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Pedepar. 13y4eHbl 3aKOHOMEPHOCTH M MEXaHU3MBI CTPYKTYpO- U (a3000pa3oBaHusl B MOBEPXHOCTHBIX CIOSX MarHMEBBIX
CITaBOB IIPH MX 00pabOTKe METOJOM MUKpPOJYTOBOTO OKCHAMpOBaHHs. ONpeneneHo, 9To IS BCeX BHAOB HOKPHITHH Ha I10-
BEPXHOCTH MarHUEBBIX M aTIOMIHHUEBHIX CIUIABOB XapaKTEpHBI OJJUHAKOBBIE OCOOEHHOCTH CTPYKTYpPOOOpa30BaHUS: HAININE
TOHKOTO IIOTHOTO BHYTPEHHETO IOJCIOS M OOJiee TOJCTOTO C Pa3BHTOI MOPHUCTOCTHIO HapyKHOro. Takoe CTpyKTypHOE
COCTOSIHHE 3aIUTHOTO ITOKPHITHS HE SBISIETCS FapaHTHPOBAHHOW 3aIUTON OOBEKTOB OT AKCIUTyaTAal[HOHHBIX BO3JEHCTBUM,
YUHUTBIBasE 00JIACTH HX MPEHUMYIIECTBEHHOTO HCTIOIb30BaHMUs — aBHa-, aBTOMOOMIIE-, TPUOOPOCTPOEHHE, CTPOUTENBCTBO H T. II.
IIpoanann3upoBaHO BIAMSHME MIETOYHBIX JIEKTPOIUTOB C U3MEHSIONIMMCA XUMUYECKAM COCTaBOM 3a CUET J00aBOK (TOpH-
JIOB HaTpHs WM KajJus HA CTPYKTYpPYy M CBOMCTBA yKa3aHHBIX CIUIABOB, a TAKXKE HAa YPOBEHb OCHOBHBIX 3KCILTYyaTaI[MOHHBIX
XapaKTEPHUCTHK CII0EB, (POPMUPYEMBIX B TAKUX 3NIEKTponuTax. Ha 0OCHOBaHMHM 3TOrO cAenaH BBIBOA O BO3MOXKHOCTH TPOJLIE-
HUSL X pecypca B OKCIDTyaTallMOHHBIX YCIOBHUSIX. BBIBIEHO, UTO CyIIECTBYIOMINE IIPHEMbI M CIIOCOOBI YIIPAaBICHHS MPOIIeC-
COM MHKPOJYTOBOTO OKCHIMPOBAHUS ATIOMUHHMEBBIX M MarHUEBBIX CIUIABOB, B YACTHOCTH PEXKUMBI 00pabOTKM M MOIIHOCTB
TEXHOJIOTHYECKOTO 000pyJOBaHUS, ONPENEISIOT XapaKkTep CTPYKTYpooOpa3oBaHUs M W3MEHEeHHe (a30BOro cocraBa (HOopMH-
PYEMBIX TOKPBITHH.
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Abstract. The paper studies regularities and mechanisms of structure and phase formation in the surface layers of magnesium
alloys when they are processed by method of micro-arc oxidation [MAQ]. It has been determined that the same specific fea-
tures of structure formation, namely: existence of a thin dense inner sublayer and a thicker outer sublayer with developed po-
rosity are common for all types of coatings on the surface of magnesium and aluminum alloys. Such structural state of a pro-
tective coating can not be considered as a guaranteed protection against operational impacts, taking into account the fields
of their primary application that is aviation construction, automotive construction, instrumentation, building construction,
etc. The paper has analyzed the effect of alkaline electrolytes with varying chemical composition due to additions of sodium
fluoride or potassium on the structure and properties of these alloys as well as on the level of basic performance characteristics
of the layers formed in such electrolytes. On the basis of the analysis a conclusion has been made that it is possible to extend
their life-span under operational conditions. It has been revealed that the existing techniques and methods for process control
of MAO aluminum and magnesium alloys, particularly processing modes and technological equipment capacity determine a
nature of structure formation and changes in a phase composition of the formed coatings.
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Mawiunocmpoenue

BBenenne

Cpenu METayuIOB M CIUIABOB, HAXOSIIUX IIH-
pOKO€ TpHMEHEHUE B aBHWa-, MaIlIMHO-, TPHOOPO-
CTPOCHUH, ONITUKE W MEIUIMHE, CIIETyeT OTMETUTh
KJIACC BEHTWJIBHBIX METaUIOB (3TO CIIIaBBI allfo-
MUHUS, TUTaHa, TAaHTANA, IUPKOHMS, HUOOM, Mar-
HUS), TIOCKOJIBKY 00pab0TKa UX MOBEPXHOCTH pas-
JUYHBIMH METOAAMH, MPUBOJIAIIAS K CO3/IAaHUIO Ha
MOBEPXHOCTH (PYHKIIMOHAIBHBIX MOKPBITUH, IM03-
BOJIIET HACTOJBKO M3MEHUTh MX CTPYKTYPHOE CO-
CTOSIHUE U CBOMICTBA, YTO OYEBUAHONU CTAHOBUTCS
BO3MOXKHOCTb YJYUYIICHUS UX «ITOBEJACHUS» B JKC-
TUTyaTalMOHHBIX ycloBUsSX. Cepbe3HOEe BHUMAHUC
B 3TOU CBS3M CJIEAYeT YJICNIATh MarHui0 M €ro
CIUTaBaM, HMEIONIMM BEChbMa IPUBJIEKATEIbHBINA
Ha0Op HU3UKO-MEXaHUICCKHUX XapaKTEPUCTHK:

e MaNTyt0 otHOCTH (1,35-1,85 F/CMa), 4TO B
1,5-2 paza MeHbIE, 9eM Yy ATIOMHHHEBBIX CILIA-
BOB, B 4—5 pa3 McHbIIIE, YeM y CTaJICH, U HE TIpe-
BBIIIAET IJIOTHOCTH HawmOoliee YacTO HCIOJIb3ye-
MBIX CETOJIHSI BBICOKOTIPOUYHBIX KOHCTPYKITMOHHBIX
TTACTMACC;

¢ BRICOKME MEXaHHUYECKUE, KOHCTPYKIIMOHHBIC
U CIyXeOHbIC CBOWCTBA B MHTEPBAIIC TEMIIEPATYypP
ot muHyc 273 no mwioc 350 °C, npexie BCero BbI-
COKHeE MTOKa3aTeN! yAeIbHON IPOYHOCTH;

e TIPEBOCXO/THOE CBOMCTBO DJIEKTPOMArHUTHOTO
SKpaHUPOBAHHS,

¢ UICKJTFOUUTEIIBEHYIO CIIOCOOHOCTH TOTJIONIATh
SHEPTHUIO yJapa U BUOpAIOHHBIC KOJICOaHHUS, BhI-
COKHe aeMIIUpYIONUe CBoOWCTBA (IO JTaHHOMY
MOKA3aTeN0 MPEBOCXOJICTBO TEPE alFOMUHUEBBI-
Mmu crutaBamu B 100 pag);

e BBICOKHH TIpeieN MOI3yYecTH, XOPOIIYIO CBa-
pYBaEMOCTh, BBICOKUE YAApHYIO BS3KOCTh W IPH-
TOJTHOCTh K TIepepadOoTKe ISl BTOPUYHOTO UCTIONb-
30BaHUs, TAKKE XOPOIIYIO TEIUIOBYIO U DIIEKTPH-
YECKYHO MPOBOIANMOCTH;

e XOpOIINE TEXHOJOTMYECKHUE CBOICTBA TIpU
00paboTke pe3aHueM, IUThe (TIPEXKIE BCEro, MPH
JUTHE IO/ BBICOKMM [aBICHHEM Ha MalldHax
C XOJIOJHOW W TOpsuell KaMepamH MPECCOBAHUS)
U Topsucii 00paboTKe TaBICHUEM;

e OTCyTCTBHE d(deKTa «cTapeHus» (OXpymdau-
BaHUS) B OTIWYHE OT KOHCTPYKIIMOHHBIX ILIACT-
Macc, KOTOpbIe MarHuWeBbI€ CIUIABBI MOTYT aJeK-
BaTHO 3aMEHHTH, 0OECTICUNB TIPU STOM PsJT IKCILTya-
TaIMOHHBIX ¥ TEXHOJIOTMIECKUX ITPEUMYILIECTB.

OpHaKO MPaKTHUYECKU BCE BEHTHIIILHBIC METall-
JBI MUMEIOT W P HEJOCTATKOB, OrPaHUYHBAFO-
IIMX WX KCIOJIb30BAHUE B a3POKOCMHUYECKON OT-
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paciau, TpuOOPOCTPOSCHNUH, aBTOMOOWIILHOH, Me-
JULUHCKOM M APYTHX OTPACIAX NPOMBILUIEHHO-
ctu. Tak, amOMHHHMEBBIE U MAarHHEBBIC CIUIABBI
00J1a1al0T OTHOCUTEIIEHO HEBBICOKOW W3HOCOCTOM-
KOCTBIO, OCOOCHHO IPH HEOIArOmpHUATHBIX YCIIO-
BUSIX OKpPY’Kalolled cpelbl, a TaKkKe HU3KOH KOp-
PO3HOHHOM CTOMKOCTBIO B BOJHBIX pacTBOpax
MHOTHX COJiIed W KHUCJIOT. B cBs3M ¢ 3TUM 1
oOecrieueHus] HaJCKHOU SKCIUTyaTalliid OOBEKTOB
W3 TaKUX MaTEepHaIOB HA UX KPUTHUUECKUE MTOBEPX-
HOCTH, TIOJIBEpPraroIIfecs] CEpbe3HbIM 3KCIUIyaTa-
LHAOHHBIM PHUCKaM, HAHOCSTCS 3alUTHBIE MOKPbI-
TH, CIOCOOHBIE MMOBLICUTD YPOBEHL NEPCUHUCIICH-
HBIX XapaKTCPUCTHUK.

MeToa U TEXHOJIOTHS HAHECEHMSI ﬂOKprTl/Iﬁ

OmHMM U3 TEpPCICKTUBHBIX HAMPAaBICHUH B
TEXHOJIOTHSIX HAHECCHMs MOKPHITUH C HabopoMm
TaKUX CBOMCTB, KaK MOBBIIIEHHBIE U3HOCO-, KOPPO-
3MOHHO-, TEPMOCTOMKOCTH, SIBIIIETCS MHUKPOIYTO-
Boe okcumupoBanue (MIO). OcoGeHHOCTh TOTO
METOAa COCTOMT B MPOMYCKAaHUH 4Yepe3 3JIEKTPO-
JIUT, B KOTOPBI TOTPYKEH METAJUINYECKUH 00b-
€KT, BBICOKHMX aHOJHBIX TOKOB, NMPU KOTOPBIX Ha
MOBEPXHOCTH OKCHIUPYEMOTO METajllla BOSHUKAIOT
JIOKAJbHbIE MHKPOIUIa3MEHHBIE pa3psiabl, MPUBO-
JSIIAE K PACTBOPEHUIO €r0 MOBEPXHOCTH M aKTHB-
HOMY B3aWMOJICHCTBUIO C KHUCIOPOJIOM C 00pa3o-
BaHHMEM OKCHJIHBIX CJIoeB. TemmepaTypa B 3THX
paspsanax gocturaetr 7000-10000 °C, uTto BbI3BIBaA-
€T OIUIaBJICHHE CO3AaHHBIX OKCHUAHBIX MOKPBHITHI,
HaJEIsAs UX YHUKAIBHBIMH (PU3NKO-XUMHYECKUMU
cBoiicTBaMu. Tak, OKCHIIHBII CJIOH, HECMOTps Ha
OTHOCHUTEITLHO OOJIBIIYIO MIOPHCTOCTh, TEM HE MEHEe
3 deKTUBHO 3alUIaeT OKCUIUPYEMBIH METalll OT
KOPpPO3UH BCIIEACTBUE TOrO, YTO MMEHHO B IOpax
MPOUCXOIUT HanboJIee MHTEHCUBHBIM POCT OKCHIIOB.
VYKa3aHHBIC CIIOW MOTYT CO3aBaThCsl B Pa3THUHBIX
THUIAX 3JIEKTPOIUTOB, YbH KOMIIOHEHTHI PaCTBOPSIOT
OCHOBHOHM MeTailT (KUCIbIE U METIOYHbIE JIEKTPOJIH-
TBI), TACCUBUPYIOT ero (pocdaTHbie U MOTHMMEPHBIE
AJIEKTPOJIUTHI) WIIM B3aUMOJICHCTBYIOT C HUM Oolree
CIIOKHBIMA W MEHee TOHAThIMH criocobamu (ro-
PUITHBIE DIIEKTPOIIUTEI).

[TockonmpKy y aNMIOMHUHHEBBIX W MAarHHEBBIX
CILUTaBOB 3apEeTHUCTPUPOBAHO CYIIECTBEHHOE yIyd-
[ICHUE YCTOWYMBOCTH K KOPPO3MH B PE3yJbTaTe
M/IO 1o cpaBHEHHIO C YHCTHIMH METaJUIAMH, T10-
BEJICHUE JTUX CIUIABOB TPU HMX OKCHIUPOBAHUH
B Pa3MYHBIX DIIEKTPOJIUTAX TPEJCTABISET HeMa-
JIBIA MHTEPEC JJISl UCCIIEIOBATENeH, O YeM CBUJe-
TENBCTBYET OTPOMHOE 4YHCIO NyOnmkamuid. Tak,
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B [1-7] noka3zaHo, 4To 100aBIeHUE HOHOB (TOpPHU-
Jla K MeIoYHoOMY dnnekTponuty ans MJIO amromu-
HUEBBIX M MAarHHEBBIX CIUIABOB BBHI3BIBACT CYILE-
CTBCHHBIC M3MEHEHHsI B CTPYKTYpE M CBOMCTBax
MOKphITUSl. OAHAKO MEXaHW3M JTHUX W3MEHEHHUI
€1lle TIOJIHOCThI0 HE U3YUEH.

YcraHoBineHo, 4To 100aBiIeHHE (TOPUIOB K
LIEJIOYHBIM 3JIEKTPOIUTAM 3HAYUTENIBHO YIIy4IlaeT
TEXHOJIOTHYECKHE TOKa3aTeJIl MOKPBITHA Ha Mar-
HUEBHIX ciiaBax [1]. @Topun marHust Gonee cia-
OBIil TUAIIEKTPUK C OTHOCHUTENFHOW JHMANEKTpUYe-
CKOH IOCTOSIHHOM &y = 4—5 d/M B 3aBUCUMOCTH OT
KpucTaymorpagpuueckod ocu, 4em QTOpUI allko-
MUHHS, OTHOCHTENbHAS TUIJIEKTPUUECKasl MOCTO-
SIHHAsI KOToporo & = 2,2 ®/m. [Toatomy st pas-
TOXeHUs1 TOPUIIOB AMIOMUHUS TpeOyeTcs OobIe
sHepruu. [Ipu M/IO marHueBbIX crjiaBoB 100aB-
neHre GTOPUIOB OJIArONPUSITCTBYET 00Pa30BaHUIO
JURJIEKTPUUYECKOro ¢10si GTOpUAa Maraus, B KOTO-
POM 3aTeM IMpPOHMCXOAAT NPOOOH, BBI3BIBAIOIINE
TUIa3MeHHbIe pa3psabl. PaKTUYeCKH 3TO O3HAYAET,
4yTo (TOPHI CIYKUT KaTalau3aTopoM Mpoliec-
ca MJIO nmist mMarHueBBIX CIUiaBoB. [[oOaBieHue
¢ropuna kamus KF B anekTponuTsl Ha OCHO-
Be Na,SiO;—KOH npuBoauT K yMCHBIICHUIO AUa-
MeTpa TOp W TOBEPXHOCTHOW MIEPOXOBATOCTH,
YBEJIMUEHHIO UX MJIOTHOCTH, IIOBEPXHOCTHOM TBEP-
JIOCTH ¥ U3HOcocToWKocTh [2]. DakTHueckn ¢ro-
PHUIl Kalnus CTAaHOBUTCS CTaHAAPTHBIM KOMIIOHEH-
TOM Pa3IMYHBIX JIEKTPOJIUTOB AJS MPOHU3BOACTBA
MTOKPBITUS] HA MATHUX M €T0 CIUIaBax.

Mopdomnorus mokpertuit MJ10, xapaktepHast ist
MaraueBbix [8] 1 aqroMuHHEBBIX [1] cITaBoB, MibTO-
CTpUPYIOIIAS HAINYUE «BYJIKaHUYECKUX», XaOTHIHO
pacnpeneneHHbIX 0p, IpeAcTaBieHa Ha puc. 1.

AHanu3 NpUBEICHHBIX CHUMKOB I103BOJIMII 3a-
KIIFOYUTh, YTO XapaKTep U pa3Mepsl 10p, UX IUIOT-
HOCTh ONPEACISIIOTCS BUIOM OKCUAMPYEMOTO Ma-
Tepuana. Tak, B BHIOpaHHOM ISl U3yYEHHS TUIIHY-
HOM (pparMeHTe OKCHIIHOTO CJIOS Ha ITOBEPXHOCTH
MaraueBoro cmiaBa AZ9110D 3adukcupoBana
JOCTAaTOYHO paBHOMEpHAsh MMOPUCTOCTh MaJIbIX
pasmepoB (1-3 MKM) B OTJIMYHE OT MOKPBITHS
Ha ajroMuHHEBOM ciuiaBe AS052, rae HaOmrona-
IOTCS  OTAENBHO PACHOJOKEHHBIE IIOpBI OO0JIb-
KX pazMepoB (=8 MKM), a TOPBl MajbIX pa3Me-
poB (1,0-2,5 MkM) B GONBLIOM KOITHYECTBE COCpe-
JOTOYEHbl HAa HEOONBUIMX YYacTKaX ITOKPHITHS.
CpenHue nokasaTenu IOPUCTOCTH CJI0S1 HA MarHu-
€BOM CIUIaBe cocTaBiAoT 17 %, a B cioe Ha aio-
muHueBoM — 31 %.

[ Hayka
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Puc. 1. Tunosast MOPQOIIOTHs TOKPHITHSI MUKPOIYTOBBIM
OKCHIMPOBaHHEM Ha ciuiaBe: a — MaraueBom AZ9110D;
b — amomunneBom A5052

Fig. 1. Typical morphology of micro-arc oxidation
coating using alloy: a — magnesium AZ9110D;
b — aluminum A5052

OnHaKo HagA0 OTMETUTh, YTO BCICICTBHE MCHB-
el PaBHOMEPHOCTH PACTIPENEICHHs MOPUCTOCTH
MO BCeil TUIOIMIAAM MOKPHITHS, a HE HA CTUHUYHOM
(parmenTe, 00IIee KOTMYECTBO TIOP, BBIXOASIIHNX HA
MOBEPXHOCTh TMOKPBITHS AJFOMHHHEBOTO CIUIABa,
3aMETHO MEHBIIIC B CPAaBHEHHWH C TOKPHITHEM Ha
MarHueBoOM cIuiase (puc. 2).
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Puc. 2. Tloka3atenu mOpUCTOCTU MOKPHITUI
HA MMOBEPXHOCTSIX CIUTABOB:
1 — marauesoro AZ91;
2 — amromuHueBoro A5052

Fig. 2. Indicators of coating porosity
on surfaces of alloys:
1 — magnesium AZ91; 2 — aluminum A5052

DJeMEHTHBIN COCTaB TMOKPBITHH, MOIYYEHHBIX
B anektposute, conepxkariem 0,08 monb/n KOH,
0,08 mous/m Na,SiOs, 0,2 mons/n KF B ogunako-
BBIX YCJOBHUSIX Ha IIOBEPXHOCTSIX MAarHueBOro M
QIFOMHHHEBOTO CILIABOB, MIpHBEJeH B a0 1 [1].
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Tabauya 1

JJIeMEHTHBIH COCTAB MOKPBITHI

Elemental composition of coatings

T:():- Marnwuessiii crias AZ91 T:():- AmomunueBsiii crutas A5052
1 |Mg 82 at%, Al 8 at%, O 9 at%, Si 1 at% 1 [Al94 at%, Mg 2 at%, O 4 at%
Mg 67 at%, Al 13 at%, O 17 at%, Si 3 at% Al 61 at%, Mg 3.5 at%, O 34 at%, Si 1.5 at%
3 |Mg 60 at%, Al 9 at%, O 27 at%, Si 4 at% 3 |AI70 at%, Mg 2.5 at%, O 15 at%, Si 9.5 at%, K 3 at%

W3 Tabmn. 1 BUAHO, UTO METaJUIMYECKass COCTaB-
JSIOMIAsl, OMpEeAeNsioniasi cOCTaB OCHOBHOTO Me-
Ta;ia B C(HOPMUPOBAHHBIX TOKPHITHSAX, Ha IIO-
BEPXHOCTH AIOMUHHUS BhIMIe, YeMm mocie MO
MaraneBoro criaBa. OJHaKo B MOKPHITHAX HA TO-
BEPXHOCTH MAarHHEBOTO CIUIaBa B OOJIBIIEM KOJIH-
YEeCTBE MPUCYTCTBYET KPEMHHIA, YTO MO3BOJISET
HAJESIThCS Ha ero 00jiee BBICOKYIO H3HOCOCTOM-
KOCTb IPH 3KCILTyaTaI|H.

MUKpOCTPYKTYypa ¥ CEYCHUE MMOKPBITUH, MOITY-
YEeHHBIX Ha MOBEpXHOCTH MarHueBoro AZ9110D u
amoMuHueBoro A5052 criaBoB B 3JEKTPOJIUTE,
comepkamem 0,08 mome/n KOH, 0,08 wmone/n
Na,SiOs, 0,2 mosas/n KF, moce 15 MuH oKCHIHPO-
BaHUs, IPUBEACHEI HA pHC. 3.

Kax BumHO M3 puc. 3 m Tabm 1, OKCHIHBIN
CJION Ha MarHUEBOM CIIaBE HE TOJNBKO Ooyee Tou-
CTBIN, HO U 00JIee OTHOPOMHEIM, YeM Ha aIFOMUHH-
€BOM CIUIaBe, B KOTOPOM MEXIy OCHOBHBIM Me-
TaJJIOM ¥ OKCHIHBIM CJIOEM 00pa3yloTCs ITyCTOTHI,
COJICPIKaIINe OTHOCUTEIHHO OOJIBIIOE KOJIMYECTBO
KHCJIOpOJia. 3aCITy’)KUBACT BHUMAHMUSI, YTO TPOLICHT-
HO€ COJICpXKaHHE KUCIOPOAa MEHbBINE, YeM OXKH-
JlaeMOe, COTJIaCHO CTEXHMOMETPUM OKCHJIOB Mar-
Hus 1 amomunus (Mg:O = 1:1 u Al:O = 2:3) [1].
W3 3TOr0 MOXHO 3aKIIFOYUTh, YTO OKCUIHBIN CIOW
COCTOUT HE TOJBKO M3 OKCHJOB OCHOBHBIX, HO U
OKCHJ/IOB NPUMECHBIX METaIOB. J[aHHBIE BBIBOIBI

a
Mg no KF

MTOATBEPIKIAIOTCS 3JIEMEHTHBIM COCTaBOM TOKPHI-
THHA, TPUBEACHHBIM B Ta0m. 1.

MHorue nccienoBarend OTMEYaroT, YTO CTPYK-
Typa OKCHIHBIX CIIOEB, CO3aBaEMBIX Ha ITOBEPXHO-
CTH MarHUEBBIX CIUIABOB, M3MEHSETCA C BBEACHHEM
B AJICKTPOJIUT JTOOABOK (PTOPHIIOB M COCTOUT U3 JIBYX
paznuuaronuxcst nozacioes [1, 3, 4]. Ilpu Hensmen-
HOU 0OI1Iel TOJIIUHE CJI0S €70 BHYTPEHHHI TTOJICIION
MMEET TONIIUHY He Oojee 2—3 MKM U COIEPKUT
npubmmutenso 70 % Mg, 25 % O u 5 % Al
a BHENIHUN MOICIION TOMIUHONA 15—18 MKM saBisgeT-
sl IOPUCTBIM ¢ TIycToTamu U coaepxxut 50-60 % O,
3540 % Mg, 10 % Si u 2—4 % Al. O1oT dakT Mo-
KeT OBITh CBSI3aH C HATMYUEM OOJIBIIIOrO KOINYECTBA
B TIOKPBITUM CBOOOJHOTO KPEMHHS, MPETSITCTBYIO-
mero (opMHUPOBAHUIO OKCH/IOB MarHUSL.

B [1] orMmeuaercs, 94TO 10 Mepe BO3paCTaHMS
cogepxanusi KF B aleKTpoiauTe CTpyKTypa CI0€B
HE W3MEHsSeTCA, HO B TOKPBITHH OOHApYXHBAaeT-
Csi CyIIECTBEHHOE KOJMMIecTBO ¢rTopa. Makcu-
MaJIbHOE KOJHYeCTBO (Topuaa oOHapyXKHBAaeTCs
B caMOi TJyOWHHOW YacTH BHEIIHETO IOJICIOs.
[ToBepXHOCTh OKCHIHOTO CJIOSI Ha MOBEPXHO-
CTH MarHmeBoro cruiaBa coctout uz MgO (77 %)
nu Mg (23 %). Bonee riybokue ciiom TOKPBITUS
JIEMOHCTpHUPYIOT yBenuuenue Mg 3a cuer MO.
Hpyrue ¢aspl, comepxamye (Top, C yBEpeHHO-
CTBIO HE OTIpECTICHBI.

b
Al no KF

|5-:|655£

Puc. 3. 300paxkeHHs: CKAHUPYIOIIEr0 3JIEKTPOHHOro MUKpockoma (x3000) npu auHeitHoM ckanupoBanuu DJC
MOMIEPEYHOT0 CEYCHHUS TIOKPBITHI, BBITOJHCHHBIX MUKPOIYTOBBIM OKCHANPOBaHKeM Ha MaraneBom AZ9110D (a)
u amomuHreBoM A5052 (b) cmaBax mocine 15 muH okcuanpoBanusi [1]

Fig. 3. SEM images (x3000) with EDS linear scans of cross-sectioned PEO coatings deposited with the help
of micro-arc oxidation on (a) magnesium AZ9110D and (b) aluminum A5052 alloys after 15-minute oxidation [1]
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Ho6asmenne KF K armekTponuTaM BHOCHT KOp-
PEKTUBBl W B JUHAMHKY HapacTaHUS OKCHIHOTO
ciosi. B To Bpems kak i 6osiee HU3KUX KOHIICH-
tparmmii KF (<0,05 Moibk/n) xapakTepHo oOpa3oBa-
HHUE TOJBKO OYE€Hb TOHKOTO M MOPHUCTOTO CIIOA TO-
KpbITHS, Ooiee BBICOKOE coaepkanne KF mpuso-
AT K 00pa3oBaHUIO OKCHUAHOTO cios 5—10 MkMm
B TEYEHHE OJHOTO M TOTO K€ BPEMEHHOTO IPOMeE-
KyTKa.

Crnemyer OTMETHTb, YTO TMpPH NPOBEICHUU
MO marHusg ¥ aJTIOMHUHHUS B OJJUHAKOBBHIX YCIIO-
BUsIX O0Jiee MHTEHCHBHEIH Mporiecc 00pa3oBaHUs U
pocTa TOKPHITHIA HaOMIOMAeTCsl Ha TIOBEPXHOCTH
MarHMeBbIX CIDIaBOB. Ecnm mis BceX M3YYEeHHBIX
criaBoB Maruus nocie 15 mua MJIO B ogHOM M
TOM K€ DIICKTPOJUTE ObUTH MOTYYECHBI MOKPBITHS
ToamuHOM 20 MKM, TO Ha aJIFOMUHHEBBIX CIUIaBax
TOJIILIMHA MOKPBITUS HE IpeBblmana 5—10 MM.

UsBectro [9, 10], uto mpoueccet MJIO ocy-
HIECTBIISIIOTCS OOBIYHO B aHOJHOM TaJIbBAHOCTATH-
YecKkoM pexume npu 3(Q(HEeKTUBHOH TUIOTHOCTH
agomHoro toka 0,4-0,5 Alem>. OxcunupoBaHme
Opy TJIOTHOCTH aHOJHOTO TOKa MEHbLIE 3asiB-
JSEMOTO TIPUBOAUT K (OPMHUPOBAHHUIO TOHKHUX,
C HApyUICHHOW CIUIOIIHOCTBIO TICHOK, MpaKTH4e-
CKHU COCTOSIIMX TOJBKO M3 oKcuaa MarHust MgO u
He o0ecreunBarommx TpebyeMol aHTHKOPPO3HUOH-
HOU 3amuThl. OKCHAMPOBAaHHE NpPU TUIOTHOCTH
AaHOJTHOTO TOKA, BBIIIE 3asBISEMBIX 3HAYCHHH,
OPUBOJUT K CHJILHOMY pa3orpeBy JJIEKTPOIUTA M
ra3o00pa3oBaHuio, OO0YCIIOBIIMBAIONIEMY IOSBIIC-
HUE AeQeKToB B (POPMHUPYEMOM IOKPBITHH, 00pa-
30BaHHE HAPOCTOB U MSATEH HA €ro MOBEPXHOCTH.
[Ipu 3TOM BBIIEISONTHECS Ta3bl MOTYT IPUBECTH K
«IIOAPBIBY» M OTCIOCHUIO TOKPBITHS, YTO TaKKe
OTpHUIIATENIbHO CKa3bIBAaeTCS Ha €ro aHTUKOp-
PO3MOHHBIX cBOWcTBaxX. PazorpeB snekrpoinura,
B CBOIO OYepeib, MPOBOLUPYET Oojee aKTHUBHBIN
POCT TONIIMHBI KEPAMHUYECKHX CJOEB OIHOBpE-
MEHHO C YXYAIIEHHeM KadecTBa (MOBBITIICHHAS
MOPHUCTOCTh, HEPABHOTOJIIMHHOCTD, YBEJINYCHHAS
IIIEpPOXOBATOCTb).

Kak xe «Hay4uTh» MarHueBble CIUIaBbl MIPOTH-
BOCTOSITh 3KCILTyaTallHOHHBIM pUCKam?

AHanu3 CyIIeCTBYIOMINX MyOIMKAUN TOKa3al
cienyriee. ABTOpHI [3] mpeasaratoT BECTH OKCH-
nmupoBanue mpu temreparype 10-21 °C na mepe-
MEHHOM CHMMETPHUYHOM TOKE, KOTOPBIH CaMOIIpo-
W3BOJIBHO TEPEXOIUT B aCHMMETPUYHBIN. MuHH-
MaibHas TPOJOIDKUTEIHHOCTh OKCHIWPOBAHUS
paBHa BpPEMEHHU, IPU KOTOPOM OTHOIIEHHWE BEJH-
YUH aMIUTUTYAHBIX 3HAYEHUH aHOJHOTO HarpsiHKe-
HUS K KaTOTHOMY HaxXOJUTCS B COOTHoIIeHuU 1:4
wm 1:6. Kpome Toro, morpyxeHue u3fenus B
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JIEKTPOJIUT TPOU3BOIAT IMOCTENEHHO MO YacCTsIM
WIA €IUHOBPEMEHHO IOJHBIM €ro MHOTPYKEHUEM
B 3aBHCUMOCTH OT MOIIHOCTH YCTaHOBKHU ISl IIPO-
BEJIEHUS] MUKPOIUIa3MEHHOTO OKCHIMPOBAaHUS NpPHU
KECTKOM KOHTpPOJIE KOHIEHTparuu GTopuaos. Ta-
KOH TpollecC BecbMa TPYAOEMOK M HECTaOHWIIeH
BCJIEJICTBHE HEOOXOJANMOCTH KECTKO KOHTPOIHPO-
BaTh MOCJIEIOBATENLHOCTh JACHUCTBUM M TemImepa-
Typy 2JIEKTPOJINTA.

ABtopamu [4] mpemnokeHa u omnpoboBaHa
nByxcraauitHast MIO — oOpaboTka, mpu KOTOPOit
o0pasipl cCHayana B TeYeHWE 54 MUH OKCHAMPOBA-
JIM B 3JIEKTPOJIUTE, COAEPIKaIEM 2 I/J1 THAPOKCHIA
KaJust U 3 MII/JT KUJIKOTO CTEKINa, a 3aTeM B Teue-
Hue 40 MUH — B 3JIGKTPONUTE, coaepkaiieM 4 1/
THIPOKCHIA Kalusl M 6 M/ KHIKOTO CTEKIa.
OCHOBBIBASICH Ha aHAJIHM3€ SKCIHEPUMEHTAIBHBIX
JAHHBIX, HAOMIOAANM, YTO CHayana Ha oOpadaThi-
BaeMOH MOBEPXHOCTH MarHUEeBOTo ciutaBa GopMu-
pyercs TIoTHas (MaJloopucTasi) CTpyKTypa, a 3a-
TeM B OoJyiee KOHIICHTPUPOBAHHOM 3JICKTPOJIHTE
aKTUBHO HapacTeT TOJIIMHA MOKPBITUS, YTO T03-
BoJIsieT 3()()EKTUBHO TMOBBICUTH €r0 KOPPO3UOHHO-
3alIUTHYI0 crtocoOHoCTh. OHAKO Takas JBYXcCTa-
nuitHast 00paboTKa JOCTATOYHO MPOIOKUTEIbHAS
U DHEProeMKasl.

MeHee SHEProeMKHi CHoco0 HaHECCHHs IIO0-
KPBITUSI Ha MarHMEBbIE CIUIaBbl NpEAararoT aB-
Tophl [5]. Ilpomecc ocymecTBisercd B TEUEHHE
8-20 MHH B pacTBOpE 3JEKTPOJIMTA, COAEpKa-
mem 12-30 r/n cunukara Hatpus u 5—10 r/n ¢To-
pHUI HATpHs, B KOTOPOM BJIEKTPOXHMHUYECKast 00-
paboTKa TPOUCXOMUT HA TEPEMEHHOM TOKE C
miotHocteio  0,5-1,0 A/cM® npu  yBenMueHHH
HanpspkeHuss ot 0 mo 250-300 B co ckopocThio
0,25-0,28 B/c u ¢ COOTHOIICHHEM IEPHO-
JIOB aHOJHON W KaTOIHOW moysipu3anuil T/t = 1.
OnmHako B TakuX YCIOBHSAX HE YHAeTcs MONy-
YUTH pPaBHOMEPHOE MO TOJIIMHE M MOPHCTOCTH
MOKPBITHE HA JETAJSIX CIOXKHOH KOH(Urypauuu.
IIpu 3TOM anres3us NOKpPHITUS K OCHOBE yXy.IIaeT-
Csl, CHHDKAIOTCSL €r0 aHTUKOPPO3UOHHBIE CBOMCTBA.
B [6] oTmedeHO, 9TO TIpW BO3JACHCTBHU OTHEM Ta-
KO€ MOKpBITHE Ha MAarHUEBOM CIUIaBe He olecrie-
YKMBAET 3aLIUTY OT BOCIJIAMEHEHHS.

Hexotopele aBTOpBI yTBEP)KIAIOT, YTO MOIyde-
HUE 3alIUTHBIX OKCHUAHBIX TOKPHITHH METOAOM
MO c BBemeHuem (ropuaa MO3BOJSET YBEIU-
YUTh TPOM3BOAMTEIILHOCTH Ipolecca Ooyiee uyem
B 5,5 pa3a, CHHU3UTh B3HEProOEMKOCTHb MpoLecca
B 9 pa3 u rapaHTUPOBATH MPH 3TOM BBICOKHE aHTHU-
KOpPPO3HOHHBIE CBOMCTBA. JIJTUTENLHOCTD 3aIIUTHOTO
JEHCTBHSL TaKMX TOKPBITHH MOXET OBbITh JOTOJHU-
TENBHO YBENMYEHa T0ciIe UX 00padOTKU B pacTBOpE
KaydyKka 1 CHHTETHYEeCKUX cMOI (Tabi. 2).
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Tabauya 2
ITapameTpbI Nponecca MEKPOAYTOBOT0 OKCHIAHPOBAHUS
U XapaKTEePUCTUKH MOJTy4YaeMbIX IIOKPBITHIA [3]
Parameters of micro-arc oxidation process and characteristics of obtained coatings [3]
PaGoto- Koppozuonnas croiikoctsb Wihe
CocraB 3JeKTPOJINTa, I/ h, MkM CII0COOHOCTD 1, 2, Braal ,. 2)
JJICKTPOJINTa, MEC. 10 g4 144 4 TAMEM M
2 NaOH, 4 NagP¢Oy5, 3 NH4F 51 bonee 6 68
2 NaOH, 4 NagPsO,5, 10 NH,F 53 bonee 6 Bes BIIIMbIX Toucunas 65
. CJIEIOB KOPPO3UH KOppo3ust
4 NaOH, 10 Na,SiOs, 0.5 NH4F 11 55 148
4 NaOH, 10 Na,SiOs, 3 NH,F 19 55 127
53 KOH, 55 KF, 140 NasPO, 2 Memnee 2 MHTeHcuBHOE KOPPO3UOHHOE 1297
paspylleHue ¢ BbIICICHHEM
53 KOH, 55 KF, 140 NazPO,, 98 NaAIlO, 0,8 Menee 2 BOJIOpOJIA 1217

Takum 00pa3oMm, MPOBEAECHHBII aHAIN3 CHOCO-
0OB TOJYYCHMS 3ALIUTHBIX IOKPBITHH METOIOM
MHUKPOAYTrOBOTO OKCHAMPOBAaHHA B IIEIOYHBIX
JNEKTPONIUTAX C W3MEHSIOMIUMCS XHUMHUYECKUM
COCTaBOM 3a CYeT M00aBOK (TOPUIOB HATPHUS WU
KaJHusg C aHaJU30M YPOBHsI OCHOBHBIX JKCILTyaTa-
UOHHBIX XapaKTEPUCTUK CIIOEB, (OPMHUPYEMBIX
B TaKHMX DJIEKTPOJIUTAX, NTOKA3aJl, YTO JUIS BCEX BH-
J0B HOKpI)ITI/Iﬁ Ha TOBEPXHOCTH MArHuCBBIX U
AJIIOMUHHEBBIX CIUIABOB XapPAaKTCPHBI OAMHAKOBLIC
OCOOCHHOCTH CTPYKTYpPOOOPa30BAaHUS: HAIUINE
ToHKOro (He Oosee 1-2 MKM) IUIOTHOTO BHYT-
PEHHEro MOoACios W 0ojiee TOJICTOrO, C Pa3BUTOH
HOPUCTOCTBIO HApPYXHOro. Takoe CTPYKTypHOE
COCTOSHHE 3alIUTHOI'O TIIOKPBLITHA HE ABJIACTCA
rapaHTHPOBAaHHOW 3aIUTOH OOBEKTOB OT O3KCII-
JyaTalMOHHBIX BO3ACHCTBUH, Yy4yHThIBasg o0Jia-
CTU HUX MNPCUMYIICCTBCHHOI'O HCIIOJIb30BaHUA —
aBua-, aBToMoOmie-, MpUOOPOCTPOEHHE, CTPOU-
TEJIBCTBO U T. II.

BBIBO/JIbI

1. Xapakrep CTpyKTypooOpa3oBaHUS W HU3Me-
HeHue (a30BOro cocraBa (POPMHUPYEMBIX MOKPBI-
TUM B HEMAJIOW CTEMEHU OMPEACIISIFOTCS MOITHO-
CTBIO U PEKUMaMU 00pabOTKHM TEXHOJOTHYESCKOTO
obopynoBanus. llpoBeneHHbIe HccIemOBaHUS TIO-
Ka3bIBAIOT, YTO TSI HHTCHCH(DUKAIIMNA HapacTaHM
TOJIIIMHBI ()OPMUPYEMBIX CJIOCB B OOJILIITUHCTBE
CIy4aeB JIMOO HapamuBaeTCcs] MOIHOCTH CEpHii-
HBIX YCTAHOBOK, YTO TPHUBOAWT K TIOBBIMICHUIO
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SHEProeMKOCTH TIpoliecca, 00 YCIOKHSICTCS ca-
MO 00OpYyIOBaHWE, TIO3BOJISISI YEPEIOBATh AHOTHO-
KaToJHYI0 00paboTKy, 4TO YBEJIUYHMBAET €r0 CTO-
UMOCTb. [Ipu 3TOM HE rapaHTHPYETCs MOJy4YCHUS
BBICOKOIUIOTHBIX CJIOEB, 2 C€0ECTOMMOCTH TIOKPHI-
THH, MOJIy4a€MbIX ¢ TIOMOIIBIO JOPOTOCTOSIIETO U
00JIee SHEPTOEMKOT0 000PYA0BaHUS, BHIIIIE,

2. Pemas 3amaun yBenmueHUs: pabodero pecyp-
ca M3ICIMHA JUId NEePEUYMCICHHBIX OTpaciiel mpo-
MBIIIJIEHHOCTH ¢ O00ecleYeHrueM BO3MOKHOCTH
MIPOTUBOCTOATh AKCIUTYaTallMOHHBIM PUCKaM, CJe-
IyeT YYUTHIBATH M HEOOXOIMMOCTh CHHYKCHUS
SHEPrOeMKOCTH IMPOLECCOB WX H3TOTOBJICHHUS.
BecbMa HeMaNOBaKHBIM SIBISICTCS DKOJOTHUECKAs
YUCTOTA TEXHOJOTUIECKUX TTPOIIECCOB.

3. TlpoBeneHHBIM aHaNIU3 MO3BOJISIET 3aKIIO-
YUTh, YTO OAWH W3 3P(OEKTUBHBIX MYyTEH pPEIICHUS
YKa3aHHBIX 3aJ1ad — pa3pad0TKa TEXHOJIOTHH MHK-
POIyrOBOTO  OKCHJIUPOBAaHHUS C ONTHMH3AIHUCH
MapaMeTpoB MHUKPOILIA3MEHHOTO BO3JCHCTBUSA U
COCTABOB JJICKTPOJUTOB NPH (HOPMHUPOBAHUH Ke-
PaAMUKOMOAOOHBIX  TOKPBITUH  MEPCHCKTUBHOTO
Ha3HAYCHHS HA TIOBEPXHOCTHU JIETKUX, B YaCTHOCTH
MarHMeBbIX, CIUIABOB IMPH UCTIOJIH30BAHUH TPAIH-
IIUOHHOTO MHKPOJYTOBOTO OKCHIUPOBAHHSI.
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