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Beedenue. B ycnoBusx COBpEMEHHOTO IPOM3BOJICTBA Ba)KHOHM 3ajaueil SBIISETCS MOBBIMICHHE HAJEKHOCTH W JIONTO-
BEYHOCTH CTAIBHBIX M3/enui. 1 pemenns 3Toi mpo0ieMsl erecoo0pa3Ho co3/1aBaTh HA UX HOBEPXHOCTH BBICOKO-
TBEpAble U3HOCOCTOMKHE MOKPBITHS, (POPMUpYeMble METOIOM AN (HY3MOHHOTO HACHIIIEHUS] MeTaia KapOumooopasy-
IOLIMMH DJIEMEHTaMu. TpaJuIMOHHBIE CIIOCOOB! TONyYSHUS! TAKUX HOKPBITUI OTIMYAIOTCS 3HAYUTENBHON MPOJIOIIKH-
TENBHOCTBI0 — 110 8 1 OoJsiee yacoB. J{is yckopeHus npouecca (GOpMHUPOBAHUS B JIMTEPATYPE MPEATI0KEHBI Pa3IMYHbIC
METO/Ibl, OCHOBaHHbIC Ha NMPHUMEHEHUH BBICOKOYHEPTETHYECKOr0 BO3ACHCTBUS Ha MaTepHai (Ja3epHOro, Ma3MeHHO-
ro ¥ T.J.), OJHAKO OHU TPeOYIOT MCIONB30BAHMSI CIOKHOTO U JOPOrocTosiimero obopyaoBanus. B Hacrosien pabote
paccMOTpeH crocol MOTydeHHs BHICOKOTBEPAOTO MOKPHITHS Ha OCHOBE MOJHOAEHA METOJOM MHKPOZYTOBOTO JIETHPO-
BaHM, KOTOPBIH 3aKJIFOYaeTCsl B BO3/EHCTBIM Ha 00padaThiBaeMOe CTAIbHOE M3JIENNE, TOTPYKEHHOE B YTOJIBHBIN I10-
POIIOK, MyJbTUITUKATUBHBIX MHKPOJYTOBBIX Pa3ps/iOB, BOSHUKAIOIINX MEXIy MMOBEPXHOCTHIO METa/lIa M OKpPY’Karo-
el OPOIIKOBOM cpeol P MPOITyCKAHUN HIIEKTPHUECKOTO TOKa. DTOT METO/ MO3BOJISIET 3HAYUTEIFHO HHTEHCU(DH-
LUPOBaTh npornecc (G Qy3HOHHOTO MOBEPXHOCTHOTO HACHIIICHHMS, OTIMYAETCS IPOCTOTONH M HU3KOH YHEPrOEMKOCTEHIO.
CBoiicTBa MOJy4aeMbIX NMOKPHITHH B OCHOBHOM OIPEEIISIFOTCS UX TOHKOW CTPYKTYPOMH, TIO3TOMY HCCIIEJOBAaHHE STON
CTPYKTYpPBI IPE/ICTABISIET CO00H aKTyalbHYIO 331a4y. Takum oO0pa3om, 11eiblo paboThl OBUIO U3yYEHHE OCOOCHHOCTEH
TOHKOW CTPYKTYpPbI TOBEPXHOCTHOT'O CJIOSI CTAJIM TOCIIE MUKPOyTOBOTO MOJIMOICHUPOBAHMS.

Mamepuanst u memoosl. B xauectBe UCTOUHMKA MOJIMOJEHA JUIsl TU((PY3MOHHOTO HACBIICHUS WCIIOJIB30BAIM 00OMa3Ky,
COJIeprKalllyl0 MEJIKOJMCIIEPCHBIM MOPOLIOK MOJMOaTa aMMOHHUS M 3JIEKTPOIPOBO/HBINA I'ellb B KaueCTBE CBS3YIOIIETO B
o6beMHOM cooTHomeHuH 1:1. OOMa3Ky HAHOCHIIM Ha MMOBEPXHOCTH LITHHAPUIECKUX 00pa3lioB THaMeTpoM 12 MM U JUTHHON
35 MM, M3rOTOBJIEHHBIX U3 cTamy 20, 1ociie 4ero ux Morpyald B METAUINYECKUH KOHTEHHEp C yroJbHBIM MOPOILIKOM C
pasmepom gacturl 0,4-0,6 mm. Uepes TaHHBIH MOPOIIOK MPOIYCKATIX HIEKTPUUECKUH TOK B TE€UEHHE 6 MUHYT, IIPU ATOM IIO-
BEPXHOCTHASI INTIOTHOCTB ToKa cocTaBisuia 0,53 A/cm?. 17t MccTenoBaHMA TOHKOH CTPYKTYPBI CTaId UCTIOIB30BAI MHUKPO-
ckonr Neophot-21, mudpaxromerp ARL X’TRA-435, ckanmpytrommii snektponabid Mmukpockon ZEISS CrossBeam 340 ¢
PEHTT€HOBCKMM MHUKPOAHAIM3aTOPOM M CKaHUPYIOLIH 30H10BbIH MUKpockon NanoEducator.

Peszynomamut uccnedosanus. Ilocne MAKpOIyroBoro MoJIHOAEHUPOBAHMS CTAJIBHBIX 00pa3oB 00pa3yeTcsi HOKphITHE,
o0J1a1aromiee MHOTOCIIOMHBIM CTPOEHHEM U CI0XKHBIM (ha30BbIM cocTaBoM. Ha moBepxHOCTH MaTepHraia 0OHapy>KHBa-
eTcsl cnaboTpaBsIIMics cIoi ToMIHUHON 50—55 MKM, 01 KOTOPBIM PacIOJIOKEH HayTJIEPOXKEHHBIN CIION C ABTEKTOU/I-
HOU CTPYKTypo# ToNmuHOM 0koyio 200 MKM, a ellle HIKE COXPaHAETCS UCXOHAs (eppuTo-nepiauTHas cTpykrypa. Oc-
HOBa CJIA0OTPABAIIETOCS CIIOSI MPEACTABISACT COOOW AMCHEPCHYIO (HEepPPUTO-KApOMIHYIO CMECh, COACPIKAIIYIO0 OKOJIO
47 mac. % Mo u umeroryto MukporBepaoctb 8—9 I'Tla. B aToMm ciioe pacnonosxeHbl KapOuaHbIe BKIIOYEHUS! PasMepoM
10 5 MKM, coaepkaiue 94 mac. % Mo u obnanaromue MukporBepaoctsio 1o 21 I'Tla. Penbed moBepxHOCTH Xapakre-
pHU3yeTcs HaIMYMeM KapOWIHBIX BKIIOYCHUH pa3MepoM 3—5 MKM, a TaKKE MHOKECTBEHHBIMH HAaHOPa3MEPHBIMH BKIIFO-
YeHHSMH, BRICTYHAIOIIUMHE Ha/I TOBEPXHOCTHIO I da Ha BEICOTY oT 10 mo 150-200 HMm.

© Cmenanos M.C., Jombposckuii FO.M., 2025


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2025-9-3-250-256
mailto:stepanovms@yandex.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2025-9-3-250-256&domain=pdf&date_stamp=2025-08-30
https://orcid.org/0000-0002-1537-9397
https://orcid.org/0000-0003-2937-8632

CrenanoB M.C. u ap. ToHkasi CTPYKTypa CTaJIM MOCJIe MUKPOIYTOBOI0 MOJIUO1eHUPOBAHMUSI

Oobcyrcoenue. Pe3ynbTaThl UCCICIOBAHUS, MMOJYUYCHHBIC C HMCIIOJH30BAHUEM METAJUIOTPA(PUUECKOr0 aHajIHM3a, CKaHH-
pyIOIIeH 3IEeKTPOHHONH MUKPOCKOIIMH, PEHTTCHOBCKOTO (Da30BOTO aHAIM3a M aTOMHO-CHJIOBOW MHMKPOCKOITHH, TTOKa3a-
JH, YTO MIPH MUKPOIYTOBOM MOJIMOIECHHUPOBAHWUHU CTAIH (QopMupyeTcs Tuddy3HOHHBIN CIION, coAep Kallii HaHOpas3-
MEpHbIC YacTHUIIBI KapOuaHOH (a3pl, ocTuraromue oobpEMHON nonu 10 70 %, pacnonokeHHbIE B OCHOBE CIIOS, Ipea-
CTaBJIAIONIETO Co00H (heppHuTO-KapOUAHYIO IBTEKTOUIHYIO cMech. KonndyecTBeHHas OlEHKa YHPOYHSIOIETO BIMSHUS
9THUX YacTHL MOATBEPAWIIA, YTO HAJMYHME TAKUX YACTHIL, XapaKTePU3YIOIIUXCS BBICOKOH MHKPOTBEpPAOCTBIO, U 00y-
CJIOBIIMBAET BBICOKYIO TBEPJOCTh 00Pa3yIOIErocs HOKPHITHSI.

3aknouenue. MyKpoayroBoe MOJUOAEHUPOBAHUE CTAJIH IMpEACTaBisieT co00H 3(PEKTUBHBIA METOH MOJyYESHUs TO-
KPBITUiA, 00JIaIAFOLIMX BBITAFOLIMMHUCS dKCIUTYaTAllMOHHBIMU XapaKTepUCTHKaMu. [loiydeHHbIe BCICACTBHE 3TOIO MO-
KPBITUS HE TOJBKO OTIMYAINCh BEICOKOH TBEPAOCTHIO 3a CUET HAHOPA3MEPHBIX KapOUAHBIX YACTHILI, PACHIOJIOKEHHBIX B
(deppuTo-KapOUIHON OCHOBE, HO U AEMOHCTPHPOBAIH YIIy4IlIEHHbIE MEXaHUYECKHE CBOHCTBA. DTO JIeNIaeT UX MepCIieK-
THBHBIMH JIJII IPUMEHCHHUS B PA3IMYHBIX OTPACIIX, II¢ TPEOYIOTCS BBICOKAs N3HOCOCTOMKOCTh U IOJATOBEYHOCTh U3JIe-
. Pe3ysibTaThl McclieIOBaHMH MOKA3bIBAIOT, YTO HCIIOIb30BaHME AAHHOTO METOJA 3HAUYUTENHHO COKPAIlaeT BpeMs
00paboTKM M MO3BOJISIET M30eraTh MPUMEHEHHs JIOPOTOCTOSIIEro 000PYIOBaHUs, YTO JENaeT ero Oosee AOCTYIHBIM
JUISL TIPOMBIIIUIEHHOTO BHEIPEHMS.

KawueBble ciioBa: MOIU(QHUIMPOBAHHE IMOBEPXHOCTH CTalM, CO3J@aHHE MOJUOACHHUPOBAHHOTO  TMOKPBITHS,
¢dbopmupoBanue 1uh(Hy3HOHHOTO CIIOS

Bnaroaapﬂocnl. ABTOpBI 6J1ar0,uap>1T COTPYAHUKOB pEAAKIMU W PCHCH3CHTOB 3a BHUMAHHUEC, IIPOSBJICHHOC K
Hy6JII/IKa]_[I/II/I 1 OEHHBIC 3aME€YaHNsI, KOTOPBIC IMTO3BOJINIIN YIIYUIINTH €€ COACPIKAHUE.

Jdas  murupoBanusi. CremanoB M.C., [lomOpoBckmii FO.M. ToHkas CTpykTypa CTaqd TIOCJAE€  MHKPOIYTOBOTO
MOJMOICHUPOBAHUS. hezonachocmy mexroeeHHbIX u npupoorsix cucmem. 2025;9(3):250-256. https://doi.org/10.23947/2541-
9129-2025-9-3-250-256
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Makar S. Stepanov =<, Yurii M. Dombrovskii
Don State Technical University, Rostov-on-Don, Russian Federation
X stepanovms(@yandex.ru

Abstract

Introduction. In modern production, it is important to increase reliability and durability of steel products. One way to achieve this
is by creating high-hardness, wear-resistant coatings on their surface. These coatings can be formed using the method of diffusion
saturation, which involves the introduction of carbide-forming elements into the metal. Traditional methods for creating these
coatings are time-consuming, taking up to 8 hours or more. To accelerate this process, researchers have proposed using high-
energy methods such as laser and plasma treatments. However, these methods require specialized equipment that can be
expensive. In this paper, we consider a method for creating a high-hardness molybdenum-based coating by microarc alloying.
This method involves exposing a processed steel product immersed in coal powder to multiplicative microarc discharges that
occur between the metal surface and the surrounding powder medium. The discharges are generated when an electric current is
passed through them. This method allows for a significant increase in the process of diffusive surface saturation. It is
characterized by simplicity and low energy consumption. The properties of the resulting coatings are primarily determined by
their fine structure. Therefore, studying this structure is a crucial task. The aim of this research was to investigate the features of
the fine structure of the steel surface layer after microarc molybdenum plating.

Materials and Methods. A coating containing finely dispersed ammonium molybdate powder and an electrically
conductive gel as a binder in a volume ratio of 1:1 was used as a source of molybdenum for diffusion saturation. The
coating was applied to the surface of cylindrical samples made of 20 steel with a diameter of 12 mm and a length of
35 mm. Then they were immersed in a metal container with a carbon powder with a particle size 0.4-0.6 mm. An
electric current was passed through this powder for 6 minutes, with a surface current density of 0.53 A/cm?. A Neophot-
21 microscope, an ARL X'TRA-435 diffractometer, a ZEISS CrossBeam 340 scanning electron microscope with an
X-ray microanalyzer, and a NanoEducator scanning probe microscope were used to study the fine structure of steel.
Results. After microarc molybdenum saturation of steel samples, a coating with a multilayer structure and a complex phase
composition was formed. On the surface of the material, there was a slightly etched layer with a thickness of 50-55 um, under
which there was a carbonized layer with eutectoid structure and a thickness of approximately 200 um, and the original ferrite-
pearlite structure was preserved lower. The base of the slightly etched layer was a dispersed ferrite-carbide mixture containing
about 47% wt. % of Mo and having a microhardness of 8—9 GPa. This layer contained carbide inclusions up to 5 um in size,
containing 94 wt. % of Mo and having microhardness up to 21 GPa. The surface relief was characterized by the presence of
carbide inclusions of 3—5 pm in size, as well as multiple nanoscale inclusions protruding above the surface to a height of 10 to
150-200 nm.
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Discussion. The results of the study, obtained using metallographic analysis, scanning electron microscopy, X-ray
phase analysis and atomic force microscopy, showed that during microarc molybdenum steel saturation, a diffusion
layer was formed containing nanoscale particles of the carbide phase. These particles reached a volume fraction of up to
70% and were located at the base of the layer. This layer was a ferrite-carbide eutectoid mixture. A quantitative
assessment of the strengthening effect of these particles confirmed that the presence of such particles, characterized by
high microhardness, determines the high hardness of the resulting coating.

Conclusion. Microarc molybdenum steel saturation is an effective method for creating coatings with exceptional
performance characteristics. These coatings are characterized not only by their high hardness, due to the presence of
nanoscale carbide particles located in a ferrite-carbide base, but also by their improved mechanical properties. This
makes them promising for use in various industries where high wear resistance and durability of products are required.
The research findings indicate that microarc molybdenum steel saturation significantly reduces processing time and
avoids the use of expensive equipment, which makes it more affordable for industrial implementation.

Keywords: modification of the steel surface, creation of a molybdenum coating, formation of a diffusion layer
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BBenenue. B ycioBusix cCOBpeMEHHOTO ITPOM3BO/ICTBA TOCTOSTHHO BO3PACTAIOT TPEOOBAHUSI K HAJIKHOCTH M JIOJTO-
BEYHOCTH CTAJIbHBIX M3/EINH, 0COOEHHO TeX, KOTOpBlE pabOTaIOT B CIOKHBIX YCIOBHUSIX KCIUTyaTaluu. TpaauiiioH-
HBIM METOJIOM pEIICHHS JaHHOH 3a/1a4u sABIAeTcs (JOPMHUPOBAHNE HA UX MMOBEPXHOCTU AN (HY3HMOHHBIX MMOKPBITHH, 00-
JIaJIAI0IMX TOBBIIIEHHOW TBEPAOCTHI0O M M3HOCOCTOMKOCTHIO [1, 2]. Croma ciieyeT OTHECTH MOKPBITHUS KapOWIHOTO
THIA, MOJIyYEHHBIE NPH AU(GPY3MOHHOM HACHIIIEHUH cTaiu XpoMoM [3], Bomb(ppamom [4], MOIHOIEHOM H IPyTUMHA
KapbunooOpasyrommMu dmeMeHTaMu [5]. CymecTBeHHBIM HEIOCTATKOM 3TOW TEXHOJIOTHH SIBIISICTCS €€ 3HaYHTETbHAS
HPOJIOJDKUTENLHOCTh — Oosiee 8 4acoB. YCKOPHUTh AU (PYy3UOHHOE HACHIIIEHUE BO3MOXKHO, €CIIM IPUMEHSTH BBICOKO-
SHEPreTU4ecKoe BO3JCHCTBUS HAa MaTepual, Halpumep, IuiasMeHHoe [6], noHHo-1Tu1a3mMeHHoe [7], nasepHoe [8, 9],
anekTpouckpoBoe [10], a Takke HarpeB ¢ UCIONB30BaHIEM TEPMOAIMHUCCHOHHBIX 3P QekToB [11]. [lepeuncnennse Tex-
HOJIOTUH (G (HEKTUBHBI, HO TPEOYIOT CIOKHOIO M AOPOTOCTOSILEro 000pyA0oBaHus. B 3TOH CBS3M HEOCIIOPUMBIM IIpe-
HMMYIIECTBOM OTJIMYAETCS] METOJl MUKPOyTOBOTO ITOBEPXHOCTHOTO JierpoBanus [12], mpu xotopom HarpeB u quddy-
3MOHHOE HACBIIICHUE CTAIBHOTO M3AENHS MPOMCXOIUT B METAUIMYECKOM KOHTEHHEpE ¢ yroibHBIM mopommkoM. [Ipn
3TOM Harpes MPOTEKAET 3a CUET MUKPOIYT, BO3HUKAIOIINX B PE3YJIbTATE MPOIYCKAETCs IEKTPUIECKOr0 TOKA B LETIH:
WCTOYHHK TMTAHUS — KOHTEHHEp — yroJIbHBIN MOPOIIOK — CTAJIbHOE U3eine. Y cKkopeHue Inpouecca Auh(dy3HOHHOTO
HACBIIIEHUS JOCTUTAETCs 3a CUET BO3JCHCTBHS Ha MaTephal MUKPOAYTOBBIX Pa3psiioB, BO3HUKAIOIINX MEXIY MOBEPX-
HOCTBIO M3JIENHUSI U YTOJIbHBIM NopoiikoM. O4eBuAHas MPOCTOTa JAHHON TEXHOJIOTHH B COBOKYITHOCTH C HU3KOH SHEp-
TOEMKOCTBIO He TPeOYIOT JIOMOIHUTEBHBIX JJOKa3aTeIbCTB €€ MPEenMyIIecTBa.

[MoxpeITHS KapOMIHOTO THIIA, COJEpIKAIINE MOJUOICH, ITMPOKO MPUMEHSIOTCS B MAalIMHOCTPOSHUH. MonubaeHn-
pOBaHME MPOBOIST HATPEBOM B MOPOIIKAX XUMHUYECKNX COSAMHEHUH Ha OCHOBE MOJHMOAeHa win (eppomMonnbdicHa, a
TaK)Ke B T'a30BOM Cpejie TajJoreHuI0B MoInbOaeHa, JInOo B paciiaBax Ha OCHOBE MoyinOmaTa Hatpus. [Ipomecc Moino-
JnenupoBaHus ocymecTBisaoT npu 1000-1200 °C, B TedeHne He MeHee 6—7 4. [IpuMeHeHHe MeToga MUKPOAYTOBOIO
JIETUPOBAHMSA ATl MOTYYEHHS TaKUX MOKPBITHI MO3BOJUT 3HAYUTEIPHO COKPATUTH JIUTENBHOCTH MpoLEecca, TO3TOMY
H3y4eHHe CBOMCTB MOKPBITHH, MONTYYEHHBIX C HCIIOIB30BAaHHEM MUKPOJYTOBOTO Harpema, BISCTCSA aKTyaJbHOW 3aia-
yeid [13, 14]. OcHOBHBIM (haKTOPOM, OIIPEIEIISIOMINM CBOWCTBA MOKPBITHH TaKOTO THIIA, SIBJISIETCSI HATMYUE B UX CTPYK-
Type 4acTuI] KapOuIHOH (a3bl. B 3TOM KOHTEKCTE 1ENbl0 HACTOSIIEH paboThl CTAIO U3ydYEHHE OCOOCHHOCTEH TOHKOH
CTPYKTYpPBI IIOBEPXHOCTHOTO CJI0S CTAJIH MOCIE MUKPOAYTOBOTO MOJIHOACHUPOBAHMUSL.

Marepuanbl n1 MeToabl. MHUKpPOAYyroBoe MOJNMOJCHUPOBAHUE BBIOJHIN B OOMa3Ke, M3 MOPOIIOKAa MoJMOIara
ammoHus (NH4):Mo0O4 B 31eKTponpoBOIHOM rejie B 00beMHOM cooTHomieHnH 1:1. OOMa3ky HaHOCWIIM Ha MOBEpPX-
HOCTb 00pa3noB u3 crany 20 auamerpoM 12 MM 1 AiMHON 35 MM, KOTOpBIE TIOTPYKaIl B METAIINIECKU KOHTEHHEp
YTOJBHBIM TIOPOIIKOM ArcriepcHOCTHIO 0,4—0,6 MM, ¥ TIPOITyCKAJIK IEKTPHYSCKUN TOK B TeUeHHE 6 MUHYT B IIEITH HC-
TOYHHUK — KOHTEHHEP — YTOJIbHBINA MOPOLIOK — oOpaserl. s moctwkeHus TpeOyeMoil TeMIepaTypsl Mpoiecca MOJIH0-
JICHUPOBAHUSL, TNIOTHOCTH TOKa Ha MTOBEPXHOCTH 00pa3noB coctasisuia 0,53 A/cm?.

Tocme muddhy3noHHOTO HACKIIICHHUS M3TOTABIMBAIH MONEPEYHBINH MUKPOIDTH(Q ITyTEM €T0 3aJMBKH STIOKCHIHON CMOJION
B IWJIMHIPUYECKHE OMPABKH C TIOMOIIIBIO KOTOPBIX 00€CTIeunBaIach CTporas nepreHIuKyIIpHOCTb TOBEPXHOCTH HITH(A ero
MPOJIONBEHOM ocu. Jlanee oOpa3iibl nurdoBaIUCh Ha NUTH(OBATBHBIX OyMarax 3epHHCTOCThIO 0T P480 mo P2500, u monmpo-
Bauch cHavana okcuaoM xpoMa Cr,O3 mapku OXA-0 no 'OCT 2912-79 u oxoHuaTeNnsHO anMasHO# nactoit Mapku AM ¢
3epHHCTOCTBIO Nopotiika 3/2 mo 'OCT 25593-83. Tocne ynaneHust OCTaTKOB MACTBI 3THIIOBBIM CITUPTOM MPOBOAWIA XUMH-
YecKoe TpaBJieHHe peakTUBOM Pikerorapckoro (4 %o-Hblil pacTBOpP a30THOM KUCIIOTHI B STUIOBOM CITHPTE).
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MHuKpoCTpyKTYypy M3y4ainu Ha Mukpockorie Neophot-21 ¢ uudporoii npucraskoit ToupCam Xcam0720P-H HDMI.
Pentrenodazossiif ananmn3 — Ha augppakromerpe ARL X’TRA-435 B Cu-Ka m3nyuenun. Tepaocts nuddysrnornoro
cios uaMepsiiack MUKpoTBEpaoMepoM [IMT-3 npu Harpyskax 0,490 u 0,196 H. Conepxanue MoauOCHA B CIIOE OIpe-
JIENSUTH € TIOMOIIBIO CKaHUPYIOIIETo 3eKTpoHHOTo MuKpockona ZEISS CrossBeam 340 ¢ peHTTeHOBCKMM MHKpOaHa-
m3aropoM Oxford Instruments X-max 80. Penped momepeunoro numda nud@y3noHHOTO €10l M3ydalld Ha aTOMHO-
cmnoBoM MuKpockorie (ACM) NanoEducator B pexkuMe TIOCTOSTHHOM CHJIBL.

Pe3yabTaTsl uccnenoBanus. MerauiorpadiueckuM aHaIM30M Ha [TOBEPXHOCTH 00pPa3IOB 1OCIE MHUKPOIYTOBOTO
MOJIMOICHUPOBAHUS BBIABICHO ClIabOTpaBsmieecss NOKpeITHe TommmHon 5055 Mkm. Tlog HuM oOHapyskeH HayTiepo-
JKEHHBIN CIION ¢ MepAUTHON CTPYKTYpo# ToimuHoN okoso 200 MkM, fganee — ucxoaHas cTpykrypa. [lokpsiTue cocto-
UT U3 JUCHEPCHON (eppHTO-KapOUIHOM cMecH, cojepikalleil KapOuIHbIe BKIIOYEHHS pa3MepoM a0 5 MKM. MUKpO-
TBEPAOCTH OCHOBEHI cJios coctaBiisieT 8—9 I'Tla, kapOumneix BriroueHuit — 10 21 I'Tla (puc. 1).

Puc. 1. MuKpOCTpYKTYpa MOBEPXHOCTHOTO CJIOsI cTaiu 20 Mocie MUKPOyrOBOTO MOJTHOICHUPOBAHHUS

PesynpraThl H3MepeHns MacCOBOM T0JIM MONUOIeHa (pHC. 2) peacTaBieHsl B Tadmuie 1. 3 momydeHHBIX JaHHBIX
BUJIHO, YTO COJICp)KaHHE MOJIMOJCHA B Pa3IMYHBIX TOYKAX MOKPBITHS OTIMYAETCS, @ CAaMO HOKPBITHE MMEET HEO/HO-
POAHBIN COCTaB.

Puc. 2. CprKTypa MOJ'II/IG}IGHI/IpOBaHHOFO TIOKPBITUA B OTPAXKCHHBIX 3JICKTPOHAX

Tabmuma 1
Konrnenrpanus C nuddy3anra B OTACIBHBIX TOYKAX MOKPBITHS
Ne 1 2 3 4 5 6 7 8
C, macc. % — — 3,1 3,3 46,8 47,0 93,9 94,1

B toukax 1 u 2 monubaeH otcyrctByet. Jlanee Gpopmupyercs mepexojHas 30Ha TBEpAOro PacTBOpa MOJIMOIeHA, CO-
nepxamas okoio 3 % Mo. Tonmuna nuddys3norHoro cinost cocrariser S0—55 MkMm. OH COCTOHMT M3 OCHOBHI (CITCK-
TpBI 5, 6) C PaCHOJIOKEHHBIMU B HEll OKPYIJIBIMH BKItoueHHsIMH (criekTphl 7, 8). Kak BumHO U3 Tabiuipsl 1, B OCHOBE
conepxutcs mpumepHo 47 % Mo, i TO3TOMY OHa MOXKET MPEICTABIATh coO00H mHTepMeTautua FesMo, min kapOumbt
(Fe,Mo)3C [15, 16]. Bo BxmroueHusix (crektpsl 7, 8) comepxurcst npumepHo 94 % Mo, 4To cOOTBETCTBYET KapOuaHON
tbaze Mo,C [16, 17].

O0pazoBaHue Takux KapOUIOB B MOBEPXHOCTHOM CJIO€ MOATBEPIKIEHO C MOMOIIBIO PEHTI€HOBCKOro (ha30BOro aHa-
nu3a (puc. 3).
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Puc. 3. ludpakrorpamMmma MOIUOICHUPOBAHHOTO TIOKPBITUS

Bricokass MEUKPOTBEPIOCTh OCHOBBI MOKPBITUS MOXKET OOBSCHATHCS (POPMUPOBAHHEM B HEW HAHOPa3MEPHBIX Kap-
OWMTHBIX YaCTHII, YTO OBLIO MOATBEPIKICHO PE3yIbTaTaAMU aTOMHO-CHIOBOM MuKpockomuu (ACM) (puc. 4, 5).

HM

Puc. 5. 300pakeHne TOBEPXHOCTH CTal, oydeHHOEe MeToioM ACM: @ — 2D-u3obpaxenue; 6 — 3D-n3zo0paxeHue

Takum 00pazoM, B CTPYyKType MOKPBITHSI OOHApYKEHbI KapOWIHBIE BKIIOUSHHUSI Pa3MEPOM JI0 5 MKM, a TaKk)Ke MHO-
JKECTBEHHBIE HAHOPa3MEpHEIE BKIIFOUSHHS, KOTOPHIE BRICTYIAIOT HAJl INTOCKOCTHIO TIOBEPXHOCTH 00pa3ima. Takue BKIFO-
YeHHS UMEIOT 00JIee BBICOKYIO TBEPJOCTh 110 CPABHEHHUIO C OCTAIBHBIMH CTPYKTYPHBIMU COCTABIISIOIINMU.

J1st KOMMYECTBEHHON OLEHKH YIPOUYHSIONIETO BIMSHHS STHX YacTHIL LEJIeCO00pPa3HO MCIOIb30BaTh NPABHUIIO a/IIH-
TUBHOCTH TBEP/IOCTH, B COOTBETCTBUH C KOTOPHIM TBEpAOCTh H,p NByX()a3HOTO CIIIaBa MOXHO IIPEJACTABUTH B BHJE
CYMMBI TBepaocTH Hy u Hp coctaBnstomux (a3 A u B, B3ITHIX B HX 00BEMHBIX JOISIX V4 1 V!

Hyy=H,V,+Hgz-Vg. (1)

B kagectBe (asbl 4 BbIcTynaeT aucnepcHas Gpeppuro-kapOuaHas cMech, Kak OCHOBa AU PYy3NOHHOTO €05, B Kade-
cTBe (a3sl B — HaHOpa3MepHble KapOmaHble BKmodeHusA. s pacuera mo ¢opmyie (1) nCmonp3oBaid ciexyromme
ucxonuwie nanueie: Hy = 3 000 MlIla, Hp = 23 I'Tla, 3Hauenus V4 u Vp onpeaeneHs mo Meroauke [ 18] u mpuHATH paB-
wemu: V4 =0,73; Hp = 0,27. Otkyna nonydeno: Hyp = 8 400 MIla, yto cornacyercs ¢ pe3yJbTaTaMu U3MEPEHUS UHTe-
TpaJIbHOI MUKPOTBEPAOCTH TU(PQPY3HOHHOTO CIIOS.

O6cy:xnenue. [TomydeHHble JaHHBIE MOATBEPANIM BO3MOXKHOCTh YCKOPEHHOTO MOJYYEHHS BHICOKOTBEPAOTO MOJIUO/ICHO-
BOT'O TIOKPBITUSI Ha CTAJIM C HCIIONB30BAaHHEM METO/1a MHKPOJYTOBOIO MOBEPXHOCTHOTO JiernpoBaHus. [Ipu oOmield TonmmmHe
TOKpPBITHS 5055 MKM OHO MMEET CIIOKHOE CTPOCHHE TI0 TITyOHHE W COCTOMT AWCIICPCHOM (PeppUTOKapOHIHON CMECH MUKPO-
TBeprocThio 8-9 I'Tla, ¢ BKITFOYEHMSIMI OTHOCHTENIFHO KPYITHBIX YacTUIl KapOUIHOH (a3bl pasMepoM 0 5 MKM (MHKPOTBEpPIO-
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CrenanoB M.C. u ap. ToHkasi CTPYKTypa CTaJIM MOCJIe MUKPOIYTOBOI0 MOJIUO1eHUPOBAHMUSI

cteio 10 21 I'Tla), 1 MHOXECTBEHHBIX HAHOPAa3MEPHBIX BKIIOUEHMWiL. Jlanee cremyeT HayrJepoXKeHHbBIN CIIOW C MEPIUTHON
CTPYKTypo# TonmHON okono 200 MKM, epexosIuii B HCXOAHYIO CTPYKTypy craau 20. PacueTHast orieHKa yHIpOYHSIOIIETO
BIMSIHUS TAaKMX HAHOPA3MEPHBIX BKITFOUYSHHUI TIONTBEP/IIUIA, UTO MX HAJIMYHE 00YCIIOBIMBAET BHICOKYIO MUKPOTBEPIOCTH OCHO-
BBI MOKPBITHSA. CIeyeT OTMETHUTb, YTO MOMYYCHHOE 3HAUYCHHE MUKPOTBEPAOCTH OCHOBBI TMTOKPBITHS MPEBBIIIACT €€ 3HAYCHHUE,
KOTOPOE JIOCTHTaeTCsI IPH MPUMEHEHNH TPAIUIIMOHHBIX METOIOB MOJIMOACHIPOBaHMs. MOXKHO TIPEATIONOKHTE, YTO 00pa3oBa-
HIE HAHOPa3MEPHBIX BKIIFOYCHHI KapOWmHOH (pa3bl pH MUKPOIYTOBOM MOJHMOJCHUPOBAHUH TIPOUCXOUT TI0]] BO3ICHCTBHEM
MHOT'OUYHCIIEHHBIX MUKPOIYTOBBIX Pa3psIOB, BO3HUKAIOIINX MEXTY TOBEPXHOCTHIO CTAIIM M PIJICTAIOIINM YTOJIBHBIM ITOPOIII-
KOM B TIpOLIECCe MPOTEKaHMs AJIEKTPHYECcKoro Toka. OHako Gpu3nuecKre NpoLecchl, MPOUCXOISILIE MPH TAKOM BO3JICHCTBHH,
TpeOYIOT OTAEBHOTO PACCMOTPEHMS M MOTYT OBITH OJJHIM W3 HATIPABIICHUIA TSI OY/IyIIHX ACCIICIOBAHMIA.

3akmoueHne. MUKpPOIYTOBOE TIOBEPXHOCTHOE JISTHPOBAHNE MOXKET OBITH MCIOJIB30BAHO U TTOMYyUYCHHS BBICOKOTBEPBIX
TIOKPBITHI Ha CTAIM METOJOM MOJMONCHUpOoBaHus. VccnenoBanne TOHKOH CTPYKTYPBI MOKPBITHS MOKa3ajlo, YTO OHO UMeeT
CIIOXKHBINA (ha30BBIN COCTaB: TUCIEPCHYIO (heppPUTHO-KAPOUITHYIO CMECh C MHOTOUMCIICHHBIMEA MEJKUMU M HaHOPa3MEPHBIMH
KapOWTHBIMHI BKITFOUCHMSIME, YTO TPHAAET MOKPBITHIO BBICOKYI0 MHUKPOTBEPAOCTh. Ilo HMM pacrionokeH HayriepoKEeHHBIH
CIIOH ¢ MEPIIMTHON CTPYKTYPO#, a Jajiee — HCXOHAs CTpyKTypa craiu. [loimydeHHbIe pe3yabTaThl MOIYT OBITh TIOJIC3HBI TIPU
pa3paboTKe TEXHOJIOTMH MOBEPXHOCTHOTO YIIPOYHEHHS CTAJbHBIX M3IENH, TAKUX KaK MHCTPYMEHTHI U JIETAIM MallvH, pado-
TAIOIINX B CJIOKHBIX YCIIOBHSIX.
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