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Abstract:Aplasmaelectrolyticoxidation(PEO)isanelectrochemicalandeco-friendlyprocesswhere

thesurfacefeaturesofthemetalsubstratearechangedremarkablybyelectrochemicalreactions

accompaniedbyplasmamicro-discharges.Astiff,adhesive,andconformaloxidelayerontheZrand

Zr-alloysubstratescanbeformedbyapplyingthePEOprocess.Thereviewdescribesrecentprogress

onvariousapplicationsandfunctionalityofPEOcoatingsinlightofincreasingindustrial,medical,

andoptoelectronicdemandsfortheproductionofadvancedcoatings.Besides,itexplainshowthe

PEOcoatingcanaddressconcernsaboutemployingprotectiveandlong-lastingcoatingswitha

remarkablebiocompatibilityandabroadexcitationandabsorptionrangeofphotoluminescence.A

generaloverviewoftheprocessparametersofcoatingsisprovided,accompaniedbysomeinforma-

tionrelatedtothebiologicalconditions,underwhich,coatingsareexpectedtofunction.Thefocusis

toexplainhowthebiocompatibilityofcoatingscanbeimprovedbytailoringthecoatingprocess.

Afterthat,corrosionandwearperformanceofPEOcoatingsaredescribedinlightofrecognizing

parametersthatleadtotheformationofcoatingswithoutstandingperformanceinextremeloading

conditionsandcorrosiveenvironments.Finally,afutureoutlookandsuggestedresearchareasare

outlined.Theemergingapplicationsderivedfromparamountfeaturesofthecoatingareconsid-

eredinlightofpracticalpropertiesofcoatingsinareasincludingbiocompatibilityandbioactivity,

corrosionandwearprotection,andphotoluminescenceofcoatings

Keywords:plasmaelectrolyticoxidation;biocompatibility;corrosionprotection;wearresistance;

photoluminescence

1.Introduction

Plasmaelectrolyticoxidation(PEO)isapromisingelectrochemicaltechniquetoform

ceramiccoatingsusingplasma-assistedoxidationonabroadrangeofmetals,suchasMg,

Ti,andZr[1–3].Thesignificantmeritofthistechniqueistofabricateprotectiveinorganic

layersgrownfromthesubstratewiththeparticipationofspeciesfromtheelectrolyte.

FormingPEOlayersonvalvemetalsboostssurfaceperformancesinmanyapplicationsby

enhancingthestructuralreliabilityandextendingthelongevityoffunctionalproperties.

DuringthePEOprocess,theplasmastatefollowingextremevoltageandtemperature

transmitstothesurfaceoftheanodicsubstrateinanalkalineelectrolyteandproduces

inorganiclayerswithoutstandingadhesivestrengthtotheunderlayer[4,5].Asasserted

unanimously,thePEOtechniqueformsanenvironmentallyfriendly,wet-basedcoating

implementingalkalineelectrolytesastheprimarymediaandprovidingconditionsforthe

incorporationofinorganicadditives,includingsilicate,phosphate,aluminate,ororganic

additives,includingsodiumoxalate,glyceroltofacilitatethephysicochemicalattraction

duringtheprocessviaelectrochemicalreactions[6].
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We explained the paramount roles of the electrical, compositional variables in deter-
mining the characteristics of coatings formed during the PEO process. These variables, such
as current mode and density, waveform, and duty cycle, would considerably influence
the alteration of coatings’ surface and composition features. Therefore, earlier studies
have been reported to shed light on the effects of PEO parameters on microdischarge
characteristics and obtained features of inorganic layers on the Zr and Zr-alloys. Tailoring
process variables during the PEO results in improving the applicability and enhancing the
functionality of coatings in various aspects. For instance, the excellent corrosion properties
of Zr-alloys were attained via controlling both electrical variables and electrolyte compo-
sition, which could, in turn, influence the spatial, lifetime, and electrical characteristics
of the PEO coatings [7–13]. To the best of our knowledge, no comprehensive review has
discussed the applications of the PEO method to prevent degradation, corrosion, and wear,
and to improve the biocompatibility of Zr and Zr-alloy extensively. The recent advances
in biological responses of Zr implants using the PEO coatings have been reviewed by
Fattah-alhosseini’s group recently [3]. Furthermore, we presented a detailed review of PEO
coatings in Part-I of this issue, where the attention given was on deriving a deeper funda-
mental understanding of the PEO growth mechanisms and the effect of process parameters
on transient discharge behavior at breakdown, initiation, and growth of the oxide layer,
and on the incorporation of species from electrolyte. Part-I highlights the fundamental
microstructural aspects associated with structural defects, phase transformation, and the
role of additives. However, a detailed report on the properties and application of PEO
coatings is still missing.

Considering the scarcity of reviews on the PEO coating of Zr and Zr-alloys as a specific
group, a comprehensive review is strongly required to provide the integrated perspective
on the applicability and performance of PEO coatings respective to current demands in in-
dustries, medication, and science. Accordingly, the present review provides the functional
features of PEO to approach studying the applicability of coatings with special emphasis
on imperative phenomena and applications of interest, such as biocompatibility in medical
implantation, extensive endurance of coatings under applied loadings, outstanding protec-
tion of underlayer in exposure to corrosive environments, and a broad photoluminescence
range. We describe the general picture of structural reliabilities in correspondence with
tribological and electrochemical reactions, and the emerging frame of functional properties
in a broad range of emitted light is also provided. Finally, future outlook and prospective
progress in synergy with enhancing both pre- and post-treatments are given to provide
advanced functionality of PEO coatings are outlined.

2. Biocompatibility of PEO Coatings

There is a significant desire to substitute Ti with Zr for surgical implant materials
because of lower Young’s modulus (92 GPa) compared to titanium (110 GPa), and hence,
lower risk for implantation failure due to stress shielding [14,15]. The biocompatibility
of Zr is related to the formation of an inherent oxide layer of zirconia, which is bio-inert
and restricts its integration with bone tissue during implantation [16]. Therefore, direct
bonding with bone and stimulating new bone formation on the Zr surface is not feasible.
Besides, the inherent oxide layer with 2 to 5 nm thickness is prone to rupture, erosion, and
wear once Zr is employed for high load-bearing implant applications [17,18]. To address
these drawbacks, several surface modifications are implemented to boost the bioactivity
and corrosion resistance of Zr without compromising its biocompatibility [18–22]. Out of
numerous techniques, the PEO process has demonstrated a promising technique to develop
firmly adherent, porous, crystalline, relatively rough, and thick oxide coatings on Zr in
environmentally friendly alkaline based electrolytes.

Generally, an implant needs to demonstrate outstanding surface features, such as
superior bioactivity and biocompatibility. It is expected that implants applicable to dental
and orthopedic surfaces demonstrate the capability to facilitate new bone formation and
bond steadily and firmly with bone following implantation [23]. The procedure to examine
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the apatite-forming ability of PEO coatings and Zr substrate is that they are immersed in
simulated body fluid (SBF) medium for 14 days, as shown in Figure 1a. After that, the
surface can be characterized using techniques, such as scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS), for studying mineralization of the formed apatite
layer on the coating surface and checking the elemental composition of the layer. The SEM
image illustrated in Figure 1a showed formation of apatite compounds after immersion in
SBF for 14 days. Precipitation of compounds composed of Ca and P over the surface was
considered the indication of apatite formation. It was evident that sphere-shaped deposits
covered the entire surface of all PEO coatings. However, the precipitated layer on the bare
Zr surface was not uniform. Elemental analysis showed that the Ca/P ratios of precipitates
on PEO coatings were in the range of 1.53 to 1.65, which is close to the stochiometric Ca/P
ratio of 1.67 for hydroxyapatite [24].

Yan et al., took advantage of a post-treatment using ultraviolet (UV) irradiation to
change the surface chemistry of the PEO coating. It turned out that strong UV irradiation
caused the formation of more basic Zr-OH groups on the surface, and, therefore, the
hydrophilic nature of the surface improved significantly [25]. Han et al., produced PEO
coating containing Ca and P and studied the in-vitro bioactivity, and dominant osteoblast
response of the film as a function of the applied voltage ranging from 400 to 500 V [26].
The PEO coating with a predominantly t-ZrO2 phase could facilitate the accumulation of a
more significant quantity of CaO and P compounds at higher applied voltage, while the
apatite-forming ability of coatings was also boosted. A facile method to examine bioactivity
and biocompatibility of PEO coatings was to study the proliferation and growth feasibility
of the attached osteoblast cells on the surface in an alkaline phosphate environment [26].
It was deduced that doping ZrO2 with Ca2+ ions could improve the accumulation of
hydroxyapatite (HA) on the ZrO2 surface. Yan et al., also worked on enhancing the apatite-
forming ability by activating the PEO surface using acidic or alkaline solutions. Significant
differences in formation of HA on the surface were noticed between the etched PEO
surface and intact surface, where HA formed after a short time on the treated surface [27].
Zhang et al., also introduced HA nanorods into the PEO coating via a process in which
HA nanorods were prepared via hydrothermal treatment over the PEO coating [28]. The
produced calcium partially stabilized zirconia (Ca-PSZ) coating became covered with HA
nanorods and showed greater hydrophilicity and apatite-forming ability. That coating
was usually prepared in multistep methods or did not contain a crystalline HA layer on
the substrates [27,28]. Cengiz et al., prepared a crystalline HA layer using a single-step
PEO process on zirconium with enhanced bioactivity [29]. Composition characterization
of PEO coatings showed that hydroxyapatite (HA) formed directly in the coating along
with calcium zirconium oxide (Ca0.134Zr0.86O1.86) Ca-PSZ and m-ZrO2. The formation
mechanism of the PEO coating with three layers is displayed in Figure 1b. It was found
that Ca and P significantly accumulated in the outer region of the coating, while the
inner region was rich in Zr and O. The reaction between pre-formed ZrO2 and Ca2+ ions
from the electrolyte resulted in formation of the Ca–Zr–O phase in the transition region.
After that, high energy sparking regimes during the PEO process could induce HA layer
formation, which could be initiated by complex reactions between Ca2+ and PO3−

4 ions
on the anode surface. Thus, coatings with higher wettability could form during the PEO
process. Figure 2a,b compares the wettability between the Zr substrate and the modified
PEO coating. The formation of hydrophilic HA coating enhanced the wettability and
reduced contact angle values in comparison with a bare Zr surface [29].

The crystallinity and morphology of HA phases could play a vital role in cell growth
and cell activity [30,31]. Non-crystalline calcium phosphates were not favorable as they
might be dissolved in human body fluids, implying instability for implantation [30,32]. Fu
et al., studied 3T3 cell proliferation as a marker to test the biocompatibility of PEO coatings.
They were able to measure 3T3 proliferation by MTS assay for PEO coatings formed in
electrolytes with different KOH concentrations. The cell proliferation ability was enhanced
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significantly after seeding 3T3 cell on the PEO surface, however, the growth rate of 3T3
cells were similar regardless of their formation electrolytes [33].
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Figure 1. (a) SEM micrographs of the surface of the PEO coating immersed in SBF for 14 days.
Formation of apatite particles is the indication of biocompatibility [24] (Reproduced with permission
number: 5043530687884, Elsevier); (b) schematic representation of the PEO formation containing HA
top layer [29] (Reproduced with permission number: 5061321012937, Elsevier).

In contrast to the many efforts to increase biocompatibility of PEO coatings on Zr,
one of the other aims for surface improvements was to decrease bacterial activity or
colonization in the vicinity of implants. Antibacterial activity of PEO coatings on Ti was
enhanced by adding silver (Ag), thereby incorporating as an antibacterial agent [34,35].
Fidan et al., produced PEO coatings with silver acetate additives to halt bacterial activities
of methicillin-resistant Staphylococcus aureus (MRSA) on the coatings [36]. Nanoparticles of
Ag at concentration below toxicity levels could penetrate environments containing bacteria
and expedite the release of Ag+ ions, due to the greater specific surface. As shown in
Figure 2c, Ag+ ions demonstrated outstanding antibacterial activity against MRSA as one
of the dominant reasons for infection after implantation. Durdu and his co-worker also
worked on antibacterial properties of Ag-based bioceramic coating, where they deposited
a thin layer of Ag hydrothermally on PEO coated Zr. They found that Ag distributed
uniformly on the surface and that the final surface showed hydrophobic nature, in which
the bacterial adhesion of the final surface reduced significantly compared to the condition
without the Ag thin layer [37].

Aktuğ et al., produced PEO coatings composed of c-ZrO2, perovskite-CaZrO3, and
hydroxyapatite (HA) in a single step for 5, 10, and 15 min [38]. They aimed to study the ef-
fect of PEO treatment time on the fabrication of a bioceramic-based hydroxyapatite coating.
They studied the adhesion of Gram-positive and Gram-negative bacteria, including E. coli,
P. aureginosa, P. putida, B. subtilis, S. aureus, and E. faecalis on the PEO coating. Hemolysis and
MTT assays were used to examine the biocompatibility of coatings. Besides, the bioactivity
was also tested using an in vitro immersion test for up to 28 days. Authors found that
PEO surfaces demonstrated particular bioselectivity and modified cell–surface interac-
tions. The microbial adhesion decreased with treatment time due to alteration of surface
properties in thicker coatings. The difference in cell adhesion activity for Gram-negative
and Gram-positive bacteria could be related to difference in cell surface hydrophilicity
obtained by the higher amount of HA in prolonged processes [38]. Later, the same research
group continued working on the production of PEO coatings containing HA composition
to accelerate their interaction and bioactivity once they would be implanted [39].

Cengiz et al., studied the relation between microdischarge types and bioactivity of
the PEO coatings for different treatment times ranging from 2.5 to 30 min [40]. The surface
characterization revealed that the tetragonal phase formed as the dominant phase during
all process times in electrolyte-containing Ca(CH3COO)2·H2O and C3H7Na2O6P·5H2O.
It was found that the amorphous HA formed during the PEO process on the coating
surface facilitated the formation of HA crystals once coatings were immersed in SBF
solution [40]. The combination of the PEO process and electrophoretic deposition (EPD)
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was also implemented to form bioactive ZrO2/HA composite film [41]. Negatively charged
HA nanoparticles were added to phosphate electrolyte to participate in a single-step PEO-
EPD process for 2 to 6 min. The coating characterization showed that the uniform and
dense ZrO2/HA coating consisted of c-ZrO2 and m-ZrO2 nanocrystalline phases. HA
nanoparticles were attracted to the discharge channels due to their charge and entrapped
in channels because of the EPD process, while coatings supported greater wettability. After
immersion into SBF for 8 days, an apatite layer covered throughout the surface of ZrO2/HA
coating, indicating considerable modification of in-vitro bioactivity. Besides, it was revealed
that the human osteosarcoma could attach, adhere, and propagate considerably on the
surface of the ZrO2–HA layer, implying the possibility of its implementation as orthopedic
implant material [41].
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Figure 2. (a,b) The contact angle measurements: bare substrate and the PEO coating are displayed,
respectively [29] (Reproduced with permission number: 5061321012937, Elsevier); (c) the plot for
illustration of Gram-positive and Gram-negative bacteria’s adhesion on the surface of PEO and
Ag-based PEO coatings from [37] (Reproduced with permission number: 5061400310129, Elsevier).

Durdu et al., worked on thermal deposition of the Zn thin film on the PEO coating pro-
duced in electrolyte containing calcium acetate and β-CaGP salt [42]. The characterization
of phase composition of coatings revealed that c-ZrO2, CaZrO3, and HA formed during
the PEO process. The deposition of a uniform Zn layer on the entire surface caused super
hydrophilicity compared to the undeposited surface. After immersion in SBF for 10 days, a
compact and uniform bone-like apatite formed on the Zn-bioceramic surface. Microbial ad-
herence tests for Gram-negative and Gram-positive bacteria exhibited that the antibacterial
activity of the Zn-deposited surface was significantly strong against both types of bacteria,
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indicating enhanced bioactivity and antibacterial properties for the Zn-deposited PEO
coating [42]. Zhang et al., fabricated HA nanorod-patterned zirconia coatings via a hybrid
approach [43]. They found that the HA nanorod-patterned coating increased the feasibility
of protein absorption and significantly modified the adhesive and proliferative properties
of fibroblasts in comparison to untreated coating, suggesting a potential application for
percutaneous implants to facilitate the connection to the skin [43]. Recently, Cu was also
deposited onto the PEO surfaces without inducing any alteration in surface morphology
by using thermal evaporation [44]. Surface characterization revealed the formation of
meta-stable calcium zirconium oxide, cubic zirconia, and perovskite calcium zirconate
phase. After completing the coating process, coatings with and without Cu top-layer were
immersed in simulated body fluid to evaluate their in-vitro bioactivity and antimicrobial
properties for Gram-positive and Gram-negative bacteria. Deposition of Cu hydrother-
mally on the PEO surface enhanced hydrophobic features, where both types of bacteria
had a shorter microbial adhesion time to the surface of Cu-deposited PEO coating, thereby
suggesting the biomedical application of the surface-modified PEO coating [44].

Very recently, the effect of pore size was studied in PEO coatings with respect to
bioactivity and cell interaction properties [45]. Cengiz et al., prepared PEO coatings with
various surface morphologies in terms of pore size and surface roughness to investigate
in vitro bioactivity and cell interaction features after prolonged immersion in SBF. The
in vitro bioactivity evaluations revealed the pore size of the coating significantly affected
the growth rate of the HA layer on the coating surface. Remarkably, increasing the pore
size promoted HA layer formation in SBF solution, in which higher roughness created by
the PEO process increased the chance of HA nucleation, due to boosting the ionic activity
of the coating surface [45].

3. Corrosion Resistance Properties

Nuclear grade Zr-alloys like Zircaloy-4 alloy are subjected to neutron irradiation as
well as severe conditions of high temperature and high-pressure flowing water [46]. The
harsh, aggressive environment exacerbates the corrosion and hydrogen absorption, thus
causing fast deterioration of the mechanical strength of structural components [47,48].
Therefore, it is necessary for the nuclear industry to seek methods of curbing the corrosion
rate of Zr alloys. On the other hand, Zr and its alloys have recently found a promising
application as medical implants. The tendency of implant materials to be subjected to
electrochemical reactions within body fluids is crucial to understanding their stability in
the human body. Several techniques can be implemented to mimic the situation in the body
and study the behavior of coated or noncoated Zr surfaces. Open circuit potential (OCP),
Tefel extrapolation, potentiodynamic polarization (PDP), and electrochemical impedance
spectroscopy (EIS) are the typical tests carried out on the PEO coated Zr samples to examine
their corrosion performance in simulated body fluid (SBF) or other corrosive environments.

The PEO process is identified as a relatively fast, facile, and uncomplicated technique
to produce functional ceramic coatings for corrosion-resistant applications on valve metals
such as Ti and Zr. It is evident that the corrosion protection of the bare Zr substrate is
associated with forming a native oxide layer on its surface. However, this oxide layer is
not thick enough (i.e., in the order of a few tens of nanometer) and can be disappeared or
degraded in the early stage of load bearing in prolonged applications like medical implants.
This ends up raising the corrosion rate, thus reducing the efficacy and service time of the Zr
implant. Although PEO coating is an effective method for lowering the corrosion rate due
to blocking the charge-transfer mobility across the substrate–environment interface, the
PEO coating suffers from its inherited porous nature, where deep pores provide an open
path for penetration of aggressive ions and reduction in the overall protection efficiency of
coating [9–13,24,49–52]. The PEO coating can form in various electrolytes, such as silicate,
aluminate, phosphate, and so on, but all suffer from pancake-like surface features, pores,
and cracks [53–55]. The rough and porous surface morphology did not disappear even
for procedures without creating pancake-like structures [13,56]. Xue et al., explored the
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corrosion performance of PEO coating formed in silicate electrolyte using potentiodynamic
polarization (PDP) tests [57]. They found that corrosion potentials shifted to more noble
potentials and that the corrosion current density dropped several orders of magnitude due
to the PEO coating. They claimed thickening the PEO coating impacted the corrosion rate,
due to the higher number of cracks [57].

Sandhyarani et al., conducted a series of corrosion experiments to examine the corro-
sion performance of PEO coatings produced in the phosphate electrolyte with different
treatment times. They found that the recorded OCPs of PEO coatings shifted to more
noble potentials with a remarkable decrease in icorr compared to that of the untreated Zr
sample [12]. No pitting corrosion was observed for the PEO coating produced below 6 min
treatment time. However, the PEO coating produced with the longer treatment time (8 min)
suffered significant pitting corrosion, which was attributed to numerous cracks on the
coated surface. The optimum corrosion performance in SBF environment was recorded for
the Zr sample coated up to 6 min, while precipitates were mainly composed of Ca–P rich
compounds [12].

The corrosion performance of the PEO coating produced on Zircaloy-4 in the silicate
electrolyte using AC regime was tested in nitric acid solution [11]. The authors studied the
influence of the frequency of the PEO process on the corrosion resistance of the formed
coatings. Electrochemical studies revealed that the performance of coatings produced at
both 50 and 100 Hz for 5 and 30 min were similar. No significant difference in the corrosion
resistance was found for coatings produced at different frequencies, thus confirming
the effect of similar coating morphologies. The Tafel test showed the current density
declined remarkably for the PEO coating compared to the bare zirconium, and no noticeable
difference was found between coatings with different thicknesses. The authors, therefore,
deduced that the main protection was supported by the barrier layer at the base of the
coatings [11].

The corrosion performance of PEO coatings produced in Na2SiO3·9H2O and KOH
solution with 1, 3, 10, and 30 min treatment times was tested in 0.5 M NaCl solution. Among
PEO coatings, the coating with 10 min treatment time demonstrated the best corrosion
protection properties. Increased porosity was the determining factor in decreasing the
corrosion resistance of the PEO coating with 30 min treatment time [51].

Sandhyarani et al., also evaluated the effect of electrolyte composition on the corrosion
performance of PEO coatings. They recorded OCP of PEO coatings formed in phosphate
and aluminate electrolytes for 4 h and showed OCP values of all PEO coatings tended to
more noble potentials, compared to Zr substrate, indicating higher thermodynamic stability
of oxide films. At the beginning of immersion, OCP values for PEO coatings showed less
noble potential and declined slightly. This instability at the early time of immersion could
be associated with an increased activity because of penetration of corrosive solution from
surface defects and pores to the metal–oxide interface. The oxide film formed in phosphate
and KOH electrolyte showed the highest noble potential values over the entire period
of immersion time, which can be related to the modified coating morphology of being
pore-free and much smoother than other coatings. However, the film formed in silicate and
KOH electrolyte showed higher apatite-forming ability because of superior wettability.

The evaluation of corrosion performance of the PEO composite coatings reiterated the
importance of adding nanoparticles, in which the PEO composite coating produced with
Ce2O3 addition could reduce the corrosion current density about 103 times compared to
the simple PEO coating [9]. Figure 3a shows the polarization curves for the Zr substrate,
the simple PEO, and the PEO composite coating with Al2O3, CeO2, or ZrO2 nanoparticles,
termed as PA, PC, and PZ, respectively. Besides, the composite coating of ZrO2–SiC
produced in phosphate electrolyte exhibited superior corrosion resistance compared to
coatings produced in aluminate and silicate electrolytes, due to the modified surface
morphology of the coating [58].
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Wang et al., conducted a comparative study on two types of PEO coatings produced
on Zircaloy-4 alloy in silicate and phosphate electrolyte. The authors worked on the
PDP behaviors and electrochemical impedance spectroscopy (EIS) measurements of PEO
coatings immersed in LiOH solution for different time intervals to study the prolonged
corrosion performance [59]. The surface morphology of the two coatings showed distinct
differences, where the PEO coating formed in silicate electrolyte was more compact, and
the population of pores and cracks was fewer than the PEO coating formed in phosphate
electrolyte. The PEO coating formed in phosphate electrolyte suffered from localized
peeling regions caused by stress mismatching of the considerable volume change owing to
the transition from tetragonal to monoclinic phases. Figure 3b illustrates the PDP analysis
of PEO coatings and the bare Zr substrate, which displayed no passive region for the PEO
coatings as a remarkable difference with the bare sample. The corrosion current density is
three and four orders of magnitude lower than that of the bare electrode for PEO coatings
formed in phosphate and silicate electrolyte, respectively.

EIS measurements were performed for both coatings immersed in LiOH solution, and
various equivalent electrical circuits were suggested to simulate results. Figure 4a,b shows
the Nyquist plots of EIS results for silicate and phosphate coatings, and Figure 4c,d shows
the suggested electrical circuits for prolonged immersions. It was evident that the silicate
coating with modified surface morphology could endure the aggressive condition greater
and protect zirconium more significantly in the long-term immersion process.

Li et al., mixed graphene oxide (GO) particles into silicate and a mixture of phosphate
and silicate electrolytes to produce the PEO composite coatings of zirconia with graphene
on N36 Zr alloy [8]. They studied corrosion and fretting behavior of the composite coating
and investigated the influence of GO addition on improving the corrosion resistance.
The authors reported the positive role of GO particles in enhancing the anti-corrosion
behavior of PEO coating, in which the coating formed with 0.1 g/L GO at silicate electrolyte
exhibited the best corrosion performance. The GO particles developed a good barrier
against penetration of aggressive ions and blocked access to the substrate [8]. Very recently,
the same authors compared the corrosion performance of PEO composite coating with
each of Al2O3, MoS2, CeO2, and graphene oxide (GO) on Zr alloy [7]. The positive effect of
adding nanoparticles was to lower the corrosion current density with more noble corrosion
potential due to impeding aggressive ions before they reach the substrate.

Wu et al., combined the PEO process with pulsed laser deposition (PLD) to enhance
the corrosion protection of composite film formed on Zr-4 alloy [60]. PLD was used to form
a Cr/CrN/Cr2O3 film covering the PEO coating to boost the corrosion resistance of the
film on Zr alloy. The EIS study confirmed improving the corrosion resistance via enlarging
the polarization resistance, suggesting contribution of dense Cr/CrN/Cr2O3 film on the
corrosion performance of ZrO2 film though blocking ion attacks more effectively.
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4. Wear and Tribology of the PEO Coatings

Zr alloys demonstrated low neutron absorption coefficients and high yield strength at
higher temperatures, which led to their selection for nuclear applications, such as fuel tubes
and coolant channel materials in water-cooled power reactors [10,46,61,62]. Furthermore,
Zr alloys suffer from low wear resistance in comparison with other nuclear materials, such
as stainless steels and nickel alloys [63], while the fretting wear on tubes is an important
concern in pressurized water reactors [63,64]. Besides, Zr alloys also demonstrated potential
for biomedical applications, and thus, improving wear resistance can allow Zr-based
implants to replace Ti-based implants. The dry sliding wear performance of the PEO
coating can be related to main properties, including microstructure, composition, thickness
of coatings, and the sliding procedures, which are related to the applied load and sliding
time. Figure 5a shows the wear scar of the PEO coating on Zircaloy-2 in silicate electrolyte
for 20 min. Due to the sliding wear test, it was evident that the coating was completely
peeled off after 600 s, and the ploughing effects were visible on the substrate. As shown
in Figure 5b,c, the PEO coating formed in aluminate electrolyte for 10 min is not worn
out fully even after 30 min of sliding wear test [53]. The weak performance of the PEO
coating formed in silicate electrolyte could be attributed to numerous cracks and pores in
the coating, while the PEO coating formed in aluminate electrolyte showed greater wear
performance due to the coating’s compactness and higher t-ZrO2 content.

Cheng et al., performed dry sliding wear tests using an applied load of 10 N for
coatings produced for 5, 10, and 30 min in dilute electrolyte of aluminate and KOH [54].
The friction coefficient of the PEO coating formed for 5 min ranged from ~0.13 to ~0.17
during 240 s of the sliding test; a continuous rise was then observed in the friction coefficient
after the initial low values, which could indicate substrate removal. During the initial stage
of testing, the very low friction coefficient was driven by the modified morphology of
the coating. It was found that the PEO coating formed for 10 min showed weaker wear
protection under the same load. The large gap (~20 µm) between the inner layer and the
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outer layer caused the weak tribological behavior. The transition point (end of coating
life) for the coating formed for 10 min occurred much faster than the coating formed for
5 min. Finally, the friction coefficient of the coating formed for 30 min rose significantly
from ~0.4 to ~0.67 during 344 s as the initial stage of testing. After that, the coefficient
remained constant until ~1252 s, and then abruptly declined to the lowest value of ~0.47 at
1394 s. Figure 5d displays the profile along the cross-sections of the wear scars after the dry
sliding tests for coatings produced with different PEO treatment times. The weakest wear
performance with the deepest scar was observed for the PEO coating produced for 10 min
due to the early collapse of the compact outer layer, and thus exposing the thin inner layer.
The greatest wear performance was recorded for the coating formed for 30 min with a wear
depth of ~20 µm.
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Figure 5. (a,b) The sliding impact on surface morphologies for the silicate and aluminate PEO coating,
respectively; (c) cross-section image of the sliding scar at the center of the PEO coating formed in
aluminate electrolyte for 600 s [53] (Reproduced with permission number: 5043480179625, Elsevier);
(d) wear scars profile after dry sliding under 10 N load on PEO coatings formed in electrolyte
mixture of aluminate and KOH for various treatment times: a. 5 min, 30 min sliding time; b.
10 min, 923 s sliding time; c. 30 min, 30 min sliding time [54] (Reproduced with permission number:
5043510569542, Elsevier).

The surface cross-section image of the wear scar remained after dry sliding wear
test for the PEO coating produced in aluminate electrolyte for 30 min were shown in
Figure 6a. It was evident that the whole outer layer was removed, while the inner layer
was intact. The outstanding performance of the coating stemmed from the mechanical
strength of the outer layer and the great adhesion of the inner layer to the substrate [54,65].
Figure 6b shows the impact of the sliding during wear testing from the central part of
the wear scar. Due to extended sliding, an iron oxide layer remained on the wear track.
The patches with the transfer layer protruded above the surrounding inner layer and
supported the contact points with the steel ball. The remnant debris from the previous
round of sliding enhanced the wear resistance during the sliding process and acted as
lubrication [65]. The sliding wear tests were also performed on the coatings formed in
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concentrated aluminate electrolyte [54]. Furthermore, the PEO coating formed for 10 min
in concentrated aluminate electrolyte with the thickness of ~64.4 µm was tested under a
high load of 30 N and compared with the coating formed in dilute aluminate electrolyte for
30 min with a thickness of ~75.8 µm. Figure 6c,d demonstrate the cross-sectional profiles
of wear scars due to the dry sliding test for 30 min for comparing PEO coatings formed
in concentrated and dilute aluminate electrolyte and for comparing PEO coatings formed
in aluminate and phosphate electrolyte [54]. The low friction coefficient at early times
could be related to lack of formation of the transfer layer on the coating surface; however,
developing the transfer layer due to frictional heating and mechanical stresses caused the
friction coefficient to rise [66]. Cheng et al., finally concluded that the PEO coating formed
for 10 min demonstrated greater wear protections, while the wear depth was ~20 µm after
30 min of dry sliding with the applied load of 30 N.
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Figure 6. (a) The cross-section image of sliding bar impact on the coating surface formed in aluminate
electrolyte [54]; (b) the central part of the wear scar on the PEO coating formed in aluminate
electrolyte [54]; (c) the wear profile of the sliding test for PEO coatings produced in dilute and
concentrated aluminate electrolyte under 30 N applied load [54]; (d) the wear profile of the sliding
test for the PEO coating formed in concentrated aluminate electrolyte (red color) and the PEO
coating formed in phosphate electrolyte (green color) under 10 N applied load [54] (Reproduced with
permission number: 5046821419713, Elsevier).

The presence of nanoplate-like α-Al2O3 out-layered Al2O3–ZrO2 composite PEO
coating enhanced the wear protection of PEO coating significantly [67,68], highlighting
its potential applicability for articular head replacement. It was found that the presence
of tetragonal zirconia could enhance the protection performance of the coating produced
in aluminate electrolyte, in which the applied load could expedite the transformation
of zirconia from tetragonal to monoclinic phases. The volume expansion caused by the
transformation induced dilatational and shear stresses, preventing the progression of
cracks, and thus improving the wear performance [68].

Wei et al., worked on the wear mechanism of PEO coating produced in phosphate
electrolyte [69]. They found that the lowest wear rate of the PEO coating was 1/60 of bare
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Zirlo alloy in similar conditions, and the wear mechanism of PEO coating was primarily
the adhesive wear, where the substrate demonstrated the abrasive wear [69]. Adding
graphene oxide (GO) particles in electrolyte also showed a positive effect on reducing
friction and improved the fretting wear resistance [8]. The PEO coating with GO addition
showed delamination, wear debris, and channel trace, demonstrating abrasive wear as the
dominant wear mechanism. However, the PEO coating with GO did not show worn-out
protrusion in the surface morphology. Recently, Li et al., conducted a comparative study
on the influence of different nanoparticles, including Al2O3, MoS2, CeO2, and graphene
oxide (GO), on fretting corrosion behavior [7]. Basically, the nanoparticles embedded in
coatings acted as a lubrication phase to decrease the friction. The composite PEO coatings
with MoS2 and GO showed low coefficient of friction value in the initial stage of the wear
test, after detaching the nanoparticles, the coefficient of friction rapidly increased. It was
suggested that abrasive wear was the main wear mechanism for the PEO coating with
Al2O3, while the wear mechanism for the PEO coating with either MoS2 or CeO2 was
abrasive wear and adhesive wear. For the PEO coating with GO, the wear mechanism was
abrasive wear. The PEO composite coating with GO showed that the wear volume was
lowest among other composite coatings, but its tribocorrosion performance revealed the
highest material loss due to the impact of wear during the corrosion test. The presence of
GO particles could effectively reduce the friction and wear as GOs had small shear stress
between the layers making the sliding process easier.

5. Photoluminescence Performance

ZrO2 based materials have drawn considerable interest from many researchers in
photonics, optoelectronics, and electronics due to their outstanding thermal, mechanical,
electrical, and optical properties [70–73]. Optical transparency in the visible and near
infrared region, high refractive index, low optical loss, wide energy bandgap (~5 eV), and
low phonon frequency (~470 cm−1) have demonstrated zirconia as a potential matrix host
for fabrication of doped compounds using highly efficient luminescent materials ranging
from rare-earth to transition metals [74–79]. Recently, researchers have intended to take
advantage of PEO processing to entrap rare-earth oxide particles in the ZrO2 matrix [74–81].

Figure 7a demonstrated diffuse reflection spectra of the PEO coating produced in citric
acid electrolyte for a range of treatment times from 1 to 10 min [82]. A wide absorption band
was detected spanning the range of 200 to 330 nm. The main absorption peak occurred
at approximately 236 nm (~5.2 eV in photon energy) that could be related to photon
excitation from valance band to conduction band [83,84]. In addition, the absorption peak
at approximately 294 nm (~4.3 eV in photon energy) could be related to the interstitial Zr3+

ions [85]. Photoluminescence (PL) measurements displayed easily identifiable PL bands
ranging from 300 to 600 nm at ambient temperature. The emission spectra divulged 4
peaks centered approximately at 418, 440, 464, and 495 nm. The prolonged PEO treatment
time increased the PL intensity because the concentration of oxygen vacancies enhanced
in m-ZrO2 films, which was responsible for PL excitation bands. This behavior was also
recorded for photocatalytic activity of zirconia films, in which prolonged PEO treatment
time enhanced the activity as a result of entrapping more oxygen vacancies in the thicker
film [82]. Stojadinović et al., worked on the possibility of fabricating doped ZrO2 coatings
with Ho3+ and Ho3+/Yb3+ using the PEO process in phosphate electrolyte containing
Ho2O3 or H2O3/Yb2O3 particles [78]. They investigated up- and down-conversion PL
properties of the complex oxide coatings composed of ZrO2 as a host and rare-earth oxide
as components of the composite. Notably, rare-earth oxide particles featured zeta potentials
in the negative range for alkaline environments, and thereby, the applied potential in
the PEO process sucked Ho2O3 and Yb2O3 particles toward the anode and entrapped
them inside microdischarge channels to form a composite of mixed oxides [78]. The PL
emission spectra of PEO coatings evolved with different quantities of Ho2O3 particles and
excited with 280 nm radiation, as illustrated in Figure 7b. Pure ZrO2 coating could only
display a wide PL band with a spectral maximum approximately at 490 nm in the visible
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region originating from optical transitions in PL centers derived from oxygen vacancies of
ZrO2 [82].
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Figure 7. (a) Alteration of diffuse reflection spectra of zirconia films based on treatment time of the
PEO process [82] (Reproduced with permission number: 5043541253698, Elsevier); (b) photolumi-
nescence emission spectra excited with 280 nm radiation of PEO coating produced in phosphate
electrolyte with addition of Ho2O3 powder in different concentrations for a treatment time of
10 min [78]; (c) photoluminescence excitation spectra of undoped and Ho-doped ZrO2 coatings
produced by PEO for a treatment time of 10 min in phosphate electrolyte with and without 0.5 g/L
Ho2O3 addition [78]; (d) photoluminescence emission spectra excited with 280 and 450 nm radiation
of PEO coatings produced in phosphate electrolyte with addition of 4.0 g/L Ho2O3 particles and
Yb2O3 particles in different concentrations for a treatment time of 10 min [78] (Reproduced with
permission number: 5043550012051, Elsevier).

Therefore, two overlapping regions could be found in down-conversion PL spectra
of the composite coating excited by 280 nm including the broad PL bond from the matrix
and several emission bands related to f–f transition of Ho3+ ions [78]. At around 540 and
550 nm, there were two predominant peaks relating to 5F4 → 5 I8 and 5S2 → 5 I8 transi-
tions, respectively. Increasing treatment time of the PEO processing caused intensifying
the wide emission bond of the PL intensity of the ZrO2 matrix and enhancing the emission
bonds of Ho3. It was apparent that the PL intensity was greater for un-doped coatings,
where higher concentration of Ho3+ ions participating in the ZrO2 matrix caused reducing
the PL intensity of the broad emission band, indicating the presence of a non-radiative
energy transient between matrix and dopants [78]. The PL excitation spectra were recorded
at 540 nm for both doped and un-doped zirconia coatings, as shown in Figure 7c. While
the excitation PL spectrum of un-doped zirconia depicted a wide band centered at about
280 nm, the excitation spectrum of Ho-doped zirconia demonstrated an intensified wide
band ranging from 250 to 325 nm and several sharp peaks between 325 and 500 nm. Elec-
tron transit between fully occupied 2p orbitals of O2− ions of ZrO2 and 4f orbitals of Ho3+

ions led to the formation of the early broadened band, while sharp peaks were related to
direct excitation from 5 I8 ground state to the greater energy level of the 4f-manifold. Peaks
and assigned electronic transition are clearly illustrated in Figure 7c. Therefore, the PL
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emission intensity of doped zirconia coatings with rare-earth ions could alter with changing
the thickness of the PEO coatings and concentration of rare-earth ions participating in the
composite coating [78]. The down-conversion PL emission spectra of PEO coatings formed
in electrolyte containing H2O3 and different concentrations of Yb2O3 particles are also
shown for excitements at 280 and 450 nm radiations in Figure 7d. The addition of Yb3+

ions into the composite of ZrO2:Ho3+ coatings did not alter the overall shapes of the PL
spectra, however, the intensity of the wideband derived from the zirconia matrix and PL
bands related to f–f transition of Ho3+ ions were enhanced by raising the incorporation of
Yb3+ ions into the composite coatings. This behavior was an indication of the role of Yb3+

ions in transmitting energy to Ho3+ ions [78,86].
Ćirić and Stojadinović also produced the ZrO2 coating with Pr3+ incorporated parti-

cles [76]. Accordingly, they found that increasing the treatment time of the PEO process also
increased the incorporation of uniformly distributed Pr3+ in the composite coating, where
its contribution concurrently stabilized the tetragonal zirconia phase. They categorized PL
emission spectral features into two distinct regions, including a broad PL band centered at
approximately 495 nm and secondly a region due to the 4f–4f transitions of Pr3+, where
the most intense one was from the 1D2 → 3H4 transition [76]. The same authors reported
fabrication of doped composite zirconia coatings containing Tm3+ and Yb3+ using the PEO
process [75]. Tm and Yb particles promoted phase transformation from monoclinic to
tetragonal phase, where the PL excitation spectra were identified by the broad band of
ZrO2 centered at approximately 280 nm and a peak at approximately 359 nm related to the
3H6 → 1D2 transition of Tm3+.

6. Concluding Remarks and Future Outlook

The PEO coatings have various applications upon the preparation process and zirco-
nium substrate. Several methods have already been implemented to improve bioresponse
and antibacterial activity on the Zr surface. Until now, the PEO process has demonstrated
promising results in reducing the risks associated with using the PEO coated Zr. Particu-
larly, medical implants demand significant surface biocompatibility, which bare zirconium
cannot meet for certain criteria. The rough and porous surface of PEO coatings stimulates
nucleation and growth of biocompatible hydroxyapatite compounds due to offering a
larger available surface for ionic interactions. The formation of PEO coatings reduces bacte-
rial adhesion, and the incorporation of antibacterial agents, such as silver ions, provides a
greater antibacterial feature. Incorporation of Zn and Cu ions in the PEO coating enhances
the biocompatibility of coatings, where a more uniform and compact hydroxyapatite forms
on the surface of coatings after prolonged immersion in the simulated body fluid.

PEO coating can enhance the corrosion protection of zirconium when immersed in
aggressive media. The coatings were able to block the penetration paths of aggressive ions
and enhanced the endurance of the zirconium substrate. The PEO coating also reduced
the coefficient of friction and offered greater protection against sliding wear, as the debris
released from the coatings usually acted as lubrication. Besides, the PEO composite coating
with rare-earth elements offered tuning photoluminescence features of the zirconia, where
the addition of different rare earth oxides could tailor the excitation and emission range of
composite zirconia oxide.

On account of reviewed studies, the following remarks can be suggested for future studies:

• Inducing new nanoparticles in electrolytes during the PEO process opens a new path
for future research, where there is a lack of studies on biomedical applications of Zr
and Zr-alloys, such as enhancing the coatings’ bioresponse and efficient delivering
drugs to the body tissues.

• Poor surface features such as numerous pores and cracks confine the protection
mechanism to the barrier inhibition, in which the coating halts the penetration of
aggressive ions. However, producing composite coatings with protective agents such
as sacrificing anodic nanoparticles can endow active protection to the substrates.
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• Wear behavior of coatings requires significant improvements. Besides, the wear mech-
anism of the coating has not been studied comprehensively. Using the PEO coated
Zr-alloys in nuclear industries and applications demanding significant protection
against fretting wear and corrosion requires more studies with simulated conditions.

• Tuning ZrO2 bandgap for photocatalytic applications can draw attention to producing
composite coatings with versatile applicability in splitting water and other compounds.
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