u] =,

Hageoeno pesyavmamu docaidxicenns aso-
6020 cxnady i enacmueocmeti M/[O-nokpummie
na amominicéux cnaasax. Iloxpumms o6ynu
00epICcani 6 JNYHCHO-CeNIKAMHOMY eNeKmpo-
JUmi Ha 3MIHHOMY CiHYCOI0ANbHOMY CMPYMI i
8 imnyavcuomy pedxcumi cmpymy. Iloxasano,
wo nideuwena WiALHICMb MIKPOPO3PA0i6 npu
iMnYabCHOT mexonoeii 30invuye cymapny enep-
2ito, wo eudinaemvca 6 nux. Ile o6ymosnoe
nidsuuenns weuodKocmi 3pOCmanis oKCcuoHo20
noxpumms i Umosipnicmo ymeopenns o-Al,O3
¢asu. Odepicani npu mikponnazmose oKcu-
0Y6anHi 6 IMNYALCHOMY CMPYMOBOMY PEHCUML
NOKpUmMms Maiwomov 6UCOKY meepdicmov i eJiex-
mpuuny mMiyHicmo

Kntouosi cnosa: cmpyxmypna indcenepis,
AHOOHO-KAMOOHUT PeXcuM, MOGWUHA NOKPUM -
ms, pazosuil ckaao, KopyHo, 8racmusocmi

[, ul

IIpueedenvt pesyaomamovl UCCAE008AHUS
¢azos020 cocmasa u ceoiicme M/[O-noxpoimuii
HA aIIOMUHUEBHLIX CNAABAX, NOJYUEHHLIX 6
WENIOUHO-CeIUKAMHOM deKmpoaume HA nepe-
MEHHOM CUHYCOUOANLHOM MOKE U 68 UMNYJIbC-
HOM moxoeom pescume. Ilokazano, umo yeenu-
YeHHASA NJIOMHOCMb MUKPOPA3PA008 8 Cayuae
UMNYALCHOU MEXHON0ZUU NOBbLUAEM CYMMap-
HY10 Inepeulo, 6vl0easemylo 8 Hux. Imo odycaa-
8JuBAem noBvlUleHUEe CKOPOCMU POCMA OKCUO-
H020 NOKPLIMUA U 6ePOAMHOCHL 00PA306aAHUS
a-Al, 03 ¢a3zvl. Ioayuennvie npu muxponnas-
MEHHOM OKCUOUPOBAHUU 6 UMNYJILCHOM MOKO-
80M pedcuMe NOKPLIMUSL UMEION BbLCOKYH0 MEep-
docmov u INEKMPUUECKYH0 NPOUHOCMD

Knrouesvie cnosa: cmpyxmypras umdice-
Hepusi, aHOOHO-KAMOOHBLU PeHCUM, MOIUUHA
noxpoimus, paszoeviii cocmas, Kopymo, c6oil-
cmea

1. Introduction

At present, structural engineering is the basic method
of creating materials with high functional properties [1, 2].
This is determined by a significant expansion of the possi-
bilities of managing the structural state in nonequilibrium
conditions, which is characteristic of modern methods of ob-
taining materials [3, 4]. Based on structural engineering, the
highest mechanical properties have been achieved through
the design of the material in nonequilibrium conditions at
the nanoscale. High properties are obtained by ordering
supersaturated metal solutions [5], forming supersaturated
systems of interstitial phases [6], creating nanolayers of
“metal — interstitial phases” systems [7] or by using several
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interstitial phases [8] and formation of multielement solid
solutions [9].

The possibilities of structural surface engineering in
recent years have been significantly expanded [10]. This
became possible due to the use of plasma technologies with a
very high degree of disequilibrium in the process of material
formation (ultrafast thermalization) [11, 12]. As a result of
using such technologies, it is possible to obtain new phase
states [13], form highly supersaturated solid solutions [14],
create the necessary structural-stress state [15], and cre-
ate special configurations of atoms [16, 17]. Moreover, it is
possible to achieve high performance properties by creating
multiperiod structures [18, 19] or specially mutually orient-
ed multiphase materials [20].




To obtain highly effective protective coatings on valve
materials, an anode spark electrolysis method has recently
been introduced into the industry [21, 22] (often called
micro arc oxidation (MAO) [23]). This method is based on
using an anode spark discharge phenomenon.

Micro arc oxidation is an electrochemical process that
occurs at high electric field intensity [24] and is accom-
panied by the formation of microplasma [25]. In this case,
micro regions with high pressure are formed due to the gases
formed [26]. This leads to the occurrence of high-tempera-
ture chemical transformations [27] and the transport of
matter in the arc [28].

High efficiency of the method creates good prospects for
wide industrial use of the micro arc oxidation technology for
modifying the surface of valve metals (aluminum, titanium,
magnesium, etc.). Therefore, nowadays, an important task is
to develop the scientific basis for managing the properties
of MOA-processed materials on the basis of the results of
structural engineering.

2. Literature review and problem statement

Aluminum and its alloys on the scale of production and
use in the industry are in the top ratings. Corrosion resistance
of aluminum and its alloys depends both on the amount of
impurities or special additives to the alloy and on the quality
of the protective film [29]. The natural aluminum oxide film
is not considered sufficient to protect the base metal (alloy)
from corrosion; this film is artificially thickened and com-
pacted, depending on the requirements imposed on the work
characteristics [30]. The most promising way to harden the
surface and apply protective coatings to parts made of alumi-
num alloys is micro arc oxidation [31]. Oxidation is usually
carried out by electrolysis with a voltage of up to 1000 V [32]
and a current density of up to 100 A/dm? [33]. This makes it
possible to create sparking of micro arc and arc discharges in
aluminum-based alloys [34]. Micro arc discharges produce a
flow of plasmochemical [35] and thermochemical [36] reac-
tions as a result of which high-temperature modifications of
aluminum oxides are formed [37].

The oxidation technology in conditions of micro arc
discharges is very promising because it allows using parts
made of aluminum alloys for obtaining ceramic coatings
that are firmly associated with the substrate. Such coatings
have high hardness, thermal and corrosion resistance, wear
resistance and have antifriction properties. Due to these
properties, aluminum-based coatings are increasingly used
in machine building, aerospace engineering, instrumenta-
tion, and repairing.

By varying the composition of the electrolyte and chang-
ing the electrical processing modes, it is possible to obtain
ceramic-like coatings with unique functional properties.
However, due to the lack of targeted comparative studies
on the kinetics of coating growth on the surface of various
aluminum alloys, there arises the problem of a long empir-
ical selection of optimal micro arc oxidation regimes. This
problem can be largely solved by establishing general laws
governing the formation of the structural-phase state (for
structural engineering). At the same time, based on the
results of structural engineering, it is possible to conduct an
express comparison for widely differing technologies. Such
technologies include the production of coatings by micro

arc oxidation in an alternating sinusoidal current and in a
pulsed mode.

3. The aim and objectives of the study

The aim of this work is to determine the regularities of
phase formation in coatings on an aluminum alloy, depend-
ing on the type and duration of the current regime for micro
arc oxidation.

To achieve this aim, the following tasks are set and ac-
complished:

—to study the features of the formation of the oxide
phase on an aluminum alloy, depending on the type of the
current regime;

— to establish the dependence of the coating thickness
on the duration and type of the current regime for micro arc
oxidation;

—to determine the features of the phase formation
during MOA treatment for small and large thicknesses of the
oxide layer being formed,;

— to describe the mechanism of formation of a high-tem-
perature a-Al,O3 phase in micro arc oxidation.

4. Conditions for obtaining MOA coatings and methods
for researching them

The tests involved processing samples made of the alumi-
num alloy D16 T (Al base; the main alloying elements are Cu
(up to 4.9 %) and Mg (up to 1.8 %)) in a size of 50x50x3 mm
in a 100-liter bath. During the MAO process, the electrolyte
was cooled and bubbled. The electrolyte was based on an
aqueous solution of potassium hydroxide with the addition
of liquid glass.

The power source applied in the work provided the fol-
lowing modes of operation:

— an alternating current at a frequency of 50 Hz, with
the ratio of the anode and cathode current components
I,/I;=1 (the source of the capacitor type);

—a pulsed current as the power source producing bipo-
lar voltage impulses of a rectangular shape and providing
adjustment of the duration of each of them. The frequency
and the amplitude of the voltage pulses were also regulated.

The studied features were the kinetics of formation of
coatings, phase composition, microhardness, and electrical
strength.

The phase composition of MOA coatings was determined
based on the results of X-ray phase analysis. The tests were
carried out on DRON-3 (Burevesnik, Russia) in monochro-
matized K,—Cu radiation. The results were registered in a
pointwise mode with a step of 20=0.1°. The maximum error
in determining the content of the structural crystalline
constituents (with detectability of 10 vol %) did not exceed
£0.7 %. The minimum detectability of the structural con-
stituents was about 1 vol %.

For the quantitative phase analysis, the reference mix-
ture method was used [38].

The thickness of the coating was determined using the
VT-10 NC instrument (Control Instrument, Russia). The
error in measuring the thickness of the coating was not more
than 5 % with the smallest coating thickness (about 10 um).
If the thickness of the coating was thicker, the accuracy of



determining the thickness increased (for example, at a thick-
ness of 50 pm, the measurement error did not exceed 2 %).

The microhardness was determined on the PMT-3 in-
strument (LOMO, Russia). The electrical strength was
determined by the breakdown voltage.

5. The results of studying the influence of the MAO
treatment modes on the thickness of the layers and the
phase composition

The dependence of the coating thickness on the oxida-
tion time for different oxidation regimes is shown in Fig. 1.
The treatment was carried out in an electrolyte of the com-
position KOH — 1 g/1 + Na,SiO3 — 3 g/l at a current density

of j=20 A/dm?.
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Fig. 1. The kinetics of the MOA coating formation:
1 — a sinusoidal current, 2 — a pulsed current

The linearity of the obtained dependence indicates that
the thickness of the coating is proportional to the deposition
time, and, accordingly, to the amount of electricity that has
passed. However, the pulse technology provides a high speed
of the coating formation. Thus, with a sinusoidal current,
the coating formation rate is about 1 pm/min, and with a
current in the pulsed mode, the growth rate of the coating
is about 2 pm/min. This result shows that the dependence of
the growth rate of the coating on the current is affected by
the form of the polarization pulses.

In the process of the coating growth, heat transfer and
mass transfer through the oxide layer play an important role.
In connection with the limitation of the heat dissipation, the
fusion processes increase (Fig. 2). Such a fusion in a pore
region results in a decrease in the through porosity of the
oxide coating.

The energy released in the channels of microdischarges
should ensure the formation of a high-temperature modifica-
tion of aluminum oxide. Therefore, the shape of the current
(continuous (sinusoidal) or pulsed), passing between the
electrodes, must influence the phase composition of the
coating.

The process of increasing the coverage results in visually
clearly registered different density, mobility and brightness
of discharges for various types of processing. A high density
of discharges (in the pulsed processing mode) and their high
mobility influence the phase formation.

With a small thickness of the oxide layer, the high rate
of heat transfer to both the metal and the electrolyte facil-
itates the development of aluminum oxide in the form of
the y-Al,O3 phase (spectrum 1 in Fig. 3). Over time, the
discharges begin to fade not on the surface of the metal but
on the surface of the formed oxide layer. In this case, the en-

ergy concentration in this oxide layer occurs, which causes
the formation of a high-temperature modification of a-Al,O3
(spectrum 2 in Fig. 3). With increasing the coating thick-
ness, the content of a-Al,Os for different process regimes has
a different limiting value (Fig. 4).

Fig. 2. The morphology of the surface of the MOA coating at
different magnifications: a — x300, 6 — x7000
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Fig. 3. A fragment of the diffraction patterns of the MOA
coating on the D16T alloy (K,—Cu radiation): 1 — the coating
thickness of 20 um, 2 — the coating thickness of 50 ym
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Fig. 4. The content of the a-Al,03 phase for different coating
thicknesses and different treatment modes:
1 — the sinusoidal current, 2 — the pulsed current

The high density of microdischarges in the case of the
pulse technology increases the total energy released in them,
which increases the probability of formation of the a-Al,O3
phase. In this case, the maximum achievable percentage of
the content of the a-AlyO3 phase in the coating is greater
than 80 vol. % (Fig. 4, dependence 2).



6. Discussion of the results of studying the effect
of current regimes under micro arc oxidation on the
structure and kinetics of coating growth

It can be seen from the obtained results that the forma-
tion of various modifications of the aluminum oxide is due
to the uneven heating of its various sections. When the local
volumes of the coating are heated by micro arc discharges
(the temperature is more than 2500 °C), the y-Al;O3 phase
passes into the a-Al,O3 phase, i.e., there occurs the poly-
morphous transformation of y—a. However, apparently, we
cannot ignore the influence of the energy of formation of
the crystallization centers for y-Al,O3 and a-Al,O3. Since
the formation energies of these phases are different, the
phase formation is complex, on the basis of both y-Al,03 and
a-Al,O3 phases.

The difference in the phase composition of coatings
formed under different regimes determines the difference in
their properties. Thus, when using the pulse technology, the
maximum hardness is 23 GPa, and with the variable sinusoi-
dal current, it is 14 GPa. The electrical strength is 20 V/pm
for the pulsed coating technology and only about 10 V/um
with using the variable sine wave.

Thus, the coatings obtained by microplasma (micro arc)
oxidation in the pulsed current mode have a unique combi-
nation of properties — high hardness and electrical strength.
Therefore, the use of this technology is promising in aerospace
engineering and automotive engineering. Meanwhile, it is still
essential to solve the problem of reproducibility of the results
for parts of different sizes and geometry of the surface.

Further research is planned in the direction of opti-
mizing the technological regimes in order to stabilize the

high-temperature o-Al,O3 phase for parts of different sur-
face geometries and to increase the growth rate of the oxide
coating.

7. Conclusion

1. Micro arc treatment of aluminum alloys in an alka-
li-silicate electrolyte using a pulse technology and an an-
ode-cathode regime helps form coatings consisting mainly of
oxides of the a-AlyO3 type (corundum). The high density of
microdischarges in the case of the pulse technology increases
the total energy released in them, which increases the proba-
bility of formation of the a-Al,O3 phase.

2. A linear dependence of the thickness of the coating
on the duration of the process time and, accordingly, on the
amount of transmitted electricity has been established. The
greater tangent of the angle of inclination indicates that
the pulse technology provides a higher growth rate of the
coating.

3. It has been found that, with a small thickness of the
oxide layer, the high rate of heat transfer both to the metal
and to the electrolyte promotes the formation of aluminum
oxide in the form of the y-Al,O3 phase. The energy con-
centration in a thick oxide layer causes the formation of a
high-temperature modification of a-Al,O3.

4.1t has been proven that the mechanism of the forma-
tion of a-Al,O3is determined by the action of two facts: the
difference in the energies of the formation of the y-Al,O3 and
a-Al,O3 phases as well as the polymorphic high-temperature
transformation of y-Al;O3—a-Al;O3 in the high-tempera-
ture region of a micro arc discharge.

References

1. Surface and Interface Engineering of Silicon-Based Anode Materials for Lithium-Ton Batteries / Luo W., Chen X., Xia Y., Chen M.,
Wang L., Wang Q. et. al. // Advanced Energy Materials. 2017. Vol. 7, Issue 24. P. 1701083. doi: 10.1002/aenm.201701083
2. Kumar P, Patnaik A., Chaudhary S. A review on application of structural adhesives in concrete and steel—concrete composite and

factors influencing the performance of composite connections // International Journal of Adhesion and Adhesives. 2017. Vol. 77,

Issue 1-14. doi: 10.1016/j.ijadhadh.2017.03.009

3. Nanostructured coatings / A. Cavaleiro, J. T. M. De Hosson (Eds.). Springer, 2006. 648 p. doi: 10.1007 /0-387-48756-5

4. Microstructural design of hard coatings / Mayrhofer P. H., Mitterer C., Hultman L., Clemens H. // Progress in Materials Science.
2006. Vol. 51, Tssue 8. P. 1032—1114. doi: 10.1016/j.pmatsci.2006.02.002

5. Effect of tantalum on the texture of copper vacuum condensates / Glushchenko M. A., Belozyorov V. V., Sobol O. V., Subbotina V. V.,
Zelenskaya G. 1. // Journal of Nano- and Electronic Physics. 2017. Vol. 9, Tssue 2. P. 02015-1-02015-5. doi: 10.21272/jnep.9(2).02015

6. Structural and mechanical properties of NbN and Nb-Si-N films: Experiment and molecular dynamics simulations / Pogrebnjak A. D.,
Bondar O. V., Abadias G., Ivashchenko V., Sobol O. V., Jurga S., Coy E. // Ceramics International. 2016. Vol. 42, Issue 10.

P. 11743-11756. doi: 10.1016/j.ceramint.2016.04.095

7. Vacuum-arc multilayer nanostructured TiN/Ti coatings: structure, stress state, properties / Sobol’ O. V., Andreev A. A., Grigoriev S.N.,
Volosova M. A., Gorban’ V. FE. // Metal Science and Heat Treatment. 2012. Vol. 54, Issue 1-2. P. 28—33. doi: 10.1007/s11041-012-9451-1
8. Structural Engineering Multiperiod Coating ZrN/MoN / Sobol’ O. V., Meylekhov A. A., Stolbovoy V. A., Postelnyk A. A. // Journal
of Nano- and Electronic Physics. 2016. Vol. 8, Issue 1. P. 03039-1-03039-4. doi: 10.21272 /jnep.8(3).03039
9. Tribological characteristics of (TiZrHfVNbTa)N coatings applied using the vacuum arc deposition method / Grigoriev S. N., So-
bol O. V, Beresnev V. M., Serdyuk I. V., Pogrebnyak A. D., Kolesnikov D. A., Nemchenko U. S. // Journal of Friction and Wear.
2014. Vol. 35, Tssue 5. P. 359—-364. doi: 10.3103,/s1068366614050067
10. Improvement of surface finish by ball burnishing: approach by fractal dimension / Bourebia M., Laouar L., Hamadache H., Domi-
niak S. // Surface Engineering. 2016. Vol. 33, Issue 4. P. 255-262. doi: 10.1080,/02670844.2016.1232778
11.  Mechanical properties and tribological behaviour of Mo-N coatings deposited via high power impulse magnetron sputtering on

temperature sensitive substrates / Zin V., Miorin E., Deambrosis S. M., Montagner F, Fabrizio M. // Tribology International. 2018.

Vol. 119. P. 372-380. doi: 10.1016/j.triboint.2017.11.007

12.  Mankari K., Acharyya S. G. Development of stress corrosion cracking resistant welds of 321 stainless steel by simple surface engi-
neering // Applied Surface Science. 2017. Vol. 426. P. 944-950. doi: 10.1016/j.apsusc.2017.07.223



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sobol’” O. V. The influence of nonstoichiometry on elastic characteristics of metastable -WC1—x phase in ion plasma condensates //
Technical Physics Letters. 2016. Vol. 42, Issue 9. P. 909-911. doi: 10.1134,/s1063785016090108

Nb—AI-N thin films: Structural transition from nanocrystalline solid solution nc-(Nb,A)N into nanocomposite nc-(Nb, AI)N/a—AIN /
Ivashchenko V. 1., Dub S. N., Scrynskii P. L., Pogrebnjak A. D., Sobol’ O. V., Tolmacheva G. N. et. al. // ournal of Superhard Mate-
rials. 2016. Vol. 38, Issue 2. P. 103—113. doi: 10.3103/s1063457616020040

Kuzin V. V,, Fedorov M. Y., Volosova M. A. Transformation of the Stressed State of a Surface Layer of Nitride Ceramic with a Change
in TiC-Coating Thickness. Loading Version — Combined Loading // Refractories and Industrial Ceramics. 2017. Vol. 58, Issue 2.
P. 220-226. doi: 10.1007 /s11148-017-0084-1

Modifying effect of tungsten on vacuum condensates of iron / Barmin A. E., Sobol’ O. V., Zubkov A. 1., Mal’tseva L. A. // The Phys-
ics of Metals and Metallography. 2015. Vol. 116, Issue 7. P. 706—710. doi: 10.1134/s0031918x15070017

Barmin A. E., Zubkov A. L., II'inskii A. I. Structural features of the vacuum condensates of iron alloyed with tungsten // Functional
Materials. 2012. Vol. 19, Issue 2. P. 256—-259.

Arc evaporated Ti-Al-N/Cr-Al-N multilayer coating systems for cutting applications / Teppernegg T., Czettl C., Michotte C., Mitter-
er C. // International Journal of Refractory Metals and Hard Materials. 2018. Vol. 72. P. 83-88. doi: 10.1016/j.ijrmhm.2017.12.014
Scratch adhesion and wear failure characteristics of PVD multilayer CrTi/CrTiN thin film ceramic coating deposited on AA7075-T6
aerospace alloy / Quazi M. M., Ishak M., Arslan A., Nasir Bashir M., Ali I. // Journal of Adhesion Science and Technology. 2017.
Vol. 32, Issue 6. P. 625-641. doi: 10.1080,/01694243.2017.1373988

Sobol’ O. V. Structural Engineering Vacuum-plasma Coatings Interstitial Phases // Journal of Nano- and Electronic Physics. 2016.
Vol. 8, Issue 2. P. 02024-1-02024-7. doi: 10.21272/jnep.8(2).02024

Plasma electrolysis for surface engineering / Yerokhin A. L., Nie X., Leyland A., Matthews A., Dowey S. J. // Surface and Coatings
Technology. 1999. Vol. 122, Tssue 2-3. P. 73-93. doi: 10.1016/50257-8972(99)00441-7

Wang S., Xie E, Wu X. Mechanism of AI203 coating by cathodic plasma electrolytic deposition on TiAl alloy in AI(NO3)3 etha-
nol-water electrolytes // Materials Chemistry and Physics. 2017. Vol. 202. P. 114-119. doi: 10.1016/j.matchemphys.2017.09.006
Influence of MAO Treatment on the Galvanic Corrosion Between Aluminum Alloy and 316L Steel / Yang Y., Gu Y., Zhang L., Jiao X.,
Che J. // Journal of Materials Engineering and Performance. 2017. Vol. 26, Issue 12. P. 6099—6106. doi: 10.1007 /s11665-017-3037-4
Curran J. A., Clyne T. W. Thermo-physical properties of plasma electrolytic oxide coatings on aluminium // Surface and Coatings
Technology. 2005. Vol. 119, Issue 2-3. P. 168—176. doi: 10.1016 /j.surfcoat.2004.09.037

Investigation of the influence of technological conditions of microarc oxidation of magnesium alloys on their structural state and
mechanical properties / Belozerov V., Mahatilova A., Sobol” O., Subbotina V., Subbotin A. // Eastern-European Journal of Enter-
prise Technologies. 2017. Vol. 2, Issue 5 (86). P. 39—-43. doi: 10.15587/1729-4061.2017.96721

Effect of current density on the microstructure and corrosion behaviour of plasma electrolytic oxidation treated AM50 magne-
sium alloy / Bala Srinivasan P, Liang J., Blawert C., Stérmer M., Dietzel W. // Applied Surface Science. 2009. Vol. 255, Issue 7.
P. 4212-4218. doi: 10.1016/j.apsusc.2008.11.008

High quality oxide-layers on Al-alloy by micro-arc oxidation using hybrid voltages / Tran Q.-P, Kuo Y.-C., Sun J.-K,, He J.-L.,
Chin T--S. // Surface and Coatings Technology. 2016. Vol. 303. P. 61-67. doi: 10.1016 /j.surfcoat.2016.03.049

Hussein R. O., Northwood D. O., Nie X. The effect of processing parameters and substrate composition on the corrosion resistance
of plasma electrolytic oxidation (PEO) coated magnesium alloys // Surface and Coatings Technology. 2013. Vol. 237. P. 357-368.
doi: 10.1016/j.surfcoat.2013.09.021

Dejun K., Jing Z., Hao L. Friction-wear behaviours of micro-arc oxidation films in situ grown on 7475 aluminium alloys // Materials
Technology. 2017. Vol. 32, Tssue 12. P. 737-743. doi: 10.1080/10667857.2017.1350918

Microarc oxidation coatings and corrosion behavior of 7050 aluminum alloy / Zhuang J.-J., Zhang X.-Y., Sun B., Song R.-G,,
Li H. // Chinese Journal of Engineering. 2017. Vol. 39, Issue 10. P. 1532—-1539.

Properties of micro-arc oxidation ceramic coating on ZL109 aluminum alloy surface under high pulsed energy / Liu Z., Zhu X,,
Cheng D., Ma C., Yan Z., Xu X. // Heat Treatment of Metals. 2017. Vol. 42, Issue 6. P. 28—32.

Effects of electrical parameters on plasma electrolytic oxidation of aluminium / Martin J., Melhem A., Shchedrina I., Duchanoy T,
Nominé A., Henrion G. et. al. // Surface and Coatings Technology. 2013. Vol. 221. P. 70-76. doi: 10.1016/j.surfcoat.2013.01.029
Chen C.-M., Chu H.-J., He J.-L. Anodic dyeing of micro-arc oxidized aluminum with a cathodic pretreatment // Surface and Coat-
ings Technology. 2017. Vol. 324. P. 92-98. doi: 10.1016 /j.surfcoat.2017.05.062

The influence of the conditions of microplasma processing (microarc oxidation in anodecathode regime) of aluminum alloys on their
phase composition / Belozerov V., Sobol O., Mahatilova A., Subbotina V., Tabaza T. A., Al-Qawabeha U. E, Al-Qawabah S. M. //
Eastern-European Journal of Enterprise Technologies. 2017. Vol. 5, Issue 2 (89). P. 52—57. doi: 10.15587/1729-4061.2017.112065
Veys-Renaux D., Chahboun N., Rocca E. Anodizing of multiphase aluminium alloys in sulfuric acid: in-situ electrochemical be-
haviour and oxide properties // Electrochimica Acta. 2016. Vol. 211. P. 1056—1065. doi: 10.1016/j.electacta.2016.06.131
Characterization of micro-arc oxidation coatings on aluminum drillpipes at different current density / Wang P, Wu T., Xiao Y. T,
Zhang L., Pu J., Cao W. J., Zhong X. M. // Vacuum. 2017. Vol. 142. P. 21-28. doi: 10.1016/j.vacuum.2017.04.038

Design of Scanning Micro-Arc Oxidation Forming Ceramic Coatings on 2024 Aluminium Alloy / Lv P. X., Chi G. X,, Wei D. B,,
Di S. C. // Advanced Materials Research. 2011. Vol. 189-193. P. 1296—1300. doi: 10.4028 /www.scientific.net/amr.189-193.1296
Osnovy rentgenostrukturnogo analiza v materialovedenii / Klopotov A. A., Abzaev Yu. A., Potekaev A. 1., Volokitin O. G. Tomsk:
Izd-vo Tom. gos. arhit.-stroit. Un-ta, 2012. 276 p.



