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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AKTyaJabHicTh TeMH. OCTaHHIM YacOoM CTPIMKO BiJHOBJIIOETHCS IHTEpPEC A0
psSIMUX TIepeTBOpIOBauiB eHeprii, y T.4. TepmoeMiciitnux (TEIIiB). Tpaguuiitai TEIIu
NpaIiolTh 32 EKCTPEeMaJbHO BHCOKHMX TEMIIeparyp Ta BakKyyMmMy, a iX KaToaH
BUTOTOBJISIIOTH 3 TYTOIUIABKUX IMEPEXIAHUX METaiB Ta iX CIUIaBiB. 3a CXOXKHUX YMOB
NpaliolTh W BHYTPIIIHI OOOJIOHKH TEPMOSIEPHUX PEAKTOPIB Ta BHUCOKOCTPYMOBI
BaKyyMHI [IPHJIaJH, B IKUX TaKOK BUKOPUCTOBYIOTHCSI BUILIEHA3BaH1 MaTepiainu. OHak
1 TyromaBkli MaTepiaiau 3a pobounx Temneparyp Omuspko 2000°C mounmHaIOTh
IHTEHCHMBHO BHUITAPOBYBATHCS Ta 3MIHIOBATHA CBOi MEXaHI4HI, XIMI4H1, TETIJIOB1, €MICIiHI
Ta ajacopOIiiiHi (0co0aMBO MO 11€3110) BiIacTUBOCTI. Ha 1mi mporecu BIJIMBaIOTh
npUIIBUAYEHA TU(]y3is JOMIIIOK Ta 1HIN AedEKTH KPUCTATIUYHOI OylI0BH, SIK 1 cama U
OynoBa, 3MiHA (a30BOr0 1 XIMIYHOTO CKJaAiB Ta Mop(osorii MOBEpXHi, THCK 1
TeMIIepaTypa 3aJUIITKOBOI aTMOc(epr (BKIIOYHO 3 MapamMu CyOIiMOBaHOI PEUOBUHHM).
ToMy akTyaJbHUMMU € JTOCTIIKEHHS BIUIMBY XIMIYHOTO CKJIay, KpUCTAII4HOI OyAO0BH,
il anizoTpormii Ta nePEeKTHOCTI, PO3MOALTY 1 KUTHKOCTI JOMIIIOK Ha CyOmiMariiiiui,
a7ICOpOIIiiHI Ta eMICiiiHI BIACTUBOCTI TYTOTUIABKHUX MEPEX1THUX METAJIIB Ta iX CIUIaBiB
B 3aJICKHOCTI BiJ] mapaMeTpiB MOMEPEIHbOI BHUCOKOTEMIIepaTypHOi 00poOku. JlaHa
po0oTa MPHUCBSIYECHA TEPEBAKHO TOCIHIHKCHHIO 3aKOHOMIPHOCTEW BUITapOBYBAHHSI
PEYOBMHM MATPUILI Ta JIETYIOUUX JOMILIOK.

He3Baxarouu Ha BEIMKY KUIBKICTh pOOIT 3 BUMIPIOBAHHS THCKY MapH 1 TEIIOTH
BUIIAPOBYBAaHHS XIMIUYHUX €JEMEHTIB, PE3yJbTaTH [UIsl TYTOIUIABKUX MEPeXiTHUX
METaJiB 10 BUKOHAHHS JaHOi poOoTH Oyiiy HEHAIIMHUMU, a JIJIs PSAy METalliB B3arail
Oymnu BizncyTHi. KpiMm TOro, 3HaHHS TeMIEpaTyp Ta TEIJIOT CyOIiMallii HiYoro He MOXKe
CKa3aTU PO MEXaHI3MH CaMoOro ILbOTO MPOUECY, JUIsl PO3YMIHHS SIKUX HEOOX1THO
JOCIIKYBaTH MOro KiHeTuKy. [IpmumHOIO HEHaIIMHOCTI TMOMEpeAHIX AaHuX Oya
CKJIQJIHICTh TIpOIIECiB cyOimMalii TBepAUX TuUT (BapTO 3a3HAUMUTH, IO ¥ J0OCI HE
noOyJOBaHO €IMHOI Teopli TEPMIYHOI CTAaOUIBHOCTI TBEPJAOro  Tida), WIO
MEPEIIKO/KATIO PO3YMIHHIO BaXKJIMBOCTI HAJABHUCOKOTO BaKyyMy Ta IMOIEPEIHIX
TepMIYHUX 0OpPOOOK 3pa3KiB JIJIsi TAKMX €KCIIEpUMEHTIB. B nmaHiit po6oTi Brepiie 0yio
3a0e3ne4eHo HeoOXI1HI YMOBHM EKCIEPUMEHTY Ta HaJIAHICTh 1 KOMILJIEKCHICTD
pe3yJbTaTiB MO CcyoOaiManii TYrorjiaBKMX TMEpeXiIHUX MeTaliB Ta iX CIUIaBiB,
OJICp’)KaHUX TPU LUIECIPSIMOBAHOMY BUKIIFOUCHHI BIUIMBIB MAaKCUMAJIBHOI KUJIBKOCTI
dakTopiB, OJHOYACHA i KOTPUX YHEMOXJIMBIIOBaJIA JIOCTOBIPHE BU3HAYEHHS
BIJIMOBIJTHUX XapaKTEPUCTUK B OLJIBII paHHIX POOOTAX IHIIUX ABTOPIB, Ta B 3aJI€XKHOCTI
BiJl (haKTOPIB, BILUIUBY SIKMX MO30YTHCS HEMOKIIMBO.

OTxe, naHa aucepTaliiiHa poOOTa € BaXJIMBOI 3 KUIBKOX TOYOK 30py: MO-
nepiie, 3 MeTOAUYHOI TOUKH 30PY, OCKUIIbKU MPOMOHYE CIOCiO MOAO0IaHHs MpodieMu
0araTpox cIa00KOHTPOJIBOBAHUX YMOB BUCOKOTEMIEPATYPHUX €KCIIEPUMEHTIB, y T. U.
M0 BU3HAYEHHIO CyOIIMAI[IHHUX XapaKTEePUCTHUK, HUISIXOM 3a0e3MeYeHHs] HaJIBUCOKOTO
BaKyyMy Ta HM3KH MOTNEPEAHIX TEPMIYHUX 0OpOOOK 3pasKiB; MO-APYyTe, 3 TOUKU 30PYy
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¢pyHaamMeHTaNbHOI (PI3UKKM TBEPAOTO TiJIa, OCKUIBKH PO3KpHUBAaE (DI3UUHI MEXaHI3MU
BIUIMBY XapaKTEPUCTUK 3pa3ka (XIMIYHOTO CKJIaay, KOHIEHTpalii Ta mapaMmerpiB
nudy3ii JOMIIIOK, aHI30TPOMIi KPUCTAIIYHOI TPATKU, MOHO- Ta TMOJIKPHUCTAIIYHOCTI)
Ta YMOB EKCIIEpUMEHTY (MOro reoMeTpii, THCKY 1 TeMmmepaTypu) Ha cyOiiMariiHi
BJIACTUBOCTI TYIOIUIABKMX IEPEXiTHUX METaldlB Ta iX CIUIaBiB; TIO-TPETE, 3
NPUKJIAAHOI TOYKH 30py, OCKUIBKM BIIEpIIE€ HAJIIHO BCTAHOBIIOE KUIBKICHI
XapaKTePUCTUKU BUMIAPOBYBAHHS JOCIIKYBAHUX TYTOIJIABKUX METAJIIB Ta iX CILIABIB,
10 YMOXJIMBIIIOE MPOTHO3YBAaHHSA TPHUBAJIOCTI IX €KCIUTyaTaulii B EKCTpeMaJbHHX
YMOBaxX BHCOKHMX TEMIIEpaTyp 1 BakyyMy B MpUJIaJax Cy4acHOI EHEpPreTUKU Ta
BHCOKOCTPYMOBOI BaKyyMHO1 TE€XHIKH, 30KkpeMa B sikocTi katoAiB TEIIiB Ta 3axucHuX
000JIOHOK TEPMOSIZICPHUX PEAKTOPIB.

3B’5130K po00TH 3 HAYKOBHMH NPOrpaMaMu, TEMaMH

Pob6ora BukonyBanace B IHctutyTi Metanodizuku im. I'. B. KymiomoBa HAH
YkpaiHu B paMKax HAcCTYIHHX HAyKOBO-AOCHIIHHUX poOIT 3a TeMamu: «Pa3paboTka
croco6a TEpMOIMUCCHOHHOTO MpeoOpa30BaHusl TEILIOBOW SHEPTUU B JIEKTPHUUECKYIO»
B pamkax npobiemu «lIpsimoe npeobpazoBaHue TEMIOBOM SHEPTUHU B IIEKTPUUECKYIO»
(xkomruiekcHuM npoekt), 1981-1990 p.; «bynoBa, QyHKIIOHAIBHI BJIACTUBOCTI
HEPIBHOBAXXHUX CHUCTEM Ha OCHOBI MEpeXiAHUX MeTaliB» (HOMep JAepxpeecTparlii
0107U002370), 20072011 p.; «Po3poOka HAHOCTPYKTYPHUX MaTepialliB 3 BUCOKUMU
eMICIHHUMHM  XapaKTepUCTUKAMHU JJid [EepEeTBOPIOBAYIB  COHSYHOI €Heprii B
enektpuuny» (poekt YHTL] Ne 4133, nomep nepsxpeectparii 0107U003265), 2007—
2009 p.; «EnexTpoHHI BIaCTHBOCTI MaTepialliB 3 BYIJICIIEBUMU HAHOCTPYKTYpaMu 1
MeTajgeBUMHU KiacTepammu» (Homep aepxkpeectpamii 0105U006436), 2008-2013 p.,
«MertanieBi Ta METAJOBMICHI IUTIBKM, ITOBEPXHEBI YTBOPEHHS Ta TIOKPUTTS B
HAHOCTPYKTYPHOMY CTaHi: CTPYKTypa Ta BIJIACTUBOCTI» (HOMEp JepiKpeecTparlii
0110U006448), 2010-2014 p.; «EwmiciiiHi BIaCTUBOCTI MeETaJeBUX KaTOAIB 3
BYTJICEBUMH HAHOCTPYKTYpaMU Ha TOBEPXHI Ui [EPETBOPIOBAYIB EHEPTii»
(mpuknagHa komruiekcHa Tema), 2016-2018 p.; «KBanToBa mpupoga MexaHi3MiB
YTBOPEHHSI Ta IIarHOCTUKA BJIACTUBOCTEH HAaHOMACIITAOHUX CTPYKTYp 1 IPUCTPOIB HA
ix ocHOB1», (Homep aepxpeectpauii 0118U007087), 2018-2019 p.; «Enekrponna
Oy/ioBa  METaJI-BYIJICIIEBUX HAHOCTPYKTYp 1 ONTUMI3allisl iX  EJIEKTPOHHUX
BJIACTUBOCTEH [IJI1 BUKOPUCTAHHS B TIEPETBOPIOBaYaxX COHSYHOI eHeprii» (Homep
nepxpeectparii 0118U000416), 20182022 p.

Merta i 3aBJaHHS TOCTiIKEeHHS

MeTtor0 naHOi poOOTH € BCTAaHOBJEHHS 3aKOHOMIPHOCTEH BIUIMBY JOMIIIOK
BTiieHHs (N, H, O ta C), xiMiyHOTO CKJIady, KPUCTAIIYHOI CTPYKTYpH, 11 aHI130TPOIIii
Ta AedeKTiB Ha XapaKTEPUCTHUKWA BUIAPOBYBAHHS PSAYy TYTOTUIABKUX TMEPEX1THUX
METaJiB Ta iX CIUJIaBIB, 10 BUKOPUCTOBYIOTHCS MPU CTBOPEHHI BUCOKOTEMIIEPATYPHUX
BY3JIIB /ISl TPWJIAIB Cy4acHOI EHEPTEeTHKH Ta BHCOKOCTPYMOBOI BaKYyMHOI TEXHIKH.
J{nst qocsirHEHHS 1i€1 MeTH OYJIv MOCTaBJICH1 HACTYIHI HayKOB1 3aBAaHHS:
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- PO3pOOMTH METOAW Ta CTBOPUTH OpWUTIHAIBLHE YCTAaTKyBaHHS IS KOHTPOJIIO
3aJIMIIKOBMX Ta3iB 33 YMOB HaJBUCOKOTO BakyyMmy (1o 10" Topp) Ta mocmiguTy Brms
Bucokux Temreparyp (10 3200°C) 1 AOMIIIOK BTUICHHS Ha MIBUAKOCTI BUIIAPOBYBAHHS
nepexigHUX MEeTajiB Ta iX CILIaBiB;

- JocmiauTd mpouecd audys3ii  JOMIIMIOK BTUIGHHS Ta 3aMilleHHS IIiJI 4ac
BHUCOKOTEMIIEpATYpHUX TEPMIYHUX OOpPOOOK Ta BIIMB OCTaHHIX Ha CyOJiMaliiHi
BJIACTHBOCTI MEPEXIAHUX METAIIB;

- JIOCIIUTH 3aJeKHOCTI CYONIMAIlIHHUX BJIACTUBOCTECH TYTOTUIABKUX METAJIB BiJl
XIMIYHOTO CKJIay, KpUCTaIiuHO1 Oy/I0BH, 11 aH130TPOIIii Ta CTYIEHs Ae(PEKTHOCTI.

O0’exkT AOCHiIKEHHsI: MaTeplaiu Il BUCOKOTEMIIEPATYPHUX TPUJIAJIIB
Cy4yacHOI EHEpPreTUKH Ta BHCOKOCTPYMOBOI BaKyyMHOI TEXHIKH, y T. Y. I
TEPMOEMICIHHUX MTePETBOPIOBAYIB CHEPTIi.

IIpenmer pocigxenHs: cyOaiMaliiHi BIACTUBOCTI TYTOIUIABKUX MEPEX1THUX
METaJIiB Ta iX CIIJIaBiB 32 BUCOKUX TEMIIEpaTyp Ta BaKyyMmy.

Metoau nociigkennsi: nudepenmiitaunii meros Jlenrmiopa (BUmapoByBaHHS 3
BIJIKDUTOI TIOBEPXHI); MIKpPOTpaBIMETPHUYHA METOAMKA; Mac-CIIEKTPOMETPHYHA
METO/IMKA; PEHTT€HOCTPYKTYPHUN METO/I; METO MO3UTPOHHOT CLIEKTPOCKOTMII.

HaykoBa HOBHM3HA OJIep:KAHHUX Pe3yJabTAaTiB, III0 BUHOCSATHCS HA 3aXUCT:

1.  Bnepure 3anponoHOBaHO METOAMKY OJICpKaHHS HAMIMHUX €KCIEPHUMEHTAIBHHIX
JIAHUX I110JI0 MapaMeTpiB CyOsIiMallii TYroIIaBKUX NepexiHUX METaJliB Ta iX CIUIABIB,
BUTOTOBJICHO BIJIMOBITHE BUCOKOTEMIIEpAaTypHE BaKyyMHE 00JIaJHAaHHS Ta BU3HAYEHO
EKCIIEPUMEHTAIbHI YMOBHM, HEOOXITHI JJIS OTPUMAHHS TaKUX JaHUX. 3a JIaHOIO
METOJIMKOI0 OTPUMAHO JIOCTOBIPHI JaH1 MIOJI0 MapaMeTpiB cyOiMaIlii nepexiTHux, y
T.4. TyromiaBskux, metaiaiB W, Mo, Re, Ir, Os, Pt, Fe Ta ix cruiaBiB, uis I€AKUX 3 HUX
BIIEpIIIC.

2. BcranoBneHo, 1m0 HalOIBIN CYTTEBUIM BIUIMB Ha MapaMeTpu CyOJiMalilii MOHO-
Ta MOJIIKPUCTATIYHUX MEPEX1THUX METalIB CIPUUUHSAIOTH AoMimky BruteHHS (N, H, O
Ta ocobmuBo C), siki HaBiTh 3a Mammux koHueHtpamuii (10°—107 mac.%) MOXKyTh Ha
JECSATKU BIJCOTKIB 3MIHIOBAaTH 3HAYEHHS €HEprii cyOniMalii, a 3Ha4eHHS HIBUAKOCTI
BUITAPOBYBAHHS — HA TOPSJIOK BEIMYUHU. {11 TOCIHIKEHUX KPUCTAIIB TYTOIIABKUX
METaJliB, IO MICTATh JIOMIIIKH, BEJIUYMHY MI>KQTOMHOTO 3B'SA3KY OUIbII TOYHO
XapakTepu3ye HE TEIJIoTa, a YyTJIMBAa JO0 MEXaHi3MIB BHUMNApOBYBAaHHS IIBUIKICTbH
cyOsimarrii.

3. [Toka3aHo, 1110 OCHOBHMM BIUIMB Ha CyOJIMAIliliHI BJACTUBOCTI JOCIIPKEHUX B
poOOTI KpHUCTaTIB TYrOIJIABKUX METAJIB YMHATH JOMILIKU BYTJEI0. BeraHoBieHo, 1110
yepe3 CyTTEBY 3a0pYyOHEHICTh MOJIKPUCTATIYHOTO  MOJIOAEHY, [JIi  HBOTO
CIOCTEpIraloTbcsl  3HAYHO  BUII  IIBMUAKOCTI ~ BUIIAPOBYBaHHS, HDK  JJIs
MOHOKPHUCTAIIYHUX 3pa3KiB. ¥ TOM e 4ac, CYTTEBOI PI3HUII B BEIMYWHAX TEIJIOTH
cyOmiManii He crioctepiraerbesi. BusiBneHo HasgBHICTH KpUCTaIOrpadiyHOi aH130TpOIIi
cyOniMaliifHUX BJIACTUBOCTENW OCHOBHUX T'pPaHEl MOHOKPHUCTANIB PEHIIO, SIKA 3pOCTAE 3
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MIBUIICHHAM TEMIIEpAaTypu Ta 301IbIIEHHSM KOHUEHTpalli gomimok. [lokazaHo, 1m0
IIBUKICTh BUIMIAPOBYBAHHS IPUAII0 MICISI 3HEBYTJICIIOBAHHS 3POCTA€ MPUOIU3HO B 2
pasu, Ipy IbOMY BEJIMYMHA TEMJIOTH BUIAPOBYBAHHS 3AJIMIIMIACS TAKOKO XK, K 1 JUIS
BUXIJIHOTO CTaHy. AHQJIOT1YHI Pe3yabTaTH OJCPKAHO JIJII OCMIIO.

4. Bnepmie  BUSABIEHO 3HAYHY  aHI3OTPOIIO  €JIEKTPOHHOI  KOH(Irypaiii
aomimkoBux aromiB Byriemo B OLK-rpatmi W, ska 0OyMOBIIOE aHI30TPOMIIO
noBepxHi depMi B HampsiMax, 110 € €KBIBaJCHTHUMU y HECIIOTBOPEHOMY KPHUCTAJIL.
AHI30TpOIIIA €EKTPOHHUX BIACTHUBOCTEH, KPUCTaIIYHOI OyJOBH Ta aHI30TPOIHICTH
KPUCTAJIIB BIJHOCHO BICI POCTY OOYMOBIIOIOTH BCTaHOBJEHI B poOOTI edeKTu
aH130TpoIi CcyOmiMaIiiHUX Ta afCcOpOILIMHUX BJIACTHUBOCTEH KpHUCTadiB. Yci
CIIOCTEpEKyBaH1 B poOOTI €(heKTH aHI130TPOIIIi 3pOCTar0OTh 31 30UIbIIeHHSM BMicTy C.

5. BCTaHOBIICHO KOHKYPEHTHHH BILUIMB poMimok Re (0,1-4.2 at.%) i C (1,5-10"—
4,6-107 ar.%) Ha cy6niMaiiiHi BIaCTHBOCTI MOHOKPHCTANIB BOJb(PaMy. 3pOCTaHHS
KOHIICHTpAIlli PEeHI0 NPU3BOAWTH JO 3OUTBIIECHHS MIBUIKOCTI BHUIAPOBYBAaHHS
Marepiaiy, a 3pOCTaHHs KITbKOCTI PO3YMHEHOTO BYTJICIFO — JO il 3MEHIIICHHS.

6. BcranoBneno, mo pizHa cTpykTypa MoHOkpucrary W—4,2% Re B Hampsmax
B3/I0BK (BOJIOKHHCTA CTPYKTypa) 1 BHOMepeKk (KoMipuacTa CTPYKTypa) OCi pOCTYy
NPU3BOAUTL JO PI3HOTO po3noaiany jaoMimkd C 1o o00’eMy pI3HUM YUHOM
OpIEHTOBAaHUX KpHUCTaJiB, Ta O aHI30Tpomii mMmapaMmeTpiB cyOmimarii s
exBiBaseHTHUX rpa”eil {001} Takux 3pa3KiB.

7. 3anponoHOBaHO OPUTIHAIBHY METOAMKY OJHOYACHOI'O BU3HAUEHHS AUQPY31iHOT
PYXJIMBOCTI 1 UIBUAKOCTEH BHIIAPOBYBAaHHS JIETYIOUMX €JEMEHTIB CIUIaBiB 0e3
BHKOPHUCTAaHHS Paaioi30TONiB. EKcIepuMEHTaIbHO ITiATBEPKCHO BIIMIHHICTD BiJ
TayCoOBOTO PO3MOJUTY KOHIICHTpAIli MOMIIIKK TMicis AudY31iMHOTO Bianady Imapy
3ajli3a Ha MJIATUHOBIM OCHOBI, SIka OOYMOBJIEHa BHMApOBYBAaHHSM MEHII 3B’SI3aHOTO
KoMmnoHeHTa criaBy Pt—Fe Ta panimie He BpaxoByBasacs.

IIpakTHyHa 3HAYYIIiCTH pe3yabTaTiB podoTH. Briepiie HaaiiHO BU3HAYEHO
KUIBbKICHI XapaKTePUCTHKU Ta BCTAHOBJIEHO OCHOBHI 3aKOHOMIPHOCTI CcyOmimarii psry
TYTOIUIaBKUX TMEPeXiTHUX METaliB Ta iX CIJIaBiB, a TaKOX 3alPOMOHOBAHO PEKUMHU
NonepeAHHOro 00pOOICHHS BIAMOBIIHUX 3pa3KiB, 10 YMOXKIIUBIIOE IPOTHO3YBaHHS Ta
MOJOBXKEHHS ~ TepMIHY  €KCIUTyaTalli MpujiafiB  Cy4acHOI  €HEpreTUKU  Ta
BUCOKOCTPYMOBOI BaKyyMHOi TEXHIKM B YyMOBax BHCOKHUX TeMmIiiepaTyp. Y pasi
BUKOPHUCTAHHS JOCJIDKYBaHUX MatepiamiB B skocTi katonaiB TEIIiB BinkpuBaeThbcs
MOXJIMBICTh YTHJII3aIlli TEIJIOBOI €HEprii BHUCOKOTEMIIEpATYpPHUX CTaiil 3rOpsHHS
nanuBa, IO CIHpUs€ MIABUILIEHHIO €(QEeKTUBHOCTI TeHepalii Ta 3a0e3neueHHI0
MO>KJIMBOCTI KOT€Hepallii eHeprii, 3SMEHIICHHIO MOTPeOH y BUKOMTHUX BHJIaX MaJlMBa Ta
piBHSL TEIJIOBOTO 3a0pydHEHHS HaBKOJHMIIHBOrO cepenoBumia. [Ipu 3acrocyBanHi
TYTrOIUIaBKUX MaTepialiB Il CTBOPEHHS BHYTPIIIHIX OOOJIOHOK TEPMOSICPHUX
peakTopiB ojiepkaHa 1H(OpMaIisS MO0 iX TEIMJIOBOI CTIMKOCTI TaKOX CIIPHUsIE
MIJBUIICHHIO HAJIIAHOCTI pPEaKTOpiB Ta 3MEHIICHHI0 PHU3UKIB  pajialiitHOTo
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3a0pyTHEHHS.

OcoOucTunii BHecok 3100yBaua. J[ocniPKeHHs, pe3yJbTaTh Ta BUCHOBKH, IO
MpEJCTaBIICH] B AUCEPTAIlli Ta BUHOCSATHCS HAa 3aXUCT, BUKOHAHI Ta ChOpMYJIbOBaH1
ocobucto aBTopoM. Jlo HUX HaJeKaTh aHANI3 JITEPaTypH, BUPIIIECHHS MOCTABICHHUX
3a/lady 31 CTBOPEHHS METOAMKM Ta YCTAaTKyBaHHS JUIsl HAJBHUCOKOBAaKYyMHHUX Ta
BHCOKOTEMITEPATYPHUX JIOCHIJKEHb, TMPOBEJCHHS BIAMOBITHUX EKCIEPUMEHTIB Ta
o0poOka ix pe3ynbTaTiB, y4acTh B IHTEPIpPETAIlii OJICpKAHUX PE3yJIbTATIB, HAIMUCAHHI,
oopMIIEHHI Ta TMIATOTOBII 1O APYKY CTaTed 1 T€3 JNOMOBIACH, B SIKUX BHUCBITICHO
OCHOBHI pe3yJIbTaTH JUCEPTALIHHOI pOOOTH.

Anpobanisa  pesyabratiB aucepramii. OcHOBHI  pe3yiapTaTd  poOOTH
JIOTIOBIJIAJTMCh 1 0OTOBOPIOBAIMCH HAa 0araThb0X HaYKOBUX KOH(DEPEHIISAX, cepell IKUX:
Bcecoro3nas kondepenmus «IloBepxnocts—89», UepHoronoska, 4-6 utois, 1989; XIX
Bcecoro3nast koHdepeHIuss MO 3MHUCCUOHHOW AJEKTpoHHKe, Jlenunrpaa, 29-91
sauBaps, 1991; 2-1 otpacneBas koHpepeHIUs «SlgepHas sHEpreTMKka B KOCMOCE.
®u3rka TEPMOAIMHUCCHOHHBIX IMpeoOpaszoBareneid 3Heprum», Cyxymu, 28 OKTAOps-2
HOs10ps1, 1991; Sth International Conference on Electron Spectroscopy. Kiev, 25 July-1
August, 1993; Conference on Lasers and Electro-Optics/Europe. Hamburg, Germany,
8-13 September, 1996; MexayHnapoanas KOHQepeHIHsT « IMUCCUOHHAS AJIEKTPOHUKA.
HoBele Metompl um TexHojorum», TamkeHt, Y30ekucran, 4-6 Hos0ps, 1997;
Kondepenmis CydacHi npobnemu (hi3uku MeTamiB 1 MeTaliuHux cucteMm, Kuis, 25-27
TtpaBHs, 2016; Mixnapogna «koHpepeHiss «®DyHKIIOHATBHI Martepianu i
iHHOBaIlHO1 eHepreTuku. ®MIE-2019», Kuis, 13-15 tpasns, 2020.

Ctpykrypa Ta 00’°eM podorm. [luceprallisi CKJIaJaeThCsl 3 aHOTAIlli, BCTYyMY,
OTJISIOBOTO PO3JALTY, YOTUPHOX OPHUTIHAIBHUX PO3JAUIB 1 3arajlbHUX BHUCHOBKIB.
Po6orta BukiageHa Ha 166 cTtopiHkax 1 MICTUTH 26 TaOnuIb, 39 PUCYHKIB, a TaKOX
IepesiK MOCHIIaHb, 1o Hajiuye 161 HaykoBY poOOTYy.

OCHOBHMUM 3MICT JUCEPTAIIII

VY Beryni 00rpyHTOBAaHO aKTyallbHICTh TEMU AMcepTalii, chOpMyIbOBAHO METY
1 OCHOBHI HayKOBI 3aBJaHHS JOCIHIJDKEHHS, OO0’€KT 1 MpeaMeT JOCIiKCHHS,
BUCBITJICHO 3B’S130K pOOOTH 3 HAYKOBMMHM IpOorpaMaMH, IOKa3aHO HAyKOBY HOBU3HY
OJIep’)KaHUX PE3yJIbTaTiB Ta iX MPaKTUYHE 3HAYCHHsS OMHCAHO CTPYKTYpy Ta 00csr
aucepTarii.

Po3nin 1 npucBsiueHO OTJISAAY TEOPETHUHUX 1 EKCIIEPUMEHTAIBHUX POOIT II0A0
Cy4acHOTO CTaHy MWUTaHHS MO BHUIAPOBYBAHHIO PIAKUX 1 TBEPAMX T, PO3TIISIHYTO
MOJIeJIl Ta MEXaHI3MHU BUIIAPOBYBaHHS, OCOOJUBOCTI KIHETUKU (Pa30BUX NMEPETBOPEHD
KOH/IEHCAaT—T1ap; ONKCAHO HAWOUIbII YXXMBAaHI METOJUKU. 3 IPOBEIAEHOIO B IOMY
PO3IIUII aHAMI3y CTaHy JOCTIIKEHb CyOiMaliii mepexigHuX MeTajliB BUILIMBAE, IO,
HE3BAKAIOYU Ha 3HAYHE YHCIIO POOIT, MPUCBIYEHUX €KCIEPUMEHTAIBHOMY BUBUYEHHIO
napaMeTpiB cyOmimarii mepexilHMX MeTajiB 1 BIUIMBY Ha HHUX pI3HUX (PaKTOpiB

5



(cepemoBuIie, YMCTOTA 00'EKTIB 1 T. I1.) JUIsl OLTBIIIOCTI TYTOIJIABKUX METANIB JI0 JAHOI
podotn He Oylo HaAIMHUX EKCIEPUMEHTAIBbHUX JIaHUX 1O [apameTpax
BUMapOBYBaHHs. PO301KHICTh pe3yJIbTaTIB CJIiJI MOB'I3yBaTH, HacaMIepes, 3 PI3HUIICIO
YMOB €KCIEPUMEHTIB 1 YHCTOTOIO JOCIIKYBaHUX 00'ekTiB. IlepeBakHy OUIBIIICTH
CTOPOHHIX JOCJIDKeHb CYyOJIMalliiiHUX BJIACTUBOCTEH TNEpeXigHUX MeTaliB OyJjo
MPOBEJICHO B MPUCTPOSX 1 YCTAHOBKAX, BIAKAYKa SIKUX 3/1HCHIOBAJIACS 32 JIOIIOMOTOIO
MapoMAaciIIHUX HACOCIB i THCK 3alMIIKOBHX Ta3iB 3a3Buuail csaras 5-10™ ITa. Taxi
YMOBH, SIK BHIUTUBAE 3 peE3yJIbTaTiB pPOOIT 3 BHUBYCHHS BIUIUBY CEpElIOBUIIIA,
MPU3BOJASATH J0 BUHUKHEHHS TPAHCIOPTHUX pEakiiid 1 yTBOPEHHS PI3HUX CIOJIYK Ha
NOBEPXHI MEpPEeXiJHUX METaliB, 110 HEKOHTPOJbOBAHUM YHMHOM I103HAYAETHCA Ha
mporiect ix cyomimartii.

Y Po3mini 2 po3mISIHYTO NPUHIMIK  poOOTH  HAJABUCOKOBAKYYyMHOT
BHUCOKOTEMIIEPATYpPHOi YCTAHOBKH 3 O€3MaCIISTHOIO CUCTEMOIO BiJIKAYKH, 1110 JI03BOJISIE
OTPUMYBATH BIATBOPIOBAH1 1 HAAIMHO KOHTPOJIbOBAaHI YMOBH €KCIEPHUMEHTIB, HAJaHO
OOIpyHTYBaHHS BHUOOpYy MeTOoly 1 YMOB eKkcnepuMeHTy. KoHTpoib yMOB
eKCIIEPUMEHTIB Tepe10auaB BUMIPIOBAHHS SIK 3araJIbHOTO THCKY, TaK 1 CIIEKTPAIbHOTO
CKJIaly 3aJIMIIKOBUX Ta3iB. BumiproBaHHS BakyyMmy, TeMmIepaTypu 1 aHaji3
3aJTUIIKOBHX Ta3iB MPOBOIMINCS 32 IOTIOMOTOIO CTaHJIAPTHOI amapaTypu. OTpuMaHHs
HAJIBUCOKOTO BaKyyMmMy, HarpiB JIOCHI[DKYBaHUX O0O0'€eKTIB 1 crabum3amis ix
TEMIIepaTypy, 3HEBYIVICLHIOBAHHA  3pa3KiB  3/1MCHIOBAIMCA 32  JOIOMOIOIO
OpUTIHAJLHUX MPUCTPOIB, PO3POOJIEHUX 1 BUTOTOBICHUX CIICIIAIIBHO TSI TAHUX ITIJICH.
CTBOpEHO Ha/IBUCOKOBAKYYMHY YCTaHOBKY, BIZIMIHHOIO OCOOJIUBICTIO SIKOT € HAsIBHICTh
MOBHICTIO 0€3MaciisiHOT CUCTEMHU BIJKayyBaHHS, IO Ja€ MOXJIMBICTH OTPUMYBAaTH B
BUMIPIOBAJIBHINA KaMepl 3aJUIIKOBY atMoc(depy, BUIbHY BiJ BYTJI€BOJHEBUX CIIONYK.
CTBOpEHHS TakOro KOMIUJICKCY amapaTypy TO3BOJHIO PO3pOOMTH HA OCHOBI METOMY
BUIAPOBYBAaHHSA 3 BIJKPUTOI TOBEPXHI METOJUMKH BHMBYEHHS CyOJIMalliiiHuX
BJIACTMBOCTEH TYTOIJIABKUX METANliB, & caMe: MIKpOTpaBIMETPUYHY METOJIUKY IS
OTPMMAaHHS KIJTBKICHHX IapaMeTpiB Ipoliecy cyOiiMailii Ta Mac-CIeKTPOMETPUUHY
METOJIMKY JJif SKICHOro aHami3y. Jlig BHBUEHHS BIUIMBY BYIVIELIO Ha
BUITAPOBYBAHICTb  MeETaliB Oyjla po3poOJieHa METOJMKA  3HEBYIJICIFOBAHHS
JOCIIKYBaHUX 00'€KTIB B aTMOC(ep1 KHCHIO.

VY naniii pobOTI peai3oBaHO OAWH 3 PI3HOBUIIB IU(EPEHINIATLHOTO METOMY
JlearMiopa — MeTOJ BH3HAUCHHS TUCKY IMapyW 3a MIBUAKICTIO i1 BUTIKAHHS 4epe3
niadparmy. L mBUAKICTH BU3HAYAETHCA MAacOI0 PEUOBMHU Am, 1110 KOHJACHCYETHCS Ha
MIIIICH], Ta YaCOM BUMIapOBYyBaHHS f. Po3paxyHKu TUCKY Benrcs 3a (HOpMYII010

p = j Am |2mRT

A
St M

(1

e Am — maca pedyoBUHH, IO KOHACHCYETHCA Ha MIILIEHI; / — Yac BUIAPOBYBaHHS; S —
ionia 3paska epexkTuBHOro aiamerpa; M — MonekynsapHa maca napu; 7 — abCoNoTHA
temmneparypa; R — razoBa cranma. KoedilieHT £k 3anexuTh B B3a€EMHOTO
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po3TamntyBaHHS 3paska, miagparmMu W MimeHi. BiH BuU3HaYa€ HACKIIBKH 3arajbHa
KUIbKICTb PEYOBHMHH, SIKA BHIIAPOBYETHCS, OlIblIa 3a KUIBKICTb PEYOBHHH,
CKOHJIEHCOBAHOI Ha MIIIIEH].

Jnst  JgochmipKeHHST — aTOMHOI  CTPYKTYpM — MOHOKpHUCTaliB — BoJib(ppamy
BUKOPUCTOBYBABCSI PEHTICHOCTPYKTYpHUU MeToA. JlJisi BHUBYEHHS €JIEKTPOHHUX
BJIACTMBOCTEH KPHUCTAJiB BUKOPUCTOBYBABCS METO]I O3UTPOHHOI CIIEKTPOCKOITI].

Y Po3nimi 3 npeactaBieHO pe3yibTaTH JOCHIDKEHHS BIUTUBY JIOMIIIOK
BTIJICHHS] Ha cyOJiMalliiiHli BIacTMBOCTI MONIOJEHY, peHiio, ipuairo Ta ocwmito. s
BUBUEHHS BIUIMBY JIOMIIIOK Ha I[apamMeTpyd BHUMIApOBYBaHHS MoiOAeHy OyIio
MPOBEJICHO JTOCTIIPKEHHSI BUITAPOBYBAHOCTI MOHOKPUCTAIIB MOJIOJAEHY B yMOBax
HAJIBUCOKOTO BakyyMy. Buxin Ha cTaOUIbHI 3HAYEHHS MPY>KHOCTI Mapu MOJIOJEeHY
nicins Bianany 3a remneparypu 2400°C BigOyBaBcs npotsiroM 1 roa (puc.l). 3a OuibI
HU3BKMX TEMIIEpaTyp BiANally 4Yac BHUXOJAYy Ha CTaOUIbHI 3HAYEHHS TUCKY 3HAYHO
30uThITyBaBCsA. JlocmipKkeHHs moka3anu, Mo Bianan 3a temmeparyp Omauspko 2100—
2300°C mpoTsroM KiTbKOX TOJAWH HE TIPU3BOAUB 10 €PEKTUBHOTO OYHIICHHS 3pPa3KiB,
TOMY OTPUMaH1 IIBUAKOCTI BUIAPOBYBaHHS OYJIM ICTOTHO BUIIll, HI’)K HaBEJI€H1 Ha pHC.
1. Tuck mapu MomiOJeHy JUisi MOHOKPHCTAJIIYHUX 3pa3KiB /0 1 Micis BiANaidy Mpu
2400°C npotarom ojaHi€l roguHu BuMiptoBanu B iHTepBaii 2020-2400°C. Pe3ynbratu
BUMIPIOBaHb MPEJICTaBICHO Ha pUC. 2, HAa SIKOMY TaK0X HaBEIEHO ISl MOPIBHSHHS
MIBUKICTh BUIIAPOBYBAHHS MOJIKPUCTAIIYHOTO 3pa3ka, fka € HaiiBuuorwo. [lIBuakicte
BUIIAPOBYBaHHS TUM OUIbIlIA, YUM BHILE MPOXOIAUTH €KCIIEPUMEHTANIbHA 3aJI€KHICTh
InP Big 1/T.

Bakyymna cucrema 1 3acobu BiKadyBaHHS, BUKOPHUCTaHI B JlaHiii poOOTI,
JO3BOJIMJIM OTPUMATH Jyke 4uCTi ymoBU. CymMapHHMIl THUCK 3aJHMIIKOBUX Ta3iB
(puc. 3, @) BU3Ha4aBCs, B OCHOBHOMY, BOJIHEM, apPTOHOM 1 HE3HAYHOIO KIJIBKICTIO — 28
mac.% (N;¥, CO"). I'a30BUAiNEHHS €NeKTPOHHOI TapMaT OyJI0 3BEJEHO 10 MiHIMyMy
[UIIXOM TPUBAJIOTO TPEHYBaHHA 1, K BHJAHO 3 pHUC. 3, O, CHEKTp ra3iB HE3HAYHO
BIJIPI3HSBCS BiJ MOYATKOBOTO. EjleMEHTH KpIMJIeHHS 3pa3ka BHAUBUIM HE3HAYHY
KUIBKICTb Ta3iB.

OO6poOsieHi METOJOM HaWMEHIIHUX KBaJpaTiB pe3yJIbTaTH BHUMIPIOBAaHb THUCKY
napy MoIiOJIeHY BUPaKaIOThCS PIBHSHHSM:

lgP = 9,41 — 2222 2)
TemoTa BUMApOBYBaHHS JJIsi JAHOTO iHTEpBAy TEMIEpaTyp CTaHOBUTH 146
KKaJj/(r-atom).

ExcriepuMeHTH 3 TOJIKPUCTAIIYHUM MOJIOIEHOM, OTPUMAHUM IUISIXOM
€JICKTPOHHOIIPOMEHEBO1 MEpeIIaBKu MOJI0AEHOBOTO MOPOLIKY BHCOKOI YHCTOTH Y
BakyyMi 5-10” Topp, MOKa3a1i 3HAYHO BHIIi KibKOCTi 3a0py/IHIOIOUNX IOMIIIOK Ta,
SIK HACJIIJIOK, BUII IIBHUKOCTI BUITAPOBYBAHHS, HDK Y MOHOKPUCTAJIIYHUX 3pa3KiB. Y
TOM e Yac, CYTTE€BOI PI3HUIII B BETUYMHAX TEIUIOTH CYOIiMallil HE CIIOCTEPIranocs.

B po0oTi Takox BHMBYaBCS BIUIMB JOMIIIOK Ha CyOJIMaIliiHI BJIACTUBOCTI
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MOHOKPHUCTANIB peHil0. BUKOpHCTOBYyBainMCS MOHOKPUCTANIM PEHII0, OTPHUMaHI
METOJOM O€3TUreIBbHOTO 30HHOTO IUIABJIEHHS Ha 3apoaky opieHtarii [0001] i3
3aCTOCYBaHHSAM XIMIYHUX Ta (DI3UYHUX METOJIB JJIA iX MOJAJBIIOTO OYHMIIEHHS Bij
JOMIIIOK. 3 MOHOKPHCTAJIIB JAlaMEeTPOM OJIM3bKO 8 MM €JIEeKTPOICKPOBUM CIIOCOOOM
BUPI3AIUCS IJIACKl 3pa3Ku 3 po3MmipaMu 8X8X2 MM, MOBEPXHI SKUX OyJIM MapayelibHi

kpuctanorpadigaum mionmmHam (0001) 1 (0 ITO).

I 4P \\
NG

7 o — N \<>
| ‘ 4 \ A\

S \ | \;&\
\

P -10°, Topp

W
e

3 N <o
© -6
J ZU [/0 t, XB 3,6 4,0 4,4 4,8 IU?,E
T
Puc. 1. 3anexHicTh THCKY Hapu Puc. 2. 3anexHicTb THCKY Tapu
MOIIOAEHY BiJ 4Yacy Biamamay 3a MOII0ACHY BiJ OOEpHEHO1 TeMIlepaTypH:
temneparypu 1’ = 2400°C. O — eKCIEpUMEHTAJIbHI JaHl Ui 3pa3ka
micna Biamany; A — s 3paska  6e3
MOTMEPETHHOTO  BiAmamy, O — s

MOJIIKPUCTAIIYHOTO 3pa3Ka.

KoHTponb 4MCTOTH MOHOKPHUCTANIB 3/1HCHIOBABCS BUMIPIOBAaHHSIM B1JIHOCHOTO
3aUIIKOBOTO  OMOPY  (Ryn=Raosi/Rank), @ KIIBKICHE BU3HAYEHHS  JIOMIIIOK
MPOBOJAWIIOCS MAaC-CIIEKTPOMETPUYHUM Ta XIMIYHUM MeToAamMu aHamizy (tabm. 1).
BuBuennst cyOmimariii npoBoauiocs B iHTepBam Temmeparyp 2330-3030°C. [ns
BUJIQJICHHS] Ta30BUX 1 JIETKOJIETKMX JOMIIIOK 3pa3Kd MOMNEPEHbO BIANATIOBAIN 32
temneparypu 3030°C npoTsAroM KiTbKOX FOJIUH.

[Ticns Biamamy 3a temmneparypu 6mm3pko 2700°C mpoTarom AEKUTBKOX TOJUH
3pa3Ky PI3HUX MOHOKPUCTAJIB PO3PI3HSIIKCS, TOJOBHUM UYHWHOM, BMICTOM JOMIIIKH
Byriemo. B po0OoTi Bmepiie onep)kaHO HaAliHI 3HAUYEHHS MapaMeTpiB CyOJiMarii
(IIBUIKOCTI Ta TEIJIOTH CyOJIiMaIlil) MOHOKPUCTAIIB PEHIIO B 3AJIEKHOCTI BiJl CTYIICHIO
ix wuwmcrotu. IlokazaHo, 10 OCHOBHUW BIUIMB Ha CyOJiMaIliiiHi BJIaCTHUBOCTI
MOHOKPHUCTAJIIB PEHII0 YHHATH CaMe JIOMIIIKHU BYTJICIIIO.

BusiBneno  HasgBHICTP  KpuCTamorpadgidHoi  aHI30Tpomii  cyOiimMariitHux
BJIACTMBOCTEH OCHOBHUX TIpaHell MOHOKpucTtamiB peHito (puc. 4). Tak, nns rpani
(0001) mBuakicTe cyOmiMariii 31 30UIBIIEHHAM KOHIIGHTpAIli JOMIIIOK 3HAYHO

30UTBIITY€EThCS, a JUIsl TpaHi (0110) HaBmaku, IeIIO smeHmyeThes. [IBuaKicTh
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cyomimanii penito 3 rpani (0110) Oimema, mik 3 Tpani (0001), 1 3 migBUIIEHHM
TeMrepaTypu I pI3HUIA 30UIbIIyeThCsA. lle MoOke CBIIUHUTH MpPO MEPEepO3NOJILT
JOMIIIIOK BYTJICHIO 32 BHUCOKHX TEMIIEpaTyp, B pe3yibTaTi SKOTO BiJ0YBa€ThCS
MTOCUJICHHS] MI>KaTOMHOI B3a€MOIi{ B TPaTIIi PEHIIO.

00 |- V20" a

5 |-
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dr EI Puc. 3. CnekTpu 3a1MILIKOBUX Tra3iB y
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Tabnumg 1. BMICT OCHOBHUX JOMIIIIOK B MOHOKpHCTajdax Re pi3HOT 4MCTOTH micis 2
roa Bignamy mipu 2700°C.

JloMIIIKyu 3aMilieHHs 1 BTiJIeHHS R..,=600 R..,=8000
Al 6-107 2:107
Mo 2-10™ <1-10™
Cu 3-107 1-10°
Si 5-107 5-107
Ta <5-10™ <5-10*
C ~1-107 <1-103
N, H, ~1-10* ~1-10"
0, ~107 ~107

B poboti Takoxx Oyjo TMpOBEAEHO TOCHIIKEHHS MOJIKPUCTATIYHOTO 1PHII0
qucTtoTu 99,78% 3 METOI OTpUMAaHHS HAIIMHUX EKCIIEPUMEHTAIBHUX JIaHUX IO HOTO
BUIApOBYBaHOCTI. OuMIlEHHS MOBEPXHI 3pa3Ka IPUIiI0 BiJ BYTJEIIO MOJATaio B
tpuBanomy (15 rogun) nporpiBanHi 3a Temrepatypu 1940°C B atmocdepi KuCHIO 3a
THCcKy ~2 107 Topp. ExcriepuMeHTanbHi AaHi, OTpUMAaHi y MOYaTKOBOMY CTaHi Ta mmiciis
3HEBYTJICIIFOBAHHS 3pa3KiB 1pUIit0 HABEICHO Ha puc. 5 1 6. MokHa MOMITUTH 3HAYHUHN
BIUIMB JIOMIIIIKK BYTJICIIO HA HIBUJKICTh BUITAPOBYBaHHS B aiamazoHi 1900-2300°C:
JIO 3HEBYTJICIFOBAHHS IIBU/IKICTh 3HAYHO MEHIIIA, HIXK TICJIs.

JInst BCTAHOBJEHHS HAIIMHUX EKCIEPUMEHTAJIbHUX JaHUX [0 MapameTpax
BUIIAPOBYBAHHS MOJIKPUCTAIIYHOTO OCMII0 BHUBYAIUCS 3pa3KH, OTPUMAaHI 3 MOPOIIKY
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yuctotd 99,8% mpecyBaHHSIM 1 HACTYNIHUM CHIKaHHSM Yy BakKyymi. 3Hau€HHs
MIBUKOCTEH BUIApOBYBaHHs oTpuMaHo B iHTepBaii 2330-2630°C i1 HaBeneHO Ha
puc. 7. He3Baxarouu Ha 3HaYHE M1JBUILIEHHS IBUIKOCTI BUMIAPOBYBAHHS OCMIIO MICIIS
3HEeByIJIeOBaHHsA (BiamasioM 3a Ttemmepatypu 1200°C mpotsirom 20 roauH B
atMocoepi xucuio (1,3-4) 10 Ila), BenuurHA TEIUIOTH BUIIAPOBYBAHHS 3aIAIIIIACS
TAaKOI0 X, SIK 1 Ay BUXIAHOTO cTaHy. Lle moke OyTu moOB'sI3aHO 31 3MEHIICHHSM
e(peKTUBHOT IUIOLI BHUIIAPOBYBAaHHS 3a PAXYyHOK OJOKYBaHHS BHUIApPOBYBaHHS
ByTrjeneM, ToOTO B MICHSAX 3HAXOJKEHHS Ha TMOBEPXHI BYIVIELIO BUIIAPOBYBAaHHS
3HAYHO MEHINE, HIK 3 Ti€l YaCTUHU MOBEPXHi, SKa BUIbHA BiJ BYTJCI0. BusBieHwmit
paHillie BIUIMB MaJIUX KUIBKOCTEH BYTJIEII0 Ha BUIAPOBYBaHHS BOJb(Ppamy 1 ipuaito
JTO3BOJISIE MPUITYCTUTH 1 aHAJIOTIYHUM BIUIMB B pasl OCMil0.

lgp .
& R321.=600 lgP R3a1.=8000
Ka \ ; @- (0001) S0 © - (0001)
4 - (0110) % (0110)
34 34f
-3.8 + —3,8 =
42 4.2 F
46 | 46|
-5,0 + \ 5,0k \
32 34 36 38 10%TK 32 34 36 38 q0YTK

a o
Puc. 4. BiiuB opieHTalli Ha TeMIEPATypHY 3aJI€KHICTh TUCKY Napyd MOHOKPHCTAJIIB
Re 3 R, = 600 (a) Ta 8000 (6) (mynktup — nani pobotu [AH. H. HecMmesiHoB,
JlaBneHnue napa xumuueckux snementoB, M.: U3n-so AH CCCP, 1961]).

Sx BHIIHO, MIBUJKICTh BUIIAPOBYBAHHS 1 THCK HACHYCHHX MapiB 3pociu B 1,5
pa3u B MOpPIBHSHHI 3 BUXIJHUM CTaHOM 3pa3KiB ocMmito. IIpoTe 3HauYeHHs TEIIOTH
cyOmimarrii B 000X BUIMAJKax MPaAKTUYHO 30ITJIMCS B MEXKaX MOXHUOKH €KCIICPUMEHTY.
VY mopiBHSHHI 3 IpUAIEM, OCMIA Mae 3HAYHO HWXKYI (Ha JBa TOPSJIKH) 3HAUYCHHS
IIBUKOCTEN BUIIAPOBYBAHHS.

Y Po3nini 4 HaBeneHO PE3yNbTaTH JOCIHIKEHHS BIUIMBY MallUX KiJTbKOCTEH
JOMIIIKHA BYTJICII0 Ha CyOJIiMalliliHI Ta €JEKTPOHHI BIACTHUBOCTI, @ TAKOXK Ha aTOMHY
CTPYKTYPY MOHOKPHCTaIIB  BoJb(pamy. 3  METOH OTpPUMaHHS  HaAINMHUX
EKCIIEpUMEHTAIILHUX JIAHKX T10 TTapaMeTpax BUIIAPOBYBaHHS BOJb(pamMy MPOBOIMINCS
JIOCIIIJIPKEHHSI B YMOBaX HaJBUCOKOTO Bakyymy. BHKOpPHUCTOBYBaNMCS MOHOKPHUCTAIH
BoJIb)pamMy, OTpUMaHI MPECYBaHHSIM MOPOUIKOBUX 3arOTOBOK, CIIKAHHAM iX 1
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IUIABJICHHSIM ~ €JIeKTPOHHO-O€3TUTENIbHUM  30HHUM  CIIOCOOOM.  3acTOCOBYBAJIMCS
MOPOILKH BOJb(GpaMy pi3HOI YUCTOTH, BMICT IOMIIIOK BTUJICHHS B MOPOIIKY YHUCTOTU
99,98 mapku XY 6yB 5-10° Bar.% Ta 1-107 Bar.%, a cyMapHa KiJbKiCTh ZOMIIIOK
samimenns e Oitbima 3a 1-107° Bar.%. KinbkicTs O, B MOHOKpHUCTaJi CKjagana 107

mac.%.
-3
-3.5
-4
lg P
-4.5
-5
-5.5
38 4 42 44 46 38 4 42 44
104/ T'K 10%T°K
Puc. 5. 3ayexHICTh TUCKY MMapH 1pUJTIFO Puc. 6. 3ay1eXHICTh TUCKY MapH 1pUJTIFO
BiJl TEMIIEpaTypH AJIsl BUXIIHOTO CTaHy:  BIiJ TeMIIEpaTypH Micisl 3HEBYTJICIIOBAHHS
lgP=a(10"/T+b); ®— excriepruMeHTAIbHI B O,: IgP=a(10%/T+b); ® — excriepuMeH-
naHi (a=-2,98, b=8); - - - — po3paxyHOK TanbH1 gaHi (a=-2,90, b=8,16);
(a=-3,17, b=9,33). - - - — po3paxyHoK (a=-2,92, b=7,92).

Puc. 7. 3anexHICTh TUCKY Mapy OCMIIO BiJ
TeMIepaTypHu: 1gP=a(104/ T+b);

4 — eKCIIEpUMEHTAaJIbHI J1aH1 10 00pobku B O,
(a=-3,66, b=9,1);

® — CKCIIEpUMEHTAJIbHI JIaH1 MiCIs
3HeByIIeIoBanHs (a=-3,48, b=8,57);

- - - — pO3paxyHOK.
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3aBAsKM PpI3HIM TEXHOJOTrli BUIOTOBJICHHS MOHOKPHUCTATIB 3 MOPOIIKY
BoJIb(ppaMy 0aHaKOBOI 4nuCTOTH (99,98%), OynO OTpUMAHO MOHOKPHUCTAIU 3 PI3HUM
BMICTOM ByTJIemo. /{7 BUBUEHHS BIUIMBY BYTJICHIO HA MapaMeTpy BUIIAPOBYBaHHS
Oynu BimiOpani MoHokpucTaau Ne 1, 2, 4, 110 BiIpI3HSAIOTHCSA, B OCHOBHOMY, BMICTOM
Byryemo. OpieHTaliiiHI ~ XapaKTepUCTUKU  3pa3KiB, BUTOTOBJICHMX 3  IIUX
MOHOKPHUCTAJIIB, 1 BUX1THUI BMICT BYTJIEI[I0O B MOHOKPUCTAJIaX HaBEICHO B Ta0M. 2.

Tabmung 2. OpieHTalliiiHi XapaKTepUCTUKH 3pa3KiB, BUTOTOBJICHUX 3 MOHOKPHCTAJIB
Ne 1, 2, 4 Ta BuxXiHHI BMICT BYTJICIIO B HUX.

No r T : No C,
3pas3ka patib | LI pOspIsy MOHOKPHCTATY %
1 | (110) L 1 1-10°
2 | (110) | 1 1-10°
3 | (110) L 1 1-10”
4 | (110) 1 1-10”
5 | (111) 1 1-10”
6 | (110) 2 3-10”
7 | (110) | 2 3-10”
8 | (100) L 4 5-10”
9 | (100) 4 5-10~
10 | (100) 4 5-10~
11 | (110) 4 5-10”
12 | (110) L 3 JIOMIIITKH
13 | (110) L 3 JIOMIIITKH
14 | (100) L 5 2-107
15 | (110) L 6 -

I3 3anexxHOCTEH THCKY Mapu Bosib(hppamy Bia TemrepaTypH (puc. 8) BUAHO, IO
BMicT Byriemo 107 Bar.% HPU3BOAMTH IO 3POCTAHHS IIBMAKOCTEH BHIIAPOBYBAHHS
BONb(GPaMy 3a paXyHOK YTBOPCHHS Ha MOBEpXHi kapOimiB. 3a koHueHtpamii 5107
Bar.% HaHOUIBII YITKO MPOSBIAETHCA CTPUMYIOUMH BIUIMB BYIJIELIO Ha IPOLIECU
cyOumimMarii: MBUAKICTh BUIIAPOBYBAHHS B I[bOMY BUIIAKY 3MEHIIYETHCS B 2—3 pasH.

Bapro Bim3HauuTH, 10 3a TeMIlepaTyp, fAKl BIANOBIIAIOTH TEMIEpaTypam
po3nany KapOifiB BOJb(ppaMy, CIHOCTEPIraeThCs 3MiHA THUITY BIUIMBY BYTJICIO Ha
IIBUKICTh BHUITAPOBYBAHHA, OCKUIbKH HUk4e 2700°C TBepauii po3yuH BYTJICIIO Y
BOJb(PpaMi po3MafacTbCs 3 YTBOPEHHAM KapOidiB, SKI MalTh OUIbII HIBUJIKOCTI
BUMNApOBYBaHHS (puc. 9).

[Ipn nocmipkeHHI €KBIBAJICHTHUX TpPaHE MOHOKPHUCTAiB BoJibpamy Oyia
BUSIBJICHA AaHI30TpOIisl mapameTpiB BumapoByBaHHs (puc. 10). IcHyBanHs 1i€i
aHI30TPOMIl TOB'SI3y€ThCA 3 HASBHICTIO JOMIIIOK BYIJICHIO. 3 METOIO 3'CyBaHHS
MEXaHI3My BIUIMBY BYIJICII0 BHBYABCS KOMIUIEKC BJIACTUBOCTEH ISl PI3HUX
CKBIBaJICHTHUX 1  HECKBIBAJICHTHHX TpPaHE  MOHOKPHUCTAIIB  BOJb(pamy.
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JlocaimKyBanucs MOHOKPHUCTAU BOJIb(PpaMy 3 opieHTauissMu Bici pocty [100] 1 [110],
BHpI3aHl NEPIEHAUKYIIAPHO (L) 1 mapanenbHo (||) Bici pocty. Jlo BUMIpIOBaHb 3pasKu
BigmamoBamy 3a Temmeparypu 2900°C y Bakyymi 5-10™° Topp Bpomossk 1,5 romusu.
3a UMX YMOB 3 KpPHUCTaJly BUIAJIAIOTHCS BCl JIOMIIIKH, KpPIM BYIJIELO, ITOYATKOBUN

BMICT SIKOTO HaBeJIE€HO B Ta0JI. 3.

3 ' 3.2 ‘ 34 I 3.6 ‘ 3.8

10%/T°K
Puc. 8. 3anexxHicTh TUCKY Mapu
BOJIb()paMy BiJ TEMIIEpPATypH:
® —3pa3ok Ne 15, m — 3pa3ok Ne
12, A —3pa3zok Ne 13,
IITPUXOBA JIIHIS — JAaH1 poOIT
B. ®. KoBanenko ta R. E. Honig.

3 .32 34 36 3 32 34 36
10%T°K 10YTK

Puc. 9. 3anexxHicTh TUCKY Tapu
BOJIb(ppaMy BiJ TEMIEPATYPHU:

a — 3pa3ok Ne 8, 6 — 3pazok Ne 14;
® — CKCIIEpUMEHTAJIbHI JIaHi,
IITPUXOBA JIiHIA — AaHi poOiT B. @.
KoBanenko ta R. E. Honig.

Tabmuusa 3. [loyaTkoBui BMICT BYTJICII0 B 3pa3kaX MOHOKPHUCTANIB BoJb(ppamy, a
TaKOXX TapaMeTpy TPATKH, JaHI MO3UTPOHHOI CIEKTPOCKOIi Ta 3HAYCHHS TEIUIOTH
cyomimartii Qs (y 3HaMeHHUKY 3HaueHHsI Og TICIIs TOAATKOBOT'O 3HEBYTJICI[FOBAHHS).

Bi Ha 25 i
Kpu- | Opienra- eb Bwmict N(0) a 20 ST Os
cran ist POCLY | bvrenio = N(10) d A Hapy
0 [HKL] yrijen f ‘ d, A KKaJl/MOJIb
110)L 58 3,1663//2 170+3
1 (110) [110] | 6107 V2
(110)) 6,6 3,1679/\/2 200
1 1681 2 1 185+
5 (100)L n0o] | 5107 5,55 3,168 5,5 3,167 85+3
(100) 6,2 3,1643 63 | 3,164 160
(110)L 5,33 ; ; 15,3
3 [110] 1-107 Lo
(110)] 5,43 - ] 175
JISL I[OCJ'IiI[}KeHHH aTOMHO1 CTPYKTYPHU BUKOPHUCTOBYBABCI
A PYKTYp p y

PEHTTEHOCTPYKTYPHUN METOJ, a JJisg JOCHTIIKEHHs aHi30Tporii noBepxHi depmi B
€KBIBAJICHTHUX KpUCTaJIOrpadiyHUX HampsMax OyJI0 3aCTOCOBAHO METO/]I MO3UTPOHHOL
aHITUIALIT 3 BUKOPUCTAHHSAM KYTOBOTO PO3MOALTY aHIrUsiiiHuX ¢otoHiB (KPAD). B
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Tabnuil 3 HaBeACHO MapameTpu IpaTku (d) Ta MaHi MO3UTPOHHOI crieKTpockomii (f).
Croctepiraerbcs iX CyTT€Ba BIIMIHHICTH MJII PI3HUX EKBIBAJICHTHUX HAIpPSMIB.
OTpuMaHH1 J1aHi BKa3ylOTh Ha BIJCYTHICTh BIUIMBY Ha €(EKT aHI30TpOImii 1HIIUX
nedeKTiB, OKpIM JOMIIIKK Byrielto. Tak, ais aucnokariit Ha dopmy KPA® B nanomy
BUIAJKy BUKJIIOYAETHCSA, OCKIIBKM TYCTHHA IUCIIOKAIii Ha 4 MOPSAKU MEHINa, HiX
HeoOX1/IHa ISl TIOSCHEHHSI BEIMYMHU CIIOCTepexyBaHoro edekry. Haromicts, aTomMu
BYTJICII0O MOXYTh TMO-pizHOMY cnoTBoproBat OLIK-rpatky y po3risiiyBaHUX
CKBIBAJICHTHUX HampsMax, IO MpPOSBISETbCS B aHi3oTpomii moBepxHi depmi Ta
BIJIMOBITHUX EIIGKTPOHHUX 1 CyONIMAaIliiHUX BIACTHBOCTEH BoJbdpamy. 3 IBOX
MOXJIMBUX TOJIOKEHb aTOMIB BYTJICHIO B MIXKBY3JISIX PEUIITKH BOJIb(paMy MepeBaru
MAalOTh TeTpaeAPUYHI MOJOXKEHHS, TOMY IO B IIbOMY BHITaJIKy 3a0€3MeUy€eThCS 3MiHA
MDKIUTOIIMHHUX BiactaHed sk s mionuH (100), tak 1 aus (110), To6Tto MmMae

B1JI0YBaTHCS YIOPSAKYBAHHS TOMIIIKH BYTJIELIO y rpaTii W.
IgP

-3.0F
-3.5F Puc. 10. TemmneparypHa 3aleXHICTh TUCKY MTapH
Bosib(pamy 3 rpansMu A — (100) L (3pazok Ne 8)
407 Ta © — (100) (3pasok Ne 9).
-4.5)
Ssol . L
29 3133 polrk

B naniif poOoTi BUBUasacs TakoXk cyoOsimarliis 3pa3kiB W—Re, BupizaHux 1o
oaHakoBuM riomuHaM (100), 1m0 neprneHIuKyJIIpHI Ta MapajeinbHl HalpsMaM pocTy.
Bcranosneno, 1o mBUAKICTh cyOaiMaliii MoHokpuctaniB W—2,6 ta 3,8 Bar.% Re 3a
MeHIIoro BMicTy Byriemo (3-107 Bar. % C) Buma, Hix y uictoro W, IIpeicTaBICHOr0
NYHKTUPHOIO JiHI€0 Ha puc. 11. [Ipu npoMy migBUIEHHS IIBUIKOCTI cyOmiMarii 3
BMicTOM Re BinOyBaeTbcs 3a paxyHOK OLIbII BHCOKOi BHIapoBYBaHOCTI Re.
Haromicte mBuakicte cyomimMaiii monokpuctaiiB W 3 0,1 Bar.% Re (puc. 12) Ta 4,2
Bar.% Re (puc. 13), mo wicrsre Gimbmre Byrmemio (1:107 ta 8:107 Bar. % C), €
HIWOK4YOl0, HDK y W. Takum YWHOM, Ma€ MicClle KOHKYPEHIliS JBOX BILUIMBIB —
30UIBIICHHS IIBUIAKOCTI BHUIIAPOBYBAHHS 3a PaxXyHOK 3pPOCTaHHS KOHIICHTpAIll PEHil0
Ta il 3MEHIICHHs, O0OYMOBJIEHE 3pPOCTAHHSM KIJIBKOCTI PO3YMHEHOrO BYIJIELIO. 3a
HU3bKNX KoHmentpamiit C (3-10° Bar. % C) mnepeBaxae edekt, 0OyMOBICHHIL
JI0JaBaHHSM PEHilo, a 3a KonueHTpawiii C Bix 810~ Bar. % BH3HAYATBHUM CTA€ BILIUB
Byriento. OpieHTamiiHi Ta CyONiMaIliiHi XapaKTEepPUCTUKH 3pa3KiB, a TaKOXK
KOHIIEHTpallli peHilo 1 BYIJIEII0 HaBeJAeHO B Tabi. 4. BcTaHoBieHO, IO mapameTpu
cyOmimanii moHokpucrtainiB W—4,2% Re pi3usatbes nis ekBiBaneHTHUX rpaneit (001),
0 MEePNeHAUKYISAPHI Ta TMapajeibHl HampsaMy pocTy. AHI30TpOINis IMapaMeTpiB
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MoB’si3aHa 3 aHi3oTpornieo posnoairy C mo 06’eMy KpucTady B HampsiMax B3IOBXK
(BOJIOKHHCTA CTPYKTYpa) 1 BIomepek (KomipyacTa CTpYKTypa) Bici pocty (puc. 14).

Tabnung 4. OpieHTalliiiHi Ta CyoaiMaIliiHl XapaKTEepUCTUKH JJIsSI 3pa3KiB ciuiapy W—
Re 3 pi3HMMH KOHLIEHTpAIIISIMU PEHIIO 1 BYTJIEIIIO.

Ne Ne : . o
Ma- | spa- | Opiexranis Konnenrparis | Konnentpanis | Terutora cyonimanii
P C, at.% Re, at.% AH (x[]x/momb)

prii | 3ka
| 1 (001), 4610 2,6 850+8
2 (001), 4610 3.8 840+8
3 (001), 1,5-10" 0,1 575412
2 | 4 (001), 1,510 42 705412
5 (100), 1,510 42 62012

3 32 34 36 38 3 32 34 36 38
10%T°K 10%TeK

Puc. 11. TemmneparypHa 3ajexHICTh THUCKYy Hapu ciiaBy W—Re 3 BMicToM ByIJielo
2
4,6-10 ar.% nnsa rpaneit (001), (3pasku Ne 1 — miBopyd, Ne 2 — mpaBopyu): A —

W-2,6 ar.%Re; o — W-3,8 at.%Re; o0 — W-0,1 at.%Re micns Bianany npu 2900°C
BpooBx 0,5 4; - - - — ynctut W.

Po3nin S nmpucBiayeHo po3poOJIEHOMY HOBOMY METOAY OJHOYACHOTO
BU3HAUEHHS KOHCTAHT BHIIAPOBYBAHHS 1 PYXJIMBOCTI AaTOMIB 3aMillleHHs 0e3
BUKOPHUCTAHHS Paaioi30TONIB. 3HAHHSA IMX KOHCTAaHT € BaXJIUBUM 3 ONVBIAY Ha
HEOOXIHICTh ONTHUMI3alLlll pecypcy MaTepialiB, 110 32 BUCOKUX pOOOUYUX TeMIeparyp
CXWJIbHI JIeTpaayBaTH dYepe3 IIBUAKE BHUITAPOBYBAHHS JIETYIOUMX €JIEMEHTIB, SKi
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3a0e3neyyroTh HEOOX1JH1 eMiCiifH1 1 acopOLiifHi BIacTUBOCTI LMX MaTepiaiiB. JlaHo
TEOPETUYHE MIAIPYHTS AJI1 BHU3HAUEHHS UIBUAKOCTI BHUIAPOBYBAaHHS 1 nu(y3ii B
criaBi. Po3risgaroThCs pi3HI MPAKTUYHO BAKIIMBI BapiaHTH, 110 BPaXOBYIOTh PEAIbHO
MOXJIMBI KOHILIEHTPAIlIHI PO3MOJUIA KOMIIOHEHTIB CIUIaBy. TEOpeTHMYHHI aHaii3
JTOoBeIeHU 10 GopMysl, sIKI JO3BOJSIOTh AHAIITUYHO PO3PAXOBYBATHU IIBUIKICThH
BUIIAPOBYBAHHS JAHOTO KOMIIOHEHTA 1 MIBUIKICTh HOTo nu(y3ii B CIIIaBi.

-2 -2

g P )
-4
=5
3 3.2 34 3.6 3.8 _63 3.2 3.4 3.6 3.8
10%T°K 104 TK
Puc. 12. TemnepaTypHa 3a1eXHICTh Puc. 13. TemneparypHa 3ale)KHICTh
TUCKY napu ciiaBy W—Re (3pazku THUCKY MapH JJI €KBIBAJCHTHUX I'paHel
Ne 3.4): o — W-0,1 ar.Re (1,510 MoHOKpucTaliB ciiiasy W—4,2 at.%Re
a1.%C), 0 — W-0,1 at.%Re micms (1,5-10" a1.%C) (3pasku Ne 4, 5): o —
Bignany npu 2900°C Bopoaosx 0,5 4; (001),; o —(100)|; - --— uncTuid W.

- - -—ypuctud W.

Puc. 14. CybctpykTypa
MOHOKPHUCTAITY, BUP13aHOTO
NepIeHIUKYISIPHO (a) 1
napayiesibHo (0) Bici pOCTYy.

Opun 3 BapiaHTIB Te€Opii BUKOPUCTAHHUM ISl JTOCHIKEHHS TEPMOIMHAMIYHHUX
xapaktepucTuk cruiaBy Pt—Fe exBiatomHoro ckmagy. OtpumaHi pe3yibTaTu
00TOBOPIOIOTHCS B 3B'SI3KY 3 IPUPOJIOI0 MIPKATOMHOI B3a€EMO/II1 B 3a3HaYE€HOMY CILJIaBI.
Ha pucynky 15 (a, 6, 6) HaBeJIeHO 3M1HM KOHIIEHTpAIIii 3aJ1i3a 3a TIIMOMHOI0 y CIjIaBax
Pt—Fe, orpumani 3a pi3HHX TemmepaTyp 1 yaciB Audy3iiHOTrO BiAnamxy. AHali3 IUX
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PE3yNbTATIB TO3BOJISIE CTBEPHKYBATH, 110 KOHIICHTPAIIMHUN PO3MOILT, OJU3BKUN IO
rayCOBOT'0, CIIOCTEPIraeThCs JIMIIE 3a MOPIBHSIBHO HU3BKUX TeMmmeparyp Bianany (y
Bunaaky ciaby Pt-Fe amxde 1000°C), ko MOXHA 3HEXTYBAaTH BHECKOM IPOIIECY
BUMAPOBYBaHHS IIapy 3ajli3a, HAHECEHOTO Ha IUIATUHY, y Tporec audysii aTromMiB
3aJ1i3a Briu0 MIaTUHOBOT MaTPHIIL.

1000°C, 20 roamH 1200°C, 5 roguH 1300°C, 3 roavHu

)
VERSEE
C% rarFe
o R
- & B B
r
1

c
8

o B %, MM

a o 8
Puc. 15. Po3noninu xoHmeHTpaiii 3amisa 3a rmmbunoro y criaBax Pt—Fe, orpumani 3a
PI3HUX TeMIlepaTyp 1 yaciB AUQY31iHOrO BiaNaly.

KpuBi kiHeTHkH BuUMapoByBaHHsA cruiaBy Pt-Fe nma pisaux Temmeparyp
HaBesieHO Ha puc. 16. HeoOXiaHO Bi3HAYMTH, 1110 MIBUAKICTh BUTIAPOBYBAHHS YHCTOTO
3aJli3a Ha JIeKiJIbKa MOPsJIKIB OUIbIA, HIXK MAaTPUYHOTO MaTepiaay — IUIaTHHU, TOMY
BHECKOM ILIaTHHH y KOEQII€EHT BUIIAPOBYBAaHHS O JAHOTO CIUIABY 3a JOCIIIKYyBaHUX
TEeMIIepaTyp MOKHA 3HEXTYBATH.

9
8
7
;—i z —o—1200 —1200
¥ ——1250 —1250
5,4 —o—1200 —_—1300
g3 —o—1330 —1330
2 —0—1400 ——1400
1
0
1 2 3 4 5 [} 7
Wt
Puc. 16. KpuBi kiHETHKH BUTTApPOBYBaHHS Puc. 17. 3anexHicTh KIJIBKOCTI
3amiza 31 criaBy Pt—Fe s pizaux pedoBrHHU (), 0 BUITAPOBYETHCA,
TEeMITepaTyp. Bim Vt.

[Momanpira oOpoOKka EKCIIEPUMEHTATFHUX KPUBHUX JIO3BOJISIE 33 3aJICKHICTIO
KUIBKOCTI peuoBUHM (), 10 BHUMIAPOBYEThCS, Big dyacy ¢ (puc. 17) BU3HAYUTH
koedimientu nudysii D. PesynabTat 00poOKH HaBEIEHO B Ta0JI. 5.

3anexxnocTi lga 1 1gD Bix o6epHenoi Temrepatypu (puc. 20) Tar0Th MOXKIIUBICTh
BHU3HAUMTHU €HEPrii aKTUBalli IKUX JBOX mporieciB. Exepris aktusamii audysii 3amiza B
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MJIaTUHI BUSBWIACS PiBHOWO (Op = 92 KKan/mMonb; a s TEMJIOTH BUMAPOBYBAaHHS
oTpuMaHo 3HaueHHs O,= 125 Kkan/Mob.

Ta6muns 5. Koedimientu qudysii D Ta BUapoByBaHHS ¢ 33 PI3HUX TeMIepaTyp.

T,°C a, cM/c D, on /o
1200 1410 310"
1250 3310 8310
1300 0.89-10" 1,9310"
1330 2.89-10" 6310
1400 3,30.10'5 -

lge 18D

25 -7
585 6,05 6,25 6,35 &45 6,55 &,65 6,25 £,85

by
n

HonugnTpawia Fe, Bar%
55

-
=

75 9.5 0 10 20 30 40 50 60
HoHm

Puc. 20. 3anexnocTi Ig a 11g D Big Puc. 21. Konnentpamiiauii po3noait
00epHEHOI TeMIeparypy BU3HAYAOTh 3aJti3a 3a mouHoIo B cruiaBl Pt—Fe.
eHeprii akruBalii udysii O, Ta Temnory

BUMApOBYBaHHS () .

[TpupoaHO OUiIKYBaTH, 110 BCl EHEPreTUYHI1 XapaKTEPUCTUKU TEPMOJIMHAMIUHUX
BJIACTUBOCTEH  (BumapoByBaHHs, audy3ii) cmiaBy Pt-Fe  Omuspkoro 1o
CTEX10METPUYHOTO CKJIaAy 3a TeMIIepaTyp, 110 BiJMOBIIAIOTh 00JACTi BIOPSIKOBAHUX
CTaHIB, TOBMHHI OYTH BHUIIMMH, HIXK JJI1 HEBIOPSAIAKOBaHOI cuctemu. llpu 1pomy
MOHa MPUITYCTUTH, 110 HABITh 3a HaWBHUIIOI Temnepatypu excrnepumeHty (1400°C)
1ie 30epiraBcsi 3HaYHUM OJIM3bKUIA MOPsIOK. TOMy OTprMaHi BUCOKI 3HAUEHHS €HEpTii
aKTUBallli TPOIECIB BHUMApOBYBaHHS 1 nudy3ii cBiq4aTh NpPO BEIUKI eHeprii
M1>)KaTOMHOI B3a€MOJIii B IOCTI)KYBaHOMY CIJIaBl Ta MPO HOro BIOPSIAKOBAHUM CTaH B
JIOBOJII 3HAYHOMY MPUIIOBEPXHEBOMY IIAp1 JOCHIPKYBAaHUX 3pa3KiB, J¢ KOHIICHTpaIlis
3aJti3a OJIM3bKa J10 CTeXioMeTpu4dHOi (puc. 21).

OCHOBHI PE3YJbTATU TA BUCHOBKHA
B po6oTi BCTaHOBIEHO, IO JOCTOBIPHI JaHl IOIO MapaMmeTpiB cyOmiMarii
TYTOIUIABKUX MEPEeXiTHUX METaNliB Ta iX CIUIaBIB MOXHA OJEpKaTH JIMIIE 3a yMOB
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11
HaaBUCOKOro Bakyymy (10 Topp). Byno po3po0GieHo 1 cTBOPEHO HaIBUCOKOBAKYYMHY

YCTAaHOBKY 3 0€3MacCisTHUMHU 3ac00aMH BIKAYKH, Mac-CIIEKTPOMETPUYHUM KOHTPOJIEM
CKJIaZly 3aJMIIKOBOI armMocdepu 1 Ta30BUAUICHb MOCTIIKyBaHHX OO0'€KTIB, sKa
JI03BOJISIE MIPOBOJIUTH X 3HETAKYBaHHS, Y T. Y. 3HEBYIVICI[IOBAHHS B aTMOC(epi KUCHIO.
BusnaueHo ekcriepuMeHTadbHI YMOBU (BakyyM, YHCTOTa OO0'€KTIB, 1HTEpBajau
TeMIreparyp NOMNepelHIX TEepMIYHMX OOpoOOK Ta 1H.), HEOOXiAHI ISl OTPpUMAHHS
HAJIMHUX JaHUX MO0 MapaMeTpiB BUIIAPOBYBaHHS MEPEXiAHUX METAJIIB Ta iX CIUIaBiB
3 BUKOpUCTAaHHSIM MeTony JIeHrMiopa. 3 ypaxyBaHHSM IIMX BUMOT BIepIe OTPUMAHO
AOCTOBIpHI JdaHI mI0A0 mapameTpiB cyOJaiManii psAay mnepexiiHuUX, y T. Y.
Tyromiaskux, meraiaiB (W, Mo, Re, Ir, Os, Pt, Fe) Tta omepxano HacTymHi
pe3ysIbTaTH, 10 PO3KPHUBAIOTH MEXaH13MU CyOIiMallii 3a3HaYeHUX MaTepiaiB.

1. Haiibinbin  CyTTe€BHM  BIUIMB Ha TapaMeTpu  cyOmimaiii MOHO- Ta
MOJIIKPUCTAJIIYHUX MEPEXITHUX METalIB COpUUUHAIOTH AoMiliky BTUieHHS (N, H, O ta
ocobmuBo C), ski HaBiTh 3a Mamux koHmetpamiii (10°-10° mac.%) MOXyTh Ha
JECSATKU BIJCOTKIB 3MIHIOBAaTH 3HAYEHHS €HEprii cyOniMalili, a 3Ha4eHHsS HIBUAKOCTI
BUITAPOBYBAHHS — Ha MOPSAIOK BeanunHM. [lokazaHo, 1o 17s JOCTIHKEHUX KPUCTAJIiB
TYTOTUIABKUX METaNtIB, 1[0 MICTSTh JOMIIIKH, BEIUYMHY MIXKaTOMHOTO 3B'A3KY OLIbIII
TOYHO XapakTEepU3ye HE TEIUIoTa, a 4YyTIuMBa JI0 MEXaHI3MIB BHUIIapOBYBaHHS
IIBUJIKICTh CyOJIiMaIli — TMOCUJICHHS MDKAaTOMHOTO 3B'S3KYy BIJINOBIA€ 3MEHIIECHHIO
IIBUJIKOCTI CyOJIiMartii 1 HaBmakH.

2. BcraHoBieHO, 10 Uil 3HETaKyBaHHS MOHOKPUCTAJIYHUX 3pa3KiB MOJIOACHY
HEOOXITHO MPOBOJUTH BiANaN HE MEHINE TOJAWHM 3a Temmeparyp He Hmwkue 2400°C.
[lopiBHSIHHS MIBHAKOCTEH 1 TEIJIOT BUNAPOBYBaHHS MOHO- Ta MOJIKPUCTAIIYHOIO
MONIOACHY  MOKa3ajlo, IO  4Yepe3  CYTTEBY  3a0pyIHEHICTh  JOMIIIKaMU
MOJIKPUCTAIIIYHUX 3pa3KiB, JJI1 HUX CIOCTEPIraloThCS Ha MOPSAOK BHIII IIBUIKOCTI
BUIMAPOBYBaHHs, HIXK ISl BiJNAJIEHOTO MOHOKpUcTaly Mo. ¥V Toil ke yac, CyTTeBOi
PI3HUIII B BEJIMYMHAX TETUIOTU CyOIiMallii HE CIIOCTEPIraeThCsl.

3. [Toka3aHo, 110 OCHOBHMM BIUIMB Ha CyOJIMAIliiiHI BJACTUBOCTI MOHOKPHCTAJIIB
PEHII0 YMHATH JOMIIIKM BYIJIEI0. BHABIEHO HasABHICTh KpucTanorpadigyHoi
aH130Tpomii cyOaiMaliiHUX BIACTUBOCTEH OCHOBHHMX TpaHe MOHOKPHUCTAIIB PEHIIO:
MIBUIKICTh CyOmimMariii 3 rpasi (0110) 6inbira, HIX 3 rpani (0001); 3 migBUIIEHHSIM
TEeMIIepaTypH 1Sl PI3HULS 3pocTae. 31 30UIbIICHHSAM KOHIIEHTPAILIil JOMIIIOK JJIsl TpaHi
(0001) mpowec cy6uiMarii 3HAYHO MPUIIBHALIYETHCS, a 11 rpani (0110) HaBmakw,
JIETIO YIOBLTHHIOETHCS.

4. OpnepxaHo HaJiMHI €KCIIEpUMEHTAIbHI JIaHl MO TapaMeTpax BHUIapOBYBaHHS
noykpuctaniyaux 3pa3kiB Ir Ta Os. CTabinbHI 1 BIATBOPIOBAHI 3HAYEHHSI IIBUKOCTI
cyOsiMaIii moJIKpUCTaIIgYHOTO 1pHUIiI0 MOKHA OTPUMAaHI JIMIIE Ticis TpuBajgoro (15
roj.) Biamany 3a Bucokoi temmeparypu (1940°C) B atmocdepi kuchto. HIBuakicts
BUIIAPOBYBAHHS IPUAII0 MICHS 3HEBYIJICHIOBAHHS 3pociia MpUOIM3HO B 2 pas3u, Mpu
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I[bOMY BEJTMYMHA TEIJIOTH BUITAPOBYBAHHS 3aJIUIIIIIACS TAKOIO K, SIK 1 11T BUX1THOTO
cTaHy. AHAJIOT14H1 Pe3yJbTaTH OAEPKAHO ISl OCMII0, 3 Ti€l0 pi3HULEI0, 0 Os Mae Ha
7IBa TIOPSIKA MEHII 3HA4YeHHS IIBUIKOCTI BHITAPOBYBaHHA, HiX Ir. 3HAauHO MeHIIa
IIBUJIKICTh CyOJIIMaIlii i BUXIJHUX 3pa3KiB TMOB’s3aHa 3 YTBOPEHHSM Ha YacTHHI
MOBEpPXHI IIapiB BYIJICIIO, SKI CTBOPIOIOTH JIOJATKOBUN €HEpPreTUYHUN Oap'ep s
BUIIapOBYBaHHs aToMiB Ir Ta Os.

5. BcraHoBneHo, 1m0 HaMOLIBII ICTOTHMM BIUIMB Ha CyONiMalliifHi BIacTUBOCTI
MOHOKPHCTAIIB BOJb(paMy MarOTh JOMIIIKH BYTJICIIO, SKUX HE BIAETHCS MOBHICTIO
no30yTucs 3a Oymb-sIKuX 00poOOK. BoHM KOHTpOIIOIOTH MexaHi3Mu cyoniMaiiii W: B

Jiana3oHi Manux KoHIeHTpamii Bymiemo (1-10 2—1-10 3 Bar.%) crocrepiraerbes
CTPUMYIOUMH MIBUAKICTH CcyOmiMaiii BIUIMB po3uMHEHHX atoMiB C, Kl yTBOPIOIOTh
TBepAUil po3unH 3 W, a 3a OUIBIIMX KOHIIEHTPALIM BYIJIELIO 3pOCTaHHS HIBUIKOCTI
cy6niManii 0OyMOBICHO yTBOPEHHSIM KapbiniB Bombdpamy. 3a konmenrparii 2-107
Bar.% C crocrepiraerbcsi 3MiHa KOHTPOJIIOIOYOro CyOJiMallil0 MEXaHi3My y TIpoleci
3MIHM TeMIIepaTypu B OKOJII TeMmrepaTypu po3urHeHHs kapOimy W. 3a mpomikHUX
KOHIEHTpaiit (61151 5-107 Bar.% C) crocTepiraeThbcsi CTPUMYIOUHIA BIUIUB BYTJICIIO HA
MPOIIECH BHIMAPOBYBaHHS (yHOBUIBHEHHST B 2-3 pa3u) uepe3 yTBOPCHHS HHUM Ha
gacTuHi oBepxHi W 6ap’epHOTO 11apy.
6. BusiBieno anizoTponiio cyOmiMamiHUX Ta aJACOpOLIMHMX BIACTUBOCTEH
MOHOKpHCTaIIB W pi3HOT YUCTOTH B PI3HUX KpHUCTajgorpad@iuHux Hampsmax. Takox
BCTAHOBJICHO aHI30TPOIIIO CyOJiMAIlIMHUX BIACTUBOCTEH sl €KBIBAJICHTHUX TpaHeit
MOHOKpUCTaiB W B 3aJeXHOCTI Bi iX opieHTamii (IEepneHIuKyIsIpHO ado
napa’snenbHO) BIAHOCHO BIC1 pOCTy KpucTaiy. B o0xacti nocnimpkenux koHmnenrpariii C
BEJIMYMHA YCIX CIOCTEpeXYBaHUX B poOOTI e(eKTIB aHI30TpoIii 3pocTae 3i
301JIBIICHHAM BMICTY BYTJICLIO Y KPUCTaJIaX TYTOIUIABKUX METaTiB.
7.  BusBneHO aHI3OTPOMIIO0 EJEKTPOHHOI KOH]Irypamii JOMIIIKOBUX aTOMiB
pyniento B OLK-rparmi W, ska o0yMoBioe aHi3oTporiro mnoBepxHi depmi B
€KBIBaJICHTHUX HaNpsMax HECIOTBOPEHOro kpucraiy. lle siBuille € xapakTepHUM s
OLK-meraiB, 110 MOXKYTh MICTUTH BTUJICHI aTOMH BYIJIEIIO B OKTa- a0 TeTparopax, i
€ HACIIIKOM PI3HOI 3MIHM JIOMIIIKOBHMHM aTOMaMH 3 CHJIBHUMH KOBaJICHTHUMU
3B’A3KaMU MDKAarTOMHHMX BIJCTaHEl B HampsMax, sKI € eKBIBAJICHTHUMHU B
HECMOTBOPEHIM Iparii. 3 JBOX MOXJIMBUX IOJIOKEHb aTOMIB BYIVICIIO B MIKBY3JISIX
pelIiTKH BoJb(ppaMy MepeBary MaroTh TeTpaeApUyHl MOJOKEHHS, 110 BKa3y€e Ha MEBHY
YHOPSIAKOBAHICTh B pO3TAIlyBaHHI IUX JOMIIIKOBUX aTOMIB.
8. BCTaHOBIICHO KOHKYPeHTHHi BB nomimok Re (0.1-4.2 a1.%) i C (1,510
4,6-10% ar.%) (1-107-3.107 Bar.%) Ha cyGaiiManiiiHi BIACTHBOCTI MOHOKPHCTAJiB
BOJIb(PpaMy: 30UIBIIEHHS KOHIEHTpalLli pEeHI0 MPU3BOAUTH 10 3POCTaHHSI, a
30UTBIIIEHHST  KITBKOCTI  PO3YMHEHOTO BYIJICHIO JO0 3MEHIIEHHS IIBHIKOCTI
BUMApOBYBaHHS. 3a MeHuMX Kouuenrpamiii C (1o 3-107 Bar. %) mepeBaxae eexT,
0oOyMOBJICHHUI TOAaBAaHHSM PEHiIO, a 3a OUTBIINX KOHIICHTpAIi (BiJ 8107 Bar. % O
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BU3HAUAJIbHUM CTa€ BIUIMB BYTJCII0. BCTaHOBIEHO, IO IMIBHAKICTH CyOIiMarii
MoHOKpucTaniB W—2,6 Ta 3,8 Bar.% Re 3a Menmoro Bmicty Byrnerio (3-107 Bar. % C)
BUIIA, HDK y yucTtoro W, a mis moHokpuctainis W—0,1 ta 4,2 Bar.% Re, mo MictiaTh
Gisbllle PO3YMHEHOro y TBepaoMy posumui Byrimemio (1107 ta 8107 Bar. % C), €
HWKYOIO0, HIK y yucToro W.

0. Bcranosneno, mo mapamerpu cybsiMairii moHokpuctaniB W—4,2%Re pi3HIThCS
g exBiBaieHTHUX rpaneid (001), mo mepneHAMKYJSpHI Ta MapaieibHl HarpsMmy
pocTy. AHI30Tpomisl MapaMeTpiB MOB’s13aHa 3 PI3HOIO CTPYKTYPOIO MOHOKpucTainy W—
4,2%Re B HampsiMax B3JOBXK (BOJOKHHMCTa CTPYKTypa) 1 BIONEpeK (Komipyacrta
CTPYKTYypa) OCi pOCTY, 110 MPU3BOJIUTH A0 aH130Tpomii po3noainy C nmo 00’eMy pi3HUM
YUHOM OPIEHTOBAHUX KPUCTAIIB.

10. 3acTocoByrOYHM OpHUTIHAJIBHY METOIUKY OJHOYACHOTO BH3HAauYCHHS AUQY31iHOT
PYXJIMBOCTI 1 IIBUJKOCTEH BUIIAPOBYBAHHS JIETYIOUHX €JIEMEHTIB 0€3 BUKOPUCTAHHS
Paaioi30ToMIB, 3HAWIEHO 3HAYEHHS €HEeprii akTHBalii MPOLECiB BUIAPOBYBaHHS 1
audysii eryrouoro eneMenta y cruiaBl Pt—Fe, saxuil yTBoproerbes npu nudy3iiHoMy
BiJIMAJI Mapy 3aji3a Ha MJIaTHHOBIN OCHOBI. Benuki 3Ha4eHHS IUX TEPMOAMHAMIYHUX
XapaKTEPUCTHK CBIIYaTh PO BEJIMKI €HEeprii MI>KaTOMHOI B3a€EMOJIIi B I[bOMY CILIaBI,
XapakTepHi Ui BHOOPSAAKOBAHOTO CTaHy. EKCIepUMEHTATBbHO — MiATBEPIKECHO
BIIMIHHICTh BIJl TayCOBOI'0 PO3MOALTY KOHLEHTpaulli JOMIMIKK Michs Judy31iMHOro
BiJinanxy, 0OyMOBJICHY BHUIIApOBYBAaHHSM MEHII 3B’S3aHOTO KOMITOHEHTA CIUIaBY, IO
paHile He BpaxoBYBaJoCs.
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TyrommaBki mepexiHi METaJIM Ta iX CIUIABH € OCHOBOKO KJTFOYOBHX CJICMEHTIB
OpUiaaiB Cy4acHOi EHEpPreTMKM Ta BUCOKOCTPYMOBOI BaKyyMHOI TEXHIKH, SKi
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MpalIoIOTh B EKCTPEMaJbHUX YMOBAaX BHUCOKHX TEMIEpaTyp 1 BaKyyMmy, 30Kpema
KatoaiB Tepmoemiciiinux neperBoproBauiB (TEIIiB) TemnoBoi eHeprii Ha eIEKTPUUHY
Ta 3aXMCHUX 00O0JIOHOK TEPMOSIIEPHUX peakTopiB. JloCiiIKeHHS MpoIieciB cyOimariii,
SIK1 BU3HAYAIOTh TEPMIYHY CTaOUIBHICTh TAKUX MaTepiaiB, J03BOJSIOTH IPOTHO3YBATH
TPUBAJIOCTI €KCIUTyaTallli BIAMOBIAHUX BUPOOIB Ta ONTUMI3yBaTH 1HIN  iX
XapakTepucTuku. B gaHiii poOOTI BHepie 3amporOHOBAaHO CHOCIO HaAIMHOTO
BU3HAUEHHS CYOJIIMALIMHUX XapaKTEPUCTUK TBEPAUX TUI IIISXOM IUIECIPSIMOBAHOTO
3MEHILIEHHS  KUIBKOCTI  CJIA0OKOHTPOJBOBAHMX  YMOB  BHCOKOTEMIIEpaTypHUX
eKCIIEPUMEHTIB, JUIsi 4oro Oyno 3a0e3leueHO0 YMOBH HAJBHUCOKOTO BakyymMy Ta
MPOBOIMIIACS HM3Ka IMOIEPEHIX TEPMIYHUX 00poOseHb 3pa3kiB. J[ociiaKkeHo BILIUB
Ha cCyOiiMaliiiHl XapaKTEepUCTUKH (DAKTOPIB, SIKI BHU3HAYAIOTHCS BIIACTUBOCTIMH
3pa3Kka (XIMIYHUM CKJIaJJOM, KOHIIEHTpAll€l0 Ta AUQPY31€I0 AOMIMIOK, aHI30TPOIIE0
KPUCTAJIIYHOI TPATKH, MOHO- Ta MOJIIKPUCTAIIUHICTIO) Ta YMOBaMHU EKCIIEPUMEHTY
(floro reoMeTpiero, TUCKOM 1 TeMIiepaTypyio mapu). Brnepiie BU3HA4eHO JOCTOBIpHI
3HAYCHHS THUCKY TapH, IIBUAKOCTI Ta €HEPrii BUIMAPOBYBAHHS POy MEPeXigHUX
metaniB (W, Mo, Re, Ir, Os, Pt, Fe), y T.4. TyrommaBkux, B Jiara3oHi THUCKIB iX
Hacudenoi mapu 10°-107 Topp Ta mOKa3aHO, MO HAHOLIBLIMHA BIUIMB Ha I
XapaKTePUCTHKU MArOTh JOMIIIKK BTUICHHS, OCOOJIMBO BYIJICIb, MO30YTUCS SKOTO
MIPUHIIMIIOBO HEMOXKJIMBO 3a OyAb-SKUX MomepeaHix oopoOok. BecraHoBieHo ¢i3udH1
MEXaHI3MH BIUIMBY JIOMIIIOK BTIJICHHS Ha CyOJIMaIliiH1 BJIACTUBOCTI TYTOILJIABKUX
NepexiJHUX MeTaliB Ta iX CIUIaBiB, SKI BpPaxOBYIOTh K MEpeXiJ BYIVICHIO MIiX
KapO10M 1 TBEpAUM PO3UYMHOM, IO MAaOTh Pi3HI IIBUJIKOCTI BUIApOBYBaHHS, TaK 1
BIIUB BYTJICLIO HA €JIEKTPOHHY CTPYKTYpYy METajly, a 4depe3 Hei il Ha cyOuniMariiHi
BJIACTUBOCTI, 30KpeMa Ha iX aH130TPOIIIIO.

Kuaro4oBi ciioBa: TyromiaBki nepexigHi MeTalu, CIJIaBU MEpeXigHUX METAaiB,
JOMINIKK BTiJIEHHS, JAeGEKTH KpHUCTAIidyHOI OyJOBH, €JIEKTpOHHA CTPYKTYypa,
MIBUAKICTP Ta €Hepria cyOmiManii, THCK HAacCH4YEHOi TMapu, TepMOEMICIMHUN
MEepeTBOPIOBAaY  €HEPrii, 3axuMcHa  OOOJIOHKA  TEPMOSIEPHOTO  PEakTopa,
BHUCOKOCTPYMOBI BaKyyMHI IpUJIaid, BUCOKI TEMIIEpaTypH.

ABSTRACT

Patoka V. L. Investigation of refractory metals and their alloys evaporation
parameters in ultrahigh vacuum. — Qualifying scientific work as the manuscript.

Thesis for a Candidate of Physical and Mathematical Sciences (PhD in Physics
and Mathematics) from specialties 01.04.07 — Solid State Physics. — G. V. Kurdyumov
Institute for Metal Physics of the N.A.S. of Ukraine, Kyiv, 2020.

Refractory transition metals and their alloys are known as the basis of key
elements of modern energy devices and high-current vacuum technology operating
under extreme conditions of high temperatures and vacuum, such as cathodes of
thermionic converters (TECs) and protective shell of thermonuclear reactors. Studies
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of sublimation processes, which determine a thermal stability of these materials, allow
to predict the service life of the respective products and to optimize their other
characteristics. A method for reliable determination of sublimation characteristics of
solids by purposefully reducing the number of poorly controlled high-temperature
experiments conditions was proposed in this paper for the first time. Ultra-high
vacuum conditions were provided and a number of pre-process heat treatments of
samples were performed. The influence of factors that depend on the properties of the
sample (chemical composition, concentration and diffusion of impurities, anisotropy of
the crystal lattice, mono- and polycrystallinity) and experimental conditions (its
geometry, vapour pressure and temperature) on the sublimation characteristics was
studied. Reliable values of vapour pressure, rate and energy of evaporation of a
number of transition metals (W, Mo, Re, Ir, Os, Pt, Fe), including refractory ones, in
the pressure range of their saturated vapour of 10°-10~ Torr was determined for the
first time. It is shown that the greatest influence on these characteristics have
interstitial impurities, especially carbon atoms, which cannot be removed by any pre-
treatments. Physical mechanisms of the influence of impurities introduction on the
sublimation properties of refractory transition metals and their alloys are determined.
These mechanisms take into account both the carbon transition between carbide and
solid solution having the different rates of evaporation, and the influence of carbon on
the electronic structure of the metal and through it on the sublimation properties, in
particular on their anisotropy.

Key words: refractory transition metals, alloys of transition metals, interstitial
impurities, defects of crystal structure, electronic structure, speed and energy of
sublimation, saturated vapour pressure, thermionic energy converter, protective shell
of thermonuclear reactor, high-current vacuum devices, high temperatures.

Aemop 8UCN061I0€ WUPY NOOAKY CBOEMY NEPUIOM) HAYKOBOMY KEpPIGHUKY, 3d Y4acmi
K020 OYI0 NOCMABNEHO 3a0ady O0CNIONCeHHS Ma BIOHAUOEHO OCHOBHI WiiAXU il
po36’azanns, ceimnoi nam ami npogecopy 1. A. [lexmapy.
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