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Abstract: The shortcomings of the microarc oxidation
(MAO) technology are revealed, in accordance with which
a range of topical scientific problems that need to be solved
is formulated. It is shown that, despite significant progress
in this area of research, there are still controversial issues
related mainly to the features of the emergence and com-
bustion of microdischarges. In order to develop a scienti-
fically substantiated approach to the choice of the optimal
mode for deposition of microarc oxide coatings, regulari-
ties in the influence of heterogeneous factors on their prop-
erties are systematized. The analysis of scientific works
devoted to the mathematical description of the MAO pro-
cess has been carried out. It is shown that the existing
mathematical models have limitations, and are applicable
only to certain aspects of coating formation and do not
describe the MAO process as a whole. The prerequisites,
recommendations, and theoretical provisions that can be
used in the development of a complex mathematical model
of the MAO process are revealed. Known methods of ana-
lytical description of the forming curve are considered. The
possibility of using the forming curve for determining the
correct choice of technological parameters and predicting
the oxide coating properties during their formation is
shown.
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1 Introduction

At present, a promising way to modify the surface of light
metals and alloys is microarc oxidation (MAO) [1-3] also
known as plasma electrolytic oxidation (PEO), anodic spark
deposition, plasma chemical oxidation, or anodic oxidation
by spark discharge (German: Anodische Oxidation unter
Funkenentladung) [4-6]. This technology makes it possible
to synthesize on the sample surface oxide coatings with
special properties: high hardness, wear resistance [7], cor-
rosion resistance [8], heat resistance [9,10], adhesion to the
substrate [11], and electric strength. Under certain condi-
tions of obtaining MAO coatings on titanium may also have
high biocompatibility [12,13] and antibacterial properties
[14]. It depends on the electrolyte composition in which
the MAO process was conducted and the properties of
the coatings themselves. The scope of microarc oxide
coating use covers industries such as mechanical engi-
neering and transport, aviation, rocket and space tech-
nology, instrumentation, electronics, medicine [4], and it
is constantly expanding. For example, the phenomenon of
thermally stimulated luminescence discovered by Zolotar-
jovs et al. [15] opens up the possibility of using MAO coatings
as detectors of ionizing radiation; the electrolyte composi-
tion proposed in the study by Wu et al. [16] makes it possible
to obtain MAO coatings consisting of ferroelectric ceramics
(barium titanate). MAO coatings of magnesium alloys are
used as a sublayer for the deposition of catalytically active
composite materials [17]. MAO coatings with high absorp-
tion coefficients of electromagnetic radiation in the tera-
hertz range and in the near infrared spectrum, which can
be used in the development of a new type of stealth tech-
nology [18], as well as optically black light-absorbing coat-
ings for products of rocket and space technology [19] have
been obtained. Saji [20] developed MAO coatings that are
not subject to icing due to hydrophobic properties. In addi-
tion, MAO treatment can significantly improve the corrosion
resistance of titanium dental implants modified with polyeu-
genol [21].
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Despite the progress made in improving the perfor-
mance and searching for new applications of MAO coat-
ings, there are currently several unresolved problems in
MAO technology. From a practical point of view, the most
important problem is the high energy intensity of the MAO
process. As shown by Troughton et al. [22], a negligibly
small part of the input power of the process current source
is spent directly on the formation of MAO coatings; the rest
of the energy is spent on side processes, mainly on heating
the electrolyte. The energy consumption of the process
depends on the parameters of the technological regime,
which, as a rule, are determined empirically in the course of
production preparation. In the case of the MAO process, the
empirical selection of optimal technological parameters is diffi-
cult due to the influence of many heterogeneous factors on the
properties of the resulting coatings [23-27]. Establishment and
analytical description of the dependences of the MAO coating
properties on the influencing factors of the MAO process is the
second important task that needs to be solved.

From a theoretical point of view, the most significant
problem is the insufficient knowledge of the MAO process.
The process of coating formation has a complex interdisci-
plinary nature and combines many phenomena from the
field of electrochemistry, plasma physics, thermodynamics,
and materials science [28-30]. It is with insufficiently deep
understanding of the mechanism of coating formation that
the previously considered practical problems are associated.
As noted in the study by Troughton et al. [22], in order to
develop scientifically based methods for increasing the
energy efficiency of the MAO process, a more detailed study
of the mechanism of coating formation, in particular, phy-
sicochemical processes at the solid-liquid and solid-gas
interface during a discharge in a liquid [31] is necessary.
Clyne and Troughton [28] state that at present the funda-
mental theory of plasma electrolysis has not been developed.
All this emphasizes the relevance of solving the identified
scientific and practical problems.

Currently, a promising area of mathematical model-
ling of complex interdisciplinary systems and technolo-
gical processes is the creation of digital twins [32]. As a
rule, such models are based on artificial intelligence algo-
rithms that can process large amounts of information and
allow solving complex problems under uncertainty condi-
tions. However, errors are also possible in the operation of
such algorithms, e.g., those associated with the incorrectness
of the training set [33,34]. Therefore, when developing digital
twins, in addition to intelligent algorithms, one should also
use traditional mathematical models that describe the prop-
erties of the object of study using physical laws. It should also
be noted that digital twins have not yet been developed for
the MAO process.
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Thus, the systematization of the available data on the
mechanism of the MAO process, influencing heterogeneous
factors, physical principles, and theories used in the ana-
lytical description of the coating formation process, will
allow us to identify the most promising of them and use
them in the development of a generalized mathematical
model that can serve as the basis for a digital twin of the
MAO process.

The presented work consists of five parts. Section 1
substantiates the relevance of the study, identifies pro-
blems and ways to solve them. Section 2 provides brief
theoretical information about the MAO process, the mate-
rials used, electrolytes, and modes. Section 3 provides
information on the mechanism of coating formation and
analyzes various versions of its interpretation. In Section 4,
the question of the influence of heterogeneous factors on
the MAO coating properties is considered, and the regula-
rities of this influence are systematized. In Section 5,
methods of mathematical description of the coating forma-
tion process are considered, and recommendations for
their use in the development of a complex mathematical
model underlying the digital twin of the MAO process are
given. In Section 6, the work results are formulated.

2 Essence of the MAO process

MAO is a complex plasma-chemical process for the forma-
tion of an oxide coating on the surface of a sample, usually
made of valve metal [35]. MAO is carried out in a two-
electrode galvanic cell filled with an electrolyte, the coated
sample serves as an anode [36]. The most common MAO
electrolyte is silicate-alkaline, consisting of NaOH or KOH
and sodium silicate Na,SiO;. However, MAO treatment in
acid electrolytes, suspension electrolytes, etc., is possible
[37-39]. In order to impart new properties to MAO coatings
(improve performance), nanoparticles, including graphene
and carbon nanotubes, are added to the electrolyte [40-42].
The most common electrolyte compositions and MAO modes
are given in Table 1. The process proceeds on alternating
current (pulsed [54], rarely sinusoidal [22]) at high voltage
(up to 1,000 V) and current densities up to 50 A-dm™2 In this
case, it is considered that in the anode (positive) half-cycle of
the technological current, the coating increases, and in the
cathode (negative) half-cycle, it dissolves [55]. A distinctive
feature of the MAO process is the presence of micro-
discharges burning on the anode surface, under the action
of which the formed amorphous metal oxide of the base
undergoes a phase transition into crystalline modifications
(corundum for aluminum, anatase for titanium, etc.), which
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gives the coating special properties: high hardness, heat
resistance, and electric strength [56,57]. In this case, the
temperature in the channel of microarc discharges can
reach 8,000 K [31]. Microdischarges are accompanied by a
characteristic crackling caused by the collapse of gas-vapor
bubbles formed in the coating pores, and the intensity of this
cracking changes as the oxide increases. When gas-vapor
bubbles collapse, the coating particles can be thrown into
the electrolyte under the action of shock waves and lead to
clogging of the electrolyte with sludge, which reduces its
service life. The same negative effect is created when the
electrolyte is depleted of ions during long-term operation
(the so-called “depletion”), which is due to the fact that
some of the ions are part of the formed coating. The third
undesirable effect is the coating destruction by powerful arc
discharges during excessively long deposition of coatings.

The coating formed by MAO consists of three layers:
barrier (or transition), working (or functional), and porous
(technological) (Figure 1) [58]. The transition layer is located
at the “metal-coating” interface and is characterized by a gradual
decrease in the concentration of oxides when moving toward the
substrate. The working layer, which has the greatest thickness,
contains predominantly crystalline oxides and is characterized
by increased performance. The technological layer contains
oxides of both the substrate metal and electrolyte components
and has a high porosity [59]. For most technical applications, this
layer is usually removed during mechanical processing; however,
it can be used as catalyst carriers and biocompatible coatings in
medicine [36,60,61]. The barrier and porous layers consist of
amorphous oxides.

It should be noted that at present the range of materials
subjected to MAO processing has expanded significantly.
Traditionally, these materials include metals of the valve
group, which in the “metal-oxide-electrolyte” system have
one-sided conductivity. Among them, aluminum, magnesium,
titanium, and their alloys [62—64] have the greatest practical

Figure 1: The structure of the MAO coating (using the example of alu-
minum) [58].
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application while tantalum [53], zirconium [65], or niobium
has lesser application [66]. However, in recent years, the
number of publications devoted to the MAO of non-valve
metals (mainly zinc [67,68] copper, and their alloys [69], some-
times iron [70]) has increased, which until recently was con-
sidered theoretically impossible.

There are also modifications of the MAO process. For
example, a two-step MAO processing method is proposed,
which consists of the following. At the first stage, MAO of a
magnesium alloy is carried out in an alkaline-phosphate-
aluminate electrolyte until a coating up to 20 pm thick is
obtained, and then the process continues in an alkaline
electrolyte with a high concentration of sodium silicate.
This MAO method makes it possible to increase the corro-
sion resistance due to the formation of a denser inner layer
of coatings [55]. The modes of coating formation are devel-
oped, which differ in the shape of the technological impact
signal. In the first of them, asymmetric high-voltage pulses
of a special shape are applied to the sample, the character-
istic feature of which is a slow rise in the leading edge and
a sharp decline in the trailing edge of the pulse [71,72]. The
second mode differs from the first one in that an additional
voltage pulse is formed at the peak of the anode pulse, the
duration of which is shorter than that of the main one
(Figure 2). The second variant of the technological mode
makes it possible, other things being equal, to obtain a
smoother coating with an ultrafine microstructure [71].
In addition, it is possible to combine MAO with other
coating technologies, e.g., to form oxide layers on steel
parts. In this case, first, a layer of aluminum is applied to
the steel part by cold gas-dynamic spraying, then it is sub-
jected to MAO treatment in order to harden the surface,
and then a layer of fluoroplast is applied by magnetron
sputtering in order to improve anticorrosion properties.
Such treatment leads to a significant increase in the wear
resistance of the resulting coatings (by a factor of 3.1-3.3
compared to unhardened samples) [73].

There are modifications of the MAO process, in which
treatment is carried out not in aqueous electrolyte solu-
tions, but in molten salts [74]. One such type of surface
treatment of valve metals is plasma electrolytic fluorina-
tion. The coating process is also accompanied by micro-
discharges and is characterized by a forming curve of a
form standard for MAO. However, the synthesized coatings
consist of metal fluorides and they are distinguished by high
chemical purity. Fluoride coatings on aluminum are in
demand in optics due to their low refractive index, in the
lithium-ion batteries production [74,75]. Magnesium fluoride
coatings are promising in the field of medicine due to their
high biocompatibility [76]. When using special electrolyte
compositions, coatings can be obtained at room temperature,
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Figure 2: Applied waveforms used for the PEO process: (a) Original ultraceramic bipolar-pulsed process and (b) optimized ultraceramic bipolar-pulsed

process with additional on-top signal [71].

which makes it possible to simplify the design and increase
the efficiency of process equipment.

There are simpler modifications of the MAO process
that also impact the properties of the obtained layers such
as ultrasound-assisted MAO (UMAO) and heat treatment. The
UMAO method makes it possible to increase the corrosion resis-
tance of coatings by reducing the pore diameter, thickening the
barrier and working layers and increasing the uniformity of the
coating in thickness [77]. In the context of medical application,
coatings obtained by UMAO of Ti—Cu alloy demonstrate high
hydrophilicity and antibacterial properties [78]. Another way
to obtain a continuous compact coating structure is MAO with
subsequent heat treatment, which reduces the coating porosity
by filling the pores with oxide, as well as healing cracks due to
phase transitions of crystalline oxides during annealing at high
temperature [59]. At the same time, the hardness and the coat-
ings’ wear resistance increase [79].

It should be noted that the described modifications basi-
cally retain the characteristic features inherent in the original
technology of MAO, and, therefore, all its shortcomings. Thus,
the improvement of the MAO process can lead to significant
progress in a number of “related” technological processes.

3 Mechanism of MAO coating
formation
At the present stage, a complete understanding of the mechanism

of MAO coating formation has not yet been achieved. The avail-
able theoretical information is continuously supplemented,

refined, and concretized, up to a complete revision of the
obtained results and the emergence of alternative models
and hypotheses. The following general ideas about the
mechanism of MAO coating formation are valid for alu-
minum, magnesium, titanium, and their alloys [1-3].

It is known that the MAO process has a pronounced
staging [80]. The stage of anodization, spark, microarc, and
arc discharges are distinguished [81]. At the stage of ano-
dization, microdischarges do not occur; at the stage of
spark discharges, many small sparks are observed that
quickly move over the sample surface. The stage of microarc
discharges is characterized by the appearance of large but
slowly moving discharges [82]. At the stage of arc discharges,
several high-power microdischarges burn on the sample
surface, which leads to the destruction of coatings [83].
The stages of the MAO process are clearly seen on the
forming curve (dependence of the maximum voltage in
the galvanic cell on time) (Figure 3).

At the stage of anodization, electrochemical oxidation
of the anode occurs [1]. In this case, three sections can be
distinguished on the forming curve (Figure 4). In the first
section (from 0 to 55), a dense barrier oxide layer grows,
the next 5s correspond to the luminescence region, where
the porous coating layer grows; a period of time from 10 to
15s corresponds to the section of the breakdown of the
anode oxide film; then the stage of spark discharge comes.
The barrier and porous coating layers are composed of amor-
phous oxides. Thus, before breakdown, an MAO coating
uniform in thickness is formed by the mechanism of ion
migration. As the oxide layer grows, its temperature rises,
which can contribute to the appearance of crystalline phases



6 —— Ekaterina Pecherskaya et al.

500
Stage |

2 300 -+
)
g
= Stage Il Stage Il
© 200 - e =
>

100 4

0 L] L] L) Ll T
0 5 10 15 20 25 30
Time / min

Figure 3: The curve of cell voltage vs time at the first 30 min of the PEO
process. The cell voltages are the peak values of the potential pulses [84].
Region I on the graph corresponds to the anodization stage, region II
corresponds to the stage of spark discharges, and region III corresponds
to the stage of microarc discharges.

in the coating composition, as well as the intensification of the
dissolution process of the coating surface with electrolyte,
which can serve as prerequisites for subsequent dielectric
breakdown [84]. In the breakdown area, sudden dielectric
breakdown of the coating occurs, which leads to the ignition
of microdischarges.

At present, there are three versions of the mechanism
of occurrence and combustion of a single microdischarge.
The first one assumes that the initial dielectric breakdown
occurs in the barrier layer at the bottom of the pores, since
the resistance of the oxide barrier layer (and the voltage
drop on it) is higher than the resistance of the metal sample
and electrolyte. At the moment of breakdown, energy is
released in the form of Joule heat, as a result of which
the electrolyte boils up and a vapor-gas bubble is formed,
in which a gas discharge is ignited. In this case, plasma-
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chemical reactions occur in the discharge channel, during
which base metal and electrolyte oxides, which are part of
the coating are formed. Under the action of high plasma
temperature, the coating areas adjacent to the discharge
channel are melted. When heated, the gas-vapor bubble
expands and rushes to the pore mouth. Having gone
beyond the pore, the bubble expands, and the micro-
discharge goes out. Further, the bubble collapses, the elec-
trolyte vapors condense, and a low-pressure zone forms in
the pore, as a result of which a part of the molten oxide is
ejected onto the coating surface and rapidly solidifies,
forming an amorphous phase [28,49]. Finally, the pore is
filled with electrolyte. As a result of these processes, the
coating acquires a characteristic crater-like structure [28].

According to the second version, the following pro-
cesses take place at the moment of breakdown. Under
the action of a microdischarge, the coating at the bottom
of the pore evaporates and thermal stress arises in this
place, which leads to the curvature of the bottom and walls
of the pore. Further, when the thermally activated areas
come in contact with the electrolyte, a new oxide layer
rapidly forms in the pore. In contrast to the first version,
the considered mechanism assumes that dielectric break-
down contributes little to coating thickening [84].

The third version assumes that microdischarges occur
in the places of structural defects, where the electric field is
localized due to charge accumulation, and depending on
the type of defect, the process of microdischarge genera-
tion proceeds differently (Figure 5). On the ledges of the
coating, an accumulation of positive charges occurs; when
the sum of the voltage from the accumulated charge and
the applied voltage reaches a certain value, dielectric
breakdown takes place and sparks occur. In this case,
energy is expended on expansion of the discharge channel
and thermal work (formation of a gas-vapor bubble under
the action of Joule heat, heating of the coating areas
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adjacent to the discharge channel). In general, the emer-
gence and burning of microdischarges on the coating pro-
trusions occur according to the mechanism described in
the first version.

On flat areas of the coating, the probability of micro-
discharges occurring is negligibly small compared to areas
of protrusions due to insufficient energy for inelastic colli-
sions of gas molecules. In the process of coating growth,
new protrusions, on which microdischarges appear faster
and they are constantly formed. Thus, only electrochemical
processes take place on the flat areas of the coating.

In areas of recesses, due to their special shape, the
electric field strength increases significantly. It leads to
rapid ionization and the appearance of a plasma discharge.
In contrast to the protrusion sections, the process proceeds
under adiabatic conditions (without heat release). In this
case, the plasma temperature in the region of plasma-che-
mical reactions reaches 8,000 K, and in the adjacent elec-
trolyte — about 300K, and the temperature drop occurs
quite sharply. With a rapid increase in pressure, an explo-
sive expansion of the gas-vapor bubble take place, resulting
in the formation of a crater-like structure of the coating
[31].

At the stage of spark discharges, the microdischarges
functioning mechanism is also ambiguous. According to
Hussein et al. [83], the stage of spark discharges is charac-
terized by type B microdischarges (Figure 6), which occurs
as a result of a thorough dielectric breakdown of the coating,
which turns into a thermal one. In this case, the growth of
the coating occurs due to melting of the discharge channel
walls and plasma reactions involving atoms and ions of the
melt and electrolyte. On the contrary, it was shown by Zhu

Aluminum substrate

Figure 6: Schematic diagram of the discharge models for the PEO pro-
cess for an Al sample [83].
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et al. [84] that dielectric breakdowns of the coating do not
occur at the stage of spark discharges. Microdischarges in
this case represent a gas plasma burning on the sample
surface, while in depth, the coating thickness grows due to
ion migration [84]. A characteristic phenomenon at the stage
of spark discharges is the so-called “wandering micro-
discharges,” the appearance of which is associated with
the thermally activated growth of neighboring coating
areas, as a result of which the probability of dielectric
breakdown and ignition of microdischarges increases in
these places [83].

At the stage of microarc discharges, the coating growth
occurs due to ion migration in the barrier layer, while powerful
microarc discharges exist in the outer layer pores [84], under
the influence of which the temperature of the inner layer of the
coating increases, which promotes phase transitions of amor-
phous oxides into crystalline ones [55]. When the local heating is
removed, micrometer-sized aluminum oxide grains form in
the regions adjacent to the microdischarge channel, which is
accompanied by cracking [85]. At this stage, the formed coating
has a classical threelayer structure (barrier layer, working
layer, and outer porous layer) [84].

As the treatment time increases, fewer “weak spots”
remain on the coating surface [86], which leads to the occur-
rence of arc discharges. Due to the high power, each arc
discharge burns through the coating all the way to the
base metal, causing the next arc discharge to occur in the
same place. Thus, the transition to the stage of arc dis-
charges is undesirable due to the destruction of the coating.

The stages of microarc and arc discharges are charac-
terized by type A and C microdischarges (Figure 6), which
are gas discharges that burn in the micropores of the
coating and arise due to a relatively weak dielectric break-
down of the barrier layer at the bottom of the pores. The
difference between these types of discharge lies in their
localization: Type A microdischarges burn in shallow pores
near the coating surface, while type C microdischarges
burn in deep micropores or crack under the coating sur-
face. In addition, high-intensity type B microdischarges
may be present at the stage of arc discharges [83].

The composition and temperature of microdischarge
plasma at different stages of the MAO process also differ.
The base metal ions predominate in the spark discharge
plasma; in the plasma of microarc discharges, both atoms
of the base metal and electrolyte components are ionized,;
in the spectrum of arc discharges, individual peaks of high
intensity are observed [83]. At the initial stages of the MAO
process, when the surface density of microdischarges is
high, the plasma electron temperature reaches 8,000 K.
At subsequent stages, the plasma temperature decreases
to 3,000 K (Figure 7) [87].
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Figure 7: Time dependence of plasma temperature determined by
means of intensity ratios of Al I spectral lines at 237.31 and
257.51nm [87].

The mechanism of transition between the stages of
microdischarges in the MAO process is also the subject of
scientific discussions. According to one version, the differ-
ence between the stages lies in the change in the surface
discharge type, while the growth of the coating thickness at
all three stages of the MAO process occurs in the same way
(through ion migration) [84]. According to another version,
the mechanism of microdischarge functioning for all stages
of the MAO process remains unchanged. In this case, a
change in color, an increase in size, power, and a decrease
in the number of microdischarges over time is associated
with an increase in the thickness and the resistance of the
coating, as a result of which the number of “weak points”
in which dielectric breakdown is possible decreases [49].
The validity of this statement is confirmed by the results of
previous studies [6,71,86,88].

Much attention is paid to the study of the single micro-
discharge characteristics. At the moment, it is known that
with MAO at a sinusoidal current with a frequency of
50 Hz, the instantaneous peak power of a single micro-
discharge lies in the range of 6-20 W, and the duration of
a single microdischarge in the cascade is 30-50 ys [89]. For
the pulsed MAO mode, the current of a single micro-
discharge is 47.4 mA, which corresponds to a current den-
sity of 47.4kA'm% the microdischarge diameter ranges
from 8 to 100 um, and the discharge channel diameter is
several ym [90]. In this case, the brightness of a single
microdischarge is determined by the current strength in
the pulse (Figure 8) [89].

The distribution of microdischarges over the sample
surface depends on the localization of defects in the struc-
ture of the initial alloy and the formed coating. It is known
that areas of “weak points” in which dielectric breakdown
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Figure 8: Typical data for a sequence of current pulses, and for the
associated light emission, obtained from a photomultiplier tube (PMT
signal) [89].

occurs, as well as pores that form as a result of micro-
discharges, are randomly distributed over the coating sur-
face [49,84,91]. It makes it possible to apply statistical
methods for the mathematical description of the porous coating
formation. For example, from the graphs in Figures 9 and 10,
we can conclude that the largest number of observed micro-
discharges are short-lived microdischarges of small size [6].

Thus, at present, there are fundamental problems con-
cerning the mechanism of MAO coating formation. In par-
ticular, there are discrepancies in the interpretation of
physical phenomena associated with the dielectric break-
down of the coating, as well as the microdischarge occur-
rence and combustion. These ambiguities can lead to errors
in modeling the synthesis of microarc oxide coatings.

4 Influence of heterogeneous
factors on the properties of MAO
coatings

The properties of MAO coatings are affected by a large
number of heterogeneous factors. These can be the elec-
trical parameters of the coating process (current density,
amplitude, frequency, duty cycle and polarity of high-vol-
tage pulses, the anode and cathode current ratio), the para-
meters of the original sample (the workpiece shape, alloy
composition, surface roughness), electrolyte parameters (tem-
perature, turbidity, concentration of components and
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Figure 9: Lifetime distribution of microdischarges recorded at 10 min
processing time (before “soft” sparking regime) for various (a) current
densities J, (for Al2214 alloy sample processed with F =100 Hz) and (b)
current pulse frequencies F (for Al1050 alloy sample processed with J/, =
75.7 A-dm™) [6].

“production”), processing time, etc. The study of these influ-
ence regularities, which is an important scientific task, since
for different applications, the target properties of the coating
and, accordingly, the modes of their formation can differ
significantly. For a scientifically based selection of optimal
technological parameters for any application, the relationship
between the influencing factors and the MAO coatings prop-
erties is currently being studied. The results of these studies
are reviewed below.

4.1 Influence of sample material and shape

Depending on the initial alloy composition, there are spe-
cific features of the mechanism of the MAO coating forma-
tion [92], since in the MAO process, in addition to the main
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Figure 10: Size distribution of microdischarges recorded at 10 min pro-
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densities J, (for Al2214 alloy sample processed with F =100 Hz) and (b)
current pulse frequencies F (for Al1050 alloy sample processed with J, =
75.7 A-dm~) [6].

alloy component, alloying components also participate in
the coating formation [93]. Thus, for the MAO of aluminum
alloys, an increase in the duration of the anodizing stage is
observed compared with the MAO of pure aluminum at a
constant breakdown voltage of the oxide layer (Figure 11),
which is due to the introduction of non-valve metal atoms
into the coating, which are present in the initial alloy
[94]. A similar feature is typical for titanium alloys [95]. In
the case of Al-Zn-Mg-Cu alloys, e.g., 7050, the presence of
zinc impurities in the initial alloy inhibits the formation of
0-Al,03, which reduces microhardness, but increases the
coating thickness [96]. It is also known that in Cu-containing
aluminum alloys, mainly a-Al,03 is formed, whereas in Mg-
containing aluminum alloys, y-Al,03 predominates, which
indicates a lower wear resistance of the latter [97].

For magnesium alloys, the effect of the phase composi-
tion on the MAO process, internal structure, and MAO
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Figure 11: Forming curves of MAO process for different aluminum alloys:
AA1050 (Si 0.25 wt%, Fe 0-0.4 wt%, Cu 0.05 wt%, Mn 0.05 wt%, Mg
0.05 wt%, Zn 0.05 wt%, Ti 0.05 wt%, Al > 99 wt%) and AA2214 (Cu
3.9-5.0 wt%, Si 0.5-1.2 wt%, Mn 0.4-1.2 wt%, Fe 0.3 wt%, Mg 0.2-0.8
wt%, Zn 0.25 wt%, Cr 0.1 wt%, Ti 0.15 wt%, rest of Al) [94].

coating properties manifests itself differently [93]. In par-
ticular, for magnesium alloys, depending on the alloying
elements, the formation of a barrier layer of coating occurs
in different ways [98,99]. Thus, the growth of the barrier
layer of the MAO coating on the AZ91 alloy occurs first on a
matrix of a-Mg, and then passes to the B-phase (Mg;7Aly,),
while on the WE43 alloy, on the contrary, the barrier layer
is formed first on the B-phase (Mg4Nd,Y), and then on
a-Mg, that is due to the different reactivity of the p-phases
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in these alloys [57]. At the same time, the coating growth
rate is higher for the a-phase in the AZ91D alloy, and the
coating in the B-phase is formed due to the lateral growth
of the oxide in the a-phase [100]. The increase in the
coating growth rate on the AZ91D alloy compared with
pure magnesium is due to the presence of Al and Zn in
the alloy structure [101].

The structure and properties of the formed coatings on
magnesium alloys depend on the alloying elements in the
initial one. For example, MAO coatings on the AZ31 magne-
sium alloy are characterized by the presence of spherical
microvoids and branched pores, while MAO coatings on
the AZ91 alloy contain a large number of vertical pores
(Figure 12), due to which the electric strength of the latter
decreases, and the thickness and surface roughness increase.
This is due to the presence of intermetallic compounds in the
AZ91 alloy [55]. MAO coatings of magnesium alloys containing
copper or silicon are characterized by a high degree of
unevenness, which increases with an increase in the content
of these alloying elements [100].

The ratio of a and B phases in the substrate material
also affects the properties of MAO coatings [35]. So, if the
a-phase prevails in the Mg-Li alloy, the coating consisting
mainly of MgO has the greatest thickness, high porosity,
and roughness [102]. If the Mg-Li alloy contains mainly the
a + B phase, a denser and more uniform coating is formed,
which practically has no pores and microcracks [35]. In the
AZ91 alloy, the presence of the p-phase leads to the forma-
tion of defects in the structure of coatings and deteriora-
tion of their corrosion resistance [98].
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Figure 12: Mechanisms and differences of coating formation via ignition of various types of micro discharges during MAO process of AZ31 and AZ91
magnesium alloys in alkaline phosphate-aluminate electrolyte [55]. (a) shows the ignition of anodic plasma micro-discharges in vertical pores for AZ31
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For titanium alloys, the dependence of the structure
and properties of coatings on alloying elements and the
phase composition of the initial alloy is also traced. For
example, the alloying components of titanium alloys in
most cases lead to an increase in the MAO coating porosity
[46,103,104]; however, the coating structure varies in dif-
ferent ways. For example, an increase in the Ta concentra-
tion in the Ti-25Nb-xTa alloy leads to an increase in the
thickness and porosity of the coating and a decrease in the
pore diameter, which reduces the hardness and modulus
of elasticity, but increases the hydrophilicity of the surface
[103]. Coatings on the B-TiysNb alloy are characterized by a
lower pore density, but larger diameter, as well as increased
roughness compared to the o-titanium alloy [104]. The same
is true for o/ alloys, except for the pore diameter, which
corresponds to the pore diameter of the MAO coating of a a-
titanium alloy [104]. MAO coatings on Ti-18Zr-15Nb alloy
have a large thickness, roughness, and porosity due to
high values of the diffusion coefficient, and are character-
ized by increased corrosion resistance [46]. With an increase
in the aluminum content in the titanium alloy, the mor-
phology of the coatings also changes: under the action of
“wandering microdischarges,” a transition from a crater-
like surface structure to a crust-like one is observed [105].

The composition of the initial alloy affects the break-
down voltage of the MAO coatings (Table 2), since the
growth rate and chemical composition of the oxide depend
on it, and therefore its thickness, dielectric constant [119],
and melting point [118]. In the case of magnesium alloys,
with an increase in the Al content, the breakdown voltage
and the microdischarges power increase, which leads to an
increase in the coating roughness [120]. With the MAO of
Mg-Li alloys, compared with the MAO of pure magnesium,
there is a decrease in the breakdown voltage from 150 to
110 V (Figure 13) [102], and the lowest breakdown voltage is
characterized by the MAO coating on an alloy in which the
a phase prevails, compared with coatings of alloys con-
taining p- and o + B phases [35].

For titanium alloys, similar to magnesium alloys, with
an increase in the aluminum content in the alloy, the break-
down voltage of the coating increases, and this dependence
is linear (Figure 14) [1,105]. In this case, the increment in the
breakdown voltage caused by the increment in the alu-
minum content in the alloy under study compared to the
alloy without aluminum at the stage of microarc discharges
is practically independent of the treatment time [59]. The
change in the breakdown voltage is associated with a
change in the solubility of the molten coating material in
the presence of aluminum oxide in its composition. Also, for
titanium alloys, depending on the phase composition (during
the transition of the a — (a + ) — B phase), the breakdown
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voltage and the growth rate of the MAO coating increase at
the initial and final sections of the forming curve [104]. This is
probably due to a change in the dielectric properties of MAO
coatings [104]. So, e.g., with the MAO of the Ti-18Zr-15Nb
alloy, the alloying components lead to a decrease in current
density after the anodizing stage by three times at constant
forming voltage compared with the MAO of pure titanium,
which indicates a higher resistance of the MAO coating on the
Ti-18Zr-15Nb alloy [46]. At the same time, the MAO coating
on pure titanium consists of TiO,, and on the Ti-18Zr-15Nb
alloy, it consists of TiO, oxides (anatase and rutile), Nb,O5 and
7r0, [46]. Thus, an increase in the resistance of the MAO
coating may be due to defects associated with the presence
of oxides of other metals in the coating [46].

In addition to the composition of the initial alloy, the
breakdown voltage is also influenced by the electrical
parameters of the MAO process [121,122], the composition
[123], and the temperature of electrolyte [124].

It should be noted that the same allotropic oxide mod-
ification can significantly change the properties of MAO
coatings on different alloys [125]. Thus, in contrast to alu-
minum and titanium alloys, a high content of crystalline
aluminum oxides in a MAO coating on a magnesium alloy
AZ63 does not improve the protective properties of the
coating (microhardness and corrosion resistance), but,
on the contrary, leads to an increase in the number of
defects [49].

Also, the properties of coatings can be influenced by
the shape of the coated products [126]. Thus, during the
formation of MAO coatings on titanium fiber, a local thick-
ening of the coating from the side of the substrate, followed
by the formation of cracks, which reduces the wear resis-
tance and corrosion resistance of the coating is observed.
The reason for this phenomenon can be the appearance of
intense microarc discharges that burn for a long time on
the same surface area and form a local thickening of the
coating. In addition, ejections of a large amount of molten
oxide onto the sample surface after the extinction of such
microdischarges lead to an increase in the coating rough-
ness [127].

4.2 Influence of electrical parameters of the
process (forming voltage, current
density, frequency, and duty cycle)

The MAO electrical and process parameters have a signifi-
cant influence on the formation and performance charac-
teristics of coatings. For example, the growth rate of MAO
coatings increases linearly with the current density and is
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Figure 13: Forming curves of the MAO process for pure magnesium and
Mg-Li alloy [102].

practically independent of the pulse frequency (a weak
direct correlation is possible) (Figure 15) [6]. In this case,
the electron and ion current ratio changes depending on
the current density. Taking into account that the electro-
chemical processes responsible for the coating growth are
determined by the ion current, while the microplasma pro-
cesses are determined by the electron current, to ensure
stable growth of the coating, it is necessary to maintain
a balance between these two currents [123]. The coating
breakdown voltage does not depend on the current den-
sity [86].

The coatings’ porosity is determined by the surface
density of microdischarges, which increases with current
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Figure 14: Relationship between the breakdown voltage and the Al
content (wp) in the Ti-xAl alloys during the MAO treatment in 0.1M
Na,B40; electrolyte [105].

density and decreases with pulse frequency, as shown in
Figures 8 and 9 [6]. In this case, the pore size decreases
with current density, as well as with an increase in fre-
quency according to an exponential law (Figure 16) [123].

The surface roughness of coatings, as well as porosity,
increases with current density and decreases with fre-
quency (Figure 17) [6]. An increase in the coating rough-
ness is also observed with an increase in the applied
voltage [127].

With an increase in the duty cycle of the pulses, the
content of crystalline oxides, the thickness, and corrosion
resistance of the coatings increase, while the breakdown
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Figure 15: Dependence of the average growth rate of the oxide layer at the center and the edge of PEO processed samples on (a) the current density
Jp (for AI2214 alloy sample processed with F =100 Hz, after 70 min treatment) and (b) the current pulse frequency F (for Al1050 alloy sample processed

with J, = 75.7 A-dm™2, after 40 min treatment) [6].
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Figure 16: Pore size distribution in coatings produced at a current
density of 30, 80, and 120 mA-cm™2 [123].

voltage and porosity of the coatings decrease [116]. In this
case, if the pulse duration is chosen to be comparable with
the microdischarge duration, coatings are formed that
have a uniform porosity and a small pore size [121].

The current density and duty cycle of the pulses deter-
mine the energy consumption of the MAO process. It was
found that the lowest power consumption is achieved at a
reduced current density and pulse duty cycle [121]. How-
ever, this MAO mode has limitations. At a low duty cycle of
the pulses, a short-term increase in the microdischarges
power occurs, but the duration of their action is insufficient,
which limits the growth rate of the coating thickness. This is
due to a change in the transport of ions in the “metal-oxide-
electrolyte” system. A high duty cycle accelerates the ions’
movement (ions move a greater distance), so the breakdown
voltage drops. Thus, in order to effectively obtain MAO
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coatings, it is necessary to maintain a duty cycle balance

at which the power would be maximum and the duration

acceptable for the required coating growth rate [116].

The influence of the electrical parameters of the MAO
process on the various properties of the MAO coating layers
(working and technological) is manifested as follows:

- With increasing current density, the coating growth rate
and the microdischarge power increase, which leads
to the formation of thicker coatings [93], an increase
in the content of crystalline phases in the working layer,
microhardness, and corrosion resistance of the coating
[56,128]. The number of microdischarges per unit sur-
face area of the sample also increases, which increases
the porosity and roughness of the technological layer
[6,123]. Coatings obtained at high current density are
characterized by a high degree of defect, which is asso-
ciated with an increase in the power of microdischarges
[93,128]. Thus, due to internal mechanical stresses caused
by constant ignition and microdischarges quenching,
microcracks occur in the coating [88]. When a micro-
discharge is ignited, the plasma temperature in the dis-
charge channel and the temperature of the coating adja-
cent to it increase. When the vapor-gas bubble collapses,
the pore is filled with electrolyte and is cooled, a tempera-
ture gradient occurs, which leads to rapid recrystalliza-
tion and the formation of microcracks in the oxide layer
[129]. Microcracks can also occur during subsequent heat
treatment of coatings if the annealing temperature
exceeds 500°C [79].

- With an increase in the pulse duration, the content of
crystalline phases in the working layer of the coating
also increases, and the porosity of the technological
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Figure 17: Dependence of the roughness of the oxide layer at the center and the edge of PEO processed samples on (a) the current density /, (for
AI2214 alloy sample processed with F =100 Hz, after 70 min treatment) and (b) the current pulse frequency F (for AI1050 alloy sample processed with /,

=75.7 A-dm™2, after 40 min treatment) [6].
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layer decreases [56,116]. The content of oxides formed by
electrolyte components in the technological layer of the
coating, e.g., copper oxide, which gives the coating cat-
alytic properties [61,130], as well as mullite [56], depends
on the duty cycle of the pulses. Single current pulses of
a larger width have a higher energy, which can affect
the growth rate, thickness, and pores diameter in the
coating [1]. The use of ultrashort current pulses makes
it possible to achieve a nanometer-sized grain structure
in MAO coatings [131].

- With an increase in the frequency of current pulses, the
porosity of the technological coating layer decreases [6],
and the oxide content in the coating, thickness, and cor-
rosion resistance increase [93].

- With an increase in forming voltage, an increase in
thickness, porosity [1,132], and surface roughness of
the coating [127,133] is observed, which is associated
with an increase in the power of microdischarges [1].
This reduces the corrosion resistance [93], adhesive
strength, thermal conductivity, and crack resistance of
MAO coatings under thermal shock [133].

- The influence of voltage polarity is manifested in the dif-
ference in the structure and properties of coatings obtained
in the anode and anode—cathode modes [1,93,129]. In both
these modes, MAO coatings have a classic three-layer struc-
ture with a dense working and loose technological layer;
however, in coatings obtained in the anode mode, there are
a large number of defects at the coating-substrate interface,
which indicates low adhesive strength of coatings [129]. In
coatings obtained in the anode-cathode mode, the working
layer does not contain pores and cracks, which are concen-
trated in the technological layer of coatings [134]. In addi-
tion, the thickness of the working layer of coatings obtained
in the anode-cathode mode is higher than in the anode
mode [129]. The described differences in the morphology
and properties of coatings are explained by the fact that
in the anode—cathode mode, the anode pulse is responsible
for the course of oxidation reactions, and the cathode pulse
has a sintering effect on the formed oxide, which makes
the coating more compact and increases corrosion resis-
tance [1,93].

- The ratio of the anode and cathode currents I,/ allows
us to adjust the ratio of the thickness of the outer and
inner coating layer [129]. With a decrease in the ratio of
anode and cathode currents I/Ic, the growth rate of the
coating inward (toward the substrate) increases, and the
growth rate outward (toward the electrolyte) decreases
[134]. At the same time, the thickness of the working
layer increases [1,129], and the share of the technological
layer in the total thickness of the coating decreases [134].
With a decrease in the ratio of anode and cathode

DE GRUYTER

currents I/Ic, the hardness of the coatings increases,
which is associated with an increase in the content of
crystalline oxides in the working layer of the coating
[133,134]. The decrease in roughness with a decrease
in the ratio of anode and cathode currents is associated
with the smoothing of the characteristic “pancake” struc-
ture of the technological coating layer [93,129,134].

Due to the variety of pulse modes of MAO processing
and a large number of adjustable parameters, the question
of the influence of the electrical parameters of the MAO
process on the properties of the coatings being formed
currently [1], as well as the task of finding optimal techno-
logical parameters for obtaining MAO coatings with speci-
fied properties remain open [135].

4.3 Influence of electric field inhomogeneity

In some works, it is noted that the coating is formed
unevenly over the sample surface, as a result of which
the coating properties differ somewhat at the center and
at the edges of the sample (thickness and roughness are
higher at the edges) [6]. As reported in the study by Moga
et al. [49], at a coating thickness of 24 um, the deviation of
the thickness from the average value is +12 um. This spatial
gradient is more typical for high current densities and low
pulse frequencies, and it can be associated with both the
uneven distribution of microdischarges over the sample
surface [49] and the inhomogeneity of the electric field in
the galvanic cell.

Galuza et al. [136], based on the theory outlined in
[137], simulated the effect of the distribution of the electric
field strength over the sample surface on the heterogeneity
of the oxide coating (from the center to the edge of the
samples). The simulation results showed that the electric
field strength is minimal in the center of the sample and
maximal at its edges [136]. The conclusion that along
the central line of the sample, the electric field strength
increases monotonously from the current input plane to
the opposite surface are interesting; in the center of the
sample, the field has practically no gradient and is close to
homogeneous [136]. Experiments have confirmed that in
the early stages of the MAO process, microdischarges are
unevenly distributed over the sample area, which causes
a more intensive growth of the coating in areas where
there are more microdischarges [136,138,139]. Kuznetsov
et al. [138] analyzed the influence of the configuration
and mutual arrangement of the electrodes and the sample:
it was experimentally established that the best results in
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uniform distribution of the coating thickness during MAO
are provided by the condition of plane-parallel installation
of the electrodes relative to the plane of the processed
sample. After a short processing time (about 5 min), micro-
discharges occur mainly along the edges of the sample,
which is explained by an increase in the electric field
strength due to the presence of an edge effect [6,139].

The reason for the inhomogeneity of the electric field
can be, e.g.,, the complex shape of the coated part, the
number and configuration of cathodes, etc.

4.4 Effect of processing time

Processing time is one of the main influencing factors of
the MAO process [135]. The processing time determines the
MAO process stage and, consequently, the structure and
phase composition of the resulting coatings. Thus, depending
on the processing time, both two-layer (consisting of a barrier
and porous layers) and three-layer coatings can be formed,
having an additional inner, or working, layer [55].
According to the mechanism of MAO coating forma-
tion considered earlier, the coatings’ thickness increases
with the processing time; however, there is ambiguity in
the description of this dependence. On the one hand, the
coating thickness increases linearly with the treatment
time (Figure 18), and the growth rate depends on the elec-
trolyte composition [88]. On the other hand, at the stage of
spark discharges, the dependence of the MAO coating
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Figure 18: Average coating thickness as a function of PEO processing
time for both bP-PEO and gP-PEO [88]. The bP-PEOQ coating was obtained
in the base electrolyte, NasPO, (20 g-L™") and KOH (1g-L™"). The gP-PEO
coating was obtained in the base electrolyte with the addition of glycerol
C5Hg05 (250 ml-L™).
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thickness on the treatment time is described by exponen-
tial functions, at the stage of microarc discharges by linear
functions (Figure 19), and there is a clear correlation
between the empirical constants of the approximating
functions at the stage of spark discharges and the concen-
tration of electrolyte components [122]. The linear depen-
dence of the coating thickness on the processing time is
valid for a short processing time, after which a fracture is
observed. The linear nature of this dependence is obtained
as a result of a combination of two mechanisms for the
growth of the MAO coating: outward growth (in the direc-
tion of the “coating-electrolyte” interface) under the micro-
discharge action (during splashing and solidification of
molten oxide on the coating surface), and inward growth
(in the direction of the “coating-substrate” interface) as a
result of oxygen diffusion (Figure 20) [140].

With an increase in the treatment time, the coating
porosity decreases, and the roughness increases, which is
due to an increase in the size of microdischarges and a
decrease in their number [49]. The nature of the change
in the coating porosity can be estimated knowing the
dependence of the surface density of microdischarges on
the treatment time. It can be seen that this dependence
obeys the double exponential decay law (Figure 21) [6]
and is approximated by a straight line on a double loga-
rithmic scale (Figure 22) [86]. This shape of the experi-
mental curves is presumably the result of two different
phenomena, which are associated with the features of
the dielectric coating breakdown. However, the specific
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Figure 19: Thickness of MAO coating obtained in phosphate-borate
electrolytes [122]. Electrolyte composition: for sample B10: Na,B40;
(0.1 mol-L™"; for sample P1B9: Na,B40; (0.09 mol-L™") and NasPO,
(0.01 mol-L™); and for sample P1.5B8.5: Na,B,40; (0.015 mol-L™") and
NasPO, (0.085 mol-L™).
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Figure 20: Inward and outward coating portion during PEO coatings (a), ratio of coating portion to the total thickness (b) vs treatment time [140].
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mechanisms of these phenomena have not yet been stu-
died [6].

An increase in treatment time also leads to a change in
the pore structure: over time, the diameter of the hole in the
pore expands, while the diameter of the outer wall of the
pore remains constant [84,85,88]. It is known, however, that
at the same coating breakdown voltage, the average pore
size does not depend on the treatment time [85].

The percentage of crystalline oxides in the coating
increases with the treatment time. The percentage of crys-
talline oxides correlates with the microhardness and cor-
rosion resistance of coatings, which also increase with
treatment time. In addition, an increase in microhardness

and corrosion resistance can be associated with a decrease
in the coating porosity [49].

4.5 Influence of component concentration,
pH, and electrolyte conductivity

The mechanism of the electrolyte components concentration
influence can be described as follows (using the example of a
silicate-alkaline electrolyte). An increase in the NaOH concen-
tration leads to an increase in the electrolyte conductivity, but
also intensifies the coating dissolution. The sodium silicate
addition to the electrolyte reduces the dissolution rate of
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Figure 22: Density of microdischarges versus PEO treatment time of aluminum in 0.05 M NaOH + 10 g/L Na,SiOs at 5 (curve 1) and 10 A-dm™2 (curve 2)

in (a) linear and (b) double logarithmic scales [86].

the coating by reducing the concentration of hydroxide ions
adsorbed on the oxide surface. With an increase in the
sodium silicate concentration, the electrolyte resistance
increases; therefore, the breakdown voltage of the coating
increases, as well as the microdischarge intensity [86]. The
relationship between breakdown voltage and electrolyte
conductivity during MAO is described by the empirical
regression formula proposed in [91]. For other electrolytes,
similarly, there are components that contribute to the coating
dissolution and suppress this process. For example, in the
case of an aluminate electrolyte, an increase in the electrolyte
conductivity occurs with an increase in the sodium aluminate
concentration [85]. In a borate-phosphate electrolyte, the
coating dissolution at high temperatures is facilitated by
borate ions, while phosphate ions promote uniform growth
of the coating [122]. In some electrolytes, a decrease in con-
ductivity and an increase in the breakdown voltage of the
coating are observed when nanoparticles are added [91].

When describing the effect of the electrolyte composi-
tion on the MAO coating properties, instead of the compo-
nents’ concentration, the hydrogen exponent pH is sometimes
used. However, the physical meaning of the regularities
under consideration does not change in this case, since the
PH of the electrolyte is related to the ions’ concentration. For
example, an increase in the concentration of nanoparticles
leads to an increase in pH and a decrease in electrolyte con-
ductivity [91]; as the pH of the electrolyte increases, the
growth rate increases and the coating thickness increases
[141], which agrees with the model described above. Typically,
the pH of the electrolyte for MAO is 12.0-12.8, which indicates
the alkaline nature of the solution [141].

Let us consider the influence of the electrolyte compo-
sition on the thickness, porosity, and surface roughness

using the example of MAO coatings formed on a magne-
sium alloy in an electrolyte containing titanium oxide
nanoparticles. Thus, with an increase in the concentration
of nanoparticles in the electrolyte, thickness, porosity, pore
size, and surface roughness increase (Figures 23 and 24). In
this particular case, the wettability of the coating surface is
also increased, since titanium oxide has pronounced hydro-
philic properties [142]. Corrosion resistance decreases in this
case, which is associated with an increase in porosity, surface
wettability and the presence of internal coating defects, as
well as with a high mass fraction of amorphous oxides [91].

The influence of the electrolyte components concentra-
tion on the wear resistance of coatings is also ambiguous.
Thus, at low concentrations of nanoparticles in the electro-
lyte, an increase in microhardness is observed; therefore,

14
. . 1221
Porosity (%) = Average pore size (um)

12 + 11.29
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¢ 81
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Figure 23: The average percentage of porosity and the average size of
porosity with increasing concentration of TiO, nanoparticles [91]: To =
0gL", Ty=1gL, T, =2gL ", ls=3gL ™, and T, =4gL™".
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Figure 24: The surface roughness values of PEO-coated specimens at
various concentrations of TiOy: To = 0g:L™, Ty =1gL™, L, =2gL ", T5 =
3g.L”, and T, = 4g.L7" [91].

wear resistance increases; however, when a certain threshold
value is exceeded, wear resistance decreases due to an
increase in coating porosity [91]. A similar dependence is
also characteristic of the adhesion strength of coatings: the
adhesion strength increases with the concentration of electro-
lyte components; however, there is a critical concentration,
above which the adhesion strength of coatings remains at a
constant level [141].

DE GRUYTER

The choice of electrolyte for MAO largely depends on
the technologist experience, and is determined by the
application area of the coatings, as well as the material
of the initial alloy [119]. Let us explain it with an example.
MAO coatings obtained in three electrolytes: phosphate,
aluminate, and silicate have comparable anticorrosion
and photocatalytic properties. At the same time, the most
promising for MAO processing of the TigAl,V titanium alloy
is a phosphate electrolyte, which provides a high formation
efficiency (the ratio of the specific power supplied to the
sample to the coating thickness) and a low breakdown
voltage of the coatings. In addition, coatings obtained in
a phosphate electrolyte contain only crystalline modifica-
tions of titanium oxide, while treatment in aluminate and
silicate electrolytes leads to an increase in the content of
amorphous phases in the coating [111].

4.6 Influence of electrolyte temperature

Let us consider the mechanism of influence of the silicate-
alkaline electrolyte temperature on the formation of oxide
layers during MAO. The electrolyte temperature affects the
breakdown voltage of the coating (there is a direct correla-
tion), which is associated with a change in the ionic conduc-
tivity of the electrolyte [143]. As the electrolyte temperature
decreases, the average size, brightness, and power of micro-
discharges decrease (Figure 25), that contributes to the
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Figure 25: (a) Voltage-time curves of pure magnesium during MAO in electrolyte temperatures of 25°C and -5°C. The insets show the micro-
discharges appearances at different coating times, at the onset of dielectric breakdown and at the final stage of MAO. (b) The histogram of size
distribution and fraction of plasma discharges with inset describes their fraction of plasma intensities [124].
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Figure 26: AFM images showing the surface roughness of the oxide layer formed on pure magnesium via MAO in two different electrolyte temperatures
of (a) -5°C and (b) 25°C. Water contact angles of oxide layers in sample, obtained at: (c) -5°C and (d) 25°C [124].

transition to the “soft sparking” mode by reducing the size of
the thermally activated zone around the microdischarge
channel and increasing the rate of oxide crystallization.

The electrolyte temperature also affects the pore con-
figuration and surface porosity. With an increase in tem-
perature, the probability of the microdischarge cascade
appearance increases, under the action of which large
accumulations of united micropores are formed. As a
result, the coating obtained at a higher electrolyte tempera-
ture has increased porosity, surface roughness, and has
hydrophobic properties (Figure 26).

The dependence of the corrosion resistance of coatings
on the electrolyte temperature for the MAO process differs
from that for traditional anodizing [144]. It is known that for
anodizing, the formation of coatings at low temperatures
leads to a significant increase in their corrosion resistance.
It was found, however, that no such effect is observed in the
case of MAO, and the corrosion resistance of coatings
obtained at low and high electrolyte temperatures is com-
parable [124].

4.7 Interaction of influencing factors

It is known that heterogeneous factors of the MAO process
have a cumulative effect on the properties of MAO coatings.
As a result, some factors are interdependent. An obvious

example of this behavior is the relationship between current
density and treatment time: with increasing current density,
the treatment time is significantly reduced (Figure 27) [123].

Coating properties can also have mutual influence on
each other. In particular, the coating thickness is in direct
correlation with microhardness and adhesive strength [85].
With an increase in thickness, porosity and surface rough-
ness of the coatings also increase, and the corrosion resis-
tance decreases due to damage to the barrier layer by
microarc discharges. With an increase in porosity and

Critical Voltage

Breakdown Voltage

Voltage (V)
g

0 200 400 600 800 1000 1200 1400 1600

Time (s)

Figure 27: Voltage vs time plots obtained during PEO of titanium at
current densities of (a) 30, (b) 40, (c) 50, (d) 60, (e) 80, (f) 100, and (g)
120 mA-cm ™2 [123].
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pore diameter in coatings, an increase in the friction coeffi-
cient is observed [71].

4.8 Influence of oxidation modes

There are three main modes of MAO coating deposition:
galvanostatic, potentiostatic, and pulsed [1]. The potentio-
static mode assumes that the formation of coatings is car-
ried out at a constant amplitude voltage applied to the
galvanic cell. In this case, microdischarges burn over the
entire surface of the sample, and their intensity increases
with time. In the potentiostatic mode, as the coating grows,
the current through the sample gradually decreases; it
reduces the voltage drop across the coating. If the voltage
drop becomes lower than the breakdown voltage of the
oxide layer, the coating formation stops and the micro-
discharges are extinguished. In some cases (at a voltage of
400V and a current density of 2kA'm?), microdischarges
may not be observed on the sample surface, but burn inside
the coating pores (Figure 28).

In the potentiostatic mode, with increasing voltage, the
thickness and roughness of the coating surface increase, while
the pore diameter and friction coefficient decrease [110].
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In the galvanostatic mode (with direct current through
the galvanic cell), a decrease in the forming voltage is also
observed with a long processing time, accompanied by the
microdischarge extinction (Figure 29). These phenomena pre-
cede the transition of the MAO process to the stage of arc
discharges. In contrast to the potentiostatic mode, in the gal-
vanostatic one, microdischarges are distributed unevenly over
the sample surface, and their area increases with time [145].

In the galvanostatic mode, with increasing current
density, thickness and porosity of the coatings increase,
and the resistivity decreases (obviously, due to an increase
in porosity). The surface roughness and the coefficient of
coatings friction also decrease, which is apparently related
to the coating compaction [1].

The pulse mode is devoid of the disadvantages of the
two previous modes. In this mode, the microdischarges do
not fade, since the energy is applied to the sample in short
pulses. In this case, the average pulsed current turns out to
be higher, other things being equal, leading to an increase
in the current density by a factor of 4.5 [90]. Such a tech-

nological impact leads to an increase in the crystalline
oxide content, thickness, wear resistance, and corrosion
resistance of coatings [116,146].

The available data on the effect of heterogeneous factors
on the MAO coating properties are summarized in Table 3.
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Figure 28: Current density and PEO coating of a Ti-15V-3Cr-3Sn-3Al titanium alloy by constant voltage (CV) operation. (a) Time variation of current
densities for a 400 s treatment time. (b) Cross-section and surface morphology of the PEO coating at a 60 s treatment time [90].
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Table 3 shows that the vast majority of coating para-
meters are influenced by a group of factors: current density,
pulse frequency and duty cycle, treatment time, component
concentration, and electrolyte temperature. For all cases,
the nature of the factors influence on the coating properties
is known: direct correlation means that with an increase in
the influencing factor, the coating parameter increases;
inverse correlation means that as the influencing factor
increases, the coverage parameter decreases. Most of the
relationships presented in the table are quite logical and
correspond to modern ideas about the mechanism of MAO
coating formation. However, there are also controversial
points. First, there is a discrepancy between the correlation
type for the same dependencies obtained by different authors.
For example, the dependence of surface roughness on current
density (rows 6 and 32 of Table 3) is characterized simulta-
neously as a direct and inverse correlation. (The same flaw
can be traced in lines 17 and 52). Second, the designations
“direct” and “reverse correlation” adopted in the table are
rather conditional and reflect only the fact that the functional
dependence is increasing or decreasing, without indicating a
specific type of mathematical function. For some dependences,
however, the type of functional dependence is known, but
there are discrepancies in the simulation results. Thus, in
the study by Jangde et al [88], the dependence of the coating
thickness on the treatment time is described by a linear func-
tion, and in the study by Wang and Zhang [122], by a linear
and exponential function, depending on the stage (lines 25 and
51). Third, the works listed in the table are unique, each of
them has its own peculiarities in terms of the initial alloy,
electrolyte composition, and used technological parameters
of MAO processing. In particular, when considering the
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influence of the electrolyte components concentration, it
should be taken into account that different electrolyte com-
positions are used (lines 4, 16, 39, etc.). To eliminate these
shortcomings, it is necessary to supplement and refine infor-
mation on the effect of heterogeneous factors on the proper-
ties of MAO coatings, and to obtain this information, it is
necessary to conduct a number of interconnected experi-
ments to develop the technological process in laboratory
conditions.

5 Mathematical description of the
MAO process

In general, there are not many works devoted to the math-
ematical description of the MAO process. The available
developments in this direction affect only certain classes
of phenomena occurring during the formation of coatings,
which is obviously associated with complexity and inter-
disciplinary nature of the study object. For example, in the
research by Yerokhin et al [141], the main focus is on
studying the kinetics of electrode processes during the
MADO of a titanium alloy and describing the chemical reac-
tions that occur during the coating formation. In the study
by Shi and Li [31], on the contrary, the main attention is
paid to the thermodynamic description of the MAO process
using the theory of a plasma discharge in a liquid at low
temperature.

Various physical principles, laws, and analytical expres-
sions are used to model the MAO coating formation. Thus, to

Cross section Surface

CC
3.0 kA/m?|1.0 kA/m?

(®)

Figure 29: Voltage and PEO coating of a Ti-15V-3Cr-3Sn-3Al titanium alloy by constant current (CC) operation. (a) Time variation of the voltages for a
400 s treatment time. (b) Cross-section and surface morphology of a PEO coating at a 60 s treatment time [90].
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Table 4: Technological parameter values of the MAO process of titanium
for forming curves are shown in Figure 35 [121]

Sample  Current density Am? T, To Duty cycle (%)
3075/10 3,000 50 100 67
387T5/10 3,800 50 100 67
45T5/10 4,500 50 100 67
307T10/5 3,000 100 50 33
38T10/5 3,800 100 50 33
45T10/5 4,500 100 50 33

5.1 Modeling the forming curve

An important area of the MAO process research is the
forming curve modeling which makes it possible to analyti-
cally describe changes in the mechanism of oxide coating
formation with time. It has been shown, e.g., that at the stages
of anodization and microarc discharges, the forming curve is
approximated by linear functions, and at the stage of spark
discharges — by exponential functions (Figure 32) [122]. In this
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case, the slope of the forming curves reflects the coating
resistance at different stages of its formation. No micro-
discharges are observed at the anodizing stage, the coating
thickness increases due to the ion current according to the
Faraday law for electrolysis; coating resistance increases
rapidly. At the stage of spark discharges, the coating growth
rate and the slope of the forming curves decrease, since part
of the current is spent to maintain the microdischarge com-
bustion; the coating resistance increases much more slowly.
At the stage of microarc discharges, the coating is already
formed, its resistance does not change; at this stage, only
high-temperature phase transitions of amorphous to crystal-
line oxides occur due to local heating of the inner regions of
the coating at the sites of microdischarges [123].

The results of the forming curves study make it pos-
sible to formulate the following theoretical statements
describing the mechanism of coating formation:

(1) the growth of the coating thickness occurs only due to
the ion current;
(2) the microdischarge resistance is negligible;
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Figure 30: Examples of simplified band diagrams for metal-oxide electrode formed on (a) and (b) non-valve and (c) and (d) valve metals under (a) and

(c) open cell and (b) and (d) anodic polarization (Uy). Not to scale. £, - vacuum level of electron energy. EM E

,and ER®9% _ glectrons Fermi level in

metal, oxide, and solvated redox species. Band gaps relation: £y, < Eg. AFoy - electric field across oxide. DOS - density of states [147].
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Figure 31: Time variation of the total charge density during the PEO process by (a) CV operation and (b) CC operation [90].

(3) the microdischarge ignition occurs by avalanche break-
down of the formed coating.

These provisions make it possible to independently
consider the electrochemical and microplasma processes
and are useful in the development of mathematical models
of the MAO process [123].

5.2 Influence of heterogeneous factors on
the shape of the forming curve

The forming curve is important not only for the analytical
description of the MAO process, but also for predicting the
properties of the resulting coatings [135]. First, the forming
voltage is a derivative of the current and the coating resis-
tance and, in fact, does not belong to the influencing fac-
tors of the MAO process. Second, the forming curve is an
integral characteristic that contains complete information
about all the phenomena that accompany the coating for-
mation, including the influence of heterogeneous factors
on the coating properties. Third, the forming curve is mea-
sured in real time, which makes it possible to predict the
course of the MAO process and obtain primary information
about the coating properties already at the stage of their
formation. Let us consider possible practical applications
of the forming curve for the MAO process analysis.

(1) Determination of the possibility of conducting the MAO
process. It is known that the formation of high-quality
MAO coatings occurs only at a certain combination of
technological parameters. For example, during the MAO
of aluminum in the galvanostatic mode, microdischarges
can occur only when coatings are deposited in weakly

alkaline electrolytes at high voltage [86]. Practical experi-
ence shows that high-quality MAO coatings are obtained
if the forming curve has a classical form, as shown in
Figure 33. (This particular case corresponds to a coating
with a microhardness of 11.5 GPa, which has high wear
resistance) [146]. With incorrectly selected technological
parameters, the forming curve has a distorted form, as,
e.g., in Figure 34. The graph shows a deep local minimum
at the microdischarge stage, after which the voltage does
not recover to its previous values, but remains at a level
of about 220 V. During a local minimum, sparking stops,
and when the voltage is restored, the intensity and
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Figure 32: Process voltage of TigAl,V alloy treated by MAO in P/B elec-
trolyte [122]. Electrolyte composition: for sample B10: Na,B,0;

(0.1 mol-L™"; for sample P1B9: Na,B40; (0.09 mol-L™") and NasPO,

(0.01 mol-L™); and for sample P1.5B8.5: Na,B40; (0.015 mol-L™") and
NasPO, (0.085 mol-L™).
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number of microdischarges are significantly reduced,;
there is also a constant evolution of gas. In this case, a
loose coating of white color is formed on the entire sur-
face of the sample. The resulting coating consists of two
layers: a thin porous inner layer of titanium oxide and a
thick porous outer layer of amorphous silicon oxide, and
has low wear resistance [148]. Thus, the appearance of the
forming curve can serve as an indicator of the MAO
coating quality.
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Figure 34: Cell voltage during PEO of titanium for 3,600 s at

500 mA-cm ™2, with a frequency of 50 Hz, a duty cycle of 50%, and a
negative-to-positive current ratio of 1. Inset: photographs of specimens
after PEO for 180 and 700 s [148].

Mechanism and models of the microarc oxidation process: A comprehensive review = 29

(2) Prediction of the formed coating properties. The influ-
ence of heterogeneous factors, which leads to a change
in the properties of coatings, is displayed on the forming
curve. Thus, eg., the current density and electrolyte
composition have different effects on the course of the
forming curve.

The effect of current density and duty cycle on the
shape of the forming curve can be described as follows.
An increase in the current density and a decrease in the
duty cycle of the pulses lead to an increase in the steepness
of the forming curve at all stages of the MAO process, and
in general, the forming voltage (Figure 35). In this case, the
transition time to the next stage of the MAO process, which
corresponds to the critical points of the forming curve (break-
down voltage, critical voltage, final voltage), decreases with
current density [86,121].

In addition, the form of the forming curve is affected
by the electrolyte conductivity, which is determined by the
concentration of its components, and also depends on tem-
perature. At the stage of spark discharges, with a decrease in
electrolyte conductivity, the forming voltage, the steepness
of the forming curve [88], and the breakdown voltage of the
coating increase, and the duration of the stage decreases
(Figure 36) [122]. At the stage of microarc discharges, an
increase in the forming stress is also observed; the steepness
of the forming curve at this stage is practically independent
of the electrolyte conductivity [86,121]. At the anodization
stage, the steepness of the forming curve and the
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Figure 35: Forming curves of the MAO process for titanium at various
parameters of the technological mode (current density, pulse duration
and pause, pulse duty cycle). The samples names in the figure corre-
spond to different sets of the technological parameter values for
obtaining MAO coatings, given in Table 4 [121].
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tions [86].

breakdown voltage of the coating do not depend on the

electrolyte (Figure 32) [122]. As the temperature rises,

the electrolyte conductivity increases, while the break-

down voltage decreases [124].

Considering the foregoing and using the dependences
of coating properties on influencing factors considered in
Section 4, we can assume the following:

(@) A change in the steepness of the forming curve indi-
cates a change in the rate of increase in the coating
thickness. At the same time, at the anodization stage,
the growth rate of the coating thickness does not
depend on the composition of the electrolyte and is
determined by the electrical parameters of the MAO
process (current density and pulse duty cycle) [122,146].
At the stage of microarc discharges, the slope of the
forming curves depends weakly on the current density
[86]. In some cases, a slight increase in the growth rate
of the coating thickness is observed. At the stage of arc
discharges, the growth rate of the coating thickness
does not depend on the current density [83].

(b) An increase in the forming voltage also indicates an
increase in the coating thickness and leads to an
increase in the microdischarge intensity. It increases
the content of crystalline oxides, microhardness, wear
resistance, and corrosion resistance of coatings, while
porosity decreases.

(c) Adecrease in the duration of the spark discharge stage
indicates a change in the ratio of the electron and ion
currents. In this case, according to the steepness of the
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forming curve at the stage of spark discharges, one can
indirectly judge the proportion of the ion current,
which provides an increase in the coating thickness.
The electron current in this case can be expressed
as the difference between the total current passing
through the galvanic cell (measured during oxidation)
and the ionic current calculated according to Faraday’s
law using the forming curve. Knowing the electron and
ion currents and varying the electrical parameters of
the process and the concentration of electrolyte com-
ponents, it is possible to control the intensity of elec-
trochemical and microplasma processes in order to
obtain the required coating properties.

Thus, the forming curve contains information about
the properties of MAO coatings and serves as an effective
tool for their prediction. However, the proposed method
for predicting the coating properties is not without draw-
backs. It is obvious, for example, that the same change in
the forming curve corresponds to a change in various fac-
tors under which the properties of the formed coatings can
also differ. To eliminate this shortcoming, it is advisable to
use neural network algorithms that perform an automated
selection of technological parameters.

6 Conclusion

Currently, the MAO technology is undergoing significant
changes: the range of processed materials is expanding,
new areas of oxide coating application are opening up, new
processing modes and modified technological processes are
emerging. However, some scientific and technical problems
in this area still remain unresolved, which leads to a limita-
tion in the practical application of the MAO process due to
high energy consumption and low controllability. The main
problem of a fundamental nature is the insufficient knowl-
edge of the mechanism of microarc oxide coating formation,
which is associated with the interdisciplinary nature of the
study object. There are various interpretations of the coating
formation mechanism which differ, first of all, in the descrip-
tion of the microdischarge occurrence and combustion pro-
cess. An analysis of existing mathematical models has shown
that at present there is no generalized analytical description
of the MAO process. The available mathematical models
reveal only certain aspects of the coating formation; however,
they make it possible to identify prerequisites, recommenda-
tions, and theoretical provisions that can be used in the devel-
opment of a complex mathematical model underlying the
digital twin of the MAO process.
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In addition, it is of great practical importance to study
the regularities of the heterogeneous factors influence on
the oxide layer properties in order to select the optimal
technological parameters of the coating process. The ana-
lysis of these regularities made it possible to detect discre-
pancies in the results of studies by different authors, which
are due to the technological features of the coating forma-
tion process, their area of application, as well as the spe-
cifics of the scientific problems being solved. In addition, it
is shown that not all of the considered relationships have
an analytical description. In this regard, it is necessary to
supplement and refine the available data on the relation-
ship between heterogeneous influencing factors and MAO
coating parameters.

A convenient tool for studying and modeling the MAO
process is the forming curve, the shape of which makes it
possible to judge the mechanism of oxide layer growth
under the influence of influencing factors and contains
information about the properties of the formed coatings.
It makes it possible to use the forming curve to determine
the correct choice of technological parameters and predict
the properties of oxide coatings in the process of their
formation. When the existing shortcomings are eliminated
using neural network algorithms, this method can be
highly effective in selecting the optimal technological para-
meters for the process of applying microarc oxide coatings
with desired properties.
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