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Abstract. In this work, oxide coatings on aluminum samples were obtained by the meth-
od of micro-arc oxidation at a sinusoidal current in an anode-cathode alloy with an anode
and cathode current ratio of 1, with a current approximation of 10.88; 13.99; 17.10; 20.21;
23.32 A/dm? in four electrolytes containing 0.5 g/l NaOH and 80, 90, 100 and 110 g/1 Na,SiO,.
An analytical description of the thickness and porosity dependence of micro-arc oxide coatings
on the decrease in current, treatment time, and electrolyte components detection in the form
of empirical regression formulas is obtained. Based on the obtained equations a technology for
the formation of micro-arc oxide coatings with desired properties was proposed. As a result of
experimental verification, the reproducibility of the technology for obtaining micro-arc oxide
coatings with a thickness of 25 pm and minimal porosity (P = 19.5%) was confirmed. The rel-
ative error of the appearance reproducibility does not exceed * 0.5%. The results of the study
were used in the development of intelligent algorithms that underlie the digital twin of the
micro-arc oxidation process.
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CBOMUCTBA MUKPOAYTrOBbIX OKCUMAHDbIX MOKPbLITUU
MN.E. Tony6koB &, E.A. MNMeuepckas, C.A. l'ypuH, B.C. AnekcaHapoB,
[.B. AptamoHoB, A.A. MakcoB
MeH3eHCKMI rocyAapCTBEHHbIN YHUBEPCUTET, T. MeH3a, Poccus
= golpavpnz@yandex.ru

AHHOTalII/[ﬂ. B nanHoit pa60Te ITOJIYUY€HDBI OKCUIHLIC ITOKPLITHUA Ha aJJIOMWHHUCBLIX o6pa3uax
METOAOM MHUKPOAYTIOBOIO OKCHMAMPOBAHHA Ha CHHYCOMIAJIbHOM TOKE€ B aHOJHO-KAaTOAHOM
PECXKHMME C COOTHOICHUCM AHOAHOI'O M KaTOAHOI'O TOKOB, paBHOM 1, IIpn IJIOTHOCTU TOKaA,
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paBHoit 10,88; 13,99; 17,10; 20,21; 23,32 A/nM? B UeTbIpeX 3J1€KTpoJIuTax, cogepxaiuux 0,5 r/a
NaOH u 80, 90, 100 u 110 r/n Na,SiO,. ITony4eHO aHaTUTUYECKOE OMUCAHUE 3aBUCUMOCTEH
TOJIIMHBI W TIOPUCTOCTU MUKPOIYTOBBIX OKCHIHBIX IIOKPBITUII OT ILIOTHOCTH TOKa,
BpeMeHM 00pabOTKM M KOHIIEHTPAllMU KOMITOHCHTOB 3JIEKTPOJMTAa B BMIE 3MIIMPUYECKUX
perpeccuoHHBIX ¢GopMmyn. Ha oCHOBe TIONyYeHHBIX YpaBHEHMI TIpeljioXKeHa METOOUKA
(bopMHUpoOBaHNS MUKPOIYTOBBIX OKCUIHBIX ITOKPHITUM ¢ 3aIaHHBIMU CBOMCTBaMU. B pe3ynbrare
AKCIEPUMEHTAIbHOM IIPOBEPKU MOATBEPKAeHA pabOTOCIIOCOOHOCTh JAHHOM METOAUKU IIyTeM
(bopMupoBaHUS MUKPOAYTOBBIX OKCHIHBIX MOKPBITUI C TOJIIMHONW 25 MKM Y MUHUMAJIbHOI
nopuctocthio (P =19.5%). OrHocuTe/lbHasE MOIPELIHOCTh BOCIPOU3BOAMMOCTU TOJILMHBI
MOKPBITUI He mpeBbiaeT * 0.5%. PesynbTaThl MCCIEAOBAHUS MOTYT OBITh MCIOJb30BaHBI
IIpY pa3pabOTKe MHTEJJICKTYaIbHBIX aJITOPUTMOB, JIEKAIIUX B OCHOBE LIM(PPOBOro ABOMHMKA
poliecca MUKPOIYTOBOTO OKCHINPOBAHMSI.

KioueBble cjI0Ba: MHUKDPOAYIOBOE OKCHAMpPOBAHME, HU(MPOBOM IBOMHUK, B3aMMOCBSI3b
TEXHOJIOTUYECKUX I1apaMEeTPOB U CBOMCTB IIOKPBITMI, SMIIMPUYECKUE pPErpecCUOHHBIE
dbopmyibl, MeTOaMKA (POPMUPOBAHUS MOKPBITUI C 3aJaHHBIMU CBOMCTBAMU
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Introduction

Micro-arc oxidation (MAQO) is a promising technological process of plasma-chemical
modification of the light metals and alloys surface. Oxide coatings formed by this method have
special properties and are used in many industries: automotive, oil and gas, rocket and space,
aviation, electronics, medicine, etc. [1—5].

Currently, there are problems associated with the technological features of the MAO process,
which hinder its industrial implementation. First of all, this is the insufficient study of the
mechanism of the oxide layers formation and the combined influence of many factors on the
synthesized coatings properties [6]. This causes certain difficulties in the selection of technological
parameters, which leads to an increase in the energy consumption of the coating process.

A promising method for solving such problems is the development of digital twins of
technological processes [7] using intelligent algorithms, which the correct operation requires
a large amount of experimental data. For example, when training neural networks, in order to
build training and control samples that are consistent with the results of a real MAO process,
it is convenient to use regression formulas for the dependences of coating properties on process
parameters and influencing factors. A review of foreign literature [8, 9] showed that not all of
these dependences have a mathematical description. In addition, the analytical description of
the same dependences in the works of different authors differs significantly, which is due to the
peculiarities of specific technological regimes for various applications of MAO coatings [10, 11].
In this regard, obtaining empirical regression formulas for the dependences of coating properties
on the technological process parameters is an urgent scientific task.

Materials and Methods

MAO coatings were obtained on samples of commercial aluminum grade AD31T1 with
23x15x1.5 mm dimensions. As a current lead, pieces of aluminum wire with a diameter of
1.8 mm were used, which were insulated with a polyolefin heat shrink tube. MAO processing was
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carried out on a thyristor-capacitor automated MAO installation in the anode-cathode mode at
a ratio of anode and cathode currents equal to 1, in four electrolytes containing 0.5 g/l NaOH
and Na,SiO, at a concentration of 80, 90, 100 and 110 g/I. The current density was 10.88; 13.99;
17.10; 20.21; 23.32 A/dm?. The processing time was chosen according to Table 1 so that for
each current density there were samples corresponding to the stages of anodization, spark and
micro-arc discharges.

Table 1
Oxidation time

Cum:/tdﬁ? SIty, t,8 t),8 t,, 8 t,8
10.88 60 240 600 900
13.99 60 240 420 600
17.10 60 120 240 420
20.21 60 120 240 420
23.32 60 120 180 240

Notations: # — f, are the oxidatiom times.

The geometric dimensions and mass of the sample were measured before and after MAO
treatment. The length and width of the sample were measured with a caliper with a digital reading
device with a resolution step of 0.01 mm; the thickness was measured with a Syntek micrometer
with a digital reading device with a discrete step of 0.001 mm at five points, after which the
average value was calculated. The mass of the sample was measured using digital jewelry scales of
the 8028 series (the main error in measuring the mass in the range from 0 to 100 g is £ 0.001 g).
The thickness # and bulk porosity P of the samples were calculated using the formulas:

h — d2sr - dlsr (1)
2
p= m, —m
pAle3 (a2srb25rd23r - alsrblsrdlsr)
where m,, m, is the mass of the sample without coating and with coating, p ALO, is the density of
aluminum oxide, a, , b, , d, , a, , b, , d, are the average geometric dimensions of the sample
before and after coating. The deviation of the thickness and porosity of the synthesized coatings
from the required values was determined as a relative error.

-100%, )

Results and Discussion

In the course of the study, a regression analysis of the experimental curves was performed, as a
result of which regression equations were obtained for the thickness and porosity dependences of
the coating on the current density, treatment time, and concentration of Na,SiO, in the electrolyte
in the form of exponential functions. As an example, Fig. 1-3 show graphs of approximating
functions constructed using these equations.

The resulting regression equations are intended to form a database of a digital twin of the micro-arc
oxidation process and can be used to automatically select the parameters of the technological regime
for deposition of MAO coatings with desired properties, for which an appropriate technique has
been developed. One of the options for the selection of technological parameters is described below.

It is necessary to obtain a coating with a thickness of 25 pm with a minimum porosity;
deviation of the coating thickness from the required value should not exceed + 0.5%. To do this,
perform the following steps:

1. We choose an electrolyte in which, at the minimum current density, coatings are formed
that satisfy the problem condition. To do this, from Fig. 1, a it is necessary to find the processing
time ¢ corresponding to a thickness of 25 um for each electrolyte by graphical analysis or by
solving the appropriate regression equations with respect to ¢, and then from Fig. 1, b determine
the porosity corresponding to time #. The obtained values are shown in Table 2. It can be seen
that the coatings obtained in electrolyte No. 1 have the smallest porosity.
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Fig. 1. Dependences of the coating thickness /# (a) and porosity P (b) on time t for the current density
J = 10.88 A/dm? and Na,SiO, concentration equal to: /- 80 g/l; 2—90 g/1; 3 — 100 g/1; 4 — 110 g/1

Table 2
Choice of electrolyte composition
Electrolyte No. | C,, g/l C,, g/l | Oxidation time, ¢, s | Porosity of coating, P, %
1 0.5 80 420 23
2 0.5 90 360 30
3 0.5 100 270 27
4 0.5 110 140 31

Notations: C, and C, are the concentrations of NaOH and Na,SiO, in the electrolyte.

2. Similarly to item 1 in Fig. 2, a, we determine the processing time to form a coating with
a thickness of 25 um for different current densities in electrolyte No. 1, as well as the porosity
corresponding to this processing time (from Fig. 2, ). According to the obtained results (Table 3),
in this case, it is advisable to choose the current density j = 20.21 A/dm? due to the low porosity
of the coating.
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Fig. 2. Dependences of the coating thickness /# (a) and porosity P (b) on time ¢ for the electrolyte
containing 80 g/1 of Na,SiO, and current density equal to: 7/ — 10.88 A/dm?; 2 — 13.99 A/dm?;
3—17.10 A/dm?; 4 — 20.21 A/dm?; 5 — 23.32 A/dm?

3. In the first approximation, we have the following technological parameters of MAO treatment:
electrolyte No. 1 (0.5 g/L NaOH and 80 g/L Na,SiO,), current density j = 20.21 A/dm?, treatment
time = 150 s. To check the correctness of the selected mode according to Fig. 3, we determine
the thickness and porosity corresponding to the processing time of 150 s. We have the following
values: coating thickness # = 25.9 um, porosity P = 19.4%, which corresponds to the results
obtained earlier.
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Table 3
Choice of current density
Current density, j, A/dm? Oxidation time, ¢, s Porosity of coating, P, %
10.88 400 22
13.99 190 23
17.10 110 22
20.21 150 19
23.32 100 27

MAO coating, obtained on an automated MAO installation with selected technological
parameters, has a thickness and porosity, respectively, equal to 26 um and 19.5%; the relative
error in reproduction of the coating thickness is 0.39%, which satisfies the stated requirements.
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Fig. 3. Dependence of the coating thickness 4 (curve 1) and porosity P (curve 2) on time ¢ for the
current density j = 20,21 A/dm? and Na,SiO, concentration equal to 80 g/I

Conclusion

Thus, the proposed method for the oxide layers formation makes it possible, on the basis of
the obtained regression equations of experimental dependences of the thickness and porosity of
coatings on the technological parameters of the MAO process, to select the optimal technological
regime for the synthesis of MAO coatings with desired properties. The software implementation
of the proposed technique using neural networks or optimization algorithms will significantly
improve the properties reproducibility of micro-arc oxide coatings in industrial production.

REFERENCES

1. Shirani A., Joy T., Rogov A., Lin M., Yerokhin A., Mogonye J.-E., Korenyi-Both A., Aouadi S.M.,
Voevodin A.A., Berman D., PEO-Chameleon as a potential protective coating on cast aluminum alloys
for high-temperature applications, Surface and Coatings Technology. 397 (2020) 126016.

2. Yao R., Li Y., Yao Zh., Zhang P., Lu S., Wu X., Black PEO coating with enhanced thermal
stability on titanium alloy and its thermal control properties, Surface and Coatings Technology. 429
(2022) 127934.

3. Simchen F., Sieber M., Kopp A., Lampke T., Introduction to Plasma Electrolytic Oxidation — An
Overview of the Process and Applications, Coatings. 10 (2020) 628.

4. Arbuzova S.S., Butyagin P.I., Bol’shanin A.V., Kondratenko A.I., Vorob’ev A.V., Microarc
oxidation of metal surfaces: coating properties and applications, Russian Physics Journal. 62 (8) (2020)
2086-2091.

5. Almashhadani H.A., Khadom A.A., Khadhim M.M., Effect of Polyeugenol coating on surface
treatment of grade 23 titanium alloy by micro arc technique for dental application, Results in Chemistry.
4 (2022) 100555.

372



4 Experimental technique and devices

6. Clyne T.W., Troughton S.C., A review of recent work on discharge characteristics during plasma
electrolytic oxidation of various metals, International Materials Reviews. 64 (2019) 127-162.

7. Gazenbiller E., Mansoor S., Konchakova N., Serdechnova M., Zheludkevich M., Blawert C.,
Hoeche D., Computational damage modelling of PEO coated extruded magnesium tested in slow
strain rate configuration, Surface and Coatings Technology. 446 (2022) 128758.

8. Yasui T., Hayashi K., Fukumoto M., Behaviors of Micro-Arcs, Bubbles, and Coating Growth
during Plasma Electrolytic Oxidation of B-Titanium Alloy, Materials. 16 (1) (2023) 360.

9. Hafili F., Chaharmahali R., Babaei K., Fattah-alhosseini A., Duty cycle influence on the corrosion
behavior of coatings created by plasma electrolytic oxidation on AZ31B magnesium alloy in simulated
body fluid, Corrosion Communications. 3 (2021) 62-70.

10. Jangde A., Kumar S., Blawert C., Evolution of PEO coatings on AM50 magnesium alloy
using phosphate-based electrolyte with and without glycerol and its electrochemical characterization,
Journal of Magnesium and Alloys. 8 (2020) 692—715.

11. Wang X., Zhang F., Influence of anions in phosphate and tetraborate electrolytes on growth
kinetics of microarc oxidation coatings on Ti Al V alloy, Transactions of Nonferrous Metals Society
of China. 32 (2022) 2243-2252.

THE AUTHORS

GOLUBKOY Pavel E. ALEXANDROY Vladimir S.
golpavpnz@yandex.ru vsalexrus@GMAIL.COM
ORCID: 0000-0002-4387-3181 ORCID: 0000-0002-1300-7901
PECHERSKAYA Ekaterina A. ARTAMONOYV Dmitriy V.
peal@list.ru dmitrartamon@yandex.ru
ORCID: 0000-0001-5657-9128 ORCID: 0000-0002-3240-7222
GURIN Sergey A. MAKSOYV Andrey A.
teslananoel@rambler.ru maksov.0l@mail.ru

ORCID: 0000-0001-9602-7221 ORCID: 0009-0001-4255-1383

Received 05.07.2023. Approved after reviewing 09.08.2023. Accepted 10.08.2023.

© peter the Great St. Petersburg Polytechnic University, 2023

373



