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3AT'AJIbHA XAPAKTEPUCTHUKA POBOTHU

AKTyaJbHICTh POOOTH.

OnHuM 13 MPIOPUTETHUX HAMpPSMIB Cy4acHOi (PiI3MKM METaliB € BU3HAYEHHS
MexaHi3MiB ()OpMYBaHHs MOBHICTIO HEYNOPAJIKOBAHUX Ta YACTKOBO BIOPSIKOBAHUX
CTPYKTYpPHHUX CTaHIB. BaXJIMBOIO IepeBaror HEpIBHOBRXKHHUX CTPYKTYPHUX CTaHIB,
IPAaHUYHUM 3 SIKUX € aMOp(HUI, € PO3UIMPEHHS CHEKTPY CTPYKTYpPHO-3aJEKHUX
(G13MYHHUX BIACTUBOCTEHN Ta YTBOPEHHS iX KOMOIHAIIIN, K1 HEMOKIIUBO peaii3yBaTu B
MaTepiajiax 3 MPaKTHYHO PIBHOBAXKHUMU (KPUCTATIYHUMH) CTPYKTypamMu. 30KpemMa, B
OCTaHHI JECATUPIYYS CYTTEBO POCTE 3aIlIKABIEHICTh SIK HAYKOBUX IIEHTPIB, TaK 1
CBITOBUX IPOMHCIIOBUX Kopropaliii a0 00’emHux wMeraieBux crtexkon (OMCO),
3aBJIAKH SIKUM BiJKPUBAIOTHCA HOBI 00JaCTi MPAKTUYHOTO BUKOPUCTAHHS YHIKAIBHUX
¢Gi3MYHUX BIACTUBOCTEH CIUIaBIB 3 aMOp(HOK Ta YACTKOBO KPHUCTATIYHOIO
HaHOMACIITAOHOK CTPYKTYPOIO.

['onoBHUMEU TepenKkogaMu Ha MUIAXY OUIBII MIHPOKOTO BUKOPHUCTAHHS
aMOp(HHUX CIUIaBiB Ha OCHOBI 3ajli3a € HEBHPILIEHI /0 TENEPIIHbOr0 4acy AesKi
HAyKOBlI Ta TEXHOJIOTIYHI NPOOJEMH, OJHIEID 3 SKUX € BIJICYTHICTh (DI3UYHO
OOrpyHTOBAaHUX KpUTEPIiB CXWJIBHOCTI cmiuaBiB g0 amop@izauii (CA), a
BUKOPHUCTaHHS HAMOUIBII MOIIMPEHUX HAMIBEMITIPUYHUX KPUTEPIiB, SKI 0a3yHOThCS
Ha KOMOIHAIISIX EKCIEPUMEHTAIbLHO BHUMIPSHUX TEeMIEpaTyp CKJIOMOA10HOro
nepexoay Ta KpucTtamizamii amopdHoi ¢dasum 1 JKBIAYCy, Ja€ HEOIHO3HAUHI
pe3yJIbTaTH.

OxpiM 1IbOTO, ICTOTHUM YCKJIQJHEHHSM Ha NUIAXY MPAKTHYHOTO BUKOPUCTAHHS
OMC Ha ocHoBi Fe € HecucremaTHuHMii XapakTep TMEPEBaX)HOI OLIBIIOCTI
EKCIICPUMEHTAIBHUX JOCIIDKeHb, a TaKOX OOMEKeHa KIUIBKICTh JaHUX BiJHOCHO
TEPMIYHOI CTIHKOCTI amophHuX (a3, Pi3uIyHUX MEXaHi3MiB IX KpHUcTami3amii 1 BIUTUBY
MOTAJTBITIO KpHCTAITI3aIli Ha (i13MKO-MEXaHI9HI BIIACTUBOCTI.

AKTyanpHICTh poOOTH 0O0YMOBJIEHA TAKOX THUM, IO MPOBEIAEHI JOCHTIIKEHHS
COpsIMOBaHI Ha BHpPINIEHHA HHU3KH (PYHIaMEHTAIbHUX TpodieM  (i3UKU
KOHJIEHCOBAaHOIO CTaHy, $KI TMOB’A3aHl 13 BCTAaHOBJICHHSIM BIUIUBY BMICTY 1
CHIBBIAHOIIEHHS METANOIIIB Ta JIETYBAIbHUX, Y T.4. HEPOZUUHHUX B 31131 JOMIIIOK
HAa MEXaHI3MH 1 KiHEeTUKY (GOpMYyBaHHS HAHOMACIITAOHUX KpPHUCTAIB SK B
HEPIBHOBAKHUX YMOBAX OXOJIOKEHHS PO3ILIaBiB 31 mBuakoctamu 10°-10° K/c, Tax i
npu HarpiBi amopdHUX (a3, cPopMOBaHUX B CTPIYKOBUX Ta OO0 ’€MHHUX 3pa3zKax
0JTHAKOBOT'O XIMIYHOTO CKJIaJy.

JlocmipkeHHsT  3aKOHOMIPHOCTEHM TMpOIecy HaHOKPHUCTami3allii, pe3ysbTaTu
SKAX HaBeJEHI B JAHCEpTallii JId Tpynu CTpiuykoBHX Ta 00’emHux AMC
Fe 42_71(1'IM,A1)1 0_32Y1,8_2(Si,C,B,P)17_2 » OyJiu CIIpsIMOBaH1 Ha 3'sICyBaHHS MEXaHI3MIB

dbopmyBanHs Oaratoda3zHoi HAHOKPHUCTAIIYHOI CTPYKTYpH Ta BCTAHOBIEHHS ii
B3a€EMO3B’SI3Ky 3 (DI3MKO-MEXaHIYHUMHU BJIACTUBOCTAMU. Pe3ynbTatv J0CIIIKCHb
CKJIalyTh ~ HAyKOBE MIATPYHTA JUIsl  I[UIECOPSIMOBAHOI  PO3pOOKHM  HOBHUX
HAHOCTPYKTYPOBAaHUX METAJIEBUX MAaTepialliB 3 MIJBUIICHUM KOMILIEKCOM (Pi3UKO-
MEXaHIYHUX  BJIACTHBOCTEH,  30KpeMa,  MEpPCHEKTHUBHUX  KOHCTPYKIIIHHUX,
KOPO3IHHOCTIMKHX Ta PE3UCTUBHUX CILUIABIB.
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3B'A130K Po0OTH 3 HAYKOBMMH pPOOOTaMHU, NMPOrPaMaMH, IVIAaHAMHU, TEMaMH.

JlocimKeHHs, pe3yibTaTy SKUX BUKIAACHI y AUCEPTaliifHii poOOTi, BUKOHYBAIHNChH

y BiaLI Kpucramizauii [nctutyty meranodizuku HAH Ykpainu im.I".B.Kypatomosa

3riIHO 3 1HAWBIyaJbHUM IUIAHOM pPOOOTH AucepTaHTa. BOHM y3rolkyroThcs 3

HAyKOBMMHU HalpsiMaMy BIAJUTy Ta MaloTh 3MICTOBUN 3B'I30K 3 TEMaTHUKOIO

TEP>KOIOKETHUX HAayKOBO-IOCHIAHUX PoOIT, siki ¢iHancyroTbes HAH VYkpainu Ta

dinancyBanucss MiHICTEPCTBOM OCBITH 1 HAYKH Y KpaiHU:

Bigomui Temu:

— «B3aeMo3B’s130k  TeTepodasHOro CTaHy 1 YMOB TBEp/IHHS pO3IUJIaBiB 31
CTPYKTYPOIO Ta BIACTUBOCTSMU aMOphHUX 1 HAHOKPUCTANIYHMX CIIaBiB Fe Ta
Al» (2008 — 2012 pp., Ne nepxkpeectparii 0107U009632);

— «BnumB yMOB TBepAiIHHS PO3IUIABY HA MPOLECH 3APOIKEHHS 1 pOCTY KPUCTANIIB Ta
dbopMyBaHHSI HAHOCTPYKTYPHUX CTaHIB B aMOp(HUX CIJIaBaX Ha OCHOBI 3aJli3a Ta
amominio» (2013 — 2017 pp., Ne nepxkpeectpanii 0113U000031);

— «®opmyBaHHS BHCOKOMIIIHMX Ta MAarHiTOM SIKMX MIKpPO- Ta HAHOCTPYKTYpPHHX
CTaHiB MpH KpHUCTami3auii po3uiaBiB Ta amopHuX (a3 B cruiaBax Ha OCHOBI
3auti3a Ta amoMiHio» (2018 — 2022pp., Ne nepxkpeectparrii 0118U001037).

KoHKypcHI HayKOBO-TEXHIYHI TPOEKTH MIHICTEpPCTBOM OCBITH 1 HAyKH YKpaiHU

IJIbOBOI HAYKOBO-TEXHIYHOI mporpamu «HaHoTexHOJOr1i Ta HaHOMaTepialin» Ha
2010 -2014 poxku:

— «Po3pobnenns JOCTTHO-TIPOMUCIIOBUX TEXHOJIOT1H BUTOTOBJICHHS
HAHOCTPYKTYPOBAHUX CIUIABIB 3 TPAHUYHUM pIBHEM 3MIIHEHHS [UIIXOM
KpucTani3aii 00’ emHOamMop(}Hi30BaHUX CIUTaBiB» (2010-2011p. No

nepxpeectpamii 011U007026); (2012-2013p. (apyra gepra) Ne nmepskpeectpariii

0112U005319).

Mera i 3aBaaHHs JOCaiTKeHHsI. MeToro nucepTauiiiHoi poOOTH € BCTaHOBJIEHHS
3aKOHOMIpPHOCTE (OpMyBaHHS BHCOKOMIIIHUX MIKPO- Ta HaHOCTPYKTYpPHHUX
rerepodazHux craniB B criaBax cucremu Fes 71(Ni,Co,Cr,Mo,W,Nb,V ,Mn,Al)i0-32
Y132(S1,C,B,P)1724 y mnpoueci HepiBHOBaXHOI KpHCTali3alii  po3IUJIaBiB Ta
dopmyBanHs amopdHUX ¢a3.

JI1st tocsirHeHHS 1€ MEeTH HEOOX1HO OyJIo BUPIIIMTH HACTYITHI 3a4a4i:

* Po3pobutu MeTOaMKY Ta OTpUMAaTH SKICHI aMOp(dHi cTpiuku ToBHIMHOKW 20-50
MKM 1rssxoM Hagmsuakoro (10° — 10 K/c) oxonomxenns posmiasy (HILIOP) Ta
00’emH1 amMopdHi Ta amMOp(PHO-KPUCTANIUHI 3pa3Kd TMPU  MBHAKOCTSIX

oxojojpkeHHs po3miaBy Big 80 mo 3200 K/c i3 cmmaBiB  cUcTEMH
Fe4z—71(HM’AD1o—32Y1,g—z(SI’C’B’P)17—24

* BusHauuTu XapakTepHi TemrepaTypu (a3zoBUX MEPEXOJiB B MOJICIbHUX 1 HOBUX
amopdunx metaneBux criaBax (AMC) Ta BCTaHOBHUTH 1X KOPEJSAIli 3 XIMIYHUM
CKJIQJIOM CILJIaBy Ta yMOBAaMH HOr0 OlepKaHHS.

« JlocnmiauTu KIHETUKY HaHOKpHUCTali3alii cTpiukoBux Ta 06’ emunx AMC pizHOro
XIMIYHOIO CKJIaqy, OTPUMAaHHUX 32 PI3HUX YMOB OXOJIOJKEHHS pO3IUIaBy Ta
TEPMIYHOT O0OpOOKM amMop(HUX 3pa3KiB, 1 BCTAHOBUTH 3aKOHOMIPHOCTI
(dbopMyBaHHS BUCOKOMIIIHMX HAHOCTPYKTYPHHUX reTepodazHuX CTaHIB y MPOIieci
HEPIBHOBAXXHOT KPUCTAITi3aIlii po3muiaBiB Ta hopMyBaHH aMmOophHUX (a3.
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e JlocmiauTu MexaHI4yHI, KOpPO3iiiHI Ta eJEeKTPUYHI BJIACTUBOCTI OTPUMaHUX
MaTepialliB 1 BU3HAYUTH HAWOLIBII ONTHUMANBHI 1 TEPCIEKTUBHI KOMITO3HIII1
CIUIaBIB, IO 3MOXYTh BUKOPUCTOBYBAaTHUCS SIK B aMOp(HOMY, Tak 1 B aMOp(HO-
KPUCTAJIYHOMY YU HAHOKPUCTAJIYHOMY CTaHaxX 3aMiCTh BHCOKOMIIIHUX
HEP>KABIIOYMX CTajeil, 30KpeMa y BUCOKOTEXHOJOTYHOMY MNpuiiago0yayBaHHI,,
CHEPTeTUII Y XIMIYHIHA TPOMHUCIIOBOCTI.

O06’exT gocaigkeHHss — (i3UUHI 3aKOHOMIPHOCTI 1 MeXaHi3MU (HOpMyBaHHS
aMophHUX Ta HAHOKPUCTAIIYHUX CTaHIB Y HEPIBHOBAXHUX YMOBaX IIBHIAKICHOTO
OXOJIOJDKCHHS PO3IUIABIB, @ TAKOXK — HAaHO(pA3HUX KOMIIO3HUTIB B MPOIEC] TEPMIYHOI
00poOKKM aMOp(HHUX CTPIYKOBUX Ta 00'€MHHUX CKJIAIHOJIETOBAHUX CILIABIB CHCTEMH
Ha OCHOBI 3aii3a Fe42—71(Ni,CO,CI‘,MO,W,Nb,V,Mn,Al)10_32Y1,8_2 (Si,C,B,P)17—24.

IIpeamer nocaixKeHHsi — BIUIMB XIMIYHOTO CKJIaly, METOAIB Ta YMOB
oJiepKaHHS Ha (ha30BHl CKJIad, CTPYKTYpY, KIHETUKY KpHUCTaji3amii, (13UKO-XIMI4HI
BJIACTUBOCTI aMOp(HUX Ta aMOPPHO-KPUCTATIYHUX CKIATHOJETOBAHUX CIIJIaBiB
cuctemu Fesr-71(N1,Co,Cr,Mo,W,Nb,V,Mn,Al)10-32Y 182 (S1,C,B,P)17-24.

Metoam pocaizkeHHs1: peHTreHorpadiyHuil aHasi3; peHreHoQII0OPUCIIEHTHUMA
aHaJi3, ONTUYHA, IPOCBIUyIOUa Ta PACTPOBA €JIEKTPOHHA MIKPOCKOMis; TepMorpadis,
nudepeHliiHa CKaHylo4a KaJOpUMETPis; PE3UCTOMETPIisl; AIOPOMETPIsl; MEXaHIUHI
BUMPOOYBaHHS Ha TPUTOYKOBUM 3rMH Ta PO3TAT, BUMPOOYBaHHS HAa KOPO31HHY
CTIHKICTbD.

3acTocyBaHHS B3a€EMOJIONOBHIOIOYMX METOMIB 1 METOJIMK E€KCIEPUMEHTAIbHHUX
JOCIIIKEHb, HEOJHOPA30Ba TEPEBIpKa BIATBOPIOBAHOCTI Ta CTAaTHCTHYHAa OOpoOKa
JaHUX 3a0€3MeYii TOCTOBIPHICTh OTPUMAHUX HAYKOBHUX PE3YJIbTATIB.

HaykoBa HOBH3HA OTpMMAaHHX pe3yJbTaTiB. HaliBaxnuBimii pe3yibratu
aUcepTaliitHol poOOTH, sKI BIAMOBIJAIOTh KPUTEPII0O HAyKOBOi HOBU3HHM, MOXKHA
pE3IOMYyBaTH HACTYITHUM YHHOM:

1. Brnepmie Oe3nocepeaHbO 13 PO3ILIABY MPHU IMIBUIKOCTIX MOTO0 OXOJIOJKEHHS
(80 — 3200 K/c) onepxaHni 00’emMH1 3pa3ku (CTPUIKHI Ta IJIACTUHKUA TOBIIUHOKWO 0,5—
5,6 MMm) amopdHux, amopdHo-HaHOKpucTamiuHuX Ta 100% HaHOKPHUCTATIYHUX
cwiasis Fe,,  (IIM,AD Y, . (51,C,B,P) 3 po3MmipamMu KpucTaliB Big 16 10

42-71
50 HM.

2. BcranoBneHo, 110 HAWBUIIOK CXUJIBHICTIO 70 amop@izailii Ta HalOUIBIIOW
TEPMIYHOIO  CTIMKICTIO aMOp(pHOTO CTaHy XapaKTepu3yroThcs cruiaBu  Fe-
(Co,Cr,W,Mo,Mn,Al,)-Y-(S1,B,C), mo HaiOuUIbII JeroBaHi cl1a0OpO3UUHHUMHU Y
3amizi metanamu W, Mo, Cr (B cymi 0mu3bko 30 at.%), Byrienem (9,8-15 ar.%), 3
HeBenukuM BMicToM Y (1,8...2 at.%) ta Al (0,1...1 at.%). CTpyKTypa CcruiaBiB micis
KpUcCTalizaiii CKIAJaEThCAd 13 PIBHOBAKHOI CyMilllli HAHOKPUCTAJIB TBEPAOTO
po3unHy Ha OCHOBI 0—Fe Ta KibKOX MeTacTa0lIbHUX OOPHIIB 1 KapOiaiB METATIB.

3. Bmepmie eKCnepuMEHTAIIBHO BCTAaHOBJICHI 3aKOHOMIpHOCTI 1  cramii
HAHOKpHUCTAM3aIli Npu TepMIYHUX 00poOkax 00’eMHOamMOp(]i30BaHUX CIUIABIB
PIZHOTO XIMIYHOTO CKJIaJy, 3’sICOBAHO CXO0KOCTI Ta BIIMIHHOCTI BlJ HPOLECY
HAaHOKpHUCTam3auli aMOp(QHUX CTPIYOK, OTPHUMAaHUX 13 CIUIaBIB OJHAKOBOIO
xiMiuHOro ckiany. lIlokazaHo, 1m0 eHeprii akTUBAIll KOXKHOI CTaail mpouecy

1,8-2 17-24
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HaHOKpHUCTai3alii s 00’ eMHuUX 3pa3kiB € Ha 18...50% MeHmuMMH Bij BIAMOBIIHUX
BEJIMYHH JIJIs1 aMOP(HUX CTPIYOK.

4. Bnepiie nmoka3aHo, 110 yacTkoBa 3amiHa Fe y BimoMmomy cmiaBi FegoB14Sis
HU3KOIO MEPEXITHUX METAIB, Cepell IKUX CIabOpO3YMHHI B 3aj1i31 XpOM 1 MOJi01eH
(FessNi19.4Cos sCrs 7Mo1,9B14Sis55), npuzBoauTh a0 (GHOpPMYBaHHS HAHOKPHUCTATIYHOL
CTPYKTYpH B)KE€ Ha MepIIii crajii aBoctaaiifHoro mpouecy kpucranizaiii AMC 3i
3MEHIIIEHHSM, OUIBII HIXK y JIBIYl, pO3MIpIB HAHOKPHUCTATIB 0-Fe Ta 30UIbIIeHHsIM X
00'eMHOT YaCTKU Maiike Ha MopsAoK. JJis MpakTUYHOTO 3aCTOCYBaHHS BaXKJIMBHUM €
IIIBHUIICHHS BHACIIOK JITYBaHHS 3HAY€Hb MIKPOTBEPAOCTI, KOPO3IMHOI CTIMKOCTI,
IIATOMOT'O E€JIEKTPOOIOPY Ta ICTOTHE 3HIKCHHS TEPMIYHOTO KOe(]illiEHTYy Omopy
(TKO) Bix 1,6x10* go 4,4x10”° K'! y Buxignomy amopduomy crami.

5. CdopMoBana y BHUXITHUX OO0’ €MHUX 3pa3kax, a TaKOX B MPOILECi
HaHOKpHcTam3auli (micig HarpiBy a0 1100 K Tta, BianmoBigHO, HMPOTIKaHHS BCIX
cTamii kpucramasamii) amMoppHUX CcTpiuok HOBUX cIuiaBiB  Fesr.71(ITM,Al)10-32
Y132(S1,C,B,P)1724 OGararodazna HagapiOHa  CTpyKTypa  XapaKTepHU3yeEThCs
PEKOpJIHUMHM 3HAaUYEHHSIMU MikpoTBepaocTi 17-22 I'Tla.

[IpakTyHe 3HaYeHHS oOAep:KaHUX pe3yabTaTiB. OjepkaHi pe3ysbTaTU
CKJIAAyTh HOBUW KOHIIENTYaJbHUW MIAXIT 10 PO3pPOOKH KOHCTPYKIIMHUX Ta
GyHKIIOHATHPHUX MaTEpialiB 3 MiJBUIICHUMHU PIBHSAMHU €KCIUTyaTallliHUX 1 (QI3UIHUX
XapakTepucTUK. HOBI HaHOCTPYKTYpOBaH1 CIJIABU MOXKYThb OYyTH BUKOPHUCTaH1 IJIs
CTBOPEHHSI ~ NOKPUTTIB, IO 3a  3HOCOCTIMKICTIO  N€peBEpIIaTh  Kpaili
COPTH MiAIIMIHUKOBOI CTaII.

Pe3ynpTaTt poOOTH B’€ YaCTKOBO BIPOBAKEHI Y BUPOOHULITBO — MPOBEIECHI
BUMPOOYBAaHHS ~ CTBOPEHUX  MaTepiaiB Ta  TEXHOJOrIH Ha  BITYU3HSIHHUX
OiJOpUEMCTBAX MAIIMHOOYAIBHOI Ta METalypridiHOl ramxy3edl mpu BHUTOTOBJICHHI
cepiiiHOi mpojaykiii. 30KkpeMa, mokazaHo, 10 ckiagHoneroBaHi AMC Ha OCHOBI
3aili3a JyKe BJAJIO0 TOEAHYIOTh XapaKTEPUCTUKH MIIHOCTI 1 IUIACTUYHOCTI 13
BUCOKUM piBHEM esiekTpooropy (>140 mxOwm-cMm). [loBeeHO BUCOKY €(PEKTHBHICTH
iX BUKOpHUCTaHHS, SK BHCOKOMIIIHMX Ta KOPO3IMHOCTIMKUX  CTPIYKOBUX
HU3BKOTEMIIEPATYPHUX HArpiBadiB B MOOYTOBOMY Ta MPOMHUCIOBOMY OOJaJHaHHI
3aMICTh  HIXPOMOBHUX, (exXpaieBUX Ta BYIJICBOJIOKOHHHUX MarepiamiB, SKi
IMIIOPTYIOThCST B YKpaiHy. 3anateHToBaHW «Pe3uCTUBHUN KOPO31WHOCTINKUN
amopHuii criaB Ha ocHoBl 3amiza» (Ilarent Ha BuHaxim UA 104983 Omny6mn.
25.03.2014, Bron.Ne 6) cTtaB OCHOBOIO JJIsl YKJIaJE€HOIO JILEH31MHOr0 JI0rOBOPY MiX
IM® HAH Vkpaian im. ['.B.Kyparomoa (JIuumensiap) ta TOB «MEJITA»
(JInuensiaT) Ta opranizaiii BUpOOHHUIITBA aMOP(PHUX 1 HAHOCTPYKTYPOBAHUX CIUIABIB
Ta HU3bKOTEMIIEPATYPHUX IJIIBKOBUX HArpiBayiB.

OcoOucTnii BHecoKk 3100yBauva. Jluceprant Oe3mocepeaHbO 3/1HCHIOBAB:
NOIIYK, ONMPAaLIOBaHHS Ta KPUTUYHUN aHANI3 JITEPAaTypPHUX JKEpe, Kl CTOCYIOThCS
TEMHU JUCEPTAIIHHOT pOOOTH, BUTOTOBJICHHS MapTi BUXITHUX CIUIaBiB, aMOop(pHUX Ta
HAHOKPUCTAIIYHUX CTPIYOK Ta O0’€MHUX 3pa3KiB, MPOBEJACHHS EKCIEPUMEHTIB,
00poOKy eKCHepUMEHTAIbHUX JIaHWX, HalUCaHHS, OOTOBOPEHHS Ta MIATOTOBKY 0
JIPYKY HayKOBUX CTAaTEH Ta JOMOBiIeH Ha KOH(EPEHIIisX.
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OOrpyHTYyBaHHS aKTyaJIbHOCTI TEMHU JUCEPTaIiifHOI pOOOTH, TOCTAHOBKY 3a/1a4,
BUOIp METOAWK MJOCTI/KEHHS TMpU BUKOHAHHI EKCIEpPUMEHTIB 1 OOTrOBOpeHHs
OTPUMAaHMX PE3yJbTaTiB MPOBEACHO Pa30M 3 HAYKOBUM KEPIBHUKOM.

ExcriepuMeHTH 3 BHUBYEHHS (A30BOr0 CKjIaay Ta MIKPOCTPYKTYPH 3pa3KiB
CIUIaBIB PI3HOIO XIMIYHOTO CKJIQJy Ta YMOB OJiepKaHHS BUKOHYBAJIUCS 3100yBavyeM
CaMOCTIMHO a00 3 IHIIUMH CITIBaBTOpaMH MyOJTiKaIliil.

BunpoOyBaHHs1 KOpO31HHOI CTIHKOCTI HOBUX CTPIYKOBUX Ta 00 €MHMX CIUIaBIB
cuctremu Fe-(Ni,Cr,Mn,Mo,W ,Nb,Al)-(Si,B,C,P/Y) y BuxigHomy amopdHOMY Ta
HaHOKOMITO3UTHOMY CTaHaX IHMCEPTAHT NMPOBOAUB y JIbBIBCHBKOMY HalllOHAJILHOMY
yHiBepcuTeTi iM. IBana ®dpaHka pa3oM i3 CiBpoOITHUKAMU XIMIYHOTO (haKyJIbTETy —
CHIiBaBTOpamMu IyOJiKaIiii.

Amnpobania pesyabratiB aucepramii. OCHOBHI pe3yibTaTH IUCEpTaLliHOI
po0OOTH Ta OKpeMI MOJIOKEHHS OyJIM MPECTaBIEH] Y BUTJISA1 AOMOBIIEH HA HAYKOBUX
KOH(EPEHLIAX Ta CUMITO31yMax:

1. Mixnaponna HaykoBa KoH(pepeHuis ‘“®DynkuioHanbhi wmatepianu’, [CFM-
2013, 29 Bepecns — 5 xxoBtHd 2013, fnra, Kpum

2. Mixnapoana HaykoBa KoH(pepeHuia “HanorexHosorii Ta HaHOMarepianu”, 26-
29 cepnus 2015, JIbBiB, Ykpaina

Iyo6aikamii. OCHOBHI pe3yJabTaTH Ta OKpeMi TOJOKEHHS JUCepTaIliiHOl
poboTu ory0OikoBaHi y 6 cTaTTaX y (haxOBUX HayKOBHUX JKypHajax, 4 3 IKMX BXOJUTh
no HaykoMetrpuuHoi 0a3u SCOPUS, 1 nmatenTi Ykpainu Ha BUHaXija, 2 MaTepiaigax Ta
Te3aX MIKHAPOIHUX KOH(PEPEHITIH.

Ctpykrypa Ta 00’eMm aucepramii. [uceprariitHa poOoTa CKIIaJaeThes 13
BCTYIy, I’ SITH PO3/UTIB, 3aTaJIbHUX BHUCHOBKIB, CIUCKY BUKOPUCTAHUX JITEPATYPHUX
mxepen (147 naliMeHyBaHb). 3arajdbHUN 0OCAr poOOTH CTAHOBUTH 145 CTOPIHOK.
Hucepratist MicTuTh 48 pucyHKIB Ta 20 TabIMLB.

OCHOBHUM 3MICT POBOTH

Y Berymi  OOrpyHTOBAaHO aKTyalbHICTh TEMH JAHMCEpPTaLIiHOI PoOOTH,
chopMyIbOBAaHO METy Ta 3ajadi JAOCHIIKEHb, BH3HAUCHI HAyKOBa HOBH3HA Ta
PAKTUYHE 3HAYEHHS OTPUMAHUX PE3yJIbTaTiB, HABEICHO BIJOMOCTI MPO 3arajibHy
KUIBKICTh MyOJIiKaIliid Ta arnpooariito MaTepiaiiB qucepTaiiitHoi poOoTH.

Y nmnepmomy po3mini (ornsg JitepaTypu) MPOBEACHO JCTAIbHUM OIS
BITYM3HSIHOI Ta 3apyOiKHOI JIiTepaTypH, OXapaKTepU30BaHO OCOOIHMBOCTI CTPYKTYpPH
Ta (I3UKO-MEXaHIYHMX BIACTUBOCTEH amMopdHux wmetaneBux cmiaaBie (AMC).
[IpoananizoBaHO TOJIOBHI KpUTEpii, 110 BHU3HAYAIOTh CXWJBHICTH PO3IUIABIB [0
HEKPUCTAJIYHOTO TBEPJIHHS B yMOBaX IIBHUJKICHOTO OXOJIOJ)KEHHS, B TOMY YHCII
yMOBH 00’eMHOI aMmopi3zaliii Ta HaHOKpHUCTali3alli MeTaJIeBUX CIUIaBIB HA OCHOBI
3ami3a. BinMivaeTscs, MO CXWIBHICTh pO3IUIaBIB 0 00’eMHOI amop@izamii
BU3HAYAETHCS HE JIMIIE CTPYKTYpOIO pO3IUIaBy, aje 1 OyI0BOI BiAMOBITHUX
KPUCTAIIYHUX CIUIABIB, B SKMX NOBUHHI OyTHM YTPYJHEHI MpPOLIECH HE TUIbKU
noJiiMop¢HO1, ane 1 eBTeKTUYHOI KpHUCTali3alii, B pe3yJbTaTl SIKUX yTBOPIOIOTHCA
KpucTalliuHi a3y 3 CKJIaJaMu, CIHIBIAJAl0UMMU 31 CKJIaJO0M BUXIJTHOTO PO3ILIaBY.
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[IpupoaHbo, 10 OCTaHHA BUMOTa, YMOBH peami3amii sKoi MPaKTUYHO HE
aHali3yBalucs, Hakjialae JgOJaTKOBI OOMEXeHHS Ha BHOIp CKIAIiB CILUIABIB,
CXWIbHUX 10 aMopizailii.

[IpoananizoBaHO BIUIMB JIETYIOUMX (MEpeXigHUX 1 PIAKICHO3EMEIbHHX)
€JIEMEHTIB 13 PI3HOI PO3YMHHICTIO B 3ali3l Ha TepMmiuHy cTilkicte AMC, 1o
3QJICKUTH BIJ] CTYNEHS JITYBaHHS Ta MEXaHI3My Iepiioi cTaaii kKpucramizaiii. Y
3aKIIOYHUX MIIPO3AUIAX OIJISAY MPOCIIIKOBAHO B3a€EMO3B’SI30K MIXK CTPYKTYpPHO-
¢$a30BUM CTaHOM HAHOKPUCTAIYHMX CIUIABIB Ta pPiBHEM iX (HI3UKO-MEXaHIUHHUX
BinactuBocTeil. [lompu Benuwkuii 00CSIT TPOBEACHHX JOCHIHKEHb, MpobdeMa
NPOTHO3yBaHHS yMOB 00’eMHOI amop@izaiii Ta JOCSITHEHHS BHUCOKOTO pIBHA
MIIHICHUX XapaKTePUCTUK 3AIUIIAETHCS 3HAYHOIO MIPOK HE BHPIIICHOIO. 3a
pe3ynbTaTaMi OTJISAY JITEpaTypHUX JDKEepen cPopMylTbOBAaHO OCHOBHI 3aBIaHHS
IUcepTaliiftHol poOoTH.

Y apyromy po3aiii o0rpyHTOBaHO BUOIp 00’€KTIB AOCHIKEHb - aMOPPHUX Ta
HaHOKpucTamiyaux  cmiaBiB  cucrtemun  Fe-(Cr,Ni,Co,Mn,Mo,V,W Nb,Cu,Al)-
(S1,B,C,P/Y). [Jlns 3a0e3nedyeHHs TMOJIETIIEHUMX YMOB CKJIOYTBOPEHHS JIEryroul
KOMITIOHEHTH CILJIaBIB OOMpaiu, IPYHTYIOUHMCh Ha BIAOMHUX MPUHLMNAX (PI3UKO-
xiMiuHoro miaxonay [1].

CTpyKTypHI ITOCTIIKEHHS MBUIKOOXOJIO0PKEHHUX 3pa3KiB (CTPIYOK Ta 3JIUTKIB) Y
BUXITHOMY Ta TepMOOOpOOJIEHOMY CTaHaxX MPOBOJWINCS 3 BUKOPUCTAHHSIM
PEHTIEHOCTPYKTYPHOTO aHajli3y Ta eJIEeKTPOHHOI MiKpockorii. Jludpakiiiiii KapTuHU
peecTpyBajii 3a JOMOMOTOI0 aBTOMAaTH30BAHOIO CTaHAAPTHOTO JU(PAKTOMETPY
JNPOH-3M y ¢uetpoBaHomy CoKq- Ta  MoHOXpoMaruzoBaHoMy MoKe-
BUINPOMIiHIOBaHHI.  TepMmiyHa  CTIMKICTh  HEpiBHOBaXHUX  (amoppHUX  abo
HAHOKPHUCTAIIYHUX) CTPYKTYp, a TaKOX XapakTep Ta KIHETHKY iX Hepexoay A0
PIBHOBXHOTO  CTaHy JAOCHIDKYBaJIM  METOJIOM  JU(EpeHLIfHOi  CKaHyrouol
kanmopumetpii (JICK) na xamopumerpi NETZSCH 404 B ymoBax Oe3nepepBHOIO
HarpiBy 31 mBuakoctsmu 5, 10, 20 ta 40 K/xB. 3a JICK-trepmorpamamu 3paskiB 3
aMOpHOI0 CTPYKTYpPOI BH3HAYaIM TeMIlepaTypH ckiononioHoro mnepexony (7y),
noyatky kpuctamizamii (7ons), MAKCUMYMHU MIBUAKOCTI mporiecy kpuctam3zarii (7%),
no4atky (7m) Ta 3aBepiueHHs (771) MIaBIeHHS.

BumiproBaHHS MiKpOTBEpOCTI H, MIBHAKO3arapTOBaHUX 3pa3KiB MPOBOJIUIU
3a JOMOMOTOI0 CTaHAapTHOro MikporBepaoMipy [IMT-3 npu HaBantaxxenHi 0,69 H i
putpumil 10 c. Bu3HaueHHsS HampyXeHHs pyHHYBaHHS g 00 €MHHUX
MIBUJIKO3arapTOBaHUX  3pa3KiB  MPOBOJWIM  [UIAXOM  BHUNPOOOBYBaHHS  Ha
TPUTOUYKOBUM 3ruH. Enexktpuunuit omip ta TepmiuHuit koedimieHt omopy (TKO)
aMOpdHUX CTPIUOK BUMIPIOBAIM In Situ YOTUPU3OHJOBUM METOJOM Ha MOCTIHHOMY

CTpyMi mnpu mBHAKOCTSX Harpiy 5 — 10 K/xB. EnexkTpoHHOMIKpOCKOIIYHI
JTOCHIDKEHHST TPOBOAWINCHL Ha Mikpockonax BS-540 1 JEM 2000 FX-11 3
npuckoprorouoro  Hampyroro 200 kB.  Mikpo- Ta  HaHOCTPYKTYpY

IIBUIKO3arapTOBAaHUX CTPIYOK Ta CKOJIB 00’ €MHHUX 3pa3KiB JOCIIIKYBaId METOI0M
pacTpoBOi eJIEKTPOHHOT MIKpOCKoIii Ha Mikpockori Tescan Mira 3 LMU.

CnmaBu CHCTEMU Fe-(Cr,Ni,Co,Mn,Mo,V,W Nb,Cu,Al)-(S1,B,C,P/Y)
BUILIABIISUTM B 1HAYKIIAHINA Tedl y KBapIIOBUX THUTJISX B 3aXHUCHIN atMmocdepi Ar i3
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CyMilIl XIMIYHO YUCTUX MeTaliB (= 99,8%), nonikpuctraniunoro kpemHito (99,9%) 1
miratryp FesC (momepenHbo cuHTE30BaHOI 3 apMKo-3aiiza 1 rpadity), Fe.B
(cunTe30BaHO1 3 apmko-3amiza 1 ¢pepodbopy Db-20) 1 bepodbochopy OPD-16 (Fe —
16 mac.% P). lna orpuMaHHsS amMOp@HUX Ta HAHOCTPYKTYpPOBAaHUX CTPIUOK Ta
00’€MHUX IIBUJIKO3arapTOBAaHUX 3Pa3KiB Yy BUIJISI MPYTKIB Ta IMJIACTUHOK PI3HOIO
JlaMeTpy Ta TOBIIMHHU y paMKax JaHoi poOOTH Oyji0 po3poOJEHO Ta BUTOTOBJIEHO
JOCTIAHUN 3pa30K rapTyBaJIbHOTO OJIOKY JUIsl HAALLBUJIKOTO OXOJIOPKEHHS pO3ILIaBy
(HIIOP) — (5 — 10)x10° K/c Ta yCTaHOBKY 3aKPHTOIO THILY [UIS JHUTTS PO3ILIABY Y
MIIHY opMy.

[lo3HaueHHss Ta XIMIYHMM CKJaJ HalOUIbII XapakTEPHUX 3 JIOCTIKEHUX
CIUIaBIB, PO3AUIEHUX HA YOTUPH IPYNH, HaBeIEH1 y Tabuui 1.

Taoauns 1
MapkyBaHHS Ta XIMIYHHUI CKJIaJ] JOCIIPKEHHUX CILIaBiB
CymapHuii
Ne Mapka cruaBy XiMiuHUU cKaf, at.% BMIeT
/1 METAaJIOi/IIB,
atT.%
I'pyna I1:
1 [HB-2 Fe66CI'14W2B15CQSi1 18
2 |HB-3 Fe71CI‘5Nb6B1QSi5 17
3 |HBRM-4 Fes0.6Cr13.8Mno.s Mo1.9NbaAlo2Cuo.5B16.2C2S12.5 20,7
4 |HB-4 Fes1.37Cr3.78C06.84 V0.8 W0.82M01.06Nb0.85B19.87C1.9090S12.57] 24,43
I'pyna 2:
6 |HBPC-3 Fes6.84Cra.53Mn1.20M03.11V0.08B10C3.92P9.15S11.08 24,15
7 |HBPC-4 Fe69C1‘2Mn1M04B5C7P1oSi2 24
I'pyna 3:
9 |INHRS-(Co-1) |FessNii94Crs7Cog sMo01.9B14Sis 5 19,5
10 [NHRP-4 Feso,oNil9,0Cr6,5M01,5V1B14,1C2,5P4,4Si1 22
11 NHRP-6 FessNigCroCosMo4 V1AL BsCsPoS1n 22
I'pyna 4:
12 [HBCY-1 Fe49.7C04.5Cr14.7M09.3B3.6C13.5514.6 Alo.1 21,7
13 |[HBCY-1-1 Fe40Cos5.3Cr16.6W3.9M010.5Mn0.2B4C14.9S11.7A11 Y 1.9 20,6
14 |HBCY-2 Fes0.4C04.5Cr14.8Mo093Mnop4BoCoSi25Al0.1 20,5
15 [HBCY-2-1 Fe43.6C05.4Cr15.9W3.9M07.9Mno.6B9.sCo.8S10.1A11 Y2 19,7
16 HBCY-3 Fe42.4C06.6Cr15.6M013.4B5.8C14.6511.6 22
17 |HBCY-3-1 Fe41.6C07.1Cr153M012.8B5.9C14.8S10.6Alo.1Y 1.8 21,3

JInst mOpIBHSHHS KIHETUKM HaHOKpHCTaJi3allli Ta BIACTHUBOCTEH OyJM TaKOX
BUT'OTOBJICH1 BiIOMi 3 JTiTepaTypu ciuiaBu FegoB14Sis Ta Fess sCris2W2B17 (HB-1).

HaGmmxenns cymapHoro BMicTy MeranoiniB 1o 22-24,5 at. % B 1, 2 1 3 rpynax
CIUIaBIB Ta BCTAHOBJIEHHS BIUIMBY JIeTyBaHHA ciiaBiB P 3amicte Y (rpymm 2 1 3),
OyJ10 XapakTEpHOK O3HAKO JOCHIKEHb, [10B’SI3aHOK0 3 MPArHEHHSIM 3a0€3MeYUTH
BUCOKYy TepMiuHy ctabuibHicTh AMC Ta 3matHiCTh 10 Oaratoda3Hoi
HaHOKpHUCTaI3allll po3IljIaBy B yMOBax HOro rapTyBaHHS 3 BIJTHOCHO HEBEJIMKUMU R.
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IIBUAKICTE OXOJOJKEHHS R OTpUMaHUX IIBHJKO3arapTOBAaHUX CTPIYOK,
IUTACTHH Ta MPYTKIB OLIHIOBAIM 3a iX TOBLIMHOK D), BUKOPUCTOBYIOUM €MIIPHYHI
piBasiHHS [2]: 1gR = 10,8 — 3,1xIgD — nns crpiukoBux 3paskiB; lg R = 8,06 —
1,69x1gD — nns muactuHok ToBmmHOKO 0,1 — 1Mm Ta R= 10,58 + 989,05/D mns
00’€MHHUX 3IUTKIB 3aBTOBIIKKA 1 — 75 mM. Tloka3zaHo, 10 MBHUAKOCTI OXOJOMKSHHS,
K1 OyJM JOCATHYTI B PO3pOOJICHUX Yy poOOTI METoJax TapTyBaHHS pO3IUIABIB,
nexath B Mexax Big 1x10? no 5,4x10° K/c.

Y TperbomMy po3aiii po3riasHYTO 0COOJHMBOCTI (hOpMYyBaHHS aMOpP(pHOIo Ta
aMOp(PHO-HAHOKPUCTAIIYHOIO CTPYKTYPHOTO CTaHy B 3aJIEKHOCTI BIJ XIMIYHOI'O
CKJIay Ta YyMOB HEpPIBHOBAXHOIO TBEPJAIHHS CIUIaBIB; HABENEHI pE3yJIbTaTh
JOCIIKEHHS! CXMJIBHOCTI JO CKJIOYTBOPEHHS Ta TEPMIYHOI CTIMKOCTI aMOp(HUX
CKIIAIHOJICTOBAHUX CILIaBIB Fe42771(HM,A1)10732Y1,872(Si,C,B,P)17724 3 pi3HI/IM
BMICTOM IMEPEXIAHUX METAIIIB, ITPIIO Ta METAJIOI/IB.

3a pe3yibTaTaMy PEHTIeHO(A30BOT0O aHali3y IIBHJKO3arapTOBaHUX CTPIYOK
JOCIII/DKYBaHUX CIUIaBiB OYyJIO BCTAHOBJICHO, IO y BHUXIJHOMY CTaHi iX aToMHa
OynoBa € nocratHpbo 0au3bKor0. Posmipu OKP (L) nexats y mexax 1.11-1.61 uMm, 1o
TaKOXX € TUIOBUM MJisi MeTajeBux cTekoi. [lokazaHo, mo BennyuHH L BUXITHUX
aMOp(HUX CTPIYOK JIJISl PI3HUX TPYI CIUIABIB HE KOPEIIOIOThH 3 XIMIYHUM CKJIAJIOM Ta
iX cXmiIbHICTIO 10 amopdizarii.

Bigomi [3] emmipuuHi Kopemsiii Mi>K KPUTUYHOIO IIBUJKICTIO OXOJIOIKEHHS
(Rc), KpUTUYHOIO TOBIIMHOKO 3JUBKIB (Dc) Ta HU3KOK TEPMOJMHAMIYHHUX KPUTEPIiB,
AKl ~XapaKTEepPU3yIOTh CXWJIBHICTh pO3IUIABIB J0 CKJIOYTBOPEHHS, 30KpeMa,
OPUBEACHOIO TEMIIEPATypor0 CKIyBaHHA Tr=T¢/TL, TemMneparypHuUM iana3oHOM
ICHYBaHHS MEPEOX0JIOKEHOTO PO3MIaBy Tons-7g, @ TAKOXK BIAHOIWIEHHAM ¥ = Tons/( Ty
+71). B naniii poGoti 6yno npoBeaeHo ananiz CA (tabi. 2) 1OCHIIKEHUX CIUIaBIB 3
NOPIBHSAHHAM €(QEKTUBHOCTI MPOTrHO3yBaHHS D. Ta Rc 13 3aCTOCYBaHHSAM JBOX
KputepiiB y ta y, =(2T, -T,)/T,, AL AKHX y poboti [4] HaBemcHI eMmipHYHI

s
3anexHoCTi mBHAKocTel oxomomkenHs (K/c) y surmami Re(y)=1,333x10*'exp(—
113,138y) Ta Re(ym)=3,947x10"exp(—43,802ym).

Oxpim Temnepatrypu 7Tons, 3HAYEHHS SKOI OI[IHIOBAJIOCH IPU IIBHUJIKOCTI
Harpiey 10 K/xB, tepmorpamu JICK, kigbka 3 SIKMX HaBeIEHI Ha puc. 1, MICTATH
HernpsMy 1HGOpPMAIliI0 BITHOCHO CTPYKTYpH IIBHAKOOXOJO/KCHUX CTPIUOK 1
xapakTepy nepexoay amoppHux (a3 y piBHOBOKHUM KPUCTATIYHUHN CTaH.

Oxpim Temriepatyp T Ta Tons kKpuTepii ominku CA (y Ta ym) 3alexaTh TaAKOX
BiZl 71, KA € BaXJIMBOIO TEXHOJOTIYHOIO XapaKTEPUCTHKOIO MPOIIECY JTUTTS, OCKIIbKU
y 3Ha4yHIA Mipl BHU3HAYa€ B’SI3KICTh PO3IUIABY. 3arajbHOI0 PHCOI0 TEPMOTrpam
IUTABJICHHS] JOCIIUKEHUX CIUIABIB € TMOMITHHM E€HAOTEPMIYHUN €e(]eKT, 3 SKOro
MOYMHAETHCA IJIABJICHHS 1 AKUU NP MIJBUIIIEHH] TEMIIEPATYPHU CYIPOBOIKYETHCS (32
BUHATKOM €BTeKTHYHOIO ciiaBy HBCY-2-1) Hu3KO0 OUIbLI cl1abuX €HA0TEPMIYHUX
peakuiif, ki BIANMOBIJAIOTH IUIABJIEHHIO KapOiMHUX Ta OopuaHux ¢a3, sKe
3aBEpIIYETHCS MPU TeMIlepaTypl JIKBIAycy. BaxiuBuil BIJIMB TeMmmeparypu
mikBigycy Ha CA  JOCHIDKEHUX CIUIABIB MIATBEPIKYETHCS 1 KOPENAIIE0 3
eKCTIIEpUMEHTAIbHUMU JaHUMH 3rafaHoro Buiie BigHomeHHs 1y/T1 (HBPC-4 — 0,586;
NHRP-6 — 0,614 i NHRP-4 — 0,509), sixe npexacrapisie co00r0 KiIbKICHUNA BUpa3
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BIJOMOTO MPUHIUIY «TIMOO0KOT €BTEKTHKW» Ui alpiOpHOrO MOIIYKY CIUIaBIB, IO

aMop(di3zyroThcsl.

IToxazano,

M0 HAWOUIBII OJIM3BKI

JI0  €KCIEPUMEHTAIBHO

BUMIPSIHUX 3HAYCHb KPUTHYHHX IIBUIAKOCTEH OXOJOJDKEHHS Ja€ BHUKOPHUCTAHHS
KpUTEPItO: ¥m = (2T onset — Te)/T1.

Te

TUIOBHI OTIK, BiJiH. OZI.

TennoBwi NOTiK, BiAH. OA.

HBPC4

~ 3]

Tennoswi NOTIK, BiAaH. oA,

1 i 1 i 1 N 1 N 1
700 750 800 850 900

Ekso

B

]

HBCY-2

Ekso

TennoBui NOTIK, BiaH. 0.

400 500 600 700 800 900 1000

i~ 500 600 700 S%OK' 900 10001100 e
a) 0) B)
rBcY2 g He Pucynok 1. Tepmorpamu
Z JICK amopdHHX CTpidOK
E,Lo 2 T CILIaBiB PI3HUX MapoK:
,E Exso a) HBPC—4, NHRP—4,
: T NHRP-6; 6) HB-4;
e B) HBCY-2;
| | | | o r) HBCY-2-1;
600 800 1000 1200 W 40 G0 1Em G0 1050 1200 1) HB-3.
r) 1)

TepmoaumHaMiuHi KpuUTepii, 1m0 XapakTepuszyroTh CA

Taoaunsa 2.

KpI/ITI/I‘IHi I_IIBI/IILKOCTi OXOJOI)KCHHS Ta KpI/ITI/IIIHi TOBIIMHUA

JIOCHIIJDKEHNX CILIaBIB,

Mapka Rc ) Dc 5 Rc m), Dc m
d T, K|Tg , K|Tons, K| Tg/Th |y ” ” Ym Om) Om)
CIUIaBY K/c MM K/c , MM
HB-2 1400 | 786 | 792 10,561 0.362| 1800 1.02 [0.570| 5.67x10%| 0.175
NHRS (Co-1)| 1407 | 706 730 | 0,50 | 0.345| 1.5x10* | 0.141 | 0.536 | 2.52x10* | 0.029
HB-4 1672 | 818 833 | 0,48 [0.333] 5,6x10* | 0.1 ]0.507 | 8.95x10*| 0.077
HBRM-4 | 1320 | 767 | 798 | 0,58 |0.382 176 2.36 | 0.637 300 3.417
HBCY-1 | 1388 | 762 | 794 |0,5490.369 813 1.37 10.595| 1.89x10° | 0.267
HBCY-2 | 1438 | 807 827 | 0,56 |0.368 825 1.34 ]0.589 | 2.47x10% | 0.245
HBCY-3 [ 1517 | 849 | 875 | 0.56 |0.370 765 1.4 ]0.594 | 1.98x10° | 0.263
HBCY-1-1 | 1467 | 866 896 | 0.59 |0.384 150 2.5 |0.588]2,62x10° | 0.379
HBCY-2-1 | 1437 | 840 874 10.585]0.384 153 2.5 10.621 614 1.639
HBCY-3-1 | 1429 | 857 | 879 | 0.60 | 0.385 142 26 |0.631| 3915 1.718
HBPC-4 | 1313 | 770 | 785 |0,586]0,377 405 1.68 0,609 | 1,01x10° | 0.327
NHRP-6 1245 | 765 781 10,614 0,389 108 3.68 0,640 262 2.18
NHRP-4 1483 | 755 765 0,509 | 0,342 | 2,1x10* | 0,161 | 0,523 | 4,5x10* | 0,103
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3a pesynbTraTaMu peHTreHorpadiyHux aochipkeHb (puc. 2) chopmoBaHa y
BiINIMBKax ToBHMHOIO 2 1 3 MM cmay HBRM-4 crpykTypa ckiagaeTbes 3
HAaHOKpHUCTaNIIB po3mipamu 16—43 HM TBepmoro po3uuHy Ha ocHOBi a-Fe, 6opumy
Me:B (Me - nepexigHuii MeTan) Ta He3HAYHOT KUTbKOCTI KapOiny FesC,. Buano, mo
BIJTHOCH1 KIJIbKOCTI HAaHOKpHUCTaliB a-Fe, bopuay 1 kapOiny 3anexarh BiJ IBHUJKOCTI
oxojokeHHs. Kpucranizaiisg nux a3 y nepeoxosioKeHOMY PO3ILiaBi BiI0yBa€ThCs
PO3IUIIBHO 1 31 301IBIIEHHAM IIBUIAKOCTI OXOJIO/PKEHHS ICTOTHIIIE MPUTHIYYETHCS
KpucTaiizaiis 0opuaHoi dasu.

Bcranosneno, mo kpucranizarisi aMmopdHOi CTpiUuKH BiAOYBA€ThCA y JIB1 YITKO
pO3/UIeH] CTaail, HA TEepIIii 3 KOTPUX YTBOPIOIOTHCS HAHOKPUCTAIU TBEPIOTO
po3unHy Ha ocHOBi a-Fe, a Ha mapyriii — HaHoMacmTabHI Kpuctanu 6opuny Me:B
(xap6in FesC, BusiBUuTH B CTpidlll HE Baanocs) (puc. 3).

O~ CiFe ™ HBRM4
X—FeZB ,é(
g ~L—Fe5C2 E
'é‘ % 5 .Ea
i, ol f o :
E 3mm E
1
2mm
00 40 0 0 W w0
20, rpan,
Pucynok 2. ludpakrorpamu 3pa3Kis Pucynok 3. Iudpakrorpamu
IIBUJIKOOXOJIOJIKEHUX BIIJIUBOK CILIaBY ctpivok criiaBy HBRM-4 y Buxin-
HBRM-4 toBmuno0 3 MM (1) 12 MM HOMY cTaHi (1) Ta miciist HarpiBy 3
(2). a—o0-Fe, x— ¢a3a izocTpykrypHa mBuakicTio 10 K/xB. 1o Temneparyp
6opuay Fe:B, a | - ¢asa isoctpykrypHa 3aBEpILICHHS MepIuoi (2) ta Apyroi
FesC», BiMOBiAHO. (3) craaiit kpucTasizanii.

Ananiz mnpodimo gudpakmiiiHol JiHIT  3pa3ka  micad  MepIioi  cramii
KpHUCTaTi3alii 1mokasas, 10 CepeHl po3Mipd HAHOKPHUCTAIIIB TBEPJOTO PO3YMHY Ha
ocHOBI a-Fe, L, Ta iX BiJHOCHA JacTKa, X, ckiaamaroTs 10 aM Ta 35%, BignosigHo. Ha
Apyrid cramii kpucTamizamii B 3aNUIIKOBIM amMop(HIA MaTpuill yTBOPIOIOTHCS
Kkpuctanu ¢asu, 130cTpykTypHOi Oopuny Fe:B, Ta yKpynHIOIOThCS TEpBUHHI
kpuctamit 3 OLK-ctpykryporo (puc. 3). O0’emHa rycTHHa HaHOKpHCTaliB a-Fe,
N=6X/nL?), chbopMoBaHMX Ha MepIIili cTamii KpucTamizanii amopduoi dasu cruaBy
HBRM-4, cknanae npubmmsHo 6,7x10% m.

Otpumani 3HaueHHs R. ta D mis crutaie HBCY-1, HBCY-2 ta HBCY-3 €
MOMITHO HWxX4umMmu, HDK mai1g cmiasis HBCY-1-1, HBCY-2-1 ta HBCY-3-1,
jgeroBaHux iTpiem (Tadu. 2). OIIHKK MIBHIKOCTI OXOJOJDKEHHS MPYTKY TOBIIHHOIO
3,5 MM Ta IJIaCTMHYU TOBLIMHOKO 3.6 MM, 5Kl 3pO0JI€H] 3 BUKOPUCTAHHIM 3aJI€KHOCTI
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lg R = 8,06 — 1,69%x1gD, nmarots 3mauenns 140 ta 137 K/c, BigmoBigHO, KOTpi €
OJIM3bKUMHU 0 KPUTUYHUX MIBUAKOCTEU R oxosiomxenus s cinasie HBCY-2-1 ta
HBCY-3-1 (153 Tta 142 K/c, BIiANOBIAHO) pO3paxOBaHUM 3 BUKOPUCTAHHAM
TEPMOJIMHAMIYHOTO KpUTepito y (Tada. 2). Takum 4MHOM, KpUTEPiH Y € KOPUCHUM IS
nonepeaHbO1 OI[IHKY CXHJIBHOCTI CIUIaBiB 10 aMopdi3allii.

Y derBepTOMY PpO31iJli BCTaHOBJIEHO 3aKOHOMIPHOCTI CTPYKTYpo- Ta
($a30yTBOpPEHHsI MPU TEPMIYHUX OOPOOKAX CTPIUKOBUX Ta 00’€MHO amop(dizoBaHHUX
CIUIaBiB, Y T.4. OJAHOrO XIMIYHOTO CKJIJy, ONMHMCAHO KIHETUKY MEPETBOPEHHS MpHU
Oararodasniii HaHOKpHUCTam3alli amophHux (a3 Ta BU3HAYECHO T'OJIOBHI YMHHUKH,
0 OOYyMOBIIOIOTH 1X TEPMIUHY CTIMKICTh, CXWJIBHICTh 10 HAHOKpHUCTAmi3aIlii Ta
CTPYKTYpHI TapaMeTpu HaHO(hA3HIUX KOMITO3HTIB.

Tepmiuna criiikicte amopdHuX (a3 y AOCTIIKEHUX 3pa3kax 3 YaCTKOBO abo
MOBHICTIO aMOP(HOI0 CTPYKTYPOIO XapaKTEPU3YETHCS TEMIIEPATypOI0 IOYATKY
kpuctamizaiii, Tons (Tabn. 3). HaitBumny TepmivHy CTiliKicTh MaroTh amopdHi (a3 y
crumaax HBCY-1-1 ta HBCY-2-1, kpucramsamis SKHX [OYMHAETHCA MpHU
temmepatypax 861 ta 896 K, BinoBiHO.

Tabauusa 3.

[TapameTpu TepMIYHOI CTIMKOCTI CTPI4OK Ta 00 €MHHUX 3pa3KiB 3 aMOP(HOIO 1
YaCTKOBO KPUCTAIIYHOIO CTPYKTYPOIO

Kinpkicth Tore
3p3.30K CTaHH\/JI' Tons, Txl, TXZ, Tx3, Tx4, TXS, Tend, TE:;S
kpucrani- | K K K K K| K| K K ’
3arii
HBCY-1-1, cTpiuka 4 861 | 908 | 974 1075 [1152] - | 1237| 376
HBCY-1-1, nnactuna 4 896 | 948 11040 (1078 [1171] - | 1257| 361
HBCY-2-1, cTpiuka 5 896 | 919 | 966 | 986 [1093|1131| 1271| 375
HBCY-2-1, npytok 3 873 | 903 | 972 1097 1190] 317
HBCY-3-1, nnactuna 3 879 | 967 | 980 |1000 1075| 196
HBCY-2, ctpiuka 3 828 | 854 | 897 1960 | - - 1992 165
HBPC-3, ctpiuka 2 828 | 858 | 964 | - - - | 974 146
HBPC-4, ctpiuka 2 785 | 812 | 875
mactuaa (0,5MM) 2 785 | 812 | 875
NHRP-4 crpiuka 1 764 | 777
NHRP-6, ctpiuka 1 781 | 811 | - - - - | 893|112
wiactuaa (0,5Mm) 3 778 | 801 | 809 | 820 884 | 106
miactuHa (2,0mMm) 3 776 | 799 | 809 | 821 903 | 127

[Ipu npoBeaeHH1 nopiBHsIILHOrO aHamnizy TepmorpaM JCK o0’eMHux 3pa3kiB 1
CTPIYOK MOKa3aHo, 10 (QopMU MNpPOPUI0 MAKCUMYMIB TEIUIOBUIJIECHHS CTPIYKU
TOBIIMHOI 22 MKM 1 IUIaCTUHKU TOBIIMHOKO 0,5 MM HalO1abm GochopmicTKOro
cutaBy  FegoCroMniMosBsC7P10Si2  (HBPC-4)  6nu3bki, 1m0 CBIIYUTH PO
1IEHTUYHICTh MEeXaHI13My KpucTtaiizailii amopdHoi dha3u, a Ty 1 Tons 30iraroThes (puc.
4 a). Inentnunicth Tons 3pa3KiB 3 PI3HOIO TEPMIUHOIO MEPENIICTOPIEIO0 BKA3y€e HA Te,
0 TPOIeC KpHUCTadi3almii IbOTO CKJa BIIOYBA€ThCS 3a KJIACMYHUM MeEXaHI3MOM
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3apomxeHHs 1 pocry. Ha Bigminy Bin cmiay HBPC-4, xapakrep kpucramizamii
aMOp(l)HOT (1)a31/1 y cruiaBl  FessNigCroCosMo4Vi1ALBsCePoSin (NHRP—6) Ta 11
TEpMIYHA CTIMKICTh 3aJie’KaTh BiJ HIBUIAKOCTI OXOJO/keHHs. Lle mposiBiserbes B
pO3IICIJICHHI MaKCHUMyMy TeruioBuAiIeHHss Ha TepMmorpammax JICK mmacTtuHOK
(puc. 4 0), sike BKa3zye Ha po3jalibHE (QopMyBaHHS KpuctamuHux (az Mexs(B,C)s,
Fe;B ta Fe:B.

3HIKEHHS] TEPMIYHOT CTIMKOCTI aMOp(HOro cTaHy B 3pa3kKax, OXOJOJKEHUX 3
MEHIIIMMH  IIBUJIKOCTSIMH, HaWIMOBIpHINIE, OOYMOBJIEHO ICTOTHOK  POJUIIO
«TapTIBHUX» 3apPOJIKiB, 00'€MHA MIIJIBHICTh SKUX 3POCTAE MPU 3MEHIICHH] MBUIKOCTI
OXOJIOJDKEHHS y MPOoILIec KpucTaizaiiii.

T NHRP-6

g_ 5’[ Ekso
E ‘ T ribbon - 27 MKm
3 I=3
H : |
E ﬁm‘nmk P é bulk - 0,5 Mm
3
2 |buk-20wmu _A,\
= P
bulk - 0,5 MM bulk - 2,5 Mm
750 800 850 900 950 700 750 800 850 900
T.K LK
a) 0)

Pucynox 4. JICK ctpiukoBux Ta 00’€MHUX 3pa3KiB pi3HOT TOBIIUHHU:
a) crutay HBPC-4, 6) cuitay NHRP-6.

JICK-TepMorpaMu CTpidOK Ta IUIACTUHOK 3 aMOpP(GHOI0 CTPYKTYpOIO CILIaBiB
HBCY-1-1 ta HBCY-2-1, siki HaBeaeHl Ha puc. 5, XapaKTepU3yIOThCs CYTTEBUMHU
BIJIMIHHOCTSIMH, TIOB’SI3aHUMH 3 PI3HOK AaTOMHOK (UM HAHOKJIACTEPHOIO)
CTPYKTYPOIO BUX1JTHOT'O HEPIBHOBAXKHOT'O CTaHY IIMX 3Pa3KiB.

g g
| 2 & P
m m
2 |ewo % 2
Q § K30
= =
2 2
o o
= =
& o)
~ ~
800 1000 1200 600 800 1000 1200
T K T K
a) 0)

Pucynok 5. IlopiBasHHs Tepmorpam JICK amopdHuX cTpidok (4epBOHI KpuBI - 1) Ta
mactuH (cuHi kpuBi - 2) ciiasis: HBCY-1-1 (a) ta HBCY-2-1 (0).
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OcCkinbKM TepMiuHa CTIHKICTh amMoppHUX (a3 BH3HAYAETHCS iX OMOPOM
KpuCTami3amii, s ACKITbKOX CIUIaBiB, JOCHIKEHUX Y JaHid poOoTi, Oynm
po3paxoBaHl e€(QEeKTHBHI €HEeprii aKTUBaLlll KO>KHOI CTaJlli mepeTBOpeHHs. Pe3ynbraTu
IIUX OIIHOK, 3p0o0sieHuX 3a MeTo1oM KiciHmkepa, HaBelleH] B TaOuIli 4.

Taoauns 4.

EdexTuBHI eHeprii akTuBaIlii BCIX CTaii KpUcTami3aiii aMmoppHUX CTPIUOK Ta
3JIMTKIB JOCJIKEHNUX CIUIaBIB

l-acramist | 2-a cramisg | 3-g cramia | 4-a cramis | 5-a cramid
3pasok KPUCTAi- | KPUCTANi- | KPUCTANli- | KPHCTAlli- | KpHCTali-
3ariii, 3arrii, 3arii, 3arii, 3arii,
KJx/moinb | KITx/Moas | KJx/mMois | KIbx/Mons | KJk/Moib
NHRS(Co)-1, cTpiuka 379 391
HBCY-1-1, cTpiuka 513 560 549 736 -
HBCY-1-1, nnactuna 419 449 363 394 -
HBCY-2-1, cTpiuka 514 618 498 529 524
HBCY-2-1, npytok 382 617 - - 388
HBCY-2, ctpiuka 572 487 383 - -
HBPC-3, crpiuka 487 380 - - -
NHRP-6, cTpiuka 629 - - - -

Opeprxani 3HaueHHs eHeprii aktuBamii (Fa) mepmioi crafii Kpucramizaiii
JOCIIIKEHUX CIUIABIB JIeXKaTh y BIJIHOCHO IIMPOKOMY Jiana3oHi 3HadeHsb (Big 380 mo
629 x/>x/monb). IIpu bOMy, SIK BUJIHO 3 JaHUX, HaBEJICHUX B TaOIUIAX 3 1 4, MiX
3HaYeHHSIMHU Ea1 Ta Tons OUEBUIHOI KOPETALil HE CHOCTEPIraeThesi. 3 1HIIOTO OOKY,
eHeprii akTuBallii KOXHOI 13 YOTUPHOX CTafil MpoIeCcy KpucTamzalii ansi 00’ eMHIX
3pa3kiB cmiaBy Fes0Cos3CriesW3oMoios Mno2BsCiaoSii Al Y19 (HBCY-1-1) € nHa
18, 20, 34 ta 47 % MeHIIMMH 3a BIANOBIAHI BEJIMYMHU AJI1 aMOPPHUX CTPIUOK
OJIHAKOBOTO  XIMIYHOTO CKJIaAy. st 00’€MHUX  3pa3KiB CIUIaBY
Fes3.6C05.4Cr15.0W3.9Mo07.90Mnos BosCosSio.1Al1Y2 (HBCY—Z—I) (3 MEHIIIUM BMICTOM
BYIJICIIIO 1 KPEMHIIO 1 OUIBII HIK BJIBIY1 BUIIIUM BMICTOM OOpY MOPIBHSHO 13 CIUIABOM
HBCY-1-1) xapaktepHuMm € BiJICYyTHICTh 3 1 4-1 cTajiiif IepeTBOPEHHS Ta 3MCHIIICHHS
eHeprii akTuUBaIlli mepiioi Ta OCTaHHBOI CTaAid HaHOKpHCTai3alli MPUOIM3HO Ha
26% moOpiBHAHO 3 aMOpP(HOIO CTPIYKOIO AHAJOTIYHOTO XIMIYHOTO CKIIAfy.
30UTbIIICHHST PI3HUII EHEprid aKkTUBallli Ha PI3HIX CTaAisSaX HaHOKpHUCTaTi3aIi
CBIMYUTH TIPO CYTTEBO BHINIM BMICT KJacTepiB (BMOPOXKEHUX IICHTPIB)
00poKapOIIHUX CIONTYK B 00’ €MHUX aMOpP(MHUX 3pa3Kax, M0 € HACIIIKOM MEHIIOi Ha
4 nopsAAKHA WIBUIKOCTI iX OXOJIOJKEHHS IMOPIBHAHO 3 aMOP(PHUMU CTPIUKaMHU.

Jeranbauil anam3 npudpakrorpam crpiyok cruiasy HBCY-1-1, migpganux
HarpiBy no temriepatypu 929 K, nmokasas, mo (ha3oBe mepeTBOPECHHS B IIbOMY CILIaBi
MIOYMHAETHCA 3 TPoIiecy (a30BOTO pO3IIapyBaHHS MOYATKOBOTO aMOP(HOTO CTaHy Ha
181 amopdHUX ha3u ¢ cepeHIMU po3MipaMu 001acTell KOTEPEHTHOI0 po3CcitoBaHHs 1
u 2,2 um. (BigHocHi gomi 0,23 1 0,77), BiANOBIAHO. AHAJIOTTYHUNA HarpiB amopdHOi
ctpiuku criaBy HBCY-2-1 nmpusBoauB 110 moyaTky ii Kpucraiizaiii 3 ¢opMyBaHHIM
HAaHOKPUCTAIIB HEleHTU(IKOBaHOT 1HTepMeTaliIHOi (a3u, sSKi HAMPHUKIHII MEepHIoi
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CTa/il EPETBOPEHHS MAIOTh CEPEAHIN po3MIp ~ 4 HM, a iX BIIHOCHA JI0JIS CKJIAJIa€ ~
0,3, mo Bignosizae 06’ eMHili rycTHHI HAHOKPUCTAIIB ~ 9x10%* M7,

Haiibinbm getansHO y poOOTI Oysio MpoaHadi30BaHO KIHETUKY KpHCTamizaiii
aMmopdHUX CTPIUOK HOBOTO CIuiaBy Fes4sNiij94CossCrs7Moi19B14Siss (NHRSCo-1), B
akoMmy y nopiBHsHHI 3 BitoMmuM AMC FegoB14Sis, 3am130 Oyo 4acTKOBO 3aMILIEHO
kuibkoMa nepexigaumu metagamu (Ni, Co, Cr ta Mo), a ckiag MeETaJloiliB
3JIMIIABCS MPAKTAYHO HEe3MIHHUM [5]. Jleryroui nmobaBku Oynm migiOpaHi 3 METOIO
MIJBUIICHHS MIIHOCTI, IJJACTUYHOCTI, KOPO31MHOI CTIMKOCTI Ta eJIEKTPOOTopy
0a30Bor0 CcrutaBy. JleryBanHs mpu3Beso 0 3HUKEHHS TEMIIEpaTypH JikBiaycy 3 1463
K 1o 1420 K Ta 3menmenus tepmidHoi ctabinbHOCTI (Tons = 741 K) y moennansi 3
YCKJIaJHEHHSIM TIpolecy KpucTamizaiii amopdHoi (as3u, ane He 10 3MiHH MEXaHI3My
nepBuHHOi kpuctam3aiii AMC. Cepenniil po3mip 3epHa bee a-Fe HanokpucTaiiB Ta
00’em 3akpuctamizoBaHoi ¢aszu momiTHO MeHmi (22 M Ta 0,38, BiAmoBigHO), a
00’eMHa MIBbHICTh BUma (6,8 X 10?2 M%), HiXk 3HAYEHHS LUX APAMETPIB CTPYKTYpPH
YaCTKOBO 3aKpUCTaJI30BAHMX 3pa3KiB y MOTpiitHOMy cruiaBli. Ilig dac apyroi cramii
KpUCTati3auii y 3aIuIIKoBiid aMopdHiit (a3l yrBoproeThes cymim da3 o-Fe, Me;B ta
Me:;B (puc. 6). Iloganbmmii HarpiB BHILE TEMIIEpAaTypU TPETHOTO E€K30TEPMIYHOTO
niky JICK (1038 K) Beae no nosiu fcc y-Fe tBepaoro po3uuny 3amicth o-Fe 1 10
3HUKHEHHs 0opuay MesB (puc. 6).

Bceranoneno, mo 1 130TEPMIYHO BIANAJICHUX MPHU PI3HUX TEMIlepaTypax
3pa3KiB CTpPIUYOK po3Mmip HaHOKpuctamiB o-Fe B amopduux FegoBiaSis Ta
Fe4sNii9.4Cos.5Crs 7Mo01.9B14Sis 5 MBUIKO 3pocTae 3 4acoM Biamady, CYMPOBOJIKYIO-
YHUCh CIIOBUIPHEHHSM Y MEPIIOMY CIUIaBl 1 HACHYCHHSAM y Apyromy (puc. 7).

% - y-Fe ® )
. coFe V0 | . .
5[ x-o-Fe 30+ /5’ o °® o i .
T ¢ o7
g ;A
1] i
g | 1
B 1138 K £ 20 :’ /'
I C |1/
% Mj\/\%/% ) :I," 750K
é 860 K 10 _.:.’I o -759K
I [l
- M -l:
as-quenched 0 ‘:' , | , | . l .
'40' — '5'0' — '6'0' = '70' ' 0 5000 10000 15000
20, rpag. Ls
Pucynok 6. ludpaxrorpamu 3pa3kisB Pucynok 7. 3MiHa cepeiHOrO po3MIpy
craBy FessNijg4CosgsCrs7Mo19B14Siss y  3epna nHanokpuctanis a-Fe 8 AMC
BUXI1JTHOMY CTaHI IiCIIsT HAIIBUIKOTO Fe4sNi194Cos.5Crs.7Mo1.9B14Sis s Ak

raptyBaHHs, HarpiTux npu 10 K/xB. 10 (dyHKIIis yacy npu pi3HUX

3aBEpILIEHHA BCiX CTaJli NEPeTBOPEHHsT  Temmeparypax Bignamy. ITpuxosi miHii

IIPY BKa3aHUX TeMIEpaTypax. pO3paxoBaHi 3a IOOMOTOI0 PIBHSIHb,
HaBEJICHUX B [6]
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B Toii xe gac, hopmu kpuBux X(t), Mo MOKa3yOTh 00’€M 3aKpUCTATI30BAHO1
gacTKM 000X CIUiaBiB MOJIOHI, JEMOHCTPYIOUM CIOBUIBHEHHS IIBHUAKOCTI
HaHOKpucTai3alii 3 yacom (puc. 8). CHoBiIbHEHHS 1  THOJaNbllie  3yMUHEHHS
oOMexxeHOro au(y3i€r0 pocTy HAHOKPHUCTAIIB MOXKE OyTH omnucaHe HpHOIU3HOIO
AHATITUYHOI MOJEIUTIO MPY>KHOT'O 3ITKHEHHS [6].

0.35 ITocunene 3apOJAKOYTBOPEHHS B
0301 O0ararokommnoHeHTHoMy AMC  3ymMoBIeHe
025 MEHIIIM 3HAUCHHAM €HEprii aKTuBamii s
020l & YTBOPEHHS 3apOJIKIB KPUTUUHOTO PO3MIpY, SIKi

(y KJIacu4uHii Mojeini) 3aiexaTh BiJl TPEThOi

0‘15_ cTereHi MbkK(a3Hoi eHeprii 1 0O0EpHEHO

-759K

010 s -T711K POIOPLIITHI Opyrii CTeneH1
0.05 ST TEePMOJUHAMIUHOI pymidHoi cuwmm  [5]. 3
0.00 . . . . OrJIsily Ha Te, IO MPUBEIEHI TeMIlepaTypu

0 5000 10000 kpuctanmizauii  (7ons/T7), $IKI B OCHOBHOMY

t,s BU3HAYAIOTh IO  BEJIIUYUHY, MPAKTHYHO

Pucynox 8. O0'eMHi yacTku onHakoBi B 000x crmmaBax (0,52 1 0,53),
KpUCTaJliB X B CIIJIaBi MOKJIMBOIO IPUYUHOIO 1 IBUIIIEHOT
Fe4sNi94Cos.5Crs7Mo1.9B14Siss sk MIBUAKOCTI 3apOKCHHS B AMC
(GYHKIIS yacy MpH pi3HUAX FesNig4CossCrs 7Mo19B14Siss €  MeHma
TeMIleparypax Bianany (Ha MOBEpXHEBA €Hepris Ha Mexi (a3 CcKIo —
rpadiky). lLITpuxoBi kpusi kpuctan. lle, B cBowo uepry, Moxe OyTH
pO3paxoBaHi 3a PIBHSIHHSM 3 [6]. COPUYMHEHO 30UIBIIEHHSAM 00'€MHOI 4YacTKU
KJIaCTEPiB Ha OCHOBI a-Fe y

0araToKOMIIOHEHTHOMY CILJIaBI.

Y rm’aromy po3aiii  HaBeleHI pe3yNbTaTh JOCHIHKEHb MEXaHIYHUX,
KOPO3IMHUX Ta EJIEeKTPUYHHUX BJIACTUBOCTEH CTPIYKOBUX 1 00 €MHHUX amMoOp(pHUX
CIUIaBIB Ta HaHO(A3HUX KOMIIO3HUTIB PI3HOTO XIMIYHOTO CKJIaay 3 ypaxyBaHHSIM
TEeMIIepaTypHO-KOHIICHTPALIMHIUX YMOB HEPIBHOBAXKHOI'O TBEPMAIHHS PO3IUIABIB Ta
KpucTamizaiii amophHux ¢as.

AHanizytoud JaHl BHUMIPIOBaHb  MIKPOTBEPJAOCTI aMOpPGHUX  CTPIYOK
JOCIIIKEHUX CIUJIaBiB, 3p00JIEHO HACTYITHUN BUCHOBOK, 1110 piBeHb Hy (9,29 — 11,95
I'Tla) 3pocTae 3 MiABUILIEHHSIM 3arajibHOro BMICTY Jerytouux eneMmeHntiB B AMC. Ha
BIJIMIHY BIJl CTPIYOK, MIKPOTBEPIICTh OO €MHHUX IIBHAKOOXOJOJKEHUX 3Pa3KiB
JEXKUTh y OUIBII MIMPOKOMY Alana3zoHi 3HaudeHb Big 9,55 ['Tla (HBRM-4) no 16,24
I'Tla (HBCY-2). Ile oOyMOBIE€HO HIUPOKHM CIEKTPOM CTPYKTYPHUX CTaHIB, IO
(GOpMYyIOTBCSI B TIPOIIECI OXOJIO/DKCHHS Y MPYTKaxX Ta IUIACTHHAX TOBIIUHOO Big 2 10
5,6 Mm. HaiiO11p1I0I0  MILHICTIO  XapaKTEPU3YIOThCA TMOBHICTIO  KPHUCTaIIYHI
CTPYKTYPH, SIKI MICTSTh HAHOMACIIA0H1 KPUCTATITH MeTacTablmpHux oopuay FesB Ta
kap6iaiB Cr3Cs 1 Fe;Cs. (3pasku cmuiaBiB HBCY-1 ta HBCY-2 ToBmmHO0 2 MM).

JIs1 OIIHKY BITMBY HAaHOKPHCTAJI3aIlli HA MEXaHI4H1 BJIACTUBOCTI OJIepKAHUX
ctpiukoBux AMC cucremu Fe-(Ni,Cr,Mn,Mo,W ,Nb,Al)-Y-(Si,B,C) Oynu nposeneHi
JOCIIKEHHSI BIUIMBY HArpiBy 3 MOCTIMHOIO MIBUIKICTIO IO PI3HUX TeMIEpaTyp Ha
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MIKpOTBEPAICTh CIUIABIB, JIETOBAHUX ITPIEM 1 alfOMiHIEM. 3 HaBEIECHUX Ha puc. 9 a
nanux BuruuBae, mo TBepaicTh HBCY-1-1 mounmHae 3HMKyBaTUCh JUIIE MIiCHS
Harpiey no temmeparypu 1100 K. Jlns crtpiyok cruiay HBCY-2-1 3adikcoBani
PEKOpJIHI 3HAYeHHSI MIKPOTBepAOCT micis HarpiBy 1o 1120 K Ta, BianoBiaHo, micis
NPOTiKaHHsA BCiX cTafiil kpucTamizamii. Moro MikpoTBEpHiCTh € MAKCHMAIBHOI i
P TIOTAIBIIIOMY 30UIBIIICHH] TEMIIEpaTypH MaiKe He 3MEHITy€eThes (puc. 9 0).

a) 0)

ToTik Terwia, BigH. o,
Torik Terwa, BigH. o1,

4112

800 900 1000 1100 1200
K

Pucynok 9 — 3minu mikpotBepaocTi amophuux crpidok crmasiB HBCY-1-1 (a) Ta
HBCY-2-1 (6), sixi o0ymoBiieni nporecamu kpuctamisaiii (3a nanumu J1CK).

AHOMaJIbHO BHCOKI 3HaueHHs TBepaocti (17,7 I'ma) maroTh 3pa3ku BiAMOBITHO
3 HAHOKOMIIO3UTHOIO Ta TOBHICTIO 3aKpUCTaJi30BaHO 3 aMopdHOoi ¢da3u
CTPYKTYpamu BIJTHOCHO IPOCTOTO CIUIaBY
Fes1.7Cr13.4Mo1.9Nb1.oMno sCuo sAl1S11Ci19B1s2 (HBRM-4). Edextu 3MmilHEHHS, $Ki
3YMOBJICHI YaCTKOBOIO Ta MOBHOIO KPHUCTAJI3aIli€l0, TUIIOBI sl aMOP(HUX CILJIaBiB
Ha ocHOBi Fe. Ilepmmii 3 mux edexTiB, HalliMOBIpHIIIe, TMOB'A3aHUN 31 30aradyeHHsIM
JETYIOUMMH €JIEMEHTaMM 3aJIMIIKOBOI aMOp(pHOi MaTpHill, a APYrHil — 3 BHCOKOIO
KOHIIEHTpaIli€ro 0ap’epiB Il pyXy AUCIOKAIlA B HAHOMACIITAOHINA CTPYKTYpi, IO
MICTUTh BUCOKOMIIIHI OOpUIN.

BcTaHOBIEHO KOpENSLi0 MIXK MIKPOTBEPIICTIO aMOp(QHUX CIUIaBIB Ta ixX
TEPMIYHOIO CTIMKICTIO (TEMIIEpaTypor0 MOYaTKy Kpucramizauii). BHacmigok Ttoro,
0 TepMiyHA CTIHKICTb BHU3HAYAEThCA JU(Y31MHOI0 pPYXJIMBICTIO, B OCHOBI
BIJIMIYEHOT KOPEJSALIi JEKUTh XapaKTep CUJ MIDKAaTOMHOTO 3B’S3Ky 1 T'yCTHHA
aTOMHOTO ylaKyBaHHS B aMmop(QHiii (as3i.

JlonaTKOBO /10 BHUMIPIOBAHb MIKPOTBEPAOCTI OyJM MPOBEIAEHI MEXaHIYHI
BUMPOOYBaHHS IUIACTUH HA TPUTOYKOBUM 3rMH. SIK cBimuaTh JAlarpamu
HABAaHTAXXEHHS, pYyHHYBaHHS Majlo KPUXKUWA Xapakrep, MpoTe MPUHIIUIIOBA
BIIMIHHICTh pYHHYBaHHS HAHOKPHCTAIYHOI TIUIAaCTHHKM crutapy HB-2  Bifg
pYyWHYBaHHS KpPUXKHUX MarepiajiB THUIy KepaMiK TMojsiraja B TOMy, WO IIe
pYWHYBaHHS KOHTPOJIIOBAJIOCH €0 JOTUYHHUX, a HE PO3TATYBAJIbHUX HAIPYKECHb,
npo IO CBiIYWIA OpieHTalis moBepxHi 31amy (puc. 10 a). BusBnenuii xapaxrep
pyiinyBanHs (puc. 10 ©0) npuramaHHuii 00’eMHOMY MeTalieBoMy ckiy. Lo
0COOJIMBICTh pyWHYBaHHSI HAHOKPUCTAIIYHUX 00’ €MHUX CIUIaBIB MOXHA MOSICHUTH B
paMKax BIAOMOI MOJENl PyWHYBaHHS, 3riJHO SIKOi JTOCSATHEHHS I'PAHMYHOIO CTaHy
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HAHOPO3MIPHOTO KPHUCTATy TIOB’SI3aHO 3 JIOKAJIBHOIO 3CYBHOIO HECTAOLIBHICTIO
PEIIITKH, PO3BUTOK SIKOT B 00’ €M1 KpUCTay MPU3BOAUTH 10 BTPATH MOTO MIITHOCTI.

[TomiTHa yacThHa poOOTH Oyia MPUCBAYEHA €IEKTPOXIMIYHUM AOCITIIHKEHHIM
KOPO31MHOT CTIMKOCTI aMOp(pHUX Ta HAHOKPUCTAJIIYHUX CTPIYKOBUX Ta 00’ €MHHUX
cruiaBiB. 30Kpema, oKaszaHo, 1110 30uibiieHHs BMicty Cr 1a Nb o 13-17a1.% B AMC
cripusie iX BHUCOKIM KOPO3IMHINA CTIMKOCTI, a JOJATKH BYIVICIIO 3HUXKYIOThH
AHTUKOPO31MHY CTIMKICTh CILIABIB.

a)

Pucynox 10. — ®oTorpadis mojgoBUHKUA 3pyHHOBAHOTO 3pa3ka ciuiapy HB-2 — a),
dpakrorpadii moBepxHi 3mamy — 0).

BceranoBneno, mo mBHAKICTH KOpo3ii AMC 3aneXuTh BiJl €IEeMEHTHOTO
CKJIaAy Ta cTpyKTypHoro crany AMC, sikuil 3MIHIOETbCS y T.Y. BHACHIJOK BiAMamy.
HaiiBumumii  koposiiinuii  omip cnocrepiraetbest 'y AMC NHRS-(Co-1). B
arpecuBHoMy cepenoBuiii 3% NaCl cmasu HB-3, HB-2, HBCVY-1, HBCVY-2 maroth
IPaKTUYHO OJTHAKOBI KOPO3iiHi BiacTuBocTi. Ilicis Bianmany amMmop@HUX CTPIYOK MpPH
700° C mpotsarom 0,5 rof. BigOyBarOThCA ICTOTHI 3MiHM KOPO3iMHUX BIACTUBOCTEH, -
HalcTidkimuM 10 kKoposii y 3 % posuuni NaCl € HBCVY-1. Bucoka kopo3siiiHa
cTiikicth  3pa3kiB  AMC 3a0e3neuyeTbCss EHEPreTHYHO 1 CTPYKTYPHOIO
OJTHOPIIHICTIO TOBEPXHI, IO 3yMOBJICHO HASBHICTIO B KUIBKOX CIUIaBaX HIO0I0,
dochopy Ta xpomy. OcTaHHI €JIEMEHTH, BBEJICHI B CIUIaB y chiBBigHOIMICHHI 2:10
aT.% (crtaBu HBPC-4 ta NHRP-6), 3a0e3neuytots (popmMyBaHHSI 0COOIMBO HIIIBHUX
3aXMCHUX IIAPIB, 5Kl € CTINKMMH Y KOHTAKT1 3 arpeCUBHUM CEPEIOBHUILEM 1 IMIJ Yac
IUKIIYHOTO CKaHyBaHHS MOTEHIiay, TOOTO B MPUMYCOBHUX OKCHJIHO-BITHOBHUX
MPOLIECAX, HE PYUHYIOTHCH.

Jnsa npaktuunoro 3actocyBaHHd AMC ta HKC BaxnuBuM € He mnumie
MIJBUIIEHHS BHACIIAOK JIETYBaHHS MIKPOTBEPAOCTI Ta KOPO31MHOI CTIMKOCTI.
30KkpemMa, BIIOMO, II0 aMOp(HI CIUIaBM Mig4ac BUIPOOYyBaHb HA PO3TIT 3/1aTHI
BUJIOBXKYBATHUCS, TOOTO BOHU IJIACTUYHI, @ B MOMEHT PO3pPHUBY MPOSBISIOTH O3HAKU
B’s3k0i Teuii. EnektpornpoBimHicte AMC Onu3bka A0 1i€1  XapaKTEPUCTUKH
PO3ILIaBY; iX MUTOMHM eleKTpoomip (p) B 2-3 pa3u MEPEeBUIIYE OIMIp KPUCTATIUHUX
ananoriB. Came ToMy y poOOTI BUMIPIOBAHHIO €JIEKTPOOTIOPY OTPUMAHUX CIUIABIB
(0cOOIMBO €KOHOMHOJIETOBAHUX — MEPIIMX TPhOX TPyI) Oyl0 MPHUAUICHO 3HAYHY
yBary. Cepen CTPIYOK AMC Fe71CrsNbeB12Sis (HB-3) Ta
Fe4sNii94Cog sCrssMo1.9B14Siss (NHRS-(Co-1), mo xapakTepru3yBaaucs HaHBUIMMH
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3HaueHHsMH p >140 MxOm*cm, came neroBanuid Ni, Co, Mo 1 Cr criaB mas, fK
pe3yibTaT, ICTOTHE 3MEHUIEHHS y MOpiBHAHHI 3 0a3zoBuM (MG-1) TemneparypHoOro
xoedinienty onopy (TKO) y inrepsani 300-600 K 3 1,6x107* K 'no 4,4x107° K!, mo
BaXJIMBO JUJISL PsITY IPAKTUYHUX 3aCTOCYBAHb.

OCHOBHI PE3YJIbTATHU TA BUCHOBKHA

1. BcraHoBineHo, 10 B oOJepkKaHUX O€3MOCEPEAHHO 13  PO3IIIABY
IIBUIKOOXOJIOJIKEHUX 00’ eMHUX 3paskax (mmacTuHU Ta MPYTKH
TOBIIMHOO/AiIaMeTpOM Bif 2 110 5,6 MM) cepii HOBUX CKJIaJIHOJIETOBaHMX CIUIaBiB Fe-
(ITM,A1)-(S1,B,C,P/Y) dopMy€eThCsl MIUPOKUIN CIIEKTP HEPIBHOBAKHUX CTPYKTYPHHX
CTaHIB: aMOp(HUI, HAHOKOMITO3UTHUI (HaHOKpuctanu o-Fe Ta/abo GopokapOiiB B
amopduiit marpurii) ta 100% HaHOKpHCTAMIYHUN (CyMilll HaHOKpHUCTaliB o-Fe Ta
XxiMiuHUX cronyk i3omophuux Oopuaam FesB, FexsBs ta Fe:B) 3 posmipamu
kpuctaniB Bix 16 mo 50 um. Temmeparypu mnodarky Kpucranizamii aMop@HHX
CTPYKTYp B 00’€MHHUX 3pa3kax AociiJxeHux ciuiaBiB (874—896 K) 3Haxonarbcst Ha
PiBHI Kpallux 3apyO01KHUX aHAJIOTIB.

2. Tloka3aHo, II0 OCHOBHUM YMHHHKOM, III0 BHM3HA4Ya€ BUCOKY CXWJIBbHICTb
CIJIaBIB Ha OCHOBI 3aji3a /10 00’eMHOI amopdizarllii, € OIU3bKICTh JO €BTCKTUUHUX
CKJIAJIB CIUIaBiB. 3a pe3yibTraTaMu NMPOBEACHUX OLIHOK HaiiBuiry CA MaroTh CIiaBH,
JeroBaHi iTpieM Ta amtoMiHIeEM: Fe10-45C053-7,1Mno,05-0,6Cr153-16,6 Wo0-3,0M07,9-12,8B4-
9,8C09,8-14,0S10,1-1,7Al0,1-1Y 1,82, KpUTHUYHI TOBIIMHM 3JUTKIB SKUX CKIAAAIOTh 2,5-2,6 MM.
[Tokazano, mo amopdHa CcTpiuyka €BTEKTUYHOTO CILIaBy 3 MaKCHUMAJbHUM BMiCTOM
oopy (9,8 ar.%) 1 miHIManbHUM BMIicTOM - Bymielio (9,8 ar.%) xapakTepusyeTbcs
MaKCHMaJIbHOIO CEpeJl CIUIABIB L€l TPyHy MIKPOTBEPAICTIO MICIs 3aBEPUIEHHS BCIX
cTaaii Hanokpuctamizaiii (>20 I'Tla).

3. MikpoTBepAicTh 00’€MHUX IMIBHAKOOXOJIOMKEHUX IUIACTUHOK Ta MPYTKIB
JIXKHUTh Y BIIHOCHO LIMPOKOMY Jliana3oHi 3HadeHb Big 9.55 I'Tla go 16.24 I'Tla, mo
00yMOBJIEHO WIMPOKUM CHEKTPOM HAAJAPIOHUX CTPYKTYpHO-(a30BUX CTaHIB B HUX.
BcranoBrneHo, 10  HAMBUIIOK ~ MIKPOTBEPAICTIO Yy  BHUXIJHOMY  CTaHi
XapaKTepU3yBaJUMCs 3arapToBaHl IUIACTMHKU TOBILIMHOIO 2 MM CIUIaBy Oe3 ITpIio i
BOJIb(paMy 3 1IBUIIICHUM BMICTOM MOJTIOIeHy Ta KPEMHIIO
Fes0.4C04.5Cr148M093Mn0.4BoCoSi25Al0.1, 1m0 ckmaganmcs 13 OTHOPIAHOT CymiIni
HaHopo3MipHux (a3: a-Fe+FesB+CrsCetFerCs.

4. Ilokazano, mo yactkoBa 3amiHa Fe y Bigomomy criaBi FegoB14Sis HU3KOMO
nepexigHUX METaliB MPU3BOIUTH 10 301IbIIIEHHS MIKpoTBepaocTi Bia 8,9 no 9,4 I'lla
B amop(dHOMY cTaHi Ta POpMyBaHHS HAHOKPHUCTAIIYHOI CTPYKTYpH Ha MepuIiii craiii
nBocrafiiiHoro mporecy kpucramizaiii AMC  FessNijg4CossCrs7Mo19B14Siss 31
3MEHILIECHHSM, OUTbII HIXK Yy JBI4l, PO3MIpiB HAHOKPHUCTANIB 0-Fe Ta 301UIbIIEeHHIM X
00'€eMHOT YacTKu Maike Ha MOpSAAOK. 301IbIIeHa MIBUJIKICTh 3aPOJKOYTBOPEHHS Ta
3HM)KEHA IIBUJIKICT POCTY y I[bOMY CILIaBl 3YMOBJIEHI MEHIIOI MOBEPXHEBOIO
eHepriero Ha Mexi (a3 CKJIO — KPUCTaJl BHACHIJOK 30UIbIIEHHS 00'€MHOI YacTKH
KJIacTepiB Ha OCHOBI 0a-Fe Ta 0OMEXeHHsI pOCTy 3a paxyHOK JIETyBaHHS XpPOMOM Ta
MOJTI0ICHOM 3 HU3BKOIO PO3YMHHICTIO B 0-Fe mpu Temmneparypax Bijnany, BiAMOBIIHO.
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5. JlocArnyTi HaJIBUCOKI IMOKa3HUKH MEXAHIYHUX BJIACTUBOCTEN Ta KOPO31iHOI
ctifikocTi HOBUX cruiaBiB cucremu Fe-(Ni,Cr,Mn,Mo,W,Nb)-(S1,B,C,P/Y). 3okpema,
copmoBaHa B mpoIieci HAaHOKpUCTaIi3allli aMOpPpHOT CTPIYKU EKOHOMHO JIETOBAHOTO
criaBy  Feso.6Criz.sMnosMoi1oNbaAlp2CuosBi62CoSias  OaratodazHa  cTpykrypa
XapaKTepU3yeThCsl 3HAUCHHAMM MikpoTBepaocti 17,7 I'lla micng narpiBy qo 1100 K
Ta, BIJAMOBIIHO, MICJS MPOTIKAHHSA BCIX CTaJii KpUCTali3alii, 10 € OIHIEI0 cepel
HaWKpammx JOCATHYTHX Y CBITI MOKa3HUKIB.

6. BcraHoBieHO, 1110 MIBUJKICTH KOPO3ii 3a1€KUTh BiJl €JIEMEHTHOTO CKJIaay Ta
cTpykrypHoro crany AMC. HaiBumuii koposiitnuii omip crioctepiraerbcss B AMC
FessNiig4Cos sCrs,7Mo1,9B14Siss. Bucoka kopo3siiiHa CcTiiiKicTh 00’€MHHUX 3pa3KiB
320€3MeuyeThCSl €HEPTeTUYHOIO 1 CTPYKTYPHOIO OIHOPITHICTIO TMOBEPXHI, a TaKOX
HasBHICTIO B CIUIAaBax, HIKEIIO, HI00110, xpoMy Ta (ochopy. OcTaHHI €JIEMEHTH,
BBeleHl B cmiaB y cmiBBigHomeHHl 2:10 at.% (cmiaBu HBPC-4 ta NHRP-6),
3a0e3mneuyioTh (OpMyBaHHS OCOOIIMBO MIUTBHUX 3aXHCHHX IIAPiB, sIKI € CTIHKHUMH y
KOHTAKTI 3 arpECHUBHUM CEPEAOBHILEM 1 M1 YaC UUKIIYHOTO CKaHYyBaHHS IMOTEHI1ATY,
TOOTO B IPUMYCOBUX OKCHJIHO-BITHOBHHUX MPOIECaX BOHU HE PyHHYIOThCSI.

7. JleryBanus BimoMoro cmiaBy FegoB14Sis cnabopo3unHaumu y 3amisi
metanamu Ni, Mo, Cr, a Takoxx Co, IpU3BOJIUTH JI0 PI3KOTO MiJABUIIIECHHS KOPO31MHOI
CTIMKOCTI, TIJIBMINCHHS BEJIMYMHA MHUTOMOTO eJeKkTpoornopy Big 125 mgo 145
MKOM*CcM Ta 1CTOTHOTO 3MEHIIIEHHs TemmeparypHoro koedimieHty omnopy (TKO) B
intepBami  300-600 K 3 1,6x10% K'mo 4,4x10° K'' crpidok cmaBy
Fe4sNii94Cosg sCrs7Mo1,0B14Sis s, 1110 Ba)JIHMBO IS psAAy NPAKTHUYHHUX 3aCTOCYBaHb,
30KpeMa, IJIsi BHUTOTOBJICHHS HU3BKOTEMIEPATypHUX 1H(PAYEpPBOHUX ILJTiBKOBUX
HarpiBayiB Ta MPENU3IHHUX PE3UCTOPIB.
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Nanocrystallization and thermal stability of the FessNii94CossCrs7Mo1.9B14Sis s
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C. 48 —53.

5. Boichyshyn L.M., Kulyk Yu.O., Hertsyk O.M., Nizameev M.S. et al. /
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6. Jmutpiea [I'.I1., Yepemoa T.C., HizameeB M.C./ XapocTilikicTh
JUBApHOrO CIUIaBYy Ha OCHOBI HIKENIO 3 KapOigoMm BaHafilo // MeTalo3HAaBCTBO Ta
00po6Oka metamiB. —2016. — Ne 1. — C. 44 — 49.

IaTtenTn YKpainm:
7. Pe3aucTuBHUN KOPO31MHOCTIMKUI amopdHUil ciiaB Ha ocHOBI 3amiza / FO.M.
JIutBunenko, O.1O. Pynenko, M.C. Hizamees, /1.1O. [Tanepno, B.K. Hocenko, O.I1.
Kouky6eii, B.3. banan // [Tarent Ha Bunaxig Ne 104983, Ony6u.: 25.03.2014.

ITy0uikanii y MizKHAPpOHUX HAYKOBO-TeXHIYHHMX 30ipHMKAX Ta MaTepiajgax
HAYKOBHMX KOH(epeHIii:

8. Comparison of corrosion resistance of bulk and tape amorphous
Fes0Co7CraV2W1Moi1NbB2oCsS1z alloy in different aggressive environments / Tetiana
Pereverzieva, Oksana Hertsyk, Myroslava Kovbuz, Lidia Boichyxhyn, Oleksandr
Rudenko, Maksym Nizameev / Ilpami nHaykoBoro TtoBapuctBa iM. llleBueHka.
Ximiuni Hayku. — 2016. — T. 44. — C. 86 — 95.

9. Correlation between glass forming ability, structure, thermal stability and
properties of amorphous Fe-based alloys / Nosenko V.K., Tkatch V.I., Moiseeva
T.N., Nizameev M.S., Rudenko O.Yu. / Abstracts of International Conference
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10. Mechanisms of structure- and phase forming during heat treatment of
ribbons and bulk amorphous alloys of system (Fe, Ni, Co)-(Cr, Mo, W, V, Al)-(Si, B,
C, P) / Nosenko V.K., Tkatch V.I., Moiseeva T.N., Mika T.M., Nizameev M.S.,
Rudenko O.Yu. / 30ipauk Te3 MixHapoAHOI HAyKOBOi  KOH(]epeHuii
“HanortexHosnorii Ta HaHoMmaTepianu”, 26 — 29 cepnus, JIbBiB, 2015. — C. 159.

AHOTALI

Hizamees M.C. ®@a3oBuii ckjIaa, CTPYKTypa Ta (i3uKo-MexaHiyHi
BJIACTHBOCTI aMopdHuUX i HaHOKpHUcTAdIYHMX cliaBiB Fes_71(Ni,Co,Cr,Mo,W,
Nb,V,Mn,Al)10-32Y1,8-2(Si,C,B,P)17-24. — KBanidikaniitna HaykoBa mpais Ha mpaBax
PYKOTIHCY.

Huceprauiss Ha 3400yTTS HAYKOBOTO CTyHEeHS KaHaujaara  (i3uKo-
MaTeMaTHYHUX Hayk 3a creuianpHicTio 01.04.13 — ¢izuka meramB. — [HCTHUTYT
metanodizuku im. I'.B. KyparomoBa HAH Ykpainu, 2019.

Meronamu  peHTreHorpadii, €JIeKTPOHHOI  MIKPOCKOIIi, JaudepeHIiiHol
CKaHYIYO1 KaJOpUMETPii, pE3UCTOMETPIi, TIOPOMETPii, BUIPOOYBAHHS HA KOPO3IHHY
CTIAKICTh Ta BUMIPIOBAHHS MIITHOCTI HAa TPUTOYKOBHUU 3TMH BUBYEHI CTPYKTYpa,
¢b13uKO-MEXaHI4HI  BJACTUBOCTI Ta OCOOJMBOCTI  HAHOKpHUCTai3allli  HU3KH
CTpIUYKOBHX Ta 00’eMHUX aMOopdHUX MeTaneBux ciuiaBiB (AMC) Ha OCHOBI cucTeMu
Fe42—71(Ni,CO,CI’,MO,W,Nb,V,Mn,Al)10_32Y1,8_2(Si,C,B,P)17—24.

Po3poOneno meromuky Ta oTpuMaHi 00’€MHI 3pa3ku aMopdHUX, amMopHO-
HaHOKpHUcTam4yHuX Ta 100% HaHOKPUCTAIIYHMUX CIUIABIB, ONMM3bKUX J0 €BTEKTUYHUX
CKJIAJiB, 13 PI3HUM CTYNEHEM JICTYBAaHHS MPU IIBUIKOCTSIX OXOJIOKEHHS PO3ILIABY
Big 80 1o 3200 K/c 3 posmipamu kpucrtaniB Big 10 mo 50 am. ExcnepumenrtanbHO
BCTAHOBJIEHO, 110 HAWBUIIOK CXMJIBHICTIO 10 amop@i3allii Ta TEPMIYHOIO CTIUKICTIO
XapaKTepU3yIThCsl CIUIaBH, HAMOUIBII JeroBaHl CiIaOOpPO3YMHHUMHU Y 33l
metanamu Cr, W, Mo (B cymi = 30 ar.%), Byrienem (9,8-15 ar.%), 3 HeBeaMKUM
BmictoM Y (1,8...2 ar.%) ta Al (0,1...1 ar.%). Crpykrypa IIUX CIUIaBIB MicCJs
KpUCTalli3allii CKJIaJaeThCsl 13 CyMillll HAHOKPUCTAIIB TBEPAOTO PO3UMHY Ha OCHOBI
a—Fe, metacrabinsHoro 6opuay FesB Ta kap6iniB CrCs 1 FerCs.

Brnepiie exkcniepruMeHTalbHO BCTAHOBJIEHI 3aKOHOMIPHOCTI HaHOKpHCTami3aiii
npu TepMIYHUX 00poOKax o00’eMHOaMOp(}i30BaHUX CIUIABIB PI3HOTO XIMIYHOTO
CKJIagy, 3 ’SCOBAHO CXOXKOCTI Ta BIAMIHHOCTI BiJ TMpOIEeCy HaHOKpHUCTami3aIlii
aMOp(HUX CTPIYOK, OTPUMAHUX 13 IHMX K€ CIUIaBiB (OJIHAKOBOTO XIMIYHOTO CKIIAJY).
30KpeMa, MoKa3aHo, 10 Heprii akTUBaLli KO’KHO1 CTaAll IpoLecy HaHOKpHUCTaII3alli
st o0’eMHuX 3pa3kiB € Ha 18...50% MeHm BiJ BIAMNOBIAHUX BEJIMYUH IS
aMOp(HUX CTPIYOK.

Bnepme mnokaszaHo, mo uactkoBa 3amiHa Fe y Bimomomy cmiaBi FegoBi4Sis
HU3KOIO MEPEXITHUX METAIB, cepell IKUX CIabOpO3YMHHI B 3aj1i31 XpOM 1 MOJiI0/1eH
(ma mpuknani craaBy FessNijg4CosgsCrs7Mo1,9B14Sis5), mpu3BoauTh 10 GopMyBaHHS
HAHOKPHUCTAIIYHOT CTPYKTYpH Ha TMepliid cTaaii JBOCTAIIHHOTO MPOIECY
kpuctainizaiii AMC 31 3MEHIIIEHHSIM O1IbII HIXK y ABIYl PO3MIpiB HAHOKPUCTAIIIB O-
Fe ta 3011b11eHHAM 1X 00'€MHOT YaCTKH MaiyKe Ha MOPSIOK.

JIisi MpakTUYHOTO 3aCTOCYBaHHS BAXJIMBUM € IIJBUIIEHHA MIKPOTBEPIOCTI,
KOPO31HWHOT CTIHKOCTI, TUTOMOTO €JIEKTPOOTIOPY Ta ICTOTHE 3HIKEHHS TEPMIYHOTO
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koedinienty omopy (TKO) Big 1,6x10* mo 4,4x10° K y BuxigHomy amopprOMy
CTaHi.

Bceranosneno, mo cdopmoBaHa y BUXIIHMX 00 €MHHUX 3pa3kaxX, a TaKOX Yy
nporieci HaHOKpucTamsaiii (micis Harpisy no 1120 K Ta, BiamoBimHO, micis
NPOTIKaHHS BCIX CTaaiil KpucTamizaiii) amMopdHHX CTPIYOK HOBUX CIIaBiB Fesr 71
(ITM,Al)10-32Y182(S1,C,B,P)1724  OGaratodazHa  cTpyKTypa  XapaKTepU3YEThCA
PEKOPAHMMHU 3HAYEHHSAMU MiKpoTBepaocTi 17-22 I'Tla.

KuarouoBi ciaoBa: amopdHi cruaBu Ha ocHoBl Fe, TepmiuHa CTIHKICTb,
HAaHOKOMIIO3UTHA  CTPYKTypa, KIHETHMKAa Ta MEXaHI3MU HaHOKpHUCTami3ailii,
MIKPOTBEPICTb.

Nizameev M.S. Phase composition, structure and physicomechanical
properties of amorphous and nanocrystalline alloys Fes-
711(Ni,Co,Cr,Mo,W,Nb,V,Mn,Al)10-32Y1,8-2(Si,C,B,P)17-24. — Qualifying scientific
paper printed as manuscript.

Thesis for acquiring PhD. in Physics and Mathematics on speciality 01.04.13
“Metal Physics”. — G.V. Kurdyumov Institute for Metal Physics of the N.A.S. of
Ukraine, Kyiv, 2019.

The structure, physical and mechanical properties and peculiarities of
nanocrystallization of a number of ribbon and bulk amorphous metallic alloys
(AMAs) on the basis of the Fes 71(Ni,Co,Cr,Mo,W,Nb,V,Mn,Al)i03:Y 152
(S1,C,B,P)17-24 system were studied by X-ray diffraction, electron microscopy,
differential scanning calorimetry, resistometry, durometry, corrosion resistance test
and three-point bending strength measurements.

The technique of preparation was developed and ribbon and bulk samples of
amorphous, amorphous-nanocrystalline and 100% nanocrystalline alloys close to
eutectic compositions with different degree of doping at ultrahigh (up to 10° K/s) and
moderate (from 90 to 1000 K/s) cooling rates of the melt, respectively, were
obtained. The sizes of crystals in the initial amorphous crystalline or completely
nanocrystalline, predominantly multiphase samples, ranged from 10 to 32 nm.

It has been experimentally established that alloys most doped with weakly
soluble in iron Cr, W, Mo (about 30 at.% in total), carbon (9,8-15 ar.%), with a low
content of Y (1.8...2 at.%) and Al (0,1 ... 1 at.%) are characterized by the highest
tendency to amorphization and thermal stability. The structure of these alloys after
crystallization consists of a mixture of a-Fe solid solution nanocrystals metastable
borides Me3(B), Cr23Cs and Fe;Cs carbon compounds.

The analysis of the process of crystallization of the AMA
Fe471(N1,Co,Cr,Mo0,W ,Nb,V . Mn,Al)1032Y13-2(S1,C,B,P)1724 showed that the
presence of copper and niobium in its composition contributes to increase of
nucleation rate and inhibit growth of nanocrystals based on a-Fe solid solution. These
factors are as a precondition for the formation of nanoscale a-Fe crystals not only
during heating the amorphous phase, but also during cooling the melt. In turn, the
dispersion nature of Me>B boride crystals in high speed cooled castings is due to their
low growth rate, which is connected to the low (~18%) concentration of boron (and
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carbon) atoms in relation to the stoichiometry of this phase occurs with a significant
redistribution of elements in the supercooled melt.

Experimentally established regularities of nanocrystallization during thermal
treatment of bulk amorphous alloys of different chemical composition, the
similarities and differences from the process of nanocrystallization of amorphous
ribbons obtained from the same alloys (with the same chemical composition) were
determined. In particular, it has been shown that the activation energy of each stage
of the nanocrystallization process for bulk samples is 18...50% lower than the
corresponding values for amorphous ribbons. The increase in the difference in
activation energies on the late stages of nanocrystallization shows a significantly
higher content of cluster (frozen nuclei) of borocarbide compounds in bulk
amorphous samples, which is a consequence of smaller by 4 orders of their cooling
rate compared to amorphous ribbons.

It has been shown for the first time that partial replacement of Fe in a known
FesoB14Sis alloy by a number of transition metals, among which the chromium and
molybdenum that are weakly soluble in iron (on the example of
Fe4sNi9.4CossCrs7Mo19B14Sis s alloy), leads to the formation of a nanocrystalline
structure at the first stage of the two-stage process crystallization of AMA with a
decrease of more than twice the size of a-Fe nanocrystals and an increase in their
volume fraction by almost an order of magnitude. The enhanced nucleation in a
multicomponent amorphous alloy is due to a lower value of activation energy for the
formation of critical nuclei size. A possible reason for the increased rate of nucleation
in the amorphous Fe4sNii94Coss5CrssMo19B14Siss alloy is less liquid-solid phase
interface energy. This, in turn, may be due to an increase in the volume fraction of
clusters based on a-Fe in multicomponent alloys.

It was first established that formed in the initial bulk samples, as well as during
nanocrystallization process (after heating to 1120 K and, consequently, after finishing
of all stages of crystallization) of amorphous ribbons of new Fes.71 (TM, Al)10-32Y 13-
2(Si, C, B, P)i724 alloys, multiphase structure is characterized by record values of
microhardness of 15-20 GPa.

For the practical application of FessNii9.4CossCrs.7Mo1.9B14Siss amorphous
ribbons is important an obtained, due to doping, increase of microhardness, corrosion
resistance, specific electrical resistance, and a significant reduction in the thermal
coefficient of resistance (TCR) from 1,6x10* to 4,4x10 K-! in the initial amorphous
state. In particular. the high efficiency of using this alloy as a high-strength corrosion-
resistant low temperature tape heater in household and industrial equipment has been
proved. This material may be an alternative of non-chrome, kanthal and carbon fiber
materials imported into Ukraine.

Keywords: amorphous Fe-based alloys, thermal stability, nanocomposite
structure, kinetics and mechanisms of nanocrystallization, microhardness.

Huzameer M.C. ®a30Bblil cOCTaB, CTPYKTYpa M (PU3NKO-MeXaHHYECKHUe
CBOMCTBA aMmop(dHbIX 7| HAHOKPHUCTANIHYECKHUX CILIAaBOB
Fe42—71(Ni,CO,Cr,MO,W,Nb,V,Mn,Al)l0—32Y1,8_2(Si,C,B,P)17_24. -
KBanu@pukanoHHbII HAYYHBIN TPy HA IPaBax PyKOIHUCH.
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Jucceprauusi Ha COMCKAaHME YYEHOM CTenmeHW KaHaujata  (U3UKO-
MaTeMaTuyeckux Hayk 1o cneruanbHocT 01.04.13 - pusuka meramnos. - UHCcTUTYT
metamopusuku uM. I'.B. Kypatomosa HAH Ykpaunsi, 2019.

Metonamu peHTreHorpaduu, 3JeKTPOHHOW MUKPOCKONHH, TU(depeHIInanbHON
CKaHUPYIOUIEH KaJOpUMETPUHU, PE3UCTOMETPUM, [IOPOMETPHUM, HCIbITAHUS Ha
KOPPO3MOHHYIO CTOMKOCTh M HM3MEPEHHUsI TMPOYHOCTH Ha TPEXTOUCHHBIA H3THO
U3y4YeHbl  CTPYKTypa, (U3UKO-MEXaHHMYECKHE  CBOWCTBA W  OCOOEHHOCTH
HAHOKPUCTAIMU3AIMU PSAJa JEHTOYHBIX M OOBEMHBIX aMOP(PHBIX METaJUIMYECKUX
criaBoB (AMC) Ha ocHoBe cucteMbl Fesr71(N1,Co,Cr,Mo,W ,Nb,V.Mn,Al)1032Y 1,32
(S1,C,B,P)17-24.

Pa3paborana MeToauka U MojaydeHsl 00beMHBIC 00pa3Ibl aMOPGHBIX, aMOPQHO-
HaHOKpUCTaIIMYeckux W 100% HAHOKPHUCTAJUIMYECKUX CIUIABOB, OJM3KUX K
IBTEKTHYECKMM COCTaBaM, C pa3HOW CTENEHbIO JIETUPOBAHUS IIPH CKOPOCTSX
oxnaxaenus pacmiaBa ot 80 mo 3200 K/c ¢ pazmepamu kpuctamioB ot 10 1o 32 HM.
OKCHNEpUMEHTAIIBHO  YCTAHOBJEHO, YTO CaMOM BBICOKOM CKJIOHHOCTBIO K
amop(u3aluy U TEPMUUECKON CTAOMIIBHOCTBIO XapaKTepU3YIOTCS CIUIaBbl Hanbolee
JerupoBaHHble ciabopacTBopuMbiMu B xkenese Cr, W, Mo (B cymme okoso 30 at.%),
yriepoaom (9,8-15 ar.%), c nebonbimmm coaepxkanueM Y (1,8...2 at.%) u Al (0,1...1
at.%). CTpyKTypa O3THUX CIUIaBOB IIOCJ€ KPHUCTAJUIM3ALUU COCTOUT U3 CMECU
HAHOKPHUCTAJIJIOB TBEPJIOTO PacTBOpa Ha OCHOBE Ha OCHOBI 0—Fe, MeTacTabMIbLHOTO
6opuna FesB u kap6unos Cr23Cs 1 Fe7Cs.

Bnepseie AKCHEPUMEHTATILHO YCTaHOBJIEHBI 3aKOHOMEPHOCTH
HAHOKPUCTAIM3AIMU TPU TEPMUYECKUX 00padoTkax 00beMHOAMOp(hU30BaAaHUX
CIUIaBOB PA3JUYHOTO XHMHYECKOI'O COCTaBa, BBISICHEHBI CXOACTBA M OTJIMYHS OT
npolecca HAHOKPUCTATU3ALMK aMOP(HBIX JEHT, MOJYYEHHBIX M3 WACHTHYHBIX IO
COCTaBY CILJIABOB.

Bnepsblie nokazano, uro yactuuHas 3aMeHa Fe B MmogensHoM cmuiaBe FegoB14Sie
PAIOM MEPEXOJHBIX METAIIOB, CPEIU KOTOPBIX CIa00PACTBOPUMBIE B JKEJIE3€ XPOM U
MonubaeH (Ha mnpumepe ciaBa FessNijg4CossCrssMoi1,9B14Siss), mpuBomutr k
(GOpMHUpPOBAHHIO  HAHOKPUCTAUIMYECKOM  CTPYKTYpbl Ha  IEpBOM  CTaauu
IBYXCTaIUiHOTO npouecca kpuctamuzauuu AMC ¢ yMeHbleHneM 0oJiee 4eM B JiBa
pasa pa3MepoB HAHOKPHUCTAIJIOB a-Fe u yBennueHneM ux 0ObEMHOM J0JIM MOYTH Ha
nopsanoK. s mpakTUYeCKOro NMPUMEHEHMs] BaXKHO MOBBINICHUE MHKPOTBEPIOCTH,
KOPPO3MOHHON CTOMKOCTH, YAEIBHOTO 3JIEKTPOCONPOTUBICHUSI M CYIIECTBEHHOE
CHWKEeHUE TepMuueckoro koddduumenra conporusienus (TKC) or 1,6x10* mo
4,4x107° K B ucxoanoM aMOp(GHOM COCTOSHUH.

BrnepBble ycTaHOBJIEHO, UTO CIOKMBILIASACS B UCXOAHBIX 00BEMHBIX 00pa3lax, a
Takke B TMpollecce HaHOKpuctaimzauuu (mocie HarpeBa g0 1120 K w,
COOTBETCTBEHHO, MPOTEKAaHUS BCEX CTAAUN KpHUCTAJUIM3aLUMK) aMOPQHBIX JIEHT
HOBbIX cIu1aBoB Fes 71(IIM,Al)1032Y 1,8 2(S1,C,B,P)1724 MHOrodasnas crpykrypa
XapaKTepU3yeTcsi peKOPAHBIMU 3HAUCHHUSIMU MUKpoTBepaoctu 17-22 I'la.

KiaroueBbie cioBa: amopdubie cruiaBel Ha ocHoBe Fe, Tepmuyeckas
YCTOWYMBOCTh,  HAHOKOMIIO3UTHAs  CTPYKTypa, KHHETHUKA W  MEXaHU3MBI
HAaHOKPUCTAIU3ALUUHU, MUKPOTBEPAOCTb.



25

IMian. 1o apyky 20.05.2019 ®opmat 60x90/16. [Tamip odc. Ne 1. I'apH. Tum. Taiimc.
Hpyk puzorpadiunuii. YM.apyk.apk. 0,9. Ym.dpap6o-sinod. 0,9. O6ma.-Bum.apk. 0,9.
Tupax 100 npum. 3am. Ne

IncturyTt meranogizuku im. I'.B. KyparomoBa HAH Ykpainu
Ykpaina, 03680, Kuis-142, MCII, 6yabBap Bepaaacskoro, 36



