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(54) CITOCOB MMOJIYYEHUS HAHOKOMIIO3UTHBIX MOKPBITUM METAJJI-KEPAMHUKA C
TPEBYEMBIM 3HAYEHUEM MUKPOTBEPJOCTH

(57) Pedepar:

N300peTeHre OTHOCUTCA K MaTepHalOBEIEHHI0O U MOXET OBbITh HCIOJIb30BAaHO B
pa3IMUHBIX 00JIACTSIX COBPEMEHHOW JJIEKTPOHUKH, albTEPHATUBHON DSHEpPreTuke M
MamrHOCTpoeHUuU. Crnocol moiayuyeHus HaHOKOMITO3UTHBIX MOKPBITHH MeTaji-KepaMHuKa ¢
TpeOyeMbIM 3HA4Y€HHEM MHKPOTBEPAOCTH BKIIOYaeT oOecleyeHue B IOJy4aeMoOM
MOKPBITUM HEOOXOJUMOTO MPOLEHTHOIO COOTHOIICHHUS METANINYECKOW M KepaMHU4yecKOn
da3 mpu onpeaeseHHOM XMMHUYECKOM COCTaBe YHMOMSHYTHIX (a3, Mpu 3TOM ONPENesioT
3Ha4Y€HUE MUKPOTBEPAOCTH JUISI METAUIMYECKOTO U KEPAMUYECKOT0 MOKPBITUI Pa3INYHOTO
XUMUYECKOTro cocTaBa 0e3 mpuMeced KepaMHUecKOM WM MeTallinyecko (¢assl
COOTBETCTBEHHO, 3aT€M IIOJy4alOT IIOKPBITHE C 3aJaHHBIM XUMHMYECKHMM COCTaBOM U
3aJJaHHBIM TIPOLIEHTHBIM COOTHOIICHHEM YKa3aHHBIX (a3 C OMNpeJeIeHHBIM IIaroM ¢
U3MEHEHUEM IIPU 3TOM MPOLEHTHOTO COOTHOIIEHUS (a3 MeTal-KepaMuKa B MOKPBITUH OT
HyJlIs [0 MaKCUMyMa. 3aTeéM OIpEAeNsIIOT IOJYyYEHHbIE 3HAUY€HUS MUKPOTBEpPIAOCTHU
HOKPBITHS NPU 3aJaHHOM COOTHOIIEHMHM YyKa3aHHbIX (a3. Ha OCHOBaHMM NOJIy4EHHBIX
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JaHHBIX CO3JAaI0T MCKYCCTBCHHYIO HEHPOHHYIO CETh, MIPOBOIAT €€ OOy4eHHE, MOCIEe YeTo
BBOJAT B YIOMSHYTYIO HCKYCCTBEHHYIO HEHPOHHYIO CETh JaHHBIE O XMMHUYECKOM COCTaBe
METAJUIMYECKOW W KepaMU4ecKol ¢a3, MPOUEHTHOM COOTHONICHWM YyKa3aHHBIX (a3 B
MOJIy4a€MOM MOKPBITHU, ¥ TPH IOMOIIM HCKYCCTBEHHONH HEHPOHHOW CETH OINpEeNesIoT
3HAYCHHSI MUKPOTBEPJOCTH MOITy4aeMOT0 HAHOKOMITIO3UTHOTO MOKPBITUS METAILI-KEpaMUKa
IPU BBEJICHHOM COOTHONIICHHUU METAJUTMYECKON M Kepamuueckod (a3. B wacTHBIX ciydasx
OCYIICCTBJICHUS HM300pETeHHs 3HAYCHHE MHKPOTBEPAOCTH I HAHOKOMITIO3UTHOTO
MOKPBITHSL ONPENENISIOT MyTeM IepecueTa MUKPOTBEPIOCTH Ui MAacCHBHOTO oOpasia
MOCPE/ICTBOM BBEJICHHUS IMepeBOAHOr0 Kod(hduumenta. ObecrieunBaeTcss MOBBINICHHAS
U3HOCOCTOWKOCTh C OJHOBPEMEHHBIM CHIDKCHHEM CEOCCTOMMOCTH IMOKDPBITUS U BBICOKAs
CTaOMJIBHOCTh OMpPEeIsieMbIX MapaMeTPOB, MCHOIb3YyEMBIX Il HAHECCHUS MOKPBITHS. |
3.10. ¢-7b1, 4 U,

N300peTeHrne OTHOCUTCS K MaTepUATOBEICHUIO U MOXKET OBITh HCIIOJIb30BAaHO B
Pa3IMYHBIX 00JaCTSIX COBPEMEHHOMU 3IIEKTPOHUKH, allbTEPHATUBHON SHEPTETHKE,
MalIMHOCTPOEHUHU U T.[.

HccnenoBanus mOCAEIHUX JIET MOKA3alu, YTO MaTEepUalbl U MOKPBITHUS C
YIbTPAMENKOUCIIEPCHON CTPYKTYPO U HAHOCTPYKTYPHBIMU YIPOUYHSIOIIMMHU 3JIEMEHTaMU
00J1a1a10T YIY4YIIEHHBIMHA (U3UKO-XUMHUUYECKUMHU U MEXaHUUYECKUMU CBOICTBAMHU, TOITOMY
B ITOCJIEIHUE TOJIBI BO BCEM MUPE MPOBOISATCS pabOTHI MO pa3paboTke crioco00B MOTydeHHS
MaTepHuaIoB ¢ HAHOCTPYKTYPOH.

Becbma nepcneKTUBHBIM HAIllPaBIECHUEM SIBJISIETCS] HIPUMEHEHUE HE MTPOCTO
HAaHOCTPYKTYPHUPOBAHHBIX MaTEpPUAJIOB, 2 HAHOKOMITIO3UTHBIX MAaTEPHAIOB, COUETAIONIUX B
ce0e MEeTalIMYecKyl0 U KepaMUUYecKyIo (a3bl, XapaKTepHbIE pa3Mepbl KOTOPBIX
COCTAaBJIAIOT €JUHHUIIBI - JECATKA HAHOMETPOB. MexaHn4ecKkue CBOMCTBA TAKUX
HaHOCTPYKTYPHUPOBAHHBIX MAaTEpUAJIOB B 3HAUUTEIbHON CTENIEHU 3aBUCST OT
KOHILIEHTPALIMOHHOTO COOTHOLIEHUS MEX/ly METAJIINYECKON U KepaMU4YecKon (azamu.
W3MeHeHne KOHLEHTpaluu 0HOM U3 (a3 B KOMIO3UTE MO3BOISAET MEHSITh 3HAUYEHHUE UX
MEXaHMYECKUX XapaKTEPUCTHUK B JOCTATOYHO MIMPOKUX npenenax. C npyroit CTopoHsl, Ay
HaXO0XJeHUs TpeOyeMOro COOTHOIIEHUS METAIIINYECKON U KepaMu4ecKoil (a3 B HOKPHITHH,
C L[EJIBIO TMOJYYEeHUS 3aJaHHBIX CBOMCTB, TpeOYIOTCS 3HAUUTENIbHBIE JOPOTOCTOSIINE
SKCIEPUMEHTAJIbHBIE PAaOOTHI, T.K. XapaKTEPUCTUKH MOIYy4aeMOT0 MOKPHITUS U3MEHSIOTCS
HEJIMHENHO, YTO NPUBOJUT K 3HAYUTEIbHBIM BPEMEHHBIM U MaTEpUAIBHBIM 3aTpaTaM.

N3BecTeH cnocob mosiydyeHUs HAaHOCTPYKTYPHOI'O MOKPBITUS U3 KOMIIO3UTa METal -
kepamuka coctaBa (CogsND12Ta2)x(S10n)100-x, BKIOYAIIHE 0CAXKICHHE KOMIIO3UTa HOHHO-
JTy4eBBIM pACHBIJICHHEM C 00ecrieueHneM 00pa3oBaHus TpaHysl METaUTNYeCKOn Ga3bl co
CpeIHUM AUaMeTpoM 2-4 HM, U30JUPOBAHHBIX CIUIONIHOW KepaMHuueckoil ¢pa3oii, mpu 3ToM
KOHIIEHTPAIMIO MeTaJIInyeckoi (a3bl Mpu pacnblieHUU BeIOMpatoT B npenenax 20-40 at.
%. (ITatent P® Ne2515600, 3asBka Ne2011148577/02 ot 29.11.2011, MIIK: C23C 14/46,
C23C 14/06, B82B 3/00 — mpoTtoTwil.)

OCHOBHBIM HEJIOCTAaTKOM JaHHOTO CIlocoba sABIsSETCs TO, UTO, JUIsl HAXOXKACHUS
TpeOyeMOoro COOTHOUIEHUSI METAJUIMYECKOW 1 KepaMuuecKoi (a3 B MOKPBITHH, C LIEJIbIO
NOJIy4eHUs 3aJJaHHBIX CBOMCTB, TPeOYIOTCS 3HAUUTENbHBIE TOPOTOCTOSIINE
HKCIEPUMEHTAJIbHBIE PAOOTHI.

JlanHble 00cTOATENbCTBA 00YCIaBIMBAIOT 11€7€CO000pa3HOCTh MPUMEHEHUS METOI0B
00pabOTKH 3KCIIEPUMEHTAIbHBIX JAHHBIX JJIS IOCTPOCHUS dKCIIEPUMEHTAIbHbIX
(baKTOpHBIX MoJieNel, KOTOphIe HE PACKPBIBAIOT (PU3HMUECKOMN CYIIHOCTH SIBICHUN, HO
MO3BOJISIIOT OMUCHIBATh U, CAMOE IJIaBHOE, TPOTHO3UPOBATh MPAKTUUYECKH BaKHbIE CBONCTBA
MaTepuagoB B HEKOTOPOU OrpaHMYECHHOM 00JacTH (PaKTOPHOTO IPOCTPAHCTBA.

UckyccTBennsie Heliponubie cetn (MHC) ABAAIOTCS MOIIHBIM B YHUBEPCATbHBIM
aJIroOpUTMOM anmnpoKkcuManuu (cM., HanpuMmep, bapckuii A.b. BBeaeHnue B HEIIpOHHBIE CETH,



M:, NaTepHeT-YHUBEepcUuTeT HHGOPMAIMOHHBIX TexHoJoruii, 2011; Kanankas JI.B.,
Hoeukos B.A., CanoB B.C. Opranuzanus u o0y4eHHe HCKYCCTBEHHBIX HEHPOHHBIX CETEH:
DxcnepuMeHTanbHoe yuel. mocodue. - Munck: U3a-so BI'Y, 2003. - 72 ¢. Ianymkun A. .
CuHTE3 MHOTOCJIOMHBIX CUCTEM pacrno3HaBaHus 00pa3oB. - M.: DHeprus, 1974).

C o1HOM CTOPOHBI, HCKYCCTBEHHBIE HEUPOHHBIE CETU CIA00UYBCTBUTENBHBI K CTPYKTYpE
SKCIEPUMEHTANIbHBIX IaHHBIX, & C IPYTOi - CIIOCOOHBI BBISIBISATH 3aBUCUMOCTH MEXKY
BXOJHBIMH M BBIXOJHBIMH JaHHBIMH, a TAK)KE BBIMOJIHATH 0000IIEHE HA OCHOBE
CPaBHUTEIBHO HEOOIBIIOTO MAaCCUBA SKCIIEPUMEHTAIBHBIX pe3yiabTaToB. HeiipoceTeBsie
AJITOPUTMBI CIOCOOHBI ANMPOKCUMHUPOBATH MPOU3BOJIbHYI0O MHOTO()AKTOPHYIO 3aBUCUMOCTD
¢ m000i TOYHOCTBIO MPU COOTBETCTBYIONUIEH peryisipu3aluu Ipoueaypbl HACTPONKH
napaMeTpoB alMpoOKCUMAIlMOHHOTO ypaBHEHHUs. B ciydae ycnemHoro o0yueHnus Takas CeTh
CMOJKET BEpHYTb BEpHBIN pe3yIbTaT HAa OCHOBAHUHU JaHHBIX, KOTOPbIE OTCYTCTBOBAJIU B
oOyuaromiell BRIOOpKE, a TaK)Ke Ha OCHOBE HETOJHBIX UJIM YaCTUYHO UCKAKCHHBIX JAHHBIX.
BceneactBue 3Toro HepoHHbBIE CETH MOXKHO paccMaTpPUBaTh HE TOJIBKO KaK HHCTP YMEHT
anmpoKCUMAIUH, HO ¥ KaK CIIOCO0 MPOTHO3UPOBAHMS (U3UIECKUX CBOMCTB peabHbIX
00BEKTOB Ha OCHOBE SKCIIEPUMEHTAIbHBIX JaHHBIX.

3agaueil Npeayio)KEHHOTO TEXHUYECKOTO PELICHUS SIBJSETCS YCTPAaHEHUE JIMIHUX
BPEMEHHBIX U MaTepUaNIbHBIX 3aTPaT MOCPEACTBOM CO3/IaHUs crocoda onpeneeHus
KOHIIEHTPAllMi KOMIIOHEHT B HAHOCTPYKTYPHOM IOKPBITUU U3 TPAHYIUPOBAHHOTO
KOMIIO3UTa «METaJNI-KepaMHuKa» U MOJTy4YeHHue COOCTBEHHO caMOr0 HAaHOCTPYKTYPHOTO
MOKPBITUS U3 I'PAaHYJIMPOBAHHOTO KOMIIO3UTA «METANI-KEPAMUKa», IPUMEHEHUE KOTOPOTo
MO3BOJUT 00ECIEUYUTh MOBBIIICHHYI0 U3HOCOCTONKOCTD U BBHICOKYIO CTa0OUIBHOCTD
[1apaMeTPOB C OJJTHOBPEMEHHBIM CHUKEHUEM CE0ECTOUMOCTH.

Pemenne ykazaHHOMU 3aauu TOCTUTAETCA TEM, YTO B IMPEIOKEHHOM criocode
MOJy4YeHUs HAaHOKOMIIO3UTHBIX MOKPBITUN METaI-KepaMHuKa ¢ TpeOyeMbIM 3HaU€HUEM
MUKPOTBEPIOCTH, BKIIOUAIOIIEM 00ecledeHre B 0JIy4aeMOM IMOKPBITUH HEOOXOAUMOTO
MPOLEHTHOTO COOTHOILIEHUS METAUIMYECKON U KepaMUUeCKON (a3 Mpu UX ONpeIeIECHHOM
XUMUYECKOM COCTaBe, COINIACHO M300PETEHUIO ONPEALIISIOT 3HaYeHHEe MUKPOTBEPAOCTH
JJI METAJUTMYECKOTO U KEPaMUYECKOT0 MOKPBITHI Pa3IMYHOTO XUMHYECKOTO cocTaBa 0e3
npuMecel KepaMUyecKol MM MeTalNInYyecKoi ¢a3bl COOTBETCTBEHHO, 3aTEM MOJIYYaloT
HNOKPBITUS C 3aJJaHHBIM XMMUUYECKUM COCTABOM U 3aJJaHHBIM IPOLIEHTHBIM COOTHOIIEHUEM
yKa3aHHBIX (a3 C ONpeIeIeHHBIM IaroM C U3MEHEHUEM IIPU 3TOM MPOLEHTHOT O
cooTHouIeHHUs (a3 MeTaI-KepaMuKa B OKPBITUH OT HYJISI 0 MaKCUMYyMa, MOCIe Yero
ONpPENENAIOT MOJYYeHHbIE 3HAaUYE€HUSI MUKPOTBEPAOCTH MOKPBITUS IIPU 33 1aHHOM
COOTHOIIEHNUH yKa3aHHBIX (a3, 3aTeM, Ha OCHOBAHHUU MOJYYEHHBIX JAHHBIX, CO3/aI0T
UCKYCCTBEHHYIO HEHPOHHYIO CeTh, IPOBOJST €€ 00yUeHHe, MOCie Yero BBOJSAT B
YHOOMSIHYTYI0 HCKYCCTBEHHYIO HEIPOHHYIO CETh XUMHUYECKUN COCTaB METAJJIMYECKON U
KepaMH4ecKoi (a3, uX NPOLIEHTHOE COOTHONICHUE B MOJy4aeMOM MOKPBITUH, U TIPH
MTOMOIIM UCKYCCTBEHHON HEMPOHHOM CETH ONPEAEIAIOT 3HAYEHUSI MUKPOTBEPAOCTH
MOJy4aeMOTr0 HAHOKOMITO3UTHOTO MOKPBITUS METaJI-KepaMUKa IPU BBEIECHHOM
COOTHOIIIEHUH METAJIJIMUYEeCKON U KepaMuueckoi as.

B BapuaHTe HCTIONHEHHUS 3HAYEHUE MUKPOTBEPAOCTH 11 HAHOKOMIIO3UTHOI'O TTOKPBITHUS
ONIpEeeNAIOT MyTEeM IlepecueTa MUKPOTBEPIOCTH ISl MACCUBHOTO 00pa3iia mocpecTBOM
BBEJCHUS MEPEBOJIHOTO KOdPPULIMEHTA.

CymHoOCTh H300peTeHUs WIUTIOCTPUPYETCS YepTekamMu, rje Ha ¢ur. 1 moxkasaHbl
KOHIIEHTPAIlMOHHBIE 3aBUCUMOCTH IIapaMeTpa, XapaKTEPU3YIOIIEro MEXaHNYECKUe
cBoiicTBa koMno3utoB CoFeZr-Al,03, ¢ ykazanuem TOYEK, MOJTYICHHBIX
AKCIEPUMEHTAIBHBIMU U AaHATUTUUYECKUMH UCCIICAOBAHUSIMU, HA (QUT. 2 - 3ABUCUMOCTH JJIs
koMo3uToB Fe-Al,03, Ha dur. 3 - 3aBucumoctu s kommno3utoB Fe-SiO,, Ha ¢wur. 4 -
3aBUCHUMOCTH ansa komno3utos Co-CaF.



Ha Bcex ueprexax nmoka3zaHa KOHIIEHTPAallMOHHAs 3aBUCUMOCTbh MUKPOTBEPAOCTHU
KOMIIO3UTOB, U3MepeHHas MeTo oM KHymna (CMMBOJIBI) U NOJTyYE€HHAs ¢ IOMOIIbIO
HelpoceTeBON MoieNu (JIMHUA).

OKcIepUMEHTAJIbHbIE JAHHbIE [IPEJICTABIIAIN COOOM pe3ysbTaT UCCIEOBAHNUS
MUKPOTBEPAOCTH HAHOKOMIIO3UTHBIX ITOKPBITUIM METAJlII-KEPAaMHUKa, OTINYAIOMUXCSA APYT
OT Jipyra Kak 3J€MEHTHBIM COCTAaBOM, TaK U COOTHOIIeHHeM ¢a3. B kauecTBe GakTopoB
MOJIEJIM IPUHATHI 3KCIEPUMEHTAIbHO U3MEPEHHBIE BEJIMYUHBI: MUKPOTBEPAOCTh YUCTOTO
MeTaInyeckoro nokpsitus (Hy), MUKpPOTBEPIOCTh YUCTOIO KEPAMUUYECKOTO ITOKPBITHUS
(Hx) u koHIIeHTpanus MeTanaudeckoit asel B kommosute (Cy), pu 3TOM B Ka4ecTBe
BBIXOJHOTO IMapaMeTpa MOJAEIH UCIIOJIb3YETCsl 3HAYEHUE MUKPOTBEPIOCTH KOMIIO3UTHOTO
nokpeitus (H).

Bce naHHbIE MOJIyYEHBI IPU UCCIEI0BAHUN HAHOKOMIIO3UTOB, KOTOPBIE, B CBOIO
odepe/ib, ObUIH IMOTYYEHBI 110 €AUHON TEXHOJIOTHH, B OJJUHAKOBBIX YCIOBHIX HA OJTHOM U
TOM e 000pynoBaHuu. [ToKpbITHS IpeACTaBIAIN cOOOM TOHKHE MJIEHKHU TOJIUHON 5-7
MKM, HAaHECEHHbIE Ha MOBEPXHOCTh nosinpoBaHHbIX macTuH CT-50. OcaxaeHne nNOKpbITU
IIPOU3BOJUIIOCH C TIOMOIIBIO METOAA HOHHO-IYUYE€BOI'O PACIBUIEHUS COCTABHBIX MUIIECHEH B
aTMoc(depe aprosa u MOCJIEAYIONIEro 0CaKIeHUsI BEIOUTBIX aTOMOB Ha MIOBEPXHOCTh
noasoxkku. OOpa3oBaHue KOMIO3UTHON CTPYKTYpPhl B HAIIBUISIEMBIX MOKPBITUAX
IIPOUCXOJUIIO BCIEACTBHE IIPOLIECCOB camoopranu3anuu. Hanmume KoMno3uTHoun
CTPYKTYpPBHI Y UCCIIEIOBAHHBIX ITOKPBITUI HENIOCPEACTBEHHO IOATBEPKAATIOCH JaHHBIMU
IIPOCBEYHUBAIOIIEHN 3JIEKTPOHHON MUKPOCKOIINH.

Jns CTpYKTYpHBIX MUCCIEJOBAHUN KOMIIO3UTHl HAHOCHJIMCh HA MOHOKPHUCTAJIIINYECKUE
nonoxku u3 NaCl ¢ mocineayronmmM OTAeIeHHEM, a JUIMTEIBHOCTh IPOIiecca 0CaXICHHS
COCTaBJIAJIa HECKOJIBKO MUHYT. MUKPOTBEpPIOCTh KOMIIO3UTHBIX IOKPBITUH MCCIIE0BaIaCh
METOJO0M MHIACHTUPOBAHMS AJIMAa3HOW NUpaMUIKON. IT0CKOIBKY TONIMHA TOKPBITHI
HaxoJujaach B UHTEpBAJIE 5-7 MKM, JUIsl U3MEPEHUH HCIIOJIb30Balach alMa3Has MUpaMHIKa
Knyma. Bce n3amepenus MUKpOTBEpAOCTH IPOBOAUIINCH NIPU OJUHAKOBOW HAarpy3ke Ha
WHJEHTOp, cocTaBusaBeit 0.245 H.

IIpoBeieHHBIE SKCIIEPUMEHTAJIbHBIE U AHAIMTUYECKUE UCCIIEOBAHUS Ha HATYPHBIX
o0pa3iax moATBEPAMIIN JTOCTATOYHO XOPOUIYIO CXOJAUMOCTb IKCIIEPUMEHTAIbHBIX JAHHBIX C
TEOPETUYECKUMU JaHHBIMH, ITOJYYEHHBIMH IIPU MCIIOJb30BaHUU 3AJI0)KEHHOU
MaTeMaTH4YeCKON MOJENH, UTO MTOKa3bIBaeT paboTOCTIOCOOHOCTh MPE/IOKEHHOI0 crnoco0a B
3aJlTaHHOM MHTEpPBAJeE.

Hcnonp30BaHKE MPEMIOKEHHOTO TEXHUYECKOTO PEIIEHUS TO3BOIUT IIOCTPOUTH
PETPECCHUOHHBIE 3aBUCUMOCTH, OTKPBITHIE JJIS1 HOBBIX JAHHBIX, TO €CTh CO3JaHHBIE MOJIEIN
MOTYT MOIOJHATHCS M YTOUHATHCS 32 CUET BBEJACHUS HOBBIX (PAaKTOPOB, YTO YCIOXKHAET UX
CTPYKTYpPY, HO IIPH 3TOM ITOBBIIIAET UX AJ€KBATHOCT.



