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Baoicnvim  ycrnosuem obecneuenuss pabomocnocoOHocmu  8blCOKONPOUHOU KOPPO3UOHHO-
cmotixou cmanu BHC-65 (18X13H4K4C2AM3) asnsemcs 8bicoKds YUCMoma no Hememaiiude-
CKUM GKIIOUeHUsM (okcuoam u cyrvgpuoam) — ve 6onee 1 o6amna no 'OCT 1778-70. Cywe-
cmeyiowas mexronozus guinaasku cmanu BHC-65 ¢ omxpeimoii neuu ¢ nociedyiouwum diex-
MPOUIAKOBLIM NEPENTABOM He 8ce20a obecneuugaenm 3a0aHKyl0 YUCMOmMY Memaiid, Ymo npu-
800UM K HECAOUILHOCTNU NOTYHUAEMO20 BbICOKO20 YPOGHSL CEOUCME. [l yMEHbIUEeHUs KOUYe-
CMBA HEMEMANIUHECKUX BKIIOYEHU He0DX00UMO 000umbCst cHudiceHust (0o 2—3 pas) cooepoica-
Hus kucaopooda (<0,01% (no macce)) u cepot (<0,005% (no macce)). 3adaueii uccredosanus s6-
nsiemces paspabomka mexnonozuu evinaasku cmaiu BHC-65, obecneuusaiowetl chudicenue co-
0epIICanHUsi HeMEeMALIUYeCKUX BKII0UeHUl, NOBblUeHUe CINAOUTbHOCIU CEOUCME NymeM npume-
HeHUsl HOBbIX WLIAKOBBIX PADUHUPYIOWUX cMecell U MeXHOI02UU MUKDOAE2UPOBAHUS PeOKO3e-
MEbHIMU MEMATIAMY, 8600UMbIMU Yepe3 ULLAK.

Paboma evinonnena ¢ pamxax peanusayuu KOMIIEKCHO20 HAY4UHO020 HanpagreHus 8.2. «Boi-
COKONPOUHbLE KOHCIMPYKYUOHHBLE U KOPPOZUOHHOCHOUKIUE C8apusaemvle CMaiu ¢ 6blCOKOU 6513-
KOCMbI0 paspyuwienusy («Cmpamesuyeckue HanpaieHus paeumus Mamepuaios u mexHon02utl
ux nepepabomku Ha nepuoo 0o 2030 2ooa») [1].

Knrouesvie cnosa: 8vblcokonpouHas azomcooepicawas KOppO3UOHHOCMOUKAS CMAilb, 6bl-
n1aeKa, nepenias, Muxkpoaecuposarue, P3M.

An important prerequisite for  high-performance stainless steel VNS65
(18Cr13Ni4Co04S2NMo3) is a high purity non-metallic inclusions — oxides and sulfides, no more
than 1 point in accordance with GOST 1778-70. The existing sted smelting technology VNS-65
outdoor furnace followed by electroslag remelting is not always provides the desired purity of
the metal, resulting in a high-level properties of instability. To reduce the amount of nonmetal-
lic inclusions is necessary to reduce to 2-3 times the oxygen content (less than 0,01%) and sul-
fur (less than 0,005%). The aim of the study isto develop a technology of steel smelting VNS-65,
providing the reduction of non-metallic inclusions, improved stability properties through the
use of new refining slag mixtures and technology microalloying rare earth metals, administered
through the dag.

The work within the framework of an integrated research area 8.2. «High-strength and cor-
rosion-resistant welded structural steel with high fracture toughness» («Strategic directions of
development of materials and technologies for processing them for the period up to 2030») [1].

Keywords: high-strength corrosion-resistant steel, melting, remelting, microalloying, REM.

'denepansroe rocyapcTBeHHOE YHHTapHOE HpeampusTHe «BcepoccHiickuil HaydHO-HCCIEI0BATEIbCKHUIL
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» [ocymapcTBeHHbINH Hay4dHbIi eHTp Poccuiickoit enepannu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

* B pabore npuanmanu ydactue JI.5. Jleskos u C.B. Opinos (AO «HIIO « L THUMTMAILI»).




TPYAbl BUAM Ne5 (53) 2017

Beenenne

Bricokue TpeGoBaHUS MO HANEKHOCTH M CTAaOMIBHOCTH CIY>KEOHBIX CBOMCTB KOH-
CTPYKLIMOHHBIX CTaJIeH U CIUIABOB JOCTUTAOTCS IyTEM HCIIOJIb30BaHUs 00Jiee KaueCTBEHHOTO
MCXOJHOIO ChIPbSI B METAILTyPrMUECKOM IIPOU3BOJCTBE M NPUMEHEHUEM TEXHOJOTHUH, obec-
NEYMBAIOLIUX [TOJIydeHHE O0Jiee YUCTOro M0 MPUMECSAM U U30TPOITHOIO IO CBOMCTBAM Mare-
puana. CTabHIbHOCTh M OAHOPOJHOCTh CBOMCTB METajla MO3BOJISIET 3aKJIAAbIBaTh MPH pac-
yerax JeTajlell KOHCTPYKLMI paBHbIE CBOMCTBA B IIPOAOJIIBHOM U IMOIEPEYHOM HAIlpaBJICHHUIX
UCXOJHOTO Tosrydadbpukara.

bosiee uncThIil IO MpUMECSAM M HEMETAJUIMYECKUM BKIIIOUEHHSM Marepuan objanaer
0oJsiee BHICOKMMHU 3HAYCHHMSMHU BSI3KOCTH, YTO TMO3BOJISIET peain30BaTh Ha marepuaie Oosee
BBICOKUI YPOBEHb IIPOYHOCTH IIPU COXPAHEHHUU BbICOKON IIACTUYHOCTH.

OnHUM W3 TMEpCHEeKTUBHBIX METOAOB TOJy4eHHUs Oojiee BBICOKMX U CTAOMIBHBIX
CBOWCTB METAJIJIOB SBJISICTCS MUKPOJIETUPOBAHUE X PeKo3eMeabHbIMU MeTaiiaMu (P3M).

Bricokast yucToTa MeTamuia mo HEMETAJUIMYECKUM BKJIFOUEHUSIM, KOTOPBIE HEM30EKHO
IPUCYTCTBYIOT B CTaJU B BUJAE IIPUMECEH, MTOJOKUTEIBHO BIMIET HA YBEIMUYCHHUE IUIACTHY-
HOCTU M BA3KOCTH, YTO MO3BOJISET CYIIECTBEHHO YBEIMYUThH peCcypc JeTaliel, B TOM 4YHCIe
BBICOKOHAIpy>KE€HHBIX, IIPU MX SKCILTyaTallUH.

[Ipr MOCTOSHHO MOBBIMIAIONIMXCS TPEOOBAHUAX, MPEABABISEMBIX K MEXaHUYECKUM
CBOWCTBaM BBICOKOIIPOYHBIX KOPPO3MOHHOCTOMKUX CTajed, A CO3[JaHMs HOBBIX CTajiel
TpeOyercs Oojee JUINTEIbHOE BPEMsl, 3aTpaunBaeMoe Ha pa3paboOTKy, BHEPEHUE, ACIIOPTH-
3allMI0 U CEPTU(PHKALMIO MAaTEPHAIOB, YTO 3HAYUTENIBHO YIOPOXKAET MPOLECC UX U3rOTOBIIE-
HUs. COBEpIICHCTBOBAHUE TEXHOJIOTHH TOJTYYEHHUSI pa3padOTaHHBIX MAaTEpPHAalOB ITyTEM HC-
I0JIb30BAHUS HOBBIX IIPUEMOB 103BOJIIET 00ECIIEUUTh JTOCTHKEHUE JJaske 00siee BHICOKUX pe-
3yJIbTaTOB IO YPOBHIO CBOMCTB IPU MEHBIINX 3aTpaTax U B 00Jjiee KOPOTKUE CPOKHU.

JUis M3roTOBJICHUS CUIIOBBIX JleTallel, feTaneil maccu U Kpernexa IuiaHepa pa3pado-
TaHa U BHEJIPEHA B IPOM3BOJACTBO BBICOKOIPOYHAS KOPPO3MOHHOCTOMKAs a30TCO/AEpKalas
crainbs BHC-65 (6,>1670 H/MMZ), CYILIECTBEHHO MPEBOCXOAIIAsl IO MPOYHOCTU OTEUECTBEH-
ubiit (BHC-5) u 3apyGexubrii (AM-355, CLLIA) ananoru (0,~1550 H/mm?) [2-6]. [l moxy-
YeHUs 3aJaHHbIX CBOICTB HEOOXOJMMO O0ECHEeUUTh HU3KOE COJEp’KaHHE HEMEeTaJUIMYECKHX
BKJIIOUEHUH (OKCUI0B U cynbpuaos) B ctanin BHC-65 npu coxpaneHuu cojepkanus a3ora B
npenenax 0,07-0,09% (mo macce), 4To ocTUraeTcss O6aaronaps HU3KOMY COJIEpKaHHIO KHUC-
JIOpoJia U cepbl B Mpoliecce BbIMIAaBKU. [Ipy mosyuyeHun cTany no CTaHJapTHON TEXHOJIOTUHU
JIOITYCKAETCsl KOJMYECTBO HEMETAJUIMYECKUX BKJIIOYEHUH, paBHoe — a0 1,5-2 Gamita (mo
I'OCT 1778-70), uTo CBSI3aHO C MOBBILIEHHON 3arpsi3HEHHOCTHIO MPUMEHSEMBIX IIJIAKOBBIX
cMmeceit [7, 8].

Jlig perieHus 3aayu MO0 CHMXKEHUIO COAEpKaHMUs OKCHJIOB U CYJIb(UIOB B MeTalljie
(1o 1 6ama) 3a cueT yMEHBUICHUs KOJIWYECTBA KUCIOPOAA U Cepbl, UCCIIEI0BaHA TEXHOJIOTUS
MuKpoJierupoBanus cranu P3M (uepuil, naHTaH, UTTPUH, HEOIUM, TUCIPO3UN, TepOUl U Ta-
JOJIMHUI), BBOJAMMBIMU pa3IMYHBIMU CIIOCOOaMU, BKIIIOYas BBeleHUE B paciuias P3M mpu
BBITJIABKE MCXOJIHOM 3arOTOBKM B OTKPBITOM MHIYKIIMOHHOM II€YH, J103UPOBAHHOE BBEICHHE
P3M B mnaBMIIbHYIO 30HY B Ipolecce 3eKTpoluuiakoBoro nepemiasa (D1II), a Taxxke neru-
poBanue P3M u3 nutakoBoit ¢aszel mpu S1IIT.

Ienbto naHHON pabOTHI SABNISETCS CHH)KEHUE COAEP)KaHUS HEMETANIMYECKUX BKIHOYe-
Huii B cranu BHC-65 myrem BBenenust P3M, obecneunBaromux coaepkaHue KHUCIOPOJa U
cepbl coorBeTcTBeHHO <0,01 1 <0,005% (1m0 macce).

MarepuaJjbl 1 METOABI
TexHonorus MOJy4eHUs BBICOKONMPOYHOHM KOPPO3MOHHOCTOMKON a30TCOAEpIKAIICH
crtasiu BHC-65 npenycMaTpuBaeT BBIIUIABKY C IPUMEHEHUEM HOBOM IINIAKOBOM KOMITO3ULIUU
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C MUKPOJIETUPOBAHUEM paciiiaBa pa3zindHbiMu P3M B BHle UMCTOrO MeTalla WK JIUTaTyp C
HUKEJIEM.

Pa3paboTanHblil TEXHOJIOTUYECKUI MPOIIECC BBIMUIABKH BBICOKOIIPOUYHOM KOPPO3UOH-
HOCTOMKOM azorconepsxkamei craiiu BHC-65, mukponerupoBannoit P3M, cocrout u3 cieny-
IOIIUX OINEpAIHi:

— BBIIJIABKA UCXOAHOI0 METaJljla B OTKPBITHIX MHAYKLMOHHBIX II€Yax C OTIMBKOM 3JIEKTpO-
JIOB B MeTayuIMuecKue Tpyos @90 mwm;

— MepeIIaB JUTHIX AIEKTPOI0B B 3ekTpouutakooi neun JADUIII-0,1 B kpucrannuzarope
2130 mMm nipu nasiennu ~0,1 Mlla [9].

KoHTponb XMMHYECKOTO COCTaBa METajula B JIUTOM COCTOSIHUU M TOiy(aOpuKaToB
(mpytku 14x14x300 mm, cytyHkn 30x100x130 mMm), a Takke COAEp)KaHHS B HUX Ta30B H
IIpUMecel OCYILECTBISUIM NIOCIIE UX BBIIIJIABKU B OTKPBHITOM MHAYKIIMOHHOW II€YU U IJIEKTPO-
[IJIAKOBOTO IeperiaBa. XUMHUYECKUH COCTaB OMpPENeNsUId METOJAOM aTOMHO-3MHCCHOHHOMN
CIEKTPOCKOIIMM OCHOBHBIX 3JieMeHTOB Ha ycrtaHoBke ARL-4460 B cooTrBeTcTBUM C
I'OCT P UCO 13898-2-2006 u I'OCT P MCO 13898-4-2007. ConeprkaHue ra30B U MpuMecen
KOHTPOJIMPOBAJIM [IPY IOMOILM METOJIOB BaKyyM-Iu1aBjieHus Ha ycraHoBke Leko TC-436 (ananu3
cozepxanus ra3oB) B coorBercTBud ¢ 'OCT 17745-90 u cxuranust B Bakyyme Ha yCTaHOBKE
Leko CS444 (anamu3 comeprkanus yriepoaa u cepsi) B coorBercTBud ¢ ['OCT 12344-2003 u
'OCT 12345-2001.

OOpasupl, BbIpe3aHHbIE U3 CYTYHOK B IIPOJIOJIBHOM M IIONEPEYHOM HAINpaBICHUSIX
BOJIOKHA U MPOLIEAIINE TOJHBIA LUK YIPOUHSIOMEH TepMOOOPaOOTKH, MOJBEPrail UCIIbI-
tanusM 1pu pactsokennu o ['OCT 1497 (ucnbitarenbHas mammba Tiratest 2300/1) u npu
ynapHoM u3ru6e no 'OCT 9454 (mastHukoBblil korep MO 5003-0,3) npu KOMHATHOHN TeM-
neparype.

KauecTBeHHYI0 M KOJIMYECTBEHHYIO OLIEHKY HEMETAJUTMUECKUX BKJIIOYEHUN MPOBO-
K Ha ontudeckoM Mukpockone Leica DM IRM MeToioM cpaBHEHHsI C 3TAIOHHBIMU HIKa-
JaMH MpU IPOCMOTPE BCEH IUIOIIAM HETPaBJIEHBIX HUIU(POB C MPOAOIbHBIM HalpaBIECHUEM
BosiokHa B cootBercTBUM ¢ ['OCT 1778-70, Bapuant 1114 (mone 3penust X100, npomonbHOE
HaIpaBJICHUE).

PesyabTaThl U 00cyxKI1eHUE

[Ipu pa3paboTke TexHONMOTMHU BhIMIaBkU cTanu BHC-65 ¢ HOBBIMH IUTAKOBBIMU KOM-
MO3ULIMSIMU U MUKpoJierupoBanueM P3M, obecrnieunBatomieii coiep>kaHue KUCIOPOia U CEephl
cootBercTBeHHO <0,01 1 <0,005% (1m0 Macce), BBIABIEHBI OCHOBHBIE 3aKOHOMEPHOCTH BITHUS-
HUSl KOMIIOHEHTOB nuiakoB U P3M Ha mporecc paguHupoBaHUS MeTalla MpU BBILJIABKE U
nepernnaBe. Mccnenyemsie B pabote P3M mo xapakTtepy uUX CIHUHOB JENATCA Ha LEPHEBYIO
(JlaHTaH, 1Epuil, Tpa3eoauM, HEOJAUM, TIPOMETHH, caMapui, TaJoJWHUN) U UTTPUEBYIO (UT-
TpUi, TaJOIMHUNA, TepOUl, AUCTIPO3UH, TOIbMUM, 3pOuil, Tynuil, urrepouii) rpymmsl. s
MIPOBEJICHUS UCCIIEOBAHUN BBIOPAHbI CIEAYIONINE PEeIKO3eMeIbHbIe 31eMeHThl [lepuoanue-
ckoii cucremsl /.M. MenneneeBa: naHTaH, LIEpUil, UTTPUM, T'aI0JUHUAN, TUCIIPO3UH.

C uenbio BeIOOpa MeToAuKH MuKposerupoBanus P3M cranu BHC-65 nposenen ana-
JIU3 JIaHHBIX M3 HAyYHO-TEXHUYECKOM JINTEpaTyphl, B MPOLECCE KOTOPOrO BBISBIEHBI OCHOB-
Hble TeHJEHIMH 10 npuMeHeHnto P3M npu BeiiaBke craneil. [loutu Bce P3M umerot 6oee
CHJIBHOE CPOJICTBO K KHCIIOPOJY, Cepe U IPYTUM MPUMECSM (IO CPAaBHEHUIO C JKEJIEe30M) U 00-
pa3yroT ¢ HUMH JIETKOIUIaBKUE COEAMHEHMsI, KOTOpble YAAJAI0TCA U3 paciijiaBa B IpoLecce
TUTaBKU U nieperiaBa. P3M Takke MOryT 00pa3oBBIBaTh C MPUMECSIMU TYTOIUIABKUE COETUHE-
HUS, IpeBpaias ux MOpQoJIOTHIO B TIIOOYISAPHYIO, YKPEIUISs U OYUIIAsi TPAHULIBI 3€PEH.

N3BecTtHO, uT0 P3M 1NOJHOCTBIO pacTBOPUMBI B JKMJIKOM JKEJIE3€ U MPAKTUYECKH He-
pacTBOpPUMBI B TBEpOM >kene3e. Tak, mpu KOMHATHOM TeMIlepaType B JKeJie3€ MOKET PacTBO-
putbes ~0,1% (mo macce) Ce, a mpu 600°C: 0,35-0,4% (mo macce) Ce. N30ObiTouHOE
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conepxanue P3M (B cB0OOIHOM, T. €. HECBSI3AHHOM C KHUCJIOPOJIOM M CEPOM COCTOSIHHH) BbI-
JieNsieTCs IPY 3aTBEPACBAHNU CTANM 110 TPAHUIAM MEPBUYHBIX KPHCTAJIOB BIUIOTH A0 0Opa-
30BaHus 3BTeKTUKHU. Hampumep, i cucremsl Fe—Ce Temneparypa IIaBI€HHsS JBTEKTHKH
cocrasisieT 641°C, a st cuctemsl Fe—La ona pasua 785°C [10].

PenxoszeMenbHble  METalbl, SBISIACH  ITOBEPXHOCTHO-AKTUBHBIMU  DJIEMEHTAMH,
YMEHBIIAIOT BETMYNHY paboThl, 3aTpayrBaeMoii Ha 00pa3oBaHUe 3apOJbIIIeH B METAILJIE, YTO
COKpAIAET TEMIIEPAaTypHbIM MHTEPBAJ KPUCTAJUIM3ALUN U CHH)KAET CTEIECHb MEPEOXIaKIe-
Hus. OcHoBHOE BiusHuEe P3M — n3mMeHeHnne npupozsl, GOpMBI U pactpeesieHIs] HeMeTallIH-
YECKUX BKIIIOUEHUH. Penko3eMenbHbIe METallIbl, TAKHE KaK LIEPUH, JIAaHTaH, UTTPUM, HEOIUM,
TEepOMIl U TaJOTMHUNA, U3MEHSIOT BHYTPH3EPEHHYIO CTPYKTYPY, U3Mebuas OJOKH MaTpPHULIBL,
CHIKAIOT U (QY3MOHHYIO HOJBM)KHOCTE aTOMOB JIETMPYIOLIMX 3JIEMEHTOB B 00bEME U 110
TpaHUIlaM 3epeH, CIOCOOCTBYIOT 0oJiee paBHOMEPHOMY paclpelelicHUI0 KapOWJIOB B Telle
3€pHA U 3HAYUTEIILHOMY TOPMOKEHHIO pOCTa MOrPaHMYHBIX KapOWJO0B, MOBBIIIAS YPOBEHb
MexaHU4YecKux cBOMCTB ctaiu [11]. OOIIen3BeCcTHO MOJOXKUTEIbHOE BIMSHHUE JIAHTAaHA HA
coJiepKaHue cepbl B MeTalule, KOTOPhIH (Kak U 1epuil) oOpasyeT cyib(uaHbIe TyromjiaBKue
BKJTIOYCHUSI, IMEIOIIUE TIIOOYISPHYIO (JOpMY U PACIIOIOKEHHBIE HE 10 TPaHUIAM, a B Telle
3epHa. ['aonuHuii, HapALy ¢ UTTPUEM U LiepueM, o0JIafaeT BHICOKUM CPOACTBOM K KHCIOPO-
Jly U JIETKO OKHCJISIETCS, aKTUBHO OYMILAs pacIliaB OT KUCIOPOa.

HccnenoBanue BIUSHUSA PEIKO3EMEIBHBIX 3JIEMEHTOB HA CHIJKEHUE HEMeTaJllnye-
ckux BritoueHu# B mpouecce DI ocymecTBisim Tpems: cnoco0amu:

— npu BBegeHuu P3M B mpouecce BBIIUIABKM CTaIM B OTKPBITOM MHAYKLMOHHOW II€YH C
nocneayromum DI (mnasku 1 u 2);

— MpH A03UPOBaHHOM BBecHUU P3M B maBwibHyto 30HY mpu DI (ruraBku 3 u 4);

— nipu sierupoBanuu P3M pacruiaa u3 untakoBoi ¢assl B mporecce JLIT (ruiaBku 5 u 6).

B xauectBe mmakoBoi kommnozunuu s ctanu BHC-65 npu DIIIT BeIOpan muiak
AH®-6 Ha ocHOBe (TOpUAA KaJIbLIMs, KOTOPBIN SIBISIETCA 1OCTATOYHO TYTOIUIABKUM, UMEET
OTHOCHUTEJIBHO BBICOKYIO TEMIEpaTypy KUIEHMsI, cClloco0eH obecneunTh ObICTpOEe U JIETKOe
YCTaHOBJIEHHE AIEKTPOILJIAKOBOrO Ipoliecca U ero cTaduibHOCTh. Bmecte ¢ TeM B paciias-
JIEHHOM COCTOSIHMM (pTopuja Kanblus 00J1aJaeT MOBBIIEHHON 3JIeKTpUYECKOil MpoBOAMMO-
CThIO, CHI)KAET BA3KOCTh U IOBEPXHOCTHOE HATSKEHHE KUJAKOTO METalIa.

IIpn BBeneHnn unctbix P3M mium MX CIUIaBOB B PACIIIABIECHHBIM METaul YyCBOCHHE
P3M HectabmibHO B pe3ynabTaTe OKHUCICHHUS MX KUCIOPOJOM BO3ayXa JMOO HEAOCTATOYHO
PACKUCIIEHHBIM LUIaKOM. [ TOoCTWKeHus B MeTaule KOoHLeHTpauui P3M, okasbiBarommx
MOJIOKUTEIBHOE BIUSHUE HA CTPYKTYPY U CBOMCTBA CTaJId, HEOOXOIUMO CHUYKEHUE YPOBHS
OKHCJIEHHOCTH pacIulaBa, JOCTUIAEMOE ITyTEM BBEJEHHS CUIIbHBIX PACKUCIUTENEH B METAIT U
CHI)KEHMSI MAapLUAIbHOTO JaBJIEHUs KHUclopoaa B miake. CoaepiaHHe KUCIOPOAa MOXKET
OBbITh 3HAUUTENBHO CHIDKEHO OJ1aroapsi MpOBEJCHMIO MPOLEcca MPEIBAPUTEIBHOTO PacKHC-
JIeHUsT MeTajlla aJlOMMHHUEM. AJIIOMUHUN KaK PAacKUCIUTENb MMEET NMpEeuMyLIecTBa Mepes
P3M: npu paBHOI Macce NMpHUCaIKU OH yaaiseT B 5 pa3 Oonblie kuciaoposa, yem P3M (atom-
Hasi Macca 1epus coctasiser 140, amomunus — paBHa 27). Kpome Toro, Hemeramindeckue
BKJIFOUEHUS INIMHO3E€MA M3-3a UX MEHBIIEH IIJIOTHOCTH 1O CpaBHEHUIO ¢ okcugamu P3M ume-
10T OoJiee BBICOKYIO CKOPOCTbh BCIUIbIBaHUS (110 npaBuity CTOKca), 4eM BKJIFOUYEHMS COETUHE-
Huii P3M. Jlnsa cpaBHEHUMs NaHHBIE O TEMIEpaTypax IUIaBJICHUs M KulleHus kenesa u P3M
npuBeeHsl B Tabm. 1 [12].

Ha ocHOBaHMM M3BECTHBIX U3 HAYYHO-TEXHMUYECKOW JIMTEPATypbl 3HAYEHUM TETLIIOTHI
00pa3oBaHus COEIMHEHUI METauioB, B ToM uncie P3M, MOXKHO yTBep)kaaTh, 4TO MPH B3au-
mozetictur P3M ¢ pacriiaBoM B iepByIo odepeib 00pa3yroTcs 6oiee TyroriaBkue OKCHIIbL, a
3aTeM Cynb(UIbl, TEMIIEPATYPHI IIaBIeHU KOTOPBIX cocTaBisitoT 2200-2300 u 2000-2200°C
COOTBETCTBEHHO. TakuMm 00pa3oM, okcHbl U cyiabpuasl P3M, Haxonsick B TBEpAOM COCTOS-
HUU, MOTYT SIBJISTHCS LIEHTpaMU KpUcTauiu3anuu. OJHAKO CKOIUIEHHE TPYOBIX BKIIIOUEHUH
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P3M 1151 BBICOKONIPOYHBIX CTajiel SIBJSIETCS HETaTUBHBIM (DAaKTOPOM, TTO3TOMY TEepea MpH-
cankoit P3M cozeprkanue KHCIOpOa U Cepbl JOIDKHO OBITh MUHUMAIBHBIM.

Tabnuya 1
Du3nvecKue CBOICTBA peiK03eMeIbHbIX METAIOB M JKeJjie3a
Meramn Temmnepartypa, °C Temnora ncnapenws,
IUIaBJICHMS KUTIEHUS KKaJ1/MOJIb

JlanTan 920 4516 96

Hepuit 795 3599 95

Heoxum 1024 3299 69
Tagonuunii 1312 3273 72
Hucnposuit 1407 2873 67

WtTpwmit 1509 3200 93

Keneso 1536 2859 81

bnarogapsi cHUXEHHUIO COZEep KaHUs KUCIOpoa B paciuiaBe noselaercs noas P3M,
ydacTBymomas B oopasoBanuu cyiabduaoB [13]. [Ipu pa3zpaboTke TEXHOJIOTHH HEOOXOIUMO
IPEeyCMOTPETh INIyOOKOE pacKHUCICHHE paciulaBa M IJJaka U OOECHeuuTh J103UPOBAHHOE
BBe/leHHe coequHeHnid P3M B nutak B mpoliecce neperiasa.

[IpenBapuTenbHbI TPOBEACHHBIA PACYET PABHOBECHOTO COACP/KAHUS aTIOMUHUS MO
nuakoM Ha ocHoBe CaF, mpu DIIIIT cranm BHC-65 mpu temnepatype 1600°C mo3Bosuin
OTIPENIeNIUTh TTapaMeTPhl B3aUMOICHCTBHUS KUCIOPO/Ia M ATFOMHUHUS B )kenese (Tadum. 2).

Tabauya 2
IMapameTpbl B3auMoaelicTBHA MePBOro mopsiaka iemMeHToB craan BHC-65
npu Temneparype 1600°C [14, 15]

OnemMeHT Copep:xaHue 3IeMeHTa B CTalld [TapameTp B3auMoeicTBUS
BHC-65, % (1o macce) ey €l

Yrnepon 0,18 -0,45 +0,091

Kpemunii 1,3 -0,133 +0,0056
Mapranen 0,1 -0,021 -0,013

Xpom 12,6 -0,028 +0,0034
Huxenp 3,40 +0,06 -0,013

Monubaex 2,45 +0,0075 +0,0084
AnroMuHMI 0,01 -0,96 +0,050
A3zor 0,1 +0,057 -0,06
Kobanbt 3,7 +0,0057 -0,009

[Ipu pacuere NpUHSIIM, YTO IPU PABHOBECUU MEXKIY METAUIOM M nuiakoM npu DI
nox ¢mocom AH®-1 Bech kucnopon npu 1600°C 6yaer pacTBOpeH B METANIMYECKOM pac-
mnase. [Ipu conepxanuu amromunus 0,01% (mo mMacce) paBHOBECHAsI KOHIIEHTPAIUsT KUCIIO-
pona B Metaute coctaBut: [O]a=0,0008% (o macce) [16].

Hampumep, pacdeTsl o ypaBHEHUSIM PaBHOBECHBIX C JIAHTAHOM W aFOMHUHUEM TIPH
1600°C xoHIEHTpALMI KUCIOPOAA MOKA3bIBAOT, YTO UMEHHO JIAHTAH ONpENEeNsieT Colepika-
HUE Kucjaopojaa B metayie. OiHako u3BeCTHO [17], 4TO sl CHMIKEHUS KOJIMYeCTBa HEMETall-
JUYECKUX BKIIOYCHHH M obecriedeHus MOAU(DUIMPYIOMIEro NEeHCTBUS JIaHTaHAa Tepel ero
MPUCAAKON Tak)Ke HEOOXOIUMO CHU3HUTH COJIEpKaHUE KUCIOPOJa IMyTeM MPeIBAPUTEIHLHOTO
PacCKHCIICHUS pacIyiaBa aTllOMUHUEM.

Peakius B3auMOeiCTBYS JTaHTaHA C KUCIOPOJOM B PacIlIaBe OMHCHIBACTCS ypaBHE-

HUEM:
2[La]+3[0]=(L&;0s). D
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[To narHBIM paboThI [16] TeMIepaTypHas 3aBUCIMOCTh KOHCTAaHTHI PABHOBECHS peak-
1uu (1) paccuuThIBaeTCs CISAYIOMIMM 00pazoM:

|gK Layo,=-70270/T+21,14. )
PaBHOBecHOE C TaHTAaHOM COACPIKAHNE KUCTIOpOoaa OIIMChIBACTCS COOTHOMICHUEM:
1g[0]=-5,459-2/3Ig[La]+0,97[La]+1/3-1gaL s0n. 3)

Takum 0Opa3om, B paciuiaBe CTajiu ¢ cojaepkanuem jgantana [La]=0,001% (mo macce)
npu temmeparype 1600°C paBHOBecHOe copaepskanue kuciaopoaa cocrasiser [0]=0,0004%
(o macce) [18].

HccnenoBanbl 1 BbIOpaHbl KOMIO3UIMHN padUHUPYIOUIMX [UIAKOBBIX cMecel, oOua-
JAIONIME TMOBBIIICHHBIM padUHUPYIONIUM BO3JIEHCTBHEM MPU MUKposierupoBaHuu P3M BbI-
COKOIIPOYHON KOPPO3UOHHOCTOMKOM azoTcoaepkamei ctann BHC-65. B kadectBe padunu-
pyromux makoBslx cmecert st QI sanexktponos u3 cranu BHC-65 BbiOpaHbl KOMIIO3ULIUN
Ha ocHoBe coeaunenus CaF, ¢ goGamienuem okcuzoB P3M, B yacTHOCTM — JaHTaHa U
UTTpPHUSL.

[Ipu BeITIaBKE pacxomyeMbix diekTpoaoB nepen DI cramn BHC-65 onpoGoBaHsb
paznuusblie P3M 1 criocoObl MX BBEAECHHUS, a TAK)XKE€ HOBAs IIJIAKOBAsi KOMIIO3ULIMS Ha OCHOBE
coequnenus Cal, c nobaBskamu P3M.

[lo BapuanTy 1 BBIIJIABKY pacXoOQye€MbIX 3JIEKTPOAOB MPOBOAWIN B UHAYKLIHOHHON
neun oTkpeiToro tuna MCT-0,05 ¢ emkoctbto turiss 50 Kr ¥ ¢ pa3iuBKOW pacxoayeMbIX
AJIEKTPOJIOB B cTalibHbIe TPYyObl @90 MM. Penko3eMenbHble METAIbl BBOJWIIN B IMpEABAPHU-
TEJIbHO PACKUCIICHHBIM paciiiaB Mocie MPOBEACHUS dKCIpecc-aHalIu3a M0 ONPEAETICHUIO CO-
JepkaHus yriepona u azora. O0ToOYEHHBIE AIEKTPOAbI neperiasisuin B neun [II1IT-0,1 mo
CTaHJapTHOMY PEXHUMY B KPUCTAIIIM3aTOPE C BHYTpeHHUM @130 Mm.

[To Bapuanty 2 no3upoBannoe BBeneHue P3M ocymecteisum B mporecce DIIIT pac-
XOJIyeMBbIX 3JIEKTPOIOB B AeKTpolnuiakoBoil meuun JIIIIII1-0,1.

[To Bapmanty 3 nermpoBanme P3M u3 mmakoBoit ¢asbl (3a cueT pa@UHHPYIOUIHX
[IJIAKOBBIX CMECEi) OCYILECTBIISUIN B MPOIlecce MeperiaBa pacXoayeMbIX JJIEKTPOJIOB B AJIEK-
tpournakoBor neun [IIIII-0,1. Oxcuapl naHTaHa U UTTPUS BBOJWIN B IIIAKOBYIO CUCTEMY
st Mukposieruposanus cranu BHC-65 u cHmkenus copepkanust B Hell npumeceid. OaHo-
BPEMEHHO IIPU HCIOJIb30BAHUU HOBBIX IIUIAKOBBIX CMECEH B METaJlI BBOJWIM TaJO0IMHUM U3
pacuera 0,05% (1o macce).

[[InakoBble CMECH MOATOTABIMBAIM MIYTEM CMEIICHUS MOPOIIKOB KOMIIOHEHTOB C IO-
CIeyIolel Mpokaykol B neun npu temneparype 900°C B reuenue 4—6 4 [uid yaaaeHus Tui-
paTHOM BIard.

Hauano nponecca Benu B pexuMe «TBEpAOro cTapTay, pU KOTOPOM HABEICHUE KU -
KOM BaHHBI MPOMCXOJIUT HEMOCPECTBEHHO B KpHUCTaIn3arope. Packucienue paciuiaBa npo-
BOJIMJIM TTyTE€M BBEJEHUS B HETO aJIFOMUHHUEBBIX Ipanyl u3 pacueta 0,2% OT Macchl 3JE€KTpoa.

B BapmanTax BbIUIaBOK 1 W 2 WCIIONB30BAIM JIAHTAH, IIEPUNA, HEOTUM, TaIOTMHUH,
nuctpos3uit u uttpuii B konudectse 0,05% (kaxaoro) ot maccel paciuiaBa. B Bapuante 3 B
KauecTBe paduHHpyromux muiakoBbsix cmeceid mis LI snextpomoB m3 cranmm BHC-65
BBIOpaHbI KOMITO3UIIMK Ha ocHOBe coenunenust CaF, ¢ nobasnenuem okcuaoB P3M, B yact-
HOCTH — JIJaHTaHa 1 UTTpus, u3 pacuyera 10% oT KoInyecTBa 1UIaKa.

Peakuuu, mporekaroiue B OCHOBHOM Ha I'PAaHUIIE pa3/ieia «IITaK—METAIT», SIBISIOTCS
OCHOBHBIMH IIpH MuKposiernpoBanuu P3M (BoccraHOBIIEHUE JTaHTaHA U UTTPUS U3 LIUIaKa) U
paduHupoBaHUM (AeCyabdypanus U pacKUCIEHUE) METaJLIA.

Takue ocobennoctu JIIII, kak pa3BuTas MOBEPXHOCTh PEarupoBaHUs MeETaJIa CO
[IUTAKOM U JUIUTENIbHOE BPEMsI UX KOHTAKTa, a TAKXKE BBICOKHE TEMIIEpaTypbl U MHTEHCHUBHOE
nepeMenInBaHue 1U1aKa, MO3BOJISIIOT YTBEPKIaTh, YTO Ha IPAHHULIE pa3jieia IUIAaKOBOH U Me-
TaJNTMYECKOM BaHH MPH MEPEIiaBe yCTaHABINBAETCS COCTOSIHUE, OJTM3KOE K PABHOBECHOMY.
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Hcnonp3oBaHne NpHUBENECHHBIX KOMMO3UIMH 1-3 B yCIOBHSIX pPACKUCIICHHS IUIAKa
MO3BOJISIET OCYILECTBIIATH eCyIb(ypallrio U yAaleHue KUCIOpoaa U3 METalia, a TAKXKe ero
JICTUPOBAHHE PEIKO3EMETbHBIMU JICMEHTAMH.

W3meHenue copepkaHus JaHTaHa U Kuciaopoaa B ciautkax rnocne DLIIT B pesynbrare
MukposerupoBanus cranmu BHC-65 (puc. 1) nemoncTpupyet 3¢ (pexkTHBHOCTD pa3paboTaHHOM
TEXHOJIOTUYECKOH CXeMbl. [IpM OTHOCHTENHHO BBICOKOM COJACPKAHWHM B METAJUIC JIAHTaHA
yIaeTcs MOJMyYUTh HU3KOE COAEPIKaHUE KUCIOPOJa M CEPbl U OTHOCHTEIBHO HEBBICOKOE CO-
nepxkanue amomunus (~0,04% (mo macce)).
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Puc. 1. Usmenenue copepxanus JaHTaHa (W) U cepbl (@) B 3aBUCUMOCTH OT KOJHMYECTBAa KUCIOPO-
Ja B MeTaJule B pe3yibTaTte MUKposerupoBanus ctaiu BHC-65 ¢ ucnonbp3zoBanueM paduHUPYOMIX
IIJIAKOBBIX CMeCel HOBOTO IMTOKOJICHUS

[TonydeHHbIe pe3ynbTaThl OMBITHBIX TUIABOK MO3BOJISIOT OIIEHUTH d(H(PEKT MUKPOJIETH-
pOBaHHS MeTallla PEIKO3EMETbHBIMU JJIEMEHTaMHU W3 MIIaKOBOW (a3el. BrIOpaHHBIE TEXHO-
JIOTUYECKHE CXEMBbl JIETUPOBAHUS U PACKUCIICHHS, a TakXKe KOMIIO3UIMS IIJIAaKOBOW cMecH,
% (o macce): 85CaF,-10L&0O3, m03BOJISIOT 00ECIIEYNTh MOBHIIICHNE COJCPYKAHUS JIAHTAaHA
B ctanu a0 0,01% (mo macce) npu ucnonp3zoBanuu B nuiake 10% (mo macce) LapOs ipu on-
HOBPEMEHHOM CHIKEHHH KosmuecTBa kuciopona (Ha 30-50% ot copepskaHusi KUCIOpPOaa B
anektpoe). KoMmosuius maakoBoil CMECH ¢ OKCHIOM HTTPHS MoKaszana 0osiee HU3KYIO d¢-
(EKTUBHOCTH B paMHUPOBAHUH METAJJIA OT KHCIIOPOJIa ¥ CEPhI, a TAKXKE MUKPOJICTHPOBAHUH
ctasim BHC-65 penko3emenbHbBIMU METaJUIaMHU.

Tak, B mporecce IIaBKu S MpHU KOJIMYECTBE JIaHTaHa B cTanu Ha ypoBHe 0,009% (1o
Macce) coliep>KaHue KUCIOpOo/ia CHIKAETCS M IOCTUTaeT 45 PPM, 4To coriacyercsi ¢ MmpuBe-
JEHHBIMA TEPMOJUHAMHYECKUMHU pacueTaMu PaBHOBECHOTO cojepkaHus kuciiopoma. Co-
JIepyKaHKre Cepbl B METAJIIE TP 3TOM CHIDKEHO Ha 35 ppm (10 10 ppm).

HccnenoBanHbie 00pa3ipl CIMTKOB BCEX TUIABOK MOKA3aJIM COACPIKaHUE KUCIOPOAa U
cepsl B ipeaenax: <0,01 u <0,005% (1o macce) COOTBETCTBEHHO.

Pe3ynpraThl XMMHUYECKOTO aHaIW3a MO OCTATOYHOMY cojepkaHuto P3M, BBOIMMBIX
MIpH BBITUTABKE M MEperuiaBe, U mpuMeceit (cepa, KUCIopoa) mpuBeneHsl B Ta0n. 3. Peakose-
menbHble MeTautel B unctoM Bujae (Nd, Dy, Th, Gd) u B Buxe nmuraryp (NiY, NiLa, NiCe)
BBOJIMJIA B KOHIIE OTKPBITON TuIaBKH, OKCHIbl P3M (LapOs3, Y 203) nmpumeHsuH B MUTAKax MPU
BBITIJIABKE U TIEepETIaBe.
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CoBMeCTHOE BBeJieHHE TagoIMHNA 1 okcunoB P3M B cocTaB HOBOHM IINIAKOBOM KOMIIO-
3UIHWHA TTO3BOJJIUIJIO ITOBBICUTH yCBOGHI/Ie P3M paCHJIaBOM nu CYH_ICCTBCHHO CHHU3UTH B HEM CO-
Jep>KaHUE Cephl M KUCIOPOo/a.

Copep:xanue npumeceii n ocrarounoe cogep:xxanue P3M B craau BHC-65

Tabnuya 3

YcnoBHbIH Copepxanue, % (10 Macce)

HOMED npumecei pPEeAKO3eMEeNbHBIX 3JIEMEHTOB

JTaBKH S @) La Ce Y Gd Dy Nd Th
1 0,005 | 0,0031 | 0,0001 | 0,0012 | 0,0001 - 0,00005 - -
2 0,0045 | 0,003 | 0,0002 | 0,0007 | 0,0001 - 0,00007| 0,0002 -
3 0,0045 | 0,0037 | 0,0007 | 0,0017 | 0,0003 |0,00027 - - 0,0005
4 0,0041 | 0,0035 | 0,0006 | 0,0015 | 0,0003 |0,00021 - - -
5 0,0015 | 0,0045 | 0,0011 | 0,0006 | 0,0005 | 0,0004 - - -
6 0,0017 | 0,0028 | 0,0011 | 0,0033 | 0,0004 | 0,0008 — — —

[IpoBenenHoe meramiorpaduyeckoe ucciaeaoBanue (puc. 2) oOpas3oB, coAepKalInX
raJIOIUHINA, HEOIUM U JHUCIIPO3UH, TIOKA3aJI0, YTO UCIOJIB30BAHUE TaIOJMHMS B Ka4eCcTBE Jie-
rupytoniero P3M B cranu BHC-65 oGecnieunBaer nonydenne Hauboiee YUCTOrO METasuia 1Mo
HEMETAJUIMYECKUM BKJIFOUCHHSM (B 4acTHOCTH, okcuaam). Tak, B cramu ¢ Gd comepkanue
okcuoB Toueunbix (OT) coorBercTByeT 1 6amny mo 'OCT 1778-70 (puc. 2, a), npu 3TOM B
craimu ¢ Nd u ¢ Nd+Dy konuuectBo OT Haxomaurcs Ha ypoBHe 2—3 Oaiia (puc. 2, 6, 6), 4TO
00BsICHSIETCS HAHOOIBIIUM XUMUYECKUM CPOACTBOM T'aJIOJIMHUS K KUCIOPOAY (10 CPAaBHEHUIO
C HEOJAMMOM H JUCIIPO3HEM), KOTOPBIN B MPOIECCE BHIMIABKU CBSA3BIBACT KHCIOPO B OKCHIIBI
Y BBIBOJUT MX U3 pacIijiaBa.

&/

Puc. 2. Onenka coaepkaHusi HEMETAUTMUECKUX BKIIOUEHHUH B TIJIaBKaxX C MPUMEHEHUEM B KaUeCcTBE
aerupytomux P3M: ragonunus (a), HeoauMa ¢ AUCTIpo3ueM (6) 1 Heoxuma (6)
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Takum oOpa3om, Mo pe3yibTaraM METAIOrpaUuecKoro aHajlin3a U MEXaHHMYECKUX
UCTIIBITAHUN BBIOpAaHA IIJTAKOBAs KOMITO3MIIMS, BKJIIOYAIOIIAS OKCHUJ JaHTaHA, MpUMEHseMas
coBMmecTHO ¢ BBegeHreM B mpornecce DI ragonunusa. MukponerupoBanue myTeM BOCCTa-
HoBneHuss P3M B Merayuie yepe3 HUIaK OKa3ajoch 00J€e TEXHOJIOTMYHBIM IPOLIECCOM IO
CpPaBHEHHMIO C BBeJleHUEM B paciuiaB P3M B coctase nuraryp, ocoOeHHO B yuctoM Buae. [Ipu
MCIIOJIb30BaHUU LIIAKOB, cojepkauux okcuapl P3M, konruectBo P3M npu BblIuIaBKE MEHS-
etcst ot 0 10 0,01% (mo macce), a B mpouecce DI nepexon P3M u3 nuiakoBoii ¢a3bl B Me-
TaJll elle Bblllle — copepxanue ysenuuubaercs 10 0,03% (o macce). [Ipu sTom HabnrogaeT-
csl paBHOMepHOe pactipeneneHre P3M no BceMy cedeHHIo CIUTKA.

Ilo pe3ynpraTamMm XMMHUYECKOTO U ra30BOT0 aHAJIM30B YCTAHOBJIEHO, YTO pa3padOoTaHHas
TEXHOJIOTHS, codeTaronas oTKpbITyto BeltuiaBky u DI, mukponerupoBanue P3M u3 nuiako-
BO (pa3bl M YUCTHIMHU 3JIEMEHTAMH, C TPUMEHCHHEM HOBBIX IUIAKOBBIX CMECEH, MMO3BOJISET
o0ecrneunTh CTa0MIBHOE COJEp:KaHue BpeaHbIX mpumecei (Tabdi. 4): cepbl —10 ~0,005% (1o
Macce); kuciopoaa — a0 ~0,004% (mo macce).

Tabnuya 4
Conep:xanne Bpeanbix npumeceii B craau BHC-65
VY coBHBIN HOMEp MIaBKU Copep:xaHue BpeIHBIX puMecei, % (1o macce)
S O
1 0,0050 0,0031
2 0,0045 0,0030
3 0,0015 0,0026
4 0,0017 0,0028
5 0,0045 0,0037
6 0,0038 0,0032

Huskoe conepxanne BKIOYEHUN OKA3bIBAET IMOJOKUTEIBHOE BIMSIHUE HAa CBOMCTBA
ctanu BHC-65 nnaBok 5 u 6, nerupoBanHbsix P3M, kak B MpoJI0JILHOM, TaK M MOMNEPEUHOM
HaIPaBIICHUSAX BOJIOKHA rmoydadpukara (tadm. 5).

Tabauya 5
MexaHn4yeckne CBOMicTBa* (cpeHNe 3HAYEHHs) ONBITHOI napTuu craau BHC-65
YcnoBHbIN IIpyrok CyTyHKa CyTyHKa

HOMEp (mpomonsHOE HampaBieHWe) | (ToNepevyHoe HalpaBJIeHNe)
IUIaBKHA O H/Mm? 0, % O H/MM? 0, % Os, H/mm? 5, %

1 1820 15 1800 16 1790 15

2 1825 16 1790 15 1780 15

3 1830 16 1810 16 1800 16

4 1835 17 1820 17 1820 17

5 1840 19 1820 19 1825 19

6 1830 18 1835 18 1800 17

* TpeGosanus o TY: 6,>1670 H/MMZ & >15%.

BriOpana n obocHoBaHa MeTonuKa MukpojerupoBanus P3M (u3 mmakoBoil ¢a3er)
ctaniu BHC-65 npu ucnonb3oBanuu padhuHUPYOUINX HUTAKOBbIX cMecelt mpu ST

IIpoBencHHBIE MPEIBAPUTEIBHBIC UCIIBITAHUS MEXaHUYECKUX CBOWCTB IIOKA3alld, YTO
npees MPOYHOCTH | TJIACTHYHOCTH (Tabu. 5), moaydeHHbIe Ha 00pa3iiax, M3TOTOBJICHHBIX U3
OTIBITHOM MapTHH BBICOKONIPOYHON KOPPO3HMOHHOCTOMKOM a3zorcoxaepxkameit craiu BHC-65,
MukposierupoBanHoit P3M, ¢ npuMeHneHneM paduHUPYIOIUX [IJIAKOBBIX CMecel HOBOT'O I0-
KOJIEHUSI, COOTBETCTBYIOT TpeboBanusim TY.
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HcnpiTanus npoBOIMIM Ha IEBSITH 00pa3iax U3 oJHOTO ciuTka (3 oOpasiia BeIpe3aHo
U3 MpyTKa, 3 o0pasia — u3 CyTyHKH B MPOJOIHHOM HAIpaBICHUH, 3 00paslia — U3 CYTYHKH B
nmonepevyHoM HampaiieHnn ). CBolicTBa, ykazanueie B TY 14-131-1009-2000, npuBeneHb! 11
00pa3I10B, BEIPE3aHHBIX U3 MPYTKOB U CYTYHOK B MIPOJOJIHLHOM HampaBlIeHUH. MeXaHUYeCKHe
CBOWCTBA, MMOJIYUYECHHBIE JIJIS1 METaJlJIa ONBITHOM MapTUU B TIONIEPEYHOM HAIpaBJICHUH, YIOBIIC-
TBOPSIIOT TpeboBanusM TY 14-131-1009-2000 (y1st mpo10JIEHOTO HAPABIICHHS).

Tabnuya 6
Ynapuas Ba3zkoctb* craau BHC-65
VY cnoBHBIH V napnas Baskocts KCU, Jix/cm®

HOMED [IpyToxk CyTyHKa CyTyHKa

TJIaBKH (mpononpHOE HampaBieHue) | (TomepeYHoe HAIIPaBJICHHE)
1 103 101 101
2 102 102 100
3 103 102 101,5
4 104 103 101,5
5 104,5 104 103
6 106,5 106 102

* TpeGosarus mo T3: >100 Jix/cm.

WcnpiTanusa Ha yoapHyO BSI3KOCTh OOpas3loB, M3TOTOBJIEHHBIX M3 OIBITHON MapTUU
BBICOKOIIPOYHOM KOPPO3UOHHOCTOMKOM azoTconepxkaiuei cranu BHC-65, mukponerupoBaH-
Hoil P3M, ¢ npuMeHeHneM padUHUPYIOIUX HUIAKOBBIX CMECEl HOBOTO MOKOJIEHHUS, II0Ka3a-
JIM, YTO YPOBEHb YAApHOI BA3KOCTH O0TBeuaeT TpedboBanusM T3 (tabm. 6).

3ak/ro4yeHus

IIpoBesneHbl uccnenoBaHusl U ONPOOOBaHA METOJMKA MHKPOJIETMPOBAHUS pEAKO3e-
MEJbHBIMU METaJUlaMU BBICOKOIPOYHOM a3orconepikaiieil cranu BHC-65 npu BeimaBke B
OTKPBITOM MHIAYKUMOHHOHN neun ¢ nocienyrommm 1T B neun JIDOUII-0,1 no pa3nuunbvM
BAPUAHTaM.

HccnenoBano BiusiHue pa3nuuHbelx P3M nepueBoil M1 UTTPUEBOM IPYII HA CHU)KEHUE
HemeTaunueckux BritoueHuid npu DIIII. TlokaszaHa HEOOXOAMMOCTh HPEABAPUTEIHHOIO
packucieHus paciiaBa nepen BBeneHueM P3M. KomnuecTBO BBOAMMOIO alIOMHUHHS IIPU
OUIIT cocrasnsger 0,2% OT Macchl MeTajIa.

O dexTuBHBIM cIOCOOOM CHUKEHHSI HEMETAJUTMUECKUX BKItoueHui B cranu BHC-65
aBiseTcss Mukposierupoanue P3M uepes muakoByio a3y, copepikallyro OKCH/bI JJaHTaHa U
utTtpus npu OIIIIT.

[TokazaHo, 4TO MpUMEHEHHE LIUIAKOB ¢ JOOABKaMM JIAHTAHOUOB NPHU J103UPOBAHHOM
BBezieHnn P3M (ranonunmii) B npouecce DIUIT obGecrieunBaeT CHUXEHHUE COAECPIKAHUS CEPhI
U KHCJIOpO/J1a, HAaOOJIBIIYI0 YUCTOTY METAJUIA 110 HEMETAJUTMUECKUM BKJIFOUEHUSM U BBICOKHE
MexaHudeckue cporicta ctanu BHC-65 B mpofoibHOM U IONIEPEYHOM HAIllpaBJIEHUH BOJIOKHA.
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WCCJIEJOBAHUE JUTEWHBIX XAPAKTEPUCTHUK
KAPOITPOYHOI'O UHTEPMETAJIJINIHOI'O
TUTAHOBOI'O CILVIABA BTHU-4
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Onpedenenvt aumetinvle XapaKxmepucmuky unmepmemainuonozo cniasa BTH-4 npumenu-
MENbHO K B8AKYYMHO-0V2080U 2APHUCANICHOU Nedll ¢ YeHMPOOEeX’CHOU 3ANUBKOL PACNIA8A 8 Ke-
pamuieckue uiu Memaiiuyeckue Gopmoi.

Yemanoeneno, umo unmepmemannuonwlii cniag BTH-4 umeem Huskue numetinvle Xapakmepu-
cmuku no cpasteruio co cnaasom BT/ u unmepmemaniuouvim cniasom cucmemvt Ti—16A41 (%6 (no
macce)): na 40% borvue obvemHylo ycadky, Ha 44% menvute dcuokomexyuecmv u Ha 26—28%
Menbue 3anonnsemocms opmul. Ilonyuennvie numetinvie xapaxmepucmuxu cniaea BTHU-4 mo-
2ym Oblmb UCHONBL30BAHBL 018 PA3PAOOMKYU ONBINHOU TUMENHOU MEXHOA02UYU NPOU3BOOCNEA U3
Hezo Oemanel.

Tonyuennvie numetinvle xapakmepucmuxu cniaga BTH-4 mozym Ovims ucnonv3o8anst 0
Paspabomxy ONbIMHOU JUMEUHOU MEXHOI02UU NPOU3BOOCEA U3 He2o 0emaiell No KOMNJIeKC-
HOMy HanpaeieHuro 7.1. «Humepmemannuouvie mumarnosvie cnaasvly («Cmpamezuyeckue
HAanpaeneHus pazeumus Mamepuaios u mexHono2ui ux nepepabomxu Ha nepuoo oo 2030 zo-
oa») [1]. Bvisenenvt ocrnosHbvle meHOeHYUU U NEPCREKMUBbl 8 00Iacmu paspabomKu HOGHIX
OpPMO-CNIABO8 U MEXHONIO2ULL UX NOTYUEHUs U 0OPAOOMKIL.

Knroueesnvle cnosa: opmo-cniassl, yenmpobedichoe iumoe, NIa8Ka, CIUMOK, OMIUBKA, Kepa-
Mmuveckas ghopma, (hazosulii cocmas, CMpyKmypa, umetinvie ce0UCMad.

The foundry characteristics of the VTI-4 intermetallic alloy have been determined for a vac-
uum arc furnace with a centrifugal casting of the melt into ceramic or metallic forms.

It has been found that the VTI-4 intermetallic alloy has low casting characteristics in com-
parison with the VT5L alloy and Ti—16Al intermetallic alloy (mass. %): 40% more shrinkage,
44% less fluidity and 26-28% less fillability of the mold. The obtained casting characteristics of
VTI-4 alloy can be used to develop an experimental foundry technology for the production of
parts fromit.

The obtained casting characteristics of VTI-4 alloy can be used to develop an experimental
foundry technology for the production of parts from it complex direction 7.1. «Intermetallic ti-
tanium alloys» («The strategic directions of development of materials and technologies of their
processing for the period till 2030») [1]. The main trends and prospects in the field of develop-
ment of new ortho alloys and technologies for their production and processing are revealed.

Keywords: TiAINb titanium alloys, ingot, spun casting, phase combination, structure, ceramic
shape, casting properties.

'denepanbroe rocynapcTBeHHOE YHHTapHOE HpeampusTHE «BcepoccHiickuil HayqHO-HCCIIeI0BATEIbCKHIL
MHCTHUTYT aBHAIMOHHBIX MaTepHaiIoB» ['ocynapcTBeHHbIH Hay4HbIN HIeHTp Poccuiickoit dexeparuu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

Beenenne
Hosble cunoBsie ycraHoBkH [T/ 11 Oyayniux jgeTaTelbHbIX anmnapaToB IPeIbsBISIOT
KECTKUE TpeOOBaHMS K KOHCTPYKIIMOHHBIM MaTepHaiaM, KOTopble OyayT paboTaTh B YCIOBHUAX
BBICOKHX Harpy3oK B arpeCCUBHOM T'a30BOM CpeJie B TEUEHHUE 3a1aHHOTO pecypea [1].
Jns 3TUX 1eneil Hambosiee NEpCHEeKTHBHBI J1e(hOpMHUpPYEMble HHTEPMETAJUIUIHBIE
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TUTAHOBBIC CIUIaBbl Ha OCHOBe coenuHeHus: TioAIND — tak Ha3pIBaeMbie OpTO-CILIABBI, KOTO-
pbl€ 10 CBOUM YAEIbHBIM MPOYHOCTHBIM M >KaPONPOUYHBIM CBOMCTBAM, TEXHOJOTUYHOCTH U
CTOMKOCTH K BO3HUKHOBEHHIO [10YkKapa MPEBOCXOIAT CEPUIHBIC THTAHOBBIC CILIaBhI [2—5].

Opnnako cruiaBel Ha OCHOBE MHTepMeTauuaa TipoAINb uMeroT psij ocoOeHHOCTEH npu
MPOU3BOJICTBE CIIMTKOB HA CYIIECTBYIONIEM METALTYPrHUYECKOM OOOPYIOBAaHHH, KOTOPHIE
CBSI3aHBI C OOJBIIUM COJIEPIKAHUEM JICTUPYIONIUX 3JIEMEHTOB C Pa3IHUYAIONIIMUCS TeMIIepa-
TypaMH ILJIABJICHUS U CIIOXKHOCTSIMU MPU U3TOTOBJICHUH PACXOJYEMBIX 3JIEKTPOJOB, YTO Tpe-
OyeT pa3paboTKH TEXHOJIOTHH, OOECTICUNBAIOIICH OJHOPOTHOE paclpeAelieHUE JIETUPYIOMINX
3JIEMEHTOB B CIIUTKAX.

B HacTosiiee BpeMsi B OMBITHO-IIPOMBILUIEHHOM MPOU3BOICTBE MCIOJB3YIOTCS ONTH-
MU3HPOBAHHbBIEC TEXHOJIOIMH MPOU3BOICTBA KPYIMHOTAaOAPUTHBIX CIUTKOB C OJHOPOIHBIM pac-
MpeesICHUEM JICTUPYIONTUX 3JeMeHTOB. B paborax [6—8] mpoBeneHbl UCCIIEIOBAHUS IO TEX-
HOJIOTHSIM BBITUIaBKH CIMTKOB OPTO-CIUIABOB Pa3IMYHBIMU METO/IAMHU.

Hecmotpst Ha TO, 4TO OPTO-CIUIABHI MPEAHA3ZHAUCHBI JUISI TOTYYCHUS JehOPMUPOBAH-
HBIX MOJTy(GabpUKaTOB, U3 ITUX CINIABOB MOYKHO M3TOTABIIMBATH JIETANIA, KOTOPHIE HEBO3MOX-
HO M3rOTOBUTH C MIOMOILBIO Onlepanuii ropsyeit nepopmannu. Kak mokaspiBaeT npakTuka, Jie-
TaIM CJIOXKHOW (DOPMBI IEIeCO00Pa3HO M3rOTAaBIMBATH METOIOM JIMTHS IO BBIILIABISIEMBIM
MOJICJISIM B K€paMHUECKUEe WU rpauToBbic ()OPMBI B BAKYYMHBIX TapHHCAXHBIX medax. [1o-
CKOJIbKY JIUTE€HHAsl TEXHOJIOTHUS Hanbojee SKOHOMUYHBINA MPOLECC, OHA MOXKET CHU3UThH TPY-
JIOEMKOCTh M3TOTOBIICHUSI TAaKUX JeTalled U 00eCcleyuTh MPU HEKOTOPOM CHUKEHUH HU3KO-

TEMIIEPAaTyPHBIX XapaKTePUCTUK (O, 8, ) MOBBILEHHYIO KapOIPOYHOCTh (G)y,) HpH pabo-

yux Temieparypax [9].

Marepuanbl, 000pya10BaHUE U METObI HCCJIEIOBAHNS
B pabore ucnonap3oBaiv HHTEPMETAIUTUAHBIA TUTaHOBBIA cruiaB BTH-4, ocHoBa ko-
toporo — uarepmetaina Ti2AIND (opro-hasa), 1OMoNMHUTEIBEHO JETHPOBAHHBIN [IUPKOHUEM,
BaHA/MEM, MOJUOJECHOM M KpeMHHeM. /[ BBIIUIaBKM CIUIAaBOB HCIOJIB30BAIU CEPHUIHBIC
IIMXTOBBIE MaTepHuaibl — THTaHOBYIO ryOky (mapku TI'90 m TI'100), nurarypy HUOOMIA-
amomuHuii-kpeMuuii (mapka AHK), nuratypy amomunuii-monu6aen-tutan (mapka AMT),
MeTtayummueckue nupkonuit (Mapka LlpW) u Banamuii (Mapka Bu-M). U3 moaroToBieHHBIX
IIMXTOBBIX MAaT€pUaAIOB U3rOTaBIMBAIN PACXOIYEMBIE JIEKTPO/Ibl, KOTOPHIE MEPEIJIaBIsIN B
CITUTKH MHOTOKPATHBIM BaKyyMHO-IYToBbIM neperuiasoM (B/IIT) [10].
HccnepoBanusi TUTEUHBIX XapaKTEPUCTHK, MaKpO- U MHUKPOCTPYKTYPbI MOJIEIbHBIX

oTIMBOK U3 ciiaBa BTU-4 Bknrovanu:

— BBIIJIABKY CIIMTKOB B BU/JIE 3aroTOBOK 13 ciuiaBa BTH-4 ¢ momomibio cioco6a B/IT;

— OTJIUBKY OOpa3IloB B BaKyyMHO-IyroBoil rapHucaxsHoi neun BJIJI-5 ¢ nenTpoOexHoit
3aJIMBKON MeTailjia B pOPMBIL;

— Olpe/ieTICHUE KUIKOTEKYUYECTH;

— olpezieNieHue JTMHEHHONW U 00BEMHOMN yCaloK;

— Olpe/ieNieHNe TEeMIIepaTypHOr0 MHTEpBalla KPUCTAJUTH3AIUN M 3aMOIHAEMOCTH (HOPMBI
no npode Yukens;

— OIpeJieNieHHe TeMIIepaTypHOro HMHTEpBajia KpPUCTAJUIM3ALMU CIIOCOOOM BaKyyMHOTO
MJIaBJICHUS;

— MCCIIEIOBaHUE JIUTEHHBIX 1e()eKTOB PEHTTeHOBCKOM J1e(peKTOCKONHUEH;

— ropsiaee uzocratndeckoe npeccoanue (I'MIT) muThix 3aroroBok Ha yctaHoBKe QUintus-16;

— UCCIIEZIOBAHUE MAaKpO- U MHUKPOCTPYKTYPbI JHUTHIX TEMIUIETOB C MCIOJIb30BAaHUEM IPH-
00pOB ONTHYECKONH MUKPOCKOITUH.
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Pe3ybTaThl 3KCIIEPUMEHTOB

H320moenenue cnumkoe u3z cnnasa BTH-4
Jlst mpoBesieHUst pabOThI U3TOTOBJICHBI CIIUTKH U3 cruiaBa BTHU-4 3150 MM u maccoii
10 30 Kr, KOTOpbIE BBIILIABIISIIN C YETHIPhMSI BAKYYMHO-yrOBbIMU rieperuiaBamu [11]. Xumu-
YECKUH COCTaB U3TOTOBJICHHBIX CIUTKOB MpeACTaBiieH B Ta0. 1.

Tabnuya 1
XuMH4YeCKHii cocTaB CINTKOB n3 ciuiaa BTU-4
Mecto otbopa pod Xumugeckuit coctaB*, % (110 macce)
CIIMTKA Al Nb Zr Mo \% S
Bepx HenTp 11,5/11,7 | 39,4/40,1 | 1,2/1,4 | 0,6/0,7 | 1,3/1,4 | 0,14/0,16
0,5 pagnyca | 11,8/12,0 | 39,/40,2 | 1,1/1,2 | 0,6/0,7 | 1,2/1,2 | 0,15/0,14
O6pazyromas Bepx 11,6/11,8 | 39,6/40,1 | 1,2/1,3 | 0,59/0,6 | 1,2/1,3 | 0,14/0,13
Cepenuna 11,4/11,8 | 39,5/40,1 | 1,2/1,3 | 0,61/0,6 | 1,25/1,3 | 0,14/0,15
Hwuz 11,5/11,6 | 39,7/40,2 | 1,1/1,2 | 0,62/0,7 | 1,2/1,25 | 0,15/0,16

* B unciauTene u 3HAMEHATeIIe TPUBCACHBI COACPIKAHUA DJIEMEHTOB IS 1-ro 1 2-ro CIUTKOB COOTBETCTBEHHO.

13 MMPEACTABJICHHBIX PE3YJIbTATOB BUAHO, YTO H3TOTOBJICHHBLIC CIIMTKH H3 CILUIABaA
BTU-4 umeror AOCTATOYHO OJHOPOAHOC paCHpPCACIICHUC JICTUPYIOMUX JICMCHTOB.

Onpeodenenue numeriHblX XapaKmepucmux

Kak nokazana nuTeiiHas MpakTHKa TUTAHOBBIX CIUIABOB, MOJIyYEHHE KaueCTBEHHBIX
OTJIMBOK CJIO’)KHOM ()OpPMBI 3aBUCUT OT UJKOTEKYYECTHU CILIaBa, KOTOpask OIpeeNsieT 3amo-
HSEMOCTh JUTEHHOM (hopmbl [12].

[TapameTpspl KUAKOTEKYUECTH CILIIAaBOB B OCHOBHOM OIPEAEIISAIOTCS:

— (U3MUECKUMH CBOICTBaMU CIIJIaBa — TEMIIEPAaTypOl IUIABJICHUS, [IOBEPXHOCTHBIM HATS-
KEHHMEM pacIlylaBa, UHTEPBAJIOM KPUCTAJUIM3AlUHU, TEIUIONPOBOJHOCTBIO CILUIABA U JIP.;

— CBOMCTBaMU MaTepuana JUTEWHbIX (OpM, F€OMETPUUYECKHUMH pa3Mepamu (opM, KOH-
CTpYKIMEH U pa3MepaMu JUTHUKOB, CIIOCOOAMH 3aIMBKH METaJlIa U JIp.

J1J1s1 TIoITydeHust JINTHIX 3aroTOBOK U3 ciuiaBa BTU-4 ncnonb30Baiy rapHUCAKHYIO TIIAB-
Ky CIIMTKOB YETHIPEXKPATHOIO NeperiaBa B BaKyyMHO-/1yroBoi neun. [lepen ninaBkamu B TUIIIE
FapHUCaXHOU MeYX HABOMIIM TApHUCAXK U3 MOJIEILHOTO crutaBa cuctemsl Ti—12A1-40Nb (% (o
Macce)) TommuHon 35-45 mm. [Iporiecc nmomyyeHus OTIMBOK 3arOTOBOK BKIIIOYAJ: TIPUBAPKY
CIIUTKA K JIEP’KAaBKE U ILICHTPOBKY CJIMTKA B THUIJIE, OTKAYKY II€YHM IO BaKyymMa ¢ OCTaTOYHBIM
nasienueM 0,133 Ila, nnaBky CiIMTKa 3IEKTPUYECKOM TyTOM.

3anuBky xujakoro cruiaBa BTU-4 mpoBoauin HeHTPOOEKHBIM METOJOM, KOTOPBIN
o0ecrieynBall MOJIyueHHE OTIMBOK C MEHBIIMMH JUTEHHBIMU JedexTamu. [lomyueHHble OT-
JMBKU OXJaXJaIMd B BakyyMe B TeueHue 90 MuH. OXJaxxJIeHHbIE OTJIMBKH OTPE3au OT LIEH-
TPAJIbHOTO CTOSIKAa M Iepe/laBajil Ha MECKOCTPYHHYI 00pabOTKy AJii OYUCTKU OTJIMBOK OT
OCTaTKOB (DOPMBI.

Onenky xuakorekyuyectu cmiaBa BTU-4 npoBoaunu Ha crupainbHOM mpoOe Tpe-
YTOJIBHOTO CEUCHHUsI, TTOKa3aHHOHM Ha puc. 1. J{7s OLIEHKH XapaKTepUCTUKH OTIUBAIN 5 TIpoO
U BBIYUCIISUIA Cpe/iHee 3HAaUeHUE JIUHBI 3aJIUTOM crivpaiu. Pa3dopoc JaHHBIX 10 JJIMHE 3al1-
TOM npoOkI He peBbIIa 3%.
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Puc. 1. I'paduroBas ¢popma amst onpeneneHus KUIKOTEKYIECTH B pa300paHHOM BHJIE

Jlunetinyto ycaaky cruiaBa BTU-4 onpenensuin mpu NMOMOIIM CIEIHAATBLHBIX 00pas-
1I0B, 3aJIMBAEMBbIX B CTaJIbHON KOKWJIb. BHYTpEHH:S MONOCTh KOKWIA JJIMHON 296 MM, mpe -
Ha3zHAYEHHas MOJ1 3aJIMBKY 00pasia, nMelna Kpyrioe ceuenne @20 MM ¢ TaKUM yCIIOBUEM, YTO
METaJlJI MPU OXJIAKICHUU UMEET CBOOOJHYIO YCaJKy KaK MO AHMAMETPY, TaK M MO JJIUHE 00-
pasua. [locne oxnaxnenust oOpasel] BRIHUMAIN U3 KOKWISA U 3aMepsITv €ro JUIMHY. BHemHmit
BUJ o0pa3ia AJisi onpe/iesieHus JMHEHHON yca Ky MoKa3aH Ha puc. 2. J{s nomydeHus A0CTo-
BEPHBIX 3HAYCHUI JTUHEHHON ycaaku OTJIMBAIU MO 5 00pa3loB CliaBa U MOJCYUTHIBAIH €€
CpeJHee 3HaUEHUE.

Puc. 2. Buenrnanii Bua obpasia Juisl onpesesieHus INHEHHOH ycaaKu

O6wemuyto ycaaky cruiaa BTH-4 onpenensiu no pazHOcTH 00BEMOB ILIAPOB, 3aJIH-
TBIX B CTAIbHOM KOKWJIb, 1 BHYTPEHHEN MOJIOCTH CTAIbHOTO KOKWIISL, OpopMIIstomelt map.

JI1st mosmy4eHust KOHUEHTPUPOBAHHON yCaJOYHON PAKOBUHBI B LIEHTPE 1I1apa, KOTOPYIO
JIETKO 3aMepHUTh MPH pa3pe3Ke IIapa Mo HauOOJbLIEMY JUAMETPy, UCIIONb30BAIM MaJloe ce-
YeHHe NUTaTeNsd. JTO CAETaHOo s TOT0, YTOOBI BO BpeMsl KpUCTAJUIM3AllMU OH HE MOT TUTATh
KUJKUM METaNIOM 3aJIUThIN 1Iap, TaK Kak MOcie 3aJMBKU MUTAaTeNb ObICTPO 3aCThIBAET U HE
NUTAET OTIMBKY. 3aMep 00beMa 3aJIUTOH apoBOi MPOOKI MPOBOANIN METOJIOM THAPOCTATH-
YECKOT0 B3BEIIMBAHUSA ITyTEM MOTPYXKEHHs IPOOBI B BOJLY C TOCIEAYIOUIMM BbIUETOM 00bemMa
yCcaJlouyHOM pakoBHHBI. Pe3ynbrarsl omnpeaenenus oobemMHoU ycanku crimaBa BTH-4 mpuse-
JIeHBI B Ta0II. 2.
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Tabauya 2
JInTeiiHble cBOICTBA TATAHOBBIX c1aBoB BTSJI, mHTEepMeTaNTHAHBIX
Ti—16Al (% (o macce)) u BTU-4
CaoiicTBa 3HaYCHMS CBOMCTB IS CIUIaBa
THTaHOBOT'O HHTEPMETAITHTHOTO
BT5JI* Ti—16Al* BTU-4
Temmneparypa riasienus, °C 1650 1650 1810
WutepBan kpucramuzaiuy, °C 35 30 50
OObeMHas ycanka, % 3,0-3,2 4,0-4,5 4554
Jlunetinas ycazaka, % 1,0-1,2 1,3-2,5 1,5-1.8
Kunkoreky4ectsb, MM 500 480 240-280
[Ipo6a Ha 3aMmoNHAEMOCTh, MM:
KaHall @5 MM 140 120 100
KaHal @7,5 MM 190 160 140

* CnipaBouHble qaHHBIC [9].

Omnpenenenye TeMIIepaTypHOro HHTEpPBaIa KPUCTAJUIU3AIMH IPOBOIUIN METOJIOM Ba-
KYYMHOT'O IIJIaBJI€HMSI B MIEPEMEHHOM TEMIIEPAaTYpHOM II0JI€ IO CXEME, MPEACTAaBICHHON Ha
puc. 3 [13]. BuaHo, 4T0 HIXKXHUN KOHEI[ 00pa3iia HaXOAWICA B CaMOM ropsdeil 30He Harpesa,
MI03TOMY ATOT y4acTOK ObICTpee HarpeBajics U Ha KOHIE o0pasiia MosBIsIach Karis KUAKOTO
MeTalljia, KOTopast M OIpeessiia TeMIepaTypy JUKBUAYC ciiaBa. [ paHully teMieparypsl co-
JUAYC CIUIaBa OMPEEIIIN 10 MOSABICHUIO KUAKOCTU B BUJIE OTACIBHBIX Kalellb Ha TPaHULe
3epeH. Mcnonb3ys rpaduk pacmpeneneHusl TeMIepaTypHOro MoJisi Mo 00pasily, Onpeaesiu
TEMIEPATYPbI COIUYC U JTUKBUYC CIUIABA.

Temneparypa, “C

BeICOTa Oe9H

Puc. 3. Cxema onpeznencHus TEMIEPATypHOIO0 MHTEPBAIA KPUCTAIUIM3ALMHA METOAOM BaKyyMHOTO
rtaBnenus (Ts, 7, — TeMmeparypa COIMIyC U JIMKBUIYC COOTBETCTBEHHO)

Jnist oNydeHust JOCTOBEPHBIX MapaMeTPOB MPOBOIMIN 5—8 ONpeAeNeHHd U pacCuu-
TBIBAJIM cpejiHee 3HaueHue. Pa3bpoc 3HaueHuil He npesbiman 6—8%. PesynbraThl onpenene-
HUSl MHTepBaja Kpuctajumsanuu 1 cruiaa BTU-4 npencrasnens! B Tadn. 2. Crnenyer ot-
METHUTh, YTO, HECMOTPsI Ha MPOCTOTY ITOr0 METO/a, MOJIyYeHHbIE JaHHbIE 10 TeMIepaTypam
JTMKBUAYC B comunyc s crutaa BTU-4 sBrsitores mpuOIMKEHHBIMA, TIOCKOJIBKY B JKCIIe-
pPUMEHTaX HE YUMTHIBAJIU CHUJIbI MOBEPXHOCTHOTO HATSDKEHUS pacIliaBa, BIUSIONIME Ha (op-
MHPOBaHKE U OTPHIB Karuiu [14].

N3zyuenue 3anonnsemoctd ¢opm ciiasom BTU-4 npoBoawin ¢ MOMOIIBIO 3IIEKTPO-
KOPYHIIOBBIX (hOpM, M3TOTOBJIICHHBIX IT0 BBITUIABISIEMBIM MOJIEISIM, TIPECCOBAHHBIX T'PadUTO-
BBIX (hopM U MeTajunyeckoro Kokuis. IIpoOsl Ha 3amonHseMocTs (puc. 4) UMENu HECKOIBKO
KAaHAJIOB pa3HOro ceueHus AauHOM ~200 mMM. [lorpemHocTh MO CEYEHUIO KaHajla HE NPEBBI-
mana £0,1 mm. Takoil pa3mep kaHana onpeaesnsuics pa3MepaMu OTJENIbHBIX YacTell OTIMBKH,
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Ky/1a MOKHO IOJIBECTHU MUTATENH IS KUAKOTO MeTaiia. B OoJbIIMHCTBE OTIMBOK paccTos-
HUS OT MUTATelIs 10 KOHEYHOW TOYKH JIMTOM 3aroTOBKH He npeBbimain 200 mMM.

Puc. 4. IIpo6a Ha 3anonHIEMOCTh (POPMBI

[Tpu nenTpoOexHOI 3aMMBKe 00pa3Ibl Ha 3aMOJHAEMOCTh pacIoarajiyi Ha OJUHAKO-
BOM PacCTOSHUU OT OcH BpaieHusi, paBHoM 200 MM, O3TOMY JaBlieHHE, OKa3bIBaEMOE Ha
METaJUI, JJIs1 BCEX 00pa3IioB OBLIO OMPEIeICHHBIM H UMEJIO Clieaytoriee 3Hadenue: 2,22 Mlla —
st 100 o6/muH, 8,88 MIla — mis 200 o6/MuH. Pe3ynpTaTsl nccinenoBaHus HEHTPOOSKHON
3aJIMBKM HA 3alOJHAEMOCTh ()OpPM THTAaHOBBIM ciiaBoM BTSJI, nHTEpMETAIUTMIHBIME CIIIa-
Bamu BTU-4 u cucremsr Ti—16Al (% (o macce)) npuBeaeHsl B Ta0II. 2.

W3 nonmydeHHBIX TaHHBIX BHUIHO, 4To ciuiaB BTU-4 mmeer Oosiee HU3KHUE TUTCHHBIC
xapakTepucTuk — Ha 40% Oouiblie 00bEMHYIO ycaaKy, Ha 44% MeHblIe KUIKOTEKY4eCTh U
Ha 26—28% MeHbIIe 3aroaHsAeMOCTh (JOPMBI TI0 CPAaBHEHUIO cepHifHbIM criaBoM BTSJI. M-
TepMeTALTHIHBIN criaB cucteMbl Ti—16Al (% (1o mMacce)) Mo CBOUM JIMTEHHBIM XapaKTepH-
CTHKaM 3aHMMaeT TPOMEXYTOUHOe TmoJjokeHne. OTMEUYeHHbIE HEJOCTaTKH JIMTEHHBIX
cBoiict criaBa BTU-4 [15, 16] cBsizaHbl ¢ psiioM (HaKTOPOB — MOBBILMICHHOH TeMIIepaTypoi
wiasnaenus (Ha 150°C Oombiire, yem y Ti), IIMPOKKMM HHTEPBAIOM KpHCTaUiM3anuu (Oosee
20°C) 1 BBICOKHUM MOBEPXHOCTHBIM HATS)KEHUEM paciljiaBa, KOTOPBIH COJAEPKHUT AIIEMEHTHI C
BBICOKUM TTOBEPXHOCTHBIM HATSHKEHUEM:

DnemMeHT Ti Nb Mo Zr
[ToBepxHocTHOE HaTsmKeHUe, MH/M 1390 2150 1915 1400

-~

Puc. 5. Jledexrorpamma OTJIMBKY B BUE ILIUTHI TONMIMHON 40 MM u3 crutaa BTU-4
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JlJisg OLIEHKM KaudecTBa OTIMBOK OOpa3loB MPOBOAMIU PEHTI€HOBCKYIO Ie(eKTOCKO-
MIUIO — BBISBIICHBI TUITMYHBIC Ee(EKTHI JIUThS: yCaaouyHas paKOBHHA U COCPENOTOYCHHAS I1O-
PHUCTOCTh, KOTOPbIE MIOKa3aHbl Ha puUC. 5.

Hccnedosanue makpo- u MUKpOCmMPYKmypol TUMBIX 00pa3y06
UccnenoBanme MakpOCTPYKTYphl OTJIMBOK MPOBOJMIA HA TEMIUIETAX, BBIPE3aHHBIX B
MPOJOJILHOM HAINpPaBICHUU OTJIMBOK. MaKpOCTPYKTypa OTIMBOK B TOJICTBIX U TOHKHUX Ceye-
HUAX MMOKa3aHa Ha puc. 6. Paamep makposepHa B ceuenuu 40 mm coctasisui 1500-2500 Mk,
a B ceuenun 10 mm usmensica ot 500 no 1000 MkM.

TS
14102

B

Puc. 6. Makpoctpykrypa (x1) ctyneHdaToii otnuBky u3 crasa BTH-4

HccnenoBanne MUKPOCTPYKTYPBI JIMTHIX OOpa3LOB MPOBOJIWIM HAa ONTHYECKOM MUKpPO-
ckore ripu yBemmuennu x500. McxoaHas MUKpOCTpyKTypa JinToro obpasia ceuenrueM 10 Mm mo-
Ka3aHa Ha puc. 7. JIuTas MEKpPOCTPYKTypa B 5TOM CEUYEHHH NPECTaBIICHA KPYITHBIM [3-36pHOM
pasmepamu 500-1000 MKM U TOHKMMHU c(hepUUECKHMMHU BBIIEICHUSMHU BHYTpU 3epHa. Ormpe-
JIEJIUTh TOYHBIM pa3Mep 3THUX BBIJICICHUN HE IPEJICTABISIETCS BO3MOXHBIM, TOCKOJIBKY CTPYK-
Typa sIBJIIETCs 3aKaJeHHOW (IpUOIU3UTENbHAsE CKOPOCTh OXJIAXKICHHUS JaHHOTO y4acTKa Co-
craBnsuta 300°C/c) u He oOecrieunBaeT TOYHBIX 3aMEPOB AIEMEHTOB CTPYKTYpbl. OpueHTHpPO-
BOYHO Pa3Mephl 3TUX BbIACIECHUHN COCTaBIUIN 15 MKM.

Puc. 7. MukpoctpykTypa (X500) TUTOr0 HCXOJHOTO MaTepHraia

Jl11s ycTpaHeHUs MUKPOIIOP U TOJAMOBEPXHOCTHBIX JEPEKTOB JIUTHIE 3aTOTOBKH U3 Ce-
prIHBIX W MHTCPMECTAIUIMAHBIX TUTAHOBBIX CIUIABOB MOABCPIrarOT ropsa4eMy H30CTATHYCCKO-
my nipeccoBanuto (I'UII) mpu TemmnepaTypax HUXE TeMrepaTypsl TOTUMOP(HHOTO MpeBpaile-
Hust (Ty,). Onepanuto TUIT muThix 3aroToBok u3 ciutaBa BTU-4 mpoBoawin Ha yCTaHOBKE
Quintus-16. TunuyHass MEKPOCTPYKTypa MaTepuaja mpejacTaBicHa Ha puc. 8. BuaHo, 4to B
obpasmax nocie ['MII He oOHapyXMBaeTCs MUKPOMOPUCTOCTh, HO COXPAHSAETCS ycaJodHas
pakoBHHA M cocpenoToueHHas nopucrocts. [locie ob6paborku I'MIT pazmepsl nepBHUHOTO
-3epHa HEe M3MEHSIOTCS, OJIHAKO OTMEYEHO YBEJIMYEHHE Pa3MEPOB BHYTPHU3EPEHHBIX BBIJE-
neHuit — 10 5—10 MKM, KOTOpBbIE UMEIOT B OCHOBHOM cepuueckyro popMy. Takoe n3MeHeHue
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MUKPOCTPYKTYpBl 00BsicHsieTcs TeM, uto ['MII crutaBa BTU-4 npoBommnu B TpexdazHoit
B+opTotay-obmactu, a Temmnepatypa ogHO(Ma3HONW 00NAaCTH, MPU KOTOPOH PE3KO BHIPACTACT
3epHo, cocraisier 1125°C [17].

73

~

Puc. 8. Mukpoctpykrypa (x500) nuroit 3aroroBku ceuenueM 10 mm mocne I'MIT

UccnenoBanue nutelnbix xapaktepuctuk craBa BTU-4 moka3zano, 4to miis nomyde-
HUS JIMTBIX 3arOTOBOK U JETalled MOXHO HCIIOJb30BaTh CYIIECTBYIOIINE TEXHOJIOTHMU rapHHU-
Ca)KHOM IJIABKH U TUIaBWIIbHOE 00opynoBanue — ayroseie neun OKB 833 /1, koropsie obecne-
yuBalOT neperpes pacmiasa Ha 100—150°C Beliie TemMneparypsl TMKBUAYC.

Jl1st coxpaHeHHs TeMIIepaTyphl pacijiaBa M yIy4dIIeHUs KUIKOTEKYUeCTH TIPH 3aJIUB-
K€ MeTayljia B (JOPMBIL, JIUTHUKOBBIE CHCTEMbI NMUTATENEN JOHKHBI UMeTh Ha 25-30% yBenu-
YEHHbIE IUIOAU CEYEHHUI.

[Ipu mony4eHHH TOHKOCTEHHBIX OTJIMBOK I[€JIECOO0Pa3HO MCIOJIb30BaTh LIEHTPOOEK-
HYIO 3QTHBKY (OpM, 00SCIICUNBAIOIIYIO 33 CYET IPAaBUTANMOHHOTO A (dekTa mydniee 3amoii-
HEHUE UX XUIKUM MeTaiioM. [Ipu onTUManbHbIX MapameTpax [eHTPOOeKHOU 3alMBKH (pac-
CTOSIHHE OT OCH BPAIICHHUS M ONTUMAIBHOE YUCIO 000POTOB) BIMSIHME MaTepruaia GopMbl Ha
€€ 3aMoJIHAEMOCTh Oy/IeT YMEHbIIAThCS.

B kadecTBe KapJAMHAIBHBIX MEP MO MOJYYCHHIO KaYECTBEHHBIX OTJIIMBOK M3 MHTEpMeE-
TaJUTUHBIX TUTAHOBBIX CIIJIABOB HApAy C IIEHTPOOEKHON 3aIMBKOM 11e1eCO00pa3HO UCIOIb-
30BaTh IMOJOTPEBAEMbIE JINTEHHBIE (POPMBI, KOTOPBIE COXPAHAT >KHIKOTEKYYeCTh CIUJIaBOB,
obecrneyar Jyylliee WX 3allOJIHEHHUE U TO3BOJIAT CHU3UTh TEPMUUYECKUE HANPSHKEHUS, BO3HU-
KaroIUe TPH OXJIAKIEHUU OTIIUBOK.

3akiro4yeHusn

Onpenenensl TUTEHHbIE XapaKTEPUCTUKU HHTepMeTaunaHoro cimiaBa BTU-4 npu-
MEHMTEIBHO K BaKYyMHO-JyTOBOM TapHHCAaXHOM Me4YH ¢ LEHTPOOEKHOH 3aJIMBKOM pacruiaBa
B KEpaMHUECKHE UM METaUINYECKUEe (POPMBI.

YcTaHOBIEHO, YTO MHTEpMETAUIMAHBIN crinaB BTU-4 umeer Hu3kue nnTeiiHble Xa-
PaKTEpUCTUKH 1O cpaBHeHUIO co cruiaBoM BTSJI: Ha 40% Oosblie 00beMHYIO yCaaKy, Ha
44% meHbllIe KUAKOTEKYy4YeCTh U Ha 26—28% MeHbIlIe 3a10IHIEMOCTb (DOPMBI.

Jlia mosyuyeHusi Ka4eCTBEHHbIX OTJIMBOK U3 ciuiaBa BTU-4 HeoOxonuMo Hcmonb3o-
BaTh 00OpyAOBaHUe, JolycKaromee neperpes paciuiasa Ha 100—150°C Beie tremmnepaTtypsl
JUKBUJYC, @ TAaK)KE UCIOJIb30BATh M0I0IPEBAEMble KEpAMUUYECKUE JTUTEHHbIE (POPMBI, B KOTO-
pBIX o0ecrieunBaeTcsl BBICOKAsl 3aNOJIHSIEMOCTh U YCTPAHSIOTCS TEPMUUYECKHE HANpPSKEHHS
IIPU OXJAXKI€HUH OTJIMBOK.

[Tony4yennsle nuTeliHbIe XapakTepucTuku craBa BTHU-4 Moryt ObITh HCIIOJIB30BaHBI
TSl pa3pabOTKH OMBITHOW JTUTEHHON TEXHOJIOTHH TIPOU3BOJICTBA M3 HETO JCTAJICH.
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YK 621.791
JLU. Hapwykoel, D.3. 1 uﬂbmymauﬁoez

IJIEKTPOHHO-JIYYEBAS CBAPKA
N JIOKAJIBHASA TEPMOOBPABOTKA
CBAPHBIX HIBOB U3 KAPOITPOYHBIX CIIJIABOB

DOI: 10.18577/2307-6046-2017-0-5-3-3

Hccnedosanvl nonss memnepamypvl U HANPAJICEHUL, ONpeoeleH XUMU4YecKuli cocmas,
CMPYKMYypa U Mexanuueckue CE0UCmEa CEAPHbIX COCOUHEHUll JICAPONPOUHbIX CHIAB08 HA
HUKeNe8ol OCHO8e NOCie 3IeKMPOHHO-IYYegoll ceapku. Paboma evinonwena 6 pamkax
peanuzayuu KomnjiekcHozo Hayunozo Hanpasnenus 10.8. «Texnonocuu ceapku nnagneHuem
HOBbIX KOHCMPYKYUOHHBIX —Mmamepuanogy («Cmpamezuueckue HanpasieHus pazeumus
mMamepuanos u mexuonoautl ux nepepabomxu va nepuod oo 2030 cooa») [1].

Knroueesnle cnosa: scaponpounvie oucnepcuonto-meepoerowue cniagvl (XH45SMBTIOBP u
XH50BMTIORE), snexmponHo-y4esds ceéapkd, JNOKAAbHASL MepMoodpabomKa, CEapHoOU uios,
MexarudecKue ceolicmad.

We studied the temperature field and stress determine the chemical composition, structure
and mechanical properties of welded joints of heat-resistant nickel-based alloys after electron
beam welding. The work is executed within the frames of the complex scientific direction 10.8.
«Fusion welding technologies of new structural materials» («The strategic direction of devel-
opment of materials and technologies of their processing for the period till 2030») [1].

Keywords. heat resisting age-hardening alloys (XHASMBTIOEP and XH50BMTIOEF), €lec-
tron beam bonding, local heat treatment, welded seam, mechanical properties.

'denepanbroe rocymapcTBeHHOE YHHTapHOE HpeampusTHE «BcepoccHiickuil HayqHO-HCCIEI0BATEIbCKHIL
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» ['ocymapcTBeHHbIH HayuHbIi eHTp Poccuiickoit enepaunu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru
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Beenenne

B sHepretnueckoM MamIMHOCTPOEHUH IIUPOKO NMPHUMEHSIOTCS CIOXKHOJIETUPOBAHHBIC
CIUIaBbl, O0JIQAAIONINE BBHICOKMMHU SKCIUTyaTallUOHHBIMM CBOMCTBAMH: apONPOYHOCTHIO U
)KapocTorkocThio [2—11]. K HMM OTHOCATCA >KapOoNpOYHbBIC TUCIIEPCHOHHO-TBEP/ICIONINE
CIUIaBbl, OCHOBOM KOTOpPBIX SIBISETCSI HHUKENb. M3-3a CIOKHOTO XMMHUYECKOTO COCTaBa OHU
YYBCTBUTEIbHBl K TEPMHUYECKUM BO3JIEHCTBUSAM, TakuM Kak cBapka [12—15]. IlpaBunbHbIi
BBIOOp TEMIIEPATypHOTO PEXHUMa CBApKU M MOCIEAYIOIIel TepMUIecKoil 00pabOTKH CBapHBIX
COEIMHEHUH, UX COOII0/IeHnEe O0ecreuynBaeT MOJy4eHHE 3aJaHHBIX MEXaHWYECKHUX CBOMCTB
KOHCTPYKLMH.

MotiHble TEMI0BbIE BO3JECHCTBYS, CBSI3aHHBIE C pacIIaBIeHUEM MeTajuia npu GopMHu-
POBaHMM CBapHOIO IIIBA, BBI3BIBAIOT H3MEHEHHs COCTaBa, CTPYKTYPBl, HANpPSIKEHHO-
ne(OpPMUPOBAHHOTO COCTOSTHUSI B CBAPHOM IIBE M B 30HE TEPMUYECKOIO BIMSHUSA, YTO BIEUET
3a 000l CyIIeCTBEHHOE M3MEHEHHE MPOYHOCTH M IIACTUYHOCTH CBAPHOTIO COEAMHEHUS IO
CPaBHEHHMIO C OCHOBHBIM MarepuayioM. s obecrieueHuss KOHCTPYKIIMOHHOM HPOYHOCTH
CBapHOTO COEAMHEHUS TNPHUXOJUTCS HCKaTh PEKUMBI CBAPKM M JAajbHEWIIed o00paboTKu
CBApHBIX IIBOB >KapONPOYHBIX MaTepHAIOB. J[aHHBIM IMOAXOA OTKPBIBAET BO3MOXHOCTH
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HCTIONIb30BAHUSI pAacCMaTPUBAEMbIX CIUIaBOB B PEMOHTHBIX paboTax, KOrjaa IeinecooOpasHo
ObUTIO OBl 3aMEHHUTh U TEPMUYECKU YIPOUYHHUTH KaKOW-THOO y3el, BBIMIEAIINI U3 CTPOs, OT-
JIeTIbHO, He 00pabaThiBasi BCIO KOHCTpyKuuIo. /lanHast paboTa HampaBiieHa Ha MCCIEJOBaHHE
CBAapHBIX COCTUHEHUH, CBAPEHHBIX 110 COCTAPEHHON OCHOBE, YTO UMEET OOJIBIIOE IPUMEHEHHE
B CBSI3M C TEM, YTO TOSBISETCSI BO3SMOKHOCTh COCTAPUTh KOHCTPYKIIMIO HE BCIO LIEJIIMKOM, a He-
OOJIBIIIMMU YaCTSIMH, YTO CYIIECTBEHHO YACHIEBIISIET CTOUMOCTh BCE KOHCTPYKIIMH B IIETIOM.

Martepuajibl 1 METOABI

HccnenoBanust Ha cBapUBAeMOCTb >KAPOIPOYHBIX TUCIIEPCUOHHO-TBEPICIOIINX CILjIa-
BoB Mapok XH45MBTIOBP u XHS50BMTIOb BeIONHSIM Ha TEXHOJIOTMYECKHUX 0Opasiax
(rutactunbl 100%200%2,5 mm mis crutaea XH45SMBTIOBP u mmactunber 100x200%2,0 MM st
criaBa XHS50BMTIHOB).

DnexTpoHHO-Ty4yeBas cBapka (DJIC) u mocneayromas ynpo4Hsonas jJoKajlbHas Tep-
Moo0OpaboTtka (JITO) mpoBeneHbI AIEKTPOHHBIM JTy4OM B Bakyyme Ha yctanoBke DJIYPC-M,
ocHameHHou arperarom OJIA-50/5M u cucTeMoOil NpOrpaMMHOTrO YIpaBiieHHWs Ha 0ase
ycrpoiictBa UITY «Masik-42». XuMudeckuil coctaB 00pa3lioB ONpPENEIeH METOIaMU PEHTIe-
HOBJIEKTPOHHOM CHEKTPOCKONUHU U BTOPHUYHO-MOHHOW MACC-CIIEKTPOMETPUU HA CIIEKTPOMET-
pax 3C-2401 u MC-7201M.

MuxkpotBepaocts usmepsiiu npudopom I[IMT-3. HccnenoBanus MHKPOCTPYKTYP
BBITIOJIHSUIM € TTIOMOIIBbIO MUKpockoria MMP-4.

[IpeaBapuTebHyl0 OLIEHKY PEXUMOB CBapKd M JIOKAIbHOW TEPMOLUKINYECKOU
00paboTKN pacPOKYCUPOBAHHBIM 3JEKTPOHHBIM JIydOM CBApHOTO IIBAa MPOU3BOJIWIH IIPHU
MIOMOILIA IIPOrpaMMbl pacueTa TEMIEPATYPHBIX MOJEH B IJIACTUHE MPU JABUTAKOLIEMCS IO
MOBEPXHOCTHU JIOKATHHOM UCTOYHUKE TEILIA.

Pe3ynbTaTsl 1 00cy:KI1eHNE

IIpoBenensl MeTamiorpadguueckue uccieaoBaHust 00pas3loB U3 CBAPUBAEMOT0 MeTall-
Jla U CBapHBIX 1IBOB, cBapeHHbIX DJIC.

Caapuble mBbl U3 cimaBoB Mapok XH45MBTHOBP u XHS0BMTHOB noasepraytel
MITaTHON M30TepMuueckoil tepmoodpadoTke (TO), pexomenmoBanHoit TY14-1-1059-74 u
TY14-1-1052-74 cOOTBETCTBEHHO.

Pexum TepmooOpadoTku B kamepHoii neun CHO 4.8.2,5/10 B cpene aprona amis cruia-
Ba Mmapku XH45MBTIOBP Bxmroyai:

— 3akanky npu temrepatype 1030°C;

— crapenue npu temnepatype 800°C B TeueHue 5 9 ¢ 0XJIaKI€HUEM Ha BO3/1yXE;

— HU3KOTeMIepaTypHoe crapeHue npu temmneparype 710°C B teuenue 15 4, oxnaxaeHue
Ha BO3/YyXE.

Pexxum TepmooOpaboTku 1 crimaBa Mmapku XH50BMTIObB Bxutrouan:

— 3aKaJIky B 3JekTpoBakyymMHo# neun COB 3.3/11,5 npu temnepatype 1140°C B TeueHue
1 g

— crapenue B kamepHoit neun CHO 4.8.2,5/10 npu temneparype 900°C B cpene aprosa B
TedeHue 16 4 ¢ oxJakJeHUEM Ha BO3yXe€.

ITockonbKy CBapHOE COEIMHEHHUE, NOJYYEHHOE CBAPKOM IO 3aKaJEHHONW OCHOBE HC-
CJIETlyeMbIX CIJIaBOB, MPAKTUYECKOTO MPUMEHEHUsI HE UMEET U HCIIOJIb3YETCsl TOJIbKO IOCIie
o0rielt M30TepMUYECKOi 00pabOTKU BCETro CBAPHOTO y37a, TO JajbHeline padoThl Hampas-
JICHBI Ha UCCIIEIOBAaHUE CBAPHBIX COSAMHEHMI: ISl MPAKTHUECKOro MPUMEHEHUSI — CBapKa 1o
COCTapeHHOMY MeTaJuly C JajbHeiei mokanpHo#i 1 obmieit TO cBapHOTroO mIBa.

Muxkpoctpykrypa ocHoBHOro MeTaiuia Mmapku XH45SMBTHOBP (puc. 1) npeacrasnser
coOOM KEIe30XPOMOHUKENEBbI ayCTEeHUT C BEIMYMHOM 3epHa, paBHOM 8 Oamiam
(TOCT 5639-822), B KOTOPOM HaXOMASTCS BBICOKOJIMCIIEPCHBIE BBIJICICHUS C TBEPAOCTHIO
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H100234-239. Makpoteepaocts paBHa 89-90 HRB (1179-1184 HB), uyto cormacHo
PTM3-1947-91 cooTBeTcTBYET Ipeeny npoyHocTH He 6osee 650 MITa.

Ha puc. 2 mpencraBieHa MakpoCTPYKTypa CBAapHOIO COEIUHEHHS KapOIMpPOYHOIO
criaBa Mapku XH45MBTHOBP nociie DJIC no 3akanennoi ocHoBe u mrarHoi TO. Illos ¢
30HOH Tepmuueckoro BiusHUA (3TB) umeer nonepeynsie pazmepsl 2,82 M.

MuKkpocTpyKTypa CBapHOTO COEIUHEHUS — JIuTas (puc. 3), U3 3epeH TBEPAOIO pacTBO-

Ppa BBIACITUINCH YIIPOUYHAIOIINC (1)3351 II0 TpaHulaM 3CpEH. Cpez[Hee 3HAYCHHUE MUKPOTBEPI0-
CTH H2002351,6.
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Puc. 1. MuxpocTtpykTypa (><300) OCHOBHOTO MeTalIa CIuIaBa Mapku XH45MBTIOBP B 3akanen-
HOM cocTosiHiH ¢ TBepaocThio 89—90 HRB (1179-1184 HB)

Puc. 2. Baemnuii Bua (X9) cBapHOro coeAnHeHus xapornpoyHoro criaBa Mmapku XH45SMBTHOBP,
BBIIIOJIHEHHOT'O 3JIEKTPOHHO-JIY4EBOM CBAPKOH 110 3aKaJ€HHOW OCHOBE, ITOCIIE 3aKAJIKU U CTapeHUs 110
LITATHOHM TEXHOJIOTHU

PI/IC 3. Mukpoctpykrypa (x300) cBapHOTO coenuHeHHs (@) ¥ TPaHUIIbI CILIABJICHUS CBAPHOTO IIBa
(6) crmaBa mapku XH45MBTIOBP, BBIIOIHEHHOTO 3JIEKTPOHHO-IYYEBOW CBApKOHM IO 3aKaJICHHOW
OCHOBE, TTOCJIE 3aKaJIKA U CTAPEHHS M0 MITATHON TEXHOJIOTUN
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I'panuia crmaBieHust Ha puc. 3, 6 — YeTKasl, C BBIICICHUSAMHU YIPOYHSIONIMX (a3 1o
rpaHuiaM 3epeH. MukpoTBepaocTh uMeeT 3HadeHue Hopo=339-359. B 30He Tepmuueckoro
BJIMSIHASL HAOJFOMAIOTCS 00JacTH: TIOJHOM, YaCTUYHOW NEPEeKPHCTALIM3AIMA U 3aKaJIKH.
CTpyKTypa COCTOMT W3 KPYIIHBIX 3€PEH TBEPIOTO PACTBOPA, YIPOUYHEHHBIX BBIICICHUSIMHU
KapOMJIOB O TEJIy U TPAHUIIAM 3EpPeH.

Ha puc. 4 u3oOpaxkeHa MHKPOCTPYKTYpa OCHOBHOTO METajula M3 CIUIaBa MapKH
XH50MBTIOB B 3akaneHHOM cOCTOSSHUU. MUKPOCTPYKTypa CIIaBa B 3aKAJIEHHOM COCTOS-
HHH COOTBETCTBYET TBEPJIOMY PAacTBOPY, B KOTOPOM PAacTBOPEHBI BCE YIIPOUHSIOIINE (a3bl, C
tBepaocThio 89-90 HRB (1179-1184 HB), uto, cornmacio PTM3-1947-91, cooTBercTBYyeT
npezneny npounoctu He 6oxee 1000 MI]a.
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Puc. 4. Muxkpoctpykrypa (x300) ocHOBHOTO MeTaia criaBa Mapku XHS50BMTIHOB B 3akanennom
cocrosiHuM ¢ TBepaocthio 89-90 HRB (1179-184 HB)

Ha puc. 5 mpencraBieHa MakpOCTPYKTypa CBapHOTO COCAMHEHUS KapOIPOYHOTO
crutaBa Mmapku XHS0BMTIOB, BeinosnnenHoro 2JIC Takxke 1o 3akajleHHOW OCHOBE, HO C I10-
CIEYIONIEH 3aKaIKOW M CTapeHHeM IO ITATHOW TEXHOJIOTUU. 30Ha TEPMHUYECKOTO BIIHSHH
IIBa, CBAPCHHOT'O JJICKTPOHHBIM JIy4OM, UMEET IMOIMEPEYHbIe pa3Mephl 3,5 MM. MUKpPOCTPYK-
Typa IIIBa, CBAPCHHOTO 3JICKTPOHHBIM JTy4OM, UMEET IJIOTHOE JICHAPUTHOE CTPOCHHE C TBEP-
noctbio Higp=276. I'panunia crnaBieHUs UMEET IUIaBHBIA MEpexoj] K 30HE TEPMHUYECKOTO
BIIUSTHUS, €€ MUKPOCTPYKTYpa TOHKasi 0€3 YTOJIICHHS TPaHUIl 3epeH. MUKPOTBEPIOCTh Tpa-
HUILBI CIUIABIIEHUS UMeeT 3HaueHne H1gp=268-276.

Puc. 5. Buemnnit Bua (X9) cBapHOro coenuHEHHs x)apomnpodHoro ciuiaBa mapku XH50BMTIOB,
BBITIOJTHEHHOT'O AJIEKTPOHHO-ITY4YE€BOM CBApKOM IO 3aKaJI€HHON OCHOBE, MOCIE 3aKAIKU U CTApEHUs 10
IITaTHOW TEXHOJIOTUU
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B 30He TepMu4eckoro BIMSHMS HAOMIOAAETCS 00JIACTh MOJHOW MEepeKpUCTAIN3ALUN
C MHUKPOTBEpA0CThI0 H100=266 M BENIWYMHON pEeKpPHCTAIIMN30BAHHOTO 3epHa 6—7 0ayUIOB MO
I'OCT 5639-82.

MHUKpPOCTPYKTYypa CBapHOTO COEAMHEHUs — uTas (puc. 6, a), cocrosas U3 JeHApH-
TOB TBEPJIOTO PAacTBOpPa HA OCHOBE HHUKEJISl ¥ TUCIIEPCHBIX 36PHUCTHIX BBIICICHUH KapOUTHBIX
(a3, paBHOMEPHO paclpe/ielIeHHbIX B 00beMe MeTallla 1IBa.

Ha puc. 6, 6 npencraBiieHa rpaHMLa CIUIABJICHUS C BBIJEIECHUAMU KapOUIHBIX (a3 1o
rpaHuLlaM 3€peH, JEHAPUTOB, CO CPEIHUM 3HaueHHEeM MukporBepiaoctu Hopo=283. B 30He
TEPMUYECKOT0 BIUSHUS HaOII0Aat0TCsA 00JaCTH MOJIHOM, YaCTUYHON NMEepeKpUCTAIUIM3aLUU U
3akanku. CTpyKTypa OKOJIOIIOBHOM 30HBI IIPEACTaBIAET COOOM 3epHA TBEPJOro pacTBOpPA HU-
KeJsl ¥ BBIJENCHHsS KapOUAHBIX (a3 B TeJe W MO TpaHHULaM 3epeH. MUKPOTBEpAOCTh UMEET
3HAYECHUE H2002278—288.
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Puc. 6. MHKpOCprKTypa (x300) CBapHoro coexuHCHNs () 1 I‘paHI/ILILI CIUTABIeHNS CBapHOTO IIIBa
(6) crutaBa mapku XHSOBMTIOB, BBIMOJHEHHOTO 3JI€KTPOHHO-TYYE€BOM CBAPKOW 10 3aKaJICHHOU OC-
HOBC, IIOCJIC 3aKaJIKH U CTapCHUA 110 IITAaTHOMN TEXHOJOTUH

Pacuer HampspkeHHO-1€(DOPMUPOBAHHOTO COCTOSHMSL B PAaMKax  CTPYKTYpPHO-
AQHAIUTUYECKON TEOpUM MPOYHOCTH [16] ¢ ydyeToM aKTHUBHOM IJIACTUYHOCTH, MOJN3Y4YECTH,
TG Py3MOHHON MOA3yUYeCTH, peslaKcallui HalpsDKeHUH 1oKa3al, YTo Kak B pe3ysbTare cBap-
KM, TaK ¥ MPU CTAPEHUH B CBAPHOM LIBE, BOSHUKAIOT MEXaHUYECKHE HANpSKEHUs, COIOCTa-
BHMBIE C IIPEJIETIOM IIPOYHOCTH.

N3MeHeHns XMMUYECKOr0 COCTaBa U CTPYKTYpPHI, HAJIMUUE OCTATOUHBIX HANPSKEHUMN
Y BBICOKOH TUIOTHOCTH TOYEUYHBIX JIe()EKTOB BIUSIIOT HAa TEMIIEPATypHbI HHTEPBaJ, KHHETUKY
U ToclieIoBaTeabHOCTh npeBpaiieHuit npu DJIC mBoB. Beicokas miaoTHOCTH A€(PEKTOB, CO-
3/IaHHBIX MPH IIACTUYECKOHN Ae(opMaliuy, U HaIWYhe OCTaTOYHBIX HANPSDKEHUH CyIlecTBeH-
HO YCKOPSIIOT TIPOLIeCC BbIACNICHUs yrpouHstomux ¢a3 B ceapHoM mBe. Ctangaptaas TO 1o
peKMMaM, yKa3aHHBIM paHee, NpUBea K JOCTHKEHUI PABHOBECHOM CTPYKTYpBl MaTepHualla
1IBa, KOTOpasi aHAJIOTUYHA CTPYKTYPE COCTApEHHOr0 MaTrepHasa 0e3 1IBa.

B nanHoil paboTe MeTOoJaMM PEHTI€HORJIEKTPOHHOM M OXe-3JeKTPOHHOU CHEeKTpO-
CKOIIMU M PEHTT€HOCTPYKTYPHOI'O aHaIM3a MCCIEIOBAHbI CTPYKTYpHO-(Pa30BO€ COCTOSHUE U
xumuueckui cocrtas cruiaBoB Mapok XH45SMBTIOBP u XHS0BMTIOB B cocrosinum nocras-
K1 (METaJUTMYECKHE TIACTUHBI) U UX HIBBL, osydyeHHble DJIC.

PeHTreHocTpyKTYpHBIE MCCle0BaHMs BbIMoNHEHbl Ha audpaxTomerpe IPOH-3M c
ucnonb3oBanueM Cu Ky -m3myueHus. Pe3yiapTaTel SKCIEPUMEHTOB 00pabOTaHBI C HCIOIB30-
BaHMEM IIPOTrPaMMbl aHAJIN3a CTPYKTYPHO-(PA30BOTO COCTOSTHHSL.

Jlanee mpencTaBiIeHbl Pe3yJbTaThl PEHTIEHO(A30BOr0 aHanM3a 0O0pa3lOoB U3 CIUIABOB
mapok XH50BMTIOb n XH45MBTIOBP.
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Cnnas mapku XHS0BMTHOB. U3 nonydeHHBIX pe3ysIbTaTOB CIAEAYET, YTO MaTepual
ocHOBBI cocTouT U3 (asbl cucrembl Ni—Cr—Fe (TBepablii pacTBOp), B KOTOPOH COACPIKHTCS
BTOpas MeikoaucrnepcHas (asza cuctrembl Fe-Cr—Mo(W) B konuuectBe — 10 4% (00beMH.).
Marepuai mBa B COCTOSHHH ITOCJIE CBapKU — 3TO (aza Ha ocHoBe cucteMbl Ni—Cr—Fe — 6osee
KpYIMHOOJIOUHAst ¢ OOJIBIIMM IMapaMeTpoM pemieTKd. TepMOIMKIMpPOBaHUE IIBA MPUBEIO K
U3METBYCHUIO CTPYKTYPBI 10 COCTOSIHHSI, XapaKTEPHOT'O JIJIsl COCTAPEHHOT0 MaTepuaia OCHO-
BBl. BTOpas ¢aza Ha nudpakrorpamme nmpociexuBaeTcs ¢iado u T (a3bl He UASHTUDHUITN-
pyercs. Lo, cocrapenHslii BMecTe ¢ ocHOBOH (ctanmaptHas TO), mo ¢a3zoBomy cocraBy
aQHAJIOTMYEH MaTepuandy B COCTOSIHMM MOCTaBKH. TakuMm 00pa3oM, CTPYKTypa CBapHOTrO IlIBa
OoJiee KPYITHOAMCIICPCHAS U MPEICTaBiIsIeT co00i TBepablii pacTBop Ha ocHoBe Cr—Ni. Ilpo-
BepeHHas nukinyeckas TO mpuBena K U3MENbUYEHUIO CTPYKTYPHI, HO 00pa3oBaHUsl BTOPBIX
¢da3 He 0OHAPYKEHO.

Cnnas mapxu XHASMBTIOBP. Marepuan nocraBku crutaBa Mmapku XH45MBTHOBP —
nByX(a3Hblil, OTHOCHTEIBHO MEJIKOOIOUHBIH, OCHOBa — (haza cucremsl Tuna Fe-Cr-Ni. Bro-
past, ynpounsiomias ¢asa — tuna NigMO. Marepuan B BepiuuHe IiBa 10 HUIH(OBKH TaKkKe
nByX(a3Hbli, ¢ MEHBIIECH 10Jeil BTOPOii (ha3bl M0 CPABHEHUIO C MAaTEpUAIOM MOCTaBKH. Ta-
KM 00pa3oM, B BEpPIIMHHBIX OOJACTSIX IIBA B MPOIIECCE €r0 OCTHIBAHMS MPOU3OILIO YIIPOU-
HEHHE C BBIJICJICHUEM BTOPOH (ha3bl, HO CTPYKTypa cTaja KpynHoosouHou. [locne mummpoBku
BEPIIMHBI IIBA — MaTEPHaJ IIBa CTAI 0OJHO(A3HBIM, 00JIe€ MEIKOAUCIIEPCHBIM.

B nenom ctpykTypHO-(ha30BO€ COCTOSHUE CBAPHBIX IIIBOB OTJIMYACTCSI OT COCTOSHUS
MaTepuaia noctaBku. Pasmepbl 0J10KOB KOr€peHTHOTO paccessHUsl B OCHOBHOM MaTepuaie 00-
Jiee 4yeM B 2 pasa MPeBbIIIaloT pa3Mepbl OJIOKOB B IIBE.

XUMUYECKHE COCTaBbl OCHOBHOTO MaTepualia i CBAPHOTO I1BA UCCIIEI0OBAaHBI METOJIOM
Oske-2JeKTPOHHO! criekTpockonuu Ha crekrpomerpe JAMP-10s (dpupma Jeol). Uccnenosa-
HUSl TIPOBEJCHBI B MPUIIOBEPXHOCTHBIX OOJACTSAX IUIACTHH TMOCJIE TPABJICHHS MOBEPXHOCTH
MOHaMU aproHa ¢ 3Heprueii 3 k3B B TeueHue 3 MUH CO CKOPOCTBIO TPaBJICHUS 3,5 HM/MUH.

OCHOBHBIMU KOMIIOHEHTaMHU MaTepuaia B COCTOSHHHM TIOCTaBKH CIUIaBa MapKu
XH45MBTIOBP sBnsitorcs HUKeENb, XpOM M kene30. M3 nerupyromux KOMIOHEHTOB B HC-
CJIEZIOBaHHBIX TPHUIIOBEPXHOCTHBIX CJIOSAX OOHapykuBaercss MoiubzaeH. [TpumoBepxHOCTHAS
00J1aCTh COAEPIKUT YIICPO, a30T U KHCIOPO/I, BBIICTUBIIHICS U3 CJIOS OKCUIOB.

Kak u y crutaBa mapku XHS0BMTIODB, 30Ha miBa He3HauuTeNlNbHO oOoraiieHa Xpo-
MOM, KE€JI€30M U MOJMOJEHOM. YTIEepo ] B IPOLECCE CBApKH BBIFOPAET 10 MUHUMYMa. B 060-
uX cllyyasx HaOlroaeTcs NpUucyTcTBUe a3oTa. B otnmune ot crutaBa mapku XHS50BMTIOB,
MOBEPXHOCTh MIACTUHBI U3 cruiaBa Mapku XH45MBTIOBP u ero cBapHo#i 110B 3arpsi3HeHU
CEpBI HE COZIepXKar.

Taxkum o6pa3om, B mpoliecce CBapKH MPOUCXOIUT HEKOTOPOE U3MEHEHUE JIE€MEHTHO-
ro cOCTaBa 30HbI CBAPHOIO I1IBa 110 OTHOILIEHUIO K OCHOBHOMY MaTepuaiy. B yactHocTH, BO3-
pacraer cojepxkaHue xpoma u MoiubaeHa — B 1,1-1,2 pa3za, 4To MOKET MOJOKUTEIBHO CKa-
3aThCsl HAa YKapOCTOMKOCTU 30HBI CBAPHOTO I1IBA U HA CKJIIOHHOCTH MaTepuaia K BbIIEICHHUIO
YIPOUHSAIOMUX (a3 ¢ yuactueM MosnOjeHa, Boiabppama u HUoOus. B To jxe Bpems 3To BeneT
K CMEILEHHUIO TeMIepaTypbl ¢a3oBbix npeBpamieHuit mpu TO. s pacCMOTpEHHBIX CIUIaBOB
CIIeZlyeT OKUAATh TMOHIKEHHs Temreparypsl TO npu ynpodHEHHH, B TOM YHCIIE BCIIEICTBUE
HaMpsHKEHHOTO COCTOSIHUS 30HBI CBAPHOTO IIIBA.

PeHTreHO3IeKTPOHHBIMU M MAacC-CIIEKTPOMETPUYECKUMHU HCCIIEIOBAaHUAMHU yCTaHOB-
JIEHO, YTO COCTaB MaTepuaia CBapHbIX IIIBOB U MPHJIETAIOIINX K HUM o0JacTel OTIn4aercs oT
COCTaBa MCXOAHOTO MaTepuaya. Y CTaHOBJECHO, YTO IOTOHHAs SHEPTus, UCHOJb3yeMas Mpu
CBapKe, BIMSIET KaK HAa KOJMYECTBEHHBIM COCTaB IIBOB, TaK M HAa XUMHYECKOE COCTOSHHE
KOMIOHEHTOB. Pe3ynbTarsl Ojxe-aHallM3a MCCIENyeMbIX CIUIABOB MOJATBEPXKIAIOT, YTO 30HA
CBApHOTO IIBa oOoramaercs XxpoMoM u MonubaeHoMm. OnHako, HECMOTpsl Ha HalirogaemMoe
nepepacnpesiesieHre JETUPYIOINX KOMIIOHEHTOB B 30HE CBApKM, COCTaB CTajeil B Hel ocTa-
€TCs COOTBETCTBYIOIIUM COCTaBY, CIOCOOHOMY K TEPMHUECKOMY YIPOUHEHHUIO.
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B pesynbrare metamorpadguueckux U MeTaIO(QU3NUECKUX UCCIIETOBAHUM YCTaHOB-
JIEHO, YTO U3MEHEHHUS XMMHYECKOrO0 COCTaBa U CTPYKTYpPHI, a TAKKE HAIMYHE OCTATOUYHBIX
HANPSDKEHUH U BBICOKOH MJIOTHOCTH TOYCYHBIX JI€(DEKTOB BIUSIOT HA TEMIIEPATYPHBIN HHTEP-
BaJl, KHHETUKY M MOCJIEAO0BATEIIbHOCTh IPEBPAILCHUI B CBAPHBIX COEAMHEHUSX. Bbicokas
TUIOTHOCTh TOYEYHBIX JEPEKTOB, CO3JaHHBIX IJIACTHUECKOH MedopMalueil, 1 HaTHIue OCTa-
TOYHBIX HANPSKEHUHA CYHIECTBEHHO YCKOPSIOT IPOLECC BBIACICHUS HHTEPMETAUIMIOB B

CBapHOM IIBE.

Tabnuya 1

Mexann4yeckue CBOHCTBa CBAPHOro coefnHeHns cimiasa mapku XH45SMBTIOBP
(JIMCT TOJMIUHOM 2,5 MM)

Pexxum 006paboTku YcnoBHbII Hcnsitanue Hcneiranne HcnsiTanue
HOMeEp Ha CTATHYECKOE PACTSDKCHHE Ha yaapHblil u3ru6 Ha CTaTUYECKUi M3TrHo
obpasua Gs, 3, XapakTep KCU, | Xapakrep |Harpyska| o¥, Xapakrep
H/mm? % paspyuLIeHHs Jlx/cm?| paspymenns | P, xH rpaj | paspyLieHHs
CBapHOe COeIHHEHHE, 1 1215 21,5 ITo ocHOBE 63 ITo nanpesy, 1,70 132,5 Bes
BeimosHerHoe DJIC 2 1215 | 22,5 Io 30ne 68 110 TPaHuLE 1,69 131 | paspyuieHus
110 3aKaJICHHOM OCHOBE, 3 1215 | 215 TEPMHUYECKOTO 69,5 | CIIaBICHUS 1,68 132
OCITe 3aKaJIKK U CTape- 4 1205 | 20,0 BIIUSHUS 57 |merammamsa| 170 134
HHS 110 IITATHOM TEXHO- 5 1215 | 225 57 1,64 132
JIOTHH 6 1215 | 22,5 o ocHOBE 82 1,70 137
OCHOBHOI#i METaILT B 7 1215 25 Paspymenne 62 Xpyrnkoe 1,70 128 Xpymkoe
COCTapEHHOM COCTOSI- 8 1215 23 0e3 oOpa3oBaHus 61 paspyuieHue 1,70 132 | paspyueHue
HUH, IPOILE/IIINH 3a- 9 1215 23 LIeHKU 69 10 HaJpe3y 1,71 130
KaJIKy M CTapeHHe
CBapHOE COCIMHEHUE, 10 784 7,0 Paspymenue 80 Tlo Hanpesy, 1,32 135 Be3
seimonaerHoe JJIC mo 11 794 75 110 LIBY 84 1,24 133 | paspyuieHus
COCTapeHHOMN OCHOBE 12 784 7,0 ¢ oOpasoBaHHEM 83 1,21 125
13 764 | 7,0 ieHKH 80,5 1,26 133
14 794 7,0 83 1,26 130
15 794 7,0 77 1,25 129
CBapHoOe COeIHHEHHE, 16 1098 18 IIo 30He 70 o rpanue 1,82 152,5 Bes
BoinonHeHHoe DJIC mo 17 1171 | 185 TEPMHUYECKOTO 65 CIUIABJICHUS 1,83 138 | paspyueHus
COCTapeHHOIl OCHOBE, 18 1156 17,5 BJIMSIHUS 67 MeTajuia IBa 1,86 150
1ocie JOKaJabHOH Tep- 19 1029 13,5 73 1,83 143
MOLMK/INYECKOR 00pa- 20 1137 | 175 65 1,79 137
Gorkn 21 1112 | 16 67 162 | 141
* Yron u3rnbda 1o o0pa3oBaHUs NEepBOil TPEIIUHEL
Tabauya 2

Mexann4yecKkne CBOMCTBA CBAPHOIo coefuHeHus ciiiaBa mapku XHS0BMTIOb
(s1ucT ToIMUHOM 2,0 MM)

Pexxum o6paboTku YcnoBHbIH Hcnsitanue Wcnpiranue HcnbiTanue
HOMeEp Ha CTATHYECKOE PACTSHKCHHE Ha yJIapHblil u3rud Ha CTATUYECKUi M3THO
obpasna Gy, 3, Xapakrep KCU, | Xapakrep |Harpyska| o¥, Xapaxrep
H/mm? % paspyuieHus Jlx/cm?| paspymenns | P, kH rpajx | paspyuieHus
CBapHOe CoelMHeHHE, 1 921 26,0 ITo ocHoBe 97 ITo Hanpesy, 0,95 131 bes
BemosiHeHHOe DJIC 2 941 215 67 T10 TpaHuIe 0,95 130 | paspyuieHus
110 3aKaJICHHOW OCHOBE, 3 980 26,0 97 CILJIABJICHUS 0,95 1235
TocITe 3aKaJlkM 1 CTape- 4 960 | 255 107 |mertanmmamsa | 0,94 120
HHS 10 IITATHON TEXHO-
JIOTHH
OcHOBHOIf MeTaI B 5 951 33 Pazpymenne 84 Xpyrmkoe 0,95 123 Xpyrmkoe
COCTapeHHOM COCTOSI- 6 931 33 6e3 oOpa3oBaHMs 73 | paspymenue 1,00 125 | paspyuieHue
HUU, NPOILEALINH 3a- 7 892 30 HIEHKN 78 110 Hajpe3y 1,02 128
KaJIKy U CTapeHHe
CBapHoOe COeIHHEeHHE, 8 872 15,5 Ilo mBy 80 o nampesy, 0,78 120 Bes
seimonaernoe JJIC mo 9 853 18,5 79 10 TPaHUIE 0,78 119 | paspymieHus
COCTapeHHOI OCHOBE 10 892 19,0 81 CIUIaBJICHUSA 0,78 110
11 862 19,0 80 |Merainmamsa | (0,78 112
CBapHoe coeJIMHEHHE, 12 999,5 21 ITo nmuHMM 113 | Ilo Hagpesy, 0,95 130 be3
seimonaernoe IJIC mo 13 995 24 CILIaBIICHUS 113 | mo rpanmie 0,98 1225 | paspymieHus
COCTapeHHOH OCHOBE, 14 999,5 24 92 CIUTaBJICHUSA 1,00 126,5
HOCJIe JIOKaIBHOM TepMO- 15 1009 28 80 |merammamsa| 1,02 124
LUKIHIECKON 00paboTKu 16 960 21 117 0,92 120
17 980 21 90 0,87 118

* Yron uzruba 10 00pa3oBaHus IEPBOW TPELIUHBI.
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JlokanpHast MUKIMYECKas 00paboTKa CBAPHOTO IIBA C UCIIOJIB30BAHUEM AJIEKTPOHHOTO
Jy4a B MOJOOpPAaHHOM pEXHME MO3BOJIMIA AOCTUYh HE TOJNBKO ypoBHs 0,95 mpouHocTtH oc-
HOBHOTO MeTajuia (paBHOW OCHOBHOMY METa/UTy) M IUIACTUYHOCTH 0€3 IepecTapruBaHUs
CTPYKTYPBbI, HO TIPU 3TOM HE MOTPeOOBaoCh MPOBEACHUS TOTOIHUTENBHON cTannaptHoi TO
(3akanka+crapenue). [IpoBeneHsl MeTaIIOPU3NUECKIE UCCIICTOBAHMS CBAPHBIX COCIMHCHHM,
MEXaHHYECKUE MCTIBITAaHUS HA U3TUO, PACTSHKEHUE U YAAPHYIO BSI3KOCTh 00pa3lloB HCCIemye-
MBIX CIUTABOB. Pe3ynbTaThl 3TUX UCCIIEIOBaHMM TIpeIcTaBlieHbl B Ta0u. 1 u 2. Cienxyer oTMme-
TUTh, 9YTO PAaBHOMEPHOE OTHOCHUTEILHOE YJIMHEHUE (0) IJIS IIBa 3HAYUTEIHHO 3aHIKEHO, a
HanboJiee 0OBEKTUBHBIM MMAPaMETPOM IIACTUYHOCTH CBAPHOTO IIIBA MPU UCIBITAHUM HA CTa-
TUYECKUH H3ru0 cunuTaeTcs yroi usruda (o).

3akiroyeHusn

XUMHUYECKUI COCTaB, CTPYKTypa U HalpsHKeHHO-IE(POPMHUPOBAHHOE COCTOSIHUE
CBapHbIX IIBOB JKAapOIPOYHOW CTaJM 3aBUCAT OT IIOFOHHOM 3Hepruu cBapku. CBapka
9JIEKTPOHHBIM JIy4OM MPHUBOJUT K CYLIECTBEHHOMY YJIYYLIEHHUIO CTPYKTYPbl CBapHOIO
coequHeHus. [lonoOpaHHBIH TEPMOLMKINYECKHH pPEXUM 00pabOTKHU IIBAa JIOKAJIbHBIM
UCTOYHUKOM TerJa obecrieunBaeT (opMUPOBAHNUE BBICOKUX IIPOUYHOCTHBIX CBOMCTB CBAPHOI'O
mBa 6e3 nomnonuauTensHon TO.

VYCTaHOBIIEHO, 4YTO s TOJY4YEeHUS CTaOWJIBHBIX IPOYHBIX CBapHBIX IIIBOB
paccmaTpuBaeMbIX cTajied BbIMOJNIHEHHBIX JJIC, peXuM CBapKu JIOJKEH COOTBETCTBOBATh
CIEeNYIOLIMM [apaMeTpaM: CHuila Toka Jiyda 13 MA, yckopsouee HampsbkeHue 60 kB,
CKOpOCTB CBapKu 6 MM/C.

Otpaboranbl pexumbl DJIC craBoB mapok XH45MBTHOBP u XHS50BMTIOB,
oOecrieurBaroIIMe IMOJIYyYEHHUE CBAapHOIO COEAMHEHHUs, KOTopoe (Iocje NpPUMEHEHUS B
nanpHeimem mratHoi TO) orBewaer TpeOoBaHMAM IEPBOM KaTEropuud HPOYHOCTU IO
OCT B3-2491-90, 1. €. 65.=0,90, 114 ciuiasa:

— XH45MBTIOBP — 65 (551¢4+10)=0;
— XH50BMTIOB — 6 (551¢410)=Cs-

Ha o0pasnax cBapHBIX COCTUHEHUH, BHIIIOJHEHHBIX 3JICKTPOHHO-IyUYEBOW CBApPKOW U
MOJIBEPTHYTBIX JIOKaJIbHON nukimyeckod TO, mosydeHa MPOYHOCTH CBAPHOIO COEIUHEHMS,
oTBevaromas TpeboBaHusM mepBoi karteropuu mpounoctd mo OCT B3-2491-90 mpu
o0ecreyeHn: paBHOM (C OCHOBHBIM METAJNIOM) TUIACTUYHOCTH JUIS CIUIaBa:

— XH45MBTIOBP — 65 (551¢c451m0)=0,920%;
— XH50BMTIOB — 65 (351¢ 4110y~ O-

[IpoBenenHple  MeTAIOPU3UYECKHE  HCCIIEIOBAaHUS  CBApHBIX  COEAMHEHMI,
BBITNIOJIHEHHBIX JJIEKTPOHHBIM JIy4OM, MOKA3aJId, YTO XUMHUYECKUI COCTaB META/lIa CBAPHOTO
mBa U 30HBI Tepmuueckoro BiusiHUs (3TB) obecneunBaer crocOOHOCTh 3aKaluBaThCA M
CTapUTbCcid B XOJie JIOKaIbHOM mukiaundeckol TO, a Takke ompenesneHbl BpEMEHHBIE U
TEMIIEpATypHbIE TapaMeTPhl Mpoliecca JOKAIbHOT0 YIPOUHEHUS (CTapeHus).

Pacuer HanpspkeHHO-Ae()OPMUPOBAHHOIO COCTOSIHUS CBApHBIX IMIBOB MoKa3al, uto TO
(kak 1ITaTHas, TaK M JIOKaJbHAas LMKJIWYECKas) OOECNeYMBAeT CHSATHE OCTATOYHBIX
HaIpsDKEHUH 1ociie CBapKU 0 0€30IacHOr0 YpOBHSL.
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YK 666.77
H.B. Byuuﬂunl, T 10. JTiomokuna®, H.M. Bappuk1

BJMSIHUE PEXXKUMA OBXHI'A HA CTPYKTYPY U CBOMCTBA
BBICOKOIIOPUCTBIX KEPAMUYECKHUX MATEPHUAJIOB
HA OCHOBE MYJJIMTA

DOI: 10.18577/2307-6046-2017-0-5-4-4

Coszoanue vicoKOmMeMNEpamypHbiX 6bICOKONOPUCIBIX KEPAMUYECKUX MAMepuanos seasem-
cs 6 Hacmosujee 8pemsi OOHOU U3 akmyanibHulx 3a0a4. OKCUOHas nopucmas Kepamuka oo1aoa-
em HU3KOU Menionpo8oOHOCMbIO, 8bICOKOU CIOUKOCIMbIO K OKUCTEHUIO U YOOBIEMBOPUMENbHOU
NPOYHOCMbBIO, NOIMOMY OCODEHHO 80CMPebO6aHa 6 MemallypeUdecKux IUMeNHblXx 001acmsax
NPOMbBIUTIEHHOCIU 8 Ka4ecmee NeHOKepaMUieckux Guibmpos. B oannoti cmamve npedcmasie-
Hbl Pe3yIbmamsl UCCAEO08AHUE NO CHEKAHUIO MYJIUMOGOU NOPUCIOU KEPAMUKU C UCNONb306A-
HUeM OUCKDEMHbIX BOJIOKOH MYIIUmMogo2o cocmasa. Ilokazano, umo onmumanbhuli OUanazom
memnepamyp obcuea O0Jis NOYYeHUs MAMepuaios ¢ OMKpblMo-a4eucmoti noposoll CmpyKmy-
pou cocmasasem 1300-1350°C. Yemanoeneno, umo cywjecmeennoe 6nusiHue Ha MeXanuyeckue
Xapaxmepucmuky Mamepuailos 0Ka3vledaem pedCum npeosapumenvHol mepmooopabomku 60-
JIOKOH, a makdice cocmas cnexkaroujeii 0ooasku. Ilonyuenvl mamepuansl ¢ coobujaioueics no-
pucmocmyio 00 85% u npounocmuio npu cocamuu oo 0,7 Mlla.

Knwouesvie cnosa: oxcuonas Kepamuxda, Myaaum, OKCUO AniOMUHUSA, KepamuiecKue Quiib-
mpbl, cnekanue, 00icue.

Creation of high-temperature high-porous ceramic materials is one of actual problems now.
The oxide porous ceramics has low heat conductivity, high resistance to oxidation and satisfac-
tory durability therefore it is especially demanded in the metallurgical foundry fields of the in-
dustry as foam ceramic filters. The results of researches of sintering mullite porous ceramics
with use of discrete mullite fibers are presented in this article. It is shown that the optimum
range of temperatures of calcining for producing materials with open cellular porous structure
is 1300-1350°C. It is determined that the essential role on mechanical characteristics of mate-
rials is rendered by the mode of preliminary heat treatment of fibers, and also composition of
the sintering aid. Materials with the reported porosity to 85% and durability are produced at
compression to 0,7 MPa.

Keywords. oxide ceramics, mullite, alumina, ceramic filters, sintering, firing.
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Beenenne

B Hacrosmiee BpeMs BO MHOTHX IIPOM3BOJCTBEHHBIX OTPACIAX, B YACTHOCTH B MeTaj-
JyPrUYECKUX JUTEHHBIX 00JIACTAX MPOMBIIIIEHHOCTH, BOCTpeOOBaHa BICOKOIIOPUCTAs Kepa-
MUKa — KEpaMUYECKUM MaTEpUaAIl C IIOPUCTOU CTPYKTYPOM, U3TOTABIMBAEMBIN U3 BBICOKOIUC-
MIEPCHBIX MUHEPAIBbHBIX OPOIIKOB MU U3 KUIKUX TEH.

ITpu 06paboTke pacriiaBIeHHBIX METAJUIOB HEOOXOJUMO YAAIATh HEMETAIIIMUYECKUe
BKJIIOYEHUS, TAKHE KaK LUIAK, JPOCC, OKCHJIBI MCXOJHBIX MaTEepUaoB, 00pa3yroIuecs Ha Mo-
BEPXHOCTH BaHHBI pacIliaBa, a Takke (parMeHThl OTHEYNOPHBIX MaTEpUajOB, UCIOIb3YIO-
MIUXCS J17Is1 OOJIMIIOBKM KaMmephl WM pe3epByapa, B KOTOPhIX 0Opa3yeTcsl pacIuiaB MeTasuia.
[TeHokepaMuyeckuit MaTepuai Oarogaps HU3KOM TEIIONPOBOIHOCTH M BBICOKOM KapOCTOM-
KOCTH BeChbMa IPUBJIEKATENEH JUIs HCIIOJIb30BAHUS B KAU€CTBE NIEHOKEPAMUUYECKUX (QHIIBTPOB,
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UCTIONIB3YEMBIX KaK B METAJUTYPTUH IS QMIIBTPAlMU U OYMCTKH PAcIUIaBOB METAJUIOB, TaK U
B XMMUYECKOH MPOMBIIIUIEHHOCTH JUISI OYUCTKH BHICOKOTEMIIEPATYPHBIX TOTOKOB Ia30B.

[lenokepamuyeckre (GUIBTPHI MIMPOKO MPUMEHSIOT JJIS OTIEJIECHUS MEXaHWYECKHUX
npuMeceil OT paciuiaBa MeTauia. TpexmepHas CTPYKTYpa OTKPBITHIX IIOp MO3BOJISIET CYIIIe-
CTBEHHO TOBBICUTH KadecTBO (uibTpanuu. OJHOpOAHAs KepamMuyecKkas CTPYKTypa ¢ MHUHH-
MYMOM OJIOKMPOBAaHHBIX MECT Ha 00enx pabouMx MOBEPXHOCTAX CO3MAaeT ONTHMAJIBHBIC
ycioBus UL 3G GEKTHBHONW pabOTHl BCEX MEXaHW3MOB (pUiIbTpanuu. YjaneHne BKIIOYCHHN
¢GuIbTpanueil mo3BosSeT CO3AaBaTh OJHOPOIHBIN pacijiaB U TaKUM 00pa3oM IOBBIIIAET Ka-
YECTBO BBITYCKAEMOM MPOAYKIINU — B OCOOEHHOCTH IPH BBIITYCKE CTAJIH, YyTyHa U AIFOMHHUS
[1-3]. Syeucras cTpyKTypa IMEHOKEpaMUYECKOro (uibTpa 00ecreunBacT TiayOooKyl (GHIIb-
TPaLUIO, KOTOpasi TIIATEIBHO yJaiseT OOJNbIIOe KOJIMYECTBO NMpuUMeced, 0e3 MOCTOPOHHUX
BKJITIOUeHUH. DPUIIBTP CrocOOEH BBIIEPKUBATH 3HAYUTEIFHOE CTAaTHYECKOE TAaBJICHHE METall-
Ja, coxpaHss npu 3ToM 3¢ ¢exTuBHyo ¢unprpanuto. IleHokepamuyeckue (GUIABTPBI JETKO
HPOMUTHIBAIOTCS PACIUIABICHHBIM METAJUIOM, IPH 3TOM ITOPHI BHICTYMAIOT B Ka4eCTBE <JI0-
BYLIECK» JUIS PAa3THYHBIX TIPUMECEH.

Kepamuyeckne (QUIbTPHI MOMYyYAIOT W3 pPa3HBIX BUAOB KEPAMHUKH — KOPYHIOBOM,
ATIOMOCHITHKATHOM, MYJUITUTOBOM, KapouaHoii [4-6]. Tak, GuibTphl U3 KapOuaa KpeMHHS Ha
CHJIMKAaTHOM CBSI3KE MCIIONB3YIOT JJIs1 GMIIbTpauuy 4yryHa. Takue GuiabTpsl 001aJat0T BBICO-
KO TIPOYHOCTBIO OJiarojiapsi TOMy, 4To BO Bpems oOkura 3epHa SIC B kepaMHuecKoil Macce
YaCTHYHO OKHUCIISIOTCS JI0 KBAapLIEBOTO CTEKJIA, 00ECIEYMBAIOLIETO XOPOIIYIO CBSA3b KapOuaa
KPEMHHUS C MAaTPHUIIEH M3 CHIMKATHOTO CBS3YIOIIETO, CO3/1aBasi MPOUHy0 meny. OmaHako npu
pa3NMUBKe YyryHa oOpasyeTcsl >KUAKHH HIIaK ¢ BBICOKMM cozepkanueM FeO, xotopwiii He
cMa4yMBaeT (GUIBTPHI M3 KapOuaa KpeMHUsS M3-3a KapOOTEPMHUECKON peaKkIMu MEXay yrie-
poaHoit cocrarisitonieit 3epeH SIC u npumecsmu rpaduTa, U3-3a 4ero NPOUCXOAUT MPHITUIIA-
HHE 1ITaKka K GuibTpy [6].

@unbTpel HA OCHOBE OKCHIHOH KEepaMHKH OOecTednBaroT 3(PQEeKTHBHOE yaalleHHE
HE)KeNaTeIbHBIX MTpUMeceil, 0COOCHHO BKJIIOUCHHH aHAJIOTHYHOTO COCTaBa — OKCHUIHBIX IJIe-
HOK M IIUTaKOB. biiaromapst BRICOKOW CTaOMIIBHOCTH J1aXKe MPH JUTUTEILHOM BO3JICHCTBUH BBI-
COKHX TeMIepaTyp (HIBTPbI HA OCHOBE OKCHIHOW KEPAaMHUKH MOKHO YCHEIIHO IPUMEHSTH B
(GUIBTPaMOHHBIX OOKCAX WM B MOJOTPEBATENbHBIX Me4ax Uit (GUiIbTpauu OOJIbIINX 00be-
MOB JKHJIKOTO MeTauia. Kepamuueckne sdencTpie IeHOMaTepralibl HA OCHOBE OKCHIA alllOMU-
HUI, COYETAOIINE BEICOKYIO TEPMOCTONKOCTh, XUMUYECKYIO CTOWKOCTh K pacilaBaM METaJIOB
U [JIaKaM, a TaKKe HU3KYI0 CTOMMOCTB ChIPHEBBIX KOMIIOHEHTOB, HAXO/AAT IPUMEHEHUE B Ka-
YeCTBEe HOCUTEJEH KaTaTu3aTOPOB H KEPAMUUECKUX (HIBTPOB JUIS PACIIIABOB METAILIOB.

Haubonee pacnpocTpaHeHHBIM CIIOCOOOM IMOJIyYEHHs] MEHOKEPAaMHMKH SBISETCS TeX-
HOJIOTHSI CHSITHSI PETUTUKH TEHBI: BRICOKOTIOPHCTBIN TTEHOTIOIMYPETaH MPOMUTHIBAIOT KepaMu-
YECKHM LUTUKEPOM, TOcie 4ero cymar u ooxuraroT [4-11]. [Ipu o0xure neHOMOINYpETaH,
HaXOJAUIMICS BHYTPH KEPAMHUYECKOTO TMOKPBITHS, MCIAPSETCS M OCTAETCS KepaMHUYecKas
CTPYKTYpa ¢ OOJNBLIMM KOJu4ecTBOM mop. IlomydyeHue OKCHIHOW MEHOKEpPaMUKU OCHOBAHO
Ha TPOTIUTKE BBICOKOMOPUCTHIX TeHonomnypeTanoBeix (III1Y) kapkacoB HMUTMKEPHBIMH CYyC-
NEH3UsIMM Ha OCHOBE MOPOIIIKA OKCHJAa aFOMUHHS CO CIIEKAIOUIMMU J00aBKaMH ¢ MOCeny-
IOIUM OOXHUTOM TPOIMUTAHHBIX KapKacoB npu Temreparypax nopsaka 1700-1850°C. Oc-
HOBHBIMM TPEOOBAHUSAMHU K KEPAMUYECKUM (PUIBTPAM NMOMHMO BBICOKOW TEPMOCTOMKOCTH U
XUMHYECKOH CTOWKOCTH K pacIulaBaM METAJIOB SIBIISTIOTCS HAIWYHE OTKPBITOW ITOPUCTOCTH
Ha ypoBHe 80-90% c mpeobnanaHueM COOOIIAIOMUXCS SUEUCTHIX MOP U MPOYHOCTHIO MpPHU
cxatun He MeHee 0,5 MITa.

OueBuaHO, 4TO MOAO0P ONTHUMAIBHOTO PEKUMA 00XKHUTa UMEET CYLIECTBEHHOE 3Haue-
HHUE B IpOIECCEe MPOM3BOJICTBA KEPAMHUECKUX MAaTepUANIOB, TaK KaK HMEHHO Ha 3TOM JTare
MPOMCXOTUT HA0OP MPOYHOCTH TOTOBOTO M3nenus. Cpeau sBICHHHA, MTPOTEKAOIINX MPH 00-
KHUre, BaKHEHIIUM SBJSIETCS MpOIecC CHEKaHHs, 0OyClaBIMBAIOLINIA MpeBpalleHue Mopu-
CTBIX 3aroTOBOK W3 KOHIJIOMepaTa CiIa0OCBS3aHHBIX YacTHUI], OOBEAMHSEMBIX TPEUMYIIIe-
CTBEHHO CHJIaMHU TPEHHUS M a/re3uH, B MPOYHOE TEJO C 33/JaHHON CTPYKTYpOH U CBOCTBaMHU
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[12-15]. B xoae criekaHust KMEET MECTO 00pa30BaHUE M POCT KOHTAKTOB MEX/y YacTHUI[AMH
TBepAOH (ha3bl, yMEHBIIIEHUE pa3Mepa MOp M WX YHCIA, BIJIOTH JI0 TIOJHOTO MCUYE3HOBEHUS,
PEKPUCTAIUIM3ALMOHHOE CMEILIEHUE TpaHMl] MeXAy Kpuctainamu. IIpum 3ToM B mpouecce
MIPOU3BOJICTBA BBICOKOMOPUCTHIX OTKPBITOSIUEUCTHIX KEPAMUUECKHX M3AETUN OYeHb BA)KHO
TOOUTKCS, C OJTHOM CTOPOHBI, COXPAHEHHS B TOTOBOM MaTepHalie MOPOBOUM CTPYKTYPBI HCXO-
ueix [II1Y-kapkacoB, a ¢ Apyroii — Habopa MPOYHOCTH 3a CUET CIEKAHMS YACTHUIL, HAXOJs-
HIMXCS B MEXKBIYEHCTHIX Ieperopoakax [16-19].

[Tpu paccMOTpeHUN TPOIECCOB CIIEKaHMsI HEOOXOAMMO B IMEPBYIO OYEPE/lb YIUTHIBATH
cocTtosiHuE (a3, y4acTBYIOIIUX B criekKaHUH. Eclii criekaHue MpOTEeKaeT B CUCTEME «TBepaas
(aza—KUIKOCTb—Ta3», TO OCHOBHAs POJb B MEXaHU3ME MEPEHOCA BEIIECTBA B MEXK3epEHHbBIE
MOPBI U 3aTATHBAHUS MMOP MPHHAJICKUT KUIKON (pase. DTy rpymmy MpoLeccoB Ha3bIBAIOT
«kuakodazHbM criekaHuem». Ilpoueccel criekanust 6e3 y4dacTus >KUAKOM (a3bl Ha3bIBAIOT
«rBeprodasusiM cnekanuem» [13, 20]. Ilpu xunkohasHOM CIeKaHWU MEPEHOC BEUIECTBA U
HA0Op MPOYHOCTH U3JIEIHS MPOUCXOJUT 32 CUET BSI3KOIO TEUCHMsSI KHUJIKOCTU U €€ B3auMO-
neiicTBus ¢ TBepAoH ¢a3oil (pacTBopenue, kpuctaumsanus). [Ipu TBepaodasHoM criekaHUun
NIEPEeHOC BEIIEeCTBA MPOUCXOINT 3a cUeT AP Py3un HOHOB, IIIACTUIECKOH edopMaIiy TBEp-
JIBIX YaCTHII, MPOIIECCOB UCTIapeHUsI-KOHIeHcalu. TBepaodasHblii MEXaHU3M CIIEKaHUs Tpe-
Oyer OoJiee KECTKHX YCIOBHH OOKMTa — IMOBBIIICHHOW TEMIIEPATyphl, JaBJICHHS, TIOTHOTO
COTNPUKOCHOBEHUSI CIIEKAEMBIX YACTHII.

Jlannast paboTa MOCBSIIIIEHA HCCIEI0BAHUIO MPOIECCOB CIIEKAHUs M ONMTHUMU3AINH Pe-
JKUMOB O00KHTa KEPAMHUYECKUX MAaTEPUAJIOB C SYEHCTON TOPOBOM CTPYKTYpOH Ha OCHOBE I10-
MOJIa MYJIJTUTOBBIX BOJIOKOH C LIEJbIO MOJIYYEHUS KEPAMUUYECKUX MEHOPUIBTPOB, 00Iaaaro-
IIUX COOOIIAIOIICHCS STYeUCTON TOPUCTOCTHIO >80% M MPOoYHOCTHIO Mpu CxkaTuu >0,5 MIla.

Pabora BheIMONHEHAa B paMKax pealn3aldyd KOMIUIEKCHOTO HAayYHOTO HAalpaBJICHUS
14.3. «MHOropyHKIHMOHAIbHBIE TEIJIO3AIIUTHBIE M TEIUIOU3OJSIIIMOHHBIE MaTepUaIbI»
(«CTpaTerndeckue HaIrpaBlCHHs Pa3BUTHS MATEPHAIOB W TEXHOJIOTHH WX MepepabOTKH Ha
nepuon 10 2030 romax) [1].

Matepunajibl M1 MeTOABI
J1s1 IpUroTOBIICHNS IIJIMKEPHBIX CYCIIEH3UI B KAUECTBE MOPOILIKA MYJUINTA UCIIOJIB30Ba-
JM MOJIOThIE MYJUIUTOBBbIE BoJIOKHA mpou3BojcTBa OI'VII «BUAM» co cpenHuMm auaMeTpoM
MOJI0TOrO BoJIOKHa 1-3 MkM (puc. 1). IToMon HCXOHBIX BOJIOKOH OCYIIECTBIISIM B BUOpALIMOH-
Hol MenbHuIle MB-005 B Teuenue 1 4 6e3 NCIoIb30BaHuUS KUIKUX CPE — «CYXOW» TIOMOJL.

HHreHHBHOC TH, ML

AN N i oy emiid N,

20 30 40 50 60 70
28, rpam

Puc. 1. ludpakrorpaMma HCXOIHBIX BOJIOKOH

[InukepHbIe CYCIIEH3UU TOTOBMIIM C UCIOJIB30BAHUEM PACTBOPOB OKCHUXJIOPHJIA aJTFO-
MUHHSI, OKCUXJIOpU/Ia IIUPKOHUS, XJIOpUIa MarHus, a TaKKe CHIMKA30Js. JTH COCTUHECHUS
BBICTYIIAJIM B POJIM TEXHOJIIOTUYECKUX CBSI30K MPU (DOPMOBAHUHU 3arOTOBOK M CIIEKAOIIHNX J10-
6aBOK IIpU 00XKHTE.
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Chipble 00pa3ipl NOoTydaid MyTeM MPONUTKHU IUTMKEPHOW CycrieH3Hel MEeHOIMOoInypeTa-
HOBBIX OJIOKOB C OTKPBITOSTYEUCTOM MTOPOBOM CTPYKTYPO pazMepaMu 5x3X2 ¢M ¢ MOCIEAYIOIUM
OTKHUMOM H30bITKa IUTHKepa. OOKHUT 00pa3IoB OCYNIECTBIUIM B dJeKTpudeckoi meun Naber-
therm HT 16/18 B untepsaie temneparyp 1000—-1400°C B HEM30TEPMUUYECKHIX YCIIOBUSIX: HAPEB
00pasloB B 11€4H, BbIIEP>KKa IIPH 33JaHHOM TEMIIepaType, MHEPLUOHHOE OXJIaX/ICHHUE C TIEUBIO.

@Da30BBIi COCTAaB MAaTEpUANOB OINPEACTSUIM Ha PEHTTEHOBCKOM Ju(dpaKkToMeTpe
JIPOH-3M. Csemky o0Opa3noB mpoBogmwin B CuU Ky-m3nmydeHun B HHTEpBalie YIIJIOB
20=20-70 rpax no Toukam ¢ marom 0,05 rpag W 3KCHO3MUIMEH B Kaxaod Touke 2 c. s
uAeHTUGUKAIMKA (a3 TOJydeHHbIE JU(PAKTOrpaMMbl COIMOCTABISUIM C JAHHBIMH TaOJHIl
ASTM. OnTHYecKyr0 MHKPOCKOITUIO B MPOXOMSAIIEM U OTPAKEHHOM CBETE NMPOBOJMIM Ha
mukpockornie Olympus BX-51. DiekTpoHHYI0 MHKPOCKOIIHIO MPOBOJMIM Ha CKAaHHPYIOIIEM
anexkTpoHHOM MuKpockore Hitachi S-405A npu yckopsitomem HampstkeHun 25 kB. M3mepe-
HUE MPOYHOCTH MaTEPHUAJIOB MPHU CXKATUU OCYILECTBISUIM Ha ycTaHoBKe INnstron 5965.

Pe3yabTaThl 3KCIIEPUMEHTOB

AHaM3 UCXOAHOTO MYJUIUTOBOTO BOJIOKHA, MCIIOJIB3YEMOTO IS MOJYyYEHHUS BBICOKO-
HOPUCTOT0 KepaMMUYECKOro MaTepHala, BKIYal ucciaeroBaHue (pa30BOro cocTaBa U CTPYK-
Typhbl. JlaHHBIE peHTreH0(]a30BOro aHanM3a MOKa3ajid, YTO BOJOKHA SBISIOTCS aMOP(HBIMH,
HE MMEIONIMMHU KpHCTaLTHUecKuX (a3 ctpykrypamu (puc. 1). OTcyTcTBHE B BOJOKHAX Mak-
pPO- U MHUKPOKPHCTAJIOB TaKXXe MOJATBEPXKIACTCS ITAHHBIMU ONTHYECKOH MMKPOCKOIUHU B
POXOJISAIIEM MOJISIPU30BAaHHOM CBeTe (pHcC. 2, a).

DKCIIepUMEHTAIbHBIM IIyTeM BBIICHEHO, YTO IIPU MOMOJIE BOJIOKOH B BUOpAIIMOHHOM
MenpHUIle B TedeHne 30 MHUH CpeHee COOTHOIICHHE JJIMHBI BOJIOKHA K €ro AMaMeTpy Co-
crasnsiet ot 20/1 go 100/1 (puc. 2, 6). Ilpu yBenuueHUH MpOAOIKUTEILHOCTH 1ToMoa 10 1 4
3TO COOTHOIIEHHE JocTHraet 3HadeHu ot 5/1 mo 20/1 ¢ coxpaHeHHeM 3HAYCHHUU AHaMeTpa
BOJIOKOH B jinana3oHe 1-3 Mxwm (puc. 2, g).

a)

Puc. 2. VicxomHbie BOJIOKHA MYJUTUTOBOTO COCTaBa (ONTHYECKAss MHUKPOCKOTIHS, POXOISIINNA CBET,
MOJIIPU3aTOP+aHATU3aTOP):

a — 710 TIOMOJIa B BUOpaIlMOHHOW MENBHHUIIE; 6, 6 — TIOCJIE ITOMOJIa B BUOPAI[MOHHOW MEIBHHIIE B
TeyeHue 30 MuH ¥ 1 94 COOTBETCTBEHHO
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Kak npaBuiio, criekanue KepaMuku u3 guctoro mysumta (3Al,03'2S10,) nporncxoaur
no TBeprodasHOMy MEXaHU3My INpH TeMmiepaTrypax nopsaka 1850-1950°C B tedyenue He-
CKOJIBKMX 4aCOB, M JJIsl CHMKEHHS TeMIIepaTypbl 00KUIa M3/€IMid B COCTaB MacChl BBOJAT
creKaromue 100aBKH.

B nannoit pabore npeiokeH crocol MoayyeHHs MOPUCTBIX KEPaMUYECKUX MaTepHa-
JIOB IIyTE€M CIIEKaHMsI HE3aKpUCTAIJIM30BAHHBIX YacTHULl MYJUIMTOBOTO COCTaBa, KOTOpBIE B
npolecce CHeKaHWss U3 aMOP(QHOr0 COCTOSIHUA INEPEXOJAT B KPUCTAIUIMYECKOE, NMPU ITOM
amMop(HOEe COCTOSHHE YacTUIl] 00eCreuynBaeT MPOTEKaHUE CIEKaHUA IO KUIKOPa3HOMY Me-
xaHu3My. Kak cienctBue, B mpoliecce clieKaHUs YJIydllaeTcsl HadalbHOE NpPUIIEKAaHUE Ya-
CTHII, B pe3yJbTaTe 4ero NPOUCXOIUT HAOOP MPOYHOCTH TOTOBOTO KEPAMUYECKOTO H3ACTIHSL.

Hcnonb3yemble B JaHHOH paboTe crekarouye J00aBKM [0 MEXaHW3MYy ACHCTBUS
MOYKHO pa3/ieiuTh Ha JBE IPYNIbl: yaydinarouire 1uddy3uo HOHOB Ha MOBEPXHOCTH YaCTHIL
MYJUIUTa U YCKOPSIOUIME IPOoILecC TBEpA0(pa3HOro CIIEKAHUs — OKCHUJIbI IUPKOHMS U aTIOMU-
HUS, 00pa3ylomuecs Mpu Pa3oKEHUH COOTBETCTBYIOIIMX OKCHUXJIOPHIOB, U OKCHJ MarHus,
oOpa3yromuiics Ipyu B3aUMOAEUCTBUU XJIOPUAA MarHus ¢ BOJIOKHAMU MYJUIMTOBOTO COCTaBa;
a TaKxke J00aBKH, 00pa3yroIIne MPH BBICOKUX TEMIIEpaTypax KHUIKYIO (a3y U 3amycKaromme
MEXaHU3M KHIKO(PA3HOTO CHEKaHHS, — OKCHJ KPEMHUS, NMPUCYTCTBYIOIINN B CHIIMKA30JI€.
Kak oTmeuanoch paHee, 100aBKH, YCKOPSIOUIME MPOLECC TBEPAOPA3HOTO CIIEKAHUS, UMEIOT
HOJUKPUCTAIUIMYECKYIO CTPYKTYPY, YTO JOJDKHO CIOCOOCTBOBaTH HAOOpYy NMPOYHOCTH Kepa-
MUKH NIpH €€ 00KUTe MyTeM YBEJIMUEHHs YKciia KOHTAKTOB MEKIY CIIEKaeMbIMU YacCTHIIAMHU
U, KaK CIJIe/ICTBUE, YBEJIMYEHUs KOHIIEHTPALMU BaKaHCHUN Ha IpaHUIAX CONPHUKACAIOLINXCS
KPUCTAIIMYECKHUX pemieTok [16]. OgHako onmpoOoBaHME YKa3aHHBIX J100aBOK B BHIOPaHHOM
UHTEpBaJIe TEMIIepaTyp HE MPHUBEJIO K CHEKAeMOCTH M3JAEIHA M HaOOpy UX MPOYHOCTH IpU
o0xwure. IHTeHCUBHOE crieKaHUE HAOJI0JAaeTCsl TOJIBKO MIPU BBEJCHUHM B KEPAMUYECKYIO Mac-
Cy CHJIMKA30JIsl.

KomOnHupoBanue pa3iu4HbIX A00ABOK B HUIMKEPHBIX CYCHEH3USX IOKA3aJi0, YTO
HaOOpy MPOYHOCTH CIOCOOCTBYET UCIIOJIB30BAHME CMECH PACTBOPOB CHIIMKA30JI1 C OKCHUXJIO-
PHUIIOM AJTIOMHMHHUSA, IOTOMY B JaJbHEHIINX MCCIEI0BAaHUIX HCIIOJIB30BAIN JaHHYIO KOMOU-
HAIMIO 100aBOK.

ITpoBeneHHBIE HCCIIEOBAHUS 110 ONPEIEICHUIO0 ONTUMAIBHON KOHIIEHTpalluu KOMOU-
HallMK 100aBOK B COCTaBE KEPAMUYECKOIN Macchl MOKa3aly, YTO MPH BBEJEHUU B COCTaB Ke-
pamuku 10 1% (o macce) cunmkasons B nepecyere Ha unucteii SIO2 u 5% (10 mMacce) OKcH-
XJIOpHJIA ATOMHHUS B nepecuere Ha 4ucThil AloO3; HE TIPOMCXOIUT MHTEHCHUBHOTO Habopa
MIPOYHOCTU MaTepUajoB Mpu o0xure, a npu BeeaeHUH >10% (1o macce) mpoucxoaut aedop-
Maiusi MaTepuasoB, COIMPOBOXKJIAIOIIASCS HMCYE3HOBEHHEM COOOLIAOIIMXCS SYEUCTBIX IOpP.
[Tpuemnemsble 3HaUEHUS TPOYHOCTH MaTepuayoB B npenenax 0,5 MIla npu coxpaneHuu mno-
pucTocTU Ha ypoBHE 85% M OTCyTCTBUU JleOopMalMU JOCTUTAIOTCS TIPU BBEJICHHH B COCTaB
KepaMuku 2% (1o Macce) cuiukasoiis u 6,5% (1o macce) OKCUXJIOpHia alFOMUHUS B Iepe-
CYETE HA YMCTBIE OKCUABI, TIOITOMY JJIs JAIbHEUIINX HCCIEA0BAaHNN JaHHYIO0 KOHLIEHTPALNIO
NPUHSINA KaK ONTUMAJIBHYIO.

B pesynbrare BapbHpOBaHHS TEMIIEPATypHO-BPEMEHHOTO peknMa o0kura o0pasioB
BBISIBJIEHO, 4TO IIpH Temneparypax >900°C u npoJI0JKATEIbHOCTH BBIIEPKKHA HE MeHee | U B
MaTepuaiax HauWHAeTCsl BBIJCJIEHHE KPHUCTAJUIOB OKCHJAa IIOMHHMS JBYX (Pa30BBIX MOJHU-
dukanmit — o- u d-dassl (0-Al,03+6-Al203) ¢ coxpaHeHneM MaTpUYHOW aMOP(HOH CTPYKTY-
pBI BOJIOKOH, a Tipu 1300°C mpoucxoauT WHTEHCUBHOE 00pa3oBaHue MysumTa (puc. 3) ¢ Co-
XpaHeHHeM 00pa30BaBIIMXCA MpU Oojiee HU3KOM TeMIepaType KpPUCTAIIOB OKCHAA aTIOMU-
Hus. Ha puc. 3 mpencraBineHsl JUQpPaKTOrpaMMbl KEPaMHUYECKOTO MaTepHalia Mmocje Tpex
pa3mUuUHBIX BHIOB TepMooOpaboTku. OGxur npu 700°C B Teyenue 1 4 (puc. 3, kpuBas a)
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HEe TpHBEN K 00pa3oBaHuto kpuctaumaeckux ¢as. [locne o6xura marepuana npu 1000°C B
teueHue 1 4 (puc. 3, kpuBasg 6) Ha audpakTorpamMme 3aMETHBI MHUKH, COOTBETCTBYIOIIHE
kopyHay U 0-Al20s. O6xkur mpu 1350°C B Teyenue | 4 mpuBea K 00pa30BaHUIO MYJUIMTA
(3Al,03:2S0,) u yBennueHuo obpasoBanus KopyHaa u 6-Al,Oz (puc. 3, s).

HHmesc BHOCTh, 1|

20 25 30 35 40 45 50 55 60 65 7O
28, rpag
Puc. 3. ludpakTorpamMmmpl KepaMUYECKHX MaTEPHAIIOB TIOCTIe O0KHATa B TeUeHUe | 4 mpu TeMIiepa-
type 700 (a), 1000 (6) u 1350°C (s):
K — xopynn (a-Al,03, ASTM 46-1212); 11 — 6-Al,03 (ASTM 4-877); M — mymut (3A1,05°2S10,,
ASTM 79-1455)

BapbupoBanue TemnepaTypHO-BPEMEHHOTO peKuMa 00XHra MaTepUAIOB TaKKe IMO-
Kazajo, yTo npu temneparypax >1400°C npoucxoIuT UHTEHCUBHOE CIIEKaHUE C 3aJICUUBAHU-
€M TOp MaTepHUalioB, B pe3yjIbTaTe Yero MOPUCTOCTh YMEHbIIAETCs 10 3HaueHuit <75%. Ilpu
temneparypax obxwura <1300°C criekaHus 4acTHIl HE MPOUCXOJUT U MPOYHOCTh MaTepuasa
MOXET OKa3aThCsl HepocTatouHou (puc. 4, a). UcciaenoBanus mokasanu, 4TO ONTUMAIbHBIMHU
3HaueHussMU npoyHocTH ~0,7 MIla u mopuctoctu 85% 00nagatoT MaTepuanbl, MOTYYCHHbBIE
npu Temreparype ooxura 1350°C u npoomKUTENIbHOCTH 00Kura 3 4.

a) )
Ty eqee M2 11, % [ofbeMA. )
R - - BT T an 1
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05| |
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04| 80,
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0 1|:|,u|:| 11.|:ﬂ:|‘ 1200 13;5]4] 14|:.u-:~,:_ 1000 1100 1200 1300 140800

Puc. 4. Bausaue TeMnepaTypbl 00KUTa Ha TEXHOJIOTUYECKHE XapaKTEPUCTHKN MaTepuaa — Ipoy-
HOCTb TIPH CKATHH (@) U TIOPUCTOCTD (6)
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200 MeM -—i{ SOMM —

Puc. 5. TlopoBas cTpyKTypa KepaMHUECKOro NeHoMarepuana (OnTh4eckas MHKPOCKOIHS, OTpa-
JKEHHBIN CBET, TEMHOE TI0J1e) TIocine obxura npu temmeparype 1650°C B reuenue 1 g

Puc. 6. Mukpodororpadpuu (COM) oOpasiia U3 NeHOKEPAMHUKHU I10CIe O0XKUTra MPU TeMIIepaType
1650°C B Teuenne 1 g

HccnenoBanus MeToaMu SJEKTPOHHOM MHKPOCKOMHUHU CTPYKTYpPhI 00pa3iioB, UMEI0-
[IMX ONTUMAIFHOE COOTHOIICHHWE MPOYHOCTH W MOPUCTOCTH, MOKA3aIH, YTO OHHU 00JIaJatoT
OTKPBITOSTYEUCTON TIOPOBOU CTPYKTYpPOM, TOBTOPSIOUIEH IMOPOBYIO CTPYKTYPY HCXOTHBIX
[IITY-kapkacoB (puc. 5 u 6), U pa3sMepbl SYECHCTHIX MAKPOMOp COCTaBIAOT 0,5-2 MM.

38




TPYAbl BUAM Ne5 (53) 2017

B 0003KEHHBIX MaTepHaiax COXpaHIeTCs 3ePHUCTAsi CTPYKTypa MCXOIHBIX MOJIOTBIX BOJIO-
KOH, YTO CBOMCTBEHHO I KEPAMUYECKUX MATEPHAIIOB, TIONy4aeMBbIX MO TBepAodazHOMY Me-
XaHU3MY CIIeKaHHs. B caMHX MEXIIOPOBBIX MEPETOPOJIKaX MPUCYTCTBYIOT MUKPOIIOPHI C pas3-
Mepamu nopsiaka 1-20 MkM, 00yCIIOBJICHHBIE HATMYUEM ITYCTOT MEXAY CIICYCHHBIMU BOJIOK-
HaMH, TIPH 3TOM MaTephallbl HE COJEpXKaT Mop, 00pa30BaHHBIX IYTEM PEKPHUCTAILTH3AINN
CIieKaeMbIX YacTull. lleperopojku Takke HE COIAEPKAT CKBO3HBIX IYCTOT, KOTOPHIE MOTYT
OCTaBaThCsS B MaTepHaiax Ha MECTE BBITOPAIONIECTO NpU O0ure neHonoiauyperana [20], yto
CBUJICTEILCTBYET O BO3MOKHOCTH MOTYYCHHS] KEPAMUYCCKUX MEHOPUIBTPOB 1O UCIOIb3Ye-
MOMY B JJaHHO# pabote meToay (puc. 5, 6 u puc. 6, 6).

Pe3ysabTarsl U 00CyKIeHHE

3amaueil maHHOM paOOoTHI SBISUIOCH OTYYEHHE MYJUTMTOBOW KEpaMHUKH, 001agaromei
OTKPBITOSTYEUCTON TOPOBOM CTPYKTYpOH ¢ 00BeMHOM foJeit coobmatonuxcs nop 85-90% u
npoyHocTeio npu cxatuu 0,5—1 MIla. [Ipu sToM xenatenbHO IpOBEAEHUE O0XKUra IPU TEM-
neparypax He Bbiie 1400°C. [lng kepaMUKy ¢ 3aJaHHOM MOPOBOM CTPYKTYPOU MCIIOIB30BaIN
METO/]I IPOIUTKU LUITUKEPOM IEHOIOJINYPETAaHOBBIX KaPKAcoB, a JUIsl JOCTH)KEHUS YKa3aHHBIX
TeMIepaTyp 00K1ra B COCTaB MaTepUaioB BBOJWIM cliekaromiue 1006aBku. B psae pador [12,
20-25] mokazaHa BbICOKast 3(h(HEKTUBHOCTh MUCIOIB30BaHUs JOOABOK, YCKOPSIOIIUX MPOIIECC
TBEepA0(Ha3HOTO CreKaHHsI KOPYHAOBON U JUOKCUIIIMPKOHUEBON KepaMUKU MPU TOCTHKEHUU
temrneparyp ooxura nopsaka 1550-1600°C. Ognako mosydyeHHbIe B JaHHOH paboTe pe3yib-
TaThl MOKa3aal Hed()(PEKTUBHOCTh MCHOIB30BAHUS 100aBOK, MEXaHHU3M JIEHCTBUS KOTOPBIX
OCHOBAH Ha YCKOpEHHH TU(PPY3MOHHBIX MPOIECCOB MPHUMEHUTEIHFHO K MYJUIMTOBBIM BOJIOK-
HaMm. HeaddektuBHas paboTa Takux 100aBOK MpH 00KUTE CBsA3aHA C TEM, YTO OHH JCHCTBY-
I0T TOJBKO TOTJA, KOTJAa CIEKAaeMble YacTULIbI UMEIOT MEXJIYy COOOM IUIOTHBIE KOHTAKThI C
OombIIol TIonanpo conpukocHoBeHus [12, 13]. IIpu HecobmoaeHUN 3TOro ycnoBust Aug-
¢dy3un MOHOB uYepe3 rpaHUIBl pa3ziena TBEPAbIX (a3 He MPOUCXOAUT, MTOCKOIBKY OCHOBHBIM
3aTpyJHeHHEeM AePOPMUPOBAHUS MHUKPOOOBEMOB KPUCTAIITUYECKONW PEHISTKU YaCTHIL SBIIS-
eTCs MPENMYIIECTBEHHAs HAIIPABICHHOCTh XUMUYECKUX CBSI3EH U, TAKUM 00pa3oM, 00yCIOB-
JICHHOCTh OPHEHTAIlMU JIBUKEHUS OTAEIbHBIX JIEMEHTOB pemieTku. [losTomy yka3zaHHbIE pa-
Hee YCJIOBUS TBEPA0(Pa3HOTO CIIEKAHUS PEATTU3YIOTCS TOJIBKO MPH OOKUTe MJIIOTHOM Kepamu-
KU, TIOJTy4aeMOi MIPECCOBAHNUEM CYXHUX JTHOO0 YBIAKHEHHBIX MOPOIIKOB.

DddexTrBHAs paboTa OKCHUIa KPEMHUSI COBMECTHO C OKCHJIOM aJIFOMUHUS B KA4€CTBE
criekaromux 100aBok B TemneparypHom uHrepBaie 1300-1400°C oObsicHAETCS TeM, YTO IpU
00xwure, BEposiTHEE BCEro, 00pa3yeTcsl paciuiaB CTEKJIOMAcChl, KOTOPBIM CMauMBaeT U CTATU-
BAE€T MOJI IEUCTBUEM CUJI IOBEPXHOCTHOTO HATSKEHUSI MOJIOThIE MYJUIUTOBBIE BOJIOKHA, IPHU-
YyeM I 3TOTo Ipoliecca He TpeOyeTcs MIIOTHOrO MpHIIEraHus YacTUIl IPYT K APYTY, TaK Kak
OTCYTCTBUE KPHUCTAIMYECKUX (Da3 B COCTaBEe CTEKIOMACCHI CIIOCOOCTBYET ee OecrpemnsT-
CTBEHHOMY TEUEHHIO B MPOIIECCE CIIEKAHMSI M CBSA3BIBAHUIO YacTUIl TBepaoH (da3bl. B pe3ynb-
TaTe TOTOBbIE KEpaMUYECKHE MaTepUasbl MPEICTABISIOT COO0N CTPYKTYPHI U3 YAaCTHUIl MOJIO-
TBHIX BOJIOKOH, CKJIEEHHBIE IIPOCIONKaMHU CTEKI0(]a3bl U MyJUINTA.

Jlnst tocTKeHUsl B MaTepHaiax IPUEMIIEMBIX IPOYHOCTHBIX XapaKTEPUCTUK IMPHU CO-
XpaHEHUHU coollaromieicst mopoBoil cTpykTypbl ucxoausix [IITY-kapkacoB HeoOxoauMoO co-
nepkanue 2% (mo macce) okcuaa kpemHus u 6% (mo macce) okcuaa amomunus. [Ipu BBene-
HUU OOJIBIIETO KOJIMYECTBA CIIEKAIOMINX J00aBOK M30BITOYHOE KOJMYECTBO KUIKONH CTEKIIO-
Macchl, 00pa3yrolielics Mpu CreKaHuu, MPUBOANT K Je(opMaliy MOTydaeMbIX MaTepHaioB U
MCYE3HOBEHHUIO MOP 32 CUET HUHTEHCUBHOTO BSI3KOT0 TeueHUs. MeXIOopoBble ePEeropoku Ma-
TEPHUAJIOB TaK)Ke 00NIaal0T MUKPOOPUCTOCTHIO, TaK KaK Jake MPU MaKCUMAIBLHOM CONIKe-
HUU YacTHULl, IPOUCXOJAIIEM MPU CIIEKAHUHU, CTEKJIOMAacca He 3alojHsIeT BCe MPOCTPAHCTBO
MEX1y MOJIOTBIMU BOJIOKHAMH, U TIPU 3TOM B 000KEHHOM MaTepuase OCTAITCs HE TOIbKO
3aMKHYTBI€, HO 1 OTKPBITBIE MUKPOIIOPHI.
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[Tpu Temmnepatypax obxura mopsiaka 1300—1400°C mexay criekaeMbIMA BOJIOKHAMH
IPOUCXOIUT 00pa30BaHHE MYIIMTA IMyTeM XUMHUYECKOTO B3aUMOCHCTBUS MEXIY OKCHUIOM
ATIOMHUHUS U OKCUJIOM KpeMHus. Takoe BbleNieHue MyJUIMTa Ha TPaHUI[aX MEX/1y BOJIOKHAMU
TaKXe CIOCOOCTBYET HaOOPy MPOYHOCTH MOTYYaeMbIX MAaTEPUAIOB, TaK KaK BBIACIUBIIMNACS
B pe3y/bTaTe peaklMi MYJUIUT 00JIaJaeT BHICOKOW a/re3uel K BOJIOKHAM MPEUMYIECTBEHHO
MYJUIMTOBOTO COCTaBa, MOATOMY JJIs JIOCTH)KEHUS B MaTepuaiax IPOYHOCTU IPU CHKATUU
>0,5 MIla gocTaTtoyHO IOCTHXKEHHsSI Temmneparypbl oOxkura mopsaka 1350°C mpu ero mpo-
JnokuTeNnbHOCTH 3 4. IlockonbKy meHoKepaMuKa SIBISETCS (PYHKIIMOHAIBHBIM MaTepHalIOM,
TO IOCTUTHYTasi IPOYHOCTh OOECIIEUNBAET €€ IKCILTyaTalluOHHbIE CBOMCTBA.

B03MOXHOCTP HCIIONB30BaTh B KAuyeCTBE HMCTOYHMKA MYJUJIMTAa HEKOHAMLIMOHHBIE
OCTaTKH{ MYJUIUTOBOT'O BOJIOKHA MO3BOJISIET CHU3UTh CTOMMOCTh NIEHOKEPAMUYECKUX U3CIUH.
Kpome Toro, ucronb3ys Takoe BOJOKHO, MOXHO HE IIPOBOJUTH €0 IIOMOJI 10 COCTOSIHUS I10-
POIIIKa, a UCIIOIb30BaTh U3MEIbLYCHHBIE BOJIOKHA MYJUINTA C COOTHOILIEHUEM JJIMHBI BOJIOKHA
K ero auametpy B auanaszone (5/1-10/1), yto obecrieuuT B rOTOBBIX NEHOPMIBTPAX HAINYHE
Pa3BUTOIl TOPUCTOCTH B MEPETOPOAKAX MEKIY MAKPOMOPAMU 33 CUET MYCTOT MEXKIY CIICUCH-
HBIMHU BOJIOKHAMH.

3ak/r0ueHus

Pe3ynbTathl nccnenoBaHuil Moka3aiyd BO3MOXKHOCTh MOMYyYEHHUS] KepaMUYECKUX TEHO-
(UIBTPOB HA OCHOBE MYJUTUTOBBIX BOJIOKOH, 00JIaJAIOIIUX SIYEUCTON MOPOBOM CTPYKTYPOM C
OTKPBITOM MOPUCTOCTHIO A0 85% 1 mpouyHocThIO Npu cxkatuu 1o 0,6—0,7 MIla. Ontumans-
HBbIM PEXHMOM IOJIYYEHUs TaKUX MarepuanoB siiseTcst ooxur npu 1350°C B teuenue 3 u
npu cogepxanuu 2% (mo macce) okcuaa KpeMHus u 6,5% (o Macce) oKcuaa afOMUHUS B
COCTaBE TEXHOJIOTMYECKOH CBSI3KM ILIMKepa. I NOCTH)KEHHS B MaTepuallax HauOOJbIINX
3HAYEHUI MPOYHOCTHU U YMEHbILICHUS TEMIIEpaTypbl 00kUra TpedyeTcs AalbHeNIast ONTUMU-
3a1us COCTaBa KePaMUYECKOH MAcChl ITyTeM MOoJ00pa CIEKAINNX J00aBOK U (PPaKIIUOHHOTO
COCTaBa MOJIOTHIX BOJIOKOH, a TaK)K€ ONTHUMH3AIMS COCTaBa IUIMKEPHBIX CYCIEH3UH MyTeM
o00pa AIEKTPOIUTOB, MTO3BOJISIONINX YBEIUYUTh B IUIMKEPE OOBEMHYIO OO TBEPAOH (a-
3bI C LIEJIbI0 YBETMYCHUSI YUCIIa KOHTAKTOB MEXK/y CIIEKaeMbIMH YaCTHIIAMH MIPU 00XKUTE.
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V]IK 669.018.95
A.1O. H30m06a1, O.U. T puumnal, A.A. Ilasnes*

KOMIIO3UMIIUOHHBIE MATEPUAJIBI HA OCHOBE THUTAHA,
APMHUPOBAHHBIE BOJIOKHAMM (0630p)

DOI: 10.18577/2307-6046-2017-0-5-5-5

Tuman u mumaHogvle CIAGbL AGNAIOMCA OUEeHb NPUGTEKAMENLHBIMU MAMEPUATAMU OIS nep-
CNEeKMUBHBLIX chep npumenenus 61a200aps UX c8OUCMBEAM: HU3KOU NIOMHOCMU, 8bICOKUM Me-
XaHUYecKumM CeOUCmeam U KOPPO3UOHHOU cmolikocmu. [lanvHeliuee cogepuieHCmeosanue
Heo0X00UMo 0/ NOGLIUIEHUS. UX KOHKYDEHMOCNOCOOHOCU NO CPABHEHUIO C 8bICOKONPOYHbIMU
cmansamu uau Ni-cnuagamu.

O0Hum u3 cnocob6o6 cosepuleHCmeo8anus MUMAHOBbIX CHIAB08 ABNAEMCS UX NPUMEHEHUE 6
Kauecmee mampuyvl O0isl KOMNO3Uyuonuvlx mamepuanoé (KM), apmuposannuvix eonoxknamu,
KOmopble 0011aoaiom 04eHb XOPOUWUMU MEXAHUYECKUMU CEOUCMBAMU, HO US0EPIHCKU UX NPOU3-
600CcmBa 0060ILHO Yacmo Oobue, YeM y CMaHoapmuslx mamepuanos. OOHaxko cmoum omme-
Mumy, Ymo npu 3mMoM UCHOIb308AHUE OAHHLIX MAMEPUALO8 8 KOHCMPYKYUAX CAMONemos (pe-
aKmueHbvlll 0gueamend U Qro3ensnc) u npuMeHeHue 8 aemoMOOUILHOU NPOMBIUIEHHOCMU PAC-
mym OblcmpbIMU MEMRAMU.

Kniouesvie cnoea: memanniuueckuii KOMROZUYUOHHBIL MAMEPUAN, 6010KHA OOpA, 80J0KHA
Kapouoa Kpemuus, UHMepMemaiiud mumana, mumaHo8slil Cnias.

Titan and titanium alloys are very attractive materials for perspective fields of application
due to their properties: low density, high mechanical properties, corrosion resistance. Further
improvement is necessary to increase their competitiveness compared to high-strength steels or
Ni-alloys.

One of the ways to enhance titanium alloys is to use them as a matrix in fiber-reinforced
composites. Fiber- reinforced titanium matrix composites have very good mechanical proper-
ties, but costs of their production are often higher, than production of standart materials. How-
ever usege of these materials in aircraft manufacturing (jet engines and fuselage) and automo-
tiveindustry is growing rapidly.

Keywords. a metal composite material, boron fiber, silicon carbide fiber, an intermetallic
compound of titanium, titanium alloy.

1®euepam>Hoe roCyJlapCTBEHHOE YHUTapHOE mnpeamnpusitie «BcepoccuiicKuil Hay4HO-UCCIeA0BaTeNbCKUN
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» [ ocymapcTBeHHbIH HaydHbIi eHTp Poccuiickoit enepannu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

PaboTa BbIMONHEHAa B paMKax pealu3alliid KOMILJIEKCHOIO HAayYyHOr'O HarpaBJICHUS
12.1. «Metanmnuueckue KkoMno3uroHHble Marepuansl (MKM), apMupoBaHHbIE YacTULIaMU U
BOJIOKHAMH TYTOIUIaBKUX COeAMHEHUI» («CTpaTernueckue HampaBiIeHUsl pa3BUTHs MaTepua-
JIOB U TEXHOJIOTHH UX nepepaboTku Ha nepuof 1o 2030 roxax) [1].

OnHOM M3 KITIOUEBBIX MPOOJIEM CO3aHUs MEPCIEKTUBHON aBUAIIMOHHON TEXHUKHU SIB-
JSA0TCS pa3paboTKa W BHEIpEHHE HOBBIX ra3oTypOuHHbIX nsurareneit (I'Tl), oOnmamarommx
BBICOKMM YPOBHEM TSTH, BECOBBIM M DKCIUTYyaTAallMOHHBIM COBEPLIEHCTBOM, YMEHBIIECHHOMN
HOMEHKJIATypoil jeTasneil mpu obecrieueHuu 0ojee BEICOKOTO pecypca, HaIeXKHOCTH U 3KOHO-
MUYHOCTH [1-8], COBEpIIEHCTBOBAaHUE JIETHO-TAKTUUYECKUX XapaKTEPUCTUK CaMOJIETOB M
CHIDKEHHUE WX PaTruoJIOKAIIMOHHON 3aMeTHOoCcTH [9, 10].
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B nocnennee BpeMsi IpOUCXOIAT CYIIECTBEHHBIE NMEPEMEHBI B CTpAaTeruu CO3/IaHUs U
npuMeHeHus marepuanoB [11]. bnarogaps komnosunuonHeiM MatepuanaMm (KM) cran Bo3-
MO>KE€H HOBBIN KaueCTBEHHBIM CKAYOK B YBEJIMYCHUH MOIIHOCTH JBUTATEJeH, yMEHbIICHUN
Macchl MalllMH W KOHCTPYKIHMHA M TOBBIIIEHUH BECOBOH 3()()EKTUBHOCTH TPAHCHOPTHBIX
CPEICTB ¥ aBHAIIMOHHO-KOCMUYECKHUX aIlllapaToB.

Merannuueckue koMo3uimoHHbie Marepraiibl (MKM) MOXHO pa3ienuTh Ha CleayIo-
[I1M€ OCHOBHBIE TPYIIIBL: MPEPHIBHO-aPMUPOBAHHBIE, OOBIYHO HA3bIBAEMBIE JUCIEPCHOYIPOU-
HEHHBIMU, U HEMIPEPHIBHO-aPMHUPOBAHHbBIE (BOJIOKHUCTO-apMUpOBaHHbIe) (puc. 1).
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HaeTHIk Henpephigitie ponngH: KopoTkne Bomoken

PI/IC. 1 CXCMaTI/I‘IHOC 1/1306pa>1<eH1/Ie TUIIOB MCECTAJUIMYCCKUX KOMIIO3ZUIIMOHHBIX MaTepI/IaHOB
(MKM)

ApMHpOBaHHBIE BOJIOKHAMH METaJlIbl — OCOOBIN U CIOXKHBIN Kilacc MarepuaioB. OHU
IPEJCTaBISIIOT coO0l Hanbosee OOIMPHYIO U pa3HOOOpa3Hyto 1o coctaBy rpynny KM, mis
KOTOPOH TEOpeTHYEeCKHEe MPEACTaBICHUS U MPaKTHUECKas peaau3alysi, HECMOTps Ha OY€Hb
3HAUUTENbHBIE TEXHOJIOTMUYECKUE TPYAHOCTH, Pa3BUBAIOTCA Haubojee cyuiecTBeHHO [12].
Ot0 00BsAcHSETCA TeM, uTo B KM 3Toro tuna ymaercs peanu3oBaTh Haubojee BHICOKHE MTPOY-
HOCTHBIE U TEPMUYECKHE XApAaKTEPUCTHKHU, TaK KaK MMEHHO HCIIOJIb30BAHME BOJIOKOH JIAeT
HAauOOIBIINN YIPOUHSIOUUH P PEKT.

OcHoBHasi (yHKIUSI BOJIOKOH COCTOUT B TOM, YTOOBI IIEPEHECTH OOJIBIIYIO YaCTh MPH-
KJapiBaeMoil Harpy3ku Ha KM u Takum oOpa3om oOecrneyuTh MpoyHOCTh. MakcuManbHas
MPOYHOCTh U JKECTKOCTh, HAIPUMEp, IOCTUTalOTCs TOT/AA, KOI/la BCEe BOJIOKHA OPUEHTHPOBA-
HBI 110 HANPaBJICHUIO NMPHJIOKEHHON Harpy3ku, 1 Ha060poT — nmpouHocts KM ropazno aHuxe,
€CJIM BOJIOKHA OpPUEHTHPOBAHBI MEPHEHAUKYISIPHO MPUIIOKEHHON Harpyske WM €Cld OHU
pacnpezeneHsl B Marepraie XaoTuuHo. OHaKo IPOYHOCTh U aHU3OTPOIHIO MOKHO KOHTpPO-
JUPOBATh BEIOOPOM BOJIOKOH U UX OPUEHTUPOBAHHOMN YIaKOBKOI.

IIpakTrka mokasana, 4yTo MyTeM Mo00pa COCTaBa U CBOMCTB KOMIOHEHTOB KM MoX-
HO 00€cIeYUTh MOJy4€HHE MPAKTUUECKH JI0OBIX M3/IEIUH ¢ 3apaHee 3aJJaHHbIM COYETaHHEM
AKCIUTyaTallMOHHBIX U TEXHOJIOTHYECKUX CBOMCTB [13].

K matepuany marpuiel KM npenbsaBisitoTcst ciaenyromnye TpeOoBaHus: 3HAUNTEIbHOE
CONPOTHBIIEHNE OKHUCIIEHUIO U BBICOKAs MPOYHOCTh IIPU KOMHATHOW Temmeparype. Mexay
MaTeprajIoM BOJIOKOH U MaTpULIEH HE JIOJKHO MPOUCXOIUTh XUMUYECKOTO B3aMMOJCHCTBUS
IIPY NTOBBILLIEHHBIX TeMIieparypax [14].

[Ipn npruMeHeHUN TUTAHOBBIX cIu1aBoB B KM OTKpBIBalOTCS 3HAUUTENbHBIE BO3MOXK-
HOCTH COBEPILIEHCTBOBAaHUS TEXHOJOTHMYECKHUX IMPOLIECCOB W M3Aenuil. TUTaH M €ro cruiaBbl
MMEIOT JIBA OCHOBHBIX IPEUMYILECTBA 110 CPABHEHUIO C JAPYTUMHU KOHCTPYKIIMOHHBIMH Me€-
TaJlJIJaMH, 2 UMEHHO: BBICOKYIO YJENbHYIO MPOYHOCTH (T. €. MPOYHOCTh, OTHECEHHYIO K IUIOT-
HOCTH) U OTIMYHYIO KOPPO3HOHHYIO CTOMKOCTh B CAMBIX CYPOBBIX aTMOC(EPHBIX YCIOBUSX, a
TaKXe B psjie CUJIbHBIX XUMHUYECKUX PEareHTOB. B HEKOTOPHIX 00JIACTSIX MPUMEHEHUS HeMa-
JIOBXHOE 3HAUYE€HHWE HMEIOT U JpYyrue CBOWCTBA TUTaHa — HalpUMep, HEMarHUTHOCTb,

43




TPYAbl BUAM Ne5 (53) 2017

BBICOKAsl TeMIepaTypa IUIaBJIIEHUS, MaJlblii TeMIepaTypHblii Kod()(UIMEHT JIUHEHHOTrOo
pacmmpenns (TKJIP), 6uomorundeckass MHEPTHOCTD U T. 1. TUTAaHOBBIEC CILJIaBBI HMEIOT OTHO-
CUTEIBHO HU3KYIO INTOTHOCTH (4500 Kl"/Ms) 1 001a1at0T BBICOKOM MPpOoYHOCTHI0. HO MaTepua-
JIbI HE BCerja 00J1aaloT TaKuM COYETaHUEM CBOMCTB, KOTOpOe TpeOyeTcs AJisl AeTajei.

Ecnu cpaBHMBaTh MEXaHMUYECKUE U IKCIUTyaTallMOHHbIE cBoMicTBa KM Ha ocHOBe TuTa-
HOBOW MAaTpHIIbl U CBOMCTBA TPAJAULMOHHBIX TUTAHOBBIX CIUIABOB, TO IO psALy napamerpoB KM
CYLIECTBEHHO MX IIPEBOCXOJAT — UMEIOT MOBBILIEHHYIO ECTKOCTh, BHICOKOE COIPOTUBIIEHNE
MOJI3YYECTH U YCTAIOCTHOMY Pa3pyIICHHIO, a TAKXKe 00J1a1al0T BEICOKOH H3HOCOCTOMKOCTBIO.

HNHTeHcuBHOE pa3BuTHE KOHCTPYKIIMOHHBIX KM Hauanock B 1960-x rT., Koraa Gmaro-
JIaps ycrexaM XUMHYECKOW TEXHOJIOTUH TMOSBUJIMCH BBHICOKOIIPOYHBIE M BBHICOKOMOYJIBbHbBIE
(oGmamaromyie BHICOKMM MOJYJIEM YIPYTOCTH) BOJIOKHA: OOpHBIE, YIJIepOIHBIC, KapOuIo0-
KpEMHUEBBIE, OKCUIHBIE, OpPraHNYeCKHE BOJIOKHA, HUTEBUAHBIE MOHOKPHUCTAJIBI U JIP.

3a nocienHue JECATHIICTUS. JOCTUTHYT 3HAYUTENbHBIN Iporpecc B 001acT pa3padboT-
KM BOJIOKOH, pPaCCUMTAaHHBIX HAa IPUMEHEHNUE IIPU BBICOKUX TeMueparypax. IIpu sTom ncrosb-
3yIOTCS B OCHOBHOM KE€pPaMHMUYECKHE M OKCHJAHBbIE BOJIOKHA. Hapsaay ¢ HUMHU mMpokoe npume-
HEHUE HaXOJAT TaK)K€ METAJUIMYECKHE BOJOKHA (IIPOBOJIOKH) M3 CILIABOB M OJArOpOJHBIX
METAaJIJIOB.

B 1abn. 1 mpuBeneHs! naHHbIe O CBOMCTBaX Hanbosee ynoTpeOasieMbIX BOJIOKOH [12].

Tabnuya 1
CaoiicTBa apMUPYIOIIHMX BOJOKOH [12]
Tumn BosoKHa Temneparypa nnasnenus | IlnotHocTs, | [Ipenen npounoctu Monynb Tunuynas
M pasmsiraenust, °C r/em® IIpU PacTSLKEHUHU, | YOPYTOCTH, | TOJIIMHA,
MIla I'Tla MKM
HenpepbiBHBIE CTEKIISIHHBIE BOJIOKHA
E-crexno 700 2,55 350 73,5 10
S-crekio 840 2,50 455 88,2 10
4H-1 900 2,66 511 101,2 —
SO, 1660 2,19 595 33,2 35
IMonukpucTammnyeckue BOJOKHA
Al,O3 2040 3,15 210 175 —
ZrO, 2650 4,84 210 350 —
Yraepon/rpapur 3650 1,50 245 210 5
BN 2980 1,90 140 91 7
Merannudeckue BOJIOKHA
W 3400 19,4 406 413 13
Mo 2620 10,2 224 364 25
Rene 41 1350 8,26 203 168 25
Cranb 1400 7,74 420 203 13
Be 1280 1,83 129 245 127
Kepammgeckue «ycpm»™*
Al,O5 2040 3,96 2100 434 3-10
BeO 2570 2,85 1330 350 10-30
B,C 2450 2,54 1400 490 —
SiC 2690 3,18 2100 490 1-3
I'padur 3650 1,66 1991 425 —
Merannanueckue «ycb»

Cr 1890 7,20 903 245 —
Cu 1083 8,92 299 126 —
Fe 1540 7,83 1330 203 —
Ni 1455 8,98 392 217 —

* «Yepl» — Mrn006pa31-u>1e HUTECBUIAHBIC BBICOKOIIPOYHBIC MOHOKPUCTAJIIIBI.
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Bbicokas mIpo4YHOCTb BOJIOKOH OOBSACHSETCA UX MalbIM JHAMETPOM, TaK KaK BEpOAT-
HOCTh TOTO, YTO BOJIOKHO COJAEPKUT Je(EeKThI, CIOCOOHBIC BBI3BATH XPYIIKOE Pa3pyIICHHUE,
1a/laeT ¢ yMEHbILIEHHEM [IOIIEPEUHOro ce4eHus BOJIoKHA. HuTeBuiHbIE MOHOKpUCTAIIBI (MIIN
«yCbl»), MMEIOUIME HPAKTUYECKH COBEPIIECHHYIO, Oe3/1e(heKTHYI0 CTPYKTYpYy, 00janaroT
IPOYHOCTHIO, ONMU3KOM K TeopeTnueckor. [t peanuzanun B KM CBOCTB BOJIOKOH CITY)KUT
MaTpulia, KoTopas o0beJuHseT Bce KomnoHeHTsl KM, 3amuiaer BoJIOKHA OT BHEIIHETO BO3-
JIeCcTBUS, CIOCOOCTBYET PABHOMEPHOMY PACIIPECIICHUIO HArPY3KH MEXY OTAEIbHBIMU BO-
JIOKHaMH ¥ [O3BOJIAET CO3/1aBaTh AeTalH TpeOyeMoii (hopMbl U pa3MepoB.

Komno3unmonHele MaTepuanbl Ha OCHOBE TUTAaHOBOM MaTpUIbl M3rOTABIMBAIOT IPU
JI0BOJILHO BbICOKUX TemmnepaTypax (800—1000°C). Haubonee pacnpocTpaHEHHBIMU YIPOUYHHU-
TEJIAMU Ul TUTAHOBOM MAaTpHIbl SABJISIOTCS BOJOKHA MosnOjaeHa, Oepuiuins, 6opa, oKcuaa
IIOMUHUS, KapOu1a KpEMHHUSL.

Komno3zuyuonnvie mamepuanvt Ha 0CHO6e MUMAHOE0T MAMPULbL

B kxauecTBe ynpo4yHMTENEH TUTaHA U €r0 CIJIaBOB IPHUMEHSIOT METANINYECKUE BOJIOK-
Ha U3 MoymOeHa, Bosibhpama, Oepwuiust u np. Hanpumep, KM cucremsr Ti—-Mo nmonyvaror
METOJIOM JTUHAMHUYECKOI0 IOPSYEro MpeccOBaHUs 3arOTOBOK THUIA «C3HIBHY» B BAKYyMHPO-
BaHHBIX KOHTEIHepax. Takoe apMUpOBaHUE O3BOJIAET OBBICUTD JJIUTENBbHYIO IPOYHOCTH 1O
CPaBHEHHIO C MaTpULIEd M COXPAHUTh NPOUYHOCTH IIPU BBICOKMX Temmeparypax. OpHum u3
HenocratkoB KM cuctembl Ti—-Mo siBIIsieTCsl BBICOKAs INIOTHOCTh, YTO CHHIKACT YACIBHYIO
MPOYHOCTh 3TuX MartepuanoB. B KM cucrembl Ti—Be B3aumojeicTBHE MU TeMIepaType
<700°C otcyrcTtByeT. Bblme 3Tol TemmepaTypbl BO3MOXHO 00pa3oBaHHE XPYIKOI'O
UHTEpMETANIN/A, TIPU 3TOM NPOYHOCTh BOJIOKOH NMPAKTHUECKH He H3MeHseTcs. B tabn. 2
npuBeneHbl cBorictBa KM Ha OCHOBE TUTaHOBOM MaTpHIIbl, apMHUPOBAHHON OEpPUILIUEBOM
MIPOBOJIOKOM.

Tabnuya 2
CaoiicTBa KoMno3uioHHbIX MaTepuaaoB (KM) ¢ maTpuueii cucrembr Ti—6Al-4V,
apMHPOBAHHBIX OepHJUINEBOI MPOBOJIOKOIH [12]

Cmoco06 nonydernuss KM IIpoBonoka u3 Be KomnozuumonHsiit Mmarepuan
COCTaB JMaMeTp,| Oy, |COAEpXKaHWE | Oy, MOJYJb
MM MIla | BonokHa, % | MIla | ynpyrocru, I'Tla
T'opsiuee BakyyMHOE
IIPECCOBAHUE:
MPOBOJIOKA+ITHCT XUMHUYECKU YUCTAS 15 650 50 700 195
poBoJIoKa+dobra To xe 15 650 50 810 212
Merann+0,2% BeO 0,5 980 43 940 184
CoBMecTHas SKCTPY3USI+ To xe 0,95 600 38 810 172
+IIpOKaTKa
CoBMecTHas SKCTPY3UL -«- 0,95 600 0 770 183

Komnoszuyuonnwiii mamepuan cucmemor Ti—B
ITockonbKy BoJIOKHA O0opa XpyNKHE, TO JUISl MOJYYEHHsS KOMIAKTHBIX KOMIO3HMILIUH
yaiie BCEero UCnoib3yroT Tud(y3noHHYIO CBapKy B BakyyMe (puc. 2). JlnutenbHas BbIAEPKKa
KM cucremsr Ti—B npu Ttemneparypax >800°C mon naBieHHEM HTPUBOIUT K 0Opa30BaHUIO
XPYNKHX OOpUIOB THTAHA, Pa3yPOUYHSIONINX KOMIIO3HUT.
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Puc. 2. Cxema mony4eHus METaJUIMYECKOTO KOMITO3ULIMOHHOTO Matepuana (MKM) ¢ momomibio
I Py3nOHHON CBapKU

[TepBbie pabOTHl OTEUECTBEHHBIX y4deHBIX MO monydeHuto KM cucremsr Ti—B Obun
npoBeJieHbI emie B 70-X romax mpounioro Beka. TexHnomorus nuddy3noHHON CBApKHU MO J1aB-
JIEHHEM B BaKyyMHOM I1aKeTe IPUHATA B KauecTBe MeToAa nonydeHuss KM (Ha ocHoBe TuTa-
Ha), COCTOSIIETO U3 YEepenyIoIuXcs ClIoeB 0opa M TUTaHA. B kauecTBe MCXOAHBIX MarepHa-
J0B 71 u3rorosyeHus: o0pasnoB KM cucremsl Ti—B ciyxunu 60pHOE BOJIOKHO AHaMETPOM
85-100 MKM, HAMOTaHHOE Ha YU, ¥ (OJIbIra U3 TUTAHOBBIX CIUIaBOB Mapok BT15 u BT23
tomuuHOoW 50 MKM B BHJE IJIacTuH. B pesynbrate mpoaenaHHoil paOoThl MOJY4YUTh Kade-
cTBeHHBIH o0pazenr KM He ynanock.

B cBs3u ¢ 3TUM GOpHBIE BOJIOKHA 0€3 MOKPBHITUN NMPAKTHUECKHU HE MPUMEHSIOT IS
ynpouHenuss KM Ha ocHOBe TUTaHOBOW MaTpuubl. I 3THX LEeJIeld NMPUMEHSIOT BOJOKHO
«6opcux». Cienyer OTMETHTh, YTO U3-3a BECbMa BBICOKOI'O YPOBHS IIPOYHOCTHU COBPEMEHHBIX
TUTAHOBBIX CIUIABOB M CPABHHUTEIBHO MaJIOH TIIOTHOCTH 3(PEKT OT ynpoyHEeHus: uX OOPHBIMU
BOJIOKHAMHU He oueHb BenuK. B Hactosmee Bpemsa KM cuctemsl Ti—B, nonydeHnHslil MmeTooM
muddy3nonnoit capku npu temneparype 800-880°C, umeer 6,=900 MIla mpu oObeMHOIM
noJie BojiokoH 0,36.

Komnosuyuonnwiit mamepuan cucmemor Ti—Al203

Coenunenne AlyOz mmeer OMM3KHE C TUTAHOM TeMIeparypHble K03()duimeHTs m-
HeifHoro pacmupenus (TKJIP), uto pemaer npoOiaeMy OCTaTOUHBIX HalpsbKEHWM mpu oOpa-
6otke. [Inst ymeHbleHus BbIcoKoi ctoumoct KM, apMHUpOBaHHBIX MOHOBOJIOKHAMH, IPOBE-
JIeHbl paboThl 1o noxydeHnto KM Ha ocHOBE TMTAHOBOI MaTpHIbl ¢ Oojiee HU3KOM 1IEHOMH,
HaIOJTHEHHBIE )KT'YTOOOpa3HbIMU BOJIOKHAMH OKcujia anmomMunus (puc. 3). Mcnons3oBaiiu Bo-
JIOKHA OKCHJIa aJIIOMUHMSI CO CPEHUM auameTpoM 12 MKM B ¢opme KryToB. s perieHus
po0JIeMbl B3aUMOJICHCTBUS MEX]ly BOJIOKHAMHM U TUTAHOBOM MaTpHIleH, BOJIOKHA IOKpPHIBA-
JM pa3IUYHBIMU MaTepuallaMH, Cper KOTOPBIX Jyyile BceX NposiBuil ceds Y 20s.

46



TPYAbl BUAM Ne5 (53) 2017

Komnoszuyuonnwiti mamepuan cucmemor Ti—-SC

IlepBoe ynmomunanue o nonsiTke nzrorosneHust KM cucremsr Ti—SiC oTHOCHTCS Tak-
ke K cepenuHe 70-X romoB MpouuIoro Beka. Ha TOT MOMEHT cTanu JOCTymHBbI nepBbie SiC-
BOJIOKHa, mpou3BereHubie pupmamu Avco (CILIA) u British Petrol (BP, BenukoOGpuranus).
OnHako BBIACHWIIOCH, YTO HA MEXAHWYECKHE CBOMCTBA KOMIIO3UTA 3HAYMUTEIBHOE BIIUSHUE
OKa3bIBAET PEAKLM MEXIAY BOJIOKHOM M Martpulel. [Ipu 3ToM B3auMoaeincTBue TuTaHa ¢ BO-
noxkHamu SIC MeHblIie, yeM ¢ BosiokHamu Oopa. C Havyana 80-X rogoB MPOILIOTO BeKa s
3aIIUTHI OT HETIOCPEICTBEHHOTO KOHTAKTa ¢ TUTAHOBON Matpuiieit SiC-BOJOKHA MOKPHIBAIIN
JIOTIOJIHUTEIBHBIM 3alIUTHBIM CJIOEM C BBICOKUM COJAEpKaHUEM yrieponaa. B pesynbrarte nis
KOMITO3UTOB BIIEPBBIC MOIYYUIIH MPOYHOCTHBIE CBOMCTBA, KOTOPHIE B TIEPBOM MPUOITHIKEHUN
COOTBETCTBOBAJIM TEOPETUUECKUM 3HAYEHHSIM 110 MIPABUITY CMEILICHHUS.

Martepuansl cuctembl Ti—SiC MMeEIOT BBICOKHE 3HAYCHHUS Mpejaesia MOJI3y4yecTH Tpu
ONpENIETICHUM BHEOCEBOM MPOUYHOCTU. B Hacrosimiee BpeMs npu MPOU3BOACTBE JaHHbIX KM
UCIOJIb3YOTCSI TEXHOJIOIMH MarHeTpOHHOT'O PacHblICHUS U TOpsiuee N30CTaTHUECKOE IIPECCo-
Banue (I'UII). Jlnsa npenoTBpamieHus: mpu MOBBIIMICHHONW TEeMIIEpPaType XUMHUYECKOTO B3aMO-
JIEUCTBUSI MEXK]1y BOJIOKHOM U MaTPHUIIEH UCIIONB3YIOT 3alIUTHBIE TTOKPHITUS BOJIOKOH U METO/T
dazoBoii cerperanuu. Ha puc. 4 npencraBieHa MUKPOCTPYKTypa apMHUpyroIiero BojokHa SiC
B TUTaHOBOM MaTpuiie [14].

Folololelofeleletelcd
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Puc. 4. MukpocTpykTypa BosiokoH SIC B THTaHOBOW MaTpHIIe

[Tocne 40 net pa3paboTOk B 00JIaCTH apMUPOBAHUSI TUTAHOBBIX CIUIABOB JJISI COKpa-
IIEHUS 30HBI peaKUN MeX1y KapOouoM KpeMHus 1 MaTpuleil SiC-BoJoKHa ObUTH aganTUpo-
BaHBI JUIl HAaHECEHMs INOKPBITHMM U3 mupoyriepona. Bo BpeMs BO3IEHCTBUS IMOBBILIEHHOW
TEMIIEPATYPbl YMEHBIIAETCS TOJNIIMHA MOKPBITUS BOJIOKHA, B TO BPEMsI KaK PEaKIIMOHHBIN
CJION yBEITMYMBAETCS.

B Hacrosimee BpeMs 3apyOeKHbIMU (UpMaMH aKTMBHO pa3pabaThIBAIOTCS M BHEIPSI-
IOTCSl B aBUallMOHHbIE u3nennss KM Ha 0OCHOBE TUTaHOBOW M MHTEPMETAJUIUIHON MaTpPHIL, ap-
MHPOBaHHbBIX HeNpepbIBHBIMU BoslokHamMu SIC [15].

Takum oOpazom, it monydeHuss KM Ha ocHOBE TUTAaHOBOW MATPHUIIBI C ONTUMAIBHBI-
MU CBOMCTBaMH JOIYCTHMa OIPEACIICHHAs CTENEHb B3aUMOJICHCTBUS KOMIIOHEHTOB, UHTECH-
CHUBHOCTh KOTOPOM peryiupyercs moj00poM COOTBETCTBYIOLIETO COCTaBa MATPHILIbI, 3alUT-
HBIMU MOKPBITUSIMU JINOO MPUMEHEHUEM BBICOKOCKOPOCTHBIX U HU3KOTEMIEPATYPHBIX METO-
JIOB U3TOTOBJICHHUS.

[Ipu mponseoactBe KM Ha OCHOBE TUTAaHOBOM MaTpPHIIBI HCIIOIB3YIOT Pa3INYHbIE TEX-
HOJIOTHH, B TOM 4HCJIe TOpoIIKOBbIe. [Ipy HCcronb30BaHNM MOPOIIKOBBIX TEXHOJIOTUN HEOO0-
XOJHUMO IIPUMEHATh KOMIIAKTUPOBAHUE, KOTOPOE BKIIFOYAET XOJIOJHOE IIPECCOBAHUE U CIIEKA-
Hue, 'UII nnm npsmyro 3KCTpy3Hro Mopomka. X0JI0IHOE MPECCOBAHUE SIBIISETCS CaAMbIM OII-
TUMAaJIbHBIM 110 3aTpataMm metojaoM, a [' YT ornuvaercst Gonee BBICOKONH CTOMMOCTBIO, OJTHAKO

47




TPYAbl BUAM Ne5 (53) 2017

obecrieurnBaeT 3HAYUTEIHLHO MEHBIITYIO MOPHUCTOCTh. D(H(HEKTUBHOCTH JAHHOTO METOJa IO-
BBIIIIAETCS TI0 Mepe yBeIMUeHHs 00padaThIBaeMO MapTHH.

B 3aBucHMOCTH OT OCOOEHHOCTEH CBOWCTB MaTepUaloB Pa3pabOTaHO 3HAYUTEIBHOE
KOJIMYECTBO PA3JIUYHBIX TEXHOJIOTMYECKHUX MPUEMOB, MO3BOJSIONIMX HM3TOTABIUBATH JOCTa-
TOYHO IIMPOKYI0 HOMEHKIATypy Mu3Aenui. JlaHHBIX O Takux Mpoleccax B Hay4dHO-
TEXHUUYECKOH JUTepaType NOCTATOYHO Majo, TaK KakK JAJis 3TOr0 HEOOXOIUMBI JIUTEIbHbBIE
JIOPOTOCTOSIIINE UCCIETOBaHMS, KOTOPble 00eCIeUNBAIOT YCKOPEHHOE Pa3BUTHUE HAYKOEMKUX
00OpOHHBIX OTpaciielf, TaKUX KaK a’dpOKOCMHUYECKasl, POU3BOJICTBO BOOPYKEHHM, CPEICTB
000poHBI U 3amuTHI [12].

Craemyer OTMETUTB, UTO TpU cOo3AaHUU nepcnekTuBHBIX 1 T/] Ha paboune Temmepary-
psl 10 500-700°C HeoOxoauMocTh pa3padoTku KM Ha 0CHOBEe TUTAHOBBIX CILJIABOB ITpHOOpe-
TaeT 0coOyro 3HaYMMOCTh. B TeueHne nocneaHux jiet HabmogaeTcs pactyumil uarepec k KM
HA OCHOBE MHTEPMETAILTUIOB TUTaHa, TakuX Kak TiAl umm TizAl, 6naromaps coueTaHuio HU3-
KON TUIOTHOCTH M BBICOKHX MPOYHOCTHBIX XapaKTEPUCTHK MPH MOBBIIICHHBIX TeMIlepaTypax
(>600°C), xoporiei CTOMKOCTH K OKUCJICHUIO U TToyzydecTH [15, 16].

HcnonszoBanne KM Ha OCHOBE TUTaHOBOM, B TOM 4YHMCJIE HHTEPMETAILIMIHOW, MaTPH-
bl B JIONATKAaX KOMIIPECCOpa HU3KOTO M BBHICOKOTO JAaBJICHUS MO3BOJISIET CHU3UTH Maccy JIo-
natok Ha 30% MO CpaBHEHUIO C HEYNPOYHCHHBIMH TUTAHOBBIMHU CILUIABAMH U HUKEJIEBBIMU
cymnepciuiaBamu (taba. 3) [15, 17-19].

Tabnuya 3
CpaBHUTeJIbHbIE XaPAKTEPUCTUKU METANIMYECKHAX KOMIO3HIITHOHHBIX MAaTEPHAJIOB
HA OCHOBE THTAHOBOI U HHTEPMETAJUIMIHON MAaTPHIIbI M HUKEJIEBOro cynepcmiana [15, 18]

CBoiicTBa 3HayeHus CBOMCTB I
BOJIOKOH Ha OCHOBE Ni-CcynepcruiaBa
Ti-SiC TiAl-SIC
ITnotHOCTSE, T/CM? 4,04 4,18 8,3

Mopyns ynpyrocty, I'11a,
B HaIlPaBIICHUM:

MPOAOIHLHOM 200 242 207
MOTIEPEYHOM 145 200 207
MaxkcumanbHas paboyas 538 760 1090

temneparypa, °C

Komno3uimonHele Matepuaabl HA OCHOBE TUTAHOBOW MAaTpHIIBI SBIISIOTCS MEpCIeK-
TUBHBIMH MaTepHalaMy JJIsl aBUaKOCMHUYECKOW TEXHUKH M HAXOJAAT MPUMEHEHHE B HOBBIX
KOHCTPYKLUSAX PEAKTUBHBIX JIBUTATENEH, Il BO3HUKAET HEOOXOIMMOCTh B MaTepHaax, Bbl-
JEP>KUBAIOIIUX TeMIeparypy skcmutyataruu 10 800°C.

Takum 06pa3oM, B HacTosilIee BpeMsl pa3BUTHE 3TUX MaTEpUANIOB JJIS CO3JIaHHs HO-
BoIX ['T]] siBisiercst Hambouee nepcrneKTuBHBIM. OHAKO CAePKUBAIONINM (aKTOPOM Ha IyTH
K IIUPOKOMY MPUMEHEHHIO TaKUX MaTE€PHUasOB SIBIISETCS CIIOKHBIA TEXHOJIOTMYECKHH ITMKII
npousBojcTBa [20], a ciemoBaTeabHO, BhICOKas IieHa. ClieyeT OTMETUTDh, YTO B HACTOSIIIEE
BpeMs B CBSI3U C MOBBIICHHON 3aMHTEPECOBAHHOCTHIO B HOBBIX MEPCIEKTUBHBIX MaTepHaax
JUIsl aBUAKOCMUYECKOM OTpaciiy, CIOCOOHBIX paboTaTh MpU MOBBIIIEHHBIX TEMIEpaTypax U B
arpeccUBHBIX Cpelax, a Takxke Ojarojgaps COBPEMEHHBIM TEXHOJIOTHSM IPOM3BOJCTBA MMe-
IOTCSI BCE OCHOBAHMUS IS IIMPOKOTO MPUMEHEHUs pa3zpadarbiBaeMbix KM.
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Ilpu npogedeHuu KOIUUECMBEHHO20 XUMUYLECKO20 AHAU3A CEKMPATbHbIMU Memooamu OJisl
pacuema cooepicanus 1eMEeHmo8 6 00pasye UCNOAb3YIOM 2pAdyUpOBOYHbIE 3ABUCUMOCTIU
AHATUMUYECKO20 CUSHANA OM KOHYEHMPAayuy onpeodensemozo siemeHma. J{us nocmpoenus epa-
OYUPOBOUHBIX 3a8UcUMOCHell npumensaom cmanoapmusie oopaszysl (CO) cocmasa mamepuaia.
Cmanoapmuvle 00pasyvl makxoice NPUMEHSIOMCsL OJis1 AMmMecmayuy Memooux usmepeHutl, no-
8epKU cpedCcms usMepeHuil, KOHMPOJsL NPAGUTLHOCIU U NPEYUSUOHHOCU Pe3YTIbMAmo8 usme-
perutl u np. Bo @I'VII « BUAM» paspabamueiearom u evinyckarom CO cocmasa cniagoe Ha pas-
JUUHbIX ocHosax, exaouas CO anromunuesvix cniagos. Lllupoxoe npumeHnerue arrOMuHUesbIx
CNIAB08 8 PA3NUYHBIX OMPACAX NpoMbluieHHocmu ooyciasiueaem cnpoc Ha CO anomutue-
8bIX CNIABOS, BOCPEOOBAHHOCHIL UX HA PLIHKE U AKMYALbHOCHb pabOm no paspadbomke u npo-
ussoocmgy CO antomunuesvix cniasos. B oannou pabome npusedervl pe3yibmamol UCC1e008d-
Huti mamepuana CO anomunuegozo cniaea /{16, 8biniasieHHo20 ¢ npuMeHeHuemM 08yX pasiuy-
HbIX exHoro2ull aumovs. [lo pe3yremamam ucciedos8anuil 6bl10pana mexHono2us, obecneyusa-
rowasn Haunywwue xapaxmepucmuxu mamepuara CO. Ilpogedena npedsapumenvuas amme-
cmayus xumuyeckozo cocmasa mamepuaia CO cnnasa /[16 paznuunvimu memooamu.

Knrouesnte cnosa: cmandapmusie 0Opazybvl, amoMuHuessie Cnilasbl, CHeKMpaibHble Memoobl.

Methods of spectral analysis are widely used on the production of aluminum alloys to deter-
mine the chemical composition of the melted material. For calibration of spectrometres are
used certified reference materials (CRMs) of alloy composition. Uncertainty of certified values
of CRM significantly affect on the accuracy of quantitative analysis. The uncertainty of the in-
homogeneity of CRM is one of the total uncertainty of CRM certified value is. FSUE « VIAM»
develops and produces certified reference materials. In this work we present the results of a
study of the material composition of the alloy blanks CRM D16 melted on two different technol-
ogies. According to the research selected the technology that provides the best performance of
the material CRM. Carry out the chemical analysis of CRM.

Keywords: certified reference materials, aluminum alloys, spectroscopy.

1®euepam>Hoe rOCyJIJapCTBEHHOE YHUTapHOE mnpeamnpusitie «Bcepoccuiickuil Hay4yHO-UCCIIeA0BaTeIbCKUN
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» [ ocymapcTBeHHbIH HayuHbIi eHTp Poccuiickoit enepannu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.

Brenenne

PaGora BbIOSIHEHA B paMKaXxX peain3ali KOMIIEKCHOTO HayYHOTO HampasiieHus 2.1.
«DyHIaMEeHTaTbHO-OPUEHTHPOBaHHBIE UccenoBaHms» («CTparernyeckue HarpaBiIeHUs pas-
BUTHS MaTepUAIIOB U TEXHOJIOTHI UX mepepaboTku Ha nepuos 1o 2030 roxay) [1].

Poct TpeGoBaHuil K M3AETUSAM aBHALIMOHHOTO HAa3HA4YEHUs TPeOyeT CO3JaHMsI HOBBIX
JIETKMX MaTepUajoB ¢ BBICOKUMU XapakTepuctukamu. Bo ®I'YIT «BUAM» pa3paboTaHbl BbI-
COKOIIPOYHBIE AIFOMUHUEBBIE CIUIABBI TPETHErO IMOKOJIEHUA. IIpoBOAATCS MHOIOYMCIIEHHBIE
VCCJIEIOBAHMS MEPCIIEKTUBHBIX ATIOMHHHUEBBIX CIUIABOB M TEXHOJIOTMM MX IPOW3BOJCTBA H
cBapku [1-4]. BMecTe ¢ TeM BO MHOTMX OTpPAcisAX NPOMBIIIEHHOCTH U MAIIMHOCTPOEHMSI BCE
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elle HaxoJAT MPUMEHEHHUE TPAJULMOHHBIE U XOPOUIO U3yYEHHbIE aTIOMUHHUEBBIE CILJIABBI, B
YaCTHOCTH CIUIABHI TUMA AFOpaTOMuH. JJis oOecrieueHus 3aJaHHBIX CBOMCTB CIUIaBa HEOOXO-
JIMMO MTPOBOJIMTH OMPEJICIICHHE ero YIEMEHTHOTO COCTaBa C JOCTATOYHON TOYHOCTBIO [4—7].

B Hacrosiiee BpemMsi Ha IPEINPUITUSX aBUAITMOHHON MPOMBIIUIEHHOCTH U MallHHO-
CTPOEHUS /JIsl BBIMOJIHEHUSI KOJMYECTBEHHOTO XUMUYECKOT0 aHalu3a MIMPOKOE pacipocTpa-
HEHUE TOJYYMIIM CIEKTPabHbIC METO/bI aHanu3a. [Ipu nmpoBeneHnN KOJIMYECTBEHHOTO aHa-
JM3a XMMUYECKOr0 COCTaBa CIUIaBa CIEKTPaIbHBIMU METOAAMU ISl pacuera COAepKaHHs
3JIEMEHTOB B 00paslie UCIOIB3YIOT IPAJyNPOBOUYHBIC 3aBUCHMOCTH aHATUTUYECKOTO CUTHANA
OT KOHLIEHTpPALIUU ONpeAensieMoro 3nemMeHTa. Jljig mocTpoeHus rpalyupoOBOYHBIX 3aBUCHUMO-
cTel mpuMeHsIoT ctaHmaptHeie obpasubl (CO) cocraBa marepuana. Bo ®I'YII «BUAM»
paspabaTeiBatoT M BhITyckatoT orpacieBbie (OCO) u rocynapcreennsie (I'CO) crangapTHbIC
00pasIibl coCcTaBa CIUIABOB Ha pa3iuyHbIX ocHOBax [8—12]. Ha stane arrectamuu CO ycra-
HABJIMBAIOT MeTpojoruueckre xapakrepuctuku CO: aTTEeCTOBaHHYIO XapaKTEPUCTHKY (3Ha-
YeHUE MAcCOBOM JOJM 3J€MEHTAa) U MOTPEIIHOCTh aTTecToBaHHbIX 3HaueHu CO. 3HaueHue
MOTPEIIHOCTH 3aBUCUT OT MOTPEHIHOCTH METO/1a, UCIIOJIb30BAHHOIO JJIsl YCTAHOBJICHUS aTTe-
croBanHOro 3HaueHust CO, OT HECTaOMILHOCTH 3HAYEHUH aTTecTyeMoil xapaktepuctuku CO
1 oT HeogHopoaHocTtu marepuana CO [13, 14].

Crnpoc Ha CO anmoMHUHUEBBIX CIUIABOB U BOCTPEOOBAHHOCTH UX HA PBIHKE 00YCIIOBIIE-
HBI IIUPOKUM MPUMEHEHHEM aTIOMUHHUEBBIX CIIJIABOB B PA3IMYHBIX OTPACISAX MPOMBIIUICHHO-
CTH M TeXHUKU. CIIEICTBUEM 3TOTO SIBJSETCS aKTyaJlbHOCTh padoOT M0 pa3padOTKe U MPOM3-
BoACcTBY CO aqtOMHUHMEBBIX CILIaBOB [15].

B xope BbIOMTHEHNS TaHHOK pabOTHI MpOBeAeHa cepus 1aBok marepuana CO cocra-
Ba aJlfOMHHHMEBOTO cruiaBa J[16 ¢ mpuMeHeHneM JBYX pa3iMYHBIX METOIOB JHThs. [IpoBene-
HBI HcclieoBanus ogHopoaHoctu marepuana CO crutaa J[16. Ilo pesynbratam mccienaoBa-
HUN BbIOpaHa TEXHOJIOTHS, OOECIEUMBAIONIAs HAWIYYIINE XapaKTEPUCTHKU OJHOPOIHOCTH
matepuaina CO. IIpoBenena npeaBapurenbHas arTecTallsi XUMUYECKOIO COCTaBa MaTepuana
3arotoBok CO cmnasa J[16 paznuunsiMu Mmetogamu [16].

MartepuaJjbl 1 METOIBI

OObeKToM HcciaenoBaHull B JaHHOM pabote sBisierca marepuas CO aatOMUHUEBOTO
craBa J[16: cIMTKY, NOJYyYEHHBIE TUTHEM B METAINIMYECKYIO M3J0KHUILYY @70 MM M CIHUTKH,
MOJIyYEHHBIE MOJIYHEIPEPHIBHBIM JIMTHEM B BOJOOXJIaXKIaeMbli KpucTamunzarop 105 mm. B
pabote Takxe uccienosanu CO criaBa J[16, momydeHHbIe U3 CIMTKOB, OTJIUTHIX MOIyHEIIpe-
PBIBHBIM JIITHEM B BOJOOXJIaXKIaeMbIid KpucTaymu3atop @105 mm.

IInaBky matepuana CO Benu B 2JIEKTPUYECKON IEUM CONPOTHUBIICHUS C HCIOJB30Ba-
HUEM IIAMOTHO-TPaQUTOBOrO TUIJIS. I CHATHS JTUTEHHBIX HAPSDKEHUN U yCTPaHEHMs IO-
CJIEJICTBUI JHMKBAIMU MPOBOAUIN OTXKUT CIUTKOB. Jlanmee cIUTKH 00TauMBail Ha TOKAPHOM
cranke. [lomydeHHsie 3aroToBku npeccoBayiv Ha mnpecce «baucey ¢ ycunuem 1000 Tc (k03¢h-
(GUIUEHT BBITSKKU cocTaBuil ~2,4). OT MpeccoOBaHHBIX MPYTKOB OTPE3alid BBIXOJHON U yTS-
JKUHHBIA KOHell. 13 moimy4eHHbIX IpeccoBaHbIX MPYTKOB U3TOTOBUWIIM CTaHIAPTHBIE 00pa3Iibl
crasa /{16 B Buje nuauHApoB BeicoTOM 30 MM 1 @40 MM.

HccnenoBanus 31eMEHTHOTO COCTaBa MPOBOJIMIN HA HCKPOBOM ONTUKO-3MHCCHOHHOM
cnektpomerpe Magellan Q8 ¢upmsr Bruker, mocnemoBaTenbHOM BOJHOANWCHIEPCHOHHOM
pentreHoduryopectieHTHOM criektpomerpe S8 Tiger dupmbr Bruker, aTomMHO-3MHCCHOHHOM
CHEKTPOMETPE C MHIYKTUBHO-CBsA3aHHOW Tuiazmoil Varian 730 ES u macc-criektpomerpe ¢
WHIYKTUBHO-CBS3aHHOM Tu1a3mMoit X-Series 2 ¢upmer Thermo Scientific.

Ot6op u moAroToBKYy o0OpasnoB K aHanuzy mnpoBogwtn mo ['OCT 7565-81 wu
I'OCT 7727-81. JInst pe3kd CIUTKOB W IOATOTOBKH OOPA3IOB K 3JIEMEHTHOMY aHAJIM3Y WC-
MOJIb30BAJIM OTPE3HOM CTAHOK C BOJSIHBIM OXJaxkaeHuem Labotom-5 ¢upmsl Struers ¢ ycra-
HOBJICHHBIMH OTpE3HBIMH Kpyramu Struers @250 MM u Tommuao# 1,5 MM trma 10S25 u craHok
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miockonudoBanpHbid Herzog HT-350 ¢ abpa3uBHBIMU JUCKaMU Ha OyMaKHOW OCHOBE 3€p-
Hucroctbio 50 u 100 en. Pacyer crannapTHOM HEONPEAEIEHHOCTH OT HEOTHOPOTHOCTH aTTEeCTO-
BanHoro 3HadeHust CO nposezaeH B coorBercTBuu ¢ P 50.2.058-2007 u 'OCT 8.531-2002.

MUKpOCTPYKTYpY HCCIEOBAIM METOAAMH ONTHYECKONH MHKPOCKOMUU IPHU ITOMOIIU
mukpockorma Olympus GX-51, o6opynoBanHoro mudpoBoit kamepoii. J{jis moAroroBku 00-
pa3loB K UCCIICJOBAHUIO MUKPOCTPYKTYPBI HCIIOB30BAIA 00OpyaoBaHue GUPMBI Struers —
cranku Tegramin-20 u aBToMaTu4ecKuii snekTporuapasinyeckuii mpecc Cito Press.

Pe3ysabTarsl M 00CyKIeHHE
Pesynbrarel anementHoro ananusa matepuana CO crutaBa [[16, moaydyeHHOro JIUTheM
B METAJUTMYECKYIO M3JIOKHUILY, MIpe/cTaBieHbl B Ta0a. 1. M3 monydyeHHbIX JaHHBIX CIEAyeT,
YTO MPH JIUThE B METATUYECKYIO H3JI0KHHUIY MapraHell, MAarHUi U ’Kelle30 pacipeaeisstoTcs
pPaBHOMEPHO BJIOJIb OCH CJIHMTKa. B pacmpeneneHun Meau, HANPOTUB, HAOMIOJAETCS 3HAYM-
TeIbHAsI HEOTHOPOJIHOCTh — COJICPIKAHNE MEU B HUKHEH M BEpXHEU YacTsAX CIUTKA OTIUYa-
etcs Oosiee uem Ha 0,3% (1o macce).

Tabnuya 1
Copep:xkaHue 3JIEMEHTOB B CJUTKAX, NOJYYEHHBIX JUTHEM B METANIMYECKYI0 U3JIOKHUILY
Oo6pazen CopneprxaHue 3JeMeHTOB, % (1o mMacce
Fe Cu Mn Mg
Cnutok 1.
BEpX 0,020 4,60 0,61 1,44
HU3 0,021 4,93 0,63 1,49
Cmutok 2:
BEpX 0,020 4,63 0,59 1,47
HU3 0,020 4,87 0,60 1,49

B Tabn. 2 npuBeaeHsl pe3yabTaThl 3JIeMEeHTHOTO aHanu3a Matepuana CO cmnasa /[16,
MOJIYYEHHOTO METOJIOM IOJYHENPEPHIBHOTO JIUThS B BOJOOXJIAKIAEMBIN KPUCTAILTU3ATOP.
Kak BuAHO W3 mpeAcTaBIEeHHBIX AAHHBIX, 3TOT METOJ JUThS MO3BOJSET MOMYyYUTh CIUTKH C
0oJiee paBHOMEPHBIM pacIipe/ieJIeHUEM MEIU MO BBICOTE CIUTKA (Pa3HOCTh COJAEPKAaHUS MEAU
B BepXHEH M HIDKHEN yacTsax ciauTka — He 6onee 0,06% (o macce)). Pacnipenenenue mapras-
11a, MarHUs 1 JKeJe3a B 3TOM Cllydae TaKKe OTJInYaeTcs 00JbIIe 0AHOPOJHOCTHIO.

Tabauya 2
ConepskaHue 3JIeMEHTOB B CJIMTKAX, MOJYY€HHBIX METOI0M MOJYHENMPEPLIBHOTO JIUTHS
B BOJI0OOXJIAKIAeMblil KPHCTALIN3ATOP

Oo6pazen CopeprxaHne dI1eMeHTOB, % (110 Macce
Fe Cu Mn Mg
Cmutok 1:
HU3 0,031 4,42 0,61 1,53
CpeIHsIs 9acTh 0,030 4.47 0,61 1,53
BBEpPX 0,030 4,48 0,61 1,52
Cnutok 3:
HA3 0,030 4,39 0,61 1,50
BepX 0,029 4,39 0,62 1,50

OnHaKo B CIUTKAX, MOJyYEHHBIX METOIOM IOJIYHENPEPBIBHOTO JINThSI B BOJOOXJIaKIa-
eMbIi KpUCTaJITN3aTOP, HAOII0AaeTCs 30HaIbHAS JTMKBALHS 110 TIONEPEYHOMY CEUEHUIO CIIUTKA.
B 1abn. 3 mpuBeaeHb! pe3ynbTaThl aHATN3a Pa3IMYHBIX YYaCTKOB IONEPEYHOr0 CEUCHHUs CIIUT-
Ka: IeHTpa (paccCTosHUE OT OCH ciauTKa =15 MMm), cpenHel yactu (r=35 MM) M Hapy»KHBIX

52




TPYAbl BUAM Ne5 (53) 2017

yaactkoB (=50 mm). ConeprkaHrie Meu B HApY>KHBIX 00JIACTSIX CEUCHHS BBIIIC, YEM B CpeIHEH
ero yactu Ha 0,2—0,3% (1o macce), mpu 3TOM B Mpeeiax Kpyra paguycoM 35 MM coJiepKaHue
MeaH U3MEHSIeTCSl He3HAYUTENbHO (pa3HocTh 3HaueHuit — Menee 0,1% (o macce)).

Tabauya 3
PacnipenesieHue 3J1eMeHTOB 1O MONMEPEYHOMY CEYEHHIO CJIMTKA, MOJIyYeHHOT0 METO10M

MOJIYHENIPEPBIBHOTO JUThS B BOJ00XJIAKAAeMblii KPUCTAJLIN3ATOP
O6pa3ert Copep:xanne menn, % (1o Macce)
IEHTP CCUCHUS cepeIMHa CeYCHHUS BHEIIHSS 00J1aCTh CCUCHUS

Cnurok 1:

BepX 4,44 4,45 4,70

HH3 4,45 4,42 4,72
Cnutok 2:

BEpX 458 4,48 4,76

HU3 4,49 4,59 4,80

[To pe3ynbTaTaM aHanu3a MPUBEACHHBIX PaHEE NAHHBIX MPHUHATO PELICHUE — JJIS IPO-
u3BojacTBa Matepuasia CO cocTaBa amOMHUHUEBOTO criaBa J[16 ucnonb3oBaTh METOH MOIY-
HEIPEPHIBHOTO JINThSI B BOJIOOXJIAXKIAEMBIA KPUCTAIIIU3ATOP C OOTOYKOM MOJTYYEHHOTO CIUT-
Ka 710 @66 MmM. B cooTBeTcTBUM ¢ BhIOpaHHO# TexHoJoruei Bo OI'YII «kBUAM» npoussene-
Ha naptust CO. s nonydenHsix CO paccunTaHna CTaHaapTHAs HEOMPEEICHHOCTh OT HEOI-
HOPOJHOCTH (S,):

DJIeMeHT Cu Mg Mn
[Toka3zarenb HeOTHOPOIHOCTH (S,) 0,03494 0,02369 0,00124

[TosrydeHHbIe 3HAYCHHS TO3BOJIIOT pacCMaTpHUBaTh M3roTOBNICHHYIO maptuio CO B
Ka4yecTBE Marepuaya Juisi padoT MO MPOU3BOJACTBY CTAHIPATHBIX O00PA3IOB YTBEPIKICHHOTO
tumna (['CO).

[IpoBeneHO Takke MCCiIeIOBAaHUE MUKPOCTPYKTYpbl MaTepuana CO mMeTogamMu ONTH-
YECKOW MUKPOCKOITUH, PE3YyJIbTaThl MIPEICTABICHBI HA PUCYHKE. MUKPOCTPYKTypa MaTepuaia
CO sBaseTcss TUMUYHOM I MpeccoBaHHBIX MonydabpukaToB crutaBoB Tuma J[16 u He co-
JIEPIKUT 3HAYUMBIX Je(EKTOB.
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MHuKpocTpyKTypa Mé_lTepI/IaJ'Ia 3arOTOBKH CTaHz[apTﬂéro ob6pasua (CO)

PesynbraTel mpeaBaputenbHOil arrectanuun CO MeTOIaMHM aTOMHO-3MHCCHOHHOMU
CIIEKTPOMETPHUU C WHJIYKTUBHO-CBSI3aHHOM IJIa3MOW M MacC-CHEKTPOMETPUM C MHIYKTUBHO-
CBSI3aHHOM IJIA3MOMU TPEICTaBIIeHbI B TabJ. 4. 3HAYCHUS MAaCCOBOM JIOJIM SJIEMEHTOB JIEXkKAaT B
npejaenax, ykazaHHbeix B T3.

53




TPYAblI BUAM Ne5 (53) 2017
Tabauya 4
ConeprxaHue 3JIeMEeHTOB B MaTepHaJje 3ar0TOBOK CTAHIAPTHOT0 00pa3mna
Mo pe3yabTaTaM NpeiBAPUTEIbHOI aTTeCTAIINI
CopeprkaHre 3J1IeMeHTOB, % (110 Macce)
Cu Mg Mn Fe Ni Si Ti Zn Be Zr
4,33 1,49 0,576 | 0,0268 | 0,0005 | 0,019 | 0,006 | 0,0086 | 0,00000 | 0,0003
4 3 4 4
Li B Na Ca Sc V Cr Ga Ce Pb
0,00000 | 0,0000 | <0,000 | <0,000 | 0,0000 | 0,000 | 0,000 | 0,00013 | 0,00008 | 0,0004
7 4 2 3 5 6 6
3akir0ueHust

[IpoBenena cepusi mnaBok Marepuana CO cocraBa amoMuHHEBOTO cruiaBa J[16 Ha
npou3BocTBeHHON 0a3ze DI VII «BUAM)» ¢ mpuMeHEeHHEeM JIBYX Pa3IM4YHBIX METOJ/IOB: JINTHE
B METAJUTMYECKYIO U3JIOKHUILY U MOITYHENPEPHIBHOE JIUTHE B BOJAOOXJIAKIAEMBIN KpUCTAIIIU-
3arop. [IpoBeaeHsl uccaea0BaHusl OJHOPOIHOCTH PACIpeeNICHUsI JIEMEHTOB B MOJIYYEHHBIX
CIIUTKaX. YCTaHOBJICHO, YTO CJIUTKH, MOJYYCHHBIE JTUTHEM B METALINYECKYIO H3JIOKHUILY,
OTIIMYAIOTCSI HEPABHOMEPHBIM pacIpe/ie]IeHHeM MeId BIIOJIb OCH CIHUTKa. B ciuTkax, oTiu-
TBIX METOJOM TOJIYHENPEPHIBHOTO JINThSI B BOJOOXJIAKIAEMbIN KPUCTAILITU3ATOP, OMpeIesie-
MBI€ 3JIEMEHTHI pacHpe/ielieHbl PABHOMEPHO BIOJb OCHU CIMTKA, OJJHAKO HAOIIOAAETCS HEOJ-
HOPOJIHOCTb paclpe/iesieHuss MeIU 0 IONEPEUHOMY ceueHuto ciutka. Ilo pesynabraram aHa-
JM3a MOJXYYEHHBIX JaHHBIX A nmpou3BoacTBa CO BBIOpaH METOJ MOJYHEPEPHIBHOTO JTUTHS
B BOJIOOXJIAXKIAEMBIN KpUCTAIIM3aTOp. [ ycTpaHeHus mocaeICTBUI 30HAJIBHOM JIMKBAUU
MeIH MO MOMEPEYHOMY CEUEHUIO CIUTKA MPEUI0KEHO MPOBOJUTH 0OTOUKY CIMTKOB MaTepu-
ana CO 1o 265 MMm.

B cooTtBercTBUM ¢ BhIOpaHHOW TeXHOJIOTHEH MpoBeaeHa miaBka Matepuana CO, mpo-
u3BegeHa naptust CO crnaBa [[16. BeimonHeHbl U3MEpPEHUsT U pacueT CTaHJAPTHOM HEoIpe-
JeneHHocTH oT HeoaHopoaHoctu naptuu CO. IlpoBeneHo mpenBapUTENbHOE ONpEEICHUE
aTTECTOBAHHOM XapaKTEPUCTHKWA — MAaCCOBOM JOJU SJEMEHTOB. 3HAYCHHS MacCOBOHM J10JIH
3JIEMEHTOB YJOBIIETBOPSIOT YTBEP)KICHHOMY TEXHHMYECKOMY 3a/laHuio Ha paszpabotky CO
craBa J[16. MccnenoBanne MerogamMu ONTHYECKONM MHKPOCKOMHH TOKA3ajio, YTO MHUKPO-
cTpykTypa Matepuana CO sBIsSeTCS TUIMHMYHOM JJIsl MPECCOBAHHBIX MOTY(HhaOpUKaTOB CIIJIABOB
tumna {16 1 He coiepKUT 3HAYUMBIX J1e(DEKTOB.

[TonyyeHHble 3HaUYE€HHUS] MAacCCOBOM [IOJIM 3JIEMEHTOB M BEIMYMHBI CTAHJAPTHOM He-
OTpEeAeNIEHHOCTH OT HeoAHOpogHOCTHU i napTuu CO MO3BOJISIOT UCIOJIB30BATh ATY NApTUIO
JUTSL U3TOTOBIIEHUS CTaHIAPTHBIX 00pa3ioB yrBepxkaeHHoro tumna (I'CO).
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V]IK 691:699.844
EM. l[lyﬂbdemoel, HU.Jl. Kpaes 1, M.M. IThamonos®

MOJUMEPHASI KOMITIO3ULIMOHHAS
3BYKONOIJIOINAIOIASI TAHEJIb

DOI: 10.18577/2307-6046-2017-0-5-7-7

Cmambus noceéaueHa 60NPOCAM CHUNCEHUS He2amu8HO20 UYMOB020 8030eliCEUs HA Yelo-
6exa 6 mpeoenax 20poO0CKOU Meppumopuy U NpOMuIULIeHHbIX noMewenut. [na pewenus onu-
CaHHOU NPOOIEeMbl NPEONONCEHA KOMIOSUYUOHHASL OeKOPAMUBHAS 36VKONO2NIOWAIOWAs NAHENb
0J151 NPUMEHEHUsL 8 COCMAse MPAHCNOPMHBIX WYMOIAUWUMHBIX IKPAHO8 U 8 NPOMBIULIEHHBIX NO-
mewenusx. Onucan cocmae nauenu, npeocmasisioueli cooou Cloi 80J0KHUCMO20 Mamepuaid,
PACNONIONHCEHHO20 BHYMPU CI0SL AYEUCMOL CIPYKMYpPbl, 4O HO3804€m CO4emdamsy GblCOKUe
aKycmuueckue Xapakxmepucmukl, CE0UCHEEHHble BOJOKHUCMbIM Mamepuaiam, npu 3HaA4u-
MeAbHOM YAYUUEHUU IKCIITYAMAYUOHHBIX XAPAKMEPUCTNUK BOTOKHUCTNBIX MAMEPUATO8.

Knrwouesvie cnoea: 3eyxonoenowarowas namensb, 36yKONO2I0WarOwull mamepuai, Kospgu-
YueHm 386YKON02IOWeHUsl, 81a20N02N0UeHUe.

Article is devoted to questions of decrease in negative noise impact on the person on urban
area and industrial rooms. For the solution of the described problem the composition decora-
tive sound absorbing panel, for application as a part of transport shumozashchitny screens and
in industrial rooms is offered. The structure of the panel representing layer of fibrous material,
located in layer of cellular structure that allows to combine the high acoustic characteristics
inherent to fibrous materials, at considerable improvement of rather fibrous materials of utiliza-
tion propertiesis described.

Keywords. sound absorbing panel, sound-proof material, factor of sound absorption,
moi sture absor ption.

1(I)ezlepanbﬂoe roCyJlapCTBEHHOE YHUTapHOe mnpennpustue «Bcepoccuiickuii HaydyHO-UCCIEN0BATEIbCKUI
MHCTHUTYT aBHAIMOHHBIX MaTepHaioB» ['ocymapcTBeHHbIH Hay4HbIN HIeHTp Poccuiickoit dexeparuu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

206mecTBO ¢ OrPAaHMYEHHOH OTBETCTBEHHOCTBIO «XHMmpoaykt» [Limited Liability Company
«Himprodukt»]; e-mail: plmm@chemprodukt.ru

Beenenne

Pa3paboTka HOBBIX MaTepHasioB SIBJISETCS OJHOM M3 KIIOYEBBIX NpPOOJIEM pa3BUTHUS
IpaXkJJaHCKUX CEKTOPOB SKOHOMUKH [1, 2], Ge3 pelieHus KOTOpoi HEBO3MOXKHA peaTu3aliys
NEepPEeAOBbIX UACH U KOHLENUUN HE TOJBKO B HACTOAIIEE BPEMs, HO U B CPEJHECPOUYHOMN mep-
crnektuse [3]. B mocienuue roapl Bce 0osbliiee MECTO B BOIIPOCE pa3pabOTKH HOBBIX MaTepua-
JIOB 3aHUMAIOT KOMITO3UIIMOHHBIE MaTepUaisbl [4, 5], METOBI OIIEHKU WX XapaKTEPUCTHK [6, 7],
a TaKKe pa3IMyYHbIX IPOLECCOB, BO3MOXKHBIX MPH dKCILTyaTanuu [8, 9].

Pa3BuTHe HOBBIX aKyCTMUYECKHMX IOJUMEPHBIX Marepuainos [10] mo3BossseT CHU3UTH
HEraTUBHOE BO3/IEHCTBUE MOBBIIIEHHOTO 1myma [11] u Bubpanuu [12] Ha yemoBeka.

IToBbIIeHHBIN yPOBEHB IIyMa SIBJIIETCS HanboJiee OCTPOil MPoOIeMOo I TOPOACKUX
tepputopuii. B 2011 r. /lenaprameHT npHpOAOIIONb30BaHNS U OXPAHbl OKPYKAKOIIEH Cpesbl
roposa Mockssl noarorosun noknan «lllymosoe 3arpsiznenue B 2010 r.». ITo MHeHuUIo sKC-
neptoB, 10 70% TeppuUTOpUHU TOpOAa MOJBEPKEHBI CBEPXHOPMATUBHOMY IIYMY OT Pa3HBIX
UCTOYHUKOB. [0 JaHHBIM OpHUIMATIBHBIX OpraHoB, B PD Gonee 35 MITH uenoBeK MPOKUBAET B
YCIOBUSX aKycThyeckoro auckoMm@oprta. [loBbIIEHHBIH YpOBEHb IIyMa MPUBOAUT K
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CHI)KCHUIO TPOM3BOAMTEIHLHOCTH TPYAA, a TAK)KE K YBETMUYECHUIO PUCKA TMOSBICHUS 3a0oie-
BaHUM CEpAECYHO-COCYIUCTON cucTeMbl. Hanmpumep, ynuyHbli MIyM IPUBOAUT K MPEKIEBPE-
MEHHOU CMEPTH OT CEPACUHBIX MPUCTYIIOB ~50 ThIC. yenoBek B 25 ctpanax EC exeroaHo.

OCHOBHBIMU HCTOYHUKAMHU IIIYMOBOTO BO3JICUCTBUSI HA TEPPUTOPUU TOPOJIA SBIISIOTCS
ABTOTPAHCIOPT, KEJIE3HOJOPOKHBIA TPAHCIIOPT U HA3E€MHBIC JTUHUU METPO, aBUATPAHCIOPT,
CTpOMTENbHAsI TEXHHUKA, IPOMBILIUICHHBIC MTPEINPUATHS U IJIOUIA]IKU, HHXEHEPHOE 000pyI0-
BaHUE 3J]aHHI (B TOM YHCIie BEHTHIALUOHHBIE CUCTEMBI), IIYMbI OBITOBOTO MPOUCXOXKICHUS
Ha TEPPUTOPHUSIX BHYTPH KBapTajoOB XWIBIX JOoMOB. Hanbosee pacmpocTpaHeHHBIM U3 OIH-
CaHHBIX MCTOYHUKOB SIBIISIIOTCS aBTOMOOMIIbHBIE JOPOTU M aBTOCTpajbl. Ha aBTOMOOUIIBHBIX
JI0porax B MepuoJi Haubosiee MHTEHCUBHOTO JBMKEHHS TPAHCIIOPTA YPOBEHB IIyMa 3a4acTyIO
IIOYTH B 2 pa3a MPEBbIIIAECT JONYCTUMBINA. Y CTPAHUTh UCTOYHUK LIyMa HEBO3MOXKHO, HO I10-
[JIOTUTh U CHU3UTH BO3JICHCTBHE IIyMa, JOBECTH €ro 10 O€30MaCHOTO WM JJaKe 10 He3HAYU-
TEJIBLHOT'O YPOBHS BIOJIHE PEAJIBHO.

Pabora BeIIONIHEHA B paMKax peajlHn3alyy CTPATETHYECKOT0 HAYYHOTO HArpaBIICHUS
15.3. «Marepuansl U MOKPBITUS s 3auuThl 0T DMMU, ynapHbiX, BUOPAIIMOHHBIX, aKyCTHYE-
CKHX M D3JICKTPUYECKUX BO3JACUCTBUI» («CTpaTernyeckue HampaBiICHHUS Pa3BUTHUSI MaTepua-
JIOB ¥ TEXHOJIOTUH uX nepepadbotku Ha nepuo 1o 2030 roxay) [3].

MartepuaJjbl 1 METOIBI

Haunbonee yHuBepCcaabHBIMU U IIUPOKO MPUMEHUMBIMH, B TOM YHCJIEC H B CTPOUTEIb-
CTBE, SIBJIAIOTCS MOPUCTHIE 3ByKonoromaronue marepuans! (3[1IM). Ouu npeacTaBisiioT co-
0oli TBep/bIE BELIECTBA C OOJBIIMM KOJIMYECTBOM MOP U KaHajioB. Hamuuue oTKpbITON nopu-
CTOCTH IO3BOJISIET 3BYKOBOM BOJIHE NPOHUKATh B MaTepuaj U, MPOXOJs BHYTpH oOpasla, Te-
PATH CBOIO HEPTUIO HA BHYTPEHHUX CTeHKax. [lormomenue, BbI3bIBAEMOE BA3KOCTBIO CPEJIBI,
IPOMCXOIUT B pe3yibTaTe HAJIU4YUs PAJUEHTa CKOPOCTEH YacTHUIl BO31yXa BOJIM3H CTEHOK
Mmatepuana. Cuibl BA3KOCTH, BbI3bIBAIOIIME MOTJIOLIEHUE 3BYKOBOM BOJIHBI, IPOIIOPLUOHAI b-
HBbl TPAJAMEHTY CKOPOCTH, & UX MOLIHOCTb, KOTOpas ONPEAEISAET MOTJIOLEHHYIO B €IUHULY
BPEMEHU DHEPTHUI0, IPOTNIOPIHUOHATIBFHA €lIe U CKOPOCTH JIehOpMAaIUU YacTHUI], KOTOpask TaKKe
IIPONOPLUOHANIbHA I'PAJUEHTY CKOPOCTH. [Ipn HM3KMX yacTOTaX OCHOBHOM BKJIAJ B IOTJIOLIE-
HUE BHOCUT BSI3KOE€ IOIJIOIIEHNE Ha cTeHKaX. OJHAaKO ¢ POCTOM YacTOThI BKJIAJ BSI3KHMX IIO-
TEPh B CPEEC, IPONOPLUOHAIBHBIN BOJIHOBOMY YHCIY, pacTeT. [loTepu OT TemIonpoBoIHOCTH
COIIOCTABUMBI C ITOTEPSIMU OT BSI3KOCTH CPEIBL.

Cpenu nopuctsix 3[1IM MOKHO BBIAEIUTH TPU OCHOBHBIE TPYIIIBL: 3€PHUCTHIE, BOJIOK-
HUCTBIE U STYEHUCTHIE.

BonokHucTele Marepuanbsl MPEACTABICHBI TPYIIIAMU BOJIOKOH, PACIIOJIOKEHHBIX B
IPOJOJIBHOM, MONEPEYHOM U BEPTHUKAJIbLHOM HAINpaBiIeHUU (Harmpumep, 0azaabToBasi WIM MU-
HepasbHas BaTa). 3epHUCThIE MaTepHallbl, Kak MPaBUIIO, MIPEICTABISAIOT COOON KyOUYeCKyIo U
FeKCaroHaJbHYIO YKJIaJKy HIapooOpa3HOro 3amoJIHUTENs (HallpuMep, MaTepualbl Ha OCHOBE
HepinTa, BEPMHKYJIMTA, TPaHysl BCIEHEHHOI'O CTeKia). Sluencras CTpykTypa MaTepuaia
npeJcTaBiIsieT co00l Mophl yaille Beero chepuieckoid (Gopmbl, pas/ieIeHHbIE MEXKIIOPOBBIMU
HeperopoikaMu (OTKPBITO- U 3aKPHITOMOPUCThIE MEHOIUIACTHI, SYEUCTHI OETOH U T. A.). Bo
BCEX IEPEUNCICHHBIX BHJIaX MAaTEPHAIOB 3BYKOIIOIVIONIAIONINE CBOMCTBA, IIPEkKIE BCEro, 3a-
BUCAT OT BHJIA IIOP HA TOBEPXHOCTU MaTepHalla U XapakTepa IIOPUCTOCTH BHYTPH.

Bonoknucmole mamepuansi, Kak MpaBWiio, 00JaJalOT BHICOKUMH M CTaOMJIbHBIMU B
[IMPOKOM JMANa3zoHe YacTOT aKyCTUYECKHMMHU XapaKTepUCTHUKaMM, HEOOJIBIION Maccoi U HU3-
Kol ctomMocThro. K HemocTaTkaM TakuxX MaTEpUAIOB MOKHO OTHECTH HU3KHE DKCILITyaTallu-
OHHBIE CBOMCTBA, TAKME KAK CTOMKOCTb K BO3JICUCTBUIO BJIATU U IIbLIU, CBAJIMBAHUE MaTEpHa-
Ja, a TaK)Ke BbIAENIEHUE B aTMOCc(epy 4acTUll MaTepuasa, 4To JieJaeT HEBO3MOXHBIM HCITOJIb-
30BaHHe MOJOOHBIX MaTepHaloB B MOMEIIEHUSAX 0€3 3alIUTHBIX MaTepUalioB, KaK MPaBHUIIO
MPEJICTaBIISIFOIIMX COOOM YeXJIbl U3 TKaHE! Pa3IuYHON MPUPOJIBI.
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AHueucmoie mamepuanvl 001a1a10T MeHee CTaOUIBLHBIMU, HO MPH 3TOM BBICOKHMH aKy-
CTUYECKHMH XapaKTePUCTUKAMH W 3HAYUTEIHHO JYUIIMMH IKCIUTYyaTaI[MOHHBIMH CBOMCTBA-
MH, OJHAKO CTOST, KaK MPaBUJIO, TOPOXKE BOJOKHHUCTHIX AHAJIOrOB, YTO OTPAaHMYMBAET HX
MPUMEHEHHUE B CTPOUTEIILHON U MPOMBINIICHHBIX chepax, HapUMep B KOHCTPYKIUSAX aKy-
CTHUYECKHX SKPAHOB, TJI¢ MIPUMEHSIOTCS B OCHOBHOM BOJIOKHHMCTbIE MaTepUalibl B BHJI€ MaTOB,
PacCIOI0KEHHBIX MKy OOIMBKaMH dKpaHa JIN0O0 HA OJJHOU U3 €r0 CTOPOH.

3epnucmule mamepuanst, Kak MpaBUiIo, IPEICTABISIOT 000 KyOM4YeCKYI0 U reKcaro-
HAJIBHYIO YKJIAJKy IIapo0Opa3HOTro 3aroIHUTENS (HalpuMep, MaTepuaibl Ha OCHOBE MEPIIUTa,
BEPMUKYJINTA, TPaHyJI BCIIEHEHHOTO CTekIIa). MaTepuainbl, Kak IPaBUIO, OTJIMYAIOTCS HauMe-
HEE PABHOMEPHBIM XapaKTepPOM IOTJIONICHUS B IIIMPOKOM YaCTOTHOM JHMAIa30He, OJTHAKO IS
JTAHHOTO THUIIA MAaTEPHAJIOB BO3MOXKHO CO3[aHHE KECTKUX HETOPIOUUX 3BYKOIOTJIOMIAOIINX
MaTepUaIoB ¢ HU3KOW CTOMMOCTBIO, UTO IMO3BOJISIET PEMIATh PSAJ CHCIIM(PUISCKUX 3a]1ad.

3BYKOIOTJIOMIAIOLINE MaTepuaibl B cllyyae MPUMEHEHHs] B MMOMEIIEHUHU JODKHBI 00-
nanath HabOpOM (HYHKIIMOHATBHBIX M SKCILTyaTallMOHHBIX CBOWCTB!

— obnagaTh ko3 duimeHToM HOPMBI, MO3BOJISIIONTUM CO3/1aBaTh U30THYThIE (KPUBOIUHEH-
HBIE) MOBEPXHOCTH 3BYKOIOTJIOMIAIOIICH OOJIMIIOBKY;

— 00ecrneyunTh BBIMOJHEHUE MPOTHUBOMOXKAPHBIX TPEOOBaHH — OBITH HETOPIOUMMHU U HE
CHOCOOCTBOBATh PACIIPOCTPAHEHHIO OTHS;

— OBITh TEPMO- U BIArOCTOMKHMH, COXPaHSATh CBOM 3BYKOIOTJIOUIAIOIINE CBOICTBA B TeUe-
HUE BCEro MepHoa SKCIUTyaTaIiH;

— JI0ITyCKaTh BO3MOXHOCTh OUMCTKHU, B TOM YHCIIE U BII&XKHBIM CIIOCOOOM;

— HE BBIICTATH B BO3AYX IOMENICHUS HUKAKUX XHMHUYCCKUX BEIIECTB M HE OKAa3hIBATh
BPEIHOTO BO3ACHCTBHUSI, OMACHOTO JJIsl 3J0OPOBBS JIFOJIEH, B TOM YKCJIE U BO3MOXHBIX OCKOJI-
KOB, BOJIOKOH HJTH «KOPOJIBKOBY;

— o0ecrneunBaTh JIETKOCTh MOHTa)Ka U BO3MOKHOCTb, B Cly4ae HEOOXOJIUMOCTH, 3aMEHBI
OT/IENIbHBIX MMOBPEXKIACHHBIX AIEMEHTOB 00uIoBKH [ 13].

Jlyis mpUMEHeHHUs 3BYKOMOTJIOMIAIONINX MAaTepUalOB B COCTaBE aKyCTHMUYECKUX JKpa-
HOB, PAaclOJIOKEHHBIX BIOJb TPAHCHOPTHBIX myTel [14, 15], He0OX0IMMO BBIIIOJHEHUE Clle-
IYIOIIUX TPeOOBAHUMA:

— 3BYKOIIOTJIOMIAIOIIMKA ~ MaTepuan  JOJDKeH  o0najarh  CTaOWIBHBIMU — (DU3HKO-
MEXaHMYECKUMHU U aKyCTHYECKHMMH CBOMCTBAMHU B TEUEHHE BCEro MEpHOJa IKCIUTyaTallud U
OBITE OMOCTONKIM;

— MaHeNu, B COCTaB KOTOPHIX BXOAUT 3BYKOIMOTJIOMIAIOIINI MaTepHall, JOKHBI 001a/1aTh
KO3 (HUITMEHTOM 3BYKOIOTIIONICHUS HE HUKE MPUBEICHHBIX 3HAUCHU:

CpeHereoMeTpuyIecKoe 3HaYCHHE YacTOThI, [ 11 125 250 500 1000 2000 4000 8000
KoHnTponbHbIi KO GUITEHT 3BYKOTIOTIOMEHUS 03 05 08 0,8 0,7 0,6 0,5

Takum 006pazoM, CTAHOBHUTCS OYEBUAHO, YTO MPUMEHEHHE MaTepuana OJHOTO U3 OIH-
CaHHBIX TUTIOB 3a4aCTYI0 MOXKET OBITh HEJOCTATOYHO JJI 00eCIeueHUs BCEX OMMCAHHBIX Xa-
pPaKTEpPUCTUK JTHOO CTOMMOCTh MaTepuana OyJeT BBIIIe CTOMMOCTH aHAJOrOB, YTO CHAETAeT
MaTepual HEKOHKYPEeHTOCITOCOOHBIM. CyIEeCTBYIOIINE B HACTOSIINEE BPEMs BapUAHTHI MPHU-
MEHEHHS BOJOKHHUCTHIX MaTepUasOB C YeXJIaMU HE MO3BOJISIIOT BBHIIOIHUTH Psi TpeOOBaHUIA,
YKa3aHHBIX paHee, HapUMEpP MO COXPAHCHHIO CTAOMIBHBIX (PU3UKO-MEXAaHUYECKUX U aKy-
CTUYECKUX CBOMCTB B TEUEHHE BCEro MEpUOJa IKCILTyaTalluu. B cBs3M ¢ 3TUM mpeaniokeHa
KOHIICTIIIHMS Pa3MEIIeHUsT BOJOKHUCTOTO MaTepuaia BHYTPHU UeXja U3 SIYEUCTOrO BO3AYXO-
MPOHUIIAEMOT0 MaTepHalia, 00JaalonIero BHICOKUMHU IKCIUTYaTallHOHHBIMH XapaKTePUCTHU-
KaMH, a Takke ¢ KodphuineHToM (HopMbl, TTO3BOJSIOMIUM CO3/1aBaTh U30THYTHIE TTOBEPXHO-
CTH C MTOMOIIBIO 3BYKOMOTJIOIAIOIICH OOTUIIOBKH.
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Bo ®I'VIT «<BUAM» pa3paborana mojJuMepHas KOMITO3UIIMOHHAS 3BYKOIOTJIONIAO-
miast na”Henab Mapku BTU-26, u3roroBieHHas U3 NEHONOJINYPETaHa, C PACIOI0KEHHBIM BHYT-
pu cioeM 0a3anbTOBOW BaThl (CM. pUCYHOK). BOJIOKHHUCTBIN MaTepuas pa3MeniaeTcss BHyTpU
AYEUCTOro MaTepuana Mpy BCICHUBAHUY MOCIETHETO, YTO M03BOJIAET UCKIIIOUMTh HEOOXO0 U~
MOCTb B IPUMEHEHHUH KIIEEBBIX CJIIOEB Ul 3aKpEIUICHUS MaTepualla, CHU3UTh CTOMMOCTb U
Maccy. OTO He IPUBOAUT K 00pa30BaHMIO JKECTKOIO CJI0s BHYTPH MaTepHala, yXy/IIIaloLiero
AaKyCTHUYECKHE XapaKTEPUCTHUKH.

3ByKoMoriomnamas naneias mapku BTH-26

[Tanens mpenHa3zHayeHa JJIsl SKCIUTyaTalluy Mpu Temmeparypax ot -60 mo +80°C, uto
MO3BOJIIET UCIIOJIB30BATh €€ BO BCEX KIMMATHUECKUX 30HaX. [laHens ABiseTcs TpyaHOCTOpa-
IOIIEH, YTO pacIIUpseT CIEKTP OOBEKTOB, B KOTOPHIX BO3MOXKHO O€30MacHOe i YeloBeKa
UCIIOJIb30BaHUE.

HccnenoBanne akyCTUYECKUX XapaKTEPUCTHK 3BYKOMOTJIOUIAIOIIETO MaTepHaia Map-
ku B3MK-1 npoBoannu Ha nu3mepurenbHoMm komiiekce Pulse Materia Testing dpupmsr Briiel
& Kjer Sound & Vibration Measurement A/S (B&K) nByxmMukpohoHHBIM METOAOM (METO[
nepeaTouHol QyHKIMK) rpu ypoBHe myma 10 120 n1b B nuamazone yactot ot 50 qo 6400 I,
COOTBETCTBYIOIIUM eBporeiickomy cranaapty ISO 10534-2 «Acoustics — Determination of
sound absorption coefficient and impedance in impedance tubes — Transfer-function method»
(«Ompenenenne kKodhduIeHTa 3BYKOIOIJIONICHUSI U UMIIEAaHCa B MMIIEIAHCHBIX TpyoOax.
Merton nepenatouHoil ¢yHkIuN») U amepuxkanckomy cranaapty ASTM E1050 «Standard
Test Method for Impedance and Absorption of Acoustical Materials Using A Tube, Two
Microphones and A Digital Frequency Analysis System» («MeToa usmepeHust uMmneaanca u
HOTJIOIIEHHS] MAaTepHAJIOB C MOMOLIbIO TPYOBI, IBYX MUKPO(OHOB U LU(POBOM CUCTEMBI Ya-
CTOTHOT'O aHAJIN3a»).

Ha yka3zanHOM komIuiekce NTBYXMHUKPOGOHHBIM METOIOM OMpPEAesuid KOdPPUIIUECHT
3BYKOIOIJIONIEHHUS B MHTEP(EPEeHIMOHHOM TpyOe Ha o0pa3uax auckooOpa3sHoi GpopMbl, pas-
MEIICHHbIX B TpyOe. UeThIpeXMUKPOPOHHBIM METOJIOM ONpEeAesan KOdP(UIUEHT 3BYKO-
M30JIS1IUU 00pasia.

Pe3syabTaTsl

OnucanHOE pelieHne MO3BOJIMIO TOOUTHCS PaBHOMEPHOTO 3BYKOIOIJIONIIEHHS B IIIH-
POKOM JAMara3oHe 4acTOT 0e3 HalM4yusl CBOWCTBEHHOTO SYEUCTHIM MaTepHajaM JIOKaJbHOTO
CHI)KEHHUSI MOTJIOMA0ONMX cBOMCTB. KoappHIMeHT 3ByKONMOTIOUIeHHS PU TOJIIMHE TIUTHI
7 cm B nuanaszone yactoT ot 200 go 6400 'y cocrasnser ot 0,64 no 0,99. Cnenyer oTMETUTD
BBICOKHME XapaKTEPUCTHKU 3BYKOM3OJISALINU, IO CPABHEHHIO C CYIIECTBYIOLUIMMH 3BYKOIIOIJIO-
HIAIOIIMMU MaTepHallaMi, 3a CYeT INPUMEHEHHs] DPE3UMHOIOJO0OHBIX CJIOEB MOJIMYypEeTaHa.
Koadpduument 3Bykonsomnsiuuu B auanazone yactoT ot 100 go 6400 ['u coctaBnser ot 26,94
no 46,93 nb. BeiOpaHHble MaTepuanbl M KOHIEMIMS MO3BOJSIOT MPOU3BOJIUTH HACTPOHKY
AKyCTMUYECKHMX XapaKTEPUCTHK IMAHENIHU IYyTEM U3MEHEHUs MOPHUCTOCTH SYEUCTOrO CIIOs, BbI-
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00pa BOJOKHHCTOTO CJIOS, @ TAK)KE M3MEHEHUS! COOTHOIICHUS TOJIIUH BOJOKHHCTOTO CIIOSA,
(POHTATIBLHOTO ¥ THUILHOTO SIUEUCTHIX CIIOCB.

3BYKOIOTJIOMIAIONINE MaTepHalbl, KaK TMPaBUJIO, HE YCTOWYMBEI K BO3JCHCTBHUIO
OKpykaromierd cpenpl. [10CKONBbKY TOTJIONIEHHE B TaKUX MarepHajax JOCTHraeTcs 3a CYeT
OOJIBIIIOTO YKCIa BO3AYIIHBIX MOJIOCTEH U PA3IMYHBIX HEOJHOPOIHOCTEH CTPYKTYPHI, TO 3TO
U SIBJISICTCS] IPUYMHON YXY/IIIEHUS SKCILTYyaTAllMOHHBIX XapaKTEPUCTUK B CIIyYasX BHEUTHHX
HEXKEJNaTeNbHBIX BO3/eHCTBHA. [lomaganue Biard W MbUIM B BO3AYIIHBIC MOJOCTH H TOPHI
BHYTPH MaTEpHAJIOB MPHUBOJIUT K MOTEpPE aKyCTHUECKON 3((HEKTHBHOCTH, YTO CO BPEMECHEM
BEJICT K MOJHOM 1oTepe (YHKIIMOHAILHOCTH. B HacTosiee BpeMsi BOIPOC MOBBIMICHUS CTOM-
KOCTH MaTepHaJiOB K BO3JICHCTBUIO BIard M MBUIA pelIaeTcs MOCPEACTBOM THIpodoOu3aum
MaTpuIlbl Marepuaia. HemoctaTkoM NaHHOTO IMOAXO0Ja SBISIETCS HEOOXOTUMOCTh BBEICHUS
ruznpododuzaTopa B Maccy, 4TO NMPUBOJUT K YBEITUYECHUIO CTOMMOCTH MaTepuayia 3a CYeT
OompiIoro pacxona ruapodooduzaropa. Mepsl o ruapodhoOHU3aIK TAaKKE OCTABIISIOT HE pe-
HICHHOW MPOOJIEMyY 3allUThI OT NbUTH. [I[puMeHeHre 3aUTHBIX MaTepHalioB (TOKPHITHI) 1103~
BOJISICT M30€XKaTh OMHCAaHHBIX MPOOJIEM, a TAaKXKE MPOBOJIUTH BIAKHYIO OYHUCTKY, YTO TOBBI-
[1aeT JOJITOBEYHOCTh MAaTEPUAIOB, IPUMEHSIEMbIX B TOMEIICHUSX.

Jlnst G0pbOBI C JTaHHBIMU HETATHBHBIMH BO3JICHCTBUSMH HEOOXOJIMMO CO3JaHHE 3a-
IIUTHBIX TIOKPBITHIA WK O0aphepHBIX CIIOEB, KOTOPhIE OYAYyT OOECIIeUunBaTh MbUIC- U BIIArO-
CTOMKOCTh, 0€3 HEraTUBHOTO BIUSHUS HA 3BYKOTIOTJIONIAOIINE CBOMCTBA.

B paspabotanHoii nanenu Ha GPOHTAIBHON M THUTLHOM TTOBEPXHOCTH B Iporiecce Gpop-
MOBaHHsI 00pa3yeTcss MUKPOIIOPUCTasi OJIMYPETaHOBas TUICHKA, KOTOPas 3allIAIIAeT MTaHeNb OT
BO3JICHCTBUS BHEIIHUX (PAaKTOPOB, OKa3bIBass MUHUMAIILHOE BIMSHUE HA aKyCTUYECKUE Xapak-
TepucTuku. Hanmune naHHOW TUIEHKH Ha (PPOHTAIBHOM MOBEPXHOCTH O0pasiia yBEIMYHBACT
ru1pohoOHOCTH TTAHETW M TIO3BOJISIET TIPOBOIUTH BIAXKHYIO OYHCTKY 0€3 yiepoa Juist 3ByKOIO-
TJIOMIAIONIMX XapPaKTEPUCTHK, a TAKXKE YMEHbBIIACT KOJMYECTBO MbUIM M MHOPOIHBIX YaCTHII,
MOTAIAOIINX B TIOPBI Marepuaia. J[aHHOe TEXHUYECKOE PEIICHHE MMEET PsJ MPSHMYIIEeCTB
nepelt IPYrMMU BapraHTaMU 3alllUThl MaTepralia — TAKUMH KaK 3allUTHBIC TICHKH, MaTEPUAITBI
WIN KPacKH, TaK Kak He TpeOyeT JOMOIHUTEIBHBIX OIEPAIHi 10 MPUKJICHKE WM OKPACKe I0-
BEPXHOCTH, a TAK)Ke JOMOJHUTEIBHBIX 3aTpaT Ha 3allUTHBIE MaTepraibl. OHAKO HEOOXOIMMO
HAJIMYUE OCHACTKY C aHTHUA/TC3UBHBIM TIOKPHITHEM M POBHOM MOBEPXHOCTHIO 0€3 1e(heKTOB.

Bnaromorsiomnienue maHenu npu BIKHOCTH (=8% B TedeHue 15 cyT cocTaBiseT B
cpenueM 5,29%, uTo ABIsAETCS OOJBIIMM MPEUMYIIECTBOM MO CPABHEHHUIO C HUCIIOJB3YIOIIU-
MUCSI B HACTOsIIIIee BpeMsi 0a3abTOBBIMH 3BYKOIOMJIOIIAIOIIMMU MaTepraliaMH, OBICTPO Te-
PSIOIIMMHU CBOM aKyCTHYECKHE CBOICTBA MOCIe BO3JeHCTBH Biiard. [1o moka3aTensm Biaro-
MOTJIONIEHHS MaTepuai obnanaet 6ompimM 3anacoMm B cootBerctBuu ¢ ['OCT 23499-2009 —
COpOLIMOHHAS BIAXKHOCTh aKYCTHUECKUX MAaTEPUAIIOB M M3JCIHI JOJDKHA ObITh He Oonee 10%
NIPY UCTIBITAHUYU B TEYCHUE 3 CYT.

Marepuain oTIHYaeTCsl TEXHOJIOTUYHOCTBIO U HU3KOH CTOMMOCTBIO OJ1aroiapst HCKITH0-
YEHUIO JIOTIOJIHUTEIBHBIX MATEPUAIOB U ONEPAIUii MO 3aIUTe OT BJIATH W IBUIH, a TAKXKE OT-
CYTCTBHIO KJICEBBIX COCTABOB JUISI COCTMHEHUS BOJIOKHUCTOTO U STYEHCTOTO MaTepraa.

O0cykaeHne U 3aKJII0YCHUSA

Taxkum oOpa3oM, MpeIokKeHHass KOHLENIHS MO3BOJISET YEHIEBUTh MaTepHal OTHOCH-
TEIBHO BapHaHTa ¢ IPUMEHEHHEM TOJIBKO IOJMYpPETAaHOBOM IIEHBI, & TAKXKE 3a CUET TOrO, YTO
0a3a1bTOBBIM BOJIOKHUCTBIN MaTepHai HaXOAUTCA BHYTpU 0a3aJbTOBOM MEHBI U UTOrOBas Ia-
Hellb He 00JIa/laeT HEJOCTaTKaMM BOJOKHHUCTBIX MarepuaioB. MccrienoBaHbl aKyCTUYECKUE Xa-
PAKTEPUCTUKU PA3IMYHBIX BAPUAHTOB COOTHOILIECHUMN IOJIMYPETAaHOBOM IEHBI M BOJIOKHUCTOIO
MaTepHalla — C LEeJIbI0 HaX0KIEHUS OITUMAJIBbHBIX C aKYCTUUECKON TOYKH 3PEHUS COOTHOILLICHUH.

[IpenMy1iecTBOM ONMMCAHHOTO METOJAA SIBISETCS BO3MOXKHOCTH NPHUJIAHUS KPUBOJIU-
HEHOI (hOpMBI U3AETHIO 32 CUET TOYHOT'O MOBTOPEHUS KOHTYPOB ()OPMBI MPU BCIIEHUBAHUU
MoJIMMepa, a TaK’Ke BO3MOXKHOCTU MPUIAHMS CIO0KHONH 0OBEMHONM reoMeTpudecKkoil popmbl U
CO3JIaHMsI CTYNEHYaThIX OOKOBBIX I'paHel, KOTOpbIE MO3BOJISIOT U30€raTh MyCTOT MEXY MaHe-
JISIMU TIPY UX MOHTA’KE, 4TO IOJIOKHUTEIBHO CKa3bIBACTCs HAa 3BYKOU30IMPYIOIIUX CBOMCTBAX.
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BriOpaHHbIe TEXHOJIOTHH IMO3BOJISIOT: MPOU3BOAUTH BBICOKOA()(PEKTUBHYIO 3BYKOIIO-
IJIONIAIONIYIO TIaHEN b, KOTOpast He TPeOYeT CI0XKHOro 00OpYyIOBaHUS B HMPOHU3BOJICTBE; MPU-
JlaBaTh MaTepualy MIMPOKYI0 raMMy I[BETOB (32 CYET NMPUMEHEHHUS B COCTAaBE KpaCsILEro
nurmenta). Takoil maTepuan okazaics AelieBie 3apyO0ekHbIX U psAa OTEUECTBEHHBIX aHAJIO-
roB. Ha manenp BeITylieHa TEXHOJOTMYECKas JOKYMEHTAIMs W IOJaHa 3asBKa Ha OXPaHO-
CIOCOOHOE TEXHUYECKOE pEellIeHUE.

[IpumeHeHre NOTUMEPHON KOMIIO3UIIMOHHON 3BYKOIOIJIOIIAIONICH IMaHEeIu MapKu
BTH-26 B0o3MOXKHO B COCTaBE aKyCTHUECKHUX 3KPAHOB, UYTO IO3BOJUT OOECIEUNTH BBIINOIHE-
HUE Ha NPUJIETAIOIUX K TPAHCIOPTHBIM MAarucTpajiiM TEPPUTOPHUSIX CAaHUTAPHBIX HOPM IO
YPOBHIO IIIyMa OT TPAHCHOPTHBIX CPEJCTB, HA MPOU3BOJCTBEHHBIX TEPPUTOPHIX — CAHUTAP-
HBIX HOPM 10 YPOBHIO IIyMa OT paboTaroiiero o0opyJ0BaHus, a TAaK)Ke HOPM B CIIELUATH3HU-
POBAaHHBIX MOMEIIEHUIX, TAKUX KaK 3BYKO3aIMCHIBAIOIIUE CTYAUU, 0€33XO0BbIE KaMepbl, KOH-
LEPTHBIC 3AJIbI U T. 1.
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P.P. MyxaMemoel, KP. szwadueeal, H.A. C0ﬂ06b€6a1, AU T yﬂﬂeel

MOBBINIEHUE BOJOCTOMKOCTH
BUCMAJIEUMHU/HOI'O CBA3YIOIIEI'O

DOI: 10.18577/2307-6046-2017-0-5-8-8

Paspabomano bucmanreumuonoe ceszyiowee ¢ NOBLIUUEHHOU YCMOUYUBOCMbIO K B030€ll-
cmeuio enazu. Mcnonvzosanue 6 cocmaege C8s3yI0We20 auibHO20 U NPONEHUIbHO20 OMEepOU-
meisi NO360AULO NOLYUUMb CEMYAmblil CMPYKMYPHO-31ACMUDUYUPOBAHHBLIL CONOTUUMUO. Bol-
O0p COOMHOUWIEHUST KOMNOHEHMOS, UCHONb308AHUE AKMUBHBIX pazbasumeinct, 8apbuposanue
BPEMEHU CUHMEe3a NO38OJUNU NOLYYUMb MEXHOLOSUHHbIIL 6e3paAcmeopHblil cocmas Oucmaie-
UMUOHO2O C8s3yIoujec0 OJil U320MOBNEHUs. KOMNOZUYUOHHBIX MAMepuailog ¢ memnepamypou
axenayamayuu 00 200°C 6o erasicHoll cpede.

Knrouesvie cnosa: oucmanreumudnoe cessyiowee, NPONeHUIbHbIIL 0meepoument OUCMaIeumMu-
008, CMPYKMYPHO-311ACMUGUYUPOBAHHBIL CONOTUUMUO, MUKPOCIPYKIMYPA OUCMATIEUMUOOS.

Bismaleimide binder was developed with high resistance to water. Using a part of the binder
allyl and propenyl hardener yielded net structurally elasticized co-polyimide. The choice of a
ratio of components, the use of active diluents, the variation in time of synthesis allowed to ob-
tain without solvent of bismaleimide binder composition for the manufacture of composite mate-
rials with operating temperature up to 200°C in a humid environment.

Keywords. bismaleimide binder, propenyl hardener of bismaleimides, structurally elasti-
cized copolyimide, the microstructure of bismaleimides.

1(Deﬂepam>Hoe roCyJIJapCTBEHHOE YHUTapHOe mNpennpustue «Bcepoccuiickuil HaydyHO-UCCIEN0BATEIbCKUI
MHCTHTYT aBHAIMOHHBIX MaTepHaioB» ['ocymapcTBeHHbIH Hay4HbIN HIeHTp Poccuiickoit deneparuu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

Beenenne

PaboTa BBIOTHEHA B paMKax peajlu3aliyd KOMIUIEKCHOTO HAyYHOTO HarpaBieHus 4.
«VHTenneKTyalbHble, afanTUBHBIE MaTepUanbl U MOKPBITH» («CTpaTernueckue Harpaniie-
HUS Pa3BUTHS MaTepHaJIOB M TEXHOJOTUH UX nepepaboTku Ha nepuoa Ao 2030 roga») [1].

B cBs3u ¢ MHTEHCUBHBIM Pa3BUTHEM COBPEMEHHOW TEXHHKH BO3PACTAOT TPEOOBaHUS
K nouMepHbIM MaTepuanam (IIM) B cTpeMiieHuH MpenesibHO MOBBICHTD MX KCILTyaTallnoOH-
HBIE TIOKA3aTeNM U COXPAHUTH OOJNBIIYIO YaCTh UCXOJHBIX CBOMCTB B IIUPOKOM TEMITEpaTyp-
HOM nuana3oHe. Takue TpeboBanus Kk noaumepam u [IM 0coOeHHO TPpYAHOBBIIOIHUMBI B TEX
cllyyasix, KOrjia Harpy>kKeHHbI MaTepuall JUIMTENIbHO paboTaeT MpU MOBBIIIEHHBIX TEMIIepa-
Typax ¥ BIaXHOCTH. CHM)KEHUE YCTOWYMBOCTH MOMMepoB U [IM K BBICOKHM TeMmIepaTypam
U BJIQXXHOCTH BBI3BIBACT MOTEPIO JKECTKOCTH KOHCTPYKIIMU, HAPYIIEHWE FepMETUYHOCTH, He-
PaBHOMEpHOE pacIpeielIeHle Harpy3Kku 1o 00beMy MaTepuasa, CHUKEHUE JUIEKTPUUIECKUX
CBOMCTB U 1p. [2-9)].

bucmanenmuaasie (BMU) cBs3yromue Omaromapsi BEICOKOM TeMrmepaType CTEeKJIOBa-
HUS ¥ XOPOILIUM TEXHOJOTHYECKUM CBOMCTBAM IIMPOKO UCIIOIB3YIOTCS B KAYECTBE MOJIUMED-
HBIX MATPHIl JUTsI TIPOU3BOJACTBA W3JENUN U3 MOJUMEPHBIX KOMITO3UIIMOHHBIX MaTEpHAIOB
(ITKM), 1uiuTenbHO AKCIUTyaTUPYIOIIUXCS TpU Temiieparypax a0 220-250°C (cyxoe coctos-
Hue) u 180°C (mpu paBHOBecHOM Bojonoriomenun) [10—14]. Kputuueckumu mnapamerpamu
s BMU gBRsitoTCSl BOJIONIOTIIOIEHNE U TPEIIMHOCTOMKOCTh — MPEKIE BCETO MPH HCII0JIB30-
BaHUH UX B IIPOU3BOJICTBE M3JIEIINH IJIEKTPOTEXHINUECKOTO HA3HAYCHUS M KPYITHOTa0apUTHBIX
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KOHCTPYKIIMIA aBHaKocMHuYeckoro HasHaueHus [15]. CHmxkenue Bomonoriomenuss bBMU no-
CTUTAeTCsl IPU MCIOJb30BaHUU B KAa4€CTBE OTBEPJUTENECH aJUTMIBHBIX U MPONEHUIBHBIX CO-
equnenuii (BMU BToporo nokoseHust), KOTOpbIE B YCIOBUSX OTBEPXKACHHSI HE TOMOIIOJINME-
pHU3YIOTCA, a B3aUMOAEHUCTBYIOT APYT € ApyroM U ¢ BMMU, 4TO 1O3BOJISET MONYYUTh CETYATHIN
CTPYKTYpPHO-31aCTU(PHUIIMPOBAHHBINA COMOJIMUMHUJ] C HU3KUM BOJOIOTJIOIIEHUEM U BBICOKOM
TEMIEPATYpOil cTekoBaHUs. ['pyIy auIMIbHBIX OTBEPAUTENEH COCTABISAIOT TAKHE COEIU-
HEHMs, Kak OucammuiadeHonsl (cBas3yromiee Mapku Matrimid 5292B), oucamimidenust (cMme-
cu uzomepoB mMapok TM-121, TM-120 u np.), bucnponenundenokcuisl (mapok TM 123-1 u
TM 123-2). I1pu oTBEp>KISHUN KOMIIO3HUIIMHA a/UTMJILHBIMUA COSTMHEHUSMH MTPOTEKAIOT PEaKIIuu
MIPUCOCTUHEHUS 110 KpaTHOU cBsiz BMU ¢ ofHOBpeMEHHOM NeperpynimupoBKOi B alTiiIdeHO-
ne (ENE-peakmus), 3a KOTOpo#t cienyeT IUKIONPUCOSTUHEHHE TI0 peakiuu Jumbca—Aubaepa.
W3meHsiss COOTHOLIEHUE aJUTUIIBHBIX W MPONEHWIBHBIX OTBEPAUTENICH, BOSMOXKHO MOJyUYCHUE
BMMU ¢ Hausy4nimM COOTHOIIEHHUEM TEIIIOCTOMKOCTH U BOJIOCTOMKOCTH [16].

CHuXeHue ypoBHSI BOJONOITIOUICHUS OTBEpKIeHHBIX BMMU-cBs3yromux 0coOeHHO
aKTyaJIbHO, TOCKOJIbKY B ITPOU3BOJICTBE KPYMHOrabapUTHBIX KOHCTPYKLIUHN B MOCIIEAHEE Bpe-
Ms1 HaOJIOJ]aeTCsl TEHICHIUS 3aMEHBI SMTOKCHUIIACTOB Ha 0oJiee TEIyIo- U OTHECTOWKHE Malie-
UMUOIIIACTHI.

MartepuaJjbl 1 METOIBI
Bce coennHeHUs MoMyYanu U3 KOMMEPYECKHX MCTOYHHUKOB M HCIIOJIB30BaIN O€3 J0-
MOJTHUTEIBHON OYMCTKU. [1JI1 U3rOTOBIICHHS CBS3YIOIIUX HMCIIOIB30BAIU CIEAYIOIINE COCTH-
Henusi: Compimid MDAB (1), Compimid TM-123 (2), Compimid TM-124 (3) ¢upmsl
Evonic (I'epmanusi) ¥ HEHACHIICHHYO TOIMAGUPHYIO cMoay Mapku TT'M-3 (4):

CH;=CH—CH, CH;—CH—CH;
CH,
| (2)
OH T OH
CH,
CH=CH—CH, H=CH—CHjy:
0 0 X
\O\ U I:J.:I
c
I
o
0
i I\
CH,—C—C——0—CH,~CH,—0+-C —C=(H, ()
3
CH, CH,
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Omnpenenenre TeMrepaTypbl CTEKJIOBaHUS MPOBOJMIA TEPMOMEXAHUUECKUM METOJIOM
C HCIOJBb30BaHMEM TepMoMexaHnueckoro aHamuzatopa TMA 402 F1 Hyperion ¢upmsl
Netzsch cormacuo ISO 11357-2. JIns nmpoBeneHUsT UCIIBITAHUNA H3TOTaBIMBAIA 00pasibl B Gop-
Me Kpyra JIMaMeTpoM 5 MM U TOJIIMHOM JI0 2 MM C TJIaJKUMH TOPLIEBBIMH ITOBEPXHOCTSIMH.

Peonornueckue KpuBbIE CBS3YIOIIErO MONYyYaldd Ha BHCKo3uMeTpe bpykdunbna cu-
cTeMbI «KOHyCc—TutHTaY, Mojaelb CAP 2000+ (mmmaaens Nel, ckopocts cipura 67 c'l).

Mexanuueckue ucnbITanus yraemiactukoB mpooaw mo ['OCT 25.604-82 (u3rub) u
PJ1 50-675-88 (mesxcrnoiinsbiii cnisur) Ha yctanoBke LFM-100 (I1Iseiitiapust), mo TOCT 25.601-80
(pactspkenue) — Ha yctaHoBke LFM-250.

HccnenoBanne nui@oB MpOBOAKUIM HA PACTPOBOM 3JIEKTPOHHOM MHKPOCKOIE Zeiss
EVO MA 10 npu yckopsromeM HanpspkeHuu 20 kB. Tpasnenue npoBoauin B cpeze paspe-
JKEHHOTO BO3]lyXa B BaKyyMHOW ycTaHOBKe juisi noHHOro TpaieHuss FINE COAT JFC-1100
npu HanpspkeHuu 500 B u nepemenHoMm toke 10 MA B Teuenue 30 muH. Ilomyuensl nuzobpa-
YKEHUSI MUKPOCTPYKTYPBI IOJTUMEPHON MAaTPUIIBI B pEKUME 00paTHOOTPAKEHHBIX 3JIEKTPOHOB
npu yBenuueHuu x20000. [ToaroroBky n300pakeHU K KOJTMUYECTBEHHOMY aHAJIM3Y U UX Ma-
TEMaTHUYECKYyl0 OO0paOOTKy HpPOBOAMJIM IPU IOMOIIM KOMIIBIOTEpPHOM mIporpammel |mage
Expert Pro 3x.

Memoouxa npuecomosnenus ces3youje2o

Cootromenne coemqurenuit Compimid TM-123 u Compimid TM-124 s nonydeHus
MOAUGUIIMPOBAHHOTO OTBEPAUTEIIS BEIOMPATIM HA OCHOBAaHUU PE3YJIbTATOB BOJIOTIOTIIONICHUS
U TEMIIEpaTyphl CTEKIOBaHMs OTBepkaAeHHbIX BMU kommno3unuii. CMmenieHue 1ByxX OTBEpIU-
Telel B 3aJJaHHOM COOTHOIICHUU MPOBOJAUIIM MPH KOMHATHOW TeMIiepaType A0 MOIydeHHs
OJIHOPOJIHOTO TTPO3PAYHOI0 CMOJIOOOPA3HOTO COCTABA.

O6pasusl BMU-cBsa3y0mux mnojiydyaid B XUMHYECKOM pPEaKTOpE MpU TeMIlepaTrype
120-140°C npu WHTCHCHBHOM IEPEMEIIUBAHUU JO COCTOSIHHUS OIHOPOIHOW IMPO3PAvyHOU
Macchl. OTBEpXKICHHE CBS3YIOIMIMX MPOBOIWIN B AJIIOMUHUEBHIX YaIlIEYKaX B TEMIIEPATYPHOM
muana3one 150-250°C. IlonydyeHHsle 0Opa3ipl MOMENIANN B KUIISIIYIO BOAY Ha 24 4, mocie
Yero OMpeessuIn TEMIIEPATYPy CTEKJIOBAHMS, IIPUBEC 00PA3IIOB U OIICHUBAIN BHEUTHUN BU/I.

Pe3yabTarsl U 00CyKICHTE

C TOuKHU 3peHMsI OJIy4YEHUs] U3/AEUN ¢ BBICOKUMU MEXaHUYECKUMHU XapaKTepUCTHKA-
MU Oojiee FPPEKTUBHBI TPEXKOMIIOHEHTHBIE CHCTEMBI, COJIEpKAIllMe COeIMHEHUs, KOTOphIe
HE F'OMOIOJIMMEPU3YIOTCS B YCIOBUSAX OTBEP)KICHUS U PEarupyloT CO BTOPHIM KOMIIOHEHTOM
u BMU [15].

Ha puc. 1 npezacraBieHa 3aBUCHMOCTb TE€MIIEpaTypbl CTEKJIOBaHUS M BOJOIOIJIOIIE-
HUSl OTBEPXKJIEHHBIX KOMIIO3ULIUN OT KOJIMYECTBA BBOAMMOIO MPONEHUIBHOIO OTBEPAUTENS
mapku Compimid TM-123.

Hcnosnp3oBanue MOAU(UIIMPOBAHHOTO OTBEPAMTENSI HA OCHOBE coeanHeHuit Compi-
mid TM-123 u Compimid TM-124 npuBOAXT K 3HAYUTEIHLHOMY YBEIUUCHHIO TEMIICPATYPhI
crexsioBanus (T.) mocie BBIACPKKH B KUMsIIEH Bojie B TeueHue 24 4. Mckirouenue u3 cocra-
Ba BMU komnozunun TM-123 (HyneBas KOHLIEHTpPALKs) CHI)KAET TEMIEPaTypy CTEKIOBaHUS
¢ 286 (puc. 1, kpusas 1) no 210°C (puc. 1, xpusas 2). Ucnionp3zoBanue B coctaBe bBMU xom-
no3urun TM-123, ocobenno mpu conepxkanuu 20% u 6oJee, HE3HAUUTENBHO CHIDKAET ¢ TIO-
CJIe BBIIEPKKH B KUIISIIEH Bojie (B cpeHEM HaOII0/1aeTcsl CHKEHHE T, BO BCEM JMaIa3oHe —
Ha 6-11°C) (puc. 1, kpusasa 2). BogonoriomeHne yBeIUYMBaeTCs IPU MOBBILICHUN COJEpXKa-
Hus coenuHeHuss TM-123 Bo Bcem uccineayemoM nuanasone (puc. 1, xpusas 3). Takum
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00pa3oM, ONTUMAIILHBIM CO/ICPKAHUEM MPOTIEHIIIBHOTO OTBEPHUTEINS SBISCTCS TUANa3oH OT
20 1o 30%, uto obecrieynBaeT BHICOKOE COXpaHEHHE 3HAUCHHUN TeMIepaTrypsl |, MOCIE BbI-
JICP’KKU B BOZIE€ M CPAaBHUTEIBHO HAaMEHbIIIEE BOJOIOTIIONICHHUE.

300 i

7, L 5.0
£ 280 )
| | -
- L 48 o
5 260 1 g
B 16 Z
£ 240 4 g
E re |
= =
! """I:] =
& == - 42
206 4.0

L] T T
o 20 40 60 &0 100
Maccobxd A00A coedaaeRR Complimdd TM-123 B cocTage
MOIHGIOPOBIHEOD OTREPARTETS, %

Puc. 1. 3aBUCUMOCTH TeMIIepaTypbl CTEKIOBAaHHUS W BOAOIOTIIONICHUSI OT KOJMYECTBA HCIIONb3ye-
Mmoro coenuHeHnst Compimid TM-123 B cocTaBe Moar(DUIIMPOBAHHOTO OTBEPAUTEIN:

1, 2 — COOTBETCTBEHHO TeMIIEpaTypa CTEKJIOBAaHHUs 00pa3LOB A0 KUISUYEHUS U HOCJIE KUIITYCHUS B
TedeHue 24 4; 3 — BOJOIOTIIONICHHE 00pa3IoB

[losnydyeHHass KOMIO3UIMS MPEACTABIAET COOOM BBHICOKOBSI3KYIO IPO3PAYHYIO CMOJY
KOpUYHEBOro 1Bera. CouyeTaHne XOPOLIUMX TEXHOJIOTMYECKUX CBOWCTB — JIMIIKOCTh, OTCYT-
CTBHUE B COCTABE PACTBOPUTENS, TEKYUECTh U Ap. — MPEANO0JIaracT UCIOJIb30BAaHUE MOITYUYEeH-
HOM KOMIIO3HIIMM B KaueCTBE CBA3YIOILIETO IS MOJIyYEHHUs MPENperoB, nepepadaThiBaeMbIX
10 PacIlJIaBHOM TEXHOJIOTHH.

Monudukarys ToaTy4eHHOW KOMITO3UIIMU C HENbI0 CHUKEHUSI BSI3KOCTHU MO3BOJIUT Tie-
pepabatbIBaTh €€ METOJIOM MPOTMUTKHU TOJT 1aBIIEHUEM, HAMOTKH M JIUTHEBBIM MTPECCOBAHUEM.
Annuiconepikaiiie MOHOMEPHI, BBOJAMMBIE B cocTaB bBMU koMmo3uiuii, urparotT pojib ak-
TUBHBIX pa30aBUTENCH M COMOJMMEPHU3YIOTCS TPU MX OTBEpKIeHWH. BBejneHue B cocTaB
kommo3uruu 3% (mo macce) coenqunenust Mmapku TTM-3 (4), mpeacTaBisitomero coooi Hu3-
KOBSI3KYIO CMOJIy, MO3BOJIUJIO CYIIECTBEHHO CHHU3UTH BsI3KOCTh BMMU-cBs3ytomero u nomy-
YUTh TpeTperu ¢ TpedyeMbIMU KOH(PEKIIMOHHBIMU CBOIICTBaMH. BBeleHne B cOCTaB CMOJIBI
coenuHeHus: TT'M-3 mpakTUYecKH HE CHUYKAET TEMIIEPaTypy CTEKJIOBaHUS OTBEPKICHHOU
KOMITO3MIINH, HO CYILIECTBEHHO CHUKAET BOAOIOIIIoNeHue — 110 3,84%.

ANUIIbHBIE M IPONIEHWIbHBIE COEIMHEHUSI HE TOMOMIOJIMMEPU3YIOTCS B YCIIOBUSIX OT-
BEPIKJICHHS, a pEarupyroT Apyr ¢ ApyroM u bBMU, 4To no3BOMISET MOMydaTh CETYATHIA CTPYK-
TYpHO-31aCTU(PUIIMPOBAHHBIN COMOIUUMU] (PUC. 2) C TYyYIIMMH MEXaHUYECKHMMH CBOMCTBA-
MU U TEMIIepaTypoil CTEKJIOBaHUSI.

Ha ocHOBaHMM MOJTy4YeHHBIX PE3YyIbTATOB BHIOPAH COCTaB, BKIIIOUAIOLIUI COETMHEHUS
mapok Compimid MDAB, Compimid TM-123, Compimid TM-124 u TT'M-3. OtBepxacHue
MOJIyYEHHOW KOMITO3ULIMU ITPOBOAMIIM B TeMneparypHoM auanaszone 150-250°C ¢ nomyueHu-
€M MOHOJIUTHBIX 00Pa3I[OB.
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Puc. 2. OtBepxxnenne bBMU annmuinbpHBIME (@) 1 IPOTIEHWIHHBIME (6) COSTUHEHUSIMHA

C ucrnosnp30BaHMEM TOJYYCHHONW KOMITO3UIIMK U TKaHu Gupmbl «llopmie» (apt. 4750)
MIPECCOBBIM METOJIOM IMOJIYYEHBI YIJIEIUIACTUKH U OMpPENEeNIeHbl UX (PU3UKO-MEXaHUYECKUE

CBOMCTBA (CM. TabNIHILY).

Ynpyro-npo4HocTHbIe CBOiicTBA yriemiacTuka Ha BMU-cesasyomem

CaoiicTBa Temnepatypa 3HaueHue CBOMCTB
ucnbITadus, °C | B HCXOZHOM COCTOSIHUU nocite TBC*
Temnepatypa crexnoBanus I, °C - 229 210
[Ipenen npounoctu, MIla:
TIPY MEKCIOWHOM CJIIBUTE 20 60 63
200 55 47
220 45 36
NpY COKATHU 20 586 572
200 490 427
npy U3ruode 20 1080 1000
200 973 793
220 770 675
CopO6itus eitaru nociie TBC*, % - - 0,67
[Ipenen npoyHoCTH IIPU CABUTE 20 19,7 —
KiteeBoro coeauHenws, MIla 250 18,8 -
300 12,3 —

* TBC — remnoBnaxunoctaoe crapenue ('OCT 9.707-81). Pexxum ucnbrtanus: 7=60+2°C, ¢=85%.
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IIpoBeneHHbIe HCHBITAaHUS OOPAa30B MOJTYYEHHBIX YIVIENJIACTUKOB, BBIIEP)KAHHBIX B
KJIMMaTUYeCKOM Kamepe B TeueHHe | Mec, MOoKa3aau coxXpaHeHHe (PU3MKO-MEeXaHHYECKUX
CBOMCTB Ha ypoBHE 85% — nipu temneparype ucnsitanuii 200°C u 80% — nipu Temneparype
ucnbiTanuii 220°C oT UCXOIHBIX 3Ha4eHUi. Pa3paboTaHHblii cOCTaB, UCTIONB30BaHHBIN B Ka-
YECTBE KJIes, MOKa3al COXPaHCHHE MCXOAHBIX CBOMCTB (pouyHOCTh mpu casure 21 MIla) Ha
ypoBHe 95% — nipu 250°C u Ha ypoBue 60% — npu 300°C.

IIpoBeneHo uccienoBaHUE MUKPOCTPYKTYPBI paHee pa3pabOTAHHBIX OTBEPKAEHHBIX
BMU-cBs3yrommx mapok [TAWC-104, Matrimid 5292 [15] 1 noixy4eHHON KOMITO3HUIIUH (pHC. 3).
AHaJIn3 MUKPOCTPYKTYpBI IPOBEJCH HA OCHOBAHUU IPEINOI0KEHUS O TOM, YTO OOHApyKEH-
HBIM HEOJHOPOAHOCTSM COOTBETCTBYIOT CTPYKTYpHBIE O0Opa30BaHMS C PAa3IUYHON IJIOTHO-
CTbI0 MaKpOMOJIEKYJIIDHON ymakoBkH. B mccinenyembix oOpasiax BbISBIEHA MHKPOTETEpO-
TEHHasl CTPYKTYpa, IPU 3TOM KOJMYECTBEHHBIE XapaKTEPUCTUKU MHUKPOCTPYKTYpPbI HCCIEN0-
BaHHBIX MaTpul paziauyaroTcs. CTpyKTypHbIE 00pa30BaHUs ¢ OTHOCUTEIBHO BBICOKOW SPKO-
CTBhIO (MUKpOJHCIIEpCHas (a3a) XapaKTepU3yIOTCsl OOJNbIIEH TUIOTHOCTBIO MAaKPOMOJIEKYISIP-
HOM YNAKOBKHM M CTOMKOCTBIO K OKHCJIUTEJIBHOW AECTPYKLIHMH. TE€MHbIE Y4aCTKU MPEACTABIISA-
IOT COOOH CTPYKTypHBIE 00pa30BaHUS C MEHBIIEH TUIOTHOCTBIO MaKpPOMOJEKYJISPHOUW yria-
KOBKH, KOTOpPbIE OOBIYHO XapaKTEPU3YIOTCs 00JIbLIEH CErMEHTapHOM MOABHKHOCTBIO.

Ha puc. 3, a nzo0pakena MuKkpocTpykTypa cBs3yromero [TAMC-104. CpenHee 3Hade-
HUe 00BEMHOM A01M MHUKpoaucnepcHoH (asbl coctaBuio 72,2%. CpenHee 3HaueHHE 00bEM-
HOW /10111 00pa3oBaHMid ¢ OOJBIIEH MIOTHOCTHI0 MAKPOMOJICKYJISIPHON YIMAKOBKH COCTABUIIO
61,2 u 55,4% (puc. 3, 6, ¢) nns cBsazyromero mapku Matrimid 5292 u pa3paboTaHHOro cocra-

Ba COOTBECTCTBCHHO.

Puc. 3. Mukpoctpykrypa otBepkacHHbIX BMU-cBszyromux mapok IMTAWC-104 (a), Matrimid
5292 (6) u pazpaboranHoro cocraBa Mapku BMC-1 ()
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MuxkpocTtpykTypa pazpadborannoro bBMU-cBszyromero xapakrepusyercs HE TOJIBKO
MEHbIIEH 00beMHOMN JI0JIel CTPYKTYPHBIX 00pa3oBaHuii ¢ OOJIBIIEH UIOTHOCTHIO MaKpOMOJIe-
KYJISIPHOM yIMakoBKH 10 cpaBHeHHIO ¢ Matpuniamu [TAMC-104 u Matrimid 5292, HO u BBICO-
KO OJTHOPOJHOCTBIO MOP(OJIOTHUECKUX MapaMeTPOB MUKPOCTPYKTYpHI (pasmep u Qopma
CTPYKTYpHBIX 00pa3oBaHuii). BolsiBiIeHHBIE 0COOEHHOCTH MHUKPOCTPYKTYPHI pa3pabOTaHHOTO
cocraBa Mapku bMC-1 npuBoasT k 00pa30BaHUIO JOMEHOB C BBICOKOW MJIOTHOCTHIO CETKH.

3akawuyeHus

Ucnonb3oBanune nis BMU-cBs3yonux B KaueCcTBE OTBEPAUTENECH CMECH U3 aJUIAJIb-
HOTO M IPOINEHWJIBHOTO OTBEPJUTENCH MOKa3al0 MX MEPCIEKTUBHOCTh C TOUKH 3PEHUS MO-
BBILICHUS YCTOMYUBOCTH TMTOCJIE TEMJIOBIAXKHOCTHOI'O CTAPECHMUSI.

Ucnonbs3oBanne ajIMIBHOTO U MPONEHUJIBHOTO COCAMHEHHS IO3BOJIAET IMOJYYUTh
CeTYAThId CTPYKTYPHO-AIACTH(HUIIMPOBAHHBIN COMOJUUMHUJT C MEHBIIEH OOBEMHOW OJICH
CTPYKTYPHBIX 00pa30BaHMii U C OOJBIIEH MIOTHOCTHIO MAKPOMOJICKYJISIPHON YIaKOBKH.

Br160p cooTHOIIEHUST KOMITOHEHTOB, UCIIOJIb30BAaHUE aKTUBHBIX Pa30aBUTENICH, Baph-
WPOBaHUE MPOJOJDKUTEIFHOCTH CHHTE3a MO3BOJIMIIO TOJIYYUTh TEXHOJIOTHYHBIM Oe3pacTBOp-
HbIil coctaB BMU-cBszyromero ans usrorosnenus [IKM ¢ Temneparypoil skcrutyatauuu 10
200°C Bo BiaXHOU cpejie.
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NCCIEJOBAHME TINTPHYMH U XAPAKTEPA
PAZPYHIEHUSA IIUTOB I'EHEPATOPOB
N3 CIIJIABOB AJI9 1 BAJI8

DOI: 10.18577/2307-6046-2017-0-5-9-9

IIposedeno xomnaexcrnoe uccie008anue NPUHUH KCIIYAMAYUOHHO2O PA3PYUIEHUs WUMO8
2eHepamopos u3 anromunuesolx cniasos AJ19 u BAJIS. Memooamu onmuueckotl u 31eKmpoHHOU
MUKDOCKONUU, PEHM2eHOCMPYKIMYPHO20 U XUMUYECKO20 AHATU3A OYEeHeHd MUKPOCMPYKmypd,
U3YYeH XUMUYeCKUll COCMAs u xapaxmep paspyuienus oemaneu. Ycmarnogneno, umo paspyuie-
Hue demanel NPOU3OULIO NPU OelicmeuU OOHOKPAMHOU CMAmu4ecKol Haspy3Ku (cuopasiuie-
ckuil yoap). Paspywenuto cnocobcmeosano omcymemaue paouyca nepexooa 8 mecme usmeHe-
HUSL MONWUH U NOBBIULEHHDII YPOBEHb HOPUCTHOCTU 6 Wume 2enepamopa u3 cnaasa AJI9.

Kniouegvie cnoea: paspyuienue, uziom, amoMuHUuessill Cnias, NOPUcCmocms, ppakmozpagus.

Complex research of the reasons of operational destruction of boards of generators from
AL9 and VALS8 aluminum alloys is conducted. Methods of optical and electron microscopy, x-ray
microanalysis and chemical analysisis evaluated microstructure, chemical composition and na-
ture of destruction of detailsis studied. It is established that destruction of details has occurred
at action of single static load (hydraulic shock). Destruction was promoted by lack of radius of
transition in place of change of thickness and the raised level of porosity in generator board
from AL9 alloy.

Keywords: destruction, destruction surface, aluminum alloy, porosity, fractography.

'denepansHoe rocyapcTBeHHOE YHHTapHOE HpenmpusTHe «BcepoccHiickuil HaydHO-HCCIEI0BATEIbCKHIL
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» ['ocymapcTBeHHbIH HayuHbIi eHTp Poccuiickoit enepannu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

BBenenue

ANIOMHMHUEBBIE CIUIABbI, PEAHAa3HAYEHHbIE ISl U3TOTOBJICHUS JIMTHIX JAeTael, ooa-
JAI0T HU3KOW MiIoTHOCThIO (2500-2800 KF/MM3), BBICOKOH YJIEJIBHOM MPOYHOCTBIO M KOPPO-
3MOHHOM CTOMKOCTBIO, YTO IO3BOJISIET B PsJIE CIIydaeB IPUMEHSTh OTJIMBKM B3aMEH ITOKOBOK
U IITaMIIOBOK, IPU 3TOM 3HAYMTEIHHO MOBBIIIAETCS KOI()PUIMEHT UCIIOIB30BaHUs MeTalia
Y CHIDKACTCSl CTOMMOCTh U TPYIOEMKOCTh H3TOTOBIICHHUs aetaneii [1-3].

B orpacnsix, rae npexbsaBisStoTCs 0coOble TpeOOBaHUS K HA/JAEKHOCTU Y3JI0B M JeTa-
JI€il, HaXOAAT MIPUMEHEHUE BBICOKOKAUYECTBEHHBIE, HAJIE)KHBIE B DKCIUIyaTalluH JE€TalH, OTJIH-
ThI€ U3 aJIOMUHUEBBIX CIIJIABOB. JIUTelHbIE aIFOMMHHUEBBIE CIUIaBbl IIMPOKO UCIIONIB3YIOTCS B
ABTOMOOMJIBHOM NMPOMBINUIEHHOCTH U APYTHMX TPAHCHOPTHBIX OTPACIAX MAIIMHOCTPOEHUS:
CYJIOCTPOEHHH, KEJIE3HOJOPOKHOM TPAaHCIOPTE, aBUALMU U a’POKOCMHUYECKOM KOMILIEKCE
[4-7].

OcHoBHbIE TPeOOBAHUS K JINTEHHBIM aJTFOMUHUEBBIM CIIJIaBaM — 3TO BBICOKUN YPOBEHb
HKCIUTYaTaI[MOHHBIX XapaKTEPUCTHUK (T. €. MEXaHWYECKUX U KOPPO3UOHHBIX CBOWCTB) B coye-
TaHUU C XOPOIIEH TEXHOJOTUYHOCTBIO MPH JIUThE, KOTOPAs JUISl UCHOJB3YEMBIX B MPOMBIIII-
JICHHOCTH TEXHOJOIMH O3Ha4YaeT HU3KYIO CKJIOHHOCTh K 00pa30BaHHIO ropsiuuX (KpHCTaJlIu-
3alIMOHHBIX) TPEUINH, XOPOUIYIO KHJIKOTEKY4eCTh, MUHUMAJIBHYIO YCAJIOUHYIO IMOPUCTOCTD,
T. €. XOpOLIUE JTUTECHHBIE CBOMCTBA.
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B cnnaBax, KpUCTaUIM3YIOLIMXCS B MHTEpBAJIE TEMIIEpaTyp, BCETAa MMEETCs Iepe-
X0JIHasi 00J1acTh, B KOTOPOI K KOHIlY KpPUCTAJTM3allUU PacIlylaB OKa3bIBAETCS B M30JUPOBAH-
HBIX HEMUTAEMbIX MUKPOOOBhEMaxX MEXAy JACHIPUTHBIMU BEeTBAMU. M3-3a MEHBIIIETO yIEIbHO-
ro oobeMa TBep10il a3bl 10 CPAaBHEHUIO C KUAKOM, B TAKMX MUKPOOOBEMax Mociie 3aTBep/e-
BaHUs HEM30eKHO 00Pa3yIOTCs yCal0uHbIe IOPHI (PBIXJIOTHI).

[Ipu xpucTayIM3anuy pacTylide BETBU JCHIPUTOB OTTECHSIOT OOOTAICHHYIO JIETH-
PYIOLLIMMU 3JIEMEHTaMU KUIKOCTh B MECTa KOHTaKTa HECKOJIbKMX BETBEM. TaM M3 XKHUAKOCTH,
HalpuMep, 3BTEKTHUYECKOIO0 COCTaBa, KPUCTAJUIM3YETCSl HBTEKTHKA, BKIIOYEHUS KOTOPOM
HaAOJI0IAI0TCs MeTaJUIorpadUuecKy Mo TpaHUllaM JEeHAPUTHBIX siueek. Tam ke B pe3yipTaTe
3aTBEpACBAHMS TOCIEIHUX HM30JUPOBAHHBIX OOBEMOB paciiiaBa 00pa3yrOTCs MHUKPOIIOPHI.
Bo3HuKHOBEHME pacCesHHON ycaJOYHOM MOPUCTOCTU NMPUBOJUT K CHUIKEHUIO T€PMETHUYHO-
CTH OTIHMBKHU. [ €@pMETUYHOCTH — 3TO CIOCOOHOCTH OTJIMBKU BBIACPKHUBATD JABICHUE JKUIKO-
CTH WM Ta3a 0e3 Teuu. DTy XapaKTepUCTUKY TOKE€ 4aCTO OTHOCAT K JIMTEHHBIM CBOICTBaM.
['epMETHYHOCTH 3aBUCUT OT CyMMapHOro o0bema Mop, UX pa3mMepa, paclpeeseHus U OT TO-
r0, U30JIMPOBAHbI OHU WJIM CBSI3aHbI MEXKJICHAPUTHBIMU KaHaiamu [8§, 9].

MexnenapuTHas WM BHYTPUACHAPUTHAS PACCESHHAsl MOPHUCTOCTh BCErAa IMPUCYT-
CTByeT B oTiuBKax. OTHOcuTenbHass 00beMHasl AOJS 3THUX MOP MaKCHUMallbHa B CIUIABax C
HIMPOKUM MHTEPBAIOM KHJIKO-TBEPAOT0 cocTosiHUsl. KonnuecTBo paccestHHbIX 1Op B OTJIMB-
Kax W3 aJIIOMMHHMEBBIX CIUIABOB TAK)K€ 3aBUCUT OT Ia30BbLAEICHUS (B OCHOBHOM BOJOPOJIA)
npu Kpuctaumsanuu. Kpome Toro, ra3 Mo>keT 00pa30BbIBaTh COOCTBEHHBIE MOPHI, CIyYaifHO
pacrpeiesieHHbIe 10 ceueHuto oTauBku [10, 11].

CmiiaB AJI9 oTHOCUTCA K TpyIIe repMETUYHBIX CIJIAaBOB C XOPOLIMMH JIMTEHHBIMU
CBOMCTBaMHM, NpeAHA3HAUYEHHBIX ISl U3TOTOBJIEHUS JeTajllel BceMU BHaaMu JuThs. Cruias
BAJI8 oTtHOCHTCS K BBICOKOIIPOYHBIM JIUTEMHBIM CIlIaBaM. MexaHuuyecknue CBOICTBa CILJIaBOB
3aBUCAT HE TOJIBKO OT MX XMMHYECKOI0 COCTaBa, HO M OT IUIOTHOCTH JUThA. C yBeIMUEHUEM
MOPUCTOCTU TPOYHOCTh OTJIMBOK CHMIKAETCA, OHU 3HAYUTEIBHO XYK€ CONPOTUBISIOTCS
Harpy3kam U BO3JIEHCTBHIO KOPPO3HOHHO-aKTUBHOM CpPEJIbI.

HccnenoBanue ciydaeB KCIUTyaTallMOHHBIX pa3pyLICHUI MO3BOJIIET HE TOIBKO yCcTa-
HOBUTHh NPUYMHY UX BO3HMKHOBEHHS, HO U pa3paboTaTh KOMIUIEKC pPEKOMEHAAMi U Mepo-
HNPUATUNA N0 YCTPAaHEHHUIO HEOJIaronpusTHHIX (PAaKTOPOB U MPEIOTBPALLEHUIO0 BO3SHUKHOBEHHS
aBapUHBIX cuTyanui [12—14].

B nanHo#t paGoTe mpuBeaeHBI pe3yibTaThl UCCIEJOBAHUS MPUYMH M XapakTepa pas-
pPYLIEHHS IIUTOB F€HEPATOPOB, U3TOTOBJICHHBIX U3 JIMTEHHBIX aJlOMUHUEBBIX cI1aBoB AJI9 u
BAIJIS.

PaGora BbIONTHEHA B paMKaXx peain3alii KOMIJIEKCHOTO HAYYHOT'O HampasiieHus 8.4.
«BbICOKOTIPOUHBbIE KOPPO3ZUOHHOCTOMKNE CBApUBAEMbIE MATHUEBBIE U JIUTEHHbIE aTlOMUHUE-
BbIC CIUIABBI IS U3/ICIMI aBHAKOCMHUYECKOW TEXHUKU HOBOTO TMOKOJIEeHHs» («CTpaTernveckue
HAalpaBJIeHUs Pa3BUTHS MaTEpPUANIOB U TEXHOJIOTUI nx nepepaboTku Ha nepuoj 10 2030 rogax)
[15].

Marepuanbl 1 MeTOABI

MarepuanoM JUisi IIUTOB 3JIEKTPOT€HEPATOPOB SABISAIOTCS JINTEHHBIE AJIIOMUHUEBBIE
cruaBel AJI9 u BAJIS, otHocsammecs k rpymmne cuuiyMHHOB. CoriacHo TpeOOBaHHUSIM HOpMa-
TUBHOW JTOKYMEHTAIIUH, IPY MMPOU3BOICTBE MPOBOIMIIN MPOLIECC OTIIMBKH B MeCUaHy0 Gopmy.
CrutaB BAJI8 Tepmoo0OpadoTan o pexxumy T5, crmaB AJ19 — o pesxumy T7 (OCT1 90088—-80).

Cocrosnue T5 nmonpa3zymeBaeT oXJaXJI€HUE C TeMIIEpaTypbl ropsueil nepopmanuu u
MOCIIEAYIOLIEE UCKYCCTBEHHOE CTapEHHE; COCTOssHME T7 — 3aKalKy M IepecTapuBaHHE C lie-
JbIO TIOJTYYEHUS! CBOMCTB OO0JIbIIIE MAKCUMAJIBHOTO 3HAYEHHSI TPOYHOCTH HA KPUBOM CTapeHHUs
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IPU HEKOTOPHIX CIEHUATbHO KOHTPOJIMPYEMBIX XapaKTEpUCTHUKAX — JJs JOCTH)KEHUS CTa-
OWJILHOCTH DPa3MepoB, 0OJiee HU3KOTO YPOBHS OCTATOYHBIX HAMPSDKCHUN WU TOBBIIICHUS
KOPPO3HUOHHOW CTOMKOCTH.

TpeboBaHust K XUMHUYECKOMY COCTaBY CILJIaBOB IPUBEJCHBI B TAOIUIIE.

Xumuueckuii cocras ciiapoB AJI9 u BAJIS mo 'OCT 1583-93

Cmas CopeprxaHue JIEMEeHTOB, % (110 Macce)
Al S Fe Mn Mg Sn Ti Cu Zn Cd
AJI9 | Ocnosa | 6,0-8,0| <0,5 | <0,5 | 0,20-0,40| <0,01 - <0,2 <0,3 -
BAJI8 | OcHoBa | 7,0-85| <04 - | 0,20-0,45 - 0,10-0,25| 2,50-3,50 | 0,50-1,00 | <0,15

HccnenoBanne NpUyuH U XapakTepa pa3pylIeHUs IIMTOB I'e€HEepaTOpPOB, U3rOTOBJICH-
HBIX U3 JIMTEHHBIX amtoMUHUEBBIX ciiaBoB AJI9 u BAJIS, BKitovano mpoBefeHUE CIeAyro-
IMX padoT:

— BU3YaJIbHBIN 0CMOTp, POTOCHhEMKa (PparMeHTOB IIUTOB T'€HEPATOPOB;

— MIPOBE/ICHHE XMMHUUYECKOT0 aHaJIM3a Ha COOTBETCTBUE MAPKE CILJIABOB;

— IPOBECHHE PEHTTeHOrparuecKoro aHaiu3a Jiisl OLEeHKH MTOPUCTOCTH MaTepuana;
— npoBezieHre (ppakTorpaduUecKoro aHaIu3a;

— MIPOBE/ICHUE PEHTIEHOCTIEKTPAIIbHOTO MUKPOAHAJIN3A;

— U3MEepEeHHe TBEPAOCTH.

— UCCIIeZIOBAHUE MUKPOCTPYKTYPHI.

AHanmM3 XMMHUYECKOT0 COCTaBa AJFOMHUHUEBBIX OOpa3llOB MPOBOJUIU CHEKTPAIbHBIM
ONTHUKO-dYMUCCHOHHBIM MeTOoZioM Ha crnektpomerpe Q8Magellan ¢gupmer Bruker Quantron B
cootBercTBuu ¢ TpeboBanusimu ['OCT 7727-81 «CmuaBbl antoMUHUEBBIE. METOBI CIIEK-
TPAIILHOTO aHAJIA3a.

Pentrenorpaduyeckue ruccieqoBaHus IPOBOIWIN HA PEHTI€HOBCKOM amnmnapate PYM-7
npu aHogHoM HanpspkeHuu 24 (nms craa AJI19) u 30 kB (s crimaBa BAJIS), anogHOM TO-
ke 10 MA ¥ 3KCNIO3ULIUU B T€YEHUE 2 MUH.

Hccnenoanue nznomoB o0pa3ioB u3 criaBoB AJI9 u BAJIS mpoBoaunu ¢ mpumeHe-
HUEM 3JIEKTPOHHOTO MHUKpockomna JSM-6490LV .

HccnenoBanne MUKPOCTPYKTYpBI 00pa3noB u3 cminaBoB AJI9 u BAJIS mpoBoaunu ¢
MPUMEHEHUEM ONTHYECKOTO MUKpockora Olympus.

N3mepenue tBeproctu obpasuoB u3 crasoB AJI9 u BAJIS npoBoaunu Ha npubope
TK-2M no merony Poxsemnna.

PesyabTaTsl
Busyanvnwiii ocmomp gppacmenmos

Ha puc. 1, a npuBenensl gororpapuu mogydyeHHBIX ISl UCCIEAOBAHUS (parMEeHTOB
u3 crasa BAJIS. Paspymenue npomsio ¢ OTAeNeHUEM MPOYIINH ¢ OTBEPCTUSAMU AJIs Kpell-
JIEHUsl IIMTOB, B MECTE IMeperaja TOMMMH B cTeHke. B mmure u3 cruaBa AJI9 paspymienue
MPOIIJIO AHAJIOTMYHBIM 00pazoM (puc. 1, 6). AHanu3 MOBEPXHOCTH B MECTaX pazpylICHUS
IIMTOB [I0Ka3aJl, 4YTO B MECTaxX Iepenaaa TONINH CTEHOK C HapyKHON CTOPOHBI TPaKTUYECKH
OTCYTCTBYET paauyc nepexona. Ha puc. 1, 6, 2 cTpenkaMu MmokazaHbl 3T MECTa B CEUYEHUU
CTEHOK BOJM3M MecTa paspyuleHus. Bo Bcex ciyudasx paspyllieHue MpoIuio OT Hapy>KHOU
CTOPOHBI B MECTax OTCYTCTBHS pajinyca epexoaa.
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JUYCOB Tiepexoa (6, 2)

Cnenyer OTMETUTbH, UTO paAMyC mepexoia (WIM paauyc CKpPYIJIEHHs) UCHOJIb3YETCs
JUISL CONPSDKEHUS TIOBEPXHOCTEH MO MPSAMBIM YIJIOM, TaK KakK MPSMON YroJ SBISETCS KOH-
[IEHTPATOpPOM HAaINpsDKEHUH M MpoBOLUpPYET oOpa3oBaHue TpemmH. Hanmnume panmyca mepe-
XO/1a CIIOCOOCTBYET CHIIKCHHUIO KOHIICHTPAIIMU HANPSHKEHUH U YMEHBIIAET BEPOSITHOCTH IMO-
SIBJICHUS TPELIMH BOJIM3M MECTa Iepernaza TOIIHH.

AHanuz xumuuecko2o cocmasa
Jlis aHamM3a WCIOJB30BATM MOHOJHUTHBIC OOpaslbl W3 JUTCHHBIX ATFOMHUHHEBBIX
crmaBoB BAJIS u AJI9. Pa6otsr npoBoamu cornacHo ['OCT 7727-81 «CmiaBsl altoMUHUE-
Bble. MeTObl CIEKTPaTbHOTO aHanmu3ay. s MOCTpOeHUs TPaayUpOBOYHBIX I'padUKOB HcC-
MOJIH30BaJIM KOMILIEKTHI OTpaciieBbix cTaHaapTHbIX 00pasinos (OCO) crimaBoB BAJI8 u AJI9.
[Tpu ompeneneHUH NETUPYIOMIUX IJIEMEHTOB M MaKpONMpHUMeceld pacCYuTaHO OTHOCHUTENBHOE
3HaUEHUE MOTPENIHOCTEH OMpeeNieHrsT MacCOBOM IO >NeMEeHTOB. [ KpeMHus, Meau U
IIMHKA OHO cocTaBiaeT 2,5%, JUIf OCTaNbHBIX 3JeMeHTOB 10%.
[To pe3ynbpTaTaM MPOBEACHHOTO XMMHUYECKOTO aHalIHM3a MOJIy4yeHO, YTO COCTaB (hpar-
MEHTOB COOTBETCTBYET TPEOOBAHUSIM HOPMATHBHOW JJOKYMEHTAIIMH K XUMHUICCKOMY COCTaBY
JINTENHBIX ATIOMUHUEBLIX citaBoB BAJIS u AJIO.

@Dpaxkmozpaduueckuii u peHmeeHOCneKmpaIbHblll MUKPOAHATU3

Makpoctpoenue parmeHTa usnoma u3 ciasa BAJI8 nmokazano Ha puc. 2, a. Pa3py-
IIEHUE Pa3BUBAIOCH C HAPY)KHOM MOBEPXHOCTH OT MecTa Iepemnaja TOJIUH 0e3 pajnycoB
nepexona. M3nom tunmyueH aJig ctaTU4eckoro (0JHOKpaTHOrO) paspylieHus criasa. Ha mo-
BEPXHOCTH HM3JI0Ma HAOJIOJAI0TCS KPYIHBbIE BKIIOYEHUS PasiudHoOi Gopmsbl (puc. 2, 6), Iu-
TeiHbIC Te(EKThI B BUJIE PHIXJIOTHI U YCAIOUYHOU TIOPUCTOCTH (pHC. 2, 6).

MakpocTtpoenne ¢pparmenTa uznoma cruiaBa AJI9 nokaszano Ha puc. 3, a. Paspymienne
TaKXe pa3BUBAIOCH C HAPYKHOM MOBEPXHOCTH OT MeCTa Mepenasia TOIIKH 6e3 paJanycoB me-
pexona. M3inoM xapakTepeH Uisl CTaTUYECKOro (OJHOKPATHOIO) pa3pylleHus cijasa. B 1e-
JIOM, TIO pe3ysbTaTaM CPaBHUTEIBHOIO aHaju3a, U3JioM citaBa AJI9 Gosee rIacTUUHBINA, YeM
uznom cmiaBa BAJIS. B uznome criiaBa AJI9 kpynHble BKIIOUEHHS BCTPEYAIOTCS B MEHBLIEM
KOJIMYECTBE, pelibed MPerMYyIIECTBEHHO MEIKOSMOUHBIH (puc. 3, 6). OqHako B CpPaBHEHUU C
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n3aoMoM ciiaBa BAJIS, B u3nome criaBa AJI9 HabmomaeTcs 3HAYUTENHHO OOMbIIEE KOJIH-

YCCTBO IOp U JIMTEHMHOMN PBIXJIOTHL (pI/IC 3, 6), 4YTO CHUKACT MCXAaHUYCCKUC XAPAKTCPUCTUKU
KakK CaMOTO CIlJIaBa, TaK 1 U3IOTOBJICHHBIX U3 HETO JIeTajei.

2mm 0614 50 42 SEI

20kV X500 50pm 621 50 42 SEI
Puc. 2. Crpoenue gparmenrta usnoma u3 crasa BAJIS:

a — o01muit BUI M3JI0Ma; 6 — KPYIHBIE BKJIIOYEHHUS B U3JIOME (TIOKa3aHbl CTPEIIKAMH); 6 — YIACTOK C
JIMTEHHOU PBIXJIOTOM B U3JIOME

§

" .
oKV 10 2mm 0358 3042581

T
Y X005 Doyl 0112/ 48 45 SE) L) o
Puc. 3. Crpoenue pparmenTa uznoma u3 cruiasa AJI9:

a — o0l BUJT M37I0Ma; 6 — BHYTPU3EPEHHOE Pa3pyIICHUE, MEITKOIMOYHBIN pelbed); 6 — yIaCTOK C
JIUTEUHOU PHIXJIOTOHN B U3JIOME

CtpoeHure U3JI0MOB 0OOMX CIIABOB COOTBETCTBYET PAa3pYIICHHUIO MPH JIEHCTBHH O-
HOKpPATHOM HAarpy3KH — T'HJIPaBINYECKOT0 yAapa, BO3ZHUKIIETO BHYTPHU FeHEPATOpa.
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i

—Enare 2eCTimen niLsT I 26, rpax

Puc. 4. Pe3ynpTaTsl peHTI€HOCTIEKTPAIIBHOTO MUKPOAHAIN3a!
@ — y4acTOK M3JI0Ma C XPYNKOH YacTHLEH W BBIACICHHONW OONacThiO IJIsl aHANW3a; 6 — CIEKTPO-
rpaMma 4acTHIIbI

MeTOI[OM PCHTICHOCIICKTPAJIbHOTO MUKpOaHalin3a yCTAaHOBJICHO, YTO XPYIIKUC YaCTU-
16l B M3JI0OMaxX 000MX CIUTABOB MPEIICTABIISIIOT cO00i (pa3y Ha ocHOBE KpeMHHsI (puc. 4).

Penmeenocpaguueckue uccnedosanus

PacmmpoBky peHTreHorpaMMm U ompezeneHre Oayia MOpUCTOCTH B o0paslax U3 Ju-
TEeUHBIX aTtoMUHUEBBIX cI1aBoB BAJIS n AJI9 npoBoauim no «lllkane peHTreHOBCKUX 3Tallo-
HOB MIOPHCTOCTH OTJIIMBOK U3 CILIABOB THIIA «CHIYMUH». B pe3ynprare pacmmdpoBKH yCTaHOB-
JIEHO, 4TO (pparMeHT 1muTa reHepaTopa us3 civiaBa AJI9 nMeeT mopucTocTs, HHTEHCUBHOCTD KO-
TOpOU NIEKUT B Tpezieniax 4—5 6asuia, 4yTo MPEBBIIIAET JOMYCTUMBINA 2—3 Gal MOPUCTOCTH CO-
rnacHo «lllkajie peHTT€HOBCKUX 3TaJIOHOB MOPUCTOCTH OTJIMBOK U3 CIUIABOB TUIIA «CUITYMHHY.

@parmeHT 1uTa reieparopa u3 ciaa BAJI8 umeer gonyctumyro nopucTrocTb, MH-
TEHCHBHOCTH KOTOPOH JISKHUT B mpenenax 2—3 Gaia.

Oyenxa meepoocmu u MUKPOCMPYKMY Dbl

B pesynprare 3amepa TBEpAOCTH BIABIMBAHWEM CTAIBHOTO IMApUKa C HArpy3Koi
100 kr ycTaHOBIEHO, UTO CpelHee 3HaueHue TBepAocTu s ciiaBa BAJIS cocrasnser
129 HB, a nns cimaBa AJI9: 76 HB. Cnnas mapku BAJIS (AK8M3u.) B coctossnuu TS5 (He-
nostHas 3akanka Ha pecce) mo ['OCT 1583-93 nomken umets HB>90.

CmnaB mapku AJI9 (AK74.) B cocrosuuu T7 mo 'OCT 1583-93 nmomxeH umerh
HB>60, 1. . 3HaueHust TBEPIOCTU COOTBETCTBYIOT TpeboBanusM nanHoro 'OCT.

Ha mexanwuecku UUTM(OBAaHHBIX HETPABICHBIX 00pa3lax BHU3YaJIbHO OMPEACISIOT
HaMU4Yue rpyobIx Ne(eKTOB THMa KPYMHBIX MOp, PAKOBHUH, TPEIIMH U OTACNBHBIX CKOTICHUN
MHTEPMETAIUTHIOB, KPUCTAIUIOB KPEMHUS U ., pa3Invaronuxcs mo 1sery u ¢popme. Iloce-
JyIollee TPaBJICHHE IMO3BOJSET OMNPEAETUTh OCOOEHHOCTH KPUCTAIIMYECKOTO MaKpOCTpoe-
HUS, XapaKTep U pacIoioKeHUe TePEeKTOB.

HccnenoBanre MUKPOCTPYKTYPBI NMPOBOAWIH Tiociie TpaBieHus B 0,5%-HOM BOTHOM
pacTBOpe MJIABUKOBOM KUCIOTHI Ha nuindax (OAUH U3 KpaeB HuTH(a BBIXOIUT HA TPEUIUHY)
u3 cruiaBoB BAJI8 u AJIO.

B cnenunanpHbIx cruiiymMuHax (Takux kak cruiaB AJI9) mpu BBeleHUU B HUX MarHusi 00-
pasyercst uHTepMeTaung MoSi, KoTopwiii siBisieTcsl ynpouHstomed ¢aszoi. B murom
COCTOSTHMU KPYTIHbIC BbieneHus MQySi pacronararoTest Mo rpaHuIiaM 3epeH, TpUiaBasi cria-
BY XpynKocTh. B craBel Tuma BAJI8 qomoMHUTENBHO ¢ MarHHEM BBOAMUTCS MEJIb B KOJIU-
yectBe OoT 1 10 7% (1o macce). [Ipu 3ToM B crutaBe GOpMHPYIOTCS HOBBIEC YIPOUHSIONINE
¢as3el — B yacTHOcTH MHTepMeTauua CUAl,. [l u3MenbueHHs CTPYKTYpPhl M yBEITHYCHUS
TUTACTUYECKUX CBOMCTB, OTIMBKH U3 CIEIUAIBHBIX CHIIYMHHOB TMOJIBEPralOT 3aKalKe U HC-
KYCCTBEHHOMY CTPOEHHUIO [9].
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Crpykrypa crutaa BAJI8-TS (puc. 5, a) mo Bcemy modto nutrda (B ToM 4ucie psijioM
C TPEILIMHOW) COOTBETCTBYET MUKPOCTPYKTYype cruiaBa BAJIS mpu nuthe B mecuanyio Gpopmy B
coctossanu T5 mo PTM 1.2.148-91 «AIIFOMUHHEBBIC JTUTCHHBIC CIUIABEI, OTIIUTHIC B IIECUAHEIC
dopmebl. Onpenenenne MUKpOCTPpYKTYpbl». [lpu yBenndyenun x500 (puc. 5, 6) HabmogatoTcs ya-
crutbl Gazel CUAlL, HeOPaCTBOPUBILIKMECS IIPU HATPEBE 0] 3aKAJIKY, H HEOOJIbIIIAs IOPHUCTOCTb.

*100
Puc. 5. Ctpykrypsi cisiaBoB BAJI8-TS (a, 6) u AJI9-T7 (s, 2)

Crpyxtypa crmaBa AJI9-T7 (puc. 5, 6) mo BceMy noJto nutuda (B TOM 4UCIE PSAAOM C
TPEUINHOIN) COOTBETCTBYET MHUKPOCTPYKType ciuiaBa AJI9 mpu nuThe B mecuanyoo Gopmy B
TepMoobpaboTaHHOM coctossHUU T7. Crienyer OTMETUTH OOJbIIOE KOJIUYECTBO MOP, B TOM
Yuciie U KPYIHBIX, IO BceMy MO0 nutnda.

[Ipu yBenuuenuun x500 (puc. 5, 2) 3epHa 0-TBEPIOTO pPacTBOPa OKPYXKEHBI JOBOJIHHO
KPYIHBIMHU YaCTHIIAMU KPEMHUS, TaK KaK IPU CTAPEHUU N0 pekuMy T7 HauMHaeTcs Koarys-
U YaCTUIl KPEMHHUSI.

O0cykaeHne U 3aK/JII0YCHUSA

Ha ocHOBaHMYM MPOBEIEHHOTO UCCIIEOBAHUSI MOKHO OTMETHUTh, YTO TI0 XUMUYECKOMY
COCTaBY CILIaBbI cOOTBETCTBYIOT Mapkam BAJI8 (AK8M3u.) u AJI9 (AK74.).

ITo ypoBHro 3navuenuit TBepaocta (129 HB — nnst cimaBa BAJIS, 76 HB — nns crutaBa
AJI9) cinaBel cootBeTcTBYIOT TpeboBanusim ['OCT 1583-93.

Hetanu u3 crutaa BAJI8 uMeroT MUKPOCTPYKTYPY, COOTBETCTBYIONTYIO MUKPOCTPYK-
Type cIljIaBa IpH JUThE B Niecyanyto ¢popmy B coctostauu TS5 mo PTM1.2.148-91 «AntoMuHu-
eBbl€ JIUTEHHbIE CIIaBbl, OTJIUTHIE B NecyaHble GopMbl. OnpeieieHne MUKPOCTPYKTYPBD.

Jeranu u3 cinaBa AJI9 uMeroT MUKPOCTPYKTYPY, COOTBETCTBYIOLIYIO MUKPOCTPYKTY-
pe cIuIaBa IpH JUThE B Iecyanyro Gopmy B coctossauu T7.
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MeTtogaMu  MUKPOCTPYKTYPHOTO, (pakTorpaguueckoro M peHTreHOCTPYKTYPHOTO
aHaJM30B B JeTasix u3 ciiaBa AJI9 oOHapyXeHa MopucToCTh, COOTBETCTBYIOIIAsA 4—5 Oaty
no «lIlkane peHTreHOBCKUX 3TajJOHOB IOPUCTOCTH OTJIMBOK M3 CIIABOB THUIIA «CUIIYMUH),
YTO MPEBBINIACT JOMYCTUMBIA 2—3 Oamn mopuctoctu. B obpasnax m3 crmiaBa BAJI8 mopu-
CTOCTh HAXOJWTCS Ha JOMYCTUMOM YPOBHE — B mpefenax 2—3 Oaa.

CrtpoeHue M3I0MOB O0OUX CIUIABOB CBHJIETEIBCTBYET O TOM, YTO pa3pylIeHHE JleTa-
JIeil IPOU30IILIO NMPHU ACHCTBUU OJHOKPATHOW CTAaTHUECKOW HArpy3ku (THApaBIMYECKUN yraap,
BO3HUKILIUN BHYTPU I'€HEpaTopa) U pa3BUBAJIOCH C HAPYKHOM CTOPOHBI 1uTa. Paspyiienuto
IIPU MOBBIIIEHUH HArPYy3KH CIIOCOOCTBOBAJIO OTCYTCTBUE pajiyca Mepexo/ia B MecTe U3MeHe-
Hus TonuH. KpoMme TOro, moBBILIEHHBIH YpPOBEHb MOPUCTOCTH B ciuiaBe AJI9 mpuBen k
YMEHBIICHUIO TUIOIAAN Pab0Yero CeUeHus IeTalu.

J171s1 NOBBILIEHUS] HAAEKHOCTHU JIMTHIX JIETaleil B MPOLECCE IKCILTyaTallul PEKOMEH0-
BaHO MPEIYyCMOTPETh HAIMYUE paguyca IIEpexo/ia B MECTE U3MEHEHUS TOJIIINH, KOTOPOE CII0-
COOCTBYET CHIKEHHIO KOHIICHTPAIMU HAMPSHKEHUN M YMEHbIIAET BEPOSTHOCTH IMOSBICHUS
TpeIIrH BOJIM3HM MecTa Iepexoa.
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V]IIK 669.017
P.M. Ha3ap7<uH1, C.I1. Konoxomun*

BJIMAHUE OBPABOTKHU 3JIEKTPOMAI'HUTHBIM ITOJIEM
P KPUCTAJUIN3ALIMA HA MEXAHUYECKHE CBOHMCTBA
CIIJTABOB CUCTEM Ni-Al U Co-Cr-Al-Ni

DOI: 10.18577/2307-6046-2017-0-5-10-10

IIposedeno uccaedosanue cnnasos cucmem Ni—Al u Co-Cr—Al-Ni-Y, cxrounwvix x npossie-
HUIO XIAOHOIOMKOCIU, NOJYYEHHbIX MEMOOOM DPABHOOCHOU KPUCMALIUZAYUU 6 IIeKmpomae-
numnom none. B cnaasax cucmem Ni-Al u Co-Cr—Al-Ni-Y, nodeepeasuuxca obpabomxe pac-
NAA8aA INEKMPOMASHUMHBIM ROJEM NPU KDUCMALIUZAYUL, OOHAPYHCEHO YMEHUICHUE PA3MEDO8
CMPYKMYPHBIX COCMABTAIOWUX, HAOTIOOAI0Ch 00PA306aHUe KPUCALO2PAPUUECKOU MEeKCNLy-
pul. [ns cnnasos cucmemot Ni—Al evisigiena auneinas 3a6ucumocms yeeauueHus YOapHoul 653-
KOCMU OM NOBLIUECHUS UHOYKYUU RPUTONCEHHO20 MacHUmMHo20 nos. Tlokazano, wmo ucnonw3o-
sanue 2NEKMPOMACHUMHOU 0OPAOOMKU NPU KPUCATIUZAYUY SHAYUMETBHO CHUNCACT NOMEpIO
macewl obpasya npu ucnvimanuu cnaasa cucmemvi Ni-Al na orcapocmotikocms. Ommeueno
maxoice usMeHenue azoe020 COCMasa CniA6os, d NOCIe UCHbIMAHULL HA HCAPOCMOUKOCHb Y
cnnasa cucmemvt Ni-Al cmpyxmypa mamepuana coxpanuna 00HOPOOHOCHb, YMO HAPSOY C
MepMU4eckol CmabuibHOCMbIO MUKPOCMPYKMYPbL, 04e8UOHO, OKA3bLEACN NOIONCUMETbHOEC
GIUAHUE HA MEXAHUYECKUE CEOUCMEA.

Knroueswte cnosa: snexmpomacnummoe nojie, KpUCMAaiiu3ayusi Cniaeos, MUKpoOCmpyKmypda,
HUKeJeablll CNA8, KOOAILMOBbIIL CHIA8, YOAPHAS 6513KOCHb, MEKCIYPA.

The research of Ni—Al alloy and Co-Cr—Al-Ni-Y alloy are provided. Those alloys has ten-
dency to the cold brittleness at the room temperature. The alloy of Ni—Al system and alloy of
Co-Cr—Al-Ni-Y system were produced by the technique of electro-magnetic field treatment
during equiaxal solidification. It is shown that Ni—-Al alloy and Co-Cr—Al-Ni-Y alloy after the
electro-magnetic field treatment of liquid metal during crystallization process the size of con-
stituents are decreasing. In addition, the formation of crystallographic texture for researched
alloysis detected. For Ni—Al alloy the linear dependence of impact hardness growth on increase
of dectro-magnetic field induction is identified. It is shown that using of the el ectro-magnetic
field treatment at the crystallization process lead to significantly reduction of the weight loss af-
ter heat resistance testing for Ni—Al alloy samples. In addition, the change of phase structure of
Ni—Al alloy which produced by electro-magnetic field treatment is noted. The microstructure of
Ni—Al alloy after heat resistance testing is homogenous that shown the thermal stability of mi-
crogtructure. Obvioudly, this fact will have positive influence on the mechanical property
of alloy.

Keywords: electromagnetic field, alloy solidification, microstructure, nickel alloy, cobalt al-
loy, impact hardness, crystallographic texture.

'denepanbroe rocyapcTBeHHOE YHHTapHOE HpeampusTHe «BcepoccHiickuil HaydHO-HCCIIeI0BATEIbCKHIT
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» [ocymapcTBeHHbIN Hay4dHbIi eHTp Poccuiickoit denepannu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

BBenenue
PaboTta BbIOJIHEHA B paMKax pealn3aluy KOMIIJIEKCHOTO HAyYHOTO HarpaBieHus 2.1.
«DPyHJaMEHTAJIbHO-OpPUEHTUPOBAaHHBIE HccienoBaHus» («CTpaTernyeckie HarpaBIeHHs pas-
BUTHS MaTEpUAJIOB M TEXHOJIOTHI X nepepabotku Ha nepuof 1o 2030 roxay) [1].
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W3BecTHO, 4TO MOBBIIIEHUE YPOBHS MEXaHMUYECKUX CBOMCTB >KapOIMpPOYHBIX CIJIABOB,
UCTIONB3YEMBIX IS JTUThS JeTalieil Ta30TypOMHHBIX JBUTATENCH U SHEPreTUYECKUX YCTaHO-
BOK, OCYIIECTBIISIETCSI TyTEM COBEPIICHCTBOBAHUS XUMHUYECKOTO COCTaBa — C MOMOIIbBIO BBeE-
JICHUS JICTUPYIOIIMX 3JIEMEHTOB [2, 3]. OgHaKO TaKOH METOJ HE TEPSIET CBOIO aKTyaJlbHOCTb U
B Hacrosiee BpeMs [4-6], HO UMeeT OrpaHUYCHUs, 00YCIIOBJICHHBIC (BU3UKO-XUMHUCCKON
MPUPOJIOI CIUIaBOB, T. €. PU3NUECKH HEBO3MOKHO OECKOHEUHO IMOBBIIIATH COJCPIKAHUE JIETH-
PYIOLIUX 3JIEMEHTOB B CIUIaBE M YBEIUYMBATh UX YMCIO. MI3BECTHO Takxke, YTO CYIIECTBYIO-
[IME€ METO/bl BHIIUJIABKH CIUIABOB U WX KPUCTAJUIM3alUU (TaKUe, KaK PaBHOOCHAs M Halpas-
JIEHHas1) 3TOI MPOoOJIeMbl IOJTHOCTHIO HE PELIAOT, MOCKOJIBKY IIPU PaBHOOCHOM KpHCTaJIU3a-
MM MEXaHUYECKHE CBOMCTBA CILJIAaBOB JUMHUTUPYIOTCS IPOUYHOCTHIO TPAHUI] 3€PEH, a HAIpaB-
JIEHHAs KPUCTAJUIM3allMs CIUIABOB SIBJISIETCA TEXHOJIOTMUECKH CIIOXKHBIM M BeChbMa JIOPOTUM
METOJIOM IMPOU3BOJICTBA JIUTHIX JIeTalel A MamunHocTpoeHus. [loaTtomy HE0OX0oaUM MOKCK
HOBBIX TEXHOJIOTHI MPOU3BOACTBA M 00PaOOTKHU CIIJIAaBOB U M3JICTUI U3 HUX ISl SKOHOMUY e-
CKU OIPABJIaHHOTO PEeUIeHMs 3a7au JaIbHEHIIEeTo MOBBIIIEHNS TEXHOJIOTHYHOCTH U (PU3UKO-
MEXaHUYECKUX CBOMCTB KOHCTPYKIIMOHHBIX MaTEPUAJIOB.

B cBsi3u ¢ TeM yTO B mocIieHee BpeMsl METOAMKHU 3JIEKTPOMArHUTHOTO BO3CHCTBUSA
Ha pacIulaB MPH KPUCTALTU3ALWU MpUOOpETarOT B MUpE Bce OOJblliee 3HAYCHHE BBHUIY UX
s dexkruBHOCTH [7-9], MpuMeHeHUe TOJ00HOTO METOAAa MOIJIO OBl CTaTh PEHICHUEM 3TOM
npoOsieMbl. PazpaboTaHHBI METOJl, OCHOBAaHHBIM HA MPUHIUIIAX MAarHUTHOW THAPOIUHAMHU-
KM, CIIOCOOCTBYET MOBBIIIEHUIO (PU3NKO-MEXaHUYECKHX CBOMCTB CIUIaBa Oiarojaps BO3JeH-
CTBUIO Ha HETO OerymuM MarHuTHbIM mosiem [ 10, 11].

MartepuaJjbl 1 METOIBI

TexHonorus 0OpabOTKM paciuiaBa MeTaIa B UWJIMHIAPUIECKOM OTHOIOIIOCHOM HH-
QYKTOpe ¢ OerymuyM MarHMTHBIM IIOJIEM COCTOMT B cieaytouiem. JluteitHas kepamudeckas
¢dopMa, U3rOTOBJIEHHAs U3 OKCHJAA AJTIOMUHHUS 10 CTaHJAPTHOM TEXHOJIOTUHU, popMyeTcs B
METAJJIMYECKYI0 OMOKY M3 OKCHAa MarHusi (KOTOpbIid 00jajaeT BBICOKOW TEIUIOMPOBOAHO-
CTBIO) U YCTaHABJIMBAETCs B pabounii 00beM 3JIEKTPOMArHUTHOTO UHAYKTOpa (puc. 1), KoTo-
Pl HaxXOAMTCS B 3aJIMBOYHOM KaMmepe BaKyyMHO-UHAYKIIMOHHOW IUIABUJIBHOW YCTaHOBKH
(puc. 2). PacrinaBieHHbIN MeTall 3aJIMBAaeTCs B JIUTEHHYIO (pOpMy MpU BKIIOYCHHOM dJIEK-
TPOMarHUTHOM HHAYKTOPE, CO3JAlOIIMM OJHOHAIIPaBICHHOE Oeryliee MarHuTHOE IIOJI€.
Bpewmst 00paboTKH paciiyiaBa MeTajljla 3aBUCUT OT Macchl Metasuia [12-15].

LE¥]

Puc. 1. unmmaapuyeckuid 0THOMONIOCHBIH 3JIEKTPOMAarHUTHBIN HHAYKTOP: 1 — (a3Hble KaTylku;
2 — BOJOOXJIaXIaeMbIi Kopiryc; 3 — medb noaorpesa Gopmbl; 4 — MeTaITMUECcKas ONOKa; S5 — Kepamu-
yeckas JuTeitHas popma; 6 — GopMOBOUHBII HAIIOJTHUTEh
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Puc. 2. BakyyMHO-MHAYKIMOHHAs IUIaBWJIbHAS YCTaHOBKA IOJIYHENPEPHIBHOTO AEHCTBUA THUIA
VIIII® (BUAM)

B Hacrosiiiee Bpemsi akTyanbHOM 3a1ayeil siBisieTcs pa3paboTka BBICOKOTEMIEpaTyp-
HBIX KOHCTPYKIMOHHBIX MATEpPHAJIOB, IUTEIBHO SKCILUTyaTHUPYEMBIX IPU TeMIIepaTypax
1200-1300°C, obmamaroniux BBICOKOH MPOYHOCTHIO, HE JCTPaJUPYIOMEH ¢ BO3pacTaHHUEM
TEMIEPATYPhI, BBICOKOM CTOMKOCTBIO K OKHCIIEHHUIO, BHICOKMM MOAYJIEM YIPYTOCTH U MOHHU-
YKEHHOMW TJIOTHOCTHIO. TakKMM MaTepHaaIoM MOT OblI CTaTh HHTEPMETAIIIHIHBIN CIIJIaB CUCTEMBI
Ni—Al (coctosmuii u3 das y'-NizAl u B-NiAl), koTopslii pu copepkanuu amoMunus >13%
(o Macce) CTaHOBUTCS XJIaTHOJIOMKHUM.

C ydeTroMm BBILIECKA3aHHOTO IS MPOBEICHUS WCCIEIOBAaHUI HCIOIb30BAIA OUMHAp-
HBII CIUIaB MHTepMeTaTUaAHOro Kiacca cocraBa Ni—18% (mo macce) Al, npencraBnstomiuii
WHTEpeC B KauecTBe 0a30BOM KOMMO3UIMH JJS pa3padOTKH HA €ro OCHOBE KApOMPOUHBIX
CIUTABOB, HO HE HAIICAIIUN MPUMEHECHUS B TPOU3BOJICTBE JCTAJICH TOPSYEro TPaKTa ra3oTyp-
OMHHBIX JIBUTATENeH 13-3a CBOCH XJIaJJHOJOMKOCTH IIPU KOMHATHOU TeMIepaType.

Ha puc. 3 npeacrasien nuToi 010K ¢ HMIMHAPUIECKUMH 3ar0TOBKaMu 00pa3LoB, Mo-
Jy4EeHHBIH METOJOM BaKyyMHO-WHAYKIIMOHHOW TUIaBKH ¢ 0OpabOTKOM KHIKOTO MeTasuia
AIIEKTPOMAarHUTHBIM I10JIEM IPOMBINUIEHHON YacToThl (50 I'1y) B mpouecce KpucTalIn3anuy.
BenuunHy UHIYKIIME MarHUTHOTO TOJIS, BO3/IEUCTBYIOIIETO HA METAJ B IIPOIECCe KPUCTAI-
JIA3aIUU, U3MCHSIN OT 12,1-10'3 zo 22,6 10° To. Pasmep nuToro 610ka 00pa3IioB COCTABHIIL:
muametp 80 MM, BeicoTa ~230 MM, Tuametp oOpas3ioB 15,5 mm, mirHa 006pasioB 185 MM.

Puc. 3. Jlutoi 610Kk 00pa3ioB u3 onsiTHOro cruiaBa cocrtaBa Ni—18% (mo macce) Al, nmoimyueHHBII
METO/IOM KPUCTAJTH3AINH B JJIIEKTPOMArHUTHOM TIOJIe
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Jlyis mosrydeHus IMTHIX MWIMHAPUYECKUX 3ar0OTOBOK 00pa3IoB METaJlI 3aJIUBaU MPU
temneparype 1600°C B nuTeiiHyl0 KepaMH4ecKyro (GOpMy, HarpeTyro A0 TEeMIIepaTyphl
300-350°C. IMomyuennbie obpasiiel u3 ciuiaBa Ni—18% (mo macce) Al moxBepraiu ucmbITa-
HUSIM Ha xapocToiikocTh npu Temieparype 1250°C B teuenne 100 4 ¢ HUKINYECKON BbI-
JIEPKKOM 6—8 u.

Jlyia mpoBeieHUs] UCCIeI0BaHUN KPUCTAUIM3AMU OTIUBOK B 3JIEKTPOMAarHUTHOM T10O-
Je mpoMbIieHHON 4YacToThl (50 ') MCmoap30Bamu CIIOKHOJETUPOBAHHBIA CIUIAB MapKH
CAII-6 Ha ocHoBe kobanbra cucteMbl CO-Ni—Cr—Al-Y. BriOpaHHbBIi CIIaB UMEET MPaKTH-
YECKOe MPUMEHEHHE B MPOU3BOJICTBE TPYOHBIX KATOJIOB; M3TOTOBJICHHbBIC AETAIU MPEICTaB-
JeHsl Ha puc. 4. Xumudeckuit cocras cruiaBa CII1-6 nmpusenex B Taba. 1.

——e

Puc. 4. BHemHUN BU TUTHIX COCTaBHBIX TPYOHBIX KAaTOMOB, MOJXYYEHHBIX C MPUMEHEHHEM 00pa-
0OTKH paciiiaBa 3JIEKTPOMAarHUTHBIM I10JIEM B IIPOLIECCE KPUCTALIH3ALNT

Tabruya 1
XHMHYECKHIi COCTAB MHTEPMETAIJIMAHOr0 KaTogHoro ciiiapa C/AII-6
CopeprkaHue 371eMeHTOB, % (110 Macce)
Co Ni Al Cr Y
OcHoBa 8,0 12,0 24,0 0,6

[Ipouecc BhIMIaBKY U 3aJIMBKU MeTalljla B KEpaMHUECKyIo (hopMy OCYIIECTBIISIN B Ba-
KYYMHON WHIYKIMOHHOM IUIaBUJIbHOW ycrtaHoBKe Tuna YIIII® c oObeMoM MIIaBUIBLHOTO
turiig 40 kr. OTIUBKH COCTOAT U3 ABYX IOJOBUHOK, KaK II0Ka3aHO Ha puc. 4.

PesyabTaTsl

HccnenoBanie MUKPOCTPYKTYPHI TTOJMyYeHHBIX 00pa3ioB u3 cruiaBa cucteMbl Ni—Al,
KPUCTAJIIIM30BaHHBIX 0€3 BO3AEMCTBUS HA pacIUiaB 3JIEKTPOMATHUTHOIO MOJIs, MOKA3ajo, 4To
pa3Mep 3epHa B BepxHel udactu obOpasma coctaBisan 800-1000 MM, a B HIKHEH dYacTu
400-500 mxMm. B crutaBe cuctembl Ni—Al, moigy4eHHOM ¢ IpUMEHEHHEM 3JIEKTPOMAarHUTHON
00paboOTKM MpH KpHUCTAUIM3ALMM, pa3Mep 3€pHa COCTABIIAJ B BEpXHEW wyacTu oOpasla
350400 mKM, a B HmkHeH yacti 200-300 MkM. MUKpPOCTPYKTYpa CIUIaBa pUBEAEHA HA pUC. 5.

W3 cpaBHUTENBHOIO aHAIM3a MUKPOCTPYKTYpP BUAHO, YTO pacHpenenenue $as B cruia-
BE C PUMEHEHUEM 00pabOTKH 3JEKTPOMArHUTHBIM MOJIEM MPH KPUCTAJUIM3ALIUMU CTajo Oosee
IUIOTHBIM U OJTHOPOJHBIM (pHUC. 5 6, 2), YeM B CIUIaBE, KPUCTAJUIN30BAaHHOM 0e3 BO3JeicTBUs
3JIEKTPOMAarHuTHOro nous (puc. 5 a, 6). TBepIocTh cIlaBa, KPUCTAIIM30BAaHHOTO IIpHU o0pa-
00TKe paciiaBa JIEKTPOMArHUTHBIM T0JIeM, moBbIcuiack Ha 12% — ¢ 33 no 37,5 HRC.

[Ipu olleHKe KONMMYECTBEHHOTO cojepxaHus (a3 B CIUlaBe, KPUCTAUIM30BaHHOM 0e3
00paboTKH paciuiaBa 3J€KTPOMAarHUTHBIM I10JIEM, OOHAPYKEHO, YTO OHO cOCcTaBUIIO: 66,2%
v'-ba3er u 33,8% P-dassl, uro O6maM3K0 K comepxanuio (a3 B cruiaBe cocraBa Ni—18% (1o
macce) Al, paccuntanHoMy 1o guarpamme cocrostausi cucteMbl Ni—Al o mpaBuity oTpe3kos:

81




TPYAbl BUAM Ne5 (53) 2017

70,0% (o macce) y'-da3st u 30,0% (mo macce) B-aswl. B crutaBe, mpormeamnieMm o0paboTKy
AJIEKTPOMArHUTHBIM TOJIEM TIPU KPUCTAJLTU3AIMK, KOJIMYSCTBEHHOE CojlepkaHue (a3 cocTa-
Buyo: 43,50% (mo macce) y'-¢dasbr u 56,5% (o macce) B-¢a3bl, 4TO CBUIAETEILCTBYET O CY-
IIECTBEHHOM OTKJIOHEHHH OT PAaBHOBECHOTO COCTOSHHSI.

a)l

Puc. 5. Mukpoctpykrypa (x100) cruaBa cocraBa Ni—18% (mo macce) Al, momydenHoro 6e3
00paboTKM paciuiaBa 3JeKTPOMArHUTHBIM moneM (Bepx (a) u Hu3 (6) oOpasia) u ¢ o0paboTKOi
paciiaBa 3JIeKTPOMAarHUTHBIM MojieM (Bepx (8) 1 Hu3 (2) obpasiia)

PentreHoctpykTypHbiii ananu3 ciiaBa cuctembl Ni—Al, KprCTaIIM30BaHHOTO B JJICK-
TPOMArHUTHOM TI0JI€, BBISIBIII HAJTMYUE TIPEUMYIIECTBEHHBIX HANIPABICHUHA KpUCTAIUIOTpadu-
yeckoit opueHTarun y'-pasel — [111]+[113] u B-dassr — [011], coBmasaroImux ¢ OCHIO JIUTHIX
3aroToBOK 00pa3ios [14].

HccnenoBanue 3aBUCUMOCTH YIapHOM BSI3KOCTH OT BEJIMYMHBI MHIYKIIMM MarHUTHOTO
TI0JIs1, BO3JICHCTBYIOIIET0 Ha METAILI, B IMPOIECCEe KPUCTATUTN3AIIUNH TI0Ka3aJI0, YTO MPH €€ yBe-
JMYeHUH yaapHas Bs3kocTh ciiaBa Ni—18% (mo macce) Al Bospacraer. U3 rpaduka BugHO
(puc. 6), yTo ynapHast BI3KOCTb NoBbICHIIach B 1,7 paza [16].

ECU, Tavew?
10

8 4

0 5 10 15 0 s
B0, Tn

Puc. 6. 3aBucuMocTh yaapHoit Bss3kocTH ciuiaBa coctaBa Ni—18% (o macce) Al or BennuuHBI HH-
JYKIIMH IEKTPOMArHUTHOTO TIOJISI TPU KPUCTAJUTA3AIUH PACIUIaBa

[Tocie ucnbITaHmit Ha XKapocTOKOCTh [17] 0Opasios u3 cmiaBa coctaBa Ni—18% (1o
macce) Al (6e3 00paboTKH 1 ¢ 00pabOTKON paciiiaBa JIEKTPOMATHUTHBIM TOJIEM MPH KPH-
cramm3anun) npu Temnepatype 1250°C B Teuenne 100 4 ¢ IUKINYECKON BBIACPKKOM 6—8 4
B CTPYKTYpPE MPOU3OIIEN MPOIECC PEKPUCTAILIU3AIMN ¢ 00pa3oBaHuEM 4—6 3epeH B CEUCHUH
oOpasma. Ha (oTo MHKpOCTPYKTYpHI CIUIaBa, HE MOJABEpPraBIIErocs 00pabOTKe JIeKTpoMar-
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HUTHBIM T0JIEM, BUIHO (puC. 7, 6), 4To XapakTep (Ha30BOTO paclpeesCHUs CTall IUIOTHBIM U
OoJiee ymopsiI0UeHHBIM, TOJIIMHA TJIACTHH Y'-Ga3bl YMEHbBIIUIIACH B 5,8 pasa, Mo CpaBHEHHUIO
¢ UCXOAHBIM cocTosiHueM — ¢ 10-25 10 0,9-5,0 mxMm (puc. 7, a). [1o Mex3epeHHBIM IpaHUIIAM
[EMOYKON pacipeAeINCh BKIItoYeHus pazmepom oT 10 mo 15 mxm (puc. 7, 6). Ha nmoBepx-
HOCTU 00pa3la oOHapYKEeH PBIXJIbIN ClIOil cBeTsoro npera ToamuHon 240-290 mMxwM, coaep-
xanmid 9,1% (mo macce) Al 1 90,6% (o macce) Ni (puc. 8).

a)

Puc. 7. Mukpoctpykrypa cruiaBa coctaBa Ni—18% (mo macce) Al, kpucramisoBanHoro 6e3 oopa-
OOTKH 3JIEKTPOMArHUTHBIM I10JIEM, JI0 UCIIBITAHUN Ha JKapOCTOMKOCTH (@) U MOCJE IPOBEACHUS HCIIbI-
TaHwuii (6)

Puc. 8. MUKpOCTPYKTYypa MOBEPXHOCTHOTO cjiosi oOpasiia u3 ciutaBa coctaBa Ni—18% (mo macce)
Al, KprcTaIITU30BaHHOTO 0e3 0O0pabOTKH AIIEKTPOMATHUTHBIM TI0JIEM, TIOCIE HCIBITAHUI Ha kKapo-
CTOHKOCTh

KonnuectBennoe coneprkanue ¢asz B obpasiiax u3 CIUlaBa, KPUCTAUIM30BAHHOTO 0e3
00pabOTKH 3JIEKTPOMATHUTHBIM IIOJIEM, TIOCIIE UCTIBITAHUN Ha KApOCTOWKOCTh M3MEHHIIOCH!
conepkanue y'-a3pl ymeHbIIIOCh ¢ 66,2 10 57,5% (mo macce), a B-ha3pl yBEIUYUIOCH C
33,8 mo 42,5% (1o macce), 4To XapakTepu3yeT CIUIaB Kak He TePMOCTa0MIbHBIN. Pe3ynbpTaThl
UCIBITAaHUHN Ha yIapHYIO BSI3KOCThH MOKA3aJld, YTO €€ BeJIMYMHa yBeianuuiach Ha 11% ot uc-
XOJHOM M cocTaBuia 5,7-7,1 I[)K/CMZ.
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B cBoto ouepens, n3 GOTO MUKPOCTPYKTYPHI CIIaBa, MPOIIEAIIET0 00pabOTKy dJIeK-
TPOMAarHUTHBIM IOJIEM MPU KPUCTALTU3ALNN, OYeBUIHO (pUC. 9, 6), 4TO XapakTep pacrpee-
nenus (a3 B CIUIaBe CTaJ 3HAYUTENBHO 0OJee IUIOTHBIM M YIOPsAJOYeHHbIM. TommuHa mnia-
CTHH Y'-(a3pl yMEHbIIMIACh B 9 pa3 Mo CPaBHEHUIO C UCXOAHBIM COCTOSHHEM — ¢ 3—15 1o
0,6-1,4 MmxMm (puc. 9, a). B cTpykType 1 110 TpaHuIiaM 3e€peH OTCYTCTBYIOT BKIIFOUCHHS OKPYT-
J0% (pOpMBI CBETIIOTO 1[BETA, KOTOPBIE MIPUCYTCTBYIOT B CILIaBE 0€3 AIEKTPOMarHuTHOM obpa-
ootku (puc. 7, 6). Ha moBepxHOCTH 00pasiia mpH HUCCIeIOBAaHUN OOHAPYKEH TUIOTHBIA CIION
cerioro 1sera toiammuao 190-200 MxMm, comepskamnmii 12,5% (o macce). Al u 87,5% (o
macce) Ni (puc. 10).

Puc. 9. Mukpoctpykrypa ciutaBa coctaBa Ni—18% (mo macce) Al, mporeariiero 06paboTky siek-
TPOMArHUTHBIM TIOJIEM MPH KPUCTAIIIU3AINH, 10 HUCIBITAHUNA HA )KAPOCTOHKOCTh (@) M mocie mpoBe-
JICHUSI UCTIBITaHUH (0)

Puc. 10. MukpocTpyKTypa MOBEpXHOCTHOTO cJiosi 00pasiia u3 ciuiaBa cocraBa Ni—18% (1o macce)
Al, mpomreaiiero o6paboTKy 3JI€KTPOMArHUTHBIM TIOJIEM IPH KPHCTAIUIH3AINH, TIOCIIE UCTIBITAHUN Ha
JKapOCTOMKOCTb

KonnyectBennoe comepxanne (a3 B obOpasnax u3 cruiaBa cucrembl Ni—Al, mporen-
1ero o0paboTKy MEKTPOMArHUTHBIM HOJIEM MPU KPUCTALIM3ALNH, cocTasstomiee 43,5% (mo
Macce) y'-dassl u 56,5% (1o macce) B-¢a3zbl, mociae UCIBITAHUN Ha KapOCTOMKOCTh HE U3Me-
HUJIOCH, YTO CBHJIETEIBCTBYET O TEPMOCTAOUIBLHOCTH CIUIaBa. McnbITaHUs IIMIMHIPHYECKUX
3aroTOBOK 00Opa3IoB Ha YJAapHYIO BSI3KOCTh MOKa3alik, YTO €€ BeJMYMHA MoBbIcHIach Ha 13%
110 CPAaBHEHUIO C UCXOIHBIM COCTOSIHHEM U cocTaBmiia 10,6—13,4 I[)K/CMZ.
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CoBmecTtHO ¢ oOpasiamu u3 ciiaBa cocraBa Ni—18% (mo macce) Al, momyueHHBIMEU
METOJIOM PaBHOOCHOHM KpucTamu3aiuu (Kak 6e3 o0paboTKH, Tak U ¢ 00pabOTKOW 3IEKTPO-
MarHUTHBIM TIOJIEM IPU KPUCTAJUTU3AIINH ), UCTIBITAHUIO HA KAPOCTOMKOCTH MOJBEprain oopas-
(bl U3 3TOTO CIUIABA, MOJIyYEHHbIE METOJIOM HANPaBICHHON KPUCTAUIM3AUU C MOHOKPUCTAII-
JM4YecKon cTpykrypoit [111].

Ha ¢oTo MHKpOCTpYKTYyphl MOHOKpHCTATHYECKOro ciiaBa coctaBa Ni—18% (mo
macce) Al BugHo (puc. 11), uto HarpeB B Teuenue 8 u 24 4 BeneT K (a30BbIM IPEBPAILICHHUSIM.
[Tnactunsel y'-¢ha3bl ApoOATCA, a UX TONIIUHA YBEITUYMBAETCA B 2 pa3a MO CPABHEHUIO C HC-
xonHBIM cocTostHueM ¢ 3,0-20,0 mo 20,0-24,0 mxm (puc. 11). ITocne 48 1 HarpeBa xapakrep
pacnpenenenus (a3 CTaHOBUTCS HEOJHOPOJIHBIM, TONIIMHA IJIACTUH Y'-(ha3bl MPOJOJIKAET
YBEJIMYUBATHLCS JI0 2,5 pa3a OTHOCUTEIBHO HCXOIHOTO COCTOSIHUA. B cTpykType oOpa3yroTcs
menkue Boiaenenud. [locne 100 u Beiepkku mporecc orpyosienus Gpa3zoBbIX BBIICICHUN HE
npekpamaercs. OHU TPHOOPETAIOT OKPYTIIO-TIPOIOJITOBATYIO (hOPMY, MX TOJIIMHA YBEINYH-
BaeTcs 710 3,5 pasa, a ToJIrHA 00pa30BaBIIMXCS METKUX BbiAeneHuid coctaniser 0,8—0,9 MxM.
Ha noBepxnoctu o6pa3na oOpasyercss mopucThiii cioil Tommmuon 240-290 MkM, Takoil xe
KaK B cIUIaBe 0€3 3JIEKTPOMAarHUTHONH 00paOOTKY Mpu KpUcTaJUTH3aIuH (pHc. 8).

'- =
/ = LAY
Puc. 11. MukpocTpykTypa MOHOKpHCTamnueckoro ciuiaBa cocrtaBa Ni—18% (mo macce) Al
(@ — McxomHOE COCTOSHME) MOCIIE UCTIBITAHKMI Ha XKaPOCTOMKOCTh pH Temnepatrype 1250°C B TeueHue

8(6), 24 (8), 48 (2) u 100 u (0)
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KonnuecTBenHnoe comepkanue Qa3 mociie UCIbITAaHUN Ha )KapOCTOMKOCTh B 00pa3Iax
CIJIaBa ¢ MOHOKPUCTAJUTMYECKOW CTPYKTYpOi M3MEeHWIOCh. KomudecTBo y'-¢a3pl yMEHBIHN-
nock ¢ 68,0 no 47,2% (mo macce), a B-dasbl yBenuuuioch ¢ 32,0 go 52,8% (mo macce), 4to
XapaKTepu3yeT MOHOKPHUCTAJUIMYECKUH CIUIaB, KaKk HE 00JIaarolIuii TepMUYECKONH CTaOUIIb-
HOCTBIO CTPYKTYPBI, B OTJINYKE OT 00pa3ioB cruiaBa cucteMbl Ni—Al, TOTy4eHHBIX ¢ HCIIOb-
30BaHHEM 00pa0OTKH pacIuiaBa 3IEKTPOMArHUTHBIM MOJIEM MTPH KPUCTAIIU3ALINH .

Pesynbprarhl ucnbITaHuil 00pa3loB Ha YAApHYIO BS3KOCTh MOKa3aJid, YTO OHA CHU3H-
J1aCh OTHOCHUTEINIBHO MCX0HOM Ha 8,5% (1o macce) u cocraBmiia 7,8—8,6 Jlx/em?. U3 rpaduka
KAPOCTOMKOCTH HCCIIEAYEMOrO CIIaBa CIEAYEeT, YTO CIIaB ¢ MOHOKPUCTAJUIMYECKON CTPYK-
TYpOH YCTYHAeT II0 XKapOCTOMKOCTU CILIABY, KPUCTAIUIM30BAHHOMY IIPU BO3JIEUCTBUM DIICK-
TPOMarHUTHOIO MOJIs Ha paciuias — B 1,33 paza.

W3 meramnorpaduyeckoro aHaan3a MUKPOCTPYKTYpP PaBHOOCHOTO CIUIaBa, KpPHCTaj-
JM30BAHHOTO IOJI BO3JCHCTBUEM 3JCKTPOMAarHMTHOTO MMOJisA Ha pacruiaB [17, 18], cnemxyer
(puc. 12), uto HarpeB B TeyeHHE 8 U BeleT K APOOICHUIO M U3MEIBUYCHHIO (ha30BBIX COCTAB-
nsronux. TommmHa mactul y'-¢as3el ymensmmnach B 1,1 paza — ¢ 3,0-15,0 mo 6,0—11,0 Mxm.
Pacnpenenenne CTPYKTYPHBIX COCTAaBJISIONIMX CTaHOBUTCS Oojiee oaHOponHbIM. llocie
HarpeBa oOpas3IoB cIUIaBa B TedyeHHe 24 4 mporecc (a3oBBIX NMPEBPAIICHUN 3aBEPIIUIICS.
JlnuHa muiactuH (a3 yBenuumiach, X TOJIIMHA YMEHbIIMIACh B 1,8 pa3a OTHOCUTENBHO HC-
xoIHOM. XapakrTep pacrpeneneHus ctan Oonee ymnopspodeHHbM. [locne 48 u marpesa Tou-
IIMHA MIacTHH Y'-¢da3bl ymMeHbImiIack B 3,6 pasa, a UX pacmpeleieHue CTano eme Oomee
IUIOTHBIM | yriopsaaoueHHbIM. [locine 100 4 BeIAEPKKH TONIIMHA TIACTUH Y -(ha3bl yMEHbIIU-
nack B 9 pa3 u cocraBmia 1,0 MKM, 4TO 00ecTIeumio UX HaudoIee MIOTHOE PacIpe/iesiCHHE.

AHanmm3 pe3ynbTaToB HCCIEI0BAHNN MUKPOCTPYKTYPBI 00pas3lioB U3 MOHOKPHUCTAILIH-
yeckoro cruiaBa cocraBa Ni—18% (mo macce) Al, moay4eHHBIX METOJOM HAIPaBICHHON KpH-
CTaJUIM3ALMH, BBISIBIII, YTO B TEYEHUE BCETO BBICOKOTEMIIEPATYPHOTO HArpeBa B HUX HPOHC-
XOJHUT OTpyOJIeHHE CTPYKTYPHBIX COCTABIISIONIMX. TBEPIOCTh CIIaBa OCTAACh HA MPEKHEM
ypoBHe (33 HRC). B ob6pasmax OMHapHOTO CIUTaBa, MOJYYCHHBIX METOJOM OOpabOTKH pac-
IUIaBa AJIEKTPOMArHUTHBIM IIOJIEM B TPOIECCE PAaBHOOCHOW KPHCTALIM3AIMH, U3MEHEHHUS
pa3MEpoOB CTPYKTYPHBIX COCTaBISIOMIMX B MHUKPOCTPYKTYpE IMPOXOIAT MeaieHHee. TBep-
JIOCTh CIUIaBa noBbicuiack Ha 23% u cocrasuina 45 HRC.

B pesynpraTe wHccienoBaHUM Ha JKapOCTOMKOCTh 0OOpa3loB M3 CIJIaBa COCTaBa
Ni—18% (o macce) Al, moyrydeHHBIX METOIOM PaBHOOCHOM KpUCTa/uH3aiiuu (kak 6e3 oopa-
OOTKH pacruraBa IEKTPOMArHUTHBIM TOJIEM, TaK U ¢ 00pabOTKOM 3JIEKTPOMAarHUTHBIM TTOJIEM
NpY KPUCTAJUTA3AINH), & TAK)Ke 00pa3I0OB ¢ MOHOKPHUCTAJUTUMIECKON CTPYKTYpPOH, OITYIEHHBIX
METOIOM HAaIpaBIIEHHON KPHCTAJLTU3AIMH, — IIOCTPOEHBI IrpadKH, TIOKa3aHHbIe Ha puc. 13.
W3 mony4eHHBIX JAaHHBIX CIEIYET, UYTO CIUIaB rocjie oO0pabOTKU paciuiaBa MpU PaBHOOCHOM
KPUCTAUTU3AIMH DJIEKTPOMArHUTHBIM TIOJIEM IPEBHIAET MO JKAPOCTOMKOCTH PABHOOCHBIN
CIUIaB, OJYYEHHBIH 0e3 00paboTKH 3JIeKTPOMarHUTHBIM TOJeM, — B 2,2 pa3a, a CIUIaB ¢ MOHO-
KPUCTAJLIMYECKON CTPYKTYPOM, IOJTYYEHHBI METOJOM HAIpPABICHHOW KPHUCTAUIM3ALNH, —
B 1,3 paza.

ITpoBeneHHBIE CTPYKTYPHBIE UCCIEIOBAHUS MO3BOJSIOT YTBEPXKAaTh, YTO METO AJIEK-
TPOMAarHUTHOI'O BO3AECHUCTBUS Ha PaCIUIaB B MPOIECCe PABHOOCHON KPUCTAJUIN3ALIUU C LEINIBIO
MOJIy4EeHUs] OPUEHTUPOBAHHOU CTPYKTYPbI MOXKET SBISATHCS HEe MeHee 3(()EeKTUBHBIM, YeM
METO/ HalpaBJIEHHON KpUCTAJUIM3allMU OTIUBOK. [IpuMeHeHne anekTpoMaraiuTHOi 06paboT-
KM pacIulaBa MpH KPUCTATU3AUKN 00€CIeUnBaeT MOIy4aeMOMY CIUIaBY OJHOPOIHYIO, YIO-
PSIOUEHHYIO M TEPMOCTaOUIBHYIO CTPYKTYPY, MOJIOKUTEIBHO BIIMSIOUIYIO Ha €ro (pU3UKO-
MEXaHUYECKHEe CBOMCTBA, YTO MOJTBEPXKIECHO OHKCIEPHUMEHTAIbHO, a TaKke M HaydHO-
TEXHUUYECKUMH JIUTEPATYPHBIMU JaHHBIMHU [19].
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Puc. 12. MukpocTpyKTypa paBHOOCHOTO crunasa cocrasa Ni—18% (o ace) Al (a — ucxomHoe cocto-
sSHUE), MIOJIBEPIIIerocsi 00paboTKe paciuiaBa JIEKTPOMArHUTHBIM TI0JIEM NP KPUCTAIUTM3ALHH, T10CTIe BbI-
CoKoTeMIIepaTypHoro Harpesa rpu temepatype 1250°C B teuenue 8 (6), 24 (6), 48 (¢) u 100 4 (0)
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Puc. 13. Pe3ynbTaThl UCHBITAHUS HA )KapOCTOWKOCTH ciutaBa cucteMbl Ni—Al, momaydeHHOr0
0e3 00paboTkH (@) 1 ¢ 00paboTKOI (W) pacTiaBa MPH PAaBHOOCHOW KPUCTAJLTU3AIMN DIIEKTPOMArHHUT-
HBIM TI0JIEM H C HAIPaBJICHHOW KPUCTAIH3AIMEeH MOHOKpUCTAILIA (A)
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B xauecTBe 00BeKTA I MCCIIEIOBAHUS TAK)KE BHIOpAIA CEPUMHO MPOU3BOIUMBIN KO-
6anbToBbIi crmaB CJII1-6. MccrenoBanne MUKPOCTPYKTYpPbl HHTEPMETAIUIUHOTO KaTOIHOTO
cruiaBa CJII1-6, monydueHHOr0 METOIOM PaBHOOCHOM KPHUCTALTU3AIMK (C AJIEKTPOMAarHUTHON
00paboTkoii pacmaBa U 0e3 Hee), MOKAa3al0 HAIWYHE CYIIECTBEHHBIX OTIMUYMi. B cruiae
CAII-6, momyyeHHOM METOAOM PaBHOOCHOW KpHCTALTM3alMKU O3 3JIEKTPOMarHuTHON o0pa-
OOTKH pacIuiaBa, UMeeTcsi 00bIuHas, paBHOOCHAs CTPYKTYypa (¢ pazmepom 3epHa 100180 Mxm),
TPaHMIBI KOTOPOW pa3zesieHbl JIETKOIIaBKOW (ha3oi. 3epHa MMEIOT MHOTOTPAHHYIO, pa3HO-
CTOPOHHIOI, OKpyrinyto Gopmy. B crutaBe CJII1-6, moinyd4eHHOM METOOM PaBHOOCHOW KpH-
CTaJTM3aluu ¢ 00pabOTKOM pacriiaBa 3JIEKTPOMArHUTHBIM IOJEeM, CTPYKTypa TakKe paBHO-
ocHas. Pa3mep 3epHa cocraBisier 140-350 MKM, rpaHUILbl 3€peH TPYAHO PA3IMYUMBI, 3€pHA
UMEIOT HeompeaeleHnyto Gopmy. Pactipenenenne a3 B OCHOBHOM 00beMe pacIioinoKEHHBIX
napajuieNIbHO 3ePeH UMEET KPeCTO0Opa3Hyto (ICHIPUTHYIO) GopMy.

Merautorpaduveckue MCCIeA0BaHKs MPOBOIMIN Ha ONTUYECKOM KoMIuiekce Leica
Ha ¢oto mukpoctpykTyp (puc. 14) BUIHO, YTO KOIMYECTBEHHOE co/iepkaHue (a3 B CIIaBax
pasnmuyHo. B cruiaBe, moiydeHHOM 0e3 00pabOTKM paciuiaBa 3JEKTPOMArHUTHBIM II0JIEM,
Hanmuue daser B-NiAl (Bemyiueit Kk OXpyNUMBaHMIO CIUIaBa) 3HAYUTEIBHO OOJIBIIE, YeM B
CIUIaBe, MOJYYEHHOM C HCIOJb30BaHUEM OOpabOTKM pacIulaBa 3JIEKTPOMArHUTHBIM MOJIEM
NpY KPUCTAILTH3AIHH.

Q)

Puc. 14. MukpocTpykTypa KaTOAHOTO WHTEPMETAIUIMIHOIO CIUIaBA HA OCHOBE CHUCTEMBI
Co-Cr—Al-Ni (CAII-6):

a — paBHOOCHAs KpUCTAIM3AIMs Oe3 D3JIeKTPOMAarHWTHOTO TMONIA; 6 — KPUCTAIH3AIUS C
00paboTKOI pacIiiaBa 3JIEKTPOMArHUTHBIM ITOJIEM

IIpu mexanuyeckoif 0OpaOOTKE TOTOBBIX KaTOJOB Ha TOKAPHOM CTAaHKE CTPYXKKa
CIjIaBa, TOJYYeHHOTO 0e3 00pabOTKH 3JIEKTPOMAarHUTHBIM IIOJIEM, JIETKO JOMaeTcs (ChImy-
yas). CTpyXKa CIljIaBa, MOJYYEHHOTO C 3JIEKTPOMarHuTHON 0O0paboTKON pacruiaBa Mpu KpH-
CTJUTH3alNH, TUTACTUYHAS, YTO YKa3bIBAeT Ha IUNIACTUYHOCTH CILIABA.

CTpyKTypHBI aHaIU3 CIIJIaBa BBINOJIHEH HA PEHTIC€HOBCKOM Audpakromerpe. [1o mo-
JTy49eHHBIM TU(paKTOorpaMMam, IPeACTaBICHHBIM Ha pUC. 15, MOXKHO yKa3aTh Ha CIEIYIOIINe
¢dakTel. O0a oOpa3ma — Kak KpPUCTAUIM30BAaHHBIM 0€3 3JIeKTPOMarHuTHOM 00paboTKU

88




TPYAbl BUAM Ne5 (53) 2017

paciiaBa, TaKk ¥ TOJBEPTIIUICS 3JIEKTPOMAarHUTHOW 00paboTKe, — CoJepKaT JBE OCHOBHBIC
da3bpl: TBepIbIA pacTBOp Ha ocHOBE 0-CO C rekcaroHajabHOW KPUCTALUTUYECKOW PEIIeTKON U
WHTEepMEeTAUIUIHYI0 [B-da3y ¢ rpaneneHTpupoBaHHON KyOmueckor pemerkoit (I'LIK, mpo-
crpancTBeHHas rpymmna Pm3m) Ha ocHoBe coenunenus COAl. Onnako o0paboTka pacruiaBa
AJIEKTPOMArHUTHBIM TOJIEM, ITO-BHIUMOMY, BbI3Baja ()OPMHUPOBAHUE TEKCTYPhI IIPU KPUCTAII-
mu3anuu it o-Co B Hanpasienuu (hh0): anHoMalibHO MOBBIIIICHa MHTEHCUBHOCTh PEHTICHOB-
ckoro peduekca (110). IIpoBeneHa Takke OIEHKA KOJIMYECTBEHHOTO conaepkaHus (a3 B
CIUTaBax MO COOTHOIIEHHSIM MX HWHTETPATbHBIX MHTCHCUBHOCTEH B KOMITLIOTEPHOU MPOTrpaM-
me SemiQuant. YcraHoBiIeHO, 4TO B 00pasiie, KpUCTAUIN30BaHHOM 0e3 00pabOTKH paciuiaBa
3JIEKTPOMArHUTHBIM T0JIEM, TPUOIM3UTENBHOE coiepkaHue ¢a3pl Ha ocHOBe a-CO cocTaBis-
et 60%, narepMeTauuaHON (a3sl Ha ocHOBe -COAl: 40%, a B 00pasiie, KPUCTATU30BaH-
HOM TIpH BO3/CHCTBUHU JIEKTPOMArHUTHOTO TOJIA, MPHOIM3UTENbHOE cofepxkanue (as3bl Ha
ocHoBe a-Co coctasisier 30%, nHTepMeTaIHIHON a3kl Ha ocHoBe B-COAl: 70%.
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Puc. 15. PentreHorpammbl o00pa3noB kobOaibroBoro karogHoro cmiaa CHI-6 B Co
K,-M31y4eHnr, KpHCTAJUTM30BAaHHBIX 0€3 3JeKTPOMarHuTHOW o0paboTku paciuiaBa (@) U ¢
KpUCTaJUTM3aIMeil paciuiaBa B 3JISKTPOMarHUTHOM 1oJie (0)

[Tomo6HOE sIBIICHHME MPOUCXOAUT U TIPU KPUCTALTU3aIuK criaBa cocraBa Ni—18% (o
macce) Al mox BO3JAEHCTBHEM 3JIEKTPOMArHUTHOrO moiiss. OOHapyKEeHO, YTO 00pasiibl, HE
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MOJIBEPIIIMECs] BO3JIEHCTBUIO 3JIEKTPOMArHUTHOTO MOJs, uMenu: 66,2% y'-¢ha3bl Ha OCHOBE
NisAl (mpoctpancrBennas rpymma Fm3m) u 33,8% B-dassr Ha ocHoBe NiAl (mpoctpaHcTBeH-
Has rpynna Pm3m), a oOpasupl, mojaBepriiuecss BO3AECUCTBUIO AJIEKTPOMATHUTHOTO OIS,
umenu: 43,50% y'-basbl u 56,5% B-¢dasbl.

Takum oOpa3om, B 000MX THIMAX CIUIABOB 00paboTKa pacrjiaBa 3JIEKTPOMArHUTHBIM
MOJIEM CIIOCOOCTBYET YBETUUECHUIO COJIEpKaHUsI MHTepMETAIUHIHBIX (a3 Tuna AB ¢ npumu-
TUBHOW KyOMYECKOW pemeTKoil (mpocTpaHcTBeHHas rpymma Pm3m). [lns Teoperudeckoro
00BsicHeHus 3P deKTa HeOOXOAUMBI JTOMOTHUTENIbHbBIE UCCIEI0BAHUSI.

B kauecTBe XapaKTEpUCTHKH MEXaHWYECKHUX CBOWCTB BBIOpAIM MUKPOTBEPIOCTH B
CBSI3M C OBICTPOTOM MPOBEACHMS IKCIEPUMEHTA U OJHOBPEMEHHO €ro MH(GOPMAaTUBHOCTHIO.
HcnpiTanus npoBoanian Ha MUKpoTBepaomepe HV oo merogom Bukkepca. PesynpTaTsl Mexa-
HUYECKHUX HCIIBITAHUN 00pa3IoB KOOaIbTOBOro MHTEepMeTauuaHoro cruiaBa CJII1-6 npuse-
neHbl B Tabm. 2. o pesynabTaram onpeneneHuss MUKPOTBEPAOCTH MOXKHO OTMETUTh, UTO XOTS
M0 BEJIMYKMHE MUKPOTBEpIOCTH 00a 00pasua OJu3KH, BO3ACHCTBHE 3JIEKTPOMAarHUTHOTO OIS
IpPU KPUCTAUIM3ALMU HECKOJIBKO IOBBIIIAET JMAna3oH 3HAYEHUH MUKPOTBEPAOCTH, UTO
JOJI’KHO OJIArOTBOPHO MOBIUSATH HA MPOYHOCTHBIE XapaKTEPUCTUKH CILIIaBa.

Tabnuya 2
Pe3yabTaThl HCIBITAHUH HA MUKPOTBepAocTh ciiiapa C/III-6 Ha ocHOBe K00aJIbTa
Metoapl KpUCTAIUTU3ALMHY CIIJIaBa JwnamazoH 3Hauennii MukpoTBepaoctu HV g
PaBHOOCHas KpUCTAIUIIA3ANNS 484-584
Kpucrannuzanus npu Bo3AelicTBIH Ha paciliaB 513-664

QJICKTPOMArduTHOI'O ITOJIA

O0cykaeHne U 3aK/JII0YCHUA
Kak m3BecTHO, B mporiecce paBHOOCHOW KPUCTALIM3AIMU METallla MPOMCXOIUT 3a-
POXJIEHUE U POCT 3epeH, opMa U pa3Mepbl KOTOPBIX pa3iudHbl. [Ipu 3TOM opueHTanus ux
KPUCTATMYECKON PEIIESTKH B MIPOCTPAHCTBE SBISETCS CIy4alHOW — TaKOE TEJIO HA3BIBACTCS
MOJIMKPUCTATNYECKUM (pHC. 16).

sy eRs i3

[Saks

Puc. 16. Cxema cTpyKTypbl NOIUKPUCTAIIIMYECKOTO METalIa

IIpy BO3IEHCTBUM 3JIEKTPOMAarHUTHOTO TOJI HA JKUJIKUM METaJUl, B IIpoLecce KpH-
CTAJUIM3ALMU OH MPHOOpPETaeT MOJMKPUCTAIUIMYECKYIO CTPYKTYPY C OPUEHTHUPOBAaHHBIMH B
OIpe/IeIECHHOM HalpaBJIeHUH 3€pHAMHU BO BCEM 00beMe OTIMBKHU. IIpu 3TOM mpOUCXOIUT U3-
MeJIbYeHHUE CTPYKTYPHBIX COCTABIISIOUINX, U3MEHEHUE KOJIMUYECTBEHHOTO cojiepaHus (a3 u
XapakTepa pacrnpezeneHuss pa3 B MUKPOCTPYKTYpe, a Takke M3MEHEHHE MHKPOTBEPAOCTH
¢a3, uTo B pe3ynbTaTe 00ecreynBaeT NOBbIIEHHE (PU3HMKO-MEXaHUUECKUX CBOWCTB CIIJIaBOB.

Mexanusm GopMUpOBaHUS TaKOW CTPYKTYpbl 0OYCIIOBIIEH HAJIMYUEM WHAYKTHUBHBIX TO-
KOB, HaBE/ICHHBIX B JKHJIKOM MeTaslie OEryliM 3JIeKTPOMAarHUTHBIM rojieM. VIHyKTUBHbBIE TO-
KH, BJIMSI HA MarHUTHBIE MOMEHTBI aTOMOB KPUCTAJUIMYECKON PEIIETKH, YCUIUBAIOT UX U OpH-
EHTUPYIOT B HAIlPaBJIEHUM OETYILEro 3JEeKTPOMAarHUTHOrO Mo B mporecce nepemenBaHust
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(HaBeZICHHBIMU WHIYKTHUBHBIMU TOKaMH) U PAaBHOMEPHOT'O OXJIaKJIEHUS *KHUAKOTO METayia BO
BCEM 00beMe JIUTEHHON (hOPMBI TPOUCXOIUT MEPEXO]T U3 KHUAKOTO COCTOSHUS B TBEPJOE, I/1e
U3 LEHTPOB KPHUCTAJUIM3AIMHU HUJET POCT 3€peH C KPUCTAUIMUECKOH pemierkoil. IlnockocTtu
KPUCTANTHYECKON pEelIeTKH 3epeH OyIyT OpUEHTHPOBAHBI MEPIECHIUKYISIPHO HAIPaBICHUIO
MarHUTHBIX MOMEHTOB aTOMOB U BHEIIIHETO AJIEKTPOMArHUTHOTO TIOJIS.

W3BecTHO, YTO MpOIEcC HaMarHU4MBaHUS (PEPPOMATHETHKOB ¢ KyOWYECKOW CHHIO-
Huel (kenesa, KoOanbTa, HUKEI) UAET M0 TPEM OCHOBHBIM HaIlpaBJICHUAM (JIETKOMY, Cpell-
HEMY U TPYAHOMY), TJI€ TEOMETPUUYECKOE PACIIOIOKEHUE aTOMOB B HEH SBISETCS OIpeneis-
omuM Toro win uHoro Hampaienus [001], [011], [111] MarHUTHBIX MOMEHTOB aTOMOB B
cTpykrype meramuia [13]. Hanpumep, aia Hukens, umerouiero 'K pemierky, miockocTbro
JIETKOTO HAMarHWYMBaHMS SBJISICTCS MPOCTPAHCTBEHHAs JuaroHanb Kyoa [111], a mst xenes3a
¢ oobpemHOIIeHTpUpOoBaHHOK KyOudeckoit (OLIK) pemeTkoil HampaBiieHHE JISTKOTO HAMArHU-
yuBaHMs coBIagaer ¢ peopom kyoda [001]. TTosToMy MOKHO HPEAINOIOKUTh, YTO B ClIydae
BO3/ICIICTBUS BHEILIHETO 3JIEKTPOMAarHUTHOIO MOJIS Ha KPUCTAJUIM3YIOIUNCA METAJUI IIOCKO-
CTH ATHX HaIlpaBJICHUN OyIyT BAMATH HA OPUEHTAIMIO KPUCTAITMYECKON PEIIETKH B 3aBUCHU-
MOCTH OT ee Thma. IIpu 3ToM BBIOOp HampaBlIeHUs] OPHEHTAIIMH PEIIETKH OyIeT OCYyIIeCTB-
JSATHCS CAMOIPOU3BOJIBHO C HAUOOIBIICH SHEPreTHYECKON BBIT0/10H, a HE MPUHYIUTENHEHO —
KaK 3TO MPOMCXOJUT IPU HAIPABJIEHHON KpUCTAINIM3ALMK HA KpHUCTalle-3aTpaBKe, T. €. 3TO
MPUIACT paciyiaBy IMpHU KPUCTAJUTH3AIUU Oojiee ycToilunBoe sHepreTudeckoe coctosHue. C
YY€TOM BBILIEU3I0KEHHOTO MOXHO MPEAINOIOKUTh, YTO [0 MEpPE YCIOKHEHUS XMMHUYECKON
KOMIIO3UIIMHM COCTaBa CIUIaBa BO3ACMCTBHE MOJS HA KPHUCTALUIOTPaUYECKyI0 OPHUEHTAIIUIO
3epeH OyaeT ociiabeBaTh U3-3a MPUCYTCTBHS B CIIaBE OJIHOBPEMEHHO HECKOJIBKUX (ha3 ¢ pasz-
JUYHBIMH TUTIAMU KPUCTAITMYECKON pEIIeTKH U, Ha00OpOT, Yy CIUIaBa C MEHBIIUM YHUCIOM
KOMITOHEHTOB 3(h(heKT ykazaHHOTO BO3/ICHCTBUS Oy/IeT CHIIbHEE.

Takum o0pa3oM, C yueToMm pe3ylbTaToB (PU3MKO-MEXAaHUYECKMX UCIBITAHUH cIlIaBa
cuctembl Ni—Al, moBbIlIeHHE yIapHOH BSI3KOCTH 00pa3IOB JIUTOTO CILIaBa BO3MOKHO CBSI3a-
HO C HJIMYMEM MPEUMYLIECTBEHHBIX TEKCTyp B miockocTsax [111], [113] u [011]. B cayuae
tekctypsl pocta [111]+[113] B I'LIK pemerke y'-pa3a (NisAl) Oasupyercs Ha cucremax
<111>u <113>, o6agaronmx J0CTaATOYHBIM YUCIIOM 3JIEMEHTOB CKOJIBKCHUS (TPU WIIH TIATH)
Y PacIOJIOKEHHBIX B 30HE JIEHCTBUS KacaTENIbHBIX HaNpspkeHul, rae 1#0, T. €. B 30He, orpa-
HUYEHHOM JIEMHUCKATOMN SII0phI T. Bce oHM naroT cBOi BKiIaa B 0OIIMIA CABUTOBBIN MPOIIECC,
oOecrnieunBasi OBBIIEHHE YJApHOH BA3KOCTH ciuiaBa. [lo aHasoruu co crjgaBoM Ha OCHOBE
xpoma [20], B perierke uHTepMeTauuaHoN B-¢has3bl (Ha ocHoBe coequuenust NiAl), Taxxke
umerouieit OLK cTpykTypy, cienyer oxuaaTh Te e IpU3HaKu 00pa30BaHUs TEKCTYPBHI, T. €.
tekcTypa pocta [011] B OLIK pemerke B-¢a3pl 6a3upyercs Ha TpeX CUCTEMAaxX CKOJIbKEHUS,
pacriosioskeHHbIX o yraamu: 0; 1/3; /2 [16]. [IBe U3 HUX, B CHIIy H3BECTHOTO 3aKOHA MeXa-
HUKH, He paboTaroT. [l ocymiecTBieHus qeopMalii CKOJIbXEHHUS OCTAeTCsl €IMHCTBEHHAs
«aKTUBHAs» TUIOCKOCTh U3 ceMerictBa <011> ¢ yrinom o=mn/3, BeposiTHO oHa U OyAeT obecre-
YUBATh CKOJIbKEHHE, MTOBBILIAS YAAPHYIO BA3KOCTb.

Kak u3BecTHO, YyCTOWYMBOE COCTOSHUE KPUCTAJUIMYECKONW PEIIETKH XapaKTEpU3YyeTCs
HaJU4YHeM HU3KOW CBOOOHOM sHEprur. st Toro 4ToObl BRI3BAThH MEPEX0]] KPUCTATUITMUECKOM
pELIeTKH M3 OJHOIO THUIMA B JPYroi TpeOyeTcs BO3/AEHCTBHE BHEUIHMX (PaKTOPOB Ha CILIAB:
JTaBJICHUSI, TEMIIEPATYPbl, NEKTPOMArHUTHOTO BO3JAEHCTBUS U T. A., YTO U MPUBOAUT €€ K Iie-
pexoay oT ogHoro Tuna k apyromy [20, 21]. [Io3ToMy MOKHO NPEANIONOKHUTH, YTO MO BO3-
JeiicTBHEM BHEUIHETO (pakTopa (3JIEKTPOMAarHUTHOTO MOJIs) — B Mpoliecce Mepexoa U3 xKui-
Koro cocrostHusi B TBeproe — B cmiaBe CJII1-6 ¢daza na ocHoBe B-COAl ¢ 'K pemerkoit
MPUCYTCTBYET B OOJIbIIEM KOJIMUYECTBE, UEM IPU PAaBHOOCHOW KPUCTAIIM3ALUH, TOT/Ia KaK B
CIJIaBe, HE MOJABEPIIIeMCs BO3JCHCTBUIO 3JIEKTPOMArHUTHOTO 10JIst, HalmonaeTcs nmpeodia-
nmanue ¢as3pl Ha ocHoBe 0-CO ¢ TekcaroHalbHOW CHHTOHWEH. M3 3Toro cremyer, 4to
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U3MEHEHUE MMApaMETPOB KPHUCTAIM3ALMA HENPEMEHHO BBI3BIBAET M3MEHEHHMS COACPKAHUSA
¢a3 B crinase (puc. 14) u npuBoAUT K 00pa3oBaHUIO TEKCTyp (puc. 15).

s ¢a3pl Ha ocHOBe 0-CO ¢ rekcaroHajabHOM CHHTOHHEH oOpasyercsi TeKCTypa B
Hanpasienuu (hh0). BeisiBieHHBIC (akThl yKa3bIBAIOT Ha OINPEICISIONISe BIUSHHUE CIadoro
MarHUTHOTO TOJISl HA MUKPOCTPYKTYpPHI ciiiaBoB [20, 22].

B nacrosiee Bpems otiinBku JKHC ¢ MOHOKpHUCTAIIIMYECKOM CTPYKTYPOM C OpUEHTa-
uusimu [001], [011] m [111] monyyaroT METOAOM HaIPaBICHHON KPUCTAJIIU3AIMU B BAKyyM-
HBIX MHIYKIIMOHHO-TUIABWIbHBIX ycTaHOBKaX. Ha npakTuke u TEOpeTHYecKH YCTaHOBIJIEHO, YTO
HanOosee BbICOKUE (hHU3MKO-MexaHuyeckue cBoricTBa umenu otiauBku KHC ¢ moHokpucran-
JIMYECKOW CTPYKTYpOH € OpHeHTanued Kpuctajumueckod pewerku [111]. [Ing nomydeHus
CTaOUIIBHBIX CBOMCTB BO BCEM O0BEME OTJIMBKUA HEOOXOIMMO, YTOOBI OHA MMeNa HYXHYIO
OPHUEHTAIUIO KPUCTAJUIMYECKOH PEIIeTKH BO BCEM 00BEME, UTO SIBISAETCS CI0KHOM TEXHOIIO-
TUYECKOH 3a/laueii, KOTopasi 3aBUCHUT OT yCTaHABJIMBAaeMON B KepaMU4ecKyto GopMy 3aTpaBKu
¢ TpeOyeMoil OpHUeHTAIMEeN KPUCTANIMIECKON pemeTku. Takum o0pa3oM, XOTS TaKOW METO
KPUCTAJUIM3aLMN 3a IOCJHEIHUE JECATUIICTUS IO3BOJMI JIOCTUYb HOBBIX PE3YyJbTaTOB, OH
MPUHIUMIINATILHO HE U3MeHucs [2, 3].

B nononHeHue k MeToAy HanpaBJI€HHOW KPUCTAUIM3ALUMU B COBPEMEHHOW MeTallyp-
UM pa3pabdaTbIBa€TCs MEPCIEKTUBHBIA METO/ KPUCTAUIM3alUU CILIAaBOB I0JI BO3JIEHCTBUEM
MarHuTHoro mnois. Kpucrannuszyemslii MeTaml 1moja BO3ACHCTBUEM MAarHUTHOTO H/WIU 3JIEK-
TPOMAarHUTHOI'O MOJISl MPUOOPETAET CTPYKTYPY C HAIIPABJIEHHOM OpHEHTAIMeN KpucTainde-
CKOM pelIeTKH BO BCeM 0O0bEeMe OTJIMBKHM, KpUCTaUIorpaduueckas OpHEHTalus OTJIUBKH
oIpeesnsseTcs Ipyu TOM NapaMeTpamMu 3JIEKTPOMAarHUTHOTO TOJIS.

OpueHTanus KpUCTAIUIMYECKON PELIETKH B CTPYKTYpE METajlla OTJIMBKU OCYLIECTBIISI-
€TCsl HE NMPHUHYAMTEIbHO (KaK B MOHOKPUCTAJUIMUECKOH CTPYKTYype), a HOJ BO3JEHCTBUEM
MarHUTHOTO MOJIS, C y4eToM (hU3MUYECKUX CBOMCTB 0OpabaTbiBaeMoro cruiaBa. [Ipu 3Tom BbI-
Oupas Ty WIM MHYIO OPUEHTAIMIO, UCXOAIT U3 HauboJyiee SHEPreTUYEeCKH BBITOJIHBIX paclio-
JIOKEHUH JJI 3a/laHHBIX MapaMeTpPOB 3JIEKTPOMATHUTHONW 0O0pabOTKHU. DTO MO3BOJISET Mpea-
1oJlaraThb, 4YTo JJIsl KaXJI0M CUCTEMBI CILIaBOB OYJET 3aJaHa cBOsI 0ojiee MoAX0As11asi OpUEH-
Tanusl KpUCTAIIOB, 3((deKkTHBHO obecreynBaronias MOBBIIICHHE (PU3UKO-MEXaHUYECKUX
CBOMCTB.

Takum 00pa3oM, MCHOJIB30BAHUE OMMCAHHOIO METO/a JIEKTPOMArHUTHOIO BO3ZEH-
CTBUS HA METaJUI B IIPOLIECCE PABHOOCHOM KPUCTAJUIU3AIMH BEJIET K:

— (OpPMUPOBAHUIO METKO3EPHUCTON CTPYKTYPHI U TMOBBILICHUIO €€ OTHOPOAHOCTH;

— U3MEHEHUIO KOJIMYECTBEHHOTO cofiepkaHus (a3, M3MEIBYCHUIO U YINIOTHEHUIO (a3;

— 00pa3oBaHMI0 KpUCTALIOrpaduueckoil TEKCTypbl B JMTHIX 00Opa3lax C OpUEHTAIUeH
IJIOCKOCTEH, MEPHEeHIMKYJISIPHO HAIIPaBJICHHBIX K BHEIIHEMY I10JIIO;

— MOBBIIICHUIO MEXaHUYECKUX CBOMCTB CIIABOB MHTEPMETAJUTMIAHOTO KJIAcca;

— IOBBILICHHIO KapPOCTOUKOCTH.

MeTtoa TeXHOJOTHYECKU MPOCT, SKOHOMUYEH M MOKET OBITh MCIIOJIb30BaH I MOJY-
YEHUsI MAJIOTa0apUTHOTO JIUThS U3 CIUIABOB C TeMIiepaTypoit ruiaBienus kak <1350°C (>kapo-
MPOYHBIE M KOPPO3HMOHHOCTOMKHKE CIUIaBhI U cTanu), Tak U >1900°C (crutaBbl HA OCHOBE TY-
TOTUIAaBKUX METAIUIOB [23]).

PaccMoTpeHHBIN METO KPUCTAIIM3AUNA UMEET OOMBIIYIO MEPCIEeKTUBY TS MOTyde-
HUS JUTHIX 3aTOTOBOK JleTallell M3 CIJIaBOB MHTEPMETAIIMIHOIO KJjlacca M JIPYruX CIIJIaBOB,
oOecrieynBaeT UM 0oJiee BBICOKME MEXaHHYECKUE CBOMCTBA MO CPAaBHEHHIO C CYIIECTBYIOIIH-
MU METOJaMH PaBHOOCHOM KpucTayum3auuu. [lonydeHHble OTIMBKH C OCTPOM KpHUCTaILIO-
rpadu4eckoil TeKCTypol (pakTHYecKH MPEACTaBISAIOT cO00M COBOKYIHOCTH 3€pEeH C mMapall-
JeNbHOUM KpucTamuiorpaduaeckoit opuentanuen. [lpu 3ToM KpucTaTU3amus CIijlaBoB B AJICK-
TPOMAarHUTHOM I10JI€ TOPa310 ACLIEBIIE, YEM HCIOJIb30BAHUE TEXHOJIOTUI MOHOKpHUCTAJIIINYE-
CKOT'O JINThS, TPEOYIOINX MPUMEHEHHS CII0KHOTO M YHHUKAIBHOIO 000py/10BaHUS.
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ABTOpBI MPOBEIEHHOTO UCCJIENOBAaHUS MPEANOaraiT, 4To MPOBEIECHUE KPUCTAUIH-
3al[U¥ CIUTABOB MO/ BO3JACUCTBUEM AJIEKTPOMATHUTHOTO MOJISI TOHUKEHHON 4acTOTHI (4acToTa
Toka <50 I'11) MOXeT npuBecTH K O0Jiee CYIIeCTBEHHBIM pe3ylibTaTaM.

Baarogapuoctu

ABTOpBI CTaThU TOCBSINAIOT €€ MAMSITH JOKTOpa TEXHUYECKUX HAyK, TTITaBHOTO Hay4-
Horo coTpyanuka HMcneirarensaoro neatpa ®I'YIT «BUAM» AWM. Camoiinosa (29.03.1928—
19.08.2016) — BBIZAOIIErOCsS YYEHOro B 00JIACTH PEHTICHOBCKOIO CTPYKTYPHOTO aHaau3a
YKApOMPOYHBIX CIJIABOB HA OCHOBE KeJje3a, HUKeNs U KobanbTa. biaronaps ero MHoronetHei
HEOIICHUMOU MMOMOINY B TIPOBEJACHUH PEHTTEHOBCKOTO ()a30BOT0 U CTPYKTYPHOTO aHAIN3a U
MHTEPIIPETAIMU TOJYYEHHBIX PE3YJIbTAaTOB, HUCCIEAOBAaHUS AJIEKTPOMArHUTHOM 00pabOTKH
paciuiaBa Ipy KpUCTALTU3alUK OBUTH B 3HAUUTEIIBHON Mepe 00JIeTYeHBI M YCKOPEHBI.
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BJIMAHUE HIEPOXOBATOCTH INTOBEPXHOCTHU
N ABPA3ZUBHOI'O U3HOCA

HA JEMIOUPYIOIYIO CIIOCOBHOCTD
KOMIIO3NIIUN «CIIVIAB-ITOKPBITHUE»

DOI: 10.18577/2307-6046-2017-0-5-11-11

Iloxazana 3asucumocms demnupyroweli cnocoonocmu om moawuHsl H08020 Pa3padboOmaH-
no2o nokpoimust cucmemvl Al-Ni—Y npu eubpoucnvimanusx no nepeoil useubnou gopme npu
pe30oHance ¢ 00UHAKOBOU AMNIUMYOOU 6030yicoaroujell Cuibl, COOMeemcmeylouel Hanpsice-
Huto 70 MIla 6 onacrom ceuenuu.

Hccenedosanvl wepoxoeamocms nOGepXHOCMU mMumanogoz2o cnaaeéa BT6 nocne nanecenust
demngupyroueco NOKpuImus U IPO3UOHHAS CMOUKOCHb HOB020 pA3PAOOMAHHO20 NOKPLIMUS
cucmemor AI-Ni-Y, a maxoice demngpupyiowas cnocobnocms nocie 8030eicmeus adpasueHO2o
nOmoKa.

Paboma evinoanena 6 pamxax cmpameeuueckoeo manpasienus 17. «Komnnexcnas anmu-
KOPPO3UOHAS 3auWiuma, YnpoyHaioujue, U3HOCOCMOUKUe 3auumnsle U menio3auumHsle noKpbl-
musy, Komniekcrhas npoonema 17.3. «Muozocnoiinble scapocmotixue u menio3auyummusie no-
Kpblmus, HAHOCMPYKMYpHble YNPOYHAIOWUE IPOUOHHbIE U KOPPOIUOHHOCMOUKUE, USHOCO-
cmotikue, anmuppemmuneo6vle NOKpuImMus 015 3auumul 0emaell 20psa4ec0 mpaxkma i KOM-
npeccopa I'TI u I'TY» («Cmpame2uueckue nanpasienus pasgumusi MAmMepuaios u mexHoio2uil
ux nepepabomru na nepuood 0o 2030 2ooa») [1].

Knioueswie cnosa: uonno-niazmennoe oemnghupyroujee nokpvimue, 0emMnupyowas cno-
COOHOCY, IPOIUOHHAS CMOUKOCTD.

The dependence of the damping ability of the thickness of new developed coatings system
Al-Ni-Y during the vibration in the first bending form the resonance with the same amplitude of
the exciting force corresponding to a stress of 70 MPa in the threat section.

We investigated the surface roughness of titanium alloy VT6 after application of the damping
coating. Investigated the erosion resistance of the new developed coatings system AI-Ni-Y, and
the damping ability after exposure to the abrasive stream.

Work was performed within the framework of strategic directions 17. «Comprehensive anti-
corrosion protection, hardening, wear-resistant protective and heat-resistant coating», complex
problem 17.3. «Multilayer heat-resistant and heat-resistant coating, nanostructural hardening
of erosion and corrosion-resistant, wear-resistant, antifatigue coating to protect parts hot gas
path and conpressor of GTE and GTU» («The strategic directions of development of materials
and technologies of their processing for the period till 2030») [1].

Keywords. ion-plasma coating damping, damping capacity, resistance to erosion.

'denepansroe rocyapcTBeHHOE YHHTapHOE HpeampusTHE «BcepoccHiickuil HayqHO-HCCIIeI0BATEIbCKHIL
MHCTHUTYT aBHAIMOHHBIX MaTepHaioB» ['ocymapcTBeHHbIH Hay4HbIN HIeHTp Poccuiickoit dexeparuu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

BBenenue
[IpenoTBpalieHNe yCTATOCTHBIX MOJOMOK JIONATOK TypOOMAIIWH, CBS3aHHBIX C TIO-
BBIIIICHHBIM YPOBHEM BHOpaIuid, MPEACTaBISET BAXHYIO 3aJady JIBUTATEIECTPOCHUS.
YMeHbIlIeHHEe YPOBHS TEpPEMEHHBIX BHUOpOHANpPSHKEHUN obOecreynBaeT HalIekKHYIO padoTy
JIBUTATEJIS] U YBEIIMUCHHUE €r0 PECYpCa, OJTHAKO 3HAYMTEILHOE CHUKEHHUE HANIPSKEHUH MOMXKET
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OBITH HECOBMECTHMO C TPEOOBAHUSIMU K IPYTUM XapaKTEPUCTUKAM JBUTATENS WU IPUBECTH
K 3HAYUTEJIBHOMY YTSDKEIIEHUIO KOHCTPYKIMHU, TIO3TOMY MPUXOAMUTCS MOJIEPKUBATH NEpe-
MEHHbIEC HANpsHKEHUS Ha JOMYCTUMOM ypoBHE. [IJist JOCTHKEHHs YKa3aHHOM LeIH BBIMOJIHSA-
IOTCSI pa3JIYHbIe MEPONPUSITUS — B YACTHOCTH, YACTOTHAsI OTCTPOMKA OT PE30HAHCOB U yBe-
JMYEHNE KOHCTPYKIIMOHHOTO AeMiupoBaHus B cucreMe. [10IHOCThIO OTCTPOUTHCS OT pe3o-
HAHCHBIX PEXKHMOB B JHAMa30He Pabounx 0OOPOTOB YACTO HE MPEACTABISICTCS BO3ZMOXKHBIM,
MO3TOMY YBEJIMYEHHE KOHCTPYKIIMOHHOTO JAeMII(pUpOBaHUS JONATOK TypOOMAIIMH MPEICTaB-
JISI€T aKTyaIbHYIO HAy4YHO-TEXHUUECKYIO 3a1auy [2].

JlocTaTOYHO BBICOKHE YacCTOTHI KOJeOaHUi JIONATOK BEAyT K OBICTPOMY HAKOILJICHHUIO
KPUTHYECKOTO YHCIIa IUKIOB HArpy>KEHUs W MOJOMKAM NpH Hamu4uu (PakTopoB, CIOCOO-
CTBYIOIIUX CHUKEHHUIO yCTaJIOCTHOM MPOYHOCTH: KOPPO3UOHHBIX U 3PO3HOHHBIX MOBPEKIE-
HUH, 3a00uH, e()eKTOB MaTepuasa, KOHCTPYKIIMOHHBIX KOHIICHTPATOPOB HAMPSHKEHUH, OCTa-
TOYHBIX HAIIPSHKCHUH B TOBEPXHOCTHBIX CJIOSX IMTOCIIE MEXaHWYeCKOr 00paboTku u ap. [3].

B ycnoBusix, rae MCMONb30BaHKUE AEMII(DUPYIOMNUX 3IEMEHTOB 3aTPYIHUTEIHHO WU
HE MPEJICTaBISETCS BO3MOKHBIM, JIJISl CHUKEHHS IEPEMEHHBIX HAIPSHKEHUN B JIOMATKaX KOM-
peccopa MOKHO HCIOJIb30BaTh CIICIUATBbHBIE AeMITpHUpYyroImue MOKpeIThs. [Ipr 3TOM BO3HHU-
KaeT nmpobiieMa paboTOCIIOCOOHOCTH TAaKOTO MOKPHITUS B YCIOBUSX BBICOKUX pabOUYUX TeMIIe-
patyp. IloaToMy riaBHO# 3amauel sIBASETCS BHIOOP ONTHUMAIBLHOTO COYETAHUS MPOYHOCT-
HBIX/TIIACTUYECKUX CBOMCTB MOKPBHITUS U €r0 CTOMKOCTH K BO3JIEHCTBUIO BBHICOKHX TEMIIEpa-
Typ. s HaHeceHus: neMIpUPYOMUX MOKPHITUH 11e51ec000pa3HO MCIOIb30BaTh BaKyyMHO-
JyTOBOM IMPOILIeCC TeHepalluy T1a3Mbl MaTepHalia MOKPBITUS U3 JTUTOrO TPYOHOTO KaToja, Mmo-
Jy4aeMOro B BaKYyMHBIX MHIYKIIMOHHBIX Me4YaX, 1 MOHHO-TNIA3MEHHOE OCaXICHUE TPH BBI-
COKHX M YIPaBISAEMbIX SHEPIHsX YacTuil [4—7].

MartepuaJjbl 1 METOIBI

Jlia uccnenoBaHUi 3PO3HMOHHOM CTOMKOCTH HM3rOTOBMIJIM OOpas3ibl U3 TUTAaHOBOI'O
cutaBa BT6 B BUe QUCKOB @25 MM U TOJIIMHONA 3 MM.

s uccnenoBanuil nemngupyomeil cnocoOHOCTH U3rOTOBUIM MOJIENIbHBIE 00Pa3LIbl
B BHJIC JIOMATKA U3 TUTaHOBOro cruiaa BT6 TonmuHoi 3 MM C paboueil 4acThiO JJIMHOMN
55 MM u mmpuHo# 20 MM. Pa3mepsl yuacTka 3akpernsieHus B ocHacTKe — mupuHa 40 MM U Juin-
Ha 35 mm. [lepexon oT 30HBI 3aKperuieHHs 0 pabodeil 4YacTH BhINOIHEH pajuycoM 15 mm. Ilo-
BEPXHOCTHYIO 00paboTKy 00pa3loB U3 TUTaHOBOrO cruiaBa BT6 ¢ nemndupyromumm nokpsITH-
€M OCYIIECTBIISUIHA ITyTeM BUOPOTAJITOBKH B KPyroBOM BuOparope ¢pupmel Roger.

HccnenoBana 1mepoxoBaTOCTh MOBEPXHOCTH 00pa3loB M3 TUTAHOBOTO crjiaBa BT6 ¢
JIeMI(pUPYIOIMM TOKPBITUEM IOCTEe HAHECEHUsS U IOCIEAYIOIIHUX MOBEPXHOCTHBIX 00pabo-
Tok. VM3MepeHne mepoxoBarocTu noBepxHocTH mnpoBoamwin cormacHo ['OCT 2789-73 nHa
amHe 15 MM (4yBCTBHTENBHOCTB) € TOMOIIbIO Mpoduiomerpa-mpodunorpapa Hommel
Tester T500. B xauecTBe mapameTpa JUIsl OLIEHKH LIEPOX0OBAaTOCTH UCIOIb30BaNM napamerp R,.

HcnpiTanus Ha neMupyronIyo criocoOHOCTh MPOBOIMIIM Ha BuOpoctenae ETS So-
lution MPA 403-M124M nipu temnepatypax 20 u 400°C coriacao CTO 1-595-2-506-2016.

HcnelTaHns Ha OTHOCHUTEIBHYIO J3PO3HOHHYIO CTOMKOCTH IIPOBOJWIIM COTJIACHO
MM1.595-2-352-2008 Ha UCIBITATEILHOM CTCHJIC — JJISI UCTIBITAHUHN HCITOJIb30BAI KBapIIle-
BbIil ecok JlroOepenkoro kapbepa co cpeanei ppakuueit 300 Mxm. McnpiTanus mpoBOAMIN
npu yriaax ataku 70 u 20 rpan B TedeHue 3 LUKIOB. Bpems 1ukia cocTaBisio 2 MUH, 1aBiie-
Hue Bo3ayxa 3 ar (0,3 MIIa) npu cpenueit ckopoctu yactuil 50 M/c.

OO6pa3iibl 11t UCTIBITAHUHN HA IEMITPUPYIOMIYIO CTOCOOHOCTH MOABEPTaiu adOpa3uBHO-
My U3HOCY IO 3KcliepuMeHTanbHol Metoauke BUAM Ha HOBOM 1a00opaTOpHOM CTEHAE A
9PO3HOHHBIX UCIBITaHUH (puc. 1).
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Puc. 1. Cxema HOBOTO T1a0OpPaTOPHOTO CTEH/IA [IJISl HCITBITAHWH HAa DPO3NOHHYIO CTOHKOCTD:
1 - obpaszertr; 2 — kpecTo0Opa3HBIA PaCHBUIATENh; 3 — OYHKEp Ui MmoAadn abpasuBa; 4 — MO3UINN
KperieHrs: 00pa3oB NOJ] Pa3HBIMH YTIIaMH K aOpa3uBHOMY ITOTOKY; S — IBUTATEIh

[TpunHIMnI paGoThl CTEHAA 3aKI0YaeTcsa B 00/yBKE HCCIEAYEMBIX 00paslioB, pacioio-
YKEHHBIX TOJI Pa3HBIMH YIJIaMH K aOpasMBHOMY MOTOKY, a0pa3uBHBIM MaTepuanoM. B nanHoi
paboTe B KauecTBe abpa3uBa MCIOJIb30BAIM KBapleBblil necok Jlrobepenkoro kapeepa, mpo-
CeSTHHBIN Yepe3 CHTO C SYeiKamMu pasMepoMm 1 MM. AOpa3uB, 3aChIIaHHBIA B OYHKEp YCTaHOB-
KM, pPacHOJIOKEHHOW B BEPXHEW 4acTH, CAaMOTEKOM IIOCTYNAaJl B POTOPHBIA PacIbUINTENb,
UMEIOIINI KpecTooOpa3Hyto Gopmy. 3a cueT HEeHTPOOEKHOM CHUITBI TECOK a0pa3uBHOU CTpyeit
SpOAMPOBAT HCCIemyeMble oOpa3iel. Macca mecka coctaisuia 1,7 xr. [IpogomKuTeIbHOCTh
MOJIHOTO pacxojia necka cocrasisiia 45-50 c.

Pe3syabTaTsl

Jliig viccneoBaHUi BIUSHUS IEPOXOBATOCTH MOBEPXHOCTH M abpa3MBHOIO M3HOCA Ha
IeMI(GUPYIOUIYI0 CHOCOOHOCTh KOMITO3UIIMHM «CIIJIaB—IIOKPBITHE» Ha HOHHO-TUIa3MEHHON
ycranoBke MAII-3 ¢ aBTOMaTU3MPOBAHHON CHCTEMOW YNpaBICHHS] TEXHOJIOTMYECKHM IpO-
[IECCOM HAaHOCWJIM HOBOE JieMI(upyroliee NOKPhITHE Ha OCHOBE aJIIOMUHHUEBOIO CIIJIaBa, Jie-
TUPOBAHHOTO HUKEJIEM U PEIKO3EMENIbHBIM METAIJIOM — UTTpUEM. TONIIUHY TOKPBITUS Bapb-
upoBasi — oT 20 g0 100 mxm. Hanecenne mpoBOIMIM B OJHOM TEXHOJIOTHYECKOM ITHUKIIE C
NEepUOIMYECKO BBITPY3KOM 00pa3loB NpH HANbUICHUH TOKPBITHS TOJIIMHOM, KpaTHOMN
20 MM [8-12].

[Tocne Hanecenust aemmnupyroero mokpbitus cucteMsl Al-Ni—Y mpoBeneHs! UCIbI-
TaHMs Ha AeMIUPYOILYI0 criocoOHOCTh pu Temnepatype 20°C. JlaHHbIE 3aBUCUMOCTH -
(dbekTUBHOCTH AeMII(pUpOBaHUs 00pa3lloB U3 TUTAHOBOTO ciuiaBa BT6 ¢ mOKphITHEM CHCTEMBI
AI-Ni-Y paznuunoii TonuuHel ¥ 6e3 Hero npu Temnepatype 20°C 1 HanpsHKEHUU B OMTACHOM
cedenuu oopaszua 70 MIla B uCX0JHOM COCTOSIHUM TIpeICTaBiIeHbI B Ta0u. 1 [13].

Ornenky aemnupyroIiei CiocoOHOCTH PaCCYUTHIBAIIUA IO (PopMysie, IO KOTOPOH aM-
IMTYy oOpasiia B pe30HaHCe 10Ciie HaHECEHHs MMOKPBITHS yMHOXainu Ha 100 u nmosyuyeHHOe
3HaYeHHE JIeJWIIM Ha aMIUIUTYly oOpa3lia B pe30HaHCE /10 HaHeceHUs MOKphITus. [lomyueH-
HBIN pe3ynbTatr nanee Bbrautainu u3 100. JlaHHOE 3HaUeHNME 03HAYAeT Ha CKOJIBKO ITPOLIEHTOB
CHHM3MWJIACh aMIUIUTY 1A KoJieOaHUil cBOOOIHOr0 KOHIIa 0Opasia.
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Tabnuya 1

3aBucuMocTsh 3(ppekTHBHOCTH AeMIIpHpoOBaHNs 00pa3l0B M3 THTAHOBOrO ciiiapa BT6
¢ nokpbiTHeM cucreMbl Al-Ni-Y pa3innuHoii ToJmuHbI U 6e3 Hero npu Temneparype 20°C
U HANPSI>KEHUM B ONACHOM ceyeHnu oOpa3ua 70 MIla B ucX0AHOM COCTOSIHMU

Ycnopusiii | Tommunaa be3 nokpsitus C nokpeITHEM
HOMEp MTOKPBITHS, YacroTa AwMruTyna YacroTa Awmruntyna
obpasma MKM pe3oHaHca, | CBOOOTHOTO KOHITA | pe30HaHCa, | CBOOOIHOTO KOHIIA
I'a oOpasia, MM I'n oOpasia, MM
1 20 490,6 1,46 499,2 1,33
2 40 4928 1,45 500,9 1,3
3 60 488,6 1,45 499,8 1,24
4 80 498,5 1,45 513,3 1,13
5 100 496,3 1,45 515,8 1

yCTaHOBJ'IeHO, 4TO C YBCIIMYCHUEM TOJIIWHBI IMOKPBITUA I[CMH(bI/Ip}IIOH_Iaﬂ CII0CO0-
HOCTBH IIOBBIIIIACTCA:

Tonmuna IMOKPBITUA, MM

D¢ exTuBHOCTH AemndupoBanus, %

20 9
40 10,3
60 145
80 22
100 31

[locne ucnplTaHui Ha AEMII(PUPYIOIIYI0 CIOCOOHOCTh 3aMEpsUIM IIEPOXOBATOCTh IO-
KPBITUA U J1ajiee 00pa3ibl MOABEPraid MOBEPXHOCTHON BUOPOTalTOBKE B KPYrOBOM BHOpaTo-
pe dupmbl Rosler [14]. Tlocne 1 4 00pabOTKH 3aMepsUIi [IEPOXOBATOCTh MOBEPXHOCTU U J1a-
Jiee MPOBOJWIM HCIBITAHUS Ha JAEMI(PUPYIONIYI0 CIIOCOOHOCTh. [laHHBIE 3aBUCHMOCTH (-
(dexTuBHOCTH HeMI(pUpPOBaHNS 00pa3OB U3 TUTAHOBOTO cruiaBa BT6 ¢ MOKpBITHEM CHCTEMBI
Al-Ni-Y pazauunoii TonmuHbl 1 6e3 Hero npu Temmeparype 20°C 1 HanpsHKEHUH B OMTACHOM
ceuennun obpasna 70 MIla mociie BUOpOTanTOBKHU B TeUeHUE | 9 MpeacTaBiIeHbl B Ta0II. 2.

Tabnuya 2
3aBucuMocTh 3(peKTUBHOCTH AeMIIpHPOBaHUS 00pa30B M3 TUTAHOBOrO cijiaBa BT6
¢ mokpbITHEM cucteMbl Al-Ni-Y pa3ianuHoii ToJUHBI U 6e3 Hero npu Temnepartype 20°C
M HANIPSIZKEHUM B ONMAacHOM cedeHnu oOpaszua 70 MIla nocsie BUOporajToBkm B TeueHue 1 9

VYenosneld | Tosmuza be3 nokpeitus C noKphITHEM
HOMEP MOKPBITHS, Yacrora AwmruTyna Yacrora AwmmuTtyna
oOpasua MKM pe3oHaHca, | cBOOOJIHOrO KOHIA | pe30HaHca, | CBOOOJHOTO KOHIA

I'a obpa3sia, MM I'n obpasia, MM

1 20 490,6 1,46 499 1,3

2 40 4928 1,45 502,2 1,28

3 60 488,6 1,45 499 1,25

4 80 498,5 1,45 5159 1,07

5 100 496,3 1,45 518,3 1,07

HOKaSaHO, gyto mocie 1 g MOBEPXHOCTHOT'O BBITJIAXKMBAHUSA C YBCINMYCHUEM TOJIIIHWHBI
IMOKPbITUA I[CMHQ)I/IPYIOH_IEIH CIIOCOOHOCTbD IMOBBIIIACTCS:

[Tpu tomumuax 60 u 100 MmxM 3P pekTUBHOCTD eMnbUpOBaHUS YMEHbIIMIACh — ¢ 14,5

20
40
80

TOJ'IIIII/IHa IMOKPBITUA, MM

1o 13,8% u ¢ 31 1o 26,2% COOTBETCTBEHHO.
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3ateM 00pasiibl CHOBa 00paboTanu B KpyroBoM BruOpartope ¢pupmel Roder B Teuenue 1 4.
Jannpie 3aBucuMocTd 3(deKkTuBHOCTH AemrupoBaHUs 00pas3loB M3 THTAHOBOTO CIUIABA
BT6 ¢ nokpeituem cuctembl Al-Ni—Y pa3indHoil TOMIKHBI ¥ 0€3 HEro Mpu TeMIepaType
20°C u HanpspDKeHUHU B OlacHOM cedeHun oopasia 70 Mlla mocie 2 1 BUOpOraaToBKH IpeI-
CTaBJICHHI B Ta0II. 3.

Tabauya 3
3aBucuMocTsh 3(ppekTUBHOCTH AeMIIpHpoBaHNs 00pa3lOB M3 TUTAaHOBOrO ciiiapa BT6
¢ mokpbITHEM cucTeMbl Al-Ni—Y pasauyHoii ToJmMHbI 1 0e3 Hero npu Temneparype 20°C
W HANIPSZKEHWH B ONMACHOM cedeHnn oopa3ua 70 MIla mociie 2 4 BHOPOraaTOBKH

Ycnopusiii | Tommuna be3 nokpsitus C nokpeITHEM
HOMEpP MIOKPBITHSI, Yacrota AwmrumaTyia Yacrora AmMmaTyna
oOpasua MKM pe3oHaHca, | CBOOOTHOIO KOHIIA | PE30HAHCA, | CBOOOJHOIO KOHIA

I'm obpasma, MM I'm obOpasma, MM

1 20 490,6 1,46 502,1 1,35

2 40 492,8 1,45 500,2 1,32

3 60 488,6 1,45 499,6 1,25

4 80 498,5 1,45 513,6 1,17

5 100 496,3 1,45 515,3 11

YCTaHOBIIEHO, YTO C YBEJIMYCHUEM TOJIIUHBI MOKPBITUS JeMIIpHUpyomas Crocoo-
HOCTh YMEHBIIIAETCS:

TosmmHa MOKPBITHS, MM Ymenbinenue 3)HeKTHBHOCTH
nemiupoBanus, %
20 cl0m07
40 ¢ 11,7 1o 8,9
80 ¢ 26,2 10 19,3
100 ¢ 26,2 1o 24,1

[Tpu Tonuae mokpeITHs 60 MKM 3 PEeKTUBHOCTD IeMII(UPOBAHUS HE U3MEHHIIIACH U
coctasuia 13,8%.

JlaHHBIC 110 IEPOXOBATOCTH MOBEPXHOCTH B 3aBUCUMOCTH OT TOJIIIUHBI U ITOCIEAYIO-
el 00padboTku aemidupyromniero mokpeitus cucrembl Al-Ni—Y B kpyroBom BuOpatope
dupmbr Rosler npeacrasiens! B Ta0. 4.

Tabnuya 4
IMapaMeTpsbI 1€POXOBATOCTH MOBEPXHOCTH B 3aBUCHUMOCTH OT TOJIIMHBI U
NMPOAOJKUTETbHOCTH 00pad0oTKM AeMII(PUPYIONIEro NOKPHITHSA
cucreMbl Al-Ni—Y B kpyrosom suéparope ¢pupmnl Rosler
Vcenoseeii | Tonmuna CpenHuii napameTp MIEepoxoBaTocTu R, MOBEpXHOCTH ¢ OKPBITHEM
HOMED MOKPBITHS, 1ocje BUOPOTajNTOBKU B TEUEHHE, U
oOpa3sma MKM be3 o6paboTku 1 2
1 20 2,57 0,76 0,74
2 40 3,19 1,09 0,92
3 60 3,16 1,87 1,18
4 80 31 1,52 1,25
5 100 4,24 2,31 1,61

ITokazaHo, 4TO ¢ yBEIMUYEHHEM IPOJOJDKUTEIBHOCTH MOBEPXHOCTHOW 00pabOTKU Be-
JMYMHAa MUKPOHEPOBHOCTEM ymeHblnaercs. HauMenblee 3HaueHue 3aUKCUpPOBAHO Ha 00-
pasiie u3 TuTaHoBoro cruasa BT6 ¢ nemndupyomum mokpeITHeM TOMMMHON 20 MKM mocie
2 y BUOpOraiTOBKH, HanbobIIee — npu ToimuHe 100 MKM.

[Ipu sxcrmyaranuu I'T/L mpu B3iieTe M mocajke JIONAaTKH KOMIIPECCOPA UCIIBITHIBAIOT
BO3/elicTBUE aOpa3suBHOrO MoTtoka. C IeIbl0 HCCIEAOBAaHUS CTOMKOCTH pa3pabOTaHHOIO
neMIGUPYIOLIET0 MOKPHITHS K abpa3uBHOMY HM3HOCY MPOBEJIEHBI UCIIBITAHUS Ha Jaboparop-
HOW YCTaHOBKE JJISI MCIBITAaHUS KOMIIO3MLMHU 0OOpa3loB Ha OTHOCHTEIBbHYIO 3PO3HOHHYIO

e
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crorikocTh nipu Temmneparype 20°C. MccrnenoBanue 3pO3MOHHON CTOMKOCTH MPOBOAWIM Ha
JUCKOBBIX 00pa3liax ¢ HAHeCEHHBIM MOKPBITUEM TONIIMHONH 60 MKM MpH yriiax aTaku abpa-
3uBHOro noroka B 70 u 20 rpaa. 1o UMUTHPYET NpSAMOM (Ha BXOJHON KPOMKE) U KacaTellb-
HBIH (Ha KOPBITE M BBIXOAHOM KPOMKE) coyJapeHue abpa3uBa c jonatkoi kommpeccopa I'T/I.
[lepen ucnbITanus MU 00pa3Lbl MOABEPTaIM BUOpOTanToBKe B TeueHue 1 4. /lannbie mo uc-
CJICIOBaHMM IIPHUBEACHBI B Ta0. 5 [15], Bce 0Opa3iibl IpONUTH TPH IIUKJIA UCTIBITAHUH.

Tabnuya 5
OTHOCHTENbHBIH IPO3MOHHBIH H3HOC 00Pa3L0B U3 TUTAHOBOrO ciuiaBa BT6
¢ 1eMn(pUPYIOIMUM NOKPLITHEM TOJIIMHOH 60 MKM U 0e3 Hero
Y ClI0BHBIN HOMED OTHOCHUTENBHBIN 2PO3NOHHBIA N3HOC/IPO3NOHHASI CTOHKOCTS, pas,

oOpa3sia IIPH yTJIe aTaku a0pa3UBHOTO IMOTOKA, TPajl
70 20
1* 1 1

2 1,55/0,6 1,32/0,8

3 1,34/0,7 1,13/0,9

4 1,87/0,5 1,5/0,7

5 1,97/0,5 1,55/0,6

6 2,29/0,4 1,37/0,7

* Obpaszer 6e3 HOKPHITHS (KOHTPOJIBHBIH).

YcraHoBieHo, uTo aemidupyroiiee mokpeitie cucteMbl Al-Ni—Y He3HaYUTETBHO TI0-
BBIIIAET IPO3UOHHYIO0 CTOMKOCTH 00pa3iia u3 TuTaHoBoro cruiaBa BT6 orHocuTenbHO oOpasia
6e3 nmokpeiTus: B 0,54 pasa — npu yrie araku abpazuBHoro noroka 70 rpag u 0,74 paza — npu
yrie 20 rpan.

HccnenoBana 3aBUCHMOCTD JEMIT(UPYIOIIEH CIIOCOOHOCTH TIOCIIe BO3ICHCTBUS a0pa3uB-
HOTO MOTOKA Ha HOBOE pa3paboTaHHOoe MOKpbiTHE cucTeMbl Al-Ni—Y. Dpo3noHHbIC UCTIBITAHHS
MPOBOAMIIM HA HOBOM JIaOOPAaTOPHOM CTEHJIE C POTOPHOMU cHCTeMOit nmonaun abpasusa. [Tockomnb-
Ky UCIIBITAHUS HAa JEMI(HUPYIONIYIO0 CIIOCOOHOCTh MPOBOAMIIN IO TIEPBOi M3rHOHON (opme KO-
nebGaHui, To 00yBKE IMOJBEPrajid TOJHLKO MECTO Ha oOpasiax Ajsi JeMIi(pUpoBaHUS C MaKCH-
MaJIbHBIMH HanpspkeHussMUA. OOpasIibl pacroiaraliv o1 MPsIMbIM YIJIOM K aOpa3uBHOMY MTOTOKY.

[Tocre 0OmyBKH 00PA3IOB YCTAHOBJICHO, YTO MOKPBITUS TOMMUHON 20 u 40 MKM OT
BO3/ICHCTBUS a0pa3uBHOTO MOTOKA CIIETENH, a TONUHON 0T 60 10 100 MKM — OCTaNIUCh.

Buemnuil BU UCHBITAaHHBIX 00pa3lloB THUTaHOBOro ciiaBa BT6 ¢ nemndupyromumm
MOKPBITUEM T1OCJIE€ UCIIBITAHUN Ha 3PO3UOHHYIO CTOMKOCTh NMPEACTABIIEH Ha pHC. 2.

al 6)

Puc. 2. Buemnuii Bug 00pa3toB U3 TUTaHOBOTO ciuiaBa BT6 ¢ neMndupyommuM nokpeITuEM TOJI-
tmHol 40 (a) u 80 MM (6) IocTie UCTIBITAHUI Ha SPO3UOHHYIO CTOHKOCTh
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JlanHble Mo nemndupyoomeil cnocoOHocTH 00pa3oB U3 TuTaHoBoro crasa BT6 ¢
nokpbiTHeM cucteMbl Al-Ni—Y mocne Bo3melcTBHs aOpa3WBHOIO MOTOKA NPEICTABICHBI B

TabI1. 6.
Tabruya 6
Jannble no nemngupyomeii cnocodHocTH 00pa3oB U3 TUTAHOBOrO cniiasa BT6
¢ nokpbiTHeM cucteMbl Al-Ni—Y mocJie Bo3ieiicTBIsI a0pa3MBHOI0 MOTOKA

Ycnosusrit | Tommaa be3 mokpeITus C nokpsITHEM O dexTuBHOCTH
HOMEp |mokpsITHdA,| YacroTa AMmutyna YacroTta AMmnutyna nemIipupoBaHus,

obpasma MKM pe3oHaHca, CBOOOIHOTO pe3oHaHca, CBOOOIHOTO %

I'o KOHIIa 00pasIa, I'm KOHITa 00pasma,
MM MM

1 20 490,6 1,46 495,3 1,25 13,8

2 40 492,8 1,45 497,3 1,28 11,7

3 60 488,6 1,45 490,1 1,24 14,5

4 80 498,5 1,45 511,5 1,14 21,3

5 100 496,3 1,45 514,8 1,12 22,7

YcTaHoBIEHO, 4TO JeMIupyromas CIoCOOHOCTh TOCIEe BO3IACHCTBHS aOpa3uBHOTO
MOTOKa Ha o0Opa3lax u3 TUTaHOBOTO ciuiaBa BT6 co crneTeBmyUM MOKPHITHEM YBEIMYUBACTCS —
oOpa3iel 1 u 2. BepoaTHo, 3TO CBA3aHO € MOBEPXHOCTHBIM YIIPOUYHEHUEM TUTAHOBOT'O CILIaBa
BT6 abpa3uBHBIM TOTOKOM.

Hccnenoanu neMndupyoIyro crnocoOHOCTh 00pa3ioB U3 TuTaHoBOro ciiaBa BT6 ¢
nokpeitieM cucteMbl Al-Ni—Y Tommunoi 80 u 100 MKM mocie BO3ACHCTBUSA aOpa3suBHOTO
notoka npu temreparype 400°C. McnpiTanus npu MOBBIIEHHOW TeMIIEpaType IPOBOIUIH C
BO30Y)KIAIOIICH CHIION TaKOH K€ BEJIMYUHBI, KaK M JUIsl UCIIBITaHUH 1pu Temmeparype 20°C.
JlaHHBIC TIpECTABIICHBI B Ta0. 7.

Tabnuya 7
Jannble no gemndupyouei cnocofHOCTH 00pPa3LOB U3 TUTAHOBOrO ciiasa BT6
¢ nokpbiTueM cucteMbl Al-Ni—Y Tommmuoii 80 u 100 mxm
nocJje Bo31eicTBUA a0pa3suBHOro NoToka npu remneparype 400°C

VYenossbii | Tonmuaa bes nokpeitus C nokpsITHEM B¢ dexTUBHOCTD
HOMEp |DOKphITHA, | Yacrora AMmuTyna Yacrora AMmnutyna nemidupoBaHus,
obpasia MKM pe3oHaHca, CBOOOIHOTO pe30oHaHca, CcBOOOIHOTO %
I'g KOHI[a 00pasia, I'm KOHI[a 00pasia,
MM MM
4 80 498,5 1,45 431 0,58 60
5 100 496,3 1,45 483 0,54 63

IToka3zano, uto aemmndupyromas cnocoOHocTs coctaBuia 60% s oOpas3ua u3 TUTa-
HoBoro cruiaBa BT6 ¢ mokpeituem cuctemsl Al-Ni—Y Tommuuoi#t 80 Mxm u 63% — mis 00-
pasua tommuHor 100 MKM.

O0cykaeHne U 3aK/JII0YECHUSA
B nanHOi1 cTaThe nMoka3aHa 3aBUCHMOCTb AEMIIPUPYIOIIEH CIOCOOHOCTH OT TOJIIUHBI
HOBOTO pa3paboTaHHOro mokpbiThsi cucteMbl Al-Ni—Y mpu BHOpOHCHBITAaHHSAX TO MEPBOM
U3ruOHOM (opMe ImpH pe30HaHCe ¢ OJUHAKOBOM aMIUIUTYOM BO30YyKIarolie CHIbl, COOT-
BeTCTBYMOIIEH HanpspkeHusaM 70 MlIla B omacHOM cedeHMH.
VYcTaHOBNIEHO, YTO C YBETMYEHHEM TOJIIMHBI HAHECEHHOTO MOKPBITUS JeMI(pUpyro-

aras CIIOCOOHOCTD MOBEIIIAETCS U COOTBCTCTBYCT 3HAUCHUSAM IIPpHU TECMIICPATYpPC 20°C:
D¢ pexTuBHOCTH AemndupoBanus, %

TOJ'IIIII/IHa IMOKPBITUA, MM

20
40
60
80
100
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[Tocne moBepXHOCTHON 00paOOTKM B BHJIE BUOPOTAITOBKH AeMII(UPYIOIIAs CIIOCO0-
HOCTh Tociie | 4 TOBEPXHOCTHOTO BBHIMIAXHBAHUS C YBEIMUYCHHEM TOJIIUHBI MOKPHITUS TO-
BbllaeTcs npu toaumuax 20, 40 u 80 MkM u cocTaBiisgeT coorBeTcTBeHHO: 10; 11,7 u 26,2%.
[Tpu Tommmuax 60 u 100 MM 3¢ dexkTuBHOCTS AeMIbUPOBaHUS yMEHbIIMIAch — ¢ 14,5 1o
13,8% u ¢ 31 10 26,2% COOTBETCTBEHHO.

[Tocne nByx YacoB BUOPOTANTOBKU AEMII(UPYIOIIAs CIIOCOOHOCTh YMEHbBIIACTCS TPU
tonuuHax nokpeITus: 20 MkM — ¢ 10 1o 7%; 40 mxm — ¢ 11,7 no 8,9%; 80 mxm — ¢ 26,2 1o
19,3%; 100 mxm — ¢ 26,2 1o 24,1%. IIpu Tonmuae 60 MkM 3¢ peKTUBHOCTD qeMIpHpPOBaHUS
HE U3MEHMIach u coctapuia 13,8%.

[TokazaHO TakXe, YTO C YBEJIWYECHHUEM TOJIIMHBI JEeMII(PUPYIOLIETO MTOKPBITHS BEJIH-
YyiHa MUKPOHEPOBHOCTEH BO3pPACTAET, UTO CBA3AHO C HAJIIMYMEM MUKpoOKarelbHOH (a3bl. Xa-
pPaKTEpHO, YTO IOCJE OBEPXHOCTHOIO BBIMVIAKMBAHUS LIEPOXOBATOCTh IOBEPXHOCTH JEMII-
bupyrouero NOKPbITUS CHUKAETCS U MPU ITOM JieMI(UpYIoIas CIOCOOHOCTh TaK)Ke CHUXKa-
€TCsl, YTO CBA3aHO C YMEHBIIEHUEM TOJIIUHBI TOKPBITHS.

Jemndupyroniee NOKphITHE pa3padaThIBANIOCh JUIsS CHIXKEHUS HAMPSHKEHUN B JIONATKe
komrpeccopa I'TZl. Ocobennoctu pabotsl jonarok komipeccopa ['T/l mpenmnonaratot 3po3u-
OHHOE BO3JICHCTBHE Ha Mepo, OCOOCHHO HA BEPTOJIETHBIX JBUTATENsAX, IOATOMY MCIIBITAHUS Ha
APO3UOHHYIO CTOMKOCTH JEMII(PUPYIOLIETO MOKPHITHS IPEACTABISAIOT 3HAUUTENbHBIN HHTEPEC.

Ha nepBoii craguu ucnbIThIBaIM 00pa3Ibl O CTaHAAPTHON Ta60PATOPHONH METOTUKE
Ha CTOMKOCTh K 9PO3MOHHOMY BO3AEHUCTBUIO, TP KOTOPOM oOpa3zel; o0yBaeTcs Mo yIioM
70 Tpan, UMUTHUPYIOILIEMY JIOO0BOI yaap 0 BXOAHYIO KPOMKY JIOMATKH, U oA yriaom 20 rpam —
KacaTeNbHbIA yJap O KOPBITO M BBIXOJHYIO KPOMKY Jiomatku. Jlemmndupyroiiee mOKpbITHE
ToNIMHONW 60 MKM MPOIIJIO HCHBITAHUE HA OTHOCHUTEIBHYIO SPO3HOHHYIO CTOMKOCTH — BBI-
JepoKaio 3 1uKIIa.

YcraHoBieHo, 4to aeMidupyroiiee mokpeitie cucteMbl Al-Ni—Y He3HaYUTETBHO TI0-
BBIILIAET IPO3UOHHYIO CTOMKOCTh 00pa3la u3 TutaHoBoro ciuiasa BT6 orHocuTenbHo oOpasna
6e3 mokpsiTus: B 0,54 pasa — npu yrie ataku abpasuHoro noroka 70 rpan u 0,74 pasza — npu
yriie 20 rpan.

O6pasubl ¢ neMnUpyOIKUM TOKPHITHEM UCTBITHIBAIM Ha CTOWKOCTh K a0pa3uBHOMY
M3HOCY Ha HOBOM D3pO3MOHHOM CTEHJE ¢ Ooyiee JKECTKUMHU YCIOBHSIMH IPOBEICHUS
WCIIBITAHUM.

[Tocne 06ayBKHM aOpa3uBHBIM OTOKOM 00pa3lioB ¢ AeMI(PUPYIOLUIMM MTOKPBITHEM I10-
cJle TIOBEpXHOCTHOI BUOPOTaTOBKU OOHAPYKEHO, YTO MOKPBITUS ToiamuHON 20, 40 u 60 Mxm
cierenu, a NoKpbITU TonmuHON 80 1 100 MKM NpOIIIHN KECTKUNA UKI UCTIBITAHUM.

HcnbiTanusa Ha JeMIQUPYIOUIYI0 CIIOCOOHOCTh MOCIe 3PO3MOHHOIO BO3/IEHCTBHS MO-
Ka3aJau yBelnueHue aemMindupoBaHus Ha o0pas3iax u3 TuTaHOBOTo cruiaa BT6 co crnereBmmmM
HOKpBITHEM. BeposTHO, 3TO CBA3aHO C MOBEPXHOCTHBIM YIIPOYHEHUEM OT BO3JeiicTBUA albpa-
3UBHOTO MTOTOKA.

OKcIuTyaTalus JIONaToK KOMIIpeccopa IpearnonaraeT padoTy MpU MOBBIILIEHHON TeM-
neparype. McnbiTanust Ha JeMOuUpPYOLy0 CIOCOOHOCTh 00pa3loB U3 TUTAHOBOTO CILIABA
BT6 ¢ ycrosBumM nokpbitueM cuctembl Al-Ni—Y mociie 3po3HOHHOrO BO3ACHCTBUS MPU
temneparype 400°C nokazanu CHH)KEHHE aMIUIUTYIbl CBOOOAHOIrO KOHIa oOpasia Oosblie
4yeM B 2 pa3a IIpU OJMHAKOBOI BO30YXJaroIiel cuiie Takoi jke BeTMYMHBI, KaK U JJIS UCIbI-
Tanui npu temmneparype 20°C.

ITokazano, 4ro aemmnupyromas CrIocoOHOCTh BO3pOcia M COCTaBHJIA B CpEIHEM
61,5%.

IIpencraBneHHble TaHHBIE MOYKHO HCIOJIB30BaTh B JAIbHEHIINX paboTax Uis MOBBI-
HIEHUSI CITYKEOHBIX XapaKTepUCTUK pa3padaThIBA€MbIX MaTEPUAJIOB.

102



TPYAbl BUAM Ne5 (53) 2017

JIMTEPATYPA

. Kabnos E.H. MuHoBaumonnsie pazpadotku ®I'YII «BUAM» I'HI PO no peanmzanuu «Ctpareru-
YeCKUX HalpaBJIeHUN Pa3BUTHS MaTEepUaNIOB U TEXHOJOTHH X nepepabotku Ha nepuoa 1o 2030 ro-
na» // ABManMOHHBIE MaTepuaibl U TexHoioruu. 2015. Nel (34). C. 3-33. DOI: 10.18577/2071-
9140-2015-0-1-3-33.

. opp B.®., CepedpsikoB H.H. PacueTHO-3KCIIEpUMEHTANILHBIN aHAIN3 aMILUIUTYIHO-3aBUCHMBIX
XapaKTepUCTUK AeMII(PUPOBaHUS B JAeTalsAX M MaTepuaiax // IIpoOiemMbl MamMHOCTPOEHHS U
HagexuHocty mamud. 2011, Ne3. C. 91-99.

. YcruaoB AWM., Mosuan b.A., Cxkopomsuesckuii B.C. MccnenoBanue nemmndupyromieid cnocooHo-
CTH TJIOCKUX 00pa3iioB U3 TUTaHOBOTO ciutaBa Ti—6%AIl-4%YV ¢ MOKpBITHIMHU U3 0JI0Ba U UTTPHS //
IIpo6nemsr mpounoctu. 2001. Ne4, C. 55-61.

. MybGosymxsa C.A., [lomenos SI.A. 3ammuTHbIe TOKPHITHS A5 JomaTok kommpeccopa ['T/] / ABua-
IIMOHHBIC MaTepHuaibl U TexHonmoruu. M.: BUAM, 2003. Beim.: BeicokoskaponpodHble MaTepHaTbl
JUIS COBPEMEHHBIX U IEPCIEKTUBHBIX I'a30TYPOMHHBIX JBUraTelIe M MPOrPECCUBHbBIE TEXHOJIOTHU
ux npouspozcrea. C.116-131.

. lopp b.®., Mensnuxosa I'.B., CepebpsxoB H.H. PacueTHo-3KCIEpHMEHTaIbHOE UCCIIETOBAHUE
3¢ hekTUBHOCTH NeMI(PUPYIOIIUX MOKPBITHI Juisi pabodux JiomaTtok TypOomamuH // [IpouHOCTh
MaTepHajoB U 3JEMEHTOB KOHCTPYKIMA: Tp. MexayHap. Hayd.-TexH. KoHpepenunu. Kues: -1
npo6iem npouHoctr uM. ['.C. [Tucapenxko HAH VYkpaunsl, 2011. C. 133-141.

. Myb6osxsa C.A., Topnos JI.C., Hlenwior A.A., Kounosa B.W. Mccnenosanue nemMmngupyroriei
CIOCOOHOCTH MOHHO-TUIa3MEHHBIX MOKPHITUH // ABHAIIMOHHBIE MaTepualibl u TexHosoruu. 2014.
NeS5. C. 67-72. DOI: 10.18577/2071-9140-2014-0-s5-67-72.

. T'opnos J1.C., MyGosmxsa C.A., Hlenmmos A.A., Anekcannpos J[.A. Biusiare noHHO#N UMILTaHTa-
MU Ha JeMII(PHUPYIOIIYI0 CIOCOOHOCTh KOMITO3UIINH «CIUIaB—HOHHO-TIA3MEHHOE TOKPBITHEY //
Tpyast BUAM: snektpoH. Hayd.-TexHud. KypH. 2017. Ne2. Ct. 04. URL: http://www.viam-
works.ru (zata oopamenus: 03.03.2017). DOI: 10.18577/2307-6046-2017-0-2-4-4.

. anun I1.B., [3ynosud JI.A., [llupseB A.A. HccnenoBanmne TepMHUIECKOi CTAOMIBEHOCTH CTPYKTY-
pul THTaHOBOTO ciutaBa BT6 mocne tepmoBomopoanoii oopabotku // Tpynst BUAM: 3nekTpoH.
Hay4.-TexHu4. KypH. 2016. Ne3. Ct. 06. URL: http://www.viam-works.ru (mara oOpaiieHus:
03.03.2017). DOI: 10.18577/2307-6046-2016-0-3-6-6.

. Myb6osmxsa C.A., Anexcannpos J[.A., ['opmos JI.C., Eroposa JLIL., BynaBunnesa E.E. 3amutabie
Y YIPOUHSIOIINE HOHHO-TUTa3MEHHBIE TMOKPBITUS JJIs JIOMATOK M JPYTrUX OTBETCTBEHHBIX AeTanei
kommpeccopa ['T/l / ABnaumonuble Matepuainsl U Texnonorun. 2012, NeS. C. 71-81.

10.My6osamxksan C.A., Anekcanapos [.A., I'opios [.C. HaHocnoiiHble yIpOYHSIONINE TOKPBITHS IS

3alIUTHI CTATBHBIX W THTAHOBBIX JIOMATOK Kommpeccopa I'TJI // ABHaIlMOHHbBIE MaTEPUANbl U TEX-
Hosioruu. 2011. Ne3. C. 3-8.

11.Ka6moB E.H., Ocnennukosa O.I'., BepmkoB A.B. Peakue Metansl 1 peko3eMenbHbBIE dIeMEH-

TBI — MaTepHUaJIbl COBPEMEHHBIX U OY/IYIIUX BHICOKUX TEXHOJIOTUH // ABHAIIMOHHBIC MAaTEPHAIIBI U
texuosioruu. 2013. NeS2. C. 3-10.

12.Ka6noB E.H., My6osimxsa C.A. NoHHoe TpaBieHue n MOAU(UIUPOBAHNE TOBEPXHOCTH OTBET-

CTBEHHBIX JIeTajJell MalllH B BaKyyMHO-IyroBoi miasme // Becthuk MI'TY um. H.3. baymana.
Cep.: Mammunoctpoenue. 2011. NeSP2. C. 149-163.

13.Apremenko H.U., Mybosxsa C.A. VHXeHepHass METOIMKa OIIEHKH BEJIUYMHBI M XapakTepa

BHYTPEHHUX HANPSDKCHUH B OJHOCIOWHBIX YIPOUYHSIOMIMX KOHJCHCHPOBAHHBIX MOKPBITHSIX //
Tpyast BUAM: anektpoH. Hayd.-TexHu4. kypH. 2016. Nel. Ct. 04. URL: http://www.viam-
works.ru (zata oopamenus: 03.03.2017). DOI: 10.18577/2307-6046-2016-0-1-4-4.

14.JTanteBa M.A., Beiosa H.A., Paesckux A.H., ®uinonosa E.B. HccinenoBanne 3aBUCHMOCTH I1IE-

POXOBAaTOCTH, MOP(OJIOTUH MOBEPXHOCTH U KOJIMYECTBA 1€PEKTOB CTPYKTYpPBI OT MOIIIHOCTH JIa3e-
pa, CKOPOCTH CKaHHPOBAHUS H THIIA IITPUXOBKHU B KAPOIPOYHOM CILIaBe, CHHTE3UPOBAHHOM METO-
nom CJIC // Tpyast BUAM: onextpoH. Hayw.-rexHH4. >KypH. 2016. Ne9. Cr. 09. URL:
http://www.viam-works.ru (nara oopamienns: 03.03.2017). DOI: 10.18577/2307-6046-2016-0-9-9-9.

15. T'opnos J1.C., My6osksia C.A., Hlenunor A.A., Anekcanapos JI.A. VMccienoBanue 3p03MOH-

HOU CTOMKOCTH W TEIUIOCTOMKOCTH MOHHO-TIA3MEHHBIX JIEeMI(UPYIOMINX MOKPBITHI // ABHAnu-
OHHBbIC MaTepuaiisl ¥ TexHonoruu. 2016. Ne2 (41). C. 11-17. DOI: 10.18577/2071-9140-2016-0-
2-11-17.

103



TPYAbl BUAM Ne5 (53) 2017
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A.B. Aﬂekceeel, I1.B. }IKuMoeuul, A.IO. Jleiikun®

AHAJIN3 HUKEJIEBBIX CILJIABOB
METOJ0OM HWCII-MC C JIABEPHOHM ABJISIHUEN

DOI: 10.18577/2307-6046-2017-0-5-12-12

B nacmoswee epems nukenesvie cniagbl WUPOKO NPUMEHSIOMCS 8 COBPEMEHHOU ABUAYUOH-
HOU NPOMBIUIEHHOCIU U Jgueameiiecmpoeruu. M3 HUX u3eomasiuéarm omeencmeeHHble 0e-
MAU, UCNBIMBIBAIOWUE OZPOMHbIE MENI06ble U CULOGble HazpysKku. IIpu smom eaxcHoll 3adayeil
ABAACMCS KOHMPOJIb XUMUYECKO20 COCMABA HUKELEBbIX CNIAB08 — 8 OCODEHHOCIU COOCPIHCAHUS
MUKponpumecell.

IIposeodeno onpedenenue snemenmos B, S, P, Mn, Fe, Cu, As, Se, I, S, Pb u Bi ¢ cepmu-
DUYUPOBAHHBIX CMAHOAPMHBIX 00PA3UAX HUKELEBLIX CHAABO8 MEMOOOM MACC-CREKMPOMEMPUU
C UHOYKMUBHO CBA3AHHOU naasmol u ¢ aazeprou abasayueu (MCII-MC-JIA). Ilpusedena memo-
Ouxa nod2omosku npobwl Kk anaiusy. llposedeno cpasnenue pesyrbmamos aHaU3a ¢ pesyilb-
mamamu memooa kiaaccuuecxkon HCII-MC. Ilpedenvt obuapysicenus cocmaguiu. OUanazou
onpeodensemvix kouyenmpayuii 0,00002-2,2% (no macce), omrnocumenvHoe cmaHoapmHoe om-
K1oHeHue e npesviuiaem 0,07.

Knrouesvle cnosa: macc-cnexmpomempusi ¢ uHOYKmueno cesasannou naasmou (UCI-MC),
Jlazepuas abnayus, HUKeiegvle CHAAGbl, onpedeietie npumecell.

Currently nickel alloys are widely used in modern aviation industry and engine building.
They are made of critical partswith thermal and power load. An important task isto control the
chemical composition of nickel alloys, especially the content of trace.

In this work determination of B, S, P, Mn, Fe, Cu, As, Se, S, S, Pb and Bi in the certified
standard samples of nickel alloys by a mass spectrometry method with inductively coupled
plasma and laser ablation (ICP-MS-LA). The technique of preparation of test for the analysisis
given. The results are compared with the results of the analysis of the classical method of 1CP-
MS. The detection limits are as follows: the range of detectable concentrations 0,00002-2,2%
(by weight), relative standard deviation isless than 0,07.

Keywords: mass spectrometry with inductively coupled plasma (ICP-MS), laser ablation,
nickel alloys, determination of impurities.

1(IDeL[epam,Hoe roCyJIJapCTBEHHOE YHHUTapHOE mNpearnpusitue «Bcepoccuiickuii HayuyHO-UCCIeA0BaTEeNbCKUN
HHCTUTYT aBHAIIMOHHBIX MaTepuaioB» ['ocymapcTBeHHbIH Hay4uHbIi eHTp Poccuiickoit enepannu [Federal
state unitary enterprise «All-Russian scientific research institute of aviation materials» State research center
of the Russian Federation]; e-mail: admin@viam.ru

“MockoBckoe mnpejcraBuTensctBo Mureprex Kopropeitn [Moscow representative office INTERTECH
Corporation]; e-mail: ayl @intertech-corp.ru

Brenenne

B coBpemeHHON aBHAllMOHHOW IPOMBIIUIEHHOCTH M JBHUTATEIECTPOCHUH KapONIpoy-
HbI€ HUKEJIEBBIE CIIJIaBbl IPUMEHSIOT IIPU U3TOTOBIEHUN OTBETCTBEHHBIX JIE€TaleH, UCIBITHI-
BaIOIUX BO BpeMsl pabOThl OTPOMHBIE TEIJIOBbIE M CUJIOBbIE Harpy3ku [1-4]. s moctike-
HUSI HEOOXOIUMBIX (PM3NYECKUX CBOWCTB JJAaHHbIE CIIaBbl MMEIOT CIOXKHBII COCTaB, BKIIIOYa-
IOLUI pa3HOOOpa3Hble METaIbI, a TAKKEe MUKPOJ00aBKH peaKo3eMenbHbIX MeTaioB (P3M),
KOTOpBIE IO3BOJISIIOT IPU BBIIUIABKE YMEHBIIATh COJAEP’KAHUE BPEIHBIX MHUKpPOIpPHUMECEH,
YXYALIAIOUIMX CBOMCTBA HUKEJEBBIX CIJIaBOB [4—8]. B cBsI3u C 3TUM K HUKEJEBBIM CILJIaBamM
NPEIbABISIOTCS TOBBIIIEHHbIE TPEOOBAaHUS IO XMMHUYECKOMY COCTaBy, B OCOOEHHOCTH K
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COJICPKAHUIO MUKPOIIPUMECEH, K KOTOPBIM OTHOCSTCS TaKHe 3jeMeHTHI, Kak B, Si, P, Mn, Fe,
Cu, As, Se, Sn, Sb, Pbu Bi.

B nHacrosiiiee BpemMsi OAHUM U3 CaMbIX JYYIIUX METOJ0B MHOTO3JIEMEHTHOTO aHaIM3a
SBJISIETCSI MAacC-CIIEKTPOMETPUs ¢ MHAYKTUBHO cBsizanHoU 1uiazmoit (MCII-MC). [lannbrit me-
TOJ 00J1aJ1aeT BHICOKOW YyBCTBUTEJIBHOCTBIO, HU3KUMHU IpeeaMi 0OHApYKEHHS U BO3MOXK-
HOCTBIO OJIHOBPEMEHHOTO OIpe/esIeHUs] OOIbIIOro KoimuyecTBa neMeHToB [9, 10]. Ilpsmoe
Macc-CIIEeKTPOMETPUUECKOE OMpeIesieHne MUKPOIIPUMECEH B CI0XKHOJETUPOBAHHBIX HUKEIEe-
BBIX CIJIaBaX HE BCETJa BO3MOXHO HM3-32 HAJIMYMS CIEKTPAIBHBIX MHTEP(HEpPEeHIHA — B OC-
HOBHOM OKCHJIHBIX HOHOB Jierupyromux 3aementos (Ti, Cr, Zr u Co) [11, 12]. O6pa3oBanue
JAHHBIX OKCHIHBIX MOHOB MOYXHO YaCTHYHO IOJAaBUTH C MOMOIIBIO UCTIOIH30BAHUS PEaKIIH-
OHHO-CTOJIKHOBHUTENILHOU SUEHKH B PEXKUME TUCKPUMHUHAIIMM HOHOB MO KHHETHYECKUM DHEp-
rusim (KED) ¢ npoxaukoii MHEPTHOrO ras3a B sU€HKy — Ielids WM CMECH Ia30B BOJOPOJ-
requii [13, 14]. BOJBIIMHCTBO METOJIHUK MACC-CIEKTPOMETPUUYECKOrO aHaln3a HUCMOJIb3YIOT
KJIACCUYECKHUN CIOoco0 BBeIeHUs MpoObl B IJ1a3My B BUAE pacTBopa. JlaHHbI cocod mmeer
PSA HEIOCTATKOB: JJIMTENBHOCTh U TPYAOEMKOCTh IMPOLEAYpHI MepeBoia nmpolbl B pacTBop,
Hen30exxHoe pa3daBiieHre MPOOBI MPU PACTBOPEHHUH, BO3MOKHOCTh BHECEHUS 3arps3HEHUI C
UCIOJIb3YEMBIMU JJISl PACTBOPEHUSI PEaKTUBAMH U BO3MOXKHOCTh MOTEPh OMPEACNIIEMBbIX dJie-
MEHTOB IPHU MPOOOTOTOTOBKE. DTUX HEJIOCTATKOB JIMIICH MPSMON aHAIU3 TBEPHABIX MPOO
o0paslia ¢ UCIOJIb30BAaHUEM JIa3epHOU a0, ITOT croco0 MpoOo0TOOpa OCYIIEeCTBISETCS
C TIOMOIIBIO TPUCTABOK JIA3EPHOU a0ISIUU (CM. pUCYHOK) M COCTOUT B CJICIIYIOLIEM: Ha TO-
BEPXHOCTh 00paslla OKa3bplBaeT BO3ZACHCTBHE CHOKYCUPOBAHHOE H3ITYYCHHE OINTHYECKOTO
KBaHTOBOT'O IeHeparopa (j1a3epa), B pe3yibTaTe 4ero NpOMCXOAUT JOKAJIbHOE B3PbIBOOOPA3-
HOE€ pa3pylleHHue MaTepuana mpoodsl ¢ 00pa3oBaHUEM TOHKOTO JUCIEPCHOTO a’po30iid (TBep-
JIbIC Y JKUJIKHE YaCTHUIIhI), a TAKXKE ra3000pa3HbIX MPOAYKTOB. [IpOIyKTHI pa3pylIeHus ¢ mo-
TOKOM HMHEPTHOTO rasa (Jalie BCero relivs) HampaBisIOTCS B MacC-CIIEKTPOMETP, T/ie U Mpo-
UCXOJIUT XUMHUYECKUN aHanmu3 — Tak peanusyercsi crocod MCII-MC ¢ HemocpeacTBEHHBIM
BBOJIOM IIPOOBI ¢ moMoIbio nazepHoii adbmsauuu (JIA-UCIT-MC) [11].

[IpucraBka na3zepHOro npooooTdOopa

[Ipsimoii aHamu3 TBEPIBIX MAaTEPUAIOB C IPUMEHEHUEM JIa3epHOM abIsAIuu yMEHbIIIa-
€T BpeMs | yIPOIIAeT MPOIEaypy aHaJIn3a, TPaJyupOBaHNE ¢ UCTIOIL30BaHUEM JIAHHOTO Me-
To/a MPo600TOOpPa BOZMOKHO MPOU3BOAUTH C TIOMOIIBI0 MUHUMAIIBHOTO KOJHMYECTBa TBEP-
JIBIX CTaHJAPTHBIX 00pa3IloB cocTaBa crasa [15].

Hcnonb3oBaHue InazepHOM aONMsAlMK TakKe pacHmpseT JUisi MeTojJa Macc-
CHEKTPOMETPHUH KpPYT pEIIaeMbIX 3a7ad: MOSBISIETCS BO3MOXHOCTH MPOBOAUTH aHAIH3
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WU3MEHEHHS KOHIICHTPAIMH OIPEICIIIEMBIX AJIEMEHTOB BJIOJIb PA3IMYHBIX HANpaBICHUH TO-
BEPXHOCTH 00paslia, YTO HEOOXOAUMO MPH UCCIECOBAHUU OJHOPOAHOCTH PA3IUYHBIX MaTe-
pHAaJIOB, BO3MOXHBI aHAIN3 00pa3IOB CIOXXHOU (HOPMBI, OIpeesieHHE HIEMEHTOB B CIOAX U
BKJIIOYEHHUSAX, a TAK)KE JIOKAIbHBIA MUKpoaHau3 [16—19].

Heo6x0auMo OTMETUTB, YTO MPOIECCHI, TPOUCXOIAIINE TIPU JIa3epHON alsuu, Cy-
IIECTBEHHO 3aBUCAT OT OCHOBHBIX (DU3MYECKHUX XapPaKTCPUCTUK aHATM3HPYEMBIX TBEPABIX 00-
pa3noB (k03 PHUIMEHT MOTIOMICHUSI U OTPAKEHHS M3ITyYCHHS, TEMIIepaTypa IJIaBICHUs, TeTl-
JIOMIPOBOTHOCTh, KPUCTAJUTMYECKAsI CTPYKTYpa U JAp.), KOTOPbIE U3MEHSIOTCS B IITUPOKOM 1 a-
Ma30He, YTO 3aYacTYIO JIeJaeT HEBO3MOXKHBIM IOJIyY€HUE KOJMYCCTBEHHBIX JaHHBIX. M3-3a
CYIIECTBEHHBIX MATPUYHBIX BIUSIHUN Ha PE3YJIbTATHI ONPECIICHUN €IMHCTBEHHBIM CIIOCOO0M
MOJIyYEHHUsI JOCTOBEPHBIX PE3yJbTaTOB B HACTOSAIIEE BPEMs SIBIISIETCS MCIOJIb30BAHUE CTAaH-
JIAPTOB ¢ MAKCHMAJIBHO OJIM3KUM K HCCIIEyeMbIM 00pa3iiaM MaTPUYHBIM COCTABOM.

Takum 00pa3zoM, eiab JaHHOW pabOTHI COCTOSIIA B ONPEACICHUHN TAaKUX JJIEMEHTOB,
kak B, Si, P, Mn, Fe, Cu, As, Se, Sn, Sb, Pb u Bi B nukenesom crmase metogom UCIT-MC ¢
JIa3epHBIM TIPOOOOTOOPOM.

Pabora BbIOSTHEHA B paMKax pealn3alnuy KOMILTIEKCHOTO Hay4HOTo HarpasieHus 9.1.
«MOHOKPHCTAILTMYECKUE JKAPOIPOUYHBIC CYIEPCIUIaBbI, BKIIOYAs JBTCKTHYCCKUE M €CTe-
CTBEHHBIE KOMIO3UTHD («CTpaTernuecKkue HampaBJICHUS] Pa3BUTHS MaTEPUAIIOB U TEXHOJO-
ruil ux nepepa®otku Ha nepuo 10 2030 roga») [1].

Matepuaabl 1 MeTOIbI
Annapamypa
Omnpenenenne snementoB B, Si, P, Mn, Fe, Cu, As, Se, Sn, Sb, Pb u Bi meromom
WCII-MC Bemonusuin Ha Macc-ciektpomerpe iCAP-Qc (dupma Thermo Scientific, 'epma-
Husl), a 1mpobooTOop ocymecTBisin Ha jda3epHod npuctaBke NWR 266 (pupma NEW
WAVE, CIIIA). [TapameTpsl paboTbl IprUOOPOB, MPU KOTOPBIX MPOBOJUINCH 3KCIIEPUMEHTHI,
MIPEJICTaBJICHHI J1ajiee.
Ilapamempol macc-cnekmpomempa
Pacxox rasa, n/mMuH:

MJ1a3M000pa3yIOIIero 14,0

BCIIOMOTaTEIBHOTO 0,8

PacIbUTUTENEHOTO 1,03
YacrtoTa BpallleHHs IEPUCTATUYCCKOr0 HAcoca, 00/MUH 40
['myOuna mma3mMooT60pa, MM 5
MomHocts RF reneparopa, Bt 1400
Yucro kaHaIoB Ha Maccy, €. 1
Uwco CkaHOB B pEIUIUKE, €I 30
Uwcro perutuk aiist o0pasia, el. 3
Bpems unTerpupoBanus, ¢ 0,01
Hampspkenue Ha sxcTpakTope, B -170
Hanpsokenue Ha pokycHol inH3e, B +2,5
Paspemienue, a. e. M. 0,7
Temnepatypa pacnsuuTenbHOM kamepsl, °C 20

Ilapamempul pabomel npucmasku 1a3epHoul adbaAYUlU

Pexxum paboTsl nazepa HenpepbiBHbIii
[11a6yioH ckaHupoBaHUs 00pa3iia JIuneiinblii
JuamMeTp msiTHA a3epHOTO JTy4ya, MKM 780
MoliHOCTS J1a3epHOro jay4a, % 100
YacTora IMITYJIbCOB Jla3epHOTO Jiyya, [t 10
TII0THOCTH MOTOKA YHEPTHHU JTA3EPHOTO Tyda, J[/cM” He menee 1,8
CKopoCTh CKaHMPOBaHMS MI1a0JI0HA, MKM/C 200
Paz0Ouenue mabnona 3 peruuku 1o 30 ¢
Pacxo Tenus depes sueiiky ¢ 06pasiom, M/ MHH 0,5
KonmuecTBo poxo0B nipeABapUTENbHON a0Isiuuy, e. 2
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WHcTpymMeHTallbHbIE TapaMeTphl U pacXoibl MOTOKOB aproHa YCTaHABIIMBAIU B TIpe-
Jenax, 00ecrneunBaINX MaKCUMAIbHYIO YYBCTBUTEIBLHOCTD OIPEIEICHUSI HOHOB U30TOIOB,
I/IMH/C/(MKF/I[M3): >35000 7Li, >190000 115In, >300000 2?’8U; HAaWMEHBIIIUNA YPOBEHb OKCH]I-
HbIX HOHOB (oTHOmeHKE ~°Ce0/**°Ce<0,02); HanMeHbIMI yPOBEHD JBYX3apSAHBIX HOHOB
(oTHOIICHUE 137BaZJ'/137Ba§O,O2) — B HACTPOEYHOM pacTBope, coaepxamiem Li, In, Ba, Ce, U
C KOHIIeHTpauuen 1 MKF/,Z[Ma.

B xome Bcex W3MEpeHHWi HCIIOJIb30BAU KBApIIEBYIO HUKIOHHYIO PaCHBUIATEIBHYIO
KaMepy ¢ TePMOAJIEKTPUUECKUM OXJIAXkKICHUEM, MOJIypa300pHYIO TOPENIKY ¢ KBapleBbIM HH-
KEKTOPOM 22,5 MM M MHUKPOIIOTOYHBIN KOHLIeHTpudeckuil TedaonoBslil (PFA) pactbumnTens
(Opal Mist) co ckopocTsio pacmbuieHus 400 MKI/MUH.

DKCIepUMEHTHI IO PACTBOPEHUIO HUKEJIEBBIX CILIABOB IPOBOJMIA B CHCTEME MHKPO-
BonHOBOro pasnoxenus MARS 6 (¢pupma CEM, CIHA) B Te(OHOBBIX aBTOKJIABax
MARSXpressPlus (pupma CEM, CIIIA) o6semom 100 emc aBapUHHBIM COPOCOM JIaBJICHHUSI.

[Tpu onpenenennn BEIOpAHBI U30TOIBI JIEMEHTOB, IIPECTABICHHBIC B Ta0I. 1.

Tabruya 1
HcnoJib3yemMble H30TONBI M HX PACHPOCTPAHEHHOCTD
OnpenenseMblil 3JIEMEHT N3oTon PacnpocTpaneHHOCTB H30TONA, %

B ) 80,1

S g 92,23

P 3p 100

Fe *Fe 2,20
Cu ®Cu 30,83
As "As 100

Se 8250 9,2

Sn H8gn 24,22

Sh 2lgh 57,30

Pb 208ppy 52,35

Bi 2098 100

Peazenmoi u 06vexmul ucciredosanus

Asotayro (HNOs) u consnyro (HCI) kucinoThl nmony4anu ¢ HOMOIIbI0 CyO00oiIepHOit
muctrusaun HNO3z 1 HCI (Mapka oco6o grcteie) B anmapare BSB-939-1R (¢dupma Berghof,
I'epmanus), ucnons3zoBanu Takxe 40% (mo macce) PTOPUCTOBOAOPOAHYIO KUCIOTY (pupma
Merck, I'epmanust). [lenonnzoBannyoo Bony (He meHee 18,2 M-OM) MCHONB30BaJIM BO BCEX
IKCIIEPUMEHTAX KaK pacTBOPHUTENb. B KauecTBe BHYTPEHHETO CTaHAapTa BO BCEX U3MEPEHUSX
UCTIOJIb30BAIM MHJMM ¢ KOHUEHTpauuen 2 MKI/J, Uit 100aBOK KOTOPOro MPUMEHSUIN CTaH-
JapTHBIA pacTBOp IN ¢ KoHueHTpanuei 1 r/m mpousBoactBa ¢upmbl High-Purity Standards
(CIIA). Jlst KamuOpOBKH crieKTpoMeTpa (MeTo0M J100aBoK) 1o anementam B, Si, P, Mn, Fe,
Cu, As, Se, Sn, Sb, Pb u Bi ucnonp30Bany cTaHIapTHBIC PACTBOPBI ATHX JJIEMEHTOB C KOH-
neHTpauuedt 1 r/n npousBoactBa pupmel High-Purity Standards (CIIA). [Inst moctpoeHus
IPagyUpOBOYHBIX 3aBUCUMOCTEH MHTEHCHBHOCTEH CHUTHAJOB OT KOHIIEHTPALMU MPUMEHSIIN
METO/ CTaHJIapTHBIX J100aBOK.

B pabore ucnosp3oBanu ciueayoomme cepTUGUIIMPOBAHHBIE CTaHIAPTHBIE O00pa3IlbI
(CO) cocraBa cmaBoB: BS 625A (Inconel 625 — Brammer standard company, CIIA),
SS346A (dupma BAS, CIIIA) u uucroro mukens BS200-3 (Brammer standard company,
CIIA), IARM-190A (dupma ARMI, CIIIA). B paboTe ucronb30Bany Takxe JBa odpasia u3
HuKeneBoro cruiasa tuna JKC32. Bee nmpuBeeHHbIE paHee CIUIaBbl ObUIM HAa HUKEJIEBOW OC-
HOBe. Pabouyio moBepxHOCTH 00pa3ioB NuIMoBaIl Ha CTAaHKE /10 MepoxoBatocTu R, — ot 10
10 20 mxm (o I'OCT 2789).

CO6op u 00pabOTKy JaHHBIX MPOBOIIN C UCIIOJIH30BAHUEM MPOTPAMMHOTO obecrede-

HUs criekTpomerpa Qtegra
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u yucmoz2o Hukeas memooom UCII-MC-JIA

Pe3ysabTarsl U 00CyKIeHHE
Onpedenenue npumeceti 8 CMaHOAPMHBIX 00PA3YAX HUKELEBbIX CHIABO8

B nannoil paboTe BBIIOIHEHO OMpEeNeHHE MPUMECe B IBYX CEpTHUHUIIMPOBAHHBIX
CTaHJAPTHBIX 00pa3ilax HUKEJIEBBIX CIIaBOB — SS346A n BS625A u ceptuduimpoBaHHBIX
cTaHgapTHBIX oOpasuax yucroro Hukens — BS200-3 u IARM-190A meronom UCII-MC c na-
3epHBIM TTPoO00TOOpOM (TabdII. 2).

Tabauya 2

Pe3y.1'leaTbl ornpeaeacHus npnMecep”I B CTAHAAPTHBIX 06pa3uax HHUKeJICBBIX CIIJIABOB

u yucToro nukejasa merogom UCII-MC-JIA

HawnmenoBanme Copep:kaHne JIeMeHTOB, % (110 Macce)
oOpasua B S P Mn Fe Cu
BS625A 0,0012 0,029 0,0050 0,048 2,17 0,049
+0,0002* +0,003 +0,0007 +0,009 +0,05 +0,004
ATTecToBaHHOE 0,0015 0,080 0,0065 0,068 3,06 0,073
3HaYCHUE +0,0001 +0,002 +0,0005 +0,002 +0,03 +0,002
BS200-3 0,0038 0,0115 <0.004 0,22 0,160 0,130
+0,0007 +0,0009 ’ +0,01 +0,008 +0,008
ATTecToBaHHOE 0,0037 0,0110 0,0015 0,157 0,138 0,108
3HaYCHUE +0,0003 +0,0005 +0,0002 +0,002 +0,002 +0,002
IARM-190A 0,0002 0,0003 0,012 0,0024
10,0001 | <0005 <0004 1 50001 | 0001 | +0,0002
ATTecToBaHHOE <0.0005 0,0028 0,0034 0,00018 0,0099 0,0017
3HAYCHUE ’ +0,0004 +0,0005 +0,00006 +0,0003 +0,0002
IIpoodonocenue
HaumenoBanue CopepxaHue 3JIeMeHTOB, % (110 Macce)
obpasia As Se Sn Sb Pb Bi
BS625A 0,0006 0,0005 0,0002
+0,0001 B +0,0001 +0,0001 - -
ATTecToBaHHOE 0,0012 0,0008 0,00018
3HAYEHHE +0,0001 B +0,0001 +0,00002 - -
SS346A 0,0037 0,0003 0,0082 0,0035 0,0011 0,0007
+0,0005 +0,0001 +0,0009 +0,0004 +0,0001 +0,0001
ATTecToBaHHOE 0,0050 0,0006 0,0093 0,0045 0,0022 0,00103
3HAYECHHE +0,0002 +0,0001 +0,0008 +0,0004 +0,0001 +0,00006
BS200-3 0,0012 0,0003 0,0003
+0,0003 - +0,0001 B +0,0001 -
ATTecToBaHHOE 0,0015 0,0003 0,0008
3HAYEHHE +0,0002 B +0,0001 - +0,0001 -
IARM-190A 0,0023 0,00028 0,0005 0,0009 0,0004 0,0003
+0,0004 +0,00005 +0,0001 +0,0001 +0,001 +0,0001
ATTecTOoBaHHOE 0,0028 0,0007 0,0006 0,0011 0,00093 0,00111
3HAYECHHE +0,0002 +0,0001 +0,0001 +0,0001 +0,00007 | =£0,00005

* JloBepHUTeIbHBIN HHTEPBAT PACCUUTAH C MOMOIIBI0 Koadduiuenta CteroaenTa anst N=5, P=0,95.

Kaxk BHUAHO U3 JAHHBIX Tab. 2 HanOoJIee TOYHBIM SIBJISETCS OIIPCACIICHUC HpHMeCCﬁ B
06pa3uax M3 YUCTOI'0O HUKEJIA MO0 CPaBHCHHUIO C HUKCIICBBIMU CILIaBaMHU, ITPU 3TOM AOCTHUIACT-
Cs JIydlIe€ COOTBETCTBUC HalJIEHHOTO U aTTECTOBAaHHOI'O 3Ha‘-ICHI/If/'I, 4YTO MOATBEPKAACT TOT
q)aKT, 49TO JJIA MOJYUYCHUA JOCTOBCPHBIX CBe)IeHI/Iﬁ HGO6XO}II/IMO HCIIOJIB30BAaTh CTAHAAPTHI C
MaKCHMAJIbHO OJIM3KUM K HUCCICAYCMbIM o6pa3uaM MaTpUIHbIM COCTABOM.
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Onpedenenue npumeceti 8 08yx 00pa3yax HUKeIe8020 CNIABA
memoodamu UCIT-MC u UCIT-MC-JIA
3areM BBINIOJHSUIA OTpEICIICHHE TPUMEcei B IByX 0o0pa3liax W3 HUKEJIEBOTO CILUIaBa
tuna JKC32 merogamu knaccudeckoir MUCIT-MC u UCII-MC ¢ na3epHbiM TTpoO00TOOpOM
(Tabm. 3).

Tabauya 3
Pe3yabTaThl onpeaeieHus npuMeceii B IBYX 00pa3iiax HUKeJIeBOro CIiaBa
merogamu UCII-MC u UCII-MC-JIA
HanmenoBanwme CopeprkaHre 3JIeMeHTOB, % (110 Macce)
oOpa3sia u MeToja P Mn Fe Cu Sn Pb
Oo6paszern 1:
UCII-MC-JTIA 0,011 0,0011 0,96 0,0024 0,0013 0,0002
0,002 +0,0002 +0,05 +0,0002 +0,0002 +0,0001
NCIT-MC 0,0060 0,0014 0,100 0,0018 0,0013 0,0002
+0,0003 +0,0001 +0,005 +0,0001 +0,0001 +0,0001
Obpaszern 2:
HCIT-MC-JIA 0,0053 0,0008 0,15 0,0012 0,0005 0,0002
+0,0021 +0,0001 +0,01 +0,0001 +0,0001 +0,0001
UCII-MC 0,0040 0,0007 0,13 0,0013 0,0004 0,0002

+0,0006 +0,0001 +0,01 +0,0001 +0,0001 +0,0001

Kak BusHO n3 maHHBIX TaOus. 3 pe3ysibTaThl aHAIH3a 00PA3IOB U3 HUKEJIEBOTO CILIaBa
C TIOMOIIBIO JBYX METOJIOB JIJIsl OOJIBIIIEH YacTH 3JIEMEHTOB TOJHOCTBIO COBIANAIOT. Takum
00pa3oM, METO/I MacC-CIIEKTPOMETPHUH C Ja3epHON a0sueil MOJTHOCTHIO IPUTOJCH ISl aHa-
J13a HUKEJICBBIX CILUIABOB.

3aki0ueHus
Ha ocHoBe npojenanHoii paboThl MOKHO CAENATH CIAEAYIOIINE BBIBOIBI:

— MMOKa3aHa BO3MOKHOCTh TOYHOTO OMpeeNieHus npumeceit anementos B, Si, P, Mn, Fe,
Cu, As, Se, Sn, Sb, Pb u Bi B HukeneBsix crutaBax metoom UCIT-MC ¢ nazepHoii absiimei;

— IPaBUJIBHOCTh METOAA TMOATBEPXKIEHA pe3yabTaTaMH aHalu3a CepTUPUIUPOBAHHBIX
CTaH/IAPTHBIX 00PA3II0B HUKEJICBBIX CIUIABOB U YMCTOTO HUKEIIS;

— pe3ynbTaThl aHanM3a oopas3ioB HUKeneBoro crasa Metogamu MCIT-MC u UCIT-MC-JIA
TSt OOJIBITIEH YacTH JIEMEHTOB TOJTHOCTHIO COBITAJIAIOT.
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