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AHOTALIIA

B.A. Jlexmsapenxo. 3aKOHOMIPHOCTI Ta MEXaHI3MH B3a€EMOJIII BOJHIO 3
0araTOKOMIIOHEHTHUMH CIUTaBaMH TUTaHy Ha ocHOBI ¢a3 JlaBeca ta OLIK-TBepaoro
posunny. — KBasmidikaiiiiiHa HayKkoBa Ipallsd Ha MpaBax pyKOIHCY.

Juceprariiss Ha 3400yTTS HAYKOBOTO CTYMEHsS JOKTOpa TEXHIYHUX HAyK 3a
crnemianbHicTiO 05.16.01 — MeTano3HaBCcTBO Ta TepMidHa 00pOOKa MeTamiB. — [HCTUTYT

metanodizuku im. I'.B. KypatomoBa HAH Ykpainu, Kuis, 2021.

Hucepramiitna podoTa HpHUCBAYEHA PO3poOLl (PI3UKO-TEXHOJOTTYHUX 3acaj
CTBOPEHHSI MaTepiaiiB-aKyMyJIATOPIB BOJHIO Ha OCHOBI THUTaHy 3 IIiJIBUIIIEHOIO
BOJHEBOIO EMHICTIO Ta MPUCKOPEHOIO KIHETUKOIO cOpOIii-aecopOrLii BOAHIO IIISIXOM
onTUMIi3aIli iX XiMIYHOTO Ta (Pa30BOIro CKIAAY 1 MIKPOCTPYKTYPH.

3 MpOBEJICHOT0 aHAIII3y JITEPaTYpHUX JIaHUX BCTAHOBJIEHO, IO IHTEPMETaI1IH]
3’€JHAHHS HA OCHOBI TUTaHy 31 CTPYKTYporo (pa3u JlaBeca Tuny AB; € nepcieKTMBHUM
KJIACOM MaTepialiB-aKyMyJsaTOpiB BoAHIO. [Ipu 1iboMy J0/1aTKOBE JIETyBaHHS CIIJIaBiB
Ha OCHOBI TUTAHY € HAMOUTbII €()eKTUBHUM CIIOCOOOM BIUIMBY Ha iX BOJIHEBY €EMHICTh
Ta KIHETUKY TPOIIECIB COPOIlii-AecopOIlii BOIHIO, IHIIUMU BaXXJIUBUMU METOJAMHU
BIUTUBY € 3MiHa ()a30BOT0 CKJIaay; TepMidyHa 00OpoOKa Ta 3MiHA CIIOCOOY OTpUMAaHHS
cruiaBy. Bu3HaueHO KpuTepii BHOOpPY JIeTyBalbHUX €JEMEHTIB, BBEIEHHS SKHX
3a0e3neunTh 301IBIICHHS KUIBKOCTI BOJHIO, TOTJIMHYTOTO cruiaBamu. [leprmm
KpUTEpIEM BHOOPY JEryBaJbHUX €JIEMEHTIB € iX OUIbIIMI aTOMHUN pajiyc y
MOPIBHSHHI 3 KOMIIOHEHTOM CIUIaBy, SKWWA BIH 3amilnye. JleryBaHHS TakuMuU
eJleMEHTaMU BeJe 10 30UIbLICHHS O00’eMy eJeMEHTapHOI KOMIPKH CIUIaBy, |1,
BIIMOBIHO, 10 30UIBIICHHS PajilyCy TETPaeapUIHOTO MIKBY3JIS, 1€ JTOKaII3yIOThCS
aTOMH BOJHIO TIPH PO3YMHEHHI. 3 aHaNI3y TePMOAMHAMIYHUX JaHUX II0JI0 CHEprii
dopmyBanHs auriapuay mnpu Bzaemozil 3d abo 4d enmeMeHTIB 3 BOAHEM BH3HAYCHO
MeTajM, sIKI MaloTh BiJ’€MHE 3HAUYEHHS 3MIHU €HEprii Mpu B3a€MOJii 3 BOAHEM Ta
3[1aTH1 YTBOPIOBATHU 3 HUM CTIHKY XIMIUHY CHOJYKY, IO € APYTUM KpUTEpiEM BHOODPY

JIETYBaJIbHUX €JIeMEHTIB. J{Jisl mepeBIpKH I1€BOCTI BKa3aHUX KPUTEPIiB Ta BUSHAUCHHS
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3aKOHOMIPHOCTEH BIUIMBY JIETYBaJIbHUX €JIEMEHTIB Ha BOJHEBOCOPOIIiifHI BIACTUBOCTI
TUTAHOBUX CIUIaBiB 00paHO BaHAIii, XpOM Ta TOJIBMIMH, K1 3aJOBOJIbHSIIOTH BKa3aHUM
KpUTEPIsSIM, Ta 3aj1130, AK€ HE BIAMOBIIAE KOTHOMY.

[lepeBipKy BU3HAYEHUX KPHUTEPIiB BUOOPY JIETYBAJTbHUX €JIEMEHTIB PO3MOYATO
Ha oHO(a3HOMY CIUIaBi cucteMu TI-Zr-Mn, 1110 CKIaaaeThes 3 TeKCaroHanbHOI (a3u
JlaBeca tumy Cl4, B sIKOMy Y4acCTKOBO 3aMIHEHO MapraHellb Ha BaHAJld Ta XPOM.
BcranoBneHo, 110 JieryBaHHsI BaHa(1€M He 3MiHIOE (ha30BUI CKJIa]l BUX1IHOTO CILIaBy,
TOJ1 SIK TIPH JIETYBaHHI XPOMOM B CTPYKTYp1 3’ ABIAThCS APYrui iHTepMeTama (dasza
Jlaeca tuny C15). ExcnepuMeHTalbHO TIJITBEP/PKEHO, IO 4YacTKOBa 3aMiHa
MapraHiio Ha €JIEMEHTH 3 OUIBIIMM aTOMHUM paiycoM (BaHaii, XpOM) MPU3BOIUTH
710 30UIBIIEHHS 00’ €My €JIE€MEHTApHOI KOMIPKH, IO BEJE JO IMiJABUIIEHHS KIJTBKOCTI
NOTJIMHYTOr0 BOJAHIO cIlaBoM Ha 15%. Ilpu 1ipoMy KiHETHKA MOTJIMHAHHSA BOJHIO HE
HOTIPINYETHCS: K 1 BUXIAHMIE cIutaB cucteMu Ti-Zr-Mn, craBu, 101aTKOBO JIErOBaHi
BaHAIIEM Ta XpPOMOM, B3aEMOJIIIOTH 3 BOJAHEM IIPU KIMHATHIA TeMIepaTypl Ta TUCKY
BoaHI0 0,23-0,6 MIIa 3 BUCOKOFO MIBUIKICTIO.

BcTaHoBiieHO BaXKJIMBHM 3 MPAKTUYHOI TOYKHU 30py (DAKT, IO MPUCYTHICTH Y
dbazoBomy ckiaai ciiaBy nopsia 3 ¢azoro JlaBeca Tuny C14 daszu JlaBeca tumny C15,
HE TMOTIPIIYIOYN KIHETUKY MOTJIMHAHHS BOJHIO, TPU3BOIUTH /10 3HIXKEHHS TEPMIYHOI
CTab1IbHOCTI OTpUMaHoOro Tiapuay. Lle moB’s3aHo 3 THM, 10 TIPH Mepexol Bia dazu
JlaBeca tuny C14 no C15 BinOyBaroThCs 3MIHU T€OMETPUYHUX (HAKTOPIB (3MIHA THITY
kpuctaniydoi rpatku 3 'Y na I'[K), Ta Ki71bKOCTI aTOMIB Ha €IeMEHTapHY KOMIPKY
3 12 nnsa LY nHa 6 nost LK, Takok 3MEHITYEThCS pajilyC TETPACAPUUHOTO MIXKBY3JISI.

Ha npuxnaai omHodaszHux criaBiB 31 CTpykTypor ¢as3u JlaBeca 10BeIeHO
MOJKJIMBICTh 3HMKEHHSI COOIBapTOCTI CIUIABY-aKyMYJISITOPY BOJHIO O€3 MOTIpIIECHHS
KIHETUKHM COpOIIii-aecopOirii Ta 6€3 3HIKEHHS BOJHEBOI €MHOCTI HIJISXOM 3aMIHU
BUCOKOYMCTUX BUXIJIHUX MaTepiajiB Ha €IEMEHTH TEXHIYHOI YACTOTH 31 301IHIIIEHUM
BMICTOM JIOMIIIOK BTiJI€HHS (KMCEHB, a30T). KpiM TOro, po3po0ieHO TEXHOJIOTIYHY
CXeMy OTpPUMaHHS MAaCHUBHHUX 3JIMBKIB METOJOM IHIYKIIIMHOI IJIABKU Yy BIIKPUTHX
turasix 3 AlOs, mepcreKTHBHY 3 TEXHOJOINYHOI Ta CKOHOMIYHOI TOYOK 30pYy.

3ampornoHoBaHa cxema 3a0e3nedye BIJICYTHICTh CYTTEBOI B3aEMOJIT MIXK MaTepiajiom
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TUTJIIO Ta PO3ILIABOM, 30epiraloyu JTOMYCTUMHUN MICT JAOMIIIOK aIOMIHIIO B CIUIaBI,
3aBIAKM 4YOMy 30epiraeTtecsi HOro CcTpykTypa, (a3oBuil ckimag Ta HEOOXiTH1
BOJTHEBOCOPOIIiHiHI BITaCTUBOCTI.

B poGoTti okpiM omHOda3HUX CIUTaBiB 31 CTpyKTyporo ¢aszm JlaBeca, Takox
PO3MIISIHYTO HOBHUHM KJIac MEPCHEKTUBHUX MaTepialliB-aKyMyJsiTopiB BoaHio «Laves
phase-related BCC solid solution», cTpykTypa sKHX TMO€IHye 1Bi ¢asu 3
npuBaOJIMBUMU XapaKTEPUCTUKAMU: IHTEPMETATIAHY a3y, sika 37aTHA B3AEMOIISATH 3
BOJHEM MpU KIMHATHIM TeMIiiepaTypl Ta 3 BHCOKOW MBUJKicTIO, 1 OLK-TBepamii
PO34HH, 1110 XapaKTepU3yeThCsl BUCOKOIO BOJIHEBOIO eMHicTIO (H/Me ~ 2). TTokazaHo,
IO MPUCYTHICTH y (ha30BOMY CKIIaJl cIuiaBy MeBHOI KiabkocTi OLIK-TBEepmoro
po3unny (00’eMHa nois da3u He Oiabine 35 %) MO3UTUBHO BILUIMBA€E Ha 3arajibHY
BOJHEBY €MHICTb, 0€3 CYTTE€BOrO MOTIPHIEHHS KIHETUKH MPOLECIB MOTJIWHAHHS Ta
BUJIIJICHHST BojaHIO. Ha mpukmanmi cmmaBiB 31 cTpykTyporo ¢a3u JlaBeca Ta
OLK-TBep10r0 pO3UMHY TOBEJCHO, III0 KPUTEPii BUOOPY JETYBAIIbHUX €JIEMEHTIB JIJIs
30UTbLIEHHS! 3arajbHOi KUIBKOCTI MOIVIMHYTOTO BOJIHIO, paHille BHU3HAYEH1 s
onHOo(a3HUX CIUIABIB, € CHOpaBeIMBUMHU W g rerepodasHux wmatepiamiB. Ha
3JIaTHICTh reTepo(a3HOro CriaBy B3a€EMOJIATH 3 BOJHEM ITPU KIMHATHINA TeMIlepaTypi
KPUTUYHO BIUTUBAE O0’€M €JEMEHTapHOi KOMIPKH, 1, BIAMOBIIHO IIbOMY, paiiyc
TeTpaeapuyHOro MiXBY3:1s (asu JlaBeca.

ExcriepuMeHTanbHO [TOBEACHO, IO BHUKOPUCTAHHS B SKOCTI TEPBHHHOTO
JDKepesna He MOJIEKYJISIPHOTO, a aTOMapHOTO BOJIHIO, PO3UMHEHOr0 B KPHUCTaJI4HIN
rpaTii CHIBICHYIOYOi 1HTEpMETaNiqHO1 (a3H, MPU3BOAUTH 10 MOMIJIMBOCTI MIBHJKO
HacuuyBaTti OLIK-TBepuii po3urH Ha OCHOBI TUTaHy MPU KIMHATHINA TeMIiepaTypl Ta
TUCKY BojHIO B Mexax 0,23-0,6 MIla, manmii mporec mpu 1HAUBIAYaTLHOMY
rigpyBanHi OIIK ¢a3u norpebye HarpiBy mo temmneparypu 400-600 °C ta TpuBaoi
BUTPUMKH (JI€KUTbKA TOAWH). B TPHUCKOpEHHI MpoIlecy TiApyBaHHA TreTepodaszHux
CIUTaBiB CBOEPITHUM KaTali3aTOpOM € MOBEpXHs KpucrtaniB ¢aszu JlaBeca, Oyayuun
MICIIEM MIBHJIKOI JUCOIialii MOJICKYJ Ta 3a0e3Meuyroud IIBUAKE MPOHUKHEHHS
aTOMAapHOTO BOJHIO BIMO Matepiamy. MakcuMmalibHa INUTBHICTh KOHTaKTy MIiX

CHiBICHyI0OUMMH (azamu moJeruye nudy3iro BOAHIO uyepe3 MiK(}a3HI MOBEPXHI B
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OLIK-TBepauii po3uymMH, KpUCTAIYHA IpaTKa SIKOTO XapaKTePU3YEThCS BHUCOKOIO
BOJ/IHEBOIO EMHICTIO.

BcranoBiieHa MOXIUBICTH 30UIBLIECHHS KITBKOCTI TOTJIMHYTOTO BOJHIO
YTBOPEHHX TiApuaiB Ha ocHOBI (a3u Jlaeca ta OLIK-TBepmoro po3umHy 3aBIsSKH
JI0JIATKOBOMY 3aIIOBHEHHIO HasSIBHUX TETPACIPUUYHUX MIKBY3JIIB KPUCTAIIUYHOI TPATKH
IIpH 3MiH1 ITapaMeTpiB TiapyBaHHs. [TokazaHo, 1110 301IbIIEHHS TUCKY BOAHIO Bif 0,23
1o 3 MIIa Ta temnepatypu Bix KiMmHaTHOI 10 400 °C m03BOJISIE 30UTBIITUTH 3arajIbHY
BOJITHEBY €MHICTb CILJIaBiB Ha 6-7 %0.

Ha npukinani rerepodasnux cruiaBiB cucreMu Ti-Fe-Mn Bu3zHaueHo, 1o nmoBHa
3amiHa iHTepMeTaniay tuiny AB; (da3a JlaBeca) Ha Tun AB npusBena 10 NOTipIICHHS
BOJIHEBOCOPOIIIITHIX BJIACTUBOCTEMN, a caMe, 0 HEMOXKJIMBOCTI IIPOBEJEHHS NEPIIOTO
TIApyBaHHs IpH KIMHATHIN TeMiiepaTypi Ta TUCKY BogHIo 0,6 MIla. Takox Ha crutaBax
JaHOi CHCTEMHU II0Ka3aHO, IO IMOBHA 3aMiHA TiIPHUIOYTBOPIOIOYOIO KOMIIOHEHTY
(LIMPKOHIIO) HA EJIEMEHT, SIKUM HE B3aEMO/II€ 3 BOJIHEM Ta Ma€ MEHIITUI aTOMHUI pajiiyc
(3a1130), OPU3BOAWTH JO 3MEHIUEHHS pajlycy TeTpaecApUUHUX MDKBY3JIB Ta
CHIBBIIHOIIEHHS T1APUIOYTBOPIOIOYOTO 0 HEYTBOPIOIOYOTO0 KOMIIOHEHTY, 110 Ma€
pEe3yJabTaTOM 3MEHIIIEHHS 3arajibHO1 BOJHEBOI EMHOCTI.

Ha rerepodasnux cmmaBax cucremu Ti-Zr-Mn-V-Ho BcranoBneno, 110
BOKJIMBUM KPUTEPIEM TpU BHOOPI JIETYBAIBHOTO €JIEMEHTY, OKpIM HOTO aTOMHOTO
pajiiyca Ta 3JaTHOCTI YyTBOPIOBATH CTIHKY XIMIYHY CIIOJIYKY 3 BOJIHEM, € HOTO JOCTATHS
B3a€MHA PO3YMHHICTH 3 OCHOBHMMH KOMIIOHEHTaMH CIUIaBy, el QakTop Mae
0CO0JIMBE 3HAYEHHSI NMPU BUKOPUCTAHHI Pi1IKO3EMENbHUX eneMeHTIB. [lokazaHo, mo
rOJbMIN, KU Mae OUTbIIMI aTOMHHUH pajlyc, HIX OyIb-sIKMH IHIIWA KOMIIOHEHT
CIUIaBy, Ta 3JaTHUH YTBOPIOBaTH CTIiMKy XiMiuHy crnonyky 3 BoaHem (HoHs),
NPAKTUYHO HE PO3UUHSIOUNCH y BUXIIHUX (Da30BUX CKJIQJOBUX, MPU3BOIUTH O
dbopMyBaHHSI OKCHJHUX BHUAUIEHb, IO CYNPOBOJKYETHCS 3HIKEHHSIM 3arajbHOl
KUTBKOCTI MOMIMHYTOTO BOJHIO Ta MOTIPIIEHHSM BOJAHEBOCOPOIIITHIX BIaCTUBOCTEH.

Po3pobiieHo crnoci0 HacM4YeHHs BOJHEM IMOPOLIKY MarHiro 0e3 3aCTOCYBaHHS
onepeaHboi  JOBroTpruBaiioi 00poOku. I[loka3aHo, IO BHKOPHCTAaHHS B SKOCTI

JKepera BOJAHIO CyMill TapuAiB Ha ocHOBI ¢a3u JlaBeca Ta OLIK-TBepporo po3urHy
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He MOTpeOye CTBOPEHHS HAa TOBEPXHI MAarHir0 OCOOJWMBHX YMOB IJisl JTUCOITIAIli
MOJIEKYJI BOJIHIO, OCKUIBKH BOJICHb, SIKUH BHILISETHCS 13 3a3HAYEHUX TIIPHUIIB TPU
HarpiBaHHi, 3HaXOJUTHCS B aTOMAapHOMY CTaHi, 1 B MICISX HIIJIbHOTO KOHTAKTYy MiX
YaCTMHKaMHM 3/1aTeH AUPYHIYBaTH B MarHii.

Ha rerepodaznux cmnaBax 31 ctpykryporo ¢aszu JlaBeca tTa OLIK-tBepmoro
pO3UMHY BHM3HAuU€HO, II0 BaKyyMHa TepMmiuHa OOpoOKa, MpHu sKid BigOyBaeThCs
30UTBITICHHS PO3MIpPiB (Pa30BHUX CKIIAIOBUX CIUTABY (MPH HE3MIHHOCTI ()a30BOTO CKIIATY
1 3arajbHOI ILIONIl CIHIBICHYI0UMX ¢pa3 Ha TMOBEPXHI CIIaBy) Ta PO3YMHEHHS
MOBEPXHEBOI ~OKMCHOI IUIIBKM, [MOKpallye BOJHEBOCOPOLIiiHI  BJIACTHUBOCTI,
CKOpPOUYYIOYM YaCc HAaCUYEHHs Marepiady BOJHEM Ta/a00 3HWKYIOUHM TEMIEpPaTypy
riipyBaHHsa 10 KiMHaTHOI. [Ipu 301ibllIeHHI PO3MIpPIB KPUCTAIB IHTEpPMETATIIAY Ta
OLK-TBepa0or0o po3YMHY OJHOYACHO 3MEHIIYETHhCS KIIBKICTh, aje 30UIbIIYETHCS
JTOBXKMHA MiXK(pa3HUX TpaHullb. ToMy Ha TOYAaTKOBUX €Tanax TiApyBaHHA
HEBIJIMOBIJIHICTb 00 €MHUX €(EKTIB Mk CYCIAHIMU KpUCTaJIaMH pPI3HHX (a3 cTae
0111 BUpaX)eHOIO (y MOPIBHSAHHI 3 BUX1THOIO CYTTEBO TUCIIEPCHIIION CTPYKTYPOIO),
10 BEJE /10 BUHUKHEHHS OUTHIIUX HAMPYXKEHb Ta MIBUIKOTO YTBOPEHHS TPIIIMH Ha
MOBEPXHI, aKTUBYIOUYH COPOIIII0 BOIHIO.

[Ipu HacuueHHI BOJHEM YCiX JOCHIDKEHUX TPy CIUIABIB, SK OJHO(A3HUX 31
cTpyktyporo ¢da3u JlaBeca, Tak 1 rerepodasHuX 31 CTPYKTYpOIO 1HTEpPMETaNiIy Ta
OLK-TBepaoro po3uvHy, YTBOPEHHS HOBUX (pa3 a00 PO3YMHEHHSI MPUCYTHIX HE
BiI0yBa€ThCs. [11puan yTBOPIOIOTHCS TITBKM Ha OCHOBI BUX1THUX (ha3 IHTepMETai Iy
ta OLIK-TBEpHOTO pO3UNHY.

JIns ycix AOCIHIPKEHUX TPy CIUIaBiB, HE3AJIEKHO Bij] X BUXIJHOTO XIMIYHOTO
Ta (a30BOro CKJIaLy, NOpHU MEpIIOMY TiIpyBaHHI BiIOYBAa€TbCA IUCIEPryBaHHS
MOHOJIITHOTO 3pa3ka y MOpOIIOK pPi3HOI (pakiiii, I[0 CyTTEBO 30UIbLIYE AKTUBHY
nuToMy ToBepxHO. Ilim wac mecopOrlii BOIHIO 3 yCiX CIUIaBIB CIIOCTEPIra€ThCs
BHJIJICHHS BOASHOI IIApH, IO CBIIYUTH IIPO YACTKOBE BIIHOBJICHHS OKCHIHUX TUTIBOK
Ha MTOBEPXHAX MaTepiaay B pe3yJbTaTi B3aEMOIii OKCHUJIIB 3 aTOMAPHUM BOJHEM, SIKUIM
BUJIUIAETBCSA MpH jecopOrrii. 30UIbIICHHS aKTUBHOI ITMTOMOI ITOBEPXHI 3aBISKH

JUCTIEPTYBAHHIO Ta BIJHOBJICHHS OKCUAHUX Oap’epiB Ha TOBEpPXHI BeAe [0



PUCKOPEHOT0 HACUYEHHS BOJAHEM 0€3 MOMITHOTO 1HKYOAIliTHOTO Mepioay ycixX rpymn
CIUIaBIB TpH APYroMy Ta TMOCIIAYIOUMX LWKIAX TiAPYBaHHS, NpU KIMHATHIN
TeMrepatypi Ta Tucky BojaHto 0,21 MlIla.

Po3pobneno ckmaaw cmiiaBiB, SKi MEPEBaXKAIOTh aHAJIOTH IO ICHYIOTH 3a
MOKa3HUKOM BOJHEBOI €MHOCTI, MOXYTh BHUKOPUCTOBYBATHCS y JIMTOMY CTaHi (HE
noTpeOyro4n JOJaTKOBUX JOBTOTPUBAIUX BHCOKOTEMIIEPATYPHUX TEPMIYHUX a0o0
MEXaHIYHIX O0OpPOOOK 3 METOI0 aKTHBAIlii), Ta BUPOOISIIOTHCS 13 BIAHOCHO JEIICBUX
METaJliB TEXHIYHOT YUCTOTH, 1110 B KOMIUIEKC] CYyTTEBO 3HUXKYE COOIBAPTICTh KIHIIEBOT'O
MNPOAYKTY 1 poOUTH 3alpOINOHOBAaHI Marepiayid OUIbIll KOHKYpPEHTO3AaTHUMU. Kpim
TOT0, poOOTI PO3POOJIEHO METOJIMKY OTPUMAHHS MACUBHUX 3JIMBKIB, IKa MOXeE OyTH
BUKOpPUCTAHA MPU MPAKTUYHOMY BHUPOOHHUIITBI IIMX MaTepiajliB B MPOMHUCIOBUX
00’emax.

3pa3ku  po3poOJICHUX MaTepialiB — aKyMyJISITOPIB BOJHIO JOCIHIJKEHO B
IPOMUCIIOBUX yMOBax. Pe3ynbTaTu mpoBeNeHUX BUIPOOYBaHb MOKa3ajd, U0
BUKOPHUCTaHHA PO3POOJICHUX MaTepialiB Ha BAPOOHUITBI I O€3MeYHOro 30epiranHs
1 BUIOOYTKY BOJHIO MalOTh 3HA4YHI IMEPCIIEKTUBH. 30KpeMa, 1€ JT03BOJIHUTH IT1IBUIIUTH
MPOJYKTUBHICT  TEXHOJOTIYHUX TMPOLECIB BOAHEBOI OOpOOKH, CHpUSTUME

MOKPAIIISHHIO iX €KOHOMIYHMX MTOKA3HUKIB Ta IMiABUIIEHHIO OC3IIeKH BUPOOHHUIITBA.

KurouoBi cioBa: cruiaBu-akyMyJsiTOpU BOJHIO, (ha30BHIl CKJIaJ, MIKPOCTPYKTYpa,
daza JlaBeca, rerepodasHi criaBu, KOMNo3uT, intepmetania, OLIK-TBepauit po3unH,
TeTpaeApruyHI MIKBY3JIs, TIAPYBaHHSA, AE€TIAPYBAHH, IHKYOalIMHUIA NIepioJl, BOJHEBA

€MHICTb.

ABSTRACT

V.A. Dekhtyarenko. Regularities and mechanisms of interaction of hydrogen with
multicomponent titanium alloys based on Laves phases and BCC solid solution. -

Qualification scientific work as a manuscript.
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The dissertation for the Engineering Science Doctor degree according to the specialty
05.16.01 — metal science and heat treatment of metals. — G.V. Kurdyumov Institute for

Metal Physics, National Academy of Science of Ukraine, Kyiv, 2021.

The dissertation is devoted to the development of physical and technological
bases for the creation of materials-sorbents of hydrogen based on titanium with
increased hydrogen capacity and accelerated kinetics of sorption-desorption of
hydrogen by optimizing their chemical and phase composition and microstructure.

From the analysis of the literature data, it was found that intermetallic
compounds based on titanium with a structure of Laves phase type AB; are a promising
class of hydrogen storage materials. Additional doping of titanium-based alloys is the
most effective way to affect their hydrogen capacity and kinetics of hydrogen sorption-
desorption processes; other important methods are the change of phase composition;
heat treatment and changing the processes of fabrication the alloys. The criteria for
selection of alloying elements are determined, which allow to increase the amount of
hydrogen absorbed by the alloys. The first criterion for selecting alloying elements is
their larger atomic radii compared to the component of the alloy. Alloying with such
elements leads to an increase in the volume of the unit cell of the alloys, and,
accordingly, to an increase in the radius of the tetrahedral internode where dissolved
hydrogen atoms are localized. The analysis of thermodynamic data on the energy of
dihydride formation upon the interaction of 3d or 4d elements with hydrogen allowed
to identify metals that have a negative value of energy change in interaction with
hydrogen and are able to form stable chemical compounds, which is the second
criterion for selecting alloying elements. To test the effectiveness of these criteria and
to determine the patterns of influence of alloying elements on the hydrogen absorption
properties of titanium alloys, vanadium, chromium and holmium, which meet these
criteria, and iron, which does not meet any, were selected.

The verification of the determined criteria for the selection of alloying elements
was started on a single-phase alloy of the Ti-Zr-Mn system, consisting of a hexagonal

Laves phase of type C14, in which manganese was partially replaced by vanadium and
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chromium. It was found that alloying with vanadium did not change the phase
composition of the starting alloy, whereas a second intermetallic (Laves phase type
C15) appeared in the material after alloying with chromium. It was experimentally
confirmed that partial replacement of manganese by elements with a larger atomic
radius (vanadium, chromium) led to an increase in the volume of the unit cell, which
resulted in an increase in the amount of hydrogen absorbed by the alloy by 15 %. The
hydrogen absorption kinetics did not deteriorate: like initial alloy of the Ti-Zr-Mn
system, alloys with additions of vanadium and chromium intensely interacted with
hydrogen at room temperature and hydrogen pressure of 0.23-0.6 MPa.

It is established from the practical point of view that the presence of Laves type
C15 phase along with the Laves type C14 phase led to a decrease in the thermal stability
of the obtained hydride without deteriorating the kinetics of hydrogen absorption. This
Is due to the fact that the transition from the Laves phase C14 to C15 changes in
geometric factors (the type of crystal lattice changes from HCP to FCC), as well as the
number of atoms per unit cell from 12 for HCP to 6 for FCC, and also decreases the
radius of tetrahedral internode.

On the example of single-phase alloys with Laves phase structure, the possibility
of reducing the cost of hydrogen-battery alloy without deteriorating the kinetics of
sorption-desorption and without reducing hydrogen capacity by replacing high-purity
starting materials with elements of technical purity with increased impurities (oxygen,
nitrogen) was shown. In addition, a technological scheme for producing massive ingots
by the method of induction melting in open Al,O3 crucibles, promising from a
technological and economic point of view, has been developed. The proposed scheme
ensures the absence of significant interaction between the crucible material and the
melt, while maintaining an allowable level of aluminum impurities in the alloy, thereby
preserving its structure, phase composition and the necessary hydrogen absorption
properties.

Beside the single-phase alloys with structure Laves phase, a new class of
promising hydrogen storage materials "Laves phase-related BCC solid solution™ is

considered in the work, whose structure combines two phases with attractive
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characteristics: intermetallic phase capable of intense interaction with hydrogen at
room temperature, and BCC solid solution characterized by high hydrogen capacity
(H/Me ~ 2). It is shown that the presence of a certain amount of BCC solid solution
(volume fraction of the phase not more than 35 %) has a positive effect on the total
hydrogen capacity, without significantly deterioration of the kinetics of hydrogen
absorption and desorption. On the example of alloys with structure comprised of Laves
phase and BCC-solid solution, it is proved that the criteria for selecting alloying
elements to increase the total amount of absorbed hydrogen, previously defined for the
single-phase alloys, are also valid for multiphase materials. The ability of a multiphase
alloy to interact with hydrogen at room temperature is critically affected by the volume
of the unit cell and, accordingly, by the radius of the Laves phase tetrahedral internode.

It is experimentally proven that the use of not molecular but atomic hydrogen
dissolved in the crystal lattice of the intermetallic phase as a primary source leads to
the ability to quickly saturate BCC solid solution based on titanium at room
temperature and hydrogen pressure in the range of 0.23-0.6 MPa, whereas for
individual hydrogenation of the BCC phase this process requires heating to a
temperature of 400-600 °C and long exposure (several hours). In the acceleration of
the hydrogenation process of multiphasic alloys, the surface of Laves phase crystals
plays a role of catalyst, being a place of rapid dissociation of molecules and ensuring
rapid penetration of atomic hydrogen into the material. The maximum contact density
between coexisting phases facilitates the diffusion of hydrogen through the interfacial
surfaces into the BCC solid solution, whose crystal lattice has a high hydrogen
capacity.

The observed possibility of increasing the amount of absorbed hydrogen of the
formed hydrides based on the Laves phase and BCC solid solution is explained by the
additional filling of the tetrahedral internodes of the crystal lattice when changing the
hydrogenation parameters. It is shown that increasing the hydrogen pressure from 0.23
to 3 MPa and the temperature from room temperature to 400 °C allows to increase the

total hydrogen capacity of the alloys by 6-7%.
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On the example of multiphase alloys of the Ti-Fe-Mn system it was determined
that complete replacement of intermetallic type AB, (Laves phase) with type AB phase
led to deterioration of hydrogen absorption properties, namely, to the impossibility of
the hydrogenation start at room temperature and hydrogen pressure 0.6 MPa. Besides,
it is shown on the alloys of this system that the complete replacement of the hydride-
forming component (zirconium) by an element that does not interact with hydrogen
and has a smaller atomic radius (i.e. by iron) leads to a decrease in the radius of
tetrahedral internodes and the ratio of hydride-forming component to the non-forming
component, and as a result the total hydrogen capacity decreases.

On multiphase alloys of the Ti-Zr-Mn-V-No system it is established that an
important criterion in choosing an alloying element, in addition to its atomic radius and
ability to form a stable chemical compound with hydrogen, is its sufficient mutual
solubility with the main components of the alloy; this factor is especially important
when using rare earth elements. It is shown that holmium, which has a larger atomic
radius than any other component of the alloy and is able to form a stable chemical
compound with hydrogen (HoHj3) and is practically insoluble in the initial phases, leads
to the formation of oxide precipitations; as a result, holmium reduces the total amount
of absorbed hydrogen and deteriorates hydrogen absorption properties.

A method of hydrogen saturation of magnesium powder without the use of prior
long-term treatment has been developed. It is shown that the use of a mixture of
hydrides comprised of the Laves phase and BCC solid solution as a source of hydrogen
does not require special conditions on the surface of magnesium for dissociation of
hydrogen molecules, since hydrogen released from these hydrides under heating is in
the atomic state and is able to diffuse into magnesium the close contacts between the
particles.

On multiphase alloys comprised of the Laves phase and BCC solid solution, it
is determined that vacuum heat treatment, which increases the size of the phase
components of the alloy (with constant phase composition and total area of coexisting
phases on the alloy surface) and dissolves the surface oxide scale, improves hydrogen

absorption properties by reducing the time of saturation of the material with hydrogen
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and/or reducing the hydrogenation temperature to room temperature. As the size of the
crystals of intermetallic and BCC solid solution increases, the density of interphase
boundaries decreases, but their length increases. Therefore, at the initial stages of
hydrogenation, the mismatch of volumes of neighboring crystallites of different phases
becomes more pronounced (compared to the initial much more fine structure), which
leads to higher stresses and rapid crack formation on the surface, activating hydrogen
sorption.

Upon hydrogen saturation of all studied groups of alloys, both single-phase
comprised of the Laves phase and multiphase comprised of intermetallic and BCC solid
solution, the formation of new phases or dissolution of already present does not occur.
Hydrides form only on the basis of the initial phases of intermetallic and BCC solid
solution.

For all investigated groups of alloys, regardless of their initial chemical and
phase composition, during the first hydrogenation the bulk sample transformed into a
powder of different fractions, which significantly increased the active specific surface
area. During the desorption of hydrogen from all the alloys, the release of water vapor
was observed, which indicated the partial reduction of oxide scales on the surfaces of
the material as a result of the interaction of oxides with atomic hydrogen released
during desorption. The increase in the active specific surface area due to dispersion and
reduction of oxide barriers on the surface led to accelerated hydrogen saturation
without a significant incubation period in all alloys at the second and subsequent
hydrogenation cycles under room temperature and hydrogen pressure of 0.21 MPa.

The developed compositions of alloys outperform the analogues that exist in
terms of hydrogen capacity and can be used in as-cast state (without the need for
additional long-term high-temperature annealing or mechanical treatments for
activation), and are made of relatively cheap metals of technical purity, which
significantly reduces the cost of products and makes the proposed materials more
competitive. In addition, a method of producing bulk ingots was developed in the work,

which can be used in the practical production of these materials in industrial volumes.
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The developed materials can be used in industry, for example, in hydrogen
batteries. The experimental results showed that the use of developed materials in
production for safe storage and production of hydrogen has significant prospects. In
particular, it will increase the productivity of technological processes of hydrogen

treatment, will improve their economic performance and increase production safety.

Key words: hydrogen storage alloys, phase composition, microstructure, Laves phase,
multiphase alloys, composite, intermetallic compound, BCC solid solution, tetrahedral

internodes, hydrogenation, dehydrogenation, incubation period, hydrogen capacity.
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BCTYII

OcHOBY Cy4yacHO1 CBITOBOi €HEPreTHKM CKJIaJal0Th HEBIIHOBIIOBAaHI JKepesna
eHeprii (HadTa, ra3 Ta ByTiIIs), 3aracu sIKux 0OMEXKEeHi, 110 BUMarae MmonryKy HOBHX
aIbTEPHATUBHUX JKEPEN Ta TEXHOJIOTIH BUAOOYTKY eHeprii. 3aBJsIKM HayKOBOMY 1
TEXHOJIOTIYHOMY TIPOrpecy JIIOJICTBO BKE€ BCTYNWIO B MEPEXiHUNA Mepioj] - BiA
CHepreTHKH, M0 0a3yeTbCcs HA OpraHiyHUX MPHUPOJHUX  pecypcax, o
BIJIHOBIIIOBAJIBHUX JIKEpEN, SKI € TPaKTUYHO HeBUYEpNHUMHU. (OCHOBHUMHU
OpUYUHAMH, 10 BHU3HAYAIOTh BAXKIUBICTh AKHAWIIBHIAIIOTO TMEPEXOAY O
aIIbTEPHATUBHOI €HEPIeTHKH, € €KOJIOTTYHHUI, EKOHOMIYHUHI Ta COLIAIbBHUNA (aKkTOpH.

AJNbTEepHATHBHI JKEpesla €Heprii 3aCHOBaHI Ha BUKOPUCTAaHHI MPUPOJTHHUX
pecypciB, Takux sik eHeprig CoOHI, BITPY, a TaKOX MOPCHKUX XBHWIIb, KpPIM TOTO,
BKJIMBE MICIIE Y IIbOMY TIEpENTiKy 3aliMae BOJHEBA eHepreTuka. BojgHeBa eHepreTuka
BUT1JIHO BIJIPI3HAETHCS THUM, 1110 HA CHOTO/IHI JIUIIIE BOHA MOKE OYTH O1IbIIT €(PEKTHBHO
3acToCOBaHa «0N board» B TpancnopTHHX 3aco0ax. Bubip BomHIO [1] sik eHeproHocis
O0OYMOBJICHHH PSIZIOM CYTTEBUX IEpEBar y MOPIBHSIHHI 3 BYTJIeBOAHSAMU. [ 0OBHUMU
3 mUX mepeBar € [2]: mpakTHYHO HEOOMEXEHi 3aracy CHUPOBHHH, SKIIO Yy SIKOCTI
MaTtepiaixy ajisi OTPUMaHHSA BOJHIO PO3MVISIAATH BOAY (BMICT BOJIM B Timpocdepi
1,39*10%8 1); exonoriuna 6e3neka BOIHIO, OCKLIBLKH ITPOYKTOM HOTO 3TOPAHHS € BOJA;
TEIJIOTa 3TrOPaHHs BOJHIO € HAMOUIBIIOW cepell IHIIMX BUIIB MajuBa 1 JIOPIBHIOE -
143,06 MJIx/kr (n1s yMOBHOTO BYIJIeBOAHEBOro maynmBa - 29,3 MJDX/Kr); BHCOKa
TEIJIONPOBIJHICT, @ TAKOX HHU3bKAa B’SI3KICTh, IO YK€ BAXIMBO MpH HOro
TPaHCTIOPTYBaHHI MO TPyOOIIPOBOAX.

[Ipote, Ha CHOTOMHIINIHINA JICHb Y BOJHEBIM €HEPTETHUIll ICHYE HU3KA MPOOIIEeM,
0 CTPUMYIOTh ii MpPAaKTUYHE BUKOPUCTAHHS, TOMY iX BHpIIIEHHS Ma€ 3HAYHE
eKOHOMIYHE Ta €KOJIOT1uHe 3HaueHHs. OHI€I0 3 OCHOBHMX 3a/1a4 € MOILIYK HAyKOBHX
Ta TEXHOJOTIYHUX PIIIEHB JJIA 3pYYHOTO 30€piraHHs Ta TPAHCTIOPTYBaHHS BOJIHIO.
Po3B’si3aHHA AaHOI 3a7adi MacTh TMOIITOBX IMOAANBIIOMY PO3BHUTKY BHUKOPHCTAHHS
BOJHEBHX Kepen eHepril [3,4]. 3Buuaitni Meromm 30epeKeHHsS, pO3POOJIEHI IS

PIIKOTO 1 ra30MoA10HOTO BOJHIO, B IIMPOKOMY Psiii BUMAJAKIB HEMPUUHSATHI 3 1101
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HU3KH MIPUYUH: BUCOKHUI THCK, 3HAYHA Maca Ta 00'eM KOHTEHHEPIB y pO3paxyHKy Ha
OJIMTHHIII0 MAaCH BOJTHIO, 1110 30€piracThest; BEJUKI BUTPATH SHEPTii Ha 3piKeHHS [5-7].

Ha nanuii yac okpim 30epiraHHsi BOJHIO B PIIKOMY Ta Ta30MOAiOHOMY CTaHi
ICHYIOTh aJCOpOIlIHHI METOJAM WOro HAKONMMYEHHS B II€ONITaX 1 BYIJICIIEBUX
Marepiajiax (aKTUBOBAaHE BYT1JUIsSI, HAHOTPYOKH, HAHOBOJIOKHA Ta TMOJIIMEpH), a TAKOK
y BHCOKOINOPHUCTHX KapKacHUX MeTajoopraHiunux 3’enHanHsx [2]. Ilpore,
HEJOJIKaMU [IUX MaTepiaiiB sIK COpOCHTIB BOJHIO € T€, III0 BOHM MOXYTh MPaIlOBaTU
TUIBKH MPU HU3BKUX TemmepaTypax ~ 70 K. Takox iX copO11iifHi BIaCTUBOCTI 3HAYHOIO
MIpPOIO 3aJIeKaTh Bl PO3TATY>KEHOCTI MOBEPXHI, TOMY JOCSIITH BOJHEBOI €MHOCTI
Bumie 2,0 mac.% He BIAETHCS.

He nuBnsiuvch Ha Te, 110 3alpONOHOBaHI METOAM 30€piraHHs BOJHIO 3HAMIILITU
CBO€ TEBHE 3aCTOCYBaHHSA, OUIBIIICTh JOCHIIHMKIB MPUUIUIA 1O JTYMKH, IO
HAWTIEPCIEKTUBHIIIMM JJI1 PO3B’SA3aHHS LUX TPOOJEeM BCe-TaKU € BUKOPUCTAHHS
TBEpIUX CHOJIYK - METAJIeBUX TIAPUIIB SK 3PYYHUX CIOCOOIB 30epiraHHs Ta
TpaHcnopTyBaHHs BonHIO [8-12]. Ileii kimac marepialliB XapaKTepU3YEThCsS 3HAUHUM
00’€MOM TOTJIMHYTOTO HUMH BOJIHIO, SIKUM HA JIEKUJIbKa MOPSIKIB MEPEBUIILYE 00’ €M
BUXIJIHOTO CILJIaBY, ajieé OJJTHOYACHO TaKi MaTepiajii MOBHUHHI BIJIMOBIAATH LTI HUBII
BUMOr. MeTajieBuM matepiajiaM, 10 BHKOPHUCTOBYIOTHCS B SIKOCTI HAKOMUYYBayiB
BOJHIO, TMOBHHHI OyTH TpUTaMaHHI Takl BJIACTUBOCTI, SIK OOEPHEHICTh MPOIIECIB
MIOTJIMHAHHS Ta BUIUICHHS BOJHIO, JIETKE KEPYBaHHSI IIUMH MTPOIIECAMH IIUISIXOM 3MiHH
TepMIYHUX a00 OapUYHMX yMOB, BUCOKI BOJHEBAa €MHICTh Ta IMIBUAKICTH peakiii 3
BogHeM. KpiM TOro, BaKJIMBOK XapaKTEPUCTHUKOK MaTepiany, OCOOJMBO s
BUKOPHUCTAHHS B IKOCT1 MOOIJIBHUX JIXKEPEI EHEpPTii, € HOro HU3bKa MMTOMA Bara.

CyvacHi po3po0ieHi Marepiand J03BOJISIIOTh MiAOUpaTH JIS BUPIIMICHHS
KOHKPETHUX TEXHIYHUX 3aBJaHb BOAHEBOI €HEPreTHKHU (CTalioHapHe ado MOOUIbHE
30epiraHHs BOJIHIO, TPAHCTIOPTYBAHHS BOJHIO, TiPHUJIHI KOMIIPECOPH, T€TEPH BOHIO
ta NiMH-0artapei) 1inkoM TMeBHI MaTepiaqd 3 3aJaHMMH BJIACTHBOCTSIMH -
TEMIEPaTypor0 1 TUCKOM CHUHTE3y 1 PO3KJIaJIaHHS T1APUIIB, TEPMOJUHAMIYHUMU 1

KIHETHYHUMH XapaKTePUCTHKaMH TporieciB rimpuaoyTBopenns [13-15]. Jlo Takux
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MaTepiaiB B MepuUly Yepry BiJHOCATH MarHiii Ta CIUIaBH Ha HOro OCHOBI, TUTAH Ta
OLIK-TBep/l po3urHMA HA HOTO OCHOBI, a TAKOK IHTEPMETAIIIH.

Marsiif Ta TUTaH 3aiiMalOTh OCOOJIMBE MICIIE CepeJl METaJeBUX MaTepiaiiB-
aKyMYyJISITOPIB BOJHIO, OCKUIBKM BOHHM MalOTh BHCOKY BOJHEBY eMHicTh (Mg ~ 7,67
mac.% [16], Ti ~ 4 mac.% [17]) Ta 3maTHi 3BOPOTHO BHMIUIATH BOJeHB. IIpote,
HEe3Ba)Kal0yM Ha iX BUCOKY BOJHEBY €MHICTh, BOHU HE BUKOPHUCTOBYIOTHCS B SKOCTI
COpOEHTIB y aBTOHOMHHX a00 CTallloHapHHX cucTeMax 30epiraHHs BojgHio. Lle
MOB’SI3aHO 3 TUM, IO IIBUJIKICTh B3a€MOJI1 3 BOJHEM, HaBITh MPU BUCOKUX THCKaX 1
temneparypax (400-600 °C), nayxke HuU3bKa 1 3MEHIIYEThCA B  MPOILEC]
T1APUI0YTBOPEHHS.

[HmMit KMac MEepCHEeKTUBHUX BOJACHBb-aKyMYJIOIUMX MarepiajiB - Iie
IHTEpMETaTiIA, 1 X04a BOHM MalTh BIJIHOCHO HEBHUCOKY BOJHEBY eMHIcTh (1,4-1,9
Mac.%, TOOTO BIIHOIIEHHS! MacH MOTIMHYTOTO BOJHIO JIO MAaCH Martepiaiy COpOEHTY,
sKa CKJIamae 0yin3bko 1 Kr BoAHIO Ha 50 Kr Merany), IpoTe BOHH 3[aTHI 3 BUCOKOIO
IIBUJIKICTIO B3a€EMOISATU 3 BOJHEM, IIO 1 POOUTH iX OUIbII MPUBAOIUBUMH IS
MPAKTUYHOTO BUKOPUCTaHHS. BaxIMBICT, mapaMeTpy MIBHAKOCTI B3a€MOJIi
Martepially 3 BOJHEM Yy MOPIBHSHHI 3 BOJIHEBOK €MHICTIO OOYMOBJIEHA TUM, IO MPHU
MPAKTUYHOMY BHUKOPHCTaHHI Ha TPAHCIIOPTI JYyXE BAXKIWBO, CKIJIbKU 4Yacy Oyne
BUTpAYATHCS Ha Mepe3apsPKEHHs BOAHEBOTO akymynaropa. ['iapuau iHTepMeTatiaiB,
y IOPIBHSIHHI 3 TiApuaamMu Ha ocHOB1 MarHito Ta OLIK-TBepauMu po3uriHaMu Ha OCHOBI
TUTaHy, MalOTh HACTYIHI IEpEeBark: MOKJIMBICTh peajizailii mpoIecy riipyBaHHs IpH
KIMHATHIM TeMrnepaTypi; JOCTaTHS IBUKICTh B3a€MO/11 3 BOAHEM; JaH1 MaTeplaiu He
NoTPeOYIOTh MOMEPEAHBOT TEPMOBAKYyMHOT 400 MEXaHIYHOI 0OPOOKH JIJIsl aKTUBALIIl
B3a€EMOJii 3 BOJHEM; MOJKJIHBICTh 3BOPOTHOTO BHJIUJICHHS BOJHIO IIPH BiJHOCHO
HEBUCOKUX TemmepaTypax. OCHOBHHUM HEIOJIKOM JAaHOTO KJacy wmarepiajiB -
aKyMyJIATOPIB BOJHIO, SIKMA OOMEXyBaB iX TIpakTHYHE 3aCTOCYBaHHS Ha
TPaHCTIOPTHUX 3aC00axX JOCUTH JOBIH Yac, BBa)Kajaach iX HU3bKa BOJIHEBA EMHICTh Y
nopiBHsHHI 3 MarHiem Ta OLIK-TBepanMu po3urHaMu Ha OCHOBI TUTaHy [18,19], mpoTte

Ternep 1eil HepoiK 0yJI0 BUKOPUCTAHO SIK MepeBary Mnpy MpakTHYHOMY BUKOPHUCTaHHI
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JUTSL BAHTQXKHOTO TPAHCIOPTY (3aMiHa IITaTHOI MPOTUBAry Ha BOJHEBUN aKyMYJISITOP)
[20,21].

Ha nanuii gac 1o iHTepMeTaliiiB, SIKI MOXYTh BUKOPHUCTOBYBATHUCS y SKOCTI
COpOEHTIB y MOOUIBHHX 200 CTAalllOHAPHUX CUCTEMax 30epiraHHs Ta TpaHCIOPTYBaHHS
BOJIHIO, BITHOCATHCS iHTepMeTamiau Takux TumiB sk ABs (LaNis) [22], AB (TiFe) [23]
i AB; (TiMny) [24]. 1 xo4a chOroaHi KOXEH 3 MepepaxOBaHMUX THUIIIB IHTEPMETAI/IiB
BK€ 3HAWIIOB CBOE 3aCTOCYBAaHHsS [UJIs PpO3B’SI3aHHA IE€BHMX 3aJad BOJHEBOI
€HEPreTUKH, IMPOTE€ HAWOILIBII TMEPCIEKTUBHUM JJII MAacOBOIO BHUKOPUCTaHHS
BBAKAETHCS iHTepMeTamnia Tuny ABy, OCHOBHUM MpEICTaBHHUKOM IaHOTO Kiacy €
criontyka TiMn; (rekcaronansHa (asa JlaBeca Tumy C14).

Tax, B po0OoTi [25] Oy10 moKa3aHo, 110 MPAKTUYHE 3aCTOCYBAHHS IHTEPMETAIII Y
tuny AB (TiFe), y nmopiBHsHHI 3 iHTepMeTamigamu tuiiB ABs Ta AB;, oOMexeHo y
3B’SI3Ky 31 CKJIAJIHUM AaKTUBAIITHUM IMPOIIECOM MEpUIOTO TiApyBaHHA. ABTOpaMu
MOKa3aHo, M0 X0o4ya Mpolec 1 BiOYyBAEThCSA MPHU KIMHATHIM TEeMIIEpaTypi Ta THUCKY
BOoJHIO 5 MIla, ane npu boMy MIBUJIKICTh MPOIECY € TYXKE HU3LKOIO.

OcHoBOIO TepeBaroro iHTepMeranifiB Tuny AB; y mopiBHSHHI 3 I1HIIMMH
TUMIAMH 1HTEPMETAIIB, MPU IHIIMX OJHAKOBUX KIHETMYHHMX IMapamerpax copOrii-
necopOirii, € #oro TeopeTuyHa BOJAHEBA EMHICTh. Tak, BIAMOBIIHO A0 JITEPATYpHUX
nanux [2], mas iHTepMeTanigHuX 3’eaHaHb THIy AB; BoHa ctaHOBUTH 3,9 mMac.%, B
TOM yac, sK y iHTepMmeTaniay tuny ABs TeopeTMdyHa BOJHEBA €MHICTh CTAHOBUTH
2,0 mac.% (ua mpakTuill BAaeThes oTpumaru jumie 1,4-1,5 mac.%). dns xkoxHOTO
Marepiajly TEOpETHYHA BOJHEBA €MHICTh BHU3HAYAETHCS, BUXOMSUM 3 KUIBKOCTI
HasIBHUX MIKBY3JIIB, B KUX MOJKE€ JIOKaJII3yBaTHCA BOJICHb MpU po3urHeHHI. Tak, B
inTepmeTaninax tuny AB; (rexcaronanpHa (haza JlaBeca) HasiBHI TpH THITA MI>KBY3JTiB,
SIK1 3MEHIIYIOThCS Y HACTYIHIN nocaimoBHOCTI [A2B2]>[AB3]>[B4], (1 npukiazn, mis
inTepmetaniay TiMn, e [TizMn]>[TiMn3]>[Mn,]) npu ymoBi po3miriieHHss aTroma
BOJIHIO B KOKHOMY MIDKBY3JIl i OyJia po3paxoBaHa TEOPETHYHA BOJHEBA EMHICTb.

BigmoBigHo 10 JiTepaTypHMX JaHuX [26], TOJOBHMMH BUMOTaMHu IS
PO3MIIIIEHHSI aTOMa BOJHIO Y KOXXHOMY HAsiBHOMY MDKBY3J1 €: pailyC MIXKBY3JiB

noBuHeH Oytu OutbmuMm 3a 0,4 A; BigcTaHp MiX aToMamMH BOJHIO, SIKi pO3MiIIeH] y
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CYCITHIX MIKBY3J5X, MOBUHHA OyTu Ounbmie 3a 1,8-2 A. He nuBnsumch Ha Te, IO
ChOTOJIHI iCHye OaraTo poOiT, HampaBJIEHWX Ha 301IbIIEHHS BOJHEBOI €MHOCTI Ta
MOKPAIeHHs] KIHETUYHUX MMapaMeTpPiB MPOIIECiB cOpOIli-IecopOIlii BOIHIO CIJIaBIB Ha
OCHOBI iHTepMeTaTiy TUITY AB2, MOCSATTH TEOPETUIHOI EMHOCTI, a00 HABITh CYTTEBO
HAOMM3UTHUCS A0 HEi He BAaiocs. lle moB’s3aHO 3 THM, 10 HA MPAKTHUILl BIAETHCA
3allOBHUTH aTOMaMH{ BOJHIO TUIBKM OJUH TUI MDLKBY3J1B [A2B2], ockinbku BiH Mae
HaWOUIBIIMIA PO3MIP, Ta OTOYCHHA MaKCHMAJIBHOIO KUIBKICTIO aTOMIB aKTHBHOTO
CTOCOBHO BOJHIO KOMITOHEHTA A.

Icnyroua mnpobOnema TIABULIEHHS MPAKTHYHOI BOJHEBOI €MHOCTI JI0
TEOPETHUYHOTO 3HAYEHHS € BXKIMBOIO MaTepiajJo3HABUYOIO 3a7a4Ci0, BUPIIICHHS SKO1
Oyne ™matu CyTTeBe MpakThUyHe 3HadeHHS. OCHOBHMM HANpsSMOM JOCATHEHHS
TEOPETUYHOT BOAHEBOI €MHOCTI 1HTepMeTanigamMu Tuny AB; BBa)KaeTbCs 4aCTKOBE
3amimieHHs A a60 B KOMIIOHEHTIB 1HITUMHU MeTajaMu. Lle cBiquuTh mpo Te, mo mpu
BUOOP1 €JIEMEHTY JJIsi 3aMillIeHHs KOMIOHEHTIB A abo B Tpeba opieHTyBaTuCsS Ha
pO3Mip Moro aroMa Ta aKTMBHICTh CTOCOBHO BOJIHIO. ToOTO 3aMiHa KOMIIOHEHTa Ha
aTOM O1JIBIIIOTO PO3MIPY MOXKE MPU3BECTH 0 301IBIICHHS IMapaMeTpiB KPUCTATIYHOT
I'PaTKH, 1, BIAMOBIAHO, A0 30LIBIIEHHS pO3MIpiB MIKBY3/1s. ToMy npu MpakTUUHOMY
BUKOPUCTaHHI BKa3aHUX IHTEPMETaNiI1B, HAYaCTillIe BAKOPUCTOBYIOTh MOTPiitHI 200
HaBITh OLIBII CKJIA/IHI CHCTEMH, OCKIJIBKU 3aMiHa OJTHOTO a00 JEKIIbKOX €JIEMEHTIB y
BKa3aHUX IHTEpMETaIiax JO3BOJISIE, HE 3MIHIOIOUM iX CTPYKTYpHUU THI, B JOCHTb
IIMPOKOMY 1HTEpBaJll 3MIHIOBATU BOJHEBOCOPOIIiiTHI BIACTUBOCTI. MaKCUMaTbHUIMA
BMICT TOTJIMHYTOTO BOJHIO, SIKMM BAQJIOCS OTpUMATU [JIsl CIUJIaBIB Ha OCHOBI
iHTepMetaniiB AB;, Ha ChOTOIHIINIHIN JAeHL cTaHOBUTH ~ 2,0 mac.%, mo sgkpas i
BU3HAYAE AaKTYaJbHICTh TMOJAJBIIOTO TMOMNIYKY MNUISXIB Ui HAOMMXKEHHS J0
TEOPETUYHOT BOAHEBOI EMHOCTI.

VY 3B’s3Ky 3 TUM, IO J0 I[LOTO Yacy HE BIIA€ThCS JOCITTH ab0 HaBITh CYTTEBO
HAOJIM3HUTHCS JI0 TSCOPETHYHOI BOJTHEBOT EMHOCTI CIUIaBaMU Ha OCHOBI 1IHTEpMETATi 1B
tuny AB; TUIBKM 32 paXyHOK Bapiallii KOMIOHEHTIB, 0€3 3MIHU CTPYKTYPHOTO THUITY

KPUCTAJIYHOI TPATKH, BBAXKAETHCS, 10 3MiHA (PA30BOTO CKIIAAY, MOKE OyTH 1HIIHM
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e(EeKTUBHUM HAIpPSIMOM JOCIIKEHb, CHPSIMOBAaHMX Ha 30UIBIIICHHS BOJHEBOI
€MHOCTI.

B poboTax [27,28] Oymo anmpoOoBaHO 1/1€10 CTOCOBHO TOTO, 110 3MiHa (pa30BOro
CKJIaJly CIUIaBYy Ha OCHOBI iHTepMeTaniny Tuny ABy, Moxe OyTu eheKTUBHIM METO0M
BIUIMBY HAa BOJHEBY €MHICThb. Tak, aBTOpaMH MOKa3aHO, IO y BHIMaAKaX, KOJIH
CTPYKTypa CIUIaBY CKJajanacs 3 1HTepMeTaliay Ta CHiBICHYIOUOTO 3 HHM Yy IEBHIN
kitbkocTi OLIK-TBepaoro po3unHy, Aocsraiach 3HaAYHO BHUIIA BOJIHEBA €EMHICTH, 0€3
BTpAaTH KIHETHYHUX XapaKTEPUCTUK TMpoliecy copOIli BOAHIO Yy TOPIBHSHHI 3
oJHO(a3HUMU CIIJIaBaMHU.

OT1xe, BpaxOBYIOYM YC€ BUIIE BUKJIAJIEHE 11010 3arajbHUX MiX0/1B CTBOPECHHS
MaTepianiB-akyMyJIaTOpiB  BOAHIO, JUid HOro Oe3neyHOro 30epiraHHs Ta
TPaHCTIOPTYBAHHS y 3B’S3aHOMY CTaHi, MEPCICKTHBHUMHU € CIUIaBH, IO MAalOTh
CTPYKTYpY 1HTepMeTaniaiB Tuimy AB;, a Takox 1 rerepodasHi CIiaBu 31 CTPYKTYPOIO
iHTepMeTaniay Ta criBicHytouoro 3 HuMm OIIK-TBepmoro posuuny. Ane s
MIJBUIICHHS 1X BOJHEBOCOPOIIMHUX XapaKTEPUCTUK, 30Kpema, ISl JOCATHEHHS
MOKAa3HUKIB BOJIHEBOI €MHOCTI, HAONIMKEHUX JI0 TCOPETHYHO MOXKJIMBUX 3HAYCHb,
BKJIMBUM € BCTAHOBJICHHS MEXaHI3MIB Ta 3aKOHOMIPHOCTEHW BIUIMBY XIMIYHOIO
CKJIaJy CILJIaBiB, iX MIKPOCTPYKTYPH Ta (pa30BOTO CKIIAy, a TAKOXK YUCTOTH BUXITHUX
KOMITOHEHTIB TIPH iX CTBOPEHHI Ta J0JIaTKOBOi aKTHBAIliitHOI 0OpOOKM Ha Tpolecu

B3a€EMO/IT 3 BOJHEM.

AKTYaJIBHICTh TEMH

Temnu nepexoay BiA TpaAUIIHHUX JKEpPET €eHeprii 0 BiJHOBIIOBAILHOT
(BomHEBOT) €HEPreTHKU TaJdbMYIOThCS MpoOJeMaMH, sIKi TOB’s3aHi 3 Oe3MeYHHUM
30epiraHHsIM Ta TPAHCHOPTYBAHHSAM BOJHIO. 3JaTHICTh BOJHIO B3a€EMOJIISITH
MIPAKTUYHO 3 yCiMa MaTepiajaMu paHilllie BBaXKaaach MPUKIAIOM HETaTUBHOTO BIUIMBY
30BHIIIHBOTO CEPEOBUINA HA MEXaHIYHI BIACTHBOCTI KOHCTPYKIIMHUX MaTepialiB,
10 NPOSBIISIIOCH B X IIEpeIYacHOMY pyHHYBaHHI. Lle raibmMyBaio TEXHIYHUI Tporpec
B XIMIYHUX, EHEPreTMYHUX Ta IHIIUX Taly3siX, TMOB'SI3aHUX 3 MPOIECAMHU

TPaHCIOPTYBaHHS Ta 30epiraHHs BOAHIO.
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Bonenr € eneMeHTOM, SIKUH XapaKTePU3Ye€TbCA YHIKAIbHUMHU (DI3HKO-
XIMIYHUMU BJIACTUBOCTSIMH, 1 IO TOTO K IIMPOKO PO3MOBCIOKEHUM Yy CBiTi. BojeHsb,
Mar4Mu 37aTHICTh 10 MIBUAKOI AUGY31l y TBEpAUX Tinax 1 OyIy4d aKTUBHUM I10
BITHOILLIEHHIO 70 OUIBIIOCTI MaTepialliB Ta CHOJYK, MAa€ yHIKalIbHI BIACTUBOCTI SIK
JIETYBaJIbHUNM €JIEMEHT, HE TUIbKM PO3YMHATUCA B KPHUCTAIIYHUX TIpaTKax Ta
dbopmyBaTH HOBI (a3u, aje 1 MPaKTUYHO MTOBHICTIO BUBOJUTUCS 3 MaTepialliB MPH 3MiHI
TEPMIUHUX Ta Oapu4yHMX yMOB. JlaHi OCOOJIMBOCTI BOJHIO TMOKJIAJCHO B OCHOBY
0araThbO0X TEXHOJIOTIH OOpOOKHM MaTepialiB 3 METOI0 KEPOBAaHOTO BIUIMBY Ha iX
CTPYKTYpY, G13U4HI Ta MEXaHIYHI XapaKTePUCTUKU. 3AaTHICTh BOJIHIO 10 0OCPHEHOI
B3a€MO/IIi 3 MaTepiasiaMu (TOOTO, THUMYACOBO HACUUYBATH iX IO IEBHUX KOHIIEHTPALIIH
1 MOTIM JIETKO BUXOJUTH) OyJI0O BUKOPHCTAHO SIK 0a3uC MPU CTBOPEHHI MaTepialliB-
aKyMYJIATOPIiB BOJHIO, IITMPOKO BIIOMUMH MPEACTABHUKAMH SIKUX € TBEP/II CIIOTYKH —
MetasneBl riapuau. Came MeTaneBl TIAPUIM € HAWOUIbII MEPCHEKTUBHUM KJIaCOM
MatepiaiiB Jiyisi 0e3MevHoro 30epiraHHs Ta TPAHCHOPTYBAaHHS BOJHIO Y 3B’ S3aHOMY
CTaHi.

Po3BUTOK BOJMHEBHX TEXHOJOTIA, B TOMY 4YHCIl IS 3aCTOCYBaHHS Y
TPaHCHOPTHIA cdepi, MOCTIHHO MOTpedye HOBUX MaTepianiB-COPOEHTIB BOJHIO, 3
BHUCOKOIO BOJHEBOIO EMHICTIO Ta M’ IKUMH TE€PMOOAPUYHUMHU YMOBAMHU TTOTJIMHAHHS Ta
BUJIUICHHS BOJHIO, II0 OOYMOBJICHO HEOOXIJIHICTIO HIBHJKOTO Tepe3apsKCHHS
BOJITHEBOT'0 aKyMyJIsITOpa Ta 4acy poOOTHU TPAHCIIOPTHOTO 3acOo0y Ha OJHIN 3apsiAll.

HamzBuuaiiHO BaXJIMBOIO MaTepialloO3HABUOIO 3aJlauel0 € HEOOXIJIHICTh
CTBOPEHHSI HOBHX MarepiaiaiB-COpOEHTIB BOJHIO 3 OKPAILIEHUMH XapaKTEPUCTUKAMH.
BpaxoByroun, 1110 32 OCHOBHUMH TIOKa3HUKaMHU OJHUMU 3 HAWO1IbII MEPCTICKTHBHUX
MaTepianaiB-COpOSHTIB BOJIHIO € CIUIABH 13 CTPYKTYpPOIO iHTepMeTaniaiB tuiry AB 1 AB;
Ta rerepoda3Hi CIUIaBH, 10 CKIIAJAIOTHCA 3 IHTEpMETaTIAHOT (Da3u Ta CHIBICHYIOUOTO
3 Heto OLIK-tBepnoro po3umHy, CTBOPEHHSI TaKUX CILJIaBIB Ha OCHOBI TUTaHy abo
YIOCKOHAJIEHHS BXKE ICHYIOUMX KOMIIO3UIIM moTpedye po3poOku  (Hi3uko-
TEXHOJIOTIYHHUX 3aca/l, 10 BU3HAYAIM O 3arajbHi BUMOTH JI0 iX XIMIYHOTO CKJIaay Ta
OB’ SI3aHUX 3 HUMU (ha30BO-CTPYKTYPHI CTaHH, a TAKOK PO3POOKH METO/I1B BIUIUBY Ha

Il MaTepiajid 3 METOI0 1X aKTUBAIlll IPU B3a€MO/IIi 3 BOJAHEM JUIsl IPOTHO3YBAHHS Ta
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KEpOBAHOTO MOKPAIIEHHS BOJHEBOCOPOIIINHUX BJIaCTUBOCTEH. PO3B’s13aHHS BKa3aHOI
mpo0JIeMU Ma€ CyTTEBE HAyKOBE 3HAYCHHS Ta IIUPOKI MEPCICKTUBH MPAKTUIHOTO
BUKOPUCTAaHHS PO3POOJIEHUX MAarepiajiB, M0 BU3HAYAE AKTYyaJbHICTh TEMHU JAHOI

poOoTH.

3B’430K po00TH 3 HAYKOBHMHM NPOTrPaMaMH, IIJIAHAMM, TEMAMHU

Huceprariiiina poOotra BukoHaHa B IHcTuTyTi Metanodizuku im. [.B.
KypatomoBa HAH VYkpainu BiANOBIZIHO 10 IUIaHIB HAyKOBO-JOCTIAHUX POOIT 3a
teMamu: 0112U001127 “Di3uK0-TEXHOJIOTT4HI 3aCal CTBOPEHHS HOBUX MaTepialliB
Ha OCHOBI 3aji3a, KOOalnbTy, HIKEII0 Ta THUTAaHy Uil NOTPeOd EHEpreTUKH Ta
MaruHoOyayBanHs” (2012-2014), 01110005364 “Bruius ¢dha30BuX Ta CTPYKTYpPHHX
CTaHIB Ha BOJHEBO-COPOILIMHI BIAaCTUBOCTI rerepodasnux crasiB cucreM Ti-Fe-Mn
ta Ti-Zr-Mn-V” (2011-2015), 0116U006683 “CtBOopeHHsI 06araTOKOMIIOHEHTHUX
rerepoda3HIX BOJIHEBOCOPOIIMHUX MaTepialiB Ha OCHOBI MarHito ta Tutany’ (2016-
2018), 0115U003007 “da3oBi piBHOBaru B 0OaraTOKOMIIOHCHTHHUX E€BTEKTHYHHX
cruiaBax Ha ocHoBI Al, Co, Ni ta Ti, mepcrneKTUBHUX JIJIs1 BAKOPUCTAHHS B EHEPTeTHUII
ta MammHoOymyBanHi” (2015-2019), 0118U100164 “®dizuvyHe MeTaI03HABCTBO
BOJHECTINKUX KOHCTPYKIIIHHUX MaTepialliB 1 MaTepialliB-HAKOMUYyBayiB BOJHIO”
(2018-2019) Tta 0120U103313 «BrmumB (a3oBoro Ta CTPYKTYpHOTO CTaHIB
€BTEKTHMYHUX CIUIaBIB HAa OCHOBI HIKEII0 Ta TUTaHy Ha iX (Ii3UKO-MeXaHIuHI

BractuBocTI» (2020-2024 pp.).

Merta i 3aBJaHHA AOCTiIKEHHA

Mera pobotu monsirae y po3poOini (hi3MKO-TEXHOJIOTIYHUX 3acaj] CTBOPCHHS
MaTtepialliB-COpOSHTIB BOJIHIO HA OCHOBI TUTAHY 3 IM1ABUIIIEHOIO BOJHEBOIO EMHICTIO Ta
IIPUCKOPEHOI0 KIHETHKOIO COpOIii-mecopOrii BOAHIO NUIAXOM ONTHMI3aIii  ix
XIMIYHOTO Ta ()a30BOTO CKIIATY 1 MIKPOCTPYKTYPH.

Jnst nocarHeHHs wLi€i Metu Oynu cPopMysibOBaHI Ta PO3B’si3aHI HACTYIHI

3aBJaHHA:
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1. Ha ocHOBI aHaui3y MOTEHIIIHOTO BIUIMBY JIETYBAJIbHUX €JIEMEHTIB HAa 3MIHU
KPUCTAIIIYHOI CTPYKTypu cmuiaBiB cuctemu Ti-Zr-Mn Ha ocHoBi (pa3u JlaBeca Ta
TEPMOJIMHAMIYHUX TMapaMeTpiB B3a€MOJIi IMX €JIEMEHTIB 3 BOJHEM, BHU3HAUUTH
€JIEMEHTH, TMEPCHEKTUBHI AJs JAOAATKOBOTO JETyBaHHS BKa3aHMUX CIUIABIB 3 METOIO
M1JBUIIEHHS X BOJIHEBOCOPOLIMHUX XapaKkTepUCTUK. EKciepruMeHTabHO BCTAHOBUTH
BILJIUB JIOJJATKOBOT'O JIETYBaHHSI OOpaHUMHU €JIEMEHTAaMU Ha CTPYKTYPY, pa30BUil CKIIaja
Ta BOJIHEBOCOPOIIIiTHI XapaKTEPUCTHKH.

2. BcranoButu 3akoHoMmipHOcTi BIUMBY OLIK-TBepmoro po3umHy Ha OCHOBI
TUTaHY, 1110 cIiBICHYE 3 (pa3oro JIlaBeca, Ha BOJHEBOCOPOIIIHHI BIACTUBOCTI ABO(AZHUX
CIUIaBIB; BHU3HAUYMTH MEXaHI3M TIAPUIOYTBOPEHHS Yy BKa3aHUX CIUIABaX Ta POJIb
KOXHOT (pa3u B KIHETHIII MIPOLIECIB B3a€MO/II1 3 BOJHEM IPU M’ SIKUX TEPMOOAPUUHUX
YMOBaX.

3. BusHaunty MOXJIMBI IUISIXHA 30UIBIICHHS 3arajbHOI BOJHEBOI €MHOCTI Ta
MOKpPAIICHHS KIHETUKU COpOIlii-gecopOIlii y rerepodaszHux cIuiaBax 31 CTPYKTYpPOIO
iHTepMeTaniay Ta chiBicHytouoro 3 HuM OI[K-TBepmoro posuuHy; 30Kpema,
BCTAaHOBUTHU TEXHOJIOTTYHI MOMJIMBOCTI Ta YMOBH peajizailii TiApyBaHHS MPU M’ SIKUX
TepMOOAPUYHUX MTapameTpax.

4. BcTaHOBUTH BIUIMB JOJATKOBOTO JIETYBaHHS BaHaJllieM, XxpomMoMm Ta P3M Ha
CTPYKTYpY, (ha30BHUIi CKJIaJl Ta BOJHEBOCOPOIIIiHI BJACTUBOCTI rerepoda3Hux CIUIaBiB
cuctemu Ti-Zr-Mn na ocnoBi OLIK-tBepioro po3uuny.

5. BcTraHoBUTHM MOTEHINHI METOAM aKTHBAIl B3acMO/li 3 BOJHEM BKa3aHUX
CIUIABIB LUISIXOM 30UIbIICHHS 1X MUTOMOI MOBEPXHI (AUCNEPTryBaHHS B MOPOLIKOBUN
CTaH), TEPMIYHUX Ta TEPMOBOJIHEBUX (MIEPIIHI ITUKII COPOIIisi-necopoOirisi) oOpoOoK.

6. Po3poOuTH TEXHOJIOTIYHI MIAXOAW JIi OTPUMAHHS MACHUBHUX 3JIMTKIB
CIUIaBiB - COPOEHTIB BOAHIO, 30KpEMa, 3 BUKOPUCTAHHSAM JCIIEBUX BUX1IHUX METaJiB
MIPOMHUCIIOBOT YUCTOTH Ta IHAYKIIIAHOT IJIABKH Y BIAKPUTUX TUTJISX, JJIS1 BIATIOBIHOTO

3HIDKEHHSI CO01BAPTOCTI KiHIIEBOTO MPOIYKTY.

006’ext nociaimkeHnsi. Di3UKO-TEXHOIOTIYHI 3aKOHOMIPHOCTI 1 MEXaHI3MH

(GbopMyBaHHS ONTUMAJIBHUX CTPYKTYpHO-()a30BUX CTaHIB B CIJIaBax THUTAHY s
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CTBOpPEHHSI MaTepiajiB-aKyMyJIsTOPIB BOAHIO 3 HEOOXITHUMH XapaKTEPUCTUKAMU Ha

OCHOBI METAJICBHX T1IPHU/IiB.

IIpeamer pocaimkeHHs. BrnmuB JeryBaHHsS Ta TEpMIdYHOI OOpOOKM Ha
CTPYKTYpY, pa3oBuii ckjaj Ta BOAHEBOCOPOIIiNiHI BIACTUBOCTI MaTepialliB Ha OCHOBI

cucremu Ti-Zr-Mn; MexaHi3MH T1IpUI0YTBOPEHHS B reTepoda3HuX CIIaBaX TUTAHY.

Metoau D0CTiKeHb

Jlns peanizaiii copMyIbOBaHMX 3aBllaHb Ta JOCSTHEHHS METH JOCHIIKEHBb
BUKOPHCTAHO KOMILIEKC Cy4YaCHUX METO/IIB HAYKOBUX JOCIIIKEHb:

1. Meron CiBeprca 111 BH3HAUCHHS KIHETUKHM B3a€MOJIII JOCIIIKYBaHHUX
MaTepialiiB 3 BOJHEM.

2. I'paBiMerpuuHuMii Ta 00’€éMHUNA METOJ JUIsI BHU3HAYCHHS KUIBKOCTI
HOTJIMHYTOTO BOJHIO.

3. udepenmiitanii TepMidHUA aHai3 A1 BU3HAYCHHS TemrepaTyp (a3oBux
NIEPETBOPEHb.

4. OnTu4Ha MIKPOCKOMIS JUIsl BUBUEHHS MIKPOCTPYKTYPH JIOCHIIKYBaHUX
MaTepiaiiB.

5. Ckanyroya eJeKTpOHHA MIKPOCKOITIS 13 JTOKAJTbHUM PEHTIE€HOCTIEKTPAIbHUM
ananizom (EDAX) st BU3Hau€HHsI MIKPOCTPYKTYPHUX OCOOJMBOCTEHN 1 XIMIYHOTO
ckiany $ha30BUX CKIIAIOBHUX.

6. PentreniBchkuii (a3oBuii aHami3 Juisi BU3HA4YeHHS (Ha30BOTO CKIamy 1
napameTpiB KPUCTATIUHHUX IPATOK BUX1THUX MaTepialliB Ta MPOAYKTIB T'1IpyBaHHS.

7. Mac-cnekTpockomisi Juisi BU3HAYEHHS OCOOJMBOCTEH MPOIECY BUIICHHS

BOJTHIO 3 OTPUMAaHUX T1APUIIB.

HaykoBa HOBH3HA 0/1epKaHUX pPe3yJabTaTiB
Otpumani pe3yibTaTH PO3LIMPIOIOTH ICHYIOYl Ta Jal0Th HOBI 3HAHHS II0JI0
(b13MYHUX TPUYUH Ta MEXaHI3MIB BIUIMBY Ha BOJAHEBY €MHICTh Ta KIHETHKY IMPOLECIB

IIOTJIMHAHHA Ta BI/I,Z[iJ'IeHHH BOJHIO CIJIaBaMH Ta KOMIIO3UTaMH Ha OCHOBI TUTaHY.
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Po3po6neno (i3uko-TexHOIOTIYHI 3acaid CTBOPEHHS (Pa30BO-CTPYKTYpHUX CTaHIB
TUTAHOBUX CILJIABIB 31 CTPYKTYporo (a3 JlaBeca, rerepodasHux CIiiaBiB 31 CTPYKTYPOIO
iHTepMerainiay tTa OLIK-TBep10ro po3unHy Ta KOMIIO3UTIB HA OCHOBI TeTepOda3HOro
cruaBy cuctemu  11-Zr-Mn-V 3 wmarHiem, ski  3a0e3medyyroTh  TOKpAaIIeHi
XapaKTEepUCTUKU B3a€MOJIl 3 BOJHEM, HEOOXIJIHI JUIsi BUKOPHUCTAHHS BKa3aHUX
MaTepialliB y SIKOCTI COPOCHTIB BOJIHIO MPHU CTBOPEHHI MOOUIBLHUX 200 CcTallloHApHUX
JoKepen BogHeBoro najgnBa. OCHOBHUMU pe3yiibTaTaMU POOOTH € HACTYIIHI.

[TokazaHo, 1110 OCHOBHUMHU KPUTEPISIMU BHOOPY JIETYBAJIBHOTO €IEMEHTY IS
30UTbIIEHHSI BOAHEBOI €MHOCTI IMpPHU JOJATKOBOMY JIETYBaHHI CIUIaBY € 3/1aTHICTb
YTBOPIOBATH CTIMKY XIMIYHY CIOJIYKY 3 BOJHEM (B1J’€MHE 3HAYEHHS 3MIHU BLIBHOI
eHeprii npu GopMyBaHHI XIMIYHOI CIIOJTYKH ), OUTHIINN aTOMHUN pajlyC y MOPIBHIHHI
3 KOMIIOHEHTOM CILJIaBy, SIKMI BiH 3aMINIy€, a TAKOXK BUCOKA B3a€MHA PO3YMHHICTb 3
OCHOBHUMH KOMIIOHEHTaMM CIUIaBy. BU3Ha4yeHo, 110 YacTKOBa 3aMiHAa B CIUIABax
cucremu Ti-Zr-Mn Maprasifio, skuid He YTBOPIOE T1IPUAM, HA €IEMEHTH, 110 3/1aTHI
B3a€MO/IISTH 3 BOJJHEM Ta MAlOTh OUTBIIMI aTOMHUH pajiyc, MPU3BOIUTH 10 3pOCTaHHS
00’eMy eleMeHTapHOI KOMIPKH, a, BIAMOBIIHO, 1 O 301IBIICHHS pajilycy MikKBY3JIiB,
Kl € MICUSIMU JIOKaji3alii aTOMIB BOJHIO B KPUCTAJIIUHIN TpaTili, 10 MO3UTUBHO
BILUIMBAE Ha TIBHIICHHS BOJHEBOI €EMHOCTI CIIaBy. BcTaHOBIIEHO, 1110 MOBHA 3aMiHA
IIUPKOHII0, HA €JIEMEHT, SIKUW HE B3aEMO/II€ 3 BOJHEM 1 Ma€ MEHIIIUNA aTOMHUH paJiiyc,
MPU3BOJUTH /10 3MEHILIEHHS Pa/ilyCy TETpacApUYHOTO MIXKBY3JIs 1 3aTajIbHOT KUTBKOCTI
T1IpU0YTBOPIOIOUYOTO KOMIIOHEHTY CIUIaBy, 1, SK pe3yJbTaT, 10 HEMOKJIUBOCTI
HAaCMYyBaTH JaHl CIUIaBM NpH KIMHATHIA TeMmmeparypi, a TaKOX J0 3HUKEHHS
3arajibHOi K1JIbKOCT1 MOTJIMHYTOTO BOJHIO.

Brniepiie nmoka3aHo, 10 MOBHA 3aMiHa BUCOKOYMCTOTO MOJMWIHOTO TUTAaHY SIK
OCHOBHU CIUJIaBy Ha BIJTHOCHO JemieBy TUTaHOBY ryOky TI'-110 3 cyrreBo OuiblInM
BMICTOM JIOMIIIIOK BTiJIeHHS (KHCEHb, a30T) HE TOTIPIIye BOJHEBOCOPOITIHI
BJIACTHBOCTI CIUIaBY, ajlé MPH LIbOMY CYTTEBO 3HUXKYE COOIBAPTICTH OTPUMAHOIO
riipuay, 1o poOUTh HOTO KOHKYPEHTO3AATHUM 13 MaTepialaMU-COPOCHTaAMH BOJIHIO

Ha OCHOBI 1HIIIMX XIMIYHUX E€JIEMEHTIB.
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Brnepiie excriepuMeHTaIbHO BCTAHOBJIEHO MEXaHI3M HACHYEHHS BOJHEM MpU
M’SIKHX TepMOOApUYHUX YMOBaXx TiJpyBaHHS reTepoda3HuX CIUIABIB 31 CTPYKTYpPOIO
dasu JlaBeca Ta OLIK-TBepAoro po3uvHy Ha OCHOBI THTaHy, Ta BHU3HAYeHa pOJib
dazoBux ckiIamoBUX y oMy Iporeci. [lokazaHo, 1mo Ha MOYATKOBOMY eTari
MOTJIMHAHHS BOJIHIO KJIIOYOBY poJib Ipae ¢aza JlaBeca, HECKOMIIEHCOBaH1 MIKaTOMHI
3B’SI3KM Ha MTOBEPXHI SKOI MOJIETIITYIOTh JUCOIIIAIII0 MOJIEKYJ BOAHIO (XeMOCOpOIIii0),
CHPUSAIOYN TPOHUKHEHHIO aTOMApHOTO BOJIHIO B KPUCTAIUHY TPATKy, B MOJAIBIIOMY
daza JlaBeca cmyrye goHopoMm BoaHio aisi OLIK-TBepmoro po3umHy, B SKOMY
HAKOMMYY€ETHCSI OCHOBHA KIIBKICTh I[LOTO €JIEMEHTY.

JloBeieHa MOXKJIUBICTh 301JIbILIEHHS BOAHEBOI €EMHOCTI YTBOPEHHX T1IPUAIB Ha
ocHOBI (pa3u JlaBeca Ta OLIK-TBep0ro po3unHy 3aBAsKu JOJATKOBOMY 3alIOBHEHHIO
TeTpaeApUYHUX MIKBY3JIIB KPUCTAJIIYHOI I'PATKA MPH 3MIHI T€PMO-OapUUHUX yYMOB
riIpyBaHHS.

[TokazaHo, 1O €QEKTUBHUM MNIISIXOM TPUCKOPEHHS KIHETUKU TPOIECY
MOTJIMHAHHSA BOJHIO € YKPYITHEHHS (a30BUX CKJIAJOBUX B TeTepo(dasHUX CTPYKTypax
1 OUMILEHHS TOBEPXHI BiJ] Oap’€pHUX OKCHUIHUX IUIIBOK MpU TEpMidHiN 0O0poOIIi
JOCIIIKYBAaHUX MaTepialliB y BaKyyMmi.

BcranoBneHo, 1m0 mnpu HACHYEHHI BOJHEM JOCHIDKYBAaHMX MaTepiaiiB
HE3aJIeKHO Bl BUXIJHOI  CTPYKTypH, (a3oBoro Ta XIMIYHOTO  CKJIAIy
JEKOMITO3UIIIIOBaHHs (a3 He BigOyBaeTbes. Ilpu rigpyBaHHI YTBOPIOIOTHCS TIIBKH
rigpuan Ha ocHoBI ¢a3u JlaBeca Ta OLIK-TBepaoro po3unny.

[TokazaHo, 10 ToMepeaHsl aKTUBAIllsl MaTepialliB LUKIOM COpOLis-AecopOLis
BOJIHIO € KOPHUCHOIO JIJIsI BCIX JOCHTI)KYBaHUX CIUIABIB, HE3aJEKHO Bijl IX BUX1JIHOTO
¢$a30BOro Ta XIMIYHOTO CKJIaAy. BCcTaHOBIIGHO, 1110 TIEPIIHIA UK B3a€MOJIT 3 BOJHEM
NPU3BOJIUTH IO AWCIIEPTYBaHHS MAacCHBHOTO MaTepiandy, MEepeTBOPIOIOYM HOro Ha
MOPOIIIOK 13 po3MipoM 4YacTUHOK Bif 1 g0 100 MxMm, 30UIblIyI0uN HA 2-3 TOPSIIKH
MUTOMY TOBEPXHIO Ta YTBOPIOIOYM HOBI IOBEHIJIbHI MOBEPXHI, MO MPU HACTYIMHHUX
LUKJIax copOLisg-aecopOllisi CyTTEBO MPUCKOPIOE KIHETUKY TiAPYBaHHS, TUM CaMUM
CKOpOUYIOYM 4Yac, HEOOXIIHUH JUIsi JOCATHEHHS MAaKCUMalbHO  MOXKIIHUBOT

KOHIIEHTpAIlii MOTJIMHYTOI'0 BOJIHIO B MaTepiai.
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IIpakTHYHe 3HAYEHHS OJIeP:KAHUX Pe3yJIbTATIB

OTpuMaHi pe3ynbTaTh J03BOJSIOTH CHOPMYITIOBATH MPAKTUYHI PEKOMEHAIT
II0JI0 CTBOPEHHSI MaTepialliB-aKyMYJISITOPIB BOJIHIO HA OCHOBI THUTaHy, BKIIIOUAIOYH
ONTUMI3AII0 1X XIMIYHOTO CKJIaay Ta/abo TepMidHy OOpOOKY Ui JTOCSTHEHHS
MIJIBUIIICHOT BOJAHEBOI €MHOCTI MPU OJHOYACHOMY IOKpAIIEHHI KIHETUKH MPOIIECIB
copOrii-necopOirli BoaHI0. Po3po0eHo TeXHOIOT1YH1 MiIX0AH, K1, IPH MOJIMIICHUX
XapaKTepUCTHKaX B3aeMOJii 3 BOAHEM, 3a0e3MeuylOTh 3HIDKEHHS CO01BapTOCTI
BUTOTOBJICHHS MaTepiajiB Ha OCHOBI THUTaHY JUIA 1X YCHIITHOT KOHKYPEHINi 3 1HIIUMHU
TUIIAMH MaTeplajgiB-aKyMyJISITOPIB BOJHIO.

Pe3ynbTaTu BUNpoOyBaHb pO3pOOICHUX MaTepialiB — aKyMYJISITOPIB BOJHIO B
MPOMUCIIOBUX YMOBax T[OKa3ajld, 10 BUKOPUCTAaHHS JaHUX MarepiaiiB s
0e3neuHoro 30epiraHHs 1 BUAOOYTKY BOAHIO JO3BOJISIE MiABUIUTHA MNPOTYKTUBHICTD
BUPOOHUYHUX MPOIECIB, OCHOBAHUX HA BOJHEBIM 00pOOII, 30KpemMa, IpU BUPOOHUIITBI
ripoBaHOI TUTAHOBOI I'yOKH, CIPHUSE MIABUIICHHIO €KOHOMIYHOCTI TEXHOJOTIYHUX

IIPOLIECIB Ta IM1IBUILEHHIO 0€311EKH BUPOOHUIITBA.

Oco0ucTuii BHECOK 3100yBaya

B nmwucepraiiiiniii poboTi y3arajgbHEHl Pe3yibTaTH JOCTIIPKEHb, BUKOHAHUX
0e3rmocepeTHb0 aBTOPOM, a TaKOXK MPHU HOT0 y4acTl SK BIAMOBIIATBHOTO BUKOHABIS
nepxoromxeTnux HJP Bigainy Ta konkypcHux npoektiB HAH Ykpainu.

OcobOuctuii BHECOK aBTOpa Yy KOJEKTUBHUX MyONIKaIligX TOJIATaB B
3alpoOIOHYBaHHI 1€, po3poOlll 3arajibHOi CTpaTerii Ta CXEeMH JOCJIIKEHb,
IJIaHyBaHHI Ta MOCTAHOBIl EKCIIEPMMEHTIB, Ta, Ha OCHOBI aHali3y OJep KaHHX
pe3yNbTaTiB, PO3B’sA3aHHI 33/1a4 MO0 MOITYKY (haKTOPIB 1 3aKOHOMIPHOCTEH BIUIMBY
Ha BOJHEBY €MHICTb, KIHETUKY MpPOIIECIB COpOIii-AecopOIiii BOJHIO 1 BU3HAYCHHS
MeXaHI3MIB B3a€MO/Iii 3 BOJHEM CILIaBiB Ha OCHOBI ¢a3zu JlaBeca 1 rerepodazHux
CIUTaBiB 31 CTpyKTypoto iHTepMeraniay ta OLIK-tBepaoro po3unny. 3100yBau OpaB
0e3mocepeIHI0 y4acTh B 0OTOBOPEHHI pe3yJIbTaTiB Ta HATMCAHHI CTaTe! 1 JIOTIOBIICH.
ABTOpOM 0c0OHCTO c(HOPMYITHOBAaHI BCi HAYKOBI TOJIO)KEHHS Ta BUCHOBKH, IO

BHUHOCATHCA Ha 3aXUCT.
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JlochipkeHHsT TPOIECiB  BUAUICHHS BOJIHIO 3 MPOJYKTIB TiApyBaHHA
POBOMIIOCH CIILTBHO 3 CHIBPOOITHUKAMU BIIUTY (D13MKH MIITHOCTI Ta MIACTUYHOCTI
HeroMoreHHux criasiB [HcTuTyTy Metanodizuku iMm. I'.B. KypaiomoBa HAH Ykpainu.

HocmimkenHs: Gpa3zoBoro ckiaay BUXIAHHUX 3pa3KiB Ta MPOAYKTIB T1IPYBaHHS,
OTPUMaHUX IPU HACUYCHHI JOCTIHKYBAaHUX MaTepiajiB BOJHEM, 3J1MCHIOBAJIM Ha
aBTOMAaTU30BaHOMY peHTreHiBcbkomy nudpakromerpi JPOH-3M  cninbHO 13
CHIBpOOITHUKAMU BiAAUTY (PI3WYHMX OCHOB JIETYBaHHS cTajeil 1 ciiaBiB [HCTUTYTY
metanodizuku im. I'.B. KyparomoBa HAH Ykpainu.

JocmipKeHHsT MIKPOCTPYKTYpPH CILJIaBIB Ta BUBHAYEHHS XIMIYHOTO CKiany (a3
IPOBOJMJIOCH CIIJIBHO 31 CIIBPOOITHUKaMH JabopaTopii €IeKTPOHHOI MIKPOCKOIIi
[ncTuTyTy Metanodizuku iMm. I.B. Kyparomoa HAH VYkpainu.

Marepianu KaHAUMAATCHKOI AMCEpTalli aBTOpa BHUKOPUCTaHI BHUKJIOYHO B

JITEPaTypHOMY OTJISIAII.

Anpo0auis pe3yJabTaTtiB podoTH

PesynbraTtu mucepTariiitHoi poOoTH HOMOBITANKMCS Ta 0OroBOproBaiucs Ha 9
KoH(pepeHuisx ta 4 popymax pi3HOrO piBHA:

1. 1I Bceykpainceka koHbepeHIiss Mojoaux  BueHux. “CyyacHe
MaTepiajio3HaBCTBO: MaTepiaiu Ta TexHosorii”, Kuis, Ykpaina, 16-18 mucronaga 2011
pIK.

2. IV Mixunaponna koHdepenmis. ‘“Hanopasmepnbie cuctembl: CtpoeHwHe,
CroiictBa, Texnonorun”, Kues, Ykpaunna, 19-22 nosi6ps 2013 rog.

3. MixHaponHuii auckyciiiamidi 3axim “Science-Society-Personality”, Kwuis,
Vkpaina, 19 tpaBus 2016 poky.

4. Koudepenis “CydacHi npodsemu (i3ukud MeTajliB 1 METaIYHUX CHUCTEM,
KuiB, Ykpaina, 25-27 tpaBus 2016 poky.

5. ®opym “UkraineLab: momidonis akTuBi3My Ta  JOCITIIKCHHS
eBporneiicbkocTi”, bepinin, Himeuunna, 19-22 Bepecus 2016 poky.

6. ®opym “UkraineLab: JTabopartopist cTaioCcTi Uit IPOMaIChKUX 1HILIaTHB Ta

KynbTypu”, XepcoH, Ykpaina, 27-30 kBiTHst 2017 poky.
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7.  MbixkHaponHa  HAayKOBO-TeXHIYHa  KoHdepeHIis  “Science-Society-
Personality”, Kuis, Ykpaina, 18 tpaBus 2017 poky.

8. ®opym “UkraineLab: XomicTuuHuii Ta eKO-CHCTeMHMH miaxoau”, IBaHo-
®pankiBcbK, Ykpaina, 19-22 Bepecus 2017 poky.

9. Mixnapoana koH(pepeHiis “DyHKIIOHAIbHI MaTepiaiy JJIs 1HHOBAIIMHOT
enepretuku ®MIE-2019”, Kuis, Ykpaina, 13-15 tpaus 2019 poky.

10. V wmixnapogna koHdepenuis “MATERIAL SCIENCE. NON-
EQUILIBRIUM PHASE TRANSFORMATIONS”, Bapna, bonarapis, 9-12 BepecHs
2019 poky.

11. ®opym monoaux HaykoBUIB “CyyacHe MaTepiano3HaBCTBO. Marepianu Ta
texHosorii”’, KuiB, Ykpaina, 10-12 sxoBTtHst 2019 poky.

12. IV Mixnapoana koadepentis “INDUSTRY 4.0, boposen, bonrapis, 12-
14 rpynus 2019 poky.

13. I Muopkuapogna koHdepeHiis “@OyHKIIOHAIBHI — MaTepilaiu JJs

inrHoBariiHo1 eHepretukn ®MIE-2020”, Kuis, Ykpaina, 25-27 tpasusa 2020 poky.

IMyoaikanii

OcHOBHI pe3yJIbTaTH JUCEPTAIlii BUKJIA/ICH] Y 23 JPYKOBAHMX MpaIsix, 3 SKUX 2
cTaTTi omyOJIiKOBaH1 B IHO3€MHUX BUJIAHHAX, 14 cTaTel y criemiaii3oBaHuX HAayKOBHX
BUJIAaHHSX, IO BIHOCATHCS N0 TEPENiKy HAayKOBHX (PaxoBUX BHIaHb YKpaiHH,
3atBepkeHoro Hakazamu MOH  Vkpaiam, 1 BXOAATb J0 MIKHApOAHOI
HaykoMeTpuuHoi Oa3u paHux Web of Science Tta/abo Scopus, 2 po3ainmm y
KOJIEKTUBHUX MOHOrpadigax. 3a Marepialamu IuUcepTaliiHOl poOOTH OTPUMAHO S5

MaTeHTIB YKpaiHu Ha BUHAXI/I.

Crtpykrypa Ta 00cHar aucepramii

HucepramiitHa po6oTa CKJIANA€ThCA 3 aHOTallii, BCTYIy, IT'STH PO3MILIIB,
3arajJbHUX BHCHOBKIB, CIIHCKY BUKOpPUCTaHUX pkepen 3 240 HaliMeHyBaHb Ta 2
JOJIATKIB. 3arajibHuil 00csr poOOTH CTaHOBUTH 278 CTOPIHOK JPYKOBAHOTO TEKCTY,

BKJIIO4ar0uM 24 Tabnuii ta 77 pUCYHKIB.
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PO3JLI 1
AHAJITUYHAN OTJISIJI JTITEPATYPHUX TAHUX

1.1. OcHOBHI TUNIM MaTepiamiB AJs 30epiraHHs BOJIHIO y 3B’S3aHOMY CTaHI Ta

ICPCIICKTUBHU X BHKOPHUCTAHHA

Buxonsuu 3 mitepatypuux ganux [2,4, 29-36], Ha maHuil 4ac OBEACHO, IO
30epiraHHsl BOJIHIO y 3B’s3aHOMY CTaH1 y IMOPIBHSHHI 3 PIJAKAM Ta Tra3onoji0HUM
CTaHOM € OUTbII BUT1THUM Ta O€3MeYHUM criocoO0M. 30epiraHHs BOJHIO Y 3B’ 3aHOMY
CTaHl MOXXHa TOJUIMTH Ha JIBa OCHOBHI THUIIM, a caMe, aJCOpOIIHI METOAu Ta
30epiraHHs y BUTJISAII METaJICBUX T1APUIIB.

[Tpu agcopOLiIHUX METO/IaXx, HAKOMTMYEHHS BOJIHIO BIIOYBA€THCS B LIEOJITAX 1
BYTJICLIEBUX MaTepiaiax pizHoi Mopdosiorii (aKTUBOBaHE BYT1/UIS, HAHOTPYOKH,
HAHOBOJIOKHA Ta TOJIMEpH), a TaKoX Yy BHCOKOMOPUCTUX  KapKACHHUX
MeTaJIoOpraHiuHuX 3’ €qHaHHsIX [2]. [IpoTe, OCHOBHUMHU HEO0JIIKaMH LIMX MaTepiaiB
K COpOEHTIB BOJHIO € T€, 110 BOHM MOXYTh MPAIOBAaTH TIIbKU TPH HUZBKUX
temrepatypax ~ 70 K. Takox iXx BOAHEBOCOpOLiMHI BIACTUBOCTI 3HAYHOI MIpOIO
3aJieaTh BIJ PO3TATY>KEHOCTI TMOBEPXHI, TOMY JOCATTH KIUIBKOCTI MOTIUHYTOTO
BoaHIO BuIe 2,0 mac.% He BIaeThCs.

He nuBnsyuck Ha Te, MO yCi 3apPONOHOBAHI METOAU 30epiraHHs BOJHIO BXKE
3HAUIILTU CBOE MEBHE 3aCTOCYBAHHS y BUPOOHUIITBI, OLIIBIIICTh JOCIITHUKIB MPUNATILTH
710 TYMKH, 1110 HAWMIEPCIEKTUBHIIIMM JJI pO3B’A3aHHs Mpo0aeMu 30epiraHHsl BOJHIO
BCC-TaKM € BHKOPHWCTAHHS TBEPIUX CIOJYK - METAJICBUX TIIPUAIB SK 3PYUHUX
MaTepianiB sl HAKOMUYCHHSI, BUBUTbHEHHS, 30€piraHHs Ta TPAHCTIOPTYBAHHS BOJHIO
[4, 37-39]. Lleit kmac MeraneBHX MaTepiayliB XapaKTePU3YEThCS THM, IO 00’€M
MOTJIMHYTOTO HUMHU BOJHIO Ha JEKUIbKA MOPSIKIB TEepeBHINye 00’€M BHUXIJTHOTO
CIUTaBY, OJTHAK TMPHU IIbOMY JI0 HUX BHUCYBAETKCS I1ij1a HU3KA BUMOT. Tak, MaTepianam
copOeHTaM BOJIHIO, MeplI 3a BCe, MOBUHHI OyTHM MpUTaMaHHI TakKi BJIACTUBOCTI, SIK
O0OEpHEHICTh MPOIIECIB MOTJIMHAHHS Ta BUAUICHHS Ta3y, BUCOKI 3HAYEHHS KIJIbKOCTI

MOTJIMHYTOT'O BOJIHIO Ta BUCOKA IIBUIKICTh PEaKIIii 3 HUM.
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Tak, BigmoBimHO 10 JiTepaTypHux nanux [29,40], cam mporec B3aeMomii
MeTaJIeBUX MaTepialiiB 3 BoJHEM (puc. 1) € JOCUTH CKIIATHUM 1 MOXKE OyTH IO IICHUHA
Ha OCHOBHI CTaIIl:

* KOHTAKT MOJICKYJISIPHOTO BOJIHIO 3 METAJICBOIO TIOBEPXHEIO;

* HAKOMMYECHHS MOJICKYJl BOJHIO Ha MOBEPXHI 1 iX aucomiarisa (¢pizudHa aacoporis,
JMCOITIaIlis 1 XiMIUHa afcopOrris (XeMocopOI1isi) MOJIEKYJT BOJIHIO);

* IEPEePO3IOILT aTOMIB BOAHIO MO 00’ eMy MeTany (nudys3is);

* YIOPSIIKOBAHE PO3MIIICHHS aTOMIB BOJHIO Yy MIKBY3JISIX METAJCBOI MaTpHII 3

MOCTYIIOBUM YTBOPEHHSIM T1JIpUY.

pO}ClﬂHHH

e ’W ‘\ f 'i

Puc. 1. CxemaTuune 300pakeHHs peaKIlii, 1Mo Biq0yBarOThCA Ha MTOBEPXHI

po3noiny BojaeHb/Meran [40]

ITim aGcopOiiiero (po3UMHEHHSIM, TOTVIMHAHHSAM) BOJHIO METajJoM 3a3BHUYail
Ma€eThCsl Ha yBa3l MepexiJi BOJHIO 3 Ta3onofiOHOTO cTaHy B Metall. [lin TepMiHOM
abcopOoBaHMi1 BOJCHh PO3YMIETHCS BECh IOTJUHYTHI BOACHB, 10 3HAXOIUTHCA SIK Y
TBEpPJOMY PO3UMHI, TaK 1y BUIJIAII XIMIYHOI CIOJIYKH (T11pua). BoaHeBa eMHICTh — 11€
TpaHWYHA KUIBKICTh BOJHIO, SIKY 3/TaTHUN MTOTJIMHYTH MIEBHUN METal.

B po6orti [40] 6a3yrounch Ha nanux [41] Oyno 3a3Ha4€HO, 1110 HE ICHYE STKMXOCh
MeBHUX CHJI, III0 BUKJIMKAIOTH aacopOitito BoaHI0. [IpoTe mosicHIoeThCs, 1110 aacopOiris
MOJIEKYJI BOJHIO TMOBEPXHEI MeTajla BiOYBAa€ThCS 3aBISKH CHJIAM TSDKIHHS MIXK
MOJICKYJIIPHUM BOJHEM Ta MMOBEPXHEBUMHU aTOMaMH aJIcOpOCeHTY. MOJEKyJIM BOIHIO

MOXYTh OyTH aJcOpOOBaHI TMOBEPXHEIO MeTajlla 3aBASKH (Pi3uuHi abo XIMIUHIM
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aacopomii. Atopu [40] cTBepKyIOTh, 1O (i3UYHA ancopOIlis 3acHOBaHA Ha
B3aeMoii Ban-nep-Baansca Mixk MOJIEKyJISIpHUM BOJIHEM 1 aTOMaMHU aICOPOEHTY, pU
bOMY TIPOLIECI MOJIEKYyJa BOJHIO OJIHOYACHO B3a€EMOJIE 3 JEKIJIbKOMa aTOMaMu
aacopoenty (puc. 1.). [loTeHriiina eHepris MOJICKYJIM BOJIHIO Ma€ MIHIMYM Ha BiJICTaH1
NpUOJIM3HO OJIHOTO pajaiyca MoJiekynu ancopoenty (0,2 um) [42-43]. Enepris
bi3nyHO1 ancopOIlii 3a3BUYail HeraTWBHA, ii 3HAYEHHS MO MOYJIO HE IMEPEBUIILYE
20 x/Ix / momp H (-0,2 eB). [ns Garathox metaniB eHepris (izsuuHOl aacopOrii
omm3bka 110 -5 kJbx / mose H (-0,05 eB) [42], came Tomy 3HauHa (izuyHa aacopOIis
Ma€e MicCIle TIJIbKY MPH HU3BKKX Temiieparypax (<273 K) [43-44].

Hactynuuii eran B peakiii B3aemojii metan-BoaeHb (M-H) e nucoriairis
MOJIEKYJIM BOJHIO Ha aTOMH, OCKUIbKHM TUIBKM aTOMapHUN BOJAEHb 3/aT€H MOAOJATH
eHepreTHYHui 0ap'ep 11t IPOHUKHEHHS 3 IOBEPXHI MeTaly B Horo 00’ eM. Llei mpouec
HA3MBAETHCA XEMOCOpPOIli€r0, HOro eHepris 3a3BUuYail HEraTUMBHA, 11 3HAUYECHHS BIiJ
-20 o -400 x/I>x / Mons H, ipu mibomy 1t 6araTb0X METAJIIB 1S €HEPrisi CTAaHOBUTD
-50 x/Ix / monp H [42]. Sk 3a3Havarote aBTOopu [40], Ha OCTaHHBOMY e€Talll
BiJIOYBAETHCS YIOPSAKOBAHE PO3MIIICHHS aTOMIB BOJHIO B MDKBY3JISIX METaJIEBOI
MaTpHUIIl 3 YTBOPEHHSM TiApuay MeBHOI crexiomerpii. B po6oTi [45] Oyno 3pobiieHo
YTOYHEHHS, 10 1€ € MOKJIMBUM TIIbKH y THUX BHUIIAJKaX, KOJIU PajlyC MIKBY3JS €
6inbmmm 3a 0,4 A (0 moB’si3aHe 3 po3MipaMu aToMy BOJHIO, SIKMH MOBHUHEH TaM
MOMICTUTHCS ) Ta BIICTaHb M)XK aTOMaMH BOAHIO, SIK1 PO3MILIEH] y CYCIIHIX MIXKBY3JISIX,
oinbire Hixk 1,8-2 A.

[Ipote 1 cam mpouec yTBOPEHHs TIAPUIY € JOCUTh CKJIaJHUM. BinmoBinHO 10
JaHUX, MpEeACTaBIeHUX B poboTax [2,26], MOSACHUTU MPOLIEC YTBOPEHHS TiIPUAHOI
(a3u MOXKHA, BUXOJISIUM 3 CKCIIEPUMEHTAIBHUX 130T€PM THCK-CKIIa (puc. 2).

3 pucyHKa 2 BUAHO, 110 Ha TOYaTKOBOMY €Talll @, TUCK SIK (DYHKIIIsI KOHCTAaHTH
BOJHIO B METaJli 3pOCTa€ JOCHTHh IIBUIKO II€ BIATOBIAA€ YTBOPEHHIO O-TBEPOTO
pO34MHY BOJIHIO B MeTaui. [Ipu moganbiriii B3aeMo/Iii 3 BOJTHEM O-TBEPU PO3YUH MIPU
MIEBHOMY THCKY Ta KOHIICHTpAIlii CTa€ HACHUEHUM 1 MOJANbIIE PO3UYMHEHHS BOIHIO
MPU3BOJIUTH 10 YTBOpeHHs B-riapuanoi ¢a3u. Ha Bkazaniil miarpami (puc. 2) cramis

YTBOPEHHS TIAPUAY BIAMOBIJA€ TOPU3OHTAIBHIN AUIAHIN D, 110 BiamoBifae miaTo
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a<>p meperBopeHHs. lle mMosiCHIOEThCS TUM [2], 1m0 BiAMOBIAHO 10 IpaBmiia (a3
['166ca, yTBopeHHs B-TiIpuay € 1HBapiaHTHOIO PIBHOBArol0 1 B iJcaIbHUX yMOBax
NOBUHHO BiI0yBaTHCA MNpU MOCTIHHOMY THCKY. KiHElb TOpH30HTambHOI NUISHKA
BIJIMOBIIa€ 3aBEPIICHHIO MPOIECY YTBOPEeHHS Tiapuay. [loganpiine 301IbIIIEHHS TUCKY
3 POCTOM KOHIIEHTpaIlli BOJHIO BIANOBIJa€ PO3YMHEHHIO BOJHIO B TIIPUIHINA (asi
(minsaka ¢). Came TOMy B peallbHUX CHCTEMaX IiJABHUIICHHS IUIATO THUCKY BEJIE JO
301IBIIIEHHsT Yacy Ha YTBOPCHHS IMEPECHUYEHOTO O-TBEPAOTO PO3UYWHY, 3HIDKYHOUU

3araJibHy MIBUJKICTh B3a€MOJII1 3 BOJHEM, Ta MOTPeOye BUIIMX THCKIB PEAKIIii.

T
PH,‘ d_ c\
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Cu 1/T

Puc. 2. Jliarpama pTC craHy cucTeMu MeTaJI-BOACHb [2]

baratema aBTOpamu [2,4, 29-36] 3a3HauvaeThCs, MO0 OMHCAHHMIA BHIIE MPOIIEC
YTBOPEHHS TIAPUIY € TCOPETUUHUM, TOI K JUTS PEaIbHUX CUCTEM 3aBXKIN TPUCYTHIH

ricrepesic TUCKY (puc. 3).

Puc. 3. ['ucrepesic Ta Haxwn TrcKy mwiaTo Ha pC — i3oTepMmax [2]
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[lornuHaHHS BOJHIO 3aBXKIU BiAOYBA€ThCS MPH OLIbII BUCOKOMY THCKY HIXK
HOro BUALIEHHS, 110 MOSCHIOETHCS [2] IPOSBOM 3aJIMIIKOBOI TUIACTUYHOI AedopMartii
10 MPUYKHI IBUJKOI 3MIHU 00’ €My KPUCTAJIIYHOT IPATKH MPU 3BOPOTHOMY TEPEX0Ii
Bil HACHUYEHOTO O-TBEPAOrO pPO3UuMHY 10 [-Tiapuay. B peanpHuX cucremax
TOPU30HTAJIb TUIATO O[3 TIEPETBOPEHHS HalvacTimie BicyTHs (puc. 3), mpuaomy st
pI3HUX METaliB CTYHiHb BIAXWICHHS B TOPU3OHTANl CyTTeBa. 3O1IbIICHHSA
ricTepe3ucy MPU3BOJUTH JI0 MOTIPIIEHHS MPOIIECy AecopOIlli BOJHIO, IO € BaKJIMBUM
IPOLIECOM MPHU MPAKTUIHOMY BUKOPHUCTaHHI TAPUIIB Yy SKOCTI MaTepialiiB COpPOEHTIB
BOJIHIO.

B po6Gori [45] Ha MeTanax, 31aTHUX yTBOPIOBaTH MeTayeBi riapuan (puc. 4),
OyJ0 AOCHIIHKEHO, SIKI 3MIHM B1IOYBAIOTHCS B X CTPYKTYp1 MPU B3a€EMOJIi 3 BOJIHEM,
TUM caMHUM OyJI0O BCTAHOBJICHO, 1110 PO3YMHEHHSI BOJHIO B IPATLII METALy MOXE:

* CYMpPOBOKYBATHCS MPUHIIUIIOBOIO MEPe0yI0BOI0 METalIeBOI I'PATKU, HAIPUKIIA],
nepexoAaoM Bix 00'emHoueHTpoBaHOro KyOiuHoro (OLIK) makyBaHHS B CTPYKTypi
MeTaiy 10 rpanenenTpoadoro kyoigHoro (I'[K) makyBaHHS B MeTaseBii Mmiarpartiii
Tiapuay;

* HE IPU3BOJIUTH /10 ICTOTHOI 3MIHU CTPYKTYPH METAIy; B IbOMY BHUIMA/IKy aKyBaHHS
aTOMIB METaJly B METAJIEBIN MArpaTili TIAPUAY HE BIAPIZHAETHCS BIJ MaKyBaHHS B
CTPYKTYpl BHUXIJHOTO MeETajly, NpU I1[bOMY BIIOyBaeThcs Jjuiie jaedopmalis
€JIEMEHTapHOT KOMIPKH.

[IpoTe BaxkiiBUM OyJI0 MUTAHHS, UM BCl METAJIEBI MaTeplalid OJJHAKOBO 3/aTH1
B3a€EMO/IISITH 3 BOJHEM Ta YTBOPIOBATU XIMIYHI CIIOIYKH 3 HUM (T1iapuan). B poborax
[40,46] Buxos4uu 3 XapaKTepy YTBOPEHHX XIMIYHHUX 3B'S3KIB, 3T1THO 3 MPUUHSITOIO
kinacudikamiero, Bci 3'eaqHanHs M-H (matepian-BoaeHs) Oylio MOAUIEHO Ha TpU
OCHOBHI KyacH (puc. 4):

* 10HHI Tiapuau (coi);
* METaJIEeBI TIPUIM;

* KOBJICHTHI T1ApUAHA (MOJEKYJISIPHI CIIOTYKH).
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Puc. 4. Knacudikaiiis 3’ efHaHb MaTepiali-BOJICHb B IIEP10IMUHIN TaOIHUII

J.I. Menneneena [40]

o

(

3 IpenCcTaBlIEHOTO PUCYHKY 4 4YITKO BUAHO, IO TIIBKM YacTHMHA METATIB B
nepiognuHiit cucremi [[.I. MeneneeBa 31aTHa B3a€EMOIIATH 3 BOAHEM Ta YTBOPIOBATH
MeTajeBl Tigpuau (Mo3HAa4YeHI CHHIM KOJIbOopoM). BiamoBimHo mo mammx [2] Taki
€JIEMEHTH SIK MapraHellb, 3aj1130 Ta KOOAJIbT HE B3a€EMOJIIIOTH 3 BOJAHEM, TOJ1 SIK 1100
JIOCUThH BEJIMKOI TPyNH METalliB, sK 3a3HavyaroTh [40,46], Ha maHU Yyac MOXJIUBICTh
Takoi B3aeMoii HeBimoma (Oumnid KoJip). BignoBigHo Mo mitepaTypHux gaHux [2,4]
JIOBEJICHO, IO MOEAHAHHSIM B TMEBHI XIMIYHI CHOJMYKH (HAmpUKIaa 1HTEPMETaiIn)
IBOX MeTamB (ab0 HaBiTh OUIbIIE), AKI MalOTh CYTTEBO pI3HY AaKTUBHICTH IIO
BIJIHOIICHHIO 70 BOJHIO (puc. 4) (Hampukiajg TUTaHy Ta MAapraHIl0) BIAETHCA
CTBOPIOBATM KOMIIO3MIIII, SKI CYTTEBO TMEPEBAKAIOTh BHUXIJHI METalu ¥y
BOJTHEBOCOPOIIIMHUX BIACTUBOCTSIX.

basyrourich Ha maHux mpeactaBieHHX B poborax [47-50], BigHOCHO
PO3paxyHKIiB €JIEKTPOHHOI CTPYKTYpH TiIPHIIB (ISl MOHOTiIpHUIiB), B poOoTi [51]
3aCTOCOBYIOYM PO3PaxXyHKH 3 MEPIIUX MPUHIUIIB OYyJ0 BU3HAYEHO 3MIHY €Heprii
dopmyBanns murigpuay aas 3d Ta 4d metanis (puc. 5). ABtopu [51] CTBEpIKYIOTh,
110 TUTBKH y BHUITaJIKaX KOJIM 3MiHA eHeprii popMyBaHHs CHOIYKH, Ipu B3aemoii 3d

a0o 4d wmeramy 3 BoaHEM, Ma€ Bia’€MHE 3HAa4YCHHA (PHC. 5) OaHa peakiis €
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TEPMOJMHAMIYHO BUTIIHOIO Ui CUCTEMHU. BiMOBIAHO bOMY €JIEMEHTH SIKI MalOTh
BiI’€MHY 3MiHY €HEeprii 3JaTHI YTBOPIOBaTH CTIMKYy XIMIYHY CIIOJYKY 3 BOJHEM
(rimpua) (puc. 4 ta 5). Orpumani aBropamu [S51] nani, 30iraroThCs 3 JaHUMU
npeacTaBiIeHnMH B poOoTi [40], mo mpu nepexoni B psiay Tadmuii [[.I. Menneneena 3
JiBa Ha mpaBo, Ay 3d Ta 4d MeTaliB, 31aTHICTh YTBOPIOBATH CTIHKY XIMIYHY CIIOJIYKY

3 BOOJHCM piSKO SHUKYETBCA.

-&- CaF2
-+ C025i
-+ TiO2

-= CaF2
-+ Co2Si
- TiQ2

AEgrm/H; (V)
o
AEjgm/H; (V)
o

(b) Sc Ti V Cr Mn Fe Co Ni Cu Zn (b) Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

Puc. 5. 3mina eneprii popmyBanns quriapuay mis 3d ta 4d meranis [51]

CyuacHuil pO3BUTOK BOJHEBOTO MaTepiaJioZHABCTBA JO3BOJISE MiAOUpPATH IJIs
BHUPIIICHHS KOHKPETHUX TEXHIYHUX 3aBJaHb BOJHEBOI CHEPreTHKH IIJIKOM IIeBHI
Marepiaiy 3 3aJaHUMH BJIIACTMBOCTSAMH - TEMIIEPATypol0 1 THCKOM CHHTE3Yy 1
pPO3KIaJaHHs TIAPHUJIIB, TEPMOAMHAMIYHUMHU 1 KIHETUYHUMHU XapaKTEPUCTHUKAMU
nporieciB TiapuaoyTBopeHHs. Tabmums 1 knacudikye Bigomi BOJCHB - NMOTJIMHAKOY1
MeTajeBl MaTepiajid, BUXOJIAUYU 3 iX CTPYKTYPH, KUIBKOCTI MOIVIMHYTOTO BOJHIO Ta
XapaKTEPUCTHUK MPOLIECIB IIpyBaHHA-AETIApyBaHHs [2,4].

Jlo Takux MarepiajiB B MEpIIy Yepry BITHOCSATh MarHiil Ta CIJIaBU Ha HOTO
ocHOBi, TuTaH Ta OLIK-TBepai po3umHM HA MOr0 OCHOBI, @ TaKOX 1HTEPMETaJiHI
cnoiyku. KoxkeH Tun iCHyI0YMX Ha JaHUH 4ac BOACHb-aKyMYJIIOIOUHX MaTepiaiiB Mae
SK CBOT TIepeBaru, Tak 1 HEJIOJIKH, sIKI OMTUCAHO HIDKYE.

Jlo OCHOBHUX TIEpeBar MarHito, Ik BOJCHb-aKyMYJIOI0UOTO MaTepianry, MO>KHA
BIJIHECTH MOXJIUBICTh OTPUMAHHS TIAPUIY ILISXOM TiIpPyBaHHS I[LOTO METaly B

CEepEeNOBUIIll Ta30MOAI0HOTO BOJHIO, a TaKOXX HaMBUINA 3 BIJOMUX MarepiajiB
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KIJIBKICTH COpOOBaHOTO BOAHIO Ha piBHI 7,67 mac.% [16]. IIpore, cam mporec
OTPUMaHHS TIAPHUIY MAar”ilo € YTPyJAHCHHM 1 BUMAara€ BHUKOPHCTAHHS JIOCHUTH
YKOPCTKUX TEPMOOApPUUYHMX YMOB JUIsi HMOTO peaiizallli Ta CKJIaJAHOI aKTHUBAIlIAHOI
00poOku. Kpim Toro, mpu GaraTopa3oBux IUKIaX copOIis-aecopOris cTabiIbHICTh
TiIpUy MAarHilo € HEIOCTaTHhOIO, IO BEJAE /O IMOCTYNMOBOi BTPAaTU HEOOXITHHUX

XApPaKTCPHUCTHK.

Tabmuug 1.1. XapakTepucTUKU PI3HUX KJIACIB BOJIEHD - OTJIMHAIOYUX CIUIABIB

€MHICTD Po6ounit Tuck .
} . .. |IIBmakicte| YMOBH
Knac | Cmnasu IHTEpBaJ JucoInamii, | .
H/M | mac.% o TiApYBaHHS | aKTUBAIil
temreparyp, °C aTM.
LaNi
ABs a “_3 1,4 |0,8-1,2 KIMHATHa 0,5-15 BHCOKA M'AK1
MmNis
AB> ZrMnz
(Laves | TiMn; 1,3 | 1,5-2,0 KIMHATHA 0,5-20 BHCOKA M'sIK1
phases) | ZrV-
AB TiFe 12 |1,4-1,81 KIMHATHA 0,5-15 HHU3bKa KOPCTKI
(OIK) | Ti-V 2,0 | 3,9-4,0 400-600 1-15 HH3bKA YKOPCTKI
(Mg) Mg-Ni | 2,0 |6,5-7,67 350-450 1-10 HHU3bKa KOPCTKI

Marniit sk matepian s 30epiraHHsi BOJHIO Ma€ Jy>K€ HU3bKY IMBUJIKICTh
B3a€EMOJIIi 3 BOAHEM, OCOOJMBO MiJ 4Yac NEPIIOro TiAPYBaHHS, IO € HaHOUIbII
po6ieMHUM MOMEHTOM. e moB’s13aH0 3 yTBOPEHHSM Ha MOBEPXHI YACTHHOK TOHKOTO
miapy TiApUAY MarHito, 1o rajibMmye nudysiiiHe MPOHUKHEHHS aTOMIB BOAHIO B IJIHO
MeTany. 3rigHo 3 JaHuMu [52], mepie TiApyBaHHS MarHilo MpU TeMIepaTypi
340-350 °C Ta tucky BomHio a0 3 MIla mMoxe OyTu 3aBepIIIEHO BIPOIOBK
6-336 roguH. Taki BenuKi po30DKHOCTI MO 4Yacy B3a€MOIl 3 BOJAHEM, BUKJIMKaHI
BHUCOKOIO YYTJIMBICTIO IIBHUAKOCTI peaKilii, po3MipOM YaCTHMHOK 1 CTaHOM MOBEPXHI
BUXIJIHOTO METally, yMOBaMH aKTHBAIlil, YUCTOTOIO ra3omnoAiOHOro BoaH0. Peakirito
MO>KHA MPUCKOPUTH, 30UTBIIMBIIN Temnepatypy riapyBanHs a0 400 - 450 °C 1 tuck
BoaHto a0 10-20 MIla B moenHanHi 3 neaKkuMu Kartaiizatopamu. [Ipote 3aMicTh
BIUTUBY THCKY Ta TEMIIEpATypU Ha KIHETHKY MPOIECY COPOIIii, MUPOKO 3aCTOCOBYIOThH

MEXaHIYHYy aKTUBalLliHy OOpoOKy (Hampukiaj, MOAPIOHEHHS MAarHito B IIAPOBOMY
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MJIMHI1) TTiJT TACKOM BOJIHIO, IO TAKOXK € €()eKTUBHUM METOJIOM BIUIMBY Ha KIHETHUKY
nornuHaHHs BoaHIO [53]. [Ti3Hime Oyino moka3aHo, 1o ACSKi 1HIIT METOIH IIACTUIHOT
nedopmMallii Marsiro Ta CIUIaBiB Ha MOT0 OCHOBI JIO3BOJIAIOTH CYTTEBO IMOKPAIIUTH
KIHETUKY TpOIEeCy MpH TMepIIoMYy TiIpyBaHHI. 30KpeMa, pIBHOKaHaJbHE KYTOBE
MIPECYBaHHS MACUBHUX 3JMBKIB CIUIaBIB MATHIIO 3 TOJAJBIINM iX TUCIIEPryBaHHSIM B
MOPOIIOK BUSIBUIIOCS TAKUM ke €(DEeKTUBHUM, SIK 1 TPUBaJe MOAPIOHEHHS B IIAPOBOMY
MJIMHI, J7s TPUCKOPEHHS KIHEeTHUKW rigpyBanHs [54,55]. Takox  Oyno
MPOJIEMOHCTPOBAHO TMO3UTUBHUI BIJIUB KPYYEHHS IIiJI BHCOKMM THCKOM SK Ha
KIHETHKY TIPOIIEeCy TiAPyBaHHS, TaK 1 HAa 3HHKCHHS TEMITepaTypH MOYATKy aKTHBHOTO
nornuHaHHA [56]. OcHOBHA mpobiema 3 3anIpONOHOBAaHUMHU METOIAMH MOKPAIEHHS
KIHETUKH TIIpyBaHHS MAarHir0 IIOJISATa€E B 1X TEXHOJIOTIYHIA CKJIAQIHOCTI, BUCOKIM
BapTOCTi ¥, 0COOJIMBO, B OTpUMaHH1 30UIbIIEHUX 00’ €MIB MaTepialy 13 HEOOX1THUMHU
XapaKTEepPUCTUKAMU TIPU TIEPEXOl BiJ] JTAOOPATOPHUX JOCTIIHKEHb 10 MPAKTHYHOTO
BUKOpHUCTaHHs [16]. BigmoBimHo a0 jiTepaTypHUX JnaHux [57] rigpua Ha OCHOBI
MarHil0 Ma€ BHCOKY TEpPMIUYHY CTaOUIBHICTh, LIO € HETaTUBHOIO PHUCOI0 s
MPaKTUYHOTO BUKOpHUCTaHH. Hanpukiaa, HeoOXiTHO HArpiBaHHS T1IPHUAY MarHito J10
nocuTh BHUCOKOI Temmeparypu ~ 300 °C, mo0 3a0e3meuynTd THUCK BOJHIO Ha
piBHi 0,1 MIIa.

OkpiM 3a3HaYCHHUX HEIOIIKIB, MOB’SA3aHUX 3 KIHETHKOIO IMPOIECIB COpOIi-
necopOirii, Mar"Hii Ta CIUIaBM Ha MOro OCHOBI TaKOX MAarOTh MOTAaHY IUKIIYHY
CTaOUIbHICTB, III0 BUPAKAETHCS B ICTPaAaIlii BOJHEBOCOPOIIMHUX XapaKTEPUCTHK MPU
30UJIBIIICHH] KIIbKOCTI IIUKJIIB HABOJHEHHS/3HEBOAHEHH 1. X04a JiTepaTypHi AaHi, 110
CTOCYIOTHCS JJOCIIIKEHHIO ITUKJITYHOI CTa01JIbHOCTI, IOCUTh CyNIepewINBI (IIBUALIEC 32
BCE, Uepe3 pi3Hi eKCIEPUMEHTAIbHI YMOBH ), OyI10 3adikcoBaHO €(heKTH JeTpaaliii mi
yac [UKJIyBaHHS, SIKI MOB'SI3aHI 3 YAacCTKOBOIO HE3BOPOTHOK BTPATOK KUIBKOCTI
MOTJIMHYTOTO BOJHIO [58] Ta 13 MOTIPIICHHSIM KIHETUKH MPOIIECIB cOpOITii-necopoiii
BOJHIO, OCOONHMBO TpW OUIBII HHU3BKHX TeMmIiiepatypax [59]. Bpaxomyroum yci
3a3HauCHI MEepeBaru Ta HEAOJIKU, MarHii Ta CIJIaBM Ha MOTr0 OCHOBI, HA JaHUU 4ac,
Jy’Ke JIIMITOBAaHO BUKOPHCTOBYIOTHCS B SIKOCTI MaTepianiB-COPOCHTIB y aBTOHOMHUX

a00 cTallloHApHUX CUCTEMax 30epiraHHs BOJHIO.
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OcHoBHuMH TiepeBaramu Tutany abo OLIK-TBepaux po3unHIB HA HOTO0 OCHOBI
SK BOJEHBb-aKyMYJIOIOYOTO0 MaTepialy € MOKJIHMBICTh OTPUMAHHS TLAPUAY ILISXOM
IPsIMOi peakinii TiJIpyBaHHsS B CEPEJIOBHIII Ta30IMOI0HOTO BOJHIO, a TAKOX JOCUTH
BHCOKA KUTBKICTh COpOOBAaHOTO BOIHIO 110 4 Mac.% [61,62], ane rmpu 1boMy caM MPoIiec
OTpPUMAaHHA TIAPUJY TUTAHy Ta MOro po3KIaAaHHs, SK 1 JUIsl MarHilo, Mae psj
HEJIOIKIB.

BiamoBimHo 1o mitepaTypHux naHux [60-63], oTpuMaTH Tipua TUTaHY MOYKHA
[UIIXOM HarpiBaHHs METally B MONEPEIHbO BAKYYMOBAHMX I€YaXx il TACKOM BOJHIO
3 HACTYITHOIO BUTPUMKOIO npu Temriepatypax 400 - 600 °C B atmocdepi razy. Ilpore,
SIK 3a3HAa4YaI0Th aBTOPH, TAKWUH MPOIIEC TiPyBaHHS TUTAHY 3aiiMa€e AEKITbKa TOIWH, 110
MOB’sI3aHE 13 MOCTYNOBUM AU(Y31HHUM HACHYEHHSM BOJIHEM KPUCTAJIYHOI IrpaTKu
MeTajdy, TOMY 1 BHMara€ 3HAYHHX €HEpPreTHYHWX 3arpaTr. Kpim TOoro, 3HadHa
TPUBAJICTH MPOIIECY CYTTEBO MIJABUIILYE PU3UK 3a0pPYJHEHHS OTPUMAHUX TIAPUIIB
CTOPOHHIMHU JOMIIIKaMU (KUCEHb, a30T) 13 3aJUIIKOBOI aTMOchepu BaKyyMOBaHOI
neyi, 10 HEraTUBHO BIUIMBAE K HA KUIbKICTh MOMJIMHYTOTO BOJHIO, TAK 1 HA KIHETUKY
MIPOIIECIB COPOITii-mecoporii.

B po6oTtax [64-65] Oyi0 noBeneHO, 110 1 Mpoliec po3KIaaHHs TIAPUIY TUTAHY,
K 1 Tpolec WOro OTPUMAHHS, BUMAara€ 3HAYHUX EHEPreTHYHUX 3arpaT. ABTOpHU
CTBEP/IKYIOTh, 110 T1APUJ TUTAHY 32 BIJHOCHO MOBLILHOTO (7 °C/XB) HarpiBy Ipu
moyaTkoBoMy THCKy B kamepi (107 Tla) posmoumHac BUAINATH BOAEHb IPH
temriepatypi Buiie 300 °C, a 3aBepuryethest qanuit rpoiec npu 600 °C. Kpim nporo
TaKOXX 3a3HAYAETHCS, 1[0 HA TEMIIEpATypy 3aBEPIICHHS MPOLECy AecopOIlii BOIHIO 13
Tipyy TUTAaHY CYTTEBO BIUTMBAE IIBUAKICTh HarpiBaHHs. [lokazaHo, 1110 MpY BUCOKUX
MIBUAKOCTSAX HarpiBy (20 °C/XB 1 BUIIIE) TEMIEpaTypa 3aBEPIICHHS IPOIECy AeCopOITii
BOJIHIO 3MINIY€EThCS y O1K BUIIMX 3HAYEHBb 1 3aKIHUYETHCS MPOIEC 3 JTOCATHEHHSIM
BMICTY BOJIHIO B MaTepiani Ha piBHi 0,01 mac.% npu temneparypax 1250...1350 °C.
BpaxoByroun To# ¢akT, M0 MNPOIEecCH OTPUMaHHSA TiAPUAYy TUTAHy Ta WOTO
PO3KJIaJlaHHs BHMAararTh HArpiBaHHsS JI0 BUCOKHX TEMIIEpATyp Ta TOBrOTPUBAJIOL

BUTPUMKH, caMme ToMy TuTan abo OLIK-TBepi po3unHM HA OTO OCHOBI MPAKTUYHO HE
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BUKOPUCTOBYIOTBCSA Yy SIKOCTI Marepiany COpOCHTY il aKyMYJIOBaHHS BOJHIO B
ABTOHOMHHX Ta MOOUTHHUX CHUCTEMaXx 30epiraHHs BOIHIO.

[HTEepM™MeTaniu, Ha BIAMIHY BiJl TUTAHY Ta MarHiio, XapaKTepHU3yrThCs BITHOCHO
HU3BKOIO KUTBKICTIO TOTIIMHYTOT0 BOAHIO - 10 2,0 Mac.% [18,19], mpoTe BoHM 31aTHI
3 BHCOKOKO IIBHJKICTIO B3a€MOJISATH 3 BOJHEM IIpU KIMHATHIM TeMmreparypi 0e3
3aCTOCYBaHHS MMOIEPEIHhOI AKTUBAIIIMHOT TEPMOBAKYYMHO1 a00 MEXaHIYHOT 0OpOOKH
JUIS aKTUBallli B3a€MOAIl 3 BOAHEM, KpiM TOTO, IMPOLEC PO3KIAJaHHSI OTPUMAHUX
TIAPUIIB IS BUAUICHHS BOJHIO HE MOTpeOye BEIMKHX €HEPreTUYHUX 3arpatr (Ipu
temriepatypt 350 °C Ha iHTepMeTaniaXx BIAEThCA JOCATTH BHUAUICHHS BCHOIO
MOTJIMHYTOT'0 BOJHIO [66]), 1110 1 pOOUTH iX OIBII NPUBAOIMBUMHU JIJIsi TPAKTUYHOTO
BUKOPUCTaHHS, OCOOJMBO Ha TpaHCHopTi. BaxIMBICTh mMapaMeTpiB IMIBHAKOCTI
B3a€MO/IiTi MaTepiaay 3 BOJHEM Ta TeMIlepaTyp MpoiieciB copOlii-aecopOliii BOJHIO y
MOPIBHSIHHI 3 BOJIHEBOIO €EMHICTIO OOYMOBJIEHA THUM, WIO0 MPU MPAKTUYHOMY
BUKOPHCTAHHI HA TPAHCIOPTI JIy>KE€ BAXKIMBO MIHIMI3yBaTH BUTPATHU Yacy Ta €Heprii
Ha Tiepe3apsKeHHs BOJAHEBOTO aKyMyJIsITOpa.

BignosigHo 10 peacTaBieHuX y Tabnui 1 JaHuX, IHTEpMETATIIH, SKI MOXKYTh
3aCTOCOBYBATUCSA y MOOLIBHUX a00 CTal[lOHApHUX CHUCTEMax 30epiraHHs BOJIHIO
MOAUISIOTHCS Ha Tpu ocHOBHI TUI ABs AB Ta AB,, 1¢ OCHOBHUMU TIpECTaBHUKAMHU
e 3’ennanns (LaNis) [22,67], (TiFe) [23,68] (TiMny) [24,69] BianosigHo. Koxen i3
MPEICTABICHUX IHTEPMETAJIIIB Ma€ CYTTEBO PI3HI BOJHEBOCOPOIIIIHI BIACTUBOCTI,
10 1 BU3HAYAE€ YMOBH Ta MEXKI1 X MPAKTUYHOTO 3aCTOCYBaHHS.

B po6ori [25] aBTOpaMu noka3aHo, 10 MPAKTHYHE 3aCTOCYBAHHS IHTEPMETANI LY
tunty AB (TiFe), y nopiBusiHHI 3 iHTepMeTaninamu tumiB ABs Ta AB2, niMiTyeThCs y
3B’SI3KY 31 CKJIQAHUM AaKTHUBAI[IMHUM TIPOIIECOM IMEPIIOro TiApyBaHHS. ABTOpHU
CTBEPJIKYIOTh, III0O XO4Ya IMpOIEC B3aEMOAIi 3 BOJHEM MOXE BIIOYBAaTHUCS TIpU
KIMHaTHINA TemnepaTypi Ta Tucky 5 Mlla, ane npu npoMy MIBUAKICTH MOTJIMHAHHS €
Ty’ke HI3bKO10. J[J1s1 akTuBallii mporiecy moriInHaHHS BOJHIO IPH MEPIIIOMY TipyBaHHI
inTepMeraniay TiFe B podotax [70,71] Oyio 3anmpornoHOBaHO iI€0 CTOCOBHO TOTO, 1110
JIETYBaHHSI MOK€ CYTT€BO BIUIMHYTH Ha MIBUIKICTh B3a€EMOJIIi 3 BOAHEM. ABTOpaMH

[70] mpm pmocmimkeHHi crutaBiB Ha ocHoBi iHTepMmertanimy TiFe (TiFeZrgs,
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TipgsFeZroos Ta TiFegosZrogs) Oyno MOKa3aHO, IO 3aBISKH JI0JIABAHHIO ITHPKOHIIO
BJIA€THCS BIUIMHYTH HA MIBUJAKICTH MOTJIWHAHHS BOJHIO MPHU TIEPIIOMY TiApyBaHHI.
Takox cTBEpIKY€EThC, 10 ciiaB T1FeygsZlo s Y MOPIBHAHHI 3 iHTepMeTamiaoM TiFe
Ta 1HIMMMHU JIOCTIDKYBAaHUMH CIIaBaMH JaHOi cepii, MaB 3HAYHO BUIIY BOJHEBY
emMHicTh. [lonpu neBHe MOKpalieHHs! BOJAHEBOCOPOLIMHUX XapaKTePUCTUK BHACIIIOK
JeryBaHHs, iHTepMeTania Tuny AB 1 10ci HE BUKOPUCTOBYETHCS Y SIKOCTI COpPOCHTY
IIPY CTBOPEHHI BOJHEBOTO aKyMYJISITOPA.

AHai3 jitepaTypHuX aaHux [2,22, 72-76] nmokasaB, 110 OCTaHHIM 4acoM JIJIst
MPaKTUYHOTO 3aCTOCYBaHHSI BOJIHEBHX aKyMYJSITOPIB, OCOOJMBO Ha TPAHCHOPTI, B
SAKOCTI MaTepiajiB COPOCHTIB BOJHIO, OLIBII MEPCHIEKTUBHUMU € CIJIaBU Ha OCHOBI
iHTepMeTaiiiB ABs abo AB;.

B po6ori [73] nocnigHukaMu pu CTBOPEHHI METAJIOTIIPUIHOTO aKyMyJIsTopa
JUTST BaHTQXXOMIAMOMHHKA, 3 3aCTOCYBAHHSIM Yy SIKOCTI Marepiaay COpOEHTY BOJIHIO
CIUIaBYy Ha OCHOBI iHTepMeTaniay ABy, Oyio qoBeeHO, IO BiH MaE CYTTEBI MepeBaru
y TOPIBHSIHHI 3 MEPIIUM CTBOPEHUM I LIMX LUIEH aKyMyJISITOPOM Ha OCHOBI CIUIaBY
tumy ABs [22], 110 BUpakaeTbes Y KOMIIAKTHOCTI aKyMyJISITOpa Ta 301IbIIEHOMY Yaci
poOoTH 6e3 mepe3apsIKeHHs, 3aBISIKU CYTTEBO PI3HIM MUTOMIN Baru iHTEpMETAIIIIB
turmy ABs Ta AB; Ta KiJIbKOCTI TOTJIMHYTOT'O BOAHIO HA OAWMHHUIII0 MAacH Martepialry
copOenty. Kpim Toro, 6a3yrounch Ha paHille MPOBEICHUX TOCTIKEHHSX [77] B poOOTI
[78], aBTOpaMu JOBEJEHO, IO JJis CIUIaBIB HAa OCHOBI IHTepMeTamiaiB Tuny AB;
MIBUAKICTH B3aemomii 3 BogHeM Ha 20-50 % Builie BiX BIAIIOBIAHOIO IMOKA3HUKA A
CIUTIaBiB Ha OCHOBI iHTepMeTaniay Tuny ABs (LaNis), mo ckopouye yac, HeoOXiaHHH
JUTSL TIepe3apsiPKeHHs] BOJAHEBOTO aKyMyJsITOpa, OyJIydd OCOOJIMBO BaXKJIMBUM MPU
MPAKTUIHOMY BUKOPHCTAHHI.

VY 3B'I3Ky 3 mnepeBaraMu MartepialliB - aKyMyJsTOpiB BOJHIO Ha OCHOBI
iHTepMeTamiaiB Tuny ABj, 0co6MBOI akTyansHOCTI HaOyBae po3poOKa 1 CTBOPECHHS

HOBUX METAJIEBUX KOMITO3MIIIM HA OCHOBI JAHOTO THITY 3’ €HAHb.
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1.2. BogueBocopO1iiiHi BIACTUBOCTI CIUIaBIB HA OCHOBI iIHTepMeTaniay Tumy AB;

1.2.1. BriuB XiMI9HOTO CKJIaly Ha BOJHEBOCOPOIIiHiHI BIACTUBOCTI

3 6araTtboX iIHTEpPMETAITITIB, IO HaJIeXaTh 110 TUITy AB; (¢aza JIaBeca) Ha nanuit
yac, HaMOUIbII 3aCTOCOBYBAaHMM Yy PEBEPCUBHUX CHUCTeMax 30epiraHHs BOJHIO, €
inTepMmetania TiMng. Ile moB’s3aH0 3 TUM, 110 1HTepMeTama TiMn, 3aitmae ocoOnuBe
MICIIe cepell aHAJIOTiB y cBoeMy kiaci (ZrMn; ta ZrVs) [2,4,26], 3aBasiKy MIBUIKIN Ta
MPOCTIN aKTUBAIlli, MPUHHATHUM KIHETMUYHHM IapaMeTpaM MpoleciB copOoIii —
necopOirii, TOCUTh 3HAYHIM KUIBKOCTI morjvHyToro BogHio ~ 1,0 H/Me [79,80]
(B poboti [81] Oyno moBeneHo, 10 B eleMeHTapHiM komipii (a3u JlaBeca moxe
po3MmiIyBaTucs 6 aToMiB BOJHIO), BUCOKIN IIBUAKOCTI TiapyBaHHs [82-83], a Takox
Mae obsacte romoreHHocTi 11 ar.% 1 BITHOCHO HEBHCOKY BapTicTh. Kpim Toro, 1e
OJIHIEIO JY’KE€ BaXKJIMBOIO TMEPEBAror0, 0COOIMBO MPU BUKOPUCTAHHI HA TPAHCIIOPTI,
iHTepmetaniny TiMny y TOpIBHSHHI 3 aHajoraMd € MOro majia NHTOMa Bara.
BianosigHo a0 nitepatypHux aanux [84,85] inrepmerania TiMn; (paza JlaBeca Tumy
C14) mae rekcaroHajgbHy KPUCTAIIUYHY IPATKY, 110 HAJIEKHUTH JO CTPYKTYPHOTO THUITY
MgZn, npocropoBoi rpynu P6s/mmc (cumBon [lipcona hP12). BignoBiaHo 10 1aHUX,
MpeacTaBlIeHUX B poboTax [86-88], mapaMeTpu KpUCTATIYHOI TPATKH 1HTEPMETAII Ty
TiMn, 31 301IbIIIEHHSIM BMICTY TUTaHy y ckimani cmiaBy Big 30 ar.% mo 41 ar.%
JiHIHHO 3MIiHIOOTECS Big a 0,4812 mo 0,4880 am ta ¢ Big 0,7892 mo 0,7992 uwm,
BIJITTOBITHO.

Tak y po6oTi [89] aBTOpamu 1OCTIKEHO B3a€EMO/1I0 3 BOJHEM CILIaBiB O1HAPHOL
cuctemu Ti-Mn B oGnacti cknamiB (59-70 at. % Mn), mo BiAMoBigar0Th 00J1aCTi
roMoreHHocTi iHTepMmetaniay TiMny [90]. ABropamu BCTaHOBIICHO, IO KUTBKICThH
MOTJIMHYTOrO0 BOJHIO CYTTEBO MIABUUILYETHCS MPH 30UIBLIEHHI KIJIBKOCTI TUTAaHY B
CKJIaJl CIJIaBY y BKa3aHii 00JacTi i, M0 HalKpaIl KiIHETUYHI BJACTUBOCTI MPOIIECIB
copOIrii-gecopoOIlii, a TaK0X MaKCHUMaJIbHO MOJKJIMBA KiJIbKICTh IMOTJIMHYTOTO BOJHIO
Oyna gocsrayta Ha cruiasi (T1-59 at.% Mn), ckiajg sSIKOro BIAMOBIIAB HUKHIA MEXi

001acTi ICHyBaHHS IaHOTO IHTEPMETAIITY.
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B po6ori [91] mpu mocmimkeHHI BOJHEBOCOPOIIIMHUX BIACTUBOCTEHN BiIIMAIEHUX
crutaBiB OiHapHOi cuctemu Ti-Mn B oGmacti ckmaniB (56,4 - 66,8 at.% Mn) Oymo
MIITBEPPKEHO OTprUMaHi B po6oTi [90] nmaHi, 1110 31aTHICTh B3aEMOJIISTH 3 BOJHEM, a
TaKOX KIJBKICTh MOTJIWHYTOTO BOJHIO, CIUIAaBaMH Ha OCHOBI iHTepMmeTamiay TiMny,
3HAYHOIO MIPOIO 3JIKUTH B1JI X XIMIYHOTO CKJay. JIOCIIKYIOUU MIKPOCTPYKTYPY
Ta (pa3oBHi CKJIa] BIAMAJICHUX CIUIABIB Y 3a3HaueHIN 00j1acTi, O0yJI0 MOKa3aHo, 110 BCl
JOCTIKYBaHl1 CIJIaBU BHSIBIUIMCSA TeTepoda3sHUMH, CTPYKTypa SKHX CKiIajganacs 3
iaTepMeraniny TiMnp, a Takox iHTepMmeraniay TiMn. IlpucyTtHicTh y ¢azoBomy
CKJaJl BIANAJICHUX CIUIaBIB iHTepMeTanigy TiMn aBropamu [91] Oyna moscHeHa
YaCTKOBHUM po3MajoM iHTepMmetanixy TiMn, nig yac TepmigyHoi 00poOku. Kpim 11poro
Oys0 3a3HaveHo, 1m0 00’ eMHa A0 iHTepMeTaniay TiMny, y gochipkyBaHiil 06sacTi
CKJIaZ1B, 30UTbIIY€EThCS 31 30UIBIIEHHAM KUJIBKOCTI MAapraHIlo y CKJIajl ciuiaBy. Tak
st crutaBy Ti-56,4 at. % Mn 06’ emua fosis inTepMmeraniay TiMn, ctaHoBuTh 60 %
Tomi sIK s criaBy Ti-66,8 at. % Mn BoHa 3poctae 10 97 %.

Takox Oyn0 BCTaHOBJIEHO TOW (pakT, MO B 1HTepBasl ckiaaiB Bix Ti-56,4 no
Ti-59,4 ar. % Mn, BMicT Mapranito B iHTepmerainial TiMn, maiike HE3MIHHUM 1
CTaHOBHUTH Ha piBHI 60 aT. %, TOxi K Mys criasiB Bix Ti-59,4 at. % Mn mo Ti-66,8
aT. % Mn KOHIIEHTpAIlisl MapTraHIfio 3POCTAE 1 3HAXOAUThCS B iHTEpBai Bix 60 10 66
aT.% BignoBiAHO. | xoua aBTOpamMu He OyJI0 3a3HAYEHO MPO MPUYUHU 30UTBIICHHS
00’eMHOi foii iHTepMeTaniay TiMny y ckiaji crijiaBy, 301IbIIEHHS] 00’ €MHOT 1071 Y
JOCIIKYBaHIA 00JacTli CKJIaAiB MOXKe OyTH TOB’si3aHE€ caMe 31 30UIbIICHHSM
KUIBKOCTI MapraHIflo y CKJaJl 3a3HaueHoi (a3, 10 1 3MEHIye il po3maja MNpu
TEepMIiuHii 00poOIIi.

BoaHeBocopOIiiiHi B1aCTHBOCTI CIIIaBiB y 001acTi ckiais (56,4-66,8 at.%Mn)
Oys0 nociiakeHo mpu TUCKy BoAHo 3,2 MIla Ta kimHaTHIN TemmniepaTypi. ABTOpamMu
[91] Oymo mokasaHo, MO MPU BKa3aHUX MapameTpax TiAPyBaHHS, CIJIaBU 3 BMICTOM
MapraHino Bijx 56,4 mo 59,8 at. % mia yac mepiioro rigpyBaHHs MOTJIWHAIN BOACHbD 3
BHCOKOIO IIBHIKICTIO, Toal sk cmuiaBu Ti-62,0, Ti-64,0 ta Ti-66,8 ar. % Mn He
B3aEMOJIISUTA 3 BOJAHEM B3arajii. Kpim 1boro 1 KiIbKiCTh MOTJIMHYTOTO BOJIHIO TaKOXK

CYTTEBO BiJpi3HsIach. Tak mpu mepexoxi Bif craBy Ti-56,4 no Ti-59,4 at. % Mn
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KUTBKICTh TTOTJIMHYTOTO BOJHIO 301bITyBasiack 3 H/Me ~ 0,8 no 1,0 BiamoBimHO, TOI1
SK TpH 30UTBIIEHHI BMIiCTy Mapranmipo g0 61,2 at.% H/Me BinOyBanoch piske
smenmenns a0 H/Me ~ 0,2. Orpumani nani jgo0pe KOPENOWTh 3 JaHUMH,
npeacTaBieHuMu Yy poOoTi [92]. Taky BiAMIHHICT y KIHETHINl TOTJIMHAHHS Ta
KUTBKOCTI COpOOBAHOT'O BOJHIO CIIJIABaMH, aBTOPHU TOB’SI3YIOTh came 31 301JIbIIICHHAM
KUTBKOCTI Maprasifto y ¢asi JlaBeca Big 60 10 66 aT.% 115 CIIJIaBiB 3arajbHOTO CKIIaTy
Bin Ti-59,4 no Ti-66,8 at. % Mn. Tum camum aBTOpH 3a3HAYAIOTH, 1110 JJIS JOCSITHEHHSI
CIUlaBaMM Ha OCHOB1 1HTepMmeTamiay TiMn; ogHOYACHO SK BHCOKOi IIBHUJKOCTI
B3a€MO/IIi 3 BOJHEM, TaK 1 BOJHEBOI €EMHOCTI, B iX (pa30BOMY CKJaJl NOBUHHA OyTHU
MaKCHMAaJIbHO MOKJIUBa 00’ €MHa J10J1s1 JaHo1 (pa3u, Ta, 10 HAaUTOJIOBHIIIIE, MIHIMAJILHO
MO>KJIMBHM BMICT MapraHilio y Hi.

Takox aBropamu [91] Oys0 MOPIBHSIHO KIIBKICTh HOTJIMHYTOTO BOJHIO MICIIS
MEPIIOro Ta APYroro (Micis MUKy copOIisi-IecopOIlis) riApyBaHHs Ta BCTAHOBIIEHO,
[0 BXKE€ IMpPHU JAPYroMy TIApYBaHHI MOXE 3 ABJISITHCS PI3HUIA Yy BOJHEBIH €MHOCTI.
[IpoTe, sk Oy0 3a3HAYEHO aBTOPAMHM, PIZHUII Y KIIBKOCTI MOTJIMHYTOI'O BOJHIO M1
Yyac TEPIIOro Ta JAPYroro HUKIIB 3MEHIIYETHCS 31 30UIBIICHHAM Yy CKJIajl CIUIaBy
KOHIIeHTparllii maprasito. Tak s craBy Ti-56,4 at. % Mn piznunsg H/Me cranoBUTh
0,2, Tomi sK I cruiaBiB B Mexkax 59,4 - 62,0 at. % Mn Bona Bxe BiacyTHs. Lle
MIITBEPKYE 3pOo0JICHE aBTOpaMHU TBEP/KEHHS, IO 31 301IBIIEHHIM 00’ €MHOT 0
iHTepmeTaniny TiMn, y ¢pa3oBoMy CKJafl CIUIaBy Ta 31 3SMEHIIEHHSIM Y HbOMY BMICTY
MapTraHIio 301UIBIIYETHCS KUTBKICTh MOTJIMHYTOTO BOJHIO 1 MiJl 4ac JAPYroro IHUKITY
riIpyBaHHS.

B po0Gorti [92] na crinasi Ti — 60 at.% Mn, sikuii BUKOpUCTOBYBaBCS aBTOpaMu B
JUTOMY CTaHi, OyJ10 OUIBII JETATBHO JOCIIHKEHO BCTAaHOBIIEHUH aBTopamu [91] dakr
3HMKEHHSI KUTBKOCTI TIOTJIMHYTOT'O BOAHIO MTPH 30UIbIIEHHI KUTBKOCTI IIUKJIIB COpOLii-
necopOirii. JlocmipkeHHs MPOBOAMIUCH IIJITXOM TOPIBHSIHHS KUTHKOCTI MTOTJIMHYTOTO
BOJHIO TIiCNsl Tiepmioro rigpyBanHs Ta 30 TUKIIB copOmii-gecopOIiii. ABTopu
3a3HAYarOTh, 110 Y JUTOMY CTaHi CTPYKTypa JOCHTIKYBAaHOTO CIUIABY CKIIAJAETHCS 3
iHTepmetamiay TiMnp, a Takok He3HA4yHOI KiIBKOCTI iHTepMmeTamimy TiMn, mio

criBnazgae 3 ganumu [91]. Ilpoiiec riipyBaHHs JOCTIIXYBaHOTO CIUIaBY MPOBOIUBCS
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npu THCKy 3,2 MIla Ta kiMHaTHIM TemmepaTrypi, TOAI K JECOpOLIiI0 BOIHIO
JOCTKYBAIH IIISXOM 3HWKEHHS TUCKY BoaHio 3 3,2 mo 0,01 MIla. ABropamu
MOKAa3aHo, 110 KUIbKICTh MOMIMHYTOTO BOJIHIO, sika Oyia Bu3HavyeHa 1o kpuum PCT,
PI3KO 3HMKYETHCS 31 30UTBIICHHSIM KIJIBKOCTI HUKIIIB COpOIisi-aecopOris. 3HUKCHHS
KUTBKOCTI TTOTJIMHYTOT'O BOJTHIO, MPH ITUKJIaX copOIii-aecopOiiii, aBTOPHU OB’ A3yIOTh 3
Oaratbma (akTOpaMu: PO3MIMPEHHSM KPUCTAJIIYHOI TpaTKW Ta i HEOJHOPITHOIO
nedopmarli€ro; MPUCYTHICTIO y (pa30BOMY CKIai CIUIABY MICHs T1APYBaHHS O-T1IPHUIY
Ha OCHOBI TuTaHy. B poGoTti [92] Oyno mokaszaHo, IO JIMIIE NPU HaArpiBaHHI J0
temneparypu 400 °C ta 3 HaCTyIHOIO BUTPHUMKOIO BIIPOJOBXK 60 XBWIMH BIA€THCS
MOBHICTIO BUIUIUTH YBECh BOJCHB, MIOTJIMHYTHH CIIJIAaBOM.

[TosiBa y (hazoBomy ckiani O-TiipuAy (TeMriepaTypa Mmo4arky aecopOilii BOAHIO
3 sikoro Buile 300 °C [64,65]) npu3BOAUTH 10 301IBIIEHHS KIJIBKOCT1 BOJIHIO, 110 HE
BUJILTTMIIACS TIPY YMOBAX PO3KJIaJaHHs TAPUY Ha OCHOBI iHTEepMeTamiy TiMny, TUM
caMUM B1JIOYBA€ThCS HAKOMHMYEHHS 3aJUIIKOBOTO BOAHIO B MaTepialli 3 KOXHUM
HAaCTYITHUM ITUKIIOM copOiii-gecopOmii. [leit (akT moscHioe 3HMXKEHHS KIIBKOCTI
MOTJIMHYTOTO Ta BUIJIEHOTO BOJIHIO MPU KOKHOMY HACTYITHOMY ITHKITI.

OTxe, MACYMOBYIOUM yCE€ BHINE 3a3Ha4eHe, MPUXOIUMO O BHUCHOBKY, IIO
OCHOBHHMMH HEJIOJIIKAMU CIUIAaBIB Ha OCHOBI iHTepMeTaniny TiMny OiHapHOT cucTeMu
Ti-Mn € BuUCOKe pIBHOBa)KHE TUIATO THCKY, Ta ricrepe3ucHuii eexT [79] (pi3HUIIT MK
THUCKOM copOI11ii Ta gecopOIlii BOJIHIO).

Sk Oyno mokaszaHo BHUIIE, yC1 CIIPOOU MOKPAIIUTH KIHETUKY COpOIii-aecopOrrii,
a TaKOX CYTTEBO 30UIBIIUTH KUIbKICTh MOTJIMHYTOTO BOJHIO CIUIaBaMU Ha OCHOBI
iHTepmeTaniy TiMn, (HocsrHyTa MakCUMallbHa KUIBKICTh MOTJIMHYTOIO BOJHIO Ha
piBai 1,8 Mac.% H/Me ~ 1,0), 3aBasgxu 30UIBIICHHIO KUTBKOCTI IUKJIIB COPOIisi-
necopOilisi BOAHIO, 3MiHI BUXIIHOTO CTaHy (JUTUM a0o BiAmajeHui) adbo Bapialli€ro
CHIBBIIHOIIIEHHSI TUTAHY JI0 MapraHiio (BiAMOBIIHO 10 OiHApHOI JiarpaMu CTaHy
cuctemu Ti-Mn mocipkeHo ycro 001acTh icHyBaHHs inTepMmeTaniay TiMn, [90]) ve
MPU3BEJIN 10 CYTTEBOTO MOKPAUIEHHS BOJIHEBOCOPOLIIMHUX XapakTepucTukK. OCKUIbKH,
BIJIMOBITHO JI0 JIITepaTypHUX MHaHux [2], mns iHTepMmeramimy Tumy AB; Oyna

03paxoBaHa TEOpPEeTUYHA BOJHEBA €MHICTL Ha piBHI 3,9 mMac.%, TO L€ CBIAYUTH IIPO
2 2
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3HAYHUW MOTEHIIIAJ ITIBUIICHHS TPAKTUYHO JOCATHYTHX 3HAYEHb BOJHEBOI EMHOCTI
CIUIaBIB JAHOTO KJIACy, 1 BUMArae moJajblIoro MOIIyKy HUISIXiB 3017bIIEHHS BOJAHEBOI
€MHOCTI.

basyrounce Ha JaHUX MPOBEICHUX JOCHIDKeHb y pobotax [2,79,91,92],
OUTBIIICTh JIOCTIAHUKIB 3allpONOHYBala 17€l0 CTOCOBHO TOTO, IO IOKPAIIUTH
KIHETHKY MPOILIECiB cOpOIIii-IecopOilii Ta CyTTE€BO 301IBIITUTH KIJIBKICTh IMMOTTMHYTOTO
BOJHIO CIUIaBIB Ha OCHOBI iHTepMmeranigy TiMny (cyTTeBo HaOmu3UTHCA [0
TEOPETUYHOT BOJHEBOT €MHOCTI B 3,9 Mac.%) MoxkHa Oy/ie TUIIIe MUIIXOM JJOaTKOBOTO
JeryBaHHs JaHol ¢as3u [2,93-95].

Came Tomy, Ha TaHWUI Yac, TPU CTBOPEHH1 METANOTIAPUIHUX aKyMYJISTOPIB JIs
TPaHCIOPTY 13 3aCTOCYBAHHSM Y SIKOCTI MaTepially COpOEHTY BOJIHIO CIUIaBIB HA OCHOBI
iHTEepMeTany Tuiy ABj, HalluacTile BUKOPUCTOBYIOTh MOTPIKHI a00 HABITh OLIBIII
CKJIaJIHI JIeryBaJbHI cucTteMu. B pobGotri [2] Oymo 3a3HayeHO, IO MOTCHIIHHUM
[UIIXOM IIiJIBUILIEHHS BOJHEBOI €MHOCTI € 30€pEKEHHSI KPUCTATIYHOI CTPYKTYpHU
iHTepMeTaniny tumy AB; 13 BBEJEHHAM MpHU IILOMY B HOTr0 CTPYKTYpPY OJIHOIO abo
HaBITh JICKITBKOX JIETYBaJbHUX eJIeMeHTIB. lle, moTeHiiitHo, J03BOJUTH B JIOCHUTH
HIMPOKOMY 1HTEpBal 3MIHIOBAaTH BOAHEBOCOPOIIiHI BIACTUBOCTI MaTepiainy. Jlana
171esT BU3HAYA€ aKTYaJbHICTh TMOMNIYKY XIMIYHUX €JIEMEHTIB, 3JaTHUX IMO3UTUBHO
BIUIMHYTH Ha KIHETHKY NPOIECiB copOIii-gecopOuii BogHo crutaBamu Ti1-Mn 3i
CTPYKTYpOIO iHTepMeTaniay Tumy ABj, a TakoX Ha KUJIbKICTh MOTJIMHYTOTO HUMH

BOJIHIO Ta 3MEHIIIUTH JETPaJallito BIACTUBOCTEN MIPH HUKIaX copOIii-necopOrii.

1.2.2. BrumuB JieryBaHHs Ha BOJAHEBOCOPOIIiiHI BIaCTUBOCTI

ABtopamu [96, 97-99] Oyno 3amporOHOBAHO MPOBECTH YACTKOBE 3aMIICHHS
TUTaHy Ha HIUPKOHIN (K KOMIIOHEHTY A) B iHTepMeTaiiii TiMny. ABTOpH 3a3HA4AIOTh,
10 BUOIp IUPKOHIIO SIK JIETYBAJbHOTO KOMIIOHEHTY OyB IOB'S3aHHUI 3 HACTYHUMU
MipkyBaHHsMH. [lo-miepiie, MUPKOHINM y TOPIBHSIHHI 3 TUTAHOM MAa€ JICIIO BUIILY
CHOPITHEHICTh 3 BOJHEM, 1, BIANOBIAHO I[bOMY, HMPHUCYTHICTb IUPKOHIIO Yy CKJIaIl
CIUIaBY MOX€ IMPHU3BECTU JI0 3POCTaHHS KUIBKOCTI MOTJIMHYTOro BojHIo. [lo-apyre,

HUPKOHIA Mae Outblumi aTtomuuil paniyc (0,160 HM) y MOpIBHAHHI 3 THUTaHOM
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(0,147 uMm), 1 3aBASKH LOMY, IIPU YaCTKOBIH 3amiHl B iHTepMeTaniai TiMn; atromi
TUTaHy Ha aTOMU LUPKOHIIO MOBUHH1 30LIBIITYBATUCS TApaMETPU KPUCTATIUHOI IPATKH
1, IK HACJI1I0K, 301JIBIIIYBATHCS 00’ €M MIKBY3J11B, B IKMX PO3MIIITYIOTHCS aTOMH BOJTHIO
OpU PO3YMHEHHI, I[I0 TOBHHHO TaKOX TMPU3BECTH 10 30UIBLICHHS KUIBKOCTI
HOTJIMHYTOro BoAHIO. [To-Tpere, BianoBiaHo 10 giteparypuux aanux [100,101], 6ymo
BCTAHOBJICHO, M0 MK 130CTPYKTYPHMMH croaykamu TiMn, 1 ZrMn, icHye
HENEepepBHUN psAJl TBEPAUX PO3UUHIB, TOOTO YTBOpEHHS HOBHUX (a3, IpU BBEICHHI
IIUPKOHIIO B IHTepMeTania TiMny, BiiOyBaTHCS HE TOBUHHE, OTKE TPUKOMITOHEHTHHIM
matepian Ti-Zr-Mn 30epirae OakaHuid TUI KPUCTAIIYHOI CTPYKTYPH B IIEBHOMY
KOHIICHTpAI[iHHOMY Jiana3oHi.

B po6oti [66] Oyno AOCHIIKEHO KIHETHUKY MpoleciB copOrii-gecopOrnii Ta
BU3HAYCHO KIJIBKICTh MOTJMHYTOTO BOJAHIO ciuiaBaMu Ti1xZrxMn, (x=0,4;0,6;0,8) 31
CTPYKTypoIo inTepmeTaniny tuny AB; npu tucky 7 Mlla Ta kiMHaTHIii TemMneparypi.
ABTOpaMU TOKa3aHO, 10 MpU 30UIBIICHH] BMICTY IIMPKOHIIO Y BCbOMY BKa3aHOMY
1HTEpBail, BiOYBa€TbCA MOCTYNOBE 30UIBIIEHHSA KUIBKOCTI MOIIMHYTOTO BOIHIO
H/Me Bin 0,9, no 1,2. Kpim 11poro, aBTOpamMu 3a3HadueHoO, 110 JJI BCIX JTOCIIKYBAaHUX
CIUIaBIB TMICJS IIECTH LHUKIIB COpOIli-necopOIlii Bi0YyBaloCh 3HMKEHHS KIJTBKOCTI
MOTJIMHYTOTO BOJHIO, a TMPOAYKTH TiAPyBaHHS, 3aBIASKH JAHCIEPTyBaHHIO,
CTAaHOBWIHCH  MIpOGOpHUMH.  3HWKEHHS  KIJIBKOCTI  TOTJIMHYTOTO  BOJIHIO
HaliMOBIpHIIIIE 3a BCE, BII0YBAETHCSI BHACIIIIOK YTBOPEHHS Y (pa30BOMY CKJIal CIIJIaBy
micJis TiApyBaHHS O-T1IPHIY HAa OCHOBI TUTaHYy, SIK 11e OyJI0 A0BefAeHO y poboti [91].
[Ipouec necopOuii BOAHIO AOCHIKYBAJIM IMPU KIMHATHIA TeMIlepaTypl LUISIXOM
3HMKEHHSI TUCKY BOJIHIO BiJl 7 MIla (Tuck rizpysanus) 1o 0,01 MIla, Tum camum 6yio
BCTAHOBJICHO, 1110 JIUIIIE TIPU TIEBHOMY XIMIYHOMY CKJIa/i BIAETHCS OTPUMATH JOCUTH
BHUCOKY KIJIbKICTh BUA1JICHOTO BOJHIO.

Pesynbrat, orpumani B poOoti [102], Ha cmiaBax TiixZrMn, (0<x<1)
BIJIHOCHO KIHETHKH MPOIIECIB COPOIIii-AecopO1lii Ta KiJIbKOCTI MOTJIMHYTOTO BOJHIO (Ha
piBai H/Me 0,9-1,2) npu nmapamerpax riapyBanHs, THCK BojaHIO 7 MIla Ta KiMHaTHI
TeMmrepaTypl MOBHICTIO criBnaiau 3 mpeactaBieHumu B [80]. Ilpote, aBTOpamu

3a3HAYEHO, 10 CYTTEBA 3MIHA MApaMeTpiB TIAPYBAHHS NMPHU3BOAUTH 0 30UTBIIECHHS
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KUTBKOCT1 TIOTJIMHYTOTO BOHIO. [loKa3aHo, 1110 3aBASKH 3HUKEHHIO THCKY BOJHIO BiJl
7 Mlla go 4 MIla npu oqHOYaCHOMY 3HMKEHHI 1 TeMIepaTypH rigpyBanns Bix 293 K
no 80 K ma crumaBax, mo 3HaxonsaThes B iHTepBaii 0<x<0,6, BHaeThCs 301TBIIUTH
KUTbKICTh TOmmMHYTOro BOjHIO g0 H/Me ~ 1,32, tomi sk Ha cruraBax 0,6<x<1
TOCSTHYTUH MaKCUMYM TPAKTUYHO HE 3MIHIOEThCA. TakoX MOPIBHSIBHI TOCITIIKCHHS
Oyno mpoBeneHo 1 mpu 30uIbmieHH] TUCKy Bix 7 MIla mo 30 MIla ta aBox
temneparypax 80 K ta 293 K, npoTe A0CATTH KITBKOCTI MOTIUHYTOTO BOJIHIO O1IbIIIE
Hixx H/Me ~ 1,32 He Baanocs.

[Ipencrabieni pesynbratd B pobdortax [80,102] BIZHOCHO BIUIMBY JIeTyBaHHSI
LHUPKOHIEM Ha BOJAHEBOCOPOI[INiHI BJIACTUBOCTI CIUIABIB HAa OCHOBI IHTEpMETAJIAY
TiMn, Oyno OTpuMaHO BUKIIIOUHO Ha CIUIaBaX, 110 BIAMOBIAAIU CTEXIOMETPUUYHOMY
ckiany ABs. Ilpore BaxIMBUM 3alvIIAIOCh MUTAHHS, K BIUIMHE BIIXWICHHS Bij
CTEX1OMETpIi Ha KIHETUKY IMPOLECIB COpOLii-aecopOuii Ta KUIbKICTh HNOTJIUHYTOIO
BOJIHIO y CIIaBaX cucTeMu T1-Zr-Mn 3i ctpykTyporo AB;. Y po6oTi [79] Ha crmaBax
(TigesZro05)Mna, (me x=-0,05;0,00;0,05;0,15;0,35) Oynmo mociijpkeHO came BILIUB
BIJIXWJICHHS B1JI CTEX10METpii Ha BOJHEBOCOPOIIiIiHI BIacTUBOCTI. byIo 3a3HaueHo, 110
y JOCIIKYBAaHOMY JTialia30Hi, HE3aJIC)KHO BiJl 00paHOT0 XIMIYHOTO CKJIady, BC1 CIIaBH
BUSIBUWINCS OJHO(A3HUMHU 31 CTPYKTYpOIO TekcaroHanbHoi ¢a3zu JlaBeca tumy Cl14.
[Ipotiec B3aemoii 3 BOJHEM aBTOpHU AOCTIKyBanu npu Tucky S Mlla ta remnepatypi
150 °C. Humu Oyno BCTaHOBJIEHO, IO B I1HTEPBaJl KOHIIEHTpAIil MapraHio -
0,05<x<0,05 BimOyBaeThcs 30UMBIICHHS KUTBKOCTI MOTJIMHYTOrO BOAHIO Bim H/Me
~0,97 no 1,02, Tomi sk momanbine 30umbmeHHs X Big 0,05 mo 0,35 (3MeHIIEHHS
KUTBKOCT1 MapTaHIlio Y CKJIa 1 CIIJIaBy) HaBMaKW MPU3BOIAMIIO /IO 3MEHIIICHHS BOJTHEBOT
emuocti H/Me Bim 1,02 no 0,88. IIpore, aBTOpM 3a3Hay4arOTh, MO0 Y BCHOMY
nocnimxyBaHomy iHTepBaii -0,05<x<0,35 npu 301abIIeHH] X BiIOYBAETHCS 3HIKCHHS
PIBHOB)XHOTO TUTATO THCKY, Ta TICTEPE3UCHOTO edekTy. Sk Oyno 3a3HAYCHO BHUIIE
(puc. 2 ta 3), 3HWKEHHS TUIATO THUCKY CYTTEBO MPHUCKOPIOE YTBOPEHHS TiAPHUIY, a
3MEHIIEHHS T1CTePe3UCy MOKpaILye Mpolec 1ecopoOilii BOIHIO.

3HIKEHHSI KUTBKOCTI MOTJIMHYTOTO BOAHIO B 1HTepBaii 0,05<x<0,35, a Takox

3HIDKCHHSI PIBHOB@KHOI'O ILIATO THCKY, Ta rictepe3sucHoro edekry, aBTopu [79]
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MOB’SI3yIOTh 31 CIIOTBOPEHHAM MIKBY3IIIB, B SKMX MOBHHEH JIOKANI3yBaTHCS BOJEHb
NP PO3YMHEHHI, 1110 CITIBIaaa€ 3 JaHUMH, ipeacTaBicanmu B [103,104].

Inero, 3anponoHoBaHy B [79], 1110 Aesike 3HMKEHHSI BMICTY MapraHIIio B CIIJIaBax
Ha OCHOBI 1HTepMeTaminy TiMn, MO3UTUBHO BIUIMBA€ HA KUIBKICTH MOTJIMHYTOTO
BOJIHIO, OyJI0 BUKOpHCTaHO Y [99] npu gociipkeHH]l mopomikiB (po3mipoM 317 MKm)
ciaBiB - TiixZrkMnia  (me  x-0;0,1;0,2;0,3;0,4). IlokazaHo, 10 y BChOMY
JOCTIP)KYyBAaHOMY KOHIIGHTPALIfHOMY 1HTEpBaJli CTPYKTypa CIUIaBYy CKJIajganacs
BUKJIIOYHO 3 rekcaroHanbHoi (pa3u JlaBeca tumy Cl14. IIpote sik Oysio BCTaHOBJIEHO,
npy 30UTbLIEHH] KIJIBKOCTI LMPKOHIIO y CKIAJl CIUIaBY B1JOYBA€TbCS 30UIbLICHHS
napameTpiB KpucTaniuHoi rpatku Big a=0,48620 (am) ta ¢=0,79777 (am) npu x=0 10
a=0,49837 (am) Tta ¢=0,81719 (am) npu x=0,4, 110 aBTOPU MOSACHIOIOTH OUIBIITUM
aTOMHUM PaJilyCOM ITUPKOHIIO Y TOPIBHSIHHI 3 TUTAaHOM. B3aeMo/1110 3 BOJIHEM, CILIABIB
y BKa3aHOMY Jiiara3oHi, JOCIKYBaJId MPU KIMHATHIN Temneparypi Ta Tucky 3 Mlla.
[TokazaHo, 1110 31 301IBIIEHHSM Y CKJIaJ[l CIUIaBY BMICTY IIMPKOHIIO PIBHOBAXKHE TIJIATO
TUCKY 3HUXKY€ETHCS, TOJl SIK KUIBKICTh MOTJIMHYTOTO BOJHIO 30UIbIIY€EThCA. Tak 1uis
criaBy TiMng 4 (x=0) KiIbKICTh TTOTJIMHYTOTO BOJIHIO cTaHOBUIa H/Me ~ 0,92 toxi sik
st ciaBy TipeZrosMnga (x=0,4) 3poctana no pias H/Me ~ 1,22. bazytouuch Ha
miteparypaux ganux [105] aBtopu [99] mnoOB’s3yl0Th 30UIBIIEHHS KUIBKOCTI
MOTJIMHYTOTO BOJIHIO SK 31 30UTBIIEHHSM TMapaMeTpiB KPUCTAIIYHOI TpaTKH, 1
BIJIIOBIJTHO, PO3MIpaMHU MIKBY3IIB ISl PO3MILIEHHS aTOMIB BOJHIO, TaK 1 PI3HOIO
CIIOPITHEHICTIO IO BIIHOIIEHHIO JI0 BOAHIO IIUPKOHIIO Ta TUTany. [Ipoiec gecopoOirii
BOJIHIO MPOBOUBCS M0 aHAJIOTIT 3 onepeaHiMu aociimkeHasmu [91,90,92] 3apasku
3HMKEHHIO TUCKY BoAHIO Bif 3 MIla no 0,01 MIla. Tak mis crmaBy TiMng 4 (x=0)
KUIBKICTh JIecopOOBaHOTO BOJHIO cTaHOBUTH H/Me ~ 0,79 Tomi sk s cruiaBy
TigeZro41Mny1 4 (x=0,1) BigOyBasiocs aesike 30uIbIIeHHS KiibkocTi 10 H/Me ~ 0,91,
IPU MOJATBIIOMY 30UTbIIEHH] KUTbKOCTI IIUpKOHit0 0,1<x<0,4 BinOyBaeThCs HaBMAKU
CYyTTEBE 3MEHIIEHHS, s ciiaBy TigellpaMnis (x=0,4) BOHAa CTAaHOBUTH JIMIIIE
H/Me ~ 0,35. 3MeHmieHHs KIUTBKOCTI J€COPOOBAHOTO BOJHIO, MPHU 30UIBIICHHI
KUIBKOCTI IUPKOHIIO Yy CKIaJl CIUIaBy, aBTOpu [99] mNOB’sA3yl0Th 3 OUIBILOIO

CHIOPITHEHICTIO IUPKOHIIO A0 BOJHIO HiXK TUTaHy. OTKe, MOKHA 3pOOMTH BUCHOBOK,
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IO ICHYIOTH ONTUMAallbHI KOHIEHTpamii B mMOTpikHiNA cuctemi Ti-Zr-Mn, ski
XapaKTEPHU3YIOTHCS OJTHOYACHO BUCOKUM BMICTOM TOTJIMHYTOTO BOJTHIO 1 IPUMHSITHOIO
CTaOUIBHICTIO HABOJHEHOTO MaTepiaidy, I1HaAKIIe KaXydd, KIHETHKOIO CopOIIii-
necopO1ii BOJHIO B IEBHUX TEPMOOApPUYHUX YMOBAX.

B poGoti [66] 6a3yrounck Ha JaHuUX mpeactaBieHux B [79,99,102,106], na
npukiai crutaBy (Tip34Zr066)MNy 2, OyII0 TOCTIIKEHO OJHOYACHU BILIMB JICTYBaHHS
IIUPKOHIIO Ta BIAXUJICHHS BiJl CTEX1OMETPii Ha BOAHEBOCOPOIIiiHI BIACTUBOCTI CIUIaBY
Ha OCHOBI iHTepMeTaiay AB,. CtpykTypa gociimkysanoro cruiay (Tio3aZres)MN1 2
CKIagaeThesl 3 rekcaroHanbHoi ¢azu JlaBeca tunmy Cl14 Tta cmigie OLIK-TBepmoro
po3unHy. Buxoas4u 3 oTpUMaHuX JaHUX BITHOCHO (PAa30BOTO CKIIATy CILIABY, aBTOPH
3a3HAYalOTh, 10 3aBSKHA YACTKOBIM 3aMiHI TUTAHY Ha IUPKOHIN BAAIOCS PO3IIUPUTH
oOnacTh icHyBaHHA (a3u JlaBeca 1o 54,4 at. % Mn (s 6iHapHOTO 1HTEpMETATIAY
TiMn, 59 ar.% [89,90]), Tta oTpumaru menio OIBII 3HAYEHHS MapaMeTpy
KPUCTAJIYHOI TPATKH, 1110 € MEPCIEKTUBHUM JIJIsl 301IbIIIEHHS BOJAHEBOI €éMHOCTI. Tak
BIJIOBIJTHO JI0 JAaHUX NpPEACTaBICHUX B [86-88] mapameTpu KpHUCTaIIYHOI I'PATKH
OinapHoro inTepMmetaniay TiMn, 3HaxoasThes B Mexkax Big a 0,4812 no 0,4880 (um)
ta ¢ Big 0,7892 10 0,7992 (am), Toi sik B po0oTi [107] OyIto mokaszaHo, 0 JIJIs CIIIaBy
(Tig1Zro9)Mn; Ha piBHi a = 0,5029 M ta ¢ = 0,8265 HM, a 1715 JOCIIKYBAHOTO CILIABY
(Tio34Zr066)Mny 2 Oyiu BuzHaueHi Ha piBHi a = 0,5051 M ta ¢ = 0,8297 um [66].

[Tpouiec B3aemomii crnaBy (TiozsaZroes)MN12 3 BOIHEM AOCTIIKYBABCS MpH
KIMHaTHIM TemmiepaTypi Ta Tucky BojHio 0,6 MIla Ha nuTOMY CIJIaBl Y MOHOJIITHOMY
ctaHl. Ik OyJI0 BCTaHOBJIEHO, 110 1HKYOaliiHUM Tiepio (Yac BiJ KOHTAKTy 3pa3ka 3
BOJHEM JI0 MOYATKy aKTHBHOI B3a€MOJIii) CTAHOBHTH JIMIIE JACKIIbKA XBHIIMH, a CaM
mpoiiec B3aeMojii 3 BOJHEM BiIOYBA€THCA 3 BHCOKOKO INBHAKICTIO, MPU I[HOMY
BJIA€THCS JIOCATTH KUIBKICTh IOTJIMHYTOTO BOAHIO Ha piBH1 H/Me ~ 1,2 (ns 6iHapHOTO
iTepmetamiay TiMny, H/Me ~ 1 [91,92]). HasBricTh iHKYyOaIiitHOTo mepiomy sk
3a3HAYAETHCS Y PoOOTI [17] 1MOB’sA3aHO 3 MPUCYTHICTIO HA TTOBEPXHI CIIABY OKCUIHUX
TUTIBOK, 3aBXKJM MPUCYTHIX HAa MOBEPXHI TUTaHy Ta CIUIaBIB Ha WOro OCHOBI, fIKi €
Oap’epoM NI MPOHUKHEHHS BOAHIO B TiuO. ABTOp [17], ommparounch Ha JaHi

[108-109] HeouikyBaHO CTBEp/KY€, IO OKCHAHA ILIIBKA TOBIIMHOI MEHIIE HIK
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0,45 MKkM Moxe OyTH HaBITh KOPHUCHOIO, CIIPUSIOUN IUCOIAIli MOJIEKYJIH BOJHIO Ha
aTOMH U, BIATIOBIAHO, B3aeMOi1 3 BojHeM. [IpoTe, 3a3Bu4aii, mpu TOBIIMHI OKCHIHOTO
mapy 0,5 - 1 MKM npo1iec B3aeMO/I1i 3HAYHO CIIOBIJILHIOETHCS, a MPU TOBIIUHI O1IbIIIE
HiX | Mkm B3araii 3ynuHseTses [110-111]. 3a3Buuait, 11 akTUBaIlii B3a€MOIii THTAHY
3 BOJIHEM BHUKOPHCTOBYIOTH BiJNajd y Bakyymi mpu Temmeparypax Buie 600 °C,
OCKUTbKM TIpU BKa3aHUX TeMIIepaTypax BiIOYBA€ThCS PO3YMHEHHS MOBEPXHEBOIO
OKCHJIHOTO II1apy 1 0ap’ep 3HUKAE, 110 BEAE O MUTTEBOTO MOYATKy B3aEMO/I1i METaIy
3 BOJTHEM.

[Ipouiec BUIIIEHHS BOJHIO MPOBOJMBCS, SIK 1 B poboTax [91,92], B ymoBax
3HMKEHHS TUCKY BojHIO Bif 0,6 MlIla no 0,002 Mlla, npu 1pomy, K 3a3HA4aroTh
aBTOpPU, BJIA€THCA MOHU3UTHU KUIBKICTHh MOriMHyTOro BoaHio Big H/Me 1,2 go 1,0.
JlocArT! BHIIJICHHS BCHOTO TOTJIMHYTOTO BOJHIO JOCTIKYBAaHUM  CILJIABOM
(Tio34Zroes)MNy 2 BHa€ThCA JHMINE ILIAXOM HArpiBaHHS, IPH IOYATKOBOMY THCKY
4*107 Ia, no Temneparypu 350 °C, Toxi gk B poboti [92] 6yno mokaszaHo, mio s
OinapHoro iHTepMeranigy TiMn, ns Temneparypa nigsuiryerbes a0 400 °C 1 €
HEOOX1THICTh BUTPUMKH MaTepially BIPOJoBK 60 XBHIIUH.

BiamiHHOCTI Yy mapaMeTpax TiipyBaHHs (3HM>KEHHS! TUCKY BOJHIO Bif 3,2 Mlla
[91] mo 0,6 MIla) Ta nmeriapyBaHHS (TeMIepaTypu BUIIJIEHHS BCHOTO MOTJIMHYTOTO
BoaHto Big 400 °C [92] no 350 °C), a Takox 301IBIIECHHS KIJIBKOCTI MOTIUHYTOTO
BOoJHIO 10 H/Me ~ 1,2 aBTopu [66] MOSICHIOIOTh HACTYNMHUMU YMHHUKaMu. [lo-niepie,
3HIDKCHHSIM KIUJTBKOCTI Maprasifio y CKJajl CIUIaBy, PO HEOOXIHICTh MiHIMaJIbHO
MOXJIMBOTO BMICTY MapraHip y ckiajai (a3u JlaBeca Oysio HaroyomeHo y podoTax
[91,92]. Ilo-npyre, 301IBIIEHHAM PO3MIPY €JIeMEHTAPHOT KOMIPKH (SIK OyJI0 MOKa3aHo
BuIlle gochipkyBanuid craB ckaany (TipzaZroes)Mni2 Mae Oinblni mapaMeTpu
KPUCTAJIYHOI IPATKH) 1, BIAMOBIAHO LbOMY 301JIBIIEHUM PO3MIPOM MIXBY3IIB, 1€
JIOKAMI3yIOThCS aTOMHU BOJHIO MpHU po3urHeHHI. [le miaTBepmkye 3pobieHi B podoTax
[2,26,96-99] npunyiieHHs, 1110 YacTKOBA 3aMiHa TUTaHy Ha [IUPKOHIN MPHU3BOIUTH 10
30UTBLICHHST TTapaMeTpy KPUCTAIIYHOI IPATKH, 1 SIK HACHIJOK 30UIBIICHHS PO3MIpY
MIXKBY3JB, 110 3a0e3neyye 30UIbIICHHS 3arajbHOi KIJIBKOCTI MOTJIMHYTOIO BOJHIO

CIIJTaBOM.
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VY posrasHyTHX BUIlE podoTax Oys0 TOBEAEHO MO3UTUBHUI BIUIUB JICTYBAHHS
Ta BIIXWJICHHS B/l CTEXIOMETPUYHOTO ckiiaqy AB; Ha BogHEeBOCOPOILiHHI BIaCTUBOCTI
CIUIaBIB Ha OCHOBI iHTepMmeraniny ABj. Ilpore, mpoBemeHi AOCHIKEHHS OyJIH
3po0JIeH1 TUTHKY JUIS YaCTKOBOT 3aMiHHM TUTaHY Ha LIMPKOHIH, K1 B IHTEPMETAII 1 TUITY
AB; € xomnonentom A. Came Tomy aBTopamu [77,112-113], Oyno 3ampornoHOBaHO
BCTAaHOBUTHU BIUIMB YaCTKOBOiI 3aMiHU KOMIOHEHTa B (To0TO, 3aMiHMTH MapraHelb,
SKUWA HE B3a€MOJI€ 3 BOAHEM, Ha BaHAIM SKUH 3J1aTCH B3a€MOIISATH) B CIUIaBaxX Ha
OCHOBI 1HTepMeTamiay AB;.

LLs imest po3BunyTa B po6oTi [112]. Ha mpuknani crmasis (TigeZro1)(MnyVy) ne
x=1,1-2,2, a y=0,1-0,7, Oyno mOCTiKEHO OJHOYACHUH BIUIMB YaCTKOBOI 3aMiHH 5K
KOMITOHEHTY A (TUTaHy Ha IUPKOHIM) Tak 1 KOMIIOHEHTY B (MapraHiito Ha BaHaI1i1) HA
BOJAHEBOCOPOIIHI BJIacTUBOCTI 1HTepMmeraniny tumny AB,. Ilocunarouncs Ha
miteparypHi gaui [90], aBropu [77,112] 3a3Ha4atorh, 110 B O1HAPHOMY 1HTEpPMETATI I
TiMn; Mmoxe po3umnHsATHCS 10 25 aT.% V, 06e3 BIuIuBY Ha (pa3oBHiA CKITa 1, 10 T03BOJISIE
PO3LIMPUTH 00JIACTI TOMOTEHHOCTI 1HTepMeTamaHol (a3 a0 mex 38—63 ar.% Mn
(mmst G1HapHOTO 1HTEpPMETaNiy KOHIIEHTpAIlIiHI MEX1 ICHYBaHHS CTaHOBIATH 59-70
at. % Mn [90]). ABTopamu [88] OyJi0 mOKa3aHo, 1110 IPU OJHOYACHOMY BBEJCHHI JBOX
eJIeMEHTIB (IUPKOHIIO Ta BaHaAil0) B iHTepMeTtaniy TiMny, BmaeTbcs 30UTBIIATH
KUIBKICTh PO3YMHEHOTO BaHadito 110 26 ar.% V, TMM caMuUM pO3IIUPUTH 00J1acTi
TOMOT€HHOCTI 110 MeX 36-65 ar.% Mn. B3saemoxiro 3 BOZHEM cCIUIaBaMU
(Tio.9Zr0.1)(MNnyVy) mocmimkyBanu B intepBani remneparyp 20-100 °C Ta TUCKY BOIHIO
Ha piBHi 1 MITa. [Ipu upbomy OyJio 3a3HaueHo, 110 JJaHi CIJIaBH, 3 METOIO iX aKTHBAIlli,
NOTPeOYIOTh MONEPEAHBO1 JOBMOTPUBAJIOL TEPMIUHOI 00pOOKH Tpu Temmnepatypi 850-
900 °C Ta ButpumIi Brpoaosx 240 roguH. Bu3HaueHo, 1m0 mmicisg Takoi oOpoOKu
B3a€EMOJIisI 3 BOJIHEM BIJOYBA€THCS 3 JOCUTh BHUCOKOKO IIBUIKICTIO, TIPU I[LOMY
BJIA€THCS OTPUMATH KIJTBKICTh TOTJIMHYTOTO BOAHIO Ha piBHI 1,8-2,0 Mmac.%, mro
BinnoBiznae ¢popmynpHOMY ckiany H/Me 1,0-1,2. Sk 3a3Ha4aroTh aBTOpU, OTPUMaHA
HUMHM KUIBKICTh TOTJIMHYTOTO BOJIHIO BHUSIBUJIACh JICIIO BHIIOIO, HIXK JIJIsE O1HAPHOTO
iaTepmetaniny TiMny, H/Me ~ 1 [91], mpoTe BoHA He TIepeBUIITIIIA TOKA3HUKH CILJIABIB,

BOJTHEBOCOPOIIIFiHI BIACTUBOCTI AKUX OYJI0 AOCIIKEHO B poboTax [99,102].



58

B po6oTax [66,77,79,99] 6yno mokazaHo, 1110 BHACIIOK YACTKOBOTO 3aMIIICHHS
Ha IUPKOHIN Ta BaHaJli erneMeHTiB A Ta/abo B y OinapHoMy iHTepmeTtaniai TiMn;
BJIA€THCS PO3MIUPUTU 00JIaCTh HOro TOMOreHHocTI A0 36—65 ar.% Mn (mis TiMny
59-70 ar. % Mn [90]). Iloscuenuss maHoro Qaxty Oyino gano B poboti [112],
O0aszyrounch Ha padime npeacTaBieHux gaHux [113].  ABropamu [112]
eKCIIEpUMEHTAILHO OYJI0 JOBEACHO, IO MPU HEAO0CTaul y CKJIa/li CIJIaBy KOMIIOHEHTA
B (a1 yrBopenHs ctexiometpii ABy) BiOyBaeThCs MepeMillleHHs YaCTHHH aTOMIB
KOMIMOHEeHTa A (7151 JTaHUX CIUIaB1B - TUTAHY, OCKUIBKU 32 pO3MIPOM aToMa BiH OJIMKYE
JI0 MapraHIfio) Ha HE3alIOBHEHI MO3UIIIl KOMIIOHEHTa B (Maprasiito), BHACIII0K 4Oro 1
BJIa€ThCSl OTpUMATH cTexiomeTpito ABo.

Sk O6ys0 mokazaHo BuUllle, BBEJCHHS B O1HapHUM iHTepMeTauil TiMn, HUPKOHIIO
Ta/ab0 BaHAMII0 TPU3BOJAWIO 0 30UIBIICHHS KIIBKOCTI MOTJIMHYTOTO BOJHIO Ta
BILJIMBAJIO TIEBHUM YMHOM Ha KIHETUYHI TTapaMeTpu MpoleciB copoiii-gecopoirii. Ak
OyJ0 3a3HauY€HO Yy PO3IMISHYTHUX BUIE pPoOOTaX, IOKpAIIEHHS BIIACTUBOCTEN
B1IOyBaJIOCS BHACHIJOK PI3HUIII B aTOMHHUX pajaiycax (aTOMHHH paaiyc TUTaHYy
0,147 am, nupkosiro 0,160 HM), a TaKOK aKTUBHOCTI 11010 BOIHIO (BaHA il HAa BIAMIHY
Bl MapraHul0 € TIIPUAOYTBOPIOIOYMM €JIeMEHTOM). basylounch Ha padilie
npoBeaeHuX Aociimkennsax [77,112-113] B poboti [115] Oyno Tako JOCHIIHKEHO
OJIHOYACHHI BIUIMB YaCTKOBOI 3aMiHU KOMIOHEHTY A Ta B, a TakoXX BIAXUJIEHHS 1O
KOHLIEHTpalli €JEeMEHTIB BiJ cTexioMeTpudHoro ckiany AB,. Ha BiagMmiHy BiA
MOTEPETHIX JOCIIKEHb, BIIXWICHHS CTEXIOMETpli BIJOYBaJOCh HE BHACIHIJIOK
3HM)KEHHSI KUTBKOCTI KOMIIOHEHTY B (Maprasiio), a 3aBAsSKH 30UIbIIEHHIO KIIBKOCTI A
(TUTaHy Ta UUMPKOHIIO), KPIM TOTO, y SIKOCTI KOMIIOHEHTY B BUCTynano ojapasy Bike
yotupu KommoHeHTH. Omxe, aBTopamu [115] Oyno ommcaHo XIMIYHHMA CKJIaja
JOCITIIKYBaHUX HUMH CIUIaBiB HACTYITHOIO bopmynoro:
(TiogsZr0.15)1.0sMn12Crp6Vo1Mo1 (me M=Ni, Fe, Cu). ABTopamu eKCIiepHMMEHTAILHO
OyJ0 TOBENIEHO, IO TPU JOCIIKYyBaHI HUMH CIUTaBH (OKPEMO 3 HiKeJeM, KOOaTbTOM
Ta MIJIJIF0) BUSIBIUINCH OJHO(A3HUMH 31 CTPYKTYpPOI rekcaroHayibHOi ¢azu JlaBeca
turty C14, npote, sik OyJo 3a3HAa4eHO, JIaHI CIUIABH MaJld JIEHIO Pi3HI MapameTpu

kpucTamiyHoi rpatku. Tak ms criaBy  (TiossZro0.15)1.0sMN12CrosVo1Nig1 mapamerpu
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Kpuctaimiyaoi rpatku craHoBunu a=0,48937 um Tta ¢=0,80324 HM, 10 BUSBWIHCH
BUIIMMH HIXK JUIs1 OiHapHOTO iHTepMeTaniay TiMny (Bix a 0,4812 no 0,4880 um Ta ¢
Big 0,7892 mo 0,7992 um [86-88]). ABTOpHM 3a3HAuYalOTh, IO 3aCTOCYBaHHS
JIeTYyBaTbHUX KOMIIOHEHTIB B HacTymHii mocuigoBHocti Ni, Fe, Cu, ans otpuMaHHs
CILIaBIB, MPU3BOUTH JI0 TOCTYIOBOTO 30LJIBIIIEHHS TapaMeTPiB KPUCTATIYHOI IPaTKH,
a BIJIMOBIAHO IIbOMY KW 00’€My e€JeMEHTapHOI KOMIPKH, IO TMOBHHHO CIPHUSTH
301IBIIEHHIO BOJHEBOI €MHOCTI. Tak mpu 3aMilIeHH] HIKETI0 Ha 3ajli30 mapaMeTpu
3poctatoTh 10 a=0,48940 um Ta ¢=0,80331 HM, a OpW BHUKOPHCTaHHI MiJl BXKe
craHoBiATh a=0,48954 um Ta ¢=0,80353 HM, npu oMy i 00’eM eneMeHTapHOI
KoMipkM 3pocTtae Big 165,591 no 166,771 A® BinmosigHo. 36inbIeHHs mapameTpy
KPUCTAJIYHOI IPATKH, 1 BIAMOBIIHO 00’ €My €JIeMEHTapHO1 KOMIPKH, ITPHU MEPEX0/il Bl
HIKEIOo 10 Mijii, aBTopH [115] 6a3ytounch Ha gaHux [116] MosSCHIOIOTH caMe PI3HUMHU
aTOMHHUMHU pajaiycamu 1ux exemeHTiB (0,125 uM ta 0,128 HM), OCKIIBKU KITBKICTH BCIX
IHITUX KOMIIOHEHTIB OyJia HE3MIHHOIO.

[Tponec B3aemoii 3 BOAHEM JOCTIIKYBaHUX CILIaB1B, B poOOTI [ 115], 3 HikeneM,
3aJ1130M Ta MIiJIJII0 TTPOBOJIAIIN MPU KIMHATHIN TeMIiepaTypi Ta TUCKY BojaHio 4 MIla.
ABTOpU 3a3HAYAIOTH, 1110 JaH1 CTUIaBH JIJIs1 OTPUMAHHS BUCOKOI KiJTbKOCTI OTJIMHYTOTO
BOJHIO Ta IIBHUJIKOCTI B3a€EMOJIIi, MOTPEOYIOTh MPOBEICHHS AKTHBAI[IMHOTO ITUKITY
copOirii-gecopOirii. MakcuManbHa KUIbKICTh TOTJIMHYTOTO BOJHIO TSI CIIaBIB B PSITY
HIKEJb, 3aJli30 Ta MiJb Oyna gocsrHyta Ha piBHi 1,79-1,81 mac.%. 30inbiieHHs
KUIBKOCTI MOTJIMHYTOTO BOJIHIO MPU MEPEXOl BiJ] CIUIaBY 3 HIKEJIEM JI0 MiJl aBTOPH
OB’ SI3YIOTh 3 PI3HUMH MTapaMeTpaMH KPUCTAIIYHOT TpaTKA. ABTOPH 3a3HAYAIOTh, 1110,
HATPUKIIAJ, y TIOPIBHSIHHI 3 32aCTOCOBYBaHUM Yy PE3epByapax BUCOKOTO TUCKY CILIABOM
(TiogsZr0,15)1,1Cro92sMnFeg g75 [117] (sikuii aBTOpamu OpaBCst IS IOPIBHSAHHS ), HUMH
Oyma oTprMaHa Jemi0 BHINA KOHIIEHTPAIis MOTJIMHYTOTO BOJHIO, HE3BAKAIOUW Ha
OiIbIIly KIJBKICTh KOMIIOHEHTIB CIUTaBy, Ha piBHI 31 cmiaBamu (TiogZro1)(MnyVy),
pPO3TIIIHYTUMU y po6oTI [77].

OTxe, MACYMOBYIOUHM OTPUMAHI PE3YJIBTATH, Y PO3TISIHYTUX BUILIE poOOTaX, MO
JOCITIJKEHHIO BIUIMBY JIETYBaHHS Ha BOJHEBOCOPOIIifHI BIACTUBOCTI OIHApHOTO

iHTepMeTtaniay TiMny 4iTKO BUIHO, IO Tepexij Bia mojsiHOi cuctemu Ti-Mn mo
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OUTBIII CKJIQIHUX CHUCTEM JICTYBaHHS, M0 BKIIFOYAIOTH 0 6 KOMITIOHEHTIB, I03BOJIUB
30UTBITUTH KiTBKICTh MOTJIMHYTOTO0 BOogHO MakcumyM Ha 20 % Bigx H/Me 1,0 no 1,2,
ajie TpU IbOMY B JCSKUX BHUIAJKax OyJIO CYTTEBO MOTIPIIEHO KIHETUKY COpOIIii-
JecopOrrii.

Came TOMy JIeSIKUMH JOCTITHUKaMu [27-28] Oyi0 3p0o0JIeHO MpUMIYIIEeHHS, 110
JOCSITTH OUIBIN CYTTEBOTO 30IBIICHHS KUIBKOCTI MOTJMHYTOTO BOJHIO 1, IO €
OCOOJIMBO B&KJIMBUM, HE BTPATHTH MPU ITbOMY MO3UTUBHUX TMapaMeTpiB KIHETHKHU
mpoIieciB copOIIii-aecopOiiii, cryilaBaMy Ha OCHOBI 1HTepMeTaiay Tuity ABa, Bractbes
3aBASKM OUIbII KOMIUIEKCHOTO MiAXOAYy, IO TMOJSAra€ Yy BIAXWJEHHI Bij
CTEXiOMETpUYIHOTO CKiIany AB; 3 oHOYaCHUM JIETYBaHHSM Ta 3MIHOIO 3araJbHOTO

($ha30BO-CTPYKTYPHOTO CTaHy Matepiaiy.

1.3. BmiuB 3MiHM (Pa30BO-CTPYKTYpPHOTO CTaHy Ha BOJIHEBOCOPOIIiiiHI

BJIACTUBOCTI CIUIaBIB HAa OCHOBI iHTepMeTaiy TiMny

1.3.1. Bzaemomis 3 BogHeM rerepoda3sHUX CIUIaBIB 31 CTPYKTYpPOIO
iHTepmeTaniy Ta OLIK-TBepaoro po3unny

BuBuaroun BOmZHEBOCOPOIiiiHI BIaCTHBOCTI cCIutaBiB cucteM TI-V-Mn Ta
Ti-Zr-Mn-V nHa ocHoBi iHTepMeTanminy tuny AB;, aBropamu [27,28] Oyio
EKCIIEPUMEHTAJILHO BCTAHOBJICHO, IO y JMAHWX CIUIaBaX JOCHTh YacTO Ha psALy i3
dazoro JlaBeca cniiBicHyBala y eBHIM KUIbKOCTI apyra (a3a. [liznimie gana dasza Oyna
HuMHU Bu3HaveHa sik OLIK-TBepaunii po3urH Ha OCHOBI TUTaHy. 3a IONMOMOTOK0 METO/1a
PitBenpaa aBropamu [27,28] Oyio BU3HA4YEHO, 110 00’ €MHA JI0JIS IHTepMETaIIi Ty THITY
AB; cranoButh 85 %, a OLIK-TBepmoro po3zuuny 15 % (B Aeskux BUIAIKaX HABITH
O1/bI1IE), BIATIOBITHO.

OLIK tBepai po34nMHU Ha OCHOBI TUTAHY XapaKTEPU3YIOThCS JTOCUTHh BHCOKOIO
(4 mac.%) BogHEBOIO €MHICTIO [26], y TIOpiBHSHHI 3 iHTepMeTanigamu. [Ipore, mpu
1boMy TUTaHoBi cruiaBu 3 OLK cTpyKTyporo HIKOJIU HE PO3IISLAAIUCS SIK KOMEPIIiH1
Matepianu s 30epiranas BogHio [118-120], yepe3 HEOOXiHICTh X TEXHOJOTIYHO

CKJIQJHOI MOMEepeHbOT TEPMOAKTUBALIll, HU3bKY IIBUAKICTH T1IpyBaHHS HABITH MPHU
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nocuth Bucokux temmneparypax 400-600 °C Ta miaBHIIEHOTO poOOYOTO 1HTEpPBATY
Temmeparyp aecopouii (tadir. 1). Tomy mocuTh TOBruid 9ac BBakanoch [121-124], mo
MPUCYTHICTh HABITh HEBEJIUKOI KUIBKOCTI aHOi (a3u y ¢ha30BOMY CKJIaJli CILJIaBiB Ha
OCHOBI iHTepMeTaiay TuIy AB; mpu3Bese 10 NOTipIIeHHS 1X KIHETHUHUX MTapaMeTpiB
nporieciB copOuii-necopOirii Boanto. [Ipote y poborax [27,28] Oys0 BCTaHOBJICHO
IiKaBuM (HakT, M0 MPH TIAPYBaHHI TaKMX CIUIABIB Ha MOOYAOBAHUX 3aJICKHOCTSIX
TUCKY B1Jl KIJIbKOCT1 OTJIMHYTOT0 MaTepianom BoaHio (P-C miarpamax) Oymu BiicyTHI
OyIb-aK1 TeperuHyd abo crymiHvacTocTi. Lle cBimunmo mpo Te, mo mporec copoii
BOJIHIO € OJHOCTaA1HNUM, TOOTO reTepodasHi CruiaBy MOBOAUIN ceOe MpU B3aEMO/III 3
BOJHEM sK ojHO(Da3Hi. TuM camum Oyino noseneHo, mo OLK-tBepauii po3uuH, npu
YMOBI CITIBICHYBaHHS 3 1HTepMeTalioM Tuny ABj, 31aTeH B3aeMOIISITH 3 BOJHEM 3a
OUTBII M’IKMX TEPMOOAPUYHHUX YMOB, XapaKTePHUX IS T1IPYyBaHHS IHTEPMETANITY.

ABtopamu [27,28] Oyi0 Moka3aHo, 110 BapilOlYM KIJIbKICHE CITIBBIIHOIICHHS
MDK iHTepMeTaniioM tuny AB; ta OLIK-TBepauM po34MHOM Ha OCHOBI THUTaHYy Y
nBO(a3HMUX CIIaBax BIAAETHCA 3MIHIOBATU KUIBKICTh MOTJIMHYTOIO BOJIHIO B JIOCHUTH
mUpoKoMy iHTepBaii. KpiM 1boro, OyJ0 BCTAaHOBIEHO BaXKIUBHN (akT mis
MPaKTUYHOTO BUKOPUCTAHHS, 110 KIHETHKA MPOLIECIB HE TUIbKK cOpOLii, a 1 JecopOmii
BOJHIO JIJIsl reTepo(a3HoTo CIUIABY 3aJIMINAacs TaKoro, SIK ISl CIUIaBiB B CTPYKTYPI,
AKUX OYB MPUCYTHIN BUKIIIOUHO 1HTepMeTania Tuny AB,. Buxoasuu 3 iboro aBropamu
[27,28] OyJi0 3ampONOHOBAHO HOBY KOHIIEIIIII0 CTBOPEHHS MaTepialliB 3 BUCOKOKO
BOJIHEBOIO eMHicTIO — «Laves phase-related BCC solid solutiony.

Otpumani y pobortax [27,28] nani BiIHOCHO MO3UTUBHOIO BIUIMBY Ha KIJIbKICTh
MOTJIMHYTOT'O BOJHIO TMPUCYTHOCTI Yy (a3oBoMy cKkiaji CIJIaBiB Ha OCHOBI
iHTepmetaminy Tuny AB; meBHoi kimbkocTi OILIK-TBepmoro posuuny, Oyiio
BUKOpPHUCTaHO y poOoTi [121] mns po3poOKH HOBHUX CILIABIB AJis 30€piraHHs BOJHIO.
ABTOpaMu mocimipkeHo crmiaBu TixVasMngsx (me X, 20, 25, 30, 35, 40 B at.%) siki Ha
BIMIHY Bia JociikeHux y poborax [35,36] moBuHHI Oynu MaTdh 3HAYHO OLITBIIY
00’emuy momo OLIK-tBepaoro posuuny [126,127]. Tak, Bci gocmipKyBaHi CIUIaBU
ouikyBaHO Oynu rerepodazuumu 31 cTpykTryporo OIIK-TBepmoro po3umHy Ta

iHTepMeTaniy Tuny AB». SIk 3a3Havatorh aBTopu [125] 30151b1IEHHS KUTBKOCTI TUTAHY
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y CKJIaJli CTUTaBy B 3a3HAYCHOMY 1HTEPBaJIi, MPU3BOIUTH JI0 301IBIIICHHS 00’ €MHOT 10T
OLIK-TBeporo po3urMHy Ta BMICTY TUTaHy B HBOMY, a TaKOX 10 3pPOCTaHHS
napameTpiB KpUCTAIIYHOI IPATKH, 10 JOOpE KOPENIIoE 3 JaHUMHU, MTPEJACTABICHUMH B
poboTtax [128,129].

Bzaemogmiro mocmimkyBanux ciiaBiB TixV3sMnes.x (e X, 20, 25, 30, 35, 40 at.%)
3 BOJIHEM MPOBOAMIIM NMPHU KIMHATHINA TeMriepaTypi Ta TUCcKy BojaHio 4 MIla. Ilpote
aBTOpaMHU 3a3HAYCHO, L0 JaHi CIUIaBH ISl JOCSITHEHHS MaKCHUMAalbHO MOXJIMBOT
BOJTHEBO1 EMHOCTI Ta MOXKJIMBOCTI B3a€MOJIISITH 3 BOJIHEM IPU KIMHATHIHN TemMIiepaTypi
3 BHUCOKOIO MIBUAKICTIO MOTPEOYIOTh JOCUTH CKJIAIHOI MOINEpPEAHBbOI aKTUBaLli, a
TaKOX HE MEHILIE TPhOX AKTHBALIMHUX LUKIIB COPOLIii-AecopOIii BOAHIO. ABTOpPHU
3a3HayaroTh, 1110 301JIBIIEHHS «X» Y 3a3HAU€HOMY 1HTEepBaJjl IPU3BOAUTH A0 CYTTEBOTO
30UTBIIEHHS! KUIBKOCTI MOTJIMHYTOro BOAHIO. Tak mpu x=20 KUIBKICTh NOTJIUHYTOrO
BOJHIO cTaHOBUTH 2,63 Mac.% (H/Me ~ 1,4) toxi six npu x=35 Ha piBHi 3,35 mac.%
(H/Me ~ 1,76), ane npu 1bOMY CYTTEBO MOTIPUIYETHCS KIHETHKA JAECOPOIlli BOJHIO.
30UTbLIEHHS 3arajdbHOi KUIBKOCTI MOTIMHYTOTO BOJHIO TOCHII)KYBaHUMH CILJIABaMH, Y
MOPIBHSHHI 3 0HO(GA3HUMH 31 CTPYKTYpOIO iHTepMeTaniay tuiny AB; aBTopu [125]
MOSICHIOIOTh, 0a3zyrounch Ha naHux [130], 30uIpIIeHHSIM Y CKJIaAl ciuiaBy 00’ €MHOI
noii OLIK-TBepmoro po3unHy Ta BMICTY TUTaHY B HbOMY.

[Ipouec BuAlIEHHS BOJIHIO JOCTIIKYBaBCS B YMOBax 3HMW)KEHHS THUCKY BOJHIO
B 4 Mlla no 0,002 MIla. [Ipu Takomy pexxumi 0OpOOKH BAAETHCS BUAAIUTHU JIMILIE
YaCTHUHY HAaKOMWYEHOTO MaTepiajoM BojHIO, a came, 0,93 mac.% (H/Me ~ 0,49) nipu
x=20 Ta 1,18 mac.% (H/Me ~ 0,6) npu x=35, npu 1iboMy aBTOpaMu HAroJoIIeHO, 110
BUJIUICHHS YCHOTO MOTIUHYTOTO BOJHIO MOTPEOYE TOCUTH )KOPCTKUX TEPMOOAPUIHIX
YMOB.

ChiBcTaBisitoud  MPEJACTABICHI JaHI BIJHOCHO B3aeMOJIi 3  BOJHEM
rerepoda3zHuX CIUIaBiB 31 CTpykTyporo iHTepMmeTamiay Ta OLIK-tBepmoro po3unny 3
ofHO(a3HUMHU Ha OCHOBI IHTepMeTaniny Tuny AB;, MoxHa 3poOUTH HaCTyNmHHN
BHCHOBOK. 3aCTOCYyBaHHS rerepoda3HuX CILIaBIB JIa€ MOKJIIUBICTh €()EKTUBHOI 3aMiHH,
y SKOCTI MarepiajgiB COpOEHTIB BOJHIO, OJHO(MA3HUX CIUIaBiB Ha OCHOBI

IHTEPMETAIIIJIIB, 3aBASKH MOJIMBOCTI OTPUMYBAaTH IMOKA3HUKU 3HAYHO BHILO1
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KUTBKOCTI MOTJIMHYTOTO BOJHIO, ajie MPH I[bOMY BaKJIMBUM € peajizyBaTH 30€peKeHHs
KIHETUYHHUX MapaMeTpiB MIBUAKOI copOIii-gecopOilii, sika MpuTaManHa 0JAHO(Ga3HUM

CIJIaBaM 31 CTPYKTYpPOIO iHTepMeTainy Tuy ABo.

1.3.2. B3aemonis 3 BojiHeM ciuiaBiB Ha ocHOB1 OLIK-TBepioro po3unny

B po6orax [131-133], Ga3yrouuch Ha paHillle IPOBEACHHUX IOCITIIKCHHIX
[27,28], Oyno 3amponoHOBAaHO iHIIMEK MiAXiA IO CTBOPEHHS MaTepialliB COpOCHTIB
BOJAHIO Ha OCHOBI rerepodasHux cruiaBiB. Tak aBTOpaMu 3ampONOHOBAHO
BUKOPUCTOBYBATH Y SIKOCTI MaTepialliB-aKyMYyJISITOPIB BOJHIO CIUIABH 31 CTPYKTYPOIO
OLK TBepaoro po3uumHy Ta CHIBICHYIOUOTO 3 HUM 1HTepMmeTamiay tumy AB; (dpaza
JlaBeca).

Ha npuxnaai crimaBy Tiaz5Zr30Mngzs aBTopamu [131] Oyno mokaszaHo, 10 Y
crutaBax Ha ocHoB1 OLIK-TBepaoro pozuuny (06’emua nons OLIK-TBepmoro po3unHy
Builie 50%) aBTOMAaTUYHO BHUKOHYETHCS yMOBA MIHIMAJIbHO MOKJIMBOTO BMICTY
Maprasifo B iHrepmeraniai tTuny AB; (He0OXiIHICTh MiHIMAJIBHO MOKJIUBOTO BMICTY
Maprasilo y cijiaBax Ha OCHOBI iHTepMmeTaiay TiMn, Oyna noseaena y podori [91]),
a TaKO>K BUHHMKA€ cUcTeMa MIK(pa3HUX IPaHULIb 3 BUCOKOIO MTUTOMOIO MoBepxHero. Le
MOBUHHO CIHPUSATH IIBUJKIM KIHETHIIl HABOJHEHHS, OCKUIbKH, $K BIIOMO 13
jmiteparypHuX gaHux [134], BHcOka MIBUAKICTH MPOHUKHEHHS BOIHIO B 00’€M
Matepially 10CIraeThes, 30KpeMa, IIIsIxoM oro audysii mo Mexax 3epeH. Kpim toro,
BOKJIMBUM € Te, 10 y nanux croiaBax OLK-TBepauii po3unH Ha OCHOBI TUTaHY ICHY€
Ipy KIMHATHIA TeMIlepaTypi, IO € BaXJIMBUM JJIA B3aeMoJli 3 BoaHEeM. OCKUIbKU
BOJIHEBA €MHICTD [3-(ha3u Ha OCHOBI TUTaHY CTaHOBUTH 4 Mac.% [26], Toxi sk a-da3u
mutre 0,01 mac.% [135,136], npu nboMy koeditieHT audy3ii BogHto 11st B-daszu B 3,5
pasa Buile, Hix A a-pasu [137], 30epexenHss B-CTpyKTypH € NEPCIEKTUBHUM IS
MaTepianaiB-HaKOMUYIyBadiB BOJIHIO.

BoaueBocopOrriiiHi  BIACTUBOCTI JTOCHIKYBAHOTO CIUIaBy Tia75Zr30MnNgss
BUBYAJIM MpU KIMHATHIN Temmneparypi Ta THCKy BogHio 0,6 Mlla. ABtopamu [131]
OyJo JOBEACHO, IO JOCHIKYBAaHUW CIUIaB 3[aT€H B3a€EMOMAISITH 3 BOJHEM IpHU

KIMHATHIM TeMIlepaTypi Ta BKa3aHOMY THUCKY 3 BUCOKOIO IIBUAKICTIO, IPOTE JJIsl LIbOTO
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BiH NMOTpeOy€e aKTUBALIIIHOTO HArpiBaHHA NP MEPUIOMY T1IpyBaHHI 10 TeMIEpaTypu
520 °C npu BKa3zaHOMY THCKY 3 HACTYITHOIO JiecopOITi€ro BOAHIO. [Ipu IboMY KUTBKICTh
MOTJIMHYTOrO0 BOJHIO Oyja JocArHyta Ha piBHi 2,58 mac.% (62,6 at. % H), mo
BinmoBizae ¢gopmynbHOMYy ckiany H/Me ~ 1,64, Tomi sk /i CIJIaBIB HAa OCHOBI
iHTepMeTaniy Tuny AB; BogHeBa eMHICTh He nepeBuiyBaia 2 mac.% (H/Me ~ 1,2)
[66,77]. IIpote, cimig 3ayBaskUTH, IO JOCITTH BUAICHHS BCHOTO IMOTTIHHYTOIO BOIHIO
BIAE€ThCS JIMILIE MpU HarpiBaHHi g0 temmepaTypu 550 °C, Toai sK Ais CIUIaBiB Ha
OCHOBI iHTepMeTaiiny Tuy AB; 1151 Temnieparypa Oyna Ha piBHi 350-400 °C [66,92].
Agtopu [131] NOACHIOIOTH MIABUIIEHHS TEMIIEPATYPHU TOCATHEHHS MMOBHOI JecopOil
BOJIHIO MPUCYTHICTIO y (pa30BOMY CKJIaji CIuiaBy rifipuay Ha ocHoBl OLIK-TBepaoro
PO34YMHY, AKUM € OUIbII cTabUIbHUM. SK OyJ10 3a3HaueHO y poOoTi [64], po3KiIagaHHs
TIApUly, OTPUMAHOrO Ha OCHOBI TUTaHy abo OLIK-TBep0ro po3unHy Ha MO0 OCHOBI,
BiI0yBaeThCs B iHTepBaii Temmneparyp 300-600 °C.

B po6Goti [132] Oyno po3mmpeHo aociiiKeHHs cruiaBiB Ha ocHoBI OILIK-
TBEPJIOTO po34rHYy cucteMu TI1-Zr-Mn (nocmimkeno crutaBu TigoxZroMny ae x 21,5,
25, 28,5 ar.%), Ta mMOKa3aHO BIUIMB 3MIHU CIIBBITHOIICHHS 00 €MHHUX JOJICH
CHIBICHYIOUMX (Da3 Ha KIHETHKY NOTJIMHAHHS BOJHIO NP MEPIIOMY TiAPYyBaHHI
KUIBKICTh TIOTJIMHYTOTO BOJHIO. ABTOpaMH TMOKa3aHO, 110 MPH BMICTI MapraHIo
25 at.% cmiBBigHOIICHHS 00’ eMHHX Hoiel (a3 mo cmiBicHyroTh (Sp/S, 0,513/0,487)
criBnagae 3 paxime pochixkeHuM astopamu [131] cmmaBom  Tigz5Zr30Mngss.
3MEHIIeHHS KITbKOCTI MapTraHIlio y CIJIaBl MPU3BOAUTH 10 30UTbIIEHHS 00’ €MHOT 1011
OLK-TBepaoro po3unHy, a 30UIbIIeHHs HaBOaku. Sk 1 1js cruiaBy Tiazs5Zr30Mnggs
[131] mpomec B3aeMofii 3 BOAHEM pPO3MOYMHAIM AOCIIPKYBAaTH MPU KIMHATHIN
TemriepaTypi Ta TuUcKy BoaHio 0,6 MIla. [ocmimkyBaHi criaBu, SK 1 CIUIaB
Ti4752r30Mngs [131], mist MOXIMBOCTI pearyBaTd 3 BOJHEM IIpU KIMHATHIM
TEMIEpaTypl Ta BKAa3aHOMY THCKY 3 BHUCOKOIO HIBHAKICTIO, MOTPEOYIOTH MEPLIOro
aKTUBAIITHOTO LUKy copOIis-aecopoiis. Aptopu [132] 3a3Hauar0Th, MO NEPIIAN
UK copOiii-gecopOiiii Bene A0 AUCHEPTyBaHHS MOHOJITHOTO 3pa3ka J0 CTaHy
MOPOIIIKY, IO CYIPOBOKYETHCS 301IBIICHHSIM PEaKIIMHOT MOBEPXH1 JIJIsl TUCOITIaIi

MOJIEKYJIM BOJIHIO, II€ AKTHUBYE NPOHUKHEHHS BOJHIO B KPHUCTAJIYHY IPATKy 1 €
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HEOOX1THUM JJI TOKPAILEHHS KIHETUKU B3a€MO/Ii 3 BogHeM. BaxkinuBum € Toit axr,
IO 3aBJSKH PI3HOMY CIHIBBIIHOIIEHHIO 00’€MHHX Aojei (a3 1o CrHiBiCHYIOTb,
BJIAJIOCSI OTPUMATH KUIBKICTh MOTJIMHYTOTO BOJAHIO B JIOCUTh IIUPOKOMY 1HTEpBaJIl Bij
2,81 mac.% (mns crmaBy 3 21,5 at.% Mn) go 2,49 mac. % (mns 28 ar.% Mn), mo
BiAnoBigae dopmynpHoMy ckiany H/Me Big 1,67 mo 1,49 BiamosigHo. OTpuMany
JIOCUTbH CYTTEBY PI3HUINO B KIJIbKOCTI IMOTJIMHYTOTO BOAHIO, aBTOPH [132] MOB’SI3y10Th
3 PpI3HUM CIIBBIAHOIICHHSAM Yy CKJajal CIUIaBy THUTaHy Ta Mapradmio (sKi
XapaKTePU3YyIOThCS CYTTEBO PI3HOIO aKTUBHICTIO MO BIIHOMIEHHIO 10 BOJIHIO), & TAKOX
CYTTEBO PI3HOIO BOJIHEBOIO EMHICTIO iHTepMeTaniay Tumy AB; (2 mac.% [77]) Ta OLIK-
TBEPJIOTO PO3UMHY Ha OCHOBI THTaHy (4 Mac.% [26]).

Buxoasuu 3 npencTaBieHUX JaHUX BIIHOCHO B3a€MOJIIi 3 BOJIHEM CILJIaBIB Ha
ocHoBl OLIK-TBepnoro po3urmHy BHAHO, LIO 3aBASKM Bapialii XIMIYHOTO CKJIaIy
BJIA€THCSI OTPUMATH Pi3HE CITIBBIHOIIEHHS 00’ €MHUX J0JIeH (a3 110 CIiBICHYIOTH (SIK1
XapaKTEePU3YIOThCS CYTTEBO PI3HOIO KUIBKICTIO MOTJIMHYTOTO BOAHIO), a 11€ 103BOJISIE B
JOCUTh IIIMPOKOMY 1HTEpBaJIl 3MIHIOBATH BOJAHEBY €MHICTh, 0€3 CYTTEBOIO BIUIMBY Ha
KIHETHKY Tporiecy copOiii Boanto. JocmimxyBani cruiaBu Ha ocHoBi OLIK-TBepaoro
PO34HHY, SIK 1 CIJIaBH HA OCHOBI 1HTepMeTaniy ABy, 1J1s1 MOXKIMBOCTI B3a€EMOIIATH 3
BOJHEM TpU KIMHATHINA TeMIlepaTypl 3 BUCOKOIO MIBHAKICTIO, TOTPEOYIOTh MEPIIIOTO
aKTUBAIIITHOTO UKITYy copOii-necopOii. OTxe, i 30epiraHHs Ta TPaHCIOPTYBaHHS
BOJHIO Yy 3B’SI3aHOMY CTaHi, cijjaBu Ha ocHoBl OILIK-TBepAOro po3umHy MOXKYTb
BUSIBUTUCH OLITBII €(DEKTUBHUMH 32 IHTEPMETAII TN, 3aBISIKH MOJIMBOCTI OTPUMYBATU

3HAQYHO BUII[l MOKA3HUKU KUJIBKOCTI OTJIMHYTOTO BOJHIO.

1.4. BB nmonepenHboi TepMivHOT 00pOOKM Ha KIHETHKY B3a€EMO/III 3 BOJHEM

reTepodazHuX CIIABIB

Sx Bimomo 3 miTeparypHux ganux [138] monepenns tepmiuHa 00poOKa (Bigman)
rerepoa3HUX CIUIaBiB € €()EeKTUBHUM CIOCOOOM BIUIMBY Ha iX XIMIYHMH CKiaj,
pPO3MIp OKpPEMHUX KPHUCTATITIB, CIIBBIIHOIIEHHS CHIBICHYIOUMX (a3 Ta KaTaaiTHYHI

BJIACTUBOCTI Mex(da3zHux rpanuilb. OTpuMaHi JaHi BITHOCHO MO3WTUBHOTO BILIUBY
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3MIHU XIMIYHOTO cKkiany dasu [79,99] abo cniBBigHOMEHHS KiTbKOCTI a3 [27,28] Ha
KIHETUYHI MapaMeTpy MpOIECiB copOLii-necopOIil 1 KUTbKICTh MOTJIMHYTOTO BOJHIO,
Oyn0 BUKOpUCTaHO B poOoTax [139-142] mis BCTaHOBJEHHS BIUIMBY MONEPEIHBOT
TepMiuHOI 0OpoOKHM (BiAmandy) Ha BOJHEBOCOPOIIHI BIACTHUBOCTI TeTrepodaszHux
crutaBiB 31 crpykryporo OLIK-tBepmoro poszumny Ta ¢dasu JlaBeca. Ilpote
MIpeJICTaBICHl B JIITEpaTypl pe3yibTaTH, 0coO0nuBO B pobdorax [141,142], BigHOCHO
BIUTMBY TEPMIYHOI 0OpOOKH Ha BOJITHEBOCOPOIIiifHI BIaCTUBOCTI reTepo(da3HuX CIIaBiB
€ JIeNI0 PI3HMMHU BHACIJOK PI3HUX XIMIYHMX CKJIJ(IB MaTepialiB, iX oOpoOKu Ta
PI3HUX YMOB IPOBEJAEHHS JIOCHTIIKEHb, 1110 HE J1a€ 3MOTI'M OJIHO3HAYHO TPAKTyBaTH Iii
JTaHl.

Tak y poGoti [141] nHa rerepodasznomy cmiaBi TiV77CreFesZr Oyno
BUINPOOYBAHO pI3HI BapiaHTU TepMIUHOI 00poOku. Bignan mpu temnepatypi 1100 °C
BIIPOJIOBXK 8 TOAMH abo0 HarpiB 10 TemiiepaTypu 1250 °C 3 BUTPUMKOIO 5 XBUJIUH Ta
HACTYITHUM TapTyBaHHSM Y BOJAY. ABTOPH 3a3HA4arOTh, IO JOCIHIKYBaHUNH HUMU
CIUIaB, Y TUTOMY CTaHI Ta MICJIA PI3HUX PEXKUMIB TEPMIYHOT 0OPOOKH € IBO(a3HUM 31
ctpykryporo OLIK-TBepaoro pozunny Ta dasoro JlaBeca. Lle cBiguuTh npo Te, 110 IpH
TEepMIuHii 00poOIli HE 3’ ABIISIIOTHCS HOBI (Da3u y CKJIA1 CILJIaBY, aje sIK CTBEPIKYIOTh
aBTopu [141], BimOyBaeThcsi 3MiHA B3a€EMHOI KIJIBKOCTI CHiBiCHYruMx (a3 y Oik
30ubIeHHsT KibkocTi OLIK-TBepmoro poszunny. BHaciigok 3011bIIEHHS KUTBKOCTI
OLK-TBepmoro po3uumHy Yy CKJIaJl CIUIaBY BIAETHCS 3OUIBIIMTH  KUIBKICTh
MOTJIMHYTOTO BOJIHIO, aJie TIPH I[bOMY OJHOYACHO TOTIPIIYETHCS 1 KIHETUKA B3a€EMOJII1
3 BOJIHEM (IIIBUJKICTh MOTJIMHAHHS BOJIHIO 3HMXKY€EThCs ). KpiM Toro, Oyio 3a3HadyeHo,
1o miciig TepMidyHO1 00poOku nipu Temneparypi 1250 °C ta BUTpUMII 5 XBWIMH, Y
MOPIBHSHHI 3 JINTHM CILIABOM, TTOKPAIIYIOThCS MOKa3HUKH JecopOItii BoaHto. Tak mpu
napamertpax jaecop0Oirii, remneparypi 60 °C Tta tucky Boguto 0,1 MIla, nutuii cruias
Buaisge 1,44 mac.% BOJHIO, TOII SIK TiCTIs TepMidHOi 00poOkH Bxke 1,82 mac.%.

JlocmimkeHHs BIUTUBY TEPMIYHOT 0OpOOKH Ha BOAHEBOCOPOIIIHHI BIACTUBOCTI Y
po6ori [142] Oyno mpoBeneHo Ha ciuiaBi Vs [ 29Crss. ABTOpaMu BCTAHOBIICHO, 1110 Y
JUTOMY CTaH1 JOCIIpKyBaHuUM ciiaB OyB ogHoda3Huii 31 ctpykTyporo OLIK-TBepaoro

po3uuny. Ilpu nmpoBeneniit Tepmiuniii 006pob1i (Temmnepatypa 700 °C ta BUTpUMKA
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BIIPOJIOBXK 72 TOAWH) BiAOYBa€ThCSA MEPEPO3MOMALT XIMIYHMX EJIEMEHTIB Yy CKIIaJl
CIUTaBy, IO CYMPOBOKYETHCS TOSBOIO Apyroi (a3u. YTBopeHa HoBa ¢aza Oyna
ineHTudikoBana sk ¢asa Jlapeca tuny C14. Byno nokazano, 1110 nonepeaHs TepMivHa
o0poOka cIIaBy MOKparlye MoKa3HUKH MPOIIECiB copOIlii-aecopOirii BoH 0, ajie mpu
[[OMY KUIbKICTb TOTJIMHYTOT'O BOJHIO, HABIMAKH, 3HIKYEThCS. [lokpallieHHs KIHETUKU
MpOIIECiB cOpOIIii-aecopOiiii Ta 3HUIKEHHSI KIIBKOCTI MOTJIMHYTO BOJIHIO, aBTOPH
MOB’SI3YIOTh 3 YTBOPEHHSIM Yy ha3oBoMy ckimani cmiaBy (asu JlaBeca. Ockinbku
BoaHeBa eMHicTh OLIK-TBeporo pozunny cranoButs 4,0 mac.%, a ¢azu JlaBeca Tumy
C14 na piBHi 2,0 mac.%, came ToMy mosiBa y azoBoMy cKiiaji 1i€i Ga3u o4ikyBaHO
MIPU3BOIUTH JI0 3HIDKCHHS 3araJIbHOT KUTBKOCTI IMTOTJIMHYTOTO BOJIHIO CTUTABOM.

Ockinbku B poOotax [141,142], sk Oyno moka3zaHo BuIle, OyJI0 OTPUMAaHO
JIOCUTh PI3HI pe3ylbTaTH MpU TEpMidHIi 00poOIi rerepodasHux cCIjiaBiB y poOOTI
[143], 6a3yrounch Ha WX JaHUX, OYJIO MPOBEACHO OLIBIN KOMIUICKCHE JOCITIIHKCHHS
BIUTMBY TONEPEIHBOT TEPMIUHOT 0OPOOKH Ha BOJIHEBOCOPOIIiHI BIACTUBOCTI.

Jns  pgocmimkenHs aBtopamu [143] Oyno oOpaHo rerepoda3Huil CIuiaB
Ti156Z12.1V40Cr112Mng 9C01 4Nizo 5Alg 3 (AKHiA, y TOPIBHSHHI 3 aHAIOTaMU, MaB BUIIY
€JIEKTPOXIMIYHY €MHICTh Ta IIBUAKICTh po3psukeHHs [144]) ockinbku, sk Oyio
3a3HAYCHO, JIAaHUW CIUIaB Ma€ TMOJBIMHE MPU3HAYEHHS, MOXE BUKOPUCTOBYBATUCS Y
pe3epByapax i 30epiraHHs BOaHIO, a Takox 1 y NiHMe-rigpuanux Oarapesx.
CtpykTypa DOCHII)KYBaHOTO CIUIABY y JUTOMY CTaHi ckiagaethes 3 OLIK-tBepaoro
po3uuny, ¢asu JlaBeca tTuny C14 Ta intepmeranimy TINI, mo criBnazae 3 JaHUMH
[145]. Ins Toro, mo0 miaATBepAUTH HEOOXITHICTh TEPMiUyHOI OOPOOKH Ta BU3HAYHTH
ONTUMAJIbHI PEXKUMMHU BiANaly, aBTOpPAMH JOCIIIXKEHO IHTEpPBaJl TeMIIepaTyp
800-1100 °C 3 BuTpuMKOIO BIpOJ0BK 5 a00 12 ronuH. [likaBuM BUSBUBCSI HACTYITHUN
¢akT, 1o TepMiuyHa 00pOOKa y BKa3aHOMY TEMIIEpaTypHOMY Alana3oH1 NPU3BOAUTH J0
pI3HOTO BIUIMBY Ha (pa30BUiA CKIIAJ Ta CIIBBIAHOIIEHHS KITHKOCTI CIiBICHYIOUUX (ha3.
Taxk Bignan mpu Temmepatypax 800-900 °C npuzBoauTh A0 30UTBIICHHS 00’ €MHOT 1011
OLK-tBepaoro po3unHy y ¢a30BOMy CKJIaJil CIUIaBY BHACIIOK 3MEHIIEHHS SIK (a3u
JlaBeca Big 10,5 mo 2,8 Tak i imrepmeramimy TINI Big 23,9 mo 14,1. 30iibmieHHS

temriepaTypu Bignaity 1o 1000 °C, HaBnaku, Npyu3BOAUTH A0 3pPOCTaHHS 00’ €MHOT 1011
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da3u JlaBeca Bix 2,8 mo 16,8 i inTepmerammy TINI Big 14,1 mo 19,2, a Takox 10
yTBOpeHHs1 HOBOI (haszu intepmetanmixy TiNi. IIpu temneparypi Biamamxy 1100 °C
B110yBa€ThCS MOBTOPHE 3MEHIEHHs 00 e€MHOI 1071 ¢a3u JlaBeca Ta iHTEpMeETaNI Ty
TiNi, yrBopenns inTepmeranminy TioNi He BigOyBaeThCs, MPOTE JJOAATKOBO
yTBOPIOIOThCs /1Bl HOBI ¢azu VNI Ta ZrO,. YTBopeHHs naHux (a3 HEe CynepedyuTh
JaHUM, IIPEICTaBICHUM B poOoTax [146-147].

[Tpomec B3a€EMOJTI] 3 BOJTHEM JOCITIKYBaHOTO CIUTaBYy
Ti156Zr2.1V40Cr112Mng 9C01 4Ni25Alos  y  pisHOMY BUXIZHOMY cTaHi  (JIUTHIA,
BIJINIAJICHUI) TPOBOJMIM NpPH KIMHATHIA TemiiepaTypl Ta TUCKY BojHio S5 Mlla.
ABTOpHU 3a3HAYarOTh, 110 HE3AJEKHO BiJ] BUXIJHOTO CTaHy, NOCTIKYBaHWUW CILJIaB
noTpedye MpOBEICHHS AKTUBALIIHOTO ITUKITY copOIii-necopOirii. Baxxnuum daktom
JUISL PO3YMIHHSA HEOOXIJHOCTI TMOMEPEAHbOI TEPMIYHOI OOpOOKM € KUIBKICTb
MOTJIMHYTOr0 BOAHIO. Tak JOCHIKYBaHUH CILJIaB Y JINTOMY CTaHI 3/JaTEH MOTJIMHATU
mutie 1,7 mac.%, mio Bianosigae popmynbHoMy ckinany H/Me ~ 0,93. [Ticns tepmigHoi
0OpOOKM KUIBKICTh MOTJIMHYTOIO BOJHIO, HE3BAXKAIOUM HA Pi3HI PEKUMU TEPMIYHOT
0oOpoOKM Ta 3MIHM B 00’€MHHX JOJSX CIIBICHYIOUHMX (Da3, CyTTEBO 3HUKYETHCA O
piBas 1,36 mac.% (H/Me ~ 0,74). Lleit pe3ynbTar, BITHOCHO 3HMXEHHS KIUJIBKOCTI
MOTJIMHYTOT'O BOJHIO € HEOYIKYBaHUM, OCKIJIBKM 30UIBIICHHS 00’€MHOI 10
OLK-TBepioro po3unHy y CKjajl cruiaBy (BoAgHEBa eMHICTh Ha piBHI 4 mac.% [26])
MOBHHHO HABITAKU MPU3BOJIUTH JI0 CYTTEBOTO 301JBIIICHHS 3aJIbHOI BOJTHEBOI EMHOCTI
criaBoM. ABTopH [143] OB’ 3yIOTh 3MEHIIICHHS KIJIbKOCTI TIOTJIMHYTOTO BOJIHIO ITiCIIS
TEpMIYHOI 0OpOOKH, 31 3MIHAMH XIMIYHOTO cKiany a3 (YTBOPEHHS rinepcrexioMmerpii
[148] konu aekiyibka aToOMIB KOMIIOHEHTa B 3aliMaroTh mo3uilii A), mepepo3noaijioM
aKTUBHHUX CTOCOBHO BOJHIO KOMIIOHEHTIB Mik (aszamm [149,150], a Takox
3MEHILEHHSIM MapaMeTpiB KPUCTAIIYHUX IPATOK ycCiX cmiBicHytouux ¢a3. [lokazaHo,
0 TUTATO THUCKY BOJHIO JUJIS CIUIABY IIICHsA BIANATy B IHTEPBAIl TEMIIEpaTyp
800-900 °C 3amxyethbes, Toai sk B iHTepBaii 900 - 1100 °C HaBmaku 30UIbITYETHCS.
Agtopu [143] nosicHIOIOTH 11€ pi3HOIO0 00’ eMHOI0 aojeto OLK-TBepmoro po3uuny y
CKJIaJl CTUIaBy, y IOPIBHSHHI 3 BUX1THUM, ICIIS PI3HUX PEKUMIB TEPMIUYHOT OOPOOKH,

OCKIJIbKHU T1pHJT Ha MOTO OCHOBI € HalOUIbII cTa0IbHUM (Y TIOPIBHSHHI 3 TiApUIaMU
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Ha ocHOBI (pa3u JlaBeca Ta inTepMmeTamiay TiNi) Ta Mae HalfHIKYE TIATO THCKY. Takoxk
Oy710 BCTAHOBJIEHO, IO TICTEPE3UC MICIA TEPMIYHOI OOpOOKH cTae OUTBIIAM, IO
HETaTHBHO BIUIMBAE Ha TMPOIIEC ECOPOIIii BOIHIO.

OTxe, TACYMOBYIOUHM YC€ BHIIE 3a3HAYCHE, YITKO BUIHO, IO ITOMIEPETHS
TepMiuHa 00poOKa reTepodazHuX CIUIaBIB € JIEBUM METOJOM BIUIMBY Ha KUIBKICTh
MOTJIMHYTOI'O0 BOJHIO Ta KIHETHKY IpoIeciB copOiii-aecopoiii. Sk Oyno moBeneHo,
norepeaHs TepMmiuHa oOpoOKka A03Bojsie 0e3 3MIHM XIMIYHOMY CKIJIaay CIUIaBy,
3aBJSKH 3MiHI 00’€MHOI 1011 CHiBICHYHOUYHX (ha3, perysroBaTh MOKa3HUKHU KIJTBKOCTI
COpOOBaHOr0 BOJHIO, a TAaKOX CYTTEBO 3MIHIOBATU KIHETUKY MPOLECIB COpOIli-

necoporrii.

1.5. 3miHa crtocoOy OTpUMaHHS CIUIaBY SIK METOJ BIUIMBY Ha BOJAHEBOCOPOIIiiTHI

XApPaKTCPUCTHUKHU

BianoinHo no mitepaTtypHux AaHux [151] y TtenmepimHid yac OUIBIIICTb
JTOCITITHUKIB JJI1 OTPUMAHHS CIJIaB1B HAKOTTMYYBa41B BOJIHIO BUKOPUCTOBYIOTH METO/I
mutTa. [Ipore, sk 3a3HayaroTh aBTopu [151] as 3muBKa, OTPUMAHOTO TPAAUIIAHUMU
croco0aMu, TaKMMHU SIK 1HIYKIIHA a0o JyroBa TUIaBKa, HEMUHYYE BilIOYBA€ThCS
cerperauis MiJ 4Yac OXOJO/DKEHHs 3JMBKAa, a 1€ MOXE HEraTuBHO BIUIMBAaTH Ha
KIHETUKY MpoLeciB copOuii-necopOuii Ta KiUIbKICTh MOTJIMHYTOIO BOAHIO. biibin
Cy4acHI METOJM OTPUMAHHS CIUIaBIB, 10 0a3ylOThCS Ha rapTyBaHHI 13 PO3IUIaBY 3
BHUCOKOIO MIBUAKICTIO OXOJIOJKEHHS, 00 13 3 Ty4EHHSIM NOPOIIKOBUX TEXHOJIOT1H, 10
BKJIIOUAIOTh PO3MHIICHHS PO3IUJIaBy Ta30M a00 MEXaHIYHE JIeTyBaHHS, JIO03BOJSIOTH
OTPUMYBATH 3JIMBKH Ta TMOPOMIKK 3 OLIBII BHUCOKOI XIMIYHOIO OJHOPITHICTIO 1
MEHIIUM PO3MIPOM 3€pHa, HIXK Ti, SIKI OTPUMYIOTh TPAAUIIHHUMU METOAAMHU JIUTT. B
TOM caMui dYac, CIUIaBM OTpPUMaHl TOPOIIKOBUMH METOAAMH SIK IPaBHIIO,
BIJIPI3HSIIOTHCA CIIENU(DPIYHIM BMICTOM CTOPOHHIX JOMIIIIOK, IO TAKOXK MOE CyTTEBO
BIUJIMHYTH Ha BOJHEBOCOPOLIHI  XapakTepUCTUKU. BianmoBiiHO 1bOMY 1
BOJTHEBOCOPOIIiHiHI BJACTUBOCTI CILIABIB 3 OJHAKOBHM 3aJaHUM XIMIYHHUM CKJIAIO0M,

pOTE OTPUMAHUMHU PI3HUMHU METOJIaMU, MOXKYTh CYTTEBO BiIPI3HATHUCS.
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Tak B po6oTi [152] ans mopomikiB, crutaBy 3i CTpykTyporo (aszu JlaBeca, Oyio
IPOBEJCHO TMOPIBHSAHHS iX BOJHEBOCOPOIIMHUX XapaKTEPUCTUK, MPH OTPUMAaHHI
MOPOIIKIB IJIIXOM PO3MIJICHHS B ra3i Ta METOIOM JIUTTS 3 HACTYITHUM MOAPIOHEHHSM.
ABTOpaMH TIOKa3aHO, M0 MOP(OJOris YaCTHHOK 3aJeKHUTh BiJ] MapaMmeTpiB iX
BUTOTOBJICHHS 1 METOIB 00poOKHU. Tak MOPOIIMHKY, sIKi OyJIM OTpUMaH1 MEXaHIYHUM
noApiOHEHHSIM 3JIMBKa, MalOTh Pi3HY GOpMY, B TOHM Yac, Ik ra30paciujIeH] MOPOITUHKH
€ chepuunumu. I[lpum goCHiIKEHHI BOJHEBOCOPOIIMHUX BJIACTHUBOCTCH IS
ra3opaclnuieHHUX YaCTUHOK Yy TIOPIBHSHHI 3 OTPUMAaHUMU METOJIOM JIUTTA 3
HACTYITHUM PO3MEJIIOBAHHSIM, 0YyJI0 MOKa3aHo, IO 1JI YACTUHOK PO3MIPOM MEHIIIE HiXK
50 MKM KUTBKICTh MOTJIMHYTOT'O BOJIHIO PI3KO 3MEHIITYETHCS, 1 TS TICTEPE3UCY CTAE
outbmoro. KpiMm Toro, 30UIbIIEHHS THUCKY CTPYMEHS IPU PO3MWIIOBAHHI Ta3y
MPU3BOJIUTH JI0 3MEHIIECHHS KUTBKOCTI MOTJIMHYTOTO BOJHIO, & HAXWJI THUCKY IIJIaTO
3HaYHO 30UIBIIYETHCS, M0 OOYMOBIEHO moOaIoM (a3 BcepenauHi 3epHa
ra3opaciuieHHOTO CIUIaBY, a TAKOXk CTAHOM IMOBEPXHI YACTUHOK (Y ra30pO3MUIIEHUX
YaCTUHOK TBEpJa 3arapToBaHa 1 YacTKOBO OKHCHEHa TOBepxHs). IlokpamieHHs
IpoIiecy JaecopOIlii BOJHIO JJIs Ta30paclICHOIO CIUIaBy, Y IMOPIBHSHHI 31 CIJIABOM
OTPUMAaHUM METO/IOM JIUTTS, OYJI0 B OCHOBHOMY OOYMOBJIEHO O1JIbIII BUCOKUM TUCKOM
Ha IUJIaTO, IO MOSICHIOETHCS MEHIIUM PO3MIpOM 3€pHa 1 OUIbI BUCOKOI €HEPTIEI0
MDKBY3JISL JUIsl PO3MIIIIEHHS BOJIHIO B Ta30pacUICHHOMY CTaHi.

B poGoti [153] Ha mpukiami cmiaBy Tlo72Zr028MN16Vos Oyiio mpoBeneHO
MOPIBHSUTBHE JOCTIPKEHHSI MK PI3HUMHU CIloco0aMu HOTO OTpuMaHHS (1HIYKIIHHOT
MJIaBKK Ta MEXaHIYHOTO JIETYBaHHS) Ha BOJHEBOCOPOIIHI BiacTuBOCTI. HezanexHo
BiJI criocoOy OTpUMaHHsI, CTPYKTypa cIuiaBy Oyna aBoda3Hoio 1 ckiaganachk 3 (a3u
JlaBeca tTummy C14 ta OIIK-TBepaoro po3uuny. [Ipore, sk 3a3Ha4at0Th aBTOPH, B CILJIaBI
OTPUMaHOMY METOJOM 1HIAYKIIMHOI T1aBku, KuibKicTh OLIK-TBeporo po3unny Oyna
JIEIIO0 BUIIOI0, 10 aBTOPH OB’ S3YIOTh 3 IOCUTh BUCOKOIO MIBHIKICTIO OXOJIOKCHHS
JUTst TaHoro MeToay. Kpim Toro, o AHOPIAHICTE PO3IMOAUICHHS €JIEeMEHTIB 1Mo (azax, Jis
CIUTaBYy OTPUMAHOMY METOJIOM 1HAYKIIIHHOI TUTaBKK Oyia JOCSITHYTa 3HAYHO BUIIIOKO,
0 KOPEJIOE 3 JNaHWUMH OTPpUMaHuMU B poOoTi [154]. Bucoka HEOMHOPIAHICTH TIO

XIMIYHOMY CKJIaqy (a3, SK 3a3HAYa€ThCS, MOXKE CYTTEBO BIUIMBAaTH Ha KIJIbKICTb
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NOTIMHYTOT0 BOAHIO. [Iporiec riapyBanHs Oy0 mpoBEIeHO MPH PI3HUX TEMIIEpaTypax
20, 150 Ta 400 °C. ABTOpM CTBEpKYIOTh, IO HaWKpall TEPMOJWHAMIYHI Ta
KIHETHYHI [MOKa3HUKHU IPOIIeCy T1ApyBaHHA 0yJi0 oTpuMaHo npu Temneparypi 150 °C,
IpU I[bOMY KUIBKICTh MOTJIIMHYTOTO BOAHIO CIUIABOM, OTPHUMAaHUM METOJOM JIUTTS
ckiana 2 mac.%, ToAl SK I MEeXaHIYHOro JieryBaHHs Jymiie 1,2 mac.%. Kpim Toro,
aBTOPU CTBEPXKYIOTh, [0 OTPUMaHa HUMH KUIbKICTb MOTIMHYTOTO BOJHIO JIJI5I CILIABY
OTPUMAHOMY METOJIOM JIUTTS JICIIO MEePEBUIITYE TTOKA3HUKHU JIJISl CIUIABIB Y CTPYKTYPi
sakux Oyna Tibku (asza JlaBeca tumy C14 [155-156]. CyTTeBY pi3HHUILIIO Y KUIBKOCTI
MOTJIMHYTOTO BOJHIO MK CIUIABOM OTPHUMaHUM METOJOM JIUTTS Ta MEXaHIYHOTO
JeryBaHHs aBTopamu [ 154] noB’s3y10Th 3 AekiibkoMa aktopamu. [lo-nepiie, pi3HoIO
kuibkicte OLIK-TBepmoro po3umHy, ockiabku BojHeBa eMHICTh OIIK-TBepmoro
pO3UMHY Maii’ke y JBI4l € BHILOK HDK B 1HTepMeranigy. [lo-apyre, OuibIIoNO
KUIBKICTIO IOMIIIOK (3aJii3a Ta KMUCHIO) Y CIUIaBl OTPUMAHOMY METOJIOM MEXaHIYHOIrO
JIETYBaHHSI.

B po6oti [157], Ha BiAMIHY BiJl 3a3HAUYEHUX BUIIE PoOIT, OyJIO MOKa3aHO, IO
3MiHa CIIOCO0Y OTPUMAaHHS MaTepialy MOKe CYTTEBO MiBUIITUTH BOJIHEBY EMHICTH Ta
MOKpAIIUTA KIHETUKY Tpoiecy copOuii — gecopOuii BoaHwo. IlopiBHIor0UYM
BoaHEeBOCOPOIiiiHi BractuBocTi crutaBy Vis(T1,Cr)si(Zr,Mn)14 oTpuMaHoro METOa0M
CHIKaHHS B TuTa3Mi 1ckpoBoro pospsay (SPS-meton) Ta cmocoboM 1HIYKIIMHOT
IUIaBKW, ABTOPU 3a3HayaloTh, IO KIHETHYHI MapaMeTpu Mpolecy TiApyBaHHS
HE3aJIe)KHO BiJ] COCO0y OTpuUMaHHs OAHAKOBI (TemmepaTypa riapyBanusa 400 °C ta
TUcK BoJHIO 2,1 MIla npu npomy iHkyOamiitnuii nepiof ckianae 10 200 cekyHn), ajne
IpU [OMY MalTh 3HAYHO PI3HY KUIBKICTh MOTJIMHYTOrO BOAHIO. Tak Juisl cruiaBy
OTPUMAHOTO METOJIOM SPS KITBKICTh MOTJIMHYTOTO BOJHIO cTaHOBMIIA 2,89 Mac.%, 1110
npubIM3HO Ha 24 % BHUILE, HIXK 715 CIUIABY OTPUMAHOT0 MeToA0M JUTT (2,32 mac.%).
Kpim Ttoro, Oymo mokaszaHo, M0 KIUIBKICTh JECOPOOBAHOTO BOJHIO IS CIUIABY
oTpuMmaHoro meroaom SPS, npu onHakoBux ymoBax (Temmneparypa 303 K), craHoBUTH
60 %, Toal SIK JJIsI CIJIaBY, OTPUMAHOTO METOJIOM JIUTTS - TUIbKU 34 %. Taki cyTTeBi
BIIMIHHOCTI SIK y KUTBKOCTI MOTJIMHYTOTO BOJHIO, TaK 1 16COPOOBAHOTO BOJHIO aBTOPHU

MOSICHIOIOTh THM, L0 Y BUNAAKY OTpUMaHHs cruiaBy MetoaoM SPS He BinOyBaeThcs
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nudys3ii eTeMEeHTIB 5Kl yTBOPIOIOTh (Pa3y JlaBeca (B I[bOMY BUIIAKy — MAapTaHIIO, KU
HE B3a€MOJI€ 3 BOJAHEM Ta Ma€ 3HAYHO MEHIIMKA atoMHuil paniyc) B OLIK-TBepanii
po3uuH. Onuparouuck Ha JdiTeparypHi gaHi [ 158], aBTropu CTBEpIKYIOTh, 1110 BBEACHHS
mapraniio B OLIK-TBepai po3unMHH Ha OCHOBI TUTaHy NPU3BOJAUTH N0 3HIKEHHS
napaMeTpy KpHUCTaTIYHOI IpaTKM Ta BIAMOBIIHO IIBOMY KIJBKOCTI TOTJIMHYTOTO
BOJIHIO.

OTxe, BpaxOBYIOUM yC€ BHIIE 3a3HAUCHE BIJIHOCHO BIUIMBY 3MIHH CIOCOOY
OTPUMAaHHS CIUJIaBy Ha BOJHEBOCOPOIIiiTHI BIaCTUBOCTI, MOKHA CTBEPKYBATH, 1110 Y
OUTBIIOCT] BUIAJKIB 3MIHA CIIOCOOY OTPUMAHHA CIUIABY 3 TPAJAMIINHOTO JIUTTSA Ha
3a3Hauy€eHl, MPU3BOAUTH 10 MOTIPIICHHS KIHETUKH MPOIECIB cOpOIii-necopollii, a 1mo
HaWroJIOBHIIIE JI0 3HWKEHHS KIJIBKOCTI IOMIMHYTOro BojHIO. Kpim Toro, ciin
3ayBa)XUTH, 110 HABITh Y TUX BUMNAJKaX, KOJM BIIOYBAETHCS MOKPAIICHHS KIHETUKU
copOmii-necopOIrii Ta 30UIBIICHHS KIIBKOCTI TMOTVIMHYTOTO BOJHIO 3aBASKH 3MIiHI
croco0y OTpUMMAaHHS CIUIaBy, NPH MPAKTUYHOMY BUKOPUCTaHHI iX 3aCTOCYBaHHS
3AJIMIIAETHCS JOCUTH JIIMITOBAHUM Yy 3B’SI3Ky 3 BHCOKOIO BapTICTIO JaHUX CHOCOOIB
OTPUMAaHHS 1 TPoOJIEMOI0 MacIITabyBaHHsI.

[IpoananmizyBaBUIM  HasgBHI JITEpaTypHl JaHl BIJHOCHO MEpPCHEKTHBU
BUKOPUCTAHHA BOJHIO B SKOCTI aJbTEPHATHBU 3aCTOCOBYBAHMM Ha JIaHUW Yac
BYTJICBOJIHSIM, a TaKOXK HasgBHUX MPoOJieM 3 HOro 30epiraHHs Ta TPaHCIOPTYBaHHSIM
BCTAHOBJICHO, 1110 MOIIYK HOBUX TBEPJAUX MaTepiamiB (sl 30epiraHHs BOJHIO Yy
3B’SI3aHOMY CTaHl) € JyX€ aKTyaJlbHMM HalpsMKOM 1 B TemepimHiid 4ac. byro
BHU3HAYEHO CEpeJl ICHYIOUOTO PI3HOMAHITTS MaTepiaiiB AJisi 30epiraHHs BOJIHIO, IO HA
JTAaHUH Yac, CIJIaBH HA OCHOBI IHTEpMeTalli Ty TUIly AB; € HalOUTbII 3aCTOCOBYBAHUMHU
y SKOCTI MaTepiaixy COpOCHTY MpU CTBOPEHHI METAJOTIAPUIHUX aKyMYJISTOPIB JUIS

TpaHcnopTy (puc. 6).
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Inrepmertainin Ty AB; Cy=1,80 mMac.%

H/Me~1,0

JleryBaHHS 3 OJTHOYACHOIO 3MIHOIO JleryBanHnst 0e3 3MiHU
CTPYKTYpHO-(a30BOTO CTaHy cTpykTypHOro tuiy AB;
Cy=3,00 H/Me~1,75 Cuy=2,0 mac.% H/Me~1,2

JleryBaHHs 3 OAHOYACHUM
BIIXWJICHHSIM BIJI

crexiometpii AB, Cy=2,0
mac.% H/Me~1,3

Puc. 6. Cxema BIuIMBY JieryBaHHS Ha (pa30BO-KOHIIEHTPAIIIHHUN CKIIa]] Ta

BOJHEBOCOPOIiMiHI BIACTUBOCTI IHTEpMeTaTily TUILY ABo).

BusHaueHo, 1110 OCHOBHMMM MEXaHI3MaMH BIUIUBY Ha KUIBKICTb MOTJIMHYTOTO
BOJHIO Ta KIHETUYHI [apaMeTpu MPOIECIB CcopOIii-necopOIlii €: JieryBaHHS,
BIJIXMJICHHS B1Jl CTEXIOMETPUYHOTO ckiany AB; Ta 3MiHa a30BO-CTPYKTYpHOTO CTaHY
3 3aCTOCYBaHHSIM TEPMIYHOT 0OpOOKH i pi3HUX METOIiB OTpUMAaHHS CciuiaBy (Tadd. 1.2).
Came ToMy, po3poOKa (hi3UKO-TEXHOJIOTIUYHUX 3acajl CTBOPEHHS MaTepiaiiB-COPOCHTIB
BOJHIO Ha OCHOBI THUTaHy 3 MIJABUIICHOI BOJHEBOIO E€MHICTIO Ta MPUCKOPEHOIO

ooooo

CKJIQy 1 MIKPOCTPYKTYPH € aKTyaJIbHOIO MaTEpiaJIO3HABYOIO 33/1a4€l0.
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Cucrema dazoBuii cknax | MakcuMmainHa Kinetuka BucHoOBOK 110110
JIeTYBaHHS JOCSITHYTa copOrii JIOLIBHOCTI
BOJTHEBA necopOrii MPAKTUYHOTO
€MHICTb BUKOPHUCTaHHS
Ti-Zr-Mn daza Jlaeca 2,0 mac.% [IBuaka [lepcriekTuBHUIA
H/Me~1,2
Ti-Zr-Mn-V ¢aza JlaBeca 2,0 mac.% [IBuaka [lepcriekTuBHUI
H/Me~1,3
Ti-Zr-Mn B-tdaza + daza 2,58 mac.% 3amoBinpHa | [lepcnexTuBHMIA
JlaBeca H/Me~1,64
Ti-V-Mn B-tdaza + daza 3,35 mac.% 3anoBigpHA [lepcriekTUBHUIA
JlaBeca H/Me~1,64

1.6. ITocTaHoBKa 33724 JOCHIKEHHS

3 BHILEHABEACHHUX JITEPATYpHUX JaHUX BHIUIMBA€E, IO PO3poOKa (Hi3UKO-
TEXHOJIOTIYHUX 3acaji CTBOPECHHSI MaTepialiB-COPOEHTIB BOJHIO Ha OCHOBI THTaHYy 3
M1JBUILLIEHOI BOJHEBOK) €MHICTIO Ta MPUCKOPEHOK KIHETUKOKO COpOLii-gecopOmii
BOJIHIO, BIKpPUBA€ IIUPOKI MOXKJIUBOCTI JJIi AKTHUBHOTO PO3BHUTKY BOJHEBOI
CHEpreTUKN BHACHIIOK 3a0e3nedeHHs i1 moTped 3pyYHHUMH Y BUKOPHUCTaHHI
MatepiajiaMH J1Jis 30epiraHHs BOJAHIO Yy 3B’ sI3aHOMY CTaHi.

30kpema, aHaii3 cTaHy MpoOJieMy B CTBOPEHHI MaTepiajiB COpOEHTIB BOJHIO Ha
OCHOBI1 1HTepMeTamiiiB Tuny AB> CBITUHUTH, IO MIABUIIEHHS 3arajbHOI KUIBKOCTI
NOTJIMHYTOIO BOJHIO MpU 30€peKeHHI M SKUX YMOB TiIpyBaHHS (KIMHATHa
TeMIlepaTypa Ti[pyBaHHs Ta TUCK BOAHIO B Mexax 0,21 - 0,6 MIla) ta Temnepatypu
BUJIUICHHS BChOTO HakomudyeHoro BojHio 10 300 °C, 0o0ymoBiIO€ HEOOXITHICTH
PO3pOOKH HOBHX MartepiajiiB Julsl 3aCTOCYBaHHS Ha TPAHCHOPTI 3 METOI MiHIMI3allil
MIKIJIMBAX BHUKHUAIB B atMochepy. Y 3B’S3Ky 3 IUM BaXJIUBUM € DPO3B’SI3aHHS
HACTYITHUX 3a/1a4 (PyHIAMEHTAILHOTO Ta MIPUKIATHOTO XapaKTepy:

— HEOOX1THICTh PO3POOKH CILIaBIB, 3JATHUX B3A€MOJIISTH 3 BOJHEM B JINTOMY CTaH1
0€3 3aCTOCYBaHHS MOIMEPEIHHOI TEPMIYHOT 00 MEXaHIYHOT 0OPOOKH 3 O1JIBIIT BUCOKOIO
BOJHEBOIO EMHICTIO, SIKI HE MOCTYIMAIOTHCS ICHYIOUMM aHaJIOraM y XapaKTepUCTUKax

MPOIIECIB MOTJIMHAHHS Ta BUAUICHHS BOJTHIO;
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— po3po0Ka TEXHOJIOTI OTPUMAaHHS MAaCUBHHX 3JIMTKIB 3allPOIIOHOBAHUX CIIJIaBIB
aKyMYJIITOPIB BOJHIO METOJIOM IHAYKIIWHOI MIaBku y Bigkputux tursix 3 Al,Os 3
BUKOPUCTAHHSAM  MaTepiajgiB  TEXHIYHOI  YMCTOTH  JJI1  TMIJABHUINCHHS  iX
KOHKYPEHTO3AaTHOCTI.

Po3poOka HOBUX CIUIaBIB 3 3aJlaHUMU  BJIACTUBOCTSIMH  0O€3MOCEPETHBO
MOB’s3aHa 3  HEOOXITHICTIO  TPOBEJACHHA  (PyHJAAMEHTAIbHUX  JOCIHIKCHbD,
CIPSIMOBAaHUX HA OOIPYHTYBaHHS KpPUTEPIiB BHOOPY JETYBAJIbHHUX €JIEMEHTIB Ta
METOJIB BIUIMBY Ha BOJHEBOCOPOIlHI BJIACTHUBOCTI, BHUMAara€ 3HaHHI 1
KBaJI1(PIKOBAHOIO BUKOPHMCTAHHS Jlarpam CTaHy, JOCIIJKEHHS CTPYKTYpHU CILJIaBIB,
BUBYEHHS iX BJIACTUBOCTEH, 0COOJIUBO MPU TEPMOOOPOOKAxX Ta B3aEMOJI1 3 BOJIHEM.

J1J1st JOCSITHEHHSI TOCTABJIEHOT METH HEOOX1/THO OYyJI0 BUPIIIUTH HACTYITHI OLTBIIT
HIMPOKI 3a/a4i:

e JlocmiauTu BIUIMB JOJATKOBOTO JIETYBaHHS CIUIaBiB cuctemMu Ti-Zr-Mn Ha
ocHOBI (pa3u JlaBeca eremeHTaMu, IO YTBOPIOIOTH TIAPUIHI 3 €HAHHS, 1 JJIs
MOPIBHSIHHS, €JIEMEHTAMHU $SIKi 1X HE YTBOPIOIOTh, Ha CTPYKTYPY, (ha30BUM CKIIaJl
Ta BOJIHEBOCOPOIIIHI BIaCTHBOCTI;

e BusHauutu 3akoHOMipHOCTI BuiuBy npucytHocTi OLIK-TBepmoro po3unny Ha
OCHOBI THUTaHy, 1[0 cmiBicHye 3 ¢a3oro JlaBeca, Ha BOJAHEBOCOPOIIIiTHI
BJIACTUBOCTI BO(a3HUX CIJIaBIB,;

e BcTaHOBUTH MOXUJIMBICTH 30UIBIICHHS BOJHEBOI €EMHOCTI TeTepoda3zHUX
CIUJIaBIB 31 CTPYKTYPOIO IHTEpMETaJIi Ty Ta criBicHyrouoro 3 HuM OLIK-TBepioro
pO3YMHY Ha OCHOBI THUTaHy UUISIXOM 3MIHM CXEMH TEpPMO-OapHUYHUX YMOB
HACHYCHHS BOJHEM;

e JlocmiauTu BIUIUB (pa30BOTO CKIIAAY IIPH 3MiHI TUNY IHTepMeTaniay AB, Ha Tun
AB, mo cniBicHytoth 3 OLIK-TBepauM po3uMHOM, Ha BOJHEBOCOPOILIiHI
BJIACTUBOCTI TeTepoda3HuX CIIJIaBIB;

e Bu3HayuTH MOXIMBOCTI 1 MEXaHI3MM TIIPUAOYTBOPEHHS Yy rerepodaszHux
CIUIaBaxX Ha OCHOBI TUTaHY MPHU M’ SIKUX TEPMOOAPUUHUX YMOBaX (TeMIieparypa,

HaOIMKeHa 0 KIMHATHOI, Ta TUCK BOJIHIO, OJIM3BKHUI 10 aTMOC(EPHOTO);
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BcraHoBUTH BIUIMB JOJATKOBOTO JIETYBaHHS BaHaJlleM, xpomoMm Ta P3M
(rompMmiit) Ha CTPYKTYpY, (a30BHil CKJaa Ta BOIHEBOCOPOIIIHI BIACTHBOCTI
crutaBiB Ha ocHOB1 OLIK-TBeporo pozuuny cucremu Ti-Zr-Mn;

Busznauuti BIUIMB TEepMiuHOI OOpPOOKM Ha BOJHEBOCOPOIIiNiHI BJIACTHBOCTI
rerepodaszHuxX CIUIaBiB 31 CTpyKTyporo iHTepMmetaminxy Ta OLIK-TBepmoro
PO3YMHY HUISIXOM 3MIHU 1X CTPYKTYpH, (ha30BOro CKJIaay Ta CTaHy MOBEPXHI;
BcraHoBUTH TOTEHINIHI METOAM aKTHBallli B3a€MOJIi 3 BOJHEM BKa3aHHX
CIUIaBIB HUISIXOM 301TbIICHHS IX NUTOMOI TOBEpPXHI (IUCHEPTyBaHHS B
MOPOIIKOBUM CTaH) Ta MOBEPXHEBOT OOPOOKH.

Busznaunti 0coOIMBOCTI B3a€MO/IiT BOJHIO 3 MarHi€eM y MPUCYTHOCTI TiJpH/IIB
Ha ocHOBI 1HTepMeTaniay Ta OLIK-TBepmoro po3unny;

Po3po0uTy TeXHOJIOTTYH1 MiX0IU JJIsl OTPUMAHHSI MACUBHUX 3JIUTKIB CIUIaBIB -
COpOEHTIB BOJIHIO, 30KpeMa, 3 BUKOPHUCTAHHSM JCHICBUX BUXITHUX METaTIB
MIPOMHCIIOBOT YHCTOTH Ta IHAYKIIHHOI TUIABKH Y BIAKPUTHX THIJISIX, JUIS

BIJIMOBITHOTO 3HM)KEHHS COO1BAPTOCTI KIHIIEBOTO MTPOIYKTY.
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PO3JILI 2
MATEPIAJIA, ATAPATYPA, METOJUKH JTOCJIKEHD

2.1. O6rpyHTYyBaHHS BUOOPY METOIIB TOCIIPKCHHSI

Posrnsgatoun cmiiaB, M0 3HAXOAMTHCS B arMocdepi BOAHIO, SIK BIIKPUTY
TEPMOJUHAMIYHY CUCTEMY, CJiJI 3a3HAYUTH, IO IMiJl BIUIMBOM 30BHIMIHIX (DaKTOpiB
(TemmiepaTypa Ta THCK) KOHIIGHTpaIlil BOJHIO Y CIUIaBi Oyjae 3MiHIOBATHCS.
Bu3HayanbHUMM MMapaMeTpaMu, 110 XapaKTepU3yIOTh Ipolec copOuii (MOrJuHaHHS
BOJHIO), € IHKYOaIIiHUI1 1Tep1o/1 Ta EHEPrisd aKTUBALll POLECY, TEMIIEpATypa MOYaTKy
aKTUBHOTO MOTJIMHAHHS, TUCK BOJHIO, @ TAKOX IIBUAKICTh MOTJIMHAHHS BOJHIO, K1, B
CBOIO 4epry, 3ajexaTb Bl CTPYKTypH Ta (a3oBoro ckiaay marepiany. [Hakiie
KOKy4H, BCl MapaMeTpu Mpolecy copOIlii BOAHIO € CYTh BIACTUBOCTEH T1IPHUIIB
(rimpuanux ($a3z), oJHaUYe IHTEHCHUBHICTH iX MPOSIBY 3aJICKUTh BiJ YMOB peaizalii
MPOLIECY T1IPyBaHHS.

3aranbHe ysABIEHHS IO Mpolecu copOIii B cucreMax Me-H moxHa onepkatu
3 (a3zoBux naiarpam, nodygoBanux B koopauHatax T - Cy, Pp, - Cy, Pp-T. da3osi
JiarpaMu JarTh 1HQopMaIio npo ¢$a3oBi CTaHU CIUIABY, K CUCTEMH, Y 3aJI€KHOCTI
BiJ1 30BHIimHIX (T, Pny) Ta BHYTpimHIX (Cp) mapameTpis.

Buxosun 3 mocTaBieHUX 3aa4 MO JOCTIKEHHIO B3a€EMO/IIT CIUTaBiB 3 BOJHEM,
AK OCHOBHI Oynu 3amydeHi HactynHi Metomu: Meron Cieprca (OpuTiHaJIbHA
ycraHoBka IBI'M-2M, ckoHcTpyiioBana B IHcturyTi Metanodizuku im. [.B.
KypatomoBa HAH Vkpainn (IM®)), BucokoTeMnepaTypHuil AuQepeHIiaIbHAMN
anam3 (tepmoanamizatop BJITA-8M3), penrtreniBchkuii  ¢da3oBuii  aHami3
(aBTomatuzoBaHi nudpakromerpu Rigaku 1 JIPOH-3M), meranorpadpiunuii (JSM-
6490 LA, Neophot-32 ta VEGA3 TESCAN) ta rpasimerpuunuii (BJIP-20) ananizu.
Mac-CreKTpoCKOIIYHAM aHajli3 ra3iB, M0 BUAUISIOTHCS 3 HABOAHEHUX CIUIABIB IIPH
HarpiBaHHi y Bakyymi, TIPOBEIE€HO 3 BHUKOPHCTAaHHSIM aBTOMAaTHU30BAHOIO

nunatomerpuyHoro kommiekcy AJIK [159]).



78

2.2. Marepianu, o6paHi 11 JOCITiIKEHb

Jliis mpoBeeHHsT AOCTIKEeHb OYJ0 BHTOTOBJCHO CIUIaBH cucteM TI1-Zr-Mn,
Ti-Fe-Mn, Ti-Zr-Mn-V, Ti-Zr-Mn-V-Cr, Ti-Zr-Mn-V-Ho0 ta xoMIo3uTHHI MaTepian
Ti-Zr-Mn-V+Mg, ckman skux OOHpaBcs BIANOBIIHO IOCTaBICHUX 3ajad 3TiTHO 3
B1JIOMOIO 1H(OpPMAIlIEI0 MIOAO0 JiarpaM CTaHy TaKUM YHWHOM, 100 0oOpaHi CKiIaau
OXOTUTIOBAIM 00JacTh 0JHO(MA3HUX Ta TeTepoda3HuxX CIUIaBiB. BimxwiieHHS CKiamy
JTOCIDKYBaHUX  CIUIaBIB  BiJl HOMIHAJBLHOIO  BH3HAYald 3a  JIOIOMOTOIO
dryopectieHTHOTO peHTreHocnekTpanbaoro anamizy (VRA-30).

J1J1st BATOTOBJICHHS CIUIaBIB OyJI0 BUKOPUCTAHO (CKJIA] HaBEJEHO B aT.%):

» turan domgumuuii TI - | (TY48-4-282-72), mio mictuth: 0,02% Al; 0,02%Fe€;
0,01%Si; 0,01%Mo; 0,005% Mn; 0,01% Ni; 0,01% Cr; C,0O,N - cimigu;

" [upKoHii HomauaHuii kimacy Al, mo mictuts 0,015%Al; 0,07 %Fe; 0,03 %Si;
0,01 %Mg; 0,005 %Mn; 0,02 %Ti;

" MapraHelb €JEKTPOJITUYHUM yucTtoToto 99,9%, nocmigHoi maptii
BUPOOHUIITBA [HCTUTYTY TUTaHY, M. 3aMTOPIKIKS,

® BaHaJiN eJIEKTPOTITUYHUN; YUCTOTOIO 99,9%);

* 3ami30 KapOoHiabHe padinoBane, mo Mictuth 0,08%Cr; 0,003%Ni;
0,002%Ti; 0,003%C; 0,009%Si; 0,006%Mn; 0,0018%S;

"  XpOM EJNEeKTPOJITUYHHIL; UUCTOTOIO 99,9%);

» TtutaHoBy ryoky mapku TT-110, mo mictuts 0,09%Fe; 0,02%Si; 0,04% Ni;
0,03%C; 0,02%N; 0,08%Cl;

= P3M (rosnbmiit) unctoToro 99,9%.

J1J1st BATOTOBJICHHS] KOMIIO3UTIB OyJI0 BUKOPHUCTAHO:

" [OpPONIOK MarHito 3po3MipoM 4yacTuHOK ~ 100 MM Ta yucrororo 98,5 %.

BwmicT momimok y BHUXIIHMX KOMIIOHEHTAaX NPHUBEACHO 3a cepTudikaramu,
HaJJaHUMU TIOCTAYaTbHUKOM.

3pa3kun cruaBiB  Baror g0 30 TrpaM BUIJIABISIM Yy  J1aDOpaToOpHiit
enextpoayrosiii meui KIITM-2 [160] po3pobku IM®, mo mnpusHaueHa s

BUTOTOBJIEHHS 3pa3KiB CIUIaBIB TYTOIUIABKUX 1 XIMIYHO aKTHMBHUX METaJiB Yy
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cepenoBuii ouuieHoro aprony mapku A (JEPXKCTAHIAPT 10-157-62), mo
mictuth 0,003% O,, 0,03r/m° H,0.

BakyymHa cuctema J03BOJIsIE CTBOPUTH THUCK B IUIABWJIBbHIM Kamepl Ha piBHI
2,67-10° Ila, micns 4Yoro kamepa 3allOBHIOCTHECS IHEPTHUM Ta3oM (aprOHOM).
MaxcumanbHui TUCK iHepTHOTO rasy 5,1-10*I1a. IToTyxHicTh meui ctaHoBuTh 15 KBT
npu Hanpysi Ha ay31 30 B ta crpymoBi 500 A. JKuBneHHs nyru 341HCHIOETHCS Bijl
cepiitHoro 3BaproBanbHOro Bunpsimisiaa BJ[Y-504. B mporeci BHWIIaBKU CIUIaBiB
HIMXTY TEPETIaBIIsIIU A0 S5 pa3iB A JOCATHEHHS 10CTaTHBOT OJTHOP1THOCTI 3JTUBKIB.

3pasku Baroro 10 200 rpam BUILIABISIIM B IHAYKIIWHINA M€Yl 3 BUKOPUCTAHHAM
turmis 3 AlO;. Kamepa BimkagyBamace m0 tucky 1-102 Ila micis mporo
3allOBHIOBAJIaCh 1HEPTHUM Tra3oM (aproH). B posmiaBieHoMy cTaHi, CIUIaB
BUTpUMYBaBcs He Ouble 10 cexyH Ta BunmmBascs y rpagditoBy popmy. Hac BUTpUMKH
oOupaBcsa TakuM, 100 MIHIMI3YyBaTH BUTOPAHHS MApraHII0 Ta B3a€EMOJIIO 3 TUTJIEM
ajie, BOJHOYAC, JOCTATHIM JIJIsl IEPEMIIITYBaHHS PO3ILIABY.

[licass BUIMIABKKM 3IMBKH pPO3pi3ajcs aJMa3HUM JHCKOM 3 BOJSHUM
OXOJIO/DKCHHSIM a00 eNeKTpOepo3iitHuM MeTooM Ha aucku miamerpoM 10-11 mwm i
BHUCOTOIO ~ 2 MM, IOBEPXHS SIKUX 00poOsuiacs Ha nutipyBanibHoMy nanepi SIAWAT
WA 1733 pisnoi 3epuauctocti (Bigx P-150 mo P-2500). [Ipu mepexomi Bia OIHOTO
HOMEpY Mamepy A0 1HIIOro 3pa3ku MPOMHUBAIU MPOTOYHOIO BOJAOK, a HAMpsSMOK
nunyBaHHS 3MIHIOBAJIM Ha TNoNepeyHui. 3pa3ku, 110 BUKOPUCTOBYBAIW s
JOCITIKEHHSI BOJHEBOCOPOIIIMHUX BIIACTUBOCTEH, Ha ycraHoBill IBI'M-2M, micis
nuniyBaHHS Ha TMamepl, OKpPIM MPOMHUBAHHA MPOTOYHOIO BOJOIO, J0JATKOBO
MIPOMUBAJIH Y CIIUPTi Ta BUCYIIYBaJIH.

['erepoaszHi Ta eBTEKTUYHI CIUIaBH AOCTIIKYBAINCH SK y JIUTOMY CTaHi, TaK 1
nicist TepMigyHOi 00poOku. Binnan crinmasis mpoBoauBcs B ieui CHBJI-1.3.1/16M2 nipu
temmeparypi 900 °C ta tuckosi 10 I1a, npu (oMY IBHUAKICTH HATPiBY CTAHOBMJIA ~
20 °C / xB. Bigmam nmutuX CIuiaBiB IMPOBOJAMBCS 3 METOIO JIOCTIIHKEHHS €BOJIONIT
MIKPOCTPYKTYPH Ta 3HATTSA 3aJIHMIIKOBHX HAMPYKEHb, 110 YTBOPHWINCS TIpH
KpucTamizaiii Ta pospizaHHi. TemmnepaTypa 130T€pMIYHOI BUTPUMKH Oyina oOpaHa

TaKOI0, JJIs 320€3MeUeHHs] MaKCUMaJIbHOT IIBUJIKOCTI 1M (Y311 KOMIIOHEHTIB CIUIaBy, Ta
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3amo0iranHss  Woro  omuiaBieHHs. [licis  TepMiuHOT  OOpOOKM  €BOJIIOINIIO
MIKpOCTPYKTYpPH CIUIaBIB BHBYQJIM 3a JIOMIOMOTOI0 METOMIB ONTHYHOI Ta/abo
CKaHYI0YO1 €JICKTPOHHOI MIKPOCKOITI1.

Jlns  BUTOTOBJEHHS MeTajorpadiuHux [UTIiB  TOJMIPYBaHHA  CIUIaBiB
BUKOHYBAJIM HA TKaHUHI 3 BUKOpUCcTaHHsAM cycnien3ii CroOz y BO/Il.

JUist BUSIBIIEHHST MIKPOCTPYKTYPHUX CKJIQJOBHX CIUIaBU MPOTPABIIOBAIA Y
TpaBHUKY, Akuil MicTuth 5 M1 HNO3 + 1,5 ma HF + 100 mu HO. TpaBnennst 3pa3kiB
MPOBOJMIN 3aHYPEHHSM Y TPAaBHUK 3 HACTYIMHUM pPETEIbHUM MPOMHUBAHHAM Y

MPOTOYHIN BOJI1 1 €TUJIIOBOMY CIIHPTI.

2.3. JocmimkeHnHs B3aemojii BOJAHIO 13 Marepiasiamu MetojgoMm CiBeprca 3

BUKOPUCTAaHHAM yCTaHOBKH [IBI' M-2M

JIy1s1 BUBYEHHSI TIPOILIECIB B3a€MOJIii MaTepiaiiB 13 BOJHEM Y PI3HHX YMOBax -
1300apHO-130TEPMIYHMX, 130TEPMIYHHMX, 1300apHUX 1 pEeXKHUMaX 3MIHIOBAaHUX
temriepatypu ta TUCKY - B IM® HAHY Oyno crBopeno ycranosky IBI'M-2M, mio
J03BOJISIE TPOBOJIMTHU TOCHIIKEHHS TIpu TemnepaTypax Bia -160 go 750 °C 1 Tuckax
BoHio Big 0,01 mo 10 MITa [161].

VYcraHOBKAa CKIIAJAETBCA 3 TPhOX OCHOBHUX CHUCTEM (CHCTEMHM PEAKTOPHUX
npuctpoiB  [162], cucremm ra3oBakyyMHHMX MaricTpajied 1 BUMIpIOBaJIBHO-
PEECTPAIIfHOI CUCTEMH) 1 TPhOX JOMOMDKHUX CHCTEM (BaKyyMyBaHHsI PEaKTOPHHUX
MPUCTPOIB, MIJABUILIEHHS TUCKY BOJHIO, OYMILEHHS 1 mojaadl BojHI0). Kpim uporo,
YCTAHOBIIl JIOJaHl HE3AJICKHI CHUCTEMHU KOHTPOJIIO CKJIaJay HaBKOJHUIITHBOIO
CepeZI0oBHILA, CUCTEMA BOJO- Ta €HEPro3ade3neyeH s, CUCTeMa BEHTHIIALIIT Ta CUCTeMa
PEXKUMHOT 3MIHM TEMIIEpaTypy PEAKTOPIB.

BumiproBansHO-peecTpariiiiHa CUCTEMa YCTAaHOBKHU JIO3BOJISIE BUMIPIOBATH

TEMIIEpATypH TIeYeld, PEaKTOPIB, a TAKOK TUCK B 00 €MaX pi3HHMX BY3IiB YCTAaHOBKH.

[lepenbOaueni siIKk ONTUYHHN KOHTPOJL TEMIIEpATypyd Ta THCKY, TaK 1 aBTOMAaTHYHA
peecTpallisi TeMrepaTypu 3pa3ka i TUCKY B pobouomy peaktopi. CucreMa peakTOpHHUX

HpPICTpOTB CKJIaJda€TbCA 3 OAHOI'O pO60‘10FO, B AKOMY IIPOBOAATHCA ,ZIOCJ'IiI[}KeHH}I, 1
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JIBOX JIOMOMDKHUX PEAaKTOpIB, 3'€IHAHUX 3a JOMOMOTOI0 TPyOONMpPOBOIB 3 1HIIMMHU
B3a€MO3AJICKHUMU cUcTeMaMu. KOXHUH peakTop Mae IHIUBIAyalbHy MY 3
HE3AJIEKHUM KEPYBAaHHSIM IIPOLIECY HArpiBaHHSA, a TaKOX CHUCTEMY BOJSHOTO
oxoJokeHHs. TemrepaTypa BcepeauHi peakTopa 1 B medl BUMIPIOETHCS OKPEMHUMHU
TEpMOEJIEMEHTaMH, K1 MOXKYTb IIEPEMIIIYBATUCh 110 BepTUKaII. JIOMMOMIXKHI peakTopu
BUKOPUCTOBYIOTBCSA ISl TEPMOCOPOIIIHHOTO OYHUIIEHHS BOJHIO 1 CTBOPEHHS
HEOOX1THOTO MOoro THCKY. Bei peakTopu MaroTh OAHAKOBY KOHCTPYKINIO, @ pOOOUHiA
peakTop J0JIaTKOBO OCHAIICHUH eJIeMEHTaMU, Ikl HEOOX1/1H1 IJIs1 IOCATHEHHS BAKyYyMY
Ta HOr0 BUMIPIOBAHHS.

Jlist 3ano0iranHs 3a0pyTHEHHS MIPU T1APYBaHHI CILJIaBIB €IEMEHTAMU BTUICHHS,
10 MICTSITBCS B IPOMUCIIOBUX OanioHax, ycranoBka IBI'M-2M ocHaliena cuctemMoro
TEPMOCOPOIIIITHOTO OYHUIIICHHS BOAHIO, B OCHOBY SIKOT MOKJIAJICHO CIIPOMOXKHICTD PSAY
METaJIB 1 CIUIaBiB MOTJMHATH Ta BUAUIATH BojaeHb [163-165]. Lli copOenTH, mpu
HarpiBaHH1 0 BU3HAYEHOI TEMIIEPATYPH, Pa30M 13 BOJHEM IMOTJIMHAIOTH 1 1HIII aKTUBHI
ra3u (KUCEHb, a30T 1 1H.), JecopOuis SKUX BiAOYyBa€TbCA MpU OLIBII BHUCOKHX
TeMIiepaTypax 1 Mmpu OUTbII HU3bKUX MapIlialbHUX THUCKaX, HIK BUIUICHHS BOJIHIO.
3aBasgku 1bOMY, Npu HarpiBaHHi g0 T,+AT, BOJeHB, IO BHUIIIAETHCS TaKUMU
copoenramu, y 10-100 paziB uymcrimie BuXigHOro BoaHIO [166]. 11 BHCOKOTO
OUMUIEHHS BOJHIO JOCHTH mpoBecTd 5-10 mukiiB copOuis-gecopobuis. B ycix
JOCITIJIKEHHSX, TPOBEICHUX HA JaH1il YCTaHOBI(, BAKOPUCTOBYBABCS TUILKH BOJICHB,
KWW TPOUIIOB TEPMOCOPOLIIIHE OUHILICHHS.

Takox yctanoBka IBI'M-2M wmae cucteMy miIBUIIEHHS TUCKY, sIKa IpU3HAYeHa
3a0e3MeUnTH 33J]aHuil THCK Y PEaKTOpl i MIATPUMKHU MOTO Ha IIbOMY PIBHI TPUBAIUI
gac 0e3 3aCTOCYBaHHS MEXaHIYHHUX KOMIIPECOpiB, IO 3a0pyIHIOIOTH BOACHb. Lls
CHUCTEMa CKJIAJa€ThCsl 3 MEPBUHHOIO JDKEpesa BOAHIO, HAKOMUYYyBaJIbHOI €MHOCTI,
JOTIOMID)KHOTO PEaKTopa 1 MpuiaaiB BUMIPY. Y SIKOCTI MEPBUHHOIO JHKEpea MOXKYTh
OyTH BUKOPHUCTaHI CTaHAApTHI OaJlOHW, 3alOBHEHI BOJHEM, OJUH 13 JOMOMDKHUX
peakTopiB a00 aBTOHOMHE JIKEPEJIO BOAHIO, Y IKOCTI HAKOMUYUYBaJIbHOI EMHOCTI MOXKE
CILy’KUTH MaHOMETpH, OaJIoH a00 JOTIOMIKHUN PEAKTOP.

Y ocHOBI poOOTH CHCTEMU TIBUIIEHHS TUCKY BUKOPUCTaHI J1Ba MIPUHITUIIN:
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1. 3pocTaHHs TUCKY ra3y IPH HarpiBaHHi HOTo B 3aMKHYTOMY 00 €Mi, 10 BIIaCHE

BUKOPHUCTOBYETHCS Y BIIOMUX TEPMOKOMIIPECOpax;
2. BukopucraHHs J0JAaTKOBOI €MHOCTI B SIKOCTI JDKepena, IO CIpHUsE

M1JIBUIIICHHIO BUX1HOTO TUCKY BOJIHIO B CUCTEMI TIepe]] HarpiBaHHIM Ha AP, .

[Tpu BUBUEHH1 BOJAHEBOCOPOIIITHUX BIACTUBOCTEN MaTepiaiiB, JOCIIIHKYBaHUI
3pa30K y JaOIpUHTHOMY THUIJI1 PO3MIIIYIOTh Y pOOOUOMY pPeakTopi, SKUH repMETUUHO
IPUETHYETHCS 10 ra30BakyyMHOi1 cucteMu. [Ipu nocarHeHHi y poOodomy peakTopi
tucky Ha piBHi 1102 - 1-10% Ila, 3aBASKM BUKOPHMCTaHHIO NAPOMACISHOTO Ta
COpOIIIHOTO HACOCIB, Y HBOTO BBOJSATH TEPMOCOPOIIAHO OYMIIECHUA BOJCHB IO
HEOOX1THOTrO THUCKY. JIaOipUHTHI TUIJII BUKOPUCTOBYBAJIMCS 3 METOI MIHIMI3YBaTH
BTpaTy Macu 3pa3Ky MpU BaKyyMyBaHHI, a TAKOXX NOTPAIUISHHS PI3HUX JAOMIIIOK Y
OPOAYKT TAPYBaHHS.

[Ticns crabumizanii TUCKY BOJHIO Y 3aMKHYTOMY 00’€Mi NpPOBOASTH Harpis
peakTopa y 3aJaHOMy PEXHUMI J0 TeMIIEpaTypu IOYATKy AKTUBHOTO IMOTJIMHAHHS
BOJIHIO, MICJISL YOTO MEPEXOAATh A0 130TEPMIUHOTO PEKUMY, IIPH I[bOMY TEMIIEpaTypa
MOX€ MIATPUMYBATHCh a00 3MIHIOBaTHCh BpYYHY 4d aBToMaTH4HO. [licig
130T€pMIYHOT BUTPUMKH XIMIYHUI PEAKTOP OXOJIOKYIOTh 10 KIMHATHOT TeMIIepaTypu
3 (PIKCYBaHHSM 3AJIMIIKOBOTO THCKY. [icst 0X0JI0AKEeHHS 10 KIMHATHOI TeMIlepaTypu
BOJICHb TEPEKavYyloTh B OJMH 13 JOMOMIKHUX PEAKTOPIB, J€ BIH IOTJIMHAETHCS
copOeHTOM, poOOUHUil peakTop BiJ’ €IHYIOThH Bl YCTAHOBKH, PO3KPUBAIOTH 1 AICTAIOTh

JTOCHIKYBaH1 MaTepiaiy Jjisl MOAAIBIIOrO X aHaII3y 1HITUMHA METOIaMH.

2.4. Bu3HaueHHs BMICTY BOJIHIO B MaTepiajiax

VY nanoMy po3/iiii IPUBOIUTHCS METOAMKA BUSHAUYCHHS KUTBKOCTI MOTJIMHYTOTO
BOJHIO, IIJ0 MICTUTHCS Y CTA0IIbHUX METAJNIEBUX CUCTEMax MpY KIMHATHINA TeMreparypi
Ta aTMOC(hEpPHOMY THUCKY MICIIS MPUITMHEHHS i1 TUX YMOB (THCK 1 TeMIeparypa), mpu

SAKUX B110yBaBCs MPOIIEC T1APyBaHHS.
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2.4.1. O6’emHUt METON

Jis  cTabinbHUX CHCTEM KUIBKICTh TIOIJIMHYTOTO BOJHIO B MaTepiaii
PO3paxoByBalld 110 Pi3HUII THUCKIB 10 i Iicis HarpiBaHHS y 3aMKHYTOMY 00 €Mi, B
SIKOMY MPOBOIMINCH JOCHiKeHHs. [1icis BakyyMyBaHHS peaKTOPHOTO MPUCTPOIO, B
HBOTO HAIyCKalOTh BOACHBb M0 3aJaHOTO THCKY. llpu Bimomomy THCKY P Ta

temmeparypi T po3paxoByloTh 00'€eM BHXiZHOTO BOJHIO B CM®

1 MPUBOASATH 1€
3HAYEHHS 10 HOPMAIbHUX YMOB. T1NbKH MICHsSI BUPIBHIOBAHHS CUCTEMH 1 pO3paxyHKy
00’eMy BOJIHIO PO3MIOYHMHAETHCS €KCIIEPUMEHT 3 HarpiBaHHS Marepiay B aTMocdepi
BoAHIO (10 550 — 600 °C), miciig eKCIEPUMEHTY 0XOJO0KYIOTh PEAKTOP A0 KIMHATHOL
TEMIEPATYpU W TUM K€ CIIOCOOOM BHU3HAYaIOTh 00'€éM BOJHIO, IKMI YTBOPUBCS MICIIS
nociiny. Po3paxoBaHa pi3HMISI MK BUXIJHOIO BEJIMYMHOIO 1 KUIBKICTIO Ta3zy, IO
3QUIMIIASIACS — TICHS  JOCHiAY, BIANOBIJIA€ KUIBKOCTI  BOJAHIO, TMOTJUHYTOTO
JOCIIKYBaHUM MaTepiasioM. JlaHui MeToJl BU3HAUEHHSI KUIBKOCTI IMOTJIMHYTOTO

BOJIHIO M€ Ty TepeBary, 1o iCTOTHO 3MEHIITY€E TOXHOKY, 00YMOBJIEHY OKHCIIFOBAHHSIM

MPOJIYKTIB T1JPYBAHHS, ajie IPH IIbOMY HE BPaXOBYETHCS XEMOCOPOIIis.

2.4.2. I'paBiMeTprYHUA METOJ (32 PI3HULEIO MAC)

BuxignuMmu nanuMu 71 JaHOTO METOJIY € Maca 3pa3Ka JI0 Ta MiC/isi HACUYCHHS
Martepiajly BOAHEM 1 MPUIYIICHHS, 110 30UIBIIIEHHS MAacH 3pa3Ka IMOB'SI3aHO TUIBKU 3
PO3YMHEHHSM B HOMY BOJIHIO.

Macy 3pa3ka Bu3Ha4aiu Ha piBHomuieunx Barax BJIP-20 i3 miHOO momiiku
5-10° r, moxuOka BuMiprOBaHHA Ha sKMX ckinagae 2,5-10° r, a xonuenTpauis
MOTIIMHYTOT'O BOJHIO PO3pPaxoByBajachk Mo Gopmyii:

Cu =(M2—M1)/M2100 (mac. %) (2.1)
ne Mj - maca 3paska J0 10CHiy,
M; - Maca 3paska micis JOCIiTy.

['paBiMeTpUYHUI METOJ] BU3HAYEHHSI KUJIBKOCT1 MOTJIMHYTOTO BOJHIO MOKE OyTH

YCIIIIHO 3aCTOCOBAHUN TWUJIBKM y TOMY BHIIQJIKy, KOJM HE BIJOYBA€THCS B3a€MOIS

JOCTIKYBAaHUX MPOIYKTIB T1IPYBaHHS 3 KOMIIOHEHTaMH IOBITPS, Y HepIIy 4Yepry 3
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TaKUMU SIK KUCEHb Ta a30T. [HakIe, moxubKka JaHOTO METOly Y BU3SHAUEHH1 KUTBKOCTI
MOTIIMHYTOT'O BOJHIO 3pOCTA€E y JEKIJIbKA pasiB.

VY naHiit po60TI BUKOPUCTAHHS TEPMOCOPOIIIHO - OUMIIIEHOTO BOJHIO, a TAKOXK
3aCTOCYBaHHS JIAOIPUHTHUX THUTJIB, B SKI TOMIIIAIOTh 3pa3Ku, MPHU3BOIUTH [0
MiHIMI3aIlli BIUIUBY OKHMCJICHHS Ha 3MIHY MacH 3pa3kiB. ToMmy pe3ynbTaTH, OTpUMaHi

3a JIOMOMOTOI0 TPABIMETPUYHOIO METOY, 10Ope KOPENIOITh 13 pO3paxOBaHUMH 1O

3HIDKEHHIO THCKY B 3aMKHYTOMY 06’ €Mi (06’ €MHHIt METOI).

2.5. BuzHaueHHs KUTbKOCTI HOTJIMHYTOTO BOJHIO 3a 3MIHAMU TEPMOIUHAMIYHUX

napameTpiB

[Ipomiecn  B3aemoxii BOAHIO 3 MarepiaJlaMd B  3aJaHUX  YMOBax
XapaKTePU3yIThCSI OCHOBHHUMH TEPMOJMHAMIYHMMH TapaMeTpaMu: PIBHOBAXKHOIO
TeMIiepaTyporo peakuii B3aemonli, Tp, piBHOBaXHMM THCKOM, Pp, a Takox
PIBHOBaYKHOIO KOHIIEHTpAIll€l0 BOAHIO B Marepiaii, Cy, 10 BIAMOBIJA€ 30BHIMIHIM
napamerpam Tp 1 Pp, ki MOXHAa BHU3HAYUTH 3 EKCIIEPUMEHTAJILHO OTPUMAaHHMX
3aJIOKHOCTEH 3MIHM THCKy Ta TemmepaTypu 3 dacom P=f(t), T=f(t). 3 mux xe

3aJIEKHOCTEM BHU3HAYAIOTHCS 1 TMOXIAHI XapaKTePUCTUKHU TMPOILECY TiApyBaHHSA:
IIBMKICTh NOINIMHAHHA (a00 BHAiAEHHS) BoAHIO Am/S-AT [r/em?-c], a Takox

KUTBKICTh IOTJIMHYTOTO BOJHIO Ha 1iei yac riapyBanHusa Cy [%, cm/r, N /Ny Ta 1H.].
BaxxnuBum mapameTpoM B3aeMoJlii BOJHIO 3 MarepiajioM € TeMIiepaTypa Mo4yaTKy
akTuBHOTO nornmuHaHHA Ty [°C], mo Bu3HavaeThes 3 3anexxHocti P=f(T).

HasiBHI MeTOMWKHM BHW3HA4YEHHS KOHIIEHTpAIlll MOTJIMHYTOTO BOJHIO MOXKHA
NOAUIMTY Ha J1Bl Tpynu. Jlo mepuioi rpynu BITHOCSATHCS METOAM, IO 0a3ylOThCs Ha
MPUMYIIEHHI, 110 PIBHOBa)XHA KOHIICHTpaIlisd, JocsirHyTa mpu 3amaHux Tp 1 Py,
HE3aJIEXKHO BiJl HACTYITHUX YMOB 30€piraeTbcst i BMICT BOJHIO B MaTepiaii BU3HA4YAI0Th
pPI3HMMH  aHAJNITUYHUMH METOJAaMH 1032 yMOB riapyBaHHs. lleit wmeton
BUKOPHUCTOBYETbCA [UIsl CTAOLIBHUX CHUCTEM ab0 CHCTEM, y SIKUX PIBHOBaXHY

KOHIICHTpAI[IF0 MOXHa 30eperTd, 3acTOCYBaBIIM IIBHJKE OXOJIOJKEHHsS a0o
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3arapTyBaHHs. J[pyra rpymna MeToiB 3aCHOBaHa Ha 00’ €MHUX BUMIpax MOTJIHHYTOTO
MaTepiajioM BOJHIO, MMPOBEACHUX 0€3MOCepeIHhO B PEAKTOPHUX MPHUCTPOSX, 1 MOXKE
OyTH BUKOpHUCTAHA JIJIs BA3HAYEHHS PIBHOBAXKHOT KOHIIEHTpPAIIli MOTJIMHYTOTO BOJHIO
Oyab-saxux cucteM Me-H, ane npu 1ipomMy Bci HE0O0Xi1H1 BUMipH TOBUHHI TPOBOAUTHUCH
B yMoOBax cTajoi piBHOBaru. [Ipum mpoTikaHHI MPOIIECIB MOIVIMHAHHS BOJHIO Y
3aMKHYTOMY 00’emi mipu obpanux Tp 1 Pp BigOyBaeThcs 3MiHA THCKY BOJHIO, SIKY
MO>KHa BUMiproBaTH. A 1o 3MiHi THCKY AP 1 00’emy V, y sKOMy MpOTIKa€e Mporiec
MOTJIMHAHHS, PO3PAXOBYETHCS KITBKICTh OTJIMHYTOTO BOIHIO.

CrerianbHo po3po0JieHa METOINKA PO3PAXyHKY PIBHOBAXKHOT KOHIIEHTPALIT JJIs
cTabuibHUX 1 MeTacTabuibHux cucteM Me-H mpu o6panux Ty, 1 Pp  1go3BoIISIE
BU3HAYWTHU 3a3HAUYCHUHN TTapaMeTp MO BUMIpax OJHOTO JAOCIITY.

PoGounii 06’eM BHpaxoBYeThCA JOJABAHHSIM 00’€MIB YCIX BY3JIIB CHUCTEMH,
BUKOPUCTAHUX TPYW BUKOHAHHI €KCIEPUMEHTY. Y paMKaxX IaHWUX JOCITIKCHb BiH
JIOP1BHIOE:

Vs = VR™ +V e +VDc(i)+VH2(5H),[CM3] (22)
ne:  Vr™-00’eM XIMIYHOTO peakTopa, [cMm?];

Ve - 00’eM MmaHoMeTpa, [cMm?];

V™~ 06°em audepenniansaoro Manomerpa, [cm*];

VM- 06’eM 5-TH TiTPOBOTrO GaioHa, M0 MPUETHYETECS 10 POOOYOro 06’ eMy
JU1s1 3a0e31eueHHs] MPOBEICHHS JOCIIKCHb B 1300apHUX yMOBax, [cMm?].

Jns BU3HAYEHHS KUIBKOCTI TOTJIMHYTOTO BOJHIO MOTPIOHO MPUBECTU 0
HOpMasTbHUX YMOB (ToOTO 10 T =273 K Ta P = 0,1 MIla) 3HaueHHs THCKY B PEaKTOPHIH
CUCTEMI JI0 Ta TICIs IPOBEICHHS TOCIITY:

Po=(P1+(P./760)-0,1)/(1+T./273), [MIla] (2.3)

P; — Tuck ma manometpi Vwms, [MIla];

P..— armMocdepHmii THCK;

Tx— kiMHaTHa Temnepatypa, [°C].

Pi3HULS TUCKIB BOAHIO B CHCTEMI JI0 Ta Micis IpoBeaeHHs pocixy AP =P,(3%-

P, ™ | B3HAYaTIME KiJIbKiCTh TIOTIMHYTOTO BOJHIO.
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O06’eM MOTTMHYTOTO BOAHIO MICIS MPOBEIEHHS JOCIIAY Y PIBHOBAXHUX YMOBaX

pU KIMHATHIW TeMIepaTypi BU3HAYAETHCS 3a POPMYIIOL0:

ViMO=K-APy/P, [eM?]: 2.4)

a Maca i KOHIIEHTPALis IIOrIMHYTOTr0 BOJHIO — 3a (JOPMYJIaMHU:
MaMO= 2V/,M9/22400, [r]: (2.5)
Cu= ma™/(Mye+ My™9)-100, [mac.%]; (2.6)

ne:
K — po3ainbHa 37aTHICTh BUMIPIOBAJILHOTO MPHUIIALY;
Mye — BUX1JIHA Maca 3pasKa.
Jlnst BU3Ha4YeHHs (POPMYJIBHOTO CKJIaay oTpuMaHoro rigpuay MeHy HeoOXinHo
Cu(mac. %) nepepaxyBatu y Cu(at. %), 17151 40T0 CKOPUCTAEMOCH (POPMYIIOLO:
C70=(C, 72100/ A )/ (Cre "™/ Appe+C, M/ A, [a1. %] (2.7)
ge  Cye”™®) — koHueHTpamis Merany, [Mac.%];
Ay — aTOMHa Maca BOJIHIO,
Ape — aTOMHA Maca MeTaiy.
I X BU3HavaeThCs sK:
X=Cy%am)/Cpgo %660 (2.8)
[Ticnst 3aBepiieHHs AOCIHINY 1 BHJIYYEHHS 3pa3ka 3 peakTopa, Moro rmoBTOPHO
3BaXyroTh Ha Barax BJIP-20, a ckopucraBmmces hopmymnamu (2.1), (2.7) 1 (2.8) —
PO3paxoBYIOTh PIBHOBAKHY KOHLEHTpalito BogHIO Cy (at. %) Ta popMynbHUI CKIaj

ripuay Npy KIMHATHIN Temmneparypi 1 aTMOcepHOMY THUCKY.

2.6. BuzHaueHHs TeMIiepaTypy Mo4aTKy akTUBHOTO MOTJIMHAHHS BOJHIO

Y wMetoauili BHW3HAUEHHS TeMIEpaTypu MMOYAaTKy MOTJIMHAHHA BOAHIO Tn
BUKOPHUCTAHO T€, 10 BiAMOBiAHO a0 3akoHy Illapns [167] Tuck rasy B 3aMKHYyTOMY
00’ eMi € miniitHoro QyHKuiero Temneparypu Pr=Po(1+aAT). SIKIIo KilTbKicTh BOIHIO
HE 3MIHIOETHCS, TOOTO BIZICYTHE IOTTIMHAHHS (200 BUIUICHHS ) BOJHIO, TO BITHOIICHHS

dT /dt : dP/dt e mocTiitHor0 BenmmuunHoro i 3anexkuicts dT /dt : dP/dt=f(T) saBise codoro
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TOPU3OHTAILHY JIiHII0 a00 Ayke OMm3bKy 110 Hei. Bukopuctanmii MeToa AOCTIHKEHb
JTIO3BOJISE€ MPOBOIUTH Oe3nepepBHU 3anuc 3anexxHocter T=f(t) 1 P=f(1), Buxomsum 3
skux Oymyrotecst kpuBi dP/dt : dT/dt=f(T) 1 P=f(T), no Buruny KoTpux i BU3HA4YaIOTh

Ty (TeMneparypa moyaTKy aKTHBHOTO MOriuHaHHs) (puc. 2.1).

el
o
< P=f(T)
= N
Y
= dP .dT
& dP .dT _
s dv - de f(T)
.
T T.K

H

Puc. 2.1. BusznaueHHs TeMneparypu No4aTKy NOTJIMHAHHS BOAHIO 32 KPUBUMU 3MIHH

THUCKY BOJIHIO B 3QJIEKHOCTI BiJ] TEMIIEPATypH

2.7. Mac-CeKTpOCKOIIYHI TOCHII)KEHHS MPOLIECIB AECOPOIIii BOJHIO

BunineHHs BOIHIO 3 IPOAYKTIB rApyBaHHs, OTPUMAHKUX NPU HACUYEHHI CILJIaB1B
BOJHEM, JOCIIPKYBajJOCh HAa aBTOMAaTU30BAaHOMY AMJIATOMETPUYHOMY KOMILIEKCI
(AJIK) 13 mac-cieKTpOMETpUIHOIO TTPUCTaBKOIO [ 159], ckoncTpyitoBanomy B IM®D niis
JOCIIJKEHHST (QI3MYHUX MPOLECIB, 110 BIAOYBAIOTHCA NP HArpiBaHHI MOPOIIKOBUX
KOMIIaKTIB.

ABTOMAaTHU30BaHUM AUIATOMETPUYHUN KOMILICKC MPU3HAYCHUN JJISI BUBYEHHS

TUIATOMETPUYHUX XapaKTEPUCTUK METaJiB 1 CIUIABIB B Jlalla30HI TEMIEpaTyp BiA
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20 mo 1350 °C. ObnagHaHHA 103BOJISIE TPOBOAUTH 130TEPMIYHMIA BiJHall 3pa3ka Mmpu
3a/laHiii TeMmIepaTypi y Bakyymi abo B arMmocdepi 1HEPTHOTO raszy, a TaKOX
KOHTPOJIIOBATH CKJIAJ] Ta3y 1 JUHAMIKY Fa30BHIUICHHS M1/l 4ac 3M1HU TeMIIepaTypy Mpu
MPOBENICHHI TUIATOMETPUYHMX BHIPOOyBaHb. Kamepa wac-aHamizaTopa uepes
BEHTWJIb 1 TOJYACTUN HATIKa4y 3'€lHaHA 3 KaMEPOIO HArpiBy 3pa3ka 3a JOMNOMOTOIO
CWIb(OHHUX PO3B'SA30K 1 BAKYYMHHUX XpecTOBUH. [olyacTuil HaTikay perysroe
MIBUJIKICTh HAITYCKY aHAJ130BaHOTO ra3y B KaMepy Mac-aHanizaTopa. TUCK B Kamepi B
miamaszoni  10°-10° Ila KOHTpOMIOETBCA BAKYYMHMM JaTYUKOM. TOYHICTB
BUMIPIOBAaHHS TEMIIEpaTypu B poOoyoMy iHTepBail cTaHOBUTH * 0,5 °C, mBUAKICTH
HarpiBy a0o oxonopkeHHs 10 10 °C/xB, cTaOUIBHICTh TEMIIEPATYPU MIPH 130TEPMIYHIN
BuTpumii ctaHoBUTh + 0,1 °C. Iy nonepenHpo1 BiIKauk1 KaMepH BUKOPUCTOBY€ETHCS
oe3macisaauii BakyymHuil moct TSH_065D, sxuit migkiaroueHuil 10 KaMepHu depes
KyTOBMM KjanaH. BakyymHa cucrema [03BOJIs€ MIATPUMYBATH THCK B Kamepl
narpisanns <5 - 102 Ia, a B kamepi mac-ananizaropa - <1 - 10° I1a.

Jlanuii mpwiaa 03BOJISIE OJHOYACHO CIIIJIKYBAaTH 3a BUIUICHHSM 6 Ta3iB
(oOuparoun iX 3a BU3BHAYEHUMHU MOJISIPHUMH MacaMu), 3alTUCYI0YH 3MIHHU iX BITHOCHOI

KOHIICHTpAIlii B KaMepl HarpiBaHHs 3pa3KiB 3 4aCOM a0 3 TeMIIepaTypoIo.

2.8. PentreniBchkuii (pa3oBUiA aHam13

Hocnimxenuss ¢ha3oBOro CKIaay BHUXITHUX IUIOCKUX 3pa3KiB Ta MPOJYKTIB
riIpyBaHHA, OTPUMAHUX IMpPH HACUYEHHI JOCHIJKYBAaHUX MaTepiaiiB BOJHEM,
3MIMCHIOBAIM Ha aBTOMATH30BaHUX PEHTTEHIBChKUX audpakTtomerpax Rigaku i
JIPOH-3M 3 Bukopuctanusm CuK, (A=1,5406) T1a CoK, (A=1,79020)
BUINIPOMIHIOBaHHS B iIHTepBaii KyTiB 20 Bix 20 mo 125°, 3 kpokoMm ckanyBaHHs — 0,05°
1 TPUBAIICTIO eKcno3uilii — 5 cekyHa. dmyopecuieHTHUH (POH OyJI0 3MEHIIEHO
JUCKPUMIHATOPOM. |HTEHCHMBHOCTI Ta TMOJIOXKEHHS MaKCUMyMIB peQIeKciB
BU3HAYAIIUCh 3a JOMOMOTroro nporpamu “Ecyplot”. udpaxiiitai pedaexcu Big o-Ti,
B-Ti, a-Zr, B-Zr, TiMny, ZrMny, TiFe, TiFe,, TiH,, TiFeH, TiCr,, MgH2, H0,O3, HoH3

Ha peHTreHorpamax 0yJio MPOiHJAEKCOBAaHO 3 BUKOpUCTaHHAM 6a3u nanux JCPDS (Bifg
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International Center for Diffraction Data). Po3paxyHku mapamerpiB KpuCTaTiuHUX
IPaTOK MPOBOJWINCH 3 BHKOPUCTAHHSIM MPOTPAMHOTO 3a0€3MEUYCHHS KOMIUICKCY
Rigaku.

Meton PutBenbia - mporpamMHMii MiAXiJ, SKU TOKpAIy€e TOYHICTh BUSHAUCHHS
PI3HUX TMOKA3HMKIB, BKIIOYAIOYM TapaMETPU PEIITKU, IMHUPUHY MKy, popMy Tika 1
MepeBaXKHY OPIEHTAIIII0, 00 OTPUMATH PO3PAXYHKOBY audpakiiiiny kaptuny [168].

B ocHOBI MeToay JIGKHTh BHKOPHCTaHHs iHTeHCHBHOCTI (l) abo KimbKocTi
IMITyJIbCIB B KOXHIM Toulli IudpakimiifHoi kaptuHu (20) B SIKOCTI HE3aJIEKHOTO
BUMIPIOBaHHA 3aMICTh 1HTETpaJbHOI IHTEHCUBHOCTI pediiekcy. s onucy npodino
mudpakiiiiHoi JTiHIT BBOASTHCS AHANITAYHI (QYHKII, 10 XapaKTepU3YIOThCS
JIEKiTbKOMa JTOJTATKOBUMHU MapaMeTpaMu, IKi YTOUHIOIOTBCSA Pa3oM 31 CTPYKTYPHUMH
napameTpamu. BianmoBigHO, 3aMICTh MaJjioi KUIBKOCT1 1HTETpaIbHUX 1HTEHCUBHOCTEH
Tu(pakLiHUX JTiH1H, KUIBKICTb SIKUX, K IPABUJIO, HE TO3BOJISIE YTOUHUTHU CTPYKTYPHI
napaMeTpu BCiX aToMiB MeTojoM HaiimeHmux kBaapatiB (MHK), B mopoikoBii
nudpakTorpaMi BUKOPUCTOBYETHCS BENMKA KUIBKICTh HE3QJICKHUX BHUMIpIOBaHb. Lle
JO3BOJISIE BUTSTTH MAakCUMyM 1H(OpMalii, [0 MICTUTHCS B JJAHOMY MOPOLIKOBOMY
peHTreHIu(PpakIitHOMY €KCIIEPUMEHTI, 1 YTOUHHUTH SIK CTPYKTYPHI IMapaMeTpH, Tax i

napameTpu npodiIro JiHiT Ta GoHy.

2.9. Metanorpadiuauii ananis

Mertanorpadiuni  gociaipkeHHs Oyiau  TMPOBEIEHI METOJAOM  CKAHYHYOi
CIEKTPOHHOT MiKpockomii Ha Mikpockonax JSM — 6490 LA a6o VEGA3 TESCAN,
ocHaieHoro aerekropom EDX XFlash610M (Bruker). Mikpockon JSM — 6490 LA
no3Bossie oTpumyBaTH 301abieHHs 10 300000 pa3iB Ha 3pas3kax po3mipom 10 200 MM
B miamerpi Ta 80 MM BHCOTON. Y JaHOMY BHUIIQJIKy BHUKOPHUCTOBYBAIHCH 3Pa3KH
niameTpoM 11 MM, 110 JT03BOJISIE OJTHOYACHO PO3MICTUTH y KaMmepy MIKpocKoiy 6
3paskiB 1 eranmod. Mikpockon VEGA3 TESCAN no3Bossic oTpuMyBaTH SIKICHE
300paxeHHs npu 30utbieHH X 10 50000-60000 pa3iB Ha 3pa3kax po3MipoM 0 30 MM

B AiaMeTpi 1 10 20 MM BHCOTOI0. 300payKeHHSI OTPUMYBAIN B pekuMi BTOpUHHUX (SE)
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ta Binoutux (BSE) enextponiB. Ilpu mnpoBenenni nocmimpkens EDX gerextop
XFlash610M (Bruker) 3a0e3nedyBaB BU3HAYCHHS JIOKAJIBHOTO XIMIYHOTO CKIIATy
okpeMHX (pa3 Ta CTPYKTYpHHX CKJIAJJOBUX CILJIABiB.

CTpyKTypy CIUIaBiB TaKOX BUBYAIU HA onTHYHOMY Mikpockoni Neophot 32 3i
30utbmeHHsM 10 1000. Mikpockon o61aaHaHui 1udpoBOI0 KaMeporo, 1110 3a0e3nedye
OTPUMAaHHS SKICHUX 300paKeHb Ta X MOoJablly 00pOOKY 3 BUKOPUCTAHHSIM ITPOTrPaMHU
ImageJ.

ImageJ - mporpama 3 BIIKPUTHUM BHXIJIHUM KOJOM JUIs aHai3y Ta 0OpoOKu
300paxeHb. [laHa nporpama g03BoJIsi€e 0OUMCIIIOBATH TUIONII, BUMIPIOBATH B1JICTaH1 Ta
KyTH, @ TaKOX CTAaTHCTHYHI MOKA3HWUKHU IMIKCEJIbHUX 3HAYEHb PI3HUX OOyacTeil Ha
300pakenHsx. [Iporpama 103B0s1s1€ TPOBOUTH Pi3HI T€OMETPUYHI IEPETBOPEHHS, TaKi

K MaciITa0yBaHHs, TOBOPOT 200 BIJJOOpaKEHHS.

2.10. dudepenuiiitnuii TepMiyHUN aHai3

Temnepatypu ¢azoBux NnepeTBOPEHb BU3HAUAIM HA BHCOKOTEMIIEPATypHOMY
mugepenuiiinomy tepmoananizatopi BATA-8M3 Bupobnunrsa OKTh IM® HAH
VYkpainu 3 BukopuctanusaMm TUriiB 3 Y203 abo Al,Os.

[IpuHIIUTT BHUCOKOTEMIIEPATYPHOTO AUQPEPEHININHOTO TEPMIYHOTO aHaTI3y
MOJIsiTa€ B OJJHOYACHOMY BHMIPIOBAaHHI TEMIIEpATypy 3pa3ka Ta €TajoHa y MpoIiieci
HarpiBy 4YM OXOJIOJUKeHHs cucteMu. Ilpu (a3zoBoMy mepeTBOpeHHI, IO
CYIIPOBODKYETHCS IOTTMHAHHIM a00 BUIUICHHSIM TEIUIa, HAMPUKIIA IJIaBICHHI a0
KpUCTai3ailii, MBUAKICTh 3MIHU TEMIEPATYPH 3pa3Ka CTa€ 1HILIOK, Y MOPIBHAHHI 3
eTasIoHOM. MK 3pa3KoM 1 €TaJJOHOM BUHUKAE PI3HUIIS TEMITEPATYP, sIka aBTOMATUIHO
¢ikcyerbeda. Temneparypy KiHIIS IJIaBJIEHHS (JIIKBIIYCY) BU3HAYAIM 32 MOJOKEHHSIM
TOUKH, Yy SIKId TemIepaTypa 3pa3ka IOuYMHajda BHUPIBHIOBATHCH 3 TEMIIEPATypOIO
etasona. [lpu KiHIEBOMY BH3HAU€HHI TeMIeEpaTypu JIKBIIyCy BpaxOBYBaJU
pe3ysbTar, OTPUMaHUM 3a TEPMOTPAMOIO OXOJIOJKEHHSI, Ha SIKIM 4YITKO (PIKCY€ThCS
TeMIlepaTypa MoYaTKy eK30TepMIdHOTO eeKTy (BUIIJICHHS Teria) KpucTati3ailii, ajie

IPU [IbOMY HEOOX1THO BPaXOBYBAaTH BETUUYUHY MEPEOXOJIOHKEHHS, sIKa y 3araJIbHOMY
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BUIIAJIKY € HEBIIOMOIO. AJie MOKHA TIPUITYCTUTH, III0 BOHA € MPUOIU3HO OJHAKOBOIO
JUISL OJTHOTO KJjacy criaBiB. Lle MOB'sI3aHO 3 KOHCTPYKIIE€I0 TEPMOMAPHOTO JAaTuynKa
[169]. HarpiB 3a0e3medyeThcsl MUY OIMOPY, IO SBJISE CO00I0 BOJB(PPaMOBY
IJIACTUHY, BUTHYTY TaKUM YMHOM, III00 OXOTUTIOBATH TEPMOCTAT 13 3a30poM 5-8 MM.
Mix KIHIISIMU HarpiBada IMpOKJIAIa€ThCS CIIOASHUM 130JI9TOP 1 BOHU 3aTUCKAIOTHCS Y
MAaCHUBHHX MIJTHUX BOJIOOXOJO/KYBAaHUX CTPYMOITiIBOJIAX.

TemnepaTypa medi peryatoeTbesi 3a JOMOMOTOI0 BUCOKOTOYHOTO PETYIsTOpa
TEeMIlepaTypu, SKUM Kepye OJOKOM THUPUCTOPIB TaKUM UHUHOM, I00 pPI3HMII
KEePYIOUOTO CUTHAITY 3 33/IaTYMKa 1 CHTHATY 3 Kepylouoi TepMonapu Oyia HyIbOBOIO.
Kepytoua Tepmornapa 3Hax0IUThCA Y IPOCTOPI Mi’K TEPMOCTATOM 1 HArpiBavyeM.

[IBuaKICT, HArpiBy W OXOJIOI)KCHHS TPU THUIOBUX EKCIEpPUMEHTaxX IIO0
BU3HAUEHHIO TEMIIEpaTyp IUIaBJICHHA Ta KpucTanizamii craHoBuina 0,7 °C/c (40 °C/xB).
Temnepatypy (pa3zoBux nepeTBOpeHb BU3HAUAIM IO IPaIyIOBANIbHIN KPUBIH, sika OyIia
no0y1oBaHa 10 TOYKax riaBjicHHs BucokourcTux MeraiiB Al, Cu, Fe ta Pt (99,99 %).

TouHICTh BUMIPIOBAHHS TEMIIEpaTypu cTaHoBUTH + 10 °C.
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PO3JILI 3
JTOCJIKEHHS OTHO®A3HUX CILUIABIB HA OCHOBI
IHTEPMETAJILTY TUITY AB;

Jlanuit po3auT IPUCBSYEHO JTOCHIIKEHHIO BIUIMBY JIETYBaHHS (4acTkoBa a0o
MOBHA 3aMiHa KOMIIOHEHTIB CIUIaBYy) SIK OJHOTO 3 OCHOBHHUX CIIOCO01B MoAMQiKaIlii
CTPYKTYpH, (a30BOTO CKJIaqy, BOJHEBOI €MHOCTI Ta KIHETHKH IPOIIECIB COpOITii-
necopOIrii BOAHIO CIJIaBaMU Ha OCHOBI iHTepMmetaniny tumy AB; (daza JlaBeca), a
TAKOX MOJIMBUM IIIsXaM 3HWKEHHS CO0O01BapTOCTI MaTepialiB-HAKONMUYYyBayiB
BOJIHIO Ha OCHOBI TUTaHy. Y JaHOMY PO3/1Ji, HA MPUKIAl AOCIIPKYBAaHUX CILJIABiB,
nepeBIpeHo 110, BIAMOBIHO TOTO, 1110 YACTKOBA 3aMiHA KOMITIOHEHTY CIUIaBY SIKHI HE
B3a€EMOJII€ 3 BOJHEM Ha €JIEMEHT 3 OUIbIIMM AaTOMHUM paJilyCOM Ta 3IaTHICTIO
YTBOPIOBAaTH CTIMKY XIMIYHY CIOJYKY TMPU3BOAUTH JO 30UIbIIEHHA 00’eMy
€JIEMEHTapHOI KOMIPKH, 1 BIAMOBIIHO 10 30UIBIIEHHS paAlyCcy TeTpaeapUIHUX
MDKBY3JIB, J€ JIOKaJI3ylOTbCS aTOMHU BOJHIO TPU PO3YMHEHHI, IO TOBHUHHO
MO3WTHBHO BIUIMBATH HAa BOJAHEBY EMHICTh CIUIaBYy. BU3HaueHO, sIK BITUBAE HA MPOIIEC
OTPUMaHHS CIJIaBy YacTKOBAa 3aMiHa B HWOT0 CKJIaJi KOMITOHEHTY, TeMIIepaTypa
TJIABJICHHS SIKOTO CYTTEBO HIDKYA Bij] 1HIIMX KOMITOHEHTIB CIUJIaBY, Ha €JIEMEHT 31
3HAYHO BWINOI0 TEMIEPATYpOIO IUIABJIEHHA. TakoX y AaHOMY PO3JiTi PO3TIISTHYTI
MOXJIMBI METOJMKHA OTPUMAHHS CIUJIaBIB - COPOEHTIB BOJIHIO, 30KpeMa, METOI0M

THIYKIIAHOT TUTABKU Y BIJKPUTUX THUTJISIX.

3.1. BruB sieryBaHHsl BaHa/i€M Ha BOAHEBOCOPOI[IMHI BIIaCTUBOCTI CIJIaBy Ha

ocHoBi ¢a3u JlaBeca cucremu Ti-Zr-Mn

3 6araThOX IHTEPMETANIIB, IO MOXKYTh BUKOPUCTOBYBATHUCS AJIsl 30epiraHHs Ta
TPaHCTIOPTYBAHHS BOJHIO Y 3B’SI3aHOMY CTaHi [73], yTBOPIOIOUW TIAPUIH, CIIOTyKa
TiMngy, nto Hanexuth g0 Tuny AB; (¢da3a JlaBeca) 3aiiMae ocoOuBe Miciie, 3aBIsSKH
IIBUIKIN Ta MPOCTIiH aKTHUBAIlil, JOCUTh 3Ha4Hii BoaHeBi emuocti H/Me ~1,0 [170],

Ta BUCOKIM IIBUIKOCTI B3a€MOJII 3 BOJHEM [83], a TaKOXK JOCUTH IIMPOKIN 00J1acTi
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romorenHocti (30-41 ar. % Ti) [91]. Arrtopamm [91] Oyio moka3aHo, IO
BOJIHEBOCOPOIIiiiHI BIACTUBOCTI CIUIaBIB Ha OCHOBI iHTepMeTaniay TiMn, 3Ha4HOIO
MIpOIO0 3aJIeKaTh BiJ iX XiMIUyHOro ckiaay. Halikpamii BiacTHMBOCTI (MpHU TaKuX
napaMeTpax TiApyBaHHS SK TUCK BojHio 3,2 MIla ta kiMHaTHa TemmepaTypa)
IOKa3aJIu CIUIaBH, CKJIaJ SKHX BIAIOBIIA€ HIKHIA MeEXI 00J1acTl TOMOI'CHHOCTI
iHTepMeraniay TiMny (ToOTO, T1 MaTepialiy, 1110 MalOTh Y CBOEMY CKJIaJi MAKCUMAaJIbHY
KUIBKICTh THUTaHy), TOMI SK CIUIABM 3 MaKCHUMAJIbHMM BMICTOM MapraHIl0O HE

B3a€EMOJIISIIN 3 BOJIHEM B3araui (puc. 3.1).

1800
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Puc. 3.1. [liarpama ctany Ti-Mn 3a ganumu [90]

Kpim Toro, iHTepMmeramimHi CHONyKH ckiaamay TiIMN, MaoTh mepeBary y
MOPIBHSHHI 3 1HIIUMH iHTepMeTamigamu (Hanpukiaa LaNis), ki BAKOPUCTOBYIOTHCS
B aBTOHOMHHUX JDKEpeNax BOAHIO, Yepe3 IX Maly IMUTOMY Bary, Io0 € OCOOJIMBO

BOKJIMBUM JUIsl aKyMYJSATOPHUX OaTapeil TpaHCOpTHHX 3aco0iB. B Toit xe wac,
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OCHOBHUMH HEJOJIIKAMHM CIUIaBIB Ha OCHOBI 1HTepMeramiagy TiMn, € BHCOKe
pPIBHOBa)KHE TIATO TUCKY, Ta TicTepe3ucHuil edekt [79], mo 1 JiMiTye iX MpaKTUUIHE
3acTocyBaHHsA. He3Baxkaroun Ha Te, 110 OyJIM CIIPpOOM MOKPAIIUTH BOJHEBOCOPOITiHiHI
BJIACTUBOCTI IIJISXOM ITUKIIOBAHHS COPOIisS-AecopOIliss BOJHIO, OUIBIIICTh 3
JTOCIIITHUKIB TPUMIILIN JO BUCHOBKY, L0 MOKPAIUTH BIACTUBOCTI MOKHA Oy/ie JTUIIe
neryBaHHsMm [93].

ABTopamu [ /6] Oy1o 3arrpornoHOBAaHO MTPOBECTH YACTKOBE 3aMiIlIEHHS TUTAHY HA
IUPKOHIN (kK kommoHeHTy A). B po6ori [66] Oyno mokazaHo, 10 3a paxyHOK
YaCTKOBOI 3aMIHM TUTAaHy Ha IIUPKOHII BAAIOCS PO3IMIHUPUTH 001acTh iICHYBaHHS (a3u
JlaBeca 110 54,4 at. % Mn, a 11e B CBOIO Uepry J03BOJIUJIO MiIBUIIIUTH BOJAHEBY EMHICTD
1o H/Me ~ 1,2 Ta 3au3uTH TUCK TiapyBanus Bif 3,2 MlIla no 0,6 MIla (ipu 30epexxenHi
KIMHaTHOI TeMIlepaTypud TiApyBaHHsS). ABTOpamMu OyJ0 T[OKa3aHO, IO JIaHE
MOKpPAIICHHS BOJHEBOCOPOIIMHUX BIACTUBOCTEN BIIOYBAETHCS 3a PAXyHOK TOTO, IO
UPKOHIA Ma€ BUILY CHOPITHEHICTh 3 BOJHEM HIXK THUTAaH. TakoX IHMPKOHIMN Mae
oinpmmii aromuuit paaiyc (0,160 um) y mopiBHsaHHI 3 THTaHoM (0,147 HM) 1 mpu
YaCTKOBIA 3aMiHM aTOMIB TUTaHy Ha aTOMHU IIMPKOHIIO 30UIBIIYIOTHCA TapameTpu
KPUCTAJIIYHOI TPATKH 1, IK HACIIJIOK, 301IbIIYETHCS PailyC TETPACIPUIHUX MI>KBY3JIIB
y rpatii (TOOTO TOTEHINHI Micilsl JOoKai3alli aToMiB BOJHIO), IO 3a0e3neuye
301JIBIIICHHS POCTOPY VISl BTIJICHHS aTOMIB BOJHIO, CIIPHUSAIOYH 301JIbIIICHHIO BOTHEBOT
€MHOCTI.

ABtopamu [/7], Oyli0 3ampoONOHOBAHO TIPOBECTH YACTKOBE 3aMIIICHHS
Maprasilo Ha BaHajAid (ki BUKOpUCTaHO B poii komroHeHTa B). IlokasaHo, 110
3aBSKM YaCTKOBIM 3aMiHI MapraHIl0 Ha BaHAJIA BIAETbCS PO3IIUPUTH 00JIACTH
icHyBaHHs iHTepMeTaniay TiMn, B OinapHii cuctemi Ti-Mn Bix ckiany tuny ABi4 10
ABjs, a B craBax cucremu Ti-Zr-Mn Bigm ABi2 10 ABss, a 11e B CBOIO uepry
MIPU3BOJINTH JIO IIJBHUINCHHS BOJHEBOI €MHOCTI Ta MOKpAIIEHHS KIHETHKH COpOIIii-
JecopOIIii BOIHIO.

Bananiii sk neryBajibHU KOMIIOHEHT OyJI0 3alpONOHOBAHO 3 HACTYITHUX
MIpKyBaHb. BaHafiii € rigpuaoyTBOPIOIOYNM €JIEMEHTOM, BiH 3[JaTHUN YTBOPIOBATH

XIMIYHY CIOJYKY CT€XIOMETpUUYHOTo ckiiany VHp, a TakoX y MOpPIBHSAHHI 3 THIIUMHU
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TAPUAOYTBOPIOIOUYMMHU MeTanaMu (Harpukiaa, P3M) BiH € BimHOCHO aemieBuM. B
OiHapHiii cucteMi Zr-V icHye (asza JlaBeca. Takox jeryBaHHs BaHamieM, SKiM Mae
OlMBIIMI aTOMHHMM paAlyc y TOPIBHSHI 3 MaprasiieM, Mpu3Bele A0 301IbIISHHS
napaMeTpy KpHUCTATi4HOi TpaTKd 1, BIANOBIAHO, 10 3OLIBIICHHA pajlycy
MDKBY3€JIbHUX MPOCTOPIB y TPaTIli, 1aHe 301bIIEeHHS, sIK OyJI0 MoKa3aHo y poOoTi Ha
OPUKIAAl CIiaBy cucteMu T1-Zr-Mn [66], TOBHHHO MPHU3BECTH 10 30LIBIICHHS
BoAaHEBO1 emHOCTI. Ille omHi€r0 HEOOXITHICTIO 3HWKEHHS KUIBKOCTI MapraHIio Y
cruiaBi (IUIAXOM MOro 4acTKOBOI 3aMiHM Ha BaHaJii), ajge MpU YMOBI 30epiraHHs
dha3oBOrO CKJIaIy, € MOoro temmnepaTrypa IUIaBJICHHS, fKa Y MOPIBHAHHI 3 1HIIUMU
KOMITOHEHTaMHU cIi1aBy Huxk4va Oiibiie Hixk Ha 400 °C. CyTTeBa pi3HUL y TEMIIEpaTypi
TUTaBJICHHS MK MapraHileM Ta IHIIUMUA KOMIOHEHTaMH CILUIaBY MPU3BOJUTH 10 HOTO
BUTOpPAHHS MPY OTPUMAHHI CIUIABY, a 1€ B CBOIO YEPr'y CTBOPIOE 3HAYH1 TEXHOJIOT1YHI1
CKJIQJHOIII Ta 301JIbIIIye COOIBAPTICTh CIUIABY BHACIIAOK HEOOX1IHOCTI T0JaTKOBOIO
nonaBaHHs 4 mac.% Maprasio [112] ans oTpuMaHHsS 33JaHOTO CKIIaay, KpiM TOTO,
BUTOPAHHS LIbOT'O €JIEMEHTY MOTIPIIyE €KOJIOTTYHI YMOBH.

Buxoasuu 3 ychoro BHIIE BUKIIAJIEHOTO, JOIUIBHUM € BCTAaHOBUTU BIUIMB
YaCTKOBOI 3aMiHM MapraHilo SKUH HE B3aeMojie 3 BoJHeM Ha S5 ar. %
riIPUI0YTBOPIOIOYOr0 BaHAIK0, B CIUIaBi cuctemu Ti-Zr-Mn 3i ctpykryporo dasu
JlaBeca. Taka 3amiHa BIJKPUBA€E TEPCIEKTUBU MJIsi TMOJAIBIIOTO TOKPAIICHHS

BOJITHEBOCOPOIIMHUX XapaKTEPUCTHK CIIJIaBIB BKA3aHOT CUCTEMH.

3.1.1. MikpocTpykTypa Ta (azosuii ckian crasy (Tlg34Zroes)MnN11Vo 1

JIns  JOCHiDKeHHS BIUIMBY JIETYBaHHS BaHAJIEM Ha BOJHEBOCOPOILIHI
BJIIACTHBOCTI CrulaBy cucremu T1-Zr-Mn 3i crpykryporo ¢dasu JlaBeca Oyio
BHKOPHCTAHO paHillle OTpUMaHi JaHi moao cruaBy ckiany (TiozaZroes)Mny2 [66], Ta,
JUTSl TIPOBEJICHHSI TIOPIBHSIHHS, BUIUIABJICHO CIUJIAaB JAHOTO CKJIATy, B SKOMY OyIio
YaCTKOBO 3aMiHEHO MapraHellb, [0 He B3a€MOJII€ 3 BOJHEM, Ha BaHaaii (Tadim. 3.1).
KoHueHTpamiiiHi Mexi JIeTyBaHHSI BaHaJl€eM OOMpPaIMCh, BUXOJAYU 13 JITEPATypPHUX
nanux [62]. ABTopom [62] mpHW MOCHIIKEHHI BOJHEBOCOPOIIMHUX BIACTHBOCTEH

cruiaBiB cuctemu T1-V Oyjo MoKa3aHO, IO B IHTEpBall KOHIEHTpAIlid BaHAIIIO
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0,25-5 ar.% MOXJIMBO OTpUMATH TIAPUJ 3 MIJBUIICHUM BMICTOM BOJHIO Ha PiBHI

H/Me~2,18.

Tadomug 3.1. HomiHanpHUE CKJIa[ CIUIaBIB

®opmynbauii cknan | Cknan crasy, at. %
Ti | Zr | Mn | V
(Ti0,34Zro,6e)Mn1,2 [66] 15,4 30,2 54,4 -

(Tio,34zro,65)Mn1,1V0,1 15,4 30,2 49 5,4

MeTronamMu ONTHUYHOT MIKPOCKOTIIT Ta pEHTI€HIBCHKOTO (Da30BOro aHajizy 0yJio
BCTAHOBJICHO, IO NPU YACTKOBIM 3aMiHI MapraHIl0 HAa BaHAIId MOMITHHX 3MIH Y
(a3zoBOMy CKJIaJi Ta MIKPOCTPYKTYpi CIUIaBy He BinOyBaeTbes (puc. 3.2, puc. 3.3).
CTpykTypa SK JIETOBAaHOTO BaHAJi€M, TaK 1 HEJIEroBaHOro ciaBy (puc. 3.2),
CKJIQIA€ThCS 3 BEIIMKUX KpUCTaIiB iHTepMeTaniny (¢asa JlaBeca), mo mexax 3epeH

SAIKHUX 6y.]10 BUABJIICHO HpI/IC}’THiCTL HE3HAYHOI KIJIBKOCTI TBCPAOI'O pO34YHUHY.

LE

$ i - !
eyt W
v Ty
4P 4 (s -
; - ] 3 -
& g . »
-~ 4 -

Puc. 3.2. Mikpoctpykrypa muTtux craBis: a — (Tio34Zr066)MnN11Vo 1;
0 — (Tio2aZroes)Mny2

PentreniBchkuit pazoBuid anami3 (puc. 3.3) miATBEPAUB HE3MIHHICTH (Pa30BOTO
CKJIaly TpHU JIETYBaHHI BaHajieM. Tak B CTPYKTypl 000X CILJIaBiB OyJIO BHUSBJICHO
iaTepmertania tuny (T1,Zr)(V,Mn)2« (paza JlaBeca Tumy C14), npuuomy 1Jjisi CIjIaBy

(Tioz4aZro66)Mn1 Vo1 mapamerpu enemeHtapuoi komipku a = 0,5064+0,0009 um Ta
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¢ = 0,8318+0,0009 um, a nnsa HeneroBaHoro BaHazgieM cruiary a = 0,5051+0,0009 um
ta ¢ = 0,8297+0,0009 u™m [66]. Takox B 000X CIuIaBax MiATBEPHKEHO MPUCYTHICTD

ciiaiB OLIK-TBeporo po3uuny.
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a 0

Puc. 3.3. [ludpakrorpama nutux cmiasis: a - (TlozaZroe6)MnN1 2;

0 - (Tio3aZroe6)Mn11Vo 1

BuxopuctoByroun oTpuMaHi JaHi PEHTTEHIBCHKOTO (ha30BOro aHaiizy Oyiio
po3paxoBaHO 00'eM enemeHTapHOi Kowmipku ¢a3u JlaBeca. Buxoasum 13 gaHux
npejacTaBiacHux B poborax [171-173] Oysio BH3HAUYCHO, IO PAAiyC TETPaCAPUUHOTO
MDKBY3JII PO3PAXOBYEThCS 13 HAONMKEHHA <OKOPCTKHX cdep» Mo BHUpazax
Rs(C14) = 0,074475a, Rs(C15) = 0,052662a (1e a — mapameTp KpUCTAIIYHOT IPATKH).
Tak misa craBy B3aTOro 3a OCHOBY (Tlp34Zr066)MN12 00'€eM eeMEHTapHOI KOMIPKH
craHoBuTh 183 A3, a pamiyc mixBysns 0,376 A [66], Tomi sk ans craBy
(Tio3aZroes)Mn11Vo1 184,5 A% ta 0,377 A, Biamosinuo. [lopiBHIOI0OYM OTpUMaHi 1aHi
3 BIAMOBIAHUMU 11 O1HApHOT criostyku T1MN; [91] (00'em enemenTapHoi kKomipku 164
A3

(Tioz4Zroes)Mn11Vo1 BIiAMOBIZHE CIIBBIAHOIIEHHS XIMIYHHX €JIEMEHTIB O3BOJISIE

, a pauiyc MikBysnis 0,363 A), Oymo Bu3HaueHo, W0 M  CIJIaBY

30epertu CcTpykTypy (hasu JlaBeca, ajie mpu IbOMY BiIOYBA€THCS 30UIBIICHHS 00'eMy

eJeMeHTapHOo1 KoMipku Ha 14 %, a paaiyc TeTpaeapudHOro MixkBy3is Ha 4,5 %.
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3 MOpIBHSHHS pajlyciB TETPacAPUYHUX MDKBY3MTIB, SIKI € MICHSAMHU IS
JoKami3amii aromMiB BOJHIO TIPH PO3YMHEHHI, JJIsS JIETOBAHOTO BaHAJIEM CIUIABY 1
HEJIErOBaHOT'O BUHO, 1110 YAaCTKOBA 3aMiHa MAapraHIll0 BaHAIIEM MPU3BOJIUTH 0 iX
3pOCTaHHS, MO0 MOBHHHO MPUBECTH A0 301IBIICHHS CTAa0lIbHOI BOJHEBOI €MHOCTI
crjiaBy (Ti0134zr0166)Mn1,1V0,1 y HOpiBH}IHHi 3 (Tio,34Zro,66)Mn1,2.

3 OTpMMaHUX JAaHUX ONTHYHOI MIKPOCKOMII Ta PEHTreHIBCHKOro (ha3zoBOro
aHalizy MOKHa 3pOOMTH BHCHOBOK, IO TPU BBEIEHHI BaHAJIl0 y CIUIaB
(Tio34Zr066)Mny 2 30epiraeTbes cTpykTypa (asu JlaBeca, ajne npu oMy, K IOKa3ajI0
JIOKaJIbHE JOCIIKEHHS XIMIYHOTO CKIaAy, B JaH1i (a3l 3HKYETHCS BMICT MapraHIo
10 49 at. %, oTpuMaHi aHi ciiBnanawTs 3 [174]. 3 giarpamu crany O1HAPHOT CUCTEMH
Ti-Mn, npezacrasieniii y po6oti [90], BigoMo, 110 00J1acTh TOMOTEHHOCTI ISt (ha3u
JlaBeca 3HaxoauThCs B Mexax 59 - 70 ar. % Mn, panimie HaMu OyJio Toka3aHo [66],
10 BHACJIZOK YaCTKOBOI 3aMIHU TUTAHY Ha ITUPKOHIN BIA€ThCA PO3IMIUPUTH 00JIaCTh
icHyBaHHs (a3u JlaBeca 10 54,4 at. % o mapranito. Apropamu [112,175] Oyno nano
MOSICHEHHS MEXaHi13My pO3IIHUPEHHs 00s1acTi romoreHHocTi ¢asu JlaBeca Hux4e 3a 50
at. % wmapranmo. Tak B po0oTi [175] Ha mpuknami cmiaBy ZrosTlosNip2VosMnga
(BkazaHud XiMIYHUM cknan Bignosigae Ttuny ABig), Oyno noBeneHo, 1O Mpu
YTBOPEHHI CIIOJYKH BIJOYBAE€ThCS TMEPEPO3IMOALT KOMIIOHEHTIB CHCTEMH MiX
no3uLisIMH A 1 B 117151 yTBOPEHHSI CTEX10METPUYHOTO cKIiany AB2 OCKIIbKY came TaKHii
CKJaJ € CTalOlIbHUM Y PIBHOBOXXHMX yMOBax. [[ns MiATBEpIKEHHS LbOIO aBTOpPHU
INPpUBOAATL CKJaHd CIIOIIYKH, SAKa YTBOPHUJIACA: (ZI’o_54Ti0,46)(Tio_o4Nio,64Vo,27Mno,05)2.
[TosicHIOIOUM YTBOPEHUHN XIMIYHHMI CKJIaJ TUM, IO MPU HEAOCTaul y CKJIaJl CIUIaBYy
KOMITIOHEHTa B (111 yrBopeHHs came crexiometpii AB») BiiOyBaeThCs mepeMillieHHs
YaCTMHU aTOMIB KOMIOHEHTa A (B TakOMy BMIIaJKy TIJIbKH THUTaHy, OCKUIbKH 3a
pO3MIpOM aToMa BiH OJMK4Ye /0 MapraHilio) Ha HE3almoBHEH1 MO3ullii KoMIIOHeHTa B
(Maprasifto), 3aBIIKM 4OMY 1 BJAEThCS OTpuUMaTH cTtexiomerpito AB,. Buxomsuu 3
yChOTO BHIIE BUKJIAJACHOTO, MOKHa OYIKyBaTHU 30UIBIICHHS CTaOUIBHOI BOJIHEBOI
eMHOCTI cruiaBy 3 BaHamieM (Tio3sZroes)MN1i1Vo1 y TOpPIBHSHHI 31 CIUTaBOM
(Tio,34Zr066)MN1 2, BHACITIOK 301IBIIEHHS CyMapHOi KiIBKOCTI TiIpHI0YTBOPIOIOYHX

KOMITOHEHTIB IIpH 30epexkeHiil cTpykTypi ¢aszu JlaBeca, a Takox 3aBASKH 30LTBLIIEHHIO
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00’eMy eJeMEHTapHOI KOMIpKM Ta paaiycy MDKBY3asa. OTpumani  JaHi
PEHTTeHIBCHKOTO (ha30BOTO aHAJI3y CBIAYATH MPO TE, 1110 BBEACHHS y CILJIaB €IEMEHTY
3 OUIBIIMM aTOMHUM pPajJlyCOM OYIKYBaHO IPU3BOAUTH 10 3POCTaHHA 00’emMy
eJIEMEHTapHO1 KOMIPKH, a 1€ Y CBOIO Yepry JI03BOJISIE CIIPOTHO3YBATH BILIUB IIEBHOTO

KOMITIOHCHTA HaA 3arajibHy BOOHCBY €MHICTh CILIaBY.

3.1.2. JlocmikeHHsT ~ BOAHECOPOIIWHUX ~ BIIACTUBOCTEW  CIUJIaBY
(TiozaZro66)Mn11Vo 1
OCKUIbKM BIANOBIAHO /10 JTaHUX ONTUYHOI MIKPOCKOIII Ta PEHTI€HIBCHKOTO
($ha30BOTO aHasi3y YacTKOBA 3aMiHA MapraHIill0 Ha BaHAaJlli CYTTEBO HE BIUIMHYJA Ha
CTPYKTYpy Ta (a3oBHil ckia gociimkyBanoro ciiaBy (Tio3aZroes)Mn11Vo1, TOMY 1
BOJIHEBOCOPOIIiiiHI BimacTuBOCTI cruiaBiB (Tlg34Zroes)MnNi2 Ta (Tig3aZroes)MN11Vo1,
JUTSI KOPEKTHOTO MOPIBHSHHSA, TOCIIKYBAIUCH MIPU OJTHAKOBUX YMOBAaX TiIpyBaHHSA
(kiMHaTHa Temreparypa Ta Tuck BoaHio 0,6 MIla) Ha MoHoOmTHHX 3pa3kax 0e3
3aCTOCYBaHHs MOINEPEAHBOI TEPMIUHOI 00poOKH. JaHi TepMobapuyuHi YMOBH 0OpaHo,
SK TOCUTh M SIKi, IKI MOXYTh OyTH peasli3oBaHl Ha MPAKTUIll B armaparax aKyMyJIsiii
BOJHIO JJISI MOTO JICTKOTO HAaKONMWYEHHS 1 BUBUIbHEHHs. B maHWX yMOBax akTHBHE
MOTJIMHAHHS BOJHIO MPHU TEPIIOMY TiIpyBaHHI o0oMa CIJTaBaMH PO3MOYaIOCh BIKE
yepe3 JeKJIbKa XBUJIMH (1110 € 1HKYOaIlIiiHUM TIEPi0/I0M) 1 MPOAOBKYBaJIOCh BIPOJIOBIK
10 xBunuH. [loganpiia BUTpUMKA MIPU TUX K€ MapaMeTpax TiApyBaHHSA BIPOJOBXK 24
TOJIMH JIO CYTTEBOTO 301IBIIICHHS BOJJHEBOT EMHOCTI HE mpu3Bena. OCKUIbKU BIPOJAOBK
BKa3aHOT BUTPUMKHU MPOIEC MOIJIMHAHHSA BOJHIO HE BIJHOBUBCS, OYyJIO 3pO0JIEHO
BHCHOBOK, IO 3a T’ ITHAAMATH XBHJIMH TiPYBaHHS BAAETHCS HACUTUTH JOCIIKYBaHi
CIUTaBM BOJIHEM JIO MaKCHUMaJIbHO MOXIJINUBOI KOHIEeHTparii. [lpu kiMHaTHIN
TeMriepaTypi Ta THCKy BomHio 0,6 MIla BogHeBa €MHICTH IS CIUIaBY
(Tio3aZroes)Mn11Vo1 ckmama 2,06 mac.%, mo BiAmoBigae (GOPMYIBHOMY CKIAIy
(HMe ~ 1,31), a ana crmnaBy (TiozaZrogs)Mniz 1,8 mac.% (H/Me ~ 1,18). Ilpu
HacuueHHi criaBiB (Tlo3aZroes)MnN12 Ta (Tig3aZr06s)MN11Vo1 BoHEM BiOyBa€eThCs
MOBHE PyHHYBaHHS MOHOJITHUX 3pa3KiB J0 CTaHy MOPOIIKY, Yepe3 BUCOKY IBUAKICTD

MPOTIKAHHS MPOLIECY B3a€EMO/Ili, a TAKOXK HU3bKY TEMIIEpaTypy TiApyBaHHA, a OTXKeE,
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HEJIOCTATHICTh Yacy JyIsl pejakcailii HampykeHb (puc. 3.4). 3 mpeacTaBICHUX AaHUX
BIJTHOCHO TIPOIIECY MOTJWHAHHS BOJHIO MOKHA KOHCTaTyBaTH, 10 YAaCTKOBA 3aMiHa
MapraHilio Ha BaHaJ(1i HE BIUTMHYJIA HAa KIHETUKY IIpoliecy (3aTUIIMINCh HE3MIHHUMU

TEeMIepaTypa Ta TUCK TiApyBaHHs, a TAKOXK 1HKYOalIHHUHN TIepioxn).

Puc. 3.4. 30BHIiIIHII BUTJIS]] TOPOIIKOBOTO MPOAYKTY TAPYBaHHS

AHaJli3 OTpUMaHOTO NPOIYKTY T1ApyBaHHS Ha 000X CIJIaBaxX MOKa3aB, 110 MICHs
MEPIOTo TAPYBAHHS 3JIMBKIB YTBOPIOETHCS MOPOIIOK 3 PO3MIPOM YaCTHHOK Bif 1 70
100 mxm.

MeTonoM peHTIeHIBCHKOro (pa30BOTO aHali3y OyJi0 BCTAHOBJICHO, IO MPOAYKT
riapyBaHHs, OoTpuMaHuid Tpu HacwueHHI crutaBy (Tio3aZroes)MN1i1Vo1 BoaHEM,
ckianaerbes 3 rigpuny (Ti1,Zr)(V,Mn),<H Ha ocHoBi ¢a3zu JlaBeca tunmy Cl14 3
napameTpamu einemeHTapHaoi komipku a=0,5476%0,0009 am ta ¢=0,899640,0009 aM™.
BianoBigai mapameTpu KPUCTATIYHOI TPaTKUA IS HEJIETOBAHOTO BAHAIIEM CILIaBY
ckiagamu a = 0,5476+0,0009 um T1a ¢ = 0,8995+0,0009 um [66]). [lopiBHIOIOUM
napaMeTpy KpUCTATIYHUX TPaTOK Al 000X JOCHIKYBaHMX CIUIABIB y JIUTOMY
(crapToBOMY) CTaHl Ta MICHs TiIpyBaHHS, MOKHa 3pOOUTH BUCHOBOK, IO CIUIAB 3
BaHAJIIEM XapaKTEePU3YEThCS MEHIIMMU 00’ €MHUMH edeKTaMu TpH HaBOAHECHHI. B
000X cruraBax, KpiMm TiApuay Ha ocHOBI ¢a3u JlaBeca, Takok OyJ0 BUSBIECHO CIIIA

riapuay Ha ocHoBi OLIK-TBepaoro pozuuny (puc. 3.5).
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Puc. 3.5. Jludpakrorpama cruiaBy (Tig34Zr066)MN1,1Vo,1 TiCHS TiapyBaHHS

3 OTpMMAaHUX JIaHUX PEHTI€HIBCHKOTO (Da30BOT0 aHaJi3y MOKHA CTBEP/IXKYBaTH,
mo npu HacwueHHI criaBy (Tip3aZroes)MN11Vo1 BOAHEM JIEKOMITIO3HIIIIOBAHHS
(yTBOpeHHS HOBUX (pa3, a00 00’ €JHAHHS ICHYIOUMX) HE BiOyBaeTbcsa. OTpuMaHi JaHi
npo ($a3oBHl CKIIaJ MPOAYKTY TiJIpyBaHHS CHIBINAJAIOTh 3 JITEPATYPHUMH JaHUMU
[113] mpo Te, 10 IpH HACMYEHHI CIUIABIB JAHOTO KJIACy BOJHEM 30€piraerbcs TUI
CTPYKTYpH MeTajieBOi mMaTpuill (TOOTO, HE BiIOYBAETHCSA 3MIHM TUIY KPUCTaJTIYHHUX
I'paToOK NpH PO3UMHEHHI BOAHIO), a JIUILIE BIJOYBAETHCS 130TPONHE 30LIbIIEHHS 00’ €My
ix enemenTapHoi komipku Ha 20 % (po3paxoBaHO MO PI3HUIN NTApaMETPiB KPUCTATIYHOT
IPAaTKU 0 HACUYEHHS BOJIHEM Ta MICJs).

[Ticas macuuenHs BogHeM crutaBy (Tip34Zroe6)MnN11Vo1 BOIHEBA €EMHICTD TIPH
KIMHATHI TeMmrepaTypi 1 armochepHOMYy THCKY cTaHoBUTH 2,06 Mac.%
(Mo 3BaxKyBaHHIO), MpPH BUTPUMII BOpoAOBXK 30 XB. mpH THUX K€ MapameTrpax
BiJIOYBAETHCSI YACTKOBA JIECOPOIIisl BOJHIO MPHU IIbOMY BOJIHEBA €EMHICTh 3HMKYETHCS
10 2,0 mac.%. Jlnsa mopiBastHHS, 1S ciutaBy (Tig3aZr0es)MN12 BOJHEBA €MHICTD €
HIK4010, ckianatoun Cy = 1,8 mac.%. [lpu nmogansniii BUTpUMII BIPOJAOBK 24 roANH

MIPU THX KE MapaMeTpax BOJHEBA EMHICTh CIUIABIB HE 3MIHIOBAJIACh.
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MexaHi3M 30UTbIIEHHS BOAHEBOI €MHOCTI TpHW JIETYBaHHI BaHAMIEM CTa€
3po3yMiauM 3 aHamizy pobotu [2]. B maHiit poGoti Oyno TOKazaHo, MO B
reKcaroHajgbHIM cTpykTypl TNy AB; (da3za JlaBeca) € Tpu TUMHM TeTpaeapUUHUX
MIXKBY3/iB, B SKHX JIOKali3y€TbCSI BOJEHb MNpU po3duHeHHi (puc. 3.6.), sKi
3MEHINYIOThCS B HACTYMHIM mociioBHOCTI [A2B2] > [AB3] > [Bs]. ABtopu
CTBEP/IXKYIOTb, 1110 Y CIUIaBaX JaHOTO TUITY BOJIEHb 3aliMa€ EPEBAKHO MIKBY3JISl TUITY
[A2B2] ockiabkm camMe B HHUX MICTHTBCS MaKCHMajbHa KUIBKICTh KOMIIOHEHTa A
(TUTaH, IUPKOHIN), AKUN € O1IBII aKTUBHUM €JIEMEHTOM I10 BiHOIIICHHIO J0 BOIHIO.
Buxonsum 3 BUIIE BUKIIAQACHOT0, MOKHA MOSCHUTH 301JbIITICHHS CTa0ILHOT BOJIHEBOT
emHOCTI cruiaBy (Tig3aZr0e6)MnN11Vo1 y nopiBHsHHI 3 (Ti034Z1066)MN1 2 THM, 10 TIpH
yrBopenHi iHtepmeraniay (T1,Zr)(V,Ti,Mn), yactuHa aTomiB THUTaHy (SIK OYJ0
3a3HAYAJIOCS BHIIE) MEPEXOAUTh HA HE3AMOBHEHI MO3UIllT MAapraHIlio, 3aBAsKA 9OMY
B11I0YBCSI TIepepo3IOii aKTUBHUX MO BIJHOIIEHHIO O BOJHIO METaJIEBUX aTOMIB Y
By3JlaX TeTpaeApUuHUX MDKBY31iB. KpiM 11p0T0 301IbIIMBCA 00'€M eJIeMEHTapHOI
KOMIPKH, 1 BIAMOBIIHO OMY PajlyC TETPacAPUYHOIO MIKBY3JS, @ TAKOX 3arajbHa
KUIBKICTh KOMITOHEHTA, 3/IaTHOTO YTBOPIOBATH CTIMKY XIMIYHY CTOJYKY 3 BOJIHEM, B

crasi 3 45,6 10 51 ar.% npu 30epexeHH1 (pa3oBOro CKiIamy.
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Puc. 3.6. Kpucraniuna cTpykrypa rekcaronanboi ¢asu Jlaseca tumy C14 [2]
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BinnmoBigHO A0 Mac-CHEKTPOMETPUYHHUX AOCTIIKEHb Ta3iB, 10 BUAUIAIOTHCA
IpH BaKyyMHOMY HarpiBaHHi HacwueHoro BojHeM cruiaBy (Tig34Zroes)MniiVoy,
BCTAHOBJIEHO, 110 BHJJIEHHA BOJHIO @pH HouyatkoBoMy THCKY 4*10° Tla
PO3MOYMHAETBCA BXKE IMPHU KIMHATHIM TeMmmeparypi, ajlie Mpu TaKuX MapaMmerpax
IpoIiecy JecopOIlii BAA€TbCS BUIIIUTH He Outbine 2 % BiJ MOTJIUHYTOI KUJIBKOCTI.
[ToHoBuTH mpolleC BUAUICHHS BOJHIO BJIAJOCS JIMINE MNpPH HArpiBaHHI, TaK IpH
temnepatrypi 300 °C npocsiraeThess MakcuMaidbHa MIBHAKICTh, a mpu 400 °C
B110yBa€ThCs MOBHA JIecOpOIiss BoAHIO, TOOTO nocsraerecs 100 % peBepcHa eMHICTh

(puc. 3.7).
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Puc. 3.7. TemnepaTtypHa 3aeXHICTh IHTCHCUBHOCT1 BUIIJICHHS BOJHIO 3 HABOJHCHUX

CILJIaBI1B npu X HaniBaHHi y BaKyyMiZ a- (Tio,34zroyee)Mn1,1Vo,1; 0 - (Tio,34zr0,65)Mn112

[TopiBHIOIOYHM TeMIEpaTypHI 3aJIEKHOCTI 1THTEHCUBHOCTI BUJIJICHHS BOJHIO 3
000X HABOJHEHMX CIUIaBiB (puc. 3.7) MOXHa KOHCTaTyBaTH, III0 YaCTKOBA 3aMiHa
Maprasilio Ha BaHAIii IIPU3BeIIa JI0 IiIBUIICHHS TEPMIYHOI CTablIBHOCTI OTPUMAHUX
rigpuaaux (a3. Sk BUAHO 3 HaBEeIECHOI 3aexHOoCTI (puc. 3.7), Temneparypa, npu sKii
CIIOCTEPIra€eThCsl MaKCHMMaslbHa 1IHTEHCUBHICTh BUIIJICHHS BOAHIO, 3pocia Ha 40 °C, a
BIJIOBITHO 3pOCiia 1 TeMIeparypa JIOCATHEHHS MOBHOI JecopOIlii BoaH0. OCKIIbKA
TeMmreparypa JecopOIlii BOJHIO € XapaKTepPUCTHUKOI HE MEHII Ba)XXJIUBOI, HIXK

BOJHCBA €MHiCTB, a iHO,Z[i W OCHOBHMM MOKa3HUKOM AJI IPaAKTUYHOI'O BUKOPUCTAHHS,
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TO JlaHe MIABUIIECHHS TEMIEpaTypH IOCSTHEHHS IMOBHOI JeCOpOIlii poOUTh CIUIABH,
JIETOBaHI BaHAIIEM, MEHII TPUBAOIMBUMHU JIJIS IPAKTUYHOTO BUKOPUCTAHHSI.

B poGoti [112] aBTopu crocrepiraiy mOAIOHE 30UIBIICHHS TEPMIYHOT
CTaOlILHOCTI OTpUMaHOTO Tiapuay npu HacwdeHHI crutaBy (TiogZro1)Mni2Vo1
BojiHEeM. ABTOpH [112] NOSICHIOIOTH M1BUINICHHS TEPMIYHOI CTA01IbHOCTI OTPUMAHOTO
TiApYUy THM, 110 YAaCTMHA KOMIIOHEHTa A (B TakOMy BUNAIKy TUTaHy, SIKUM Mae
BHUCOKY CITOP1AHEHICTH IO BITHOMICHHIO /IO BOJHIO, Ta BUCOKY TEMIIEPATypy Aecopoii,
Buie 350 °C), mepexoauTh Ha HE3aMOBHEHI IMO3WIII KOMIIOHEHTa B (Maprasiio),
TaKOX B SIKOCTI KOMIIOHEHTa B mpucyTHil BaHa i, a 11e B CBOIO Yepry MPU3BOAUTH J10
NEPETBOPEHHS YAaCTUHU TETPACAPUYHUX MDKBY3JIB 13 Tuny [A2Bz] B Ouibid
CIPHUSATIUBHM JIJI1 HAKOTWYEHHS BOJIHIO TUTI [A3B], a Takok mepeTrBopenHs 13 [ABs] B
[A2B2].

Ha mnpencraBiaeHiii 3aj1eXKHOCTI 1HTEHCHUBHOCTI BHUJIIJICHHS BOJHIO  BIif
TeMIiepaTypu (puc. 3.7. a) OKpiM CIIeKTpa BUIJICHHS BOJIHIO TAKOXK MPUCYTHIN CIEKTP
BUJIIJIEHHS BOASHOI nmapu. HasBHICTB y criekTpi npu Temneparypax suiie 3a 200 °C
BOJISTHOT TMMapu CBIAYUTH MPO Te€, IO NMPH BUILJICHHI aTOMApHUN BOJIEHH BiIHOBIIOE
okcuHi miBku [176], saKi 3aBK1u MPUCYTHI Ha TIOBEPXHI TUTAaHy Ta CIIJIaBiB HAa MOTO
ocHOBI. TuM caMuM BiJIOYBa€TbCS «CaMOOYHIIICHHS» IIOBEPXHI, IO, IO-TIEpIIIe,
MPUCKOPIOE KIHETUKY COPOIii-aecopOIlii BOAHIO (OKCUHI TUTIBKH € Oap’epaMu JJis
nugy3ii BOJHIO), MO-ApPYre, CYTTEBO 3MEHINYE BIPOTIIHICTh IMIBUAKOI Jerpaaaiii
BOJTHEBOCOPOIIIMHUX BIACTUBOCTEH CILIABY 31 301IBIIIEHHSIM KUTBKOCTI ITUKIIIB, 1, THM
caMUM, Ja€ 3MOTY 30UIBIIMTH poOOUY KUIBKICTh LMKJIB cOpOLii-gecopOiii (o €
BAXKJIMBOIO XapaKTEPUCTUKOIO MPU MPAKTUYHOMY BUKOPHUCTAaHHI) 0€3 CyTTEBOI BTpATU
y BojHeBi# emHocTi [177].

OCKUTBKM JJ151 CTUIaBIB-HAKOIIUYYBayiB BOJIHIO BAXKJIMBOIO XapaKTEPUCTUKOIO €
30epiraHHs BOJIHEBOCOPOIIMHUX BIACTHBOCTEH MPHU OaraTOKpaTHOMY IUKIII COpOITii-
necopOirii BoaHto, To 11st cruiaBy (Tio3aZr066)MnN11Vo 1 sk 1 1utst (Tio 3420 66)MN1 2 Oyi10
MIPOBEJICHO BIAMOBIHE MOCTIHKEHH. J(pyruil ki copOrii BOJHIO TPOBOAUBCS MPU
KIMHaTHIA TeMmmeparypi ta abcomotHomy Tucky 0,21 Mlla, To6TO Maii>ke BTpHuUl

HUKYOMY, HIXK MpHU niepimioMy riapyBanHi (0,6 MlIla). 3HM>keHHsS THCKY TiApyBaHHSA
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IIPOBEJCHO 3 METOIO MOKA3aTH MOJIIMIIEHHS BOJHEBOCOPOLINHUX XapaKTEPUCTUK BKE
MICTISl TIEPIIOTO UKy copOIii-necopOirii, OCHOBHA POJIb SKOTO MOJIATAE B aKTUBAIIi1
Matepiany. BcTaHOBIEHHS MOIMBOCTI HAaCUYEHHS JAHUX CIUIABIB BOJHEM MpU
HEBHCOKOMY THICKY JIO3BOJIUTH 3pOOHTH IIeH Mporec OLIbIn Oe3MeYHNM, a BOJHEBUN
aKyMYJIATOP O1IBIII JIETIIUM, IO OCOOIMBO BaXKJIMBO MPHU MPAKTUYHOMY BUKOPUCTAHHI
Ha TPAHCIIOPTI.

[TIportec  mornmHaHHs  BoAHiO  crutaBamu  (Tlo3aZroes)MN1iVo1  Ta
(Tio3aZroes)Mn12, po3movaBcs BKe 3 TMEPIIMX CEKyHJ KOHTAKTy 3paska 3
BOJEHBMICTKHM CEPEIOBUILEM 13 BUCOKOIO IIBUKICTIO, IPU LIbOMY BOJIHEBA €EMHICTD
3aIMIINIACH HE3MIHHOIO. Take MOJIMIIEHHS BOJHEBOCOPOILIMHUX BIACTUBOCTEM
JIOCITIJIKYBaHUX CIUIABIB MPHU APYTOMY LUK (3HUKEHHS TUCKY TiapyBaHHs Big 0,6 10
0,21 Mlla, a Takok CKOpOYEHHSI 1HKYOAILIITHOTO eP101y 3 KUIBKOX XBUJIMH JI0 KUIBKOX
CEKYyH]1) MO>KHA MOSICHUTH NEPEBEICHHSAM MaTepialy B aKTUBOBAHUI CTaH NEPLIUM
IIUKIJIOM COpOIlii — mecopOilii BOJHIO, a came, pyHHYBaHHSIM MOHOJIITHUX 3pa3KiB 0
CTaHy NOPOMIKY 31 30UJIbIIEHHAM MUTOMOI TOBEPXHI (B TOMY YMCJI1 YTBOPEHHSIM HOBHX
IOBEHUIBbHUX TTOBEPXOHB), @ TAKOK YAaCTKOBUM BIJIHOBJICHHSAM Oap’€pHHX OKCHIHHX
IUTIBOK Ha ICHYIOYHX JIO LIbOTO MOBEPXHSIX Marepiandy B pe3yJbTari iX B3aeMoOli 3

aTOMapHUM BOJIHEM, SIKMM BUAUISAE€THCS MPHU TEPIIi JecopOIri.

3.2. BB seryBaHHsS XpOMOM Ha BOJAHEBOCOPOIIiiHI BJACTUBOCTI CIUIABY Ha

ocHoBi ¢a3u JlaBeca cucremu Ti-Zr-Mn-V

VY pozaum 3.1 Oyno mokaszaHo, 110 32 paXyHOK YaCTKOBOI 3aMiHM MapraHifio Ha
BaHA/Iill BAAJIOCS MiABUINATH BOAHEBY €éMHICTh cruiaBy (Tlo3sZroes)MN12 Ha OCHOBI
da3u JlaBeca, npu 30epekeHH] M IKUX YMOB T1IpyBaHHs (KIMHaTHaA TeMIeparypa Ta
tuck BogHto 0,6 MIla), axi 3a0e3meumim J0CTaTHBO KOPOTKUN 1HKYOAIIHUH TTepio
(mexinpKka XBWIMH). AJie OJHOYACHO, BKa3aHa 3aMiHa MpU3BENa 1O TMOTIPIICHHS
KIHETUKHU JAecopOuii BOAHIO (IMIJBHUIIEHHS TEPMIUYHOI CTaOUIBHOCTI OTPUMAHOTO
rigpuay). ToMy mnopanpmivii TOMIYK XIMIYHMX €JIEMEHTIB, 3/IaTHUX ITiIBUIIATH

BOJITHEBY EMHICTh Ta HE MOTIPIIUTH MPU IIbOMY KIHETHKY IMpoliecy copOiii (30kpema,
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peanizaiii mporecy copOuii BOJHIO MpU 3HMKEHHI THCKY TiIpyBaHHs), a 0COOIMBO
MOKPAIIUTH KIHETUKY TIpolecy aecopOiii (3HKEHHS TEPMIYHOI CTaOUTBHOCTI
OTPUMAHOTO TIiAPHAY) BOJHIO, TP YMOBI 30epexeHHsl CTpyKTypHu ¢a3u JlaBeca, €
NEPCIIEKTUBHUM HAIMPSIMOM CTBOPEHHS HOBUX MaTepialliB COpOSHTIB BOJIHIO JJIsl HOTO
Oe3neyHoro 30epiraHHs Ta TPAHCHOPTYBAaHHS y 3B’SI3aHOMY CTaHl (TIAPHAM) IS
noTped aNbTepPHATUBHOI €HEPTETHKHU.

3 miTepaTypHHX JaHUX OyJ0 BcTaHOBIJICHO [178], 110 ime oqHUM MeTaltoM, STKHIA
31aTeH €(peKTUBHO BIIMBAaTH HAa KIHETUKY MPOIECIB SK cOpOIii, Tak 1 AecopOrii
BOJIHIO, a TAKOK 1 BOJHEBY EMHICTh CIUIaBIB Ha OCHOBI iHTepMeTaiiny TiMny, € Xpom.

Bubip xpoMmy sik JIETYBaJIbHOTO €JIEMEHTY MOB'S3aHUN 3 TUM, 10 B OIHAPHUX
cucremax T1-Cr ta Zr-Cr icHye ¢a3za JlaBeca Tuny AB;, aje 3 pi3HOIO KPUCTATIYHOO
IpaTKolo, 3 rekcaroHanbHow Ty C14 Ta rpaHeneHTpoBaHoro KyoiyHowo Ty C15.
Takox XpoM € TipuaoyTBOproroYrM eeMeHToM [40,51], 1 y mopiBHSHHI 3 MapraHieM
Mae OUTBIIMIA aTOMHUN pajiyc, 10 MOTEHIIHHO Mpu3Beae A0 30UIbIIEHHS 00’eMy
€JIEMEHTapHOI KOMIPKHM, a BIAMOBIAHO 1 A0 30UIBIICHHS PaJilyCy TETpacaApUYHHUX
MDKBY3JIIB, € JJOKATI3yIOThCS aTOMHU BOJHIO TIpH po3urHeHH1. Xpom (1910 °C), sk 1
BaHaJl1i, Ma€ 3HAYHO BWIY TEMIIEPATypy IUIABJICHHS y TMOPIBHSAHHI 3 MapraHueM
(1246 °C), Tomy 1i0or0 BBEJICHHS IOBUHHO 3HAYHO MOKPAIUTH TEXHOJIOTII0 OTPUMaHHS
OJTHOPITHOTO CIIJIaBY Ta 3HU3UTH COOIBAPTICTH IUISIXOM 3MEHIIIEHHS BTPAT MapraHIlio,
SIKUY BUTIAPOBYETHCS MPU BUTLIABIII.

[Ipu nocnimkeHH1 CTPYKTYpH, (a30BOTO CKIaAy Ta KIHETUKH MPOIIECiB COPOITii-
necopOrtii BogHto crtaBamu cucteMu Ti-V-Cr-Mn B po6oTi [144] 6yio moka3aHo, 110
y CTPYKTYpI CILIaBIB 3 BMICTOM XpoMy 110 19 mac. % NpuCyTHS TIJIbKUA FeKCaroHaJlbHa
daza JlaBeca Ty C14. ABTOpamu moka3aHo, IO 30UTBIIIEHHSI BMICTY XpPOMY BHIIE
BKa3aHOT KUIBKOCTI TPU3BOJUTH JI0 TIOSBH Y CTPYKTypl CIUIaBy JpPYyroro
iHTepmetaniny, ¢gasu JlaBeca tuny C15 3 rpaHeneHTPOBaHOK KYyOIYHOIO TPATKOIO.
ABTOpaMu BCTAaHOBJICHO, 110 IPUCYTHICTH y CTPYKTYpI cruiaBy ¢dasu Jlaeca tumy C15
MPU3BOAUTH J0 301IbIIIEHHS BOJAHEBOI éMHOCTI. B poboTi [179] O6yno moka3aHo, 1110
P OJTHAKOBI BOAHEBINM €MHOCTI IJ1aTO copoOIIii — aecopoii dazu JlaBeca tumy C15

3HAYHO BUIIE, ajie MpHU I[bOMY OUIbII Tosiore, HiX A ¢a3u JlaBeca Tuny Cl4, a ue
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BIJIMOBITHO Ja€ 3MOTY 301JIbIIUTH PEBEPCUBHY EMHICTH CILIaBY. 3MIHIOIOUN XIMIYHUAN
CKJIaJ TOCTIKyBaHUX crutaBiB cuctemu T1-V-Cr-Mn, astopu [180] Bu3Haummm, 1o
pu 3pocTanHi criBBigHOIIeHHs T1/Cr y cKitaji crijiaBy, BIATOBIIHO 3pOCTaE 1 BOJHEBA
€EMHICTh. ABTOpPU TOSCHIOIOTH, IO 3POCTAHHS BOJHEBOI €MHOCTI BiIOyBa€ThCS 3a
PaxyHOK 3MIHU CITiBBIIHOIICHHS 00’€MHHMX YacTOK CHIBICHYHOUHX (a3 CIUIaBy, a
TaKOX 1 301IBIIIEHHS MMapaMeTpiB eJeMeHTapHuX Komipok ¢a3 JlaBeca tumy sik Cl4,
tak 1 C15.

Buxoasuu 3 ychboro BHIllE BUKIIAJEHOTO, BBEJACHHS XpOMY B CKJaJ CIUIaBYy €
MOTEHIIMHUM [UISIXOM MIJABUIIEHHS SK BOJHEBOI €MHOCTI, TaK 1 MOKpaIleHHS
MOKA3HUKIB KIHETUKH COPOILii-necopOirii BoaHI0. TOMY € JOIIIbHUM AOCIIIUTH BILIUB
Ha CTPYKTYpY, (pa3oBuil CKjajg Ta BOJHEBOCOPOIIiHiHI BIACTUBOCTI, YaCTKOBOI 3aMIHH

MapraHIfio Ha XpoM y cIiaBi cuctemu T1-Zr-Mn-V 3i ctpykryporo dhas3u Jlaseca.

3.2.1. BuznaueHHs 3MiH y CTPYKTYp1 Ta (pa30BOMY CKJIaIi

JUisi  OCHIPKEHHA BIUIMBY JIETYBaHHS XpPOMOM Ha BOJHEBOCOPOILINHI
BJIACTUBOCTI CIIaBy cucteMu Ti-Zr-Mn-V 3i ctpykTypoto ¢da3u JlaBeca Oysi0 B34TO 3a
ocHoBy crutaB (Tip34Zroe6)MnN11Vo1, BOIHEBOCOPOILIKMHI BIIACTUBOCTI SKOrO OYII0
JETAIBHO PO3MIISIHYTO B po3Aiai 3.1, B ikoMy OyJi0 4aCTKOBO 3aMIHEHO MapraHellb Ha
5 ar. % xpomy. Mexi neryBaHHs XpoMoM OyJio OOpaHO MO aHaJIorii 3 BUOOpPOM
KOHIICHTpAIlii BaHaJli10, JIJI MOKJIMBOCTI KOPEKTHOI'O TOPIBHAHHS, Ta BIAMOBIAHO J0
miteparypuux gpanux [144]. Ckinag 000X MHOPIBHSIBHO JOCIIIKYBAaHUX CILIABIB
npeacTaBieHo B TaOmuil 3.2. Takox 11 BCTAHOBJEHHS MOXJIMBOCTI 3HUKEHHS
co01BapTOCTI OTPUMAHOIO TIAPHUAY BHACIIIOK 3aMiHW BHCOKO YMCTHX KOMIIOHCHTIB
(BUCOKO  BapTiCHWX) Ha  OuUmbIm  femeBi, OylO  BUIUIABICHO  CIUIAB
(Tio34Zr0,66)Mno 96V012Crlo 11 3 BUKOPHCTAHHAM THUTaHY PI3HHX MapoK SIK CTapTOBOI'O
MaTepially, a caMme, BUCOKOUYMCTOTO TUTaHy HOIMAHOTrO (BMICT IOMIIIOK CKJIaJae
0,02% Al; 0,02%Fe; 0,01%Si; 0,01%Mo; 0,005% Mn; 0,01% Ni; 0,01% Cr; C,O,N —
ciiay, npu BaptocTi 1 kr oguaHoro tutany 1800 rpH.) Ta TUTAaHOBOI I'yOKH MapKu

TI-110, sxa  XapakTepu3yeTbCsi  CYTTEBO  OUIBIIMM  BMICTOM  JOMIILIOK
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(0,09%Fe; 0,02%Si; 0,04% Ni; 0,05 %0, 0,03%C; 0,02%N; 0,08%CI npu BapTocTi
200-250 rpH\kr).

Tabmuns 3.2. HominanbHui cKIaa JOCTKYBaHUX CIUIaBiB

DopMyIIbHUI CKIa] Cknan crinay, at. %

Ti | Zr [Mn| V Cr
(Tio3aZr066)Mn11Vo 1 154130,2| 49 | 54 -

(Tio3aZr066)Mng96V0,12Cro11 | 15,41 30,2 | 44 | 5/4 5

MeTogoM CKaHyIO4Oi €IeKTPOHHOI MIKpOCKomii OyJ0 BCTAaHOBJICHO, IO
HE3aJIe)KHO BiJ BUKOPUCTAHOTO THUITY CTapTOBOTO THTaHYy (TOOTO, BMICTY JOMIIIOK B
Marepianai) YacTKOBa 3aMiHa Maprafil0 Ha XpOM HE BIUIMHYJA Ha CTPYKTYpPY
nociipkyBanoro cruiaBy (Tip3aZroe6)MnNogsVo,12Cro11 (puc. 3.8). CTpykTypa cIiaBy
(Tio34Zr0,66)Mno96V012Cro11, HE3AIEKHO Bifi MApKH BHKOPHCTAHOI'O THUTaHY, SK 1
crutaBy (Tig34Zroes)MN11Vo1 CKITAZAEThCS 3 BEIUMKHX KPHCTAIIB 1HTEPMETAITy
(T1,Zr)(V,Cr,Mn),x (dha3a JlaBeca) mo Mexkax 3€peH SKUX 3IUIIINCH MPUCYTHIMU

BkparutieHHss OLIK-tBepaoro poszuuny (Ti,Zr,V,Cr,Mn) (puc. 3.8).

4 L
SEM HV: 20.0 kV WD: 14.70 mm | VEGA3 TESCAN| SEM HV: 20.0 kV WD: 14.94 mm VEGA3 TESCAN|
View field: 111 pm Det: SE 20 ym View field: 111 ym Det: SE

SEM MAG: 5.00 kx Date(m/dly): 11/16/18 G.V. Kurdyumov IMP SEM MAG: 65.01 kx Date(m/dly): 11/16/18 G.V. Kurdyumov IMP

Puc. 3.8. Mikpoctpykrypa autoro craBy (Tip34Zr0,66)MnNgesV012Cro 11, OTpUMAHOTO

3 BUKOPUCTAHHSIM: @ — TUTaHy HOJIMHOT0; O — THTAHOBOI I'yOKHU
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MetogoMm peHTreHiBcbkoro (a3oBoro anaiizy Oylio BCTaHOBJEHO, IO
HE3aJIe)KHO BiJ] MApKU BUKOPUCTAHOTO MPH BUTOTOBJICHHI CIUIaBY THUTaHY, 4YaCTKOBa
3aMiHa MaprafHiio Ha XpOM MPHU3BOAUTH 10 3MiH y (a3oBoMy CKIaji CIUIaBy
(Tio|34zr0,66)Mn(),gsVO,lzCI'O,ll y HOpiBHHHHi 31 CKJIaaoM (Ti0,34zr0,66)Mn1,1V0,1
(puc. 3.9).
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Puc. 3.9. I[I/I(bpaKTOFpaMa JIMTOTO CILTIaBY (Ti0,34zro,65)Mno,g(;Vo,lzCI'o,ll

Crpyxkrypa crutaBy (Tip34Zr0,66)MnNogsVo012Cro,11 CKITAAa€THCS 3 TEKCArOHATBHOT
¢azu JlaBeca Tumy C14 npoctopoBoi rpynu P6s/mmc (ctpyktypuuii Tun MgZn,), dazu
JlaBeca tumy C15 3 rpaHelIeHTPOBAHOIO KyOI4HOO IPATKOO PoCcTOpoBoi rpynu FA3m
(ctpyktypamit tTunm MgCuy), a Takoxx Oyno MIATBEPIKEHO MPHUCYTHICTH CIIIIB
OLK-tBepnoro po3umny. ®aza JlaBeca tuny Cl4 mana mapamerpu e€leMEHTapHOI
koMmipku a=0,5073 £ 0,0009 (am) ¢=0,8334 £+ 0,0009 (HM) Tpu BHUKOPUCTAHHI
tutaHoBoi ryoku, ta ¢=0,5093 + 0,0009 (am) ¢=0,8372 + 0,0009 (um) mpwm
BUKOPHCTAaHHI THUTaHy WOAMIHOTO, B TOW 4ac, sk s criaBy (TlozaZroes)MnN1iVo1
a=0,5064 + 0,0009 (am) ¢=0,8318 £+ 0,0009 (am). da3a JlaBeca Ty C15 B cTpyKTYpi
criaBy  (Tio3aZroe6)MnNogsVo12Cro11  Maa mapaMeTpd €JIeMEHTapHOI KOMIpKH
a=0,7188+0,0009 (am) mipu BuKOpUcTaHHI TUTaHOBOI ryOku Ta a=0,7203%0,0009 (M)

IpU BUKOPUCTAHHI TUTaHy HoIuaHOTO. BUKOpHUCTOBYIOUM OTpUMaH1 JlaHi BIJHOCHO
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napamMeTpiB KPUCTATIYHOI IPATKU OyJI0 po3paxoBaHO 00'eM eJIeMEHTAapPHOI KOMIPKH Ta

pajiyc TeTpaeapuaHOro MixkBy3iis (puc. 3.10).

O6/em enemeHTapHOT KOMipKK dasm Pagiyc TeTpaegpun4HOro mixBy3nsa
NaBeca Tvny C14, A3 da3u Naseca Tuny C14, A
184,5 185,5 187,5 0,376 0,377 0,378 0,379

I I I I - I I I I
0,3
1 2 3 4

Puc. 3.10. O6'em eneMeHTapHOI KOMIPKH Ta pajilyc TETPACIPUUHOTO MIXKBY3JIS
dazu JlaBeca tuny C14 ms crutaBy: 1 - (Tig34Zr066)Mny 2 [66];
2 - (Ti0,34Zro,66)Mn1,1V0,1; 3- (Ti0,34zr0766)|\/|n0796V0712CI'0,11 TUTAHOBA ry61<a;

4 - (Tio,34zro,66)Mno,96Vo,12CI'o,11 TUTaH HOIUIHUN

3 mpeacraBienux aanux (puc. 3.10) BUAHO, 110 YaCTKOBA 3aMiHa KOMIIOHEHTY
CIUIABy Ha €JIEMEHT 3 OUIBIIUM aTOMHHUM pPajiyCoM MPHU3BOIAUTH A0 301JIbIIECHHS
00’eMy €JIEMEHTApHOI KOMIPKH, 1 BIJIMOBIIHO IIbOMY, 30LIBIIYETHCA paAlyc
TETpACAPUIHOTO MDKBY3JIS, IO € €()EKTHUBHUM CIIOCOOOM BIUIMBY Ha KiJIbKICTh
MOTJIMHYTOT'O BOJIHIO SIK OYJI0 MTOKa3aHO BHIIIC.

BignosigHo mo mitepatypaux ganux [180], B cucremi Ti-V-Cr-Mn, ¢asa JIaBeca
turty C15 3’4BIS€TbCS B CTPYKTYpl CIJIaBY NMpU BMicTi XxpoMy Buiie 19 mac.%. B
HAIllOMY  BWMAAKy, TOSCHHUTH TO0SBY y  $a30BOMy  CKJIaJi  CIUIaBY
(Tio34Zr0,66)Mno96V012Cro11 (asu JlaBeca Tummy C15 3 rpaHEICHTPOBAHOIO KyOI4HOIO
I'PATKOIO MPH BMICTI XpOMY Jiniiie 5 aT.% MOKHa, BUXOJISIUU 3 JllarpaMu CTaHy O1HapHO1
cuctemu Zr-Cr [181]. BianmoBigHo 10 BKa3aHOi Aiarpamu, IiJ 4yac KpucTasizalii Ta
oxosiopkeHHs iHTepMetaniny ZrCr; (dasa JlaBeca) B HbOMY BIZOYBAarOTHCA JBa
nommMopdHi nepeTBopeHHs. Tak, 3 PIAMHU YTBOPIOETHCS BHCOKOTEMIIEpATypHA
v-haza, sika ipu Temmnepatypi 1622 °C nepexoauTh B CEpeTHbOTEMIIEPATYpHY B-(azy
(rekcaronanpHa ¢aza JlaBeca tumy C14). ®daza JlaBeca tumy Cl14 icHye nurie 10

temrnepatypu 1550 °C, npu wmiii Ttemmeparypi BiaOyBaeTbcs Japyre ¢aszose
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MEPETBOPEHHS, MO0 Beme A0 yTBopeHHs o-pa3u (dasa JlaBeca tumy C15 3
TPaHEIEHTPOBAHOIO KYOIYHOIO TPaTKOI0), sIKa M ICHY€ y PIBHOBaXHHUX YMOBaxX Ipu

KIMHATHIM TemMIepaTypi.

3.2.2. Bzaemomist 3 BogHeM ciutaBy (Tio34Zr066)MnNg9sV0,12C10 11 OTpEMAaHOTO 3
BUKOPUCTAHHSAM PI3HOTO TUITY BUXIJHOTO TUTAHY

OcCkibKM 4YacTKOBa 3aMiHa MAapraHil0 XpOMOM, 3TiJHO 3 JIaHUMHU
pEeHTreHiBcbkoro (a3zoBoro anainmizy, BIUIMHYJa Ha (a3oBUM CKJIaja CIUIaBy
(Tio34Zr0,66)Mno96V0,12Cro,11 (Y hazoBOMy CKIIajii CIuIaBy 3’ ssBHIIach ¢asa JlaBeca Ty
C15) B nuTOMy CTaHl HE3QJIC)KHO BiJ| TUIY BUXIJHOTO THUTaHy, BUKOPUCTAHOIO st
HOTr0 BUTOTOBJICHHS, TOMY BOJIHEBOCOPOIIIHI BJIACTHUBOCTI CIUIaBY TaKOX
JOCIIKYBAJIM TIPU KIMHATHIN TeMIepartypi, aje npH OUIbII HU3bKOMY THCKY BOIHIO
~ 0,23 MIla. Bubip nams DOCHDKEHHS 3HM)KEHOTO THCKY BOJHIO TPOBEJCHO 3
HacTynmHUX npuduH. [lo-mepiine, MOXKIMBICT, HACHYCHHS JaHUX CILIaBIB BOJHEM MpHU
BIJIHOCHO HEBUCOKOMY THUCKY Ta KIMHATHI{ TeMIlepaTypl 3p0OHTH LIeH MPOIEC JOCUTh
oe3neunuM. [To-apyre, BogHeBocopOIiiini BiaactuBocTi crutaBiB (Tip34Zr066)MN11Vo 1
ta (Tio34Zr0,66)MN1 2 AOCTIHKYBAINCH MPU OJHAKOBHUX IMapaMeTpax TiApyBaHHI, 10 HE
JIO3BOJIJIO BCTAHOBJICHO, 4YM BIUIMBA€ YACTKOBAa 3aMiHA MAapraHIl0 I1HIIUMHU
eJIEeMEHTaMH Ha KIHETHYHI TapamMeTpu MpoIecy MOTIWHAHHS BOJHIO. B poboTi [66]
OyJ0 MoKa3aHo, IO 3aBASKH YAaCTKOBIM 3aMIHM THTAaHY Ha LIMPKOHIA B CIUIaBl Ha
ocHOBI iHTepMeTaniay TiMn, Baanocst HOHU3UTH TUCK TiapyBanHs Big 3,2 Mlla no 0,6
MIla npu 30epexeHH] KIMHATHOI TeMmmeparypu rigpyBaHHs. B po3gim 3.1. Oyno
MOKa3aHo, IO Ticid IUKIy copOris-aecopomis crmiaB  (Tig34Zroes)MnNiiVo,
3HAXO/SIYMCh B aKTUBOBAHOMY CTaHi, 3/1aT€H MOTJIMHATH BoJieHb mipu TUCKY 0,21 MITa.
Buxoasum 3 115010, OyJIO BUPIIICHO MEPEBIPUTH UM BILIMHE 3HUKCHHS THCKY BOJHIO
Ha 1HKYOalI{HUM epio]l Ta TEMIIEpaTypy TpyBaHHs CIUIaBY 3 XPOMOM Y MOPIBHSAHHI
31 CILIAaBOM (Tio,34Zr0,66)Mn1,1V0,1.

[Tporiec akTuBHOrO MoriauHaHHSA BOAHIO crutaBoM (Tig 34210 66)MNoosVo12Cro 11,
OTPUMaHUM 3 BHUKOPHUCTAHHSIM THUTAHOBOI TYyOKH, TpH BKa3aHUX MapameTpax

riIpyBaHHSA pO3MOYaBCS BXKE 4epe3 Bl XBWIMHM (IHKYOaUlWHUNA Mepioa) Micis
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KOHTaKTy 3 BOJCHBMICTKHM CEPEIOBHUIIEM 1 MPOIOBXKYBABCS II'Th XBHJIHMH, TPU
IIbOMY BOJIHEBA EMHICTh ckiana 2,12 mac. % (H/Me ~ 1,38). [l criaBy, OTpUMaHOTO
3 TUTaHy HOAMIHOTO, 1HKyOaIiifHMi mepion CKJIaB JEB’STh XBUJIMH, a TPOIEC
NOTJIMHAHHA CiM XBWJIMH, TpU I[bOMY BOJHEBa €MHicTh ckiana 2,08 mac. %

(H/Me~1,36) (puc. 3.11).
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Puc. 3.11. 3MiHa KOHIIEHTpAIlli BOJHIO 3 4aCOM IIPH MEPIIOMY T1ApyBaHHI CIIJIaBy

(Tio34Zr0,66)MnNo96V0,12Crp11: @ — TUTAH HOIUIHMI; O — THTAHOBA T'yOKa

MokHa TPUITYCTUTH, IO BIAMIHHICT Yy KUIBKOCTI TOTJIUHYTOTO BOJIHIO
JOCTIPKYBAaHUM CIUTAaBOM OTPMMAaHUM 3 BHUKOPHUCTAHHSM THUTaHY pPI3HUX MapokK
MOB’si3aHa caMe€ 3 PI3HOI KIUIBKICTIO JOMIIIOK Yy BHUXIJIHOMY CTaHl. 3aBAsKd
MPUCYTHOCTI Y TUTAHOBIN ryO11i O1IbII0T KUTBKOCTI JJOMIIIOK, IPU 11 BAKOPUCTAHHI JIs1
OTPUMAaHHS CIUUIaBy, YTBOPIOEThCS Ouibll jAedeKkTHAa CTpyKTypa. Sk Bigomo 3
mitepatypHux nanux [182,183] 3HauHy posib B Ipoliecax TiApUI0yTBOPEHHS Biairpae
3aXOIUICHHS aTOMIB BOJHIO Je(eKTaMu KpHUCTAIIYHOI CTPYKTYpPH, B POJI SKUX
BUCTYNAIOTh BaKaHCIi, MucioKallii Ta inmi aedextu rpatku. Hait imoBipHimie 3a Bce,
1m0 30UIbIIEHHS KUIBKOCTI Je(EeKTIB KpHUCTAIIYHOI TpaTKU 1 MPU3BOIUTH M0

M1JBUIICHHS KUTHKOCTI MOTJIMHYTOT'O BOJIHIO.
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[Tomaneira Butpumka criaBy (TlozaZroes)MnNoosVo12Cro 11 HE3aIEKHO Bix
BUXIJTHOTO CTaHy TUTaHYy, TP TUX JKe MapaMeTpax TiIpyBaHHS BIPOJOBXK 24 TOIUH HE
npu3Besia 0 TOHOBJIEHHS TMpPOIECY MNOTIMHAHHS BOAHIO. OCKUIBKHA BIPOJOBXK
BKAa3aHOI BUTPUMKH IIPOIIEC TOTJIWHAHHA BOJHIO HE BIJHOBHUBCA, 3 I[OTO MOJKHA
3pOOUTH BUCHOBOK, IO 3a IIICTHAALSTh XBWJIMH BJA€TbCS OTPUMATH TiAPUI 3
MaKCUMaJbHO MOXJIMBOIO BOJHEBOIO €MHICTIO. BUTpUMKa OTpUMaHOTO MPOAYKTY
TipyBaHHS MpH KIMHATHIA TemmepaTypi Ta aTMOchepHOMY THCKY HE MpHU3Bena 10
MOYaTKy aKTUBHOTO Ipoliecy aecopOiii BojHio. [Ipm HacuuyeHHI BOJAHEM CIUIABY
(Tio34Zr0,66)MnNg 96V 0,12Cro,11 HE3aIEIKHO BiJl BUXITHOTO CTaHY TUTAHY, sIK 1 JIJIS CIUIaBIB
(TiozaZroes)Mn11Vo1 Ta  (TipzaZroes)Mni,  BigOyBaeTbcsl TOBHA  pyHHAIlS
MOHOJIITHOTO 3pa3ka J0 CTaHy Mnopoimky (puc. 3.4) depe3 BHCOKY IIBUIKICTb
MPOTIKAHHS MPOIECY MOTVIMHAHHS BOJHIO 1 KIMHATHY TeMIEpaTypy TiApyBaHHS a,
OTK€, HEJIOCTATHICTh Yacy JJisl pejlakcallii Halpy»eHb, 10 CYNPOBOIKYIOTh 00’ €MHI
edeKTH, AKi BUHUKAIOTh MTPU PO3UYMHEHHI BOJHIO.

3 BUIIC BUKJIAEHOTO MOXHA KOHCTAaTyBaTH, 110 3HMKCHHS THUCKY BOJIHIO Bij
0,6 mo 0,23 MIla He BIMBae Ha MapaMeTPH TiAPYBaHHS, 3aJUIITNIACH HE3MIHHOIO
TeMIlepaTypa riipyBaHHs Ta IHKyOallifHUI epio.

AHami3  OTpUMAHOTO  TPOJYKTY  TIAPYBaHHS HAa  OCHOBI  CIUIaBY
(Tio34Zr0,66)Mno96V012Cro11 HE3AIEKHO BiJ BHXIZHOTO CTaHy THTaHy IOKa3aB, IO
pPO3Mip OTPUMAHOTO TOPONIKY CITIBMAJA€ 3 PO3MIPOM, OTPUMAHUM NPU HACUUYEHHI
CILIaBY (Ti0,34Zro,66)|\/In1,1V0,1 BOJHEM.

BianosinHo no mitepaTypHux aanux [184], Bci mociiaKyBaHi iHTEpMETa1HI
cnosiyku (inTepmetaniau TuniB ABs, AB Ta AB») npu yTBOpeHHI1 TiIpyIiB 1 B IpoLeci
MIPOBENICHHS IMKJIIB COPOIlis-IecopOIlis BOJHIO TEPETBOPIOIOTHCS HA  JIPiOHMIA
nopomiok. Jlanuii edexT, mMae Ha3By TIIPUIHUM AUCHEPryBaHHSAM 1 Ipa€ Jyxe
BKJIMBY POJIb B TPAKTUYHOMY 3aCTOCYBaHH1 IHTEpMETANi B Ta T1IPUIIB HA TX OCHOBI.
ABtop [184] cTBepKye, 10O B OJHMX BHUIAJKAX, HAMNPUKIaA, B CHUCTEMax
aKyMYJIFOBaHHSI BOJIHIO, TEPMOCOPOIIIHHAX KOMIIPECOpax, AUCTICPTyBaHHS BUKIUKAE
HEraTHBHI HACIIJKU, B 1HIINX, TAKUX SIK po3po0Ka MaTepialliB I KaTami3y, TeTTepiB

BOJHIO, MAarHiTiB, IMOPOIIKOBOi METalyprii, € OJHUM 31 CHOCOOIB MOJIMIIEHHS
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BJIACTUBOCTEH MaTepianmiB. TakoX B gaHiii poOoTi Oysno MOKa3aHO, IO 3 POCTOM
KUTBKOCTI LUKIIB copOuii-aecopOiii BOAHIO MEXaHi3M peakilli MPUHIUMIOBO HE
3MIHIOETBCS, & CIOCTEPIra€ThCsl TUIBKKH HEBEIWKE 30LIBIICHHS IIBUIKOCTI peakiii.
JlucrepcHICTh OTPUMYBAHOTO B TMPOLECI TIAPYBAaHHS MOPOIIKY BH3HAYAETHCSA
OaratpbMa mapamMeTrpaMu (KUIBKICTh IIUKJIIB, TUCK, TEMIIEpaTypa), OCHOBHUM 3 SKUX €
KUTBKICTh ITUKJIIB copOIisi-necopOiis. Tak aBropam [184] Ha npuKai IHTEpMETAITI Ty
tuny ABs (LaNis) Oyio moka3aHo, 1o miciisi IepIioro TiApyBaHHS CEPeHId po3Mip
NopoIrHOK OyB Ha piBHI 50 MkM, micis 30 1ukiIiB Ha piBHI 15 MKM Toi sk miciust 100
Ha PIBHI 3 MKM.

Buxoasuu 13 niTepaTypHUX JaHUX IIOAO PO3MIPY HOPOILIKY, SIKUA (POPMY€ETHCS
P ITUKJIaX copOIii-necopOIlii BOJHIO, Ta OTPUMAHUX B I[bOMY JIOCTIHKEHHI JaHUX,
MOXHa TIOSICHUTH TIPUYWHY POCTY IIBUAKOCTI TOTJIMHAHHS TPH OJHOYACHOMY
3MEHIIIEHHI KUTbKOCTI MOTJIMHYTOTO BOJHIO MPU 301IBIIIEHHI KITBKOCTI IIUKJIIB COPOIIii-
necopOiii. 301MbIICHHS IMIBUAKOCTI IMOTJIMHAHHS BOJHIO BIIOYBA€THCS 3aBISKH
3MEHILEHHIO PO3MIPY YaCTUHOK OTPUMAHOTO TIAPUIY 3 KOXHHUM MOCHIIIYIOUYUM
IIUKJIOM copOItii-mecopOrii (sk 1e Oysio 3a3HadeHo y podoti [184]), a BiAMOBIIHO
[bOMY MOCTIHHO 301JIBITYETHCSI AaKTUBHA 10 BIIHOIICHHIO 0 BOJHIO IJIONIA TOBEPXHI.
3MEeHIIeHHS KUTBKOCTI MOTIMHYTOT0 BOJAHIO MPHU 3POCTAaHH1 aKTUBHOI IUIOIIII TOBEPXHI,
Hail IMOBIpHIIIIE 32 BCE, BIIOYBAETHCS IO MIPUUIMHI TOTO, IO JOMIIIKOBI T'a3H, TaKl SK
KHCEHb 1 a30T, Kl B MEBHIN KUIBKOCTI MOCTIHO MPUCYTHI y ra3onoai0HOMY BOJHI,
TaKOXK COpPOYIOTBbCS TOBEPXHEI Marepialy 3 Mojaibliol audysiero B 00'eM
YTBOPEHUX YacCTUHOK. Sk 3a3Havasnocs Buiie (puc. 3.7 a), npu aecopOrii BOJEHb
3/1aT€H BITHOBJIIOBATHU OKCUIHI IIIBKH, SIKI YTBOPUJIMCS HA TOBEPXHI YACTUHOK, IIPOTE
JIOMIIITKOB1 aTOMH KHCHIO, SIKI PO3YMHEHI B 00’ €M1 YaCTHHOK, HEMOJKJIMBO BUBECTH 13
KpUCTAIIYHOI TpaTku. KHCEeHb MpU LIbOMY PO3MIILLYETHCS B TETpacApUYHUX a0o
OKTaeAPUYHUX MIKBY3JISIX KPHUCTAIIYHOT TPATKH, 3aiiMaloud Ti K MICIA, M0 WU
aTOMapHUW BOJICHb, IO MPU3BOAUTH JO KOHKYPEHINI MIX UMM €JIEMEHTaMH 1, B
pe3ynbTaTi, 10 3MEHIIEHHS KUTbKOCTI MOTJIMHYTOr0 BOJHIO MTPH 301IbIIEHHI KITBKOCTI

IIUKITIB copOIii-aecopOirii.
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Ha pucynky 3.12 mpencraBieHO 3aJ€KHICTh IMIBUIKOCTI TOTJIWHAHHS BOJIHIO
crutaBoM (Tio34Z10,66)MnNg 96V0,12Cro 11, OTPEMAHOTO 3 BUKOPUCTAHHIM TUTAHY Pi3HUX

MapoK BiJ 4acy, Ha SKI{ MPUCYTHIN JIUIIE OJUH TIiK.
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Puc. 3.12. 3anexHOCTI MIBUAKOCTI T1APYBAHHS BiJ Yacy JIJIsl CIUIaBY

(Tio34Zr0,66)Mno96V0,12Cro 11 @ — TUTAH HOIUIHMI; O — THTAHOBA T'yOKa

HasiBHICTh NuIlle OTHOTO MAaKCUMYMY CBIIUUTH MPO T€, IO JHIIe oAHa (a3a y
nBO(a3Hii CTPYKTYpi CIIJIaBY BU3HAYAE MTPOIIEC MOTIMHAHHS BOAHIO. TakoX HasIBHICTh
JIMIIIE OJHOTO MiKa CBIAYUTH PO Te, 110 MPUCYTHS Y (a30BOMY CKJIajl CIUiaBy (aza
Jlaeca Tunmy Cl5 Mae KiHETHMKY NOTJIMHAHHS BOAHIO, 1AEHTHUYHY 3 KIHETHUKOIO
nornuHanHs ¢azor JlaBeca Tuny Cl4 (1ile € BaXJIMBUM TPU CTBOPEHHI CIUIABIB, B
CTPYKTYpi siIkux Oyzae nmpucytHs nuie ¢a3za Jlapeca tuny C15).

3 OpiBHSIHHS BOJHEBOT EMHOCTI JOCIIIPKYBaHUX CIUIaBiB (puc. 3.13) BUIHO, 1110
3aBJIIKM 4acTKOBIH 3amiHi y criaBi (Tig34Zr0,66)MNy 2 MapraHito KU HE B3aEMOIIE 3
BOJTHEM Ha BaHaJIi Ta XpOM, SKI 3/IaTHI yTBOPIOBATH CTIMKY XIMIYHY CIOJYKY 3
BOJIHEM, BJAJI0CS 30UIBIIMTH CTAOUIbHY BOJAHEBY €MHICTbh. [l0osICHUTH 301IbIIIEHHS
BomHeBol  emHOCTI  cmiaaBy  (Ti034Zroes)MNoosVo12Cro1  y  TOpIBHSAHHI 3

(Tio34Zr066)MN1 2 MOXKHA HACTYIMHUMH YMHHUKAMHM: 3HIDKCHHS BMICTY Mapratifio B
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da3i JlaBeca BHACHIIOK HOTO YacTKOBOI 3aMiHM XpPOMOM Ta BaHaJieM (TOOTO,
301IBIIEHHSAM YaCTKU TiIpHUIOYTBOPIOIOYMX KOMIIOHEHTIB 3 46,5 n0 56 at.%),
NIEPepO3MNOIIJIOM aKTUBHUX IO BiJHOIIEHHIO J0 BOJHIO METaJCBUX aTOMIB Yy By3iax
TETpaeaApPUYHUX MDKBY3IIB (YTBOPEHHS CKJIAQJHOTO IHTEPMETATiAy CKIIaTy
(T1,Zr)(V,Mn,Ti,Cr);), a Takox 30UIbIICHHSIM O0’€My €JIEMEHTapHOI KOMIpKH Ta

paalycy TETpaeIpUYHOr0 MI>KBY3JIS.

2,5
5 2,08 2,12
2 1,8
NN
o 1,5
<
=
2 1
@)
0,5
0
1 2 3 4

Puc. 3.13. Boauesa emuicth cmiaBiB: 1 - (Tig34Zr066)Mny 2 [66];
2 - (Tio34Zr066)Mn11Vo1; 3 - (Tio34Zr0,66)MnNo,96V0,12Cro,11 TUTaH HOIMIHMIA;

4 - (Ti0,34zro,55)|\/|no,95V0,12CI'0,11 THTAHOBA ry61<a

BianoBinHO 0 JaHUX PEHTTE€HIBCHKOrO (a3oBOro aHallidy HpH HACHYEHHI
BogHeM cruiaBy (Tig34Zr066)MnNo,g6V0,12Cro,11, OTPUMAHOTO 3 BUKOPUCTAHHSIM TUTAHY
PI3HUX MapoK, YTBOPIOIOTHCS JIMILE T1IPUAM Ha OCHOBI BUXITHUX (a3 (puc. 3.14). 3
OTPUMAaHUX JAaHUX MOKHA CTBEP/IXKYBATH, 0 MPYU HACMUEHHI TOCT1PKYBAaHOTO CIJIaBY
BOJHEM JIEKOMIO3UITIFOBaHHS (a3 (yTBOpEHHS HOBUX (a3 a00 00’ € THAHHS ICHYIOUHUX )
HE BIJI0YBA€ETHCS.

OTpumaHuii TPOAYKT TiPyBaHHS CKJIANIA€THCA 3 TIAPHUIY Ha OCHOBI ¢asu
JlaBeca Tuny C14 3 nmapamerpamu enemeHTapHoi koMipku a=0,5490 £ 0,0009 (am) Ta
¢=0,9018 £ 0,0009 (1m), HE3aJIE)KHO BiJ MApPKH BUKOPUCTAHOTO TUTAHY, a JIJIsl CIUIaBY
(Tio34Zr066)MN11Vo1 BIAMOBIAHI TTapaMEeTPH €IEMEHTApHOI KOMIpKH BKa3zaHoi ¢asu
ckiaamaote a=0,5476+0,0009 (am) Ta ¢=0,8996+0,0009 (uMm). Takok MeTOAOM

PutBenbaa (mporpama Maud) BcTaHOBIEHO MPUCYTHICTH ~ 15 00.% Tigpuay Ha OCHOBI
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dasu Jlaseca tumry C15 3 mapameTrpamu enemerTapHoi komipku a=0,7776+0,0009 (am)
JUTsI CTUTaBYy, OTPUMAHOMY 3 THTaHOBOI ryOku, Ta a=0,7665 £ 0,0009 (am) mmst TuTaHy
HoauaHOTO, a TakoX Oyslo BHUSBICHO ciiau riapuay Ha ocHoBi OILIK-TBepmoro

pO3YHHY.

3000
0
-0 0-Cl15
1-Cl4

=

o U
A 2000

m

B

=
2

= 0

@ 0

S

2

& 1000

=

=

|

O
.
[] 0
0
T I T I sk T T T T T
20 30 40 50 60 70 80 90 100

20, Tpa.
Puc. 3.14. ludpakrorpama rigposanoro cruiaBy (Tio3aZroe6)MnNggsVo,12C10 11

3 OTpUMaHMX JaHUX BUJIHO, 1110 TIPU HACHYEHHI CIUIaBYy BOAHEM HE BiJJOYBa€ThCs
3MIH y CTPYKTypi MeTasieBoi Matpulli (a3 JlaBeca, a murie BigOyBaeTbCs 130TPOITHE
30UTBIIIEHHS 00'eMy iX ereMeHTapHuX KoMipok Ha 20 %, oTpuMaHi 1aHi CHiBNaJal0Th
3 nanumu [113]. TlopiBHIOIOUM TTapaMeTpHU KPUCTAIYHUX I'PATOK (pa3 cruiaBiB Mmiciis
TiipyBaHHs, BUAHO, 110 JJISl CIIaBY, OTPUMAHOTO 3 BUKOPHUCTAHHAM TUTAHOBOI T'YOKH,
napaMeTp KpucrtajaigyHoi rpatku s ¢aszu JlaBeca tuny C15 Bumie. BianmoBigHo 110
JaHUX TpeACTaBIeHUX y poboti [185], y cmmaBax 3 XpoMoM IpoLec pO3KJIagaHHS
OTPUMAaHUX T1JPUJIIB MOKE TIPOXOIUTHU MPU KIMHATHIN TeMIiepaTypi 0e3 3aCTOCyBaHHS
HarpiBy. MokHa MPUIYCTUTH, IO PI3HUILIS MK MapaMeTpamMu KPUCTAIIYHUX I'PATOK
dasu JlaBeca Tummy C15 micis rifpyBaHHs AJi CIJIABiB, OTPUMAHUX 3 BUKOPUCTAHHSIM
TUTaHy PI3HUX MApOK, MOB’s3aHa caMe 3 PI3HOI0 KUIBKICTIO eCOpPOOBAHOTO BOJHIO
Ipy KIMHATHIA Temmeparypl Ta aTMOCEPHOMY THCKY, II0 BOYEBHUb, € HACIIJIKOM

PI3HOTO BMICTY JOMIIIOK.
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[Ipouec BUAINEHHS BOJHIO IIPHU MOYATKOBOMY piBHI Bakyymy 4*10% Ila 3
npoaykTiB riapyBaHHs cruiaBy (Tig34Zro66)MnNoo6V0,12Cro11, HE3AIEKHO BiJ] MapKu
BUKOPUCTAHOTO TUTAHY, PO3MOYHHAETHCS MPU KIMHATHIHN TeMIIepaTypi, ajie mpy HboMy
BIAE€ThCS BUAATUTH He Ounbiie 4 % BiA MOTMUHYTOI KIMBKOCTI BoAHIO. [loHOBHTH
MIPOIIEC BUIICHHS BOJHIO 3 CyMIIIIl T1APUIIB, OTPUMAHUX Ha OCHOBI JOCIIIIPKYBAaHOTO

CILIaBY, BAA€ThLCS JIMIIE MPU Horo HarpiBanHi (puc. 3.15).
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Puc. 3.15. 3anexxHicTh IHTEHCUBHOCTI BUJUICHHS BOJIHIO BIJ] TEMIIEPATYPH:

1 - (Tio3aZro66)Mn12[66]; 2 - (Tio3aZr066)MnN11Vo1; 3 - (Tio3aZr0,66)MNg96V0.12Cro 11

3 TMpeacTaBICHUX JaHUX MAac-CHEKTPOMETPUYHHUX JOCHIIKEHb BUIHO
(puc. 3.15), mo vactkoBa 3aMina y crutaBi (Tio34Zr066)MN11Vo1 Maprasiio Ha XpoM
MpU3BeJIa 10 CYTTEBOTO 3HIKEHHS TEPMIYHOI CTA0LTHBHOCTI OTPUMAHOTO Tiapuy. Jiis
crutaBy (Tip34Zr066)MnNgosVo012Crp 11 HE3aICHKHO BiJl MAPKH BUKOPHUCTAHOI'O THUTAHY
Mpoliec BUAUICHHS BOJIHIO, PO3MOYABIIKUCH 1€ MTPU KIMHATHIN TeMIiepaTypl B yMOBax
BakyyMmy (ToOTO, pu moyatkoBomy THCKy 4*107 I1a), GibI aKTUBHO MPOXOAUTH 3
MOYaTKOM HarpiBy, MaKCUMaJlbHa IIBUAKICTh BUALICHHS (DIKCYETHCS IIPU TEMITEpaTypl

115+ 5 °C (mns crnaBy (Tio3aZr066)Mn11Vo 1 1151 Temmepatypa 300 °C, BiamoBiaHO), a
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pu 300 °C BoaeThCs BUAUIUTH YBECh BOJICHB. SIK BUHO HA TIPE/ICTABIICHUX KPUBHUX
(puc. 3.15.), mnsa cmiaBy (Tip34Zr066)MNoosVo012Cro11 BIICYTHIN TpHBaJMK eTarm 3
HU3BKOIO MIBUAKICTIO BUAIEHHS BOAHIO puTamManHuii crutaBaM (Tio 34210 66)MnN11Vo 1
ta (Tio3aZroes)Mny, [66]. 1lle omHi€0 OCOOTMBICTIO MPOIECY BUIIICHHS BOJIHIO
crutaBoM (T 34210 .66)MnNo9sV0,12C10 11 € PO3IEITICHHS ITiKa Ha HaBEACHIN 3aJIeKHOCTI
(puc. 3.15), nanuii pakT MOXKHA MOSICHUTH BUXOJOM BOJIHIO 3 T1IpU/IIB HA OCHOBI JBOX
¢da3 Jlaeca tumy Cl14 Tta Cl15, mo xapakTepu3ylOThCS 1X PI3HOIO TEPMIYHOIO
CTaOUIBHICTIO.

3 aHamizy JiTepaTypHuX JaHUX OyJ0 BCTAHOBJICHO, IO MOHU3UTH TEPMIUHY
cTaOUIBbHICTh (0€3 ICTOTHOI BTpAaTH y BOJHEBIM €MHOCTI Ta KIHETHLI NOTJIMHAHHS
BOJHIO) OTPUMAHMX TIJPUJIIB HAa OCHOBI 1HTepMmeTamiiB Tuny AB; (da3za JlaBeca)
MO>KHA 3aBJSIKA YaCTKOBOMY 3aMillieHH1 A a00 B aToMiB IHIIUMU ejleMeHTaMH [186-
187], mpu 1UbOMY B3HWXEHHS TEPMIYHOI CTAaOLILHOCTI MOXE OyTH HAaCIHiJIKOM
eNeKTpOHHUX ab0 XimiuHuX edekTiB [188-189]. B pobori [2] Oyio BU3HAYEHO, IO B
KpuctajgorpadgiuHii ctpykrypi ¢aszu JlaBeca tumy C14 HasBHI TIIBKH TETpaeIpU4HI
MDKBY3JIs. ABTOpaMH MOKa3aHo, 10 B FeKcaroHainbHiN cTpyKTypi Uiy AB», HasBHI
TPU TUIM TETPACAPUYHUX MIKBY3JIB, Kl 3MEHILIYIOTHCA 32 PO3MIpaMH B HACTYITHIN
nocaigoBHOCTI: [A2B2] > [AB3] > [B4]. ABTOpH CTBEPIKYIOTH, IO MPH POIUYMHEHHI
BOJICHb 3aiiMae BUKIIOYHO [A2B;] MIXBY31s, OCKUJIBKM BOHU MAarOTh HaWOLIBIITY
KUIBKICTh aKTUBHHMX TIO0 BIJIHOILIICHHIO JI0 BOJHIO aTOMiB (TUTaH, LUPKOHIH). daza
JlaBeca tumy C15 mae rpaneneHTpoBaHy KyOiuHy TpaTKy, B sIKiii MPUCYTHI 0OuJBA
TUIKA MIKBY3J1B: TETpaeIpuyHl Ta OoKTaeApuyHi. byno 3po0iieHO MpUIyIIeHHs, 10
BoZeHb y (a3l JlaBeca tunmy C15 3 I'LIK rpatkoro po3MILIyIOTECS B OKTa€IPUYHHUX
MIXKBY3JISIX, OCKIJIBKM TakKi MDKBY3JIS MO PO3MIpy Mailke y JABa pa3u OUIbII, HIX
TeTpaeIpuyHi, 110 1 MPU3BOAUTH 0 3HIKEHHS TEPMIUHOI CTaOUIBHOCTI BiIMOBIAHOTO
rigpuny. [Ipote B pobotax [172,173] Oyno moBemeHO, MO HE3AJEKHO BiJ THUITY
kpuctaniyaoi rpatku (as3u Jlaeca ['TI[Y abo I'TIK, BogeHb pO3MINITYETHCS BUKITIOYHO
B TETpaeIpUUHUX MIKBY3JsX (puc. 3.16). Tak aBropamu [172,173] npuBoasThcs AaHi,
10 OTPUMaHMUI HUMU T1Apua Ha ocHOBI (pa3u JlaBeca Tumy C15 Mae HUXKUy TEPMIYHY

CTaOlIBHICTh HIXK Ha ocCHOBI Cl4. ABTOpU MOSACHIOIOTH JaHy PI3HUIIO 3MIHOIO
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reoMeTpuuHux (axkTopiB (3MiHa Tumy KpuctamiyHoi rpatku 3 ['1IY na I'[K), mo
CYIIPOBOKYETHCSI 3MEHIICHHAM KUIBKOCTI aTOMIB Ha €JeMEHTapHy KOMipky (3 12
atomiB juis [TI[Y wa 6 I'IK), a Takox 3MeHIIyeTbCs 1 pajiyc TeTpaeapUYHHUX
MDXKBY3JIB JI€ PO3MILIYIOTHCS aTOMH BOJHIO TpU po3uuHEHHI. Lle sikpa3 1 mosicHioe
CYTTEBY BIAMIHHICTH y nporieci necopOrii BOJIHIO CIUIaBOM
(Tioz4Zr066)Mno sV 12Cro11 (skmii Mae y cBoemy ¢azoBomy ckiami ¢asy JlaBeca
pizHoro crpykrypuoro tumy Cl4 Ta Cl15) y mOpiBHSHHI 31 CIUIaBaMu

(Tio34Zr066)Mn11Vo1 Ta (Tig34Zr066)MnN1 2.

.. (-'
&

Cl4 CI15
Puc. 3.16. Enemenrtapna komipka intepmetaniay tuny ABy: (cdepu Oinbioro

pO3MIpy 11e KOMIIOHEHT 4, MEHIIIOro po3Mipy KommnoHeHT B) [172,173]

Takox NpoOBENEHO NOPIBHSUIBHE MAOCTIIPKEHHS BIUIMBY LUKy COpOIMii —
necoporii BOJIHIO Ha BOJTHEBOCOPOIIiHI BJIACTUBOCTI CIIaBY
(Ti0,34Zr0,66)MnNg .96V 0,12C10 11, OTPUMAHOTO 3 BUKOPUCTAHHIM TUTaHY Pi3HUX MapokK, 31
CIlJiaBaMH (Ti0,34Zro,66) M n1,1V0,1 Ta (Ti0,34zro766) M Ni2. llJ'IH CILIaBY
(Ti0,34zr0,55)Mno,g(;Vo,lzCI'o,ll, IK 1 101 CIjIaBy (Ti0,34zr0,66)Mn1,1V0,1 ,upyrI/Iﬁ LUK
copOuii po3mouaBcs MpH KIMHATHINA TemmepaTypi ¥ aOCOMIOTHOMY THUCKY BOJIHIO
0,21 MIla, Bxxe 3 mepIux CeKyHJ KOHTAKTYy 3pa3Ka 3 BOJECHbMICTKUM CEPEIOBUIIEM.
ToOTo, akTHBOBaHA IiJl Yac MEPIIOTO IUKIY MOBEPXHS BHACIIJIOK JAUCIEPTyBaHHS

MOHOJIITHOTO 3pa3Ka JI0 CTaHy MOPOUIKY Ta 3HUKEHHS PIBHOBAYKHOTO TUCKY J1a€ 3MOT'Y
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HOJIMIINTYA KIHETUYHI MapaMeTpH IMPOLEeCcy TiApyBaHHs (CKOPOYECHHS 1HKYOAIllifHOTO
nepioly 3 XBUJIMH JIO CEKYHJI), T€X CaMe€ CTOCYEThCS 1 TPOIECy ACTiIpyBaHHS, TIPH
IbOMY BOJIHEBA €EMHICTb 3AJIMIIIAE€THCS Ha TOMY K PI1BHI.

Otpumani maHi CBi4aTh MPO TE, IO HE3AJICKHO BIJ BUXITHOTO XIMIYHOTO
CKJIaJly CIUTaBHM Ha OCHOBI (ha3u JlaBeca (cruiaB panire gocmimkeruit (Tip 3420 66)MnN1 2
[66], Ta ,ZIOCJIiI[)KyBaHi (Ti0,34zr0,66)Mn1,1V0,1 Ta (Ti0,34zr0,66)Mn0,96V0,12CI‘0,11) SIK1
MPOMIITN aKTUBALIIIO IUKIIOM COPOIIisi-AecopO1Iisi BOAHIO, MPU HACTYITHUX IIUKIIaX BKE
MarOTh OJIHAKOBI TapaMeTPH TiJIpyBaHHs (TeMIlepaTrypa, TUCK BOJIHIO Ta IHKYyOaI[iHHUMA
nepion).

Po3paxyBaBmm coOiBapTicTh OAHOTO KIJOorpamMa IIMXTA JJIsl  CIUIABY
(Tio34Zr0,66)Mno96V012Cro,11, OTPUMAHOTO 3 BHKOPUCTAHHSIM THTaHy PI3HHX Mapok,
Oy710 BU3HAYECHO, IO TIPH 3aMiHI TUTAHy WOJUAHOTO HA 3HAYHO JICIICBITY THUTAHOBY
ryoky mapku TI'-110, BapTicTh 3HMKY€eTbes Ha 180 TpH. 3a KUTOTpam, 1110 Ba)KJIHMBO,
0e3 BTpaTH y XapaKTepHCTHKAaX BOJHEBOI €MHOCTI Ta KIHETHII IPOIECIiB cOpOIii-

JecopOIIii BOJHIO.

3.3. BukopucrtanHs 1HIYKLIMHOI TJIaBKU JJisl OTPUMaHHS MAacCUBHHMX 3JIMBKIB

crutaBy (Tig34Zr0,66)MnNo 96V012Cro,11 Ta HOro BOAHEBOCOPOIIiHHI BIACTHBOCTI

3.3.1. JocaimkeHHs: XIMIYHOTO CKJIay OTPUMAHOTO CIIaBy

[IpakTuuHe 3acTOCyBaHHS MarepiajiB-HAKONMWYyBa4iB BOJHIO BHUMAarae
PO3pOOKH BIJHOCHO JEHIEBUX METOJIIB IX OTPUMAHHS B 3HAUHINA KIJIBKOCTI MIPH Pi3HIN
reoMeTpii Ta po3mipax 37uBKiB. Bci panime onwucani pe3yibTatd Oyno OTpUMaHO
auie s 1a0opaTopHUX 3pa3kiB Macoro 10 30 I, BUIIABIEHUX BUKIIOYHO METOIOM
€JIEKTPOAYroBoi TIaBku. [{ns Toro, moO OI[IHUTH MOXJIUBICTh OTPUMYBATH
JOCITIJIKYBaH!1 CIUIAaBU PI3HUMH METOJIaM{ BUIUIABJISIHHS, & TaKOXK CYTTEBO OLIBIIION
MacH, OyJ0 BHIUIABACHO AOCHigHHMEA 31uBOK ckiaxy (Tio3aZroe6)MnNogsVo,12Cro 11
Baroro 200 rpam (Tpu OTpUMaHHI BUKOPHUCTOBYBAJIACh TATaHOBA I'yOka Mapku TI'-110)
METOJIOM IHJIYKIIMHOI MJIaBKKU B aTMOC(epl OUMIIEHOTO aproHy 3 BHUKOPHUCTAHHSIM

BigkpuTux THrIB 3 AlyOs. [l mocmipkeHHs 0y10 00paHO BKa3aHUM CKIIaJ CILIaBy,
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OCKUIbKM BIH TOKa3aB HAaMKpalll BOJHEBOCOPOIiHI BIACTUBOCTI y TMOPIBHSHHI 3
THIITMMH TOCITIDKEHUMH CIJIaBaMH, a TAKOXK Ma€ HaWO1IbITY KITbKICTh KOMIIOHEHTIB Y
CBOEMY CKJIa/I1, III0 HAKJIQIa€ MEBHI TPYAHOIII 13 TOCATHEHHSIM OJIHOPI1THOCTI 3JIMBKIB,
0COOJIMBO, 3HAYHOTO PO3MIPY.

Ha nepmomy erari migroToBKH 10 OTpPUMAaHHS CIIaBy OyJjia MocTaBiieHa 3aj1a4a
PO3pOOKH TEXHOJOTIYHOI CXEMH OTPUMAHHS 3JIMBKa JUIsl JOCSTHEHHS Moro
OJTHOPIZTHOCTI, 3MEHILIEHHS BTpaT OKPEMHX €JEMEHTIB B MpOIECI BUIUIABKU Ta
MiHIMI3aIlli 3a0pyAHEHHs 3JIMBKAa CTOPOHHIMH JOMIIIKaMH. JIJIsi IbOTO HEOOX1THO
OyJ0 TpaBUIBHO PO3MICTUTU Yy THUIJl €JIEMEHTHU IIMXTHU, SIKI XapaKTepU3YIOThCS
PI3HUMHU TOUKAMU TUJIABJICHHS Ta aKTUBHICTIO, III0O MIHIMI3yBaTH 4ac, HEOOX1THUM JJIst
OTPUMaHHS PO3IUIaBy 1 WOro roMmoredizamii. [Ijist 1oCsSTHEHHS BKa3aHOI METH OyIio
NEPEBIPEHO JIEKUIbKA CXEM PO3MIILICHHS €JIEMEHTIB IMUXTH y Turil. Croyatky Oyia
3alpOMOHOBAHA CXE€Ma PO3MIIIEHHS KOMIIOHEHTIB CIUIaBy, BIJMOBIIHO J0 iX
TeMIlepaTypy IUIaBieHHS. Tak Ha JHO THUTJIA OYyJO 3ampONOHOBAHO PO3MICTUTU
MapraHelb, KM Mae HalHWK4y Temneparypy muasineHHs (1246 °C), a camum
BEPXHIM - BaHaJi 3 HaiiBuIow temrnepatyporo (1910 °C) (puc. 3.17). Ane mizHie
OyJ0 BCTaHOBJIEHO, II0 OCHOBHHUM KpHUTEpPIEM MpPU BU3HAYEHHI MOCIITOBHOCTI
PO3MIIIEHHSI KOMIIOHEHTIB, € HE TUILKH 1X TeMIlepaTypa IJIaBJIeHHS, a B TIEPIIY Yepry

iX B3aeMHa pO34YMHHICTE (puc. 3.17).

BaHasii 1910 °C TUTaH
xpom 1907 °C UPKOHIN
rupkoHii 1855 °C BaHaI
tutan 1668 °C XpoM
Maprasenp 1246 °C MapraHelpb

Puc. 3.17. Cxema po3MillieHHS KOMIIOHEHTIB B TUTJI1 TIPH 1HAYKITIMHIN TUTaBIT

Byno po3pobiieHO HACTymHI TEXHOJIOT1YHI YMOBH, IO 3a0€3MeUyIOTh MMOBHUI
MeperuiaB KOMIIOHEHTIB 3 CYTTEBO PI3HMMH TOYKAMU IUJIABJICHHS Ta JOCATHEHHS

OJIHOPIJTHOT 3a/1aHO1 KOHIIEHTpAIlli KOMIIOHEHTIB Yy 31uBKY (puc. 3.17 cnpasa). Tak Ha
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JHO TUTJIS OyJlO pO3MIIIEHO MapraHelb, SKHil, MalO4Yd HAMHIKYY TeMIepaTypy
IUTABJICHHS, PO3IUIABISIOYUCH TMEPIIMM CTBOPIOE PIJIKY BaHHY UIS YCIX 1HIIMX
KOMITOHEHTIB IIMXTH. X04Ya XpOM 1 Ma€ 3HAYHO BHINY TeMIEpaTypy IUIABJICHHS Y
MOPIBHSHHI 3 TUTAaHOM Ta ITUPKOHIEM, WOTO OyJI0 PO3MIIICHO HAJ MapraHIeM,
OCKLJIbKH TP PO3IUIABJICHH] BiH, MalOUX MEHIIY IIUTBHICTh Y TBEPJIOMY CTaH1, 3/1aTeH
CIUIMBAaTH Ha Bepx posraBy. [ns Toro, mo0 YHUKHYTH LbOTO, HaJ XpOMOM OyIio
PO3MIIIIEHO BaHAMIH, KU Ma€ JEII0 BUIY TEMIIEpaTypy IUIaBICHHS 1, 3HAXOTYHCh
JOBIIMI 4Yac y TBEpPAOMY CTaHl, YHEMOXJMBJIIOE CIUIMBaHHSA XpoMy. Tutan Ta
LHUPKOHINA PO3MINIYBAJIIUCh Y BEPXHBOMY IIApPl IIMXTU y THUIJ, OCKUIBKA BOHHU Y
MOPIBHSHHI 3 IHIIUMHU €JIEMEHTAMU IIUXTH € HAaHOUIbII aKTUBHUMHU METajJaMu i TOMY
MOBUHHI OyJIM 3HAXOJUTUCH B PIIKOMY CTaHI MiHIMaJIbHUHN Yac, M00 MaKCUMaJIbHO
3MEHIITUTH Yac KOHTAKTY iX B pIAKOMY CTaHi 3 TUTaeM. [licis po3miaBneHHs MUXTH Ta
HACTYMHOI BUTPUMKH PO3IUIABY BOPOJOBXK 10 CEKyH/ 3 MOCTIHHUM MEepEMIITyBaHHSIM
3a nonomoror ctpymiB dyko, 1m0 3ade3neuye OTpUMaHHS TOMOT€HHOI CTPYKTYpH,
KpHUCTai3allis CIuiaBy BiiOyBaiacs B TOMY X THUIJIl. BpaxoBytouH BUCOKY aKTUBHICTb
KOMITOHEHTIB PO3IUIaBY (THTaH, UPKOHIN, XPOM, SIKI MOXYTh BCTYIIATH B PEAKINIO 3
MaTtepiajioM THUTJIS), HEOOX1IHO OyJ0 BCTAaHOBUTH, UM B1IOYBAETHCS B3AEMOJIS MiX
pPO3IUIABOM Ta MaTepiajioM TUTJS (BITHOBJICHHS aTIOMIHIIO 3 OKCHIY, MPOHUKHEHHS
H0ro y po3IuiaB Ta yTBOPEHHS HOBUX (a3).

Crij 3a3Ha4MTH, IO NMPU MATOTOBILI MUXTU OYJI0 T0JATKOBO A0/1aHO 4 Mac. %
Maprasio (y MOpiBHAHHI 3 HOMIHAJBHUM CKJIaJ0M), OCKUIbKH B poboTi [112] mpu
JOCTIPKEHHI BOJHEBOCOPOIIIHHUX BIIACTUBOCTEH criaBy Tlo9Zrp1Mn; 2Vo 1, aBTOpamu
BCTAHOBJICHO, IO CaMe€ Taka KUIbKICTb MaprafHii0 MOXKe BTpadaTuCs dYepes
BUIIAPOBYBAHHS MPU OTPUMaHHI CIJIaBy. XIMIYHHUH CKJIa/] BUILJIABICHOTO CILIaBy Oyi0
BU3HAUCHO 3a JIONOMOTOK eHepro-aucnepciiinoro ananizy EDAX (tabn. 3.3). fx
BUJTHO 3 HaBeACHOI Tabnuili 3.3, aqtoMiHIIO B 37MBKY OYyJ0 BHSIBICHO B HE3HAYHIM
KUIBKOCTI, 3 YOTO MOXHa 3pOOUTH BUCHOBOK, IO CYTTEBOI B3aeMOJIl (3aBASKU
BUTpuMI Jivie 10 cekyHa) MiX MarepialoM THUIJIS Ta pO3IUIABOM HE BiI0yBanocs
(akTHBHA B3a€EMO/Iisl PO3IUIABY 3 THUIJIEM PO3MOYMHAETHCS JIMILIE MICNs BUTPUMKHU

BIPOJIOBXK 35 CEKyH[).
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Tabmuus 3.3. Cxiaa BUTUIABJICHOTO CILJIABY

Ckian Enementn, at. %

Ti Zr Mn V Cr Al
mmxta | 154 | 30,2 | 44 54 5 -
crutaBy | 1491298 [ 449 | 51 4.8 0,54

SIK BUAHO 3 MPEICTABIICHO] TaONHIll, Y BUTUIABICHOMY CIUIaBl BUSIBUBCS JICIIO
T1JIBUIIICHUH BMICT MapraHIlto, a BC1 1HIII €JIEMEHTH B MEKax MOXUOKU BUMIPIOBAHHSI
+0,3 ar.% cmiBImagaroTh 3 HOMIHAJIBHUM CKJIaAoM. IligBUIIEHMI KIHIIEBUH BMICT
MapTraHIlio MOB'I3aHUMN 3 TUM, I1I0: MO-TIEpIIIe, Y 3aITHOMY TEXHOJOTTYHOMY TIpOILIect
NeperuiaBy, BUTPUMKAa pO3IUIABY MPU BHUCOKUX TeMIIEpaTrypax CcKjiajajia JIUIe
10 cexkyHn, a mo-Ipyre, 3aBIAsSKH TOMY IO 3arajibHa KIUJIbKICTh MapraHillo y IIMXTI
(dacTkOBa 3aMiHa Ha XpoM) OyJia MEHIIIOO Y MOPIBHSIHHI 31 CIUIABOM IS SIKOTO OyJI0
3p00JIEHO PO3paxyHKHU (PO3paxyHOK Oyio B3ATO 3 JiTepaTypHux maHux [112] s
crutaBy TlpoZroiMni2Vo1) ToMy 1 BUTOpaHHS MapraHIf0 BUSBHJIOCH MCHIIUM 3a
nporHo3oBane. OTpuMaHi J1aH1 BITHOCHO BUTOPAHHS MAPTaHITIO M1ATBEPIKYIOTh 171€10
CTOCOBHO TOTO, 1110 YaCTKOBa 3aMiHa Maprasifro (Temmeparypa rasieHHs 1246 °C)
Ha €JIEMEHTH 31 3HAYHO BUIIOK TEMIEPATyporo, Y JAaHOMY BHIMAJKy Ha BaHaIiH
(1910 °C) ta xpom (1907 °C), ane npu ymoBi 30epexeHHs CTpYKTypH ¢a3u JlaBeca,
J03BOJIUTH 3HU3UTHU COOIBAPTICTH CIUIABY Ta MOKPAIIUTh YMOBU OTPUMAaHHS BHACIIIOK

3MEHIIICHHS KUIBKOCTI MapraHmgro AKa JO0JaTKOBO AOAACTHCA HAa BUTOPAHHA.

3.3.2. MikpocTpykTypa Ta ¢a30BHil CKJIa]] CIIJIaBY

MeTromoM  CKaHYIOUOi  €JIEKTPOHHOI  MIKPOCKOMIi  Oyslo  JOCHIIKEHO
MIKpOCTPYKTYpY oTpuManoro criaBy (Tip34Zr066)MnNoo6Vo012Cro11. SIK 1 04iKyBaioch,
CTPYKTypa BUILUTABJICHOTO 3JIMBKA, 5K 1 CIJIaBY OTPUMAHOTO METOIOM €JICKTPOIyTOBO1
TJIABKHM HE3aJIeKHO BiJ] TUIY BUXIJTHOTO THTAHY, CKJIAJIA€THCSA 3 BETUKUX KPUCTAJIB
da3u JlaBeca mo Mexax 3epeH sikoi Oynu mpucytHi BkparuieHHs OLIK-tBepmoro

po3unHy (puc. 3.18). Orpumani gaHi CBifYaTh MPO T, MO 3MiHA TEXHOJOTii
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OTpHUMaHHA CIUIABY, a TaKOXK 301JbIIEHHS Baru 3JMBKa KPUTUYHO HC BINIMBAKOTH HA

CTPYKTYPY JOCIIPKYBaHOTO MaTepiaty.

SEM HV: 20.0 kV WD: 14.93 mm VEGA3 TESCAN|
View field: 111 pm Det: SE 20 pm
SEM MAG: 5.00 kx Date(m/dly): 11/16/18 G.V. Kurdyumov IMP

Puc. 3.18. Mikpoctpykrypa cuiaBy (Tio 34Zr066)MnNo9sV0,12C10 11, OTPEMaHOTO

METOJ/IOM 1HYKIIHHOI TJIaBKH

MeTtonoM peHTIreHIBChKOro (pa3oBOT0O aHamizy Oyjo BCTAaHOBIICHO, IO 3MiHA
croco0y BUTOTOBJIEHHS, & TAKOXK 30UIbIIEHHS Bard 3JIMBKA HE BIUIMHYJU Ha (pa3oBUi
CKJIaJ] TOCJIIJKYBAHOTO CIUIaBy. Tak B CTPYKTYypi JOCIIIKYBAaHOTO CILIABY MPUCYTHI
daza JlaBeca Tuny C14 3 mapamerpamu enemenTapHoi komipku a=0,5070+ 0,0009 (am)
¢=0,8360 = 0,0009 (um), dasza Jlaeca tTumy C15 3 mapamerpamu eileMEeHTapHOI
koMipku ¢=0,7191 + 0,0009 (am) ()14 crIaBy OTPUMAHOMY METOJIOM €JIEKTPOTyTOBOI
IUIaBKK ~ MapaMeTpaMu  eleMeHTapHoi komipku s ¢asu  Jlaeca Cl4
a=0,5073 £+ 0,0009 (am) ¢=0,8334 + 0,0009 (am), a nisa C15 a=0,7188 £ 0,0009 (am)
BIJIMOBIJTHO), a TakKoX OyJio maTBep/keHo mpucyTHicTh cmiaie OL[K-TBepmoro
po3uuny. [lopiBHIOIOUM MapaMeTpu KpPUCTATIYHUX TpaTok ¢a3 JlaBeca s cruiaBy
(Tio,34Zr0.66)MnNg 96V 0,12Cr0 11 OTpUMAHOMY PI3HUMH METOJAMH Ta Pi3HOIO Baroio 4iTKO
BHJIHO, II0 B MEXaX MOXWOKM BHUMIPIOBAHHS BOHH CIiBHaaaroTh. Uepe3 Te, M0
aNIOMIHINA Ma€ 3Ha4HO OUTbIKKA aromMHu# paaiyc (0,143 HM) y MOpiBHSAHHI 3 BaHAIEM

(0,134 am), xpomowm (0,130 am) Ta mapranmem (0,127 HM), HOTO IPUCYTHICTH Yy CIIJIaBi



126

npu3Bena O 10 30UIBIIEHHS TapaMeTPiB KPUCTAIIYHOI TpaTKu. BiAmoBimHO 10 qaHuX
pPEHTTeHIBCbKOTO (pa3oBoro aHamizy He Oyno BHUsABIEHO HOBHX (a3 1 mapamerpu
KpUCTAIIYHUX TpaTok (a3 JlaBeca B MexaxX MOXHMOKM BHUMIPIOBAHHS CITIBIATH 3
napaMeTpamMu JJis CIJIaBy, OTPUMAHOMY €JIEKTPOJYrOBUM MeToAoM. OTpuMaHu
pe3yJbTaT MiATBEPKYE JdaHl eHepro-aucnepciinoro anamnizy EDAX npo Tte, mo npu
OTPUMaHHI CIJIaBYy 32 BKA3aHOIO TEXHOJIOTIYHOIO CXEMOIO HE BiIOyBA€ThCS CYyTTEBOT
B3a€MO/II1 MK PO3IIJIABOM Ta THUIJIEM, a BIAMOBITHO IIbOMY, 1 TPOHUKHEHHS TOMIIIOK

AJTFOMIHIIO B 3JIMBOK.

3.3.3. BuzHaueHHs XapaKTEpUCTHUK COPOIli-AecopOIii BOAHIO

Ockinpku 3MiHa Metomy otpuMaHHs ciutaBy (Tigz4Zroes)MnNogsVo12Cro 11,
3T1IHO 3 JaHUMU CKAHYIOUO1 €JeKTPOHHOI MIKPOCKOIIIi Ta pEHTI€HIBCHKOro (ha30BOro
aHaJI3y HE BIUIMHYJA HAa CTPYKTYpPY Ta (ha30BuUil CKJIaa, TOMY HOTO BOAHEBOCOPOITIHHI
BJACTUBOCTI, SK 1 B TONEPEIHIX EKCIEPUMEHTax, MOCIIKYBAIA NPU THX KE
TepMOOapUUYHUX NapaMeTpax: KIMHATHIA TeMneparypl Ta TUCKY BogHio ~ 0,21 MIla.
BiaMIHHICTH €KCIIEPUMEHTIB IO JOCTIKEHHIO BOJHEBOCOPOIIIMHIX BIACTUBOCTEHN Y
JAHOMY BHUIMAJIKY MOJSTae Juiie y 301ibleH1d Maci 3pa3ka (50 rpam), Toal sk paHimie
Oyno BUKOpUcTaHO Npobu Macoro 1-3 rpam. IIpoiiec akTUBHOTO MOTTIMHAHHS BOJHIO
JOCTIPKYBaHUM  CIUIABOM  pO3MOYAaBCA yepe3 JACKUIbKAa XBWIMH KOHTaKTy 3
BOJECHBMICTKHM CepeloBUIEM (TOOTO 1HKYOAI[IMHUN Mepio/ 3aIMILKUBCS TPAKTUYHO
HE3MIHHUM) 1 MPOJOBXKYBABCS JIMINE I’SITh XBUJIMH, IPU I[bOMY BOJIHEBA €MHICTb
ckiana 2,10 mac.% (H/Me~1,37). MakcumanbHa MBHAKICTh TOTJMHAHHS BOJHIO
Jocsirajacs 4epe3 OJHY XBUJIMHY MICIHA MOYaTKy MPOIEeCy, IPHU LbOMY (IKCYEThCS
cyrreBe (Ha 200 °C) miaBUIIEHHS TEMIIEpaTypHu peakTopa (Maca peakropa 10 kr), 1o
CBIIYUTH NMPO IHTEHCUBHUHN XapakTep €K30TEPMIUYHOI peakiii YTBOPEHHS TiApULY.
[Moganeina Butpumka criaBy (Tio3aZr0e6)MNoosVo,12Cro11 TIPU THX Ke TapameTpax
riIpyBaHHs BIIPOJOBX 24 TOJWH HE MpU3BENia A0 MOHOBJICHHS MPOLECY MOTJIMHAHHSA
BOAHIO. Tak $K BIPOJOBXK BKa3aHOI BUTPUMKH TPOIEC MOTIUHAHHS BOHIO
JOCITIKYBAaHUM CIUJIABOM HE BIJHOBUBCA, 3 IIHOTO MOKHA 3pOOMTH HACTYITHUN

BHCHOBOK, 10 3a BKa3aHuM vac (5 XB.) 3pa3ok Macoro 50 rpam gocsrae cTany Tiipuay
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3 MaKCUMAaJIbHO MOXXJIUBOIO BOJHEBOIO €MHICTIO. BUTpHMKa OTpUMaHOTO MPOIYKTY
TiApyBaHHS MpH KIMHATHIA TeMIiepaTypi Ta aTMOC(EpHOMY THCKY He MpH3Beia A0
MOYaTKy aKTUBHOTO MpPOIeCy AecopOIlii BOJHIO, OTKE MOXXHA CTBEPPKYBATH PO
JIOCTATHIO CTaOUTBHICTh MPHU JAHUX YMOBAX OTPUMAHUX MPOIYKTIB T1IpyBaHHS.

Ak 1 janmg BCIX padilie JOCHIDKCHMX CIUIaBiB, INPH HACHYCHHI BOJHEM
JOCIIIJIKYBAaHOTO CIIaBy BijOynacss HWOro MOBHA pyHHalis A0 CTaHy HOPOIIKY
(puc. 3.4) 4epe3 BUCOKY IIBHUIKICTh NMPOTIKAHHS TPOIECY IOTIMHAHHS, a TaKOX
HU3bKY TEeMIEepaTypy TiApYyBaHHA, a OTXKE, HEJOCTATHICTh 4acy I peiakcarii
HaNpPYy>KEeHb, 110 BUHUKAIOTH MIPH PO3UYMHEHHI BOAHIO. AHAI3 OTPUMAHOTO TMPOAYKTY
TIIpYBaHHS JOCTIKYBAHOTO CIUIABY IOKa3aB, IO PO3MIP OTPUMAHOIO MOPOIIKY
CHIBIIaJa€ 3 PO3MIPOM TOPOIIKIB, OTPUMAHUX MPU HACHUYCHHI BOJHEM paHIIlIe
JOCIIKEHUX CIUIaBiB 31 CTPYKTyporo ¢da3u JlaBeca.

BignoBigHo 10 MaHMX PEHTTeHIBCHKOro (ha30BOTO aHATI3y MpH HACHUYCHHI
BomHeM crutaBy (Tig34Zr066)MnNoo6V0,12Cr011, OTPUMAHOTO METOAOM IHAYKIIHHOT
TUTaBKH, YTBOPIOIOTHCS JIMIIEC TiIpUIM HA OCHOBI BuximHux ¢a3 (puc. 3.19). 3
OTPUMAaHUX JIAHUX PEHTT€HIBCHKOTO (ha30BOT0 aHATI3y MOXKHA CTBEPIKYBATH, 110 MPU
HACMYEHHI BOJHEM CIUIaBy, OTPHUMAaHOr0 METOJOM IHAYKIINHOI  TIUIaBKH,
JIEKOMITO3UIIIFOBaHHS (a3 HE BiJI0OYBAETHCS.

Sk 1 ouiKyBaa0Ch, OTPUMAHUN MPOAYKT TIAPYBAHHS CKIATAETHCS 3 TIAPUIY HA
ocHoBl (¢a3u Jlaseca Tumy Cl4 3 mnapamerpamu €JIEMEHTApHOI KOMIPKHU
a=0,5458 + 0,0009 (am) ¢=0,8966 + 0,0009 (am), rizpuay Ha ocHOBI (a3u JlaBeca
tuny C15 3 mapamerpamu enementapHaoi komipku a=0,7724 + 0,0009 (am), a Takox
Oyno BusiBiieHO ciiau Tiapuay Ha ocHoBl OLIK-tBepnoro po3uuny. Ilpu HacuueHHi
JOCTI)KYBAHOTO CIUIaBY BOJIHEM HE BIJOYBAa€ThCS 3MiH Yy CTPYKTYpl MeTajieBoi
Matpuii (a3 JlaBeca, a Juie BiIOyBa€eTbCsl 130TPOIHE 30UIBIICHHS 00'eMy iX

eJIeMEeHTapHUX KoMipok Ha 20 %, oTpuMaHi JlaHi CIiBMaAaoTh 3 qanumu [113].
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Puc. 3.19. Iludpakxrorpama rigposanoro criaBy (Tioz4Zr0,e66)MNo9sVo,12Cro 11

[Ipu momimeHHi y BakyyMm (modaTtkoBuii Tuck 4*10° Ila) mpu kiMHaTHil
TEMIIEpaTypi NPOAYKTIB TiipyBaHHs cruiaBy (Tio 34210 66)MnNg 96V0,12C10 11, OTPUMAHOTO
3a JIONOMOTOK0 METO/a 1HAYKIIMHOI IJIaBKH, 3BOPOTHHUM MPOIEC BUIIICHHS 3 HHUX
BOJHIO, XO4Ya 1 PO3MOYMHAETHCS, aJle MAJIOIHTEHCHBHO. B mMX yMoBax BIaeThCs
BUJIATIUTH He Outbiie 3 % BiJl NOMIMHYTOT KUIBKOCTI BOJHIO. [IpogoBxeHHs mpoiecy
BUJIIJICHHSI BOJHIO CIOCTEPITa€ThCs JIMINE MPU HArpiBaHHI MPOAYKTIB TiApyBaHHS
crutaBy (puc. 3.20), Tak caMO SK 1 B NOMNEPEIHIX EKCIEPUMEHTaxX ISl CIUIaBY
(Tio34Zr0,66)Mng 96V0,12Cro 11, OTPUMAHOTO METOIOM €JIECKTPOAYroBol maBku. Tak mpu
temnepatypi 120 °C gocsiraeTbCsi MakCUMalibHa IHTEHCUBHICTD BUAICHHSI BOJHIO, a
npu gocsirueHH1 Temmeparypu 320 °C necopOiiisi TOBHICTIO 3aBepIIyeThbes. Buxomsau
3 OTPUMaHUX JIaHUX MAacC-CHEKTPOCKOMii, MOXHa 3pOOUTH BHUCHOBOK, IO 3MiHA
croco0y OTpUMaHHSI CIIJIaBy KPUTHYHO HE BIUIMHYJIA HA TEPMOKIHETHYHI MapaMeTpu
poliecy BUIIJICHHS BOIHIO.

Jns crnaBy (Tio3aZr0,66)MnNo,06V0,12Cr0 11, SIK 1 TS 1HIIKAX JOCTIKEHHUX CILIaBIB
OyJ10 IPOBEJCHO JTOCIIKEHHS BIUIUBY JTBOKPATHOTO HACUYCHHS BOAHEM Ha KIHETHUKY
copO1ii — mecopOriii BOJHIO, a TaKOXK HA BOJHEBY €MHICTh. [[pyruit muki copOrrii

BojHIO Tipu THCKy 0,21 MIla sik 1 17151 cIuiaBy OTpUMaHOMY 3a JIOIIOMOTOK0 METOY
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€JIEKTPOYTrOBOIO IEpeIiaBy, pO3MOYaBcid 3 MEPUIIMX CEKyHJ KOHTaKTy 3pa3ka 3

BOJICHBMICTKHM CEPEIOBHUIIIEM.
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Puc. 3.20. 3anexxHicTb IHTEHCUBHOCTI BUIUICHHS BOJIHIO BlJ] TEMIIEPATYPH

Buxoasuu 3 ycboro BHIlle BUKJIAJCHOTO MOXXHA KOHCTaTyBaTH, 110 BHACIIIOK
YaCTKOBOI 3aMIHM HET1JIPU0YTBOPIOIOUOTO MapTaHIli0 Ha BaHA 1M Ta XpOM, sIK1 31aTH1
B3a€EMOJIISATA 3 BOJHEM, y cIiaBi cuctemu Ti-Zr-Mn 31 ctpykrypoto (aszu JlaBeca
BJIAJIOCSI 30UIBIIUTH BOJHEBY €MHICTh Ha 15 %, NpU IBOMY TaKOX ITOKPAIIUTH
KIHETUKY Tpolecy aecopOuii BOAHIO (CYTTEBO 3HU3UTH TEPMIUYHY CTAOUIbHICTD
OTPUMAHOTO TiJIPUIY) Ta TOHU3UTHU TUCK, IIPHU SIKOMY TIPOTIKAE MPOIIEC T1APYBAHHSA, 10
0,23 MIla (10 103BOJsIE 3pOOUTH TIPOIIEC HACHUEHHS BOJIHEM OibIn Oe3neunum). Ha
HpI/IKJ'IaI[i CILJIABIB (Tio,34zro766)Mno,96V0112CI'0111 Ta (Ti0134zro,65)Mn111V011 6yJ'IO
MOKa3aHo, M0 JIETYBaHHS CIJIaBy €JIEMEHTOM 3 OUIBIIMM aTOMHUM pajiycoM Ta
3JIaTHUM YTBOPIOBATH CTIMKY XIMIYHY CIOJYKY 3 BOJHEM OUYIKYBaHO MPHU3BOJIUTH A0
30UIBbIICHHST 00’ €My €JIEMEHTApHOT KOMIPKH, a BIAMOBIIHO 1 10 30UIBLICHHS pajlycy
TeTpaeapUUHUX MIXKBY3IIB, JI€ JIOKATI3yIOThCS aTOMHU BOJHIO IPU PO3UMHEHHI, 11O
MO3UTHUBHO BIUIMBA€ Ha BOAHEBY €MHICTh. AKTHMBOBAaHI MEPUIMM LHUKIOM COpPOLis-

necopOriss BOAHIO CIIaBH Ha OCHOBI (a3u JlaBeca, HE3aJIe)KHO BiJ iX BHXIJTHOIO

XIMIYHOTO CKJIaqy, MpU HACTYMHUX LMKIAX 3/JaTHI NOTJIMHATH BOAEHb BXKE MpU
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KIMHATHI{ TeMrepaTypi Ta BITHOCHO HeBHCOKoMY TUCKY 0,21 MIla 13 mepmux cexyHna
KOHTAaKTy 3  BOJICHBMICTKMM  cepeioBumieM. Ha — mpukimagl — cruiaBy
(Tio34Zro66)MnoosVo12Cro11 OyJ0 TOKa3aHO, IO 4YacTKOBA 3aMiHA MapraHI[io
Temriepatypa miasieHHs 1246 °C na Bananiit Ta xpom 1910 ta 1907 °C, npuszBoauTh
JI0 3HUIKEHHSI BTpAaT MapraHill0 Ha BUTOpPaHHA, a BIJMOBIJHO IIbOMY 1 COOIBapTICTh
KIHIIEBOTO MPOJYKTY, a TaKOX MOKpAIlye caM MpolleC OTPUMAHHS CILIaBY. 3aB/ISKU
MOBHIM 3aMiHI BUCOKO BapTICHOTO KOMIIOHEHTA CILIaBY (TUTaHA HOMHUIHOTO) HA O1IBII
nemieBuii  (TuraHoBy ry0y Mapku TI-110) Bpamocs NHOHHM3MTH COOIBAapTICTh
OTPUMAHOTO TipUay O0€3 BTpaTH Y BOJAHEBOCOPOLINHUX BIACTUBOCTSX, TUM CaMUM
MIJBUIIMBIIN  KOHKYPEHTO3/IaTHICTh MarepiaiiB JaHoro kjacy. Po3po0Griena
TEXHOJIOT1YHA CXeMa OTPMMAaHHS MAaCHMBHOI'O 3JIUTKA CIUIABY y MOEJHAHHI 3 BUCOKOIO
BOJHEBOIO EMHICTIO, JJIS JAHOTO KJacy MarepiaiiB COpOEHTIB-BOJHIO, T4 M’ SIKUMH
TEpMO-0apUYHUMH YMOBAMH TiIPYyBaHHS-JETIIPYBAaHHSA, a TaKOX 3HUKECHOIO
cOOIBapTICTIO J03BOJIIE PEKOMEHIyBaTH MOTO y SIKOCTI Marepiany COpOEHTY BOIHIO

JUJISl CTAlllOHAPHUX Ta MOOUIBHUX JXKEpeJl BOJHEBOTO MaIuBa.

3.4. BUCHOBKH J10 PO3ALITY

1. YacTkoBa 3amMiHa MapraHIl0 Ha BaHafiil y cruiaBi cuctemu Ti1-Zr-Mn He
BITUBAE HA CTPYKTYPY, (Pa30BHI CKIIJl, a TAKOK KIHETHKY ITOTJIMHAHHS BOJHIO, aje
MPU3BOJUTH 110 301IBIICHHS 3arajbHO1 KUIBKOCTI T1APUI0YTBOPIOIOUOTO KOMIIOHEHTA
y CILIaBi, 110 A03BOJISE MIJIBUIIUTH CTAOIbHY BOJHEBY EMHICTh ciuiaBy Ha 10 %, npu
IIbOMY TaKOK IMiIBUIIY€ETHCS 1 TEPMIUHA CTAOUIbHICTH OTPUMAHOTO TIAPUIY.

2. YacTtkoBa 3amMiHa MapraHIll0 HAa XPOM, BHACIIJOK 30UIBIICHHS 3arajibHOI
KUTBKOCTI TIAPUA0OYTBOPIOIOYOT0 KOMITOHEHTY, y cIutaBi cuctemu TiI-Zr-Mn-V
MIPU3BOJANTE JIO MIJBHINCHHS CTAa01IbHOI BOAHEBOI €MHOCTI, a TAaKOX J0 3HHKEHHS
TEPMIYHOI CTa0ITLHOCTI OTPUMAHOTO T1IPUY.

3. IloBHa 3aMiHa BHCOKOYMCTOI'O THTAHY WOIUAHOIO Ha TUTAHOBY T'yOKy 31
301JIbIIIEHMM BMICTOM JOMIIIOK HE BIUITMBAE HAa CTPYKTYPY, (Pa30BHil CKiIax Ta KIHETUKY

npolieciB copOItii-aecopOIii BogHIO ciuiaBy cuctem# Ti-Zr-Mn-V-Cr, ane npu3BoauTh
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710 3HIKEHHS COO1BapTOCTI OTPUMAHOTO TIAPUIY 3aBJISKH Pi3HIA BapTOCTI BUXITHUX
MaTepiaiB.

4. Po3p0o0JIeHO TEXHOJIOTTUHY CXEeMY OTpUMaHHs CIUIaBy cuctemu Ti-Zr-Mn-V-
Cr MeTo1oM 1HAYKLIHHOT TJIaBKHU, IPU SIKIH HE B1IOYBA€THCS CYTTEBOI B3a€MO/IIT MIXK
MaTepiajioM TUIJIS Ta PO3IJIABOM 1 3a0pyAHEHHS OTPUMAHOTO CIUIABY JTOMIIIKAMHU
aMIOMIHII0. 3MiHa CIOCO0Y OTpUMAaHHS CIUIaBy HE BIUIMBAE Ha CTPYKTYpY, (a3zoBuit
CKJIaJT Ta BOJIHEBOCOPOMIiHI BiacTHBOCTI cIutaBy (Tip 3420 66)MnNo 96V0,12C10 11.

5. IIpu Hacu4deHHI CIUIaBiB 31 CTPYKTYporo (a3 JlaBeca BoTHEM HE3aJICKHO Bijl
BUXIIHOTO (a30BOro cKjIaay Ta Crmoco0y iX OTpUMaHHS HE BIIOYBa€ThCA
JIEKOMITO3HUIIIFOBaHHS (a3, a yTBOPIOIOTHCS JIMILIE TIAPUIM HA OCHOBI BUXIJTHUX (a3.

6. HeszanexHo Bix BuxigHOro (Ha3oBoro Ta XIMIYHOTO CKJIaJy CIUIaBiB
JTOCII)KYBaHUX CHUCTEM, KOPHUCHOIO € MOMNEpeaHs iX aKTUBallisl ITUKIOM COpOIis-
necopOirist BogHIo. Taka akTuBaIlisi, He 3MEHITYIOUYH BOJIHEBY €EMHICTh IIPU HACTYITHUX
IUKJIaX COpOIIf-IecopOIis, CYTTEBO MPUCKOPIOE KIHETUKY T1APYBaHHS, CKOPOUYIOUU
yac, HEOOXITHUM ISl TOCATHEHHSI MaKCUMAaJIbHO MOXJIMBOI KOHIIEHTpallli BOJHIO B

CILIaBI.
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PO3JILI 4
JTOCJIKEHHS TETEPO®A3ZHUX CILJIABIB HA OCHOBI
ITHTEPMETAJILTY

VY nmaHomy po3aiIi pPO3IJIIHYTO HOBHHM KJac MEPCHNEKTUBHUX MaTepialliB
COpOCHTIB BOJHIO, CTPYKTypa SKHUX TMO€aHye ABI (a3u 3 mNpuBabIUBUMU
XapaKTEPUCTHKAMU: 1HTepMETalIiaHy (a3y ska 37aTHa B3a€EMOJISATH 3 BOJHEM IIPH
KIMHATHIN TeMIiiepaTypl Ta 3 BUCOKOIO mBHJKICTIO Ta OLIK-TBepnuii po3uuH, 1o
XapaKkTepU3yeThCcsl BUCOKOK BOAHEBOIO eMHIicTIO (H/Me ~ 2). HochimkeHo Ak
MPUCYTHICTh MEBHOI KIIBKOCTI (00’ emMHa fo1st (ha3u He Outbie 35 %) OLIK-TBepaoro
PO34YMHY BIUIMBAE Ha 3arajibHy BOJIHEBY €EMHICTh CIUIABY, & TAKOXK KIHETHUKY IIPOLIECIB
NOTJIMHAHHS Ta BUJUICHHS BOAHIO. Y JTaHOMY pO3JILJIi, Ha MPUKIIAJl JOCIIHKYBaHUX
rerepoda3HUX CIUIaBiB, TEPEBIPEHO BHU3HAYEHI KpUTEpli BIIHOCHO BHOOPY
JIETYBaJIbHOTO €JEMEHTY, 10 YacTKOBa 3aMiHa KOMIIOHEHTY CIUIaBy, SIKMM He
B3a€EMOJII€ 3 BOJHEM, Ha €JEMEHT 13 OUIBIIMM aTOMHUM paJlycOM Ta 3JaTHUM
YTBOPIOBATH CTIWKY XIMIYHY CIIOJYKY 3 BOJHEM MpHU3BEAE /10 30UIbIICHHS 00’eMy
KPUCTAJIIYHOI TPAaTKU IHTEpPMETaNlqy, 1, BIAMOBIAHO, A0 30UIBIICHHS paalycy
TETpaeAPUYHOTO MIKBY3JIS, JI€ JIOKATI3YIOThCS aTOMH BOJHIO TIPH PO3YMHEHHI, IO
MO3WTHMBHO BIJIMBA€ Ha BOJIHEBY €MHICTh crutaBy. [loka3aHo, 10 Ha 37aTHICTH
rerepo(a3Horo CIijlaBy B3aEMOAISITH 3 BOJAHEM IPU KIMHATHIN TeMIlepaTypi KpUTUYHO
BILUIMBAE 00’ €M €JIEMEHTApHOT KOMIPKH, 1 BIAMIOBIIHO IIbOMY, PaiyC TETpacapPHUIHOTO

MIKBY3JIS.

4.1. BogaeBocopOI1iiiHi BIaCTUBOCTI TeTepoda3Hux CIutaBiB cucremu Ti-Zr-Mn

B posznaini 3 Oyno BCTaHOBIIGHO, IO 3aBASIKA YaCTKOBOI 3aMIHM MapraHIl0 Ha
BaHQIIM Ta XpPOM BJIA€THCS MOKPAIIUTH BOJHEBOCOPOIIIHI BIACTUBOCTI CILIaBIB HA
ocHoBl (a3u JlaBeca Tumy Cl4. Ilokazano, mo mnpu cymaphiii 3amini 10 at. %
MapTraHIlio Ha BaHAIIi Ta XpOM BIAJIOCS MIABUIIUTH BOJHEBY EMHICTh CIUJIABY TUTHKH

Ha 15 %, ane npu 1bOMy KUIbKICTh KOMIIOHEHTIB CIUIaBY 3pOciia 10 I’ ITU. 301JIbIIEHHS
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KUTBKOCTI KOMIIOHEHTIB IIWXTH, TEMIEpaTypa IUIABJICHHS SIKUX CYTTEBO PI3HUTHCS,
MIPU3BOUTH JI0 YCKJIATHEHHSI TIPOIIECY OTPUMAHHS OTHOPIAHOTO 3a XIMIYHUM CKJIaJI0M
CIUIaBy, 10 MOK€ HETaTUBHO BIUIMBATH SIK Ha BOJHEBY €MHICTb, TaK 1 KIHETHUKY
nporieciB  copOiii-necopOiiii BogHIO. BpaxoByroun yce BuUIlle BUKIAJCHE, MOCTasa
3a/1aya MOIIyKY 1HIIIOTO IMiIX01Y JIJIs 301IbIIICHHS BOJHEBOT EMHOCTI CIIJIaBIB Ha OCHOBI
dasu JlaBeca Tuny Cl14 6e3 CyTTEBOTO MOTIPIICHHS MapaMeTpiB copOIii-aecopOrii
BOJIHIO.

Tak B psal poOiT Oysi0 anmpoOOBaHO 17€10 CTOCOBHO TOTO, SIK 3MiHA CIIOCO0Y
OTPUMAaHHS CIUIaBY Ta BUKOPUCTAHHS OJAATKOBOT 0OpOOKH MOKE BIUIMHYTH Ha HOTO
BOJITHEBOCOPOIIiMiHI BIACTUBOCTI 3 METOIO iX mokpainieHHs. ABropamu [153,190] 6ymno
MOKa3aHo, IO 3aMiHa METOAY OTPUMAaHHS CIJIaBy 3 BUKOPUCTAaHHSM 3aMiCThb
TPAIUIIMHUX JIUTUX TEXHOJIOTIM (AyroBa IjlaBKa abo0 I1HAYKIIMHA) MEXaHIYHOTrO
JeryBaHHs a00 TEXHOJIOTIT HAAIIBUAKOI KpucTamizamii 3 (QOpMyBaHHAM TOHKHUX
CTPI4OK 3 PO3IUIaBy MPU3BOIAUTH JI0 MOTIPIIEHHS BOJHEBOCOPOIINHUX BIIACTUBOCTEH
Ta 3HWKECHHS BOJHEBOiI eMHOCTI. IIpote Oyiio mokaszaHo, IO MOTMEPEaHS TEpMidHA
oOpoOka [143,191], a TakoX NpPOBEAEHHS ACKIIBKOX IMKJIIB COPOIis-aecopOIris
BogHIO [93] € edexkTBHMMHU cmoco0aMu TMOKpAIIEHHS KIHETHYHUX MapaMeTpiB
MPOILIECiB B3aEMO/IIi MaTepialliB 3 BOJIHEM, 0€3 BTpaTH MOKA3HUKIB BOJAHEBOI EMHOCTI.
Boanouac, B po6otax [83,192,193 ] npuiiniiim 70 BUCHOBKY, 10 BIUTMHYTH HAa KIHETUKY
npoI1ieciB copOiii-necopOIlii BOJAHIO Ta OJHOYACHO MiJBUIIUTH BOJHEBY €MHICTD,
BJIACTHCA MUISIXOM 3MiHH ()a30BOTO Ta CTPYKTYPHOTO CTAHIB.

B pobGotax [27,28] mpu AOCHIIKEHHI BOJAHEBOCOPOIIIMHUX BIACTUBOCTEH
CIUIaBiB Ha OCHOBI iHTepMmertaniny tuny AB; (pa3a JlaBeca tunmy C14) aBTopamu
BCTAHOBJICHO, 1110 KpaIlli KIHETUYHI Ta COPOIIiitHI mapaMeTpu MaloTh He ogHO]a3Hi, a
reTepodasHi criaBy, B sikux 3 ¢azoro JlaBeca cniBicHye OLIK-TBepauit po3uun (sxuit
3aitmae He Outbie 35 % 00’eMy cIIaBy) 3 BUCOKOIO BOJHEBOIO eMHICcTIO H/Me ~ 2.
ABTOpamMu mokazaHo, 1o mnpucyTHid y cmiaBi OLK-tBepauii po3unH mokaszye
napaMeTpu YTBOPEHHS T1APUJIIB 1 KIHETUKY peaKilii B3a€MOJil 3 BOJHEM MPAKTUUHO

1IEHTUYHI BIANOBIAHUM Xapaktepuctukam ¢asu JlaBeca tumy C14. YV nanux poborax
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Oy70 3amporOHOBAHO HOBY KOHIICMIIII0 CTBOPEHHS CIUIABIB 3 BHUCOKO BOJHEBOIO
emHicTIO - «Laves phase-related BCC solid solutiony.

Buxonsum 3 ychoro BUIIE BUKIAJACHOTO € JOIUIFHUM BCTaHOBUTH 3arajibHi
3akOoHOMIpHOCTI BIuiuBYy npucytHocTi OLIK TBepaoro po3unny y ABodaszHiit CTpyKTypi
Ha BOJHEBOCOPOIlIMHI BJIACTUBOCTI CILJIaBIB, BUKOPHCTOBYIOYH SK XapaKTepPHHUI

IPHKIIA] TAKUX MaTepialiiB CIUIaBu cuctemu Ti-Zr-Mn.

4.1.1. BusHaueHHS MIKPOCTPYKTypH Ta (a30BOro CKIaay IOCTIIKYBaAaHUX
CILJIaBIB

Buxonsuu 3 pgiarpamu crany cucremu Ti-Zr-Mn [194] (puc. 4.1), nus
JTOCTKeHHsT OyJio 00paHO JBa CKJIaaud CIUIABIB 3 PI3HOK 00’€MHOIO J0JICHO
cHiBICHyI0UuX (a3 (300pakeHO UYEpPBOHUM KOJBbOPOM), TaKMM YUHOM, MIO0 iXHs
CTpyKTypa Oyna nqBoha3Hor0, CKIaIalourch 3 iHTepMeTaiiny (hasza Jlapeca tumy C14)
Ta criBicHyrouoro 3 HuM OLIK- TBepmoro po3uuny (tadmn. 4.1). Ilpu mpomy, BmicCT
Maprasir OOMpaBCs TaKUM YMHOM, 0 O rapantyBatu KuabkicTh OLIK-TBepmoro

pO3uuHy He Oinblie HiXx 35 %, Ik peKOMEHIyIOTh JiTepaTypHi AaHi [27,28].

Puc. 4.1. [Tpoexkiiis noBepXHi JIKBIAYCY 1 COJITYCY YaCTKOBOI CUCTEMU

Ti-TiMny-ZrMn,-Zr [194]



Tabnuis 4.1. HominaneHuit cKIaa JOCTIKyBaHUX CIUIaBIB

Cxunaf cIuiaBiB
CnnaB at. % Mmac. %
Ti Zr Mn Ti Zr Mn
1 42 24,3 33,7 33,08 36,52 30,40
2 16,3 36,4 47,3 11,64 49,56 38,80
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Sk 1 oviKyBajaoCh, BIAMOBIAHO A0 MAHUX ONTHYHOI MIKPOCKOTMIi, CTPYKTypa
JOCIIIKYBaHUX CILIaBIB € IBO(a3HOI0, 1 CKIIAIA€ThCSA 31 CBITIUX KPUCTAJIB OTpaHEHO1
dbopmu, Taka Mopdororia npurtamanHa intepmeraniay (Ti1,Zr)Mny (daza JlaBeca), a
Takok TemMHuX KpuctaimiB OLK-tBepgoro posumny (Ti,Zr,Mn) (puc. 4.2). 3
TIOPIBHSHHSA TIPEJICTABICHUX MIKPOCTPYKTYP BHHO, IO Y JOCTIDKYBAaHUX CIIIaBaXxX 3a
pPaxyHOK Pi3HOTO BMICTy MapraHIIO CITiBBiTHOMICHHS MiX (a3oro JlaBeca Tta OIIK-

TBCPAUM PO3YHHOM CYTTEBO piBHHTI)Cﬂ.

Puc. 4.2. MiKpOCTp}IKTypa JINTUX CIUJIABIB: a - Ti422r24,3Mn33,7, 0 - Ti16,3Zr36,4Mn47,3

3a momomoroto mporpamu Imaged (mommproeTbest 0e3 JieH31HHUX 00MeKeHb
SIK CYCIJIbHE HaJ0aHHs) OyJI0 BUSHAYEHO CITIBBITHOMICHHS KiJTBKOCTI CHIBICHYIOUUX
¢da3. BuszHaueHHst 00’eMHUX J0JIeH CHiBICHYIOUMX (a3, siKi BIAPI3HIIOTHCS YMOBAMU

TiApyBaHHS Ta BOJHEBOIO €MHICTIO, JacTh MOXJIMBICTh BCTAHOBUTH BIUIWB
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npucyTtHocTi OLIK-TBepa0oro po3urHy Ha OCHOBHI XapakTepucTuku. BctanoBieHo, 1110
y crutaBi TlisZr243MnNs37 KimbKicTh (a3u JlaBeca Ha piBHI 65,9 %, a y cmasi
Ti163Zr364Mn47 3 Ha piBHI 73,8 %, a OLIK-TBepaoro po3uuny Ha piBHi 34,1 % T1a 26,2
%, BIAMIOBIIHO.

MeTto10M pPEeHTIeHIBCHKOro (ha30BOr0 aHajizy OTPUMAHO JeTajdbHI JIaHl 1010
($ha30BOTO CKIAAY NOCTIKYBAaHUX CIUIaBiB (puc. 4.3). Tak B CTpyKTYpi JOCHTIIKYBaHUX
CIUIaBIB TpPHUCYTHI rekcaroHanbHa ¢aza JlaBeca tumy Cl14 mpocTtopoBoi rpymnu
P6s/mmc (ctpykrypHuid Tunm MgZny) 3 mapamMeTpamMu €JIEMEHTApHOI KOMIPKHU
a=0,5165+0,0009 (um) ¢=0,8485+0,0009 (HM) s crutaBy TigZr43Mnss7 Ta
a=0,5153+0,0009 (am) ¢=0,8454+0,0009 (am) mis craBy Tii3Zr364MNs7 3. Takoxk
niaTBepkeHo npucytHicts OLIK-TBepmoro posumHy mpoctopoBoi rpymu 1m-3m
(ctpyktypaumii Tum W) 3 mapamerpamu eneMenTapHoi komipku a=0,3344+0,0009 (am)
JUIs CIutaBy Ti42Zr243MnN337 Ta @=0,3366+0,0009 (M) mist Tige3Zrss4Mnaz 3, a Takoxk

OyJ10 BUSIBJICHO CIIIH O - TBEPAOTO POZUUHY.

250 1 0 0 - ¢paza Jlaeca
0 A - OLIK-TBepauii po3unH
=
© 200 H
=
/@ 0
%) 0
S 150
o
=
=~
= 0
S 100 A a 0
= 0 9 0 0
T 0 0 0
0 0 A 0 AN
50 |
T T T T T T T T T T 1

30 40 50 60 70 80 90 100 110 120
26, rpan.

Puc. 4.3. [ludppaxkrorpama JuToro criaBy T lie3Zr364MnNg73

MoskHa MPUTTYCTUTH, IO TPHUCYTHICTH O-TBEPJOTO PO3UYHUHY B JTOCITIIKYBAHUX

CIJIaBax MOB’si3aHa 3 BITHOCHO MaJIOK MIBHAKICTIO OXOJIOJKEHHSI MPU KpUCTai3ali
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Ta y 3B’SI3KYy 3 IIUM, YACTKOBO BCTUTa€ MpoiiTu npoiiec neperBopenns OLIK-TBeporo
po3unHy. OCKUIbKH BIATOBITHO 70 JiTepaTypHuX AaHux [195] HaBiTh mpH HIBUAKOCTI
%k 4 . . .
oxonoxeHHs ~ 1,5%10% K/c B criaBax 1aHoi cUCTEMH MOXKYTh OYTH MPUCYTHI CJIIJIN
0-TBEPJOTO POZUUHY.
ba3zyrounce Ha TaHUX PEHTT€HIBCHKOIO (ha30BOT0 aHAIII3Y Ta JAHUX MPUBEICHUX
B pobotax [171-173], nis qaHux AOCTIIKYBAaHUX CILIaBIiB, OYJI0 pO3paxoBaHO 00'eM

eJIeMEHTapHO1 KOoMipkH ¢a3u JIaBeca Ta pajiyc TeTpaeapHIHOro MixKBY3Js (puc. 4.4).

O6-em enemMeHTapHOT KOMIPKK Papiyc TeTpaegpuyHoro
da3v Naseca, A3 MixBy3ns dasu Slaseca, A
200 183 194 196 04 4376 0,384 0,385
150
100 0,35
50
0 0,3
1 2 3 1 2 3

Puc. 4.4. O6'em eneMeHTapHOT KOMIPKH Ta PaJilyC TETPACAPUIHOTO MIKBY3JIA (pa3u
JlaBeca THUITY Cl4 JUI CILIABY:. 1- Ti15,4Zr30,2Mn54,4 [66], 2 - Ti16,32r36,4Mn47,3;
3 - TigZr243Mn33 7

[TopiBHIOOUM OTpUMaH1 JI JOCIIKYBaHUX CIIaBiB (puc. 4.4) 3 BIAMOBIIHUMHU
st crnaBy Tigs4Z0302MNsa 4 [66] (sikuit Oysio B3STO 32 OCHOBY JUISI JOCHIKCHBb B
po311i 3) BCTAaHOBJIEHO, 0 3HMKEHHS KUIBKOCTI MapraHilo y CIUIaBi, 1 BIAMOBIIHO Y
da3i JlaBeca, sikuii Ma€ MEHIIIMNA aTOMHUIA PaJilyC HIXK TUTAH Ta IUPKOHIH, MPU3BOIUTH
110 301BIIIeHHS 00’ eMy enemeHTapHoi koMipku ¢asu JlaBeca Ha 5 — 6 %, 1Ipu IbOMY
pajiyc TeTpaeApUIHOr0 MIXKBY3JIs 301TbIITY€ThCS Ha 2 %, a 11€ B CBOIO YepT'y TIOBUHHO
MO3WTHUBHO BIUIMHYTHU HAa BOJIHEBY €MHICTh CIUIaBY B IJIOMY, SIK OyJIO MOKa3aHO y

po3nui 3 Ha oAHO(A3HUX CIIaBaX.
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4.1.2. Bzaemomis 3 BomHeM TrerepoasHMX CcIulaBiB cuctemu Ti-Zr-Mn

JIJis MOXJIMBOCTI MOPIBHSIHHS BOJAHEBOCOPOIIIHUX BJIACTUBOCTEH ABO(a3HUX

CIUIaBIB 13 paHile JOCHIDKCHMMH CIUlaBaMH Ha oOcHOBI (a3 JlaBeca

(BomHEBOCOPOIIIfHI BJIACTUBOCTI SKUX OMHCAaHI B PO3iiai 3), mporec B3aeMOil 3
BOJHEM IMPOBOJMBCS MpPHU TaKUX K€ MapaMmeTpax TipyBaHHs, a caMe, KIMHAaTHa
TeMIiiepaTypa Ta Tuck BojHto 0,6 Mlla, BUKOpHCTOBYIOUM MOHOJIITHI 3pa3KH Y JINTOMY
ctani. BcTtaHoBieHO, 10 TpolleC aKTUBHOTO TOTJWMHAHHS BOJHIO TPHU IEPIIOMY
riIpyBaHHI CIUIAaBOM T i42Zr243MnN337 posmouaBcst depe3 15 xBuimH (IHKyOaI[iiiHMiA
nepiof) MICAs KOHTAaKTy 3 BOJCHBMICTKHM CEpPEOBUILIEM, a i CIUIaBy
Ti1632Zr364MnN47 3 uepes 2 xpwmHU (puc. 4.5). 3a mepini 7 XBHIWH TICHIS MOYATKY
aKTUBHOTO IIOTJIMHAHHS KOHIIGHTpAIlil BOAHIO B cIbiaBax [lgZr43MnNss7 i
Ti16,32r36,4Mn47,3 CTaHOBUTH 2,14 (H/MC ~ 1,32) Ta 1,95 mac.% (H/Me ~ 1,25)
Bi/NoBiIHO. [lojanbilia BUTpUMKA MPU THX K€ MapaMeTpax TiJpyBaHHS BIPOIOBXK

15 xBWJIKMH TIpU3BeENia 10 HE3HAYHOTO 301JIbIIIEHHS BOAHEBOT €MHOCTI 70 2,18 mac. %

(H/Me ~ 1,35) ta 1,96 mac.% (H/Me ~ 1,26) BiamoBigHO.

2.4
a
\. .
* —
,«‘(————Aﬁ———mArﬂ A — A
1 ' 6 | 6

0,0 9000090000900y T T T T T T T
0 5 10 15 20 25 30 35

Puc. 4.5. 3miHa KOHIICHTpAIIii BOJIHIO 3 YaCOM IPH MEPIIOMY TiApyBaHHI CILJIABY:

a — TigZr243Mn337; 6 — Ti16 3236 4MnN47 3
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Sk BUIHO 3 HaBEJACHHWX KPUBHX POCTY KOHIIEHTpAIlli MOTIWHYTOTO BOJHIO 3
gacoM (puc. 4.5), y JOCHiDKyBaHUX CIUIaBaX HE3aJC)KHO BiJl CITiBBIIHOIICHHS
00’eMHOI A0J1 crhiBicHyrouux (a3 ocHoBHa 4dacThHa BOJHIO (90 % Bim 3araibHOI
KUTBKOCTI) TTOTJIMHAETHCS B OJIMH €Tall 3a TIePITy XBWJINHY TOTJIWHAHHA. ToMy MOXHa
MPUITYCTUTH, L0 B MPOILIEC] MOTIMHAHHS OepyTh y4acTh oJipa3zy oOuBi pazu. OHUM
3 JIOKa31B TOro, 10 oOuJiBl a3u 0JTHOYACHO OEpyTh y4acTh y MpOILIeCi MOTJIMHAHHS,
Moke OyTM 3arajbHa BOJHEBAa €MHICTh CIUIaBy. [HIIMM J0Ka3oM € JaHi
peHTreHiBchkoro (azoBoro anamuizy (puc. 4.6), BIAMOBIAHO J0 SIKUX MPU HACHUYEHHI
JTOCIPKYBaHUX CIUIaBIB BOJIHEM JIEKOMIO3UIIiIOBaHHS (a3 He BIAOyBaeThCs, a

YTBOPIOIOTHCA TIPHUIA Ha OCHOBI 000X CITIBICHYIOUMX (ha3.

350
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20, rpan.

Puc. 4.6. Jludpaxkrorpama riipoBaHoro cruiaBy Ti42Zr243MnN3z37

OTpuMaHuil TPOAYKT T1APYBAHHS CKJIAAETHCS 3 IBOX TAPUIHUX (Pa3: riapusy
Ha ocHOBI (Qa3u Jlaeca Tuny Cl4 3 mnapamerpamu €JIEMEHTAPHOI KOMIPKU
a=0,5581+0,0009 (am) ¢=0,9167+0,0009 (um) nns crmaBy TispZra3Mngsz, Ta
a=0,5554+0,0009 (am) ¢=0,9122+0,0009 (am) mis craaBy Tiie3Zr34Mnaz 3. Takox

BCTAHOBJIEHO NPHUCYTHICTh O-TIAPUAY 3 MapaMeTpaMu eJIEMEHTApHOI KOMIPKH
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a=0,4444+0,0009 (am) mns crutaBy Tl42Zr243Mnss 7 1a a=0,4433+0,0009 (HM) is
Ti163Zr36 4MN47 3 BIAMOBIIHO, a TAKOK OYJI0 BUSBIICHO CJIIIU €-T1APUIY Ta 0. - TBEPAOrO
pPO3UHHY.

BignoBigHo 10 AaHUX pPEHTreHIBCHKOTo (ha30BOTO aHali3y IPH BKa3zaHUX
yMOBax TiJipyBaHHs (KIMHaTHa Temmeparypa Ta TUCK BojHio 0,6 MIla) BraeThes 3a
KOPOTKHI 4ac OTPUMATH T1IpU]] HE TUTBKU Ha OCHOBI (a3u JIaBeca, a 1 Ha ocHoBi OL[K-
TBEpA0ro po3urHy. OTprUMaHi AaH1 BIATHOCHO ()a30BOT0 CKJIaay MPOAYKTIB IIpyBaHHS
CHIBITAJIal0Th 3 JAHUMH, MPEICTAaBICHUMHU B poOoTax [27,28], sKi CBIiA4aTh, MO MPHU
cniibHOMY riapyBanHi OLIK-TBepanii po3unH Mae KIHETUKY TIpyBaHHs, TOAI0HY 10
KIHETHKHU 1HTEpMETaNiy, 132 JOCUTh KOPOTKUM Yac (JIeK1IbKa XBUJIMH) MPU KIMHATHIN
TEMIIepaTypl BAAE€TbCA HACUTHUTH MOrO0 BOJHEM 10 KOHIIEHTpallli, 10 BIANOBIAA€E
O-riapuay. Jlns mOpiBHSAHHS, BIANMOBIAHO 10 JiTeparypHux pnanux [60] npwu
IHAUBIAYyaJIbHOMY TiipyBaHHI TUTaHy abo OLIK-TBepaux po34HHIB Ha MOro0 OCHOBI,
JUIsl IOCSITHEHHST CKJIay O-T1APUJY, MPOIEC B3a€MOJIl 3 BOJHEM IMPOBOAUTHCA MPHU
3HauHO BuIMX TemrepaTtypax 400-600 °C ta BOpoAoOBX IEKUIbKOX TOAuH. JlaHuii
¢dakt HacuueHHs BonHeM OLIK-TBepmoro po3umHy mpu M’ IKUX yMOBax B HallMX
EKCIIEPUMEHTAX, BUXOMSYM 3 aHaNi3y JITEpaTypHUX MaHux [2], MOsSICHIOBaBCS
HACTYMTHUM YHHOM: OCKIJIbKM aKTHUBHE TOTJIMHAHHS BOJHIO PO3MOYMHAETHCS TMPU
KIMHATHIM Temrepatypi (K 1y crjiaBax 31 cTpykrypoto ¢asu JlaBeca posaut 3), To
aKTHBAlllsl TIOBEPXHI 3pa3Ka TaK camMoO BIIOyBajach 3aBISKH HECKOMIIEHCOBAHOCTI
MDKaTOMHUX 3B’s3KiB (a3u JlaBeca [66]. YV pesyabTaTi 1OTO BiAOYyBa€eThCS
MOJIETTIIEHA AUCOITiaIlisi MOJIEKYJI BOAHIO, 110 BUKJIMKAE HOTO MIBUAKE TPOHUKHEHHS B
aTOMapHOMY CTaH1 B IHTEPMETANIIIHY MaTpHIlto. Sk Oyro 3a3HaueHo B jitepatypi [2],
30UTbIIEHHS 00’€My €JeMEHTapHOI KOMIPKH 1HTEpMETalily TPU3BOAUTH IO HMOro
pYWHYBaHHS 1O TPHYMHI TBEPJOCTI Ta KPUXKOCTI ITi€l ¢a3u, 1 BIAMOBITHO, 0
YTBOPEHHSI YMCTOI B1J] OKCHJHOI IUTIBKM MOBEpPXHI HE TUIbKU aJisi cede, ane W s
cniBicHytouoro OLIK — TBepaoro po3uuHy, 3ajly4aroyd TUM CaMUM HOro B MpoOILEC
ripyBaHHA NpU KiIMHATHIN TemmiepaTypi. [IpoTe Hamu OyIio mi3Hile BCTAHOBIICHO, 10
MEXaHI3M TiJIpyBaHHs reTepoda3sHuX CIUIaBiB JEHIO 1HAKIIWM, BiH Oy/ne onucaHuiu

HMKYC.



141

[lomanpina BUTPUMKA AOCHTI[DKYBAHMX CIUIaBIB MPH THX JK€ MapaMerpax
TiApyBaHHS BOPOAOBXK 24 TOAWH A0 MOHOBJIEHHS MPOIECY MOTJIMHAHHS BOJHIO HE
npu3Besia. OCKUIbKY BIPOAOBXK BKa3aHOI BUTPUMKHU IMPOIIEC MOTIMHAHHS BOIHIO HE
BITHOBHBCS, 3 IbOTO MOKHA 3pOOUTH BUCHOBOK, IIO 33 TPUALATH XBUJIUH BIAETHCS
OTPUMATHU T1IPUJ 3 MAKCUMaJIbHO MOKIIMBOIO BOJAHEBOIO €MHIcTIO. [Ipu HacuueHH1
BOJHEM JOCIIKYBaHUX BO(A3HUX CIUIABIB, AK 1 paHile JOCIIIKEHUX 0JHOMA3ZHUX
(po3min 3), HE3aJeKHO BiJl CHIBBIAHOMIEHHS 00’€MHOI JOJi CHiBiCHYyIouux ¢as,
BiJIOYBA€ETHCS MOBHE PYWHYBAaHHS MOHOJIITHOTO 3pa3ka J0 CTaHy MOPOIIKY, Yepes3
BHUCOKY IIBHJKICTh MPOTIKAHHS TMIPOLIECY B3a€EMOAII Ta HHU3bKY TEMIEPATYpy

rigpyBanus (puc. 4.7).

Puc. 4.7. 30BHIlIHIA BUTIS OPOAYKTY TIAPYBaHHS

[lopiBHIOIOYM 30BHIIIHIM BHUIJIA MPOAYKTIB TiApyBaHHS, OTPUMAHUX Ha
crutaBax 3i cTpykTyporo (asu JlaBeca (puc. 3.4) ta rerepodasnux criaBax (puc. 4.7)
BUJTHO, 110 TipucyTHICTh OLIK-TBepa0oro po3unHy npakTHUHO HE BIUITMHYJIA HA PO3MIP
OTPUMAaHOTO MOPOIIKY, TOMY, 1110 BiJIMTOBIIHO JI0 JiTepaTypHuX AaHuX [184] ocHOBHUM
(hakTOpOM, 1110 BIUTMBAE HA PO3MIP OTPUMAHOI0 TOPOIIKY, € KIIBKICTh IIUKJIIB COPOIIis-
necopOIris Ta TeMIiepaTypa TiIpyBaHHS.

[TopiBHIOOYM KIJTBKICTh MOTJIMHYTOT'O BOJHIO (puc. 4.8) misl TOCTIKYBAHUX

cruaBiB Ta oxHodasHoro cmiaBy (TigzaZroes)Mni, [66] BuaHO, 1m0 BoHa Oyna
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oTpuMaHa BHIOI0. Lle moB’s3aH0 3 TUM, 110 3HMKEHHS KUIBKOCTI MapraHIlio y CIIjIaBi
IPU3BOJIUTH JI0 301IBIICHHS 3araJIbHOT KUTBKOCTI T1IPUI0YTBOPIOIOYOTO KOMITOHEHTY
BiZ 45,6 aT.% 110 66,3 at.%, a Takox 00’eMy eneMeHTapHOi Komipku (a3u JlaBeca Ha
5-6%. Kpim Toro, y azoBomy ckiaai cmnaBy npucyTtHit OLIK-TBepamii po3uns, y

KIJIBKOCTI1 10 35 %, 3 BUCOKOIO BOJAHEBOIO eMHICcTIO H/Me ~ 2.

KinbKicTb nornmnHyToro sogHto, H/Me

1,5 118 1,26 1,35
1
0,5
0
1 2 3

Puc. 4.8. KibkicTh MOTTIMHYTOT0 BOJIHIO CIUTaBOM: 1 - Tiys4Zr302MnNs4 4 [66];

2 - Tiie32r364MnN473; 3 - TiapZr243MnN337

BcranoBneHo, 1o 3011bIIeHHsT KOHLEHTpallii Zr 1 Mn B Mexax IOCTiIKeHOT
0o0JacTi CKJIAIB MPHU3BOJIUTH N0 CKOPOYEHHsS 1HKyOaliifHOro mepioxy Bimx 15 mo
2 XBWJIMH, a TAaKOX 1 JI0 3MEHIIICHHS BOJIHEBOI eMHOCTI Bijx 2,18 mac.% (H/Me ~ 1,35)
1o 1,96 mac.% (H/Me ~ 1,26). [loscautu nanuit ¢hakt s AOCTIAKYBaHHUX CIIJIaBiB
TigZr43MnN337 Ta Tie3Zr364MNgz3 MOKHA THM 10, BHACTIAOK 30ibIIEHHS
KOHIIEHTpAIlii MapraHito B criasi Bif 33,7 1o 47,3 at.%, 3poctae HOro KOHIEHTpAIis
i y dasi JlaBeca (301mbIIeHHST KIJIBKOCTI Maprauiro y ¢dasi JlaBeca npu3BoauTH 10
MOHMKEHHSI BOJHEBOT €MHOCTI [91]), 10 CyNpOBOJKYEThCA 3HUKEHHSIM 00’ €My
eneMeHTapHoi Biz 196 10 194 A% ta paniycy terpaenpuanoro mixsysns Bix 0,385 110
0,384 A, a Takox 3MeHIIyeThCs i 06’ emHa 10713 OLIK-TBep0ro po3urHy 3 BUCOKOIO
BoaHEBO eMmHicTio (H/Me ~ 2) Bing 34,1 % 1o 26,2 %, yci 3a3HaueHi gakTopu U
MPU3BOJATh J0 3MEHIICHHS 3arajibHOi BOJHEBOI €MHOCTI cmiaBy. Kpim Toro, Ha
3arajibHy MPOIIEHTHY BOJHEBY €EMHICTh CIUIaBY BILUIUBAE T€, IO [IUPKOHINA Ma€ OLIbITY
aTOMHY Bary y MOpiBHSIHHI 3 TUTAHOM, & BIJMOBIJTHO IIbOMY, TIPU 301IbIIICHHI BMICTY

UPKOHIIO Ta 3MEHIIEHHIO THUTaHy, MAacOBHHM BIJCOTOK TMOTJIMHYTOTO BOJHIO
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(mpu oxnHakoBoMy ¢opmynbHOMY ckiani H/Me ~ 2) Oyae menmuM. CKOpOYeHHs
1HKyOaliifHOrO Tepiogy [Uis CIUIaBy 3 OUIBIIMM BMICTOM MAapraHIlo TaKoX
B1I0YBa€ThCS 3aBISKW 3MiH1 CITIBBIIHOIIEHHS MK (hazaMu: 30UIbIICHHS 00’ €MHO1
nomi (as3u JlaBeca y criiaBi, sika € «iHIIIATOPOM MPOILIECY NOTIMHAHHS, a, BIATIOBITHO,
1 30UIBIIICHHST aKTUBHOI 10 BIIHOIIEHHIO JI0 BOJHIO IUJIONII TTOBEPXHI CILJIaBY, BEJeE 10
MEHIIIOTO 1HKYOAI[IHHOTO MEePioy.

JlocikeHHs mpoliecy BUAUICHHS BOJHIO 3 IPOIYKTIB T1IpyBaHHSA, OTPUMaHUX
Py HACUYEHHI JOCTII)KYBaHHUX CILJIaBIB BOJHEM, MPOBOAMIIOCS IMPHU MOYATKOBOMY
tucky 0,0002 MIla. BurpuMka npu BKazaHOMY THCKY Ta KIMHATHIA TemIiepaTrypi
BIPOJIOBXK 24 TOAWH JI0 MOYATKy MpOIECy AecopOIlii BOAHIO HE MPU3BEIIA, JIMIIE
aKTUBAIllsl MaTepialy MiJBUIIEHHAM TEMIIEpaTypy BeJE 0 MOYATKy BUJIJICHHS Tasy.
Tax npu mBUAKOCTI HarpiBaHHs 3 °C/XB MPOIYKT TiPyBaHHS CIUTaBY T 1422124 3MnN337
MOYMHAE BUUISATH BOJIeHb Iipu Temriepatypi 110 °C, a npoayKT riipyBaHHS Ha OCHOBI
criaBy Tlig3Zr364MnNa73 ipu 190 °C (puc. 4.9). Ilpu HarpiBaHHi 10 TeMmrepaTypu

~ 530 °C Baanocs BuaiuTu auiie 50 % Big NOTIUHYTOT KUIBKOCTI BOJHIO.

2,2

®seo oo,
%9
~e
e a
20 e
' -.’.*.*.*.’.*.*.*.*.\.\

5\

O\O ®
% \
g 1,6 .\o
s 1 ] \.‘..
- W
J L
1,4 - " > o
, . —e_
\.\ .\....
"a . |
12 -..q. B1KA4yBaHHS e
h,.,.\\‘
-m gy [ ]
1,0 T T T T T T T T T T
0 100 200 300 400 500
T. °C

Puc. 4.9. 3anexHicTh KUIBKOCTI BUALIEHOTO BOJHIO BiJl TEMIIEpaTypH IJisl MPOAYKTIB

riIpyBaHHs CIIABIB: a — Ti42Zr243MnN337; 6 — Ti1g3Zr364MN47 3
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MeTonoM peHTreHIBChbKOro (pa3oBOro aHamizy Oyjno BCTAHOBIIECHO, IO MICIs
YaCTKOBOI J1ecOpOIIii B CTPYKTYp1 JOCTIIKyBaHUX CIIaBiB MpUCYTHI Tpu (a3u. Pa3za
JlaBeca tuny Cl14 3 mapamerpamu enemeHTapHOi komipku a=0,5183+0,0009 (um)
¢=0,8514+0,0009 (uM) s cruiaBy TigZra3Mngs; ta @a=0,517640,0009 (aMm)
¢=0,8503+0,0009 (am) mns crutaBy Tlie3Zr364MnNg73. Takoxk MPUCYTHIN O-TiapHI 3
napameTpamu enemeHtapHoi koMmipku a=0,4134+0,0009 (aM) gns  cruiaBy
TigZr243MnN337 Ta a=0,4219+0,0009 (M) mas Tiie3ZrseaMngz3, a Takoxk Ciaiau
0. - TBEPJOTO PO3UUHY.

[TopiBHIOIOYM MMapaMeTpH KPUCTAIIYHUX TIpaTok ¢a3 s TOCITIIKYBAHUX
CIUIaBIB y JIMTOMY CTaH1, MICJSI TiAPYBaHHS Ta YaCTKOBOI J1e€COPOIlli BOJHIO, MOXKHA
CTBEP/)KYBAaTH, 1110 1aHa 00poOKa JJ03BOJIsI€ TIOBHICTIO PO3KJIACTH TAPUJ, OTPUMAHUN
Ha OCHOBI IHTE€pPMETalily, 1 JHIIE YacTKOBO O-T1IpUJ, OTPUMAHHMI Ha OCHOBI
OLK-tBepaoro po3uuny. OTxe, TIpUA IHTEpMETANIAHOI (a3u XapaKTepU3YyEThCS
CYTT€BO HUKYOIO0 TEPMIYHOIO CTAOUIBHICTIO, HIX Tiapua Ha ocHoB1 OLIK-da3mu.

Pi3Ha TepmiuHa CTaOUIBHICTH OTPUMAHUX TIJIPUAIB HA OCHOBI IHTEpMETAIAY
(TeMmnepaTypa MaKCUMAaJIbHOI IIBUAKOCTI BUIICHHS BoAHIO 260 °C [66]) Ta d-rigpury
Ha ocHoBl OILIK-TBepmoro po3umHy (TemmepaTypa MaKCHUMAaJbHOI HIBHUAKOCTI
BuiIeHHS BogHIO 650 °C [193]) HaltiMoBipHiIlIe 3a BCe, OB’ s3aHa 3 Pi3HOO KIJIbKICTIO
T1IpUI0YTBOPIOIOUUX aTOMIB Y BY3JIaX TeTpaeApUIHUX MIKBY3JI1B, Kl OTOUYIOTh aTOM
BOJIHIO NP HOTO PO3UMHEHHI B KPUCTAIIYHUX IpaTKax. 3 jiTeparypHux nanux [112]
BIJIOMO, IO BOJACHBb B 1HTepMeTanimax tumy AB; (¢aza JlaBeca) po3milryeTbcs
MEePEBAXKHO B TETPACAPUIHUX Mi3BY3JsIX TUITY [A2B2] 1€ TUIBKY TTOJIOBUHA aTOMIB, SIK1
HOT0 OTOUYIOTh, € TAPUA0YTBOPIOIOYMMU (TUTAH, UUPKOHINA) TOAL K y O-T1ApHL yci
aTOMH € T1IPUI0YTBOPIOIOYUMU elieMeHTaMu. BiAMoBiTHO IbOMY 1 yTBOPEHUIA 3B'SI30K
MDK BOJHEM Ta aTOMaMHM MeETalay Yy O-TIApUAlI CHIBHIIIMK, 110 1 moTpedye BHILOI
TEMIEpaTypH JJis1 HOTO PO3ipBaHHS.

Jiist crinaBiB TigZr43MnN3s 7 Ta Tl 3Zr364MNy7 3 K 1 17151 paHiIIe JOCTIIHKECHUX
MatepiaiiB (po3/ia 3) Oys10 NPOBEICHO AOCIIIXKEHHS 3MIHA XapaKTePUCTUK B3aEMOIIT
3 BOJITHEM TPH 301IBIIIEHH] KUTBKOCTI IUKIIB COPOIlli — AecopOiItii (OCKIIbKY MUKTIYHA

CTaOlIBHICTh BIACTHUBOCTEH [JIs1 MaTepialiB COpPOCHTIB BOAHIO € BaKIUBOIO
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XapaKTEePUCTUKOI0). JIpyruit mmkn copOiii BOJHIO TPOBOIWBCS TPH KIMHATHIN
Temriepatypi “ abcomoTHoMy TucKy 0,23 MIla. ITlpomec morimMHAHHS BOIHIO
JTOCITIKYBaHUMHU CIJIaBaMHU HE3aJICKHO BiJ CITIBBIHOIICHHS 00 €MHMX 4acToK (a3,
PO3MOYaBCs BXKE 3 MIEPIIUX CEKYH]] KOHTAKTY 3pa3ka 3 BOJCHBMICTKUM CEPEIOBHUIIIEM
3 BHCOKOI IBHAKICTIO. Sk Oyno mokazaHo padime (po3ait 3), MOJIIMIICeHHS
BOJHEBOCOPOIIIMHUX BIACTUBOCTEH (3HMKEHHS THUCKY BOJHIO Ta CKOPOYEHHS
1HKyOaliiHOTO TepioAy) BiAOYBAa€ThCS BHACHIIJOK AMCIEPTYBAHHS MOHOIITHOTO
3paska JI0 CTaHy MOPOIIKY, a TAKOXK OUMILIEHHS TTOBEPXHI YTBOPEHHUX MOPOIINHOK Bij
0ap’epHHUX KUCHEBUX ILJIIBOK ATOMAapHUM BOJAHEM, SIKUM BUILISETHCS IPHU 1€COPOLi.

Bignosigno g0 niteparypHux [184] 31 301IbIIEHHSAM KIJIBKOCTI IUKIIIB COPOIIii-
necopOrrii Oyje JMemo IiJIBUIYBAaTUCh IMIBUAKICTh B3a€MOJIi 3 BOJHEM (BHACIIIOK
JMCTIEpTyBaHHSI MOHOJIITHOTO 3pa3Ka 1 BIAMOBIHO 301JIbIIIEHHS pEaKIiitHOT MOBEPXHI).
ABTOp Takox cTBepKye, 110 Mmicist 100 mukmiB copOitii-aecopOilii BoHEBa €MHICTh
JUISL OCIIJIDKYBAHUX CIUIABIB Maike HE 3MIHUIIACK.

[TimcymMoByrOUH yce BHUIIE CKa3aHe, MOXHA CTBEP/KYBATH, 110 TPHUCYTHICTh y
criaBi 31 cTpykTypor ¢asu JlaBeca meBHOi KuibkocTi OLIK-TBepmoro po3umny
(o 35 %) He moripiye KIHETUKY MOTJIMHAHHSA M1 Yac MepUIoro UKy copOliii BOJHIO
(3aNMIIaIOThCS HE3MIHHUMHU TeMIlepaTrypa TipyBaHHsS, THCK TiIpyBaHHS Ha PiBHI
0,6 MIla Ta iakyOamiitauii nepiox). [Ipore sx Oys0 nmokazaHo, 3MiHa CITIBBIJHOIIICHHS
Mk (azoro JlaBeca Ta OLIK-TBep MM pO3UMHOM BILJIMBAE HA 3MIHY BOJTHEBOI €EMHOCTI
B JIOCUTh IIMPOKOMY Jiamna3oHi, 1, 0 OCOOJIMBO BaXJIMBO, MPHU 30epeKEHHI M’ TKUX
YMOB Ti/ipyBaHHs. TakoX OyJI0 BCTAHOBJICHO, IO CYTT€BE 30UIbIICHHS Y CIUIaBl (B
MEXax JOCJIPKEHOI 007acTi) KUIBKOCTI IHUPKOHII0, TMPU3BOAWTH JO0 3HUKEHHS
IPOLEHTHOI KUIBKOCTI MOTJMHYTOTO BOJHIO Ta 301IbIIEHHS TEPMIUHOI CTaO1IBHOCTI
OTPUMAHOTO TIJIPUY, 110 € HeOaKaHUM. 3HUKEHHS 3arajibHOi MPOLIEHTHOI KIJTBKOCTI
MOTJIMHYTOTO BOJIHIO TOB’S3aHO 3 THM, III0 Maca aTOMIB IUPKOHIIO 3HAYHO BHUIIA 32
Macy aToMiB THTaHy, a MIJABUIICHHS TEPMIYHOI CTaOUTBHOCTI OTPUMAHOTO TiAPUITY

B1/10yBa€ThCS BHACTIOK OUIBIIOT CIIOPITHEHOCTI 3 BOJIHEM Y IIMPKOHIIO aH1)K y TUTAHY.
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4.2. BnnuB neryBaHHA BaHAQJlEM Ha BOJAHEBOCOPOIIiHI BIACTHBOCTI

retepodasHux criaBiB cuctemu Ti-Zr-Mn

Y posaini 4.1. Oyno BCTAaHOBIIECHO, IO KiHETHKa T1APYBaHHS TeTepodasHux
cruiaBiB 31 cTpykryporo (asu JlaBeca i OLIK-TBepmoro poszuumny Ta onHodasHUX
CIUIaBiB 31 CTpykTyporo ¢a3u JlaBeca B cuctemi Ti-Zr-Mn cmiBnanaroTs. Takox 0yio
BU3HAYCHO, [0 BHACTIAOK Bapiallii KOMIIOHEHTIB CILJIaBY, KA 3MiHIOE 00’ €MHY JOJTIO
OLK-TBeporo po34ynHy 3 BHCOKOIO BOJHEBOIO eMmHicTio (H/Me ~ 2) nmocuth B
IIMPOKOMY 1HTEpBall BIAEThCS 3MIHIOBATH BOJIHEBY €MHICTh Marepiajly Ipu
HE3MIHHUX IHIIKX apaMeTpax riipyBaHHs. 3aJulIal0ThCsl HE3MIHHUMU TEMIIEpaTypa
Ta TUCK T1JPYBAaHHS, a TAKOXK MBUJKICTh PEaKIlli pO3UMHEHHS BOJHIO, aJI€ MPU I[LOMY
BJIA€THCS CYTTEBO IM1IBUILMTH 3arajibHy BOAHEBY eMHICTh Big H/Me ~ 1,18 s crinaBy
(Tio,34Zro,66)Mn1,2 [66] no H/Me ~ 1,35 JJIsg Ti422r24,3Mn33,7. Iloxazano, 110
npucytHicth y cruiaBl OLK-tBepmoro po3umny (1o mae TemmepaTrypy IOYaTKy
necop6uii BogHo Buie 300 °C) npu3BoauTh 10 NIABULIEHHS TEMIIEPATypU MOBHOI
JecopOI1ii BOJHIO CTLIABOM.

[Ipu ampoOamii i71€i, U0 JIETyBaHHS €JIE€MEHTOM, SIKMi Ma€ OUIbIIMN POo3MIp
aToMa Ta 3JIaTHHM YTBOPIOBATH 3 BOJHEM CTIMKY XIMIYHY CIIOJYKY, TOKpaIy€e
BOJHEBOCOPOIIIHI BJIACTUBOCTI, HA TPUKIAJAlI JOCTIKEHHS BOJIHEBOCOPOIIIHUX
BiactuBocted criaBy (Tig 34250 66)MnN11Vo 1 Oyi10 mokazano (po3in 3.1), 1mo yacTkoBa
3aMiHa MapraHIl0 BaHAJIIEM HE BIUTUBAE Ha CTPYKTYPY, (a30BHMl CKJIaJl Ta KIHETUKY
Ipoliecy TAPYBaHHS MPU HE3MIHHUX MapameTpax riJipyBaHHs (TeMIiepaTypa Ta TUCK
BOJIHIO), aJie MPU IIbOMY BJAETHCS 30UIBIIMTA BOJHEBY €MHICTh NMPU HE3HAYHUX
BTpaTax y TMOKa3HMWKaxX TMporecy aecopOiii. Jlocnmimkyroun BOIHEBOCOPOITiHHI
BJIACTUBOCTI CIUIABIB cucTeMu T1-V 31 CTPYKTYPOIO TBEPAOTrO PO3UMHY B poOOTI [62]
Oy70 TOKa3aHO, IO ICHY€ ONTHMAaJIbHA, 3 TOYKH 30py BKa3aHUX XapaKTEPUCTHK,
KOHIICHTpAITis BaHAJIiI0 B CIUIABi: B IHTEpBaJl KOHIIEHTpallii Banagito 0,25 — 5 at. %
MOXJIMBO OTPUMATHU T1IPUJ 3 MIJBUIICHUM BMICTOM BOJHIO Ha piBHI H/Me ~ 2,18.

[Ipore, 3011bIIEHHS KITHKOCTI BaHaAi10 Y cruiaBi 10 20 aT. % Mae HeraTuBHI HACIIIKH,
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BEJly4d JI0 3HIKCHHS KUIBKOCTI TIOTJIMHYTOTO BOJIHIO Ta TOTIPIICHHS KIHETHYHHX
mapamMeTpiB MPOIECY MOTIMHAHHS.

BignoBigHo 10 niTepaTypHUX JaHUX IPH JOCTIIHKEHHI BOIHEBOCOPOIINHUX
BJIACTUBOCTEH cIIaBiB Ha ocHOBI (a3m Jlaseca [112] abo rerepodasnux criasiB 3i
ctpykrypoto ¢asu Jlaeca ta OLK-TBepmoro posuumny [143] 3acTocoByeThCs
nonepeaHs TepMiyHa 00podka (Bianan npu Temmneparypi 950 °C y kBapiioBiit ammyii
nig tuckom aprony 0,01 MIla npu i3otepmiuniii ButpumMil Big 10 mo 240 rogun).
ABTOpaMH TIOSICHIOETBCS, IO 3aCTOCYBaHHS TEPMIYHOI OOpPOOKM HEOOXIJTHO IS
TOMOreHI3allll CIJIaBy Ta 3HATTS 3aJIUIIKOBUX HampyxeHb. [Ipote, B 1iil poOOTI He
IIPOBOJUTHCA MOPIBHSAHHS BOJIHEBOCOPOLIIMHUX BIIACTUBOCTEN IS CIUIABIB y IUTOMY
CTaHl Ta MICJIS TEPMIYHOI OOpOOKH, sika MpPU TMEBHUX PEXKUMAX, 37aTHA CYTTEBO
3MIHUTH MIKPOCTPYKTYpY 1 (ha3zoBuii ckian matepiany. OIHOYACHO, 3aCTOCYBAHHS
JaHO1 TepMiuHOI OOpOOKM pPOOUTH CYTTEBHM BHECOK y COOIBapTICTH OTPUMAHOTO
TiapuIy.

BpaxoBytoun yce BHIlle BUKJIaJeHE OO MO3UTUBHOTO BIUTMBY BaHAIIO SIK Ha
BOJHEBOCOPOIIiHiHI BJIACTUBOCTI CILJIaBIB Ha OCHOBI (pa3u JlaBeca, Tak 1 cruiaBiB 3i
ctpykryporo OLIK TBepmoro po3uuHy, € IOUUIBHUM BCTAHOBUTH BIUIUB YaCTKOBOI
3aMIHM MapraHIll0o BaHAJl€EM Ha CTPYKTYpy, (a30BUH CKiIaa, a TaKOXK KIHETHUKY
npoiieciB copOiii-necopOriii Ta BOJHEBY €MHICTh reTrepodasHux CIIaBIB CHCTEMU
Ti-Zr-Mn. 1li pe3ynbraTéi aayTh 3MOTY Ha IHIIH TPYI CIUTaBIB MEPEBIPUTHU i1€H0
BIJIHOCHO BIUIMBY €JIEMEHTa, SKU Ma€ OUIbIIUNA aTOMHUN pO3Mip Ta 3AaTHHM
YTBOPIOBATHU 3 BOJHEM XIMIYHY CIOJIYKY, HA BOJHEBOCOPOLIIHI BJACTUBOCTI CILIaBY.
Takox € JOIIBHUM BCTAaHOBHUTH, SIK TONEpENHs TepMiuHa OOpoOKa BIJIMHE Ha
CTPYKTYpY, (Ha30BUil CKJIaa Ta BOJHEBOCOPOINHI BIACTUBOCTI JOCIIIKYBaHHUX

CILIaBIB.

4.2.1. EBodtotrist MIKpOCTPYKTYpH Ta (a30BOTr0 CKJIay IPHU TEPMiuHii 00poOIT
JIJisi BCTaHOBJIEHHS BIUIMBY JIETYBAHHS BaHAAlEM Ta TEPMIYHOI OOpOoOKM Ha
CTPYKTYpY, (ha3oBuil CKiiaj Ta BOAHEBOCOPOIIiiHI BIacTUBOCTI reTepodasnux (Pasza

JlaBeca + OIIK TBepauii po3uuH) CIUIaBIB, BUXOJA4YM 3 JlarpaMH CTaHy CHUCTEMH
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Ti-Zr-Mn [194] (puc. 4.1), 6yno oOpaHo nBa ckiaau (300pakeHO CHHIM KOJILOPOM) 3
Onmu3bkol0 00’emHOI0 foneto (a3u JlaBeca, B skux OyJlO YacCTKOBO 3aMiHEHO

MapraHelb SIKiii He B3a€MO/II€ 3 BOJHEM Ha BaHaii (Ta0. 4.2).

Ta6muig 4.2. HoMmiHansHUM CKJIaa TOCTIKYBaHUX CIUIaBIB

Ckiaj crijiaBiB

Cmas at. % Mac. %

Ti Zr Mn \Y/ Ti Zr Mn Vv
1 198 | 348 | 433 | 2,1 |14,34 | 48,04 | 36,00 | 1,62
2 32,1 | 18,9 | 420 | 7,0 | 25,94 | 29,10 | 38,94 | 6,02

Jlist Toro, mo0 BCTaHOBUTH, SIKI 3MIHHM BIIOYJMCA y CIUIaBax MPU YaCTKOBIN
3aMiHI MapraHii0 BaHAJlIEM, METOJIOM PEHTI€HIBCHKOro (a3oBOro aHamizy OyJo
BU3HAYCHO (ha30BHil CKIIaJl CIIJIaBIB Ta PO3PAXOBAHO MapaMeTPH KPUCTATIYHUX IPATOK
cniBicHytouux (a3z. Tak y pazoBoMy ckiaail JOCHIKYBaHUX CILJIaBIB y JUTOMY CTaHI
NpUCYTHI TekcaroHaibHa (a3a JlaBeca tumy Cl4 3 mapamerpamu ejaeMEHTapHOI
koMmipkun  @=0,5169+0,0009 (am) ¢=0,8492+0,0009 (EM) IS  CIUIaBY
Ti198Zr318Mn433V21 Ta @=0,5157+0,0009 (am) ¢=0,8485+0,0009 (aMm) mis cruiaBy
Tigp1Zr189Mn420V70. Takox migrBepmkeno npucyTHicTh OLIK-TBepmoro posumny 3
napamerpamu  enemeHTapHoi komipku a=0,3365+0,0009 (M) g chaBy
Ti19,82r34,8|\/ln43,3V2,1 Ta a:0,3327:|:0,0009 (HM) JI Ti32,1zr18,9Mn42,0V7,0 BiI[HOBiI[HO.

BukopucroByroun napameTpu KpUCTAIIYHOI IpaTKu, OyJI0 po3paxoBaHO 00'eM
€JIEMEHTapHO1 KOMIPKHU Ta pajilyc TeTpaeapuaHoro mMixBy3is (asu JlaBeca. Tak mis
crnaBy Tizp1Zr189MnNazoV7o 00'eM eneMeHTapHOT KoMipku craHoBuTh 194,5 A3 a
paniyc Terpaeapuynoro Mixksysns 0,384 A, Toni sk ans cnnaBy TijggZrzssMnyssVa
196,5 A% ta 0,385 A, BigmoBigHO.

OTpumaHni 1aHi peHTTeHIBCHKOTO (Ha30BOTO aHAJ3y Ta MPOBEACHI PO3pPaXyHKH
CBIJYaTh, 1110 JICTYBaHHS reTepodasHuX CILIaBiB cucTeMH TI1-Zr-Mn BaHamieM, SKHN
Mae€ OUTBIIHI ATOMHHM paJilyC y TOPIBHSHHI 3 MApPTaHIIEM, IPU3BOIUTH JI0 301JIbIIIEHHS
napaMeTpy KpUCTaIIYHOI TPaTKH, 1 BIIMOBIIHO 10 30UIBIIEHHS 00’ €My €JIeMEHTapHOT

KoMipku (a3u JlaBeca (BIANOBIAHI MapaMeTpu KpUCTalIiuHoi rpaTtku ga3u JlaBeca s
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crnaBiB TigZr243Mngz7 @=0,5165+0,0009 (1M) ¢=0,8485+0,0009 (1M) 06'em 196 A®
ta a=0,5153+0,0009 (am) ¢=0,8454+0,0009 (am) st crutaBy Tiie 3Zr364MNs7 3 00'eM
194 A3). Takox 3 OTpUMaHUX AaHUX BUIHO, 10 y (pa30BOMY CKJIal JTOCTIHKYBaAaHUX
cruiaBiB cuctemu T1-Zr-Mn-V Bixke BiJICyTHI clTiin 0-TBepIOTo po3umHy. Lle cBiqunTh
po Te, IO JIETyBaHHS BaHaJieM (SKUM € B-cTabuIi3aTopoM Jjis TUTaHY) JT03BOJISE
MOHU3UTU TOUYKY MOJIMOP(GHOTO -3 MEepeTBOPEHHS HUXKYE KIMHATHOI TEMIEpATypH,
abo, sK MIHIMYyM, CYTT€BO 3arajibMyBaTH Tpolec posmany B ¢as3m, momaBuUBIIU
BUJIIJICHHS 0-pa3u B KIHETUYHUX YMOBAX OXOJIOJIKEHHS 37TUBKY MICJIs MOTO BUIJIABKHU.
Biacythicte y ¢azoBomMy Ckaal IOCHIKYBaHUX CILIaBIB O-TBEPJOrO PO3UYHHY,
MOBHHHO TaKOX MO3WTHWBHO BIUIMHYTH Ha iX 3arajlbHy BOJHEBY €MHICTh, OCKiJIBKU
BOJIHEBA €EMHICTH B-(a3u Ha MOPSIIOK BUIE HIXK Y a-ha3u [60].

[TopiBHIOIOUM 00'€eM €JIEeMEHTApHOI KOMIPKHM Ta pajlyC TeTpaecapUIHOro
MIDKBY3JIS 1711 JOCTIKYBAHKMX CILIaBiB cuctemu Ti-Zr-Mn-V mik co0010, BHIHO, 110
y CIUIaBi, 30arayeHOMY IUPKOHIEM, 3a3HAYEHI MOKA3HUKHU BUIIE, IO MOSCHIOETHCS
OUTBIIMM aTOMHUM pajaiycoM mupkoHito (0,160 um), Hix TuTany (0,147 M), a e B
CBOIO Uepry MOBMHHO MO3UTUBHO BIUTMHYTH 1 HA BOJHEBY EMHICTh CIIaBY Ha OCHOBI
[UPKOHIIO B L1JIOMY.

OCKUIBbKY BIJMIOBIJHO /IO IAaHUX PEHTTEHIBCHKOTO ()a30BOT0 aHAJI3Y JeTYBaHHS
rerepodasHux CruiaBiB cucteMu Ti-Zr-Mn BaHaieM He BIUTMHYJIO Ha (a30BUil CKIIa,
CTaJIO aKTyaJbHUM BCTAHOBUTH YU BI1IOYJIHCS 3MIHU y CTPYKTYpI CILIABIB Y JIUTOMY
cTaHl. MeTooM ONTUYHOI MIKPOCKOMIi OyJ0 BCTaHOBIIEHO, IO YacTKOBAa 3aMiHa
MapTaHIlio Ha BaHAiH HE BIUIMHYJA HA CTPYKTYPY JOCHIDKYBAaHUX CIUIABIB Y TUTOMY
cTaHi (pI/IC 4.10 8,6). CprKTypa CIUIaB1B Ti19,82r34,8Mn43,3V2,1 Ta TiggylzrlglgMn4210V7,o
CKIIQJAETHCS 31 CBITJIMX KPHUCTAIB OrpaHeHoi popmu, Taka MopdoJIorisi mpuTaMaHHa
iHTepmetaniny (daza JlaBeca tuny C14) ta temuux kpuctams OLIK - TtBepmoro
PO3UHHY.

JlocmimKeHHsT €BOJIIOMIT MIKPOCTPYKTYpH Ta (pa30BOTO CKJIAAy CIUIABIB MICISA
TepMiuHOi 00pOOKH MoKa3anu, o Bignan y sakyymi 107 ITa mpu Temneparypi 900 °C
BrpoaoBk 10-30 TOaMH TPU3BOAUTH N0 3OUTBIIEHHS PO3MIPIB CTPYKTYPHHUX

CKJIaJIOBUX JOCIHIKyBaHuX ciuiaBiB (puc. 4.10 B,r). Byno BcTaHOBi€HO, IO MNpU
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3017IBIICHH] Yacy 130TE€PMIUYHOI BUTPUMKH BiIOYBA€ThCS 3MEHILEHHS AUCIEPCHOCTI
CHUCTEMH BHACIIZOK 00’ €IHAHHS YAaCTHHOK (Da30BHX CKJIAJOBUX 1 yTBOPEHHS O1IbIII-
MeHII Belukux (ha3oBux arperatiB. Kpim 1poro mpo6pe BiloMo, IO MpU TEPMIUHINA
0o0poOI1i TUTaHy Ta CIJIaBiB Ha HOTO OCHOBI Bi/I0YBA€THCS POUYMHEHHS MMOBEPXHEBOT
OKCHJIHOI TUTIBKM B TJIMO, sKa € 0ap’epoM il MPOHUKHEHHS aToMy BOIHIO B IJIHO

Marepiany [63].

I 20 wkw I

I 20 ey I

B T
Puc. 4.10. MiKpOCTp}IKTypI/I CILIaB1B Ti19,82r34,8Mn43,3V2,1 Ta TigzllzrlslgMnQ,oV?,o

y nutomy (a, 06) Ta BiamaneHomy (B, T) CTaH1

3a moroMororo nporpamu Imaged 6yso BCTaHOBIICHO, IO JjIsi 000X CIUIABIB Y
JUTOMY CTaHi IJIONIA CTPYKTYpPHOI CKJIagoBoi ¢a3u JlaBeca CTaHOBHTH B Mexax
450...1500 mxm?, a OLIK-TBepaoro posuuny - 70...150 Mxm?. Takox Oyj0 BU3HAYEHO,

o y criaBi TiiggZr348MnNy3 3V2 1 KibKicTh (a3u JlaBeca Ha piBHI 75,06 %, a y criaBi
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Tizp1Zr189Mna2o0V7o 79,97 %, a OLIK-tBepmoro posumny 24,94 % ta 20,03 %,
BinmoBimHO. [licist Bigmany B 000X cIlaBaX BHACTIAOK KOAryJAIlli CYyTTEBO 3pPOCTa€
PO3MIp CTPYKTYPHHX CKJIaM0BUX. Tak, JTiHIHAHI pO3MIPH CTPYKTYPHOI CKJIaJ0BOi (ha3u
JlaBeca 3poctarots 10 20-30 Ha 50-100 MM, a ix mmoma - xo 1000...3000 Mxm?,
BIJINIOBIJTHO, po3Mipu BuaieHs OLIK-TBepaoro po3uuny - 1o 10-15 va 20-30 Mxm, ipu
ix mmomi o 400...1000 mxm?. Takok y ciuiaBax B IPOLECi Bifnanay B pe3yibTaTi
MIEePEPO3MO 1Ty KOMIOHEHTIB 3MIHIOETHCS 1 CITIBBITHOIICHHS 9acToK (pa3. Tak y cruiaBi
Ti0gZr348Mny33V21 KimbkicTh ¢asu  JlaBeca 3HmKyeThes 1m0 72,16 %, a y
Tiz21Zr189MnN420V70 10 76,76 %, a kinbkicte OLIK-TBepaoro po3dmHy 3pocTae 10
27,84 % Ta 23,24 % BiamoBigHO. JIJIsI MOKIIMBOCTI MOPIBHSHHS OTPUMAHUX JTaHUX,
aHai3y MiJIaBaIKCh OJIHI M Ti % cami nUTiH 10 Ta MICis BNy, 1aHl ycepeaHIOBaIN
3a KUIbKOMA 3pi13aMH 3IUTKIB.

OCKUIBbKY BIJMOBIJHO /IO IaHUX PEHTTEHIBCHKOTO (ha30BOr0 aHAJI3y JeTyBaHHS
rerepodasHux cIuiaBiB cucreMu TI1-Zr-Mn BaHamieM IpU3BEIIO 10 3POCTaHHS 00’ €My
eJeMeHTapHoi KoMipku (a3u JlaBeca, CTano akTyaJbHUM BCTAHOBUTH, SIKHM YHHOM
PO3IOIAETHCS BaHA M Y JOCTIDKEHUX cIutaBax. Tak 3a gornmoMororo Merojga EDAX
Ta CKaHYIUO0i €JeKTPOHHOI MIKPOCKOMIi OyJI0 BU3HAUYEHO XIMIYHUU CKJIaJ OKPEMUX
da3 mocHiKyBaHUX CIUIaBiB  Ta JOCHIDKCHO PO3MOJLT KOMIIOHEHTIB  MiX

crniBicHytounMmu (pazamu (tabdu. 4.3, puc. 4.11).

Tabnuusg 4.3. Ximiunuii ckiaj (a3 CriaBiB y JUTOMY CTaH1

CnnaB daza ckian ¢as, = 0,03 at. %

Ti108Zr348Mnaz3Vo1 | A - hasa | 18,12Ti-24,37Zr-56,72Mn-2,33V
B — daza| 24,84Ti-66,07Zr-3,07/Mn-1,41V
Tiz21Zr189Mna2oV70 | A - paza | 11,18Ti-31,31Zr-51,55Mn-7,25V
B — daza| 46,79Ti-35,24Zr-4,06Mn-6,01V
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Puc. 4.11. KapTtu po3noaiiry KOMIOHEHTIB B CIJIaBax (JUTUH CTaH):

a— Ti198Zr348MnNy33V21; 6 — Tisp1Zr189MN420V70

Sk BUJTHO 3 IPEJICTABIIEHUX KapT PO3MOA1Ty KOMIOHEHTIB Ta XIMIYHOTO CKJIady
da3 (Tabun. 4.3, puc. 4.11), BBenenuii y JOCIIKyBaH1 CIUIaBH BaHAI1M PO3MOALISIETHCS
MK 000Ma CTPYKTYPHUMH CKJIQJIOBUMHU CIUIABIB, 3 ACIIO OLIBIIMM BMICTOM Yy (as3i
JlaBeca.

MeTogoM pEeHTIreHIBChbKOro (a3oBOro aHaiizy OyJo BCTaHOBJIEHO, IO MpU
MPOBENICHIN TepMiuHIA 00pOOIll HOCHII)KYBaHUX CIUIaBIB YTBOPEHHS HOBHUX (pa3 abo
po3naj icHyrouuX He BiOyBaeThes. [lapameTpu KpuCTaIiYHUX IPATOK CIIBICHYIOUUX
¢da3 y mexxax moxuOK1 BUMIPIOBAHHS JJIs CIUIaBIB Y JINTOMY CTaHi Ta MICIs TEPMIYHOI

00pOOKHM CHIBITAIAIOTh.
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4.2.2. BruiiB 3MiHU T€pMO-0apUYHUX YMOB T1APYBaHHS Ha KUIbKICTb BOJHIO,
MOTJIMHYTOTO reTepodasHUMU CIIIIaBaMU

OcCKUIBKM ~ BIAMOBIIHO JO0 JAHUX ONTHYHOI MIKPOCKOMIi, CKaHYHYOi
SJICKTPOHHOT MIKPOCKOITi Ta PEHTTEeHIBCHKOTO (DA30BOTO aHaNi3y 4YacTKOBAa 3aMiHa
Maprasiflo Ha BaHaJid (B JOCHIKEHINH KIIbKOCTI) HE BIUIMHYJIA Ha CTPYKTYpY Ta
da3oBU CKJIaJ CIUIaBIB, TO JJII MOXKJIMBOCTI TOPIBHSHHS BOJHEBOCOPOIIMHUX
BJIACTMBOCTEH CIIaBIB 3 BaHaJleM Ta 0e3 (po3ain 4.1) BOHH AOCHTIKYBAIUCh MpPU
KIMHATHIM TeMrepaTypi, ajie TIpu JIemo Hk4IoMy TUCKY BoaHIo 0,23 MIla. Huxumii
TUCK peaKIlii B3a€EMO/I1i, 3BakKal0ur Ha BUCOKY aKTUBHICTh BOJIHIO, € O1JIbIIT O€3IEUHUM,
0CO0JIMBO, TP MPAKTUYHOMY BUKOPHUCTAHHI Ha TpaHcHopTi. Kpim Toro, qocmiKeHHs
IpoILIEeCiB cOPOIIii MPU 3HUKEHOMY TUCKY BOJIHIO Y TIOPIBHSIHHI 3 YMOBAMH TiJJpyBaHHS
(kiMHaTHa Temmneparypa Ta TUCK BojaHio 0,6 MIIa) rerepoda3zHux cIiaBiB CUCTEMHU
Ti-Zr-Mn (po3znain 4.1) ta crunaBy (Ti034Zr066)MnN1 2 31 cTpykTYypOtO ha3u JlaBeca [66],
€ HEeOOX1JTHUM JIJIi BCTAHOBJICHHS BIUIMBY THUCKY Ha KIHETUYHI IMapaMeTpu MPOIECY
NOTJIMHAHHS BOJHIO reTepo(a3zHuMHU CIIaBaMH. 30KpeMa, HEOOX1THO IEPEBIPUTH, YU
BILTMHE 3HMKEHHS TUCKY BOJIHIO Ha 1HKYOAIIHHUI TIepioJ] Ta TEMIIepaTypy TiIpyBaHHS
JOCIIIKYBaHUX CIUIABIB Y MOPIBHSHHI 31 cIlJlaBaMu 0€3 BaHA/IIO.

JlocimkeHHsT IPOBOAMIOCH HA MOHOJITHUX 3pa3Kax y JIUTOMY CTaH1 Ta MICTs
TepMidHOi 00pOOKH. AKTHBHE MOTJIMHAHHS BOJHIO TIPU NIEPIIOMY T1IpYyBaHHI CIUIABOM
Ti198Zr348MN433V2 1 y THTOMY CTaHi po3modanock yepe3 10 XBUIIKH, a MiCis TePMIYHOT
00poOKHM Yepe3 5 XBUJIMHU, a cIuiaBoM Ti321Zr189MNg20V70 uepe3 6 XBUIMH Ta 3 XB,
BiAnoBigHO (puc. 4.12). Lleit pe3ynbrar CBIIYUTH PO T, MO0 TepMiuHA 0OpOoOKa 1
MOB’513aH1 3 HEIO CTPYKTYPHI 3MiHU (30UTbLIEHHS po3Mipy KpucTaniB (a3u JlaBeca, a
TaKOXX PO3YMHEHHS B TJMO TOBEPXHEBOI OKCHUIHOI TUTIBKA) aKTHBYIOTh IPOIIEC
MOTJIMHAHHS BOAHIO. [{J11 000X CIJIaBiB HE3aJIe)KHO BiJl BUX1AHOTO CTaHy (JIUTUM abo
icyst TePMIYHOI 0OPOOKH) aKTUBHE MOTJIMHAHHS BOJIHIO TIPOJIOBKYBAJIOCH BIPOIOBK
10 XBWJIMH, TIPU I[bOMY BOJHEBAa €MHICTH I CIUIaBY Tl198Zr348MnN433V21 cKitaia
2,16 mac. % (H/Me ~ 1,45), a 1A TigzylzrlgngnQ,oV?,o 2,20 mac. % (H/Me ~ 1,32)
[Tomanpia BUTpUMKA TP THX K€ MapaMeTpax TiIpyBaHHS BIPOIOBXK 24 TOAWH 0

30UIbLIEHHS BOJIHEBOI EMHOCTI He npu3Beia. OCKUIbKY BOPOJOBXK BKa3aHOI BUTPUMKHU
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npouccC NorjinvHaHHg BOAHIO HC BiI[HOBI/IBCH, 3 ObOI'O MOJXXHAa 3p061/ITB BHMCHOBOK, IIIO 3a

ABAASATh XBUJIMH BAAE€TBCA OTPUMATHU FiﬂpI/II[ 3 MaKCHUMaJIbHO MOZKJIMBOIKO BOJHCBOIO

emHicTio. IlopiBHIOIOUM  OTpUMaHi JaHi 3

BIIIIOBITHUMU

IS CILIaBiB,

BOJHEBOCOPOITiHHI BIACTUBOCTI SKUX OTMHCaHI y po3ALT 3, MOKHA CTBEPKYBATH, 110

HAsIBHICTH y (pa30BOMY CKJIaJl MEBHOI KUIbKOCTI (110 35 %) OLIK - TBepmoro po3unny

3 BHUCOKOIO BOJIHEBOIO €MHICTIO HE TMOTIpIIye KIHETHYHI I[MapaMeTpu Mpolecy

TiApyBaHHS MpU KIMHATHIN TemmepaTypi Ta Tucky BoaHio 0,23 Mlla, ane npu3BoAuThH

JI0 3pOCTaHHS BOJHEBOI €MHOCTI cIiuiaBy. [Ipw HacWyeHHI JIOCTIKYBaHUX CILJIaBiB

BOJHEM HE3aJIEKHO BIJl BUXIAHOTO CTaHy (JUTUH, TepMOOOpOoOIeHu), Bi1OYyBa€EThCS

WHYBaHHSI MOHOJIITHOTO 3pa3Ka J0 CTaHy MOPOIIKY, 3aBASAKU 30UILIIEHHIO 00’ €M
9

KPUCTAJIYHOI T'PATKU MPHU PO3YMHEHHI B HIM BOJHIO Ta KIMHATHOI TeMIlepaTypu

rigpyBanus (puc. 4.7).
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Puc. 4.12. 3mina KOHIIEHTpaIlli BOJHIO B MaTepiaji 3 4aCOM MPH NEPIIOMY

riipyBaHHI CIIABIB B IMTOMY CTaHi: a — Ti198Zr348MNy33V2 1;

0 — Tiz21Zr189Mn420V7,0

SAx BUIHO 3 TPEACTABICHUX JaHUX, 3aBISKH TEPMIiUHIN 0OpoOIll BHAAETHCS

MOKPAIIUTA  BOJIHEBOCOPOIIIHI

BJIACTUBOCTI

JOCJTIPKYBaHUX

CIUIaBIB, IO
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BHPaXXa€THCS B CKOPOUCHHI iHKYOaIiiiHoro nepioay. B poborax [143,197] rakox Oyio
BCTaHOBJICHO, IO TepMiuHa 00poOka (Biaman mpu temmneparypi 900 °C) nmpu3BoanuTH
JI0 TIOKpaIlleHHs BOJHEBOCOPOIIHHMX BiacTuBocTed. Tak aBtopamm [197] mpm
JOCTIIKEeHH1 BOJHEBOCOPOLIHHUX BIacTUBOCTel iHTepMmeTaiiay TiFe Oymo mokazaHo,
0 TepMiyHa OOpoOKa CTBOPIOE HA TOBEPXHI HOT0 KPHUCTAIIB aKTHUBHI IICHTPH
(xnactepu Fe), sixi ipu rigpyBaHHI CIYTYIOTh IEHTPAMH JUCOIIAIT MOJIEKYJ BOJHIO,
a 1€ TPU3BOAUTH JO TMIABUINCHHS IIBHAKOCTI B3aemonii 3 BogHeM. MoyKHa
MNPUITYCTUTH, IO TMPH BiAMATIl JOCTDKYBaHUX TrerepodasHUX CIUIaBIB, OKPIM
KOoaryJsitii CHiBICHYyrOUMX (a3, TakoK Ha TOBepxHI KpuctamiB ¢a3u JlaBeca
YTBOPIOIOTHCA aKTHUBHI LEHTPH (IE€BHI KJacTepH), sIKI MPHU TiIpyBaHHI ¥ CIyrylOTh
JOJJATKOBUMH LIEHTpaMU I JUCOLiallli MOJEKYJ BOAHIO. [HIIOI0 MPUYMHOIO MOXE
OyTH pi3HA TOBILKHA TOBEPXHEBOI OKCUHOI TUIIBKU HA JINTOMY CIUIAB1 Ta MICIS HOTO
TepMI4HOi OOPOOKH: TepMiuHa 00pOOKa y BaKyyMi BeJI€ 10 PO3UMHEHHS MOBEPXHEBOI
IUIIBKA Ha JIUTOMY CIUIaBl, OTXe€, 3HUKHEHHs Oap’epy, WO MEpEIIKOoKae
IPOHUKHEHHIO aTOMIB BOJHIO, @ BITHOCHO KOPOTKHI 4ac BUTPUMKH Ha MOBITPI MIXK
TEPMIYHOIO OOPOOKOI0 Ta MOYATKOM TiJPYyBaHHS BEJIE 1O IMOSBH HOBOI BITHOCHO
TOHKO1 OKCUJIHOI IJIIBKHU, Oap’€pHa g K01 CYTTEBO CA0KIIIA.

BignoBigHo 10 MaHWX PEHTTeHIBCHKOTO (ha30BOTO aHaII3y NMpPH HACHYCHHI
JOCIIJKYBAaHUX CIUIaBIB BOJIHEM HE3aJEKHO B BUXIJIHOTO CTaHy (JIUTHH,
BiJIMAJICHHIA) YTBOPIOIOTHCS TUTBKH T1IPHIU HA OCHOBI BUXiTHHUX (a3 (puc. 4.13).

OTpumaHuil MPOAYKT TiIPyBaHHS CKJIANA€ThCA 3 TIAPUAY Ha OCHOBI (hasu
JlaBeca tuny Cl14 3 nmapamerpamu enemeHTapHoi kKoMmipku a=0,5597+0,0009 (am)
c=0,9193+0,0009 (am) miusa criaBy TiiggZrsasMnassVa 1, Ta a=0,5501+0,0009 (aM)
c=0,9035+0,0009 (M) mms crutaBy Tizp1Zr1g9MnazoV7o. Takoxk BCTaHOBIEHO
MPUCYTHICTH O-T1APUAY 3 TapameTpamu einemeHTapHoi komipku a=0,4471+0,0009 (am)
JJIsL CIJIaBy Ti19,82r34,8Mn43,3V2,1 Ta a=0,4437i0,0009 (HM) JJIA Tigzllzrlg,gMn42,oV7,o
BIJITTOBITHO.

Buxoasuu 3 oTpuMaHuX JaHUX PEHTTEHIBCHKOTO (Pa30BOT0O aHami3ly, MO>KHA
CTBEP/IKYBATH, 10 JEKOMITO3UIIIFOBaHHS (ha3 (yTBOpEHHS HOBHUX (ha3 MpU HACUYEHH]

BOJHEM) HE B1I0YBA€THCSA, & YTBOPIOIOTHCS JIMILIE TAPUIMA HA OCHOBI BUX1THUX (ha3.
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Puc. 4.13. Jludpakrorpama rigpoBaHoro crujiapy

Jsist TOrO, 11100 BCTAHOBUTH OKPEMO BOJIHEBY €EMHICTH T1IpUy Ha OCHOBI (ha3u
JlaBeca, a Takox O - T1ApUy, OyJIO pO3pax0OBaHO CITIBBITHOIICHHS X MOJISIPHUX YaCTOK
3a MetonoM PitBenbaa. KinbKkicTh BOAHIO y Tipu/ii Ha ocHOBI (a3u JlaBeca Oymo
pO3paxoBaHO BiAMOBiIHO A0 [198], 3rijHO 3 AKUM 30UIBIIEHHS 00’ €My €JIeMEHTapHO1
koMipku cTaHoBHTH 2,9-10° um® Ha ogmumimo H/M, ne M - KiJlbKicTh MeTaneBHX
aTOMiB B eJeMeHTapHii Komipii (cumBon I[lipcoHa nnst CTpyKTypw THITY
MgZn, - hP12). Ockinbku TpH HACHYCHHI JJOCTIDKYBaHMX CIUIABIB BOIHEM
JIEKOMIIO3MIIIFoBaHHs (a3 He BiOYBa€ThCS, MOYKHA BBAXKATH, IO CITIBBIIHOIICHHS
MOJISIPHUX YaCTOK T1PHIIB, OTPUMAaHUX Ha OCHOBI KOXKHO1 3 (a3, 30epiraeTbcs piBHUM
CHIBBIJIHOUIEHHIO MOJISIPHUX YacTOK Yy BHUXIAHOMY cTaHi. Po3paxoBaHuil mpupicT
00’emy enmeMeHTapHOi KoMipku ¢a3u JlaBeca Ha OJUH METAJICBH aTOM JI03BOJIUB
OLIIHUTH BOJHEBY €MHICTh IHTEPMETANily, a 3aJUIIKOBY KUIbKICTh MOTJIMHYTOTO

BOJIHIO BIJTHECTH Ha PaxyHOK O - riapuny (puc. 4.14).
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H/Me
H/Me

0 (aza Jlageca d-dasa 0 tpaza Jageca 5-asa

a 0
Puc. 4.14. CriiBBigHOIIICHHS BOJHEBOI €MHOCTI (a3 MpH TipyBaHHI CIUIaBIB 3a
KIMHATHOI TeMrepaTypu (CHHINA KOJIp) Ta )KOPCTKUX TEPMOOAPUYHUX YMOB

(KOpI/I‘{HeBI/Iﬁ KOJ'Iip)Z a— Tilglgzr34,8M n43,3V2,1; 0— Tigzllzrlg,gM n42,oV7,o

[IpoanainizyBaBIM OTpMMaHI JIaH1 110/10 BOAHEBOT EMHOCTI KOXHOI 3 (a3, 0yJio
3p00JIeHO MPUIYIIIEHHS, IO MPU BKa3aHUX M SIKUX MapaMeTpax riapyBaHHs (KiIMHaTHA
Temriepatypa Ta THCK BomHio 0,23 MIla) mocmimkyBaHI CIUIaBH HE JOCATAIOTH
MaKCHMaJbHO MOYJIMBOI BOJHEBOI €MHOCTI. [[s1 mepeBipkH AaHOTO MPUITYIIEHHS
OyJ0 BHpIIIEHO 3MIHMTH TEMIIEpaTypHO-OapUyHI YMOBHM MPOLECY TiApPYBaHHS, Ta
MIPOBECTH TMPOIIEC TiIPYBaHHS y JeKiibka eTamiB. OCKUIbKU MpU TepMidHii 00poOIIi
KUIBbKICTb MOTJIMHYTOIO BOJHIO HE 3MIHIIIACH, & TIIIbKU O0YyJI0 CKOPOUYEHO 1HKYOaIiHUHA
nepiof,, TO MOoJajbIle JOCTIKEHHS OyI0 BUPIIIEHO MPOBOIWIOCH JIUIIE HA JTUTHX
CIUIaBaXx.

Ha mnepmomy etami Oyyno mOpoBeAEHO MPOIEC HACUYECHHS JOCTIIKYBaHUX
CIUIaBIB BOJHEM IIpH MapaMeTpax OMHUCaHUX BUIlE (KIMHATHA TEMIEpaTypa Ta THUCK
BoaHto 0,23 MIIa), sxi € M’sskumMu ymoBamu ripyBaHHs. Ha apyromy etami Oyio
MEepPEBIPEHO BIUIMB MiABUIIEHHS TUCKY BOJHIO Ta TEMIIEpaTypH Ha BOJIHEBOCOPOIIIHHI
XapaKTepUCTHUKU CIUIaBiB. byio 301b1IeHo THCK BoaHIO Y Kamepi Bix 0,23 no 2 MIla
Ta BUTPUMAHO OTPUMAaHI TiApUAM BOPOJOBXK 24 roauH. BkazaHa BUTpUMKA [0
MOHOBJICHHSI AKTHUBHOTO TMpOIECYy NOTJIMHAHHSA BOJHIO He mpu3Bena. HactymHum

eTarioM CTaB IPOLIEC HarpiBaHHS OTPUMAHUX TiAPHUIIB B aTMocdepi BOJIHIO 10
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temneparypu 400 °C, 3 momanplIOl BUTPUMKOIO MpPH BKa3zaHId TeMmmeparypi
BIIPOJIOBXK OJIHI€1 TOJMWHU, TIPH IBOMY CIIiJl 3ayBa)KWUTH, IO THCK BOJHIO B Kamepi
30ubuBes Big 2 Mlla o 3 Mlla B ipotieci HarpiBaHHS. Y pe3yibTaTi BKa3aHOi 3MIHU
YMOB TiJ[pyBaHHA BAAIOCS 30UIBIIUTH KUIBKICTh MOTJIMHYTOTO BOJHIO CIUIaBaMU
Ti19,82r34,8Mn43,3V2,1 Ta Ti32,1zr18,9Mn42,0V7,0 10 2,29 (H/Me ~ 1,54) 1 2,33 mac.%
(H/Me ~ 1,40), BignoBigHo. [lopiBHIOIOUM BOJHEBY €MHICTBH JJIs JOCHIKYBaHHUX
CIUIaBiB, OTPUMAaHY MPU M SIKMX YMOBAaX T1IpyBaHHS, Ta MICIS 3MIHA TEPMOOAPUIHHIX
rapaMeTpiB BUIHO, 110 3POCTaHHS KUIBKOCTI IMTOTJIMHYTOT'O BOJIHIO CTAHOBUTD Ha PiBHI
6 - 7 %. 3 oTpuMaHuX JaHWUX BITHOCHO HACWYCHHS JOCIIHKYBaHUX CIIJIaBIiB BOJHEM
MO>KHA KOHCTAaTyBaTH, 10 HA JJUTUX CIIaBax MPH JOCUTH M’ SIKUX YMOBaX TiApyBaHHS
(kiMHaTHa Temmeparypa, Tuck BojHto 0,23 MIla) nuie 3a ABaAIATH XBIUJIMH BIA€THCS
OTpUMATH KOHLEHTPAL[i}0 BOJHIO B MaTepiaii, OJM3bKY 10 MAKCUMAJIBHOI.

BiamnoBinHo 10 1aHUX PEHTTEHIBCHKOTO (ha30BOT0 aHATI3y OTPUMAHUN MPOIYKT
TiIpyBaHHA CKJIAJIA€ThCS 3 TApUay Ha ocHOBI ¢a3u JlaBeca tumy C14 3 mapamerpamu
enemeHTapHoi koMmipku a=0,5627+0,0009 (am) ¢=0,9242+0,0009 (EM) m1s CruUTaBy
Ti198Zr318MnN433V21, Ta a=0,5594+0,0009 (M) ¢=0,9188+0,0009 (uMm) mist criiaBy
Tigp1Zr189Mn420V70. Takok mOpuCyTHIH O-TiApHUA 3 MapaMeTpaMu €JIeMEHTapHOI
komipku a=0,4508+0,0009 (am) s crutaBy TiigsZr348Mnys3Vo 1 Ta a=0,4443+0,0009
(um) ms Tisp1Zr189MngzoV7o BiamosigHo. [lopiBHIOIOUM MapaMeTpu KPUCTATIYHUX
rpatok (a3 s TOCHIKYBAaHUX CIUIABIB MICHS TIAPYBAHHS MPU M SIKUX Ta OLIBII
HKOPCTKMX YMOBaX TiJIpyBaHHS BHUJHO, IO 3MIHA TEPMO-OApPUYHUX YMOB JO3BOJISIE
MIJBUIIUTH BOAHEBY €EMHICTh KOXKHOT 3 (pas.

Buxoasun 3 oTpuMaHUX JaHUX PEHTICHIBCHKOTO (Da3oBOro aHaimizy MOKHA
CTBEp/KYBaTH, IO IMiCJsi HaKJIaJAaHHS OIbII MOPCTKUX TEPMOOApPUUHUX YMOB
riIpyBaHHS JEKOMITO3UINIOBAHHS (pa3 TaKOXK HE BIJJOYBAETHCS.

Jliist Toro, o0 BCTAHOBUTHU BEJIMYMHY 30UIbIIEHHS BOJAHEBOI EMHOCTI TIAPUILY
Ha ocHOBI ¢a3u JlaBeca, a TakoX O - TIAPHUIY, TICISA MIABUIICHHS TEPMOOAPUIHUX
MTOKa3HUKIB TPOIIeCy HACUYCHHS CIIJIaBiB BOJHEM, BUKOPHCTOBYIOUH CXEMY, OTTUCAHY
BUIlle, OYyJO0 pO3paxOBaHO CIHIBBIAHOIIEHHS iX MOJISIPHUX YacTOK 3a METOJIOM

PitBenbaa (puc. 4.14).
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BinmoBigHO 10 Mac-CHEKTPOMETPUYHUX MOCHIIKeHb rasiB (puc. 4.15), mo
BUJUISIIOTBCS TMpPH  BaKyyMHOMY HarpiBaHHI HAaCHUYEHHX BOJHEM  CIUIaBiB
Ti198Zr348MnN433V21 Ta Tisz 12118 9MN420V7 0, BCTAHOBIICHO, 110 BUALICHHS BOIHIO IIPH
mo4aTkoBoMy THCKY 4*107 I1a po3nourHaeThCs BiKe NP KIMHATHIN TEMIIEPATypi, ane
IIpU TaKUX IMapaMeTpax Mpolecy JIecopOIli BAaeThCsa BUALIUTUA HE Oibiie 2 % BiA
MOTJIMHYTOI KUIBKOCTI. [IOHOBUTH Tpoliec BHAUICHHS BOAHIO BIAETHCS JIUIIE TPU
HarpiBaHHi, TaK MaKCHUMaJbHA MIBHUJKICTh BHUIUICHHS BOJHIO JOCSTAETHCS TIPU
temneparypi 280 °C  mis cmmaBy  TigpaZrigoMngoVze ta 300 °C  ms
Ti198Zr318MnN433V21, a ipu Temmepatypi 400 °C ta 450 °C nporiec aecopOrItii BOIHIO
3aBepmyeThes. [1osICHUTH Pi3HY TeMmIepaTypy, MpH KA JOCATAEThCS MaKCHMAaJIbHA
IIBUJIKICTh BUJIJICHHS Ta JIOCATAETHCS IMOBHA JIECOPOIliS BOJIHIO JJIsL JOCHIIKYBaHUX
craBiB (puc. 4.15) MoxHa pi3HOIO KUIBKICTIO B MaTepiajiax o-Tiipuy (Temreparypa

necop6irii Buie 350 °C), orpumanoro rigpyBanasm OLIK-TBeporo po3uuny.
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Puc. 4.15. TemnepaTtypHa 3a1€XHICTh IHTCHCUBHOCT1 BUIJICHHS BOJIHIO 3
HABOJHCHHX CILJIABIB MPH 1X HArpiBaHHI y BaKyyMi: a — Tl19gZr348MNa33V21;

0 — Tiz21Zr189Mn420V7,0
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OCKUIBKY JIJIS1 CTIaBIB-HAKOMTUYIYBadiB BOJHIO BAXKITMBOIO XaPAKTEPUCTUKOIO €
30epiraHHsi BOJHEBOCOPOILIMHUX BIACTUBOCTEH MpH Oararopa3oBOMy UK copOii-
necopOmii BoAHIO, TO s CIutaBiB TiiggZrzssMnNassVo 1 Ta Tisp1Zr1g9MnNg0V7o Oyito
MIPOBEICHO BIAMOBIAHE AOCTIKeHHS. JIJIsT JOCHIKyBaHUX CIUIABIB, NPYTUN ITHKI
copOrii po3noyaBcsl MPU KIMHATHIA TeMmIiepatypi 1 aOCOIIOTHOMY THCKY BOJIHIO
0,21 MlIa, Bxe 3 nepuImx CeKyH]l KOHTaKTy 3pa3ka 3 BogHeM. Lle cBiiuuTh npo te, 1o
TOCTIKyBaHl ABOoGa3Hl CIutaBu 31 cTpykTyporo (asu JlaBeca ta OLIK-TBepmoro
pO3UMHY, SKI TPOMIIM AaKTHUBAIIIO IHUKJIOM cOpOIis-aecopOiliss BOJHIO, MpHU
HACTYHUX IMKJIaX MAalTh OJHAKOBI MapaMeTpu TIAPYBaHHS 3 OAHO(DAZHUMU
CIIaBaMH 31 CTpyKTypoto ¢a3u JlaBeca (BogHEBOCOPOIIiiHI BIACTUBOCTI IKUX OMUCaHI
y po3aim 3). Sk yke 3a3Hayajgoch BHINE 3 KOKHHUM HACTYITHUM ITUKJIOM COpPOIIii-
necopOirii Oyie 3pocTaTH MIBUIKICTh B3aEMOII1 3 BOAHEM, IPOTE MOYMHAIOYH 3 IEBHOT
KUIBKOCTI IIMKJTIB Oy/Ie 3HUKYBAaTUCh BOJHEBA €EMHICTb.

[lincymoByrouM yce BHUINE BUKIJIAJICHE MOKHA CTBEP/KYBATH, II0 YaCTKOBA
3aMmiHa, B reTepodazHux cruiaBax 31 cTpykryporo (a3u JlaBeca ta OLIK-TBepmoro
PO34YMHY, MapTaHIIIO SIKUK HEe B3aEMOJIIE 3 BOJIHEM Ha BaHA/Iii, 0O4iKyBaHO IIPU3BEIa JI0
MIJBUIICHHS KUIBKOCTI TOTMVIMHYTOTO BOJHIO TIpU 30€peKeHHI M SIKUX YMOB
rigpyBanHsa. ToOTo, 3ampornoHoBana B po3/iil 3 i71es, CTOCOBHO TOTO, IO JIETYBaHHSI
CIUTaBYy €JI€MEHTOM 3JIaTHUM YTBOPIOBATHU CTIHKY XIMIYHY CIOJYKY 3 BOJHEM Ta Mae
O1MBIIMI aTOMHUI pajilyC, MO3UTUBHO BILIMBA€ HAa BOJAHEBOCOPOIIiIHI BIACTHUBOCTI,

MO>Ke OyTH YCITIIITHO 3aCTOCOBaHa 1 JiJisi TeTepoda3HUX CILIaBIB.

4.3. BoaneBocopO1iifH1 BIacTUBOCTI reTepodasHux criiaBiB cucremu Ti-Fe-Mn

Y posnpinax 4.1 Ta 4.2 Ha cruiaBax cucteM T1-Zr-Mn Ta Ti-Zr-Mn-V 6yno
MOKa3aHO MEPCIEKTUBHICTh HAMPSAMKY CTBOPEHHS MaTepiaiB COPOCHTIB BOJHIO Ha
OCHOBI reTepo(a3HuX CIUIaBiB 31 CTPYKTYPOIO IHTEPMETai1y Ta CIIBICHYIOUOTO 3 HUM
OLK-tBepaoro po3unny. BusHaueHo, 1110 3aBAsSKH Bapiallli XIMIYHOTO CKJIaAy CIUIaBY,
sKka 3a0e3redye 3MiHY CHIBBIAHOIIEHHS MDK iHTepMmeranigoMm Ta OLK-tBepaum

pO3YMHOM Yy JABOQa3Hii CTPYKTypi, BIAEThCA B JOCHUTHh IIMPOKOMY I1HTEpBai
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3MIHIOBAaTH BOJIHEBY €MHICTbh, NMPU 30€peKEHHI M SIKUX YMOB Ti/I[pyBaHHS (KIMHAaTHa
temneparypa Ta Tuck BogHio 0,23 MIla). Takox OyJsio moka3zaHo, 10 3aCTOCYBaHHS
TepMIUYHOi  OOpoOKM  (BiAmaa BHXIJIHMX  3pa3KiB)  J03BOJSE€  MOKPAIIUTH
BOJ/IHEBOCOPOIIiiiHI BIaCTUBOCTI TOCIIP)KYBaHUX CILJIaBiB.

Onnak, JOCHIKEHI CHCTEMH JIeTYBaHHS MalOTh ITI€BHI HEIOIKH IS
MPaKTUYHOTO BUKOPUCTAHHSA. 3OUIbIIEHHS KIIBKOCTI KOMIIOHEHTIB CIUIaBy, SIKI
CYTTEBO PI3HATHCS 3a TEMIIEPATypOIO IUIABJICHHS, MPU3BOIUTH 10 YCKIATHEHHS
TEXHOJIOTTYHOTO MPOIECY OTPUMAHHS OJTHOPITHOTO 32 XIMIYHUM CKJIa/I0M CILIaBY, 110
MOK€ CYTTEBO BIUIMBATH HAa BOJHEBOCOPOILINHI BIACTUBOCTI. 3 OIJISAY HA BCE BHILE
BUKJIaJIcHE OyJIO BUPIIIEHO HE BBOJUTH JIOJATKOBI €JIEMEHTH B paHiIle JOCIIIKEHI
CUCTEMHU, a 3aMICTh CUCTEM 3 4-5 KOMIIOHEHTIB, PO3IJIAHYTH 1HII 3-X KOMIIOHEHTHI
CUCTEMHU JICTYBAHHS JIJIsI TOCATHEHHS NIEPCIIEKTUBHOTO CTPYKTYPHO-(a30BOTO CTaHY 1
OakaHUX BOJHEBOCOPOIINHUX XapaKTEPUCTHUK.

Ha retepodasznux cmiaBax cucremu Ti-Zr-Mn-V Gyino anpo0OoBaHO ijeto, 1110
YacTKOBA 3aMiHa KOMIIOHEHTY CIUIaBY KM HE B3a€MOJIE 3 BOJHEM Ha €IEMEHT 13
OUIBIIIMM aTOMHUM PaJIlyCOM Ta SKUH, KPIM TOTO, 3/1aT€H CTBOPIOBATHU CTIHKY XIMIUHY
CIIOJIYKY 3 BOJHEM, OUIKYBAHO MPHU3BOJUTH J0 M1BUIIICHHS BOJHEBOI EMHOCTI CILJIaB1B
npu 30€peKeHHI M KX YMOB TiIpyBaHHs (KIMHATHa TeMIieparypa TipyBaHHs Ta
THCY BOJHIO B Mexkax 0,23-0,6 MIla). Jlyist miaTBepKeHHS 1aHOT TEHACHITT, IO came
30UIBIICHHS PajilyCy TeTpaeApuyHOro MDKBY3is ¢a3u JlaBeca, mMpU3BOAUTH [0
MOM ’SIKIIIEHHSI YMOB TiJpyBaHHS 0€3 CYTTEBOTO TMOTIPIICHHS KIHETUKH BHLICHHS
BOJIHIO, B JAaHOMY PO3iJIi pO3TJSHYTO, HAa MPUKJIAl reTrepoda3Hux CIUIaBiB CUCTEMHU
Ti-Fe-Mn, sx MoXe 3MIHMTH XapaKTepUCTUKHA CIUIaBy I[IOBHA  3aMiHa
T1IpUOYTBOPIOIOYOTO KOMIIOHEHTY CIUIaBYy 3 BEJIMKAM aTOMHUM PaalycoM
(LIMPKOHII) HA €IEMEHT 3 MEHUIMM aTOMHHUM PaJilyCoM, SIKM HE YTBOPIOE TIAPHJIH,
Oyyur 1HEpTHUM TIO BITHOIIEHHIO /IO BOJIHIO.

Bignosigno mo miteparypuux manux [68,199,200] B sKOCTi JIeryBajbHOIO
KOMIIOHEHTY, SIKUW Ma€ MEHIIUM aTOMHHU paJilyc, HI’)K y IIUPKOHIIO, 1 HE YTBOPIOE 3
BOJHEM CTIMKy XIMIYHY CIOJIyKy, Oyno oOpano 3ami3o. J[lanuii BubGip OyB

oOyMoBJieHu# HacTynHUMH (akTopamu. [lo-mepiue, y O6iHapHii cuctemi Ti-Fe icHye



162

inTepmeranin tumy AB (TiFe) sikuit BBakaeTbCsi MEPCIEKTUBHUM Y SIKOCTI MaTepiairy
Ul akymyJtoBaHHs BogHI0 [25]. [lo-mpyre, 3amizo € B-cTabimizaTopom A TUTaHY,
110 103BoJUTH cTabimzyBaTu OLIK-TBepauii po3unH npu KIMHATHINA TeMriepaTtypi (1e
JI03BOJIMTH 30€perTv MpH KIMHATHIM TemmepaTypli HEOOXiIHy, AJis MOPIBHAHHA 31
CIutaBaMu cucteMu T1-Zr-Mn, cTpykTypy iHTepMeTaliay Ta CIiBICHYIOUOI'O 3 HHM
OLIK-TBep10TO pO3UKHY).

BinnosinHo fo miteparypHux ganux [163,201-206] st akyMyITFOBaHHST BOJTHIO
B cuctemi Ti-Fe intepmeranin tumy AB (TiFe) BBaka€eThcs OUIBII MEPCIECKTHBHUM
HDK 1HTepMeTania tuimy AB; (¢pa3a JlaBeca). Lle moB’s3aH0 3 TUM, IO 1HTEPMETATI]
TiFe Mosxe B3aeMOiSTH 3 BOJHEM MPU KIMHATHIN TEMIEpaTypi Ta BUCOKOMY THUCKY,
yrBoprotoun nBa rigpuau TiFeH 1 TiFeH; [207], a Takox y NOpIBHSHHI 3
iHTepmetamiaom  tuny ABy  (paza  JlaBeca) Mae  Oulblly  KUIBKICTB
riIpUI0yTBOPIOIOYOr0 TUTAaHy Yy CBOeMy ckinaji. IIpore, mpakTuuHe 3acTOCyBaHHs
inTepmetaniny TiFe oOMexyeTbest y 3B’A3Ky 3 MOBUIBHUM IEPUIUM T1IpyBaHHSIM
HaBITh NPU JOCHUTh YKOPCTKUX TepMOOApMUHUX yMoBax (Thck BoaHro 7 MIla Tta
temriepatypa ~ 400 °C) [23,208]. B po6oti [209] Oyno BcTaHOBIEHO, 10 MOBLIHHE
mepiie TiApyBaHHS TIIOB’SI3aHO 3 OKHCJICHOIO TOBEPXHEI, IO CKIATAEThCs B
ocHoBHOMY 3 okcuiB TiO; Ta Fe;Os. ApTopu [209] 3anponoHyBaiid pi3HI MEXaHI3MU
MoKpamieHHs: mnepmioro rinpyBaHHs TiFe wmeromoM TtepMiuHOT ab0 MeXaHIYHOI
00poOKH.

ABtopamu [197] Oymo BCTaHOBIEHO, IO TepMiuHa OOpoOKka Moxke OyTu
e(EeKTHUBHOIO i1 TMOKpAIIeHHS MepIIoro TiJpyBaHHS, OCKUIBKA TpPH LbOMY
CTBOPIOIOTbCST aKkTUBHI LeHTpH (kjnactepu Fe) na mosepxHi TiFe, ki chnyrytoTh
[IEHTPaMH JUCOITIaIlii MOJIEKYJ BOIHIO.

Buxoasuu 3 nmitepatypuux ganux [210-212] Gyno BcTaHOBIEHO, IO JIETYBaHHS
intepmetaminy TiFe mnepeximauMu MeTtalaMu TPU3BOAWTH JO TOKPAIEHHS
BOJHEBOCOPOIIIHHUX BJIACTUBOCTEH (MOMJIMBOCTI TPOBOIAUTH TIPOIEC TMEPIIOTO
riIpyBaHHA MPU AOCUTh M SKMX yMOBax). Tak B po6oti [213] Oyio 3anpornoHOBaHO
MapraHenb, SK HEAOPOTUH 1 JOCUTh JIETKWUW MeTaj, JJIs JIETYBaHHS IHTEpMETaiay

TiFe. ABropamu [214] pu nocnimkenni criasiB TiFe; \Mny (x=0, 0,1, 0,2, 0,3 ta 0,5)
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Oy7n0 MmoKa3aHo, 10 BCl1 3pa3Ky MOTJIM IUTABHO TIOTJIMHATH BOJCHH MPU KIMHATHIN
Temmneparypi Ta movyarkoBoMy Tucky 4,1 MIlla. Takox Oymo BCTaHOBJIEHO, IO
yTBOpEHI Ha OCHOBI iHTepMeTamiay Ti(Fe,Mn) rigpuan € HecTaOLIBHUMHU 1 MOXYTh
pO3KIIaaTUCS TPHU 3HATTI THCKYy 0€3 3aCTOCyBaHHS HarpiBy (IIf0 € OCOOJIMBO
BKJIMBOIO XapaKTEPUCTUKOIO MPU MPAKTUYHOMY 3aCTOCYBaHHI).

3BakalouM Ha BUIIEBUKIIAJIEHE, 3HAYHO Kpaluil MOTEHIlald 3 TOYKH 30py
IiBUIICHHS BOJHEBOI €MHOCTI CIUIaBiB cuctemMu Ti-Fe-Mn, mae Ttakuii BHOIp
KOHIICHTpAIlI €JeMEHTIB, KUl O 3a0e3MeuuB Mepexil BiJ IHTEPMETaITHOTO
3’enHanHs T1Fe; (dhasa JlaBeca) mo intepmeraniay TiFe B ctpykTypi nux cruiasis. Llle
OJIHIEIO0 3 TIPUYUH MEPexXoay N0 po3msiay iHTepMmeTaniay tunmy TiFe Oyno Te, 1o
inrepmetanin TiFe; (da3za JlaBeca) mpakTUYHO HE B3a€EMOJIE 3 BOJHEM, OCKIIbKU
3aJ1130 HE € TIAPUI0YTBOPIOIOYUM €JIEMEHTOM, 1 MPUCYTHICTh JaHoi ¢a3u JlaBeca y
CKJIaJl CIUIaBY MPU3BOAUTH JI0 3HMKEHHS 3arajibHOi KIJIBKOCTI MOTJIMHYTOTO BOJHIO
[215].

VY poznun 4.2. Oyno mokazaHo, IO 3aCTOCYBaHHSI IMOINEPEIHbOI TEPMIYHOI
o0poOkM He 3MiHIOIOYH (Ha30BHI CKJIaA, OJAHOYACHO NPU3BOAUTH JIO CYTTEBOTO
MOKpAIICHHS] BOAHEBOCOPOI[IMHUX BJIACTUBOCTEH (CKOpOYEHHS 1HKYOaliiHOIO
nepiojy) CIUIaBiB.

Buxonsuu 3 ychoro BUIIE BUKJIAACHOTO, OyJIO MPUUHITO PIMICHHS JOCHIIUTH
BOJHEBOCOPOIIMHI BIaCTUBOCTI rerepodasHux cmiasiB cucremu Ti-Fe-Mn sk y

JUTOMY CTaHl1, TakK 1 MICIsl TEPMIYHOI 0OPOOKH.

4.3.1. JlocnipKeHHsT BOAHEBOCOPOIIIMHUX BJIACTUBOCTEH NBO(GA3HOTO CIIJIaBY
Buxonsun 3 pgiarpamu crtany cuctemu Ti-Fe-Mn (puc. 4.16) [216] nns
JIOCTiDKeHHsT Oyino oOpaHo cmiaB  Tls7oFes; oMno g (BiamoBigHuii  ckitag Ha
MPE/ICTABIICHIN Jiarpami 300pa)K€HO 3€JIEHUM KOJIhOPOM) TaKiM YHMHOM, 00 HOTO
CTpyKTypa ckiagamnach 3 iHTepMmetaminy Ti(Fe,Mn) Tta choiBicHyrouoro 3 HUM
OLK-TBepaoro po3unHy, a BMICT MapraHilio Ta 3ajii3a rapantyBaB BMicT OLIK-dazu

e oupie 35 %.



164

Fe

(UFe)+(TFe)

Ti 'p'(Bm'A » T, Rk (@M0) Mn

Puc. 4.16. [3oTepMmiuHuMil mepeTHH NOTPiKHHOT (pa3oBoi giarpamu Ti-Fe-Mn mpu
1000 °C [216]

4.3.1.1. MikpocTpykTypa Ta (ha30BHii CKJIaJ CIIJIaBy
Sk 1 oviKyBajaoCh, BIAMOBIAHO JO MAHUX ONTHYHOI MIKPOCKOTMIi, CTPYKTypa
JOCITIKYBAaHOTO CIJIaBy MICTUTH JBI OCHOBHI CKIJIQJIOBI, CKJIQJIal04HCh 31 CBITIIMX

KpucTasiB orpaHeHoi gopmu intepmeranigy Ti(Fe,Mn), a Takox TEMHUX KpHCTaJiB

OLK-tBepmoro po3unny (Ti,Fe,Mn) (puc. 4.17 a).

a 0
Puc. 4.17. Mikpoctpykrypa crmaBy Tis 72F€212MnNyi 6! a — muTuii cramn;

0 — micJis Biamanmy
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JlocTiKeHHsT €BOITIONIT MIKPOCTPYKTYpH Ta (ha30BOTO CKJIaay CIUIABY MicCIis
TepMigHOi 00pobkm y Bakyymi 107 Ila mokasanm, o Bimmam npu Temmeparypi
13oTtepmiudoi BuTpuMku 1000 °C (mana temmeparypa Oyna oOpaHa Takoro, HI00
3a0e3MeYNTH MaKCUMaJIbHY MIBUAKICTh M1(y31i KOMIIOHEHTIB CIUIaBy, 1 MPU I[bOMY HE
JTOMYCTUTH HoTo orutaBieHHs [217]) BpoaoBxk 24 roauH MIPU3BOAUTE 10 301JIBIIICHHS
PO3MIpPIB CTPYKTYPHUX CKJIAJOBUX IOCTIKyBaHOTO cruiaBy (puc. 4.17 6). byno
BCTAQHOBJICHO, IO MpH 301JbIICHHI Yacy i130TEpMIYHOI BUTPUMKHU Bi0YBa€THCS
3MEHIIIEHHS] JHUCIIEPCHOCTI CUCTEMHU BHACIIJOK 00 €HAHHS 4YacCTUHOK (Ha30BUX
CKJIAJOBUX 1 YTBOPEHHS OUIbBII-MEHII BEJHMKUX (pa3zoBux arperatriB. [lopiBHSAHHA
MPEICTaBICHUX MIKPOCTPYKTYP T03BOJISIE CTBEPKYBATH, IO BiAMAN MPU3BOAUTH 0
3HIKeHHs KutbkocTi OLIK-TBep10r0 po3unHy, 13 BIMOBIHUM 301IbIIIEHHAM 00’ €MHOT
yacTKu KpuctaniB inTepmeraniay Ti(Fe,Mn).

3a momomororo mporpamu Imaged Oyio BU3HAYEHO, IO IS AOCIIKYBAHOTO
CIUIaBY B JINTOMY CTaH1 KUTbKICTh iHTepMeTaniay Ti(Fe,Mn) na pisui 76,03 %, a OLIK-
TBepaoro po3uuny 23,97 %. Ilicns Biamany B CIUIaBl 3pOCTae po3Mip 3epeH
IHTepMETANIy, 0 MNPU3BOAUTH JO 3MEHIICHHS MUTOMOI TOBEPXHI Mik(a3sHUX
IpaHUllb, a TaKOXX B PE3yJbTaTl MNEPEepPO3NOALTY KOMIIOHEHTIB 3MIHIOEThCA 1
CHIBBIHOIIECHHS KiNbKoCTI (a3. Tak kijgbkicTs iHTepMeTamiay Ti(Fe,Mn) 3pocrae no
78,10 %, a xinpkicTh OLIK-TBeporo po3unny 3MeHIryerbes 10 21,90 %. Jlns 6inbi
KOPEKTHOTO aHaIi3y, pO3IJIsAalId OJIHI 1 T1 % caml HUTI(H 10 Ta MicJs BiAnay.

MeTtonoM peHTreHiBChbKoro (ha30BOr0 aHalizy MiATBEPKEHO aH1 ONTUYHOI
MiKpockomii mpo (a3zoBuil ckiang gociiKyBaHoro cmiaBy (puc. 4.18). s
JOCIIIJIKYBAHOTO CIUIaBY y JIUTOMY CTaHl Ta MICJSl TePMIYHOI 0OpOOKM mapameTpu
KPUCTATIYHUX TPaToK (a3 B Mexax MOXUOKH BUMIPIOBAHHS CIIBMAJAOTh. Tak y
CTPYKTYp1l JOCIIIKYBAaHOTO CIUIaBy B JIMTOMY CTaHl Ta MicCis TEPMIYHOT 0OpOOKH
npucytHii iHTepMeranig Ti(Fe,Mn) 3 kyG14HOO TPaTKOIO IPOCTOPOBOI Tpynu Pm-3m
(cumBoun Ilipcony CP2, crpykrypumii Tunm CsCl) Ta mapamerpamu eixeMeHTapHOI
koMipku a=0,3017+0,0009 (am), a Takox OLK-TBepauii po3unH sikuili Mae KyO14yHY
rpatky mpoctopoBoi rpynu 1m-3m (cumBon Ilipcony cl2, crpykrypumii Tun W) 3

napametrpamu eemeHTapHoi koMipku a=0,3146+0,0009 (am).
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Puc. 4.18. /ludpakrorpama BUXiIHOTO CILJIaBY

[TopiBHtorouM mapameTpu Kpuctamiyaux rparok mia  P(Ti) (mapamerp
KpucTaiiuHoi rpatku B3saTo 3 6asu JCPDS International Centre for Diffraction Data
a=0,33065) Ta THTaHy, JICTOBAHOTO MapraHIleM 1 3aji3oM (SIKi MalTh MEHIIHNA
aTOMHUH pajilyCc HIXK TUTaH), BUAHO, L0 JIETYBAHHS LIUMH €JI€MEHTaMU PU3BOAUTH 10
CYTTEBOI'O 3MEHIIEHHS MapaMmeTpy KPUCTAIIYHOI IPATKH, 1 BIANOBIAHO LBOMY 10
3MEHILEHHS PO3MIpY MIDKBY3/IiB (MICLs JIOKali3alli aToOMIB BOAHIO), IIO MOXKE
HEraTHMBHO BIUIMHYTM Ha BOJHEBY €MHICTh JaHOi (a3 Ta CIUIaBy B I[IJIOMY
(puc. 4.19 a). B npoTuiexHiCTh, NpH JIETyBaHHI MapraHileM IHTepMeTaliaHoi (a3u
TiFe, ciocTepiraerbes 3BOpoTHA TeH IEHIIIs. [lopiBHIOIOUN MapaMeTpu KpUCTATIYHUX
rpaTok s yrcroro intepmetaninay TiFe (mapametp B3sto 3 6azu JCPDS International
Centre for Diffraction Data ¢=0,2976) ta iHTepMeTamiry, JIETrOBAaHOTO MapraHIICM,
MOKHa CTBEp/DKYBaTH, WLIO JIETYBaHHS NPHU3BOAUTH /0 30UIBLICHHS Mapamerpy
KPUCTAJIIYHOI 'PaTKU ¥ BIAMOBITHO, 10 30UIBIIEHHS PO3MIPY MIKBY3JIs, III0 TOBUHHO
MO3UTHUBHO BIUIMHYTH HAa BOJHEBY eMHICTh (puc. 4.19 6) manoi das3u Ta cruiaBy B
1JIOMY.

3MiHYy TapaMeTpy TpaTKd KOXKHOi ()a3u MOXHa TMOSCHUTH THUM, IO OCHOBHI
€JIEMEHTH CIUIaBy, TaKl sIK TUTAH, MapraHelb Ta 3a71130 3HAXOAATHCS Y3/I0BXK OJHOTO

nepioay nepioanunoi cuctemu JI.I. MenaeneeBa, Tomy B aToMax ITuX €JI€MEHTIB YHCIIO
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€JICKTPOHHUX PIBHIB HE 3MIHIOETHCS, alie IPU LIbOMY KUIBKICTh €IEKTPOHIB 3pOCTAE, a
1€ B CBOIO YEPTy MPHU3BOJUTH J0 MOCWICHHS TSKIHHS BCI€i 30BHINIHBOI O0OJIOHKA
aToma JI0 s/pa, BIAMOBIAHO IIbOMY 1 pajilyc aTOMIB 3MEHIIIYETbCS MPU MEPEMIIICHH1

Bix tutany (0,147 am) o 3am3za (0,126 am) [218].

a 0

Puc. 4.19. Cxema BIUTMBY aTOMY 3aMIIlIEHHS Ha KPUCTAJIYHY TPATKY:

a — MEHILIOTO PO3MIpy; 0 — OLIBIIIOr0 PO3MIpYy

Buxoasuu 3 oTpuMaHUX TaHUX PEHTI€HIBCHKOTO (ha30BOT0 aHAIi3y BUAHO, IO
y ¢azoBomy CKJIaai IOCHIIKYBAaHOTO CIUJIaBy, HE3aJIeKHO BIJ BUXIJHOTO CTaHy,
BIJICYTHI CHIIM O-TBEpJAOTO pPO3uMHy. JleryBaHHsS THUTaHy 3aji30M 1 MapraHueMm
no3Bossie crabimzyBatu OLIK-TBepauii po3uMH mpu KIMHATHIA TeMIiepaTypi, IO
MOBUHHO 3a0€3MEUUTH BUIINY KUIbKICTh IMOTJIMHEHOTO BOJHIO, OCKUIBKA BOJHEBA
eMHICTh -(a3u 3HAUHO BUIIE, HIX o-(ha3u [219].

Ha mpuxiani mapamerpiB kpuctamiuyaux rpatok OLIK-tBepmoro po3unHy s
cruiaBy Tls2Zr243Mns37 a=0,3344+0,0009 (am) (po3nia 4.1) Ta aas TOCHTIIKYBAaHOTO
criaBy TiszoFe2; 2Mng e a=0,3146+0,0009 (HM) 4iTKO BHIHO, IO MOBHA 3aMiHa
nUpKoHito (aTomMHUi paaiyc sikoro 0,160 HM) Ha 3ami30 (atomuuid paaiyc 0,126 Hm)
OUIKYBaHO TIpU3BeJia JI0 3MEHIIEHHS mapaMmeTpiB Ipartku. Lle miaTBepmKye
3aMpONOHOBAHY Y PO3/ii 3 iJ1et0, CTOCOBHO TOTO, IO PO3MIp aToMa € KPUTHYHUM

dbakTopoM mpu JIeryBaHHI, KW, BU3HAYAIOUM MapaMeTp KPUCTAIIYHOI IpaTKH, 1
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BIJIMTOBITHO I[LOMY 00’ €M €JIEMEHTAPHO1 KOMIPKH Ta PajiiyC MI>KBY3JISI, MOXE CYTTEBO

BIINIMBATH Ha ITOKa3HUKHU BOI[HGBO'I' €MHOCTI.

4.3.1.2. Bzaemopis 3 BogHeM 1B0(ha3HOTO CIUTABY 31 CTPYKTYPOIO IHTEPMETANTI Ty
turty AB ta OLJK-TBEepa0rO po3unHy.

OCKUIbKM BIATOBITHO JI0 JIAHMX ONTHYHOI MIKPOCKOIII Ta PEHTT€HIBCHKOTO
¢$a30BOro aHamizy CTPYKTypa IOCHTIPKYBAaHOTO CIUIABY HE3QJIEKHO BIJ BUXIJTHOTO
cTtany (nutuii abo BiamageHui) ckiangaetbes 3 1HTepMetamiay Ti(Fe,Mn) (skwuid,
BIJIIOBITHO JI0 JITEPATYpHUX AAHUX, 3JaTEH IMOIVIMHATA BOJAEHb IpPU KIMHATHIN
temmnepatypi [214]) ta cniBicHyrouoro 3 HuM OLIK-TBep0oro po3unHy (IKuii BXOIUTh
B CKJIaJ] paHillle JOCIIKEHUX cIviaBiB cucteM Ti1-Zr-Mn Ta Ti-Zr-Mn-V), to 6yio
BUPIIICHO 1 BOJHEBOCOPOIIiHiHI BIACTUBOCTI JJAHOTO CIUIaBY JOCHIKYBATH MIPU THX K€
yMOBaxX TiJpyBaHHs: KIMHATHIA TemmepaTypi Ta Tucky BoaHio 0,6 Mlla.
HocnimxyBaHuil crjiaB y 000X cTaHax Oyjlo BUTPUMAaHO NpPHU BKa3aHUX YMOBax
BIIPOJIOBXK 24 rO/AMH, ajie BKa3aHl apaMeTpH TAPYBaHHA HE MPU3BEIN 1O aKTHBALll
MOBEPXHI 1 BIAMOBIIHO JO aKTHBHOTO NOTIMHAHHA. IlormmHaHHsS BOAHIO OYIIO
3adikcoBaHO JHIIe B mpoueci HarpiBaHHs (puc. 4.20) 1 BOpoaoBXK 1300apHO-
130TepMiYHOi BUTpUMKH Tipu Temriepatypax 510-540 °C mpu BkazaHOMY THCKY.

[To BimxumiaeHHIO Bij JIHIMHOI 3aJIE)KHOCT1 3MIHM THUCKY B1JI TeMIepaTypu 0yJio
BCTAHOBJICHO, III0 TEMIIEpaTypa TOYaTKy IHTCHCHUBHOTO IIOTJIMHAHHS BOIHIO TIpH
MIePIIIOMY T1JIPyBaHHI I TOCTIKYBAHOTO CIUIABY, HE3aJIC)KHO B1JI BUX1THOTO CTaHY,
ctaHoBUTh ~ 50010 °C (puc. 4.20). Pazom 3 TuM, OyJ10 BU3HAYEHO, 1110 IIBUIKOCTI
MOTJIMHAHHS Ha TIOYaTKOBOMY eTarl Biapi3Hsuucsa BaBidi: ~ 0,006 mac.% / XxB mis
autoro crany ta ~ 0,003 mac.% / xB s Bignanenoro. [Ipu gocarHeHH1 crijiaBoM
KoHIIeHTparlii BojaHwo ~ 0,47 mac.% (H/Me ~ 0,24) y nutomy ctani ta ~ 0,2 mac.%
(H/Me ~ 0,1) y BiamasieHOMYy, TIpOIIeC MOTJIMHAHHS 3ynuHsAeThCs. [loganpina BuTpumka
BIIPOJIOBXK OJIHIE] TOAWHM JI0 BIJHOBJICHHS TPOIECY TMIOTJIMHAHHS BOJHIO HE
npu3BoauTh. OJIHAK TOTJIMHAHHS BOJHIO BiJTHOBIIIOETHCS MPH OXOJIOKCHHI HUXKYE

200 °C. Ilpu xiMHaTHIN Temnepatypi Ta TucKy Boanio 0,6 MIla mist mociimkyBaHoro
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CIUTaBy BOJIHEBA €MHICTh cTaHOBUTH 2,39 mac.% (H/Me ~ 1,24) y nutomy cTaHi Ta

2,07 mac.% (H/Me ~ 1,07) y BianasieHOMYy.
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Puc. 4.20. 3MiHa TUCKY BOJHIO B PEAKTOP1 B 3aJICKHOCTI Bl TEMIIEpATypH MPU

MEPIIOMY T1IpyBaHHI CILIaBy T is7.2F€212MN2 6

3 omAmy Ha TEMIEparypy IMOYAaTKy AKTUBHOTO TOTJIMHAHHS Ta HIBUIKICTH
MOTJIMHAHHS BOJHIO JIJISl TOCHII)KYBAHOTO CIUIaBY (HE3aJeKHO B1Jl BUXIAHOTO CTaHY)
MOKHa CTBEPKYBaTH, IO MpOIleC TiApyBaHHsA posnounHaeThesi 3 OLIK-TBepmoro
PO3YHMHY Ha OCHOBI TUTaHy. 3pO0JIEeHUI BUCHOBOK 0a3y€eThCsl HA JITEPATYPHUX JAaHUX,
00 BIMOBIIHO 0 pe3yJIbTATIB MpEICTaBICHUX B podoTtax [62,60,61], Tutan Ta OLIK-
TBEPJll PO3YMHU HAa MOTr0 OCHOBI aKTMBHO B3a€MOJIIIOTH 3 BOJHEM caMe B IHTEpBai
temmnepatyp 400-600 °C, a cam nipoiiec yTBOPEHHS AITiApUIy 3aiiMae neKiibka roauH
BHACJIJIOK JIOCUTh HHM3bKOI IIBHUIAKOCTI B3aeMoii. HaifliMmoBipHimIe 3a BCE, MOYATOK
MPOIIECY aKTUBHOTO MOTJMHAHHS BOJHIO MpU BKazaHux temneparypax (400-600 °C)
NOB'SI3aHUH 3 PO3TPICKYBaHHSIM Ta PyWHAII€I0 OKCUTHUX TUTIBOK, SIKi 3aBK/IU MPUCYTH1
Ha TIOBEPXHI TUTaHy Ta € 0ap’epoM i MPOHWKHEHHS BOJHIO B Marepian. Takox
BIJIOBIHO /10 JaHuX [163] rigpua Ha OCHOBI iHTepMeTalTi Ly T1Fe po3KiiagaeTbes mpu

KIMHATHINA Temreparypi BHACIIIOK 3HATTS THCKY BOJHIO, a II€ O3HAYae€, M0 TpH
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temriepatypi B 500 °C mporec necopOirii BogHIO Oyne mepeBakaTH Haj copOIi€ero,
TOMY YTBOPEHHS T1IPUAY € HEMOXKIIUBHM.

3MeHIIIeHHs] IMIUIBHOCTI Ta, BIAMOBIJHO, OUIBIIHMN 00’eM O-TiApuay, SKii
YTBOPIOEThCS, y mMOpiBHSAHHI 3 BuxigauMm OLIK-TBepauM po3unHOM, BEAyTh 0
YTBOPEHHS TPIIIUH, sIKI HE TIILKH PO3IMYIIYIOTh MaTepiall 0 BChOMY 00'eMy 3pa3Ka,
ajie 1 CTBOPIOIOTH MOBEPXHI, YUCT1 BiJ] OKCHUIHOI IUIBKH, IIIO CIPHUSE BIIHOBJICHHIO
MpoIleCy TOTJMHAHHS TIIJ] 9Yac OXOJO/DKCHHS. TaKoX TIOHOBJIGHHS TMPOIIECY
MOTJIMHAHHS BOJHIO TIOB’sI3aHE HE JIMIIE 3 aKTUBAIIIEIO CIUIABY 3 YTBOPEHHSIM HOBHX
MOBEPXOHb 0€3 OKCUJIHMX Oap’€piB; SK BIJJOMO, PIBHOBaXKHA KOHIICHTPAILIisl BOJAHIO B
MeTajl TUM BHIIIA, YAM HIDKYA TEMIIepaTypa, TOMY 31 3HKEHHSIM TeMIeparypu (Tipu
HE3MIHHOMY THCKY) OUYIKYBaHO BiI0YBA€ThHCS TOHOBJICHHS MPOIIECY MOTJIMHAHHS.

Sx BugHo Ha pucyHky 4.20 npu oxonopxeHH1 Hrxkye 200 °C coctepiraerbest
MOHOBJICHHS IIPOIIECY aKTUBHOTO TOTJMHAHHs. [lanuit pakT MokHA TOSICHUTH TUM, 110
pu Temriepatypi riipyBanus 510-520 °C BinOyBa€eThCsl yTBOPEHHS TUIBKH T1IPUIY HA
ocHoBl OLK-TBeporo po3umHy (BUXOASYM 3 KIIBKOCTI MOIVIMHYTOTO BOJHIO MpU
TEeMIIepaTypl TiApyBaHHA), TOAl K HWxk4e Temrepatypu 200 °C po3modYMHAETHCS
aKTHBHA B3a€MOJIis BOJHIO 3 iHTepMeTaigoM. Paninie Hamu Oyso mokasano [66], o
MaKCHMaJlbHa IMIBUAKICTh BHUIUICHHS BOJHIO 3 TIIPUAY, OTPUMAHOMY Ha OCHOBI
IHTEepMETaNI Ty, AocAraeThes mpu Temmneparypi 260 °C. Came ToMy MpH 0XOJIOIKEHH1
nig TuckoM BojHio 0,6 MIla mocnipkyBaHOTO CIUIaBy, HE3QJIEKHO BiJ[ BUXIIHOTO
ctany, Hikue temrepatypu 200 °C, ko copOItis BOIHIO /IS THTEPMETaI Ty TOYMHAE
nepeBakaTy HaJ 1eCOpOIli€r0, BiIOYBAETHCS MOHOBJICHHS MPOLIECY MOTJIMHAHHSL.

He3asie’xHo BiJl BUXIIHOTO CTaHy IPU HACHYEHH1 JOCIHIJKYBAaHOTO CIUIaBYy
BOJHEM, BHACIIJIOK CYTTEBOTO 30UIBIIEHHS PO3MIPY €JIEeMEHTapHOI KOMIpPKH
BIJIOYBA€ETHCSI YTBOPEHHS BEJIMKUX BHYTPIIIHIX HANpPY>KEHb, sIKI ¥ MPU3BOIAATH 0
MOBHOT pyHHAIT MOHOJITHOTO 3pa3ka 10 CTaHy MOPOIMIKY. AHali3 OTPUMAaHOTO
MPOYKTY TIAPYBaHHS, HE3aJIEKHO BiJl BUXIJTHOTO CTaHy CILIaBY, MOKa3aB, MO IMiCIIs
NEPILIOro TAPYBaHHS YTBOPIOETHCS MOPOUIKU po3MipoM Big 1 10 300 MKM.

[TosicHUTH 3HMKEHHSI IBUAKOCTI TOTJIMHAHHS, TIPU TEMIIEpaTypi TipyBaHHs, a

TaKOX 3arajibHOi KUIBKOCTI MOTJIMHEHOTO0 BOJHIO CIUIAaBOM Yy BIANAJIEHOMY CTaHi,
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MO’KHa 3MeHIIeHHsIM KinbkocTi OLIK-TBepaoro po3umHy micisi BiAmandy, OCKUIBKU
TiApU Ha OCHOBI IHTEpMETAily Ma€ 3HAYHO MEHIIIY BOJIHEBY €MHICTb, Y TIOPIBHSAHHI
3 rigpusiom Ha ocHoBl OLIK-TBepaoro po3unny [217].

BiamoBimHO 10 JaHWUX PEHTTEHIBCHKOTO (a30BOTO aHAII3y NpH HACHYCHHI
JOCIIIJIKYBAHOTO CIUIAaBY BOJIHEM Yy JIUTOMY Ta BIANAJICHOMY CTaHI YTBOPIOIOTHCS
TIUIBKH T1IPUAM HA OCHOBI BUX1IHUX (a3 (puc. 4.21). OTpuManuii IpoayKT riApyBaHHS
CKJIalaeThCsl 3 Timpuay Ha ocHoBi iHTepMeraminy Ti(Fe,Mn) 3 mapamerpamu
enemeHntapHoi  komipku a=0,6688+0,0009 (aM) a8 JMTOrO  CTaHy, Ta
a=0,6669+0,0009 (am) nns BiAMaJEHOTO, a TaKOXK O-TIIPUAY 3 IMapaMeTpaMu
eineMeHTapHoi  komipku a=0,44514+0,0009 (aM) ngns  JIMTOrO  CTaHy, Ta
a=0,4440+0,0009 (am) ms BiananeHoro. Takox y ga3zoBomy ckiiaji OyB IPUCYTHIM

inrepmetania Ti(Fe,Mn) sikuii He TpOB3a€EMOIISIB 3 BOJHEM.
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Puc. 4.21. /ludpaxrorpama riipoBaHOro CIUIaBY

[IpucytHicTs cniaiB HeriapoBanoro iHTepMeTtaniay Ti(Fe,Mn) MoxHa MOsICHUTH
TUM, 10 TPHU 3HIATTI TUCKY BiAOYBA€ThCA YAaCTKOBE PO3KJIAJaHHS BIJIMOBIAHOTO

rigpuay [163], mo CymnpoBOIKYEThCS BHUIUICHHSAM BOJHIO 31 3pas3kiB. Lle
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MiATBEPKYETHCS. TUM, 1110 B CILJIaBI MPU KIMHATHIA TeMIiepaTypi Ta aTMOChEepHOMY
TUCKY KOHIIEHTpAIIis MOTJIMHYTOTO BOJIHIO B IUTOMY CTaHi 3HIXKYeThes 10 1,9 mac. %
(H/Me ~ 0,98), a y Biamanenomy 1o 1,65 mac.% (H/Me ~ 0,85). [lonaneina BUTpuMKa
3pa3KiB BIPOJOBXK 24 rovH MpU aTMOCHEPHOMY THCKY 1 KIMHATHINA TemrepaTypi 10
BIIHOBJICHHS TMPOIIECY JETiIpyBaHHS HE MPU3BOAUTH. BINMOBIIHO 10 JITEpaTypHUX
JAHUX, TIApUA Ha OCHOBI 1HTepMeTaniay TiFe Moke MOBHICTIO po3kiagaTucs 0e3
3aCTOCYBaHHS HArpiBy, BUKIIOYHO BHACIITOK 3HATTS TUCKY BomHio [163]. s
JTOCTIKYBAHOTO CIUIaBY T lis72F€21 2MNy; ¢ BiiOyBa€eThCs JIMIIE YacTKOBA JCCOPOIIis,
1€ MTOB’A3aHO 3 TUM, 1110 JIETYBAHHS MapraHIeM IPU3BOJUTS I10 IM1IBUILEHHS CTIHKOCTI
OTPUMAHOTO TIAPUIY.

Buxoasuu 3 oTpuMaHUX JaHUX PEHTIEHIBCHKOrO (Da3oBOro aHamizy MO>KHA
CTBEPJIKYBATH, 110 ICKOMITO3UI[IFOBaHHS (a3 (yTBOpeHHS HOBUX (a3 abo 00’ e JHaHHS
ICHYIOYUX TP HACUYEHHI BOJHEM) HE B1JJOYBA€THCS, @ YTBOPIOIOTHCS JIUIIE T1IPUIN
Ha OCHOBI BUXITHUX (a3.

[TonoBuTH mMponEec BUAUICHHS BOAHIO MPU KIMHATHIA TeMIepaTypi BIAIOCs
BHACJIIIOK 3HIKEeHHS THCKY 110 0,0002 MIla, 11e 703BOINIIO MIOHU3UTH KOHIICHTPAIi0
BOJIHIO Y T1APUJIl, OTPUMAHOTO Ha OCHOBI CIUIaBYy y JUTOMY cTaHi, 0 1,23 mac.%
(H/Me ~0,63), a y BinnaneHomy - g0 1,38 mac.% (H/Me ~ 0,71). Ilogansiia BUTpumMKa
CIUTaBYy BIIPOJOBX 24 TOAMH TIPW BKa3aHOMY THUCKY 1 KIMHATHIM TeMIiepaTypi J0
BIJIHOBJICHHSI MPOLIECY BUIJICHHS BOJHIO HE Tpu3Bena. BigHOBIEHHS BUILICHHS
BOJHIO PO3MOYANIOCH JIMIIIE MPHU MOAAJIBIIOMY MOHMKEHHI TUCKY BOJHIO. [Ipu Takii
00poOI11l BAIOCS MOHU3UTH KOHIIEHTPAIII0 MOTJIUHYTOTO BOJAHIO B JINTOMY CTaH1 J0
0,69 mac.% (H/Me ~ 0,35), a y BignaneHomy a0 0,53 mac. % (H/Me ~ 0,27). [logansbie
BUIIJICHHS BOJHIO CIIOCTEPITrajaoch JIUIE TP HAarpiBaHHi 10 Temneparypu 540 °C, ue
JT03BOJIMIIO TOHU3UTH KOHIIEHTPAILIIF0 TOTJIMHYTOIO BOAHIO Y TIAPHIL, OTPUMAHOMY Ha
OCHOBI cI1aBy y nurtoro crany 1o 0,24 mac.% (H/Me ~ 0,11), a y BignaiseHomy - 10

0,06 mac.% (H/Me ~ 0,03) (puc. 4.22).
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Puc. 4.22. 3anexHICTh KITLKOCTI 3AJIUITKOBOTO BOJHIO BiJl TEMIIEpaTypu

necopOtii: a — IUTHil cTaH; 0 — BiANaICHUN

3 HaBOJAHEHOTO CIUIaBY MPH 3a3HAYEHOMY PEXHMI 00pOOKHU BIAJIOCS BUAAIUTH
~ 89 % Big MOTAMHYTOI KUTBKOCTI BOJHIO IS IUTOTO CTaHy, Ta ~ 97 % BOAHIO A
BiJlMajeHOro. Pi3HY KUIBKICTh BHUJQJICHOTO BOJHIO MOYXKHA IOSICHUTU PI3HOIO
kubKicTiO OLIK-TBep10ro po3urHy B IIUX CTaHAX.

BianoBigHo 10 AaHWUX PEHTTEeHIBCHKOTO (ha30BOTO aHAI3y IMICHS IMPOIECy
BUJIIJICHHS BOJHIO B CTPYKTypi ciuiaBy mnpucyTHii iHtepmeranig Ti(Fe,Mn) 3
napameTpamu eneMmeHTapHoi komipku a=0,3018+0,0009 (HM) mas TUTOrO CTaHy, Ta
a=0,301340,0009 (am) nns Biamanenoro. Takox mpucyTHiit OLIK-TBepanii po34nH 3
napameTpamu eneMeHTapHoi komipku a=0,3457+0,0009 (aM) st IUTOrO CTaHy, Ta
a=0,3167+0,0009 (am) 7151 BiATIAIEHOTO.

[TopiBHIOIOYM MapaMeTpH KPUCTAJIYHUX T'PATOK y BUXIJHOMY CTaHl Ta MICIS
YaCTKOBOI JecopOrii, s CIulaBy y JUTOMY Ta BIANAJICHOMY CTaHI MOJKHA
CTBEP/KYBaTH, IO NMPU TAKOMY PEXUMI JETiApyBaHHS BIAETHCS BUIAINTH BECh
BOJICHB 3 T1apuAy Ha ocHOBI iHTepMeTaniay Ti(Fe,Mn), a Takox po3KIacTy O-T1APHU/I.
[To mapameTpy KpHCTaIidyHOI TPATKU YITKO BHUIHO, IO BOJCHB, SKUI 3aJIUIITUBCS,
3HaxoauThes B OLIK-TBepiomy po3umHi.

OCKUIBKM IS CIUIaBIB-HAKOMWYYBadiB BOJHIO OCOOJMBO  BaXJIMBOIO
XapaKTEPUCTUKOI € 30epiraHHs  BOJAHEBOCOPOIIMHUX  BIACTUBOCTEH  TIPH

Oaratopa3oBoMy ITMKJI cOpOIIii-aecopOriii BOJIHIO, TO JJIs JOCIIIKYBAHOTO CILJIABY Y
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JUTOMY Ta BIAMAJIEHOMY CTaHI OyJ0 TMPOBEACHO BIAMOBITHE MOCTKEeHHS. J[ms
JOCTIPKYBAHOTO CIIaBy B 000X CTaHax, APYTUd IUKI copOuii po3moyaBcs Hpu
KIMHATHIM TemmepaTypl Ta abcomtoTHOMY THUCKY BoaHIo 0,21 MIla, Bxke 3 mepimx
CEKyHJI KOHTaKTy 3pa3Ka 3 BOJECHBMICTKUM CepeloBHUIlEeM. Tak, 3a mepii 5 XBHIUH
CIUIaB B JINTOMY CTaHi, MpU cepenHid mBuakocti ~ 0,22 mac.%/XB, MOMIMHYB
1,1 mac.%, a y BiananeHomy, rpu cepeanii msuakocti ~ 0,36 mac.% /xB - 1,8 mac.%.
[Tomanpmia BUTPUMKA TIPH TOMY K TUCKY TPH3BOAUTH 10 ICTOTHOTO YIMOBLILHEHHS
Mpoliecy TOTJIWHAHHS BOJHIO CIUIABOM, NPH IIbOMY IIBUIKICTh 3HHXKYETHCS 0
~ 0,035 mac.% / xB gy nutoro crany ta 0,02 mac.%/xB ajist BiananieHoro. KuibKicTh
NOTJIMHEHOTO BOJHIO IICJA JPYroro UMKIY TIAPYBaHHA, B MeXaxX MOXUOKU
BUMIPIOBaHHS, CIIBMAaJa€ 3 aHAJOTIYHUM JUIsl TEPIIOTO LUKIY. 3 OISy Ha
TeMIEepaTypy MOYaTKy aKTUBHOTO MOTJIMHAHHS 1 MOro MIBUIKICTH JJiE 000X CTaHIB,
MOXHa CTBEp/PKYBaTH, IO TMPOILEC TMOBTOPHOTO TIiAPYBAaHHA AaKTHBOBAHOIO
MOTEPETHIM IUKIOM cOpOIisi-necopOilisi 3pa3ka pPO3MOYMHAETHCS HAa KpUCTadax
iHTepmetaniy Ti(Fe,Mn) [220], Toai six ponbs MarpuyHoro OLIK-TBepaoro po3unHy
BJ)K€ MEHIII 1ICTOTHA. Take MoJinIeHHs] BOJHEBOCOPOIIIHHNX BIACTUBOCTEH (3HUYKEHHS
temriepaTypu riapysanss Big 500 °C g0 KIMHATHO1, a TaKOX THCKY BojHIO Bia 0,6 10
0,21 MlIla) cnaBy He3aJIe’)KHO BiJ BUXITHOTO CTaHy (JIUTHH, BIANAJICHHUI) MOXHA
MOSICHUTH PYWHYBAHHSM MOHOJITHOTO 3pa3ka JIO CTaHy TOpOIIKY, a TaKoX
3HM)KEHHSIM KOHIIEHTpallli KUCHIO Ha TOBEPXHI YACTUHOK B PE3yibTaTl MOro B3aEMO/IIi
3 aTOMapHUM BOJIHEM, 10 BUAUISETHCS MPHU MEPIIii 1ecopOItii.

Buxosuu 13 BUIlle BUKJIQJIEHOTO YiTKO BUJIHO, 1110 TTOBHA 3aMiHa IHTEpMETaIIi Ty
tuny AB; (daza JlaBeca) Ha Tun AB npu3Bena 10 NOripiIeHHs BOAHEBOCOPOIIHHUX
BJIACTUBOCTEH, a camMe J0 HEMOKJIMBOCTI MPOBEICHHS TMEPIIOTO TiAPYBaHHSA TMpHU
M’SIKMX TepMoOapuuHux ymoBax. Takox Ha npukiaal OLIK-tBepaoro po3unny 0Oymno
MOKa3aHo, IO TOBHA 3aMiHAa I[HMPKOHIIO HA 3ali30 TPHU3BOAUTH JIO CYTTEBOTO
3MEHIIICHHSI TapaMeTpy KPUCTATIYHOI TPaTKH, 1 BIAMOBIIHO I[bOMY, O 3MEHIICHHS
paalycy MDKBY3MIIB Jie€ PO3MIIIYIOTbCS aTOMHU BOJHIO MpHU po3unMHeHHi. ToOTo, 11e

MIATBEPKYE 3alPOIMOHOBAHY B PO3AUI 3 17I€l0 CTOCOBHO TOTO, IO TPHU BUOOpI
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€JIEMEHTY JUIsl JIETyBaHHS, MOTPIOHO KepyBaTUCS MOro aTOMHHUM pajlycoM Ta

3JIATHICTIO YTBOPIOBATH 3 BOJIHEM CTIMKY XIMIYHY CHOJYKY.

4.3.2. JlocmixkeHHs] BOJHEBOCOPOIIIMHUX BIaCTUBOCTEH reTepodazHux CIjIaBiB

B pozaini 4.3.1. 6yno mokaszaHo, 110 3MiHa TuUIy iHTepMmetaniny AB; (daza
JlaBeca) Ha iHTepMeTanig AB puU3BOAUTH 10 HEMOKIMBOCTI TipYyBaHHS CILJIaBiB IIPU
M’SIKHX yMOBax (KIMHaTHa Temmeparypa Ta Tuck BogHio 0,6 MIIa). Ilpote, Oymno
MOKa3aHo, 110 JlaHa 3aMiHa J103BOJisiE BUAUIITH 10 70 % Bia MOTJIMHYTOI KIJIBKOCTI
BOAHIO 0€3 3acTOCyBaHHS HarpiBy (IO JAyX€ BaXJIMBO MNpPU MPAKTUYHOMY
3aCTOCYBaHHI).

3 miteparypHux jgaHux [221] Oyo BCTaHOBJIEHO, IO MPHUCYTHICTh Y CKJIAJI
crutaBiB 1HTepMeraniny TiFe; (¢a3za JlaBeca) monermrye axkTuBaliiHI OpoLecu
B3a€MO/IIT 3 BOJIHEM JIBO(A3ZHUX CTPYKTYP, IPOTE JaHUM IHTEPMETATII HE B3aEMOIIE 3
BOJHEM IpH (PI3UKO-XIMIYHUX yMOBaxX TiipyBaHHs iHTepMertaniny TiFe [222], a, oTxe,
HOro MpUCYTHICTh HABITh B HE3HAYHIN KIJTbKOCTI IPU3BOJIUTH A0 3HUKEHHS BOJTHEBOL
€eMHOCTI criaBy. B poGoti [223] Oyino gaHO MOSCHEHHS BiJACYTHOCTI B3a€MOJIIT
intepmeraniny TiFe; 3 BomHeM. ABTOp CTBEpIXKY€E, IO BIICYTHICTh B3a€EMOJIIi
MOB’si3aHAa 3 HASIBHICTIO Ha TOBEpXHI KpucrtaniB iHTtepmetaminy TiFe, Bemukoi
kibkocTi 3amiza (Fe:Ti=17:1) sike cTBoproe 6ap’ep M1t MPOHUKHEHHS BOJHIO. TaKox
aBTOPOM IOKa3aHo, 110 pH JieryBaHH1 iHTepmeTaniny TiFe; (da3za JlaBeca) Banazgiem,
KUIBKICTh 3aJli3a Ha TMOBEpPXHI KpucrtamiB cyTTeBo 3HmKyeThes (Fe:Ti=2,5:1), a
BOJITHEBOCOPOIIiMiHI BIACTUBOCTI MPU IIbOMY CYTTEBO MOKpallyroTbes. B podoti [133]
MIPU TOCTIKEHHT BOAHEBOCOPOIIIHUX BIACTUBOCTEN TeTepo(a3HUX CIIaBIB CUCTEMU
Ti-Fe-Mn Oyno moka3zaHo, 110 JieryBanHsi iHTepMeTaniny TiFe, mapraHiem Takox
MOKpallye oro copOI1iitHi BIaCTUBOCTI.

Buxoasun 3 ychoro BHINE BUKIIAIEHOTO, € JOIUIBHAM BCTAaHOBUTH BIUIHB
npucytHocTi iHTepmetamiay Ti(Fe,Mn), (da3a JlaBeca) Ha BoOIHEBOCOPOIIHI
BJIACTUBOCTI reTepodasHUX cIuiaBiB 31 cTpykTyporo iHTepmeraminy Ti(Fe,Mn) Ta

criBicHytouoro 3 HuMm OI[K- TBepmoro po3unHy.
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BiamoBimHo g0 miarpamu crany cuctemu Ti-Fe-Mn [216] mias mocmimkeHHS
Oyio oOpaHoO J1Ba CIIaBH (BIAMOBIIHI CKIIAJM HA MPeACTaBlIeHid aiarpami (puc. 4.16)
300pak€HO YePBOHUM KOJILOPOM, Ta BiAMiueH] nmudpamu 1 Ta 2) TaKUM YUHOM, 1100
iXHS CTpyKTypa ckjiaaanack 3 Tpbox (¢a3: intepmeraniaiB Ti(Fe,Mn) i Ti(Fe,Mn);
(aza JlaBeca) Ta cmiBicHytouoro 3 HuMu OLIK- TBepaoro po3uuny (B KUJIBKOCTI HE
outbme HiXK 35 %). KpiM 1poro mais BCTAHOBJEHHS BIUIMBY MPUCYTHOCTI
iaTepmetanmiay Ti(Fe,Mn), (dpa3a Jlaeca) Ha BOMHEBOCOPOIIiifHI BITACTHBOCTI, CIIABU
oOupanrcs TakKUM YMHOM, 11100 B OJJHOMY CIIaBi JlaHa ¢aza Oyja OCHOBHOIO (CIUIaB 2
Ha Jlarpami), a B 1HIIOMY OyJiu NPUCYTHI TUIbKM ii ciiam (ciuiaB 1 Ha maiarpami)
(tadin. 4.4). OckibKU NpU AOCIIIXKEHHI BOJHEBOCOPOIINHUX BJIACTUBOCTEH CILIaBY
Tis72Fe21 2Mnyy 6 (po3ain 4.3.2.) Oyiio mokasaHo, 10 TepMidHa 00poOKa CYTTEBO HE
BILJIMBA€ HA KIHETHKY IIPOLIECIB COPOLIi-AecopOIii BOJIHIO, aJie IPH I[bOMY NPU3BOJAHTH
JI0 CYTTEBOI BTPATH Y KUTBKOCTI OTJIMHYTOT'O BOAHIO, TOMY OYyJIO BUPIIICHO MOAIbIII

I[OCJIiI[}KGHH}I y I[aHif/'I cHUcTeMI IMPOBOAUTH BUKIIFOYHO Ha CILIaBaX B JINTOMY CTaHI.

Tabmuus 4.4. HominanbHUH CKJIa1 CIUIABIB

CxknaJ crijiaBiB
Cnas at. % Mac. %
Ti Fe Mn Ti Fe Mn
1 54 20 26 50,39 | 21,77 | 27,84
2 51 13 36 |47,45| 14,11 | 38,44

4.3.2.1. JocaimkeHHs: CTPYKTYypH Ta (a30BOro CKIIaly CIJIaBiB

Jlns Toro, moO0 BCTAaHOBUTH YM BiAmoBigae (a30BUM CKIIaJ BHUILUIABICHUX
CIUIaBIB OOpaHMM BIAMOBIAHO JO JiarpaMH CTaHy, a TaKOXX BHUSBUTU 3MIHHM, SKi
B110ynuca B iHTepMeranial tuny AB; (da3a JIaBeca) npu nmoBHiM 3aMiHI HIUPKOHIIO Ha
3aJ1130, METOJIOM PEHTTE€HIBCHKOTO (ha30BOT0 aHali3y OyIio nmepeBipeHo Gpa3oBUii CKIaa
(puc. 4.23) Ta po3paxoBaHO apaMeTpu KPUCTATIYHUX TPATOK CHiBICHYtouuX ¢a3. Tak
y CTPYKTypl JAOCHII)KYBaHHMX CIUIaBiB mpucyTHi iHTepmeraniny Ti(Fe,Mn) 3
napamerpamu  eiaeMeHtapHoi komipku a=0,30144+0,0009 (uM) anus  cCriaBy

TissFeMnys Ta a=0,3009+0,0009 (um) mist TisiFei;sMnsg, Ta OLIK-TBepamii po3unH 3
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napamerpamu eneMmentapaoi komipku a=0,3135+0,0009 (am) ta a=0,3117+0,0009
(am) BigmoBimHO. Takoxk Oyno MIATBEPAKEHO MPHUCYTHICTh TeKcaroHaiabHOI (azu
Jlapeca Tumy Cl14 Ti(Fe,Mn), 3 mapamerpamMu eJIEMEHTApHOI KOMIPKH
a=0,4903+0,0009 (am) ¢=0,8045+0,0009 (um) mia craBy TissFexpMnys Ta
a=0,4909+0,0009 (am) ¢=0,8056+0,0009 (1m) mis criaBy TisiFe;sMngs.

Tak sx BIMOBIAHO O JJAHUX PEHTICHIBCHKOTO (pa3oBOro aHamizy y ¢azoBomMy
CKJIa/ii TOCHIKYBaHHX CILIABIB BIJICYTHI CIIITU O-TBEPIOTO PO3UUHY, 1€ CBIIYUTH PO
Te, 1110 BKa3aHO1 KIJIbKOCTI MapraHIIio 1 3aj113a 0yJIo J0CTaTHRO I cTabii3allii ychoro

OLK-TBep10Tr0 pO3UMHYy NpHU KIMHATHIN TeMIEpaTypi.
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Puc. 4.23. JIludpakrorpamua TuTHX CIUIaBiB: a - TissFe20Mnys; 6 - TisiFeisMnss.

A — B(Ti,Fe,Mn); O — Ti(Fe,Mn) ; [] — Ti(Fe,Mn);

Ha npukmani mapamerpiB KpUCTamiuHUX Tpatok ¢aszu JlaBeca s cruiaBy
TisZr243Mn337 a=0,51654+0,0009 (am) ¢=0,8485+0,0009 (HM) Ta AOCTIIKYyBaHUX
criaBiB TissFexMngs a=0,4903+0,0009 (am) ¢=0,8045+0,0009 (am) ta TisiFeisMnss
a=0,4909+0,0009 (am) ¢=0,8056=0, 0009 (Hm) mATBEPIKYETHCS 3pOOJICHNI B PO3LTL
4.3.1. BUCHOBOK, 1110 TIOBHA 3aMiHa ITUPKOHIIO (aToMHMI pajiyc 0,160 HM) Ha 3ai1i30
(aromumii pamiyc 0,126 HM) OYIKyBaHO MPHU3BOJIUTH JI0 3MEHIICHHS MapamMeTpiB
IPaTKd, 1 BIANOBIIHO I[LOMY O0’€My €JIE€MEHTApHOI KOMIPKA Ta pajiycy

TeTpaeIpuyHuX MIXKBY3IB (puc. 4.24), ne JOKali3ylOThCSI aTOMH BOJHIO TMpH
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pPO3UMHEHHI, 1[0 HETAaTMBHO BIUIMHE HA BOJHEBY €MHICTh JaHO1 ¢a3u Ta CILIaBy B

iI0MYy.
O6'em enemeHTapHOI KOMipPKMU Pagiyc TeTpaeapu4HoOro
dasu Naseca, A3 mixkBy3na dasw Slaseca, A
194,2 0,385

200 168 1673 164 0,366 0,365 0,363
SRR RN
0 0,3
1 2 3 4 1 2 3 4
Puc. 4.24. O6'em eneMeHTapHOI KOMIPKH Ta pajilyc TETPACIPUIHOTO MIXKBY3IIS

¢dazu JlaBeca tuny C14 mis cruiaBy: 1 - TispZrs3Mnss 7; 2 - TisiFe1sMnss;
3- Ti54Fe20Mn26; 4 - Tian [91]

OkpiM BCTAaHOBJIEHHS MPUCYTHOCTI OYIKyBaHUX (a3, OyJ0 BaKIMBHUM
MEepPEeBIPUTH 1X CHIBBIAHOLIEHHS B CIUIaBaX pi3HOTO cKiany. Tak 3a J0MOMOTOIO
CKaHYI0UO1 eJIEKTPOHHOI MIKPOCKOITii, MATBEPXKEHO JIaHI PEHTT€HIBCHKOTO (ha30BOTO
aHani3y, mporte, M0 CTPYKTypa IOCIII)KYBaHUX CIUIABIB CKIAJAETHCS 13 TPhOX (a3
(puc. 4.25). Ins inentudikamii koxHoi 3 (a3 3a momomororo metoga EDAX Oyro
BU3HAUYCHO iX XiMIyHUHU ckiana (Tabmn. 4.5), a 3a gonomororo nporpamu Imaged 6ymo
BH3HAYCHO KUIBKICTh KOXKHOT 3 (pas.

3a pgomomororw mporpamu Imagel Oyno BCTaHOBIIEHO, WO s 000X
JOCIIIJKYBAaHUX CIUJIABIB IJIONIA CTPYKTYPHOI CKJIAJOBOI IHTEpPMETAIIAy CTAHOBUTH B
mexax 450...1200 mxm?. BifnoBigHo 10 JaHUX JIOKAIBHOTO PEHTIEHOCIEKTPAILHOIO
aHajizy Ta nporpamu ImageJ, B 000X J0CIIIKyBaHUX CIUIaBaX KPUCTAIN TEMHOI (pa3u
BianosigaTs OLIK-TBepaomy po3unny (Ti,Fe,Mn), a ix kinbkicTe Ha piBHi 20,1 %
it crtaBy TissFexoMngs ta 25,1 % mns TisiFeisMnsg BiamosigHo. Y criiaBi
TissFexMnys cipi kpucTanu BignoBigamTh iHTepMeraniay Ti(Fe,Mn), BMicT skoro B
cruaBi ckianae 70,7 %, a ciTii - inTepMetaniay Ti(Fe,Mn); da3za Jlaseca (9,2 %), a
y crutaBi TisiFeisMnss , HaBmaku, BmicT (asu JlaBeca ckimangae 68,8 % (cipi KpucTain)

16,1 % inrepmetaniny Ti(Fe,Mn), siki € cBITIUMHU.
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10um?\0319 )10 61 BEC | 20kV  X1,500 10pym 0317 1061BEC

a §
Puc. 4.25. MikpocTpyKTypa CIUIaBiB B JIUTOMY CTaHi: a - TissFenMnys;
0 - Ti51Fe13Mn36.

Tabmuus 4.5. XiMiuHMM cKiIa CHiBiCHYIOUHNX (a3

CriaB daza cknan ¢as, = 0,03 at. %

¢daza JlaBeca 44,46Ti-20,9Fe-34,64Mn
OLIK-TBepauii po3uun | 66,4Ti-9,97Fe-23,63Mn
intepmeranin Ti(Fe,Mn)| 55,26Ti-22,23Fe-22,51Mn
¢aza JlaBeca 45,98Ti-14,74Fe-39,28Mn
OLIK-TBepauii po3uun | 65,75Ti-13,15Fe-21,1Mn
intepmeranig Ti(Fe,Mn)| 55,16Ti-22,83Fe-22,01Mn

TissFexoMnys

Ti51Fe13Mn35

IIle omaMM OmTOCepEeAKOBAHMM ITIATBEPPKCHHSAM CITIBBITHOIICHHS KIJTLKOCTI (ha3
y JOCHI)KyBaHUX CIUIaBIB € I1HTEHCHUBHICTh pe(ieKkciB Ha MpeACTaBICHUX
mudpaxkTorpamax (puc. 4.23), He3Ba)xar04yH Ha Te, 110 CIJIABU 3HAXOISATHCS Y JIUTOMY
CTaHi, a IHTEHCUBHICTb Pe(IICKCIB AJIs IUTOI CTPYKTYpPH — L€ K MTPABUIIO, HE TOKA3HUK
B3a€EMHOI KUIBKOCTI (pa3, 00 3HayHA TEKCTypa MpPH HASBHOCTI BEIUKHUX (ha30BUX
CKJIQJIOBUX 3/I1aTHA CYTTE€BO 3MIHUTH KapTHUHY. B 1IbOMy BUNIAAKy CTPYKTypa CIUIaBiB
JIOCUTH JAUCIIEPCHA, TOMY, 1€ HE CIIOTBOPIOE 3arajibHy KapTUHY CIIBBIHOIICHHS (a3
y ciuiaBi. BuaHo, 1110 y crutaBi TissFe0Mngs iHTeHCHBHICTD pediekciB iHTEpMeTai Ty
Ti(Fe,Mn) y mopiBHsHHI 3 iHIIMMHU (pa3aMu HaiiOiabina, a y crasi TisiFe;sMnsg

HaAHOLIBIIO0 € IHTeHCHBHICTH pedaekciB das3u JlaBeca Ti(Fe,Mn)s.
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3 MOPIBHSHHS MPEJCTaBICHUX JTaHUX JIOKAIBHOTO PEHTICHOCIEKTPAILHOTO Ta
PEHTIeHIBCHKOTO (ha30BOTO aHATI3y IS JOCTIIKYBaHHX CIUIaBiB J0Ope BHIIHO, IO
napaMeTp KpUCTaIIYHOI TpaTKH KOXKHOI 3 (ha3 YiTKO KOPEIIoE 3 11 XIMIYHHUM CKJIaJ[0M.
Tak 30inbIICHHS] KITBKOCTI TUTaHa (atomMHui pamiyc 0,147 M) Ta/abo MapraHIIo
(atomuuit pagiyc 0,127 HM) BHACHIIOK 3HMKEHHSI KIJILKOCTI 3ai1i3a (aTOMHUHN pajiyc
0,126 aM) y neBH1H (a3i MpU3BOIUTH 10 3POCTAHHS IMapaMeTPy KPUCTATIYHOI TPaTKH,
a 1Ie B CBOIO 4UEpry, e pa3 MIATBEP/KYE €0 3alpONOHOBaHY B Po3Aim 3 mpo

KpUTEpiit BUOOPY JIETyBAIbHOTO KOMIIOHEHTA.

4.3.2.2. BB NpUCyTHOCTI 1IHTepMeTaniay Tuny AB; Ha B3aeMoito 3 BOJHEM
reTepodazHuX CIUIABIB

OCKUIbKM BIANOBIIHO JO JAaHUX CKaHYHOYOi EJIEKTPOHHOI MIKPOCKOII Ta
PEHTIeHIBCHKOTO (ha30BOT0 aHANI3y CTPYKTYpa JOCHIKYBAaHUX CIUJIABIB CKIIAAETHCS
3 iHTepmertaniay Ti(Fe,Mn), OLIK-TBepaoro po3uuHy, a TaKOXX MICTUTh 1€ OJIUH
iHTepMmetaniy (daza Jlaeca B pi3HIM KUIBKOCTI 5K 1y paHillie JOCTIIKEHUX CIUIaBIB
po3ain 4.1 ta4.2), To 1 BOAHEBOCOPOIIiiTHI BIIaCTUBOCTI OYJI0 BUPIIIECHO JOCIIKYBAaTH
IIPU TUX K€ MapameTpax ripyBaHHs, KIMHaTHa TeMiiepaTypa Ta TucK BojHo 0,6 MITa.
JocnimxyBaHi cruiaBu 0yJi0 BATPUMAHO MIPU KIMHATHIN TeMIiepaTypi it abCOMIOTHOMY
tucky BoaHto 0,6 MIla Bnpomox 24 roauH, aje BKa3aHi mapaMeTpH TiIpyBaHHS HE
MPU3BENH 10 aKTUBHOTO TIOTJIMHAHHS BOAHIO. Byio 3po0iaeHo mpumyIieHHsl, mo CTaH
MOBEPXHI, SIKa € y HEAaKTUBOBAHOMY CTaH1, 3aBaka€ IHTEHCUBHIN copOiii BoaHtO. JlJis
aKTHUBAIlll MOBEPXHI CIUIaBU OyJI0 JOAATKOBO BUTPUMAHO MPU BKA3aHUX MapameTpax
BIPO/IOBXK 48 ro/ivH, ajne 30UIbIICHHS Yacy He MPU3BEJIO 1O aKTHUBAIlli MOBEPXHI 1,
BIMOB1AHO, HOMITHOTO MOTJIMHAHHS BOIHIO.

Mo>kHa TPHUITYCTUTH, MO0 BIJCYTHICTh AKTHBHOTO IOTJIMHAHHS BOJHIO TIPH
KIMHATHIH Temmepatypi, s cmiaBy TlissFe€xoMng, mpu mepmioMy TrifpyBaHHI
NoB’si3aHa 3 Manow KuibkicTio (a3 JlaBeca (mo 10 %) y ckmami crnaBy. I[lpote y
criaBi TisiFei1sMnss, ne ¢aza JlaBeca € OCHOBOMO, 1 IUIOIIA MOBEPXHI KPHUCTAITIB
KOPEJIFOE 3 BiMOBIIHUMH JaHUMHU 11 rerepodasHux cruiaBiB cuctemu T1-Zr-Mn-V,

TAaKOXK aKTHUBalllsl MOBEPXHI 3pa3ka MpU M SKUX yMOBaX He BinOynack. IlosgcHutu
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3HIKEHHS KaTanmTuyHoi 31aTtHoCTi (a3u JlaBeca B cuctemi Ti-Fe-Mn, y nopiBHsHHI 3
¢azoro JlaBeca B cucremax Ti-Zr-Mn ta Ti-Zr-Mn-V nactynuumu ¢akropamu. [lo-
nepie, 3MEHIIYEThCSl 00'eM elleMeHTapHOi KoMipku Ha 15 %, 1 BIANOBIAHO IIOMY
paaiyc TeTpaeapuaHOro MikBY3JsI Ha S % (puc. 4.24). Ilo-apyre, BIULIUBaE OKUCHEHA
MOBEPXHS, IO CKJIAMAEThCA, SIK Oyj0 3a3HadueHo y poOoti [209], B ocHOBHOMY, 3
okcunie TiOy ta FepOs. Ilo-tpere, BiamoBigHO A0 JiteparypHux [223] naHux,
BIJICYTHICTh aKTHBAIlll TaKOXX MOXeE OyTH TMOB’si3aHA 13 HAsBHICTIO Ha IOBEPXHI
kpuctamB ¢a3u JlaBeca BeaMKOi KUIBKOCTI 3ajli3a, sKe CTBOPIOE Oap’ep uis
IPOHUKHEHHS BOJHIO.

AKTHBHE MOTJIMHAHHS BOJHIO OyJi0 3a()iKCOBaHO JIMILIE B MPOLECI HArpiBaHHS

(puc. 4.26) 1 BIpoA0OBK 1300apHO-130TE€PMIYHOT BUTPUMKHU.
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Puc. 4.26. 3MiHa TUCKY BOJHIO B PEAKTOP1 B 3aJI€KHOCTI B/l TEMIIEPATypHU MIPU

IEPIIOMY T1ApYBaHHI CILIaBy: a - TisgFeoMnyg; 6 - TisiFe1sMnsg

[To BigxumiaeHHIO Bij JIHIMHOI 3aJIEKHOCT1 3MIHU THUCKY BiJI TeMrepaTrypu 0yso
BCTAHOBJICHO, 110 TEMIIEpaTypa TOYaTKy IHTEHCHUBHOTO TOTJIMHAHHS BOJHIO TIpU
NepIIOMy TiApyBaHHI i cIuiaBy TissFeMngs ctanoButh ~ 450 °C, a mis cruiaBy
Tis Fei1sMngs ~ 340 °C (puc. 4.26), a mBuakicTh normHanHsg ~ 0,0065 mac.%/XB., Ta
~ 0,007 mac.%/xB. BignoBiaHo. [Ipu gocsaruenHi koumeHTparii Bogxwo ~ 0,36 mac.%

(H/Me ~ O, 1 8) JUIA CILIaBy Ti54F€20M Nog 1~ 0,7 mac.% (H/Me ~ 0,3 6) JJIsL Ti51F€13M N3g,
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MpoIIeC MOTJIMHAHHS 3ynuHAEThCA. [lomanpina BUTpuMKa BOpOoAoBXK 20 XBWIMH MPU
BKa3aHMUX TapaMeTpax TiAPYyBaHHS 10 MMOHOBJICHHS MPOIECY MOTIMHAHHS BOIHIO HE
npu3Bena. OJHaK MOTJIMHAHHS BOJHIO BIJIHOBIIOBAJIOCS MPU OXOJIOJKEHHI HUXKYE
150 °C. BigHoBieHHS MpOIECYy MOTIWHAHHS BOJHIO JJIS JOCHTIIKYBaHHUX CIUIABIB
Hiwkde 150 °C, sk yKe 3a3Hadyalioch BHILE, IOB’S3aHO 3 IOYATKOM AKTHBHOTO
NoTJIMHAHHS 1HTepMeTatiaamu. [Ipu KiMHaTHIM Temmiepatypi Ta TUCKY BojiHIO 0,6 MIla
BOJIHEBA €MHICTH cTaHOBHTH 2,06 Mac.% (H/Me ~ 1,07) nns crnaBy TissFexoMngs Ta
1,90 mac.% (H/Me ~ 1,0) ana TisiFeisMnss. 3 oTpumaHux TemmepaTyp MOYaTKy
AKTUBHOT'O MOTJIMHAHHSA MOKHA CTBEPPKYBaTH, IO aKTUBAIlis 3pa3KiB BiJOYBAEThCS
Ha kpuctamax OLK-tBepmoro po3zumHy. bo BkazaHi TemiiepaTypu KOpEIIOIOTH 3
TEeMIIepaTypHUM 1HTEpBaAJIOM ripyBaHHsIM TuTany Ta OLIK-TBepaux po3unHiB Ha Oro
ocHOBI [63].

[TopiBHIOIOYM KITBKICTh MOTJIMHYTOTO BOJAHIO (puc. 4.27) st OCTIIKYBaHUX
CIUIaBIB Ta CIUIaBy T142Z1243MN33 7 BUIHO, 110 BOHA CYTTEBO 3HM3UIIACH. L{e OB’ s13aH0
3 TUM, 110 3HU3WIACH 3arajbHa KUIbKICTb KOMIIOHEHTY 3JaTHOTO B3a€EMOJISTH 3
BOAHEM Bij 66,3 aT.% 110 51 at.%, a Takok 00’eM eneMeHTapHO1 KoMipku (a3u JlaBeca

Ha 15 %.

Kiﬂb;i?éb norIMHyTOro BogHw, H/Me

1,07 1
1
0'5 I
0
1 2 3
Puc. 4.27. KijbKicTh HOMIMHYTOTO BOAHIO CIIaBOM: 1 — Tig2Zr243MN337;

2— Ti54Fe20Mn25; 3- Ti51Fe13Mn35

[TopiBHIOIOYHM TeMITepaTypy aKTHBHOTO IIOTJIMHAHHS BOIHIO TIPH TIEPIIOMY
rigpyBanHi Ui cruiaBy TlissFeMngs 3 panime gocmimkeHuM Tisz 2 Fe€212MNose

(Temneparypa nmoyatky akTUBHOTO norivHanHg 500 °C) Mo)kHa CTBEpIKyBaTH, IO
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nosiBa y cTpykTypi ciaBy ¢as3u JlaBeca Ti(Fe,Mn); (HaBith y kingbkocTi 10 10 %)
OPU3BOJIUTH 10 TIOHIKEHHS TeMIEepaTtypu akTUBHoro mnorimHanHi Ha 50 °C Ta
MIJBUIICHHS MIBUAKOCTI B3aemojii 3 BogHeM. CyTTeBe 301IbIIEHHS y CTPYKTYpi
crutaBy TisiFeisMngs kimbkocti dasm JlaBeca Ti(Fe,Mn)y (Bim 9,2 10 68,8 %)
MPU3BOJUTH JI0 11I€ OLIBIIOTO MOHMKEHHS TeMIepaTypu aKTUBHOTO MOTJIWHAHHS Ha
110 °C (y mopiBHsHHI 31 craBoM TisyoF€212MNo16) Ta MIABUINEHHS IIBHIKOCTI
NOTJIMHAHHA BOJHIO, aj€ MpH LbOMY OJHOYACHO 3HMXKYETHCS 1 BOJHEBA €MHICTD
crutaBy. Xo4a B CTpYKTYpi ciiaBy Tis;Fei;sMngs Oinbliia, HiK y criaBy TisqsFeMngg,
kubkicTh OLIK-TBep10ro po3unHy 3 BHCOKOIO BOAHEBOIO €EMHICTIO, HOr0 3arajibHa
BOJHEBA €MHICTh MEHINA. 3HIKEHHS 3arajibHOI BOJHEBOI €MHOCTI CIUIaBY
Tis;Fe1sMngs MokHA TOSCHUTH 30UIBIICHHSAM y HWOTO CTPYKTYpi KidbKOCTi (haszu
JlaBeca, OCKIJIbKM BOHA Ma€ y CBOEMY CKJIaJll OlIbIIY KiIbKICTh KOMIIOHEHTIB SIK1 HE
B3a€EMOJIIIOTh 3 BOJHEM (3aJ1i30, MapraHellb) y IMOPIBHAHHI 3 IHTEPMETATIIOM
Ti(Fe,Mn), Tomy, BiJIlTOBITHO BOJIHEBA EMHICTH CIJIaBY 1 € MEHIIOKO.

Jl1st 000X TOCHIIKYBaHUX CIUIaBIB, BHACHIIOK CYTTEBOTO 301JIBIIEHHS PO3MIPY
€JIEMEHTApHO1 KOMIPKH CIIBICHYIOUMX (Da3 miJ yac pO3UMHEHHS BOJAHIO BiI0YBAETHCS
YTBOPEHHSI BEJIMKUX BHYTPIIIHIX HAIPYXEHb, sIKI ¥ NPU3BOASTH IO MOBHOI pyWHAILlii
MOHOJIITHOTO 3pa3ka JI0 CTaHy MOPOIIKY. AHaI3 OTPUMAHOTO MPOAYKTY T1ApyBaHHS
JUTSL AOCTIHKYBAHHUX CIUIABIB MTOKAa3aB, 1[0 PO3MIp OTPUMAHOTO TOPOIIIKY CIIBIIAIAE 3
PO3MIpOM JIJIs paHilIe TOCIIHKEHOTO CIuaBy T is72Fe2; 2Mnyy 6.

MertonoM peHTreHiBchbkoro ¢a3oBOro aHaizy OyJO BCTaHOBIIEHO, IO IPH
HAaCMYEHH1 JOCIIKYBaHUX CIUIABIB BOJHEM JEKOMMO3UIIIOBaHHS (a3 (yTBOPEHHS
HOBUX (ha3 IpU HACUUYECHHI BOAHEM) HE BIJIOYBAETHCS, & YTBOPIOIOTHCA JIUILE T1APUIN
Ha OCHOBI Buxiguux (a3 (puc. 4.28).

OTpuMaHuii TPOAYKT TiAPYBaHHS CKIAAA€TbCs 3 TIiAPUAY Ha OCHOBI
inrepmetaminy Ti(Fe,Mn) 3 mapamerpamu enementapHoi komipku a=0,6690+0,0009
(M) s crutaBy TisaFeoMngs 1 a=0,6635+0,0009 (am) mtst TisiFeisMnsg, Ta 8-rigpumy
3 mapameTpamu eneMeHtapHoi komipku a=0,4444+0,0009 (am) ta a=0,4434+0,0009
(am) BiamoBimHO. Takox MPUCYTHIN TIAPUJ HA OCHOBI TeKcaroHasibHOI ¢a3u JlaBeca

tunny Cl14 3 mnapamerpamu enemeHTapHoi kowmipku a=0,52434+0,0009 (um)
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¢=0,8602+0,0009 (um) st cmiaBy TisaFexpMng Ta a=0,5232+0,0009 (HM)
¢=0,8585+0,0009 (um) mst craBy TisiFeisMnss.
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Puc. 4.28. Jludpakrorpama riipoBaHoro ciiaBy: a - TisgFepMngg; 6 - TisiFe;3sMngs.
A — é-rigpun; O — Ti(Fe,Mn)H ; [1 — Ti(Fe,Mn),H

[Tpouiec aecopOuii BogHio i criaBiB TissFexoMngs ta TisiFeisMngs, mae
CXOXKHMM XapakTep 13 BIAMOBIAHUM TMpoliecoM Jyuisi criaBy TiszoFe€r12Mngie, mompu
PI3HHUIIIO Y CTPYKTYp1 Ta (a30BOMY CKJIIAI.

[Ipu kiMHaTHIA TemmnepaTypl NOHMXKEHHA TUCKYy Yy Kamepi ao 0,1 Mlla
MPU3BOJUTH JI0 MOYATKY MPOIIECY BUIICHHS BOJHIO, IIPU IIbOMY BOJIHEBA €MHICTH B
crutaBi TissFeMnys 3HrmKkyeThes 1o 1,43 mac.% (H/Me ~ 0,74), a 'y TisiFeisMnss no
1,5 mac.% (H/Me ~ 0,78). Cnin 3a3Ha4uTH, 10 NOJAJIbIIa BUTPUMKA MPU LBOMY K
TUCKY Ta KIMHATHIA TeMmmepaTypi BOPOJOBXK 24 TOIWH A0 BITHOBJICHHS IMPOIIECY
necopOItii BOJHIO HE Ipu3Besia. TomMy OyJ10 BUPIIIEHO MTPOIOBXKUTH MTOHUKEHHS THCKY
BOJHIO HaJ yTBOpeHUMH Tifpuaamu. [lormxenns tucky no 0,0002 MIla npuszBoauthb
JI0 BIJTHOBJICHHS TPOIIECY JAECOPOILii, MPU MIbOMY KOHIIEHTPAIIiS MOTJIMHYTOTO BOJHIO
B crutaBi TissFexMnys 3umkyeThes 1o 1,26 mac.% (H/Me ~ 0,65), a'y Tis;Fei1sMnsg no
1,24 mac.% (H/Me ~ 0,64). Tlomanbiie MOHMKEHHSI TAPIIAIbBHOTO THCKY BOIHIO
Hwkye 3a 00,0002 Mlla (mopanblie BakyyMyBaHHS KaMepu) MPU3BOAUTH [0

BIJIHOBJICHHSI TIPOIIECY JiecopOIlii. 3aCTOCYBaHHS TaKOTO PEXUMY OOpOOKH JT03BOJISIE
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MOHHU3UTH KOHIICHTPAIIIO MOTJIMHYTOTO BOJHIO B cIuiaBi TlsaFezoMngs mo 0,65 mac.%
(H/Me ~ 0,33), a 'y TissFei1sMnss 1o 0,78 mac.% (H/Me ~ 0,4). [Tonasbiie 3HUKCHHS
TUCKY Ta BUTPUMKA BIIPOJIOBXK 24 TOJMH /10 BITHOBJICHHS MPOLIECY BUIJICHHS BOJHIO
He Tpu3BoATh. [Iponec gecopOuii BOMHIO BIIHOBUBCS TIIBKU MPH HAarpiBaHHi 10
temriepatypu 540 °C (puc. 4.29). Tak npu nouatkoBoMy Tucky BogHio 0,0002 MIla
HarpiB g0 Ttemneparypu 540 °C npu3BOIUTh [0 TOHM)XEHHS KOHIIEHTpaIii
MOTJIMHEHOTO BOJHIO B cIutaBi TissFe€xpMny mo 0,21 mac.% (H/Me ~ 0,1), a y
Tisi Fe;sMnss 1o 0,19 mac.% (H/Me ~ 0,1).

[Ipu Takomy pexkumi OOpOOKM B 000X MOCHIIKYBaHHUX CIUIABAX BIAETHCS

BUAUTUTH ~ 90 % BiJ NOTJIUHYTOI KUTBKOCTI BOJHIO.
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Puc. 4.29. 3anexHICTh KIJTLKOCTI 3aJTUIITKOBOTO BOJHIO Bij] TEMIIEPATypH I€COPOIIIi:

a- Ti54F€20Mn26; 0 - Tis1Fei1sMnsg

BianoBigHo A0 naHUX peHTreHiBChbKoro ¢azoporo aHamnizy (puc. 4.30) micis
Opolecy BUIUIGHHS BOJHIO B CTPYKTypl JOCHIKYBaHMX CIUIaBIB TPHUCYTHI
intepmetania Ti(Fe,Mn) 3 mapamerpamu enementapHoi komipku a=0,3013+0,0009
(uM) mas craaBy TisgFexoMngs 1 .@=0,3013+0,0009 (am) mis crutaBy TisiFeisMnsg,
OLK-TBepauii po3unH 3 napamerpamu enemeHTapHoi komipku a=0,3458+0,0009 (am)
ta a=0,3474+0,0009 (am) BiamoBimHO. Takox MpuUCyTHS rekcaroHanbHa ¢asa JlaBeca

tuny C14 Ti(Fe,Mn), 3 napamerpamu enementaproi komipku a=0,4894+0,0009 (um)
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¢=0,8030+0,0009 (um) s cmiaBy TisaFexpMng Ta  a=0,4901+0,0009 (HM)
¢=0,8041+0,0009 (am) mist Tis;Fe;sMnss.
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Puc. 4.30. /{ludpakrorpama aeriipoBaHoro CiuiaBy: a - TissFexoMngs; 6 -TisiFe;sMngs.
A — B(Ti,Fe,Mn); O — Ti(Fe,Mn); [ — Ti(Fe,Mn);

[TopiBHIOIOYM JaHI PEHTTEHIBCHKOTO (Pa3oBOT0 aHamizy juisi 000X CIUIaBiB B
JUTOMY CTaHi, TICJIA TiApyBaHHS Ta 4YaCTKOBOi JecopOIli BOJHIO, MOXHA
CTBEpJIKYBaTH, IO SIK 1 JUIsl paHilie IOCTIHKEHOTO criaBy TiszoFez 2Mnoge ipu
JAaHOMY peXHuMi OOpOOKHM BHIUIIETHCS YBECh BOJICHH 3 TIAPUJIB Ha OCHOBI
IHTEepMETaIIIHUX (Da3, a TAKOK BAAETHCS PO3KIACTH O-T1APHUA, OTPUMAHUN HAa OCHOBI
OLK-tBepmoro po3unny. [lo cyTTeBiii pi3HUIII B MapaMeTpax KPUCTATIYHOI TPaTKU
OLIK-TBepmoro po3uuHy uis JuToro crany (mis  crutaBy  TisaFepMngs
a=0,3135+0,0009 (am) Ta mua TisiFeisMngs @=0,3117+0,0009 (uam)) Ta micis
4acTKoBOI jecopOmii (mis crutaBy TissFexoMngs @=0,3458+0,0009 (M) Ta s
Tisi Fei1sMnss a=0,3474+0,0009 (uam)) Oyio 3po0JieHO BUCHOBOK IPO TE, IO YBECh
BOJICHb, SKMM 3aJUIIMBCA B MaTepiajiax IO 3aBEPIICHHIO TMPOIECYy YaCTKOBOI
necop0Oirii, 3Haxoautbest B OLIK-TBepomy po3unHi.

OckUIbKM JJI CIJIaBIB COPOEHTIB BOAHIO Ba)XJIMBOK XapaKTEPUCTHKOI €
30epiraHHsl BOJHEBOCOPOIIHHUX BIIACTUBOCTEN Mpu O0araTopa3zoBOMY UK COpOIisi-

JecopOIIist BOJIHIO, TO JUIS JOCIIKYBaHUX CIIJIaBIB TaKOK OYJI0 TPOBEECHO BIAMOBIAHE
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nociipkeHHs. Jpyruii ukt copOiii BoHo s ciiaBiB TisaFepMngs Ta TisiFeisMnsg
MIPOBOJIMBCS TIPH THX K€ MapaMeTpax TiApyBaHHS (KIMHATHA TeMIlepaTypa Ta THCK
BojHIO 0,23 MIla), mo 1 m1s ycix paniiie JOCTipKyBaHUX cIiaBiB (po3aunu 3, 4.1
ta 4.2). CnijJ 3a3Ha4UTH, 10 MOTJIMHAHHS BOJHIO JaHUMHU CIJIABaMU ITiJ] 9ac IPYroro
LUKITy, SIK 1 yciMa paHilie JTOCTPKEHUMH CIJIaBaMU, PO3IMOYMHANIOCS BXKE 3 MEPUINX
CEKYHJI KOHTaKTy 3pa3KiB 3 BogHeM. Tak 3a mepiii 5 XBHIMH CIiaBu T isgFeoMngs Ta
TisiFe1sMngg, mpu cepenniit mBuakocTi morymHaHHA ~ 0,32 1 0,3 wmac.%/xB,
norymHaroTh 1,60 Ta 1,5 mac.% BoaHI0 BianoBiaHO. [lomanpiiia BUTpUMKA MPU TOMY K
THUCKY BOJIHIO CYIPOBOKYETHCS ICTOTHUM 3HVDKEHHSM IIBUAKOCTI MTOTIIMHAHHS JI0 ~
0,017 mac.%/xB mis craBy TisaFeoMngs 10,013 mac.%/xB s TisiFeisMnss. Apyruid
IIUKJI COpOITisA-ecopOIris 0 301JIbIIIEHHS BOJJHEBOT EMHOCTI HE MPU3BiB. BpaxoBytouun
TEMITepaTypy MOYaTKy aKTHBHOTO IOTJIMHAHHS 1 IMIBUAKICTH TIOTJIMHAHHS BOJHIO IS
000X CIUIaBIB MOXKHA CTBEPJIKYBATH, 1110 MPOIIEC T'APYBAHHA aKTUBOBAHOIO MEPIITUM
IIUKIIOM COpOIIisi-aecopOiiss mMaTepiany, SK 1 JUIsl paHilie JOCTIKEHOTO CIUIaBy
Tis72Fe212Mnyi6, cruaBy, posmounHaeThes 3 iHTepMeTanminy [220]. IlokparieHHs
BOJHEBOCOPOIIIHHUX BIACTHBOCTEH NJIsi JOCHIIKYBaHUX CIUIABIB, SK 1 JIJISL paHilie
nociipkeHoro craBy TiszoFe2 2Mngie, TOB’3aHO 3 pPyWHYBaHHSAM MOHOJIITHOTO
3pa3Kka J0 CTaHy IOPOIIKY, a TAKOK OYMIICHHS IMOBEPXHI YaCTUHOK BiJl OKUCHIB. I1ix
Yyac TiApyBaHHS AaKTUBOBaHUX (TICIS IUKIY CopOIlis-aecopOris) ciuiaBiB, Oyso
3a()IKCOBAHO CaMOBUIbHE PO3IrPIBAHHS pEaKTOpa, TOOTO peakiis MOIJIMHAHHS —

eK30TepMIYHa.

Y nmaHomy po3ii Ha MpUKIaAl criaBiB cucteM Ti-Zr-Mn Tta Ti-Zr-Mn-V 6yno
MOKa3aHo, 110 MPUCYTHICTh y CTPYKTYp1 okpiM ¢a3u JlaBeca nmeBHOi kibkocTi OLK-
TBEPJOTO PO3YMHY HE TMOTIPITyE KIHETUKY TMOTJIWHAHHS BOIHIO TIPH TEPIIOMY ITHKITI
TiApyBaHHS, K€ BIIOYBAETHCS MPU M’ IKUX TEPMOOAPUUHUX YMOBAX, aJI€ MPU3BOIUTH
70 30UIbIIEHHS 3arajibHOI KUIBKOCTI MOTJIMHYTOTO BOJHIO. 3aBISKH MPHUCYTHOCTI Y
NPOAYKTI TiApyBaHHS O-TiApUAy, KU Oyjio oTrpumaHo Ha ocHoBi OILIK-TBepmoro
PO3YHHY, IMABUIIYETHCS TEPMiUuHA CTAOUIBHICTh MPOIYKTIB T1APYBAHHS, 110 BUMArae

BUILMX TEMIlepaTyp [JIsl BHUJAUIEHHS YCbOIO TMOIJIMHYTOTO BOJIHIO, a OTXeE, €



188

HEOAKAHOIO XapaKTEPUCTUKOIO JUIA MPAKTUYHOTO BUKOpucTaHHsA. Ha mpukmiani
rerepodazHux craBiB cuctemu 11-Zr-Mn-V Oyno moka3aHo, IO 3aCTOCYBaHHS
TepMiyHOi 00poOku (Bignman Bropoaorx 30 roaun mpu temmeparypi 900 °C) e
KOPHMCHOIO, OCKUIBKH JI03BOJIIE CKOPOTUTH 1HKYOAliMHUNA TEpioA MpU TiIpyBaHHI
B/B14l. TO/1 SIK 3aCTOCYBaHHS TepMiuHOT 00poOKku (Bianan npu temmneparypi 1000 °C
BIIPOJIOBK 24 ToauH) 10 rerepodasHux cIuiaBiB cuctemu Ti-Fe-Mn mpussesno 1o
BTpatu Maiixke 15 % y BOJIHEBii €MHOCTI CIUIaBY.

Ha npukmagi rerepodasuux cmiaBiB  cuctemu  TI-Zr-Mn-V  Oyio
3alpONOHOBAHO NUISIXM 30UIBIIEHHA KUIBKOCTI MOIVIMHYTOTO BOJHIO 3aBJSKU
BUKOPHUCTaHHIO JKOPCTKUX YMOB TripyBaHHs. Tak miaBUIEHHS TUCKY BOJHIO Big 0,23
10 3 MIla ta temnepatypu Bin kiMmHaTHOL 110 400 °C n03BoJIsi€ 30UTBIITUTH BOJHEBY
€EMHICTh CIUIaBiB Ha 6-7 %. Ajne BpaxyBaHHsS BUTpPAT, HEOOXITHUX JJIsl HArpiBy Ta
peanizaiiii BUCOKOTO THUCKY, Y TOPIBHSHHI 31 30UIBIICHHSM KUIBKOCTI MOTJIUHYTOTO
BOJIHIO, TIOKA3ye MEpEeBaru rijpyBaHHs Mpu M’ IKHUX YMOBaX.

He3anexxHo Bin oOpaHOi cHCTeMH i, BIANOBIAHO, (pa30BOr0 CKIANy, CIUIABU
MICIS TEPIIOTO IHUKIY copomii-gecopOmii, mpu MOCTIAYyIOUHMX ITUKIIAX, 3J]IaTHI
MOTJIMHATHA BOJIEHb MPU M’ AKUX yMOBax (KIMHAaTHa TemrepaTypa Ta THCK BOJHIO
0,23 MIIa) 3 BUCOKOIO HMIBUIKICTIO 1 32 KOPOTKUU Yac JOCSITaTh BUCOKUX 3HAYEHb
BOJHEBOT €MHOCTI. L{s 3aKOHOMIpHICTH TIOB’sI3aHa 3 TUM, 1110 NP HACHYEHHI CIUIaBIB
BOJITHEM BIJOYBA€ThCS JTUCIEPryBaHHS MOHOJITHOTO 3pa3ka J0 CTaHy MOPOIIKY 3
YTBOPEHHSIM HOBUX FOBEHUILHUX TTOBEPXOHB MOPOIIMHOK, & aTOMAapHUHN BOJCHbB, SIKUN
BUJIIISIETBCS TIPU AECOpOIIii, OYMIIY€e paHille ICHYIOYY IMOBEPXHIO Marepiany Bif
HasiBHUX Oap’€pHUX OKCUIHUX IUIIBOK, IIO MPUCKOPIOE KIHETUKY cOpOIii-necopOrii
BOJIHIO TaKOIO METAJIEBOIO CUCTEMOIO MPHU MOCTIAYIOUUX [UKJIIaX.

[IpoBeneni AOCHIIKEHHS TOKa3ylOTh, IO B 3aJEXKHOCTI BiJI OOpaHUX
MPIOPUTETIB, TaKUX SK BUCOKAa BOJHEBA €MHICTh Ta M’ SIKI T€pPMOOApPUYHI YMOBH
rizpyBanHs (10 XapakTEpHO I CIUIaBiB cucteMu T1-Zr-Mn-V), abo BuaiICHHS
O1JIBI1I0T YACTUHU MOTIAUHYTOr0 BOAHIO (10 70 %) pu KiMHATH1#M TeMIiepaTypi (CIIaBu
cuctemu Ti-Fe-Mn), MoxyTh OyTH PEKOMEHIOBaHI CIUIaBM BKa3aHMX CUCTEM IIijI

MEeBHI1 3a/1a4l BOJIHEBOT €HEPIETHKH.
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Ha npuxnani rerepodasnux cruasiB cuctemu T1-Zr-Mn-V 0yio miaTBepIKkeHo
3allpONOHOBAHY 1/1€10 i1 OJHO(A3HUX CIUIABIB, 1[0 YaCTKOBA 3aMiHa KOMIIOHEHTa
CIUIaBY SIKMM HE B3a€MOJII€ 3 BOJHEM (MapraHIiio) Ha €JIEMEHT, 110 3/1aT€H YTBOPIOBATU
CTIiKy XIMIYHY CTOJyKYy 3 BOJHEM Ta Ma€ OUTbIIUN aTOMHHUUN pamiyc (BaHaIil)
MIPU3BOANUTE JI0 301IBIIIEHHS 00’€My €JIE€MEHTApHOI KOMIPKH, 1 BIATOBITHO ITHOMY
panlycy TeTpaeApUYHUX MDKBY3/IiB, a TaKOXX J0 30LIbIICHHS CHIBBIIHOIICHHS
TIAPUIOYTBOPIOIOYOTO 10 HEYTBOPIOIOYOTO KOMIIOHEHTY 1, SIK pe3yJbTar, 10
30UIBIICHHS 3arajibHOI BOJHEBOi eMHOCTI. Ha mpukmami rerepodasHMX CIUiaBiB
cuctemu Ti-Fe-Mn Oyno moka3zaHo, IO TIOBHA 3aMiHa TiIPHI0YTBOPIOIOYOTO
KOMIOHEHTY (IIUPKOHII0) Ha €JIEMEHT, 110 HE B3a€MOJIE 3 BOJHEM Ta MAa€ MEHIIUM
aTOMHHM pajiyc (3a1130), IPU3BOIUTH J10 3MEHILIEHHS 00’ €My eJIeMEHTapHO1 KOMIpPKH,
1 BIAMOBIZHO IIbOMY pajalyCy TETPACAPUYHUX MIKBY3JIB Ta CIHIBBIAHOIIEHHS
TIpU0YTBOPIOIOYOTO [0 HEYTBOPIOIOYOTO KOMIIOHEHTY 1 Ma€ pe3ysibTaToM
3MEHIIICHHSI 3arajlbHOi BOJIHEBOI €MHOCTI Ta TOTIPIIEHHS BOJHEBOCOPOILIMHIX

BJIACTUBOCTEH CIUIABIB (HEMOXKJIMBICTh HACHUEHHS BOJHEM IIPU M’ SIKUX YMOBAX).

4.4. BUCHOBKH 10 PO3/LITY

1. CtBopenHs rerepoda3HUX CTPYKTYp, siKi, Kpim (da3u JlaBeca, MICTATH 10
35 % OILIK-TBepAOro po3uuHy, € KOPUCHUM JJIsi MIJBUILIECHHS BOJHEBOI €MHOCTI
CIUIaBIB, HE BIUIMBAIOYU NPHU I[bOMY Ha KIHETUKY IOTJIMHAHHS BOJHIO MPU MEPUIOMY
riipyBaHHi. Bapiaiiss 006’eMHOro cmiBBiHOIIEHHS MK (a3oro JlaBeca ta OLIK-
TBEpAUM PO3UYMHOM JO3BOJISIE B JIOCUThH IIMPOKOMY IHTEpBall 3MIHIOBAaTH BOJHEBY
€MHICTb CIUIaBY, AocsAraroun 3HaueHs H/Me ~ 1,45.

2. Ha npuknani rerepodasnux cruiaBiB cuctemu T1-Zr-Mn-V 0yro nokasaso,
10 3aCTOCYBaHHS TepMiuHOi 00pobku (Bigman y Bakyymi 10 Ila mpu Temmeparypi
900 °C Brnpoaoxk 30 roguH) He 3MIHIOE KPUCTAIIYHY CTPYKTYpPY Ta (pa30BUM CKIIa[
CIUIaBy, aje MNpH LbOMY BIAOYBA€TbCS KOAryJssilis (a30BUX CKIAJOBUX, IO
MPU3BOJNTL 10 TIOKPAIICHHS BOJHEBOCOPOIIMHUX BIIACTHBOCTEH (CKOPOYEHHS

1HKyOAaI[iiHOTO TIepi0y B/BIYI, PY HE3MIHHUX IHILUX MapaMeTpax).
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3. Ha mpuknazi rerepodaznux cruiaBiB cuctemu T1-Zr-Mn-V 6yno po3pobiaeHo
HUIAXU 301TIBIICHHS COPOIIHOT €MHOCTI SIK KOXKHOT 3 (pa3, Tak 1 CIJIaBiB B I[LIIOMY,
3aBJISIKU 3MiHI TEMIIEPATYpHO-0apUYHHUX MTapaMeTpiB HACUYCHHS BOJTHEM.

4. 3mina mocmimkyBanoi cucremu 3 Ti-Zr-Mn na Ti-Fe-Mn, npu 30epexenHi
rerepoa3Hoi CTPYKTypH ciuiaBy (iHTepMeTamnij Ta chiBicHyrouuid 3 HuM OILK-
TBEpJUI pO3UMH), IpU3BEa 10 3HUKEHHS BOJIHEBOI EMHOCTI, a TAKOK HEMOMJIMBOCTI
HACHYCHHS JOCIIPKYBaHUX CIIaBiB BOJTHEM IPU M’ SIKHUX YMOBaX, MPUYHUHOIO IHOTO €
HeOakaHl 3MIHU (3MEHIIEHHs) 00’ €My eJeMEeHTapHOi KOMIPKH, 1 BIJMOBIIHO IIbOMY
paziycy TeTpaeIpuyHUX MIPKBY3JIIB Ta BIJICYTHICTh B3a€MO/I1 3aJ1i3a 3 BOJIHEM.

5.V cnnaBax pocnimkyBanux cucrem OLIK- TBepAuii po3urH Ha OCHOBI TUTaHY,
KU CHIBICHYE 3 IHTEPMETATII0OM, 37aTeH MIBUIKO MOTJIMHATH BOJEHB 3 KIHETHUKOIO,
noAI0HOI0 KIHETHUIIl COpOIlli BOJHIO IHTEPMETANIIOM, 1 32 KOPOTKUN Yac JocsraTh
BHUCOKOI'O PiBHSI BOJIHEBOi EMHOCTI.

6. Hezanexxno Biag BuxigHOro (ha3oBOro CKJIagy Ta JOCTIIKYBaHOI CHUCTEMH
JIETYBaHHS TIpM HACHYEHHl CIUIaBIB BOJHEM JIEKOMIIO3MIIIIOBaHHS (a3 He
BiJI0YBAETHCS, T1IPUAN YTBOPIOIOTHCS TUIHKM HA OCHOBI BUX1THUX (ha3.

7. Byno BU3HAYEHO, 0 MPOBEACHHS MEPILIOTo [UKITY COpOIIisi-IecopOilisi BOIHIO
CIJIaBaMHM, HE3aJICXKHO BIJ IX BUX1AHOTO (ha30BOTO CKIIATy Ta JOCTIHKYBAHOT CHCTEMH
JIETYBaHHSI, aKTUBYE TMPOTIKAHHS JPYroro Ta TMOJMANBIIMX LUKIIB COpOIli, sKi
peani3yloTbCa MpU 3HWKEHIN (KIMHATHIM) TeMIlepaTtypi Ta HEBUCOKOMY THCKY
(0,23 MIla), mpu 11bOMy BOJIHEBA EMHICTh MaTepiajliB 3aJUIIAETHLCS HE3MIHHOIO, a Jac

JIOCATHEHHS 11 MAKCHUMAaJIbHO MOKJIMBOIO 3HAYEHHS 3HAYHO CKOPOUYYETHCS.
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PO3JILT 5
JTOCJIKEHHS TETEPO®A3ZHUX CILJIABIB HA OCHOBI
OIIK-TBEPJIOT'O PO3YUHY

Y naHoMmy poO3aiUTl pO3TJIASHYTO IHIIMKA KJAac TEpPCHEeKTUBHUX MaTepialiB
copOeHTIB BOJAHIO, rerepodasHux cmiaBiB Ha ocHoBl OILIK-TBepmoro posuuny.
JlocmimkeHo, ik BBEIEHHS Y CIUIaB €JIEMEHTY 3 TEMIIepaTypolO IIaBJICHHS, BUIIOKO 32
OCHOBHI €JIEMEHTU CIUIaBYy, BIUIMBA€ Ha TeMIiiepaTypu (Ha30BUX MEPETBOPEHb, a
BIJIIIOBIJTHO, 1 HA TEXHOJIOT1YHI YMOBHU OTPUMAaHHS CILJIaBIB.

Y ngaHoMy po3auli, Ha TPUKIAAl JOCTIIKYBaHUX CIUIaBIB Ha OCHOBI
OLIK-TBeporo po3uvHy, AJis y3arajibHEHHsI 3alpOIIOHOBAHMX KpPUTEPIIB BUOODPY
JIETyBaJIbHUX €JIEMEHTIB, PO3IJISTHYTO Pi3HI BapilaHTH JeryBaHHs. [ miaTBEpaKeHHS
3alpOIIOHOBAHOI 1/1€1, MPOBEACHO 3aMiHy KOMIIOHEHTY CIUIaBY, SIKMIl HE YyTBOPIOE
CTIMKYy XIMIYHY CIOJYKY 3 BOJHEM, Ha €JIEMEHT, 1110 3[]aT€H B3aEMOISTH 3 BOJHEM, Ta
Mae OuTbIIMI aToMHUM paaiyc. KpiM 1bOro, TakoX pO3IJISIHYTO pI3HI BapiaHTU
JIeTyBaHHS, 30KpeMa: 3aMIHEHO T'1JIpUI0yTBOPIOIOYMI KOMIIOHEHT CIJIaBY Ha €JIEMEHT,
KWW TAKOX B3a€EMO/IIE 3 BOJHEM, POTE MAa€ MEHIINN aTOMHUI paJilycC; JeryBalbHUN
€JIEMEHT 3aMmilllyBaB OJHOYACHO BCl KOMIIOHEHTH CIUIaBY; BBEACHHS OJ(pa3y IBOX
HOBUX KOMIIOHEHTIB. TakoX BaXXJMBO OYJO JTOCTEMEHHO BCTAHOBUTH MEXaHI3M
TIpUI0YTBOPEHHS B reTepodazHux CIUIaBax 31 CTPYKTYPOIO iHTepMeTati Ly Tuiy AB;
ta OLIK-TBep1oro po3unHy npu KIMHATHIN TeMIiepaTypi.

JUist  30UTbLIEHHS KIUIBKOCTI KPUTEPIiB BUOOPY JIETYyBaJIbHUX EJIEMEHTIB
MOKa3aHO, IO B OKPEMHUX BHIIaJKaX BBEACHHS Y CIUIaB €JIEMEHTY, 37aTHOTO
B3aEMOJIIATH 3 BOJHEM, Ta 31 3HAYHO OIIBIIMM aTOMHUM PaJiyCoM 3a OCHOBHI
KOMIIOHEHTH CIIJIaBy, MO)KE, HABIIAKHW, HETATUBHO BIUIMHYTHU 5K HA BOJHEBY €MHICTh
CIUTaBy, TaK 1 Ha KIHETHYHI TapameTpu MpoleciB copOiii-mecopOuii BOAHIO, Ta
BU3HAYEHO JIOJIATKOBHI KPUTEPIi, III0 BU3HAYAE 111 XaPAKTEPUCTHUKHU.

Takox MmokazaHo, 110 MomNepeaHss TepMiuHa oOpoOka (BiAman y BakyyMl IpH

temriepatypi 900 °C Bopogomx 10-70 romun) craBiB Ha ocHOBI OLIK-TBepmoro
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pO3UKHYy € e(pEeKTUBHUM CIIOCOOOM BIUIMBY Ha KIHETHKY IpolLieCy TipyBaHHA 0e3

CYTT€BOI BTPaTH y BOJHEBI €MHOCTI.

5.1. BomHeBocopOIiiiHi BIacCTHBOCTI cIniaBy cucteMu Ti-Zr-Mn Ha ocHOBI

OLIK-TBep10T0 pO3UMHY JIETOBAHOTO BaHAIEM

VY po3maini 4 Ha pukIazdi criaBiB Ha ocHOBI (a3u JlaBeca cuctem Ti-Zr-Mn ta
Ti-Zr-Mn-V 0Oyno moka3aHo, M0 IS CTBOPEHHS MaTepiaiiB COpPOEHTIB BOJHIO,
reTepodasHi CIIaBU 31 CTPYKTYpOIO IHTEpMeTanigy Tuny AB; Ta CriBICHYIOHYOI0 3 HUM
OLK-TBep10r0 po34nHy € OUIbII NEPCHEKTUBHUMHU Y TIOPIBHIHHI 3 THTEpMETAIIIITaMHU.
I{e moB’s13aHO 3 THM, 1110 3aB/ISIKH Bapiallii XIMIYHOTO CKJIay CILIABY, SKUM 3a0e31meuye
3MiHY CHIBBIAHOLIEHHS MiX 1HTepMeTanigoM tuny AB; ta OLIK-TBepaumM po3unHOM
y IBoda3zHiil CTPYKTYpIi, BIAETHCS B IOCUTh IITUPOKOMY 1HTEPBaJIi 3MIHIOBAaTH BOJTHEBY
eMHICTh (OCKUIbKH BojHEBa eMHICTh OLIK-TBepmoro po3umny maie BABIYI BHIIA,
HDK B IHT€pMETaliay), NPy IIBUIKINA KIHETHIl TIAPYBAaHHS, MOJAIOHINA A0 KIHETUKU
riIpyBaHHS IHTEPMETATITY.

B po6Gorax [131-133], aBrOopamm, Oa3ylouuch Ha paHille IPOBEICHUX
JOCTIKeHHX [27,28], OyJ10 3arpornoHOBaHO HIIKH MiIXi/1 10 CTBOPEHHS MaTepiaiB
COpOEHTIB BOJIHIO 31 CTPYKTYpOIO 1HTepMeTaiay Tuny AB; Ta criBiCHYIOYOT0 3 HUM
OLK-tBeporo pozuuny. Tak aBTopamMu 3alIpOIIOHOBAHO BUKOPUCTOBYBATH Yy SIKOCTI
MatepiaiiB copOeHTiB BOJHIO cruiaBu Ha ocHOBI OLIK-TBepmoro po3unny (00’emHa
nouist sikoro oubine Hixk 50 %). Ha mpukinani cruaBy Tiaz 5Zr30Mngz s aBTropamu [131]
OyJI0 BCTAaHOBJIEHO, IO Y JAaHOI TPYIHU CIUIaBIB, IPU KpHCTali3aili, aBTOMaTUYHO
BUKOHY€ETHCS YMOBA MiHIMaJIbHO MOKJIMBOTO BMICTY MapraHLO B IHTEpMETaNi/1l TUITY
AB; (HE0OX1HICTh MIHIMAJILHO MOXJIMBOTO BMICTY Maprasifio y CIulaBaXx Ha OCHOBI
inTepmeTaniay TiMn, Oyna noBeaena y poooti [91]). ABropamu [131] Oyio mokasaHo,
mo cmiaB Tia75Zr30MnNgs y nuTtomy cTaHi, 0e3 monepeaHboi TEePMOBAKYyMHOI
00pOoOKH, 31aTCH MOTIMHATH BOJICHb 3 BUCOKOIO MIBUJIKICTIO, P IIbOMY JTOCSATAETHCS

KUIBKICTh TIOTJIMHYTOT'O BOJHIO Ha piBHI 2,58 mac.% (H/Me ~ 1,64).
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BpaxoByro4n mepcreKTHBHICTh BUKOPUCTAHHS CIUIaBiB cucteMu T1-Zr-Mn Ha
ocaoBi OLIK-TBep10T0 PO34YMHY Yy SKOCTI MaTepianaiB-COpOSHTIB BOIHIO, BAYKITMBUM €
MePEBIPUTH Ha MPUKJIAJI CILJIaBIB BKa3aHOI CUCTEMH 3alpOIOHOBAHY 17I€10 BITHOCHO
BUOOpY JIETYBAJIbHUX €JIEMEHTIB ISl MOKPAILIEHHS! XapaKTEePUCTUK copOIlii BOAHIO, a
TaKO0’X BCTAHOBUTH ITOTEHIIIAJI TEPMIUYHOT 0OpOOKM BKa3aHUX CIUIABIB JIJIsl aKTHBAIIIT iX

B3a€MO/I1i 3 BOJTHEM.

5.1.1. BB neryBaHHs BaHaJl€EM Ta TEPMIYHOI OOpPOOKHM Ha CTPYKTypy Ta
dazoBuii ckiam crutaBy Tiaz5Zr30MnNg; s

Jlis pociipkeHHs OyJio oOpaHO paHiIlle JOCTIKCHUH CIutaB Tl47,5Zr30MnNg2s
[131], ctpykTypa sikoro ckinanaeThest 3 OLIK-TBep0ro po3unHy, iIHTEpMETai Ty TUITY
AB:; (daza JlaBeca Tumy C14), Ta HEBEIMKO1T KUTLKOCTI ® - (Da3u B siKUii OyJIO BBEJICHO
BaHAJI{ y PI3HUX KUIBKOCTSIX, 13 3aMILEHHSAM BaHAJ1€EM PI3HUX KOMIIOHEHTIB CILIaBY.
[lo-nepiue, nmst Toro, 100 MEepeBIPUTH 3aIIPOIIOHOBAHI KPUTEPIT BUOOPY JIEryBaJIbHUX
€JIEMEHTIB, OyJIO 3aMIHEHO OKPEMO MapraHellb Ha BaHaiil, OCKUILKY BiH Ma€ OUIbIINN
aTOMHMI pajJilyc 1 aKTUBHO B3a€MOJIE€ 3 BOJHEM, a TAKOXX OKPEMO - TUTaH abo
[IUPKOHIN, OCKUIBKM BOHU MAIOTh OUIBIINNA aTOMHUM pajiyc, Hix BaHadii. [Ipu iomy
BaHaJIi BBOMWIM y KUIbKOCTI 2 Ta 5 aT.% (tabn. 5.1 crutaBu 1-6). Tlo-gpyre, npu
BBeAeHHl 7 Ta 10 atr.%. BaHajii0 BiH 3aMillyBaB OJpa3y yCi KOMIOHEHTHU CILIaBY
(tabm. 5.1 crtaBu 7-8). Bubip koHrienTpaiiii Banaito 7 ta 10 at.% MOTHBOBaHHIA HOTO
PO3MOIIOM MIXK CIIBICHYIOUMMU (pa30BUMH CKIIAOBUMHU. SIK OyJI0 MOKa3aHO y poOOTi
[62], BaxkimuBo otpumartu B OLIK-TBepmoMy po3urHi KibKICTh BaHA/IIIO HA PiBHI Bijg 2
1o 5 ar.%. BBeneHns OIbIIOT KIJIbKOCTI BaHail0 y ciiaBu 7 Ta 8 (Tabin. 5.1) Oyno
3p00JIeHO, BUXOASYM 3 HACTYIMHUX MIpKyBaHb. Uepes Te, 110 BaHaAlll Ma€ MEHIIMMA
aTOMHUH paJilyc, HDK y TUTAHy Ta HUPKOHIIO, BIAMOBIIHA 3aMiHa MOXKE MMPU3BECTHU 10
3MEHILEHHS pajlycy TeTpaeIpUYHOr0 MIXKBY3JISA, IPOTE, Y MOPIBHSAHHI 3 MapraHIleM,
BaHaJli Mae OUIBIIMIA aTOMHUM pajilyC, 110, HABINAKH, MOBMHHO NPU3BECTU M0
30UTBIIICHHST Pajilycy BKazaHOro MikBy3is. 11006 kommeHncyBatu i Mporecw Ta
30eperTd HE3MIHHUM pajlyC TETpaeAPUYHOIO0 MIKBY3JS, BaHalik OyJlo J0JaHO Yy

BKA3aHUX KUIbKOCTSX.



Tabmuns 5.1. HominaneHuii ckiaa JOCTKyBaHUX CIUIaBiB

Cxiaj crijiaBiB
CmaB at. % Mac. %
Ti Zr Mn \ Ti Zr Mn \
1 47,5 30 20,5 2 136,45| 43,86 | 18,05 1,64
2 47,5 28 22,5 2 136,88 | 41,42 | 20,05 1,65
3 45,5 30 22,5 2 3484 43,76 | 19,77 1,63
4 47,5 30 17,5 5 136,52 4395 | 15,44 4,09
5 47,5 25 22,5 5 |37,62| 37,72 | 20,45 4,21
6 42,5 30 22,5 5 132,49 43,70 | 19,74 4,07
7 44,18 | 27,90 | 20,93 7 13430 41,27 | 18,65 5,78
8 42,75 | 27,00 | 20,25 10 |33,38| 40,17 | 18,14 8,31
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J1is Toro, mo0 BCTAHOBUTH, SIKi 3MiHM BIIOYJIUCS y cIiiaBi Tla75Zr30MNg2 s ipu

JIETYBaHHI PI3HOIO KIJIBKICTIO BaHA/1l0, METOJIOM PEHTTE€HIBCHKOTO (ha30BOTr0 aHai3y

Oyi0 BU3Ha4YeHO (Pa30BUI CKJaJ CIUIABIB Ta PO3PaXxOBAHO MapaMeETpPU KPUCTAIIUYHUX

rpaTok cmiBicHyrounXx (a3 (Tads. 5.2). 3a JaHUMU PEHTIEHIBCHKOrO (Ja30BOT0 aHATI3Y

CIUIaBH, Y SIKMX OyJIO TPOBEJICHO YaCTKOBY 3aMIHY ITUPKOHIIO0 a00 TUTaHY Ha BaHA[IH,

K 1 BUXITHHH cIiiaB Tla75Zr30MnNg2s y muromy crani, € Tpudasaumu (puc. 5.1 a), Bci

1HIII CIUIaBM cTaiM aBodasHumu (puc. 5.1 0).
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Ha npencraBnenux nudpakrorpamax npucyTHi pedaekcu HacTynHUX (a3:
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* ¢asu JlaBeca tumy Cl14 (Ti,Zr)(Mn,V),, sKa Mae reKCaroHaJbHY IpPaTKy

npoctopoBoi rpynu P63/mmc (cumBoin [lipcona hP12, npototun MgZny);

* OLK-tBepmoro pozuuny B(T1,Zr,Mn,V), sikuii Mmae KyOi4Hy rpaTKy IpOCTOPOBOT

rpynu 1m-3m (cumBoi Ilipcona c/2, nporotun W).

* o - ga3y, TKa Mae rekcaroHalIbHy IPaTKy IpocTopoBoi rpynu P6/mmm (cumBomn

[Tipcona hP3 ta npotoTum a-Ti).

Tabnuusg 5.2. [TapameTpu KpUCTaIIYHUX IPATOK CIIBICHYIOUHX (ha3 Ta ix 00’ eMHa

YyacTKa ISl CIUIaBiB y JUTOMY CTaH1

Cmias [Tapamerpu kpuctanigaux rparox + 0,0009 (am)
A-(haza B- ga3za - haza
O6’emua | Ilapamerpu | O6’emua | [lapamerpu | OG’emua | [lapamerpu
yacTka IpaTKu JacTka IpaTKu qyacTka IpaTku
Tis75Zr30Mn2z 5 0,487 a=0,5215 0,432 a=0,3382 0,081 a=0,4767
¢=0,8581 c=0,2714
Tis75Zr28Mn225V2 0,489 a=0,5200 0,426 a=0,3352 0,085 a=0,4759
¢=0,8550 ¢=0,2751
Tis75Zr25Mn225Vs 0,488 a=0,5190 0,472 a=0,3333 0,040 a=0,4746
¢=0,8542 ¢=0,2770
Tis75Zr30Mn2o V2 0,478 a=0,5194 0,522 a=0,3362 -- --
c=0,8544
Tia75Zr30Mn175Vs 0,471 a=0,5186 0,529 a=0,3366 -- --
c=0,8528
Tiss5Zr30Mn225V> 0,488 a=0,5203 0,503 a=0,3372 0,009 a=0,4765
¢=0,8551 ¢=0,2740
Tis25Zr30Mn225Vs 0,474 a=0,5200 0,502 a=0,3383 0,024 a=0,4769
¢=0,8550 ¢=0,2770
Tiss18Zr279MnN2093V7 | 0,517 a=0,5189 0,483 a=0,3357 -- --
¢=0,8523
Ti42,752r27Mn20,25V10 0,542 a=0,5178 0,458 a=0,3354 -- --
¢=0,8505

ba3zyrounce Ha TaHUX PEHTIE€HIBCHKOTO (pa30BOT0 aHaNi3y Ta JaHUX, HABEJIEHUX

B pobotax [171-173], nns qaHWX MOCIIKYBAaHUX CIUJIaBiB OyJio po3paxoBaHO 00'eM

eeMeHTapHOi KoMmipku ¢asu JlaBeca Ta paaiyc TeTpacapruuHOro MiXBY3Js (pHcC. 5.2).
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[MopiBHIOOYM OTPUMAHI JaHi 3 BIAMOBITHUMHU st OiHapHOi cromyku TiMn, [91]
(06'em ememenTtapHoi komipku 164 A3 a pamiyc mixBysas 0,363 A) sumHo, 110
XIMIYHUHR CKJIQJl TOCHIJKYBaHUX cIulaBiB Ha ocHOBI OLIK-TBepmoro posumny mnpu
BMICTI B HUX MapraHIfio B Mexax Bin 17,5 mo 22,5 ar.% 103Bojisie OTpuMaTu OibIIHiA
00'em enemeHTapHOi KOMipku Ha 17-18 %, a paniyc TeTpaeapuuHOro MIXKBY3JIS - Ha
6-6,5 %, 1110 MO3UTUBHO BILIMBAE HA 3arajibHy KUIbKICTh MOTJIMHYTOTO BOIHIO K OYII0

IIOKa3aHO BHUIIIC.

O6-em enemeHTapHOT KOMipKKU dasu
Nageca, A3
202 200 199 199 198 200 200 198 197

200
N || || || || ‘l || || |\ ‘\
100

1 2 3 4 5 6 7 8 9

Pagiyc TeTpaegpuyHOro mixksysna ¢asu

Naseca, A
0,388 0,387 0,386 0,386 0,386 0,387 0,387 0,386 0,385

0,4
0,3
0,2
0,1
1 2 3 4 5 6 7 8 9

Puc. 5.2. O6'em eneMeHTapHOT KOMIPKH Ta Pajiiyc TETPACIPUIHOTO MIKBY3JIS (pa3u

o

Jlaeca tuny C14 anis AoCaiIKyBaHUX CIUIaBIiB

[TopiButoroun 00'em enemeHTapHOi Komipku ¢asu JlaBeca Ta pajiyc
TETPAeAPHUYHOTO MIXKBY3JII BUXIIHOTO CIUTaBY Ti475Zr30MN22s Ta yCiX AOCTIHKEHUX
CKJIaJIIB, BUIHO, 10 JIETYBAaHHS BaHAIi€M, HE3aJIE)KHO BIJl TOTO, B K1 KUIHKOCTI BiH
BBOJIMBCS Ta SIKI €JIEMEHTH 3aMIIyBaB, MPHU3BEJIO 10 3MEHIIEHHS BIIMOBITHUX

napameTpiB (puc. 5.2). [l cruiaBiB, B IKMX BaHa iH 3aMiHIOBaB TUTaH a00 IUPKOHIH,
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3HIDKEHHS 3a3HAYCHHX MMapaMeTpiB B1IOYIOCh OUIKYBaHO, OCKIJIBKA aTOMHUM pajalyc
BaHAII0 MCHIIE, HIXK y TUTaHa a00 IUPKOHII0. Y cruiaBaxX T las 182127 9MN2oe3V7 Ta
Tig75Zr,7MnNg 25V10 KONIM BaHamil 3aMilllaB oJpa3y BCi KOMIIOHEHTH, HE BIAJIOCs
CKOMIICHCYBATH BIATOBIIHE 3HMKCHHSI MapaMeTpiB MPU 3aMiHI TUTAHy Ta HUPKOHIIO
3aBJSKH 1X MiABUIIEHHS MPU 3aMiH1 MapTraHIl0 BaHAIEM.

[Ipote, mikaBuM € To¥ ¢akt (puc. 5.2), Mo y cIlaBaxX, B SKUX 3aMIHIOBaBCS
BUKIIFOYHO MapraHellb, [0 Ma€ MEHIIMKA aTOMHHUUA PajilyC, HIXK y BaHAMIII0, TaKOX
B110yJI0Ch 3MEHIIIEHHS 00'eMy eneMeHTapHOi KoMipku ¢a3u JlaBeca Ta panaiycy
TeTpacApuyHOr0 MiKBY3/1sa. [loscHeHHS maHoro (akTy BHMAarae JI0JaTKOBUX
JTOCHIKeHb. MOKHa MPUITYCTUTH, 10 4 €JIEMEHTH y CKJIAJHOJEroBaHid cUCTeMi
OJIHOYACHO B3a€EMHO BILIMBAIOTh HA €JEKTPOHHY CTPYKTYPY Ta €(PEeKTUBHI pO3MipU
aTOMIB-CYC1/liIB, TOMY YacCTKOBA 3aMiHa MapraHlo, KU B PI3HUX BHUIIAJKAX MOKE
MPOSIBIITUCh Y 0araTbOX CTPYKTYPHUX 1 Mar”iTHUX MoOJu(IKaIlifax, Ja€ TaKkun
HEOUIKyBaHUH pe3yJIbTar.

BuxopucroBytoun nporpamy Image] nmnpum  aHamis3l  MIKpOCTPYKTYp
JOCIIIKYBaHUX CIUIaBiB (pucC. 5.3 a) (mpeacTaBieHa MIKPOCTPYKTYpa € TUIIOBOO IS
JIAaHO1 TPYIHU CIUIaBiB) BU3HAYEHO, 1110 IIJIOIIA 3€PEH CHIBICHYIOUUX (a3 3aJulIniIach
Ha piBHI 2+8 MKM?, 110 GJIM3HKO 10 MOKa3HUKA BUXITHOTO cIuiaBy Tia7s5ZroMnNy, s, ane
IpY [IbOMY BiI0OYJIUCH 3MIHH Y CITIBBIIHOIIEHHI 00 €MHOT KUTBKOCTI (a3 (Tadim. 5.2).
Busznauennst 00’ eMHUX J10Jiel CiBiCHYIOUMX (a3 € BaXKIMBUM, OCKIITbKH (Da3a JlaBeca
ta OIIK-TBepauii po3UYMH CYTTEBO BIAPIZHIIOTHCS MDK COO0OI0 3a KUIBKICTIO
MOTJIMHYTOI'O BOJIHIO Ta KIHETHUII1 MPOLECiB copOIlii-aecopOirii. 3acToCyBaHHS METOY
PitBenbaa, 103BOIMIIO PO3ALTUTH YacTKu 3 - ha3u ta o - dazu (tadu. 5.2). [loscHutu
NPUCYTHICTh ® - a3u, sKa y cCIUlaBaX HAa OCHOBI THUTaHy Ta IMPKOHIIO €
MeTacTabUIbHOIO, YTBOPIOIOUKCH, B TOMY YHCII TiJ 4ac MIBUJIKOTO OXOJOJKEHHS
CIUIaBYy Bij Temmeparyp [ obnacti 6e3nudy3iiHUM NUIIXOM (aTepMmiuHa o - (aza),
MO>KHA BIIMIOBITHUMH YMOBaMH IIBUKOTO OXOJIO/HKCHHS BUJIIMBKY Y MiTHOMY KOKI1JIi.
[IBMAKICTE OXOJIOPKEHHS 3JIMBKY B TaKUX yMOBax B I1HTEpBajl TeMIeparyp
700-500 °C cknanae, mpubmuzno, 40 °C/cex. Taki yMOBH yTBOpeHHS ® - dazu g00pe

KOPEJIOIOTH 13 pe3yibTaTaMu pobotu [224], ne crnoBianoch, o aTepMivyHa o - ¢aza
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YTBOPIOETHCS TpHU 3arapTyBaHHI B cIuiaBax Ti-Mn B iHTepBaii KOHIIEHTpAIliif

2,6-7 at.% Mn.

20k\"*X5,000 Sum- | 04104059 BEC

Puc. 5.3. MikpoctpykTypa craBy Tla75Zr28MnN2z5V2 y mutomy (a) Ta

BiamameHomy (0) crana

st Toro, mo0 MiATBEPAUTH TO3WUTHUBHUN BIUIMB IOMEPEIHBOI TEPMIYHOL
00poOKHM Ha BOJHEBOCOPOIIiiTHI BIIACTUBOCTI, TOCTIKYyBaHi crutaBu Ha ocHOBi OL[K-
TBEPJIOTO PO3UYUHY, 5K 1 reTepodasHi criiaBu Ha ocHOBI (a3u JlaBeca (po3in 4), Oynu
BinmasneHi. JlocaimKeHHs €BOIOIT MIKpOCTPYKTYpH (puc. 5.3 0) Ta ¢pa30BOTO CKIATy
CILIABIB IIPH TEpMiuHii 06poOIIi TOKa3aJIH, 0 BaKyyMHuii Bignan npu tucky 107 ITa
ta Ttemmeparypi 900 °C Bmnpomosx 10-30 roauH NPU3BOAUTH N0 KOAryJsiii
CTPYKTYPHUX CKJIQJOBHX JIOCITI/DKYBAHUX CILIaBiB. 31 301IbIICHHSIM Yacy 130 TepMITHOT
BUTPUMKH BiIOYBA€ThCS 3MEHIICHHS JUCHEPCHOCTI CHUCTEMHU B  Pe3yJbTarTi
YKPYITHEHHSI YaCTHHOK (a30BUX CKJIAJOBUX 1 YTBOPEHHS O1IBII-MEHII BEIMKUX
arperatiB. BctaHoBeHO, 110 IJ10111a 3€pEH CIIBICHYI0UNX (a3 micis 30 rouH Bianany
3pocna 3 2+8 MkM? (uIst criaBiB B auToMy crani) 1o 80+320 Mxkm? (11 BigmaneHux
cruaBiB) (puc. 5.3 0). Takox ans BeiX CIUIaBiB B MpoLEci Bigmanay BiaOyBcs
nepepo3IoAial KOMIIOHEHTIB, B PE3yJIbTaTi 4Oro ACIIO 3MIHIOEThCS CITIBBIAHOIIICHHS
gacTok (a3 S,/Sp. Tak s ycix qoCaipKyBaHuX CiiiaBiB 00’emMHa nois (asu JlaBeca

3pocTtae Ha 3+4 %, a OLIK-TBepA0Oro po3unHy 3HHKY€ETHCA Ha BIANOBIIHY BEJIMYUHY.
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[Ticns 3a3HadeHoi Bumie TepMiyHOI OOpPOOKHM, BIAMOBIAHO 1O JIaHUX
PEHTTEHIBCHKOTO (Da30BOTO aHami3y, CTPYKTypa YyCiX TOCIIPKYBaHUX CILIaBIB €
nBo¢azHoo. 3MiHa (a30BOro CKIany AJi CIUIABIB, Y SIKUX OYJI0 MPOBEIEHO YaCTKOBY
3aMiHy LHPKOHIIO Ta THTAaHy Ha BaHajii, Micis TepMiyHOi OOpoOKM MOB’s3aHA 3
NEPETBOPEHHAM METacTabuIbHOT M-(a3u B CTaOLIbHY y PIBHOBRXHHUX yMOBax MAJis
naHoi cucremMu B-dasy (puc. 4.1 [194]). [Ipu npomMy BakIUBUM € TOH (hakT, IO
rapaMeTpy KpUCTAIIYHUX IPATOK CHIBICHYIOUHX (a3 y MekKaX MOXUOKH BUMIPIOBAHHS
CHIBIAAAIOTh JIJIs JINTOTO Ta BiJnaieHoro ctany. OCKIJIbKY MapaMeTpl KPUCTATIUHUX
IPaTOK IJis JIMTOTO Ta BIANAJCHOI0 CTaHy CHiBMaAal0Th, 1€ CBIAYMUTH MPO TE€, IO
dbopmyBaHHS ® - a3y MpU OXOJIOMKEHHI 37TUBKa a00 11 3HUKHEHHS B MpOIECI
TepMIYHOi OOpOOKM CYTTEBO HE BIUIMBAaE Ha XIMIYHMI ckiaa ¢asu JlaBeca Ta
OLIK-TBEpIOTO PO3UHHY.

Jlist Toro, mo0 BCTAaHOBUTH, SIKUM YHHOM PO3MOAUISIETHCS Y JTOCHIIKYBAHHUX
CIUTaBaxX BBEJICHUH BaHa1i, 3a noromoroto metoga EDAX Ta ckaHytouoi eneKTpOHHOT
MIKpOCKOTI1 OyJI0 BU3HAYEHO XIMIYHUHN CKJIa]] OKpeMux a3 (Tadi. 5.3).

Heo0ximHicTh BCTAaHOBIIEHHS PO3MO/ILTY KOMIIOHEHTIB MK (DazaMu OB’ sI3aHO 3
JeKiibkoMa (hakTopamu, SKi MOXYTh CYTTEBO BIUIMBATH Ha BOJIHEBY €EMHICTh KOXHOI
31 cmiBicHyrouux (a3 1, BIAMOBIIHO, cIlaBy B I1uiomy. Ilo-mepmie, sik Oymo
BCTAHOBJICHO 3 JiTepaTypHHx naHux [62], mis OLIK-TBepmoro po3uuHy TiJbKH B
1HTepBail KoHIeHTpauii BaHaaito 0,25 - 5 at.% BOa€eTbCst OTPUMATH BOAHEBY €EMHICT,
Buiie H/Me > 2, kpiM TOro, aBTOp CTBEPIIKYE, IO 30UIBIICHHS KIIBKOCTI BaHAIIIO
BUIIIE 3a3HAUYEHOT0 1HTEPBALY IPU3BOJAUTH, HABMAKHU, 10 3HUKEHHS BOJJHEBOI EMHOCTI.
[To-npyre, Bax/IMBO 3HATH, sIKa KUIBKICTh BaHaJ1l0 po3unHseThes B (a3l JlaBeca, 1e
J03BOJISIE  3PO3YMITH, HAa CKUIBKH PO3IIMPIOETHCS WOTO KOHIIGHTpAIlliiHa Mexa
ICHYBaHHS, OCKUJIbKH BiJl ILOTO 3aJIEKUTh KIJIBKICTh MOTJIMHYTOT'O BOJIHIO.

[TopiBHIOIOUM oOTpuMaHi JaHi (Tabn. 5.3) 3 aHAJOTIYHUMHM [JIsl CIUIABY
Tis75Zr30Mngs B3sitomy 3a ocHoBy [131], MoKHa CTBEpIKYBaTH, IO BBEACHHIA
BaHaJ1i po3noauisieTbesa Mixk OLIK - TBepAMM pO3YHMHOM 1 ITHTEPMETAIIIOM, IPUUOMY
Ha KOPUCTb OCTaHHBOTO. TakoXk CIiJ 3a3HAUYMTH, 10 BKa3aHE JETyBaHHS J103BOJIIE

CYTTEBO TMOHH3UTH BMICT MapraHii0 B IHTEpMETadill, TUM CaMHUM PO3LUIUPUTH
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KOHIIEHTpAIiiiHy 00JacTh FOMOT€HHOCTI JAaHol ¢a3u. Sk BxKe 3a3Hayanocs BUIIE
(po3min 3), posmmpeHHs o6jacTi ToMoreHHocTi ¢asm JlaBeca 3aBHSKu 3aMiHU
MapraHifl0 Ha BaHAIId TNPU3BOAUTH JIO TOKpAIIEHHS BOJIHEBOCOPOIIIHIX
BJIACTUBOCTEH (TiABUIIICHHS BOAHEBOT eMHOCTI [91]). BasknmuBum Takox € i To# (hakr,
1110 MPH JICTYBaHHI BaHAI1€EM BUXIIHOTO CIUIABY T 47 5Zr30MN 2, 5 3SHHIKYETHCS KUTbKICTh
maprasio B OLIK-TBepaoMy po3unHi y MOPIBHSHHI 3 BUX1THUM CIUIABOM, KPIM I[bOTO,
KUTBKICTh BaHAJII0 y JaHid (a3l He MepeBHUIlye PEKOMEHIOBAHMN aBTOpPOM [62]

intepBai 0,25 - 5 ar.% (Tabm. 5.3).

Tabnuus 5.3. XimMiuyHUN cKIaj CHIBICHYIOUUX (a3

Cmas ckian a3, = 0,03 at. %
OLIK-TBepauii po3urH [aTepmeranin
Ti Zr | Mn | V Ti Zr Mn \Y/
Ti47y5Zr30Mn22,5 64,2 29,2 6,6 - 32,0 18,0 50,0 -

Tis75Zr28MnN225V> 708 | 223 | 50 | 19 | 198 | 348 | 433 | 21

Tis25Zr30Mn225Vs 651 | 269 | 51 | 29 | 283 | 23,7 | 429 | 51

Ti47,52r30Mn17,5V5 56,7 36,7 2,8 3,8 32,1 18,9 42,0 7,0
Ti44,182r27,9Mn20,93V7 68,05 27,59 2,91 2,85 21,79 28,19 37,83 10,89
Tia752r27Mngo 25V | 67,93 | 27,08 | 3,78 | 4,62 | 21,43 | 26,93 | 34,20 | 14,56

OxpiM 3MmiHH y (ha30BOMY CKJIadi CIUTaBY Tl475Zr30MNg25 Ta CIiBBIIHOIICHHI
00’eMHUX YacTOK (a3 Mpu JeTyBaHHI BaHAIIEM, TAKOXK OyJIO BU3HAYEHO BAXKIJIMBI JIJIs
MPAKTUYHOTO BUKOPUCTAHHS TeMmriiepaTypu (azoBux mepexomniB. OCKUIBKH, SIK BXKE
3a3HA4YaJIOCh BUIIIE, MApTaHEIb MAa€ 3HAYHO HIDKUY TeMIiepaTypy raBieHHs (1246 °C)
3a 1HIITl KOMIIOHEHTH cTuiaBy (Tutad 1668 °C, nupkoniii 1855 °C) Ta BUCOKY 3/1aTHICTh
JI0 BUIAPOBYBAHHS MPHU TEPEIUIaBi, 0 BUMArae KOPEKIlli peKHUMIB IJIABKU TaKUX
KOMTIO3UIIIH 13 JOJaTKOBUM JOJIaBaHHSM MapTaHIlIO Y CKIIAJ IUXTU JJIs1 OTPUMAaHHS
3aaHoro ckiany (aHeoOxigHo A0 4 Mmac.% wHa BuropanHs [112]), a me migBumrye
coOIBapTICTh KIHIEBOI'O MPOAYKTY Ta MOTIPIIYE TEXHOJOTIYHI 1 €KOJIOT1YHI YMOBU
OoTpuMaHHs 31MBKiB. [IpoTe, yacTkoBa 3amMiHa MapraHIl0 Ha €JIEMEHT 31 3HAYHO
BUIIOI0 TEMIIEPATYPOIO TUIABJIICHHS MOXE CYTTEBO CIPOCTUTH TEXHOJIOTIYHI YMOBU

OTPUMAaHHS CILIABY, MOKPAIMTH OJHOPIAHICTh CTPYKTYPH Ta MOJETIIUTH AOCATHEHHS
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3aJJaHOTO XIMIYHOTO CKJaxy 37uBKY. s TOro, mo0 BCTAHOBUTH, K 3MIHIOETHCS
TEeMIlepaTypa TUTABJICHHS CIUIABY TMPHU BBEACHHI Y HHOTO BAHAIIO, SIKUA Ma€ BHIILY
temriepatypy 1wiaBieHHs (1910 °C), HiX 1HIII KOMIOHEHTH CIUIaBY, 3a JOIMOMOTOIO
MeToJa AU(PEPEHLINHOTO TEPMIYHOTO aHaizy OyJ0 BH3HAYEHO TEMIEpaTypu
BIIMOBIAHUX (Pa30BUX MEPEXOJIiB. 3 MPEACTABICHUX JaHuX (Tadm. 5.4) noOpe BUIHO,
10, HE3aJIC)KHO BIJ KUIBKOCTI BaHaIil0 B Mexkax Big 2 no 10 ar. %, mis BCix
TOCIIJKEHUX CIUIABIB JIETYBaHHS TPHU3BOAUTH 10 MIABUINCHHS TEMIEPATypH
riaBjieHHs criaBy. OTxe, 1€ CBIAYUTH PO Te€, IO MPU YaCTKOBIM 3aMiH1 MapraHIlio
Ha €JIEMCHT 3 BHUIIOI0 TEMIIEPATypOIO IUIABJICHHS YMOBH OTPUMAaHHS CIIaBy OyayTh

MOKpAILyBaTHUCS MPY 3MEHILEHHI BTPAT HA BUTOPAHHS LIbOTO €JIEMEHTY.

Tabmuug 5.4. TemnepaTypu IIaBiAeHHS 1 KpUCTaNi3alli JOCTIKEHUX KOMIIO3UIIHN 32

pesyabraramu JITA
Temneparypa, (°C) £7
Cnnas —
TJTaBJICHHS KpHUCTaizailii
Tis75Zr30Mngy 5 1050 1065
Ti475Zr30Mn2o5V2 1060 1080
Tis752Zr30Mn175Vs 1090 1090
Tis75Zr28Mn225V> 1065 1095
Tis75Zr5Mn225Vs 1080 1100
Tiss5Zr30Mn225V2 1065 1090
Tis252Z130MnN225Vs 1080 1095
Tig4,182Z127,9MnN20,93V7 1097 1120
Tia2,75Z127MnN20 25V 10 1105 1135

Sk OyJ10 BCTaHOBJIEHO BUILIE JJIS YCIX JOCTIIKYBAaHUX CILIABIB, y MOPIBHSAHHI 3
BUXIJTHUM CIIaBOM T l47,5Z130MnNg2 5, IpH JIeryBaHHI BaHAIi€EM BiI0YI0CS 3MEHIIICHHS
00’emy enemeHTapHOi KoMmipku Ha 1-2,5 %, 1, sIK HACTIAOK, paglyCcy TeTpaeIpUIHUX

MDKBY3JiB Ha 03-0,7 %, ne JIokami3ylThCs aTOMU BOJHIO MPU PO3YMHEHHI, MEHIII
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poO3MipU MDKBY3JIB YTPYIHIOIOTH MOMAJaHHS B HHUX aTOMIB BOJHIO, IO MOXE
MPU3BECTH JO0 3HIKCHHS 3arajibHOi KUTBKOCTI MOTJIMHYTOrO rasy. BimmomigHO 10
JITEpaTypHUX AaHUX [26] roJIOBHUMHU BUMOTaMH [JIsi PO3MIILIEHHS aToMa BOJHIO Y
MIXBY3Ji €: pajiiyc MiXKBY3/iB NoBMHEH OyTu OimbmuMm 3a 0,4 A; Bigctamb Mmixk
aToMaMH, SIKi PO3MIIlleH] y CYCi/IHIX MiXBY3JIsiX, TIOBUHHA OyTH Oinbie 3a 1,8-2 A.
[Ipote y TakoMy BHUIAJIKy B MPOTUBAry IIbOMY Ha KUJIBKICTh MOTJIMHYTOTO BOJHIO
MOBUHHO MO3UTUBHO BILUTUHYTH 301JIbIIICHHS 3arajabHO1 KUTBKOCTI
TIpUI0YTBOPIOIOYOr0 KOMIIOHEHTY y KOXkHIM (a3i. Lle mor’s3aHo 3 TUM, 10 NpU
JIETYBaHHI BaHAJl€EM Yy KOXHIA 31 CHIBICHYIOUHMX (a3 3MEHIIYEThCA KIIbKICTb
Maprasiito, SKuid He B3a€MoJi€ 3 BojHeM (Tabia. 5.3), 1, BIANOBIAHO I[bOMY, 3arajibHa
KUIBKICTh T1APUI0OYTBOPIOIOYOTO KOMIIOHEHTY y KOXHIiH (ha3i 3pocTae, 1m0 MOBUHHO
KOMIICHCYBAaTU BTPAaTH y KUIBKOCTI MOTJIMHYTOrO BOJHIO, MOB’sI3aH1 31 3MEHIIICHHSIM
pazailycy TeTpaeIpuuHOrO MI>KBY3JIS.

OTxe, BpaxoByIour TOH (akT, 1110 JETyBaHHS BaHa/l1€EM IPU3BEIIO 10 3HUKEHHS
00’emy eneMeHTapHOi KoMipkH (a3u JlaBeca, 1, IK HACHIIOK, PaalyCy TETpaeIpUIHUX
MDKBY3JIIB, OCKUIBKM Maik€ y BCIX CIUTaBaX BIH 3aMIHSB KOMIIOHEHT O1IbIIOTO
po3Mipy (THTaH, UPKOHI), MOKHA KOHCTaTyBaTH, L0 3alpONOHOBaHI y po3aim 3
KpUTEpii CTOCOBHO TOro, IO MPH BUOOPI JIETYBAJIBHOTO €JIEMEHTY HEOOX1THO
KepyBaTUCA HWOTO aTOMHHUM paJilyCOM Ta 3JaTHICTIO YTBOPIOBATH CTIMKY XIMIYHY
CIOJIYKY 3 BOJIHEM, TaKOXX MOXYTb OyTH 3acTOCOBaH1 1 JijIsl CIUIaBiB Ha OCHOBI
OLIK-TBEepa0TO PO3UHHY.

Ha nanomy craBi Tla7,5Zr30MnNg2 5 Takok OyJ10 MEepeBipeHo, UM BCTAHOBIICHUI
B po3aum 3.2. ¢gakT, 110 MOBHA 3aMiHa BUCOKOYUCTOTO THUTaHy HOAMAHOTO (BHCOKO
BapTICHOTO) HA OUIBII JENIEBY TUTAHOBY I'yOKy HE BIUIMBA€ Ha BOJHEBOCOPOLIHHI
BJIACTUBOCTI, BUKOHYEThLCA ISl reTepoda3HuX CIUiaBiB. BcTaHOBIIGHO, 1110 MPH MTOBHI
3aMiHI TUTaHy HOJMIHOTO HA TUTAHOBY I'YOKY HE B1/I0YBa€ThCs 3MiH y CTPYKTYpl Ta
¢dazoBOMy CKIaJll BUXITHOTO CIUIaBY, 1 BIIMOBIAHO IbOMY HE 3MIHIOETHCS BOJHEBA
€EMHICTh Ta KIHETMKa MPOLIECIB MOTJIMHAHHS Ta BUIUICHHS BOJHIO. Po3paxyBaBiuu
coOIBapTICTh OJTHOTO KiJIOTpama IIUXTH JUIsl CIJIaBIB OTPUMAHUX 3 BUKOPUCTAHHSIM

TUTaHy y pI3HOMY BUX1JHOMY CTaH1 OyJI0 BUBHAUEHO, 110 PI3HUIIS CTaHOBUTH 560 rpH.
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5.1.2. Bzaemogis 3 BogHeM cruiaBiB Ha ocHOB1 OLIK-TBepmoro po3unny cucrtemu
Ti-Zr-Mn-V y pi3HOMY BUXiTHOMY CTaHi

B po0GoTi [131] Oymo mokaszaHo, 1m0 ciuiaB Tis75Zr30MnNgs Ha ocHoBi OIIK-
TBEPJOTO PO3YMHY OYMHAE AKTUBHO B3a€EMOJISITH 3 BoJHEM pu Temmepatypi 540 °C,
MIPOIIEC B3a€MO/IIT BIIOYBAETHCS Y ABA €TAlH, Kl CYTTEBO PI3HATHCS MO MIBUIAKOCTI, 1
IpPU 1IbOMY BIAETHCS JOCATTH KUIBKOCTI MOTJIMHYTOrO0 BOAHIO HA piBHI 2,58 Mac.%
(H/Me ~ 1,64).

VY po3aini 4.2. npu AOCTIHKCHHI TeTepoda3Hux CIuiaBiB TliggZlzagMnas3Va 1 Ta
Tiz212Zr189Mn420V70 Ha OCHOBI iHTepMeTaiay THIy AB2 Oyi10 qOBEIEHO MOXIIUBICTD
HACMYEHHS iX BOJHEM Ipu KIMHATHIA Temmeparypi. Ockiibku (a3oBuil ckian
JOCIIKyBaHUX ciuiaBiB Ha ocHOBI OLIK-TBepmoro po3unny (inTepmetanin tTuny AB;
ta OLIK-TBepanii po34nH) y NOPIBHSAHHI 31 CIUIABaMH, SIK1 OyJIO PO3TISIHYTO Y pO3ALIL
4.2. He 3MIHUBCS, TOMY OYyJIO BUPIIIEHO PO3MOYATH MPOLIEC TAPYBAHHS MPU TAKUX HKE
caMuxX yMoBax (KIMHAaTHa Temreparypa Ta Tuck BojHio 0,6 Mlla, BukopucToByrouu
MOHOJIITHI 3pa3Ky y JUTOMY CTaH1). YCi HOCHIKyBaH1 crjiaBu (Tadn. 5.1) y nuroMmy
cTaHi OyJI0 BUTPHUMAaHO TPH BKAa3aHUX YMOBaxX BIPOJOBXK 24 TOIWH, ajie BKa3aHi
napamMeTpHu TIAPYBaHHS HE NpPU3BEIM A0 aKTHUBALli MOBEPXHI 1, BIAMOBIIHO, 0
aKTUBHOTO TOTJIMHAHHA. Byno 3po0iieHO MpuMyIIeHHs, 0 CTaH MOBEPXHI, SKa € Y
HEAaKTUBOBAHOMY CTaHIi, 3aBa)kKa€ IHTCHCHBHIM COpPOIlii BOAHIO, BUMararouud O1IBII
TPUBAJIOro 1HKyOauiiiHoro nepioay. s mepeBipku 1bOro CruiaBu OyJio JOJATKOBO
BUTPUMAHO TPH BKa3aHUX MapaMmeTpax BOPOAOBK 48 roauH, ajie 301IbIICHHS Yacy
BUTPUMKH HE IPU3BEJIO IO aKTUBALli OBEPXHI 1, BIAMOBIAHO, MIOMITHOT'O TOTJIMHAHHS
BOAHIO. AKTHBHE MOTJIMHAHHS BOAHIO OYJ10 3a(hiKCOBAHO JIUIIE B MPOLIEC] HAarpiBaHHs
(puc. 5.4 a) 1 BOpOIOBXK 1300apHO-130TEPMIYHOT BUTPUMKH TIPH TeMIepaTrypax
510-520 °C mpu Bkazanomy tucky 0,6 MlIa.

MokHa TPHUITYCTUTH, [IO0 BIACYTHICTh AKTHBHOTO TMOTJWHAHHS BOJHIO TIPH
HU3BKIA (KIMHATHIM) TeMIeparypl IOB’s3aHa caM€ 3 HEJAOCTATHHOK TIIOIICIO
MOBEPXHI KPUCTAJIIB IHTEpPMETaNiAy, 00 K OyJI0 MOKa3aHO BHUIIE, TPOILIEC AKTUBHOTO
MOTJIMHAHHS TIPpU KIMHATHIM TeMIiepaTypl PO3MOYMHAETHCS Ha KpucTajax ¢hasu

JlaBeca. Jlnst mociiakyBaHMX CIUIABIB IUIOLIA MOBEPXHI 1HAMBIAYaJbHUX KPHUCTAJIIB
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iHTepMeTaily, AKa KOHTAKTY€ 3 BOJHEBOIO aTMOC(EPOI0, CKIIAAa€e OIU3BKO 2+8 MKM?,
TOJI1 SIK IS paHille TOCTiKEeHUX TeTepoda3Hux cIijiaBiB Ha ocHOBI (pa3u JlaBeca, ski
MaJii y CBOEMY CKJaAl Ti k cami (a3u (po3aia 4), po3Mmip KPUCTAIIIB IHTEPMETATIAY
Oys Ha piBHi 450...1500 Mxm?2. Sk 3a3Hayanocs BUIE, IPU PO3UMHEHHI BOJHIO B
1HTepMeTalli/li BiIOYBAa€ThCS 30UIBIICHHS 00’€My HOro KpHUCTAIIB 1 3 SBISIOTHCS
HaANpPY>KeHHS, K1 MPU BEJIUKUX PO3MipaxX KPUCTAIIB BUKIMKAIOTh YTBOPEHHS TPIIIMH,
0 MPUCKOPIOE HACUYEHHS BOJHEM. B MpOTWIEKHICTh, MPU MaIMX pPO3Mipax
IHTEepMETaNITHUX KPUCTAJIIB, HANPY>KEHHS PENaKCYIOTh 3aBIAKH MpOIIapKaM MIiX
miacTUHamMu iHTepmetamiay riactuaHoro OLK-TBepaoro po3uuHy, sIKHUiA CTpUMYE
YTBOPEHHS TPILIUH.

Buxopuctanas 3a3Haue€HUX OJHAKOBUX YMOB TIAPYBaHHS JJis CILJIaBiB,
PO3IIIIHYTUX Y po3aiui 4.2., Ta nocinipkyBaHux Ha ocHoBl OLIK-TBepaoro posunny
JI03BOJISIE TPUITYCTUTH, 110 HA aKTHBAIIIO MPOIIECY aKTHBHOTO TMOTJIMHAHHS BOJHIO
IpU KIMHATHIM Temreparypi IpU MEpIIOMY TiApyBaHHI, KpUTUYHUM € came IJIOoIa
3epeH IHTepMETATI Y.

[3 3amexHOCTI THCKY BOJHIO BiJ Temmeparypu (puc. 5.4 6) Oynu BU3HayeH1
TEeMIIepaTypy MOYATKy 1HTEHCUBHOTO TMOTJIMHAHHS, a 13 3aJI€KHOCTI TEMIIEpaTypu Ta
TUCKY BOJHIO Bij yacy (puc. 5.4 a) - KUIbKICTh COpOOBAHOTO BOAHIO IIPHU TEMIIEPATypi
130T€pMIYHOI BUTPUMKH ¥ IIPU KIMHATHIN TeMIepaTypi, a TAKOK TPUBAJIICTb MPOIIECY
rigpyBanHsa (tabiu. 5.5). Bymo BcTaHOBIEHO, IO IS YCIX JOCHIPKYBaHUX CIUIaBiB
(Tabn. 5.1) yeryBaHHS BaHAIIEM MPHU3BOIUTH O 3HUKCHHS TEMIIEPATypu MOYATKY
IHTCHCHBHOTO TMOTJIMHAHHS (JJIs1 BUX1IHOTO CIUIaBY Tl475Zr30MnN325 BOHA CTAHOBHTH
540 °C [131]). ITix yac 1aBHHOMOAIOHOTO MOTJMHAHHS BOIHIO (IPyruid eTam copoiii)
3a)ikCOBaHO pi3Ke IMIJIBUINCHHS TeMrepaTypu peakrtopa Ha 10+12 °C Ha rpam
YTBOPEHOTO TiJIpUAy, TOOTO MpoLEeC MOIJIMHAHHS TpPaauLIMHO BiAOyBaeThca 3

BUJIIJIEHHSM TEILIA.
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Puc. 5.4. 3ayiexHiCTh IPU TEPIIOMY TiIPyBaHHI CIIaBY Ti475Z125MN225Vs:

a - TeMIIepaTypu 1 TUCKY BOAHIO BIJl Yacy; O - TUCKY BiJ TeMIepaTypu

BpaxoByrouu Temreparypy mo4atrky aktuBHoro rnoriauHanHs (335 - 490 °C) s

JOCIIKYyBaHUX CIUiaBiB (Tabi. 5.1) Ta MBUAKICTH MOTJIMHAHHS BOJHIO Ha 000X

eTarnax, Ta MOPiBHIOIOYH iX 3 BIAMOBIAHUMH MapaMeTpaMu IS CIiaBy Tla7,5Zr30MnNg; s,

B3ATOTO 32 OCHOBY [131], MOXHa CTBEpKYBaTH, 1110 MPOIIEC TAPYBAHHS B HUX TAKOXK

posnounHaetbes 3 OLIK-tBepmoro po3umnny. [lpu po3unHeHHI BOAHIO BiAOYyBaeThCA

YTBOPEHHSI TPILIMH B MaTepiaii 3 MOBEPXHEI0, YUCTOIO BIJl OKCUAHOI IJTIBKH, 1110 HOTo

CYNPOBOJI)KYE, 1€ TMOJErIye MpOIEC AaKTUBALll I1HTEpPMETaNiay 1 CHpuse HOro

OJMCKaBUYHOMY HacH4YeHH!O0. JloBecTu Toit akT, 110 MPOIEC AKTUBHOTO MOTIIMHAHHS

BOJIHIO JIJISI TaHUX CIUIABIB Y JIMTOMY CTaH1 po3nounHaeThesi came 3 OLIK-TBepaoro
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PO3UKHY MO’KHA, BUXOJISYH 3 TITEpaTypPHHUX JaHUX. SIK yxe 3a3Hadanoch y po3zaini 4.3,
camMe y BKa3aHOMY TEMIIEpaTypHOMY IHTEpBaJi BIAMOBIIHO A0 JITEPaTYpHUX JTaHHUX
[60-62], Turan Ta OLIK-TBepai po3YyMHHM Ha HOrO OCHOBI AKTUBHO B3a€EMOJIIOTH 3
BOJHEM, a caM MpOIeC YTBOPCHHS MITiAPUIY 3ailiMae ACKUIbKa TOIWH, BHACIIIOK
JIOCUTh HU3BKOI IIIBUJIKOCT1 B3a€MO/11i. XapaKkTepHe BIAXUICHHS BiJI JJIHIMHOTO 3aKOHY
3QJIGKHOCTI 3MIHM THCKY B1JI TeMIEpaTypu IpH OXOJOMKCHHI, IMPUTAMaHHE BCIM
CIUIaBaM, CBIAYMTH MPO BIJHOBJICHHA NPOIECY TIAPYBaHHS TpPH MOHMKEHHI
temriepatypu 1o 250-300 °C. BigHoBIeHHS Npolecy NOTJIMHAHHS BOJHIO TPH
OXOJIOJIPKEHHI, K YyXe 3a3Hadanoch Buile (po3ain 4.3.), MmoB’si3aHe 3 MiJIBUILICHHSIM
PIBHOBa)KHO1 KOHLIEHTpAIli BOJIHIO B METAJIl PU 3HWKEHH]1 TEMIIEpaTypH, a TAKOXK 13
BKJIFOUEHHSIM Y MIPOIIEC B3a€MO/IIT IHTEPMETAIITY.

[TopiBHIOIOYM KIJIBKICTh TOTJIMHYTOTO BOJHIO JUIS CIDIABY T la75Zr30MNggs,
B3aTOr0 3a ocHoBy [131], Ta Momu(ikoBaHMX BaHAJIEM KOMIIO3MIIIHA, MOXHA
CTBEP/IKYBAaTH, 110 MOMPHU 3HIKEHHSI 00’€My eJIeMEHTapHOI KOMIPKH, 1 BIATMOBIIHO
HbOMY, paAlycy TETPAaeIpUYHOIO0 MIKBY3Jsl, OyAb-sIKE JIETyBaHHA BaHAIIEM
IPHU3BOIUTS 0 IiABHUINEHHS 3arajabHOI BOJAHEBOI €MHOCTI (Ta0I. 5.5).

Ile MOXHa TOSICHUTH THUM, IO BiAOYBAaIOTHCA 3MIHM Yy XIMIYHOMY CKJaii
CHiBICHYI0UUX (ha3 (3HWKEHHS KUTBKOCTI MapTaHIlio, SIKUM HE B3a€EMOJIIE€ 3 BOJIHEM), a
TaKOXK 3MIHIOETHCS 1 CHIBBIIHOIIEHHS MK cHiBicHytounMmu ¢azamu. [Ipudomy, i3
HaBEJCHUX JTaHUX BUJHO, IO CYTTEBE 30UIBIICHHS KIJTBKOCTI MOTJIMHYTOTO BOIHIO
(5-10 %) BinOyBaeThcs y THUX BHIAJAKaX, KOJM BaHaIild 3aMiHIOe Mapraseib. Lle
B1I0YBa€ThCS 3aBISKUA 3O0UIBIICHHIO 3arajbHOl KIUIBKOCTI TiAPHUA0YTBOPIOKYOTO
KOMITIOHEHTY Yy CKJIaJl CIUIaBy, a TaKOX 3MEHIIEHHIO KUJIBKOCTI MapraHilo B 000X
dazoBux ckmagoBux (tabm. 5.3). ToOto, oTpumani pgaHl MIATBEPIKYIOTH
3alpONOHOBAHI KpUTEpii BUOOPY JIETyBaJIbHUX €JIEMEHTIB: MPU BUOOP1 E€JIEMEHTY
NOTPIOHO KEpyBaTHCS PO3MIPOM HOT0 aTOMHOTO pajiyca, a TaKOX 3/aTHICTIO

YTBOPIOBATHU CTINKY XIMIYHY CIIOJIYKY 3 BOJHIO.
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Tabnuis 5.5. KinetnyHi mapameTpu IpoLEeCy TiApyBaHHs Ta BOJAHEBA EMHICTh

CIUIaBIB B JINTOMY CTaHi

Konnenrtparis
BogHio Cy,
Tnor.; Trin. (y
CrnaB oC ’ Mac.7o H/Me | (H/Me). (H/Me)ss
XB.
TKiM. 1 TKiM. 1
P Tim. PaTM
Tig75Zr30Mn2s 5 540 | 10 2,45 258 | 1,64 1,35 1,96

Tia75Zr30Mn2o5V2 495 | 10 2,68 2,711 | 1,72 1,45 1,97

Ti47,5Zr30Mn17,5V5 450 40 2,81 2,85 1,81 1,43 2,16

Ti47,5Zr28Mn22,5V2 395 15 2,62 2,66 1,67 1,41 1,97

Tia752Zr25Mn225Vs 490 | 45 2,48 266 | 164 | 134 1,91

Tiss52r30Mn2z 5V 490 | 15 2,36 259 | 164 | 141 1,91

Ti42,5Zr30Mn22,5V5 335 55 2,58 2,62 1,67 1,39 1,98

Ti44,182r27,9Mn20193V7 450 10 2,59 2,7 1,7 1,41 2,09

Ti42,75Zr27Mn20,25V10 435 10 2,61 2,7 1,69 1,48 2,08

Sk 1y BUNAAKy BUXITHOTO CIUTaBY Tl475Zr30Mngzs [131], mpornec riapyBaHHS
JISTOBAaHMX BAaHAJIEM CIUIABIB MPOTIKAE y JIBA €TalM, MBUAKICTh AKUX PI3HUTHCS Ha
nopsnok 2+-3-10* (mac. %/c) nns nepmoro eramy ta 5+7-107 (mac. %/c) mns apyroro.
TpuBamicTh MEPIIOTO €Taimy, a TAaKOX KUIbKICTh MOTJIMHYTOTO BOJHIO, MPHU SKOMY
BIIOYBA€THCS pi3Ke 30UIBLIEHHS IIBUAKOCTI TiIPYBaHHS, 3HAXOIATbCA B MPSAMIN
3aJIEKHOCT1 BiJ CITIBBIJTHOIIICHHS YacCTOK MPHUCYTHIX B cIiaBax (a3. Bpaxoryroui
3arajbHUM Yac TIAPYBaHHS JUIS TOCTIKYBAaHUX CIUIABIB, MOJKHA CTBEPIKYBATH, 1110 B
takoMy Bunaaky OLIK-TBepauii po3urH NOBOJUTH ceOe sIK IHTepMETaiIHA CIIOoTyKa 1
32 KOPOTKUH 9ac MOXKe JOCITaTh BUCOKOTO PIBHA KIJIBKOCTI IOTJIMHYTOTO BOJHIO.

st Toro, 1mo6 AaTH BUCHOBOK, IO CaM€ PO3MIP KPUCTAJITIB 1HTEPMETAIITY
BIJIMBA€ HA aKTUBALIMHI MPOLIECH MOIIMHAHHS BOAHIO MPHU MEPIIOMY TiApyBaHHI,
BOJIHEBOCOPOIIiiHI BJIACTUBOCTI BiamaneHuX cmiaBiB Ha ocHoBi OILIK-TBepmoro

pPO3UMHY Ha MEpUIOMY €Tarl JOCTIIKYBaIM MpPH KIMHATHIA TeMrepaTypl Ta TUCKY
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BoaHI0 0,6 MIla. Taki cami yMOBH riapyBaHHs Oy BUKOPUCTaH1 ISl AOCTIIKYBaHUX
CIUTABIB y JMTOMY CTaHl Ta CIiaBiB TiiggZl348MNa33V21 Ta Tisp1Zr1g9MnNa2oV7 0,
PO3TISIHYTUX Y po3iii 4.2.

[Ipouec rigpyBanHs BiamaneHux cmiiaBiB Ha ocHoBlI OLIK-tBepmoro poszuuny
Oys0 po3noyaro npy KiMHaTHIN Temneparypi Ta Tucky BoaHto 0,6 Mlla 3 BUTpumMKoOIO
IpY BKa3aHUX MapaMeTpax BIPOJIOBK 24 roJWH, TAKOK Ha MOHOJITHHUX 3pa3kax. Jliis
BCiX MoauGiKoBaHUX BaHafieM ciiaBiB Ha ocHOBI OLIK-TBepmoro po3uwmHy micis
Bi/IMaly, HA BIAMIHY BiJl JIMTHUX, IIPOIIEC aKTUBHOIO MOTJIMHAHHS BOJHIO Bi0yBaBCs
npu KiMHaTHIM Temmeparypi (tabm. 5.6). OrTpumaHi pe3ylbTaTH JO3BOJSIOTH
CTBEP/KYBAaTH, 10 HAa aKTUBALIIO MPOLECY MMOTVIMHAHHS, IPY KIMHATHIN TeMmneparypi
Ta JIOCUTh HU3bKOMY THCKY BojHIO jmiie 0,6 MIla, BrimuBae came po3Mip KpUCTaIiB
IHTEpMETAIIITY, 1[0 BU3HAYAETHCS PEKMUMOM Bimany. Sk 3a3Hayanocs BUILE, CaMe Ha
MOBEPXHI 1HTEPMETAITHUX KPUCTAIIB PO3IMOYUHAETHCS MPOIIEC B3a€EMOJIT 3 BOJIHEM
npu KiMHaTHIA Temnepatypi [66]. KiIbKicTh MOTJIMHYTOrO BOAHIO JJIS BiJMajJI€HUX
CILIABIB € JEIIO HIDKYUM, HDK JJId MTUTHX Ha 1-4 %. IlosicHUTH 3HM)KEHHS KIJIBKOCTI
MOTJIMHYTOTO BOJHIO BiJNajeHUMU criaBaMu Ha ocHoBl OLIK-TBepmoro po3uuny y
MOPIBHSHHI 3 TUTUMH, MOKHA 301IbILIEHHSIM KUIBKOCT1 IHTEPMETAITI Ty TICHs TEPMIYHOI
00poOku Ha 4 % BHacHiAOK 3MeHIIeHHs KitbKocTi OLIK-TBepmoro po3unny (BojgHeBa
emHicTh ¢a3u JlaBeca cranoButh H/Me ~ 1 [153], Toai sk OLIK-TBepaoro po3unny
H/Me ~ 2 [193]). CyrreBy BiIMIHHICTHP B IHKyOAaIlifHOMYy Tepioji CIUIaBiB
Ti44,182r27,gMn20,93V7 Ta Ti42,75Zr27Mn20,25V10 y HOpiBHHHHi 3 1HIIUMU (Ta6JI. 56),
MOYHA MOSICHUTH OUJIBIIIOI0 KUTBKICTIO IHTEPMETAIITY Y iX CKJIai.

Ak 1 1714 ycix paHiiie JOCTiKEHUX CIUIaBiB, OJIHO(A3HUX 31 CTPYKTYporo dazu
JlaBeca (po3ain 3), abo rerepoda3HUX Ha OCHOBI IHTEpMETAII Y (pO311J 4), HACUYCHHS
HaBeleHWX B Tabmumi 5.1 cruaBiB Ha ocHoBI OLIK-TBeporo po3unHy BOAHEM,
HE3aJIe)KHO BiJl BUX1THOTO CTaHy (JTUTHUH, BIIMTAJICHUH ) TPU3BOJIUTH JI0 TUCTIEPTYBAHHS

MOHOJTITHUX 3pa3KiB.
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Tabnung 5.6. KinetnyHi mapameTpu npolecy TiApyBaHHs BIAMNAICHUX CIUIABIB MpU

KIMHATHINA TeMIEpaTypi Ta 3HAYEHHS JOCATHYTO1 BOJIHEBOT EMHOCTI

Konnienrparis Bonaio | H/Me
Cmuias Tinc, XB. | Trix, XB. Ch, Mac.%
Prix P

Tia75ZI30Mn2o5V2 240 180 2,72 2,67 1,70
Tia752r30Mn175Vs 180 180 2,85 2,73 1,74
Tia75Zr28MnN225V> 180 150 2,74 2,65 1,68
Tis75Zr5Mn225Vs 180 180 2,73 2,65 1,66
Tiss5Zr30MN22 5V 60 30 2,69 2,63 1,68
Tis252r30MnN225Vs 240 30 2,67 2,60 1,66
Tia4,182Z1279MnN20 93V7 5 5 2,68 2,60 1,63
Tia2,75Z127MnNg0 25V 10 5 5 2,67 2,60 1,62

3a 10MOMOror METOAY PEHTI€HIBCHKOrO (Pa30BOTO aHaji3y BCTAHOBIIEHO, IO
KIHIIEBUM MNPOAYKT TIAPYBaHHS JOCIHIIKYBaHUX TeTepo(dasHuX CIJIaBIB Ha OCHOBI
OLK-TBepioro po3uvHy, HE3aJeKHO BiJ BHUXITHOTO CTaHy (JUTHH, BIANAJICHHI),
CKJIQIa€ThCS 3 TIIPHJIIB, YTBOPCHUX TIIBKH Ha OCHOBI BUXiTHHUX (a3 (Tadn. 5.7).
[TapameTpu KpuCTaNIYHUX IPATOK CIIBICHYIOUHX (a3 y MeKax MOXUOKU BUMIPIOBaHHS
JUIsl CIUIaBIB y JIMTOMY CTaHl Ta MICIs TEPMIYHOI OOpOOKM CHiBMAAarOTh. Tak y
CTpYKTYpl cmiiaBiB Oynu BusiBieH1 & - rigpun 3 ['LIK ctpykryporo tumy CaFs, mo
yTBOpuBCcs Ha ocHOBI OLIK-TBepmoro po3uuny, Ta riipuj Ha OCHOBI IHTEPMETANITY 3
KPUCTAJIYHOIO CTPYKTYPOIO TUITY MnZny. OkpiM BkazaHuX ¢a3, TaKoK 0yJI0 BUSIBJICHO
€ - rigpua Ha ocHoBl OLIK-TBepmoro po3urHy 3 TETparoHaJbHOIO CTPYKTYPOIO THITY
ThH,. Takox ciij 3a3HaYUTH, IO MPUCYTHS y CIUIaBaX B JUTOMY CTaHi aTepMidHa
® - (haza nMepeTBOPIOETHCS Ha CTabUIbHY P - a3y MiJl yac HarpiBy NpH ripyBaHHI.

[TosicHUTH TPUCYTHICTh € - TIAPUAY MOKHA, BUXOJASYM 13 JlarpaMu CTaHy
cucremu Ti-V-H [225] Ta pe3ynbrariB, oTpuMaHux y podoTax [226-228]. BiamosigHo

JI0 TPEJICTaBICHUX JIaHUX JUIS CIUIaBIB 13 BMICTOM BaHafll0 110 5 aT.%, O - riapuf i3
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['IK-cTpykTypoto icHye y OBOX 00dacTax, Skl po3AlieHI MK co000 00sacTio
ICHYBaHHS € - TIIPUAY 3 TETPArOHAIBHOIO CTPYKTYPOIO (MpU BMICTI BaHaito ~ 2 aT. %
TeTparoHajibHa € - 00JacTh icHye B Mexax 1,75 < H/Me < 1,85, a kybiuna O - da3za B
obmacti ckmanis 1,65 < H/Me < 1,75 1 H/Me > 1,85). Obnacte TeTparoHaabHUX
CIIOTBOPEHBb 31 30UIBIICHHSM BMICTY BaHaJII0 Yy CIUIaBl 3'ABISIETBCA IPU OUIBII
HU3bKOMY criBBigHOIIEHHT H/Me. 3rigHo [226] B iHTepBaii KOHIICHTpAIlli BaHAaJlii0
5 —20 at. % HU3BKO KOHIIEHTpaIliliHa O - 00JaCcTh 3HUKAE, ToI K Buie 20 at. % Bxke
TeTparoHajgbHa 00JAaCTh HE IiCHye. Buxomsuu i3 BHINE BUKIAJCHOTO, MOXKHA

MIPUITYCTHUTH, 110 HE BECh € - TIIPUJT BCTUTAE NepeOyayBaTUCS Y O - TIAPHUIL.

Tabmuug 5.7. [lapameTpu KpUCTaIIYHUX I'PATOK CIIBICHYIOUMX (ha3 MiCisl TapyBaHHS

Ta JeriaApyBaHHs

Crutas [TapameTpu kpuctaniunux rpatok =+ 0,0009 (am)
A-haza B- daza
Iinposanuii | JlerinpoBanuii | & - rigpux | € - Tigpun | Jeriaposanuit

Tia75Zr28Mn225V2 a=0,5572 a=0,5187 a=0,4438 | a=0,4534 a=0,3382
c=0,9152 c=0,8520 c=0,4681

Tia75Zr5Mn225Vs a=0,5548 a=0,5187 a=0,4438 | a=0,4523 a=0,3382
c=0,9113 c=0,8520 c=0,4669

Tia75Zr30Mn205V2 a=0,5587 a=0,5175 a=0,4420 | a=0,4553 a=0,3367
c=0,9177 ¢=0,8501 ¢=0,4700

Tia75Zr30Mn175Vs a=0,5574 a=0,5176 a=0,4438 | a=0,4538 a=0,3367
c=0,9155 c=0,8503 c=0,4685

Tias5Zr30Mn225V2 a=0,5579 a=0,5203 a=0,4433 | a=0,4534 a=0,3386
c=0,9163 c=0,8546 ¢=0,4680

Tia2,5Zr30Mn225Vs a=0,5569 a=0,5191 a=0,4433 | a=0,4539 a=0,3381
c=0,9148 c=0,8527 c=0,4686

Tiss18Zr279Mn2093V7 | a=0,5585 a=0,5205 a=0,4574 -—-- a=0,3390

c=0,9173 ¢=0,8550
Tia2,75Zr27Mn2025V10 | a=0,5594 a=0,5203 a=0,4574 -—-- a=0,3388
c=0,9189 c=0,8547
Mac-cnekTpoMeTpuyHl  AOCHIIPKEHHS  MPOAYKTIB  TIAPYBaHHS  CILJIABIB

JITOBAHMX BAHAIIEM, HE3AJIEKHO BiJ BUXITHOTO CTaHy

(muTHH, BinnalEeHUN),




211

TOKA3a/M, IO BUJINEHHS BOJHIO NPHM II0OYaTKOBOMY THMCKy B Kamepi 4*1073 Ila
pO3MOYMHAEThCS Tpu Temmeparypi ~ 55 £ 5 °C (puc. 5.5), a e Ha 25 °C HUXKYE, HIXK

JUIS CILIAaBY, B3SITOTO 32 OCHOBY Tl475Zr30Mngz s [131].
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Puc. 5.5. TemnepaTtypHa 3a1eKHICTh IHTCHCUBHOCT1 BUIIJICHHS BOJIHIO 3

HABOJHEHOTO CILIaBY T i475Zr30MnN17,5Vs ipu HOro HarpiBaHHI y BaKyyMi

[HTErpyBaHHs IUIOMNII MOBEPXHI MiJ KOXHUM 13 TIKIB TMOKa3alo, 110 B 1HTEpBaJIl
temneparyp 200-300 °C npu TakoMy OYaTKOBOMY THUCKY 31 CILIaBy Ti475Zr30MN175Vs
BUAUIIETRCSA ~ 50 % Biag mormuMHyTOI KiIBKOCTI BOAHIO. [lepmmmii mik 3 MakCHMyMOM
npu Temriepatypi 265 °C MoKHaA IHTEpIPETYBaTH K OJHOYACHE BUIIJICHHS BOJHIO 3
TiIpYUy Ha OCHOBI IHTEPMETANIY Ta € - TiApuAy Ha ocHoBl OLIK - TBepaoro po3uuny
Ipy HOTO po3maji 0 MEHIINX KOHIIEHTPAIIIH, 10 BIAMOBIIAIOTE O — Tigpumy. Jlanmii
BUCHOBOK POOUTHCS, BUXOMSYM 13 JIITEPATypHUX JaHUX. BiAMOBIIHO A0 JaHUX
MIPEICTaBICHUX B poOOTI [66], mpu BkazaHii TeMIiepaTypi JOCATAEThCSI MaKCUMaJIbHA
IIBUJIKICTh BUJIUICHHSI BOJIHIO 3 1HTepMeTaniay tumy AB», a BianosiaHo ao [60] npu
BKa3aHI TeMIepaTrypi TUIbKH PO3MOYMHAETHCS BUIAUICHHS BOJHIO 13 TIAPUIIB,

orpuManux Ha ocHOBI OLIK-TBepmoro po3unny turany. [lik mpu remneparypi 390 °C
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BiANoBiAae po3nany o - rigpuny. [Ipu temneparypi 500 °C (1 BiamaneHUX CIijiaBiB
~ 470 °C), a uIg CIUIaBy B3ATOTO 32 OCHOBY Tl475Zr30Mny2s [131] mst remmepatypa
ctaHoBuUTh 550 °C, npo1iec BUITICHHS BOJHIO IPUNUHSIETHCS. [IopiBHSHHS MapaMeTpiB
KPUCTAIIYHUX I'PATOK BUXIIHUX, T1IPOBAHUX Ta JET1IPOBAHUX CIUIABIB CBIIYUTH MPO
npaktuyHo 100 % peBepCcHMBHY €MHICTh JOCHIIKYBaHUX CIJIaBiB Ha OCHOBI
OLIK-tBepmoro po3unny (Tadm. 5.7 ta 5.4).

JIyist ycix omuMcaHuX B TaHOMY PO3ALUT rerepodas3Hux criaBiB Ha ocHoBl OLK-
TBEPJIOT0 PO3YHHY, HE3aJIC)KHO BiJl iX BUXIJHOTO CTaHy (JINTUM, BIATATICHUHN), K 1 IS
paHillie TOCTIKEHUX CIUIaBiB (po3auin 3 ta 4) OyJi0 MPOBEACHO AOCIIIKEHHS 3MIHU
XapaKTepUCTUK B3a€EMOJII 3 BOJHEM MpU 30UIBIICHHI KIUIBKOCTI LUKJIIB COpOIii —
necopOirii. dpyruit uki copOiii BOJHIO TPOBOAUBCSA MPU KIMHATHINA TeMIlepaTypi Ta
abcomoTHomMy Tucky 0,23 MIla, akTUBHE NOTJIMHAHHS BOJHIO HE3aJEXKHO BiJ
BUXIJTHOTO CTaHy Ta CHIBBIIHOIIEHHS 00 ’€MHHUX YacToK (a3, po3modanocss BXe 3
NEepIINX CEKYHJI KOHTAKTy 3pa3ka 3 BOJEHBMICTKUM CEpPEJOBHUIIEM 3 BHCOKOIO
MIBUJIKICTIO. SIK 3a3HAYalioch paHillie, Take MOJIMIIEHHS BOJIHEBOCOPOIIIMHUX
BJIACTMBOCTEH (3HMKEHHS THUCKY BojHio Big 0,6 mo 0,23 MlIla, ckopodeHHS
1HKyOAaIiiHOrO MepioAy 3 FOAMH A0 CEKyHJ JUIsl BIAMAJEHUX CIJIABIB Ta 3HUKEHHS
TeMriepaTypu mnoriauHaHHg Bifg 335 - 490 °C no KIMHATHOT JJiS JIUTUX CILUIABIB)

B1JIOYBAETHCS 3aBMSIKM JUCTIEPTYBAHHS MOHOJIITHOTO 3pa3Ka JI0 CTaHy MOPOIIIKY.

5.1.3. BcraHoBneHHSI MeXaHI3My TipUIOYTBOPEHHS y reTepoda3Hux CIuiaBax
cucremu Ti-Zr-Mn-V npu kKiMHaTHI# TemnepaTypi

VY posznainax 4, ta 5.1.3. 6yno nokazano, mo OIIK-tBepauil po3urH Ha OCHOBI
TUTaHy, CHIBICHYIOUU 3 IHTEPMETATIIOM, 3/IaTCH MOTJIMHATH BOJCHb NPH KIMHATHIN
TeMmrepaTrypi Ta 31 MIBUAKOI KIHETHUKOI, MOMIOHOI J0 KIHETUKU TOTJIMHAHHS
iHTepMmeTamiiom. BiamoBimHo 10 mitepaTypHux manux [229-231], OIIK-tBepai
PO3UMHHU Ha OCHOBI TUTaHy, NP 1HIWBITyaJIbHOMY T1/IpyBaHHI, IOTJIMHAIOTh BOJICHb
TUTBKY TIPY 3HAYHO BHUINUX Temrieparypax (B inTepBam 400 - 600 °C), a cam mporiec
YTBOPEHHS AMTIAPUIY BHUMAarae CyTTEBO OUIBIIOrO0 4acy (IeKijgbKa TOIUH), IIO

OB’ A3aHO 3 JOCUTH HU3HKOIO IIBUIKICTIO B3a€MOII.
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VY posnini 4.1. 6yno 3pobsieHo cripoOu MOSICHUTH, K BiIOYBa€ThCS HACUICHHS
BogneM OLIK-TBepmoro po3umHy npu KIMHATHIM TeMIepatrypi Ta THUCKY BOJHIO
0,6 Mlla, Buxomsuu 3 aHajizy JiTepaTypHux nanux [2]. Byno 3a3zHadeHo, 1o
aKTUBAIlll TMPOIECY MOTIUHAHHS PO3MOYMHAETHCS 3aBISIKM HECKOMIIEHCOBAHOCTI
MDKAaTOMHHMX 3B’s3KiB Ha TMoBepxHi ¢a3u JlaBeca [66], y pe3ynbTaTi IIbOTO
BIIOYBA€THCS TOJIETIIEHA JAMCOLIAIIS MOJIEKYJ BOJHIO, IO BHUKJIMKAE IIBUIKE
IPOHUKHEHHS BOJHIO B aTOMapHOMY CTaH1 3 MOBEPXHI B IHTEPMETATIIHY MATPHUIIIO.
Sk Oyno 3a3HaueHo B poOoTti [2], 30UIbIICHHS 00’€My elleMEHTapHOi KOMIpKH
IHTEpMETAIII Ty IPU3BOJIUTH 0 HOr0 pyiHYBaHHS MO MPUYNHI TBEPIOCTI Ta KPUXKOCTI
naHoi (a3u, 1 BIANOBIIHO, 10 YTBOPEHHSI YHCTOI B1J OKCHUIHOI IUIIBKH MOBEPXHI HE
TUIBKU 15 ceOe, aze il A cniBicHyrouoro OLIK — TBepaoro po3unHy, 3aaydaroqu TUM
caMuM HOro B IpOLEC TAPYBaHHA MIPU KIMHATHIN TeMmeparypi.

BpaxoByroun yce Bullle BUKJIa/€HE, BAXXJIMBUM € BCTAHOBUTU POJIb KOXKHOI 13
($a30BUX CKIAJOBUX CIUIaBY, a TaKOX IEPEBIPUTHU 3alpPOIOHOBAHMM MeEXaHi3M
TIAPUIOYTBOPEHHS NPU KIMHATHIN Temmeparypi B reTepoda3sHux CIjIaBax CHUCTEMH
Ti-Zr-Mn-V, mo cknagatrothest 3 OLIK-TBepa0ro po3unHy Ta iHTEpMETaiTHOI (a3u.
HocnimkeHnHss Oyne TMPOBEICHO Ha TMPUKIAAl paHillle JOCTIIHKEHOTO CKIIaay
Tig75Zr,7MnNg025V10, BOXHEBOCOPOIiiHI  BJIIACTUBOCTI  SIKOTO  JETajdbHO OYjI0
PO3MIIAHYTO B po3aim 5.1.3.

Jist nocmimkeHHd OyJio BUKOPUCTAHO TUIBKHM CIUIaB Yy BIANAJIEHOMY CTaHi,
OCKIJIbKM Y TaKOMY CTaHI1 BiH 371aT€H MOTJIMHATH BOACHb MIPHU KIMHATHIN TeMmepaTypi
Ta TUcKy BoaHio 0,6 MIla 3 BHCOKOIO MIBHAKICTIO, Ta BIJHOCHO KOPOTKHM
1HKYyOaIIiTHUM TIEeP10I0M.

AKTHBHE TIOTJIMHAHHS BOJIHIO CIUIABOM PO3II0Yajocs BXkKe 4epe3 I’ sITh XBUJIUH
(iHKyOariiiHui mepioa) micis KOHTAaKTy 3 BOAHEBMICHMM cepenoBuieM. Sk Oyio
MOKa3aHo BUIIE, JUTSl yCIX paHille JOCTiHPKYBaHUX CIUIaBiB HA OCHOBI IHTEpMETAII Ty
turty AB2 (po3ain 3) Ta rerepodazHuxX CIUIaBIB 31 CTPYKTYpPOIO IHTEpMETAiAy Ta
OLK-tBepmoro posuuny (po3aum 4 Ta 5.1.3.) akTUBHE MOIVIMHAHHS BOJHIO
OpU3BOAUTH JO IUBUIKOTO PpPYHHYBAaHHS MOHOJIITHOTO 3pa3ka Ha IOPOIMIOK,

JOCIIIJIKEHHS SIKOTO B)K€ HE Ja€ 3MOT'M BCTAHOBUTHU POJIb KOXKHOI (pa3d B PO3BUTKY
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npouecy riapyBaHHs. JIis MOXJIMBOCTI BHMBYEHHS €BOJIOLII MIKPOCTPYKTYpHU
JOCTIPKYBAHOTO CIUIaBy B TPOLECI TiAPYBaHHS, OyJl0 BaKJIUBUM 3YNUHUTH LU
IPOIIEC Ha IMOYATKOBUX CTAIIAX, I 30€peKeHHS LILTICHOCTI 3pa3ka (puc. 5.6).
[Ipomiec rimpyBaHHs OyB 3yNMMHEHWH TPH JAOCATHEHHI KiJBKOCTI MOTJIIMHYTOTO
BoaHto Ha piBHi 0,82 mac.% (H/Me ~ 0,51) (puc. 5.6), mo Ha piBHi 1/3 BiA
MaKCUMaJIbHO MOXJIMBOi KOHIIEHTpallli MOTIMHYTOTO BOAHIO cruiaBoM 2,6 mac.%
(H/Me ~ 1,62). SIx BUIHO HaA TPEACTABICHOMY PUCYHKY 5.6 MOHONITHHH 3pa3oK
JaCTKOBO 3PYHHYBABCS 3 YTBOPEHHSIM IMOPOIIKOBHX YAaCTHHOK po3Mipamu Bia 1 g0

100 MKM, KpIM LIbOI'O Ha HBOMY YITKO BHJIHO JIBl 30HHU.

SEM HV: 20.0 kV WD: 15.04 mm [ | VEGA3 TESCAN
View field: 9.53 mm Det: SE 2 mm
SEM MAG: 58 x Date(m/d/y): 02/05/20 G.V. Kurdyumov IMP

Puc. 5.6. 30BHiMIHINI BUTIISA 3pa3Ka MiCJIsi 4aCTKOBOTO TipyBaHHS

AHami3ytour 30BHIIIHIA BUTJIS] 3pa3ka, MOKHA CTBEPJKYBaTH, 10 B 30HI 1
BiI0yJ1acs aKTHUBHA B3a€MOJIisl CTUTABY 3 BOJIHEM, 1110 TIPU3BEJIO IO YTBOPEHHS KPUXKOI
3pyHHOBaHOI MOBEPXHI 3 XapaKTepHUM penbePoM 1 TMuOOKuMHU TpimuHamu. JlaHa
MOBEPXHS YTBOPIOETHCS BHACTINOK (DOpMYyBaHHS TIAPHUIIB, SIKI XapaKTEPHU3YIOTHCS
CYTT€BO OUIBLIUM MUTOMUM 00’ €MOM, HIX BUXIJIHI ()a3u; BKa3aHU 00’ eMHUHN eeKT

BEJIC /10 MOSIBU BIAMOBIIHUX HANPY>KEHb Ta KPUXKOTO PYWHYBaHHS 3 BIALIAPYBaHHSIM
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rigpuaHux 4acTUHOK (puc. 5.7 a). 3ona 2 (puc. 5.6) 3amummmiacs HEYIIKOKEHOTO,
T0OTO 0€3 MOMITHUX 3MiH y CTPYKTYpi cIiaBy (puc. 5.7 0) y MOpiBHSHHI 13 BUX1THUM
ctaHoMm (puc. 5.3 6). Lle cBiTUUTH NMpPO HEINOCTATHINA PO3BUTOK B3a€MOJIi CIUIaBY 3

BOJIHEM B JIaHI1i 30HI.

WD:15.04mm | 3 SEM HV: 20.0 kV WD: 14.85 mm | VEGA3 TESCAN
View field: 139 pm Det: BSE View field: 139 pm Det: BSE 20 pm
SEM MAG: 4.00 kx  Date(m/dly): 02/05/20 G.V. Kurdyumov IMP SEM MAG: 4.00 kx Date(m/dly): 02/05/20 G.V. Kurdyumov IMP

SEM HV: 20.0 kV WD: 14.99 mm LL Ll SEM HV: 20.0 kV WD: 15,00 mm VEGA3 TESCAN
View field: 111 pm Det: BSE View field: 111 pm Det: BSE 20 ym
SEM MAG: 5.01 kx Date(m/dly): 02/05/20 G.V. Kurdyumoy IMP SEM MAG: 5.01 kx Date(m/dly): 02/05/20 G.V. Kurdyumov IMP

B r
Puc. 5.7. MikpocTpyKTypa CIUIaBy MiCJs YaCTKOBOTO T1IPYBaHHS: @ — 30HA PO3BUTKY

ripyBaHHs; O — 30Ha, 7€ T1ApyBaHHS HE B1I0YBAJIOCh; B,I' — IPUTPAHUYHA 30HA

3 mpenactaBiaeHOT MIKPOCTPYKTYpH (puc. 5.7 B) BUIHO, IO HA MOYATKOBUX

CTaAisIX B3a€EMOJIT 3 BOJHEM B MaTepiail YTBOPIOIOThCS TPIMIMHU, SKi (POpPMYIOThCS
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NEPEBAKHO MO KPUCTAJIaX IHTEPMETANIAy Ta Ha TPAHULAX PO3MOJLTY MK (hPa30BUMHU
ckinanoBumu (daza Jlaseca Ta OLK-tBepamit posumn). lLle cBimuuth mpo
nepiiouyeproBi 00’eMHi1 3MiHM, SKI BiIOyBaroThcs y Kpuctanax ¢asu JlaBeca, i,
BIJIOBITHO IIbOMY, IIPO caMe i1 KJIFOYOBY POJIb HA TOYATKOBUX CTAAISIX T1APYBaHHS.
Jlns Toro, mo0 miATBEpAUTH BUCHOBKH, 3pOO0JICHI 3a JOMOMOTOI0 CKaHYHUOl
€JIEKTPOHHOT MIKPOCKOITI1 BITHOCHO P13HOTO PO3BUTKY IMPOIIECIB B3a€EMO/IIi 3 BOJIHEM B
npeacTaBieHnx 30Hax (puc. 5.6), 1, BIAMOBIAHO, YTBOPEHOTO Pi3HOTO (ha30BOTO
CKJIaJly, METOJIOM PEHTTeHIBCHKOTO ()a30BOTO aHalily, OyJIO OKPEeMO IOCIIIKEHO

KOXHY 13 HaBeJIeHUX 30H (puc. 5.8).

2400
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Puc. 5.8. Jludgpakrorpama 4acTKOBO TipOBaHOTO CILJIaBy: a —30Ha 1; 6 —30Ha 2

100 110 120

3 npeAcTaBICHUX JJAHUX PEHTTEHIBCHKOTO (ha30Boro aHamsy (puc. 5.8), BUAHO,
o 30Ha 1, B siKiil BimOyBasacs B3a€MO/IiS 3 BOJHEM, MICTUTh OKpPIM BUXITHUX (a3
(inTepmeraniny tuny AB; ta OLIK-TBepmoro po3umHy) Tako O-TiApH]l HA OCHOBI
OLK-TBepaoro po3uuHy. Sk 1 O4iKyBajaoCh, B 30HI 2 TiapuaHa O-¢asza BIACYTHS,
HasBHI jumie BuxigHi (asu. [lapamerpu KpucTamigyHUX IPaTOK BKazaHUX (a3 micis

YaCTKOBOTO T1IpyBaHHS Ta y BUX1IHOMY CTaH1 MPEACTaBICHO B Ta0IuUI 5.8.
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Tabmuis 5.8. @a30Buil ckiiaj 1 mapaMeTpu KPUCTATIIYHUX IPATOK T'1IPOBAHOTO

CIUTaBYy y TIOPIBHSIHHI 13 BIAMIOBITHUMHI JTAHUMH TSI BUX1THOTO CTaHy

Cran [TapameTpu kpuctamiyaux rpatok =+ 0,0009 (am)
A-(aza B-daza O-Tiapun
Buxiguuii a=0,5178 ¢=0,8505 | a=0,3354 ---
3oHa 1 a=0,5205 ¢=0,8549 | a=0,3360 a=0,3992
30Ha 2 a=0,5197 ¢=0,8536 | a=0,3356 ---

SIx 3a3Hauanocs Bumie (po3naina 3), y cmjaBax 31 CTPYKTYPOIO IHTEPMETaiTy
Ipoliec TMOTJIMHAHHS BOJHIO BiOYyBaeThCA MpU KIMHATHIN TemmepaTrypl 3 JOCHUTh
BHCOKOIO IIBUKICTIO 3aBJSIKU TOJIETIICHIN JUCOIialii MOJEKYJ BOJIHIO HA aTOMU Ha
HECKOMIIEHCOBAHMX MIKaTOMHHUX 3B’si3Kax. Buxonsuu 13 mapaMeTpiB TiApyBaHHS Ta
BUII€3a3HaYEHOr0, MO’KHA CTBEPXKYBATH, 1110 Y JIOCJIHKYBaHOMY 1BO(a3HOMY CILIaBl
IpolieC MOMVIMHAHHS BOJHIO TAaKOX PO3MNOYMHAETHCA HA MOBEPXHI KpUCTaliB (asu
JlaBeca. Po3uMHEHHS B HHUX BOJIHIO BeJ€ J0 TOMITHOTO 301JIbIIEHHS 00’ €My
eJIeMeHTapHo1 KoMIpkHu (a3u JlaBeca, 10 MiATBEPHKYETHCA JAHUMU PEHTT€HIBCHKOTO
¢dazoBoro anamnizy (tadma. 5.8). Jus 30H 1 1 2 mapameTpu KpUCTaIidyHUX I'paToK (azu
JlaBeca B Mekax MOXMOKU BUMIPIOBAHHS 301ratoThCs, IPU IbOMY OYTy4H BUIUMU Y
NOPIBHSAHHI 3 MapaMeTpaMu BHUXIJIHOTO cTaHy. B ToW camuili yac, mapamerp
OLIK-TBepioro po3uuHy TMpH TiApyBaHHI JMIIAETHCS Maibke He3MiHHUM. Taka
HEBIJIMOBIIHICTh 00’ eMHMX edekTiB Mk (azoro JlaBeca Ta OLIK-TBep0oro po3unny
BKE HA IMOYATKOBUX CTA/IISIX T1APyBaHHS BeJle 1O BUHUKHEHHS HAMIPYKEHb, peTaKcallis
SAKUX BiIOYBA€ThCS BHACIIIOK YTBOPEHHS TPIIIMH NEPEBAXKHO B IHTEpMETaIIHIH (a3i,
OCKIJIbKM BOHA € OUIbII KPUXKOK. YTBOPEHHS TPIIIMH, B CBOK YEpPry, HE TUIbKU
301JIBIIIY€E 3arajibHY IIJIOILY MTOBEPXHI B3a€MO/I11 3 BOJHEM, ajie, 110 € OLIbII BaXKJIUBUM,
dbopMye HOBI TOBEPXHI1, YUCT1 BiI OKCUIHUX IIIAPIB, IO 1 MPU3BOIUTH JO T1IBUIIECHHS
IIBUJIKOCTI TIOTJIMHAHHS HA HACTYITHOMY €Tarll.

YTBOpeHHs penbedHOT TOBEpXHi (puc. 5.7 a,B,r) MPU MOJATBIIIOMY PO3BUTKY
IpoIeCy TiApyBaHHs BiAOYBA€ThCA 3aBASIKM TOCTYIIOBOMY HAKOMUYECHHIO BOIHIO B
OLIK-TBepioMy pO3uUWHI, YTBOPEHHIO O-TiApUAy 1 HWOro  BiJIIApYyBaHHIO.

[TixTBEpIXKEHHSAM TaKO1 IMOCIIIOBHOCTI B3a€MO/11 3 BOJIHEM € PUCYHOK 5.7 T, 3 IKOTO
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BUJTHO, IO TIPU MPOXOKEHHI (PPOHTY MpOLECy TiApyBaHHS B 30H1 1 B mepiiry uepry 3
MOBEpXHI Marepiany BiamapoBytoTecs Atk OLIK-tBepaoro po3uuny, B Toi vac,
K okpemi Kpuctanu ¢asu JlaBeca mie 30epiratotbesa. Buxoasud 3 1pbOro MokHa
OPUITYCTUTH, IO aTOMapHUWA BOJIEHb, SIKUH TPOHHMKAE B O00'€eM KpUCTaTLy
IHTEpMETalily, HE HAKOIUYYETbCSI B HBOMY, a JUDYHIye Yepe3 HBOTO J0
OLK-tBepmoro po3umnHy. lLle mo’sa3ano 3 TuMm, mo OLIK-tBepauii po3uuH, y
NOPIBHAHHI 3 IHTEPMETANIIOM, MICTUTh OUIBLIY KUIBKICTh €JIE€MEHTIB 3 BHCOKOIO
CIIOP1THEHICTIO T10 BIHOIICHHIO A0 BOAHIO (TUTaH, IMPKOHIN Ta BaHaiil), TOMY Ma€
3HAYHO BUIIY 3JaTHICTh HAKOIMYYBAaTH BOJEHB: BIATIOBIIHO JI0 JIITEPATypPHUX JaHUX,
BOoAHEBa eMHICTh (ha3u JlaBeca cranoButh H/Me ~ 1,0 [153], Toxi stk OLIK-TBepaoro
po3unny H/Me ~ 2 [193]. Ilpu npomy, Ha IOYaTKOBOMY €Tarli B3aemMoii, (haza JlaBeca
CIIyI'y€ NIEBHMM KaTali3aTOpOM peakuli TiApyBaHHs, Oyay4Hd TOHOPOM aTOMAapHOTO
BoaHIO g OLIK-TBepnoro posuuny. llpuHnumnoBa cxema TiipUIOyTBOPEHHS AJis
noaiOHuX ABoda3zHUX MaTepialiB, MOOyJ0BaHA HA MPUKIIAJIL JOCTIIHKYBAHOTO CILJIaBY,

MPEJICTABJICHA HA PUCYHKY 5.9.

Puc. 5.9. Cxema niporiecy riipu/IoyTBOPEHHS.

3 mitepaTypHux JnaHux [2] Oylo BCTAHOBIEHO, IO CXOXHHA MEXaHI3M
TAPUIOYTBOPEHHS crocTepiraim i s cruiaBiB cuctemu Mg-P3M. B poGoTi [2]
aBTOPHU CTBEPIXKYIOTb, 1110 HA MOYATKOBOMY €Talll B3a€MO/IIi 3 BOAHEM YTBOPIOIOTHCS
JuIIe T11puan Ha ocHOB1 P3M, siki Hagaumi cliyrytoTh IEBHUMHM KaTadi3aTopamMu peaxiii

TipyBaHHs MarHito (ajae TIIbKU B MICIX IIUTBHOTO KOHTAKTy MK P3M Ta maraiem).
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CTBepmKyeTbCs, L0 MarHid B aKTUBOBAaHMX TAaKMM YHMHOM MaTepiajiaXx 37aTeH
MOTJIMHATH BOJICHD HABITh IIPH KIMHATHINA TEMITEpaTypi.

OTtpuMaHi gaHi J03BOJISIIOTH TOSICHUTH — paHIIIe BCTAHOBJICHMM  (hakT
MOKPAIIEHHS BOJTHEBOCOPOIIMHNX BIIACTUBOCTEH CIUTaBiB cucteMu T1-Zr-Mn-V micis
TEpMIUHOI 00pOOKH (IMO/110HE MOKpAIeHHsI BJIACTUBOCTEH cIriocTepiraiu i y poOoTi
[143]). Sx Oyno 3a3HaueHo Buimie (po3aut 5.1.3.), mpu TepMiuHiii 00poOIT
rerepodaznux cmiaasiB Ha ocHOBI OLIK-TBepaoro po3unny BinOyBaeThCs 30UTBIIICHHS
po3MmipiB (ha30BUX CKIIAOBUX CILIABY (MPH HE3MIHHOCTI (ha30BOT0 CKJIAY 1 3arajabHOi
IJIOII CHIBICHYIOUMX (a3 Ha TMOBEpPXHI CIUIaBy), IO MHPU3BOJIUTH [0 aKTHUBAIIli
Ipoliecy NOTJIMHAHHS BOJHIO MPU KIMHATHIN Temneparypi. [lpu 3011b11eHH1 po3MipiB
KpuctaniB iHTepMeTanixy Ta OLIK-TBEepIoro po3uumHy OJHOYACHO 3MEHILYETHCS
KUIBKICTB, ajie 30UIbIIYEThCS JIOBKMHA MIXK(a3HUX I'paHullb. TOMy Ha MOYATKOBUX
eTarnax TiJjpyBaHHs HEBIAMOBIAHICTh 00 €MHUX €(PEKTIB MK CYCITHIMU KpUCTaJaMu
pi3HuX (a3 crae OB BUpakeHOW (y TOPIBHSHHI 3 BHUXIJHOIO CYTTEBO
JIMCTIEPCHINIOID CTPYKTYPOIO), 110 BUPAKAETHCA Y BUHUKHEHH] OUIBIINX HANPY>KEHb
Ta OUTBII MIBUIKOMY YTBOPEHHIO TPIIIMH Ha MIOBEPXHI, 110 i aKTUBYE COPOIIiI0 BOIHIO.

[TlincymoByroun yce BUIIE CKa3aHEe, MOXKHA CTBEP/KYBaTH, IO MOJIETIICHA
B3aemogis 3 BogHeM OILIK-TBepmoro po3umHy Ha OCHOBI THUTaHy Yy HMPUCYTHOCTI
IHTEepMETANI Ty, TPU KIMHATHIN TeMIEpaTypi Ta 31 MIBUIKOI KIHETUKOIO, MOAI0HO0 J10
KIHETUKM CcOpOLIi BOJHIO I1HTEPMETaNi oM, BI1AOYBa€TbCA 3aBASKH HACTYIHUM
yuHHUKaM. [lo-miepie, BiCyTHs moTpebda CTBOPIOBATH OCOOIMBI YMOBU HA TIOBEPXHI
OLK-TBepa0oro po3unHy MJis MOJETIMIeHOi JucoLialii MOJIEKYJIu BOJHIO Ha aTOMH,
OCKUJIbKH JTUCOIIIAIls MIBUIKO BiJIOYBA€ThCS HA MOBEPXHI KPUCTAJIIB IHTEPMETAIITY.
[To-npyre, nutuii crmiaB (B MOHOJITHOMY CTaHi) XapaKTEPU3YETHCS MaKCUMAJILHOIO
HIUTBHICTIO KOHTAKTy MK (pazamu, 110 noJierurye nudy3ito BOAHIO yepe3 MixdaszHi
MOBEpPXHI, KpIM LBOTO TepMiyHa 0OpoOKa CIIaBy Y BaKyyMi 3MEHIIY€ TOBIIUHY
OKCHUHOI IIJTIBKU Ha MOBEPXHI MaTepialy, ska € HebaxaHuM Oap’epoM JJis MPOIeCy
B3aeMoJlii 3 BoAaHeMm. Hapemri, micisi moyaTKy MpOLECY TiApYyBaHHS, pyHHYBaHHS

MOBEPXHI IHTEPMETATIIHUX KPUCTAIIB 3 YTBOPEHHSM TPIIIUH CIPHUS€E 30UTHIICHHIO
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IUTOIII IOBEPXHI MOTJIMHAHHSA Ta OUTBII MIBUIKOMY IPOHUKHEHHIO BOJHIO B CEPEINHY

Marepiaiy.

5.1.4. Bzaemonuis kommosuty (Ti-Zr-Mn-V)-Mg 3 BogHeM

Sk 6yno 3a3HayeHo BHUIllEe, OKpiM 1HTepMeTaniaiB Ta OLIK-TBeparX po3urHiB HA
OCHOBI TUTaHYy, JUIsl aKyMYJIFOBaHHS BOJIHIO TaKOX MO>Ke OYTH 3aCTOCOBAHMI MarHii.
Marsiii y nopiBHsiHHI 3 iHTepMeTanigamu Ta OLIK-TBepauMu po3unHamMu Ha OCHOBI
TUTaHy Ma€ CYyTTEBO BUIIY KUIbKICTh MOTIUHYTOr0 BOJHIO (7,65 Mac. %) [16]. Onnak
BIJIMOBIHO JI0 JIITEpATYpHUX NaHUX [232], MarHii 3/[aT€H MOTJIMHATA BOJAEHb TUIbKU
IIPU BUCOKUX TUCKaX (4-6 MIIa) Ta Temnepatypax 350-450 °C i mpu ubOMy Ma€ BKpaii
MOBUIbHY KIHETUKY MOTJIMHAHHS, 110 1ICTOTHO YCKJIAIHIOE OTPUMAHHS T1JIPU/IiB Ha HOTO
OCHOBI i BIAMOBITHO IbOMY, 0OMEXY€ Oro MpakTUYHE 3aCTOCYBAHHS.

[Ipotre B TemepimiHiii yac, BIAMOBIIHO 10 JITEpaTypHUX aaHux [2,233,234],
OTpUMATH TIAPUJ] MarHit0 MOKJIMBO MpH OUIbII M'SKUX MapameTpax TiApyBaHHS,
3aBSIKM BUKOPUCTAHHS MaTepiaiiB, sIKI € KaTajgizaTopaMH LbOro mnpoiecy. Tak B
poborax [233,234] Oyno HOCHIIKEHO B3a€EMOJIII0 BOJHIO Ta MEXaHIYHOI CyMIiIi
MarHiro 3 ByIJICIIEM PI3HUX Moau(ikaiiil. ABTOpU CTBEPIKYIOTh, 110 JO/IaBaHHS JI0
MarHiro, il 9ac pO3MEIIOBaHHS, BYTJICIICBUX HAaHOMATEpIalliB JO3BOJISE TOHU3UTH
TuckK riapyBanus 10 0,5 MlIla, a temnepatypy a0 180 °C, npu cyTT€BOMY ITiIBUIIIEHH]
MIBUIKOCTI B3a€EMOI].

B po6orti [184], na npukiani cucremu Mg-LaNis Oya0 BCTaHOBICHO MeXaHI3M
MOJICTIIICHOTO ~ TIAPUIOYTBOPEHHS MarHif0. ABTOpP CTBEPIKYE, TOJETIIICHHS
TIpUIPYTBOPEHHSI MarHiro BiAOYBaeTbCS 3aBISKH TOMY, LIO MEXaHiYHa J100aBKa
LaNis Hacuuyrourch BOJIHEM IEPINOI0, Haaaml CIyrye B)KE JOHOPOM aTOMAapHOIO
BOJHIO JJisi MarHiio (ToOTO BiACYTHSI MOTpeda y CTBOPEHHI OCOOJMBUX YMOB MJis
JUCOTIIAIli MOJICKYJIM BOJHIO HA MOBEPXHI MarHii0), THM CaMHUM, IPUCKOPIOIOYH HOTO
peaxiiiro TiApyBaHHs. Takox 3a3HaYa€ThCs, 0 Mepexiy aToMapHoro BoaHIO 13 LaNis
y Martiil Moxe BiJI0yBaTUCS TUIbKU y MICISX IIUTbHOTO KOHTAKTY MK YACTHHKAMHU.

Marniii Ta TUTaH B3a€EMHO HE PO3UMHSAIOTHCS, TOMY MaTepiaii Ha iX OCHOBI

MOXYTh 1CHYBaTH JIUILI€ Y BUTJISAI KOMIIO3UTIB, a HE CIIaBiB. OCKUIbKHU SIK TUTAHOBI
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CIUIaBH, TaK 1 MarHi € MepCIeKTUBHUMH MaTepilajaMy Ui HAKOMHUYEHHS BOJHIO,
BUHUKJIA 171e5] IEPEBIPUTH MOTEHIIIa] MOKPALIEHHS BOJAHEBOCOPOIIIITHIX BIAaCTUBOCTEN
MarHirl0 y TPHUCYTHOCTI TUTAaHOBUX CIUIaBIB SK KaTali3aTopiB. 30Kpema, Oyio
NEPEeBIPEHO MOXJIMBICTh OTPUMAHHA TIAPUIY MarHiio B MPUCYTHOCTI MaTepiajiB Ha
OCHOBI THTaHY, JOCIIDKEHUX B JIaHii poOoTi. [l gociimkeHHs 0ys1o oOpaHo CIjIaB
Tis752Zr30Mn175Vs, y BiaaleHOMY CTaHi, BOJIHEBOCOPOIIHI BIACTUBOCTI SIKOTO OYII0
JETATBHO PO3TIIIHYTO Y po3aiii 5.1.3.

JUisit  CTBOpEHHSI KOMIIO3UTY-aKyMyJSITOPY BOJHIO, WI0 CKJIQJAa€ThCs 3
TUTAHOBOT'O CIIJIaBY Ta MarHit0, MOHOJITHUM 37IUTOK cIiiaBy Tia75Zr30Mni75Vs Oyio
PO3MIIIIEHO B MOPOIIIOK MarHito (IIpu CIiBBIIHOIIEHHI 5:1 32 Macoro) 6€3 3acTOCyBaHHS
MOTIEPETHHOTO pO3MENtoBaHHsI abo mepeMinryBaHHa. Ha mepriomy erami mpoiiec
B3a€EMOJIIi TAKOTO KOMIO3UTY (3MUBOK Tis475Zr30MN175Vs + mopomok Mg) 3 BogHeM
JOCIIJKYBAJIM TPU KIMHATHIM Temmeparypi Ta Tucky BojHio 0,6 MlIla BopomgoBx
24 roauH. JlaHui MOYaTKOBHI €Tar B3aEMO/IIT TPOBOJIUBCS 3 METOIO OTPUMATH T1IAPUT
TUIBKM Ha OCHOBI cruiaBy Tia75Zr30MN175Vs, OCKUIBKM MpHU BKa3aHUX IapaMmeTpax
MarHiii He B3aemMozie 3 BogHeM [232].

[HTEHCHBHA B3a€EMOJisl KOMIIO3UTY 3 BOJHEM pO3MOYaliach uyepe3 3 TOJWHU
(1HKyOariitHui epion) i TpuBaia 3 TOAUHY, OAAIBIIA BUTPUMKA BIPOAOBXK 18 ronux
JI0 BIJTHOBJICHHS MPOIIECY HE TMPHU3BEINa, MPU IHOMY KIJIbKICTh MOTJIUHEHOTO BOJHIO
ckiana 2,24 mac. % (Tuibku st cruiaBy Tiaz5Zr30MN175Vs KUTBKICTh MOTJIMHYTOTO
BOAHIO cTaHOBUTH 2,85 mac. % (H/Me ~ 1,81)). BpaxoByrouu, mo mnpu Takux
TepMOOApUYHUX TapaMeTpax TIAPYBAaHHS BOJHEM HACHYYBATHCS MOXKE JIHIIC
TUTAHOBUH CIUIAB, TO MTEPEPAXyBaBIIN BETUYMHY MOTIMHYTOT'O BOJAHIO TUTHKH Ha Macy
CIUTaBYy, MO>KHa 3pOOUTH BUCHOBOK PO YTBOPEHHSI BIAMOBIAHUX TIAPUIHUX (as3.

3 MOpiBHSAHHS 1HKYOAIIITHOrO MepioAy, 4acy Mpoliecy MOTJIMHAHHS, a TaKOX
BOJHEBOT EMHOCTI (11 KOMITO3UTY Ta CIUJIaBY) MOXKHA 3pOOUTH BaXJIMBUI BUCHOBOK,
10 MPHUCYTHICTHh MOPOIIKY MarHil0 HE BIUIMBA€E HA BOJHEBOCOPOIlIHHI BIACTUBOCTI
crnaBy Tia75Zr30MnNi17 5Vs ipu epiiomy rigpyBaHHI.

Bume Oyno 3a3HaveHo, M0 MPU HACMYEHHI BOJHEM CIUIAaBY Ti475Zr30MN175Vs

BHACIIJIOK YTBOPEHUX BHYTPIIIHIX HANPY>KEHb BIIOYBAETHCS MOrO UCIIEPIYBAHHS B
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nopomok. ToO6To mpu mepuioMy TipyBaHHI KOMIO3HUTY BiAOYBA€TbCS PyHHYBaHHS
MOHOJITHOTO CIUIaBY 1 CAMOBLUIBHE MEPEMINIyBaHHS YACTHHOK YTBOPEHMX TIAPUIIB 3
MOPOIIKOM MAarHit0. Y TBOPEHHSI TaKOi CyMIIll1 MPU3BOAUTH A0 301UIbIIEHHS] KOHTAKTHOI
MOBEPXHI MK MOPOITMHKAMHU MarHito Ta OTPUMaHUX T1APUIIB, IO TO3BOJISIE YHUKHYTH
3aCTOCYBaHHS JOBIOTPHUBAJIOrO MONEPEIHBOIO PO3METIOBAHHS a00 MepeMilllyBaHHS
MTOPOIIIKIB.

Ha npyromy erami Tuck BOAHIO B kamepi Oyio 3umxkeHo Bif 0,6 1o 0,0002 MIla
1 IPOBEICHO HArpiB OTpUMaHoi cymiti 10 Temreparypu 420 °C (puc. 5.10). 3HMKCHHS
TUCKY B 3a3HaYCHUX MEXaxX, Ta HarpiB 0 BKa3aHOI TeMIiepaTypu, 0yso 3po0aeHo s
MO>KJIMBOCTI J€cOopOLli aTOMapHOrO0 BOJHIO 3 OTPUMAHUX TIIPHUAIB Ha OCHOBI
rerepoasHoro TUTAHOBOTO CIIaBy. ATOMAapHUIl BOJEHb, SKUM BUXOJUTh Ha
MOBEPXHIO TUTAHOBHUX YACTHHOK, B MICIAX iX HIUIBHOTO KOHTaKTy 3 MarHi€BUMHU Mae
MO>KJIMBICTh HAaIlpsIMY MEPEXOJUTH B KPUCTAIIUHY I'PATKy MarHito, yHUKaO4l TaKuM
YMHOM YTBOPEHHS MOJIEKYJISIPHOTO CTaHy, 1, BIAMOBIIHO, 0€3 MOTpeOU B MOJANIbIIINA

MOBTOPHIN AUCOIlIallli MOJIEKYII.
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Puc. 5.10. 3anexxHicTh TUCKY BOJIHIO BiJ] TEMIEPATYPH NMPU HATPIBaHHI KOMIIO3UTY

Sx Oyno BcTaHOBJIEHO paHimie (puc. 5.5) mpu HemepepBHOMY HarpiBaHHI J0

temneparypu 500 °C, TUCK B CUCTEMI MOYHE 3pOCTATH 3 MOMEHTY MOYaTKy BUIJICHHS
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BOJIHIO 3 OTPUMAaHUX TiApUMIIB ciiaBy T1475Zr30MnNi75Vs (Temnepatypa 55 °C), uei
nporec Oyne TpUBATU A0 THX Mip, MOKH Hie 30UIbIICHHS TeMIepaTtypu. SIk BUIHO 3
npeacraBieHoi 3anexkHocti (puc. 5.10) mo temneparypu 340 °C BinOyBaeTbhcs
HernepepBHE 301MIbIICHHS] TUCKY BOJHIO B Kamepi, To/l sK B iHTepBaii 340 — 420 °C,
HaBIIAK{, 3HMW)KEHHS, TOOTO 1I€ CBIAYUTH MPO TE, IO CAME y BKA3aHOMY MPOMIKKY
PO3MOYMHAETHCS B3aEMO/IISl BOJIHIO 3 IOPOIIKOM MarHito.

Jnia Toro, mo6 nepeBipuTH, YU 3HIKEHHS TUCKY BOJIHIO B KaMepi B iHTepBali
temriepatyp 340 —420 °C BianoBigae akTUBHIN B3a€MO/I11 MOPOIIKY MarHito 3 BOJAHEM,
METOJIOM PEHTIEHIBCHKOTO (pa3oBOro aHamizy OyJio TOCHIIKEHO OTPUMAaHy CYMIII
ICJIsT OXOJIOKEHHSI 10 KIMHATHOI TemnepaTypH. Tak, 3riIHO 3 OTpUMaHUMU JaHUMU
KIHIIEBUHM TPOYKT TpyBaHHs cKiaaaaBcs 3 m'atu ¢a3 (puc. 5.11), a came, 3 40TUPHOX
TIAPUJIIB, BKIFOYAIOUYM YTBOPEHUM TIAPUI MArHiio, Ta 3aJMIIKIB MAarHito, sSIKAUA He

B3a€MO/IIsIB 3 BoaHeM (Tabi. 5.9).
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Puc. 5.11. /ludpakrorpama npoayKTy TiApyBaHHS KOMIIO3UTY

[TosicHUTH B3a€EMOJIII0 MOPOIIKY MAarHito 3 BOJHEM MPH TaKOMY HEBHUCOKOMY

tucky 0,018 MIla Ta 3Hauno HUx4iM Temneparypi 340 — 420 °C, HiX 3a3HAYAETHCA B
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miteparypi (350-450 °C) [232], MoxHa, BUXOIAYM 3 3aMpPOTOHOBAHOI CXEMHU Ha
pucyHKy 5.9. SIK 1 ouiKyBajoCh, IO IPU CaMOBUIHLHOMY MEPEMIIITyBaHHI yTBOPEHUX
YaCTHUHOK T1APHUJIIB HAa OCHOBI CIuIaBy Tia75Zr30MN175Vs Ta MOPOIIKY MarHito OyayTh
CTBOPIOBATUCS MICIS IIUTBHOTO KOHTaKTy, KpPIM TOTO, BOJCHb SKUH BUALISETHCS 3
TIAPUIIB TIPU HAarpiBaHHI, BXKE 3HAXOAUTHCSA B aTOMAapHOMY CTaHi, 110 1 CIpUsIE HOTO

IMOJICTIICHOMY IIPOHUKHCHHIO B MarHi€Bl YaCTKH.

Ta6muig 5.9. Pesynpratn POA npoaykTy riapyBaHHs KOMIIO3UTY

[TapameTpu kpuctanigyaux rpatok *+ 0,0009 (am)
Mg BMgH: d-¢aza e-(paza A-daza
a=0,3201 | a=0,4548 a=0,4476 a=0,4537 a=0,5590
c=0,5198 | c=1,101 c=0,4683 c=0,9182

OTxe, BUXOJIAYU 3 OTPUMAHUX JIAHUX, YITKO BUTHO, 1110 3aIIPOITOHOBAHUI METO/I
aKTHUBYE T1IPyBaHHS MAar”ilo MpH BIAHOCHO M’ SIKUX TEPMOOApPUUHHUX YMOBAX, KpiM
TOr0, BIH MOe OyTH pealii3oBaHu 0€3 3aCTOCYBaHHS MONEPEIHBOTO JOBMOTPUBAJIOTO
nepeminryBaHdsl ab0 pO3MENIOBaHHS CKJIAJOBUX KOMIIO3HUTY, IO CYTTEBO CIPOIILYE

TEXHOJIOT1I0 OTPUMAHHS TAKMX MaTepiaiB.

5.2. BB sieryBaHHS BaHa/IIEM Ta XpOMOM Ha BOJIHEBOCOPOIIiiHI BIaCTHUBOCTI

crutaBy cuctemu Ti-Zr-Mn Ha ocHoBl OLIK-TBEep0r0o po3unny

Y posaim 5.1. Ha npuknani cmiaaBy TisgzsZrpMngys [131], Oyno anpoboBano
PI13H1 BapiaHTH JIETYBaHHS BaHAJ1€M, IO JI03BOJIUJIO BCTAHOBUTH, 1O MOIPHU BTPATy B
o0’emi enemeHTapHoi Komipku ¢a3u JlaBeca, BHaeTbcs 30UIBIIUTUA KUTHKICTh
MOTJIMHYTOTO BOJHIO, a TaKOX TOHM3UTH TeMIepaTypy TO4YaTKy aKTHUBHOTO
MOTJIMHAHHS TPU TepmioMy TiapyBaHHi. Kpim 1poro, takoxx Oyo MOHUKEHO
TeMIiepaTypy KiHIl BUAUICHHS BogHIO Ha 50 °C, mpoTe BOHA BCE OJIHO 3aJIHINAETHCS
JIOCUTh BHCOKOIO I MPAKTUYHOTO BUKOPHUCTAaHHA. Byno BU3HaueHO, 10 HAWO1IbII

e(peKTUBHUM, BCE-TaKH, € CTIOCIO 3aMillIEHHS BaHAIEM 0/Ipa3y yCiX eJIEMEHTIB CILIaBY,
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OCKLUIBKH MPHU I[OMY 3pOCTa€ 3arajibHa KUIbKICTh TiAPUI0YTBOPIOIOUYOTO KOMIIOHEHTA
B CILJIaBI.

Ak panime Oyno BCTaHOBJIEHO 13 JliTepaTypHUX daHux [178] Ta moka3aHo y
po3auni 3, BBENEHHS y CIUIaB XpOMY, SKHM Mae OUIbIIMN aTOMHHUN pajiyc, HIX
Maprasellb, Ta 3JJaTHUN YTBOPIOBATU CTIMKY XIMIYHY CIIOJYKY 3 BOJHEM, a TaKOX 1
CyTTe€BO BuIly Temmneparypy rmiasieHHs (1907 °C), npu3BoauTh 10 MiABUILEHHS
KUTBKOCTI TOTJIMHYTOTO BOJHIO, a HAWTOJIOBHIIIE, BIH CYTTEBO MOHIKYE TEPMIUHY
CTaOlIBHICTh OTPUMAHUX T1APUJIIB HA OCHOBI (a3u JlaBeca Ta MPHUCKOPIOE KIHETUKY
BUJIIJIEHHS BOJHIO 13 HUX.

Otxe, BUXOASYM 13 BUIINE BUKIAICHOTO € JOIIJIBHUM Ha MPUKIAl CIUIaBY
Tig75Zr30Mngs [131], mnepeBipuTH, SK BIUIMHE OJHOYACHE JIETYBaHHS JIBOMA

€JIEMEHTaMH, SIK1 BIJIPI3HSIOTHCA aTOMHUMU PaJilyCaMHu.

5.2.1. BB 0JJHOYACHOIO JIETYBaHHS JIBOMa €JIeMEHTaMu Ha (a3oBUil CKiiaj
CILIaBY Ti47,5Zr30Mn22,5.

JUis 1aHOro JOCHIJKEHHS, KOJIM B CIUIaB BBOJSATHCA OJpa3y ABa J10JAaTKOBI
eJIeMEeHTH, Oyl0 oOpaHO cnocid 3aMiHM HUMHU OJpa3y yCiX OCHOBHMX KOMIIOHEHTIB
crutaBy (tabma. 5.10 crimaB 1 ta 2). Sk Oyno 3a3naueno Buiie (po3aun 5.1.3.), Banamin
Ta XpOM MalOTh MEHIIMM aTOMHUW paJllyC, HIXK y TUTaHy Ta LUPKOHIIO, TOMY
BIJINIOBIJIHA 3aMiHa MPU3BENE /10 3MEHILEHHS 00’€My €JIeMEHTapHOI KOMIPKHU, MPOTe
BOHU MAalOTh OUIBIIMK aTOMHUW pajiyC, HDK y MapraHillo, 110, HABIMAaKW, TOBUHHO
BECTH JI0 30UIBIIIEHHS pO3MIPiB KOMIpKH. J[j1s1 TOTO, 11100 MaKCUMaIbHO KOMIIEHCYBATH
JlaHl TIPOTHJICKH1 TEHACHINT, BaHaIi Ta XpoM OYJI0 T0JaHO Y BKa3aHUX KUIBKOCTSIX.
Takox BaXJIMBUM OYJIO TIEPEBIPUTH, SK BIUIMHE MOBHA 3aMiHAa MapraHIl0 Ha XPOM
(tabm. 5.10 cnnaB 3). Lle noB’s13aHO 13 OUIBIIMM ATOMHUM PailyCOM XpOMY Ta HOTO
3JIaTHICTIO YTBOPIOBATH 3 BOJHEM XIMIUHY CIIOJIyKY. J[aHa 3aMiHa MOBUHHA MPU3BECTU
710 3pocTaHHs 00’ €My elleMeHTapHO1 KOMIPKH sIK iHTepMeTaniay Tuiny AB;, Tak 1 OLIK-
TBEPJOrO PO3YHHY, IO MO3UTHBHO BIUIMBAE Ha 3arajbHy KUIBKICTh MOTJIMHYTOTO

BOJHIO CIllTaBaMMH, SK 6yn0 IIOKa3aHO BHIIIC.
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Tabmuns 5.10. HominanbHUI cKkia 1OCHIKYBAaHUX CIJIaBiB

CkJ1aJ1 cruiaBiB

Cruias

at. % Mac.%
Ti Zr | Mn | V| Cr Ti Zr Mn \Y/ Cr
1 456 28,8216 | 2 2 [35,20(4535(19,13| 1,64 | 1,68
2 456 28,8 | 2 2 | 21,6 |3553(42,75| 1,79 | 1,66 | 18,28
3 47,5 | 30 - - | 225 135,80 (44,28 | - - 18,93

MeTtonoM peHTTeHIBChKOro (Da3oBoro anamizy OyJ0 BCTAHOBJICHO, IO Yy
CTPYKTYpl BCIX JOCHIPKYBaHMX CIUIaBiB 3ainumuBcs mpucyTHid OLIK-tBepamii
PO3UMH, SKAN Ma€ KyOidHy rpaTKy mpocTopoBoi rpymu 1m-3m (ctpykrypauii Tamn W),
Oxkpim OLK-TBepmoro po3uuHy, y (pa3oBuil CkJaj CIUIaBy TaKOX BXOIUTH (¢aza
JlaBeca, mns criaBy TlgseZlssMnygVoCr, tumy Cl14 (puc. 5.12 a), ska Mae
reKCaroHaJdbHYy IPaTKy MPOCTOPOBOI rpynu P6s/mmc (ctpykTypHuil Tm MgZn,), Toxi
SIK JIJIS CIUIABIB 3 BUCOKHM BMICTOM XPOMY Ti475Zr30Cl225 Ta Tigs 6Z1288MN2VoCrap 6 —
tuny C15, sika Mae rpaHELEHTPOBaHY KyOiuHy rpatky (mpocropoBa rpyma Fd3m
ctpyktypuuii Tun MgCuy) (puc. 5.12 6). 3miHa TNy KpHCTaIidyHOI TpaTku Qa3u
JlaBeca 3 C14 na C15, npu 3aMiHi Maprasifro Ha XpoM Bi10yJ1ach O4iKyBaHO, OCKLITbKH
BiAnoBimHO A0 miTteparypuux manux [180], B cmmaBax cuctemu Ti-V-Cr-Mn, npu
BMICTI xpoMy Buie 19 mac.% BinOyBaeTbes nepexin Bin dasu JlaBeca tumy C14 o
C15 (tabm. 5.11).

[TopiBHIOIOUM 00’€M eneMeHTapHOi KoMipku (a3u JlaBeca st criaBy
Tig75Zr30Mng,s  B3storo 3a  ocHoBy (00'em 202 A3) [131], Ta cmmaBy
Tiss6Zr288MnN21 6V2Cro, y (hazoBOMy CKIIafl SIKOTO He BiAOyJIOCS 3MiH MPH JIETyBaHHI
(o0'em 198 A3 (Tabin. 5.11)) BUAHO, 1110 OJIHOYACHE BBEJCHHS BaHAJII0 Ta XpOMY BCE
OJTHO TIPU3BEJIO JIO 3MEHINIEHHS BKa3aHOTo napameTpy. [losicHuTH 3MeHIeHHs 00’ eMy
eleMeHTapHoi Komipku (as3u JlaBeca mis criaBy TigseZr2s M2 6V2Cr, y mopiBHSHHI
3 BUXIJJHUM MOXXHA THUM, III0 PO3MIp aTOMIB BaHAMII0 Ta XpOMY OUIBIIWN, HIXK Y
MapraHiiio, IpoTe MEHIIINA, YUM Y TUTAHY Ta, 0COOJIMBO, Y HIUPKOHII0, a TPH JIETYBaHHI1
3HMKEHHSI 3arajibHO1 KIJIbKOCTI TUTaHy Ta LMpKOHIi0 (Ha 3,9 at. %) Oyno cyTTeBO

OutbmM, HiXK Maprasiro (Ha 0,9 ar. %) (tabm. 5.10), ToOTO KOMIIEHCYBaTH JaHi
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TeHJEeHI[li He Baaiocs. [IpoTe BaXJIMBO 3a3HAYWTH, 110, HE 3BAKAIOUM HA BTPATY B
o0’emi  ememeHtapHoi komipku ¢asu Jlaseca Ttmmy Cl4 s criaBy
Tigs6Zr288MnN21 6V2Crp, MOKHA OUYIKYBAaTH Ha 30UIBIICHHS KIIBKOCTI MOTVIMHYTOI'O
BoAHIO. [le moB’s3aHO 3 TUM, IO BHACTIIOK OAHOYACHOTO JIETYBaHHS BaHAIIEM Ta
XpoMoM (Jutiie 1o 2 at. %) BAaIocs CyTTEBO MIOHU3HUTHU KiJIbKICTh MapTaHIio, SIKUH HEe
B3aemozie 3 BoaHeM, y a3t Jlaeca Cl4 (ximiunuii ckiman — ¢asu JlaBeca
Ti3388Zr2572MN3441V267Cr332), y TIOpIBHSHHI 31 CIUTaBOM, B3ATHM 3a OCHOBY
Tis752Zr30Mng 5 [131] (ckmanm TisZrisMnsp). BigMiHHICTS y TapaMeTpax KpUCTaTIgHOT
rpatkun  ¢asu JlaBeca tumy CI15 (tabnm. 5.11) mna crumaBiB  Tia75Zr30Crss Ta
Tiss6Zr288MN2V2Cr21 6 MOYKHA TTOSICHUTH IPUCYTHICTIO Y CKJIaJli OCTAHHBOT'O BaHAIIIO,

KWW Mae OUTIITNN aTOMHHM pajilyc, HI’XK XPOM.

i + *
150 0 - daza Jlaseca C14 0 - daza Jlaseca C15
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3a pomomororo mporpamu Imagel Ta yTOYHEHHS KPUCTANIIYHOI CTPYKTYpH 1
napaMeTpiB IpaTOK BHU3HaUYeHUX (a3 3a MetoaoMm PitBensaa (mporpama Maud), Gyio
BU3HAUYCHO OO0 ’€MHE CHIBBIJHOIICHHS CHiBiCHYyrOuux (a3. Sk Oyno BU3HAYEHO 3
mireparypuux maHux [131], mns cmmaBy Tigz5Zr30Mngzs B3ITOTO 3a OCHOBY,
criBBigHomeHHs ¢a3 A/f cranoButs 0,487/0,513, Tomi Ak s CIUIaBiB
Ti45,6Zr28,8Mn21,6V2Cr2 Ta Ti45,62r28,8Mn2VZCr21,6 BOHO 3MiH_Iy€TBC${ y O1K 301IBIIICHHS

BMmicTy ¢asu JlaBeca, cknamaroun 0,531/0,469 ta 0,510/0,490 BignosiaHo. J{7s crutaBy
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Ti4752130Cl225 TaHe CIIBBITHOIICHHS, HABITAKH, 3MIIIYy€THCS Y OiK 301IbIIICHHS YaCTKA
OLK-tBepmoro posumny, ckiaagatoun 0,461/0,539. OxkpiM 1150T0, TaKOXK OYJI0
BU3HAUCHO, IO po3Mip KpuctamiTiB (azu JlaBeca, SK 1 BHUXIJHOTO CIUIaBY

Tis7,5Z2r30MnNg2 5, 3aMMIIMBCS HA PiBHI 2+8 MKM?,

Tabmuis 5.11. TlapameTpu KpucTaniyHUX IPaTokK a3

Crnas [Mapametpu kpucraniyaux rpatok + 0,0009 (am)
JluTmit I'igpoBanwmii [Ticns yacTkOBOI MecopOITii
B-taza A-aza A-aza o-thaza A-aza A-aza o-haza A-aza A-aza
CI15 Cl4 CI15 Cl4 CI15 Cl4
. a=0,3365 - a=0,5186 | a=0,4594 - a=0,5612 | a=0,4603 - a=0,5528

' ¢=0,8519 ¢=0,9217 ¢=0,9080

2* a=0,3375 | a=0,7241 a=0,4594 | 4=0,7719 a=0,4564 | a=0,7441

3* a=0,3383 | a=0,7222 - a=0,4590 | a=0,7694 - a=0,4573 | a=0,7432 -

*1- Tigs 6Zr288MN21 6V2Cra; 2- Tias 6Zr288MN2V2Cras 6; 3- Tiaz52130Cra25.

5.2.2. BrnuB 3Minu tuny ¢aszu JlaBeca Ha BOJHEBOCOPOIliMHI BIACTUBOCTI
CILIaBY Ti47,5Zr30Mn22,5

Jnst nanumx cruiaBiB (tabn. 5.10), sk 1 Qs BCIX paHille PO3TISHYTHX Yy
MOTEPeIHIX PO3/iyiax CcruiaBiB (ogHO(Aa3HUX HA OCHOBI iHTepMeTaniay tuimy AB; Ta
rerepoda3Hux 31 CTpykTyporo intepmeraiiay Ta OLIK-TBepmoro po3unHy) BUBUCHHS
IpolLiecy B3a€MO/IT 3 BOJHEM OyJIO po3MoyaTo NpH KIMHATHIN TeMIepaTypi Ta TUCKY
BoaHto 0,6 MIla BnposoBx 24 roJIMH HA MOHOJITHUX 3pa3Kax y JIuTomy cradi. Llei
EKCIIEPUMEHT MPOBEICHO 3 METOI0 BCTAHOBUTH, UM BIUIMBAE 3MiHA TUMY (a3u JlaBeca
(mepexin Big tumy C14 mo C15) Ha mporec B3aeMOii 3 BOAHEM TMpPU TEPIIOMY
riapyBanHi. OCKUIbKH BITPOJIOBK BKa3aHOI BUTPUMKH MPOIEC AKTUBHOTO MOTIMHAHHS
BOJHIO JIOCNI/DKYBAaHUMH CIUIaBaMH HE PO3MOYaBCS, 1€ MIATBEPKYE 3pOOJIeHUI
paHillie BHCHOBOK, IO JUIsl aKTHBAIlli TpOIlecy TiApPYBaHHS TMPU KIMHATHIN
TeMIlepaTypl KpUTUYHUM (HaKTOPOM € po3Mip KpucTaiiTiB (a3u JlaBeca.

[TornuHaHHS BOJHIO JAaHUMM CIUTABaMH, SIK 1 criaBoM Tla475Zr30Mngzs [131],
B3SITUM 332 OCHOBY, Oyn0 3a(iKCOBaHO JHIIE€ y PEKHMI HArpiBy 31 MIBHIAKICTIO

0,125°C/c Ta Tucky BomHio 0,6 MIla. Ilpomec akTMBHOTO TOIVIMHAHHS BOJHIO,
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HE3aJIe)KHO B €JIEeMEHTHOro Ta (Da30BOro Ckjiaxy JdOCHIIPKYBaHUX CILJIaBiB
(trabm. 5.10 ta 5.11), mpu mepmomy TiApyBaHHI PO3MOYaBCS IMPU TeMIEpaTypi
465 £ 5 °C (puc. 5.13 a) (mnsa BuxigHOro criaBy Tis75Zr30Mngs — 540 °C [131]).
CmnaBam (puc. 5.13 a) mpuTamMaHHUN JOCUTh TPUBAIMA TEPiOf MOBLIHHOTO
TiApyBaHHS, TICIAsS YOro BIAOYBa€TbCs MEpeXii J0 HaA3BUYAMHO IHTEHCHUBHOTO
MOTJIMHAHHS, TIPU ILOMY BAAETHCS JOCATTH KIJIBKOCTI MOTJIMHYTOIO BOJHIO HAa PiBHI
~2,7+0,02 mac.% (H/Me ~ 1,7) (puc. 5.13 0) (u1s BuXigHOTO CIUTaBY T l47,5Zr30MN22 5
— 2,58 mac.%, H/Me ~ 1,64 [131]). [Ipudomy, sik BUIHO 3 pHUCYHKa 5.13 O, TpUBAIIICTh
NIepioly MOBUIBHOTO T1IPYBaHHS 3HAYHO OUTBINA JUIst CTUIABIB Tlas6Z1288MN2V2Crog 6
Ta Tla75Zr30Cr225 y (hazoBoMy ckiafi skux nmpucyTHs ¢a3a JlaBeca Tumy C15, HiXK 1u1s
crutaBy Tlgs6Zr288MnN21 6V2Cr, 3 dasoro JlaBeca C14, a ckauoK MIBUAKOCTI IOTTMHAHHS

B1JI0YBAETHCS NIPH BUILIM KOHIIEHTpALl YK€ MOTIMHYTOTO BOAHIO.

0.620

0.615+

0610 . 4 ’. LLLLM
1 .
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0 50 100 150 200 250

Puc. 5.13. 3MiHa TUCKy y 3aMKHYTOMY 00’ €Mi MPH T1ApyBaHHI (a) Ta KOHIICHTpaIii
BOJIHIO Y MPOAYKTax TiapyBaHHs (0) 3 yacoM: 1 - Tiys ¢Z128 sMny; 6V2Cra;

2 — Tiss6Zr288MNV2Cro16; 3 - Tla75Zr30Cra25

BpaxoByroun Temnepatypy riipyBaHHs AOCTIIKyBaHUX criiaBiB 465 £ 5 °C, ta
CIUPAIOYNCh HA paHille MPOBEACHI TOCHIDKEHHS 1 JITepaTypHI JlaHi BIAHOCHO
B3aemoii 3 BogHeMm TtutaHy ta OLIK-TBepaux po3umHiB Ha ¥oro ocHoBi [229-231],

MO>KHa CTBEpIKYBAaTH, IO aKTUBAIlisl MPOIECY COpOIli BOAHIO PO3MOYMHAETHCS HA
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noBepxHi kpuctaniB OLIK-tBepaoro poszuuny. IlosicHuT CyTT€BO pi3HMI YaCOBHIA
1HTepBaJl MOBUILHOTO MOTJIMHAHHS BOJIHIO MOYKHA, BUXOJSYH HE 3 PI3HOT CTPYKTYpHU
dasu JlaBeca (tun C14 a6o C15), a 3 kunbkocti OLIK-TBepaoro po3uuny y cruiaBax,
OCKUIBKM B TaKOMY BHIAJKy cCaM€ 3 HbOTO PO3IMOYHHAETHCS MPOLEC AKTUBHOI
B3aEMO/III.

Pizka 3MiHa WIBHUAKOCTI TIOTJIMHAHHS BOJIHIO BIiJOYBAETHCA TIPU  BHIIIM
KOHIIEHTpaIli  yXe MOTJMHYTOr0 BOJHIO TpPH  TEPeXoil  BiA  CIUIaBy
Tigs6Zr288MnN21 6V2Cry 10 Tisr5Zr30Cra2s y 3B’3Ky 3 THM, IO IIPH BKa3aHOMY
nepexoi, Ak 0yJyio 3a3HayeHo BuIle, KIIbKicTh OLIK-TBEepmoro po3unny y cTpykTypi
30ubIIyeThes Ha ~ 15 %. BianoBimHo 1pomy, nOTpiOHa OuIbIIA KUIBKICT
HOTJIMHYTOTO BOJHIO JUI YTBOPEHHs d-Tipuay Ha ocHoBl OLIK-TBepaoro po3unny no
BCI MOBEpPXHI 3pa3Ka, OCKUIBKA B JAaHOMY BHUIAJKy CaMe€ 3 BKa3aHUX KpPUCTAJIB
PO3IMOYMHAETHCS MPOIIEC AKTUBHOT B3a€MOJII1 3 BOJIHEM. Y TBOPEHHS O-TIIPUIY, IKUN
Mae BiaMiHHY Bij OLIK-TBep10r0 po3unHy MIUIBHICTB 1 00’ €M, MPU3BOIUTH JI0 TTOSBU
TPIIIMH 3 MOBEPXHEI0, BUIBHOK B1J OKMCHOTO IIApy, IO 1 MPOBOKYE 301JIbIICHHS
MIBUKOCTI TIOTJIMHAHHS.

MetonomM peHTreHiBChKoro (a3oBoro aHamizy Oyjl0 BCTAHOBJICHO, 1110
HEe3aJIeXKHO BiJ BuxigHoro ¢aszoporo ckiany (dasza JlaBeca tumy Cl4 abdo C15)
JOCIIIKYBaHUX CIUIABIB, MPYU HACUYEHHI1 X BOJIHEM YTBOPIOIOTHCA T1PUIN TITBKHA HA
OCHOBI cmiBIcHY0UuX (a3 (Tadu. 5.11). Lle nae mpaBo cTBepaKyBaTH, IO TAPYBaHHS
HE TPU3BOAUTH JI0 3MIHM THIYy KPUCTAJIIYHOI CTPYKTYpH MeTajeBoi MaTpuill ¢asu
JlaBeca C15, sk 1 C14, a TIIbKH CYIIPOBOJIKY€ETHCS 130TPOITHUM 301JIBILIEHHAM 00’ €My
iX eJeMeHTapHO1 KOMIPKHU, 110 30iraeTbes 3 nanumu [113].

[{ixaBuM € TO¥ (hakT, 10 HE3AIEKHO Bia (azoBoro ckiany (dhaza JlaBeca tumy
C14 a6o C15) Ta ciiBBiAHOIIEHHS KUTBKOCTI a3 Jy1s 1aHuX ciiaBiB (Tad. 5.10) Oymo
OTPUMAHO TMPHUOJM3HO PIBHY KUIBKICTh ToriaumHyToro BoaHio 2,7 + 0,02 wmac.%.
HaitimoBipHimie 3a Bce, oTpuMaHuii (hakT MpUOIU3HO PIBHOT KITLKOCTI OTJIMHYTOTO
BOJIHIO JJIsI CIUJIaBIB 3 PI3HUM CITIBBIJHOIIEHHSM BMICTY cCHiBicCHyro4uux a3 A/f,
MOB’SI3aHUI 3 OJTHOYACHUM BILTMBOM JEKUJIBKOX (PaKTOpiB, a caMe, Pi3HOK KUIBKICTIO

TIPUIOYTBOPIOYUX KOMIIOHEHTIB camux ¢asax, a TAKOX DPI3ZHHUX 00’eMIB iX
§1§0)%01(0)% |Y y ) P
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CJIEMEHTAapHUX KOMipoK. Tak mpu mepexomi BiJ cIruiaBy | laseZl288MnN216V2Cr 10
Tis56Z5288MN2V2Cro1 61 Tla75Z130Cr22,5 CHIIBBITHOIIIEHHS BMICTY CITIBICHYIOUYHX (a3 A/B
smiHeThes 3 0,531/0,469 na 0,510/0,490 1 0,461/0,539 BianosigHo. Lle cBiTUUTH Mpo
Te, mo KimbkicTh OLIK-TBepaoro po3urHy B CIUIaBi 3pOCTae€, 1 BIAMOBITHO LBOMY
MOBUHHA CYTTEBO 3pPOCTATH 3arajibHa KUIbKICTh MOTJIMHYTOTO BOJHIO, OCKUIBKH (pa3a
JlaBeca mMae 3HAYHO HIXKUY BOAHEBY €MHICTh, HK OLIK-TBepauit po3uuH (BoaHeBa
emHicTh (a3u JlaBeca ctanoButh H/Me ~ 1,0 [153], Toxi sik OLIK-TBepaoro po3uuny
H/Me ~ 2,0 [193]). [Ipote, sik Oyso 3a3HadeHo Buie, A (asu JlaBeca tuny C14 y
crutaBi  TigsZr288MnN216VoCr, BHACHIIOK OJXHOYACHOTO JICTYBaHHS BaHAIIEM Ta
XPOMOM BJIAJIOCS IOHU3UTH KUIbKICTh MapraHifio 10 34,4 at.% (a1 BUX1AHOTO CIJIaBy
Tis75Zr30Mng, s KimbKicTh Maprammio ckmagama 50 ar.% [131]), a 1e ITOBHHHO
MIJBUIIUTH KUIbKICTh MOTJIMHYTOTO BOJHIO JaHOIO (a3or (EKCIepUMEHTAIbHO
JIOBEJICHO, 1110 3HMKEHHS KUIBKOCTI Maprasiio y ¢asi Jlaseca tumy C14 npusBoauTh
JI0 CYTTEBOT'O 30UIBIICHHS KIJIbKOCTI MOTJIMHYTOTO HEt0 BOAHIO [66,91]). [lns crinaBy
Ti4752Zr30Cr225 TOBHA 3aMiHA MapraHIio Ha XpoM IpHU3Bea JI0 3MCHIIEHHS 3arajibHOT
KUIBKOCT1 TIAPUIOYTBOPIOIOUUX THUTAaHYy Ta IupkoHito y ckiaai OIIK-tBepmoro
po3unny g0 92,53 ar.% (mias cmiaBy Tla7s5Zr30Mngs 3araibHa KUTBKICTH ITHX
enementiB B OLIK ¢a3i 93,4 ar.% [131]), mo0 NOBMHHO 3MEHIIUTH KUIBKICTh
MOTJIMHYTOTO0 BOJHIO JaHoi0 (azor. Kpim TOro, i3 MOpIBHSAHHS MapaMeTpiB
KpucTamiyHux Tpatok ¢asu Jlaeca C15 mis cmnaBiB TigseZrgsMNVoCroe Ta
Tig75Zr30Cr5 micas  rigpyBanHs  (tabm.  5.11), BugHo, 1m0 y  CIUIaBi
Tiss6Zr288MN2V2Cro1 6 TapaMeTp € OUTBIINM, IO CHPHSE 30UTBIICHHIO KITBKOCTI
MOTJIMHYTOT'O  BOJIHIO. PiBHa KUIBKICTh TMOTJIMHYTOTO BOJHIO JUIs  CIUIaBIB
Tiss,6Zr288MN2V2Cra1 6 Ta Tia75Z130Cr22,5 OTpUMYETBCS 3aBIsKH TOMY, 1110 ¢a3a JlaBeca
C15 nns crnaBy TigseZrssMnVoCro g mormHae OLIbINY KiIbKICTh BOIHIO, TOMI SIK
OLIK-tBepauii po3uMH s CIuiaBy Tl475Zr30Cl25 copOye MeHINy KiTbKICTb.
301bIIeHHS TapaMeTpy KpucTaniuHoi rpatku ¢a3u JlaBeca tumy C15 Ta mpoTuiiexxHe
3a CBOEIO JI€I0 3HMXKEHHS KIJIBKOCTI T1IpuAoyTBOprotounx enemeHnTiB B OLIK rparii
KOMIEHCYIOTh PI3HHULIO B KUIBKOCTI TOIJIMHYTOTO BOJHIO, BHUKJIMKAaHY pPi3HOIO

kibKicTiO OLIK-TBep10r0 po3unHy AJIsl [IUX CIUIABIB.
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30UTbIIIEHHST 3arajbHOi KUTHKOCTI TOTJIMHYTOTO BOJHIO JIOCHIKYBAaHUMH
CIUIaBaMU 3 JIOIaBaHHSIM XPOMY 1 BaHa/il0, y TOPIBHAHHI 3 BUXIJIHUM CIUIABOM
Tig752Zr30Mng, 5 [131], MOKHA MOSICHUTH 3HIKEHHSIM BMICTY Maprasiio y ¢asi JlaBeca,
MEPEPO3MOIITIOM aKTUBHUX MO BIIHOIICHHIO IO BOJHIO METAJIEBUX aTOMIB y BY3JIax
TeTpaeIPUIHUX MIKBY3JIIB, a TAKOX 3OUIBIICHHSIM YacCTKH TiJPHUI0YTBOPIOIOUUX
KOMITOHEHTIB.

Ha npuknaai AOCTiKYyBaHMX CIUIAaBIB 3 JIOJIaBaHHAM XpOMY 1 BaHAIIIO €
BOKJIMBUM JI0Ka3aTH paHilile 3po0eHN BUCHOBOK IIPO T€, 110 TApHUI Ha OCHOBI (a3u
JlaBeca Tuny C15 mMae HHXKYY TepMIYHY CTaOUIBHICTb, HI’K HAa OCHOBI (a3zu tuiy C14.
Hwuxua temneparypa necopOliii BOJHIO € OCOOJMBO BaXXJIMBOK IMPU MPAKTUYHOMY
BUKOPUCTAHHI MaTepialiB-aKyMyJsaTOpiB BOJAHIO. JIIs MOXJIMBOCTI BCTaHOBUTHU
BIJIMIHHOCTI Y KIHETHULI IpoueciB gecopOii 1is (a3 JlaBeca tTumy C14 ta C15, mpouec
BUJIUVICHHS BOJIHIO JTOCHIIKyBaBcs TUIbKkH 10 Temreparypu 200 °C. lns Toro, mo6
IIPOBECTH KOPEKTHE MOPIBHAHHS, Maca JOCIIKyBaHUX cIuiaBiB (Tada. 5.10) Opanacs
OJIHAaKOBOIO, OCKIJIbKH KUIBKICTh IMOTJIMHYTOTO BOJHIO I JOCHII)KYBaHHUX CIUIABIB €
piBHOIO. Sk OyJ0 BCTAaHOBJICHO paHille, TP Takii TeMneparypi B mporect 1ecopOrii
BOJHIO Oepe yuacth Jjwuimre (asa JlaBeca. Tak, y cmiaBax Tiszs5Zr30Crzs Ta
Tiss6Zr288MN2V2Cra1 6, B CTPYKTYPI sKUX mpUCyTHS (asza JlaBeca Tumy C15, nporiec
BUJIVICHHS BOJIHIO PO3MOYMHAETHCS 3 IOYATKOM HArpiBy, TOJII SK JUIS CIUIABY
Tiss6Zr288Mn21 6V2Cro, B sikoMy da3a JlaBeca Mae crpykrypuuii i Cl4, mouire 3
60 °C (puc. 5.14), mpu 1mpoMy 1 KUIBKICTh JeCOPOOBAaHOTO BOJHIO CYTTEBO
BIJIPI3HSIETHCS.

Ak BUAHO 13 MPECTaBICHOT 3aJeXKHOCTI (puc. 5.14) KUIBKICTH 16COPOOBAHOTO
BOJIHIO TS CIUTaBy Tl475Zr30Crla25, B CTPYKTYpi sikoro mpucyTHs ¢asza JlaBeca tumy
C15, wmaiixe BTpUYl TNEPEBUILYE KIUIBKICTh BHJUICHOTO BOJHIO IS CIUIABY
Tiss6Zr288Mn31 6V2Cry 3 dasoro JlaBeca tuny Cl4. Jlas Toro, mo0 MiaATBEpIUTH
OTpUMaHi JIaHl BIJIHOCHO Pi3HOI TEpMiuHOI CTaOUIBHOCTI TIAPUJIIB HA OCHOBI (ha3m
Jlaeca Tumy Cl4 Tta CI15, MeTOIOM pEHTreHIBCHKOro (a3oBoro a”amizy OyIio
JOCITIIKEHO CKJIaJ CIIaBIB IICIsA 4YacTKOBOI aecopOiiii BogHio (Ttadbm. 5.11). 3

OTPUMAHUX JIAHUX BUHO, 1110 MApAMETP KPUCTAIIIYHOI IPATKU d-T1APUY, OTPUMAHOTO
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Ha ocHOB1 OLIK- TBepaoro po3unHy, B Mexax MOXUOKM BUMIPIOBAHHS HE 3MIHUBCS.
Lle cBimuuTH PO T, IO O-T1APU] Y BKa3zaH1i YaCTKOBIH AecopOrii yyacTi He mpHuiiMaB.
[TopiBHIOIOUM TTapaMeTPpH KpPUCTAIIYHOI I'paTku s ¢a3 JlaBeca micis riagpyBaHHS Ta
Y4acTKOBOI1 iecopOiii BogHto (Tabm. 5.11), BUmHO, 1110 pO3KIaa TiApUIy HAa OCHOBI (hazu
JlaBeca tunmy C15, y nopiBHsiHHI 3 ¢dazoo Cl4, npu temneparypi 200 °C BigOyBcs
iHTeHCUBHINIEe. OTpUMaHUN Pe3ysbTaT E€KCHEPUMEHTAIBHO MIATBEPIKYE 3pOOJICHI

paHillie BUCHOBKU BiTHOCHO Pi13HOI TePMIYHOI CTaOIIbHOCTI TIAPUIIB HA OCHOBI (a3

JlaBeca Tuny C14 ta C15.
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Puc. 5.14. 3MiHa TUCKY BOJIHIO Y 3aMKHYTOMY 00’ €M1 IIPH JIETIAPYyBaHHI CIJIaBIB:

1 - Tiss6Zr288MnN216V2Cra; 2 — Tigs 62528 8MN2V2Cron6; 3 - Tiaz,5Zr30Cr225

Jnst manmx cmnasiB (Tabn. 5.10) gk 1 s yciX paHimie po3TIsHYyTHX Y
MOTIEPETHIX PO3iJIax CIulaBiB (ogHO(Aa3HUX HA OCHOBI iHTepMeTaniay tuiy AB; Ta
retepodazHux 31 cTpykryporo iHTepMmetaniny Ta OILIK-TBepmoro po3umny) Oyiio
MIPOBENICHO JTOCIIIKEHHS 3MIHM XapaKTEPUCTUK B3a€MO/IIT 3 BOJHEM MPH 301IbIIICHHI
KUTBKOCTI IIUKJIIB copOIiii — aecopOirii. HeoOXiaHICTh TaKOTo AOCIIKSHHS OB’ 13aHa
3 yMOBaMH TIPaKTUYHOTO BUKOPUCTaHHS JaHUX MarepiaiiB. Takok BaKJIMBO
3pO3yMITH, YU BIUIMBAE TPU JAPYroMy TIAPYyBaHHI CIUIaBy HOro (a3oBHM CKJIa.

Hpyruii uukin copOiii BOJHIO MPOBOAMBCA MNpU KIMHATHIM Temmeparypi 1
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abcomorHoMy TUCKY 0,23 MIIa (s1x 1 1y1s1 yCiX paHiiiie TOCTiKEHUX CIIJIaBiB), aKTUBHE
MOTJIMHAHHSA BOJHIO HE3aJeKHO BiJ ()a30BOTO CKJIAMy Ta CIiBBIAHOIICHHS 00 €MHHUX
4acToK (a3, po3moyanocs 3 MEpIIUX CEeKyHJ KOHTAKTy 3pa3ka 3 BOICHbMICTKUM
CEpeZIOBHILIEM 3 BHCOKOIO INBUAKICTIO. Taki yMOBM MOBTOPHOTO TiAPYyBaHHS €

HpHﬁHHTHHMPI A IMIPAKTHYIHOT'O BUKOPHUCTAHHA JaHUX CILJIaBIB.

53. Bmnu neryBanns P3M Ha cTpykTypy, (dasoBmii ckimaa Ta

BOJIHEBOCOPOIIiiiHI BIaCTUBOCTI reTepoda3Hux criaBiB cucrtemu Ti-Zr-Mn-V

VY BciXx momepenHiX po3Aillax Ha CIUlaBax pPI3HOTO XIMIYHOTO CKIIamy, 1,
BIJIOBIJTHO, 3 PI3HOIO CTPYKTYpor0 Ta (a3oBUM CKJIAI0M, OyJIO MOKa3aHo, MIO0
BBE/ICHHS Yy CIUIAB €JIEMEHTY 3 OUIBIIMM AaTOMHUM paJlycoM, SKUH 31aTHUN
YTBOPIOBATH CTIWKY XIMIYHY CIIOJIYKY 3 BOJHEM, SIK TPaBHIJIO, MPHU3BOIAUTH 0
MIJBUIIEHHS KUIBKOCTI MOTJIMHYTOTO BOJHIO Ta IMOKPAIEHHS BOJIHEBOCOPOIIIHUX
BiactuBocTel. [Ipore, mumaeTbest BIIKPUTUM MUTAHHS, YU ICHYIOTb 1HIL (PaKTOPH, SIK1
0OMEXYIOTh JaHy 3aKOHOMIPHICTb, TOOTO, ur Oyzae OyIb-sIKMi MEeTaJIeBUNA XiMIUHHUMA
€JIEMEHT, 10 Ma€ OUTBIINI aTOMHHMI pajiyc 1 34aTHUI YTBOPIOBATH CTIMKY XIMIYHY
CIOJIYKY 3 BOJIHEM, TIIOKpaIllyBaTUME BOJHEBOCOPOIIIiHI BJIACTHUBOCTI CIUIABY,
30UJIBIITYIOUH TTOTEHIIHHY KIJIBKICTh COpOOBAHOTO BOAHIO. J[J1 TOTO, 11100 BIATIOBICTH
Ha JaHe TUTAHHS, Ta NPU HEOOXITHOCTI, BU3HAYUTU JOAATKOBI KpUTEpii BHOOPY
JIETYBaJILHOTO €JIEMEHTY, OYyJIO MPOBEJCHO aHaTI3 JITepaTypHUX JAHUX JJIsi OOpaHHS
JIETYBAJILHOTO €JIEMEHTY, SIKMM 31aT€H B3a€MOJISATU 3 BOJIHEM, 1 1110 HAUTOJIOBHIIIIE, 3
PO3MIpOM aToMa, OUIBIINUM, HIXK OYJIb-IKUH 13 KOMIIOHEHTIB CILJIaBY.

Amnanizytoun mnitepatypHi mani [115,144,235,236] Oyno BCTaHOBIEHO, IIIO
OUIBILIICTD JOCIITHUKIB JUIsl JIETyBaHHS 1HTepMeTaniaiB Tuny AB;, abo rerepodazuux
CIUTaBiB 31 CTpyKTyporo iHTepMmeTaiiay Ta OL[K-TBepaoro po3unHy, BUKOPUCTOBYIOTh
CJIEMEHTH, SIKi 3HAXOJATHCS B OAHOMY Tepiofi (IIMPKOHIM Ta TadHiit) ado rpymi (Bif
BaHAa/I110 J10 HiKeto) nepioanuHoi cuctemu J.I. Menaeneera pazom 3 Tutanom. [Iporte,
3a3Hau€eH1 €JIEMEHTH, OKPIM LIUPKOHIIO, BAaHA/III0 T4 XPOMY, MalOTh HU3bKY aKTUBHICTb

110 BIJHOIIIEHHIO 0 BOAHIO, 200 B3arajii 3 HUM He pearyoTh. Kpim Toro, eeMeHTH, ski
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3HAaXOJATHCS B OJHINA IPyMi 3 TUTAHOM 1 3HAXOJATHCA MICIS HHOTO, MAIOTh MEHIIHNHA
aToMHHI paziyc [237].

Buxonsuu 3 miteparypuux ganux [238] Oyiio BCTaHOBJICHO, IO ICHYE PSI
JOCIIKEHb,  MPUCBIYCHWX  BUBYCHHIO BIUIMBY JeryBaHHsM P3M  Ha
BOJITHEBOCOPOIIIFiHI BJIACTUBOCTI CILJIaBiB Ha OCHOBI iHTepMmeTamiay Tuiy AB;. Tak,
OyJ0  JOCIDKEHO  BOJHEBOCOPOIMHI  BJIACTMBOCTI  OAHO(A3HOTO  CIUIABY
Ti1,02Cr11Mng sFeo sP3Mg 03 31 cTpykTyporo da3u JlaBeca tuiry C14, neroBanoro P3M
(P3M - La, Ce, Ho), sikuii 3aCTOCOBY€ETHCS B TIOPUIHUX CUCTEMAX 30€piraHHs BOJHIO.
ABTOpH 3a3HAYalOTh, 1[0 BUOIp 3a3HaUeHUX JieryBaibHux eineMenTiB (La, Ce, Ho), ski
MaroTh Beukuil aromuuit paaiyc 0,187-0,179 (am) [239], noB's3aHuil 3 MOXKIIMBICTIO
30UTBIICHHST 00’ €My eneMeHTapHoi komipku ¢asu JlaBeca tumy Cl4, 1 BiMOBITHO,
pazlycy MDKBY3JiB, J€ JIOKQJII3yIOTbCSI aTOMH BOJIHIO MPHU PO3YUHEHHI. Y pPoOOTI
nokasano [238], mo neryBands P3M npu3BoauTh 10 OSIBU Y CTPYKTYPI CILIaBY APYToi
dasu, a came okcuay Ha ocHOB1 P3M, ockinbku atomu P3M enemMeHTiB, Maloyu BUCOKY
aKTUBHICTh MO BIJHOUIEHHIO 1O KHCHIO, <«30HMparOTh» Ha cede pO3YMHEHI B
KPUCTAIIYHIN Tpatii aToMu 1€l qomimku. [IpoTe aBTOpH CTBEpIKYIOTh, IO MiCIs
neryBanHs P3M pocnigpkyBaH1 CIUIaBM, y TOpPIBHSHHI 3 BUXIJIHHMM, BXK€ 3J/1aTHI
MOTJIMHATH BOJACHB NPU KIMHATHIN TeMIlepaTypi Ta BUCOKOMY TUCKY 34-43 MIla, mpu
[IbOMY KUIbKICTb MOTJIMHYTOTO BOJIHIO € BIITHOCHO HU3BKOIO 1 CTAaHOBUTH 1,715 mac. %.

3 BpaxyBaHHSM LIMX PE3yJIbTaTIB, IJis 3alIPONIOHOBAHUX HAMH KPUTEPIiB BUOOPY
JIETYBaJIbHUX €JIEMEHTIB, BAXKJIMBUM € BCTAHOBUTH BIUIMB JieryBaHHs P3M Ha
CTPYKTYpY, (ha30BuUll CKJIa]l Ta BOAHEBOCOPOIIiiTtHI BIACTUBOCTI rerepod)a3Hux CIUIaBiB

cucremu Ti-Zr-Mn-V.

5.3.1. BusHaueHHs1 3aKOHOMIPHOCTEH BIUIMBY JeryBaHHs P3M Ha cTpykTypy Ta
(dhazoBuii cKIaa

JIyisi BCTAaHOBJICHHSI 3aKOHOMIpHOCTeH JsieryBaHHsi P3M Oyno oGpaHo pawire
JIOCJ'Ii)I)KCHi CIlJIaBH Ti47,5Zr30Mn17,5V5 Ta Ti44,182r27,9Mn20,93V7, CTPYKTypa SAKHX

cknagaerbess 3 OLIK-tBepmoro posumny Tta ¢asu JlaBeca. B pobGoti [238] Oyro



236

MoKa3aHo, IO Taki JjeryBanbHi enemeHTH sk La, Ce, Ho BmimBaroTh Ha
BOJIHEBOCOPOIIiiTHI BIIACTUBOCTI CIIJIaBy MaiKe OHAKOBO.

B nanomy nociimkeHH1 B SIKOCTI JIETYBAJIBHOTO €JIEMEHTY 0YJ10 00paHO TOJIbMiit
(Ho), mompm Te, mo cepea 3a3HAYCHHUX PIAKO3EMEIbHUX €JEMEHTIB BiH Mae
HaliMeHIIMK aToMHMU panaiyc (atomuuii pamgiyc La-0,187 Toai sk Ho-0,179 (um)).
Bkazanuii BuOip TOB'S3aHUIl 3 HANBUIIOI TEMIIEPaTypOlO IUIABJIECHHS TOJIbMIIO
(1454 °C), mo € OLIBII BaXJIMBUM JIsl OTPUMAHHS CIUTABY METOJOM JHTTA. [lpn
BUOOP1 TOJIBMIIO SIK JIETYBAJIBLHOIO €JIEMEHTY, OyJI0 BUKOHAHO BCl paHille 3a3HAauYeHI
YMOBH, 1110 TOBUHHI CIIPUSATH MMiABUIIIEHHIO BOJIHEBO1 EMHOCTI CIUIABY, a CaMe, TOJIbMii
Ma€e aTOMHUM pajlyc, OUTbIIMN HIXK OyJb-IKUH KOMIIOHEHT CIUIaBy (ATOMHHUU pajiyc
nupkoHito 0,160 (HM), B IHIIUX KOMIIOHEHTIB IlI€ MEHIIIUI), 1 3/]aT€H yTBOPIOBATH 3
BOAHEM XiMiuHy cniosiyky HoHs.

Sk Oys0 BCTAHOBJICHO 13 JIITEpaTYpHUX JaHUX [26], JUIsl IHTEpMETANI B TUITY
ABj ronoBHMMU BUMOTaMU JJIsi PO3MIIICHHS aTOMa BOJHIO y KOXKHOMY HasiBHOMY
MIKBY3/1 KPUCTAJIIYHOT IPATKH €: pajliyc MisKBY3J1iB IOBUHEH OyTH OinbmmuM 3a 0,4 A;
BIJICTaHb M)XK aTOMaMH BOJIHIO, K1 PO3MIIIEH] Y CYCIAHIX MIKBY3JI51X, TOBUHHA OyTH
oinbmie 3a 1,8-2 A. I gk Gyno 3a3HaueHo y po6oTi [2], Ile 103BOIUTH MaKCUMAJILHO
HAOJM3UTHUCS O TEOPETUYHO MOKIIMBOI BOAHEBOI eMHOCTI 3,9 Mac.% (H/Me ~ 2) nns
JTAHOTO Kjacy maTepianiB. Po3paxoByroun TeOpeTUYHY BOJHEBY €EMHICTh, aBTOPH [2]
BBAXKAJIM, IIO0 YCl HAsIBHI MIDXKBY3JISI KPUCTANIIUYHOI IpaTKu OyIyThb BUIBHUMH JIst
PO3MIIIIEHHSI B HUX aTOMiB BOAHIO. [IpoTte, BioMO, 1110 HASBHICTH JOMIIIOK KHCHIO
CYTTEBO 3HIKYE TMOTEHIIAJl HACUYEHHSI TUTAHOBUX CIUIaBIB BOAHEM. BiAmoBigHO 10
miteparypHux [240] naHux, po3MILIEHHS JUIIE OJHOIO aTOMa KUCHIO B MIXKBY3II
MPU3BOJUTh JO CIOTBOPEHHS CYCIOHIX MDKBY3miB (puc. 5.15) y KOXHOMY
KpucrtajgorpapiyHOMy HampsMKy. Mo)KHa NPUIYCTUTH, [0 OJHIEI0 13 TPUYUH
HEMO>KJIMBOCTI JIOCATTH TEOPETHYHOT BOJTHEBOI EMHOCTI JJIs IHTEpMeETaTiliB TUITY AB>
€ caMe TOM (paxT, 1110 YaCTHHA MIKBY3JIIB, B IKUX IMOTEHIIIMHO MIr OU JOKaJi3yBaTUCS
BOJICHB, BiJl CAMOTO MOYATKy B)KE€ 3alfHATAa aTOMaMU KHCHIO, KPiM IIOTO JOJJaTKOBO
CTHIOTBOPIOETHCS MEBHA KUIBKICTh CYCIAHIX MIXBY3JIB, 1[0 TAKOXK 3aBaXKa€ JIOKaTi3awii

B HUX aTOMIB BOJHIO. BI/IXOI[HIH/I 3 YCbOro BMIIC BHUKJIAJCHOT'O, BBCACHHA TOJIBMIIO y
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rerepodasHi cmnaBu cucremMu 11-Zr-Mn-V okpim anpoOarii kputepiiB BHOOpY
JeTyBaJIbHUX €JIEMEHTIB, JO3BOJHMTH BCTAHOBUTH, UM MOXE OyTH e(dEeKTUBHUM
CIIOCOOOM BIUTMBY Ha KUIBKICTh TMOTJIMHYTOTO BOJHIO BBEICHHS Y CIUIABH TEBHOI

KitbkocTi P3M, 3 MeTO10 iX pO3KUCIICHHS.

Puc. 5.15. Cxema cnoTBOpEHHS! KPUCTAIIYHOI I'PaTKU MIPH pO3TalTyBaHH1 B HIN

JIOMIIIIKOBOT'O aTOMa BTUICHHS

Mexi neryBaHHs rojibMieM Oyjo oOpaHo, SIK 1 IJIsi paHIlie JOCIHIKEHUX
rerepodasnux criaBiB cuctemu T1-Zr-Mn-V (posain 5.1.1.) B ximbkocTi 2 Ta 5 at. %,
110 JJaCTh 3MOTY MOPIBHATH BIUIMB BBEJEHHS T'OJIBMIIO 3 PaHIllle BBEJECHUM BaHAJIEM
(trabn. 5.12). Croci6 BBeJeHHs TOJbMiI0 OyB HACTYNMHUH: BiH 3aMilllyBaB TUIbKU
MapraHellb, JUisl 301IbIIEHHS 3arajIbHO1 KIJTBKOCTI T1APUI0YTBOPIOIOYOTO KOMIIOHEHTY
B CIUIaBi, a TaKOX JJI1 MaKCMMaJbHOTO 30UIBIICHHS 00'€éeMy IpaTKH, BiAOyBasioCs
3aMIIIEHHS OJJpa3y BCIX KOMITOHEHTIB.

st Toro, MO0 BCTAHOBUTH BIUIMB JICTYBAaHHS TOJBMIEM 3a JIONIOMOTOIO
CKaHYyI04O0i €JIEKTPOHHOI MIKpPOCKOIIii OyJI0 JOCTIIKEHO MIKPOCTPYKTYpY CIUIaBiB Y
JUTOMY CTaHl. 3 MPEACTABICHUX MIKPOCTPYKTYp (puc. 5.16) BUAHO, 1110 BBEICHHS Y
CKJIaJl CIUIaBIB TOJIBLMIIO, HE3aJeKHO BiJi HOTO KIJBKOCTI Ta €JIEMEHTIB, SKI BIH
3aMillyBaB, MPU3BOJUTH JI0 3MIH y CTPYKTYypl BUXIAHMX cIUiaBiB. Tak aBodasHa

CTPYKTypa BUXIJTHUX CILJIABIB IPU I0JAaBaHHI OJIbMIIO IEPETBOpHUIIACS HAa TPhOX(ha3Hy
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13 CyTT€BOIO 3MiHOIO Mopororii ¢a3zoBux ckinanoBux. [Ipu mpboMy KiIBKICTH HOBOI

(da3u 4iTKO KOPETIOE 3 KOHIICHTPAITIEIO TOJIBMIIO Y CKIIAJI CILIaBy.

Tabmuns 5.12. HoMiHanbHUI CKIIa OCHTIKYBAHUX CIJIaBiB

Cxitaj crijiaBiB
CmaB at. % Mac. %
Ti Zr Mn V | Ho Ti Zr Mn \Y/ Ho
1 47,5 30 15,5 5 2 3528|4245 [13,20| 3,95 | 5,12
2 47,5 30 12,5 5 5 13356 (40,38 |10,13| 3,76 | 12,17
3 43,29 |27,34| 2051 |6,86| 2 |3252| 39,14 (1768 | 548 | 518
4 41,97 |26,50| 1988 |6,65| 5 | 30,07 | 36,18 |16,34| 5,07 | 12,34

Jlnisa Toro, mo6 iHTEepHpeTyBaTH KOXKHY 3 MPUCYTHIX (a3 Ha MpeICcTaBICHUX

MIKPOCTPYKTYpaxX, a TaKOX BCTAHOBUTH, YW BIJIOYJOCh PO3YMHEHHS TOJIBMIIO Yy

BUXITHUX azax, 3a JIONMOMOTroI0 eHepro-auchepciitaoro anamizy EDAX Oymo

BH3HAUYCHO iX XiMiuHUH ckian (Tab:. 5.13).

SEM HV:
View field

: 111 pm

| 1)
/s

20.0 kV WD: 14.89 mm

Det: BSE

SEM MAG: 5.00 kx Date(m/dly): 09/25/18
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G.V. Kurdyumov IMP

4 i o
SEM HV: 20.0 kV
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SEM MAG: 5.00 kx  Date(mid/y): 11/12/18
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WD: 16.87 mm
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DR

'VEGA3 TESCAN

G.V. Kurdyumov IMP

Puc. 5.16. MikpoCTpyKTypa JIUTOTO CIUIaBY; a — I i475Zr30MnN125VsHos;
0 — Tia1,97Zr265Mn1g 88V6 ssHos
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Buxonsum i3 npencraBieHux maaHux (Tabm. 5.13) MoXHaA CTBEpIKYBaTH, IO
BBEJICHUI Y CIUIaB TOJBMIA MPAKTHYHO HE PO3UMHSIETHCS Yy (Pa30BUX CKIATOBUX
BUXIJTHUX CIUIABIB, a, 3’€JIHYIOYUCh 3 KHCHEM, BHUIAJA€ Yy BUIISIAL OKCHUIY
(6um  kpucramum). [lo oTpUMaHMM JaHUM XIMIYHOTO CKJIQQy KpHCTaIiB Oyio
BCTAHOBJICHO, 110 (ha3a CBITJIO CIPOTO KOJbOPY € IHTEPMETAIIA0M, a TEMHO CIporo -

OLK-TBEpaAuM PO3YNHOM.

Ta6mur 5.13. XiMiuHME CKIIa] CIIBICHYIOUNX (a3

Cmas cknana kpucramis, = 0,03 ar. %

CBITJIO Cipi TEMHO Cipi o1

Ti Zr Mn V Ho Ti Zr Mn Vv Ho Ho O

45,84 | 27,57 |1 20,98 | 5,29 [ 0,32 | 63,31 | 29,50 | 4,49 | 1,96 | 0,74 | 62,49 | 34,96

42,08 | 27,67 | 23,58 | 6,55 | 0,12 | 62,46 | 29,05 | 4,95 | 2,63 | 0,91 | 63,04 | 36,96

31,76 | 23,41 | 33,35 | 11,37 | 0,11 | 64,77 | 28,1 | 4,62 | 1,83 | 0,68 | 63,52 | 36,48

Al w| N -

32,04 | 23,15 33,09 | 115 | 0,21 | 64,48 | 27,71 | 459 | 2,61 | 0,6 | 63,75 | 36,25

Sk BUIHO 3 MpENCTaBIECHUX MIKPOCTPYKTYp (puc. 5.16), yTBOpeH1 KpHuCTaln
OKCHUY T'OJIbMIIO PO3MIIIYIOTHCSI BUKIIFOYHO IO MOBEPXHI KPUCTAIIB IHTEPMETATIIY.
MokHa TPUNYCTHTH, W0 Cerperaiii ToJIbMil0 YTBOPIOIOTHCS HA TOBEPXHI
IHTEpMETANIITHAX KPHUCTANIIB B MpPOLECl KpUcTaiizaulii, a Hajam Hae NOCTYIOBE
HACHYECHHS TOJIbMII0 KUCHEM AU(Y31HHUM IUIIXOM Y TBEPIOMY CTaHI 3 TOCTYIOBUM
YTBOPEHHSIM OKCUIHOI (ha3u.

OckinbkM 32 JOMOMOIO eHepro-aucnepciiinoro anamizy EDAX  Oyno
BCTAHOBJICHO, IIT0 HOBA YTBOPEHA (pa3a 11e OKCUJI, BAXIIUBO OYyJIO 3HATH, SIKA KUTHKICTh
il BXOJIUTh Y CTPYKTYpY ciiaBy. BukopuctoBytouu nporpamy ImageJ Oyio BU3Hau€HO
CHIBBIJHOILLIEHHS KUTbKOCTI (ha3, a TaKOXK iX momnry noBepxHi. Tak y crutaBax 1 Ta 2
(Tabm. 5.13) KUIBKICTh OKCHTY TOJIbMIIO € Ha piBHI 7,74-10,68 %, dha3u JlaBeca Ha piBHI
45,45-41,90 %, a OLIK-TBepaoro po3unHy Ha piBHi 46,81-47,42 %, nipu 11,0My ILI0IIIA
2

NOBEPXHI 1HAMBIAYalbHUX 3€peH cmiBicHytounx ¢a3 craHoBuTh 80+300 MKMm

BIAMOBIAHO. Y crutaBax 3 Ta 4 KUIBKICTh OKCHUJY TOJbMitO cTraHoBUTh 7,85-10,83 %,
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¢azu JlaBeca Ha piBHi 73,24-70,50 % npu npomMy 1uIoI1a MOBEPXHI iX 3€peH CTAHOBUTH
200+-300 mxm?, a kinekicts OLIK-TBepaoro po3uuny - Ha pisui 18,91-18,67 %.

JUJis miITBEpAXKEHHS OTPUMAHUX IaHUX CKaHYIOUO01 €JIeKTPOHHOI MIKPOCKOIT1i Ta
eHepro-aucriepciitHoro ananizy EDAX MeTo/10M peHTTeHIBChbKOTO (pa30BOro aHali3y
Oyno Bu3HaueHO (a30BHil CKiIax AOCIIIKyBaHUX cIuiaBiB (puc. 5.17, tabm. 5.14).
BcranoBieHo, 110 y CTpyKTYpi BCIX TOCHIKYBaHUX CIIaBiB (Tabi. 5.12), He3anexHo
BiJl iX XIMIYHOTO CKJaay, 3aJMIIAIUCH NpucyTHIMU (a3a JlaBeca tumy Cl4 Tta
OLIK-TBepauii po34MH, OKpIM BKa3zaHUX, OyJIO MIATBEPIKEHO HASBHICTH OKCHIY

royibmito ckiany HozOs, a TakoK BUSIBIIGHO CJIU YUCTOTO TOJIBMIIO.
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Puc. 5.17. ludpaxrorpama JIuToro criaBy T ia7s5Zr30MnissVsHo,

[TopiBHIOIOUM 00'eM €JIEMEHTApHOI KOMIPKHM Ta paalyCc TeTpaeapUIHOro
MDKBY3JIs (ha3u JlaBeca 11t BUXITHHX Ta JIETOBAaHUX CIUiaBiB (puc. 5.18) BumgHO, 110
JIETYBaHHSI TOJIbMIEM HE MPHU3BEJIO 10 CYTTEBUX 3MiH, MOIMpPH T€, 110 AaTOMHUHN pajlyc
roapMito 0,179 (HM) € O1IbIIMM Yy TOPIBHSIHHI 3 OY/1b-IKUM KOMIIOHEHTOM cIiiaBy. Lle
MOSICHIOETHCSI TUM, IO T'OJIbMIA MPAaKTUYHO HE PO3YMHHUBCS Yy (a30BUX CKIIAJJOBHX
BUXIJIHMX CIUJIaBiB, a, 3’€IHABIIUCh 3 KUCHEM, YTBOpPUB HOBY ¢asy. IlinBuiieHHs

00’emy eneMmeHTapHoi KoMipku ¢aszu JlaBeca mnsa crmiaBiB 1 Ta 2 y MOpIBHSHHI 3
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BUXIIHUMHU ciuiaBaMu (puc. 5.18) moB’si3aHe 13 CYTTEBUM 3HIDKEHHSIM KUIBKOCTI

Mapraifio y natii ¢asi (tadma. 5.13).

Tabmuis 5.14. TlapameTpu KpuCTaIiYHUX IPaTOK (a3

Cnnas [Tapametpu kpuctanigyaux rpatok + 0,0009 (am)
Jluuii I'iapoBanmii
A-aza B-tdhaza Ho203 Ho A-(haza O-daza Ho203 HoHs
1 a=0,5194 | a=0,3375 | a=1,0270 | a=0,3575 | a=0,5575 | a=0,4585 | a=1,0571 | a=0,6307
¢=0,8533 ¢=0,5649 | ¢=0,9157 ¢=0,6559
5 a=0,5193 | a=0,3374 | a=1,0256 | a=0,3565 | a=0,5578 | a=0,4596 | a=1,0549 | a=0,6306
¢=0,8530 ¢=0,5633 | ¢=0,9162 ¢=0,6558
3 a=0,5185 | a=0,3374 | a=1,0260 | @=0,3569 | a=0,5576 | a=0,4579 | a=1,0572 | a=0,6306
¢=0,8517 ¢=0,5638 | ¢=0,9159 ¢=0,6558
4 a=0,5182 | a=0,3373 | a=1,0266 | @=0,3567 | a=0,5570 | a=0,4580 | a=1,0535 | ¢=0,6303
¢=0,8513 ¢=0,5636 | ¢=0,9150 ¢=0,6555

O6'em enemeHTapPHOI KOMIPKM

dasv Naseca, A3
198,4 199,1 199

198 197,7

Paaiyc TeTpaeapnyHoro

MixXBy3na ¢asu Jlaseca, A

0,386 0,387 0,387 0,386 0,386

190
0,35
170
150 0,3
Bux. 1 2 3 4 Bux. 1 2 3 4

(dazu JlaBeca Tuny C14 nist 1oCiiKyBaHUX CIUIABIB

Puc. 5.18. O6'em eneMeHTapHOI KOMIPKH Ta pajilyC TETPACIPUIHOTO MI>KBY3JIS

LlikaBuM Takok € Tod akT, 1mo BiamoBigHo mo manux JCPDS (International

Centre for Diffraction Data) okcun roneMiro crexiomeTpuunoro ckiany HooOsz mae

napameTp KpuctamiuHoi rpatku 1,0606 (am). Ilpore, BpaxoByrouM BU3HAYCHUI

XIMIYHUH CKJIaJl Ta OTPUMAHUN MapaMeTp KPUCTAIIYHOI IPATKHU ISl OKCUY TOIBMIIO

(B mexax 1,0256-1,0270 (am)), KpiM TOTO, MPUCYTHICTH TOJIBMIIO, SIKAW HE B3a€EMOTISIB

3 KHCHEM, MO>KHa CTBEPJI)KYBATH, 1110 HassBHOTO B CIUJIaBl KMCHIO, IKUH OYJI0 3B’s3aHO

TOJIbMIEM Ipu OTpI/IMaHHi CILIaBy, HEC JOCTAaTHbBO IJIA JOCATHCHHA CTeXiOMeTpI/I‘IHOFO

CKJIaJly OKCH]TY.
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Buxonsuu 3 oTpuMaHuX JaHUX CKaHYIOUYOl €JIeKTPOHHOI MIKPOCKOIIi, €Hepro-
mucnepciinoro anamizy EDAX Ta peHTreHiBchkoro (a3zoBoro aHaiizy, MO>KHA
3pOOUTH Jy>K€ BaXJIMBE YTOUHEHHS JIJISl paHIIle 3alpOIOHOBAHUX KpUTEPIiB BUOODPY
JeryBalbHUX eneMeHTiB. [Ipu BuOopi enemMeHTy [Jid JeryBaHHs, KpiM HOro aTOMHOTO
paaiyca Ta 34aTHOCTI YTBOPIOBAaTHU CTIWKY XIMIUHY CIOJIYKY 3 BOJHEM, OCOOJIHBO
BKJIMBUM (DAKTOPOM € BUCOKA B3a€EMHA PO3UHUHHICTH JIAaHOTO €JIEMEHTY 3 OCHOBHUMH
KOMIIOHEHTaMH CIUIaBY, 110 HE TOBMHHO BECTH J0 YTBOPEHHS HOBHUX (pa3. Y BUMAIKy
HEJI0OCTaTHbOI PO3YMHHOCTI €JIEMEHTY 1 BUJIIJIEHHSI HOBUX (a3 BOJIHEBA EMHICTh MOXKeE

CYTTEBO 3HU)KXYBATUCH.

5.3.2. B3aemoisi 3 BojiHeM ciiiaBiB cuctemu T1-Zr-Mn-V-Ho

Buxonsuu 3 toro, mo npociipkyBaHi (Tabm. 5.13) cruiaBu MarOTh OUTBIINI
po3mip kpucTanitis pasu Jlaseca (80-300 MkM?) y HOPIiBHSHHI 3 BUXiTHUMH CILIABAMH
(2-8 mKM?), MoXHa OuiKyBaTH, IO cIulaBu cuctemu Ti-Zr-Mn-V-Ho Gynyts
B3a€EMO/IISITH 3 BOJIHEM IPU KIMHATHIN TeMIeparypi.

JocaimkyBani crutaBu cuctemu Ti-Zr-Mn-V-Ho, sk 1 Bci paniiine gociimKeHi
(crmaBu Ha oOcHOBI iHTepMeramimy Ty AB; Ta rerepodasHMX 31 CTPYKTYpOIO
inrepmeraniny Ta OLK-tBepmoro po3umHy), Oyno BUTPUMAHO MpU KIMHATHIN
TeMIiepaTypi Ta abcomoTHoMy THCKy BojHio 0,6 MIla Bmpomorxk 24 roauH, ane
BKa3aHI MapaMeTpH T'JIpyBaHHS HE MPU3BEIHU A0 aKTUBALli MOBEPXHI i BIAMOBIAHO A0
aKTUBHOTO TIOTJIMHAHHS BOJIHIO. BBa)karoum, 1110 BKa3aHOT BUTPUMKH HEJIOCTATHBO JIJIS
aKTUBAllll TTOBEPXHI y 3B’SI3Ky 3 MOSABOIO y (ha30BOMY CKJIaJll CILJIaBIB HOBOI (haszu
(OKCHI TOJIbMIO), CIIaBH OYyJIO JTOAATKOBO BHUTPHMAHO NPH BKa3aHUX IapameTpax
BIIPOJIOBXK 24 TOMWH, aje 30UIbIIEHHS 4Yacy BCE OJIHO HE MPHU3BEIO JI0 aKTHBAIIIi
MOBEPXHI1 1, BIAMOBIAHO, 10 TOMITHOTO MOTJIMHAHHS BOJTHIO.

MoskHa TPUIYCTUTH, IO BIJCYTHICTh TOTJIMHAHHS BOJHIO TPH KIMHATHIN
TeMIIepaTypl JOCIIHPKYBAaHUMHU CIUIaBaMH, MOMPH JTOCUTH BEIUKY IUIONIY MOBEPXHI
KpUCTAJIIB IHTEpPMETAJI Ty, OB’ sI3aHa 3 HASIBHICTIO HA iX MOBEPXHi, OKPIM IMPUPOJAHOI

OKCHJIHOT IIJTIBKH, TAKOXX KPUCTaIB OKCUAy roynbmito HoyOs, 1110 CyTTEBO 3HMXKYE X
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KaTaJiTHUHY 3/1aTHICTh, @ TAKOXK YTBOPIOE TOJAATKOBUNA Oap’€pHUM IIap OKCUAY, SIKUH
3aBa)ka€ MPOHUKHEHHIO BOJHIO.

AKTHBHE TIOTTTMHAHHS BOJHIO CIUIaBaMH Oylio 3adikcoBaHe JHINE TIpU
HarpiBaHHi 10 Temneparypu 560 = 10 °C. Ilo BigxwieHHIO Bij] JIHIHHOI 3aJI€KHOCTI
3MIHM THCKY BiJl TemrmepaTypu OyJi0 BCTAHOBJICHO, IO TeMIiepaTypa IOYaTKy
IHTEHCUBHOTO TIOTJIMHAHHS BOJIHIO MPH TMEPIIOMY TiApYBaHHI IJis CILJIaBIB 3 BMICTOM
roaemiro 2 at. % cranoButb ~ 470 = 10 °C, a 3 BmictoM 5 at. % ~ 530 =+10 °C
(puc. 5.19) Tomi K TSI CIIIaBiB, B3SITHX 3a OCHOBY, IIEH MPOIIEC PO3IOYMHABCS MPHU

HIDKYi# Temnepatypi ~ 450 °C (tabum. 5.5).
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Puc. 5.19. 3anexxHicTb TUCKY BOJIHIO BiJ] TEMIEPATYPH MPHU NEPIIOMY T1IpyBaHH1

CILUIaBYy. 4 — Ti47,5Zr30M n15,5V5H02; 0— Ti41,972r26,5M n19,88V5H05

[TosicHuTH TiABUINEHHS TEMIIEPATypH MOYATKY aKTHBHOTO TIOTJIMHAHHS BOIHIO
CIUTaBaMH, JIETOBAaHUMHU TOJIBMIEM, TMPHU MEPIIOMY TiAPyBaHHI, Yy TOPIBHSHHI 3
BUXIJIHUMHU CIUJIaBaMH, MO’KHA IOSIBOIO Y CTPYKTYpl CILJIaBiB OKCUAY TOJbMIIO, SIKUN
pO3TalIOBaHU MO TOBEpPXHI IHIIKUX (PA30BUX CKIAJOBUX, TUM CAMHM CYTTEBO
3MEHIIYIOUM aKTUBHY ILIONLY JUIsl JUcoLialii MoIeKy BoaHo. [Ilpuuomy, sk BUAHO 13
MPECTaBICHUX 3aJICKHOCTEH, 301IbIIEHHS KUIBKOCTI TOJBMIIO Yy CKJIaJll CIUIaBy, a
BI/IMOBIHO, 1 HOTO OKCHUIY B CTPYKTYpI CIUIaBY, MOTPEOY€E BUIIUX TEMIIEpATyp s

aKTUBAIlll TMPOIECYy B3a€EMOJIi 3 BOJHEM. byli0 BCTaHOBJIEHO, IO KUIBKICTh



244

MOTJIMHYTOTO BOJHIO JUIs CIUTABIB Tla75Zr30MnNys5VsHo, ta Tiaz 5Zr30MnizsVsHos, B
SKUX 3aMIHIOBaBCS BUKJIIOYHO MapraHellb Ha rojibMiid, crtaHoButb H/Me ~ 1,71
(mna BuximHoro H/Me ~ 1,81), a nisa nBox iHmmx H/Me ~ 1,60, Toai K 1151 BUX1THOTO
H/Me ~ 1,70. Baxxnuum Oyi0 BCTAaHOBUTH, SIK BIUIMHYJIO JIETYBaHHS TOJBMIEM Ha
KUIBKICTh TOTJIMHYyTOro BojaHIO (hazoro JlaBeca Ta OLK-TBepauM po3unHOM.
[lepepaxyBaBilid OTpUMaHy KUIBKICTh TOMIMHYTOTO BOJIHIO, HAa BHU3HA4YEHYy 3a
JornomMororo nporpamu Imagel 3aranbHy KinbkicTh ¢aszu JlaBeca Ta OLIK-TBepmoro
PO34YMHY Y CIUIaBl, MOXKHA CTBEPJIKYBATH, L0 iX BOJHEBA EMHICTh 3aIMIIIUIIACS Malixke
HE3MIHHOW. [losiCHUTH 3MEHIIIEHHS 3arajbHOi KIJIBKOCTI MOTJIUHYTOTO BOJIHIO
JOCTIDKYBAaHUMU CIDIaBaMHu cucteMu T1-Zr-Mn-V-HoO, y TOpiBHSHHI 3 BUXITHUMH,
MOKHa MPUCYTHICTIO B CTPYKTYp1 CIUJIaBy OKCHUIY TOJbMiI0 Ha piBHi 7,74-10,83 %,
KWW caM HE B3aEMOJIE 3 BOJHEM, ajie TIPU IIbOMY POOHTH CYTTEBHUU BHECOK Yy Macy
CILIaBY.

MetonoM peHTreHiBcbkoro ¢a3oBoro aHaiizy Oyjio BCTaHOBJICHO, IO TPHU
HAaCHYEHH1 JOCIIKYBaHUX CIUIABIB BOJHEM JIEKOMMO3UIIIOBaHHSA (a3 (yTBOPEHHS
HOBUX (ha3 IpU HACUYCHHI BOJAHEM) HE BiJIOYBAETHCS, & YTBOPIOIOTHCS JIUIIIE T1PHUIN

Ha OCHOBI BuXinHux ¢a3 (puc. 5.20).
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Puc. 5.20. /Tludpaxrorpama riapoBaHoro criaBy Tisz75Zr3MnissVsHo,



245

BinmoBigHO 10 JaHUX PEHTTEHIBCHKOTO (Pa30BOTO aHai3y MPOAYKT TApyBaHHS,
OTPUMaHUIl TpU HACHYCHHI JOCTIDKYBaHUX CcIUIaBiB cucrtemu [i-Zr-Mn-V-Ho
BOJIHEM, CKJIQJAa€ThCsA 3 O-TApUIY Ta TiApuay Ha ocHOBI (a3u JlaBeca, Takox
3aJUIIUBCS MPUCYTHIA OKCUA ronbMito. OKpiM BKazaHux ¢a3 OyJo BHUSBICHO CIiTU
riipuay rojpMito crexiomerpuunoro ckiaaay HoHs. [lapameTpu kpucraaiyHuX IpaTok
criBiCHYIOUYHUX (a3 I TOCTIHKYBAaHUX CILIaBIB MIPECTaBIICHO B Ta0uIl 5.14.

3 MOPiBHSIHHSA IMapaMeTPiB KPUCTATIYHUX IPATOK OKCHIY TOJibMito (Tabi. 5.14)
BUJIHO, IO ICJIS TiApYBaHHS BIAOYBA€THCS CYTTEBE 30UIBIIEHHS IapaMeTpy y
MOPIBHSAHHI 3 BUXIJHUM CTaHOM. MO’KHa MPUIYCTUTH, 11O 30UIBIIECHHS MapaMeTpy
KPUCTAJIIYHOI IPATKU OKCHYy TOJbMIIO BIJOYBA€THCS BHACIIIOK JTOAATKOBOI COpOIIi
aTOMIB KHCHIO IPY HarpiBaHHI, sIK1 3HAXOAWIIMCS HA TTOBEPXHI Ta/a00 B 00’ €Mi 3pa3ka.
Ile nmoB’si3aH0 3 M00YI0BOIO OKCcUIy 10 cTtexioMmeTpii Ho2O3, oCKiIbKHM caMe Takuit
CKJIaJ, € CTaOUILHUM B JIaHIM cucTeMI. 3a3Hau€HYy BJIACTUBICTH TOJBMIIO 3B’SI3yBaTH
KHUCEHb MOXHa OyJ0 O BHKOPHUCTOBYBATH JJisi TMOKPAIEHHS BOJHEBOCOPOLIIMHUX
BJIACTUBOCTEH, BHACIIJOK 3MEHIIECHHS KUJIBKOCTI aTOMIB KHCHIO (aTOM KHUCHIO y 16
pa3iB OuIbIlle 3a BOJCHB), IO OyJIW PO3YMHEH! y KPUCTAIIUHIN TIpatii maTepiany,
OYMCTHBINM TAaKUM YWHOM MDKBY3/IS Uil atoMmiB BoaHio. [IpoTe, BpaxoByrouwn
co01BapTICTh TOJIBMIIO Ta BIUIMB YTBOPEHOTO OKCUJY TOJIbMII0 Ha BOAHEBOCOPOIIiHI
BJIACTUBOCTI Ta 3arajibHy KUIbKICTh TOTJMHYTOTO BOJIHIO CIUIAaBOM, MOJKHA
CTBEP/KYBATH, 110 HOTO 3aCTOCYBaHHS € HEC()SKTHBHUM.

Jins criaBiB cuctemu Ti-Zr-Mn-V-Ho, sk 1 m1st ycix paHimie TOCTIIKSHUX
CIJIaBiB (CIUIaBU Ha OCHOBI IHTepMeTaniay Tuy AB; Ta rerepodasHux 31 CTpyKTYpOIO
inTepMeraniny ta OLIK-TBepmoro po3duuHy) OyJi0 MPOBEACHO IOCHIKCHHS 3MIHU
XapaKTEPUCTHK B3a€EMOJII 3 BOJHEM MPU HACTYIMHUX IMKIAX copOmii — mecopOrrii.
HeoOxiaHicTh TaKOTo AOCIIPKEHHSI OB’ sA3aHa 31 BCTAHOBJICHHSIM 3aKOHOMIPHOCTEH
BIUIMBY BUXIJHOI CTPYKTYpH Ta (Pa3oBOro Ckjaay IOCIIDKYBAaHUX CIUIABIB NpHU
apyromy rifgpyBaHHi. Jpyruil mukia copOiii BOJHIO MPOBOAMBCS TMPU KIMHATHIN
Temneparypi Ta abcomtorHoMy TucKy 0,23 MIla. AKTUBHE MNOTJIMHAHHS BOJIHIO

HE3aJIe)KHO Bi (Pa30BOTO CKJIaay, CIIBBIIHOIIEHHS 00’ €MHUX YacTOK (a3 Ta IO iX
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MOBEPXHI PO3MOYANIOCs 3 MEpPUIMX CEeKyHJ KOHTakKTy 3pa3ka 13 BOJEHBMICTKUM
CEPEIOBHUIIEM 3 BUCOKOIO IMIBHIKICTIO.

Jns cmmaBiB  cucreMu  T1-Zr-Mn-V-Ho  chiBcraBistirour  oTpuMaHi  IaHi
CKaHyI04Oi eJIEKTPOHHOI MIKPOCKOIii, eHepro-aucrnepciitnoro anamzy EDAX Ta
PEHTTeHIBCHKOTO (pa30BOr0 aHallily, a TaKOXk B3a€MOJIIi 3 BOAHEM, MOXKHA 3pOOUTH
BKJIMBE YTOUHEHHS JIJISl paHIlIE 3alpOIIOHOBAHUX KPUTEPIiB BUOOPY JIETryBaJIbHUX
eneMeHTiB. [Ipu BUOOp1 eneMeHTy JJIs JIeTyBaHHs, OKpIM HOro aTOMHOTO pajiyca Ta
3IaTHOCT1 YTBOPIOBATH CTIMKY XIMIUHY CITOJYKY 3 BOJIHEM (B1J’€MHE 3HAUCHHS 3MIHH
eHeprii npu (OpMyBaHHI XIMIYHOI CHOJIYKH), OCOOJIMBO BaXKJIIUBUM (PAKTOpOM €
BHCOKA B3a€MHA PO3YMHHICTD IAHOTO €JIEMEHTY 3 OCHOBHIMH KOMIIOHEHTAaMHU CILIaBY,
0 HE MOBUHHO BECTH [0 YTBOPEHHS HOBUX (a3. Y BuUMAAKy HEIOCTaTHHOI
PO3YMHHOCTI €JIEMEHTY 1 BUJIUIEHHSI HOBUX (Da3 BOAHEBA EMHICTh MOXE 3HH>KYBATHUCS

Ta MOTIPIITYBATUCh KIHETUKA MPOIECy COPOIIil MpU MepIIOMY T1IpyBaHHI.

Ha rerepodaszuux craBax Ha ocHoBi OLK-TBepaoro po3umHy cucTteMu
Ti-Zr-Mn-V 6yj10 BCTaHOBJICHO, 110 HAa aKTHBAIIIO IIPOICCY MOITTHHAHHS BOIHIO IIPU
KIMHATHIM TeMmriepaTypi Ta TucKy BojaHio 0,6 MIla kputuuHuM (GakTopoMm € po3mip
kpuctamTiB (asu JlaBeca. Tak Oyno moka3zaHo, IO TPH TUIONI TOBEPXHI 3€PEH
2+8 MKM? (M1 BUXiJHOI JIUTOI CTPYKTYpH) IPOLEC B3AEMOIII 3 BOIHEM IPH MEPLUIOMY
riipyBaHHI BiI0YBAETHCS BUKIIIOUHO MPU HarpiBaHH1 10 Temneparypu 520 °C, Toxi sik
30UIbINEHHS IUIONI KpHCTamTiB o 804320 MKM? 3aBISKM Bimmany [JO3BOJISIE
HACHYYBaTH CIUIaBM TP KIMHATHIM  Temmeparypi. 3OUIbIICHHS PO3MIpPIB
1HIUBIAyalbHUX (H)a30BUX CKJIAJOBUX BUKIMUKAE OUIBIIY HEBIAMOBIAHICTH 00’ €MHHUX
edekTiB Ha Mik(a3HUX TPAHUIISIX MK CYCIIHIMU KPUCTAJIAMH Ha TIOYaTKOBUX €Tarax
HABOJHCHHS, 10 BEJC 0 PyHHYBaHHS TMOBEPXHI CILUIaBY 3 YTBOPCHHSIM TPIIIHH, Ta
MMOAJIBIIIO] aKTUBAIlI] B3a€MOIIT 3 BOJHEM.

B nganomy posmini Ha mnpukmani rerepodasHux cmiasiB  Ti-Zr-Mn-V,
Ti-Zr-Mn-V-Cr ta Ti-Zr-Mn-V-Ho 3i ctpyktypoto inTepmeraniny tumy AB; Ta OLIK-
TBEPJIOTO PO3UMHY alpoOOBAHO PaHiIlle 3alPOIIOHOBAHI KPUTEPii BUOOPY JIETyBATBHUX

€JIEMEHTIB Ta 3pO0JIEHO Ba)KJIMBl yTOUHEHHS.
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Ha npuknami cmmaBy cuctemu TI-Zr-Mn-V Tta xommosuty Ti-Zr-Mn-V+Mg
OyJO eKCIepUMEHTALHO JOBEAEHO, IO MPU BUKOPUCTAHHI Y SIKOCTI MEPBUHHOTO
JoKepelia aTOMApHOTO BOJHIO, @ HE MOJIEKYJISIPHOTO, BIAETHCS MPU JOCUTh M SIKHX
YMOBaX (TUCK BOJIHIO OJM3BKHI 10 aTMOC(hEpPHOr0) HACHYYBAaTH MaTepiaiy (MarHii ta
OLIK-TBepail po3YMHM Ha OCHOBI TUTaHY), AKI MPH 1HAUBIIYaTbHOMY TiJpyBaHHI
noTpeOyIOTh TOCUTH KOPCTKUX YMOB akTuBalii (HarpiB 1o temmepatypu 400-600 °C

Ta BUTPUMKA BIIPOJIOBXK JIEKIIBKOX TOJIMH).

5.4. BUCHOBKH J10 PO3ALITY

1. JloBeneHo, 10 momepeaHs TepMmiuHa 00poOka (BiAmaa Mpu TeMmmeparypi
900 °C Bmpomox 10-70 roauH) € e(EKTUBHUM CHOCOOOM BIUIMBY Ha
BOJHEBOCOPOIIIHI BIACTUBOCTI rerepodazHux cruiaBiB Ha ocHoBi OIIK-TBepsoro
po3uuny. [lpu Bignami craBiB BiAOyBaeTbCA KOAryJsislisl CHIBICHYIOUMX (Da3oBuX
CKJIaJIOBUX, MPHU3BOASYM J0 I1HTEHCHU(]iKaIli B3aeMOJii 3 BOJHEM 1 MOKJIHBOCTI
HACHUYYyBaTH JOCIIHKYBaHI CIUIaBM BOJHEM IPU KIMHATHIA TeMIepaTrypi Ta THUCKY
0,6 MITa.

2. Ha mpukiani criaBiB cuctemu T1-Zr-Mn-V-Cr Oyno eKCIEpUMEHTAIBHO
JOBECHO, 10 TEPMIYHA CTa0UIBHICTh T1IPUAIB, OTPUMAHUX Ha OCHOBI ¢a3u JlaBeca
tunty C15 y nopiBasiHHI 3 C14, 3HaYHO HUXKYA.

3. 3anponoHOBaHO CMOCi0 HAacHYEHHS BOJHEM MarHiro 0€3 MoIepeaHbOro
JIOBrOTPHUBAJIOTO MepeMinTyBaHHs a00 po3MentoBaHHs. [Toka3aHo, 110 3aCTOCYBaHHS Yy
SKOCTI JpKEpeJia BOJIHIO CyMmili TiapuaiB Ha ocHOBI (a3u JlaBeca Ta OLIK-TBeporo
pO34UMHY HE MOTpeOye CTBOPEHHS Ha TOBEPXHI MAarHil0 OCOOJMBHX YMOB MJis
JMCOITIAIli MOJIEKYJ BOJHIO, OCKIIBKH BOJIEHb, SIKUM BUILISETHCS 13 3a3HAYEHUX
TiApUIB TIPU HArpiBaHHI 3HAXOAUTHCS B aTOMApPHOMY CTaHI ¥ B MICIAX IIUIBHOTO
KOHTaKTy MK YaCTUHKAaMH 3/1aTeH MU yHIyBaTH B MarHiu.

4. Ha npukinazi crutaBiB cuctem# Ti-Zr-Mn-V-Ho 6yio noBezeHo, 1110 BBEACHHS
y CIJIaB €JIEMEHTY, KU Ma€ OUTbIINI aTOMHUHN pajilyc 1 31aT€H YTBOPIOBATH 3 BOJAHEM

CTIMKY XIMIYHY CITOJIYKY, aJle HE Ma€ OCTaTHbOI B3a€EMHOI PO3UYMHHOCTI 3 OCHOBHUMU
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KOMIIOHEHTaMH  CIUIaBy, MPHU3BOAUTH [0 TOTIPIIEHHS BOJAHEBOCOPOIIIHUX
BJIACTUBOCTEHN (HEMOXKJIUBICTh HACHYEHHS CIUIABIB BOJHEM MPU M’ SIKUX YMOBax) 1 70
3HIDKEHHS KIJTBKOCTI IMOTJIMHYTOTO BOJTHIO.

5. Jlns Bcix pochimkyBaHuX ciuiaBiB Ha ocHoBl OLIK-TBepmoro po3unny
30epiraroThCs paHillie BCTAHOBJICHI 3aKOHOMIPHOCTI, 1110 ITPH HACUYEHH1 YTBOPIOIOTHCS
TIAPUIA TUTBKM HAa OCHOBI BUXITHUX (Da3, a Takok Te, IO MICs LUKy copOIis-
JecopOITis, He3JICKHO BiJ YMOB TEPIIOTO TiAPYBaHHS, MPOIIEC B3aEMOJIIi 3 BOJHEM
B1I0OYBa€ThCS BXKE€ NpH KiMHATHIM Temmepatypi Ta Tucky 0,23 Mlla 3 Bucokoro

MIBUIKICTIO.
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Y3AT'AJIBHIOIOYI BUCHOBKH

Ha ocHOB1 KOMIUIEKCHUX €KCIIEPUMEHTAIbHUX JIOCTII)KEHb BU3HAYEHO OCHOBHI
KpuUTepii Ta po3podieHo (H13UKO-TEXHOJOTTUHI 3aca il CTBOPEHHS HOBUX MaTepiaiB-
aKyMyJIATOPIB BOJHIO 3 MOKPAIIEHUMHU BOJHEBOCOPOLIIHUMU XapaKTepUCTUKaMH Ha
OCHOBI CIUIaBIB THTaHy, 10 € HEOOXITHOI MEPEAYMOBOIO MOJAJIBIIOTO YCIIIIHOTO
3aJIOBOJICHHS TPAKTUYHUX TMOTpeO BOmHEBOI eHepreTuku. OCHOBHHUMH HayKOBHMH
pe3yJibTaTaMu PoOOTH € HACTYIIHI.

1. Ha mpukiani 6araTOKOMIIOHEHTHUX CIDIaBiB cuctem T1-Zr-Mn-V, Ti-Zr-Mn-V-Cr
ta Ti-Fe-Mn Oymo copmyiboBaHO cTpaTerito BUOOPY JIETYBaIbHHUX CIEMEHTIB IS
30UIBIICHHST  3arajlbHOI  KUIBKOCTI  MOMJIMHYTOTO  BOJHIO Ta  TOKpAaIEHHS
XapaKkTepUCTUK copOlii-necopOIlii, ska TMOJsAra€ y BUKOPUCTAHHI JIETyBaJIbHUX
€JIEMEHTIB 3 OUTBIIIMM aTOMHHUM PajilyCOM Ta 37aTHICTIO CTBOPIOBATH CTIAKY XIMIYHY
CIIOJIYKY 3 BOJHEM (BiJI’€MHE 3HAUEHHS 3MIHU BUIBHOI €Heprii mpu (QopMyBaHHI
XiMI4HOi crnioyiyku). [TokazaHo, 110 4acTKoBa 3amMiHa KOMIIOHEHTIB CILIaBY, SIKI HE
B3a€EMOJIIIOTh 3 BOJHEM (MapraHeilb), Ha eJleMeHT (BaHaJld Ta XpOM) 3IaTHUN
YTBOPIOBATH CTIMKY XIMIYHY CIOJIYKY 3 BOAHEM, Ta 3 OUIBIIUM aTOMHHUM PaJilyCcoM, IO
30UIBIIYE  pO3MIp  TETPACNPUYHOTO  MIKBY3Jsl Ta  3arajbHy  KUIBKICTb
TAPUI0OYTBOPIOIOYOTO €IEMEHTY B CIUIaBi, 3a0e3euye JOCSITHEHHS BHIINOI BOJTHEBOI
€MHOCTI Ta MOKPAIIeH]1 XapaKTepUCTUKH cOpOLIii-IecopOliii BOIHIO.

2. Ha npuknaai onHoda3HUX CIUIaBiB 31 CTpykTypoto ¢asu JlaBeca Ta retepodasnux,
110 CKJIanarThes 3 pa3u JlaBeca Ta OLIK-TBepaoro po3unny cucremu Ti-Zr-Mn-V-Cr,
OyJI0 €KCIEepUMEHTAIBHO JOBEACHO, IO 3aMIIICHHS JIETYBAJbHUX EJIEMEHTIB, SIKE
OpU3BOJIUTH 10 3MiHM y (a30BOMY CKJali, a came, JO YaCTKOBOTO abO TMOBHOIO
nepexony Bix ¢a3u JlaBeca crpykrypHoro tuny C14 (I'LLLY rparka) mo tumy C15
(F'IK) 13 3MeHIIEHO KUTHKICTIO aTOMIB Ha €JIEMEHTapHY KOMIPKY Ta 3MEHIIECHUM
paailycoM TeTpaeApuIHUX MIKBY3IiB, 3a0e3Meuye BaKINBE 3 MPAKTUIHOI TOYKH 30Dy
3HMKEHHS TEPMIYHOI CTaOUTLHOCTI OTPUMAHOTO T1Ipuly Ha ocHOBI (pa3u JlaBeca.

3. Hna 30uIblIEHHS BOJHEBOI €MHOCTI  CIJIaBy KPUTHYHO  BaXKJIMBOIO

XapaKTePUCTUKOI TPU BUOOP1 JIETYBAJIILHOTO €JIEMEHTY € HOTOo JIOCTaTHS B3aEMHa
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PO3UMHHICTh 3 OCHOBHUMHU KOMIIOHEHTaMH CIUIaBY, 110 MA€ 0COOJIMBE 3HAYCHHS IIPU
BUKOPHUCTaHHI PIIKO3eMEIbHUX efeMeHTIB. [Ipu HeBIAMOBIIHOCTI JAHOMY KPHUTEPIIO,
B1IOYBalOThCS 3MIHM y CTPYKTypl Ta (a3oBOMY CKJIaJii BHXIJHOTO CIUIaBy, IO
OpU3BOJAUTH /O 3MEHIICHHA 3arajbHOi KIJIBKOCTI MOTJIMHYTOrO BOAHIO. JlaHa
3aKOHOMIPHICTh MIATBEP/PKEHA BBEJCHHSAM Yy rerepodasHi cruiaBu Ha ocHoBi OLIK-
TBEPAOIr0 po3unHy cucremu TI1-Zr-Mn-V roipmiro, sSIKuii, HE3Ba)KalOUM Ha OLTBIIHIA
aTOMHUH pajlyc, HIX Oy/Ib SIKUH 1HIINI KOMIIOHEHT CILJIaBy, Ta 3JaTHICTh yTBOPIOBATH
CTIMKYy XiMiuHYy crnoiyky 3 BojgHeMm (HoHs), mpu3BoauTh 10 3HMXKEHHS 3arajbHOi
KUJIBKOCTI MOTJIMHYTOTO BOJHIO BHACTIAOK (POPMYBaHHS OKCHIHUX BUJIIEHb.

4. ExcnepuMEHTaJIbHO JIOBEJICHO, 10 HaWOUIbIl MEPCHEKTUBHUMU 3 TOYKH 30pYy
BHUCOKOiI BOJHEBOT eMHOCTI (10 H/Me ~ 1,81), miBuaKOi KIHETUKU cOpOIii-necopOrii
BOJIHIO Ta M’SIKUX TEPMOOAPUYHMX YMOB TifpyBaHHs (THCK BoaHio 0,23-0,6 Mlla Ta
KIMHaTHa TeMIiepaTypa) € rerepodasHi cruiaBu, 1o ckianarTses 3 OLK-TBepaoro
po3unHy Ta (a3u JlaBeca. BcraHoBneHo MexaHi3M iX B3aeMOJli 3 BOJHEM IIpH
KIMHATHIA TeMIepaTrypi Ta BU3HAYEHO pOJIb KOKHOI ()a30BOi CKJIAI0BOI B IPOLECI
riIpyBaHHs, TUM CaMUM MOsICHEHa MOXIHBICTh HacuueHHs: OLIK-TBepaoro pozuuny
npu KiMHaTHIA Temmepatypi. [loBepxHs kpuctamB ¢a3zu JlaBeca € CBOEpITHUM
KaTaxi3aTopoM IPOIECy TiAPYyBaHHS, Oy Iydr MICISAMHU IIBUIKOI JUCOIAIT MOJICKYI
Ta 3a0e3Medyroud MIBUIKE MPOHUKHEHHS aTOMapHOrO0 BOJHIO BIIMO Marepiay,
MaKCUMaJibHa HIUIbHICTh KOHTAKTY MK CHIBICHYIOUMMH (ha3amMu MoJIermye audysito
BOHIO uepe3 MixkdaszHi moBepxHi B OLIK-TBepanii po3unH, KpucTaiuHa rpaTka sKoro
XapaKTepU3y€eThCs BUCOKOIO BOJHEBOIO EMHICTIO.

5. Beranogieno, mo tepmiyda o0poOka (Bianan npu temmepatypi 900 °C BnpoaoBxk
10-70 roaun) rerepoda3Hux criaBiB 31 cTpykTyporo (a3u JlaBeca Ta OLIK-TBepmoro
pO3uuHYy, sika 301IblIy€e po3Mipu (a30BUX CKIaJOBHUX Oe3 3MiHM (Pa3oBOro ckiany,
MO3WTHUBHO BIUTUBAE HA BOJHEBOCOPOIIIHHI BIACTUBOCTI, CKOPOUYIOUH YaC HACUUYCHHS
MaTepiaqy BOJHEM abo0 3HWXKYIOUM TeMIleparypy TiApyBaHHS 1O KIMHATHOI.
OtpumaHuil pe3yibTaT 03BOJISIE CTBEPIKYBATH, L0 y rerepodasHiii CTPYKTypi
KPUTHYHUM (DAKTOPOM ISl aKTHBAIIIi IIPOIIECIB B3aEMOJIT 3 BOJHEM NPH KiIMHATHIM

TeMIlepaTypi € po3Mip KpuctaiiTiB ga3u JlaBeca. MexaH13M AaHOI aKTUBALIli MOJSATAE
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B HEBIAMOBIIHOCTI 00’€MHHMX €(eKTiB MNpU TiApyBaHHI CHIBICHYIOUHUX (Pa3oBHUX
CKJIa/IOBUX, SIKa MiJICUIIOETHCS MPH 301IbIIEHHI PO3MIPIB KPUCTATITIB, IO BEAE 10
PO3TPICKYBaHHS MaTepiaiy 3 YTBOPEHHSIM HOBUX IOBEHUIbHUX TTOBEPXOHb.

6. ExcnepuMeHTaibHO JAOBEJCHO, IO MPOBEACHHSA NEPIIOTO LHUKIY COpOIis-
JlecopOIIist BOJIHIO CIJIaBaMU, HE3aJIe)KHO BiJI iX BUX1JIHOI CTPYKTYpH, (pa30BOT0 CKIaay
Ta JOCHIPKYBaHOI CHUCTEMHU JIETyBaHHA € €(QEeKTMBHUM CIOCOOOM aKTHBallii
NOJaJbIINX IUKIIB cOpOIii-gecopOriii BOAHIO, AKI peani3yloTbcs MpU KIMHATHIM
temrnepatypi 1 HeBucokoMmy Tucky (0,21 MIla), npu 11s0My KiTBKICTh MOTJIMHYTOTO
BOJHIO MareplajamM 3aJMIIAE€TbCI HE3MIHHOIO IMPH 3HAYHOMY CKOPOYEHHI Yacy
NOCSTHEHHA I1i MaKCUMAaJIbHO MOJKJIMBOIO 3HAYEeHHA. MexaHI3M TakKol aKTHBAallll
MoJiirae B JUCIEPryBaHHI MOHOJIITHOTO 3JIMBKY JI0 CTaHy IOPOIIKY B TMIpoleci
MEpIIOTO LUKy copOLii-aecopOIi, Mo CynpoOBOIKY€EThCS 30UIBIICHHSIM aKTUBHOT
TUTOII TTOBEPXHI JJIA AUCOIIAIT MOJIEKYJ BOJHIO, Ta OYUIICHHIM paHIIIe iICHYIOUHX
MOBEPXOHb MaTepialy BiJl HASBHUX Oap’€pHUX OKCUIHUX IJIIBOK aTOMAapHUM BOJHEM,
10 MPUCKOPIOE KIHETUKY cOpOLIii-IecopOLii BOJHIO TAKOK METAIIEBOIO CUCTEMOIO.

7. OTpUMaHO MPAKTHYHO BAXKIMBHM pPE3yJbTaT IIOJAO MOMKIUBOCTI 3HUKCHHS
co01BapTOCTI CILIaBY-aKyMYJISITOPY BO/THIO, oe3 MOTIPIICHHS Horo
BOJHEBOCOPOIIINHUX XAPAKTEPUCTUK Ta 3HUKEHHS KIJTBKOCTI MOTJIMHYTOTO BOJHIO,
[IUIIXOM 3aMiHM BUCOKOYMCTHUX BUX1THUX MaTepialiiB HA €IEMEHTU TEXHIYHOT YUCTOTH
13 30UIBIIIEHUM BMICTOM JIOMIIIIOK, MPU YMOBI BIJAMOBIAHOCTI (PAa30BOT0O CKIALIY.
Po3po0neHo TEXHONOTIYHY CXeMy OTPMMaHHS MAaCHUBHUX 3JUBKIB METOJIOM
IHAYKIIHHOT I1aBku B THIIAX 3 Al,O3, sika Moke OyTH 3aCTOCOBaHA B IIPOMHCIIOBOCTI.
JlaHa cxema 3a0e3nedye BiJICYTHICTh CYTTEBOI B3a€MO/IIi MK MaTepiajJoM THUTJIIO Ta
pO3IUTaBOM, 30€epirarouu JOMyCTUMHUN BMICT JOMIIIOK QJFOMIHIIO B CILJIaBi, 3aBISKH
4OMY JI0CSTAEThCSl HEOOXiJHA HOT0 CTPYKTYypa, (ha30BUM CKJIaj] Ta BOJHEBOCOPOIIIHHI

BJIACTUBOCTI.



252

CIIMCOK BUKOPUCTAHUX JIKEPEJI

1. K.T. Moller, T.R. Jensen, E. Akiba, HW. Li. Hydrogen - a sustainable energy
carrier, Prog Nat Sci. 2017. V.27. C. 34-40. https://doi.org/10.1016/j.pnsc.2016.12.014

2. B. H. Bep6eukuii, C. B. Mutrpoxun. CBoiicTBa METaIUIOTUIPUAOB U MEPCIEKTUBBI
WX UCTonb3oBaHus1, Mamepuanoseoernue. 2009. C. 48-59.

3. B.II. Tapacos. [Ipo6nema xpanenus Bojgopoxa. Poc. Xum. JKypuan. 2006. L(6).
C. 11-29.

4. Bellosta von Colbe J. J-R. Ares, J. Barale, M. Baricco, C. Buckley, G. Capurso, et
al. Application of hydrides in hydrogen storage and compression: achievements,
outlook and perspectives. Int J Hydrogen Energy. 2019. V. 44. P. 7780-7808.
https://doi.org/10.1016/j.ijhydene.2019.01.104

5. B.II. Tapacos, M.B. Jlotoukuii. BogopoaHas sHepreTvka: mpouuioe, HacTosIiee,
BUbI Ha Oyayiee. Poc. Xum. JKypnan. 2006. L(4). C. 11-29.

6. O. bakmunkas-KameneBa. Bogopomnass sHepretnka oOpeueHa Ha ycHex.
Poccuiickue nanomexnonocuu. 2009. T. 84. C. 14-19.

7. B. Viswanathan, Hydrogen storage. In: Energy sources, fundamentals of chemical
conversion processes and applications. Elsevier. 2017. P. 185-212.
https://doi.org/10.1016/B978-0-444-56353-8.00010-1

8. K. Hirose, M. Hirscher, Handbook of Hydrogen Storage: New Materials for Future
Energy Storage (Wiley, Hoboken, 2010).

9. R.A. Varin, T. Czujko, Z.S. Wronski, Nanomaterials for Solid State Hydrogen
Storage (Springer, Berlin, 2009). https://doi.org/10.1007/978-0-387-77712-2

10. P. Chen, M. Zhu. Recent progress in hydrogen storage. Mater. Today. 2008. V. 11.
P. 36-43. https://doi.org/10.1016/S1369-7021(08)70251-7

11. S.S. Srinivasan, D.E. Demirocak. Metal Hydrides used for Hydrogen Storage,

in Nanostructured Materials for Next-Generation Energy Storage and Conversion:
Hydrogen Production, Storage, and Utilization, ed. by Y.-P. Chen, S. Bashir, J.L. Liu
(Springer, Berlin). 2017. P. 225-255. https://doi.org/10.1007/978-3-662-53514-1



https://doi.org/10.1016/j.pnsc.2016.12.014
https://doi.org/10.1016/j.ijhydene.2019.01.104
https://doi.org/10.1016/B978-0-444-56353-8.00010-1
https://doi.org/10.1007/978-0-387-77712-2
https://doi.org/10.1016/S1369-7021(08)70251-7
https://doi.org/10.1007/978-3-662-53514-1

253

12. G. Principi, F. Agresti, A. Maddalena, S.L. Russo. The problem of solid state
hydrogen storage. Energy. 2009. V. 34. P. 2087-2091.
https://doi.org/10.1016/j.energy.2008.08.027

13. Y. Ohsumi. Hydrogen absorbing alloy—property and application. AGNE. (1993).

(in Japanese).

14. K. Ohnishi. The latest technologies of hydrogen-absorbing alloys. CMC. — 1994. —
(in Japanese).

15. B.H. Bep6enkuii, C.B. Mutpoxut. ['uapuasl ”HTEpMETAINYECKUX COSTMHEHUN
— CHHTE3, CBOWCTBa, MNPUMEHEHUWE JJs  AKKyMYJHUPOBaHUS  BOAOBOJA.
Anvmepuamuenas snepeemuxa u sxonozus. 2005. T. 10. C. 20-30.

16. V.A. Yartysa, M.V. Lototskyy, E. Akiba, R. Albert, V.E. Antonov. Magnesium
based materials for hydrogen based energy storage: Past, present and future, Int. J.
Hydrog. Energy. 2019. V. 44. P. 7809-78509.
https://doi.org/10.1016/j.ijhydene.2018.12.212

17. A. A. lllkona. DI3UKO-TEXHOJOrIYHA aHaji3a HABOJHEHHS TUTaHy y PI3HUX
cranax, Memannogus. nosetimue mexnon. 2016. T. 38, Ne9. C. 1213-1231.
https://doi.org/10.15407/mfint.38.09.1213

18. S. Satyapal, J. Petrovic, C. Read, G. Thomas, G. Ordaz. The U.S. Department of

energy's national hydrogen storage project: progress towards meeting hydrogen-
powered vehicle requirements. Catal Today. 2007. V. 120. C. 246-256.
http://dx.doi.org/10.1016/].cattod.2006.09.022

19. A. Godula-Jopek. Hydrogen storage options including constraints and challenges.

In: Godula-Jopek A, editor. Hydrogen production by electrolysis. 1st ed. Wiley-VCH
Verlag GmbH & Co. KGaA,; 273-309 (2015). https://doi.org/10.1002/9783527676507
20. M.V. Lototskyy, I. Tolj, L. Pickering, C. Sita, F. Barbir, V. Yartys. The use of metal
hydrides in fuel cell applications. Prog Nat Sci. 2017. V. 27. P. 3-20.
https://doi.org/10.1016/j.pnsc.2017.01.008

21. M.V. Lototskyy, I. Tolj, A. Parsons, F. Smith, C. Sita, V. Linkov. Performance of

electric forklift with low-temperature polymer exchange membrane fuel cell power


https://doi.org/10.1016/j.energy.2008.08.027
https://doi.org/10.1016/j.ijhydene.2018.12.212
https://doi.org/10.15407/mfint.38.09.1213
http://dx.doi.org/10.1016/j.cattod.2006.09.022
https://doi.org/10.1016/j.pnsc.2017.01.008

254

module and metal hydride hydrogen storage extension tank. J Power Sources. 2016.
V. 316. P. 239-250. https://doi.org/10.1016/].jpowsour.2016.03.058

22. A. Narvaez, Low cost, metal hydride based hydrogen storage system for forklift
applications (phase I11). US DOE Ann Merit Rev Meeting; June 18, 2014. Project ST
095; https://www.hydrogen.energy.gov/pdfs/review14/st095 narvaez 2014 p.pdf.
23. L.E.R. Vega, D.R. Leiva, R.M. Leal Neto, W.B. Silva, R.A. Silva, T.T. Ishikawa,
C.S. Kiminami, W.J. Botta. Mechanical activation of TiFe for hydrogen storage by
cold rolling under inert atmosphere. Int. J. Hydrog. Energy. 2018. V. 43. P. 2913-2918.
https://doi.org/10.1016/j.ijhydene.2017.12.054

24. L. Pickering, M.V. Lototskyy, M.W. Davids, C. Sita, V. Linkov. Induction melted
AB,-type metal hydrides for hydrogen storage and compression applications. Mater
Today: Proc. 2018. V. 5. P. 10470-10478. https://doi.org/10.1016/].matpr.2017.12.378
25.P.Lv, Z. Liu, A. K. Patel, X. Zhou, J. Huot. Influence of Ball Milling, Cold Rolling

and Doping (Zr+ 2Cr) on Microstructure, First Hydrogenation Properties and Anti-
poisoning Ability of TiFe Alloy. Metals and Materials International. 2020. V. 26.
P. 205-210. https://doi.org/10.1007/s12540-019-00501-1

26. B.II. Tapacos, M.B. Jlotomkuii, B.A. Sptuce. Ilpobiema xpaneHust Boaopojia u
IIEPCIEKTUBBI UCIIOJIB30BAHUS TUIPUJIOB ISl aKKYMYJIMPOBaHus Bogopoaa. Poc. Xum.
arcypran. 2006. L(6). C. 34-48.

27. H. Iba, E. Akiba. Hydrogen absorption and modulated structure in Ti-V-Mn alloys.
J. Alloys and Compounds. 1997. V. 253-254. P. 21-24.
https://doi.org/10.1016/S0925-8388(96)03072-1

28. E. Akiba, H. Iba. Hydrogen absorption by Laves phase related BCC solid solution.
Intermetallic. 1998. 6. P. 461-470. https://doi.org/10.1016/S0966-9795(97)00088-5
29. M.V. Lototskyy. New model of phase equilibria in metal - hydrogen systems:
features and software, Int J Hydrogen Energy. 2016. V. 41. P. 2739-2761.
https://doi.org/10.1016/j.ijhydene.2015.12.055

30. C. Fiori, A. Dell'Era, F. Zuccari, A. Santiangeli, A. D'Orazio, F. Orecchini.
Hydrides for submarine applications: overview and identification of optimal alloys for



https://doi.org/10.1016/j.jpowsour.2016.03.058
https://www.hydrogen.energy.gov/pdfs/review14/st095_%20narvaez_2014_p.pdf
https://doi.org/10.1016/j.ijhydene.2017.12.054
https://doi.org/10.1016/j.matpr.2017.12.378
https://link.springer.com/article/10.1007%2Fs12540-019-00501-1#auth-1
https://link.springer.com/article/10.1007%2Fs12540-019-00501-1#auth-2
https://link.springer.com/article/10.1007%2Fs12540-019-00501-1#auth-3
https://link.springer.com/article/10.1007%2Fs12540-019-00501-1#auth-4
https://link.springer.com/article/10.1007%2Fs12540-019-00501-1#auth-5
https://link.springer.com/journal/12540
https://doi.org/10.1007/s12540-019-00501-
https://doi.org/10.1016/S0925-8388(96)03072-1
https://doi.org/10.1016/S0966-9795(97)00088-5
https://doi.org/10.1016/j.ijhydene.2015.12.055

255

air independent propulsion maximization, Int J Hydrogen Energy. 2015. V. 40.
P. 11879-11889. https://doi.org/10.1016/].ijhydene.2015.02.105

31. P. Fragiacomo, F. Piraino. Numerical modelling of a PEFC powertrain system

controlled by a hybrid strategy for rail urban transport, J Energy Storage. 2018. V. 17.
P. 474-484. https://doi.org/10.1016/].est.2018.04.011
32. L. Gong, Q. Duan, L. Jiang, K. Jin, J. Sun. Experimental study of pressure

dynamics, spontaneous ignition and flame propagation during hydrogen release from
high-pressure storage tank through 15 mm diameter tube and exhaust chamber
connected to atmosphere, Fuel. 2016. V. 182. P. 419-427.
https://doi.org/10.1016/j.fuel.2016.05.127

33. M.B. Ley, L.H. Jepsen, Y.S. Lee, Y.W. Cho, J.M. Bellosta von Colbe, M.
Dornheim, et al. Complex hydrides for hydrogen storage - new perspectives, Mater
Today. 2014. V. 17. P. 122-128. https://doi.org/10.1016/j.mattod.2014.02.013

34. C. Corgnale, B.J. Hardy, D.L. Anton. Structural analysis of metal hydride-based

hybrid hydrogen storage systems, Int J Hydrogen Energy. 2012. V. 37. P. 14223-
14233.. https://doi.org/10.1016/].ijhydene.2012.06.040
35. D. Parra, M. Gillott, G.S. Walker. Design, testing and evaluation of a community

hydrogen storage system for end user applications, Int J Hydrogen Energy. 2016.
V. 41. P. 5215-5229. https://doi.org/10.1016/].ijhydene.2016.01.098

36. D.J. Durbin, C. Malardier-Jugroot. Review of hydrogen storage techniques for on
board vehicle applications Int. J Hydrogen Energy. 2013. V. 38. P. 14595-14617.
https://doi.org/10.1016/j.ijhydene.2013.07.058

37.ZJ. Cao, L.Z. Ouyang, H. Wang, J.W. Liu, L.X. Sun, M. Zhu. Composition design
of Ti-Cr-Mn-Fe alloys for hybrid high-pressure metal hydride tanks, J Alloy Compds.
2015. V. 639. P. 452-457. https://doi.org/10.1016/j.jallcom.2015.03.196

38. Z.J. Cao, L.Z. Ouyang, H. Wang, J.W. Liu, D.L. Sun, Q.A. Zhang, et al. Advanced
high-pressure metal hydride fabricated via Ti-Cr-Mn alloys for hybrid tank, Int J
Hydrogen Energy. 2015. V. 40. P. 2717-2728.
https://doi.org/10.1016/j.ijhydene.2014.12.093



https://doi.org/10.1016/j.ijhydene.2015.02.105
https://doi.org/10.1016/j.est.2018.04.011
https://doi.org/10.1016/j.fuel.2016.05.127
https://doi.org/10.1016/j.mattod.2014.02.013
https://doi.org/10.1016/j.ijhydene.2012.06.040
https://doi.org/10.1016/j.ijhydene.2016.01.098
https://doi.org/10.1016/j.ijhydene.2013.07.058
https://doi.org/10.1016/j.jallcom.2015.03.196
https://doi.org/10.1016/j.ijhydene.2014.12.093

256

39. H. Barthelemy, M. Weber, F. Barbier. Hydrogen storage: recent improvements and
industrial perspectives, Int J Hydrogen Energy. 2017. V. 42. P. 7254-7262.
https://doi.org/10.1016/j.ijhydene.2016.03.178

40. T.I1. Yepusiera, A.B. OctanoB. Bomopon B impkoHuu 9acts 1, Bonpocer amomuotl
nayku u mexuuku. 2013. T. 5. C. 16-32.

41. T.M. Pomuna. AnCOpOIMOHHBIE SBJICHUS U TOBEPXHOCTh, Copocosckuil
oopaszosamenvubiil xncypran. 1998. T. 2. C. 89-98.

42. A. Zuttel, A. Borgschulte, and L. Schlapbach. Hydrogen as a future energy carrier.
WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim, (2008).
https://doi.org/10.1002/9783527622894

43. A. Zuttel. Materials for hydrogen storage, Materials Today. 2003. 6(9). P. 24-33.

44. M. Dornheim. Thermodynamics of metal hydrides: Tailoring reaction enthalpies of

hydrogen storage materials / chapter in Handbook of hydrogen storage. edited by M.
Hirschler. Wiley-VCH. 2010. P. 891-918. https://doi.org/10.5772/21662

45. B.A. Spteics, B.B. bypnameBa u K.H. Cemenenko. CTpyKTypHas XUMHS
TUJPUI0B HHTepMeTauIndeckux coeaunennit, Akagemus Hayk CCCP. Venexu xumuu.
1983. LII(4). C. 529-561.

46. R. Griessen. The lecture “Science and technology of hydrogen in metals”. IX
Chapter: Sustainability and hydrogen. Vrije Universiteit. Amsterdam, 2008.

47. A.C. Switendick. Electronic structure and total energy calculations for transition
metal hydrides, J. Less-Common Met. 1987. V. 130. P. 249-2509.
https://doi.org/10.1016/0022-5088(87)90116-0

48. A.C. Switendick, Electronic band structures of metal hydrides, Solid State
Commun. 1970. V. 8. No.15. P. 1463-1467.
https://doi.org/10.1016/0038-1098(70)90720-9

49. M. Gupta. Electronic structure of intermetallic hydrides: Mg,FeHs and Ca,RuHs
J. Less-Common Met. 1984. V. 103. P. 325-335.
https://doi.org/10.1016/0022-5088(84)90256-X

50. W. E. Wallace, S. K. Malik, in Hydrides for Energy Storage edited by A. F.
Andresen and A. J. Maelands ~Pergamon, New York. 1978. P. 33-40.



https://doi.org/10.1016/j.ijhydene.2016.03.178
https://doi.org/10.1002/9783527622894
https://doi.org/10.1002/9783527622894
https://doi.org/10.1016/0022-5088(87)90116-0
https://doi.org/10.1016/0038-1098(70)90720-9
https://doi.org/10.1016/0022-5088(84)90256-X

257

51. H. Smithson, C. A. Marianetti, D. Morgan, A. Van der Ven, A. Predith, G. Ceder.
First-principles study of the stability and electronic structure of metal hydrides, Phys.
Rev. B. 2002. V.66, No.12. P. 144107. https://doi.org/10.1103/PhysRevB.66.144107

52. N. Gerard, S. Ono. Hydride formation and decomposition kinetics L. Schlapbach

(Ed.), Hydrogen in intermetallic compounds, 2, Springer-Verlag. 1992. P. 165-195.
https://doi.org/10.1007/3-540-54668-5 11

53. A. Zaluska, L. Zaluski, J.O. Strom—Olsen. Nanocrystalline magnesium for
hydrogen storage, J Alloys Compds. 1999. V. 288. P. 217-225.
https://doi.org/10.1016/S0925-8388(99)00073-0

54. V. Skripnyuk, E. Buchman, E. Rabkin, Y. Estrin, M. Popov, S. Jorgensen. The
effect of equal channel angular pressing on hydrogen storage properties of a Mg-Ni
alloy, J Alloys Compds. 2007. V. 436. P. 99-106.
https://doi.org/10.1016/j.jallcom.2006.07.030

55. M. Krystian, M.J. Zehetbauer, H. Kropik, B. Mingler, G. Krexner. Hydrogen
storage properties of bulk nanostructured ZK60 Mg alloy processed by equal channel
angular pressing, J Alloys Compds. 2011. V. 509. P. S449-S455.
https://doi.org/10.1016/j.jallcom.2011.01.029

56. C. Chiu, S.-J. Huang, T.-Y. Chou, E. Rabkin. Improving hydrogen storage

performance of AZ31 Mg alloy by equal channel angular pressing and additives,
J Alloys Compds. 2018. V. 743. P. 437-447.
https://doi.org/10.1016/j.jallcom.2018.01.412

57. Z. Dehouche, H.A. Peretti, S. Hamoudi, Y. Yoo, K. Belkacemi. Effect of activated

alloys on hydrogen discharge kinetics of MgH, nanocrystals, J. Alloys Compds. 2008.
V. 455. P. 432-439. https://doi.org/10.1016/j.jallcom.2007.01.138

58. M. Felderhoff, B. Bogdanovi¢. High temperature metal hydrides as heat storage
materials for solar and related applications, Int J Mol Sci. 2009. V. 10. P. 325-344.
https://doi.org/10.3390/ijms10010325

59. C. Zhou, Z.Z. Fang, R.C. Bowman Jr. Stability of catalyzed magnesium hydride

nanocrystalline during hydrogen cycling. Part I: kinetic analysis, J Phys Chem C. 2015.
V. 119. P. 22261-22271. https://doi.org/10.1021/acs.jpcc.5b06190



https://doi.org/10.1103/PhysRevB.66.144107
https://doi.org/10.1007/3-540-54668-5_11
https://doi.org/10.1016/S0925-8388(99)00073-0
https://doi.org/10.1016/j.jallcom.2006.07.030
https://doi.org/10.1016/j.jallcom.2011.01.029
https://doi.org/10.1016/j.jallcom.2018.01.412
https://doi.org/10.1016/j.jallcom.2007.01.138
https://doi.org/10.3390/ijms10010325
https://doi.org/10.1021/acs.jpcc.5b06190

258

60. A.W. dextsap, O.M. UBacumun, /I.1. KoBanés, A.M. Kopay6an, B.K. IIpokyauna,
B.1. Paraukos, [[.I. CamBakun, A.E. Cprués, H.M. I'ymensk. OcoOGeHHOCTH
dhazoo0pazoBaHus MPU KOHTPOIUPYEMOM THIPUPOBAHUU U JIETUAPUPOBAHUU THUTaHA

pa3HbIMU MeTogaMu, Memannoghus. nogetiwue mexron. 2014. T. 36,Ne9. C.1153-1169.

https://doi.org/10.15407/mfint.36.09.1153

61. B. A. Jluranos, A. A. byxanoBa, b. A. Konaues. Bogopon B Tutane (Mocksa:
['ocynapcTBEHHOE HAYYHO-TEXHUYECKOE W3AATENbCTBO JIUTEPATyphl MO YEPHOH WU
[BETHOW MeTautypruu: 1962).

62. T.B. Ilpsako. OcoOeHHOCTH THAPUPOBAHUS CIUIABOB CHUCTeMBl Ti—V
Memannogus. nosetiwuue mexron. 2015. T.37, Ne2. C. 243-255.
https://doi.org/10.15407/mfint.37.02.0243

63. T. B. [Ipsako. MexaHi3Mm Ta KiHeTUKA HABOJHEHHS ciUiaBiB Ti-V Ta €BTEKTUUHUX
crutaBiB cucrteMu Ti-Zr-Mn (ABtoped. quc. ... kaua. ¢iz.-mat. Hayk) (Kuis: [ncTuTyT
metanodizuku HAH Ykpainu: 2010).

64. O. M. IBacummn, J[. I'. CaBBakin. CuHTE3 CIIaBiB Ha OCHOBI ITUPKOHIIO 1 TATAHY 3
BUKOPHUCTAHHAM iX TiapuiB, Pi3uko-xiMiuHa Mexanika matepiani. 2015. 4. C. 27-35.
65. O.M. MUeacumwmn, J.I'. CasBakun, H. M. T'ymensk. JleruapupoBanue
MOPOILIKOBOT'O TMIpU/Ia TUTaHA U €r0 POJib B aKTUBALMM cHieKaHus, Memannogusuxa
u noegetiwue mexuonoeuu. 2011. T. 33, Ne7. P. 899-917.

66. V.G. Ivanchenko, V.A. Dekhtyarenko, and T.V. Pryadko. Hydrogen-sorption
properties of (Ti, Zr)Mn,_ intermetallic alloy. Powder Metall Met Ceram. 2013. V. 52.
P. 340-344. https://doi.org/10.1007/s11106-013-9531-9

67. B.P. Tarasov, M.S. Bocharnikov, Y.B. Yanenko, P.V. Fursikov, M.V. Lototskyy.
Cycling stability of RNis (R = La, La plus Ce) hydrides during the operation of metal
hydride hydrogen compressor, Int J Hydrogen Energy. 2018. V. 43. P. 4415-4427.
https://doi.org/10.1016/].ijhydene.2018.01.086

68. V.Yu. Zadorozhnyy, G.S. Milovzorov, S.N. Klyamkin, M.Yu. Zadorozhnyy, D.V.
Strugova, M.V. Gorshenkov, S.D. Kaloshkin. Preparation and hydrogen storage

properties of nanocrystalline TiFe synthesized by mechanical alloying, Progress in
Natural Science: Materials International. 2017. V. 27. No.1. P. 149-155.


https://doi.org/10.15407/mfint.36.09.1153
https://doi.org/10.15407/mfint.37.02.0243
https://doi.org/10.1007/s11106-013-9531-9
https://doi.org/10.1016/j.ijhydene.2018.01.086

259

https://doi.org/10.1016/].pnsc.2016.12.008
69. M. Shibuya, J. Nakamura, E. Akiba. Hydrogenation properties and microstructure

of Ti-Mn-based alloys for hybrid hydrogen storage vessel, J Alloy Compds. 2008.
V. 466. P. 558-562. https://doi.org/10.1016/].jallcom.2007.11.120

70. P. Lv, J. Huot. Hydrogen storage properties of TiggsFeZroos, TiFeggsZrooes and
TiFeZry s alloys, Int. J. Hydrogen Energy. 2016. V. 41. P. 22128-22133.
https://doi.org/10.1016/j.ijhydene.2016.07.091

71. H. Leng, Z. Yu, J. Yin, Q. Li, Z. Wu, K.-C. Chou. Effects of Ce on the hydrogen
storage properties of TiFeooMnos alloy. Int. J. Hydrogen Energy. 2017. V. 42,
P. 23731-23736. https://doi.org/10.1016/].ijhydene.2017.01.194

72. E.l. Gkanas, M. Khzouz, G. Panagakos, T. Statheros, G. Mihalakakou, G.I. Siasos,

et al. Hydrogenation behavior in rectangular metal hydride tanks under effective heat

management processes for green building applications, Energy. 2018. V. 142.
P. 518-530. https://doi.org/10.1016/j.energy.2017.10.040

73. M. Lototskyy, I. Tolj, Y. Klochko, M.W. Davids, D. Swanepoel, V. Linkov. Metal
hydride hydrogen storage tank for fuel cell utility vehicles. Int J Hydrogen Energy.
2020. V. 45. P. 7958-7967. https://doi.org/10.1016/j.ijhydene.2019.04.124

74. E.lI. Gkanasa, M. Khzouz, G. Panagakos, T. Statheros, G. Mihalakakou, G.I.

Siasos, G. Skodras, S.S. Makridis. Hydrogenation behavior in rectangular metal

hydride tanks under effective heat management processe for green building
applications, Energy. 2018. V. 142. P. 518-530.
https://doi.org/10.1016/j.energy.2017.10.040

75. Y. Kojima, Y. Kawai, S. Towata, T. Matsunaga, T. Shinozawa, M. Kimbara.

Development of metal hydride with high dissociation pressure, J Alloys Compds. 2006.
V. 419. P. 256-261. https://doi.org/10.1016/j.jallcom.2005.08.078
76. J.G. Park, H.Y. Jang, S.C. Han, P.S. Lee, J.Y. Lee. Hydrogen storage properties of

TiMn,-based alloys for metal hydride heat pump, Mat. Sci. Eng. A-Struct. 2002,
V. 329-331. P. 351-355. https://doi.org/10.1016/S0921-5093(01)01598-2



https://doi.org/10.1016/j.pnsc.2016.12.008
https://doi.org/10.1016/j.jallcom.2007.11.120
https://doi.org/10.1016/j.ijhydene.2016.07.091
https://doi.org/10.1016/j.ijhydene.2017.01.194
https://doi.org/10.1016/j.energy.2017.10.040
https://doi.org/10.1016/j.ijhydene.2019.04.124
https://doi.org/10.1016/j.energy.2017.10.040
https://doi.org/10.1016/j.jallcom.2005.08.078
https://doi.org/10.1016/S0921-5093(01)01598-2

260

77. S.V. Mitrokhin, T.N. Bezuglaya, V.N. Verbetsky. Structure and hydrogen sorption
properties of (Ti,Zr)-Mn-V alloys, J. Alloys Compds. 2002. V. 330-332. P. 146-151.
https://doi.org/10.1016/S0925-8388(01)01469-4

78. Z. Dehouche, M. Savard, F. Laurencelle, J. Goyette. Ti—V—-Mn based alloys for
hydrogen compression system. J. Alloys Compds. 2005. V. 400. P.276-280.
https://doi.org/10.1016/j.jallcom.2005.04.007

79. J.L. Bobet, T.B. Darriet. Relationship between hydrogen sorption properties and

crystallography for TiMn; based alloys, Int J. Hydrogen energy. 2000 V. 25. No. 8.
P. 767-772. https://doi.org/10.1016/S0360-3199(99)00101-9

80. H. Oesterreicher, H. Bittner. Studies of Hydride Formation in Tii-xZrMn;, Mat.
Res. Bull. 1978. V. 13. P. 83-88. https://doi.org/10.1016/0025-5408(78)90031-4

81. D.P. Shoemaker, C.B. Shoemaker. Concerning atomic sites and capacities for

hydrogen absorption in the AB, Friauf-Laves phases, J. Less Common Metals. 1979.
V. 68. No. 1. P. 43-58. https://doi.org/10.1016/0022-5088(79)90271-6
82. Y. Morita, T. Gamo, S. Kuranaka. Effects of nonmetal addition on hydriding

properties for Ti—-Mn Laves phase alloys, J. Alloys Compds. 1997. V. 253-254.
P. 29-33. https://doi.org/10.1016/S0925-8388(96)03056-3

83. X. Yu, B. Xia, Z. Wu, N. Xu. Phase structure and hydrogen sorption performance
of Ti-Mn-based alloys, Materials Science and Engineering A. 2004. V. 373. No. 1-2.
P. 303-308. https://doi.org/10.1016/j.msea.2004.02.008

84. V. lvanchenko, T. Pryadko. Manganese-Titanium-Zirconium, Landolt-Boernstein
New Series. Group IV. 2007. V. 11. No. 3. P. 475-485.

85. A. Walnsch, M.J. Kriegel, O. Fabrichnaya, A, Leineweber. Experimental

Investigations of the Fe-Mn-Ti System in the Concentration Range of up to 30 at.% Ti,
J. Phase Equilibria and Diffusion, 8 May (2020).
https://doi.org/10.1007/s11669-020-00804-6

86. B.H. Ceeunukos, B.B. IletbkoB. O6pa3oBanue (a3 JlaBeca B criaBax Maprasiia ¢
nepexogHbiMu Metasuiamu IVA-VIA rpynn, Memannogusuxa. 1976. T. 64. C. 24-28.
87. R.M. Waterstrat, Identification of Intermediate Phase in the Manganese-Titanium
System, Trans.Metall. Soc. AIME. 1961. V. 221. P. 686-690.


https://doi.org/10.1016/S0925-8388(01)01469-4
https://doi.org/10.1016/j.jallcom.2005.04.007
https://doi.org/10.1016/S0360-3199(99)00101-9
https://doi.org/10.1016/0025-5408(78)90031-4
https://doi.org/10.1016/0022-5088(79)90271-6
https://doi.org/10.1016/S0925-8388(96)03056-3
https://doi.org/10.1016/j.msea.2004.02.008
https://doi.org/10.1007/s11669-020-00804-6

261

88. Y. Murakami, T. Enjyo, On the TiMn,-Mn Range of the Binary Ti-Mn System, J.
Jpn. Inst. Met. 1958. V. 22. P. 261-265.

89. T. Yamashita, T. Gamo, Y. Moriwaki, M. Fukuda, Ti-Mn Alloys hydrogen
storagematerials, Nippon Kinzoku Gakkaishi. 1977. V. 41. P. 148-150.

90. B.I'. Iranuenko, 1.C. I'aBpunenko, B.B. Iloropina, B.l. Huuunopenko, T.B.
[Ipsnko. JlocmimxkenHs ((a3oBUX piBHOBAar y cIblaBax cucremu T1-Mn,
Memanosznascmeo ma oopooxa memanie. 2004. T. 4. C. 16-20.

91. S. Samboshi, N. Masahashi, S. Hanada. Effect of composition on hydrogen
absorbing preperties in binary TiMn; based alloys, J. Alloys Compds. 2003. V. 352.
P. 210-217. https://doi.org/10.1016/S0925-8388(02)01125-8

92. S. Samboshi, N. Masahashi, S. Hanada. Degradation of hydrogen absorbing
capacity in hedrogenated TiMn,, Acta Mater. 2001. V. 49. P. 927-935.
https://doi.org/10.1016/S1359-6454(00)00371-2

93. X.Y. Song, Y. Chen, Z. Zhang, Y.Q. Lei, X.B. Zhang, Q.D. Wang. Microstructure
and electrochemical properties of Ti-containing AB; type hydrogen storage electrode
alloy, Int J. Hydrogen energy. 2000. V. 25. P. 649-656.
https://doi.org/10.1016/S0360-3199(99)00080-4

94. N. Bouaziz, M. Bouzid, A. B. Lamine, Theoretical study of hydrogen absorption

and desorption in Ti;«ZrkMn;4 using statistical physics treatment: Microscopic
investigation and thermodynamic potential interpretation. Int. J. Hydrogen Energy.
2018. V. 43. No. 3. P. 1615-1633. https://doi.org/10.1016/j.ijhydene.2017.11.049

95. T. Huang, Z. Wu, G. Sun, N. Xu. Microstructure and hydrogen storage
characteristics of TiMn,xVx alloys, Intermetallics. 2007. V. 15. P. 593-598.
https://doi.org/10.1016/j.intermet.2006.10.035

96. M. Yoshida, E. Akiba. Hydrogen absorbing-desorbing properties and crystal
structure of the Zr-Ti-Ni-Mn-V AB; Laves phase alloys, J. Alloys Compds. 1995. V.
224. No. 1. P. 121-126. https://doi.org/10.1016/0925-8388(95)01518-3

97. A. Ming, F. Pourarian, S.G. Sankar, W.E. Wallace, L. Zhang, TiMn,-based alloys
as high hydrogen storage materials, Mater. Sci. Eng. 1995. V. 33. P. 53-57.



https://doi.org/10.1016/S0925-8388(02)01125-8
https://doi.org/10.1016/S1359-6454(00)00371-2
https://doi.org/10.1016/S0360-3199(99)00080-4
https://doi.org/10.1016/j.ijhydene.2017.11.049
https://doi.org/10.1016/j.intermet.2006.10.035
https://doi.org/10.1016/0925-8388(95)01518-3

262

98. B.H. Liu, D.M. Kim, K.Y. Lee, J.Y. Lee. Hydrogen storage properties of TiMn,-
based alloys, J. Alloys Compds. 1996. V. 240. No. 1-2. P. 214-218.
https://doi.org/10.1016/0925-8388(96)02245-1

99. H. Taizhong, W. Zhu, Y. Xuebin, C. Jinzhou, X. BaoJia, H. Tiesheng, X. Naixin.
Hydrogen Absorption-Desorption Behavior of Zirconium-Substituting Ti-Mn Based
Hydrogen Storage Alloys, Intermetallics. 2004. V. 12. No. 1. P. 91-96.
https://doi.org/10.1016/j.intermet.2003.08.005

100. B.I'. UBanuenko, B.1. Huunnopenxko, T.B. IIpsako. Onpenenenue noBepXHOCTH
cojiujlyca B THUTAHOBOM yriy auarpammbl coctosaus Ti-Zr-Mn, Memannogus.
nosetiuue mexron. 2006. V. 28. C. 977-982.

101. V.G. Ivanchenko, T.V. Pryadko, I.S. Gavrylenko, V.V. Pogorelaya. Phase
equilibria in the Ti — TiMny — ZrMn, — Zr partial system, Chemistry of metals and
alloys. 2008. V. 1. P. 67-72. https://doi.org/10.30970/cmal.0004

102. 1. Jacob, A. Stern, A. Moran, D. Shaltiel, D. Davidov. Hydrogen Absorption in

(Zr<Ti14)B2 (B=Cr,Mn) and the phenomenological model for the absorption capacity
in pseudo-binary Laves-phase Compound, J. Less-Common Metals. 1980. V. 73.
P. 369-376. https://doi.org/10.1016/0022-5088(80)90331-8

103. H-H. Lee, K-Y. Lee, J-Y. Lee. The Ti-based metal hydride electrode for Ni-MH
rechargeable batteries, J Alloys Compds. 1996. V. 239. P. 63-70.
https://doi.org/10.1016/0925-8388(96)02276-1

104. C.E. Lundin, F.E. Lynca, C.B. Magee. A correlation between the interstitial hole

sizes in intermetallic compounds and the thermodynamic properties of the hydrides
formed from those compounds, J Less-Common Met. 1977. V. 56. P. 19-37.
https://doi.org/10.1016/0022-5088(77)90215-6

105. J.G. Park, H.Y. Jang, S.C. Han, P.S. Lee, J.Y. Lee. The thermodynamic properties
of Ti—-Zr-Cr—Mn Laves phase alloys, J Alloys Compds. 2001. V. 325. P. 293-298.
https://doi.org/10.1016/S0925-8388(01)01409-8

106. Y. Wang, Y. Zhang, X. Wang, C. Chen. Hydrogen storage properties and crystal

structure of Ti-Cr based alloys, Jinshu Xuebao/Acta Metallurgica Sinica. 2006. V. 42.
No. 6. P. 641-646.


http://www.sciencedirect.com/science/journal/09258388
https://doi.org/10.1016/0925-8388(96)02245-1
https://doi.org/10.1016/j.intermet.2003.08.005
https://doi.org/10.30970/cma1.0004
https://doi.org/10.1016/0022-5088(80)90331-8
https://doi.org/10.1016/0925-8388(96)02276-1
https://doi.org/10.1016/0022-5088(77)90215-6
https://doi.org/10.1016/S0925-8388(01)01409-8
https://www.scopus.com/sourceid/12307?origin=recordpage

263

107. G. Li, N. Nishimiya, H. Satoh, N. Kamegashira. Crystal structureand hydrogen
absorption of TixZri-xMn,. J Alloys Compds. 2005. V. 393. P. 231-238.
https://doi.org/10.1016/j.jallcom.2004.08.097

108. A. B. PeBsikun, B. A. Pe3nunuenko, Turan u ero cinassl. Beimn. 1. Mertannyprus
tutana (Mocksa: U3a.-o AH CCCP: 1959).

109. T'. ®. Ko63enko, A. A. llIkona, T. B. Ilpsako, TepMoaKTUBAIIMOHHBIA OTXKHUT B
HU3KOM BaKyyM€ IpH HACBIILIEHHH BOJAOPOJOM MOJIMKPUCTALIIMYECKOTO THUTAHA,
Memannogu3. nosetiwiue mexron. 2002. T. 24. Nel2. C. 1679-1687.

110. A. A. llIkona, Oco6IMBOCTI MOTJIMHAHHS BOAHIO TOJMIKPUCTAIIYHIM TUTAHOM Ta
cuiaamu Ti—Al (ABtoped. nmuc. ... kana. TexH. Hayk) (KwuiB: I[HCTHTYT
metanodizuku AH Ykpainu: 1994).

111. R. L. Kurtz, V. E. Henrich, Chemisorption of H,O on the surface of Ti,Os: Role
of d electrons and ligand geometry, Phys. Rev. B. 1982. V. 26. No. 12. P. 6682-6689.
https://doi.org/10.1103/PhysRevB.26.6682

112. E.A. Anikina, V.N. Verbetsky. Calorimetric investigation of the hydrogen
interaction with TigeZro1Mni2Vos, Int. J. Hydrogen Energy. 2011. V. 36. No. 1.
P. 1344-1348. https://doi.org/10.1016/j.ijhydene.2010.06.085

113. S.V. Mitrokhin, T.N. Smirnova, V.A. Somenkov, V.P. Glazkov, V.N. Verbetsky.
Structure  of  (Ti,Zr)-Mn-V  nonstoichiometric ~ Laves  phases and
(Tio.9Zro1)(Mng75Vo1s5Tlo1)2D2¢ deuteride, J Alloys Compds. 2003. V. 356-357.
P. 80-83. https://doi.org/10.1016/S0925-8388(03)00257-3

114. S.V. Mitrokhin, T.N. Bezuglaya, V.N. Verbetsky. Hydrogen energy progress XIIlI,

Proceedings of the13th World Hydrogen Energy Conference Beijing, China, June 12—
15, 534 (2000).

115. P. Liu, X. Xie, L. Xu, X. Li, T. Liu. Hydrogen storage properties of
(TiogsZro.15)1.0sMn12Cro6Vo1Mo1 (M=Ni, Fe, Cu) alloys easily activated at room
temperature, Progress in Natural Science: Materials International. 2017. V. 27.
P. 652-657. https://doi.org/10.1016/].pnsc.2017.09.007

116. N.N. Greenwood, A. Earnshaw, Chemistry of the Elements, 2nd ed, Butterworth
Heinemann, Oxford, (1997) 1305.



https://doi.org/10.1016/j.jallcom.2004.08.097
https://doi.org/10.1103/PhysRevB.26.6682
https://doi.org/10.1016/j.ijhydene.2010.06.085
https://doi.org/10.1016/S0925-8388(03)00257-3
https://doi.org/10.1016/j.pnsc.2017.09.007

264

117. Z. Cao, L. Ouyang, H. Wang, J. Liu, L. Sun, M. Zhu, Composition design of
Ti—Cr—Mn—Fe alloys for hybrid high-pressure metal hydride tanks, J. Alloy. Compds.
2015. V. 639. P. 452-457. https://doi.org/10.1016/].jallcom.2015.03.196

118. G.G. Libowitz, A. Maeland. Hydride Formation by B.C.C. Solid Solution Alloys,
Material Science Forum. 2015. V. 30. P. 177-196.
https://doi.org/10.4028/www.scientific.net/MSF.31.177

119. S. Ono, K. Nomura, J. Ikeda. The reaction of hydrogen with alloys of vanadium
and titanium. J. Less.-Common. Met. 1980. V. 72. No. 2. P. 159-165 (1980).
https://doi.org/10.1016/0022-5088(80)90135-6

120. K. Ohnishi and T. Kabutomori, The latest technologies of hydrogen absorbing
alloys, CMC, 33 (1994).

121. J. Huot, D.B. Ravnsb&k, J. Zhang, F. Cuevas, M. Latroche, T.R. Jensen.
Mechanochemical synthesis of hydrogen storage materials, Prog. Mater. Sci. 2013. V.
58. P. 30-75. https://doi.org/10.1016/j.pmatsci.2012.07.001

122. C. Raufast, D. Plante, S. Miraglia. Investigation of the structural and hydroge-

nation properties of disordered Ti-V-Cr-Mo BCC solid solutions, J. Alloy. Compds.
2014. V. 617. P. 633-638. https://doi.org/10.1016/j.jallcom.2014.07.089

123. N. Skryabina, D. Fruchart, M.G. Shelyapina, S. Dolukhanyan, A. Aleksanyan.
Phase transformations in Ti-V hydrides, J Alloy Compds. 2013. V. 580. P. S94-S97.
https://doi.org/10.1016/j.jallcom.2013.03.114

124. H. Itoh, H. Arashima, K. Kubo, T. Kabutomori, K. Ohnishi. Improvement of
cyclic durability of BCC structured Ti-Cr-V alloys, J Alloy Compds. 2005. V. 404-406.
P. 417-420. https://doi.org/10.1016/j.jallcom.2004.12.175

125. R.R. Chen, X.Y. Chen, X. Ding, X.Z. Li, J.J. Guo, H.S. Ding, Y.Q. Su, H.Z. Fu.
Effects of Ti/Mn ratio on microstructure and hydrogen storage properties of Ti-V-Mn
alloys, J Alloy Compds. 2018. V. 748. P. 171-178.
https://doi.org/10.1016/].jallcom.2018.03.154

126. S. Suwarno, J.K. Solberg, J.P. Maehlen, B. Krog, V.A. Yartys. Influence of Cr on
the hydrogen storage properties of Ti-rich Ti-V-Cr alloys, Int. J Hydrogen Energy.
2012. V. 37. P. 7624-7628. https://doi.org/10.1016/j.ijhydene.2012.01.149



https://doi.org/10.1016/j.jallcom.2015.03.196
https://doi.org/10.4028/www.scientific.net/MSF.31.177
https://doi.org/10.1016/0022-5088(80)90135-6
https://doi.org/10.1016/j.pmatsci.2012.07.001
https://doi.org/10.1016/j.jallcom.2014.07.089
https://doi.org/10.1016/j.jallcom.2013.03.114
https://doi.org/10.1016/j.jallcom.2004.12.175
https://doi.org/10.1016/j.jallcom.2018.03.154
https://doi.org/10.1016/j.ijhydene.2012.01.149

265

127. S. Suwarno, J.K. Solberg, J.P. Maehlen, B. Krogh, O. Fernandez, E. Rytte, M.
Williams, R. Denys, V.A. Yartys. Microstructure and hydrogen storage properties of
as-cast and rapidly solidified Ti-rich TiV alloys, Trans. Nonferrous Metals Soc. China.
2012. V. 22. P. 1831-1838. https://doi.org/10.1016/S1003-6326(11)61394-0

128. J. Matsuda, E. Akiba, Lattice defects in V-Ti BCC alloys before and after
hydrogenation, J Alloy Compds. 2013. V. 581. P. 369-372.
https://doi.org/10.1016/j.jallcom.2013.07.073

129. M. Balcerzak, Structure and hydrogen storage properties of mechanically alloyed
Ti-V alloys, Int. J Hydrogen Energy. 2017. V. 42. P. 23698-23707.
https://doi.org/10.1016/j.ijhydene.2017.03.224

130. J.F. Lynch, AJ. Maeland, G.G. Libowitz, Lattice parameter variation and

thermodynamics of dihydride formation in the vabadium-rich V-Ti-Fe/H2 system,
Z. Phys. Chem. 1985. V. 145. No. 12. P. 51-59.
https://doi.org/10.1524/zpch.1985.145.1 2.051
131. V. lvanchenko, T. Pryadko, V. Dekhtyarenko, T. Kosorukova. Hydrogen

absorbing properties of a Ti-Zr-Mn eutectic alloy, Chemistry of metals and alloys.
2008. V. 1. No. 2. P. 133-136. https://doi.org/10.30970/cmal.0044

132. B.I'. IBanuenko, B.A. [Hextapenko, T.B. [Ipsako. 3mMiHa KIHETUKA HABOHEHHS
crutaBi cuctemu Ti-Zr-Mn Memanosznascmeo ma oopoora memanig. 2010. No.1.C.4-7.
133. B.I'. IBanuenko, B.A. [lextsapenko, T.B. IIpsanko, T.O. KocopykoBa. CopOuiiiHi
BJIACTHUBOCT] €BTEKTHUYHHUX cCIUIaBliB cucremu Ti—Fe-Mn, Memanoznascmeo ma
oopooxa memanis. 2011. Ne, 1. C. 9-13.

134. T'.Il. I'pa6osenkas, H.H. Hukurenkos, W.II. Mummun, U.B. Hdymxkun, E.H.
CremanoBa. [{uddysus Bogopoma B CyOMHUKPOKPUCTAIIIMIECKOM TUTaHe, M38ecmus
momcko2o noaumexuuueckoeo ynusepcumema. 2013. T. 323. C. 55-59.

135. 3.A. Marsicuna, J.A. Illyp. Bomopon u TBepmodasHbie mpeBpaiieHus B
MeTasuiax, cruiaBax u ¢ymwieputax. {nenp: Hayka u o6pazosanue. 2002. 420 C.

136. I.I'. CaBBakin, M.M. I'ymensik, M.B. Matsiituyk, O.I". Momsip. Poabs BogHIO mijg
yac CIIKaHHS TUTAHOBUX MOPOINIKiB, Di3uko-ximiuna mexanixa mamepianie. 2011. Ne

5. C. 72-81.


https://doi.org/10.1016/S1003-6326(11)61394-0
https://doi.org/10.1016/j.jallcom.2013.07.073
https://doi.org/10.1016/j.ijhydene.2017.03.224
https://doi.org/10.1524/zpch.1985.145.1_2.051
https://doi.org/10.30970/cma1.0044

266

137. E. Fromm and E. Gebhardt (ed.): Gases and carbon in metals. Pure and applied
metallurgy in individual representations, vol. 26, Springer Verlag, Berlin-Heidelberg-
New York. 1976. 747 p. https://doi.org/10.1002/bbpc.19770810821

138. K. Young, K. Young, T. Ouchi, B. Huang, B. Chao, M.A. Fetcenko, L.A. Bender,
K. Wang, C. Chiu. The correlation of C14/C15 phase abundance and electrochemical
properties in the AB, alloys, J Alloys Compds. 2010. V. 506. P. 841-848.
https://doi.org/10.1016/j.jallcom.2010.07.091

139. X. Liu, L. Jiang, Z. Liu, Z. Huang, S. Wang. Improve plateau property of
Ti3,CrsVo22 BCC alloy with heat treatment and Ce additive, J Alloys Compds. 2009. V.
471. P. L36-L38. https://doi.org/10.1016/j.jallcom.2008.04.004

140. A. Gueguen, J.M. Joubert, M. Latroche. Influence of the C14 Tiss4V323Fes2s
Laves phase on the hydrogenation properties of the body-centered cubic compound
Ti2a5Vs93Fe1s2, J Alloys Compds. 2011. V. 509. P. 3013-3018.
https://doi.org/10.1016/j.jallcom.2010.10.213

141. Z. Hang, X. Xiao, S. Li, H. Ge, C. Chen, L. Chen, Influence of heat treatment on
the microstructure and hydrogen storage properties of TiigV77CrsFesZr alloy, J. Alloys
Compds. 2012. V. 529. P. 128-133. https://doi.org/10.1016/j.jallcom.2012.03.044
142. H.Y. Zhou, F. Wang, J. Wang, Z.M. Wang, Q.R. Yao, J.Q. Deng, C.Y. Tang, G.H.
Rao. Hydrogen storage properties and thermal stability of V35TioCrss alloy by heat
treatment, Int. J Hydrogen Energy. 2014. V. 39. P. 14887-14895.
https://doi.org/10.1016/j.ijhydene.2014.07.054

143. K. Young, T. Ouchi, J. Nei, L. Wang. Annealing effects on Laves phase-related

body-centered-cubic solid solution metal hydride alloys, J Alloys Compds. 2016. V.
654. P. 216-225. https://doi.org/10.1016/j.jallcom.2015.09.010

144. K. Young, T. Ouchi, J. Nei, T. Meng. Effects of Cr, Zr, V, Mn, Fe, and Co to the
hydride properties of Laves phase-related body-centered-cubic solid solution alloys,
J Power Sources. 2015. V. 281. P. 164-172.
https://doi.org/10.1016/j.jpowsour.2015.01.170

145. M. Enomoto, The Cr-Ti-V system (chromium-titanium-vanadium), J Phase
Equilibria. 1992. V. 13. P. 195-200.



https://doi.org/10.1002/bbpc.19770810821
https://doi.org/10.1016/j.jallcom.2010.07.091
https://doi.org/10.1016/j.jallcom.2008.04.004
https://doi.org/10.1016/j.jallcom.2010.10.213
https://doi.org/10.1016/j.jallcom.2012.03.044
https://doi.org/10.1016/j.ijhydene.2014.07.054
https://doi.org/10.1016/j.jallcom.2015.09.010
https://doi.org/10.1016/j.jpowsour.2015.01.170

267

146. W.B. Pearson, J.W. Christian. The structure of the - phase in vanadium-nickel
alloys, Acta Cryst. 1952. V. 5. P. 157-162.
https://doi.org/10.1107/S0365110X52000484

147. A.A. Kodentzov, S.F. Dunaev, E.M. Slusarenko. Determination of the phase

diagram of the V-Ni-Cr system using diffusion couples and equilibrated alloys, J. Less
Comm. Met. 1987. V. 135. P. 15-24. https://doi.org/10.1016/0022-5088(87)90334-1
148. J.M. Joubert, R. Cerny, M. Latroche, E. Leory, L. Guenee, A. Percheron-Guegan,
K. Yvon. A Structural Study of the Homogeneity Domain of LaNis, J Solid State Chem.
2002. V. 166. P. 1-6. https://doi.org/10.1006/jssc.2001.9499

149. C. Jordy, M. Latroche, A. Percheron-Guegan, J.C. Achard. Effect of Partial
Substitution in TiNi on its Structural and Electrochemical Hydrogen Storage
Properties, Z. Phys. Chem. 1994. V. 185. P. 119-130.

150. Q.A. Zhang, Y.Q. Lei, C.S. Wang, F.S. Wang, Q.D. Wang. Structure of the
secondary phase and its effects on hydrogen-storage properties in a Tig7Zro2Vo1Ni
alloy, J Power Sources. 1998. V. 75. P. 288-291.
https://doi.org/10.1016/S0378-7753(98)00112-8

151. P. Pei, X.P. Song, J. Liu, G.L. Chen, X.B. Qin, B.Y. Wang. The effect of rapid
solidification on the microstructure and hydrogen storage properties of V35Ti25Cr40
hydrogen storage alloy, Int J Hydrogen Energy. 2009. V. 34. No. 19. P. 8094-8100.
https://doi.org/10.1016/].ijhydene.2009.08.023

152. J.H. Kim, H. Lee, K.T. Hwang, J.S. Han Hydriding behavior in Zrbased AB, alloy
by gas atomization process, Int J Hydrogen Energy. 2009. V. 34. No. 23. P. 9424-9430.
https://doi.org/10.1016/j.ijhydene.2009.09.087

153. H. Kazemipour, A. Salimijazi, A. Saidi, A. Saatchi. Arefarjmand, Hydrogen

storage properties of Tig72Zro28Mn16Vo4 alloy prepared by mechanical alloying and
copper boat induction melting, Int J Hydrogen Energy. 2014. V. 39. No. 2.
P. 12784-12788. https://doi.org/10.1016/j.ijhydene.2014.06.085

154. S. Suwarno, J.K. Solberg, V.A. Yartys, B. Krogh. Hydrogenation and

microstructural study of melt-spun TiogVo2, J Alloys Compds. 2011. V. 500.
P. S775-S778. https://doi.org/10.1016/j.jallcom.2010.10.130



http://journals.iucr.org/q/issues/1952/02/00/a00584/a00584.pdf
http://journals.iucr.org/q/issues/1952/02/00/a00584/a00584.pdf
https://doi.org/10.1107/S0365110X52000484
https://doi.org/10.1016/0022-5088(87)90334-1
https://doi.org/10.1006/jssc.2001.9499
https://doi.org/10.1016/S0378-7753(98)00112-8
https://doi.org/10.1016/j.ijhydene.2009.08.023
https://doi.org/10.1016/j.ijhydene.2009.09.087
https://www.sciencedirect.com/science/article/pii/S0360319914017649
https://www.sciencedirect.com/science/article/pii/S0360319914017649
https://www.sciencedirect.com/science/article/pii/S0360319914017649
https://doi.org/10.1016/j.ijhydene.2014.06.085
https://doi.org/10.1016/j.jallcom.2010.10.130
http://journals.iucr.org/q/issues/1952/02/00/a00584/a00584.pdf

268

155. I.P. Jain, P. Jain, A. Jain. Novel hydrogen storage materials: a review of
lightweight complex hydrides, J Alloys Compds. 2010. V. 503. P. 303-339.
https://doi.org/10.1016/j.jallcom.2010.04.250

156. A. Kumar, K. Shashikala, S. Banerjee, J Nuwad, P. Das, C.G.S. Pillai. Effect of
cycling on hydrogen storage properties of Ti,CrV alloy, Int J Hydrogen Energy. 2012.
V. 37. P. 3677-3682. https://doi.org/10.1016/j.ijhydene.2011.04.135

157. P. Pei, X.P. Song, J. Liu, M. Zhao, G.L. Chen. Improving hydrogen storage

properties of Laves phase related BCC solid solution alloy by SPS preparation method,
Int J Hydrogen Energy. 2009. V. 34. No. 20. P. 8597-8602.
https://doi.org/10.1016/].ijhydene.2009.08.038

158. C.Y. Seo, J.H. Kim, P.S. Lee, J.Y. Lee. Hydrogen storage properties of vanadium-
based b.c.c. solid solution metal hydrides, J Alloys Compds. 2003. V. 348. P. 252-257.
https://doi.org/10.1016/S0925-8388(02)00831-9

159. O.M. Uacumun, B.T. Uepenun, B.H. Konecauk, u np. ABroMatu3npoBaHHbBIN
TUIIaTOMETPUYECKU  KoMIUieke, [lpubopvr u mexnuxka oxcnepumenma. 2010,
Ne 3. C. 147-151.

160. B.H. CseunukoB, FO.A. boiiko, I.®. Ko63enko, [Ipumenenne Bakyyma B
metamnypruu, U3-so AH CCCP, M. 1963. C. 76-82.

161. “Bomopon B meramnax”, (nmon penakuueit I'.Anedensaa u U.Denbkis). U3-Bo
Mup, M., 2. 1981. 430 C.

162. T.®. Kob63enko, A.A. Ilkona. PeakTopHOoe yCTpOWCTBO ISl HCCIEAOBAHUS
(U3UKO-XMMHUYECKUX TPOIIECCOB Ta30HACHIMICHUS, 3asoockasn aabopamopus. 1990.
Ne 7. C. 41-45.

163. JL.H. Kusano, M.M. AntonoBa, B.B. Cxopoxon, “AKKyMyIHpOBaHHE BOJAOPOJIA
MHTEepMETAIMAOM TuTan-xene3o”, [Ipenpunt UTIM AH YCCP, K., 1983.

164. E.®. XomocoB, M.U. Epemmna, I'.®. Kob63enko, B.I'. IBaHueHko.
TepMmokuHEeHETHKA BbIIeIeHUs BooBoa u3 coeaqunenus LaNiH, 13s. AH CCCP, cep.
Heopeanuuecxue mamepuanvr. 1978. T. 14. Ne, 9. C. 1632-1634.

165. R.L. Cohen, H.G. Wernic. Hydrogen storage materials: properties and
possibilities, Sciense. 1981. Ne 214. C. 1081-1087.


https://doi.org/10.1016/j.jallcom.2010.04.250
https://doi.org/10.1016/j.ijhydene.2011.04.135
https://doi.org/10.1016/j.ijhydene.2009.08.038
https://doi.org/10.1016/S0925-8388(02)00831-9

269

https://doi.org/10.1126/science.214.4525.1081

166. M.M. AnTonoBa, P.A. Mopo3oBa, [Ipenapatusna ximis riapuais, Kuis, Haykosa
nymka. 1976. 99 C.

167. T.R.P. Gibb, Jr.J. Sharry, R.W. Bragdon, The Titanium-Hydrogen System and
Titanium Hydride. Il. Studies at High Pressure, J Am. Chem. Soc. 1951. V. 73.
P. 1751-1755.

168. H.M. Rietveld, The Rietveld Method: A Retrospection, Z. Kristallogr. 2010.
V. 225. P. 545-547. https://doi.org/10.1524/zkri.2010.1356

169. 10.A. Kouepxunckuii. ONBITHO-IPOMBIIIIICHHBIE 00pa3lbl ammapaTypbl s
(U3UKO-XMMHUUECKOTO aHajdu3a TMpU BBICOKMX TeMmieparypax. [lpubopsl mis
uccienoBanus ¢Gu3NUeckux CBOMCTB MarepuanoB, Kues: Hayk. Jymxa. 1974,
C. 134-141.

170. J.L. Bobet, B. Chevalier, T.B. Darrie, Crystallographic and Hydrogen Sorption
Properties of TiMn, Based Alloys, Intermettallics. 2000. V. 8. No. 4. P. 359-363.
https://doi.org/10.1016/S0966-9795(99)00092-8

171. J.R. Johnson, Reaction of hydrogen with the high temperature (C14) form of TiCr,
J. Less-Common Met. 1980. V. 73. P. 345-354.
https://doi.org/10.1016/0022-5088(80)90328-8

172. J. Bodega, J.F. Fernandez, F. Leardini, J.R. Ares, C. Sanchez. Synthesis of

hexagonal C14/C36 and cubic C15 ZrCr, Laves phases and thermodynamic stability
of their hydrides, Journal of Physics and Chemistry of Solids. 2011. V. 72. No. 11.
P. 1334-1342. https://doi.org/10.1016/j.jpcs.2011.08.004

173. T.JI. MypamkuHa. 3aKOHOMEPHOCTH W3MEHEHHUSI CTPYKTYPHO-()A30BOT0
COCTOSIHUA U Je(EeKTHOW CTPYKTyphl HHTepMeTasmudeckoil (a3er  JlaBeca
ctpykrypHoro  nomutuna C36  TiCr, mnpu  HUKIMYECKHX  Ipolieccax
copOuun/aecopouun Bogoposaa (ABtopedepar Aucc. ... KaHa. (u3.-MaT. HaAYK)
(Tomck: HammoHanbHbI — uccheqoBaTeNbCKU  TOMCKUNM — MOJMMTEXHUYECKUM

yHuBepcutet: 2018).


https://doi.org/10.1016/S0966-9795(97)00088-5
https://doi.org/10.1016/S0966-9795(99)00092-8
https://doi.org/10.1016/0022-5088(80)90328-8
https://doi.org/10.1016/0022-5088(80)90328-8
https://doi.org/10.1016/j.jpcs.2011.08.004

270

174. S.V. Mitrokhin. Regularities of hydrogen interaction with multicomponent
Ti(Zr)-Mn-V Laves phase alloys, J Alloys Compds. 2005. V. 404-406. P. 384-387.
https://doi.org/10.1016/j.jallcom.2005.02.078

175. T. A. Zotov, V. N. Verbetskii, T. Ya. Safonova, A. V. Garshev, and O. A. Petriiz.
Hydrogen Sorption and Electrochemical Properties of Alloys: Systems Zr—Ti—Ni—V—

Mn with Laves Phase Structures, Russian Journal of Electrochemistry. 2007. V. 43.
No.3. P. 355-363. https://doi.org/10.1134/S1023193507030147

176. O.M. lvasishin, D.G. Savvakin, M.M. Gumenyak, A.B. Bondarchuk. Role of
surface contamination in titanium PM. Key Engineering Materials. 2012. V. 520.
P.121-132.

177. O. M. Ipacumun, O. b. bounapuyk, M. M. I'ymentok. [loBepxHesi siBuIla npu
HarpiBaHHI TOPONIKY TiAPUAY TUTaHA, Di3uxa i ximia meepooco mina. 2011. V. 12,
No. 4. P. 900-907.

178. X.B. Yu, J.Z. Chen, Z. Wu, B.J. Xia, N.X. Xu. Effect of Cr content on hydrogen
storage properties for Ti-V-based BCC-phase alloys, Int. J. Hydrogen Energy. 2004.
V. 29. No. 13. P. 1377-1381. https://doi.org/10.1016/].ijhydene.2004.01.015

179. K. Young, D. F. Wong, L. Wang. Effect of Ti/Cr content on the microstructures

and hydrogen storage properties of Laves phase-related body-centered-cubic solid
solution alloys, J Alloys Compds. 2015. V. 622. P. 885-893.
https://doi.org/10.1016/j.jallcom.2014.11.006

180. R.R. Jeng, C.Y. Chou, S.-L. Lee, Y.C. Wu, H.Y. Bor/ Effect of Mn, Ti/Cr ratio,
and heat treatment on hydrogen storage properties of Ti—V-Cr—Mn alloys, Journal of
the Chinese Institute of Engineers. 2011. V. 34. No. 5. P. 601-608.

181. B. Predel, Cr-Zr (Chromium-Zirconium), Springer-Verlag Berlin Heidelberg,
5d:1 1-5 (1994).

182. Y. Tateyama, T. Ohno, Stability and clusterization of hydrogen-vacancy
complexes in a-Fe: An ab initio study, Physical Review B. 2003. V. 67. P. 174105.
https://doi.org/10.1103/PhysRevB.67.174105

183. Y. Fukai, The Metal-Hydrogen System, — Springer, Berlin, 2005. — Vol. 21 of
Springer Series in Materials Science. P. 497. https://doi.org/10.1007/3-540-28883-X



https://doi.org/10.1016/j.jallcom.2005.02.078
https://doi.org/10.1134/S1023193507030147
https://www.sciencedirect.com/science/article/pii/S0360319904000643
https://www.sciencedirect.com/science/article/pii/S0360319904000643
http://www.sciencedirect.com/science/journal/03603199
http://www.sciencedirect.com/science/journal/03603199/29/13
https://doi.org/10.1016/j.ijhydene.2004.01.015
https://doi.org/10.1016/j.jallcom.2014.11.006
https://www.tandfonline.com/doi/full/10.1080/02533839.2011.577595
https://www.tandfonline.com/doi/full/10.1080/02533839.2011.577595
http://www.tandfonline.com/toc/tcie20/34/5
https://doi.org/10.1103/PhysRevB.67.174105
https://doi.org/10.1007/3-540-28883-X

271

184. B. H. Bep6eukuii, CuuTe3 1 CBOHCTBa MHOTOKOMIIOHEHTHBIX THAPUIOB METAJIOB
(ABTopedepar mucc. ... A-pa xuM. HaykK) (MockBa: MOCKOBCKHI TOCYapCTBEHHBIM
yHuBepcuteT uM. M. B. JlomoHocoBa: 1998).

185. S. N. Klyamkin, A. Yu. Kovriga, V. N. Verbetsky. Effect of substitution on F.C.C.
and B.C.C. hydridephase formation in the TiCr,—H, system, Int. J. Hydrogen Energy.
1999. V. 24. No. 2-3. P. 149-152. https://doi.org/10.1016/S0360-3199(98)00041-X
186. K. N. Young, J. Nei. The current status of hydrogen storage alloy development
for electrochemical applications, Materials (Basel). 2013. V. 6, No. 10. P. 4574-4608.
https://doi.org/10.3390/ma6104574

187. T. P. Yadav, R. R. Shahi, O. N. Srivastava. Synthesis, characterization and

hydrogen storage behavior of AB, (ZrFe;, Zr(Feo7sVo.25)2, Zr(FeosVos)2 type materials,
Int J Hydrogen Energy. 2012. V. 37. No. 4. P. 3689-3696.
https://doi.org/10.1016/j.ijhydene.2011.04.210

188. F. Stein, M. Palm, G. Sauthoff. Structure and stability of Laves phases. Part I.

Critical assessment of factors controlling Laves phase stability, Intermetallics. 2004.
V. 12. No. 7-9. SPEC. ISS: P. 713-720. https://doi.org/10.1016/].intermet.2004.02.010
189. D.J. Thoma, J. H. Perepezko. A geometric analysis of solubility ranges in Laves
phases, J Alloys Compds. 1995. V. 224. No. 2. P. 330-341.
https://doi.org/10.1016/0925-8388(95)01557-4

190. Y. Zhang, J. Li, T. Zhang, T. Wu, H. Kou, X. Xue. Hydrogenation thermokinetics
and activation behavior of non-stoichiometric Zr-based Laves alloys with enhanced
hydrogen storage capacity, J Alloys Compds. 2017. V. 694. P. 300-308.
https://doi.org/10.1016/].jallcom.2016.10.021

191. S. W. Cho, G. Shim, G. S. Choi, C. N. Park, J.-H. Yoo, J. Choi. Hydrogen
absorption—desorption properties of Tig32Cro43Vozs alloy, J Alloys Compds. 2007.
V. 430. No. 1-2. P. 136-141. https://doi.org/10.1016/j.jallcom.2006.04.068

192. S.-W. Cho, C.-S. Han, C.-N. Park, E. Akiba. Hydrogen storage characteristics of
Ti—Zr—Cr-V alloys, J Alloys Compds. 1999. V. 289. No. 1-2. P. 244-250.
https://doi.org/10.1016/S0925-8388(99)00162-0



http://www.sciencedirect.com/science/journal/03603199
http://www.sciencedirect.com/science/journal/03603199/24/2
https://doi.org/10.1016/S0360-3199(98)00041-X
https://doi.org/10.3390/ma6104574
https://doi.org/10.1016/j.ijhydene.2011.04.210
https://doi.org/10.1016/j.intermet.2004.02.010
https://doi.org/10.1016/0925-8388(95)01557-4
https://www.sciencedirect.com/science/article/pii/S0925838816331292
https://www.sciencedirect.com/science/article/pii/S0925838816331292
https://www.sciencedirect.com/science/article/pii/S0925838816331292
http://www.sciencedirect.com/science/journal/09258388
http://www.sciencedirect.com/science/journal/09258388/694/supp/C
https://doi.org/10.1016/j.jallcom.2016.10.021
https://doi.org/10.1016/j.jallcom.2006.04.068
https://doi.org/10.1016/S0925-8388(99)00162-0

272

193. X.B. Yu, Z. Wu, B.J. Xia, N.X. Xu Enhancement of hydrogen storage capacity of
Ti—V-Cr—Mn BCC phase alloys, J Alloys Compds. 2004. V.372. No.1-2. P. 272-277.
https://doi.org/10.1016/j.jallcom.2003.09.153

194. B. A. lextsapenko. ®a3oBi piBHOBaru B cuctemi Ti-Zr-Mn, Memanoznascmeo ma
oopooxa memanis. 2011. Ne. 3. C. 48-51.

195. 1HO.K. KoBuepuctsiii, B.B. BaBunosa, I'.11. Pyna, JIL.H. I'ankun, M.M. Xpy1ios.
[TpeBpamenus B criaBax ¢ gazamu JlaBeca npu 3akanke U3 )KUIKOTO COCTOSTHUS, V3B.
AH CCCP. Heopeanuueckue mamepuanwsi. 1986. T. 22. No.2. C. 335-337.

196. B.H. Kyausipos, A.M. Jluaep, H.C. [lymununa, H.A. Tumuenko. OcoOeHHOCTH
HaKOILJICHUS U paCTpeIeIICHIs BOIOPOIa TIPHU HACKIIIEHUH TUTaHOBOTO ciiaBa BT1-0
AIEKTPOIUTUIECKUM METOJOM U U3 Ta30BOU cpenwl, JKypHan mexHuueckou gusuxu,
2014. T. 84. Ne. 9. C. 117-211.

197. S.K. Kulshreshtha, R. Sasikala, K.K. Pushpa, K.A. Rao, R.M. lyer. On activation
of FeTi: surface effects. Mater. Res. Bull. 1989. V. 24. No. 5. P. 545-550.
https://doi.org/10.1016/0025-5408(89)90101-3

198. R. Pucci, G. Piccito. Molecular Systems under High Pressure. // Eds.: Elsevier,
Amsterdam. 1991. P. 139,

199. J. Manna, B. Tougas, J. Huot. First hydrogenation kinetics of Zr and Mn doped

TiFe alloy after air exposure and reactivation by mechanical treatment, Int J Hydrog
Energy. 2020. V. 45. P. 11625-11631. https://doi.org/10.1016/].ijhydene.2020.02.043
200. L.E.R. Vega, D.R. Leiva, R.M. Leal Neto, W.B. Silva, R.A. Silva, T.T. Ishikawa,
C.S. Kiminami, W.J. Botta. Improved ball milling method for the synthesis of

nanocrystalline TiFe compound ready to absorb hydrogen, Int J Hydrog. Energy. 2020.
V. 45. P. 2084-2093. https://doi.org/10.1016/j.ijhydene.2019.11.035

201. A.1. Mumienko. [Ipumenenue Bogopoaa sl aBTOMOOUIIBHBIX ABUrateneit, Kues:
Haykosa [Iymka. 1984. C. 141.
202. M.M. AmntonoBa, A.b. CanoxuankoBa. KomMOWMHMpOBaHHBIE MaTepUabl IS

akkymyssinuu Bogopoaa. (Ipenpunt UTIM AH YCCP, Kues: 1989).


https://doi.org/10.1016/j.jallcom.2003.09.153
https://doi.org/10.1016/0025-5408(89)90101-3
https://doi.org/10.1016/j.ijhydene.2020.02.043
https://doi.org/10.1016/j.ijhydene.2019.11.035

273

203. H. Leng, Z. Yu, J. Yin, Q. Li, Z. Wu, K.-C. Chou. Effects of Ce on the hydrogen
storage properties of TiFeg9Mng; alloy. Int J Hydrog Energy. 2017. V. 42. No. 37.
P. 23731-23736. https://doi.org/10.1016/j.ijhydene.2017.01.194

204. W. Ali, M. Li, P. Gao, C. Wu, Q. Li, X. Lu, C. Li. Hydrogenation properties of
Ti—Fe—Mn alloy with Cu and Y as additives, Int J Hydrog Energy. 2017. V. 42. No. 4.
P. 2229-2238. https://doi.org/10.1016/j.ijhydene.2016.09.037

205. J. Yin, Q. Li, H. Leng. Advances in improvement of hydrogen storage properties
of TiFe-based alloys. Mater. Rev. 2016. V. 24. P. 141-147.

206. M.J. Choi, H.S. Hong, K.S. Lee. Electrochemical characteristics of the composite

metal hydride of TiFe and TiMn, synthesized by mechanical alloying, J Alloys
Compds. 2003. V. 358. No. 1-2. P. 306-311.
https://doi.org/10.1016/S0925-8388(03)00077-X

207. H. Emami, K. Edalati, J. Matsuda, E. Akiba, Z. Horita. Hydrogen storage
performance of TiFe after processing by ball milling. Acta Mater. 2015. V. 88. No. 15.
P. 190-195. https://doi.org/10.1016/j.actamat.2014.12.052

208. K. Edalati, J. Matsuda, A. Yanagida, E. Akiba, Z. Horita. Activation of TiFe for

hydrogen storage by plastic deformation using groove rolling and high-pressure

torsion: similarities and differences. Int J Hydrog Energy. 2014. V. 39. No. 28.
P. 15589-15594. https://doi.org/10.1016/j.ijhydene.2014.07.124

209. K. Edalati, J. Matsuda, M. Arita, T. Daio, E. Akiba, Z. Horita. Mechanism of
activation of TiFe intermetallics for hydrogen storage by severe plastic deformation
using high-pressure torsion. Appl. Phys. Lett. 2013. V. 103. P. 143902.
https://doi.org/10.1063/1.4823555

210. V. Zadorozhnyy, E. Berdonosova, C. Gammer, J. Eckert, M. Zadorozhnyy, A.

Bazlov, M. Zheleznyi, S. Kaloshkin, S. Klyamkin. Mechanochemical synthesis and
hydrogenation behavior of (TiFe)i00 xNix alloys. J. Alloys Compds. 2019. V. 796.
P. 42-46. https://doi.org/10.1016/j.jallcom.2019.04.339

211. Y. Li, H. Shang, Y. Zhang, P. Li, Y. Qi, D. Zhao. Investigations on gaseous

hydrogen storage performances and reactivation ability of as-cast TiFel—xNix (x =0,
0.1, 0.2 and 0.4) alloys. Int J Hydrog Energy. 2019. V. 44. No. 28. P. 4240-4252.


https://doi.org/10.1016/j.ijhydene.2017.01.194
https://doi.org/10.1016/j.ijhydene.2016.09.037
https://doi.org/10.1016/S0925-8388(03)00077-X
https://doi.org/10.1016/j.actamat.2014.12.052
https://doi.org/10.1016/j.ijhydene.2014.07.124
https://doi.org/10.1063/1.4823555
https://doi.org/10.1016/j.jallcom.2019.04.339

274

https://doi.org/10.1016/j.ijhydene.2018.12.144

212. H. Shang, Y. Li, Y. Zhang, Y. Qi, S. Guo, D. Zhao. Structure and hydrogenation
performances of as-cast Ti; ;—xRExFeosMno2 (RE = Pr, Sm and Nd; x =0, 0.01) alloys.
Int J Hydrog Energy. 2018. V. 43. No. 41. P. 19091-19101.
https://doi.org/10.1016/j.ijhydene.2018.08.046

213. S.-M. Lee, T.-P. Perng. Effect of the second phase on the initiation of
hydrogenation of TiFe; \Mx (M =Cr, Mn) alloys, Int J Hydrog Energy. 1994. V. 19.
No. 3. P. 259-263. https://doi.org/10.1016/0360-3199(94)90095-7

214. R.N. Yasuda, S. Wakabayashi, N. Sasaki, T. Okinaka, Akiyama. Self-ignition
combustion synthesis of TiFe,_xMny hydrogen storage alloy. Int J Hydrog
Energy. 2009. V. 34. No. 22. P. 9122-9127.
https://doi.org/10.1016/j.ijhydene.2009.08.102

215. J.J. Reilly, R.H. Wiswall Formation and-properties of iron titanium hydride, Inorg
Chem. 1974. V. 13. No. 1. P. 218-222. https://doi.org/10.1021/ic50131a042

216. G.V. Raynor, V.G. Rivlin. Fe-Mn-Ti in Phase Diagram in Iron Ternary Alloys,
Inst. Metals, London. 1988. V. 4. P. 378-388.

217. B. A. Jlextspenko, BzaeMoist BOJIHIO 3 €BTEKTUYHUMU CIIaBaMu cuctem Ti-Zr-
Mn ta Ti-Fe-Mn (ABtoped. nuc. ... kaua. texd. Hayk HAH VYkpainn) (Kuis: [H-T
metanodizuxu: 2011).

218. A. B. Manyiinos, B. . Poguonos, OcHoBbl xumuu, M-Bo "Llentpnonurpad",
(2016).

219. P. Dantzer, O. J. Kleppa, M. E. Melnichuk. J. Chemical Physics. 1976. V. 64. P.
139.

220. N.A. Abdul Majid, N. Maeda, M. Notomi, Improved hydrogen desorption
properties of magnesium hydride with TiFegsMng,, graphite and iron addition. Int J
Hydrog Energy. 2019. V. 44. No. 55. P 29189-29195.
https://doi.org/10.1016/j.ijhydene.2019.02.190

221. G.D. Sandrock, The metallurgy and production of rechercheable hydrides,
Hydrogen Energy Storage. Proc. Int. Symp. Geilo, 1977. Oxford e.a. 1978. P. 353-393.



https://doi.org/10.1016/j.ijhydene.2018.12.144
https://doi.org/10.1016/j.ijhydene.2018.08.046
https://doi.org/10.1016/0360-3199(94)90095-7
https://doi.org/10.1016/j.ijhydene.2009.08.102
https://doi.org/10.1021/ic50131a042
https://doi.org/10.1016/j.ijhydene.2019.02.190

275

222. V.A. Lavrenko, V.Z. Mordkovich, V.A. Shvets, T.V. Khomko. Comparative
study of surface state and electrochemical properties of TiFe hydrogen storage alloy as
well as TiFe, alloy by XPS and polarization curves methods, In: Hydrogen Power:
Theoretical and Engineersng, ed. By T.C. Saetre, Kluwer Academic, Netherlands.
1998. P. 353-358.

223. T.B. Xomko. BoanecopOitiiiHi Ta €JIEKTPOXIMIYHI BIACTUBOCTI 1IHTEPMETAIIIIB
cucreM Ti-Fe, Ti-Fe-V i Mg-Ni, (ABroped. muc. ... kana. texH. Hayk HAH Ykpainn)
(Kui: [1-T mpobaeM marepiasiosHaBcTBa: 2004).

224. J.L. Murray. Bull. Alloy Phase Diagrams. 1981. V. 2. P. 334-343.

225. T. Hagi, J. Sato, M. Yasuda, K. Tanaka. Structure and phase diagram of Ti—V-H
system at room temperature.Trans. Jap. Inst. Metals. 1987. V. 28. No. 3. P. 198-204.
226. H. Nagel, R.S. Perkins. Crystallographic investigation of ternary titanium
vanadium hydrides, Zeitschrift fuer Metallkunde. 1975. V. 66. No. 6. P. 362-366.

227. A. Switendick. Influence of the Electronic Structure on the Titanium-Vanadium-
Hydrogen Phase Diagrame. J. Less.-Common. Met. 1976. V. 49. P. 283-290.
https://doi.org/10.1016/0022-5088(76)90041-2

228. E. Debowska, B. Rozenfeld. Application of the positron annihilation method to

the investigation of the f.c.c. => f.c.t. transition in T1.yVyH,, Zeit. Phys. Chem. Nene
Folge. 1985. V. 145. No.1-2. P. 71-77.

229. I'.®. Kob63enko, A.A. llkona. KuHeTrnka moriomenusi BOJA0poa KOMIIAKTHBIM
tutanoMm, Memannogusuxka. 1989. V. 11. No. 6. P. 71-77.

230. A.A. llIxona, Pymriiina cuna mporiecy HaBogHeHHs meTaniB. I. Tutan HoguaHui,
Memannoghus. nosetiumue mexuon. 2013. T. 35. No. 5. C. 697-709.

231. A.A. llIxoma, Pymriiina cwia nporiecy HaBogHeHHsT metaiiB. II. Turan nurtuii,
Memannoghus. nosetiuuue mexuon. 2014. T. 36. No. 5. C. 689-704.
https://doi.org/10.15407/mfint.36.05.0689

232. K.H. Cewmenenko, B.H. BepOenkwuii, A.B. KouykoB, A.H. CpITHUKOB.

B3aumopeiicteue ¢ Bomopogom MMC u crnaBoB, coaepKallux MarHub, BecmHuk

MI'Y, cep.2, Xumus. 1983. T. 24. No.1. C. 16-27.


https://doi.org/10.1016/0022-5088(76)90041-2
javascript:void(0)
javascript:void(0)
https://doi.org/10.15407/mfint.36.05.0689

276

233. A. 1. Pynp, A. M. Jlaxuuk, B. I'. IBanuenko u np. Bogopomoakkymynupyromiue
Matepuanbsl Ha ocHoBe Mg—C HaHOKOMIO3UTOB. 1. CTpPYKTYpHOE COCTOSIHUE U
KUHETHKa copouuu, Memannogus. Hoseuwue mexnon. 2007. V. 29. No. 11.
C. 1467-1478.

234. A.D. Rud, A.M. Lakhnik, V.G. Ivanchenko, V.N. Uvarov, A.A. Shkola, V.A.
Dekhtyarenko, L.l. lIvaschuk, N.l. Kuskova, Hydrogen storage of the Mg-C
composites, Int J Hydrogen Energy. 2008. V. 33. No. 4. P. 1310-1316.
https://doi.org/10.1016/j.ijhydene.2007.12.032

235. J.A. Murshidi, M. Paskevicius, D.A. Sheppard, C.E. Buckley. Structure,

morphology and hydrogen storage properties of a

Ti0.97Zr0.019V0.439F€0.007Cr0.045Al0.026MnNy 5 alloy, Int J Hydrogen Energy. 2011. V. 36.
No. 13. P. 7587-7593. https://doi.org/10.1016/j.ijhydene.2011.03.137

236. S. Khajavi, M. Rajabi, J. Huot. Crystal structure of as-cast and heat-treated
TiosZros(MnixFe)Cry, x=0, 0.2, 0.4, J Alloys Compds. 2018. V. 767. P. 432-438.
https://doi.org/10.1016/j.jallcom.2018.07.111

237. M.E. Wieser, N. Holden, T.B. Coplen, J.K. Bohlke, M. Berglund, et. al. Atomic
weights of the elements 2011 (IUPAC Technical Report), Pure and Applied Chemistry,
2013. V. 85. No. 5. P. 1047-1078. https://doi.org/10.1351/PAC-REP-13-03-02.

238. Z. Yao, L. Liu, X. Xiao, C. Wang, L. Jiang, L. Chen. Effect of rare earth
doping on the hydrogen storage performance of Tiy02Cri1MngsFeos alloy for hybrid
hydrogen storage application J. Alloys Compds. 2018. V. 731. P. 524-530.
https://doi.org/10.1016/j.jallcom.2017.10.075

239. A.B. Manyiinos, B.U. PoaumonoB. OcnoBbl xumuu. MockBa: 3AO0
NznarenscTBOBO lenTpnonurpad. 2014. 416 C.

240. J.G. Niu, W.T. Geng. Oxygen-induced lattice distortion in b-TisNb and its
suppression effect on 3 to a’” transformation, Acta Materialia. 2014. V. 81. P.194-203.
https://doi.org/10.1016/j.actamat.2014.07.060



https://doi.org/10.1016/j.ijhydene.2007.12.032
https://doi.org/10.1016/j.ijhydene.2011.03.137
https://doi.org/10.1016/j.jallcom.2018.07.111
https://doi.org/10.1351/PAC-REP-13-03-02
https://www.sciencedirect.com/science/article/abs/pii/S0925838817335004#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838817335004#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838817335004#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838817335004#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838817335004#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838817335004#!
https://www.sciencedirect.com/science/journal/09258388/767/supp/C
https://doi.org/10.1016/j.jallcom.2017.10.075
https://doi.org/10.1016/j.actamat.2014.07.060

277

JIOJIATOK A
= L L
4 IRPOROZAVETITARIUN G !Uﬁwﬁﬁﬂﬁmi @
y " - 2 " TITANIUM
%l ToBapucTBO 3 00MEKEHOIO BUINIOBIAAJIBHICTIO —'I
St “3AMOPI3bKUN TUTAHO-MATHIEBUU KOMBIHAT” Ui
TOB «(3TMK» )
TOB «3TMK», Tenedon.:
ys1. Tennuuna, 18, m.3anopisoks, €JIPTTIOY 38983006 +38 (061) 2898200,
69600, Ykpaina e-mail: sitiz@ztme.zp.ua 2898202,

(axc: +38 (061) 2898338

09.11.2020p. NeCJI/02- /733 Ha No BiJT 20 p.

[nctutyT Metanodizuku
im. I'.B. Kypatomosa HAH Vkpainu

[1{0/10 BIPOBA/DKEHHS Pe3yJIbTaTiB
HayKOBO-J0CIIIAHOT poOOTH

AKT
BIPOBA/KEHHs Pe3y/IbTaTiB HAYKOBO-10C/iIHOT poboTH

TOB «3TMK» npoBiB BUNpoGyBaHHs 3pa3KiB HOBHX MaTepialiB — aKyMyJsiTOpiB
BOJIHIO Ha OCHOBI THUTaHYy, 1110 pO3po0IIeHi B TucTutyTi Metanodizuky im. I'.B.Kypaomona
HAH Vxkpainu. Takoxk, B MNPOMHMCIOBMX yMoBax Oyjo MHpOBENEHO arpo0artiio
TeMIiepaTypHO-6apuuHKX PEKUMIB HABOJAHEHHS TUTaHy Ta CIUIABIB Ha #Oro OCHOBI,
PEKOMEHI0BaHKX crieianictaMy [HCTUTY Ty MeTanodisuku.

OpuuM i3 HanpamkiB npomuciosoi JisuibiHocti 3TMK € BUPOOHMUTBO Tiapuily
TUTAHy ry6uaToro, 110 BAMarae 3HauHMX 00’€MiB BUKOPUCTAHHS BOJHIO /Ul HABO/IHCHHS
THTaHOBOT TyGKM Ta pO3POOKM TEXHOJIONYHMX PEXKMMIB, IO 3ade3nedarb IIBUJIKE
HACMYEHHS 3HAYHMUX 00’ €MiB TUTAHOBOI I'yOKH INpH BIHOCHO HU3bKHMX TeMIleparypax Ta
THCKaX BOJHIO. Y 3B’A3KY 3 IIUM, HA KOMOiHATI OyJ10 OLIHEHO MOXKIIMBOCTI BUKOPUCTAHHS!
Ha BMPOGHMIITBI TMTAHOBUX CIUIABIB — aKyMyJIsSTOpIB BOJHIO, po3poliienux B InctuTyTi
meTanobizuky, s GesnedHoro 306epiraHHs BOIHIO Ta HOro BMIAOOYTKY JUls norped
TEXHOJIOTTYHKX TPOLECIB.

Pe3ynbratu BUNpOOYyBaHb [OKa3aiy, 110 BHKOPUCTaHHS [aHMX MarepiaiiB Juls
36epiranHs i BUAOOYTKY BOIHIO B TEXHOJOTIYHMX PEKMMaX TipyBaHHS, MAIOTh 3Ha4HI
MepCrieKTHBH.  30KpeMa, 1€  J03BOJMTH  MiABMILMTH  NPOJYKTUBHICThL  IPOLECIB
BHPOGHMIITBA TiPOBAHOI THTAHOBOI TI'yOKH, CIPHSTHME MiJBULIEHHIO €KOHOMiYHOCTI
TEXHOJIOMYHKX MPOLIECIB Ta Mi/IBUIIIEHHIO 6e31eKr BUPOOHHIITBA.

3 11oBaroto,

JIMPEKTOP TeXHIUHUH C.l. laBuoB
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iM. I.B. Kypatomosa HAH YkpaiHu
un.-kop. HAH YkpaiHun
B.A. TatapeHky

TOB «HECC PHA LUEHTP» 3giiicHioE peanisauito MPOEKTIB COHAYHOI EHEepreTuky,
30KpeMa, NPOeKTyBaHHS Ta 6YAIBHULITEO NPOMUCNOBUX COHAYHMUX eNeKTPoCcTaHuUiiA. Kpim Toro,
TOB «HECC PHA LIEHTP» Bege akTvBHy po60Ty B HanpaMKy NPakTUYHOro BNPOBAaAXeHHS
TEXHONOTi, NOB'A3aHMX 3 BUKOPUCTAHHAM BOAHIO B CUCTeMax BUAOGYTKY eHeprii. 3 Hawoi
TOUKM 30pYy, HaNpPAMOK AOC/IAXEHb, WO BEAYyTECA B pamMkax AaHoi TeMaTuku B nabopatopii
eBTeKTUYHMX cnnasiB IHCTUTYTy meTanodizvkn im. I.B. Kypaiomosa HAH YkpaiHw, € uikasumu
Ta BaX/IMBAMMW.

Ha 6asi pe3ynbTatie, OTpUMaHux B nabopartopii eBTeKTUYHMX CnnasiB IHCTUTYTY
metanodizukm iM. MB. KypaomoBa HAH Ykpainu, 6yno pospob6neHo HoBi marepianv Ans
6e3neyHoro 36epiraHHA Ta TPaHCNOPTYBaHHS BOAHIO Y 38'A3aHOMY CTaHi (MiAPYAHI cucTemm) Ha
OoCHOBI cnnagie cuctemu Ti-Zr-Mn, siKi BUFAHO BIAPI3HAKTLCA M'AKUMU TepMiYHO-6apuyHUMmn
YyMOBaMW riApyBaHHs-4€riagpyBaHHS Ta BMCOKOIO BOAHEBOIO EMHICTO. 3aNpONOHOBaHI MiAXoAv
LOAO CTBOPEHHS HOBMX Marepianis-akyMyisTopis BOAHIO Ta WAAXM MOKPALEHHA iX
BOAHEBOCOPOUIAHNX XapaKTEPUCTUK € LIKaBMMW Ta aKTyanbHUMW 3 TOYKW 30pYy MPakTU4HOro
BUKOPUCTaHHS. KpiM TOro, BaX/IMBO 3a3Ha4vTH, WO A3HWIA HANPsM HAYKOBUX AOCNIAXEHb He
TiNbKN A03BONMB CTBOPUTU HOBI MaTepianv-akyMynsiTopu BOAHK, ane i € Haag3Bu4aitHO
nepcnekTUBHUM ANA Komepujanizayii umx po3pobok, 3abesneuyloun 3HaYHe 3HUXEHHA
co6iBapTOCTi OTPUMAHUX TAPWAIB Ta TEXHONOSIT IX OTPUMAHHS, WO € BAXIMBAMUN HYMHHKaMU
NPV MacoeoMy BUPOBHULTBI Ta NPaKTUYHOMY BNPOBaAXeHHI po3pobneHnx MaTepianis.

TOB «HECC PHA LIEHTP» sik 04Ha i3 nepeAoBMX KOMMNaHii, WO NPauUtoe 3 rigpuaHnuMm
TeXHONOTISMM, BBaXAE HaA3BU4aNHO NEPCNeKTUBHUM AaHWiA HanpsaM pPo3pobok Ta OTPUMaHI
matepianv ans 6e3neuHoro 36epiraHHa Ta TPaHCMOPTYBaHHA BOAHK Y 3B8'A3aHOMY cTaHi. TOB
«HECC PHA LEHTP» 3auikaBneHa B pe3ynbTaTax A3aHWUX HayKoBuMX AOCNiAKeHb Ta y iX
NPOAOBXeHHI, 30Kpema y NoAanbLUOMY AOCNIAXEHHI LMKNIYHOI CTaBinbHOCTI Hocis Ta nigéopy
E€KOHOMIYHO-AOUINEHUX MaTepianiB ANs AOCATHEHHA KOMEepLiHOI KOHKYPeHTO3AaTHOCTI AaHOI
TexXHonNoril.

B.o. aupekTopa O.M. Cargiee

Buk. borHaap A.C.
HavansHuk sigginy xiMidHUX AOChIAXEHE

IM® HAH VKPATHHU
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