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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AxTyasbHicTh TeMu. JlucepTaniiiHa poboTa MPHUCBSIYCHA OCOOIMBOCTAM CTPYKTYpO- i
(hazoyTBOpEHHS B HTOMOTCHHEX | HEPIBHOBA)KHUX CTaHAX QYHKIIOHAIBHUX MaTepialliB Ha
ocuoBi Ti-Ni, Cu-Al-Ni, Ni-Al, Ni-Mn-Ga, Fe-Mn-Si, Hf-Pd, oo nemoncTpyroth edekr
nam’ati popmu (EIID), HaanpyxHICTh, BHCOKY HeMIidyrody 3AaTHICTb, MarHiTHUM 1
BHUCOKOTEMITepaTypHHi edekT mam’sti popmu [1], Ta iHmmx matepiainis: cruaBy Zr-Cu-Al-
Ni-Ti 3 BuCOKOIO 31aTHICTIO 10 amopdizarii Ta HiTpuay T1 3 yHIKAIEHUMH MEXaHIYHUMU
XapakrepucTiukamMu. OCHOBHUI (HOKYC yBarm 30CEpe/PKCHO Ha Marepianax, QyHKI[IOHaI
SIKMX BU3HAYAETHCS MAPTCHCUTHUM TIEPETBOPEHHSM (MI1). Hocmimxenns MII ta BII[KpI/ITT}I
SIBHILIA TEPMOIIPYKHOI piBHOBArH (a3 i obepHerocti MII HEpO3pHBHO MOB’s(3aHi 3 IMCHAMH
I'B. Kyparomosa i JLI. Xanpapoca [2]. Came sBuwe BiATBOpEHHS npn HarpiBaHHi
KpucTanorpaiaHoi opieHTauil ayCTeHITY BH3HAYa€ NMPUPOIY epekTy mam’sTi dopmi,
BIIEPIIIC TPOJACMOHCTPOBAHOMY B iHTepMeTaniuHoMy ciiiaBi Ti-Ni V. Broxmepowm [3].

CropuunHeHHH IMM BIAKPHTTAM iHTepec 10 EIID cTuMymoBaB JOCIIKCHHS
MexaHi3miB, kpucraiorpadii MII, srusiB Ha MIT MiKpOCTpYKTYpH, SBHIIL PO3IATy TOLIO.
Baromuii BHecok y BuBYeHHs siBull MII ta EII® BHecnu nocnimxenHs mkonu JIJI.
Xangpoca, npencraBieHoi B IHctutyti metanodizuku iMm. [.B. Kypmiomoa (IM®)
pob6oramu JII. JIucaka, KO.M. Kopans, B.A. JIo6oatoka, B.YO. [lanineuenka. HeBix’eMHOIO
CKJIQZIOBOIO LIMX JOCIIPKEHb CTaB MOIIYK CUCTEM CIUIABIB 13 ONTUMAIbHOK KOMOIHAIIIEO
(GYHKIIOHATBPHUX Ta IHIIUX BJIACTUBOCTEH, OCKUIBKM IIMPOKOTO KOMEPILIMHOIrO
3aCTOCYBaHHS HaOy/u TuTbkM ciiaBu Ha ocHoOBI Ti-Ni, Cu-Al-Ni i, gacTtkoBo, Fe-Mn-Si.
HomiTHOro mporpecy 0yio TOCATHYTO MICIs BIAKPHUTTS SBUILA MarHITHOI MaM’sTi Gopmu
(MEII®) B crmmaBax Ni-Mn-Ga. [Io #oro TeOpeTHYHOTO OCMHUCIICHHS TaKOX MPHYETHI
npencraBaukn IM® [4]. [lupokuii iHTepeC BHWKIMKA€E IMIIBUIICHHS TEMIICPATyPHOTO
iHTepBay BUKOpUCTaHH: ciuiaBiB 3 EIID, womy npucesiueni podotu I'.C. ®ipcrosa [5].

Po3pob6ka HoBux matepianiB 3 EIID, sk mpaBuiio, moB’s3aHa 13 3017IbIIEHHIM KUTBKOCTI
JIETYIOUMX KOMIIOHEHT B CILIaBi, yacTo BHcokoBapTicHuX. CrutaBam 3 EIN®, oTtpumanum
TpajHUiHIMK METOJAMHU JIUTTS, 10 TOTO 3K IIPUTAMAHHI KPUXKICTh, HU3bKA ITACTHYHICTD
B noprI/ICTaquOMy CTaHl, BI/IIllJ'IeHHﬂ da3, mo He 3a3Ha0Th MII. Sk i p03p061<a HOBUX
CUCTEM CIUIaBIB, MOIIYK HOBUX METOIIB OACpKaHHs MaTepiajiB (3arapTyBaHHs 13 PIIKOTO
CTaHy, MOpPOIIKOBA METAIlypris, METO  «aJUTHBHOTO BHUPOOHHMIITBAY), CHPOMOXKHHX
MOJI0JIATH 111 BUKJIMKH, CTaB HEB1J €MHOIO CKJIAJIOBOIO JOCIIKEHb. Tak, 3arapTyBaHHS 13
piakoro crany cruiaBiB Ti-Ni-Cu-Hf-Zr 3 Bucokoro 31aTHICTIO 110 aMop(p13au11 Ta HACTYyIHA
ix pgesiTpudikamis Buxkopuctani B. KomomuneBum mis oTpumaHHs padiHOBaHOI
MIKPOCTPYKTYPH CIUIaBiB, IO MOJIMIIye IX TEXHOIOTIYHICTH [6]. Oxpim mnepeBar
MPAaKTUYHOTO XapakTepy, HOBI MiAXOAH CTHMYJOKOTE 1 BuBYEHHS (I3WYHHX 3acaj
3aCTOCYBAHHS METO/IIB Ta HOBHX BIACTUBOCTEI, 110 HAOYBAIOTh MaTepiaH.

XapaKTepHOIO ~ BIACTUBICTIO CBDKCOTPMMAHHX —MarepianiB € HEroMOreHHa i
HepiBHOBaXkHA cTpyKTypa. [Iepedir MII B Takux maTepiajiax € MaJIOBUBUCHOIO TIPOOJIEMOIO.
[le 3yMOBI€HO YyCTaleHMMH ysABIEHHAMH mpo MII sK BHUKIIOYHO CTPYKTYpHE
NEPETBOPEHHS, IO BiAOYBA€ThCA B XIMIUHO OAHOpigHOMY Matepiani [7]. Teopernui
HapoOku B mapuHi BuBUeHHA MII B HeomHOpIMHUX MaTepiajaxX MPUITYCKAIOTh HASBHICTh
MII B MIKpOCKOMIYHO OAHOPIIHUX OOJacTax matepiany. CHUCTEMaTUYHUX JTOCTIIKECHb,
HACKITBKH MaJlMMU MOXKYTb OyTH 00macTi, 1m0 3asHaiote MII, i sKuil BMUB CIPHYNHAIOTH
Ha HUX iHII (a3u, Ha ChOTO/HI SIBHO HE BUCTA4ae. 3 OLNLAAY Ha T, IO YaCTO HACIIAKOM
BUKOPWCTAHHSA 1HHOBAILlIMHUX METOJIB OTPUMAaHHS MaTepialliB 3 METOI0 MOApIOHEHHS
MIKPOCTPYKTYPH € 1 HErOMOT€HHICTh CIUIaBiB, AociipkeHHss MII B HeroMoreHHux,
HEPIBHOBAXXHUX 1 MPOCTOPOBO OOMEKEHUX 00’ €KTax €, 0€3yMOBHO, aKTyaIbHUMU.

OpauM 13 coco6iB oTpuMaHHs padiHOBaHOI, IPIOHOI MIKPOCTPYKTYpPH Martepiainy €



MiIXiL «BII MAamoro 10 BEIMKOTO» i3 3aCTOCYBaHHsS METOMIB MOPOIIKOBOI METalTypril.
BHKopHCTaHHS €IEMEHTHHX OPOLIIKIB 3aBXK/1 HOTPEOy€e OKPEMOT0o BUBYCHHS, OCKLIBKU Ha
(hasoBmii CKIan 1 CTPYKTypy MaTepialy BIUIMBAE MEXaHI3M CHIKaHHS, 3aICKHHH Bi
CJIEMCHTHOI'O CKIIAJy, AUCIEPCHOCTI MOPOLIKIB, PEKUMIB CHIKAHHS TOIO. IHIIMi miaxin
MOJIsITaE y 3aCTocyBaHH1 NpiOHOAMCIIEPCHUX TMOPOIIKIB CIUIABIB, HANIPUKIIAJ, OTPUMAHUX
METOJIOM aroMizalii. BuKopucTaHHS OCTaHHBOTO JUIsi BUBYEHHS (yHAAMEHTAIbHHUX
NpUHIMIIB  (OpMyBaHHS MIKPOCTpYKTypu Ta mepebiry MII B mopolikax He Iyxe
npuBabIMBe 3 OIVSAY Ha CHEPro3aTPaTHICTh, CKIAAHICTH I MACIITAOHICTH METOMY Ta
BIJHOCHO BCIIMKI PO3MIPH YAaCTHHOK MOPOMIKY. EKBIBAaICHTHOIO 3aMIiHOI0 € METOJ
CJICKTPOICKPOBOrO JIUCIEPIyBaHHs, B SKOMY YaCTHHKMA Marepiany 3 pO3MipamMu Bif
JICKIIBKOX HM JI0 ICKIIbKOX JCCSATKIB MKM YTBOPIOIOTBCS B IIPOLIEC CIEKTPUYHOTO PO3PSLY
MDK €JICKTPOAAaMH, 3pOOJICHUMH 13 CIUIaBYy, 1 rapTyloTbCsl B AlCNEKTpUYHY pimuny [8].
Oco0nMBOi yBarm 3aciayroBye€ METOJI O0’€MHOTO €JEKTPOICKPOBOTO JAUCIIEPryBaHHS
(OEILN), po3po6ennii B [nctutyTi enextpoagunamukt HAH Ykpainu rpynoro A.A. lepou,
0 J03BOISI€ OTPUMYBATH IIOPOLIKM B HE3HAYHHX KUIBKOCTSX, IOCTAaTHIX I
7a00paTOPHHUX TOCIiKEHbB [9]. Le icroTHO It jocaimpkeHHs ciuiasiB 3 EIIO, 110 MicTATh
y CBOEMY CKJIaJi BHCOKOBapTICHl CICMCHTH. AKTYalbHHM € OTPHMAHHS NaHHX IIPO
MIKpOCTPYKTYpY, XiMi4HHIA Ta (hasoBuil CKIaj MaTepianiB, BUB4CHHS epebiry MII B HuX
Ta 1moOynoBa Mmojeneil (popMyBaHHS MOPOIIKIB, CTPYKTypo- Ta (a3o- yTBOpPEHHS B
MOPOIITKAX, OJEPKAHUX 1AM METOJIOM.

[Ipn koHcomigaIii €JIeMEHTHHX TOPOIIKIB NPUCYTHIA XIMIYHHUN CTUMYJ 10 iX

CIIKaHHS, Ha BIAMIHY BIJ KOHconi;[aui'l' YAaCTUHOK TOPOIIKIB OJIHAKOBOTO CKJIATY.
HepCHeKTHBHI/IM METOZIOM € MeToJ ickpo-ruiasmoBoro cunresy (IIIC), mo 3abesmedye
LIBK/IKY KOHCOJINAWIIO I JI€K0 CTPYMY 1 THUCKY IIPU BIXHOCHO HU3BKHX TEMIIEpaTypax
(~0.5 TemmepaTypu MUIaBICHHS) y BaKyyMmi 4 arMmocdepi iHEpTHOro rasy [10, 11].
BBaxkaeTncsi, 1m0 Majga TPUBANICTh MPOIECY, HU3bKA TeMIeparypa KOHCOIiJaIii He
CIPHSIOTH POCTY 3epHA, (pa3oBUM po3mnagam, OKucHeHHI0. Pa3oBa HECTaOUIbHICTh, BUCOKA
peakIliiiHa 3JaTHICTh OKpeMHuX €JIEMEHTIB CIUIaBIB pO6I/ITB e METOJ anBaGJH/IBI/IM VIS
OTPUMAaHHA MaTeplaJnB 3 EII® 13 30epexeHHsIM MleOCprKTypI/I 00’ €KTIB- npeKypcoplB
Hapasi, HaCJ'Il,Z[KI/I 3aCTOCYBaHHA METOIY I0 KOHCOJIIILaHII HOpOHIKlB cmiasiB 3 EIID,
CBOJIIOLLISE MIKDOCTPYKTYPH, (ha30BOr0 CKiIafy MaTepially B POLECI KOHCOi Jaii, nepe61r
MII B KOHCOJITOBAaHUX HEPIBHOBAKHUX (pOopMax MaTepiajiB € HEOCTATHLO BUCBITIICHAMH.
3B’A30K poﬁoTn 3 HAYKOBMMM NPOrpaMamMH, IJIaHaMH, TeMamu. Jluceprariiina pobora
B OCHOBHIH 4aCTHHI BUKOHAHA B PaMKax BUKOHAHHS HAIIOHAJILHUX TPOEKTIB 32 HOMEPAMH
nepxpeectpamnii 0199U002844 (1999-2001), 0101U004678 (2003-2004), 0105U000978
(2005-2007), 0101U007641 (2003-2005), 0197U017229 (2002-2004); Mi>XHAPOIHUX
HaykoBuX npoekTiB INTAS 93-1202, (1995-1996), INTAS 93-1202-ext, (1996-1997), E.U.
INCO-COPERNICUS project ERB [IC15-CT96-0704, (1997-1999); O6inarepaibHUX
npoektiB Ykpaina-®panitis ECONET (2004-2005), PICS-1599 (2003-2006), PICS-3717
(2007-2010); mpoekty «Structural peculiarities and phase formation study of rapidly
solidified allied powders with functional properties» (2011) cTuneHaianbHOI IPOrpaMu
ypsiny @paniii ans acmipanTtiB y mexkax criBpoOitHuirBa Mk HTYY «KIIl» 1 ICMPE
CNRS; mpoekris YHTI[ STCU 3144 (01.08.2005-31.07.2007), STCU 3520 (01.03.2006-
20.09.2007).
Merta i 3aBAaHHA DO0CTIIKeHb. MeTOI IOCIIMHKEHHS € BCTAHOBIIEHHS 1 CHCTEMAaTH3alIlA
0COOJIMBOCTEH CTPYKTYPHHX (pa30BUX MTEPEXOIiB B HETOMOTCHHUX, HeplBHOBa}KHI/IX CTaHax,
C(bopMOBaHHX B (DYHKITIOHJIBHHMX CIIJIaBaX B MPOIIECI BUTOTOBJICHHS TPAAUIIIMHUMH Ta
IHHOBAIIIMHUMH METOJIaMH, Ta BCTAHOBJICHHS BIUTMBY PO3MIPHOTO (DakTOpy Ha CTPYKTYPHI
(ha30B1 Mepexo/iu B IIUX CTaHaX.



I[.]'Iﬂ JOCSAATHEHHS MOCTABJIEHOI MEeTH HCOﬁXlIlHO 6y.]10 BleIIII/ITI/I HaCTyl'[Hl 33[{3‘11

1. KnacudikyBaTtu XiMiuHI, CTPYKTYpHI Ta CYOCTPYKTYpHI HEOAHOPITHOCTI 3a iX
BILTHBOM Ha MapTCHCHTHE NIEPETBOPCHH;
2. JlocaifuTy BIUIMB JICTYBAaHHS i30CNCKTPOHHUMHU CICMCHTAMH Ha (OpMyBaHHS

[IUISIXOM  1HAYKIIIHHOTO Ta EJIeKTPOAYTOBOTO TOIICHHS TE€TEPOTCHHHMX, HETOMOTCHHHX
ctaniB 1 epebir MII B crutaBax i3 pekoHCTpyKTUBHMMH nepeTBopennsmu (Hf-Pd, Fe-Mn-
(S1,Ge,Sn)) Ta CTPYKTypHO OOCpHEHMMH IEpPETBOpPEeHHsAMH Ha mnpukiaami Ni-Al-X
(X=Y,Ga,Pt);

3. Hocniautu nepedir MII 1 BB Ha MapTeHCUTHY (Da3y €BTEKTUYHUX BHJILICHb Ha
npukiani Ni-Al-Re ta nepurekrnysux — na npuxnazi Hf-Pd;

4, BCTaHOBHTH 3aKOHOMIPHOCTI (h)OPMYBaHHS MIKPOCTPYKTYPH B KOHCOJiZOBAHHX
matepianax 13 EII® 1 mexaHi3mu CIlikaHHS €JIeMEHTHUX HOpOH_IKlB Ti, Ni, Zr;

5. Hocnigutn mepebir MIT Ta EII®, iHmi BIacTUBOCTI B TPaJi€HTHHX CTaHAX
MarepiajliB, OTPUMAHUX METOJIOM TPAJAMIIHAHOIO CIIKaHHS 13 €JIEMEHTHUX MOPOIIKIB Ha
npuknani Ti-Ni-Zr;

6. BcraHOBHTH MEXaHI3MH (POpPMYBAaHHS MOPOLIKIB 1 3aKOHOMIPHOCTI (OpMyBaHH
MIiKDOCTPYKTYpH B HEDIBHOB)KHHX CTaHaX IOPOIIKIB, OTPHMAHHX I3 IOMEPEIHBO
BUIUIABJICHUX (PYHKI[IOHAJIBHUX CIUIABIB METOJIOM OO0 ’€MHOr0  €JIEKTPO-ICKPOBOTO
JUCTIEPTYBaHHS;

7. Jocnigutu nepedir MII Ta BIuiuB po3MipHOTo (hakTopy Ha CTPYKTYpY MapTEHCHUTY B
€JIEKTPOICKPOBHX IMOpoIKax ciiasiB 3 EI1D;
8. BcraHoBUTH — MEXaHI3MH  KOHCOMIJaI[ii Ta  3aKOHOMIPHOCTI  (pOpMyBaHH:

TeTepPOreHHHX CTaHIB B MaTepiallaX, KOHCONIIJOBAHIX METOLOM iCKPO-IIa3MOBOTO CHHTE3Y
13 €IIEKTPOICKPOBHX [OPOLIKIB, OTPHMAHFX 13 IIONCPEAHBO BUILIABICHUX (DYHKIIOHAIBHHX
CITLJIaBiB;

9. I[ocninHTH nepebir MII Tta iHmMMX AUQPY31HHO-KOHTPOIBOBAHUX (DA30BUX
MEPETBOPEHD, BILIUB PO3MIPHOTO (PAKTOPY HA CTPYKTYPY MAPTEHCUTY, (DYHKI[IOHAJIbHI Ta
MEXaHIYH1 BJIACTUBOCTI KOHCOJIJOBAaHUX 13 €JIEKTPOICKPOBUX TMOPOIIKIB METOJOM iCKpO-
IJ1a3MOBOT0 CHHTE3y MaTepialliB, 10 MalTh OCOOJMBI (DYHKIIIOHAJIbHI BJIACTUBOCTI,
3YMOBJIEHI IUMU NEPETBOPEHHSIMHU.

O0’exkTOM JOCHIIKEHHS] € HEPIBHOBaXHI, TETEPOTCHHI Ta HETOMOTEHHI CTaHH,
chopmoBaHi B pyHKIIOHATBHUX MaTepialiax, a caMe: a) CIJIaBax 31 3BU4aiiHOI0, MAarHiTHOIO,
Ta BHMCOKOTEMIIEpaTypHOIO mNaM’sTTI0  (GopMH, ©6) TMOpPOIIKaX, BHUTOTOBICHUX
€JIEKTPOICKPOBHUM METOJIOM 13 MOTEePEIHHO BUIIABICHUX 0araTOKOMIIOHEHTHUX CILIABIB, 6)
Marepianax, KOHCOJIJOBAaHUX CITIKAHHAM 13 €JIEMEHTHHX IMOPOIIKIB Ta METOJOM iCKpO-
MJ1a3MOBOT0 CUHTE3Y 13 IUCTIEPrOBaHUX CILJIABIB.

IIpeamerom  jociuixikenHss €  (i3UKO-XiMIYHI  3aKOHOMIPHOCTI  hopMyBaHHS
HEPIBHOBAXXHUX, HETOMOT€HHHUX CTaHIB 1 Gopm (byHKuloHaanHx CIUTIaBiB, OCOOJIMBOCTI
CTPYKTYpHUX (a30BUX MEPEXO/AiB B HUX, MEXaHI3MHU 1 MPUPOAA [ii YNHHHUKIB BIUTUBY Ha
MapTEHCUTHE MEPETBOPEHHS B IIUX CTaHaX, 30KpeMa, B IPOCTOPOBO OOMEKEHUX 00’ €KTaxX.

B po0oti 0y10 BHKOPHCTaHO METOMH AOCIiIKEHHs CTPYKTYpH, IHTErPaIbHOTO Ta
JIOKQJIBHOTO CKIaly, QYHKIIOHAIBHUX Ta MEXaHIYHHX BIACTUBOCTEl MaTepiaiiB, METOAU
XapakTepu3ailii TOpOIIKIB, METOAM MAaTeMaTHYHOTO MOJICTIOBaHHS Ta O0O0poOKHU
CKCIICPUMCHTAIBHUX JaHUX. PentreHocTpykTypHui aHanis (PCA) BUKOPHCTOBYBABCS JUIS
SIKICHOTO Ta KIIBKICHOTO (pa3oBOr0 aHali3y BCIX MaTepialliB, HABEACHHX B JOCIIIKCHHI,
CTPYKTYpH (a3 B cIuiaBax, €JIeKTPOICKPOBHX MOPOLIKAX, KOHCOJIIZIOBaHUX CIiKaHHSM Ta
merogom ITIC 3pa31<113 BU3HAYCHHS KOHIICHTpAITli H1Tp0reHy B mopomkax Ti. KinbkicHwuit
¢dazoBuil aHali3 BHUKOHYBaBCA 3a JOIMOMOTOK 1HCTPYMEHTAJIhHOTO MPOrPaMHOTO
3a0e3neueHHs a0o mporpamHoro makery Maud s ¢GiTHHra PEHTIEHOCTPYKTYPHHUX
cnekTpiB. Bucokoremneparypuuit peatrenoctpykrypuuit anamniz (BT PCA) npoBoauscs 3



METOI0 JOCIIKEHHS TPOIECIB po3mnazy 1 €BOJIOIIT CTPYKTypH HOpOHIKlB Cu-Al-Ni, Ni-
Mn-Ga. Meranorpadiuuuii aHani3 MeToa0M onTU4HOI Mikpockomii (OM) POBOJMBCS JLsL
BUSIBJICHHS Mopqaonorn MapTEHCHTY Ta THIINX (ba3 B CILTABAX Ta XapaKTePH3aLlii MOPOLIKIB;
METOJJOM CKaHyI040i eneKTpoHHoi Mikpockomii (CEM) mst aHaﬂlsy MOp(bonorn MOBEPXHi
yactuHok matepiany miciast OEI/l. Metog CEM Ta nokansHuit peHTFCHlBCBKI/II/I MiKpOaHai3
(PMA, EJIC m/a) BUKOPUCTOBYBAJIUCH JIJISl aHANI3y MIKPOCTPYKTYPH, IHTETPAIBHOIO Ta
JIOKQJTBHOrO  CNCMEHTHOrO CKIagy B  CIUIABAaX, CICKTPOICKPOBHX  MOPOIIKAX,
KoHcomigoBaHux wmetogom IIIC 3paskax. [l aHaJnsy MleOCprKTypI/I MapTEHCUTY
BHKOHYBAJIOCS TPABJICHHsA IOBCPXHI 3paskiB ioHamu Ar+ B KOJOHI MIKPOCKOIY.
[ToenemenTHe KapTorpa(byBaHHﬂ B pexumi CEM (CEM&EK) BukoHyBamoch mis
BU3HAYCHHS ~PO3MOJLLy CIEMCHTIB B KOHcomizoBaHux MerogoMm IIIC  3paskax.
PeHTreHO(i)nyopecueHTHHH aHai3 (PCI)A) BUKOPUCTOBYBABCS [t aHaJ113y IHTErpaTLHOTO
CKJIaJy MaTepialliB; METOX IMCIEPCIiiHOI PEHTICHIBCHKOI CIIEKTPOCKOIi 3a JOBKHHOIO
XBUJI (WDS) — s aHaJI13y BMlCTy HITpOreHy B mopoiiky Ti; aToMHO-eMiciiiHa
CHCKTpOCKOHl)I 3 1HAYKOiHHO 3B’sa3aHo0 masmoio (AEC-I3I1) — s mopiBHSIIBHOTO
aHaJi3y BMICTy OCHOBHUX €JIEMEHTIB i IOMIIIoK B mopomkax Ta cruaBax Ni-Al-Pt; Oxe-
€NIEKTPOHHA cneKTpOCKorn;I (OEC) JUIs BUBYCHHS CKITaJly OBEPXHEBHX 1apiB YaCTUHOK
MOPOIIKiB PI3HOT AUCIEPCHOCTI Ta BMiCTy Jerkux enementis (C, O, N) B mopomky Ti-Ni-
Cu-Zr; BroprHHa 10HHA Mac- cneKTpOMeTpm (BIMC) —nnst TOPIBHSUIBHOTO aHAII3Y CKIIazy
gactuHOK mopomkiB Cu-Al-Ni pi3noi aumcnepcrocti. IlpocBidyroda —eleKTpoHHA
mikpockomisi ([TEM) Oyna 3acrocoBaHa i aHami3y CTPYKTYpH Ta Mop(bonori'i
Ha"onopomkiB Ti-Ni-Zr, Ti-Ni-Hf, (hasoBoro CkiIajy CHOIYYHOI METanoKepaMidHol (pasu
Ta CTPYKTYPH MapTCHCUTY B dacTHHKax 1 HaHowacTtuHKax Cu-Al-Ni. OmpomineHHS
MOTYKHUM CICKTPOHHHM [POMCHEM B KOJIOHI MiKPOCKOITy HAHOMOPOIIKIB Ti-Ni-Zr, Ti-Ni-
mij 4ac HarpiBy. IIpocBidyroda eneKTpOHHA MiKPOCKOIIS BUCOKOI PO3ILIBHOI 3aTHOCTI
(ITEM BP3) BuxopucroByBajacsi IJsl JIOCHIIKEHHS CTPYKTYpPH, MPSMOIO PO3JLJIEHHS
rpaTHHIl  HAHOPO3MipHHMX yacTuHOK mopoikiB  Ti-Ni-Hf, Ni-Al.  [Ins mocr-
ekcnepumentanpHoro anamizy CEM 1 IIEM 300paxeHb, MBUAKICHOTO (ypbe-
NEePeTBOPCHHS BUKOPUCTOBYBAIIMCS [TAKETH IPUKIIAHHUX IPOrpaM i 06p061<1/1 306pa>1<eHI>
ImagePro Plus Ta DlgltaIMlcrograph (Gatan). Meroau aHaTITHYHOT npocmqyfoqm
enekTpoHHoi Mikpockorii (AITEM) Taki, ik METO/1 CKaHYIO4Oi MPOCBIYYIOUOi €IEKTPOHHOL
mikpockorii (CITEM), eneproaucnepciitnuii ciektpansuuii ananiz (EJJCA), enepretuyHo
¢uIpTpyroUa npocBivyroya enekTpoHHa Mikpockomnist (E®@ [IEM) BukopucToByBanucs asis
aHaI3y CTPYKTYpH, €JIEMEHTHOTO CKJIaay 1 MPOCTOPOBOTO PO3MOJAUTY €JIEMEHTIB B
HAHOYAaCTHHKAX JIMCIEProBaHux cruiasiB. Jlocmimukenns mnepebiry MIIL, BusHaueHH:
XapaKTePUCTHYHUX TEMIepaTyp, inTepsaiy i ricrepesucy MII Ta edekriB, MOB’s3aHUX 13
immmmy - @II, BHKOHYBaIMCh 3 JONMOMOIOI0 PE3UCTOMETpii, AMIATOMETpii, TepMo-
MeXaHIYHOro aHamuizy 1 kanopumetpii. dudepenuiiina ckanyroua nunatometpis (ACK)
BHKOPHCTOBYBAJIACh ISl BU3HAYCHHS TEIUIOBUX C(EKTIB IEPETBOPCHHS IS OLIBIIOCT
MaTepianiB; MOAYJLifiHA NUQEepeHLiiiHa CKaHylo4a KaTOpHMeTpis (MIACK) — nos
BUBUCHHS TEMIIEPATypHOI 3aJIeKHOCTI TEIJIOEMKOCTI 1 BH3HaueHH Tumy OII;
BHCOKOTeMIIepaTypHa audepeniiiina ckanytoya kajgopumerpis (BT JCK) — s
BCTAHOBJICHHS TEMIIEPATYP 1 TEIUIOTH BUCOKOTEMIEPATYPHUX AUPY31HHO-KOHTPOIHLOBAHUX
NePEeTBOPCHb, CBTCKTHUYHHX, IEPUTCKTHYHNX peaxuiﬁ Ta TeMIepaTyp IUIaBJIE€HHS CIIaBIB 1
nopouikis. BuBuenns EI1D (TepMo MEXaHIYHUI aHal13) BUKOHYBAJIOCH HUISIXOM PEECTpallii
TEMITEpaTypPHOI 3aJICKHOCTI TPhOXTOYKOBOI'O BUTHHY 3pa3Ka B CILIaBaX Fe-Ni-Nb, Fe-Mn-
(S1,Ge,Sn), 3paskax Ni-Mn-Ga, koncomigoBanux MetogoMm IIIC, a Takox NUIIXOM
peecTpaiii  BIATBOpeHHS (OpMHM TpU  HArpiBi  HONEpeaHBO  NPoJaePOpPMOBAHUX
KOHCOJIITIOBAaHUX NUIIXOM crikaHHs 3paskiB TI-Ni-Zr. Tepmo-rpaitaniiinuii anamis (TT'A)



BUKOHYBABCSl JIJIST BCIX nopommB OTPUMAHUX METOJOM OEII[, 3 METOI0 JTOCIIKEHHS
a7IcopOIIiiTHOT 3AaTHOCTI 1 Jiera3alii MOpoIIKiB npu HarpiBaHHI.

HaykoBa HOBH3HA 01€p:KAHUX Pe3yIbTATiB:

CHuCTeMaTHYHO JIOCIIDKEHO O0COOMMBOCTI (paso- 1 CTPYKTypOYTBOPCHHS, mepedir
MapTEHCUTHOTO MPETBOPEHHS B HETOMOTCHHHX, HeplBHOBa)KHI/IX craHax craBiB 3 EID,
chopMOBaHUX B IMPOIIECI BUTOTOBJICHHS 1HAYKIIHHUM, IYTrOBHUM METOJOM, EJIEKTPO-
iCKPOBHM IHCIICPIyBAHHSM Ta ICKPO-ILIa3MOBUM METOOM.

o Briepie BCTaHOBICHO, IO st I(OHI_IeHTpaLIII/IHI/IX HeOI[HOpII[HOCTeI/I Ha MII €
OpIEHTYIOYOI0, MOAIOHO 1O Aii MEXaHIYHMX HAIpPYKCHb, 1 BH3HAYAETHCS B3aEMHOIO
OpIi€HTAII€I0 TPAJiCHTy KOHICHTPAIii, HANPSIMKOM BIPTYalbHOTO 3MIIICHHS MDK()a3HOI
TPaHHLI Ta OPIEHTALIEI0 MAPTCHCUTHOTO KPUCTAILY.

o Brnepiie BcTaHOBIEHO, IO BIUIMB XIMIYHUX HEOJHOPINHOCTEW Ha Tmepeoir
MapTEHCUTHOTO TIEPETBOPEHHS B CIUIaBaX 13 PEKOHCTPYKTHUBHHUMH Ta CTPYKTYpHO
00epHEHUMU MEPETBOPEHHSIMU € CYTTEBUM 32 YMOB, AKIIO XapaKTepHUN MaciiTad ix 3MiH
€ MOPAAKY 1 OUIbIIIE XapaKTEPHOI0 MaclTady 00J1acTl, 3alHIATOI MApTEHCUTHOIO (ha30r0.

o Briepiie mokaszaHo, 110 BKJIIOYEHHS 1HIIUX (a3, po3Mipu SKUX HE MEPEBULIYIOThH
XapaKTepHUX MaciTadiB MapTEeHCUTHOT (hasu, He € MePeIIKO 00 U POCTY MAPTCHCHTY 33
YMOBH CX0KOCTi KPHCTAIIYHOI CTPYKTYPH IIEPEIIKO/HU 13 MAPTCHCUTHOIO 200 ayCTeHITHOIO,
mo mepenbayae sK  i30CTPYKTYpHICTH, Tak 1 ONM3BKICTH MApaMeTpiB TPATHHILI.
KorepeHTHICTh a00 HAMIBKOrePEHTHICTh MK(DA3HUX IPAHUIL MK ayCTCHITHOIO (a3oio Ta
BKJIFOUEHHSIMH, 30II IUIOIIMHU 3CYBY MApTEHCUTY 13 TaKOK Yy BKJIIOYEHHI TAaKOXK €
CIPUATIMBUMH (paKTOPaMH POPOCTAHHS MAPTCHCUTHOI (hasy Yepes MepemIKoy.

o Brepie joBeicHO, MO CITIKAHHS CYMIMI YHCTUX MOPOLIKIB Ti, Ni, Zr no3somnsie
OTPUMYBATH MATEPIaly 13 KOHTPOIBOBAHOI HEOMOICHHICTIO CKIIAJy Ta HOpI/ICTOCTl Le
HaJ1a€ MOXKIMBOCT] KOHTPOJIIOBATH 6aFaTOCTa)1H/IHICTB 3BUYAHOTO e(eKTy nam’ Tl popmu,
3HaK 1 BEJIMYMHY JIBOHAINpPaBiIeHOro edekTy mam’arti popmu B crutaBax Ti-Ni-Zr.

o Ha ocHOBI aHami3dy 3HAaYHOTO MAacHBY EKCHEPUMEHTAIbHUX JaHUX BIIEpIIe
p03p06neHi mozei GopMyBaHHS nopomKiB Ta CTPYKTYPOYTBOPCHHS 0araTOKOMIIOHCHTHHX
criaBie B mporeci OEIJ] B KplOFGHHI/IX pl)Z[I/IHaX a camMe MNEepBUHHUN 1 BTOPUHHUUI
MEXaHi3MH (OpMyBaHHS 4YaCTHHOK 13 pikoi (a3, HAHOYACTUHOK, MOPOKHUCTHX
YaCTHHOK; 3°5ICOBaHI MEXaHi3MU TPaHC(OPMALLii IiJ{ Yac HArPiBY Ta Hepedir MapTCHCUTHHX
Ta CYNMyTHIX IHQY3iiHO KOHTPOJILOBAHHX (ha3oBUX TMEPETBOPEHb B EICKTPOICKPOBUX
nopoIIKax criaeiB 3 epexrom mam’sti popmu Ha ocHosi Ti-Ni, Cu-Al-Ni, Ni-Al, Ni-Mn-
Ga.

° Brepmre mnokazano, mo B uacTuHKax Ni-Al ta Cu-Al-Ni, MeHIIe KpHTHYHOTO
pO3MIPY, CTPYKTYPOYTBOPCHHS MapTEHCHUTY MO/i0HO 10 (pas0BUX MEPEXOIB APYTOro POAY,
BHACIIIZIOK YOr0 MapTeHCUTHA (a3a OfHIET Opi€HTAIlli 3aII0BHIOE BECh 00'€M YaCTHHKH, HE
YTBOPIOIOYH OKPEMHUX TOMEHIB 200 KPUCTATIIB.

o Brnepuie netanbHO omucaHi MEXaHi3MHU KOHCOJiAaiii METOAOM iCKpO-TIIa3MOBOTO
CHHTE3Yy €JIEKTPOICKPOBHX TOPOIIIKIB CIUIaBiB 3 eeKToM mam’siTi popmu Ha ocHOBI Ti-Ni,
Cu-Al-Ni, Ni-Al, Ni-Mn-Ga, nocnikeHo CTpyKTypy OTPUMaHUX MaTepiajiB Ta ii BIUIUB Ha
MapTEHCUTHE TepeTBOpeHHs. [lokazaHo, 1m0 apxiTeKTypa KOHCOIJIOBAHUX MaTepialiB i3
CJIEKTPOICKPOBUX TMOPOIIKIB Yy BHIJSNAI MIKPOHHMX YacTHHOK, BOYJOBaHUX B
MeTaJOKepaMiuHy MaTPUILII0, 3a0€3Meyye MOJIMIICHHS MEXaHIYHUX XapaKTepUCTUK CIUIABIB
Ni-Al ra Ni-Mn-Ga 3 edexktom nam’sti hopmu.

IIpakTHyHe 3HAYeHHs O/epPKAHMX pesyabTaTiB. BeraHoBieHi ¢isudHi 3acanu
JICTyBAHHsI 13OGJICKTpOHHI/IMI/I CJICMEHTaMH 3 METOIO KOHTPOIIIO MIKPOCTPYKTYPH 1 CKIagy
MaTepially Ta iX BIUIMBY Ha XapakTepucTHku MII € OCHOBOIO i iHXKWHIPHHTAa HOBHX
matepianiB 3 EII®. CraBu Fe-Mn-Si-Ge-Sn B neBHOMY Jiana3oHi TeMIepaTyp MaroTh
HYJIbOBHM a00 BIIEMHUI K.T.p, IO BIAKPUBAE MOTEHITIAN iX BUKOPUCTAHHS HE TUIBKU K



matepianiB 3 EIl®. 3amina Hikeno Ha MIATUHY B MPOMOPIIi, BU3HAYEHIN B pPOOOTI,
no3postsie posrisigatu Ni-Al-Pt sk kanaunara JU1sl BUCOKOTEMIIEPATYPHHX 3aCTOCYBaHb.

OTpI/IMaHHﬂ pl3HOMaCIHTa6HI/IX HeomHOpigHOcTel B cmiaBax 13 EII® mnumsixom
CIiKaHHSM CYMIIII IIOPOIIKIB METAIIiB, 30epEKCHHS HEOTHOP1IHOCTEH BHXiIHUX IOPOLIKIB,
OTPHMAHHX 13 CIUIABIB METOAOM IHC € MEePCICKTHBHAM IiAXOIOM IS OTPHMAHH
MaTepiaiiB 13 TpaJiieHTaMHU KOHIIGHTpAIlli Ta CTPYKTYpHUX HeoqHOpiHOCTel. Lle no3Boiise
KepyBaTH XapaKTepOM BIATBOpPEHHs (OpMU B 3aJ]aHOMy TeMIIEpaTypHOMY IHTEpBail Ta
CTBOPIOBATH KOMITO3UTHI Ta Fi6pI/II(Hi matepianu 3 ET1OD.

HasiBHICTh MapTeHCUTHOI (pa3H B YaCTHHKAX HAHO- 1 CyOMiKpoHHOro po3mipis Cu -Al-
Ni, Ni-Al, Ni-Mn-Ga BinkpuBae nepcreKkTuBy ix 3aCTOCYBaHHA B aMTHBHIX TEXHOJIOT151X,
B KOMIIO3HTHUX HAHOCTPYKTYpaX Ta B riOpUIHNX 00’€KTaX 13 MATHITHOIO I1aM "SITTIO POPMHL.

BlI[KpI/ITTH 3aKOHOMlpHOCTeI/I YTBOPEHHSI TMOPOXHUCTHX YaCTHHOK B TPOIlECi
enektpoickpoBoi eposii B kpuxkux Ni-Al ta Ni-Mn-Ga € nepcnekTHBHHM KpPOKOM Y
HaANpsIMKY BUTOTOBJIEHHS MeTasieBux MiH 3 EII®D, B skux MoxiuBa nedopmariisi BCbOro
3pa3Ka Ipy HE3HAYHUX HAaBAHTAKEHHSIX 1 z[ecpopMamst B CTIHKaX [10p MCHIIC KPUTHYHFX.

OLiHKH IIBHIKOCTE! OXOIOUKCHHS PO3ILIABICHUX YaCTHHOK B KPIOTCHHHX PIfUHAX,
BCTaHOBJICHI 3aJIC)KHOCTI IMapamMeTpiB MleOCprKTypI/I B/l CIIOCOOY OXOJIO/DKCHHS MOXKYTh
Oyru ajamroBaHi Ha IHII METOAM aToMi3amii CIUIaBiB. BigHOCHO mHpOCTHii, eHepro-
3a01a/UIMBHIT METOJ CICKTPOICKPOBOI epO3il OTPHMAHHS MIOPOLIKIB CIIABIB € 3pYYHUM IS
EKCIIEPUMEHTaIbHOTO BIJITBOPIOBAHHS 1 MOJIC/IIOBAHHS MPOLIECIB 3arapTyBaHH i3 PLAKOro
CTaHy Ta KOHJIEHCallli BUTIapiB METAIB.

IIpakTHYHIM pe3yabTaTOM 3aCTOCYBAHHS ICKPO-ILIa3MOBOIO METOJY 10 KOHCOJIiallii
MOPOIIKIB  0araTOKOMIIOHEHTHUX CIUIAaBIB € MOXJIMBICTh BUKOPHCTAHHS  KPUBUX
BUCOKOTEMIICPATyPHOTO eTaIry yHllJ'IBHCHHSI nopouan JUIS. TIBUJIKOT TOOYJIOBH KapTu
nedopmartii MaTepiany 1 OLIHKHM SHEprii akTHBALIl OB3YYOCTi Ta TEMIIEPATYPU MEPEXONY
KPUXKICTh-TUIACTUYHICTb.

OcoOuctuii BHecok 3700yBaua. Bci OCHOBHI pe3ynbTaTH OJEpKaHI aBTOPOM
ocobucto abo 3a ¥oro Oe3mocepenHbOi ydacTi B CHIBIpaii 13 koseramu i3 [HCTUTYTY
metanodizuku M. I'.B. KypaiomoBa HAH Vkpainu (IM®), [HCTUTYTY €leKTpOIuHAMUKH
HAH VYxkpaiau (IEH), [nctutyty npobiem marepiano3naBctba iM. [.M.Dpannesnua HAH
VYxpainu (IIIM), Katholieke Universiteit Leuven (KUL, Benwrisi), CNRS ta Ecole Nationale
Supérieure de Chimie (ENSC) (®pamuris), Institute of Metallurgy and Materials Sciences
PAS (IMMS, TIloabmia). ABTOPY HAJCKHTh MPIOPUTET Yy TMPOBEACHHI KIFOUOBUX
eKCIIEPUMEHTAIbHUX JOCIIPKeHb Ta y3arajllbHeHb B OuIbIIOCTI poOiT. [{uceprant OpaB
aKTUBHY y4acTh y MMOCTAHOBIII BCIX 3a]1a4, OTPUMAaHHI BCIX PE3y/bTaTIB Ta IX IHTEPIPETaIlii,
y IUIaHyBaHHI, MIATOTOBII Ta IPOBEACHHI eKcnepHMeHTiB nobynoBi Mozeneil Ta
HpOBeI[CHHl TEOPETHIHUX pPO3paxyHKIB; y MIJTOTOBLI W HAalKCaHHI BCiX OMyOJIIKOBaHHUX
cTaTel, Te3 Ta JOMOBiJeH KOHcpepeHuu/I Ocobuctuii BHECOK y JIOTIOB1/I1 HAa KOH(EpeHIIli
BIJINOBIJIa€ BHECKY Y BIANOBIAHI MyOIiKallii 32 TEMOO AOMOBI/I].

Anpobaunia pe3yabTaTiB pod6oTu. OCHOBHI pe3yJbTaTH JOCIHIKEHb, BUKIAJICHUX Y
TUcepTaliiHiii poOOoTi, AOMOBIAATUCEH 1 00rOBOPIOBAIKMCH HA 29 KOoH(EpEeHIIsaX 1 Hapaaax:
Nanotechnology and nanomaterials (NANO-2018) (Kyiv, Ukraine, 2018), Nanotechnology
and Nanomaterials (NANO-2017) (Chernivtsi, Ukraine, 2017), ESOMAT 2015 (Antwerp,
Belgium, 2015), Nanotechnology And Nanomaterials NANO-2015 (Lviv, Ukraine, 2015),
Nanomaterials: Applications and Properties (NAP 2013) (Alushta, Crimea, Ukraine, 2013),
Nanotechnology And Nanomaterials NANO-2014 (Lviv, Ukraine, 2014), “Hanopa3mepHsbie
cuctemsl: Ctpoenue, CBoiictBa u Texunonoruu‘‘(Kues, 2013), HighMatTech (Kyiv, Ukraine,
2013), International Conference on Crystal Chemistry of Intermetallic Compounds, XII IMC
(Lviv, Ukraine, 2013), ESOMAT 2012 (Saint-Petersburg, Russia, 2012), «TeopetnuHi i
npukiIaaHi mpobisemu Gizuku, matematuku Ta iHbopmatukm» (Kuis, Ykpaina 2012),



“Nanomaterials: Applications and Properties” NAP 2011 (Alushta, Crimea, Ukraine, 2011),
,HaHoctpykrypHasie Mmatepuanbl-2010” (KueB, Ykpauna, 2010), ,,AKTyanabHble TPOOJIEMbI
npounoctu” (Kues, Ykpauna, 2010), International Conference on Crystal Chemistry of
Intermetallic Compounds, XI IMC (Lviv, Ukraine, 2010), ESOMAT 2009 (Prague, Czech
Republic, 2009), Colloque national «Mecamat» (Aussois, France, 2009), ,,CydacHe
MaTepiano3HaBcTBO: Matepiasin 1 TexHouyorii” (KuiB, VYkpaina, 2008), ,,Contemporary
problems of metal physics” (Kuis, Ykpaina, 2008), ,HAHCUC 2007” (Kui, YkpaiHa,
2007), ,,CoBpeMeHHOE MaTepuaioBefeHue: TocTUxkeHus u npoodnemsr’ (KueB, YkpauHa,
2005), International Conference Functional Materials (Crimea, Partenit, Ukraine, 2003)
“XVIII conference on applied crystallography” (Katowice-Wisla, Poland, 2000),
MDKHapo,IIHI/II/I CmakynoBcbkuit Cumnosiym “@yHIaMEHTaNbHI 1 MPUKIAIHI npo6neMH
cydacHoi ¢izuku” (Tepnomins,Ykpaina, 2000), EMMA-2000 (Kiev, Ukraine, 2000), 1st
International Conference Physical Metallurgy and Fracture of Materials '99 (Herlany,
Slovenskd Republika, 1999), “ICOMAT-95” (Lausanne, Switzerland, 1995),
MARTENSITE-91 (Kyiv, Ukraine, 1991).

Iy6umikanii. OcHOBHI pesynbraTd Ouceprauii omyOmikoBaHo y 78 JIPYKOBAHMX
pobotax, y TOMY yucii 33 cTarTi — y HAyKOBUX (1)ax0131/1x BUJAHHAX (3 HUX 15 cTtaTteil —y
BUJIaHHAX 1HO3EMHUX JepkaB, 16 — y croemiagi3oBaHMX HAYKOBUX BHJIAHHAX, IO
BIJIHOCSTBCS JIO MEPENTiKy HayKOBHX ()axOBUX BHJIaHb YKpaiHH, 3aTBEP/KEHOTO HaKa3amu
MOH VYkpainu 1 BXOIATh 40 MI)KHAPOJIHUX HAYKOMETPUYHUX 0a3), opopmieHo | mareHTt Ha
BUHAX1J, | MaTeHT Ha KOPUCHY MOJEJ]b, OMyOJiKoBaHO 43 Te3u JOMOBIJIeH Ta cTaTeil B
301pHUKaxX MaTepiaJIiB KOH(EpEeHLIH.

O6csir i cTpykTypa amcepraunii. [lucepramiiia po0oTa CKiIafa€eTbCst 31 BCTymy, 8
PO371IiB i3 BUCHOBKAMH 110 KOXKHOTO PO3JLILY, 3arajibHUX BUCHOBKIB, CIIMCKY BUKOPHCTaHHX
mxepen (833 narimenyBans) Ta 33 mogatku. O6csr quceprarii — 285 CTOPIHOK OCHOBHOT'O
TEKCTY, B TOMY YUCHi 57 Tabnuib Ta 224 pUCyHKH.

OCHOBHUMH 3MICT POBOTH

VY Berynmi OOTpYHTOBAaHO aKTyalbHICTh TeMH, C(HOPMYIHLOBAHO METY 1 3aBIaHHS
JOCIIKEHHS, OMCaHl HAyKOBa HOBU3HA 1 MPAKTHUYHE 3HAYEHHS OJIepKaHUX PE3yJIbTaTiB,
MPOTO3HIIT 3 BHUKOPUCTAHHS OTPUMAHUX PE3yJbTaTiB, 3B'S30K POOOTH 3 HAYKOBUMH
TeMaMHU, IPEMET 1 00'€EKT TOCIIKEHHS, METOIN JOCIDKEHHS, BKa3aHO OCOOMCTHI BHECOK
3100yBaya, HaBeJICHO 1Hq)opMau1}o 1010 ampoOarlii OfepKaHUX PE3yIbTATIB.

B nepuiomy po3ii MPOAHaJi30BaHO JIITEpATypHI JKepesa, KIacu(iKOBAHO THUIIU
HEOJHOpIAHOCTEeW 3a ix BmuBoM Ha MII. Bhaacmigok 6e3duqby3zuﬁocmz MII iioro
posrisiaaoTh sk OI1, 110 i1e B ximiuno oonopionomy mamepiani [7]. ToMy HalCyTTEBIIIO0
3a BIuBoM Ha MII € ximiuna Heoc)Hoplc)chmb (XH). Posristnyto BB Ha MII cranmoro
Ta TEpiOJMYHOrO IpajicHTy KOHLEHTpalill Vc. Bapiaris rycrunu eseprii I'iGca npu
30UTbIIIEHH]T 00’€My MapTEHCUTHOTO KpUCTAly Ha BedHuuHy OVyv=-0V\ 3a paxyHOK
BIpTyaJabHOIO 3MileHHs MidK(pa3HOI TpaHMIl B HANPAMKY 6T (Puc. 1a) cCTaHOBHT:

dg™ dg? S e 132

8G = Ag, 8V + (% — %) fVM Vet d3t, (1)
g _ E)

dc dc
npumyckaetbcsi cranow (Puc. 16). Jlns rpanieHTy KOHIEHTpalii c=cotky Ta Hampsmky

BIpTyaJIbHOTO 3MillleHHsI B TutomuHi ZYy (Puc. 1a) ymoBa piBHOCTI Hy:t0 Bapiaii (1) €:

Ago + Ag'kh =0 (2)
I3 (2) crmigye, mo Ago<O ockimbku Ag' > 0 (PI/IC 16). Lle MOKIMBO TIpU 3HMKEHHI
TeMIIepaTypu MEHIIE TeMIepaTypu piBHOCTI eHepriit I'ioca To aycTeHiTy Ta MapTEHCHTY,
TAM OibIIOr0, YuM Oinbire A00yTOK kh. OTxe, cTaluid TPaai€HT CKIAMy a) 301IbIIye

ne Ago pi3HuMUs eHeprii ['iGca mapTeHcuTy Ta aycTeHiTy. PisHunsg Ag’ =(



a Hy=9- 5[0 g=~f g, Puc. 1a)— maprencurauii
v Kpucrany hopmi

g CKOLICHOro
napajesorpamy B

| HEOJHOPIIHIN 3a CKJIaZ0M

| 00J1aCTl; 6) — 3aJIEKHICTD

I ! eHeprii ['i0ca aycreHity 1

) ) C  MapTEeHCUTY BIJ CKJIALy.

X y=y-az h 6’;1:5y

inrepsai MII i 6) cripusie 3pOCTaHHIO KPUCTAILB B [ICBHOMY HAIPAMKY i TallbMy€ (3yIHUHsE)
B niporuiiexHomy (Puc. 3). Y BHITAJIKY MePEMiHHOTO IpaieHty ¢ = ¢ + Ac-sin(ky) ymoBa
PIBHOCTI HYIIO Bapialii eHeprii ['iOca nmpu 3MilieHHI rpaHMIli KPUCTATY Jae€:

. _ kh sinkaz,/2
Ag, + 2Ag Ac-sm7-coskyo-W:0 (3)
7ie 3a Yo MO3HAYEHO Y-KOOPAMHATY IICHTPY KPUCTATy MApPTEHCHUTY, @ — TAHTCHC KyTa HAXUITY
kpuctany no miomuHn Xy (Puc. la). COSky, — MHOXHUK, SIKHH 3aJEXKHO Bij

MICICTIONIOXKCHHST  KPHCTany Yo CHpHs€ a00 YTPYAHIOE 3POCTAHHS MAapTCHCHTHOTO
KpUCTaldy. SIKIIO 3MiHA CKJIaAy HE € 3HAYHOK B MEKaX OJHOTO KpUCTaly, TO Kaz,<< 1i
MHO>KHHK TO/OZ/ npsimye 1o oauawmi. IIpu Kh << 1, To0T0 Mammx 3MiH CKIaay B MEKax
TOBIIMHHU KpHCcTany h, JIOKalbHa yMOBa TEPMOIMHAMIYHOI PIBHOBAarM BHU3HAYAETHCS
aMILTITYI010 UIYKTYaIliii KOHIeHTpaIlii eaeMeHTiB Ac. B inmmii rpanumi kazy >> 1, kh >>1
33 YMOBH 4acTuX (GIyKTyalliil CKiiany B MekKax MapTCHCHTHOTO KPHCTaITy, APYTUi 10JaHOK
B (3 ) 3MCHIUCHIIYETbCS SIK k=1 i3 3poctanHsM K 1 BB uyKTyauidl ckmaiy
MiHIMI3yeTbCs. OTKe it XIMIYHOT HGO,Z[HOplI[HOCTl € OpIEHTYIOYOI0 1 BH3HAYAETHCS
B3a€MHOIO OPIEHTAIlI€I0 IPA/liEHTy KOHIEHTpPAL] Ve, HAIPAMKOM BipTyalbHOTO 3MillIEHHS
oT MiKk(]asHOI TpaHMIIl Ta OpIEHTALI€I0 MApPTEHCHTHOTO KpPHCTaly, a BIUIMB
HEOJHOPIAHOCTEHi CKIaly € CYTTEBHM 32 YMOB, SIKIIO XapaKTepHI/II/I maciTad #oro 3miH €
OJTHOTO TIOPSAKY 13 XapaKTepHUMHU MaciTabamMu 00J1acTi, 3alHATOI MAPTEHCUTHOO (ha3oro
(kh << 1 Tta kazy<< 1). Hatomicts mpiOHOMACIITAOHI HEOTHOPIAHOCTI 13 IHIBHIKUMHU
aryxryauisvu cknany (kh >> 1) erko 101a10ThCsi MAPTEHCUTHOIO (asoro.

AHaJli3 JiTeparypu MoKasaB, 10 TaKUMHU I[p16HOMaCIHTa6HI/IMI/I KOHIIEHTpaIliiHUMHU
HEOIHOPIHOCTSMH MOKHA BBAXATH HAHOPO3MIPHI BHIICHHS NisNb [12] a6o NisTi [13] B
crutaBax Ha ocHoBi Fe-Ni, Fe-Co, Buainenns i3 cTpykTypoio L1, B Fe- Ni-Si, Fe-Ni-Si-Co,
Fe-Ni-Co-Al-Ta-B, N|2A| B Ni-Al, meracrabineui Buminenus TisNis B Ti-Ni. HpOTe
ocHOBHUM BIUIMB Ha MII Taki BUAUICHHS pajillie COPUUUHSIOTH Yepe3 MPYKHIO CHEPTiIo £,
HaKOMUYyBaHy B MAPTEHCUTHIN (a3l KOTepEHTHUMHU YaCTUHKAMMU:

Eel = Xp € =X, - w/l, (4)
Je X, — KOHIEHTPALlis, 4 — MOXYNb 3CyBY, W — TOBIIMHA, | — JOBXKHMHA YACTHUHOK, & —
nedopmarris, AKoi 3a3HalOTh 4yacTHMHKU i wac MII. B cmmaBax Ha ocHoBi Fe-Ni
E.1=32 kan/monab s miactuHuaTX yacTuHOK (W/1=0.2) 1 160 xan/monb st chepuvHux,
1o crhiBctaBHo 13 pymidHo cwioro MII cmagiB Fe-Ni (~280 kan/monp). Tomy XH
PO3AUIIEMO Ha JIBa KJIACH: 1) HeOKANi306aHI, IO BIUTHBAIOTH YEPE3 MOJIsi CTBOPCHUX HUMH
HANPYXKCHB; 2) I0KANi306aHi, IO MAKOTh 9iTKy FPaHHLIIO PO3ALTY 1 He 3a3HatoTh MIL

Cmpyxkmypni HeodHopldHocmz (CH) — 11e T1 HEOTHOPITHOCTI KpI/ICTaJ'Il‘lHOI CTPYKTYpH,
[0 MOXYTh BIUIMBATH Ha ii KOOHepaTI/IBHI/II/I XapakTep: AUCIOKalliiiHa CYOCTPYKTYypa,
nedexrr TMaKyBaHHS, I'paHUIIl IBIMHHKIB Ta aHTI/I(l)aBHI/IX JIOMEHIB, CTETIIHb BIOPSIKYBaHHS
KpucTamigHoi cTpykrypu. OcobimBo moMiTHHM B crutaBax Ha ocHOBI Fe 3 TTIK—OILIK(T)
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Puc. 2 HepeTHH MapTeHCI/ITHI/IMI/I IUIACTHHAMU: @) — ACHIPUTIB, 36araquHx Ha MapraHerb
B crutaBi Fe7;. 21M N22.47S14.67Ge€1. 66, b) HepHTeKTHqHHX BI/II[IJICHB Hszd B CHJIaBl Hf5oPd5o
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Puc. 3 Cyberpykrypa NI65 3AI30 5Ga4 9 a) rapTOBaHOTO BiJI 1200°C PI P2 — BI/II[IJ'IGHHH
NizAl B310BX rpaHutlpb i BcepeseHi sepen; M1, M2 — TOHKI I(BlI/IHI/IKOBl 1 TOBCTI
TUTACTHHHA MapTEHCHUTY; D) — «CriBiCHYBaHHs» MapTeHCUTY 1 BuaUIeHHD NisAls.

TePETBOPCHHSIM BILTHB IUCIOKALil IPOSIBIIETHCS 1) 4yepe3 3MEHIICHHS po3M1p113 KpHCTaJiB
MapTEHCHUTY Ta KUIBKOCTI 3apOJIKiB MapTEHCUTHOI (a3u, 2) uepes AucioKallii KOB3aHHS B
'K rpatawuii, mo tpanchopmyrotrsbes npu MII B cupsui, 3) yepe3 (hopMyBaHHSM ITiJ] Yac
TePMOLUKITYBaHHS MOJISl HANIPYXKCHb CHCTEMOIO MCIOKALliH, 3aKpIIICHUX Ha YaCTHHKAX
BuieHb. B B-da3znux craBax, BnopsiakoBanux sk B2, DOs, L1, yepe3 many miacTUYHICTb
B TOJIKPUCTAJIYHOMY  CTaHl  BIUIMB  JIUCJIOKAUIMHOI  CTPYKTYpH  BHUBYEHHH
MeHIe. HakonuueHHs AUCIOKaIliil MOXIIMBE 3aBASKA TEPMOILMKIYBAHHIO Yepe3 1HTepBall
MII 8 crinasax Ti-Ni, Cu-Al-Ni ta Cu-Zn-Al, nacainkom woro e pyinanis DOs i, B MeHIIiR
creneni, B2 BropsakyBaHHs. 3ayBaXMMO, IO CTCMiHb BIOPSIKYBAHHS ayCTCHITY, sika
(bopMyeTLCﬂ B ITPOIIECi OTPUMAaHHS MaTepiary Ta ioro o6pooku BrutnBae Ha Tir MIT (FesPt)
i Ha 3Ha4ens Temneparyp MII (Cu-Al-Ni). B Ni-Mn-Ga temneparypu MII a Touka Kropi
TaKOX 3aJieXkaTh BiJl CTEINEHI BIOPSI/IKYBAHHSI (B2 abo le) YyTnuBuil 10 XIMIYHUX Ta
CTPYKTYPHUX HEOJHOPIAHOCTEN caM Mo co0l MarHiTHUM nopsinok BiuimBae Ha MII sk B
crutaBax i3 MEII®, Tak i B cruiaBax Ha ocHoBi Fe-Mn-Si.

Cybempykmypha neoonopionicms (CCH) obMexye reoMeTpHIHHI 00’ €M, TOCTYIHHIA
st ®II: 3epenHa, cyb3epeHHa, I0poBa CTPYKTypa MaTepiaiy, po3noain ¢has, AUCIepCHICTh
MOPOIIKIB, TOOTO BCi Ti, 110 MOXYTh CTBOPIOBATUCA IiJ Yac OTPUMAaHHS MaTeplany
Bunainenns ¢asz na MII BruBae, B miepiry uepry, uepes 3MIHY ckany ManI/I‘IHOI (pasn
JApyruii  GakTop, 3yMOBICHHWH KOTEPEHTHUMHU BHIUICHHSIMH, IOB’S3aHHH 13 [II€I0
BHYTpIIIHIX HaIpyXeHb Ta/abo 3MiHOow kpuctamwiorpadii MII. Tperbomy dakTopy,
OB’ A3aHOMY 13 CYTO T€OMETPUYHUM OOMEKEHHSIM o0JacTi, e Moxke BimOyBarucs MII,
HEKOT€pEHTHUM BHUIIJICHHSAMH (a3, AUCIIEPCHOCTI MOPOILIKIB, MPUALISETHCS MEHILIE YBary.



Teopernuni HapoOku B mapuHi BuBYeHHs MII B HEOJHOPIIHMX MaTepianax
MOCTYIIOI0TE MOXKIMBICTH MII B OXHODIAHHX MIKPOCKOMIYHUX OOIACTAX MaTepiaiy.
EKCHepI/IMeHTaJ'IBHl nocnimkens nepediry MII B MEIJ'IOpOBMlpHI/IX 00’€KTaxX € HEJJOCTaTHIMU
Ta KOHTPOBEPCIAHUMU. JIOCII/UKCHHS BIUIMBY PO3MIPIB 3¢pHA 200 YaCTHHOK IIOPOIIKY B
crutaBax Ha ocHoBI Fe, Co, Cu-Fe, Fe-Co, Ti-Ni mokasyroTs, 1110 MOMITHHX 3MiH B TIepediry
MII abo cTpyKTypi MapTCHCUTY MOXHA O4YiKyBTH B 00’€kTax posmipamu, merme 100-
300 A. Hapasi 3arapryBaHHsM i3 piakoro crany cmiasis Cu- 13AI-Ni-1Ti, Ni-Al, Ni-Mn-
Ga BraBanocs 3MCHIINTH PO3MIp 3CpHA JHINC 10 ACKUIbKOX MKM. HaHokpucramivHi
BKIIIOYCHHs B JCKiIbKa JCCSTKIB HM Oyn0 OTpHMaHO HAeBiTpubikauiero i3 amopdHo-
kpucraiignoro crany cruiaBiB Ti-Ni-Cu-Zr, Ti-Ni-Cu-Hf [6]. B cruraBax Ti-Ni-Cu ta Ti-Ni
MapTeHCUTHA (ha3a CIoCTepiraacs micis iHTeHCUBHOI IIacTHYHOI Aepopmauii [14].

AHani3 Jjiteparypu Ta AiarpaM CTaHy JO3BOJIHB 3pOOUTH BHCHOBOK, IO pasoM i3
TEPMOJIMHAMIYHAMH TlapamMeTpaMu MOXJHBICTE MII B CBiXEOTpHMaHUX Ta IMiAJAHUX
TepMO0OpOOKaM [B-CIUTaBax Ta TBEPAUX PO3YMHAX BU3HAYAETHCSA TaKMMH KiatodoBumu XH
Ta CH, sK po3moiin Jeryrouux eIeMeHTiB Ta (a3, ACe(eKTH MaKyBaHHS, CTCMiHb
BIIOPSIIKOBAHOCTI ayCTeﬂlTy, ne(eKTH KPUCTATIYHOT Oy 10BH.

B apyromy posaimi moCIHi/KEHO BILIMB TIeryBaHHI 130€IEKTPOHHUMH €JIEMEHTaMU
crutasis 3 EIIO Ha popmyBaHHs Mif 4ac lHI[yKL[H/IHOI‘O Ta CJICKTPOLYTOBOIO TOILICHHS 260
TEPMOOOPOOOK  XIMIYHUX HGOI[HOplIIHOCTGI/I y BUIJISAIl JCHAPUTIB, EBTEKTUYHUX,
MEPUTEKTUYHUX Ta IHTepMeTayHuX (a3 Ta ix BB Ha nepedir MII.

ITokasaro, wo sk B cruiasax i3 pekonerpykrusinmu MII (Hf-Pd, Fe-Mn-(Si,Ge,Sn),
Tak i cTpykTypHO o6epaennMu MIT (Ni-Al-X (X=Y,Ga,Pt) BriroueHHs iHIINX (a3, po3Mipu
AKUX HE MEepeOUIbIIYIOTh XapaKTepHUX MacIITa6iB MapTEeHCUTHUX JOMEHIB, MOXYTb 1 HE
OyTH TNEpemKoN0l0 Iis MOMMPEeHHS MapreHcuty (Puc. 2, 3) 3a YMOBH CXOXOCTI
KPHUCTAIIYHOI CTPYKTYPHU BKIIIOYCHHS i3 MAPTEHCUTHOIO a00 ayCTeHITHOIO, 10 [epeadadac
SIK 130CTPYKTYpPHICTB, TaK 1 6:1IM3KICTh apaMmeTpiB rparHui. Ha Prc. 3¢ nmokasaHo, 1110 TOHKI
sugiieHHs NisAl He mepemkomkarTh POoCTy MapTEHCHUTHUX KPUCTAiB, a 00JacTh i3
rpagieHToM KoHIeHTpamii Ni [I0BKOjJa rpaHHIb € MEPEHIKOI0. Beaukopo3MipHi kK
HEI30CTPYKTYpHI €BTeKTHYHI BuaUIeHHsMH o-Re B cmiaBax Ni-Al-Re TNEPEBAXKHO

OOMEXKYIOTb MOLIMPEHHS IPyIl MapTeHCUTHUX KpucTanis (Puc. 4). KorepenTHicts rpanuui
MK ayCTCHITHOIO (ha30f0 Ta BUILICHHSM, 30il' IVIOLIMHH 3CYBY MApTCHCHTY 13 TaKOIO y
BKJIIOUEHH] € COPUSITIUBUMHU (PaKTOpaMH ISl TIOLITUPEHHS MApTEHCUTY 4epPe3 BKIIOUCHHS
abo ix «cnlBchyBaHHﬂ» B3a€EMOIIPOHUKHEHHS MapTeHCUTHOI (a3u 1 BuaUIeHb 5:3 daszu
(NisAl3) crmoctepiramocs B cmiaBax Ni-Al-Ga (Puc. 3b) Ta Ni-Al-Pt. Baxusimmm
(dakTopoMm € Taku po3mipHuil. Hanpukian, oueBUIHO, 110 MK TOHKUMH MapTEHCUTHUMU
kpuctaiamu M1 i ToBctumu M2 (Puc. 3a), 1110 yTBOPIOIOTHCS IIPH OXOJIOKEHHI TEePIIHMH,
€ YITKE Opi€HTalllilHE CHIBIIHOIIECHHS Ta 301r MIOMmMH 3cyBy. [Ipore rpy0i muactuaun M2
TMEPEIIKOJUKAIOTE pocTy TOHKMX M1. HatomicTh makeT I1aCTHH MapTEHCUTY OJHAKOBOI
TOBIIMHM, TIPOTE pI3HOI Opi€HTAIlil, JIETKO MPOHHUKAIOTh OJHA B OJHY, SK II€
npoiaroctpoBano Ha Puc. 4 B crutaBax Ni-Al-Re.

[IpogeMOHCTpPOBAHO, 110 3aMiHa 130€JIEGKTPOHHUMHU aTOMaMH CBOiX BIAMOBITHUKIB B
crutaBi € e(eKTUBHUM 3aco00M pO3pOOKM HOBHX CHCTEM. TOTadbHOI 3aMIHOIO
i3oenexTponHuMu anaimoramu T1 Ha Hf, a Ni na Pd i3 crumaBy 3 ETI® Ti-Ni «oTpumano»
ciias Hf-Pd 3 sucokoremneparypuum EII® Ta xapaxrepom sininens (TizNie—>HfPd),
noaioauM 1o Ti-Ni (Puc. 5). EIID OyB HermoBHMM, ockiibku MIT B2—B33 B Hf-Pd €
PEKOHCTPYKTHBHHAM: MDK CHMCTPIIMH CTPYKTYp BIACYTHE CHIBBIIHOLICHHS TpyIia-
miarpymna. 3ayBakeHO, IO TPH JICTYBAHHI 130€/ICKTPOHHMMH aHAJIOraMH CIUIABiB 3HAYHA
pI3HHUIIE MK pO3MipaMH aTOMiB CIUIaBYy 1 JIETYIOUMX KOMIIOHEHT Ma€ HaCHIigKOM iX
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Puc. 4 Buninenns a-Re B Nigz2Al3s7Res1, Puc. 5 BinrBopenns popmu 3paszka HfsoPdso
0 0OMEXYIOTh 00JIaCTi POCTY npu Harpisi; PC criekTp Ha BCTaBIli .
MapTEHCUTHOI ba3u. IngexcoBani JiHil — MmapTencurt; o —Hf,Pd.

aKyMYyJIAIIio a00 y BUTJISA1 BUAUICHD 1HIIUX (a3, ado Ha rpaHuisax 3epeH. Lle nposisiiocs
y BuaUTeHHI Ha rpanuix 3epeH (Ni,Al)sY npu 3amini atomiB Al Ha 3HaYHO ORI ATOMHU
Y B crutaBi Ni-36.3Al-0.4Y ta akymysisiiii 3HauHo MeHIux 3a Al atomiB 00py Ha rpaHUIILX
B ciutaBax Ni-Al-B ta Ni-Al-Re-B. 3amina Si B cruaBax Fe-Mn-Si Ha #oro ananorn Ge ta
SN copuuMHssIa 3pOCTaHHS po3lLIapyBaHHS 3a BMICTOM MN 1 Jleryroumx eJeMEeHTIB,
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Puc. 6 PentrenoctpykrypHi criektpu cruasiB Fe-22Mn-6(Sii-Ge,) (a) Ta Fe-22Mn-6(Si;.
+oNy) (6). R—x=0, BDr —x=1.5, GDk ta BDk — x=3, GL ta BL — x=4.5, BPr — x=6.
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Puc. 7 lunatamis crnasiB Fe-22Mn-6-Si;.,Ge, (a) Ta Fe- Puc. 8 3anexuicth
22Mn-6-Si1.,.Sn, (6). [To3naveHHs CIIaBiB Taki Xk, sk Ha  Temmeparyp MII ta Ty Bix
Puc. 6. BMmicty Ge B Fe-Mn-Si-Ge.
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YTBOPEHHS I[GHI[pI/ITiB 1 3peITor0 BUIIJICHHS TeKcaroHansHux ¢as (Puc. 6).

Hepe61r MII Ta 1Hmmx @I KOHTPOJIOETHCS CMIBIIHOIIHHAM KOMIIOHEHT CILJIaBIB B
MATpHIl, MHIATAMIHHOK 1 3CYBHOIO KOMIIOHCHTAMH HANPY)XCHb, IO CTBOPIOKOTHCS
BuaUieHHsIMHA. B crutaBax Ni-Al-Re i3 CBTCKTHYHHMHU BUJUICHHSIMU 0-Re, Temneparypu
MIT Bu3Ha4aroThCs posmaaom f — B’+ vy’ Ta omocepeakoBaHo, yepe3 po3unHeHHs Ni Ta Al
B a-Re, piznHuIero i a"izoTpomiero K.T.p. o-Re 1 B-NiAl Ta HamiBKOrepeHTHUM 3B’ I3KOM MIXK
B-NiAl ta a-Re. B Fe-Mn-Si-Ge xix nuiaramniiinux ta ETI® kxpuBuXx BH3HAYaIOTh BHECKH B
nunaramianil epext y—e MII B maTpuii ta y—ao MIl'y BKIfoUeHHsX, 30araueHux Ha Mn
ta Ge (SI) B Fe-Mn-Si-Sn i3 3POCTAaHHAM BMICTy Sn nedopmariist 3paska 3a MAPTCHCUTHIM
MEXaHi3MOM, CTUMYIIbOBaHA MArHITOCTPUKIIHHAMH S(EKTOM MarHITHOTO EPETBOPCHHS B
Mn3-XFeX8n2, 3MIHIOE 3HaK 00’ eMHOTO edexty (Puc. 7). MaruiTHe nepeTBOpEHHS B CILJIaBax
Fe-Mn-(Si,Ge,Sn) oOMexxyBasio 3MEHIICHHS TemIepaTypu crapty mpsmoro MII
Temieparyporo Hees TN (Puc. 8). Iloka3ano, mo aHTH(EpOMAarHiTHE BIOPSIKYBaHHS
npurHiuye y—¢& MII, ockinbKy pi3HULA eHepriil antudepomardiTHo BnopsiakoBanux 'Y
i FLIK ctpykTyp 2 JS% > 0. S — MOAy/Ib cHiHa, JIOKaIi30BaHOTO Ha aToMi, a J — 0OMiHHMiA
1HTerpa, SKUA € ToAaTHIM ISt aHTI/I(bepOMarHiTHO'l' B3a€MO/II.

Beranosnero, wo 30utbiments Bmicty Ge abo Sn B B cruaax Fe-Mn-(Si,Ge,Sn)
3MmeHIrye Ms (PHC 8) 3a paxyHOK 3pOCTaHHS PO3MIPIB JICTYIOYHX aTOMIB B IIOCIITOBHOCTI
Si—>Ge—Sn, 1110 eKBIBaJICHTHO BiJi’€MHOMY TiIPOCTATUYHOMY THCKY, SKUH 3a3HA€ CILIAB.
Amnajoriuanid eekT cnpuurHseTbes JieryBanHaM iTTpiem (<0.lat.%) cruiaBy Ni-36.3Al-
0.4Y. JlonaBaHHsg aTOMIB OLIBIIIOTO PO3MIPY BIUIMBAE 1 HA TEPMOJAMHAMIYHUI CTUMYJ 10
audysiitHo-koHTpoboBaHnx @DI1, npurHigyroun yrtBopeHHs 5:3 ¢dasm B Ni-Al-Re.
BozHowac me Moxke CHPHSATH YTBOPeHHIO 5:3 asu B Ni-Al-Pt ta B Ni-Al-Ga uyepe3
TeHepallilo BaKaHCIH, sKa CTUMYIOe OCHOBHI MexanismMu audysii Ni ta Al [15]. Benuxi
atomu Pt (0.139 um) i3 85% imMoBipHicTIO 3aiiMaioTh B B2 rpataumi micus aromis Ni (0.124
HM). ATom Pt, Ounbin enekTponeratuBHuit (2.28 3a [layninrom) 3a atom Ni (1.91), nerme
3aXOIUTIOE eNeKTpoH BiA atomiB Al Ta Ni, yTBOprow4M aHioH Pt~ 1 CTBOpIOIOYM OLIbII
CWIbHY BiAmITOBXYBabHY Pt-Ni B3aemoito, HiX B3aemonis Ni-Ni. Hanpyxenus, mio
CTBOPIOIOTHCSI, CIIPUSIOTh YTBOPEHHIO BaKaHCIH, K1 1 CIPUSIOTH TU(PY3HUM TIPOIICCAM.

BcranoBieno, mo B CIiaBax Ni-Al-Pt 3amina Pt ma Ni cnpuumHse 30inbIICHHS
temrniepatyp MII (Puc. 9) TeTpaFOHaJ'IBHOCTl cla MapTEeHCHTY. Ile 3ymoBII€eHO
MPUBHECCHHSM aHI30TPOIil 3B’s3KiB MDK aTOMamH B CTPYKTypi. B Ni-Al 30inbieHHs
BMmicty Ni necrabinizye fB-¢a3sy, Mo CynpoBOIKYETHCS 3pOCTaHHIM c/a Ta 30UIbIICHHSIM
temneparypu MII. B Ni-Al B rpatauipgax B2 ta L1 moBHicTio 3anoBHeHi Ni mmontuau (001)
yepryrotbed 13 (001) mronmaamu, 3anoBaennmMu Al 1 wactkoBo Ni. Hatomicts crutaBu Ni-

0.13 v - - 0.1
012 —— First cycle cooling

A0.11 i Second cycle cooling 0,0 b
30.10 —— First cycle heating F o exo
: ol M

£ Second cycle heating 0.1
0.09+ I

c0.08f
Zo0.07f
_c;g 0.06 [
% 0.05F
® 0.04 [
T o003}
0.02f
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a I First cycle heating
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Puc. 9 JICK anani3 Ni-39Al-10Pt (a) ta Ni-39Al-15Pt (b). Ha BcTaBkax — moTik eHTpOTIii.
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Al-Pt MoxxHa mogaTy K CeHIBIY 13 IUIOLINH (001) B SIKUX MicTAThbCs TUIbKU Ni 1 Pt, mio
4EPryIoThCs i3 IUIOIIMHAMY, 3alOBHCHHMH TiIbKH Al, Ni i HesHayHOIO KinbKicTio Pt
OckisIbKu p13HI/II_I$I eJIeKTpOHeFaTI/IBHOCTl Pti Al-1.61, B3a€MOI[1}I Pt~ — Al" HoCcuTh pasie
XapaKkTep HPUTDKIHHS, HDK BIAMITOBXYBaHHS, sike Jie B mapi Ni — Pt Ile necrabim3sye
KyOiuHy B2 rpatHuUIIfO 13 3B’sI3KaMU OHAKOBOT JOBKHHN MK HAHOIMKIMMH CyCiTamMu B
miomuHl (001) Ta mepneaukyiaspHo 1m0 Hei. Tomy TterparonanbHa L1y rpaTHHI
MapTEHCHUTY 13 MEHIIOI0 JIOBXKUHOIO 3B S3KIB B MepeneHANKYIsipHOMY 10 1iomuHu (001)
HaANPSIMKY (0Ch ¢) € OLTBII CTAOUTHLHOFO, IO CIIPHSIE IMiABUIIICHHIO TeMIrepaTypu MIT.

HacminkoMm neryBanns miatuHoo criaBiB Ni-Al € yaco3anexHa Kinetuka npssmoro MIT
BHACIIOK ofgHo4acHoro mepebiry MII 1 posmamy B2 — B2'+5:3. HepiBHOBaXHICTH
IPOIIECiB po3naay, o cynpoBoKy0Th MII, € mpuunHOI0 3HAYHOTO CKOKY eHTpomii MII,
oinboro mpu 3sopotaHomy MIN. [Ipu 36impmenHi kiabkocTti Pt MII, 10 moYrHaETHCS BHIIE
TeMIepaTypu yrBopeHHs 5:3 da3u, 3aBakae ii yTBOPEHHIO, 3anekHICTh KiHeTuku MII Bin
MIBUAKOCTI OXOJIOXKEHHSI CJIa0IIA€E 1 3PEIITOI0 3HUKAE.

B TperpoMy po3aii po3IISIHYTO 3aCTOCYBAaHHS METOLY MOPOLIKOBOI METamyprii sik
croco0y IIlJIGCHp}IMOBaHOI‘O KOHTPOJIIO 32 XapakTepucTikamu MII, OCKIJTbKU (POpMyBaHHS
XH ta CH y npupoanuii crocio mij yac KpI/ICTaJ'IISaI_Ill pO3IUIaBY € cna60 KOHTPOJIEOBAHUM
nporecoM. JlocmipkeHo mportec GOopMyBaHHs TPAJI€HTHUX CTaHIB B IPOLECI CHHTE3Y
eleMeHTHUX HopomkiB Ti, Ni, Zr MIKPOHHHX PO3MIPIB 32 Pi3HHX PEXHUMIB CIIKaHHS.
HoMminanpHuil cknaj Ta peXuMMH CIiKaHHA HaBelneHo B TaOmuipsix 1 ta 2. CrikaHHA

Tabmuuga 1 Hominaneauii cknaz cruiasis Ni-Ti-Zr.

Cmnas Up Down Strange Beauty
at.%

Ni 49,5 49,0 48,5 48,0

Ti 37.0 37.5 38.0 38.5

Zr 13,5 135 13.5 155

Tabmuug 2 Pexxumu koncomgamnii criaBiB Ni-Ti-Zr (KT — kiMHaTHa TeMIiepaTypa).

Pexum ['a3 Onwuc i MocIiJOBHICTh Onepartii

Fr N2 HarpiB 1K/xB 930°C; oxonomkenns i3 nivyio 10 KT

Fl Ar (narpiB 1 K/xB. 830°C;oxonomkenHs 750 °C )x3; oxonomkens 1o KT

Lw Ar HarpiB 2 K/xB. 780°C ; 780 °C 10 h; oxonomkenns i3 niyuto 10 KT

Md Ar HarpiB 2 K/xB. 880°C ; 880 °C 10 h; oxomomkenHs i3 miv4to 10 KT

Hg Ar HarpiB 2 K/xB. 980°C ; 980 °C 10 h; oxonomkenns i3 miyuto 10 KT

Pr Ar HarpiB 2 K/xB. 980°C ; 980 °C 2 h; oxonomxkenns 0.6 K/xB no 680°C i no KT

MPOBOJMJIOCS B TPOTOYHIN aTtMmocdepi Bucokounctux Ar a6o Np. Bcranoneno, 1o
yTBOpeHHs HITpU 1B ZrN Ta TioN Ha noBepXHi YaCTUHOK Zr Ta T1 NepemKoIKae CIiKaHHIO
B atmocdepi Ny (Puc. 10). Cneueni B Ar nmpu temneparypax < 900+1000°C cnnaBu
HETOMOT'€HHI 1 MicTsATh MapTeHCUTHY B19' Ta aycrenitHy B2 ¢asu, &- (Zr2Ni), ¢- (ZrNi), o-
(leNl), ’Y’- (N|3T|), | (Tio,ggNio,ggzro,gg) (1)331/1 Ta (1)a3y 13 CKJIaJlOM NNigTiZI' (PHC. 11, 12)
Cunre3 nounHaeThes pu TemmepaTtypax <700°C 1 1HIMIIOEThCS TBep0ha3HO0 AUPY3i€I0
B cycigHix mapax dactuHoK Ti—Ni, Zr-Ni i3 Hacuuenusm Ni gactunox Ti ta Zr. Ilpu
OUTBIIIMX TEMIIepaTypax MOYMHAIOTHCS EBTEKTUYHI Ta MEPUTEKTUYHI PEAKITii 13 YTBOPEHHSIM
o, {1y ¢a3 3a ygacTro NPOMDKHOI pifkoi (pa3u 3 TemmnepaTyporo 3aimaHHs 01u3bko 780°C
mutst map yactuHOK Zr-Ni. [ToTik Tema peakinii Bif nap Zr-Ni CTUMYJITIOE MEXaH13M peakinii
3a yuacTio pinkoi ¢aszu B mapax Ti-Ni mix 780 ta 880°C. Hpn OUTBIIIUX TeMITepaTypax
3'SIBISIFOTBCSL OKCHAM Ta KapOimu. 30UIBIICHHS TPHBAIOCTI BHTPHMOK IPH MCHIINX
TeMmIrepaTypax ado TpUBaJie OXOJIODKEHHI 3pa3Ka B Midi cripuuuHsie BUaiIeHHs a3 NisTl,
NisTis Ta NioTi. Benukomacmta0ui ¢urykryanii BMicty Zr(Ti) BUHUKAIOTh TICIIS CITIKAHHS
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mpu  900+-1000°C  (Puc.
12). Ilopu, yTBOpeHi mpu
CITIKaHHI, MalOTh
OiMOJaNBHUN PO3MOJALT 3a
po3mipaMu Ta GpaxKTalbHy
reomeTpiro. JpiOHim nopu
13 OLIBIIOI (DpaKTATBLHOIO

— : PO3MipHICTIO JIOBKOJIa

1mm200kyU 4B6E2 136200 KUL-MTHM ¥ Bl--zOOkU 388E2 1634/08 UP_FIRS » KOHI/IIHHIX qaCTI/IHOK TI
Puc. 10 CEM 306pa>1<eHHﬂ 3paskiB “Up”. CBITiII 4aCTUHKH

— Zr, TemHoO-cipi — Ti, cipi uacturku — Ni: a) — ymgineaena Y L DOPIOIOTRCA pu

CYMIII MOPOIIKiB; D) — CyOCTpyKTypa MiCIIsl CITIKaHHS B MCHIIMX — TCMIICpaTypax

3aBJISIKA edextam

armocdepi Nz 3a mporpamoro «Fr». TemHo-cipi 06macti —
Ti. CBiT0-Cipi JUISHKH, 3a3HA4YCHI CTPIIKaMH BCCPEIHHI
gacTHHOK T1, 3a CKJIaoM 6HH3BK1 )10 G Ta neinjae P-dazu.

Kipkennana, neryBaHHA 1
YTBOPEHHS MUHOK. binbii

Puc. 11 306paeH$1 3pa3KiB ‘Beuty”, credennx Puc. 12 CEM 300pakeHHs
B Ar 3a pexxumamu: a) — Fl, b) — Md (Ta6uurs 2). 3paska “Up”’; pexxum Hg.

1 OKpYIIIiIII — BCEPEACHI KOJIMIITHIX YaCTUHOK ZI 3aBJISIKM BUIICHHIO T'a3iB i3 po3muiaBiB Ni-
Zr ta Ni-Ti BHacIi 10K J1ii MeXaHi3My CHHTE3Y 13 MPOMIKHOIO PiKOr0 (a3oro.
Heromorennicts 1 mopucticth Ti-Ni-Zr, KOHCOJIIIOBAaHOTO 13 €JIEMEHTHHUX MOPOIIIKIB,
CIPUYMHSAE PO3IIMPEHHs 1HTEepBaly 1 OararoeramuicTh mnepediry MII (Puc. 13, 14).
30utbIIeHHsT Temmnieparypu koHcomiaaiii 10 980°C migsumrye temmnepatypu MII, temoTy
Ta auiatamiiHuiiaui edekt MII 3aBasku OuibiioMy po3unHeHHiO Zr. CrnoHTaHHUN
no/laTHIN quiaTariitnuit edext npu npssmomy MII (1 Big’ eMHMI pu 3BOpOTHROMY Ha Puc.
14) e nposiBnenusiM aBoctopoHHBOr0 EIN® B 0.1+0.35%. Lleii sxe edekt 3’sBiseThCs pu
MMOBTOPHOMY OXOJIO/DKEHI 3pa3ka Micis Horo momnepenHboi ogHoBicHoi nedopmartii (Puc.
15). BiH CcHOpUYUHSETHCS TMOJSMH BHYTPINIHIX HANPYXKECHb, YTBOPCHUMHU 3aBJISKH

0,06 - 0,06 -

o
o
5

Tennosuii notik (B1/r)

0,04 -

0,02 - 0,02 -

0,00 000} —

-0,02 - -0,02 -

Tennosuii notik (B1/r)

-0,04 -0,04 -

Y Strange 006 Strange
-------- Beauty ------- Beauty

-0,08 L L L L il L ) -0,08 L L L L T Pl L J
-50 0 50 100 150 200 250 300 -50 0 50 100 150 200 250 300

Temneparypa ('C) Temneparypa ('C)
Puc. 13 Temnosuii moTik Bijg 3paskiB Ti-Ni-Zr sk QyHKIIisS TeMIepaTypu i pexxumy
crmikadHs: a) — Lw; b) —Pr (Tabaums 2).
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Puc. 14 3anexHicTb BUJIOBXKEHHS 1 TOX1JIHOT BIJl TEMIIEPATYpH MPU HArpiBl 3pa3ka
“Down”, crieueHoro 3a pexxkumamu: a) — Hg; 6) — Pr.

T nedopmarnii ¢as, sgxi He 3a3HaOTh MII,
] 1% KOTepEeHHTHUM BUIUTCHHIM 9acTUHOK NisTis,

SIK1 BUAUISIIOTBCS TIpH HarpiBaHHi 10 ~400°C

Ta JUCIOKAIIMHUM KOH(DIrypamisMm, 110
BUHHUKAIOTh 3aBIISIKHU nedopmarrii B

MapTEHCUTHOMY CTaHi XIMI4HO

—Bt ; :
_____ B HEOHOPIXHOTO matepiaiy. [Tpu
Dw OJIHOBICHOMY CTUCHEHHI, AKE

3aCTOCOBYBANIOCh JUist Aepopmanii 3paska,
e, ., Tpouecu mnepeaBiiiHUKYBaHHsA, MII Ta
0 50 100 150 200 250 30 30 400 4 mpacTmamoi  Aeopmauii  po3BHBAOTHCS

BignocHe BuyioBxkeHHs (%)

Temneparypa ('C) OJHOYACHO, a iX 4YacTKa BU3HAYAETHCS
Puc. 15 TemneparypHa 3aje:KHICTh CTEIICHHIO HEOIHOP1THOCTI 3paskKa,
BIJIHOCHOT'O BUIOBXKEHHS MOIIEPEIHHO rJIMOMHOIO KOHBepCii Ta KUIBKICTIO
cTucHeHHUX 3paskiB Ti-Ni-Zr, ceuernx  mapreHcutHOi  (asu  mpu  KiMHATHiM
3a mporpamoro «Lw». TeMIIepaTypl.

3pasku Ni-so(Ti,Zr)-50, KOHCOJIAOBaHI B
Ar, monepeiab0 nposieopmoBani OibIe, HiX Ha 4%, nemoHcTpyBanu HenoBHUM EIND.
OulHeHe EKCTparnojJb0BaHe 3HadueHHs Aedopmallii 3pa3ka, Mpu AKOMY MOXHa OUIKYBaTH
100% EII®, cranoButrh ~2%. HenoBuuii EII® 3ymoBieHHI pI3HUMU 3HAYECHHSIMU
Hamnpy>KeHHs TUIMHHOCTI JiJisi o0nacTel, 30araueHux Ta 301IHEHUX Ha ZI, Ta TOPUCTICTIO
3pa3KiB, 3aBISKU SKIH B OKpEMHUX OOJIacTAX 3pa3ka HaNpyXEHHS TEePEeBUIIYIOTh
HaIpy>KCHHS TUTHHY .

YeTBepTHii Po3is MPUCBIICHO EPBUHHII XapaKTpepH3aLlii UCIEProBaHiX CIUIaBiB
(GyHKIIOHATBFHUX ~MaTepiaiiB, OTPUMAHMX METOJAOM 00 €MHOTO EJIEKTPOICKPOBOTO
aucrepryBais. KiroqoBuM MOTHBOM I BUOOpi 00’€KTIiB OyI0 3aCTOCYBAaHHS METOLY
OEI/l na MmogenbHux MaTeplanax 13 EI1D: - (basHHx crutaBax Ha ocHoBi Ti-Ni, Cu-Al-Ni,
Ni-Al, Ni-Mn-Ga. Ix XapaKTepHI BIACTHBOCTI NPUTaMaHHI OiibmocTi Matepianis 3 EIID.
TeCTyBaJII/ICL MOXJIMBOCTI METONy 1 JiJIi OTpUMaHHS MOPOIKiB Ni (KOMIOHEHT B yCiX
CIUIaBax), XimMiqHo peaktuBHoro Ti, ciuiasy Zr-Cu- Al-Ni-Ti i3 BHCOKOIO 3IaTHICTIO 10
amopoizauii. Ckiaz i napameTpu 06p06KI/I MarepiaiiB HaBeJleHo B Tabmuii 3.

B Merozi enekTpoickpoBOro AHMCIEPryBaHHS HAKOMMYCHWH HAa KOHICHCATOPI 3apsi
MEPIOANYHO PO3PSPKAETECS MK JIBOMA CICKTPOJAMH, BHTOTOBICHUMH 3 IONEPEIHBO
BHUILIABICHOTO MaTepialdy, MOMIIICHHMH B MICHCKTPHYHY PIAWHY, SIKa BHKOHYE DPOIb
oxosokyBada [8]. B cxeMi 00’€MHOro eneKTpOiCKpOBOro aucrepryBaHHs [16] mix
eJIEKTpOoJaMU PO3MIIIYIOThCS TPaHYJIM MaTepiaiy, 13 SIKOr0 BUTOTOBJICHI eleKTpoau. Sk
JEJeKTPUYHA PiUHA BUKOPUCTOBYBAIMCS €TAHON Ta KPIOT€HHI pinuHu. HahOimbrmmii
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BIUIMB HA CKIaj enekrpoickposux (EI) MOpouIKiB CHpaBisB eTaHON, sIKHH CHPHYNHSE
YTBOPCHH OKCHIiB, Kap0iniB Ta OKCHKapOiiB. PiaKkuii HITPOrCH BILIUBAE YEPE3 YTBOPCHHS
HITPU/IIB KOMIIOHEHT cruiaBy Ta/abo yepe3 yTBOPECHHS 3apozu<13 10 COPUSAIOTh OKUCHEHHIO
yacTUHOK. Pimkuii Ar HaiiMeHIe CHOTBOPIOBaB LUILOBUM CKJIaJ Ta HE 3amodiras
OKHCHEHHIO MpH 30epiraHHi.

3a  MOpQOJIOTIYHUMH, PO3MIPDHUMHU Ta CTPYKTYPHUMH O3HaKamMH MPOBEIACHO
Kiacudikaiio Tpbox ¢pakmiii El mopomikiB, yMOBHO Ha3BaHMX MIKPOHHOIO, HaHO- Ta
MEXaHIYHOW (pakiisMu. YacTka mopoIIky MeXaHi4HOi Pppakiiii, OTpUMaHOi pyHHYBaHHSIM
BUXIJIHUX KOMIIOHEHT, MeHIe 5-10Bar.% 1 € TMM OUIBIIO, YMM KPUXKIIIUN Martepial, 1
THM MEHILIOI0, YMM eHepro3aomaiusimuil pesxkuM OEIl. O3nakoro yacTUHOK (Ppakilii €
HenpaBwiIbHA (hopMa 1 po3MipH OUIBIIE AEKUIBKOX JIECITKIB 1 10 AEKUIBKOX COTEHb MIKPOH
(Puc. 16b). ®opma yactuHOK po3mipamu Bim 100-200nm mo 80+100um y Burmsmi
cyuitbHUX Kyib (Puc. 16a) abo cdep i3 mopoxxanHamu (Puc. 26) cBiguuth mpo GopmyBaHHS
13 piakoi (a3u. biMomanpHU XapakTep MIIBHOCTI PO3MOALLY 3a PO3MIpaMU MIKPOHHHX
yacTuHOK N(d) BKa3ye Ha Jit0 pi3HUX MEXaHI3MiB (OPMYBaHHS TAKHX YaCTHHOK.

HaHno-(paxuis Mae BUIIIs arjJoMepariB YACTUHOK HEBHPA3HOi abo chepuyHo Gpopmu
posmipamu 5+20 M (Puc. 16¢-e), i3 okpemuMu YacTuHKaMu po3mipamu 10 100+300 HM
(Puc. 16f). Illap okcuaiB 5+50 HM Ha YaCTHHKAX TUM OUTBIINHN, YuM OibIIe iX po3mip (Puc.
16d,e). oas HaHO- (hpaKIlil, 3aJIeXKHO BiJ MaTepiay, JISKUTh B MEKax Big 5 1o 258ar.%.

Yactunku Outbie ~10um MarTh ckiaj, OMU3bKUM O CKIIaly MailcTep-CIuiaBy, s
MCHILNX Ma€ MICIe BiAXuIeHHs cKiany (Puc. 17). HalicyTTeBila 3aIeXxHICTh CKJIAAY BiX
po3mipi — B crutaax Ha ocHOBi Ti-Ni ta Zr-Cu-Ni-Al-Ti. B cruiasax Cu-Al-Ni, Ni-Al
BiIXWIeHHS BMICTy Al — mopsanky ~5at.%, B Ni-Mn-Ga Bmict Mn MiHs€TbCA B Mexkax
~15at1.%. BMICT ckialoBUX €JIEeMEHTIB B HAaHO(DPaKIIil MOPOIIKIB € KOMIUTIMEHTAPHUM [0
BMICTY B HalMEHIIMX YacTHUHKaX MIKpPOHHOI (pakuii. lle Bka3zye Ha yTBOpEHHS
HaHO(paKIii 3a paxXyHOK BUIIAPOBYBAHHS MIKPOHHUX YACTUHOK, IHTEHCHUBHIIIOTO B MaJIUX

- !00 nm -

Puc. 16 a) cq)epI/IqHa «MleOHHa» qacTHHKA, D) YaCTHHKM MeXaHIYHOI PpaKIyii (CTle'IKI/I)
Ta C) arnomepatd HaHoyacTUHOK T1-Ni-Hf; okcuauwmii mmap B Hanouacturkax Zr-Cu-Ni-
Ti-Al (d) ta Ti-Ni-Hf (e); f) kommo3uTHa HaHoyacTuHKa Ni-Al.

504

AES, Ni-Al LN 36 6.0 ;
43 a 34- b ssd |

1 Nano particles

4 cros-section (JSM)
= cros-section (REMMA)

—— D*low C
--- D™low

wofNenopartieles = gl | TR T evaporation losses model

o
o
n

354

»
o

] EDS [ L,MS

Alin Ni-Al, at.%
Al'in Cu-Al-Ni, at.%
N
S

301 >107m EDS% SIMS

o
o

22+ <10 um

=

Zrin Ti-Ni-Zr, at.%
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»
(]
)
=

T Hollow particlesI 18+
’Y‘ 164
I >10 um 5
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Puc. 17 Jliarpamu po3maxy koHuentpaiii Al, BumipsiHoi Mmetogamu a) OEC B yacTuHKax
Ni-Al, menmmx i 6inpmx 10um, ta b) BIMC ta PMA B Cu-Al-Ni; C) — koHI1eHTpariist Zr
B Ti-Ni-Cu-Zr; JSM, REMMA — otpumano npuiagamu JSM-6490LV ta PEMMA-102; D?-

low, D"-low Ta evaporation losses model — anpokcuMaliii TEOPETUUHUYHUMHU MOJEIISIMH.
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Tabmuus 3 [MapameTpu pexxumiB OEIJ] Ta ckiiag oTpuMaHUX TOPOIIIKIB.

— R Peskimmmn 06pobKm MapameTpu 06po6KM
/0 /0
o Pobioua I;;cmsym @ Un In T f AEfimn  AE/Am  Am/At Am/m
Ti Ni Cu Ir H A Mn Ga Cr C N2 Ar pioyHa A mkd B A Mke Ty | Dk KIDKF /e +-en%
HT-1 476 491 34 402 - = 2% 480 20 10 |06 =6
HTM-3 479 370 151 482 - = Ean  |Emon |15 X 10 5 55 |03
HTMH4 471 289 240 = = = ® 30 180 15 50 |02 ¥
HTMUS  |377 304 193 126 602 - = 30 240 15 50 |03
471 484 09 37 019 328 - LN
TiNizZr . .
abe gg 22; 0907 3634 022 - <002 20 250 165 55 20 |56 120 0556 T=-6
333 019 40/34
TINEHF |4025 4987 014 03 944 - - - 50 20 1100 60 33 |33 292 0224 47/28
- - 247 0265 47/42
CUANi  |051 376 679 2754 025 |- = = 4 50 180 1160 60 39 |31 139 0514 Y=49
200 100 80 40 7 |09 47 0081 -
I E O 180 - T 50 120 50 30 8 |05 96 0025 S=64
50 | . ] =4,
. o o6 ~ ~ ~ 160 810 30 14 |10 74 0111 =40
NiFAl 5 175 1160 30 25 |15 147 0307 ¥=49
- = LN, 50 180 1250 45 25 |25 - — .
2000 290 1420 60 5 |62 04 4703
68 2 B3 Gl - Rl i 25 180 120 15 73 |03 473 0030 -
. 100 150 450 17 236 0108
Ni-Mn-Ga 512 278 210 <002 LN w a0 |2 &b o
CeHu 100 190 390 19 131 0283
510 279 211 017 - - LAr 00 20 400 22 107 0310 62/2.1
Ti - 24 - LN 20 233 1730 8 25 |81 156 0778 -
LAr LAr 100 400 1300 45 50 |56 290 0606 43/18
Ni - = - 50 390 300 45 26 117 0337 45/31
LN LN, 25
5 300 260 15 15 73 0311 80/36

Hoznauenns: « LAr, LN» — pizki aprod Ta azor; «C» — eMHICTb HAKOMMYYBAITLHOTO KOHJIEHCATOpY; « Um Ta Im » — MakcnManbHI Harpyra Ta CTpyM B po3psiIHOMY IMITYJThCl, 00K/Ba 32
. . . . . . . - o T

(hOpMOFO GITHI3BKI JIO TIBIIEPIOJTY CHHYCOIIATBHOIO CHTHAITY, <T» — TPHBATICTS IMITYTILCY; «AB/AMID) — yoepe/THeHe 3HaeHHs eHeprii B IMITYIECi { [ o UDI() dt) = Uyl T/4; AE/AM>

— yCepe/HEHe 3HAUYEHHS eHEprii Ha OJMHMIFO MACH TOPOIIIKY; «AM/AD> — ycepeTHeHe 3HaYeHHsT MACH TIOPOIIIKY, 110 BUPOOIETHCS B OIMHHILIFO 9acy; «AM/M» — MPOLIEHT MOPOLIIKY, IO

TIOXO/TTS 13 Katojy (-) Ta aHomy (+) a00 3 000X erteKTpomB (X) ; “—— He BUMIPSITIOCH.
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b YaCTUHKAX. BHacuiiox IIBHIKOTO
BunapopyBanHs NI, menmoro — TI 1
Haiimenroro — Hf Ta Zr nano-arnmomepatu
B mopomkax Ti-Ni crmiaBiB € CyMIIIIIIO
NiO Ta TIiO (Puc. 18a). Yactunkw,
po3mipamu  Ouneiie  ~100nm, marwTh
s~ CTPYKTYPY «SIAPO-000JOHKAY, JIE SAPO MAE
Puc. 18 CyMIHI OKCI/I,ZIIB TiO ta NiO B TI NI— cknax Mk Ni ta NisTi, a o60m0nKa — TiO
Zr (a) Ta HAHOYACTHHKA 13 CTPYKTYPOIO «p0- (Puc. 186). OKHCHEHHS  CIIPUUMHSE
000JIOHKA» B OPOLIKY Ti-Ni-Hf. I[I/ICI)YSiIO 110 HOBCpXHi 1 CI)OpMYBaHHH
36aradenoro Ha Ni sapa. B armomeparax
na"odacTtuHoK Ni-Al Bmict Al 3aBumennii,
a B HaMEHIIMX MIKPOHHUX YaCTHHKAaX —
sanmwkenuit (Puc. 17a). HailaktuBHime 3
MOBEPXHI MIKpOHHHX YacTHHOK Zr-Cu-Ni-
Al-Ti BumapoByetbest Cu, gam Al, Ti, Ni i
Haiimenme — Zr. lle BuU3HaYae CcKIang
KOHICHCOBaHUX HAHOYACTHHOK i3 3HAYHUM
PO3KHJIOM KOHIICHTpAIllil €JIeMEHTIB B

Puc. 19 IIEM BP3 ta E® IIEM aox OKPeMHX HaHouactumkax (Puc. 19).
qacTHHOK criaBy Zr-Cu-Ni-Al-Ti i3 sBHO KinbKicHl Moziesn BIUTHBY PO3MIPHOTO

DI3HHM XiMiYHUM CKIa0M (dakTopy Ha CKJIaJl YaCTUHOK MIKPOHHOI
(paxiii MPHUIYCKAaIOTh, IO OCHOBHUM

YMHHUKOM 3MIHY CKIIaly B IIPOLECI 3araTPyBaHHs PiIKHX Kparelb PO3ILIaBy B KPIOTCHHY
piauHy € pi3Ha HIBUIKICTH BHIIAPO BYBAHHA €JIEMEHTIB CIUlaBy. EBpUCTHYHA MOJENb
0a3yeThCsl HA EMITIPUYHOMY 3aKOH1 «D“»:

d?=di -t (5)

TiO

ne d — nmiamMerp YacTUHKH, d, — TIOYATKOBHM JlaMeTp YAaCTHHKH. A — KOHCTaHTa
BUITAPOBYBAHHS, 1[0 BU3HAYAETHLCS 13 MIpKyBaHb OajaHcy mac. Mojenb 0ys10 3aCTOCOBaHO
1o craBiB Ha ocHOBI Ti-Ni, ans skux Oyso mpuitHATO, 10 BUNapoByBaHHsSM Zr Tta Hf
MOXHa 3HeXTyBaTH. BinmosigHi koedirientu A; 1 Ti ta Ni CTaHOBIISATS:

4= 4Shp,. D, 42Dy 212 (6)

P

ne Sh — uucio IllepByna, 110 M1 yacTHHOK po3mipamu 0.2+20 MkM Ta mBHAKOCTI 0+5 M/c
€ B MeXax BiJ 2 10 5, p — TyCTHHA piAKOI YacTHHKU AiameTpy d, pe — CEPENHs TYCTHHA
BUIAPIB 32 MEXaMHU MOBEPXHI YaCTUHKH, Dj — koediuieHT qudysii i-ro enemeHty, Aw; —
PI3HUIIA MK MAaCOBUMH JIOJISIMU i-TO €JIEMEHTY Ha MOBEPXHI YaCTUHKH Ta JAJIEKO Bij Hel.
CDOpMaJ'IBHO 4ac, MPOTArOM SIKOro B110yBa€ThCs BUITAPOBYBAHHS, MOXHA TOJATH 5K
MOJIIHOM JAPYTOi CTEMEeHl BiJA JiaMeTpy YacTHUHKU 3 JIBOMa HEBIIOMUMU Koe(bmleHTaMH
KonmenTparito enemenTiB N (Hanpukinan Zr ta Hf) MoxxHa Bupasutu yepe3 movyatkoBuii do
MOTOYHHHU JiaMeTp YaCTUHKH 0 Ta MOYaTKOBY KOHIICHTPAILIiI0 no:

M Noze i ((ib+1)+%j (7)

Nz e = Noze s 'E

Anpokcumartist ekcriepuMenTanbiux gaHux (Puc. 17¢,d) 3amexHOCTSIMH BiJ JiaMeTpy
yacTuHky (7) i3 MiAroHOYHUMH TapameTpamu Aa ta Ab+1 nana npuiHATHI pe3ysIbTaTy.

Mopenb BTpar 3a paxyHOK BUIIAPOBYBAHHS aIleJO€ JI0 PIBHAHHS TEIJIOBOIO OallaHCy:

18



deap i
Cimy, (dt),,ap,l keT, (8)

ne C) — IMTOMa TETUIOEMHICTh YaCTHHKHM, My, — Maca 9acTHHKY, Kg — cTana Bonbumana, T —
ANpap,i . .
TeMIIEpaTypa YaCTUHKH. % — HMIBUJKICTH BUNAPOBYBAHHS MOJIEKYII i-TOTO COPTY Yepe3
TMOBEPXHIO S = 7d?, 1[0 BU3HAYACTLCSA B paMKaX MOJIEKYJISPHO-KIHETHYHOT TEOPii SK:
dN 1

T vapi v
dt - 4ﬂvap,|<vl>S (9)

. - 8RT .
A€ Nygp,; — TYCTHHA HACHYCHOI Mapu I-ro €IEMEHTY, (v;) = /”_Hz — cepenHsl MBUIKICTh

BUIIAPYBAHUX MOJICKYJI BUAY | mpu Temmeparypi 7. [TokazaHo, 1o jist MiIKpOHHUX YaCTHHOK
OCHOBHHI BHECOK y IIBUJIKICTh OXOJIOJKEHHSI BHOCUTh KOHBEKTUBHUHN TETJIIOOOMIH:

(d_T) _ 12kg ( )
dt/¢c - Clpldz env (10)
ne kg, — TennonposiaHicTh Bunapis. I'ycTHHA BUNIApiB i-r0 KOMIIOHEHTY CTAHOBHTB:
2H _AHg  x;P, AHi A,
Npap,i = Noi€RTbie RT = ———eRThig  RT (11)
BTbl

zie ng;, X; P Ta x; — 00'eMHa KOHLCHTpALIs, apIiaibHUN THCK I-TO eneMeHTy Ta MOJISpHA
J0JIS1 1-TO €JIEMEHTY Y BHITapax MpH TeMIIepaTypi BUIAPOBYBaHHS Tp;, P, — 30BHIIIHII THCK.
301HCHHS IICBHUM CJICMCHTOM IIOBEPXHi YaCTHHKH CTBOPIOE PYIIIHHY CHIy IUIsi Oro
nudysii 1o nepudepii. B Moaeni 1usg ocoOnMBICTh BPaXOBYEThCSl BBEACHSAM €(EKTHUBHOI
TOBIIWHM mapy |, 3 sKoT0 BiOYBa€eThCs BUMIAPOBYBaHHS. Tomi Ui chEepUIHOT YaCTHHKH

w(d} — (dy — D?3)
dN; 3 (xm 60, B Ni) 8RT _AH; 12
(_) = —a;d? a e RT (12)
at Jyap 2 (@ —-(d-D3 TTU;

JIe TTapaMeTp «; Ta aTOMHUI 00’ €M 2, BA3HAYAIOTHCS TITLKH TTapaMeTPaMH €JIEMEHTY COPTY
i. 3MiHa liaMeTpy YaCTUHKU D Takox 3aJeXUTh B/l IBUAKOCTI BUIAPOBYBAHHS CJIEMEHTIB:

3
d_D - _ H deap,i
dt Yo, dNADZ — dt

fie cyma OCpeThCs MO BCIM CICMCHTaM, H_[O BUIIAPOBYIOTECA. UMCENBHO pO3B’sA3aHe
plBHﬂHHﬂ (12)3 ypaxysanHsM (10) ta (13) nae mrykani 3a1exHOCTi KOHHeHTpaHII CJIEMEHTIB
BIL 11aMeTpy, IO 3aJ0BLIBHO ONMHUCYIOTH CKCIEPHUMEHTANbHI faHi. OTKe, KIOYOBUMH
YUHHUKAMHU, 110 BU3HAYAIOTh 3MIHH CKJIaJly YACTHHOK, 3arapTOBaHMX 13 piaKoi (a3u, € TUCK
HAaCMYEHOI Mapv KOMIIOHEHTIB CIUIaBy Ta TPAHCIOPT €JIEMEHTIB O MOBEPXHI PIIKHUX
YaCTUHOK.

B m’artomy po3aiii gocnipkyroThes (QakTopu, IO BIUIMBAIOTh HA MEXaHI3MU
q)opMyBaHHﬂ mucneproBanux wmetogoM OEI/[ vacTMHOK cmiiaBiB, iX CTPYKTypy 1
MIKpOCTPYKTYpY. UHCelbHI OLIHKH, 3p00JCHI Ha OCHOBI MOZeIi C(bequHm YACTHHKHU
(Kparuii), sika pyXaeThes B PiluHi (PI/IC 20), i3 BUKOPUCTAHHSIM (PI3UYHUX BJIACTHBOCTEH
pinKH, XapaKTePUCTUK YACTHHKHU Ta ii PyXy, MOKa3yioTh, 110 1) MOIEKySpHHiiHiT peKUM
TEMJI000MIHY PO3IJIABJICHUX Kparelb 13 OTOYYIOUMM CEPEIOBUILEM TPUBAE 0 ACKIIBKOX
MKCEK 1 IOMITHE MaJ{IHHS TEMIIEpAaTypH B JACKIJIbKAa COTEHb IPALyCiB OUIKYETHCS JIMILE JIJIS
CyOMIKpOHHHX Kpameib B KpIOTEHHUX piAHaX; 2) mepexij BiJa pekKuMy IPUMYCOBOTO J0
IPUPOJHOTO KOHBEKTUBHOT'O TEMIO0OMIHY Bi)]6yBa€TBC$I JI0 OCTaTOYHOTO 3arajbMyBaHHS
YaCTHHKH; 3MEHIICHHS TEMIIEPATYPH 33 Leii Jac 3a paxyHOK BTPAaT Ha BUIIAPOBYBAHH Ta
BUINPOMIHIOBaHHSI MPONOPUIMHUIA JlaMeTpy YaCTUHKHU; 3) TICHS 3YNUHKU TNPUPOJHUN

(13)
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Gaseous Argon ; B = ropiot KOHBEKTUBHHUM TEIUIOOOMIH B PEKHUM1 IIJIIBKOBOI'O

ey KUMHHA € RoMiHyrounM. KirouoBuM  paktopom,
° o
KOHTPOJIIOIOYMM  XapakTep — TeIIOOOMiHy — MDK

K : ?°° % Hotspots ~ YACTHHKAMHM 1 pl,IIHHaMH € p03M1p YaCTHHOK, a B

— .0 . pe>1<HM1 MPUMYCOBOi KOHBEKINi 1 iX MmoYaTKoBa
- Ll MIBUAKICTh. Jl0 MOMEHTY rajibMyBaHHS B piauHI
. . NaJIHHS [M0YaTKOBOI TEMIIEPATYypH, SKa JIEKUTh MIXK
g ¢ TeMIIepaTypaMy ITUIABJICHHS 1 KUIIHHSA, JUTSI MEHIIIHX
YAaCTUHOK € MEHIIMM, a TOMY IX BUMAPOBYBAHHS €

IHTEHCUBHIIIINM. AHams KOPEJISIIIH, K1

Liquid Argon Evaporation of argon BUKOPUCTOBYIOTBCS UL OTIMCAHHS TEIIO0OMIHY B

PI3HHX pEXHUMax (3aKOH «CTEMeHl Y4», MOJeIb
Enmreitna-Xaycepa, xopemsmis Panza-Mapiiana)
MoKa3ye, IO iXHI 3aJIe)KHOCTI BiJI TeMIIEpaTypu
p1uHy. HE3HAYHl, a BIJ II09aTKOBOI IIBHUJKOCTI —
T M1JIKOPEHEBI. Poznoginu 3a po3Mipamu,
MOYATKOBUMHU TEMIEPATypaMu Ta  IIBHIKOCTAMHU
BU3HAYAIOTh LUINI CIICKTP CLICHAPIiB OXOIOIKCHHS,
a BIJITaK, 1 TBEPAIHHS PO3IIABIIEHUX YaCTHUHOK.
ExcnepumeHTanbHa OIiHKA MIBHIKOCTI Tapty in
Situ B KpiOreHMX piguHAaX poOWIach TphbOMa
cnoco0amu. 3a aHaII30M OCIIMIIOIOUYMX 3racaroumnx [-
1 MOIM OCHHJIATOPHHX 30ypeHb Ha IOBEPXHi
3aTBep)11J101 Kparuii po3IuiaBy paaiycy R, TycTHHOIO
p, B’s13kocti 17 (Puc. 21) BU3HaYeHO Yac X 3racaHHs:
3BiJICKH BHOpaBIIM TMOYATKOBY TEMIIEpaTypy MIX
TEMITEpaTypoOIO0 KHITIHHS Ta IUIABJICHHS, MOXHA

Puc. 20 Pyx yacTuHKu B
copoulli i3 BUIMapiB yepes

Puc. 21 32cTHII XBHIbOBI 3HANTH BEPXHE 3HAUYCHHS IBUAKOCTI OXOJIOHKCHHS —
) . — .108
30ypeHHs Ha MTOBEPXHI YaCTHHKH CR = (8%5) + 10°K/cex.
CuU-Al-Ni. A — TOBKHHA XBUITI. HIBuakocTi OXOJIOPKCHHSI [K/cex] B
R? 14
T = B ) l = 2,3, ey ( )

n(d-D2l+1)

TBepoMy CRgg, pl,Z[KOMy CRLS, Kamen0m6H0My CRys cTraHax 4acTUHOK Ti I[laMeTpOM
d [um], BusHauYeHi B MoJeni HITpUAM3ALil YaCTUHOK T1 MOXYTh OyTH TOJaHI B
1HBaplaHTHII/I dopwmi, 30kpema B TBepaoMy cTaHi — CRgg + d? = 2-107. [lIBugkocTi rapty
ciBBimHOCATHCS 5IK: CR; s = (1 + 10) CRgs Ta CRy5 < CRSS. B mopeni npupict macu Am
3a paxyHOK Audy3li HITpOreHy dYepe3 TMOBEPXHI0O YAaCTHHKA S KOHTPOJIOETHCS
napaboTiyHO0 KiHeTHKoo [17]:

2
d(A—mj = Kdt, K=K exp[— g) (15)
S RT

ne R — YHlBepcaJIbHa rasosa craina, Q — eHepris akTuBaii 1uQysii B TuTaHi. IHTerpyBaHHs;
(15) JI03BOJISI€ 3HAMTH MPUPICT MACH YACTUHKH, @ U€PE3 HbOTO BMICT HITPOT€HY 1 TOPIBHATH
HOro i3 eKCIepHMEHTAbHO BH3HAYCHHM BMICTOM HiTporeHy B mopomky Ti. Cam xe
IPUPICT 3aJE€KUTH BIJ] IBUIKOCTI OXOJIOKEHHS B PIIKOMY, Kamen0m6H0My Ta TBEPIOMY
CTaHaX YAaCTUHKU 1 3PEIITOI0 BU3HAYAETHCA IMapaMeTpamMHu «TPAEKTOpID» HITpOreHi3amii
(Puc. 22), sixi TakOX MOXYTh OyTH BU3HAYCHI 13 CTPYKTYPHHUX TaHHHX.

Ille oHa OLIHKA IPYHTYEThCS HA BIIOMUX 3aKOHOMIPHOCTSX, 32 SKHMH XapaKTepHi
MACIITa0N MIKPOCTPYKTYPH A; 3aJIeKaTh BiJl IIBHIKOCTI OXONOKCHHS A; = cT™, aTomy i
BiJl pO3MIipiB MIBUIKOTAPTOBAaHUX YacTUHOK A; = ad™. IIIBUAKICTh OXOJIOIKEHHS YaCTHHKH
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Puc. 22 «Tpaekropis» Hitpuaisamii Ti. Puc. 23 TumnoBa 3a1exXHICTh pO3MIpy A
Bwmict N: ® — B MIKpOHHUX, B — B PO3UMHI MIKPOCTPYKTYpPH BiJl XapaKT€pHUX
HITpOTeHY B - T1, TPUKYTHUKHU — B HAHO po3mipiB yacTHHOK nopomikiB Cu-Al-Ni.

qyacTuHKax O- TINX.

T'YCTHUHOIO ppq TEIUIOEMHOCTI C,,y B PIAMHY 3 TEMIIEPATYpPOIO T; BU3HAYAETHCS (POPMYJIIOHO:
dT 6AgNu - (T —Tp) aNu ) n (16)
—=- = - = —afd”%, pem=
dt CinaPmad? d? y—2
zie f Ta @ — KoeilieHTH nponopuu/lHocn 10 3aJIeXkKaTh BiJ] TEIIO(P13UYHUX BIACTHBOCTEH
CePEOBHINA 1 PO3ILIABICHOI YaCTHHKH Ta il TeMIEPATypH, a Y — HOKA3HUK B 3aICKHOCTI
ancina  Hyccenbra Bin nlamerpy. Anamis napaMeTplB CTENEHEBUX 3aJIEKHOCTEN
XapaKTEePHUX MacmTabiB MleOCprKTypI/I YaCTUHOK BiJ iX po3mipiB (Puc. 23) moka3as, 110
WBU/KICTH TaPTy YACTHHOK B KPIOTeHHHX pinuHax dT/dt Ta Koe(bluleﬂT Terionepeaayi h
MK YaCTHHKOIO 1 PIZMHOIO, OIL[HEHI JUIA PI3SHMX MOJENCH TEIIOBIABOMY, OLMbIII I
YaCTUHOK, OTPUMaHMX B PIIKOMY HITpOreHi, Hik B Ar. Mozerni Iu1iBKOBOTO KUITIHHS JJal0Th
O6:m3bKi 3HaueHHs dT'/dt Ta h, mpuGmusHo B 20 pasiB MeHI, HIX st Kopemsuii Pansa-
Mapuaiia, st sikoi dT /dt onHoro TMOPSALKY i3 OLIHKOIO 32 HiTpuaM3amieo Ti.

B gacTuHKaX, yTBOpeHHX 13 piakoi (1)2131/1 B CIUIaBaX, L0 MICTATh XIMIYHO aKTHBHI
enementu (Ti, Zr, Hf) IpU 1X B3a€EMOJII 13 JOMIIIKaMH p06oq01 piauHu abo 13 caMOr0
PIAMHOIO0 KpHUCTami3allisi NepeBakHO BiAOYBaeTbcsl 3 MOBepxHI. Taki YacCTUHKUM MaroTh
NPaKTUYIHO Ky noBepxHio (Puc. 16a). Kpucranizaiis 3 TOBepXHi YaCTHHOK ITEPEBAKHO
HOCUTh MHOXHWHHUI xapaktep (Puc. 24), a cami 4YacTMHKM 3HAXOIAThCS B
NOJIIKpUCTAIIYHOMY cTaHl. Kpucranmizanis 13 cepeJuHU YaCTUHKHU MTpUTaMaHHa CIjlaBaM 13
MCHII aKTHBHUMH CIEMCHTaMH. 3apO/DKCHHs BCEPeAHHI BiIOYBA€TBCS MEPEBAXHO 13
OJIHOT'O LICHTPY, YACTHHKN 3HAXOIATHCSA B MOHOKpI/ICTaJIl‘{HOMy CTaH1, TOBEPXHs YACTUHKHU
BKpHTA nyx1pu;[M1/1 THITy «areIbCHHOBOI WIKIPKHM», SKI € MPOJOBKCHHSM [CHIPHTIB,
KOMIPOK 1 JTIKBAIli1, 1110 YTBOPIOIOThCS BeepeauHi yacTuHKH (Puc. 25). HaliMeHIII 4acTHHKH
MalOTh JPiOHIITY MIKpOCTpYKTYpY. [Toka3Huk 3anexnocti A; = ad™ cranosuB: = 0.55 ms
ciasy Ni-Al 3 komipuactoo mikpoctpykrypoto, =1 st cruasis Ti-Ni-Zr, Ti-Ni-Hf 3
JICHPUTHOIO 200 MPOMDKHOIO CTPYKTYPOI0 Ta = 0.65 /It HeBUPAXKCHOT MIKPOCTPYKTYPH
Ni-Mn-Ga ta Cu-Al-Ni. Creniab ogHOpPiTHOCTI MIKPOCTPYKTYpH YacTUHOK crutaBiB Ni-Al,
Ni-Mn-Ga ta Cu-Al-Ni tum Oinbine, yuM OmKYe CKIa CILIABY J0 BEPIIMHU KYIOJY
BignoBigHoro intepMeramiunoro 3’eguanas (NiAl, NiMnGa, CusAl).

XapaktepHoto ocoOymBicTio aucneproBanux metogom OEIJl craBiB € HOpO)KHI/ICTl
YAaCTUHKH, (OpPMYBaHHS SKUX 3aBIguye 00 eMHOMY e(eKTy NIpu KpucTamizaiii ado
BUXOJIOM PO3YMHEHOIO Ta3y IMpU CTPIMKOMY TNaJiHHI THUCKY TMICIS HPUIUHEHHS
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EMT=1500ky  SignalA=BSE Date 8 Nov 2007
Grand. = 100Kx PhoON = 8356 E

PROTON-21 COMPO  30.0kV %2500 10em PROTON-21 COMPO  30.0kv X2,500

Puc. 24 Ha nosepxni yactunok Ti (a), Ti-Ni-Cu-Zr (b) Ti-Ni-Hf (c) 3apO,ZI>KYIOTBCSI
JCHPUTH 1 MOIIUPIOIOTECS JI0 LIEHTPY a00 TpaHCHOPMYIOTHCS B KOMIPYACTy CTPYKTYPY.

41um EHT = 2000 kv s-;uu se2 Mag= 200kX  Apm EHT = 2000 kv SignelA=RBSD  Date 3 Nov 2011 s 10um EHT= wsa‘nw :r::“r? aﬁs:l;2 Date 9Nw20u7
CMPE F— woet17mm Photo No. = 7832 CuAlN\powoeV ICMPE — WD =108 mm ProtoNo.=7848  NiMnGa LAr epoxy | Quand; =1 801X

Puc. 25 a) nmoBepxHs THITy «amnenbciHoBa Iikipka» dactuaku Cu-Al-Ni; BiATBOpeHHs Ha
noBepxHi cyadbkux sikBariii B Ni-Mn-Ga (b) ta komipuacroi crpykrypu B Ni-Al (C).

201m | ET=2000k Signal A SE2 Date 4 Nov 2011 Mag= 150KX 10pm EHT =20.00 kY Signal A= SE2 Date 4 Nov 2011

20um EHT = 20,00 KV Signsl A = SE2 Date 4 Nov 2011 Mag= 800X
WD = 89 mm Photo No. = 8185 ICMPE F— wo-w0smm Photo No. = 8136

1 wo-s5m Photo No. = 8195 ICMPE k i

Mag= 100KX
| rcmpe

Puc. 26 Yactunku Ni-Al (a,b) ta Ni-Mn-Ga (c¢), orpumani B piakomy N i3 moBepxHErO
«arnenbcuHOBa MmKipka» (a) Ta AeHapuTamu Ha moBepxHi (D). M — MapTeHCUTHHI pebed.

Puc. 27 a) — naporasosuii Mixyp i3 KOHJCHCOBaHUMH YaCTHHKAMHU HABKOJIO [L1a3MOBOTO
KaHaJly Mk OaceiiHaMu PO3ILIaBy B KaTOIHIM Ta aHOIHIN IusIMax; D) — pyitHamis mixypa;
C) — BUKH[ JI)KETIiB posiiasy; d) — dparmeHTallis 1KETIB; €) — YTBOPCHHS TOPOXKHHUCTHX
YaCTHHOK Ta iX pyHHyBaHHs i3 yrBopenHsM Apibnoaucnepcnnx (f); g) — Bukunyri i sacturai
JDKETH - CTPYMEHI pO3IUIaBy 13 KpaTepoOB-IyHOK Ha MmoBepxHi enaekTpois (h).

SJIEKTPUYHOTO po3psiay. [lepmuii MexaHi3M TIOMIHY€E TIPH TBEPJIHHI YaCTUHOK 3 TIOBEPXHI1
(Ti, Ti-Ni-Zr, Ti-Ni-Hf) a6o Bitpudikamii crumaBy (Zr-Cu-Ni-Ti-Al) i cnpuunHse mosiBy
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BIJHOCHO HeBeIMKuUX 10p (Puc. 24a). lpyruii cipunHsie 0By TOHKOCTIHHUX 4aCTHHOK-
chep mepeBaxHO B cruiaBax Ha ocHOBI Ni (Puc. 26). OOpaxyHKH [OKa3yiOTb, LI0 LbOMY
3HAYHOIO MiPOIO CIPHSI€ OPiBHSHO BEIMKA PO3YHHHICTB HITPOICHY B PO3ILIABAX HIKEICBUX
CILIABIB 1 31BEPTOBCHKA (ITIAKOPCHEBA) 3aJICHKHICTh PO3YUHEHOCT] HITPOICHY BIJ THCKY.
IlepBuHHMH MeXaHi3M MOPOMIKOYTBOPCHHS MIKPOHHMX YaCTHHOK OOyMOBICHHUM
BUKHJIOM JDKETIB 1 Kpaleib pO3IUIaBJICHOTO MaTepialy i3 KpaTepiB-TyHOK Ha MOBEPXHi
«yacTHHOK-eJaekTpoAiBy (Puc. 279,f) micas 3aBepiieHHs enekTpudaHoro pospsaay (Puc. 27¢).
BTopHHHI/Iﬁ MeXaHi3M O00yMOBJICHHI pyHHYBaHHSM JDKETIB 3a paxyHOK PerneeBcbkoi
HECTIMKOCTI 1 iX PparmenTartieto (Puc. 27d) i3 yTBOpECHHSIM YaCTUHOK, MEHIIIUX 32 I[laMeTp
JuKeTa. YTBOPCHHs HaiIpIOHIMMX YaCTHHOK HaHO(PAKUil 3aBIsidye KOHICHCALIi MapiB
CIICMCHTIB CILIABY IIiJ| 4aC PO3Psi/ly Ha CTIHKAaX ra30BOrO IyXHpst (Puc. 27f) Ta Ha cTiHKax
ra3oBoi IUNBKH, IO OTOPTA€ KPAIUII0 PO3ILUIABY MiA 4Yac ii OXONOMKeHHs. YacTHHKH
CyOMIKpOHHHX PO3MIPIB yTBOPIOIOTECS B pe3yibTati Koanecueruii (Puc. 16f, Puc. 18b) abo
BUOYXy MOPOXHHUCTHX 4acTMHOK (Puc. 27f). HaHo4aCTHHKA € NEpeBaxHO CyMILIILIO
OKCHJIB Ta, IMOBIPHO, IiAPOKCHAIB eneMeHTiB. CyOMIKPOHHI YaCTHHKH Cu-Al-Ni 3aBasku
MaJliii Pi3HUL B IUBUAKOCTSX BUNapoByBaHHs CU Ta Al KOHICHCYIOTBCS B CIUIAB CKIIAOM,
OJIM3BKUM JI0 MarcTep- CILIaBY. Cxuag vactuHOK Nigs 2Alzs 8 pOSMlpaMI/I >50 HM PaKTUYHO
30iraBcst 31 CKIJOM MaiCTep-CILIaBy 3aBJSKH ONHM3BKOCTI HOro CKIady IO CKIady, IPH
skoMy aktuBHOCTI Ni Ta Al B po3rma131 JIOPIBHIOIOTh TAKUM B 1/1€aJIbHOMY PO3YHHI.
HlocTuii po3aisi mpucBIYeHUN CTPYKTypHUM (a30BUM MEPETBOPEHHSM B YaCTUHKAX,
nucriepropanux MetogoMm OEI/] crutasiB. B mopomkax Ti-Ni-Zr ta Ti-Ni-Hf B nanogpakiiii
pe3yJbTaTOM OJHOYACHOTO mepediry peakinii BigHOBIeHHS NiO <> Ni+[{O] Ta OKHCHEHHS
TiO +[O] < TiO2 € yrBopenns enementHoro Ni i crabimpHOro okcuay T10, 110
CYNPOBOKYETHCS IOTY)KHAM TEILIOBUILICHHSIM 3 MakcumyMmoM mipu ~900°C (Puc. 28). B
nopomky Cu-Al-Ni anromorepMmivni peakiii MDK YaCTHHKaMH MOPOILIKY Pi3HHX (pakiuii
CYIPOBOKYIOTBCS TOTYXHHM TeruioBuaiieHHsm (Puc. 29a); okcuny CuO yacTkoBO
BigHOBMOETHCs 10 CU,0 1 yrBOoproerbes O-(hasza (Puc. 296). ITocimiioBHICTh CTPYKTYPHHUX
OII npu HarpiBaHHi NPAKTUYHO TaKa X, AK i B MacuBHOMY MaTepiami (Puc. 30a). Bingnan y
Boaui npu 290°C wacTtkoBo BimHOBmIOE okcua CuO (PI/IC 296), mocnabiroe IpOLEeCH
Bz—>y2+a posmagy Ta YTBOPCHHs O-(a3, 3MCHIIye IHTCHCHBHICTh aTOMOTCPMiYHHX
peakiil. [Ipr4rHO0 3MiH € 3MCHIIICHHS KUTBKOCTI BaKaHCii rapTy. B mopomiky Ni-Mn-Ga
KrceHb BiJ okcuaiB Ni Ta Ga mepeMilaeTbes 0 MapraHifio, yrBoproodn okcua MnO, tum
camuM copusitoun ytBopeHio 1 NisGa. Xapaktep MII B moporikax BH3HAYAETHCS
MIKPOCTPYKTYPOIO MIKPOHHMX YaCTHHOK, C(OpPMOBAHOIO MijJ dYac KpucTamsamii ado
BI/IIAIIB MIOPOILIKY. B qacTHHKax JUACTICPrOBaHMX crutaBiB Ha ocHOBI Ti-Ni B2 Ta B19' q)asn
Oyim jominanTHUMH. lennpurHa abo komipyacta cTpykrypa (Puc. 24D,c), crinku komipok
sikoi € Ti(Zr,Hf);Ni, o6ymoBtoroTh po3tsirayte, 6ararocraziiiae i HeinTeHcuBHe MIT (Puc.

0.7 1 Buiximnwin cran, | narpis
2 — Buximawit cran, 11 Harpis
0.5 3 — 650°C 3 rouun, 1 Harpis
4 — 950°C 3PH, 1 narpis

a ~_\WNiO

°
»

|

MuroMuit Tennosuu morik, Ix/T

T NiO TeNi
-
-0.5 i '
150 250 350 450 550 650 3
: TiO

TeMneparypa, C
Puc. 28 a) JICK xpusi HarpiBy nopoiuky Ti-Ni-Zr-Cu. EnextpoHorpama Hanodpaxirii Ti-
Ni-Zr-Cu mictuts kinbiesi pediekcu Bia NiO ta TiO no excriosuii (b) i Ni ta TiO; micos
CKCIIO3HIIIT IHTCHCUBHUM €JICKTPOHHUM TIpoMeHeM (C) B KOJIOHI MiKPOCKOITY.
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0.2 Red-ox reaction
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Puc. 30 JICK anami3 mopomkiB Cu-Al-Ni (a, b): a) — HarpiB Ta 0X0JIOJ)KEHHS CIUIABY 1
nopoiky, b) — 2 nukia micias 00po6ok: Bifmany nopomiky B Hz ta 3araprysanns Big 800°C;
¢) — nopook i crutaB Ti-Ni-Zr-Cu; e) — Huspko- (-50+300°C) Ta BHCOKOTEMITEpATypHUIA
(HT — o 700°C) muknu nopouikiB Ni-Mn-Ga. Hudpu — remnepatypu ocobnuBocteit, AH,

M,, A, Te—
Kropi; Chunk, Powder(Pwd) —

(oxomoxeHHs ) Ha niepiioMy Ta amyromy rukiax (I(I1) cycle).
30c). MII B nopotuky Cu- Al-Ni cnabo Bupaxene, pO3TATHYTE 1 He THTEHCU(IKYEThCS Hi
3arapTyBaHHsM i3 [} oOmacti, Hi Bixnanom y Hp npu 290°C (Puc. 30b). CrocrepiraeTses B
ocHoBHOMY 2H 1 HeBenmka KimbKicTh 18R MapTEHCHTY (Puc. 296). B yacTuHKax MEXaHIYHOT
dpakii Ni-;7Mn-31Ga-z; MIT L2;—5M Ta marHiTae IIePeTBOPEHHs MatoTh Bei o3Haku PII
B MacuBHUX 3pa3kax. B EI mopomkax @Il manointencusHi, MII BigOyBaeTbes, sK 1
MarHiTHe IMEPETBOPEHHS, B IIMPOKOMY TemrepaTypHomy iHTepBaii (Puc. 30d), 1o
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TETJIOBUH e(heKT, TeMIepaTypy MapTeHCUTHOTO, ayCTEHITHOTO MIKiB Ta TOYKa
IIIMaTOYOK CIUIaBY, MOPOIIOK, BianosinHo. Htg(Clg) — arpis



12000 ; = =
° B2 1 —Mechanical fraction
A Llp | 2 —63um <pwd LAr<125um
» NipAl i 3 —pwd LAr <32um
o NitA] i ) 4 —pwd LN <32um
10000 - 15413 [ &) 5 —63um <pwd LN<125;1m 400°C H; 1h
~ Al ;’ Cl"f\? ’“"ﬁ ol =
2 \ san a 28 Zz o Ris)
gooo 15 & g = T3 0 vV
% v v \4
=
8
D B s T -
[ =4 |
2 I
= i
| ‘, il KB / -,: ‘
Kp | \J JU
0 \g\\\j P'L W \
20 30 80 90 100 110 120 130 20
4000
o 32
ALl
3500 m NigAl
g v NisAl3
. = v ~ ISl
3000 = : = &y T L 4
7 } 'S . v
MNOAW YL | ® v A A
) B500C proansi Mot ‘"w"" 5 e b beotott) b bt ot piaiosartad| B2+ Ni3 AL+ Ni5Al 3
t 2500 -
g . | J W ‘
= —750°C vyt u N ooy B2+ NisAl 3+ NipALiNiz Al
22000 |
= 500°C ool bttt I At I i Nttt Soipa it YasntTens - Nis Al 3+B2+NigAl
1500 - &
. \| v a
e v 4 I v
s s Nt B2+NisAl3
1000 - ‘
o v vv
500 2 - B2+Ni5Al 3
- Nwaéwd\... L10+B2+NipAl

0 f f f } } | } 1 1
20 30 40 50 60 70 80 90 100 1 1 0 120 130 26

Puc. 31 PCA nopomiky Nie1.9Alsg 1. @) — hpakiiii mopoImiky, OoTpUMaHoro B pigkomy aprosi (pwd
LAr) ta pigkomy HiTporeHi (pwd LN); b) — criekTpu, ckaHOBaHI IIPU PiI3HUX TEMIIEPAaTypax Bij
CBI’KEOTPUMAaHOT'0 IMOPOIIIKY, OJIEPKaHOTO B piakoMy HiTporeni. Ha (a) inaekcoBaHo JiHil BiJT

Ni5A|3, Ha (b) — BiI[ NigA', BZ, Ll() Ta leAl

3YMOBJICHO PI3HUM CKJIQJIOM OKPEMHX MIKpOHHUX 4YacTHHOK. I[HTeHcuBHicTh MII B
nopomiky Ni-51Mn_3Ga-21, OTpuMaHOMy B PiIKOMY HITPOTEHI, MEHIIIE, HIXX B OTPUMaHOMY
B Ar, 110 MOB’S3Y€TbCSI 3 MEHIIOK0 CTENEHHIO YMOPSAKYBAHHA ayCTEHITY 3aBISKH
PO3YMHEHOMY B YacTHUHKax HiTporeHy. Ilicis BinmaniB HUXKYe Ta BHILE TeMIEpaTypu
B2—L 2, BnopsaakyBanus MII nokanizoByBaioch Ta iHTEHCU(]IKYBaIOCS TUM OiIbIIE, UM
TpUBaJiIMM OyB Bijmal.

B ycix mopoiikax Ha mepuioMy IUKII HarpiBaHHs B kajdopuMmerpi MII mackyBanocs
posznoruMm enporepmiyauM mikoM (Puc. 30). Ile 3ymoBiIeHO TUM, 1110 TIOPOIIKH CILIaBiB
afcopOyIOTh MiJ] YaCc OTPUMaHHsI Ta 30epiraHHs 0 AEKUJIBKOX BarOBUX B1JICOTKIB MapiB BOJU
ta 1HmmXx rasiB. Ilpm HarpiBamHi 10 ~450°C Ta3u BUIUIAIOTHCS 13 3HAYHUM
TeIUIOBH/IICHHSIM, 1L € Pe3YJIbTATOM MPOLECIB JecopOLii XIMIYHO aicOpOOBAHKX TasiB.

3HaYHI MBUJIKOCTI OXOJIOJDKEHHS B MpOIleci rapTyBaHHs IN SitU YacTHHOK MOPOIIKY
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Nig10Al3g1 MPUYIIYIOTh YTBOPCHHS qaa3 NisAl ta NisAl; (Puc. 31), mpore He 3amo0iraroTh
YTBOPEHHIO KOMIPYacTOi CTPYKTYpH i3 30arayennmu Ha Ni ctinkamu (Puc. 32a, 27¢) Ta
301IbIIEHHIO 00’ €My eJIeMEHTapHOI koMipku B2-¢azu. OctaHHe 3yMOBJICHE BEJIHKOIO
KUIBKICTIO BakaHCIM 1 JeeKTiB rapTy, TUM OUIbIIOI0, YAM MEHIIE YACTUHKA BHACIIJOK
OUTBIIOI MIBUIKOCTI OXOJO/KEHHs. Pemakcarris z[eq)eKnB B TOHKOCTIHHUX TTOPOKXHUCTHUX
JaCTHHKAX, OTPUMAHMX B PIJKOMY HITPOT€HI, 3YMOBIIIOE OUIBIIY KUIBKICTh B HHX
maptencuty i Meniry Ni Al y mopiBasHHI i3 oTpuManumu B pigkoMy Ar. Lli x nedexTu
o0yMOBIIOIOTh mBUAKKHKA posman L1y — NisAls mpu narpisi (Puc. 316). MapteHcur B
MIKpOHHHX YacTUHKaX aucreproBanoro ciwiaBy NigioAlss1 Mae L1y crpykrypy. HasiBHICTB
amanTHBHOTO /R MapTeHCHTy He BHK/IIOYAIOTh TaKi apryMCHTH: TOHKOILIACTHHYACTA
CTPYKTypa KPHCTasliB MapTCHCHUTY, BUCOKA aJallTHBHA CIPOMOXKHICTb, SIKa IPOSBISETHCS B
POCTI KPUCTAIIIB MapTCHCUTY Ha CHEPUYHMX MOBEPXHSIX MOPOXKHHUCTHX 4yacTHHOK (Puc.
32b) ta KOTEPEHTHE 3aPOJUKEHHs Ha IPAHUIIAX KoMipok gacTuHOK (Puc. 32a), sike Kopentoe
13 MOAYJISILIIMHOIO MOJEIUTI0 7R MapTeHCHUTY.

AJIalTUBHA [IPUPOJia MAPTEHCUTY POSIBUIIACS | B iucnieprosanux cruiasax Ni-Mn-Ga.
B niporteci Biananmis mijx yac HarpiBanHs Hopomiky Ni-s1Mn-2sGa-;1 Ha moBepxHi ChepruIHUX
YaCTHHOK (I)OpMyCTBCH wap ~0.5 mkM (Puc. 33) BHACIIIOK IOCTYIOBOTO CTOILICHS
HaHO(PAKLIi B PiIKHil PO3YUH i3 CKIALOM OJIIKYE 10 «TalieBoroy 00Ky Aiarpamu Ni-Mn-
Ga. IIpx OXONMOIKEHHI  PO3YMH KPHUCTaNi3yeThCs, YTBOPIOIOYH (aceTOUHI CTPYKTYPH i3
NPABUIBHOK KPUCTANOrpadiqHO0 OrPaHKOI0 i MapTeHCHTHUM penbepoM (Puc. 33a,b) B
TUX 00JIaCTAX MOBEPXHI, JIe CKIaa OJU3bKUN 0 CKJIaAy s/pa YaCTUHKHU. 3pOCTaHHS MICIs
BiAnanie goiai 14M mapTeHcUTy 3a paxyHOK 3MEHIIEHHS HEMOAYJIbOBAHOTO pajlle
3YMOBJIEHO MOro aJanTUBHUMH BJIACTUBOCTSIMH, HEOOXIIHMMH Il KOMIIEHCAIil
HaNpy>XeHb B YTBOPEHUX CTPYKYTypax, a HE 3MIHOIO CKJIa/ly YaCTHHOK.

BcranoBiieHo, 1110 OUIBIIICTh YaCTUHOK TIOPONIKY Ni-Al, OTPUMAHOTO B piakomy Ar,
pO3MlpaMI/I Big 15 mo 50 HM MaroTh cepemHiit ckimam Nigg, 2AI358 1 IBIHHUKOBY CTPYKTYDY,
aCOI_III/IOBaHy 13 MapTEHCUTOM (PI/IC 34a, b, c). Hu[TBep):[)KeHH;IM € CKJIaj, o BiAIIOBIga€C
temriepatypi MII 3HauHO BuIlle KIMHATHOT, 301r TapamMeTpiB TpaTHUIII 13 mapamerpamu L1
MapTEHCUTY (Puc. 34f) ta BincyTHICTH HEOOXIAHOCTI MONEPEAHIX BIMAIIB JUII YTBOPCHHS
TaKol CTPYKTypH. TakuM YHHOM, B LIMX HAHOYACTHHKAX CTPYKTYPOYTBOPCHHS MAPTCHCHUTY
nonibro no PII xpyroro poxy, BHACIIZOK 4Oro MapTeHCHTHA (asa oxHi€i opieHTauil
3aIOBHIOE BECh 00'€M YaCTHHKH, HE yTBOPIOIOYH OKPEMHUX JOMCHIB 200 KPUCTAIIB.

Cbomuii po3 i1 IPHCBSIYCHO 0COOMMBOCTSM KOHCOIIAallii OPOIIKIB, BATOTOBICHHX i3
MOTIEPEHBO BUIIABICHNUX CILIABIB TPAULIIHIMI METOJaMH | METOJOM iCKPO-ILIa3MOBOTO
cuare3y (ITIC). BcranoBimeno, mo 1) KOHCOJimalis TOPOIIKIB, BUTOTOBICHHX 13
MOIIEPEHBO BUIUIABIICHIX CILIABIB 0€3 IPHUK/IaJaHHs THCKY, 30KpeMa IIPH OTPHMAaHHI iH
i3 Cu-Al-Ni, € Manoe(eKTHBHOIO BHACIIIOK BiJCYTHOCTI p13HI/II_Il XIMIYHUX TIOTCHITIATIB
MDK MIKPOHHUMHU YaCTUHKAMH, OKUCHEHHS IOPOIIKY Ta B3a€EMOJI11 13 MPOAYKTaMH PO3IaTy
Kapbamify: 2) MiABHIICHHS TEMIEPATYpH  BUTPHMKH 3pasKiB, OTPUMAHHX METOJOM
XOJIOJHOTO NPECYBaHHs cyminiel yactuHok aucrneproBanux cruiaBiB Cu-Al-Ni ta Ni-Al,
CTUMYJIIOE CIIKaHHS 3aBIsSKd B3aeMHii nudysii Ni Ta Cu, mpote 3011blrye HMOBIPHICTD
OKMCHEHHS MTOBEPXHI MOPOIIHHOK.

JlokanbHi neperpiBH NPUKIAACHUN THCK 1 peaKuiﬁHa NPUPOAA  CHHTCPHHTY
HaHoq)paKLm El HOpOH_IKlB CHPUSAIOTH MIBUIKIN KOHCOJIIJlaLIII METOJI0M ITIC. B meroni
iCKpO-TIITa3MOBOTO CITIKAHHS OAHOBICHE CTUCHEHHS 3pa3Ka i HarpiB eJICKTPUIHIM CTPYMOM
JI0O3BOJIIOTE  OTPUMYBATH LIIIBHI Marepiaiy MNpOTAroM JeKinbkox xsuund [11].
TeMnepaTypa CHHTE3y 3MCHIIYEThCS Ha JCKiIbKa COTCHb IPAjyCiB y TMOPIBHSIHHI 3
TpaauIiiHUM crikaHHsaM. B po6oti Oyio cuate3oBano El moporku crtasi Ti-Ni-Hf, Ni-
Al, Cu-Al-Ni, Ni-Mn-Ga Tta Hitpuny tutany Ti-N. TumoBa mporpama cuHTE3y Ta
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SEM  SEI 30.0kv¥ 6,000 3 um ICMPE I J WD = 8.9mm Phata No. = 8168

Mag= 200Kx OHM EHT = 2000 kv Signal A = SE2 Date 4 Nov 2011

Puc. 32 Mopdonoris MapTeHCUTYy B YacTHHKax MOpPOIIKy Nie1gAlsgi. a) Ilmacturm aBox
Opi€HTAIli}l MPUCYTHI B CBITJIMX 00JacTAX, 30araueHnx Ha Ni, [0 yTBOPIOIOTh MEPEKUBO KOMIPOK;
b)  kpucTamm  MapTEHCUTYy 13  BHYTPIMHBOTO  OOKy  IOPOJKHHCTOI  YaCTHHKH.

Mag= 600KX 2um EHT =20.00kV Signel A= SE2 Date 21 Nov 2011 Mag= 900KX 2pm EHT =20,00KV Signel A = SE2 Date 2Nov 2011 Mag= 200K X Sum EHT =20.00kV Signal A = SE2 Date 2Nov 2011
\CMPE WO =123mm Photo No. = 8544 ICMPE F—— wo-117mm Photo No.= 7856 NiMnGa LA 700-1h ICMPE — WO =117 mm Photo No. = 7866 NiMnGa LN h, 900-1h

Puc. 33 INoBepxus yacTuHOK Ni-s1Mn.28Ga-21 micis Bigmany B Ho: @), b) — mpu 700 °C, ¢) — npu
900 °C mpotsiroM 1 roauau. DaceToUYHI CTPYKTYPH Y BUTJISII IPABHWILHUX OaraTOrpaHHUKIB Ha @)
JIETpalyloTh B 3a0KpYyTieH1 Ha C). Po3puBu B moBepxHEBOMY Iapi (IMOKa3aHO CTpUIKaMU Ha C) He
IIEPEPUBAIOTH PICT MAPTEHCUTHUX KPUCTAJIIB
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Puc. 34 a), b) — TTEM 306paxenns yactuHok Nies2Alzs8; C), d) — 300paskeHHs YACTUHKH 13
JBIHHUKOBOIO cTpYyKTyporo i oro FFT o6pas 3 inTepnieperaiero Ha (€). [Lnommuna
nsiftaukyBanss (111)ryr. Ocb 30mu (011)pyr. f) — [IEM 306paenns BP3 yactunky i3
opienrauicto (100)ryr, #oro FFT o6pas (g) ta inTeprperanis (h).

napameTpH, 10 PeECTPYIOThCsl B mpoleci, HaBenani Ha Puc. 35 ta Tabnumi 4. nmogaHo
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PEXUMU CHIKaHHSA, 1€ Tsint —(iHaTBHA TeMIlepaTtypa CuHTe3y; {s—TpuBaicTh 130T€PMIYHOT
Ta BUTPUMKH.

byno Bctanosneno, mo xoucomigamisa El mopomkiB metogom ITIC ixe MiHiMyMm B JBa
eraru (Puc. 356). Ilicis HU3BKOTEMIIEPATYPHOTO etary (<~400°C) 3pasku MaroTh Maiy
IMITBHICTh 1 JIGTKO PYWHYIOTBCS. VYIIUTBHEHHs IMiCIi BHCOKOTEMIICPATYPHHX CTAIliB
(>~600°C) 3abe3nedye cuHTE3 1 LIUIBHICTH 3pasKiB He MeHIE 95% Bi TEOPETHYHOL.
BcraHoBiIeHO, MO YIIITPHEHHS MPOTATOM HU3BKOTEMIIEPATYPHOTO €Tally 3YMOBIICHO
MEepPEeTPyMyBaHHAM 1 TUTACTHYHOIO JehOopMarli€ero YacTHHOK. Temmeparypa 3aKiHUCHHS
HusbkoTemneparypHoro eramy II1C koncomiganii EI mopomkis cruiasis 3 EII® Bianosinae
e(pEeKTHBHOMY THCKY P,rf, IKUI 13 ypaxyBaHHAM (akTopy iHTeHCH(IKaLlli THCKY:

¢ =%= exp(a(1 - d)), (17)

HaOJIVDKEHO JIOPIBHIOE Opp Matepiany, ne Py, — npukianeHuid Tuck, d = p/p, = —
BIJIHOCHA I'yCTHHH 3pa3ka, @ — MiArOHOYHMH napamerep. Ha npoMy erari HaHOYACTHHKH
3HAXOJATHCS B yMOBAX 3BUYAHOT0 CHHTE3Y, MIKDOHHI YaCTHHKH BUKOHYIOTh POJIb CKeIIeTa
3paska. OCKiIbKH HaHOQpAaKIlis yTBOPEHA MEPEBAXKHO 13 OKCHAIB p13H0ro CKJany, To 3a
TICBHIX TEMIICPATyp MK HUMH BiIOYBa€ThCs IHTCHCUBHU PEAKTHBHUII CHHTE3 BHACITIIOK
penokc peakiiii. CaMe aqoMOTEepMIiuHI peakirii i3 3HauHUM TerutoBuaiIcHHIM (Puc. 29a)
CTaJIi IPUYUHOIO PO3IUIABIIEHHS 3pa3ka mpu temieparypi 890°C.

OcCKUIbKY MapaMeTpH, IpH SKUX BiJI0YBA€ThCS OCHOBHUI BUCOKOTEMIIEPATYPHUI eTar
KoHcomigamii (romonoriyni Temmeparypu Tp~0.5+0.8, HOpMani3oBaHi HAmpPyXKCHHS
6/u~0.2+210°, mmuakics mepopmanii €~1+5-107cex 1) NI BCIX MarepiamiB Manm
MPUOIH3HO OI[HaKOBl 3HAYCHHS, TMiCIIs aHali3y KapT Aedpopmanii 6yio 3p06ICHO BHCHOBOK,
IO TOMiHYIOUUM MEXaHi3MOM OCHOBHOTO BHCOKOTEMIIEPATYPHOIO eTarty VIIITBHEHHS €
MEXaHi3M IMCIIOKALiHHO iHAYKOBaHOI cTenenHoi nos3y4octi JlopHa (€ = ™) 3 mzui)ymHHo
KOHTPOJIbOBAHUM CHHTCPIHIOM MiKDOHHHX YaCTHHOK. KiHeTHYHE PIBHAHHS [T BITHOCHOI
IIBUIKOCTI YIIIJIbHCHHS € MOYKHA 3armucaty sk [18]:

_ BDHessb (2)’“ oerr)" (18)
KT G Heff '
ne b — Bekrop Broprepca. HanpyXeHHSI Oprp NPONOPLiHE NPHKIANCHOMY THCKY i3

Koeq)luleHTOM HpOHOleI/IHOCTl ¢ (17). EdexTuBHuii MOIYJb 3CYBY [off B MOPHCTOMY
MaTepiani mponopIiiHuiA (PiI3UIHOMY MOAYJIIO 3CYBY AL

_d—d,
Herr = T2q, M (19)
. _de _1dd 1dh
I3 ypaxyBaHHSM TOTO, 11O £ = — T o = T3 BUPKAETHCA Yepe3 yCajiKy BUCOTH h
WTIHAPUYHOTO 3pa3ka, popmyina (18) nabyBae BUrisiay:
T 1dd _ BDeb -Ea (p\™ (oorr\"
— 0~ . e RT - (_) (ﬂ) , ( 20 )
Heff d dt k G Heff
BDyb :
Tyt K = In-In 3anexxHOCTSAX A 3paskis,
KOHCOJTIJIOBAHUX 13 TIOPOIIKIB PI3HOI JUCTIEPCHOCTI, MPOSBISIUCA TUIBKM B 3HAYCHHI

b\™ . . .
Koncrantu In (E) [Momarmm JiBy 4yactuHy mposiorapi¢moBanoro piBHsHHS (20) sk

¢ynkuiro  1/7, MoxHa oTpuMaTH 3Ha4deHHs eHeprii axktupanii E,, AKIIO Bimomuil
MOKa3HUK N. 3HAYEHHS N MOXKHA OTpUMAaTH 13 TpadikiB 3aJIEKHOCTI JIorapudmy JiBOi

YaCTUHU BiJl JIorapudmy (ﬂ—ff) MpH CTaIKNX TeMreparypax. [Ipote TpuBamicTh BUTPUMKHU
eff

IpU TeMIepaTypax, 3a SKUX SBHINA TOB3YYOCTI CTAIOTh MOMITHUMH, OyJia HEAOCTATHBOIO
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Ramping experiment
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IpaBoOpydY — ycaJka 3pa3ka 1 BakyyM B Kamepi siK (GyHKIUT

Ta6muns 4 Pesxumu ITIC nopomkis NigoMngsGagps. VI HaIIHHOrO  BU3HAYEHHS .

Temmeparypa  TpuBaiicTh, Tsint, ts,
Bignany B Hp,”C roJ °C XB.
- 700 800 900 16

350 1 - 800 900 16
350 1 700 - - 16
700 1 700 - - 16
900 1 700 - - 16

Tomy 1npu aHamizi  KOXXHOTO
MaTepialy ~ BUKOPHUCTOBYBAINCH
JiTeparypHi aaHi abo AJig 3HA4YEHb
E,, abo nns 3HaYeHb MOKa3HUKA N.

[Mpuknagu  In-In 3anexHocreit
HaBegeHo Ha Pumc. 36. 3a
BCTaHOBJICHUMU 3HAYCHHSIMU

NOKa3HHUKa N abo eHepri'l' akTuBallli noB3y4ocTi E, Oyino 3p00iieHO Taki BUCHOBKH.

,Z[JI;I EI mopomikiB Ti-Ni-Hf 3Hauennst excrionent (N > 3) Ha OCHOBHOMY eTarli
yImJILHeHH;I THIIOBE JUIS MEXaHi3My TIOB3Y4OCTi, 3yMOBJICHOMY TEPMOAKTHBOBAHUM PyXOM
nucnokanii. 3nadenns N=1.2, mua eramy ymineHeHHs npu 1>940°C cBimuuts mpo
KOHCOMiIamiro 3a ywacTio piakoi ¢asu. ITlokasuwku cremeni n > 6 A
HU3BKOTEMIIEPATyPHOTO  eTamy YIIIBHEHHS. ~ TMOpOWIKiB  Ni- Al  cBimuartp npo
KOHTPOJIbOBAaHUN KOB3aHHSIM MEXaHI3M JAedopmailii, MOKJIMBO, 3yMOBJIEHHN 3BOPOTHIM
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koHcomimoBanux mopomikiB a) Ti-Ni-Hf ta b) Ni-Al. Crpinku —temmneparypa moyaTky
yeproBoro erany koHcoumigamii. [{udpu B jereHal BKa3yrOTh 3HAYEHHS MOKAa3HHUKA N
piBHsHHA J{opHa, 1m0 3a0e3neuye 3HaueHHs eHepril aktuBaii ~400 k/x/mMonb (a) 1 275
k/I>x/Moutb (6) Ha KO)KHOMY 13 €TaIliB — 3HaYCHHsI €Hepril akTUBAILIIT IS CIJIaBiB Ha OCHOBI

Ti-Ni-Hf ta Ni-Al.

BIAMOBIITHO.
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MII. YuiinbHeHHs Ha BHUCOKOTEMIEPATyPHOMY eTari BeJIMKOPO3MIpHHUX (PpaKiliif MOPOIIKIB
KOHTPOJIbOBAHO MEXaHi3MaMM IOB3y4OCTi, npuraMaHHuMu MacuBHuM cruiasam Ni-Al
Meni  ¢pakiii AEMOHCTPYIOTh OLIBIIMH OIMIp  YIIUIBHEHHIO, IO MPOSBISETHCS B
MEHIIOMY 3HAY€HHI MOKa3HUKIB JIepopMaIlifiHUX €KCTIOHEHT a0o0 OUIbIIIX 3HAY€Hb €Heprii
aKTUBALli] OB3y4OCTI.

[Tpu yurineaenHi mopoiukiB Cu-Al-Ni 3nauenns E, € HalOUIBIINM IS PSKHUMY, B
SKOMY TEMIIepaTypa i CTPYM 3pOCTalOTh JIHIMHO, OCKIJILKM MEHIIIA KIJIbKICTh KOHTAKTIB M1XK
YaCTMHKaMH 3yMOBIIIOE€ MEHIIIUN BIUIUB CTPYMY 1 TPUKIAEHOTO THUCKY. J{JIs1 IbOTO pexXuMy
3HadeHHs E, B iHTEpBai MiX TeMIIepaTypamMi HEPUTEKTOIJHOTO Ta eBTEKTOIIHOIO po3naty
€ HaOUIBIINM, OCKLIBKH BUILICHHS Y2-(pa3H € MEPELIKOI0I0 PYXy AUCIOKALIN. [HTCHCHBHA
reHepaniest BakaHCiil M JI€I0 eNeKTPUYHOro CTPyMy CTUMYJIOE JU(Y3if0, CIPHUSIOYH
3MEHIIEHHIO €Heprii aKTUBAIil TOB3yYOCTi.

[Toxa3znuk ekcionenTH N=1.8+2.7 myisa ocHoBHOTO eTamy yuiiibHeHHs El moporkiB Ni-
Mn-Ga mnpumyckae OJIHOYACHY JI0 SK MEXaHI3MIB CTEMEeHHOI TOB3YYOCTI, TakK 1
BICOKOTEMIICPATypHOI IIAaCTHYHOCTI. JIBOCTaiiiiHMil XapaKTep BUCOKOTEMIIEPATYPHOTO
YIIUIBHCHHS BKa3y€ HA MOXIIUBICTH EPEXONY KPUXKiCTh-ILIACTHYHICTD.

BcTaHOBIIEHO TaKOX, 10 BUKH]L ra3iB MPU KOHcomJ:[aLusI EIl nopouan cruiasiB 3 EI1®
metozaom ITIC (Puc. 35) 3yMOBJICHUI z[erazaulefo MOPOLIKY HpPH Harpiai. Fa3OBI/I,u1JIeHH;I
4aCTKOBO MO3Ke OyTH 3yMoBiieHO 3 DII B CILIaBi, a TAKOXK 3 PYHHYBAHHSM i BIXHOBJICHHSM
OKCHJIIB Ha TIOBEPXHI YaCTUHOK. MeHImMH THUCK Ha (iHATBHUX CTaAisX YIIUTbHEHHS,
yHOBiJILH}qu MPOLIEC 3aKPHUTTS [OP, CHpPHsE IHTCHCH]IKALIT ra30BUUICHHS. IMITYIbCHU#H
CIeKTPUYHAN CTPYM MIZICHIIIOE SBUIA Ta30BU/UICHHS 38 PaXyHOK pyHHAIii Ha MOBEPXHi
YaCTUHOK OKCHJIHOTO LIapy Ta aJcopOOBaHOI BO/IM, 1110 CIIPUSIE MACONIEPEHOCY aTOMIB Ia3iB
13 00’ €My YaCTHUHOK Ta lHTeHCI/ICI)lKaI_Ill PEIOKC peaKiii.

B BockMomy posaiai posrinyto mnpouecd QasoyrBopenss, MII, Mexaniumy Ta
CTPYKTYpHY CTaOlIBHICTb B MaTepiagaX, BHIOTOBICHHX MCTOLOM C i3 MOPOILKIB
nonepenHbo BuiUiaBieHux cruiaBiB 3 EII®. HepiBHoBaxna, aedexkrHa crpykrypa EI
MOPOIIKIB Pa3oM 13 €0 MPUKIAIEHOTO TUCKY, WIBHKHX JIOKAbHHX Ieperpisis- Ta
3HAYHOT'O CTPYMY B npoue<:1 ITIC cnpusitoTh Ha1HIT KOHCOJ’III[aHII Mmatepianis. [Ipote Ti x
(hakTopu CHPHSIOTH 1 NPUCKOPECHHIO IN(Y3IHHMX IMPOLECIB, IO MPOSBISETBCS B
PO3BUHEHHI B Marepiai CTleKI/IX OKHCITFOBTbHUX npouecus (Ti-Ni-Hf), posmaais (Ni-Al,
Cu-Al-Ni), pexpucranizanii (Ni-Al, Ni-Mn-Ga) ta peakiiii Mi>k YacTHHKaMH HaHO(PAKIIII.

3okpema BCTAaHOBIICHO, IO MIKPOCTPYKTypa Ti-Ni-Hf cknamaetbes i3 mepeBaXkHO
HACJIiTyBaBIINX CyOCTPYKTYPY MIKPOHHUX YAaCTHHOK TOPOIIKY, BOYJOBAaHHX B MATPHIIO
(Puc. 37), yrBopeny i3 i3octpykTypHux okcumiB Ti4NioOx Tta TigNizO, mo
TpaHc(hOpMyBatucs i3 HaHO(paKIii HOPOWKy. B HaMEHIINX YaCTHHKAX Hf oxucnennii no
HfO2 B ycbomy o6’emi (Puc. 37¢). Konkypenuist mixk tpancnoprom Hf ta Ti cipuausie
miapyBaTy CTPYKTYPY nepmbepu YTBOpEHY i3 okcuniB Hf ta Ti, Ta 30arauennst Ha Ni
IEHTpaJbHUX 00JacCTei Cepe/iHIX 1 BEIMKUX YAaCTHHOK 1 YTBOPEHHS MeTacTalOlIpbHUX (a3
N|3(T|,Hf)2 Ta N114(T|,Hf)11 (PI/IC 37b)

Mikpoctpykrypa 3paskiB Ni-Al ckiaamaerbcss i3 MikpoHHuX yacTuHOK Ni-Al B
MeTanokepamiuHii ¢pakiii, chpopmosaniit HanomucnepcHumu NizAl 1 Al,O3 (Puc. 38, 39).
B3aemonis okcuais Al ta Ni i3 wactuakamu Ni-Al CIpHsi€ 3POCTaHHIO nomi a-Alb,Osz B
«MDKYacTHHKOBIM» ¢pakiiii (Puc. 39), 30aradennto Ha Ni i 30igaenHio Ha Al yactuHok Ni-
Al. I3 3pocranHsM TeMIIePAaTypH CHHTE3y «MIKYACTHHKOBA» (PPaKILis y BUMIISAI CIUICTCHHX
I HOKPYYCHUX HAHOPO3MIPHHUX BHAUICHb [IPOHUKAE B CepelnHy OibluX 4acTHHOK (Puc.
38c). Mauti mikponHni yactuakH Ni-Al mepeBakto ckimanarothes i3 NisAl, B Oinbiimx — dhaza
NisAl Hacmigye komipuacty ctpykTypy dvactuHok EI mopomky (NR wa Puc. 38a),
dbopmyeThcsi Ha mepudepli Ta TPOPOCTAE B CYCIIHI YACTUHKH Yepe3 «MDKUYACTUHKOBYY
¢pakmiro (Puc. 39¢) mmpokuM GpOHTOM i3 3aXOIUIeHHAM Oarathox yacTHHOK (Puc. 38a).
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o 8 . s .
PROTON-21 COMPO OkV 0 10 PROTON-21 COMPO  20.0kV 3,000 1gm PROTON-21 COMPO  20.0kV X3,500 Tgm

Puc. 37 BSE 306pa>1<eHH;1 Ti-Ni- Hf, KOHCOJ’III[OBaHOFO npu 980°C: a) 3 mpaBoro GOKy
KOHTPacT HII[CI/IJ'ICHI/II/I b) mnoaBifHHUMH CTle'IKaMI/I BI/I):[IJIeHO HeO):[HOPII[HOCTl B
MPUTPAHMYHOMY IIapi YaCTUHOK; ¢) B — «Bemuki», M — «cepenti», S — «maiii» 4aCTUHKH,
IP — «mikuacTuHKOBa (hazay. CTpiakaMu BKa3aHO YaCTUHKH 13 IMiABHIICHUM BMicToM Hf,

PexpucramizoBani 007acTi MICHSAMH TEPETUHAIOTh HU3KY TIEPBUHHUX YaCTHHOK,
NPOHMKAIOYX Yepe3 MeTanokepamivuny ¢pakiito (Puc. 38a,b). PexpucranizoBana 3epenHa
ctpykrypa (Puc. 38a) He Hacmigye apxiTEKTypy MEPBHHHHX YaCTHHOK, a OT OO0JIACTI,
3aHATI MAPTECHCUTOM, OOMEKYIOTHCS TPAHHUIIMHU MepBUHHUX YacTHHOK (Puc. 38D).

B xoncomigoBanomy Ni-Mn-Ga MikpoHHI YacTHHKH BOYJOBaHI B «MIKYaCTHUHKOBY»
¢pakmiro (Puc. 40), yrBopeny i3 okcuay y-MnO ta NisGa (Puc. 41). Ocranns €
METaJIOKepaMiKOI0 1 Ma€e a00 KOMIpUYacTy CTPYKTYPY, a00 OJTHOPIAHY CTPYKTYPY, YTBOPEHY
i3 y-MnO, B sxomy BOynoBani yactuku Ni-Mn-Ga ta NisGa (Puc. 40c¢). Jdedbopmarris

10z PROTON-21 COMPO  30.0kV X4,000 m  PROTON-21 SEM COMPO 30.0kV X6,000

PHC 38 MleOCprKTypa Ni -Al, koHCOIITOBAHOTO @), C) npu 1000°C i3 EI/LN nopouncy
ta npu ~1150°C i3 EI/LAr mopomky; Ha @) KOJIOM BUAiIEHI 00JacTi, yTBOpEHi i3
MOPOXXHUCTHX YACTHHOK; IYHKTHPHI 0071acTi JOBUIBHOI (POPMH — 30HH MPOCOYYBaHHS
NisAl 4epe3 «MIKYACTHHKOBY» (pakilito (Ha (b) Ta (C) BumineHi crpinkamu); R 1a NR —
perHCTaJI13OBaH1 Ta HeperI/ICTaJ'I13OBaH1 obusacti; b) M — MapTeHCUTHI TUTACTHUHH.

30um Electron Image 1 30pm OKa1 r 30um 1 NiKa1 30pm AlKa1

Puc. 39 Kaprorpadiunuii EDS Ni-Al, koncomigosanoro mpu 850°C i3 32+63 um dpaxiii
El mopouiky, otpumanoro B pigkomy Ar. 3iiBa-HanpaBo: BSE—-O —Ni—Al.
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Mag = 2000 K X 200 m EHT = 20,00 kv Signal A = SE2 Date :20 Feb 2012
WD =11.7mm Photo No. = 1263

PROTON-21 SEM  SEI 300KV X500 lum PROTON-21 SEM  SEI 0KV X2,500 [T 'CwPE

Puc. 40 SEM 306paxenns Ni-Mn-Ga, MPOTPaBICHOTro ioHaMu Ar+, KOHCOIIII0BAHOTO 13
TMOPOIIKY, OTPUMAHOIO B piakomy Hitporeni (@,b) ta pimkomy Ar (c) MnO — oxcupg

Mapraiito, 3aTUCHyTHI Mix npornapkamu Ni-Mn-Ga; R — pekpucranizoBaHi Y4aCTUHKH.
40k

0 3z 1 —+— 900°C 2min
10k - A5 0015 16THT , S 2 ——1000°C 1min (H 390°C)
| LAr, 900°C 1hour in Hy, 700°C 16min A P 1150°C 20 sec
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Puc. 41 PCA KOHCOJ’IIJIOBaHI/IX 3pa31<113 N1 Mn- Ga (mBopytI) Ta NI -Al (npaBopyq)

PI/IC 42 Cu: AI Ni KOHOJ’IIJIOBaHI/I npn TeMHepaTypl a) 390°C b) 480°C; ¢) — 700°C;
SICKpaBi TOUKI — a-(haza; mpsIMOKYTHI cipi tuisimMu Ha (D) — Buginenns y2-daszu (CugAly).

YaCTUHOK MOPOUIKY, OTPUMAHOI'0 B PIIKOMY a30Ti, OlibllIe, HXK B OTpUMaHoMy B Ar, 3a
PaxyHOK MOPOXHUCTUX YACTHUHOK, iX MIKPOCTPYKTypa MYJbTUPO3MipHa 1 0araTo3B’si3Ha
(Puc. 40a). lllupuHa MapTEHCUTHHUX JOMEHIB B YaCTHHKAX KOPEIIOE 13 pO3MipaMH 3epHa
a00 YaCTUHKH, 3alHATOT MapTeHCUTHUMHU JoMeHamu (Puc. 40b).

B 3paskax Cu-Al-Ni mpu temneparypax Big 390°C no 600°C mae Mmicie TiUTBKH
MOYaTKOBE CIIKAHHA YaCTHMHOK, 0e3 3Ha4yHOi naedopmarii 1 cuHTe3y HaHodpakiii. [Ipu
OUIBIINX TEMIEPAaTypax CHHTE3y YaCTUHKH AehOpMYIOThCS, B HaHO(PAKIil MOPOLIKY
BiIOYBAIOTECS €K30TEPMIUHI peakii BigHoBneHHs okcuay CuO no cybockuay Cuz0O Ta
YTBOPEHHS -, -, 1=, Y-0KcuziB Al, mo GopMyrOTh CrOTyqHy PPAKIII0 MK JaCTHHKAMHU
Cu-Al-Ni MikpoHHOrO Ta Cy6M1KpOHHOF0 posmipiB (Puc. 42c). o-dasa Buninserscs B
MIKPOHHHX YaCTHHKAX TUIBKH Micis koHcomizaii EI mopomkis Cu- Al-Ni 1pu 390°C (Puc.
42a), y.-¢haza Oyna 3HaijieHa B yCiX 3pa3kax, koHcoiimoBanux Buiie 440°C (Puc. 42b).
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400 nm

300 nm

Puc. 43 TEM u—A—Ni, KOHCOJTi10BaHOTO Tpu Temieparypi 700°C: @) — MiKYaCTHHKOBa
bpakiis i okcuaaui map Ha moBepxHi (TI1); MmapTeHCHT y Benukux yactuakax b) — 2H (y7)
ta ¢) — 18R (B’). Ock 30u1 ~[901],5g; d) - — 18R (B’). Ocb 30uu ~[901];gR.

1408029 1

PI/IC 44 Q) - CBITJIONOJIbHE 300paxenHs yactuakr CU-Al-Ni (ock 30H1 ~[210]18R); 6) Ta 2)
— TEMHOIIOJIbHI 300paKEHHS B MATPUYIHOMY 1 ABIHHHKOBOMY pedieKcax.

2500 [ C
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—SPS 11500C é) —LAr b
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21000 F s00 |
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o
o
o
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0% 10% 20% 30% 0 1 2 3 4 5 6 7 8 9 10 .
Strain, % Strain, % T,°C

Puc. 45 Kpusi Hanpy:xeHs-aedpopMilisi BAPOOyBaHb HA CTUCHEHHS JJI1 KOHCOJI1IOBAaHUX
3paskiB (a) Ni-Al ta (b) Ni-Mn-Ga Ta BiatBopernst popmu B Ni-Mn-Ga (¢).

Bingnan mopomky Cu-Al-Ni mpu 290°C B Hz a) ycyBae nedektH, 1o CIIPHSIOTE JUDY3IHHIM
npolecaM, CIPUYNHAIOYM 3HUKHCHHS Y2 (bagu (Cu9A|4) B KOHCOJI1JIOBaHUX 3paskax, 0)
4acTKOBO BiAHOBIIIOE OKcr CUO i 3MeHIIye IHTCHCHBHICTD aTIOMOTEPMIYHHX PEAKIIii.
Coepuuni yactuaku Cu-Al-Ni p03M1p0M >100 1M, 1o BOyOBaHI B CIIOTy4HY q)a3y,
3HAXOJATHCA B MAPTEHCUTHOMY CTaHi 1 BKPUTI IIIAPOM OKCHTy TOBIIMHOIO ~20HM, IMOBIPHO
MigHO-HiKeneBuM amominatoMm (Puc. 43a). 2H (y’) MapTeHCHUT mepeBa)KHO 3yCTpiuaBcs B
YacTHHKaX 13 po3MipaMH Oararo Ounbmumu 1MiM (Puc. 43b), a 18R (B’) mapTteHcuT — B
camo- aKOMOJIAIIHUX TPynax B MIKPOHHHMX 1 CyOMIKpOHHHX 4acTHHKax (Puc. 43C ,d).
CTpyKTYpOYTBOPEHHSI MapTEHCUTY B HAHOYACTHUHKAX po3M1paMH MmeHIe, HiK ~200HM,
BifOyBaeTbCs oAi6HO 10 OII apyroro poxy — YaCTUHKY MOBHICTIO 3aiiMae TLUIBKU ONHMH
KpHCTanorpaivHuii BapiaHT HePEeryIpHO IBIHUKOBAHOTO MapPTEHCUTY (Puc. 44).
[lepebir 1 mapamerpu MII B KOHCOMIIOBaHMX 3pa3Kax BU3HAYAIOTHCS CTEMEHHIO
po3IIapyBaHHs 3a CKJIaJ0M, SBULIAMH pO3Maiy, IO cynpoBokytoTh mnporec IIIC i3
BUIJICHHSAM a3, ki He 3a3HaroTh MII, Ta BigxuiaeHHIM CKJIaJy YaCTHHOK MIOPOIIIKIB B
KOHCOJTIIOBAaHKX 3paskax BiA HoMmiHanbHOro. B Cu- Al-Ni BULICHHS Y2-(asu B mporeci
KOHCOJiAalii COpUYMHIOTh 3MEHIIEHHS KOHIeHTpauii Al y maTpuii, BiATaK 3pOCTaHHS
Temnepatypu MIL Ilpn TepMoo6po6Kax CugAls daza pozunHsEThCS, Temmnepatypa MII
3HmKyeThes. B Ni-Al mig BIUIMBOM 1HTEHCHBHOTO €JIEKTPHYHOro cTtpymy B mporeci ITIC

T T T T
-100 0 100 200 300
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BinOymocst 30aradenns Ha Ni MiKpOHHUX 9acTUHOK i3 BuaineHHsM L1, dasu (Puc. 41). B
KoHcoJigoBaHux 3pa3kax NisgMnyeGay, 3pocranns TemioBoro epexkry MII y mopiBHSIHHI 13
TaKoIO B IOPOIIKAX IOSHIOETHCS 3MIHOIO CTPYKTYPH MapTeHCHTY 3 5M B HOpOIIKax Ha
HemoayinboBany (L1o) B kKoHComoBaHoMy ctaHi (Puc. 41).

BCTaHOBICHO, IO KOMIIO3UTHA apXITEKTypa KOHCOJIJOBAHHX 3pasKiB  CIIPUsE
301JBIICHHIO XapaKTEPUCTUK MIITHOCTI B JCKiJIbKa pa3iB, a TUIACTUYHOCTI — OUTBII, HIXK Ha
nopsaok (Puc. 45). MeranokepaMiuHa CTPyKTypa cnonquO'i (hasu B KOHCOIIJOBAaHHX
3pasKax Ni-Mn-Ga Tta Ni-Al 3amo6irae nepeqgacHoMy pyiHYBaHHIO YaCTHHOK CILIABiB,
HmBHmy}qu IX OMIp MEXaHIYHOMY HABAHT@XCHHIO JIO PIBHSI HANPYXCHHS, HCOOXIIHOTO
JUISL TIepe/BINHNKYBaHHS MAapTCHCHTHUX KPHCTaliB Ta/ab0 pyXy AHMCIOKALii BCEpeInHi
gactuHOK Ni-Mn-Ga Tta 10 piBHS, HEOOXiTHOTO I AKTHBAIll JOJATKOBHX CHUCTEM
KoB3aHHA 1 mactuyHoi nedopmariii NisAl B Ni-Al.

BUCHOBKH

BuBuenns 3aKOHOMlpHOCT€I/I (dhopMyBaHHS HETOMOT€HHUX CTaHIB € KIIFOYOBUM €TarioM
B PO3YMiHHI 1 MOJICTIOBaHHI iX BIJTUBY Ha MApTEHCUTHE TIEPETBOPEHHS B (PYHKIIIOHATBHUX
CIuUIaBax, NPUAATHUX JISl TPAKTUYHOTO BUKOPUCTAHHS.
1. Jlis xoHIEHTpaliiHuX HeoAaHopinHocteid Ha MII € opienTyio4oro, moxgidHO a0 ii
MCXaHIYHUX HAIpPYKCHb, | BU3HAYAETHCS B3AEMHOIO OPIEHTALIEI0 IPafi€HTy KOHICHTPAL]
Ve, HANpPSAMKOM BIPTyalbHOTO 3MilleHHS OT M1>1<¢>a3H01 TpaHUIll Ta OPIEHTAIIEIO
MapTEHCUTHOTO KpUCTAIy. BIiiuB XiMiYHUX HCOI[HOplI[HOCTeI/I Ha niepeOir MII € cyrreBUM
32 yMOB, AKIIIO XapaKTEePHHii MacTab iX 3MiH € OPSIKY 1 OUTbIIE XapaKTEPHOro MacITady
00J1acTi, 3alHITOI MApPTEHCUTHOIO (Pa3oro.
2. BI/IIIIJIGHHSI da3, mo He 3a3Haro0Th MII 13 po3Mipamu He Oibllle TOBUIMHU KPUCTAITY,
130CTPYKTYpPHI JI0 ayCTEHITHOI a00 MapTEHCUTHOI (a3, HE € MEePEUIKOI0I0 JIs MOIIUPECHHS
MapTEHCUTHUX KPUCTAIB, K y BHUIAJKY 13 PEKOHCTPYKTHBHUMH TEPEXOAAMH B CIIJIaBaX
Hf-Pd (B2—B33) Ta Fe-Mn-(Si,Ge,Sn) (y—a), Tak i y BUNaaKy CTpyKTypHO 0OepHEeHOro
nepexony (B2—L1o) B crrasax Ni-Al-X (X=Ga,Pt). B crunasax Ni-Al-Re neisoctpykrypHi
eBTEKTHYHI BUAUICHHS 0-Re 00MexXyroTh piCT KOJIOHII MapTEHCUTY 1 MPUTHIYYIOTH 5:3
(azy.
3. JleryBaHHs 130€JCKTPOHHUMH €JIEMCHTaMH cIliaBiB Ha ocHoBi Fe-Mn-(Si,Ge,Sn) Ta
(Ni,Pt)-(AlLY,Ga) € edexTuBHUM crmocobom BBy Ha MII Ta cymyrHi ¢asosi
neperBopeHHs. B mepmmx 3amina Si Ha Ge abo Sn He BIUIMBaE Ha IMEPETBOPEHHS
[IM—A®M, a B3aeMHHMIi BIUTUB 130CTPYKTYpHUX BuauieHb (Mn,Fe)s;Ge, (Mn,Fe)sSn, ta €
MapTeHCUTy KoHTposroe repedir MII. B kBasidinapaux crutaBax Ni-Al BB Ha MII,
CTPYKTYPY MapTCHCHTY, yTBOPCHH cTabinpHOT 5:3 a3y BU3HAYAETHCS TUM, SIKMH aTOM B
B2 crpykrypi (Ni a6o Al) 3aMILLY€TCS 130CNICKTPOHHIM EICMECHTOM.
4. HeromoreHHicTh 1 mopucTicTh cmuiaBiB T1-Ni-Zr, KOHCONIIOBaHUX 13 EJIEMEHTHUX
MOPOIIIKIB, BU3HA4ae xapaktep mnepediry MII 1 BigTBopenHs (opmu mpu Harpisi Ta
nBoctopoHHi EIID, BenuuumHa 1 3HAaK AKOrO 3aleXaTh BiJ CIEHApiiB CUHTEPIHTY.
CHHTepiHr IO KOHTPOIOETHCS po3MipaMu YaCTUHOK nopomKiB TEMIIEpaTyporo 1
TPHUBAJIICTIO CIIKAHHS, IHILIIOETHCS TBEPAO(pa3HO0 AH(yY3i€r0 B CYCiAHIX Mapax YaCTHHOK
Ti—Ni, Zr-Ni i3 HacHUeHHSIM HiKeJeM YaCTHMHOK T1 Ta Zrf i pO3UBAETHCSA MPU OLIBIINX
TeMITepaTypax 3a MEXiHi3MOM MPOMDKHOI piaKoi (pasu.
5. B mpoueci OEI/] CTleKe NaJIHHI TUCKY MICJs 3aBepIIEHHS CJICKTPUYHOTO PO3PATY
CIpUYHHsi€ BUOYXOBE KMINHHS PO3IUIABY B KpaTepax-IyHKaX Ha MOBEPXHi «JaCTHHOK-
€JIEKTPOJIIB» 3 BHKHJOM JDKETIB PO3IUIABICHOTO MaTepiany, mo (parMeHTYIOThCS 3a
paxyHOK PeneeBChKOi HECTIMKOCTI Ha KpaIUTMHKW, MEHIN 3a JiaMeTp kera. Bubyxose
KUITIHHSA, 10 CYMPOBODKYETHCS BUXOJOM PO3YMHEHOTO B PO3IUIABI raszy, € MPUYHUHOIO
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YTBOPCHHS TOHKOCTIHHUX MOPOKHUCTUX YAaCTUHOK, & TAKOK CYOMIKpOHHUX B pe3yJIbTaTi
py#HaMiT MOPOKHUCTHX PO3IIABICHUX Chep.

6. B KplOFeHHI/IX piannax B mporeci OEIJ] vactunku HaHOPpaKilii KOHACHCYIOTHCS 13 naplB
CICMCHTIB CIUIABY, BUIIAPCHMX 3 MOBEPXHI pO3MIaBieHUX Kpamenb. Ckiman ix e
KOMILTIMCHTAPHHM /10 3MIHH CKIIa/ly 3aTBEPALINX PO3IUIABICHIX KparieJib. Piznuis cknamgy
OCTaHHIX 13 CKJIaJIOM CIUIaBY TUM O1JIbIlle, YUM O1JIbllIe PI3HULIS €HTAJBIA BUTAPOBYBAHHS
Ta KOCeQILieHTIB 1U]ys3ii eNEMCHTIB B PO3ILIAB] i Y4UM MCHIIIE PO3Mip YaCTUHKH. OCTaTOYHO
MopdoJIoTis 1 CTPYKTYpa HaHO(bpaKuu (1)OpMy€TBC$I i 9ac 366p1raHH;1 MOPOLIKY HIISXOM
YTBOPCHHSI IIapy OKCH/IiB HA IIOBEPXHi YACTHHOK, X KOAICCLCHIIT B YACTUHKH THUILY «SAPO-
000JI0HKaY (TI -Ni-Hf). Tlpm HarpiBaHHi MiX OKCHJIAMH KOMIIOHCHTIB ~ CILJIaBiB
B110yBAIOTBCs Bi JHOBJIIOBAIbHO-OKUCIIOBANIbHI PEAKIT 13 3HAYHIM TCILIOBHIIICHHSM.

7. B OELA npoue(n MleOCTyKTypa MIKpDOHHHUX YaCTUHOK (bopMyeTLc;I B OCHOBHOMY mif
4ac KPUCTAI3aLLii, 10 ab0 IHII[IIOETHCS 3 IOBEPXHI, 300 B 06’€Mi YaCTHHKH, BiIIOBIIHO [0
BMICTy BUCOKOPCAKTHBHUX CJIEMCHTIB B CIUIaBi. B mepiioMy BHIAAKy YaCTHHKH MOXKYTb
MICTHTH TIOPOXHHHH, 3YMOBIICHI 00’€MHHM e(eKTOM KpucTamisamii, i HaidacTime
3HAXOISTHCS B [OMIKPUCTATIYHOMY CTaHi, B APYTOMY — [EPEBAKHO B MOHOKPHCTAIIITHOMY.
IlIBuaka KpucTamizamis 4aCTHHOK CIUIABIB i3 MAlOK0 DI3HHICI0 MDK TeMIepaTypamu
nikBigycy Ta coniaycy (Cu-Al-Ni, Ni-Mn- Ga) dopmye crrabki smikBarii, nedexru rapry (Cu-
Al-Ni), HeroBHe YHOPSIKYBaHHs ayCTCHITHOT hasu (Ni-Mn-Ga). B criaBax e i3 3Ha4HOIO
pizHuIiero yrBoproersesi komipuacta (Ni-Al) abo nepexinHa un HeTOPO3BUHYTA ACHIPUTHA
(Ti-Ni-Hf) mikpocTpykTypa, sika € TUM JAPIOHIIIO0, YUM OLIbINA IBUIKICTE rapTy IN Situ.

8. llIBuaxucth oxonomkeHHs 9acTHHOK CRy B mipornieci OEILJ] € mocTaTHRO BHCOKOFO, 100
3amob0irtu mBuAKuM posmnanaMm B ciutaBax Cu-Al-Ni ta Ni-Al i moxxe Oyrm mojaHa B
inBapianTHiii popmi CRy - d?> = const, ne d — niamerp yactuaku. Cama HMIBHIKICTE €
C1a0KOI0 CTETNEHEBOIO cpyHKule}o maMepr, 3QJIEKHOI0 BIJI TOTO, 3a MEXaHi3MOM
MPUMYCOBOI UM MPUPOJHOI KOHBEKIIT OXOIOKYETHCS YaCTHHKA B PEXKHUMIi IUIIBKOBOTO
kumiHAA. OImiHeHE 13 eKCIIEPUMEHTATBLHUX JaHUX 3HAYCHHS IIBUAKOCTI THUM OLIbINE, YUM
MeHIIe Po3Mip YacTHHKH i cTanoBuTh ~10°+10*K/cex.

9. MaprencutHi cTpykTypu abo MII cnoctepiratloTbcsi B ycixX cCIUIaBax, JUCTIEPTOBAHHX
merogom OEIJl. Heromorenna MleOCprKTypa YaCTUHOK CIuTaBiB Ha OCHOBI TiI-Ni
CIpHYMHSE IBOCTaiiiiHuid mepeOir MII, BIAMOBIZHO 1O KOHLEHTPALINHOI 3aIeKHOCTI
remneparypu MIL Ilpn narpisi nopoukis Ni-Al, Cu-Al-Ni Bakancii rapry in situ
CTUMYIIIOIOTh TU(dy3iitHO-KoHTposboBaHl DI, mpurniuyroun MII. AnantuBHa mpupona
mapreHcuty B ciiaBax Ni-Al ra Ni-Mn-Ga nposiBisiiach B poCTi KpUCTaIiB MAPTECHCUTY Ha
C(bequHHx BHYTPIIIHIX Ta 30BHIMIHIX MOBEPXHIX YaCTHHOK Ta B KOIEPEHTHOMY POCTI
KPUCTAIIIB MAPTEHCHUTY B TOHKMX CTIHKaX KOMIPYacToi CTPYKTypH Ni-Al. B HaHoyacTHKax
CKJIaJIOM Nigs2Alz58 13 HEPETYISIPHOIO JIBIMTHUKOBOIO CTPYKTYpPOIO L1
CTPYKTYPOYTBOPCHHS MAapTCHCHTY nonioHo no @Il gpyroro poay, BHACHIIOK YOTO
MapTCHCUTHA (ha3a OIHIET OpIEHTAIli 3aMOBHIOE BECh 00'€M YaCTHHKHU, HE YTBOPIOIOYHU
OKPEMHX JIOMCHIB 200 KPHCTAIIiB.

10. Koncomiganis EI mopomkiB cmiaBiB 3 EINI® merogom IIIC BinOyBaeThcss B JBa
OCHOBHHMX €Tamu. YUIUJIbHEHHS TMPOTATOM HHU3BKOTEMIIEPATYPHOTO €Taly 3yMOBJICHO
NeperpymnyBaHHsAM 1 IJIACTUYHOIO JePOpMAIli€l0 YaCTHHOK. ILOMiHy}quM MEXaHI3MOM
OCHOBHOI'O BHCOKOTEMIIEPATYPHOIO eTaiy YIIUIBHCHHS € MEXaHI3M JHC/IOKali{HO
iIHTyKOBaHOI cTerneHHOI moB3y4ocTi JlopHa 3 [udy3iiHO KOHTPOIBOBAHMM CHHTEPIHIOM
MIKPOHHHX YaCTHHOK Ta eJICMCHTAMHU PEaKUIHHOTO 33 y4acTI0 HaHO(paKIii.

11. B pesynwrati koHcomiaaiis EI mopomikiB crmasiB 3 EII® metonom ITIC dopmyerhes
KOMIIO3UTHA apXITEKTypa 13 YAaCTUHOK CIUIaBY, B SKHMX HAacliJyBaHa HEPIBHOBa)KHA
MIKPOCTPYKTYpa MEPBUHHUX YAaCTMHOK 3a3HA€ I1HTEHCMBHMX HE3BOPOTHIX 3MiH, Ta
CIIOJIYYHOI METaJIoOKepaMivHOi (as3u, M0 YTBOPIOETHCA B Pe3yJbTaTi PeaKiliii B YaCTUHKAX
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HaHOMPaKUil 1 3 YaCTUHKaMK cIuiaBy. Taka apXiTeKTypa 3a0esnedye MIlHICTh B JCKITbKa
pa3iB, a IVIACTHYHICTH HA TOPSIOK OLTbIIE, HIK B IIOTIKPUCTAIYHIX MaTepianax. CromydHa
MeTaiokepamivHa (a3a He € 3aBaJi010 JJis MpolieciB audy3ii, po3majiB 1 pekpucTamisaiii B
YaCTUHKAX CIUIABY.

12. Crpykrypa 1 nmepedir MII B xoncominoBanux meronom IIIC 3pa3zkax BHU3HAUAIOTHCA
iHTeHCHMBHMMH siBUInaMu posnany (Cu-Al-Ni) abo 3asepurennsam posmany (Ni-Al) 1, B ycix
BUIIQJIKaX, CKJIAJIOM YaCTUHOK CIUIABIB, L0 € PE3YJIbTAaTaTOM K PO3Majay, Tak 1 B3aeMOii
YaCTHHOK 13 MCTalOKepaMiqHOK (a3010. AJNANTHBHUI MapTEHCHT, BOynoBaHHil B
MeTaJIOKepaMquy cnonyany ¢asy, B Ni-Mn-Ga yrsoproBascsi B MyJIbTH-PO3MIDHHX i
6araro-3B’s3HHUX CTPYKTypax y BHIUDLIL MapanenbHIX CMyT JIOMCHIB, 4isl IUMPUHA
KOpeIoBaia i3 po3MipaMu o0JacTi, 3ailHATOT cMyramu neBHoi opienratii; B Cu-Al-Ni B
CYOMIKDOHHUX YaCTHHKAax YTBOPIOIOTBCS CaMO-aKOMOJALUMHI IPYHH, a B YaCTHHKAX
po3mipamMu MeHIe, HiK ~200 HM, CTPYKTYpOyTBOPEHHS MapTEHCHTY HOI[16HO no OII
JPYroro pojy, BHACIINOK 40oro MapreHcutHa asza 18R oxHiei opieHTauii 3aI0BHIOE BeCh
00'eM 4aCTUHKH, HE yTBOPIOKOYM OKPEMHX TOMCHIB 200 KPHCTAIB, IPH LBOMY LIMPHUHA
MIiKpOJIBITHHKIB Ta iX MMOsIBa B TiJIl YACTUHKU € HEPETYIISIPHUMH.
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AHOTAIIA

Monacmupcokuii I'.€. 3akoOHOMIPpHOCTI (pa30BUX CTPYKTYPHHMX NEPETBOPEHb B
HEOHOPITHNX, HEPIBHOBAKHHUX I NMPOCTOPOBO 00MeKEHUX CTAHAX (PYHKIiIOHAJIBLHHUX
marepianiB. — KBanigikaniiina HaykoBa poO0Ta Ha MpaBax PyKOIHUCY.

Juceptarrist Ha 3100yTTS HAYKOBOTO CTYMEHS JOKTOpa (i3MKO-MaTeMaTUYHUX HAYK 32
cneuianpHicTiO 01.04.13 — dizuka mertaniB. — Hamionaneuuii TexHiuHUI YHIBEpCUTET
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VYkpainu «KuiBcbkuii [Tomitexuiunuii [nctutyt imeni Irops Cikopecbkoro» MOH VYkpainu.
— IncturyT meranodizuku im. I'.B. Kypatomosa HAH Yxpainu, M. Kuis, 2020.

CHCcTeMaTH4HO JIOCTIIKEHO 0Co0mMBOCTI (aso- 1 CTPYKTYpOYTBOPEHHS, IepeOir
MapTeHCUTHOrO mpeTBopeHts (MII) B HEroMOIeHHHX, HEPIBHOBaXHUX CTaHAX OKPEMOTO
kIacy (QyHKIIOHATIBHUX MatepianiB. B poOoTi 1eil kiac mpeicTaBieHU CIlaBaMd Ha
ocuoBi Ti-Ni, Cu-Al-Ni, Ni-Al, Ni-Mn-Ga, Fe-Mn-Si, Hf-Pd, mo 3asmarorp MII Ta
JICMOHCTPYIOTh e(beKT nam’ati  hopmMu (EHqD) HaI[pr>KHiCTI> BUCOKY JAeMII(yroay
31aTHICTb, MArHITHUIT 1 BUCOKOTeMIIepaTypHuii edext nam’siti gopmu, a Takox Zr-Cu-Al-
Ni-Ti 3 BUCOKOIO 31aTHICTIO 10 amopdisaLlii, HITPUA THTaHY 3 YHIKAIBHUMA MEXaHIYHUMA
XapakTepucTKaMu. OCHOBHHUII (OKYC yBarm 30CCpe/DKCHO Ha Marepianax, (yHKI[IOHAI
SKUX BU3HAYAETHCS OCOOIMBUM KJIaCOM CTPYKTYPHHX (ha3oBHX IIEPEXO/IiB — MAPTCHCUTHUM
MIEPETBOPEHHSM, SIKI BUTOTOBJICHI 1HAYKIIHHAM, TyrOBUM METOJaMH, €JICKTPO-ICKPOBUM
JIUCTIEPTYBaHHAM Ta 1CKpO- IUIa3MOBHUM  MeTojgoM. [loka3aHo, 10 BHBYEHHS
3aKOHOMIpHOCTEH (POpMyBaHHS HETOMOTEHHHUX CTaHIB € KJIFOYOBHM €TarloM B PO3YMIHHI 1
MOJICITIOBaHHI iX BIUIMBY Ha MapTECHCUTHE TEPETBOPEHHS B (DYHKIIIOHAIBHUX CIUIaBaX,
NPUATHHX JUIS IPAKTHYHOTO BUKOPUCTAHHSL.

Kirio4oBi c/10Ba: MapTCHCHTHI [IEPETBOPCHHS, CTPYKTYPHI (a3oBi MEPETBOPEHHS,
HEPIBHOBAXH1 Ta HEOJTHOPITHI CTaHU MaTepialiiB, GQyHKIIOHATBHI MaTepialiu, eheKT maM'ari
(hopmu, KpHCTaTiYHA CTPYKTYPA, MiIKPOCTPYKTYPA, IOPOIIKH, HAHOIOPOLIKA, 3arapTyBaHHs
13 po3IiaBy, METOA O0'€eMHOTO €IEKTPOICKPOBOTO AWUCIEPTyBaHHS, 1CKPO-TIa3MOBUIN
CUHTE3, KOHCOJIIIaIlisl MaTepialliB CIIKaHHSM.

ABSTRACT

Monastyrsky G. Structural phase transitions in inhomogeneous, non equilibrium
and spatially restricted states of functional materials. — Qualifying scientific paper
printed as manuscript.

Thesis for a Doctor of Physical and Mathematical Sciences degree by speciality
01.04.13 Metal Physics. — National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute” of the Ministry of education and science of Ukraine. — Kurdyumov
Institute of Metal Physics of the National Academy of Science of Ukaine, Kyiv, 2020.

Peculiarities of the structural phase transitions (PT), martensitic transformation (MT)
in inhomogeneous, nonequilibrium states of special class of functional materials on the basis
of metal alloys are systematically investigated. In dissertation, this class is represented by
alloys based on Ti-Ni, Cu-Al-Ni, Ni-Al, Ni-Mn-Ga, Fe-Mn-Si, Hf-Pd, which undergo MT
and demonstrate the shape memory effect (SME), superelasticity, high damping capacity,
magnetically controlled and high-temperature effect of shape memory, as well as bulk
amorphous alloy Zr-Cu-Al-Ni-Ti, titanium nitride with unique mechanical characteristics.
The work is addressed on the materials whose functionality is determined by a special class
of structural phase transitions - martensitic transformation, which are manufactured by
induction and arc melting, spark errosion method and spark plasma sintering method. It is
shown that the study of the formation of inhomogeneous states is a key issue in
understanding and modeling their effect on MT in functional alloys suitable for the practic.

Key words: martensitic transformations, structural phase transitions, nonequilibrium
inhomogeneous states of materials, functional materials, shape memory effect, crystal
structure, microstructure, powders, nanopowders, molten metal quench, spark errosion
method, spark-plasma sintering, material consolidation.
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