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The plasma electrolytic oxidation is an innovative method for the surface treatment of titanium and its alloys.
This review provides an overview of the historical development of the process and summarizes the current state
of the art. The chemical as well as the electro- and plasma-chemical basics of the layer forming mechanisms,
which comprises the substrate/electrolyte interface before discharge initiation and the different types and stages
of plasma electrolytic discharge phenomena are explained within the context of titanium-based materials. How
these phenomena can be influenced by the use of suitable electrolytes and controlled by the electrical regime is
described. Subsequently, the microstructures and composition of the layers are described in detail, and the
properties for specific applications are then discussed. The resistance of a PEO coating to corrosive environments,
tribological factors, and alternating mechanical stress is viewed critically, and the extensive functional properties
such as physiological compatibility, photocatalytic activity, and decorative properties are revealed. Finally,
examples of various practical applications in the medical engineering, aviation, automotive, and environmental
technology fields, as well as other branches of industry, are presented.
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Insulin-Like Growth Factor 1
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Open-Circuit Potential
Optical Emission Spectroscopy
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Point Defect Model
Potentiodynamic Polarization
Place Exchange Model
Plasma Electrolytic Oxidation
Polytetrafluoroethylene
Average Roughness
Reduction Of Area
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Simulated Body Fluid
Scanning Electron Microscope
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Technology Readiness Level
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Unoxidized
Ultraviolet
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Vascular Endothelial Growth Factor
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the production of coatings with other alloying elements and oxides has
been explored. Nowadays, plasma electrolytic technologies, as a pro
gression of traditional anodizing (see Table 1) into the higher voltages,
enable production of oxide ceramic coatings on Ti surfaces to address
the growing demand in corrosion and erosion resistance, biocompati
bility, and other desired surface properties [8–12]. Fig. 1 shows appli
cations of PEO coatings on titanium substrates.
PEO, also known as microarc oxidation (MAO), was developed as a
result of early works by Sluginov, Gunterschultze and Betz, Kellogg,
Ikonopisov, Markov, Bakovets and others [13–18]. In the period
1970–1990s, PEO research was mainly performed in the USSR, and
during 1990s the technology became available worldwide (see Fig. 2).
From that time, the research expanded into the process mechanism
understanding, to coating various valve and even non-valve metals and
their alloys [19–30], and to exploring various electric regimes, from DC,
to AC and pulsed modes [31]. In this paper, the PEO process is reviewed
with a focus on titanium substrates. The coating’s structure, properties,
and applications are reviewed and new potential uses of the process are
introduced.
2. Discharge behavior and growth mechanism
2.1. Voltage-time plot
Mathis et al. [62] studied the polarization behavior (i-V plots) of a
PEO coating on commercially pure titanium (cp-Ti) in KOH solution to
understand the discharge phenomenon (Fig. 3). This work revealed that
the discharging behavior depends on solution concentration [63]. It was
found that for all concentrations, when the voltage is increased linearly
in the first stage, anodization takes place and oxygen bubbles are
released slightly. During this stage, the anodic current density is low.
When the solution concentration is high, further increasing of the
voltage leads to a sharp increase in current density that is called current
wall [62]. For intermediate KOH concentrations, when the voltage
passes a critical value, the current density increases and discharges
appear on the surface. Further increases of the voltage leads to the
formation of large arcs and to sharp increases in the current density,
which is accompanied by intense gas (Oxygen) release, due to water
oxidation. When the electrolyte concentration is low, after the
Table 1
Comparision between PEO and anodizing coating methods on titanium
substrates

1. Introduction

Coating process

Titanium and its alloys are of high interest in advanced engineering
applications due to their superior characteristics such as: high strength
to weight ratio, corrosion resistance, biocompatibility, and other attri
butes [1]. Nevertheless, titanium is chemically a highly active element,
and its corrosion resistance in various environments is only provided by
a thin natural oxide layer that is easily damaged with applied loads [2].
As a result, the unprotected substrate will be in contact with corrosi
ve/erosive environments which make them severely vulnerable to pre
cocious failure. Various coating methods have been developed to
improve the surface properties of Ti and its alloys; physical vapor
deposition, Chemical Vapor Deposition (CVD), anodizing, and Plasma
Electrolytic Oxidation (PEO) are the most widely used [3–5]. The
coatings not only bear protective, but also functional properties, e.g.
bioactivity or photocatalytic behavior [6,7].
Oxidation technologies improve the natural oxide formed on Ti
surface. Generally, the oxide layer is composed of polymorphs of tita
nium oxide, including anatase, rutile, and brookite [2]. Rutile is the
most resistant titanium oxide form. However, for further improvement
and functionalization, using different titanium alloys and electrolytes,

Coating characteristics
and properties
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Process duration
Applied potential
Current density
Electrolyte composition
Ability to add additives
Range of Roughness
Range of Porosity
Range of Thickness
Ability to form different
phases
Adhesion
Sealing ability
Hardness
Ability to form
lubricative coating
Range of colors
Thermal resistivity
Single layer degradation
resistance
Ability to form
biocompatible phases
Abrasion resistance
Cohesive strength
Dielectric strength

PEO

Anodizing

Short
High
Low
Low
alkaline
High
High
High
High
High

Long
Low
Low
High
acidity
Low
Low
High
Low
Low

High
High
Low
High

High
High
Low
Low

Low
High
High

High
High
High

High

Low

High
High
High

Low
Low
High
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Fig. 1. Applications of PEO coatings on titanium substrates in different industries

anodization stage, only micro discharges appear and large arcs are not
observed over the surface.
The oxidation stages observed in galvanostatic PEO coatings on ti
tanium are similar to those formed under potentiodynamic conditions.
At low concentrations, the final stage is not observed, but at interme
diate concentrations all three stages are detected and at high concen
trations the second stage is too short to be detected [62]. Fig. 4 shows V-t
plots for PEO coating of cp-Ti in electrolytes containing tri-sodium
orthophosphate (TSOP), potassium hydroxide (KOH), sodium carbon
ate (Na2CO3), sodium nitrite (NaNO2), and urea [CO(NH2)2], which
display all three oxidation stages [64]. Typical V-t transients during the
PEO treatment of titanium in a constant current mode has three distinct
regions (see Fig. 4). In the first region, prior to discharging, the voltage
increases linearly and conventional anodizing takes place on the surface.
Along with oxide film growth, the potential increases due to the
enhanced resistance of the oxide film and oxygen and hydrogen bubbles
are released at the anode and cathode surfaces, respectively. The anodic
film is composed of two layers: an amorphous outer layer and an inner
layer that contains cavities and is probably composed of anatase [61].
When the surface is treated with NaOH or H2SO4, during reverse scan,
anodic peaks appear [65]. Teh et al. [66] studied the anodization stage
of titanium in phosphate/aluminate solution and found that in this
stage, a uniform film of TiO2 develops that contains some species from
the electrolyte, such as aluminium and phosphorous (see Section 3.1).
Since the inner layer of the oxide grows direct into the metal with only
oxygen being injected at the inner layer/outer layer (solution) interface,

species in the environment can only be incorporated into the outer layer
by co-precipitation of Ti(IV) (e.g., TiO2+), as explained in Section 3.1.
Upon reaching sufficiently high potentials, the gas bubbles undergo
dielectric breakdown, generating high-energy, low-temperature cold
plasmas [67]. In this second stage, after discharge initiation, the voltage
increases at a lower rate, compared to the anodization stage. When
discharges takes place, incorporation of species from the electrolyte
increases [62], because of more intense precipitation and hence
co-precipitation in forming the outer layer. It should be noted that the
rate of voltage change depends on the type of electrolyte [64] and
current density [68]. Finally, the micro-arcs are transformed into larger
arcs and the voltage stabilizes (associated with the current wall phe
nomenon). Titanium starts to dissolve and Ti4+ ions are released to the
electrolyte: Ti → Ti4++4e− . Simultaneously, OH− and other anions from
the electrolyte move toward anode surface due to the existence of a
strong electric field between the electrodes and react with Ti4+ to form
titania and other reaction products. In this stage, the loss of titanium
from the substrate is minor. After discharge initiation, the rate of Ti
dissolution in the electrolyte is comparatively fast and then decreases
gradually [61]. Teh et al. [66] studied the anodic film growth in the
early stages of coating formation prior to the breakdown voltage. They
found that initially, a uniform layer mainly composed of titania is
formed on the surface, with minor amounts of electrolyte species being
incorporated into the oxide layer.
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Fig. 2. Timeline for progress of PEO coatings on titanium components [7,32–61].
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sodium hypophosphite and metasilicate leads to the formation of dense,
compact oxide due to low-intensity discharges.
Zhang et al. [71] used EIS in combination with current transient
analysis to analyse discharge mechanisms in different stages of PEO
coating. They found that discharging can be categorized into three steps:
the spark, micro arc,and arc stages. Yerokhin et al. [36] also found three
stages during the potentiostatic PEO treatment of a titanium substrate.
Small luminescent discharges occur on the surface, then they transform
to longer duration arc discharges, and finally micro arc discharges
appear. It is reported that the arc discharges last longer than do the other
types.
To sum up, it can be said that with the passing of time, the coating
discharges become more intense while their spatial density reduces. This
evolution might be accompanied by changes in size and color of dis
charges. Fig. 5 shows the evolution of the discharge during PEO treat
ment of cp-Ti in a silicate-based electrolyte [50]. It is clear that
discharges gradually become larger and less frequent but more intense.
Different discharge types can affect the oxide film properties. During
the spark stage, micro discharges improve the corrosion resistance but,
entering into the next stage, reduce the corrosion resistance and the
resistance stays nearly constant up to the arc stage. After entering the arc
stage, due to the destructive nature of the micro discharges, the inner
layer resistance and hence the total resistance drops quickly [71].
Furthermore, He et al. [73] found that arc discharges were beneficial for
the formation of the (101)-oriented rutile phases. The formation of the
(101)-preferred orientation is ascribed to the application of high thermal
stresses during the arc stage. Changes in the orientation take place to
endure the thermal stresses.

Fig. 3. Schematic representation of anodization with potentiodynamic scan at
10 V. min− 1 at different bath concentration i) High ii) Medium, and iii) Low
KOH concentration [62].

2.3. Discharge Mechanism
Two models have been proposed for generation of discharges. In the
first model, discharges are formed due to dielectric breakdown of the
oxide film [69], while the second model is based on the assumption that
discharges originate from gas discharge in the micro-pores of the coating
[74]. Zhang et al. [71] used EIS and analysis of current decay transients
to specify the discharge mechanism in each step of discharging. They
proposed two individual models of oxide breakdown and gas envelope
breakdown that account for the spark and micro arc/arc stages,
respectively. The growth mechanism might be determined by break
down of the oxide film or the gas envelope, or a combination of these
phenomena. Generally, it is believed that when the breakdown voltage
of the oxide film surpasses that of the gas envelope, the breakdown of
the latter becomes predominant. Measurement of Ti dissolved in the
electrolyte might be helpful for diagnozing the discharge mechanism.
Yao et al. [61] used inductively coupled plasma-atomic emission spec
trometry (ICP-AES) to measure amount of Ti lost to the electrolyte. It is

Fig. 4. Voltage-time response curve of PEO coating of titanium in S1) 5 g TSOP
+ 2 g KOH, S2) 5 g TSOP + 3 g Na2CO3 + 2 g KOH, S3) 5 g TSOP + 3 g NaNO2
+ 2 g KOH, and S4) 5 g TSOP + 3 g CO(NH2)2 + 2 g KOH [64].

2.2. Discharge evolution
Two models have been proposed for discharge initiation in a PEO
process: dielectric breakdown of oxide film [69], and discharge of gases
in micro pores, which leads to dielectric breakdown of the barrier layer
[70]. Usually, duing the PEO coating of titanium and titanium alloys at
the start of the discharging stage discharges are small and have short life
times. As the process continues, the discharges transform to larger ones
that last longer. The discharges might gradually become even larger and
more intensive. The intensity and duration of the discharges affect the
porosity, depth of the pores, and compactness of the oxide film that, in
turn, affects the corrosion resistance [71].
It should be noted that the intensity and spatial density of the dis
charges depends on the current density and electrolyte type. Quintero
et al. [72] compared the discharge evolution in different solutions and
found that the intensity of discharge in each step depends on the elec
trical properties of the coating that is, in turn, affected by the electrolyte
composition and concentration. It was revealed that for thin, compact
oxide films less energy is needed for electrical breakdown and hence the
discharges have higher energy that results in porous microstructures. It
was found that PEO coatings of Ti6Al4V in a solution that contains

Fig. 5. Micro disharge appearance at various stages of PEO process: (a) 15 s; (b)
30 s; (c) 150 s; (d) 300 s; (e) 600 s; (f) 1200 s [50].
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revealed that the Ti release from the substrate, during oxide breakdown
stage, was more than for gas envelope breakdown. This phenomenon is
attributed to pulse current consumption by gas liberation that reduces
the available pulse for substrate oxidation. When the discharges take
place due to oxide breakdown, the coating becomes porous and is
mainly composed of titania with Ti from the substrate. While the coating
continues through the breakdown of the gas envelope stage, elements
from both electrolyte and substrate contribute to forming the oxide
structure and the coating contains higher amounts of elements from the
electrolyte compared to that expected from the oxide breakdown model.
It should be noted that the current regime might also affect the Ti
dissolution rate. For instance, a bipolar pulsed mode produces more
dissolved Ti compared with an unipolar pulsed regime. This fact prob
ably has roots in the production of hydrogen during cathodic pulsing
and subsequent change in pH of the electrolyte, which accelerates Ti
dissolution.

3. Coating microstructure and chemical composition
Morphological characteristics play an important role in determining
the properties of PEO coatings. In general, these coatings are macroporous and have evenly distributed pores. However, they may exhibit
a nano-porous structure with nano-crystalline grains due to rapid
heating and quenching in contact with electrolyte [40]. The surface
morphology depends on various parameters such as current regime,
treatment duration, electrolyte type, concentration, and temperature.
Special considerations, such as controlling the pore size, the level of
porosity, or promoting a particular morphology (such as net or flake
type microstructures) can be taken into account when designing coat
ings with the desired properties. During the application of PEO coatings
on titanium substrates, surface micro-and nano-scale features are
observed and are categorized into several groups, based on the forma
tion mechanism [78]: 1- Structures that are formed due to the discharge
interaction with the substrate and electrolyte [61,79] (nanorods,
nanospheres, nanowires, nano and microcrystals within the pores), 2Structures formed as a result of additional effects, such as annealing,
impregnation, etc. (micro or nanocrystals on the surface [40] or nano
wires [80]), and 3- Nanoparticles added to the electrolyte and incor
porated into the surface and in the pores of PEO coatings throughout the
treatment [81].
The chemical composition of oxide coating is determined partly
through the reactions of the substrate with the electrolyte, and therefore
the chemical composition of the oxide film can be affected by controlling
the composition of electrolyte and substrate. Electrolytes are classified
based on their role in the development of the oxide layer as follows:

2.4. Discharge types/characteristics
Real time imaging is helpful for investigating the discharge mecha
nism and properties [43]. The spatial density of discharges, including
the fraction of the surface area occupied by active discharge sites and the
cross-sectional areas of the micro-discharges can be measured using this
method [75]. Matykina et al. [43] employed real-time imaging for
characterizing discharge events. They found that the average discharge
density through the process is about 100 cm− 2 s− 1 and the life time of the
discharges varied between 100 and 800 ms. It was revealed that the
number of pores in the microstructure is about 2 times greater than the
number of discharge sites. This phenomenon was ascribed to the evo
lution of gas bubbles from softened material within the discharge sites.
Optical emission spectroscopy (OES) of the PEO processing of tita
nium complements well the real-time imaging characterization [75].
Hussein et al. [49] used OES to study the composition and characteris
tics of plasma discharges, such as electron density and temperature,
under unipolar and bipolar PEO treatment conditions. They found that
the electron concentration in the plasma was in range of 1.3 × 1022 m− 3
to 2.2 × 1022 m− 3, which is similar to that measured by Klapkiv et al.
[76] on aluminum. The plasma electron temperature of unipolar
discharge was in the range of 3500 to 9000 K compared with 3500 to
6500 K for that in the bipolar current mode. According to the studies
carried out by Hussein et al. [77], OES signals can be categorized into
three different types (A, B, and C) based on their intensity and origin.
The signals of B type are intense with high electron temperatures that
are produced by the breakdown of the oxide film. The A and C type
signals result from gas discharges at the surface and in the pores of the
oxide film, respectively. It is assumed that B type discharges occur when
the anodic material evaporates and since Ti has a high evaporation
temperature, this type of discharging is less frequently observed. OES
studies reveal that A type and C type discharges occur in the initial
stages of unipolar current treatments and, after few minutes, B type
discharges with temperature of more than 9000 K appear. It is found that
in the bipolar regime, discharges were less intense and frequent and are
dominated by the A and C types, whereas those of B type disappeared or
delayed to later stages. Moreover, the ratio of anodic to cathodic current
and pulse duration are important factors influencing the discharge
characteristics. Along with the current regime, electrolyte type also
plays an important role for the presence of B type discharges. In some
electrolytes, such as sodium metasilicate, all three types of discharges
are present [50]. However, B type discharges do not take place while
coating with 12-tungstosilicic acid [75].

1. Electrolytes providing oxygen for coating.
2. Electrolytes providing elements, other than oxygen, for coating
through anionic/cationic compounds
It should be noted that the classification of the electrolytes depends
on various parameters, such as substrate composition, the current
regime, and the duration of the treatment. Prolonged treatments with
different current densities might impact the role of electrolytes [82].
In the following sections, we discuss the growth and structure of the
film, the effects of processing parameters on the coating morphology, as
well as the specific morphologies developed in addition to the typical
porous microstructures.
3.1. Structure and properties of the oxide film on titanium
The formation of oxide films on titanium has been studied exten
sively in both the gas phase (“dry” oxidation) and in aqueous solution
(“anodic oxidation”). Much of that work was stimulated by using Ti and
its alloys in aerospace and marine environments, and in fabricating or
thopedic implants (pins, artificial joints, hips, etc.). Several reviews of
these subjects are available in the literature [83–86].
It has long been known that the oxide film that forms anodically on
titanium is a tenacious layer that is highly effective in protecting the
substrate from corrosion. For many years, it was believed that the oxide
film behaved as a dielectric layer and simply acted as a physical barrier
to further reaction between the metal and the environment, with the
corrosion rate being determined by the rate of dissolution of the oxide
layer. However, later work has shown that crystallographic point de
fects, such as metal interstitials and metal and oxygen vacancies
essentially define the properties of the oxide layer on the metal. This is
especially important for metals like titanium that are used in
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applications where the defect structure impacts the function and per
formance, such as photo-electrolysis, heterogeneous catalysis, and bio
materials (orthopedic implants) [87–89]. Accordingly, to understand
the properties and protectiveness of oxidized Ti and Ti alloys it is
necessary to explore the defect structure of the oxide. In this section, the
Point Defect Model (PDM) [90] is used to describe the defect structure of
the oxide film on titanium. Briefly, it is found that the oxygen vacancy
[87–89,91–96] dominates over the metal interstitial and cation vacancy
in determining the properties of the n-type film. As we will see below,
the PDM provides a comprehensive account of the defect structure and
allows one to obtain the diffusivity of the oxygen vacancy by optimizing
the model on Wide-Band, Electrochemical Impedance Spectroscopic
(WBEIS) experimental data, even though the diffusivity is extremely
low (≈ 10− 16 cm2/s).
The n-type semiconductivity of the oxide films is attributed to the
principal point defects being electron-donating metal interstitials and/
or anion (oxygen) vacancies with a significant deviation of the stoichi
ometry, as indicated by Ti1+xO2-y. In oxygen-containing, gaseous envi
ronments at high temperatures, Kofstad [97] opined that the oxide film
on Ti contained, simultaneously, doubly (positively) charged oxygen
vacancies V..o and interstitial titanium ions with effective charges of 3 or

demonstrated by the Mott-Schottky plots shown in Fig. 6 a. The MottSchottky expression is given by [101]:
(
)
1
±2
kb T
E − Efb −
(1)
=
2
Csc2
e
εεo eNd A
where ε, εo , e, Nd , A, Efb, and kB are the dielectric constant, the
permittivity of a vacuum, the electronic charge, the defect density, the
flat-band potential, and Boltzmann’s constant, respectively. For a n-type
semiconductor, the minus sign applies and, hence, N equals the donor
density, ND. The PDM yields an inverse exponential donor density
relationship for the donor density as a function of Lss, and hence as a
function of voltage (see below), as [102]:
[
]
Jd
Jd
Nd (Lss ) = Nd (0) +
(2)
exp(− 2KLss ) −
2Dd K
2KDd
where Nd (0), Jd , Dd , and Lss are the donor density at the bl/s interface,
the flux of donors in the film, the donor diffusivity, and the steady state
Fε
film thickness, respectively. K = RT
, where ε is the electric field strength
in the film. Using the relationship between Lss and VSHE, this expression
is fitted to the experimental donor density vs voltage [Fig. 6 b], to yield
[94]:
[
]
Nd cm− 3 = 1.184 × 1021 exp(− 0.385VSHE ) + 2.394 × 1019
(3)

4, i.e., Ti3+
and Ti4+
i
i , with the oxygen vacancy dominating at high ox
ygen partial pressures and lower temperatures, while the metal inter
stitial is dominant at higher temperatures and lower oxygen partial
pressures. As we will see below, the dominant point defect in the oxide
film formed on Ti by oxidation in aqueous solution is the oxygen va
cancy, whose concentration exceeds that of the metal interstitial by a
factor of about 200. Accordingly, the most appropriate representation of
the film is TiO2-y, where y is the potential dependent non-stoichiometry
(2-y in the formula TiO2-y), ranging from 1.826 at a voltage of 2.0 VSHE
to 1.983 at 10 VSHE [92–95]. When heated in hydrogen at high tem
peratures, titanium dioxide (rutile) forms Magnéli phases, which are
highly oxygen deficient compounds that are good electronic conductors,
with the general formula TinO2n-1 (n = 7 to ≈ 38) [98–100]. Thus, n = 7
yields the phase TiO1.857 whereas n = 38 gives TiO1.974., which indicates
that the anodic oxide on Ti is essentially a Magnéli phase.
That the anodic oxide film on Ti metal is an n-type semiconductor is

As noted elsewhere in this section, the dominant defect in the anodic
oxide film on Ti is the oxygen vacancy. The last term of Equation (2) is
set equal to the last term of Equation (3) (note that Jd < 0) and rear
ranged to yield DO ,using the value of the electric field (1.734×106 V/
cm) found in the previous modeling [92–96]. The value calculated for
DO is 2.6×10− 16 cm2/s, which is eminently reasonable.
The reader will note that the donor (oxygen vacancy) concentration
in the bulk of the barrier layer is exceedingly high (1–5 × 1020/cm3)
compared with about 1016/cm3 for a non-degenerate semiconductor.
This doping level is sufficiently high to induce degeneracy at the metal/
barrier layer (m/bl) interface, in which the Fermi level moves above the
conduction band edge. Thus, the barrier layer may be classified as being
a highly doped, defect semiconductor, the closest analog of which in

Fig. 6. (a) Mott-Schottky plots for passive Ti anodized for 10 hours at different film formation potentials in 0.5 M H2SO4 solution. (b) Donor (oxygen vacancy)
density, Nd, of the oxide film formed on titanium in 0.5 M H2SO4 solution as a function of film formation potential. The solid line is the functional dependence of Nd at
metal/film interface on applied potential [94].
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classical semiconductor theory is the Esaki Tunnel Diode (ETD). The
electronic structure of an ETD is well-known and features a depletion
region that is very thin, but is sufficiently thick that the barrier layer is
essentially within the depletion region, and that the Conduction Band
(CB) and the Valence Band (VB) are sufficiently steep that overlap occurs
in the energies of occupied levels in the VB and empty levels in the CB
and vice versa. Because quantum mechanical tunneling is an isoenergetic process, tunneling of electrons and electron holes occurs be
tween the bands. However, the tunneling probability is an inverse,
exponential of the tunneling distance, which corresponds to the hori
zontal distance between the CB and VB. This distance is therefore a
function of the electric field strength, such that any stress (e.g., a sudden
increase in the applied voltage resulting in a temporary increase in the
field) that decreases the tunneling distance will greatly increase the
tunneling probability and therefore in the internal tunneling currents.
These currents shift charge between the CB and VB and hence generates
a counter field that opposes the enhanced field due to the imposed stress.
Accordingly, the electric field is “Buffered” against change by the in
ternal tunneling currents, with the result that the electric field is
insensitive to the applied voltage and hence to the film thickness. This
model of the electronic structure of a passive film is significantly
different from the “Bent Band” model that is popular in electrochem
istry, but that model is based on the donor level being non-degenerately
low (≈ 1016/cm3), which is inconsistent with the data shown in Fig. 6
(b).
It is of interest to reflect of the physical implications of measuring
such a low oxygen vacancy diffusivity. To a first approximation, the

modern electrochemical instrumentation. In fact, the impact of the
diffusing defect is felt over a range of frequency starting at about 10 Hz
and extending down to < 10− 4 Hz.
The PDM developed by Roh and Macdonald [92–96] to describe the
defect structure of the anodic oxide film on titanium is presented in
Fig. 7. Briefly, the model proposes that the defects are generated and
annihilated at the opposing interfaces of the oxide, with oxygen va
cancies and metal interstitials being generated at m/bl interface via
Reactions 1 and 2, respectively, and are annihilated at the barrier
layer/solution (bl/s) interface via Reactions 3 and 4, respectively. Thus,
both defects migrate from the m/bl interface to the bl/s interface as
indicated in the fig. 7. Reactions 1, 3 and 4 are lattice conservative
processes, whose occurrence does not result in the movement of the
interfaces. However, it is known experimentally that the bl attains a
steady state, which is only possible if two, lattice non-conservative
processes occur at the opposite interfaces. In the PDM, those two re
actions are Reaction 2, which generates new bl via the generation of
oxygen vacancies and Reaction 5, which describes the destruction of the
bl via dissolution at the bl/s interface. The evidence indicates that, in
very acidic solutions (e.g., 0.5 M H2SO4 [94]), the film comprises the bl
only and no outer layer is observed to precipitate. The evidence for this
is that the observed films are highly colored, with the color depending
upon the film formation potential. Colors ranging from silver, bronze,
purple, blue, light blue, gold, rose, magenta, teal, and green are readily
accessible by carefully controlling the anodizing conditions. The colors
are due to the presence of oxygen vacancies that act as quantized
quantum wells, which absorb light at specific frequencies and due to the
fact that the film thickness depends upon the potential. If a precipitated,
opaque, and non-defective outer layer was present on the barrier layer,
the barrier layer should have been shielded from optical absorption and
the film should appear to be white.
The PDM is based upon several important postulates that require
careful explanation. Among these postulates are the following:

2

diffusivity can be expressed as: D ∼ Lt , where L is the characteristic
length and t is the characteristic time. Noting that the characteristic
frequency may be written as f ∼ LD2 , it is possible to predict the conditions
that must exist in order to ontain useful transport data from an experi
ment. Thus, in order to measure a diffusivity as low as 10− 16 cm2/s in a
passive film that is 1 nm (1 × 10− 7 cm) thick we need to sample the
system at a frequency of 0.01 Hz, which is well within the capabilities of

1 The passive film is a bi-layer structure comprising a point defective
barrier layer that grows into the substrate metal and an outer layer
that forms via the precipitation of a reaction product resulting from
the cations that are transmitted through the barrier layer as metal
interstitials or via cation vacancies and some component in the so
lution, commonly water to form hydroxides, oxyhydroxides, and
oxides or for example, carbonate, CO2−
3 to form siderite (FeCO3 ) in
the case of iron anodization in aqueous CO2/H2O environments. It is
the formation of the outer layer that results in the incorporation of
solution phase species into the film, as discussed in the previous
section. No such species can be incorporated into the barrier layer as
that layer grows at the metal/barrier layer (m/bl) interface directly
into the metal with oxygen being injected into oxygen vacancies that
are transported to the barrier layer/solution (bl/s) interface.
2 The potential drop across the bl/s interface is a linear function of
the applied voltage and pH: φf ( = φf − φs = αV + βpH + φof ), where
s

s

φf and φs are the electrostatic potential in the film and in the solu
tion, respectively, α is the polarizability of the bl/s interface, β is the
dependence of the voltage drop across the bl/s interface, and φof is a
s

Fig. 7. Schematic of physico-electrochemical processes that are postulated to
occur within the point-defective anodic oxide barrier layer (TiO2-y) formed on
titanium, according to the PDM. The metal/oxide and the oxide/solution in
terfaces are depicted by the solid, vertical lines and the reactions are located at
the interface where they are envisioned to occur. The bl/s interface is defined as
x = 0 and the m/bl interface is defined as x = L, where L is the barrier layer
thickness. V Ö ≡ oxygen vacancy; OO ≡ oxygen ion in a normal anion lattice site
–
–
Ti ≡ titanium atom; Tiiχ+ –
VTi –
– interstitial titanium cation;
– titanium vacancy;
–
–
χ
+ –
–
Ti – titanium cation in the solution phase; TiTi – titanium cation in a normal
cation lattice site;. The oxidation state of the ions/vacancies are labeled as Γ
and χ . Metal interstitials and oxygen vacancies are formed at the metal/film
interface and consumed at the film/solution [94].

constant. Noting that the applied potential V = φm − φs , we obtain
the voltage drop across the metal/bl interface as: φmbl = (1 − α)V −

εL − βpH − φof ). The expressions for φmbl and φf are important, because
s

s

they drive the kinetics of the interfacial reactions at the respective
interfaces, as described below.
3 The electric field strength, ε, is constant and is independent of film
thickness and the applied voltage. This represents a major departure
from other models, such as the high field model (HFM) [103], the
Cabrera-Mott model (CMM) [104], and the place exchange model
(PEM) [105], which all postulate that the electric field strength at
8
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constant voltage must decrease as the film thickens. This is a direct
result of ignoring the voltage drops that must exist across the m/bl
and bl/s interfaces. The constancy of the electric field is attributed to
Esaki tunneling of electrons and holes between the conduction and
valence bands in the depletion region of the semi-conducting film, as
discussed above. Thus, if the applied voltage is suddenly increased,
the band become steeper and the tunneling distance between the
bands is reduced thereby leading to an exponential increase in the
tunneling current. This produces a counter field that opposes the
effect of the increased applied voltage, such that the field is buffered
at the original value. The constancy of the field has been demon
strated experimentally for carbon steel in high pH solutions [106]. A
constancy of the electric field is also required for the linear variation
of the steady state bl thickness with voltage, which is observed
experimentally (see below).

the dependence of the potential drop across the film/solution interface
on pH, and φof is the value of φf in the standard state of pH = 0 and V = 0.

where F = 96487C/equiv is Faraday’s constant, and Γ is the oxidation
state of titanium in solution. Subscripts i and O designate, respectively,
titanium interstitials and oxygen vacancies. Combined with the rate
constants shown in Table 2, the rate of change of the barrier layer
thickness, as given by Equation 1, and the passive current density
[Equation (2)] become [90,97]:
dL
= Ωk2o ea2 V e−
dt

As noted above, the change in barrier layer thickness with time in
volves two lattice non-conservative reactions (Reactions 2 and 5, Fig. 7),
and the change in barrier layer thickness with time can be written as [90,
97]:
dL
2Ω
=−
J − Ωk5 CH+ n
dt
χ O

[
I = F χ k1o ea1 V e−

as:

ko1 =

−
koo
1 e

α3 Γγφof

α3 βΓγpH e
koo
3 e

α1 βχ γpH e

s

,

ko2 =

α3 Γγφof

, k3o = k3o eα3 βΓγpH e
α5 (Γ− χ )γφof
′

s

′

α5 β(Γ− χ )γpH e
koo
5 e

s

−
koo
2 e

, ko4

α2 βχ γpH e

s

2α4 βγpH
= koo
e
4 e

ko3

=

, and ko5

=

,

2α4 γφof
s

k2o ea2 V e−

s

potential drop across the metal/film interface is easily shown to be
dφf )
(
)
(
φmf = φm − φs = (1 − α)V − εL − βpH − φof , in which α = dVs is the
s

dependence of the potential drop across the film/solution interface with
)
(
respect to V (i.e., the “polarizability” of the bl/s interface), β
Table 2
Rate constants ki = koi eai V e−
εF
K=
. [90, 97].
RT

bi L

k1

χ

k2

′

(1) Ti ̅̅→ TiTi + VÖ + χ e
2
k3

′

(1) Tiχi + ̅̅→ TiΓ+ + (Γ − χ)e
k4

is

′

(1) VÖ + H2 O ̅̅→ OO + 2H+
(χ )
k5
(1) TiO χ + χ H+ ̅̅→ TiΓ+ +
H2 O +
2
2
′
(Γ − χ )e

ai (V− 1 )

bi (cm− 1 )

Unit of
koi

α1 (1 − α)
χγ

α1 χK

mol
cm2 s

α2 (1 − α)
χγ

α2 χK

α3 αΓγ

0

2α4 αγ

0

α5 α(Γ − χ)

0

γ

b2 L

+ (Γ − χ )k3o ea3 V Ci (0) + (Γ − χ )k5o ea5 V CH+ n

]

(7)

b2 L

= k5o ea5 V CH+ n

(8)

(9)

Theory shows that, under steady state conditions, a2V-b2Lss is a po
tential independent constant, so that the passive current is predicted to
be independent of the applied voltage. This prediction is borne out by
experiment, as shown in Fig. 8 [94]. Also plotted is the steady state
current density due to the migration of metal interstitials. Since both
defects experience the same electric field and because transport is via
migration, the concentration gradients are immaterial. The difference in
the currents due to the migration of oxygen vacancies and that due to the
transport of metal interstitials is due to the difference in the concen
trations of the defects in the film. From this, we conclude that the con
centration of the oxygen vacancy is about 200 times that of the metal
interstitial. It is upon these data that the dominant defect in the film is
judged to be the oxygen vacancy and that the observed current density
may be equated with the current density due to the migration of oxygen
vacancies alone. Accordingly, the PDM (Fig. 7) may be further simplified
by omitting Reactions 1 and 3 without any loss of accuracy of fidelity, as

for five interfacial reactions in terms of the PDM.

Reaction

(1) Ti → Tiχi + + VTi + χe

dφf

= dpHs

+ χ k2o ea2 V e−

(6)

where K = εF/RT. Equation (6) predicts that the thickness of the film
varies linearly with applied voltage and at any given voltage the
thickness is determined by the ratio of the standard rate constants for
film dissolution and for film formation (ko5 /ko2 ). An increase in this ratio
causes the film to thin but a decrease results in film thickening. Plots of
the measured and calculated (simulated) steady state film thickness vs
applied voltage for Ti in 0.5 M H2SO4 at ambient temperature are shown
in Fig. 8(a). The simulated data were calculated from Equation (6) using
parameter values obtained by mathematically optimizing the PDM on
WBEIS data, as described later in this section. It is evident that the
prediction of the PDM of a linear relationship between the steady state
film thickness and the applied voltage is borne out well by experiment
[90,92–95,97].
As noted, the steady state current is given by Equation (4), which
upon substitution of the equality of the rates for each defect at the two
interfaces yields:
[
]
I = ΓF k2o ea2 V e− b2 Lss + k5o ea5 V CH+ n
(10)

, in which αi is the transfer coefficient, and
is
the base rate constant. The potential drop across the film/solution
(
)
interface is postulated [90] to be φf = φf − φs = αV +βpH +φof and the
s

b1 L

which yields the steady state thickness as [90, 97]
(
)
]
[( o )
1− α
1
k5
n
Lss =
V−
C
ln
+
H
ε
α2 χ K
k2o

koo
i

s

− Ωk5o ea5 V CH+ n

Now, in the steady state, dL/dt = 0 and the rates of the defect gen
eration and annihilation reactions for any given species at the two in
terfaces must be the same. Accordingly, Equation (3) yields:

in which Ω = 20.9 cm3/mol is the molar volume of the barrier layer per
cation, χ is the oxidation state of titanium in the barrier layer (χ = 4 =
4), JO is the flux of oxygen vacancies (note JO < 0 for the adopted co
ordinate system), CH+ is the reduced hydrogen ion concentration in the
solution at the bl/s interface, n is the kinetic order of the film dissolution
reaction with respect to CH+ at the bl/s interface, and k5 is the rate
constant for Reaction 5, Fig. 7. Table 2 displays the rate constants for the
five interfacial reactions. The standard rate constants, koi , for the re
actions shown in Fig. 7 are functions of the solution pH and are defined
− α2 χ γφof

b2 L

and

(4)

− α1 χ γφof

s

s

All electron-related interfacial reactions contribute to the total cur
rent density, which is described as [90,97]:
[
]
m
m
f
I = F − χ Jif − 2JOf − (Γ − χ )Jis + (Γ − χ )k5 CH+ n
(5)

mol
cm2 s
cm
s
cm
s

mol0.4
cm0.2 s
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Fig. 8. Experimentally measured and theoretically calculated (a) steady-state film thickness and (b) steady state current density as a function of film formation
potential [94].

produced values all the unknown parameters in the model. These pa
rameters are presented in Table 3.
As required by fundamental electrochemical kinetic theory, certain
parameters in the PDM should be independent of potential. These
include the polarizability of the bl/s interface, α, the base rate constants,
koo
i , the transfer coefficients, αi , and the kinetic order of the dissolution
rate of the bl at the bl/s interface, n (assumed to be constant in this
particular study). The optimization also yields an electric field strength,
that is also independent of the applied voltage, although this is a
postulate of the PDM. The reader will also note that the base rate con
stant for the generation of metal interstitials at the m/bl interface is
much smaller than that for the generation of oxygen vacancies; that is
oo
koo
1 ≪k2 . Accordingly, oxygen vacancies are by far the dominant point
defect in the film, as we concluded from the measured and calculated
current densities. This allows significant simplification of the PDM by
omitting the reactions involving the interstitials, which reduces the
number of reactions (five to three) and significantly reduces the number
of parameters that must be optimized in the PDM on the EIS data [96].
Finally, the concentration of oxygen vacancies as a function of dis
tance from the bl/s interface where they are annihilated by the injection
of oxide into the film (x/L = 0) to the m/bl interface where they are
generated via the forward direction of Reaction (2) is plotted in Fig. 10
(a). The concentration in the bulk of the film is constant, except for a
narrow region next to the bl/s interface where the vacancies are anni
hilated [96]. The fact that the concentration is constant in the bulk of the

Fig. 9. EEC adopted for representing the impedance of the anodic film on ti
tanium. Zf, Rol, RH, and Rsol are the specific resistances of the bl as given by the
PDM, the precipitated outer layer, the double layer, and the solution between
the Luggin probe and the surface, respectively [96].

is described in Ref. [96].
The initial Electrochemical Impedance Spectroscopic (EIS) analysis
[92–96] considered both titanium interstitials (Tiχi + ) and oxygen va
cancies (V..O ) as electron donating point defects as the crystallographic
defects in the film, as described above. The analysis, which involved
optimization of the theoretical impedance as represented by the
following electrical equivalent circuit (EEC, Fig. 9) on the EIS data,

Table 3
Parameter values from optimization of the PDM on the experimental impedance data for anodic titanium oxide film grown at various potentials [96].
E(V) vs. SHE

1.24

2.04

2.24

2.44

Polarizability, α

0.572

0.610

0.614

0.594

(
)
mol
Base rate
⋅s
2
(cm )
mol
Base rate constant,koo
⋅s
2
2
(cm )
mol
Base rate constant, koo
⋅s
5
cm2
Transfer coefficient, α1
constant,koo
1

Transfer coefficient, α2

(

)
V
cm
Calc. thickness of barrier layer (nm)
n, assumed

Electric field strength, ε

8.754×10−
1.186×10

22

2.093×10−

− 15

1.099×10

13

2.785×10−

4.074×10−

22

3.183×10−

− 15

1.703×10

13

2.238×10−

23

Sensitivityfactor

4.540×10−

− 16

2.941×10

13

1.975×10−

22

1.386
0.030

− 15

0.073

13

0.139

0.491

0.417

0.352

0.447

1.173

0.130

0.128

0.122

0.186

0.244

1.703×106
2.482
0.6

1.709×106
3.906
0.6

1.780×106
3.990
0.6

10

1.744×106
5.420
0.6

0.313
-
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Table 4
The effect of electrolyte on corrosion parameters in the PEO process on Ti and its alloys in various studies.
Substrate

Electrolyte

Corrosive solution

Test type

Corrosion parameters
Polarization resistance (Ω.
cm2)

cp-Ti

2 g/l NaH2PO4+ 2 g/l Na2ZrO3+ 1 g/l Na2SiO3
2 g/l NaH2PO4+4 g/l Na2ZrO3+1g/l Na2SiO3
10 g/l Na3PO4⋅12H2O + 2 g/l KOH
10 g/l Na3PO4⋅12H2O + 2 g/l KOH + 3 g/l Na2SO4
10 g/lNa3PO4⋅12H2O + 2 g/l KOH + 3 g/l
(HOCH2)3CNH2
10 g/l Na3PO4⋅12H2O + 2 g/l KOH + 3 g/l (NH4)
2HPO4
10 g/l Na3PO4⋅12H2O + 2 g/l KOH + 3 g/l C2H7NO2
10 g/l Na3PO4⋅12H2O
15 g/l Na3PO4⋅12H2O
20 g/l Na3PO4⋅12H2O
10 g/l NaAlO2
10 g/l Na3PO
10 g/l Na2SiO3
5 g/l NaAlO2 + 5 g/l Na3PO4
5 g/l Na3AlO2 + 5 g/l Na2SiO
10-12 g/l K2SO4
150 g/l Na2SiO4 + 2-4 g/l KOH
13-15 g/l Na3PO4
10-15 g/l KAlO2 + 3_5K2SO4
10-15 KAlO2 + 5 Na2SiO4
25-30 KAlO2 + 4_5 Na3PO4
10 g TSOP * + 2 g KOH
15 g TSOP + 2 g KOH
20 g TSOP + 2 g KOH
10 g TSOP + 2 g KOH + 2 g SMS **
15 g TSOP + 2 g KOH + 2 g SMS
20 g TSOP + 2 g KOH + 2 g SMS
10 g TSOP + 2 g KOH + 3 g SMS

3.5 wt.% NaCl

EIS

7.4 pH SBF

PDP

0.2×104
0.6×104

cp-Ti

cp-Ti
cp-Ti

Ti-6Al-4V

Ti-6Al-4V

*
**

Ringer’s physiological
solution

EIS and
PDP

3.5 wt% NaCl

EIS and
PDP

3.5 wt.% NaCl

PDP

7.4 pH SBF

PDP

6.01×106
28.60×106
40.01×106
22.88 × 105
18.68 × 105
18.68 × 103
22.96 × 107
58.40 × 103

icorr (mA/
cm2)

Ref.

[178]
6.37×10−
2.51×10−
3.71×10−
2.45×10−
1.42×10−

3

6.02×10−
3.11×10−
1.76×10−
9.20×10−
3.14×10−
2.10×10−
1.94×10−
1.03×10−
10− 4
10− 4.5
10− 5
10− 4
10− 5
10− 5.5
6.32×10−
7.92×10−
8.32×10−
4.40×10−
2.40×10−
6.39×10−
7.05×10−

5

2

[180]

4
2
2

5

[181]

5
5
4

[182]

3
5
3

[38]

4
4

[183]

4
6
5
5
5

tri-sodium ortho phosphate (TSOP, Na3PO4.12H2O)
sodium meta silicate (SMS, Na2SiO3.9H2O)

Fig. 10. (a) Dimensionless concentration of oxygen vacancies vs. dimensionless distance and (b) normalized oxygen vacancy concentration at the bl/s interface
within the anodic titanium oxide film formed in 0.5 M H2SO4 solution at a voltage of 2.24 VSHE [96].

layer implies that diffusion is unimportant, and that transport is via
migration due to the high electric field. The concentration of oxygen
vacancies at the bl/s interface as a function of voltage is plotted in
Fig. 10 (b). Within the uncertainty of the data, it appears that there is no
significant dependence on the applied voltage.
In summary, it is evident that the defect structure and the properties
of the anodic oxide on Ti in aqueous solution is very well defined and the
defect structure is well described by the simplified PDM. The impedance

work demonstrates that the only point defect of significance in the bl is
the oxygen vacancy. Furthermore, the electrochemical properties are
accurately described by a three-reaction model comprising the revers
ible generation of the defective oxide barrier layer and the concomitant
generation of oxygen vacancies at the m/bl interface, the injection of
oxygen into the barrier layer at the bl/solution interface, and the
dissolution of the barrier layer at the same location. From Mott-Schottky
analysis, the concentration of oxygen vacancies is found to decrease
11
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exponentially with the applied voltage, from which the oxygen vacancy
diffusivity is estimated to be 2.6 × 10− 16 cm2/s. The concentration of VO..
in the barrier layer is predicted to be constant as a function of distance
from the m/bl interface, except in a very thin region adjacent to the bl/s
interface where the vacancies are annihilated. The concentration of
oxygen vacancies at the bl/s interface is 10 % of the concentration in the
bulk (and at the m/bl interface) and is essentially independent of the
film formation voltage.

1) The resistance of the insulation layer is lost and results in the for
mation of discharge channels. The materials inside the canal expe
rience high voltage due to the strong electric field emerging from the
passage of the electron avalanche, and the anionic compounds in the
electrolyte are drawn into the discharge channels. Subsurface and
molten alloy elements are oxidized as a result of the elevated
temperatures.
2) The oxidized material is transported from inside the channels to the
surface, and the thickness of the coating around the channel there
fore increases.
3) Drainage channels and reaction products are deposited on the sur
face, and eventually, the thickness of the formed coating increases
with the continuation of this process.
4) Finally, the coating created in this process is in the form of a hon
eycomb and, as shown in Fig. 11, the center of each hexagon is a
spark channel surrounded by molten oxides that freeze rapidly.
Through the examination of the results of voltage-time, thicknesstime, weight-time, and roughness parameter-time charts, it is
observed that the electrical resistance, weight gain, the thickness of
the coating, and the roughness of the surface are enhanced at a linear
rate and that the percentage of surface porosity with the linear
increment of the thickness over time also follows a linear trend. On
the other hand, the coating surface is always constant; therefore, it is

3.2. Kinetics and morphology
Erfanifer et al. [53] studied the growth kinetics and discharge
behavior in the MAO process on pure commercial titanium with an
electrolyte containing 6 g/l NaAlO2 + 4 g/l NaSiO3⋅5H2O + KOH +
α-alumina nanoparticle. In this process, by applying a voltage to the
sample, the oxide film that was formed in the early stages of sample
placement in the electrolyte, was dissolved. As the voltage increased, gas
bubbles were formed within the pores of the film. When the applied
voltage exceeds the film breakdown potential, the dielectric failure in
the oxide film occurs through electrical discharge. The MAO process
consists of 4 steps:

Fig. 11. a) Schematic of the model’s detail, b) variation of volume of erupted oxide as a function of MAO processing time and c) variation between the diameter of
discharge channels (Dc) and pancake’s thickness (h) for the samples with/without nanoparticles [53].
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deduced that the volume of the coating increases at a constant rate.
The volume of the oxide formed corresponds to the amount of ma
terial extracted from each channel during the life of the spark on the
coating surface. There are several channels (Nc) that cover a certain
volume of oxide (Vp) per channel. The total volume of the oxide
formed is therefore NcVp. Linear increasing of thickness of the
coating indicates that the rate of increase of NcVp remains constant
throughout the process.

Erfanifar et al. [53] examined the effect of the presence of additives
on the geometric parameters, such as channel diameter and drain
channel height. It was discovered that, in all cases where additives are
present, the height and diameter of the channels are diminished. The
absorption of nanoparticles in the coating cavities leads to the
smoothening of the surface of the coating and, with prolonged coating
duration, the absorption of nanoparticles in the coating increases. The
PEO coating has a porous surface, which can be observed in SEM images
of this porous surface. These cavities are formed by the release of
gaseous products through the molten oxide.
The discharge channels (coating cavities) are reliant on factors such
as annealing potential, current, and processing time. As processing time
is prolonged, the surface roughness and the diameter of the cavities also
increase. The main factor in controlling the cavities is the presence of
additives. It has been observed that the percentage of porosity in the
sample containing nanoparticles is lower than in the absence of the
particles. Increasing the size of the discharge channels results in more
nanoparticles being absorbed from the electrolyte, and the percentage of
porosity decreases over longer processing times. The results of AFM
imaging in this study at different times indicate that the parameters Dc
(discharge channel diameter), Dhex (hexagonal diameter), and h (the
erupted oxide thickness), exhibit a linear trend with time during the
process.

To calculate the volume of the erupted molten oxide, the diameter of
the discharge channel (Dc), the diameter of the hexagonal channel
(Dave), and the height of the erupted oxide (h) need to be calculated. The
volume can be calculated at any time through the following formula:
√̅̅̅
3 2 1
a = aDave
(11)
4
4
Dave
a = √̅̅̅
3

(12)

The total volume of oxide materials can be calculated as follows:
(√̅̅̅
)
3
π Dc 2 h
hDave 2 −
V=
(13)
2
12

Fig. 12. Changes of a) microarc
discharge channel density b) coating
porosity percentage as a function of PEO
processing time c) discharge channels
diameter and average hexagonal diameter
and d) thickness of erupted oxide as a
function of MAO processing time for
nanoparticle-containing sample for sam
ples with (electrolyte: 6 g/l NaAlO2 + 4
g/l NaSiO3⋅5H2O + KOH + α-alumina
nanoparticle on pure commercial tita
nium) / without nanoparticles (electro
lyte: 6 g/l NaAlO2 + 4 g/l NaSiO3⋅5H2O
+ KOH on pure commercial titanium) e)
Influence of the MAO processing time on
average roughness (Ra) [53].
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Various parameters were investigated to elucidate the impact of
coating time and the presence of nanoparticles on surface roughness. As
shown in Fig. 12, Ra increases linearly with processing time. During the
process, the discharge channel density decreases with increasing time,
and the diameter of each channel grows, which increases the roughness
of the coating on the surface. However, the sample containing nano
particles is smoother than the sample without embodied nanoparticles.
Rv remains the same for short coating times. With that being said, Rv is
changed in specimens when the processing time is longer, and Rv is
smaller in specimens containing nanoparticles. Rlo increases linearly
with longer processing time. Moreover, Rlo is smaller, for a sample
containing nanoparticles, which is due to the smoothening of the coating
surface by the nanoparticles. The Rsk parameter is inclined toward the
symmetrical profile surrounding the mean line. [Results of scanning
electron microscopy (SEM) and atomic force microscopy (AFM) are
shown in Fig. 13].

crater-shaped pores. Mixtures of the electrolytes exhibited superior
characteristics compared to single-constituent electrolytes. For instance,
the PEO coating in a mixture of phosphate and silicate or citrate solution
results in a reduction of the average pore size, and thus the oxide be
comes compact, compared to the coatings prepared in phosphate solu
tion [64]. The PEO coatings developed in silicate-based solution had the
most compact and dense microstructure among the aforementioned
electrolytes. Haitao et al. [110] compared the oxide coatings prepared
by DC galvanostatic PEO in phosphate, silicate, and aluminate solutions.
They discovered that the PEO oxide prepared in silicate solution had a
rough and loose microstructure. The oxide prepared in aluminate solu
tion was dense and compact, whereas the oxide developed in phosphate
solution had numerous small pores. It has been reported that the PEO
treatment of Ti-6Al-4V in phosphate-based electrolytes might lead to a
yellowish hue due to vanadate incorporation in the coating composition
[111]. However, the color of the coating changed from yellow to brown
as a function of the phosphate concentration. When the phosphate
concentration increases, the mean average pore size is reduced contin
uously, yet the density of the pores is found to either increase or decrease
[111].
PEO oxide layers are usually porous [112]; however, in some cases,
the presence of sintered particles [61] and nodules [113] has been re
ported over the synthesized PEO layer. KOH or NaOH are usually added
to the electrolyte to reduce the resistance of the solution and to stabilize
the discharges [114]. When KOH is added to the electrolyte, the
breakdown voltage is reduced, pores size becomes smaller [115], and
porosity is slightly decreased [116]. Acidic solutions of sulfuric and
phosphoric acids promote different morphologies based on the applied
regime, acid concentration, and substrate. Coating in phosphoric acid

3.3. Effect of the electrolyte composition
The porous morphology of the PEO coatings is affected by the
composition and concentration of the electrolyte [107]. Phosphate, sil
icate, and aluminate are the most common electrolytes used for the PEO
coating of titanium and its alloys. Shokuhfar et al. [108,109] studied the
pulsed-potentiostatic coating of cp-Ti in sodium aluminate, sodium
phosphate, and sodium silicate solutions. It was revealed that the surface
morphology of synthesized oxide film contained mostly rounded and
several stretched pores. The oxide film prepared in silicate-based solu
tion comprises small and large, rounded pores while the one prepared in
the phosphate solution was found to contain largely rounded and

Fig. 13. 2D and 3D AFM surface images of specimens in the dimension range of 20 × 20 µm2 and SEM images of PEO coating enlarged in 1000X and 2000X, coated
after (a) 1; (b) 2; (c) 4; (d) 8, and (e) 16 min in the nanoparticle-free electrolyte(6 g/l NaAlO2 + 4 g/l NaSiO3⋅5H2O + KOH) and (f) 1;(g) 2; (h) 4; (i) 8, and (j) 16 min
of PEO processing time in nanoparticles suspension (6 g/l NaAlO2 + 4 g/l NaSiO3⋅5H2O + KOH + α-alumina nanoparticle on pure commercial titanium) [53].
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with low concentration leads to the formation of porous microstructure
with rounded pores while increasing acid concentration promotes the
formation of grooved shaped pores [117]. Grooves or craters are
developed due to the sharp increase of the pressure in the micro spaces
[118] and have a higher roughness compared to the microstructures
with rounded pores [119]. Kern et al. [120] investigated the PEO
coating of cp-Ti, Ti6Al4V, and Ti6Al7Nb in phosphoric acid, sulfuric
acid, and their mixture under different conditions. They found that
treatments in sulfuric acid promote the formation of porous surface
microstructures on all three substrates. The treatment in phosphoric acid
was accompanied by weak sparking; the coating was inhomogeneous
and the pores were larger compared to those in the coating produced in
sulfuric acid. However, the treatment in the mixture of these acids
provided new coating features on all of the substrates. Regardless of the
acid concentration, a grooved morphology was predominant at short
treatment times, while the pores became rounded and porous micro
structures developed at prolonged treatment durations. On the other
hand, the application of acidic solutions with higher concentrations
resulted in lower voltages, due to the higher conductivity of solution for
the same results. Galvis et al. [121] proposed that the production of the
desired morphology in solutions with the same acid concentration is
determined by the total charge density, where at low charge densities a
grooved morphology developed, at mid-ranges a mixture of a grooved
and porous structure appears, and finally the structure transforms to the
porous type at higher charge densities (Fig. 14). The oxide layer com
prises mainly the rutile and anatase phases. Quintero et al. [117] have
compared galvanostatic and potentiostatic PEO treatments in acidic
solutions, and found that the potentiostatic regime can be used to syn
thesize both the grooved and the porous microstructures. The poten
tiostatic electrical regime provides more flexibility over the control of
pore size and density in comparison with the galvanostatic mode. It
should be noted that porous microstructures, synthesized in acidic so
lutions, are generally rough and have large pores. The addition of Ti3+ to
sulfuric acid solutions changes discharge behavior and leads to the
formation of dense and more compact oxide layers with fine pores
[122].
The coating roughness and porosity can be controlled through the
introduction of several additives into the electrolytes, such as poly
ethylene glycol and other surfactants [123]. The mechanism through
which the pore size is reduced is determined by the reduction of gas
bubble size during the anodization step, as a result of the changes in
surface tension [124].

coating pore size and morphology [126]. ED is defined as the ratio of
total supplied energy per actual area participating in chemical and
electrochemical reactions during PEO treatment. It is found that the
substrates that undergoes cold working, and hence demonstrates fine
grains at lower ED values, require lower amount of energy to perform
PEO treatment. This means that the average pore size is larger for higher
ED values.
Apachitei et al. [127] applied shot peening before the PEO coating
and discovered that cold work pretreatment did not change the surface
morphology after PEO coating treatment, while this pretreatment
affected the I-V polarization behavior. The voltage under galvanostatic
conditions, increases at a lower rate, and thus the oxide growth rate
reduces to half of the non-pretreated sample compared with no shot
peening. Shot peening increases wettability and surface free energy,
which can be beneficial to the bioactivity of PEO coatings. Equal
Channel Angular Pressing (ECAP) makes the surface of titanium
ultrafine-grained and improves the chemical reactivity of the surface.
The application of ECAP increases the thickness while decreasing the
channel diameter compared to coarse-grained samples. Furthermore,
the porosity of the samples pretreated by ECAP is higher than that of the
coarse-grained samples [128]. The incorporation of ions into oxide
composition is enhanced by ECAP, which in turn results in improved
bioactivity. Furthermore, ECAP before PEO enhances the corrosion
resistance of the coating due to its more compact microstructure [129].
To sum up, it is concluded that mechanical treatments make the sub
strate fine-grained, enhance the reactivity of the surface, increase
growth rate, increase discharge density, and reduce discharge size.
Sandblasting of the surface provides compressive stress and changes
the topography and morphology of the coating. Along with increasing
the sandblast intensity, micro discharges become smaller, hardness is
increased and the growth rate is diminished [130]. Etching of the sub
strate before plasma oxidation removes the passive layer and provides a
fresh surface that leads to a dramatic increase in breakdown voltage.
Therefore, the coating porosity increases [131]. In contrast, anodization
pretreatment changes the morphology of the oxide layer and promotes
the formation of a dense and compact PEO coating [132,133].
The combination of sandblasting and acid etching may have a syn
ergic effect on enhancing the viability of the surface [134].
3.5. Current regime
In a galvanostatic DC constant current regime, the potential is raised
in response to the growth of oxide film and enhancement of electrical
resistance; therefore, discharges will have more energy and thus the
pores will grow in size. When the applied potential is increased, the pore
size is usually increased and the number of discharges is reduced [115].
In the potentiostatic mode, the application of higher voltages leads to
the formation of thicker coatings with larger porosities [135]. For the
coatings produced at high voltages and high discharge energy, elevated
compressive residual stresses and reduced bonding strength are
observed [42]. An increase in the treatment time leads to the enhance
ment of the specific area, the average diameter of pores, and the porosity
content of the oxide layer [136].
Pulsed bipolar or unipolar current regimes have numerous variables
compared to the DC mode. Therefore, detailed insights into the role of
those process parameters can help understand how to synthesize the
desired microstructure and composition of PEO coatings. In general,
single current pulses with larger widths have higher energy and as a
result, the coating growth rate, thickness, and pore size may increase
[137]. However, pulses that last too long may also have a destructive
effect on the coating, reducing its growth rate. The application of high
duty cycles leads to the lengthening of pulses and hence, a greater
amount of energy will be released, resulting in the development of
coarse-grained structures with larger pores and possibly cracks [138]. It
has been reported that the coatings synthesized in an aluminate solution
with a low duty cycle have high microhardness, which gradually

3.4. Substrate microstructure
It has been suggested that pore size and porosity level depend on the
energy density (ED) [125]. The diameter of the holes is related to current
density. However, the effect of substrate microstructure should not be
overlooked. ED is an appropriate parameter for the prediction of the

Fig. 14. Transformation of a grooved to a microporous microstructure (a to d)
by increasing charge density during PEO treatment in 0.9 M H3PO4/1.5
MH2SO4 at 50 mA/cm2 [121].
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changes across the coating thickness [139]. Sun et al. [140] studied
pulsed current PEO treatments of titanium in a silicate solution. They
found that the application of frequencies within the range of 900 to
2700 Hz produces uniform coatings, whereas the application of pulses
with frequencies in the range of 3600 to 4500 Hz leads to excessive grain
growth and cracking of the oxide layer as a result of the repetitive
melting and solidification. Moreover, the thickness of the PEO coating
increases along with the frequency. Finally, it is revealed that the in
crease in the positive-to-negative ratio makes the coating coarser. In
some cases, it is also been reported that increasing the frequency leads to
a drop in the growth rate while the roughness was increased due to
larger pore size [141]. Frequency does not only affect pore size and
density; it may also change the shape and form of the porosities. For
instance, Chu et al. [142] studied the PEO coating of cp-Ti in sodium
carbonate solution. They discovered that by increasing the frequency of
the current in sodium carbonate solution, the size and the number of the
discharges increase due to continuous breakdown and, as a result, the
pores are transformed into grooved shapes.
Application of cathode pulses in bipolar current regimes leads to the
formation of dense microstructures, and lowers the density of the
discharge channels. An increase of cathode pulse amplitude also im
proves the coating thickness [143]. It was found that, during the coating
of titanium in aluminate solution at a frequency of 2000 Hz, an increase
in cathode pulse width leads to the reduction of large pores, increase in
the density of pores, and enhances the coating thickness. It should be
noted that the thickness of the coating, which is developed in a bipolar
current regime, is comparatively lower than the PEO coating synthe
sized in a single polar mode of the current regime. If a proper cathode
pulse width is selected, the smoothness of the coating can be improved
in comparison to a single polar coating. The coating thickness is reduced
at lower frequencies, which is in contradiction with the previous find
ings [143] and can be related to the current frequency of PEO coating
treatment. Furthermore, it was found that at a certain frequency, the
application of a small, cathodic pulses of low width leads to the for
mation of a dense and smooth microstructure.

treatment times lead to the growth of the nanoplates. Alkali treatment
parameters can be controlled to tune the morphological features, which
in turn affects the biocompatibility of PEO coatings. Morphological
changes also influence biocompatibility, which will be discussed in
Section 8.
The combination of PEO and impregnation in solutions with specific
chemistry is a flexible method to produce desired compositions.
Impregnation followed by annealing yields nanowires of tens to hun
dreds of nanometers in length. Rudnev et al. [80] studied impregnation
in a solution containing nickel and copper nitrates, and it was found that
nanowires were developed on the surface around the pores and cracks.
Annealing in 950 ºC led to the coverage of the surface with nanowires.
The length and the diameter of these nanowires depend on the annealing
temperature (Fig. 15). The formation of nanowires increases the specific
surface area of the coating and can improve its biocompatibility and
photocatalytic properties.
4. Corrosion
The corrosion resistance of the PEO coatings is determined by the
chemical composition, thickness, and compactness of the coating
[149–151]. The presence of channels in the structure is one of the pa
rameters that aggravates corrosion [152]. Increasing the thickness of the
oxide film hinders the access of corrosive ions to the substrate, while
porosity facilitate the transport of corrosive ions. Furthermore, the
synthesis of corrosion-resistant phases improves the corrosion perfor
mance. It should be noted that the corrosion resistance of the synthe
sized layer is determined by the characteristics of the layer and the
electrolyte. For instance, oxides containing rutile have good resistance
to solutions containing SBF or NaCl, whereas the incorporation of SiO2
into the titania-based layer improves the corrosion resistance in H2SO4
solution [38].
The Open-Circuit Potential (OCP) value measurements of the coated
surface and bare metal are generally taken to compare the chemical
stability of coatings in the desired environment. In general, due to the
defective nature of the oxide layer and the presence of cracks and pores,
it takes a few hours for the ions to diffuse through the coating and for the
potential to stabilize. Measurements should be taken when fluctuations
in the OCP are restricted to less than a few millivolts per minute. The
more noble potential is indicative of better chemical stability [153]. The
OCP of PEO coated surfaces are often superior to OCP of bare metal as a
result of the improved corrosion resistance.
A Potentiodynamic Polarization (PDP) test is carried out to measure
corrosion potential, and the polarization resistance of the coating layer.
However, it should be recognized that PDP does not measure the
corrosion potential but, instead, gives the “zero current potential”. This
is different than the corrosion potential because, in PDP, the surface is
continually altered as the potential is swept and hence the system is not
in an open circuit steady state is not at a steady state, whereas the
corrosion potential refers to the steady state. The lack of a steady state
also impacts the polarization resistance.
The corrosion current density has a direct relationship with the PEO
coating density. The corrosion current density of the modified surface is
lower than that of the non-modified surfaces, due to the better blockage
of the surface in terms of electronic conductivity, presence of a thick
porous layer, and increase of surface area owing to the presence of
numerous pores. PEO processing parameters, such as current and
voltage, have a significant effect on the morphology of the coating,
which impacts the extent of the porosities and the thickness of the
coating, and therefore will affect corrosion resistance [154,155].
In general, the EIS is used to analyze electrochemical behavior,
predict long term corrosion behavior, and explore multi-layer coatings
properties. Equivalent electrical circuits (EECs) are employed to emulate
the experimental data. EECs are composed of passive electrical elements
(resistors, capacitors, and inductors) in an attempt to model an elec
trochemically acive interface. Commonly, the EEC comprises sub-

3.6. Hybrid coating
Hydrothermal treatment facilitates the migration of ions from the
titania oxide film [144]. Hydrothermal post-treatment can be used for
the development of special microstructures such as flakes, whiskers, and
nano-plates that may improve the properties of the coating in different
aspects from photocatalytic activity (PA) to biocompatibility.
Post-treatment in NaOH can be used to produce a flaky nanostructure
[145]. The developed morphology is affected by various parameters,
such as alkali solution concentration, temperature, and chemical
composition of the non-treated samples. Ren et al. [146] applied alkali
treatment on Fe doped titania films to develop net-like and flake-like
nanostructures. They found that when the amount of doped Fe ions
was less than 1.7 at.%, a net-like nanostructure developed, whereas the
application of alkali treatment over titania films with more than 1.7 at.%
Fe concentration resulted in the development of flake-like nano
structures. The development of a flaky nanostructure provides a higher
specific interfacial area between the electrode and the electrolyte [147].
Flake-like nanostructures have a large surface area and are favorable for
lithium-ion battery applications.
Han et al. [40] used hydrothermal treatment for the development of
nanocrystalline microstructure to develop agglomerates of fine particles
on the surface, which could be useful for biomedical applications. Huang
et al. [148] studied the hydrothermal treatment of PEO coated cp-Ti and
its effect on the biocompatibility of osteoblast-like cells (SaOS-2). They
applied a PEO coating in a solution composed of EDTA, calcium acetate,
and sodium silicate. The coating was then hydrothermally treated at
200◦ C for 24 h and 120 h in ammonia solution (pH 11). It was revealed
that the 24 h hydrothermal treatment leads to the nucleation of the
calcium silicate phase, which has a plate-like nanostructure. Longer
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Fig. 15. Surface of (a) original PEO coating, (b) PEO coating modified by impregnation and annealing at 500◦ C, and (c–f) modified coating additionally annealed at
(c) 650, (d) 750, (e) 850, and (f) 950◦ C [80].

circuits that yield at least two-time constants, which indicate the pres
ence of two layers (in the PEO process on titanium). The inner layer,
detected at low frequencies, is usually dense and has a large time con
stant refecting the slow transport of pointdefects in the solid, inner layer
phase [108]. Normally, the outer layer is porous and is detected in the
high-frequency range because it has a small time constant associated
with transport through solution in a porous medium. Since the outer
layer resistance is lower than the inner layer, the inner layer mainly
determines the level of corrosion protection [156,157] although in the
case of anodized Al, especially if sealed in hot water, and in the case of Zr
the outer layer has been found to control the corrosion resistance [158,
159]. However, it should be noted that complex equivalent circuits
where also reported with 3 or more time constants [160].

EIS analyses are widely used for short-term and long-term evaluation
of corrosion resistance. Furthermore, the EIS method can be utilized to
study the corrosion resistance and performance of sub-layers in the
coatings. One of the main applications of Ti PEO coatings is related to
implant/medical applications, and therefore, studying the long-term
corrosion performance of synthesized oxide layers in physiological so
lutions can provide valuable insight. Since EIS is a non-destructive
electrochemical test, it is widely used to monitor the corrosion
behavior of PEO coatings during immersion. For instance, Shi et al.
[161] employed this technique to analyze (hydroxyapatite) HA growth
on PEO coated surfaces. titanium surface was coated in a Ca and
P-containing electrolyte, and subsequently immersed in Hank’s solution,
and later EIS tests were applied to monitor corrosion resistance changes.

Fig. 16. Comparison of a)Nyquist, b) Bode-phase, and c) Bode plots of Ca/P PEO coating, after 40 h and 2 weeks of immersion in Simulated Body Fluid (SBF)
solution [161].
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They discovered that after immersion for 1 month, the two-time con
stants of the as-synthesized MAO coating were increased to 3-time
constants after the HA growth (Fig. 16). The time constants were
ascribed to the inner barrier layer, mid porous oxide, and the HA film
on the top surface. The same trend has also been reported by
Krupa et al. [160].

of Ca and P in the oxide layer with a proper ratio lays the foundation for
the formation of carbonate apatite (CA) and HA bioactive layers. The
direct formation of the HA phase usually leads to masking of the pores,
and therefore, hinders the access of corrosive ions to the substrate [169].
However, in some cases, it has been reported that the polarization
resistance of Ca/P bioactive coatings is lower than that of the
non-modified titanium. This effect stems from the fact that polarization
of titanium is done on the entire surface, while the presence of pores
limits the polarization at the bottom of the pores [154] and increases
surface area due to the presence of numerous pores [154,155].
It has been hypothesized that the discharge energy is correlated to
the electrical properties of the oxide layer, which is, in turn, determined
by the electrolyte type. The comparison of discharge energy of the
phosphate-based electrolytes reveals that discharges taking place on
thin and compact oxide layers develop more plasma energy during
discharging [72]. Therefore, the differences in energy and the duration
of discharges determine the compactness and the corrosion resistance of
coatings.
Synthesis of BaTiO3 enhances the corrosion resistance of the coating
due to the formation of a thick oxide layer and the closing up of the pores
[170]. Barium titanate formed by the AC regime is mainly amorphous
[171]. Wu et al. [172] synthesized barium titanate oxide film on tita
nium plate using micro-arc oxidation in an electrolyte of Ba(CH3 COO)2.
They found that the OCP shifts toward more positive values, which is
indicative of improved corrosion resistance and chemical stability.
Shokouhfar et al. [108] studied the effect of electrolyte composition
on the corrosion resistance of the coating. They synthesized coatings in
calcium carbonate, sodium carbonate, and aluminate-based solutions.
The polarization studies reveal that all the coated samples experience a
reduced corrosion current density compared to the bare metal. It was
suggested that the coatings that develop under low breakdown voltages
are less porous and that the corrosion resistance is improved as a result.
Furthermore, X-ray powder diffraction (XRD) studies reveal that the
coating formed in the aluminate-based solution contained the TiAl2O5
phase, which may be another reason for corrosion current reduction.
Their study also showed that the replacement of KOH in
aluminate-based electrolytes with NaF reduces corrosion resistance due
to no or little formation of the TiAl2O5 phase, as well as the reduction of
surface uniformity.
In another study, PEO coatings formed in silicate, phosphate, and
borate-based electrolytes were compared, and it was found that despite
the larger size of the pores of the sample coated in borate solution, the
corrosion resistance was higher than the two other electrolytes (Fig. 18)
[109]. This phenomenon was ascribed to the thick oxide layer as well as
to the domination of the rutile phase in oxide composition. In general,
oxides synthesized in silicate and phosphate-based electrolytes comprise
titania polymorphs, including anatase and rutile [54,173]. However, the

4.1. Current regime
The coating characteristics depend on the pattern of discharges,
which is in turn determined by the composition and the concentration of
the electrolyte [162], as well as the current regime [163]. In general, the
potentiostatic mode of the current produces a compact and dense
coating compared to the galvanostatic mode. Therefore, the corrosion
resistance and the wear resistance of the porous and barrier layers are
higher when the film is formed in the potentiostatic mode. In the
potentiostatic PEO coating mode, higher voltages result in the formation
of larger pores, effectively reducing the corrosion resistance (see Fig. 17)
[72]. In the galvanostatic mode of coating, increasing the current den
sity may lead to an enhancement of the corrosion resistance, due to the
formation of a thicker oxide layer. However, the application of extreme
current densities can result in the degradation of the oxide layer, the
formation of large pores and therefore to a lowering of the corrosion
resistance [164].
Frequency is among the essential parameters in determining the
corrosion potential for a constant voltage PEO coating [165]. The
application of PEO coating at high frequency and duty cycles leads to the
formation of a dense and thick oxide coating, which also promotes
corrosion resistance [166]. At high-frequency, the length of each pulse is
short and increases the sparking spatial density, and thus compactness of
the coating is improved. Higher duty cycles increase the pulse-on time,
which has two main effects: it provides enough time for gasses to exit
from the molten oxide and, due to the stronger discharges, the growth
rate is increased, leading to an enhancement of the thickness of the oxide
layer [167]. However, the excess energy of the discharges may lead to
the formation of large pores that can harm corrosion resistance [166].
4.2. Coating chemical composition
Titanium and its alloys are widely used for implant applications. PEO
coating of titanium is carried out in Ca/P containing electrolytes to
enhance bioactivity and biocompatibility of the synthesized oxide layer.
Calcium and phosphorous can be doped into the titania outer oxide
layer, or the coating may contain calcium/phosphate compounds such
as CaCO3, Tricalcium Phosphate (TCP), and HA. In the majority of the
applications, the synthesized oxide layer showed an improved corrosion
resistance compared to bare titanium [168]. Furthermore, the existence

Fig. 17. EIS plots of galvanostatic and potentiostatic PEO coatings of cp-Ti in 10 g/l NaH2PO2 + 7.44 g/l EDTaNa2 + 1.78 g/l (CH3COO)2Ca solution [72].
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Fig. 18. PDP curves of Ti and PEO coatings synthesized in 10 g/l Na3PO4 + 4 g/l KOH (NP), 10 g/l Na3SiO4 + 4 g/l KOH (NS), and 8 g/l Na2B4O7 + 4 g/l KOH (NB)
based electrolytes [109].

diffusion of P and Si is inevitable in these systems [156]. PEO coatings
formed in silicate-based electrolytes often lead to the formation of a
dense and compact oxide layer [160]. However, the compactness of
silicate-based coatings may be lowered if inappropriate levels of con
centration or current parameters are selected [174].
Electrolytes can also be incorporated in the films formed through ion
doping into the oxide vis co-precipitation. It has been shown that the
incorporation of a small amount of Sr into the oxide coating does not
noticeably affect coating corrosion resistance [175]. However, the
presence of less than 1 wt% strontium in the chemical composition of the
oxide layer enhances the formation of HA in the SBF solution, which
makes it an appropriate choice for the improvement of bioactivity. It is
known that Sr-HA improves osteoblast activity and inhibits prolifera
tion. Incorporation of Cu into the titania oxide layer improves corrosion
resistance [176] and antibacterial properties [177].
Babaei et al. [178] synthesized Zr-containing coating via micro-arc
oxidation of titanium. Zirconium titanate, along with anatase, was
synthesized through oxidation in an electrolyte containing sodium
zirconate. EIS studies reveal that the Zr-containing coating provides
long-term protection in NaCl solution. Investigation of the Bode plots of
the coatings show that the impedance is significantly reduced after 2 h of
exposure to NaCl solution, due to the penetration of corrosive ions
through the pores. After 20 h and 48 h of immersion, no more drops were
observed but a slight positive shift was evident. This phenomenon is
ascribed to the accumulation of corrosion products in the pores and to
the subsequent hindering of the corrosion reactions. The filling of the
pores obstructs the transportation of corrosive ions to the substrate
surface. Yao et al. [179] used the K2ZrF6 electrolyte to develop an oxide
layer composed of m-ZrO2, t-ZrO2, and ZrTiO4, and their findings imply
an improvement in the corrosion resistance.

proposed the same system for enhancing titanium application in an SBF
environment. First, titanium was pre-anodized in a solution of oxalic
acid and deionized water at a voltage of 150-200 V and a current density
of 40 mA. cm− 2 for 2 minutes. Afterward, the sample was PEO-treated in
an electrolyte that was composed of Ca and P ions. They discovered that
the resultant coating has 2 merits: a dense film is formed during the
pre-anodization step that is resistant to the in vivo release of metal ions,
and a porous oxide layer is formed on top that improves chemical
bonding of the implant with the tissue.
The application of superhydrophobic coatings is another method of
reducing the corrosion current of the synthesized film. PEO coatings
mostly have a contact angle of lower than 90º indicating good wetting of
the interface. The modification of the oxide layer with low friction
properties, such as Polytetrafluoroethylene (PTFE), can be used to
improve the hydrophobicity of the surface [185]. Superhydrophobic
TiO2 has a low electrical conductivity and electron transport [173],
minimizes the contact surface of the corrosive solution with the sample
surface, and the corrosion reactions become restricted by the trapped air
on the surface [173]. Synthesis of nanocomposites with nanoparticles,
such as aerosol nanoparticles, provides better results compared to
nanoparticle-free superhydrophobic surfaces [186]. Superhydrophobic
nanocomposites control corrosion in three ways: a small portion of the
coating is in contact with the electrolyte, and ohmic barrier for corrosion
reactions is increased by these layers [187].
Furthermore, the embedding of nanoparticles can probably improve
the corrosion resistance of the titania oxide layer by restricting the
diffusion of corrosive ions [188]. The corrosion resistance of a ceria
embedded titania oxide layer was investigated by Aliofkhazraei et al.
[189]. It was reported that the addition of cerium oxide nanoparticles to
the electrolyte improves the corrosion resistance of the oxide layer
significantly. Moreover, the addition of ceria nanoparticles can also
improve the wear resistance or hardness of the nano-composite coating
[190].
The addition of some nanoparticles results in the formation of a
multi-purpose coating. For instance, the addition of HA-nanoparticles
not only improves the corrosion resistance but also enhances the
bioactivity and compatibility [191]. Alumina nanoparticles increase the
corrosion resistance of the PEO layer through the filling of the pores,
impeding the penetration of corrosive ions and lowering the porosity
content [81]. The adsorbed nanoparticles act as anionic surfactants and

4.3. Sequential methods for corrosion improvement
Cui et al. [132] investigated a pre-anodization procedure on the
corrosion resistance of coatings. The PDP tests reveal that
pre-anodization improves the polarization resistance and reduces the
corrosion current density compared to the non-pre-treated sample. It is
shown that the barrier layer determines the corrosion resistance of the
coating, and pre-anodization enhances the total resistance of the coating
through enhancing the barrier layer resistance. Zhu et al. [184]
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reduce the contact angle of the liberated gas bubbles, and therefore the
size of the pores is reduced [192]. It is believed that nanoparticles are
adsorbed onto the coating during this process due to the cataphoretic
transport and spark ignition [193]. Increasing the alumina concentra
tion in the electrolyte suspension and increasing the applied voltage
during constant voltage coating leads to the formation of a dense and
corrosion-resistant nanocomposite [194]. When nanoparticles are
added, the process duration should also be strictly controlled to optimize
the coating density and properties [193]. The adsorption of alumina
nanoparticles can be improved by using additives, such as ketoconazole,
which improve the adsorption of alumina nanoparticles and the
compactness of the PEO oxide [195]. It was also discovered that this
ternary oxide mixture shows a certain activity in the oxidation of CO to
СО2, and the activity increases within the temperature range of
400–450◦ С. The oxide mixture also exhibits a compact structure and
demonstrates suitable corrosion resistance in chloride-containing envi
ronments [196].
Nabavi et al. [7] used hybrid PEO (two-step PEO) to improve
corrosion performance of pure titanium (Grade 2) and Ti 6Al 4V alloy
(Grade 5). They observed that the morphology and the timing of the first
stage process were impactful in both the destructive discharging or
coating of the second stage. It was discovered that the thicker a oxide
film formed in this stage and the longer the treatment time of the first
stage, the greater the negative impact on the corrosion performance of
the oxide film formed in the second stage will be, since the discharge in

the second stage possesses higher energy.
In the first stage of the PEO process, a dense inner layer and an outer
porous layer are formed on the surface of the samples, and in the second
stage, a porous layer is formed on the oxide film formed previously
during the first stage. Examination of the corrosion test results shows
that the oxide film formed in the second stage does not have a suitable
charge transfer resistance, but due to its effect on the inner layer, it
increases the corrosion resistance of hybrid PEO (HPEO). Furthermore,
the results of the corrosion tests indicate that increasing the treatment
time of the second stage reduces the charge transfer resistance of the
HPEO coating. Corrosion tests were performed in the SBF solution, and
the results of the EIS test are presented in Fig. 19. The formation of nanoflakes with micro-cracks and the presence of some particles on the sur
face of the sample after immersion in NaOH solution improves the
bioactivity of the samples. However, following the alkaline treatment
(AT), the EIS results revealed that, in the case of HPEO on Grade 2 Ti, the
charge transfer resistance of the outer porous layer and the dense inner
layer decrease. The charge transfer resistance of the inner porous layer
increases as a result of the corrosion products and the formation of
nanoparticles.
However, the resistance of the HPEO coating on the Grade 2 sample
was reduced by immersion in NaOH solution. Examination of the
corrosion test results for samples of Grades 5 Ti after AT indicates that
the shrinkage and crack formations due to the dehydration makes little
difference in the charge transfer resistance.

Fig. 19. a) Bode and b) Nyquist plots of grade 2 HPEO coatings, c) bode and d) Nyquist plots of grade 5 HPEO coatings in SBF solution (nHx-y: n = 2(pure Ti), n = 5
(Ti6Al4V), x= first stage time (minutes), y= second stage time (minutes)) (after one over immersion) [7].
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Porosity plays an important role in determining bioactivity and
corrosion resistance of HPEOs; therefore, measurement of the porosity
helps to predict the corrosion and bioactivity behavior. Nabavi et al. [7]
developed a novel, non-destructive and graphical-based method for
determining the porosity of PEO coatings. They found that HPEO
porosity is inversely proportional to the area under Nyquist admittance
of HPEO coatings. They proposed the following formula:
P=

|AB |
AeC

the annealing of titanium and its alloys at 750–800◦ C for 5 h, the
thickness of such a sublayer reaches 50–60 µm (this sublayer itself has a
layered ’sandwich-like’ structure composed of titanium oxides with
different stoichiometry). The sublayer’s microhardness is 3–4 times
greater than that of the substrate metal. The formation of a solid solution
of oxygen in α-titanium causes the surface layer of the substrate
(approximately 50–70 µm) to become brittle, and therefore, its plastic
properties deteriorate, and the sensitivity to stress corrosion cracking is
enhanced.
Coatings obtained by PEO on titanium and its alloys in phosphate
electrolytes have high electrical resistivity and can be used as insulating
layers when titanium is coupled with other metals in aggressive envi
ronments, including seawater [207]. Furthermore, it was found that
after PEO-treatment of titanium and its alloys, the transition layer be
tween the oxide and substrate was less than half a micron, which is too
small for current microhardness measurement methods. The micro
hardness of the substrate adjacent to the oxide layer is the same as that
of the bulk substrate material [207].
The strength plastic properties of smooth and notched specimens
with PEO-coatings under constant stress conditions have been investi
gated [207]. PEO-layers were formed on PT-1M (Ti-5Al-0.3Zr), PT-3M
(Ti-4Al-0.3Zr), and PT-3V (Ti-4Al-2V) alloys in a 10 g/l aqueous solu
tion of Na3PO4⋅12H2O. Tests for long-term strength were carried out in
synthetic seawater, using smooth and notched samples with a
working-part diameter of 5 mm. An annular notch provided a theoretical
Neuber’s stress concentration coefficient equal to 4.1. The tests were
carried out for 2000 h, with 7–10 samples of PT-3M alloy in each series,
at various constant stress levels.
Fatigue resistance tests were also carried out for alloys 19 (Ti-6Al3Nb-2Zr), PT-3V (Ti-4Al-2V), VT3-1 (Ti-6Al-2.5Mo-1Cr-0.3Zr), and 40
(Ti-3Al-1.5V-0.3Zr) on samples with a working-part diameter of 6.5 mm
using a cantilever bending-rotation setup. The notched samples had a
Neuber’s stress concentration coefficient of 3.5, and the test base was
107 cycles.
The strength and plastic properties of PEO-coated alloys, determined
by tensile stress tests [208] in artificial seawater of the smooth samples
(Table 5), were virtually unchanged in comparison with the initial
unoxidized (UO) samples, while TO leads to a reduction of area (RoA),
which is determined at the minimum cross section at the location of
fracture, of 7 %, with a corresponding decrease in impact toughness of
10–15 % [202].

(14)

where P is porosity, AB is area under the Nyquist admittance graph of the
bare (uncoated) sample and ACe is the area under the Nyquist admittance
graph of the coated sample (up to the frequency where corrected Bode
phase plot reaches its first extremum). They verified their formula with
the results of image analysis of SEM imges.
4.4. Tribocorrosion
A major concern about the application of implants is that wear and
corrosive environments simultaneously attack the implant surface, and
therefore their synergic effect may cause early degradation. Therefore,
surface treatments that improve bioactivity, biocompatibility, and tri
bocorrosion properties seem to be promising for biomedical applica
tions. Various methods such as Thermal Oxidation (TO), plasma
oxidation, anodizing oxidation, and PEO may be used for developing a
tribocorrosion resistant oxide layer. Among the aforementioned
methods, PEO coating (with excellent adherence of the coating to the
substrate) appears to be the best solution due to the high tribocorrosion
resistance, a slight drop in mechanical properties, and its flexibility over
controlling the chemical composition and biocompatibility [197]. Oxide
layers of a porous and loose nature have low tribocorrosion resistance
and are not suitable for biomedical applications [68]. Therefore, the
morphology of the PEO layer plays an important role in determining the
wear resistance. The tribocorrosion test results of pure titanium and
Ti6Al4V revealed that the natural passive films are easily removed after
the application of mechanical loads and that the OCP of the samples
drops sharply indicating activation and loss of corrosion resistance. It is
reported that PEO coatings with a grooved morphology in acidic solu
tions improves the tribocorrosion performance in two ways: firstly, OCP
drop is delayed for about 1400 s, and secondly, there is lower OCP drop,
indicating that during the test, the PEO coating is not completely
removed, and acts as barrier layer by hindering the access of corrosive
ions to the substrate [198]. When the coating is applied in a potentio
static current regime, increasing the coating voltage improves the tri
bocorrosion properties due to the remaining anodized areas on the
surface which acts as a solid lubricant [199]. The morphology of the
oxide layer is not the only determining factor in tribocorrosion proper
ties, and chemical composition should be taken into consideration as
well. Among all the titania phases, rutile is known to be more resistant to
wear [200].

4.5.2. Stress corrosion cracking resistance of PEO-coated titanium
Stress corrosion cracking testing [207,209,210] was performed on Ti
in an aerated, neutral aqueous 3 % NaCl solution:
1) with PEO-coating obtained in a phosphate electrolyte,
2) without coating,
3) with a thermal coating obtained in the air at 750◦ C for 5 h.
It was found that the sample with PEO-coating showed the highest
fracture load compared with both the sample protected by a thermal
oxide and the uncoated sample. The electrode potential on the PEO-film
did not change at loads close to failure, in contrast to the other two
samples where the electrode potential of the surface continuously
decreased with increasing strain. The test results confirm the assumption
that after PEO, due to the absence of a layer enriched with dissolved
oxygen between the alloy and the coating, the mechanical properties
have not deteriorated. For all samples, an increase in the stress corrosion
cracking resistance is observed, which can be explained by both the
absence of an alloy sub-layer with increased brittleness under the oxide,
as well as the high ductility of the defect-free coating.
As a result of the experiments [207,209,210], it was discovered that
PEO-coatings exhibit a reduced hydrogen permeability in comparison
with the thermal oxide. The accumulation of hydrogen in a metal is
known to increase fragility and facilitate the initiation of microcracks.

4.5. Mechanical and corrosion-mechanical properties
4.5.1. Effect of PEO on strength and plastic characteristics of titanium
alloys
For metal constructions operating in a corrosive environments, such
as seawater, the corrosion-mechanical strength of the material (behavior
under the influence of an aggressive environment, and mechanical
stresses) is of great importance. At present, titanium alloys are used in
marine engineering as corrosion-resistant materials with acceptable
strength and plastic characteristics. In some cases, to protect against
contact corrosion and increase the hardness of the surface layers, as well
as to relieve internal stresses, titanium and its alloys are annealed in air
[201–206]. As a result, a thermal oxide layer is formed on the surface
with a sublayer of metal/alloy enriched with dissolved oxygen. During
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Table 5
Parameters of short-term strength and impact toughness, the effect of PEO and TO on the long-term strength of the PT-3M titanium alloy and fatigue resistance characteristics of titanium alloys after PEO and TO. The test
base is 2×107 cycles [207, 209]
Parameter*

σu, MPa
σ0,2, MPa
ε, %

22

RoA, %
aH, N⋅m/cm2
aH45◦ , N⋅m/cm2
σu,603.1,
στ,2000, MPa
MPa
(smooth sample)
στ,2000, MPa
(notched sample)
στ /2000
σu,815.9,
σ-1s
MPa
σ-1n
σ-1s/σ-1n
σu,738.4,
σ-1s
MPa
σ-1n
σ-1s/σ-1n
σu,1010.1,
σ-1s
σ-1n
MPa
σ-1s/σ-1n
σu,472.7,
σ-1s
σ-1n
MPa
σ-1s/σ-1n

PEO

PT-3V
UO

PEO

PT-3M
PEO

411.9
329.5
38.2
71.5
100.0
–

408.0
332.4
41.3
75.2
111.8
–

791.4
754.1
16.2
45.6
103.9
–

781.6
756.1
14.4
47.2
100.0
86.3

652.1
591.3
15.3
46.0
100.0
105.9

air
UO

seawater
UO
PEO

TO

643.1
593.35
14.9
47.7
103.9
86.3
554.1

549.2

539.4

510.0

515.3

520.2

545.3

475.6

0.92

0.91

0.89

0.85

19
UO

PEO

TO

357.9
132.4
2.7

377.6
147.1
2.6

171.6
98.1
1.7

PT-3V
UO

PEO

TO

353.0
152.0
2.3

357.9
112.8
3.2

205.9
88.3
2.3

VT3-1
UO

PEO

TO

392.3
117.7
3.3

–
122.6
–

230.5
83.3
2.8

40
UO

PEO

TO

215.7
117.7
1.8

220.6
88.3
2.5

147.1
83.4
1.8

Note to tables 1–3: σu – ultimate tensile strength; σ0,2 – yield strength; ε– strain; RoA – reduction of area; aH – impact toughness; aH45◦ – impact toughness on samples with a stress concentrator; στ,2000 – ultimate

toughness in 2000 h; σ-1s, σ-1n – fatigue strength on smooth (s) and notched (n) samples, respectively;

στ

2000

=

στ,2000
σu
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*

Alloy
PT-1M
UO
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The hydrogen saturation test was carried out in the following sequence:
after the preliminary determination of the initial hydrogen concentra
tion in the titanium, the test samples were annealed at 675◦ C for 300 h in
an air medium containing traces of acids (HCl, H2SO4 – 30 mg / m3 per
day). The hydrogen content in the metal after annealing was determined
by vacuum heating [211]. The experimental results indicate that
following the annealing process, the hydrogen content in the UO sample
was increased threefold, from 0.0035 to 0.0105 wt %, in the thermal
oxide sample this increase was even higher, to 0.013 wt %, but for the
PEO-coating the hydrogen content was just 0.006 wt %.
The reduced hydrogen permeability of the PEO-coating can be
explained by the absence of macrodefects (open pores and cracks)
within the coating, which are present in the thermal oxide, and the
apparent insignificance of microdefects. The reduced gas permeability
of PEO-coatings to hydrogen contributes to the improvement of the
corrosion-mechanical strength of the samples, since hydrogen causes
embrittlement of the alloy and facilitates stress corrosion cracking. X-ray
diffraction and energy-dispersive X-ray spectroscopy (EDX) analysis of
PEO-coatings on titanium obtained in a phosphate electrolyte show an
X-ray amorphous phase consisting of elements Ti, P, and O, along with a
crystalline phase of titanium dioxide (anatase). This is consistent with
the conclusions made in [212], which suggests that mechanical stresses
in the crystalline phases of the coating are accommodated by the
amorphous coating layer near the coating/substrate interface, and
therefore, this amorphous layer prevents the acceleration of corrosion.
The conditions for the formation of the X-ray amorphous phase are
realized in the PEO process. In phosphate systems containing an excess
of TiO2, 5TiO2–2P2O5 compounds are formed in the temperature range
of 850 to 900◦ C and have a tendency to produce a glassy phase. The
P–Ti–O system has a glass transition zone where the concentration of
elements is close to the concentration of the elements that make up the
coating (4–5% P, 42–70% Ti, 26–53% O), with a small difference due to
the presence of crystalline TiO2 (anatase) in the PEO-layer. Moreover,
the fast heating of the anode material during a plasma discharge up to
2000–10000◦ C, and similarly fast cooling down to 20–40◦ C after the
discharge shuts off, contribute to the formation of finely dispersed and
structurally disordered crystals in both the oxide layer and the thin
metal layer located under the oxide film. Such crystals are X-ray
amorphous, and in some cases, their presence can be established by
comparing the elemental analysis, X-ray diffraction data and thermo
graphic measurements (crystallization of the X-ray amorphous phase at
high temperatures in an inert atmosphere). The surface layer containing
the X-ray amorphous phase has greater plasticity compared to the
crystalline layer; therefore, one can assume that the mechanical stresses
arising in the film will relax due to the plastic deformation of the X-ray
amorphous material. These peculiarities are also responsible for the
improved corrosion, mechanical strength and lower gas permeability to
hydrogen of the samples of titanium alloys with PEO-coatings on the
surface [209].

reduced compared to that of similar samples tested in the air with
similar applied stress. When testing samples over larger numbers of
cyclic exposure (N > 2 × 105 cycles), the durability of smooth samples in
air and seawater is roughly equal. The behavior of titanium alloys in the
low-cycle fatigue region depends on the external parameters and on the
composition, structure of the material and surface conditions.
Passivation provides high corrosion resistivity for titanium alloys in
many aqueous solutions and corrosive environments. The protective
oxide layer that appears on the surface can have properties determined
by the composition of the oxidizing medium, exposure time, heating rate
to predetermined temperatures, cooling mode, etc.
It is known that following high-temperature oxidation (heating in air
at T > 1100◦ C), the cyclic strength of titanium alloys is decreased. The
depth of the oxygen-saturated layer, leading to a decrease in cyclic
strength, is about 2 to 5 times greater than the depth of the layer with
changes in the structure visible in the optical microscope or determined
by the change in microhardness.
As shown previously [207,209,210,215], the application of PEO
enables the formation of coatings with electro-insulating properties and
thermal stability in a gaseous medium and vacuum. Given the great
potential of plasma synthesis, as well as the unique properties of the
obtained PEO-layers, the effect of PEO on low-cycle fatigue of titanium
and its alloys to assess the suitability of plasma oxidation as a method of
processing parts and assemblies used in shipbuilding has been
elucidated.
Three series of samples were tested. The first series included un
coated samples (initial), and the test results for alloys VT1-0, PT-3V, and
VT3-1 are presented in Figs. 20 a–j, respectively. In these figures, σа
(MPa) corresponds to the stresses in the calculated section of the sample
(⌀ = 6.5 mm), and N is the number of cycles required for failure. The
second series of samples were tested after TO by annealing at T = 1000
◦
C for 1 h. The results are presented in Figs. 20 b, e and h. The samples of
the third series were tested after PEO treatment in 10 g/l Na3PO4⋅12H2O
(Figs. 20 c, f and j) [209]. PEO coating was carried out in a potentiostatic
mode at UF = 320 V for 7 min.
For all tested samples of VT1-0, PT-3V, and VT3-1 alloys without
coating, a negative influence of the medium is observed, which mani
fests itself as a drop in durability when testing notched samples. With
increasing material strength, the decrease in durability becomes more
noticeable (Figs. 20 a, d and g).
The cyclic strength of the alloys was decreased most after TO, where
a decrease in durability was noted on the smooth samples tested in air, as
well as in a corrosive medium, compared with the cyclic strength of the
starting material in the same media.
After PEO, the cyclic strength of the smooth and notched samples
remains roughly at the same level as their initial state, which is an
indisputable advantage of PEO over high-temperature oxidation asso
ciated with the formation of a gas-saturated layer, a change in the
structure of the base alloy, and consequently, a change in cyclic
strength.
To estimate the effect of residual stresses arising during the forma
tion of PEO coatings on cyclic fatigue, the PEO-coated PT-3V alloy
samples were tested after heat treatment at 300◦ C for 2 h. Such treat
ment allows the reduction of internal stresses in the sample. The results
of these tests are presented in Fig. 20 k. Analysis of the data obtained for
samples without heat treatment (Fig. 20 a) and with heat treatment
(Fig. 20 k), suggests that such heat treatments are not effective, and do
not result in any noticeable changes in cyclic strength. It can be assumed
that residual stresses can be determined by the difference in the specific
volumes of the contacting phases.
As was shown in [207,209], no metal layer with an increased
microhardness was detected, i.e. the metal under the film does not lose
ductility due to the increase of the static strength. This is one of the
advantages of PEO over TO. During PEO, materials are not subjected to
prolonged high-temperature heating in an oxidizing medium, and
therefore, the metal is not saturated with oxygen and thus brittleness is

4.5.3. Low-cycle fatigue of the PEO-coated titanium alloys
Under real operating conditions, for instance, under the periodic
action of high loads on units made of titanium alloys and in contact with
seawater, damage may occur due to the manifestation of low-cycle fa
tigue, i.e., with the occurrence and the development of cracks. Similar
fractures can emerge when the number of loading cycles is at N ≤ 2 ×
105. According to the GOST 23026-78 standard, the number of cycles is
limited to N = 104–105 for in laboratory tests of materials for the
specified type of destruction, and provides information about the
resistance of the material to this type of destruction in a relatively short
time.
The behavior of titanium alloys in the low-cycle fatigue region may
differ from what has been observed on a multi-cycle basis [213,214].
At N < 104 cycles, titanium alloys show increased sensitivity to a
corrosive environment. The durability of samples with stress concen
trators in seawater (natural and synthetic), or in a 3 % NaCl solution is
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strength [217]. It has been established by various methods, including
the anodic activation of PEO-films in halide solutions and thermogra
vimetric studies, that PEO-coatings do not have open porosities (pores
are rather superficial and rarely very deep) or microcracks. This was also
corroborated by the data on gas permeability for oxygen and hydrogen
[207,215]. In addition, according to the data of XRD analysis and
electron microprobe analysis, PEO-coatings on titanium obtained in
phosphate electrolytes, along with the crystalline phases of titanium
oxide (anatase, rutile) contain an X-ray amorphous phase consisting of
Ti, P, and O elements [207,215].
Films containing an X-ray amorphous phase are characterized with a
greater degree of plasticity compared to the crystalline ones, and
therefore, it can be assumed that stresses arising in the film will relax
due to the plastic deformation of the amorphous phase [207]. In addi
tion, the surface layer of the metal adjacent to the film has a finer grain
structure than the base material, which may serve as an additional factor
for improving the plastic properties of the material. It has been shown
[207,209] that PEO-films do not deteriorated and protected the sub
strate metal reliably from the action of a corrosive environment under
mechanical loads. In tests for corrosion cracking, the electrode potential
of a sample with the PEO-coating was not altered up to the fracture load,
whereas the electrode potential of a thermally oxidized sample and
uncoated sample continuously grew less noble with increasing
deformation.
It should be noted that during the testing of the notched PEO-coated
samples in seawater at stresses less than 450 MPa, a slight decrease in
the durability was observed compared to the initial uncoated samples
(the exception is the VT3-1 alloy sample, where PEO only had a positive
effect) [207]. Since a decrease in cyclic strength was not observed on

Fig. 20. The results of low-cycle fatigue tests of smooth (1) and notched (2)
samples in air (3) and seawater (4) (○● – 1; △▴ – 2; ○△– 3; ●▴ – 4): for VT10 titanium a) without coating, b) - with thermal oxide, c) - with PEO-coating;
for a PT-3V titanium alloy samples d) - without coating, e) - with thermal
coating, f) - with PEO-coating; for VT3 titanium alloy samples: g) without
coating, h) - with the thermal coating, j) - with PEO-coating; for a PT-3V tita
nium alloy samples k) subjected to PEO, heated to 300◦ C for 2 h [207,209,
210,215].

not increased. In addition, according to a previous study [202], the
decline in material fatigue following TO results from both changes in the
properties of the surface layers and due to structural changes to the base
metal after heating.
According to the advanced concepts [216], surface layers, and the
processes occurring within, play a major role in the fatigue failure of a
material. A defective surface layer with microcracks, residual tensile
stresses, and increased roughness lead to a significant decrease in fatigue

Fig. 21. Schemes of the crack development during the low-cycle fatigue test in
seawater: (a) – sample with the PEO-coating at σa < 450 MPa, (b) – sample with
a PEO-coating at σa > 450 MPa; (c) – uncoated sample [207,209,210,215].
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notched samples during testing in air and on smooth samples in
seawater, the observed decrease in durability can be explained by the
simultaneous influence of three factors: a corrosive medium, a notch
(stress concentrator), and the magnitude of the acting stresses.
The fact that the electrode potential of the titanium sample with
PEO-coating in seawater is much more positive than that of a nonoxidized sample (φPEO = + 0.2 V, φTi = – 0.1 V relative to Ag/AgCl
reference electrode) is of utmost importance. This leads to a different
degree of sorption for anions and cations on the surface for both types of
samples. Fig. 21 shows a schematic of how crack development occurs. At
stresses less than 450 MPa (Fig. 21 a), the notch opening angle is
insignificant, but over time, the integrity of the film is compromised and
the corrosive medium begins to react with the titanium substrate.
Anodic dissolution of the active sections of the metal at the apex of the
crack leads to deaeration of the intragap solution, and as a result, the
ratio of chlorine concentration to the oxygen concentration in the gap
and the crack itself becomes higher [202]. Due to the anodic dissolution,
the tip of the crack becomes more negatively charged compared to the
metal beneath undamaged coating. Charge relaxation leads to the
release of ions located on the surface of the film. These ions interact with
the metal by penetrating it. If the chlorine concentration in the crack tip
is higher than that of oxygen, this will result in the formation of TiCl3,
which accelerates the destruction of the metal due to its high solubility.
At higher stresses (σa greater than 450 MPa), the notch opening
angle is larger, and it can be assumed that there is no noticeable drop in
oxygen concentration in the notch, and titanium oxide will be mainly
formed at the apex of the gap, which slows the crack development
(Fig. 21 b). Since the electrode potential of the uncoated titanium
sample is negative (Fig. 21 c), a noticeable potential gradient between
the crack tip and its wings arises under high mechanical stresses. Charge
relaxation leads to the release of ions from the surface, a significant part
of which is comprised of hydrogen ions. Therefore, along with other
compounds, titanium hydrides are formed at the crack tip, effectively
accelerating the destruction of the sample. Therefore, at stresses greater
than 450 MPa, samples with PEO-coatings can withstand a slightly
higher number of cycles than the samples without coating. Conse
quently, the role of the electrode potential of the sample surface in the
low-cycle fatigue problem cannot be overstated. In the absence of
stresses, a more positive electrode potential contributes to the faster
healing of the crack.
Fig. 22 shows the evolution of the open circuit potential of samples
after deep scratching in a 3 % NaCl solution. The PEO-coated sample
shows an increase in electrode potential and rapidly approaches the
initial value (Fig. 22, curve 1). The electrode potential of the thermal
film is restored at a lower rate (Fig. 22, curve 2). The potential of an
uncoated sample decreases initially (Fig. 22, curve 3), which indicates
an intense release of titanium cations into the solution, and then begins

to increase when the potential gradient between the crack tip and the
undamaged part of the sample becomes sufficient to release anions from
the surface.
In summary, studies have shown [207,209,210,215] that PEO has a
negligible impact on the cyclic strength of titanium and titanium alloys,
which makes it possible to use PEO-coated titanium for highly loaded
parts and construction operations in seawater. The increase in durability
compared to the initial samples, which manifests itself at σa less than
450 MPa on the smooth and notched samples (when tested in the air),
can be explained by the presence of X-ray amorphous phase in the film
and a less defective structure of the PEO-coating in comparison with
thermal oxides and bare alloys.
5. Photocatalytic properties
Dyes and organic pollutants are byproducts of various industries
such as textile, paper, and plastic. Disposal of the production wastes to
the surface waters leads to the disqualification of water, adversely
affecting aquatic life and the food web. Various methods have been
studied and utilized by researchers for the removal of these organic
pollutants, and among them, heterogeneous photocatalysis is known to
be the most efficient and common method. Photocatalysis is based on
irradiation with ultraviolet (UV) or visible light to the surface of a
semiconductor. When the photon energy exceeds the bandgap energy of
the semiconductor, electrons become excited and move to the CB, and
consequently, electron-hole pairs will be generated. If the recombina
tion of electrons and holes is postponed, they will react with pollutants
at the surface of the semiconductor, and non-toxic compounds will
therefore be produced.
Titania is a potential candidate for photocatalysis semiconductor
material due to the position of its valance and CB. One of the limitations
of titania as a photocatalyst is its position of bandgap which makes it
suitable only for UV emissions. Therefore, numerous attempts have been
made to shift the bandgap of the oxide film to lower values where visible
light would be effective as well.
It should be noted that among titania polymorphs, anatase is the best
candidate for photocatalysis applications due to its lower rate of
electron-hole recombination. Catalytic properties of PEO titania films
for CO to CO2 oxidation depend on various factors including phase
constituents, morphology, CO concentration, temperature, and humid
ity. It is known that the anatase demonstrates better CO sensing prop
erties compared to rutile [218]. Formation of structural defects and low
crystallinity reduces photocatalytic properties. Therefore, studies have
been conducted to dope oxides, ions, and particles into an oxide struc
ture to modify the properties.
5.1. Modification of oxide composition
A novel idea for the improvement of photocatalysis efficiency is the
fabrication of titania-based p-n junction. The incorporation of an n-type
semiconductor (such as NiO) into the titania structure, which is a p-type
semiconductor, will result in a p-n junction. The inner electric field fa
cilitates the movement of electrons to the n-type semiconductor, and
holes to the p-type semiconductor, and thus the electrons and holes will
be isolated and recombination becomes suppressed as a result. This idea
was brought into action by Bassaki et al. [219] where they added NiO
micron-sized powders to the solution, and the effect of the presence of
NiO particles in the structure is presented in Fig. 23. They found that the
photocatalytic reaction rate was increased from 0.0064 min− 1 to 0.0131
min− 1. The presence of nickel complexes or nickel-copper complexes in
the oxide layer improves the PA for CO to CO2 oxidation by a significant
margin [220].
However, the introduction of other oxides, such as nickel or cobalt
oxides, can further improve the catalytic properties. It has been
discovered that manganese oxides provide a better catalytic activity
compared to cobalt oxides. With that being said, the results might be

Fig. 22. Open circuit potential of a VT1-0 titanium samples after scratching
(medium — 3% sodium chloride solution): 1 – PEO-coated, 2 – with thermal
coating, 3 – without coating [207,209,210,215].
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Fig. 23. Photocatalytic activity of TiO2 and NiO–TiO2 layers grown at 300 V. The inset shows
that the concentration of 4-chlorophenol decreases over the irradiation time [219].

changed depending on morphology, composition, and structure [221].
The incorporation of cobalt, in form of cobalt oxides, leads to the
enhancement of catalytic properties. In general, the addition of cobalt
salts into the electrolyte results in the formation of cobalt hydrates,
which are not as active as cobalt oxides. This problem can be solved
through the combination of PEO and impregnation, in which cobalt is
later deposited [222]. In complementary research, it was found that the
combination of copper oxide with transition metal oxides improves CO
catalytic activity compared to individual oxides [223,224]. Among the
deposited oxides, the synergistic effect between cobalt oxides and cop
per oxides were noticeably greater than other binary oxides [225]. This
phenomenon is ascribed to the synergic effect of copper oxide which
facilitates cobalt oxides reduction. Furthermore, it has been reported
that binary copper/cobalt is more easily reduced compared to the in
dividual oxides [226]. Layers containing oxides of transition and rare
earth metals, such as cerium oxides [227] and cobalt oxides [228,229]
have drawn a great deal of attention. The presence of Zr and Ce in the
oxide composition in form of ZrO2 + CeOx + TiO2 provides a high PA in
naphthalene destruction [230].
The incorporation of WO3 into the TiO2 oxide layer may also improve
photocatalysis properties [67,231,232]. It was observed that the band
gap was reduced to 2.6 eV, compared to the 3.21 eV of anatase [233],
and the PA was also slightly improved. It was also suggested that pho
toactivity is correlated to the formation rate of OH. radicals. The more
radicals are formed, the better photoactivity is improved [234]. The
presence of WO3 in oxide structure can increase degradation constant
rate by up to five orders of magnitude, in comparison with TiO2 samples.
The improved properties are ascribed to the higher adsorption affinity,
better light absorption, and the enhancement of charge separation effi
ciency [55]. Further studies of tungstate containing oxides revealed that

the W content is affected by F− , and the addition of 2 g/L NaF results in
the highest amount of W within the coating, and therefore, optimal re
sults of photocatalytic properties were achieved. Although the addition
of NaF can be beneficial, excessive amounts can lead to the trans
formation of anatase to rutile and the disappearance of tungstate [235].
Moreover, the excessive doping of F− leads to a drop in the number of
trap sites, and as a result, the recombination of electrons and holes will
be enhanced [236]. Calcination of WO3/TiO2 composite can also further
improve the properties by the production of visible-light responsive film
[237]. Composite oxide of WO3, SiO2, TiO2/Ti composites enhances the
degree of conversion [238]. For further improvement of PA, Wu et al.
[239] proposed a two-step method. In the first step, a TiO2-WO3 film is
deposited through MAO oxidation. Afterward, a C-TiO2 film was applied
through DC magnetron sputtering. The crystalline structure of the top
surface along with the highly porous structure of the inner layer results
in a superior PA.
The formation of SrHA in the PEO coating of titanium enhances
photocatalytic properties due to better charge separation in comparison
with TiO2 [240]. Porous SrHA oxide films are also biocompatible [241].
The addition of metallic oxide powders to the electrolyte leads to the
formation of compounds with compositions similar to the powder
composition. Powder composition and electrolyte composition impact
the oxide composition. It has been reported that the addition of MnO2
and NiO to sodium tetraborate electrolyte can produce a composite with
a maximum of 1% manganese and nickel, respectively. Replacing the
suspension of tetraborate with sodium silicate leads to the formation of
more crystalline structures, and the number of doped oxides was
increased by several orders of magnitude [242].
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Fig. 24. Photocatalytic degradation rates of the aniline on the undoped anodic
TiO2 (a), N-doped (b), and Eu-N co-doped titania films (c) [244].

Fig. 26. Photocatalytic efficiency versus irradiation time [247].

5.2. Doping of ions
In addition to doping of semiconductors, metallic and non-metallic
ions can be doped within the titania structure. Coating of CPTi with
MAO process in H2SO4/Eu(NO3)3 electrolyte leads to doping of Eu and N
[243]. Doped oxides show a lower bandgap and therefore, the absor
bance response shifts toward the visible light region. Furthermore, the
roughness and the specific surface area of doped samples is increased
slightly in comparison with un-doped coating. The degradation rate of
aniline blue in the Eu-N doped sample is 7.84 × 10− 3 min− 1, which is
higher than the 3.15 × 10− 3 min− 1 rate of the undoped sample. Oh et al.
[244] carried out Eu-N co-doping through PEO oxidation of TiN-ion
plated surface in H2SO4/Eu(NO3)3 electrolyte (see Fig. 24).
Salami et al. [245] doped TiO2 by Ag ions through coating in an
electrolyte containing Ag2CO3. They found that doping of Ag ions shifts
the absorption edge towards longer wavelengths. Furthermore, the PA of
the coating was improved compared to titania, both in UV and visible
light. These achievements were ascribed to the lower recombination rate
of charge carriers and the redshift of bandgap energy due to the doping
of Ag. Ag can also be incorporated in the oxide structure through
impregnation in silver nitrate solution [6].

Fig. 27. Schematic illustration of bandgap energy reduction of TiO2 with
dopants [247].

Soejima et al. [246] investigated Fe-TiO2 structure and revealed that
acetaldehyde photocatalytic oxidation was enhanced. UV–Vis diffuse
reflectance spectra of Fe doped samples showed absorption bands in
400–750 nm, which indicates an improvement in comparison to the
absorption band of titania coating (measured value is below 400 nm).
C, N, and F doping within TiO2 coatings were investigated by Sridhar
et al. [247] (see Fig. 25, 26 and 27). The bandgap energy was reduced to
3.02 eV for doped samples, and PA was changed in the following order:
F-TiO2>N-TiO2>C-TiO2>TiO2. The superior activity of F-TiO2 is
attributed to the proper balance of rutile and anatase, and lower
recombination rate of electron-holes.
Eu3+ demonstrates a higher PA compared to TiO2 [248]. The pho
toluminescence spectra of the Eu-doped sample show emission bands
within the orange-red region. PA of Eu doped oxide film is determined
by two factors: the amount of Eu in the electrolyte, and the duration of
the coating. Coating duration affects PA by making changes in rough
ness, phase composition, and specific surface area. The catalytic activity
of oxides can be improved by the introduction of noble metals, such as
platinum, to their structure [249]. PEO can be used as a single-stage
method with the ability to provide control over the level of incorpora
tion of noble metals through the adjustment of electrolyte composition,
the current regime, and coating duration [250]. A comparison of sys
tems including noble metals, noble/transition metals, and transition
metals has revealed that systems that contain only noble metals have the
highest reaction rate of CO oxidation, while dual noble/transition
metals exhibit the lowest activation energy. The systems which contain

Fig. 25. UV–Vis diffuse reflectance spectra of TiO2, C-TiO2, N-TiO2, and F-TiO2
coatings [247].
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only transition metals showed the highest activation energy [251].
Zn can be doped in TiO2 structure through coating in a ZnSO4/H2SO4
solution. Increasing the ZnSO4 concentration initially increases anatase
content, whereas its proportion is reduced in higher concentrations. Zn
doped TiO2 oxide show PA to chromate potassium solution, and reduces
Cr(VI) to Cr(III) in the form of Cr(OH)3 [252].
The incorporation of Mn into oxide structure enhances PA and cat
alyzes CO to CO2 oxidation. The more Mn is doped, the better PA is
improved. Additives such as ethylenediaminetetraacetic acid (EDTA)
can be used to form stable Mn2+ complexes, and enhance the incorpo
ration of Mn into a coating composition [253].
For N-doping of titanium substrate, Jiang et al. [254] utilized
nitriding treatment. The nitrided Ti plates were PEO coated in a car
bonate and silicate solution. It was revealed that nitrogen was doped up
to 3.21 at%, and the bang dap energy of film experienced a redshift to
2.6 eV. The decomposition of methyl blue by photocatalysis method was
tested and compared with pure TiO2. It was found that after a 2.5 h test,
the concentration of methyl blue dropped to 30% and 50% for N-doped
and titania, respectively [254]. Nitrogen can also be doped in an anatase
TiO2 film through the PEO oxidation of TiN film. A TiN film can be
applied by ion beam assisted deposition, and following PEO oxidation,
nitrogen can be doped within the titania structure. The bandgap energy
of the doped structure was found to be lowered to 2.2 eV [255].
Co-doping of nitrogen and boron have a synergic effect on the photo
catalytic response of titanium [256]. A nitrogen and boron co-doped
film can be synthesized through oxidation in an H2SO4/HBO3 electro
lyte on a TiN ion-plated surface. The formation of Ti-O-B-N promotes
charge transfer and electron-hole separation. N-B doped oxide shows a
bigger PA compared to the N-doped and non-doped oxides [256].

sites by shock/ heatwaves, or by the release of gas bubbles through oxide
defects, such as cracks and pores. Furthermore, they may be transported
by a cataphoretic mechanism [193]. They become trapped inside the
soft molten oxide while being rapidly cooled [257]. The level of incor
poration of nanoparticles depends on their zeta potential inside the
electrolyte. When nanoparticles are well-dispersed and stable, their
incorporation is improved [258]. Bayati et al. [259] doped Ag nano
particles into titania structure and found that crystalline size was
reduced to 21.6 nm. UV-Vis spectroscopy of oxide layers revealed that
the absorption edges of the layers had a redshift. The addition of 2 g/L
YAG:Ce3+ nanoparticles to the electrolyte improves photocatalytic
properties due to the heterojunction between nanoparticles and TiO2.
Moreover, the addition of YAG:Ce3+ shrinks the grain size of the film,
which further improves photocatalytic properties [260]. The incorpo
ration of MnO2 and NiO nanoparticles into the oxide structure improves
PA for CO oxidation [242]. Further improvements can be achieved
through the addition of anion-active surfactants. Surfactants can also
improve PA through the refinement of the oxide structure and the
modification of oxide composition [242]. Lukiyanchuk et al. [261] used
the sol-gel method to deposit Pd nanoparticles over the surface of PEO
coating for the oxidation of CO to CO2 (see Fig. 28).
5.4. Process parameters
Process parameters have an important role in affecting properties by
controlling morphology and composition. Petrović et al. [262] studied
titanium coating in 12-tungstosilicic acid solution and investigated the
process parameters including duration, current, and concentration.
Figs. 29 and 30 show the impact of acid concentration, processing time,
and different current densities on the efficiency of photodecolorization.
A model was developed based on the second-order response surface
model. The same experience can be developed for other electrolytes and
coatings. Treatment time and electrolyte concentration both affect the
chemical composition as well as the constituent phases of the

5.3. Effect of embedded nanoparticles
Nanoparticles are often observed at walls of the pores or incorpo
rated into oxide structures. Nanoparticles can be drawn into discharge

Fig. 28. Scheme of coating fabrication by the combination of PEO in silicate electrolyte and sol-gel synthesis with the application of siloxane-acrylate emulsion with
immobilized palladium particles as a template [261].
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Fig. 29. Effect of acid concentration and time of PEO process on the efficiency of photodecolorization: (a) contour plot; (b) response surface plot [262].

Fig. 30. Plot of PEO process parameters versus the efficiency of photodecolorization: (a) at different acid concentrations, at constant value of j = 150 mA/cm2 and t
= 90 s; (b) at different current densities, at constant value of C = 1.1 × 10− 3 M and t = 90 s; (c) at different times of PEO process, at constant value of j = 150 mA/cm2
and C = 1.1 × 10− 3 M [262].

synthesized oxides. Thickness is determined by the duration of the
coating and the electrolyte concentration. When the thickness is
increased, the surface area, where catalytic reactions occur, is increased
and consequently, PA may also be enhanced. In some cases, the positive
shift caused by the high thicknesses is counteracted by the formation of
low amounts of favorable phases. For instance, if the thickness is high
enough and anatase content is low, then the PA will be lowered (despite
the enhanced surface area) [263]. The current regime and coating pa
rameters are also critical in the determination of the phase contents of
the synthesized oxide [95,116]. Bayati et al. [264,265] studied titania
oxide coatings and discovered that increasing the applied voltage en
hances the formation of rutile and therefore, lowers the bandgap energy.
It was revealed that photocatalytic properties are at a maximum when
anatase is the dominant phase. The concentration of the electrolyte also
plays a critical role due to its effect on the determination of the anata
se/rutile ratio [266]. To elucidate the role of the current regime, Bayati
et al. [267] investigated the formation of WO3-TiO2 films and compared
the DC and pulsed modes. It was found that pulsed mode provides the
oxide with better photocatalytic properties due to 3 reasons. First, a

greater amount of anatase is synthesized. Second, bigger WO3 content is
doped within the titania structure, and finally, the surface area is
improved in comparison with the DC mode. The same experiences have
also been reported for V2O5-TiO2 [268–270]. The incorporation of V2O5
into the oxide structure lowers the e− –h+ recombination rate, which in
turn leads to a drop in water contact angle under visible and UV radi
ation [271].
Sulfur doped titania exhibits a desirable PA with a bandgap of about
2.9 eV. Increasing the coating voltage in DC-MAO coating also increases
the sulfur and anatase content. The maximum sulfur content of 1.2%
was synthesized at 550 V. Sulfur doped titania shows high PA con
cerning methylene blue. The reaction rate of S-doped titania during
irradiation by visible light was 0.0068 min− 1 [272,273]. In pulsed
mode, the best results were obtained at 500 Hz frequency and a duty
cycle of 5%. Moreover, the reaction rate was measured to be 0.0110
min− 1 [274].
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Fig. 31. XPS high-resolution spectra of the titanium surfaces after UV treatment. (Ti 2p, C 1s, and O 1s) [277].

5.5. Novel methods for improvement of photocatalytic properties

1.25 M NaOH solution results in the production of 50 nm nano-flakes on
the top surface, which significantly increases specific surface area [278].
The combination of PEO with other methods, such as impregnation,
provides a wide range of oxide complexes such as bismuth titanate and
silicate that have a wide range of properties from optical to catalyst
[279]. Morphologies such as nanorods [280], or nanowhiskers [281],
which provide high surface area, are known to improve catalytic ac
tivity. It has been reported that increasing the diameter of the pores also
improves CO oxidation [282]. When CO concentration is low, increasing
the concentration leads to a linear increase of gas response. Further
more, there is an optimal temperature at which the magnitude of the gas
response is at maximum, typical of semiconductor gas sensors [283].
Catalytic properties of PEO titania films for CO to CO2 oxidation
depend on various factors including phase constituents, morphology, CO
concentration, temperature, and humidity. It is known that anatase has
better CO sensing properties compared to rutile [218].

Franz et al. [275,276] employed a novel technique for the produc
tion of nanoporous TiO2 by the PEO method. Nanoporous samples were
prepared by coating in 0.5 M H2SO4 solution maintained at –3.5◦ C by
cryostat during the coating fabrication. Anatase phase was promoted to
more than 93%, leading to enhanced PA. Decolorization tests indicated
that the concentration of dye was reduced by over 93% and that the
kinetic constant was enhanced compared to the conventional methods.
UV photo-functionalization of titanium appears to have a great deal
of potential for the enhancement of bioactivity and photocatalytic
properties. UVA (peak wavelength of 360 nm) and UVC (peak wave
length of 250 nm) treatment of titanium surfaces remove hydrocarbons
and produce Ti-OH groups on the surface, as shown in Fig. 31. However,
UVC treatment has higher efficiency at HA formation, osteo
conductivity, osteoblastic proliferation, and differentiation, in vivo
protein adsorption, and consequently cell attachment. UVA treatments
remove hydrocarbons through photocatalytic reactions, while UVC en
hances photolytic reactions because of the numerous OH radicals [277].
The application of alkali treatment on MAO coated surfaces leads to
the production of nano-flaky structures that improve PA due to the
enhanced surface area for dye absorption [222]. Alkali treatment in

6. From bioinertness to bioactivity
Titanium is known to be an excellent choice for use in dental and
orthopedic implants as well as for craniofacial prostheses owing to its
low density, high strength-to-weight ratio, good corrosion resistance,
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and biocompatibility which means that it is non-toxic and does not
provoke a negative response of the immune system that would lead to its
encapsulation by fibrotic tissue [284–286]. However, non-treated tita
nium is bioinert, meaning that despite being compatible with human
metabolism it suffers from poor bonding and integration with the bone
tissue. Successful implantation is based on the osteoconductive and
osseointegration capacity of the implant surface, for which osteoblast
cells need to be able to attach to, migrate over and proliferate on the
surface while allowing direct ingrowth into the surface without the
formation of fibrotic tissue. Successfully attached and thriving cells soon
begin to generate a collagen matrix, which is subsequently mineralized
with HA. During the development of Ti-based biomaterials the capacity
to induce and support HA precipitation from SBF is often the first aspect
of its bioactivity to be evaluated.
PEO has been extensively utilized to improve titanium bioactivity,
and it has been proven to be efficient in osseointegration due to the
porous nature of the modified surface [287,288]. Furthermore, by the
selection of the appropriate composition of the electrolyte, it is possible
to produce oxides containing Ca and P with the desired composition. The
following mechanism of mineralization of PEO coatings is widely
accepted. After incubation in SBF, the solution phases contained in the
coating material, such as CaTiO3, can be hydrolyzed resulting in Ti-OH
groups formed on the surface of the coating, leading to the attraction of
Ca2+ ions. Moreover, the release of Ca2+ ions from the coating during
hydrolysis improves HA nucleation and lays the foundation for the
development of the HA layer through interaction with supersaturated
SBF solution [56]. It is hypothesized that the formation of calcium

phosphate on the immersed surface happens in two stages. In the first
stage, the phosphate ions are adsorbed onto the surface, and in the
second stage the adsorbed ions interact with calcium ions of the SBF
solution as follows [289]:
Stage I:
−
→ 4+
−
Ti(OH)3+
OX + H2 PO4(aq) ← Ti(OX) .HPO4(aq) + H2 O

(15)

2−
−
Ti4+
OX .HPO4(ads) + OH

(16)

→ 4+
3−
← Ti(OX) .PO4(ads)

+ H2 O

Stage II:
H2 PO-4 + Ca2+ ⇄ Ca (H2PO4)2
H2 PO24
2H

PO24

2+

+ Ca
+

+ 2H2O ⇄ CaHPO4.2H2O

4PO34

2+

+ 8Ca

⇄ Ca8 (HPO4)2(PO4)4

(17)
(18)
(19)

⇄ Ca3(PO4)2

(20)

2+
6PO3+2OH− ⇄ Ca10(PO4)6(OH)
4 + 10Ca

(21)

2PO34

+ 3Ca

2+

The calcium phosphate compounds deposited on the surface of the
coating facilitate the adsorption and proliferation of cells [290].
Bioactivity of coatings, in regard to their capacity to facilitate bone
mineralization by precipitation of apatite and HA, is determined by four
factors: surface roughness, Ca and P content, Ca-P ratio, and phase
composition, each of which are discussed in detail in the following subsections.

Fig. 32. The surface SEM morphologies of the PEO (electrolyte containing calcium acetate and β-calcium glycerophosphate) coatings on Ti6Al4V, immersed in SBF
for 1 day: (a) 5 min, (b) 10 min, (c) 20 min, (d) 40 min, (e) 60 min and (f) 90 min treatment time [291].
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Fig. 33. The surface SEM morphologies of the PEO ((electrolyte containing calcium acetate and β-calcium glycerophosphate) coatings on Ti6Al4V, immersed in SBF
for 14 days: (a) 5 min, (b) 10 min, (c) 20 min, (d) 40 min, (e) 60 min and (f) 90 min treatment time [291].

6.1. Roughness and Chemical Composition of the Surface

electrolyte comprised of calcium acetate and sodium hexametaphos
phate with molar Ca/P ratios of 2 and 5. After 10 min of PEO treatment
the coating formed in the electrolyte with a Ca/P ratio of 5 had signif
icantly enhanced bioactivity, with a HA layer formed after 1 week of
immersion in SBF, whereas 4 weeks of immersion in SBF solution was
required for the formation of a HA layer on the coating formed in the
electrolyte with a Ca/P ratio of 2. Mohedano et al. [300] studied the
effect of treatment duration on coating stoichiometry and discovered
that after 90 s of PEO the Ca/P ratio in the coating was far from that of
the electrolyte, while after 600 s of treatment it became nearly equal to
it. However, Ca and P content, and thus the Ca/P ratio, does not appear
to change significantly for treatment times exceeding 10 minutes,
meaning only morphology or phase composition might be altered in
these cases [301] (although these times are specific to the electrolyte
and current density being used). The applied signal is also an important
factor to consider. Increasing input voltage increases Ca and P content,
as well as the Ca/P ratio [302]. In the same manner, the application of
higher current densities in galvanostatic anodizing mode enhances the
Ca/P ratio [164]. It should be noted that the chemical composition of
SBF also plays a critical role in the determination of the bioactivity of
PEO coatings. Increasing the Ca and P content along with the pH of SBF
solution results in improved bioactivity in a pure TiO2 coating that ap
pears inert (i.e. does not induce apatite formation) in a regular SBF so
lution with the same composition as blood plasma [303]. This means
that coatings with a TiO2 matrix enriched in Ca and P which are capable
of releasing these elements into a body fluid are therefore expected to
induce HA formation with greater odds of success.

Bioactivity is a complex parameter that is affected by various factors.
The ability to form apatite and HA is one such factor. However, the
ability to form apatite alone is not sufficient to increase bioactivity but is
nevertheless an essential parameter. Durdu et al. [291] investigated the
bioactivity of Ti6Al4V alloy under different treatment durations, and
bioactivity was henceforth correlated with the morphology of the
coating surface. It is known that apatite is formed in zones with lower
energy and surface area. Prolonged PEO treatment times result in the
development of larger pores and cracks in the surface, therefore,
generating a greater number of sites available for nucleation and growth
of apatite, consequently improving bioactivity. Figs. 32 and 33 illustrate
the SEM images of the surface of the samples treated at different times,
and then immersed in SBF solution for 1 to 14 days. The role of PEO
coating cavities in the formation of apatite in these images is clear. A
roughness value of 0.3 to 1 microns seems to be appropriate for the
formation of apatite [292,293]. However, it was reported that surfaces
with far greater roughness values may demonstrate desirable bioactivity
if a proper Ca-P ratio is achieved [294].
Although Ca and P content is important for the determination of
bioactivity, the Ca-P ratio should not be overlooked [295,296]. Higher
Ca-P ratios improve bioactivity while degrading mechanical strength
[297]. However, bioactivity is known to be subtler in Ca-P ratios lower
than 1.5 [298]. It should also be noted that the Ca-P ratio of the coating
is determined by the electrolyte concentration and process parameters
[299]. Mohedano et al. [300] investigated PEO coating with an
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Fig. 34. Formation of the biomimetic apatites on the oxide layers formed by the PEO process in the electrolytes (0.02 M potassium hydroxide (KOH) and 0.01 M
potassium phosphate tribasic (K4P2O7)) without ZrO2 (a and c) and with 0.04 M ZrO2 (b and d); after immersion tests in the SBF solution for 7 days (a and b) and 14
days (c and d) [309].

6.2. Coating phase composition

6.3. Bioactivity inducing post-treatments

In addition to the Ca and P content and ratio, the oxide composition
and the constituent phases have a significant impact on the HA induc
tion. Zhao et al. [304] suggested that when titanium is treated by PEO in
a NaOH solution, the formation of Na2Ti6O13 facilitates the formation of
the HA phase. The formation of β-CaTiO3, b-Ca2P2O7, and α-Ca3(PO4)2
has been reported to promote surface bioactivity [305]. CaTi4(PO4)6 is
another bioactive compound of significant interest due to its chemical
stability, high resistance to acid media, and a similar thermal expansion
coefficient to titanium [306]. Moreover, CaF2/TiO2 composite is known
to be bioactive, and fluorinated HA with columnar grains is formed
during immersion in SBF solution [307]. To reveal the underlying causes
of the difference in bioactivity properties, Yang et al. [308] have
compared different oxide compositions. They found that a phase with
greater Ca and hydroxyl content exhibits higher bioactivity. If bioactive
phases are absent on the surface, and the oxide is mainly composed of
rutile or anatase, bioactivity will be hindered. The addition of nano
particles such as ZrO2 to the coating from the electrolyte may enhance
the bioactivity in two ways: modification of surface roughness and
inherent activation of nanoparticles. Fig. 34 represents the SEM images
of the surface of the coated samples in the presence and the absence of
ZrO2. By examining the images, it can be observed that the presence of
ZrO2 particles results in the formation of biomimetic apatite [309]. It
should be noted that bioactive surfaces are not limited to calcium
phosphate compounds, and phases such as silica are bioactive in nature
and facilitate the formation of apatite [310]. For instance, it has been
reported that the presence of bio glass-ceramic in the vicinity of
PEO-coated titanium can modify the bioactivity of a pure titania surface
immersed in SBF (i.e in the absence of Ca and P in the PEO coating), as
bio-glass releases Si(OH)4 which promotes the precipitation of HA
[311].

Various post-treatment methods have been demonstrated to affect
the HA precipitation on PEO-generated TiO2. UV irradiation can
improve bioactivity through the production of Ti3+ and oxygen va
cancies. Ti3+ ions react with water and form Ti-OH groups required to
induce the formation of HA [312]. The number of Ti-OH groups in
creases with irradiation time [313]. A combination of sandblasting and
PEO coating also provides a bioactive surface that induces HA formation
in SBF solution due to the increased surface area [314,315].
It is known that the presence of negative ions such as OH− and PO34
on the coating surface accelerates the formation of apatite due to the
adsorption of positive Ca2+ ions from SBF solution. Therefore, one
method that has been extensively used to induce mineralization is the
post-alkali treatment of PEO-coated titanium in NaOH solution [316].
Zhang et al. [317] have studied 2 different approaches for the produc
tion of a bioactive surface. The first approach employed PEO coatings
generated in a Ca- and P-containing electrolyte, and subsequently
treated in 1 M NaOH. The second approach utilized PEO coatings formed
directly in 1 M NaOH solution. It was discovered that despite both
coatings demonstrating bioactivity during the subsequent immersion in
SBF, the post-alkali-treated sample had generated HA in a shorter time,
and the Ca/P ratio was closer to 1.67 of human bone tissue. In both
methods, the generation of Ti-OH groups on the surface of the coating
was responsible for the enhanced bioactivity. When Ti-OH groups are
present on the surface, positive Ca ions are attracted to the surface and
the accumulation of positively charged ions leads to the attraction of
PO3−
4 with the gradual formation of HA [317].
NaOH steam-hydrothermal treatment of PEO-coated titanium sub
strates is another strategy for improving bioactivity. NaOH induces OH−
corrosion attacks, which lead to the formation of Ti-OH groups on the
surface of the coating. The more NaOH that is introduced onto the
surface of the coating, the greater the corrosion that takes place. As a
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result of the corrosive attacks, nanodots were formed on the surface of
the oxide layer covering the pores and cracks. The formation of bioactive
phases such as HA and α-TCP can be further facilitated by substrate grain
refinement [128]. Hydrothermal treatment over PEO-treated ultra
fine-grained titanium provides a high-strength coating while also facil
itating the HA formation. Since grain boundaries act as diffusion sites for
the diffusion of ions, the chemical activity and incorporation of Ca and P
ions are therefore enhanced which results in higher bioactivity of the
surface [318]. It is worth noting that hydrothermal treatment appears to
be more effective on less complicated coatings and may undo the
bioactivity enhancing effects introduced in the previous processing
steps. For instance, chemical treatment on PEO coating with HA nano
particles does not provide a further increase in bioactivity, but remains
the same as the chemically treated PEO without HA nanoparticles [319].
Hydrothermal treatment of Ca-P containing oxides can improve the
subsequent biomimetic nucleation of HA, even when it is carried out in
distilled water instead of an alkaline medium. In this case, during hy
drothermal treatment of P-containing oxide coatings, P-containing ions
diffuse to the coating surface and subsequently become hydrolyzed to
2+
2−
HPO2−
ions
4 . Accumulation of HPO4 ions and their reaction with Ca
provide active sites for the nucleation of HA [320]. Likewise, when
Ca-containing coatings are hydrothermally treated in distilled water,
Ca2+ ions diffuse to the oxide surface, and Ca(OH)2 and Ti-OH groups
are formed on the surface. During immersion in SBF solution, the pre
cipitates are dissolved and Ca2+/OH− ions are released into the solution.
Local supersaturation of Ca2+ ions and the presence of Ti-OH groups
favors the formation of HA [321]. Hydrothermal treatments may also be
carried out using microwaves as a heating source [322].

6.4. One-step synthesis of bioactive- HA phase
The PEO process enables direct synthesis of the HA phase incorpo
rated into a TiO2 coating matrix, providing a biocompatible and bioac
tive porous surface. Various electrolyte compositions can be used for this
one-step synthesis of HA. In general, the electrolytes are composed of
phosphate and calcium sources. Phosphate sources mainly include cal
cium/sodium glycerophosphates or calcium/sodium phosphates; where
the aforementioned calcium salts and calcium acetate serve as sources of
calcium [57]. Rudnev et al. [323] have suggested that for the direct
synthesis of the HA phase, several parameters should be considered
simultaneously: (i) there is a critical minimum current density for the
formation of HA, (ii) pH should be more than 9 and (iii) there is a critical
maximum limit for the Ca/P ratio in the electrolyte. Since HA is stable at
high pH values, NaOH is usually added to the electrolyte to increase the
pH to the range of 9–11. However, in some cases, it has been discovered
that HA is developed in neutral or acidic solutions. The formation of
apatite under acidic conditions is ascribed to the presence of
high-temperature and high-pressure discharges [324]. It should also be
noted that the Ca/P ratio in the coating is an important criterion for the
prediction of coating bioactivity [325]. When the Ca/P ratio is higher
than 1.67, mechanical strength is lowered, whereas, for values less than
1.5, bioactivity is lower instead.
The mechanism of the in-situ formation of HA during PEO of titanium
substrate in Ca/P-based electrolytes involves the anodic dissolution of
titanium and its reaction with oxygen ions to form titania during
anodizing, i.e. pre-breakdown stage. Later, when the applied voltage
surpasses the required voltage for the dielectric breakdown of the oxide

Fig. 35. Surface morphologies of Ca–P precipitates on titanium, with MAO treatment (electrolyte: 0.2 mol/L calcium acetate ((CH3COO)2Ca⋅H2O) and 0.1 mol/L
monosodium orthophosphate (NaH2PO4⋅2H2O)) times of (a) 1 min, (b) 1.5 min, (c) 2 min, (d) 2.5 min, and (e) 3 min [326].
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film, plasma microdischarges occur. During the discharging stage, OH− ,
2+
2−
PO3−
are transferred to the surface and react ac
4 , HPO4 , and Ca
cording to the following reactions [326]:
−
10Ca2+ + 6PO34 + 2OH → Ca10(PO4)6(OH)2

(22)

10Ca2+ + 6HPO24 + 8OH → Ca10(PO4)6(OH)2 + 6H2O

(23)

morphology [117]. Therefore, the morphology of the surface plays an
important role in the determination of the cell response [337].
Compared with other treatments, such as ion beam assisted deposi
tion, plasma spray deposition, or magnetron sputtering deposition,
which may be used to modify either Ti implant surface morphology or
composition, PEO is a simple method that enables the tailoring of sur
face roughness, porosity, and composition as required for ideal cell
attachment and ingrowth [338]. Moreover, PEO can lead to the deple
tion of toxic elements from the substrate, such as tin [339] and
aluminum [340], at the surface oxide layer, which is beneficial to the
biocompatibility of the coating. For instance, a comparison of the
biocompatibility of machined blasted and PEO treated surfaces have
demonstrated a nearly identical cell proliferation rate despite having
different surface morphologies [341]. However, the ALP1 activity on
treated surfaces revealed that the porous structure of the PEO coating
had significantly enhanced the cell differentiation, which is essential for
bone regeneration, compared to machined and blasted surfaces. The
combination of the rough and porous structure of PEO coatings makes
the surface favorable for osseointegration through mechanical inter
locking and chemical bonding with bone tissue [342].
It should be noted that the porous nature of the PEO coating,
alongside the incorporation of Ca and P ions into titanium oxide matrix,
renders it hydrophilic and stimulates cell attachment and growth. The
porosity is known to further enhance the wetting of rough hydrophilic
texture, which occurs by spreading of the liquid film over the surface
beyond the boundaries of a droplet. This phenomenon occurs only if the
contact angle is lower than a critical value, which is determined through
the interaction of roughness and the dry fraction of the wetted surface
[343,344].
The amorphous TiO2 layer which forms before the sparking stage
exhibits negligible ion incorporation from the electrolyte. Under
sparking conditions, the ion incorporation intensifies; a significant
amount of Ca is typically located on the coating surface, while Ca is
diminished towards the inner regions of the coating. P-rich areas are
distributed uniformly through the thickness of the coating [58].
Incorporated Ca and P ions improve the surface bioactivity via
several mechanisms. These include (i) the increase of local supersatu
ration near the surface during immersion in biological media as Ca2+
cations migrate to the outer surface, where the presence of OH− and
2+
PO3−
and PO3−
4 induce the formation of apatite; (ii) the release of Ca
4
which promote hydrolysis and the attraction of protein to these active
sites, stimulating cell proliferation and differentiation; (iii) the creation
of hydrophilic sites that enhance surface wettability which is essential
for improved cell adhesion [343,345]. Many of the bone matrix proteins
show an affinity to calcium ions due to their polyanionic nature, and
form electrostatic ionic bonds with Ca2+ cations, whereas osteoblast
cells form bonds with Ca through integrin receptors of the extracellular
matrix [346].
Various efforts have been made to optimize the incorporation of Ca
and P into the oxide structure. Qiao et al. [347] used intuitionistic
analysis to discover the optimal set of parameters for enhancing Ca and P
incorporation into the oxide layer from the electrolyte with phytic acid
as a source of phosphorous. Four factors across three levels were
investigated, and it was found that the Ca content is mostly influenced
by: Ca(CH3COO)2 concentration > current density > EDTA-Na2 con
centration > treatment time. It was found that diffusion and electro
migration control the incorporation of Ca into the oxide structure. The P
content was influenced by the factors in the following order: Ca
(CH3COO)2 concentration > treatment time > current density >
EDTA-Na2 concentration. For the electrolyte that contained both Ca and
P species, a critical limit was revealed beyond which the ingress of Ca
and P into the coating composition was limited due to a competition
between the chelating capacities of phytic acid and EDTA-Na2.

Gradually, the entire surface of the coating is covered by HA particles
sintered to the surface. [327].
In some cases, intermediate phases other than titania might be
developed before the synthesis of HA is completed. Kim et al. [328] used
potassium phosphate monobasic and calcium chloride electrolytes for
the direct synthesis of HA. It was revealed that initially, an intermediate
CaTiO3 layer is formed on the surface, and subsequently, HA develops
due to the interaction of the CaTiO3 layer and H+ ions formed from the
dissolution of K2HPO4.
Usually, fine and porous morphologies with a high pore population
density are considered favorable for cell adhesion. However, by
changing the electrolyte composition, concentration, and process pa
rameters, other morphologies such as plate, cluster, and flower might
develop. Figure 35 shows the effect of process time on structural change.
[326,327].
The selection of PEO process parameters plays an important role in
the quality of the developed HA phase. Process duration and current
density are two of the critical factors in the formation of bioactive phases
[329]. Increased duration and current density are known to improve HA
formation [330]. On the other hand, when high voltages or excessively
long treatment times are used, the developed HA phase is decomposed
[331] and may transform into TCP [332]. TCP is not stable in SBF so
lution, and will gradually dissolve during immersion. The gradual
release of Ca and P ions from the oxide layer locally increases the con
centration of Ca and P ions, and upon reaching a critical concentration,
the nucleation of the HA phase begins [333]. When HA is formed during
short treatment times, it may be amorphous and therefore may dissolve
more easily [325]. At longer process durations, it becomes noticeably
more crystalline [51].
Non-PEO-related studies of the HA bioactivity and its role in implanttissue interactions reveal that HA is solubilized in contact with body
fluids [334], and forms the new equilibrium phase CaHPO4, which
further participates in bone remodeling processes. This calls into ques
tion whether PEO processing of titanium for biomedical applications
should aim for the HA phase in a coating rather than other more readily
soluble Ca-P based phases, such as TCP, which would ensure the ready
supply of bioactive elements for cell metabolism [335].
7. Biological performance in vitro and in vivo
The success of the implantation process depends on the implant
material and the way it affects cell response [336]. Orthopedic Ti alloy
prosthesis often suffers from weak tribological properties, which, in
combination with a corrosive biological media, results in an accumu
lation of wear debris in the soft tissues around the implant, and neces
sitates implant replacement after long-term service in the human body.
PEO coatings considerably improve the corrosion and wear resistance of
titanium in biological conditions [310].
This section describes the morphology and the chemical composition
of PEO coatings on titanium and its alloys, the main criteria for selecting
the appropriate substrate, oxide composition, process parameters,
different additives, elemental doping, and pre/post-treatment in the
context of their effect on corrosion performance and the biological
response of tissues in vitro and in vivo to PEO-treated implants.
7.1. Coating morphology and chemical composition
Cells sense the texture of a substrate through the control of their
cytoskeleton configuration, intra- and extra-cellular signaling, and
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Cell proliferation, differentiation, and subsequently, the generation
of collagen and mineralization of the extracellular matrix appear to be
strongly linked to the Ca/P ratio in the coating. Wu et al. [348] inves
tigated the effect of Ca concentration on in vitro cytocompatibility of
PEO treated surface of pure titanium. It was found that an increase of Ca
concentration in the electrolyte (0.05-0.3 M) resulted in a greater Ca/P
ratio in the coating (0.4–2.21), and thus an increase in roughness, hy
drophilicity, and formation of bioactive phases such as CaCO3 and
Ca3(PO4)2. These changes enhance the adhesion of MC3-T3 cells. The
proliferation rate and differentiation of the cells were improved
compared to the non-treated Ti control after 4 days and 14 days,
respectively. Similarly, Sowa et al. [349] found the differentiation of
human bone marrow stem cells (hBMSCs) into osteoblasts with subse
quent collagen production and mineralization was improved on
PEO-treated Ti–13Nb–13Zr alloy when a relatively high Ca/P ratio (1.0)
was achieved in the coating that corresponded to an extremely high Ca
and P content (17.9 and 18.3 at.%, respectively). Furthermore, they
believe that the surface topography, in combination with chemical
composition, determines the bioactivity and that rough surfaces
enhance cell spreading. Rudnev et al. have shown that
polyphosphate-based electrolytes, in particular, facilitate the incorpo
ration of P and cations of interest from the electrolyte (such as Ca and Sr)
into the coating [350,351].
Although it is well known that Ca-enriched TiO2 enhances osseoin
tegration compared to Ca-free TiO2, it appears that to make a difference
in vivo, some considerable differences in Ca content should be present
within the implants. Kang et al. [352] investigated the in vivo
PEO-treated Ti implant materials with different Ca concentrations in the
coatings (4.2 at.% and 6.6 at.%). It was discovered that a 2.4 at.% dif
ference in Ca content did not significantly change the biomechanical and
histomorphometric response of the bone tissue to the two types of
coatings, concluding that what mattered was the similar state of
chemical bonding of Ca with TiO2 surface.
There is a consensus that the rougher surface of PEO coatings,
compared to bare substrates, improves cell and platelet adhesion [353,
354] and shows greater cell viability [343,355]. As a result, the for
mation of special “wrinkly” brain cortex-like morphologies received
greater attention, as these morphologies significantly improve wetta
bility, therefore may lead to enhanced bioactivity. For instance, PEO
synthesis in sodium tetraborate electrolyte produces grooves, or “slots”
in the morphology of the coating (Fig. 36), which interconnect with each
other to form a cortex-like structure that yields a 0-degree contact angle.
Enhanced wettability leads to a significant increase in cell proliferation
and ingrowth of the cells into the slots, which is expected to improve the
tissue-implant interlocking [356]. Echeverry-Rendon et al. [117]
revealed that different morphologies from grooves to porous micro
structures could be produced on titanium alloys at different concentra
tions of H2SO4/H3PO4 mixed electrolyte. The studies using human and

rat osteosarcoma cell lines indicate that the treated surfaces show better
biocompatibility compared to the untreated substrates in terms of cell
adhesion (contact area), but not in terms of cell proliferation rate, dif
ferentiation, and mineralization. Moreover, no significant differences in
biocompatibility level were observed among the treated surfaces despite
their different morphologies and roughness values. This phenomenon
highlights the importance of the combination of surface morphology and
roughness with bioactive chemical composition.
7.2. Substrate composition selection
The selection of an appropriate substrate composition can improve
biocompatibility through the incorporation of its alloying elements into
the oxide layer, synthesis of biocompatible phases, and the modification
of morphology and topography. cp-Ti and Ti6Al4V are the most com
mon dental and orthopedic implant materials and are thus the most
widely studied substrate alloys for PEO coatings. However, novel Al- and
V-free alloy grades such as Ti-3Zr-2Sn-3Mo-25Nb and β-type
Ti–29Nb–13Ta–4.6Zr alloy, have emerged as promising alternatives due
to their excellent mechanical properties and low cytotoxicity
[357–359]. Cimenoglu et al. [360] have compared the bioactivity and
biocompatibility of Ti6Al4V and Ti6Al7Nb alloys. Despite identical
coating procedures, different surface morphologies and chemical com
positions were obtained on these two alloys. PEO of Ti6Al4V generated a
more porous, HA-containing layer, while the treatment of Ti6Al7Nb
substrate produced some calcium titanate phase in the coating. The
morphological differences between the two coatings are illustrated in
Fig. 37. The coating applied on the Ti6Al4V alloy exhibits a porous
structure, while the coating applied to the Ti6Al7Nb alloy appears to be
rougher with fewer cavities and cracks. This resulted in greater cell
growth and attachment to the latter, although both the coated alloys
exhibited similar bioactivity in the SBF immersion tests.
7.3. Crystalline phases
Crystalline phases present in the coatings affect the response of bone
tissues. While the formation of phases containing Ca and P, such as TCP,
can effectively improve an alloy’s biomimetic HA-forming ability, the
osteoblast adhesion to a TCP-containing oxide layer on Ti-13Nb-13Zr
appears to be inhibited, even when compared to the uncoated sub
strate, for reasons that are not entirely clear. On the other hand,
wollastonite (CaSiO3) containing oxide was found to improve cell pro
liferation and adhesion, although it remained somewhat below that of
the substrate [361]. Chung et al. [362] have compared different oxide
compositions and their performance by in vitro and in vivo tests. Their
findings revealed that the proliferation rate of cultured cells was as
follows: HA-TiO2> Rutile-TiO2> Sr- HA> anatase-TiO2> HA> un
treated titanium, and the osteoblastic differentiation of the sample was:

Fig. 36. Cross-sectional SEM images of sample at 440 V under MAO (electrolyte: Na2B4O7⋅10H2O, 0.1 mol/L) 10 min, (b) 20 min [356].
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Fig. 37. SEM micrographs of alloys after the MAO process (electrolyte: (CH3COO)2Ca⋅H2O and Na3PO4)) . (a) Ti6Al4V surface, (b) Ti6Al4V cross section, (c)
Ti6Al7Nb surface and (d) Ti6Al7Nb cross section [360].

HA-TiO2> HA> Sr- HA> rutile-TiO2> anatase-TiO2> untreated tita
nium. In vitro tests revealed that the presence of HA does not affect cell
proliferation rate significantly, while it can promote differentiation in
the long term. Dual phased HA-TiO2 coatings have a combination of
favorable properties including good proliferation rate, differentiation,
and support for the formation of osteocytes. Osteocyte compatibility of
the coatings was in the order of: HA-TiO2> Sr- HA> HA> rutile-TiO2>
anatase-TiO2> untreated titanium. In vivo tests of the implanted samples
revealed that dual phased coatings demonstrated the best coat
ing/substrate adhesion strength, and the others were ordered as Sr- HA
> HA> rutile-TiO2> anatase-TiO2> untreated titanium. In vivo and in
vitro comparison of the rutile and anatase phases was also drawn by
Chen et al. [363]. Their findings were in conformance with the data
obtained by Chung et al. [362] which corroborated that rutile out
performs anatase in terms of biocompatibility. Ribeiro et al. [364]
investigated the effect of phase composition on osteoblast response.

They overlapped cytoplasmatic extension images with Raman spectra
and found that filopodia spread over the regions covered with rutile
while the contact with anatase covered areas was minimized. This is the
main reason why filopodia occasionally penetrate coating pores instead
of bridging over the pores. This phenomenon may also be the reason that
the anatase-rich TCP-based oxide coating in [278] exhibited poor cell
adhesion and proliferation. Likewise, Robinson et al. found that natural
amorphous titania on non-anodized Ti6Al4V alloys supported an
improved cell proliferation compared with anatase-dominated PEO
coatings [365], whereas phases such as titanium aluminate (formed in
aluminate-based electrolytes) may adversely affect the proliferation rate
due to their toxicity [365]. It was also shown that the amorphous Ca-rich
TiO2 layer increases IFN-γ cytokine secretion, which is known to regu
late inflammatory responses [364]. To summarize, it would appear that
the unfavorable crystalline allomorph of TiO2 (anatase) can diminish the
positive effect of bioactive Ca- and P-rich phases, which are most

Table 6
The effect of PEO electrical parameters on surface characteristics and cell response.
↑Current density
Surface changes

Biological response

Phase composition
Pore size
Roughness
Porosity
Wettability
HA nucleation
Cell adhesion
Cell proliferation
Cell differentiation
Osseointegration

↑
↑
↑

↑Voltage

↑Duty cycle

↑Process duration

↑Frequency

↑
↑
↑

↑

↑
↑
↑
↑
↑

↑
↑
↑
↑
↑
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beneficial when they are in an amorphous or rutile matrix. However,
detailed studies should be carried out to reveal the impact of these phase
components on cell response [361].
7.4. Selection of process parameters
Process parameters not only affect the coating morphology and
topography but also impact the chemical and phase composition of the
oxide layer, which subsequently influence the biological response of the
tissues in vitro and in vivo (Table 6). Zhao et al. [366] investigated PEO
of pure titanium at different concentrations of KOH electrolytes and
various current densities. It was found that there is a certain threshold
for current density and electrolyte concentration above which a
K2Ti6O13/TiO2 phase composition is synthesized. K2Ti6O13 shows good
bioactivity when immersed in SBF solution. K2Ti6O13 displays desirable
ion-exchangeability, and exchanges potassium ions with hydronium and
calcium ions while being soaked in the solution. The formation of Ti-OH
groups improves the bioactivity and facilitates the nucleation of HA. Lu
et al. [367] investigated the effect of duty cycle and KOH additives on
the electrolyte. At higher duty cycles and KOH concentrations wetta
bility was increased, and therefore, cell proliferation and adhesion were
also improved. Increasing the process duration and current density en
larges the pores and increases the roughness of the surface, which causes
an increase in the biocompatibility of the surface [368]. The application
of high voltages during PEO processing facilitates cell differentiation in
vitro and osseointegration in vivo due to an increase of the surface
roughness [369,370]. PEO coatings generated at high frequencies
improve cell attachment and growth. Increasing frequency also en
hances wettability, which is favorable for initial attachment. Further
more, the production of a more porous structure with better connectivity
facilitates the adsorption of ions,and therefore, improves cell attach
ment and growth [371].
7.5. Addition of micro/nanoparticles
It has been reported that the presence of hydroxyl, phosphate, and
calcium ions on the surface of the coating improves proliferation and
differentiation. Thus, the incorporation of HA nanoparticles into the
oxide microstructure attracted some attention as they can improve
biocompatibility [372,373] and bioactivity [374]. The addition of HA
nanoparticles into the electrolyte leads to their incorporation into the
coating surface, and can be enhanced through the addition of ethanol to
the electrolyte. Ethanol reduces gas emissions during PEO processing,
which otherwise obstructs the adsorption of nanoparticles [335,375].
Bioactivity and cell viability are increased due to the negative charge of
HA nanoparticles [376].
Yeung et al. [377] investigated the impact of using HA particles with
different sizes on the biological properties of titania coating in vitro. It
was found that HA nanoparticles penetrate tiny coating pores and do not
significantly change the surface morphology, while micro-sized HA
particles create an irregular surface topography as they become trapped
on the surface without being able to enter the discharge channels. The
addition of both micro and nano-sized HA improves biocompatibility. It
was revealed that the addition of both sizes improves cell proliferation,
while nano-sized particles show more ALP activity (a measure of cell’s
predisposition to differentiate), which is indicative of their superior
osteoinductive properties. The enhanced ALP activity is attributed to the
more porous structure, and the HA nanoparticles are a source of Ca and P
ions that facilitate the increased mineralization activity of osteoblasts.
Ma et al. [378] studied the use of HA nanoparticles in PEO treatment
and their effect on in vivo tissue response. They revealed that HA
nanoparticles modify surface morphology, roughness, and chemical
composition in a way that eases osseointegration, and that the modified
surface becomes osteoinductive owing to the early osteoid deposition.
The size of particles determines whether their incorporation into the
coating is going to be inert or reactive [52], but the challenge of

Fig. 38. The formation of biomimetic apatites on titanium oxide layers formed
by PEO in potassium phosphate-based electrolyte (a) without and (b) with 0.04
M monoclinic zirconia particles after immersion in an SBF solution for 14
days [381].

suspension electrolytes is the prevention of particle coagulation. For
instance, the addition of 3 ml/l ethylenediol can negatively charge HA
particles, which enables the combination of PEO and electrophoretic
deposition [379]. Ethylenediol can be used to stabilize suspensions for
about a day. Furthermore, ethylenediol adjusts the pH to be in the range
of 8–11, resulting in negatively charged HA particles. During the coating
process, particles are absorbed onto the anode surface due to electro
phoretic action. Particles form agglomerates on the surface and melt as a
result of local arcs, forming a homogenous coating after quenching
[379]. The charged nanoparticles are transported to the surface via a
cataphoretic mechanism, therefore the increase of voltage enhances the
weight of adsorbed nanoparticles [324].
Particles other than HA can add different functionalities to bioactive
coatings. The incorporation of ZrO2 nanoparticles into the oxide struc
ture improves oxide adhesion strength, which is essential for biomedical
applications [380]. Moreover, the presence of nanoparticles enhances
surface roughness which is favorable for the formation of apatite. Fig. 38
shows the PEO coating with and without zirconia particles on titanium.
For the sample without zirconia particles, the coating facilitates the
generation of small, spherical particles of biomimetic apatite during
immersion in SBF. However, in the sample with zirconia particles, the
surface is scattered with large numbers of larger sized apatite particles.
The results can be explained by the fact that the pores and cavities of the
PEO coating act as sites for the nucleation of apatite particles, and the
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presence of zirconia particles causes the nucleation and growth of
apatite particles due to the additional surface hydroxylation via Zr-OH
groups[381]. The roughened surface, provided that the roughness pa
rameters (Rz or Sz) do not exceed the average cell size, makes sites for
cell anchorage, and improves cell adhesion, proliferation, and differ
entiation [382].

inverse correlation of proliferation and differentiation [398]; this is
often observed for other dopants as well [391]. Zhang et al. suggested
that proliferation rate also has an inverse correlation with initial cellular
adhesion. They proposed that surfaces with higher energy have a greater
initial adhesion, and the initial improvement in adhesion is usually
accompanied by the inhibition of the proliferation rate [399]. The
expression of α1 and β1 integrin genes is higher on Mn-incorporated
coatings, which might be responsible for mediation of FAK (focal
adhesion kinase) and upregulation of ERK2 (extracellular
signal-regulated kinase 2) [400].
Furthermore, it has been reported that the incorporation of boron in
the oxide layer enhances cell response. The addition of Na2B4O7⋅10H2O
to the electrolyte was studied by Huang et al. [401]. Their studies
revealed that oxide morphology does not significantly change in com
parison to non-boron containing films. However, the roughness of the
oxide layer was slightly increased due to the increase of breakdown
voltage, and therefore, hydrophilicity is also increased. The enhanced
cell differentiation and early cell spreading is ascribed to the enhanced
hydrophilicity and the presence of B-OH groups on the surface of the
coating. Moreover, the gradual release of boron is likely another reason
for the improvement in cell differentiation. With that being said, the
proliferation rate of SaOS-2 cells of B-containing coatings was lower
than the non-doped TiO2 coating, which is related to the inverse relation
of cell differentiation and proliferation [398,402]. The gradual release
of B, due to the dissolution of the B2O3 component, results in enhance
ment of differentiation [401].
Lower doses of other microelements, such as Cu2+, have been re
ported to enhance proliferation and differentiation of fibroblasts. Higher
doses of Cu2+, on the other hand, may have a detrimental impact due to
its cytotoxicity [403].
A Zn-substituted HA/TiO2 system exhibits favorable biocompati
bility in terms of cell attachment and differentiation. The gradual release
of Zn2+ ions during the dissolution of the HA phase affects bone ho
meostasis through the upregulation of expression of cbfα1 (core-binding
factor alpha 1, an osteogenic marker gene) and osterix (osteoblast-specific
transcription factor). Cbfα1 triggers differentiation in the early stages of
cell culturing while contributing to gene expression at later stages [404].
Hu et al. [405] have found that the differentiation of bronchial smooth
muscle cells (bSMC) cells on surfaces with higher concentrations of Zn
was more noticeable. It was also suggested that the gradual release of
Zn2+ ions upregulate the gene and protein expression of bSMC cells.

7.6. Elemental doping
PEO processing can facilitate the partial substitution of native cat
ions in phases such as HA or TCP with other cations of other elements.
Such elemental doping has been proven to be efficient in improved early
cell response. For instance, the incorporation of low Sr content can
improve the proliferation rate after 14 days of cell culture. However,
higher Sr contents (over 10%) do not have a significant effect. The
addition of Sr to an electrolyte does not affect surface morphology and
roughness [383]. The incorporation of Sr into the structure of
plasma-sprayed HA and PEO-generated calcium phosphate coatings
promotes the differentiation and proliferation of osteoblast cells [384].
The positive effect of Sr additives on the differentiation and proliferation
is ascribed to its role in the activation of CaSR (calcium-sensing recep
tor), and the subsequent triggering of ERK1/2 (extracellular
signal-regulated kinase 1/2) cascade pathway. The addition of Sr also
promotes osteoblast, and reduces osteoclast, activities [385]. The
incorporation of Sr, along with Ca and P ions, into the oxide layer, en
hances the ionic activity, and therefore, significantly improves bioac
tivity [386]. When a PEO coating is exposed to the SBF solution, Sr is
gradually released into the solution, and the Ca and P content of apatite
products on the coating surface is increased. It was found that when
0.15 wt% Sr is present in the oxide layer, apatite products appear after 1
day of immersion, and the surface becomes entirely covered following 7
days of immersion. Yan et al. [387] studied the addition of different
amounts of Sr into the coating. Coatings containing Sr-substituted HA
(SryHA) were fabricated where the Sr / (Sr + Ca) ratio in the electrolyte
varied between 8% and 25%. It was found that the highest degree of
substitution of Ca for Sr in HA yields the best results in terms of osteo
conductivity and bone-implant integration.
The addition of other ions, such as magnesium, silicon, silver,
manganese, boron, copper, and zinc into the electrolytes can also
improve the coating bioactivity by a significant margin. The incorpo
ration of Mg into the coating composition results in the strong attach
ment of bone tissue to the surface and demonstrates a better bone
response compared to the Mg-free surface [388]. The higher bioactivity
of Mg-containing coatings is attributed to the higher dissolution rate of
Ca-P based compounds and the precipitation reactions [389]. In vivo
test results were in agreement with in vitro tests, and osteoconductivity
(in terms of both bone-to-implant contact % and bone area %) was
enhanced. The modified behavior of the PEO coated surface is attributed
to the release of Mg ions [390], which are known to participate in
several bone homeostasis processes including the modulation of osteo
clastogenesis [391].
The formation of specific phases such as CaO and CaSiO3 improves
biocompatibility [392]. Furthermore, the incorporation of Si ions into
the oxide structure improves coating morphology and reduces pore size;
there is numerous evidence that cell proliferation and adhesion is
increased on Si-doped TiO2 surfaces [393,394]. Zhang et al. [395]
suggested that the incorporation of Si to TiO2 structures promotes
MC3T3-E1 cell adhesion through integrin of the β1-FAK signal trans
duction pathway. It was observed that the degree of cell attachment was
correlated with integrin β1 gene expression. Moreover, the presence of
Si in the oxide structure is effective in the improvement of the viability
of human mesenchymal stem cells (hMSCs). However, after 10 days
viability is lowered, but increases again after 21 days [396].
The incorporation of Mn into an oxide layer improves the differen
tiation and mineralization of osteoblast cells [397]. However, the pro
liferation rate is not always promoted, which may be ascribed to the

7.7. Pre/post-treatment
Pre-treatments and post-treatments can improve bioactivity, for
example osteoblasts and other cell activity, through surface modifica
tion and increasing the Ca-P content on the surface. The most common
post-treatment is a hydrothermal process. For instance, the hydrother
mal treatment of PEO-coated samples in a suspension of HA nano
particles can significantly enhance the coating bioactivity by reducing
the activation energy of Ca and P ions. Furthermore, heat treatment
reduces the adhesion of platelets to the oxide film which reduces blood
coagulation [406]. Application of HA through electron beam (e-beam)
evaporation before PEO coating is shown to be an effective method to
enhance surface bioactivity. Improved cellular activity of the hybrid
coating is ascribed to an increase of Ca-P content, which induces oste
oblastic cell responses [407]. Li et al. [408] combined PEO and e-beam
evaporation techniques to synthesize a surface with high Ca-P content.
Firstly, the cp-Ti samples were coated using the PEO treatment. Then, a
nano-structured film with high Ca-P content was deposited via the
e-beam evaporation of HA and CaO powders. The In vivo biocompati
bility studies indicated a significantly enhanced contact osteogenesis on
the anodized and Ca-P coated implant surface. Due to the flexibility of
e-beam evaporation, it has been widely utilized to modify the bioactivity
of even inert surfaces. Hu et al. [409] applied CaSiO3 nanocrystals to
TiO2 coatings to greatly improve the bioactivity of the surface in the SBF
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provide a larger contact area that leads to the directional elongation of
filopodia and lamellipodia [148]. Nano-rods exhibit lowers protein
adsorption and bioactivity compared to nano-leaf and nano-plate
structures [412].
Post-alkali treatment in NaOH solution and heat treatment was
found to have a positive impact on the bioactivity of PEO coating [413].
Increased bioactivity of the heat-treated coatings is related to the
enhanced crystallinity. It has been suggested that apatite is not easily
formed on amorphous structures [414]. A hydrothermal treatment in
pure water may also be employed for enhancing cell proliferation [415].
The electric polarization of PEO treated titanium can promote cell
attachment. Nagai et al. [416] used electric polarization at 5 kV cm− 1
DC field for 1 h. As a result of the polarization, two negatively and
positively charges samples were prepared. MG63 cells showed greater
proliferation and differentiation on a negatively charged surface. This
behavior is ascribed to the adsorption of biomolecules on the negatively
charged surface, effectively improving the initial cell attachment and
behavior.
UV irradiation can boost bioactivity through the production of Ti3+
and vacancies. Ti3+ ions react with the water and form Ti-OH groups,
facilitating the formation of HA [312]. The number of Ti-OH groups is
increased with irradiation time [313].
Parallel to the surface chemistry, topography, and morphology of the
surface, the substrate/coating interface also plays an important role in
the determination of biocompatibility and osseointegration. The appli
cation of shot blasting before PEO coating improves mechanical inter
locking and the tribological strength of the oxide layer [341]. It was
discovered that shot blasting renders the oxide layer inhomogeneous in
terms of coating thickness and the Ca/P ratio. However, the critical load
required for the removal of the coating was increased by over 3 orders of
magnitude. The elastic modulus of the oxide layer was close to the value
associated with bone. Sul et al. [417] [418] investigated the application
of sandblasting before PEO coating and the Removal Torque (RTQ). The
test results revealed that the osseointegration strength was promoted
through the improvement of biochemical binding. It is well known that
when an electrolyte contains Ca and P salts simultaneously, there is a
critical limit beyond which calcium phosphates are precipitated; the size
of the particles in the suspension electrolytes may limit their incorpo
ration into the microdischarge channels. To overcome this limitation, Yu
et al. [419] investigated the sequential PEO treatment in P and Ca
containing electrolytes, respectively. The resultant HPEO coatings con
tained an elevated amount of α-Ca(PO3)2 and CaTiO3.

Fig. 39. Morphologies of MG63 cells cultured on the TiO2 and TiO2/CaSiO3
coatings for 1, 3, 5, and 7 days, respectively. White arrows indicate filopodia
extensions of MG63 cells, (PEO treatment on cp-Ti, electrolyte: 0.05 mol/L
glycerophosphate disodium salt pentahydrate (GPNa2, C3H7Na2O6P⋅5H2O) and
0.1 mol/L calcium acetate monohydrate (CA, C4H6O4Ca⋅H2O)) [409].

solution; as a result, MG63 cells exhibited a higher proliferation rate by
forming a monolayer in 3 days, as indicated in Fig. 39. These im
provements were ascribed to the porous and nanostructured coating.
Han et al. [410] coated Co-Cr alloy with a thin layer of titanium through
e-beam evaporation, and later a PEO post-treatment was employed to
generate a porous surface. It was found that the bioactivity of the Co-Cr
alloy surface was significantly improved. In another study, the role of a
hierarchical morphology was investigated [411]. Ti samples were
initially treated using PEO. Then, a Ti thin film was applied on the
surface of porous titania through e-beam evaporation. Finally, anodic
oxidation was applied to create nano-pores with a size of about 70 nm.
The product of a hybrid coating is a hierarchical micro/nano-porous
structure that demonstrates superior hydrophilicity and bioactivity.
A hydrothermal treatment in an aqueous ammonia solution with
different treatment times leads to the formation of different surface
morphologies. Nano-rod, nano-leaf, and nano-plate morphologies can be
developed based on the ammonia concentration and heat treatment
parameters. The effect of hydrothermal treatment time on the
morphology is presented in Fig. 40 [412]. 24 h and 120 h hydrothermal
◦
treatment at 200 C in ammonia solution result in the formation of a
hierarchal nano-plate and nano-leaf microstructure, respectively [148].
The nano-leaf microstructure showed a higher contact angle and was
slightly hydrophobic. It was found that the cell proliferation on
nano-leaf structure was enhanced, which was ascribed to the morpho
logical aspects of the surface. Nano-plate structures provide a limited
area for the cells to anchor their lamellipodia, while nano-leaf structures

8. Antibacterial properties
It is known that PEO treatment improves the bioactivity of titanium
surfaces. However, the surfaces of dental, and particularly orthopedic,
implants are vulnerable to bacterial infection which may ultimately
cause failure of the implant [420]. As summarized in Fig. 41, the PEO
treatment is uniquely equipped to functionalize the surface to induce
antibacterial properties in three ways [421]: i) the release of Reactive
Oxygen Species (ROS), ii) The release of antimicrobial ions, and iii)
Electrostatic reactions.
Exposure of the coating to photons with energies greater than the
bandgap of the oxide layer produces ROS, which are strong oxidants.
Another mechanism for the antimicrobial action of the PEO oxide layer
is the release of antimicrobial ions that were incorporated into the
coating from the electrolyte, which damage the integrity of bacterial
cells. Finally, nanoparticles incorporated into the coating may acquire a
positive charge in the environment due to their zeta potential. The
attraction of nanoparticles to the bacterial cell, due to their opposite
charge, leads to their direct contact, which can result in cell membrane
damage and other morphological changes in the bacterial cells.

40

Applied Surface Science Advances 5 (2021) 100121

M. Aliofkhazraei et al.

Fig. 40. SEM images of nano-morphologies generated on PEO coatings as a function of hydrothermal post-treatment time in ammonia at 200ºC: 0 h (a–c), nano-rods
obtained in 4 h (d–f), nano-plates obtained in 24 h (g–i), and nano-leaves obtained in 120 h (j–l) at different magnifications [412].

Fig. 41. Three ways of evaluating antibacterial properties through the PEO process [421].
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sodium glycerophosphate was carried out, yielding about 2 at. % Ag in
the coating
Co-doping of Zn and Ag has a synergic effect on antibacterial prop
erties [427]. Zn2+ is incorporated in the oxide structure through the
formation of ZnO and Zn2TiO4 phases. The addition of Zn into the
coating structure improves ROS generation, such as OH− and H2O2,
which reduce the adhesion of bacteria to the surface. Moreover, the
gradual release of Zn hinders the growth of planktonic bacteria.
Furthermore, Zhao et al. [431] found that Zn causes changes in the
morphology of S.mutans bacteria that may result in permeability of cell
membrane and leakage of intracellular matter. However, when the Zn
content in the coating is increased, it may occupy Ca sites and thus
hinder the precipitation of HA. It should be noted that the addition of Zn
ions at a concentration of more than 10 ppm may have cytotoxic effects
[432]. Incorporation of Zn into the coating composition within the range
of 0.199 at.% to 0.574 at.% can be optimal, and prevents cytotoxicity
towards the osteoblast cells while demonstrating antibacterial proper
ties [431].
The incorporation of Cu into coating structures simultaneously pro
motes antibacterial and bioactivity. The presence of Cu in the oxide
composition facilitates the adsorption of proteins that impede the
adhesion of bacteria to the coating surface. In addition, Cu ions released
from the oxide react with microbial DNA and deactivate the bacterial
proteins. However, the mechanism through which Cu ions affect
biocompatibility is not fully elucidated. It is assumed that the presence
of Cu increases the gene expression of IGF-1 (insulin-like growth factor
1), which may be responsible for the cell proliferation and differentia
tion of MG63 [433]. The addition of Cu as nanoparticles may be more
efficient due to the higher surface-area-to-volume ratio which enhances
contact killing and Cu ion release [434]. A hypothesis about the anti
bacterial mechanism of Cu containing coatings indicates that Cu+,
released from nanoparticles, diffuses to the bacteria and interferes with
their metabolism. Furthermore, Cu2O nanoparticles have a high ten
dency to adhere to the surface of bacteria, resulting in changes in
morphology and permeability of the cell membrane [423]. It should be
further emphasized that there is not a single mechanism for the anti
bacterial action of Cu-containing coatings. Wu et al. [176] found that
TiO2 coating with 1.31 and 2.37 at.% Cu demonstrated good antibac
terial properties for E. coli and S. Aureus, which was ascribed to two
mechanisms; the release of Cu ions and contact killing. Rokosz et al.
[435] succeeded in doping more than 12 wt.% Cu into the TiO2 coating
composition. Coatings with such a highly active element content may
potentially be highly bactericidal as well as highly cytotoxic.
Pt nanoparticles were found to be ineffective bacteriostats or bac
tericides [348]. Among the anionic electrolyte additives, fluoride spe
cies, which possess a well-documented anti-bacterial effect, can be easily
incorporated into titania films and confer bacteriostatic and bactericidal
properties. The presence of trace amounts of fluoride on a Ti surface
achieved as a result of chemical pre-treatment (e.g. surface activation or
etching in ≤0.2 vol.% HF) was shown to improve bone response and
enhance the bonding strength between the bone and implant [436].
However, fluoride is cytotoxic concerning most cell types from con
centrations as low as 1 mM in the cell medium [437], and needs to
release ~15–30 µg/cm2 of F− from the implant surface (i.e. at least 6–10
at.% F must be present in the coating) to exhibit bacteriostatic and
mildly bactericidal effect with regards to a biofilm [438].

Fig. 42. Release of silver from antibacterial coatings of M1 (diameter of silver
wires in-target: 1mm, silver content: 1.60 wt.%), M2 (diameter of silver wires
in-target: 2 mm, silver content: 4.91 wt.%), M3 (diameter of silver wires in
target: 3mm, silver content: 13.90 wt.%) immersed in PBS, PEO(26.4 g/L cal
cium acetate, 4.3 g/L sodium glycerophosphate, silver content, wt.% (inside
pores): 0.95 :M1, 1.36: M2, 1.93: M3) on cp-Ti [425].

8.1. Antibacterial effect of elements/nanoparticles
In general, coated surfaces with a TiO2 layer have a certain level of
resistance to bacterial activity owing to their photocatalytic properties
[422]. Their antibacterial properties originate from the reaction of OH−
radicals and ROS with bacteria membrane. Electrons and holes are
generated within the TiO2 upon exposure to UV light; OH− radicals,
which are known to be strong oxidants for bacterial organisms, are
produced through the reaction of electrons and holes with water and
oxygen species [423]. Kuhn et al. [424] found that the efficiency of TiO2
coated surface towards reducing bacterial activity is in the following
order: E. coli > P. aeruginosa > S. aureus > E. faecium > C. albicans.
The incorporation of metal ions into the oxide structure can improve
the photocatalytic properties by lowering the bandgap energy of the
oxide layer. In order to improve the resistance of the TiO2 coating layer
to bacteria such as S. aureus, the addition of ions such as Ag+ is found to
be beneficial [422]. Ag-containing PEO coatings release high amounts of
Ag+ ions during the first day, while the release rate is reduced from the
second day onwards. This trend is demonstrated in Fig. 42, which en
sures long term protection. It was also discovered that when the con
centration of released Ag in the medium surpasses ~500 ppb, the surface
becomes cytotoxic especially on the first day. Whereas on the second
day, due to the deceleration of Ag release, cell activity is recovered
[425].
Ag nanoparticles possess a high surface area per mass unit, and
therefore, release a certain amount of Ag+ continuously [47,426]. Ag
nanoparticles reduce the antibacterial activity in two ways; firstly, they
produce products that are harmful to the bacteria and cause DNA
damage; secondly, the release of Ag+ inhibits the bacteria growth
through the condensation of bacterial DNA and hinders replication
[427]. Furthermore, direct contact with the bacterial membrane further
imposes changes in the DNA and leads to contact-killing [428].
Although the addition of large amounts of Ag may promote the anti
bacterial properties significantly [429], exceeding a certain level ren
ders the coating detrimental to cell proliferation and vitality [425] . As a
result, an optimal level should be selected. Zhang et al. [430] produced
an antibacterial PEO surface with a novel approach, incorporating Ag
into the coating from the substrate instead of the electrolyte. Firstly, the
cp-Ti surface was coated with AgTi using magnetron sputtering. Then,
the MAO treatment in an electrolyte composed of calcium acetate and

8.2. Surface activation/modification
Hydrothermal treatment in H2O2 provides antibacterial properties to
PEO coating. The enhanced antibacterial property is ascribed to
increased photocatalytic properties and nano-functionalization of the
surface. Hydrothermal treatment increases ROS, which are detrimental
to bacterial membranes, and therefore, reduces bacterial activity.
Furthermore, nano-petal topographies are formed on the coating sur
face, effectively lowering bacterial adhesion [439]. Hydrothermal
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Table 7
The effect of PEO treatment with different elements in the electrolyte or post-PEO treatments on antibacterial, bioactivity, biocompatibility, and photocatalytic
properties on Ti and Ti alloys.
substrate

electrolyte

cp-Ti
(biograde)

0.02 M K3PO4 + 0.11 M KOH

cp-Ti

20 g/l Na3P4⋅12H2O + 4 g/l NaOH

cp-Ti
(grade
4)

Ca(CH3COO)2⋅H2O + Na2HPO4

Post-treatment or
different element in
electrolyte
Deposition
of tantalum oxides.

Biocompatibility effects

Bioactivity properties

Antibacterial properties

Ref.

(PEO-Ta2O5)
Biocompatibility vs MG-63

No test

[441]

0
5 g/l ZnO NPs
10 g/l ZnO NPs
15 g/l ZnO NPs
0

No test

Improvement bioactivity
due to the distribution of
zinc and phosphorus
elements
No test

Relative fluorescence intensity
against S. aureus for Ta2O5 100
(arb.units) and for PEO-Ta2O5
125 (arb.units)
Relative fluorescence intensity
against A.
actinomycetemcomitans for
Ta2O5 100(arb.units) and for
PEO-Ta2O5 125 (arb.units
highest growth reduction of S.
aureus and
E. coli bacteria in the coating
containing 15 g/l of ZnO
0% Antibacterial
efficiency against S. aureus
36⋅66 % Antibacterial
efficiency against S. aureus
99⋅98 % Antibacterial
efficiency against S. aureus
99⋅98 %Antibacterial
efficiency against S. aureus
control
57.8% antibacterial
efficiency against S. aureus
And
67.2% antibacterial
efficiency against E.coli (on
Muller Hinton Agar (MHA) for
48 h)
control
No Antibacterial
efficiency against S. aureus
cultured for 24 h
87 ± 21% antibacterial
efficiency against S. aureus
cultured for 24 h
72 ± 15% antibacterial
efficiency against S. aureus
cultured for 24 h
88 ± 21% antibacterial
efficiency against S. aureus
cultured for 24 h
Control
3% antibacterial
efficiency against E.coli
And
3% antibacterial
efficiency against S.aureus (on
LB agar for 24 h)
50% antibacterial
efficiency against E.coli
And
20% antibacterial
efficiency against S.aureus (on
LB agar for 24 h)
0% antibacterial
efficiency against E.coli
And
65 % antibacterial
efficiency against S.aureus (on
LB agar for 24 h)
0% antibacterial
efficiency against E.coli
And
95% antibacterial
efficiency against S.aureus (on
LB agar for 24 h)
No test

Biocompatibility vs SAOS-2
up to 1⋅14
wt%. Ag

0.001 mol/l
AgC2H3O2
cp-Ti
(grade2)

Sodium silicate + potassium
hydroxide

0
Ag NPs

No test

Most levels MAO-Ag are
covered by a spherical
structure after 28 days in
SBF and have the ability
to form more apitites

cp-Ti

0.15 M Calcium acetate + Calcium
Glycerophosphate

0
0.02 mM silver
nitrate

Biocompatibility vs ADSCs
No tangible effect presence
silver on viability ADSCs cells

No test

No test

No test

All samples (PEO with
different electrolytes)
biocompatibility vs MC3T3

The bioactive elements
embed into the coating
from the electrolytes
formed HA, apatite,
SiO2, MgO, CaF2 and

0.04 mM silver
nitrate
0.16 mM silver
nitrate
0.64 mM silver
nitrate
cp-Ti

-

0

0.1 g/L AgNPs

4 g/l NaH2PO4 + 0.4 g/l NaOH

0.5 g/L AgNPs

1 g/L AgNPs

cp-Ti
(grade
1)

15.4 g/l Ca
(CH3CHOHCOO)2⋅5H2O + 3.9 g/l
NaH2PO4⋅2H2O + 20.5 g/l
Na2EDTA⋅2H2O + 4.43 g/l NaOH
15.4 g/l Ca

[442]

[443]

[444]

[445]

[446]

[391]

(continued on next page)
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Table 7 (continued )

cp-Ti
(grade1)

cp-Ti
(grade2)

cp-Ti
(grade
4)

(CH3CHOHCOO)2⋅5H2O + 3.9 g/l
NaH2PO4⋅2H2O + 20.5 g/l
Na2EDTA⋅2H2O + 2 g/l ZnO + 3
g/l Na2SiO3⋅5H2O + 3 g/l MgSO4
15.4 g/l Ca
(CH3CHOHCOO)2⋅5H2O + 3.9 g/l
NaH2PO4⋅2H2O + 20.5 g/l
Na2EDTA⋅2H2O + 2 g/l ZnO + 3
g/l Na2SiO3⋅5H2O
15.4 g/l Ca
(CH3CHOHCOO)2⋅5H2O + 3.9 g/l
NaH2PO4⋅2H2O + 20.5 g/l
Na2EDTA⋅2H2O + 6 g/l NaOH + 3
g/l Na2SiO3⋅5H2O + 2 g/l NaF
1 M CH3COONa

Mono layer : 5 g/l (C3H7Na2O6P)
+ 5 g/l (Ca(CH3COO)2⋅XH2O)
Two layer: 1) 10 gr/
l sodium triphosphate
2) 10 gr/
l sodium triphosphate
0.15 M (Ca(C2H3O2) + 0.02 M
(C3H7O6PCa)

CaTiO3 and
improvement bioactivity
properties

Hydrothermal
treatment (heated
up to
600 C at a rate of 10
C/min in a tube
furnace)

Hydrothermal improves
biocompatibility vs MG-63

ALP both samples are 7
days more than 4 days,
but there is no
significant difference
between the two
samples at any one time.

No test

[447]

Biocompatibility vs MG-63
Two layer> monolayer > cp −
Ti

HA more in two-layer
than mono-layer were
observed after 28 days of
immersion in SBF

No test

[448]

No effect of boron on
biocompatibility PEO vs
ADSC

No test

10% dead S. aureus coverage
cultured for 6 h on the coatings
And
0.5% dead S. aureus coverage
cultured for 24 h on the coatings
And
1.5% dead P. aeruginosa
coverage cultured for 6 h on the
coatings
And
1% dead P. aeruginosa coverage
cultured for 24 h on the coatings

[449]

0.02 M
(Na2B4O7⋅10H2O)

cp-Ti
(99.6
%)

Na2SiO3⋅5H2O + KOH +
C10H16N28

Ti-6Al-4V

12 g/l Na3PO4⋅12H2O

NO modified
MAO-Ti
(Phost treatment by
UV) MAO-Ti-g-C6S
(Phost treatment by
UV) MAO-Ti
chitosan
(Phost treatment by
UV) MAO-Ti-g
0 g/l ZrO2 NPs

MAO-Ti and
immobilized biodegradable
polymer biocompatibility vs
NIH-3T3

No test

No test

No test

1 g/l ZrO2 NPs

3 g/l ZrO2 NPs

3% dead S. aureus coverage
cultured for 6 h on the coatings
And
7% dead S. aureus coverage
cultured for 24 h on the coatings
And
7% dead P. aeruginosa coverage
cultured for 6 h on the coatings
And
9%dead P. aeruginosa coverage
cultured for 24h on the coatings
No test

100% growth inhibitory E. coli,
S. epidermidis and 51% growth
inhibitory S. aureus and P.
aeruginosa bacteria
100% growth inhibitory E. coli
and 3% growth inhibitory vs P.
aeruginosa and 46% S. aureus
growth inhibitory vs S. aureus
And 54% growth inhibitory vs S.
epidermidis
91% growth inhibitory E. coli
and 1% growth inhibitory vs P.
aeruginosa and 33% S. aureus
growth inhibitory vs S. aureus

[450]

[451]

(continued on next page)
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Table 7 (continued )

5 g/l ZrO2 NPs
Ti alloy
plate
(grade4)

E1= 150 g/l Na3PO4⋅12H2O + 20
g/l Ca(OH)2 + 0.7 g/l liquid glass
(Mode PBA)
E2= 5 g/l Ca(CH3COO)2 + 2 g/l
(NH2-CO-NH2) + 1 g/l liquid glass
+ 0.5 g/l KOH (Mode PBA)
E3= 5 g/l Ca(CH3COO)2 + 2 g/l
(NH2-CO-NH2) + 1 g/l liquid glass
+ 0.5 g/l KOH
1.5 g/l CaC3H5(OH)2PO4 + 2 g/l
K4P2O7⋅3H2O

Ti-6Al-4V

0.02 M Calcium acetate + 0.02 M
Calciumglycerophosphate

Ti-39Nb6Zr

2.5 g/l KOH

25 ppm Ag

PEO-Pt and PEO-without
additive have better
biocompatibility than PEOAg vs NSS

No effect Ag and Pt on
bioactivity PEO coating
(Ag and Pt no effect aon
ALP activity level in the
MC3T3-E1 cells growth
after 28 dayes)

Pt

Hydrothermal
treatment at 200◦ C
for 3 h
Hydrothermal
treatment at 200◦ C
for 6 h
-

No test

Increase the ability to
form apatite with heat
treatment

PEO improves
biocompatibility
)MC3T3-E1 cells on bare Ti39Nb-6Zr alloy and
PEO sample cultured with 24
h and 48 h)

No test

treatment in KOH solution may lead to the development of the HA
phase, while antimicrobial properties are dependent on the pH of the
solution. When the solution is nearly neutral, antimicrobial properties
are reduced, while higher pH values provide slight improvement in
antimicrobial properties to Staphylococcus epidermidis [440]. Table 7
shows the effects of PEO treatment with different elements in the elec
trolyte or post-PEO treatments on antibacterial, bioactivity, biocom
patibility, and photocatalytic properties for Ti and Ti alloys.

And 28% growth inhibitory vs S.
epidermidis
0 reduction (growth inhibition
efficiency reduced to zero)
Control
100% Antibacterial
efficiency against E.Coli U20
And 100% Antibacterial
efficiency against Ecoli K261
and 100% Antibacterial
efficiency against
Staphylococcus
aureus 839 and 224/228 (After
exposure in NSS for 24 h)

[452]

60% Antibacterial
efficiency against E.Coli U20
And 2% Antibacterial
efficiency against Ecoli K261
And
10% Antibacterial
efficiency against
Staphylococcus
aureus 839
And
-8% Antibacterial
efficiency against
Staphylococcus
aureus224/228 (After exposure
in NSS for 24 h)
No test

[453]

No test

[454]

toxic threshold, or below a certain effective level [460]. The immersion
of HA PEO coatings in a PBS solution containing BMP-2 provides a
hybrid system with the stable release of BMP-2 and high bone cell
growth. In fact, osteoconductive HA – TiO2 coatings with sufficient
mechanical strength can act as a scaffold for further growth of bone cells
both inside and outside the coating cavities [461].
The combination of PEO and poly (lactic-co-glycolic) microspheres
as a drug carrier creates a scaffold with a special configuration that re
sults in a desirable drug-delivery system [462]. The release rate of the
drug in such a system surges within the first couple of days, and grad
ually reaches a plateau.
Repairing bone defects has been a major clinical challenge. Bone
defects are usually repaired by grafts or implants. However, these ap
proaches might not be successful due to the inability of the surrounding
tissue to cope with the implant, which is often followed by implant
rejection. A great deal of effort has been made to produce implants with
improved osteoblastic activity. Since the bone tissue is highly vascu
larized and dependent on blood vessels and bone tissues, the presence of
an active blood network is essential; therefore, both osteogenic and
angiogenic properties of the engineered surface should be considered.
The angiogenetic activity of the surface can be investigated by mea
surement of endothelial cell proliferation, migration, and tube
formation.
The presence of elements such as Si, Co, Sr, Cu, etc. can improve
angiogenesis [463,464]. The doping of these trace elements to the sur
face chemical composition can be used to enhance the angiogenic

9. Drug delivery/Angiogenic activity
The porous morphology of PEO treatments to titanium surfaces
makes it suitable for loading of drugs and growth factors. In general,
PEO pores are inter-connected, and therefore, can retain and release the
drugs efficiently. Furthermore, in vivo studying of implants has revealed
that drug release usually starts immediately after surgical placement and
immersion in a biological solution [455]. Fast liberation of drugs is
mostly intended to control the anti-inflammatory response [456] or to
stimulate bone growth [457]. The rate of drug delivery is higher when it
is loaded directly without a carrier [458]. Nyan et al. [459] loaded
simvastatin onto a PEO-treated implant surface to enhance bone for
mation. Their findings revealed that the loaded implant began to release
the drug immediately after placement, and continued for two weeks.
During this time, osseointegration was found to be considerably
improved, possibly due to upregulation of BMP-2 in osteoblastic cells. A
slower liberation is desired to keep the level of dosing below a critically
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characteristics. Angiogenesis is generally improved by stimulating key
factors such as Vascular Endothelial Growth Factor (VEGF), hepatocyte
growth factor (HGF), IGF-1, IGF-2, etc. [465]. It is worth noting that
excessive doping of the aforementioned elements may cause adverse
effects on the vitality of the cells [427]. In addition to the trace elements,
surface topography, phase composition, and chemistry of the surface can
affect cell behavior [466]. The porosity content of the surface also plays
a crucial role. Large pores, ranging from micrometer to millimeter in
size, adversely affect the trafficking of endothelial cells due to their
inability to bridge over the pores [467]. On the other hand, finer pores
restrict the transfer of nutrients and oxygen through the pores [468].
Drug-delivery systems loaded with factors such as VEGF, or addition of
drug-loaded micro particles is another method of improving angiogen
esis [469].
PEO technology appears to be a promising technique for the gener
ation of multifunctional coatings. Although the bioactivity of Ca- and Penriched TiO2 PEO oxide films on titanium alloys have been extensively
studied in vitro for the different aspects of osteoblast cell response, their
angiogenic properties have rarely been evaluated. One recent study on
angiogenic applications was dedicated to the doping of Si into TiO2 film
[470]. It was found that the presence of Si triggers the secretion of VEGF
as well as the expression of VEGF, HGF and hypoxia-inducible factor
(HIF-1α). However, further research is required to explore the full po
tential of the flexibility offered by the PEO process in regard to doping
with trace elements in desired dosages, and control of the surface
porosity and morphology for engineering surfaces with angiogenic/os
teogenic properties.

Fig. 44. SEM image transfer layer of PEO coatings, formed during wear
test [477].

A comparison of coatings formed in aluminate, silicate, and phos
phate and a mixture of silicate and phosphate electrolytes revealed that
the coating in aluminate solution leads to the formation of Al2TiO5 and
Al2O3 phases, which due to their higher hardness, outperform other
coatings in terms of wear resistance. However, the aluminate based
coatings suffer from a lack of adhesion [59]. Although the formation of a
coating with hard and wear-resistant phases may improve
wear-resistance properties, poor coating/substrate adhesion can
adversely affect the resistance and their applications as wear-resistant
coatings are limited, due to their low adhesion of the coating to the
substrate. It was discovered that the application of the second step of
coating in an acidic solution of acid phosphoric/sulfuric modifies the
coating morphology and improves the adhesion. SEM images indicate
that a new coating is formed on the interface of the first layer and
substrate and that the new molten oxides fill up the voids and pores. As a
result, the compactness is enhanced and the adhesion of coat
ing/substrate is improved [476]. Fig. 43 illustrates the wear test results
of 1 step and two-step PEO coatings in alkaline and acidic solutions.
Martini et al. [477] investigated aluminate-phosphate-based elec
trolytes with different concentrations and ratios. It was found that the
application of PEO coating improves wear resistance compared to the
bare titanium. This trend is ascribed to the presence of a transfer layer
(Fig. 44) composed of the debris from the PEO layer. PEO coatings with
aluminate-rich electrolytes produce a wear-resistant oxide layer with a
low coefficient of friction (CoF), which is related to the higher thickness
and fine pores within the microstructure in comparison with
phosphate-rich electrolytes. In a complementary study, they also applied
a top coat of the PTFE layer through impregnation. It was discovered
that friction and wear resistances were promoted compared to PEO
coatings.
When the PEO coating is applied in phosphate-silicate electrolytes, Si
occupies oxygen sites from titania compounds and produces lubricating
oxides. As a result, CoF is lowered and the wear resistance is improved
[478]. The addition of starch to the electrolyte leads to the synthesis of a
compact and dense oxide layer. Upon the addition of starch to the
electrolyte, a jelly layer is formed on the gaseous envelope on the anode
surface with the rising temperature, effectively stabilizing plasma arcs.
It was found that the wear resistance was considerably higher than the
coating without starch [60]. However, the wear resistance is not
dependent on a single factor, and the balance of coating characteristics,
such as phase content, morphology, roughness, and adhesion to the
substrate, determine the overall wear performance [54].
Surface roughness plays an important role in the determination of
wear resistance. When roughness is increased, greater amounts of

10. Tribological behavior
10.1. Coating composition and morphology
PEO coatings provide favorable tribological properties owing to their
superior hardness compared to the substrate [419,471,472]. In com
parison with the CVD method, PEO coatings bear higher loads and thus
show lower wear and friction rate. However, due to their defective na
ture and presence of cracks and interconnected pores, their performance
is limited [473]. It has been reported that the wear performance of PEO
coatings is improved by prolonged treatment durations. However, the
application of excessive durations leads to the formation of a loose and
porous structure [474]. In general, the wear rate of PEO coatings is
initially high due to the presence of a brittle and porous layer. After the
removal of the layer, the wear loss rate is noticeably lowered because of
the presence of a dense and compact layer [475].

Fig. 43. SEM images of Ti-15-3 samples after pin-on-disk wear a) bare tita
nium, b) PEO coated in sulfuric/phosphoric solution, c) PEO coated in alumi
nate solution, and d) two-step coated in aluminate and sulfuric/phosphoric
solutions [476].
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Fig. 45. Surface profile of (a) first layer (b) third layer, and (c) relation among average normalized peak-to-valley value for different layers of worn Si3N4/TiO2
nanocomposite coating (electrolyte: 15 g/l sodium aluminate + 2 g/l sodium-phosphate + 2–10 g/l 1 Si3N4 fine nanopowders on cp-Ti) [45].

abrasive oxide is transferred from the counterface material to the wear
track, thus increasing CoF. When Ra of the surfaces is nearly equal, Rsk
plays an important role. When Rsk has a value close to zero, the coating
surface removes a lesser amount of material from the counterface sur
face, and CoF is lowered. However, if the roughness of the surface is
polished and smoothened, the wear resistance will be improved and the
precocious removal of counterface material will be hindered. Temper
ature control during the PEO coating is also essential. Habazaki et al.
[479] studied the effect of electrolyte temperature on the wear resis
tance of the coating. They found that at high temperatures, porosity
levels are elevated and the coating becomes non-uniform. As a result,
wear resistance is declined.
It is worth noting that the formation of a modified amorphous phase
reduces the CoF due to higher plasticity, compared to the crystalline
phase, which acts as a dry lubricant [480]. Aliofkhazraei et al. [45]
applied Si3N4/TiO2 composite coating on pure titanium and investigated
the changes in duty cycle, current density, process time, and frequency
parameters on the nanostructure of the coating and the mass-loss rate. It
was observed that the mass-loss rate is accelerated with increasing duty
cycle and current density and decelerated with increasing frequency and
coating time.
The difference in the results is due to the presence of Si3N4 in the
electrolyte. The effect of the frequency and duty cycle on the mass-loss
rate is greater than the density of current density and process time. In
addition to the conditions above, one of the influential factors in me
chanical behavior is the presence of additives which increases the
hardness of the layer as the concentration is increased. To further
elucidate this, surface wear analysis was carried out. Fig. 45 represents
the peak-to-valley value (h) for the level of 9.8 µm, while the peak-tovalley value for the first layer is approximately 7 µm, indicating that

the removed areas in this test include the first and roughly the second
layer, where the second and other layers are slightly smoother.
According to Fig. 45, it can be seen that the h-d ratio, in which d is
the thickness of the remaining coating after the worn test, is enhanced as
the nanoparticle concentration is increased, and increases the removed
areas in this test.
The main reason for the removal of the coating in this test is to boost
the concentration of nanopowders from 4 g/l, as well as their accumu
lation in the coating.
10.2. Nanocomposite coatings
PEO coating improves the wear resistance compared to the bare
metal. When the coating undergoes wear test, fine particles can be
formed on the surface which plays the role of dry lubricants and im
proves the resistance. The application of lubricants or nanoparticles may
further improve the resistance. The addition of alumina nanoparticles,
as hard nanoparticles, is beneficial for the improvement of wear resis
tance. Nanoparticles are preferably adsorbed on cracks and pores inside
the oxide layer and therefore, will fill the defective areas. The addition of
hard nanoparticles provides a compact structure with high mechanical
properties and wear resistance. Additives might be used to improve the
adsorption of nanoparticles. For instance, Sharifi et al. [195] found that
the addition of ketoconazole, in combination with alumina nano
particles, enhances the adsorption of nanoparticles, and thus the me
chanical properties, including hardness, elastic module, and H-E ratio
were improved [195]. The absorption of alumina nanoparticles in the
PEO coating reduces the roughness of the coating surface while
increasing the concentration of nanoparticles in the electrolyte improves
the mechanical behavior of the coating in the wear test. Higher
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Fig. 46. Friction coefficient versus of PEO
coated samples in different electrolytes: a)
electrolytes without alumina and different
concentrations of atenolol and b) alumina sus
pension with different concentrations of ateno
lol (electrolyte for A0: 0 g/l atenolol + 0 g/l
alumina, AA0: 0 g/l atenolol + 25 g/l alumina,
A1.5: 1.5 g/l atenolol + 0 g/l alumina, A3: 3 g/l
atenolol + 0 g/l alumina, A4.5: 4.5 g/l atenolol
+ 0 g/l alumina, AA1.5: 1.5 g/l atenolol + 25
g/l alumina, AA3: 3 g/l atenolol + 25 g/l
alumina, AA4.5: 4.5 g/l atenolol + 25 g/l
alumina) [482].

concentrations of alumina nanoparticles increase the rate of weight gain
due to the accumulation of nanoparticles on the surface [481]. Aliof
khazraei et al. [189] used ceria nanoparticles inside the electrolyte PEO
coating on titanium, which lowers the wear rate of the coating and re
duces the roughness by filling cavities and cracks. The optimal ceria
nanoparticle content varies in different conditions. In this study, the
mechanical behavior of the coating is improved by using 25 g/l of
alumina nanoparticles. The formation of nanocomposite coatings by the
PEO method in the electrolyte including ketoconazole has increased the
wear resistance and hardness of the coating. Through the absorption of
this nanoparticle into the coating cavities, a denser coating is formed
[195]. Sharifi et al. [482] have improved the wear resistance of the
coating by adding alumina nanoparticles with atenolol to the electrolyte
of the PEO coating process and applying PEO coating on the titanium.
The behavior of these PEO coatings is shown in Figs. 46 and 47. The
presence of atenolol in the electrolyte increases the depth of emission of
alumina nanoparticles and thus reduces the porosity of the coating. The
coating wear surface is decreased by 130 orders of magnitude with the
presence of additives and improves the mechanical properties [483].
It should be emphasized that the more nanoparticles are embedded
into the coating, the better the resistance is improved. However, if
nanoparticles agglomerate on the surface, a non-uniform removal is
occurred [481]. Process parameters such as current density, time, fre
quency, and duty cycle affect the absorption of nanoparticles,
morphology, and thickness. Lower frequencies and higher duty cycles
refine the microstructure and improve nanoparticle absorption, leading
to superior wear-resistance [45]. Furthermore, low current densities and
prolonged coating durations have a positive effect on the absorption of
nanoparticles. The addition of hard nanoparticles such as ceria promotes
wear resistance, seeing as they fill the pores and vacancies and improve
the density and compactness of the coating. Furthermore, when hard
nanoparticles are embedded into the coating structure, nanocomposites
are formed which exhibit higher hardness and wear resistance. How
ever, the excessive addition of nanoparticles leads to the entrapment of

nanoparticles on the surface of the coating, and the wear of absorbed
nanoparticles increases the wear rate [189].
Another approach to improve coating tribological properties is to
incorporate lubricant particles with a low CoF into the oxide structure.
The addition of MoS2 nanoparticles, as lubricants, to the PEO coating,
may reduce wear rate by over 3 orders of magnitude [484]. Moreover,
the integration of MoS2 nanoparticles into coating structure improves
the adhesion strength of PEO coatings significantly [485]. MOS2 or
graphite might also be mixed with grease for cold forming of titanium
sheets [486].
10.3. Sequential methods
Aliofkhazraei et al. [487] utilized the PEO coating technique and the
surface laser process on titanium to produce a denser and thicker
coating. In fact, in this method, the pores of the PEO coat are filled by
laser through the mushy surface oxide produced by the laser, and a
smooth and dense cover is created. Through the examination of the
extent of porosity, it was observed that in the LST technique, 75% of
porosity was decreased in comparison with the PEO technique. The
combination of laser ablation and PEO coating provides a texture
beneficial for the preservation of the lubricant. The application of laser
ablation before PEO coating results in a surface featured with discharge
channels and dimples, which is favorable for the application of lubri
cants, such as MoS2. This microstructure ensures the long-term lubricant
support for wear utilizations [488]. Qin et al. [489] proposed that the
implementation of PEO coating followed by the application of Ag layer
through electroplating, and burnished the MoS2 nanoparticles yields in
the development of high-temperature wear-resistant coating. Ag and
MoS2 have a synergic effect and reduce CoF at low to medium temper
atures (T<350 ºC). High-temperature tests (over 600 ºC) revealed that
CoF is lowered significantly due to the diffusion of Ag to top layers and
the formation of wear resistance compounds (MoOx, Ag2MoO4).
The combination of diamond-like carbon (DLC) and PEO coating
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Fig. 47. SEM micrographs of wear tracks of samples coated in different electrolytes: a)A0: 0 g/l atenolol + 0 g/l alumina, b)A1.5: 1.5 g/l atenolol + 0 g/l alumina, c)
A3: 3 g/l atenolol + 0 g/l alumina, d)A4.5: 4.5 g/l atenolol + 0 g/l alumina, e)AA0: : 0 g/l atenolol + 25 g/l alumina, f) AA1.5: 1.5 g/l atenolol + 25 g/l alumina, g)
AA3: 3 g/l atenolol + 25 g/l alumina and g)AA4.5: 4.5 g/l atenolol + 25 g/l alumina [482].

produces interesting wear-resistant characteristics. PEO acts as an in
termediate layer and improves the adhesion of DLC to the substrate. It
was discovered that the combination of PEO and DLC outperforms in
dividual DLC and PEO coatings. Hybrid DLC/PEO coating exhibits a low
CoF and good tribological properties due to high hardness and a small
contact area with the ball. When the coating is worn, the C-C band of
DLC is changed from sp3 to sp2, which serves as a solid lubricant [490].
Krivenkov et al. [491] applied PEO in different basic solutions on the
explosive welded titanium surface. They found that the combination of

explosive welding/PEO provides superior wear resistance characteris
tics, and that wear resistance can be improved by up to ten orders of
magnitude. The application of the Cr(N) layer on PEO coating through
unbalanced magnetron sputtering provides a coating with high hard
ness, wear resistance, and corrosion resistance [492].
Application of PTFE particles or layers over the surface of PEO
coating may prove useful for improving the wear resistance of oxide
films. Rudnev et al. [493] employed PTFE powder in the electrolyte to
improve wear resistance. PTFE can also be applied through the
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triboelectric technique [494]. Porous and coarse structures are more
suitable for the impregnation and the formation of a low-friction top
coat rather than the dense and compact microstructures. PTFE or
graphite can also be incorporated into oxide structure through the
coating in the electrolyte suspension of PTFE or graphite powders. It was
revealed that the hydrophobicity is enhanced and wear resistance is
improved significantly [495]. In general, graphite powders are not well
dispersed in water, and therefore anionic surfactants can be added to
improve their stability [496]. Furthermore, the selection of the proper
heat treatment after coating with the PTFE layer ensures the penetration
of the porous oxide layer and sealing of the pores by polymer, leading to
the furtherance of both adhesion and corrosion resistance [497].

wear resistance depends on the degree of crystallinity within the HA
layer [499].
11. Thermal protection
Titanium and its alloys have a wide range of applications in the
automotive industry. However, one of the limitations in their industrial
applications is the rising surface temperatures due to compression and
friction, which may adversely affect the material performance. PEO is
known to be a flexible method that can be used to develop a surface with
high emissivity, insulation, and thermal resistance. Moreover, the
porous microstructure of the PEO coatings provides a high surface area
and makes them suitable for thermal applications. In addition to
microstructure and chemical composition, roughness, and thickness of
the oxide layer play an important role in the determination of thermal
properties. Increasing roughness and thickness leads to further increases
in real surface area and as a result, solar absorbance is decreased while
the thermal emissivity is enhanced [141].
Titania possesses suitable thermal resistance up to 800 ºC [174,500].
The presence of Fe in the form of Fe2O3 improves thermal emissivity
within the wavelength range of 3–8 µm. However, the incorporation of
Fe can have adverse effects on the bonding strength of the coating [501].
Incorporation of elements such as Co and Ni improves thermal shock
resistance and thermal emissivity of the oxide layer due to the formation
of Co2O3 and Ni2O3, while Zr exhibits a negative effect on thermal

10.4. Wear test in biological environments
Titanium alloys are often used in implant applications. Therefore,
fretting wear test in SBF solution can help elucidate wear resistance and
the involved mechanisms in a simulated situation. Zhou et al. [498]
studied PEO coated TC4 titanium alloy. The wear mechanism under
lower loads was abrasive, whereas under larger loads (more than 15N),
the fretting corrosion mechanism occurs and fatigue fretting, in com
bination with abrasive wear, becomes the major wear mechanism. Hy
drothermal treatment in NaOH solution can be utilized to develop a HA
phase over the titania layer. HA phase, developed via hydrothermal
treatment, improves wear resistance of the coating in SBF solution. The

Fig. 48. M= f(H) dependencies (a, b): 1 - titanium; 2 - titanium with PEO coating; 3, 4 - EuFeO3/TiO2/Ti composites with threefold and fivefold extract deposition
with subsequent annealing. M= f(H) dependencies for the samples with threefold extract deposition at 340 and 3 K (c), insert -the low-intensity field area. Tem
perature dependencies of the specific magnetization of EuFeO3/TiO2/Ti composites in the field Н = 3000 Oe (d): M= f(T) dependencies 1 and 2 correspond to
composites with threefold and fivefold extract deposition (electrolyte : 0.066 mol/ L Na3PO4 + 0.034 mol/ L Na2B4O7 + 0.006 mol/ L Na2WO4 (PBW electrolyte) on
titanium of the technical grade) [511].
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emissivity [502]. The presence of Co inside the oxide structure also re
sults in superior thermal shock resistance [503]. The addition of Zr
improves thermal [504] and thermal shock resistance [505]. The
incorporation of WO2−
4 into the oxide composition improves thermal
properties such as thermal shock resistance, solar absorbance, and
emissivity by a slight margin. Doping of ions that leads to the formation
of black ceramic coatings can also prove helpful [222].

active layer with a coercitivity of 514 Oe and 1024 Oe at 300 K and
2K, respectively [510]. Furthermore, the application of EuFeO3 on PEO
coating was also found to exhibit dual characteristics. On one hand, it
has week ferromagnetic properties (shown in Fig. 48), and on the other,
it demonstrates luminescent properties [511,512].

12. Magnetic properties

Although porous coatings are favorable for biomedical applications
due to their positive effect on cellular responses, their defective nature
may lead to degradations in the fatigue life of medical devices. The
aforementioned drawbacks are related to two factors: changes in the
microstructure of the substrate due to high-temperature processing, and
the formation of pores and cracks on the substrate during the coating
procedure [513,514]. Leoni et al. [515] suggested that the ceramic na
ture and the scalloped interface of substrate/coating can also have
detrimental effects on the fatigue resistance of the coating. The effect of
PEO coating on fatigue is shown in Figs. 49 and 50. Since PEO is known
to have a minor impact on the substrate microstructure, the main reason
for their inferior fatigue resistance is deduced to be their porous struc
ture [516]. However, the extent of reduction in fatigue strength varies
based on the brittleness of oxide film, the spatial density of structural
cracks, and internal stresses [517]. Application of shot peening before
PEO coating increases coating fatigue resistance by over 50% in 106
cycles, largely owing to the induction of residual compressive stresses
and the elimination of scalloped substrate and coating interface [127].
The roughness of the coating affects fatigue resistance. Surfaces with
higher roughness values seem to be more vulnerable to fatigue resis
tance drop [518]. The formation of amorphous phases can improve fa
tigue resistance by more than 50% [209].

13. Fatigue resistance

It has been revealed that the incorporation of iron into the titanium
PEO structure provides ferromagnetic properties, which makes it suit
able for applications such as electromagnetic shields. Rudnev et al.
[506] synthesized PEO coatings containing iron using a
phosphate-borate-tungstate electrolyte containing iron (III) oxalate. The
negatively-charged hydroxo-compounds particles are drawn to the
discharge sites, where the subsequent transformation leads to the for
mation of iron-containing crystals [507]. Magnetic properties of the
coating are ascribed to the formation of agglomerates of reduced iron
particles surrounded by hydration shells [506]. High-temperature
annealing of these magnetic coatings results in recrystallization, redis
tribution of elements, and further morphological changes that deterio
rate ferromagnetic properties [506]. Iron may also be introduced into
the coating surface through the impregnation of PEO coating in iron
oxalate and the subsequent annealing treatment. Iron particles formed
via the PEO/impregnation multi-stage method have a lower adhesion
compared to the conventional single-stage PEO technique. However, the
multi-stage method has the merit of being able to introduce various
other metals to the composition of the deposited particles [508].
Single-stage and multi-stage coatings containing iron show a coercive
force of 50–70 and 110–114 Oe at 300 K, respectively. This difference
stems from higher amounts of iron deposition in single stage PEO
coating [509].
Magnetic coatings can also be synthesized through the addition of
magnetic particles. It has been reported that coating in electrolyte sus
pension of cobalt nanoparticles leads to the formation of a magneto-

14. Applications and industrialization of PEO coatings to
titanium and titanium alloys
There are now several commercial operations worldwide offering
PEO coating of titanium and titanium alloys. Some companies specialize

Fig. 49. Close-up view of the fracture surface. (a) Fatigue striations indicating crack growth from bottom to top. (b) Detail of discontinuous nature of fatigue crack
growth. (c) The mix of ductile and fatigue features. (d) Ductile fracture in the medial region corresponding to a single load cycle (Ti-6Al-4V) [514].
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processing equipment. Moreover, as compared to aluminium and mag
nesium, titanium is itself a relatively hard, wear-resistant and
corrosion-resistant material, so many of the traditional applications for
which PEO is used on aluminium or magnesium cannot be so readily
justified on titanium. Applications of PEO to titanium therefore tend to
rely on more specialized functions which the coatings can offer.
14.1. Bio-compatible surfaces for implants
One of the most well-established and widespread commercial ap
plications of PEO to titanium is that of biocompatible surface finishing
for improved osseointegration. Specifically, titanium PEO is used to
improve osseointegration of dental implants such as those which have
been successfully marketed for decades as TiUnite and Ticer by Nobel
Biocare and ZL Microdent, respectively.
In this application, which is itself covered in a comprehensive aca
demic review [521], commercially pure titanium is generally used to
form the titanium screws with which ceramic dental implants are
screwed into human jawbones [522]. A PEO coating of between 1 and 10
microns in thickness is typically grown, comprising a mixture of amor
phous titania with the anatase and rutile crystalline phases. These ma
terials are themselves biocompatible [523]. PEO offers scope for tuning
the phase ratio to over 90% of either crystalline phase – a useful char
acteristic as specific ratios are optimal for bioactivity, osseointegration
and antimicrobial performance of surfaces [524]. To further enhance
osseointegration, the microstructure of the coating must also be opti
mized, and PEO processing readily allows for the creation of surface
roughness of the order of ~1 um Sa, with ~25% porosity on a micron
scale [525,526]. Such a surface chemistry and structure interacts ad
vantageously with human cells such as the osteoblasts which form new
bone, resulting in better integration of the implant into the jaw, with
better retention force. Approximately four times greater retention tor
que is achieved as compared to a bare machined screw [526] due to
enhanced osseointegration and anchorage into the bone. Compounds
incorporated into the coating from the electrolyte can further enhance
biocompatibility and osseointegration – notably phosphorous and cal
cium compounds [527].
Many clinical trials exist for the various products (detailed in [521],
exemplified by [522,526]), confirming fast and improved osseointe
gration, higher healing rates, and better long-term prognosis where
these coatings are used as compared to controls.
Although such research clearly demonstrates the benefits that such
titanium PEO surfaces can offer to titanium implants, it would appear
that as yet, there has been relatively little commercial application
beyond the successful example of dental implants. This may be because
of the relatively simple functionality and opportunity for standardiza
tion in the case of the dental implant’s thread – possibly also the scale
and ease of clinical trials in dental surgery as compared to other do
mains. Nevertheless, it would appear that there is further opportunity
for the application of PEO in this domain. This might include osseoin
tegration of artificial joint protheses, where titanium alloys are used
extensively due to a combination of favourable materials properties such
as corrosion resistance, strength, biocompatibility, elastic modulus and
density. There have been examples of incorporating antimicrobial Ag
[528] or Zn [48] into PEO coatings on titanium, creating coatings which
address the need for osseointegration, while also mitigating risks of
implant infection. Recent clinical trials [529] suggest progress is being
made in this area (see Fig. 51).

Fig. 50. Fatigue crack origin of Ti35Zr10Nb alloy: (a) uncoated, fractured after
2.6 × 105 cycles at 420.2 MPa, (b) PEO coated (electrolyte: 0.02 M calcium
glycerophosphate and 0.15 M calcium acetate), fractured after 2.2 × 105 cycles
at 216.5 MPa; and (c) Stress versus the number of cycles to failure (determined
in Hanks’ solution at 37◦ C), of PEO coated (electrolyte: electrolyte: 0.02 M
calcium glycerophosphate and 0.15 M calcium acetate) and uncoated
Ti35Zr10Nb alloy [515].

in a particular application of titanium PEO, while others offer PEO
coatings for a broader range of uses, as well as producing PEO coatings
on other substrates such as aluminium and magnesium [519,520]. The
cost of titanium, and producing components from titanium, is substan
tially higher than for aluminium or magnesium, which inherently limits
its use to high-value products. As with PEO coatings of aluminium and
magnesium alloys, PEO coatings on titanium find only specialized, niche
applications which are far less common than conventional anodizing or
the combination of chemical conversion coating and painting which
tend to be used on those metals, respectively. Application of PEO coat
ings must deliver significant added functionality to the surface in order
to justify the added processing cost and the cost and complexity of

14.2. Photocatalytic surfaces
Another commercial application which depends on chemical func
tionality of the surface – in this case PA – is in high surface area pho
tocatalysts for water purification. As noted earlier, PEO processing offers
the scope for tuning the composition of the titanium dioxide between
anatase and rutile [524]. A commercial product exists for enhancing the
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Fig. 51. a) Possible enhancements of titanium implant screws by PEO coating b) dental screws coated with PEO in various colors [530].

efficiency of UV-based water purification systems for municipal water
treatment plants by incorporating an anatase-rich PEO coated titanium
wire sponge into the system [531].
The coating comprises >90% anatase [263], and offers a permeable
structure of extremely high surface area [532] as a result both of the
spongy wire substrate and of the rough, highly porous PEO surface.
Under the intense UV illumination provided by lamps in the system
(manufactured by ATG UK), the surface can decompose harmful organic
components in passing water. The key requirements for effective
decontamination are there must be a large surface area of photocatalyst
which is exposed to both UV radiation and good flow of water, such that
the ROS which are generated by the photocatalyst only have a short
distance to travel before degrading pollutants. The physical robustness
of the coating – with its good adhesion to the substrate combined with a
degree of elasticity are further attributes of the PEO coating which are
exploited in this application [531].

A notable example is the landing gear bearing carriers for the Boeing
737 airliner, where the coating serves to reduce wear, but also crucially
to reduce galling and to provide a suitable surface for retention of dry
film lubricants. This is an area where PEO coatings have been approved
and successfully commercialized as a competitive replacement for the
incumbent anodizing processes [538].
Another, somewhat niche, application of PEO to titanium alloys is on
certain engine components of Formula 1 cars. An example is the
wastegate actuator body which controls the amount of exhaust gases
entering the turbo booster. The PEO coating provides anti-galling
resistance to the internal bore of the wastegate actuator body as a
spring valve moves to control the pressure.
14.4. Coatings of high absorption or emissivity
Some applications of titanium in thermal management and sensor
technology require high emissivity and low reflectivity in various parts
of the electromagnetic spectrum – notably in visible and infra-red
wavelengths. Such applications include thermal management of space
craft and the improved efficiency of optical or infra-red sensing equip
ment. Although similar optical performance of the surface can be
achieved by coating with specialized paints, PEO offers a way of
achieving this result directly on the metal surface – potentially with
greater uniformity, durability and robustness than an applied organic
coating, and with greater heat transfer capability. For example, emis
sivities of 0.8–0.9 can be achieved in the 8–14 micron infra-red range by
applying PEO to a Ti6Al2Zr1Mo1V alloy (as compared to <0.2 for the
uncoated substrate) [539]. The incorporation of additives such as FeSO4
from the PEO electrolyte can further augment the coatings’ thermal
emissivity [501].

14.3. Anti-galling coatings
As noted in the introduction to this section, titanium alloys are
themselves relatively hard (~350 HV) and wear-resistant as compared
to aluminium alloys. Thus, the most common application case for PEO
coating of aluminium – that of enhanced surface hardness for mechan
ical durability – is less applicable in the case of titanium. Moreover, the
relative hardness of PEO coatings to the substrate metal is also low as
compared to PEO on aluminium. Whereas on aluminium crystalline
phases such as corundum can readily be achieved, offering extremely
high coating hardness (~ 10x that of uncoated substrates), on titanium,
PEO coatings only offer hardnesses of 500–1000 HV (only 2–3x that of
the substrate), consequently offering relatively limited wear protection
[59]. Furthermore, the surface hardnesses achievable with PEO surface
treatment on titanium are not significantly greater than those offered by
more well-established conventional anodizing treatments for titanium
[533,534] or by TO, which can also yield 30 micron thick, crystalline
coatings of rutile with hardnesses of over 1000 HV [535,536]. All three
approaches attain similar coating hardnesses [537]. Indeed, the
anti-galling behavior and wear performance improvements achieved
through low voltage (~40 V) alkaline anodizing are sufficient for many
practical engineering applications of titanium [534].
In spite of the afore-mentioned limitations of PEO and competition
from other coating methods, there are successful commercial applica
tions of PEO for mechanical surface protection of titanium alloys. These
must necessarily be in applications where titanium is justified as a
substrate metal – most typically where high strength-to-weight is
required.

14.5. Titanium surface texturing
PEO processing is also used to achieve a uniform matte cosmetic
surface finish on titanium [540] – similar to that widely used on
aluminium consumer electronic items like phones, watches and laptop
computers. Whereas on aluminium alloys, such a finish is readily ach
ieved through a combination of blasting (with iron, alumina or zirconia
blast media), chemical etching and anodizing, the hardness and chem
ical stability of titanium makes it impossible to achieve sufficient
texturing of titanium with these more conventional processes.
By applying a PEO coating, however, uniform roughening of the
metal/oxide interface to a scale of >1 um Ra can be achieved through
the micron-scale localized oxidation action of the plasma discharges.
The oxide coating can then be selectively stripped away from the
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problematic for applications in high-temperature environments since
the majority of Al-alloys lose their mechanical strength above 100◦ C to a
significant extent. To address this problem, titanium can be applied as a
high-temperature resistant interlayer which is suitable for trans
formation by PEO. Fig. 52 shows the micrographs of PEO coatings ob
tained on arc-sprayed AlCu4Mg1, which was applied over cold gas
sprayed (cgs) titanium on a steel substrate [548].
Fig. 52 a shows a layer structure with a considerable thickness of
residual metallic aluminum. Fig. 52 b – d illustrate the results of a PEO
process on the same coating system with a thinner Al-layer at different
process times. It can be observed that the transition zones between
titania and alumina show a finely distributed microstructure without
visible morphological defects.
However, in comparison to aluminum oxide, the lower electrical
resistance of titanium oxide presumably leads to the fact that discharge
phenomena occur more frequently in Ti-rich areas, and thus preferen
tially convert them. In unfavorable circumstances, this can lead to ti
tanium oxide reaching the uppermost area of the layer, while extensive
residues of metallic aluminum remain at the lower interface (Fig. 52 d).
This technique therefore requires careful coordination of the process
parameters of thermal spraying with those of the subsequent PEO.

substrate metal to expose a textured metal surface with uniformly
distributed, stochastic pattern of intricate surface texture features. This
surface texture can give precisely controlled gloss, together with the
smooth “feel” which is desirable for enclosures of consumer electronic
devices - especially when used in combination with subsequent blasting
[540,541]. Furthermore, this electrochemical roughening process is also
sufficiently insensitive to microstructural or compositional variations in
the substrate so as to hide enclosure manufacturing features such as
weld-lines.
14.6. Microwave properties
Titanium oxides typically have high dielectric constants and negli
gible dielectric loss, which renders them a useful candidate for certain
microwave applications. The dielectric constant of a coating is further
determined by the composition and structure of the coating. Thus, the
careful selection of process parameters may be used to optimize a titania
coating for the desired characteristics. For instance, it has been shown
that coatings formed with higher densities show lower dielectric and
tangential loss [542].
14.7. Interlayer for coatings on steel substrates

14.8. Colored PEO coatings

The feasibility of PEO treatment of steel has been proven in recent
years, and effort has been increasingly focused on functional consider
ations and applications. However, the achievable properties are still
unsatisfactory, offering only limited resistance against corrosive and
tribological stresses. In contrast, PEO treatment of aluminium alloys
results in strong protective layers [543,544]. A promising approach to
transfer the technological characteristics of these aluminium-based
coatings to iron-based substrate materials is the PEO of sprayed
aluminum [545–547].
This approach requires a residual metallic aluminum layer between
the steel substrate and the PEO coating to prevent it from flaking off as
soon as the PEO process tailored to Al reaches the Fe-rich areas. This is

As noted earlier, PEO coatings on titanium have been developed for
applications requiring high absorption or emisivity. Similarly, re
searchers have been able to achieve various different visible colors of
PEO coating on titanium and its alloys, and have proposed uses in
numerous industries. Colors such as blue, yellow, orange, green, and
purple [549–551] have been reported. Table 8 summarises colors ob
tained by PEO on Ti-based substrates. Electrolyte additives are typically
used to adjust color. In some cases, different colors have also been
achieved by changing coating voltage and process duration. In one case,
the effect of annealing temperature on the color of the sample has also
been explored [552]. Some of the approaches used to adjust PEO coating

Fig. 52. Cross-sections of PEO coatings on arc sprayed AlCu4Mg1 over cgs titanium on steel, with a pronounced zone of residual metallic aluminum (a) and
increasing transformation of the intermediate Ti-layer (b – d): ○ – metallic AlCu4Mg1, ◊ - TiO2 [548].
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Table 8
Colors obtained by PEO-treatment of Ti alloys
substrate
Ti-36Nb-3Zr-2Ta alloy

Composition of electrolyte
solution CaP: 0.1 mol dm− 3 Ca(H2PO2)2 + 0.23
mol dm− 3
Ca(HCOO)2

additive
-

Ti-6Al-4V

NaOH + NaAlO2

Various concentrations of (NaPO3)6

Ti–6Al–7Nb biomedical
alloy

calcium acetate+ calcium glycerophosphate

Ag (0, 0.3, 3 g/l)

titanium

containing iron (III)
oxalate of the following composition (mol/L):
0.066
Na3PO4 + 0.034 Na2B4O7 + 0.006 Na2WO4 +
0.04
Fe2(C2O4)3
Na2SiO3⋅9H2O (70 g/l)
and
NaOH (4 g/l)

Effect of annealing temperature on color of
coating

239±2
234±3
237±2
i=10 mA/
cm3

-

-

0.04 Zn(CH3COO)2

-

Ti-6Al-4V and
pure titanium
VT1-0 titanium (99.9%
Ti)

0.1 Na2WO4 + 0.1
CH3COOH

colors on aluminium and magnesium alloys may also be applicable to
titanium PEO. For example, researchers have used electrolyte additives
such as copper, manganese oxide, and cerium oxide to achieve green,
gray, and yellow on magnesium and its alloys [553–557], whilst green
and gray coatings have been achieved on aluminium alloys by adding
vanadium and aluminum oxide to electrolytes [552,558].

voltage
144 V
228 V
312 V
438 V
380 V

color
Purple
Dark blue
Dark gray
Light gray
White
Yellow
Brown
Light gray
Brown
Dark brown
Dark gray (20ºC)
Dark gray (300ºC)
Light gray (500ºC)
Dark beige (700ºC)
Orange (800ºC)

Ref.
[530]

White (time of
coating:1200 s)
Black (time of coating: 210
s)
Green

[559]

[111]
[47]
[506]

[560]

14.9. Aerospace applications
It has already been noted (section 14.3) that titanium PEO coatings
are at least competitive with the incumbent anodizing [538] processes
for aerospace anti-galling applications such as the refurbishing of Boeing
737 landing gear bearing carriers. Further examples of potential aero
space applications are considered in this section.

Fig. 53. Examples of titanium automotive parts which can be coated by PEO coating method.

55

M. Aliofkhazraei et al.

Applied Surface Science Advances 5 (2021) 100121

Aerospace hydraulic pipes are often made of Ti-3Al-2.5 V alloy, and
can be coated by PEO for enhanced corrosion resistance. The abrasion
resistance and erosion-corrosion performance of such coatings can be
further enhanced by additives such as silicon nitride and the corre
sponding sialon phases in the coatings [45,561].
Turbine components are often made of grade 6 titanium (Ti-6Al-2Sn4Zr-6Mo), which can be employed in high-temperature conditions due
to its significant creep resistance. To further improve the performance of
such components, a PEO coating with a high thickness may be used,
since such coatings can present both porosity and microstructures which
offer good thermal barrier properties [532,562–564].
Abrasion-resistant wing or rotor leading egde components are
sometimes made from titanium and could potentially be given greater
durability with PEO coatings, especially if the coating is sealed [392,
565].

Major applications of the PEO coatings on titanium substrates
include corrosion and wear-resistant coatings as an alternative to
anodizing. Due to the unique irregular porous morphology of the coat
ings, similar to the human bone, and a long history of the titanium
application as the major implant material, the widest practical research
orientation is biocompatible coatings. The biomimetic structures based
on HA and other bone constituents, organic pore fillers, from antibiotics
to cell signaling molecules, anti-bacterial species, are developed by
various research teams. Early PEO coatings introduced into dental
implant industry, currently have a significant medical record, so that the
advanced HPEO coatings can be referenced to them. This area can be
considered as the fastest growing in the titanium PEO coating research
and development, because the industrial application is clearly seen
there.
As titanium itself has outstanding corrosion and wear resistant
properties, the manufacturers still require additional motivation for the
PEO applications, compared to the situation with the coating of
aluminum and magnesium alloys. This can include functional coatings,
not only biocompatible / bioactive, but also photocatalytic, thermal
protective, magnetic, decorative and other applications. We can esti
mate that PEO of titanium substrates currently demonstrates the Tech
nology Readiness Level (TRL) 4 to 6 which stands for the technology
validated in a laboratory to system prototype. This TRL range is
considered as a “death valley”; therefore, efforts of innovative com
panies are required to move the technology into a wider market.

14.10. Jewelery and wearables
Titanium finds extensive use in applications such as jewelery, and in
“wearables” such as watch casings and eyeglass frames. This is in part
because unlike stainless-steel, it is not associated with an allergenic
response in skin contact, and also because it can enable lighter designs.
Although titanium is often anodized in such applications for color, the
resulting thin and soft coatings are of limited durability and remain
susceptible to staining and discoloration. If PEO coatings can provide
attractive colors (section 14.8) and finishes, whilst providing better
durability and stain-resistance than anodizing, they could find wider use
in such applications [202,566].
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resistance of the surface layers formed on titanium by plasma electrolytic
oxidation and hydrothermal treatment, Vacuum 78 (2005) 143–147.
[155] A. Kazek-Kesik, G. Dercz, K. Suchanek, I. Kalemba-Rec, J. Piotrowski, W. Simka,
Biofunctionalization of Ti-13Nb-13Zr alloy surface by plasma electrolytic
oxidation. Part I, Surf. Coat. Technol. 276 (2015) 59–69.

[156] D. Veys-Renaux, Z. Ait El Haj, E. Rocca, Corrosion resistance in artificial saliva of
titanium anodized by plasma electrolytic oxidation in Na3PO4, Surf. Coat.
Technol. 285 (2016) 214–219.
[157] L.T. Duarte, S.R. Biaggio, R.C. Rocha-Filho, N. Bocchi, Surface characterization of
oxides grown on the Ti-13Nb-13Zr alloy and their corrosion protection, Corros.
Sci. 72 (2013) 35–40.
[158] J. Ai, Y. Chen, M. Urquidi-Macdonald, D.D. Macdonald, Electrochemical
impedance spectroscopic study of passive Zirconium, J. Electrochem. Soc. 154
(2007) C43.
[159] J. Ai, Y. Chen, M. Urquidi-Macdonald, D.D. Macdonald, Electrochemical
impedance spectroscopic study of passive Zirconium, J. Electrochem. Soc. 154
(2007) C52.
[160] D. Krupa, J. Baszkiewicz, J. Zdunek, J.W. Sobczak, W. Lisowski, J. Smolik,
Z. Słomka, Effect of plasma electrolytic oxidation in the solutions containing Ca,
P, Si, Na on the properties of titanium, J. Biomed. Mater. Res. B Appl. Biomater.
100 (2012) 2156–2166.
[161] X. Shi, L. Xu, Q. Wang, Porous TiO2 film prepared by micro-arc oxidation and its
electrochemical behaviors in Hank’s solution, Surf. Coat. Technol. 205 (2010)
1730–1735.
[162] V.S. Rudnev, T.P. Yarovaya, V.S. Egorkin, S.L. Sinebryukhov, S.V. Gnedenkov,
Properties of coatings formed on titanium by plasma electrolytic oxidation in a
phosphate-borate electrolyte, Russ. J. Appl. Chem. 83 (2010) 664–670.
[163] F.C. Ma, P. Liu, W. Li, X.K. Liu, X.H. Chen, L.H. Yang, J.M. Zhu, Effect of process
parameters on structure of coatings containing Ca and P on Ti alloy by micro-arc
oxidation, Cailiao Rechuli Xuebao/Trans. Mater. Heat Treat. 34 (2013) 148–152.
[164] C.A.H. Laurindo, R.D. Torres, S.A. Mali, J.L. Gilbert, P. Soares, Incorporation of
Ca and P on anodized titanium surface: effect of high current density, Mater. Sci.
Eng. C 37 (2014) 223–231.
[165] Y. Vangolu, E. Arslan, Y. Totik, E. Demirci, A. Alsaran, Optimization of the
coating parameters for micro-arc oxidation of cp-Ti, Surf. Coat. Technol. 205
(2010) 1764–1773.
[166] S. Gowtham, T. Arunnellaiappan, N. Rameshbabu, An investigation on pulsed DC
plasma electrolytic oxidation of cp-Ti and its corrosion behaviour in simulated
body fluid, Surf. Coat. Technol. (2016).
[167] V. Dehnavi, B.L. Luan, D.W. Shoesmith, X.Y. Liu, S. Rohani, Effect of duty cycle
and applied current frequency on Plasma Electrolytic Oxidation (PEO) coating
growth behavior, Surf. Coat. Technol. 226 (2013) 100–107.
[168] A.R. Rafieerad, M.R. Ashra, R. Mahmoodian, A.R. Bushroa, Surface
characterization and corrosion behavior of calcium phosphate-base composite
layer on titanium and its alloys via plasma electrolytic oxidation: a review paper,
Mater. Sci. Eng. C 57 (2015) 397–413.
[169] M. Montazeri, C. Dehghanian, M. Shokouhfar, A. Baradaran, Investigation of the
voltage and time effects on the formation of hydroxyapatite-containing titania
prepared by plasma electrolytic oxidation on Ti-6Al-4V alloy and its corrosion
behavior, Appl. Surf. Sci. 257 (2011) 7268–7275.
[170] W.Y. Tsai, C.J. Yang, J.L. Zeng, F.H. Lu, Synthesis and characterization of barium
titanate films on Ti-coated Si substrates by plasma electrolytic oxidation, Surf.
Coat. Technol. 259 (2014) 297–301.
[171] J. Peng, B. Han, W. Li, J. Du, P. Guo, D. Han, Study on the microstructural
evolution of BaTiO3 on titanium substrate during MAO, Mater. Lett. 62 (2008)
1801–1804.
[172] C.T. Wu, F.H. Lu, Corrosion resistance of BaTiO3 films prepared by plasma
electrolytic oxidation, Surf. Coat. Technol. 166 (2003) 31–36.
[173] J.Y. Jiang, J.L. Xu, Z.H. Liu, L. Deng, B. Sun, S.D. Liu, L. Wang, H.Y. Liu,
Preparation, corrosion resistance and hemocompatibility of the superhydrophobic
TiO2 coatings on biomedical Ti-6Al-4V alloys, Appl. Surf. Sci. 347 (2015)
591–595.
[174] Y.H. Wang, Z.G. Liu, J.H. Ouyang, Y.M. Wang, Y. Zhou, Influence of electrolyte
compositions on structure and high-temperature oxidation resistance of microarc
oxidation coatings formed on Ti2AlNb alloy, J. Alloys Compd. 647 (2015)
431–437.
[175] K.C. Kung, T.M. Lee, T.S. Lui, Bioactivity and corrosion properties of novel
coatings containing strontium by micro-arc oxidation, J. Alloys Compd. 508
(2010) 384–390.
[176] H. Wu, X. Zhang, Z. Geng, Y. Yin, R. Hang, X. Huang, X. Yao, B. Tang,
Preparation, antibacterial effects and corrosion resistant of porous Cu-TiO2
coatings, Appl. Surf. Sci. 308 (2014) 43–49.
[177] K. Rokosz, T. Hryniewicz, S. Raaen, Development of plasma electrolytic oxidation
for improved Ti6Al4V biomaterial surface properties, Int. J. Adv. Manuf. Technol.
(2015) 1–13.
[178] M. Babaei, C. Dehghanian, M. Babaei, Electrochemical assessment of
characteristics and corrosion behavior of Zr-containing coatings formed on
titanium by plasma electrolytic oxidation, Surf. Coat. Technol. 279 (2015) 79–91.
[179] Z. Yao, Y. Jiang, Z. Jiang, F. Wang, Z. Wu, Preparation and structure of ceramic
coatings containing zirconium oxide on Ti alloy by plasma electrolytic oxidation,
J. Mater. Process. Technol. 205 (2008) 303–307.
[180] S. Hariprasad, M. Ashfaq, T. Arunnellaiappan, M. Harilal, N. Rameshbabu, Role of
electrolyte additives on in-vitro corrosion behavior of DC plasma electrolytic
oxidization coatings formed on cp-Ti, Surf. Coat. Technol. 292 (2016) 20–29.
[181] M. Roknian, A. Fattah-alhosseini, S.O. Gashti, Plasma Electrolytic Oxidation
Coatings on Pure Ti Substrate: Effects of Na3PO4 concentration on morphology
and corrosion behavior of coatings in ringer’s physiological solution, J. Mater.
Eng. Perform. 27 (2018) 1343–1351.
[182] A. Fattah-Alhosseini, M.K. Keshavarz, M. Molaei, S.O. Gashti, Plasma electrolytic
oxidation (PEO) process on commercially pure Ti surface: effects of electrolyte on

59

Applied Surface Science Advances 5 (2021) 100121

M. Aliofkhazraei et al.

[183]

[184]

[185]

[186]

[187]

[188]
[189]
[190]
[191]

[192]
[193]
[194]
[195]
[196]

[197]
[198]

[199]
[200]

[201]
[202]
[203]
[204]
[205]
[206]
[207]
[208]

the microstructure and corrosion behavior of coatings, Metall. Mater. Trans. A 49
(2018) 4966–4979.
K. Venkateswarlu, S. Suresh, N. Rameshbabu, A.C. Bose, S. Subramanian, Effect of
electrolyte chemistry on the structural, morphological and corrosion
characteristics of titania films developed on Ti-6Al-4V implant material by plasma
electrolytic oxidation, Key Eng. Mater., Trans Tech Publ (2012) 436–441.
L. Zhu, X. Ye, G. Tang, N. Zhao, Y. Gong, Y. Zhao, J. Zhao, X. Zhang, Corrosion
test, cell behavior test, and in vivo study of gradient TiO2 layers produced by
compound electrochemical oxidation, J. Biomed. Mater. Res. - Part A 78 (2006)
515–522.
S.V. Gnedenkov, S.L. Sinebryukhov, D.V. Mashtalyar, A.K. Tsvetnikov, A.
N. Minaev, Effect of Conditions of treatment with superdispersed
polytetrafluoroethylene on properties of composite coatings, Protect. Metals Phys.
Chem. Surf. 46 (2010) 823–827.
S.V. Gnedenkov, S.L. Sinebryukhov, V.S. Egorkin, D.V. Mashtalyar, A.
M. Emel’Yanenko, D.A. Alpysbaeva, L.B. Boinovich, Features of the occurrence of
electrochemical processes in contact of sodium chloride solutions with the surface
of superhydrophobic coatings on titanium, Russ. J. Electrochem. 48 (2012)
336–345.
S.V. Gnedenkov, S.L. Sinebryukhov, V.S. Egorkin, D.V. Mashtalyar, A.
M. Emelyanenko, L.B. Boinovich, Electrochemical properties of the
superhydrophobic coatings on metals and alloys, J. Taiwan Inst. Chem. Eng. 45
(2014) 3075–3080.
A. AC02867314, Current opinion in solid state & materials science, Elsevier
Science, 1996.
M. Aliofkhazraei, R.S. Gharabagh, M. Teimouri, M. Ahmadzadeh, G.B. Darband,
H. Hasannejad, Ceria embedded nanocomposite coating fabricated by plasma
electrolytic oxidation on titanium, J. Alloys Compd. 685 (2016) 376–383.
S. Di, Y. Guo, H. Lv, J. Yu, Z. Li, Microstructure and properties of rare earth CeO2doped TiO2 nanostructured composite coatings through micro-arc oxidation,
Ceram. Int. 41 (2015) 6178–6186.
D. Dzhurinskiy, Y. Gao, W.K. Yeung, E. Strumban, V. Leshchinsky, P.J. Chu,
A. Matthews, A. Yerokhin, R.G. Maev, Characterization and corrosion evaluation
of TiO2:n-HA coatings on titanium alloy formed by plasma electrolytic oxidation,
Surf. Coat. Technol. 269 (2015) 258–265.
A. Bahramian, K. Raeissi, A. Hakimizad, An investigation of the characteristics of
Al2O3/TiO2 PEO nanocomposite coating, Appl. Surf. Sci. 351 (2015) 13–26.
S. Sarbishei, M.A. Faghihi Sani, M.R. Mohammadi, Study plasma electrolytic
oxidation process and characterization of coatings formed in an alumina
nanoparticle suspension, Vacuum 108 (2014) 12–19.
H. Niazi, S. Yari, F. Golestani-Fard, M. Shahmiri, W. Wang, A. Alfantazi, R. Bayati,
How deposition parameters affect corrosion behavior of TiO2-Al2O3
nanocomposite coatings, Appl. Surf. Sci. 353 (2015) 1242–1252.
H. Sharifi, M. Aliofkhazraei, G.B. Darband, A.S. Rouhaghdam, Tribological
properties of PEO nanocomposite coatings on titanium formed in electrolyte
containing ketoconazole, Tribol. Int. 102 (2016) 463–471.
V.S. Rudnev, T.P. Yarovaya, P.M. Nedozorov, A.Y. Ustinov, L.M. Tyrina, I.
V. Malyshev, V.G. Kuryavyi, V.S. Egorkin, S.L. Sinebryukhov, S.V. Gnedenkov,
Obtaining ZrO2 + CeOx + TiO2/Ti compositions by plasma-electrolytic oxidation
of titanium and investigating their properties, Protect. Metals Phys. Chem. Surf.
47 (2011) 621–628.
T. Çelik, A. Alsaran, G. Purcek, Effect of different surface oxidation treatments on
structural, mechanical and tribological properties of ultrafine-grained titanium,
Surf. Coat. Technol. 258 (2014) 842–848.
M. Fazel, H.R. Salimijazi, M.A. Golozar, M.R. Garsivaz Jazi, A comparison of
corrosion, tribocorrosion and electrochemical impedance properties of pure Ti
and Ti6Al4V alloy treated by micro-arc oxidation process, Appl. Surf. Sci. 324
(2015) 751–756.
M.R. Garsivaz Jazi, M.A. Golozar, K. Raeissi, M. Fazel, Evaluation of corrosion
and tribocorrosion of plasma electrolytic oxidation treated Ti-6Al-4V alloy, Surf.
Coat. Technol. 244 (2014) 29–36.
V.S. De Viteri, R. Bayón, A. Igartua, G. Barandika, J.E. Moreno, C.P.J. Peremarch,
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