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ABSTRACT

Thearticleisdevotedtothedevelopmentofthemethodologyforthecontrolledsynthesisofprotective
coatingsbythemicro-arcoxidationmethodinordertoimprovetheefficiencyofthistechnology
and the quality of the obtained oxide layers. Methodology includes a mathematical model of a
galvaniccellbasedonanequivalentelectricalcircuit,aswellasamodeloftheinterconnections
betweenthetechnologicalparametersofthemicro-arcoxidation(MAO)processandtheproperties
oftheobtainedoxidelayersbasedongraphtheory.Theindicateddependencesareformalizedusing
methodsofregressionandcorrelationanalysisofexperimentaldata.Atechniqueforthecontrolled
synthesisofMAOcoatingsusingtheobtainedregressionequationsisproposed.Thestructureand
functioningalgorithmofanintelligentautomatedsystemforthecontrolledsynthesisofMAOcoatings
aredeveloped.Aprototypeofthissystemwasusedtoobtainexperimentaldependencesofreaction
parametersontheinfluenceparametersofthemicro-arcoxidationprocess.
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INTROdUCTION

Thearticleisdevotedtothedevelopmentoftheoreticalprinciples,practicalmethods,andtechnological
equipmentthatallowimplementingthecontrolledsynthesisofmultifunctionalcoatingsofmetalsand
alloysbythemethodofmicro-arcoxidation(MAO)(Golubkov,Pecherskaya,Karpaninetal.,2020).

BACKGROUNd

Alargenumberoftheoretical(Clyne&Troughton,2019;Aoetal.,2020)andexperimentalstudies
(Wangetal.,2020;Bordbar-Khiabanietal.,2019)havebeendevotedtothestudyofapromisingarea
ofsurfacetreatmentoflightmetalsandalloys(aluminum,magnesium,titanium,etc.)underthename
micro-arcoxidation.Thisisduetothefactthattheceramicoxidecoatingsobtainedbythismethod
haveimprovedperformancecharacteristics:micro-hardness,wearresistance(Haghighat-Shishavanet
al.,2019),corrosionresistance(Buling&Zerrer,2019),biocompatibility(Nabavi&Aliofkhazraei,
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2019),magnetic(Rudnevetal.,2020),andantifoulingproperties(Zhangetal.,2020).Inadditionto
thetraditionalfieldsofthistechnologyapplication(mechanicalengineering,theaerospace,rocket
and space industries, prosthetics in medicine), new ones (dosimetry (Zolotarjovs et al., 2019),
productionofferroelectricceramics(Teng&LuF.-H.,2020))appearorexistingones(prostheses
withantibacterialproperties(Santosetal.,2019))expand,whichinthelongtermcanleadtogreat
demandforproductswithsuchcoatingsamongcitizensnotonlyofRussiabutalsoofothercountries.

Itshouldbenoted,however, that inorder tosuccessfullyobtainmultifunctionalcoatingsby
themicro-arcoxidationmethodonan industrial scale,optimal technologicalconditionsmustbe
developedtoguaranteehighqualityofthefinishedproductattheminimumcostofitsproduction,
whichisassociatedwithsomedifficulties.Firstly,thisisalargenumberofheterogeneousfactorsthat
simultaneouslyaffectthepropertiesoftheformedoxidelayer(Golubkov,Pecherskaya,Shepeleva
etal.,2018);secondly,thevarietyofpossibledirectionsofuse,forwhichtherequirementsforthe
propertiesofthefinishedcoatingcanvarywidely;thirdly,insufficientknowledgeoftheMAOprocess,
thelackofananalyticaldescriptionofanumberofinterconnectionsbetweeninfluencingfactors;
andfourthly,theimperfectionoftechnologicalandmeasuringequipment,theinabilitytocontroland
registertheoxidelayerspropertiesintheprocessoftheirformation.Allthisgreatlycomplicatesthe
developmentofthetechnologicalprocessandleadstotheneedtocreateanautomatedsystemthat
realizestheproductionofMAOcoatingswiththerequiredproperties.

Currently,worksofthiskindarebeingconductedbothinRussia(Bolshenkoetal.,2014)and
abroad(ProgressindustrialsystemsSA,2012;PlasmaTechnologyLtd.,n.d.),however,thesesystems
havelimitedcontrolcapabilities,astheydonotallowmeasuringthepropertiesofMAOcoatings
duringtheirformation.In(Golubkov,Pecherskaya,Karpaninetal.,2017),theconceptofanintelligent
automatedsystemforthecontrolledsynthesisofMAOcoatingswasproposedbuttheoreticalpositions
onwhichtheintelligentapplicationofcontrolledsynthesisisbased,aswellasmethodsforchoosing
theoptimaltechnologicalmode,werenotconsidered.Thisarticleproposestheoreticalmodelsthat
makeupthemethodologyforthecontrolledsynthesisofoxidecoatings,andalsopresentsthestructure
andfunctioningalgorithmofanintelligentautomatedmicro-arcoxidationsystem.

MOdELS USEd IN THE dEVELOPMENT OF A METHOdOLOGy 
FOR CONTROLLEd SyNTHESIS OF MAO-COATINGS

ThemathematicalmodelsoftheMAOprocessconsideredbelowaredesignedtosolvetwomain
problems:theoretical(studyoftheinterconnectionsbetweentheparametersoftheMAOprocess
andthepropertiesoftheobtainedoxidelayers)andpractical(controlledsynthesisofMAOcoatings
withdesiredpropertiesforvariousapplicationsinindustry).TosolvethefirstproblemtheMAO
processmodelbasedontheequivalentelectricalcircuit,tosolvethesecond-basedongraphtheory.

Electrophysical Model of the Mao Process
Asitisknown,theMAOprocesshasapronouncedstaging.Theanodizingstageischaracterized
bytheformationofadensebarrierlayerofmetaloxide(inthiscase,aluminum),andthenaporous
layer.Astheanodeoxidefilmthicknessincreases,thevoltagedroponitincreases,whichleadsto
itsbreakdownandtheappearanceofsparksonthepartsurface-thesparkingstagebegins.Inthis
case,theheatingoftheporewalls(dischargechannels)acceleratestheelectrochemicalprocesses
in them, the pore is overgrown with oxide, and breakdown occurs elsewhere. As the coating
thicknessincreases,thepowerofmicro-dischargesincreases,whichcontributestotheoccurrence
ofplasma-chemicalreactionsintheporesandthephasetransitionofamorphousalumina(γ-Al2O3)
tothecrystallinemodificationcorundum(α-Al2O3),i.e.,thestageofmicro-arcdischargesbegins.
Thehighertheproportionofcorunduminthecoating,thebetterareitsmechanical,chemical,and
electricalcharacteristics.Withanevengreaterincreaseinthepowerofmicro-discharges,thecoating
isdestroyed(stageofarcdischarges).
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