surfaces [134].

2.2.3. Electrolyte

The electrolyte is probably the most important parameter in a PEO process, as it
determines not only the course of the process, but also the microstructure, composition, and
properties of the developed coatings [135,136]. Typically, PEO electrolytes are water-based
alkaline solutions, enriched with various inorganic salts, nanoparticles, or additives [100].
This makes PEO electrolytes environmentally friendly, which is a major advantage over
anodizing, which employs acidic electrolytes.

The chemical composition of the electrolyte is critical because its constituents are
incorporated into the PEO coating through the plasma-chemical reactions that take place
during the process [37,101]. PEO electrolytes also provide oxygen, which reacts with the
molten cations of the metal substrate, resulting in the formation of ceramic oxides, such as
Al2O3 or TiO2 for Al and Ti alloys, respectively [38]. The movement of OH− through the
electrolyte, under the influence of the electric field, favors the oxygen transport mechanism
to the metallic substrate [57]. In addition, the electrolytes contain other compounds that
confer anionic or cationic components to the PEO coating [38].

PEO electrolytes are typically categorized based on the predominant inorganic com-
pound in their formulation, with common classifications including silicate-, aluminate-
and phosphate-based electrolytes. Among these, silicate-based electrolytes, with Na2SiO3
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being the most common reagent, are the most widely used electrolytes in PEO technol-
ogy [64,137,138]. In general, silicate-based electrolytes have been found to be more stable
than phosphate-based electrolytes [101]. However, for certain alloys and applications, such
as cast Al-Si alloys with high tribological requirements, these electrolytes may not be the
most appropriate. This is attributed to their tendency to promote an excessive presence of Si
oxides, mullite, and aluminosilicates within the coating, which are also derived from the Si
in the metal substrate. Consequently, these coatings exhibit inferior tribological properties
compared to Al oxides [139]. In the case of phosphate-based electrolytes, some studies
have reported their ability to enhance the density and tribological performance of the coat-
ing [140]. Furthermore, it is common for phosphorus salts to be incorporated into silicate-
or aluminate-based electrolytes at lower concentrations than the latter [141,142]. Although
research on aluminate-based electrolytes is comparatively recent, observations suggest that
they favor the development of coatings with high tribological and anti-corrosion perfor-
mance. This is particularly notable in the treatment of complex cast Al-Si alloys, where the
main interest resides in increasing the Al oxides in the coating to counteract the formation
of Si oxides originating from the substrate [54,128,136].

The chemical stability of the electrolyte also plays a key role, as inadequate dispersion
of the reagents can lead to the formation of precipitates. This would not only hinder
the reaction and incorporation of the components into the coating, but could also cause
blockages in the electrochemical cell pipes. Continuous use induces aging of the electrolyte,
gradually depleting its ionic species and decreasing its electrical conductivity, thereby
affecting the potential breakdown value and the plasma discharge formation during the
process [122]. Nevertheless, it has also been observed that electrolyte aging would favor
the occurrence of soft sparking by increasing the α-Al2O3 content in the coating [122].
Therefore, the evaluation of the electrolyte quality must be analyzed on a case-by-case basis.
The pH values of the PEO electrolytes typically range between 10 and 13, and this is usually
regulated by the addition of KOH or NaOH [57,88]. However, it is critical to control the
concentration of these reagents, as their higher concentration has previously been found to
result in a lower coating growth rate due to an increased anodic dissolution [130,143]. The
electrical conductivity of the electrolyte, which typically varies between 5 and 100 mS·cm−1,
is also a crucial parameter, directly influencing the breakdown value during the PEO process
(higher electrical conductivity corresponds to a lower breakdown potential) [57,144]. Unlike
anodizing, the temperature control during PEO processes, especially in Al alloys, is less
sensitive [145]. However, for titanium alloys, the temperature of the electrolyte during
the process plays a more significant role. For example, an aluminate-based electrolyte
used in the PEO coating of Ti showed an increased amount of α-Al2O3 at lower electrolyte
temperatures [146].

Structural defects such as porosity and microcracking are common despite the im-
proved wear and corrosion resistance of PEO coatings. These defects usually result from
gas release or rapid cooling during the formation of the micro-electrical discharges. Conse-
quently, the high porosity and the presence of defects will induce the development of more
brittle layers, limiting their long-term barrier efficacy. In particular, the incorporation of
specific chemical elements, such as certain salts or nanoparticles, into PEO coatings is of
great interest to reduce the intrinsic porosity of these layers, thereby providing coatings
with a broader range of properties [147,148]. Each additive, depending on the concentration
used and how it is combined with the other additives, will provide unique properties to
the developed PEO coating, such as higher growth rate, higher thickness and hardness,
lower roughness, or enhanced tribological and anti-corrosion performance [86,149–151].

One of the major challenges in PEO technology involves the mitigation of the intrin-
sic porosity of PEO coatings, which typically compromises an optimal tribological and
corrosion performance. Porosity can be reduced through the use of several approaches,
including the adjustment of electrical parameters, the development of duplex coatings, and
the modification of the electrolyte composition. Among these methods, the formulation of
the electrolyte emerges as the most effective method of porosity reduction, with emphasis
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on the incorporation of micro- or nanoparticles. Generally, particles are directly introduced
into the electrolyte in the form of powders or sols comprising different compounds [62].
The incorporation of the particles or nanoparticles can be accomplished through either
an inert or reactive mechanism [152]. The type of incorporation will depend on the sub-
strate, electrical process parameters, electrolyte composition, and inherent properties of
the particles. In the case of an inert incorporation, no reaction nor formation of a new
phase occurs. Additionally, the size and shape of the particles undergo minimal alteration
after their incorporation. Conversely, in reactive incorporation, the particles react with
compounds from both the electrolyte and the metal substrate. This process is more complex
and influenced by several parameters [153]. The reactive incorporation is more feasible in
particles with smaller sizes and relatively low melting points [153,154].

Achieving a proper and adequate dispersion of the particles in the electrolyte is critical
for the optimal incorporation of the particles into the coating. When dispersion is unstable,
particles tend to agglomerate, forming clusters of larger size, even micrometric. In addition,
introducing pigments and/or dyes to the electrolyte can confer aesthetic functionality,
leading to the generation of PEO coatings with different colors. In general, black is the
most demanded color due to its aesthetical functionality and its ability to provide coatings
with high emittance and absorbance, properties required in aerospace internal components
subjected to significant thermal gradients in space [35,155]. However, producing black PEO
coatings remains challenging, particularly on more challenging alloys like cast Al-Si alloys.
Three reagents, namely potassium fluorotitanate (K2TiF6), sodium tungstate (Na2WO4), and
ammonium metavanadate (NH4VO3), have been extensively studied for obtaining black
PEO coatings. It should be noted that, unlike anodizing which uses coloring agents, the
black coloring in PEO coatings can also be obtained by the reaction and dissociation of these
reagents during the process, resulting in oxides with a dark grey or black color. Among the
aforementioned reagents, K2TiF6 stands out for the dark color that it provides to the coating,
increased thickness [86], enhanced wear and corrosion resistance [82,156–159], as well as
heightened absorbance and emissivity values [35]. Na2WO4 is widely used in formulating
silicate- [86,97,160–162], aluminate- [155], and phosphate-based [163,164] electrolytes, re-
sulting in black coatings on Al [162,164] and titanium [163] substrates. Tungsten-containing
electrolytes, when applied to Al substrates, typically form an Al2(WO4)3/Al2O3/Al com-
posite [165]. The surface energy of the Al2(WO4)/electrolyte interface is higher than that
of the Al2O3/electrolyte interface, so the tungsten-containing oxides are located in the
outer part of the coating, providing a darker color. Furthermore, the addition of Na2WO4
improved the corrosion resistance [35,155], and catalytic properties [66,165] of the coatings.

NH4VO3 has also been employed for the development of black coatings [164,166], but
its toxicity significantly limits its use. Besides black, PEO coatings with other colors have
also been obtained, through the additivation of the electrolytes with dyes or pigments [167]
(Figure 5).

 

Figure 5. (a) Red, (b) yellow, (c) orange, (d) blue, (e) black, and (f) white PEO coatings obtained by
adding dye emulsions to an electrolyte in an Al substrate [168]. Reprinted from Surface and Coatings
Technology; 287; Shang-Chun Yeh, Dah-Shyang Tsai, Jian-Mao Wang, Chen-Chia Chou; Coloration
of the aluminum alloy surface with dye emulsions while growing a plasma electrolytic oxide layer;
61–66; Copyright (2016), with permission from Elsevier.
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3. Surface Modification of Cast Al-Si Alloys through PEO Technology:
A Current Challenge

The development of protective coatings on cast Al-Si alloys by conventional anodizing
is challenging, mainly due to the hydration of the silicon phases [34,169]. Although PEO
technology has been widely used for the development of coatings on several Al alloys
(2024, 6061, 7075, etc.), and has obtained high-performance coatings, the development of
competitive PEO coatings on cast Al-Si alloys remains a challenge nowadays. However,
despite the higher complexity of this type of alloy, there has been an increase in the number
of publications in recent years, highlighting the interest and the need for the surface
improvement of these alloys using PEO technology.

The chemical composition of the electrolyte used in the PEO process is a critical de-
terminant of the microstructure, composition, and performance of the coatings. Different
electrolyte formulations, such as silicate-, phosphate-, and aluminate-based solutions, offer
different advantages and challenges. Selecting the electrolyte composition is therefore
critical to tailoring the properties of PEO coatings to meet the specific performance require-
ments of cast Al-Si alloys. The published findings related to the growth of PEO coatings
on different cast Al-Si alloys have been analyzed and classified according to the type of
electrolyte used: silicate-, phosphate- or aluminate-based. The factors hindering the surface
treatment of cast Al-Si alloys using PEO technology have been analyzed, as well as the
different strategies described in the literature for the improvement of the coatings obtained.

3.1. PEO Coatings Developed on Cast Al-Si Alloys Using Silicate-Based Electrolytes

Silicate-based electrolytes are the most widely used within PEO technology. In one
of the first studies carried out concerning the development of PEO on cast Al-Si alloys,
Krishtal et al. [170] studied the influence of Si content on the properties of the developed
PEO coating. For this aim, they treated hypoeutectic, eutectic, and hypereutectic alloys.
The authors showed that the composition and microstructure of the cast Al-Si alloy directly
influenced the growth of the PEO coating, determining the morphology of the PEO coating.
Furthermore, the authors observed that the Si particles present in the Al matrix inhibited
the reaction between Al and O2, hindering the growth of the PEO coating due to the lower
electrical conductivity of the Si phases with respect to the Al matrix. As a consequence, the
layers obtained not only showed lower thickness, but also poorer hardness and adhesion,
together with higher porosity [170].

In another early research project on this topic, Wang & Nie [171] studied the influence
of Si content on the growth mechanism, composition, and morphology of the coating. For
that purpose, they worked with a hypoeutectic (A319) and a hypereutectic (A390) alloy,
using an electrolyte composed of 4 g·L−1 Na2SiO3 [171]. The authors observed that the Si
content significantly influenced the lifetime and morphology of the coating during stages
I, II, and III of the PEO process. Although the breakdown voltage value was similar for
the hypo- and hypereutectic alloys—390 V and 400 V, respectively—the hypoeutectic alloy
reached that value in 1 min, while the hypereutectic alloy required 5 min to reach 400 V.
This slower rise in potential at the beginning of the process would indicate a lower coating
growth rate on the alloy with the higher Si content. This reduced coating growth would be
a consequence of the lower Al area to be passivated in the hypereutectic alloy during this
initial stage [171]. A similar pattern was observed in the rate of increase in the potential
during stages II and III. In the second stage, the alloy A319 required 1 min to raise the
positive voltage by 50 V, while the alloy A390 required 5 min to increase the voltage value
up to 65 V. In the third stage, the rate of potential rise was 2.79 V·min−1 and 1.65 V·min−1

for alloys 319 and 390, respectively. The coatings obtained during stage IV showed a
similar composition, mainly γ-Al2O3, and similar roughness for both alloys. In addition,
the authors also determined that the alloy composition did not lead to significant variations
in the coating for thicknesses above 50 microns [171].

Wang & Nie [171] also studied the variation in coating morphology throughout stages
II, III, and IV for A319 and A390. In the second stage, it was observed, by means of
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SEM and EDS analysis, that the plasma micro-discharges started at the interface between
the Al matrix and the Si grains due to a concentration effect of the electric field in that
interface. That discharge would melt the Si phase, mixing it with the Al oxide, leading
to the formation of aluminosilicates (Al-O-Si), which have a lower melting point than the
Al oxides, and whose morphology presented cavities and bubbles. Since the A390 alloy
contained higher Si content and, therefore, higher discharge points at the Al-Si interface, it
required a higher potential for the occurrence of the discharges. During stage III, due to
the higher presence of Al-O-Si compounds in the coating, with a lower melting point and
higher porosity, more discharge points appeared in those areas, leading to a clustering of
the aluminosilicate phases. In stage IV, due to the increased thickness of the coating, the
chemical reactions involved more elements from the electrolyte than from the substrate. In
addition, at this stage, the morphology and composition of the coatings developed on the
A319 and A390 alloys became more uniform [171].

Xue et al. [169] investigated the development of PEO coatings with high anti-corrosion
performance on cast Al-Si alloys with a 7% Si content. They developed coatings with
different thicknesses, comparing the morphology and chemical composition of each one,
using an electrolyte composed of Na2SiO3 and KOH. In this study, the results concerning
the coating growth and the evolution of the potential agreed with those obtained by Wang
& Nie [171]. The coating growth rate increased during the second stage of the process,
decreasing during the third stage. The coatings obtained in that study exhibited three
distinct regions: the inner layer, which showed high adhesion to the metal substrate, an
intermediate layer, with high density, and a porous outer layer (Figure 6). From the EDS
analysis, it was found that the intermediate dense layer was mainly composed of Al oxides,
while a significantly higher amount of Si was detected in the porous outermost layer. The
porous outer layer, besides Si, also showed higher Na and K content (Figure 6).

Figure 6. Cross-sections and their corresponding EDS analysis of PEO coatings developed using
a silicate-based electrolyte, with thicknesses of 20 μm (a,b); 60 μm (c,d); and 140 μm (e,f) [169].
Reprinted from Applied Surface Science; 253; Wenbin Xue, Xiuling Shi, Ming Hua, Yongliang Li;
Preparation of anti-corrosion films by microarc oxidation on an Al–Si alloy; 6118–6124; Copyright
(2007) with permission from Elsevier.

13



Coatings 2024, 14, 217

According to the authors [169], the Si, Na, and K present in the porous outer layer
would have come from the electrolyte (more specifically, Na and K were not present in the
alloy, only in the electrolyte), and did not diffuse into the intermediate dense layer. Xue
et al. [169] suggested that this result was mainly due to the use of an AC power supply,
which favors the obtention of denser coatings on cast Al-Si alloys. The higher density of the
coatings would prevent the diffusion of the ions from the electrolyte towards the innermost
layers, remaining in the external zone, where the higher porosity of this region would favor
their permanence. Concerning the oxide phases detected in the coatings, γ-Al2O3 phases
were detected in all coatings, while α-Al2O3 was only found in the thickest coatings (60 μm
and 140 μm). Mullite phases were also detected in all the coatings, although their content
increased with increasing the coating thickness. It also investigated the influence of PEO
treatment on the corrosion behavior of the cast Al-Si alloy [169]. For this purpose, they
compared the corrosion resistance of the cast Al-Si reference alloy against three samples
treated by PEO, with thicknesses of 20 μm, 60 μm, and 140 μm. Electrochemical corrosion
tests showed that both general and pitting corrosion resistance improved considerably with
the application of the PEO coating. Moreover, the improvement is even more pronounced
with increasing coating thickness, with the best results being obtained for the coating of
140 μm.

The influence of Si phases on the growth, composition, and morphology of PEO
coatings on cast Al-Si was also studied by He et al. [34]. In this study, cast Al-7Si alloys
were treated using an electrolyte composed of Na2SiO3, KOH, and Na3AlF6, using a pulsed
bipolar power supply at a frequency of 700 Hz. Based on SEM and EDS analysis, it was
observed that the coating grown on the Al primary phases was mostly composed of Al2O3,
while Si and O2 content increased in the eutectic α phase areas, due to the relative oxidation
of Si. The eutectic β phase regions showed a higher Si and O2 content, but there was no
evidence of plasma discharge in these regions. This would indicate that Si oxides could
have been formed by melting and oxidation due to the high temperature of the plasma
discharges in the Al substrate regions, mixing with the Al2O3 phases during the coating
growth process. He et al. also observed that the Si content decreased from the outer to
the inner region of the coating, suggesting that the higher Si content in the outer region
would come from the silicate-based electrolyte. In a further step, Xu et al. [129] treated
hypereutectic cast Al-Si alloys with a Si content between 27 and 32%, using an electrolyte
composed of Na2SiO3 and NaOH, and an AC power supply. It was observed that longer
PEO processes, up to 300 min, resulted in more uniform coatings, both in terms of element
distribution and coating morphology.

Sabitini et al. [29] carried out research in which the main objective was the comparison
of the growth, properties, and wear resistance of the PEO layers grown, under the same
process conditions, on a cast A359 and a wrought 7075 alloys. The authors used a 50 Hz AC
power supply and a commercial silicate-based electrolyte. Due to the higher presence of
microstructural defects in the cast alloy caused by the presence of Si phases in the substrate
(Figure 7), the coatings grown on this material showed lower hardness and lower elastic
modulus, as well as higher roughness (Figure 8). Both PEO coatings on cast and wrought
alloys showed an improvement in wear resistance compared to the base materials. At high
loads, the coating developed on the 7075 wrought alloy showed a stronger tribological
performance than the coating grown on the cast Al-Si alloy, due to the higher hardness
and homogeneity of the former. Feng Su et al. [172] also studied the development of a
PEO coating with high tribological performance on an A356 casting alloy. In this case,
they employed a pulsed power supply under a frequency of 2000 Hz, and two different
electrolytes, containing only K4P2O7, and K4P2O7 combined with Na2SiO3. In the tests,
carried out under minimum lubrication, a tribological improvement (lower COF, wear, and
plastic deformation) was found in the PEO coatings compared to a PTWA coating.
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Figure 7. Cross-sectional SEM micrographs of the PEO coating developed on an A359 cast Al-Si
alloy showing particular morphologies, such as eutectic Si particles (a) and shrinkage cavities (b) [29].
Reprinted from Materials & Design; 31; G. Sabatini, L. Ceschini, C. Martini, J.A. Williams, I.M.
Hutchings; Improving sliding and abrasive wear behaviour of cast A356 and wrought AA7075
aluminium alloys by plasma electrolytic oxidation; 816–828; Copyright (2010), with permission
from Elsevier.

Figure 8. 2D profiles of hardness and reduced modulus of the PEO coatings grown on an A359 (a,b)
and AA7075 (c,d) alloys [29]. Reprinted from Materials & Design; 31; G. Sabatini, L. Ceschini, C.
Martini, J.A. Williams, I.M. Hutchings; Improving sliding and abrasive wear behaviour of cast A356
and wrought AA7075 aluminium alloys by plasma electrolytic oxidation; 816–828; Copyright (2010),
with permission from Elsevier.
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Gulec et al. [3] carried out a systematic study to analyze the influence of the Si content
on PEO coatings grown on binary cast Al-Si alloys with Si contents between 1% and 32%,
by performing PEO processes of 120 min with a silicate-based electrolyte. The researchers
observed that, as the Si content increased, the thickness of the developed PEO coating
decreased. In addition, α-Al2O3 phases were only observed for the alloys containing 1 and
2 at. % Si. Furthermore, it was observed that as the Si content of the alloy increased, the
coatings had a smoother appearance and lower roughness, which would be explained by the
fact that the melting temperature of SiO2 (1726 ◦C) is lower than the melting temperatures
of mullite (1828 ◦C) and Al2O3 (2054 ◦C). The alloys with higher Si content will contain a
higher relative amount of Si in the coating, decreasing the melting temperature of the mixed
oxides that form the coating, and thus leading to an increase in the fluidity of the materials
transported through the plasma channels, covering all the surfaces of the coating as they
are sprayed outwards. In addition, the plasma microarcs occurring during the treatment
of alloys with higher Si content are weaker, also favoring the formation of coatings with
lower porosity and roughness.

Rogov et al. [28] studied the influence of the microstructure of Al-Si substrates on the
PEO coating development, by comparing a cast Al-12Si alloy against an Al alloy with a 12%
Si content fabricated by additive manufacturing. In this study, an electrolyte composed of
10 g·L−1 Na2SiO3 and 2 g·L−1 KOH and a pulsed bipolar power source were employed.
Since the cathodic polarization could suppress the passivation of the Si grains, the authors
designed a specific wave regime, where only anodic polarization was applied in the first
3 min of the process. After that time, and once the plasma was stably initiated, authors
alternated bipolar and unipolar polarization cycles with cathode-only pulses. Their findings
suggested that the microstructure of the alloy, i.e., the size and distribution of the Si grains
in the metal substrate, had only influenced the most unstable stages of the PEO process: the
initial stage and the stage of transition to the soft sparking regime. Once the corresponding
micro-discharge regime has been initiated, the process proceeds normally for both alloys.

In a recent paper [25], PEO processes under pulsed bipolar current (PBC) and pulsed
bipolar voltage (PBV) modes were performed on pure Al and binary Al-Si alloys with
different Si contents (5 wt.% Si, 9 wt.% Si, 12 wt.% Si, and 15 wt.% Si). While under the PBC
regime, the Si phases were rapidly oxidized, obtaining similar final thicknesses regardless
of the Si concentration of the alloy, under the PBV regime, the Si phases were oxidized
more slowly, which was reflected in a lower final thickness on the substrate with higher
Si content. The growth of PEO coatings on Al-Si binary alloys was also investigated by
Moshrefifar et al. [173], who in their study worked with Al-xSi alloys (x = 1 wt.%, 3 wt.%,
5 wt.%, 7 wt.%, 9 wt.%, 11 wt.%, and 13 wt.%) (Figure 9), obtaining the PEO coatings
by using a Na2SiO3·5H2O-containing electrolyte, with and without being modified with
Na2WO4·2H2O. As expected, it was observed that a higher Si content in the substrate
led to a reduction in the size of the α-Al dendrites and an increase in the eutectic phase
(Figure 9). It was reported that a higher porosity percentage and a lower average thickness
were attributed to an increased Si content on the substrate. Nevertheless, the higher
thicknesses obtained in the samples with lower Si contents presented greater outer layers,
which normally exhibit poorer tribological properties than the dense inner layers typically
observed in PEO coatings. Thus, the PEO coatings grown in the samples with lower wt.% Si
presented higher wear rates, volume losses, and wear track widths (Figure 10). In a further
attempt to improve the durability of a PEO coating developed on a cast Al-Si alloy, Student
et al. found that the uneven growth of the PEO layers was due to the silicon crystals
hindering the proper development of the coatings (Figure 11). The addition of H2O2
to the electrolyte significantly enhanced wear resistance by promoting the formation of
high-temperature phases like α-Al2O3 and 3Al2O3·2SiO2, resulting in increased durability.
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Figure 9. Optical images and each corresponding phase’s percentage of the different Al-Si alloys
PEO treated in reference: [173]. Reprinted from https://www.mdpi.com/2079-6412/12/10/1438,
accessed on 27 December 2023: open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/,
accessed on 27 December 2023).

Figure 10. Schematic representation of the wear mechanism of PEO coatings developed on two
different Al-Si alloys with low Si content (a) and high Si content (b) [173]. Reprinted from https:
//www.mdpi.com/2079-6412/12/10/1438, accessed on 27 December 2023: open access article
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/, accessed on 27 December 2023).
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Figure 11. SEM micrographs revealing the cross-section of a PEO coating grown on a cast AlSi10 (AK9)
alloy. The marked areas reveal the deceleration in the coating growth in the areas containing Si-rich
crystals. Figure adapted from [174]. Reprinted from https://www.mdpi.com/2079-6412/13/3/637,
accessed on 27 December 2023, open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/,
accessed on 27 December 2023).

The manufacturing method is also a determinant of the behavior of PEO coatings
grown on Al-Si alloys. Mora-Sanchez et al. compared the growth and properties of
PEO coatings grown on a conventional A361 cast alloy and on an AM) Al10SiMg alloy,
using a silicate-based electrolyte [175]. Compared with the PEO grown on the AM/Al-
Si substrate, the PEO coating developed on the cast Al-Si alloy showed finer and lower
porosity percent. Nevertheless, the interface between the substrate and the coating was
flatter for the AM substrate, since it presented a finer distribution of silicon in comparison
with the cast alloy. As referenced in their works, Pezzato et al. [176,177] have demonstrated
substantial enhancements in the corrosion resistance of PEO coatings applied on AM
AlSi10Mg alloys, obtained by selective laser melting (SLM), in comparison to PEO coatings
grown on conventionally cast AlSi10Mg substrate. In both cases, the PEO processes were
carried out using a silicate-based electrolyte composed of 25 g/L of Na2SiO3 and 2.5 g/L of
NaOH. The improved anti-corrosion performance was attributed to the more uniformly
distributed Si phases present on the AM Al-Si substrates. Additionally, the absence of
Fe and Mn intermetallic compounds contributed to the formation of denser and more
uniformly structured PEO coatings.

3.2. PEO Coatings Developed on Cast Al-Si Alloys Using Phosphate-Based Electrolytes

The effect of the addition of NH4VO3 to a phosphate-based electrolyte in a PEO
process on a cast Al-12Si alloy was studied by Hwang et al. [166]. It was observed that
the addition of NH4VO3 influenced the size and duration of the plasma micro-discharges,
resulting in a decrease in the breakdown voltage. Furthermore, the NH4VO3-containing
electrolyte not only promoted a more uniform PEO coating, preventing the heterogeneous
growth observed in previous studies, but also led to black PEO coatings. NH4VO3 was
newly employed for the development of black PEO coatings on a hypoeutectic Al-Si alloy,
in combination with Na2WO4, which is a reagent that is also a coating darkener [164]. In
this study, the authors found the optimal ratio between the concentrations of Na2WO4 and
NH4VO3 added to a phosphate-based electrolyte to obtain smoother and darker-colored
coatings. The formation of vanadium and tungsten oxides in the coating was found to be
responsible for the black color. In addition, it was found that the NH4VO3 reagent played
the most significant role in the formation of the dark-colored coating.

In 2018, Yu et al. treated a eutectic cast Al-Si alloy using a phosphate-based elec-
trolyte [27]. The PEO processes were performed at a low current density, between 4 and
6 A·dm−2, and resulted in low-thickness PEO coatings (8–10 μm), in which no α-Al2O3
phase was detected. In this study, the authors proposed a new and interesting model to
explain the growth mechanism of the PEO coating on a cast Al-Si alloy, which contradicts
the theory proposed by Wang & Nie [171]. According to Wang & Nie, after the initial passi-
vation stage, discharges occurred at the edge between Al and Si, due to the border effect
promoted by the occurrence of a critical potential value due to the electrical concentration at
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that interface. Furthermore, Wang & Nie suggested that during passivation, the film grows
inward, whereas when Al or Si oxides are formed, there would be some expansion in the
volume of the formed layer. According to Yu et al. [27], the thickness of the layer created
during the initial passivation stage (in the order of nanometers) is significantly lower than
the roughness of the substrate (in the order of microns). Thus, these authors believed that
the boundary effect prevented the initiation of discharges and proposed a new growth
mechanism consisting of three steps: passivation, stable oxidation, and final oxidation
stages. According to this novel model, during the passivation stage, which occurs before
the potential reaches the dielectric breakdown value, anodic layers grow on both the Al
matrix and the Si crystals (Figure 12 I). Since it is a very quick stage, the authors suggested
that the thickness of the anodic layers grown on the Al and Si phases should have a similar
thickness. In the stage of stable oxidation, once the breakdown potential has been exceeded,
the anodic layers break down and the plasma microdischarges appear. The first areas of
the anodic layers to be broken and where the plasma discharges will appear are those of
Al2O3 formed on the Al matrix, since this oxide has a lower dielectric strength than SiO2
(Figure 12 II) [27]. Due to the high temperature caused by the discharges, the area where
the point discharge occurs is melted, further oxidizing the underlying Al matrix. At the end
of the discharge, the molten oxide solidifies, due to the lower temperature of the electrolyte,
rebuilding the film at that point. This process is repeated in the areas above the Al matrix,
thereby creating the coating. Furthermore, as the coating grows, the discharge potential
increases, corresponding to the increase in potential shown in stages II and III of Figure 4.
Once the discharge voltage exceeds the value of the SiO2 films grown on the Si phases of
the alloy, discharge points start to occur in these areas as well. These new discharges start
at the edges of the larger Si particles since a larger area is in contact with the Al matrix,
which has far higher conductivity than Si. Through oxidation and diffusion, Al-Si-O oxides
form and, as these films grow, the discharges move towards the center of the Si phases. For
the smaller Si particles, the Al-Si-O layers tend to form directly, as discharges occur over
their entire surface (Figure 12 III). This process is repeated, increasing the thickness of the
coating and reaching the final oxidation stage. However, the discharges mostly occur in
the Al2O3-rich areas, as the discharge voltage in these areas is lower than in the SiO2 areas
(Figure 12 IV), which cause the thickness of the coating on the Si particles to be slightly
lower than that grown on the Al matrix. At this stage, in the areas where there are small,
oxidized Si particles, the Al matrix underneath is oxidized, as well as small Si particles that
are immersed in the oxidizing Al matrix. These processes promote the reactions between
Al2O3 and SiO2, including the formation of aluminosilicates [27].

Figure 12. Schematic representation of the coating growth mechanism, with the stages I, II, III and
IV described above, proposed by Yu et al. [27]. Reprinted from https://royalsocietypublishing.org/
doi/10.1098/rsos.172428, accessed on 27 December 2023: open access article published by the Royal
Society under the terms on the Creative Commons Attribution License http://creativecommons.org/
licenses/by/4.0/4.0/ (accessed on 27 December 2023), which permits unrestricted use.
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The influence of the secondary phases Al2Cu, β-Al5FeSi and eutectic Si present in an
AlSi9Cu3 alloy, on the formation and growth of the PEO coating, was investigated by Wu
et al. [47]. In their study, they carried out several PEO processes with durations ranging
from 15 to 480 s, using an electrolyte composed of Na3PO4 and KOH and a unipolar-
pulsed DC power supply. In this research, it was observed that the electrical field-assisted
dissolution occurring at the beginning of the PEO process begins at the interface between
the Al2Cu intermetallics and the α-Al matrix. The reason for this was that these intermetallic
phases presented a native oxide layer of lower coverage than the one formed spontaneously
on the α-Al matrix, so the Al2Cu particles were more exposed to the electrolyte, thus
forming at these interfaces low soluble Al/Cu-based oxides and phosphates. Regarding the
β-Al5FeSi intermetallic, Fe tends to create defects and paths through which the electrolyte
can penetrate, while due to its higher resistivity, Si tends to change the current flow, both
resulting in a lower oxidation rate compared to the Al2Cu intermetallic. As the coating
thickness increased, the films grown on the Al2Cu and β-Al5FeSi intermetallics tended to
overlap, presenting a more porous and less dense morphology than that formed on the
Al matrix, while on the eutectic Si particles, the thinner films with cracks were formed.
The sequence in which the coating was formed on this alloy was the α-Al matrix, Al2Cu,
β-Al5FeSi, and eutectic Si.

3.3. PEO Coatings Developed on Cast Al-Si Alloys Using Aluminate-Based Electrolytes

After an in-depth study of the coating growth mechanism with silicate-based elec-
trolytes, the conventional electrolytes most widely applied in this technology, and studies
carried out with phosphate-based electrolytes, the use of aluminate-based electrolytes for
the PEO treatment of cast Al-Si alloys was also investigated. Among other reasons, it had
previously been observed that aluminate-based electrolytes used in Al alloys provided
coatings with higher resistance than those obtained using silicate-based electrolytes [136].
In this context, Xie et al. studied for the first time the use of aluminate-based electrolytes in
the PEO treatment of a cast A356 Al-Si alloy [54]. In their research, authors used pulsed
bipolar polarization regimes with constant current, and analyzed the effect of NaAlO2
concentration in the electrolyte, using solutions containing 2 g·L−1, 16 g·L−1, and 24 g·L−1

NaAlO2 and 1 g·L−1 KOH, and compared these electrolytes against one composed of
8 g·L−1 Na2SiO3 + 1 g·L−1 KOH. The electrolyte composed of 24 g·L−1 NaAlO2 provided
coatings with a monolayer structure and the presence of α-Al2O3 phases, giving the best
wear and corrosion behavior and improving the results obtained with the conventional
silicate-based electrolyte.

Since the best results in the previous study were obtained with the more concentrated
electrolyte, Cheng et al. investigated the use of an electrolyte consisting of 32 g·L−1

NaAlO2 in the PEO treatment of alloy A356 [125]. However, the use of highly concentrated
aluminate-based electrolytes can lead to instability and precipitation of the solution, which
would be detrimental during PEO treatment. NaOH is a reactant that can improve the
stability of the electrolyte, making it more durable, although if the amount of NaOH added
is excessive, the electrolyte would become corrosive and detrimental to the PEO process.
In this regard, the addition of 1 g·L−1, 5 g·L−1, and 10 g·L−1 NaOH to the electrolyte
with 32 g·L−1 NaAlO2 and its effects on the properties of the developed coatings were
studied. Cheng et al. [125] observed that increasing the NaOH concentration from 1 to
5 g·L−1 increased the storage time of the electrolyte under good conditions from 1 day to
at least 35 days, and this improvement was even greater when the NaOH concentration
was 10 g·L−1. However, for the PEO process, the use of an electrolyte with such a high
NaAlO2 concentration requires the application of a PEO pre-treatment using an electrolyte
with a lower NaAlO2 concentration for the formation of the passive layer necessary for
the initiation of the plasma discharges, which cannot form by itself when the electrolyte
is too concentrated due to excessive dissolution of the metal substrate. Thus, although
increasing the NaOH concentration improved the stability of the electrolyte, it also required
a significantly longer pre-treatment, which would not be practical on an industrial scale due
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to the increased time and energy costs. Therefore, the authors concluded that the electrolyte
offering the best compromise between all requirements, both in terms of stability and
coating performance, was the electrolyte composed of 32 g·L−1 NaAlO2 and 5 g·L−1 NaOH.

Fernández-López et al. [4] developed and characterized the PEO coatings grown on a
secondary cast Al-Si alloy (EN AC 46-500) using two novel aluminate-based electrolytes
whose main component was NaAlO2, while the effect of the addition of K2TiF6 was also
evaluated. Compared to the uncoated cast Al-Si reference, the novel coatings showed a
remarkable increase in hardness (with values around 1600 HV0.025), as well as a high coating
growth rate, corresponding to 1 μm·min−1 and 1.41 μm·min−1 for coatings obtained using
the electrolytes without and with K2TiF6, respectively. The tribological analysis of the PEO
coatings showed a very stable evolution of friction during the wear tests and a notable
reduction of the wear rates compared to the base material (Figure 13). Moreover, the
novel PEO coatings also provided an enhancement in corrosion protection compared to the
uncoated reference. The most promising results, both in terms of tribology and corrosion
protection, were obtained with the PEO coatings developed using the aluminate-based
electrolyte containing K2TiF6 [4].

Figure 13. 3D displays of the wear tracks after the tribological tests: uncoated cast Al-Si alloy (a), PEO
coatings developed using the aluminate-based electrolyte without thermal treatment (b) and with
thermal treatment (c), the aluminate-based electrolyte additivated with K2TiF6 (d), and corresponding
wear depth profiles along the whole width scar (e) [4]. Reprinted from Ceramics International; 47; P.
Fernández-López, S.A. Alves, A. López-Ortega, J.T. San José-Lombera, R. Bayón; High performance
tribological coatings on a secondary cast Al–Si alloy generated by Plasma Electrolytic Oxidation;
31238–31250; Copyright (2021), with permission from Elsevier.
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The tribological behavior of PEO-coated high-Si cast Al-Si cylinder liners was recently
investigated by Alves et al. [23]. The novel PEO coating was successfully grown on the hy-
pereutectic cylinder liners obtained using the aluminate-based electrolyte formulated in [4].
It was thoroughly evaluated and compared with a PEO coating grown using a commercial
silicate-based electrolyte, also additivated with BN nanoparticles. The findings revealed
that the properties of the PEO coatings were drastically determined by the composition of
the electrolyte used during the PEO processes. Thus, the PEO coatings developed using
the aluminate-based electrolyte provided a significant improvement in the tribological
performance for the studied application (i.e., lower wear damage and lower friction values),
which was even comparable to the results provided by the cylinder liners made of cast iron,
the conventional material.

Fernández-López et al. [14] successfully developed novel PEO coatings on a recycled
cast Al-Si alloy with improved corrosion and tribocorrosion protection. For this purpose, a
new aluminate-based electrolyte was developed, which also Na2WO4 and K2TiF6. All the
elements present in the electrolyte were satisfactorily incorporated into the layer, resulting
in a coating composed of several oxides, although its main crystalline component was
α-Al2O3 (Figure 14). Another noteworthy finding was obtained with regard to the chemical
composition of the two sub-layers that made up the coating, where the analysis revealed
a higher Si content in the inner regions, which would come from the metallic substrate,
while the higher Al content in the outer region of the coating would mainly come from
the aluminate-based electrolyte. It was also observed that the innermost sublayer had a
lower density than the outermost one, which would have been caused by the formation
of a higher proportion of Si oxides, which are more porous than Al oxides, in the areas
adjacent to the substrate [14].

Figure 14. XRD pattern obtained for the PEO coating grown on a secondary cast Al-Si alloy [14].
Reprinted from Corrosion Science; 207; Patricia Fernández-López, Sofia A. Alves, Itziar Azpitarte,
José T. San-José, Raquel Bayón; Corrosion and tribocorrosion protection of novel PEO coatings on a
secondary cast Al-Si alloy: Influence of polishing and sol–gel sealing; 110548; Copyright (2022), with
permission from Elsevier.

3.4. Development of High-Performance PEO Coatings on Cast Al-Si Alloys: Other Strategies

Various strategies have been pursued to develop coatings with optimal properties
in combination with PEO technology, due to the difficulty of treating cast Al-Si alloys.
Among the strategies pursued, pre-treatments, such as thermal, chemical, or electrochemical
treatments, post-treatments, such as sealing or adding solid lubricants to the coating, as
well as the incorporation of nanoparticles into the electrolyte have been, studied.

3.4.1. Pre- and Post-Treatments

Not only can the properties of a PEO coating be modified by its post-treatment, but
the application of different treatments to the metallic substrate, prior to the deposition of
the coating, will also have a significant influence on the growth and characteristics of the
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coating. Heat treatments are one of the most widely performed pre-treatments, leading,
among other effects, to the modification and/or homogenization of the microstructure,
which will influence the growth rate of the PEO coating, since the different phases of the
substrate possess different conducting behaviors. In this context, Krishtal et al. studied
the influence of different heat treatments (i.e., T2 and T6), performed on cast Al-Si alloys,
on the properties of the obtained PEO coatings. In general terms, it was determined that
the coalescence and spheroidization of the silicon phases obtained by the heat treatment
decreased the overall electrical resistance of the material, increased the current-carrying
areas of the material, and promoted better adhesion between the coating and the matrix than
between the coating and the silicon phases. The resulting changes accomplished with the
heat treatments promoted the growth of coatings with increased thickness, higher adhesion
to the substrate, greater hardness, and enhanced homogeneity and wear resistance [170].

The high silicon content of cast Al-Si alloys constitutes the major impediment to the
establishment of a stable discharge regime at the beginning of the PEO process, which
consequently promotes coatings with poorer mechanical properties. The application of
a chemical etching is an effective strategy to selectively remove the surface of cast alloys
with higher silicon content to promote a surface more electrically transparent. Li et al. [178]
chemically etched a binary Al-Si12 alloy by immersing the samples in an acidic solution of
HNO3 and HF for 30 s. This pre-treatment favors the establishment of the micro-plasma
regime during the process, not only improving the growth rate, but also decreasing energy
consumption [178]. Indeed, it was also observed that the acid pre-treatment positively
enhanced the evolution of the positive potential at the beginning of the process, increas-
ing the coating growth rate from 0.50 μm·min−1 to 0.84 μm·min−1 [178]. Furthermore,
surface etching promoted a decrease in amorphous SiO2 and mullite in the coatings, as
well as an improvement in the energy efficiency of the process, which decreased from
6.30 kW·h·μm−1·m−2 to 4.36 kW·h·μm−1·m−2. Another research also carried out an acid
etching with the main aim of removing the detrimental β-Si phase contained in the skin
layer of cast Al alloys with Si contents of 9 wt.%, 12 wt.%, and 15 wt.% [179]. The removal
of the β-Si phase from the outermost region of the metallic substrates increased the coating
growth rate and energy efficiency during early PEO stages. Extending etching time to
30 s notably improved the anticorrosion properties of the PEO coating on the Al-12Si alloy
(Figure 15). Alloys with 60 s of acid etching displayed reduced Si content and larger surface
pores, resembling pure Al’s behavior within the initial 10 min of oxidation. However, large
surface pores were filled by oxides after 30 min of PEO treatment, promoting denser layers.

Figure 15. (a) Polarization curves and (b) weight loss evaluated for (a) the Al-12 Si matrix, (b–e) the
Al-12 Si alloy subjected to etching durations of 0, 15, 30, and 60 s, respectively, followed by 30 min of
PEO treatment.
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The effect of refining the silicon phases on the properties of the developed PEO coating
was also investigated [180]. For this purpose, a pre-treatment was carried out by adding
Sr during the melting process in the fabrication of the cast Al-Si alloy. The pre-treatment
effectively modified the silicon particles present in the aluminum matrix, decreasing their
size and leading to a more homogeneous distribution of these phases. Consequently, the
initial stage of the process was improved, leading to more uniform and thicker coatings. The
final modified PEO-treated Al-Si alloys also showed a higher compactness and enhanced
corrosion resistance, compared with the non-modified Al-Si substrates.

More demanding environments require the development of high-performance coat-
ings, for which it could be necessary the application of more complex treatments. Mo-
hedano et al. conducted a comprehensive study involving an anodizing pre-treatment and
a sealing post-treatment applied to PEO coatings on an A356 alloy, using a silicate-based
electrolyte and an AC power source [31]. The anodizing pre-treatment aimed to preserve
the original substrate microstructure on cast A356 alloy. However, due to the presence of
eutectic phases and intermetallic compounds, hindering the proper growth of the oxide
layer, the resulting layers exhibited limitations. Nevertheless, the PEO coatings grown on
the pre-anodized samples also exhibited the α-Al2O3 phase. The post-treatment involved
the sealing of PEO coatings through the immersion of the coated samples on solutions
containing salts of Ni (20 min of immersion), Ce (120 min of immersion), phosphonic
acid (1440 min of immersion), and KMnO4 (25 min of immersion). All the sealed samples
exhibited not only an enhanced corrosion resistance compared with the unsealed PEO
samples, but also improved hydrophobic performance. Shirani et al. developed a du-
plex coating by burnishing the surface of a PEO coating grown on a cast A356 alloy with
graphite-MoS2-Sb2O3 chameleon solid lubricant powder to reduce friction under tribolog-
ical conditions [55]. The intrinsic morphology of the ceramic layer acted as an optimal
supporter of the powder lubricant, while the solid powder applied reduced the surface
roughness of the PEO coating. The composite coating exhibited an excellent improvement
of the wear resistance, also decreasing the COF by one order of magnitude while showing
high thermo-mechanical stability.

Despite the positive results obtained with a new coating developed on a recycled
cast Al-Si alloy in terms of growth rate, surface appearance, and density, the typical
defects of PEO layers grown on this type of substrates (i.e., high roughness and surface
porosity) were still found [14]. In an attempt to improve these intrinsic limitations, the
application of two post-treatments, surface polishing and the application of a sol–gel layer,
was investigated. The investigated post-treatments proved to be effective in sealing pores
and reducing surface roughness, resulting in a significant improvement in the corrosion and
tribocorrosion performance of the coating. Nevertheless, the experimental results showed
differences in corrosion and tribocorrosion resistance depending on the presence or type of
post-treatment applied, and therefore the degradation mechanisms of the different types
of materials under the two types of aggressive environments were considered (Figure 16).
In particular, the PEO coating sealed with sol–gel proved to be more effective in terms of
anti-corrosion resistance, while the polishing of the outer porous layer favored a better
tribological behavior in corrosive environments [14].

3.4.2. Nanoparticles Addition

Adding nanoparticles to the electrolytes to be incorporated into the coating during the
process was another strategy used to improve the properties of PEO coatings grown on
cast Al-Si alloys.
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Figure 16. Corrosion (a–i) and tribocorrosion (j–o) mechanisms corresponding to the PEO coatings
with different post-treatments [14]. Reprinted from Corrosion Science; 207; Patricia Fernández-
López, Sofia A. Alves, Itziar Azpitarte, José T. San-José, Raquel Bayón; Corrosion and tribocorrosion
protection of novel PEO coatings on a secondary cast Al-Si alloy: Influence of polishing and sol–gel
sealing; 110548; Copyright (2022), with permission from Elsevier.
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The incorporation of ZrO2 into porous ceramic coatings on Al alloys improves tribo-
logical behavior by increasing the hardness of the coating and its corrosion resistance. Hu
et al. added NH4VO3 and 200 nm ZrO2 nanoparticles to a Na2SiO3 and NaOH electrolyte
and studied the individual effect of each reagent on the properties of a coating grown on
an Al-10Si alloy, obtained by pulsed bipolar polarization [181]. It was observed that the
silicate-based electrolyte containing NH4VO3 resulted in an aesthetic and dark coating, but
the coating exhibited poor tribological behavior. However, the addition of ZrO2 nanoparti-
cles to the electrolyte maintained the smooth and dark coating surface, but also reduced its
surface roughness and improved its hardness, which enhanced its tribological behavior.
In another study, ZrO2 was newly incorporated into a silicate-based electrolyte with the
aim of improving the properties of a PEO coating obtained on an Al-12Si cast piston [62].
In this case, it was observed that the ZrO2 sol promoted further growth of the coating by
weakening the inhibitory behavior of the Si phases while obtaining a coating with improved
compactness. In addition, good thermal shock resistance results were also obtained, as the
coating withstood 1000 thermal shock cycles without showing any surface cracks.

Besides ZrO2 nanoparticles, the effect on the PEO treatment of an A356 alloy after the
addition of titanium carbide (TiC) nanoparticles in two different electrolytes, containing
N4P2O7- and Na2SiO3, was also studied [182]. These nanoparticles, with a size below
200 nm, were incorporated by an inert mechanism, without any chemical reaction during
the process. Polunin et al. achieved excellent results with the addition of TiC nanoparticles:
not only the hardness and elastic modulus of the coatings were increased, but also the
wear and corrosion resistance were improved by a factor of 3 and 10, respectively [182].
The effect of SiO2 nanoparticles, with average sizes of 48 nm and 100 nm, on the PEO
treatment of an A361 Al-Si alloy was further investigated [183]. The SiO2 nanoparticles of
smaller size, 48 nm, were more effectively incorporated into the PEO coatings, which also
showed a finer microstructure. Compared to the coatings developed with the electrolyte
without nanoparticles, the additivated electrolytes led to an improved oxidability during
the processes, which promoted the development of coatings with increased thickness,
which also showed a significant improvement in wear and thermal resistance.

4. Conclusions

Cast Al-Si alloys are a versatile material of great interest for many applications, high-
lighting their use in the automotive industry. However, their applications require the
fulfillment of demanding requirements, which often require the surface enhancement of
these Al alloys. In this context, a thorough understanding of the capabilities, limitations,
and comparative advantages of PEO over conventional treatments such as anodizing
is required.

The present work constitutes a comprehensive review concerning the development
of ceramic coatings on cast Al-Si alloys using plasma electrolytic oxidation (PEO) tech-
nology. While anodizing has long been an established practice for the modification of Al
alloys, PEO has emerged as a promising technology due to its distinctive characteristics,
including the ability to produce thicker, more adherent coatings with increased wear and
corrosion resistance, thereby positioning it as an attractive alternative. Furthermore, PEO
is a more versatile technology, with a lower dependence on the substrate composition
and morphology. These characteristics are particularly relevant for the surface treatment
of cast Al-Si alloys, whose inherent complex microstructure has significantly hindered
their anodizing and, consequently, requires novel solutions to meet the challenges arising
from their singular morphology. The understanding behind the details of PEO technology,
covering the coating growth mechanisms and the critical process parameters, highlights the
significance of substrate composition, electrolyte formulation, and power supply selection
for achieving optimal results. The systematic screening of the electrolyte types (including
silicate-, phosphate-, and aluminate-based formulations), has led to a better understanding
of the suitability of the development of PEO coatings for cast Al-Si alloys, with each type of
formulation offering different advantages and challenges.
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Innovative strategies for further enhancing PEO coatings on cast Al-Si alloys have been
also discussed in this review. The analysis of the results obtained after the application of
different pre- and post-treatments and the dispersion of nanoparticles into the electrolytes
highlighted their potential for the optimization of the PEO coatings performance, while
also addressing some of the inherent challenges associated with these coatings.

To conclude, PEO technology is proving to be a promising path for the improvement
of the performance of cast Al-Si alloys, which are widely employed in the automotive sector,
and a growing number of scientific publications based on this subject have been published
in recent years. The identification of the fundamental understanding of PEO technology,
the discussion about the influence of the chemical composition of the electrolyte, and the
analysis of some innovative strategies for the surface treatment of these materials carried
out in this work could provide a basis for the ongoing research efforts.

5. Future Perspective and Remarks

This comprehensive review underscores the need for continued research and inno-
vation in the field of surface modification of cast Al-Si alloys. While the introduction of
PEO technology has shown great potential, there are still interesting avenues for further
exploration. Further research should prioritize the optimization of PEO coatings to address
the specific challenges associated with cast Al-Si alloys. This requires a deeper understand-
ing of the interaction between the composition of the electrolyte, process parameters, and
substrate morphology in order to develop coatings with improved performance.

To summarize, while PEO technology offers significant opportunities for enhancing
cast Al-Si alloys, continued interdisciplinary collaboration and exploration are essential
to achieve optimal coatings that meet the needs of diverse applications in the automotive
sector and beyond.
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Abstract: This study evaluates the effectiveness of a silica preceramic polymer for joining and coating
Plasma Electrolytic Oxidated (PEO) aluminum components at temperatures below 200 ◦C. PEO
aluminum slabs were coated and joined with a silica precursor polymer (Durazane1800, Merck,
Darmstadt, Germany), both with and without the addition of 48 wt% silica nanoparticles, and cured
at 180 ◦C for 4 h in air. Thermogravimetric analysis assessed the curing process and thermal stability,
while X-ray diffraction confirmed the polymer’s conversion to amorphous silica after heating at
1200 ◦C. Resistance to humid environments was tested by soaking coated samples in tap water for
a week, with no mass variation observed. Mechanical testing through tensile mode and tensile
lap tests showed that adding 48 wt% silica nanoparticles significantly improved joint cohesion and
nearly quadrupled mechanical strength. Fracture surfaces were examined using Field Emission
Scanning Electron Microscopy, and composition analysis was performed with Energy Dispersion
X-ray Spectroscopy. Crack detection was conducted using Computer Tomography with an in situ
bending test setup to obtain the mechanical resistance of the PEO coating. The results indicate that
the silica preceramic polymer is suitable for joining and coating PEO aluminum components, with
silica nanoparticles enhancing mechanical strength and providing excellent thermal stability and
resistance to humidity.

Keywords: PEO; joining; coating; preceramic polymers; silica

1. Introduction

Plasma Electrolytic Oxidation (PEO) of aluminum components has garnered signif-
icant interest for a variety of applications, ranging from substituting steel to enhancing
electronic devices. Numerous studies in the literature have focused on optimizing the
Plasma Electrolytic Oxidation process on aluminum substrates, primarily due to the ad-
vantageous combination of aluminum’s low density and the high hardness of the alumina
coating [1,2]. This combination is particularly beneficial for components that require rapid
movement and are subject to wear.

Reducing the mass of moving parts results in increased movement speed, lower energy
consumption, and diminished friction losses. Applications of PEO aluminum components
include wear-resistant coatings for textiles, packaging, automotive parts, and molds, as well
as abrasion-resistant coatings for turbocharger wheels. They are also used for corrosion-
resistant coatings in transportation sectors such as automotive, marine, and aerospace
industries; engine components; plasma erosion-resistant coatings for microplasma genera-
tor components; and decorative coatings.

Coatings 2024, 14, 757. https://doi.org/10.3390/coatings14060757 https://www.mdpi.com/journal/coatings35
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In certain applications, the aforementioned PEO aluminum components require ap-
propriate joining and coating processes that must be performed at temperatures below
200 ◦C. This precaution is necessary to prevent distortion or delamination of the surface
layer, which can occur due to the mismatch in the thermal expansion coefficients between
the metal substrate and the oxide layer.

Silica is well known for its high-temperature resistance, mechanical strength, and
resistance to corrosion and wear, making it an excellent choice as a coating and joining
material. Silica, particularly in its glass form, is frequently used for sealing and joining com-
ponents. The typical procedure involves heating the glass above its softening temperature
to reduce its viscosity sufficiently, enabling its use as a high-temperature adhesive. How-
ever, the temperatures required to soften silica are unsuitable for most metals, especially
aluminum-based alloys.

Several alternatives exist for obtaining silica coatings at lower temperatures, such
as chemical and vapor deposition or sol-gel techniques [3–8]. While both chemical and
vapor deposition techniques necessitate expensive facilities, the sol-gel method offers a
cost-effective alternative. However, the processing time required to achieve high-quality
coatings through sol-gel can be extensive.

For low-temperature joining materials and technologies applicable to aluminum-
based components, organic adhesives emerge as promising candidates [9–11]. Despite their
advantages, these adhesives exhibit limited temperature resistance and thermal expansion
properties that are often unsuitable for applications requiring thermal stability. Additionally,
adhesives are sensitive to humidity [12,13], which can adversely affect the overall durability
and lifespan of the components.

Silica preceramic polymers present an intriguing alternative as coating and joining
materials for PEO (Plasma Electrolytic Oxidation) aluminum components. Their processing
time is significantly shorter than that required for the sol-gel process, and the technology
is less expensive than chemical and vapor deposition methods. Most importantly, these
polymers can be converted to silica at temperatures below 900 ◦C.

Preceramic polymers offer considerable flexibility: despite having a basic structure
composed of light elements such as C, H, O, N, and B, their structure can be modified to
achieve desired properties, such as enhanced mechanical and thermal characteristics, or
the introduction of new ones. Additionally, temperatures and process times (cross-linking
and pyrolysis) can be easily optimized. They can be produced with significant energy and
cost savings and superior properties compared to conventional ceramics [14,15].

Nonetheless, challenges must be addressed during polymer-to-ceramic conversion,
including shrinkage, residual porosity, and related defects, which can significantly reduce
the mechanical strength and elastic modulus of the resulting materials. One potential
solution is the incorporation of active or passive fillers and the careful optimization of heat
treatment protocols to minimize shrinkage [16–19].

“While the literature on silica preceramic polymers is abundant dating back to the
beginning of the last century [15,20,21] the use of these materials as joining and coating
materials for Plasma Electrolytic Oxidated (PEO) aluminum components has been not in-
vestigated yet, while multiple research works on other methodologies to join PEO materials
have been already published [22–25]”.

The aim of the present work is to study the suitability of a silica preceramic polymer
for joining and coating PEO aluminum components at temperatures below 200 ◦C, focusing
on the mechanical strength and environment resistance with or without the addition of
silica nanoparticles.

2. Materials and Methods

Plasma Electrolytic Oxidated (PEO) aluminum (Al in the text) slabs have been pro-
vided by Cambridge Nanolitic, Cambridge, UK, consisting of Al (20–70 μm coated) mea-
sured using eddy currents, as reported in [26], and thick alpha and gamma nano alumina
(crystallite size 30–80 nm) obtained via proprietary soft sparking PEO technology. The
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average grain size was derived using X-ray diffraction measurements, as reported in [26,27].
The treatment was conducted in a phosphate–silicate electrolyte maintained at room temper-
ature of 25 ◦C with the use of bipolar electrical pulses with 700 V amplitude and repetition
frequency of 2 KHz.

The selected polymer was a silica precursor polymer (Durazane1800, Merck, polymer
in the text [28]), cured at 180 ◦C for 4 h, in air, according to the available data sheet. It
is a liquid, low-viscous, solvent-free polysilazane resin, which looks like a colorless liq-
uid. Its density is 0.950–1.050 g/cm3 at 25 ◦C and its viscosity 10–40 cP at 20 ◦C [1]. It is
characterized by good adhesion, hardness, hydrophobicity, and barrier properties and it
is applicable to metal, glass, and ceramic substrates. For these reasons, Durazane 1800 is
suitable for industrial applications as a high-temperature coating in order to protect metals
from corrosion [29–31]. The polymer consists of a silicon and nitrogen backbone function-
alized with different side groups, usually hydrogen, methyl (CH3), and vinyl (CH=CH2)
groups, which contribute to crosslinking via vinyl polymerization [32,33]. Typically, curing
is performed using radical initiators, to allow a reduction in curing temperature or time,
but catalysts can be avoided, as it in this study, when curing is performed at 180 ◦C, 4 h, in
air, according to the polymer’s data sheet.

In order to verify the thermal stability of the cured polymer, thermogravimetric
analyses (TGA) were performed using NETZSCH STA 2500 Regulus apparatus (Selb,
Germany) equipped with a tailor-made, ultra-micro balance with a resolution of 0.03 μg.
The analysis was performed on the cured polymer in air flow (40 mL/min) with 10 ◦C/min
heating rate, up to 1200 ◦C, followed by free cooling.

X-ray diffraction (XRD) analysis was performed on the polymer treated at 1200 ◦C,
using an X’Pert Pro MRD diffractometer, with Cu Kα radiation (PANalytical X’Pert Pro,
Philips, Almelo, The Netherlands), and with the aid of X-Pert HighScore software v.5.1
(JCPDS database provided by PDF-4 ICDD, International Centre for Diffraction Data,
Newton Square, PA, USA).

PEO aluminum samples of 15 mm × 15 mm were cut (Brillant 220 cutting machine,
QATM, Mammelzen, Germany) from a larger slab and cleaned in an ultrasonic bath
(Proclean 4.5S, Ulsonix, Berlin, Germany) in ethanol (20 min, 40 ◦C), before being coated
by the polymer through a manual process. The polymer was also sandwiched between
two samples (PEO side) to obtain a joint of about 20 μm, with a pressure of about 5 kPa
applied to keep the sample in position during the process; all coated and joined samples
were then cured at 180 ◦C for 4 h in a furnace operating in air (Binder ED 23, Tuttlingen,
Germany), according to the polymer datasheet.

The resistance of the coated samples in the humid environment was preliminary
assessed by soaking them for 1 week in tap water at room temperature and measuring their
weight variation using an analytical balance (AR2140, OHAUS Europe GmbH, Nänikon,
Switzerland) with a resolution of 0.1 mg.

Joined samples were glued to steel cylinders using a two-component epoxy adhesive
(DP490) and tested in tensile mode at room temperature according to a modified ASTM
C633-01 [34] (on four samples) using a MTS Criterion model 43 machine (MTS Systems
Corporation, Eden Prairie, MN, USA) equipped with a 5 kN load cell. The configuration
used for the tensile test is reported in [35,36]. The cross-head speed was set to 0.5 mm/min
to cause fracturing under quasi-static conditions. The strength (ultimate tensile stress, UTS)
was calculated as

σ = F/A (1)

where F is the peak load and A is the joined area.
The cross sections of the joined samples and fracture surfaces after mechanical tests

were observed using FESEM and their composition was analyzed using EDS (JEOL JCM-
6000 PLUS, Tokyo, Japan, equipped with an Energy Dispersive X-ray Spectroscopy (EDS)
analyzer and FESEM-ZEISS Supra 40, Oberkochen, Germany, with EDS-SW9100 EDAX
detector, Pleasanton, CA, USA).
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Silica nanoparticles of up to 48 wt% (80 nm average diameter, Alfa Aesar, Haverhill,
MA, USA) were added to the polymer via manually stirring at room temperature, using
a metal rod in a graduated Eppendorf tube. The resulting material was highly viscous
and was cured at 180 ◦C for 4 h in air to obtain coatings and joints as described before. Its
thermal stability was tested via TGA up to 1200 ◦C.

Also, single-lap mechanical tests on joined samples were performed according to
ASTM D1002-10 [37], in triplicate.

Computer Tomography inspection with in situ bending test (IKTS-Fraunhofer Institute,
Dresden, Germany) was performed to measure the maximum resistance of the coating
under bending stress. Four different tomography reconstructions were performed, the
first one with no bending load and the other three with 95 N, 115 N, and 165 N bending
loads applied, respectively. The tomography parameters used were 150 kV and 50 μA,
with 1600 projections for each loading conditions. The reconstructed 3D volumes of
the investigated specimen were obtained by using the filtered back projection algorithm
through VG MAX 3.5 software (Volume Graphics GMbH, Heidelberg, Germany).

In order to calculate the stress on the coating during the bending test carried out
within the CT, similar tests were carried out using a Zwick Roell Z050 machine equipped
with 5 kN load cell. Specimen of 5.2 mm × 1.5 mm cross section were subjected to 4-point
bending test with a load span equal to 27.5 mm and a support span equal to 67.5 mm, i.e., at
the same conditions used during the in situ flexural test within the CT. The stress at which
the cracks appeared in the tomography can be calculated as

σ(fmax) = (M(t/2))/I (2)

where:

• σ(fmax) is the maximum flexural stress in the bar, occurring in the outer surface of
the bar;

• M is the bending moment developed between the loading pins;
• t is the thickness of the bar;
• I is the moment of inertia of the bar.

In order to detect the presence of cracks at different flexural loading conditions, FESEM
inspection were carried out on each sample (Tescan MIRA3, Brno, Czech Republic).

3. Results and Discussion

Figure 1 shows an optical and three FESEM micrographs at higher magnifications of
the aluminum slabs where the nanocrystalline structure of the PEO coating is clearly visible.

Before performing the TGA analysis up to 1200 ◦C, the effectiveness of the curing
process was verified: about 15 mg of cured polymer was put inside the crucible at an
initial temperature of 20 ◦C, which was kept constant for 5 min; then, a heating rate of
10 ◦C/min was used to reach the curing temperature of 180 ◦C, which was kept for 1 h.
A weight loss of 0.8% was observed when the temperature reached 180 ◦C, possibly due
to the degradation of non-crosslinked volatile oligomers. After that, there was a further
weight loss of 0.1%, followed by a weight increase of 0.3%. These two latter minor weight
changes are likely due to buoyancy effects caused by the low weight of the sample (a few
milligrams), making any conclusions about mass loss or gain speculative. Since the total
weight variation was less than 1%, the curing process was considered successful.

In order to test the thermal stability of the cured polymer, TGA-DTA analysis was
carried out and the results are shown in Figure 2. The overall weight loss are about 11%
and it was recorded between 450 ◦C and 600 ◦C, corresponding to the ceramic conversion
process. At about 800 ◦C, the conversion was completed, and the weight remained stable
up to 1200 ◦C.
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(a) (b) 

(c) (d) 

Figure 1. Visual appearance (a) and higher magnifications (b,c) of the Plasma Electrolytic Oxidated
(PEO) alumina-coated aluminum slabs. (d) Evidence of the PEO alumina nanocrystalline structure.

Figure 2. Combined graph of TGA/DTA curves of the cured polymer up to 1200 ◦C.

These results are consistent with the information found in the literature [27], in two fun-
damental steps were identified: the first in the temperature range 200–400 ◦C and the second
at 500–750 ◦C. In particular, at temperatures above 200 ◦C, there is a further radical polymer-
ization of residual vinyl groups. Up to 400 ◦C, further dehydrogenation and transamination
reactions occur, although the total mass loss is negligible, as can be seen from the flat TGA
curve in Figure 2.

Conversely, between 500 ◦C and 750 ◦C, a significant mass loss is associated with the
organic–inorganic transformation of the polymer into amorphous silica. This process is also
called ceramization and involves the decomposition and transformation of organic groups.
During this thermal treatment, known as thermolysis, the organic components undergo
significant chemical changes, breaking down and evolving into gaseous byproducts. As
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the temperature rises within this specified range, the preceramic materials undergo a series
of complex chemical reactions. These reactions promote the formation of strong covalent
bonds between the remaining elements, leading to the development of an amorphous
ceramic structure. This transformation results in the creation of amorphous covalent
ceramics (ACC) [38–41]. While a mass loss of 11.4% was measured between 400 ◦C and
800 ◦C, no further mass loss was measured up to the end of the test, at 1200 ◦C.

XRD analysis performed on the cured polymer treated at 1200 ◦C (Figure 3) confirms
the amorphous structure of the obtained material: once heated at 1200 ◦C, the polymer
appears colorless. Results in the literature, such as the study by [42], confirm that pyrolysis
at this temperature leads to the formation of an amorphous phase.

Figure 3. XRD analysis on the cured polymer heated at 1200 ◦C showing the typical amorphous
silica halo.

Coated samples were obtained by manually depositing the polymer on the PEO side
of the samples, followed by the curing process at 180 ◦C for 4 h. Figure 4a shows the top
surface of the coating after curing; it is compact and shiny, except from some macro-cracks
on the right side, probably due to an excessive thickness; the good quality of the coating
is also confirmed via FESEM micrographs taken of the top surface (Figure 4b) and the
cross sections (Figure 4c,d). Evidence of a sound interface between PEO Al2O3 and cured
polymer is visible in Figure 4d.

  
(a) (b) 

 

 
(c) (d) 

Al 

Al2O3 

coating 
coating 

Al2O3 

Figure 4. Visual (a) and FESEM (b) top view and cross sections (c,d) of the coating after curing.
Cracks in (a) the thicker side of the coating. (d) Evidence of a sound interface between PEO Al2O3

and the cured polymer coating.
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Joined samples were obtained by sandwiching the polymer between two samples
(PEO alumina side), as in Figure 5, which shows a schematic representation (a) and a
SEM polished cross section of a joined sample (b): residual porosity and cracks due to the
polymer evolution (weight loss and shrinkage) upon curing are visible.

Figure 5. Schematic representation (a) and SEM polished cross section of the joined sample (b).

It is important to point out that in the case of the coating, the entire surface is available
for the elimination of volatile species during curing and the coating is compact and pore
free; conversely, in the joint, volatile species have only the perimeter to escape during
curing. Therefore, joints are more porous than coatings, although they were produced
under the same curing conditions.

Joined samples were tested in tensile mode according to a modified ASTM C633-01.
Figure 6 shows the tensile test set up (a) and the typical cohesive fracture surface of joined
samples after the tensile test (b). The joining material is present on both surfaces, typical of
a cohesive fracture, indicating a strong interface between the PEO alumina and the coating.
Figure 6c shows the stress–displacement diagrams recorded on the four joined samples
subjected to the tensile test. The fracture was typically brittle, as expected for silica-based
material, with an average tensile strength of 1.8 ± 0.3 MPa.

FESEM micrographs of the fracture surfaces after the tensile test are shown in Figure 7:
it is possible to distinguish the joining material from the PEO alumina, with the former
cracked and the latter smooth (Figure 7a). At higher magnification (Figure 7b), one can
observe that the joining material has some porosity and the PEO alumina shows the
nanocrystalline structure, already observed in Figure 1.

A punctual EDS analysis was performed in order to measure the elemental com-
position in different zones of the fracture surface. EDS of the joining material detected
the polymer’s main elements, i.e., Si, C, and O, with residual C associated with the non-
complete transformation to silica at 180 ◦C (Figure 3); conversely, the main elements
detected in the PEO alumina regions were, as expected: Al and O. While the PEO alumina
is clearly visible in some areas of the fracture surfaces, no bare aluminum is visible, con-
firming the interfacial strength of Al/PEO alumina, which is more intense than the cured
polymer/PEO alumina one.

In order to decrease porosity and increase the mechanical strength of the joints, an
increasing amount of silica nanoparticles were added to the polymer up to 48 wt%, which was
found to be the maximum amount that could be added under these experimental conditions.
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Figure 6. Tensile test on joined samples: tensile test set up (a), typical fracture surface of a joined
sample after tensile test (b), and average tensile strength = 1.8 ± 0.3 MPa (c).
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Figure 7. SEM results on the joined samples’ typical fracture surface after the tensile test (a) and at
higher magnification (b).
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As shown in Figure 8 the total weight loss is about 10%, slightly lower than what
was found without silica nanoparticles. The TGA curve is very similar to what was found
for the polymer without silica nanoparticles in Figure 3; however, for temperatures below
400 ◦C, there is a higher mass loss (2.2%) associated with the elimination of the most volatile
species, probably due to the presence of 48 wt% silica nanoparticles, which facilitate the
reaction and the gaseous products elimination path. A significant mass loss of 6% occurs
between 500 ◦C and 700 ◦C, corresponding to the conversion to amorphous silica.

Figure 8. Combined graph of TGA/DTA curves of the cured polymer loaded with 48 wt% silica
nanoparticles up to 1200 ◦C.

Given the low melting temperature of the Al slabs used for this work, a complete trans-
formation to silica was not possible: however, the presence of 48 wt% of silica nanoparticles
improved the mechanical strength of the joints, as discussed below.

According to the literature, an improvement in terms of reduced porosity and increased
mechanical strength is expected when adding fillers to compensate for the shrinkage
during the curing of a preceramic polymer. The same curing procedure at 180 ◦C for
4 h in air was used for the preparation of coatings and joints with 48 wt% silica. Since
the addition of silica nanoparticles increased the polymer’s viscosity, it was much more
difficult to spread the material using the spatula to obtain a thin, uniform layer for the
manual deposition. The thicker coatings became significantly more cracked than those
produced without silica nanoparticles and they could be peeled off from the substrates
very easily: a better deposition process is going to be developed to obtain thinner coatings
with silica nanoparticles.

Figure 9 shows a FESEM top view of the coating with 48 wt% of silica nanoparti-
cles: some “clouds” corresponding to non-homogeneously dispersed silica nanoparticles
agglomerates can be seen; a better homogenization process should be tested to improve
the coating compositional uniformity when silica nanoparticles are added to the polymer.
Some studies are already present in the literature about increasing the uniformity of mixing
nanoparticles in the polymer [20,43,44]. The EDS analysis of the coating only reported
silicon, carbon, and oxygen as detected elements.

Conversely, the joints appear sound and resistant to cutting and polishing: Figure 10
shows a representative FESEM cross section of a joint, which is less porous than those
obtained using the pure polymer (Figure 5). Some residual porosity is still present, but the
higher magnification in Figure 10b shows a fairly good interface between PEO alumina
and the joining material.
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Figure 9. FESEM top view of the cured polymer coating with 48 wt% silica nanoparticles: “clouds”
due to non-optimal silica dispersion.
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Figure 10. SEM cross section of samples joined using the cured polymer loaded with 48 wt% silica
nanoparticles (a) and higher magnification of the interface PEO alumina and joining material (b).

Tensile tests on four of these joined samples gave an average tensile strength of
7.0 ± 0.6 MPa (Figure 11), which is almost four times the values obtained on joints produced
by using the polymer only.

Figure 11. Tensile test results on samples joined using polymer loaded with 48 wt% silica nanoparti-
cles: average tensile strength = 7.0 ± 0.6 MPa.
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The fracture surfaces after tensile tests clearly show a cohesive fracture mode in
all samples (Figure 12a): loading the polymer with silica nanoparticles decreases the
joints porosity and increases their mechanical strength, this suggesting that the interface
joining material/PEO alumina is stronger than before, as is the cohesion of the joining
material. Figure 12 shows FESEM images of the fracture surfaces after tensile tests and the
compact structure of the joining material is well visible (Figure 12b), particularly at higher
magnification (Figure 12c,d). By comparing these results with those in Figure 7b, it is clear,
from a morphological point of view, that the addition of silica nanoparticles improved both
the cohesion and mechanical strength of the joints.

(a) b) 

(c) (d)

Figure 12. Typical cohesive fracture surface after tensile test on samples joined using polymer loaded
with 48 wt% silica nanoparticles: visual appearance (a) and FESEM (b–d) of the joining material.

Given these promising results, these joints were further characterized using a tensile
single lap test, according to ASTM D1002-10 [37], as shown in Figure 13: a typical cohe-
sive fracture surface (b) was found on all samples, as reported for the tensile tests. The
average lap strength was 1.2 ± 0.3 MPa and the curves show the expected brittle behavior
(Figure 13c). The lower value measured for lap shear strength in tensile mode was due
to the presence of bending modes, which are absent when the measure is conducted as in
Figure 6.

In order to understand the mechanical resistance of the coatings better, Computed
Tomography with in situ bending tests was performed on the aluminum slabs coated with
the polymer and cured, as described above and by using the fixture shown in Figure 14a,
where the position of the supporting pins (A), loading pins (B), and CFRP rod (C), which
transfers the load, are highlighted.

The transversal sections of the reconstructed 3D volumes via CT-scan are reported in
Figure 14b and the sample after test is visible in Figure 14c: the first crack appearance on
the coating was observed at a bending load of 115 N. The measured bending stress on the
coating was 570 MPa.
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Figure 13. Single lap test in tensile mode (a) on samples joined using polymer loaded with
48 wt% silica nanoparticles (AISI D1002-10); typical cohesive fracture surface (b); and average
lap strength = 1.15 ± 0.3 MPa (c).

Figure 14. CT-scan in situ bending tests at different loading conditions on PEO alumina aluminum
slabs, coated with the polymer and cured. Set up for the in situ bending test (a). Transversal section
of the reconstructed 3D model via CT-scan (b). Specimen after test (c).
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Figure 15 shows the cracks visible in the tomography reconstruction (b) and the FESEM
inspection of the same surface (c).

Figure 15. Surface tomography inspection of the non-loaded PEO aluminum slabs coated and cured,
without cracks (a). First appearance of cracks on the coating during in situ bending test during
tomography (b). Higher magnification of the cracks via FESEM (c).

Finally, the produced coatings were always characterized by outstanding resistance in
the humid environment, with the recorded weight loss after one week soaking in tap water
at room temperature always equal to zero.

4. Conclusions

The suitability of a silica preceramic polymer for joining and coating Plasma Elec-
trolytic Oxidated (PEO) aluminum components at temperatures below 200 ◦C was demon-
strated in this study.

The incorporation of a passive filler, specifically nanometric amorphous silica, enabled
effective control over the critical aspects of the crosslinking process, resulting in significant
enhancements in both joint morphology and mechanical strength. This advancement transi-
tioned the joint from one characterized by numerous voids and cracks to a much denser and
more compact structure, capable of achieving an average tensile strength of approximately
7 MPa, which is four times greater than that achieved using the pure polymer.

The bending stress at which the first crack appeared on the coating was notably
570 MPa, extending the potential applications of this coating to environments that require
substantial mechanical resistance.

The water resistance, preliminarily assessed by soaking the coated samples in tap
water for one week, yielded excellent results.

Further improvements in the mixing process for silica nanoparticles, as well as the
coating deposition, joining procedure, and thickness, are likely to enhance the mechanical
strength of the samples.

Finally, for applications requiring higher temperatures, this polymer presents itself as
an intriguing joining and coating material capable of producing pure amorphous silica at
approximately 800 ◦C.

This study explored the use of a silica preceramic polymer for joining and coating
Plasma Electrolytic Oxidated aluminum components and the resistance to humid envi-
ronments has been studied. The results suggest that this material, used as a joining or
coating material, has potential for broader applications, including components working in
harsh conditions. As a consequence, further investigations will address the behavior of this
material in several liquid media showing ranges of pH values. Moreover, in the future, the
influence of different wt% of silica nanoparticles will be further investigated.
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Abstract: The application of sol–gel on plasma electrolytic oxidation (PEO) coatings can increase
wear resistance by sealing the surface defects such as pores and cracks in the outer layer of the
PEO layer and strengthen the coating. Four different sol–gel formulations based on precursors—(3-
glycidyloxypropyl)trimethoxysilane (GPTMS), methyltriethoxysilane (MTES), methacryloxypropy-
ltrimethoxysilane (MAPTMS), (3-aminopropyl)triethoxysilane (APTES), and zirconium(IV) propoxide
(ZTP) along with tetraethoxysilane (TEOS)—were used to seal PEO pores, and the samples were
tested tribologically. A sliding reciprocating tribometer was used to carry out a wear test with an
alumina ball as the counter body in two different conditions: (a) 2.5 N load for 20 min, and (b) 3 N
load for 40 min. The coefficient of friction and wear rate as volume loss per unit sliding length were
obtained for all sol–gel-sealed specimens and unsealed PEO-coated and bare AA2024 substrate. 3D
mechanical profilometer surface scans were used to compare the depth of wear traces. The elemental
color mapping using SEM and EDS revealed that silicon remains present in the wear tracks of PEO
coatings sealed with sol–gel layers containing GPTMS (PSG) and ZTP (PSG-ZT). GPTMS (PSG) was
able to fill the pores of the PEO layer efficiently due to its cross-linked network. Moreover, sol–gel
containing ZTP (PSG-ZT) was deposited as a thick layer on top of the PEO layer which provided
good lubrication and resistance to wear. However, other sol–gel formulations (PSG-MT and PSG-AP)
were worn out during tests at a higher load (3 N). The most stable friction coefficient (COF) and
specific wear rates were observed with sol–gels with GPTMS and ZTP.

Keywords: plasma electrolytic oxidation; sol–gel sealing; AA2024; wear; SEM; profilometer

1. Introduction

Surface degradation by wear has recently been catching attention due to the frequent
need of replacing parts in the engineering industry. This phenomenon is disastrous, leading
to performance and energy losses that occur by a worn surface of the counter component
when two bodies are in relative motion. The choice of material should fulfill certain criteria
which are defined based on the mechanical properties, durability, mass properties, cost of
production, and ease of fabrication [1]. With rising environmental concerns, lighter-weight
materials with reliable strength are in focus, to be used for components and assemblies
under a motion to save fuel costs. To fulfill this objective, aluminum alloys, owing to their
low density and high specific resistance, have played a vital role in replacing conventional
construction materials (steel) [2,3]. Nevertheless, bulk material with a hard surface that can
withstand mechanical and tribological loads as well as exhibit high resistance to corrosion
cannot be accomplished from aluminum alloys in their natural form. Aluminum alloys form
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a soft, thin oxide layer that is easily removed when subjected to corrosive and tribological
loads. Plasma electrolytic oxidation (PEO) is an electrochemical process that produces
a crystalline oxide layer at a metallic substrate by generating a plasma discharge at the
metal–electrolyte interface. Several-microns-thick PEO coatings reach a high hardness
and present excellent adhesion to the substrate. Mora-Sanchez et al. found a significant
increase in the hardness of PEO-treated cast A361 alloy—up to ~15 GPa—compared to hard
anodized coatings on the same alloy which yielded a hardness of only up to ~4 GPa [4].
The PEO process is the method of choice that utilizes environmentally friendly materials
such as diluted alkaline electrolytes [5–7]. Such coatings provide good resistance to fretting,
abrasion, and erosion by improving the wear resistance of aluminum alloys [8–10].

There are, however, some limitations with PEO coatings, as the structure contains
micropores throughout the PEO layers which results from the micro-arc generated by
plasma on the metal–electrolyte interface. Moreover, the coating growth occurs with the
simultaneous melting and solidification, leading to thermal stresses which generate micro-
cracks radially propagated from the pores [11]. The source of power mode employed in
the PEO process has an impact on the hardness, growth rate, phase composition, structure,
morphology, and degree of porosity of the coatings. The PEO treatment operating in DC
mode results in coatings with a lower oxide development rate and higher porosity due
to its restricted control and difficulty in changing discharge characteristics. Nevertheless,
the pulsed DC mode provides the opportunity to regulate the discharge duration and can
potentially use less energy [12]. By using the AC mode, electrode polarization is avoided,
and arc interruption may be used to conveniently manage the process. In comparison
to coatings created using DC, AC, and unipolar pulsed modes, the bipolar pulsed mode
greatly enhances coating characteristics, drawing the attention of numerous researchers.
Since it lessens the frequency of strong plasma discharges and high-temperature spikes
during the PEO process, dense coatings with superior corrosion resistance and larger
coating thickness may be created in the bipolar pulsed current mode [13,14]. Under AC
or bipolar-pulsed regimes, frequently using frequencies up to several thousand Hz and
variable duty cycles, a three-layered PEO coating consisting of an outer porous layer rich
in electrolyte-derived compounds, an intermediate relatively compact micro-cracked layer
rich in α-alumina, and a submicron dense barrier layer can be obtained [15]. According to
theory, increasing the quantity of α-Al2O3 improves the wear performance of PEO coat-
ings [16]. Khan et al. [17] discovered that a reduced duty cycle resulted in a comparable
decline in the ratio of α-Al2O3 to γ-Al2O3 in PEO coatings on 6082 aluminum alloy gen-
erated by the pulsed unipolar current. The concentration of α-Al2O3 in the coatings was
observed to rise with the application of larger current densities and the lengthening of the
deposition period, which produced thicker coatings [18,19]. V. Dehnavi et al. [20] found
that increasing the pulse on time by employing a lower frequency and higher duty cycle
generates micro discharges with a lower spatial density but higher intensity which results
in higher concentrations of Si-rich species on the surface of the PEO coatings. V. Hutsaylyuk
et al. [21] reduced the unfavorable impact of hydrogen on the plasma-electrolytic oxidation
of aluminum alloys and accordingly increased the efficiency of the synthesis of PEO layers
with high abrasive-wear resistance. In general, high frequencies and negative pulses help
to limit the duration of individual micro discharges, preventing their reappearance at the
same location and transition into destructive arc discharges [22].

Among the several post-treatments to seal PEO pores, sol–gel has been described as an
efficient sealing treatment for pores to avoid the penetration of aggressive media inside the
pores [23,24]. It acts as a cementing agent in the PEO layer and can provide good resistance
to corrosion and wear [25]. Since the benefit of using this process allows the composition of
the sol–gel to be adjusted, the surfaces can therefore be tailored to the application [26,27].
Sopchenski-Santos et al. [28] developed PEO coatings on AA2024 and sealed them with
sol–gel based on silicon precursors. They observed improvement in the wear resistance of
the sol–gel-sealed PEO specimens over unsealed PEO-coated and bare substrate. In the
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previous studies carried out by our research group, a significant improvement in resistance
to corrosion has been noticed under familiar cases [29].

Sol–gel properties are influenced by several variables, including solvent type, ag-
ing, solution pH, and the type of sol–gel precursor, particularly [30,31]. In our previous
investigation, four types of sol–gel solutions using Si and Si/Zr-based precursors with
different organic functional groups (epoxy, amine, and methyl) have been prepared. The
hydrophobicity, compactness, and impregnation characteristics of the sol–gel layers could
dramatically affect the corrosion resistance properties. It was explained that the addition of
MTES reduced the cross-linking density and compactness of a sol–gel layer consisting of
TEOS and GPTMS precursors due to the presence of one un-hydrolysable methyl group.
GPTMS could provide pore-filling properties, leading to the identical sealing ability of
two types of sol–gel coatings. It was described that the sol–gel composed of APTES and
TEOS precursors had the worst corrosion protection performance due to the insufficient
sealing ability and relatively hydrophilic properties. The best anti-corrosion properties
were observed in a PEO/sol–gel coating system in which TEOS, ZTP, and MAPTMS were
employed as sol–gel precursors. Relatively high hydrophobicity, the capability to form a
uniform layer over PEO as well as the ability to penetrate intrinsic pores, and the evolution
of the cage-like siloxane network along with the ladder-like structure were the crucial
factors leading to the best sealing abilities [32]. This research aims to investigate the tribo-
logical behavior of PEO-coated AA2024 alloy by sealing the PEO pores with various sol–gel
formulations. To the best of the author’s knowledge, no investigation has been made on
the tribological behavior of sol–gel-sealed PEO coatings on AA2024 alloy with different
Si- and Si/Zr-based sol–gel formulations. In the continuation of our previous work [32], a
tribological evaluation is carried out with the same sol–gel formulations used to seal the
PEO layer, and PEO conditions were also kept identical.

2. Experimental Procedure

AA2024 alloy (Ti ≤ 0.15%, Ni 0.15%, Zn 0.25%, Si 0.5%, Fe 0.5%, Mn 0.3%–0.9%, Mg 1.2%–1.8%,
Cu 3.8%–4.9%, and Al balance) specimen with dimensions 35 mm × 25 mm × 1.5 mm
were used in this study to produce PEO layer with parameters previously defined by our
research group [17,21]. A PowerPulse (Micronics Systems, Vilette d’Anthon, France) was
used to coat specimens for 30 min using the following conditions: bipolar regime, 5A
anodic current, 30% duty cycle, 100 Hz frequency, in an alkaline electrolytic bath consisting
of 1.65 g/L Na2SiO3 and 1 g/L KOH (Alfa Aesar Co., Tewksbury, MA, USA). Four (4)
different sol–gel formulations previously prepared by our research group were used to seal
the PEO pores, the details of which can be found in an article by Akbarzadeh et al. [32].
The details of sol–gel formulations are given in Table S1. To briefly bring up the various
sol–gel formulations, SG included TEOS (20% v/v) and GPTMS (10% v/v) in an electrolyte
composed of distilled water (60% v/v) and ethanol (10% v/v). After bringing the pH down
to 3, the solution was stirred for 24 h. The same condition was utilized to prepare PSG-MT
but with one change, in which the concentration of TEOS decreased to 10% v/v and MTES
with the concentration of 10% v/v was added instead to attain 30% v/v overall precursor
concentration. These two solutions were applied to the PEO-coated samples, followed by
curing at 150 ◦C for one hour to attain PSG and PSG-MT samples. To achieve the overall
percentage of 30% v/v silane precursors in a solution including ethanol (56% v/v) and
distilled water (14% v/v) in another sol–gel solution (SG-AP), a comparable volumetric
intake of APTES (15% v/v) and TEOS (15% v/v) was used. Following this, acetic acid was
gradually added to the solution to maintain the pH at 4.5. The mixture was stirred for
a day at room temperature. The PEO sample coated with SG-AP was placed at ambient
temperature for one day followed by placing at 150 ◦C for one hour to obtain PSG-AP. For
the SG-ZT, two types of solution were mixed. The initial solution (Sol 1) was made up of
TEOS (0.18 mol) and MAPTMS (1 mol) precursors, and the hydrolysis and condensation
processes were started by adding distilled water (2.075 mol) and hydrochloric acid dropwise
(0.001 mol). It was then added dropwise to Sol 2 (ZTP (0.12 mol), MAA (0.12 mol), and
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isopropyl alcohol (0.4 mol)) after 150 min of stirring, then the mixture was stirred for a full
day. The coated panels were dried with SG-ZT solution for one hour at 100 ◦C to attain the
PSG-ZT sample. The sol–gel formulations were coated onto the PEO specimens through
KSV Nima dip-coater instrument at a 100 mm/min withdrawal rate. To avoid confusion in
the paper, the nomenclature given in Table 1 will be used throughout the paper.

Table 1. The nomenclature of the samples followed throughout the paper.

Untreated
AA2024

PEO Treated
PEO + SG

(TEOS + GPTMS)
PEO + SG-MT (TEOS +

GPTMS + MTES)
PEO + SG-AP

(TEOS + APTES)
PEO + SG-ZT (ZTP +
MAPTMS + TEOS)

Substrate PEO PSG PSG-MT PSG-AP PSG-ZT

Dry sliding tests were performed on uncoated and coated specimens at room tempera-
ture using a Bruker reciprocating sliding tribometer and a 6 mm counter body of alumina.
Keeping the stroke length of 5 mm and frequency of 5 cycles/s constant, 2 sets of conditions
were imposed on all specimens under ambient conditions:

(a) 2.5 N load, 1200 s (20 min) sliding duration, 60 m distance;
(b) 3 N load, 2400 s sliding duration, 120 m distance.

Two tests were carried out in each set of conditions to ensure the reproducibility of
results. Tangential frictional forces were recorded to calculate the friction coefficient (COF)
continuously as a function of the sliding duration by means of a load cell. The average
friction coefficient was calculated from the steady state area of the graph and later averaged
again over two experiments.

Both a HIROX (Tokyo, Japan) KH-870 digital optical confocal microscope and a Hitachi
(Tokyo, Japan) SU8020 Scanning Electron Microscope (SEM) were used for the surface
analyses of wear traces after each test. Surface roughness was measured according to
ISO 4287 standard procedure. Resistance to wear and debris under a tribo-contact was
assessed using confocal microscopy for wear scar depths and width of wear traces. Wear
volume loss was quantified through 2D area multiplied by stroke length by averaging three
profiles on each wear trace. The specific wear rate, K (mm3/N·m), is computed through
the following equation (Equation (1)):

K =
V

F × d
(1)

where V is worn volume loss (mm3), F is the normal load (N), and d is the reciprocating
sliding distance (m). Consequently, the average specific wear rate was determined from
two repetitions of tests. sol–gel traces were analyzed under SEM using Hitachi SU8020
equipment along with energy-dispersive X-ray spectroscopy (EDS). Color mapping of
elemental composition was obtained through EDS equipped with Thermo Fisher Scientific
(Waltham, MA, USA) Noran System 7 detector; 3D wear scars’ profiles were drawn by P16+
profilometer from KLA Tencor (Milpitas, CA, USA).

3. Results and Discussion

3.1. SEM Analysis

The surface topography of the PEO-coated samples has been visualized via SEM
images as depicted in Figure 1. The characteristic porous features of the PEO layer are
caused by the repetitive melting and solidifying of the oxide layer during the process in the
silicate-containing solution. Unnumbered pores with a diameter ranging from 1 to 10 μm
are randomly placed throughout the surface as a result of the dielectric breakdown, plasma
reactions, and the generation of such sparks. It can be noted that the trace of PEO pores
and cracks has been diminished after the application of sol–gel coatings. Particularly, in the
case of PSG-ZT, the formation of a layer resulted in the coverage of the porous layer in a
way that flaws could barely be detectable anymore.
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Figure 1. SEM analysis on surface morphology at 2.00 k magnification of coated samples.

The cross-section images along with the EDS mapping of the PEO/sol–gel coating
systems are shown in Figure 2. The PEO oxide layer, having a thickness of 19.5 ± 5 μm,
was produced by the combination of the substrate elements and the silicate solution, which
is why EDS mapping images reported Al, O, and Si elements. Nevertheless, sol–gel sealing
can be validated by the presence of the Si element inside the pores in the PEO/sol–gel
samples compared to the distinct PEO sample. It was well-documented that the GPTMS
precursor could provide the pore-filling ability to a sol–gel layer [32]. Accordingly, the
almost similar sealing ability of the PSG and PSG-MT can be noticed by the EDS mapping.
The PSG-AP sample contained some pores, demonstrating that the SG-AP was unable to
effectively penetrate and seal the PEO pores. It appeared that the SG-AP was not likely to
permeate through the pores and precipitate over the PEO surface. On the contrary, in the
case of PSG-ZT, not only could a desirable pore filling be observed but also a homogenous
layer over the PEO coating. In accordance with the top-view observation, the homogenous
layer (with a thickness of 6.7 ± 2 μm) on top of PEO is recognized in the PSG-ZT.

The roughness measurement was performed and reported in Table 2. Ra and Rz
corresponded to the arithmetical mean deviation and maximum height of the profile,
respectively. The roughness of the PEO was reduced after the application of any sol–gel
sealing, relating to the filling of the hollows with the sol–gel coating. Specifically, the
roughness of the PSG-ZT was the minimum because of the ability of the SG-ZT sol–gel
to not only seal the pores but also create a homogenous layer over the PEO layer. The
roughness values of PSG and PSG-MT are somehow similar, illustrating identical sealing
properties. For the PSG-AP, the Ra is a little bit lower than PSG and PSG–MT, reflecting the
dominant deposition of the SG-AP rather than the sealing ability as was also depicted in
the SEM cross-section images.
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Figure 2. SEM cross-sectional analysis of coatings at 2.00 k magnification and color map.

Table 2. Roughness measurement results of different PEO/sol–gel coating systems.

Average COF PEO PSG PSG-MT PSG-AP PSG-ZT

Ra 1.7 1.3 1.3 1.2 0.2
Rz 11.3 8.9 9.2 6.4 0.9

3.2. Tribological Evaluation

The variation of the friction coefficient (COF) with different surface treatments applied
on the AA2024 alloy is illustrated in Figure 3. The COF for the substrate is selectively
plotted in both conditions—(a) 2.5 N, 20 min, and (b) 3 N, 40 min—till the first highest peak
and was snubbed further due to the high noise-to-signal ratio making the rest of the data
unclear. The PEO-coated sample has shown a gradual increase in the coefficient of friction
for Case (a), because when the loose porous structure of the PEO coating is being pressed
when in contact during the wear test, it gradually exposed patches of the substrate from
underneath with an average COF of 0.53. However, for Case (b), the PEO coating could not
achieve a steady state as it failed to bear the load and produced more debris than the bare
substrate against the alumina counter body, which led to a higher COF.

For the different sol–gels tested, PSG depicted a gradual increase in COF due to the
running-in period and then stabilized for the rest of the tests with an average COF of 0.41
and 0.49 for Case (a) and Case (b), respectively. The initial gradual increase in COF is the
result of a thin PSG coating, as it has a small running-in phase and helped to achieve a
fast, steady state. A lubricating layer between two moving bodies known as the tribo-layer
consisting of broken polymeric chains is formed. These polymeric chains being removed
from the uppermost layer of the sol–gel are sheared and aligned in the direction of sliding
in the contacting area between the substrate and the counter body. Hence, the third body
tribo-layer formation proves that PSG has provided a good-enough sealing of the surficial
defects with precursors (TEOS + GPTMS)—by making the network extendable through
all hydrolyzable groups [29,33]—and when the network clusters of TEOS and GPTMS
are aligned between contacting bodies after the running-in period, they facilitate the easy
sliding by reducing shear stresses. Moreover, the PSG network holds well against the two
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different loads (2.5 N and 3 N) by achieving a steady state rather quickly (after ~100 s) with
an average COF of 0.41 and 0.49 for Cases (a) and (b), respectively. PSG-MT provided a
trend similar to PSG in the COF curve at the milder conditions with an average of 0.40
for Case (a). However, a clear difference is noted in Case (b) where the sol–gel was not
able to remain in the PEO pores at a higher load for a longer duration due to its less
dense structure owing to the presence of the MTES precursor [34], which influences the
compactness of the coating. The steady state only lasted for half of the test duration with
an average COF of 0.50. Resultingly, when the sol–gel sealing was damaged, it exposed the
PEO from underneath, which caused higher debris in the tribo-contact, hence the higher
noise and poor lubrication. PSG-AP, owing to its -NH2 precursor which was not able to
fill the surface defects of the PEO coating, results in the inefficient sealing capability of the
PEO layer [31,35]. Therefore, under load, it absorbs humidity from the surroundings and
is pulled out from the superficial defects and exposed the PEO coating, showing a COF
similar to the unsealed PEO coating with more debris and higher noise in the data. In the
PSG-AP curves for both Cases (a) and (b), it can be noted that it is relatively difficult to
obtain a steady-state range. However, the COF was averaged in the initial period having
values of 0.55 in both cases with difficulty stating if the obtained COF value is due to the
PSG-AP or PEO exposure. Out of all sol–gels, PSG-ZT had shown stable behavior with the
longest steady-state range and the lowest average COF of 0.34 and 0.43 for both Cases (a
and b), respectively. Instead of a gradual increase during the running period, a sudden
increase was noticed but it still remained the lowest COF among all the sol–gels. The
initial different behavior is attributed to the presence of a sol–gel layer with promising
compactness properties as a top layer on the PEO layer [36]. Overall, sol–gel-sealed PEO
coatings have shown promising results by effectively filling the surface defects as shown in
Figure 2. The average COFs for all coatings in the steady-state range are presented in Table 3,
and are in agreement with the research findings of Sopchenski-Santos et al. [28], where the
bare AA2024, PEO coating, and sol–gel-sealed PEO coating were tested tribologically in a
pin-on-disk tribometer at 1 N load against alumina ball.

A wear trace analysis of profile depths for the uncoated and coated samples are
presented in Figures 4 and 5. The wear scar depth of PEO (Figure 4c) is much smaller than
that of the bare substrate (Figure 4a) as the structure is able to withhold the load in contact
for milder conditions in Case (a); nonetheless, it can be noted in Figure 4b,d that the PEO
structure, owing to its relatively poor mechanical properties—since it has open, unfilled
pores (Figure 2)—has, however, exposed the substrate.

The average specific wear rate is plotted, showing a significant decrease in wear rates
for PEO-treated surfaces as compared to the bare substrate. This effect is more dominant in
Case (a) with mild conditions, but, in Case (b), PEO, being a loose structure, is completely
removed and the wear rate is close to that of the substrate. Similar outcomes were noticed
by Sieber et al. [37] where PEO-coated commercial aluminum alloys showed a decrease in
wear mass loss in comparison to the bare substrate.

For sol–gel-sealed specimens, a significant decrease is noted in the wear scars’ depths
as compared to the unsealed PEO coatings, particularly in PSG and PSG−ZT in Case (b)
from 0.704 mm3/Nm to 0.05 and 0.06 mm3/Nm, respectively, as revealed in Figure 5 and
Table 4. The sharp asperities of the PSG−coated structure have been flattened in the wear
trace and look less like debris production but more like asperities pushed back into the
structure as presented in Figure 5a for Case (a), and this phenomenon is more evident in
Case (b) as displayed in Figure 5b. The good sealing characteristics of PSG due to four
hydrolysable groups in TEOS and epoxy groups in GPTMS have helped to reduce the wear
rate by a greater degree. As shown in Table 4, PSG has the lowest wear rates in both Cases
(a) and (b). One thing to be noted here is that, in extreme conditions, the wear rate is further
reduced by the densification of a hybrid inorganic/organic network where a higher load
for a longer time has caused compactness in the surface without producing debris. This
compression in the structure has caused mechanical strength in the coating, and hence it
has maintained the coating integrity even better on higher loads. Contrarily, even with
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a good sealing capability (with the MTES precursor), the structure of PSG−MT is not as
compact as that of PSG. It is noted that the extent of damage after the wear test is higher in
PSG−MT; this difference can be realized clearly in Figure 5d more than in Figure 5c for Case
(b) and (a), respectively. At a low load (2.5 N) for a smaller period (1200 s), a minor pullout
of sol–gel is observed from the PEO defects, hence the wear by the adhesive particles and
sol–gel pullout. At the higher load (3 N for a longer period (2400 s)), the surface topography
demonstrated (Figure 5d) a complete coating removal as the comparatively less compact
structure does not withhold this load, and the coating is completely removed by the counter
body penetration in the substrate. The adhesive wear mechanism can be explained by the
high hardness of the alumina ball compared to the relatively soft coating which results in
material transfer to the ball as a result, and, when exposed to air, the transferred material
with free bonds oxidizes into hard particles and acts as the third body in the tribo-contact
which causes more debris. In this case, wear resulted not only from third body rolling but
also from PEO debris, and, ultimately, substrate exposure.

Figure 5e,f represent the surface profiles of PSG−AP for Case (a) and Case (b), re-
spectively, and portray the worst wear resistance by producing the largest volume of
material removal among all sol–gel−treated surfaces. For milder conditions, it illustrates
the selective removal of material, leaving deep grooves inside the sol–gel network, with
the possibility to have exposed PEO from underneath. However, for Case (b), the complete
removal of the coating is rendering it inefficient in providing the necessary resistance to
wear. Lastly, PSG−ZT has followed a behavior similar to that of PSG, presenting the lowest
specific wear rate in extreme conditions (Case (b)). In Figure 5g, a small volume of material
was removed during the running-in period as this is the thickest sol–gel layer evidenced by
the cross-section analysis in Figure 2. For having a smooth run with lubricating contact,
firstly, PSG−ZT flattens the asperities when under contact, and then the dense compact
structure with the presence of ZTP holds against the load, leaving the coating resistant
to high wear. Identical to PSG in Case (b), PSG−ZT has shown a decrease in wear rate
by half as depicted in Figure 5h. This can be the result of the cement−like presence of
cage−like and ladder-like siloxane structures inside the PEO pores as well as the evolution
of a homogenous sol–gel layer over the PEO coating. Instead of shearing the weaker bonds
among the layers of sol–gel, it compresses and maintains their structure against the load
and generates lesser debris. The average specific wear rate of untreated and treated surfaces
is condensed in Figure 6 and Table 4 with PSG and PSG−ZT ensuring good sealing and
enhanced resistance on higher load, whereas PSG−MT and PSG−AP are associated with
poor wear characteristics, respectively. In any case, the wear rate for sol–gel sealed coatings
is much lower than that for the untreated substrate and PEO coatings.

Table 3. Average COF values in the steady-state range for Case (a) (2.5 N and 20 min) and Case (b)
(3 N and 40 min).

Average COF Substrate PEO PSG PSG-MT PSG-AP PSG-ZT

Case (a) 2.5 N, 20 min NA 0.53 0.41 0.40 0.55 0.34
Case (b) 3 N, 40 min NA NA 0.49 0.50 0.55 0.43

Table 4. Average specific wear rate for different surface treatments at (a) 2.5 N load for 20 min, and
(b) 3 N load for 40 min.

Average Specific Wear Rate
mm3/(Nm)

Substrate PEO PSG PSG-MT PSG-AP PSG-ZT

Case (a) 1.08728 0.16073 0.07049 0.09131 0.16482 0.11602
Case (b) 0.85314 0.74016 0.05883 0.40587 0.45725 0.06379
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Figure 3. COF of tested sol–gels at (a) 2.5 N load and 20 min sliding, and (b) 3 N load for 40 min
sliding time.

 

Figure 4. Mechanical profilometer 3D surface scan: (a,b) for bare AA2024 substrate, and (c,d) for
PEO–coated specimens at 2.5 N load for 20 min and 3 N load for 40 min, respectively.
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Figure 5. Mechanical profilometer 3D scan: (a,b) for PSG, (c,d) for PSG−MT, (e,f) for PSG−AP, and
(g,h) for PSG−ZT, tested at 2.5 N load for 20 min and 3 N load for 40 min, respectively.
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Figure 6. Graphical representation of average specific wear rate at (a) 2.5 N load for 20 min, and
(b) 3 N load for 40 min for different surface treatments.

The typical distribution of elements on the wear traces of coated specimens is presented
in Figure 7. It can be noted that all considered elements are distributed uniformly outside
the wear trace for all sol–gel-sealed PEO coatings, ensuring uniform coating application [38].
Al is present in the wear tracks of all coatings. O exposure from the PEO coating underneath
the sol–gel layer is proportional to the wear rate obtained in Figure 6. PSG and PSG-ZT
exhibited a narrower removal of the sol–gel layer supporting their wear rates. With more
presence of Si in the PSG wear track, it looks like PSG has a wider but shallower wear track
than PSG-ZT. However, PSG-ZT has a narrower and relatively deeper wear trace. All in all,
for wear scars obtained from the test at milder conditions (Case (a)), Si is still present in
the wear traces of sol–gel layers of all coated samples. This means the wear test did not
remove the sol–gel layers, proving the good adhesion of the coating [28].

Figure 7. EDS map obtained at 100× through SEM image of coatings after wear test at 2.5 N load for
20 min: (a) PEO coating, (b) PSG, (c) PSG-MT, (d) PSG-AP, and (e) PSG-ZT.
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In extreme conditions (3 N load for 40 min), it is clear that the wear tracks are wider in
comparison to Figure 7. Specimens with unsealed PEO (Figure 8a), PSG-MT (Figure 8c),
and PSG-AP (Figure 8d) show a complete absence of Si in the wear track in the color
maps, indicating the pullout of sol–gel constituents from PEO pores as well as exposed
substrate by the removal of the PEO layer. In addition to Si from the electrolyte, PEO
coatings synthesized in an alkaline environment are primarily composed of α-Al2O3 and
γ-Al2O3 [39,40]. Therefore, the depletion of O and Si elements and the high content of Al
in the EDS color maps from the wear trace are proof of the Al substrate exposure and the
removal of PEO layers as well. On the contrary, in PSG (Figure 8b) and PSG-ZT (Figure 8e),
no parallel lines are observed, meaning that wear did not occur by abrasion. Similar results
were obtained by Javadi et al. on the AA2024 alloy [25]. These two sol–gels have proven
to be a good cementing agent in the sealing of PEO pores, as only a minute pullout of
Si-containing species is noticed, and thus has good adhesive properties. By creating a dense
structure with the PEO structure, it has improved the mechanical properties as confirmed
by Pezzato et al. [41].

Figure 8. EDS map obtained at 70× through SEM image of coatings after wear test at 3 N load for
40 min: (a) unsealed PEO, (b) PSG, (c) PSG−MT, (d) PSG−AP, and (e) PSG−ZT.

Figure 9a indicates the transfer of the PEO coating from the wear track to the alumina
counter body for unsealed PEO coatings, and this effect is more dominant with a higher
coating transfer in Case (b). The transferred coating onto the ball could form hard abrasive
particles by agglomeration, hence accelerating the wear phenomena. A similar trend is
observed in PSG−MT and PSG−AP as the precursors MTES and APTES have a compar-
atively poor sealing performance due to a less dense network facilitating pullout during
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the wear test, once the coated material transfer to the ball began after the sol–gel being
pulled out of the PEO. Along with a high hardness, alumina is known for its brittle nature
which limits its mechanical properties [42], resulting in the production of third body rolling
brittle particles in the tribo-contact and, hence, more debris production. The PSG−MT and
PSG−AP wear tracks are wider, with the complete removal of PEO coating at a higher load
as well. However, PSG and PSG−ZT show no material transfer on the ball even at higher
loads because of decreased shear stresses and the efficient sealing of PEO pores owing to
their high branching [33] and organic groups present in the sol–gel structure [36].

Figure 9. Optical microscopy images of wear tracks and counter body at (a) 2.5 N load for 20 min
and (b) 3 N load for 40 min.

4. Conclusions

In the present work, a tribological evaluation of the previously developed sol–gel
formulations have been carried out. With the aim of investigating the tribo−layer and
self-healing capability of the sol–gel sealing of the PEO layer on the AA2024 alloy, i.e.,
coefficient of friction, the wear loss volume, elemental traces of sol–gel in the wear tracks,
transfer of wear debris onto the counter body, wear track depths, and asperity profiles have
been studied. The following conclusions can be drawn from the experimental results:

- The average COF values in the steady-state range for Case (a) (2.5 N and 20 min) and
Case (b) (3 N and 40 min) are, respectively, followed as 0.53 and NA for PEO, 0.41 and
0.49 for PSG, 0.40 and 0.50 for PSG−MT, 0.55 and 0.55 for PSG−AP, and 0.34 and 0.43
for PSG−ZT.

- The average specific wear rate in 3 N load for the 40 min condition was 0.74016,
0.05883, 0.40587, 0.45725, and 0.06379 mm3/(Nm), for PEO, PSG, PSG−MT, PSG−AP,
and PSG−ZT, respectively.
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- The presence of GPTMS along with TEOS in PSG has created a dense sol–gel network
in the PEO structure that has a good penetrative ability to seal the PEO layer resulting
in a low COF and wear loss volume. Similarly, PSG−ZT, due to a higher sol–gel
content, exhibited the same behavior. In fact, the more the hydrolyzed groups inside of
a sol–gel network, the more opportunity for either the network formation or chemical
adsorption of a sol–gel cluster to the PEO layer. The addition of MTES to the sol–
gel formulation brought about a lower number of hydrolyzed groups possessing an
un-hydrolyzed methyl functional group. Not only was the compactness of the PSG
coating higher than that of PSG−MT but also its wettability, leading to the creation
of more chemical bonds to the oxide groups over the PEO sample. For the PSG−ZT
formulation, a high content of sol–gel precursors were utilized, which, interestingly,
resulted in the formation of a dense layer over the PEO along with pore-filling ability.
Hence, one could expect that, even though a high content of organic compounds was
employed to obtain PSG−ZT, the wettability could be comparable with PSG.

- On the higher loads for PSG and PSG−ZT, they showed lesser wear due to the
structure of the sol–gel layer being pushed together and aligning in the direction of
sliding, giving lubricating characteristics to the surface.

- Moreover, the relatively low amount of wear debris in PSG and PSG−ZT with no
material transfer to the counter body is indicative of the improved compactness of the
coating and adhesion of the coating. Supporting EDS color maps through the SEM
analysis shows the presence of sol–gel constituents in the wear tracks after the test.

- PSG−MT and PSG−AP are rendered inefficient to enhance the mechanical properties
of the coatings, especially in severe conditions (Case (b)). In the case of PSG−AP, the
insufficient sealing ability and the configuration of the hydrophilic amine group over
the PEO sample could be the reason for such behavior. In any case, sol–gel-treated
PEO layers have shown tremendous improvement in tribological properties compared
to untreated samples.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13050871/s1, Table S1: Composition of the sol–gel used to
seal PEO pores through dip coating.
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Abstract: The influence of chemical redissolution in the PEO layer-growth equilibrium on aluminum
is evaluated differently in literature. In order to estimate whether and to what extent various alumina
modifications could be affected by redissolution processes during PEO, immersion experiments were
carried out on PEO coatings in model electrolytes of different alkalinity and silicate concentration.
Their composition was determined spectroscopically before and after the experiments. The layers
were characterized by XRD before and after the tests and examined at affected and unaffected
zones using SEM, EDX, and EBSD. The results show that chemical oxide dissolution can only be
observed at the layer/substrate interface and that primarily amorphous alumina is affected. This
process is intensified by higher alkalinity and inhibited by silicate additives. The crystalline Al2O3

modifications show no significant attack by the electrolytes used. Transferring these observations to
plasma electrolytic oxidation, they allow the conclusion that the electrochemically active zone in the
pore ground of discharge channels interacts with the electrolytic and electrical process parameters
throughout the entire PEO procedure. Influences of bath alkalinity and silicate content on layer
growth rates are to be understood as impact on the passivation processes at the layer/substrate
interface rather than chemical redissolution.

Keywords: plasma electrolytic oxidation (PEO); formation mechanisms alumina; dissolution

1. Introduction

The plasma electrolytic oxidation (PEO) is an established process for generating oxidic
conversion layers on metals, such as Al, Mg, Ti, and metal compounds of those. In contrast
to conventional anodic oxidation, microarc discharges are created after initial substrate
passivation by applying a sufficiently high anodic voltage and used for layer formation.
In the center of the microarc discharge, there is a plasma temperature of about 7000 K [1].
With increasing distance to the center, the temperature falls below the boiling point of
the oxide. In this zone, the melted substrate material reacts with the anodically formed
oxygen to form molten oxide [2]. This is followed by the outer concentric zone in which
the melting temperature of the oxide is no longer exceeded. In this area, thermally induced
phase changes of the oxides take place. According to Rogov et al., the conversion proceeds
in the direction of the Al2O3 modification with the lowest Gibbs free energy [3]:

amorphous Al2O3 → γ Al2O3 → α Al2O3 (1)

More precisely, the Gibbs free energy of amorphous, γ-, and α-alumina formation
were quantified as −1625 kJ/mol, −1654 kJ/mol, and −1676 kJ/mol, respectively, by
Naumann and Petzold [4]. Furthermore, the repeated remelting and heat treatment leads to
a compaction of the inner oxide area, especially on Al materials. The result is a three-layered
structure consisting of a barrier layer of a few 100 nm thickness at the substrate/layer
interface, an inner, compact layer, and an outer, porous layer. The barrier layer is repeatedly
formed by electrochemical oxidation at the base of a former microarc discharge and mainly
consists of amorphous aluminum oxide [5,6]. The phases α- and γ-Al2O3 dominate within
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the compact layer [6,7]. In the outer, porous layer, mixed oxides are increasingly found
because of the incorporation of electrolyte constituents. They are characterized by a higher
amorphous portion due to the lower thermal influence. In terms of maximum protection of
the Al substrate against corrosion and/or abrasive wear, a high proportion of the compact
layer of the total layer thickness is aimed for. Such PEO coatings are characterized by a
low porosity and a high proportion of particularly hard and chemically resistant crystalline
alumina phases. The chemical composition of the substrate alloy, the electrical regime, and
the electrolyte composition were identified as the main influencing factors on the layer
microstructure [7,8]. There is scientific consensus that the electrolyte composition influences
the passivation behavior of the electrochemical system. With the help of potentiodynamic
polarization tests, a distinction can be made between metal dissolution, metal passivation,
or complex behavior, depending on the system [9,10]. Furthermore, electrolyte systems
can be classified according to whether conversion of the substrate into an oxide, the
incorporation of electrolyte anions into a mixed oxide, or even the deposition of a foreign
oxide is sought. In the case of Al alloys, a pure conversion into the particularly wear- and
corrosion-resistant, crystalline alumina phases [11] is desirable. On the other hand, the
inclusion of electrolyte anions such as aluminate in the layer-formation process enables
the production of MgAl2O4 spinel on Mg [12] and the deposition of Al2O3 layers on
unalloyed steel [13]. The scientific literature shows that the rate of oxide formation increases
with increasing current density and that a higher thickness [14] and oxide mass can be
achieved due to increasing electrical charge [15]. Besides the oxide formation, several
electrochemical side reactions may occur during the PEO process. At the beginning of
the process, electrochemical metal dissolution and gas evolution are competing with the
anodic passive-layer formation [8]. Anodic oxygen evolution can also be observed as a
competition reaction of the oxide formation during the passive layer growth.

It has been observed that the rate of oxide formation decreases with increasing elec-
trolyte temperature [14,16,17], alkali concentration [14,18,19], and process time [5,14,20].
On the basis of this knowledge, the theory was developed that during PEO in strongly al-
kaline solutions, the chemical redissolution of the oxide occurs as a competitive reaction of
the anodic oxide formation. Koroleveva et al. assigned this processes to reactions according
to Equation (2) [21]:

Al2O3 + 2(x − 3)OH− + 3H2O → 2[Al(OH)x]
n−
gel (2)

This would be similar to the competition of oxide formation and oxide redissolu-
tion during conventional anodizing in acidic solutions. According to Nagayama and
O’Sullivan [22,23], such reactions can be promoted by strong localization of electric field
lines and are designated as field-assisted chemical redissolution. To describe the chemical
redissolution of PEO coatings, Snizhko and Al Bosta also refer to the reaction according to
Equation (2) for the chemical dissolution of the natural passive layer [18,20]. Within the
above-mentioned publications, the Al content of the electrolyte after PEO is often estimated
in order to get an experimental access to conceivable redissolution reactions during the
process. However, several additional reaction routes may lead to the elevated Al content
after PEO. Al3+ ions can directly be emitted via field assisted anodic metal dissolution and
emission of aluminum ions through the plasma channel [15,18]:

Al → Al3+ejected + 3e− (3)

or by electrochemical etching of the metallic substrate in partial pulse periods without
external polarization applied [20]:

2Al + 2OH− + 6H2O → 2Al(OH)4
− + 3H2 (4)
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Therefore, it is not clear to what extent chemical redissolution of the plasma elec-
trolytically formed oxide occurs during the PEO process and to what extent this affects the
layer microstructure.

On the other hand, possible influences of the electrolyte temperature and the alkali
concentration on the electrochemical passivation of the Al substrate were not considered in
most of the studies on the chemical redissolution. The authors Moon and Pyun [24] and
Snizhko et al. [25] showed that the steady state of the passive-layer growth is delayed due
to increasing hydroxide concentration. This might promote side-reactions such as metal
dissolution and oxygen evolution during the repassivation of the Al substrate at the base
of a microarc discharge. Therefore, a decrease of the oxide growth rate and an increase of
the Al ion concentration in the electrolyte might also be explained by the impairment of
the substrate passivation and not necessarily point at the chemical redissolution reaction.
Furthermore, it is questionable as to whether the chemical redissolution reaction described
by Equation (2), which originally refers to the chemical redissolution of amorphous alumina
passive layers, can also be generalized for PEO layers consisting of a high proportion of
crystalline alumina phases. Additionally, the redissolution behavior of mixed oxides, which
arises through the incorporation of electrolyte anions, has not yet been taken into account.
This is also indicated by the fact that there is a clear discrepancy in the scientific literature
with regard to the significance of chemical redissolution in PEO processes. Several research
groups observed an almost linear increase of the oxide thickness over a process time of up
to 45 min [26–28]. The authors Xue et al. found that the ratio of the outward growth and
the total oxide thickness started to decrease after about 2 h and that the total oxide growth
rate did not decrease until a process duration of about 5 h [29]. In [27,28], compact and
wear-resistant PEO layers are reported, which mainly consist of the crystalline phases γ-
and α-Al2O3. In contrast, the authors Al Bosta et al. observed a significant decrease of the
layer growth rate after only about 20 min [20]. After exceeding a process time of 50 min,
the layer thickness even decreased. At this point, the PEO layers consisted of around 55%
γ-Al2O3, 18% Al2SiO5, 24% SiO2, and only 8% α-Al2O3 [20]. From the results of [20,26–29]
the conclusions might be drawn that the chemical redissolution of the oxide does not play
a decisive role for PEO layers with a high proportion of crystalline alumina phases and
technically relevant process times of less than one hour and that especially the presumably
amorphous, Si-containing phases are characterized by a lower chemical resistance and a
higher redissolution rate in alkaline solutions. This argumentation assumes that the rate
of layer formation is constant over the entire process time, similar to conventional anodic
oxidation, and that only the chemical redissolution rate determines the net growth rate
and the maximum achievable oxide thickness. However, it is known that distribution and
intensity of the microarc discharges change over the process duration due to the evolution
of the oxide microstructure towards the formation of a more compact PEO layer [8,30]. The
number of microarc discharges declines as the discharges focus on a decreasing number of
defects in the oxide layer. The PEO process might even come to a complete standstill. In
this case, redissolution would not be necessary to explain the declining rate of layer growth.

Within this work, it is intended to investigate the chemical redissolution of different
oxide phases and the effect on the PEO coating’s microstructure and properties for the first
time. The dissolution behavior of individual phases is assessed by comparing the phase
composition and layer microstructure using diffraction methods and scanning electron
microscopy before and after the exposition of the PEO coatings to an alkaline solution.

2. Materials and Methods

The PEO coatings were applied on the commercially available high-strength aluminum
alloy EN AW-6082 T6, the chemical composition of which is listed in Table 1. The sheets
had geometrical dimension of 100 × 25 × 3 mm. The plasma electrolytic oxidation was
carried out within a laboratory plant consisting of a rectifier pe86CW-550-53-120/S (plating
electronics, Sexau, Germany) and a capsuled treatment station (Scheigenpflug, Leipzig,
Germany) with a basin for 12 L electrolyte, directly cooled by a heat exchanger. Two
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stainless steel sheets were used as counter electrodes. The electrolyte composition was
5 g/L KOH, 5 g/L Na2SiO3·5H2O, and 1 g/L Na2HPO4. All substances were of analytical
grade (Sigma-Aldrich, St. Louis, MI, USA). The electrical regime was defined by a symmet-
ric, bipolar, rectangular, current controlled pulse of i1 = −i2 = 30 A/dm2 and t1 = t2 = 10 ms.
The maximum anodic voltage was limited to 500 V, and the treatment time was 60 min.

Table 1. Mass fractions of the alloying elements of EN AW-6082 T6 (Al balance).

Si Mg Mn Fe Cr Zn Cu Ti

0.7–1.3 0.6–1.2 0.4–1.0 ≤0.5 ≤0.25 ≤0.2 ≤0.1 ≤0.1

In order to provide the data resulting from the following investigations with a suitable
statistical support, five aluminum sheets were treated under the same PEO conditions.
Afterwards, three samples were cut from every sheet according to the schematic represen-
tation depicted in Figure 1a.

Figure 1. Schematic representation of the PEO-coated aluminum sheets, extraction positions of
the individual samples and indication of the electrolytes (Table 2) used for exposition experiments
(a) within a sample holder (b) as well as the position of the further SEM and EBSD investigations (c).

The 15 samples prepared in this way were mounted in sample holders as exemplary
shown in Figure 1b and used for exposition experiments within three different electrolytes,
indicated by the Roman numerals. The compositions of these are listed in Table 2.

Table 2. Composition of the electrolytes used for the exposition experiments.

Electrolyte Composition

I 0.1 mol/L KOH, pH = 13
II 5 g/L KOH, 5 Na2SiO3·5H2O, 1 g/L Na2HPO4, pH ≈ 13
III 1.0 mol/L KOH, pH = 14

For the exposition experiments, the mounted samples were placed into glasses with
140 mL of the respective pre-heated electrolyte. Afterwards, the glasses were closed with a
watch glass, positioned in a thermostat filled with water of 95 ◦C, and were exposed to the
electrolyte for 60 min. In order to determine the exact chemical aluminum concentrations
of the testing solutions before and after the experiments, test volumes of 50 mL were
extracted and investigated by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a Optima 8300 (PerkinElmer, Waltham, MA, USA). In the course of these
measurements, three undiluted partial volumes were shot into the flame in order to analyze
the spectral information of the resulting light emission for 5 to 20 s. The characteristic
Aluminium wave lengths of 394.40 nm and 396.15 nm were used to determine the Al
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content by use of a N9300184-standard of Al(NO3)3 in 2% HNO3 with 1000 μg/mL Al
(PerkinElmer, Waltham, MA, USA). The phase composition of every single coated sample
was examined by X-ray diffraction (XRD) before and after the exposition experiment. The
setup consists of a D8 Discover with an 1D LYNXEYE XE-T detector with 192 channels
(Bruker, Germany) using Co-Kα radiation. A point focus with a collimator diameter of
2 mm was chosen to gain integral information without interfering signals from the samples
edges. A step size of 0.02° and a step time of 3.9 s/step, which results in an effective
measurement step time of 748.8 s/step due to the use of the 1D detector.

The morphology of the coating, as well as the spatial distributions of the single
alumina phases within the exposed and non-exposed coating regions (Positions 1 and 2 in
Figure 1c), were investigated by using a scanning electron microscopy (SEM) and electron
backscattering diffraction (EBSD). The chemical composition of the observed microstructure
was determined by energy-dispersive X-ray spectroscopy (EDX) spot measurements and
maps. For this purpose, one of the samples exposed to each of the electrolytes I, II, and III
were prepared as listed in Table 3.

Table 3. Preparation route for EBSD measurements on ceramic PEO coatings.

No. Working Step Material Duration Device

1 cutting diamond cutting disk 2 min Struers MiniTom
2 grinding 600 cm−2 SiC 2 min Buehler Phoenix Beta
3 grinding 800 cm−2 SiC 5 min — ” —
4 grinding 1200 cm−2 SiC 5 min — ” —
5 grinding 2500 cm−2 SiC 5 min — ” —
6 grinding 4000 cm−2 SiC 10 min — ” —
7 polishing 9 μm diamond suspension on silk 5 min Struers DapV
8 polishing 3 μm diamond suspension on silk 5 min — ” —
9 polishing 1 μm diamond suspension on neoprene 5 min — ” —
10 vibration polishing 0.05 μm diamond suspension on neoprene 90 min
11–15 purifying acetone × 5 3 min ultrasonic bath
16–20 purifying isopropyl × 5 3 min — ” —
21 drying vacuum, ϑ = 60 ◦C 24 h vacuum oven
22 sputtering Au, I = 24 mA, p = 10−2 mbar 6 s Emitech K550

The samples exposed to electrolyte I or II were prepared without embedding, while
the sample immersed in electrolyte III, which showed layer delamination, was vacuum
infiltrated with an epoxy resin (Epothin, Buehler, IL, USA). Slices of 2 mm thickness were
detached by using a diamond cutting disk and mounted in a thermoplastic sample holder
(Crystalbond, Buehler, IL, USA). Afterwards, the surfaces were grinded in five steps with
increasing abrasive particle number. The following polishing steps were carried out on
silk tie (MD-Dur, Struers, Willich, Germany), stretched on a steel disk. The resulting
counterbody is relatively hard, and its use prevents roundings of the ceramic edge at the
substrate/coating interface (which could be observed, for example, when using flow tie). In
order to allow for Si-specific element maps during the subsequent investigations, diamond
(instead of SiO2) suspensions with decreasing particle size were used as abrasive media.
The polishing and vibration polishing steps with 1 and 0.05 μm diamond particle size were
carried out on neoprene tie (MD-Chem, Struers, Willich, Germany), the narrow mesh size
of which allows to bind such small particles. After the sample surface was prepared for
EBSD measurements in this way, it was dismounted from the sample holder and purified
for investigations under vacuum conditions. Therefore, it was immersed in acetone and
treated by ultrasound to dissolve the thermoplastic residuals. The procedure was repeated
five times, each time using fresh acetone to gradually decrease the contamination of the
sample surface. Since acetone itself showed a certain tendency to adsorb at the surfaces of
the sample, they were afterwards purified in isopropyl following the same procedure. Since
the typical micro- and nano sized defect structure of PEO coatings results in an intrinsic
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capillary hygroscopy, the samples were dried for 24 h under vacuum at 60 ◦C. Afterwards,
an electrical conductive layer was sputtered onto the sample surface. The Kikuchi lines
showed an unsatisfying band contrast by use of carbon layers, which can be attributed to
their excessive thickness and uneven thickness distribution. Therefore, thin layers of gold,
invisible to the naked eye, were applied.

The micro-structure analysis was carried out by using a field-emission SEM (NEON
40EsB, Zeiss, Jena, Germany) equipped with an EDX (GENESIS, EDAX, Mahwah, NJ, USA)
and EBSD system (OIM 5.31, EDAX TSL, Mahwah, NJ, USA). The SEM micrographs were
taken in backscatter (BS) and secondary (SE) electron mode using an acceleration voltage
of 15 kV and a working distance of 10 mm. For the EBSD measurements, the acceleration
voltage was 15 kV. The samples were tilted by 70°, and the aperture was opened to 120 μm
in high current mode. The sampling step size was set to 150 nm, while the sampling
time was limited to some seconds in order to prevent a deterioration of the EBSD data
as a result of local charging (leading to electron-beam drift) and contamination. During
this measurement, the parameters of which were optimized for electron backscattering
diffraction, EDX data were recorded as well. They allow for a qualitative representation
of the spatial distribution of the chemical elements detected. However, the short spot
measurement prohibits a quantitative interpretation.

Figure 2 summarizes the procedure used for processing and indexing the data obtained
by the EBSD measurement. The raw signal intensity map with diffraction bands visible
for the naked eye, Figure 2a, was transferred by using Hough transform into an dual
space shown in Figure 2b. Here, seven local maxima, indicated by colored markers, were
used to identify the main characteristic diffraction lines of the spot under investigation,
depicted in Figure 2c. Afterwards, the OIM software was used to assign those incomplete
Kikuchi patterns to one of the two crystalline aluminum oxide modifications γ- and α-
Al2O3 previously identified by XRD. The corresponding complete Kikuchi patterns are
presented in Figure 2d. This combined use of diffraction-based material-analytic methods
allows for an EBSD phase map, despite the confidence index (CI) being relatively low
(between 0.1 and 0.5) in this study. The CI value quantifies, via a complex algorithm, how
well the detected diffraction pattern matches the indexed diffraction pattern [31,32]. As a
side effect of this procedure, some grains of the aluminum-substrate alloy were indexed as
alumina phases as well, which has to be considered negligible artifacts of this methodology.

CI = 0.11
IQ = 1683 

CI = 0.43
IQ = 2916 

a b c d
α-Al2O3

γ-Al2O3

Figure 2. Graphical representation of the procedure used for indexing EBSD data, showing the raw signal
intensity map with diffraction bands (a), the dual space resulting from the Hough transform with colored
markers (b), indicating the characteristic diffraction lines of the spot under investigation (c), which were
used to assign the data to the characteristic Kikuchi pattern of γ- (top) or α-Al2O3 (button) (d).

During the EBSD measurement, regions were identified in which only a few to no
diffraction bands were present, which showed only a low band contrast. This leads to a
reduction of the peak number and strength in the Hough space and is quantified by the
so-called image quality (IQ) [31]. In addition to numerous influencing factors on the part of
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preparation (topography, artefacts, edges) and the experimental setup (acceleration voltage,
inclination angle, spot measurement time), the IQ is influenced by various structural
features (residual stresses, distortions, dopants) along the area under investigation.

Furthermore, a low IQ can indicate amorphous areas or zones with a low crystalline order.
Therefore, areas that did not allow for clear assignment to the crystalline aluminum-oxide
modifications determined by XRD have been categorized into three subclasses in this work.

i IQ = 0–500: no band contrast, no pattern detectable, areas with practical no signal
response, cavities, edges, amorphous zones

ii IQ ≥ 500–750: very low band contrast, weakly delectable diffraction patterns, no
indexing possible

iii IQ ≥ 750–1000: low band contrast, detectable diffraction patterns, no phase assignable

3. Results

3.1. ICP-OES

The results of the ICP-OES measurements are summarized in Figure 3. The bar graphs
show the determined aluminum concentrations before and after the exposition experiments
for the electrolytes I–III. Furthermore, a representative stereographic close up image of a
delaminated coating region observed on a sample treated in electrolyte III is depicted. Here
a cavity occurred between coating and sample during the experiments, which is shown
exemplary in side view in Figure 11.
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Figure 3. Aluminum concentrations of the electrolytes I-III used for the exposition experiments:
reference concentration after preparing the solutions (blue), concentrations after immersing the
5 mounted samples for 60 min at 95 ◦C (cyan).

The reference measurements of the electrolytes before the exposition experiments
showed aluminum concentrations of 0.9 to 2 mg/L, which are presumably originated from
minor contaminations of the used deionized water, chemicals and laboratory equipment.
The lowest aluminum concentration and deviations between the repetition measurements
after the exposition were determined for the experiments in electrolyte II. Minus the
reference measurement, the average concentration was 1.8 mg/L. After the subtraction of
the reference concentration, the investigations in electrolyte I showed an average aluminum
content of 2.5 mg/L with an elevated standard deviation. As result of the experiments in
electrolyte III, a significantly higher average aluminum concentration of 22.3 mg/L was
observed after subtraction the reference value. The individual test replicates show strong
differences, resulting in a high standard deviation of 12 mg/L. Furthermore, the coatings
showed macroscopic delaminations and cracks of various extent in the same areas.

3.2. X-ray Diffraction

The results of the XRD measurements are summarized in the Figures 4, 7 and 10.
The upper subplot with the Y-axis labelled with “counts” shows the five diffractograms
measured on the samples before (blue) and after (red) the exposition experiments. The
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curves of the individual measurements are almost congruent, which indicates that the
samples are practically identical with regards to XRD. While in the 2θ-range from 20° to
approximately 37° a broadly drawn intensity range that indicates amorphous layer regions
can be recognized, there are numerous crystalline peaks in the rest of the diffractogram.
The peaks marked by blue dashed lines and indicated by blue upside down triangles at the
top of the figures are originate from the aluminum substrate material. The lower subplot
with the Y-axis labeled with “Δ counts” shows the average value of the difference between
the XRD measurements of the five samples before and after the exposition experiments
(purple). The positions of the peaks related to the α-Al2O3 phase (corundum) are indicated
by green dashed lines and upside down triangles in the middle of the figure. The peaks
corresponding to the γ-Al2O3 phase are marked by red dashed lines starting from red
triangles from the bottom of the figure. The data concerning the characteristic peak positions
of the detected crystalline phases were taken from corresponding powder diffraction files
(PDF) [33]. While in Figure 7 (electrolyte II) the purple difference graph shows nearly no
shift within the predominantly amorphous 2θ-range (20°–37°), a significant deflection can
be observed in Figure 4 (electrolyte I) which is even stronger pronounced in Figure 10
(electrolyte III). Within the angular range of the substrate-related aluminum peaks, the
intensity difference curves show characteristic features, which are listed in Table 4.

Table 4. Characteristic features of the substrate-related Al peaks within the XRD intensity difference
curves in Figures 4, 7 and 10.

Electrolyte 2θ/° Description

I 44 fluctuation as a result of peak shift to lower 2θ
52 fluctuation as a result of peak shift to lower 2θ
77 downshift
94 amplification
99 slight fluctuation as a result of peak shift to lower 2θ

II 44 amplification
52 fluctuation as a result of peak shift to higher 2θ
77 downshift
94 no shift
99 slight amplification

III 44 fluctuation as a result of peak shift to lower 2θ
52 downshift
77 fluctuation as a result of peak shift to lower 2θ
94 downshift
99 fluctuation as a result of peak shift to lower 2θ

The peaks related to the crystalline alumina modifications show an elevated intensity
after the exposition experiments for all three electrolytes. This effect is stronger pronounced
for the α-Al2O3 than for the γ-Al2O3 phase and increases for the electrolytes in the following
order: II, I, III.
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Figure 4. XRD diffractograms of the five PEO-coated samples exposed to electrolyte I before (blue)
and after (red) the exposition experiments as well as the average difference graph (purple).
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Figure 5. Backscatter SEM images of a sample which was exposed to electrolyte I at cross-sections of
the unaffected (a) and affected region (b), as well as close-ups of the substrate/coating interface in
backscatter (top) and secondary (bottom) electron mode (c).
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Figure 6. SEM (a) image as well as EDX (b–d) and EBSD (e–g) maps for the cross-section of a sample
exposed to electrolyte I at unaffected (top) and affected (bottom) surface regions (Pos. 1 and 2 in
Figure 1c).
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Figure 7. XRD diffractograms of the five PEO-coated samples exposed to electrolyte II before (blue)
and after (red) the exposition experiments as well as the average difference graph (purple).
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Figure 8. Backscatter SEM images of a sample which was exposed to electrolyte II at cross-sections of
the unaffected (a) and affected region (b), as well as close-ups of the substrate/coating interface in
backscatter (top) and seconduray (bottom) electron mode (c).
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Figure 9. SEM (a) image as well as EDX (b–d) and EBSD (e–g) maps for the cross-section of a sample
exposed to electrolyte II at unaffected (top) and affected (bottom) surface regions (Pos. 1 and 2 in
Figure 1c).
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Figure 11. Backscatter SEM images of a sample which was exposed to electrolyte III at cross-sections
of the unaffected (a) and affected region (f), as well at the transition zone between these areas (b–e).
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Figure 12. SEM (a) image as well as EDX (b–d) and EBSD (e–g) maps for the cross-section of a sample
exposed to electrolyte III at unaffected (top) and affected (bottom) surface regions (Pos. 1 and 2 in
Figure 1c).
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3.3. SEM, EDX, and EBSD

The SEM images that show the PEO coatings and their substrate/layer interface at
Pos. 1 and 2 indicated in Figure 1c are summarized in Figures 5, 8 and 11. The images
of the unaffected sample regions show equivalent microstructures. The coatings exhibit
the literature-known structural characteristics of inner compact areas (working layer) and
outer porous zones (technological layer) as well as a good substrate bonding with slightly
elevated porosity. The entire coating structure is permeated by a fine intrinsic cavity
network of cracks and discharge channels. The substrate material shows small uniformly
distributed bright areas in the BS mode, which correspond to intermetallic phases of the
EN AW-6082 T6 alloy used. For the sample exposed to electrolyte II (Figure 8), no alteration
can be recognized qualitatively between the affected and unaffected areas. Neither the bulk
coating nor the near-substrate interface zone of the exposed region show visible results
of interaction with the testing solution. Similarly, the PEO coating exposed to electrolyte
I (Figure 5b), shows no obvious impact on the bulk layer. However, there is a significant
reaction zone at the substrate/coating interface. From the BS close-up shown in Figure 5c, it
can be seen that the reaction products partially enclose intermetallic phases of the substrate
material. The corresponding SE image shows a preparation-related topographical contrast.
These effects are much more pronounced in the sample, which was exposed to electrolyte
III. The coating shows delamination already at the transition zone between unexposed
and exposed layer regions, as depicted in Figure 11b,c. While the coating itself seems
unaffected, the reaction products enclose intermetallics of the sample material, which
indicates substrate attack by the electrolyte. While this effect is largely uniform along
the substrate/layer interface in Figure 11b, two significantly localized etch depressions
are visible in Figure 11c. Above the left recess, a large crack within the layer is in plane
with the materialographic cross-section. The underlying areas are shown as a close-up
in Figure 11d. Figure 11e shows the overview image of the center of the sample area
exposed to electrolyte. Some reaction products and etch depression are visible close to the
substrate. The cavity between base alloy and PEO layer is filled with embedding resin.
The coating is detached completely. A close-up of the area marked by dashed lines, which
shows PEO coating exposed to the electrolyte, is depicted in Figure 11f. The bulk PEO layer
seems unaffected, however, despite the preparation and SEM parameters are equal to the
ones of the micrograph in Figure 11a, the intrinsic cavity network is recognizable more
clearly. Furthermore, the underside of the layer shows a rougher profile than in the bonded
interface zones in Figure 11a (or at the equivalent layers in the Figures 5 and 8a).

The results of the EDX and EBSD measurements are summarized within
Figures 6, 9 and 12 for the electrolytes I–III. While the upper lines show unaffected re-
gions of the PEO coatings, in the lower lines, the zones affected by the electrolyte are
depicted. Subfigure a shows the corresponding SEM images which were used to indicate
the substrate/coating interface as well as the top edge of the tilted PEO layer by a spline.
The subfigures b–d show EDX maps for the elements aluminum, oxygen, and silicon. The
EBSD data are depicted in the subfigures e–g. These include: a representation of the inverse
pole figures (IPF) indicating the spatial distribution of the detected grains as well as their
crystallographic orientation (subfigure e); a phase map as a result of the indexing routine
summarized in Figure 2, which shows the proportions of α- and γ-Al2O3 within the PEO
layers (subfigure f); and an image quality plot (subfigure g) that shows areas of high IQ by
bright gray and regions of low IQ values indicated by colors according to the categories
i–iii described above. Exposure and measuring time per spot were optimized for EBSD at
every investigation area to achieve a good signal/noise ratio and low electron beam drift in
order to obtain a suitable band contrast within the diffraction patterns. As a result of that,
the absolute count number and the range of color intensity varies between the different
maps of an element. Therefore, the EDX maps only allow for a qualitative indication of the
element distribution within one investigation area.

Except for the different preparation routine for the sample delaminated after interac-
tion with electrolyte III, the images depicted in the top rows of Figures 6, 9 and 12 show
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PEO layers with identical experimental histories. The elements aluminum and oxygen
are distributed homogeneously within the coating and just show lowered intensities in
regions of cavities and structural defects. The Si maps show an enrichment of silicon in this
zones. Furthermore, an elevated Si content can be recognized close to the substrate as well
as in the outer coating regions. The distribution of crystallinity, indicated by the IPF map,
shows a stacked structure of characteristic zones. Near to the substrate/layer interface
is a region whose oxide material cannot be assigned to any crystallographic orientation.
Above this is an area with grain sizes in the submicrometer range, which merges into a
zone about 15 μm in thickness with grain sizes of several micrometers. Above, the grain
size decreases again with increasing substrate distance. After the transition to the outer
mesoporous layer area, larger grains with chord lengths over 10 μm are also present. The
phase map generated using the methodology summarized in Figure 2 shows that the iden-
tified alumina modifications are not homogeneously distributed but also exhibit a stratified
structure. While the zone of larger grains above the non-crystalline substrate/coating
interface predominantly consist of α-Al2O3, the outer mesoporous coating regions show an
elevated γ-Al2O3 content. Interestingly, based on the direct comparison with the Si map, it
can be observed that the detected Si fractions are predominantly present in areas with high
γ-Al2O3 content, while the α-Al2O3 rich zones are almost free of silicon. The image quality
plots show low IQ values at and above the outer coating edge because of topographic
scattering. Similar effects lead to lowered IQ in regions of cracks, discharge channels and
other cavities. The crystalline regions close to the substrate also show areas of low image
quality, the extension of which cannot be explained based on structural effects alone. Since
the element maps show the presence of aluminum, oxygen, and low amounts of silicon,
a region of amorphous Al2O3 with dopants of Si can be assumed. The direct comparison
of the element maps before and after the exposition experiments indicates local changes
of the chemical composition at the substrate/coating interface: for electrolyte I and III a
depletion of aluminum and oxygen, for electrolyte III an enrichment of silicon. However,
due to the already mentioned limitations of EDX measurements, these indications cannot
be considered valid. In contrast to that, the EBSD measurements show a significant increase
of the non-crystalline zone at the substrate/coating interface for electrolyte I, which is even
more pronounced for electrolyte III. The dimensions of this amorphous oxide region remain
unchanged after exposure of the sample to electrolyte II.

4. Discussion

The ICP measurements, represented in Figure 3, as well as the micrographs summa-
rized in Figures 5, 8 and 11 show that the exposition to electrolyte II barely affected the PEO
coating, while electrolyte I and III lead to Al release by dissolution of the substrate/coating
interface and the substrate itself. The dissolution of the substrate/coating interface can
be attributed to reactions according to Equation (2). The observed substrate attack can be
interpreted as reactions according to Equation (4). Since these processes require hydroxide
ions, the effects were more pronounced in electrolyte III with a pH of 14 than in electrolyte I
with a pH of 13. The silicate content of electrolyte II (pH ≈ 13, cNa2SiO3 = 5 g/L) suppressed
the above-mentioned reactions by passivation. Furthermore, the spatially highly localized
occurrence of the dissolution processes allows for the following conclusions. On the one
hand, it is proven that the present intrinsic cavity network of the fully formed PEO coating
still allows the electrolyte access to the layer/substrate interface. This supports the assump-
tion that there is an electrochemically active zone in this area over the entire process time,
the characteristics of which influence the PEO to a decisive extent [34–36]. On the other
hand, it becomes clear that an oxide modification must be present at the substrate/layer
interface in and above the passive film, which is more prone to chemical dissolution than
the oxide of the unaffected bulk coating.

The evaluation of the XRD (Figures 4, 7 and 10) and EBSD (Figures 6, 9 and 12) data
provides a conclusive explanation for this. The occurrence of the characteristic deflections
in the purple intensity difference curves of the diffractograms is to be interpreted as the
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disappearance of amorphous parts after the exposition experiments. Accordingly, the
corresponding non-crystalline oxide phases are affected preferentially by dissolution. The
extent of this effect follows the same pattern that has already become clear from the ICP
measurements and SEM images: hardly any oxide dissolution in electrolyte II, significant
dissolution in electrolyte I, which is even stronger in electrolyte III. These observations
can likewise be explained by increased dissolution of (amorphous) alumina at increased
pH and inhibition of this reaction in the presence of passivating silicate constituents. The
leaching of the amorphous coating parts leads to a slight relative increase of the generally
much more stable crystalline oxide modifications. This directs to positive deflections in
the 2θ range of the crystalline peaks in the intensity difference curves. Since this peak’s
superelevations are more pronounced for α-Al2O3 than for γ-Al2O3, at least the XRD data
indicate that γ-Al2O3 is slightly affected by dissolution as well.

However, this observation cannot be supported based on the EBSD data. The phase
and IQ maps give a good overview regarding the spatial distribution of the oxide mod-
ifications. However, their statistical reliability is too low for allowing a statement as to
whether the volume ratio of the crystalline oxides has changed as a result of the expo-
sition experiments. Nevertheless, the element, EBSD, and IQ maps in Figures 6 and 9
clearly show a zone of non (IQ < 500) and weakly (IQ 500–1000) crystalline oxide above the
substrate/coating interface with an extension of some micrometers before the exposition
experiments. This amorphous alumina can be attributed to be the freshest electrochemical
formed oxide before the plasma-chemical phase-transformation processes according to
Equation (1). The actual bonding character within the present Al2O3 modifications, as well
as a conceivable gradation between the layer/substrate interface and the crystalline layer
regions, could be elucidated in course of further investigations by X-ray photoelectron
spectroscopy (XPS). While the extension of the non- and weakly crystalline zones remains
unchanged after exposition to electrolyte II (Figure 6g), the area of low IQ is increased
and oblong zones are added after exposition to electrolyte I (Figure 9g). For electrolyte
III, this effect is more pronounced (Figure 12g). Therefore, it can be concluded that the
amorphous oxide components, whose disappearance is proven by the deflection of the
purple intensity difference curve in the X-ray diffractogram, were indeed localized directly
above the layer/substrate interface. Additional areas of low IQ were created by leaching
these amorphous or weakly crystalline oxides and etching the surrounding crystalline
oxides. This is also in accordance with the corresponding SEM images.

The elevated Si content in porous coating zones and the vicinity of the layer/substrate
interface can be explained by electrolyte residues in layer cavities and the contribution of
the silicate components to the passivation reactions [13]. It is an interesting observation that
within the crystalline oxide modifications, Si is preferentially bound in γ-Al2O3 but rarely
in α-Al2O3. However, no significant influence on the chemical dissolution of these oxides
could be observed within this study. The effect is very small, if any, since the crystalline
modifications have proven to be chemically stable in general. The exposition experiments
used in this study do not fully represent the conditions during PEO in that the high electric
fields actually present were not applied. However, since the electric permittivity of crystalline
alumina is about 10 times that of aqueous solutions, electric field lines would have been
localized along the cavity network around the crystalline regions and in the layer/substrate
interface. Therefore, effects of a field-assisted chemical dissolution according to [22,23] would
have increased the selective dissolution of amorphous alumina, if at all.

The observations regarding substrate-related XRD peaks within the intensity difference
curves summarized in Table 4 could not be clearly explained within this study and require
further investigations. A changed state of internal stress as a result of the continuous
or partial layer delamination, which would cause a peak shift, would be conceivable.
However, the deviations in the peak positions are comparably small. The changed height
of the substrate material as a result of the formation of etch pits could also have influenced
the angular position of the peaks. No clear interpretation is possible at this point. Further
investigations are neccessary in order to clarify the observation.
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5. Conclusions

In the course of this study, by means of exposition experiments, it was proven that the
intrinsic cavity network of fully formed PEO layers allows access of electrolyte solutions
down to the substrate/layer interface. In this zone, amorphous alumina is present, which
has an increased susceptibility to chemical dissolution. The reactions observed can be
intensified by increased alkalinity and inhibited by passivating silicate components in the
electrolyte. The crystalline oxide parts of the layer, on the other hand, are not attacked even
under strong alkalinity and the absence of passivating silicate constituents. Transferring the
results of these model experiments to PEO, chemical redissolving reactions that presumably
reduce the layer thickness during the process can be classified as negligible. Literature-
known interactions between bath alkalinity and layer growth rate are, therefore, more
likely to be due to influences on the passivation processes in the pore base of discharge
channels, i.e., the balance between the competing anodic reactions: formation of electrically
insulating reaction layers, metal dissolution and electrolysis. The observations made in this
study fully support the assumption that the electrochemical properties of the passive film
present in the bottom of the pores are process-relevant during the entire PEO treatment
time and interact with the other electrolytic and electrical process parameters.
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Abstract: With plasma electrolytic oxidation (PEO), one can easily obtain thick (tens of microns),
mechanically resilient and chemically stable oxide coating on aluminum and other valve metal alloys.
The study of luminescent PEO coatings is a relatively new subfield of the already well-established
coating preparation methods. In recent years, many new luminescence-based approaches have been
developed, one of which is the detection of ionizing radiation of carbon-doped PEO alumina coating.
This study presents an improved approach by doping the alumina coating with chromium using citric
acid as an additive in the electrolyte. Trivalent chromium ions replacing aluminum in the crystalline
lattice of the coating exhibit characteristic sharp lines in the luminescence spectrum. The effectiveness
of different DC voltages, process times and citric acid concentrations in electrolyte were examined.
The use of citric acid in the electrolyte also provides the conditions required for the formation of
an energy trap in the bandgap of the material, thus opening up the possibility for the coating to be
used as an ionizing radiation detector by measuring its thermoluminescence. Chromium atoms are
incorporated in the coating from the Al6082 aluminum alloy itself and are not added in the electrolyte,
therefore making the process much more reliable, repeatable, and environmentally friendly.

Keywords: plasma electrolytic oxidation; PEO; dosimetry; TSL; alumina; luminescent coating

1. Introduction

Electrochemical oxidation of materials has been extensively studied and applied for
decades, with many established technologies like anodization and plasma electrolytic
oxidation (PEO). PEO has been under extensive research for over 40 years [1–3] and is
of particular interest for applications that require a thick [4], hard [5], thermally [6] and
chemically resilient [7] coating. PEO uses large voltages and high current densities to
produce plasma discharges through the oxide layer, thus enabling synthesis of the hardest
and most stable phases, e.g., an alpha phase of alumina [8]. Due to its crystalline structure
and chemical composition, this material is chemically inert with outstanding thermal
stability and hardness. It is mainly exploited as a ceramic and is widely used for industrial
purposes where a hard, mechanical shock-resistant, chemically inert, or biocompatible
material is required [9–11].

In recent years, the PEO research branched out to studies on optical properties
of coatings with subsequent application in combining functional properties (e.g., gas
sensitivity [12] or ionizing radiation detection [13]) with established strengths of the PEO.
Usually, a pure oxide coating is not luminescent by itself, so various approaches were de-
veloped to implement impurities (dopants) into the coating. Fortunately, the PEO process
requires precise control of many variables (voltage, voltage profile, current density, elec-
trolyte content, substrate itself) and therefore presents many possibilities for incorporation
of dopants (e.g., rare earths [14]). While doping from the suspension electrolyte is the
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easiest [15–17], the first one discovered was the addition of desired dopant in the substrate
(aluminum alloy) itself [18]. Aluminum alloys are used in most practical applications, as
the substrate already contains some concentrations of various alloying elements, of which
Si, Mg, and Mn are the most abundant. These elements will introduce impurities in the
crystalline structure of the coating and need to be studied.

Previous research [19–22] suggests that chromium creates deep charge carrier traps,
making it suitable for detection of high dose ionizing radiation used in applications like the
calibrators of equipment for radiation sterilization of plant seeds, border control vehicle
scanners, power plant energy generators, and other high dose applications. This research
will focus on forming α-Al2O3 and γ-Al2O3 crystalline phases on aluminum samples using
the PEO process, specifically exploring impurities introduced by a common additive in
most alloys—chromium. Chromium as a synthetic alumina activator is widely explored
in material science, is isovalent to alumina, and does not create any meaningful point
defects. α-Al2O3 and γ-Al2O3 are the most common crystalline phases of aluminum,
however the alpha phase is found to possess higher hardness, resistance to wear, and
thermal stability [23,24]. This paper will explore the possibilities of obtaining hard α-Al2O3
with intense chromium luminescence in PEO coatings by using the chromium impurities
naturally present in the substrate material as luminescence centers. It is important to
explore the coating process of the highly luminescent aluminum coating to a point where it
can be easily, repeatably mass-produced for ionizing radiation detector usage. Cr-doped
alumina has previously been reported [19], however the novelty of this research lies in
the optimization of the method of coating as, to our knowledge, the usage of impurities
naturally occurring in substrate material to create chromium-doped alumina for dosimetric
applications has not yet been explored.

2. Materials and Methods

2.1. Samples

The substrate material (Al6082) is from the wrought aluminum–magnesium–silicon
family. Although the purity is better than 95.2%, the alloy still contains traces of Cr, Cu, Fe,
Mg, Mn, Si, Ti, Zn, and other metals with a concentration of chromium up to 0.25% and
0.7% of other metals. In addition, one sample using high purity (99.999%) Al was prepared.
In this study, a 0.5 mm thick aluminum sheet was cut into samples 6.5 × 25 × 0.5 mm3

in size, each having a total surface area of approximately 3.5 cm2 (used in calculations of
current density, a bit less than geometric value due to the non-constant waterline). Before
the PEO process, samples were cleaned in ultrasonic cleaner (ASonic (Singapore), PRO30,
40 kHz) in deionized water with soap, then rinsed in acetone.

2.2. PEO Setup

Custom 5 kW bipolar pulse electric generator ELGOO PEO V3 (Riga, Latvia) was
used. The device is externally controlled via PC, which allows great repeatability and high
customization of parameters like pulse timing, voltage, current, and their changes in time.

The electrolyte for “doped” samples consisted of three components: 800 mL deionized
water, 1 g·L−1 KOH (Emplura >84% pellets) and citric acid (Sigma Aldrich
(St. Louis, MO, USA), 99.5–100.5% based on anhydrous substance) with varying con-
centration (2/5/10/15/30 g·L−1), as well as a sample without the addition of citric acid
was prepared. The electrolyte was contained in a double-walled water-cooled reaction
chamber, and thus a stable 30 ± 5 ◦C temperature was maintained. However, evaporation
of the electrolyte was still present. To compensate, a constant influx of deionized water was
supplied to the reactor keeping the water level constant.

According to the tested parameters, DC constant voltages were chosen (450/550/650/
700/750 V) and kept constant throughout the whole process. The total process time
(15/30/45/60 min) also varied between processes. Throughout the process, current density
dropped, starting at approximately 178 mA·cm−2 in the first half of the process and declined
in the second half for about 30%. The current density for the sample without citric acid
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in the electrolyte was approximately 25 mA·cm−2 larger throughout the whole synthesis.
However, the current profile throughout the synthesis is highly dependent on the citric
acid concentration, as electric characteristics of the electrolyte are different. Pt plate was
used as a counter electrode.

Three PEO process parameters—DC voltage, PEO process time, and concentration of
citric acid in the electrolyte—were consecutively varied and tested on different samples.
The samples produced with a citric acid concentration of 15 and 30 g·L−1 were heavily
corroded during PEO and thus were not included in further measurements. From each
series of tests, the sample with the highest luminescence intensity measurement in TSL
was chosen to represent the optimal value of each tested parameter. Thus, the sample
with DC voltage, process time, and citric acid concentration values of 700 V, 45 min, and
10 g·L−1 was found to produce the highest TSL intensity around the 692.9 and 694.3 nm [25]
luminescence lines of Cr3+.

Lastly, the high purity Al sample was exposed to PEO process with 700 V DC voltage,
45 min process time, and no citric acid added in electrolyte for reference on the effect of Cr
presence in Al alloy.

2.3. Measurements

The X-ray diffraction (XRD) spectrometer Rigaku MiniFlex 600 (Rigaku, Tokyo, Japan)
was used to determine the crystalline structures. The crystalline phases of the PEO coating
were characterized by X-ray powder diffraction using a cathode voltage of 700 V with Cu
Kα radiation (1.5418 Å). The scan rate was 1.5 ◦/min.

The photoluminescence (PL) and X-ray induced luminescence (XRL) measurements
were performed at room temperature with the Andor DU-401A-BV IDus CCD camera
(Andor Technology Ltd., Belfast, United Kingdom) coupled with the Andor Shamrock
B-303i spectrograph. (Andor Technology Ltd., Belfast, United Kingdom) Slit size was
100 μm. The excitation source for PL measurements was CryLaS Nd:YAG laser (CryLaS,
Berlin, Germany, 266 nm) and the excitation source for XRL measurements was X-ray tube
with W anode operating at 30 kV, 10 mA.

Thermally stimulated luminescence (TSL) measurements were conducted using Lexsy-
gresearch LMS (Freiberg Instruments, Freiberg, Germany) with X-ray and beta sources,
however only X-ray irradiation was used. The X-ray source was set to 40 kV and 0.5 mA and
the tube consisted of a tungsten target, beryllium window, and was powered by Spellman
MNX50P50/XCC (Spellman, Hauppauge, NY, USA) power supply. As multiple samples
with slightly varying masses and surface area were prepared, calibration measurements
were performed. Between measurements, samples were preheated to remove any previ-
ously accumulated dose, irradiated for 600 s (with 33 Gy), and repeatedly measured. The
highest registered intensity was taken as a baseline and an equalization coefficient was cal-
culated for other samples, which was applied to avoid invalidation based on inconsistency
of surface area.

Spectra measured with CCD in PL, XRL, and TSL were not corrected to accommo-
date differences in detection at different wavelengths because they were used compara-
tively only.

Scanning electron microscope (SEM) measurements were made on Phenom Pro scan-
ning electron microscope (Phenom-World, Eindhoven, Netherlands, using 10 kV accelerat-
ing voltage.

X-ray fluorescence (XRF) was measured using RIGAKU miniflex 600 X-ray diffrac-
tometer (Rigaku, Tokyo, Japan) at 50 kV voltage and 50 μA current.

3. Results

3.1. Structure and Morphology

SEM measurements were performed to study the surface of the coating and to compare
the two samples. Porosity of the samples prepared with citric acid (Figure 1a,b) and those
prepared in just KOH solution (Figure 1c,d) seems similar, however the citric acid samples
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possess marginally larger pores, which can be attributed to the slightly larger current
density during the PEO of the undoped sample. The coating surface is coarse and porous,
and it is similar to the coating surface of valve metal in universal PEO. Both coatings
exhibit porosity, which sometimes can be an advantage [26], and cracks. Zoomed in images
(Figure 1b,d) show a similar ceramic-like structure with irregular cracks formed by large
temperature gradients. It can be deduced that the pores in the surface are the residual
discharge channel during the discharge reaction. The irregularly shaped areas around the
pores are formed due to the rapid cooling of the electrolyte. The average diameters of the
pores are 0.3–0.4 mm [27].

 

Figure 1. (a,b) Scanning electron microscope image of doped coating with different scales; (c,d) Scan-
ning electron microscope image of undoped coating with different scales.

The XRD measurements are crucial in almost any study of PEO coatings as the presence
and type of crystalline structure in the coating will manifest most mechanical properties and
capabilities. Figure 2 shows the XRD graph of one of the samples, with major peaks identi-
fied and connected to different alumina phases corresponding to PDF4+ database. Two
main crystalline phases were identified—α-Al2O3 rhombohedral and γ-Al2O3 cubic [28].
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Figure 2. XRD measurement of the sample coating produced with PEO parameters 700 V, 45 min
process duration and 10 g·L−1 citric acid concentration with all major peaks marked with the
corresponding phase.

It was found that the 15 min processing time was enough to produce some amount
of α-Al2O3, however at 30 min processing time the mixture of the hardest α-phase and
a “softer” γ-phase reaches 13:1 ratio and barely changes with increased process time, as
shown in Figure 3, which correlates well with literature [29,30] and previous investigations.
As such, the coating is expected to perform well in wear and hardness tests.

During the PEO process, a coating is formed at the interface between the substrate
and the electrolyte or the previously formed coating and the electrolyte. Therefore, some of
the impurities from the aluminum alloy are expected to migrate to the coating. However,
the effect of citric acid inclusion in the electrolyte, voltage applied during PEO process, and
duration of the PEO process time has on the concentration of impurity metal ions in the
resulting coating is yet unknown.

Photoluminescence of samples consists of three spectral regions of interest—two broad
peaks at around 425 nm and 550 nm and a significant peak at 693 nm typical to Cr3+ ion
presence in α-Al2O3 matrix. The three regions in which these peaks are found are often
referred to as blue, green, and red, representing visible light spectrum parts.
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Figure 3. α-Al2O3 and γ-Al2O3 phase concentrations as derived from XRD measurements for samples
with different PEO process duration.

A blue luminescence peak (maximum at 425–450 nm) appears under UV irradiation
in both samples, and it relates to alumina F and F+ centers (oxygen vacancies with one
or two electrons) and is often observed in anodic aluminum oxide films. Both F+ and F
centers are present, and the maxima are overlapping, thus producing a broad emission
band [31]. A slight variation in integrated intensity at this region between samples is
due to the overlap of maxima (F and F+) with different intensities, as intensities of both
bands are highly sensitive to the structure, internal stresses, and preparation conditions of
the coating [32–34].

A green luminescence band with maximum at 550 nm is also present under UV
irradiation in both samples. This well-known band in amorphous and crystalline alumina
is due to intrinsic defects of the alumina matrix, specifically F2 centers. The band is
observed in alumina prepared by a wide range of methods [35–38].

Red luminescence observed under UV irradiation is a complex band consisting of a
sharp peak (at 693 nm) and a broad-band covering the whole red part of the spectrum.
The 693 nm sharp line’s intensity is minor compared to the luminescence of the blue band,
however still notable over the red broad-band. It is associated with widely studied and
abbreviated in literature as R1 and R2 line doublet of Cr3+ ions in Al sites of the α-Al2O3
matrix. The inability to distinguish R1 and R2 (692.5 nm and 694 nm [39]) lines is explained
by the irregularities in the crystalline lattice of the coating and the presence of other
impurities [39,40]. Besides Cr3+ luminescence, another maximum is also present around the
R1 and R2 lines in TSL glow-curves, which most likely correlates with self-luminescence of
α-Al2O3 (Figure 4).
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Figure 4. (a) XRL spectra of samples with concentrations of 10 g·L−1 and 0 g·L−1 citric acid used in
electrolyte during PEO process, (b) intrinsic defect range 300–550 nm; (c) PL spectra of samples with
concentrations of 10 g·L−1 and 0 g·L−1 citric acid used in electrolyte during PEO process, (d) intrinsic
defect range 300–550 nm.

XRL spectrum shows only a weak intensity blue luminescence, peaking at 450 nm and
likely relating to the same alumina F and F+ centers, as observed in PL. Additionally, in the
red luminescence part of the spectrum the sharp 693 nm peak, belonging to the R1 and R2
lines of the Cr3+ luminescence, can be observed here even more distinct against the broad
red luminescence band.

Both PL and XRL measurements show an additional, wide, and particularly complex
red luminescence band. Based on previous observations (from XRF), it is evident that a
broad red luminescence originates from different metal ions (besides Mn and Cr) present in
alumina structure and is obtained from the alloy itself during the growth of the coating [37].
If we compare samples with or without citric acid addition, an improvement in the intensity
of luminescence is visible both for XRL and PL (Figure 4).

XRF measurements were performed and, together with thermally stimulated lumi-
nescence (TSL) results, are presented in Figure 5. TSL measurements are very important
for determining which sample is best suited for dosimetric applications. With increasing
duration of PEO process time, a clear peak in TSL intensity can be found for sample with
45 min process duration. Figure 5a shows that the concentration of impurity metal ions
in the resulting coating only seems to correlate with these parameters after the 30 min
mark. In Figure 5b, a correlation can be seen between an increased PEO process duration,
TSL intensity, and Cr ion concentration measured in XRF. The only sample deviating from
this correlation is the one created at 700 V DC. The sample series with varied citric acid
concentration value yields close to no correlation between TSL intensity and Cr ion con-
centration. In Figure 5c, the presence of Cr ions in the formed coating peaks at 2 g·L−1

of added citric acid in electrolyte, however with increasing the citric acid concentration,
TSL intensity seems to also increase up until the 10 g·L−1 limit, where the samples began
heavily corroding during the PEO process.
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(a) 

 

(b) 

(c) 

Figure 5. TSL intensity and XRF mass % of Cr based on: (a) different PEO process times at 700 V
voltage and 10 g·L−1 citric acid concentration; (b) different PEO voltages at 30 min process time and
10 g·L−1 citric acid concentration; (c) different citric acid concentrations in PEO electrolyte at 700 V
voltage and 45 min process time.

3.2. Optical Properties

TSL glow curves (Figure 6) were measured with CCD, therefore quick analysis of
the full spectral distribution can be performed. Although a strong luminescence can be
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observed around 420 nm in TSL measurements, the highest intensity maximum corresponds
with Cr3+ luminescence, meaning that any energy carriers stored in traps present in the
lattice recombine on Cr atoms, which correlates well with previous observations even in
other matrices. By analyzing only the 693 nm line, one can observe that the Cr-doped sample
exhibits intense TSL signal in temperature ranges above room temperature, consisting of
two or more overlapping maxima. Low temperature maximum (centered at about 375 K)
produces an afterglow at room temperature and its intensity relates to the delay between
the “impact” ionizing radiation dose and the measurement itself. The most intense glow
curve maximum (at 480 K with FWHM of 50 K) represents the trap center with an activation
energy of approximately 1.2 eV (estimated Randall–Wilkins equation [41–43]), well within
the broad band-gap of the alumina. The intensity of this maximum might correlate with
the acquired radiation dose, as long as the center is stable enough at room temperature.
Additionally, a high temperature complex maximum is observed (from 550 K and up);
however, the intensity is relatively low, and the limitations of the measurement setup deny
comprehensive study of this part of the glow curve). It is important to note that no TSL
signal above room temperature was observed for the undoped sample; therefore, all glow
curve maxima are due to the increased concentration of defects (impurity ions) in the
alumina matrix.

Figure 6. TSL glow curve at 693 nm (white line, right Y scale) overlayed on top of full measurement
matrix (left Y scale). X-scale is joined between an overlay and a matrix. Color represents the intensity
of the 2D graph (temperature to wavelength).

4. Conclusions

A new approach to produce Cr3+-doped hard ceramic alumina coating on aluminum
alloy (Al6082) surface is proposed. The coating is prepared during the PEO process with
the use of a modified KOH-based electrolyte by the addition of citric acid. No additional Cr
is introduced in the electrolyte as the luminescence centers migrate into the coating from
the substrate material. The obtained material exhibits outstanding luminescence properties
that are promising for use in the detection and quantification of ionizing radiation. Strong
Cr3+ emission is observed in PL, XRL, and TSL spectra, providing a basis for a range of
sensor applications.

Since the proposed technique does not require an artificial dopant to be added to the
electrolyte and in turn uses the impurities already present in most aluminum alloys, this
method is easily and inexpensively scalable and is more environmentally friendly than
the conventional Cr-based electrolytes. The best performing samples were created with
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45 min PEO process time, 700 V DC voltage, and 10 g·L−1 concentration of citric acid in
the electrolyte.

To evaluate the coating for use as a dosimeter, additional measurements should be
performed. Moreover, although the alpha phase is present in the coating, mechanical prop-
erties should be studied if the approach is to be considered for use in coating preparation
with both mechanical stability and functional properties in mind.
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Abstract: Bioactive plasma electrolytic oxidation (PEO) coatings were developed on a wrought
Mg0.5Zn0.2Ca alloy using a transparent electrolyte for easy maintenance and waste disposal, com-
pared to a conventional suspension-based solution. Treatment times of 300, 600, and 900 s were
evaluated for their effects on coating morphology, composition, and corrosion resistance. A short-
time electrochemical impedance spectroscopy (EIS) screening was utilized to identify coatings with
optimal corrosion protection. To assess the degradation rate and corrosion mechanisms, hydrogen
evolution was monitored under pH-controlled quasi-in vivo conditions over extended immersion
periods. Coating thickness increased by only 3% from 300 to 900 s of treatment (13 and 18 μm,
respectively), with pore bands formed near the barrier layer at 900 s. The short-term EIS screening
revealed that the coatings produced at 600 and 900 s were less protective and consistent than those
at 300 s due to the presence of pore bands, which increased permeability. Hydrogen evolution
measurements during 5 days of immersion at pH 7.4 indicated a tenfold higher degradation rate of
the PEO-coated alloy compared to the bare substrate. Therefore, none of the PEO coatings provided
effective corrosion protection after 24 h of immersion, which is attributed to crack formation at the
PEO/corrosion products interface. This highlights the importance of crevices in the corrosion of
Mg-Zn-Ca alloys. The presence of ZnO exacerbates the corrosion of magnesium in crevice areas.

Keywords: degradation rate; wrought Mg-Zn-Ca alloy; coating; crevice; plasma electrolytic oxidation

1. Introduction

In recent decades, Mg and its alloys have been of great interest as temporary implants
due to their good biocompatibility and mechanical properties similar to bone [1,2]. Most
biomedical Mg alloys approved for clinical use up to date contain rare earths (RE) which
might lead to toxicity problems in the human body [3]. The non-toxicity of alloying
elements is becoming a priority in alloy design. In this regard, zinc (Zn) and calcium (Ca)
are of great interest; (i) Zn is involved in mineralization, DNA synthesis, hormonal activity,
and antibacterial response; (ii) Ca is an essential element in the human body because it is
the main component of bone and is involved in cell-signaling reactions [4,5].

Newly developed biodegradable Mg-Zn-Ca alloys have shown excellent mechanical
properties and great biocompatibility [6–9]. However, the main concern of that system
is a high degradation rate that indirectly delays recovery at the surgical site, due to the
generation of gas pockets caused by hydrogen evolution [10]. Most of the degradation
studies of Mg-Zn-Ca systems were performed on cast alloys [11–14], while much fewer
data exist on extruded alloys [15–18].
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Plasma electrolytic oxidation (PEO) is a flexible method of surface protection and
functionalization of Mg alloys [19,20]. It allows for a wide variation in composition,
microstructure, porosity, and roughness of the coatings through the modification of the
electrolyte and process parameters [21]. PEO-coated Mg alloys commonly demonstrate
enhanced corrosion resistance [22,23]. However, most of the research has been applied
to Mg-Al-Zn system alloys, and less work has been conducted in Al-free systems for
biomedical purposes. For instance, in the case of Mg-Zn-Ca systems, PEO has been only
applied to as-cast alloys, the findings showing a 2–4 times improvement in the corrosion
performance in SBF medium [24–29]. It should be noted that in most cases PEO systems
have been evaluated by electrochemical or immersion testing without a tight pH of the
medium. Recent studies have indicated that this omission can significantly accelerate the
corrosion rate of Mg-Zn-Ca alloys [30].

The Ca-P containing electrolytes used in PEO treatments of Mg alloys are typically
based on suspensions which do not offer easy maintenance and waste disposal. Addi-
tionally, PEO electrolytes for Mg alloys often contain fluoride compounds for enhanced
passivation of Mg. These could negatively affect the cell adhesion and proliferation [26,31].
Transparent Ca-P-based electrolytes have been recently proposed as a more chemically sta-
ble and user-friendly alternative and have been applied to Mg-Zn-Ca alloys. To the best of
the authors’ knowledge, there is no available data on PEO of extruded Mg-Zn-Ca systems.

The present work focuses on a comparative study of the PEO coatings on a wrought
Mg0.5Zn0.2Ca alloy using a suspension electrolyte and a transparent electrolyte, both
containing bioactive Ca, Si and P species. The coatings were carried out at three different
treatment times (300, 600, and 900 s). The influence of the electrolyte and treatment time
was evaluated in terms of composition and morphology, thickness, and corrosion behavior
of the coatings. Short-term electrochemical impedance screening of the coated systems was
followed up by a longer-term hydrogen evolution test, where the pH was kept constant
by a CO2 flow through the medium. The results offer an understanding of the corrosion
mechanism of a lean-extruded Mg0.5Zn0.2Ca alloy and highlight the issues with the
degradation rate controlled by PEO coating systems.

2. Materials and Experimental Methods

2.1. Materials

The substrate was a wrought Mg0.5Zn0.2Ca alloy supplied by the Institute of Sur-
face Science (Helmholtz-Zentrum Hereon, Geesthacht, Germany), with a composition of
(% wt.: 0.5% Zn, 0.2% Ca, 0.001% Ni, 0.001% Cu, 0.002% Fe, 0.01% Si, 0.03% Ag, bal. % Mg)
determined by Arc Spark analysis. The alloy was cut into 3.5 mm-thick disks with a di-
ameter of 10 mm. The samples were ground through successive grades of silicon carbide
abrasive (up to P1200), rinsed in isopropyl alcohol, and dried in warm air.

2.2. PEO Treatment

PEO treatments were carried out using an alternating current (AC), voltage-controlled
power supply (EAC-S2000, ET Systems electronic, Altlußheim, Germany) with a current
density of 100 mA/cm2, 50 Hz frequency and +350/−50 V. The experimental setup was
equipped with a stainless-steel mesh (AISI 316 of Ø15 cm) along with a 2 L jacketed cell
operating at a constant temperature (20 ◦C). The PEO process was conducted in transparent
and suspension-based alkaline Ca-P-Si electrolytes (Table 1) using three different treatment
times of 300, 600, and 900 s. After the PEO process, the specimens were rinsed in deionized
water, cleaned with isopropyl, and dried in warm air.
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Table 1. Composition and PEO process parameters of electrolytes.

Electrolyte (g/L)
Composition

PEO-T
Transparent

PEO-S
Suspension

Na3PO4·12H2O 10 10
Na2SiO3·5H2O 10 9

KOH 8 1
CaH7C3PO6 2 -

CaO - 2.9
Na2EDTA 2.67 -

NaF - -
σ (mS/cm2) 40.1 24.6

pH 12.7 12.9

Parameters of process

Voltage (V) −350/−50
Current density (mA/cm2) 100

Time (s) 300/600/900

2.3. Characterization

Optical micrographs were obtained under polarized light with a Leica DMi8 optical
microscope. A chemical etching with an acetic-picral solution (5 g picric acid, 100 mL
ethanol, 5 mL acetic acid and 10 mL water) was used to reveal the microstructure.

The coated specimens were examined in plan-view and cross-section views (polish to
1 μm diamond paste) using JEOL JSM-6400 (Freising-Lerchenfeld, Germany) scanning elec-
tron microscopy equipped with an energy dispersive X-ray (EDS). The coating thicknesses
were determined with an ISOSCOPE FMP10 eddy current meter (Fischer, Munich, Ger-
many), equipped with an FTA3.3H probe. The coating porosity was analyzed with ImageJ
software V.1.8.0 using at least three SEM plan-view micrographs at ×1000 magnification
for each coating.

The roughness parameters, Sa (arithmetical mean height of the area) and S10z (Ten-
point height), were evaluated using a focus-variation optical 3D profilometer (InfiniteFocus
SL, ALICONA, Utrecht, The Netherlands).

Phase identification was carried out by X-ray diffraction (XRD) analysis using Philips
X’Pert (Malvern, UK) diffractometer. XRD patterns are analyzed by ICDD PDF4+ database.
The XRD spectra were acquired in the range of 2θ range: 10 to 90◦ with a step size of 0.04◦
and a dwell time of 1 s per step.

2.4. Electrochemical Measurements

The electrochemical measurements were carried out using a GillAC potentiostat (ACM
Instruments, Cartmel Fell, UK). The test was run at 37 ◦C in a modified α-MEM solution
(Minimum Essential Medium Eagle-alpha) prepared in the laboratory and containing
only inorganic compounds as follows: 6.8 g/L NaCl, 2.2 g/L NaHCO3, 0.4 g/L KCl,
0.12 g/L Na2HPO4, 0.09 g/L MgSO4, 0.2 g/L CaCl2, and pH adjusted at 7.4 with 0.1 M of
HCl. A conventional three electrode cell was used with a graphite counter electrode, an
Ag/AgCl-3 M KCl reference electrode, and the specimen as the working electrode (exposed
area of ~4.3 cm2).

Potentiodynamic polarization curves were obtained after 1 h of immersion at a scan
rate of 0.3 mV/s with potential sweep from −200 mV to +1000 mV (relative to the OCP)
using a current density limit of 5 mA/cm2. The corrosion current density was obtained
from an analysis of cathodic Tafel slope.

Electrochemical impedance spectroscopy (EIS) measurements were conducted after
1 h of immersion, applying a sinusoidal perturbation of 10 mV amplitude (vs. OCP) and
a frequency sweep from 100 kHz to 10 mHz. ZView software V.3.5i was used to analyze
the impedance spectra, and a goodness fit was ensured through the square of the standard
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deviation, which should be <0.01, and the weighted sum of squares (proportional to the
average percentage error between the original data points and the calculated values) < 0.1.

2.5. Hydrogen Evolution

The corrosion performance of bare alloy and PEO-coated specimens were carried
out with an hydrogen evolution test at 37 ◦C in inorganic α-MEM solution during 5 days
of immersion. The total surface area of the immersed specimens was ~4.3 cm2 and the
presented results were tested in triplicate to obtain the average value. The pH of the
solution in the immersion tank (~21 L) was continuously adjusted at 7.4 from a flow of
CO2 regulated by a switch coupled with a pH sensor (more details on the set-up can be
found elsewhere [32]).

Statistical analysis (mean ± standard deviation) of the resulting data was performed
using an unpaired t-test with the GraphPad t-test calculator (Dotmatics, Boston, MA, USA,
https://www.graphpad.com/quickcalcs/ttest1/ (accessed on 25 February 2024).

3. Results and Discussion

3.1. Characterization of Wrought Mg0.5Zn0.2Ca Alloy

Optical and SEM/EDS studies (Figure 1a,b) revealed a microstructure of α-Mg equiaxed
grains (25 ± 3 μm) decorated with deformation twins, formed as a result of partial dy-
namic recrystallization during the alloy manufacturing, and particles distributed along
the extrusion direction [33,34]. Some of the particles have dissolved/detached during the
metallographic preparation (Figure 1b). An EDS point analysis of the matrix (Figure 1b)
reveals that Ca and Zn are partially dissolved in a α-Mg phase at a lower concentration. The
X-ray diffraction pattern (Figure 1c) shows high intensity peaks ascribed to the α-Mg phase
and lower intensity peaks corresponding to the secondary phases, Mg2Ca and Ca2Mg6Zn3.

Figure 1. Optical (a) and secondary electron (b) micrographs of wrought alloy microstructure (inset
composition determined by point analyses, EDS (at %)). (c) X-ray diffraction pattern of bare substrate.
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3.2. Electrical Response and Efficiency of PEO Treatment

Figure 2a illustrates the evolution of the root mean square values of voltage and current
density (Urms, irms) during PEO treatment in transparent (PEO-T) and suspension (PEO-S)
electrolytes during 900 s. The treatments performed for shorter times (300 and 600 s)
revealed similar behavior.

Figure 2. (a) Current density-time curves and (b) energy consumption for PEO-T and PEO-S coatings
for Mg0.5Zn0.2Ca alloy during 900 s. Dashed lines indicate curves corresponding to the 300 and 600 s
treatments. PEO-T electrolyte correspond to black colour and squares shape, and PEO-S electrolyte
correspond to red colour and circle shape.

A linear voltage is observed during the 60 s ramp followed by a second inflexion at
50 s caused by the initiation of the plasma microdischarges, which corresponds to the oxide
layer growth kinetic. A constant value of voltage (~230 V) is observed until the treatments
are stopped, due to the increase in the impedance of the coatings during the PEO treatment.
It is worth mentioning that microdischarges can be detected visually only in the case of
PEO in transparent electrolyte (PEO-T), whereas it is not possible in case of PEO-S, due to
the opacity of the milky suspension solution.

The calculated apparent specific energy consumption for all PEO processes is shown in
Figure 2b. The calculation is conducted according to the formula: E (W·s·cm−2) =

∫ tf
t0 (current

density (A·cm−2) × Voltage (V)), where t0 = 0 s and tf is the duration of the PEO coating
process. The specific energy consumption is obtained by dividing the energy by the coating
thickness and adjusting the units to kW·h·m−2·μm−1.

An increase in energy consumption for PEO-T and PEO-S is observed with the
increase in the treatment time from 0.14 to 0.40 kW·h·m−2·μm−1 and from 0.15 to
0.29 kW·h·m−2·μm−1, respectively. The energy efficiency is slightly higher for the PEO-S
electrolyte at low treatment times (300 and 600 s), while at longer treatment times (900 s) it
is slightly higher for the PEO-T electrolyte. It is important to note that the energy consump-
tion values of this work are comparable with the data available for the PEO treatments in a
Ca-free, transparent electrolyte for Mg alloy [35], which is around 0.13 kW·h·m−2·μm −1.
Also, these values are lower compared with those previously reported by the authors
in as-cast MgZnCa and Mg3Zn0.4Ca alloys in fluorine-containing electrolyte (1.6 and
1.9 kW·h·m−2·μm−1, respectively) [30].

3.3. Characterization of the PEO Coatings

The surface and cross-sectional morphologies of all the developed coatings, along
with their respective EDS, are shown in Figure 3 and Table 2. Common surface features are
found for all the PEO coatings (Figure 3a–c,g–i), characterized by a pumice-like structure
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with pores. The latter are formed due to gas ejection out of the discharge channels and gas
evolution through molten coating material followed by fast solidification [36].

Figure 3. Secondary electron plan-view micrographs and backscattered electron cross-sectional
micrographs of the (a–f) PEO-T and (g–l) PEO-S coatings. Numbers indicate where the local EDS
analysis (Table 2) was performed.

Regarding surface roughness, the average value of Sa of PEO-T and PEO-S coatings
tends to decrease (from 3.9 ± 0.7 to 2.7 ± 0.1 μm and 2.4 ± 0.4 to 1.1 ± 0.2 μm, respectively),
while that of S10z tends to increase with the treatment time (Supplementary Material,
Table S1). Furthermore, the Sa and S10z values for PEO-T are slightly higher compared
to PEO-S values for all treatment times. The evolution of the surface pore population
density in PEO-T electrolyte decreases from (1 ± 0.3) × 106 to (7 ± 1.2) × 105 pore·mm2

(Figure 3a–c) with the increase in treatment time. In addition, the average pore size shows
slightly higher values for longer treatments (2.5 ± 0.7 to 1.4 ± 0.4 μm for 600 and 900 s,
respectively) compared to 300 s (0.9 ± 0.4 μm).

Coatings developed in suspension electrolyte do not reveal significant changes in
the surface characteristics, with values of surface pore population density from (5 ± 0.8
to 3 ± 0.5) × 106 pore·mm2 and the average pore size from 0.5 ± 0.2 to 0.4 ± 0.1 μm.
In most PEO/Mg works reported in the literature, the average pore size increases with
increasing treatment time because the discharge channels tend to coalesce, contributing
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to the increase in pore size [37,38]. The opposite situation is observed here, although the
energy consumption is higher with treatment time, as shown in Figure 2b. This may be
attributed to the lower intensity of microdischarges on the surface, while most of the energy
is involved in the development of a few isolated micro-arcs [39]. In addition, the sub-
micrometric pores may be due to gas bubbles passing through the molten oxide material,
displaced by the micro-arc events.

Table 2. EDS analysis (at. %) of PEO-T and PEO-S coatings.

Coating Time (s) Location O Na Mg Si P K Ca Zn Ca/P

PEO-T

300

Plan view 45.9 1.0 38.1 9.9 4.9 0.0 1.2 0.0 0.24
1 51.5 1.1 31.5 10.6 4.4 0.2 0.8 0.1 0.18
2 48.8 0.8 36.9 7.7 4.7 0.5 0.5 0.1 0.11
3 15.8 0.2 80.5 1.8 1.1 0.1 0.1 0.4 0.09

600

Plan view 42.5 0.4 40.0 11.7 5.0 0.5 0.8 0.0 0.16
4 49.4 0.5 36.0 9.3 4.0 0.4 0.3 0.1 0.08
5 48.9 1.0 38.7 6.2 3.4 1.3 0.3 0.1 0.09
6 40.5 0.2 51.3 5.1 2.4 0.3 0.1 0.2 0.04

900

Plan view 45.6 0.9 41.9 9.0 2.9 1.3 0.7 0.1 0.24
7 49.1 1.1 35.0 8.9 3.9 1.1 0.8 0.1 0.21
8 49.8 0.3 37.8 7.6 3.9 0.4 0.2 0.1 0.05
9 39.5 0.3 53.2 4.7 1.8 0.2 0.1 0.2 0.06

PEO-S

300

Plan view 53.7 3.9 26.6 7.8 3.4 0.8 3.8 0.0 1.12
1 45.8 2.2 34.2 14.1 2.9 0.6 0.1 0.1 0.03
2 50.3 1.7 35.9 9.1 2.5 0.4 0.1 0.1 0.04
3 44.1 0.3 50.6 4.0 0.8 0.1 0.1 0.1 0.13

600

Plan view 44.4 2.6 37.5 14.6 3.0 1.0 1.0 0.3 0.33
4 37.6 1.3 41.6 14.1 4.5 0.5 0.3 0.4 0.07
5 36.0 0.9 50.2 8.8 3.7 0.0 0.4 0.1 0.11
6 37.2 1.6 52.7 8.0 2.1 0.5 0.0 0.0 -

900

Plan view 38.7 2.1 38.1 12.9 5.8 1.0 1.3 0.1 0.22
7 36.5 0.9 44.6 13.1 4.2 0.6 0.2 0.1 0.05
8 36.0 0.5 52.9 7.5 3.3 0.0 0.1 0.3 0.04
9 41.0 0.1 55.7 1.5 1.0 0.1 0.1 0.4 0.10

Regardless of the treatment time and electrolyte, BSE cross-section images reveal
the presence of an inner dense layer and an outer part with internal pores. It is worth
mentioning that oxide layers formed at 900 s show the formation of an intermediate pore
band which could be related to the evolution of discharges and the specifics of the coating
growth mechanism [40]. This may be due to the high solidification rate of the molten
coating material. If it solidifies too fast, it forms a vault over the channel, blocking the
escape of gases. In addition, this oxidation can also be facilitated by the high amount of Zn
in the coating, as illustrated in the EDS analysis of nine points (Table 2) of Figure 3f,l. This
type of pore band has been also reported for PEO coatings developed in phosphate-based
electrolytes for treatment times longer than 10 min [41,42].

In general, the oxide layers achieved a thickness in the range of (~13–18) μm with slight
differences depending on the treatment time and electrolyte (Figure 3d–f,j–l, Supplementary
Material, Table S1). The thinnest coating is the one developed in the suspension electrolyte
for short time (PEO-T, 300 s). This electrolyte produces an increase in the thickness values
(up to 18 for PEO-T 600 s) by increasing the treatment time. This trend is in agreement with
observations made in several works conducted on Mg alloys [43–45].

The use of a suspension electrolyte led to the formation of slightly thicker coatings.
This fact may be related to the size of the species formed in the electrolyte. In the case of
suspension electrolytes, the particles are CaO (size of 1–5 μm), while in the transparent
electrolyte, a [Ca-EDTA]−2 complex is formed (the size is few angstroms). According
to the literature, the incorporation of particles into PEO coatings in particle-containing
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electrolytes [46] depends on their size, with respect to the diameter of the microdischarges
channels and coating pores. Once in the plasma discharge channel, the particle is melted
and ionized, and the Ca2+ and O2− ions migrate under the electric field and form part of
the coating material. The CaO particle size is larger than that of the [Ca-EDTA]−2 chelate
complex, and there is 0.05 M Ca species in the suspension electrolyte versus only 0.01 M in
the transparent one. Therefore, the amount of newly formed coating material per discharge
is greater, which translates into a thicker coating. Thicker coatings can be easily achieved in
suspension electrolytes compared with particle-free true solutions, this is a well-established
and known fact in PEO technology [47,48].

A semiquantitative analysis of the elemental composition of coatings performance by
EDS is shown in Table 2. The most important feature is that short PEO treatments (300 s) led
to a higher incorporation of Ca, while a slight reduction in Ca occurred for longer treatment
times. No clear differences are detected between 300 and 600 s and the type of electrolyte.
The decrease in Ca with treatment time could be explained by the development of greater
intensity (i.e., longer lasting) microdischarges that could cause a destructive effect with
the consequent loss of the previously formed material at the site of microdischarges [49].
It is worth noting that the Ca incorporation for all treatments times is slightly two times
higher in the suspension electrolyte than in the transparent electrolyte. The thickness of
PEO coatings is affected by the size of the species in the electrolyte as discussed previously.
This is related to the fact that the size of the species can also affect their ability to diffuse and
transport through the electrolyte to the metal surface and into the growing ceramic layer.
Thus, smaller species may have a higher diffusion compared to larger species [50]. Some
reports have found that smaller species may have a greater facility to act as “cores” around
which ceramic composites form [51]. Therefore, the coatings formed in the suspension
electrolyte, although they have a larger particle size, have a higher concentration in the
electrolyte (0.05 M vs. 0.01 M), and therefore allow for a higher incorporation of Ca into
the coatings.

EDS conducted through the thickness of the coating revealed that Si, K and P mi-
grate inwards from the electrolyte and are mainly incorporated in the outer part of the
PEO coatings. Zn incorporation was higher in the inner part of all PEO coatings. This
occurs because Si and P migrate from the electrolyte inwards, while Zn migrates from the
substrate outwards.

The X-ray diffraction patterns of the (a) PEO-T and (b) PEO-S studied coatings are
displayed in Figure 4. All of the coatings reveal high intensity peaks of Mg, MgO, and
the presence of amorphous material corresponding to a peak broadening between 25 and
40◦ (2θ). In addition, Mg2SiO4 (forsterite) and ZnO (wurtzite) are formed in all coatings
in both electrolytes. During microdischarges, the SiO2 reacts with MgO to form forsterite
in the range 1100–1400 ◦C [52], while ZnO is formed by the transformation of Zn(OH)2
at 80 ◦C [53]. The intensity of Mg peaks decreases with an increasing process time while
the intensity of those for MgO, ZnO, and Mg2SiO4 increases with process time for both
electrolytes. The crystallinity of the coating inside the PEO may be also related to the
intensity of the discharge. In general terms, the degree of crystallinity/amorphism is
around ~71% for PEO-T and ~84% for PEO-S, being slightly higher in the case of the
suspension electrolyte. The higher energy required for coating breakdown and the higher
discharge intensity can be observed on the Mg surface within the PEO procedure for a
longer process time [37]. This means that a higher temperature in the PEO process may
favor a greater crystallinity of Mg2SiO4, MgO, and ZnO. Crystalline material has a greater
electron conductivity and promotes the oxidation of oxygen anions and O2 evolution,
which, together with fast solidification of ejected molten material at the coating/electrolyte
interface, explains the presence of a pore band at the 900 s treatments.
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Figure 4. X-ray patterns of (a) PEO-T and (b) PEO-S on Mg0.5Zn0.2Ca alloy at 300, 600, and 900 s.

As for the semi-quantitative percentage content of Mg, MgO, Mg2SiO4, and ZnO
phases for the transparent electrolyte, it is in the range of MgO (7–26%), Mg (47–57%), ZnO
(1–3%), and Mg2SiO4 (27–37%). Similar behavior is observed for the suspension electrolyte,
MgO (6–8%), Mg (41–60%), ZnO (1–3%), and Mg2SiO4 (31–50%). Overall, the values are
slightly higher for the suspension electrolyte due to the incorporation of higher species in
the coating, as discussed before. The lack of apatite or hydroxyapatite is due to the fact that
a higher positive pulse voltage is required for its formation, as a higher plasma discharge
temperature and a lower cooling rate of the material are needed [54].

3.4. Electrochemical Measurements
3.4.1. Potentiodynamic Polarization Curves (PDP)

The polarization curves of PEO-T and PEO-S coatings obtained under different treat-
ment times on the Mg0.5Zn0.2Ca alloy after 1 h of immersion in inorganic α-MEM at
37 ◦C are displayed in Figure 5. The electrochemical parameters obtained from the curves
(corrosion potential (Ecorr) and corrosion current density (icorr)) are presented in Table 3.

Figure 5. Polarization curves of (a) PEO-T and (b) PEO-S and for Mg0.5Zn0.2Ca alloy after 1 h of
immersion in inorganic α-MEM.
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Table 3. Corrosion characteristics obtained from polarization curves.

Electrolyte Time (s)
Ecorr

(V)
icorr

(μA/cm2)
Epit

(V)

Mg0.5Zn0.2Ca −1.47 33.41 −1.40

PEO-T
300 −1.35 11.02 -
600 −1.41 55.40 -
900 −1.38 60.79 -

PEO-S
300 −1.41 20.20 -
600 −1.41 47.32 -
900 −1.38 60.32 -

Regardless of the electrolyte and the treatment time, all PEO coatings shifted the Ecorr
to slightly nobler values (~60–120 mV, depending on the coating). PEO coatings formed
during 300 s in both electrolytes reveal protective properties with a decrease in the current
density by ~2–3 times, with PEO-T at 300 s being the coating with the best results. It is
worth mentioning that increasing the treatment time leads to an increase inf icorr, indicating
that the coatings become less protective and could even induce an acceleration of the
degradation process, compared with the non-treated substrate. This could be associated
with the crevice phenomena and undercoating corrosion, which will be probed further. The
pore band formed in the coatings developed under longer times could act as a storage of a
more aggressive electrolyte that might also intensify the corrosion process.

It should be noted that the anodic branches of the all PEO-coated specimens do not
reveal a well-defined region of pseudo passivity or marked pitting potential, especially for
longer treatment times. The latter can reasonably be called pseudo-Tafel behavior, i.e., the
anodic behavior of these systems resembles an active dissolution which can be attributed
to a uniform undercoating corrosion morphology.

Data unavailability on PEO of extruded Mg-Zn-Ca systems does not allow for a
proper comparison with the literature. The closer systems in terms of comparison would
be PEO-coated as-cast Mg-Zn-Ca alloys. The current density values of the present work
are higher (3–6 times) than those obtained in the literature, e.g., PEO/Mg3Zn0.4Ca and
PEO/Mg1.78Zn0.51Ca alloys (icorr of 2.38–7.28 and 5.25 mA/cm2, respectively) [31,55].
This brings up the fact that the final performance of a PEO system is influenced not only by
the electrolyte composition and process parameters, but also by the bulk material including
the fabrication process. In fact, in the authors’ previous work it was reported that the
extruded Mg0.5Zn0.2Ca alloy revealed a slightly higher degradation rate in comparison to
as-cast Mg-Zn-Ca alloys, which was associated to the lack of barrier network and the high
number of twins which facilitate the corrosion process [17].

It should be noted that the PDP results may not reflect the true protective capability
of the coating, taking into account that high polarization is a source of non-stationarity in
Mg-based systems. Therefore, additional screening by EIS is always advisable.

3.4.2. Electrochemical Impedance Spectroscopy (EIS)

Figure 6 shows the modulus of total impedance at low frequencies (|Z|10mHz) of PEO-
coated specimens and the substrate after 1 h of immersion in inorganic α-MEM solution
at 37 ◦C. This value provides a good estimation of the overall corrosion performance of
the material.

PEO coatings formed in a transparent electrolyte during 300 and 600 s showed the
best repeatability, whereas the rest of the coatings revealed higher differences between the
results. This might be related to the heterogeneity of the coatings formed under longer
treatment times and the variability between the randomly selected specimens. In general,
all of the developed layers do not show a considerably better corrosion performance
compared to the bare substrate. This might be attributed to the formation of the pore band
close to the inner barrier layer, leading to a premature failure of the sample during the first
hour of immersion.
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Figure 6. Scatter diagram of the impedance values for studied PEO-T and PEO-S coatings. Black
squares indicate bare alloy, red circles indicate PEO-T coatings, blue triangles indicate PEO-S coatings,
and symbol size increases in the order of increasing treatment time.

In order to analyze in detail the EIS spectra of PEO coatings formed in different
electrolytes, PEO-T (600 s) and PEO-S (300 s) specimens were selected based on their higher
repeatability. These two coatings were taken as an example with the aim of understanding
the contribution of the coating microstructure and the various electrochemical processes
taking place in the coating/substrate systems to their corrosion resistance.

Figure 7a,b shows the Nyquist and Bode plots of the EIS spectra of PEO-T and PEO-S
coatings for the selected treatment times (300 and 600 s). The equivalent circuit (inset in
Figure 7a) used to interpret the EIS results includes: Rel—solution resistance, R1/CPE1—the
response ascribed to the capacitive and resistance behavior of outer part of the coating,
R2/CPE2—the capacitive and resistance behavior of the inner barrier layer and Rct/CPEdl—
the electrochemical activity at the substrate/electrolyte interface associated with the double
layer and charge-transfer phenomena. This equivalent circuit has been previously reported
to fit the behavior of this type of PEO systems [30,56]. In cases of the substrate, R1/CPE1
and R2/CPE2 represent the response of Ca-P-rich deposits that form on the Mg surface in
modified α-MEM and on the corrosion products layer, respectively. The impedance of CPE
is calculated by the following equation: Z = 1/(CPE(jω)n); where j is the imaginary number
and −1 ≤ n ≤ 1.

The fitted values of the circuit elements (Table 4) indicate that the barrier layer is
the main factor responsible for the corrosion protection of the PEO coating, where R1 is
lower than R2 in both cases. It can be seen that the R1 and R2 of PEO-S sample are higher
compared to the uncoated specimen, indicating that the short-term corrosion resistance
of the Mg0.5Zn0.2Ca alloy is improved after the PEO process. Whereas in the case of
PEO-T, both values are lower than those of the substrate, suggesting that the coating is
not protective and that its barrier layer has degraded, as it has a lower resistance than
the corrosion product layer of the substrate. This is because it is not very compact (note
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the pores inside the coatings in Figure 3e), which allows for easy permeation of corrosive
species from the medium.

(a) (b) 

Figure 7. (a) The Nyquist (inset the equivalent circuit determined for PEO coatings and substrate)
and (b) Bode plots of PEO-T at 600 s and PEO-S at 300 s on Mg0.5Zn0.2Ca alloy.

Table 4. EIS equivalent circuits after 1 h of immersion in inorganic α-MEM solution.

Sample
Rel

(Ω·cm2)
CPE1

(μS·sn·cm2)
n1

R1

(Ω·cm2)
CPE2

(μS·sn·cm2)
n2

R2

(Ω·cm2)
CPEdl

(μS·sn·cm2)
ndl

Rct

(Ω·cm2)
Rtotal

(Ω·cm2)

Mg0.5Zn0.2Ca 36.8 10.1 0.58 171.3 24.4 0.87 1489 30.6 0.56 1500 3160.3

PEO-T 14 5.14 0.59 187.7 0.003 0.70 342.6 64.4 0.55 777.3 1321.6
PEO-S 10 6.45 0.64 1206 7.44 0.76 32,030 583.13 0.8 32,438 65,684

As for the differences between the two coatings, the R1 and R2 values of PEO-S
(1206 and 32,438 Ω·cm2) are 4–10 times higher than those of PEO-T (342.6 and 777.3 Ω·cm2).
These are consistent with the higher pore-area fraction of the latter and the presence
of the internal pores. This also explains the lower |Z|10mHz values for PEO-T in the
intermediate frequency range. Comparing the results obtained in PDP and EIS, there is a
clear concordance in the relative ranking of PEO-T (600 s) and PEO-S (300 s).

Both coatings are further evaluated by hydrogen evolution measurements in modified
α-MEM with CO2 flow-controlled pH for 5 days of immersion, a period that is comparable
to the duration of a standard in vitro cell proliferation assay. This is conducted in order to
(i) verify the results of the EIS screening; (ii) discriminate the coatings and determine the
realistic degradation rate; and (iii) examine the development of corrosion products.

3.4.3. Hydrogen Evolution

Figure 8 shows the hydrogen evolution during 5 days of immersion in an inorganic
α-MEM solution at 37 ◦C for the bulk material and PEO-coated specimens. The pH was
controlled at 7.4 by a flow of CO2 through the medium during the test. It is important to
note that the works reported in the literature for PEO-coated Mg alloys in physiological
media either use a medium refreshment method [26,55,57] or a 5% CO2 injection into the
incubator atmosphere [58], either of which does not provide a tight pH control and might
lead to an underestimation of the corrosion rate [17].

105



Coatings 2024, 14, 309

Figure 8. Hydrogen evolution for bare substrate, PEO-T, and PEO-S coatings (a) during 5 days of
immersion in α-MEM solution; (b) amplification of the first 5 h.

Both PEO coatings show a quick, linear acceleration of corrosion rate after 2 h of
immersion (Figure 8b) and until the end of the test, with a slight change in the slope after
48 h. This suggests that the coatings are easily permeable due to their internal porosity
and the presence of a pore band close to the barrier layer (Figure 3e). In addition, as
observed by EIS, the values of the inner barrier layer resistance are lower compared to the
literature [8,31,59], which also indicates poor corrosion properties. Considering the total
hydrogen volume after 5 days, that of PEO-T coating is two times higher (9.48 mL/cm2)
compared to PEO-S (5.42 mL/cm2), which is in agreement with the results obtained from
the EIS measurements. However, considering the standard deviation values, the differences
between the PEO-T and PEO-S cannot be viewed as statistically significant. Remarkably,
both PEO coatings exhibited 10–13 times higher corrosion rate (PEO-T: 26.31 and PEO-S:
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15.05 mm/year) compared to the substrate (0.94 mm/year), indicating that both oxide
layers accelerated the corrosion of Mg, which is opposite to what is typically found in the
literature of PEO-treated Mg alloys [26,27]. According to the literature, the degradation
rate of an orthopedic implant is expected to be <0.5 mm/year [60,61], which would allow
an implant integration with complete bone healing. Comparing these values with the
degradation rate by hydrogen evolution (PEO-T: 26.3 and PEO-S: 15.1 mm/year), they
are 3–10 times higher than expected for a complete implant integration. This situation
would lead to the implant degrading before implant integration occurs, so the implant
is not performing its function. The corrosion-accelerating PEO treatment may present as
an interest for bone cancer therapy applications, where an accelerated degradation of Mg
implant is sought after, in order to treat the tumors [62,63].

The high corrosion rate observed in PEO-coated extruded Mg0.5Zn0.2Ca alloy may be
attributed to two factors: (i) the formation of a crevice at the interface PEO/substrate, as
described in previous work [30], and (ii) the presence of ZnO within the coatings due to
the oxidation of Ca-Mg-Zn intermetallic (in particular Ca2Mg6Zn3 as identified by XRD)
(Figure 1c). Studies on galvanized steel have indicated that ZnO, in the presence of carbon-
ates (dissolved CO2 from the air), generates corrosion products in both the anodic region
(e.g., Zn5(OH)8Cl2·H2O) and cathodic region (e.g., Zn5(OH)6(CO3)2). These corrosion prod-
ucts can function as semi-permeable membranes, facilitating the transportation of anions
(as Cl−) while hindering the movement of cations (e.g., H+), thus promoting ionic flow and
maintaining acidic conditions in the anodic area [64,65]. Consequently, localized corrosion
is intensified. Moreover, once the corrosion process commences, it progresses swiftly due to
the uniformity of the alloy microstructure and the presence of defects produced during the
extrusion process (see Figure 1) [17]. A continuous network of secondary phases that might
act as a barrier for corrosion progression, as occurs in cast PEO-F/Mg-Zn-Ca alloys [30], is
lacking in the extruded lean alloy.

According to the literature, PEO coatings on a cast-Mg-Zn-Ca alloy showed improved
corrosion performance based on electrochemical and immersion measurements [24,27,28,66].
In the present work, taking into consideration only the electrochemical measurements, a
slight corrosion protection could be observed for some of the coatings. However, when the
pH in the immersion test was kept at 7.4, it became evident that the PEO coatings did not
improve the corrosion resistance. A direct comparison with other published results on similar
coatings appears difficult due to different factors: (i) most of the PEO work reported so far
has been carried out on as-cast Mg-Zn-Ca alloys, with no reports on extruded alloys. (ii) The
reported coatings in general are ~2 times thicker than those of this work (in the range of
20–40 μm), not least due to the presence of fluorine species in the electrolytes. (iii) Hydrogen
release volume is not measured during immersion tests or constant pH of the corrosive
medium is not ensured.

Figure 9 shows the macro- and micro-morphological examination of the corrosion
products developed in the studied specimens after 5 days of immersion. The bare substrate
has a very uniform appearance (Figure 9a), while in PEO-T and PEO-S coated samples
the corrosion products layer is heterogeneous (Figure 9c,d). A detailed cross-sectional
analysis of one of the coatings (considering that both PEO-T (600 s) and PEO-S (300 s)
performed similarly during H2 evolution test) has been carried out in order to understand
the corrosion mechanism. The examination (Figure 9e) disclosed a 64.3 ± 1.1 μm-thick,
cracked corrosion products layer and a notable lack of a PEO layer above it. Cracking of
the corrosion products is related to stresses induced by twofold volume changes during
dehydration of Mg(OH)2 (Reactions (1) and (2))

Mg2+ + 2OH− → Mg(OH)2 (1)

Mg(OH)2 → MgO + H2O (2)

and evolving H2 gas.
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Table 5. EDS analysis (at.%) of substrate and PEO-S on Mg0.5Zn0.2Ca alloy from Figure 9b,e after
5 days of immersion in inorganic α-MEM solution.

Sample Location O Na Mg Si P Cl K Ca Zn Ca/P

Mg0.5Zn0.2Ca 1 47.8 1.3 8.2 0.1 17.1 - - 20.7 0.1 1.21
2 40.8 0.7 10.8 0.4 19.6 - - 26.5 0.7 1.36

PEO-S

3 60.2 0.9 12.0 0.0 9.7 0.7 - 13.8 0.7 1.42
4 56.0 0.7 17.5 0.0 10.0 1.2 - 12.1 0.9 1.21
5 48.5 1.1 17.7 0.2 11.2 1.1 0.4 17.7 1.1 1.58
6 70.1 0.8 19.2 0.0 2.5 0.3 - 5.1 0.5 2.04

Figure 9. (a,c,d) Macrographs and (b,e) cross-section of (b) Mg0.5Zn0.2Ca substrate and (e) PEO-S
coatings for Mg0.5Zn0.2Ca alloys after 5 days of immersion in inorganic α-MEM. The numbers (1–6)
indicate where the local ESD analysis was displayed (Table 5).

In comparison with the results of other published works, the onset of corrosion in
the present systems is rather early. For instance, on PEO-coated Mg0.8Ca the initiation of
the undercoating corrosion product layer was reported after 2 weeks of immersion [67],
although the coatings in question were four times thicker and contained a high level
of fluorine.

The EDS analysis presented in Table 5 illustrates the composition of corrosion prod-
ucts (Figure 9b,e). The corrosion product layer in the PEO-S-coated substrate exhibits
high levels of Ca and P (~12–18% and ~10 at.%, respectively) attributed to the precipi-
tation of Ca-P compounds from the inorganic α-MEM solution. They are considerably
lower than the respective levels in corrosion layer formed on the bare substrate (~20–27%
and ~17–20 at.%), indicating that the coating must have been at least partially present
during most of the immersion period and was impeding the ingress of α-MEM species [30].
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These results are in agreement with observations made in other studies. The main corro-
sion products on Mg-Zn-Ca alloys consist of Mg(OH)2, Ca10(PO4)6(OH)2, (Ca,Mg)3(PO4)2,
Mg(HCO3)(OH)·2H2O, or MgCO3·3H2O [24,27,68], which is consistent with the high levels
of Mg, Ca, P, and O illustrated in Table 5. Additionally, Zn is present in both inner and
outer parts of the corrosion products (e.g., points 3 and 5; Table 5) due to the diffusion of Zn
from the bulk material and the dissolution of ZnO from the PEO coating. In the present con-
ditions, the ZnO dissolution forms compounds such as Zn5(OH)8Cl2·H2O, ZnPO4, ZnCO3,
and/or Zn(OH)2 [64,65]. This supports the idea of (i) the corrosion products layer acting as
a crevice between the substrate and the coating, and (ii) ZnO in the PEO participating in
reactions creating a more aggressive environment. The latter is corroborated by the high
level of Cl− in the corrosion products in PEO-S sample (points 4 and 5, Table 5, ~1.1%,)
causing an accelerated corrosion of the system.

Several important factors corresponding to the corrosion mechanisms are illustrated
by post-corrosion characterization: (i) corrosive species from the medium penetrate through
the micro-defects of the outer porous layer, causing progressive hydration of the coating
and degradation of the inner barrier layer. (ii) Corrosion products react with the medium
species causing the precipitation of Ca-P based compounds. (iii) The cracked inner coating
corrosion products layer forms a crevice at the PEO/corrosion products interface. (iv) The
presence of ZnO in the PEO coatings and its hydration products promote a more aggressive
microenvironment in the crevice, accelerating the corrosion rate of the systems.

For the load-bearing applications where an implant is expected to be made of a
wrought alloy (for the mechanical properties sake), it is necessary to continue searching
for strategies to improve the corrosion behavior of the Mg0.5Zn0.2Ca alloy. A possi-
ble strategy may include changing the PEO electrolyte and electrical conditions so that
the Zn is incorporated into the coating not as ZnO but in the form of Zn phosphate, or
Zn-substituted hydroxyapatite.

4. Conclusions

PEO coatings were produced on a wrought Mg0.5Zn0.2Ca alloy using transparent and
suspension electrolytes and were assessed for microstructure, composition, and corrosion
behavior. Key findings are as follows:

• Coatings applied for 300 s in both electrolytes were compact, while longer treatments
led to the formation of a pore band.

• Suspension electrolyte coatings were marginally thicker (13–18 μm) compared to
transparent electrolyte coatings (13–16 μm) due to the relationship between species
size in the electrolyte and microdischarges channel diameter.

• The incorporation of species into the coating increased from 300 to 900 s for both
electrolytes, with slightly higher incorporation in suspension electrolyte coatings,
attributed to species size, diffusion, and electrolyte concentration.

• Coatings comprised MgO, ZnO and Mg2SiO4, regardless of treatment time or elec-
trolyte, with slightly higher crystallinity in suspension electrolyte coatings (~84%).

• Short-term electrochemical evaluation by EIS demonstrated protective properties for
300 s coatings (|Z|10mHz, PEO-T: 5449.65 and PEO-S: 5582.60 Ω·cm2), while longer
treatments showed impaired repeatability due to pore band formation.

• PEO-T-600s coatings revealed 50 times lower corrosion protection than PEO-S-300s
due to higher pore area fraction and slightly larger internal pores.

• Both coatings revealed significantly higher corrosion rates (PEO-T: 26.3 and PEO-S:
15.6 mm/year) over the 5-day period compared to the substrate (0.94 mm/year), at-
tributed to a Cl−-rich aggressive microenvironment in the crevice induced by hydrolysis
of ZnO in the coatings.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings14030309/s1, Table S1: Coating surface poros-
ity characteristics from plan view of PEO-T and PEO-S at three treatment times (Figure 3a–c,g–i).
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Abstract: In this investigation, the sol–gel method is employed along with a corrosion inhibitor to seal
a plasma electrolytic oxidation (PEO) coating, aiming to improve the long-term corrosion resistance of
the AZ31 Mg alloy. Following an initial screening of corrosion inhibitors, 8-hydroxyquinoline (8HQ)
is incorporated into the hybrid PEO/sol–gel system using two methods: (i) post-treatment of the PEO
layer through immersion in an inhibitor-containing solution; (ii) loading the inhibitor into the sol–gel
precursor. The characterization includes scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV-vis),
and water drop contact angle measurements. The rheological properties of the inhibitor-loaded
sol–gel precursors are assessed by measuring flow curves. The corrosion processes are evaluated
in a saline solution through electrochemical impedance spectroscopy (EIS) and immersion tests
with unscratched and scratched specimens, respectively. The results demonstrate the successful
incorporation of the inhibitor for both loading strategies. Regardless of the loading approach, systems
containing 8HQ exhibit the most favourable long-term corrosion resistance.

Keywords: magnesium; plasma electrolytic oxidation; sol–gel; corrosion; inhibitor

1. Introduction

Currently, magnesium alloys account for less than 1% of the total weight of auto-
mobiles [1], primarily due to their insufficient corrosion resistance and other challenges,
including price variability, low formability, flammability and inadequate creep strength.
PEO coatings on magnesium can improve the corrosion resistance by up to 4 orders of
magnitude in aqueous corrosion media such as sodium chloride (NaCl) [2–6] and simulated
body fluid (SBF) [7–11]. However, high porosity of PEO coatings makes Mg alloys sus-
ceptible to localized corrosion, particularly pitting and undercoating corrosion. Therefore,
corrosion protection provided by PEO coatings usually only lasts a few days [11–14].

Sol–gel sealings have been garnering growing attention in recent years, as evidenced
by several papers on hybrid PEO/sol–gel coatings [15–19]. The appeal of sol–gel stems
from its capacity to penetrate PEO pores and cracks, along with its versatility and low
environmental impact [20–23]. For example, Malayoglu et al. [24] explored various post-
treatments, including phosphate and silicate sealings, and concluded that the PEO/sol–gel
system demonstrated superior corrosion performance [23,25].

Inorganic–organic sol–gel formulations, also known as hybrid sol–gels (HSGs), prove
highly effective in enhancing corrosion performance [21]. The organic component low-
ers the curing temperature and imparts elasticity, while the silane structure contributes
favourable mechanical properties and adhesion [26–28]. Pezzato et al. [12] positively
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acknowledged the use of hybrid sol–gel sealings for PEO coatings as they enhance the
uniformity of the PEO layer, leading to a notable improvement in corrosion resistance.

While PEO/sol–gel systems show promise, a drawback is that they are often perceived
merely as barriers to the substrate, thereby lacking self-healing ability. This is why the
incorporation of corrosion inhibitors has become a focal point in PEO coating research.

Recent examples of inhibitor incorporation into either PEO coatings or sol–gels
are those concerned with organic species like 8–hydroxyquinoline (8HQ) [29] and 2–
mercaprobenzothiazole (MBT) [30], as well as inorganic additives involving Ca, Ce, and
Zn [31–35]. However, there is a scarcity of published results on PEO/sol–gel systems
incorporating corrosion inhibitors.

Chen et al. [17] developed a PEO/sol–gel system loaded with glycolic acid, 4-aminosalicylic
sodium salt, and 2,6-pyridinedicarboxylic acid. Inhibitors were integrated by impregnating
the PEO coating, followed by the sol–gel sealing. As per the reported findings, coatings with
inhibitors revealed improved corrosion performance. The authors proposed a protective
mechanism achieved by suppressing the re-deposition of detrimental Fe impurities and
promoting adsorption over the surface. In a similar vein, Ivanou et al. [18] impregnated
a PEO coating with 1,2,4-triazole, followed by sol–gel sealing. Notably, high corrosion
protection was observed during continuous exposure to the aggressive medium for one
month. This enhancement was attributed to the thin and porous PEO layer, which secured
the corrosion inhibitor close to the bulk metal where the corrosion process initiates.

In this work, a hybrid sol–gel sealing is used along 8HQ as a corrosion inhibitor
for improving the corrosion resistance of a PEO coating on the AZ31 Mg alloy. The
selection of a hybrid PEO/sol–gel system was motivated by the potential of sol–gel films to
effectively seal pores and cracks within PEO coatings, thus improving their long-lasting
corrosion protection for applications spanning transport and consumer products. The
incorporation of 8HQ as a corrosion inhibitor seeks to introduce self-healing properties.
The research includes an initial screening of various corrosion inhibitors and the exploration
of two methods for incorporating the best corrosion inhibitor into the hybrid PEO/sol–gel
system: (i) post-treatment of the PEO layer through immersion in an inhibitor-containing
solution, and (ii) loading of the inhibitor into the sol–gel precursor. The coatings undergo
characterization concerning morphology, composition, and corrosion resistance. The goal is
to pinpoint the optimal strategy for enhancing the long-term corrosion protection of hybrid
PEO/sol–gel coatings.

2. Materials and Methods

2.1. Mg Alloy

For this study, 60 × 60 × 2 mm square-shaped AZ31 specimens (KG Fridman AB,
Karlstad, Sweden), 2.5–3.5% Al, 0.7–1.3% Zn, 0.2% Mn, 0.05% Si, 0.05% Cu, 0.04% Ca,
0.005% Fe, 0.1% Ni (wt.%), and Mg balance) were etched in 2 M nitric acid and rinsed in
deionized water. Subsequently, they were subjected to a second etching in 0.25 M nitric
acid, followed by another rinse in deionized water. The specimens were air-dried and
stored in a desiccator before use.

2.2. Plasma Electrolytic Oxidation

PEO coating was fabricated in a 3 L double-walled cell connected to a continuous
water flow to maintain a constant temperature of (293 ± 5) K. The electrolyte consisted
of 8.4 g/L KOH, 10.5 g/L Na2SiO3, and 1.73 g/L NaF, which were purchased from Alfa
Aesar (Tewksbury, MA, USA). The PEO films were formed using an AC power supply
(PowerPulse–Micronics, Vilette d’Anthon, France) connected to a stainless-steel sheet as
the counter electrode. The electric regime was designed as +400/−30 V, 100 mA cm−2,
5/5 ms up to 4 min of treatment (Table 1). The samples were cleaned in deionized water
and air-dried.
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Table 1. PEO conditions for surface modification of AZ31 and details of the sol–gel sealing.

Coating Conditions

PEO
Na2SiO3 10.5 g/L

KOH 8.5 g/L
NaF 1.73 g/L

(20 ± 1) ◦C, +400/−30 V, 100 mA cm−2, 50 Hz,
4 min, 60 s ramp

PEO-SG TEOS 1 20%, GPTMS 10%, ethanol 10%, water 58%
Acetic acid to adjust the pH 2

10 mm/min immersion/withdraw
15 min air drying, 150 ◦C 2 h curing

1 TEOS: tetraethoxysilane; GPTMS: 3-glycidyloxypropyl trimethoxysilane.

2.3. Sol–Gel Sealing

Sealing was carried out by the dip-coating method (KSV NIMA dip-coater, Biolin
Scientific, Espoo, Finland) using a hybrid sol–gel precursor consisting of TEOS, GPTMS,
ethanol, and water at pH 2. TEOS and GPTMS were supplied by Sigma-Aldrich, Steinheim,
Germany. Note that the reactants were mixed in the order presented in Table 1.

2.4. Inhibitor Loading

Nine corrosion inhibitors supplied by Sigma-Aldrich (Germany) underwent prelim-
inary screening, involving the immersion of the bare AZ31 Mg alloy in a saline solution
(0.5 wt.% NaCl) at pH 8, containing 0.05 M of each corrosion inhibitor (Figure S1 and
Table S1). Among them, 8–Hydroxyquinoline (8HQ) revealed the lowest amount of col-
lected hydrogen, closely followed by 5–methyl–2–nitrobenzoic acid and 3–methylsalycilic
acid. Consequently, 8HQ was chosen for further investigation.

After immersion in the solution with 8HQ, the exposed surface shows no corroded
areas. Instead, a yellowish precipitate covers the entire surface (Figure S2 and Table S2). In
agreement with several studies [36–40], 8HQ may behave as an inhibitor by the formation
of a complex chelate (Mg(8HQ)2) on the surface, blocking the action of aggressive ions. It
is important to note that 8HQ has already been used with good results as an additive in
sol–gel systems for steel [41], Mg [29] and Al [40,42–44]; however, those systems did not
include an intermediate PEO layer.

Two methods were used for incorporating 8HQ into the hybrid PEO/sol–gel system:
(i) post-treatment after PEO processing through immersion in an inhibitor-containing
solution for 30 min at pH 10; (ii) loading the inhibitor into the sol–gel precursor. As shown
in Table 2, several inhibitor concentrations and times were investigated in each case. Note
that high concentrations of corrosion inhibitor were not included in the second strategy
due to formation of emulsions.

2.5. Characterization

The plan and cross-section views of the coatings were examined by scanning electron
microscopy (SEM, JEOL JSM 6400 and Hitachi SU8020, Tokyo, Japan) and energy dispersive
X-ray spectroscopy (EDS, Oxford Link energy-dispersive X-ray, Abingdon, UK) for semi-
quantitative analysis. The crystalline composition of the PEO layer was analysed using X-
ray diffraction (XRD, Philips X’Pert, Amsterdamm, The Netherlands, Cu Kα = 0.154056 nm,
2θ range between 10◦ and 90◦, 0.05◦ step size, 6 s per step, 0.5◦ grazing angle). Fourier
transform infrared (FTIR) was performed in a SHIMADZU IRTracer-100 spectrometer
(Kyoto, Japan) operated in reflection set-up of 45◦. UV-vis spectra were acquired in the
800–200 nm range using a PerkinElmer Lambda 365 equipment (Waltham, MA, USA).

The rheological behaviour of the aqueous preparations was determined through
monitoring flow curves, apparent viscosity obtained from shear stress versus shear rate
at 26 ± 0.1 ◦C using a controlled rheometer (MCR302, Anton Paar, Gentbrugge, Belgium)
equipped with double-gap cylinders (ISO/WD 3219-2 standard).
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Table 2. Designation of studied specimens.

Sample
Inhibitor [8HQ]
Post-Treatment

Sol–Gel Sealing

AZ31 – –
PEO – –

PEO–SG – TEOS/GPTMS

Strategy 1 PEO–1 mM–5 min 1 mM–5 min –
PEO–5 mM–5 min 5 mM–5 min –

PEO–10 mM–5 min 10 mM–5 min –
PEO–100 mM–5 min 100 mM–5 min –

PEO–5 mM–5 min–SG 5 mM–5 min TEOS/GPTMS
PEO–5 mM–10 min–SG 5 mM–10 min TEOS/GPTMS
PEO–5 mM–30 min–SG 5 mM–30 min TEOS/GPTMS
PEO–10 mM–5 min–SG 10 mM–5 min TEOS/GPTMS

PEO–10 mM–10 min–SG 10 mM–10 min TEOS/GPTMS
PEO–10 mM–30 min–SG 10 mM–30 min TEOS/GPTMS
PEO–100 mM–5 min–SG 100 mM–5 min TEOS/GPTMS
PEO–100 mM–10 min–SG 100 mM–10 min TEOS/GPTMS
PEO–100 mM–30 min–SG 100 mM–30 min TEOS/GPTMS

Strategy 2 PEO–SG–1 mM – TEOS/GPTMS + 8HQ 1 mM in the
aqueous solution (58%)

PEO–SG–5 mM – TEOS/GPTMS + 8HQ 5 mM in the
aqueous solution (58%)

PEO–SG–10 mM – TEOS/GPTMS + 8HQ 10 mM in the
aqueous solution (58%)

Waterdrop contact angle measurements were carried out by depositing a water drop
on top of the surface and recording the evolution of the angle after 2 s by means of a drop
shape DSA10−Mk2 analysis system (KRÜSS Scientific, Hamburg, Germany). Presented
values are the average of triplicated measurements.

2.6. Corrosion Tests

Electrochemical impedance spectroscopy (EIS) measurements were performed using
a SP–300 potentiostat (BioLogic, Grenoble, France) connected to a three-electrode cell.
Sodium chloride aqueous solutions of 0.5 wt.% concentration were employed. A 10 mV
sinusoidal perturbation of amplitude and a scan in the frequency range of 10 kHz–0.01 Hz
were applied after different immersion times.

Immersion tests were carried out with scratched specimens in 0.5 wt.% NaCl solution.
The 1 cm long defect was generated with the necessary depth to expose the underlying sub-
strate. The evolution of the corrosion process was monitored by macroscopic photographs
at different stages of the immersion test up to a maximum time of 14 days.

3. Results

3.1. PEO/Inhibitor/Sol–Gel Systems
3.1.1. Optimization of Inhibitor Post-Treatment

After selecting 8HQ as the most promising inhibitor, several coating systems were
outlined for further optimization. Initially, different concentrations of 8HQ (1, 5, 10, and
100 mM) were examined for the immersion post-treatment. Then, various hybrid PEO/sol–
gel systems were evaluated, involving alterations in both the inhibitor concentration and
post-treatment time (refer to Table 2) [45–48].

The EIS screening results are presented in Figure 1. All the combinations yielded
higher impedance values than the bare alloy. The standalone PEO exhibits an impedance
modulus two orders of magnitude higher than that of the substrate. However, its protective
effect diminishes rapidly over time, reaching a modulus similar to that of the alloy after
24 h. In contrast, the hybrid system (PEO–SG) shows an initial impedance slightly lower
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than that of PEO, yet the response remains nearly constant with time. This long-term
protection is attributed to the sealing of defects in the PEO coating [27]. The slightly lower
impedance, in comparison to the PEO coating without sealing, may be linked to the partial
dissolution of the ceramic coating induced by the slightly acidic conditions of the sol–gel
precursor (pH 2).

Figure 1. Scatter diagram of impedance modulus at 0.01 Hz of PEO, PEO–SG, PEO–8HQ, and PEO–
8HQ–SG coatings on AZ31 alloy up to 24 h of immersion in 0.5 wt.% NaCl. The diagram also includes
the bare AZ31 substrate. An example of the Bode diagrams for one of the studied PEO–8HQ–SG
coatings is also presented.

The impregnation with 8HQ through the immersion post-treatment improved the
performance of the PEO coating, most likely due to the formation of insoluble Mg(8HQ)2
deposit [49]. The sole exception was observed with the 1 mM solution, revealing a lower
impedance value. This discrepancy may be attributed to insufficient Mg(8HQ)2 precipita-
tion and potential degradation of the PEO coating in the post-treatment solution (pH 10).

Contrary to expectations, the application of sol–gel on top of the post-treated PEO
coating resulted in lower impedance values than the reference PEO–SG film for all the
tested combinations. The potential causes for this outcome are diverse. For instance, 8HQ–
rich precipitates may disrupt the continuity of the sol–gel film. Additionally, the formation
of Si–O–M bonds in the PEO/sol–gel interface could be influenced in the presence of 8HQ,
leading to a reduction in the penetration of the sol–gel layer [45]. However, it is noteworthy
that some coating systems reveal an increase in the modulus with prolonged immersion
time. This improvement suggests active protection and recovery of the corrosion protection.

Except for the PEO–1 mM–5 min specimen, no significant differences are observed
among the investigated hybrid PEO/inhibitor/SG systems. Therefore, all the full systems
with inhibitor concentrations of 5, 10, and 100 mM were chosen for further evaluation.

3.1.2. Coating Morphology and Composition

FTIR, SEM/EDS, and XRD analyses were employed to characterize the hybrid PEO/sol–
gel systems, both with and without inhibitor impregnation, following the PEO processing.
It is important to note that only representative systems were examined.

Figure 2 and Table 3 display the FTIR results of 8HQ powder, PEO–8HQ, PEO–SG, and
PEO–8HQ–SG coatings [50–52]. In the spectrum of a representative specimen (PEO–5 mM–
10 min), bands corresponding to 8HQ are still evident, indicating successful incorporation
onto the surface (Figure 2b). However, a notable difference is observed; the 3150 cm−1

band associated with the phenol group vanishes due to the formation of metal complexes
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between 8HQ− and Mg2+ [50]. It is important to note that the spectrum now exhibits bands
originating from the PEO layer. The most distinct bands include the one at 3311 cm−1,
attributed to ν(H–O), indicating hydration of the outermost region of the PEO layer. Ad-
ditionally, several signals are observed related to Si–O–Si (1493–960, 960–724 cm−1) and
Si–O–Mg bonds (<700 cm−1), indicating the incorporation of silicate from the electrolyte
during PEO processing [27,53–55].

Figure 2. (a) FTIR spectra of 8HQ powder and PEO–8HQ, PEO–SG, and PEO–8HQ–SG coatings, and
(b) detail of the near IR region. Bands related to the 8HQ compound.

Table 3. Band assignments for the FTIR spectra presented in Figure 2.

Band Wave Number (cm−1) Assignation

3311 ν(OH) hydration of PEO
3150 stretching vibration for ν(OH) phenol
3049 aromatic ν(C–H) stretching
1625 ν(C=N) stretching
1579 ν(C=N) ring stretching vibration
1500 ν(C=C) stretching vibration

1471, 779 in–plane and out-of-plane deformations of CH2 and CH3 groups
1433 O–H plane bending

1274, 1246 ν(C–O) stretching vibrations
1165, 1138, 1093 N(C–N) stretching bands

1059, 1028 ν(N–O) stretching bands
974 –CH2 rocking

896, 866 ν(C–C) bending vibration
740, 707 ν(C–H) out-of-plane bending band
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The spectra obtained for the PEO–SG and PEO–8HQ–SG coatings reveal characteristic
bands of sol–gel layers. Signals at 3100–3600 cm−1 and 1585 cm−1 correspond to vibrations
of the ν(H–O) bonds, originating from the Si–OH groups in the sol–gel layer and absorbed
water molecules [27,50,51]. The intensity of these bands increases with the number of
polar groups, serving as an indicator of the level of sol–gel polymerization. Vibrations
of ν(C–H) bonds at 3000–2824 cm−1 correspond to the –CH3 and –CH2 groups from the
GPTMS precursor. Notably, there is an increased intensity of the Si–O–Si and Si–O–M
signals which come from both the PEO and sol–gel layers. The intensity of the band centred
at ~1034 cm−1 is generally associated with asymmetric Si–O–Si vibrations, indicative of
correct sol–gel formation.

It is important to mention that the inhibitor post-treatment with 8HQ leads to less
pronounced Si–O–Si and Si–O–Mg bands for the hybrid PEO–8HQ–SG system. Therefore,
it can be deduced that the 8HQ post-treatment interferes with the sol–gel process: the
hydrolysis and condensation reactions are restricted, limiting the formation of a 3D network.
Very few studies have investigated the impact of an intermediate post-treatment step on sol–
gel sealing of PEO coatings [56–58], numerous examples exist where species incorporated
in the sol–gel affect the degree of polymerisation associated with the inorganic and organic
components [27].

Before discussing the SEM micrographs of the hybrid systems, the stand-alone PEO
coating is presented first. SEM images of the surface of the PEO-coated AZ31 Mg alloy are
presented in Figure 3 alongside the EDS maps. The unsealed coating reveals a crater-like
morphology, with microcracks and micropores concentrated at the sites of the discharge
channels, which formed due to residual stresses and gas evolution during coating formation
(Figure 3a,b).

 
Figure 3. Scanning electron micrographs corresponding to the (a,b) planar and (c,d) cross-sectional
views of PEO-coated AZ31. Cross-sectional observation along with EDS mapping of the PEO layer.

Cross-sectional micrographs (Figure 3c,d) reveal a well-defined barrier layer in com-
bination with a thicker and porous outer layer (thickness 7.3 ± 0.4 μm). The EDS Si map
of the PEO layer displays a significant contribution from Si, which is expected as the PEO
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coating was produced in an alkaline–silicate electrolyte [59–61]. The outer regions of the
coating exhibit some Al enrichment, originating from the substrate.

The XRD results of the unsealed PEO coating (Figure 4) indicate the presence of mag-
nesium oxide (MgO, JCPDS 75-1525) and forsterite (Mg2SiO4, JCPDS 34-0189). Crystalline
phases of aluminium (e.g., MgAl2O4) were not detected. Therefore, the aluminium de-
tected in the coating is primarily in the form of amorphous phases or as a dopant in the
aforementioned compounds. The peaks corresponding to magnesium originate from the
substrate (Mg, JCPDS 35-0821), a result of X-ray penetration.

 
Figure 4. XRD patterns of the bare alloy and the fabricated PEO coating.

Comparative SEM micrographs of the PEO-coated AZ31 alloy without and with post-
treatment and sol–gel sealings are depicted in Figure 5, including planar and cross-view
micrographs. Following a 10 min post-treatment, the surface of the PEO coating shows
flakes of 8HQ complexes with two distinct morphologies (Figure 5c); (i) agglomerates of
small flakes deposited on the flat surface of the PEO layer, surrounding smaller pores; and
(ii) large flakes near bigger pores, resembling the morphology observed in Figure S2. No
flakes were found in the cross-sectional micrographs, presumably washed away during
cross-section preparation. Cross-view examination suggests a slight dissolution of the
PEO coating after the inhibitor post-treatment (PEO 7.3 ± 0.4 μm vs. PEO–5 mM–10 min
6.7 ± 0.3 μm, Figure 5b,d).

The variation in the size of the flakes is attributed to the availability of Mg2+ ions. The
dissolution of Mg is presumed to be more substantial within the pores, supplied by the sub-
strate and PEO layer, leading to the formation of larger flakes. EDS analysis indicates that
these flakes show elevated levels of C, O, and Mg, suggesting the formation of Mg(8HQ)2.
These observations align with the findings of Vaghefinazari et al. [45], who reported the
formation of Mg(8HQ)2 on a bare substrate exposed to a solution containing 8HQ.
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Figure 5. Scanning electron micrographs corresponding to the planar and cross-views of (a,b) PEO,
(c,d) PEO–5 mM–10 min, (e,f) PEO–SG, and (g,h) PEO–5 mM–10 min–SG. Corresponding EDS
analysis are presented in Table 4.

Table 4. Results of the local EDS surface analysis of the studied coatings (at.%). Refer to the locations
shown in Figure 5.

Element

C N O F Na Mg Al Si K Mn Zn

PEO Area 8.8 – 54.3 – 1.0 24.6 0.7 10.4 0.2 – –

PEO–5 mM–10 min

Area 13.0 0.6 52.1 0.9 1.0 20.6 1.0 10.0 0.2 0.5 0.1
1 24.0 – 52.7 1.0 0.7 15.4 0.4 5.7 0.1 – –
2 22.7 – 47.9 0.8 0.8 19.0 0.6 8.1 0.1 – –
3 17.0 – 22.7 1.5 0.2 52.1 1.3 4.5 0.1 – 0.5

PEO–SG

Area 27.0 – 41.5 – 0.4 16.7 0.5 13.9 0.1 – –
1 46.7 – 43.0 0.5 0.2 4.6 0.1 4.8 0.1 – –
2 33.4 – 41.6 0.3 0.5 15.6 0.4 8.0 0.1 – –
3 18.4 – 29.7 2.0 0.2 42.1 1.2 5.9 0.1 – 0.3

PEO–5 mM–10 min–SG Area 31.7 – 44.3 – 0.5 12.5 0.6 10.2 0.2 – –
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Figure 5e reveals that the sol–gel sealing forms a uniform layer (1.8 ± 0.5 μm) that
effectively fills the pores and cracks in the PEO layer. However, some surface defects,
primarily cracks resulting from dehydration of the sol–gel layer during curing, are observed.
These cracks are also visible in the cross-view (Figure 5f). The thickness of the PEO coating
decreased to 5.4 ± 0.5 μm due to the acidic conditions during sol–gel sealing. The overall
thickness of the PEO–SG system was 6.4 ± 0.2 μm. It is noteworthy that the inner barrier
layer of the PEO coating remains intact.

Micrographs of specimens with a sol–gel layer on top of a PEO layer post-treated with
8HQ are presented in Figure 5g,h. Similar to the observations on the PEO–SG surface, the
sol–gel layer fills the pores and cracks in the PEO layer; however, here, the Mg(8HQ)2
deposits emerge from the surface of sol–gel layer at certain points. Dehydration cracks in
the sol–gel layer are also noticeable. Once again, no Mg(8HQ)2 flaky deposits are observed
in the cross-view, but minor bulky precipitates are visible inside the pores. The overall
thickness increases to 8.2 ± 0.4 μm, with the sol–gel layer being thicker than in previous
cases (2.9 ± 0.2 μm). The sol–gel thickening is attributed to the increase in surface roughness
due to the presence of the Mg(8HQ)2 precipitates. It is noteworthy that the PEO layer
exhibits some dissolution (5.5 ± 0.7 μm), with the intermediate layer being less evident
than in the PEO and PEO–SG systems (see labels in Figure 5).

3.1.3. Corrosion Test: Immersion Tests

Figure 6 shows digital macrographs of the PEO–8HQ–SG specimens with an artificial
scribe after 14 days of immersion in a 0.5 wt.% NaCl solution, with PEO and PEO–SG
specimens included as references. The stand-alone PEO coating reveals corrosion across
the entire surface (Figure 6a), while the PEO–SG system demonstrates slightly improved
performance. Nevertheless, there are noticeable signs of corrosion adjacent to the scratch
and some localized damages away from it.

Figure 6. Surface appearance of (a) PEO, (b) PEO–SG, and (c–k) PEO–8HQ–SG scribed coatings after
14 days of immersion in a 0.5 wt.% NaCl solution at room temperature.

The PEO–8HQ–SG systems reveal significantly less corrosion damage than the refer-
ence coatings (Figure 6c–k), although the 5 mM 8HQ post-treatments show some corrosion
around the scratch. This aligns with the EIS results, where post-treatments with low 8HQ
concentration displayed a lower modulus of impedance after 24 h (e.g., PEO–5 mM–5 min–
SG; 1.1 × 106 Ω cm−2 vs. PEO–10 mM–5 min–SG; 5.1 × 106 Ω cm−2). The PEO–10 mM–
30 min–SG coating stands out as one of the best performers and was selected for further
characterization (Figure 6h). Therefore, these results suggest a positive effect of increasing
the 8HQ concentration. It is proposed here that the dissolution of Mg(8HQ)2 flakes and
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their redeposition in regions with high pH (above 7, [45]) provides a self-healing ability,
thereby enhancing the long-term corrosion resistance of the hybrid systems.

SEM/EDS results of the scribed systems after 14 days of immersion in 0.5 wt.%
NaCl are presented in Figure 7 and Table 5. PEO–10 mM–30 min–SG was selected as a
representative of PEO–8HQ–SG systems due to its superior corrosion performance.

 

Figure 7. SEM microscopy images of (a–d) PEO, (e–h) PEO–SG, and (i–l) PEO–10 mM–30 min–SG
scribed coatings after 14 days immersion test in 0.5 wt.% NaCl solution at room temperature.

Table 5. EDS analysis performed of the scribed PEO, PEO–SG and PEO–10 mM–30 min–SG coatings
after 14 days immersion in 0.5 wt.% NaCl (in at.%).

Sample Area
Elements

C O F Na Mg Al Si K

PEO
1 18.4 59.7 1.4 0.4 14.8 1.0 4.3 –
2 20.5 59.0 – 0.2 15.9 0.3 4.1 –

PEO–SG
1 22.2 47.0 0.1 0.5 28.3 0.9 1.0 –
2 19.9 58.5 0.3 0.7 12.0 0.6 8.0 –

PEO–10 mM–30 min–SG
1 32.1 26.7 0.3 0.2 39.2 0.8 0.7 –
2 11.5 64.7 – 0.1 22.3 0.3 0.1 0.8

The scratch in the PEO specimen shows voluminous corrosion products rich in O
and Mg (Figure 7a, Table 5). As illustrated in Figure 7b, typical PEO micropores are no
longer visible due to coating hydration, with some cracks formed as a consequence of
partial dehydration. The cross-sectional view reveals that the corrosion attack is quite
deep, especially at the centre of the defect where small pits are revealed (inset in Figure 7c).
The incorporation of F and Si in these corrosion products is noteworthy. These elements
can only be released from the PEO coating. It is believed that SiO3

2− anions originating
from the dissolution of the PEO coating combine with Mg2+ in the solution, forming
precipitates such as MgSiO3. Despite these self-repairing properties, the level of protection
is insufficient, and some of the non-scribed areas also display corrosion damage, indicating
failure of the inner barrier layer (Figure 7d).
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In comparison with the stand-alone PEO coating, the PEO–SG system shows a lesser
amount of corrosion products (Figure 7e–h). Corrosion products are primarily present at
the artificial defect and its surroundings, with the cracked appearance of the sol–gel layer
being particularly noticeable. The cross-sectional view of the defect (Figure 7g) reveals
a small amount of corrosion products within the scribe. The EDS analysis at the centre
of the scribe also shows some Si, which can originate from either the PEO coating or the
sol–gel layer.

The PEO–10 mM–30 min–SG demonstrates the best corrosion behaviour, as evidenced
by the shallow depth of the scratch (Figure 7i–l). The initial depth of the scratch is 20 ± 2 μm
and it reaches values of 49 ± 5 μm, 31 ± 2 μm and 22 ± 2 μm for PEO, PEO–SG, and
PEO–10 mM–30 min–SG, respectively, after 14 days of immersion. The presence of C and O
along with Mg in EDS area 1 may be indicative of the presence of Mg(8HQ)2 (Table 5).

3.1.4. Contact Angle

The contact angle measurements were conducted to evaluate the hydrophilicity/-phobicity
of the developed coatings (Table 6 and Figure S3). All the coatings show hydrophilic
behaviour with values below 66◦. Minor differences are observed between the PEO and
the sol–gel sealed samples. The inherent porosity of the PEO coating is strongly correlated
with the obtained contact angle value, and its tendency to hydrate also contributes to
this behaviour. The sol–gel layer significantly reduces the contribution of surface defects;
therefore, the hydrophobic character is mostly related to the chemistry of the sol–gel surface
rather than its roughness.

Table 6. Water contact angle measurements.

Sample Contact Angle (◦)

PEO 58 ± 3
PEO–SG 59 ± 0.4

PEO–5 mM–5 min–SG 63 ± 2
PEO–5 mM–10 min–SG 65.3 ± 0.9
PEO–5 mM–30 min–SG 59 ± 3
PEO–10 mM–5 min–SG 59.9 ± 0.9

PEO–10 mM–10 min–SG 58 ± 1
PEO–10 mM–30 min–SG 60.2 ± 0.5
PEO–100 mM–5 min–SG 59.9 ± 0.9

PEO–100 mM–10 min–SG 66 ± 3
PEO–100 mM–30 min–SG 58 ± 3

According to SEM and FTIR results, the PEO–8HQ–SG specimens should be more
hydrophilic due to the following two factors: (i) disrupted sol–gel layer in the presence of
Mg(8HQ)2 flakes; and (ii) a lower degree of sol–gel polymerization in the presence of 8HQ,
resulting in an increased number of hydrophilic silanol groups and, therefore, increased
hydrophilicity [27,62]. However, as shown in Table 6, the difference between specimens
with and without treatment is not significant.

3.2. Results on PEO/Sol–Gel(Inhibitor) Systems
3.2.1. Sol–Gel/8HQ Precursors

Sol–gel precursors with varying amounts of incorporated 8HQ corrosion inhibitor
were prepared for sealing the PEO coating on the AZ31 alloy. The PEO processing was
identical to that already described. Therefore, the inhibitor loading approach in this hybrid
PEO/sol–gel system differs from that of the previous section, where the inhibitor was
incorporated after PEO and before the sol–gel sealing.

The inhibitor was incorporated into the precursor by dissolving 8HQ in the aqueous
solution, constituting 58% of the sol–gel. Figure 8 depicts the rheological characterization
of the sol–gel precursors before polymerization. The shear rate increases with the shear
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stress with a constant slope for all cases, indicating Newtonian behaviour. The presence
of 8HQ causes a slight reduction in viscosity, with the 10 mM concentration yielding the
lowest values. The viscosity values in mPa·s were as follows: 3.87 ± 0.02, 3.74 ± 0.02,
3.74 ± 0.02, and 3.71 ± 0.02 for SG, SG–1 mM, SG–5 mM, and SG–10 mM, respectively.
These values suggest that the addition of 8HQ may slightly facilitate the penetration of the
sol–gel precursor into the PEO coating.
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Figure 8. Flow curves for various 8HQ concentrations in the sol–gel solutions.

Figure 9 presents the UV–visible spectra of the sol–gel solutions with and without
8HQ. It is important to note that a 10 times dilution in deionized water was used to avoid
detector saturation. The 8HQ (0.05 M) aqueous solution is included as a reference, showing
a saturated peak at 250 nm and an absorption maximum at 305 nm, characteristic of the
neutral prototropic species of 8HQ in water [38]. When 8HQ is incorporated into the
acidic sol–gel precursor (pH 2 after hydrolysis) a new broad band emerges at 358 nm,
corresponding to the lowest electronic transition of the acidic prototropic species of 8HQ
(both O and N are protonated). The intensity of this band is higher for the precursor with
the highest amount of 8HQ. Therefore, UV–Vis spectra confirm the presence of 8HQ in the
sol–gel precursor.

Figure 9. UV–Visible spectra of the sol–gel solutions for various concentrations of 8HQ corrosion
inhibitor.

The SG solution without the inhibitor exhibits an absorption maximum at 263 nm,
attributed here to electronic transitions of SiO2 [63] due to partial polymerization of the pre-
cursor. Specifically, the absorption band is related to non-bridging oxygen hole centres [64].
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3.2.2. Optimization of Sol–Gel Precursors Loaded with Inhibitor

Figure 10 depicts the impedance modulus of the examined coatings at 0.01 Hz in
0.5 wt.% NaCl up to 48 h of immersion, with reference impedance results for AZ31, PEO
and PEO–SG included. After 2h of immersion, PEO–SG–8HQ specimens exhibit a lower
impedance modulus than the inhibitor-free PEO–SG system. Notably, the impedance is
lowest for the highest 8HQ concentration (PEO–SG–10 mM), with decreasing values for
increasing 8HQ concentration in the sol–gel film. Despite this negative effect of 8HQ
incorporation, PEO–SG–1 mM and PEO–SG–5 mM specimens demonstrate improved
performance after 24 h (e.g., |Z| > 107 Ω cm2 for PEO–SG–1 mM).

Figure 10. Scatter diagram of impedance modulus at 0.01 Hz of the PEO–SG coatings with 1, 5, and
10 mM 8HQ in the sol–gel layer up to 24 h of immersion in 0.5 wt.% NaCl. The diagram also includes
the reference coatings (PEO and PEO–SG). An example of the Bode diagrams for one of the studied
PEO–SG–8HQ coatings is also presented.

These findings suggest that 8HQ has conflicting effects when integrated into the
sol–gel precursor. On one hand, it impedes sol–gel polymerization (see Section 3.2.3),
decreasing the barrier effect against the corrosive medium. On the other hand, when added
in a small concentration (1 mM), 8HQ significantly improves the impedance response after
extended immersion times. The positive effect is likely associated with the precipitation
of complexes formed between the 8HQ molecules released from the sol–gel layer and the
Mg2+ ions originating from the corroding substrate.

3.2.3. Coating Morphology and Composition

FTIR results of PEO–SG–8HQ systems are depicted in Figure 11 and Table 7, with the
spectrum of 8HQ powder included for reference. Si–O–Si bonds show their characteristic
signals at 1493–960 and 960–724 cm−1 [27]. Once again, the prominent band at ~1034 cm−1,
associated with asymmetric vibrations, signifies successful sol–gel polymerization. Com-
paratively, the presence of 8HQ results in less intense Si–O–Si signals, suggesting that 8HQ
has a detrimental effect on the polymerization process. Similarly, the band below 700 cm−1,
corresponding to Si–O–M bonds, is more intense for PEO–SG, indicating a better interaction
between the PEO and the inhibitor-free sol–gel layer. Note that bands corresponding to the
8HQ molecule are nearly invisible when incorporated into the sol–gel layer.
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Figure 11. FTIR spectra of PEO–SG–8HQ systems on AZ31 alloy. The spectra of PEO–SG coating and
8HQ powder are included for reference.

Table 7. Band assignments for the FTIR spectra presented in Figure 11.

Band Wave Number (cm−1) Assignation

3311 ν(OH) hydration of PEO
3150 stretching vibration for ν(OH) phenol
3049 aromatic ν(C–H) stretching
1625 ν(C=N) stretching
1579 ν(C=N) ring stretching vibration
1500 ν(C=C) stretching vibration

1471, 779 in-plane and out-of-plane deformations of CH2 and CH3 groups
1433 O–H plane bending

1274, 1246 ν(C–O) stretching vibrations
1165, 1138, 1093 N(C–N) stretching bands

1059, 1028 ν(N–O) stretching bands
974 –CH2 rocking

896, 866 ν(C–C) bending vibration
740, 707 ν(C–H) out-of-plane bending band
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Surface and cross-sectional SEM micrographs for the PEO–SG–1 mM specimen, rep-
resentative of the studied systems, are presented in Figure 12. Some cracks are evident
in the sol–gel layer (Figure 12a), but the porosity of the PEO layer is almost completely
sealed (Figure 12b). The thickness of the sol–gel film is 2.1 ± 0.7 μm, as measured with
the eddy current method, without significant influence from 8HQ. The EDS analysis of the
sol–gel layer is consistent with previous results, but there is a relatively high amount of C,
indicative of 8HQ incorporation in the sol–gel layer.

 
Figure 12. Scanning electron micrographs corresponding to the (a) planar and (b) cross-views of
PEO–SG–1 mM coated AZ31. Results of the local EDS surface analysis of the coatings (at.%) are: C
36.3, O 38.8, Na 0.3, M 9.9, Al 0.3, Si 13.4, and K 0.1. The marked yellow rectangle represents area of
EDS analysis.

3.2.4. Corrosion Test: Immersion Test

The surface appearance of PEO–SG–8HQ systems with an artificial scribe after 14 days
in 0.5 wt.% NaCl is presented in Figure 13. Overall, the specimens show much better
corrosion performance than PEO and PEO–SG (see Figure 6a,b). However, some small
corrosion spots are visible at the scratch for the PEO–SG–5 mM and PEO–SG–10 mM
specimens. Therefore, the addition of 8HQ into the sol–gel precursor improves the long-
term corrosion resistance of hybrid PEO/SG systems, although their performance is slightly
compromised when the concentration of 8HQ is above 1 mM.

Figure 13. Surface appearance of PEO–SG–8HQ scribed coatings after 14 days of immersion in
0.5 wt.% NaCl solution at room temperature. Arrows mark the location of corrosion spots.

The PEO–SG–1 mM specimen, which combines the highest |Z| value with best surface
appearance after the scribe test, was selected for SEM/EDS examination (Figure 14 and
Table 8). As shown in the plan-view, the scribe shows some corrosion products and there is
cracking of the sol–gel layer, attributed to water permeation and hydrolysis of the Si–O–Si
bonds [65]. (Figure 14a,b). However, the depth of the attack is significantly less than that of
the inhibitor-free systems (PEO, PEO–SG in Figure 14), being very similar to the original
depth of the defect (~20 μm, Figure 14c). In the regions away from the scratch, it can be seen
that the cracks penetrate the entire sol–gel thickness, although the PEO coating remains
relatively unaffected, with only some signs of hydration (Figure 14d).
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Figure 14. SEM microscopy images of PEO–SG–1mM scribed coatings after immersion in 0.5 wt.%
NaCl solution at room temperature for 14 days. (a,b) General view and detail of the scribe. (c) Cross-
section of the scribe and (d) cross-section away from the scribe.

Table 8. EDS analysis performed of the scribed PEO–SG–1 mM coating after 14 days immersion in
0.5 wt.% NaCl (in at.%). See Figure 14 for locations.

Spectrum
Elements

C O F Na Mg Al Si Cl

1 15.6 60.0 1.2 0.1 21.5 0.5 0.8 0.3
2 24.2 53.7 0.8 0.3 13.4 0.2 7.4 –

EDS analysis on the scribe’s surface shows a relatively high level of O, suggesting the
formation of magnesium hydroxide as the main corrosion product. There is also some Si
and F, which can originate from chemical dissolution of the PEO and/or sol–gel films (in
case of Si), and C, although no Mg(8HQ)2 flakes were detected on the surface of the scratch.

4. Discussion

PEO coatings are known to be susceptible to corrosion in saline environments due
to the limited protection provided by MgO and the absence of self-healing ability. To
address this drawback, various strategies have been employed to incorporate inhibitors
into PEO coatings. This study explores two approaches: inhibitor impregnation of the PEO
layer before sol–gel sealing and the modification of the sol–gel precursor with the organic
inhibitor 8HQ. The selection of 8HQ was made following an initial screening process using
EIS tests.

The inhibitory effect of 8HQ is linked to the formation of insoluble metal chelates on the
surface [29]. This mechanism has been demonstrated on materials such as aluminium [65]
and copper [37]. On magnesium surfaces, Mg(8HQ)2 precipitates in alkaline solutions in
the form of large flakes [45]. In the present study, these flakes were clearly visible on the
surface of AZ31 alloy after a 14-day immersion in a 0.5 wt.% NaCl solution containing
0.05 M 8HQ. A recent study by Vaghefinazari et al. [45] also highlighted the formation of
Mg(8HQ)2 flakes on the surface of a PEO-coated AZ21 alloy, leading to improved corrosion
resistance. Precisely, in the present work, the immersion post-treatment approach was
successfully applied to incorporate 8HQ into the so-called hybrid PEO–8HQ–SG systems.

The second approach for incorporating 8HQ, denoted as PEO–SG–8HQ, aligns with
findings from earlier studies [29], where sol–gel formulations doped with 8HQ demon-
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strated enhanced corrosion resistance on AZ31. The innovation in this study lies in the
combination of the barrier properties of the PEO layer, the sealing effect of the sol–gel,
and the active protection imparted by the 8HQ inhibitor. In this context, 8HQ is proposed
to function through a release–precipitation mechanism, effectively impeding corrosion in
areas where damage has occurred.

In the present study, a comparison between the PEO–8HQ–SG and PEO–SG–8HQ
strategies revealed that, irrespective of the approach, the incorporation of 8HQ improved
the long-term corrosion resistance. This effect was particularly evident in scribed specimens,
indicating an active protection mechanism in the presence of 8HQ. Both PEO–8HQ–SG
and PEO–SG–8HQ systems demonstrated similar outcomes, displaying minimal corrosion
depth at the scratch site after 14 days of immersion in 0.5 wt.% NaCl. The influence of
variables such as inhibitor post-treatment time and 8HQ concentration did not exhibit a
clear trend. Nonetheless, the PEO–100 mM–30 min–SG and PEO–SG–1 mM configurations
emerged as among the top performers, considering EIS results and corrosion tests with
scribed specimens. Additional research is needed to identify the advantages and disadvan-
tages of the strategies under study. Specifically, the assessment should include parameters
such as inhibitor release rate, compatibility with paints and inhibitor effectiveness when
employed in conjunction with alternative sol–gel formulations.

Figure 15 shows the schematics illustrating the proposed protection mechanisms for
the developed hybrid systems. In the case of the PEO–8HQ–SG combination, obtained
through immersion post-treatment in an 8HQ solution followed by sol–gel sealing, a
composite structure is formed, with flakes of Mg(8HQ)2 embedded in the sol–gel matrix and
protruding at certain locations (Figure 15a). These areas exhibit greater heterogeneity and
show the presence of small cracks. On the other hand, the PEO–SG–8HQ combination does
not exhibit Mg(8HQ)2 flakes (Figure 15b). However, UV–visible and FTIR spectra provided
sufficient evidence of successful incorporation of 8HQ into the sol–gel film. Remarkably,
FTIR results indicated a lower degree of sol–gel polymerization and interaction between
the sol–gel layer and the PEO coating when 8HQ was added to the precursor.

 

Figure 15. Schematic illustration of the corrosion mechanism for scratched (a) PEO–8HQ–SG and (b)
PEO–SG–8HQ coatings on AZ31 Mg alloy.
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In light of the findings from this study, when mechanical damage occurs in PEO–8HQ–
SG and PEO–SG–8HQ systems, the following steps are likely to take place:

1. Corrosion occurs at the location of the scribe with liberation of Mg2+ ions.

Mg(s) → Mg2+(aq) + 2e–

2. Water uptake and hydrolysis of the Si–O–Si bonds causes cracking of the sol–gel layer
and Si release [66].

SiO2(s) + 2H2O(l) → Si(OH)4(aq)

3. Chemical dissolution of the PEO coating with liberation of SiO3
2−, Mg2+, and F− ions

occurs when acidic pH of the sol–gel solution penetrates across pores of the layer.
Some dissolution is also expected to occur in the damaged regions next to the scratch.
This chemical dissolution process is well documented in the literature [67,68].

MgO(s) + 2H+(aq) → Mg2+(aq) + H2O(l)

Mg2SiO4(s) + 4H+(aq) → 2Mg2+(aq) + SiO3
2–(aq) + H2O(l)

4. In neutral or slightly acidic conditions, 8HQ− ions are released from the Mg(8HQ)2
flakes [29] in the PEO–8HQ–SG system and from the bulk of the sol–gel layer [69] in
the PEO–SG–8HQ system. Subsequently, as the pH increases over the cathodic regions
due to the water reduction reaction, 8HQ− combines with Mg2+ and precipitates as
Mg(8HQ)2. These precipitates remain insoluble under the highly alkaline conditions
developed in the scratch region [45,70].

5. The combination of Mg2+ with other species in the solution (SiO3
2−, F−, OH−) leads

to the formation of additional precipitates, further contributing to the delay of the
corrosion attack. This precipitation is more prominent at the location of the scratch
due to a higher amount of Mg2+ ions and confinement of the solution. EDS analyses
in this study have demonstrated the presence of Si and F on the surface of the scribe.
However, additional studies are required to confirm the precipitation of Mg(8HQ)2 in
the damaged areas, for example, through testing for longer immersion times.

5. Conclusions

Key conclusions drawn from the investigation into inhibitor loading on PEO/sol–gel
systems include:

• Hydrogen evolution tests identified 8HQ as the most effective organic corrosion
inhibitor for the AZ31 alloy in a saline solution, operating through the formation of
insoluble Mg(8HQ)2 flakes.

• Successful incorporation of 8HQ inhibitor species into hybrid PEO/sol–gel systems
was achieved through two strategies: (i) inhibitor post-treatment before sol–gel sealing
(PEO–8HQ–SG); (ii) inhibitor loading into the sol–gel precursor (PEO–SG–8HQ).

• The PEO–8HQ–SG system exhibited a composite structure with embedded Mg(8HQ)2
flakes in the SG film, while the PEO–SG–8HQ incorporated 8HQ into its structure,
albeit with a reduction in the cross–linking of the sol–gel layer.

• Both PEO–8HQ–SG and PEO–SG–8HQ systems demonstrated comparable results,
displaying minimal depth of corrosion attack at the scratch location after 14 days of
immersion in 0.5 wt.% NaCl. This improvement primarily stemmed from an active
protection mechanism involving the release and precipitation of 8HQ species and
other species (SiO3

2−, F−).
• Notably, the PEO–10 mM–30 min–SG and PEO–SG–1 mM coatings emerged as top

performers in the tests involving EIS and immersion with scribed specimens.

132



Coatings 2024, 14, 84

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings14010084/s1. Table S1: Kinetic laws, with and without
inhibitor, calculated from hydrogen measurements. Table S2: Results of the local EDS surface analysis
of the coatings (at.%). Figure S1: Volume of hydrogen evolved from the cathodic reaction during
immersion in 0.5 wt.% NaCl solution and surface appearance of the exposed area after the test.
Figure S2: (a) Surface morphology of bare AZ31 exposed to 0.5 wt.% NaCl containing 8HQ after
14 days. A higher magnification view of the flakes is presented in (b). Marked areas corresponds
to the EDS analysis collected in Table S2. Figure S3: Water contact angle measurements: (a) PEO,
(b) PEO–SG, and (c–k) PEO–8HQ–SG.
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Abstract: In this study, the influence of cathodic polarization on the plasma electrolytic oxidation
(PEO) behaviors of pure magnesium and AZ31 and AZ91 magnesium alloys with varied Al alloying
contents was systematically examined in a dilute alkaline silicate electrolyte by adjusting the cathodic-
to-anodic current density ratio (R = jc/ja) from 0 to 3.2. The results show that moderate cathodic
polarization (R = 0.6) led to the thickest coatings on the Mg and Mg alloys, and the coatings grew
in an outward-and-inward mode compared with the inward growth at R = 0. Excessive cathodic
polarization (high R ratios) differently influenced the PEO behaviors of the magnesium alloys. For
the pure magnesium and AZ31 alloy, the coatings blistered or peeled off when the R ≥ 0.9. However,
the tolerance to cathodic polarization was significantly improved for the AZ91 Mg alloy. The coatings
were undamaged even with the highest R ratio of 3.2, and their compactness was further improved
as the R ratio increased to 0.9 and 1.2. An increase in cathodic polarization led to a reduction in the
anodic potential and spark softening but did not result in an improvement in the coating quality.
Optical emission spectroscopy identified two spectral lines at 559.79 and 570.11 nm, which are
assigned to the Mg species but not found in databases or the literature. The corrosion and wear
resistance of the PEO coatings were also investigated. The coating formed on the AZ91 magnesium
alloy at R = 1.2 displayed the narrowest wear track due to its high compactness.

Keywords: plasma electrolyte oxidation; Mg and Mg alloys; cathodic polarization; soft sparking; wear

1. Introduction

Magnesium (Mg) and magnesium alloys, as the lightest structural materials, have
many advantages, including light weight, high stiffness and strength, excellent dimensional
stability, good electromagnetic shielding and damping characteristics [1–3]. For decades, a
lot of research work has been devoted to magnesium and its alloys, aimed at improving
their roles in engineering applications [4–7]. However, the low hardness and high chem-
ical activity of magnesium and its alloys seriously limit their wide-spread applications,
especially in aggressive environments. Surface treatment is one of the effective methods
to improve the surface properties of magnesium alloys. Plasma electrolytic oxidation
(PEO) technology is an advanced surface treatment technology that was developed from
traditional anodization [8,9]. By using this technology, metals and their alloys, such as
Al [10], Mg [11–13], Ti [14,15], Zr [16], Ta [17] and Cu [18,19], can grow a layer of oxide
ceramic coating on the surface. These coatings have strong bonding with the substrate,
good wear and corrosion resistance, thermal stability and high hardness [8,9].

Unlike conventional anodization, which has a simple electrochemical mechanism that
involves the migration of anions and cations to form a film [20–22], PEO works at potentials
above the breakdown potential of the oxide coating, resulting in the occurrence of plasma
discharges, which trigger complex physical–chemical processes other than electrochemical
reactions, including the plasma chemical process, thermal process and sintering [23–26].
Hussein et al. [27] described the growth of magnesium alloy PEO coatings as a process in
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which dielectric breakdown occurs at the weak point of the oxide, and then the molten
oxide is ejected from the coating/substrate interface, rapidly solidified and recrystallized
when it reaches the coating/electrolyte interface. Such repeated steps form a thick coating
with complex compounds. However, Zhu et al. [28] found that a slow growth process
controlled by an ion migration mechanism helps the formation of the barrier layer in
the PEO of pure aluminum. PEO discharges are normally accompanied by the release
of large amounts of gases, which inevitably cause pores and various defects within the
coatings [29–33].

The introduction of cathodic polarization (such as AC, bipolar pulses) can improve
the homogeneity, thickness and quality of PEO coatings [34–36]. In particular, when the
ratio of the cathodic-to-anodic current or charge (R = jc/ja or R = Qc/Qa) is greater than 1, a
so-called “soft sparking” PEO regime will be triggered for aluminum and its alloys [37–39].
The soft sparking occurs after the coating has grown to a certain thickness and is normally
manifested by an obvious drop in the anodic potential and decreases in the acoustic sound
emissions and micro-discharge size [34,37,39]. The occurrence of soft sparks can result in a
faster coating growth rate, fewer defects and higher uniformity [34].

The mechanisms of cathodic polarization and soft sparking are very complex and
are still the key research topics in PEO. Yerokhin et al. reported that the main role of
cathodic polarization is to interrupt the continuous anode discharge, and to provide a gas
environment for plasma discharge and the possible cathodic-discharge phenomenon [26].
Sah et al. [40,41] proposed that cathodic polarization can randomize the position of the
subsequent anodic breakdown, avoiding repeated breakdowns at the same position and
the formation of large discharge channels. Hussein et al. [35] believe that the application of
cathodic currents can weaken the strong plasma discharges. Cheng et al. [36] think that
cathodic hydrogen evolution can promote the transport of electrolyte ions to the electrode
surface, thereby facilitating the formation of uniform and thick coatings.

The explanation for the phenomenon of soft sparking is more complex. Regarding
the drop in the anodic potential in the soft-sparking state, Gębarowski and Pietrzyk con-
sidered that it is due to the large amount of hydrogen evolution in the cathodic stage,
which destroys the barrier layer [38]. Rogov et al. [42] proposed the local acidification
hypothesis and the “active zone” theory to explain the related phenomena of the soft-
sparking process. They believe that once the oxide coating reaches a certain thickness,
localized acidification eliminates voltage barriers at the oxide coating/electrolyte interface,
resulting in a drop in the anodic potential. Martin et al. [43] found that increased cathodic
polarization leads to delayed spark discharges, and they thus propose a mechanism of
electrical-charge accumulation. Martin et al. [43] and Cheng et al. [39] found that there is
an optimum cathodic-to-anodic current or charge ratio (R) for the soft-sparking effect in
aluminum alloys, with a value of approximately R = 1.2. Beyond this ratio, the coatings
become thinner or even cannot form [39,43]. Interestingly, Cheng et al. showed that the
anodic potential does not necessarily decrease under the optimum R value [39]. In ad-
dition, He et al. [44] demonstrate that the internal temperature of the coating under the
condition of soft sparking is higher than those under conventional discharges, leading to
the formation of more alpha alumina phase and black copper (II) oxide. The reason is that
the amorphous outer layer formed under soft sparking and the amorphous barrier layer
at the oxide/substrate interface can effectively prevent the heat from escaping out of the
coating system. In addition, Martin et al. also found that increasing the anodic current
density and frequency is beneficial for establishing an earlier soft-sparking state [45]. A
recent study found that adding carbon nanotubes to the electrolyte can also lead to the
earlier occurrence of soft sparking [46].

The research on the phenomenon of soft sparking mainly focuses on Al and its alloys.
Due to the advantages of soft sparking on Al alloys, people have also strived to achieve
the soft-sparking effect on other metals. However, the research on soft sparking on other
metals is not satisfactory and has not achieved similar effects to those of Al alloys [35,47–50].
Rogov et al. [42] found that the relatively consistent soft-sparking phenomenon will appear
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in those metals forming insulating oxide on the surface, such as Mg, Al, Zr and Ta, while
the typical anodic-potential drop of soft sparking will not appear in those metals forming
the semiconductor oxide, such as Ti and Nb, but a certain degree of spark softening can also
be observed on these metals. At present, there are also a few literature works dedicated to
achieving soft sparking on Mg. Tjiang et al. [47] triggered soft sparking on pure magnesium
in a solution containing zirconium K2ZrF6 at R = ~1.16, resulting in a PEO coating with
fewer pores and a relatively dense structure. However, there were still cracks and pores
in the coating. Arrabal [50] studied different types of magnesium alloys at R = ~1.2 and
found that the occurrence time of the soft sparking depends on the type of magnesium alloy
matrix, and defects in the coating are improved. However, the densification of the inner
layer on the Mg alloy surface has not been completed. Maryam [51,52] triggered the soft
sparking of an AZ31 magnesium alloy by changing the cathodic duty cycle, resulting in a
coating with good wear and corrosion resistance. Pan et al. [53] and Gao et al. [54] indicated
that hydrogen evolution via the appropriate cathodic current promotes ion diffusion and
exchange, but excessive cathodic current can hinder the movement of the required anions
in the coating, and a large amount of hydrogen can even damage the integrity of the coating.
In addition, the PEO coatings of magnesium and magnesium alloys obtained under the
aforementioned soft sparking still have some pores and are not dense compared to the effect
of soft sparking on aluminum alloys. Even if pure magnesium is in a soft-sparking state,
the coating will peel off after 60 min, as confirmed by Tjiang [47]. This also indicates that
there is a difference in the growth of oxide coatings between magnesium and aluminum in
the soft-sparking state.

Surveying the PEO literature on Mg-based alloys, Tsai [55] found that the strategy of
softened plasma works best on the coatings on Mg alloys when the electrolytic solution
contains a substantial amount of aluminate, commonly NaAlO2. Therefore, the authors
believe that researchers essentially resort to the rectifying aluminum oxide on Mg-based
metals in replicating soft sparking and its associated dense inner layer. For the electrolytic
solutions without aluminate, Tsai thought that the cathodic component in the waveform
is ineffective in obtaining a dense inner layer by citing several works on the PEO of Mg
alloys [56–59].

In this work, the PEO behaviors of pure magnesium and AZ31 and AZ91 magnesium
alloys were systematically studied at different R ratios in a typical silicate solution, which
is used in the study of the soft-sparking phenomenon on Al alloy. The Al contents of these
three alloys increased sequentially, which can be used to investigate the effect of the Al
content on the PEO behavior of Mg substrate.

2. Experimental

2.1. Materials

Samples with a dimension of 10 mm × 20 mm × 4 mm were cut from the rolled plates
of pure magnesium (Mg 99 wt.%) and AZ31 magnesium alloy (nominal composition in
wt.%: Al 3%, Zn 1%, Mn 0.2% and Mg balance). Samples of the same dimension for the
AZ91 magnesium alloy (nominal composition in wt.%: Al 9%, Zn 1%, Mn 0.2% and Mg
balance) were cut from an extruded rod with a diameter of 27 mm. Each specimen was
then connected with a copper wire and mounted with resin, leaving a working area of
10 mm × 20 mm. The working surface of each specimen was successively ground to a
2000-grit SiC finish, degreased in ethanol, rinsed in distilled water and dried in a stream of
warm air.

2.2. PEO

PEO was carried out in a 1 L glass cell equipped with mechanical stirring and a water-
cooling system. The temperature of the cooling water was set at 20 ◦C. The electrolyte was
5 g L−1 Na2SiO3·9H2O + 1 g L−1 KOH, which was prepared by dissolving analytical-grade
chemicals (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) in distilled water.
During the PEO process, the anode was the magnesium samples, and the cathode was a
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large stainless-steel plate. The power supply was a 5 KW pulse electrical source (MAO-5D,
Pulsetech Electrical Co., Ltd., Chengdu, China). The duty cycle of the waveform was 20%
and the frequency was 100 Hz. An oscilloscope (Tektronix TDS 1002C-SC) was used to
monitor the current waveforms during PEO. The applied average anodic current density
was 0.172 A cm−2, and the average cathodic current densities were kept at 0, 0.103, 0.155,
0.206, 0.275 and 0.550 A cm−2, constituting cathodic-to-anodic current density ratios (Rs) of
0, 0.6, 0.9, 1.2, 1.6 and 3.2, respectively.

2.3. Characterization

Real-time imaging and optical emission spectroscopy (OES) were employed to investi-
gate the plasma discharges during PEO. A digital camera (Canon Powershot G5) was used
to record the plasma discharges and the appearance of the PEO coatings. The thicknesses
of the coatings were measured by using an eddy-current thickness gauge (TT260, Times
Group, Beijing, China). The OES spectra were acquired using a spectrometer (Ocean Optics,
HR4000) in the wavelength range of 250–710 nm. The system for the spectrum collection
was placed outside of the quartz window of the glass vessel, with the distance between the
collimating lens and the specimen fixed at ~10 mm. An integration time of 2 s was adopted
to record the light emissions in this study. Atomic and ionic lines in the collected spectra
were identified using the NIST online spectral database [60].

The corrosion resistances of the substrates and PEO coatings were evaluated via polar-
ization curves. Polarization curves were produced using an electrochemical workstation
(CHI660C). The corrosive medium was a 3.5 wt.% NaCl solution. The configuration of a
3-electrode system was employed. The working electrode was the samples with exposed
areas of 2 cm2, the counter electrode was a large platinum plate and the reference elec-
trode was a saturated calomel electrode (SCE). To eliminate the influence of the crevices
between the specimen edges and mounting resin on the measured polarization curves, the
edges of all the samples were sealed with paraffin. Prior to the polarization curves, the
open-circuit potential (OCP) was recorded for 1800 s in order to obtain a stable state. The
polarization curves were recorded between −0.5 V and +1.5 V with reference to the OCP,
using a scanning rate of 1 mV/s.

A field-emission scanning electron microscope (SEM) (QUANTA FEG 250) with energy-
dispersive X-ray spectroscopy (EDS) was used to examine the morphologies and composi-
tions of the coatings. The cross sections of the coatings were observed via the conventional
mounting and polishing method. All samples were sputtered with platinum or gold for
180 s before SEM.

In order to investigate the growth mechanism of the coating, a small piece of rectangu-
lar magnesium metal was encapsulated together with the aforementioned
10 mm × 20 mm × 4 mm pure magnesium specimen with epoxy resin. The small piece
of magnesium was very close to the pure magnesium specimen but was kept insulated
from it. The two were then polished to the same plane with 5000-grit SiC paper. After that,
the small piece of magnesium was protected by 704 silicon rubber. Subsequently, the pure
magnesium specimen was subjected to PEO treatment. A cross section of the specimen was
prepared to observe the relative position of the PEO coating to the original surface (the
protected magnesium piece) under SEM.

A Rigaku D/max 2500 X-ray diffractometer (XRD) (Cu Kα radiation, 40 kV, 250 mA)
was used to detect the phase compositions of the coatings. The scanning range is 10–80◦ in
2θ and the scanning rate is 4◦/min.

The friction performances of the substrates and coatings were analyzed via dry sliding
wear tests. For the pure magnesium and AZ31 alloy, PEO coatings formed under R = 0
and R = 0.6 for 2400 s were tested. Coatings formed under R = 0, 0.6 and 1.2 for 2400 s
were tested for the AZ91 magnesium alloy. Tests were performed on the HT1000 friction
and wear tribometer (Zhongke Kaihua Technology Co., Ltd., Lanzhou, China). The load
is 5 N, and the counter material is a Cr steel ball with a diameter of 4 mm and a hardness
value of 62 HRC. The wear radius was set to 2 mm, the rotation speed was 318 rpm and the
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sliding time was 1200 s. After the wear tests, the cross-section profiles of the wear scars
were examined via the probe attached to an SFT-2M pin-disc-friction and wear-testing
instrument (Zhongke Kaihua Technology Co., Ltd., Lanzhou, China). Wear rates were
calculated by dividing the calculated wear volume losses by the total sliding distance
and load.

3. Results

3.1. Cell Potential–Time Responses

Figure 1 shows the cell potential–time responses of the pure magnesium and AZ31
and AZ 91 magnesium alloys during PEO under R ratios from 0 to 3.2 for 2400 s. In the
initial period, the anodic potential of the pure magnesium at different R values rapidly
increased at a nearly linear rate to ~500 V. Then, the rising rate of the anodic potential
was significantly reduced, accompanied by the appearance of sparks. However, in the
subsequent PEO stage, there were differences in the cell potential–time curves for different
R values. The anodic potentials of R = 0 and R = 0.6 increased slowly to the final values
of 577 V and 631 V at 2400 s, respectively. During most of the PEO period, the potential
at R = 0.6 remained higher than that at R = 0. However, the potential at R = 0.9 did not
rise continuously. At the PEO time of 760 s, the potential at R = 0.9 suddenly decreased
from ~571 V to ~224 V, accompanied by a weakening of the plasma discharges. Afterwards,
the potential remained at relatively low values (~200 V), with fluctuations being observed,
and this stage lasted for ~385 s. At ~1145 s, the anodic potential rose again, reaching 524
V at 1242 s, accompanied by the reappearance of strong sparks. Afterwards, the potential
decreased again at ~1857 s. Visual observation showed that the decrease in the potential
was due to the destruction of the coating. However, after the coating was completely
detached from the sample, strong sparks reappeared and the potential rose again. The cell
potential–time responses of the pure magnesium at higher R values were similar to that at
R = 0.9, except for an earlier decrease at greater R values. In addition, the cell potential at
R = 1.6 did not show recoveries after the potential dropped.
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Figure 1. Cell potential–time curves during PEO of the three different metals under different R values:
(a) pure magnesium; (b) AZ31 magnesium alloy; (c) AZ91 magnesium alloy.

The cell potential–time responses at different R values for the AZ31 magnesium alloy
were similar to those of the pure magnesium. The anodic potential at R = 0.6 was higher
than that at R = 0, with final values of 637 V and 616 V at 2400 s, respectively. When the
R ≥ 0.9, the potential of the AZ31 magnesium alloy underwent a sudden drop or multiple
drop-and-rise cycles at the later stage of the PEO treatment.

Unlike the pure magnesium and AZ31 magnesium alloy, the cell potential–time re-
sponses of the AZ91 magnesium alloy did not show a decrease in the anodic potential at
R = 0.9. At the termination of the PEO, the anodic-potential values were 585 V (R = 0), 641 V
(R = 0.6) and 616 V (R = 0.9) at 2400 s, respectively. When R ≥ 1.2, the AZ91 magnesium
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alloy also experienced a decrease in the anodic potential, but there was no oscillation in the
anodic potential.

The amplitudes of the cathodic potentials were much lower than those of the positive
ones. In R values ranging from 0.6 to 3.2, the cathodic potentials of the three samples were
normally lower than −250 V. The cathodic potentials were usually more negative at higher
R values.

3.2. Real-Time Imaging of Sparks

Figure 2 shows the plasma discharges of the pure magnesium and AZ91 magnesium
alloy at different R values during the PEO process. The images were recorded at an exposure
time of 1/100 s. When the pure magnesium was treated without cathodic polarization
(R = 0), numerous small sparks were seen on the metal surface during the initial stage, such
as at 46 s. The number of sparks decreased but their intensity increased with time, as shown
by the image at 534 s. However, after 534 s, the sparks were basically kept in a similar state.
The increase in the spark intensity was usually accompanied by louder acoustic emissions,
and a few green sparks could be observed. The green sparks may have been related to the
excitation of the Mg in the plasma. The discharging behavior of the pure magnesium at
R = 0.6 was similar to that at R = 0, but, in the later stage of the PEO, the sizes of the sparks
were significantly larger than those in the condition without cathodic polarization. At the
further increased cathodic polarization of R = 1.2, the initial sparks of the pure magnesium
at 134 s were similar to those at R = 0 and 0.6. However, the spark intensity weakened at
448 s, accompanied by the drop in the anodic potential to ~490 V, despite a few large sparks
at the right-hand edge of the sample. The anodic potential further dropped to 198 V at
778 s, with the near extinguishment of the sparks. At this moment, it was observed with
the naked eye that the coating almost peeled off from the surface. However, the potential
rose again after the coating was completely peeled off, and strong sparks occurred again,
as shown by the image at 1271 s. At 2400 s, the potential dropped again, accompanied by a
decrease in the spark intensity, as the formed coating underwent another flaking-off and
growth cycle.

Figure 2. Plasma discharges recorded by the digital camera at different stages of PEO for pure
magnesium and AZ91 magnesium alloy under different R ratios. The exposure time of the camera
was 1/100 s. For some images under R = 1.2, the anodic and cathodic potentials are also indicated.
The size of the samples is 10 mm × 20 mm.

The relationship between the spark discharges and R ratio for the AZ31 magnesium
alloy was largely similar to that of the pure magnesium; thus, the plasma discharges of the
AZ31 alloy are not shown here. The AZ91 magnesium alloy did not exhibit a potential drop
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until R = 0.9, and the discharging behavior was similar to that of the pure magnesium at R
values of 0 or 0.6. Figure 2 only includes the discharges under R = 1.2 for the AZ91 alloy.
The plasma discharges intensified from 0 to 786 s, as was the case for the pure magnesium
at R = 0.6. However, the plasma discharges drastically weakened at 906 s and 2400 s,
accompanied by the decrease in the anodic potential.

3.3. OES

Figure 3 shows the OES spectra recorded at 600 s for the pure magnesium and AZ31
and AZ91 magnesium alloys at R = 0 and R = 0.6. The results indicate that, in the sodium
silicate solution, the strongest emission lines collected for the pure magnesium at R = 0
were the Na I lines at 588.99 and 589.59 nm. Characteristic emission lines of other elements
from the electrolyte, such as O II and Há, Hâ and OH, were also present on the spectrum.
In addition, multiple spectral lines of Mg, which came from the substrate, were recorded.
It is worth noting that we attribute the two spectral lines at 559.79 and 570.11 nm to Mg.
However, databases and the literature do not show the presence of spectral lines at the two
positions for species of Mg. The assignment to the Mg lines is based on our deduction. We
collected the emission spectra of pure Al in the same solution, showing the absence of the
two spectral lines. Therefore, it can be ruled out that these two spectral lines came from the
electrolyte. As a result, we can only attribute the two spectral lines to the substrate metal
(Mg) at present. The spectral lines collected for the pure magnesium at R = 0.6 are almost
identical to those at R = 0.
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Figure 3. OES spectra recorded at 600 s for PEO of Mg and AZ31 and AZ91 magnesium alloys at
R = 0 and R = 0.6.
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The emission spectra for the AZ31 and AZ91 magnesium alloys at R = 0 and R = 0.6
are almost the same as that of the pure magnesium. The only difference is that the AZ91
magnesium alloy had weak Al I doublet peaks at 394.4 and 396.1 nm at R = 0, which had
even lower intensities at R = 0.6. The results of this experiment showed that the OES spectra
were not sensitive to the alloying element of Al.

3.4. Macroscopic Appearances

The appearances of PEO coatings on the pure magnesium and AZ31 and AZ91 mag-
nesium alloys at different R ratios and treatment times, taken by a digital camera, are
displayed in Figure 4. When there was no cathodic polarization (i.e., R = 0), many pits were
observed on the surface of the PEO coating of pure magnesium after 600 s. The density
of the pits was relatively high at the edge of the sample, and, over time, they gradually
extended towards the center. When cathodic current was applied, such as at R = 0.6, the
surface porosity of the coatings decreased significantly compared to that at R = 0. Further
increasing the cathodic polarization to R = 0.9 led to more compact coatings in the early
PEO stages. However, long-term-coating surfaces may experience blistering, detachment
and re-oxidation. The coating at 1200 s was grown via the secondary oxidation of the
pure magnesium after the preliminary coating was completely detached, and the coating
at 2400 s once again exhibited blistering on the surface. At R = 1.2, the PEO coatings on
the pure magnesium blistered, broke and oxidized again, just like the behavior at R = 0.9.
However, the time to blistering was significantly shortened (see the image at 600 s for
R = 1.2).

The performance of the AZ31 magnesium alloy under different R ratios was basically
consistent with that of the pure magnesium. Uniform and dense coatings were formed only
at R = 0.6. Further increasing the cathodic polarization resulted in blistering, cracking and
re-oxidation.

The PEO of the AZ91 magnesium alloy showed numerous pits on the coatings at R = 0,
which were similar to those on the pure magnesium and AZ31 alloy. The coatings formed
on the AZ91 alloy at R = 0.6 also improved in uniformity. However, the AZ91 magnesium
alloy responded differently to cathodic polarization at higher R ratios. The coatings formed
under higher R ratios did not exhibit blistering or detachment as those in the first two
alloys. The appearances of the coatings grown on the alloys under the highest R value of
3.2 are shown in Figure 4. No significant damage to the coatings was found throughout
any of the entire PEO process.

3.5. Coating Thickness

Figure 5 shows the relationship between the coating thickness and time during the
PEO of the pure magnesium and AZ31 and AZ91 magnesium alloys. Overall, for the three
samples, the maximum thicknesses at 2400 s under R = 0.6 were 106.4, 109.5 and 124.2 μm,
respectively. However, the PEO of the pure magnesium and magnesium alloys without
cathodic polarization showed significantly reduced thicknesses at 2400 s, being 45.6, 94.2
and 67.1 μm, respectively. Therefore, the application of cathodic polarization at R = 0.6
significantly increased the thicknesses of the coatings. The thickness data on the pure
magnesium and AZ31 magnesium alloy are absent at long times, due to the damage of the
coatings. However, the thickness data for the AZ91 magnesium alloy are complete, as the
coatings were not damaged in this case. In an R range from 0.6 to 1.2, the thickness of the
coatings on the AZ91 alloy at a specific time was higher than that under R = 0. However,
the coating thicknesses obtained at too-high R values (1.6 and 3.2) were smaller than those
of the coatings formed under R = 0.
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Figure 4. The appearances of pure magnesium and AZ31 and AZ91 magnesium alloys after being
PEO-treated for different times under different R ratios. The size of the samples is 10 mm × 20 mm.
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Figure 5. Thicknesses (eddy-current method) as a function of time for the PEO coatings formed under
different R ratios on (a) pure magnesium and (c) AZ31 and (e) AZ91 magnesium alloys. (b,d,f) are
the boxed regions in (a,c,e), respectively.

3.6. SEM Morphology

Figure 6 shows the surfaces of the coatings formed for 600 s at different R values on
the pure magnesium and AZ31 and AZ91 magnesium alloys. It can be seen that at 600 s,
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the oxide coatings of the pure magnesium and AZ31 and AZ91 magnesium alloys exhibited
similar morphologies in most conditions, with irregular or pancake-shaped solidified
oxides distributed on the coating surfaces, and there were also many circular or irregular
pores on the surfaces. Points A and B in Figure 6a belong to the PEO coating of the pure
magnesium formed under R = 0, and they represent the flat areas around a discharging
pore and nodular feature, respectively. EDS analysis shows that point A has a composition
of 34.3 wt% O, 48.4 wt% Mg and 15.6 wt% Si, whereas point B consists of 40.9 wt% O,
33.1 wt% Mg, 23.3 wt% Si and 1.5 wt% K. Therefore, the nodular feature (point B) has a
higher Si content from the electrolyte than that of point A near the large pore. The high Mg
content of point A indicates that the flat areas around the discharge pores are formed by
the penetrating discharges from the substrate [5]. Due to the high cathodic polarization
(R = 1.2), the coating on the pure magnesium was damaged, as can be seen in Figure 6c.
However, the coatings formed under the same condition on the AZ31 and AZ91 alloys
were undamaged (Figure 6f,i).

Figure 6. Scanning electron micrographs showing the surfaces of PEO coatings formed for 600 s
under different R ratios on (a–c) pure magnesium and (d–f) AZ31 and (g–i) AZ91 magnesium alloys.

The cross sections of the coatings formed for 600 s on different samples are shown in
Figure 7. The cross sections show more and less pores as well as unevenness within the
different samples. For the pure magnesium, the original coating peeled off at R = 1.2, only
showing the remains of an inner coating (see Figure 7c). EDS analyses were performed
on the outer parts of the cross sections of the coatings on the AZ31 and AZ91 magnesium
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alloys. The results are listed in Table 1. The results show that the Al content was present
within the coatings on the AZ31 and AZ91 alloys, and a higher fraction of Al was found
with the PEO coatings of the AZ91 magnesium alloy.

 

Figure 7. Scanning electron micrographs showing the cross sections of PEO coatings formed for 600 s
under different R ratios on (a–c) pure magnesium and (d–f) AZ31 and (g–i) AZ91 magnesium alloys.
Points “A-F” are locations for EDS analyses.

Table 1. Elemental compositions of the marked points in Figure 7.

Sample Point
Element (wt%)

O Na Mg Si K Al

AZ31
A 26.00 0.74 52.67 17.53 0.60 2.47
B 37.87 0.31 49.66 8.92 1.41 1.83
C 30.54 0.10 53.11 14.81 1.20 0.24

AZ91
D 35.80 0.07 48.12 9.92 0.02 6.08
E 28.07 0.00 48.86 17.57 0.54 4.96
F 25.51 0.38 56.70 10.63 0.25 6.53

Figure 8 shows the surface morphologies of the coatings formed for 2400 s on different
samples under the R ratios of 0 and 0.6. The surface roughness of the coatings is significantly
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increased compared to that at 600 s. Solidified oxides in irregular shapes are distributed
on the surfaces of the coatings. There are a few pores on the surfaces of the coatings, and
the numbers of pores are reduced compared with those coatings formed for 600 s. Some
coatings have pancake- or crater-like morphologies on their surfaces, as indicated by the
arrows in the figure. The pancake structure is more pronounced on the surfaces of the
coatings formed at R = 0.6. These pancake structures are commonly encountered in PEO,
which are caused by the repeated penetrating discharges during PEO [5]. At the same time,
the PEO process produces a large amount of gas, and the pores are believed to be caused
by gas emissions from the PEO process [5].

 

Figure 8. Scanning electron micrographs showing the surfaces of PEO coatings formed for 2400 s
under different R ratios on (a,d) pure magnesium and (b,e) AZ31 and (c,f) AZ91 magnesium alloys.

Figure 9 shows the cross sections of the coatings formed for 2400 s under R = 0 and
0.6 on the pure magnesium and AZ31 and AZ91 magnesium alloys. At R = 0, the coating
thicknesses for the different samples were around 50 μm, and the uniformities of the
coatings were poor. The coatings can be roughly divided into a thicker outer layer and an
inner layer. Large, elongated pores are observed between the inner and outer layers of the
coatings on the pure magnesium and AZ91 alloy. Significant undulations are observed with
the coating/substrate interfaces for all coatings formed under R = 0. The enlarged view
of the coating/substrate interface in Figure 9a (the inset) indicates the presence of a dense
barrier layer. This barrier layer is often mentioned in the literature, and it can provide the
main corrosion resistance for PEO coatings [61,62]

After applying cathodic polarization (R = 0.6), the thicknesses and uniformities
of the coatings were significantly improved (see Figure 9d–f). The coating thicknesses
were 71.9, 89.3 and 128.9 μm for the pure magnesium and AZ31 and AZ91 magnesium
alloys, respectively.

Uniform PEO coatings could be formed for longer times on the AZ91 magnesium alloy
up to a high R ratio of 3.2. Figure 10 compares the cross sections of the coatings formed for
2400 s under R = 0.6 and R = 0.9. The coatings formed under R = 0.6 have a few elongated
pores within the cross section. However, the elongated pores are significantly reduced
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within the cross section under R = 0.9. Therefore, a higher R is beneficial for the growth of
denser coatings with fewer defects on AZ91 magnesium alloy.

Figure 9. Scanning electron micrographs showing the cross sections of the PEO coatings formed for
2400 s under R = 0 and 0.6 on (a,d) pure magnesium and (b,e) AZ31 and (c,f) AZ91 magnesium alloys.

Figure 10. Scanning electron micrographs showing the cross sections of PEO coatings on the AZ91 mg
alloy formed for 2400 s at (a) R = 0.6 and (b) R = 0.9.

3.7. XRD

Figure 11a shows the XRD patterns of the PEO coatings on the pure magnesium and
AZ31 and AZ91 magnesium alloys formed for 2400 s under R = 0, whereas Figure 11b
compares the XRD patterns of the PEO coatings on the AZ91 magnesium alloys formed
for 2400 s with different R values. According to Figure 11a, the phase compositions for
the three samples were nearly the same, consisting of mainly MgO and Mg2SiO4. Perhaps
due to the low content of aluminum, no XRD diffraction peaks related to the species of Al
were found for the PEO coatings formed on the AZ31 and AZ91 magnesium alloys. The
diffraction peaks of Mg are clearly seen on the XRD patterns of all the PEO coatings, which
can be attributed to the fact that X-rays penetrated the thin and porous coatings during
the examination.
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Figure 11. (a) A comparison of the XRD patterns of the coatings formed for 2400 s under R = 0 on
pure magnesium and AZ31 and AZ91 magnesium alloys. (b) XRD patterns of the coatings formed on
AZ91 magnesium alloy for 2400 s under R = 0, 0.6 and 1.2.

Figure 11b shows that the phase compositions of the coatings formed on the AZ91
magnesium alloy under R = 0.6 and R = 0 were the same as that of the coating formed
without the application of cathodic polarization (R = 0), except for increased diffraction
peaks for Mg2SiO4 and MgO on the former coatings. The result shows that cathodic
polarization did not alter the phase compositions of the coatings. The reduction in the
intensity of the Mg peaks in the XRD patterns at R = 0.6 and 1.2 is due to the formation of
thicker and denser coatings after the application of cathodic polarization.

3.8. Growth Regularity

Figure 12 depicts the effect of cathodic polarization on the growth regularity of the
PEO coatings on the pure magnesium. Figure 12a,b show the cross sections of the coatings
formed for 2400 s at R = 0 and R = 0.6. A piece of un-oxidized magnesium adjacent to
the left side of the PEO coatings is served to show the original surface prior to oxidation.
From Figure 12(a), it can be seen that for the sample prepared at R = 0, a large-sized pit
was formed not far from the left sample edge. The enlarged image in Figure 12c shows
that the size of the pit is ~550 μm. This feature should correspond to the macroscopic pits
observed in Figure 4. The oxide-coating thickness on the surface of the sample at R = 0 is
~37 μm, evenly covering the sample surface, including the surfaces of the pits. According
to Figure 12c, even for the oxide coating at the left edge, most of the coating is located
below the original sample surface, indicating that the coating basically grew inward.

After the application of the cathodic current, the uniformity and thickness of the
coating were significantly improved, and no pits similar to those at R = 0 were found with
the cross section at R = 0.6. From Figure 12b,d, it can be seen that the coating formed at
R = 0.6 grew both outward and inward, with an outward growth of approximately 48.9 μm
and an inward growth of ~65.3 μm.

3.9. Polarization Curves

Figure 13 shows the polarization curves tested in a 3.5 wt% NaCl solution for the pure
magnesium and AZ31 and AZ91 magnesium alloys and their PEO coatings formed in the
dilute silicate electrolyte for 2400 s at different R values. The parameters of the corrosion
potential (Ecorr) and free-corrosion current density (Icorr) are listed in Table 2. The values of
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the Ecorr were read from the inversion points on the polarization curves, while the corrosion
current densities were obtained via the Tafel extrapolation method.

Figure 12. The influence of cathodic polarization on coating growth regularity: (a) the cross section of
a coating formed for 2400 s under R = 0 on pure magnesium; (b) the cross section of a coating formed
for 2400 s under R = 0.6 on pure magnesium; (c,d) the boxed areas in (a,b), respectively. A piece of
untreated magnesium adjacent to the left side of each sample is used to show the original surface.

Figure 13. Polarization curves of the uncoated substrates and the PEO coatings on (a) pure magnesium
and (b) AZ31 and (c) AZ91 magnesium alloys formed for 2400 s under different R ratios.

According to Table 2, the Ecorr values of the pure Mg and AZ31 and AZ91 magne-
sium alloys are −1.625, −1.371 and −1.398 V (vs. SCE), respectively, indicating that the
corrosion potential was improved after the addition of the alloying elements. The stan-
dard equilibrium electrode potentials for Mg and Al are −2.34 and −1.67 V (vs. SHE),
respectively. Therefore, it is not surprising that the AZ31 and AZ91 magnesium alloys had
higher corrosion potentials than that of the pure magnesium. Samples with more positive
corrosion potentials usually indicate less of a thermodynamic tendency towards corrosion.
It is also noted from Figure 13 that the PEO treatment normally led to improved corrosion
potentials for the samples. However, the coating formed on the pure magnesium at R = 0.6
and the coating formed on the AZ91 magnesium alloy at R = 1.6 exhibited lower corrosion
potentials compared with the untreated metal. In our recent work, PEO coatings formed
on tantalum under high cathodic polarization also exhibited considerably lower corrosion
potentials, which was attributed to the incorporation of hydrogen species or cations [63].
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Table 2. Parameters derived from the polarization curves in Figure 13.

Sample Ecorr (V vs. SCE) icorr (A cm−2)

Mg Substrate −1.625 3.80 × 10−5

R = 0 −1.493 1.66 × 10−6

R = 0.6 −1.695 1.26 × 10−5

AZ31 Substrate −1.371 8.07 × 10−5

R = 0 −1.363 5.69 × 10−6

R = 0.6 −1.243 1.60 × 10−5

AZ91 Substrate −1.398 2.26 × 10−5

R = 0 −1.327 3.52 × 10−6

R = 0.6 −1.392 5.78 × 10−6

R = 1.2 −1.353 4.68 × 10−6

R = 1.6 −1.498 4.48 × 10−6

R = 3.2 −1.338 9.08 × 10−6

The corrosion current densities of the different samples are further plotted in the
histogram of Figure 14. The Icorr of the pure magnesium is 3.80 × 10−5 A cm−2. The
AZ31 magnesium alloy shows a higher corrosion current density of 8.07 × 10−5 A cm−2.
However, the Icorr of the AZ91 magnesium alloy is the lowest among the three uncoated
samples (2.26 × 10−5 A cm−2). PEO treatment can improve the corrosion resistance of pure
magnesium and AZ31 and AZ91 magnesium alloys. However, the corrosion resistance of
the coatings does not improve with an increase in the R value. It can be seen in Figure 13
that the coatings formed under R = 0 normally possessed lower Icorr values than those of
the coatings formed with cathodic polarization. The coating formed under R = 0 on the
pure magnesium displays the lowest corrosion current density (Icorr = 1.66 × 10−6 A cm−2).
However, the corrosion current densities of the coatings formed under R = 0 on the AZ31
and AZ91 magnesium alloys are 5.69 × 10−6 A cm−2 and 3.52 × 10−6 A cm−2, respectively.
The application of a cathodic polarization of R = 0.6 led to coatings with improved corrosion
current densities of 1.26 × 10−5 A cm−2 and 1.60 × 10−5 A cm−2 on the pure magnesium
and AZ31 magnesium alloy, respectively. The coatings formed with different cathodic
polarizations on the AZ91 magnesium alloy normally had higher corrosion resistances than
the coatings formed on the pure magnesium and AZ31 magnesium alloy under R = 0.6.

 

Figure 14. Histogram of the corrosion current densities of the uncoated and coated samples in
Figure 13.
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3.10. Wear

Figure 15 shows the variation in the friction coefficients during the 1800 s dry sliding
tests under a load of 5 N against a Cr steel ball for the uncoated and PEO-coated pure
magnesium and AZ31 and AZ91magnesium alloys.

Figure 15. Coefficients of friction as a function of sliding time for (a) pure magnesium and (b) AZ31
and (c) AZ91 magnesium alloys and their PEO coatings formed in 5 g/L Na2SiO3 + 1 g/L KOH for
2400 s under different R ratios.

For the pure magnesium, the friction coefficient curves of the substrate and the R = 0
coating were similar, showing significant fluctuations after the initial surge in the friction
coefficient. The friction coefficient of the substrate and R = 0 coating normally ranged
between 0.32 and 0.48. In contrast, the friction coefficient curve of the PEO coating formed
under R = 0.6 was more stable, with a slightly higher friction coefficient value throughout
the entire process than those of the other two samples, and its value was around 0.5 in the
later stage.

For the uncoated and coated AZ31 alloy samples, only the substrate showed fluc-
tuations in the friction coefficient, the values of which remained between approximately
0.28 and 0.36. The curves of the friction coefficients for the oxide coatings formed under
R = 0 and R = 0.6 are higher than that of the substrate, and the curves are relatively stable.
Moreover, their values are very close, showing values of around 0.45 for the later stage of
the friction tests.
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Similarly, only the substrate of the AZ91 magnesium alloy exhibited significant fluctua-
tions in the friction coefficient, with values ranging between ~0.2 and ~0.4. The sample with
an R = 0 coating had the highest friction coefficient, showing values between 0.5 and 0.56
after the initial surge. The friction coefficient curves of the coatings formed under R = 0.6
and 1.2 almost coincide, with values ranging from 0.4 to 0.46 during most of the process.

Figure 16 shows the appearances of the different samples after the dry sliding tests.
It can be seen that all the metal substrates and the R = 0 coating on the pure magnesium
are heavily worn, showing broad wear tracks with metallic luster. Except for the coating
formed on the pure magnesium under R = 0, all the coated samples formed dark-brown
wear tracks. The dark-brown wear tracks are the “transfer layers”, which were formed due
to material transfer and the tribo-oxidation of the steel counterpart under the combined
action of mechanical stresses and frictional heating [64]. For the pure magnesium and AZ91
magnesium alloy, the coatings formed under R = 0.6 exhibit narrower wear tracks than the
coatings formed under R = 0, indicating the better wear resistance of the former. However,
for the AZ31 alloy, the coatings formed under R = 0 and R = 0.6 show comparable wear
tracks in width. It is noted that the narrowest wear track is found with the coating formed
under R = 1.2 on the AZ91 magnesium alloy.

Figure 16. Appearance of wear scars after dry sliding tests for the uncoated pure magnesium and
AZ31 and AZ91 magnesium alloys and their PEO coatings formed for 2400 s under different R ratios.

Figure 17 shows the corresponding cross-sectional profiles for the wear tracks. It
can be seen that the wear track depths on the uncoated substrates are in the range of
62.42–79.21 μm. The coating formed under R = 0 on the pure magnesium shows the
deepest wear scar at 116.08 μm. It is believed that the debris of broken coating material
was entrapped within the wear track, imposing an additional micro-cutting effect on the
substrate, thereby leading to a deeper wear track. In contrast, the wear depth on the coating
formed on the pure magnesium under R = 0.6 is only 19.77 μm, indicating the significant
improvement in the wear resistance. Other coatings formed on the AZ31 and AZ91 alloys
show wear depths in the same order; their values are between 6.98 and 18.23 μm. However,
the narrowest wear scar width is recorded for the coating formed on the AZ91 alloy under
R = 1.2, with a value of 801 μm.

155



Coatings 2023, 13, 1736

 

Mg Mg 

AZ31 

AZ91 

AZ31 

AZ91 

Figure 17. Cross-sectional profiles of the wear tracks on pure magnesium and AZ31 and AZ91
magnesium alloys and their coatings.

The wear rates of the different samples are calculated and plotted in Figure 18. The
PEO coating formed under R = 0 on the pure magnesium shows the highest wear rate of
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279.6 × 10−6 mm3/(N·m), whereas the lowest wear rate is registered for the PEO coating
formed under R = 1.2 on the AZ91 magnesium alloy, which is 8.6 × 10−6 mm3/(N·m).

Figure 18. Wear rates of the uncoated and coated samples for pure magnesium and AZ31 and AZ91
magnesium alloys.

4. Discussion

In this work, the effect of cathodic polarization on the PEO behaviors and coating
properties of pure magnesium and AZ31, and AZ91 magnesium alloys was systematically
studied in a dilute silicate solution. The main findings are as follows:

• The PEO of the pure magnesium and AZ31 and AZ91 magnesium alloys without
cathodic polarization led to a large number of pores on the coatings in the later stage.
The thicknesses of the coatings were low, with poor uniformity, and the coatings
mainly grew inward;

• The lower cathodic polarization (R = 0.6) greatly improved the thickness and unifor-
mity of the coatings, and the growth mechanism of the coatings shifted to both inward
and outward growth;

• When the cathodic polarization was high, the anodic potential decreased or fluctuated
during the PEO process. At this point, some features of soft sparking appeared, such
as weakened sparks and lower acoustic emissions, but their impacts on the quality of
the coating were negative, leading to the blistering or flaking off of the coating;

• The increase in the Al content in the magnesium alloys seemed to improve the tolerance
to high cathodic polarization and was beneficial for the compactness of the coating.
When the R values were 0.9 and 1.2, the coating thickness on the AZ91 magnesium
alloy was only slightly lower than that at R = 0.6, and the compactness of the coating
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was improved. Even at the highest R value of 3.2, there was no coating flaking-off
phenomenon for the AZ91 alloy;

• The PEO coatings improved the corrosion resistance of the substrates. Compared with
the coatings formed under R = 0, cathodic polarization slightly decreased the corrosion
resistance of the coatings. Excessive cathodic polarization damaged the coatings on the
pure magnesium and AZ31 alloy. For the AZ91 magnesium alloy, excessive cathodic
polarization led to a lowered corrosion potential and decreased corrosion resistance;

• The coatings formed under R = 0.6 usually possessed high wear resistances than the
coatings formed under R = 0. The PEO coating on the AZ91 magnesium alloy formed
under R = 1.2 displays the narrowest wear scar.

This study further demonstrates that the significant improvement in the coating
thickness and uniformity related to soft sparking reported in the literature may be only
confined to aluminum alloys. Although the soft sparking of the magnesium and magnesium
alloys in this study was not related to an improvement in the coating quality, the effect of
cathodic polarization on the PEO coating formation process was similar to that of aluminum
alloys. After applying a certain cathodic current (e.g., R = 0.6), the uniformity and thickness
of the coating first significantly increased, which is consistent with those of aluminum
alloys [39]. In addition, it has been found in the relevant research on aluminum alloys that
excessive cathodic polarization can also result in a reduced coating thickness, blistering,
flaking off and other phenomena [39,43]

According to the literature [52,65,66], for the PEO of magnesium and magnesium
alloys, the main anodic reactions can be written as follows:

Mg → Mg2+ + 2e (1)

4OH− → O2 + 2H2O + 4e (2)

Mg2+ + O2− → MgO (3)

Mg2+ + 2OH− → Mg(OH)2 (4)

2Mg2+ + SiO3
2− + 2OH− → Mg2SiO4 + H2O (5)

Mg(OH)2 → MgO + H2O (6)

SiO3
2− + 2H− → SiO2 + H2O (7)

2SiO3
2− → O2 + 2SiO2 + 4e (8)

SiO2 + 2MgO → Mg2SiO4 (9)

2Mg + O2 → 2MgO (10)

According to Reaction (1), Mg2+ is produced via the dissolution of the magnesium
substrate under a strong electric field. Reaction (2) is a side reaction of oxygen generation
under anodic polarization. In the initial PEO stage, traditional anodic film is formed
under the electric field via the ion migration mechanism: Mg2+ ions move towards the
electrolyte/coating interface, whereas the anions of O2−, OH− and SiO3

2− move towards
the substrate. The cations and anions meet within the film, leading to the formation of
MgO (Reaction (3)), Mg(OH)2 (Reaction (4)) and Mg2SiO4 (Reaction (5)). Mg2+ can also
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enter the electrolyte directly. After reaching the breakdown potential, the magnesium in
the substrate will directly react with oxygen in the molten-discharge channels to form MgO
(Reaction (10)). Similarly, in the presence of high-temperature-discharge channels, Mg(OH)2
and SiO3

2− may undergo thermal decomposition to form SiO2 and MgO, manifested by
Reactions (6)–(8). MgO can also react with SiO2 to form magnesium olivine (Reaction (9)).

For PEO without the application of cathodic polarization, many large-sized pits are
formed on the surfaces of magnesium and magnesium alloys in the later stage of PEO (see
Figure 4). The formation of these pits may be related to the strong anodic dissolution of the
Mg substrate. The greater possibility for the pit formation may be that the formed oxide
coating has been damaged by the strong discharges. Within the PEO discharge channels,
there are high temperatures (103–104 K) and pressures (~102 MPa) [8], accompanied by
plasma generation and gas release. When the cohesive force of the oxide coating itself is less
than the mechanical stress associated with the gas release within the discharge channels,
the oxide coating may break down locally, forming the pits.

After applying a certain cathodic polarization (R = 0.6), the formation of pits on the
surface of the oxide coating is basically suppressed, and the uniformity and thickness of
the coating are significantly improved. The growth mechanism of the coating also becomes
a mode of both inward and outward growth. The reactions involved during the cathodic
polarization may include the following:

2H+ + 2e → H2 (11)

2H2O + 2e → H2 + 2OH− (12)

H+ + e → [H*]ox (13)

The cathodic process generally involves the release of hydrogen gas (Reactions (11)
and (12)), but, according to Rogov et al. [42], it is also possible to generate neutral hydrogen
complexes (Reaction (13)). Neutral hydrogen species exist in the lattice of the oxide, leading
to an increase in the conductivity of the oxide coating, which may be the reason for the
decrease in the anodic potential during soft sparking [42].

The improvement in the coating thickness and uniformity after the application of
cathodic polarization is a common phenomenon in PEO studies that has been reported in
PEO studies of various metals [35,36,39,63]. Cheng et al. [36] believe that the hydrogen
evolution during the cathodic process promotes the transport of reactant particles in the
electrolyte. Therefore, more electrolyte components participate in the coating formation,
leading to an increase in the coating thickness and uniformity. The increase in the thick-
nesses of the PEO coatings on the magnesium and magnesium alloys after the application
of cathodic polarization in this study can be explained by the same mechanism. In this
study, the species involved in the coating formation in the electrolyte was mainly SiO3

2−
ions. Due to the participation of more electrolytic species in the coating formation, the
growth pattern of the coatings also shifted to both outward and inward growth.

The blistering and flaking off of the coating under excessive cathodic polarization is
associated with the internal stress caused by hydrogen evolution. Hydrogen ions or water
molecules can travel through the porosity of the oxide coating to the barrier layer near the
coating/substrate interface, where they receive electrons to produce hydrogen bubbles.
When the cathodic polarization is too high, a large amount of hydrogen gas is generated,
causing the coating to blister or detach. In addition, excessive cathodic polarization can
also lead to a decrease in the coating thickness, which has been observed in the PEO of
aluminum [39,43] and tantalum [63], which is consistent with this study.

The reason for the decrease in the coating thickness caused by excessive cathodic
polarization is believed to be related to the repulsion of the cathodic electric field on the
anions. During the formation of the oxide coatings, anions such as SiO3

2−, OH− and O2−
also participate in the coating-forming reactions. An excessively high cathodic electric field
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will repel the anions adjacent to the surface liquid layer and within the coating, thereby
reducing the number of anions participating in the coating formation reactions and leading
to a decrease in the coating thickness. This mechanism was proposed in our research on
the effect of cathodic polarization on the PEO of tantalum [63].

An interesting phenomenon in this study was the tolerance to cathodic polarization
in the AZ91 magnesium alloy. Although the EDS and XRD show that the compositions
and phase compositions of the coatings on the pure magnesium and magnesium alloys are
similar, the PEO coatings on the AZ91 magnesium alloy exhibited a completely different
capability to resist the peeling caused by cathodic hydrogen evolution. For the pure
magnesium and AZ31 magnesium alloys, the coatings blistered and peeled off at R = 0.9,
whereas the AZ91 alloy did not show significant damage to the coating until R = 3.2. The
anti-exfoliation ability of the PEO coatings on the AZ91 magnesium alloy may be related to
the Al content in the substrate. Interestingly, the tolerance of the AZ91 magnesium alloy
to cathodic polarization in this study was even better than that of the aluminum alloy. In
our previous study, when an Al-Cu-Li alloy was PEO-treated under R = 2.0 and 3.3, the
coatings exhibited significant blistering and flaking off in the later stage [39]. It is possible
for the Al component to improve the compactness of the PEO coating on magnesium alloys,
as Tsai et al. [55] found that only in a sodium aluminate electrolyte can magnesium-based
metals obtain a dense inner layer under the soft-sparking condition. The mechanism of the
anti-exfoliation of the PEO coatings on AZ91 magnesium alloy under excessive cathodic
polarization is very complex and requires further research.

For pure magnesium and AZ31 magnesium alloy, the optimal cathodic polarization is
R = 0.6. Under this condition, the thickness and uniformity of the coatings are improved,
as well as the wear resistance of the coatings. However, a further increase in the R value
will result in damage to the resultant coatings.

Due to the higher tolerance of the AZ91 magnesium alloy to cathodic polarization,
although the coating thickness was highest at R = 0.6, further increasing the R value led
to denser coatings, and the wear scar width on the coating formed under R = 1.2 was the
narrowest. This indicates that a higher R value may result in more wear-resistant coatings.

As for the corrosion resistance, the coatings without cathodic polarization were slightly
more corrosion-resistant than the coatings formed under the moderate cathodic polariza-
tion of R = 0.6. This phenomenon may be related to the fact that the barrier layers at the
coating/substrate interfaces of the coatings formed under R = 0 were denser than those
formed under R = 0.6. As mentioned previously, the barrier layers provide the main corro-
sion resistance for PEO coatings [61,62]. For the pure magnesium and AZ31 magnesium
alloy, excessive cathodic polarization was detrimental to the corrosion resistance of the
samples, as the coatings were damaged. For the AZ91 alloy, excessive cathodic polariza-
tion was also detrimental, as these coatings had lowered corrosion potentials and larger
corrosion current densities compared with those of the coating formed under R = 0. The
same phenomenon has been observed in previous studies [39,63]. It is believed that the
incorporation of hydrogen species leads to a decrease in the corrosion resistance [63].

Regarding the soft-sparking phenomenon, the pure magnesium and AZ31 alloy exhib-
ited anodic-potential drops and reductions in the intensity of sparks at high R values, but
the coatings were damaged when these characteristics of soft sparking occurred. The AZ91
alloy also experienced decreases in the anodic potential and strength of the discharging
sparks under R = 1.2, which correspond to the optimum R value for the soft sparking of
aluminum alloys [39], but, in this study, the efficiency of the coating formation under this R
value decreased (see Figure 5). Therefore, in this study, the soft sparking on the magnesium
and its alloys is possibly not related to the improvement in the coating quality.

5. Conclusions

In this study, the effect of cathodic polarization on the PEO behaviors of pure magne-
sium and AZ31 and AZ91 magnesium alloys in 5 g L−1 Na2SiO3·9H2O + 1 g L−1 KOH was
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investigated. The corrosion and wear performances of the coatings formed for 2400 s were
evaluated. The main conclusions are as follows:

1. The OES detected two spectral lines at 559.79 nm and 570.11 nm, which are attributed
to the excitation of the Mg species during PEO;

2. For PEO without cathodic polarization (R = 0), the coatings on the pure magnesium
and magnesium alloys were damaged by the strong plasma discharges, forming large
pits on the coating surfaces, and the uniformities and thicknesses of the coatings were
significantly lower than those of the coatings formed with cathodic polarization. In
this case, the coatings mainly grew inward;

3. The pure magnesium and AZ31 and AZ91 magnesium alloys showed the highest
coating growth efficiencies under R = 0.6, with thick coatings (>100 μm in thickness)
being formed following 2400 s of PEO treatment. The uniformities of the coatings were
also significantly improved, and the coating growth mechanism was transformed into
both inward and outward growth;

4. When R ≥ 0.9, the formed coatings on the pure magnesium and AZ31 magnesium
alloy experienced blistering and flaking off in the later stage of the PEO, resulting in
incomplete coating formation;

5. The AZ91 magnesium alloy had excellent tolerance to cathodic polarization, and the
coatings did not experience blistering or peeling, even under the highest R value of
3.2. Meanwhile, denser coatings seemed to form under higher R values;

6. The PEO treatment improved the corrosion resistances of the pure magnesium and
magnesium alloys. The coatings formed under R = 0 possessed slightly better corro-
sion resistances than the coatings formed with cathodic polarization;

7. The uncoated samples and the coating formed on the pure magnesium under R = 0
showed large fluctuations in their coefficients of friction. However, the other PEO
coatings displayed more stable coefficient-of-friction curves with higher values;

8. Most of the PEO coatings could improve the wear resistance of the magnesium
and magnesium alloys. For the pure magnesium and AZ31 magnesium alloys, the
protective performances of the coatings formed under R = 0.6 were better. For the
AZ91 magnesium alloy, the wear scar width on the coating formed under R = 1.2 was
the narrowest;

9. Magnesium and magnesium alloys may experience soft sparking after the application
of a certain degree of cathodic polarization, but this is not related to an improvement
in the coating quality.
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Abstract: Ti and its alloys have been vastly employed in the manufacturing of biomedical implants
for orthopedy and dentistry, especially the Ti-6Al-4V alloy (wt%), which is the most-used Ti alloy
worldwide. However, the ion release of Al and V in the long term has been related to harmful effects
on the human body. In this scenario, surface modification strategies, such as plasma electrolytic
oxidation (PEO), have often been performed in Ti alloys to match the clinical needs. This study
evaluated the effect of electrical AC parameters on the surface of the commercial Ti-6Al-4V alloy
immersed in ZrO2-rich electrolytic solution regarding the chemical, physical, structural, and topo-
graphical aspects. Then, the selected PEO-treated samples surpassed the electrochemical test in saline
solution. The results indicated that the electrical AC parameters affect the duration and intensity of
the oxidative reactions and plasma micro-discharge steps, resulting in porous and thick oxide layers.
PEO treatment promoted bio-camouflage of the surface, enriching it with TiO2, ZrO2, and ZrTiO4

compounds and depleting it of Al and V. After screening the PEO-treated samples and their corrosion
behavior, the results indicated that the porous ZrO2–TiO2 ceramic coatings in the Ti-6Al-4V alloy can
be a viable alternative for the manufacturing of biomedical implants.
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1. Introduction

Metallic biomaterials play an essential role in current medicine, mainly in the repair,
substitution, or fixation of hard tissues in the human body. Moreover, these materials
significantly contribute to the treatment of traumas and diseases; the current biometals
did not completely reproduce the complex cell and tissue functions in the human body,
thus requiring the development of new strategies for manufacturing and processing [1].
Commercial metallic biomaterials, such as stainless steel, Co–Cr alloys, and Ti and its alloys,
are extensively employed in orthopedic and dental implants for the replacement of bones
and joints, especially in the hip and knee, where they are exposed to distinct biomedical
loads under contact with body fluids [2]. To enhance the biocompatibility and durability
of these implants, there is a growing demand for research and development of surface
modification strategies to guarantee long-term success in their usage.

Titanium and its alloys have been the primary choice for the fabrication of biomedical
implants due to their exceptional properties, including high mechanical strength-to-density
ratio, low elastic modulus, corrosion resistance, biocompatibility, and osseointegration
ability [3]. Ti-6Al-4V (wt%) ELI (Extra-Low Interstitial), also known as commercially pure
titanium grade 5 (CP-Ti V), is the most used Ti alloy worldwide, especially in medicine, as

Coatings 2024, 14, 866. https://doi.org/10.3390/coatings14070866 https://www.mdpi.com/journal/coatings165



Coatings 2024, 14, 866

implants, plates, pins, and screws [4]. However, the Al and V ion release after long-term
implantation via corrosion and wear mechanisms have been related to neurological and
toxic reactions in the human body [5]. For example, studies have demonstrated the presence
of Al ions in the brain tissue on patients with Alzheimer’s disease, multiple sclerosis, and
autism, while V was related to neurological problems. Thus, there is a growing demand for
research in surface modification to obtain biomedical implants with surfaces that match the
clinical needs [6–8].

Plasma electrolytic oxidation (PEO) is a conventional technique used to modify the
surface of valve metals, like Ti and its alloys. The technique applied an anodic AC or DC
potential in the metallic surface immersed in an electrolytic solution, resulting in the growth
of a thick oxide layer. As this layer acts as an electrical insulator, it accumulates electrical
charges until the advent of dielectric breakdown, which promotes plasma micro-discharges
that turn the outer surface porous [9]. The local high temperature and pressure induces the
synthesis of metastable phases, while the electrical field supplies the necessary driving force
for chemical species in the electrolytic solution to be incorporated in the oxide layer [10].
Thus, the PEO-treated surfaces generally exhibit a thick and porous layer, firmly adherent
to the substrate and decorated with strategic chemical species [11]. However, only a few
reports have exploited the effect of the electrical parameters in the surface during PEO
treatment with an AC power source due to its complex group of electrical parameters,
which opens possibilities to obtain coatings with unique properties compared to those
reported so far.

Zirconia (ZrO2) is a non-harmful transition metal oxide with vast biomedical applica-
tions as ceramic materials and coatings [12,13]. It has demonstrated outstanding anticancer,
antibacterial, and antioxidant actions in the human organism [14]. In addition, its ex-
cellent biocompatibility and chemical stability make the compound attractive for use in
medicine, dentistry, and pharmacy, especially as endosseous implants, abutments, and
drug deliveries [15]. Nikoomanzari et al. [16] investigated the surface aspects of PEO-
treated Ti-6Al-4V alloy in a ZrO2-rich nanoparticle (NP) solution under a DC power source.
The authors found a porous and thick oxide layer, with the ZrO2 NPs absorbed through
the pore walls, which significantly enhanced the antibacterial effect against Escherichia
coli, Staphylococcus aureus, and Staphylococcus epidermidis, and the anticorrosive behavior
in Hank’s solution. More recently, Nikoomanzari et al. [17] demonstrated the beneficial
effect of the ZrTiO4/TiO2 composite coating, obtained via the same PEO treatment on the
Ti-6Al-4V alloy, in the electrochemical, cytotoxicity, and photocatalytic behavior, which
confirmed the great potential for biomedical application.

This study aims to evaluate the effect of electrical AC parameters on the growth
of a porous ZrO2–TiO2 coating on the biomedical Ti-6Al-4V alloy by performing a PEO
treatment in ZrO2-rich electrolyte. The surface of the PEO-treated samples was evaluated
in terms of topography, chemical composition, phase proportion, thickness, roughness, and
contact angle. Then, the preliminary electrochemical aspects in 0.9% NaCl were analyzed
in selected samples to assess their potential for use as a biomedical implant.

2. Materials and Methods

Disk-shaped samples of Ti-6Al-4V (wt%) alloy (ASTM F136) [18], with dimensions of
10 mm diameter (Ø) × 3 mm thickness, were used as a substrate. Powders of zirconium
oxide (ZrO2; 99%; 5 μm) and potassium hydroxide (KOH; 90%; ~50 μm), purchased from
Sigma-Aldrich Inc. (Cotia, Brazil), were used in the PEO treatments. The samples were
preliminarily polished with waterproof SiC emery papers (#220 to #1000 mesh), sonicated
in acetone, isopropyl alcohol, distilled water baths, and dried with air stream.

The electrolyte comprised an aqueous solution of 0.08 mol·L−1 ZrO2 and 0.04 mol·L−1

KOH. The PEO treatments were performed in a system consisting of a pulsed alternating
current (AC) power supply (MAO-30, Plasma Technology Ltd., Hong Kong, China) in
a water-cooled stainless-steel tank, which also served as the cathode, and a suspended
electrode connected to the sample as the anode. The surface treatments were carried out
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at voltages between 300 and 500 V, frequencies from 60 to 1000 Hz, duty cycles ranging
from 10 to 70%, and treatment times of 1 up to 20 min. The sample nomenclatures and PEO
parameters are summarized in Table 1.

Table 1. Evaluated electrical AC parameters.

Sample
Designation

Voltage (V) Time (min) Duty Cycle (%) Frequency (Hz)

300 V 300

5 40 1000

350 V 350
375 V 375
400 V 400
425 V 425
450 V 450
500 V 500

1 min

375

1

40 1000

3 min 3
5 min 5
7 min 7

10 min 10
15 min 15
20 min 20

10%

375 5

10

1000

20% 20
30% 30
40% 40
50% 50
60% 60
70% 70

60 Hz

375 5 40

60
100 Hz 100
250 Hz 250
400 Hz 400
550 Hz 550
700 Hz 700
850 Hz 850

1000 Hz 1000

The surface morphology was examined using scanning electron microscopy (SEM;
JSM-6010LA, JEOL Ltd., Peabody, MA, USA), using the secondary electron beam mode (SE),
with a spot size of 30 μm, at a voltage of 3 kV. Semi-quantitative chemical microanalysis
and elemental mapping were performed using X-ray dispersive energy spectroscopy (EDS;
JEOL Ltd., Peabody, MA, USA), with the detector coupled to the SEM equipment, operating
at 10 kV. In the transmittance mode, the vibrational characteristics of molecular groups
absorbed in the surfaces were analyzed using Fourier transform infrared spectroscopy
(FTIR; Jasco Corp., Tokyo, Japan) at room temperature, with 128 scans and a resolution
of 4 cm−1. Further chemical characterization of the surface was determined with X-ray
photoelectron spectroscopy (XPS; Thermo K-Alpha model, Thermo Scientific, Inc., Waltham,
MA, USA), operating with a monochromatic radiation source of Al-Kα (1486 eV), a spot
size of 400 μm, an energy step of 200 eV (resolution of 1 eV) for long-scan spectra, and
an energy step 50 eV (resolution of 0.01 eV) for high-resolution spectra (short scan). The
spectra were analyzed using the CasaXPS® software version 2.3.24, and the calibration
was performed with the C1s peak. The phase composition was evaluated using X-ray
diffraction (XRD; Panalytical X’Pert PRO, Westborough, MA, USA), with monochromatic
Cu-Kα radiation (λ = 0.1544 nm), at a voltage of 45 kV, a current of 40 mA, in the θ-2θ mode,
with a scan speed of 0.02◦ per sec, and a step size of 0.02◦. Phase indexation was performed
using the Highscore Plus® 3.0 software version 3.0 and crystallographic datasheets from
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the International Centre for Diffraction Data (ICDD). The surface wettability was checked
with contact angle measurements (Ramé-hart Instrument Co., Succasunna, NJ, USA) using
a droplet of distilled water (30 μL) at room temperature. Arithmetic roughness (Ra) was
measured using optical profilometry (Dektak 150 profilometer, Veeco Metrology, Tucson,
AZ, USA), with a stylus radius of 12.5 μm, scan length of 100 μm, for 12 s, and with an
applied load of 3 mg. Eddy’s current method (Minipa equipment, model MCT 401) was
used to estimate the coatings’ thicknesses. The average values were calculated from ten
different regions in each sample.

The electrochemical tests were conducted in a three-electrode system, with the sample
placed as the working electrode, a platinum wire (Pt) as the counter electrode, and an
Ag/AgCl wire as the reference electrode. The electrolyte was composed of an aqueous 0.9%
NaCl solution, simulating physiological body fluid [19], kept at room temperature for all
the experiments. The sample area in contact with the electrolyte was limited by an O-ring
(Ø = 1 cm). The experiments were performed in an Autolab PGSAT128N potentio-
stat/galvanostat (Metrohm Ltd., Riverview, FL, USA). The open circuit potential (OCP)
was measured for 3600 s, while the potentiodynamic polarization (PDP) test was measured
in the range of −1 to 2 V vs. OCP, at a scan rate of 1 mV·s−1, and a step of 1 mV. The ob-
tained results were evaluated using NOVA 2.0® software version 2.1.5. An electrochemical
impedance spectroscopy (EIS) test was conducted with 10 points per decade, in the range
10−2–105 Hz, and with an amplitude of 10 mV vs. OCP.

3. Results

3.1. Effect of Electrical AC Parameters

The current density evolution as a function of the time for each electrical AC parameter
of the PEO treatment is shown in Figure 1. Overall, all curves initially depicted a typical
sharp decay resulting from the fast oxide layer growth under the anodic voltages, which
limits the movement of electrical charges between the electrolyte and the metallic surface.
The consecutive plateau in the current density can be linked with the equilibrium between
the anodic oxidative reactions and the plasma micro-discharges locally occurring on the
surface after the dielectric breakdown [9]. However, distinct aspects can be seen in the
curves when varying the electrical AC parameters. The rise of the applied voltage produced
more intense current densities, starting from ~1.25 A·cm2 to values above ~1.50 A·cm2, but
all curves achieved ~0.50 A·cm2 at the end of the treatment. The augment of the duration
time did not change the overall aspect of the curves, following the same plateau after
3 min of treatment. The duty cycle variation produced a non-linear augment in the current
density, from ~0.50 A·cm2 to values above 1.00 A·cm2. The same trend can be seen for the
frequency, where values above 700 Hz depicted the most intense current density values
at the beginning of the treatment. From these results, it is possible to notice that the PEO
parameters effectively modified the current density’s magnitude in detriment of the curves’
overall shape, which can directly impact the surface aspects of the samples. As pointed out
by Vekateswarlu et al. [20], the distinct regions of the curves denote specific steps of the
PEO treatments, such as anodic oxidation, dielectric breakdown, and steady-state regime,
which can directly interfere with the surface aspects and incorporation of additives from
the electrolyte.

The surface topography of the PEO-treated samples with the varying applied voltage
is shown in Figure 2. The substrate depicted a smooth surface, with some grooves resulting
from the metallographic preparation. Between 300 and 425 V, the samples were entirely
covered by a thick oxide layer, having some minor pores uniformly distributed. Besides
the oxidative reactions dominating this range, the increase in voltage produces a visible
increase in pore size. Along 425 to 500 V, the surfaces seemed rough, with micro-sized pores
surrounded by pancake-like structures resulting from solidifying melted species generated
during the plasma micro-discharges. As pointed out by Wang et al. [21], the voltage can
have a direct impact on the generation of energetic plasma micro-discharges, resulting in
large pore sizes, which can positively promote cell viability and bone ingrowth.
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Figure 1. Current density vs. time plot for each electrical AC parameter.

 

Figure 2. SEM imaging of the PEO-treated samples as a function of the applied voltage and zoomed
view of the pore as inset.
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The dependence of the surface topography with the duration time of the PEO treatment
is shown in Figure 3. In the range of 1 and 3 min, the surface was coated by a smooth oxide
layer, which completely covered the grooves from the substrate. Between 3 and 10 min, it
is possible to note the distribution of minor pores along the oxide layer, indicating that the
time was enough for the dielectric breakdown and the plasma micro-discharges. However,
the treatment period between 10 and 20 min was too long, producing an exceeding growth
of the oxide layer and resulting in the coverage of the pores. Li et al. [22] discussed that
the duration time can be linked with the distinct PEO treatment steps illustrated in the
current density plot. Thus, the time setup can interfere with the overall surface aspect, like
topography and pores distribution.

 
Figure 3. SEM imaging of the PEO-treated samples as a function of the duration time and zoomed
view of the pore as inset.
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The effect of the duty cycle in the surface topography of the PEO-treated samples is
shown in Figure 4. The values between 10% and 40% did not effectively induce enough
oxidative reactions on the surface once the grooves from the substrate are seen in the
images. However, it was effective between 40% and 70%, where the surfaces depicted a
rough aspect without marks of the grooves. Similarly, Abbas et al. [23] investigated the
effect of duty cycle on the surface of commercially pure titanium grade 4 (CP-Ti IV) under
PEO treatment in Ca- and P-rich electrolyte. The authors found that 60% of the duty cycle
promoted the best combination of porous size, thickness, and roughness in the oxide layer,
which enhanced the corrosion resistance in saline 3.5% NaCl solution.

 
Figure 4. SEM imaging of the PEO-treated samples as a function of the duty cycle and zoomed view
of the pore as inset.
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The relationship between the frequency and surface topography of the PEO-treated
samples can be seen in Figure 5. The samples treated between 60 and 550 Hz exhibited
only a smooth surface without a precise pore distribution. However, some pores appeared
between 550 and 1000 Hz and gradually increased in quantity and size. In particular,
the PEO-treated sample at 1000 Hz depicted the most porous surface, with micro-sized
pores distributed uniformly on the entire surface. Sobolev et al. [24] investigated the effect
of frequency on the surface of the Ti-6Al-4V alloy after PEO treatment in a Na2CO3 and
Na2SiO3-rich electrolyte. After evaluating the frequency range of 200 to 1000 Hz, the
authors found that, besides the similar topographies, the PEO-treated sample at 1000 Hz
depicted a more compact and thick oxide layer, having better corrosion resistance in saline
3.5% NaCl solution.

 
Figure 5. SEM imaging of the PEO-treated samples as a function of the frequency and zoomed view
of the pore as inset.

The chemical proportion of the elements taken from EDS analysis for each electrical
AC parameter is depicted in Figure 6. The results indicated that all the PEO-treated samples
depicted a majority of oxygen (~60 at%), confirming the presence of a thick oxide layer. In
addition, Ti and Zr elements were also predominant in the PEO-treated samples, probably
in the form of metallic oxides. At the same time, Al and V elements remained as traces,
with values lower than those detected for the substrate. This result shows that the PEO
treatment was effective in bio-camouflaging the surface of the Al and V elements from the
bulk in all evaluated parameters of this study. As Gabor et al. [25] highlighted, the PEO
treatment on the Ti-6Al-4V alloy can favorably reduce the presence of Al and V elements
on the surface, positively impacting the cell behavior for use as biomedical implants.
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Figure 6. Semi-quantitative EDS analysis of the PEO-treated samples.

A view of the absorbed species in the outer surface of each sample can be seen in
the FTIR spectrum exhibited in Figure 7. Overall, all samples depicted similar bands of
chemical species naturally absorbed from the environment, indicating that the electrical
AC parameters did not affect the chemical reactivity of the outer surface. It was possible to
note vibrational bands related to organic compounds, like stretching H-O-H (1625 cm−1),
stretching C-O (1103 cm−1), bending CH=CH (754 cm−1), and also metallic oxides, like
bending Ti-O-Ti (493 and 488 cm−1) and Zr-O-Zr (568 and 478 cm−1). The peak located
at 568 cm−1 is attributed specifically to the monoclinic phase of ZrO2 [26,27]. FTIR easily
identifies the monoclinic ZrO2 phase once its crystalline structure has a more significant
number of active vibration modes in the infrared region than those presented by the
tetragonal ZrO2 phase and other Zr-based inorganic compounds [28]. In addition, the
absorption bands attributed to Zr-O-Zr and Ti-O-Ti corroborate the results detected in the
EDS results, which showed a predominance of Ti, Zr, and O in the coatings. It is possible
to observe that the band attributed to H-O-H at 1625 cm−1 was wide, indicating different
coordination states related to absorbed water molecules and other organic compounds.
According to Mohsen et al. [28], the O-H terminal groups on the zirconia surface possess
two coordination sites, one linked with a single Zr ion and the other with multi-coordinated
two or three Zr ions. Thus, the presence of broad O-H bands reinforces the existence of the
crystalline phase of ZrO2.

Further details about the chemical composition in the outer layer of selected PEO-
treated samples can be seen in Figure 8, which depicts the survey spectrums of the XPS
analysis. The samples treated at 375 and 450 V were chosen to better comprehend the
chemical aspects during the change from smooth to rough topography. Moreover, the
EDS analysis indicated that the 15 min, 60 Hz, and 50% sample conditions were selected
considering the amount of crystalline Zr oxide incorporated in the surfaces. The survey
spectrums and the quantitative results indicated the prominent presence of C and O on the
outer surface in the form of organic molecules, as corroborated with FTIR. The Zr and Ti
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appeared as secondary elements, indicating the formation of metallic oxides, probably the
most stable being TiO2 and ZrO2. Interestingly, the voltage increase from 375 V to 450 V
increased the incorporation of Zr and diminished the amount of Ti, being a direct action
of the driving force provided by the electric field, making it possible for more chemical
species to be incorporated from the electrolyte [9]. The peculiar amount of Al detected in
the 450 V sample can be related to the energetic plasma micro-discharges provided by the
elevated anodic potential, which makes possible the removal of melted particles from the
substrate, which solidify in the outer surface when in contact with the electrolyte [10]. The
Au4f peak depicted in the 15 min sample is related to the sample holder and fixation of the
equipment. Similarly, Maj et al. [29] investigated the chemical aspects of PEO-treated CP-Ti
IV surfaces in a Na2HPO4-rich electrolyte. The EDS and XPS results indicated a gradual
enrichment of chemical species from the electrolyte in the oxide layer, being considerably
different in the inner and outer regions of the coating.

Figure 7. FTIR spectrum and zoomed view of the PEO-treated samples.

174



Coatings 2024, 14, 866

Figure 8. XPS analysis of the selected PEO-treated samples: (left) survey spectrums and (right)
quantitative results.

The respective high-resolution spectrums for elements of interest in the samples are
shown in Figure 9, and the quantitative results are depicted in Figure 10. The O1s spectrums
of all samples exhibited peaks from O-H, C-O, and C=O groups; it is possible to conclude
that the O-H peak in the O1s XPS spectrum should be mainly attributed to the presence
of water, as already indicated with the FTIR results, and also a peak related to metallic
oxides (M-O group). However, the PEO treatment resulted in a significant increase in the
proportion of the M-O group and a decay in the O-H and C-O groups, evidencing the
significant presence of the metallic oxides on the surfaces after the PEO treatment. The Ti2p
spectrum of the substrate exhibited doublet peaks related to the Ti4+ (TiO2) and sub-oxides,
e.g., Ti2+ (TiO) and Ti3+ (Ti2O3), in similar proportions, and metal Ti0 as a trace. After PEO
treatment, all samples depicted a majority of TiO2 and only minor amounts of sub-oxides.
Similarly, the Zr3d spectrums of the PEO-treated samples showed doublet peaks related
mainly to Zr4+ (ZrO2) and a minor amount of sub-oxides, e.g., Zr2+ (ZrO) and Zr1+ (ZrOH),
which could be formed during the plasma micro-discharges. Further details about the peak
fitting of the high-resolution curves can be found in the Supplementary Materials. The
presence of sub-oxides in the PEO-treated surfaces results from the local high pressure and
temperature kept during the plasma micro-discharge and pore formation, favoring traces
of amorphous and metastable phases [30].

The phase composition acquired from XRD measurements for each sample is shown
in Figure 11. Overall, all the electrical AC parameters contributed significantly to mod-
ify the phase composition of the surfaces, depicting distinct amounts of anatase TiO2
(CIF #7206075), monoclinic ZrO2 (CIF #2108451), and ZrTiO4 (CIF #176429) phases, together
with the α-Ti (CIF #43416) phase originated from the bulk. All the PEO-treated samples
depicted some diffraction peaks referred to oxide phases, indicating the successful covering
of the surface by a uniform oxide layer. In terms of the applied voltage, the XRD profiles
were composed mainly of monoclinic ZrO2 and traces of anatase TiO2 until 425 V, which
were later replaced by a mixture of monoclinic ZrO2 and ZrTiO4, with traces of anatase
TiO2, over 450 V. Regarding the duration time, extended times just provided intense diffrac-
tion peaks related to the oxides, without apparent changes in the phase proportion, which
remained mainly composed of monoclinic ZrO2, with traces of ZrTiO4 and anatase TiO2.
For the duty cycle, the XRD profiles depicted significant peaks from oxides only above 30%,
which remained almost composed of monoclinic ZrO2, with minor amounts of ZrTiO4 and
anatase TiO2. Lastly, the frequency did not change abruptly the phase composition of the
oxides, altering only the intensity of the α-Ti peaks, which can be related to the distinct
thicknesses of the coatings. Altogether, the results can be linked with the primary roles of

175



Coatings 2024, 14, 866

each electrical AC parameter in the PEO treatment [9,11]. The higher voltages directly affect
the driving force of the chemical species and the energy of the plasma micro-discharges,
favoring the growth of the oxide layer and the synthesis of other compounds, such as
ZrTiO4. The extended duration time resulted in more incorporation of chemical species,
the growth of a thick oxide layer, and intense diffraction peaks from oxide compounds. As
the duty cycle is related to the percentage time of the applied voltage, it is natural that high
duty cycles result in more oxide phases. Moreover, the frequency is related to the form of
the periodic voltage, having more effect on the chemical and topographical aspects than the
phase composition. As Echeverry-Rendón et al. [31] pointed out, adjusting of the electrical
parameters in the PEO treatment of titanium surfaces can impact the surface characteristics
such as phase composition, for instance. As a result, it can benefit the biological response,
such as cell viability, adhesion, and proliferation.

Figure 9. High-resolution XPS spectrums of the selected PEO-treated samples.
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Figure 10. High-resolution XPS quantitative results.

Figure 11. XRD profiles of the PEO-treated samples. Phases label: α-Ti (α), anatase TiO2 (A),
monoclinic (M) ZrO2, and ZrTiO4 (T).
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The thickness, roughness, and contact angle values of the PEO-treated samples are
depicted in Figure 12. The thickness values remained in the range of 3–5 μm for all PEO-
treated samples, having a non-linear relationship with each electrical parameter. The
roughness values remained in the order of some micrometers of all samples. Besides the
roughness not producing a clear dependence on the electrical AC parameters, the rising
of the applied voltage resulted in a gradual increase in the values, probably due to the
large pore size as indicated through the SEM imaging. Lastly, all the PEO-treated samples
possessed hydrophobic behavior, with contact angle values above 100◦, higher than the
substrate. This aspect can be directly linked with the enrichment of ZrO2 in the outer layer,
which has effective hydrophobic action in aqueous environments [17]. In summary, the
distinct values of thickness, roughness, and contact angle result from the combined effect
of anodic oxidation and plasma micro-charge generation, which impact the incorporation
of chemical species from the electrolyte, porous formation, and coating growth [9].

Figure 12. Physical aspects of the PEO-treated samples.
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3.2. Preliminary Electrochemical Evaluation for Biomedical Applications

After screening the physical, chemical, structural, and topographical aspects of the
PEO-treated samples regarding the electrical AC parameters, three conditions were selected
for electrochemical evaluation: The sample treated at 375 V that exhibited a smooth surface
with some minor pores, having similar amounts of Ti and Zr in the main form of anatase
TiO2 and monoclinic ZrO2. The sample treated at 500 V that had a rough surface with
large pore and pancake structures, massive amounts of Zr, a mixture of anatase TiO2,
monoclinic ZrO2, and ZrTiO4. Moreover, the sample treated at 20 min was chosen due to
its characteristics being similar to the 375 V sample, differing in the higher amount of Zr
incorporated into the surface.

The electrochemical behavior of the PEO-treated samples and the substrate in 0.9%
NaCl solution is shown in Figure 13, and the respective quantitative results are depicted in
Table 2. The OCP value indicates the thermodynamic stability of the test electrode (samples)
in the given medium (electrolyte) [32,33]. Therefore, more negative OCP values reveal a
predominance of anodic dissolution reactions during the corrosion [34]. In Figure 13a, the
OCP curve of the substrate presented an upward behavior as a function of the immersion
time. The increase in the OCP value after immersion suggests an improvement in the
passive film formed, which leads to the inhibition of anodic surface reactions due to the
forming of a protective barrier that isolates the metal from the medium [33]. The OCP
result indicated that all the selected PEO-treated samples depicted nobler values than the
substrate, with positive average values, indicating a more stable and protective oxide layer.
The Zr-rich 20 min and 500 V samples had higher values than the 375 V sample. These
results indicate that for the coatings investigated, the Zr content on the surface is more
important than the roughness in terms of protection against corrosion, as the 375 V sample
presented a lower Ra value (Figure 12), but with OCP values lower than the 20 min and
500 V samples. It is a result of the fact that Zr is a transition metal that, like Ti, presents a
passivation behavior generating a protective film that is highly resistant to corrosion [32,34].
This factor justifies the more positive values presented for samples with higher Zr content.
In the PDP curves (Figure 13b), it is possible to observe two regions: the cathodic region,
which has more negative potential values than the corrosion potential, Ecorr, and the anodic
region, which has more positive values than Ecorr. In the cathode region, water reduction
and oxygen dissolution occur. In the anode region, hydrogen reduction and dissolution of
metallic material (corrosion) occur [33]. Comparing the PDP curves of the coated samples
with that of the substrate, a shift towards more positive potentials is observed. This anodic
displacement represents the presence of a passive film that is more stable and, therefore,
more protective than that present in the substrate [35]. The PDP curves indicated that
the PEO-treated samples presented similar current density values to the substrate, in the
order of 100 nA·cm−2. However, The PEO coatings significantly enhanced the corrosion
potential with a similar Rp value, evidencing the better protection ability of the PEO-treated
surfaces enriched with Zr. The Bode diagrams, illustrated in the impedance modulus |Z|
and phase angle as a function of frequency (Figure 13c,d), indicated a gradual decrease in
|Z| from ~102 kΩ·cm2 to ~10−1 kΩ·cm2 and a peak in the phase angle at intermediary
frequencies, respectively. It denotes the presence of a protective layer on the surfaces of
the PEO-treated samples. The Nyquist plot (Figure 13e) exhibited a single semi-circle,
which is characteristic of a unique constant phase element (CPE) related to the oxide layer.
The respective electrochemical electric circuit (EEC), depicted in Figure 13f, comprised
a solution, oxide, and metal components in a series connection. The quantitative results
(Table 2) indicated a dominant capacitive behavior of the oxide layer, indicated by the
n/p value being close to 1.0 [36], with polarization resistance (Rox) higher than those of
the solution (Rs) and the metallic surface (Rct). Thus, it can be noted that the PEO-treated
samples depicted better electrochemical behavior under 0.9% NaCl than the bare substrate,
as expected by the earlier studies, which also evidenced the role of ZrO2 in corrosion
resistance [37].
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Figure 13. Electrochemical results of the selected PEO-treated samples: (a) OCP curves, (b) PDP
curves, (c) Bode plot, (d) phase angle, (e) Nyquist plot, and (f) EEC diagram.
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Table 2. Electrochemical parameters of the selected PEO-treated samples.

Analysis Parameters Substrate 20 min 375 V 500 V

OCP
PDP

Average OCP (V) −0.067 0.493 0.326 0.505
Ecorr (mV) −381.3 182.5 −68.7 −55.5

Icorr (nA·cm−2) 302.3 532.5 659.3 105.5

EIS

Rp (MΩ·cm2) 0.244 0.267 0.183 0.276
Rs (MΩ·cm2) 5.27 × 10−5 4.67 × 10−5 4.10 × 10−5 3.33 × 10−5

CPEox (μF·cm2) 78.8 11.9 9.1 20.9
n/p 0.83 0.72 0.75 0.54

Rox (MΩ·cm2) 3.38 × 10−3 4.11 × 10−3 4.87 × 10−3 2.26 × 10−3

Cdl (μF·cm2) 40.8 36.4 52.4 119.4

n/p 0.83 0.60 0.58 0.61
Rct (MΩ·cm2) 1.30 × 10−3 0.13 × 10−3 0.17 × 10−3 0.35 × 10−3

χ2 5.14 × 10−4 2.17 × 10−3 3.94 × 10−3 6.37 × 10−4

4. Discussion

During the PEO treatment, the surface underwent an anodic potential, which in-
duced oxidative reactions in the metallic titanium’s surface placed as an anodic elec-
trode (Equation (1)) and further TiO2 growth (Equation (2)). At the same time, the water
molecules in the electrolyte suffer hydrolysis (Equation (3)), while there is a reduction in
hydrogen atoms in the cathodic electrode (Equation (4)) [10]. If the oxide coating grows,
ZrO2 particles from the electrolyte are gradually incorporated into the surface, enriching
the outer region of the surface, as indicated with the EDS, FTIR, and XPS results.

Ti → Ti4+ + 4e− (1)

Ti4+ + 4OH− → TiO2 + 2H2O (2)

H2O → H+ + OH− (3)

2H+ + 2e− → H2 ↑ (4)

With further oxide growth, the charge accumulation in the outer region promotes the
dielectric breakdown and favors plasma micro-discharge generation. Thus, this step results
in porous and rough topography, as indicated with the SEM images. However, the local
high pressure and temperature during the plasma micro-discharges favor the synthesis of the
ZrTiO4 compounds, as indicated in Equation (5) [12], and the XRD results corroborate this.

TiO2 + ZrO2 → ZrTiO4 (5)

According to Li et al. [38], when immersed in saline solution, the TiO2 passive layer
on the titanium surface reacts with NaCl, O2, and water molecules to form Na2TiO3
(Equations (6) and (7)), which can be easily delaminated from the surface. Then, the reac-
tive products HCl and Cl2 diffuse through the passive layer and react with the metallic
titanium, resulting in TiCl4 (Equations (8) and (9)), which further transforms to TiO2
(Equation (10)) and re-takes the reaction with NaCl. As indicated from the corrosion tests,
the enrichment of ZrO2 particles and the presence of ZrTiO4 compound in the TiO2 oxide
layer hinder the corrosion mechanisms and protect the surface from degradation. Thus, it
can be noted that the formation of porous ZrO2–TiO2 ceramic coatings on the Ti-6Al-4V al-
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loys via the PEO treatment can be a helpful strategy to avoid the degradation of biomedical
implants made of titanium.

4NaCl + 2TiO2 + 2H2O → 2Na2TiO3 + 4HCl (6)

4NaCl + 2TiO2 + O2 → 2Na2TiO3 + 2Cl2 (7)

Ti + 2Cl2 → TiCl4 (8)

Ti + 4HCl → TiCl4 + 2H2↑ (9)

TiCl4 + 2H2O → TiO2 + 4HCl (10)

5. Conclusions

This study used PEO treatment with a ZrO2-rich electrolyte in the commercial Ti-6Al-
4V alloy. The effect of the electrical AC parameters on the chemical, physical, structural, and
topographical aspects of the surface was addressed. Then, selected PEO-treated samples
were submitted to electrochemical evaluation in 0.9% NaCl solution. From the results
reported in the present study, it is possible to conclude the following:

• The electrical AC parameters affected the initial current density without significant
modification in the overall shape of the curves, indicating some minor changes in the
oxidative reactions and plasma micro-discharges;

• The topography of the PEO-treated samples depended differently on each electrical AC
parameter, interfering in the domain of oxidative reactions or plasma micro-discharges,
resulting in a smooth and thick oxide layer with porous structures;

• The chemical analyses indicated that the PEO treatment successfully incorporated
ZrO2 in the TiO2 layer, bio-camouflaging the surface of the potentially harmful Al
and V ions. Moreover, the electrical AC parameters did not modify the ability to
absorb organic molecules from the ambient environment, the plasma micro-discharges
promote the formation of a considerable amount of ZrTiO4;

• All the PEO-treated samples depicted micro-scaled thickness and roughness without
clear dependence on the electrical AC parameters. However, all the PEO-treated
samples showed considerable hydrophobic behavior compared to the bare substrate,
which was related to the role of ZrO2 enrichment on the surface;

• Electrochemical evaluation of selected PEO-treated samples in 0.9% NaCl indicated a
considerable enhancement of the average OCP, corrosion current density, corrosion
potential, and impedance values compared to the bare substrate. The EIS results
indicated the presence of a single CPE element with a significant capacitive aspect,
which provided protection and nobler behavior of the metallic surface;

• The selected PEO-treated samples resulted in porous ZrO2–TiO2 ceramic coatings
with superior corrosion strength, which could benefit biomedical implants, especially
those used for hard-tissue replacements in the long-term. Further biological and
antimicrobial testing can be helpful to screen its potential thoroughly as a biomaterial.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings14070866/s1, Figure S1—High-resolution XPS
spectrums of the substrate; Figure S2—High-resolution XPS spectrums of the PEO-treated sample at
375 V; Figure S3—High-resolution XPS spectrums of the PEO-treated sample at 425 V;
Figure S4—High-resolution XPS spectrums of the PEO-treated sample at 450 V; Figure S5—High-
resolution XPS spectrums of the PEO-treated sample at 15 min; Figure S6—High-resolution XPS
spectrums of the PEO-treated sample at 50%; Figure S7—High-resolution XPS spectrums of the
PEO-treated sample at 60 Hz; Table S1—Quantitative results of the high-resolution XPS spectrums.
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Abstract: Potentiodynamic and potentiostatic polarization tests in the potential range between open
circuit potential (OCP) − 0.1 V and OCP + 4 V were carried out in aluminate–phosphate electrolytes
with an aluminate concentration of 0.2 mol/L and varying phosphates contents between 0 and
0.1 mol/L. The pH was adjusted between 11.5 and 12.0 due to phosphate and optional KOH addition.
A high-strength, dual-phase steel, which is relevant for lightweight construction, served as the
substrate material. The layer microstructure was investigated by optical and scanning electron
microscopy. Energy-dispersive X-ray spectroscopy and Raman spectroscopy were used for element
and phase analyses. We found that iron hydroxides or oxides are initially formed independently of
the electrolyte composition at low potentials. At around 1 V vs. standard hydrogen electrode (SHE),
the current density suddenly increases as a result of oxygen evolution, which causes a significant
reduction in the pH value. Precipitation leads to the formation of porous layers with thicknesses of
10 μm to 20 μm. In the case of a pure aluminate solution, the layer mainly consists of amorphous
alumina. When adding phosphate to the electrolyte, the layer additionally contains the hydrous
phosphate evansite. At the highest phosphate content in the electrolyte, the highest P content and the
most pronounced crack network were observed.

Keywords: passivation; precipitation; polarization; aluminate; phosphate; pH; dual-phase steel

1. Introduction

Electrochemical passivation is considered an important prerequisite for plasma elec-
trolytic oxidation (PEO) [1,2]. Passivation is generally understood as the deposition of a
poorly soluble compound from the dissolved metal ions and ions of a corrosive solution
after the solubility product has been exceeded [3]. This causes the formation of a protecting
layer on the substrate, which kinetically inhibits both the anodic metal dissolution and
the electrolysis of the water, i.e., the oxygen evolution at the anode. A significant part
of the current occurs due to the outward migration of metal ions towards the passive
layer/electrolyte interface and the migration of the oxygen ions in the opposite direction.
Lohrengel summarizes the mechanisms of ion transport and passive layer growth according
to the high-field model in [4]. With increasing oxide layer thickness, the anodic potential
for maintaining the current must be continuously increased. As a result of the oxygen
generation and the electrolyte evaporation due to Joule heating, a gas envelope forms on
the anode surface. According to the model by Yerokhin, microarc initiation occurs above
the breakdown potential between a quasi-cathode on the surface of the gas envelope and
the anode [5].

In contrast to chemical elements such as Al, Nb, and Zr, Fe does not spontaneously
form a dense and adherent oxide layer under humid conditions but a porous and loose
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mixture of iron oxides and hydroxides, which is well known as rust [6]. However, numer-
ous studies describe the anodic passivation of Fe in strongly alkaline solutions above a pH
of 13 [7–11]. At low anodic polarization, iron(II) oxide and hydroxide are initially formed
according to Equations (1) and (2) [7]. A corrosion-protective passivation is observed after
further oxidation to iron(II,III) oxide (magnetite) according to Equations (3) and (4) [7–9].
With increasing anodic potential, iron(II,III) oxide is oxidized to iron(III) oxide or hydrox-
ide [7–9], resulting in a multilayer structure with a higher proportion of Fe(II) oxide close to
the substrate and Fe(III) oxide and hydroxide on the surface [10]. The thickness of the pas-
sive layers is in the range of a few nanometers [11]. The corrosion and passivation behavior
of high-strength multiphase steels, e.g., dual phase (DP) steels, which consist of the ferrite
and martensite phases [12], are more complex than in case of single-phase ferritic iron. It is
known from numerous corrosion studies that at pH values around 7, martensite behaves
more electrochemically noble and that the ferrite phase corrodes preferentially. Therefore,
the corrosion rate increases with increasing martensite content on the surface [13–16]. How-
ever, in alkaline solutions, the anodic passivation of the ferrite phase due to Equations (1)
to (6) might be supported by the galvanic coupling with martensite. Abdo et al. found that
a more stable passivation layer was formed during anodic polarization in 0.8 mol/L NaOH
after a DP heat treatment compared with the normalized ferrite-perlite condition [17].

Fe + 3H2O → FeO + 2H3O+ + 2e− (1)

Fe + 4H2O → Fe(OH)2 + 2H3O+ + 2e− (2)

3Fe(OH)2 + 2OH− → Fe3O4 + 4H2O + 2e− (3)

3FeO + 2OH− → Fe3O4 + H2O + 2e− (4)

2Fe3O4 + 2OH− → 3Fe2O3 + H2O + 2e− (5)

Fe3O4 + OH− + H2O → 3FeO(OH) + e− (6)

The formation of a corrosion-protecting layer can be promoted by the addition of
further anions to the solution. For example, the addition of silicate leads to the formation
of a thin protective layer, effectively inhibiting Fe dissolution at pH 12 [18]. Pronounced
passivation at pH 12 was also observed in electrolytes containing aluminate [19]. Two
different mechanisms for the formation of an aluminum oxide or aluminum hydroxide
surface layer from aluminate-containing electrolytes have been proposed in the literature:
electrochemical oxidation and the precipitation reaction [20,21]. Electrochemical oxidation
of aluminate can produce insoluble aluminum hydroxide according to Equation (7) or
alumina according to Equation (8). Due to oxygen evolution at the anode, a drop in
the pH value is expected. With a decreasing pH value and thus a decreasing ratio of
OH− to Al3+, polymers of the type [Al(OH)4]n(OH)

(n+2)−
2 are initially formed. In the pH

range between 8.2 and 9.3 and at an OH−/Al3+ ratio in the range of 3.01 to 3.3, colloidal
Al(OH)3 eventually precipitates [21,22]. According to Ginsberg et al., crystalline Al(OH)3
precipitates in the pH range between 10 and 12.5 after prolonged storage [23]. In order to
prevent premature precipitation, aluminate solutions in this pH range must be stabilized
with complexing agents [20,24]. Furthermore, gels form between pH 8 and 10, with an
increasing proportion of crystalline AlO(OH) at increasing pH. Stable solutions of Al3+

and [Al(OH)4]
− exist below pH 8 and above pH 13 [23]. For the precipitation of Al(OH)3

as a result of anodic acidification, the pH value of the solution and the anodic potential
must be set within narrow limits [24]. The precipitation reactions of Al(OH)3 and Al2O3
are represented in simplified form in Equations (9) and (10) [20,21].

[Al(OH)4]
− → Al(OH)3 + 1/2O2 + 2H2O + e− (7)

2[Al(OH)4]
− → Al2O3 + 1/2O2 + 4H2O + 2e− (8)

[Al(OH)4]
− + H+ → Al(OH)3 + H2O (9)
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2[Al(OH)4]
− + 2H+ → Al2O3 + 5H2O (10)

At high anodic potentials of several 100 V and with intense oxygen evolution, Kar-
pushenkov et al. concluded that the layer formation is mainly based on a precipitation
reaction according to Equations (9) or (10) [21]. For alkaline electrolytes, which additionally
contain hydrogen phosphate ions, Li et al. proposed a precipitation reaction at the anode,
which leads to the deposition of a mix of aluminum oxide and aluminum phosphate [25].
Equation (11) describes the overall reaction. In contrast, Kurze considered that a precipita-
tion reaction caused by anodic acidification is unlikely, since the concentration of H+ ions
in alkaline media is very low. Furthermore, H+ ions would be immediately repelled from
the anode due to their positive charge, and a strong oxygen evolution would prevent the
formation of an adherent oxide layer. They advocate the mechanism of electrochemical
oxidation of aluminate ions according to Equations (7) or (8) [20].

3[Al(OH)4]
− + [HPO4]

2− → Al2O3·AlPO4 + 5OH− + 4H2O (11)

Based on a broad design of experiments, Kurze described the production of dense
and adherent layers by anodic polarization in the potential range up to 75 V, which mainly
consist of amorphous, water-containing Al(OH)3 [20]. As a result of the dehydration of
the layer by drying in air or accelerated drying at elevated temperatures or under vacuum
conditions, there is a significant reduction in volume, which leads to the formation of a crack
network [20]. Li et al. described the formation of a surface layer, which mainly consists of
Al, O, and P, at around 450 V (still below the ignition voltage), with the alumina aluminum
phosphate (see Equation (11)) or aluminum phosphate phases predominating [18]. After the
formation of Al-oxide- or Al-hydroxide-rich top layers and after the breakdown potential
is exceeded, microarc discharges were initiated and thus the PEO process began on Fe
substrates, similar to the PEO of Al alloys [20,21,25].

A temperature of about 7000 K to 10,000 K is reached in the center of the discharge
channel [26]. There, substrate regions close to the surface, the passive layer, and anions
from the electrolyte present at the quasi-cathode are vaporized and form plasma. This
is followed by a region where the oxide formation reaction mainly takes place, where
the preferentially formed oxides are in the liquid state [27] and the components of the
passive layer and the electrolyte are incorporated into the PEO layer. This enables the
modification of the layer composition, e.g., for the production of Al- or Si-rich oxide layers
during the PEO of steel substrates in aluminate- or silicate-containing solutions with the
aim of increased corrosion and/or wear resistance (summarized in [28]). The results of Li
et al. showed that the initially formed surface layer, which contains Al and P, is converted
into a porous PEO layer with a similar chemical composition by the first wave of microarc
discharges [25]. With increasing duration, the layer thickness and the Al and Fe contents of
the layer increase. This results in a PEO layer consisting of FeAl2O4 and Fe3O4 phases [25].
Other publications have described the production of PEO layers which largely consist of
amorphous and crystalline Al2O3 phases using aluminate-containing electrolytes [19,21,29].
These PEO layers possess a very high hardness of up to 1680 HV and improve both the
tribological behavior and the corrosion resistance of the steel substrate [29]. From the
state-of-the-art research, it can be deduced that the formation of a surface layer of insoluble
compounds such as aluminum oxide, hydroxide, and/or phosphate not only ensures the
necessary substrate passivation, but also ensures that the top layer provides a significant
portion of the chemical elements to be incorporated into the layer (e.g., Al), especially in
the early phase of PEO. The formation of the top layer is therefore of central importance for
the PEO of steels in aluminate electrolytes.

It can be shown from the Nernst equation that the anode potential for oxygen evolution
decreases with increasing pH value and is well below 1 V in alkaline media. If the surface
layer is formed by precipitation due to acidification at the anode, it can be expected
that layer formation will already start in this potential range. The classic passivation
by the formation of iron hydroxides or oxides takes place at anodic potentials of a few
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100 millivolts. To our knowledge, polarization experiments in aluminate electrolytes in a
potential range of up to 4 V have not yet been described in the scientific literature. Therefore,
it is the aim of this paper to clarify whether, and if so, in which potential range, passivation-
and pH-induced precipitation take place and which microstructural features characterize
the layers. This approach allows to obtain novel findings, which enable a more precise
control of the insulating layer formation prior to the PEO process.

2. Materials and Methods

2.1. Materials

The DP steel CR440Y780T-DP/HCT780XD (mass fraction in %: <0.17 C, <0.3 Si,
<2.0 Mn, <0.05 P, <0.01 S, 0.015–0.08 Al, <1.0 Cr + Mo, <0.05 Nb + Ti), provided by Salzgitter
Flachstahl GmbH, Germany, as hot-dip galvanized sheets with a thickness of about 1.7 mm,
served as the substrate material. The samples were cut to a size of 15 × 15 mm2 by water
jet cutting. Subsequently, about 0.1 mm to 0.2 mm of the sheet thickness was removed
by grinding on one side. In this way, the hot dip galvanizing coating (thickness < 10 μm)
and an edge region with a slightly different metallographic appearance (thickness approx.
50 μm, possibly decarburized) were removed. Furthermore, a blank metal surface with a
defined roughness of Ra ≈ 0.4 μm and Rz ≈ 3.0 μm (transverse to the grinding direction)
was obtained by grinding. Directly before the electrochemical measurements, the samples
were degreased with ethanol. The samples appeared metallically bright. Pickling was
avoided in order not to preferentially dissolve electrochemically fewer noble phases and
thus change the phase composition on the surface.

2.2. Electrochemical Polarization

The schematic set-up of the electrochemical polarization measurements is shown in
the left of Figure 1. The DP steel sample was clamped in a cylindrical sample holder in a
way that it is contacted on the back and masked on the front. The measurement area was
about 78.5 mm2 (circular opening with a diameter of 10 mm). A platinum foil with an area
of about 15 × 15 mm2 was used as the counter-electrode. Ag/AgCl/3M KCl served as
the reference electrode. For the qualitative measurement of the pH value change during
polarization, polarization experiments were carried out in a vertical electrode arrangement
(schematically shown in Figure 1, right). The surface of the working electrode was also
78.5 mm2, a platinum foil with an area of about 15 × 15 mm2 served as the counter electrode,
and Ag/AgCl/3M KCl was used as the reference electrode. In addition, a pH electrode
EGA 133 (Sensortechnik Meinsberg, Waldheim, Germany) was positioned at a small angle
at a distance of about 10 mm from the working electrode. The pH electrode was grounded
via a high-impedance resistor.

 

Figure 1. Schematic set-ups of the electrochemical measurements without (left) and with a pH
electrode (right).

Table 1 gives an overview of the electrolytes used. The starting point was the results of
Simchen et al., who observed the strongest substrate passivation in an aluminate electrolyte

188



Coatings 2023, 13, 656

at pH 12 and low phosphate content [19]. The aluminate content was set at 0.2 mol/L,
as this causes a pH value of about 12 (electrolyte 1). The phosphate concentration was
increased to 0.05 and 0.1 mol/L to investigate the influence of increased phosphate levels
and the associated pH change. The electrolyte was synthesized by first quickly adding
NaAlO2 to stirred distilled water, as the aluminate addition itself causes the alkaline pH
that is required for obtaining a stable solution. Afterwards, Na2HPO4 was added in the
required amounts. In order to distinguish the effects of pH and phosphate concentration,
reference electrolytes with pH 12 were also prepared by adding KOH. All chemicals were
of analytical grade.

Table 1. Chemical composition and pH of the electrolyte solutions used in this study.

Electrolyte
No.

Concentration in mol/L
pH

NaAlO2 Na2HPO4

1 0.2 0 12.0
2 0.2 0.05 11.7
3 0.2 0.05 12.0 *
4 0.2 0.1 11.5
5 0.2 0.1 12.0 *

* pH adjusted to 12 by adding KOH.

Before each electrochemical measurement, the open-circuit potential (OCP) was first
recorded for 30 min. For all electrolytes, potentiodynamic “screening” measurements (OCP
− 100 mV to OCP + 4000 mV with a scan rate of 10 mV/s), as well as higher resolution
measurements near the OCP (OCP − 100 mV to OCP + 100 mV with 1 mV/s) were
performed. Based on these higher resolution measurements, the corrosion potential, ϕcorr,
was determined and the corrosion current density, jcorr, was calculated according to the
method of Stern [30] using Equations (12) and (13), where Rpol is the polarization resistance,
j is the current density, R is the universal gas constant, T is the electrolyte temperature
(295.15 K), F is the Faraday constant, and A is the measurement area.

Rpol =
(ϕcorr + 10 mV)− (ϕcorr − 10 mV)

I(ϕcorr + 10 mV)− I(ϕcorr − 10 mV)
(12)

jcorr =
R·T

z·F·Rpol·A (13)

Additionally, potentiostatic polarization measurements were carried out for all elec-
trolytes at OCP + 4 V to produce thick surface layers for further material and scientific
characterization, as well as further potentiostatic measurements at defined potentials. For
statistical validation, all electrochemical measurements were carried out at least 3 times un-
der the same conditions. The electrochemical work station Zennium X (Zahner, Kronach,
Germany) served as the voltage source and for recording the current curves and the pH value.

2.3. Microstructural Analysis

All specimens were routinely documented using a stereo microscope MVX 10 (Olym-
pus, Tokyo, Japan). Metallographic preparation was carried out on samples that were
polarized at an anodic potential of OCP + 4 V. For this purpose, the samples were cut,
embedded in conductive resin, ground on SiC paper to 4000 grit, polished on cloths to a
diamond size of 1 μm, and finally polished with a suspension of colloidal silicon dioxide.
The optical microscopic examinations were carried out using an inverse optical microscope
GX 51 (Olympus, Japan) in bright field mode. Prior to scanning electron microscopy (SEM)
measurements, the cross-sections were rinsed in ethanol and isopropanol and then dried in
an oven at 60 ◦C. In order to ensure a sufficient electrical conductivity of the electrically
insulating layers for the SEM investigations, all ground surfaces were vapor coated with
carbon. The scanning electron microscopic investigations were carried out with an SEM
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LEO1455VP (Zeiss, Oberkochen, Germany) at an acceleration voltage of 25 kV and a work-
ing distance of 14.5 mm using the secondary electron (SE) and backscattered electron (BSE)
contrasts. In addition, the chemical composition of the surface layers was determined using
energy-dispersive X-ray microanalysis (EDX) in the middle of the layer.

In order to determine the phase composition, an X-ray diffraction (XRD) analysis was
carried out using the D8 Discover (Bruker, USA) diffractometer with Co-Kα radiation. The
measurements were performed on the surface of samples that were polarized at OCP + 4 V
with a point focus (diameter pinhole aperture 0.5 mm) and the LYNXEYE XE-T detector.
Measurements for the qualitative determination of the phase composition were carried out
on the same sample surfaces using a confocal Raman microscope inVia (Renishaw, United
Kingdom). The measurement was carried out with a 20× lens and a laser wavelength of
532 nm at 100% excitation energy for 10 s (thick precipitated layers) or 50 s (thin passive
layers) with 10 accumulations. The reference data of possible phases were taken from the
RRUFF database [31] and from the scientific literature.

3. Results

3.1. Polarization Experiments
3.1.1. Potentiodynamic Polarization

In order to obtain an overview of the electrochemical processes, potentiodynamic
polarization measurements were first carried out in the potential range from OCP − 100 mV
to OCP + 4000 V. Figure 2 shows the average current–density curves (solid lines) including
the curves of the standard deviations of the current–density values at a specific potential for
different electrolytes in the range between ϕcorr and OCP + 4 V, as well as a representative
curve of the pH change during polarization in electrolyte 1. The secondary ordinate (pH
change) has a linear scale and is not labeled with absolute values of the pH change, since
the pH measurements were not carried out in the immediate vicinity of the anode but at a
distance of about 10 mm. It is to be expected that the pH change in the immediate vicinity
of the substrate will be significantly higher than measured.

Figure 2. j–ϕ curves due to potentiodynamic polarization in electrolytes (El.) 1, 2, 4, and 5 within the
range of ϕcorr to OCP + 4 V with a magnified image of the section between 400 and 1200 mV vs. SHE
(right) and qualitative pH change (dpH) during a measurement in electrolyte 1 (linear scale). The
dashed lines represent the standard deviation between the repetition samples.

The current–density curves are qualitatively similar for all electrolytes. After a steep
increase when crossing ϕcorr, the curves flatten slightly at about ϕcorr + 10 mV. In the region
of the steep current–density increase, a sudden pH decrease can be observed. Another
steep current–density increase can be identified starting at about ϕcorr + 350 mV. Again, a
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flattening of the curves can be seen at around ϕcorr + 600 mV (electrolyte 1) and at around
ϕcorr + 700 mV (other electrolytes). In the case of electrolytes 4 and 5 (highest phosphate
concentration of 0.1 mol/L), there is even a slight decrease in current density and a local
minimum is passed (see magnified section in Figure 2). Another steep increase in current
density follows at around 900 mV vs. standard hydrogen electrode (SHE) for electrolytes 1
and 2 and at around 1000 mV vs. SHE for the other electrolytes. Compared to the current–
density increase, the pH starts to decrease during polarization in electrolyte 1 with a slight
delay at around 950 mV vs. SHE. The pH value reacts very sensitively to a change in current
density. For example, the current–density fluctuation during polarization in electrolyte 1
at around 1200 mV vs. SHE leads to a measurable pH fluctuation. The increase in current
density is the steepest for electrolyte 1 and begins to level off at around 1000 mV vs. SHE.
After passing through the minimum pH value at around 1650 mV vs. SHE, the maximum
current density of 5.3 mA/cm2 is reached for electrolyte 1 at around 2000 mV vs. SHE. The
flattening of the curves and the current–density maxima shift towards higher potentials
with increasing phosphate content in the electrolyte. In addition, the magnitudes of the
maxima increase to around 9.5–10.5 mA/cm2. During polarization in electrolyte 5 (high
phosphate content, adjusted to pH 12), the highest measured current–density maximum is
reached at about 2850 mV vs. SHE. At the end of the polarization at OCP + 4 V, the lowest
current densities in the range of 4.5 mA/cm2 to 5 mA/cm2 are reached for electrolytes 1
and 2. After polarization in the potential range OCP − 100 mV to OCP + 4000 mV, light
gray to white covering layers can be observed on all sample surfaces with the naked eye.

As can be seen in Figure 2, different free corrosion potentials are obtained in the differ-
ent electrolytes. The OCP drifts significantly during the 30 min OCP measurement prior to
the potentiodynamic polarization measurements. Both increases and decreases in the OCP
were measured in the same electrolyte. A detailed investigation of the electrochemical be-
havior was carried out using polarization tests in the OCP ± 100 mV range. Figure 3 shows
the courses of the current density for the polarization in electrolytes 1, 3, and 5 (which
have the same pH value of 12 and differ in terms of the phosphate content) in the potential
range ϕcorr ± 40 mV using a Tafel plot. The points marked with the symbol × represent
the corrosion potential, ϕcorr, and the corrosion current density, jcorr, calculated according
to Equation (13). The average values, including standard deviations of ϕcorr and jcorr, are
summarized for all electrolytes in Table 2.

Figure 3. j–ϕ curves in electrolytes no. 1, 3, and 5 within the range of ϕcorr ± 40 mV; the crosses mark
the ϕcorr and jcorr values of every curve.

The most negative corrosion potentials were measured for the electrolytes without
phosphate and with 0.05 mol/L phosphate. No clear influence of the pH value on the
corrosion potential can be identified for these electrolytes when considering the large
standard deviations. In contrast, for electrolytes 4 and 5 with a phosphate concentration of
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0.1 mol/L, a shift in the corrosion potential towards more positive values was observed
(see Table 2), especially after adjustment of the pH value to 12 (electrolyte 5). The corrosion
current density tends to be lower for electrolytes 4 and 5 compared to electrolytes 1, 2, and
3. After the polarization tests in the OCP ± 100 mV range, no macroscopic changes or
layers can be seen on the sample surface.

Table 2. Average values and standard deviations of ϕcorr and jcorr (Equation (13)) in different
electrolytes.

Electrolyte
No.

ϕcorr in
mV

jcorr in
10−5·mA/cm2

1 −47 ± 24 19 ± 16
2 −70 ± 150 13 ± 7
3 −10 ± 60 19 ± 5
4 90 ± 80 9 ± 7
5 210 ± 80 10 ± 8

3.1.2. Polarization at Constant Potential

The layer formation was examined in more detail using potentiostatic polarization
experiments at OCP + 4 V. As can be seen from Figure 4, the current–density curves for
electrolytes 1, 2, and 3 are very similar and differ only within the range of their standard
deviations. They can be described to a very good approximation (R2 ≈ 0.99) by power
functions of the form j = a·tb, with a between 33 mA/(cm2·s) and 45 mA/(cm2·s) and b
between −0.43 and −0.47.

Figure 4. j–t curves due to polarization at constant potential (OCP + 4 V) in the different electrolytes
and qualitative pH change (dpH) during a measurement in electrolyte 1. The dashed lines represent
the standard deviation between the repetition samples.

In addition to a high current density at the beginning of the polarization, a considerable
decrease in the pH value from 12 to 8.5 can be observed at a distance of about 10 mm from
the anode, which is a pH change of −3.5 within the first seconds. With the rapid decrease
in current density, the pH value quickly approaches the original pH value of the electrolyte.
When polarizing in electrolyte 4 and in particular in electrolyte 5, higher current densities
and stronger current–density fluctuations can be seen shortly after the start. Later during
the experiment, a continuous decrease in the current density can also be observed for these
electrolytes. After 1800 s polarization in electrolytes 1 to 4, the average current densities
are about 1.17 mA/cm2 to 1.35 mA/cm2. These differences are still within the standard
deviation of the individual curves. At the same time, a higher average current density of
about 1.8 mA/cm2 can be measured at the end of the polarization in electrolyte 5.
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The surface layers after 30 min of polarization at OCP + 4 V have a light gray to white
color and are partially opaque so that the grinded steel substrate is visible. In Figure 5,
stereomicroscopic surface images of one representative sample per electrolyte are arranged
in a table structure according to the phosphate content of the electrolyte (e.g., “0.05 PO3−

4 ”
stands for 0.05 mol/L phosphate) and pH value. The images were always taken at the
center of the measuring surface. After polarization in electrolyte 1 (0 PO3−

4 , pH 12), a
microscopically heterogeneous top layer is formed. There are finely distributed light gray,
opaque areas next to fine pores (darker areas) where the steel substrate shines through
the layer more strongly. The top layers produced in electrolytes 2 (0.05 PO3−

4 , pH 11.7)
and 4 (0.1 PO3−

4 , pH 11.5) appear homogeneous and less porous. In the case of the latter
layer (0.1 PO3−

4 , pH 11.5), sharp-edged layer spallation can be seen, which indicates a
high degree of brittleness. After polarization in electrolytes 3 (0.05 PO3−

4 , pH 12) and 5
(0.1 PO3−

4 , pH 12), larger pores are visible on the surface, which are presumably caused by
the temporary adhesion of gas bubbles and the associated hindrance of layer formation.
This is most pronounced after polarization in electrolyte 5.

Figure 5. Optical microscopic images of the sample areas after polarization at constant potential
(OCP + 4 V) in the different electrolytes, categorized by the phosphate content in the electrolyte
(PO3−

4 ) in mol/L and the pH. The scale bar applies to all images.

When examining the surfaces at higher magnification using optical microscopy, it is
noticeable that all layers are microcracked. After polarization in electrolytes 1, 2, and 3, a
fine network of closed cracks can be observed. As shown in the left of Figure 6, the layer,
which was produced by polarization in electrolyte 2 and appeared very evenly in Figure 5,
also has fine porosity and roughness. This may cause light scattering, which is the reason
why the layer appears cloudy and the substrate cannot be seen. For the same reason, the
crack network can only be seen in some places (see Figure 6, left). Dense crack networks
are clearly visible in layers that were created by polarization in electrolytes 4 and 5. This is
particularly pronounced after polarization in electrolyte 4. As can be seen from the right of
Figure 6, some cracks have widened so much that layer fragments are present as islands.
In addition, these layers are optically transparent so that the grinding marks on the base
material can be clearly seen in the background. The macroscopic gray appearance may not
be due to fine porosity or roughness but because of light scattering at the crack edges.
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Figure 6. Optical microscopic images of the sample surface after polarization at constant potential
(OCP + 4 V) in electrolytes 2 (left) and 4 (right). The scale bar applies to both images.

As already described in Section 3.1.1, the potentiodynamic polarization experiments
depicted in Figure 2 show a flattening of the current–density curve in the potential range
between about 550 mV and 1000 mV vs. SHE (depending on the electrolyte), and sometimes
there is even a slight decrease in current density. To examine this potential range more
closely, potentiostatic polarization tests were carried out at OCP + 500 mV. Figure 7 shows
the current–density curves for electrolytes 1 and 4, which differ most in terms of phosphate
content and pH value. In both cases, a clear decrease in current density is recorded shortly
after the start. Compared to the polarization at OCP + 4 V (Figure 4), the current densities
after 1800 s are about 20 to 30 times higher. Up to about 1100 s, both average current–density
curves (solid lines) run almost congruently.

Figure 7. j–t curves due to polarization at constant OCP + 500 mV in electrolytes 1 and 4. The solid
lines represent the averaged curves; the dashed lines represent the curves of the individual samples
with the potentials of the individual measurements vs. SHE.

However, it can be observed that the courses of the individual curves in Figure 7 are
very different. It must be taken into account that the individual measurements were carried
out at different potentials vs. SHE, since the OCPs varied considerably. The potentials
vs. SHE of the individual measurements are given in the legend of Figure 7. For both
electrolytes, the lowest current densities of about 4 mA/cm2 for electrolyte 1 and about
13 mA/cm2 for electrolyte 4 were reached after 1800 s polarization at 540 mV (electrolyte 1)
and 517 mV (electrolyte 4) vs. SHE. These values are close to the oxygen evolution potentials
of 522 mV and 552 mV vs. SHE at pH 12 and 11.5, respectively. Relatively high current
densities of over 50 mA/cm2 were observed both above 550 mV vs. SHE and below
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400 mV vs. SHE. At the highest potential of 765 mV vs. SHE, a significant increase in the
current density was observed at the end of the measurement. After the tests, no surface
layer formation can be seen macroscopically or by means of optical microscopy.

3.2. Microstructure

To illustrate the layer microstructure, Figure 8 shows optical microscopy images of the
layer cross-section of a representative sample of each electrolyte. The arrangement of the
images is the same as in Figure 5. In accordance with the observation of pores in the surface
images, significant layer thickness fluctuations can be observed in the layer cross-section.
However, it cannot be clearly assigned which regions with a thin layer actually formed during
polarization. The surface layers showed a high degree of brittleness and low adhesion, which
led to partial layer detachment during the cross-section preparation. The amount of cracks
visible in Figure 8 and the gaps between the layer and the substrate probably increased during
preparation. Layer thicknesses of about 10 μm and 20 μm within the uniform regions (shown
in Figure 8) were probably only slightly changed by the preparation of the cross-section.
These uniform layer areas have a similar appearance in all cases.

Figure 8. Optical microscopic images of the cross-sections after polarization at constant potential
(OCP + 4 V) in the different electrolytes, categorized by the phosphate content in the electrolyte
(PO3−

4 ) in mol/L and the pH. The scale bar applies to all images.

Generally, the same layer characteristics can be recognized by means of SEM. Figure 9
shows homogeneous layer regions that were created by polarization at OCP + 4 V in
electrolytes 1, 3, and 5 with different phosphate concentrations and at the same pH of 12.
These layer areas still appear compact in the SE contrast. In the BSE contrast, a very faint
horizontal, slightly wavy layering can be seen at some places. This is an indication of slight
variations in the chemical composition. However, a systematic change in the composition
over the layer thickness is not recognizable. In order to determine representative average
values of the chemical element content, EDX measurements were always carried out over a
larger measuring area in the middle of the layer, with a sufficient distance to the edges. The
results of the EDX measurements are summarized in Table 3. Polarization in electrolyte 1
(without phosphate) creates layers that almost exclusively consist of the elements Al and
O, with the ratio of Al to O being about 2 to 3. With the addition of 0.05 mol/L and
0.1 mol/L phosphate to the electrolyte, the P content of the layers increases to an average
molar fraction of 7.9% and 9.3%, respectively. At the same time, the O content increases
from 61.4% to 66.4% and 68.7%, respectively. These increases are at the expense of the
Al content, which drops significantly from 38.4% to 25.0% and 20.5%, respectively. In
any case, the element Fe can only be measured in small amounts. It cannot be clearly
determined whether the layer actually contains Fe. It is also conceivable that Fe particles
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were transferred to the layer during the preparation of the cross-section or that the substrate
was slightly excited during the EDX measurement.

Figure 9. SEM images (SE contrast) of the cross-sections of samples that were polarized at constant
OCP + 4 V in electrolytes 1, 3, and 5. The scale bar applies to all images.

Table 3. Chemical compositions measured by EDX analyses at the cross-sections of samples that were
polarized at constant potential (OCP + 4 V) in electrolytes 1, 3, and 5.

Electrolyte Molar Fraction in %
No. Al O P Fe

1 38.4 ± 0.8 61.4 ± 0.7 <0.1 0.3 ± 0.1
3 25.0 ± 1.9 66 ± 3 7.9 ± 0.9 0.8 ± 0.2
5 20.5 ± 0.7 68.7 ± 2.1 9.3 ± 0.1 1.5 ± 1.3

Despite the high layer thicknesses in the range of 10 μm to 20 μm after polarization
at OCP + 4 V for 30 min, only the characteristic peaks of the substrate material can be
registered with XRD surface measurements. Obviously, the layers are X-ray amorphous or
nanocrystalline.

The surface layers that were generated by polarization at OCP + 4 V for 30 min in
electrolytes 1 and 4, which differ most in terms of phosphate content and pH value, were
analyzed using Raman spectroscopy. As can be seen from the bottom spectrum in Figure 10,
the layer produced in electrolyte 1 primarily shows a broad peak with a maximum at
590 cm−1 and a double peak at around 1070 cm−1 and 1100 cm−1. Based on the results of
the EDX measurements, only phases containing Al, O, and possibly light elements such
as H, which are not detectable by EDX, can be considered. Suitable reference spectra of
the Al(OH)3 modifications gibbsite (RRUFF ID: R190038) and nordstrandite (RRUFF ID:
R050592) were taken from [31] and inserted in Figure 10. The pronounced gibbsite band
at about 475 cm−1 and the weak band at about 1080 cm−1 may be included in the broad
peaks of the electrolyte 1 spectrum, but do not explain them sufficiently. The nordstrandite
reference spectrum contains a series of bands between 470 cm−1 and 750 cm−1. In the case
of an amorphous or nanocrystalline layer, these bands could appear broader and overlap
to form a broad peak as measured at the sample produced in electrolyte 1. However, the
other bands of the nordstrandite spectrum between 210 cm−1 and 450 cm−1 and between
810 cm−1 and 1000 cm−1 do not correspond to the measured spectrum. It is known from the
literature that the Al(OH)3 modification bayerite has characteristic bands at the following
Raman shifts (in cm−1): 1079, 1068, 898, 866, 545, 525, 484, 443, 434, 388, 359, 322, 297, 250,
239, and 205 [32]. These also do not specifically match the bands of the measured spectrum
of the layer produced in electrolyte 1. Furthermore, there is no striking conformance with
boehmite (RRUFF ID: R120123) either, which is characterized by bands at around 360 cm−1,
500 cm−1, and 680 cm−1 [31]. According to Sudare et al., the Raman spectra of amorphous
Al2O3 and γ-Al2O3 show bands at about 555 cm−1 and 1060 cm−1 within the applied
measurement range (vertical, black lines in Figure 10) [33]. Both bands are close to the
characteristic bands of the spectrum of the layer produced in electrolyte 1.
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Figure 10. Raman spectra of layers produced in electrolytes 1 and 4 at OCP + 4 V and reference
spectra of gibbsite, nordstrandite, and evansite from [31]. The vertical black lines mark characteristic
bands of amorphous Al2O3/γ-Al2O3 according to [33].

Compared to the layer from electrolyte 1, the layer produced in electrolyte 4 primarily
shows an additional broad peak at about 1000 cm−1. In addition, the left shoulder of the
broad peak with the maximum at 590 cm−1 extends more towards lower values. Based on
the results of the EDX measurements, the conformability of phases containing P in addition
to Al, O, and potentially H was checked. The best match was found for the evansite phase.
This is a hydrous phosphate that also contains Al ions and is described by the chemical
formula Al3(PO4)(OH)6·6H2O. As can be seen in Figure 10, the deviations between the
spectra of the layers of electrolytes 1 and 4 can be explained very well by the characteristic
bands in the Raman spectrum of Evansite at around 980 cm−1 and 460 cm−1. The broad
peak around 590 cm−1 possibly covers another band of Evansite at around 620 cm−1.
In order to clarify the phase composition of surface layers, which are generated during
polarization at OCP + 500 mV, the individual samples from electrolytes 1 and 4, which
showed the strongest current–density decrease during polarization, were examined using
Raman spectroscopy as well. A five times higher measurement duration was applied in
order to obtain peaks which can be clearly distinguished from the background. As can be
seen in Figure 11, the Raman spectra of the samples produced in electrolytes 1 and 4 are
very similar. They essentially show the same peaks, but the latter spectrum shows higher
peak intensities at 1130 cm−1, 1290 cm−1, and 1440 cm−1. Both spectra differ significantly
from the spectra of the macroscopically visible layers that were produced by polarization
at OCP + 4 V. A Raman spectrum with the same peaks but lower intensities was measured
at the edge of a steel sample. This area was not polarized in either electrolyte but subjected
to the same rinsing routine and storage. For phase identification, the reference spectra of
phases containing Fe, O, and potentially H were checked. By far the best match was found
for the maghemite phase (γ-Fe2O3) in [34]. As can be seen in Figure 11, there is a high level
of agreement with the reference spectrum (RRUFF ID: R140712) from [31] for almost all
peaks in the range between about 200 cm−1 and 1300 cm−1, with the exceptions that the
measured spectra exhibit a much more pronounced peak at about 770 cm−1 and no peaks
around 500 cm−1. The measured peaks above 1300 cm−1 were compared with references
of the maghemite phase from the literature. Hanesch et al. identified a characteristic
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band at 1330 cm−1 [35]. This agrees approximately with the findings of Mazzetti and
Thistlethwaite, according to whom there is a band at 1320 cm−1 [36]. In addition, Mazzetti
and Thistlethwaite identified a band at 1560 cm−1 [36]. These bands are shown as black lines
in Figure 11 and are close to the measured peaks at 1290 cm−1 and 1550 cm−1. Furthermore,
Modesto Lopez et al. reported a broad band between about 1360 cm−1 and 1480 cm−1 [37].
The measured peak at 1435 cm−1 is located within this range.

Figure 11. Raman spectra of layers produced in electrolytes 1 and 4 at OCP + 500 mV and reference
spectra of the untreated sample edge and maghemite from [31], the vertical lines mark characteristic
bands (black) and a broad peak (gray) of maghemite according to the literature [35–37].

4. Discussion

The results of the polarization experiments indicate that several different processes
take place on the substrate surface in the potential range from ϕcorr to OCP + 4 V. This
approach provides novel insights into the electrochemical behavior of steel in alkaline
aluminate solution. The fluctuations during the OCP measurements and the different OCPs
of individual samples in the same electrolyte appear to be stochastic and must therefore be
caused by randomly varying factors. One reason could be the multi-phase microstructure
of the DP steel, which essentially consists of ferrite and martensite. The microstructure
shows a slight banding parallel to the rolling direction. When grinding the surface, a line
rich in the electrochemically more noble martensite or the less noble ferrite may randomly
be exposed, resulting in different OCP values and a more or less pronounced drift of the
OCP due to the passivation of the less noble ferrite phase. The corrosion potential of
−47 ± 24 mV vs. SHE, measured in electrolyte 1, is in good agreement with the corrosion
potential of around −56 mV vs. SHE of a DP steel in 0.8 mol/L NaOH reported in the
literature [17]. A corrosion-inhibiting effect in alkaline media (pH 12 to 13) due to the
adhesion of phosphates to the steel surface is described in the literature [38]. This could
explain the slightly lower average corrosion current densities at the highest phosphate
concentration. The interactions between the phosphate ions and the steel surface are not
described in the literature in detail.

Since the potentiodynamic polarization experiments always started in the cathodic
region at OCP − 100 mV, in order to reliably polarize slightly cathodically when starting
the measurement despite the OCP fluctuation over time, adhering anions were probably
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initially repelled. For this reason, the OCPs after 30 min of immersion do not exactly
match the ϕcorr values of the potentiodynamic polarization experiments. Immediately after
passing ϕcorr, the current density initially increases sharply, which is probably due to the
anodic dissolution of the iron. The subsequent flattening of the current–density curve
might be explained by the formation of an iron(II) oxide or hydroxide layer. According
to the cyclic voltammetric investigations by Joiret et al., this layer formation is associated
with the formation of hydronium ions according to Equations (1) and (2) [7]. This might
explain the decrease in pH measured after passing ϕcorr. This layer is locally destroyed
with increasing anodic potential, so the current density increases sharply again.

The subsequent current–density plateau between about 600 mV and 900 mV vs. SHE
for the polarization in electrolytes 1 and 2 and between about 780 mV and 1000 mV vs. SHE
for the polarization in electrolytes 4 and 5 (see Figure 2) indicates formation of another
layer. Joiret et al. state that iron(II) oxide and hydroxide are firstly oxidized to iron(II,III)
oxide (magnetite) according to Equations (3) and (4) and then further oxidized to iron(III)
oxide and hydroxide according to Equations (5) and (6) [7]. It is known from the literature
that a protective passive layer is only observed after the formation of iron(II,III) oxide [8,9].
This coincides with the observation that the flattening of the increase in current density is
much more pronounced here.

Using potentiostatic polarization experiments in the vicinity of this potential range,
it was possible to demonstrate the formation of a passive layer. The greatest decrease in
current density over time was found at a potential of 500 mV vs. SHE, independent of
the phosphate content and pH value of the electrolyte. This is a few 100 mV before the
current–density plateau was reached in the potentiodynamic measurements, which can
be explained by the kinetics of oxide formation. As can be seen in Figure 5, the current
density drops quickly at the beginning of the polarization. As an example, it still takes
around 30 s before the current density falls below twice the value of the current density
minimum. Given the potential scan rate of 10 mV/s in potentiodynamic polarization up to
OCP + 4 V, the anodic potential increases by 300 mV during this time.

On the measuring surfaces of the samples, which showed the strongest current density
decrease during polarization at OCP + 500 mV, no phase other than maghemite could be
detected by means of Raman spectroscopy. This also means that both other iron oxides
or hydroxides and chemical compounds containing P or Al are not present in detectable
amounts. The formation of maghemite (γ-Fe2O3) by oxidation of the iron(II,III) oxide
according to Equation (5) is plausible [7]. Both the differences between the spectra of the
samples, which were polarized in electrolytes 1 and 4, and the differences between the
measured spectra and the maghemite reference could not be attributed to plausible phases.
Since a Raman spectrum with the same characteristic peaks was measured at the edge of
the sample that was not in contact with the electrolyte, it cannot be definitively proven
whether the maghemite layer formation was actually due to polarization or as a result
of sample storage. However, it might be concluded from the higher peak intensities that
slightly thicker oxide layers were formed in the polarized areas. The layers cannot be
distinguished from the substrate neither macroscopically nor under the optical microscope.
This is consistent with the literature, which states that the thickness of an oxide layer
formed in this potential range on iron is only a few nanometers [11].

According to the Nernst equation, oxygen evolution starts at 522 mV and 552 mV vs. SHE
at pH 12 and 11.5, respectively. It is possible that this impairs the formation of dense layers
during potentiostatic polarization and leads to the detachment of porous and non-adherent top
layers. This would explain that at potentials above about 550 mV vs. SHE, a less pronounced
decrease in current density could be measured and that in case of the highest potential of
765 mV vs. SHE, the current even increased again towards the end. In the case of the poten-
tiodynamic measurements, the oxygen evolution appears with a significant delay at around
900 mV vs. SHE or 1000 mV vs. SHE, which can be seen by the significant increase in the
current density and the significant decrease in the pH value that is delayed by about another
50 mV. It is possible that the passive layer initially inhibited oxygen evolution until it finally
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detaches from the surface. As the comparisons of the current–density curves for electrolytes 1
and 2 and in particular for electrolytes 4 and 5 in Figure 2 shows, this breakthrough potential
is not significantly influenced by the pH value of the solution. The increased breakdown
potential in electrolytes 4 and 5 with the highest phosphate content is possibly due to an
interaction of the attached phosphate with the surface.

In the case of potentiodynamic polarization in electrolyte 1, the increase in current den-
sity levels off immediately after the start of the pH value reduction. These observations are
consistent with the theory that a precipitation reaction according to Equations (9) or (10)
takes place as a result of the pH drop and that the precipitated layer inhibits the cur-
rent. Similarly, layer formation in phosphate-containing electrolytes at potentials above
1 V vs. SHE can be explained by the precipitation reaction described in Equation (11).
During potentiodynamic polarization in phosphate-containing electrolytes, the maximum
current density is reached at higher potentials and is at a higher current density level.
Possibly, the development of oxygen is initially slightly inhibited by phosphate adhering to
the anode. However, the precipitation layer appears to be more permeable to the released
oxygen, resulting in the formation of more and bigger oxygen bubbles, which adhere
to the surface temporarily. This coincides with the observation that after polarization at
OCP + 4 V in electrolyte 5 (highest phosphate content, pH 12), the layer surface shows the
most pronounced porosity due to gas evolution.

It can be expected that for any anodic potential between about 1 V and several hundred
V, just below the breakthrough potential of microarc ignition, layer formation occurs due to
a precipitation reaction, which is consistent with the findings of Li et al. [25]. At an anodic
potential of OCP + 4 V, a pH reduction of up to 3.5 could be measured in electrolyte 1 at a
distance of about 10 mm from the anode. A significantly greater reduction in the pH value
is to be expected directly at the anode surface. This could at least partially invalidate the
argument formulated in [20] that there are not enough H+ ions in alkaline solutions, which
enable a precipitation reaction according to Equations (9) or (10). Precipitation layers with
a thickness between 10 μm and 20 μm are created by polarization at OCP + 4 V for 30 min.
This layer thickness is approximately 1000 times greater than would be expected in the
case of electrochemical passivation at the same anodic potential. In contrast to a dense
and firmly adhering passive layer, the precipitation layers tend to be loosely adherent and
porous and can easily be removed by rubbing. The precipitation layers are amorphous or
nanocrystalline and mainly consist of the elements Al, O, and (in the case of phosphate-
containing electrolytes) P. The Al:O ratio of about 2 to 3 measured by EDX and the results of
the Raman measurements indicates that the layers formed after polarization in electrolyte
1 at OCP + 4 V probably consist of amorphous alumina or nanocrystalline γ-alumina.
Sufficient agreement with the literature-reported Raman spectra of Al(OH)3 c was not
found. This contradicts the observations of Kurze that mainly Al(OH)3 is formed due to
anodic polarization in the potential range up to 75 V [13]. However, it cannot be ruled out
that Al(OH)3 or AlO(OH) were present immediately after the polarization experiments
and decomposed as a result of drying during sample storage. This is also indicated by the
existence of a fine crack network, which probably arose as a result of the internal stresses
caused by dehydration. The fine porosity may also have facilitated the drying of the layers
and reduced the internal stresses so cracks were not widened significantly.

With increasing phosphate content in the electrolyte, the water-containing aluminum
phosphate evansite (Al3(PO4)(OH)6·6H2O) is increasingly incorporated into the layer.
This is in good agreement with Li et al., who describe the formation of alumina aluminum
phosphate [25], with the difference that additional OH− ions and H2O molecules formed
according to Equation (11) are also incorporated into the layer. It is likely that there was
more intense drying in the course of the SEM investigations of Li et al. [25], which could
have resulted in a more pronounced conversion of the evansite into alumina aluminum
phosphate. In particular, a crack network, which can be seen in Figure 6, characterizes the
layers that were produced in electrolytes 4 and 5 with a high phosphate content (right).
Since the crack network is more pronounced compared to the layers of electrolytes with a
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lower phosphate content, it can be assumed that the water-containing aluminum phosphate
was at least partially dehydrated.

5. Conclusions

In addition to the existing state of knowledge, the formation of surface layers during
polarization of a dual-phase steel in alkaline, aluminate-containing electrolytes in the
potential range between OCP − 100 mV and OCP + 4000 mV was investigated. The
potentiodynamic polarization was applicable to the screening of the potential range and
potentiostatic polarization proved to be useful for the investigation of passivation or pH-
induced precipitation at a distinct potential. The following potential ranges can be classified
according to the dominating mechanisms:

1. At an anodic potential of about 500 mV vs. SHE, slightly below the potential of oxygen
evolution, electrochemical passivation takes place by the formation of an iron oxide,
which probably consists of the maghemite phase.

2. In the potential range between about 550 mV and 900 mV vs. SHE, passivation is
still apparent. However, the passive layer is increasingly damaged with rising anodic
potential due to oxygen evolution.

3. At anodic potentials above about 1 V vs. SHE, oxygen evolution causes a sufficiently
high pH drop at the anode surface, leading to the precipitation of a thick and porous
oxide layer, which predominantly consists of amorphous alumina or nanocrystalline
γ-alumina and, in the case of phosphate-containing electrolytes, the hydrous phos-
phate evansite.

According to the findings of this work, a pre-polarization step before the actual
PEO process could be introduced in order to generate a precipitation layer with defined
properties. For example, polarization at 4 V vs. SHE should be performed for at least
5 min in aluminate solution at pH 12 and for at least 15 min in an aluminate solution which
additionally contains 0.1 mol/L phosphate at a similar pH. Furthermore, it was shown that
this approach can also be applied to high-strength, multi-phase steels, even though the
electrochemical behaviors of the ferrite and martensite phases differ significantly.
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Abstract: Thick ZnO/ZnAl2O4 coatings were synthesized on zinc alloy Z1 substrates through plasma
electrolytic oxidation (PEO) for different anodization times. The prepared coatings were charac-
terized by scanning SEM, XRD, diffuse reflectance and photoluminescence spectroscopy in order
to establish the relationship between their structural and optical properties and PEO processing
parameters. Under different PEO processing conditions (anodization time—1–10 min and applied
voltage—370 and 450 V) ceramic coatings with a mean thickness of 2–12 μm were prepared. XRD
analysis explored the coating structure composed of zinc oxide (wurtzite) and zinc aluminate spinel.
The content of ZnAl2O4 in the coatings grows with increasing the applied voltage and anodization
time. Photoluminescence (PL) measurements showed that the PEO coatings have several bands
in the visible and near-infrared regions associated with their composite structure. The PL spectra
significantly depend on the PEO processing parameters due to varying ZnO and ZnAl2O4 content
in the coatings. The insight in the relationship between the ZnAl2O4 structure and the photolumi-
nescent properties of ZnO/ZnAl2O4 coatings has been provided using the combination of XRD and
luminescence spectroscopy.

Keywords: zinc alloy; plasma electrolytic oxidation; ZnO; ZnAl2O4; photoluminescence

1. Introduction

Plasma electrolytic oxidation (PEO) is a powerful tool to create functional layers on
the surface of active metals such as aluminium, magnesium, titanium and their alloys [1,2].
This method is based on the material treatment with shortly living (in milliseconds range)
discharges in environmentally friendly electrolytes. These discharges are responsible for the
conversion of components from substrate and electrolyte into well adherent ceramic-like
layers on metal surfaces [3].

At the beginning of PEO treatment, anodic oxide films are typically formed using
direct current DC polarization of a metal electrode under potentiostatic, galvanostatic or
potentiodynamic control. In most cases, a compact barrier-type film initially grows. As the
thickness of oxide film reaches a certain critical value, the film is broken due to impact or
tunneling ionization [4–7]. Although the breakdown of anodic layers is considered to be
harmful, since it leads to the degradation of their dielectric and protection characteristics,
this phenomenon “converts” the process to a next step of metal treatment named “micro-
plasma oxidation” or “plasma electrolytic oxidation” [1,2,8–10]. This process operates
at potentials above the breakdown voltage of an anodic film and is characterized by
luminescence sparks moving over the treated surface. Anodic layers prepared by the
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PEO technique are usually rather thick (from fractions of a micron to tens or hundreds
of micrometers) [11,12] because a barrier-type film is needed to be formed on a metal
surface before the spark discharges can be observed on the electrode surface. Owing to
plasma thermochemical interactions in the multiple surface discharges, this method allows
obtaining a wide range of the film composition and properties and, therefore, is considered
as technologically promising [3]. PEO anodizing has several advantages such as the use
of ecological-friendly electrolytes, the preparation of thick coatings without expensive
equipment and the absence of special surface treatment before applying the PEO process.

The most of the coatings produced by plasma electrolytic oxidation were investigated
on aluminium [12,13], titanium [14], tantalum [15], niobium [16] and zirconium [17], which
belongs to the group of valve metals. Nevertheless, in recent years, considerable interest of
researchers has been directed to the production of PEO coatings on some non-valve metals,
such as magnesium [18], zinc [19,20], iron [21–23], etc. Compared to magnesium, studies
on the PEO process on zinc are very limited, although the first patent was published in
1967 [14]. For preparation of PEO coatings on Zn, non-concentrated alkaline solutions
were used without any additives or with addition of sodium silicate, sodium aluminate
or sodium phosphate [15–18]. Although the possibility of obtaining anodic coatings on
zinc in the PEO regime was demonstrated, the various physico-chemical properties of such
coatings have not been studied sufficiently.

PEO coatings obtained in aluminate electrolytes can demonstrate improved functional
properties due to the formation of ZnAl2O4/ZnO heterostructures [24]. Zinc aluminate
(ZnAl2O4) is a spinel type oxide which characterized a wide band gap (~3.8 eV), chemical
and thermal stability, low surface acidity, high mechanical resistance, superior optical
transmittance and high fluorescence efficiency [25,26]. All these properties make ZnAl2O4
a suitable material for various applications, such as photoelectronic devices [27], opti-
cal coatings [28], electroluminescence displays [29], catalyst and catalytic support [30–33].
Recently, ZnAl2O4 spinel has given interest as a cathode material in Li-ion batteries [34], UV-
emitter [35], supercapacitor [36] and ZnAl2O4@NiFe2O4 composite magnetic sensor [37].
Zinc oxide is an extensively studied semiconductor material that is of interest for photo-
catalysis and light-emitting diodes [38,39]. ZnO/ZnAl2O4 heterostructure has given the
new possibility for science and industry due to diversity of morphology, composition and
long term stability of the composite. Thus, a series of ZnO/ZnAl2O4 composites have been
prepared for photocatalytic degradation of organic dyes [40,41]. However, photolumines-
cence and optical properties of ZnO/ZnAl2O4 heterostructures have not been completely
understood. It is clearly of relevance to explore such properties of the ZnAl2O4/ZnO
composites obtained via PEO process since some synergy effect between ZnO and ZnAl2O4
semiconductors can be anticipated.

The goal of the present work is the preparation of oxide coatings on zinc alloy in
alkaline sodium aluminate-containing electrolyte in PEO mode to improve photolumi-
nescence (PL) properties of the metal surface. In addition, the relationship between the
microstructure, chemical and phase composition of the PEO coatings on the Zn alloy and
their semiconducting and photoluminescence properties was studied.

2. Materials and Methods

2.1. Materials

For preparation of PEO coatings, zinc alloy Z1 (according to EN988) (VMZinc, Bag-
nolet, France) with a nominal composition [wt.%]: 0.08 ÷ 1.00% Cu, 0.06 ÷ 0.20% Ti,
≤0.015% Al and Zn balance was used as a substrate. 1.5 mm thick metal foil was cut into
12.5 mm × 20 mm pieces and a small hole was drilled in the upper part of each piece for an
electrical contact. The Zn alloy samples were cleaned with ethanol in an ultrasonic bath,
washed with deionized water, and then attached to a titanium rod coated with Teflon. The
connection spot was insulated with silicone sealant.

An aqueous solution containing 8.2 g/L NaAlO2 (Sigma Aldrich, Louis, MO, USA,
technical, anhydrous) and 2 g/L KOH (Sigma Aldrich, Louis, MO, USA, 90%) was used
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as the electrolyte. The electrolyte was prepared using deionized water and analytical-
grade chemicals.

2.2. Setup for PEO Anodization

The power source for PEO anodizing was a home-made DC power supply unit,
providing rectified voltage from 0 to 500 V and current up to 3 A. Anodic oxidation of zinc
electrodes was carried out in a cylindrical glass cell with a volume of 700 mL. A zinc alloy
plate and a 40 mm × 15 mm stainless steel plate were used as the anode and cathode in
the experiments, respectively. During the anodizing process, the electrolyte in the cell was
mixed with a magnetic stirrer. The temperature of the electrolyte was maintained in the
range of 10–50 ◦C using a cooling system.

A voltmeter and an amperometer were used to control the output parameters of
anodizing. To measure the transient current in the system, a precision resistor (shunt) was
connected in series to the circuit and the potential drop on this resistor was recorded by a
digital oscilloscope.

2.3. Characterization Techniques

The phase composition of the prepared coatings was examined by X-ray diffraction
(XRD) method on a PANalytical X’Pert PRO MRD (Multi-Purpose Research Diffractometer,
Almelo, The Netherlands) in Bragg-Brentano geometry using CuKα-radiation. Recording
speed was 0.4◦/min. A JEOL 840 A scanning electron microscope (SEM) (JEOL Ltd., Tokyo,
Japan) equipped with an X-ray energy dispersive spectroscopy (EDS) setup was used to
characterize the morphology and chemical composition of the formed oxide films.

PL spectral measurements were performed on a Horiba Jobin Yvon Fluorolog FL3-22
spectrofluorimeter (Horiba, Palaiseau, France) at room temperature, with a 450 W Xe lamp
as the excitation light source. The obtained spectra were corrected for the spectral response
of the measuring system and spectral distribution of the Xe lamp. UV–vis diffuse reflectance
spectra (DRS) of the formed coatings were recorded using a UV–vis spectrophotometer
(Shimadzu UV-3600, Kyoto, Japan).

Spectral characterization of the sparks appearing during the PEO process was per-
formed using a grating spectrometer with an intensified charge coupled device (ICCD).
Optical detection system consisted of a large-aperture achromatic lens, a 0.3 m Czerny-
Turner type monochromator (Hilger spectrometer, diffraction grating 1200 grooves/mm,
inverse linear dispersion of 2.7 nm/mm in the first diffraction order and wavelength range
of 43 nm) (Hilger Crystals, London, UK) and a very sensitive PI-MAX ICCD thermoelectri-
cally cooled camera (−40 ◦C) manufactured by Princeton Instruments. (Trenton, NJ, USA)
Inverse linear dispersion of the optical detection system was 0.07 nm per pixel. The system
was used with several grating positions with overlapping wavelength range of 20 nm.
Spectra of sparks obtained by this system were recorded using the integration time of 0.1 s.
In all experiments the image of the cathode surface was projected with unity magnification
to the entrance slit of the spectrometer. The obtained spectra were adjusted to the spectral
response of the measuring system.

A low dispersion system fiber optic spectrometer USB4000 UV/VIS (Ocean Optics)
(Orlando, FL, USA) was used for the measurements in the spectral range from 400 nm
to 800 nm. The spectrometer detector consisted of a 3648-elementar linear CCD array
with a diffraction grating of 600 grooves/mm. The light emitted during PEO process was
transmitted from Ocean Optics QP400-2-UV/BX on the spectrometer slit and recorded with
integration time of 1 s.

3. Results and Discussion

3.1. Electrochemical Behavior of Zinc Alloy Electrodes at Anodic Polarization in Alkaline
Aluminate-Containing Electrolyte

In the present research, a unipolar pulsed DC mode, i.e., under only positive polar-
ization of the metal electrode, for PEO anodization was used. Initially, the voltage on
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the electrochemical cell was increased with a rate of 1 V/min until a certain voltage was
reached. Then anodization was carried out in the potentiostatic mode. Figure 1 shows
typical current density data as a function of time during the PEO anodization of zinc alloy.
During linear increase of the voltage to about 370 V, the current density passed through a
maximum followed by a sharp drop. At this stage, the appearance of a large number of
small microdischarges with white color was observed (“soft sparking” mode). In potentio-
static mode at 370 V, the coating continues to grow and the current drops because of this.
The appearance of a current density peak after ~200 s of anodization is associated with
an increase in the size of the microdischarges and a decrease of their total number. This
phenomenon is ascribed to reduced number of discharging sites through which a higher
anodic current is able to pass [42]. After 300 s at 370 V of PEO treatment, the change of
color of sparks into yellow (“spark” mode) was observed.

Figure 1. Temporal evolution of the current density and peak voltage during anodization of Zn alloy
(a) peak voltage 370 V; (b) peak voltage 450 V.

The increase of voltage to 450 V leads to a larger current density peak associated
with more intensive oxygen bubbling. Moreover, first sparks appear after about 3 s of
anodizing and rapidly change their color from white to yellow. After ~100 s of anodizing,
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the current density gradually decreases with anodizing time, and visual observations reveal
the occurrence of fine homogeneously dispersed microarcs. Increasing the voltage above
450 V intensifies the microarcs formation and gas release, which leads to peeling of the
oxide layer. Since the PEO coatings prepared at 370 and 450 V are uniform and have rather
good adhesion to the Zn substrate (see Appendix A), this peak voltage range was selected
for further studies of the coating growth on Zn alloy. The wear behavior of prepared PEO
coatings is presented in Appendix A (Figures A1 and A2).

3.2. PEO Coating Morphology and Elemental Composition

The typical surface morphologies of two sets of PEO coatings, prepared under 370 and
450 V for different time periods, are presented in the SEM micrographs in Figures 2–5.
SEM inspection showed that the prepared samples have the fused surface with randomly
distributed microcraters. These microcraters or micropores are characteristic of the PEO
coatings and were previously assigned to the gas bubble emission through the molten
materials or to the formation of very energetic discharges across the growing film [43,44].
As can be seen from Figures 2–5, the size of the microcraters grows with increasing the
voltage and anodization time. Moreover, the coatings grown at higher voltage (450 V)
exhibit a rougher surface with some microcracks (Figure 4). These microcracks could be
attributed to the thermal stresses during the coating growth as a result of melting and
solidification of the ceramic compounds such as zinc oxide.

Figure 2. SEM micrographs (lower magnification) showing surface morphology of the PEO coatings
prepared at 370 V for different anodization time.

The presence of a significant Al content along with Zn and O in the EDS spectra of
these coatings indicates that Al is included into the coatings owing to aluminate anions
present in the electrolyte. It is important to note that an increase in the processing voltage
from 370 to 450 V leads to a rise in the aluminium content and a decrease in the zinc content
in the PEO coatings.
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Figure 3. SEM micrographs (higher magnification) showing surface morphology of the PEO coatings
prepared at 370 V for different anodization time.

Figure 4. SEM micrographs (lower magnification) showing surface morphology of the PEO coatings
prepared at 450 V for different anodization time.
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Figure 5. SEM micrographs (higher magnification) showing surface morphology of the PEO coatings
prepared at 450 V for different anodization time.

Results of the EDS analysis of the PEO coatings on Zn are shown in Table 1. Main
elements of the coatings are determined as O, Zn, and Al.

Table 1. Chemical composition of the PEO coatings (in at.%).

Time of the
Treatment, min

Applied Voltage: 370 V Applied Voltage: 450 V

O Al Zn O Al Zn

1 59.62 26.30 14.09 60.66 26.40 12.93
3 60.72 27.62 11.61 60.97 31.05 7.98
5 60.71 27.13 12.16 62.90 30.61 6.49
10 59.74 24.09 16.17 59.93 33.04 7.03

Figures 6 and 7 show SEM micrographs of cross-sections of the PEO coated Zn alloy
samples prepared at two different voltages (370 and 450 V) for treatment times of 1 and
10 min. All coating-substrate interfaces have an uneven appearance, which may be the
result of melting or dissolution of the substrate during the PEO treatment. The coating
thickness after 1 min treatment at 370 V is about 2–4.5 μm at different locations of the
cross sections. This thickness increases to 4.5–6.5 μm with a rise in processing time up to
10 min (Figure 6). PEO anodization of Zn electrodes at 450 V leads to an increase in the
coating thickness (4–6.5 μm after 1 min treatment and 8–12 μm after 10 min treatment)
(Figure 7). The obtained data demonstrate that an increase in the processing time from 1 to
10 min results in only a 2-fold rise in the coating thickness. This fact can be explained by
the partial detachment of the coating material due to the abundant gas evolution during
the anodizing process.
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Figure 6. SEM micrographs of cross-sections of the PEO coatings grown at 370 V for 1 and 10 min.

Figure 7. SEM micrographs of cross-sections of the PEO coatings grown at 450 V for 1 and 10 min.

The EDS mapping of the cross-sections of the PEO coatings obtained at 370 and 450 V
revealed uneven distribution of zinc and aluminium over the depth of the coatings. It has
been identified that the incorporation of aluminium as zinc aluminate into the coatings is
preceded by the formation of a zinc oxide layer (as will be shown below). The cross-sectional
view of the PEO coatings obtained at 370 V demonstrated the deposition of alternating
layers of zinc oxide and zinc aluminate as the coating thickness grows (Figure 8a). Such
structure can result from the synthesis of ZnAl2O4 during high energy plasma discharges.
At the same time, two regions are observed for coatings obtained at 450 V (Figure 8b). The
inner region is composed of ZnO, whereas the outer region is mainly presented by a thick
layer of zinc aluminate. The structural features of the samples treated at 450 V can be
related to avalanches generated in zinc oxide, which lead to the occurrence of microarcs
and contribute to the synthesis of the aluminate layer.
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Figure 8. SEM micrographs and associated EDS mapping of cross-sections of the PEO coatings grown
at 370 V (a) and 450 V (b).
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3.3. Crystalline Structure of the PEO Coatings

The XRD patterns of the PEO coatings formed at 370 V for different processing time
are shown in Figure 9. Beside the characteristic diffraction peaks of the Zn alloy substrate
(due to thin thickness of the coatings), ZnO and ZnAl2O4 phases were detected in all the
X-ray diffractograms. ZnO has wurtzite structure with (100), (002), (101), (110), (103), (200),
(112), (201), (004) and (201) diffraction peaks at 31.8, 34.4, 36.3, 56.6, 62.9, 66.4, 68.0, 69.1,
72.6 and 77◦, respectively. ZnAl2O4 exhibits a spinel structure with (220), (311), (400), (422),
(511), (440), (620) and (533) diffraction peaks at 31.2, 36.8, 44.8, 55.6, 59.3, 65.2, 74.1 and 77.3◦.
It is known that aluminates (such as MgAl2O4 [45]) can be of different stoichiometry. The
XRD peaks for ZnAl2O4 show excellent agreement with the literature data indicating that
the stoichiometry for ZnO to Al2O3 in this phase is close to 1:1. At short processing times,
the ZnO phase is the main one, while with an increase in the anodization time, the ZnAl2O4
phase becomes predominant (Figure 9). When the anodization voltage is increased to
450 V, the relative ZnAl2O4 content in the coating grows even at short processing times
(Figure 10).

Figure 9. X-ray diffractograms of the pure Zn alloy substrate and PEO coatings prepared on the
Zn alloy substrate at 370 V for different anodization time in an alkaline aluminate based electrolyte.
Vertical lines correspond to the XRD peaks of ZnO (green; JCPDS: 36-1451), ZnAl2O4 (red; JCPDS:
82-1036) and metallic Zn (black; JCPDS: 04-0831) phases.

Figure 10. X-ray diffractograms of the pure Zn alloy substrate and PEO coatings prepared on the
Zn alloy substrate at 450 V for different anodization time in an alkaline aluminate based electrolyte.
Vertical lines correspond to the XRD peaks of ZnO (green; JCPDS: 36-1451), ZnAl2O4 (red; JCPDS:
82-1036) and metallic Zn (black; JCPDS: 04-0831) phases.
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The appearance of the zinc aluminate phase in the PEO coating can be associated with
the participation of aluminate anions, contained in the electrolyte, in various chemical and
thermochemical processes that occur during PEO treatment. In particular, the aluminate
anions react with water in alkaline solutions to produce aluminium tetrahydroxy anions
(Reaction 1) that can be decomposed near the anode surface due to the pH and thermal
conditions created in the local regions of electrolyte adjacent to the surface discharges
(Reaction 2) [14,46]:

AlO2
– + 2H2O → Al(OH)4

– (1)

2Al(OH)4
– → Al2O3 + 2OH– + 3H2O (2)

Finally, owing to a very high temperature in the microplasma channels, ZnAl2O4 can
be formed in accordance to the Reaction 3:

ZnO + Al2O3 → ZnAl2O4 (3)

3.4. Diffuse Reflectance Spectra of the PEO Coatings

To characterize the optical properties of the PEO coatings on Zn, which are important
for different applications such as photocatalysis, the diffuse reflectance spectra (DRS) of
the coatings formed at various stages of PEO process were analyzed. Figure A3 presents
the DRS spectra of the coatings grown at 370 V and 450 V for different time. These spectra
were recorded relative to the reference standard—BaSO4 powder.

For analysis of DRS spectra, the Kubelka-Munk theory [47] generally is applied.
According to this theory, the relative reflectance of the powder, R∞, can be converted into
an equivalent absorption coefficient, α, using the Kubelka-Munk function F(R∞) calculated
by the equation:

F(R∞) = (1 − R∞)/2R∞ = α/S, (4)

where S is the coefficient of light scattering.
The calculated spectra of F(R∞) for the PEO coatings are shown in Figure 11.

Figure 11. Absorption spectra of the PEO coatings prepared at 370 and 450 V for different anodization
time in alkaline aluminate based electrolyte.
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The energy dependence of the absorption coefficient α for semiconductors in the
region near the absorption edge is given by the equation:

α = A (hν)−1 (hν − Eg)1/n, (5)

where Eg is the optical absorption edge energy, ν is the frequency of the incident photon,
h is the Planck constant, A is a constant, n = 1/2 and n = 2 for allowed indirect and direct
optical transitions, respectively.

Taking into account Equations (4) and (5), the energy intercept of a plot (F(R∞) hν)2 as
a function of hν (Tauc plot) will give the band gap values for a direct allowed transition
when the linear region of the plot is extrapolated to the zero ordinate. We used n = 2 in
these calculations, because direct optical transitions are characteristic of both ZnO and
ZnAl2O4. Using this method, the apparent band gaps for the PEO coatings are calculated
(Figure A4) and listed in the Table 2. Since the studied coatings are highly defective, the
values shown in Table 2 reflect both the changes in the bandgap and the appearance of
defective states. The calculated values should be considered as apparent bandgap that does
not necessarily reflect the fundamental absorption edge [48].

Table 2. Apparent band gap values calculated using DRS spectra of the PEO coatings prepared at
370 and 450 V for different anodization time.

Time of the PEO Treatment, min
Applied Voltage, V

370 450

1 3.38 eV 3.29 eV
3 3.33 eV 3.29 eV
5 3.32 eV 3.27 eV

10 3.28 eV 3.26 eV

As can be seen from Table 2, the optical band gap of the PEO films is in the range from
3.38 to 3.26 eV, depending on the applied voltage and the PEO treatment time. These Eg
values are close to or slightly higher than the band gap of ZnO (about 3.2 eV [49]), but
noticeably lower than the band gap reported for ZnAl2O4 (3.8 ÷ 4.2 eV [50–53]). According
to the XRD data discussed above, the relative ZnAl2O4 content in the coating grows with
increasing the applied voltage and treatment time. Therefore, the apparent Eg of the
composite coating is also expected to increase, but in reality it is reduced (see Table 2).
The observed contradiction can be explained by the presence of a pronounced shoulder
at the long-wavelength edge of the absorption spectrum of ZnAl2O4 powders, which was
observed in the wavelength range of 320–400 nm [51,54]. This shoulder was tentatively
related to electronic transitions between filled O 2p orbitals and empty 4s orbitals and
would be representative of a defective structure [51]. The contribution from this shoulder
to the total absorption in the wavelength range from 300 to 400 nm could be responsible
for reduced values of the apparent Eg for the PEO coatings with an enhanced content
of ZnAl2O4.

3.5. Spectral Characterization of Microdischarge Emission during PEO Process on Zn Electrodes in
Aluminate-Based Electrolyte

Measurement and analysis of radiation spectra from microdischarges using optical
emission spectroscopy (OES) provides a valuable diagnostic tool for studying the PEO
process [55–57]. As mentioned above, the PEO process on Zn alloy begins from “soft
sparking” mode when small microdischarges with white color appear on the electrode
surface. The spectrum of these microdischarges observed during the first 5 min at 370 V
does not demonstrate specific emission lines and only a broad halo in the visible region
(450–850 nm) is registered. The appearance of small white sparks can be explained via the
presence of free electrons in the plasma interacting with solid and/or liquid compounds
and bremsstrahlung radiation [56]. When microdischarges become more intense and their
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color changes from white to yellow, the spectrum of emission is changed. Typical spectrum
corresponding to this stage is shown in Figure 12. The strong lines appear in the spectra
and can be attributed to Na I (588.99 nm, 589.59 nm) and K I (766.57 nm, 769.94 nm) lines
originating from the electrolytes.

Figure 12. Optical emission spectrum recorded during PEO of Zn alloy in aluminate electrolyte.

In order to better identify less intensive species originated from zinc anode and
electrolytes, the detailed optical emission spectra have been analyzed in range 370–420 nm
and 450–500 nm, respectively (Figures 13 and 14). Three emission lines of Zn I at 468.01 nm,
472.22 nm and 481.05 nm are observed, which originate from the zinc anode (Figure 13).
With increasing the applied voltage up to 450 V when the sparks become significantly larger,
additional lines appear in the optical emission spectra. These lines arise from components
of aluminate electrolyte and can be assigned to Al I at 394.40 nm, Al I at 396.15 nm, O II at
404.49 nm, H I at 656.28 nm (Figure 14).

Figure 13. Optical emission spectrum in the range from 450 to 500 nm recorded during PEO of Zn
alloy at 370 V.

According to Ref. [56], three discharge models have been developed for the interpre-
tation of the discharge appearance during PEO process: metal-oxide interface discharge
(type B), oxide-electrolyte interface discharge within the coating upper layer (type A) and
at the coating top layer (type C). Since the melting point of Zn (419.6 ◦C) is relatively low,
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the type B of microdischarge appearance may be present during PEO process. At the same
time, oxygen, potassium, sodium and aluminium lines in the optical emission spectra are
related to processes of type A and type C. The XRD and EDS data of the obtained PEO
coatings (presented above) coincide with the OES results.

Figure 14. Optical emission spectrum in the range from 370 to 415 nm recorded during PEO of Zn
alloy at 450 V.

3.6. Photoluminescence Properties of the PEO Coatings

Interest in studying the photoluminescence (PL) properties of zinc oxide based ma-
terials is associated with the perspectives for the practical application of such materials
in various fields [58,59]. In particular, the use of luminescence of ZnO materials with a
large specific surface as a probe of gas adsorption has been highlighted in some previous
works [60,61].

Typical PL excitation spectra (monitored at 570 nm) and corresponding emission
spectra (excited at 340 nm) of the PEO coatings prepared at 370 and 450 V for different
anodization time are shown in Figures 15 and 16, respectively.

There are two bands in the excitation spectra of the PEO coatings prepared at 370 V
for 1–5 min and at 450 V for 1 min (Figure 15). Maximum of the first band located at
335 ÷ 360 nm is shifted to shorter wavelengths with decreasing the treatment time. Position
of the other band located at ~275 nm slightly depends on the processing parameters. This
band practically disappears with an increase in processing time up to 10 min at 370 V and
up to 3 min or more at 450 V. Instead of this band, an exponential rise in the PL intensity
appears, starting from 300 nm towards shorter wavelengths (Figure 15). The observed
evolution of the PL excitation spectra with a change in the PEO processing parameters can
be related to a change in the phase composition of the PEO coatings. As it is shown by XRD
analysis (Section 3.3), the relative ZnAl2O4 content in the coatings grows with increasing
the treatment time and applied voltage. Thus, the PL excitation spectrum with exponential
growth in the short-wavelength region can be attributed to ZnAl2O4 phase. Actually, this
semiconductor material has a wider band gap than ZnO, and similar PL excitation spectra
were reported previously for ZnAl2O4 powders [25,28,62].

It should be noted that the shape of excitation and emission spectra is changed with
changing the emission and excitation wavelengths. Figure 17 shows the evolution of the
PL spectra excited at 275 nm, depending on the parameters of the PEO process.
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Figure 15. PL excitation spectra of the PEO coatings prepared at 370 V (a) and 450 V (b) for different
anodization time. PL emission was monitored at 570 nm.

Figure 16. PL emission spectra of the PEO coatings prepared at 370 V (a) and 450 V (b) for different
anodization time. PL was excited at 340 nm.
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Figure 17. PL emission spectra of the PEO coatings prepared at 370 V (a) and 450 V (b) for different
anodization time. PL was excited at 275 nm.

PL emission spectra of the PEO coatings are composed of several bands located mainly
in the visible region (Figures 16 and 17). It should be noted that the total photolumi-
nescence of the coatings is a sum of the PL originating from ZnO and ZnAl2O4. Based
on the XRD data, it is logical to assume that for the coatings grown at 370 V for 1 min,
the main contribution to the PL will be made by ZnO. Actually, only these coatings are
characterized by a sharp near-ultraviolet PL band centered at ~380 nm, which can be
assigned to radiative recombination of free excitons in ZnO [63]. In addition to this short-
wavelength band, other wide overlapping bands are observed in the visible region. ZnO
commonly demonstrates PL properties in the visible spectral range due to the different
intrinsic or extrinsic defects. The origin of this visible PL (green, yellow, orange, and red
emission) is still highly controversial. Generally, the green PL is typically associated with
oxygen deficiency (e.g., excess Zn2+ ions or double ionized oxygen vacancies), and the
yellow/orange PL is related to excess oxygen (e.g., oxygen interstitial defects) [64–67]. The
wide visible PL band in the 400–800 nm range observed for the PEO coatings grown at
370 V for 1 min indicates that simultaneously several types of defects can contribute to the
radiative recombination (Figures 16 and 17). With increasing anodization time and applied
voltage in the PL spectra of coatings, this wide PL band shifts to shorter wavelengths and
its width decreases. This effect is especially pronounced in the case of PL excited by shorter
wavelength light (275 nm) (Figure 17). The emerging PL band peaked at ~460 nm can
be assigned to ZnAl2O4. Similar PL emission spectra were previously reported for pure
ZnAl2O4 powders, and the observed blue emission was ascribed to intra-band-gap defects,
such as oxygen vacancies, in ZnAl2O4 crystals [68]. At the same time, near infrared emis-
sion around 760 nm appears under 275 nm excitation. This band grows with increasing the
anodization time and applied voltage, which may be due to an increase of ZnAl2O4 content
in the coating. To confirm this observation, the ZnAl2O4 powder has been obtained. The
synthesis of ZnAl2O4 powder is described in Appendix A. The ZnAl2O4 spinel structure of
prepared powder has been confirmed by XRD (Figure A5). We found two bands (one weak
band centered at 570 nm and another strong band at 765 nm) in the emission spectra of the
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prepared ZnAl2O4 powder annealed at 800 ◦C. Increasing the annealing temperature to
1000 ◦C leads to a shift of the emission to lower wavelengths and a significant decrease in
emission in the near-infrared range (Figure 18).

Figure 18. PL emission spectra of the ZnAl2O4 powders annealed at 800 ◦C and 1000 ◦C for 5 h. PL
was excited at 275 nm.

According to Ref. [62], such near-infrared emission is strongly dependent on annealing
temperature of ZnAl2O4 and originates from structural defects due to formation of oxygen
vacancies. This observation allows concluding that ZnAl2O4 synthesized during PEO is
poorly crystallized and have high level of structural defects. Thus, varying the processing
parameters of PEO treatment of Zn alloy can be effective tool for tuning luminescent
properties of ZO/ZnAl2O4 coatings.

4. Conclusions

Plasma electrolytic oxidation of zinc alloy Z1 has been studied in an alkaline aluminate-
based electrolyte. SEM study showed that the prepared PEO coatings have fused surfaces
with randomly distributed microcraters. According to EDS analysis, the main elemental
components of the obtained coatings are Zn, Al and O. XRD results demonstrated that the
coatings are crystallized and composed of ZnO (wurtzite) and ZnAl2O4 (spinel) phases.
The phase composition of the coatings is changed with increasing the applied voltage and
anodization time: the content of ZnO phase decreases and the proportion of ZnAl2O4
increases. The excited atoms of H, O, Na, K, Zn and Al, which were identified in optical
emission spectra of microdischarges, originate from zinc substrate or electrolyte compo-
nents. A set of characterization techniques (XRD, EDS-mapping and OES) revealed that the
formation of a zinc oxide layer precedes the incorporation of aluminium in the form of zinc
aluminate into the coatings as energy of plasma discharges increases. The apparent optical
band gap of the PEO composite coatings is estimated from DRS spectra and is in the range
from 3.38 to 3.26 eV depending on the applied voltage and PEO treatment time. It has been
found that the band gap is reducing during the increase of ZnAl2O4 content in the PEO
coatings. PL excitation and emission spectra of the PEO coatings prepared on the Zn alloy
demonstrate a complex evolution of the shape with changing the excitation and emission
wavelengths. PL of coatings prepared at 370 V for short times is basically associated to ZnO,
whereas increasing the applied voltage and anodization time leads to the appearance of PL
bands (peaked at 460 and 760 nm) characteristic of ZnAl2O4. The appearance of PL band
in near-IR region is associated with the defective structure of ZnAl2O4. The luminescent
properties of PEO coatings can be flexibly tuned by PEO processing parameters due to the
combination of ZnAl2O4 and ZnO. Thus, the regulation of the ZnAl2O4 content and struc-
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ture revealed the possibility for the creation of new optical devices and electroluminescence
displays with desirable functionalities.
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Appendix A

Appendix A.1. Adhesion/Cohesion Behavior

The adhesion/cohesion of the PEO coatings prepared at 370 V and 450 V has been eval-
uated by pull-off tests using ONIKS 1.AP adhesion tester (Interpribor, Chelyabinsk, Russia).

Adhesion of ZnO/ZnAl2O4 coatings on Zn alloy prepared at 450 V and 370 V was
approximately the same (0.95 ± 0.21 MPa). The slightly greater adhesion (1.3 ± 0.11 MPa)
was achieved for PEO coatings prepared at 370 V for 1 and 3 min. It can be related to the
increase of defects, internal stresses and cracks in the PEO coatings with increasing the
treatment time. However, some part of PEO coating remains on the substrate after pull-off
test due to formation of microstresses and cracks within the PEO layer. The obtained results
are in a good agreement with the data presented in [24].

Appendix A.2. Wear Behavior

The dry sliding wear behaviour of the PEO coatings was assessed with an oscillating
ball-on-disc tribometer (Tribotec AB, Clichy-France, France), with an AISI 52100 steel ball
of 6 mm diameter as the static friction counterpart (IHSD-Klarmann, Bamberg, Germany).
The wear tests were performed at ambient conditions (25 ± 2 ◦C and 36–44% relative
humidity) with load of 1 N and an oscillating amplitude of 10 mm with a sliding velocity
of 5 mm·s−1. The test was terminated after a total sliding distance of 12 m. Laser scanning
confocal microscope (LSM 800, ZEISS, Jena, Germany) was used for analysis of the wear
tracks after the test. ConfoMapST software (ZEISS, Jena, Germany) (version 1.0) was used
for subsequent data treatment and analysis.

Figure A1 demonstrates the comparison of the coefficient of friction for the PEO
coatings prepared at 370 and 450 V. The curves initially increase sharply and then equalizes
to the average value of the coefficient of friction. The latter was approximately the same
during 20 min of the measurement. However, the coatings prepared at 370 V after 20 min
of the abrasion show the decrease of the friction coefficient. SEM images (Figure A2) of
the wear tracks evidence totally removing the PEO coatings prepared at 370 V during
the wear test. At the same time, the coatings obtained at 450 V do not fail during the
test and the Zn substrate is not reached. The trend emerged from the wear measurement
evidence that the regime of sparking contributes to the formation of more wear-resistant
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PEO coatings. Thus, the coatings formed at “microarcs” mode are characterized by thick
and well-crystallized PEO layers which demonstrate higher wear resistance in comparison
with coatings prepared at “soft sparking” or/and “sparking” modes.

Figure A1. Comparison of the coefficient of friction for the PEO coatings prepared at 370 and 450 V
during 3, 5 and 10 min at load of 1 N.

Figure A2. SEM images of the surface of PEO coatings prepared at 370 V (a) and 450 V (b) for 10 min
after the wear tests.
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Figure A3. Diffuse reflectance spectra of the PEO coatings prepared at 370 and 450 V for different
anodization time in alkaline aluminate based electrolyte.

Figure A4. Tauc plots of the PEO coatings prepared at 370V (a) and 450V (b) for different
anodization time.
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Appendix A.3. The Synthesis of ZnAl2O4 Powder

ZnAl2O4 powder was synthesized by the co-precipitation method as described below
followed by thermal treatment at 800 and 1000 ◦C. 500 mL of 0.02 M NaAlO2 was mixed
with 500 mL of 0.01 M Zn(NO3)2 under vigorous stirring. The obtained precipitate was
separated from the solution and washed by centrifugation. Then, the powder was annealed
at different temperatures (at 800 and 1000 ◦C) for 5 h. XRD patterns of prepared powders
are presented in Figure A5.

Figure A5. XRD patterns of ZnAl2O4 annealed at 800 and 1000 ◦C.
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