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BCTVII

B ocTaHHI gecaTupivysi CyTTEBO POCTE 3aIlIKaBJICHICTh K HAyKOBHUX IIEHTPIB TakK 1
CBITOBUX MPOMUCIOBUX KOpropaliidl 70 00’eMHux metaneBux crekoi (OMC), 3aBasku
YOMY BiJIKPUBAIOTHCSI HOBI 00JIaCTI MPAKTUYHOTO BUKOPUCTAHHS YHIKAIbHUX (DI3UUHUX
BJIACTUBOCTEH CIUIaBIB 3 aMOpP(HOI0 Ta YAaCTKOBO KPHUCTAIIYHOIO HAHOMACIITAOHOIO
ctpyktypoto [1]. Cepen Benukoi kimbkocTi OMC ocobnuBe Mmiciie 3 KOMEpIiHOI Ta
TEXHOJIOTIYHOT TOYKHM 30py IOCIIal0Th CIUIaBM Ha OCHOB1 Fe, OCKUIBKM IMOENHYIOTh
BIJIHOCHO HM3bKY BapTICTb HE TUIBKM 3 BHCOKMM PIBHEM MAarHiTHO-M SIKHX
BJIACTUBOCTEH, ajie ¥ 3 HaJA3BUYANHO BUCOKOIO MIIHICTIO 1 TBEPAICTIO, 3HOCOCTIHKICTIO
Ta KOPO31iHOI0 CTiMKiCTIO. JIOCTIPKEHHS 1 PO3POOKH X CILJIaBIB aKTUBHO BEIYThCS B
HayKkoBHUX IIeHTpax, nepeBaxHo y CIIA, Anonii, ®panmii, HiMeuunHi Tta ocTaHHIM
yacoMm B Kurtai. ['0JJIOBHUM NpakTUYHUM PE3yJIbTaTOM JIOCHIIKEHb YMOB amopdizalii,
TepMiyHOi CTiKOCTI amopHuX (a3, ix (PI3MUYHUX BIACTUBOCTEH € KOMepIliai3ailis
HU3KM 00’eMHUX cIiiaBiB Ha ocHOBI Fe mix Topriensuumu mMapkamu (“‘Liqualloy” [2],
“AMO-beads”, “SENNTIX” [3] 1 SHS-XXX [4]) Ta opraHi3allisi iX BUpOOHHUIITBA B
npomucioBux macmrabax kommadismu CIHA 1 Anonii: ALPS Electric Co, "Green
Device", NEC TOKIN Corporation, SINTOKOGIO Ltd ta NanoSteel Company, Inc.,
Kanana.

[IpoBeneni npotsarom 2006-2016 pp. AOCTIIKEHHS JO3BOJIUIU PO3POOUTH HUBKY
3aJII3HUX CIUIABIB, IO CXHWJIbHI 10 amopdizallii y popmi cTpuxHIB 3 aiamerpamu 8§, 12 1
HaBiTh 16 MM [5]. [leBHi ycnixu Oynu Takox AocarHyTi y crBopenHi OMC Ha ocHoBi Fe
3 MIBUIICHOIO TuIacTHUHICTIO (3—4%) [6, 7], piBeHb SKOT iCTOTHO 3pOCTaB 3a PaXyHOK
dbopmyBaHHS B amop(HIM MaTpHIll TUTACTUYHUX JAeHAPUTIB o—Fe [8] abo Momudikarii
noBepxHi [9].

VY cmmaBax 0a3o0Boi cuctemu Fe-Si-B-P-Cu mis orpriMaHHS BiIMIHHHX MarHiTHO-
M'SKUX BIJIACTUBOCTEH TICIS TEpMIUHOI OOpOoOKM HEOOXigHAa HAsSBHICTh MEPBUHHHX
HAHOKPUCTAIIB B MIBUAKOOXOJOKeHUX 3pa3kax [10-12]. Came ogHouacHi nob6aBkax P
1 Cu 1HAYKYIOTh T€TEPOTeHHICTh — 3epHa 0—Fe 3 BUKIIOYHO MajuM PO3MIpOM MEHIIIE

3 HM B 3arapToBaHiii MaTpull cruiaBiB Fe 3 meranoinamu, 3 Bucokum BMicToMm Fe, 110
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MePEBUIIYE MEXY JJIs MOBHICTIO amopdHOoi cTpyktypu [13, 14]. €nuHa BiAMIHHICTH
HoBHX crutaBi cuctemu Fe—Si—B—P—Cu Bix crmaBiB Fe—Cu—Nb—Si—B monsirae B 3amii
O11bII BeIMKUX aToMiB Nb Oiabin 1piOHUMH atoMamu P. [IpuynHa mpurHiuyeHHsS pocTy
KPUCTAJTIB, 110 € OJTHUM 3 BOXKJIMBUX (paKTOPIB HAHOKPHUCTAJI3allll, SIKE JOCITAEThCS 3a
paxyHok Nb B crutaBax FINEMET, mis HoBHX crutaBiB — He oueBHaHA. Kpim 1mporo,
3aMmiHa H1001t0 hochopoM poOUTH MpoleC KpHUCTami3allii CHIBHO 3aJIC)KHUM Bl YMOB
Bignamy [10, 11].

CTBOpeHHSI HEIOPOTMX METaJIeBUX MarepiaidiB 3 IMiJIBUIICHUMHA MIIHICHUMH
BJIACTUBOCTSIMU TIPEACTABIISIE 3HAYHUM 1HTEpEC ISl CyYaCHUX JOCITIAHUKIB, OCKUIBKU
BUPILIEHHS I[l€] MPOOJEMH AO03BOJIUTH BJIOCKOHAJIMTH ICHYIOUl Ta PO3pOOUTH HOBI
KOHCTPYKIIi Ta MpWIaJd, a TAaKOX 3MEHIIMTH iX Bary, 3HU3UBIIM TaKUM YHUHOM
IIKIJJIMBI  BUKHIM B  arMocdepy 3a PpaxXyHOK €KOHOMHOI'O  BUKOPHUCTAHHS
eHepropecypciB. J{ns AOCSATHEHHS 1€l METH HaWOUIbIl NPUUHATHUMHU € METaJIeBl
CIUTABM Ha OCHOBI 3aii3a. BapiailisiMu XiMI4HOTO CKJIafdy, a, OTXKe, 1 MIKPOCTPYKTypHU
TaKUX CIUIaBIB MOKHA y 3HAYHIN Mipi MOJINIIUTH iX BIACTUBOCTI. Pe3ynbratu aHamizy
BITUBY MIKPOCTPYKTYpH Ha (h13WUHI BIIACTUBOCTI METaleBUX CIUIaBiB [15, 21] cBimuarts,
10 HalO1IBII 6araToOOIAIOYUMHU 3 OTJISITy Ha MIITHICHI XapaKTEPUCTHKHU € MaTepiaiid 3
BHCOKOIO KOHIIEHTpAIlI€l0 1ePeKTiB, 30kpema, amopdHi Ta aMOp(HHO-HAHOKPHUCTATIYHI.
Tak, MeTaneBi CTEeKIa MalOTh HEBHOPAIKOBAHY CTPYKTYPY 1 XapaKTepU3YyIOThCS
BUHSITKOBO BUCOKHM PIBHEM MEXaHIYHHMX BJIACTUBOCTEH, 1110 Yy MOEAHAHI 3 IM1IBUIIICHOIO
KOPO31MHOIO CTIMKICTIO POOUTH iX MEPCHEKTUBHUMHU [JIsi BUKOPHUCTAHHS B SIKOCTI
KOHCTPYKIiHHUX MaTepiamis [16, 20].

[Tepmi mertanesi crekiia (MC) Oynu otpumani y 1960 poui [17], a Ha Ham 4yac
BOHU CTaJId aOCOJIOTHO HOBMM KJIACOM METAJICBUX CIUIABIB, SIKI 3apa3 BUTOTOBJISIOTH
tucayamMu ToH [18]. Takuii ycmix craBiB 13 TPaHUYHO PO3YMNOPSAKOBAHUMU
CTPYKTYypaMH MOYKHA TOSCHHTH, TIO-TIEpIIE, BHCOKMM pPIBHEM Ta YHIKAIbHUMH
KOMOIHAIISIMU CTPYKTYPHO-3aJIEKHUX (DI3UYHUX BIACTUBOCTEH (MTEPEBaXHO MArHITHUX
Ta MexaHiuHuX). [{ilicHO, OCHOBHMI 00’€M BUTOTOBJICHUX y MPOMMCIOBUX MaciiTabax
MC peanizyeThcs B IKOCTI (PYHKIIOHAIBHUX MAarHITHUX MaTepiajiB, aje MUTaHHS 100

IPAKTUYHOTO 3aCTOCYBaHHS aMOPPHUX Ta aMOP(PHO-KPUCTAIIYHUX CIUIABIB 3 BUCOKUM
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pIBHEM MIITHICHMX BJIACTUBOCTEH 3aJIUIIAETHCA BIIKPUTHM 1 Hapa3l € MpeIMETOM
HAYKOBUX JIOCIIJKEHb 1 po3po0ok [19-21].

OCHOBHOIO TMEPENOHOI HAa NUIAXY CTBOPEHHS BHUCOKOMIIIHUX aMOP(pHUX
KOHCTPYKIIIHHUX MaTtepialliB € HU3bKUH PIBEHb CKIOYTBOPIOIOYOI 3IaTHOCT1 OUIBIIOCTI
METAJIEBUX PO3IUIaBIB, M0 MPU3BOJUTH 10 OOMEXKYBAaHHS TE€OMETPUYHHX PO3MIpiB
IIBUIKO3arapToBaHuX 3pas3kiB. Llfo mpoOieMy MOXKHA BUPIIIMTH MUISIXOM CTBOPEHHS
00’€MHHMX METAJEBUX CTEKOJ, TOOTO CIUIaBiB, AKi aMoOp(di3ylOTbCsi TpPU BIAHOCHO
HU3BKUX IIBUJKOCTAX OXOJOKEHHA 1 MOXYTh OYTH OTpPUMaHI TpPaJAULIHHUMU
Merogamu JuTTs.  [linbip ckiagy CIutaBiB 3 BHCOKHMM PIBHEM CXHJIBHOCTI JI0

CKJIOYTBOPEHHS 31HCHIOETHCS 3a JIeKUIbKOMa (Di3MKO-XIMIYHHUMHE KpuTepismu [22, 23]:

HAsIBHICTh TIMOOKOT €BTEKTHUKH Ha Jllarpami CTaHy;
- 3HayHa (> 12%) pi3HUII ATOMHUX J1aMETPIB KOMIIOHEHTIB;
- Benuka (3—5) pi3HUIM BAJICHTHOCTI KOMIIOHEHTIB;
- HasBHICTh B CKJIaJll CIUIAaBY HE MEHII, HIK TPbOX KOMIIOHEHTIB, SIKI MalOTh
HETaTUBHI TEIJIOTH 3MIIIYBaHHS.
3a A0MOMOT OO TIepeNiYeHUX KPUTEPIiB Oy BUHANIEH] IECATKHU CKJIAJIB CILUIABIB,
K1 BJAJOCAd OTpUMATH B aMOpP(HOMY CTaH1 Y BUIIISAI 00’ €MHUX 3pa3kiB (MPYTKIB 200
TJIACTHH) TIEPEPi3oM 10 JCKUTBKOX IeCATKIB MumiMeTpiB [23, 24]. Ilicnsa oTpumaHHS
amopduux crutaBiB Fer3AlsGaxP11CsBs [25] 1 FeqoNigP14Bs [26] y Burmsaai mpytkis
niamerpom 1 MM iHTepec 70 OMC pi3ko miABUIIMBCA. BiH MOsSCHIOBAaBCS HE JIMIIE
JIOCUTh HHU3BKOK BapTICTIO 3ajli3a SK OCHOBHOTO KOMIIOHEHTa CIUIaBiB, ajie M
HAJ3BUYAHO BHCOKUM piBHEM Mexi MirnHocTi orpuManux OMC (6mmseko 4-5 ['Tla
[25-29]) y moemnanHi 31 3HA4HOK KOpo3iiiHOMO cTikikicTio [30], 3aBasku YoMy I
cruiaBd OyJad BiJHECEHI 10 OKPEMOro Kiacy I Ha3Bow «amop¢ui crami» [27].
Pe3ynbpTaToM MOIIYKiB CKJIa/iB CIUIaBIB HA OCHOBI 3aj1i3a 3 BUCOKUM PIBHEM CXHMJIBHOCTI
JI0 CKJOYTBOPEHHS CTaJI0 CTBOPEHHS LUIOI Tpynu ckiaaHojeroanux OMC, ski
OTpUMYBAJIM Yy BUIJISAI MPYTKiB  mgiamerpoMm moHan 10 mm [31, 32]. TligBumieHHs
3IaTHOCTI 10 amopdizailii npu bOMY J0CITAIOCS IUISIXOM JIeTyBaHHS HeBeIUKuM (1 —
2 a1.%) BMICTOM PIiJKICHO3EMEIbHUX €JIEMEHTIB, BUKOPUCTAHHAM XIMIYHO YHCTHUX

KOMITOHEHTIB CIUIaBiB, a TaKOXX 3a0€3MeYeHHSM 3aXHCHOTO CEpPEIOBHUINA B MPOIIECl
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BUIUIABKM CIUIaBIB 1 rapTyBaHHA 3 pigkoro ctany. I[Ipore, Takui miaxija 10 CTBOPEHHS
CIUIaBiB Ha OCHOBI Fe 3 BUCOKOIO CXMIBHICTIO 10 amopdizaiii He € ONTUMAIBHUM IS
OMC, mnpu3HaueHUX IS MPOMHUCIOBOrO BUKOpPHUCTaHHS. i1 3HM)KEHHS BUTpaT Ha
BupoOHUIITBO OMC Ha ocHOBI Fe OuIbll MEpCneKTUBHUM € MiAXIJ, SKUH TOJATae y
BUKOPHUCTAaHHI €JIEMEHTIB TEXHIYHOI YMCTOTH 1 Jraryp, abo MpOMHCIOBOI CHPOBUHU
(uaByHiB, crayneit 1 (epocmiapiB. Tomuo) [33,34]. Ha mpukmami 06a30BUX CILIaBiB
Fe76Si3 3Ps 7C70Bs 0 [32] 1 Fers5Sis3Ps7C7Bs s [34], siki oTpuMyBaiii y BUTJISAI BHJIMBKIB
nepepizoMm 1 MM, y pobortax [35-37] Oynu mpoBelieH1 JOCIIKEHHS BIUIMBY JIETYBaHHS
Ha CXUJIBHICTh CIUIABIB JI0 HEKPUCTAIIYHOTO TBEpAIHHS. byrno mokaszaHo, amopdizyroda
31aTHICTh CIUIaBIB O€3MOCEepEeIHbO 3aJICKUTh BIJ MOPUPOAUM 1 KOHIEHTpAIli
JETYIOUUX  €JEMEHTIB: TaK, MAaKCUMaJlbHI  JllaMeTpu  aMOp(PHUX  3JIUTKIB
Fees,7C7,05133Bs5Pg 7Cr2,3Al0M0s5s 1 Fess 7C02C7,0Si33B35Ps 7Cr2,3M025Al0  [36],
BUTOTOBJICHUX 13 KOMITOHEHTIB TEXHIYHOI YUCTOTH, HE TEPEBUIILYIOTh 6 MM, y TOW Yac
gk cmiaB  FersMo03Siz3Pg7Cr0Bso, BUIUIaBIeHHH 3 IPOMHUCIOBOI  CHPOBHHH,
amopgizyetbest 'y mepepizi S MM [33]. [lomiTHO HIKYME pIBEHb CXHJIBHOCTI [0
amop(izamii MUX Tpyn CIUIaBiB Ha OCHOBI Fe y MOpIBHSHHI 13 HaBEIEHUMHU BUIIIE
3HAUYCHHSAMH aHAJIOTIYHOTO MapaMeTpa CIUIaBiB, BUTOTOBJICHUX 13 XIMIYHO YHUCTUX
KOMITOHEHTIB, MOKHA ITOSICHUTHA HE TUILKY BIAMIHHMMH XIMIYHHMHM CKJIaJaMH, ajie i,
IMOBIpHO, TMIJIBUIIICHUM BHECKOM MEXaHI3My TE€TEPOr€HHOIO0 3apojDKCHHS Ha
JIOMIIIKOBUX YaCTHMHKAX, SKI MalOTh MiICIle B KOMIIOHEHTaxX TEXHIYHOI YHUCTOTH 1
POMHUCIIOBIA CUPOBHHI.

Po3po6iieni maTepiaal BUKOPUCTOBYIOTHCS MJIsi BUTOTOBJIEHHS TBEPAUX KYJIbOK
JUTsL 3MIITHCHHS TIOBEPXHI CTaJIeBUX BUPOOIB [2—4], a TakoX IIsi HAHECEHHS MTOKPUTTIB,
3 TIJBUIIEHOK 3HOCOCTIWKICTIO y mopiBHsSHHI 3 mnokpurtsmu 3 Cr, CrN Ta
IHCTPYMEHTAJILHOT CTali, 1 KOPO31MHOIO CTIMKICTIO, KPAIIO0, HIXK Y HEeIp)KaBitovyoi cTal
[38, 39]. B Toii sxe yac moTeHmiiHI 00acTi Bukoprctanis OMC Ha OCHOBI 3aji3a €

1ICTOTHO HTUPIIIAMHU.
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AKTYyaJIbHICTH P00OTH.

OpHuM 13 TPIOPUTETHUX HAIPSAMIB Cy4acHOI (PI3UKM MeETaliB € BU3HAYCHHS
MexaHi3MiB (OpPMYBAaHHS MOBHICTIO HEYMOPSIKOBAHUX Ta YAaCTKOBO BIOPSAKOBAHUX
CTPYKTYpHUX CTaHiB. BaX1MBOIO mepeBaror0 HEPIBHOBAXXHUX CTPYKTYPHHUX CTaHIB,
IPaHUYHUM 3 SIKUX € aMOp(hHUM, € PO3IMIUPEHHS CHEKTPY CTPYKTYPHO-3aJEKHHUX
(b13MYHUX BIACTUBOCTEHM Ta YTBOPEHHS iX KOMOIHAIIH, sIKI HEMOXKIIUBO peajizyBaTH B
MaTtepiaiax 3 MPaKTUYHO PIBHOBAXXHUMH (KPUCTAIIUHHMHU) CTPYKTypamu. 30Kpema, B
OCTaHHI JIECATUPIYYSI CYTTEBO POCTE 3aIlIKABJIEHICTh SK HAYKOBUX IIEHTPIB, TaK 1
CBITOBMX MPOMHUCIIOBUX KOpIOpaliil 10 00’€MHUX METaJeBUX CTEKOJ, 3aBJSKU SIKUM
BIJIKpUBAIOTHCS HOBI O0OJACTI MPAKTUYHOTO BHUKOPUCTAHHSA YHIKAIBHUX (PI3UUHUX
BJIACTUBOCTEN CIUIABIB 3 aMOpP(HOI0 Ta YaCTKOBO KPHUCTAIIYHOI HAHOMACIITAOHOIO
CTPYKTYPOIO.

["on0oBHMME MEepenkoJaMu Ha NUISIXY OUTBII MIUPOKOTO BUKOPUCTAHHS aMOPHHUX
CIUIaBIB HAa OCHOBI 3ajli3a € HEBHPILIEHI O TENepIlIHbOr0 Yacy JesKl HayKOBi Ta
TEXHOJIOT1YHI TPOOJIEMH, OJIHIEI0 3 SKUX € BIJICYTHICTh (I3MYHO OOIPYHTOBAHMX
KpUTEPIiB CXUIBHOCTI criaBiB a0 amopdizamii (CA), a BUKOPUCTAHHS HANOUIBII
NOIIMPEHUX  HAMIBEMIIIPUYHUX  KPUTEpIiB, sKi  0a3yloTbcsi Ha  KOMOIHAIsAX
EKCIIEPUMEHTAJILHO BUMIPSHUX TEMIIEpaTyp CKJIOMOAIOHOTO Mepexo1y Ta KpucTasi3aiii
amopdHoi a3y 1 JIKBITYCY, 1a€ HEOJHO3HAYHI PE3yJIbTATH.

OxpiM 1BOTO, ICTOTHUM YCKJIQJHEHHSM Ha NUISXY MPAKTUYHOTO BHKOPUCTAHHS
OMC Hna ocHoBi Fe € HecucremarnuHmii XapakTep TNEPEBaXHOI OIIBIIOCTI
EKCTIIEPUMEHTAIbHUX JIOCII/PKeHb, a TaKOX OOMEXKEHa KUIbKICTh JIaHMX BIJIHOCHO
TEPMIYHOI CTIMKOCTI aMoppHUX (a3, Pi3UYHUX MEeXaHI3MIB iX KpucTamizaiii 1 BILIUBY
NOAANIBIIOT KpUCTaTi3alii Ha (13MKO-MEXaHI14H1 BIaCTUBOCTI.

AKTyaJIbHICTb pOOOTH OOYMOBJIEHA TaKOXX THM, IO MPOBEACHI IOCTIIKEHHS
COpsIMOBaHI HA  BUpIIMIEHHS  HU3KKM  (yHAAMEHTAIBHUX  mpobsieM  (i3uku
KOHJICHCOBAHOTO CTaHy, SKi TOB’s3aHI 13 BCTAHOBJEHHSM BIUIMBY BMICTY 1
CHIBBIJHOILLIEHHS METAJIOIAIB Ta JETyBAIbHUX, Y T.4. HGPO3UMHHUX B 3aJi31 JOMIIIOK Ha

MEXaHI3MH 1 KIHETUKY (OpMYyBaHHS HAHOMACIITAOHUX KPHUCTAJIB SIK B HEPIBHOBAXKHHUX
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YMOBaxX OXOJIO/UKEHHS po3miasiB 3i mBuakoctsasmu 10-10° K/c, tak i npu Harpisi
amoppHux (a3, cPopMOBaHMX B CTPIYKOBUX Ta 00 €MHHX 3pa3kax OJHAKOBOTO
XIMIYHOTO CKJIay.

JlocmipkeHHsT 3aKOHOMIPHOCTEH TIPOIleCy HaHOKPHUCTAI3alii, pe3yslbTaTh SKHX
HaBeJeHI B  JAucepTamii Juid Tpynu  CTpiukoBuX Ta  0o0’emHux AMC

Fesz 71(ITM,Al)10-3, Y18 2(Si,C,B,P) Oynu crnpssMOBaHI Ha 3'SCyBaHHS MeEXaHI3MIB

17247
dopmyBanHs OararodazHOi HAHOKPHCTAJIIYHOI CTPYKTYPH Ta BCTAHOBJICHHS i
B3a€EMO3B 53Ky 3 (PI3UKO-MEXaHIYHUMHU BJIACTHUBOCTSMHU. Pe3ynbratu JOCHiKEHb
CKJIalyTh ~ HAyKOBE  MIAIPYHTS I  IIJIECHPSAMOBAHOT  PO3pPOOKM  HOBHX
HAHOCTPYKTYPOBAHMX METAJIEBUX MaTeplaiiB 3 IiJIBUILEHUM KOMIUIEKCOM (Hi3UKO-
MEXaHIYHUX BJIACTUBOCTEH, 30KpeMa, MEPCIEKTUBHUX KOHCTPYKIIHHUX,

KOPO31MHOCTIMKUX Ta PE3UCTUBHUX CILIABIB.

3B'130K p0o00OTH 3 HAYKOBMMHU PO00OTAMHU, NMPOrpaMamMu, IVIAHAMHU, TEMAMM.

JocnixkeHHsi, pe3yJabTaTd SKUX BUKIAJEHI Yy JUCEpTaliiHiil  poOoTi,
BUKOHYBAJIMCh Yy Bifaim Kpuctamizauii [Hcrutryty meranodizuku iMm. I'.B. Kyparomosa
HAH Vxkpainu 3rigHo 3 I1HAMBIAyaJbHUM IUIAHOM pPOOOTH JucepTraHta. BoHu
Y3rOJDKYIOTECS 3 HAYKOBUMH HampsiMaMd BIJIUTy Ta MaloTh 3MICTOBHM 3B'S30K 3
TEMaTUKOIO JEPKOIKETHUX HAYKOBO-IOCHIIHUX poOIT, ski (iHaHcyroTbes HAH
VYkpainu Ta pinancyBanucst MiHICTEpCTBOM OCBITH 1 HAYKU Y KpaiHU:

Bigomui Temu:

— «B3aemo03B’s130Kk reTepodazHOro CTaHy 1 YMOB TBEpAIHHS pO3IUIABIB 31
CTPYKTYPOIO Ta BJIACTHUBOCTSIMU amMOp(MHHUX 1 HAHOKpPUCTATIYHHX cCIuiaBiB Fe ta Aly»
(2008 — 2012 pp., Ne nepxpeectpariii 0107U009632);

— «BrmB yMOB TBEpiHHS PO3IUIaBy Ha MPOIIECH 3apOHKEHHS 1 pOCTY KPUCTAJIB
Ta (OpPMYBaHHS HAHOCTPYKTYPHUX CTaHIB B aMOp(HHUX CILJIJaBax Ha OCHOBI 3aji3a Ta

amominio» (2013 — 2017 pp., Ne nepkpeectpaii 0113U000031);
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— «DopMyBaHHS BUCOKOMIIIHUX Ta MarHiTOM SIKHUX MIKpO- Ta HaHOCTPYKTYpPHHUX
CTaHIB MpHU KpHUCTali3alii po3miaBiB Ta amopdHUX (a3 B CIJIaBax Ha OCHOBI 3ali3a Ta
amominio» (2018 —2022pp., Ne nepxpeectparii 0118U001037).

KoOHKypCHI HayKOBO-TEXHIUHI MPOEKTH MIHICTEPCTBOM OCBITH 1 HayKH YKpaiHU
[UJIbOBOT HAYKOBO-TEXHIYHOI mporpamu «HaHoTexHoJsOTii Ta HaHOMAaTepiaau» Ha
2010-2014 poxu:

— «Po3pobnenns JOCITITHO-TIPOMHUCIIOBHX TEXHOJIOT1H BUT'OTOBJICHHS
HAHOCTPYKTYPOBAHUX CIUJIABIB 3 TPAHUYHUM PIBHEM 3MIIIHEHHS MLJISIXOM KpHCTai3allii
00’emHoamop®izoBanux cruiaBiBy (2010-2011p. No nepxkpeectparii 011U007026);
(2012-2013p. (mpyra uepra) Ne nepsxpeectpartii 0112U005319).

MeTta Ta 3aBJaHHs J0CJIIIKEHHS.

Mertoro aucepTaiiiiHoi poOOTH € BCTAHOBJIEHHS 3aKOHOMIpHOCTEH (hopMyBaHHS
BHCOKOMIIIHMX MIKPO- Ta HAHOCTPYKTYPHHX reTepo(a3HUX CTaHIB B CILJIaBaX CHUCTEMU
Fe42,71(Ni,CO,CI‘,MO,W,Nb,V,Mn,Al)10732Y1,8,2(Si,C,B,P)17,24 y npoueci HepiBHOBEDKHO'I'
KpHUCTamizailii po3iaBiB Ta aMmophHUx ¢as.

JI1st nocsArTHEHHS i€l MEeTH HEOOX1HO OyJIO BUPIIIUTH HACTYIIHI 3a0ayi:

* Po3poOuty MeToaMKy Ta OTpUMATHU SIKICHI aMOp(HI CTPIYKH TOBIIMHOIO

20-50 MM mumsxom  HagmBuakoro (10°-10° K/c)  oxomomkeHHs  po3ILIaBy

(HIIOP) Ta o00’eMHl aMopdHi Ta amMoOp(HO-KpPUCTANIYHI 3pa3Ku MNOpHU

IIBUAKOCTSIX 0X0JomkeHHs posmiaBy Bia 80 mo 3200 K/c i3 crmaBiB cuctemMu

Fe,, ,(IMAD) Y, (Si.C.B.P)

17-24
* Busnauntu xapaktepHi TemrepaTypu (a3oBUX MEPEXOAiB B MOICTHHUX 1
HOBUX amMopduux metaneBux cruiaBax (AMC) Ta BCTaHOBUTH iX KOpEssIii 3
XIMIYHUM CKJIQJIOM CIJIaBY Ta YMOBaMH HOTO OfiepKaHHSI.
e JlocmiauTy KIHETUKY HaHOKpHCTami3alli cTpiukoBUX Ta 00’emHuXx AMC
PI3HOTO XIMIYHOTO CKJIay, OTPUMAaHUX 32 PI3HUX YMOB OXOJIOMPKEHHS PO3IIaBy Ta

TepMiuHOi 00poOKM amopdHHMX 3pa3KiB, 1 BCTAHOBUTH 3aKOHOMIPHOCTI
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dbopMyBaHHS BHCOKOMIIIHMX HAHOCTPYKTYPHUX rerepoda3HUX CTaHIB y IpoIecl

HEPIBHOBAXKHOI KpUCTaMi3alii po3riaBiB Ta popMyBaHHsS aMopdHUX ¢a3.

* JlocmiauTyu MexaHi4H1, KOpO3iiiHI Ta €JIEKTPUYHI BIACTUBOCTI OTPUMAHMX
MaTtepiajgiB 1 BH3HAYUTH HaWOUIBII ONTUMAJIBHI 1 TMEPCHEKTUBHI KOMITO3MIIIT
CIUIaBiB, IO 3MOXYTh BHUKOPHUCTOBYBAaTHUCA SK B aMop(dHOMY, Tak i B aMop(dHO-
KPUCTAJIIYHOMY YW HAHOKPHUCTAIIYHOMY CTaHax 3aMICTh BHCOKOMIIIHHX
HEPKaBIIOUMX CTalel, 30KpeMa y BHCOKOTEXHOJOTIYHOMY Mpuiiago0yayBaHHI,,
SHEPreTHUIll Y1 XIMIUHIA MPOMUCIOBOCTI.

O0’exkT nmocailzKeHHs1: (I3UYHI 3aKOHOMIPHOCTI 1 MeXaHI3MHU (HOpMyBaHHS
aMOp(PHUX Ta HAHOKPHUCTAIIYHUX CTaHIB B HEPIBHOBAXKHHX YMOBAax UIIBHUIKICHOIO
OXOJIO/DKCHHST PO3IUIaBIB, a TaK0X — HaHO(MA3HUX KOMIIO3UTIB B IMPOIEC] TEPMIYHOI
00poOKHU amMOpPHUX CTPIYKOBUX Ta 00'€MHUX CKJIQJIHOJIETOBAaHUX CILJIaBIB Ha OCHOBI

3aJ3a F€42771(Ni,CO,CI',MO,W,Nb,V,Mn,Al)lcpngl,g,z (Si,C,B,P)17,24_

Ilpeamer nocJiIsKeHHsI: BIUIMB XIMIYHOTO CKJIaqy Ta YMOB OJCp)KaHHS Ha
dba3oBUll CKJIal, CTPYKTYpPYy, KIHETHKY KpHUCTali3alii Ta MeXaHI4HI, KOpPO3iWHi 1
CJICKTPUYHI BJIACTUBOCTI aMOphHUX Ta aMOp(HO-KPUCTATIYHUX CKJIAITHOJETOBAHUX
CILJIaB1B CUCTEMU Fe42_71(Ni,CO,CI’,MO,W,Nb,V,Ml’l,Al)lo_nglyg_z (Si,C,B,P)17_24.

Metoau aociizkeHHs: peHTreHorpadiyHUN aHali3; PEeHreHO(IIOOPUCIIEHTHUN
aHai3, ONMTHYHA, MPOCBIUYyIOUa Ta PacTpOBa €JIEKTPOHHA MIKPOCKOIiA; TepMmorpadis,
mudepeHliiHa CKaHyl4Ya KaJOpUMETPis; PE3UCTOMETPIs; MIOPOMETPIs; MEXaHIuHI
BUNPOOYBAaHHS HA TPUTOUKOBHI 3TMH Ta PO3TAT, BUTPOOYBaHHS HA KOPO31HHY CTIMKICTh

3acToCcyBaHHS B3a€MOJIOTIOBHIOIOYUX METOJIIB €KCIIEPUMEHTAIbHUX JTOCIIIKCHb,
HEOJHOpa30Ba TMepeBipka BIITBOPIOBAHOCTI Ta CTAaTHCTHMYHA OOpoOKa JaHUX

3a0e3Meumniii JOCTOBIPHICTh OTPUMAHUX HAyKOBUX PE3yJIbTATIB.

HaykoBa HOBU3HA 0O/lep:KaHUX pe3yJIbTaTiB.

HaliBaxxnuBiiil pe3ynbTaTd AUCEPTALIAHOT pOOOTH, SKI BIIMOBIJAIOTH KPUTEPIIO

HaYKOBO'll HOBH3HH, MOKHA PC3IOMYBATHU HACTYITHUM YHHOM:
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1. Bniepure 6e3nocepeHbo 13 pO3IJiaBy MPU MIBUAKOCTSIX WOTO OXOJOIKEHHS
(803200 K/c) onmepxani 00’eMHi 3pa3ku (CTPYIKHI Ta MIACTHHKHA TOBITHHOIO
0,5-5,6 Mm) amopduux, amopdHo-HaHOKpucTamiunux Ta 100% HAHOKPHUCTATIYHUX
crutaBiB  Fesp 71(I1TM,Al)10-32Y 18 2(S1,C,B,P)17-24 3 po3mipamu kpucrtaniB Big 16 1o
50 HM.

2. BcraHoBiE€HO, 1110 HAWBHUIIOK CXHWJIBHICTIO A0 amopdizamii Ta
HaNO1IBIIOI0 TEPMIYHOIO CTIHKICTIO aMOP(HOTO CTaHy XapaKTEepU3YyIOThCS CILIaBU
Fe—(Co,Cr,W,Mo,Mn,Al,)-Y—(Si,B,C), mo HaiOinbm JIeroBaHi ciIa00pO3YHHHHUMH Yy
3ami3i metanamu W, Mo, Cr (B cymi 6m3bko 30 at.%), Byrienem (9,8-15 at.%), 3
HeBenukuM BMicToM Y (1,8...2 ar.%) ta Al (0,1...1 at.%). CTpyKTypa CcIjiaBiB HiCis
KpHUCTai3aiii CKIAJAEThCS 13 PIBHOBAKHOI CyMillll HAHOKPUCTAJIIB TBEPIOTO PO3UYUHY
Ha OCHOBI 0—Fe Ta KUIbKOX MeTacTaOlIbHIUX OOpU/IIB 1 KapOi/lIB METAJIIB.

3. Bmnepme ekcrnepuMeHTaIbHO BCTAHOBJICHI 3aKOHOMIpPHOCTI 1 cTamil
HAaHOKpHUCTaMI3alli Ipu TepMiyHUX 00poOKkax 00’eMHOaMOP(PI30BaHUX CILIABIB PI3HOTO
XIMIYHOT'O CKJIaJy, 3’sICOBAHO CXOXOCTI Ta BIAMIHHOCTI BiJl MPOLECY HAHOKpHCTAII3AIl1
aMOp(PHUX CTPIYOK, OTPUMAHUX 13 CIUIaBIB OJHAKOBOTO XiMiyHOTro ckjiamy. [lokazaHo,
10 €Heprii akKTUBAaIlli KOXKHOI CTaJlii mpoIecy HaHOKpHUCTAI3aIli 111 00’ €MHUX 3pa3KiB
€ Ha 18...50% MeHIMMH Bij BIAMOBIAHUX BETUYHUH IJI1 aMOP(PHUX CTPIYOK.

4. Bmepie mokaszaHo, 1o 4yacTkoBa 3amiHa Fe y Bigomomy criaBi FegoB14Sie
HU3KOI0 MEPEXITHUX METaNiB, Cepel SKUX CIadOpO3UMHHI B 3aji31 XpoM 1 MOJOAeH
(FessNi1g4C0g5Crs57Mo019B14Sis5), mpu3BoauTh 10 (HOpMyBaHHS HAHOKPHCTATIYHOT
CTPYKTYpH BXK€ Ha TeEpIIii cTamii ABOCTaaiMHOTO mporecy kpucramizamii AMC 3i
3MEHIIECHHSIM, OUIbII HIXK y JBI4l, pO3MIpIB HAHOKpUCTAIB 0—Fe Ta 30UIbIIEHHSIM iX
00'€eMHOT YacTKM Maike Ha MOpsAOK. J[JIT MpakTUYHOTO 3aCTOCYBAaHHS BAKIWBHUM €
NIJBUILIEHHS BHACIIIOK JIETYBaHHS 3HAY€Hb MIKPOTBEPIOCTI, KOPO31MHOI CTIMKOCTI,
MATOMOTO €JIEKTPOOTIOPY Ta ICTOTHE 3HMXKEHHS TepMiuHOTO Koedimienty onopy (TKO)
Bix 1,6:10 10 4,4-10° K y Buxignomy amoppHOMY CTaHi.

5. CdopmoBana y BuUXIIHHMX O0’€MHHMX 3pa3kax, a TaKOX B IIpolieci
HaHOKpucTam3amii (micaa HarpiBy A0 1100 K Ta, BiamoBigHO, MPOTIKaHHA BCIX CTaAli

KpHCTai3aIlii) aMopGHUX CTPidOK HOBUX craBiB Fesp.71(IIM,Al)10-32 Y18 2(S1,C,B,P)17-24
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OararodazHa HaAApiOHA CTPYKTypa XapakTEePU3YETbCS PEKOPIAHUMH 3HAYEHHSIMU

mikpotBepaocti 17-22 I'Tla.

HpaKanHe SHAYCHHHA OJCPRKaHUX pGSyJILTaTiB.

OpeprkaHi pe3yibTaTH CKIAAyTh HOBHM KOHIENTYJIBHHM MIiAXiT JO0 PO3POOKH
KOHCTPYKUIHHUX Ta (YHKUIOHAIBHUX MaTepialiB 3 MiJABHILIEHUMHU PIBHAMU
eKCIUTyaTaliiHuX 1 (I3UYHUX XapakTepucTUK. HOBI HAHOCTPYKTYpOBaHI CIUIaBU
MOXYTb OYTH BHKOPHCTAaHI JiJIi CTBOPEHHS MOKPUTTIB, IO 32 3HOCOCTIMKICTIO
nepeBepIIaTh Kpali COPTH MiIMUITHUKOBOI CTal.

Pe3ynpTaT poOOTH BKE€ YAaCTKOBO BHIPOBAKEHI y BUPOOHUUTBO — IPOBENEHI
BUNPOOYBAaHHS CTBOPEHMX MaTepiajiB Ta TEXHOJOTIM Ha BITUM3HSHUX MIiJIPUEMCTBAX
MaIuHOOYAIBHOT Ta METAypriiHOI rajxy3edl mpu BUTOTOBIIEHHI CEPIMHOI MPOMYKIIii.
3okpeMa, TMoKa3zaHo, IO ckiagHoseroBaHi AMC Ha OCHOBiI 3aiiza JyKe€ BJajo
MOEHYIOTh  XapPaKTePUCTUKU MIIHOCTI 1 IJIACTUYHOCTI 13 BHUCOKHM PIBHEM
enexktpoonopy (>140 MmxOm-cMm). JloBeeHO BUCOKY €(DEKTUBHICTD 1X BUKOPUCTAHHS, K
BUCOKOMIIIHMX Ta KOPO31MHOCTIMKUX CTPIYKOBUX HU3bKOTEMIIEPATypHUX HArpiBayiB B
noOyTOBOMY Ta MPOMHKCIOBOMY OOJIaJIHaHHI 3aMICTh HIXPOMOBHUX, (eXxpajeBux Ta
BYIJICBOJIOKOHHMX MarepiaiiB, sKI IMIOPTYIOTbCS B YKpaiHy. 3amaTeHTOBaHUMN
«Pe3ncTuBHUI KOpPO3iMHOCTIMKKUNA aMOopdHUN crjmaB Ha ocHOBI 3ami3a» (IlateHT Ha
BuHaxig UA 104983 Omy6a. 25.03.2014, bron.Ne 6) craB 0CHOBOIO ISl YKJIAJIEHOIO
miuensitHoro noroopy Mk IM® im. I'.B. KypatomoBa HAH Vkpainu (Jlinensiap) ta
TOB «MEJITA» (Jlimensiat) Ta opradizamii BUpPOOHUIITBA aMOphHUX 1
HAHOCTPYKTYPOBAHUX CILJIaBIB Ta HU3bKOTEMIIEPATYpPHHUX TUTIBKOBUX HArpiBayis.

Oco0ucrtuii BHecok 3100yBaya J(ucepranT O6e3mocepeHb0 3/11HCHIOBAB: MOIIYK,
OTIPAIIOBAHHS Ta KPUTUYHUHN aHaJI3 JITEPAaTypHUX JDKEPEN, SIKi CTOCYIOThCS TEMH
qucepTaliiiHoi poOOTH, BUTOTOBJIEHHS NapTiil BHUXIJHUX CIUIaBIB, aMOpPpHUX Ta
HAHOKPUCTAIIYHUX CTPIYOK Ta OO0 €MHHX 3pa3kiB, MPOBEICHHS EKCIIEPUMEHTIB,
00poOKYy EKCIIepUMEHTAIILHUX [TaHUX, HAMHCAHHS, OOTOBOPEHHS Ta IMiJTOTOBKY 0

JIPYKy HAyKOBHUX CTaTEH Ta JIOMOBIIeH Ha KOH(DEPEHITISAX.
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OOrpyHTYBaHHSI aKTyaJIbHOCTI TEMH JAMCEPTaliiHOI poOOTH, IMOCTAHOBKY 3ajad,
BUOIp METOAMK JOCHIPKEHHS TP BHUKOHAHHI EKCIEPUMEHTIB 1 OOTrOBOpEHHS
OTPUMAaHMX Pe3yJIbTATIB MPOBEACHO Pa30M 3 HAYKOBUM KEPIBHUKOM.

ExcniepuMeHTH 3 BUBUEHHS (pa30BOr0 CKJaay Ta MIKPOCTPYKTYPH 3pa3KiB CIUIABIB
PI3HOTO XIMIYHOTO CKJIaJly Ta YMOB OJIep>KaHHSI BUKOHYBAIHCS 37100yBaueM CaMOCTIHHO
a00 3 THIITUMHU CITIBAaBTOpPAMH ITyOJTiKaIlii.

BunpoOyBaHHsI KOpO31iHOI CTIMKOCTI HOBHX CTPIYKOBHUX Ta OO ’€MHHX CILJIaBiB
cuctemu Fe—(Ni,Cr,Mn,Mo,W,Nb,Al)—(Si,B,C,P/Y) y BuximHomy amopdHOMy Ta
HAaHOKOMITIO3UTHOMY CTaHaX JUCEPTAaHT MPOBOAMB Yy JIbBIBCHKOMY HalllOHAIBHOMY
yHiBepcuTeTi M. IBana ®dpaHka pa3oM i3 CHIBPOOITHUKAMH XIMIYHOTO (aKyIbTETy —

CIiBaBTOpaMU MyOJTiKaIliii.

Anpo0auis pe3yJabTaTiB AucepTanmii.

OCHOBHI pe3yJbpTaTH JUCepTaliiHOI pPOOOTM Ta OKpeMi MOJIOKEHHS Oynu
MPEICTABIICHI Y BUTJISIIL IOTIOBiICH Ha HAYKOBUX KOH(EPEHIIIsIX Ta CUMITO31yMax:

1. MixHapoiHa HayKoOBa KoH(]epeHIIis “@yHKIIMOHAJIbHI
matepianu”’, ICFM-2013, 29 Bepecus — 5 sxoBtHs 2013, SAnra, Kpum

2. Muixknaponna  HaykoBa — koH(pepeHmis — “Hanorexnomorii  Ta
HaHoMmaTepianu”, 26-29 cepnus 2015, JIsBiB, Ykpaina.

ITyoaikanii. OCHOBHI pe3yJbTaTh Ta OKpPEMI MOJIOKEHHS UcepTaliiHol poOoTH
OmyOTiKOBaH1 y 6 cTarTax y (haxoBUX HAyKOBHUX JKypHaIax, 4 3 SKUX BXOJIUTH JO
HaykomeTpuuHoi 6azu SCOPUS, 1 narenti Ykpainu Ha BUHaxija, 2 MaTepianax Ta Te3ax
MDKHApOJIHUX KOH(PEPEHITIH.

Crtpykrypa i odcar agucepraunii. /[ucepraiiiina poOoTa CKJIaIa€eThbCs 13 BCTYITY,
I’SITU PO3JAUTIB, 3araJIbHUX BUCHOBKIB, CIIMUCKY BHKOPHUCTAHUX JIITEPATYpPHUX JDHKEpPEI
(147 naiimenyBanb). 3araibHuil 00cSIT poOOTH CTaHOBUTH 145 cropiHok. [lucepTarris

MICcTUTD 48 pucyHkiB Ta 20 TaOIUILb.
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PO3/11JI 1. OCOBJIMBOCTI ATOMHOI BYJJOBU, TEPMIYHA CTABIJIbHICTD
TA OI3UKO-XIMIYHI BJIACTUBOCTI AMOP®HUX METAJIEBUX CIIJIABIB
(Ornsg miTepaTypu)

1.1 OcobmuBOCTI CTPYKTYpH 1 (I3UKO-XIMIYHHUX BJIACTUBOCTEH aMOp(PHHUX

MeTtasieBux cruiaBiB (AMC)

Ha BiaMiHY B1J KpUCTaJIYHUX aHAJIOTIB, CTPYKTYPHUN CTaH aMOpP(PHUX METaIEeBUX
CTEKOJI XapaKTEePU3YEThCS BIICYTHICTIO CUMETPIi TPAHCIAIIT y pO3TallyBaHHI aTOMIB 1
HAsBHICTIO JIMIIE OJMKHBOTO BIOPSIAKYBaHHS aTOMiB. Y  BHIIAJKy JBO- 1
0araTOKOMIOHEHTHUX CHCTEM TEpPMIH «OJIMKHIA TMOPSAOK» O3HA4a€e HE JIMIIE
MIPOCTOPOBUI PO3MOJILIT ATOMIB HE3aJIEKHO BiJ IX COPTY, ajie 1 BperyIbOBaHUMN PO3MOILI
aTOMIB PI13HOTO COPTY.

bmmxHio  ynopsinkoBaHicTe aTtomMiB B AMC reomMeTpuyHO ONHCYIOTH 32
nornomororo pizaux moxenei [40, 41]. Kpurepiem agexkBaTHOCTI Ti€l 4d 1HIIOT MO
CIIYT'Y€ BIANOBIJHICTh PO3PAXOBAaHUX 32 HEHO (DYHKIIIN paaialibHOrO pO3MOALLY aTOMIB
(DPPA) 1o excriepuMmeHTandbHUX. OCKITBKH I yMOBa € HEOOXITHOIO, aje
HEJOCTaTHBOIO JJI MIATBEPIKEHHS KOPEKTHOCTI 3aCTOCOBAHOI MOJENi, Ha ChOTOJHI
BUKOPUCTOBYIOTh Ppi3HI Bapiauii mojem crpyktypu AMC, Taki K BUIAAKOBOTO
NIUTBHOTO TIaKyBaHHsS KOpCcTkux cdep [42], mikpokpuctamiuny [40], kmactepHy
[41, 43], momiknacrepny [44], penakcaniiiny [45, 46] 1 T.iH., Ki XapaKTePU3YIOTHCS
PI3HUMH CTYNEHSMU HAOJMKEHHS 70 PEeaIbHOI CTPYKTYPH 3a PI3HUMH IapaMeTpamu.
VYHiBepcalibHOT MOAel, ska O Jajga 3MOry Yy MOBHIM Mipi OMHCATH CTPYKTYPY PI3HUX
CHUCTEeM HEKPHUCTAIIYHMX KJIACIB, MOKH I1ie iICHY€. YITKO BCTAaHOBJICHUM MOKHA BBaXKaTH
Jumie Tou (akT, 1Mo MeTajeBl CTEKJIa € HEOMHOPIIHUMH CHUCTEMaMHU 1 BIAPI3HAIOTHCS
HAsBHICTIO SK JIOKQJIbHHUX, TakK 1 OUIbII MPOTSHKHUX O0OJNiacTel 3 mapamerpamu
OJIM>KHBOTO TIOPSIIKY, BIIMIHHUMU BiJl CEPETHbOCTATUCTUYHUX.

Binpiricts pe3ynpTaTiB €KCHEPUMEHTANbHUX JOCIIKeHb aTOMHOI OynoBu AMC

MOXYTh OyTH NMPOKOMEHTOBaHI B paMKaxX YSBIEHb IMPO HASBHICTb CTPYKTYPHUX Ta
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KOHLIEHTpAILlIMHUX  HEOJHOPITHOCTEeH, YTBOPEHHS AaTOMHUX  YIPyHOBaHb,  fKl
BIJPI3HAIOTHCA TUIIAMHU YTAKOBKU 1 CIIBBIJHOIICHHSMHU COPTIB aTOMIB. Y BUNAJAKY
aMophHUX METaJIeBUX CIUIABIB TaKid MOJIeJl MOXKHA JaTH Ha3BY MIKPOHEOIHOPIIHOT
KiaacTepHoi [47].

Tak, Ha mpuxnaal 6iHapHux amop¢uux craBiB Fe—B y poborax [47, 48] Oymno
MOKAa3aHo, 110 OJMKHE YHOPSIKYBaHHS aTOMIB 13 33JJOBIJIbHOIO TOYHICTIO OMHUCYETHCS
JIBOCTPYKTYPHOIO MOJIEILIIO, sIKa nepeidadae iCHyBaHHS MIKpOYTpYITyBaHb JBOX THITIB 3
PI3HUM TOMOJIOTIYHUM a KOMIO3ULIMHUM OJIMKHIM TopsakoM. [Ipu 1boMy OCHOBHUM
TUIIOM MIKpOYTIpYIyBaHb, IKUH BU3HAYA€ MapaMeTpu CTPYKTypHOro unHHUKa 1 OPPA,
€ IIUIbHOYNAKOBaHI KJACTEpPH aTOMIB 3aii3a 3 HEBEJIMKUM BMICTOM aTomiB Oopy. B
MIKpOYTI'pPYIYBaHHSAX IHIIOTO THUIy MAa€ MICLE BIOPSJIKOBaHE po3TalllyBaHHS aToMmiB B
o0 atomiB Fe 3 KOHUEHTpali€r BHUIIOKW, HDK cepenHl no cruaBy. [lpu mpomy
BIJIMIYA€THCA CUJIbHA B3a€EMOIIA aTOMIB PI3HHX COPTIB (TOOTO XIMIYHMMI OJIMKHIN
HIOPSJIOK), SIKa IPOSIBIISIETHCS Y Oopuaax [47].

besnocepenHi noka3u iCHyBaHHsS caM€ TaKMX THUIIIB KJIaCTEpiB Oy OTpUMaHi 3a
JIOTTIOMOT'0K0 HefipoHOTrpadiuHoro aociimpkeHHs [49], mpoBeaeHOro Ha MPUKIIA/l CIUIaBy
FesiBig. Takok  KOPEKTHICTh  BHUCIOBJICHOTO  TMPUITYIICHHS  MIATBEPIKYETHCS
pe3ynbTaTaMu  E€JIEKTPOHHO-MIKPOCKOMIYHUX JIOCHIIKEHb CTPYKTYpU aMOp(pHOTO
criaBy FegsBis [50]. Bszarami, sik Oyno mokasano y pob6oti [50], atomHa OymnoBa
amMop(HUX cmIiaBiB, y TOMY YMC 1 cruiaBiB cucteMu Fe—B, € 6arato B 4oMy cX0010 3
OyZI0BOIO PO3IIABIB BIAMOBIIHUX KOHUEHTpaliil. Lle ciyrye nqonatkoBum aprymeHTOM
Ha KOPUCTH TOTO MPUITYIICHHS, 10 aMOP(HUIN CTaH MOXHA PO3LIHIOBATH K HAIB'I3KUIl
pO3ILIaB.

3aBasKu 0COOIMBOMY CTPYKTYPHOMY CTaHy, aMOp(HI MeTaJeBi CIJIABU BOJIOIIFOTh
VHIKQJIbBHUMH KOMIUIEKCaMU (Pi3MYHUX (MEXaHIYHMX, MAarHITHUX, €JIEKTPUYHUX 1 T.1H.)
Ta XIMIYHUX BJIACTMBOCTEW, AKI MEPEBUIIYIOTh aHAJIOTIYHI BJIACTUBOCTI TPAJULIIMHHUX
KpUCTATIYHUX CIUIaBiB. 30kpeMa, AMC xapakTepu3yrThCsl BU3BHAUHUMH MEXaHIYHUMHU
BJIACTUBOCTSIMU — BHUCOKUM piBHeM MinHOCTI (10 35004500 MIla) 1 TBepmocTi (10
11000-15000 MIIa), sixi MOEAHYIOTbCA 3 MIACTHYHICTIO Ta CTIMKICTIO A0 aOpa3uBHOTO

3HomryBaHHsi [51-53]. HeBmnopsakoBaHWil CTPYKTYpHHMI CTaH METalleBUX CTEKOJ
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3abe3reuye BUCOKUM PiBeHb iX muTomoro enekrpoornopy (120—-200 MxOwm:-cm [51]) npu
MaJioMy, HaBiTh 1HOZ1 HETATUBHOMY TemmepatypHomy koedimienti. AMC MaroTh Takox
Jy’)K€ XOpOII MAarHiTOM’sIKI XapaKTePUCTUKU — BEJIMKY MarHiTHa IMPOHUKHICTH (10
80000 [51, 54]) i many xoepumtuBHy cuay (0,5-5 A/m [54]). Maiixke Bci amopdHi
MeTaJeBl CIJIaBU BIIPI3HAIOTHCS BUCOKOIO KOPO31HHOIO CTIHKICTIO [55, 56], a crimaBu Ha
OCHOBI 3aji3a — II€ ¥ KaTaTITUYHOK aKTHUBHICTIO MO BITHOIIECHHIO JO PI3HUX THUITIB
XIMIYHHX peakii [57].

[lepemniueni ocobmuBocti AMC cripusitoTh MOCTIHHOMY PO3MIMPEHHIO 00JacTel ix
IPAaKTUYHOTO 3acTocyBaHHs. PosnoBcromxenHss AMC B 4KOCTI CKJIaJ0BUX YacTHH
Cy4YacCHUX NPUJIAJIB Ta IPUCTPOIB MOTpeOye po3pOOKH HOBUX CKJIAJIIB 3 ONTHUMAIbHUM
MOETHAHHAM (PI3UKO-XIMIYHUX BJIACTUBOCTEH JUIsI KOKHOTO KOHKPETHOTO BHUIIAJIKY.
Ockuibku yci KopucH1 BiacTuBocTi AMC mpakTUYHO BTPayaroTbCsl NMPH NEPEXOAl y
KPUCTaJIYHUI CTaH, Ay’K€ BaXKJIMBUM € 3a0€3MEUEHHS TEepMOYacOBOI CTaOUIBHOCTI
amop(dHoro crany y Bupobax.

OpHak HaBITH TAKOMY SIBUUIY pi3KOi 3MiHM BiactuBoctet AMC npu nepexoni y
KPUCTAJIIYHUM CTaH MOXXHA 3HAWTH TPAKTHYHE BIPOBAKEHHS, HANPUKIAA, y
MEpEeKEBHUX 3aMl001KHUKAX Ta MOIIOHUX MEXaHi3MaXx.

KOHTposbOBaHOIO KpHUCTadi3ali€l0 aMOppHUX CIUIaBIB B iX CTPYKTypl MOXHa
OTPUMYBATH YaCTKOBO a0O MOBHICTIO KpUCTaIi4yHi cTabuIbHI abo MeracTtalinbHI (a3wy,
Kl BOJIOAIIOTh OCOOJUBHUMH, XapaKTEPHUMU TUIBKA JJII HHUX BJIACTUBOCTSIMH.
SAckpaBum npukianom Takoro ssuiia € craBu tuny FINEMET, ctBopeHi Ha OCHOBI
cucremMu Fe-Si-B, ski micis KOHTPOJbOBaHOT TEPMOOOPOOKHM KpPHUCTATI3YIOThCS 3
yTBOpeHHsIM HaHoMacmTaOHux (10-15HM) kpuctamiB Ta HaOyBalOTh 1€ OUIbII

BHCOKOTO PIBHS MarHiTOM SIKUX BiacTuBocTei [58, 59].
1.2 TepmiuHa CTIMKICTB 1 MEXaHI3M KpUCTali3ailii aMOp(HUX CIUIABIB
3HayHUW 1HTEpeC I Cy4aCHUX JOCIIJHHUKIB TMPEICTABISIIOTh JOCTIIKCHHS

cTaOlIbHOCTI aMOp(pHUX CIUIaBIB Ta MEXaHI3MU IX MEPexXoqy y KPUCTAIIYHHM CTaH.

Ockinbku  ctpykrypa AMC (dopMyeTbcsi B yMOBax HaIIIBUIKOTO OXOJIOKCHHS
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HAJ[B’SI3KOTO PO3IUIaBY, TO 3aKOHOMIPHOCTI MPOLECIB 3apOHKEHHS Ta POCTY KPHUCTAIIB
IpU HEPIBHOBAXKHINA KpHCTamizallli MOXYTb BHUSBIATUCSA OUIbII YiTKO. Po3ymiHHS
MeXaH13MiB HepIBHOBaKHOTO nepexory AMC y KpucTalniuHHii CTaH € Jy’Ke BaXJIUBUM,
OCKUJIBKH JI03BOJISIE BH3HAYWTU TEPMIUHY CTAOUIBHICTH aMOp(HOTO CTaHy, a OTXKe,
TEMIIepaTypHI 1HTEpPBAJIM 3aCTOCOBYBAHOCTI MuX CcIuiaBiB. OKpiM TOT0, BHBYCHHS
MPOIIECIB KpUCTaTi3allii Jae 3MOTY JOCHIAATA YMOBH (OpPMYBaHHS OCOOJHBHX
CTPYKTYpPHHUX CTaHIB Ta KOHTPOJIOBATH 3MIHEHHS CTPYKTYPHO-UYTJIMBUX BJIACTUBOCTEU
Marepiainy.

[Tin yac HarpiBaHHs amMOp(HOro Marepiany PYXJIHUBICTh aTOMIB 30UIBIIYETHCS, 1
CTIIOCTEPIraloThCsl MPOIECH CTPYKTYpHOI penakcarii, SKi MPHU3BOAATH 0 3HIKECHHS
BUTbHOI eHeprii. ATomHI KoH(irypaiii, 3adikcoBaHi B MOMEHT TBEpJIHHSA IIpH
IIBUJKOMY OXOJIOJPKE€HHI, 32 PaXyHOK HEBEIMKHX 3CYBIB aTOMIB HaOyBarOTh OLIbLIOL
ctabinpHOCTI. Lleit mporec cynmpoBOMKY€ETbCSI 3MEHIIEHHSIM BUIBHOTO 00’€My, 3MIHOIO
OJIMYKHBOTO MOPSIIKY Y po3TanryBaHHi aTomiB [60], a, oTke, 3MIHOIO 3arajJbHOTO 00’ €My
Ta (DI3UYHUX BJIACTUBOCTEH wmatepianiB [61, 62]. Ilpu mnomanbpIIoMy ImiABHIEHH]
TEeMIIepaTypy TOYMHAETHCS TIPOIIEC 3aPOKEHHS Ta POCTY IEHTPIB KpUCTai3allii, SKui
BUKJIMKAE 3MIHY CTPYKTYPHHUX IMapaMeTpiB CILJIaBy.

Temnepatypa nouyatky kpuctaiizamii (Tonset) HE € TEPMOJTMHAMIYHOO KOHCTAHTOXO:
BOHA 3aJICKUTH K BiJI IBUJIKOCTI HarpiBaHHs, TaK 1 B1JI TEPMIYHOI MEepEAICTOPIi CIIIaBy,
sKa BU3Haya€ BUXIIHUN CTpyKTypHUIl ctaH AMC. ToMy BUKOPUCTOBYBAaTH 3HAUE€HHS
Tonset B AIKOCT1 MIpU TEPMIYHOI CTAaOUTBHOCTI CIUIABY HABPSJ YU MOKHA BBa)KaTH BIPHUM,
0COOJIMBO y BWITAAKy MOPiBHAHHSA TepMiuHOi crifikocti (TC) amopdHMX criaBiB 3
BI/IMIHHUM XIMIYHUM CKJaJ0M. JlOCHTh 4acTo B SKOCTI MipWjla TEPMIYHOI CTIHKOCTI
AMC BHKOpPHCTOBYIOTH IHIIUN MapaMmeTp — TeMIlepaTtypy ckiyBaHHsS Ty OgHak, BOHa
TaKOX JEMOHCTPYE 3aJ€KHICTh BIJ IIBUAKOCTI HarpiBy, Xoda 1 cialmory, HIXK
TeMIlepaTypa TOYaTKy KpHUCTadi3alii, HE B YCIX BHUIAAKax Moxe OyTH BHU3HauY€Ha
EKCIIEPUMEHTAJILHO 1 HE 3aBXKIH Y3TOIKYETHCS 13 T onset.

Posrnsnaroun amopdHi MeTaneBl CIUIaBH SK HAJB A3KUH MEPEOXO0JIOKEHUN
po3riaB, OUTBbII TpaBUIABLHO Oyn0 O OIliHIOBAaTH IX TEpPMIUHY CTaOUIBHICTh 3a

NPUBEICHOI0 TEMIEpPATypoOl TIOYaTKy Kpucramizamii, To0To Tonsed T, me 1L —
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TeMmreparypa JikBiaycy. Taka oOliHKAa J03BOJUTH TMOpPiBHIOBATH piBeHb TC pi3HUX
CIUIaBiB, TOOTO 30€epekeHHsI X aMOp(HOT0 CTaHy MPHU OJHAKOBUX MEPEOXOJIOKEHHSIX
BIJTHOCHO 7.

Jlns BuzHaueHHs 1 nporHo3yBaHHs TC amopdHUX CIUIaBiB B 3aJ€XKHOCTI Bij iX
CKJIaly BUKOPUCTOBYIOTHCS, TOJIOBHUM YHMHOM, EMITIPUYHI KpUTEPii, sIKi 6a3yloThCcsl Ha
TEPMOJUHAMIYHUX, KpUCTaorpadiuyHux ad0 eJIeKTPOHHUX YMHHUKAX [63, 64].

®opmyBanHa Tux abo iHmMX (a3 mpu kpucramizamii AMC 3yMOBIIOEThCS HE
Jauiie iX TepMOAWHAMIYHUMHU TapamMeTpaMu, ajie ¥ eHepri€lo akTHUBAIlll BIIMOBIIHHUX
npoiieciB. 3a3BUuail Il YTBOPEHHS MeTacTalblIbHUX (hax MOTpeOyeThCS MEHIIe
€Heprii, HOK Il CTa0UIbHUX, TOMY OUIBIIICTH aMOP(MHUX CIUIABIB KPUCTAIIZYETHCA 3
YTBOPEHHSIM MeTacTabUIbHUX (a3, K1 3r010M TPAaHCHOPMYIOTHCS Y CTAOUIbHI.

Kectepom [65] Oyna 3ampormoHOBaHa Ta MPOUTIOCTPOBAHA HA MPHUKIIAI THUIIOBOI
JUIsl CIUJIaBIB MeTajd—MmeTanoin cuctemu Fe—B knacudikairis, 3rijHO SIKOi, B 3aJIEKHOCTI
BiJl XIMIYHOTO CKJIaJly aMOpP(HOTO CIUJIaBy, MOXYTh MPOTIKATA HACTYMHI TUITH PEAKIIii
KpUCTaTi3allii:

1. Tlommopdua kpucrtamizaiisi, npu sKiii amMop(dHMIA CIJIaB TEPETBOPIOETHCS B

MEePECUYCHHUI TBEPJUI PO3YMH, METacTaOUIbHY ab0 CTabUIbHY KpUCTANIUHY (azy

0e3 3MIHM BUXIJHOTO CKJIay (CIOCTEPIraeTbcs B 007acTl BUCOKUX KOHIIEHTPALIM

3ai1i3a 1 mo0m3y ckiany FersBos).

2. EBTekTHYHA KpHUCTaNI3alis, P SIKIM YTBOPIOETHCS CyMIII JIBOX KPUCTATIYHHUX

da3 (a-Fe+FesB B crumaBi FegoBog abo a—Fe+Fe;B y crimaBi 3 BUCOKMM BMiCTOM

oopy).

3. [lepBuHHa KpuCTami3allis, Ha TMEPIIiA CTaAll sIKOT YTBOPIOETLCSA OJIHA CTaOIhHA

abo metactabinbHa dasza (Hanpukiaa, o—Fe B goeBTekTnyHMX crutaBax Fe—B) 31

30arayeHHs M amMopdHOi MmaTpuii OOpoM 0 JOCSATHEHHS METacTaOuUTbHOT

piBHOBaru cucrtemu o—Fe + amopdna daza Fe-B (sx mpaBuno, meractabimbHUN
oopua FesB); npu mnopampmioMy NiABUIIEHHI TeMmepatypu I MaTpHIL

KpI/ICTaJIiBYETBCH 3a OJHUM 3 OIIMCAaHUX BHUIIIC MEXaHI3MIB.
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1.3 CxubHICTS CILIaBiB 0 amopdizarii

Opni€ero 3 HaWOLIBII BaXXJIMBUX MPoOJeM y po3polill 00’€MHO-aMOpP(i30BaHUX
cruiaBiB (OAC) € omiHka ix cxuiibHOCTI 10 amopdizaiii (CA).

Crporuii, Tak 3BaHWN, KIHETMUHUN MiIXiA A0 aHamizy amopdizauii CruiaBiB
MOJIATa€ 'y BCTAHOBIICHHI IMapaMeTpiB, MO0 BHU3HAYAIOTh IIBUIKICTH YTBOPEHHS
KpUCTaIYHUX (a3 K B po3IUIaBax MpU OXOJOKYBaHHI, Tak 1 B amopdHUX (pazax mpu
iX HarpiBi B TIpolleCl KOMIIAKTyBaHHS JUCHEpCHUX MarepianiB. I[Ipore uyepe3
BIJICYTHICTh TEOPETUUHUX MOJIEJICH, SKi aJICKBATHO OMKMCYIOTh MPOLIECH KpUCTali3allii B
0araTOKOMIOHEHTHUX CIUIaBaxX, peaii3ailis bOro MiAXOAy B JaHUW 4Yac TMOB'A3aHa 3
BEJIUKUMH TpyAHOIIAMU. 3 1€l TPUYMHU BAXJIUBY pPOJIb BHUKOHYE poO3poOKa
EMIIIPUYHUX KPHUTEPIiB, 110 XapaKTEPHU3YIOTh CXWIBHICTh KOHKPETHHMX CIUIABIB [0
amopdizari.

IcHyroTh amnpiopni kputepii omiHkd CA Ta KPUTHYHOI IMIBUAKOCTI OXOJOKEHHS,
noTpiOHOT Jy1st 3ano0iraHHs KpHUcTati3ailii po3iaBy — R, ska € Gpi3uyHUM mapameTpom
nporiecy amopdizarii. HaitoinpIm mommpeHMMHU cepell HUX € TaK 3BaHl TEPMOJIMHAMIYHI
KpuTepii, B SKOCTI SKUX BHUKOPHUCTOBYIOTHCS XapaKTEPUCTUYHI TeMIEpaTypu
(cxnononibHoro mepexomy — Tg, Mmodarky KpucTtamzaumii amoppHoi (aszu — Tonset,
TIaBjiIeHHS — Ty a0o nikBigycy — Ti). B cBoto depry, cepen 1ux Mmiaxo/iB HaiyacTiie
BUKOPHCTOBYETHCSl TIPUBENEHA TeMIleparypa CKIyBaHHS: Trg = Tg/TL, BigHOIICHHS
3arporoHoBane me y 1969 pori TapuOamom [66], pisHuig Mik TemmepaTypamu
novatky kpucrtamizamii Ta ckiayBaHHS ATy = (Tonset — Tg), TOOTO Iiama3oH iCHYBaHHS
MEPEOXO0JIOMKEHOTO po3iiaBy. binbima ATy BHUTrimHa aJis OTpUMaHHS CIUIABIB 3 OLIBII
Brucokoto CA. He tak maBuo Lu u Liu [67] BBenu mie oauH napametrp s omiHku CA:
y= Tons/ (Ty+ T0). Ilepuri nBa KpuTepis € SKICHUMM, B TOM 4ac aHaii3 UYUCICHHUX
EKCIIEpUMEHTAJIbHUX JaHUX, J03BOJIUB 3apyOL’KHMM aBTOpAM BCTAHOBHUTHU E€MITIPUYHI
CIIBBIJHOIIEHHS MK 3HAUYCHHSIMU ) Ta R, T1a D, #Axi MamoOTb BUIIAL;
Re(y) = 1,33x10%*exp(— 113,14y) [K/c] ta D, = 2,8x107exp(41,7y) [mm]. dnsa GinpmrocTi
OAC BennuuHa y 3HaxoauThes B iHTepBaii 0,35-0,5, ATx — B inTepBam 16117 K, a Ty

—-0,5-0,69.
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Haii6inpmr  O5u3bKi O €KCIEPUMEHTATbHO BUMIPSIHUX 3HA4Y€Hb KPUTHUYHHUX
IIBUIKOCTEH OXOJIO/KCHHS 1a€ BUKOPUCTAHHS KPUTEPItO: Jin = (2Tonset — Tg)/TL.

[IpoTe, He3BaxarO4n Ha XOPOILIy KOPEJSIII0 OCTaHHBOTO KPHUTEpilo 3
EKCIICPUMEHTAILHUMU JTAHWUMH, BiH HE MOXKE€ BHUKOPHUCTOBYBATHCS I ampiopHOI
OIIIHKM CXMJILHOCTI PO3IUIaBy 10 amopdizalii (1o Takok OyJie MoKa3aHO HMXKYE s
BHCOKOJIETOBAHUX CIUIAaBIB Ha OCHOBI 3ali3a), OCKUIbKU 0a3yeThCs HA MapaMeTpax, siKi
XapaKTepU3ylOTh CKJIOBUIHUMN CTaH.

KopucHimmm i1 NpOTHO3YBaHHSI CKJIOYTBOPEHHS BUSBHUBCSA (PI3UKO-XIMIUHUN
miaxia [22], sskuii 0a3y€eThCs Ha BIACTUBOCTSIX KOMITOHEHTIB CIUIAaBIB 1 0COOIMBOCTSIX X
B3a€MO/IIi, B1IOOpaKEHUX Ha Jiarpamax CTaHy. 30KpeMa, YMHHUKAMH, [0 CIPHUSIOTH
YTBOPEHHIO CTEKOJI, € HAsBHICTh INIMOOKOI €BTEKTUKHM Ha Jiarpami CTaHy, 3HayHa (He
meHie 15%) pi3HUI aTOMHUX JiaMeTpiB KOMIIOHEHTIB i TOCTaTHRO Beymka [68—70]
PI3HMIIS B iX BAJIEHTHOCTI. JJOMOBHUBIIM MepepaxoBaHi eMITIPUYHI KpUTEPIi 1€ JBOMA:
HAsBHICTIO B CILJIaBl HE MEHIIE TPbOX KOMIIOHEHTIB, III0 MAalOTh HETATUBHI TEIUIOTH
3MINTyBaHHS, TPYyIl SMOHCBKUX JAochigHukiB mpotsrom 1988-2000 pp. Bmamocs
BIJIHAWTU BEJMKY TPyIy 0araTOKOMIIOHEHTHUX CIUIaBIB, 110 MEPEXOAATh y CKIOBUIHUN
cTaH npu Hu3bKkuX (ax 110 0,1 K/c) mBuakoctsax oxoomkeHHs [69].

[Ipote nepepaxoBaHi (Pi3UKO-XIMIUHI KpUTEPIi HE € HEOOXITHUMU JJIsI YTBOPEHHS
CKJIOBUAHMX (a3 Mpu 3arapTyBaHHI 3 po3IuiaBy: amMopdHi CcTaHH, 30Kpema, Oyiu
OTpUMaHi B OJHO(A3HUX B PIBHOBAKHOMY CTaHI CIIaBaX, KOMIIOHEHTH SIKMX MalOTh
OJIM3bK1 PO3MIPH 1 CXO0XKY EJIEKTPOHHY OYyIOBY.

AKTyaJIbHICTh TOIIYKY HOBUX CIUIaBIB, 10 aMop(i3yloThcs, 1 BUOOPY
ONTUMAJIbHUX KOHLEHTPALIA JIEryIOUUX EJIEMEHTIB 1CTOTHO MiJBUIIMIA 1HTEPEC A0
pO3pOOKU ampiopHUX KpUTEpiiB amop@izaiii po3riaBiB. BUIbIIICTE 3 HUX HOCUTH
TOTIOJIOTIYHHUN XapakTep 1 0a3yroThCcsl Ha KpuTepii, 3ampornoHoBaHoMy Erami [71].
3rilHO0 3 [HUM KpUTEpieEM CIUIaB amMop(]i3yeThbcsi, KOJNM JIOKAIbHI HAMPYKECHHS,
CTBOPIOBaHI BIJIMIHHOCTSIMH PO3MIPIB aTOMIB JIETYIOUOIO €JIEMEHTY 1 PO3UMHHHKA,
MEPEBUIITYIOTh JACSIKUNA KPUTUYHUHN PiBEHB, 10 IPUBOAUTH JI0 TOMOJIOTIYHOT HECTIMKOCTI
KPUCTAIIYHUX TPATOK 3a PaxyHOK 3MIHM KOOpJMHAIIMHOTrO uucia. B pamkax 1poro

MIIX0AY OJIEP’KaHO 3AJICKHICTh MIHIMAJIBHOT KOHIICHTpAIl JIETYIOUOTO €JIEMEHTY,
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HEOOX1HO1 IS CKJIOYTBOPEHHS, B CTYNEHS BIAMIHHOCTI aTOMHHMX PO3MIpiB

KOMIIOHEHTIB B ITOIBIMHNX CIUIaBaX:
Cp =0.1/(r,/1,) =1=0.1/(R) -1, (1.1)

e 'a 1 g — pajlycd aTOMIB PO3UYMHHHKA 1 JIETYIOUOTO €JEMEHTy, BianoBiaHo. Lle
JIOCTaTHRO TPOCTUH 1 3pY4YHUl KpuUTEpii, oOgHAK crnpoba MPOTHO3YBAaHHS YMOB
CKJIOYTBOPEHHS B MOJBIMHUX CIlJIaBax [ /2] moka3aja, 10 BpaxyBaHHS TUIbKH 00'€MHHX
BIIMIHHOCTEH KOMIIOHEHTIB € HeAocTaTHIM. B mi3Himii poboTi [67] ueit kputepiit OyB

MOJH(PIKOBAHUN JJIs1 aHAJI3Yy CKJIIOYTBOPEHHS B 0araTOKOMIOHEHTHHUX CIJIaBax:

AV, | &
C =
V, ° Z

B=1

(R) —1\08 , (1.2)

2=3
B=1

ne Cp — xonmeHtparliss (B aTOMHHX BiJCOTKax) JETyroduoro enemMeHTy B. Amnami3
EKCIIEPUMEHTAJIbHUX JTaHUX IO CXUJIBLHOCTI J0 CKJIOYTBOPEHHS (KPUTHYHOI IIBUIKOCTI
OXOJIO/KYBaHHS a00 KPUTHUYHOI TOBIIIMHM) HU3KHU CIUIaBiB Ha ocHOBI Zr, Pd, Mg, Nd 1
Fe mokazaB [73], mo HaWOLIBII JIerko amMopdi3yloTbes ciiaBd 3 A, =~ 0,18, 1m0
BIJIIOBIJIA€  ONTUMAJIbHOMY  3allOBHEHHIO  MYCTOT B  MOJEIl  CTPYKTYpH
HEBITOPSIKOBAHUX KOPCTKUX chep.

[IpoTe mopiBHSIILHUIN aHANI3 CXUIBLHOCTI 10 CKJIOYTBOPEHHS KOHKPETHUX CILJIaBIB
MoKa3ye, M0 3HaYEHHS MaKCHMAaJbHOI TOBIIMHHU IIapy pPO3IUIAaBY, 10 aMop(i3yeThCs,
MPAKTUYHO HE KOPEIIOIOTh 13 3HAYEHHSMU Ap.

Taxum 9yuHOM, JUISl IPOTHO3YBAHHS CXUJIBHOCTI 0araTOKOMITOHCHTHHX CIUIABiB 70
CKJIOYTBOPEHHSI OKpIM YHCTO TEOMETPUYHHUX IapaMeTpiB HEOOXITHO BpaxoBYBaTH 1
1HII1 XapaKTepUCTUKH KOMIIOHEHTIB.

Ha nymky aBTOpiB po60oTH [74] 0OMEXKEHICTh PO3IJISSHYTUX BUIIE TOMOJOTTYHHUX
KpUTEpIiB TOJIATae B TOMY, IO aHaJi3 CTPYKTypu posmiaBy abo amopduoi dazm

IMpOBOJAUBCA B HpI/IHymeHHi, o aTroMu JICTYHOUOTO CICMCHTY BaMiHIaIOTB aTOMU
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PO3YMHHUKA, TOJIl SIK B 0araTOKOMIIOHEHTHHUX CIJIaBaX aTOMH MajluX PO3MIPIB MOXKYTh
pO3TAIIOBYBATUCA 1 B MO3UIIIsIX BTUIEHHS. OOJIK CMIBBIAHOIICHHS pO3MIpiB aTOMIB BCiX
JIETYIOUMX KOMITOHEHTIB Y BEJIMKOMY YHCJI1 aMOP(HMX CIUIABIB 3a JIONOMOT00 IpadikiB
pO3MoAlTy aTOMHHX po3MipiB (atomic size distributions plots — ASDP) nokazag [75],
IO 32 BHHATKOM CIUIaBiB Ha OCHOBI 3aiiza ¢gopma rpadiki Ci(R) cmasis, mo jerko
amop(dizyroTecs (06'emMHUX MeTasieBuX ctekoll — OMC), BIIPI3HAETHCS BiJl aHAJIOTTYHUX
3aleKHOCTEH I cruiaBiB, mo amopdizyrorses npu Bucokux (103 K/c) mBuakocTsx
OXOJIO/DKYBaHHsS. 30Kpema, po3nofuid aTtoMHuX po3MmipiB B OMC mawots (opmy
BBITHYTOI KpHUBOi 3 MIHIMyMOM KOHIIEHTpAIlli aTOMiB MPOMDKHHUX PO3MIpPIB, TOMAl SIK
pO3MOAUIM AaTOMHHUX PO3MIpPIB B 3BHYAWHUX CTEKJIAX MAalOTh YITKUA MaKCHUMYyM,
BIJIMOBITHUN MaKCUMYMY KOHIIEHTpaIlii 6a30BOT0O €JIEMEHTY.

3rigHo [76], TIABMINEHHIO CXWJIBHOCTI PO3IJIABIB 10 CKJIOYTBOPEHHS CIpHUSE
HAsBHICTh B CTPYKTYpl JIAHILIOKKIB CHUJIBHO 3B'S3aHUX MK COOOI0 aTOMIB JIETYIOUMX
eseMeHTiB. 30kpeMa, B posiuiaBax Al-IIM—P3M Taki NlaHIIOKKHA yTBOPIOIOTH aTOMH
nepexigHoro (R<1) i1 pigkozemensHoro (R > 1) MeraniB, a cuja 3B'A3Ky aTOMIB B
JIAHITIOKKAX 1, OTXKE, CXWJIbHICTh KOHKPETHOTO PO3IUIaBy 0 amopdizallii, BA3HAYAETHCS
3HAUEHHSAM TEIUIOTH 3MIIIyBaHHs BIAMOBIIHUX Tap aToMiB. B pamkax 1miei momeni
CXWJIBHICTHh 10 amop®izailii po3IjiaBiB MOXe OyTH MiABUINEHA MIJISIXOM IMiABUIIECHHS
KOHIIGHTpAIli JeTyIOUuX €JIEMEHTIB 1, MepII 3a BCe, MEePEX1THUX METaNIB, 1110 TPUBEIC
710 301IbIIEHHS TEHJIEHLII 10 YTBOPEHHS JIOKAJIBHOIO XIMIYHOTO Nopsaaky [77]. Oxgnak
JUTSl IOBHOTO aHaJli3y CXMJIBHOCTI PO3IJIABIB 10 CKJIOYTBOPEHHS 1 TEPMIYHOI CTIHKOCTI
amopparX (a3 HEoOXITHO BpaxOBYBaTH MOKJIMBI  MeXaHI3MU  (OPMYBaHHS
KpUCTATIYHUX (a3 B MEPEOXOJOKCHUX pO3IUIaBax. SIKICHUM MOPIBHSJIBHUM aHai3
MIBUIKOCTI PI3HUX MEXaHI3MIB KpucTtamizamii [/8] mokasaB, IO HAWMOBUIBHIIIUM
MPOIIECOM € TIepBUHHA KpucTamizamis [/9], B mporeci sSKoi yTBOpIOWOThCS (a3u 3
CKJIQJIOM, BIIMIHHUM BiJ] CKJIay MEPEOXO0JIOKEHOTO PO3ILIaBY.

OTxe, CXUIBHICTh PO3IJIaBIB A0 aMmopdizallii BU3HAYAETHCSI HE TIIBKH CTIHKICTIO
CTPYKTYpHU PpO3IUIaBy, aje 1 OyJI0BOI BIAMOBIAHUX KPUCTAIIYHMX CIUIaBIB, B SIKHX
NOBUHHI OyTH YTpYyJIHEHI MpolecH HEe TUIbKU NOJIMOP(HOI (YyTBOpEHHS TBEPIOTO

po3unHy ab0 PiBHOBaXHOI a00 MeTacTabuTbHOT MPOMDKHOT (a3u), aje 1 eBTEKTUIHOT
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(yrBOpeHHs cyMimn KpucTamiyHuX (a3) kpucramizaiii, B pe3yJbTaTi SIKHUX
YTBOPIOIOTHCA KpHUCTaIidHi a3 3 CKJIaJaMH, CITIBIAAAIOYMMHU 3 CKJIAJOM BHXIiJHOTO
posmiaBy. IIpupoaHo, 110 OCTaHHS BMMOra, YMOBHM peai3allii sIKoi MPakTUYHO HE
aHaJ13yBaJIKCs, HAKJIaJa€ T0AAaTKOBlI OOMEXKEHHSI Ha BHOIP CKJIAJIB CIUIABIB, CXUJIBHUX
no amop@izarii. I3 cka3aHOTO BUXOIWTH, IO, MOMPU BEIUKUANA OOCAT TOCIIIKCHB,
npobJieMa MPOTrHO3YBaHHS YMOB amopdizallii 3aIuIIaEThCs 3HAYHOIO MipPOIO BIAKPHUTOIO
1 s 1l BupimIeHHS HEOOXIAHI JOJATKOBI EKCIEPUMEHTAIbHI JTOCTIDKCHHS 1
TEOPETUYHUIN aHaJII3.

Atopamu ctatTi [80] mepekoHIMBO MOKa3aHO, M0 XIMIYHA B3a€EMO/IISI €JIEMEHTIB
BITUBAE HA CTPYKTYPY METAJICBUX CTEKOJ. BUCOKI piBHI MPUTATYBaHHS PO3YMHHUKA Ta
PO3YMHEHUX PEYOBHH CIPHUSAIOTH YTBOPEHHIO KJIACTEPIB PO3YMHIOBAY — PO3UHMHEHA
pPEYOBHHA 1 MOJIMNIIYIOTh IX CTaOUIbHICTh. 30KpEMa, €JIEKTPOHETaTHUBHICTh K (PakTop,
IO MpEACTaBIsie AaTOMHHMM 3B'S30K, BaxkiauBa s po3ymiHHI CA Ta MOMKIMBOCTI
orpuManHg OAC. OTxe, XIMIYHUHN 3B’S30K € BUPIATHLHUM (PAKTOpOM, 110 BILUIMBAE HA
YTBOpEHHsI MeTajieBux ctekon. Ilo mnpaBwiny FOMm-Posepi, pi3Hunsg B aTromHId
CJICKTPOHETATUBHOCTI MOK€E BiJI0OpaKaTu MPUPOY 3B'sI3KY 1 HABITh BEJIMYHUHY TEILJIOTH
3MINIyBaHHS B CIUlaBaxX. EjeMeHTH 3 OJHAKOBOIO €JEKTPOHETATHMBHICTIO MParHyTh
YTBOPIOBaTH TBEPAl PpO3UMHU. 3OUIBIIECHHA PI3HUIN €JIEKTPOHETaTUBHOCTI MIXK
CKJIQJIOBUMU €JIEMEHTAMH CIpUsIE YTBOPEHHIO NIEBHUX KiacTepiB. OHAK, SKIIO PI3HULI
CJICKTPOHETaTUBHOCTI MDK CKJIQJOBUMM €JE€MEHTaMu HaATO BeluKa, OyIyTh
YTBOPIOBATUCS PIBHOBaXXHI 3'€/THaHHS. 3a XIMIYHOIO YSIBOIO, TOBUHHA OYTH BiJIOBIIHA
BEeIIMYMHA EJICKTPOHETATUBHOCTI IS CTEKJIOYTBOPEHHS, a [JIi OIIIHKA MOXHa

BUKOPUCTOBYBATH piBHSAHHA (2.3):
AE =) C, xE;, (1.3)
=

ne AE — cepenHst enekTpoHeratuBHICTh, Ej 1 Cj — €JIIGKTpOHETaTHBHICTh 1 aTOMHA
KOHIICHTpAIlisl KOXKHOTO eJleMeHTa, BiamoBimHo. B [81] moka3aHo 3B’A30K KPUTHIHOI

aMOp(hHOT TOBIIMHM 1 BIAOBIIHOT cepeAHbOI eleKTpoHeraTuBHOCTI ciucteM Al-TIM—P3M.
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Kputrnyna ToBIIMHA BCIX AOCHDKEHHX METaJeBUX CTEKOJ Ha ocHOBI Al pocsarae
MakcumyMy npu AE =Ea (1,61). Takum uYMHOM, BUSBISETHCA, IO HaMKpaniun
CTEKJIOYTBOPIOIOYUI CKJIaJ KOPEII0E€ 3 TOYKOI, € CEpPEelHs EeJIEKTPOHETraTHBHICTDH
cucremu jaopiBHIoe 1,61 (1m0 mMoxe BimoOpakaTh CyMiIll METaJeBOrO 1 KOBaJIEHTHOTO
3B'si3Ky B Al creknax [82]). ExciepumenTanbH1 JaHi BKa3yroTh, 110 CA 3MEHIIYEThCS,
KOJIM CepeJHs €JEKTPOHEraTUBHICTh BIAXWIISETHCS BiJ ONTHMAaIbHOTO 3HAauYeHHS 1,601.
[leit MeTom e€NEeKTPOHETaTHMBHOCTI J03BOJIsI€ e(PEeKTUBHINIE PO3POOJATH METaleBl
crekna, 30aradeHi Al. MoaudikoBanuii ckianm  AlgsNigYs TOYHO BigHOBiga€E
HaMKpaloMy CKIIOyTBOPEHHIO B IOTPIAHINA CUCTEMI.

Pesynpratu nocmipkenHs orpumanHsi OAC B mOTpiHMX cHCTeMax 1 cucTeMax
OUTBII BHCOKOTO TOpPSAKY TmpenctaBieHi B [81l]. VYcmimHO oOTpuMaHi MOBHICTIO
ckiomomiOHi  crpwkHi  giametpoM 1 mm s ckimagiB - AlgsNigYss5Cozlas s,
AlgsNizYsCoila; ta AlgsNizY45C01La; 5. BeranosieHo, mo go0aBka eleMEHTIB 3
OJIHAKOBUMHM aTOMHHUMH po3Mipamu (KOoH(Qirypauismu) nokpamryBaia CA B
JOTHPUKOMITOHCHTHHX 1 IT'SITHKOMITOHEHTHUX CHCTeMax, 30aradeHux Al.

Ha >xanb, aHanmoriuHi JaHi CTOCOBHO BIUIMBY €JIEKTPOHETATUBHOCTI KOMIIOHEHTIB
JUISl CKJIATHOJIETOBAHUX CILJIaBIB HAa OCHOBI 3ajli3a, KOOANbTY UM HIKENIO BIICYTHI (YU

HEB1JIOM1) Ha IIe yac.

1.4. OG’emna amopddizallisg, HAHOKpPHCTAII3aIlid Ta MEXaHI4YHI BIJIACTUBOCTI

MBUAKO3arapTOBAHHUX CKJIIAAHOJICTOBAHUX CILIaBIB

Po3pobka Ta BukopucranHs o0’emHux MetaneBux crtekosn (OMC) mpencrasise
3HaUYHUW 1HTepec nis cydacHuX HaykoBuUiB. Huni OMC, sKi BHUIOTOBISIIOTH
rapTyBaHHsM 3 posmiaBy 31 mBuiakoctsmu <100 K/c, Oynu oTpumani B cruiaBax Ha
ocuosi Zr, Pd, Mg, Ti, Ni, Fe [9]. 3 uux OMC oco0auBe Miciie siK 3 KOMEPIIHHO1, TaK 1
TEXHOJIOT1YHO1 TOYKHU 30pY MOCIIal0Th CIJIABU HA OCHOBI 3aj1i3a, OCKIJIBKU iM BJIACTHBE
YVHIKQJIbHE TIO€IHAHHA JOCHUTh HHU3BKOI BApTOCTI 3 BUCOKAM pIBHEM MIITHICHUX
XapaKTEePUCTHK, 3HOCOCTIMKOCTI Ta KOpo3iitHoi criiikocTi [83]. LlikaBuM € To# ¢akt, Mo

nepiri po3pookun OMC Ha OcHOBI 3aii3a Oy CHIpSMOBaH1 Ha MOKpPAIIEeHHsS MarHiTHO-
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M’sIKuX BiacTuBocTed 1ux ciiapiB [10, 84], y Toi yac sk Ouibin mi3HI podoTH OyIu
MPUCBSYCHI OJIEP)KAHHIO HEMAarHiTHUX CIUIaBIiB 3 IMIJBHUIICHUMH MEXaHIYHUMU
BIIACTUBOCTAMH. TaKi CIUIABM MaloTh Ha3By 06’ eMHi amopdHi crami [11]. Ix pospobka 3
MOJAJIBIIIMM BUKOPUCTAHHSM iX B SIKOCTI KOHCTPYKLIMHUX MarepiajiB, Ha BIAMIHY BiJ
00’eMHHX ()epOMArHiTHUX CIUIaBiB, Ma€ CBOi 0coOaMBoCTi. OKpiM HEBUCOKOI BapTOCTI
KOMITOHEHTIB, KOHKYPEHTOCIIPOMOXKHICTh 00’€MHUX aMOP(HUX CTaIB 3aJICKHUTh TAKOX
BiJl iX CXMIBHOCTI 10 amopizaiii, piBHI MIIHICHHUX XapaKTEPUCTHK y TO€THAHHI 3
3aJI0BUTLHOIO TUTACTHYHICTIO, KOPO31MHOI CTIHKOCTI, TEPMIYHOI CTIMKOCTI CTPYKTYpH 1
TEXHOJIOTIYHUX PEXKHUMIB 1X  BHUTOTOBJICHHS, $KI TOBHHHI OyTH MaKCHUMAaJIbHO
HAOJMKEH1 10 TPAJUUINHUX TEXHOJOTIH JUTTS. 3pO3yMiJIO, 110 CTBOPEHHS MaTepialliB
3a MepeyYeHMMH BUMOTaMH € JIy’K€ CKJIAJHOK 3a/ayelo, a Ha ii po3B’s3aHHA 3apa3s
COpPSIMOBaH1 3yCHJUISI HAYKOBIIIB NPOMUCIOBO PO3BUHYTHUX KpaiH, Takux sk CILA,
Anownis, @panuis, Himeuunna ta Kuraii.

Husa  pozpodku OAC cywacHi JOCHIIHUKM  KOPHUCTYIOTBCS — NEPEBAXKHO
TOTIOJIOTIYHUMU KPUTEPISIMH CXHIILHOCTI METAJICBUX PO3IUIABIB 10 CKIOYTBOPEHHS [ 75].
OauH 3 TakuxX KpUTEpiiB mojsrae y Benukii (>12%) pi3HUIl aTOMHHUX JdlaMeTpiB
KOMIIOHEHTIB CIUIaBy, SIKUX Mae OyTh He MeHmie Tpbox [9]. Hpyruit kputepiit
HAroJIourye, Mo aTOMHI PO3MiIpH KOMIOHEHTIB CIUIaBy Ta iX KOHIIEHTpallli MOBHUHHI
BIIMOBIAATH JCSKUM  CITIBBIJIHOIIEHHSM, SKi 3a0e3Medyr0Th HaWOUIbII MIIIbHE
NIaKyBaHHS aTOMIB y PO3YMOPSIKOBaHIM CTPYKTYpi [75]. 3riiHO 10 TEpMOANHAMIYHOTO
kputepito TapuOama [68], ckiIOyTBOpIOIOYAa 3MATHICTh CIUIABY MiABUIIYETHCS 31
3pOCTaHHSM HOPMaJi30BaHOI TEMIIEpaTypH CKIONOMIOHOTO Iepexony Trg = To/T), e Ty i
TL — TemnepaTypu CKIIyBaHHsI Ta JIKBIAYCY, BIAMOBIAHO. JJig 3HMKEHHs T CIJIaBIB Ha
OCHOBI1 3ajli3a HEOOXITHO JO0JAaBaTH y HHUX JOMIIIKH METalOi/liB, a TaKOX JEIKUX
TyromiaBkux MetaniB (Zr, Nb, Mo Tomio). /[ogaBaHHsl TyromiaBKMX METAJB CIPHUSIE
TaKOX MIJBUILIEHHIO TEMIIEpAaTypy CKIIyBaHHS BHACIIJIOK 3pOCTaHHS MPYXKHIX MOJIYJIB
[71]. 3a pe3ynbTaTaMu eKCIIEPUMEHTATBHUX JOCITIIKEHD BIUIUBY JIETYIOUUX CIIEMEHTIB
Ha CKJIOYTBOPIOIOUY 3/IaTHICTh CIUIaBIB Ha OCHOBI 3aji3a OyJI0 BCTAHOBJIEHO, IO
HaWOIbII €(PEeKTUBHUI BIUIMB HAa 3HWKEHHS KPUTHYHOI IIBHUAKOCTI OXOJOKCHHS

yuHATh HeBenuki (1,5-2 at.%) moOaBku 1Tpi0 Ta PiAKICHO3EMEIbHUX MeTamiB. Tak,
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KpUTHYHA TOBIIMHA aMopdHMX BIIMBKIB  cruiaBiB  FesoCrisMo014C1aBeY2 1
FG50CF14MO14C14BeDy2 ckiagae 4 Mmm [85], CIjiaBy FeeocrloMOQCmBaEl’zNig— 8 MM [5],
CIIJIaBIB (Feas3CrsCosMo128Mn11 2Ci15,8B5,9)985 Y 1,5 i
(Fe44,3Cr10M012,8Mn11,2C15,gB5,9)98,5Y1,5 —12 Mmm [12], a CIIJIaBY F€41CO7CF15M014C1586Y2
— 16 mm [32]. Taki 3HadeHHs kpuTudHOi TOBImMHN OAC € peKOpJAHMMH Ha Halll Jac.
MeHI BUpaX€HWH BIUIMB HAa CXWJIBHICTh CIUIaBIB A0 amMopdizallli YMHUTh YacTKOBA
3amiHa Fe IHIIUMU TepexiTHUMM MeTajaMH: KPUTHYHA TOBIIMHA BIUIMBKY CILIaBY
FeesM014Ci5B7 3poctae Bim 2,5 mo 4 mm mpu neryBanHi Horo Mn, Cr 1 W
(Fe4oMn1oM014CrsW1C16Bs) [11], a 3mina cmiBBignomenus Fe/Co Big 9/1 y cmiasi
[(Feo,9C00.1)0,75B0,2S10,05]osNbs 10 1/1 pu3BOIMTE 10 301IBIIEHHS KPUTHIHOT TOBITUHU
37MBKIB Bif 2 10 5 mm [13].

Minnicai  BaactuBocTi OAC € BaxIMBUM KpHUTEpIEM 3 TOUYKH 30py iX
KOHKYPEHTOCHPOMOXKHOCTI. fIK B1I0MO, aMOp(HI METAJIEB] CIUIaBH XapPaKTEPU3YIOThCS
BHUCOKMM pIBHEM TBEPJOCTI, MIIHOCTI Ta 3HOCOCTIHKocTi [86] BHacCHIIOK
PO3YNOPSAAKOBAHOIO XapaKTepy iX CTPYKTYpH, B SIKiM BIICYTHI Je(EKTH KPUCTATIYHOI
oynoBu. Cepen BiIOMHX aMOP(HUX METAJIEBHX CILJIaBIB HAWOUIbITY MIIHICTh MalOTh
crutaBu Ha ocHOBI cuctemMu Fe—B. Mexa ix minHocti nepesuirye 3500 MIla [9, 86], a
1t amopdroro apoTy FersSiigBis B3arani ckinamae 3700 MIla [87]. PiBenb MexaHIYHHX
BJIACTUBOCTEN aMOpGHUX METaJeBUX CIUIABIB y 3HAYHIM MIpi 3aJIeKUTh B 3MIH iX
ximMigHOTO cKiany. Hampukian, migsumieHas Bmicty B qo 17,5 ar.% cmasi FezsSiioBis
3amicTh Fe Bukiamkae migBumieHHS Mexi wimHocTi g0 3900 MIla [88]. Tomy
JOCTIPKEHHSI HAyKOBIIB 30CEpeKEHI Ha TOIIYyKy TaKUX KOMOIHAIl Jeryrounx
€JIEMEHTIB, K1 OJJHOYACHO IiJIBUIIYBaJIX O PIBEHb SIK MIIHICHUX BJIACTUBOCTEH, TaK 1
CXWJIBHOCTI cIiaBiB j0 amopdizamii. Jlns cruiaBiB Ha ocHoBl Fe ontumanbHuM#
neryrounmu enemeHTamMmu € Co 1 Nb, momaBaHHS SKHUX JO3BOJUJIO CTBOPUTH P
BHUCOKOMIITHKX crutaBiB ckiany [(Fei «Cox)o75Bo,2S105]96ND4 3 Mexkero MilHOCTI Ha CTHCK
3900-4250 Mlla, sixi amop(di3yrOThCs Y BTl CTPOKHIB JiaMETPOM Bia 2 110 5 MM.
[13, 89, 90]. HaiiBumum piBaeM minHOCTI (oHan 4200 MIa), tBepmocti (Hy >1220) i
CKJIOYTBOPIOIOUOT 3/1aTHOCTI (4—5 MM) XapaKTepU3yIOThCS CIUIaBU 3 MPUOIU3HO PIBHUM

BmictoM Fe i Co [13]. e Oinpm edexTuBHUMHE y1s miaBUIIeHHS MirHOCTI AMC €
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no0aBku Ta: HAWOUIBII BHUCOKOTO 3 BIJIOMUX Ha Hall dYac PiBHS MeEXI MIIIHOCTI
(5545 MIIa) i  tBepmocti  (Hy=1220) Oyno  mocsrHyro y  CIUiaBi
(C001535F8011T8.0,055BO,31)98M02 [13] CmiaBn  cuUCTEMH FG—CF—MO—P—C—B, SIK1
aMmopd13yroThes Y (GopMi CTPHKHIB JiamMeTpamMu 2,5—3 MM, MalOTh 3HAYHO HWDKYUU
piBenb mirHOcTI (3150-3550 MIIa), sxuii, ogHak, HAOAaraTo BUIIWH, HIXK aHAJTOTIYHUH
napaMeTp TPaJAMIiHHUX BUCOKOMILHUX cTajei [6].

HeBmopsiikoBaHuii XxapakTep CTPYKTYPH METAJIEBHX CTEKOJ, HACIIJIKOM SKOTO €
BHUCOKHI PIBEHb MIIHICHUX BJIACTMBOCTEW, BU3HAUA€ TAKOX 1 creludiKy MpoIeciB ix
miacTUuHoi  fgedopmariii. 3a3Buuail  MacTU4Ha JaedopMalliss METaleBUX CTEKOII
JIOKATI3YETHCS y 30HAX 3CYBY, SIKi MBUAKO PO3MOBCIOIKYIOTHCS Y 3pa3Ky 1 BUKIIUKAIOTh
YTBOPEHHSI TPIIIMH, BHACIIJOK YOTO 3pa30K PYHHYETbCS MPU JIOCUTH OOMEKEHOMY
piBai (6mu3bpko 2%) mmactuuHoi aedopmamii [9, 91]. Otxe, HEBUCOKUH pIBEHBb
IUIACTUYHOCTI OOMEXY€e MOXIHUBICTh BUKOpUCTaHHS MC B SKOCTI KOHCTPYKIIHHUX
MaTepiais.

[Ipobnemi miaBumieHHss mactuyHocTi OAC mnpucBAYEeHA BeJMKA KUIBKICTh
EKCIIEPUMEHTAIbHUX JOCIIKEHb, y3araJIbHeHHS pe3ynbTariB akux [92] mo3Bomimiio
BU3HAYNTH JEKiJIbKa OCHOBHHMX INJIXOAIB 10 BHUPIIICHHS i€l mpoOiemMu. ['ooBHOIO
METOI0 3alpONOHOBAHUX IMMIXOMIB € CTBOPCHHS TaKUX CTPYKTYp, B SKHX
PO3MOBCIOJKEHHSI 30H 3CYyBY TallbMyBaJlocsi O 3a pPaxyHOK pI3HUX YUHHHUKIB, IO
NPU3BOAMIIO O 10 pO3rally’>KEHHS ICHYIOUHX 1 3apOJI)KEHHS HOBUX 30H 3CYBY, BHACHI0K
4Oro piBeHb MIACTUYHOI AedopmMartii 3poctae [93]. [lepemkogamu Asisi MOMMPEHHS 30H
3CYBY MOXYTb CIYI'YBaTH CTPYKTYpPHI F€TE€pOr€HHOCTI Pi3HOI MpUpoaU 1 MacuiTaly. Y
JIOTIOBHEHHSI 70 IUX TIAXOAIB aBTopu podotu [94] 3ampomoHyBajiM KOHIICHIIiO
pPO3pOOKH XIMIYHOTO CKJIQMy CIUIaBIB 3 €JIEMEHTIB, SKI MalOTh IiJIBUINCHI 3HAYEHHS
koedimientiB Ilyaccona abo 3HMKEH1 BIJHOIICHHS MPYXHOTO 1 00’€MHOTO MOJYIIB.
Cnin 3a3Ha4WTH, OJIHAK, IO JKOJICH 3 3alpPOINOHOBAHUX TIIXOJIB IiIBUIIICHHS
MJIACTUYHOCTI HE HOCUTH YHIBEPCAIBHOTO XapakKTepy, MPOTe 3a iX JOMOMOTOI0 Oyu
orpumani OAC 3 3aJ0BUIBHUM piBHEM IuIacTU4HOi nedopmarii. Jlo ix uyucna
BimHOCATECA ciiaBu FegsCrsMo1gP12C10B5 1 Fe71MosP1,C10By, ki MaroThs mi1acTU4HICTD

3,2 1 3,6% y moeananHi 3 Mexero mirtHocTi 3400 1 3150 MIla, BigmoBigHO [6], a TakoXK
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criaB FersMosP10Cs3B17 3 Mexero minnocti 3000 MIla 1 mnactuunictio 4% [7]. Y
po6oTi [95] Oyno BcTaHOBIIEHO, 110 YacTKOBa 3aMiHa Fe Ha Ni 3a0e3mneuye miaBUIIICHHS
mwiactuydocti OAC. Tak, minactuuHicTh ciiaBy FesssNisssNbeBos ckinamae 4,2%
nopiBasHO 3 1,5% y cmnaBi Fe71NbeBys, ane mexa MinHocTi 3HMKyeThes 3 4560 110
3900 MlIla. 3naunomy miaBuIIeHHO acTHIHOCTI (Bix 0,7 mo 3,1%) CTpWKHIB CIIaBy
Fe76SigsBs 4Ps miameTpom 2,5 MM mpu 30epekeHHi He3MiHHOro piBHS MimHOCTI (3300
MIla) cnopusie Takox HeBenuka (0,1 at.%) moGaBka Cu [8]. 3a pesynpraTamu
CTPYKTYPHHUX JIOCHIJIPKEHb 0yJI0 BCTAHOBJICHO, 0 e(PEeKT miacThdiKailii COpUINHIETCS
YTBOPEHHSIM B aMmop(Hiit Matpuill HaHokpucTtaiiB (10 M) o—Fe. Ane HailOIbI1 3M1HA
TJTACTUYHOCTI BHACIIIOK YTBOPEHHS KOMITO3UTHOI CTPYKTYpPH CIIOCTEPITaid aBTOpaMu
pobotu [7], sSKi BCTAaHOBWJIHM, IO HEBEJIMKI 3MIHM XIMIYHOTO CKJIaay CIIaBYy Bif
Fe;sM0osP10Cs3B17 mo Fer7MosPoCr5B1s mpuBomsate mo ¢opmyBanHs B amopdHil
CTPYKTYp1 CTPHKHIB JlameTpoM 1.5 MM neHapuTtiB o—Fe 3 po3mipamu 651u3bk0 20 MKM 1
00’eMHOI0 4acTKO ~ 40%, BHACIIIOK YOO TUIACTUYHICTD 3pocTae Bin 4 1o 37,5% 6e3
BTpatu MinHicHUX BiactuBoctei (3000 MIIa). Opnak, BapTOo MaTu Ha yBasi, IO
dbopmyBaHHS aMOP(HHO-KPUCTATIYHUX CTPYKTYp Oe3mocepeHhO B MPOIIEC rapTyBaHHS
3 PIAKOTO CTaHy € JIOCUTh PIAKICHUM SIBUILEM, SIKE€ MOTpeOye 0e310raHHOr0 KOHTPOJIIO
YMOB OXOJIO/DKCHHS.

JlomaTKkoBHM IIOTEHIIAJIOM IS MigBHINCHHS MimHicHHMX BiactuBocteit OAC €
dbopmyBaHHS Yy BUXiAHIH amopdHiid Marpuili kKpuctamiyamx ¢a3 [88, 96], sk 1e
CIIOCTEpIranoch, HaMpPUKIAA, B aMophHUX criaBax Ha ocHOBI Al [97]. Anme HuHI 15
CIUTaBiB Ha OCHOBI Fe 11e muTaHHs 3amuIIaeThCsi Maike HE BUBYCHUM.

TakuM 4YMHOM, 3a PE3yNbTATOM aHANIZY JITEPATYpHUX [TaHUX MOXKHA 3POOUTH
BHUCHOBOK, III0 MpOOJieMa CTBOPEHHsS HOBOTO KJIacy KOHCTPYKIIIMHUX MaTepiaiiB —
00’eMHUX aMOp(HUX CIUIABIB € HAJA3BUYANHO aKTyalbHOIO, aje JaJIeKO HE BUPILIECHOIO.
HeoOxigH1 mojanbIni KOMIUIEKCHI JOCHIKEHHS, CHOPSMOBaHI Ha TONIYK HOBHUX
KOMITO3MINIM  CIJIaBiB 3  MIJBUIICHUMH  XapaKTEPUCTUKAMHU  CXUJIBHOCTI [0
CKJIOYTBOPEHHS, TEPMIUHOI CTIMKOCTI, MIITHOCTI 1 IJIACTUYHOCTI, a TaKOX 3HUKEHOIO

I-I}’TJ'II/IBiCTIO J0 YMCTOTHU KOMITOHEHTIB Ta YMOB JIMTTA.
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1.5 ITincymku orisiy 1 HOCTaHOBKA 3a71a4 TOCI1IKEHHS

[TutanHss OTpUMaHHA aMOp(pHUX METaJeBUX CIUIABIB, JOCIIDKEHHS iX
BJIACTUBOCTEH Ta TEPMIYHOI CTaOUILHOCTI 3HAWILIM IIUPOKE BiJOOpaKeHHS B
JiTEepaTypi, aje MesKki acleKTH BCE e 3aWIIAIOTBCS HEIOCTATHRO BUBUYCHHUMH.
Hanpuknan, HescHo, B sSKii Mipi BXKe BiJJOM1 3aKOHOMIPHOCT1 KpHCTai3allil po3IliaBiB,
BIUIMBY Ha Hei JOMIIIOK Ta IHIIMX YUHHHUKIB MOXYTh OyTH 3aCTOCOBaHI y BHIIAJIKY
AMC, 1 B YoMy MOJATaIOTh MOXKJINBI, XapakTepHi juiie aiss AMC, ocobiuBocti. OTxKe,
HE 3Ba)Kal0yM Ha Te, 1110 OCHOBHI MOJOXEHHS KJIACUYHOI Teopli KpucTami3alii MOXyTh
OyTHM JOCTAaTHBO YCIIIIHO BUKOPHUCTAH1 SIK JJI1 BU3HAYEHHS YMOB HEKPHUCTAJIIYHOIO
TBEPJIHHS METAJIeBUX MarepiaiiB, Tak 1 JJIg OMNKHCY TMPOIECIB iX MOJANbIIOl
KpUCTaii3alii B MeXax TBEpPAOro CTaHy, €IUHOI 3araJbHONPUUHATOI TEOPETHYHOT
KOHLEMLII i1 ONUCY MPOLECIB 3apOJKOYTBOPEHHs 1 pocty KpuctainiB B AMC 1o
TENEPIIIHBOr0 Yacy MOKU HE 1CHYE.

BinoMi ysBiaeHHS Npo BIUIMB PO3UYMHHHUX JOMIIIOK HAa KPUCTANI3alLll0 METAJIB 3
pO3IlJIaBy, 30KpeMa, IIPO MEXaHI3M BIUIMBY ITOBEPXHEBO-aKTUBHHX J00aBOK, sKi
3HIDKYIOTh TIOBEPXHEBHMM HATAr Ha MiK(pa3HI MOBEPXHI KPUCTAI-pO3ILIaB G, IO
CIpHsi€ TABUIICHHIO IBUJKOCTI 3apOJDKEHHS IEHTPIB KpHUCTami3allii, ajne, 3 1HIIOro
00Ky, BOHM HAKOTIMYYIOThCSI Ha TPAHUIl 3pOCTAI0UYOT0 KPHUCTAy, IO YCKIAJHIOE PICT
3apojiKa 1, BIJIMOBIIHO, CIIPUsi€ 3HUKEHHIO MBUAKOCTI 3apopkeHHs. [IpoTe Ha miacTaBi
OIMyOJIIKOBAaHUX JITEPATYpHUX JaHUX MOXKHA 3pOOUTH BIEBHEHUN BUCHOBOK IIOO
CIPABEAJIMBOCTI BUKOPUCTOBYBAHMX HHHI YSIBICHb MPO ICHYBAHHS MapayienizMy B
MPOSIBl TOBEPXHEBHX BIACTUBOCTEN PO3UYMHHUX JT00ABOK Ha MIK(a3HUX TTOBEPXHSIX.

OCHOBHUM TMPUHUMUIIOBUM OOMEXEHHSM MIHUPOKOTro BukopuctanHs AMC, okpim
PO3MIPHOTO YMHHHMKA, € iX BIJHOCHO HH3bKAa TEpMIYHA CTaOUIBHICTH, IO POOUTH
aKTyaJbHUMHU JOCII/DKEHHS y HampsMi NOWIyKy cnoco6iB ii migBumieHHsa. OnHuM 3
OCHOBHMX IIJISIXIB MIABUIIEHHS TEPMIYHOI CTIMKOCTI aMOp(PHUX METaleBUX CIUIaBIB €
JIeTyBaHHS CIIaBy 100aBKaMU PO3YMHHHUX JOMIIIOK.

Hakonuuenns iHgopmanii npo xapakrepuctuku AMC ctumynioBano po3poOKu

obmacteil ix IMPAKTUYHOI'O 3aCTOCYBAaHH:A, 34CHOBAHMX HC JIMIIC Ha YHiKaJII)HOMy
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noeHaHH1 (PI3UKO-XIMIYHUX BJIACTUBOCTEM aMOp(PHUX CIUIaBIB, ajie 1 OE3MoCcepeIHbO
Ha MOXJIMBOCTI Pi3KO1 3MIHU OCTaHHIX NMPU HAHOKPHUCTAJI3allii.

B nwam wac HaWOUIBII IIMPOKE 3aCTOCYBAaHHS B PI3HMX O0JACTAX TEXHIKU
3HaXOJATh aMOp(HI CIJIaBU TUIY MEPEXITHUN MeTall-MeTaJIoill, 0COOJUBO Ha OCHOBI
cuctemu Fe—B, sika 3aBAsikh BiJHOCHIM MPOCTOTI OTPUMAaHHA B aMOp(HOMY CTaHi,
M1JIBUIIICHOMY PIBHIO MIIHICHUX BJIACTUBOCTEH Ta BHUCOKIN TEPMIYHOI CTIMKOCTI OyJia
oOpaHa B KOCTI 6a30B0Oi y JaHii poOOTI.

TakuMm 4YWMHOM, aHali3 Cy4YyaCHHX HAayKOBHX JDKEpen Ie pa3 MiJKPeciioe
aKTyaJIbHICTh JIOCHIDKEHb JIaHOTO HampsiMy, OCKUIBKM BKa3ye€ Ha MOXKIIUBICTD
LIJIECOPSIMOBAHOTO  KEpyBaHHA B IIMPOKUX  MeXax  (PI3MKO-MEXaHIYHUMU
BJIACTUBOCTSIMU aMOP(HUX Ta HAHOKPUCTATIYHUX CIJIaBIB Ha OCHOBI 3aJ1i3a.

Buxonsun 3 BHUIllECKa3aHOTO, OCHOBHOKO 1/€€I0 AMCEpPTaIiiHOI poOoTH OyIio
BCTAHOBJICHHS BIUTMBY XIMIYHOTO CKJIaJy Ta YMOB OJICpKaHHS HAa CTPYKTYPY, KIHETHKY
KpHUCTali3allii Ta BIACTUBOCTI MIBUIAKO3arapTOBaHUX aMOP(GHUX Ta HAHOKPHUCTATIYHUX
CKJIQJHOJIETOBAaHUX CIUIABIB HA OCHOBI 3aii3a AJiA MOJAJIbIIOl PO3POOKH BUCOKOMIITHUX
KOMITO3HTIB Ta 3HOCOCTINKHUX MMOKPHUTTIB.

3aBgaHHsAM poOOTH (HAKTUYHO € ONTUMI3AIS MEPCIEKTUBHUX CKJIAJIIB 32 BMICTOM
K OCHOBHHX JIETYIOUMX Kap0ino- Ta 6opuaoyrBoprorounx enemeHTiB (S1,B,C,P), tak 1
3a komiuiekcoMm gogatkoBux eiementiB (Ni, Cr, Co, Mo, Nb, W, V, Mn, Al, Y) ta
po3poOka CKJaay CIUIaBiB, sIKi OyIyTh 3acTOCOBYBAaTHUCh B SIKOCTI 3HOCO- 1
KOPO31MHOCTIMKUX MaTepiaiiB Jjisl HAHECEHHS PI3HUMH crioco0aMu Ha poOoYl MOBEPXHI
CTaJICBUX, TUTAHOBUX UM, HaBiTh, ANOMIHIEBUX KOHCTPYKIIM MJIs 3aXUCTy iX BiA

OKHCJICHHSI 1 3HOIIIYBAaHHS IMiJI Yac eKCIUTyartallii 3 METOI MOJIOBXKEHHS iX poOOYoro

pecypey.
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PO3JILJT 2. METOI1 OJIEP’KAHHSI HOBUX CTPIYKOBUX TA Ob’€MHUX
AMOP®HIX I HAHOKPUCTAJTYHUX CIUIABIB CUCTEMHU
Fe—(Ni,Co,Cr,Mn,Mo,W,V,Nb,Cu,AlY)—(Si,B,C,P)), JOCIIJDKEHHS IX
CTPYKTYPU, ®A30BOI'O CKJIIAZY TA ®I3UKO-MEXAHIYHUX
BJIACTUBOCTEM

2.1 O0’exTH IOCIIKEHHS

OO0’ekTamMu JOCHIKEHHS Ta pO3pOOKM B JdaHiil poOOTI OyiM: TEXHOJOTIYHI
Ipollecu OTpUMaHHS O€3MOCEPEIHBO 3 PO3IUIABY MIBUJIKO3arapTOBAHUX BHUCOKOMIITHUX
ciaBiB cucremu Fe—(Cr,Ni,Co,Mn,Mo,V,W,Nb,Cu,Al)-Y—(Si,B,P,C) 3 amop¢Hoio ta
HAHOKPUCTAIIYHOIO CTPYKTYpPOIO 3 OOpPUAHUM Ta KapOITHUM 3MILHEHHSM, TE€pMIdHA
CTIMKICTh, MEXaHIYHI BIJIACTUBOCTI, KOpO3iifHA CTIWKICTh Ta EJEKTPUYHUMA OMip
CTPIYKOBUX Ta 00’ €MHUX 3pa3KiB (IJIACTUHOK Ta CTPHXKHIB).

JlocnmixkeHHs: Ta po3poOKa METOJIB MPOBOAMIKMCS Ha 0a30BUX (BIIOMHUX) Ta
MEepPeBaXHO Ha HOBUX CIUIaBaX, XIMIYHI CKJIaAM 1 MapKyBaHHS SKUX HaBeJCHI B
Tabnuii 2.1. Yci crniaBy, BUTOTOBJISUIMCS 3 BUKOPUCTAHHSAM MPOMHUCIOBOI CUPOBUHU Ta
depocmiaBiB  (MeTanypriiHux Jiratyp). 3a CTyIneHeM JIeTyBaHHS, 30Kpema
METaJIoiJaMU, TIePEeXiTHUMH MeTajaMd Ta BMICTOM OKPEMHUX JIOMIIIOK HOBI CIUIaBU
MO>KHA PO3IIIUTH Ha 4 TPYIIH.

JIyisi TIOpiBHSIHHSA KIHETMKW HAHOKPHUCTANI3aIil Ta BIACTHBOCTEH OYyNIH TaKOX
BUTOTOBJICHI BijJioMi 3 mitepaTypu ciuiaBu FegoBi14Sis Ta FepssCrig,W2B17 (HB-1).
Hampuknan, HB-1, Oy gocnimxenuit B po0oTi [96], a KoxkeH 3 HUX OyB /10 IEBHOT MipH
0a30BUM TpU po3poOIll HOBUX KOMITO3MINKM CIUIaBiB. SIKIIO YSBUTH CKJaJ 0a30BOTO
craBy Sk Fegs.76Xi5.24 (e X — MeTanoiam), TO OCHOBHI 3MIHU CKJIay JOCIIIKEHUX
CIUTAaBIB MOJISITAI B 3aMiH1 YaCTMHM aTOMIB 3aj1i3a aToMaMu Tiepexiguux exeMmenTiB (Ni,
Co, Mo, Cr, W 1 V) Ta miABUIIEHHI BMICTYy METaJOiAiB 3 METOK 3HIKCHHS

TEMIEPATYPH JIKBITYCY Ta TBEPAO-POZUMHHOTO 3MIITHEHHS.
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Taomung 2.1

CymapHuii BMICT

Ne Mapra Ximiunuii ckiam, at.% METAaJIOIIB,
n/n CIUIaBY o
at.%
Ipyna I1:

1 HB-2 FeessCriaW2C2SiiB1s 18

2 HB-3 Fe71CrsNbeSisB12 17

3 HBRM-4 | Fes0,6Cri13,8Mno 3 M0o1,9Nb2Alp 2Cuo,5B16,2C2Sio 5 20,7

4 | HBRM-4-1 Fess5Cria1M no,3W1,g|\/|03Nbo,gA|o,1CUo,5Bl7,1C2Si1,6 20,7

5 HB-4 Fes1,37Cr3,78C06,84V0,85W0,862M01,06ND0,85B19,87C1,09S12,57 24,43

I'pyna 2:

6 HBPC-2 | Fes7,71Crs,06MnNo,94M03,08V0,13B5,93C4,66Ps 34Si1,15 20,08

7 HBPC-3 | Fess,84Crs,53Mn1,20M03,11V0,08B10C3,92P9,15S11,08 24,15

8 HBPC-4 FessCraMniMo4BsC7P10Si2 24

I'pyna 3:

9 |NHRS-(Co-1)| FessNi194Crs57C085M01,9B14Sis 5 19,5
10 NHRP-2 | Fess31Ni20,26Crz,51C01,35Mo01,60V0,80B6,68C2,71P0,20S13 49 13,08
11 NHRP-3 | Fess47Ni11,14Crs42C02,31M03,37V0,23B14,90C2,13P0,81S15 44 23,28
12 NHRP-4 Fes0,0Ni19,0Crs5Mo015V1B14,1C25P4,4Si1 22
13 NHRP-6 FessNisCroCosMo4V1AlBsCePoSiz 22

I'pyna 4:
14 HBCY-1 Fe497C04,5Cr147M09 3B36C135Si46 Alo 1 21,7
15 | HBCY-1-1 | Fe40Cos3Cri66W39MO0105Mno2B4C149Si17Al1Y 19 20,6
16 HBCY-2 Fes04C04,5Cr148M09 3Mno 4BoCoSiz2sAlp 1 20,5
17 | HBCY-2-1 | Fes36C054Cri59W39M07,9MnoeBosCosSio1Al1Y2 19,7
18 HBCY-3 | Fe424C066Cri56M0134Bs538C14,6Si16 22
22 | HBCY-3-1 | Fe416C07,1Cri53M012:8B59C14,8SiosAlo1Y 18 21,3

Cmnasu nepmioi rpynu HB-2, HB-3, HB-4, HBRM-4 ta HBRM-4-1 Bupi3ustoThcs

M1BUIIEHUM CYMapHUM BMICTOM 3MiltHIOBaIbHUX eneMeHTiB (Cr, Nb,W,Mo,Co,V) npu

ICTOTHO BIAMIHHOMY cyMapHomy BMicTi metanoiais B, C, Si (17-24,43 ar.%). Ilpu

npomy criasu HB-3, HB-4, HBRM-4 ta HBRM-4-1 Gynu neroBani HI001€M, KOTpHUI

Ma€ Ha/I3BUYalHO HU3BKY PO3YMHHICTH B 3aii3i. A crutau HBRM nmomatkoBo mictuiu

B cBoeMy ckiaai 0,5 ar.% wmini, sika, SiK BIJOMO, € €(heKTUBHUM 3apOKOyTBOPIOIOYUM

€JIEMEHTOM TIpU KpHUCTami3allli aMmop(HHUX CIJIaBiB HAa OCHOBI 3aii3a. ['0l0BHUI 1HTEpEC

JI0 1I€1 TPYNH CIUIaBiB OyB 0OYMOBJIEHUI BU3HAYEHHSIM TEPMIYHOI CTIMKOCTI aMop(pHUX

CTpPIYOK Ta MIIHICHUMH XapaKTepUCTHKaMU IMX CIUIaBiB B aMopdHOMYy Ta

HAaHOKPUCTATIUHOMY CTaHaX, a TaK0XX MPOTHO30BAHOK MOJIMBICTIO (JOPMYBAaHHS B
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00’€MHUX 3pa3KaX HAHOKPUCTAIIYHOI CTPYKTYpH TMPU TMOMIPHUX IIBHUAKOCTSIX
OXOJIOJKEHHSI PO3IUIaBY.

CmnaBu HB-1, HB-2 ta HBRM-4-1 Bupi3HsuiMcs HalBUIIIUM BMICTOM XpOMY Ta
BOJIb()pamMy Ta HU3BbKOIO IJIMHHICTIO PO3IUIABIB, IO YCKIIAIHIOBAIO OTPUMAaHHS CTPIYOK
Ta 00’ €MHUX CTPUKHIB UM TUIACTHH.

CrnaBu Japyroi rpynu B SIKOCTI OCHOBHOTO METay MICTSATH 3aJli30 y JIOCTATHBO
BHCOKIH KUIbKOCTI (66,8—69 atr.%, mo BigmoBimae 72—74 mac.%), a B SKOCTI
3MIIHIOBAJIbHUX MeTajiB, okpiM Cr, mictate Mo, Mn ta V. B sKOCTI eleMeHTIB
amop(i3aTopiB CIUJIaBU IMEPIIOI TPYNMH MICTATH ICTOTHO PI3HY CyMapHy KUIBKICTb
metanoinis (B+C+P+Si): Bix ~20 at.% B HBPC-2 no ~24,15 at.% — B HBPC-3. Oxpim
nporo, B crmiaBi HBPC-4 Oyno nemo 3HMKeHO KoHIEeHTpaliro Cr, OCKIIbKH, IeH
€JIEMEHT, SIKUW 1CTOTHO MIJBUINY€E KOpPO3iiHy cTiiikicTh OMC Mae HeraTuBHUI BILTUB
Ha CXWJIBHICTh PO3IUIABIB /10 amopdizarlii [98].

Jlo TpeThoi rpynu HajexaTh CIUIaBU, PO3POO0JICHI Ha OCHOBI B1JIOMOi KOMITO3HITIi
FegoSigBi4 3 BIMHOCHO BHCOKOIO CXHIIBHICTIO 10 amopdizartii [99], mo1aTKoBO jeroBaHi
Ni (8-20,3 at.%), Co (1,35-8,5 at%), Mo (1,54 ar.%), Cr (2-7,5 ar.%) ta V (0-1
at.%). B miii rpymi crmaBu NHRP wmictsates Big 2,13 mo 6 ar.% C, KoTpuil KOMIIEHCY€
3MEHILEeHHs BMICcTy Oopy 10 51 6,68 at.% B crimaBax NHRP-6 Ta NHRP-2, BianosiaHo.
B cmiaBax NHRP-4 ta NHRP-6 nomatkoBo BBemeno 4.4 ta 9 ar.% P, Bigmosigno, 1
CYTT€BO 3MEHILEHO BMICT KPEMHII0. 3arajioM CyMapHUW BMICT METAJOi/IIB B 1[Il Tpymi
cruiaBiB BapiroeTbes Big 13,1 1o 23,3 ar.%. ['010BHOIO METOI0 JOCIIIKEHD II€T TPYNH
CIUIaBiB OYyJI0 BCTAHOBJICHHS BIUTUBY NEPEIIUCHUX JETYIOUMX €JIEMEHTIB Ha CXUJIbHICTD
10 aMmopdizailii, TepMidHy CTIHKICTh amopdHUX (a3 1 xapakTep ix kpuctamszauii. byio
BaYKJIMBUM BCTAHOBUWTH BIUIMB CITIBBIIHONIIEHHS METAJIOIAIB HA CXWIBHICTH CIUIABIB I{I€]
rpynu a0 amop@izaiii 1 Ha MILIHICHI BJaCTUBOCTI amophHUX (a3.

CmnaBu yetBepToi rpynu HBCY wmictare npubimsHo oaHakoBy kiibkicTh Co, Cr,
Mo Ta 20-22 ar.% wetanoiniB. Pesynbratu mociimkeHb amMop(pHHX CTpPIYOK Ta
CTPWXKHIB CKJIaJIHO-JIeroBaHuX craBiB yeTBeptoi rpynu (HBCY-1-1, HBCY-2-1 Ta
HBCY-3-1), mo Oynu oTpuMaHi 3 BUKOPUCTAHHSAM XIMIYHO YHCTHX KOMIIOHEHTIB (3

J0JITaBaHHSAM HEBEJMKOi KUIBKOCTI ITPII0 Ta ajllOMiHIIO) B Tefdii Ta XapaKTepHU3yIOThCs
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HaWBUIIOK 3/IAaTHICTIO 10 aMmopdi3zallii, HaBe/eH1 B pPOOOTI JIsl TOPIBHAHHS 13 HOBUMU
€KOHOMHO-JICTOBAHUMHM HAHOKOMITO3UTHUMH CIUTaBaMHU IIi€1 TPymH, KOTPi MOXKHA
OTPUMYBaTH B 3axHCHIM aTMocdepi Ta Ha TOBITPI 13 3aCTOCYBaHHSM PO3POOJIECHUX
TEXHOJIOT1H.

Criza BiA3HAUWTH, 11O CIUIABU BCIX YOTUPHOX IPyM OyJIM CUHTE30BaH1 (BUILIABIICH])
3 BpaXyBaHHSM BiJIMiY€HOTO B JIITEPaTypHOMY Ol (hi3HMKO-XiMidHOTO migxony [22]
JUTsI TIPOTHO3YBAHHSI TTOJIETIIIEHOTO CKJIOYTBOPEHHSI, KM 0a3y€ThCsS Ha BIIACTHBOCTSX
KOMITOHEHTIB CIUIaBIB 1 OCOOJMBOCTAX IX B3a€MOJIii, BIJOOpa)KEHUX Ha Jiarpamax
cTaHy. 30Kpema, CIPHUSIOTh YTBOPEHHIO CTEKOJ: HASBHICTh TJIMOOKOi €BTEKTUKH Ha
nojBiitaux (Fe—B, Fe—P) ta motpiitaux (Fe—B-Si, Fe—P-C) miarpamax craHy, 3Ha4Ha
(me MmeHnme 15%) pi3HUI aTOMHUX J1aMeTpiB KOMITOHEHTIB (MEpeXigHUX METaliB 1
METAaJIOIIIB), BEJIMKA PI3HUIIA B X BAJIECHTHOCTI [68—70], a TaKOK HasIBHICTh B KOKHOMY
CIUIaBl 3HAYHO OL/IbIII€ TPHOX KOMIIOHEHTIB, 10 MAalOTh BEJIUKI HETAaTUBHI €HTAJIbMIl
smimryBanHs (AH™X). B Ta6m. 2.2 HaeseHi maHi 3 po6it [98, 99] g Beamuun AHMX
nap ejaeMeHTIB B KJ[»K/MoJb, Kl € (PAKTUYHO MaTpHULII0 BUOOPY OCHOBHHUX Ta JIETYIOUUX
KOMITOHEHTIB CIUIaBiB, IO 3a OCTaHHIM KpHUTEPIEM, BOYEBH/b, MAIOTh CIPHUITH
00’ eMHi# amopdizalii O1TBIIOCTI 3aIPOIIOHOBAHMX KOMITO3HIIIH CIIaBiB. 3 miel TaOmmIl
BUJIHO, IO CEepell METANOiAiB BUKOpHUCTaHHS (hochopy sSIK OCHOBHOro amopdizatopy
CIUTaBiB Mae OyTH OUTbIN e(heKTUBHUM HIXK O0py Ta kpemHio. Came napu dpochop-I11M
XapaKTEPU3YIOThCSA MaKCHUMaJbHUMH 3HAYCHHSMU CHTaJbINi 3MimryBaHHA. B rpymi
CIUIaBIB 3 BUCOKMM BMICTOM (ochopy neryBanHs Mo, Mn 1 V Mae Oulblue cupusTu
amopizarmii Hixk Ni, Cr, Co 1 W. B 6e3dochopuux cruraBax asist 301IbIICHHS 3JaTHOCTI
0 amopdizarlii ¢l AoaaBaTH 1Tpid, amroMiHIA Ta HI00iM. OpgHak mpu BUOOPI
JIETYBaJIbHUX €JIEMEHTIB CJIi/I BpaxOBYBaTH, 1110, SIK MMPABUJI0, BUCOKHI BMicT Mo, Mn Ta
oco0mmBo V 1 Y NpUBOIUTH 0 MOMITHOIO OKPUXUYYBaHHS CIUIaBIB HaBITh B aMOpP(HHOMY
CTaHi.

3aranom, Bapiallii CKiaay JErOBaHUX CIUIaBiB OyJIO 3A1MCHEHO IS MIABUIICHHS iX
3MaTHOCTI 70 amop®izalii Ta TEXHOJOTIYHOCTI MpPU PO3NUBLI (rapTyBaHHI, B T. Y.

HAJIIBUAKOMY) Ha TIOBITPI.
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Taomung 2.2

Enransnii smimysasss (AH™X), kJI5x/Moib

Fe | Cr |[Co| W | Ni ([Mo|Mn|V B|C| P |Si|AlI| Y|NDb
Fe -1 -1 0 -2 -2 0 -7 |-26| 0 |-395| -35 | -11 -16
Cr| -1 -4 1 -7 0 31| 0 [-395| -37 | -10
Co| -1 -4 -1 0 -5 -5 -14 |24 0 |-355| -38 | -19 |-22| -25
w 0 1 -1 -3 0 6 -1 |-31|-60|-465| -31 2 |24 -8
Ni -2 -7 0 -3 -7 -8 -18 |24 0 |-345| 40 | -22 |-31| -30
Mo | -2 0 -5 0 -7 -34| 0 |-535 | -35 -5 -6
Mn| O -5 6 -8 -32 57,5 | -45 | -19 -4
-7 -14 -1 -18 -42 -70,5 | -48 | -16 -1
B | -26 | -81 | -24 | 31 | -24 | -34 | -32 | -42 0| 05 | -14 0 |-50 | -54
0 0 0 -60 0 0 0 0 0 0
P |-395|-395|-355|-46,5|-345|-535|-575|-705|05| O -25,5 | -20,5
Si| -3 | -37 | 38| 31 | 40 | -35 | 45| 48 |-14| 0 |-255 -19 -56
Al | -11 | -10 | -19 -2 -22 -5 -19 | <16 | O -205 | -19 -38 | -18
Y -22 24 -31 -50 -38
Nb | -16 -25 -8 -30 -6 -4 -1 |-54] 0 -56 | -18
Cu| 13 22 4 4 5 0 -17,5 | -19 -1 122 3

[IparHeHHss MiIHIMI3yBaTH TEMIIEpaTypyu IUIABJICHHS, MIJABUIIUTA TEKYYICTh
pO3IUIaBIB MPU MIHIMAJIBHOMY MEpEerpiBl, MIHIMI3yBaTH iX OKHUCJIEHHS Y BCbOMY
Janas3oHi TEMIIepaTyp IUIABJIICHHS Ta TapTyBaHHS 1, 110 HaWBaKJIMBIIIE, 3a0€3MEUUTH
BHCOKY TEpPMIYHY CTaOUIbHICTh aMOp(HOro CTaHy Ta 3JaTHICTh 10 OaratodasHoi
HAaHOKpHUCTaMi3alii B YMOBaX TapTyBaHHsS pO3IJIaBy 3 BIJIHOCHO HEBEJIUKUMHU
HIBUIKOCTSIMU OYyJIO TOJOBHUM IPOTATOM BUKOHAHHA MOIIYKOBUX poOiT. HaOmmxeHHs
no 22-24.,5 ar. % cymapHoro BMICTy MetajoimiB B 1, 2 1 3 rpymax cIuUiaBiB Ta
BCTAHOBJICHHSI BIUTMBY JIETYBaHHS CIUIaBiB ¢ochopom (Tpymu 2 1 3) 3aMicTh 1Tpito, OyIo
XapaKTEPHOIO 03HAKO JOCIIKEHb 1 pO3pO00K B JIaHiil poOOTi.

Cnmig  3ayBaKuTH, 10 BHCOKAa CXWJBHICTH J0 amopdizaimii Ta BHUCOKA
TEXHOJIOTIYHICTh TIPH 30€epeKeHHI BUCOKUX KOPO3IMHOI CTIHKOCTI 1 MEXaHIYHUX
BJIACTHBOCTEH MOXeE OYyTH JOCATHYTa 3a paxyHOK ONTHUMAJIbHOTO BMICTY XpOMY,

HIKEII0, BaHAAII0 1 HIOO1I0, OCKUTBKM MIABUIICHHS PIBHS TEBHUX XapaKTEPHCTHK,
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O00yMOBJIEHE JOMIIIKAaMH TEBHOTO JIETYIOUOIO €JIEMEHTY CYNPOBOIKYETHCS, SK

MPaBUJIO, MOTIPIICHHSIM 1HIIMX BIACTUBOCTEH, CXHJIBHOCTI 10 amop®izallii, a TaKkox
3HUKEHHSIM TEXHOJIOT1YHOCTI PO3IUIaBY, 30KpeMa, MiABUIEHHSIM HOTO B’S3KOCTI.

3 ypaxyBaHHSIM CKJIJHOTO (HEMOHOTOHHOI'O) BIUIMBY JIETYIOUMX €JIEMEHTIB

3aKJIFOYHUHN BHOIp ONTUMAJIbHUX 3 TOUKH 30py (OpMyBaHHS HEOOXIJHHX BIACTUBOCTEH

CIUIaBY KOHIIEHTpAIIill JIETYIOUHX €JIeMEHTIB IPU KOMIUIEKCHOMY JIETYBaHHI MOXKe OyTH

3pO6JIeHO JIMIIC CKCIICPUMCHTAJIbHUM IIJIAXOM.

2.2 PentreHoCcTpyKTypHUi 1 (ha3oBuil aHami3 aMOp(PHUX Ta HAHOKPHUCTATIYHHX

CTPI4OK Ta 00’€MHUX 3JIUTKIB

CtpykTypa HIBHUIKOOXOJIOJKEHUX 3Pa3KiB (CTPIUOK Ta 3JIMTKIB) Y BUXITHOMY Ta
TEpMOOOPOOICHOMY CTaHax JOCHIIKyBajlaCh pPEHTreHorpaiuHUMU  METOJIaMH.
JudpakiiiiHi KapTUHU  PEECTPYBAJIUCh 3  BUKOPUCTAHHSM  aBTOMAaTHU30BAaHOTO
craggaptHoro  audpakromerpy JAPOH-3M y  ¢dinbrpoBanomy CoK. Ta
MoHoxpomaTtu3zoBaHoMy MoK, BumnpomiHtoBanHi. IIpodim nudpakrorpam 3paskis 3
amopHOIO Ta aMOP(PHO-KPUCTAIIYHUMHU CTPYKTypaMH, SIKI SIBJISIIOTH  COOOIO
Cynepro3uuiro audy3HOro rajao po3cisiHHS Big amopdHoi ¢a3u Ta peduiekciB
Kpuctamyaux ¢as, anpokcumyBaiuch ¢yukimisimu Jlopenna [102] (puc. 2.1). Hdami, 3a
JIOTIOMOTOI0  CHEIIaJIbHOT MporpaMu OOYMCITIOBAIMCH KYTOB1 TO3UIlT MakCUMyMiB, 0,
MIBIIMPUHA BIAMOBIMHUX pediekciB, 3, a TaKOX IJIOMMHUA amMOp(dHOro rauo, A, Ta
KOJKHOI JIIHIT KpUcTam4YHuX (a3, Ae. 3a HIUMH NTapaMeTpaMu 3 BUKOPUCTAHHSIM (HOpMYJT
CemnsixoBa-Illepepa [102] L = A/(Bcos(0) ta Ependecra Ry = 0,615M/sin(0) [103], ae A
JTOBKMHA  XBWJII  PEHTTeHIBChKOTO  BumpoMiHoBaHHA (misi  Co = 0,179 am),
pO3paxoByBajiv, BIJIMOBIAHO, PO3MIPU KOTEPEHTHO PO3CIIOIOYUX JOMEHIB B amop(dHii
da3i abo cepemHid PO3MIp HAHOKPHCTANIB, Ta CEPEIHS HAHMKOpOTIIA MiKaTOMHA
B1JICTaHb B aMOP(HUX CTPYKTypax.

OxkpiM 11bOTO, 32 BITHOIIECHHSM CyMapHOI 101l pedIeKciB BiJ KpUCTATIYHUX (a3
JI0 3arajbHOi TUIOHII KPHUBOi PO3CISIHHS Bif aMOpP(HOI CTPYKTypU PpO3PaxOBYBAIUCH

BiTHOCHI yacTKu kpuctamiyaux a3 Xi = AJ(Aci + As) [104], a 1y11 HAHOKOMITO3UTHHUX
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CTPYKTYp JOJATKOBO OLiHIOBaJach 00’eMHAa rycTuHa HaHokpucrtamis N = 6X/(zl3).
OriHKka HaBEACHUX MMapaMEeTpiB aMOpP(PHHUX Ta YACTKOBO KPHUCTAIIYHUX CTPYKTYp
3MIACHIOBAJIACh 3 BHUKOPUCTAHHSIM CHEIIaIbHOT KOMII FOTEpHOI TporpamMu 00poOKu

TupaKIifHIX KapTHH.

oo
N

IaTeHCHBHICTD, BigH. o1. O\
N

InTeHCcHBHICTE, BIIH. O,

20, rpa.

Puc. 2.1. Tlpuknagm po3kiaay Ha CKIamoBi AudpakTorpaM cIviaBiB: (a) 3
aMOp(PHO-HAHOKPUCTATIYHOIO (HAHOKOMITIO3UTHOIO) (cTpiuka criaBy HB-4 micrns
nepioi crajli kpucranizaiii) Ta (0) HAHOKPUCTATIYHOO (IJIACTUHA TOBLIUHOKO 5

MM cimaBy NHRP-6) ctpykrypamu

PosmmdpoBka ¢da3zoBoro ckiamy 3pa3kiB 3 YACTKOBO 1 MOBHICTIO KPUCTAJIIYHOIO
CTPYKTYpOIO  3[IMCHIOBajlach  IIJISXOM  TOPIBHSHHA  €KCIIEPUMEHTAJIbHUX  Ta
po3paxoBaHUX AUPPAKUIMHUX KapTUH. TeopeTuyHi audpakrorpamu OyAyBaJUCh 3
BUKOpPUCTaHHAM HeToproBoi Bepcli mporpamu PowderCell 2.4. Okpim mporo, st

imeHTUdikarii kpuctaniyaux (a3 Oyna BukopucTtana 6aza kaproreku ASTM.

2.3 Metonu AOCHIIHKEHHS TEPMIYHOT CTIMKOCTI amMopdHUX MeTacTablIbHUX

CTPYKTYp Yy 3arapTOBaHUX CTPIYKOBUX Ta 00’ €MHHX CILIaBax

TepmiuHa CTIAKICTh HEpPIBHOBAXKHUX (aMOphHUX ab0 HAHOKPUCTATIYHHX)
CTPYKTYp, sIKi (POPMYIOTBHCSI B CTPIYKOBUX Ta 00’ €MHHUX 3pa3Kax B IPOIIEC] MIBUIKOTO

OXOJIOJIKEHHS PO3IJIaBy, a TAKOX XapakTep Ta KIHETHKa iX MEepexoay Yy pPiBHOBaXKHUU
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CTaH JOCHIIKyBajgach MeToAoM audepeHiiiinoi ckanyroudoi kamopumerpii (JICK) na
kanopumeTpi NETZSCH 404 B ymoBax 6e3nepepBHOT0 HarpiBy 3i BUAKOCTSIMH 5, 10,
20 ta 40 K/xB. 3a repmorpamamu JICK 3pa3kiB 3 aMOpPHOIO CTPYKTYpOIO BU3HAYAIUCH
Temneparypu ckjonoaiOHoro mnepexony (Tg), mouatky kpucramizamii (Tons) Ta
MaKCUMyMYy IIBHIKOCTI Tiporiecy kpucramizamii (Tx). Y Bumagky OaraToctamiidHOl
KpUCTaiizaiii 3HaueHHs Ty BU3HAYaIMCh JJIsi KOXKHOI cTajli mpouecy. JlogaTkoBo 10
NEePeNiYeHNX MapaMeTpiB B OKPEMHUX EKCIEpUMEHTaX B yMOBAaX HarpiBy 3 MOCTIHHOIO
HIBUJIKICTIO BU3HAYAIUCH TeMIiepaTypu nmodarky (Tm) Ta 3aBepieHHs (1) miaBieHHs,
K1 € BAKJIMBUMH MTOKa3HUKAMH CXUJIBHOCTI PO3IIABIB 10 amopdizariii.
Bu3HaueHHs1 XapakTepy CTPYKTYPHHUX 3MiH, sIKI OOYMOBIIOIOTh TEPMIUHI €PEeKTH
Ha tepMmorpamax JICK, 1 ix BIUIMB Ha TBEpAICTh OyJIM MPOBEEHI Ha 3pa3Kax, IMiJJaHuX
HarpiBaMm 31 mBuakicTio 10 a6o 20 K/xB. no TemmepaTyp 3aBepIICHHS BiANOBIIHUX
$a30BUX TMEpPETBOPEHh 3 HACTYIMHUM INBUJAKAM OXOJIOJDKEHHSM JIO0 KIMHATHOI

TEMIEPATYPHU.

2.4 Metonu BUMIPIOBAaHHS MEXaHIYHMX BJIACTUBOCTEH, €JEKTPOOIOpY Ta
JOCIIJIKEHHSI MIKpO- Ta HAHOCTPYKTYpHU CTPIYKOBUX Ta OO0 ’€MHMX aMOp(pHUX Ta

HAaHOKPUCTAIIYHUX CILIaBiB

B sikocTi roJIOBHOTO METO/Y OLIIHKU MIITHICHUX BJIACTUBOCTEN BUKOPUCTOBYBAJIOCH
suMiprosants mikpomeepoocmi, H,, Mo NOB’43aHO SK 13 PI3HOMAHITHICTIO (OpM, B
SAKUX OJCPKYBAIHNCH 3pa3ku (CTPIUKH, MJIACTUHHU, CTPUXKHI), TaK 1 HIUPOKUM KOJIOM
JOCITIPKEHUX CIUIAaBIB 1 3pYYHICTIO IILOTO METOJy. 3 BUKOPHUCTAHHSIM HaBEJICHOTO B
JiTepaTypl Koe(ilieHTy HpomnopuiiHOCcTI MK H, Ta MeXew IUIMHHOCTI, dy, IJs
aMop(HUX 1 KpUCTATIYHHUX CIUIaBiB Ha ocHOBI Fe (H, = 3,50y) [105] BumipsHi B poboTi
3HAQYEHHS  MIKPOTBEPAOCTI  JO3BOJIAIOTH  OIIIHUTU 10  BAXJIMBY  TEXHIUHY
XapaKTEPUCTHUKY CILUIABIB.

BumiproBanna H, cTpiukoBux Ta 00’€MHHMX 3pa3KiB MPOBOIWIM 32 JOINOMOIOIO
crannaptoro mikporsepaomipy IIMT-3 mpu naBantaxensi 0,69 H 1 Butpumui 10 c.

HaBengeni B poOOTI 3HaueHHS MIKPOTBEPAOCTI OJEpKaHl IIISXOM YCEepPEIHEHHS
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pe3yabTariB He MeHil, HDK 10 icrutiB. OliHeHa B poOOTI MoxuOKa BUMIPIOBAHb B
3aJIe)KHOCTI Bl IKOCTI TOBEPXHIi 3pa3KiB Jiexkana B Mmexax 1,5-2 %.

Pigenv nracmuynocmi CTPIUKOBUX 3pa3KiB BHU3HAYaBCS 3a PajlyCoM KPUBU3HH,
IIpU 3HAYEHHI SKOTO BiAOYBAJIOCH PYMHYBaHHS CTPIYOK, 3aTUCHEHHMX MIXK IUIOCKUMU
miactuHamu [106]. s icniuty 3pa3ok BuruHaBcs y U-monioHy dopMy 1 po3MinyBaBcs
MDK TUTAaCTUHAMHU BIJILHOIO TTOBEPXHEIO Ha30BHI. BiHOCHa Aedopmarliist pyHHYBaHHS, &f,
IIpH K BigOyBaBcs 3J1aM 3pa3KiB OIliHIOBaiIach 3a ¢popmyioro t/(d — t), me t — ToBoMHA
cTpiuku, a d — BifiIcTaHb MK IUTACTUHAMU B MOMEHT pyHHYBaHHs. TakuM YWHOM, JJIs
riacTiIHUX 3paskiB d = 2t i & = 1. OneprkaHi 3HAUYCHHS & YCEPESTHIOBAIUCH 32 JAHUMU
5 ICHUTIB 3 BUKJIIOYEHHSIM DPE3YyJIbTATIB, B SKUX IJIACTUYHICTh OyJia B JEKLIbKA pa3iB
MEHIIIO0, HIXK Y OLIBIIIOCTI BUMIPIOBAaHb.

Jlns BHU3HAYEHHS MEX1 MINHOCTI aMOp(QHUX CTPIYOK y BHUXIJHOMY CTaHI
BUKOPHCTOBYBaJacsd po3puBHa MammHa «lHCTpoH». 3pa3ku y BUTIAIlL CTPIYOK
BUNPOOOBYBAIUCh Ha OJHOBICHUU po3Tar. B Tabin. 2.3. HaBeneHi TIeOMETpUYHI
napamMeTpu BHUIPOOYBAHMX 3pa3KiB CTPIYOK CIUIABIB PI3HOTO XIMIYHOIO CKJIaAy Ta
HOMED 1X BUJIUBY.

B mporeci BunmpoOyBaHb 3anucyBajiach KpHMBAa HABAHTAXKEHHS B KOOPAMHATAX

sycuiuisi-faedopmariis. HanpykeHHst pyiiHyBaHHSI BU3HAYAJIOCh 3a (DOPMYJIOHO:

o=_—, (2.1)

ne F, — moyaTkoBa IUIOIIA IMONEPEYHOIO MEPETHHY 3pa3ka, P— HABAHTAXKEHHS B

MOMEHT PyUHYBaHHS.

BusHaueHHs HanpyXeHHs pyWHYBaHHS IS nepmux o0 emuux 3paskis (bulk) -
maactuHn  civeHHsaM 2x10 mm? i3 cmaBiB HBRM-4 (B-375) Tta HB-2 (B-380)
MIPOBOIUIIOCH MIISIXOM BUIPOOOBYBAaHHS HA mpumouxosuii 3eun (puc. 2.2).

Takuii Bun BumpoOyBaHHS Mae IepeBaru IMepea BUMPOOYBaHHAM 00’ €MHOTO
METaJIEBOTO CKJIa Ha OJHOBICHUH cTHCK. e 00yMOBIE€HO TUM, IO MPU TPUTOUYKOBOMY

3TUHI pyWHYBaHHS BiAOyBa€Tbcs B YMOBax JAii PO3TATYIOUMX, a HE CTHUCKAIOYUX
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HaIpy>XeHb, 10 J03BOJISIE€ BUSHAYUTH MIIHICTh MaTepiaty npu OUIbII HECTIPUSTIUBOMY

BapiaHTI HAaBaHTAXEHHsI, KPIM TOTO, MPU CTUCKY 3pa3KiB, BUCOTA SKUX MEHIIA TPhOX

JlaMeTpiB, Ma€ MiClie CYTTEBUI BIUIUB TEPTS Ha TOPLEBUX MOBEPXHAX, IO 3aBUIILYE

BEJIMYMHY HaNpyKEHHS PyWHYBaHHS, a MPU HAJATO BUCOKUX 3pa3Kax MOKIJIMBa BTpaTa

CTiiKOCTI 3paska 3a Eitnepom.

['eoMeTpuyHi mapaMeTpu 3pa3KiB

Taomur 2.3

Cruas Crmias HB-2, | CouiaB HBCY-1, | Cnas HBCY-2,
(B-370) (B-367) (B-368)
ToBmumHa, MM 0,030 0,025 0,022
[[upuna, MM 114 7,6 10
JloBkrHa po60Y0i YACTUHU, MM 50 50 50
P

O

O

Puc. 2.2. Cxema HaBaHTa)KE€HHS 3pa3Ka MpH BUMTPOOYBAHHSAX HA TPUTOUYKOBUHN 3THH

Hanpy:xeHHst pyliHyBaHHSI BU3HA4aJIOCh 32 (POPMYJIOLO:

(2.2)

ne P — HaBaHTa)XeHHS B MOMEHT pyiiHyBaHHs, | = 40 MM — BijicTaHb MK OITOpaMH,

b = 2,06 MM — ToBIIMHA 3pa3ka, h = 10,17 MM — mupuHa 3paska.
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I3 mnactunku crmaBy HB-2 (B-380) Bmamocs Bupizatu Juiie OJUH 3pPa3oK
MIHIMQJIBHO HEOOX1MHOI MOBXKKUHU — 50 MM. 3 oTpuMaHnoi mactuHu ciiay HBRM-4

(B-375) Gyno Bupizano 2 3pa3ka. Cxema BUpI3KU 3pa3KiB HaBeAeHa HA puc. 2.3.

Puc. 2.3. Cxema Bupi3ku 3pa3kiB: | (HWKHS yacThHA) Ta 2 (BEpXHsI YacTUHA) —

HOMEPH 3pPa3KiB.

Enexmpuunuii onip ma mepmiunuii koeiyicnm onopy (TKO) amopdHUX CTpidoK
BUMIPIOBAJIM In Situ aBTOMATH30BaHMM UYOTHPU3OHAOBUM METOJOM Ha MOCTIHHOMY
CTpyMI [P MBUAKOCTSIX HarpiBanHd 5 — 40 K/xB. B npomy meroai BriuBu Tepmo-EPC,
O0OyMOBJIEHOI HAsBHICTIO CIA0KHUX TEMIEpATypHUX TPaJl€HTIB, BPAXOBYBAIM ILISIXOM
yCEpeOHEHHs MO3UTUBHOI Ta HETaTUBHOI HANpPYrd Ha 3pa3Ky. ENeKTpuuYHI 3aTHUCKHI
KOHTaKTH 3pa3KiB JUIsl BHUMIPIOBAHHS €JEKTPOOIOpy 3ade3neuyBaiv CplOHUMU
MJIACTUHKAMHU TOBIIMHOKO 3—4 MM.

Mixpo- ma nanocmpykmypy WBHUAKO3arapTOBaHUX CTPIUYOK Ta CKOJIB 00’ €MHHX
3pa3KiB JOCIIKYBAIU METOAOM paACMpOBOi eNeKmpoHHOi MIKPOCKONii Ha MIKPOCKOII
Tescan Mira 3 LMU. TexHiuHi XapaKTepUCTHUKNA MIKPOCKOITY:

- npuckoproroya Hampyra: 200 B — 30 kB;

- MPOCTOPOBA po3ibHA 31aTHICTh: 1 HM mpu 30 kB, 2 uM ipu 3 kB;

- MPOCTOPOBA PO3JILTbHA 3/IATHICTh B PEKUMI HU3BKOTO Bakyymy: 1,5 HM mpu

30 kB, 3 am - 3 xB;

- pexuM Hu3bKoro Bakyymy 7 — 150 Ila.

- 301pmeHHs: 3,5x — 1 000 000x.

Jlnsg  Ounbll  TMOBHOI  XapakTepu3alli  CTPYKTypU  3pa3KiB  JOJIATKOBO
BUKOpucTOBYBayin Mikpockon JEOL JSM — 6490 LV, 10-20 kV. [ocmimkeHHS
MOBEPXHI IUIACTUH Ta BIANAJIECHUX CTPIYOK Oe€3 morepeaHboi 0OpoOKH MPOBOIUIUCH Y

peXUMax BiIOUTUX Ta BTOPUHHUX €JIEKTPOHIB.
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2.5 TexHoJIOT14H1 0COOMBOCTI OTPUMAaHHS BUXIHUX CIUIaBIB, aMOP(MHHUX CTPIYOK
Ta 00’€MHHX 3JIMTKIB 3 aMOp(hHOI0 Ta/abo aMOphHO-HAHOKPUCTAIIYHOIO CTPYKTYPOIO.

OI1IHKY MIBUJKOCT1 OXOJIO/IPKEHHS pO3ILIaBy

2.5.1 TlpurotyBaHHs BUXIJHUX CIUIaBIB 3 YHCTUX KOMIIOHEHTIB Ta MPOMHUCIOBO1

CUPOBHUHHU
CmiaBu HOMIHAJIBHUX CKJIaJIiB (maca HaBa)XyBaHHS — 1 kr)
FeegMn1M04cr2C7P1()B5Si2, Fe55NigCOeMO4CT2V1A|2P9CGB5Si2 1

FE5oyoNi1gyoCr6|5M01‘5V1Bl4,1C215P4‘4Si1, MO3HAYEH1 z[ani SIK HBPC-4, NHRP-6 1 NHRP-4
BIJINIOBIJTHO, & TaKOX 1HII (CKJIaJ SKUX 3a pe3yjbTaTaMu PEHTIeHO-()IyOopeceHTHOTO
aHaJi3y HaBeleHO B TabOi. 2.1) BUIUTABISINCS B IHAYKIIHHIA Tedi B KBAPIIOBUX THUIJISIX
B armocdepl Ar 3 CyMmill XiIMIYHO YUCTUX MeTaliB (= 99.8%), MOdiKpUCTaIIYHOTO
kpeMHito (99.9%) 1 miratyp FesC (monepenHbo CHHTE30BaHOI 3 apMKO-3aji3a 1 rpadiTy),
Fe,B (cuHTe30BaHO1 3 apMKo-3aii3a i ¢epo-0opy ®b-20) i pepodochopy OD-16 (Fe —
16 mac.% P). BumnaBka miratrypu FesY s mpuroTtyBaHHSM CIUIaBiB 3 1TpieM
MpoBOAMIIACS B JOyroBid mewi. BuxigHi X cmuraBd Macoro Onu3pko 1 kr 3
BUKOpUCTaHHAM Jiratypu FesY He MokHa OyJio MPUTOTYBaTH TOCUTH TpUBaiuM (10 20
xB.) BU nepernnaBom B TUIIISIX 13 KOPYHY UM KBapIly 0€3 iCTOTHOTO 3MEHIIICHHS BMICTY
ITpit0 B CIUIaBl Ta 30aradyeHHs MOro ajloMiHIEM YU KpPEeMHieM, BiAMoBigHO. Tomy
BIIMOBIAHUM cIuiaB 3 1TpieM (3 Jiratyporo FesY) roryBaBcst 6e3nocepe/lHbO B OJTHOMY
KOpoTKOoMy (BiZl 2 1m0 5 XB.) IUKII TJIABJICHHS OE3MOCEPENHbO TEpea TapTyBaHHIM
posmiaBy (Big 0,05 mo 0,5 kr).

Cxutan nmiraTyp Ta BUXIIHUX 3JIUTKIB IEPEBIPSABCS 32 IOMOMOTOI0 PEHTI€HIBCHKOTO
dbayopeclieHTHOrO0 Ta CTpyKTypHOro asamiziB. Ckiaj BYyIVICHIO  J10JAaTKOBO
YTOYHIOBAJIM XIMIYHUM CHEKTPAIbHUM aHaJ130M MpU CHAIOBaHHI 10 3 T AMCIIEPCHOTO
noponiky. XiMIYHUHN aHaI3 IBUIKO3arapTOBaHUX CTPIYOK, 3arapTOBAHUX CTPUIKHIB Ta
IJIACTHH JIOBIB 100PY BIAMOBIIHICTH 33JJaHOMY BMICTY METAJIOI/11B Ta ITPIIO B HUX.

OCHOBHUMH OCOOJIMBOCTSIMU THAYKITIHHOT TUTABKU 3 BUKOPUCTAHHIM TIPOMHUCIOBUX

METaIypridiHUX JIraTyp Ta KOMIIOHEHTIB TEXHIYHOI YMCTOTH Ta OTPUMAHHS BHXITHHX
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3JIUTKIB HOBUX €KOHOMHO-JIETOBAaHUX CIUIaBiB Ha OCHOBI cuctemMu Fe—C—P-B €:

— BUKOPUCTAHHS SIK CHPOBUHU MeTanypriitHoro dhepobopy ®b-20, dhepodocdopy
OP-20-6, ®D-16 Ta yaByHy 3 pI3HUM BMICTOM BYTJIELIO; a TakoX (HepoH1001€BOi
niratypu ®H6-60;

— BY mnaBka cnouatky npomixkaux jiratyp FesC, Fe;B 1 FeNbSi, a notim crinaBy
3MIMCHIOETBCS B 3aXHUCHIH aTMocdepi aproHy YW BYTJEKUCIOTH ITCHS BiJKAYKH
MJIaBUIILHOT KaMepHu (OpBaKyyMHHM HaCOCOM;

— TUTaBKa TIPOBOJUTKCS 0€3 3aCTOCYBaHHS (IIFOCIB, OCKIJIBKHM PO3IUIABJICHI OKCHUJIU
00py yTBOPIOBAJIM HA MOBEPXHI PO3ILIABY JOCUTH IIIJIbHY 3aXUCHY IUTIBKY, KUIbKICTh B
y cknani giratypu FeoB ta C y cknaai mirarypu FesC BBoauThest 3 3amacom 3 mac.%
B1JI HOMIHAJY;

— Tiepen KiHIEBUM MIUXTYBAaHHSAM CIUIaBY BHOpPAaHOT MapKd CIOYATKY IPOBOIHIIN

padinyrouy BU-mnaBky cyminii IpoMUCTOBUX (PEpOCIIaBiB 3 Y4aBYHOM:

— KiHIIeBe padiHyBaHHS PO3IUIABY 3A1MCHIOBAIIM 3 BUKOPUCTAHHSIM (IIIOCIB, 1110
MicTaTh B0z, CaO, MgO Ta iHIII OKCHAM B pPI3HUX CHIBBIIHOIICHHSIX, a00 3
BUKOPUCTAaHHAM (IIIOCY, IO € MOJIOJEHOBUM CKJIOM 3 HHU3BKOIO TEMIIEPATypOIO
ToryieHHs. JIIs OTpUMaHHS YHMCTHX 3JIMTKIB BHUXIAHUX CIUIaBiB HEOOX1AHO OyIio
MPOBOJUTH MIHIMYM JBI IJIABKH i QIIFOCOM;

— PO3JIMBKA CIUIaBy (MEPEBOPOT THUTJIS 3 PO3IUIABOM B 1HIYKTOP1) 3A1MCHIOETHCS B
rpadiToBy BUJIMBHHUIIIO Ha MOBITP1 a00 B 3aXUCHIN aTMOC(Epl aproHy.

Bukopucrane momibaeHoBe ckiio (mpuoiausnuii ckiam: 2P20s5-9Mo03-2K20-Nay0)
XapaKTEPU3YEThCS HU3BKOK TEMIEPaTypor mo4arky mnom sikmenns — 300 °C, mo
3a0e3MeUnII0O BUCOKUH CTYITIHB 3aXUCTY CIIABY JIO MTOYATKY HOTO TIJIaBICHHS.

B Tabmumi 2.4 HaBe[eH! MPUKIAIW MUXTYBaHHS HOBHX CIUIaBIB 3 Tabim. 2.1, 1o
3M1MCHIOBAJIMCS MPHU BIJNPALFOBaHHI MJIABKK Ta PO3JIMBKHU Ha MOBITP1 BUXIAHUX 3JIUTKIB

PO3pOOJICHUX CIUIABIB.
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Taomurg 2.4

[Tpuknagm BUKOPUCTAHMX IIUXTH TPOMHCIOBUX (PEpOCIUIaBiB Ta IHIIMX
KOMIIOHEHTIB TE€XHIYHOI YMCTOTH (Maca HaBejeHa B I'paMax) IPH BUILIABIN 5 Kr

3JINTKIB HOBUX CILIABIB

OX-
Mapka |400A /|®B-20/ ®Bn-70] ®Mo- |FeNbSi|Yasyn/| Fe |Ni/Co//Mu-965| Kp0 ;Z_ng
CILIaBy 001A | Fe2B | /W |60/ Mo| /Nb | FesC |Apmko| Cr IV | Al
11800 //DD-16
HBPC-3 /1275 665,8 /933 | 722 | /1243 | 25,2 |12,9 | /1129
HBPC-4 /163,2 | /1624,8 652,4 /1281 | 196,3 56,0 | 51,6 | //1975
NHRS /602 | 750 1176 1740 | 1150 125
(Col) /705
NHRP-6 1684,9 /1387,7 /1092 | 41,7 | 474,6 | /51,5 | 56,8 | //1760
/357,3 /54,5
//105,1
HB-4 /I 317 | /2583 | 276,2 | 159,4 | 132,5 922 | /435 |/1074
/58,3 1113,5
HBCY-2-1 | //997 | 482,3 | 931,5 | 1396 - 432,8 - /263 | 18,7 |/21,1| 457,6

2.5.2 OneprkaHHs MIBUAKO3arapTOBAHUX CTPIUOK

[IpoTsiroM BUKOHAHHS JUCEPTaIiitHOT poOOTH OYyJI0 PO3pOOJEHO Ta CTBOPEHO
Jlocniguuii 3pa3ok rapTyBajdbHOTO OJIOKY Uit Haja mBujakoro oxonomkenns (HIIIOP),
SKUH € OCHOBHOIO CaMOCTIHHOIO YaCTHHOK YCTAaHOBKH BIJKPUTOTO THITY JJIS
OTpUMaHHS aMOP(HUX Ta HAHOCTPYKTYPOBAHHUX CTPIUOK (pHc. 2.4).

OCHOBHUMH KOHCTPYKTHUBHUMH Ta €KCIUTyaTal[iIiHUMU  XapaKTePUCTUKAMHU
JOCITITHOTO 3pa3Ka TapTyBaJIbHOTO OJIOKY OOJiaHAHHS 11 OTpUMaHHS TOHKUX (18—
50 MKkM) MeTaneBUX CTPIYOK 3 aMopHO Ta aMOpPHO-HAHOKPHUCTAIIYHOIO
CTPYKTYPOIO METOJIOM JIUTTS IMJIOCKOTO TOTOKY PO3IUIaBy Ha JHMCK-OXOJO/KYBad, IO
IIBUIKO OOEPTAETHCS €: MPOIYKTUBHICTH OTPUMAHHS IMIBHIKO3arapTOBAaHOI CTPIYKUA —
0,5-2,5 kr/mmkn; TeMmmeparypa HarpiBy posmiaBy — 10 1650 °C; mBHUAKICTH CXOIy

c(hOopMOBaHOI CTPIYKH (J11ara30H PETYIIOBAHHS pOOOYOi JIHINHOT MBUAKOCTI 0OEpTaHHS
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rapTyBasibHOTO JHcKy) — 10-30 m/c; mmpunHa cTpiuku — 3—25 MM; THUIIOBA MIBUAKICTh

0X0J10KeHHs po3miaBy — (5-10)-10° K/c.

a §)

Puc. 2.4. Jlocnigauit 3pa30k rapTyBaJIbHOTO OJIOKY YCTAaHOBKU BIAKPUTOTO TUITY
IUIsL OTPUMAaHHS aMOP(pHUX Ta HAHOCTPYKTYpOBAaHUX CTPIYOK (a); mpouec
rapTyBaHHs po3IiaBy Ta oTpumana crpiuka craBy NHRS-(Col) mmpunoro 4

MM (0)

BcranoBieHo, 10 XIMIYHMIA CKJIa CIJIaBy, 30KpeMa piBeHb JOMIIIOK, BHECEHUX Y
CILJIaB 3 TIPOMUCIIOBUX (DEpOCIIaBiB, MOMITHO BIUIMBAE HA HOTO TEXHOJOTIYHICTh MPHU
3arapTyBaHHl po3iuiaBy. Bukopucrani wmetonu padiHyBaHHS poO3IJIaBy, B T.U.
3actocyBanHs BY-mmaBku mig ¢irocom, TO3BOJWIM OTPUMATH SKICHY CTPIUKY TPHU
PO3IMBII OJM3BKO 2 KI' €KOHOMHO-JIETOBAaHOTO PO3ILIABY.

Hatikpaiii muBapHi BIaCTUBOCTI MM CIiaBu 1-01 1 3-01 rpynu, JleroBaHi HikeJleM
(mo 20 ar.%) ta kobameToM (10 8,5 aT.%). Ha puc. 2.5 6 naBeneni gororpadii mporiecy
rapryBaHHs posmiaBy cruiay NHRS-1 3 BuUKOpUCTaHHSIM  JOCHIHOTO 3paska

rapTyBajibHOTO 050Ky obnaananns st HILIOP.
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Cepen CTpIYKOBUX CIUIABIB CIiJ BUJAUIMTU TUIACTUYHUN (DYHKI[IOHATBLHUN CIUIaB
XKBPC (NHRS-(Col)), ma sxuii momaHO 3asiBKy Ha BHHaxin «Pe3uctuBHUI
KOpPO31MHOCTIKMIT aMOphHUM CIUTaB Ha OCHOBI 3aili3a» 1 OTPUMAHO CIIOYATKY
JeKJapaliiHuil mateHT Ha KopucHy mojenb Ne 86157 (Omy6xa. 10.12.2013 p. Brom.
Ne 23), a motim natent Ha BuHaxig Ne 104983 (Ony6uikoBano: 25.03.2014 p.)

[InacTuyHi CTPIYKH TOBIIMHOKW 1822 MKM, mo ButpumyBaiu 180° meperus mo
HYJBOBOMY pajiycy, Oynu oTpumani Takox i3 cruiasiB HB-4, NHRP-4 ta NHRP-6 npu

rapTyBaHHi JI0 2,5 KT pO3ILJIaBy.

253 OpepxanHs o00’eMHUX aMOpPHMX Ta HAHOKPUCTAIIYHUX 3pa3KiB

(MJIaCTUHOK, CTPHMKHIB) HOBUX CKJIQJTHO-JIETOBAHUX CILJIaBIB

B pamkax guceprtauiitHoi poOOTH 3 BUKOPUCTAHHSM BUTOTOBJIEHOTO OOJaJHAHHS
st BU miaBku ta otpuMaHHs 06’eMHOaMOPp(]i30BaHUX 3IUTKIB (CTPHXKHIB) TIEPEPi30oM
Bim 3 10 200 MM? METOZOM PO3JIMBKH PO3IUIABY IIiJi THCKOM B MiTHMII KOKilb B
3axuCHIi atMocdepi aprony (puc. 2.5). Oynu oTpumani maibke 100% B amopdHOMY

ctani npytku ciaBie HBCY-1-1 ta HBCY-2-1 toBuunoto 3-3,5 MMm.

Puc. 2.5. YcranoBka mns BY-mnaBkm Ta orpumanHHs 00’ eMHOamMOp(]izoBaHUX

3NUTKIB (IJIACTUH Ta CTPHKHIB) mepepizoM Big 3 10 200 mm?
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["aptyBasibHUM OJIOK OOJaHAHHS SBJISIE COOO0 HAOIp MITHUX JUBApHUX (HOPM
KPYIJIOrO Ta MPSIMOKYTHOTO CIYE€HHS, CTPWKHEBOI (KOHYCHOi), IJIaCTUHYATOI Ta

KJIUHOBHUIHOT (hopmu (puc. 2.6).

Puc. 2.6. Migumii rapryBanpamii 0ok s HILIOP (a) — nBomicHa nuBapHa
miactuHyarta Qopma nepepizom 2x10x250 mm® Ta 5%20x250 Mm?;, (6) —

KJIMHOBUHA rapTyBaibHa Gpopma (3x10-2x8)x160 mm?

OO6namuanHg Uit OTpUMaHHS 00’ eMHOaMOp(130BaHUX 3IUTKIB (CTEPKHIB UM
IJIaCTHH) 3a0e3Medye: TeMIepaTypy HarpiBy posmiaBy — 10 1650 °C; BeIu4nHy TUCKY B
wraBmwibHIA kamepi — 0,5-1,2 6ap Ta 3adMIIKOBOTO THUCKY MPU BaKyyMyBaHHI —
10 mBap; BenMUMHY HAIIMIIKOBOIO THCKY €XEKTyBaHHsA posmaBy — 0,45-1,7 Gap;
noXUOKY BUMIPIOBaHHS TEMIIEpAaTypH PO3IJIABY B IJIaBUIIBHINA Kamepi 10 + 5%; ciueHHs
37MTKIB Bif 3 1o 200MM?, noBxuHa Bif 25 10 250 MM.

Ha puc. 2.7 HaBeneHi oTpuMaHi IUIACTMHM HaHOKpucTaiiyHoro criaBy (HBRM-4
TOBIIMHOIO 3 MM.) Ta TOJAPIOHEH! MIMATOYKH CTPWXKHEBUIHOTO aMOP(HOTO 3JIUTKY
(HBCY-1-1 toBummHO©O 2—3 MM).

3arajioM, 00'eMH1 3pa3Kd OTPUMYBAIM IUIAXOM 3aJIUBaHHA a00 €XKEKTyBaHHS
po3ruiaBy miJ HaaumkoBuM TuckoM 50 klla B mMacuBHI MiJHI BWJIMBHHIII BHCOTOIO

120 mm mpsamoxyTHOro moctiiiaoro (5x10 mm?) a6o kmuroBumHOro ((0,5-2,5)x10 MMm?)

nepepizy.
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Jidddgian T

v

Puc. 2.7. 3oBHimHIN Bursi 3nuTKiB ciiaBiB HBRM-4 tommHo0 3 MM — (a) Ta

HBCY-1-1 roBmuHO©O 2,5-3 MM — (0)

BuroroBieni 101aTkoBi rapTiBHI OJOKHM OCHAIIEHHS 3a0€3MeuyloTh BapirOBaHHS
IIBUJKOCTI OXOJIOJDKEHHS PO3IUIaBYy B TOMY YHCII B OJIHOMY Ipolieci (KOHYCHI Ta
KIMHOBI MigHi BrumBHUIG). Iloka3zaHo, 1m0 IsI E€KOHOMHO-JICTOBAaHUX CILIABIB
OTpUMaHHS aMOpP(GHO-HAHOKPUCTAIIYHUX IJIACTUH, YW TNPYTKIB MOXKHA 3/1HCHIOBATH
IIUISIXOM BEPTHKAIBHOTO €KEKTYBAaHHS PO3IUIABY ITiJl JOCUTHh BEJIUKUM HAJTHIIIKOBHUM
tuckoM (1o 60 xIla) um mpocrtoi 3anuBKM B MacuBHUM MigHuii Omok. Ha puc. 2.8
IPOJAEMOHCTPOBAHO CaMe TaKUii METOJl OTPUMAHHS TIIACTUHOK mepepizom 3x10 ta 5x10

MM?2.

B)

Puc. 2.8. VcranoBka g BU-maBku Ta oTpuMaHHA 00’ eMHOaMOp(i30BaHUX

3uTKiB (MJIACTMHOK 4YM CTPWXKHIB) mepepizom Big 3 mo 200 Mm? B 3axMCHii
atMocdepi (a); mpoliec OTpUMaHHS IUIACTUHOK HaHOKpHcTaidiyHoro criapy HB-4
nepepizom 3x10 Ta 5x10 MM? 3aIMBKOIO PO3ILIABY B MiJHHUI rapTyBalbHUN OGIOK

Ha 1oBiTpi (0)
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3a paxyHOK BEPTHKAJIBHOI KOHCTPYKII (pOpMH MOTIK PO3IUIaBy 3allOBHIOBAB BiJ

1/3 no 2/3 Bucotu nmuBapHoi Gopmu. [Iporec 3anuBku mMpoaoBKyBaBcs He noBuie 1 c.,
110 3a0€e3MeynsIo Ipy TrapHid ajaresii nmeperpiToro pos3iiaBy 0 CTIHOK JMBapHOi hopMu
BHUCOKY INBUIKICTh OXONIO/pKeHHs. Ha pucynky 2.9 a HaBemeHa TepMorpama
(mipomerpuuHa KpuBa) oxosopkeHHs posmiasy HBCY-2, orpumana 6e3mocepenHno
nepes; MoYaTKOM HOro HarpiBy Ta €XKEKTyBaHHs. 3 MPHUBEACHOI 3aJ€KHOCTI MOXKHA
YITKO BH3HAUYUTU TemImepaTypy JikBimycy. Ha puc. 2.9 6, B HaBeneHi TepMorpamu
IpOLECY rapTyBaHHS LIbOTO PO3IUIABY IPU OTPUMAHHI aMOP(PHOI CTPIYKU Ta 00’ €MHOTO

3pa3Ka, BIJIOBIIHO.

Caag HBCY -2, B-366, (mipomerp IMPAC) ‘ Cnaas HBCY -2, B-368 (mipomerp IMPAC) Cnaas HBCY-2, B-372 (nipometp IMPAC)
1500 T T T T T T T

T
1300 4 T, =1265'C

1100 =
T EREKTYBaIHA
1000 3aurok, b=5 mm
- e

T T T T T T T T T T T T T o T
1618 1620 1622 1624 1626 1628 1630 1632 1634 1636 1638 1640 1696 1698 1700 1702 1704 1706 1708 1710 1712 1714

=00 m0m0=0=0—0gmbmingro - T =1380°C

1150 4
T eREKTYBAHHS

Temneparypa, c
Temneparypa, 'C

1100 4 Crpiuka

. o
Temnepatypa posniasy, °C

1050 4

1000

T T T T T T
500 600 700 800 900 1000 1100
Yac narpisy, cekyHan

a) 0) B)
Puc. 2.9. Tepmorpamu (mipomerpuuni kpuBi) posmaBy HBCY-2: a — mpu

Hac narpisy, cexysm Yac HarpiBy, CeKyH/ M

MOBIJILHOMY OXOJIO/DKEHHI 3JIUTKY; O — B mpoiieci otpumanHs ctpiuku HBCY-2
(Bara 60 r); B — B mpoI1ieci OTpUMaHHs aMOpP(PHO-HAHOKPUCTATIYHOTO 00’ €MHOTO

3paska ciueHHsaM 5x 10 mm?, Baroro 90 r

Pi3ke nmagiHHs TemnepaTrypu po3IUIaBy B TOYIl MOrO MOMaJaHHsS HA rapTyBaJIbHUM
JUCK 4YM B JIMBapHy (opMy Ha TepMorpaMax CBIIYUTh MPO 3aBEPILICHHS MPOLECY
OTPUMAaHHs IIBHJKO3arapToBaHHOro wmarepiany. OCKUIBKM MpoIllec 3alMBKU Ta
TBEpAIHHS 00’ eMHMX 3pa3kiB Macoto Bia 40 10 100 r B muBapHiit hopmi MPOAOBKYBaBCS
He jJoBuie | ¢, TO, BpaXOBYIOUM PI3HUIIIO TEMIEpaTyp IMOYaTKy PO3JIUBKH PO3ILJIaBY
(1250-1400 °C) Ta 3aBepiieHHs1 TBepAiHHS (TemmnepaTrypa dhopmu Oyma 6au3bko 25 °C
MICTIsl 3aBEPIIEHHS] €KCIEPUMEHTY), MIBUAKICTh OXOJIOHKEHHS TUIACTUHOK BWJIMTHX T

THCKOM MOKHA OLIHUTH Beanuunow > 10° K/c. Ilpu npoMy, OpUPOIHO, IO MIBUAKICTH
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OXOJIOJPKEHHSI HUKHBOI YaCTUHU TJIACTHHKH, HE3AJIEKHO Bif il TOBIIMHU, Oy/e 3aBXKI1
BUIIOIO HI’K BEPXHBOI.

OCHOBOIO TEXHOJIOTTYHOI CXEMHU OTPUMaHHS 00’ €MHUX 3pa3KiB OyJIO €KEKTYBaHHS
MIEBHUM YUHOM OOpOOJICHOro (TMEperpiToro Ta BUTPUMAHOIO) po3iuiaBy. BaxiamBum
dbakTOopoM B IIbOMY MpoIrieci OyI0 MOCATHEHHS MiHIMAIbHOI B’SI3KOCTI PO3IUIABY IS
3a0e3MeYeHHs] MIBUAKOTO Ta TOBHOTO 3alOBHEHHS TapTyBalbHOI (opmu. B mpomy
BiHOMIEHHI HaHOUTEI mepcriekTuBHUME € crutaBu NHRS (Co-1), NHRP-4, NHRP-6,
HBPC-4, HB-4 ta HBCY-2 (oTpuMaHa HaiMIIIHIIIA IUIACTHHKA TOBIIMHOIO 2 MM). Cirif
BIJI3HAYUTH, IO OCTaHHIN CIUIaB HE MICTUB BOJbdpamy Ta ITpito, aje OyB YaCTKOBO
amMmop(HMM, XO4a MOro JIMBapHI BJIACTHBOCTI OyJIM HE ONTUMAJIBHUMH, 30Kpema
KiHEeMaTHU4HA B A3KICTh OyJia 1[0 HE HAMBUIIIOKO.

TakuMm dYHHOM, 3amMpONOHOBAHA TO CYTI HOBAa METOAMKA OTPHMAaHHS, B T.4.
aeroBanux P3M, mBuako3araptoBanux ciuiaBiB  Fe—(Ni,Co,Cr,Mn,Mo,W,V,Nb)-
(S1,B,C,P), mo 3abe3neunsia opMyBaHHS MEPEBAKHO aMOP(HOrO CTaHy B IUIACTHHAX
nepepizom 10 40 MM? Ta HAHOCTPYKTYPHOTO — B macTuHax 10 100 Mm2,

Po3pobneni TexHomyorii oTpuMaHHs 00’eMHOaMOp(}i30BaHUX IUIACTUH MAacoOi0 0
0,5 KI/IUKII € TepeayMOBOIO IIMPOKOTO BIIPOBAIKEHHS PE3yJIbTATIB JaHOI HAYKOBOI

po0oTH.

2.6 OuiHKM MIBUAKOCTI OXOJODKEHHS 3pa3kiB y (opmi CTpiuoK, MIacTHH Ta

CTPWKHIB

@Di3UYHUM TMapaMeTpoM, 110 BH3HAYa€ CXWJIBHICTh CIUIaBy J0 amopdizamii €
MiHIMaJIbHA (KPUTHYHA) MIBUAKICTH OXOJOKEHHS, R¢, MpHU AKif MPaKTUYHO MOBHICTIO
NPUTHIYYIOTbCA ~ Tpolieck  (opMyBaHHS ~ KpUCTamiuHUX  (pa3 y  pO3IUIaBI.
ExcnepumenTtanbHO 3HaueHHS R Moxke OyTH BU3HAYEHO ULUIIXOM 31CTaBJICHHS
pe3yJbTaTIB CTPYKTYPHOTO aHami3y 3pa3KiB, OJepKaHUX IPU PI3HUX MIBUIKOCTSIX
OXOJIOJDKEHHS, 3 JaHUMHU TepMmorpadiudHoro asamizy. Jlas MeraneBuUX CIUIaBiB,
CXUJIBHUX 10 00’eMHOI amopdwu3alili, TaKui EKCIEpUMEHT MOxke OyTH 3A1HCHEHUM

OIIAXOM BI/IMipI-OBaHHSI KpUBHUX OXOJIOIKCHHA 3a JOIIOMOI'OXO cepu TEpMOIIap,
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PO3MIIIEHUX B3/I0BXX OOKOBOi MOBEPXHI KJIMHYACTO! BUJIMBHUIIl HA PI3HUX BIJCTAHSIX
BiJ HUKHBOI yacTuHH [107—-110]. 3a pe3ynpTaTaMu BUMIPIOBaHb KPUBUX OXOJIOKCHHS
OyJI0 BCTAHOBJICHO, 1110 IIBUIKOCTI OXOJIOJDKEHHS y BHJIMBHHII BucoToro 100 MM Ta
mupuHO0 10 MM y BEpXHIM 4acTHHI JIeXaTh Y MeKaxX ABOX MOPSIKIB BEJIMUYUHH (BI]
860 mo 9 K/c) [108] i 3HaxomATbCA y Aiama3oHi, B AKOMY BiOyBaeTbcs amopizarlis
nepeBakHoi KimbkocTi OAC. AHami3 peXuMmy TEIUIOBiAadl IMOKa3aB, 10 3HAYCHHS
kputepiro bio (hd/A, ne h — koedimienT TermoBiIIaYi Ha MEXi pPO3IUIAB BUIUBHUILA, D—
TOBIIMHA 1Py PO3IUIABY, IO TBEPJIE, a A — TEIJIOMPOBIIHICT PO3IUIABY) JICKUTH Y
Mexkax Bix 0,5 1o 0,05 [109]. Lle o3navae [111, 112], u1o KprBi 0X0JI0/KEHHS KOPEKTHO
aNPOKCUMYIOTBCSI ©KCTIOHCHITIAIPHIMH 3aJICKHOCTSIMH, @ IIBUIAKICTh OXOJIOKCHHS
IporopIiiiHa TeMrepaTypl 1 Koe(illieHTy TeIUIoBijjiadl Ta OOEepHEHO MpOoMopiiiifHa

TOBUIMHI IIApY, IO TBEPJIIE:

RC - h(T _TZO)/pCpD, (23)

ne Ty — Temmeparypa HiAKIAAKM (BUIMBHHIN), p — T'YCTHHa po3muiaBy, a C, — ioro
TEIUIOEMHICTh. 3 piBHSHHS (2.3) 6e3mocepeAHhO0 BUILIMBAE, 1110 MPOIECT OXOJIOMKEHHS
BOXJIMBY POJIb BIAITPAE SIKICTh TEPMIYHOTO KOHTAKTY MK PO3IIJIABOM Ta MOBEPXHEIO
BUJIMBHMUIII.

3 1HmOro OOKYy MAOCIHIPKCHHS KOHTAKTHUX ITOBEPXOHBb IIBUIKOOXOJOKEHUX
3pa3KiB, M0 TBEPAIIOTh Ha TEIIOMPOBIIHUX ITIIKIAJKaX, IMOKA3aJ0 HASBHICTh Ha HUX
TaK 3BaHUX T'a30BUX KaBEPH, JIc OXOJIOKCHHSI BiIOYBAETHCS Yepe3 TOHKHH Iap rasy, B
AKOMY BIJIOYyBa€TbCsl JIUTTS. BilHOCHA IUIONIAa TakWX JUISHOK, B SIKMX IIBUAKICTH
OXOJIOJIPKEHHSI ICTOTHO MEHIIA, HK y 30HAaX O€3MOCEepPEeIHbOr0 KOHTAKTY PO3IUIAaBy 3
MIJKJIAIKOI0, 3aJIeKUTh Bl SKOCTI MOBEPXHI BWJIMBHHIII Ta BiJI YMOB 3MOYYBaHHS ii
po3miaBoM. B cBoto uepry, Ha ocTaHHI# (HaKTOp CyTTEBO BIUIMBAIOTH TaKl TEXHOJIOT1UHI
napameTpu MPoIeCcy rapTyBaHHS PO3IUIABY, K THCK MiJ SKUM PO3IJIaB IPUBOJIUTHCS Y

KOHTAKT 3 MIAKIAJIKO0, Ta TemiepaTypa posmiay [113]. Bigmitumo, mo B 6araThox



56

excriepuMenTax (Hanpukiafd, [114, 115]) HaaaIuImIKoBUil TUCK, SKUM BUKOPUCTOBYETHCS
JUTSL ©KEKITlT po3IUTaBy y MiTHUHN KOKLUIb, ckiangae >0,1 MIla.

JlocnimkeHHsT TIOBEPXHI OJIepKaHUX y poOoTi 3MuTKIB (puc. 2.10) moka3yrTh, 1110
napaMeTpu MpoIecy JUTTSA OyJM JOCTaTHIMHU JIs 3a0€3MeUeHHs] BIIHOCHO IIiJILHOTO
KOHTAaKTy PO3IJIaBy 31 CTIHKaMU BWJIMBHHII, TPO IIO CBITYUTH BITOMTOK penbedy Ha
MOBEPXHI, a TakoXX 4yacTMHKUA MiAl (puc. 2.10 a). B To# ke yac BHCOKa HIOPCTKICTh
CTIHOK BWJIMBHHIII, SIKa € HACTIIKOM MEXaHI4HOi 00pOOKH, 0OYMOBIIIOE€ HU3BKY SIKICTh
KOHTAKTy B piBuaukax. HaiOunpm BiporigHo, IO caMe BIJIHOCHO HHU3bKa SKICTh
TEPMIYHOTO KOHTaKTy € MPUYMHOI0 HemoBHOI amopdizamii posmiasie HBCY-2 1
HBRM-4 B minactuHkax TOBIIMHOO 2 MM. JJI IepEBIPKH CTYNEHIO BILUIUBY HIOPCTKOCTI
0XO0JIOJIKYBaHOI MTOBEPXHI Ha €(PEKTUBHICTh MPOIECY TapTyBaHHS PO3IUIABY JOIIIHHO

MPOBECTU JIOJAATKOB1 €KCIIEPUMEHTH 10 JINTTIO Y KOKUIb 31 NUTI()OBAHUMU CTIHKAMH.

B)

Puc. 2.10. 3oBHimHi# Buris 3auTkiB crutaBiB HBCY-1 ToBmmHo0 5 MM (a, 0)

ta HBRM-4 ToBIIMHOIO 3 MM

Bizyanbuauit anani3 nosepxsi miactut 31 criasie HBCY-1 ta HBCY-2 ToBmuHOIO
5 MM MoKa3aB HasiBHICTb MaKpOCKOMIYHUX TpiuH (puc. 2.10 0), siKi HE COCTEPIraIuCh
y 3JUTKax IIUX CIUIaBIB MEHINOi TOBIUHU (2 MM) 1 Ha TutacTuHax 3i cruiay HBRM-4
(puc. 2.10 B). OdeBugHO, 1O TPINIMHU € PE3yJAbTaTOM Jii BHCOKHX TapTIBHHUX
HaIPYXKEHb Y 3JIUTKY, sIKI YTBOPIOIOTHCS B MPOIECI OXOJOKEHHS 3JUTKY 32 PaxXyHOK
3HAYHOTO TEMIEPATYPHOTO TPAIEHTY, OOYMOBJICHOTO PI3HUIICIO TEMIIEPATyp PO3ILIIABY
Ta BWIMBHHUII y TO€AHaHHI 3 HU3bkuM (0mm3bko 4 B1/(M:-K)) koedimienTom

TEIUIONPOBIIHOCTI CIUIaBIB Ha OCHOBI 3amiza cucremu Fe—Cr—Mo-W-Si—-Mn-C-B

[109].
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OmuuM 13 MOMJIMBUX 3ac001B 3HMIKEHHsS PIBHS TEPMIUYHUX Tpai€HTIB Ta
BIJIMIOBITHO 3MEHIIICHHS BIPOT1IHOCTI YTBOPEHHS TPIIIMH, SKi HETATUBHO BIUIMBAIOTH HA
MEXaHIUHl BJIACTUBOCTI 3JIUTKIB, € TIAIIPIB BWJIMBHHUIN JI0 JOCTaTHHO BHUCOKHUX
temrepatyp (473—-573 K), gki TH He MEHII € ICTOTHO HI>KYMMHU TEMIEPATyp CKIyBaHHS
po3miasiB. Ciij TakoX OYIKYBaTH, 0 HEMHHYYE (3TigHO PiBHSAHHIO (2.3)) 3HUKCHHS
HIBUKOCTI OXOJIOJIKEHHS, 00YMOBJICHE MiJIBUILIEHHIM 20, MOKe OyTH KOMIIEHCOBaHO
3a PaxXyHOK IOKpAIleHHS SKOCTI TEPMIYHOIO KOHTAaKTy (MIABUIIECHHA KOEQILIE€HTY
TerutoBigaadyi h).

[Tpu orpumanHi 06’ eMHOaMOP(]Pi30BaHUX 3ITUTKIB (IJTACTHHOK Ta CTPUKHIB) HOBUX
CIUIaBiB, BUT'OTOBJICHUX pa(lHyBaHHSM 13 BUX1IHUX TPOMUCIIOBUX JIIraTyp Ta CHPOBUHU,
MOKa3aHo, 1110 caM€ METOJl PO3JIMBKU PO3IUIABY IiJ HAJIMIIKOBUM THUCKOM (BUIIMM 3a
0,5 aT™m.) B MITHUI KOKUIb TOBIIMHOIO 2—3 MM B 3aXHCHIM arMocdepl aproHy 4 rejiro
JTa€ MOXUJIMBICTh OTPUMATH I1X MaiKe IOBHICTIO B aMOp(pHOMY CTaHl, SK 1e Oyne
MOKa3aHO B HACTYITHOMY PO3JLII JJI1 CTPUKHIB JiaMeTpoM 3—3,5 MM, BUTOTOBJICHHX 31
cknagHoseropadux cmasiB HBCY-1-1 ta HBCY-2-1, o MicTSTh iTpii Ta aqtOMiHIMH.

Takum uuHOM, onepkaHi B poOOTI MIBUIKOOXOJIOHKEHI 3pa3Ku, MEPeiK SKUX
HaBeJIeHO B Tabunui 2.4, Manu GopMy CTPIYOK, TJIACTUH Ta CTPUKHIB Pi3HOT TOBIIUHHU.
BpaxoBytouu, 1110 0JiHI€I0 3 TPOOJIEeM, sika BUpPILTyBajgach B poO0Ti, OyJI0 BCTAHOBJICHHS
CXWJIBHOCTI  pO3MJIaBiB J0 amopdizaiii, B SKOCTI 3arajibHOi MOPIBHSIBHOI
XapaKTEPUCTUKU  OJEp>KaHMX 3pa3kiB  Oyno oOpaHO e(EeKTUBHY IIBHJIKICTh
oxonomkenHs, R. Sk Bimomo, 3HaueHHs R € o00epHEHO mNpPOMOpUIMHI TOBIIMHI
MIBUKOOXOJIO/DKEHUX 3paskiB, D (piBHsHHS 2.3), ajle aHami3 JITepaTypHUX KEpel
nokasye, o 3ajexxsHocti R(D) e pisHumMu asist pisHUX yMOB JIHTTS [116].

30kpema, aHaji3 eKCIepUMEHTAIbHO BU3HAUYeHUX B podoTtax [109, 110, 117, 118]
HIBUKOCTEN OXOJIOKEHHS B Mpolect JUTTA 00’ eMHuUX 3pa3kiB (D > 1 mm) (TBepAiHHS
pO3IJIaBIB y METAJIEBUX BWJIMBHHIIX) Moka3aB (puc. 2.11 a), mo 3B’s130k Mix R Ta

TOBIIMHOIO MOXe OyTH  3aJ0BUIBHO  ampOKCUMOBAHMMA  3aJCXKHICTIO  BHUIY

R = 10,58 + 989,05/D [mm].
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Puc. 2.11. YcepeaHeHa 3aleXHICTh IIBUIKOCTI OXOJOJKEHHS 00 €MHUX 3pa3KiB
topmuHOO D > 1 mm 3a manmmmu [109, 110, 117, 118] (a); (0) y3araibHEHHS
3ajeKHOCTI 1, HaBemeHoi Ha (a), 3 emmipuyHMMH criBBigHOmeHHsIMU R(D),
HABEJICHUMHU B TEKCTI, JIs TiacThH ToBIKUHOIO 100—1000 MkM (2) Ta /U1 CTPIUOK,

OJIep>KaHUX 3a METOJIOM CIIHIHT'YBaHHS po3IuiaBy (3)

B Toi1 ke yac, eKCiepuMEHTH MO BU3HAYEHHIO HIBUAKOCTEN OXOJIOKEHHS CTPIUOK
ToBUIMHOIO <100 MKM y MeTOoHl CHIHIHTyBaHHs po3muiaBy nokazanu [110], mo R €
Oimpin cunbHOKO (yHKmicro ToBmmaM IgR = 10,8-3,1xIgD [MxMm], a mis 1utacTuH,
TOBIIMHA SIKUX JEXKUTh y Mexkax 100-1000 mxm, B pob6oti [116] Oyno oxepkaHO
cruiBBigHomenHs IgR = 8,06-1,69xIgD. IIposenenuit B podoti [119] anamniz mokasas,
1o 3MmiHa xapakrtepy 3anexHocteir R(D), ska y3aranbHena Ha puc. 2.11 0, s pi3HUX
JI1ara30HiB TOBIIMHU IIBUIKOOXOJIOHKEHUX 3pa3KiB OOyMOBJIEHA 3MIHOK MEXaHI3MY
OXOJIO/DKCHHST BiJ OJM3BKOrO M0 1/eanbHOTO (y CTpiuKax) /10 HBIOTOHIBCHKOTO (B
00’eMHUX 3pa3Kax).

3 BukopucTaHHsIM 3anexkHocTerd R(D) anst pisHMX Jiana3oHiB TOBIIMH, a TAaKOX 3
ypaxyBaHHSM pI3HHII Yy IIBUIKOCTI OXOJOJDKEHHS 3JIUTKIB Yy (opmi IUtacTuH Ta
CTPWKHIB 3 OJHAKOBUMH 3HAYCHHSIMH TOBIIMHHM 1 JiaMETpy 3a TCOMETPHYHHUMH
napaMeTpaMM YCiX JOCIHIPKEHMX CTPIYKOBUX Ta 00’€MHUX 3pa3KiB, JIOCTIIHKEHUX Y
JMaHli  po0OoTi, Oyau po3paxoBaHl MIBUIKOCTI OXOJIOHKCHHS, SIKI Pa30M 3 TMEPETIKOM

3pa3KiB HaBeACHI B TaOmuIl 2.5.
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Ta0mung 2.5

[epenik mocmiKeHUX 3pa3KiB Ta MIBUAKOCTI IX OXOJOPKEHHS, PO3PaxoBaHi 3a

SMIIIPUYHUMH PIBHIHHIMH 3 poOiT [116 — 120]

ToBminHa OmiHeHi , ) OrmiHeni
Mapxa cruiasy CTpiT—I(iI(, MKM IJ_IBI/IL[III<OCTi, K/c 06’ emmi 3paskn I_HBI/II;(IOCTi, K/c
I'pyna 1
HB-1 18 8,11x10° -
HB-2 33 1,23x108 [Tnactunu — 2 /3 MM 505/340
HB-3 27 2,31x10° -
HB-4 o5 2,93x10° [Tnactunm — 3 /5 MM 340/ 208
HBRM-4 20 5,85x10° ITnacturu — 3 /5mm | 340/ 208
I'pyna 2
HBPC-2 38 7,99x10° [lnacturu — 3 /5mm | 340/ 208
HBPC-3 19 6,85x10° [lmacturu — 3 /5mm | 340/ 208
HBPC-4 22 4,35x10° ITnactuHa — 5 MM 208
I'pyna 3
NHRS (Co-1) 23 3,79x10° [IpyTok — 3,5 MM 293
NHRP-2 22 4,35x10° [Tnactuau — 3 /5mm | 340/ 208
NHRP-3 20 5,85%10° [Tnactuam — 3 /5 Mm 340/ 208
NHRP-4 25 2,93x108 CtpuxkeHs — 3,5 MM 448 *)
NHRP-6 27 2,31x10° ITnactuHa —5 MM 208
I'pyna 4
HBCY-1 28 2,06x10° [Tnactunu — 2/5MM 505/340
HBCY-2 25 2,93x10° [Inactuam — 2/5 Mm 505/340
HBCY-3 28 2,06x10°
HBCY-1-1 40 6,82x10° Crpuxens — 3,8 Mm 414
HBCY-2-1 30 1,66x10° Crpuxens — 3,5 Mm 448
HBCY-3-1 Crpmxkens — 3,5 MM 448

Ax MoxkHa OayuTH 3 pe3yJbTaTiB, HABEICHUX B TaOmUIl 2.5, MBHIKOCTI

OXOJIOJPKEHHS JIOCTIDKEHUX B POOOTI CTPIYKOBUX 3pa3KiB JIeKaTh B MeXax OIHOTO

nopsaky BeanuuHu (Big 6,82-10° mo 8,1:10° K/c), a 06’ emuux 3paskis — Big 100 1o

3200 K/e.

BiamiTuMmo, 1110 3HaY€HHS MIBUJIKOCTEN OXOJIOKEHHS JJIsI CTPUAKHIB, PO3paxoBaHi

3a BIATMOBIIHWM PIBHSHHSAM Il 00 ’€MHUX 3pa3KkiB (BIAMIYEH1 3ipovkamMu) Oyiu
30uIbmieHi B 1,53 pa3u (IOMHOXEHI Ha BCTAHOBJICHHUM 1032 MeEXaMH 1€l poOoTH

KOeQIIlI€HT, IO BpPaxOBY€ TI'C€OMETPUYHUN (PAKTOp), OCKIIBKH EKCIepUMEHTANIbHI
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ominku R Ha puc. 2.11 a Oynu ojepkaHl NEPEBAXKHO ISl OXOJIOJKEHHS 3pa3KiB

IUIACTUHYATO1 (OPMHU.

2.7 BucHOBKH 710 po3aiy 2

1. 3 BUKOpUCTAHHSAM JOCIIJTHOTO 3pa3Ka rapTyBaJIbHOTO OJIOKY OOJaJHAHHS s
HAJIIBUAKOTO oXojomkeHHs posmiaBy (HIIIOP) BimmpamboBaHa TEXHOJIOTIS
OJIep’KaHHSI €KOHOMHOJIETOBAaHUX BHUCOKOMIIIHUX aMOP(HUX CTPIUOK CILIABIB CHCTEMHU
Fe—(Cr,Ni,Co,Mn,Mo,V,W,Nb,Cu,Al)-Y—(Si,B,P,C).

2. Po3poOisieHe Ta BHUIOTOBJIEHE TEXHOJOTIYHE OCHAIIEHHA (po30ipHI MIgH1
rapTyBajbHl MPAMOKYTHI, KJIMHOBI Ta UWJIIHAPUYHI BWIMBHUIN) JJII OTPUMAaHHS
CTpYXHIB Ta muiactuH i3 crutaBiB cuctemu Fe—(Ni,Co,Cr,Mn,Mo,W,V,Nb)—(Si,B,C,P) 3
aMop(HOIO Y HAHOKPUCTATIYHOIO CTPYKTYPOIO.

3. Tlokazano, mo jeryBaHHs ciuiaBy HikeneM (1o 20 at.%) Ta xobaibToM (110
8,5 at.%) Ta 3MeHIIeHHs! BMICTY XpOMY MpH 301IBIIEHHI CYMapHOTO BMICTY METaJOi/IiB
no 20-24 ar.% mnpu3BOAUTH 10 MIABUIICHHS JMBAPHUX BJIACTUBOCTEW CIUIaBIB Ta
CIpHsi€ TIPOIIeCY MPUTHIYEHHST KpucTam3aiii (popMmyBanHio amopdHoro abo amopdHo-
HAaHOKPHUCTAIIYHOIO CTPYKTYPHOT'O CTaHy B 00’ €MHHX 3pa3Kax).

4. Tlpu oTpumaHHI MapTii 00’€MHUX 3TUTKIB (TUIACTHHOK Ta CTPUXKHIB) HOBHX
CIUIaBiB, BUTOTOBJIEHUX padiHyBaHHSAM 13 BHUXIJIHUX HPOMHUCIOBUX JIraTyp Ta
CHUPOBUHH, TOKA3aHO, IO CaMe METOJl PO3TUBKH PO3IUIABY i HAJJUIIKOBHM THCKOM
(Bumum 3a 0,5 aT™M.) B MiTHUI KOKIJIb B 3aXHCHIM aTMOc(depl aproHy J1a€ MOKIIUBICTh
otpuMartu ix maibke 100% B amopdHOMY cTaH1 10 TOBIIMHU 3,8 MM.

5. 3a pe3ynapTaTamMH aHajii3y IMpOLECY OXOJOKEHHS PO3IUIAaBYy HAa MAaCHUBHUX
NIIKIAAKax pI3HOI KOH(Irypaimii 1 €KCIepUMEHTaJbHUX JaHUX, HABEJACHUX B
JiTepatypi, po3poOJieHa METOAMKAa BU3HAYEHHSI €(PEKTUBHOI MIBUAKOCTI OXOJIOKEHHS
3pa3KkiB PI3HOI TOBIIMHA Ta (OPMHU, 3 BHUKOPHCTAHHSIM SIKOI BCTAaHOBJICHO, IO
IIBUJIKOCTI OXOJIOJKEHHS, $IKi OyJu JOCATHYTI B PO3pOOJeHUX B PoOOTI MeToaax

rapTyBaHHs PO3ILIABIB, JIeKaTh B Mexax Bix 100 no 5,4-10° K/c.
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PO3/1LJI 3. CXWIBHICTB CKJIAJJHOJIETOBAHUX CIUIABIB
Feso71(TIM, Al)10.32Y 18.2(Si,C,B,P)17.27 JO AMOP®I3ALL. OCOBJIMBOCTI
®OPMYBAHHS AMOP®HOI'O Y1 AMOP®HO-HAHOKPHUCTAIIUHOIO
TETEPO®A3HOI'O CTPYKTYPHOI'O CTAHY B 3AJIEXXHOCTI BIJ]
XIMIYHOT'O CKJIAZTY TA YMOB HEPIBHOBAJXHOT'O TBEP/IHHSI CILUIABIB

Y mpoMy po3niii mpeacTaBiIeHO O0COOMMBOCTI (GOpMyBaHHS aMOphHOTO YU
aMOp(PHO-HAHOKPUCTAIYHOTO TeTepo(da3HOr0 CTPYKTYPHOIO CTaHy B 3aJI€KHOCTI Bij
XIMIYHOTO CKJIaJly Ta YMOB HEPIBHOBa)XHOTO TBEPJIHHS CIUIABIB, a TaKOXX HaBEJEHI
pe3yNbTaTH JOCHIKEHHSI CXHJIBHOCTI 10 CKJIOYTBOPEHHs (amopdizalli) Ta TepMIYHOI
CTIHKOCTI CKJIaqHOJIETOBaHUX CIUIaBiB Fesp 71(IIM,Al)10-32Y 18 2(S1,C,B,P)17.24 3 p13HUM

BMICTOM MEPEXITHUX METAJIIB Ta METAJIOIIIB.

3.1 AHai3 CXMIBHOCTI HOBUX CKJIAJIHOJICTOBAHUX CIUIaBIB 0 aMopdizalii

Opniero 3 HAWUOUIBII BaXXJTUBUX MPoOJEM Yy po3podii 00’eMHO amopdizoBaHUX
CIUTaBIB € OIlIHKA 1X CXWUJIBHOCTI 10 amop@izamii. Sk BigMivaaoch BHIIE, O
TENEPIIHBOr0 Yacy B SKOCTI amplOpHOrO KPUTEPII0 CXUIBHOCTI PO3IJIABIB 10
amopdizariii BAKOPUCTOBYBAJIM OI[IHKA KPUTHYHOI IIBUIKOCTI OXOJIOJKEHHS, TOTP1OHOT
JUIsl 3amoOiraHHs Kpucranizauii posmiaBy, Rc. ExkcnepuMeHTaibHI OLIHKH LbOTO
napameTpy € JI0CTaTHhO CKJIaJHOIO MPOOJIEMOIO, TOMY B JITEPATYpl TaKl JaH1 € BEIbMHU
O0OMEKEHUMHU.

Hapeneni B Tabmuii 2.4 TUNU CTPIUKOBUX Ta OO0 ’€MHHUX 3pa3KiB (MapKu Ta
MIBUIKOCTI 1X OXOJIOJKEHHS, PO3paxoBaHl 3a HABEJICHWMU B IOMEPEIHHOMY PO3ILTI
EMITIPUYHUMH PIBHAHHSAMU Ta XIMIYHMM CKJIaJ CIUIaBy) OyJIW JOCHIIKEHI 3 METOH
BCTAHOBJICHHSI KOMITIO3UIIIH CIJIaBiB, 110 XapaKTePU3yIOThCs HAaHOUIBIIOO 3/JaTHICTIO JI0
ckiyBaHHs (amopdizartii).

[IpoBeneni penTreHorpadiyHi  AOCHIIKEHHS IIBHAKOOXOJIOKEHUX CTPIYOK
MOKa3aJid, MO iX AudpakTorpaMu Majld BUTJISIA, TUTOBUH Ui aMOp(PHUX METaJeBUX

cruiasiB (puc. 3.1).
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Puc. 3.1. Iudpakrorpamu MBUAKOOXOJIOIKEHUX CTPIYOK ciuiaBiB: a) HB-1 (1) ta

HB-2 (2), 6) HBCY-1 (1) Ta HBCY-2 (2); B) HBPC-4, NHRP-4 Ta NHRP-6

AHaJi3 KyTOBUX TOJIOKEHb MaKCUMYMIB PO3CISIHHS, BUCOT IMEPIIOr0 MAaKCUMYMY
1(20) Ta MDKaTOMHHUX BiACTaHed F; IMMOKa3aB, MO0 IS CTPIYOK BCIX JTOCIIIKCHHX
CIUIaBIB B BUX1IHOMY CTaHi aTOMHa OyJ10Ba € JJOCTaTHLO CX0K010. Po3paxoBaHi 3a uMu
nanumu posmipu OKP (L) nexars y mexax 1,11-1,61 um (Tabm. 3.1), mo Takox €
TUIIOBUM JIJII METAJICBUX CTeKOJd. Lle CBIAYMTH, 110 TEXHOJIOTIYHI MapamMeTpu MeToaa
CIIHIHTYBAaHHSI PO3IUIaBY, BUKOPHUCTaHl Yy JaHii poOoTi, 3abe3reuyBaiy IMIBUIKOCTI
OXOJIO/DKCHHS, JIOCTaTHI JUIsi TIOBHOTO TIPUTHIYEHHS TMPOIECYy KpHCTami3alii y
JOCIIJKEHUX po3iuiaBax. OTpuMmaHi BenMYMHM L BUXiIHUX aMOp(HUX CTPIYOK MJis
pI3HHX TpyH CIUIaBIB HE KOPENIOIOTh 3 XIMIYHUM CKJIAJOM Ta iX CXWIBHICTIO 10
amopizamii. Tak, minimanbhi po3mipu OKP, orpuMaHi 1jisi CTpIYOK JIETOBAHOTO 1TPiEM
crutaey HBCY-2-1 (1,11 um) 3 Bucokoro Ta it HB-4 (1,21 am) i HBRM-4 (1,23 HM) —
3 HU3BKOIO CXWJIBHICTIO 10 amopdizariii.

3 (i3uyHOI TOYKM 30py HAWTOUHIIIA KUIBKICHA XapaKTEPUCTUKA CXUIBHOCTI
po3iiaBy 10 amopdizailii — MiHiManbHa (KpUTUYHA) IIBUIAKICTh OXOJIODKEHHS, R, ipH
SKI B PO3IUIaBl HE BCTUTae cHOpMyBATUCS EKCIEPUMEHTAIBHO BUSBIIOBAaHA YacTKa
KpucTtamiyHoi (a3u (six mpasuio, <1%).

Omnak 111 BUMIPIOBAHHS JOCTaTHbO CKJIQAHI 1 JI0 TEMNEPIlIHBOTO 4Yacy
eKCIIEpUMEHTAIbHO BU3Ha4YeH1 R¢ 115 06’ emanx meraneBux cmiaBiB (OMC) Ha 0CHOBI
Fe HaBeneHo muIe y KIIbKOX po0OTax, Mpo IO MIUIOCS B MOMEPEIHHOMY PO3ALII.

HasiBHi B mitepatypi JaHi monao aMmopdizalii MHUPOKOro Kojia METaliyHUX PO3ILUIaBiB
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JIO3BOJIUJIM BCTAHOBUTH EMITIPUYHI KOpensrii MK 3HadeHHsMH R; 1 D; Ta HuU3KOIO
TEPMOJAMHAMIUYHUX KPHUTEPIiB, M0 XapaKTePU3yIOTh CXWUJIBHICTh PpO3IUIaBiB [0
CKJIOyTBOpeHHsT [67]. 30Kpema, SKICHUMU KPUTEPIsIMU CXUJIBHOCTI € BIJHOCHA
TeMIlepaTypa  CKIyBaHHS  Ig=1g/T|, TemmeparypHWii  [iama3oH  iCHyBaHHS

TIEPEOXOJIOKEHOTO PO3ILIABY Tons— g, @ TAKOXK BiTHOMICHHS Y = Tons/(Tq + Ti) [67].

Tabmuns 3.1
[TapameTpu CTpYKTypH TOCHIJIKEHUX CIIaBiB
Mipmmpima 205, Posmip OKP, Cepemm
Mapka cninaBy L, am MIKaTOMHA
rajo, rpaj. rpa. )
(uactka, X) BiJICTaHb, HM
I'pyna 1
HB-1 9,16278 52,41 1,25 0,249
HB-2 7,37224 52,46 1,53 0,249
HB-3 1,58 0,251
HBRM-4 9,28365 52,38 1,23 0,249
HB-4 8,41275 52,263 1,22 0,250
I'pyna 2
HBPC-2 7,29045 51,933 1,408 0,251
HBPC-3 6,79718 52,010 1,511 0,251
I'pyna 3
NHRS (Co-1) 7,59071 52,639 1,357 0,248
NHRP-2 0,22548 51,727 45,5 (1,3) 0,253
6,87164 52,496 1,498 (98,7) 0,249
NHRP-4 7,72024 52,413 1,333 0,249
I'pyna 4
HBCY-1 7,05809 51,44 1,61 0,254
HBCY-2 7,62558 51,38 1,49 0,254
HBCY-2-1 10,260 51,123 1,11 0,255

[TopiBHSHHAM PE3yJIbTATIB CTPYKTYPHUX JOCIIKEHb HU3KH OJIEP)KAHUX B paMKax
i€l poOOTH CIUIaBiB OYyJI0 BCTAaHOBJIEHO, IO BUKOPHUCTAHHS KPUTEPIIO ) JI03BOJISE
SKICHO TIPOTHO3YBAaTH KPUTWYHY TOBIIMHY 3NMBKiB. OHAaK pO3MIMPEHHS KoJa
JOCITIDKEHUX CILJIaBIB BUSIBWJIO MEBHI PO301KHOCTI MiXK IPOTHO3aMH, 3POOJEHUMH 3

BUKOPUCTAHHAM I[bOTO KpUTEpito, a mojanbiunii anami3z CA, HaBelleHUN y JiTeparypi,
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MIPU3BIB JI0 PO3POOKH HU3KU HOBUX TEPMOJUHAMIYHUX KPUTEPIiB, SIKI OIBIIT KOPEKTHO
XapaKTepU3yITh yMOBU amop(izamii posmiaBiB. Buxomasuu 3 1poro, B gaHiid poOOTI
Oyno mpoBeneHo posmupeHuit anamiz CA  [IOCHIKEHUX CIUIaBIB 3 MOPIBHSHHIM
e(hEeKTUBHOCTI JICKIJIBKOX KPUTEPIiB.

B sAxocTi Takux KpUTEpiiB, JOJATKOBO 10 KpUTEpito y, Oynu oOpaHi ABa KpUTepil

Y = (2T —T,)/T, Ta we T _ %To | nna sxux B po6oti [117] HaBeneni emmipuyHi

Tos Ty +T,
3alnekHOCTI mBuakocTeil oxonomxenns (K/c) y surmami Re(y)=1,333x10%'exp(—
113,138y), Re(ym)=3,947x10 exp(-43,802ym) Ta Re(w)=1,833x103exp(54,639w).
OpHi€ero 3 Ba)XJIMBUX XapaKTEPUCTHK aMOpP(PHHUX CIUIaBIB € TepMiuyHA CTIHKICTh

(TemmepaTypa ModYaTKy KpHCTamizamii Tons), OCKIJIBKM BOHA BHU3HAYa€ TEMIIEPATYPHO-
4acoBl MeEXl, B SKMX 30epiratoTbCsi (Pi3UyH1 BJIACTUBOCTI, NMpPUTaMaHHI aMoOpdHii
cTpykTypi. OKpiM TemmepaTypu lons, 3HAUYCHHS SIKOi OI[IHIOBAJIOCH MEPEBAXKHO MpHU
mBuakocTi HarpiBy 10 K/xB, repmorpamu JICK, HaBeaeHi Ha puc. 3.2, MICTATb HENIPAMY
iH(dopMaIlil0 BIIHOCHO CTPYKTYPH IIBUJIKOOXOJO/DKEHUX CTPIYOK 1 XapakTepy
nepexony amopduux ¢a3 y piBHOBaXKHUN KpUCTaTIYHUN cTaH. Ik MOXXHa Oauutu 3
HaBEJICHUX JIaHUX, Mepexia amopdHuX ¢a3 B JOCIIHPKCHUX CIUIaBaX MOYMHAETHCS MPHU
pi3HHX Temmeparypax i BimOyBaeThcs B oany (crutasu HB-1, HB-2, HBPC-4, NHRP-4,
NHRP-6, puc. 3.2 a), nBi (cmaBu MG-1, HBPC-3, HBRM-4, HB-4, puc. 3.2 6), Tpu
(crutaBu NHRSCo-1, NHRP-2, HBCY-1 HBCY-2, HBCY-3 puc. 3.2 B), yotnpu (cruiaB
HBCY-2-1, puc. 3.2 ) Ta HaBiTh Y I’a71b cTafiil (HB-3, HBCY-1-1, puc. 3.2 n).

3aranpHOI0 PUCOI0 yCiX 0€3 BHHATKY TEPMOTpaM IIBUAKOOXOJIOIKEHUX CTPIYOK
JOCIIJKEHUX CIUIaBIB 1 JOJATKOBUM IMiITBEPDKCHHSIM aMOp(HOro xapakTepy ix
CTPYKTYpPU € HAasBHICTb HEBEJIMKOTO EHIOTEPMIUYHOTO edekTy Oe3mocepelHbo Mepen
MOYAaTKOM KpHUCTami3allii, SIKHA € O3HAKOK CKJIOMOMIOHOTO Mepexony, KUTbKICHOIO
XapaKTePUCTHUKOIO SIKOTO € TeMIlepaTypa CKIyBaHHs, |y (TeMiepaTypa TOUKU MEPEeruHy
TEpMOrpamu).

Oxpim temneparyp Tg Ta Tons, HApaMeTp y BKIHOYAE TAKOXK ||, SIKA € BAXKIUBOIO
TEXHOJIOTIYHOIO XapaKTEPUCTUKOIO MPOIIECY JUTTS, OCKIJIbKU B ICTOTHIN Mipl BU3HAYAE

B’SI3KICTh PO3ILJIaBY.
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Puc. 3.2. Tepmorpamu JICK amopdHUX CTpIHOK CIIIaBiB MapOK: KPUCTATi3allisd B
onny (crutaBu HB-2, NHRP-4, NHRP-6) (a); aBi (cmmaBu MG-1, HBPC-3,
HBRM-4, HB-4, HBPC-4) (6); tpu (craBu NHRSCo-1, NHRP-2, HBCY-1
HBCY-2, HBCY-3) (B); uotupu (cmmaB HBCY-2-1) (r) Ta HaBiTh y II'STh
cranit (HB-3, HBPC-2, HBCY-1-1) ()

3araJibHOK0 PUCOK TepMorpaM JAOCHIKEHUX cruiaBiB (puc. 3.3) € BeIUKU
SHIOTEPMIYHUN €(EeKT, 3 SAKOTOo TMOYMHAETHCSA IUIABJICHHS 1 SKUW MpH MiJABUIICHHI
TEMIEPATypU CYMPOBOKYEThCS (32 BUHATKOM ciutapy HBCY-2-1, puc. 3.3 0) HU3KOIO
OUIbII CabuX EHIOTEPMIYHMUX peakiii. TepMmiuHi peakilii, gkl BIIOYBAarOTbCA MpPH
OUTBIII BHCOKHX TEMIIEpaTypax, BIAMOBIJAIOTH IUIABIICHHIO KapOiMHMX Ta OOpUIHUX

a3, sike 3aBeplIyeTHCS MPU TEMIIEPATypl JIKBIIYCY.
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Puc. 3.3. Tepmorpamu maBjieHHs, BUMIpsiHI MpU IIBUAKOCTI HarpiBy 10
K/xB., Buximuux 3muTkiB gochimpkennx crasie: HBCY-1-1 (a); HBCY-2-1

(6); HBCY-3-1 (8); HBRM-4-1 (r); HBCY-3 (n); 1 — HBPC-4, 2 — NHRP-6 i

3 - NHRP-4 (e)
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OriHeHl 3a UMMM JaHUMHU 3HA4YeHHS [ HaBedeHi y Tabmuii 3.2 Ta BiAMIYeH]

31pOYKaMH, Ha BIAMIHY BiJ T, BUMIPSHUX 3 BUKOPUCTAHHIM ONTHYHOT MIPOMETPII.
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Taomung 3.2

[Tapametpu TepmiuHOi CTiliKOCTI amopdHUX (a3 mpu HEmepepBHOMY Harpisi 3i
mBuakictio 10 K/xB. TepmoaunamiuHi KpuTepii, mo Xapakrepuzyiotb CA

JTOCITIKEHUX CIUIaBIB, KPUTHYHI IIBUIKOCT1 OXOJIO/IKEHHS Ta KPUTUYHI TOBITUHU

Mapxka Re(Y), | De(y), Re(ym), | De(ym)
CILJIaBy TL, K To, K Tons) KI ToTe )y Klc MM ym Klc MM

HB-1 1597 | 818 | 830 |0,512|0,344|1,73x10% 0,131 | 0,527| 3,69x10% 0,027

HB-2 1400 | 786 | 792 |0,561|0,362| 1800 1,02 {0,570|5,67x10%| 0,175

NHRS |1407 | 706 | 730 | 0,50 |0,345| 1,5x10* | 0,141 |0,536(2,52x10*| 0,029
(Co-1)

HB-4 1672 | 818 | 833 | 0,48 {0,333 5,6x10* | 0,1 [0,5078,95x10% 0,077

HBRM-4 (1320 | 767 | 798 | 0,58 [0,382| 176 2,36 (0,637 300 | 3,417

HBCY-1 (1388 | 762 | 794 |0,549|0,369 813 1,37 |0,595(1,89x10%| 0,267

HBCY-2 |1438 | 807 | 827 | 0,56 | 0,368 825 1,34 |0,5892,47x10%| 0,245

HBCY-3 |1517 | 849 | 875 | 0,56 | 0,370| 765 1,4 |0,59411,98x10%| 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 |0,585|0,384| 153 2,5 |0,621| o614 1,639

HBCY-3-1 [1429*| 857 | 879 | 0,600,385 142 26 |0,631| 3915 | 1,718

HBPC-4 [1313*| 770 | /85 |0,586|0,377 405 1,68 |0,609|1,01x10%| 0,327

NHRP-6 [1245*| 765 | 781 |0,614/0,389] 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

*) 3nauennsa T, BuMipsHi 3a nanumu trepmorpam J{CK

3 HaBeJACHUX BHIIE CINIBBIIHOMIEHh 1 AaHUX TaOnuml 3.2 BHIUIMBAE, IO
BIJIMIHHOCTI 3Ha4€Hb KPUTEPIiB Y 1 Ym, IO BiA0OpaxaroTh BiAHOCHY CA IOCHIIKEHUX
CIUTaBiB, 0OYMOBJIEH1, TIEPIII 3a BCE, BIAMIHHOCTSIMH TeMIEparyp JikBiaycy (puc. 3.3),
O1BII BUCOKI 3HAUEHHS SIKMX BKa3ylOTh HAa 3HAYHE BIAXWJICHHS CKJAay CIUIaBy BiJ
EBTCKTUYHOTO.

BaxnuBuii BrumB Ttemmeparypu JikBimycy Ha CA  JOCTIPKEHHX CIIJIaBiB
MIATBEPIKYETBCS 1 KOPEIAIIEI0 3 EKCINEPUMEHTATBPHUMHU JTaHUMH 3TaJaHOTO BHIIC
BigHomenus Tg/T. (HBPC-4 — 0,586; NHRP-6 — 0,614 i NHRP-4 — 0,509), ske
MpeCTaBII€ COOOI0 KUIbKICHE BUPAXKEHHSI B1JIOMOTO MPUHIUITY «TJIMOOKOI €BTEKTHKN
JUISL aliplOPHOTO TMOIIYKY CIUIABIB, IO aMOP(13yIOThCA.

Haii6inpmn Onu3bki 10 €KCIEPUMEHTaIbHO BHUMIPSHUX 3HAYE€Hb KPUTHYHHUX
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IIBHIKOCTEW OXOJIO/DKEHHS 1a€ BUKOPUCTAHHS KPUTEPIO: Ym = (2Tonset — Tg)/TL.

Po3paxoBaHi TepMOJMHAMIYHI KpUTepii, M0 XapakTepu3yioTb CA IOCHIIKEHUX
CIUIaBiB, a TaKOX JaHI CTOCOBHO TPHUBEACHOI TeMIlepaTypH KpucTamzaimii Ta
TEMIEpaTypu CKIyBaHHS cBimuath, mo cmiau NHRS (Co-1) ta HB-4
XapaKTepU3yeTbCsd HAWHIKYMMH 3HAYCHHAMU KPUTEPIIO Y Ta Ym, Ta, BIAMOBIAHO,
HAaWBUIIOI0 KPUTHUYHOIO IIBUAKICTIO oxonopkeHHs. [Ipu mpomy HB-4 € HaitGinbim
TepMIuHO cTabUTbHUM Tons= 833 K cepen cmiagis, mo He MicTaTh P3M. O6uaBa crijiaBu
IpyU TOMIPHMX IIBHJKOCTSX OXOJIOJKEHHSA (rapTyBaHHI B MiAHHX (opmax) Oynu
OTpUMaHI B KPUCTAJIIYHOMY CTaHI.

CmnaB HBRM-4 — He 3mornu orpumaTtu amopdHUM B 00'eMi, xoua napameTpu R
ta D¢ nmpornosyBanu Taky MoxiauBicTh. [IpoBeneHMii OLIHOYHUI aHAI3 Ja€ MIACTaBU
BB@KATH, 10 TBepAiHHA po3iiaBy Feg7Criz4Mo19ND1oMngsCuosAl;  Si;CqoBis 2
(HBRM-4) npu yiuTTi y BWIMBHUIO 3 TOBIIMHOIO MeEpepidy 2 MM BiOyBaeThcs B

TEPMIYHUX yMOBax, OJIM3bKUX 70 amopdizarlii.

3.2 ®opmyBaHHS aMOpP(PHOTO Ta HAHOKPHUCTAIIYHOTO CTaHy B 00'€MHHMX 3pa3Kax

6aFaTOKOMHOHeHTHI/IX CHJ’IaBiB Fe42,71(HM,A1) 10,32Y1,3,2(Si,C,B,P) 17-24

3.2.1  OcobmuBocti  (GOpMYyBaHHS  HAHOKPUCTAJIYHOTO  reTepodasHoro

CTPYKTYPHOI'O CTaHy B CKJIQJIHOJIETOBAaHUX CILJIaBax CUCTEMU

Fess s 66(1TM)13.1-26(S1,C,B)15-24.4

OcHoBHi BiaMiHHOCTI ckiany cimiay HBRM-4 Bix OMC 6e3 antomiHito, iTpito Ta
dbochopy, BuBUeHHX B pobotax [27,31], mossirac B CyTTEBOMY 301UIbIICHHI
KOHIIEHTpalli O0opy 3a paxyHOK BYIJIELIO, Ta XPOMY 3a PaxyHOK MOJiOAeHy, IO
MOBUHHO CIPUSTH MIJIBUILEHHIO JUBAPHUX XAPAKTEPUCTUK Ta KOPO3IMHOI CTIMKOCTI.
Hesenuki no6aBku Nb, Si ta Cu BBOAWJINCS y CIUTaB 3 METOI IMiJABHMIICHHS HOTO
CXHWJIBHOCTI J10 HAHOKpHUCTai3allii, XapakTepHoi a1 amop(dHux cruiaBiB Tuny Finemet,
K TIOKa3aHo B poboTi [121].

3 3icTtaBieHHs AU(PPaAKUIMHUX KapTUH 00 €MHUX IMIBUIKOOXOJOMKEHUX 3pa3KiB
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TOBIIMHOIWO 2 1 3 MM (puc. 3.4), BUILIMBA€E, 10 OOWIBA 3pa3Kd MarOTh OJHAKOBUM
dazoBuil ckIaa, AKHUil SBIIsIE COOOI0 MEPEBAKHO CyMIIl KPUCTATIB TBEPIOTO PO3YMHY Ha
ocHoBI o—Fe, 6opuny Me,B (Me — mepexiguuii MeTair) Ta HE3HAYHOI KiJIBKOCTI KapOixy
FesC,. XapakTepHa ocoOJMBICTh AUGPaAKIIHHUAX JiHIM BCiX (a3 — iX Beauka IIMPHUHA,

10 BKa3y€e Ha MaJll pO3Mipy KpUCTaIIiB LuX (a3s.
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Puc. 3.4. [udpakrorpamu  3pa3kiB Puc. 3.5. udpakrorpamMmu CTpidok
IIIBUJIKOOXOJIOJKEHUX BIJIJIMBOK  CIUIABY crutaBy  Fesy 7Cri34M01.9ND19MnNg s

HBRM-4 Topmmao0 3 MM (1) 1 2 MM (2). CuosAliSICi9Bis2,  HBRM-4 vy

a — o—Fe, x — da3a 13ocTpykTypHa Oopumy BuUXifHOMYy cTaHl (1) Ta micna
Fe;B, a 1 — dasa isoctpykrypua FesCo, HarpiBy 3 mBuzakictio 10 K/xB. no
BiANOBiHO. CTPIIKOK TIOKa3aHa JIiHisg TEMIICPaTyp 3aBEPIICHHS HepIuoi (2)
(200) 60opuny Fe,;B, 3a mupuHo KOTpOi Ta Apyroi (3) craiil KpucTai3awii.

PO3paxoBYBaJIMCS PO3MIPH KPUCTAJIITIB.

JlificHo, OINHKM pPO3MIPIB  KPUCTANITIB 32 MBIIMPUHOI  AUGPaKIIHHIX
makcumymiB (110) o—da3u ta (200) 6opuny Me.B (3 ypaxyBaHHSIM 1HCTpYMEHTAJIBHO1
MOTIPaBKU) Jainu 3HadeHHs 32 1 20 HM BIAMOBIIHO y 3pa3Ky TOBIIMHOIO 2 MM Ta 16 1
43 HM y 3pa3Ky TOBIIMHOIO 3 MM. JludpakrorpaMa TOPITO MIACTUHKU TOBITMHOIO 3 MM
Majla BUIJISJ AQHAJIOTIYHUK JI0 KapTWHH, 3HATOI BIiJ IOBEpPXHI, 10 TepedyBaia B
KOHTaKkTi 3 BuiuBHuLE (puc. 3.4, xpuBa 1). Lle cBimUUTH NMpPO OJHOPIAHICTH

HAHOKPUCTAIIYHOI CTPYKTYpH BUIIMBKM 1O mepepidy. Omxe, i amopdizarrii
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JOCITIKEHOTO B pOOOTI CIUIaBy HEOOXiJHE MPUTHIYYBaHHS KpUCTali3allii came IuX
dbas.

Cnig  BIAMITHTH, 10 YTBOPEHHS TOBHICTIO HAHOKPUCTATIYHUX CTPYKTYp
Oe3nocepeIHbO B Mpolieci TBEPAIHHS piakoi (a3 — pinkicHe sBuiie. s obcraBuHa
3yMOBJICHA TUM, 110 HEOOXiAHE ISl HAHOKPHUCTAI3aIlii TOETHAHHS BUCOKOI TIIBUAKOCTI
3apOJKEHHSI Ta HU3BKOI MIBUJIKOCTI POCTY KPUCTAIIB MOXE OYTH JOCATHYTO JIHIIE Y
BIIHOCHO BY3bKOMY Jialla30Hi IIBUIKOCTEH OXOJIO/KCHHS, BHACIIIOK CHJIBHUX
3aJIKHOCTEM IMX TMapaMeTpiB BiJl TeMIEpaTypu. AHAII3 JITEpPaTypHUX JHKepel
CBITYUTH, 1[0 B YMOBAaxX OXOJOJKEHHA, OJNM3bKUX 10 amopdizallli, B po3iuiaBax Ha
OCHOB1 F€ OCTaHHBOIO MPUTHIYYETHCS KPUCTaNi3allisd 0—TBEPAOr0 PO3UUHY.

AHam3 nudpaknifHuX KapTUH, HaBEJICHMX Ha puc.3.4, MmokasaB, IO BITHOCHI
KUIBKOCTI HaHOKpHUCTAIB o—F€ 1 Oopuay 3anexaTh BiJl IIBUJIKOCTI OXOJIOJKEHHS.
30kpeMa, B CTPYKTYpl BIIJIMBKM TOBIIMHOK 3 MM, 3aKpUCTaIi30BaHIA MpPU MEHIIN
HIBUJKOCTI OXOJIO/DKEHHS, BIIHOIIEHHS iHTeHcuBHOCTI JiHIT (200) Gopuny, lpoop 0
cyMapHoi 1HTEHCUBHOCTI (lo0p + li10)y) ckimamae 0,39, B TOM wac fK y BIIJIMBLI
TOBIIMHOIO 2 MM Iie BigHOMmIeHHs icToTHO Hikue (0,1). Ile mae miacraBu BBaXkatu, 1110
KpHUcTaizaiis nux a3 y nepeoxoyioHKEHOMY pO3ILIaBl BiIOYBAETHCA PO3AUIBHO 1 MPU
30UTBLIEHH] MIBUAKOCTI OXOJOMKEHHA (1 MePEOX0O0KEHHS) ICTOTHIIIE TPUTHIYYETHCS
Kpucramizaimiss 6opuaHoi ¢da3u. Binmosimno, mns amopdizamii posmiasy HBRM-4
IIBUJIKICTh OXOJIOM)KCHHSI TOBUHHA OYTH JOCTAaTHbO BHUCOKOIO, 1100 MPUTHIYYBaTH
dhopMyBaHHS KPUCTaJIIB TBEPAOTO PO3UMHY HA OCHOBI a—Fe€.

[Tpunymenus mpo po3aiabHE (GOPMYBaHHS KpPHUCTAIIB pI3HHX (a3 Ta BHIILY
IIBUJIKICTh KpHCTami3aiii o—Fe mpu MOHMKEHUX TemmepaTypax IiATBEPIKYEThCS
pe3ynbTaTaMu JOCTIKEHHsI TPOoIecy KpucTamizamii amopdHoi ¢asu. Sk BuUIHO 3
puc. 3.2 6, amopdHa (aza mepexoauTh y KpUCTATIYHUN CTaH Yy JIBl YITKO PO3JLJICHI
CTa/ii, Ha MEePIii 3 KOTPUX YTBOPIOIOTHCS HAHOKPUCTAIIM TBEPJOTr0 PO3YMHY HAa OCHOBI
a—Fe, a Ha apyriit — HaHoMacITabHi kpuctanu 6opunay Me,B (kap6in FesC, BusiButu B
CTpiulll HE BIAJIOCSA, HATOMICTh 1IEHTU(PIKOBaHI CliM KyOi1uyHOi (ha3u, 130CTPYKTYpHOL
kapOiay Cro3Cs) (puc. 3.5).

EdextuBHi eneprii akrtuBaiii, £, mpoueciB (opMyBaHHS KPHUCTAIIB TBEPAOTO
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po3uuHy 1 Oopuay, BHU3HAUEHI 3a 3CYBOM TEMIIEpaTyp MaKCUMyMYy IIBUIKOCTI
MEPETBOPECHHS B 3aJEKHOCTI BiJ MmBHIAKOCTI HarpiBy Vg (metonm Kiccinmkepa),
TopiBHIOIOTH 444+37 k]Jx/Monb 1 583+91 x/[»/MOJb, BIIMOBIAHO.

3 opHoro OOKy, OUIbII HU3BKUM AaKTUBAIIWHUN Oap’ep [JIs YTBOPEHHS
HAaHOKPHUCTANIB 0—F€ CBiMuuTH TpPO TE, MO I CTPUMYBaHHA iX (QOpMyBaHHS B
po3IUIaBi MOTPiOHI BHIII MIBUAKOCTI OXOJOKEHHS, HIXK O0puaHO1 ¢das3u, a 3 Ipyroro —
O3HA4a€, M0 TEMIEPATypH, BIAMOBIIHI MaKCUMAaIbHUM MIBUIKOCTSM YTBOPCHHSI
KpucTtamB o-da3u 1 0opuay, MarOTh TEHJICHINIO 10 30JIMKEHHS B 00JIACTI BHCOKHX
TEeMIIepaTyp, IPU KOTPUX KPUCTAIIZYETHCS PO3ILIAB.

AHaniz npoduao AUPpaKUIiHOI JiHIT 3pa3ka MIcis NEepIIol CTaali KpucTami3alii
MOKa3aB, 10 CepeIHI PO3MIPH HAHOKPHUCTAIIB TBEPJOT0 PO3UMHY Ha OCHOBI a—F€, L, Ta
ix BigHOCHA yacTka, X, ckiagaoTh 10 HM Ta 35%, BiamoBigHo. Ha npyriit cramii
KpUCTai3alii B 3aJUIIKOBIA amMOp(HiIii MaTpull YTBOPIOIOTHCS KpHUCTalU (asu,
130cTpykTypHOi OOopuay Fe;B, Ta yxpynHioroTecs mnepBunHi Kpuctamita 3 OLK
cTpykryporo  (puc. 3.5, xpuBa3). Cmig BIAMITUTH, 10 ¥ B  MOBHICTIO
3aKPHUCTAII30BAHOMY 3pa3Ky 30epiraeThCs HAHOMACIITAOHUN XapakTep CTPYKTYpH,
cepenti po3mipu kpuctanitie OLIK TBepmoro po3unHy Ta Oopuiy B SKIA CKIATalOTh
npu6au3Ho 40 HM. SIK BUIHO 3 3iCTaBJICHHS IU(pakTorpamMu 1boro 3paska (puc. 3.5,
KpuBa 3) 3 JaHUMH, HaBEJCHUMHU Ha puc. 3.4, XapakTep CTPYKTYpU TIOBHICTIO
3aKpHUCTAII30BaHOI aMOP(PHOI CTPIYKH aHAJIOTIYHUN CTPYKTYpl LIBHIKOOXOJOIKEHUX
B1JUTUBOK.

O6’emua ryctuna Hanokpucrtanis o—Fe, N = 6X/zL3, chopmoBanux na nepuriii
cranii kpucranizauii amoppuoi ¢pasu cnmasy HBRM-4, cknanae 6mussko 6,7-10%% m3,
1110 THITOBO JJIsl YaCTKOBO 3aKpHCTaIi30BaHuX ciuiaBiB cuctemu Fe—B—Si—Nb—Cu [122].

Amnani3 nporiecy KpUcTati3anii amopdHoi dhazu y CIjIaBi
F961,7cr13,4M01,9Nb1’9Mno,5CUo,5A|1Si1C1,gBlelg, IMOKa3aB, IO HAsBHICTh B WOrO CKJ'Ia)Ii
MiJIl Ta HI00110 cripus€e 301IBIICHHIO MIBUIKOCTI 3apO/KEHHS Ta TalbMyBaHHIO POCTY
HAaHOKPHUCTAIIB TBEpJAOro po3unHy Ha ocHOBI o—Fe. Ili dakTopu € nmepemymoBoro st
(dbopMyBaHHS HaHOMACIITAOHUX KpUCTaTiB o—F€ He nuiie mpu Harpisi amopdHoi dasu,

ajie ¥ mpHu OXOJIOJKEHHI1 po3IuiaBy. B cBOIO uepry, TUCHEpCHUN XapakTep KpHCTaliB
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oopuny MeyB ta kap6iny FesC,; y MIBHAKOOXOJOMKEHUX  BIJIJIMBKAX 3yMOBJICHUM,
CKOpIIIl 3a BCE, HU3BKOI IIBHJKICTIO iX pPOCTY, KOTPUH BHACHIJOK HHU3BKOI
KOHIIeHTpalli atoMiB 6opy (16,2%) 1 Byruemto (1,9%) B crutaBi CTOCOBHO CTEXiOMETpii
1ux (¢a3 BiIOYBAETHCS 3 ICTOTHUM IEPEPO3INOIITIOM €JIEMEHTIB Yy MEePEOX0JI0KECHOMY
pO3IIaBI.

Cepen crmnaBiB 4-i rpynu, 110 TaKOXK HE MICTWIH 1Tpito, pochopy Ta anromiHiio,
nBa HBCY-1 1 HBCY-2 xapakTepu3ylOThCS BHIIMMH 3JaTHICTIO 0 amopdizamii Ta
TEpMIYHOIO CcTabuUIbHICTIO amopdHoro crany. Ha puc. 3.6 HaBeneHi nudpakrorpamu,

oJiep>KaH1 BiJl 3pa3KiB, BUPI3aHUX 3 HIXKHIX YACTUH 3JIUTKIB TOBIIMHOIO 5 MM CILJIaBiB

HBCY-11HBCY-2.

o—o-Fe
X — Cr2306

* - FeSB
- Fe.C,

* 4 x| {

|HTEHCUBHICTb, BiAH. 0.

" " " 1 " 1 " 1 "
20 30 40 50 60 70 80
20 (rpap.)

Puc. 3.6. Judpakrorpamu 37uTKIB (HMXKHS YacTHHA) TOBIIMHOIO 5 MM CILIaBiB
HBCY-1 (B-371) (1) ta HBCY-2 (B-372) (2) y BuXiAHOMY CTaHi (CHMBOJIOM 4 —
BigMideHo JiHil TeTparoHanbhoi dasu tuny FesB (CT NisP), a — o—Fe, x — dasu

tury CrysCs, ¥ — (asu Tumy Fe;Cs

Ax MoxHa OauuTH 3 HABEACHUX JaHUX, OOWJBA 3pa3Kh MAaOTh KPUCTAIIYHY
CTPYKTYpY, SIKa CKIAJa€eTbCcs 3 KpUCTalIiB TBEPAOro pO3YMHY Ha OCHOBI o—Fe,
TeTparoHaiabHOi asu tumy FesB, dasu tumy CrsCe 13 ckitamHoo KyOi4HOIO TPATKOIO Ta
da3u Fe;Cs, rparka sIKOi BIIHOCUTHCS JO POMOIYHOI CHMHTOHII. 3 AaHuX Ha puc. 3.6

BUIUIMBAE, IO MEPEepPO3MOILT eleMEeHTIB amopdizatopiB (MIABUIICHHS Yy CIUIaBI
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HBCY-2 konuentpariii B Ha 6 at.% 3a paxynok 5 at1.% C Ta 1% ar.% Si) He npu3BiB
70 ICTOTHUX 3MiH (Pa30BOro CKJIaAy 3JIMTKIB, OKpIM MOMITHOTO 3MEHIIECHHS BMICTY
kapOiny FesCs.

OxpiM 11bOTO, TIOPIBHAHHS AU(PpPAKTOrpaM, HaBEJEHUX Ha pucC. 3.6, CBIAYUTH, IO
iHTepdepentiitai miHii o—Fe Ta iHTepMeTaliIHUX CHOIYK, COPMOBAHHMX y B3IUTKY
criaBy HBCY-1, € moMiTHO mupmuMu, HDK y 3auTKy ciuiapy HBCY-2, 1o cBiguuTh
PO MEHIIUN PO3MIp KPUCTAJIIB y MEPIIOMY 3 LIUX CILUIABIB.

JInst GBI IeTaIbHOTO JOCHIKEHHS CXWJIBHOCTI ITUX CILIaBiB 0 aMmopdizalii B
po6oti 6yB BurotosieHi 3auTku ciiaBie HBCY-1 ta HBCY-2 TosmuHoro 2 MM, aje ix
¢da3oBi CKIIaay, K BUIUIMBAE 3 pyC. 3.7, Oy MPaKTUYHO 1ICHTUYHUMHY, HaBSJCHUM Ha

puc. 3.6 115 3IMTKIB TOBIIMHOKO 5 MM.

o — a-Fe
X — CFZ3C6
¢ -FeB
3
V-FeC, o

I[HTEeHCUBHICTb, BigH. OA.

20 30 40 50 60 70 80
20 (rpag.)

Puc. 3.7. Qudpakrorpamu 371UTKIB (HMKHS YacTUHA) TOBIIMHOI 2 MM CILJIaBiB
HBCY-1 (B-376) (1) ta HBCY-2 (B-379) (2) y BuxigAHOMY CTaHi (CHMBOJIOM 4 —
BiIMIY€HO JIiHIi TeTparoHanbHO1 pa3zu FesB, a — a—Fe, x — da3u Cry3Cs, - dhazu

tuny Fe;Cs)

BpaxoByroun ckmagauii  ximigaui ckman cmmaBie . HBCY-1 1 HBCY-2,
IHTEpMETATIIN 3a3HAYEHUX CTPYKTYPHUX THUIIB HAMOUIBII BIPOTITHO SIBISIOTH COOOIO

0opokap6iaHi crionyku metaiiB Tooto Me(B,C)s Ta Mes(B,C)s.
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3.2.2 CtpyKTypa 1 MIKPOTBEPAICTh BHYTPIIIHIX IIapiB 3JIUTKIB

Pentrenorpadiuni I0OCTiKEHHS MOBEPXHEBUX IIapiB 3IUTKIB criaBie HBCY-1,
HBCY-2 ta HBRM-4 ToBmmHOIO Big 2 A0 5 MM HOKa3zajid, IO BOHH MAalOTh
KPUCTAIIIYHY CTPYKTYPY, HE3BAXKAIOUU HA BITHOCHO BUCOKY CXMJIBHICTH IIUX CILJIABIB J10
amopdizallii, sKka BUILTUBAE 3 aHAITI3Y X TEPMOJUHAMIYHHX IapaMeTpiB (Tadir. 3.2).

B Toif xe yac, sk OyJe moka3aHo HIK4e, TBepAICTh 3nMUuTKiB ciuiaBiB HBCY-1 ta
HBRM-4 ToBmuHOI0 2 MM Oyna Aemo HUx4ow (To0TO OnMmxkuoro a0 H, amopdpHuX
CTPIYOK) y TOpPIBHSHHI 3 TBEPAICTIO 3JIMTKIB IUX CIUIaBiB TOBIIMHOK 5 1 3 MM,
BIIMOBIAHO. BpaxoByroum cka3zaHe, a TakOX CKJIAIHUM 1 HEOJHOPITHUM XapakTep
OXOJIO/KCHHS PO3ILIaBy, SIKUH MOJAETHCS Y BIIIHOCHO BY3bKI Ta JIOBT1 JIUBapHI (GopmH,
B po0oTi Oyiu mpoBejieH! TepMorpadiuHi TOCHIIHKEHHS 3pa3KiB, BUPI3aHUX 3 HUKHBOI
YaCTUHU 3JIUTKIB TOBIMHOIO 2 MM 3i ciiaBiB HBCY-1 ta HBRM-4. SIk MmoxHa Gauntn
3 HaBeZieHUX naHux (puc. 3.8 a), repmorpama 3nutky criapy HBCY-1 mae xapakrep,
aHAJOTTYHUI TepMorpami amMop(HOI CTPIYKM IOTO CIUIaBy, TOOTO MICTUTh TpH
€K30TepMIYHI MAKCUMYMH, X04Ya TeMIIEpaTypu JBOX OCTaHHIX MIKIB ICTOTHO 3MIIIIEHI B

00J1aCTh ITABUIIICHUX TEMIIEPATYP.

15,0 -
14,5 -

14,0 -

H,TTla

~ 13,5

130} _
2\_/_J\J 125 A\é/
L 1 1 L T T

T T T T T T
400 600 800 1000 00 02 04 06
TK BigcTaHb Big NnoBepxHi, Mm

Tennopui MOTIK, BINH. OX.

a) 0)
Puc. 3.8. IlopiBasiaus Tepmorpam JICK 3autky (1) Ta ctpiuku (2) crutasy HBCY-1
npu mBuakocTi HarpiBy 10 K/xB. (a) Ta mikporBepaocti 3nuTKy ciiapy HBCY-1

TOBITUHOIO 2 MM B 3aJIEKHOCTI BiJl BiJICTaHI JI0 TIOBEPXHI
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OpepxaHuil pe3ysnbTaT Ja€ MIJACTaBU MPUITYCTUTH MOKIIUBICTh 1CHYBaHHS
amoppHoi ¢asu y BHyTpimHIX mmapax 3mutky HBCY-1. Jlna mnepeBipku I1b0T0
NPUITYIICHHS OYyJd TPOBEACHI JOCIIKCHHS 3MIH MIKPOTBEPAOCTI Ta CTPYKTYPH IO
nepepizy MbOro 3JUTKY. 3 MI€I0 METOK NUIIXOM HuliQyBaHHS OyJo 3I1HCHEHO
MOCIIZIOBHE YCYHEHHS TOBEPXHEBHX IIapiB, HA KOXXKHOMY €Taml SKOrO MPOBOIMINUCH
BUMIPIOBaHHS MIKPOTBEPAOCTI Ta peHTreHorpadiuHi JOCHIDKEHHS. SIK Mokazanu
eKCIIEPUMEHTH, Ha JesKid BiacTaHl BiA moBepxHi (mpubauzno 100 MKM) TBEpIiCTh
MPAKTUYHO HE 3MIHIOEThCA, MOTIM (y aiana3oni 100-300 MKM) MOMITHO 3HUXKY€EThCS Ha
~ 2 T'Tla, a mani 3anumaerbes Ha ToMy K piBHi (12,6—12,9 I'Tla) (puc. 3.8 0), sikuil TUM
He MeHII € BumuM, Hix H, cimaBy HBCY-1 B amopduomy crani (10,9 I'Tla).

Pentrenorpadiuni mociipkeHHs nutidoBaHux 3paskiB (puc. 3.9) mokaszaid, 1o
CTPYKTYpHI 3MiHM 1o mnepepidy 3auTky cmiaBy HBCY-1 go rmbuam 270 MM
NOJIATal0Th Y 3MEHIIEHH] BIJHOCHOI IHTEHCUBHOCT1 peuieKCiB 0OpOKapOIAHUX CIIOIYK
13ocTpykTypHux (¢azam FesB, CryCs ta Fe;Cs, a Takok 3pocTaHHI iX MIMPUHU
(3MEHIIEHH] PpO3MiIpiB KpHUCTAMTIB). OCKUIbKM, SIK BCTAHOBJIEHO BHILE, TOJOBHHM
BHECOK Yy 3MII[HEHHS YacCTKOBO 1 TIOBHICTIO KPUCTAIIYHUX 3pa3KiB BHOCSTH
OOpokapOiIHI CIIOJAYKH, caMe 3MEHIIEeHHS iX BIIHOCHOI KIJBKOCTI OOyMOBIIIOE
3HUKEHHS TBEPJIOCTI MaTepiia 3IMUTKY A0 TIHUOMHU 0113bK0 0,3 MM.

BiamideHni TeHJEHIi CHOCTepiraloThcsi 1 Ha audpakTorpami Imapy 37TUTKY,
BlAaeHoro Bia nosepxHi Ha 0,5 mm (puc. 3.9), xoua iioro TBepaicTh Oau3bka 10 H, Ha
ribuHi 270 MM (puc. 3.9). Bigmitumo, mo audpakrorpaMa mapy Ha rau6idi 0,7 mm
Oyra He TITBKH AKICHO, ajie ¥ KUThbKICHO aHAJIOT1YHA KapTHHI i mapy Ha rauoini 0,5
MM (KkpuBa 5 Ha puc. 3.9).

HasBHicTs amopdHOi ¢da3m y BHYTPIINIHIX IMapax 3JIUTKIB 1 BIACYTHICTH ii Ha
MOBEPXHI € Ha MEpIId MO JEeH0 HECHOJIBaHOK, OCKUIbKHM TOBEPXHEB1 IIapu
OXOJIOIDKYIOThCSI B O€3MM0CEPEeIHbOMY KOHTAKTI 31 CTIHKaMH MiJIHOI JIMBapHOi Gopmu 3
OUTBIII BHCOKOIO IMIBHUAKICTIO. TWM HE MeHII, aHauoriuHuii edexT (dhopmyBaHHS
KPUCTAJIYHUX IIapiB Ha MOBEPXHI BIJUIMBOK) CIOCTEpIraBcsi y psial poOIT Mpu

oJIepKaHHI 37UTKIB 3 00’eMHOaMOp(]i30BaHMX CIUTaBiB Ha OcHOBI Fe [123] ta Zr [124].
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IHTEHCUBHICTb, BigH. oa.

20 30 40 50 60 70 80
20 (rpaa.)

Puc. 3.9. 3Minu cTtpykTypu mo nepepisy 31uBky ciuiasy HBCY-1 toBuimHO0O 2 MM
(B-376): 1) noBepxus 3mutky, 2) 0.01 mm, 3) 0.09 mm, 4) 0.27 mmM, 5) 0.5 MM Bia

MOBEPXHi

["'0710BHOIO MPUUYMHOIO IIBOTO € IHTEHCHUBHE I'eTEPOTeHHE 3apO/KEHHS KPHUCTAIIIB
y MOBEPXHEBUX IIapax, 00YMOBIICHE iX B3a€MOJIIEI0 MEPEBAXKHO 3 3ATHUIIKAMU KUCHIO B

aTMoc(epi JTUTTSA MMiJ Yac BIIHOCHO JIOBIOTO Yacy OXOJIOJXKEHHSI.

3.2.3 O6’emna amopdi3allis CIIjIaBiB JISTOBAaHUX ITPIEM Ta aATFOMiHIEM

Otpumani 31auenHs R; ta D. qs crmaie HBCY-1-1, HBCY-2-1 ta HBCY-3-1,
JISTOBAHUX ITPIEM Ta AJTIOMIHIEM € TIOMITHO BUIIMMH, HiX s cruiaBiB HBCY-1,
HBCY-2 ta HBCY-3.

3 HaBeneHux Ha puc. 3.10 audpakimiiHuX KapTUH OO0 ’€MHHUX 3pa3KiB 3JUTKIB
crmrasis HBCY-2-1, HBCY-3-1 ta HBRM-4-1 BumiuBae, 1m0, HE3Ba)Kalo4yd Ha
BITHOCHO OJIM3bKI IIBUIKOCTI X OXOJIO/KEHHSI, CTPYKTYypa iX MOMITHO B1JIPI3HAETHCS.
Axmo nudpakrorpama 3nutky crmasy HBCY-2-1 (puc. 3.10a) MicTUTh TUIBKH
Tudy3HUI MakKCHMyM, IO € TUIOBUM MJii O0’€MHUX METalleBUX CTEKOJ, TO Ha
Tu(pakIitHUX KapTUHAX PEIITH 3pa3KiB CIOCTEPIraloTh pedaeKkcH BiJl KPUCTATIYHHUX
da3: y cutasi HBCY-3-1 Ha ¢oni makcumyMy Bia amopdnoi dazu (puc. 3.10 6), B Toi

yac sk Ha kaptuHax cruiay HBRM-4-1 (puc. 3.10 B) o3naku amopdHOCTI He
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CTIOCTEPIratoThCA.

OIiHKM TIBUIAKOCTI OXOJO/DKEHHS TPYTKY TOBIIMHOIO 3,5 MM Ta IUIACTUHU
TOBIIHMHOIO 3,6 MM, 3po0JieHI 3 BHKOpUCTaHHAIM 3anexHocti IgR = 8,06 — 1,69xIgD,
naroTh 3HadueHHs 140 ta 137 K/c BiamoBigHO, KOTpi € OJM3bKUMU 10 KPUTHYHHX
mBuaKocTel Re oxomomkenus mis ciaBieB HBCY-2-1 ta HBCY-3-1 (153 ta 142 K/c
BI/IMOBIZIHO), PO3pPaXxOBaHUM 3 BHKOPHUCTAHHSAM TEPMOJAMHAMIYHOTO KPHUTEPIIO 7Y
(tabm. 3.2). IlpoBeneHuii aHai3 CBiAYUTH, MO TEPMOJIUHAMIYHUI KPHUTEPIH Y MOKeE

OyTH KOPUCHUM JJI MTONEPEIHBOI OI[IHKYA CXUJIBHOCTI CILJIaBiB J10 amopdizarii.

HBCY-3-1, nnacTuHa TOBLUMHOI 3,6 MM HBRM-4-1, npyTok fjiameTpom 2,7 Mm

l—(Fe,Cn.C
# s
#- Cr23C6(Fez3B6) V- Fe3B
V- (FeCn),C, #-Cr,C, (Fe,B)
-Fe C
¢ 572 a - o-Fe

IHTEHCUBHICTb, BiAH. Of.
IHTEHCUBHICTb, BigH. oA.
IHTEHCUBHICTb, BigH. oa.

1
30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 80 90 100

26, rpap. 20(rpag.) 20 (rpag.)
a) 0) B)
Puc. 3.10. Hudpakrorpamu (CoKo—BurnpomiHtoBaHHS) 00’ €MHUX

IIBUJIKOOXOJIOJKEHUX 3paskiB craBiB: a — HBCY-2-1 (mpyrok miamerpom 3.5
mMm); 6 — HBCY-3-1 (mmactuna toBmmuoo 3,6 MM); B — HBRM-4-1 (mpytok

J1aMeTpOM 2 MM)

Po3paxyHKH BIHOCHOI YacTKM KpucTaimiyHoi ¢(as3u, X, Ta OIliHKa po3Mipy
KPHUCTAJIIB MOKa3aiy, U0 cTpykTypa Iuactunu cmwiay HBCY-3-1 micTtuth npubau3Ho
10% xpucraniB a—Fe, cepemniii po3Mmip sikux cknanae 12,4 am, a 00’eMHa TycTHHA —
102 m3. Taki mapameTpy € TUIIOBMMH JUIS TAK 3BaHUX HAHOKOMIIO3UTHUX CTPYKTYP, SKi
dbopMyIOThCSI TIPW YaCTKOBIM Kpucramizamii amopdumx (a3 mnpu Harpiei, M0
CIIOCTEpIranoch, 30KkpeMa, B aMoppHux crpiukax cruiasy HBRM-4.

Crpykrypa 3autky criaBy HBRM-4-1 cknagaetsesa 3 kpuctamiB o—Fe Ta das,

i3oMmopHux Gopumam Cro3Ce (FezsBg), FesB 1 (Fe,Cr);Cs, 3po0iieHi OIiHKK MTOKa3aiu,



79
10 cepeliHIM po3Mip KkpucTtaiiB o—Fe ta 6opuny FexsBs B cTpykTypl mpyTKy CILUiaBy
HBRM-4-1 cknamae 19,0 ta 32,0 HM, BiAIIOBIIHO.

HocnimkeHnHss 00’eMHOro 3paska (IJJaCTUHKA TOBIIMHOI 3 MM) CIUIaBY
Fes1,37Cr378C06,84V0,.85Wo 82M01 06NDo 85B19,87C1 00Si2 57 (HB-4), B sikoMy B MOpiBHSHHI 31
crutabamu HBRM-4 ta HBRM-4-1 icTOTHO 3MEHIIEHO BMICT XpOMYy Ta JOJaHO
0,85 ar.% Banagirto ta Maibke 7% Co, mokazango, 10, SK 1 MPOrHO3yBajoCs, 3
BUKOPUCTAHHSAM TEPMOJWHAMIYHHUX KpHUTEpiiB (Tabn. 3.2), Ti CTpyKTypa € MOBHICTIO
kpuctamiyHowo (puc. 3.11). B cTpykTypi T™JIacCTUHKM TpUCYTHI Tpu dasu 3
HaHoMacimTaOHUMHU po3mipamu 3epeH: o—Fe (100-130 uM), ¢a3a, i30cTpyKTypHa

oopuny Fes;B, noznauena x (> 150 um) ta dasa, BigMiueHa kpyxxkamu (15-21 am).

(110)
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o X
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I X

o X 0 0

L
1 " 1 " 1 " 1
20 30 40 50

20 (rpagn.)

Puc. 3.11. Hudpakrorpama mIBUIKOOXOJOKEHOI IUIacTUHU cruiapy HB-4

ToBUIMHOIO 3 MM. COK, — BUTIPOMiHIOBaHHS.

B sikocTi y3arajibHEHHsS pe3yJbTaTiB CTPYKTYpPHOTO aHajii3y BIAMITUMO, L0 B
00’€MHHMX HIBUJIKOOXOJIOJKEHUX 3pa3Kax JOCTIIKEHUX B POOOTI CKJIaJHOJIETOBAHUX
criaBiB  cucremu  (Fe,Co)—(Cr,Mo,W,Nb)-Y—(C,B,Si,Al) cmoctepiraetbcsi HHU3Ka
HEpIBHOBAXHUX CTpYKTyp: uncro amoppua (HBCY-2-1), amopdnHo-kpucTamiyHa
(manokomnosutHa) (HBCY-1, HBCY-2, HBCY-3-1) ta nanokpucraniyuna (HBRM-4,
HBRM-4-1, HB-4), 1o cBiq4uTh PO 1ICTOTHY 3aJIEKHICTH 111€1 TPYIH CIUIaBIB Bl YMOB
OXOJIOJDKeHHS. JleryBaHHs CIUIaBIB 1TPIEM Ta aIOMIHIEM TIOMITHO ITiJIBUIIY€E

CXUJIBHICTH PO3ILIABIB A0 amopddizallii, 110, BIPOTiHO, OB’ A3aHO SIK 3 ONTHMI3aIE0
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IIiIJILHOCTI aTOMHOI YITAKOBKHM B PO3IUIaBI 3a PaXyHOK J0/IaBaHHS BEJTUKUX aTOMIB, TaK 1

3 (hopMyBaHHSIM OKCHIHO1 3aXMCHOI TUTIBKM Ha MOBEPXHI PO3ILIABY, L0 TBEPIIE.

3.2.4 HanokpucTtamzamis Ta 00’eMHa aMmopdi3zallisl CKJIaJHOJETOBaHUX CIIJIaBIB

CHUHTE30BaHMX 3 pomuciioBoi cupoBunu Fe—(Ni,Co,Cr,Mn,Mo,V,Al)—(Si,B,C,P)

3 ornsay Ha BUCOKY uyThuBicTh CA 10 METOAMK MPUTOTYBAHHS 1 JUTTA, Oyio
JOIUIBHUM BUBYHUTH OCOOJMBOCTI amopdizallii cruiaBiB Ha ocHOBI Fe, ckiamu sikux
MOXYTh OyTH CHHTE30BaHI 3 IPOMHCIOBOI CHUPOBHHH, B yMOBaX, OJHM3bKUX [0
peani3oBaHMX Ha NPAKTULl JUBAPHOTO BUPOOHMITBA (IHAYKIIIHE TIUIaBICHHS 1
KOKiIbHE JuTTs). CIulaBd HOMIHANBHMX CKIadiB (Macoro a0 1 kr) apyroi (HBPC-2...4)
i tperroi (NHRS (Co-1) ta NHRP-2, 3, 4, 6) rpynu Oyiu OTpuMaHi y BHIJISII
IUIACTUHOK TOBIIMHOIO 5, 3, 2 Tta 0,5 MM, a TakoX y BUIISAI aMOP(QHUX CTPIYOK.
Pentrenorpadiuni IOCHIIKEHHS ITOKa3ajdd, IO 3JIMTKA TOBIIMHOK 3 1 5 MM BCiX
JOCIKEHUX B POOOTI CIIaBIB Malu KPUCTAIIYHY CTPYKTypy. Byno mokazano, mio
6opoxkap6ia Mes(B,C) € HeBiA’ €eMHOIO CTPYKTYPHOIO CKJIAJIOBOIO MIBHIKOOXOJIOKEHHUX
s3nuBKiB craBie HBPC-2 ta HBPC-3, da3oBi ckimaau SKuX MOMITHO BIJIPI3HSIOTHCS.
3okpema, y 3nuBKky criapy HBPC-3 nopsin 3 6opokap6inom Mes(B,C) npucyTHiii e
oauH 0opokap6inx Meys3(BC)s, B To#t vac y 3nuBKy crutaBy mapku HBPC-2 hopmyroThest
TBEpJl pO3UYMHU Ha OCHOBI a- Ta y—Fe€.

[TprunHOO ICTOTHUX BiAMIHHOCTEH (ha30BOTO CKIaay 3MuBKiB cruiaBiB HBPC-2 ta
HBPC-3 € 3Hauyna pi3HHIM iX XIMIYHUX CKIamiB (Tabn. 2.1), ocoOIMBO B CyMapHin
KuibkocTi MeTtanoifiB (20 ta 24 ar.%, BIANOBIIHO) Ta 3MEHUIEHOMY BMICTI XpOMY B
HBPC-3. 3 mniteparypHux mKepen BiOMO, IO YacTKOBAa 3aMiHa 3aii3a Ha XpOM,
30kpeMa y crutaBax  Fego g xC7,1S133Bs55Ps 7CriM025Al,0C010  CynpoBOKYETHCS
1ICTOTHUM 3HUKEHHSIM CXWJIBHOCTI A0 amopdizaiii [100].

[IBuakooxonomkennii mpyTtok miamerpom 3,5 mMm cmiaBy NHRS (Co-1) maB
HAaHOKPHUCTATIUHY CTPYKTYpY, SKa CKIaJanach 3 TBEPAOrO PO3UYMHY Ha OCHOBI y—Fe Ta
He 1neHTu(IKOBaHOT (a3u. 3a pe3yibTaTaMH MPOBEACHOTO JETAJbHOTO aHaji3y

T pakIiiHol KapTUHU 1BOTO 3pa3Ky (puc. 3.12) Oyno BcTaHOBIEHO, MO (Pa3010, 110
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dbopmyethest y 3muBKy cruiay NHRS (Co-1) € piBHOBaxHHIT 00pua, 130CTPYKTYpHUI
Fe,B. BigHocHa KinbKicTh KpucCTadiB Oopuay ckiagama 21%, a cepemdiit po3mip —
Oomu3bko 18 HM. OIHKA CepelHbOro po3MIpy HaHOKpUCTamiB Yy—Fe, 3poOseHi 3a
nipmmpuHoro JiHIA (111) ta (200) manm 3HadeHHs 26 Ta 15 HM, 10 BIPOTIIHO
OOYMOBJICHO TIEPEBAKHOIO OPIEHTAIIEI0 IUX KPHUCTATIB, SK CIOCTEpITaioCh B

00’eMHOMY 3pa3Ky cruiaBy Mapku HBPC-2.

_ rFe

NHRS (Co-1)
npyToK, 3 MM

IHTEHCUBHICTb, BiOH. 0.

50 60 70
20 (rpaa.)

Puc. 3.12. udpakrorpama mpytka miamerpom 3,5 mm cmuiay NHRS (Co-1)

(CoK, — BUIIpOMIHIOBaHHS)

CrmaBu cxiamiB FeggMniMo4sCro,Cr/P10BsSiz, FessNigCosM0o4CraV1AlLPyCeBsSiy i
FesooNizg0CrssMo;15V1B141C25P4 4Si; mosnaueni HBPC-4, NHRP-6 ta NHRP-4 Oymnu
OTpMMaHI y BHUIJISAI TUIACTMHOK ToBmMHOIWO 5, 2 ta 0,5 mMm. PentreHorpadivuni
JOCITIJIKEHHS TTOKa3aJIH, M0 3JUTKH TOBIIMHOIO 5 MM IHX CIUIABIB Majd KPUCTATIYHY
cTpyktypy (puc. 3.14). Ctpykrypa BUCOKOJeroBaHux (HochopoM 1 ByTJIEleM CIUIABIB
HBPC-4 1 NHRP-6 cknamaerbcst 3 kpucraniB o-Fe, HepiBHOBaxxHUX O0pokapOiiB
Mes(B,C) i Mexs(B,C)s Ta aesikoi kinbkocTi ¢a3 i3octpykrypHux Fe,P (tum Co,P) ta
FesP.  Amnanoriuamii  ¢das3oBWil  CKJaj  CHOOCTEpiraBcss B 3JIUTKaX  CIUIABY
Fe73sM03Si3 3Ps 7C70Bso [33], a B CTpYyKTYypi 3JIMTKIB, OJIM3bKUX 3a CKJIAJOM CIUIABIB ITI€ET
rpynu, iieHTudikyBaau 104aTKOBO 10 OopokapOigam kpuctamu docdiny 3amiza FesP 1
FesC [34, 37]. Boanouac ctpykrypa 3mutky NHRP-4 icToTHO mpocTiiia i CKIaIaeThest

MEePEBAXKHO 3 KPUCTAJIB TBEPIOr0 PO3YMHY Ha OCHOBI y—Fe 1 piBHOBakHOTO OOpHUAY

Me,B.
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CnocrepexxyBaHi  BIIMIHHOCTI  ()a30BOro  CKJaay 3JIMTKIB HaWIMOBIpHIIIE
0oOyMOBJICHI MiABUIIICHOIO KOHIICHTpaIlie€ro Hikemo B criaBi NHRP-4, skwuii crabimizye
['TIK mommdikario Fe, miaBHIIEHO PO3YMHHICTIO METaNoiniB B pemnTii y—Fe i
3HIDKEHUM BMICTOM Mo, sIKMil crpusie NpurHideHHI0 (OpMYBaHHS KpHUCTAIIB Y—
TBEPAOTro po3uuHy Ha ocHOBI Fe. HasBHICTH piBHOBaXHOTO OOpHAY B IIbOMY CILIaBi
OYEBHUIHO 3yMOBJICHO HAaUOLIBIINM BMICTOM 0ODY.

XapakTepHOI OCOONMBICTIO AUGPaAKIIMHUX JTiHIA KpUCTaTiB OOpokapOiiB Ha
mudpakrorpamax 3nutkiB ciiaBiB HBPC-4 1 NHRP-6 € ix Benuka mupuHa, 110 TUIIOBO
JUI1 HaHoMaciITaOHUX 00'ekTiB. JlilicHO, HaOJMMXKEHI OIIHKH CepefaHiX pOo3MipiB
kpuctanmitiB Mes(B,C) 1 Mexs(B,C)s 1 da3 i3ocTpykTypHUX (ocdimiB 3a IMIHMPUHOIO
pedrekciB ganu 3Ha4eHHs BIANMOBIAHO 26, 23 1 38 M B 3nmutky cruiasy HBPC-4 122, 27
1 28 uM B 3nutky criaBy NHRP-6. Boanouac mmpuna peduexcy (111) y—Fe Ha
mugpakrorpami 3nutka criay NHRP-4 € moMiTHO HMKYOIO 1 OIIHKA PO3MIPIB
KPUCTAITIB Jana 3HaueHHs noHaa 100 Hm.

I3 nanux tabn. 3.2 BuaHo, o cruiaB NHRP-6 xapakrepusyerncs HaiiBumow CA
(Re(y) = 108 K/c) Ta wminimManbHOK Temieparyporo mikBiaycy (1245K) i3 Bcix
JOCHiKeHUX B poOoTi rpyn crasiB. BogHouac crmmaB NHRP-4 mpornozoBano mae
HU3bKy CA. [l ekcrnepuMEeHTalbHOI MEPeBIPKM IUMX MpUOYLIeHb B poOoTi Oyna
JOCITIJIKEHA CTPYKTYpa KIMHOBUJIHUX 3JIUTKIB, TOBIIMHA SKUX 3MiHIOBajnacs Bia 0,5 MM
B HIDKHIN 4yacTvHI A0 2,6 MM y BepxHiil. BcraHOBIEHO, 1110 HalOLIbII TOHKA YacTHUHA
3muTKy ciiasy HBPC-4 mana amopdro-kpuctaniuny ctpyktypy (puc. 3.13 6), 3m1uTKy
crutay NHRP-6 — amopdny (puc. 3.13 B), a ctpykrypa 3nutky cruiay NHRP-4 Gyna
aHAJIOTIYHOIO CTPYKTYpl 3JIHMTKY IIOTO CIUIaBY TOBIIMHOIO S5 MM, ITOKa3aHOi Ha
puc. 3.13 a.

Pentrenorpadiuni TOCTIIKEHHS OUIBII TOBCTUX JUISHOK 3JIMTKIB TMOKa3aiH, IO
Bci 3pazku ciiapy HBPC-4 ToBmuHO0 >1 MM Maiii OBHICTIO KPUCTAIIIYHY CTPYKTYPY,
B TOW 4Yac sIK CTpyKTypa 3pazka cruiay NHRP-6 TommHOIO 2 MM Oyna amopdHO-
kpuctaniyHow (puc. 3.13 B). OnHak moBTOpHa 3HOoMKa TuIacTUHOK crmaBy NHRP-4
toBiuHOIO 0,5 MM 1 crimaBy NHRP-6 ToBIImHOIO 2 MM, miCHsI MATOTOBKY MTOBEPXHI JIJIs

BUMIPIOBAHHA MIKpPOTBEpJOCTI (3iuuTipOBYBaHHS IIapy 3aBTOBUIKKM Onu3bko 30—
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50 MKM) moKa3aja, 10 BHYTPIIIHI YaCTUHM MUX miactul (puc. 3.13 6 1 3.13 B) MaroTh

aMmop(HY CTPYKTYpY.
E
= = °
© HBPC-4 ° g
g g &
k= 2 =)
) NHRP-6 i S 1
= s £
= NHRP-4 2 Wwww%
3
1 1 1 1 1 1 1 1 1 1
. : L . . 20 30 40 50 60 70 80 20 30 40 5 60 70 80
30 40 50 60 70
26, rpa. 26, rpan.
20, rpan.
a 3) B

Puc. 3.13. ludpakrorpamu (Co Ko — BunpomintoBanHs) 00’ €MHUX 3pa3KiB:
ToBIIMHOIO 5 MM — a; cmiaBy HBPC-4 tommnoro 0,5mMmM — 6 (1 —
HeoOpoOJieHa moBepxHs, 2 — micia uutidysanns); crmaBy NHRP-6 piznoi

TOBIIMHU — B (1 — 2 MM, 2 — 3pa3ok 1 micnsa nutidysanus, 3—0,5 Mmm)

Pe3ynpTaT 1i€i yacTMHUM poOOTH CBIAYATH NPO MOKIMUBICTH 3OLIBIICHHS
KPUTUYHOI TOBIIMHM 3JIUTKIB 3 aMOp(HOI0 CTPYKTYyporo 13 cmuiaBiB Ha ocHOBi Fe,
MPUTOTOBAHUX 3 IMPOMHCIOBOI CHPOBHHH, IIISXOM BHUKOpPUCTaHHS (1) CIUIaBiB 3
CKJIaZamMu, OJIM3bKUMH J0 €BTEKTUYHUX, (11) CIUIaBiB, B IKUX ()OPMYBAHHS MEPBUHHOT
(asu mpu OXOIOMKEHHI PO3IUIABY IPUTHIYYeThCS NpH BimHocHo manmx (~ 102 K/c)
IIBUJIKOCTSIX OXOJIOJKEHHS a0o0 (ii1) ¢uIrociB, M0 MPUTHIYYIOTH MPOIEC TE€TEPOreHHOTO

3apPOJIKCHHS.

3.3 BucHoBku 10 po3ainy 3

1. BcraHoBIieHO, 10 711 CTPIYOK BCIX JOCIIIKEHUX CIUIAaBIB Y BUXIAHOMY CTaHi
aToMHa OyJ0Ba € 1no10HOI0. Po3paxoBaHi 3a peHTT€HOCTPYKTYPHUMU JTAHUMHU PO3MIpU
OKP (L) nmexats y mexax 1.11-1.61 HM, 010 € THMOBHM JyIsi METAJEBUX CTEKOJ 1

CBIJIUYMTH, III0 TEXHOJIOTIYHI TTapaMeTpy METOJa CIIHIHTYBaHHsI PO3ILJIaBy, BUKOPUCTaHI
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y HnaHiii poOoTi, 3a0e3nedyBajii IIBHAKOCTI OXOJOJIKEHHS, JIOCTAaTHI JJIi TOBHOTO
NPUTHIYEHHS TPOIIeCy KpHUCTamizauii y AOCHKeHUuX po3iuiaBax. OTpuMaHi BETUYHHU
L BuximiHMX aMOpP(HUX CTPIUOK JJISI PI3HUX TPYI CIUIABIB HE KOPEIIOIOTh 3 XIMIYHUM
CKJIQJIOM Ta iX CXHJIBHICTIO 10 aMopdi3ailii.

2. Orinku CXHMJIBHOCTI 710 amopizarii CIJIaBY
Fee1,7Cr13.4M01,9Nb1 sMng sCuo sAl Si1C1 9B16 2 mOKa3amu, 1mo MmMBUAKOCTI OXOJOMKEHHS,
JOCSKHI TPU JIUTTI B MIAHY BUJIUBHUINKO, OJU3bKI J0 KPUTHYHOI, a TPUYUHU
dbopMyBaHHS HAHOMACIITAOHHUX KPHUCTATITIB — BHCOKA IIBUAKICTh 3apOJKEHHS
kpucraiiB o—Fe, ctTumynboBaHa yTBopeHHsM KiacTepiB Cu, 1 HU3bKI MIBUAKOCTI POCTY
KpuctaiiB o—Fe 1 0opuy, 3yMOBIIEH] BIAMOBIIHO YTBOPEHHSAM OOOJIOHOK, 30araueHux
atomamMu Nb, Ta ICTOTHUM TMEPEPO3NOJIJIOM KOMIIOHEHTIB Y TIE€PEOXOJIOIKEHOMY
pO3ILIaBi.

3. BcraHoBi€HO, 10 B OJIEp’KaHUX IMIBUAKOOXOJOKEHUX OO0 €MHHMX 3pa3zKax
(yacTUHA Ta TPYTKU TOBIIMHOKO/AilaMeTpoM Bim 2 10 5,6 MM) cepli HOBUX
CKIagHoJeroBanux ciuiaBiB Ha ocHoBl Fe cucremm Fe-(Ni,Cr,Mn,Mo,V,W Nb,Cu)-
(S1,B,C,P/Y) dopmyeTbcsi MHUPOKHI CHEKTP HEPIBHOBAKHUX CTPYKTYPHUX CTaHIB:
amop(HMI, HAHOKOMITO3UTHHUM (HaHOKpucTanu o—Fe B amopduiit matpuii) ta 100%
HAHOKPUCTANIYHUMA (CyMIll HaHOKpUCTaliB o—Fe Tta/abo y—Fe, XIMIYHUX CHOJyK
i3oMopdpHux MetactabimeHuM Me3(B,C) 1 Meys(B,C)s Ta gesikoi kinbkocti (a3
130cTpykTypHUX crabuibHuM FeyB, FesCy, FesCs, FeoP (tun Co,P) Ta FesP 3 po3mipamu
kpuctaniB Big 10 o 40 um. Temnepatrypu nodatrky Kpucraiizauii aMOpQHUX CTPYKTYp
B 00’ €eMHUX 3pa3kax jociimxeHux crasiB (874—-896 K) sHaxomsiThCsi Ha piBHI Kpamux
3apyO1’KHUX aHAJIOT1B.

4. OIiHKA KPUTHUYHUX MIBUIKOCTEH OXOJIO/HKCHHS HOBUX CIUIABIB 32 JIOTIOMOTOIO
TEPMOJUHAMIYHUX  KpUTEPIiB Yy 1 Ym, PO3PaxOBaHUX 3  BUKOPUCTAHHSIM
€KCIIEPUMEHTAJIbHO BUMIPSHUX 3HAU€Hb lg, Tons 1 Ti, Aamm 3HaueHHs R nns cruaBy
FeegMn1M04cr2C7ploB5Si2 — 405 1 1,01X103 K/C, CIjiaBy Fe55Ni3C06M04Cr2V1
AlngCaBsSiz — 108 1 262 K/C, 1 JJIsL CIIJIaBY Fe5o,oNi19,oC|'6,5M01,5V181411C215P4,4Si1 —
2,1x10% ta 4,5x10* K/c, BiamoBigHo. Y3aranbHeHHS BiJOMUX 3 JITEPATYyPU EMITIPHYHHX

3aJIEKHOCTEH MIBUIKOCTI OXOJIO/PKCHHS Bl TOBITMHU 3pa3kiB B miama3zoHi 0,02—75 MM,
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0 TBEPAIIOTh B KOHTAKTI 3 METAJEBUMU MIIKIAIKaMH, JO3BOJIMIIO MOOYTyBaTH
y3araJbHeHUHN Tpadik, 3a JTOMOMOTOI0 SKOTO BCTAHOBJIEHO, IO KPUTHUYHI MIBHUIKOCTI
OXOJIOJDKCHHS  o0'eMHOoamopdizoBanux  cmiaBiB  FegeMniMoyCroC/P1oBsSi; i
FessNigCosM04Cr,V1AlLPoCeBsSI, ckmamarors 3150 1 303 K/c, BignoBigHo. Po3ymue
CHIBIIAIIHHA EKCIEPUMEHTAIbHO BCTAHOBJICHUX 3HA4YeHb R; 3 po3paxoBaHuMH 3a
KPUTEPIEM Yy CBIAYATh MPO MOXJIUBICTH HOTO BUKOPHUCTAHHS JJIs MPOTHO3YBaHHS
CXHJIBHOCTI CIUTaBiB Ha OCHOBI Fe 10 06'eMHO1 amopdizarii.

5. EkcrmepuMeHTaIbHO BCTaHOBIEHO, IO ciutaBu FegMniMosCr,C/P1oBsSiy 1
FessNigCosMo04CrV1AlLPoCeBsSi, MoxkyTh Oyt oTpuMmani B amMophHOMY CTaHi
IUIAXOM JIMTTS B MIIHHMI KOKUIb B ()OpPMI IUIACTUHOK, MAaKCHMaJlbHa TOBIIHMHA SIKUX
CTaHOBUTH TipubIM3HO 0,5 1 2 MM BIANOBIIHO, B TOM Yac sik aMOpdHUN CTaH B CILIABI
FesooNiig0CrssMo15V1B141C25P44Si; OyB 3adikcoBaHMit JHIIE B MIBUAKO3AarapTOBAHUX
CTpIYKax TOBIIMHOIO 25 MKM, OTPUMAHUX METOJIOM CITIHIHTYBaHHSI PO3ILIABY.

6. HasiBHicTh amopdHOi (a3u y BHyTpimHIX mapax 3mutkiB HBCY-1 1 HBCY-2 1
BIICYTHICTh 11 Ha TIOBEpPXHI € JEeHI0 HEeCMOJIBaHOI, OCKIIbKH IMOBEPXHEBI IIapu
OXOJIO/DKYIOThCSI B O€3MOCEPEIHbOMY KOHTAKTI 31 CTIHKaMM MiJIHOI JUBapHOi popmu 3
OUIBIII BUCOKOIO MIBUIKICTIO. ['OJJOBHOIO MPUYHMHOIO I[HOTO € IHTEHCUBHE T'€TEPOTCHHE
3apO/KCHHSI KPUCTATIB Y TTIOBEPXHEBUX IIIapax, OOYMOBJICHE X B3aEMOJIIEIO TIEPEBAKHO
3 3AIMIIIKAMHU KUCHIO B aTMOC(epi JTUTTS TiJ] 4ac BIAHOCHO JIOBTOTO Yacy OXOJIO/KCHHS.
3HIKEHHS BIUIMBY TETEPOTEHHOTO 3apOUKEHHS MOXE OyTH JOCSITHYTO IUIIXOM
BJIOCKOHAQJICHHS yYMOB JIMTTS (30Kpema, BHOOpoM artmocdepu), a TakoxX Ii100poM
JIETYIOUUX JIOMIIIOK, SIK1 3HUKYIOTh IIBUAKICTH 3apPOAKOYTBOPEHHS.

7. 3 pe3ynbTaTiB IPOBEICHHOIO aHaTi3y BUIUIMBAE, [0 OCHOBHUM YMHHHUKOM, IO
Bu3Hauae CA criaBiB Ha OCHOBI F€, € OIM3BKICT CKIIay CIUIaBY A0 €BTEKTHYHOTO. 3a
pe3yibTaTaMu TPOBEICHUX OIIHOK HAWBWINY CXUJIBHICTH J0 CKJIOYTBOPEHHS MAalOTh
JIETOBaHI1 1TpieM Ta ATIOMIHIEM CILJIaBU HBCY-1-1
(Fe40Cos3Mng 2Cr166W39M0105B4C149Si17Al1 Y19), HBCY-2-1  (Fes36C054MnoeCrisg
W;59M079BggCosSio1Al1Y2) Ta HBCY-3-1  (F€4s4,85C07,:1MnNg,05Cr153Wo,0:M0128Bs o
C148SioAlo1Y18), KpUTHYHI TOBIIWHHU 3JIUTKIB SIKUX CKIQHalOTh 2,5, 2,5 Ta 2,6 MM

BIIIIOBIIHO.
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PO3A1I 4. 3BAKOHOMIPHOCTI CTPYKTYPO- TA ®A30YTBOPEHH I1PU
TEPMIYHUX OBPOBKAX CTPIYKOBUX TA OB’€MHO AMOP®I3OBAHMX
CIIVIABIB

4.1 TepMiuHa CTIHKICTh HEPIBHOBXHUX CTPYKTYP

Bucoxkuii piBeHb MIIIHICHHX BJIACTUBOCTEW B aMOp(PHOMY CTaHi CIUIaBiB Ha OCHOBI
Fe Ta #ioro icToTHEe MABUILEHHS y 3pa3Kax 3 KPUCTAIIUYHOIO CTPYKTYpOK OOYMOBIIIOE
1HTEpEC /10 BCTAHOBJICHHS TEPMIYHUX 1HTEPBAJIIB ICHYBaHHSI HEPIBHOBAXKHUX CTaHIB, SIKI
bopMyIOTbCSI B TpoOIECi IIBUIKOTO OXOJIOJKEHHSI pO3IUIaBiB. SIK IMOKa3aHO BHIIE,
3nuTku cepii HoBux craBiB HBCY-2-1 ta HBCY-3-1 marote uucto amopdny Ta
aMop(HO-HAaHOKOMIIO3UTHY CTPYKTYpY, IO Y3TOMKYETHCA 3 TOMEPEAHBO OIIIHEHOIO
NIJBUIIEHOK CXWJBHICTIO LUX po3IUiaBiB, a Takox posmiasy HBCY-1-1, no
HEKPHUCTAJIYHOTO TBEP/IIHHS.

Tepmiuna cTidKiCTh amMOphHUX (a3 y MOCHIIKEHHUX 3pa3Kax 3 4YacTKOBO abo
MOBHICTIO aMOpP(QHOI0 CTPYKTYpOIO XapaKTepU3ye€TbCS TEMIIEPaTypol0 IMOYaTKy
KpucTamizaiii, Tons (BUMIPAHIM MpU MEBHIN MIBUIKOCTI HArpiBy), KOTpa JJIsi 00’ €MHUX
3pa3kiB ckiagae 776—896 K (tabiu. 4.1) 1 € y cepeiHbOMY HUKYOIO, HIXK JIsT aMOp(HUX
cTpiuok. 3 Tabn.4.1 BUIUIMBAE, 110 HAMBUIILY TEPMIUHY CTIMKICTh MatOTh aMopdHi da3u
y cmiaBax HBCY-1-1 ta HBCY-2-1, xpucramizamiss SKUX TOYHMHAETHCS MPH
temriepatypax 861 Ta 896 K, BiamoBigHO, 110, HAaWOUIbII BIPOTiAHO, TOB’SI3aHO 3
MaKCUMaJbHUM BMICTOM CJa0OpO3YMHHHUX Yy 3alli3l JIETYIOUUX €JEMEHTIB Yy IuX
CIUIaBax, K1 MiIBUILYIOTh cTa0uIbHICTh amophuux $ha3z —W, Mo, Cr (B cyMi OJIU3bKO
30 ar.%), Byriens (9,8-15 ar.%), 3 HeBenmukuMm Bmictom Y (1,8-2 at.%) ta Al (0,1-
1 a1.%). HaBeneni B Ta0n.4.1 naHi cBig4aTh, M0 OUIBIIICT 3 JOCTIIKEHUX aMOpPHUX
CIUIaBIB TIEPEXOJUTh y KPUCTAIIYHUNA CTaH y JEKUIbKa CTaiid (32 BUKIIOUYCHHSIM
crutaBiB Mapok NHRP-4 ta NHRP-6), 1 111 o6cTaBuHa 103B0JIsSIE O4iKyBaTH (hOPMYBaHHS
HAHOKOMIIO3UTHUX CTPYKTYp Ha MEpIliid cTajli KpucTadi3alii 3 MiJBUILIEHUM pPIBHEM

MEXaHIYHUX BJIIACTHBOCTEM.
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Taomung 4.1
[TapameTpu TEepMIYHOI CTIMKOCTI CTPIYOK Ta 00’€MHHUX 3pa3KiB 3 amMop(HOIO i

YaCTKOBO KPUCTAIIYHOIO CTPYKTYPOIO

Kinpkicth To
cramii | Tons, | Txa, | Tx, Txa, | Txa, | Txs, | Tend, o
3pasox kpuctani- K | K | K | K| K| K | K T;QS’
3arii
HBCY-1-1, ctpiuka 4 861 | 908 | 974 |1075| 1152| - |1237| 376
HBCY-1-1, mmactunka 4 896 | 948 | 1040|1078 | 1171 - |1257| 361
HBCY-2-1, crpiuxa 5 896 | 919 | 966 | 986 | 1093 113 1271| 375
HBCY-2-1, mpyrox 3 | 873|903 | 972 199 1100|317
HBCY-3-1, mactunka 3 879 | 967 | 980 1000 1075| 196
HBCY-2, crpiuka 3 828 | 854 | 897 | 960 - - 1992 | 165
HBPC-3, crpiuka 2 828 | 858 | 964 | - - - | 974 146
HBPC-4, cTpiuka 2 785 | 812 | 875
mactuHa (0,5Mm) 2 785 | 812 | 875
NHRP-4 ctpiuka 1 764 | 777
NHRP-6, cTpiuka 1 781 | 811 | - - - - 1893 112
iactrHa (0,5MM) 3 778 | 801 | 809 | 820 884 | 106
mactuHa (2,0Mm) 3 776 | 799 | 809 | 821 903 | 127

Temneparypu mnoyarky KpucTaiizamii amMopHHUX CTPYKTyp B OO’ €MHUX 3pa3Kax
nocnimpkennx cmiaBiB (874-896 K) 3HaxomsThcs Ha piBHI Kpammx 3apyOiKHUX
aHaJIOTiB, — HaAWOLIBII TEPMIYHO CTIMKUX CKJIAJHO-JIETOBAHMX CILJIaBIB CHUCTEM
Fe-Co-Cr-Mo-C-B-Y 1 Fe-Co-Cr-Mo-Mn-C-B-Y, «kpucramzaimisi  sSKUX
NOoYMHAEThCs Mpu Temneparypax 876 K [32]1 850 K [28].

4.2 3akOHOMIPHOCTI CTPYKTYypO- Ta ()a30yTBOpPEHHS MPU TEPMIYHUX OOpOOKax

CTP14YKOBHUX Ta 00’€MHO amMOp(}i30BaHUX CILUIABIB B T.4. OJJHAKOBOTO XIMIYHOTO CKJIay

BpaxoByroun BCTaHOBJIEHY BHIIIE 3a JAHUMHU CTPYKTYPHUX HOCTiKeHb (puc. 3.10
Ta 3.14.) HasBHICTH aMOpPHUX (a3 B CTPYKTYpl MIBHUAKOOXOJIOJKEHUX IJIACTUHOK
cutagie - HBCY-1-1, HBCY-2-1, HBCY-3-1, HBPC-4 i NHRP-6, OyB mpoBenecHuit

nopiBHsUIbHUY aHaji3 Tepmorpam JICK 06’eMHMX 3pa3KiB 1 CTPIUOK.
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Cnin 3a3HauuTH, 1O GopMU NOpoPUIF0O MAKCUMyMIB TEIUIOBUIIJICHHS CTPIYKH
TOBITUHOO 22 MKM 1 TUTACTHHKHU TOBIIMHOKO 0,5 MM HaiO11b11 PochopMicTKOTO CTUIaBY
FesoCroMniMosBsC7P10Si,; (HBPC-4) Omuspki  (puc. 4.1 a), 1m0 CBIIYUTH IIPO
IIEHTUYHICTh MEXaH13My KpHucTajizallii aMopdHoi (pa3u, a TemMrnepaTypu CKJIONOI0HOTO
nepexoy 1 MovaTrKy KpucTamisaiii 30iraiorbcs. [HeHTUYHICTH TeMmrepaTyp MOYaTKy
KpUCTaTi3allii 3pa3KiB 3 pi3HOI0 TEPMIUHOIO IEPEAICTOPIEI0 BKA3ye Ha Te, IO MPOIeC

KpHUCTai3amii IIbOTO CKJIa BiTOYBAE€THhCS 3a KIACHYHUM MEXaHI3MOM 3apOJDKCHHS 1

pocTy.
a) 0) T NHRP-6

= .
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& =)
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Puc. 4.1. JICK ctpiukoBuX Ta 00’€MHHX 3pa3KiB CIJIaBIB Pi3HOI TOBIIMHHU:
a) 22 mMkMm 1 0,5 Mm craBy FeggCroMniMosBsC;P10Si; (HBPC-4); 6) 27 Mk,
0,5 MM, 2,0 MM 1 2,5 MM CILIaBY Fe55NigCI’zCOeMO4V1A|QB5C6P98i2 (NHRP-G)

Ha Binminy Bix cruiay HBPC-4, xapakTtep kpuctamizaiii amopdHoi ¢ha3u B crijiaBi
FessNigCr,CosMo,V1AlLBsCePeSi; (NHRP-6) 1 i TepMiuna CTIHKICTh 3ajie)aTh Bif
IIBUIAKOCTI  OXOJo/KeHHsA. lle mposBiseThcs B PO3MICIUICHHI  MaKCHUMyMY
teroBuaAuIeHHsT Ha Tepmorpamax JICK mmactuHok (puc. 4.1 6), mo BKasye Ha
po3mibHe (GopMyBaHHs Kpuctamidyaux ¢da3z Mey(B,C)s, FesB Tta FeB, 1 gesike
3HIDKCHHSI TEPMIYHOI CTIMKOCTI B TOPIBHAHHI 13 CTPIYKOBHMH 3pa3kaMu. 30Kpema,
3HaueHHs |4 iactuHOK crutasy NHRP-6 toBmmHo0 0,5 12 MM CKIaAar0Th BIAIOBIIHO
7631760 K, a Tons — 778 1 776 K. 3HM>KEHHS] TEPMIYHOI CTIHKOCTI aMOpP(GHOTO CTaHy B
3pa3Kax, OXOJO/DKEHMX 3 MEHIIMMH IIBUIKOCTSIMH, HaWIMOBIpHiIIe, OOyMOBJIEHO

ICTOTHOIO POJUII0 «TapTIBHUX» 3apOjKiB, O0'€eMHa TyCTHMHA SKUX 3pOCTa€ MpH
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3MEHIIIEHHI BUIKOCTI OXOJOKEHHS, B IIPOIIEC] KpUCTaIi3allii.

[Mpu inenTudikamii (a3, MmO BHUIIAIOTECA Ha PI3HUX CTaAisIX B Mpoleci
kpucranizanii AMC, Bukopucrtani gani npo npoctoposi rpynu (I1I7), cTpyktypHi THnM
(CT) Ta mapaMmeTpu KpHUCTaJIIYHUX TpaTOK OOpHaiB Ta KapOiJaiB 3aji3a, HAaBEJICHI B
Tabm. 4.2.

JCK-TepMorpamMu  CTpiuOK Ta IUIACTUHOK 3 aMOpP(QHOI0 CTPYKTYpOIO CIUIABIB
HBCY-1-1 ta HBCY-2-1, saki HaBeaeHni Ha puc. 4.2, XapaKkTepHU3ylOThCsSI CYTTEBUMU
BIJIMIHHOCTSIMH, TIOB’SI3aHUMHU 3 PI3HOIO aTOMHOIO (UM HAHOKJIACTEPHOIO) CTPYKTYPOIO

BHUX1JIHOTO HEPIBHOBAKHOT'O CTaHy ITUX 3pa3KiB.

Tabanig 4.2

Kpucranorpagiuni xapakTepucTuku OOpHiB Ta KapOiJIiB 3a1i3a

Crnonyka | CuHrosis [ CT HapavieTpit Tpani, 1M i

a b C JDKED.

Fe2sBs KyOiuHa Fm-3m | Cr;sCs | 1,067 [125]
FesB pombiuHa Pnma FesC | 0,5428 0,6699 0,4439 | [126]
FesB TeTparoHalbHa I-4 NisP | 0,8655 0,4297 | [126]
Fe.B terparonansia | [4/mcm | CuAl, | 0,510 0,424 | [127]
FesC Kybi4Ha P-43m Fe,C | 0,3878 [128]
FesC pomOiuHa Pnma FesC 0,673 0,452 0,508 | [129]
FesC, monoxmmaaa | C12/cl | MnsC, | 1,1563 0,4573 0,5058 | [130]

p=97,73

Fe;C; | rekcaronameHa | P6smc | ThsFe; | 0,6882 0,4540 | [131]
Fe/Cs pomOiuHa Pnma | Mn,C; | 0,4540 0,6879 1,1942 | [132]
Fe,P pombiuHa Pnma Co,P | 0,5775 0,3571 0,6641 | [133]
Fe,P rexcaronanbha | P-62m Fe,P 0,5865 0,3456 | [134]
FesP TeTparoHaj bHa -4 NisP 0,9107 0,4460 | [134]
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Puc. 4.2. TlopiBusauns tepmorpam JICK amopduux crpivok (1) Ta mmactun (2)

crutaBiB: HBCY-1-1 (a) ta HBCY-2-1 (0)

OcCkiJIbKM TepMiuHa CTIHKICTh aMophHUX (a3 BHU3HAYAETHCS iX OMOPOM
KpUcCTali3alii, s JeKIIbKOX CIUIaBIB, HOCTIKEHUX Y TaH1i poOOTi, OyJin po3paxoBaHi
edeKTUBHI €HEeprii aKkTUBaIlll KOXKHOI CTajii mepeTBopeHHs. Pe3ynbTaTh 1UX OIIHOK,
3pobrnennx 3a metogoM Kicinmkepa, HaBeaeHi B Ta0. 4.3.

Onepxani 3HavyeHHs eHeprii aktuBanii (Ex) mepmoi cramii  kpucranmizamii
JTOCITIKEHUX CILIaBIB JIeXKaTh y BIIHOCHO IIMPOKOMY fiarna3oHi 3HadeHb (Big 380 10
629 kJ[>k/MOJb), MO Y3rOIKYEThCS 3 HEUHMCICHHUMH PE3yJIbTaTaAMH, HABEICHUMH B
JiTepaTypi A CKJIaAHO-JIETOBaHMX aMop(HHUX crutaBiB Ha ocHoBi Fe [135]. Sk BuaHO
13 Ta6n.4.3, HaiiBUIIMM 3HAYCHHSIM e(EKTUBHOI €Heprii akTHBaIlli KpucTamizaiii
XapaKTEPHU3y€EThCS OJIMHAIIIATUKOMITOHCHTHHIA CIUTaB
FessNigCr,CogMosV1ALBsCePgSi;  (NHRP-6), 1mo wMaB HaiBuiy 3maTHICTH 10
CKJIOYTBOPEHHSI CepeJl CIUIaBiB CHHTE30BAaHMX 3 BHUKOPUCTAHHSAM TIPOMHUCIOBOL
CHUPOBHHH, Ta MEPEXOUB B KPUCTATIYHUIA CTaH B PE3YNIbTATI OAHOCTAIIMHOTO TPOIECY
eBTEKTHYHO1 KpucTam3aiii amopdHoro crany. I[lpu 1mpomy, SK BHJAHO 3 JaHUX,
HaBeJeHUX B Tabmuusx 4.1 1 4.3, Mk 3HaueHHsIMU Eg1 Ta Tons OUEBHIHOT KOpensii He
CIIOCTEPITAETHCS. 3 IHIIIOTO OOKY, EHEPTii aKTUBAIIll KOXKHOI 13 YOTUPHOX CTaAll POIecy
KpucTamizami s 00’€eMHUX  3pa3KiB crutaBy  FeqoC0s3Cri66W39MO010 5
Mng2B4C149Si17AlL Y19 (HBCY-1-1) € Ha 18, 20, 34 ta 47 % MEHIIMMH 3a BiAMOBIAHI

BEJIMYMHU JJ11 aMOP(HUX CTPIYOK OJTHAKOBOTO XIMIUHOTO CKIIATY.
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Ta0murg 4.3

EdextuBHI eHeprii akTuBaIlii BCiX CTafiil KpucTaiizamii aMOppHUX CTPIYOK Ta

3JIUTKIB JOCIIKEHUX CIUIABIB

l-acramia | 2-acramis | 3-g cramis | 4-acramia | 5-a cragis
3pasox KpI/ICT?:J]i- KpI/ICT?:J]i- KpI/ICT?:JIi- KpI/ICT?:JIi- KpI/ICTﬁJIi-
3aii, 3arii, 3ariii, 3ariii, 3ariii,

kJx/monb | kJDbx/Monb | kJk/Monb | kJ[x/Moab | kJ[K/Moib
NHRS(Co)-1,ctpiuka 379 391
HBCY-1-1, cTpiuka 513 560 549 736 -
HBCY-1-1, mimactuna 419 449 363 394 -
HBCY-2-1, ctpiuka 514 618 498 529 524
HBCY-2-1, mpyTok 382 617 - - 388
HBCY-2, cTpiuka 572 487 383 - -
HBPC-3, cTpiuka 487 380 - - -
NHRP-6, ctpiuka 629 - - - -

I[JBI 00’eMHHUX 3paBKiB CILIaBY Fe43,6C05,4CT15,9W3,9M07,9Mno,e BngCQ,BSiollAllYZ
(HBCY-2-1) (3 MeHIIMM BMICTOM BYIJICHIO 1 KPEMHIIO i OUIBII HiX BIBIYI BHUIIUM
BMicTOM Oopy mopiBHSHO 13 crmaBoM HBCY-1-1) xapakrepHuM € BIACYTHICTB 3 1 4-1
CTaJiii TIepEeTBOPEHHS Ta 3MEHIICHHS €Heprii akTUBallll MEepIIoi Ta OCTaHHBOI CTaIN
HaHOKpUCTami3alii mnpuoaM3Ho Ha 26% MOpIBHAHO 3 aMOP(HOI  CTPIUYKOIO
aHAJIOTIYHOTO XiMIyHOro ckimany. Jns mpukinany Ha puc. 4.3 HaBeneHi rpadiku
Kicigmkepa s BCiX CTaaiil MEepeTBOPEHHS CTPIUKM Ta 00’€MHOro 3pa3Ka CILIaBy
HBCY-2-1. CKCIICPUMEHTAJIbHUX TOYOK BIJ JIHIAHHUX

He3naune BigxuiieHHS

3aJIEKHOCTEH CBIMYUTH TPO BHUCOKY TOYHICTh BH3HAYCHHS  e()EKTUBHUX EHEprii
aKTHUBAIlIl BCIX CTail KpucTai3allii.

30UIbIICHHST PI3HUIN CHEPriid akTHWBAIlli Ha IM3HIX CTamisIX HaHOKpHCTai3amii
CBIIYUTH MPO CYTTEBO BHUILINA BMICT KJacTepiB (BMOPOKEHHX LEHTPIB) OOpokapOiTHUX

CIIOJIYK B 00’eMHMX aMOpHUX 3pa3Kkax, 0 € HACJIJIKOM MEHIIOi Ha 4 TOpSJIKU

MIBUKOCTI 1X OXOJIOMKEHHS MOPIBHSHO 3 aMOP(HUMU CTPIUKaAMHU.
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Puc. 4.3 I'padixu Kicinmxepa nus BciX cTafiidl NMEpeTBOPEHHS CTPIUKH (a) Ta

00’emHOT0 3pa3ka (miactunkn) (0) crmay HBCY-2-1.

Pentrenorpadiuni JOCHIIKEHHS 3pa3KiB IIBUAKOOXOJIOMKEHUX CTPIYOK YCIX
CIUIaBIB  IOKa3ald, [0 YCKJIQJIHCHHS XIMIYHOTO CcKjiaaxy amopduux (a3
CYNPOBO/IKYETbCS ~ YCKJIQJAHEHHSM IMpollecy iX HaHOKpucTamizauii. 30Kpema,
yotupukoMnoHeHTHl cruiaBu HB-1 1 HB-2 kpucranmizyioTecs B OAHY cTaairo 3a
€BTEKTUYHUM MexaHi3MoM, ciiaB HBRM-4, skuii MicTUTh 9 KOMIOHEHTIB, — Y [IBl, B
toit yac sk Tepmorpamu JICK 8, 9 ta 11-tu kommonenTHux crutagis HBCY-1, HBCY-2,
HBCY-1-1 ta HBCY-2-2, BiANOBIAHO, MICTSTh TPH, YOTUPH Ta I SITh €K30TEPMIUHHUX

MaKCUMYMiB.

4.3 CtpykrypHO-(pa30oBi TEPETBOPEHHS MPU TEPMIYHUX OOpPOOKAxX CTPIYKOBHX

amop(HUX criiaBiB. BruinB JieryBaHHs 1TpIEM Ta alOMIHIEM

Heranbauil anam3 audpakrorpam crpidok cruiay HBCY-1-1, miganux HarpiBy
1o temrepatypu 929 K (puc. 4.4), nmokasas, 10 ($a3oBe MEPETBOPECHHS B I[bOMY CIUIAB1
MOYMHAETHCS 3 TpoIecy (a30BOro po3lIapyBaHHS MOYATKOBOTO aMOp(HOro CTaHy Ha
nBi amopduux ¢aszu ¢ cepeanimu posmipamu OKP 1,0 u 2,2 um (BigHocHi gomi 0,23 1
0,77), BignoBigHo. Harpis no temneparypu 1005 K npu3BoauTh 10 3HUKHEHHS MEPITIOL

amopdHoi ¢daszu, yrBopeHHss HaHoMmaciTabHux (10-20 HM) KpUCTaIiB IHTEPMETAIITHUX
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¢da3, mpu upomy npyra amopdHa ¢aza crae OiIbII BHopsakoBaHow (po3mip OKP —

3 HM) a 1i BiTHOCHA KIJTBKICTh 3MeHITy€eThest 10 0,16.

IHTEeHCUBHICTE, BiJH. O/I.

20, rpan.

Puc. 4.3. qudpakrorpamu ctpidok amopduoro cmiapy HBCY-1-1 y BuxigHomy
ctani (1) Ta micnma HarpiBiB A0 TEMIIEpaTyp CKIONOAIOHOTO mepexony (2) Ta

3aBEpIICHHS KOXHOI 3 IT’ATH CTaIii KpucTaiizaiii (3—7).

[lomanpmuii aHami3 KPUBUX PO3CIIOBAaHHS PEHTTEHIBCBKUX IPOMEHIB 3pa3KiB
crutay HBCY-1-1 warpitux 10 pi3HHX TeMIiepaTyp IOKa3ye, IO HarpiB o
temnepatypu (1050 K) He nmpu3BoAUTH 10 MOBHOIO 3HUKHEHHS Apyroi amopdHoi dazu
(BimHOocHa mouist ~ 0,13) ane cnpusie mosiBi 6arathox peduiekciB Bif ¢da3 130MophHUX
kapOinam Cro3Cs, Fe7CsTa 6opuny Fe,B. Ilpu nnboMy nmianmazoH po3MmipiB KpUCTATIB, K1
MO>KJIMBO OLIHWUTH 32 HAIMIBIIMPUHOK HAUOLIBII YITKUX AUGPAKUIMHUX JIHINA JIEKUTH B
nianaszoni 30—60 uM., 1 Ha 1i# cTafli Ha AUQPPAKIIAHIA KapTUHI 3 SBISIIOTHCS peIIeKCH
B a3u o—Fe, cepenniit po3mip KpucTamiB sKoi mpu mojaansiiomy Harpisi 1o 1100 1
1143 K 6e3nepepBHo 3poctae (3 30 mo Oumbmr HiX 100 HM.), a BIZHOCHA KUIBKICTb
30ubiyethes Big 0,1 mo 0,33. [Ipu oMy, Ha ocTaHHIM cTaall KpucTami3aiii (HarpiB 10
1143 K) posmanmaerbcsi He iaeHTHdikoBaHa ¢daza. lle mpuzBoguTh A0 3arajbHOrO
3HMKEHHSI MIKpPOTBEPAOCTI CTPIYOK I[HOTO CILIABY, IO Oy/e MPOJEMOHCTPOBAHO B 5-My

po3maimi.
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Jns  mOCHiOBHO — BIAMAJIEHWX  3pa3kiB  aMOpPHUX  CTPIYOK  CIUIABY
Fe4g,7C04,5Cr14,7M09,383,6C13,5Si4,6 A|0,1 (HBCY-].), 10 HE MICTUTb iTpiIO, ATIOMIHIIO Ta
BOJIb(DpaMy, HATOMICTh OUIBIN JITOBAaHMM KPEMHIEM, HE OUYIKYBAHO XapaKTEPHOIO €
noaiona g0 cmiapy HBCY-1-1 nanoctpykTypa (puc. 4.5.), B 4K BAanocs
inenTudikyBat qonatkoBo ¢azy tamy FesC ta cmimn a3 CryCs ta CrsC; micns apyroi
(muB. puc. 3.2 B) cragii kpucramizaimii. TakKUM YMHOM BCTaHOBJICHO, IO OJHOYACHE
aeryBanHs crutasy HBCY-1 itpiem, amomidieM Ta BOJbGpamMoOM HE JIHIIE 30UTBIIYyE
3/IaTHICTH 10 amopdizarlii, ajie i AeIIo 3MIHIOE CTPYKTYpHO-()a30BUll CKIaa Ha PiI3HUX

CTa/IisIX KpUCTaJi3alii BUX1AHOTO aMOpPGHOTO CTaHy CTPIYKHU.

IHTEeHCUBHICTD, BIIH. O,

as-cast

26, rpan.

Puc. 4.5. Iudpakrorpamu amoppuux crpiuok crmnay HBCY-1 y suxignomy (1)
cTaHi Ta micis nepiioi (2), apyroi (3) 1 TpeThoi (4) cTamii KpucTamsailii B yMoBax

HarpiBy 31 mBHAKICTIO 5 K/XB.

Ha puc. 4.6 HaBeneHO TMOPIBHAHHS KAPTUH PO3CIIOBAHHS PEHTTE€HIBCHKUX
IIPOMEHIB BiJl 3pa3ka cTpiuku amopguoro cmapy HBCY-2-1 y Buxinnomy craHi (1), Ta
micass HarpiBy 31 mBuakicTio 10 K/xB. 1m0 KiHIs 3aBeprieHHs Tepmioi CcTamii
kpucranizauii (914 K) (2). CrpykrypHni napametpu ctpiuku crmay HBCY-2-1 micns
MEePINoi CTajli KpucTaizalii, BU3HAYCHI 32 PEHTTCHOCTPYKTYPHUMHU JNaHuMu (puc.4.6)

npejcTaBieHi B Tabnuii 4.4.
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Anaini3 nudpaxrorpamMu 3paska mijgaHoro HarpiBy o temmneparypu 914 K (puc.
4.6. (2)) mokazaB, IO KpHUCTali3alis LbOTO CIUIAaBY IMOYMHAETHCA 3 (OpMyBaHHS
HAHOKPUCTATIB HE 1IEHTU(IKOBAHOI 1HTEpMETaNiIHOI (ha3u, sKa HAIPHUKIHII TEPIIoi
CTajii TepeTBOPEHHS Ma€ CEPEeJHIM po3Mip KpHUCTalIiB ~4 HM, BIJHOCHA JOJIS SIKUX

ckimazgae ~ 0,3, 1o BifnoBigae 06’ €MHil IycTHHI HaHOKpUCTANB ~9-10%4 M3,

Tabmuus 4.4
CrpykTypHi napamerpu ctpiuku ciiapy HBCY-2-1 micns nepiioi ctaaii KpucTamsarii.
Cnas Tun Th, K |20, rpan | w,tpan | Lg,mm | R, A X
CTpiuka 914
HBCY-2-1 | HaHOKpHCT. 50,82 3,0696 4 - 0,3
amop(dna 51,123 10,26 1,11 2,551 0,7

[lomanplmii aHami3 KPUBHX PO3CIIOBAHHS PEHTTEHIBCBKUX IPOMEHIB 3pa3KiB
crutay HBCY-2-1 narpitux 10 pi3HUX Temmeparyp nokasye (puc.4.7), 1mo HarpiB J0
TeMIiepaTypu KiHI Apyroi craaii kpucranizamii (1008 K) He mpu3BOauTh A0 MOBHOTO
3HUKHEHHS 3aJIMIIKOBOI aMOp(HOT MaTpulll, ajie CIpusie YTBOPEHHIO XapaKTEPHUX IS
crutay HBCY-1-1 pednekciB Big da3 i3omophuux kapoigam CrasCe, Fe7Cs Ta Gopumy
Fe,B. Kap6in Fe;Cs nerko ineHTH]IKYETHCS, 1 HOTO € 3HAYHO O1MIBIIIE B CTPIUKaX CILIaBY
HBCY-1-1, nix B cruaBi HBCY-2-1. Ilpu 1mpoMy niama3oH po3MmipiB KpHUCTaliB, sKi
MO>KHA OI[IHUTH 32 HAMIBUIMPUHOK HAWOUIBII YITKUX AU(PAKLIMHUX JIHINA JEXKUTHh B
nianazoni 6—30 HM, 1 Ha Wik cramli B AudpakiiiiHii KapTUHI NPAKTUYHO BiJICYTHI
pebnexkcu Binm dasum o—Fe, sxi Bmepmie 3’gBISIOTBCA Ha AudpakTorpaMax 3pasKiB
Harpitux g0 temneparypu 1070 K. Takox npu nboMy Ha TpeTid cTajli KpucTaiizalii
3HMKae amopdHa ¢aza 1 MaKCUMalbHI CEPEllHI PO3MIPH HAHOKPHUCTATIB CSTalOTh

cyOmikponHoro faiama3ony (100—-150 am).
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Puc. 4.6. llopiBHSHHS  KapTUH Puc. 4.7. dudpakrorpamu
PO3CIIOBaHHS PEHTIeHIBCHKUX CTpPIYOK aMOp(pHOTO  CIUIABY
IPOMEHIB  BiJ  3pa3ka  CTPIYKH HBCY-2-1 migmanux HarpiBy 3i

amoppuoro cmiaasy HBCY-2-1 vy
BUX1HOMY cTaHi (1), Ta micisa HarpiBy
31 mBuakictio 10 K/xB. 10 KiHOA
3aBEPIICHHSA Mepuoi crail

kpuctaizarii (914 K) (2)

mBuakictro 10 K/xB. 1o
TEeMIIepaTyp 3aBEPIICHHS PI3HUX
cTaali KpUCTai3aiii.
[ngexkcamu Mimtepa BigMiveHi

peduexcu Bia pazu o—Fe

TakuM YMHOM, B pe3yJbTaTi MPOBEICHHWX JOCIIIKEHb BCTAHOBJICHI II€BHI
3aKOHOMIPHOCTI, CXOOCTI 1 BIAMIHHOCTI  CTPYKTYypO- Ta (a30yTBOPEHHS IpHU
TepMIiYHUX O0OpoOKax CTPIUKOBUX Ta 00’ €MHO-aMOp(]i30BaHUX CIUIABIB OJHHAKOBOTO
XIMIYHOTO CKJIaMy.

CTaOUTBHICTh Ta

4.4 Tepmiuna HaHOKPHCTATI3aIlisa AMC

Fe4sNi1g4C0g5Crs57M01,9B14Sis 5

[Ipouec (dhopmyBaHHS HaHOKpHUCTaNiB o—F€ B amopdHiii wmaTpuii, IO
criocTepiraetscst B amophuomy crutaBi FessNiig 4C0g5Crs 7Mo1.9B14Sis s (NHRS (Co-1)),
€ aHAJOTIYHUM ILIUPOKO BIJOMOMY IpOILIECY HAHOKpUCTaJi3allii, KUl Brepiie OyB
BigkpuTuii B amopdromy crutaBi FeBSINDCu [136] i 10 TenepiliHboro 4acy € 00’ €KToM
YUCIIEHHUX JOCHIKEHb. 3a pe3yibTaTaMM IMX JOCHIIKEHb OyJIO BCTaHOBJIEHO, LIO

dbopMyBaHHs HaHOKpucTamiB B amopdHii Marpuii cruiaBy FEBSINDCu e nachigkom
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BHCOKOT IIBUIKOCTI 3apO/DKEHHS KpUCTaliB o—Fe, sika iHimiroeTbest CU, Ta HU3BKOI
MIBHIIKOCTI POCTY, sKa rambMmyeThcst nomimkamu Nb. Ile crpwsiio migBHIEHHEO
iHTEepecy /10 BUBYCHHS BIUIMBY JIOJIaBaHHS MEPEXiTHUX MeTaliB B cuctemy Fe—Si—B 3
METOI0 TIOKpaIlleHHsS BJIACTUBOCTEM IIMX CIIaBiB, iX TEPMIYHOI CTaOUIBHOCTI 1 iX
CXHJIBHOCTI JI0 YTBOPCHHS HAHOKPHCTAJIIYHOI KOMIO3WTHOI cTpykrypu [137-139] B
IpoIEeCi MEPBUHHOI KpHUCTaTi3aIlii.

BpaxoBytoun, mo amopduuii crutaB NHRS (Co-1) He MicTuTh Hi HI00110 Hi Mifi, B
JnaHii poOoTi Oynau MpoBeldeHI OUIbIN AeTadbHI JOCHIIKEHHS TepIioi cTaili
KpHUCTajizaiii 1[boro aMOp(HOro CIUIaBy 3 METOI0 BCTAaHOBJICHHS 3aKOHOMIPHOCTEH
nporecy kpuctamizamii AMC. ¥V my6mikarii [139] BcrarHOBIIEHO, 110 TIepedir MepBUHHOT
KpucTaiizaiii B aMmoppHoMy criaBi Fe;sMnysM0,,5SisB1g, min 9ac skoi yTBOPOIOTHCS
HAHOKPHUCTAIM 3 PO3MIpPOM MPHUOIM3HO 17HM, HE3MIHHUUN TMpPH PIZHUX TEeMIlepaTypax
Binnany. Cnocrepexene (opMyBaHHS HAHOKOMIIO3UTHOI CTPYKTYpU MpHUIUCAHE
3aranbMoBaHid qudy3ii atomiB Fe 3 amopdHOi A0 HaHOKpHUCTaIi4HOi (a3u yepes
mudy3iiianil map (mone), chopmoBane aromamu MO 1 dactkoro atomiB Mn, mo He
po3unHWIMCS y o—Fe 1 BiakuHyTuMH Kpuctamamu Fe(Si), mo poctyts. Pesynbratu
OTJISHYTUX CTaTe, Tak camMo SK 1 OUIBIIOCTI JOCHIK€Hb, MPUCBSIUYCHHUX aHaTI3y
JeryBaHHS Ha mporec (opMyBaHHS HaHOKpHCTalIiB y amopdumx Fe—Si—-B crmiasax,
SKICHI.

B po6Goti [122] mamu Oyno mpoaHanmi30BaHO KIHETHKY KpHcTaiizaiii amopdHux
crpiuok HoBoro crtaBy NHRSCo-1, B sskomy y nopiBastHHI 3 Bimomum AMC FegyB14Si,
3aJ1i30 0yJ10 YaCTKOBO 3aMmileHo Kinmbkoma nepexiaaumu metaaamu (Ni, Co, Cr ta Mo),
a CKJIaJl METAJIOIJIB 3aJMIIMBCS MPAKTUYHO HE3MIHHUM. Jleryroui no0aBku Oynu
migiopaHi 3 METOIO IMABHIIEHHS MIIHOCTI, TUIACTHYHOCTI, KOPO31MHOI CTIMKOCTI Ta
CJIIEKTpooTnopy 0a30BOTO CILIaBy. JleryBaHHS TpPU3BEIO 0 3HIDKCHHS TEMIEpaTypH
mikBigycy 3 1463 K no 1420 K ta 3MeHmenHs TepMivHO01 cTaOLTbHOCTI (Tons = 741 K) y
MOETHAHHI 3 YCKJIAAHEHHSIM TMpoIiecy KpucTaizaiii amopdHoi ¢dasu, ajie He A0 3MIHU
MexaH13My nepBUHHOT KpucTanizauii AMC.

Jnsa Ttoro, mo0 BU3HAYUTH TMPOMYKTH KpHUCTali3amii, M0 BiAOYBa€eThCs B

amophHuX cTpiukax cmiaBiB  FegBi14Sig Ta FessNijg 4C0g5Crs 7Mo; 9B14Siss,  iX
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HarpiBanu 31 mBuAKicTIO 10 K/XB. 10 TemmepaTyp, 110 BIANOBIIAIOTH 3aBEPIICHHIO
eK30TEepMIUYHUX peakuid. BcraHoBiaeHO, 10 JOMIHYIOYMM TPOIECOM,  SIKUN
B110yBaeThcs B aMmop(HiN MaTpuiii, € popMyBaHHS HaHOKpUCTaIB o—Fe. Buznauenutii 3
PEHTTEHOCTPYKTYPHUX NaHUX CepeaHiii po3mip 3epHa bec o—Fe HaHOKpHCTamiB Ta
00’eM 3aKpucTani3oBaHoi ¢a3u y BiananeHux Oynu nmomiTHO MeHIMMHU (22 uM Ta 0,38
BiIMOBIZHO), a 00’eMHa IIiUIBHICT, BUHOK (6,8-10%2 M%), HiK 3HAYEHHA IHX
napaMeTpiB CTPYKTYPH YaCTKOBO 3aKPUCTAI30BaHUX 3pa3KiB y MOTPIMHOMY CIUIaBI.
[Tin gac apyroi cramii kpuctamizalii y 3aJuIIKoBid aMopdHii (a3l yTBOPIOETHCS
cymim a3 o—Fe, y—Fe, a Takok He3HauHa KUIbKICTh HEe1IeHTU(PIKOBaHUX (a3, sIKI JTUIIe

BI/IJIaJICHO HaragyrTh MeTacTabipH1 6opunu MesB ta Me,B (puc.4.8).

W 860 K
820 K

as-quenched

IHTEHCUBHICTb, BigH. of.

40 50 60 70
20, rpag.

Puc. 4.8. dudpakrorpamu 3pas3kiB cmiaBy FessNijg4C0gsCrs7Mo;9B14Siss y
BUXIJTHOMY CTaHl MICJIS HaAIUBHJKOrO raptyBaHHs, Harpitux npu 10 K/xB. mo

3aBEpILECHHA BCIX CTajli IEPEeTBOPEHHS MIPU BKa3aHUX TEMIIEpaTypax

[Tomanpliuii HarpiB BHUILE TeMIEpaTypu TpeTboro ekzorepmiyHoro miky JICK
(1038 K) Bene no icroTHOro 30uiblIeHHsT KUTBKOCTI fcc y—Fe TBepaoro po3unHy Ta 10
3MeHIIeHHs o—Fe, a Takoxk 10 (PaKTUYHOIO 3HUKHEHHS MeEeTacTaliIbHOro(HHUX)
oopuny(iB) (puc. 4.8).

BcranoBneHo, 1o AJis 130TepMIivHO BiANAJICHUX MPU PI3HUX TEMIEpaTypax 3pa3KiB

CTpiYOK  po3mip  HaHOokpuctamiB o-Fe B amoppuux  FegoBi1Sis Ta
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FessNiig 4C0g5Crs5 7Mo01.9B14Sis 5 MIBUAKO 3pocTae 3 4acoM BiAMaiy, CYyIPOBOKYIOUUCH

CHIOBUTHHEHHSIM y TEPIIOMY CIUIaBl 1 HACHYEHHSAM y ipyromy (puc. 4.9).

B Tto#i xe 4dac, popmu kpuBux X(t), M0 MOKa3yrOTh 00’€M 3aKpHCTa130BaHO1
CHIOBUIBHEHHSI ~ IIBUIKOCTI

JacTKM, 000X CIUIaBIB TOAIOHI, JEMOHCTPYIOUHU
HaHOKpHCTam3allii 3 uacom (puc. 4.10).
0.35+
_____________ o .0 s
0F 6 ® ® . omms . 0.30
° e L
Lo 0.25
ll /. -
20 0.20
E : I/ L
s | < 0.15
- 1 " -741K 0.10
10 K ° -759K !
Ly 0.05
0 le 0.00
1 N 1 N 1 N 1 N 1 " 1 " 1
0 5000 10000 15000 0 5000 10000
t,s t, s

Puc. 4.9. 3MiHa cepeaHBOTO PO3MIPY Puc. 4.10. OG'emMHi yacTku KpuctayiiB X B

3epHa HaHOKpHCcTaliB o—Fe B AMC crtaBi FegsNijg 4C0g5Crs 7Mo01,9B14Siss K
(GyHKLIS Yacy MpU PI3HUX TeMIeparypax

Fe4sNi194C085Crs7M01,9B14Siss sk
Binnany (Ha rpadiky). LltpuxoBi KpuBsi

byHKIIIs qacy npu PI3HUX
temriepatypax Bianany. Itpuxosi pO3paxoBaHi 3a pPIBHSIHHSM 3 [6].

JiHIT PO3paxoBaHl 3a JOMNOMOTOKO

piBHsHB, HaBeneHux B [140]

Jetanpauil anami3 nporo mporiecy (puc. 4.10) He OyB mpenMeTom JaHOi poOOTH.
CHoBUTbHEHHS 1 TIOAAJIBIIE 3yMUHEHHSI OOMEKEHOTO NU(PY31€I0 POCTY HAHOKPUCTATIB

Oyno omnucaHe criBaBropaMu poOoTH [122] npHOIM3HOK aHATITUYHOK MOJEIUTIO

npysxHoro 3iTkHeHHs [140].
[locunene 3apoaAKOYTBOpeHHST B OaratrokomnoHeHTHOMY AMC 3ymoBieHe

MEHIIIUM 3HAYEHHSIM €HEepTii aKkTUBalii Il YTBOPEHHS 3apOJIKIB KPUTUYHOTO PO3MIpY,

ki (y KJIaCU9IHIN MOJEI) 3a1eKaTh BiJ TPEThOi cTeneHl Mixk(a3Hoi eHeprii 1 00EpHEHO
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MPOTOPLIHI APYTid CTENeHl TepMOoIuHaMidHOI pymniiHoi cunu [141]. 3 ornsany Ha Te,
10 mpuBeeH] Temmneparypu Kpuctaiizamii (Tons/TL), SKi B OCHOBHOMY BH3HAYalOTh IO
BEJIMUMHY, TPAKTUYHO OJHAKOBI B 000X cruiaBax (0,52 1 0,53), MOXJIMBOIO IPUYHMHOIO
nigBuineHoi mBuaKocTi 3apoukeHHsS B AMC FegsNigg 4C0g5Crs 7Mo; 9B14Sis 5 € MeHIa
noBepxHeBa eHepris Ha Mexi (a3 ckimo — kpucran lle, B cBowo uepry, moxe OyTu
CIPUYMHEHO 301JIbIIEHHSIM O0'€eMHOI 4YacTKM KjacTtepiB Ha ocHOBl o-Fe 'y
0araTOKOMIIOHEHTHOMY CIUIaBi, SIK IIe criocTepiraiock B amophHomy criaBi FezgBi3Sig
[142].
Cnin 3a3HayuTH, IO TIMOTE3a NPO ICHYBAHHS JBOX OOMEXyrouux (HakTopis
(3apOJKOYTBOPEHHsSI a00 picT), SKI PEryjJloTh TEPMIYHY CTIHKICTH aMOppHUX
MeTaJeBUX CIUIaBiB, aHAJOTIYHA 3alpOIOHOBAHIN I IHTEpIpeTalii 3JaTHOCTI [0

CKJIYBaHHS METaJICBUX CIUTaBiB Ha ocHOBI Fe [143].

4.5 TepmiuHa CTIMKICTh Ta XapakTep KpucTaiizaiii amopdHOI CTPIUYKH CIUIABY

Fe71Cr6NbGSi5B12 (HB-B)

[Ipn nmochikeHH1 TEPMIYHOI CTIMKOCTI Ta KpUCTaji3alili Ha Mepud MO
OLIBIII TIPOCTOTO Ta MOMIpHO JieroBaHoro amopduoro cruaBy Fe71CrsNbsSisBi2 (HB-3)
OyJ10 BCTAHOBJIEHO PsiJl HETPUBIAJTBHUX 3aKOHOMIPHOCTEH.

Pentrenorpadiuni gocnijpkeHHs: cTpiuku cruiapy HB-3 mokasanu, mo BoHa Mae
aMmop(HY CTPYKTypy, THUIOBY JJsi MeTaneBux crtekon (puc. 4.11). Po3paxoBani 3a
KyTOBHM TOJIOKECHHSIM TU(Y3HOTO Tajo Ta WOro HAMiBIIMPUHOIO BEJIMYUHU CEPETHBOI
HAWKOPOTIIIOT BIZICTaHI Ta po3Mipy obnacteit korepeHTHoro poscisaas (0,2512 ta 1,58
HM, BIJIOBIJIHO) JIEXKaTh y JAiana3oHax 3HAY€Hb, XapaKTepHUX sl aMOp(HUX CILJIaBIB
Ha OCHOBI 3aji3a, JMOCHIDKEHUX B poOoTi (muB. Tabn 3.1). AmopdHumii xapaxrtep
CTPYKTYpHU CTpiuku criaBy HB-3 miaTBepaXyeTbcs TaKoX XapakTepoM TEepMOrpaMu
JCK, Ha siKiil 4iTKO (piKCyeThCsl CKIonoAi0Hui mepexin (puc. 3.1 1), M0 € TUIOBUM
TaKOX JIJIS BCIX JIOCTIHKEHUX B poOOTI aMOpP(HHX CILIABIB.

HesBaxkaroum Ha OUTBII MPOCTHI XIMIYHMM CKJIQJl IIbOTO CIUIABY y TMOPIBHSIHHI 31

casamun HBCY-1, HBCY-2 1 HBRM-4, ioro JICK-tepmorpama wmictuth 5
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€K30TEepPMIYHUX MakcuMyMiB (puc. 3.1 1), IO CBIAYUTH MPO CKIAJAHUN XapakTep
NEPEeXOoy Y KPUCTATIYHUNA CTaH.

3 aHamizy audpakiifHUX KapTUH CTPIYOK, MiJJJAHUX HArpiBy A0 TEeMIEparyp
3aBEpIICHHS KOXHOTO 3 MaKCHUMyMiB TCIUIOBWAUICHHS, MO3HadeHWX Ha puc. 4.11,
BUIUIMBAE, 1110 Ha MepIIiil cTaaii kpucTamsamii B Aiama3oni Temmepatyp (818—900 K) B

amopdHii ¢azi GopMyIOThCS TUCTIEPCHI KpUCTAIU IBOX (ha3.

=
°© s
=t o
‘B A
[+]

= , .| 1170 K J
5| 1008 K .‘I\% :[:; o S R |
| RO : |
= / \ 1]
3} \ =
Z|B9K 2] Y N
| I | v
o= \
il e S =

1 1 1 1 1 L 1 n 1 1 1

20 30 40 50 60 70 80 20 40 60 80

20, rpan 20, rpan

Puc. 4.11. Indpakrorpamu crpidok criaBy Fe;1CrgNbgSisBi, (HB-3) y Buxignomy
ctaHi (as-cast) Ta micns HarpiBiB 70 3aBepineHHs nepioi (899 K), npyroi (1006
K), tpetroi (1084 K), werBeptoi (1111 K) Ta m’stoi (1170 K) cramiit kpucramizaiii

B yMOBax HarpiBy 31 mBuakicTio 10 K/xB

Po3knananns npodiiao audpakTorpaMd B KyTOBOMY Jiana3oHi JU(y3HOrO raio
Bil amopdHOi (a3u 1 BHU3HAYEHHS KYTIB PO3CISHHSA CBiauuTh (puc. 4.12 a), mpo
CTPYKTypa 3pa3Ky MICHs Mmepiioi cTadil KpucTamizaiii CKIaJaeThCs 3 KpUCTaliB o—Fe,
cepenHiii po3mip skux ckiagae 9 uMm, Oopuay FesB (CT — NisP) 3 posmipom
HaHOKpucTamiB 10 HM Ta 3anumkoBoi amMop(HOi MaTpuil, YacTKa SKOi CKJIaaae
npubu3Ho 70% (Tadm. 4.5).

Sk BUIMIUBAE 3 pe3ybTaTiB peHTreHorpadiunux nociimaxkens (puc.4.11 ta 4.12 6)
Ha JIPYyTid cTajll MepeTBOpPEHHS BiAOYBA€ThCS KpUCTANI3aIls 3aJIHMIIKOBOI aMOpQHOT
MaTpHulli, B TIPOIIEC] SKOI 3pOCTa€e yacTKka HaAaHOKpHUCTaiB copuay FesB, posmip sikux B

MeXax MOXMOKM 3anmumiaeTbess Ha piBHI 10 HM, BUIUIIETbCA HE3HAYHA KUIBKICTD
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oopuniB FesB (CT — FesC) ta NbB,, B Toii yac sk 9acTka i po3MipH HaHOKPHCTAJIIB

TBEPJIOr0 PO3YMHY Ha OCHOBI 0—F€ icToTHO 3pocTaroTh (10 38 HM Ta 61,5%) (Tab:x. 4.5).

oo
~—

IHTEHCHBHICTD, BIAH. 011

0)

IaTEeHCHBHICTE, BiAH. 01

60 70

20, rpan

Puc. 4.12. dudpakrorpamu amopduoi ctpiuku crmiaBy HB-3 micis HarpiBy 31

mBuakicTio 10 K/xB a) no 899 K (xinenp mepmioi cramii kpuctanmizaiii), 0) 10

1006 K (kinems apyroi cTaaii KpucTami3artii)

Tabmnis 4.5

[Tapamerpu ctpykTypu crutay HB-3, mo dopmyerbes Ha mepmux cramisx

KpucTtaizaiii amopdHoi dazu

Cmias HamiBmmpuna |  Kyrtose Posmip OKP, BignocHa

pediiekciB, | MOJIOKEHHS HM yacTtka, %

rpan pedrnexcis,
rpaj

HB3 (889 K) am. paza— 70,4
a—Fe 1,25 52,36 9 10,3
MesB (NisP) 1,15 50,93 10 19,3
HB3 (1006 K)
a—Fe 0,57 52,38 38 61,5
FesB (NisP) + FesB 1,15 51,22 10 38,5
(FesC) + NbB;

Takum ymHOM, mepexim amopdHoi dasu y crmaBi HB-3 y kpucramiyauii cran

B1IOYBa€ThCS IIISAXOM HAHOKpHUCTaJi3allli, sika B CBOIO YEPry CKJIAJAEThCA 3 JBOX

eTariB, Ha MIEPIIOMY 3 AKUX JIOMIHYE ()OpMYBaHHS HAHOKPHUCTAJIB OOPHIIB, a HA IPYTid

TBEPJIOT0 PO3UMHY Ha OCHOBI 0—Fe€.

Ha tpertiif Ta yeTBepTii cTamisx mepeTBOpeHHs (HarpiBu o Temmneparyp 1084 Tta

1111 K) ¢azoBuii ckiaa 3aKpuCTaNi30BaHUX 3pa3KiB 3aNIUINAETHCS HE3MIHHUM o—Fe +
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FesB (NisP) + FesB (FesC), onnak Bixke He BaaeThes ieHTH(DIKYBaTH pediiekcu 0opumy
NbB,. Ha m’sitiit BimOyBaeThbest po3mnaa MeTacTaOlIbHUX OOPHIIB Ta MOsIBA CTA0LITBHOTO
oopuy i3omopdHoro FeNLB (puc. 4.11).

3a pesynbTaTaMu pPEHTreHOTrpadiuHUX JIOCHIKEHb MEXaHI3MH TMPOIIECIB, 110
BiIOYBaIOTbCS TPETI Ta YETBEPTIM CTaAisiX, BCTAHOBUTH HEMOXJIMBO, ajié MOXHa
MPUITYCTUTH, 10 BOHHU IIOB’SI3aHI 3 POCTOM KpHUCTaliB o—Fe Ta OopuaiB, mpo IIo
CBIYUTH 3MEHIICHHS MMUPUHU TUPPAKIIHHUX MaKCUMyMiB Ha AudpakTorpaMmax.
[Tatuii ex3orepmiunuit MmakcumyM Ha kpusiii JICK AMC HB-3 BodeBub nos's3anuit 3
po3MagoM MeTacTabUIbHUX OOpPHUIIB Ta YTBOPEHHAM HOBOI (azu i3oMopdHOI Oopumy
FeNbB.

Xapakrtep mepioi crajii kpucramizaiii amopdHoro cruiasy HB-3 B meBHiil Mipi
Haraaye MmovaTkoBi cTafii po3many amopdHoi Matpuii y crpiumi crmasy HBCY-1, na
AKIA CIOCTEPIrajoCch PO3MICIUICHHS MEepIioro AudpakiiiHoro Makcumymy (puc. 4.5).
Ane manuii po3mip 00J1aCTel KOTepEeHTHOTO PO3CISIHHS IBOX CTPYKTYPHHUX CKJIAJJOBUX Y
crutaei HBCY-1 (1,6 ta 1,13 aMm), ki € TumoBumu yist amopbHux a3, AaB MiACTaBU
CTBEP/IKYBaTH, 10 B IbOMY CILJIaBl BiOYBa€ThCsl Tpoiiec (a3oBOro po3liapyBaHHS,
AKUW TIepeaye TIpolecy KpucTamizaiii, B TOM 4Yac SK TNEpIIUA MaKCUMyM
teroBuAuieHHss Ha Tepmorpami JCK crpiuku crmay HB-3  oGymoBnenuit
(dhopMyBaHHSIM HAaHOKPHCTAIIB MoHalMeHIIe aBoxX (a3. Ciig BIAMITHTH, IO XapaKTep
nBox(daszHoi (um TpudazHoi) HaHOKpHcTamizamii amopduoi ¢asu y cmmaBi HB-3
MPUHIIMIIOBO BIJIPI3HAETHCS Bl Ipouecy (popMyBaHHS HAHOKOMIIO3UTHUX CTPYKTYpP B
mmpokomy kiaci craeiB Ty FINEMET, NANOPERM Tta HITPERM [144], 1 sikuit
30KpeMa, cnocrepiraBcsa y cmaBi HBRM-4. Takuil Tun kpucranizaiii He BiJIMOBIIAE
BiJIOMi yHIBepcanbHIN Kiacudikarii, 3anpornonoBaniii Kecrepowm 1 I'eponwa [65] most
METaJIeBUX CTEKOJI, a CIpoOM 3HAWTH aHAJIOTU B JTeparypi ycmixy He manu. Lle
CBIIYUTHh MPO HEOOXIAHICTh MOTJIMUOJIECHOTO MOCHIIKEHHS KIHETUKH Ta MEXaHi3My
nBo(Tpr)xda3HOi YaCTKOBOI KpHCTai3allii, amopdHoro cruiasy HB-3 3 Bukopuctanusm

KOMOIHAaIlIi CTPYKTYPHUX Ta KIHETUYHUX METO/IIB.
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4.6 BucHoBKku 10 po3niny 4

1. HaiiBumy TtepmiuHy CTIMKICTh MawTh amopbHi (a3um y cruiaBax
Fe40C053Cr166W39M0105MNg 2B4C149Si17 Al1Y19 (HBCY-1-1) Ta Fes36C054Cri59W3 g
Mo079MnoeBogCosSio1AlLY, (HBCY-2-1), kpucramizamis SKHX ITOYMHAETHCSA IPHU
temneparypax 861 ta 896 K, BiamoBigHO, 110, HAaWOUIBII BIPOTIAHO, TMOB’S3aHO 3
MaKCUMaJbHUM BMICTOM CJa00OpO3YMHHUX Yy 3ali3l JIETYIOUWX €JIEMEHTIB, SKi
H1JBUINYIOTh CcTaOLIBHICTE amophHux ¢a3z — W, Mo, Cr (B cymi 6musbko 30 ar.%),
Byriensb (9,815 at.%), Ta HeBenmukum BMicToM Y (1,8-2 aT.%) ta Al (0,1-1 at.%).

2. Tloka3zaHo, 10 MPOIECH MEPexXojy y PIBHOBaXHUN cTaH amopdHux Qa3 y
crmaax HBCY-1 ta HBCY-1-1 MaroTh iCTOTHO OUTBII CKJIATHUN XapakTep, —
tepmorpamu JICK MicTATh BANOBIAHO TPU Ta YOTHUPH €K30TEpMiuHI Makcumymu. [lpu
bOMY TMepuui 130TepMidyHUN MakcumyM Ha TepMmorpami JICK oOymoBieHuit
po3mapyBaHHsIM aMmopdHOi ¢da3u Ha JABI 3 PISHUMU CEPEAHIMU MIKATOMHUMHU
BIJICTAHSIMU.

3. Bcranosneno, 110 OJIHOYACHE JIeTyBaHHSI CIUIaBY
Fe4g,7C04,5Cr14,7M09,383,6C13,5Si4,6 Alo,1 (H BCY-].) iTpiCM, ATFOMIHIEM Ta BOJ'IBq)paMOM HC
auiie 301IbIIye 31aTHICTh A0 amopdizallii, ajge i Jeno 3MIHIOE CTPYKTYpHO-(pa30Buid
CKJIaJ, Ha PI3HUX CTaAlsX KpUCTaji3alii BUXITHOTO amopdHOoro crany crpiuku. B AMC
HBCY-1-1 Bmanocs imentudikyBatu momaTkoBo ¢azy izomopdry FesC Ta cmimu das
Cr7Cs ta Cr3Cymics apyroi crafaii KpucTasizarliii.

4. TlokazaHo, 110 3HUKEHHS TEPMIYHOI CTIMKOCTI aMOpP(GHOro CTaHy B 3pa3Kax,
OXOJIO/DKCHUX 3 MEHIIUMHU MIBUJIKOCTSMH, HAWIMOBIpHIIIE, OOYMOBJIEHO 1CTOTHOIO
pPOJTIO  «TapTIBHUX» 3apOJIKIB, 00'€eMHa TYCTHHA SIKMX 3pOCTa€ MpU 3MEHLIECHHI
IIBUJIKOCTI OXOJIOJIPKEHHSI, B TIPOIIECl KprCTasi3allii.

5. HaiiBumum 3Ha4eHHSIM €(pEeKTUBHOI €HEprii aKkTHBAIlii MPOIeCcy KpucTamizaiii
amop¢noro crany (E,=629 kkan/momn) xapakrepusyerbes criaB FessNigCr,CosMosV
Al;B5CgPySi; (NHRP-6), 1110 MaB Ha#BHIIly 3aTHICT 0 CKIOYTBOPEHHS CepeJl CILIaBiB
CUHTE30BAaHUX 3 BUKOPUCTAHHSM MPOMHCIIOBOI CHPOBHHH, Ta TIEPEXOJHWB B

KPUCTAIIYHHUM CTaH B Pe3yJbTaTi OJHOCTAIIMHOTO MPOIECY eBTEKTUYHOI KpUCTai3allli.
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[Ipu iboMy, MK 3HaUeHHSIMH Ea1 Ta Tons 0OUEBUIHOT KOPEAIIT HE CIIOCTEPIragocs..

6. IlokazaHo, 1m0 eHeprii akTWBAIli KOXXHOI 13 YOTHPHOX CTafil TPOIECy
Kpuctamzamii  aai1  o0’eMHMX — 3pa3kiB  cmiaBy  FegqoCo0s3Cris6Ws9MO01g 5
Mng 2B4C146Si17AlL Y19 (HBCY-1-1) € na 18, 20, 34 ta 47% MEHIIUMU 3a BiAMOBIAHI
BEITUYMHHU 11 aMOP(HHMX CTPIYOK OJHAKOBOTO XIMiuHOTO ckiamy. Jms o6’ emHUX
3p33KiB CILJIaBY F€43,6C05,4CI'15,9W3,9M07,9MnO,eBg,8C9,SSi0,1A|1Y2 (HBCY-Z-I) (3
MEHIIMM BMICTOM BYTJICHIO 1 KPEMHIIO 1 OUIbIN HIXK BJBIYl BHUIIUM BMICTOM OOpYy
nopiBHsiHO 13 cruiaom HBCY-1-1) xapakrtepHuMm € BIACYTHICTH 3 1 4-i cramii
MEPETBOPEHHS Ta 3MEHILICHHA C€Heprii akTuBallli Mepumoi Ta OCTaHHBOI CTajaii
KpucTaiizauii npuoin3Ho Ha 26% MOPIBHAHO 3 aMOP(PHOIO CTPIYKOI aHAJIOTIYHOTrO
XIMIYHOTO CKJIay.

7. BcTaHoBIEHO, IO CTPYKTYpa 3paskiB crpidok cmmaBy HBCY-2-1 marpitux mo
TeMIiepaTypu KiHI Apyroi craaii kpucranizamii (1008 K) He nmpu3BoauTh A0 MOBHOTO
3HUKHEHHS 3QJIMIIKOBOI aMOp(HOi MaTpHlIll, aje CIpHUs€ YTBOPEHHIO XapaKTePHUX s
crutay HBCY-1-1 pednekcis Bix da3 isomopduux kapbdimam Cr3Cs Fe;Cs Ta Gopumy
Fe.B. Kap6iny Fe;C; 3nauno Ounmbmie B crpiukax cmiasy HBCY-1-1, HiX B
crutaBl HBCY-2-1. Jliamazon  po3MmipiB  KpHCTaliB, SKI MOXHa  OIIHUTH 34
HaMBIIUPUHOIO AU(PPAKIINHUX JiHIA JeXuTh B Aiama3zoHi 6—30 um. Ha tpertiit cramuii
KpucTaiizaiii 3HuKae amopdHa ¢aza 1 MaKCUMalbHI CepeHl pO3MipU HAHOKPHCTAIIIB
KapO11iB, O0puAiB Ta a—Fe ciararoTh cyoOMikpoHHOTO Aiana3zony (100—150 am).

8. 30unbllIeHa MIBUAKICTh 3apOJKOYTBOPEHHS Ta 3HM)KEHA IMIBHJKICTH POCTY B
amopdromy cmnaBi FessNijg4C0gs5Crs 7Mo1 9B14Siss, mmiBuaiie 3a Bce, 3yMOBJICHA
MEHIIIOI0 €HEPTicr0 Ha Mexi (a3 CKJIO - KpPUCTajd BHACIHIJIOK 301IbIIEHHS 00'€éMHOL
YacTKHU KJacTepiB Ha OCHOBI o—Fe Ta oOMexeHHs pocTy 3a paxyHok JjeryBaHHs Cr Ta
Mo 3 HU3BKOIO PO3YMHHICTIO B 0—F¢ mpu TemnepaTypax Bijnaiy, BiMOBIIHO.

9. INokazano, mo mepexia amoppuoi ¢asu y cmiaBi HB-3 (Fe7;1CrgNbgSisBi»)
BIIOYBAEThCS y JIBAa €TalmM MUIIXOM OJHOYAcHOTO (HOpPMYBaHHS HAHOKPHUCTATIB
TBEPJOro po3unHy Ha ocHOBI o—Fe ta copuaiB FesB (NisP) 1 FesB (FesC), npu msomy
JOMIHYIOYHMM TIPOIIECOM IIEPIIIOTo €Tamly € KpucTamisailis 00pumiB, a Apyroro — o—Fe.

[ToniGHuit TvN ABOQA3HOT HAHOKPHUCTAI3ALlli CIIOCTEPIraeThCs BIEPIIIE.
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PO3JILJI 5. MEXAHIYHI, KOPO3IMHI TA EJJEKTPUYHI BJIACTUBOCTI
AMOPOHUX ®A3 I HAHODA3HMX KOMIIO3UTIB PI3BHOI'O XIMIYHOI'O
CKJIAZLY 3 YPAXYBAHHSAM TEMITEPATYPHO-KOHIIEHTPAIIIMTHNX YMOB
HEPIBHOBAJXXHOI'O TBEPJIIHHS PO3IIJIABIB TA KPUCTAJIIZALIII
AMOPOHUX ©A3

5.1 CtpyktypHO-(ha3oBuii CKIa] Ta MEXaHIUHI BJACTUBOCTI IMBUIKOOXOJIOHKEHUX

CTPIYKOBHUX Ta 00’€MHUX CIUIaBIB y BUX1JIHOMY CTaHi

Pe3ynpTaT BUMIPIOBAHb MIKPOTBEPAOCTI aMOP(PHHUX CTPIYOK JOCHIKEHUX B
po0OoTi cIUIaBiB TMijcyMoBaHi B TaOmmili 5.1. 3 HaBeIeHHUX JaHUX BHUILUIMBAE, IO
3HaYEHHS MiKpoTBepaocTi H, amoppHux ¢a3 nexars y mexax Big 8,85 I'Tla (NHRP-6)
o 11,95 I'Tla (HBCY-2-1). I3 3icTaBieHHs ITUX JaHUX 3 XIMIYHAMH CKJIaJJaM{ CTIIaBiB
(Tabm.2.1) moxHa 3pOOMTH BHCHOBOK, IO piBeHb H, 3pocTrae 3 migBUILCHHM
3arajbHOro BMICTY Jerytouux enementiB B AMC. Tsepuicts ctpiuok criaBisB HBCY-1-
1 ta HBCY-2-1 Oyna Gmumspkoro (11,8 Ta 11,95 I'lla BigmoBimHO), B TOM dYac sK
TBepAicTh 3nuTKy cruiasy HBCY-1-1 6yna nemo Bumoro (12,4 I'Tla) y nopiBHsHHI 3 H,,
smutky cmiay  HBCY-2-1, mo, BiporigHo, OOYMOBJICHO pI3HHIICI0 YaCTKH
KpUCTAIIYHUX (a3 B CTpykTypi. OLIHKa MEX1 IUIMHHOCTI Gy 31 CIHiBBIIHOLICHHS
H,=3,50, nae 3HaueHHs B nianma3zoni 2,66—3,77 I'Tla. Ha BigmiHy BiJg CTpIYOK,
MIKpPOTBEPIICTh 00’ €MHUX MIBUAKOOXOJIOKCHUX 3pa3KiB (Tabi. 5.2) jJexuTh y OLIbII
HIMPOKOMY aiana3oHi 3Hadyens Big 5,40 I'Tla (NHRS-(Co-1)) no 16,24 I'Tla (HBCY-2).
[le 0O0yMOBIJIEHO IMPOKUM CHEKTPOM CTPYKTYPHHUX CTaHiB, 110 (POPMYIOTHCS B MPOIIEC]
OXOJIO/DKCHHS Y TIPYTKaX Ta MJIaCTUHAX TOBIIMHOIO BiJl 2 110 5,6 MM.

BumiptoBaHHsT MiKpOTBEPJOCTI IMIBHIKOOXOJOKEHUX 3pa3kiB cruiaBie HBPC
(Ipyra rpyma) Mokasajad, IO 3Ha4e€HHA H, CTpIYOK 3 TNEPEBaXKHO aMOpP(PHOIO
CTPYKTYpOIO Jexarh B pgianmazoni 8,86-9,14 [ITla, a TtBepmicTh 3IUTKIB 3

HAHOKPHUCTAIIYHOIO CTPYKTYypOl € Jeuo Bumior 1 ckimagae 11,16-12,26 I'Tla

(Tabu. 5.2).
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Taomung 5.1

CtpykTypa Ta 3HAYECHHS MIKPOTBEPIOCTI TOCHIDKEHUX MIBUIKOOXOJIOIKEHUX

CTPIYOK y BUX1JHOMY CTaH1

Mapka cruiaBy TosmyHa, Crpykrypa MikpoTBepaicTs, ['Tla
MKM
HB-1 18,2+ 2,6 amopdna 10,74 £ 0,06
HB-2 33,2+ 3,0 amop¢Ha 10,11 £ 0,04
HB-3 271+1,1 amopdHa 9,29 + 0,04
HBRM-4 20,3+£0,1 amop¢Ha 10,28 £ 0,06
HB-4 22-28 amopdHa 11,74+0,06
HBPC-2 30-45 amopdHa 9,00+0,04
HBPC-3 18-20 amopdHa 9,14+0,05
HBPC-4 22-27 amopdna 8,86+0,06
NHRS-(Co-1) 20-25 amop¢Ha 9,60+0,08
NHRP-2 18-25 amop¢na +y—Fe 9,373+0,050
NHRP-3 20-25 amopdHa 11,203+0,12
NHRP-4 22-27 amopdna 9,827+0,45
NHRP-6 22-27 amopdna 8,85+0,06
HBCY-1 284+10 amop(dna 10,87 £ 0,07
HBCY-2 247+21 amop(dna 11,08 £ 0,06
HBCY-3 27,8+2,3 amop¢Ha 11,83 £0,04
HBCY-1-1 33-42 amopdna 11,80+0,06
HBCY-2-1 25-33 amopdna 11,9540,07

Teepaicts 3mutkiB HBPC 3 HaHOKpUCTaNIYHOIO CTPYKTYPOIO € JEIIO BHUIIOK0 1

ckiagae 11,16-12,26 I'Tla (ta6mn. 5.2). By3bki gianma3oHu TBEPAOCTI 3pa3KiB i€l rpynu

CBIYaTh MPO BIJHOCHO HU3bKY UYTJIMBICTH MIIHICHUX BJIACTUBOCTEH LIMX CIUIABIB JI0

Bapialliif XIMIYHOTO CKJIaJy Ta CTPYKTYPH.

B tperiii rpyni criuiaBiB IpUBEpTA€E yBary HU3bKe 3HaueHHs H, 00’e€MHOro 3pasky

crutaBy NHRS-(Col) (5.4 I'Tla), sske € He TUIBKM ICTOTHO HHW)KYE€, HIK TBEPAICTb

aMop(HOI CTPIYKM IHOTO CIUIABY, aje € MIHIMAJIbHUM CepeJl yCiX MOCTIKEHUX B

po6oTi craBiB. [IpuunHOI0 HU3BKOT TBEPIOCTI € IOMiIHYIOYa YacTKa TBEPIOTO PO3UYUHY

Ha OcHOBI y—Fe B cTpykTypi 1mporo 3pasky (maibke 80%), dopMyBaHHS sKOI

oO0ymoBiieHe BrcokuM BMicToM Ni y ckitaji boro CIuiaBy.
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Taomung 5.2

CtpykTypa Ta OIIHEeHI 3HaYEHHS IBHUIKOCTI OXOJIO/DKEHHS R Ta MIKpOTBEpAOCTI Y

BI/IXiI[HOMy cTaHl 3J'II/ITKiB, OJACPIKAaHUX 3a MCTOAOM HAAIBHAKOI'O OXOJOIKCHHA

po3ILIaBy
Mapxka crinaBy | ToBmuHa/giam Crpykrypa R, | MikpoTBepaicTb,
eTp, MM Klc ['Tla
HB-2 IInactuna 2,0 o—Fe+Fe,B 244
HBRM-4 IInactuna 2,0 o—Fe+Fe,B+FesC, 244 9,55+0,06
HBRM-4 ITnactuna 3,0 o—Fe+Fe,B+FesC, 164 10,89+0,07
HBRM-4-1 [Ipyrok 3,7 a—Fe+Cry3Ce 133 11,14+0,07
(F82386)+F63B
+(Fe,Cr)7C3
HB-4 ITnactuna 5,0 o—Fe +Fe;B+X 164 12,65+0,06
HBPC-2 [Tnactuna 3,0 | o—Fe + y—Fe +Me;(B,C) | 164 11,16+0,06
HBPC-3 [Tnactuna 3,0 | Me3(B,C)+ Mey(B,C)s | 164 12,26+0,05
+X
HBPC-4 [Tnactuna 5 | Mes(B,C)+ Meys(B,C)s | 100 11,33+0,07
+X
NHRS (Co-1) [Tpyroxk 3,5 v—Fe+Fe,B 140 5,40+0,04
NHRP-2 ITnactuna 3,0 v—Fe + Fe,B 164 7,25+0,03
NHRP-3 ITimactuna 3,0 a—Fe + Fe,B + FesB | 164 14,61+0,12
NHRP-4 ITpyroxk 3,5 y—Fe + Fe,B 140 7,19+0,04
NHRP-6 IInmactuna 5 o—Fe +Cry3Cs (FengG) 100 12,23:|:0,08
+ FesB + cimigu (Fe P
(Co,P) + FesP)
HBCY-1 ITnacturaa 2,0 | o—Fe +FesB+Cry3Cet+ | 244 14,91+0,12
Fe7C3
HBCY-1 [Tnactuna 5,0 | o—Fe +Fe3B+CryCe+ | 100 14,69+0,013
Fe,Cs
HBCY-1-1 [TpyToxk 3,8 A+o—Fe 130 12,41+0,08
HBCY-2 ITnactura 2,0 | o—Fe +FesB+Cry3Cet+ | 244 16,24+0,16
Fe,Cs
HBCY-2 ITnactura 5,0 | o—Fe +FesB+Cry3Cs+ | 100 13,38+0,12
Fe,Cs
HBCY-2-1 [Tpyroxk 3,5 A 140 9,65+0,04
HBCY-3-1 IInactuna 3,6 A+a—Fe+Cry3Ce 137 12,09+0,08
(Fe3Bg)+FesB+
(Fe,Cr)7C3+Fe5C2
HBCY-3-1 [Tnactuna 5,6 A + o—Fe+Cry3Cq 89 14,74+0,10
(F82386)+FG3B+

(Fe,Cr)7C3+ FesC,
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[Ile B OuLIBbII MIMPOKOMY Jiala3oHi 3HAYEHB JIEKATh 3HAUYCHHS MIKPOTBEPJIOCTI
00’emuux 3paskiB cmasiB rpynmu NHRP (Big 7,2 mo 14,6 I'Tla) (tabn. 2.1), sxi € gk
Bunmmu 3a H, amoppuux crpiuok (crutaBu Mapok NHRP-3 ta NHRP-6), Tak 1
HwkunMu (craBu Mapok NHRP-2 ta NHRP-4). 3 nopiBHsiHHA 3HaueHbp H, 3
pe3ynbTaTaMu CTPYKTYPHUX JIOCTI/DKEHb BWIUIMBAE, IO HU3bKA MIKPOTBEPHICTh
00’emumx 3pa3kiB ciiaBiB Mapok NHRP-2 ta NHRP-4 o0yMoBiena HasBHICTIO B iX
CTPYKTYp1 BITHOCHO BEJIMKOI YaCTKH KPUCTATIIB TBEPIOTO PO3UMHY Ha OCHOBI y—F€.

VY smutky cmmaBy NHRP-6 3 menmmm Bmictom Ni (8 atr.%) dopmyroThes
NEPEBAXHO HAHOKPUCTAIM XIMIYHHUX croiyk (tabn. 5.2). 3 ormsaay Ha pes3ynbTaTH
OI[IHKM YMHHUKIB, SIKI BU3HAYalOTh TBEPJICTh 3pa3KiB 3 KPUCTAIIYHOI CTPYKTYPOIO,
aHail3 JaHWX, HaBEJACHUX B TaOiuIml 5.2, CBIOYNTH, 1[0 HAHOLIBIIOI MIIHICTIO
XapaKTEPU3YIOThCSA TOBHICTIO KPUCTaJIYHI CTPYKTYpPH, SIKI MICTATh HAaHOMaclIaOH1
KpucTalnith MetacTabimpHuX Oopuay FesB ta kap0OimiB CrpCs i FesCs (2 MM 3pasku
ciaBie HBCY-1 ta HBCY-2), B Toil 4yac sIK TBepIiCTh 3pa3KiB 3 aMOp(HOIO
cTpykryporo (mpytok cmiaBy HBCY-2-1) € miHiManpHOIO cepell BCIX TOCHIIHKEHUX
CIJIaBIB, 110 HE MICTATH Y—F€ 1 HaBITh JIEII0 HUKYOK0, HI’K CTPIYKH IIBOTO CIUIABY.

OpHuM 13 BaXJIMBUX pE3YyJbTaTiB, OJEPXKAHUX B pPOOOTI € BUCOKA TBEPAICTDH
HAHOKOMITO3UTHUX CTPYKTYp, SKi CKJIQJalOThCA 3 BIAHOCHO M SIKUX HAHOKPHUCTAIB
a—Fe, po3noainenux B amopdHiit matpuii (npytku cruiasise HBCY-1-1), npu upomy
3HaueHHs H, MaroTh TeHAeHMito 10 3pocTanHs (Big 12,1 no 14,7 I'lla) npu migBuiieHH1
I'YCTUHU HaHOKPUCTAIIB, sIKa y LIUX 3pa3kax 3poctae Bijx 10 qo 40%.

BigHocHa kinbKicTh (Pa30BUX CKIAOBHUX Y 3pa3Kax €KOHOMHOJIETOBAHOTO CIIaBY
F661,7cr13,4M01,9Nb1,9Mno,5CUo,5A|1Si1C1,gBle,2 (H BRM-4) piSHO'l' TOBIIUHU, HA HOBerHi
1 B 00’eMi, a TakoX Yy BIANAJICHOMY 3pa3Ky IOMITHO Biapi3HseThCs. [IpoBeneni
BUMIPIOBAHHS MIKPOTBEPJIOCTI 3pa3KiB MOKa3alu, IO BOHA TAKOX BIAPIZHAETHCA 1 il
3HAYCHHS JIeXKaTh Yy JIOCTAaTHBO IIMPOKKX Mexax Bix 8,9 mo 11,3 I'Tla (tab:x. 5.3).

BpaxoByroui HaHOMacImITAOHWIA XapakTep KPHUCTAIITIB B CTPYKTypl 00’ €MHHX
3paskiB 31 cruiay HBRM-4 kinbkicHui (a30BUil aHaAI3 X CTPYKTYypH OYJI0 MPOBEIEHO
HUIXOM PO3KJIaJaHHs TUPAKIIHHIX KapTUH Ha pediekcu Big okpeMux ¢a3z. OmiHka

BiTHOCHOT KUIbKOCTI (ha3 o—Fe, Fe;B ta FesC, mpoBoauiack mo BiAHOMIEHHIO TUIONITUHU
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pediiekcy K0xkHO1 (ha3u 10 CyMapHOI IJIOMIMHU pedIeKCiB TphoX ¢a3.

Tabmums 5.3.
KinekicHu#t ¢azoBuii cknag o6’emHux 3paskiB cimiaBy HBRM-4 y pizHuHX

CTPYKTYPHHUX CTaHax Ta iX MIKPOTBEPIICTh

3pasox Xo Fe XMe2B XFesc2 Hy, T'Tla
2 MM 0,74 0,17 0,09 10,6
3 MM 0,67 0,25 0,08 10,9
3 MM (TOpelb) 0,75 0,1 0,15 8,9
2 MM (Ticns
HarpiBy 10 0,55 0,4 0,05 11,3
7=1010 K)

3 pe3yJbTaTiB aHajidy, HaBEeJACHUX B TaOmuii 5.3, BUIUIMBAE, M0 IIBUIKICTH
OXOJIO/PKEHHS (TOBLIMHA 3JIMTKY Ta 00’€M y NOPIBHSAHHI 3 MTOBEPXHEIO) MPU3BOIATH 10
HEMOHOTOHHUX 3MiH BIJTHOCHOI KUIBKOCTI TBEPAOr0 pO3YMHY Ha OCHOBI a—Fe, 6opumy
Fe.B Ta xap6iny FesC,, 1m0, Hall01ab11 BIPOT1THO, OOYMOBJIEHO YMOBAMH 3apOJIKEHHS
mux (a3 y nepeoxosioxkeHoMy po3iiaBi. [IpoBeneHuii anami3 mokasas, 10 3HAYCHHS
MIKPOTBEPAOCTI JOCTIHKEHUX 3pa3KiB JOOpPE KOPEIIOITh 3 BIAHOCHUM BMICTOM B iX
CTPYKTYpl HaHOMACIITAOHUX KPUCTaJIiB piBHOBaXKHOTO Oopuny Fe;B (puc. 5.1), mo nae
MIJICTaBU CTBEP/KYBATH TPO TOJOBHUN BHECOK y 3MminHeHHs ciiaBy HBRM-4 came

1i€i dasmu.

11,5
v
11,0} 1010 K
3 mm
10,5+
< 2mm
=
~ 10,0}
Ii
9,5+
9,0+
V' Topelb
8’5 1 L L L
0,1 0,2 0,3 0,4
X (Fe,B)

Puc. 5.1. 3minu MikpoTBep0CcTi 00’ eMHUX 3pa3kiB ciuiaBy HBRM-4 B 3anexxHoCTI

BiJl BITHOCHOTO BMICTY KPHCTaJiB piBHOBaXHOTO 60puay Fe,B



111

TakuM 4YWHOM, 3 peE3ynbTaTiB BUMIPIOBaHb MIKPOTBEPAOCTI BUIUIUBAE, IO
po3po0ieHI B paMkax poOOTH HOBI CKJIAIHOJIETOBAHI CIUTaBM Ha OCHOBI Fe MaroTh
JIOCTAaTHHO BHUCOKI MIIHICHI BJIACTUBOCTI.

TuMm He MeHI, 11 OUTBIIT MOBHOT XapakTepu3allii piBHS MIITHOCTI Ta IJIACTUYHOCTI
IIBUKOOXOJIO/DKCHUX TUTACTMH TOTPIOHI ICOMTH 3 BUKOPUCTAHHSM CTaHIAPTHUX

METO/IIB.

5.2 BB TepMidHOi 00pOOKH Ha MIKPOTBEPAICTh CTPIYKOBHX 3pPa3KiB

JInst OLIHKK BIUIMBY TE€PMIUHOI CTaOUIBHOCTI Ta HAHOKPHUCTAI3AIlli HA MEXaHIuHi
BJIACTUBOCTI 0JIepKaHUX CTPIYKOBHUX 3pa3KiB CIUIaBiB CUTEMHU
Fe—(Ni,Cr,Mn,Mo,W ,Nb,Al,Y)—(Si,B,C) Oynmu mnpoBemeHi IOCIIIPKCHHS BIUIUBY
HarpiBy 3 MOCTIMHOIO HMIBUIKICTIO 10 PI3HUX TEMIEpaTyp Ha MIKPOTBEPAICTh CILIABIB

JIETOBAHHUX ITpieM 1 aimoMiHieM (Ta0i. 5.4).

Tabmuis 5.4

MikpoTBepAICTh CTPIYOK TICHS HArpiBy 3 MOCTIMHOIO IMIBHAKICTIO O PI3HHUX

TeMIiepaTyp

HBCY-1-1 (10 K/xB) HBCY-2-1 (10 K/xB)
T, K H,, I'Tla T, K H,, I'Tla
778 12,39+0,12 840 12,61+0,15
929 12,65+0,13 914 13,30+0,16
1005 14,57+0,12 1008 13,67+0,22
1050 16,14+0,17 1070 17,59+0,21
1110 16,4620,10 1140 21,85+0,24
1143 14,53+0,18 1220 21,15+0,19

3 HaBefieHUX Ha puc. 5.2 a gaHux BuruMBae, mo TBepAicTb HBCY-1-1 nounnae
3HIDKYBAaTUCh JIHIE Ticis Biamamy mipu temmeparypi 1100 K, mocsirae MiHiMabHHX
3Hauenb 14,5 I'Tla micns gorpiBanus qo temneparypu 6iu3bko 1150 K.

Jns crpivok cruiapy HBCY-2-1 3adikcoBani pexkopHi 3HAY€HHS MiKpOTBEPOCTI

micist HarpiBy a0 1120 K Ta, BianmoBinHO, MpOTIKaHHS BCIX CTaflil KpUCTaiizaiii, mpo
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mo ceigyath JICK Ta peHTTeHOCTPYKTYpHI JOCTIIKEHHS, Pe3YyIbTaTH SIKUX MPHUBEJIEHI
Buiie. loro MikpoTBepIicTh € MaKCUMAJILHOIO 1 MPH 30UIBIICHH] TEMIIEPATypu Mailke

HE 3MEeHITyeThCs (puc. 5.2 0).

=)}
~

a)

H , TITla

Tlorik Tera, BiaH. 0.
IoTik Teruta, BigH. of.

412

800 900 1000 1100 1200 I . I . I . 1

300 600 900 1200

s

T,K

Puc. 5.2. 3miau mikpoTBepaocti amopduux crpidok criaBie HBCY-1-1 (a) ta
HBCY-2-1 (6), o6ymoBieni mpouecamu Kpuctamizamii (3a manumu J{CK) mpu

HarpiBi 31 mBuakicTio 10 K/xB

Jocmimkentus MikpoTBepaocTi crpiuku ciutaBy FessNijg 4C0g5Crs7Mo19B14Sis 5
noka3zanu, mo 3amida Fe ma Ni, Co, Cr ta Mo y cmnaBi FegoB14Sig nmpusBoauts 10
BIJIHOCHO HEBEJIMKOIo MpUpOCTy TBepAocTi amopduoi ¢aszu Bixg 8,9+0,2 I'Tla mo
9,4+0,2 I'Tla. SIx BuaHO 3 puc. 5.3, Ga3oBuil mepexia, M0 BiIOYBAETHCS B aMOPHHUX
CIUlaBax MiJ Yac HarpiBy, CYNPOBOKYETbCS HEIIHIMHMUMU 3MIHAaMHU Yy TBEPIOCTI.
YacTtkoBa KpHcTai3alis, LUISIXOM (OpPMYBaHHS HAaHOPO3MIPHHUX KpHCTaliB o—Fe, Mae
K pe3yJbTaT miaBuieHHs TBepaocti 1o 13,4 I'Tla.

Crnocrepiraerbcs MOJANBIIMKA PICT TBEPAOCTI Yy MOBHICTIO 3aKPUCTAII30BAHOMY
Fe4sNiyg 4C0g5Crs7Mo19B14Sis s (ax mo 14,4 I'Tla), B TOii 4ac K 3HAYHE 3MEHILICHHS B
tBepaocTi (10 5,2 I'Tla) 1boro craBy CIOCTEPIraeThes B 3pa3Kax, M0 HArpiBaJUCS 10
1038 K, ne BinOyBaeTbes nepexia o—Fe — y—Fe.

BcranoBneHo, 10 SK MPaBHIIO CIIOCTEPITAETHCS KOPETSIis MK MIKPOTBEPICTIO
aMophHUX CIUJIaBIB Ta 1X TEPMIYHOK CTIHKICTIO (TeMIepaTryporo  IOoYaTKy

KpHUCTai3arlii).



IToTik Temma, BigH. O1I.

300

113

Puc. 5.3. Tepmorpama BuxigHoro amophHoro ciaBy FessNiig4C0gsCrs7Mo0; g

B14Siss, 3HATa 31 mBuakictio 10 K/xB (imiBa Bick) Ta 3MiHa MiKpOTBEPAOCTI

aMop(HOI BUXIJTHOT CTPIYKH HA PI3HUX €Tarax nepeTBopeHs (MpaBa BIiCh)

B cuny Toro, mo TepmiyHa CTIAKICTh BU3HAYAETHCS TU(DY31MHOI0 PYXJIHMBICTIO, B

OCHOBI BIJIMIYEHOT KOPEJIAIi JIEKUTh XapakTep CUJI MIKaTOMHOTO 3B’SI3KY 1 I'yCTHHA

aTOMHOTO yIaKyBaHHs B amopdHiii a3i.

B crutaBax 4-1 rpynu, mo He micTaTth Y, Al, W, yci nporecu, 1o BigOyBarOThCs B

amoppHux @¢azax cmiaBie HBCY-1 1 HBCY-2 npuBomste Ao migBuuieHHs Hy

(puc. 5.4).

jav]
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TloTik Tema, BigH. 01

Puc. 5.4. 3minm wmikpoTBepaocti amopduux crpidok cruiasie HBCY-1
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TToTik Teria, BijiH. OJ1.

exo

600

800

(a) i

HBCY-2 (6) (miBi Bici), oOymoBieHi nporecamu kpuctamiszauii (3a qanumu J{CK)

npu Harpisi 31 mBuaKicTIO 10 K/xB
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3 MOpIBHSAHHS LMX JAaHUX 3 pPe3yJIbTaTaMH JOCHIKEHb CTPYKTYpPHHX 3MiH B
amopdromy crutaBi HBCY-1 (puc. 4.5) BumumBae, 1Mo HaWOUIBII iICTOTHE 3POCTAHHS
tBepaocti (Ha 4,3 I'Tla) o6yMoBIIeHO mpoliecoM KpucTamizaiii (apyra ek3oTepMiuyHa
peakilisi) B TOM Yac sSK BHECOK Yy 3MIIIHEHHS BiJl MporieciB (a30BOTO pO3IIApyBaHHS B
amop(duiit ¢azi € BigHocHO HeBenmmkuM (1,6 ['Tla), puc. 5.4 a. Ha Bigminy Big criiaBy
HB-1 noBHa kpuctamizamis amopduux cmiagie HBCY-1 1 HBCY-2 ne
CYIIPOBOKYETHCSI 3HUKEHHSIM MIKPOTBEPAOCTI, 3HAUEHHA SKOi Yy 3aKpUCTaTi30BaHUX
3paszkax gocsraroth 17,11 16,7 I'Tla (puc. 5.4).

Amnanoriuno 1o criasie HBCY-1 1 HBCY-2 ¢azoBi nepexonu, 1mo Big0yBarOThCA
B amoppHomy cmiaBli HBRM-4 npuBoaste 10 3pocTaHHsS HOro MIKpOTBEPIOCTI
(puc. 5.5). 3mawenns TtBepmocti 17,7I'Tla wmaroTh 3pa3kd  BIJIMOBITHO 3
HAaHOKOMITO3UTHOIO Ta MOBHICTIO 3aKPUCTaJII30BAHOI0 3 aMOp(pHOI a3y CTpyKTypamu
BiIHOCHO mnpocTtoro cruasy HBRM-4 (puc. 5.5). Edextu 3MillHEHHS, 3yMOBJEHI
YaCTKOBOIO Ta MOBHOIO KPHUCTATI3alll€l0, TUTIOBI JUIsi aMOpP(GHUX CIUIaBIiB HAa OCHOBI Fe.
[lepmmii 3 tuMx edekTiB, HaWIMOBIpHIIIE, MOB'S3aHUM 31 30arayeHHsSIM JETyIOUUMU
eJIEMEHTaMH 3aJIUIITKOBOI aMOp(HOI MaTpulll, a APYTUA — 3 BUCOKOIO KOHIIEHTPAIIIEIO
Oap’epiB 111 pyXy JUCIOKAaIid B HAHOMACIITAOHINA CTPYKTypi, IO MICTUTh

BHCOKOMIIIHI OOpuan.

TTorik Terura, BigH. OJI.

400 600 800 1000
T.K

Puc. 5.5. Tepmorpama JICK mBHIKO OXOJIOJDKEHOI CTPIUKHA  CIUIABY
F661.7cr13.4M01.9Nb1,9Mno.5CUo.5A|1Si1C1_gBlelz (HBRM-4) IpH HaniBi 3
mBuakictio 10 K/xB. Ta 3MiHM MiKpoTBepAocTi (IpaBa BiCh), 3yMOBJIEHI

mpoliecamMu KprucTaiizarii amopdHoi dazu
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B cBoro uepry, Ha3BUYAWHO BUCOKUW PiBE€Hb TBEPIOCTI, JOCATHYTHI B TOBHICTIO
3aKpUCcTaTi30BaHOMYy 3 amopdHoro crany ciiaBi Feg 7CrizsMo1gNbisMngsCugsAly
Si;C19B162, BiAKpHBaE IMEPCHCKTUBU OJEP)KAHHS BHCOKOMIIHUX 00’€MHHUX 3pa3KiB
NUITXOM  KOHCOJiJamii  MIBHAKOOXOJOMKEHHWX  CTPIUOK.  3arajoM, IpOBENCHI
BUIMIPOOYBAHHS E€KOHOMHO-JIETOBAaHMX aMOpP(HUX Ta HAHOCTPYKTYPOBAHMX CIIJIaBiB
cucremu Fe—(Ni,Cr,Mn,Mo,W,Nb,Al,Y)—(S1,B,C,P) miarsepanin iXx BUCOKY TBEPHICTb i
3aCBINYMIM  TPUHLMUIIOBY  MOXJIMBICTh  1X  BHUKOPHCTAHHS  3aMICTh  HH3KHU

BHCOKOJIETOBAaHUX CTaJICH Ta CYHepCHJ'IaBiB Ha OCHOBI HIKEJIIO.

5.3 MiuHicTh 00’€MHUX 3pa3KiB 3 aMOP(HHO-HAHOKPUCTAIIYHOIO CTPYKTYPOIO

Jlo1aTKOBO 10 BUMIPIOBAHb MIKPOTBEPAOCTI B POOOTI OyIM MpPOBEIEHI MEXaHIYH1
BUMPOOYBaHHS IJJACTUH HAa TPUTOYKOBUN 3TrWH. byllo MpoBeneHO BH3HAYCHHS
HaNpy)KeHHs] PyHHYBaHHS JUIS TUIACTUHHM TOBIIMHOK 2 MM ciuiaBy FegsCrisW2CoSiiBis
(HB-2). ExcniepuMeHTaJIbHI KpPUBI HAaBaHTa)XKEHHs TUJIACTUH HaBEJIECHO Ha puc. 5.6, a
3HAYCHHS HANPY>KCHHs pyHHYBaHHS 3BEICHO B TaOJHIIO 5.5.

3HauyHa PI3HULS MIIHOCTI 3pa3KiB Moke OyTu OOyMOBJEHA pIZHHUICIO B IX
CTPYKTYpHHUX cTaHax. Lle € HaciiaKoM pI3HOI MIBUAKOCTI OXOJNOKeHHsS. SIK BUIHO 3
rpadiky, 3pa3ku 2 Ta 3 MarTh BUIIUHN piBeHb MiHOCTI. L1 3HAYeHHS MIITHOCTI JIemo
HWK4l Bix MinHOCTI criaBy FesoNigpP14Bs 0ims 2000 MIla B ymoBax 0OJHOBICHOTO

ctucky [145].

HB2

800

700 o
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400 o

Hapanraxenns, H

300 4
200+

100 ¥

T T T T T T T
0,0 01 02 03 04 05 08 0,7

ITepeMimeHHs TpaBepeH, MM

Puc. 5.6. KpuBa «HaBaHTaXeHS-TIPOTUH» MpU BUNPOOYBAHHSIX HA TPUTOUYKOBUU

3TUH IUJIACTUHM TOBIIMHOIO 2 MM ciuiay HB-2
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Ta0mung 5.5
Hanpyxenns pyitnyBanus cruiasy HB-2 npu TputoukoBoMy 3ruH1
Howmep Hanpyxenus
3pa3ka pyWHYBaHHS G,
MIla

1 525

2 1097

3 864

Sk cBigyaTh miarpaMH HaBaHTAKCHHS, PYHHYBaHHS Majo KPHXKHM Xapakrep,
IPOTE TMPUHIIUIIOBA BIAMIHHICTh pyHHYBaHHs ciutaBy FegsCrisWoC,SiiBis (HB-2) Bin
pyWHYBaHHS KPUXKUX MaTepiajiB THUITy K€paMiK Iosrajga B TOMY, IO II¢ pyHHyBaHHS
KOHTPOJIIOBAJIOCH JI€I0 JOTHYHHX, @ HE PO3TATYBAJIbLHUX HAIPYKEHb, IIPO IO CBIAYMIIA
opieHTaris moBepxHI 3mamy (puc.S5.7 a). Came Takumii xapakrtep (puc.5.7 0)

pyWHYBaHHS IPUTAMAHHUN 00’ €EMHOMY METaJIeBOMY CKIIY.
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Puc. 5.7. ®otorpadis moJOBUHKM 3pyHHOBAHOro 3paszka — (a), ¢pakrorpadii

MOBEPXHi 31amy — (0) miactuHku cruiasy HB-2

[{ro 0coOMuBICT, PyWHYBAaHHS HAHOKPUCTAIIYHMX OO0 €MHHUX CILJIaBIB MOXKHA



117

MOSICHUTH B paMKax 3alpornoHoBaHOi B poborax [146, 147] Bimomoi wmoaeni
pYWHYBaHHS METaJeBUX HAHOKPHUCTATIB, 3TITHO SKOi JOCATHEHHS TPAaHUYHOTO CTAHY
HAHOPO3MIPHOTO KPHUCTANy TMOB’SI3aHO 3 JIOKAJLHOIO 3CYBHOIO HECTAOIIBHICTIO I'PATKH,
PO3BUTOK KO1 B 00’ €M1 KpHCTaly IPU3BOJUTH /10 BTPATH HOTO MIITHOCTI.
HeBmopsimkoBaHuii xapakTep CTPYKTYPH METAJICBUX CTEKOJ, HACTIIKOM SIKOTO €
BHCOKHUI PIBEHb MIITHICHUX BJIACTUBOCTEH, 0OYMOBIIIOE TAKOXK 1 crieludiky mporieciB ix
IacTU4YHOi Aedopmariii. Ak mpaBuiio miacTuyHa aedopMallis CTEKOI JOKaTI3YEThCS Y
30HaxX 3CYBY, Kl HIBUJKO PO3MOBCIO/KYIOTHCS KPi3b 3pa30K 1 1HIIIIOIOTh YTBOPEHHS
TPIIINH, BHACIIJIOK YOTO 3pa30K PYHHYETHCS MPHU BEIbMU OOMexeH1H (mpubim3Ho 2%)

racTuyHii nedopmartii [91].

5.4 BruuB TepMiyHOI 0OpOOKH Ha XapaKTep pyHMHYBaHHS CTPIUKOBUX Ta 00 €MHUX

3pa3KiB

KiHeTuky CTpyKTYypHO-(pa30BHX IIEPETBOPEHh Ta XapakTep pyHHYBaHHA B
amMop(HUX, aMOP(PHO-KPUCTAIIYHUX Ta HAHOKPHUCTAIIYHUX  CIUIABaX HAWMPOCTIIIe
BUSIBUJIOCS JIOCJIIJKYBATH Ha 3JI0MaxX CTPIYOK Ta 00’€MHUX 3pa3KiB 3 BUKOPHUCTAHHIM
pacTpoBoi eneKTpoHHOI Mikpockortii (PEM).

Ha puc. 5.8. mpueneni PEM ¢oto 310MiB cTpiuku ToBIMHOKWO 3540 MKM Ta
HAaHOKPHUCTATIYHOT TUTACTHHKA TOBITUHOIO 2 MM CIJIaBYy
Fe5o,4C04,5Cr14,8M09,3Mno,4BgCgSi2,5A|o,1 (HBCY-Z), KoTpa ¥y BI/IXiI[HOMy cTaHl
XapaKTEPU3YEThCS HAMBUIIIUM 3HAYCHHIM MikpoTBepaocti — 16,24 I'Tla (ta6:1.5.2).

XapakTep 3JI0My CTPIUKH € TUIOBUM JJIsI TJIACTUYHUX aMOP(PHUX CTPIYOK CILIABIB
HAa OCHOBI 3amiza. BogHouac, HaaapiOHa HAHOCTPYKTypa, BHsIBICHAa Ha 370Mi
MJJACTUHKH, € JIOBOJII HEOJHOPIAHOIO, OJHAK MPU MEHIIOMY 30UIbIICHHI, K 11 OyJe
POJIEMOHCTPOBAHO HIDKYE, MA€ PETyJSIpHUM xapakTtep. Binman BUXiAHMX CTPIYOK Ta
TJIACTUHOK TIPOBOJWJIM TIPU TEMIIEpaTypax, KOJIM 3a BCTAHOBIICHOIO 3aJICKHICTIO
(puc. 5.4.) npoxoauna HaHokpucTam3amnis amoppuux ctpiuok HBCY-2 ta BigOyBaBcs

PICT MIKPOTBEPIOCTI.
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¥ -
SEM HV: 20.0 kV WD: 4.86 mm R MIRA3 TESCAN SEM HV: 20.0 kV WD: 4.96 mm |

View field: 1.000 ym Det: InBeam 200 nm View field: 1.000 pm Det: InBeam 200 nm
SEM MAG: 289 kx a SEM MAG: 289 kx

Puc. 5.8. PEM-¢doto 310omiB amopdHoi crpiuku ToBmmHOW 3540 MkMm — (a) Ta
HAaHOKPHUCTATIYHOT TJTACTUHKA TOBITUHOTO 2 MM CIUIaBY

Fes0,4C04,5Cr14,8M09,3Mng 4BoCoSi25Al0 1 (H BCY-2) Yy BI/IXiI[HOMy CTaHl — (6)

Pucynok 5.9. neMoHCTpye HAHWHaMIKy 3MiHU CTPYKTypd 3JIOMYy CTpIYKH B
pe3ynbpTaTi Takux BianamiB. BumHo, mo B pesynbrati TepMoobpodku mpu 860 K B
CTpiUKax LbOrO CIUIABY 3 SIBISIOTHCS TMEPIIl HAHOKPUCTAIM 3rPYHOBaHI B KOJOHII

posmipom 100—-700 HM, 1110 IPHU3BOAUTH A0 PI3KOTO IX OKPUXUCHHS.

[y

¥ ok R 4
o >,
SEM HV: 20.0 kV. WD: 4.86 mm | MIRA3 TESCAN SEM HV: 20.0 kV. WD: 3.24 mm L L

View fleld: 5.00 ym Det:inBeam  1pm View field: .00 um Det: InBeam 1 pm
SEM MAG: 57.8 kx SEM MAG: 57.8 kx

SEM HV: 20.0 kV WD: 2.91 mm | MIRA3 TESCAN

View fleld: 5.00 pm Det:inBeam  1pm
SEM MAG: 67.8 kx

a 0 B
Puc. 5.9. PEM-doro 3momiB cTpiuku TOBImHMHOW 3540 MKM: y BHXiTHOMY
amopdHomMy ctanl — (a), Ta miciasa TO npu 860 K — (6) ta mpu 940 K — (B)
npotsiroM 10 xB. crimasy HBCY-2
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[Ticns Bianmanay CTpIUKU IPH TEMIIEpATypl 3aBEPIICHHS BCIX CTaJlii MEPETBOPEHHS
(940 K) crpykrypa 3JI0My € JYyCKOBHJHOIO 3 po3MmipoM jycok 100-200 M Ta ix
BHYTPIIIHBOIO CTPYKTYPOIO, pO3Mip 3epHa sikoi He nepeBuirye 30—40 Hm.

Ha puc. 5.10 nmpuBegeno PEM-¢doro 310MiB BiamageHuUX 3pa3kiB 00’ €MHHX
mwiactuHok HBCY-2, mo Bke y BHXITHOMY CTaHI XapaKTepU3YIOThCS PETYJISPHOIO
JYCKOBHJIHOIO CTPYKTYPOIO 3 po3MipoM Jycok 1-3 MxM. Binman mmactunku mpu 860 K
NPU3BOJUTH 10 YKPYIHEHHSI BHYTPIIIHBOI 3eleHHOI CTpykTypu (puc. 5.10 6). Ilicns
BUCOKOTEMIIEPATypHOTO BIiJNady IUIACTUHKA Ha 1i 3JIOMI YITKO BHIUISIOTHCS
nioHaiiMeHIne 4 CTPyKTypHO-(}a30B1 CKJIAIOBI 1i HAHOKOMIIO3UTHOI CTPYKTYpH, LIO 1
OyJI0 MiATBEPHKEHO PEHTTCHOCTPYKTYPHUM aHali3oM (Tabdi.5.2).

HecnogiBanum OyB pe3ynbTaT HE3HAYHOI 3MIHM MIKPOTBEPAOCTI TOBEPXHI
BiJITAJICHUX Ta 3JIaMaHWUX TUIACTMHOK IbOTO CIuiaBy: Biaman mpu 860 K mpuBiB 10
3meHmenHs H, no 14,9 I'Tla, a mpu 994 K — o 13,6 I'Tla.

Pestomyroun pe3ynbTaTh  JOCHIIKEHHS MEXaHIYHMX BJIACTUBOCTEH HOBHX
CTPIYKOBUX Ta OO0’€MHUX HAHOKOMIIO3MUTHHMX CIUIaBIB Ha OCHOBI 3aii3a MOXXHa
BIJI3HAYUTHU, IO BOHU B KUIbKa pa3iB IMEPEBUINYIOTh BIACTUBOCTI MPOMHMCIOBHUX

KPHUCTAIIYHUX CIUIABIB Ha HiKeJeBii OCHOBI (Ta0i.5.6).

L]

? =

L . -« .
SEM HV: 20.0 kV WD: 4.96 mm Ll SEM HV: 20.0 kV WD: 4.29 mm
View fleid: 5.00 pm Det: InBeam View field: 5.00 ym Det: InBeam
SEM MAG: 57.8 kx SEM MAG: 57.8 kx

SEM HV: 20.0 kV WD: 3.76 mm
View fleld: 5.00 ym Det: InBeam
SEM MAG: 57.8 kx

Puc. 5.10. PEM-¢doto 3710MiB BignaneHux 3pa3kiB 00’ emMHux miactuHok HBCY-2:
y BuxigHomy ctafi — (a), Ta micias TO mpu 860 K — (6) ta mpu 940 K — (B)
npotsiroM 10 xB. crutasy HBCY -2
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Tabmums 5.6
[TopiBHSIHHA  MIIHICHUX  XapaKTEPUCTUK HOBHX  KOMIO3HUIIK  amopdHO-
HAHOKPUCTATIYHUX CIUIaBIB 3 aHAJOTIYHUMHU TapaMeTpaMy Kpamux MPOMHUCIOBUX

HIKEJIEBUX CIUIABIB

Mapka G5, MIla H, , MIla
[TpoMucIOBI KapOMIIIHI CIUTaBH:

XH77THOP 981 4000-5000
XH70BMTIO 1112 5000-6000

HoBi HaHOCTPYKTYpHI CIUTaBU CUCTEMU

Fe—(Ni,Co,Cr,Mn,Mo,W,V,Nb)—(Si,B,C.P(Y)) 4290-5000 | 15000-20000

OdeBuHO, MO0 HU3bKA TUTACTUYHICTH € ICTOTHUM OOMEKEHHSM JIJIsl TTPAKTUIHOTO
BUKOPHCTAHHS METAJICBUX CTEKOJ K KOHCTPYKIIMHUX MaTepiamiB. ToMy, HETUBHO, IO
npoOnemi  miaBuiieHHs miactuyHocTi OAC  mpucBsiueHa BeTUKa  KUIBKICTh
€KCIIEPUMEHTAJIbHUX JOCHIKEHb, y3araJlbHEHHs PE3yJbTaTiB AKUX [92] A03BOJIMIIO
BU3HAYHTH JIEKUJIbKa OCHOBHUX MIJIXOJIIB JI0 BUpIiMICHHA I11i€i mpobiemu. ['onoBHa mMeTa
WX TIXOJIB TIOJIATAE y CTBOPEHHI TaKMX CTPYKTYpP, B SIKHUX PO3IMOBCIOKEHHS 30H
3CYBY TaJIbMYEThCS 3a PaXyHOK Pi3HUX YMHHHKIB, IO TMPUBOJWUTH IO PO3TATYKCHHS
ICHYIOYHX 1 3apOJP)KEHHIO HOBUX 30H, BHACIIJIOK YOTO PiBEHb IIACTUYHOI Aedopmairii
3pocrae [93].

B sixocTi mepemko Ajis po3MOBCIOKEHHS 30H 3CYBY MOXKYTh OyTH BUKOPHCTaHI
CTPYKTYpPHI T€TEPOTEHHOCTI P13HOI mpupoau (hayKTyarii XiMIYHOTO CKJIady, BUIBHOTO
00’emy, TOpH, KpUCTaiTH) 1 MacmTady (BiJ HAHOMETPIB 10 KPUCTAIITIB MIKPOHHUX
po3MipiB). BukopuctanHs 1p0oro Ta AESKUX IHIIUX MIIXOIB, PO3MVITHYTUX B POOOTI
[92], no3Bomuno oxeprxkatu HU3Ky OMC Ha OCHOBI 3aji3a 3 PIBHAMH IUTACTUYHOCTI Bij
4 no 37,5% npu 36epexkeHHi He3miHHUM piBHS MinHOCTI (3000 MIIa) [7]. HaBeneni
pE3yNbTaTH CBITYATH, IO MPOOIEMa IMiABUIIECHHS TUTACTHYHOCTI METaJIEBUX CTEKOJ Ma€
pllIeHHSs, ane Ui Moro MpakTUYHOI peani3alli noTpiOHa po3poOKa MEeBHUX aNplOPHUX

KpPUTEPIiB.
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5.5 EnexktpoximMiyHi Ta TpaBIMETpUYHI JOCTIIKEHHS KOPO31MHOI CTIMKOCTI
amoppHuX cTpiukoBuX Ta 00’emuHmx cruiaBiB Fe—(Cr,Ni,Co,Mn,Mo,V,W,Nb,Cu,
AD-Y—(Si,B,P,C)

AMopdHi cmnaBu, SIK MPaBWIO, BHUSBISIIOTH BUCOKY KOPO3iMHY CTIHKICTH MIO
MOXHa TIOSICHUTH iX XIMIYHOKO OJHOPIJHICTIO Ta BIJCYTHICTIO KpHCTanorpadiqHux
HEJOCKOHANOCTe. BiAmoBigHUN XIMIYHUN CKJIaJ CIUIAaBY NOPU3BOJIUTH O TOSBU
MOBEPXHEBOI MACUBYIOYOi TUTBKH, SIKA € OLIBII PIBHOMIPHOIO Ta CTaOUIBHOIO, HIXK
TUTIBKH, YTBOPEHI Ha MOBEPXHI KPUCTATIYHUX CIUIaBiB. BogHoyac, B aMoppHOMY CILIaBi
HE BUKIIOUEHO (OpPMYBAaHHS MOHO- ab0 moiida3zHOi CUCTEMHU OJMKHBOTO MOPSAIKY,
TOOTO YTBOPEHHS KJIACTEPiB, B SAKUX MapamMeTpH OJIMKHBOTO MOPSAKY MalOTh OIM3bKI
3HaueHHA. Takl KjacTepu € TEePMOJMHAMIYHO BUTIAHMMH, SKIIO iX CTPYKTypa €
omHotunHoo [20, 21]. Omxe, MoXHa TnepeAdaYuTH, MO B JOCHTIHKYBaHUX
O6ararokoMrnoHeHTHUX AMC BUHUKAIOTh TEPMOJUHAMIYHO BHTIiJIHI MOJIKJIACTEpH, SIKi
3a0€3Meuyl0Th BHUCOKY MPOTUKOPO3IMHY TpPHUBKICTb, a TaKOX BHUIIl MEXaHIYHI
BJIACTUBOCTI CIUIABIB.

3HayHa yacTUHA POOOTH OyJia MPUCBSIUCHA caMe €IEKTPOXIMIYHUM JOCIIHKEHHIM
KOPO31MHOT CTIMKOCTI aMOp(QHUX Ta HAHOKPUCTAIIYHUX CTPIYKOBUX Ta 00 €MHUX
CIUTaBiB. 30KpeMa, sIK CBIIYUTH Jllarpama IIBUIKOCTI KOPO3ii, HaBeleHa Ha puc. 5.11,
30ubieHHs1 BMicTy Cr ta Nb g0 13-17 at.% B AMC cnpuse iX BUCOKIA KOPO3iiiHIN
CTIMKOCTI, @ IOAATKU BYTJICLIO 3HUKYIOTh aHTUKOPO31iHY CTIMKICTh CIIJIaBIB.

BcranoBneno, mo mBuakicTs kKoposii AMC 3a5exuTh Bijl €JIEMEHTHOTO CKJIaay Ta
cTpykTypHOoro crany AMC, sxkuif 3MIHIOETBCS Yy T.4. BHACHiOK Bianany. HaiBumuii
Kopo3siitauit omip crnocrepiraerbesi y AMC NHRS-(Co-1). B arpecuBHoMy cepemoBuiti
3% NaCl cmnmasu HB-3, HB-2, HBCVY-1, HBCVY-2 wmaioTh npakTH4YHO OJIHAKOBI
KOpO31iH1 BIACTUBOCTI.

AHanizyoun Cckjiaj aMOppHUX CTPIYOK Ta 00 €MHHUX 3pa3KiB MOXKHA BHIUIATH 2
IPYIU CIUIABIB 3 BHCOKHUM Ta MOMIPHHUM BMICTOM XpOMY, B CKiIaj sikuxX 3amictb ND

(crutaBu mepiioi rpymnu (Taba. 2.1)) BBemeHU HiKeIh a00 0OTHOYACHO HIKEIb, BYTJICIIH 1

docdop (crmaBu 1pyroi Ta TpeThOI rpyI).
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Mapka cnnaBsy

Puc.5.11. IBuakicte kopo3ii AMC ta HC rpynu nocnimkenux cmiasiB y 0,06 %

posunHi NaCl

SAx BOJIBTAMIIEPOMETPUYHE TaK 1 TpaBIMETPUYHE JIOCHIDKEHHS 3pa3KiB Y
arpeCMBHUX CEPEJIOBUILAX BKA3yIOTh HA iX BUCOKY KOPO31MHY CTIMKICTh B MOPIBHSHHI 13
KPUCTATIYHUMH CTAIIMH. Pe3ynbTaTd BOJIBTAMIEPOMETPUYHHX Ta TPABIMETPUUHUX
JoCIiKeHb BUxiHux 3pa3kiB AMC pi3Hoi popmu HaBeneH1 y Tadmui 5.7.

HasBuicts (ochopy y AMC oOmexye ¢GopMyBaHHS KOBAJIEHTHO-3B’ SI3aHUX
cnosiyk Fe-HemeTar 1 yuiijibHIO€ TOBEPXHEB1 3aXUCHI IapH.

Crning 3a3HaYUTH 10 HAWCTIMKIMIKMMU J0 KOPO3ii € CIUTaBu SK O0’€MHI Tak 1
cTpiukoBi seroBaHi P, 3 Hux Buminstorecs NHRP-6 Ta HBPC-4, morenmianu xopo3ii
AKUX KoyimBaroThes Ot -0,6 B, ryctuHM CTpymiB KOpO3ii JieKaTh B MeEXKax
10°...107 A/cm?. Brpara Macu BHACTIZOK 96 TOJMHHOTO BUTPUMYBAHHS y arPECHBHHX
cepeloBHIIaX CTAaHOBUTH 1,2-3.4 r/M?> Ha pik. Ou4eBHJIHO, 1€ MOXHA TMOSICHUTH
PIBHOBAror, 10 BCTAHOBIIOETHCS HA TMOBEPXHI EJIEKTPOIIB TiJ Yac BUTPUMYBAHHS
3pa3kiB mpoTaroMm 96 roa. y BCIX JAOCHII)KYBAHMX AarpeCMBHUX CEpEIAOBHILAX.
[loTenmian Kopo3ii TEX € TEPMOJWHAMIYHOIO XaAPAKTEPUCTUKOK 1 OIHCYE
MOTEHITIAJIBU3HAYAJIbHI PIBHOBA)KHI TMPOIIECCH.

Busisneno, mo ¢gopma 3pa3zkiB AMC-enekTpoiB HECYTTEBO BIUIMBAE HA OTPUMaH1
pE3yNbTaTH EJIEKTPOXIMIYHOTO Ta TPaBIMETPUYHOTO TECTyBaHHS iX KOPO3IHHOT
CTIAKOCTI.

B wmimomy, BcCi JOCHIKYBaHI 3pa3Kd MPOSBISIOTH BHCOKY aHTHUKOPO31MHY

3ATHICTh Y BCIX JOCTIIKEHUX arpecuBHHX cepenoBumiax (0,5 M BomHOMY po3uuHI
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NaCl, 1,0 M Bognomy po3uuni Na,SOs, 1,0 M BogHomy po3umni NaOH Tta 1,0 M

BogHoMy posumHi HCI), mo 3yMoBieHO (OpMYyBaHHSIM UIUIBHUX 3aXHUCHUX

MOBEPXHEBUX IIapiB.

Tabmuusa 5.7
PesynbTaT  BONbTaMIEpPOMETPHUYHOrO Ta rpaBimMerpuuHoro (96 rom vy
arpeCUBHOMY CEpEIOBHII) TOCIIHKeHH KOpo3ii BuxigHux 3paskie AMC y 0,5M

BogHOMY po3unHi NaCl

CruiaB ~Exop, B | ixop. 104, Alem® | AM/S, r/m?
HB-4 (ctpiuka) 0,47 5,2 0,033
HB-4 (mactunka) 0,90 60,0 0,045
HBPC-3 (ctpiuka) 0,42 1,30 0,045
HBPC-3 npyTox 0,48 0,98 0,040
HBPC-4 (ctpiuka) 0,97 45 0,062
HBPC-4 (mmactuna) 0,79 0,85 0,012
NHRS-(Co-1) (CTpiuka) 0,96 1,06 0,032
NHRS-(Co-1) npyTox 0,56 0,90 0,044
NHRP-3 (crpiuka) 0,47 0,83 0,012
NHRP-4 crpiuka 1,03 0,98 0,029
NHRP-4 npyrok 0,54 0,96 0,039
NHRP-6 (ctpiuka) 0,53 59 0,016
NHRP-6 (mactunka) 0,90 5,8 0,018
NHRP-6 (mpyTok) 1,04 11,0 0,023

OTxe, BCl JOCHIKYBaHI 3pa3ku amMop(HHUX, HAHOKPUCTAIIYHUX Ta 00 €MHUX
CIUIaBIB Yy JOCIIJ)KYBAaHUX PO3UYMHAX MPHU KIMHATHIA TeMrepaTrypi KBall(iKyrOTbCa He
Outbmie 1-2 Gamu 3a MIKamOr KOPO3IHMHOI CTIMKOCTI. AHTHMKOpPO3iiiHA CTIMKICTH CTail
Ct.20 omiHtoeTbes B 5-6 6aniB, Hepxkasitouoi ctam X201Crl2 — 4-3 Ganm.

3 BOJIBTAMIEPOrpaM OKpiM MOTeHUiamB KOpo3ii (Exep.), TYCTUHU CTPYMIB KOpO31i
(ixop.) BU3HAUCHO TAKOXK J1allA30H MOTCHIIANIB MACUBAIIIMHUX TUISHOK (AEy,:) CIUIABIB
MiJl 4Yac IUKIIYHOTO CKaHyBaHHS IMOTeHIiany. Yac necsiThoX IHUKIIB CKaHyBaHHS
MOTEHIIAly CTaHOBUB ~35 xB. Byno BCTaHOBIJIEHO, IO HAMOUIBIIOW MacUBAIIHHOIO
TinstHKO0 BoJonifoTh crutaBu NHRP-6 Ta HBPC-4,

Bucoka kopo3ziiiHa cTilikicTe 3pa3kiB AMC 3a0e3rneuyeTbcsi €HEPreTUYHO 1




124

CTPYKTYPHOIO OJHOPIIHICTIO MOBEPXHI, [0 3yMOBJIEHO HAsIBHICTIO B KUIBKOX CILJIaBax
H100110, ocopy Ta xpomy. OCTaHHI €JIEMEHTH, BBEJCHI B CIUIaB y CIiBBIJIHOIICHHI
2:10 ar.% (cmmaBu HBPC-4 ta NHRP-6), 3a0e3neuyiors (QopMyBaHHS 0OCOOIMBO
IIIJIbHUX 3aXMCHUX IIAPIB, Kl € CTIMKMUMM y KOHTAKT1 3 arpeCUBHHM CEPEIIOBUILEM 1
MiJ Yac [UKIIYHOTO CKAaHYBaHHS TIOTCHINAy, TOOTO B MPUMYCOBUX OKCHJIHO-
BIJIHOBHHUX MpOIIECax, HE PyHHYIOThCS.

[3 MOpIBHSIHHS KOPO3IWHUX XapaKTePUCTUK 00 €MHUX Ta CTPIUKOBHUX 3pa3KiB
HaWCTaOUIBHIIIIMM B arpecHBHUX cepefoBuiax BusiBUBcs 3pa3ok NHRP-6. Cmin
3ayBaXKUTH, 110 OKHCHO-BIIHOBHA pIBHOBara Ha 00’€MHHUX 3pa3kax LbOTO CIUIaBY
BCTAHOBITIOETHCS IIBUIIIC.

Ha ocHOBI OoTpuMaHMX JaHUX MOKHA 3pOOMTH TAKOX 3arajlbHUi BHUCHOBOK, IO
AMC NHRP-6, NHRP-3 ta HBPC-4 y mopiBHSHHI 3 IHIIUMH € HaWCTIAKIIIUMHU B
XJIOPUTHOMY CEPEIOBUIILI.

Crpiuka AMC NHRP-6 € nemio TpuBKIIIOW BiJl TJIACTUHKH, OCOOJIMBO 3aXMCHI
IIapy OBEPXHI KOHTAKTHOTO OOKY CTPIUKH, IKUI pyitHyeThCs TUbku mipu £ = +0,72 B,
a uiactuHku npu -0,30 B.

Y Bumanky cmnaBy HB-4 mnapameTrpu mnacuBaiii CTpIYKM 1 IUIACTUHKH €,
MPAKTHYHO, OJTHAKOBUMHU.

B Tabmumi 5.8 HaBegeHo pe3ynbTaTd SK BOJIBTAMIEPOMETPUYHOTO TakK 1
IPaBIMETPUYHOTO AOCTIIPKEHHSI MPOTHUKOPO31MHOI TPUBKOCTI 3pa3KiB pi3HOI (opmu
micisl BIANAJIB, IO 33 JAHUMU CTPYKTYPHUX AOCTIIKEHb NPU3BOAWINA 10 MPOTIKAHHS
IIOHAMMEHIIIE TIEPIIOi CTail Ipollecy HaHOKpHCTAi3aIlii aMOp(PHOTO CTaHy B HUX.

EnexTpoxiMiyHl MmapaMeTp, BU3HAYEHI AJis BIANAJICHUX MNPOTSIroM | rona mpu
TEeMIIepaTypax HaHOKpUCTami3amii KoxkHoro 3paska (538-619 °C), cBiguath mpo
NIJBUILIEHHS 1X MPOTUKOPO31HHOI TPHUBKOCTI micisg TepMooOpoOku. B 1inomy Bci
JOCITIKYBaH1 3pa3ku, HE3JIEKHO BiJ (POPMHU, € TOCTaTHHO CTIHKUMU, HE TUBJISTYUCH HA
T€, L0 MOTEHIIAJM KOpPO3li IIACTUHOK 3a BIJHOLIEHHSM JO CTPIYOK 3CYBArOThCS
npubausHo Ha 0,4 B y xarognuii 0ik, cTpymMu kopo3ii, 30kpema y sunaaky NHRP-6 €
onHakoBUMU. HaiimeHIIe po3unHIEThCS MOBEPXHS CciuiaBiB B pisHUX (hopmax NHRP-6,

CTpYM KOpO3ii 3pa3ka cranoButs (4,5...5,2) 107 A/cm?.
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Taomurg 5.8

PesynpTaT  BOJMBTAMIIEPOMETPUYHOTO Ta rpaBiMerpuyHoro (96 rtom vy
arpeCUBHOMY CEPEJOBHII) JOCTIKEHH Koposii Biamanenux (1 rox, mpu T,

nepioi ctaaii kpuctamsaiiii) 3pa3kiB AMC y 0,5M Bognomy po3uuni NaCl

Cruras Thvanoxp. -Eop, B ixop. 107, Alcm? AmM/S,

K /M2

HB-4 (cTpiuka) 845 0,55 6,4 0,031
HB-4 (ruractunka) 0,85 8,9 0,041
NHRP-6 (ctpiuka) 0,48 45 0,010
NHRP-6 (mmactuaka) 811 0,81 5,2 0,017
NHRP-6 (npyTok) 0,56 5,2 0,020
NHRP-3 (ctpiuka) 892 0,40 6,3 0,011
HBPC-4 (ctpiuka) 879 0,42 5,3 0,058

[Ticnst 24 roAMHHOTO BUTPUMYBaHHS B aTMOc(epl MOBITPS 3aXHUCHI OKCUJIHI IIapu
VIIUIbHIOIOThCA. [IpakTH4HO, y BHIAJIKy BCIX BIANAJEHUX CIUIABIB MOTEHINANM iX
Kopo3ii 3cyBatoTbed Ha 0,2—0,3 B y anogHuii 01K y MOPIBHSHHI 3 NOTEHIIAIaMH KOPO3ii
BUXITHUX 3pa3kiB. OcoOJMBO MOMITHUM TaKWW aHOJHUN 3CYB MOTEHIIATY 1 CTPYMiB
KOpo3ii y 00’€MHHUX 3pa3KiB, MOBEPXHS SKUX MPOTATOM BOJBTAMIEPOMETPUYHOIO YU

IPaBIMETPUYHOTO AOCTIHKEHHS CTaOUTI3y€EThCA.

5.6 Ilpukimagu  TpakTUYHOTO  BHUKOPUCTAaHHA  po3pobsennx AMC Ta

HAHOKPHUCTAIIYHUX CIUIABIB

Ax Oyno mokaszaHo BHIIE, BCl1 JOCTIHKEHI aMOp(HI Ta HAHOKPHUCTAIIYHI CIUIaBH,
CKJIa] SIKUX MOJKHA NPEICTaBUTH y3arajgbHEHOO dbopmyIoro
Fe—(N1,Co,Cr,Mn,Mo,W,V ,Nb,Cu,Al)—(S1,B,C,P(Y)), oTpumani 06e3nocepeiHpo 3
pO3IUIaBy Yy BUIJISAI CTPIUKH, TUIACTUH YU CTPIIKHIB XapaKTEPU3YIOTHCS BHCOKHUMU
MEXaHIYHUMU BJIACTUBOCTSIMHU, 30KpeMa BUCOKOIO MIKPOTBEP/IICTIO HABITh Y BUXITHOMY
amopromy crani. Ile ampiopi  J03BoJisiE iX BHUKOPUCTAHHS SK 3HOCOCTIMKHX

MaTtepiaiB.
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AT "VKPHIAICIIELICTAJIB" (M. 3amopixoksi) Aajo 3roay Ha 3A1MCHEHHS

IIPOMUCIIOBOTO BHITYCKY IpiOHHX TMOPOIIKIB 3 HOBUX HAHOCTPYKTYpPOBAHHX CIUIABIB 3
IPaHUYHUM PIBHEM 3MIIHEHHS 3 BUKOPUCTaHHSM TEXHOJOTIi ra30BOr0 PO3MUIICHHS.
Taki MOPOIIKK y MOJANBIIOMY MOXKYTh OyTH KOHCOJIIJJOBaHI METOAAMH MOPOIIKOBOI
METalIyprii ~ Opd  CTBOPEHHI  BIANOBIJAIBHUX  BHCOKOMIIHUX, 3HOCO-  Ta
KOPO3IMHOCTINKMX €JIEMEHTIB KOHCTPYKIIIM, a TaKOX eJIEKTPOAIB JJIi HaHECCHHS
3aXUCHHUX MTOKPUTTIB.

Jlnst mpakTraHoro 3actocyBanHss AMC Ta HaHOKPUCTATIYHUX CIUIaBIB BaXKJIUBUM €
HE JIMIIE TMIiJABUIICHHS BHACHIJIOK JETyBaHHA iX MIKPOTBEPJOCTI Ta KOPO3iHHOI
ctiiikocTi. Enexrponposinnicte AMC 0nm3bka 10 11€1 XapaKTepUCTUKH PO3IUIABY; iX
NUTOMHH enekTpoornip (p) B 2-3 pa3u mepeBuIlye Oomip KpUCTaliuHUxX aHajoriB. Came
TOMYy Yy poOOTI BHUMIPIOBAaHHIO €JIEKTPOONOPY OTPUMAHUX CIUIaBiB  (0COOJIMBO
€KOHOMHOJIETOBAaHUX — MEPUIMX TPhOX Tpyn) OyJio mpuauieHo 3HauHy yBary. Cepen
CTpi‘lOK AMC F€71CI'6Nb6B128i5 (HB-3) Ta Fe45Ni19,4C08,5Cr5,7M01,gBl4Si5,5 (NHRS-
(Co-1), mo xapakTtepu3yBajucs HaWBUIIMMHU 3HaueHHAMHU p >140 mMxOm*cm, came
neroanuii Ni, Co, Mo i Cr cruiaB mMaB, SIK pe3yJibTar, iCTOTHE 3MEHIIICHHS Y TTOPIBHAHHI
3 6azoBuM (MG-1) temneparypnoro koedirienty onopy (TKO) y intepsani 300-600 K
31,6:107* Om/K 10 4,4-107° Om/K.,

SckpaBUM MPUKIIAOM YCIIIIHOT CIIBIIPAIll aKaJIeMIYHOTO [HCTUTYTy Ta MPUBATHOI
komnaHii TOB «MEJITA» crana HaamBuaka MNpoOMHUCIOBa peanizailis (TpaHcdep)
pPO3pOONEHUX TEXHOJOrIM Ta HOBUX €HEproeeKTUBHUX CIUIABIB. Y KJIAJACHO
Jlinensitanit goroip Mk IM® im. I'.B.KypatomoBa HAH Vkpainu (Jlinensiap) Ta
TOB «MEJITA» (JliueHsiaT) Ha NpaBO BHUKOPUCTAHHS JEKJIAPALIHHOIO MAaTEHTY
VYkpainn Ha KOpUCHY MOjeNb «Pe3uCTUBHUN KOPO3iMHOCTIMKUN amopdHUIl cIUlaB Ha
ocHOBI 3amizay» (JlexnmapamiiiHuii mateHT Ha KopucHy wmojaenb Ne 86157. Omy0:.
10.12.2013 p. bron. Ne 23). Ilpu npomy, came cremiairictamu TOB «MEJITA» kpim
po3poOku TexXHOJOTIYHOI 1HCTPYKIli HA TEXHOJOTII0 BHUTOTOBJICHHS CTPIYKOBUX 1
00’€MHUX aMOpP(pHO-HAHOKpUCTANIYHUX cIuiaBiB, TexHiunux ymoB (TY VYV 25.9-
21466665-012:2013) na Crpiuku amopdui XKBPC (11e - mpomucioBa mMapka CIUiaBy

NHRS-(Co-1)) Oymo moka3aHo, M0 II€H CIUIaB JyKe BAAJIO MOEIHYE XapaKTCPUCTHKU
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MIIIHOCT1 1 TIJIACTUYHOCTI 3 BHUCOKHUM PIBHEM €JIEKTPOOIIOPY, 1 JIOBEACHO BHCOKY
e(EKTUBHICTh HOTO0 BUKOPHUCTAHHS SIK BHCOKOMILIHUX KOPO3IMHOCTIHKHUX CTPIYKOBHX
HU3BKOTEMIIEPAaTypHUX HarpiBadiB B IOOYTOBOMY Ta HPOMMCIOBOMY OO0JagHAHHI
3aMICTh HIXPOMOBHX, (heXpajeBUX Ta BYIVICBOJOKOHHUX MaTepialliB, Kl IMIIOPTYIOTHCS
B Ykpainy. Came crabinpHa Ta MiHiMaibHa BemmunHa TKO 3abe3nedye HOBUM
HarpiBauaM CTaJIiCTh TEMIIEpATypH Ta MiHIMAJIbHE CIIOKMBAHHS €JICKTPOCHEPT1i.

[lepma mpomucioBa mapTisi crpiuku, otpumana TOB «MEJITA», Bukopucrana
JUISI  BUTOTOBJIEHHS  TOHKOIUTIBKOBMX  1H(Paue€pBOHUX  HHU3BKO-TEMIIEPATypPHUX
HarpiBadiB HOBO1 KOHCTPYKIIii (puc. 5.12 a), KoTpi 3a JOMOBIICHICTIO 3 IUPEKIIIE€I0 OYITU
3MOHTOBaHI B aBTOMAaTU30BaHY €HEProolaJHy CHUCTEMY JIOKAJIBHOIO OOIrpiBY

AxTtoBoro 3aiy [HcTuTyTy Metanodizuku (puc. 5.12 6).

a 0
Pucynox 5.12. TOHKOIIIBKOBI HM3BKOTEMIIEpATypHI HarpiBadi  HOBOi
KOHCTPYKIIii (2); aBTOMaTU30BaHa CUCTEMA JIOKAIBHOTO 00IrpiBy AKTOBOTO 32Ty
[HCTHTYTY MeTanmodizuku (Mg Yac MPOBEACHHS MDKHAPOJHOT KOH(EpEeHIIii

HAHCIC — 2013).

Otpumany TOB «MEJITA» pocmiaHO-NMpOMHUCIOBY TapTiio (OJu3bKO & Kr)

aMmopdHUX CTpiyok mupuHoto 3, 4, 6,5, 8 tTa 10 MM, ToBIMHOIO 18-22 MKM 13 CIUIaBy
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XKBPC (NHRS-(Col) 6yno mepenano Ha BITYM3HSIHI MIANPUEMCTBA MAIIMHOOYA1BHOT
rayry3i ISl IepeBipKH ii Mpare3aTHOCTI B CKIIaAl PE3UCTUBHUX HU3BKOTEMIIEPATypHUX
HarpiBauiB. 30Kpema, BUMPOOYBaHHS 3alaTeHTOBaHOTO cTpiukoBoro cruiaBy XKBPC
Bke mnpoBereHi Ha BAT «IHIAYKTOP», M. IBano-®pankiBcbk Ta TOB «HBK
«CAITPO», M. JIHIIpONETPOBCHK, 3pOOJEHO BHCHOBOK MpPO BHUCOKY €(EKTHBHICTDH
3aCTOCYBaHHS HOBMX aMOp(HUX HarpiBadiB B MOpPIBHSHHI 3 BYIVICBOJIOKOHHUMHU TH
HIXPOMOBHMH.

Takum 4MHOM, pe3yJbTaTH OTpUMaHi B POOOTI Bke (PaKTUYHO BIPOBAHKECHI Ha
nignpuemMctBi TOB «MEJITA» y Burisal oprasizaiiii  JOCHiIHO-ITPOMHCIOBOTO
BUPOOHUIITBA aMOP(PHUX Ta HAHOCTPYKTYPOBAaHUX CIUIABIB Ta HU3BKOTEMIIEPATYPHHUX

TUTIBKOBUX HArpiBayiB.

5.7 BUCHOBKH 10 po3/iy 5

1. BcTanoBineHo, 110 3HAYEHHSI MIKpOTBepAOoCTI amopdHUX (a3 Jiexkarh y Mexax
Bix 8,85 I'Tla (NHRP-6) mo 11,95 I'Tla (HBCY-2-1). I3 3icTtaBieHHS LIUX IaHUX 3
XIMIYHMMH CKJIaJlaMU CIUIaBIB MOKHa 3pOOMTH BHUCHOBOK, IO piBeHb H, 3pocTae 3
M1JIBUIIICHHSIM 3arajbHOTO BMICTY Jeryrouunx enemMeHTiB B AMC. Hit011b111010 MILHICTIO
XapaKTEPU3YIOThCS TOBHICTIO KPUCTAJIIYHI CTPYKTYPH, SKI MICTATh HaHOMAacIIaOH1
KpucTaliTh MeTtacTaOimpHuX Oopuay FesB ta kap6OimiB CraCs i FesCs (2 MM 3pasku
ciaBie. HBCY-1 ta HBCY-2), B Toil 4yac sk TBEpIICTh 3pa3KiB 3 aMOp(HOIO
cTpykryporo (mpytok cmmaBy HBCY-2-1) € miHiManbHOIO cepell BCIX TOCHIIKEHUX
CIJIaBIB, 1110 HE MICTATh Y—F€ 1 HaBITh JE0 HUKYOI0, HI’K CTPIYKH 1IBOTO CIUIABY.

2. [lpoBeneHuii aHaji3 MOKaszaB, IO 3HAYCHHS MIKPOTBEPAOCTI JOCIIIKESHUX
3pa3kiB J0Ope KOpENIoITh 3 BIJIHOCHUM BMICTOM B iX CTPYKTYpl HaHOMAcCIITaOHUX
KpHUCTaJIB PIBHOBAXKHOTO Oopuny Fe;B, 1o gae migcraBu cTBEpAXKYBAaTH MPO TOJOBHUMN

BHECOK y 3MillHeHH ciuiay HBRM-4 came wmiei dasu.

3. iia cTpivok cruiaBy FesssC0s4Cris9WsoMo7,9MngeBggCosSio 1 Al1Y2 (HBCY-2-1)

3aiKCOBaHI PEKOPJHI 3HAYEHHS MIKpOTBEepAOoCTI michas HarpiBy g0 1120 K Ta,
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BI/IMOBITHO, TPOTIKAHHS BCIX CcTafid kpuctamizamii, npo 1o csBiguath JICK Ta
PEHTICHOCTPYKTYPHI IoCiipKeHHs. Moro MikpoTBepaicTh € MmakcuManbHoIo (22 ['Tla) 1

py 30UIBIIIEHH] TEMIIEpATypU Mail>ke HEe 3MEHIIIYEThCSI.

4, IIpyHIIMIIOBOIO  BIAMIHHICTIO  pYHHYBaHHS  HAHOKPUCTAJIIYHOIO  CILIABY
FessCrisW,C,Si1B1s (HB-2) Bin pyiiHyBaHHS KPUXKHX MarepialliB THIy KEpaMiK € Te,
o IIe¢ pyWHYBaHHS  KOHTPOJIOBAIOCH JMI€I0 MOTUYHUX, a HE PO3TIATYBaIbHUX

HaIpY>KEHb.

5. 3a pesynpTaTaMu CTPYKTYPHUX JOCHIIKEHb cepii HOBHUX aMOP(HUX CILIaBIB
cucremu Fe—(Ni,Co,Cr,Mn,Mo,W,V ,Nb)—(S1,B,C,Y(P)) BcTaHoBI€HO, 1110 OCHOBHHUM
BHECOK Yy 3pOCTaHHS  MIIHICHUX  XapaKTePUCTUK YacTKOBO 1  IOBHICTIO
3aKpHUCTAII30BaHUX aMoppHUX cIjaBiB 10 pekopaHux 15-20 I'Tla oOGymoBneHui
TOJJOBHUM YHMHOM HAHOMACIITAa0HUM XapakTepoM KpHCTalyHuX (a3, a He ix
npupojoro. Ilokazano, mo mneperBopeHHs o-Fe — y-Fe nmpusBoauth 10 3MEHIICHHS

MIKPOTBEPAOCTI Ta MABUIIECHHS TUIACTUYHOCTI HAHOKPHUCTAIIYHUX CIIJIaBIB.

6. Bucoka xoposiifHa cTIHKICTh 3pa3kiB AMC 3a0e3reuyeTbcsi eHepreTHIHO0 1
CTPYKTYPHOIO OJHOPIAHICTIO MOBEPXHI, 1[0 3yMOBJICHO HAsBHICTIO B CIUIaBaxX Hi00i0,
dbochopy Ta xpomy. OcTaHHI €IeMEHTH, BBEJICHI B CIIaB y croiBBigHOIIEeHH] 2:10 aT.%
(cutaBu HBPC-4 ta NHRP-6) 3a0e3neuyiors (opmyBaHHS OCOOJIMBO IMIUTBHUX
3aXMCHUX IIApIB, AKI € CTIMKMMU y KOHTAaKTI 3 arpeCMBHUM CEPEAOBMILEM 1 MiJl Yac
[UKJIIYHOTO CKaHyBaHHSA TMOTEHIllaly, TOOTO B MPUMYCOBUX OKCHIHO-BIJTHOBHHX
npoiiecax He pyiHyoThes. Y craBi NHRP-3 36inpmenns kinpkocti Cr mopiBHSHO 10 P
(4:0,8 at. %) 3MeHIIy€e HOro MPOTUKOPO31HHY TPUBKICTH MiT4ac MPUMYCOBHX OKCHIHO-
BIJTHOBHUX IIPOIIECIB.

7. HasiBuicte y cmmaBax HB-4 wHiobito Ta xpomy (1:4 ar. %) mniaBuiye
NPOTUKOPO31HY TPUBKICTh BUXIJHUX CIJIaBIB, aj€ MiJg 4Yac JIOBFOTPUBAJIOTO
IIUKJIIYHOTO CKaHyBaHHS TOTEHIaTy c(OpPMOBaHI MOBEPXHEBI IIapu HE 3aXUIIAIOTh
3pa3Ku BiJl pyHHYBaHHS.

8. EnexktpoxiMiuHi mapamMeTpu KOpo3il BU3HAYEHI sl BIAMAICHUX HpOTArom 1

roJ. TPpU TEeMIepaTrypax HAHOKPUCTAI3almii 3pa3KiB BKa3ylOThb Ha iX BHUCOKHUH
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AHTUKOPO31MHUN Omip, 30KpeMa IMOTEHIIAIM KOpOo3ii 3CyBalOThCs B aHOJHHMM OIK Ta
Jexarb B Mexax -0,6....-0,3 B, a ryctuHu cTpymiB KOpo3ii HaOyBarOTh MiHIMaJIbHUX
sgauens 107 A/cm?.

9. Butpumysanss (96 ron) crpiukoBux 3pa3kiB AMC y arpecuBHUX cepeloBUIIAX
3 METOIO TPaBIMETPUYHOI OLIIHKH iX KOPO31MHOI CTIMKOCTI MOKA3aJlo, IO B CEPETHHOMY
BTpaTu Macu 3paskiB y cepenoBuii 0,5M BogHoro po3unHy NaCl € HeBUCOKMMH 1
cranoBiaTh (0,02-0,06) r/m>.

10. [TonepenHiit OAHOTOAUMHHUM BIANAN K CTPIUKOBHX, TaK 1 00’ €MHHX 3pa3KiB
AMC npu Temmeparypax iX MepIIoi CTajaii KpucTamizaiii NMPUBOIUTH 10 3HUKCHHS
BTpaTu Macu micis BuTpumyBaHHS y 0,5 M BogHomy po3umHi NaCl, mopiBHSHO 3
BUX1JIHUMHU 3pa3kamu, Ha 5-10%.

11. CknagnoneroBani AMC Ha OCHOBI 3aji3a JyXe BIAJI0 TMOEIHYIOTh
XapaKTepUCTUKHA MIIHOCTI 1 MJIACTUYHOCTI 3 BUCOKHMM piBHEM eyiekTpoornopy (>130
MKOM*CcM), JOBEIEHO BHUCOKY €(QEKTHBHICTh 1X BUKOPHCTAHHS SIK BHCOKOMIITHUX
KOPO31MHOCTIMKUX CTPIYKOBUX HHU3bKOTEMIIEPATypHHUX HarpiBaviB B MOOYTOBOMY Ta
MIPOMUCIIOBOMY OOJaJHAHHI 3aMICTh HIXPOMOBHX, (eXpajeBUX Ta BYIJIEBOJOKOHHUX

MaTepiaiiB, Kl IMIOPTYIOThCS B YKpaiHy.
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BUCHOBKU

1. BcranoBineno, 1mo B oJepkaHuUX  Oe3MOcepeAHbO 13  PO3IUIABY
IIBUIKOOXOJIODKEHUX 00’ €MHUX 3pa3kax (IJIaCTHMHH Ta MPYTKH TOBIIUHOIO/IIaMETPOM
Bil 2 10 5,6 MM) cepii HOBuUX ckiaaHosneroBanux cmiasiB Fe-(ITM,Al)-(S1,B,C,P/Y)
bopMy€eTbCS MIMPOKHM CIEKTP HEPIBHOBRXHUX CTPYKTYPHUX CTaHiB: aMop(HMUIA,
HAHOKOMITO3UTHUH (HaHOKpucTanu o—Fe ta/abo 6opokapbiniB B aMop(Hiii MaTpuil) Ta
100% HaHOKpUCTaMIYHUKA (CyMilll HaHOKpPUCTaNiB oO—FE€ Ta XIMIYHUX CHOJYK
13oMopdHux 6opunam FesB, FeysBs ta Fe;B) 3 po3mipamu kpuctanis Big 16 1o 50 Hm.
TemmnepaTypu modatky Kpuctaiizaiii aMoOppHUX CTPYKTYp B 00’ €MHUX 3pa3Kax JOCIiI-
xeHux crutaBiB (874896 K) 3HaxonsaThCsl Ha PIBHI KpaluX 3apyOiKHIX aHAJIOTIB.

2. Iloka3aHo, 1110 OCHOBHUM YMHHHUKOM, 1[0 BU3HAYA€ BUCOKY CXUJIBHICTH CILJIABIB
Ha OCHOBI 3aii3a 0 00’eMHOi amop@izalii, € OJU3bKICTh 0 €BTEKTHYHHX CKJIAIIB
CIUIaBIB. 3a pe3yibTaTaMM MPOBEICHUX OI[IHOK HaiBuiy CA MarTh CIUIaBHU, JIETOBaH1
iTpieM Ta amominieM: Fes0.45C053.7,1MnNo05.0,6Cr15,3-166W0-39M07,9.12 8B4.9,8Co 8-14,9S10,1-
1.7Alo1-1Y1 82, KpUTHYHI TOBIIMHH 3IIUTKIB AKMX CKJIagarTh 2,5-2,6 mMm. [lokaszano, o
amopdHa CTpiuka €BTEKTUYHOTO CIUIaBy 3 MaKCUMallbHUM BMicToM Oopy (9,8 ar.%) 1
MIHIMQJIBHUM BMICTOM - ByTJemo (9,8 aT.%) XapakTepusyeThCss MaKCUMAIBHOIO Cepe]]
CIUIaBIB I€1 TPy MIKPOTBEPICTIO MIC/S 3aBEPILICHHS BCIX CTa/iil HAHOKpUCTai3allii
(>20 I'TIa).

3. MikpoTBepaicTh 00’€MHHUX IIBHAKOOXOJIO/DKEHUX TUIACTUHOK Ta TMPYTKIB
JICKUTh y BIIHOCHO HIMPOKOMY jaiama3zoHi 3HaueHb Bif 9.55 I'Tla mo 16.24 I'Tla, mo
OOYMOBJICHO IIMPOKHAM CHEKTPOM HAAPIOHUX CTPYKTYpHO-(A30BHX CTaHIB B HUX.
BcranoBiieHo, 110 HABUIIOIO MIKPOTBEPIICTIO Y BUXITHOMY CTaH1 XapaKTEPHU3yBaIUCs
3arapToBaHi IUIACTUHKYU TOBIIMHOIO 2 MM CILIaBy 0€3 1Tpito 1 Bosb(ppamy 3 MiABUIICHUM
BMICTOM MouiOgeHy Ta KpeMHito Fes4C045Cr148M0g3Mng4BgCoSizsAlg1, 1110
CKJIJQJIACS 13 OJTHOPIMHOI cyMmil HaHOpo3MipHUX ¢a3: a-Fe+FesB+CrysCetFerCs.

4. Tloka3zaHo, m0 uyacTkoBa 3amiHa Fe y Bimomomy cruiaBi FegoB14Sis HH3KOIO
MepexiHUX METaIB NPU3BOJIUTH 10 30UIbIICHHS MiKpoTBepaocTi Bia 8,9 mo 9,4 I'Tla B

amoppHOMY CTaHi Ta (OpPMYBaHHS HAHOKPHUCTAJIIYHOI CTPYKTYpH Ha MepiIiil cramii
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nsoctamiinoro mpouecy kpucramizaimii  AMC  FessNigg 4C0g5Crs 7Mo; 9B14Siss 31
3MEHIIEHHSIM, OUThII HIK y ABIYi, PO3MIpIB HAaHOKPHUCTAIIB 0—F€ Ta 30UIbIICHHIM iX
00'€eMHOT YacTKu MaiKe Ha MOpSAOK. 301IbIIeHa MIBUIAKICTh 3apOJKOYTBOPEHHS Ta
3HIJKEHA MIBHJKICTH POCTY y I[bOMY CIUIaBl 3YMOBJIEHI MEHIIOI IMOBEPXHEBOIO
CHEepriclo Ha Mexi (a3 CKIO — KPUCTal BHACHIIOK 30UTbIICHHS O0'€MHOI YacTKH
KJIACTEpiB HAa OCHOBI 0—F€ Ta 0OMEXEeHHs POCTy 3a PaXxyHOK JIETyBaHHS XpOMOM Ta
MOJIIGICHOM 3 HU3bKOIO PO3UYHMHHICTIO B 0—F€ mpu TemnepaTypax BiJmnaty, BIAMOBITHO.

5. JlocsArHYTI HAJABUCOKI MOKAa3HMKUM MEXaHIYHUX BIIACTUBOCTEH Ta KOPO31HHOI
cTifikocTi HOBHX cmuaBiB cucremu Fe-(Ni,Cr,Mn,Mo,W,Nb)-(Si,B,C,P/Y). 3okpema,
chopMoBaHa B Mpolieci HaHOKpHUCTai3alli aMOp(HOi CTPIYKM €KOHOMHO JIETOBaHOTO
criaBy  FegosCrizsMngsMoi gNb2Alg 2CuosB162C2Sios  GaratodasHa  cTpykTypa
XapaKTepHU3yeThcsl 3HaUeHHIMHU MikpoTBepaocti 17,7 I'Tla micns narpiBy go 1100 K Ta,
BIIMOBIHO, TICIs MPOTIKAHHA BCIX CTaAiil KpucTami3alii, II0 € OJHIEI cepel
HaWKpalux JTOCATHYTUX Yy CBITI MOKa3HUKIB.

6. BcraHoBiieHO, 110 MIBUJIKICTh KOPO31i 3aJ€XKUTh BijJl €IEMEHTHOrO CKJIaay Ta
ctpykrypHoro crtany AMC. Haiiumnuii koposiiiHui omip criocrepiraetbess B AMC
FessNiig 4C0g5Crs7Mo19B14Siss. Bucoka koposiiiHa CTIHKICTh 00’€MHHMX 3pa3KiB
3a0€3MeUy€eThCS €HEPreTUYHOI 1 CTPYKTYPHOK OJHOPIJHICTIO MOBEPXHI, a TaKOX
HAsBHICTIO B CIUIaBax, HIKeN0, HioOit0, xpoMy Ta ¢ocdopy. OcTaHHI eIeMEHTH,
BBeleHI B cmiaB y cmiBBigHomeHHi 2:10 ar.% (cmmau HBPC-4 ta NHRP-6),
3a0e3reuyoTh (HOPMyBaHHS OCOOJIMBO IIIJILHUX 3aXUCHUX IAPIB, SIKI € CTIUKUMHU Y
KOHTaKTl 3 arpeCHBHUM CEPENOBHUIIEM 1 MMiJl Yac LMUKJIIYHOTO CKaHyBaHHS MOTEHIIANy,
TOOTO B IPUMYCOBHX OKCHHO-BIJHOBHHX ITPOIIECaX BOHU HE PYHHYIOTHCA.

7. JleryBanHus Binomoro cruiaBy FegoBi14Sig ctabopo3unHHUME y 3ai3i MeTaliaMu
Ni, Mo, Cr, a takox Co, NpU3BOAUTH JI0 PI3KOTO MIJBUIICHHS KOPO31MHOI CTIMKOCTI,
MIJBUIICHHS BEJIMYMHA TUTOMOTO ejekTpoonopy Bix 125 go 145 mxOm*cm Ta
ICTOTHOTO 3MEHIIeHHs TemneparypHoro koedimienty onopy (TKO) B iaTepBam 300-
600 K 3 1,6'10_4 K_I,JIO 4,4'10_5 K1 CTpi‘IOK CILIaBY Fe45Ni19,4C08,5Cr5,7M01,9814Si5,5,
M0 BAXUIMBO IS PNy NTPAKTUYHUX 3aCTOCYyBaHb, 30KpeMa, IS BUTOTOBJICHHS

1H(pavYepBOHUX IUTIBKOBUX HArpiBayiB Ta MPEHU3IHHUX PE3UCTOPIB.
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