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Huceprariiiina po6oTa MPUCBIYCHA BCTAaHOBIEHHIO 3arajlbHUX 3aKOHOMIPHOCTEH
CHUHTE3Yy CIUIaBiB IUPKOHIIO 3 0araTOKOMIIOHEHTHHX CHCTEM HaBOJIHEHHMX IOPOIIKIB,
(dakTOpiB 1 MEXaHI3MIB BIUTUBY Ha MPOIECU CUHTE3Y JJI OTPUMAHHS CTPYKTYPHO-(Pa30BUX
CTaHIB CIUIaBiB, (PI3UKO-MEXaHIYHI XapaKTePUCTHUKU SIKUX JOCTaTHI JJisi MPAaKTHYHOTO
BUKOPUCTAHHS B SJICPHIN €HEPreTUlll Ta B MEUIUHI.

JlocmipkeHo eBOJIIOIII0 (ha30BOTO CKIIANY Ta MIKPOCTPYKTYPH MiJ Yac CUHTE3Yy
HU3bKOJIEroBaHuX cruiaBiB Zr-1,5Sn ta Zr-1Nb 3 o-I'IlY crpykTyporo i3 cymimieir Ha
OCHOBI TIAPHUAY HUPKOHIIO 3 TOJaBaHHIM YaCTUHOK BIAMOBITHUX MeTalliB. BosieHb, sikuii B
3QIISTHOMY MAXO/1 € TUMYAaCOBUM JICTYBaJbHUM €JIEMEHTOM JIO IIMPKOHIIO, BUXOIUTDH 3
KPUCTAJIIYHOT IPAaTKHU METay ITiI 9ac BaKyyMHOI'O HarpiBaHHS B Iporieci cuHTe3y. da3one
neperBopennss ZrH,—Zr+H; 3a0esneuye yTBOpEeHHS BHUCOKOJIE(EKTHOTO CTaHy
JETIIpOBaHOl IMPKOHIEBOT MATPHIll, IO CYTTEBO aKTUBYe Audy3iifHI Tpolecu Ta
npucKoproe (OpMyBaHHS OMHOPIAHMX cruiaBiB. [lokazaHo, MO KOXEH 3 BKa3aHUX
JIETYBalIbHUX €JIEMEHTIB, SKi CYTTEBO BIAPI3HAIOTHCS CBOIMH TOYKAMHU TIUIABIICHHS,
G y31HHOI0 PYXJIMBICTIO Ta O 1 3 cTaOLTI3yI0YOI0 /TI€10 Ha KPUCTATIYHY IPATKy IUPKOHIO,
BHOCUTH XapaKTEpHI 0COOJMBOCTI B Tporec (GopMyBaHHS CIUIaBIB JaHUM METOJIOM.
3o0kpeMa, cuHTe3 cIuiaBy Zr-1,5Sn BigOyBaeThbes 3a y4acTiO PiAKOi (a3u JETKOTUIaBKOTO
OJIOBa Ta 3 THUMYACOBUM (OPMYBAHHSIM TBEPAUX IHTEPMETATIIIB HA CTajli XiMIYHOI
romoreHizanii cucremu. CriaB Zr-1Nb cHUHTE3yeThCsl BUKIIOYHO TBEPAO(PA3ZHUM LIISIXOM B
o0JlacTi ICHYBaHHSI HeNepepBHUX TBepaAux po3uuHiB Zr-Nb 3 [B-OLK crpykryporo.

AKTHBaIlSl IIUPKOHIEBOI MAaTpuill (Pa3oBHUM NEPETBOPEHHSIM TiApHUlI-MeTan 3abe3mnedye



JOCSITHEHHST MaJIONOPUCTUX CTaHIB (3 TYCTHHOKO Ha piBHI 99% Bim TEOpPEeTHYHOTO
3HAUEHHS), HE3BAYKAIOUM Ha 11€, HU3bKa MIBUJKICTh NU(Y31{HOrO PO3UMHEHHS YAaCTUHOK
HI00110 B IUPKOHII POOUTH MPOOJEMHUM JOCSATHEHHS XIMIYHOI 1 MIKPOCTPYKTYpPHOI
OJIHOPITHOCTI cruiaBy. B 000X crnjaBax MpW OXOJIOJKEHHI BiJ TeMIepaTyp CHUHTE3Y
BIIOYBa€eThCsl [—>0. TEPETBOPEHHS, MPOTE CIUIABH BIAPI3HAIOTHCS TEMIEPATYpPOIO
MepPETBOPEHHS, KUTBKICTIO 3apPOJIKIB O INIACTHH Ta MIBUIKICTIO X pOCTY, TOMY cpopMoBaHa
IUTACTUHYACTa MIKPOCTPYKTypa cmiaBy Zr-1Nb € cyTTeBO AUCHEPCHINIOW, HIK CIUIaBY
Zr-1,55n.

Cdopmonani (ha3oBO-CTPYKTYpHI CTaHU CUHTE30BaHUX CIUIaBIB MalOTh MEXaHIuHI
BJIACTHBOCTI, MOPIBHSAHI 13 BIAMOBIIHUMHU MOKAa3HUKAMHU LKUX MaTepialliB, OTPUMAHHUX 3a
CTaHJapTHUMHU TEXHOJIOTISIMH.

BcraHoBiIEeHO OCHOBHI 3aKOHOMIPHOCTI (pOpMyBaHHSI CTPYKTYpHO-(a30BHX CTaHIB
Opd CHHTE31 BHCOKOJIETOBAaHMX CIUIaBiB cucTeMu Zr-Ti-Nb, OCHOBHI JOCIIIKCHHS
IOPOBEACHO Ha MPHKIAAI ABOX Kommosumii 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb
(mac.%). 3 cymimiei rigpuay HUPKOHI0, TIPUAY TUTaHY Ta YACTUHOK H100110 C(hOPMOBAHO
OJNHOPITHI TBEPJI PO3YMHHU, IO MaroTh 3amaHy onaHodazny B OLIK crpykrypy, sika
30epiraeTbCcsi B TpOIECl OXOJO/KEHHS 10 KIMHATHOI TeMIepaTypu. XapaKTePHOIO
npoOJEMHOI0 OCOOJIMBICTIO IHMX CIUIaBiB € 30epekeHHS B HHUX I 4Yac CHHTE3Yy
MBUIIIEHOTO BMICTY 3aJIMITKOBUX 1OP (6-11%), sikuii He BIaIocs CyTTEBO 3HU3UTHU 3MIHOIO
napameTpiB mporecy (po3Mipd YaCTMHOK, YMOBH iX MpECyBaHHS, TEeMIEpaTypHO-4acOBi
YMOBHU CHHTE3Y). J[01aTKOB1 €KCIIEpUMEHTH BCTAHOBHJIM, IO ITiIBUIIICHA 00’ €MHA YacTKa
3aJIMIITKOBUX TIOP B IMX CIJIaBaX IMOB’s3aHa 13 MPUCYTHICTIO B iX CKJIa/i 3HAYHOT KUTBKOCTI
H100110. X04a oTprMaHi (a30BO-CTPYKTYPHI CTAaHU CHHTE30BaHUX CIUIaBiB (0 HOGA3HMIM B
OLIK cran Ta 3Ha4HA YacTKa MOp) 3a0€3MeUyr0Th JOCATHEHHS 3HMWKEHUX MOAyJiB FOHra
(55-56 I'Tla), mo0 € HEOOXiAHOIO BHUMOIOIO [0 CIUIaBiB-MaTepiaiiB IMIUIAHTATIB I iX
MEXaHIYHOI CYMICHOCTI 13 KICTKOBOIO TKAaHWHOIO, IBHINEHA TOPHUCTICTh BEIE 0
Jerpajallii XapakTepuCTUK MIITHOCTI Ta MJIACTUIHOCTI.

3 pochimkeHb 00’eMHUX €QEeKTIB MiJ Yac HarpiBaHHs OKPEMHX HaBOJHEHUX 1

HEHABOJHECHUX KOMIIOHEHTIB TMOPOIIKOBHUX CHCTEM 3p00JICHO BHCHOBOK, IO HA CTajii



necopO1ii BOAHIO BIAOYBA€ThCS 30UTbIIEHHS 00’ €MHOT YaCTKH TyCTOT B CyMIIlIaX YaCTUHOK.
[Ipy4KrHOIO0 LBOTO € MPUHLMIIOBO Pi3HI 00’€MHI €()EeKTH CKIAJOBUX CYMIIIEH: YACTUHKU
o0ox rigpuniB ZrH, ta TiH, neMOHCTpYIOTh 3MEHILIEHHA O00’€MYy B TEeMIEPATypPHOMY
IHTEpBaJl AecOpOIlii 3 HUX BOAHIO, 4 HEHABOJHEHI YAaCTMHKHU HIOO01I0 - cllabKe TepMiyHe
po3mupenHa. HeBianoBinHICTh 00’ €MHUX €(EeKTIB MK KOMIIOHEHTaMU CyMILIEH Mif] 4ac
necopO1ii BOAHIO BUKJIMKAE PyHHYBaHHA 3B’S3KIB MK YaCTUHKAMH 3 YTBOPEHHSM IOp B
CIIPECOBaHIM CUCTEMI, 11O OCOOIUBO MPOSABISIETHCS TPU 3HAUHOMY BMICT1 YHaCTMHOK H100110,
OyAy4d TOJOBHOIO NMPUYMHOIO MiABHUINEHOT MOPUCTOCTI MPU CHHTE31 BHCOKOJIETOBAHUX
CIUIABIB.

[Tpu nopanemiomy migBuiieHH1 Temiepatypu 10 1000-1250 °C, xonu akKTUBYETHCS
mudy3id 1 pO3BUBAETHCA XIMIYHA TOMOTEHI3alllsl, pi3HULA IU(PY31HHUX MOTOKIB MIXK
KOMIIOHEHTaMH CHCTEMHU BeJie /10 MPOsiBY edekTy DpeHKels, BHOCSYH T0AaTKOBUN BKIIAT Y
30UTBIIIEHHS] TOPUCTOCTI.

3 BCTAHOBJIEHUX MEXaHI3MIB (OpMYBAaHHS TOp MpPH CHUHTE31 BHCOKOJETOBAHHUX
criaBiB Zr-Ti-Nb 3po0JIeHO BHCHOBOK, IO MOTEHIIIHHUM MUISXOM 3HM)KEHHS 00’ €MHOI
YACTKHU MOP € BUKOPUCTAHHS Y CTAPTOBUX CYMIIIaX BUKJIIOYHO HABOJHEHUX MOPOIIKOBUX
JACTUHOK, K1 ICMOHCTPYIOTh MOAIOHICTh 00’ €MHUX e(eKTiB i1 9ac pecopOitii BoaHm. Lle
Mae 3a0e3meyuTH 30€peKCHHS I1HTErPabHOCTI CIPECOBAHOI CHCTEMH YacTHUHOK HE
30UTBIIYIOUH PO3MIPH ITYCTOT MK HUM.

BukopucranHs 4acTHHOK HaBOJHEHOTO HIOOiI0 pa3oM 13 TiIpujaMu ITUPKOHIIO 1
TUTaHYy B MPOLIECaX CUHTE3Y HE ajio 0a)kaHOTO 3HMXKEHHS BMICTY IOP B KIHLIEBUX CIJIaBax
Zr-Ti-Nb, 110 MOSACHIOETHCS HEAOCTATHHOIO CTAOUIBHICTIO TiApuaHOI (a3u HioOito, sKa
BTpadae BOJEHb Yy BaKyyMi Ile MpW KIMHATHIN Temmeparypi. 3Ha4HO e(EKTHUBHIIIUM €
BBEJICHHS HIOOII0 y CyMIIIIl y BUTJISAI YaCTUHOK HaBoqHEHUX Jiratyp Zr-Nb Ta Ti-Nb.

Bkazani HaBOAHEH! JiraTypu NMpW HarpiBaHHI Ha CTafil JAecopOIlii 3 HUX BOJHIO
MPOSBIAIOTE 00’ €MHI edeKTH, ToMi0HI A0 TIAPUAIB IUPKOHIIO 1 THUTaHY, I CIPHUIE
OT)KE€, 3MEHIIEHHI0O 00 €My MYyCTOT MDK YaCTMHKAMH, y MOPIBHSHHI 3 BHUMAJKOM, KOJIH
BUKOPHUCTAaHO MOPOIIKOBUM HI001M. Kpim Toro, BukopucTanHsi Jiratyp 3a0e3reuye

CTBOPEHHsI OUIbII PIBHOMIPHMX JU(PY31MHUX TOTOKIB TPU PO3BUTKY XIMIYHOT
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rOMOT€HI3allli, 1[0 MPUCKOPIOE JTOCATHEHHS MIKPOCTPYKTYPHOI OJHOPITHOCTI Ta 3HUKYE
HeraTuBHUN TiposiB edekty Dpenkens. [le n03Boauin0 3MEHIIUTH 00’ €MHY YacTKy
3aMUIIKOBUX Top y cmiaBax Zr-Ti-Nb go 1-2%, 1, BIAMOBIZHO, CYTTEBO IMOKPAIIUTH
KOMIUIEKC MTOKa3HUKIB MIITHOCTI Ta TJIACTUYHOCTI CHHTE30BaHUX CILJIaBIB.

ANBTEpHATUBHUM METOJIOM JIOCATHEHHS Oa)KaHUX CTPYKTYPHHX CTAHIB IS CILJIaBIB
JTAaHO1 CUCTEMH € po3poOJieHa ABOCTaJlHA CXeMa CHUHTE3Y 3 BUKOPHUCTAaHHSM BOJHEBOIO
BIUTMBY Ha wmatepian. lleit migxig 3abe3neuye MOCATHEHHS OJHOPITHOCTI CIUIaBy Ta
3HIDKCHHS 00’ €MHOI YaCTKH IOP B HbOMY IPU HEMOKJIUBOCTI BUKOPHCTAHHS JIiraTyp abo
IpH HEMOXKJIMBOCTI JOCTATHBOT JUCIEprizallii YaCTHHOK CJIEMEHTIB, 10 MalOTh HU3BKY
mudy3iiHy pyXJIUBICTh (Hampukiaj, Hi00110). JBocTaaiiiHy cxemy Oyjo anmpoOoBaHO Ha
npukiani cuHte3dy cruiaBiB 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb 3 BUKOpUCTaHHIM
BEJIMKUX YaCTHMHOK H100it0 (65m3bko 100 Mkm) Ta Temneparypu cunte3y 1250 °C, mo npu
OJIHOCTAJIIMHOMY CUHTE31 He 3a0e31euye OJHOPITHOCTI Ta 3HUKEHHS 00’ EMHOTO BMICTY TIOP
MmeHie 6-11%. Ha mepmriii ctaaii 1BoCcTaaiifHOTO MiAX0ay 0araTOKOMIIOHEHTHI CHCTEMU
ZrHo+TiH2+Nb niepeTBOpIOIOTHCSI Ha YaCTKOBO FOMOTCHI30BaHMIA TIOPUCTUI CIUIAB, MICIs
4oro 1eil MaTepiajl 3HOBY HaBOJHIOETHCS 1, 3aBISIKU OKPUXUYEHHIO NP HACUUEHH1 BOJTHEM,
JIETKO TEPEBOJAUTHCS y HABOJHEHUW JIETOBAaHUN IMOPOIIOK 3aJaHOl JAMCTEPCHOCTI, MPH
JUCIIepri3allii SKoro 0JJHOYaCHO BIOYBAETHCA XaOTHUUHE NIEPEMIITYBaHHS MOTO0 YACTHHOK.
BukopucranHs HaBOJHEHHX JErOBaHMX 4acTUHOK Zr-TI-Nb Ha apyriii cramii cHHTE3y
3a0e3reuye BUPIBHIOBAHHS KOHIIGHTpAIlli JETyBAJIBHUX €JIIEMEHTIB B CHCTEMI Ta,
BIJIMTOBIZTHO, OUTBII PIBHOMIPHI AM(Y3iliHI TOTOKH, a BOJEHB IK TUMYACOBHI JIETYBATHLHUIN
€JIEMEHT, 3HOBY Jla€ BKJIAJl B aKTUBAIliI0 Audy3ii. Yci 111 (pakTopy MiBUIYIOTh MBUIKICTH
G y31HHOTO TIEPEPO3NOALTY €IeMEHTIB, (HOPMYIOUH OTHOPIAHI CTPYKTYPHO-(a30Bi CTaHU
13 3HHOKEHOIO0 00’ €MHOIO YaCTKOIO TTOP.

Ha 3aBepmianbHUX eTamax CHHTE3Y 3aIKOBYBaHHS TIOP YHEMOXKIUBIIOETHCS Y
3B’SI3KY 3 PO3BUTKOM aJbTEPHATUBHUX TMPOIECIB iX KOaJeCIeHIlii, TOMYy 3 METOI0
dbopMyBaHHs O€3MOPUCTUX CTaHIB OyJa0 JOCHIHKEHO BIUIMB Tapsdyoi Ta XOJOIHOI
nedopmMaliii Ha €BOJIOLII0 MIKPOCTPYKTYypH Ta xapaktepuctuku B-OLK cnnaBiB cuctemu

Zr-Ti-Nb.



[Tokazano, mo xonoaHa aedopmailisi MpoKaTyBaHHSIM HeE 3a0e3leuye CYTTEBOTO
BIUIUBY Ha MIKPOCTPYKTYpPY CHHTE30BaHUX CIUIaBiB cucteMu Zr-Ti-Nb 3 mpuuwmHm ix
NepeIyacHOr0 pPYHHYBaHHS BHACHIJOK HETaTUBHOTO BIUIMBY 3aJUIIKOBUX TMOpP SIK
KOHLIEHTPATOP1B HAIPY>KEHb.

JlocnipkeHO TOTEHIliaJl BIUIMBY I1HTEHCUBHOTO JAe(pOpMYyBaHHA MpH KIMHATHIN
TEMIEpaTypl METOJOM KPYTIHHS MiJl BUCOKMM THCKOM Uil MoaU(iKalii MIKPOCTPYKTYpPH
Ta XapaKTepUCTUK CHHTe30BaHMX cruiaBiB Zr-Ti-Nb. Ha Biaminy Big aedopmarrii
BOJIOUIHHSIM, TIPHU SIK1M B1ZIOYBA€ThCS YTBOPEHHS ® (a3u, 10 MiJBUILYE MOIYJb IPYKHOCTI
MaTepially, IHTeHCHBHa JedopmMallisi KpPYTIHHSAM MiJ BHCOKMM THCKOM HE 3MIHIOE
onHodazumii  cran marepiany. [Ipu oMy 3abe3nedyeTbesi epeKTHBHE MOAPIOHEHHS
MIKpOCTPYKTYpH 10 po3mipiB 3epHa 200-500 HM, hopMyBaHHS MPAKTUYHO OE3MOPUCTUX
CTaHiB Ta miaBHIIEeHHS TBepaocTi 3 150-200 HV (B cunTe3oBanomy ctani) g0 300-350 HV
(micna nedopmariitHoi 00poOKH).

Metonamu rapsiaoro npecyBaHHs OyJI0 JOCSTHYTO MPAKTUYHO OE3MOPUCTHX CTaHIB
crutaBiB 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb, 110 103BOJMIO CYTTEBO ITiIBHIIUTH
KOMIUIEKC 1X MEXaHIYHUX XapaKTepUCTHK. 30Kpema TBepicTh 3pocia 3 159-185 HV no
291-298 HV, minnicts — g0 945 Mlla; onnoyacHo, popmyBaHHS O€3MOPUCTUX CTPYKTYP
nigsuiye moayib FOura 3 55 I'Tla no 61-72 I'Tla.

[TopiBHsIBHO HocHimKkeHo mporecu cuatesy a-I'IY cmiasis Zr-1,2Sn-1Nb-0,4Fe
ta Zr-1,2Bi-1Nb-0,4Fe, ix medopmariiiiHy moBeaiHKy i OImip TMOB3yd4OCTi MiJ BILTHBOM
HAaBAaHTAXKCHHA TpH BHUCOKMX Temmeparypax. CmmaBu cuctemu  Zr-Nb-Sn-Fe
BUKOPHCTOBYIOTHCSl Y KOHCTPYKIIHHUX €IEMEHTaX sIIEPHUX PEaKTOPIB /1 BUTOTOBJICHHS
TBEJIiB, OCKUIBKM Taki MaTepiaJii MalTh BHUIlY MINHICTh Ta Kpamdid oOmip 10
BHCOKOTEMITEpaTypHOI MOB3Y4YOCTI B YMOBaX €KcCIuTyarailii, HiX cruaB Zr-1Nb, skwii
IITUPOKO 3aCTOCOBYETHCS JIUIA IIIET K METH. 3aMiHy O.-cTabui3aTOopa 0J0Ba B CIUIABI CUCTEMH
neryBanHs Zr-ND-Sn-Fe Ha HelTpanbHHIA 3MIIHIOBATBHHN €IIEMEHT BICMYT OyIlo
MPOBEJEHO 3 METOI0 JOCIIJKEHHSI BIUIMBY TakKoi 3aMiHU Ha JedopMalliiiHy MOBEIIHKY
CIUIaBIB MpH HABAaHTAXEHHAX Ta TEeMIlepaTypax, M0 IMITYIOTh YMOBH iX MPaKTHYHOTO

BHKOPHCTAaHH:I.
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HedopmariiiiHa moBe1iHKa 000X CHHTE30BAHUX CIUIaBIB B YMOBAaX HaBAHTAKEHHS IIPU
750-850 °C noka3zana ix J0CcTaTHIN OMip BUCOKOTEMIIEpATypHIi MOB3y4oCTi. BunpoOyBaHHs
JIOBEJIH, 110 JCIIO BUIla mopucTicTh ciuiaBy Zr-1Nb-1,2Bi-0,4Fe (4,7%) € npu4drHOI0 HOTO
HE3HAYHO BHINOI IMIBUAKOCTI Jedopmamii Ha T[OYaTKOBOMY e€Tall, HDK CIUIaBy
Zr-1Nb-1,2Sn-0,4Fe (nmopucricte 4,0%). IIpoTe, 3HMKEHHS BMICTY MOp IICIS JOCHTH
tpuBasiux (O6u1bie 2100 ¢) BUTpUMOK 3a0e3nedye OuIbIll BUCOKY AePopMaliiHy CTIHKICTh
CIUIaBY 3 BICMYTOM, HI)K CIJIaBy 3 0JIoBOM. Li pe3ynbTaTu cBimuaTh Npo NEPCHEKTUBHICTh
3aMIHM OJlOBa Ha BICMYT B CIUIaBaX JIaHOTO KJacy JUIsl JOCATHEHHS JIOCTAaTHIX
EKCIUTyaTalllfHIX XapaKTEPUCTHUK.

J17ist 3SMEHIIIeHHSI BMICTY MOp Ta Mou(]ikalii CTpyKTypH 000X CHHTE30BaHUX CIUIABIB
edexkTuBHUM € rapsiue nedopmyBanHs, cryneHi nepopmyBanHs 70—75% 3abe3neuyroTh

3HM)KEHHSI 00’ €MHOT YaCcTKH MOp B IUX crutaBax 3 4-4,7% no 0,3-0,5%.

Karouosi cioBa: HusbkoneroBaHi Ta BUCOKOJIETOBAHI IIMPKOHIEBI CIIAaBU, CHHTE3,
0araTOKOMIOHEHTHI CUCTEMHM HABOJHEHHX YaCTHHOK, 00 €MHI e(peKTH, MIKpOCTPYKTYypa,

¢dazoBuil cTaH, MEXaHIYH1 XapaKTePUCTHKH.



SUMMARY

Oryshych D. V. Phase and structural transformations on hydrogen-activated
synthesis of zirconium-based alloys. — Qualification scientific work as a manuscript.

Dissertation for Ph. D. degree (physical and mathematical sciences) on specialty 105
— Applied physics and nanomaterials, G. V. Kurdyumov Institute for Metal Physics of the
N.A.S. of Ukraine, Kyiv, 2021.

The dissertation deals with the establishment of general laws of zirconium alloys
synthesis using multicomponent systems of hydrogenated powders, factors and mechanisms
of influence on synthesis processes. The goal was obtaining structural-phase states of alloys
ensuring physical and mechanical characteristics which are sufficient for practical use of
synthesized materials in nuclear energy and medicine.

The evolution of the phase composition and microstructure during the synthesis of
Zr-1,5Sn and Zr-1Nb alloys with a-HCP structure produced from powder blends based on
zirconium hydride with the addition of particles of the corresponding metals was studied. In
the approach hydrogen is a temporary alloying element to zirconium and leaves the metal
crystal lattice the during vacuum heating. The phase transformation of ZrH,—Zr + H;
provides the formation of a highly defective state of the dehydrogenated zirconium matrix,
which significantly activates diffusion processes and accelerates the formation of
homogeneous alloys. It was shown that each of noted alloying elements, with different
melting points, diffusion mobility and a and B stabilizing effect on the crystal lattice of
zirconium, has specific influence on alloy synthesis. For example, there was observed the
liquid phase of low-melting tin and temporary formation of solid intermetallics at the stage
of chemical homogenization in Zr-1,5Sn alloy. On the other hand, Zr-1Nb alloy is
synthesized by the solid-state path in the phase field of continuous solid solutions of Zr-Nb
which have f-BCC structure. Activation of the zirconium matrix by phase transformation
from hydride to metal ensures the achievement of low-porosity states (with a density of 99%
of theoretical value), but low diffusion dissolution rate of niobium particles in zirconium
makes difficult to achieve chemical and microstructural homogeneity. In both alloys during

cooling from the synthesis temperatures f—a transformation occurs, but the alloys differ in
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the transformation temperature, the number of a nuclei and their growth rate. That’s why
lamellar microstructure of Zr-1Nb is significantly more dispersed than Zr-1,5Sn.

These phase-structural states of the synthesized alloys have mechanical properties
comparable to the properties of corresponding materials produced with standard
technologies.

The main regularities of formation of structural-phase states on the synthesis of
highly-alloyed Zr-Ti-Nb alloys are established. The main researches are performed taking
two compositions 59Zr-19Ti-22Nb and 35Zr-39,5Ti-25,5Nb (wt.%). It were formed
homogeneous solid solutions with B BCC structure from mixtures of zirconium hydride,
titanium hydride and niobium particles. It was shown that single B phase is stable at room
temperature. A special problem feature of synthesized alloys is the preservation of increased
residual porosity (6-11%), which could not be significantly reduced by changing the process
parameters (particle size, conditions of their compaction, temperature-time synthesis
conditions). Additional experiments have shown that the increased volume fraction of
residual pores in these alloys is due to the presence of significant amounts of niobium in
their composition. The obtained phase-structural states of the synthesized alloys (single-
phase  BCC state and a significant proportion of pores) ensure the achievement of reduced
Young's modulus (55-56 GPa) which is necessary for mechanical compatibility of alloys
with bone tissue. On the other hand, increased porosity leads to the degradation of the
characteristics of strength and ductility.

The volume changes during heating of individual hydrogenated and non-
hydrogenated components of powder systems were studied. It was shown that at the
hydrogen desorption stage there is an increase in the volume fraction of voids in the
compacted powder blends. The reason for this is the fundamentally different volume
changes of the blend constituents: the particles of both hydrides ZrH, and TiH, show a
decrease in volume in the temperature range of desorption of hydrogen. But non-
hydrogenated niobium particles show a weak thermal expansion. The mismatch of the
volume changes between the components of the mixtures during hydrogen desorption causes

the destruction of the bonds between the particles with the formation of pores in the
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compacted system. This is especially evident at high content of niobium particles. This fact
Is @ main cause of increased porosity formed during the synthesis of alloys.

With a further increase in temperature to 1000-1250 °C, when diffusion and chemical
homogenization are activated, the difference in diffusion fluxes between the components of
the powder system leads to the Frenkel effect (Kirkendall's porosity). This factor makes an
additional contribution to increased porosity.

The established mechanisms of pore formation on the synthesis of highly-alloyed Zr-
Ti-Nb alloys allowed to conclude that a potential way to reduce the residual porosity is the
use of hydrogenated powder particles only in starting powder blends. Such particles
demonstrate similar volume changes during hydrogen desorption. This should ensure the
integrity of the particle system without increasing the size of the voids between particles.

The usage of hydrogenated niobium particles along with zirconium and titanium
hydrides in the synthesis processes did not give the desired decrease in the pore content in
the synthesized Zr-Ti-Nb alloys. It can be explained by insufficient stability of the niobium
hydride phase, which loses hydrogen in vacuum at room temperature. The niobium addition
in the mixture as the hydrogenated Zr-Nb and Ti-Nb master alloys is much more effective.

The hydrogenated master alloy particles exhibit volumetric effects similar to
zirconium and titanium hydrides at the hydrogen desorption stage. It helps to preserve the
integrity of the compacted systems and significantly activate their sintering. This leads to
reduction of the voids between particles, compared with case when niobium powder is used.
In addition, the use of master alloys provides a more equable diffusion fluxes during
chemical homogenization process, which accelerates the achievement of microstructural
homogeneity and reduces the negative effect of the Kirkendall's porosity forming. This
allowed to reduce the volume fraction of residual pores in Zr-Ti-Nb alloys to 1-2%, and, so
significantly improve the set of strength and ductile characteristics of the synthesized alloys.

An alternative method of achieving the desired structural states for the alloys of this
system is a two-stage scheme of synthesis with using hydrogen impact on the material. This
approach ensures the homogeneity of the alloys and reduces the volume fraction of pores.
This method can be used when it is impossible to use master alloys particles or sufficiently

dispersed the particles of elements with low diffusion mobility (e.g., niobium). The two-
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stage scheme was tested on the example of synthesis of 59Zr-19Ti-22Nb and
357r-39,5Ti-25,5Nb alloys using large niobium particles (about 100 pm) and synthesis
temperature at 1250 °C, which does not provide achievement of homogeneity and reduction
of pore volume content less than 6-11% at one-stage synthesis. In the first stage of the two-
stage approach, the multicomponent ZrH, + TiH, + Nb systems are converted into a partially
homogenized porous alloy. Then this material is re-hydrogenated and easily milled into a
hydrogenated prealloyed powder owing to hydrogen embrittlement. The use of
hydrogenated prealloyed Zr-Ti-Nb particles in the second stage of synthesis promotes more
uniform distribution of the alloying elements in the system and consequently, more uniform
diffusion flows. Also hydrogen as a temporary alloying element, contributes to diffusion
activation again. All these factors increase the rate of diffusion redistribution of elements,
forming homogeneous structural-phase states with a reduced volume fraction of pores.

At the final stages of synthesis, pore healing is impossible due to the development of
alternative processes of their coalescence. So there was studied the influence of hot and cold
deformation on the evolution of the microstructure and characteristics of B-BCC alloys of
the Zr-Ti-Nb system for the purpose of poreless states formation.

It was shown that cold deformation by rolling does not provide a significant effect on
the microstructure of the synthesized Zr-Ti-Nb alloys due to the negative effect of residual
pores as stress concentrators and premature material fracture.

The potential effect of intense deformation at room temperature by high pressure
torsion was investigated for modification of the microstructure and characteristics of
synthesized Zr-Ti-Nb alloys. The intensive deformation by torsion under high pressure does
not change the single-phase B state of the material as opposed to the deformation by drawing,
which leads to formation of the @ phase, which increases the elastic modulus of the material.
This provides effective microstructure grinding to grain sizes of 200-500 nm, the formation
of almost non-porous states and increase the hardness from 150-200 HV (in the synthesized
state) to 300-350 HV (after deformation treatment).

Poreless microstructures of 59Zr-19Ti-22Nb and 35Zr-39,5Ti-25,5Nb alloys were
also achieved by methods of hot pressing. It allowed to increase complex of mechanical
properties: the hardness increased from 159-185 HV to 291-298 HV, strength — up to
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945 MPa. At the same time, the formation of nonporous structures increases the Young's
modulus from 55 GPa to 61-72 GPa.

The processes of synthesis of ao- HCP of Zr-1,2Sn-1Nb-0,4Fe and
Zr-1,2Vi-1Nb-0,4Fe alloys, their deformation behavior and creep resistance under the
influence of load at high temperatures are comparatively investigated. Zr-Nb-Sn-Fe alloys
are used in the structural parts of nuclear reactors, because such materials have higher
strength and better resistance to high-temperature creep comparing to Zr-1Nb alloy, which
is widely used for the same purpose. The replacement of the a-stabilizer Sn in the Zr-Nb-
Sn-Fe alloy with a neutral reinforcing element bismuth was carried out to study the effect
of such replacement on the deformation behavior at loads and temperatures that simulate the
exploitation conditions of the alloys.

The deformation behavior of both synthesized alloys under load at 750-850 °C
showed their sufficient resistance to high-temperature creep. Tests have shown that the
slightly higher porosity of the alloy Zr-1Nb-1,2Bi-0,4Fe (4,7%) is the reason for its some
higher deformation rate at the initial stage comparing to the alloy Zr-1Nb-1,2Sn-0,4Fe
(porosity 4,0%). However, the reduction of the pore content after a fairly long (more than
2100 s) exposure provides a higher deformation resistance of the alloy with bismuth than
the alloy with tin. These results indicate the prospects of replacing tin with bismuth in alloys
of this class to achieve sufficient performance.

To reduce the pore content and modify the structure of both synthesized alloys, hot
deformation is effective, the degree of deformation of 70-75% provides a reduction in the

volume fraction of pores in these alloys from 4-4,7% to 0,3-0,5%.

Keywords: zirconium alloys, synthesis, hydrogenated powder blends, volume

changes, microstructure, phase composition, mechanical properties.
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BCTYII

OO0rpyHTyBaHHS BUOOPY TeMHM JOCJIIIKEHHSA

[upkoHili Ma€e BHCOKY MIINHICTh Ta KOpO3IMHY CTIMKICTh, MOro aToMH
XapaKTePU3yIOThCS MAIUM MOTIEPEYHUM TIePepi30M MOTJIMHAHHS TEIUIOBUX HEUTPOHIB, IO
poOWTH TIIe MeTaa He3aMIHHUM IS BUKOPHCTAHHS Yy SJICPHIA EHEPreTHlll sK
KOHCTPYKIIIHUN MaTtepian. 3okpema, cruaBu Ha ocHoBl o (I'IMY) ¢a3su uumpkonio,
JIErOBaH1 HE3HAYHOIO KUIBKICTIO OJOBa Ta HIO010, IIMPOKO BHUKOPHUCTOBYIOTBHCS JUIS
BUTOTOBJIEHHS TeroBuAuIbHUX eneMeHTiB (TBEJIiB). 3aBasku BUCOKIM KOpPO3iiiHIN
CTIAKOCT1 Ta 610CYMICHOCTI ITUPKOHIN B 3HAYHIN KUTBKOCT1 TAKOK BXOJIUTH JIO PSY CIUIABIB
i3 B-OLIK cTpyKTYypOIO A MEIUYHOIO BUKOpHCTaHHs (cuctemu seryBanns Zr-Ti-Nb, Ti-
Nb-Zr-Ta, 1m0 XapakTepusyrThCs 3HIDKEHHMM MojayieM FOHra, i TOMy HIUPOKO
BUKOPUCTOBYIOTHCS ISl BATOTOBJICHHS IMIUIAHTATIB).

[Ipote, BHCOKAa aKTUBHICTh MOBEPXHI IIUPKOHIIO O KUCHIO CYTTEBO YCKIIATHIOE
TEXHOJIOT1i OTPMMAaHHS CIUIaBIB Ha MOro OCHOBi. TpaauiiiiHO, OTpUMaHHS HEOO XiTHHX
CTPYKTYypHO-()a30BUX CTaHIB Ta, BIAMOBIIHO, KOMIUIEKCY  (Hi3UKO-MEXaHIUYHUX
XapaKTePUCTUK IIMX MAaTepialliB JIOCATAETHCS MIISAXOM CKJIQIHUX 1 BHCOKOBApTICHUX
TEXHOJIOT1 BaKyyMHOTO JHUTTSA Ta JaeopMariiHol 1 TepMiuyHOI OOpOOKHM 3JIMBKIB, IO
3HAYHO MIJABHUIIY€E COOIBApPTICTh KIHIEBOTO MPOAYKTY, OCOOJIMBO BPaxOBYIOUM CYTTEBI
BTpaTH Martepiaiay IpH mepepoOIll 31UBKIB y BUpoOu HeoOximHoi dhopmu. Llg mpobrema
BUMarae po3poOKM HOBUX METOJIIB BUTOTOBJICHHS CIUIaBIB Ha OCHOBI1 IUPKOHIIO, IIIO
3a0e3medarb CTBOPEHHS HEOOXiMHMX (DA30BUX CTaHIB, MIKPOCTPYKTYpH Ta KOMIUIEKCY
XapaKTepUCTUK BIMHOCHO TIPOCTUMHU TEXHOJIOTTYHMMH Tigxonamu. llepcnekTnBHUM
[UISIXOM JIJIE PO3B'SI3aHHS TAaHOI MPOOJIEMH € BUKOPUCTAHHS MOPOIIKOBUX TEXHOJOTIH
BUTOTOBJICHHS CIIaBiB. CHHTE3 CIUTaBiB TBEPAO(DA3HUM ILIIXOM 3 0araTOKOMIOHEHTHUX
CUCTEM TMOPOIIKOBUX YACTHUHOK, OKPIM 3HKKEHHSI COOIBapTOCTI, 3a0e3Medye CYTTeBI
nepeBaru 3 TOUYKU 30py KOHTPOJIIO PO3MIPIB 3€pEH, YHUKHEHHS Cerperailiii eJeMeHTIB Ta

MOKPALIEHHS OJHOPIAHOCTI CTPYKTYpPH TMPU HENOCTAaTHIM B3a€EMHIA PO3UYUHHOCTI
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KOMMOHEHTIB. [Ipu HeoOXimHOCTI CTBOpPEHHs  (PYHKIIOHAJTbHUX MaTepiaidiB 3
KOHTPOJIbOBAaHUM 00’ €MHUM BMICTOM TIOD, 1€l METO/] BUTOTOBJICHHS I03BOJISIE PETYIIOBATH
napaMeTpH TOPHUCTOI CTPYKTYpU Ta XapaKTEPUCTHKH CHHTE30BaHHUX CIUIaBiB. 3 OJHOTO
OOKy, MIJBUIICHUN BMICT MOP € KOPUCHUM JIJIsi HEOOXIIHOro 3HMKEeHHS Monayis HOnra
MartepiaiiB MEIUYHUX IMIUIAHTATIB 1 JUIsl Kpalioi iX 1HTerpaiii B 610710r14HI TKAaHUHU, ajie
OJTHOYACHO TIOPH HETaTHBHO BIUIMBAIOTh HA XapaKTEPUCTHKU MIIHOCTI Ta MJIACTHYHOCTI
cruiaBiB. Tomy cTBOopeHHs OakaHUX (Da30BO-CTPYKTYPHHUX CTaHIB 13 KOHTPOJIbOBAHUM
BMICTOM TOp B CIUIaBaX MUPKOHI0, CHAHTE30BaHUX 3 MOPOIIKOBUX MaTepiajiB, € BaXKJIUBOIO
HAYKOBOIO Ta TMPaKTUYHOIO 3ajadero. BupimeHHs naHoi 3amadi BUMarae po3poOKu
(Gi3MYHIX OCHOB KEpPOBAHOTO BIUIMBY Ha OaraTOKOMIIOHEHTHI CUCTEMH ITOPOIIKOBHX
YaCTUHOK JUIsl akTuBallli Audy31MHO-KOHTPOJBbOBAHUX TMPOIECIB I1X CIIKaHHA Ta
NIEPETBOPEHHS B OJTHOPIJIHI CIUIABH 13 3aJjaHUM (Pa30BUM CKJIAJI0OM, MIKPOCTPYKTYpOIO Ta,
BIAMOBIAHO, (PI3UKO-MEXaHIYHUMHU XapaKTEePUCTUKAMHU, B 3aJIEKHOCTI BiJl BHUMOT
NPAKTUYHOTO BUKOPUCTAHHS IIMX MaTepiaiB.

Panime B IHcTuTyTi Metamodizuku iMm. [.B.Kypmomoa HAH Vkpainu mig
kepiBHUIITBOM akajgemika HAH VYkpainm O. M. IBacummua Oyno po3poOieHo dizuuHi
OCHOBU BUKOPHCTAHHS BOJHIO SIK THMYAaCOBOTO JIETYBAJIbHOTO €JIEMEHTY /10 METaliB JJIs
aKTHUBAIlil MPOIIECIB CHHTE3y CIUIaBIB 3 0AaraTOKOMIIOHEHTHHUX IOPOIIKOBHUX cucTeM. Ha
NPUKIAAi CHHTE3y THUTAaHOBUX CIUIaBiB OyJI0 JOBEJAECHO KOPUCTh BHKOPUCTAHHS
JTUCIIEPrOBAHOTO TIAPUIY TUTAHy JUIsI TPUCKOPEeHHS 1udy3ii NUIIXOM CTBOPEHHS
BUCOKOJIC(DEKTHUX CTaHIB B pe3yibTaTi (aszoBoro meperBopeHHs TiH,—Ti +H,. Lle
3abe3neuye popMyBaHHS CTPYKTYPHUX CTaHIB i3 3HIDKCHHM 00’ €MHHM BMICTOM IOp Ta
JIOCSITHEHHSI BUCOKMX MEXaHIYHUX XapaKTEPUCTHUK CHHTE30BAaHMX CIUIABIB, MOPIBHIHUX 13
BJIACTUBOCTSMHU BIANOBIAHUX JUTHX Ta naedopmoBanux wMarepiamiB. [li3uime Oymo
BCTAHOBJICHO, 1110 OCHOBHI (Di3WYHI MEXaHI3MH 1 MTepeBaru BKa3aHOTO T1IPUIAHOTO MIAXO0AY
€ CIpaBeUIMBUMH 1 MPU BUKOPHUCTAHHI TIAPUIY IUPKOHIIO I aKTUBalii AuQy3iHHAX
MPOIIECIB 1 IOCATHEHHSI TIOB’ I3aHUX 3MIH XapaKTEPUCTHK B CHCTEMaxX Ha OCHOBI IIUPKOHIIO.
IIpoTe, Mo 11bOTO Yacy He OyJIO AETAIBbHO JOCIIIKEHO OCOOIMBOCTI CUHTE3Y HUPKOHIEBUX

CIUIaBIB PI3HUX CHCTEM JIETYBaHHS 3 CUCTEM YAaCTHMHOK HAa OCHOBI MOPOIIKOBOIO TIIPUIY
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IMPKOHII0, BKJIIOYAatOuu (ha30Bl MEPETBOPEHHS, E€BOJIOIII0 MIKPOCTPYKTYpH Ta BILJIUB
BOJIHIO, SIK TUMYAacOBO1 JIETYBAJIbHOT JOMIIIKU /10 LUPKOHIIO, Ha aKTUBalil0 AUQY3ii, 110
BHU3HAYa€ CIIIKaHHSA 1 XIMIYHY TOMOreHi3amio cucreMud. OCKUIbBKM 0COOJMBOCTI
(dopMyBaHHA (Pa30BO-CTPYKTYPHHX CTaHIB MiJl 4ac CUHTE3y CIUIABIB CYTTEBOIO MIPOIO
3ajexaTh BiJ iX XIMIYHOIO CKJIaQy Ta CKIaay CTapTOBHX MOPOIIKOBUX YACTHHOK,
HEOOXITHO BCTAHOBUTH 3arajibHi 3aKOHOMIPHOCTI BIUIMBY JOJIaBaHHS JIETYBaJIbHUX
YaCTUHOK JI0 TIAPUAY HUPKOHIIO Ha 111 Tiporiecd. CTBOPEHHS 3a IIUM IIJX0JIOM CIUIaBiB Zr-
1,5Sn Ta Zr-1Nb ans motpe0 simepHOi eHepreTHKH Ta BUCOKOJIETOBAHHUX CIIJIaBiB CUCTEMH
neryBanHs Zr-Ti-Nb 1ist MeTMYHOTO BUKOPUCTAHHS 3 KOHTPOJIbOBAHUMHU (Da30BUM CTAHOM,
MIKPOCTPYKTYPOIO 1 00’€MHUM BMICTOM TOpP, BUMArae JAeTajibHOrO0 PO3yMIHHS MPOLECIB 1
MEXaHI3MIB, [0 BU3HAYAIOTh NMEPETBOPEHHS T'€TEPOTCHHUX CyMilleld HAa OCHOBI TIAPUITY
IIUPKOHIIO Y CTUTABH BIATIOBITHOTO CKJIly, Ta METO/IIB KEPOBAHOTO BILIUBY HA IIi MPOIIECH
3 METOW iX akTuBamii Ta YTBOpPEHHS OaXaHMX CTPYKTYpHO-(pa30BHX CTaHiB, IO
3a0€3MeUnTh JOCATHEHHS HEOOXITHOTO KOMIUIEKCY (PI3MKO-MEXaHIYHUX XapaKTEPUCTHUK.
Po3B's13aHHs BUILIEBKAa3aHUX 3a/1a4 BU3HAYAE aKTYaIbHICTh TEMHU JAHOTO JOCITIIKEHHS.
3B’A130K 3 HAYKOBMMH MPOrpaMaMu, TeMaMH, IVIAHAMH

JlocmiKeHHsI, pe3yIbTaTH AKUX BUKJIAACHI Y JUCEPTAIlIiHIN poOOTI, BAKOHYBAIHCH
y Bimaium (i3uKkyd MIIHOCTI Ta IJIACTUYHOCTI HETOMOTEHHHMX MeTajieBUX MartepiaiiB (60)
[acTuTyTy Metanodizuku iM. I'.B. KypatomoBa HAH Vkpainm 3rigHo 3 iHAUBITYyaIbHUM
IUTAHOM po0OTH JucepTaHTa. TemaThka IOCHIIKEHb VY3TOJKYEThCS 3 HAYKOBUMHU
HampsMamMud poOOTH BIAJLIy Ta MA€ 3MICTOBHH 3B'S30K 3 TEMATHUKOKO JEP)KOIOKETHUX
HAyKOBO-JIOCTITHUX POOIT, siki piHaHcyroThcst HAH Ykpainu:

1. «®Da30Bi Ta CTPYKTYpHI IEPETBOPEHHS B HETOMOTEHHUX TBEPJIUX PO3UMHAX HA
ocHoBi metamiB [VB rpynu, mo KOHTPOMOIOTHCS AU(DY3i€0 €JIEeMEHTIB 3aMilleHHS 1
BTieHH» (2012-2017 pp.), Ne nepx. peectpartii 0113U000030.

2. «biocymicHI HH3BKOMOJYIBHI cIUiaBU cucteMu Zr-Ti-Nb Ta TeXHOJIOTis
BUTOTOBJIEHHS 3 HUX IMIUIaHTaTiBy (2017-2021 pp.), Ne nepx. peectpaii 0117U006299.

3. «Po3po0ka BHCOKOMIITHUX CIUIaBIB 010MEIMYHOIO MPU3HAYEHHS HAa OCHOBI

cucreMu Ti-Zr-Nb nuisgxom J0JaTKOBOTO JIETYBAHHS TAHTAJIOM Ta 1HIIMMU O101HEPTHUMHU
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€JIeMEHTaMH Ta EKOHOMIYHMX MeToniB iX otpuManHs» (2018-2019 pp.), Ne nepx.
peectparri 0118U006407.

MeTta Ta 3aBIaHHA J0CJIiIKECHHA

Metoto poOOTH € BCTAHOBJIEHHS 3arajJbHUX 3aKOHOMIPHOCTEW CHHTE3y CILIaBiB
LHUPKOHII0O 3 0araTOKOMIIOHEHTHUX CHUCTEM HAaBOJHEHMX IOPOLIKIB, Ta (PaKTopiB 1
MEXaHI3MIB BIUIMBY Ha MPOLECU CUHTE3Y JUIsl OTPUMAaHHS CTPYKTYPHO-(a30BHX CTaHIB,
(p13UKO-MEXaH1YH1 XapaKTEePUCTUKH SIKUX JOCTATHI JJII MPAKTUYHOTO BUKOPUCTAHHS.

J171s1 TOCSTHEHHSI TOCTaBIEHOT METH 0YyJ10 ChOPMYTBOBAHO TaKi JOCITHUIIBKI 3a/1a4i:

1. BceranoButu ocobmmBocTi  (a30BUX MEPETBOPEHb, MPOIECIB  XIMIYHOI
rOMOTEHI3aIli1, eBOOIii TIOPUCTOI CTPYKTYPH Ta MIKPOCTPYKTYPH T€TEPOTCHHHX CHUCTEM
Ha OCHOBI MOPOIIKOBOTO TiIPUAY IMUPKOHIO MPH iX MEPETBOPEHHI B CIUIABH BU3HAYEHOTO
CKJIay.

2. BceranoButu 3araibHi 3aKOHOMIPHOCTI 00’€MHUX €(EeKTiB, B TOMY YMCIII,
BUKJIMKaHUX JIECOPOIII€I0 BOAHIO, IPU BAKYYMHOMY CITIKaHH1 0araTOKOMITIOHEHTHUX CUCTEM
HABOJIHEHUX IOPOIIKIB, B 3aJI€KHOCTI BiJl iX 3arajJbHOI0 XIMIYHOTO CKJIaJy.

3. Busnauntu pakropu Ta MexaHi3MHU BIUIMBY Ha Tiporiecu ¢hopmyBaHHs (pa30Bo-
CTPYKTYpPHHX CTaHIB CHMHTE30BaHUX CIUIABIB 3 METOI0 OTpUMaHHS (a3oBO, XIMIUHO W
CTPYKTYpPHO OJHOPITHHMX MaTrepialliB 3 MiHIMI30BaHUM (200 pPEryjIb0BaHUM) 00’ €EMHHUM
BMICTOM TIOp.

4, BceranoButu BIMB chopMOBaHMX MPH CHHTE31 (Pa30BO-CTPYKTYPHUX CTaHIB
IIMPKOHIEBUX CIUIABIB HAa 1X OCHOBHI MEXaHI4H1 BIIACTHBOCTI.

5. JlocmiauTy  TOTEHIiadl  JOJATKOBOTO  JeopMallifHOro  BIUIMBY  Ha
BIJIACTUBOCTEM.

O06’ekT n0CiIKeHHs1 — HU3bKOJIETOBaH1 ITUPKOHIEBI crasu 3 o-I' Y cTtpykTyporo
11 TOTPeO sIIEPHOi EHEPreTUKH Ta BUCOKOJIETOBAH1 HU3bKOMOAYJIbHI CIJIABU CUCTEMHU
Zr-Ti-Nb 3 B-OLIK cTpykTyporo [ijist 0i0MeTHYHUX 3aCTOCYBAHb.

IpeameTt gocaigxeHns — Gpa3oBi Ta CTPYKTYpHI IEPETBOPEHHS, 00’ €MHI €(PEKTH MTPU
CHUHTE31 LMPKOHIEBUX CIUIABIB PI3HUX CHCTEM JIETYBaHHA 3 TE€TEPOr€HHUX CHUCTEM

HAaBOAHCHHX ITOPOHIKOBHX YaCTHHOK.
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Metonmn nociaimkennsi. BuznaueHHs (a30Boro ckiaay BHUXIIHMX MaTepiajiB Ta
CHUHTE30BaHUX CIUIaBiB MPOBOJWIIOCS 3a JIOMIOMOTOI0 PEHTTEHOCTPYKTYPHOTO aHali3y;
JOCJIIJDKEHHSI €BOJIIONIT MIKPOCTPYKTYpH TiJ 4Yac CHHTE3Y - METOJaMU OINTHUYHOI Ta
CKaHyBaJbHOI eJIeKTpOHHO1 Mikpockonii 3 EDX anamizoM Jj1s1 BU3HAUEHHS JIOKAJIbHOTO
XIMIYHOrO CKJaay. BumipioBaHHs po3MipiB MOPOIIKOBUX YaCTHHOK 3A1MCHIOBANOCS
MeTojaMu JiazepHoi audpakiii. s mocmimxenHs o0’eMHUX edeKTiB mia yac aecopOril
BOJHIO 3 MaTepiaiB Ta CHHTE3y CIUIaBiB BHUKOPHCTAaHO BHCOKOTEMIICPATypHY
nunatoMmeTpito. Jls omiHKM (Pi3UKO-MEXaHIYHUX XapPaKTEPUCTUK CHHTE30BAHUX CIIJIABIB
BU3HAYAIHM 1X TYCTHHY T1IPOCTATHYHHUM CIIOCOOOM, BUMIpIOBaM MOay/Ib FOHra meTomom
PE30HAHCHUX KOJUBaHb, a TAKOX IMPOBOJIWINA BUITPOOYBaHHS Ha TBEPIiCTh 3a Bikkepcom Ta
PO3TAT NMpHU KIMHATHIN TemMneparypi.

HaykoBa HOBHM3HA o1ep:KaHMX Pe3yJIbTATIB

1. BcranoBneno 3aranbHi  3aKOHOMIpPHOCTI  (pa30BUX  TepeTBOpPEeHb  Ta
dbopMyBaHHS MIKPOCTPYKTYPH CIUIaBiB cucteM jeryBauus Zr-Sn, Zr-Nb, Zr-Ti-Nb mpu ix
CHUHTE31 13 0araTOKOMIIOHEHTHHUX CYMIIlIe YacTMHOK Ha OCHOBI TIAPUIY IHMPKOHIIO.
BcTanoBieHO BIUIMB YaCTHHOK, IO MICTSTH JieTyBalibHI efeMenTH (Sn, Nb, T1), Ha poriecu
dbopMyBaHHS MAaCUBHHUX XIMIYHO 1 MIKPOCTPYKTYPHO OJHOPITHUX ITUPKOHIEBUX CILIABiB.

2. [lokazano Ha mpukianl cuHTE3y cruiaBy Zr-1,5Sn, mo ¢opMyBaHHS PiaKoi
¢azu o-cTabinizaTopa 0JI0Ba B IPOIIECI CHHTE3Y € MEXaHI3MOM YTBOPEHHS JOJIaTKOBUX MO,
IIpH AUCTIEPrizailii CTapTOBUX YACTUHOK OJI0Ba OUIbIIA MMUTOMA IMMOBEPXHS TOP, YTBOPEHUX
Ha MicIi pikoi dasu, cupusie iX Kpamomy 3aiikoByBanHio. [Ipu qonaBansi 3-crabitizaTopa
HI001I0 CHUHTE3 BIMOYBAETHCS TMOBHICTIO TBEPAO(DA3ZHUM MUIIXOM, aje MpoOJIeMHUM
MOMEHTOM € HU3bKa MIBUAKICTH NU(PY31HOTO PO3UYMHEHHS B IIUPKOHIT YACTUHOK Hi00i0,
o0 BHUMarae Ttemmeparyp cuHTe3y He Hmwkde 1200°C s JOCATHEHHS XIMIYHOT
oxHopimHOCTI crutaBiB Zr-Nb.

3. [Ipu cuHTE31 BHCOKOJIETOBaHMX CIuiaBiB cuctreMu Zr-Ti-Nb 3 [B-OLK
CTPYKTYpOIO OYyJIO BCTAHOBJICHO, IO MPHUCYTHICTh 3HAYHOI KIILKOCTI YaCTHHOK H10010 B
MOPOIIKOBIN CUCTEM1 CIPUUMHSIE MIJIBUILIEHUN BMICT NOP B KiHIIEBUX criiaBax. [IpuunHoI0

bOr0 € HEBIIMOBIAHICTE 00 €MHHX €(EeKTIB MK YACTUHKAMHU HI1001I0 Ta YaCTUHKAMHU
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riapuniB ZrH; 1 TiHz Ha cTazaii necopOiiii BogHI0 3 000X TIPUIIB, 1110 BEJIE 10 MOPYIIECHHS
THTErpaJIbHOCT1 CIIPECOBAHOI CUCTEMH YaCTUHOK, Ta MOAAIBIINMN TTPosiB edekTy DpeHkens
IIPU PO3BUTKY M Y31iIHO-KOHTPOJIBOBAHOI XIMIYHOI TOMOTEH13a1lii CUCTEMHU.

4, BcranoBneno, 1mo MeXaHI3MOM 3HUXEHHS OO0 €MHOI YacTKu TIop Y
BUCOKOJIETOBaHUX [-cruiaBax cucteMu Zr-TI-Nb € BUKOPUCTaHHS CyMilllel BHKJIFOYHO
HAaBOJAHEHUX YaCTHUHOK, 30KpeMa, BBOASIYM H10011 y BUIJISA1 YACTUHOK HABOJIHEHHUX JIITaTyp
cucreM Zr-Nb Ta Ti-Nb. IlonpiOHeHHS HaBOJHEHHWX YACTHHOK IIiJI JIE€H0 CHIH
KOMIIAKTYBaHHSI CTBOPIOE IIUIbHY YIAKOBKY iX (hparMeHTiB, a moai0H1 00’ eMHI e(peKTH ycix
KOMITOHEHTIB TI1J] 4YaC BaKyyMHOTO HarpiBaHHs Ha CTajii JecopOIlii BOJAHIO 3a0€3MeuyIoTh
30epeKeHHs IHTErpajJIbHOCTI CUCTEMU Ta 3HIKEHHSI 00’ €MHOT YaCTKH MOpP B CUHTE30BaHUX
CIIaBax, 0 CYTTEBO MIJBUIIYE iX MEXaHIYHI BJIACTHBOCTI.

5. JIist JOCATHEHHS OJHOPITHUX CTPYKTYPHUX CTaHIB 13 HM3bKOIO 00’ €MHOIO
YaCTKOIO MOP MPU BUKOPHUCTAHHI JIETYBAJIbHUX €JIEMEHTIB, 1110 XapaKTEPU3yIOTHCS HU3bKOIO
MIBUIKICTIO TU(Yy31HHOTO PO3YMHEHHS B ITUPKOHIEBIM MaTpHIli, a00 MpH HEMOXKIHUBOCTI
JOCTaTHBOI JAMCIIepri3aiii 4acTHMHOK, 3alpoONOHOBaHA MJBOCTAJliiiHa CXeMa CHHTE3y 3
BUKOPUCTaHHSM THMYAaCcOBOIO JIETYBAaHHS MaTrepianly BOJHEM, sika 3a0e3rneuye OTpUMaHHs
CTPYKTYPHHX CTaHIB 3 02)KaHO OJTHOP1AHICTIO Ta BUCOKOIO BiJHOCHOIO I'yCTHHOIO.

6. [TokazaHo, 10 B yMOBax PO3BHUTKY KOAJIECIIEHIIII Mop Ha (iHaIbHIA cTamii
CHUHTE3y, OTpPUMAaTH MPAaKTHYHO OE3MOPHCTI CTAaHW CHHTE30BAaHMX CILJIaBiB Ha OCHOBI
[IUPKOHII0 MO’KHA, 3aCTOCOBYIOUHM JOJIaTKOBE XOJIOJHE Ta Trapsue AehOpMyBaHHA, IO €
XapaKTePUCTUK.

Oco0ucTnii BHECOK 3/100yBaya

OCHOBHI eKCIepUMEHTaIbHI JdaHi JgaHoi poboTh Oyno oTpuMaHo 3700yBaueM
ocobucto abo 3a Oe3nmocepeaHbOi HOro ydacti. 30KpeMa, HUM MPOBEACHO: aHaji3
TTEpaTypHUX JaHUX, PO3POOKY METOJMKH TMPOBEACHHS EKCIEPUMEHTY, IiITOTOBKY
eKCIEPUMEHTAIBHUX  3pa3KiB,  JIWUJIATOMETPUYHI  JOCHIIKEHHS,  MeTajorpadiyHi
JOCJIIJIPKEHHSI, BUMIproBaHHSI Moy st FOHra Ta TBepAOCTI CUHTE30BaHUX CIuiaBiB. CHUIBHO

3 HayKOBHM KEPIBHUKOM Oyso c(hOpMyJIbOBAaHO METY, MOCTAHOBKY 3ajadi, METOJ0JIOT1IO
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MPOBEICHUX  JOCHIKEHb, a TaKOXX OOrOBOPEHO  IHTEpIpPETAlll0  OTPUMAHMX
€KCIIEpUMEHTAIBHUX pe3yibTaTiB. 3100yBady, K CHIBaBTOp, OpaB aKTUBHY Yy4acTb B
HaIMCaHHI CTaTeH 3a pe3ysbTaTaMU MPOBEACHUX JOCIIKEHb.

Anpodanisi pe3yJbTaTiB AUcCepTALIl

3a pe3ynabTaTaMu AOCIIIKEHHs onmyOsikoBaHo 13 HayKOBHUX Ipallb, y TOMY 4HCIi /
cTaTeil y HayKoBUX ()axOBUX BUAAHHSX (3 HUX 4 cTaTl y BUAAHHAX 1HO3EMHUX JIepXKaB, 3 y
BUJAHHAX YKpaiHU, BKIIOUEHHUX /10 MIKHAPOJIHUX HAYKOMETPUYHUX 0a3), 6 Te3 AomnoBinen
B 30ipKax MaTepiajiiB KOH(PEPEHIIiH.

CrpykTypa Ta o0csr auceprauii

Jucepraliiss ckiafaeTbcs 31 BCTYyMy, ITUSTA PO3JAUIIB, BHUCHOBKIB Ta CIHUCKY

BUKOpHCTaHUX Jykepen. 11 o6esr cknanae 182 cTopiHkny.
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PO3JILI 1
AHAJITUYHMUIA OTJISI JITEPATYPH

1.1. 3arajgpHa XapaKTepUCTHKA CILVIABIB HA OCHOBI IUPKOHIIO

HupkoHiii — mMeTan 4erBepToi rpynu Tabnuui MeHneneeBa, sIKU € CTpaTeriyHUM
KOHCTPYKIIITHUM MarepiajioM 3aBISKH KOMIUIEKCY YHIKaIbHUX (PI3UKO-MEXaHIYHUX
BJIACTHBOCTEH, 1110 3yMOBJIFOE HOTO BUKOPUCTAHHS y pi3HUX cdepax [1].

[lupkoHiii icHye y BUIISAI JBOX  ajoTpomiyHuX  Moaudikamin  [2-4]:
Hu3bkoTemneparypua o- ¢asza 3 TIIY rparkoro crabinena g0 T< 863 °C;
Bucokoremmeparypaa PB-¢aza (OLIK rpatka) — mpu Bummx temmeparypax. Lleit meran
OKHUCJIIOETHCS HAa TIOBITP1 B TeMIiepaTypHomy iHnTepBali 10 400 °C, moKpHUBatOYUCh CTIHKOIO
nacuBarliiHo 1IiBKkoto ZrO, sika 3aXuIllae WOTO BiJ] MOJATBIIOTO OKHCICHHS 1 pOOUTH
JIOCUTD CTIUKUM Yy 0aratbox arpeCUBHUX cepenoBuiiax. [{upkoHiit He pearye 3 COJISIHOIO Ta
cipuaHoto (koHIeHTpaiist 10 50%) KuciIoTaMu, a TaKoX 3 po3yMHaAMU JIyTiB. BiH cTiiikuit
710 JIYT1B, 110 MICTATh aMmiak. 3 a30THOIO KHUCJIOTO Ta IAPCHKOIO TOPLUIKOIO B3aEMO/IIE TIPH
temrieparypax Buiie HbK 100 °C, ane po3unHsE€ThCS B TUIaBUKOBINM KUCIOTI[2]. I{upkonii
JIOBOJI1 CTiiKMiA y Boi Ta BoAsHIN napi 1o 300 °C, ane npu temmnepatypax 6mausbko 700 °C
NMOpPYIIEHHS TACHBAIliiHOI IUIIBKM HAa TIOBEPXHI MeTajay Beae [0  peakiii
Zr+2H,0=2ZrO,+2H,, mo € ogHOI0 3 OCHOBHUX IPUYWH aBapiil Ha SIEPHUX pEaKTopax 3
BOJISTHUM OXOJIO/IKEHHSIM.

YucTrii TUPKOHINA JEMOHCTPYE BIAMIHHI TUTACTHYHI XapaKTEPUCTUKHU (BUIOBKCHHS
1o 32%), ynerko oOpoOJSIETECS XOJIOAHOK TPOKATKOIO, KOBKOKO, IITaMITyBaHHSIM [3].

®di3uyHi BJACTUBOCTI I[OT0 METaTy HaBeaeHo Hikue [1, 3]:

rycTuHa o-nupkoHiro (20 °C) 6,50-10% kr/m3
Temiieparypa ¢a3oBoro nepexony o-Zr <> B-Zr 863 °C
TEMIIepaTypa IUIaBJICHHS 1855 °C
TEeMIIepaTypa KUIiHHS 4340 °C

MoJIsIpHa TerioeMHIcTh (25...100 °C) 25,5 JIx/(moib - K)

koedimieHT terionposingaocTi (50 °C) 20,96 Bt/(Mm - K)
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KoedimieHT JiHidHOro po3mmpenus (20...400 °C) 6,9-10-6 K
nutomuii enektpuanuii omip (20 °C) 44,1 MxOM - cMm
Moaynb npyxHocTi (KOHra) 97 I'lla

HapnzeuuaiiHo BaxMBOIO (DI3MYHOIO XapAKTEPUCTUKOIO aTOMIB IIUPKOHIIO € MaHii
nepepi3 3axorieHHs TermioBux HeiTpoHis 0,18-10—28 m? (0,18 6aph) [1].

3aBAsIKM BUIIE3a3HAYEHUM XapaKTePUCTUKAM Ta JOCTATHIM MILIHOCTI, IUPKOHIN €
HE3aMIHHUM Y SJIEpHIA €HepreTull SK KOHCTPYKIIWHUN Martepian I TeIIOBHAUTbHUX
enementiB (TBEJIiB) [5]. 3aBAsSku BHUCOKUM KOpPO3IMHUM BIIACTUBOCTSIM, JIOOPIid
010JI0T1YHIA CYMICHOCTI Ta IHEPTHOCTI /10 TKAHUH JIFOJICBKOTO OpraHi3My IIUPKOHIN TaKOX
IIMPOKO BUKOPHUCTOBYIOTh SIK MaTepiaj MEIMYHOTO NMPU3HAUYCHHS. BiH BXOJIHUTH 10 CILIaBIB,
SIK1 3aCTOCOBYIOTHCS /IS BATOTOBJICHHSI iMIUTaHTaTiB. OCKUTBKM TUTaH 3HAXOJIUTHCS B Til
caMiii rpymi Tabauii Menaeneesa, o i MUPKOHIH, 111 IBa METAIN MaOTh MO110H1 (i3uyHi,
KpucTanorpadivsi Ta XiMmidHi XapaktepucTuku. L{i MmeTanu xapakTepu3yoTbes MOAIOHICTIO
KpUCTaJIyHUX IpaTok (Hu3bkoTemmnepatypHa o 'Y Ta Bucokoremneparypna 3 OLIK) Ta
HASIBHICTIO QJIOTPOMIYHOTO MEPETBOPEHHS, MOIOHUMH O1HAPHUMU JllarpaMaMHu 3 O0araTbma
IHIIUMHU €JIEMEHTaMH, CXOXKUMH (DI3MYHUMHU TpolecaMu ¥ 3MiHAMU XapaKTEPUCTHK, 110
Bi/IOYBaIOTLCS IPH JIETYBaHHI, Ta BUCOKOIO O10JIOTTYHOIO CYMiCHICTIO. ToMy IUPKOHIN 1
TUTaH 9aCTO BUKOPUCTOBYIOTH Y CIUIaBaX OJHOYACHO, 30KpeMa, cuctema Zr-T1 € OCHOBOKO
0araThbOX MaTepialiB MeIUYHOIro mpHu3HaueHHs [6-8].

CmnaBu Ha OCHOBI cucTemu Zr-Ti, koMOiHyt0ur B 001 KOpHCHI (Pi3UKO-MEeXaHIYHI Ta
XIMIYHI XapakTEPUCTHKU IMX JBOX METaliB, MalOTh BHUCOKI TMEPCHEKTUBH M0 PI3ZHUX
3aCTOCYyBaHb. Perymioroun KOHIIEHTpaIlli NHUPKOHIIO Ta THUTaHy, a TaKOX JETYIOud IX
HEOOX1THUMH €JIeMEHTaMH1, MOJKHA B IIMUPOKUX MEKaX 3MIHIOBAaTH MEXaHIuH1 BJACTUBOCTI
[IUX CIUIABiB, 30KpeMa, KEPyBaTH OaJaHCOM XapaKTEPHCTHK MIITHOCTI Ta MJIACTUYHOCTI, a
TaKOX, JOCATTH IIUPOKOrO0 CHEKTpa 3HAauYeHb Moayias FOHra, oOTpuMyroum SK
HU3BKOMOIYJIbHI CITJIABH, 110 TY>KE BAYKIMBO ISl MaTepialliB METUYHOTO MMPU3HAYEHHS, TaK
1 BACOKOMOJTYJIbHI MaTepialiv Ui BUTOTOBJICHHS MPYXHUX eneMeHTiB. [10].

[leBHUM HEAOJIIKOM, IO OOMEXKYE BHUKOPHUCTAHHS CIUJIaBIB Ha OCHOBI LIUPKOHIIO, €

BIJIHOCHO BHCOKa COOIBAPTICTh I[LOTO METaTy MOPIBHIOIOUH 3 MaTepialaMU-KOHKYPEHTaMHU.
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OCKUTbKM MpakTUYHE 3aCTOCYBaHHA THUX 4YM IHIIMX MaTepiajliB BU3HAYAE€ KOMILIEKC
(I3MYHMX, MEXaHIYHUX Ta eKCIUlyaTalliHUX XapaKTEepUCTHK, SKI 11 MaTepiaiu
3a0e3MeuyoTh, 1 COOIBApTICTh, TO I[IHOBE OOMEXKEHHsS cJa00 BIUIMBAaE Ha OOCITH
3aCTOCYBaHHS LIUPKOHIIO B MEAUIMHI Ta siAepHiid eHepretuui. [Ipote 3 MeTOI0 pO3IIUPEHHS
cthepu i1 00CSTIB 3aCTOCYBAHHS 1IMX CIUIABIB B IHIIUX TaTy3sX (MAaIMHOOY/TyBaHHsI, XIMIUHa
MPOMUCIIOBICTh  TOIIO) BAXKJIWBUM 3aBIaHHSIM (PI3UMYHOrO MaTepiajJO3HABCTBA €
pPO3pOOJIEHHS] HAYKOBUX OCHOB HOBHMX MIAXOMAIB JJII CTBOPEHHS CTPYKTYpPHHUX 1 (ha3oBUX
CTaHIB LMX CIUJIaBiB, 110 3abe3neyaTh HEOOXIAHI (PI3MKO-MEXaHIYHI XapaKTEPUCTUKU

BITHOCHO TTPOCTHUM IUISIXOM, 3HU3UBIITU COOIBAPTICTh WX CILJIABIB.

1.2. HuzpKkojieroBaHi o-Zr CIuiaBu JJIsl AAE€PHOI eHePreTUKH

Husbkonerosani o-Zr cmnaBu 3 'Y -cTpykTyporo, siki HIMPOKO 3aCTOCOBYIOTH y
SICPHI eHepreTHIli, CTBOPEHI Ha OCHOBI OiHapHuMX cuctemu Zr-Nb ta Zr-Sn 3 BigHOCHO
HEBEJIMKOI KUIBKICTIO BKa3aHUX JIETYBaJbHUX €JIEMEHTIB. 30Kpema, B PocilchKiii
®eneparii ans BurorosiaeHHss TBEJIiB po3po6iieno Oinapuuit ciias Zr-1%Nb (mac.%). Ls
CUCTEMa JIETyBaHHS € MOHOTEKTOITHOTO TUITY, (pa3oBa aiarpama sikoi HaBeneHa Ha puc 1.1.
JlomlaBaHHs 10 IUPKOHII0 HE3HAYHOT KUTBKOCTI HIO0110 (KU 3HMXKYE TEMIEpaTypy o<>f3
¢a30BOro MepeTBOPEHHS, OCKUIBKU € [3-cTabuLTi3aTopoM HJid IUPKOHIKD) CTBOPIOE
3MIITHEHU TBEPAWM pPO3YMH, MIJBUINYE KOPO3iHY CTIMKICTh Ta 3HWIKYE TMOTIMHAHHS
BOJHIO [5], BogHOYAac, NpHM IIOMY HE BTPAYaE€ThCA Taka KOPUCHA XapaKTePUCTHKA
[IUPKOHIIO0, SIK MAJIMA MMONIEPEUHUH TIepepi3 MOTIMHAHHS TETUIOBUX HEHTPOHIB.

B o-Zr ('Y rpatka) npu eBrekToinHii Temmepatypi 620 °C po3unHsIETHCS OIU3HKO
1,0 mac.% nio6ito (puc 1.1) [11]. I'parmuna po3unHHICTH HI0610 B 0-Zr gocsrae 0,7...1,1
Mac% mpu 610 °C. CrmaBu Zr-Nb MOXyTh 3MIIHIOBATUCH MUISIXOM —0 IEPETBOPEHHS,
110 TIPOXOUTH 32 OCHHITHO-MAPTEHCUTHUM MEXaHI3MOM, Ta 3a JOTIOMOTO0 JUCTIEPCIHHOTO

TBEPIHEHHS NIPH PO3MaJli MEPEHACHICHOTO O-TBEPIOT0 PO3UMHY HIOOI0 B IUPKOHIi [ 5].
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Hio061ii1, six 1 BUcokotemnepatypHa [-daza uupkonito, mae OLIK rpatky Tta 6n1mu3pkuii
710 LIMPKOHII0 aTOMHUU pajilyc, IPU BUCOKUX TEMIIEPATYpaxX YTBOPIOETHCA TBEPAUI pO3UUH

3 HEOOMEIKEHOIO PO3UYHMHHICTIO IIUX JIBOX €JIeMEHTIB [12].
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Puc. 1.1. ®a3oBa miarpama cuctemu Zr-Nb [5].

IcHyBanHS moaiMOphHOTO o<« TNEepeTBOpPeHHS B IUPKOHII Ta Jeska 3MiHa
PO3YMHHOCTI HIO0IF0 B O-IIUPKOHII 3 TEMIEPaTypor Ja€ MOXKJIUBICTh PETYJIIOBATH
CTPYKTYpPY Ta BJIACTHBOCTI CIUIaBiB 3a JOMOMOTOIO OIepallii rapTyBaHHs Ta MOJAIbIIIOTO
CTapiHHs. 3aJie)HO BiJ BMICTY HI001t0 B cruiaBax Zr-Nb BHACIHIJOK rapTyBaHHS MOXYTh
BUHUKATH MeTacTabutbHI (a3u o',  Ta B-Zr [12].

3 iHmoro OOKy, OCHOBOIO IHPKOHIEBHX CIUIABIB IS SIAEPHOI EHEPreTHKU
BupoOHunTBa CIIIA e meputekToinna cuctema Zr-Sn, HaBeaeHa Ha puc. 1.2 [13]. Bimomo,
[0 JIETYBaHHS OL-CTAOLTI3aTOPOM OJIOBOM CYTTEBO MIIBHIINYE XapaKTEPUCTUKUA MIITHOCTI
upkoHito. 3okpema mpu 20 °C rpaHuUlls MIITHOCTI PEKPHUCTaTI30BaHOTO IIMPKOHIIO CKIIaIa€e
200...220 MlIla, a ipu BBeaeHHi 1,5% Sn ne 3nauenHs migpuinyerbes o 300...333 MIla.
OnoBO TaKkOXX MIABHUINYE KOPO3iIMHY CTIHKICTh CIUIaBY, 3MEHIIYIOUM BIUTHB IIKIIJIWBHUX
JIOMIIIOK, HacaMIlepe]l a30Ty, BMICT SIKOro HaBiTh B KUTbKOCT1 0,006 Mac.% 3HAYHO 3HUKYE

KOpPO3iliHYy CTIMKICTh IUpKOHito [11].



28

JUIs mpakTUYHOrO BUKOPUCTAHHS, HAMIIKABILIMMHU B 1[I CHUCTEM1 JIETYBaHHA €
CIUIaBM 3 KOHLIEHTpaIi€l0 osioBa 10 5%, fKI MalOTh HaWKpalll MEXaHI4HI Ta KOpPO31iH1
xapaktepuctuku [11]. 3okpema, po3po0bieHi criaBu MIcTATh 1,2-1,5% onoBa, y HaBeneH1H
CUCTEMI IPH IIMX KOHIIEHTpALISIX 1CHy€ 00JacTh TBEPAOIO PO3YMHY OJIOBA B O-LIUPKOHII.
Po3zuunnicte osnoBa mpu 700 °C cranoButh 2..3 wmac.% Sn Temmeparypa o—f
nepeTBopeHHs niaBunryetsest Ha 100 °C [5].

Pozuunnicte Sn B B-Zr-¢asi nadarato Bumia ta npu 1590 °C nopisnioe 17 mac.%.
Posman PB-Zr-gazu B OiHapHuX crutaBax Zr-Sn BiiOyBa€ThCS JOCTATHBO IMIBHJKO 3
yTBOpEeHHsIM a-Zr-pazu 3 ronkonoaiOHow cTpykryporo. Ilpu Takomy dazoBomy
NEPETBOPEHHI pO3UYMHEHE B 3-Zr OJOBO 3aJIMIIAETHCS B PEUIITI 0-Zr, 1110 TPU3BOJIUTH 0
NEPEeHACUYEHHS Ta CHOTBOPEHHS JAaHOi IpaTKu, XapakTepHomy st o'-pasu B Zr-Sn
crutaBax. Ha Bigminy Bin cmaBiB Zr-Nb, ¢i3uuHa mnpupoja oyioBa siK o-ctadiiizatopa B
MaJjoJIeTOBaHUX OIHAPHUX CIIaBaxX Zr-Sn poOWTh HEMOXKJIUBHUM 3MIITHEHHS IUISIXOM 0— 3

NIEPETBOPEHHS 1 CTBOPEHHS ABOGa3HOT ol+3 CTPYKTYpH.
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Puc. 1.2. liarpama ctany cuctemu Zr-Sn [5].
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1.3. Bumoru 10 ¢i3MKO-MeXaHIYHMX XaPAKTePUCTUK MaTepiaaiB 0ioMeIUYHOI 0

npusHayeHHs. OCHOBHI THIIH 0lOMeAUYHHUX MaTepiaJiiB

BucokoneroBani cijiaBu Ha OCHOBI cucteMu Zr-Ti MaroTh 3HAa4YHI MEPCHEKTUBHU
BUKOPHUCTAHHS y POJIi HU3bKOMOIYJIBHUX MIPY)KHUX €JIEMEHTIB Y Pi3HUX TaTy3siX, 0COOIHBO
IIPU eKCIUTyaTallii B XIMI4HO 1 KOpO31iHO arpecuBHUX cepenopuiax. [lepeaycim, oco6nmuBoi
yBar"w 3acjyroBy€ BHKOPHUCTaHHS Ili€l cUCTeMU it oTped menunmuan [14]. OcHOBHUMHA
BUMOTaMHU JI0 MaTepialliB MEAUYHOTO MPU3HAYEHHS, SIKI MOXKXYTh OYyTU BUKOPHUCTaHI JJIs
BUTOTOBJICHHSI OPTONEAUYHHUX, JICHTAIBHHUX, CEPIICBO-CYJIWHHUX IMILIAHTATIB, a TaKOXK
MEIUYHUX TPUIAJIB Ta IHCTPYMEHTY, € BHCOKa KOpO3iHa CTIAKICTh Ta OionoriuyHa
cyMicHicTb. KpiM TOro, KIHO4OBY poib BIAIrpae BIANOBIAHICTH (HI3UKO-MEXaHIYHUX
XapaKTePUCTHK IIMX MaTepialiB ICBHUM KPHTEPISM.

Marepianu 610MeAUYHOTO MPHU3HAYEHHS MAaIOTh OyTH aOCOMIOTHO HETOKCUYHUMU U
NMOBHHHI HE BHKJIMKATH 3amajbHUX a0o0 aJepriyHuX peakiliii B OpraHi3Mi JIIOJWHHU.
MoOXTHBICTh BAKOPUCTAHHS OloMaTepialliB 31€0UIBIIOTO 3aJEKUTh BiJl pEaKIlii JTFOCHKOTO
opranidmy Ha imrutantaTt [15]. TlokasHmkoM Oi0CyMICHOCTI MaTepialy € JBa OCHOBHI
dakTopu: peakilis O10JIOTIYHUX TKAHWH, BUKIMKaHA MaTepiaJioM, 1 Jerpajaiis camux
MarepiajiB y cepemoBuini Tina. Komu iMIuiaHTaTH MiaIarOThCA BIUIMBY 3 OOKY TKaHWUH
OpraHi3My Ta HOTro piAuH, MDK HOCIEM Ta IMIUIAHTAIlIMHUM MaTepiajioM BiI0yBa€ThCS
NeKUIbKa peakiliii, sKi BH3HAYAIOTh MPUUHATHICT, LHUX MAaTepialliB JIIOAUHOIO. 3a
ocoOMMBOCTAMH 010CYMICHUX XapakTepucTuk (puc. 1.3) meranmeBi maTepianu MOXKHA
pPO3AUIUTH HA 3 OCHOBHI IPYyNH: TOKCUYHI JJI )KUBUX OPTaHI3MiB XIMIYH1 €JIEMEHTH, 37aTH1
JOCUTh AKTHBHO B3aEMOMIATH 3 OI10JOTIYHMMH TKaHWHAMU (HIKeIb, BaHAJId, Mijb,
KOOaNbT); Ti €JIEMEHTH, IO KaICYIIOIOTHCS B O10JOTIYHUX CEpPEOBHINAX, 1 € BITHOCHO
iHEepTHUMY (HEP)KaBIiIOUl CTaTl, CIIJIaBU KOOAIhT-XpPOM, 3al1i30, ATIOMiHIN, 30JI0TO, TOIIIO);
a0COJIFOTHO O10CYMICHI ¥ TOBHICTIO 1HEPTHI €JIEMEHTH, SKi HE BHSBISIOTH >KOJIHOTO

HETaTHUBHOTO BIUIUBY (TUTaH, IMPKOHIM, HI001M, TaHTaJI, TUIATHHA).
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Puc. 1.3. BiocyMicHICTh Ta CTIHKICTB 10 Mospu3aiiii meramis [ 16].

Tun marepiany, mo Oyae oOpaHui aJii KOHKPETHOTO 3aCTOCYBaHHS B TEBHUX
yMOBaX, BU3HAYAETHCSI KOMIUIEKCOM HOro MeXaHI4HMX BllacTUBOCTEeH. Jljis MaTepiaiis, gKi
BUKOPUCTOBYIOTBCSL  [JIJI1  BUTOTOBJICHHS  IMIUIAHTATiB, TOJOBHHUMH MEXaHIYHUMU
MOKa3HUKAMU € HEe TUIBKM BHCOKa MIIHICTh, TBEPIICTh 1 JOCTAaTHI IUIACTUYHI
XapaKTePUCTUKHU. TakoX HaJI3BUYAHO BAXKIMBUM KPUTEPIEM € MeXaHidHa CYMICHICTh
Marepiajly IMIUTAaHTAaTIiB Ta KICTKOBOI TKaHWHH, TOOTO BiAMOBIMHICTH Moxayis HOura
IMIUTAaHTaTy MOJYJIO JIIOACHKUX KiCTOK. Moaynbs HOHra marepiany, mo 3’€IHYEThCS 3
KiCTKO0, Ma€e Oyt Onm3bkuM 110 Moayisi FOnra kictku, To6to Big 4 mo 30 I'Tla 3anexHo
Bil THUNY KICTKA Ta HampsMKy BuMiptoBaHHs [17-18]. fkmo kictka Oyzne 3aMiHeHa
METaJIeBUM aHAJIOTOM 3 OUIBIITUM MOJYJIEM TPYKHOCTI, IIel IMIUIAHTAT, K MpaBuio, Oynie
HECTH OUIbIIy YAaCTUHY MEXaHIYHUX HaNpyXKeHb, 3aXUIIAl0YM YaCTUHU CKelleTa, 0
3HAXOMATHCS HABKOJIO HHOTO, BiJl HOPMAIBHUX BEJIMYWH HABAHTAXXKCHHS, YHACIIOK YOTO
BiIOyBa€ETHCS Pe30pOIlis KICTKH HABKOJIO IMIUTAHTATY, @ OTXKE W MOCTa0JIeHHS 3B’ 3Ky MIXK
IMIUTAaHTaTOM Ta KicTKOr0. Taka OloMexaHiuyHa HecyMICHICTH («stress shielding effect»)
MPU3BOJINTE 0 3arubeinn kicTkoBuX KmithH [18]. ToMmy s BUTOTOBIICHHS IMILIAHTATiB
HEOOXIH1 MaTepiaiv 3 BIAMIHHOK KOMOIHAIIEI0 BUCOKOI MIITHOCTI Ta HU3BKOTO MOIYJIS

KOnra, O0nu3bKoro 10 BIAMOBIHOI BEIMYUHM Yy KICTI(l, 1100 30UIBIIUTH TEPMIH CIIykKOU
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TaKuX BUPOO1B. BayXTMBUM MOKa3HUKOM € TAKOX BUCOKa MII[HICTh Ha BTOMY MaTtepialy, saKa
BHU3HA4Ya€ HOro NOBEAIHKY B yMoOBax OaraTopa3oBUX LUKIIYHUX HaBAHTAXKEHb abo
nedopmariii.

Huspka criiikicTh MeTaieBUX BUPOOIB /10 3HOCY Ta KOPO3ii y TUIl MPU3BOJIUTH JO
BUKHMIY IMIJIAaHTaTaMU B OpPraHi3M HECYMICHHX 3 HHUM 10HIB METaJliB, L0 CHPUYUHSE
aneprivni Ta TokcuyHi peakuii [19]. Tepmin ciry:x0u mMarepiany MepeBaKHO BU3HAYAETHCS
HOro CTUpaHHSIM 1 3HOCOCTIMKICTIO. Hu3bka 3HOCOCTIMKICTH MNPU3BOJUTH TAKOX [0
PO3XUTYBaHHSI IMIUIAHTATIB, & YJIAMKH 3HOCY BUKJIMKAIOTh HETaTHBHI peakilii y TKaHWHi, B
skiii Bonu ocimaroTh [20]. Omxke, po3poOJCHHS MeTaJIeBMX MaTepialiB 3 BHCOKOIO
KOpPO3iHOIO Ta 3HOCOCTIHKICTIO Ma€ TOJIOBHE 3HAYCHHSI /ISl iX TPUBAJOi eKCIUTyaTallii B
OiosoriyHuX cepefoBuiax. Kpim Toro, BaJIMBUM € CTaH MOBEPXHI MaTepialy, XIMIYHUN
CKJIaJl, IOPCTKICTh Ta Tomorpadisi AKoi BIIITPalOTh CYTTEBY POJb Y PO3BUTKY IHTErparii
IMIUTAHTAaTy 3 CYCIAHBOIO O10J0T1YHOK TKaHMHOW [21]. SIk mpaBwiio, A JOCTaTHHOI
iHTerparlii HeoOXigHa KOHTPOJIbOBAHA MMOPHUCTICTh Ta MOPCTKICTH MOBEepXHi [21].

3BakarouM Ha BIJIMOBIIHICTh XapaKTEPUCTHUK CIUIABIB KOMIUIEKCY BHUIIETIEPEITTUCHUX
BUMOT, SIK OlOMEIHWYHI MaTepialu IIHPOKO 3aCTOCOBYIOTH HEPIKaBilOUY CTajlb, CIUIABU
cucremu Co-Cr, THTAaHOBI CIUIaBU Ta CIUIaBM Ha OCHOBI cuctemu Zr-Ti [22,23-26].
Ha puc. 1.4 maBemeno momyni FOHra moachkoi KICTKHM Ta BXE 3TaJlaHUX MaTepiaiiB

MCIAUYIHOTO IIPU3HAYCHHA.
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CoCr(Cast) 240
AlSI 316L 210
CP Ta 200
Ti-BAI-4V 112
Ti-6AI-7Nb 1110
Ti-5Al-1.5B 1110
CPTif 1100
Ti-16Nb-13Ta-4Mo 91
Ti-12Mo-6Zr-2Fe 85
Ti-15Mo-5Zr-3Al(ST)aged 0
Ti-29Nb-13Ta-4.6Zr(aged) 0
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Puc. 1.4. TopiBasinag Mony:iB FOHra crimaBiB 610MeMYHOTO PU3HAYCHHS Ta

JFOACHKOT KicTKH [6].

Hepxagitoui crani, Hanpukian ctaab 316L (18Cr - 14Ni - 2,5Mo, mac.%), xoua
JIOCUTH ITUPOKO BUKOPUCTOBYIOTHCS B MEJIUIIUHI [27], MalOTh CyTTEBI HEIOJIKH, 30KpeMa,
KOpO3iiiHe PO3TPICKyBaHHS IpH KOMOIHOBAaHOMY BIUIMBI HAmNpy»Xe€Hb Ha PO3PHB Ta
cepenoBuia, 36arayeHoro ioHamu Cl° (TkanumHamu mrojcbkoro Tina). Lle cnpuuunse
HECIIOJ[IBAHUN Ta MOMEHTAJIIPHUN BUXiA 3 JIaqy IMIUIAHTATy M7 €0 HANpPYXKEHb, IO
3HAYHO MEHIII 332 TEOPETHYHY MIIHICTH ciiaBy [28]. Bucokuii BMicT Cr y ciiaBax CHCTEMHU
Co-Cr [29-30] npu ixHiil gocTaTHI MIIHOCTI NMPU3BOJUTH JO YTBOPCHHS TOBEPXHEBOI
TOHKOI IIiBKH cTilikoro okcuay (Crz03) [29] Ta kpamoi Kopo3iiHOT CTIHKOCTI B OpraHi3Mi
JOWHY, HIX HepkaBitoua ctainb 316L. [Ipore BHACTIIOK KOPO3ii Ta 3HOCY TakKi €JIEMEHTH
sk Ni, Co ta Cr BUAUISIOTBCS 13 HepxkaBirodoi ctami 316L ta crumaBiB Ha ocHOBI Co-Cr B
opraiam JioguHu [31], 1m0 MPU3BOAWUTH O HETAaTHMBHHUX HACIIIKIB IO MPU3BOJHTH JI0
HEraTUBHUX HACTIAKIB (HIKEb T€ XPOM CHPUYUHSIOTH alepriro, MIKIpHI 3aXBOPIOBAHHSI,
MaroTh KaHieporeHHni BIumB [32, 33], Cr momKoKye KIITHHU HAPOK, MEYIHKHA Ta KPOBI
yepe3 peakiii okuciacHHs [34]). Omke, ctanp 3161, iHIIi HepKaBitO4Yi CTalll Ta CILUIaBH Ha

ocHoBl Co-Cr sik OloMeAMYHI MaTeplayii € TMOTeHLIMHO HeOe3neunumu. KpiMm Toro,



33

CYTTEBUM HENONIKOM € Habararto Buili moxayni FOura crtami 316L 1 cmiaBiB Ha OCHOBI
C0-Cr, HDK KICTKM B Oprasi3mi Jtojauuu (puc. 1.4), mo Beae A0 MEXaHIYHOT HECYMICHOCTI
(tak 3BaHOrO «stress shielding» edekry) [35].

3 iHmoro 60Ky, MpeKpacHUMU O10MEIMYHUMHU MaTepiajlaMH IS OPTONEAUYHUX Ta
THITUX IMIUIAHTATIB € IUPKOHIM, TUTAaH Ta H1001# [6-8]. CrutaBu pi3HOTO XIMIYHOTO CKJIadY,
CTBOPEHI Ha OCHOBI LIUX €JIEMEHTIB, MAalOTh BUCOKY MIIHICTh, JOCTaTHIO KOPO3iHHY
CTIMKICTh y KHUCIOTHHUX Ta JYXXHHMX CEPEJOBHINAX, UYYyJAOBY OIOCYMICHICTH 1 BHCOKY
3IaTHICTh JIO 3'€qHAHHS 3 KICTKOIO Ta IHIMMMH TKaHWHamMu Ha pwuc. 1.4 mokasaHo, 110
3HAYCHHS MOJIYJIiB MPYKHOCTI CIUIaBiB OioMeauuHOro npusHaueHHs cuctem Ti-Zr-Nb, Ti-
Zr-Nb-Ta € OamKYMMH [0 BIAMOBIAHUX MOKA3HUKIB JIFOACHKOT KICTKH, HXK MOayb FOHra
HepkaBirovoi craji Ta cryiaBiB Ha ocHOBI Co-Cr, TOJI SK MIIHICTh [IUX MaTepialiB MOXKe
JocsiTaTH MIITHOCTI HepkaBirodoi ctani 3161 [35]. CrutaBu Ha OCHOBI IIUPKOHIIO Ta TUTAHY,
Malo4yu 3JIaTHICTH JIO IMAacHBaIlii MOBEPXHI 13 MHTTEBHM YTBOPEHHSM TOHKHX OKCHJIHUX
wriBok (TiO2, ZrO;), 1eMOHCTPYIOTh BUCOKY IHEPTHICTH y 0i0JOTiYHHX TKaHHHaAX [36].
SIkuro moBepXHEBMM OKCUAHHMM 1map Oyle 3pyHHOBaHO, TO JOCUThH IIBUIKE YTBOPEHHS
HOBOT'O MACHBAIIHHOTO IIAPy 3aXHUINATUME BiJ Moaajibiiol koposii [37], mo Hagae mum
MarepiajgaM repeBary B 610MeIHUHIHN Tary3i , a TAKOX y IPOMHKCIIOBOCTI B yMOBaX BIUTUBY
Ha MaTepiall arpeCUBHUX CEPEIOBHIIL.

BianoBigHo 10 BUMOT (hi3MKO-MEXaHIYHUX XapaKTEPUCTHK Ta chep BUKOPHUCTAHHS,
PO3p00JICHO MIMPOKHUI CIIEKTP KOMITO3HIIIi Ha OCHOB1 cucTeMH Ti-Zr, sIKi BAKOPUCTOBYIOTh
Pi3HI KOMIUICKCH JIETYBaJbHUX €JIEMEHTIB [ 6].

OCKUTbKM CIIABH Ha OCHOBI K IHMPKOHIIO, Tak 1 thtany (Puc. 1.5), mo maroTth
onnodazauit o (I'LIIY) cTaH, XapakTepu3yrOThCS JOCUTh BUCOKUMHU 3HAYCHHSIMH MOJIYJIS
HOnra (6mm3pko 90-115 I'Tla), a ix 6amaHc MIITHOCTI /TIIACTHYHOCTI HE MOKe OYTH CYyTTEBO
3MIHEHHH TEepMIYHOK 00poOKoro [38], 1e He J03BOJISIE BHKOPHCTOBYBATH IEH Kilac
MaTepiaiiB Jyisi BATOTOBICHHS iMIutanTatiB [34]. J[Bodasni (o+f) crutasu [ 6, 39-40] matoTh
BUILUIA TMOTEHIIad AJig 3MIHM IXHIX (PA30BO-CTPYKTYPHUX CTaHIB, a OTXKE€, KOMILIEKCY
MEXaHIYHUX BJIACTUBOCTEW TMiJ BIUIMBOM TepMiuHOi 00poOku [41], npore moayns FOHra
TaKUX MaTepialiiB € HA PiBHI 3HAYEHB JJIs 0-(ha3 LIUPKOHIIO 1 TUTAHY, 10 HE € ONTUMaJIbHUM

BHOOpPOM 1711 O10MEIUYHUX IMIUTAHTATIB.
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HalinepcnekTuBHUMU 3 TOTJsAAy 3HMKEHHS Monyias FOHra Tta perynroBaHHSA B
HIMPOKOMY JT1alla30H1 YChOr0 KOMIUIEKCY iX MEXaHIYHUX XapaKTEPUCTHK € KOMIIO3HUIIIl Ha
ocHOBI B-(pa3 TUTaHy 1 MUPKOHIIO, 3HAYHA 00 ’€MHA YacTka BHcokoTemmepaTypHoi OIIK
IPaTKu B SKUX, a00 HaBiTh NOBHICTIO oaHodaszHuit B OLIK cran, 30epiraerbcs npu
KIMHATHIM TeMIiepaTypi JoJAaBaHHIM JOCTaTHRO BUCOKOTO BMICTY [(-CTa01113aTOpIB, SK-OT
MOJTIOIeH, Hi00iM, TaHTaJ, BaHadiH, 3aii30, Tomlo [42]. YpaxoByoun yMOBH Oi10JIOTTYHOT
CYMICHOCT1, 15l cTabutizauii B ¢a3u B crjiaBax MEIUYHOTO NMPU3HAYECHHS PEKOMEH/I0BAHO
taki enementd, sk Nb ta Ta [6, 16, 43]. lle 3a0e3neuye, KpiM BHCOKOT MIITHOCTI Ta
3HIKeHoro moayis FOHra, HeoOximHy OiocymicHicTh [34, 35, 44-52], a BIACYTHICTB
MIKpOTalIbBaHIUHOTO MDK(pa3HOro edexty B oaHo]asHId CTPYKTYpl CHpUS€E Kpaliii
KOPO3ilHIN CTIHKOCTI B OpraHi3Mi JIIOJAWHU, 10 J03BOJISE BUPIIIUTH JEAKI POOJIEeMH Y

BUKOPHUCTaHHI OioMenuuHux Matepianis [14, 53-54].
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Puc. 1.5. Monymni FOnra mis tumosux a, (o + ) Ta B Giomenuaanx cruiasis [43].

3a3Buuail XiMiYHUHN ckiiaja B-criiaBiB (BUOIp MEBHUX JETYBAIbHUX €JIEMEHTIB Ta 1X

KOHIIEHTpAIlli) po3po0JIA0OTh 3 ypaxyBaHHsM cTaOuIbHOCTI B-(azu. OgHUM 3 BapiaHTIB
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nependavyeHHss ii crabuibHOCTi € DV-Xo knmactepuuii meron (Puc. 1.6). Y Hbomy
BHU3HAYAIOTh JIBa MMapaMeTpH: MOpsSA0K 3B'13Ky (Bo) Ta piBeHb eHeprii d-opOiTani B MeTanax
(Md). TTopsiaok 3B'A3Ky — 11e BUMIPIOBAHHS MIITHOCTI 3B'SI3KY MI>)K TATAHOM Ta JIETYBAJIbHUM
eneMeHTOM. Md TOB’sI3aHUN 3 €JIEKTPOHETaTHUBHICTIO Ta METAJIIYHUM pPaJilycoM
JeryBanbHUX ejdeMeHTiB [14, 55]. [lns criaBiB cepeiHi 3HAUCHHS MOPSAKY 3B’ SI3KY Ta PIBHSI

eHeprii d-opOiTani MOXyTh OyTH 3HakaeH] Tak [56, 57]:

ne Xj yacTka eJeMeHTa | y CIUIaBi B aTOMHHUX BifcoTkax [56, 57]. 3a nuum meromom
nobyoBaHa kapTta (a3zoBOi CTIMKOCTI, Ky mokazaHo Ha puc 1.4 [14]. Po3mimieHnHs Ha
Jiarpami CIijlaHOBaHOTO CILJIABY 3MIHIOETHCSI 3aJICXKHO B1JI HOTO XIMIYHOTO CKJIaTy. 30Kpema,
3a JIOMOMOTOI TaKoro METOay Oyiu po3poOsieHi Jeski HOBI CIUIaBH [3 Kjiacy Ha OCHOBI

cucrem aeryBauus Ti-Fe-Ta, Ti-Fe-Nb, Ti-Zr-Fe-Cr ta Ti-Nb-Fe-Cr [58-65].

2.8 8 -
(D. Ti-5A1-2.55n
2.8 61 - (. Ti-6Al-4V (ELI)
(3). Ti-6Al-6V-2Sn
- o @. Ti-3Al-8V-6Cr-4Mo-4Zr
2.84 slip/twin Ma=R.T. % Ti-13V-11Cr-3Al
° 114) . Ti-15Mo-5Zr-3Al
o e L 1 . Ti-10V-2Fe-3Al
% dip (15~88)%/ /g1 40 % . Ti-15V-3Cr-3Sn-3Al
g B8 ¥ LA i ©. Ti-12Mo-6Zr-2Fe
g (106)@ twin pren ,' . Tl'6Al'7Nb
2.78[ i -] . Ti-16Nb-10Hf
aon 4m/ . Ti-5A1-2.5Fe
RS (”2)%(,”: =]
@(110)
2.74 a+ /4 alloy -
2.7 | 1 | |

2.225 2.30 2,35 2,40 2,45 2.50
Metal d-orbital energy level (Md)

Puc. 1.6. Kapra ¢a30Boi cTilikocTi cIj1aBiB Ha OCHOBI TapameTpie Bo i Md .

Mopyns FOnra (y ['Tla) koxHOro cruiaBy noka3aHo B

nyxkkax [14].
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BuienaBeieHi NpUYMHU MOTUBYBAJIM PO3POOJIEHHS O10CYMICHUX CIUIaBIB HA OCHOBI1
B OLK crtpyktypu cucremu Ti-Zr, sika craOuli30BaHa NpU KIMHATHIA TeMmepaTypi
J0JIaBaHHSIM 3HA4YHOI KUIBKOCTI HETOKCHMYHMX [-cTaburizatopiB (Takux sik Nb, Ta). Taxi
KOMITO3UIiT MatOTh HEBHCOKUH MOJYJIb TPY>KHOCTI Ta MiIBHIICHY 0i0CyMiCcHICTh [66-67].
Came cmiaBu Ha OCHOBI BKa3aHUX €JEMEHTIB MaloTh HaWOUIbIII MEPCHEKTHUBU IS

IIogaJIbIoro I[OCJ'IiI[)KCHHSI 1 IMPAKTUYHOT'O BIIPOBAIKCHHS.

1.4. BucokoJjierosani ciiiasu cucremu Zr-Ti-Nb

Haiiyacrinie B ckiag po3poOJICHUX BHCOKOJICTOBAaHMX [3 KOMITO3HIIH MEIUYHOTO
IPU3HAYCHHSI BXOAATH Taki 6i0cyMicHi eneMeHTH sk T1, Zr Ta Nb [16, 43] (puc 1.1). binapna
CUCTEMa IUPKOHIN-TUTaH XapaKTePU3YEThCS HEMEPEPBHUM PSAIOM TBEPAUX PO3IUUHIB
(puc. 1.7). 11i MeTanu 3a3BUYail €b HEUTPAJBLHUMHU 3MIIHIOBAYaMHU OJMH 10 oHOTO [42],
npote Bigomo [68-69], 1o B mpuCyTHOCTI H100110, IIUPKOHINA MPOSBIIsE B-cTa0LII3yBaIbHY
T 10 TUTaHy. BukopucTanHs HI001t0 3yMOBJICHE HE JIMIIIE HOro B-cTaduii3yBajibHOIO Ta
3MIITHIOBAJILHOIO €0 70 cIulaBiB cucteMu Zr-Ti. Llei yeryBaqbHHMII €IEMEHT TaKOXK
cTaburi3ye TmacuBaIliiHy OKCHIHY IUIIBKY Ha TOBEPXHI OlOMEIMYHHMX CILIABIB ILISXOM
3MEHIIICHHS KOHIIEHTpallii BakaHcii aHioHiB [70], Ta He mae iii po3mamaThCs Mif HIi€0
IUKJIIYHAX HAIpYy>KEeHb, IO IMIJBHUINYE KOPO3iHY CTIMKICTh Marepiaay B JIIOJICBKOMY

opranismi. Tomy cmiaBu cuctemu Zr-Ti-Nb [1eMOHCTpYIOTh BIiAMIHHY KOpO3iHHY

CTIMKIiCTB[ 71].
Zr, wt.%
20 . 40 60 80
T,0oC
] y g
16001 !
=0 (BTi,pZ1)
800_\\_/’“
- (aTer) ]
400
ST 30 50 70 90
Ta Zr, at. % Zr

Puc. 1.7. binapHa (a3oBa Jiarpama CUCTEMU TUTaH-LIUPKOHIH.
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IcHye 3HauHa KUIBKICTH poOIT [43, 68, 71, 72-73], npucBsiyeHUX pO3pOOIl Ta
JOCHI/DKEHHIO cruiaBiB cucteMu Zr-Ti-Nb. [Ipu po3poOiieHHI KoMITO3ulliii 0i0MeIUIHOTO
CKJIaJly, OCOOJIMBO I[IKaBUMHU € CKJIaau, OJIU3bKI /10 €KBIaTOMHHMX y cuctemi Zr-Ti, 3
J0JIaBaHHIM JI0 HUX 3HAYHOI KUIBKOCTI 3 cTabutizaTopy — H100it0. 3 JiTepaTypHUX JaHUX
BUIUIUBAE, W0 CKJIagaM B OiHapHiil cuctemi Zr-Ti, ONU3BKUM 10 €KBIATOMHHX,
NpUTaMaHHUI 0coOMuBUN Hablp PI3MKO-MEXaHIUHUX XapaKTEPHUCTHUK, a caMe, MIHIMaJibHa
Temneparypa o<>3 nepexoay (puc. 1.7) Ta MiHIMI30BaHe CITIBBIIHOILIEHHS TapaMeTpiB c/a

B kpuctaniunii ['TI{Y rpatui (puc. 1.8) [74].

c/a
1,50 To=—ar__ o
O\o\ /o/
> N/
o \_/
1,574 o
1,551 : : : : :
0 20 40 60 80 100
Zr TI, at. % Ti

Puc. 1.8. 3mina cniBBigHomenHs napamerpiB c/a 'Y rpaTku nis GiHapHUX

crutaBiB cuctemu Zr-Ti [74]

3adikcoBano BaxuBui (axt [75], mo misa OiHapHUX ckianiB Zr-Ti, OJU3bKUX 10
€KBIAaTOMHHUX, CTIOCTEPITal0ThCSl HAHIKY1 3HAU€HHS MOAYJs npykHOCTI (61m3bK0 90 ['Tla,
puc. 1.9). Tak 6ymno mokasso [ 75], mo moayns KOHra mponopiiitauii remmnepatypi debas, a
came:

E~p83in~2/3,

Astopu pobotu [76] 6y10 3MoenboBaHo BenmunHy pOin~2/3 nus pisHux criasiB
Ta EKCIEPUMEHTAILHO BUMIpSHO Momaynb HOHra. Sk BUIHO 3 OTpUMaHUX pPE3yJbTaTiB,
HalHKY1 3HaYeHHS Moyt FOHra s 6iHapHOi cuctemu Zr-Ti jiexatsh B Mexax 50 ~ 60

at.% Zr. ToMmy 1ms po3poOJieHHS HU3BKOMOAYJBHUX KOMITO3MIIIM caMe€ KOHIICHTpaIlii
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65m3bK0 50%T1-50%Zr BBaXKar0Th HAMMEPCIIEKTUBHILIUMU JJIS iX TOJAATKOBOTO JIETYBAHHS

3 METOIO MOAAJIBLIOT0 3HUKEHHS MOAYJIS IPYKHOCTI.

130 T T T T 7 T T T
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= -.:-_-._h_h - .t = 400 " @
'“m al - _H.___a - -_E_-_____.E_'-. 1‘5\
= o
S \—.. 136107 o7
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Puc. 1.9. 3anexuictes Moayns KOHra BiJ KOHUEHTpaIlil IUPKOHIIO y O1HApHIN

cuctemi Zr-Ti [75].

YMOBOIO MOAANBIIOTO 3HIKEHHS 3HaUeHb MOy st FOHra € 000B’13k0Be (pOpMyBaHHS
npu KiMHaTHIM Temreparypi omHodaszHoro [ OLIK craHy, OCKUIBKM 1€ THN TPaTKH
XapaKTePU3y€EThCSI MEHIIUMH 3HAUYCHHSIMH MOayJisi mpyxHocti, Hbk ['TIY o rpatka [42].
Binmosimno crabinmizamiss  BucokotemmneparypHoi OILIK rpatkm mnpu  KiMHaTHHX
TEMIIepaTypax BUMarae BBEJICHHS B CIUIAB IOCTATHbO BUCOKOI KIILKOCT1 - cTabii3aTopiB,
K MpaBUiIo HI00ir0 abo TaHTany, pimmie — monioaeHy. Y po6oti [77] 3a J0MOMOTOO
MEPIIONPHUHITUITHAX PO3pPaxyHKiB Toka3aHo (puc. 1.10), mo miIsd CIUiaBiB CHUCTEMH
Zr-Ti-Nb, Bapiroroun BMICT KOMIIOHEHTIB, MOKHA 3MIHIOBaTH 3HaYeHHS Mouyis FOHra B
nocuth mupokux Mexkax (33-71 I'lla). Tak ayis orpumanus Hu3bKoro Mmoayds FOura, 3rimHo
3 TEOPETUYHUMU PO3paxXyHKaMH, HAUTIEPCIIEKTUBHIMNM 0yJ10 BU3HAHO ckiax 55,5Ti-26Zr-

18,5NDb (at.%), sixkuii 103BOIsI€ 3HU3UTH MOy b J10 33 I'la.
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Tiq.x-yZryNby
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% calculate in this work
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e
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Puc. 1.10. 3anexxnicts Moy FOHra Bia ckianay B moTpikHii cuctemi Zr-Ti-Nb

[77].

ExcniepumenTtanshi gocinimkenns, mposeaeHi B IM® im. I'.B. KyparomoBa HAH
Vkpaiuu [74, 78], namu 3Mory po3poOWTH HU3KY CIUIABIB IIi€i ) CHUCTEMH JIETYBaHHS,
OCHOBOIO SKMX € IIMPKOHIM. Po03p0o0jeHHS KOHKPETHHUX KOMIIO3HUIIK 13 BHOOpOM
KOHIICHTpAI[ii KOMITOHEHTIB CIUIaBy Oa3yBaJIOCS Ha MPHUHIIMIN ONTHUMAJIbHOI PO3MIpHOi
HEBIJIMOBITHOCTI aTOMHHX PaJAiycCiB, 1[0 BU3HAYAE CEPETHIO BIACTaHb Ta CHIIM 3B’ 3Ky MIXK
aTOMaMH B KPHUCTATIYHIA TpaTii CIUIaBy, 3aBISKH YOMY JOCATAEThCS MiHIMAJIbHA
TEMIIEpaTypa o<« MepeTBOPEHHS, IO JO3BOJISIE OTPUMATH JIOCUTHh CTaOUIBHUH B cTaH 3i
3HIKeHUM Moaynem HOura. BwusHaueHHs HE0OXimHOI pO3MIpHOI HEBIIMOBITHOCTI
O6asyBasiocss Ha TOMYy (DakTi, O TUTAH Ta HIOOIH MarOTh ONM3BKI ATOMHI pajaiycH, a y
IUPKOHIIO IIel mapameTp cyTTeBo Outbiui (Zr ~ 1,60A, Ti~ 1,46A, Nb ~ 1,45A). Ilo cyri,
MOKHa BBaYKaTH, 1110 CIUIAB CKJIAIAETHCS 3 aTOMIB JIBOX po3MipiB. Y poboTi [ 78] ommcaHo,
10 BIAXWJICHHS BiJl HEOOXITHUX KOHLEHTpAIlil TUTaHy Ta HI001I0 BeAe 10 MOPYIICHHS
HEOOX1IHO1 pO3MIPHOT HEOJHOPIAHOCTI, 1, SIK pe3yJbTaT, MOPYUIEHHS CTa0LILHOCTI B a3u

Ta miaBuileHHS Moayis HOura. OTpuMani eKCepUMEHTalbHI Pe3yJbTaTHU J103BOJIMIIA
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BUJIUTATH, cepell baratbox iHmuX, ckiaan S1Zr-31Ti-18Nb (aT.%) sk HalinepcrneKTUBHIMNH
3 morJisiy MiHiMizailii moaysst FOHra, 30amaHcoBaHOT0 KOMIUIEKCY MOKa3HUKIB MIITHOCTI Ta
MJIACTUYHOCTI 1 010JIOTTYHOT CYyMICHOCTI.

Jlesiki mepcreKTUBHI 010MeAMYH1 KOMITO3UIIIT HA OCHOBI TUTaHY 1 LupKoHito 3 OLIK f3
CTPYKTYpOIO MICTATh B-cTaburizatop Tantan [7/9-80] kinbkicTio 10 ~ 10 %. JlomaBanus
LBOTO €JIEMEHTA € KOPUCHUM SK JIJIsl 3MILIHEHHS CIUIaBIB, TaK 1 JUIsl BUCOKMX O10CYMICHHUX
noka3HukiB. [[ikaBo 0coONMBICTIO IMX OIOMEIUYHMX CIUIaBIB € Te€, IO pIiBEHb
KoHUeHTpawii Ta B HUX Mae MIATPUMYBATHCS B OOMEXKEHOMY JAiama3oHl, OCKUIbKH MpU
HE3HAYHUX KOHLEHTPALIHHUX 3MIHaX CIOCTEpIraeThCcsl 30UTbIIEHHS MOJYJIS HPYXKHOCTI
[81]. Tak 3rigno 3 nanumu [81], y crmaBax cucremu Ti-Nb-Ta-Zr (TNTZ) Bucokuii MOIy/Ib
npyxHocTi croctepiraetbes npu 0 ta 20 % (mac.) Ta, a npu 10 % Ta mocsraerbcs
MiHIMI3a1is1 1boro mapamerpy (puc. 1.11). Taky HeniHiiHY 3MiHY MOAYJIS, 3 OJJHOTO OOKY,
MOJKHA TTOSICHUTH TIOSIBOIO ® (pa3u MpH MEBHUX KOHIICHTPAIISIX TAHTATY, TOMI K HU3bKUU
MoyJb Ipyx)HOCTi y cmiai 3 10 % Ta 3a6e3neuyerbes ogqHodazHumM B cTaHOM. 3 1HIIIOTO
00Ky, He3BaXKarouu Ha Te, 1o cmias 3 20 % Ta maB O6axxanuii onHoda3Huil -ctaH, 1€ He
3a0e3nedye TOCTATHHOTO 3HMKEHHSI MOYJISA MPYKHOCTI Yepe3 BUCOKY KOHIIeHTpalio Ta.
ToOTO, Mpu BUCOKOMY BMICTI TaHTAJIy CIJIaB Ma€ TEHICHIIIO TMOBOJMTHCH SIK UYHUCTHUM

TaHTaJl, TOMY JEMOHCTPYE MiABUIICHUN Moayab KOHTa, OU3BKUN 10 MOKa3HKUKA IS IIHOTO

MeTay.

80 -
Z:
-§ -
= £ 60 o
s =~ —&— Tantalum
U
-E addition
= 40 T T

0 10 20 30

Atomic percentage

Puc. 1.11. 3anexuicte Moayng FOHra Bin BMICTY TaHTaly y CILJIaBax

Ti-Nb-Ta-Zr [6].
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OTrxe, aHami3 JiTepaTypHUX JaHUX JIO3BOJISIE BHU3HAYUTH, 110 HAHOUIBII
MEePCHEKTUBHUMH 010CYMICHUMH CUCTEMAMHU JIETYBAaHHS JUIsl CTBOPEHHS! HU3bKOMOYJIbHUX
kommo3uilii € Zr-Ti-Nb i Ti-Zr-Nb-Ta. IIpu 1ipboMmy KpuTepieM JOCATHEHHS MIHIMI30BaHUX
3HaueHb MoayJid FOHra ta HeOoOXiTHOrO KOMILUIEKCY (PI3UKO-MEXaHIUHUX XapaKTEPUCTHK B
oMy, € crtBopeHHa oaHodaszHoi OLK [ crpykTypu, mo BinOyBaeTbCs JHIIE Y
BHCOKOJIETOBaHUX KOMIO3UIIIsX. HalinepcneKTMBHIIUMHU AJ11 IPAKTUYHOT'O BUKOPUCTAHHS
HU3bKOMOAYIbHUMU ckianamu 3 OLIK B ctpykryporo Oyno BusHaueHo 51Zr-31Ti-18Nb
(ar.%, a6o 59Zr-19Ti-22Nb, mac.%) ta 55,5Ti-26Zr-18,5Nb (ar.%, ad6o 35Zr-39Ti-26NDb,

mac.%).

1.5. OcobamBocTi popmyBanHs Ga30BO-CTPYKTYPHHX CTaHIB CIUIaBiB Ha

OCHOBI TUTAHY i HUPKOHIIO NIPH iX OTPMMAHHI 3 MOPOLIKOBUX MaTepiaaiB

CrnenudivHi XapaKTEPUCTUKH TUTAHY 1 IUPKOHIO, 30KpeMa, iX BUCOKA 3IaTHICTH J0
peakiii 3 KHCHEM Ta IHIIUMH aTMOC(EepHHUMH IOMIIIKaMH MpH HarpiBaHHi [82-85],
BHU3HAYAIOTh TEXHOJOTIYHY CKJIQJHICTh OTPMMAHHS CIUIaBiB Ha iX OCHOBI. 3a3BW4Yail, I
CIUTABM BUTOTOBJISIIOTH CKJIAAHUM METOJOM KUIbKapa3zoBOTO BaKyyMHOTO IMEpEIUIaBy 3
OaraTocTaaiiHUM XOJIOAHUM abo TapsyuM JedOpMyBaHHIM Ta TEPMIUYHOIO OOPOOKOIO
[86-89] mmst mocsruHenHs 3amaHOl OZHOPIAHOCTI XIMIYHOTO CKJIaay MaTepiaiay, HOro
MIKpPOCTPYKTYpPH Ta BIIaCTHBOCTEH. JlocuTh BHCOKa cOOIBapTICTh CTApPTOBUX METAIIB
(TUTaH, MUPKOHIN Ta HI001i) Ta 3aCTOCYBaHHS TEXHOJIOTIA BAaKyyMHOTO JINTBA 1 Tapsyoro
nedopMyBaHHS JJIsl BATOTOBJICHHS CILIABIB MPU3BOISATH JIO MiABUIIEHOT BAPTOCTI CIUIABIB,
OTPUMAHUX TPAJAMUIIIMHUM METOJOM. BHCOKI TemmepaTypu TUIaBJICHHS JIETYBaTbHUX
KOMIIOHEHTIB TaKOX YCKJIQJHIOIOTh BUpOOHUIITBO crutaBiB [90]. YpaxoByroun Tpaauiiitai
mpo0IemMu, 10 BUHUKAOTh TIPH JTUTOMY MiAX0/i (BUMIAPOBYBAHHS OKPEMHUX JIETYBAIbHUX
€JIEMEHTIB i/ Yac TUTABJICHHSI, MOSBA CEeTperallii KOMIIOHEHTIB MPU KpUCTATI3aIii piaKol
da3u Ta OXOJOMKEHHI 3JIMBKIB, HEKOHTPOJIbOBAHUH pICcT 3epeH B oHO(pa3HIi 3 00nacTi),
3HAYHUI IHTEPEC BUKIIMKAE PO3POOIECHHS aJIbTEPHATUBHUX METO/I1B OTPUMAaHHS CILJIaBiB Ha

OCHOBl1 TUTaHy 1 LHPKOHIIO. 30kpema, mao0pe Bimomo [91, 92], m0 BHKOpPHUCTaAHHS
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MOPOIIKOBUX METO/I1B BUTOTOBJIEHHS CYTTEBO 3HIXKYE BapTICTh PI3HOMAHITHUX MaTepialiB.
[IpoTe OCKiTBPKM TOPOIIKOBUN METOJ BHUTOTOBJICHHS, K IPAaBHIIO, XapaKTEPU3IYETHCS
cnenupiyHUM BMICTOM JIOMIIIOK Ta HABHICTIO MOP y KIHLEBHUX CIUIaBaX, 4acTO 0aXaHOTro
€KOHOMIYHOIO €(eKTy OOCATaloTh LUISXOM YTPaTH MEBHUX MEXAHIYHHUX, (I3UYHHUX Ta
eKCIUTyaTalllfHUX MOKa3HUKIB KIHIEBOro marepiany. Tomy Oarato poOiT, MPUCBAYEHUX
OTPUMAaHHIO CIUIABIB TUTAHY 1 IIMPKOHIIO 32 MopourkoBuM minxogom [93-97], cTaBisaTh 3a
METY TOINYK MPUHIIMIIOBO HOBHX TEXHOJOTIYHUX DillleHb, MIO JO3BOJWIH O HE TUTBKH
CYTTEBO 3JICHICBUTH BUPOOHUIITBO IIMX MAaTepianiB, aje ¥ CTBOPUTH TPHU ILHOMY
ONTHUMI30BaH1 CTPYKTYPHO-(a30B1 CTaHU 13 JIOMYCTUMHUM BMICTOM JIOMIIIOK, sIKI MOTJIM O
3a0€3MeunTH HeOOX1THUN KOMIUICKC (PI3UKO-MEXaHIYHUX BIACTUBOCTEH.

[ToponikoBuii MiAXiJ Mpy BUTOTOBIECHHI TATAHOBUX 1 IIMPKOHIEBUX CIUIABIB 3a3BU YAl
CKJIaJIa€ThCS 3 TAKMX OCHOBHHMX TEXHOJIOTIYHHX OIEpAIliid, K MiATOTOBKA MOPOIIKIB Ta iX
cyMiliel, KOMITaKTYBaHHS Ta CHiKaHHA Yy Bakyymi. Haitnpoctimum, 1, BiAMOBITHO,
HalJeleBIIUM € METOA TBepAOo(da3HOr0 CHHTE3y CIUIaBIB IUIAXOM  CIIKaHHS
0araTOKOMIOHEHTHUX TTOPOIIKOBUX CyMilllel, OCOOJMBO, SKIIO HEOOXITHUX (Ha30BO-
CTPYKTYpPHHMX CTaHIB 1, BIATIOBITHO, XapaKTEPUCTUK KIHIIEBUX CILIABIB BIAAETHCS JOCSITTH
0e3 BUKOPHCTaHHS THCKIB ab0 Aedopmariii y mporeci crikauis abo micis aporo [92, 98].
CTBOpEeHHS TUTAHOBHX CIUIABIB 32 IIUM IIJIX0JI0OM Iepedadyae BUKOPUCTAHHS TOPOIIKOBUX
JaCTUHOK THTAHOBOT OCHOBH, 3MIIIIAHUX 3 BIAMOBITHOIO KUTBKICTIO JIETYBaJIbHUX YaCTUHOK
(meTaniB abo miraryp) [99-100], Ta X nepeTBOpEeHHs] B MACHUBHI XIMIYHO 1 MIKPOCTPYKTYPHO
OJTHOPI/IHI CIUTaBH 33JaHOT0 (h)a30BOTO CTaHy Mijl YaC BHCOKOTEMIIEPATYPHUX BUTPUMOK Y
Bakyymi. TakuM 4YHHOM, OJIHOYACHO BiJOYBarOThCS TMPOICCH CHIKaHHSA W XIMIYHO1
TOMOTEHi3allli CUCTEMHU 4YaCTHHOK 3 BIJIMOBIIHOIO E€BOJIOMIEID MIKPOCTPYKTYpPH, IO
KOHTPOJIOEThCA AUGY3IMHUMH TPOIIECaMH, SKi 3a3BHYAi Pealli3ylOThCS TBEPIO(ha3HUM
IUITXOM, aJie BUMHATKOM € OKpeMi cucTeMu JieryBanHs (Hanpukiam, Ti-Al, Ti-Fe, Ti-Mn
[101-103]), y sAkux MOXJIHBa MOsBa PIIKUX (a3 MpH IJIABICHHI KOMIIOHCHTIB a00 IpH
YTBOPEHHI €BTEKTUYHUX KOHIICHTpAIId €JEeMEHTIB TiJ Yac BHUCOKOTEMIEpaTypHHUX
BuTpuMOK. Cepesi mepeBar CUHTE3y CIUIaBiB 3 0araTOKOMIIOHEHTHUX MOPOIIKOBUX CHCTEM

CJIIJ BIA3HAYMUTH:


https://scholar.google.com.ua/citations?user=8Wd8IDcAAAAJ&hl=uk#d=gs_md_cita-d&u=%2Fcitations%3Fview_op%3Dview_citation%26hl%3Duk%26user%3D8Wd8IDcAAAAJ%26citation_for_view%3D8Wd8IDcAAAAJ%3Ae5wmG9Sq2KIC%26tzom%3D-180
https://scholar.google.com.ua/citations?user=8Wd8IDcAAAAJ&hl=uk#d=gs_md_cita-d&u=%2Fcitations%3Fview_op%3Dview_citation%26hl%3Duk%26user%3D8Wd8IDcAAAAJ%26citation_for_view%3D8Wd8IDcAAAAJ%3Ae5wmG9Sq2KIC%26tzom%3D-180
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® MOXJMBICTb (POPMYBaHHS OJHOPIJHUX CIUIABIB MOBHICTIO TBEPAO(PA3ZHUM
[UIIXOM TPH TEeMIIepaTypax, HIDKYMX 3a TOYKM IUIABJICHHS yCiX KOMIIOHEHTIB, MIO
3a0e3nevyye KOHTPOIb POCTY 3epHa Ta YHUKHEHHS Cerperallii;

® MOXJMBICTb OTPUMaHHS TOMOI€HHOTO MaTepiajlly 3 MeTajiB, sfKI 3HAa4YyHO
BIJIDI3HAIOTBCA 3a TEMIEPATypol0 IJIABJIEHHSA, Ta fAKI MarTh OOMEXEHY B3a€EMHY
PO3YUHHICTH,

® [IpU HEOOXITHOCTI, MOKJIMBICTh KOHTPOJIIO Ta PETYIISLIT HapaMeTpiB MOPUCTOT
CTPYKTypU c(pOPMOBAHUX CIUIABIB,

® HU3bKI BTpaTU MaTepiaiay Npu BUPOOHUIITBI CIu1aBiB MM MeToaoM (7-10 %) Ta
MOJKJIUBICTh BUKOPUCTAHHS JCHIEBUX CTAPTOBUX MOPOIIKIB 1 BIAXOIB METAIYPriiHOI
IPOMUCIIOBOCTI CIIPUSIOTH 3HUKEHHIO COO1BAPTOCTI.

[IpoTe TpoOIEMHUMH MOMEHTAMHU OTPHMAaHHs CIUIaBIB TUTaHy H IMPKOHIIO 3
MIOPOIITKOBUX MaTepiajiB €, MO-TepIie, 3HAYHO PO3BHHYTa MUTOMAa TOBEPXHS CTAPTOBUX
YaCTMHOK MpH iX 3HAYHIM aKTUBHOCTI 10 atMoc(epHux momimok. ToMy, SK MpaBuio,
KIHIIEBI CTIJIaBU XapaKTEPU3YIOThCS JICIIIO ITiABUIIIEHUM BMICTOM KHCHIO Ta a3oty [ 104]. ITo-
Ipyre, B OTPUMaHUX CIJIaBaX 4acTO HasBHI 3aJIMIIKOBI MOPH, SIKUX HE BAAETHCS MO30yTUCS
[101, 105]. 1Ii ¢akTopyu BILIMBaIOTH Ha (pa30BHiA 1 CTPYKTYpHUH CTaH OTPHUMAHMX CILIABIB,
IPUBOASYM, SK MPABUIIO, JO BTPATH MEBHUX MEXAHIYHUX XapaKTePUCTHUK. MiHIMizallis
TAKOTO HETaTMBHOTO BIUIMBY BHUMAara€ BHUKOPUCTAHHS YHCTHX 32 JOMIIIKAMU BHUXIJTHHUX
MartepiaiiB, iX HaJIHHOTO 3aXUCTY BiA 3a0pyTHEHHS BIPOJOBXK MIATOTOBKH IMOPOIIKIB,
orepallii KOMITAKTYBaHHS 1 BUCOKOTEMIIEPATYPHOTO CHHTE3Y (CITIKaHHS), IKUH 3a3BUYall
MIPOBOJIUTHCS Y BUCOKOMY BakyyMi abo, piamie, B iHepTHi# atmocdepi [82, 105-106]. Kpim
TOTO, 32 BUHATKOM IIUIECIIPIMOBAHOTO CTBOPEHHSI BUPOOIB 31 3HAYHOIO KOHTPOIHOBAHOIO
MOPUCTICTIO, JYXE€ BaXKIMBOIO € HEOOXIIHICTh 3HIKEHHS 00 €MHOI YacTKH TOp 10
MiHIMyMy, a00 B3araji OTpUMaHHS MPAKTHYHO OE3MOPUCTUX CTAHIB, IO € KPHUTEPIEM
JOCSITHEHHS BHCOKMX MexaHiyHuX xapakrtepuctuk [101]. 3 1i€o MeTo0 MOXKYTh
BUKOPHUCTOBYBATUCS TaKl MIAXOAM, SIK ONTUMI3AIlisl PO3MIPIB CTAPTOBUX MOPOILIKOBUX
gactrHOK [107-109], ckinamgai METOAMKU 1X KOMIAKTyBaHHS (30KpeMa XOJOJHE 1 rapsde

i3octatnune npecyBanHs) [92, 99-110], cmemiaabHi METOAWKH CITIKAHHS YaCTHHOK


http://dspace.nbuv.gov.ua/bitstream/handle/123456789/104090/07-SavvakinNEW.pdf?sequence=1
http://dspace.nbuv.gov.ua/bitstream/handle/123456789/104090/07-SavvakinNEW.pdf?sequence=1
http://dspace.nbuv.gov.ua/bitstream/handle/123456789/104090/07-SavvakinNEW.pdf?sequence=1
http://dspace.nbuv.gov.ua/bitstream/handle/123456789/104090/07-SavvakinNEW.pdf?sequence=1
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(manpukitan crikaHHs i TickoMm) [111-113] Ta BUKOPUCTaHHS JTOJATKOBOTO Tapsvoro
aeopMaliiiHOro BIUIMBY Ha CTPYKTypy CcuHTe30BaHux cruiaBie [104, 114, 115].
He3Bakaroum Ha 11e, SIK MpaBUJIO, y CIUIaBaX, OTPMMAHUX 32 MOPOLIKOBUMH MiJXOJaMH,
3anumaeTbest 0au3bko 0.5% 3anuMIIKoBHUX MOp, SIKMX HE BIAETHCS MOBHICTIO MO30yTHCA,
yepe3 JOMINIKKA XJIOPHUAIB, IO 3aBXIU MPHUCYTHI B TUTaHI Ta LMPKOHII AK pe3yJbTaT

TEXHOJIOTTYHOTO MPOLIECY BUTOTOBICHHS 1MX MeTaliB [116].

1.6. @i3u4Hi OCHOBH BHKOPHUCTAHHS HABOJHEHHX IOPOUIKIB NPH CTBOPEHHI

MaJIONOPUCTHX CTPYKTYPHHUX CTAHIB CIVIABIB TUTAHY i HMPKOHIIO

3 METOI0 JOCSITHEHHS MIHIMAJIbHOI 3aJIUIIKOBOI MOPHUCTOCTI ¥ (OpMyBaHHS 3
0araTOKOMIOHEHTHUX TIOPOIIKOBUX CYMIIIed OJHOPIAHUX CIUIABIB 3 IABUIICHUM
KOMIUICKCOM (Di3UKO-MEXaHIYHMX XapaKTCPUCTHK, Ha TMPHUKIAII CHHTE3Y THUTAHOBHX
CIUIaBIB PI3HOTO CKJIaay OyJio po3poOJeHO MiAXia, 110 BUKOPUCTOBYE BIUIMB BOIHIO SIK
TUMYACOBO1 JIeTyBaJIbHOI oMimku Ha Matepian [101, 117-119]. [Ti3uime me migxig 0yiao
PO3BUHYTO ¥ ISl CHHTE3Y CIUIaBiB Ha OCHOBI 1upkoHito [105]. Ilei mixxix ocHoBaHUi Ha
BUKOPHCTAaHHI CTApTOBHUX HABOJHEHHX IOPOINKIB, 30KpeMa, rimpuay tutany TiH; Ta
rigpuny nyupkoHito ZrH 3 MeToro aktuBariii mporeciB GopMyBaHHS CIUIaBIB HA OCHOBI ITUX
MeTajiB 3 0araTOKOMIIOHCHTHUX IOPOIIKOBUX CyMIllleld 3aBISK{ JIMIIE OIepaIisaM iX
XOJIOAHOTO KOMITAKTYBaHHS 1 BaKyyMHOI'O CHHTE3y, TOOTO 0€3 BHKOPHUCTAHHS
nedopMamifHUX TpoleciB Imijx 4dac abo micias Hboro. bymo mosemeno [101, 117], mro
BUKOPHCTaHHS YaCTHHOK TiApUIy THTaHy |1H2 Ik OCHOBH CyMiIlIell Ma€e CyTT€EBI IiepeBaru
HaJl TPAJAUIIMHAM THTAHOBUM IIOPOIIKOM, 30KpE€Ma THUTAaHOBI CIUIaBH, OTPHUMaHi 3a
JOTIOMOTOI0 TIAPUJIHOTO MIAXO0AY, MaJIM MEHIIHK 00’€M 3aMIIKOBUX MOp (TOOTO, BUIILLY
TYCTHHY) Ta KpaIiuii OamaHc MEXaHI9YHUX XapaKTePUCTHUK, HI’K aHAJIOT14H1 CTUIaBH, 1110 OyJIn
BUTOTOBJICHI 3 BUKOPUCTAHHSIM TPATUIIHHOTO MTOPOIIKY TUTAHY.

@i3uyHUMU OCHOBaMHU BOAHEBUX TexHoyorik [120-124] ta mpuymHamu mepeBar
HaBOJHEHOro Marepiamy B mporecax cuHTedy [101, 103, 119], BcTaHOBICHICHUMHU Ha

MIPUKJIAJIl TUTAHY, € HACTYITHUMH.
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PiBHOBa)kHa KOHIIEHTpallisl BOJHIO, PO3YMHEHOr0 B METajlaX, BU3HAYAETHCA

napiiaJibHUM TUCKOM ra3y 1 TeMnepaTyporo:

CHZ = kHZ ’PHZ

He ky, — xoncranTa Ciseprca.

[Ipu HarpiBaHHi TUTaHy B aTMOC(eEp1 BOJHIO MOJIEKYJIU Ta3y AUCOLIIOIOTh HA aTOMU
Ha TIOBEPXHI METally, ICIs YOro aTOMapHHHA BOJCHB, SIKUW € JIOMIIIKOK BTLICHHS,
TuQy3iiHAM TUIIXOM IIBUIAKO TMPOHWKAE B KPUCTATIYHY IPATKy, HACHUYyIOYH ii 10
BU3HAUCHUX KOHIEeHTparid. [Ipu 1pbomMy, yHiKandbHa 3[JaTHICTh BOJHIO SK THMYacOBOi
JICTYBAJIbHOT JIOMIIITKH, TIOJIATAE B MOYKJIMBOCTI 3BOPOTHOTO BHUBEJCHHS HOTO 3 METANy JI0
NPAKTUYHO HYJIBOBOi KOHIIGHTpAIlii 3MIHOK TapaMeTpiB TEMIIEpaTypH, MapIiaTbHOTO
TUCKY Ta 4acy.

Hacuuenns merany BoJgHEM CYTTEBOIO MIpOIO 3MiHIOE Horo (a3oBuii ckiafd, Gi3udHi
(TycTHHY, €JIEKTPONPOBIIHICTh, TOIIO) Ta MEXaHI4H1 (MII[HICTh, IJIACTUYHICTh, TBEPIICTh,
moayib FOura) xapaktepuctuku [121]. Tigpua TuTany € KpUXKUAM 1 JOCHTh MaJTOMII[HHUM
MmaTepiaioM mopiBHsAHO 13 TuTtaHoMm (Tabmums 1.1) [121-125]. Taki MexaHiuHi
XapaKTePUCTUKHU TOJETIIYIOTh OTPUMAHHS TOPOIIKOBHX TIAPUIHUX YACTHHOK 3aJI1aHOi
nucriepcHocTi. KpiMm Toro, mij i€l CHIM TpeCcyBaHHS YAaCTUHKHU TIAPUAY 37aTHI KPHXKO
IpOOUTHUCS HA JUCIEPCHI YJaMKH, CTBOPIOIOUM OCOOJIMBY CHCTEMY IpIOHUX TIOp Y
CIIPECOBaHIM CHCTEMI YaCTHHOK, IO IMOJIETIIYE 3ajiIKOBYBaHHS MIOPHUCTOCTI MIPU PO3BUTKY
nporieciB crikadHs [126]. Ane 0coOIMBO BaXKITMBUMH € MIPOIIECH, IO BiIOYBAIOTHCS ITiJ] 4ac
o0epHEHOT B3aeMOIii TUTaHYy 3 BOJHEM, 30KpeMa IMpH 3HEBOJHEHHI MaTepiayly MijJ 4ac
BaKyyMHOTO HarpiBaHHs. [Ipu migBuieHH1 Temmneparypu y Bakyywmi Buie, Hix 300 °C
BOJICHb 3QJIMINAE€ KPUCTATIYHY TPATKy TiIPUAY, 1€ 3YMOBIIOE TOCIIJOBHICTH (ha30BUX
neperBopenb (TiHo—Ti + Hy) 3 yrBopeHHsM B Ta o ¢a3 TMTaHy i 3HAYHUM 3MEHIIICHHSIM
00’emy Marepiany. Lli ¢a3oBi mepeTBOpeHHS MNPU3BOAATH O 3HAYHOIO ITiIBUIICHHS
Ne(EeKTHOCTI KPUCTATIYHOT CTPYKTypu (edexT BoAHEBO(A30BOTO HArapTyBaHHS)
[122-123]. /1o Toro >k MPUCYTHICTH BOJHIO B METaJIaX 30LIBIITY€E PIBHOBaXXHY KOHIICHTPAIIIIO
BaKaHCI B IXHIX KpucTamiyHuX IpaTkax [127]. Hapemri, atoMapHuii BOAeHb, pO3UYNHECHUAN

y KpUCTAIIYHIN IpaTIli METaly, € 3HaYHO aKTUBHIIIUM, HIXK Y 3BUYAITHOMY MOJIEKYJISIPHOMY



46

ctadi. ToMy mij yac BXOAYy B TUTaH Ta BIPOJOBK 3BOPOTHOTO BUXOAY aTOMapHUM BOJIEHb
3IaTHUN BIIHOBJIIOBAaTH MOBEPXHEB1 OKCHJIHI IUTIBKH, K1 3aBXIH MPUCYTHI HAa MOBEPXHI
YaCTHHOK 1 € Oap’epaMu AJid B3a€MHOI Iu(y3ii B MOPOILIKOBIM cucTteMi. 30Kpema, 3MiHa

eHeprii Ii60ca nmpu aroMapHOMY BHXO/I1 BOJHIO 3alMCYIOTh HACTYIHUM YuHOM [104]:

Puyo _ lnz)
Py Py

AG(T) = —110800 + 27,95T + 3,46TlgT + 2RT (ln

[li sBUImA BeAyTb JO CYTTEBOIO AKTHUBYBaHHS AMQPY31HHUX TMpOIECiB, sKi
MPUCKOPIOIOTH CIIKaHHS Ta XIMIYHY TOMOTEHI3aIlil0 0araTOKOMIOHEHTHHUX MOPOITKOBHUX
cucteM. Kpim Toro, BOJICHb JOJJaTKOBO OYHIIAE CUCTEMY YAaCTHHOK, 3HIKYIOUM KIHIICBUH
BMICT TaKMX JIOMIIIIOK, SIK KHCEHb, XJIOP, Byrjenb [128], mo Oyno qoBeneHO HA MUK
TUTAHOBUX CIUIAaBiB. 3aB/ISIKM 1IbOMY CIUIaBHM, BUTOTOBJICHI 3 BUKOPUCTAHHSAM TiJPHIHOTO
IiAX0AY, JAEMOHCTPYIOTh MEHIIY 3aJIMIIKOBY MNOPHUCTICTh (1-2%), mpuilHATHUI BMICT
JIOMIIIIOK, 30KpeMa 3aJHMIIKOBOrO BOJAHIO, 1, IK pe3yJbTaT, 3HAYHO MOKpAIIEHI MEXaHIuH1
xapakTepucTuku. [Ipu 1boMy BCTaHOBIIEHO, 110 3aJIEKHO BiJl 3araIbHOTO XIMIYHOTO CKIIAITy
TUTAHOBUX CIUIABIB, SIKI CHHTE3YIOThCS, €BOIOIIS (ha30BOr0 CTaHy Ta MIKPOCTPYKTYPH B
nporieci cuHTe3y Mae cBoi ocoOauBocti [129-130]. Tak omHOYacHa MPHCYTHICTH
JETyBallbHUX €JeMEeHTIB, 1o ctabutizytorh o (Al) ta B (V, Fe, Mo, Cr) da3u tutany
rajgbMye€e X B3a€EMHHUM TIEPEPO3IOIiT Y CUCTEMI, III0 3yMOBIICHO OOMEKEHOI PO3YHNHHICTIO
- crabimizaTopiB B a-dasi, cradinizoBanoi amominiem [131-132]. Tomy ans GpopMyBaHHs
ONTHMI30BaHOT CTPYKTYpH KOXKHOTO CIUIaBy HEOOXIIHO TPaBWJIBHO BUOUpATH THUII
CTapTOBUX YACTMHOK (METalu a00 KOMIUIEKCHI JIraTypH), iXHIO TUCIIEPCHICTh Ta TEPMIUH1
1 9aCOB1 PeXKUMH CUHTE3Y, OEpydH J0 yBaru MBHIKICTh U(Y3ii Ta PO3UUHHICTH KOXKHOTO
neryBansHOTO enemenTa B o (I'LI[Y) Ta B (OLIK) cTpykTypax.

TumdacoBe BBeAEHHS BOJHIO SK [3-CTaOUII3YIOYOTrO JIETYBAIBHOTO EIIEMEHTY 0
TUTaHy TaKOX 3aCTOCOBYIOTH 3 METOIO ITIIBUIICHHS MEXaHIYHUX XapaKTEPUCTUK PI3HHUX
TUTAHOBUX CIIaBiB. Taka TepMOBOJHEBAa OOpOOKa MOKE€ BHUKOPHUCTOBYBATHCS IS
KEpOBAHOT'0 BIUIMBY Ha (h)a30BUM CKJAJ 1, K pe3yJbTaT, NOJIPIOHEHHS] MIKPOCTPYKTYpPH Ta
MMOKpaIIeHHS BJIACTHBOCTeH JswmTmX MarepianiB [120], a Takox s moaudikarrii

MIKPOCTPYKTYPH CILIaBiB, OTPUMAHKX 32 IMIOPOIIKOBUM ITixoom [124].
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OcKUIbKH LUPKOHIN 1 TUTaH 3HAXOASITHCA B OJIHINA Tpymi Tabuuili MeHaeneesa, 10 y
HUX HasBHI o1i0H1 xapaktepuctuku (Tadmums 1.1) [133], 3okpema momiOHy B3aeMoIit0 3
BoaHeM. Jlemo mizHime 6yno BcranosieHo [105-137], mo Bumieonucani Gi3u4H1 IPUHLIUIIN
W mepeBard TIAPUIHOTO MIAXOAY € CHPaBEIJIUBUMH I sl MPOIECIB CUHTE3Y CILIABIB
[IUPKOHIIO.
Tabnuus 1.1. OcHOBHI MOPIBHSIBHI (PI3MKO-MEXaHIUH1 XapaKTEPUCTUKH T1IPUIIB

TUTAHY 1 IUPKOHIIO Ta BIAMOBIAHUX MeTamiB [5, 121-125, 135-136].

XapaKkTepucTHKa TiH, Ti ZrH; Zr
Tun I'1IT (¢) LY (o) T'LT (g) iy
KpUCTaJIIYHO1 T'LIK (8) T'LIK (8) (o)
IPaTKU TIPH
20 °C
Monynb FOnra, 85-40 110 136-125 95
I'Tla 3HIKYETHCS 13 B KOHIICHTpAIIHHUX
30UTBIICHHIM Mexax O ¢asu,
BMICTY BOJIHIO 3aJIeKUTH BiJ
B MEXax O, € KoHIIeHTparii H
dba3

Minnicts, MIla 250-150 400-550 150-180 (6 daza) 220
(BHMKYETHCA 13
30UTBIIICHHSM
BMICTY BOJIHIO

B MEXax 0, €)

[Tnactuanicts,% | 0-3 (Ha ctuck) | He menme brusbko 0 (5) 43
15-45
(BUIOBK.)
I'yctuna, r/cm® 3,90-3,75 4,51 5,633-5,62 6,49
Koedimient 0,260 0,221- 0,32 0,32

Ilyaccona 0,234
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Tutan Ta UMPKOHIA MalTh CXOX1 OlHapHI ()a30Bl JdiarpaMu CTaHy 3 BOJHEM
(puc.1.12) [134] 1 noaiOHy KIHETUKY B3a€MOJII 3 HHUM, IO JIa€ MOJIMBICTb 3aCTOCYBAaTH
TUIPUIHAM MAXIT 011 aKTUBaLiil Judy31iHUX NPOLECiB MPU CUHTE31 CIUIABIB, K1 MICTATH
LUPKOHIM.

' Sintering field vea
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Puc. 1.12. ®a3oBi giaraMu TUTaH-BOJCHb (a) 1 IUPKOHIK- BojaeHb (0) 3 [134].

OO6uaBa Tigpuau Npu MaKCUMAJIbHOMY MOKIMBOMY B HUX BMICTI BOJHIO (2% Mac.
JUTSL IUPKOHIIO Ta 4% NIl TATaAHY) MalOTh rpaHelnieHTpoBany terparoHanbHy (I'LT) rpaTky
(€ da3m), a mpu [1e110 MEHIIMX KOHIICHTPAIISIX BOIHIO — rpaHerieHTpoBany kyoiuny (I'LK)
rpatky (& dasu). i dha3u € kpuxxkumu i manominaumu matepianamu (Tabmums 1.1). Tpu
BaKyyMHOMY HarpiBaHHi oOWJiBa Tipuau (THUTaHy 1 MUPKOHIIO) BUAUIIOTH BOJCHB IPH
temneparypax Bumie HiK 300-400 °C, 3a3Bu4ail mpu mpbOMYy BimOyBarOTBHCS IMOCIHIIOBHI
dazopi nepexoau: MeH; — B(OLK) — oI'IIY) (Puc. 1.12), mo cynmpoBOIKYIOTHCS
3HaYHUMU 00 €MHUMH e(eKTaMu 13 3arajJbHUM 3MEHIICHHSM 00’ €MIB MaTepialliB Mpu
3HIDKEHHI KOHIIEHTpAIlii B HUX BOJHIO.

[IpoTe npw 3aranbHii To10HOCTI (ha30BUX Jiarpam Ta BIACTUBOCTEH TIAPUAN TUTAHY
1 IMUPKOHII0 MaroTh MeBHI BiAMiHHOCTI. [lo-mepmie, y HUX pi3Ha KiHETHKA COpOIi U
necopOIlii BOMHIO: IS IIUPKOHIIO 111 MPOIECH aKTUBHO Bi0OYBAaIOTHCS MPH TEMIIEpaTypax
Ha 150 ~ 200 °C Bummx, HbK 18 Ttutany. [lo-mpyre, skmo ¢a3oBi nepexoau
I'UT(e)»T'UK(0)—BOLUK)— o' UlY) npu Buxoami BoaHio 3 cuctemu Ti-H

CYNPOBOJIKYIOThCSI JIMIIE 3MEHIIEHHAM 00’eMy Matepiany, TOo B cucteMmi Zr-H mnpu
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ytBopeHH1 ['TIK(8) da3u (mepexin I'l[T(e)—I'TIK(d)) BinOyBaeThcs 30UIbIICHHST 00’ €My
[105]. Lle#i 06’emuuit edexT pa30BOro mepexony HEraTHUBHO BILIMBAE HA IHTETPATBHICTD
CIOPECOBAHUX CHUCTEM MOPOLIKOBUX YACTUHOK TIAPUIY UMPKOHIIO, [OJAI0YH CHILY
34eIUIEHHS MK HUMH, IO BUKIUKae mpu ~ 450 °C xapakTepHUil ePeKT «pOo3MyXaHHS»
MOPOIIKOBOTO aHCaMOJII0 3 MOSBOIO JTOJATKOBUX MYCTOT MiK uyactuHkamu [105]. Takuit
00’eMHUI ePeKT € HACTIIKOM HAKOIMMYEHHS B CIIPECOBAHIN CUCTEMI TIIPUAHUX YaCTHHOK
3HAYHO1 MPY>KHOI €HEeprii Ta CIOCTEPIra€eTbCcsl JUIIE B HAMPSMKY HPHUKIAJACHOI CHIIH

HpecyBaHHs, 1 BIICYTHIN y EPICHIUKYIApHUX HampsiMkax (puc. 1.13) [137].

0,04 4

0,02 4

0,12 S
0 200 400 600 800 1000 1200
T, °C

Puc. 1.13. JumaroMeTpuuHi KPUB1 HarpiBaHHs, 110 HOKA3YIOTh 00’ €MHI1 eheKTU
5

CIPECOBAHMX YaCTUHOK T1APHIY MUPKOHIIO y B3aEMOIEPICHANKYIIpHUX Hampsamax [137].

Hakonmuena mnpu mnpecyBanHi mpykHa enepris U 3rimHo 3 3akoHoMm ['yka
npornopiriitHa 1o moaynst FOura E marepiany:
ES AlL? ESL (AL)Z

=7 2 %U=75"1(7

Hle S monepeunuii mepepis Tina, ke nepopmyerbes, L nosxuna, AL 3MiHa JOBKUHH.
3a omHAKOBMX 3HaueHb naedopmallii 4acTMHOK, Marepianu 3 BUIUM Momyiem FOHra
XapakTepHa Oulblla HakomuueHa cHepris [137]. BiamoBigHO TiApua MHUPKOHIIO, MPH
HalBUIIOMY 3HaYeHH1 Moyt FOHra 3 ociiIKeHuX MOpOLIKOBUX MaTepiaiiB, HABEJECHUX

B Tabnuui 1, mae HaWBUIy HAKONMUYEHY EHEPril0 CIPECOBAHOI CUCTEMH YAaCTHHOK 13
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TEHJICHITIEIO JI0 peTaKcallii HampyXeHb. 3a KIMHATHOT TEMIEPAaTypH CHJIa 3YCTUICHHS MiX
YaCTUHKAMHU [HMPKOHII0 € JOCTaTHhOIO, MO0 YTPUMYBATH UUIICHICTH CIPECOBAHOTO
aHcaMOJII0 YaCTUHOK, MPOTE MiJl Yac HarpiBaHHsd, 00’ eMHI eekTu (a30BUX MEPETBOPEHD
npu BuAuvieHHI BogHio, nepenycim € ['LT—6 I'UK, cropuuuHsSOTs BUBLUIBHEHHS
HAKOMWYCHOT CHEPrii, HAPYXEHHS PEIAKCYIOTh 3 YTBOPCHHIM IyCTOT MK YaCTHHKAMU.
HaTtowmicTe s rigpuay THTaHy, MO Mae€ MEHIIHA Moaynb KOHra i MEHIy HaKONHYCHY
€HEPrito, 11ei HeraTUBHUHM e(eKT 301UIbIIEeHHS OPUCTOCTI IPH JIecopOLIii BOAHIO BIICYTHIN
[137].

Byno moxasaHo, 1110 YHUKHYTH MOPYIICHHS IHTETPAIbHOCTI CIIPECOBAHOI CUCTEMHU
YACTHHOK T1IPUIY IUPKOHIIO MiJ] 4ac JecopOIlii 3 HUX BOJHIO Ta chOpMYBATH B pe3yiabTaTi
CIIKaHHS MAaJIOMOPHCTI CIUIaBU MoHa abo BukopuctoByroun O I'LIK rimpua mupkoHiro
s3amicte € I'IIT, abo nmomaroun B CyMmilll YaCTHHKH, ISl SIKUX Ied e(peKT BiACYTHIH
(mampukian, rTigpua tatany) [105, 137]. VYV pesyabrari, mig 4ac HarpiBaHHS Ta
BUCOKOTEMIIEPATYPHUX BUTPUMOK TMPOSABISIIOTECS BHUIIEONMCAHI TepeBard TiIpUIy
[IUPKOHII0 HAaJl HEHABOJHEHWM IIMPKOHIEM, M0 JIO3BOJSE OTPUMATH MAaCUBHUH
3HEBOJIHEHUN HMUPKOHIN 3 rycTHHOI 98 % Bif TeopetnuHoro 3HaueHHs [105]. Mexanizm
aKTHUBaIlil TBep10(ha3HOTO CIIKAHHS JIJIS T1APUY UPKOHIIO BiIOYBAETHCS 32 THMH CAMUMU
NPUHIMIIAMHA, 1[0 W B TiApUIlI TUTaHy, a caMe 4epe3 30UIbIICHHS KOHIIGHTpaIlii
PIBHOBOXHUX BakKaHCIM y NpHCYTHOCTI BojHIo [127] Ta migBumieHHS ae(EKTHOCTI
KPUCTAIIIYHOI CTPYKTYPH BHACTIIOK (a30BUX repeTBopeHb [ 138].

VY po6ori [105] mokazaHo, 110 CHHEPTeTUYHE BUKOPUCTAHHS CyMIIlIel JBOX T1APUIIB
(TUTaHy 1 IUPKOHIIO) MPU CUHTE31 OIHAPHUX CIUIABIB CUCTeMH Zr-T1 T03BOJIS€ MiACUINTH
MO3UTUBHUM BIUIMB BOJHIO Ha AM(Y31HHO-KOHTPOIHOBAHI MPOIIECH CITIKaHHSA. 30Kpema,
MO3UTUBHUM MOMEHTOM € PI3HHISI B TeMIleparypax AecopOilii BOAHIO 3 LHUPKOHIIO Ta
TUTaHy, OCKUTBKA JO3BOJISE TIPOJOBKUTH BIUIUB BOJHIO HA aKTUBAIIIO CITIKAHHS CUCTEMU
YaCTHHOK JI0 BHIMUX Temmepatyp. Lli pe3ynbraTé cTanmu miATpyHTSIM IS BUPOOHHUIITBA
MOPOIIKOBUAM CITOCOOOM OiHApHMX CIUIaBiB cUCTeMH ZI-Ti, a TakoX 0araTOKOMIIOHCHTHUX
MarepialiiB Ha OCHOBI 1Ii€i cuctemu. Tak Ha mnpukinani ckinagy 60%Zr-40%Ti Oyno

MOKa3aHO, 1[0 BUKOPUCTAHHS CyMIIIe JBOX TAPUIIB JO3BOJISIE€ NOCITTA TYCTUHHU CIUIaBIB
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98-98,5% Bin TeopeTHyHOi (TOOTO, 3aJTUIIKOBA MOPUCTICTh Oyia 3HIKeHa 10 1,5-2%), a
NpY BUKOPUCTAHHI HCHABOJIHEHHX MOPOIIKIB r'ycTUHA csrae ymmie 95-96,5% (4,5-5% mop).

Oxpemi gocaimkenns [73, 139] Oyi0 mpoBeAeHO 13 CHHTE3y CIUIABiB HAa OCHOBI
cuctemu Zr-Ti-Nb i3 BukopucTaHHSIM TiIPUIHOTO MOPOIIKOBOTO Minxoay. OcoOIHBICTIO
CIUIaBIB IIi€1 CHUCTEMH, CMHTE30BAHUX METOJOM TMPECYBaHHS Ta CIIKaHHS MOPOIIKOBUX
CyMiIlIel JBOX TIAPUJIIB 1 MOPOIIKY HIO01I0, € CYTTEBO OibIlla 3aJIMIIKOBA MOPHUCTICTh
(6nusbk0 5%), HIK IJiA paHillle CUHTE30BAaHUX 3 BUKOPUCTAHHSM IILOTO X TIAPUIHOTO
HiIX0y TUTaHOBUX Ta OiHapHUX Zr-Ti crutaiB (1-3%), 1110 MOSCHIOBAIM BHECKOME(DEKTY
@peHkenst B €BOJIOLI0 MOPUCTOT CTPYKTYPH T€TEpPOreHHOI CHUCTEMHM YacTUHOK TpH i
XIMIUHIA TOMOTeHi3amii ¥ cmikanHi. Takox Oylno TPOJEeMOHCTPOBAHO MOXKIIUBICTD
OTPUMAaHHS BHCOKONOPUCTHX CIUIaBiB [73] MEAMYHOrO NPU3HAYCHHS, OCKLIBKH came
BHCOKA TIOPUCTICTh TOBEPXH1 HEOOXiTHA B CTICIU(IUHUX BUMAAKAX VIS KPAIIOTO KOHTAKTY

IMIUTAHTATy 3 010JIOTTYHUMH TKAHUHAMU.

1.7. Monndikanisi CTPyKTYpPHHX CTAHIB CIJIABiB HA OCHOBI TUTaHY i HUPKOHIIO

3 BUKOPUCTAHHAM JepopManiiHol 00poOKu

[Ipu cTBOpEHHI CIUIaBiB 3a MOPOIIKOBUM IIXO0M BaXKJIWBHM MIKPOCTPYKTYPHUM
napaMeTpom, 0 BU3HAYa€ MEXaHIuHI ¥ (DI3WUYHI XapaKTePHUCTUKH, € PIBEHb 3aJUIITKOBOI
OPUCTOCTI. JIOCATHEHHS] BUCOKHMX MOKA3HUKIB MIITHOCTI, TUTACTUYHOCT1, BTOMHO1 MIITHOCTI
BHUMarae MiHiMi3ailii 00’ €MHOT YaCTKH MOP SIK O€3MOCEPETHBO a IPOIIEC] CITIKAHHS YaCTUHOK
[140], tak i micis HBOrO 3 BHUKOPHCTAHHSM JOJATKOBOTO BIUIMBY Ha Matepiai st
JOCSATHEHHS TpakTHYHO Oe3nopucTux ctaHiB [139]. B okpemux Bunagkax [ 73] (Hanmpukiai,
it 3HWOKEHHST Moaynst FOHra, kpamioi iHTerpaiii moBepxHi IMIUIAaHTaTy B O10JOTIYHI
TKaHWHH, TIPU CTBOPEHHI CUCTeM (QuIbTpamii piauH abo Ta3iB) 30UIbIICHHS 00 €MHOTO
BMICTY TOp, HaBIAaKH, € KOPUCHHUM, 11O BUMAara€ CTBOPEHHsS CTPOr0 KOHTPOJIHbOBAHOTO
3arajibHOro 00’€MHOI0 BMICTY Ta pO3MIPiB IHIUBIAYaJIbHUX MOP.

[Ipote, Ha 3aBepmIAILHUX €TamaxX CHHTE3Y BHACIIJOK POCTY 3€pHA MPOIECH
3QJIIKOBYBAaHHS MOP 32 MEXaHI13MOM JU(y31i BaKaHCIHA BIJ MOP A0 HAKOIMAKYMX MICIb X

aHITUISALI] TaJbMYyIOThCSL a00 B3araji 3YNHUHSIOTHCS Ye€pe3 PO3BUTOK albTEPHATUBHHX
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npoiieciB KoajecueHilii mop. OQHUM 3 HalBIIOMIIIMX MEXaHI3M1B KOAJECIEHIIIT € MOJCIb
CnpozoBa [141]. Bona [141-142] onucye piBHOBaXXHY KOHIIGHTpAIliI0 BaKaHCIH MOOIH3Y

MOPY Ta MOTIK BaKaHCIH BiJ] HOpU A0 HAMOIMKUMX CTOKIB:

20CxVyt

R = Co T TUTR
.~ _p dc
JrR = or

Jle €., — KOHIICHTpAIlisi HACHYSHOTO TBEPJOTO PO3UMHY, 0 — Mik(]a3Ha moBepxHEBa
eHeprist, V,; — 00’eM aToMa pO3YMHEHOI peYOBMHH. ToMy 100 aKTHBYBAaTH MPOIECU
3aJiKOBYBaHHs MOp Ta JOCSATHYTH HEOOXiTHMX BIIACTUBOCTEH MaTepially HEOOXiTHO
CHpsSIMYBaTH PyX BaKaHCIH 10 HAHOMMKYUX CTOKIB (TPaHMII 3€pEeH, TUCIIOKaIlii, TOBEPXHS
Marepiany) Ta 30UTBIIUTH IXHIO TYCTHHY. 30KpeMa, y ik mozemi [141-142] nmoTik BakaHCIH
Jp BiJl IOp /10 HAMOIMKYMX CTOKIB MPHU MPUKIIAJACHHI 30BHIIIHBOTO THCKY P 30UIBINYEThCS
3TiJTHO 3 PIBHSHHSM:

eyt
Jo Py

Tomy nnst 3MeHIIeHHS 00’€MHOTrO BMICTY MOpP IIMPOKO 3aCTOCOBYIOTH Pi3HI BUAM
TEPMIYHO1 1 TepMOMEXaHiI4HO1 00poOku MaTepiamiB [42, 143, 144], He3Bakarouu Ha Te, 1110
[I€ TPU3BOAUTH [0 YCKJIQJAHEHHS TMIPOILleCY BHUTOTOBICHHS. Hampukmnan, rapsde
nedopMyBaHHs MONEPEAHBO clieueHuX cruiaBiB [104], kpiM 3MEHIIIEHHS TOPUCTOCTI, J1a€
3MOry MOJU(DIKyBaTH MIKPOCTPYKTYpPY Marepiaiy, MO3UTUBHO BIUIMHYBIIW Ha KOMILIEKC
HOTO0 XapaKkTEepPUCTHK. 30Kpema, aBTopamu podotu [ 139] Oyio mokazaHo, 110 3a JOTIOMOT OO
MOIAJIBIIIOTO TapsYoro AehOpMyBaHHS MUISIXOM MPOKATYBAaHHS MOKHA CYTTEBO IiIBULITATH
MirHICT (~ 1130 MIla) i miactuuHicTh (~ 15 %) Ha po3Tar cmasiB cuctemu Zr-Ti-Nb,
BUTOTOBJICHUX 32 TIOPOIIKOBUM MTiXOOM.

[Ile oniero 3 BimoMux 0OpPOOOK € Trapsiue i3ocTaTudHe mpecyBaHHs [145-148], sxe
3a0e3Ieuye 3a1iKOBYBaHHS ITOP Ta Mo ApiOHeHHs 3epeH [149-152], mo 3a ymoBHU onrTtumizariii
CTPYKTYpH 3HAYHO TOKpaIlyess MEXaHidH1 BiacTUBOCTI Marepiany [148, 150, 153].

Kpim TOro, HeOOXITHUX MEXaHIYHUX XapaKTEPUCTUK MaTeplady MOXKHA JIOCATTH 3a

JIOTIOMOT'OI0 THTEHCUBHUX METO/IIB IJIACTUYHOI ieopmallii, HanpuKiaj, 6araTonpoxigHol
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BUHTOBOT ekcTpy3ii [154, 155]. CyTh 1mporo mimxomy moyisrae B HaJaHHI marepiany
BEJIMKUX 3HA4YeHb Jedopmarii 3i 30epekeHHSM JHIHHUX po3MipiB 3arotoBok [156].
ABtopamu po6iT [155-158] Oyno mokazaHo, 1m0 JjIs MiJBUILEHHS MIIIHOCTI Ta TBEPIOCTI
Marepially MOTpiOHO JEKUIbKa HMKIIB OOPOOKM ITUM METOJIOM, MPU I[LOMY IHTEHCHBHA
IJIacTU4YHa Jedopmallis MPU3BOJIUTH 0 PI3KOT0 30UIbIICHHS Me(PEKTHOCTI KPUCTATIYHOT
CTPYKTYpPH Ta HarapTyBaHHsI, 1 BIJIOBIAHO 0a)kKaHOI 3MI1HU MOKA3HUKIB MILHOCTI. 30KpemMa,
y po6oti [155] moka3zaHO, 110 CTBOPEHHS HArapTOBaHUX BUCOKOACHEKTHHX CTPYKTYp
3abe3reuye MiABUILCHHS MIITHOCT1 0HO(A3HOT0 TEXHIYHO uncToro Tutany 3 473 Mlla no
617-641 MIla.

OaHuM 3 METOMIB IHTEHCHBHOI IJIACTUYHOI nedopmallii € KpyTiHHS MiJ BUCOKUM
tickoM [159-160]. Mloro BHKOPUCTOBYIOTH AUl OTPUMAHHS YIbTpaapioHoro 3epra (100 —
500 um) [143]. 3aBagKu CTBOPEHHIO MTPU TAKOMY METO/I1 IehOpMYBaHHSI HAHOCTPYKTYPHUX
CTaHIB 3a0e3MeyyroThCS 3HAYHO Kpalll MeXaHIYHl BJIACTUBOCTI, HLK Yy BIIMOBIIHUX
MaTepianax 3 BeJMKHMH 3epHamu [159-162]. 3actocyBanns 1poro meroay [143] 3nauno
migBuirye MirHicTh (3 800 MIla 1o 1100 Mma) B turanoBoro ciuiaBy cuctemu Ti-Nb-Ta-
Zr, 30KkpemMa 3aBJsKH CTBOPEHHIO OJHOPIHOT HAHOCTPYKTYPH. 3 IHIIOTO OOKY, 3pOCTaHHS
MIITHOCT1 CYIPOBOKYEThCS NIEBHUM 3HM)KCHHSM IUTacTHUHOCTI (10 7 %). Y pobGori [143]
TaKOX € JIaHi I10JI0 MOXKJIMBOCTI 3HM>KeHHST Moayis FOnra (3 65 no 60 I'ma) mix BriuBoM
IHTEHCUBHOTO Jie(OpMyBaHHS, 1110 OyJIO TOSICHEHO MOJAPIOHEHHAM 3€pHA O HAHOPO3MIpIB
[163-165]. BBaxkatotp, 1o cmiaB cuctemu Ti-Nb-Ta-Zr qeMoHCTpye 3MEHIIEHHS MOy
HOnra 3i 30UIbIIEeHHAM TUKIIB AedopMalrii yepe3 30UTbIIeHHST 00'€EMHOT YacTKU MPY>KHO
CTabKMX MIKpOCTPYKTYpHHX eneMeHTiB [163, 166], Takux sk Mexi 3epHa Ta MOTPIiHHI
CTHKH, 1110 BUHUKAIOTH MTPH MOAPIOHEHH] 3epeH 10 HaHO po3MipiB. LI cTpyKTypHi enemMeHTH
MPU3BOAATH JI0 TOM’ SIKIIEHHS MaTepiany [167] depe3 30imbIeHHs BifcTaHi B3aeMOJIIl 31
30UIBIIeHHSM TT0MI Mikda3Hoi moBepxHi [164, 168]. Tomy 3MeHIIEHHS pO3Mipy 3epHA
CYTTEBO BIUTMBae Ha Moayib FOHra cmnaBy cucrtemu Ti-Nb-Ta-Zr min wac medopmarrii
KPYYEHHSIM M1 BUCOKMM THUCKOM HUISIXOM 30UIbIIEHHS 00'€MHOI YaCTKU HEPIBHOBAXKHUX
TPaHUIb 3epeH Ta MOTpiHNX cTUKiB[169-170]. IIpoTe icHYy€ i IHITNHN MOTIISA, 3T1IHO 3 TKUM

pO3Mip 3epHa HE BILTUBAE Ha MOJYJIb IIpyxHocTi [171].
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BHCHOBKH Ta MOCTAaHOBKA 3aBJAaHb JOCTi;KEHHSA

3 aHamizy JITepaTypHUX JKEpeal BUJHO, IO O-IUpKOHieBI crutaBu 3 [TI[Y
CTPYKTYPOIO € CTpaTErilYHUMH KOHCTPYKIUIHHUMH MaTepiaiaMH, Kl IIMPOKO 3aCTOCOBYIOTh
y saepHii eHepreruui. [[UpkoHiNl TakoX Mae 3HAayHI MEPCHEKTUBU JUIsl CTBOPEHHS
010CYMICHUX CILJIaBiB, 30KpeMa i 31 3HmKeHUM MoaysieMm FOnra. OkpeMoi yBaru 3aciiyroBye
pO3po0Ka HU3BKOMOYJIBHUX CIUIaBiB Ha ocHOBI cuctemu Zr-Ti-Nb i3 B OLIK ctpykrypoto,
SIKi MO’KHA 3aCTOCOBYBAaTH Yy MEJIUIIMHI SIK MaTepiaj i 4ac BUTOTOBJICHHS OPTOTICAMYHUX
Ta CTOMATOJIOT1YHUX IMIUIAHTATIB, & TAKOXK JJI BUPOOHUIITBA KOPO3IMHOCTIMKUX MPYKHUX
€JIEMEHTIB 13 JOCTaTHIMM TOKa3HHUKaMHU MIIHOCTI i TOTped MalnHOOY yBaHHS.
OcCKUTbKM TpaJuIliiHI METOJIM BUTOTOBJICHHS IIMX MaTepialliB HE 3aBXKIU 3a0€3MeuyloTh
dbopmyBaHHs OakaHUX CTPYKTYpHO-()A30BHX CTaHIB, 110 HETAaTUBHO BILIMBAaE Ha (Pi3uKO-
MEXaHIYHI XapaKTePUCTUKHU 1 JIO TOTO K € JIOCUTh 3aTPATHUMH, € BEJIUKI MEPCTICKTUBH Y
CTBOPEHHI IIUX CIUIaBIB 3 T€TEPOr€HHUX CHUCTEM IOPOIIKOBUX 4YacTUHOK. DopmyBaHHS
OMHOpITHOTO (a3oBOro CcKIaAy 1 MIKPOCTPYKTYpH CIUIaBIB 3a TaKUM IiJIXOJ0M
Bi/I0yBa€ThCs BHACIMOK TU(PYy31HHO-KOHTPOILOBAHUX MIPOIIECIB XIMIYHOT TOMOTEHI3aIliil Ta
CIIKaHHS CHCTEM YaCTHHOK, III0 BUMAarae po3poOJICHHS METOIB aKTHBAIIl ITUX MPOIIECiB.
Jns  aktuBanii TBepmodaszHoi audysii 3HAYHI TEPCHIEKTHMBH Ma€ BUKOPUCTAHHS
TAUMYACOBOT'0 JICTYBaHHS YaCTHHOK BOJHEM, TOOTO BUKOPHCTAHHS TIAPHIIB ITUPKOHIIO 1
TUTaHy 5K CTAPTOBUX MaTEPialiB 3 HACTYITHUM (pa30BUM MEPETBOPSHHSM T1APUIIB B METATTU
Ta BIUTMBOM TaKOT'O TIEPETBOPEHHS Ha 30UIbIIEHHS Ne()EKTHOCTI KPUCTAIIYHOT CTPYKTYPH.
[lepeBarm Ta OCOOMHMBOCTI TIAPUIHOTO MIAXOMY ACTAIBHO ITOCHIIKEHO JUIsi CHUHTE3y
TUTAHOBHUX CIUJIaBIB PI3HUX CHCTEM JIETYBaHHS, MPOTE ICHYIOTH JIMIIE KUIbKa POOIT, SKi
CBITYaTh MPO MEPCIEKTUBHICTH I[LOTO MIAXOy IJIsi CHHTE3Y CIIaBiB HA OCHOBI IIMPKOHIIO.
BpaxoByroun, 1m0 CKian CIuiaBy, SKHH CHHTE3YEThCS, BH3HAYAE EBOJIOIIIO (ha30BOTO
CKIIaAy Ta MIKPOCTPYKTYPH T€TEpPOreHHOT CUCTEMHU YaCTUHOK 1 00’ €MHI e(heKTH, 30Kpema
BUKJIMKAH1 JEeCOpOIli€l0 BOAHIO Ta CIIKAHHSM, MPU TEPETBOPEHHI TaKOi CHUCTEMHU B
MacHBHUM  Marepiall, JOCSTHEHHA  OaXaHOro  KOMIUIEKCY  (PI3MKO-MEXaHIYHHX

XapaKTEPUCTUK CUHTE30BaHUX MaTepiayiiB HEOOX1IHE JIeTallbHE PO3YMIHHS OCOOIMBOCTEN
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yCIX BHIIIEBKa3aHUX MPOIIECIB B 3aJIEKHO BiJ XIMIYHOTO CKJIaay cucteMu. ToMmy mOTpiOHO

MPOBECTH CHUCTEMATUYH1 JOCIIKEHHs, 00 3po3ymiTH (i3uuHl npouecu, (a3osi

MEepPEeTBOPEHH ¥ e(eKTH, 110 iX CYMPOBOJKYIOTh, & TaKOX MPUYMHU 1 MEXaHI3MH, SKi

BHU3HA4YalOTh (popMyBaHHS (Pa30BO-CTPYKTYPHUX CTAaHIB CHHTE30BaHMX CIUIABIB PIZHUX

CUCTEM JIETYBaHHs Ha OCHOBI MUPKOHI0. Lle macTs 3Mory po3poOUTH METOAM KEPOBAHOTO

BIUIMBY Ha JUQPY31i{HO-KOHTPOJIBOBAHI MpPOLIECH 3aJIKOBYBaHHA IOPUCTOCTI Ta

rOMOTEeHI3allll CHUCTEeMU TpPU CHUHTE31 ISl JOCSITHEHHS Oa)XXaHUX KOMIUIEKCIB (DI3UKO-

MEXaHIYHUX XapaKTePUCTHUK.

OTXe, MeTOI0 I[bOTO JOCIIPKCHHS € BCTAHOBJICHHS 3arajbHUX 3aKOHOMIPHOCTCH
dbopmyBaHHA CTPYKTYpH, (a3oBoro crtaHy Ta (I3UKO-MEXaHIYHUX XapaKTEPUCTUK
[IUPKOHIEBUX CIUIABIB MPH iX CHHTE31 3 CyMIllleil HAaBOJAHEHHUX MOPOILIKIB JJIsI OTPUMaHHS
OJIHOPITHUX MaTepiayiiB BU3HAYEHOro (Pa3oBOro Ckiaay i3 KOHTPOJHOBAHUM pPiBHEM
3aJIMIIKOBOT  MOPHUCTOCTI, XapaKTEPUCTHUKU SIKUX OYIyTh BIJMOBIJaTH BHMOTaM
PAKTUYHOT'O BUKOPUCTAHHS.

JI71s1 JOCSTHEHHS MOCTaBJICHOT MeTH C(hOPMYIbOBAHO TaKl JOCIITHUIIBKI 3a1a4i:

1) BCTAHOBUTH 3arajbHI 3aKOHOMIPHOCTI 00’€MHUX €(QeKTiB, B TOMY YHCII
BUKJIMKAHUX JecOpOIli€l0 BOJHIO Ta CIIKaHHSAM, NMPU BaKyyMHOMY HarpiBaHHI
IreTEPOreHHUX CyMillell HaBOJAHEHHWX YAaCTHMHOK, B 3aJICKHOCTI BiJ 3arajJbHOTO
XIMIYHOTO CKJIaJy CUCTEMH;

2) BU3HAYUTH OCOOJMBOCTI MPOIECIB XIMIYHOI TOMOTeHi3allli, €BOJIIOIIi MOpHUCTOT
CTPYKTYPH Ta MIKPOCTPYKTYPH CHUCTEMH YaCTHHOK IMPHU CHHTE31 CIUIABIB Pi3HOTO
CKIIamy.

3) BU3HAUMTU (DaKTOpW Ta MEXaHI3MU BIUIMBY Ha mporecu (GopMyBaHHs (a3oBo-
CTPYKTYPHHX CTaHIB CHHTE30BaHHMX CIUIaBIB 3 METOIO0 OTpUMaHHS (Pa3oBO, XIMIYHO
1 CTPYKTYPHO OJTHOPITHUX MaTepiaiiB 3 MiHIMI30BaHUM 00’ €MHHM BMICTOM IIOD.

4) BCTAHOBUTH BIUTUB C(POPMOBAHUX MTPH CUHTE31 Pa30BO-CTPYKTYPHUX CTAHIB CIIJIaBIB
Ha iX OCHOBHI ME€XaHI4H1 BJIaCTUBOCTI.

5) JOCHIIUTH TOTEHI[ial J0JaTKOBOTO JedopMalliiiHOro BIUIMBY Ha MOAMQIKAIIIO

BJIACTUBOCTEM.
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PO3JILI 2
MATEPIAJIM TA METOJIUKH

2.1. CniiaBu, 00paHi IS TOCTIKEHHA, TAa BUXIAHI MaTepiajun
Y po0OOTi JOCHIKEHO CHHTE3 CIUIaBiB cHCTeM JieryBaHHs Zr-Sn, Zr-Nb,
Zr-Sn-Nb-Fe, Zr-Sn-Nb-Fe-Bi, Zr-Ti-Nb. Cxiagu cruiaBiB, oOpaHi Ui JTOCIIIKCHHS,

HaBeJIeHO B Ta0mmi 2.1.

Tabmums 2.1. Cxknaau crijiaBiB Ta MOPOIITKHA, BUKOPUCTAH1 JIJIsl iIXHBOTO CUHTE3Y

Ckunan crinasi, Mac.% Buxopucrani mopouiku y cymimax
Zr-1,58n ZrHz, Sn

Zr-1Nb ZrH,, Nb

Zr-1,25n-1,0Nb-0,4Fe ZrHy, Nb Ta Fe, miratypa Zr-Sn.

Zr-0,9Sn-1,0Nb-0,4Fe-

_ ZrH,, Nb, Fe, Bi, mirarypa Zr-Sn.
0,3Bi

ZrHo, Tin, Nb
ZrHa, TiH2, Nb(H)
ZrH,, TiHy, niratypa Zr-Nb

59Zr-19Ti-22Nb

ZrH,, niratypa Ti-Nb

TiHy, ZrH,, Nb
357r-39,5Ti-25,5Nb TiH,, nirarypa Zr-Nb

ZrHy, TiH,, niratypa Ti-Nb
397r-36,1Ti-24,9Nb TiH,, ZrH,, Nb
47,8Zr-32,7Ti-19,5Nb TiH,, ZrH,, Nb

20Zr-43Ti-37Nb TiHz, ZrH,, Nb
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Onnodaswi o crmasu Zr-1Nb, Zr-1,5Sn ta Zr-1,25n-1,0Nb-0,4Fe (tyt i nani mac. %)
Oysn0 oOpaHo It AOCIAXKEHb, OCKIIBKH 111 MaTepiaal IIMPOKO BUKOPUCTOBYIOTH Y AI€PHIN
CHepreTuIll Sk KoHCTpyKuiHi enemerntr TBEJIiB [11, 13, 172-175.]. JlocmikeHHS TaHUX
MatepianiB npoBojuiocs y criBpooiTHUITBI 3 HHI[ «XapkiBchkuil (hi3MKO-TEXHIYHUM
iHcturyT» HAH VYkpainun. CrmmaB  Zr-0,9Sn-1,0Nb-0,4Fe-0,3Bi o0pano sk aHajor
kommo3uii Zr-1,2Sn-1,0Nb-0,4Fe. YactuHy oji0Ba 3aMiHWIN Ha BICMYT, OCKLIBKH BiH Ma€
Kpalry KOpo3iiHYy CTIHKICTh 1 MEHIIUW Tepepi3 3aXOIUICHHsS TEIJIOBUX HEUTPOHIB, HIXK
0JIOBO.

Sk yxe Oymo ckazaHo panime, cmiaB 59Zr-19Ti-22Nb — nepcnextuBHui
HU3BKOMOJTYJIBHHI MaTepiall 3 0HO(a3HOI0 3 CTPYKTYPOIO, KM MOYKHA 3aCTOCOBYBATH
JUIS BUTOTOBJICHHS OioMenuuHuX imiutantatiB [74]. Tlpote, #oro cTBOpeHHs 3a
MOPOIITKOBUMH TEXHOJIOTISIMHU BeJie /10 30epekeHHsI BUCOKOT opucTocTi [ 74]. e 3ymoBioe
noTpe0y JACTAIBHOTO JOCHIIKEHHS TMPOIECIB CHUHTE3Y sl OTpuMaHHs (a3oBo-
CTPYKTYPHHX CTaHIB, K 3a0e31euarh JOCTaTHIA KOMILUIEKC XapaKTePUCTHK.

CmmaBu  35Z7r-39,5Ti-25,5Nb, 397r-36,1Ti-26,9Nb, 47,8Zr-32,7Ti-19,5Nb Ta
20Zr-43Ti-37Nb, 3a 1aHUMHU TEOPETUUYHUX PO3PaXyHKIB [77], MarOTh 3HAYHI IEPCIICKTHBH
U1 3HKeHHS Moy FOwrra. 1li craBu paHiiie He Oy eKCIIEpUMEHTAIBHO JTOCTIHKEH,
TOMY TPOBEJEHHS IXHBOTO CHHTE3y I EKCIEPUMEHTAIbHOI MEPEeBIPKH MOTEHIlATy
¢b13MKO-MeXaHIYHUX XapPAKTEPUCTHUK € aKTYaJIbHUM.

3 MEeTOI0 BUTOTOBJICHHS OOpaHUX IS JOCHIIKEHHs CIUIaBiB BHKOPHCTaHO Taki
BUXIJHI MaTepiajii: BAKOPUCTOBYBaJIM Hoauaauii iupkoHid TY 95.46-97, TuTaHOBY ryOKy
mapku TI'110, mopomok HioGir0 mpomucioBoro BupoOHuntea ['OCT 26252-84, omoBo
I'OCT 860-75, mopomok 3amiza ['OCT 9849-86, Bicmyr T'OCT 10928-90. Jlus
BUT'OTOBJICHHS HAaBOJTHCHUX ITOPOIIKiB (T1APHIIB) MUPKOHIIO, TUTAHY, Ta HIOO110 BIAMOBIAHI
CTapTOBI MaTepiay Mi/I1aBalid MPOIIECY HABOIHEHHS, SIKWI MPOBOIWIIN Y BAKYYMHIHN Tedi.
Ha nepmomy erami HarpiBaiau matepian (Tutad Ta Hi061#i — mo 700 °C, mupkoniii — 750 °C)
3 BUTpUMKOIO 15-20 XB, 111 onepailisi IPOBOAUTHCS 3 METOIO PO3YMHEHHSI OKCUIHOT ILTIBKU
Ha TOBEPXHI BUXIJTHMX MarepiaiiB, 1[0 3a0e3leuye BUIbHE MPOHUKHEHHS BOJHIO B
Mmatepian. Ha HactymHOMy ertami BinOyBanocs 3HIKeHHs Temrepatypu 10 600-650 °C Ta

HaIyCK BOJIHIO Y BaKyyMOBaHy KaMepy M JOCSTHEHHS MapiiaJibHOTO TUCKY BOJHIO 30-
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50 klla B kamepi neyi. . Jlami noeranHo 3HMWKYyBanu Temneparypy Ha 50 °C 3 BUTPUMKOIO
Ipy KOXKHIN TemrepaTypi no 15 XBWIMH y BOAHEBIH atMmocdepi. 3akiHUEHHS HpoLECy
HaBOJIHEHHs BiI0yBaeThes npu Temnepatypi 300-350 °C, miciist 4oro HaBOAHEH1 MaTeplaiu
MOBUIBHO OXOJIOXKYIOThCS 3 Miuyto. Lli pe’kxuMu 103BOJISAIOTh HACUUYBAaTU METAJIU BOJTHEM
710 cTaHy 0AHO(A3HUX TIAPUIIB, IO MIATBEPAKYIOTh PE3YIbTATH PEHTI€HIBCHKOI'O aHATI3Y
Ta rpaBiMeTpii. 30KpeMa, MacoBa YacTKa BOJIHIO MICJIS MIPOLIECY HABOJHEHHS 3a BKa3aHUMU
pexxumamu ckiagae: 'y uumpkoHii ~ 1,9%, y turani ~ 3,5%. HaBoaHeHni matepianu
XapaKTePU3YIOThCS KPUXKICTIO Ta 3HMXKEHOIO MIIHICTIO, IO HEOOXITHO ISl iX JIErKOTO
MoAPiIOHEHHS 710 TOPOIIKOBOIO CTaHy 3aJaHO0i JUCIIEPCHOCTI.

[lin vac cunresy cmnaBiB (Tabmuis 2.1) BUKOPUCTaHO HABOJHEHI TMOPOIIKH,
HeHaBoaHeHl mopomku Nb, Fe, Sn, Bi. Kpim Toro, y naeskux ekcrnepuMeHTax
BUKOPUCTOBYBAJIM HaBOAHEHI mopomikoBi Jniratypu ckiany 46Ti-54Nb, 58Zr-42Nb i
75Zr-25Sn (mac. %). 3MUBKM JraTyp BKa3aHOTO CKjaay OyJl0 BHTOTOBJIEHO METOJIOM
€JIEKTPOJIYTOBOr0 TEpeIuIaBy B aproHi BUXIAHMX MeTaniB. BuXiiHy MeTaneBy HIMXTY
BIATOBIIHOTO CKJIaay cymapHorw Macoro 10 30 rpamiB neperiaBisiud 4-5 pasiB 3
IEPEBEPHEHHSIM 3JIMBKA JJI1 JOCSITHEHHS HEOOXIJHOI TOMOreHHOCTI Marepiany. TunoBuii

BUTJISI]] OTPUMAHUX 3JIMBKIB JIIraTypH 300pakeHo Ha puc. 2.1.

Puc. 2.1. TunoBwuii BUTIISAI 3TUBKA BUTOTOBJICHOT JIITaTypH.

VY pasi moTpebu momanbIioi roMOreH13aIlil, JiraTypyu BiaTiOBaId IPH TeMIIepaTypi
1000 °C y BakyyMmHIid medi mpoTsaroM 3-4 TOAWH, ITICAS YOTO JJIs IIEPEBEACHHS B
MOPOIIKOBUN CTaH 3JMBKU OyJIO0 HABOJHEHO 3a PEKUMOM, AHAJIOTIYHUM JI0 PEKUMY

HaBOOAHCHHA TUTAHY.
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2.2. MeTOoAMKH CHHTE3Y CILVIABIB 3 MOPOLIKOBUX MaTepiajiiB Ta 10AATKOBOI
TePMiYHOI i TepMOMEeXaHiYHOI 00pPOOKH
2.2.1. Cunre3 cmaBiB

3arajibHa TeXHOJIOTIYHA CXeMa BUTOTOBJICHHS CHHaBiB, sIKa BUKOPHUCTOBYBAJIACA y

poOoTi, HaBeAeHa Ha puc. 2.2.

MexaHiqHe
NOIpiOHEHHA

Bi10ip noTpidHOL
(paxuil

3MINIyBaHHA NOPOMIKIB

XoI01He NIpeCcyBaHHA

BlCOKOTEMIIepaTypHE
CIIIKAHHA

Puc. 2.2. TexHon0r14HI cTa/1ii BATOTOBJICHHS CILIABIB 33IaHOTO CKJIATy

JIns BHTOTOBJICHHS CTApTOBHX IOPOIIKIB HEOOXITHOI JUCIEPCHOCTI HABOJHCHI
MacuBH1 MaTepianu (riapunu nupkoHito ZrH; ta Tutany TiHp, 3nuBku niratyp) nepeBoiniu
B JIMCHEPrOBaHWI CTaH MUIAXOM MEXaHIYHOTO TMOJPIOHEHHS 3 BUKOPHUCTAHHSM
maHerapHoro mumHa Retsch PM100. TMapua uMpkoHi0o Ta HABOJAHEH1 JraTypu

PO3MEIIIOBAJIM B CTAJIEBOMY cTakaHi 00’emom 250 mi, 31 ctaneBumu KyiasiMu. [IIBuakicThb
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obOepranHs cTakany ckianana 640 o6/xB, po3mentoBanHs TpuBanocs 20-25 cexynnu. 1o6
YHUKHYTH 3a0pyAHEHHS, HABOJJHEHY TUTAHOBY I'yOKY PO3MEIIOBAIM B TATAHOBOMY CTaKaHI1
aHAJOTIYHOrO 00’€My 3 THUTAaHOBMMM KYJISIMM MpHU MIBHAKOCTI obepranHs 640 o00/xB
npotsiroMm 10-15 cexkynza. 3Bakaroud Ha KOPOTKHUH 4Yac PO3MEINIOBAHHS, MiJ 4ac IOTO

IIPOLIECY HE BUKOPHUCTOBYBAJIM 3aXUCHOI aTMOC(epHu.

>

1 10 100 1000 1 10 100 1000
Particle Size (1tm) Particle Size (jum)

a §)

P

1 10 100 1000 1 10 100 1000
Particle Size () Particle Size (jum)

B

=

1 10 100 1000 1 10 100 1000
Particle Size (Lim) Particle Size (Lum)

T

Eh

1 10 100 1000 1 10 100 1000
Particle Size (1tm) Particle Size (im)

e €
Puc.2.3. Kpusi po3noaiuny 3a po3mipamu BuAuieHUX (ppaxuiid yactuHok: ZrH (a),

TiH2 (6), Nb (), Fe (1), Bi (1), Ta miratyp Zr-Sn (i), Zr-Nb (e) ta Ti-Nb (€).
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YacTUHKM pO3MENIEHUX HABOJHEHUX MarepianiB moTpiOHOI po3MmipHOi (pakuii, a
TaKOXX BHUXIIHMX MOPOIIKIB (HI001I0 Ta HAaBOJHEHOro HIO01I0, OJIOBA, 3alli3a, BICMYTY)
BIIOMpaii 3a JONOMOro CHUT. Y OUIBIIOCTI €KCIEPUMEHTIB BUKOPHCTAHO BUJLICHI
(dpakuii NOpOIIKIB TIAPUAIB TUTAHY Ta LHUPKOHIIO po3Mipamu MeHmie HDK 100 MM, a
MOPOIIKIB HI00110, HABOJIHEHOT'O Hi100110, 0JI0Ba, 3aJi3a, BICMYTY Ta HABOAHEHUX JIIraTyp —
MeHie 63 Mk (puc.2.3).

B oxpemux, cnemniaibHO 0OYMOBJIEHUX EKCHEPUMEHTAaX /Jisi BU3HAUYEHHS BILUIUBY
po3MmipHOro (akTopy Ha mpouecu (opMyBaHHS CIUIaBiB, BUKOPUCTAHO PO3MIpHI ¢pakiii

gacTUHOK MeHIe 40 MKkM. TUIIOBY MOP(QOJIOTiIO0 I€SIKUX MOPOIIKIB HABEJEHO HA puc. 2.4.

2 5 e O &
SIMMVCItARY WD IEmn 3 RS AN IOONY WD Sam VAGAS TESC NIV AW WO IRiEmee |

Norm bt 360 remy Cot: e 00 4y Wirw Beke 900 ww D 30 93y . L 13 LI
SEM WA ST Doy e AV herganiy MY BEM MAG t T e Deasrediy) PRGWV GV By e G A Duinyssly| 842208 GX etpaven e

a 0 B

Puc. 2.4. MopdoJtorist HOponikiB: a - TiApUAY IUPKOHIO, O - TIAPUAY TUTAHY, B — HIO0I0.

[Topomky 3MmimryBaiii y BIANOBIAHUX MPOMOPIIAX, 3a0€3Medyrourd HEOOX1THHIMA
XIMIYHUIM CKJIaJ CyMilled, 0 BIAMOBINA€ CKJIANy CHHTE30BAaHUX CIUIABIB. 3MIillIyBaHHS
BiIOyBaJIOCS MPOTATOM IIECTH TOJAMH 32 METOJOM «II’STHOI OOYKH» — B IHJIIHApA, IO
obepraeThbesi, HaxuieHoro mig kyrom 45°, Lleif pexxuM 3MillyBaHHS JaB 3MOTy JIOCSATHYTH
J0CTaTHBO1 OJTHOPIMHOCTI OAraTOKOMITIOHEHTHUX CUCTEM YaCTHHOK.

KoMmakTyBaHHS cyminiei Big0yBasocss METOIOM XOJIOTHOTO MMPECYBAHHS B CTATICBUX
npec-dpopmax mutiHApuIHOI hopmu (AiameTp npecoBaHux 3pa3kis 10 mm, Bucora g0 10-15
MM), Ta IpU3MaTu4dHOi (po3mipu 3pa3kiB 65 x 10 x 10 mm 1 70 x 20 x 14 mMm). VY OunbocTi

eKCIEpUMEHTIB THUCK TmpecyBaHHsA ckiagaB 650 Mlla, B okpemMux BuUIAJIKax
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BUKOPHUCTOBYBAJIM 3MiHY THCKIB y Mexkax 300-960 MIla. CnpecoBaHi 3pa3ku HarpiBaju st
CHHTe3y CILUIaBiB y BakyyMHiii meui CIIIBE-1,25/25-M2 (crapToBuii piBeHb Bakyymy ~1073
[1a) 31 mBuakictio 10 °C/xB 1o temnepatypu 1250°C 13 noaayibliol0 BUTPUMKOIO 4 1o,
MICTST YOTO OXOJO/KYBAJIM pa3oM 13 miuuto. Takui pexuM HarpiBaHHs 3a0e3nedyBaB
necopOIlif0 BOJHIO 3 HABOJAHEHUX TOPOIIKIB, XIMIYHY TOMOTEHI3aIlll0 Ta CIIKaHHS
reTepOre€HHUX CHUCTEM MOPOLIKOBUX YACTUHOK, (POPMYIOUU MACHBHI OJHOPIJHI CIIJIaBH. Y
NEeSKMXEKCTIEPUMEHTAaX Il BU3BHAUYEHHS €BOJIIOLIT MIKPOCTPYKTYpPHU Ta T'YyCTHHH 3pPa3KiB Y
IpoLECi PO3BUTKY CHIKaHHS, HArpiBaHHS 3pa3KiB 3yNUHSIIM MPU TEMIEpaTypax B IHTEpBail

300-1250°C, micnst 4oro Bigpa3y OXOJIOAKYBaJIU pa3oM 13 MIYUIO.

2.2.2. TepMOUUKIYBaAHHS

3 METOI 3HIKEHHS IOPHUCTOCTI CHUHTE30BAaHUX CIUIABIB y PEXHM BaKyyMHOTO
HarpiBy (puc. 2.5) mnpecoBaHMX TOPOIIKOBUX 3pa3KiB OyJI0 T0AaTKOBO BKIHOYEHO
TEPMOITMKIIYBaHHS HaBKOJIO TeMIIepaTyp o« mepexony s mupkoHito (863 °C) 1 Tutany
(882 °C). Bigomo, 1110 3011bIIeHHS Ae(EKTHOCTI KPUCTATIYHOT CTPYKTYpH i Yac (a30BHX
NIEPEXO0/IiB MOKE CYTTEBO BIUIMHYTH Ha aKTUBAaIlito 1udy3ii, sska BU3HAYA€ MPOIEC CUHTE3Y
i 3amikoByBaHHSA Top. /g JOCHIKEHHS BIUIMBY TEPMOIIMKIYBaHHS Ha AaKTHBAIliIO
3aJIIKOBYBAaHHSI MOPHUCTOCTI 3pa3ku HarpiBanu no temmeparyp 920 °C 3 mopanbiimum
oxooKkeHHsM 10 750 °C, micis 4oro 3HOBY HArpiBaJIk Ta 0XOJI0/KYBAJIM MK BKa3aHUMH
TEMIIepaTypamMu. 3arajioM cxema HarpiBaHHs MicTuJa 4 IUKIIA HABKOJIO TEMIIEpaTyp o3
nepexoay, MICHS 3aBepUICHHS TEPMOLMKIYBAHHS 3pa3Kd HArpiBajdd 0 TeMIEpaTypu

1250 °C, BuTpuMyOUHU MpHU Hil TPOTATOM 4-0X TOJIMH.
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1250 4 u

920 ~

Q 750+

0]

20

Puc. 2.5. Cxema HarpiBaHHs 3pa3KiB 3 TEPMOIMKIYBAaHHSAM MPU CUHTE31

2.2.3. BUukopucTaHHSA ABOCTAAINHOTO CHHTE3Y

VY Bumagkax, SKIIO BHINEONHCAHI MapaMeTpH IOPOIIKOBOTO TIAXOAY 1 PEKHUM
CHUHTE3y He 3a0e3leuyBajy JIOCTaTHBOI'O 3HM)KCHHS IMOPUCTOCTI Ta JOCSITHEHHS XIMIYHOT
OJTHOPITHOCTI KIHIIEBOTO MaTepiany, 3 MeTor (GOpMyBaHHS MAaJIONOPUCTHUX ITOBHICTIO
XiMi4HO, ()a30BO ¥ MIKPOCTPYKTYPHO OAHOPIMHHMX CIUIABIB 1 MIABUINCHHS iX MEXaHIYHUX
XapaKTepUCTUK, 3aCTOCOBAHO JBOCTAIMHMIA METOJ CHHTE3y. 3a TaKoro MIAX0Iy
MONIEPEAHLO CIIEUEH1 IOPOIIKOBI MPECOBKH (3 BHCOKOK TOPHUCTICTIO 1 YacTKOBO
TOMOT€HI30BaH1) HABOJHEHIOBAIM 32 BHUIICOMMCAHUMHU PEKUMAMU 3 METOI0 OKPUXYCHHS,
MICJIsT 9Or0 MEXaHIYHO MOoApiOHIOBaNM, (OpMYIOUM JIETOBaHI HAaBOAHEHI YACTHHKU. Y
mporieci MOJApiOHEHHS TMOPOIIKOBI YACTUHKH JOJATKOBO TMEPEMIINTyBalld, IO CIPHUIIO
Kpaliiii OJHOPIMHOCTI YTBOPEHOI cucTeMH. Po3MipHY (pakilito 4acTHHOK MEHIIE HIXK
100 mkm mpecyBanu i TUCKOM ~ 640 MIla, micis 9oro 3HOBY HAarpiBajiu 10 TEMIEPATYPH

1250 °C 3 momanbIIow 130TePMIYHOI0 BUTPUMKOIO TIPOTATOM 4-0X TOJIHH.
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2.2.4. lepopmaniiina o0podka MmarTepiany

Jlist 3MeHiieHHs o0’ €MHOT YacTKM IMOp B YMOBaX pO3BHUTKY iX Koajeclecli Ta
Moaudikalii MIKPOCTPYKTYpH OTPUMAaHOTO Marepialy 3acTOCOBAHO METOIM rapsdoi Ta
X0J0/IHOI Aedopmalliii, 30KpeMa JOCIIKEHO BIUIUB XOJOJHOTO MPOKATyBaHHS, rapsioro
MPECYBaHHS, KyBaHHS Ta KPYTIHHS i1 BACOKUM THCKOM.

Xononue nedopMyBaHHS 3pa3KiB JOBXKHUHOI 65 MM 1 TMONEPEYHUM IMEepepi3oM
20x20 MM TPOBOJIWIM TPHU KIMHATHIA TeMIeparypi IUIIXOM IMPOKaTyBaHHS, MparHydu
JOCSITTH MaKCUMaJIbHUX CTYTEHIB AedopMaliii 0e3 pyiiHyBaHHS MaTepiaiy.

JlJiss Taps4oro mpecyBaHHS BUKOPHCTOBYBAIHM CIICUCHI 3pa3kd MapajelemnineaHol
dbopmu noBXHHOIO ~ 60 MM, mUpUHOIO ~ 20 MM Ta TOBIIMHOIO ~ 9 MM. [1[00 3anmob6irTu
OKHUCJICHHIO TIiJ] Yac MPECyBaHHsS MPH BUCOKIM TeMITepaTypi 3pa3kKd BKPHBAIM CYMIIIIIIO,
IO CKJIaJanacs 3 MOPOIIKOBOTO CKJIa, TEeTpaOOHATY HATPiIO Ta cuilikaTHOro kieto. Ilicms
BUCUXaHHS 3aXMCHOTO MIapy 3pa3Ku MOMIMIAIN B CYIIMJIbHY IIady AJis BUMAPOBYBaHHS
BOJM 3 cuilikaTHoro kietro. Jlani ix 3aknaganu B mia BIFATERM-4 ta nHarpiBaiau Ha OBITpi
1o temmepatypu 900 °C. Ilpu Temneparypax, Bummx 3a 850 °C, mOpOIIKOBE MOKPUTTS 3i
CKJIa TJIABUTHCS Ta OOBOJIIKAE 3pa30K TOHKOIO CKJISHOIO IUIIBKOIO, IO 3aXHIIAE MaTepial
3pa3KiB BiJl KOHTAKTY 3 MOBITPsIM Ta Bif okuciaeHHs. [licias Butpumku rpotsirom 10 XBrimH
npu I TeMmreparypi 3pa3kd BUWMaIM 3 I€4Yl Ta MOMIIIAIA I TiApaBIiYHUA TIpec,
NpUKIaJeHUN TUCK ckianaB 780 MIla.

Hnst nedopmariii METOOM KyBaHHS BHUKOPUCTOBYBAIMCH IWIIHAPUYHI 3pa3KH,
BrucoTor0 12 MM Tta miamerpom 10 mm. [[nst mboro 3pa3ku HarpiBajdw Ha MOBITP1 B medl
BIFATERM-4 1o 700-800 °C. ITicist BATPUMKH B IT€4i IPOTITOM MPHOIN3HO 4—5 XB 3pa3Ku
BUWMAJK 1 KyBaJId Ha CTaJE€BOMY KOBAJJIi MOJIOTOM 3 JIOCSTHEHHSM CTYIEHIB Aedopmarii
70-75%.

JlebopMmyBaHHS CIEUEeHUX 3pa3KiB METOAOM KPYTIHHS il BHUCOKHM THCKOM
3M1MCHIOBAJIOCS Yy CHIBOpall 3 JociiaHuipkoo rpymnow mpod. . 0. beitrenb3imepa
(ToH®DTTI im. O. O. I'ankina HAH VYkpainu) 3a tTakux napamerpis: Tuck — 5 I'Tla, uucno
o0eprtiB — 10, KyToBa WBHAKICTh 00epTanHs — 0,2 pan/cek, mpu giaMmeTpi 3pazka 9 mm, Ta

TOBIIMHI 1,5 MM.
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2.3. MeToauKH J0C/Ii/IKEHHs] TOPOIIKOBUX MaTepiajiB Ta CHHTe30BaHUX

CILIABIB

OCKUIBKM CTapTOBI MOPOIIKOBI YaCTUHKH MAalOTh PI3HY MOP(]OJIOrito, TO CUTOBUN
aHali3 He 3aBXAM MOXKE 3a0€3MeYUTH JOCTATHIO TOYHICTh NMPU BU3HAYEHHI PO3MIPIB
YaCTMHOK Yy MeXaX BHAUIEHOI BinciBoM ¢pakuii. Tomy peanbHl po3MIpd YacTHHOK
NepeBIpsUIM 3a JOMOMOTOI0 JlazepHoro audpakiiitHoro ananizatopa Malvern Mastersizer
2000 3 mpucraBkoro Hydro 2000MU. Cxema poOoTH aHaiizatopa 300pakeHa Ha puc. 2.6.
CroyaTKy TOpOIIOK 3aCHUIAI0Th Y TUCTHIBOBaHY BOJY, OTpUMaHa CYCIICH3is MiAa€ThCs
yIBTPa3ByKOBOMY BIUIMBY ISl YHUKHEHHsS KOAryJisllii 9YacTWHOK, TICIsl YOTO B IMpOIieci
BUMIPIOBAaHHS TIPOXOAWTH Yepe3 c(okycoBaHMid TpPOMiHb jazepa. KyroBuil posmomin
IHTEHCUBHOCTI PO3CISHOTO YaCTUHKAMH CBITJIa BUMIPIOTH CBITJIOYYTJIWBI JIETEKTOPH.
Po3nozain yacTMHOK 3a po3MipaMu OOYHUCITIOIOTH 3T1AHO 3 TEOPIEIO CBITIOPO3CissHHA Mi Ha
OCHOB1 KyTOBOT'O PO3IO/ILTY IHTCHCUBHOCTI PO3CISTHOT'O CBITJIA, sIKA 3aJIE)KUTh BiJl ONITHYHUX

BJIACTUBOCTEH MOBEPXHI YACTUHOK Ta iXHIX PO3MIpIiB.

Wide ange
detectors
Fow cel —
Blue ight source A Spacia fiter )
i = — — Focal plane
| S detector
Red Laser (He-MNe)
Backscatter Large argle
detectors detectors

Puc. 2.6. Cxema nazepHoro nudpakiiitaoro ananizaropa Malvern Mastersizer 2000.

da30oBuil  CKJIag TMOPONIKOBUX Ta CHEYCHWX MarepiaiiB  JOCHIIHKyBaln
PEHTTEeHIBCBKHM METOAO0M 3 BuKopuctaHHsM mudpakromerpa RIGAKU ULTIMA-3M 3
BurnpomintoBaHsM CuKay .

MIKpOCTPpYKTYpPHI JOCHIIKEHHS MTPOBOJAWIMA METOJOM ONTHYHOI MIKPOCKOIIT
(mikpockonn ~ Olympus  [X-70) Ta  CckaHyBaJIbHOI  €JIEKTPOHHOI  MIKpPOCKOIIT

(TESCAN VEGA 3) y pexuMax BTOPHHHUX Ta OOCPHEHOPO3CISTHMX EJIEKTPOHIB.
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CkaHyBaJIbHMM MIKpOCKON OOJaJHAaHO pEHTIeHIBCBKUM jaeTtekTtopoMm Brucker, mio

J03BOJISIIO BU3HAYATH JIOKAJIBHUM XIMIYHUN CKJIaJ AOCHIKEHHX 3paskiB. IlopucTicTh

3pa3KiB Ha PI3HUX CTAAISX MPOIIECY CMIKAHHS YaCTUHOK BU3HAYAIM 3 aHAIII3Y NUTI(POBAHUX

JUiss BUMIPIOBaHHS TyCTHMHHM IPECOBAHMUX

MOBEPXOHb MeTajorpagiyHux 3pa3KiB.
MOPOIIKOBUX 3pa3KiB Ta il 3MIHM Ha PI3HHUX CTaAIAX (OpPMYyBaHHS CIUIABIB BUKOPUCTAHO

rizpocTaTuuHui MeTo1 (aHaniTuyH1 Baru Radwag 3 TounicTio 10 0.0005 1), TaK0X I'yCTUHY
OoOYHCIIOBAIM 32 BUMIpaMU Macu Ta 00’€My 3pa3KiB, BU3HA4alO4M iXHI N€OMETPHUYHI
pO3MIpH.

HocmipkeHHst 00’eMHUX €(eKTIB BHACHIAOK MPOIECiB jJecopOrii BOAHIO 3
IIPECOBAHUX MOPOIIKIB Ta X CyMillIeH, a TAKOK CIIKaHHSA YaCTMHOK B XO/11 CHHTE3Y CILIaBIB,

JOIIOMOI'OO ABTOMAaTHU4YHOI'O

3MIACHIOBAIM TpU  HarpiBaHHI y  Bakyymi 3a

JTUIATOMETPUYHOTO KoMIUIeKkcy [176], cxemy sikoro 300paxkeHo Ha puc. 2.7. JlocaimkeHHs
00’ eMHMX e()eKTiB IPOBOAUIOCS IIPU CTAPTOBOMY PiBHi BaKyyMy, He ripmomy 3a 7*102I1a,

i Yyac HarpiBaHHS HWJIIHIPUYHUX 3pa3KiB BUCOTOIO A0 10 MM 1 miameTpoM 6-8 MM 10

temreparypu 1250 °C 31 mBuakictio 7 °C/xB.
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Puc. 2.7. Cxema aunaromerpuanoro moayds: (1) BiKHO 1715 3aBaHTaKEHHSA 3pa3ka, (2)
TOpEIlb 30BHINIHBOI TPYOKH 3 JIeKocarndipoBOIO 3ariymikoro, (3) 30BHINTHS TPyOKa, (4)
MouTiOIeHOBA 3ariyIika, (5) cnait Tepmomnapw, (6) dikcarop, (7) pyxoma BTyIKa, (8)
TepmocTtar, (9) nigmmmank, (10) oxonomxkysad, (11) pyxomuii mTok gaTauka, (12)

JTUIIATOMETPUYHUHN dat4uk, (13) kopmyc momayns i (14) npyxuna [176]
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Boasue oxonmomxenns (10) po3milieHO Ha 30BHIMIHINA MOBEPXHI LMJIIHIAPUYHOIO
BakyyMmHoro kopmycy (13) manoro moayins. Miguuii TepmocTat (8) po3MIIeHO B KOPMIYcCi,
a Ha Moro TOPI MPUKPIIIICHO AujIaToMeTpuuHuid 1atuuk (12). Pyxomuii mtok (11) naTunka
3 OIHOTO Kparo MPUKPIIUICHUH O MPYKUHHU, a IHIIOTO — BIUPAETHCS B JieHKocandipoBuii
MOHOKpUCTaNIbHUN TpyOuactuih mwrtok (7). [IpoBoam tepmonapu WRespo mpoxonarsb
ycepenusi mroka (7), a crait (5) TepMonapu KpinuThCsl Ha MOJIIOAEHOBY 3ariyliky (4) 3,
10 KOHTAKTYE 31 3pa3KOM JJIsl HaIIMHKUX BUMIPIOBaHb Horo temrepaTtypu. [loBepxHs mroka
(7) BinuutidhoBaHa 1 pyXaeThes Ha JIHIMHOMY MIIIUIHUKY (9), pO3MIILIEHOMY B TEPMOCTATI.
Monokpuctaniyia Tpyoka (3) nerikocandipy OpUKpiruieHa 10 1HIIOTO Kpar TEpMOcCTarta.
Bixno (1) 11t ycTaHOBKH 3pa3ka BUPI3a€THCS B TPYOIll MK TOPLIEBOIO CTIHKOIO IITOKY (11)
1 nerikocandipoBor MPOOKOIO B KiHIN CTIHKK (2) Tiel x TpyOku. Jletani, BUTOTOBIIEHI 3
neiikocandipy, BUPI3HSAIOTHCS BUCOKOI TEIUIOMPOBIAHICTIO, IO CHpPUSIE PIBHOMIPHOMY
HarpiBaHHIO JOCIIPKYBaHUX 3pa3KiB, KpiM TOro, jieiikocarndip He B3aeMO/II€ 3 aKTUBHUMU
razamu (KMCHEM Ta BOJHEM) IPH BUCOKKMX TemrepaTypax [176].

JlocnimpKeHHsT Ha BUCOKOTEMIIEPATYpHY MOB3YYICTh MPOBOIWIM Yy BaKyyMHIN medi
PV-1853 y Bakyymi 107 ITa 3a Temneparyp 750 °C- 850 °C Ta tuckis 10 MIla - 25 MIla
npotsroM 1-5 roauH. /{7 bOro BUKOPUCTOBYBAIM IIMTIHAPHYHI 3pa3Ku BUCOTOO 10 MM i

niametrpom 10 Mm (puc. 2.8).

w///”;///”// 74

Puc. 2.8. 3aranbHuii BUTIIAI 3pa3KiB 7151 JOCIKEHb MPOIECiB BUCOKOTEMIIEPATYPHOL

MOB3YYOCTI.
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MexaHi4H1 BIaCTUBOCTI CHHTE30BaHUX CIUIaBIB AOCIIKYBaId BUIPOOYBAHHIMU HA
po3puB MamuHOIO Instron 3376 mpu kiMHaTHIM Temnepatypi. Lunminapuyni 3pa3ku Ha
po3puB Oyiu BurotonieHi 3a crangaptom ASTM E8M-04. Posmipu 3pa3ka cknagamu: G =

25 MM, W =4 MM, R=6 MM, L =45 mm, A =32 MM, B=30 MM, C =8 MM (puc. 2.9).
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Puc. 2.9. Cxema 3pa3kiB 11 poBeAeHHS BUIIPOOYBaHb HA PO3TST

MikpoTBepaicTh 3a BikkepcoMm BUMipIoBasIH 3a JoroMororo nmpuiaxy Wolpert Wilson
Instruments 452 SVD.

BumiproBanua monyns FOHra cuHTE30BaHUX CIUIABIB 3A1MCHIOBAM HEPYHHIBHUM
METOJOM IMMyJbcHOrO 30y/mkeHHss Ha yctaHoBli RFDA Professional System 24.
Busnauennss wmoxmynst FOHra mpoBOauiiocss BUMIPIOBAHHSIM PE30HAHCHUX YacTOT.
Otpumanuii curHaia oOuYMCIIeHHH MIBUIKUM TmepeTBopeHHsM Dyp’e. CremnianbHe
nporpaMHe 3a0e3leueHHs] BH3HAYA€ PE30HAHCHY YacCTOTY 3 BHUCOKOIO TOYHICTIO JIJIst
PO3paxyHKy MPY>KHUX BIACTUBOCTEH Ha ocHOBI Teopii Eitnepa-bepuymni. Poboua dhopmyna

JUTIS BU3HAYCHHS Moy FOHra B ibOMy METO/II:

mff\ (13
E = 0.9465 ( - ) (5) T, xe

E — moayne FOnra, m — maca, b — mmpuna L — moBxkuHa, t — ToBIIMHA 3pa3ka, fr —
dbyHIaMeHTanbHAa pPE30HAHCHA 4YacToTa Mmatepiany, 11 — KOpPeKIiWHuN (akTop s
3TUHAJIBHOI MOJW KOJHMBaHb, IO 3JICKUTh BiJ] TOBIIMHH 3pa3ka, HWOTO KoedillieHTa
[lyaccona Ta cunu ynapy. @opmyna st BU3HaA4eHHS T1:

2
T, = |1+ 6,585(1 +0,0752u + 0,810942) () ] mpu L/t > 20, 1e

1 — xoedirmient Ilyaccona.
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PO3JILI 3.
3ATAJIBHI 3AKOHOMIPHOCTI CHHTE3Y HU3bKOJIETOBAHUX «
CILTABIB [IMPKOHIIO 3 MOPOIIKOBUX CYMIIIEN HA OCHOBI ZrH;

3.1. ®opmyBaHHs $a30BO-CTPYKTYPHHMX CTaHIB cILuIaBiB cucTeMu Zr-Sn

JloCHiIDKEeHHsT TIPOIECiB  CHUHTE3y IIMPKOHIEBUX CIUIaBiB 3 BHUKOPHCTAHHSAM
MOPOIIKOBOTO TIAPUAY IIUPKOHIIO OYJI0 pO3IMOYATO 3 BITHOCHO MPOCTUX MOJBIMHUX CHCTEM
Zr-Nb Tta Zr-Sn. CyyacHi MpOMHCIIOBI CIIJIABU IIUX CUCTEM JIETYBaHHS MICTATH BIIHOCHO
Maly KUTbKICTh JIeryBajdbHUX eneMeHTIB (1-1,5%), Tomy 3aranbHi 3aKOHOMIPHOCTI (pa30BUX
NepeTBOPEHb, POPMYBaHHS MIKPOCTPYKTYPH U YIIUTbHEHHS TAKHX IMOPOIIKOBUX CYMIIICH
Opy HarpiBaHHI TOBUHHI OyTH JOCHTH OJIM3BKUMH JO 3aKOHOMIPHOCTEW TOBEIIHKU
MOPOIIKOBOTO TiAPUAY IUPKOHIIO, AochimxeHux panime [137]. BoagHouac HasBHICTh
HE3HAYHOI KIJTBKOCTI JIETYBAJIBHUX TMOPOIIKIB Y TAKUX CyMIIIaX BHOCHUTD IEBHI XapaKTepHi
0COOJIMBOCTI B IPOLIEC CUHTERY, SIK1 JO3BOJISIIOTH BUBHAYUTH POJIb JIETYBAJILHUX TOJAHKIB Y
dbopmyBaHHI Pa30BO-CTPYKTYPHUX CTAHIB 1 BIACTUBOCTEH CILIABiB.

OcoOmuBICTh CHHTE3Y cIiaBy Zr-1,5SN muM crmoco0oM Toysrae y HasBHOCTI B
CyMIIlli YaCTMHOK JIETKOIIABKOT'O OJIOBA, sSIKE, IPH PO3YMHEHHI B KPHUCTAJIYHIN TpaTiii
IIUPKOHIIO TIJBHINYE TeMmmeparypy o— ¢a30Boro mnepeTBOPEHHs, OCKLIBKH € o
ctabinizatopom (puc. 3.1). Yacturaku onoBa B cymitri ZrH,+1,5Sn moBuHHI TutaBuTHCS Tipu
temmeparypi 232 °C. Tomy mnonanbllie HAarpiBaHHS MOPOIIKOBUX 3pa3KiB 1 CHIKaHHS
YaCTHHOK T1ApUly IIUPKOHIIO Oy/e BiAOyBaTHCS 3a y4acTi pO3IJIaBICHOrO 0JIOBA HA PaHHIX
CTaisIX, IO JTO3BOJISIE BCTAHOBUTH XapaKTEPH1 3aKOHOMIPHOCT1 (hOpMYBaHHS OJTHOPITHOTO
CIIaBy B TpHUCyTHOCTI pimkoi ¢asum. IIpore mami, ockiibku 3amaHuid ckian Zr-1,5Sn
BimmoBigae oxnodazaomy o ['TI[Y TBepmomy po3umHy, 3rigHOo 3 miarpamoro ctaHiB (Puc.
3.1), B mporieci cuHTe3y MOBHHHI (popmyBaTucs numie tBepaodasni cranu. [Ipu mpomy
TuMuyacoBe (opMyBaHHS piakuX (a3, SIK MNpPaBWIO, CYTTEBO BIJIMBAE HA TMPOLIECH
VIIUTbHEHHS TOPOLIKOBUX CUCTEM IPH CHUHTE31 CciiaBiB. Bimomo, 1o ¢hopmMyBaHHS pPiAKUX

da3 npu CUHTE31 CIUIaBIB 3 TMOPOIIKOBUX CyMIIIEH MOXE MPU3BECTH SIK 10 3HAYHOIO
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YTBOPEHHS MOp (IO € XapaKTepHUM, Hanpukiam, st cuctem Ti- Al [177] 1 Ti - Fe [178]),
TaK 1 HaBMaKW, JO aKTHBAllli yHIUIbHEHHs (Hampukian, y cucremax W - Cu, W - Ni Tta
Cu - Sn [179]), mio crpusie 3MEHIIICHHIO 00’ €MHOI YacTKH MOp. 3Ba)karoud Ha Iii (hakTH,
HE0OXiTHO OYJI0 BCTAHOBUTH, IKUM YHHOM IIJIaBJICHHS YaCTUHOK OJIOBA BITMHE HA MPOIECH

CUHTE3Y CIUIaBIB LI€i CUCTEMHU.

Weight Percemt Zirconlum
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Puc. 3.1. [liarpama craniB 6iHapHoi cuctemu Zr-Sn [180].

Jlns miacuieHHS MOKIIMBHX €(eKTiB, IMOB’sA3aHUX 3 IUIABJICHHSAM OJIOBa, OYJI0
JOCTIJKeHO MoienbHy cymim ZrHo+10Sn 31 30ibIIeHMM BMICTOM 0OJI0Ba Ta 3aCTOCOBAHO
MeTon AudepeHIianbHoi cKaHyBajdbHOI KamopuMmerpii (kpuBa 1 Ha puc. 3.2), o0
BU3HAYUTH OCHOBHI TEMIIepaTypHi 3HaueHHs (a30BUX MEPETBOPEHB, AKI BiIOYBaIOTHCS 32
HarpiBaHHsA Takoi cymimi. [lepmuit eHmoTepMiuHmii €deKT, IO CIOCTEPIra€ThCs MpHU
231 °C, moB's3aHuil 3 TJIaBICHHSIM YaCTUHOK OJIOBa, a HAcTymHI edektu (y mexax 390-
800 °C) € pe3ynbpraToM AecopOIlii BOAHIO 3 TIAPUTY IUPKOHIIO Ta yTBOPEHHS 3HEBOTHEHHUX
JaCTUHOK IUpKOHIiI0 ((a3oBi mepeTBopenHs €ZrH,—8ZrH,—pBZr—aZr + Hy [137]). Tlpu
IbOMY KaJIOpUMETPUYHA KpPHWBA JOCIIKYBAaHOI TMOPOIIKOBOi Cymimii B Jiama3oHi
temnepatyp 300-1200 °C npakTuaHO 30iraeThecsi 3 KPUBOIO HArpiBaHHS MOPOIIKY TiIPHITY
IUPKOHIIO (KpuBa 2 Ha puc. 3.2) 6e3 OyAb-SIKOro MOMITHOTO BIUIMBY YaCTMHOK OJOBa Ha
cymiil. HassBHICTh 0JI0Ba MPU3BOJUTH 10 TOSBH BITHOCHO CIA0KOTO €K30TEPMIYHOIO IMiKa

nuie npu 1209 °C.
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Puc. 3.2. KanopumeTpuuHi KpyB1 HarpiBaHHs MOPOIIKOBOI cyminli ckiany ZrHo-

10Sn (1) ta mopomiky ZrHz (2).

JlocmiJDKeHHsT MIKPOCTPYKTYPH CTapTOBUX TMpecoBaHuX cymimeit ZrH»+1,5Sn
MOKa3ajo, M0 BUXIAHI YACTUHKHU OJIOBA MAalOTh JIOCHUTh HeENpaBwibHY ¢dopmy (puc 3.3),

nedopMOBaHi OCKOJIKOBUMHU (pparMeHTaMu TIAPUIHUX YaCTHUHOK.

20.00kV _ xS00 100um § WD=189mm 2000V x2.50k

Puc. 3.3. YacTtrHKa 0JI0Ba B CIIPECOBaHIM CUCTEMI1 YaCTUHOK ckiany ZrHz+1,5%Sn.

Ha puc. 3.4a mpompemMoHCTpOBaHO, IO MICJIS HarpiBaHHS 3pa3KiB /10 TeMIEpaTypu
320 °C y cTpykTypi mOMITHI cheprUdHI YaCTHHKH OJIOBa. 3BIJICH OYEBHJIHO, IO IIPH
HarpiBaHHI BUIIE 3a TEMIIEpaTypy IUIABJICHHS YAaCTUHKU OJIOBA PO3TUIABHIINCA,
MEPETBOPUBINUCH Ha chepuyHi Kparwii mij Ai€r0 CUil moBepxHeBoro Hatsry. [Ipu mpomy
BOXJIMBO 3a3HAYMUTH, IO OJOBO HE PO3TIKAETHCS MDK MOBEPXHSIMHU CYCIIHIX YaCTHHOK
rifpuny uupkoniro. OTKe, po3IUIaB 0J0Ba HE 3MOYYE TIAPUAHI YaCTUHKH, 1 pigka ¢asa,

YTBOPHUBIIINCH, TPUBAIHHA Yac 30epira€ThCsi 0€3 MBUAKOT PEakilii 3 HUMH. 3a MOJAIBIIIOTO



72

pocty Temneparypu Buiie, Hix 350-390 °C, po3nounHaeThCs Tporec AecopOIlii BOAHIO 3
TiIpUy UUPKOHIIO, SKUHM, SK yxke Oyno omucano panime [137], mpoaoBxkyeTbcs B
temrepatypHomy iHTepBaii no0 ~ 800 °C (mpu upomy BinOyBaeThCs BUIIE3rajaHa
MOCJIIJIOBHICTh (Da30BUX MEPETBOPEHb, IO MPU3BOAUTH JO YTBOPEHHS 3HEBOJHEHOIO
uupkoHito). Ilig yac po3BuTky neperBopeHHsi ZrH,—Zr 1 gecopOuii BOAHIO OJHOYACHO
CIIOCTEPITa€ThCsl PO3MOBCIOKEHHS PIAKOTO OJI0BA MK YaCTMHKAMH LIUPKOHIIO, 3 SIKUMHU
OJIOBO TIOYMHAE TPHUCKOPEHO pearyBaTh. Lle MoOXHA TOSCHHUTH SK MOCTYIOBHUM
MIABULIEHHSAM TEeMIepaTypd, TaK 1 3HA4YHUM 30UTBIICHHSIM IIUIBHOCTI Je(eKTiB
KPUCTAIIYHOI CTPYKTYpU B 3HEBOJHEHINH LMPKOHIEBOI Martpuii. O0uasa ¢pakTopu MaroTh
MO3UTUBHUM BIUIMB Ha NPUCKOPEHHS Iu]y3li Ta Moanepily XIMIYHY TOMOTEHI3AIIO
cucteMu. Tomy micis aecopOIlii BOJHIO MK JETIIPOBAHUMH YaCTUHKAMH IIUPKOHIIO BXKE
HE BUJIHO CPEpUYHHX Kparesb OJI0Ba, aje Ha MICIl PIAKOi (a3u 3aJHIIAIThCS TOPH,

MOBEPXHS SKUX 30arayeHa ojioBoM (puc 3.4 0).

20.00kV  x2.50k 20

RS |

- ES
20.00kV _ x2.50k 20um

Puc. 3.4. EBomroriist MIKpOCTPYKTYpH MPecOBaHUX cymimei ckiany ZrH,+1,5%8Sn,
sKa JIeMOHCTpYe cheprudHi Kparuti ojoBa micis HarpiBanHs 10 320 °C (a) Ta mopw,

YTBOPEHI Ha ix wmiciri, micist HarpiBanas 10 800 °C (0).
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OnHo4acHO 3 YTBOPEHHSIM MOP Ha MICII YaCTUHOK OJIOBA, HA IiK cTajii HarpiBaHHS
MOMITHE 3HaYHE MaaiHHs IycTUHHU (puc. 3.5) 3paskiB. Lle sABuiie Mmoxxe OyTu MoB’s3aHE HE
TUIBKU 3 TIOSIBOIO TIOpP YHACHIIOK IUIABJIEHHS YaCTUHOK OJIOBA, ajie W 3 XapaKTepHUM IS
TiIpUAY UMPKOHIIO MOPYIIEHHSM 3YEIJIEHHs Ta MOSBOIO HIUITMH MK MOTrO CIIPECOBAaHUMU
YacTHMHKaMH, 110 € MEXaHI3MOM pejakcalii 3Ha4YHOi NPYXHOI eHeprii, HAKOMHYEHOi B
ctucHyTux vactuHkax [105]), Bukiukane o6’emHuMu edekTamu (pa3oBUX MEPETBOPEHD

riIpuay B MeTall.

6.5 1250°C, 4 rog

6.0- Zr-1,5Sn |

3
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5,0+
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0 200 400 600 800 1000 1200
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Puc. 3.5. 3mina ryctunu 3pa3kiB ckiagy Zr-1,5Sn Ha pi3HUX eTanax HarpiBy.

OTxe, eKCIepUMEHTAIbHI JOCIIKCHHS MIKPOCTPYKTYPH IOPOIIKOBUX CHCTEM
cBimyath, mo Bxke Bixm Temmepatypu 800 °C (Tob6To HIKYE 3a Temmeparypy o—f
MEPETBOPEHHS B YHUCTOMY IHMPKOHIT) (OpMyBaHHsS CIUIaBY BiOYBAa€ThCs TBEPIOGDa3HUM
NUIIXOM. BCTaHOBUTH MOCHINOBHICTh (ha30BUX TMEPETBOPEHb, IO BIAOYBAIOTHCS MPHU
XIMI4HIM roMOTreH13a1lli MeXaHI9HOI CyMillll TiApUAy MUPKOHIIO (IIMPKOHII0) Ta OJ0Ba Mij
qac 1i nmeperBopeHHs1 B ogHodaszamii o ['IIIY TBepauit po3unn ckiany Zr-1,5Sn MoxHa 3
aHai3y JiTepaTypHUX JTaHUX.

VY pobori [181], moka3zano, mo ¢ha30yTBOPEHHS B CUCTEMI JJBOX METajiB (IIUPKOHIIO 1
piakoi ¢a3u onoBa) y temmnepaTrypuux mexax 300 - 900 °C mpoxoauTh 3 yTBOPEHHSIM
TBEpJIOro 1HTepMeTaniny ZrSnp Ha mepuniit cranii. Hactynaum etanom € (opmyBaHHS

iHTepMeTaniny ZrsSns (muB. da3oBy miarpamy Ha Puc. 3.1), mpu npomy yrBOpeHHs (a3
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ZrsSng uu ZraSn BusiBieHo. ToMy JJ1s1 eKCIEPUMEHTaIbHOTO0 BCTAHOBJICHHSI TTOCI1IOBHOCTI
(ha30BUX MEPETBOPEHb MU MPOBEIU PEHTICHOCTPYKTYPHUI aHaII13 MOAENIbHOL cyMinti ZrHo-
10Sn (puc 3.6) micist HenepepBHOro HarpiBanHs (mBuAKiCTh 10 °C/xB) g0 Temmeparyp
akTUBHOTO BUAUIeHHS BOJHIO (~550 °C) Ta #toro 3aBepuenns (~800 °C). Ilicng narpiBanHs
710 TEMIIepaTyp aKTUBHOI'O BUIUICHHS BOJIHIO B IOPOILKOBIN CyMillll CIIOCTEPIraju:

° HasSIBHICTb T1IAPUAHOI O a3y UPKOHIIO;

®  HEBEJHUKOI YaCTKHU 0-Zr, 0 YTBOPUBCS MPU BUIAUICHHI BOJHIO 3 TIAPUIY;

° CJIIIM YUCTOT'O OJIOBA,

e  iHTepMmerania ZrSny.

ITlin wac narpiBanus g0 800 °C BBOACHb TEepecTae BUIUIATHUCS, PEHTIEHIBCHKI
JOCJIIJDKEHHS MIATBEP/KYIOTh BIACYTHICTH O-ZrHy ¢a3u B 0XOJ0KEHOMY MaTepiail,
HasiBHA JIMIIIE JeriapoBana matpuilsd a-Zr. Ha miit cranii 3adikcoBaHo BIZICYTHICTH OJIOBA B
YUCTOMY BHUIUISIAI Ta 3MEHIIEHHS YacTKU IHTepMeTalimy ZrSny, mo MoKHA TMOSICHUTH
MOJAJIBIIIUM TIOIIMPEHHSIM 0JIOBa B IUPKOHIEBY MaTPHINO 13 (popMyBaHHSIM oOiacTei 3
MEHIIIOI0 HOT'0 KOHIIEHTPAIII€I0, 1110 BIIMOBIAAIOTH 00 TBEPAOMY PO3UUHY ZI-SN.
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Puc. 3.6. ludpakrorpamu cymimti Zr-10Sn micist HarpiBaHHs 10 TEMIEPATYD:

550 °C (a) Ta 800 °C (6).

Otrxe, pinka (a3a osoBa HpH HarpiBaHHI MOCTYHOBO pearye 3 IMPKOHIEBOIO

MaTpULICI0 3 YTBOPEHHSAM TBEpAUX (a3 ykKe MpU BIIHOCHO HU3BKUX Temmeparypax (1o
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550 °C). Sk 3ayBaxkunu aBropu [181], mepmia dasza ZrSny, yrBopeHa Mpu KOHTAKTI PiIKOTO
0JIOBa Ta IUPKOHII0, (OPMYETHCS B MIUPOKOMY AianazoHi temmnepatyp Bix 300 go 700 °C
Ta, Ha BIAMIHY BiJ HAIIUX JIAaHUX, IIed MPOIleC BUMAara€ TPUBAIMX BUTPUMOK. 30KpeMa,
srimHo 3 pobororo [181], i3orepmiunoro BBy npu 500 °C mporsrom 1 romuHu
HEJOCTaTHHO I 3HUKHEHHS YHCTOTO OJI0Ba. Y HAIIOMY K BHMAKY €(eKT MPHUCKOPEHOTO
(mpotsirom 20-30 XB B mpoIieci HarpiBaHHs ) 3HUKHEHHS 0JI0Ba 3 YTBOPEHHAM ZrSnp-ha3u
MOKHa TMOSICHUTH 3HAYHOIO aKTHBali€ero udy3ii BHACHIIOK BHUCOKOI J1€(PEeKTHOCTI
IIUPKOHII0, YTBOPEHOTO B Tpoiieci aecopOiii BoaHto [138]. Came necopOirisi BOJHIO Mae
KJIFOUOBHIA BIUTUB Ha aKTHBaIlil0 UpKoHieBoi Matpuili [138], cyTTeBo mpuckoprowoyu He
TUTbKHU CITIKaHHS ii YaCTHHOK, a ¥ Mu(]y3i0 B HUX 0J0Ba (TOOTO, TOMOT€HI3all1I0 CUCTEMHU).
Ha nactynmHomy erami XiMi4HOi ToMoreHizailii cucremu 3rimHo [181] moBuHHO
BinOyBatucs AudysiiHe po3unHeHHsA ¢da3u ZrSny Ta yTBOPEHHsI IHTEPMETaNIIHOI (a3u
ZrsSns. [Ipore B Hamriii poOOTI HE BUSBIEHO MPHUCYTHOCTI Qa3zu ZrsSnz. Lle moxe Oytu
3YMOBJIEHO BIIHOCHO KOPOTKMM YacoM, BHUTpau€HUM Ha Oe3nepepBHE HarpiBaHHs
marepiany g0 temreparypu 800 °C (temneparypuuii inTepsai 300 - 800 °C Oyio npoiiaeHo
3a 50 XBHJIKH), TOM1 K Y poOoTi [181] 1to audy3iiHy cucTeMy BUTpUMYyBaIH 96 roauH.
[aTepmeTamigna daza ZrSny npu MiIBUIIEHHT TEMIIEPATYPH BIAMIOBIIHO JI0 JlarpaMu
craniB [180] mae po3mnaButucs npu 1127 °C, abo BHacHigoK mojanbinoi audysii oioBa
NEPETBOPUTHUCH Ha ZrsSN3 - Pa3y. Tomy HasBHICTH ek3oTepMiyHOro mika npu 1209 °C Ha
KpHUBilt qudepeHIiitnoi ckanyBaabHO1 KanopumeTpii (kpuBa 1 Ha puc. 3.2) MOXKHA IMOSICHUTH
MIPUCKOPEHHSM TOMOTEHi3allii cuctemu Ta ¢GopMyBaHHSIM (a3 3 MEHIITUM BMICTOM OJIOBa
(ZrsSns, ZrsSns, ZrsSn), sike Moke BijiOyBaTHCS 3a IBOMa MEXaHi3MaMH: TBEPI0(Pa3HOIO
nudy3iero 0JI0Ba B IUPKOHIN a00 TUTABICHHM 3aIUIIKIB ZrSny- ¢dasu. [lopiBHSIHO craOkuii
eHAOTEePMIYHHI eeKT IaBiIeHHs ZrSny y I[bOMY BHITAJIKy HIBEIIOETHCS €K30TEPMIYHUM
edeKToM yTBOpEHHS HOBUX (a3, 1 TOMy HOro He BHIHO HAa KAJIOPUMETPUUHUX KPHUBHX.
3rifHO 3 TEPMOJWHAMIYHUMH po3paxyHkamu [182] enepretwmdHoro edekty yTBOpPEHHS
iHTEepMeTanigHux (a3 y cuctemi Zr-Sn, HaOUIbIe BUAUICHHS €HEprii BiIOyBaeThCs MpU
yTBOpeHHI ¢a3zu ZrsSnz. Leit edext mepeBuiye edekrn yrBopeHHs (a3 ZrasSn ta ZrSny
npubau3Ho B 3 Ta 3,5 pasza BiamoBimHOo. OTxke, ek3oTrepMiunHuil edext mpu 1209 °C

(puc. 3.2) HailiMOBIpHIIIIe MOB'I3aHUH 3 YTBOPEHHSIM Gasu ZrsSNs.


https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
https://www.hanser-elibrary.com/doi/abs/10.3139/146.020894
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3a nonaneiioro HarpiBanHs A0 1250 °C iHTepMeTaniadi a3y po3uUHSIIOTHCA 1 CUHTES
3aBEPIIYETHC B 00JIACT1 ICHYBaHHS 3 TBEPAOTO po3unHy ZI-SN. PO3BUTOK KOHTPOIHOBAHUX
nudy3i€l0 TMPOLECiB CHIKAHHS MPU3BOJIUTH 1O AaKTHUBHOTO POCTY TYCTHUHHM 3pa3KiB 13
BIJIMOBIJHUM 3MEHIICHHSIM IXHBOIO 00’€My, a BHACHIJOK T'OMOT€HI3alliHUX MpPOIECIB
JOKalbHA KOHIIEHTpalis oJioBa MO 00’eMy MaTepiady I[OCTYIIOBO BHUPIBHIOETHCH,
KOJIMBAIOYUCH JJIs 3pa3kiB ckiany Zr-1,5Sn y mexax 1-2%. Ilpore npoGiema nossirae B
TOMY, 110 BITHOCHO BEJIMKI TIOPH, K1 YTBOPWJIMCS HA MICI{1 pO3ILJIaBJICHUX YACTUHOK 0OJIOBa,
3aJIMIIAI0THCA TPUBAJIMM Yac MPU BUCOKUX Temmeparypax (puc. 3.7), 110 3HXKYE TYCTUHY
CUHTE30BAaHUX CIUIaBIB I[I€i CUCTEMH JIETyBaHHS 1 € iXHbOIO XapaKTEPHOIO

MIKPOCTPYKTYPHOIO OCOOJIUBICTIO.

Puc. 3.7. XapakrepHa mopucTa CTpyKTypa MaTpuili, chopMOBaHa Micisi HarpiBaHHS

1o 1250 °C (cxitan cucremu Bifnosinae cruiaBy Zr-1,55n).

[Tpu 3otepMmiuHiii BuUTpuMIl mpoTsiroM 4-x roawH 3a 1250 °C crutaB MOBHICTIO
TOMOTEHI3YEThCS 1 PopMyeThCsl onHOGA3HUN [3 TBEpAUl PO3YMH 0JIoBa B Zr, a Mij 4Yac
OXOJIOJKEHHSI 10 KIMHATHOT TeMIIepaTypH BiAOyBaeThes B—>o mepeTBopeHHs (puc. 3.8) 3
yTBOpeHHsM ogHodaszHoro o I'TIY tBepmoro po3uuny, M0 BiIOBIIa€ 3aJaHOMY (a30BOMY

CKJIaJly IbOTO CILIABY.
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IHTEHCHBHICT b, BIAH. OAWH

Puc. 3.8. Jludpakrorpama cuHTe30BaHOTO CIiaBy Zr-1,55n.

VY 1npoMy crjiaBi MO 3aBEpUICHHIO 130TE€PMIUYHOT BUTPUMKH CIIOCTEpIraeMo Oa)kaHy
OJTHOPITHY CTPYKTYPY (puc. 3.9 a). [IpoTe meBHUM 11 HETOIIKOM € JIOCUTh BEIUKI 3aJIUIITKOBI
MOpH, MaKCHUMAaJIbHI PO3MIpH SKUX MOXYTh caratd 60-80 MKkM, TOOTO € TIOpPIBHIHUMU 3
pO3MipaMH BUKOPUCTAHUX YaCTHHOK 0JioBa (cepeaHiit po3mip 6u3bpko 100 mxm, puc. 3.10

a), o OyJ/ie HeTaTUBHO BIUITMBATH Ha MEXaHIYHI BJAaCTUBOCTI MaTepiaiy.

Puc. 3.9. MikpocTpyKTypa CHHTE30BaHOTO CIUIaBy Zr-1,5Sn 3 po3mipamMu 9aCTHHOK

~100 mMxM (a) Ta -63 MKM.
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BpaxoByroun BCTaHOBJIEHHMI MEXaHI3M YTBOPEHHS MOp MPH IUJIABJIEHHI YaCTUHOK
0JIOBA, JIOTTYHUM IUIAXOM 3MEHIIEHHS 3arajlbHOi MOPUCTOCTI Ta PO3MIPIB OKPEMUX TOP Y
CUHTE30BAaHOMY CIUIABl € 3MEHIIEHHS PO3MIpiB BUXIJHUX YACTUHOK oJioBa. Lle no3Bosie
OTpuUMAaTH OUIbII PIBHOMIPHUN MOYATKOBUM PO3MOALT Sn B MATPUIl 3 IIUPKOHIIO 1 CIIpUsiE
30UIBIIEHHIO MHUTOMOI IUIOLII MOBEPXHI YTBOPEHUX AUCHEPCHUX MOpP, MPHU3BOIASYH 0
Kpauioro ix 3ajiKOBYBAaHHS M1 4ac PO3BUTKY AMQY3ii. 3MEHIIEHHS pO3MIpIB YACTUHOK
oyioBa 10 <63 MkM (puc. 3.10 6) HO3BOJIMIIO JOCSATTH T'YCTHHH CHUHTE30BAHOTO CIUIABY
6,37 r/cm®, mo ctanoBUTH 97,3% Bij TEOPETUYHOTO 3HAYEHHS (TOOTO, 2,7% HOp po3Mipamu

He Outeie 40 Mkm). Taka ctpykrypa (puc. 3.9 0) € NepCHeKTUBHOI ISl JTOCATHEHHSI

}IOCTaTHiX MEXAaHIYHUX BJIACTUBOCTEH.

/
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Puc. 3.10. Po3noain yacTHHOK 0JI0Ba 3a PO3MIpaMH.

3.2. 3akoHOMipHOCTI popMyBaHHA MIKPOCTPYKTYPH NPHU CHHTE3I CIIIABY

Zr-1Nb

CuHTe3 13 TIOPOIIKOBUX CyMilIed CIUIaBiB IUPKOHIIO, JIETOBAaHUX HI001EM

(mocmimkeHnid Ha mpukiani ckiaagy Zr-1Nb) mae xapakTtepHi BiIMiHHI 0COOTUBOCTI Bif
BUIIEOTNMCAHNX JUIsl CHHTE3Y cIuiaBy Zr-1,5Sn.

[To-nepire, HIOO1HM € JNETyBaJIbHUM €JIEMEHTOM, IO cTabimizye B da3y nupkoHiro
(Puc. 3.11). Kpim Toro, 3 aHamizy giarpamMu CTaHy OY€BHJIHO, 110, HA BIAMIHY BiJ CIIaBY
Zr-1,5Sn, ximiyHa rOMOT'€HI3aIlisl CACTEMHU Ta YTBOPESHHS OHOPiMHOTO cIiaBy Zr-1Nb Oyne
B110yBaTHUCS BUKJIIOUHO TBEP0(A3HUM ILIAXOM B 00JACTI ICHYBaHHS HEMEPEPBHOTO Py
B TBepIUX pO3UMHIB IUPKOHIIO 1 HI00110 (MpU 00paHH1 TeMIepaTyp CUHTE3Y B Mexkax 1250-

1350 °C). Tox mporiec XiMi4HOT TOMOTE€Hi3aIlil B I[iii CUCTEMI JIeTYBaHHSA BiOyBaeThCs 0e3
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YTBOPEHHS NPOMDKHHUX IHTEPMETAIIIHUX (a3 1 CYNPOBOJKYETHCS JIMILIE JIOKAJIbHUMU

3MIHAMM KOHIEHTpALil 3 TBEpJOro po3yuHy.

500

1900 e
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1100

700, .~ aak

7r 0 Nb

Puc. 3.11. Jliarpama craniB cuctemu Zr-Nb [5].

R R

JIJIsl TeTepOreHHOT CUCTEMH YacCTHHOK, IO BiamoBimae ckimamy Zr-1Nb, Ha cramil
necopOIii BOAHIO 3 TIApUAY IMPKOHIIO Ta peanizamii (pa3oBOro InepeTBOPEHHS
ZrH,—Zr + H; , sKe TOBUHHO CYTTEBO AaKTUBYBaTU JAUQY3if0, IMOMITHUX 3MiH
MIKpPOCTPYKTYpPH HE BUSIBJICHO HaBiTh MPHU HATrpPiBaHHI B TEMIEPAaTypHOMY IHTEpBaJi 10
1000 °C (puc. 3.12 a). JIume 3a moaanbsIIoro migBUIEeHHs Temneparypu 1o 1250 °C mix
JETIIPOBAHOI0 MAaTPHUICI0 I[HMPKOHIIO Ta HIOOIEBUMH YaCTHHKAMHU CIIOCTEPITaEMO
MOCTYTIOBY TOsIBY nu(y3iiHuX 30H (puc. 3.12 6), moB’sA3aHUX 3 TPOHUKHEHHSIM Hi100110 B
UPKOHIEBY MaTpuIlo. 111 ekcriepuMeHTalIbHI PE3yIbTaTH CBIMYATh, 10 YACTUHKAM H100110
BJIACTHBA JIOCUTH MOBUIbHA MU (Dy3iiiHA POZUMHHICTH y TUPKOHIEBIN MaTpwuili. Lle moxxe OyTu
BUKJIMKAHO HacaMmIiepe] MOBUIBHUM JU(Y31MHUM TPOHUKHEHHSM aTOMIB IUPKOHIIO B
Hio6iit 3,2 * 107 [183]), xoua, 3rigHO 3 JiTepaTypHHUMH JAHUMH, MIBUAKICTH AUQY3ii
aTOMiB Hi00il0 B LUPKOHii 3HauHo Buma (5 * 103 [183]). Takum uuHOM, Ha HpHKIai
CHUHTE3Y MaJOJIErOBaHOro cruiaBy Zr-1Nb M0OkHa BCTAHOBUTH XapaKTEepPHI 3aKOHOMIPHOCTI
TOMOT€HI3alli] JIETYBAIBHUX CHCTEM 13 BITHOCHO HHM3BKOIO IIBUAKICTIO B3aeMHOI audy3ii
€JIEMEHTIB (TOOTO UPKOHIM-HI001i1) Ta €BOJIIOIIHHI 3MIHU MIKPOCTPYKTYPH HPH ILIOMY.

XiMi14Ha TOMOTEHI3allis 1] YaC CHHTE3Y LIbOTO CILJIaBY BiIOYBAETHCS IOCUTh aKTUBHO

nuiie npu temreparypi 1250 °C (ognodaszna 3 061acTs), 1 npyu NoAaNbIIii 4-X TOAMHHINA
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BUTPUMII (POPMYETHCS XIMIYHO i MIKPOCTPYKTYPHO OJTHOPIIHUNA TBEPAUNA PO3UHH 3 JOCUTH
OpiOHUMU 3amuIIKoBUMU mopamu (puc. 3.12B). ¥V mporieci 0XOJOMKEHHS MICHsT CUHTE3Y
BiIOyBaeThcsl [J—>0. meperBOpeHHs 13 (OPMYBAHHSIM IUIACTUHYACTOI CTPYKTYpHU
(puc. 3.12 1). Bapto 3a3HauuTH, 10 TEMIIEPATypHO-4aCOBI YMOBH, HEOOXITHI JJjIst
3aBEepIIEHHS TOMOTEHI3alIHOro MPOUECy, BU3HAYAIOTHCA PO3MipaMU YacTHHOK H100110.
[Ipu 30iMbIIEHH] PO3MIPIB YACTMHOK HIOO10 3 MeHme HbK 63 mxMm g0 80-100 Mk
BUIIE3a3HAYCHUN TEMIEpaTypHO-4YaCOBUM pEXUM € HEJOCTaTHIM I iX [OBHOTO
PO3UYMHEHHS B IUPKOHIEBIA MaTpHIll K (OpMYBaHHS OJHOPIAHOTO CIUIaBy. Y TakoMmy pasi

JUISL  JTIOCSATHEHHS TIOBHOI OJHOPILAHOCTI CTPYKTYypU MpOTAroM 4 TOJUH HEOoOXigHE

l'IiIlBI/IIJ_IeHHH TeMnepaTypH o 1350 °C.
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Puc. 3.12. EBomtoniis MIKpOCTpYKTypH NPU CUHTE31 cIiaBy Zr-1Nb mics
HarpiBanus 10 1000 °C (a), 1250 °C (6) Ta Burpumku mpu 1250 °C npotsirom 4 roauH (B,

I — IICJIS TPABJICHHS).
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CuHTE30BaHMI CIUIAB XapaKTepU3y€eThCA BITHOCHO MAJIONOPUCTOIO CTPYKTYpOIO 0€3
BEJIMKUX IOpP, TOMY MOKHA 3pOOMTH BHCHOBOK, 1110 IIJ] YaC CUHTE3Y CIUIABIB I[I€] CUCTEMU
JIETYBaHHS TMPU BITHOCHO Majiii KOHLEHTpaAIlii HI00110 MpoOJeMOI0 € JUIIE JTOCATHEHHS
XIMIYHO1 Ta MIKPOCTPYKTYPHOI OJHOPIHOCTI, 1110 BUPIIIYETHCA KOPEKIIEI0 TEPMOYACOBUX
PEXKHUMIB CUHTE3Y.

3rifHO 3 PEHTIeHIBCBKMMH JaHUMHU MpU KIMHATHIM TeMmmeparypl CHHTE30BaHUMN
cruiaB Zr-1Nb mae ognHodasuumii o cran (puc. 3.13), xoua 3 aHamzy (a3oBoi miarpamu
(puc. 3.11) BunuinBae, 110 Ipu TaKOMY XIMIYHOMY CKJIai MOXKYTbh OyTH HasBH1 3 da3u. [Ipo
BIpOTiJHE 30€peKeHH 3IMILIKIB 3 ha3u mpu KIMHATHIN TeMrepaTypi CBIIYUTh 1 OTpUMaHa

npibHoMmIacTuHYacTa MikpocTpykrypa (Puc. 3. 12 1).
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Puc. 3.13. Iudpakrorpama cuaTe30BaHOro0 cruiaBy Zr-1NDb.

3 MOpIBHSAHHSA CHHTE30BaHUX cIviaBiB Zr-1Nb ta Zr-1,Sn 3po3ymino, mo BOHH,
He3BaXkarouW Ha momioHui ¢aszopuii cran (Puc. 3.8 1 3.13), MalOTh MOMITHY PI3HUIIO
MmikpocTpyktyp (Puc. 3.14), cpopMoBaHUX B OJTHAKOBHUX yMOBAaX MIYHOTO OXOJIOHKCHHS
miciast cuHTe3y. OCKUTbKM HIOOIH JUIsl IUPKOHIIO € [ crabimizaTopoMm, a OJOBO - 0
ctabinizaTopom, criaBu Zr-1Nb ta Zr-1,Sn Marots pizHy TemiepaTtypy f— 0 mepeTBopeHHs

MIPU OXOJIOJI>KEHHI.



82

Puc. 3.14. TlopiBHSIHHS MIKPOCTPYKTYp CUHT€30BaHMX cIuiaBiB Zr-1,5Sn (a) Ta Zr-

IND (6), chopmoBaHUX B OJHAKOBUX TEPMOKIHETUUYHUX YMOBAX MIYHOTO OXOJIOKCHHS.

151 pi3HUIS BILTUBAE HA KIHETUKY 3apOJKEHHS Ta POCTY O IUTACTHH, IO T0Ope onucye
KJIaCHYHA Teopis 3apoKoyTBopeHHs [184]. 3rifHo 3 Hero JIsl BAHUKHEHHS 3aPOJKY pO3Mip
KJIacTepa TMOBUHEH OYTH OLIBIIUM 3a KPUTUYHUU po3Mip sapa r*, mpu skomy Oap'ep
aktuBailii craHoBuTth AG*. Kpim Ttoro, icHye Takox Oap'ep (AGm) s aroma, mo0

MEPETHYTU MEXKY PO3/LTY, IO PO3AUILE 3apoAoK 1 MaTpuilto (puc. 3.15).

AGm

AG

AG*

p. \

Puc. 3.15. 3anexxHicTh OTEHIIATBHOTO Oap’epy BiA po3MipiB HOBUX 3apOIKIB

[184].

fe - ———————————
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IIBUIKICT, YTBOPEHHS 3apOJKiB o (Da3u MpU OXOJOKEHHI Bin oaHo¢a3zHoi [3
00JacTl CYTTEBOIO MIpPOIO 3aJE€XKHUTh BIJ TEMIIEpAaTypH, OINUCYIOUUCH 3aJIEKHICTIO

[184, 185]:

AG™ AG
I = K,(T) exp (——) exp (——m)
v k,T k,T

% T*ZYa
He K, (T) =n NOU(W)UZ

No — KUIBKICTh aTOMIB Ha OJUHUII0 00’ €My, n* — KUIbKICTh TOBEPXHEBHX aTOMIB Y
3apOoJIKy, V — 4YaCTOTa aTOMHUX BIOpallii, Y.p — TOBEPXHEBA €HEPTIs.

VYHacniIok BUIIE3a3HAYEHOT0, a TAKOXK OOMEXEHOI PO3YMHHOCTI H100110 B o (hasi
IUPKOHII0 y craBi Zr-1Nb MoxyTh 30epiraTics 3alMIIKu HermepeTBopeHol P dasu, ski
HEMOJKJIUBO TOMITUTH 3a JOMOMOTOI0 peHTreHorpadiuuux aociimkenb. Lle 3ymoBiioe
OYEBUHY PIZHULIO B JAMCIEPCHOCTI YTBOPEHUX IUIACTUHYACTUX CTPYKTYp ABOX CIIJIaBiB

(puc. 3.14) 1 MOXe CyTTEBO BIUIUBATH Ha iXHI MEXaHI4H1 XapaKTEPUCTUKH.

3.3. MexaHi4yHi XapaKTepUCTUKH CHHTE30BaHMUX CILIaBiB cucTtem Zr-Nb Ta

Zr-Sn

V tabmum 3.1 moka3zaHo MexaHIYHI BJIacTUBOCTI cmuiaBiB Zr-1Nb Tta Zr-1,5Sn,
CHUHTE30BAaHUX 3 TMOPOIIKOBUX CYMIlIEd 3 BUKOPUCTAHHSAM BOJHIO K THMYacOBOT
JIETYBaJIbHO1 JIOMIIIKHA, TIOPIBHSHO 3 JITEPATYPHUMH JAaHUMHU MIOJ0 XapaKTEPUCTHK ITMX
CIUIaBiB, OTPUMAHMX 32 TPAAUIIHHUMH TEXHOJIOTIAMHU JUTTSA. JIJIsl TOCATHEHHS HOCTAaTHIX
MEXaHIYHUX XapaKTEePUCTHK CHUHTE30BaHI CIUIaBM TIOBMHHI TEpeayciM BiIMOBiIATH
KPUTEPISAM XIMIYHOT 1 MIKPOCTPYKTYPHOT OJTHOPIAHOCTI i MiHIMi30BaHOT mopuctocTi. Came
3aBJISIKY BIATIOBITHOCTI IIMM BUMOTaM 00H IBa CHHTE30BaHI1 CIIJIAaBU IMMOKA3aJIH JOCUTh BUCOKI

MEXaHIYH1 XapaKTePUCTHKH ITiJ] Yac BUMPOOYBaHHB HA PO3THIT.



Tabmuus 3.1 MexaH14H1 BTaCTUBOCTI Ha PO3TAT CUHTE30BaHUX CIUIaBiB cucteM Zr-Nb Ta

Zr-Sn nopiBHAHO 3 BiAMOBITHUMH JIiTepaTypHUME nanumu [5, 186-188].
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Zer)

Ne Cmias Cycruua, r/cM3 c,,» Mlla | o, MIla S, %
1 Zr-1Nb (niTep. nasi) 6,45 326-372 400-617 33-41
2 Zr-1Nb (3 mopomiky 6,41 (99%) 512 605 14-19

ZrH,)
3 Zr-1,5Sn (Zircaloy-2, 6,55 - 480-690 22
JTEP. NaHi1)
4 Zr-1,5Sn (3 mopo1iiKy 6,37 (97.3%) 475 561 12-13

3aBasKM ONMTHUMI3allii MmapaMeTpiB cuHTE3y cruiaBiB Zr-1Nb i1 Zr-1,5Sn, 30kpema,

PO3MIpiB JIETYBAIBHUX YaCTHHOK Ta TEMIIEPATyPHO-UYaCOBHX PEKHUMIB CHHTE3Y CYMIIICH,

Oy710 JOCSATHYTO BiTHOCHOT rycTrHH 97,3-99% mipu moBHIM 0AHOPITHOCTI MIKPOCTPYKTYPH.

Ile 3a0e3mnedye iXHIO MIIHICTP Ha pPIBHI BIANOBIIHUX XapaKTEPUCTHK IMX CIUIABIB,

OTPUMAHUX TPAJUIINHUM HUISIXOM 13 3aCTOCYBAaHHSAM TEXHOJIOTIA JIUTBA Ta Tapsuoro

nedopmyBanHs (psakud 1, 3 B Tabmumi 3.1). 3 iHmoro 00Ky, BHJIOBXKECHHS Marepialib,

CHUHTC30BAHHUX 3a IIOPOITKOBUM HiI[XOI[OM, € TIOMITHO 3HM)XCHHM, IO MOXKHA ITOACHUTH AK

MPUCYTHICTIO B HUX 3AJIUIITKOBUX MOP, TAaK 1 TOTSHIIIHO JEI0 OLTBIINM BMICTOM JOMIIIIOK,

30KpeMa KHCHIO, a30TY, 3aJ1i3a, BMICT SIKAX Y IIOPOITKOBHUX MaTepiajiax TPaJAUIiiiHO BUIIUH,

HIXK Yy JIMTUX CIUIaBaX. BapTo 3a3HaunTH, 110 Yepe3 PI3HUII0 y TUCIIEPCHOCTI TUTACTHH O

dasu i1 MmeHmoMy 00’ €MHOMY BMICTY IOP, CHHTE30BaHUH CILIaB 3 HIOOIEM Ma€ Ieio BUIII

XapaKTEPUCTUKHU MILHOCTI Ta MJIACTUYHOCTI, HI)K CIJIaB 3 OJIOBOM.

3aranoM AOCSITHYTI MEXaHI4H1 XapaKTEPUCTUKU CUHTE30BaHUX CILJIABIB IIUPKOHIIO HA

ocHoBl o 'Y cTtpykTypu poOasiTh NEPCHEKTUBHUM MPAKTUYHE BUKOPUCTAHHS I1HOTO
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MOPOIIKOBOrO MIAXOAY Y BHUPOOHMIITBI TAaKMX MarepiaiiB 1 BUPOOIB 3 HUX Uil NOTPed

SIEPHOI €HEPIETUKMU.

3.4. BUCHOBKH 10 PO3ailIy

Huspkonerosani criiaBu Zr-1Nb ta Zr-1,5Sn 3 o 'Y cTpykTyporo 0ysio yCHillIHO
CHUHTE30BaHO 3 JBOKOMIIOHEHTHUX IMOPOITKOBUX CUCTEM Ha OCHOBI ZrH».

Ha ocHoBi gocnikeHHs: (a3oBUX Ta CTPYKTYpPHHUX IMEPETBOPEHb MPU HArpiBaHHI
CyMilled TIAPUAY LMPKOHIIO 3 JIETKOIUIABKUM 0 CTaOUI3aTOpoM OJOBOM Ta [
cTabuTi3aTopoM HIO01€EM, YaCTKM SKOTO MAaloTh HHU3BKY HIBUAKICTh JU(]yY31iiHOrO
PO3YMHEHHS B IIUPKOHIEBIA MaTpHUIli, BCTAHOBJICHO OCHOBHI 3aKOHOMIPHOCT1 BILJIUBY IIHX
€JICMEHTIB Ha MPOIIECH CHHTE3y Ta OTPUMaHO (Pa30BO-CTPYKTYpHI CTAHU HU3BKOJIETOBAHUX
0l CIJIABIB IUPKOHIIO 3 JOCTATHIMU (DI3MKO-MEXaHIYHMMHU XapaKTEPUCTHKAMU (MIIHICTIO
561-605 MIla Ta BugosxeHusM 12-19%).

IIpu cuHTE31 CIIIaBiB CUCTEMHM JIeTYBaHHs Zr-Sn JecopOIliss BOIHIO 1 Mepepo3no i
0JIOBa MPOXOAATh onHOYacHO. CuHTE3 BiOYBa€ThbCA 3a Y4acTiO piakoi (a3u oyioBa Ha
paHHIX CTaJisSX HArpiBaHHS, IO MPHUCKOPIOE XIMIYHY TOMOTCHI3aIlil0, ajle € MPUYNHOIO
30UTBIICHHS 00’ €MHOTO BMICTY Top. Jlucmepri3aiiero 4aCTHHOK 0JIOBA CTBOPIOETHCS HOTO
PIBHOMIPHIIIIMI PO3MOAUT Y CHCTEMI Ta 30UTBIIYETHCS MATOMA ILUIOIIA TMOBEPXHI TOP, IO
cpusie X KpalioMy 3ajiKOBYBaHHIO.

VY cucremi neryBanHs Zr-Nb XiMi4Ha TOMOTEHI3aIlisA 1 MIKPOCTPYKTYpHA €BOJIOLIIS
BiI0YBaIOTHCSA MOBHICTIO TBepAOGha3HUM IUISXOM Yy TeMIIepaTypHOMY iHTepBaii (Oinbiie
1000 °C), Bumomy Bijg Temmepatyp aecopOiii BoaHIO 3 Tinpuay uupkoHito (350-800 °C).

Pizny maucnepcHicth miacTuH o ¢das3u, MO YTBOPIOETHCS B MPOIECT OXOJIOIHKCHHS,
MOKHA TOSICHUTH DPI3HOI0 TEMIIEpaTyporo [3—>0. MEepeTBOPEHHS CHUHTE30BaHHUX CIUIABIB
cucteM Zr-Sn ta Zr-Nb 1 pi3HOIO KIHETHKOIO 3apPOJIKEHHS 1 pOCTY, BIUIMBAIOYN HA MEXaHIYH1

BJIACTUBOCT1 MaTepiaiB.
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PO3/ILI 4
3AKOHOMIPHOCTI ®OPMYBAHHSI CTPYKTYPH ITPU CUHTE3I §
CILJIABIB Zr-Ti-Nb

4.1. O0rpyHTyBaHHSI BUOOPY CHIBBiIHOIICHHS Mi’K KOMIIOHEHTAMH Yy CILIaBax

cucremu Zr-Ti-Nb

Sk mokazaB aHami3 JiTepaTypHUX NaHux [/3, 77, 78], oNTUMAIbHOIO CUCTEMOIO
JIETYBaHHS JIJIsl CTBOPEHHSI 010CyMICHUX HU3KOMOYIbHUX cIUIaBiB € Zr-Ti-Nb. [Ipu nipomy
KpUTEpiEM OTpUMaHHsS 3HIKeHOoro Moayis IOura e ¢opmysanus onnodasznoro B-OLK
crany. Y pob6orax [77, 189] Oyno HaBe[eHO mepesik NEPCNEeKTUBHUX MOTPIMHUX CKIIa/iB
Zr-Ti-Nb, mo wmaroTh HU3bKHH Moayidb FOura ta ogHodasuuit B-cran (puc. 4.1),
BU3HAUEHUX 32 JIOMOMOT'OI0 TEOPETUYHHUX PO3PAXYHKIB 3 Mepimx npuHnunis. Ha ocHoBi
TCOPETHYHHX JaHUX OOpaHO PO TEPCHeKTHBHUX Kommo3umid Zr-Ti-Nb  mms
€KCIEPUMEHTAIBHOIO JOCII)KEHHSI IPOLECIB 1X CHUHTE3Y 3 I€TEpPOr€HHUX IMOPOLIKOBUX

CHCTCM.

Ti 1-x _yzryN bx

0.35

% calculate in this work
B 2L exp. [14]
N
0.30 - Sxp. 119]
o . 71GPa
8 0.25- *
z -
6
o 45GPa ™. 773 VI
T Vo { 43 GPa 49 GPa
g 020 *.|33GPa * -
= 70 GPa > * : *
o | 39GPa |
(3] ¢ : §
S 0.5 *
v 62 GPa ~_[65GPa
040+ 65 GPa .
T . 1 v I v L] g 1 v ]
0.0 0.1 0.2 0.3 0.4 0.5

Concentration Zr, y

Puc. 4.1 Po3paxoBani moayii FOnra crmaBiB cuctemu Zr-Ti-Nb Ta KOHIICHTpaIIHHI MExXi

ICHYBaHHs 0JTHO(a3HOTO [-cTaHy B il cuctemi [77].
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Vel ul ckiagu XapakTepu3yrThCS JOCHUTh BHUCOKMM BMICTOM KOXKHOTO 3 TPhOX
KOMITOHEHTIB (IIUPKOHIIO, TUTaHY Ta HIOOII0), IO YCKJIAJHIOE MPOLIECH IMEPETBOPEHHS
BIIMOBITHUX 0araTOKOMIIOHEHTHUX IMOPOIIKOBUX CUCTEM B OJHOPINHI CIUIaBU 3aJaHOTO
CTPYKTYpHO-(a30Boro crany. ToMy BCTaHOBJICHHSI 3arajJlbHUX 3aKOHOMIPHOCTEH CHUHTE3Y
TaKHX CIUIaBIB Ma€ 3HAYHUU IHTEpPEC AK 3 HAYKOBOI, TaK 1 MPAaKTUYHOTO MOTJISIAY, MalOYyH 3a
METY BUKOPUCTAHHS IIMX MaTepialiB y MEIUIMHI Ta B IHIIKMX rany3sx [77, 189].

Ckunanu criiaBiB, 00paHi ISl eKCIEPUMEHTAIBHOTO JOCIIHKEHHS TPOLIECIB CUHTE3Y,
HaBeZieHO B Tabnuui 4.1. YV mepiux eKCriepuMeHTax, 3 METOI0 BCTAHOBJICHHS 3arajlbHUX
3aKOHOMIpHOCTEH (OpPMYBAaHHS CTPYKTYpH YCI CIUIaBU OTPUMAHO 3 MOPOIIKIB TiIPHIB
TUTaHy ¥ IIUPKOHIIO, a TAKOX METAIIYHOro Hi001t0 npu Temmepatypi cuikanusa 1250 °C 3
130TEPMIYHOI0 BUTPUMKOIO MPOTATOM 4-0X TojuH. /locsirHeHHs B mpolieci TBepAodazHoro
CHIKaHHS XIMIYHOI Ta MIKPOCTPYKTYpPHOI OZHOPITHOCTI IIUX BHUCOKOJETOBAHUX CILJIABIB
YCKJIAIHIOEThCS 3HAYHUMH KOHIIGHTPALIMHUMM TPAJIEHTAMHU, 10 BHUHHUKAIOTh MIXK
YaCTUHKAMHU TiJ Yac TEPepo3NOoJTy €eJEeMEHTIB, 13 BIATOBITHOI CYTTEBOI 3MIHOIO

koedirienTiB 1udy3ii B nepeximHuX 1udy3iiHIX 30HaX.



Ta6muus 4.1. Cknaau cruiaBiB cuctemu Zr-T1-Nb, o0OpaHi AJist JOCHIIKEHHS POLECiB

CUHTE3Y, iX Moaysl FOHra ta xapakTepHi piBHI IOPUCTOCTI.

19,5Nb

Ne | Cxnag cninaBy Mopyns Onra ExcnepumenTtansHo | [lopucticts,
(mac.%) 3r1IHO BuMipsinuit Moayns | %
TEOPETUYHUX FOnra, I'Tla
po3paxyHKiB [77],
['Tla
1 | 20Zr-43Ti-37Nb 71 He BumiproBanu 8-14
yepe3 30epeKeHHS
HEOHOP1THOT
CTPYKTYpPH
2 | 35Zr-39,5Ti- 33 56 9-11
25,5Nb
3 | 59Zr-19Ti-22Nb 49 55 6-10
4 | 39Zr-36,1Ti- 43 58 7-10
24,9Nb
5 | 47,82r-32,7Ti- 65 64 6-8
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TunoBi MIKpPOCTPYKTYpHU JaHUX CIIJIABIB MICIIA BKA3aHUX PEKUMIB CHHTE3Y HABEJCHO

Ha puc. 4.2. [lepii ekciepuMEHTH TIOKa3ald, 0 MIKPOCTPYKTYPH, OTPUMAaH1 JIJIsl KOXKHOT

JOCTIHPKEHOT KOMIIO3MIlli, MalTh TEBHI XapaKTepHI BIAMIHHOCTI, SIKi CTOCYHOTBCS

nepeBaxHo 00’eMHOi yacTku Ta Mopdosorii mop. Takoxk, 3al1eXHO Bil 3aralbHOTO

XIMIYHOTO CKJIay TaKUX CHCTEM,

rOMOTeHI3alIMHUX MpoueciB Ipu GOPMYyBaHHI OJJHOPIAHUX CILIABIB.

MOMITHA PI3HUIL B TEMIIaX MPOXOHKCHHS
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r T

Puc. 4.2. TlopiBHSIHHS MIKpOCTPYKTYpPH CIUIaBiB, cuHTe30Banux npu 1250 °C 3
BUTPHMKOIO MPOTArom 4-ox roaun: a — 20Zr-43Ti-37Nb, 6 — 47,8Zr-32,7Ti-19,5Nb, B —
357r-39,5Ti-25,5Nb, r — 59Zr-19Ti-22Nb, r — 392r-36,1Ti-24,9Nb.

HesBakaroum Ha BUKOPUCTAHHS IBOX T1APUIIB (IUPKOHIIO 1 TUTAHY), 110 MTOTSHITIIHO
MOBUHHO CYTTEBO aKTUBYBATH MIPOLIECH 3aJ1IKOBYBAaHHS MOP MPHU CUHTE31 YCIX JOCTIIKEHUX
CIUIaBiB, B IXHIIl MIKpOCTPYKTYPI1 BCe I11€ MPUCYTHS 3HaUHA 00’ €MHa YacTKa Iop, SKa Bapiroe
B Mexax 6-14% 3a 00’eMom (3ayeHO BiJ XIMIYHOTO CKiIamy martepiamy, Tabmwims 4.1).
Taxuit 06’eMHUI BMICT MOp € CYTTEBO BUILUM, HIK paHille OTPUMAHUN M 4yaC CHUHTE3Y
TUTAHOBHX CIUIaBIB pi3HUX cucteM JieryBaHHs (1-3% [101, 103]) Ta GinapHux crasiB Ti-
Zr (1-2% [105]), 110 € XapakTepHOIO 1 HeOaKaHOK OCOOJIMBICTIO MPOIIECIB CUHTE3Y CILIABIB

i€l cucTeMu. 3aIHMIIKOBI MOPU MAalOTh HETIPABUIBHY BUTATHYTY (DOpMY, a po3MipH IESIKHX
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nop npocsrarote 100-120 MkM y JoBXHHY. Sk MoOKa3zanu €JeKTPOHHOMIKPOCKOIIYHI
JOCJIIJIPKEHHSI MIKPOCTPYKTYPH Ta JOKAJIBLHOTO XIMIYHOTO ckiaay (puc. 4.2), 4oTUpH 3 I’ ATU
JOCTIDKEHUX CILIaBIB JOCATIM MOBHOI (puc. 4.2 6, B, r) a00 Maiixe moBHOI (puc. 4.2 r)
MIKPOCTPYKTYPHOI OJHOPITHOCTI HPHU BHCOKOTEMIIEPATypPHUX BUTPUMKAX 3a BKa3aHUM
pexxumoM. Bukiinsitkom € crutap 20Zr-43Ti-37Nb (puc. 4.2 a), B SIKOMY, Ha BiIMiHY Bif
IHIIMX KOMIO3MI[IM, MICAS 130TE€PMIYHOT BUTPUMKH YycC€ 1€ 3aJUIIAlOThCS CYTTEBI
MIKPOCTPYKTYPHI HEOJHOPIAHOCTI, fKI, SIK MOKa3aB JIOKAJIbHUNA MIKpOaHali3, OB’ s3aHl 3
HEPO3UYMHEHUMH YacTHHKaMHU Hio0it0. [l 1[mporo ckimaay MOPOIIKOBOT CHUCTEMHU
JOCSITHEHHS XIMIYHOT FOMOTEHI3allli, BUMarae, O4eBUIHO, BUIIOI TEMIIEPATypH CITIKAHHS
ab0 CyTTEBOTrO 30UIBLIEHHS Yacy I130TEPMIYHOI BUTPUMKH Y TOPIBHAHHI 3 1HIIUMU
CIIaBaMHU.

JIJisl TOPIBHSAHHS 3 TCOPETUYHUMH PO3PaXyHKaMH Ta BU3HAYCHHS MEPCIICKTHBHOCTI
CHUHTE3y TOI'0 4YM IHIIOrOo cKiaay Oyrna TpoBejeHa MornepenHs oiiHka moayis FOHra
CHHTE30BaHUX CIUIaBIB HEPYWHIBHUM METOJOM IMITYJIBCHOTO 30Yy/DKEHHS, SKUH OyIo
JIeTaIbHO OMUCAHO B po3auIi 2. Pe3ynpTaTu 1MX BUMIpPIB TaKOX HaBeeHO B TaOmuill 4.1.
ExcriepumenTtanbHOo BUMIpAHI 3HaueHHS Moxyis FOHra 3anexxarh BiJi TaKMX OCHOBHHX
¢dakTopiB, K XIMIYHHHI CKJIa]l CTUIABY Ta HOTO 3QJIMIIKOBA IMOPUCTICTh, TOMY BOHU CYTTEBO
PI3HATHCS Ta JIOCUThH BIMIHHI BiJl 3HAY€Hb, OTPUMAHUX TCOPETUUYHUMH PO3PaAXyHKAMH JIJIS
Oe3mopucTux MaTepiaiiB. 30UTBIICHHS TOPUCTOCTI € TO3UTUBHUM (PAKTOPOM 3 TOUKHU 30PYy
3HIKEeHHA Moxaynsi HOHra, xoya OJHOYACHO HETAaTWBHO BIIMBA€ Ha MIIHICTh Ta
TTACTHYHICTb.

3 oTpuMaHUX PE3yNbTATiB 3pOOJICHO Taki MOMNEpelHI BUCHOBKH. Bukopucrani
0araToKOMIOHEHTH1 CyMIIIIl MOPOIIKIB TiAPUIY TUTaHY, TIAPUAY UPKOHIIO Ta HIOOI0 B
PI3HHX TIPOMOPIISIX JO3BOJISIOTH Yy Tporeci cmikaHHA cHOopMyBaTH XIMIYHO W
MIKPOCTPYKTYPHO OJTHOPiTHI CIUTaBH JUIS OLIBINOCTI JOoCaipKeHUX Kommosumii (Tabmuis
4.1). Ockinbku ckian 20Zr-43Ti-37Nb xapakTepu3yeThcsi TOMITHO MEHIIIOKO IIBHJIKICTIO
XIMIYHOT TOMOTEHI3aIlli, TO BiA HOro MOJAJBIIOIO JOCTHKEHHS OYyJIO BHUPIIICHO
BIZIMOBHUTHCH.

Cepen cmnaBiB, IJisl SKUX JOCSATHYTO OAHOPIHOI CTPYKTYpPU, KOMITO3HIISL CKIIATy

47,82r-32,7Ti-19,5Nb npu aemio HuK4iM KiHIeBid mopucrocTi (6-8%) mae Ha 6-9 I'Tla
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Bunii Moxynb FOura. Lle poOuTth mel ckiaj MEHII MEPCIEeKTUBHUM IS TOCIHiIKEHb,
OCKLUIbKHU KIHIIEBOIO TOJIOBHOIO METOIO € JOCSTHEHHS MiHIMi30BaHUX MoAayiniB FOura. Te
came crpaBesIuBo i s ckinany 392r-36,1Ti-24,9Nb.
OTxe, MepCHeKTUBHUMHI KOMIIO3UIIISIMU JIJISI TOAABINNAX JETANBHIIINX JOCTIIKCHb
Oyno Bu3zHaueHo crutaBu 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb, Tomy 110:
o y HUX OyJ0 JOCATHYTO TMOBHOI XIMIYHOI Ta MIKPOCTPYKTYPHOI

OJIHOPIJTHOCTI B XOJ11 CHHTE3Y;

o JOCSITHYTO MEPCHEKTUBHUX (HAWHMKYMX) 3HaUeHb Moyt FOHra;
o KpiM Toro, y podotax [77, 78] 1i ckilau TeX 3rayroThCs K HAUOUIBII
MIEePCIIEKTHBHI.

BaxxnuBuMm Takox € Te, 1m0 0O0HUAB1 CyMIIIll MICTSTh CYTTEBO Pi3HY KUTBKICTh TUTaHY.
Tomy mopanbIn MOPIBHSIBHI JOCIIKEHHS ITUX JBOX KOMITIO3MIIIN J103BOJISITH JETAIHHO
BCTAHOBUTHU OCOOJIMBOCTI MPOIIECIB CHIKAHHS Ta MIKPOCTPYKTYPHOI €BOJIOLIT MOPOIITKOBUX
CHUCTEM, y SKHX BapilO€ThCs B3a€EMHA KUIBKICTh TIAPUIIB MHUPKOHIIO 1 TUTaHy. 3
NOPIBHSUIBHOI TOBEIIHKM TaKMX CHCTEM Ha CTajisixX MIJBUIICHHS TeMIlepaTypu Ta
130TepMIUYHOI BUTPUMKH MO>XHa BCTAHOBUTH 3arajibHi 3aKOHOMIPHOCTI ¥ (akTopu, III0
BIUIMBAIOTh HA AaKTUBAII0 iX cmikaHHa Ta QopMyBanHHsA onHopimHux P-OLK cranis,
NEePCHEKTUBHUX  JUIsI  OTPUMAaHHSA  Oa)XXaHOTO  KOMIUIEKCY  (i3UKO-MEXaHIYHUX

XapaKTePUCTUK.

4.1.1. BnjiuB 4acTHHOK Hi00i10 Ha 0c00,1MBOCTI (a30BO-CTPYKTYPHHX CTAHIB

cHMHTe30BaHuX ciiaBiB 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb

OOuaBa BKa3aHi CIUIaBM, CHHTe30BaHi 3 cymimei dvactmHOk ZrHo+TiH2+ND,
XapaKTepU3YIOThCS MIKPOCTPYKTYPHOIO  OJHOPIAHICTIO, ajie 3HAYHOK CEePeTHBOIO
MOPUCTICTIO, sika csrae 8% s criaBy 592r-19Ti-22Nb ta 10% mns craBy 35Zr-39,5Ti-
25,5Nb (Tabnuus 4.1, puc. 4.2 B, r). Sk nokazanu peHTreHorpadiuHi A0CIIIKEHHS, 0011Ba
CUHTE30BaHi crutaBu MaroTh ogHodaznHy B OLIK crpykrypy (puc. 4.3). Takuii pa3oBuii cran

BIAMOBIZIa€ XIMIYHOMY CKJaJy 3aBIsKM HAasSBHOCTI 3HA4YHOI KUILKOCTI P-cTabiiizaTtopa
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HioOit0. Ilpm wnpomy crutaB 59Zr-19Ti-22Nb  xapakrepusyetbess jgemo  OuTbIIUM
napamerpoM OLIK rparku, Hix craB 35Zr-39,5Ti-25,5Nb, 1m0 MOKHA MOSICHUTH Pi3HUM

CHIBBIIHOUIEHHSIM y HUX IUPKOHIIO Ta TUTaHy, aTOMH SIKMX CYTTE€BO BIJIPIZHAIOTHCA 3a

po3Mipamu.
7000 3500
so00 | (110) B 3000 (1) p
5000 _ 2500 39Ti-35Zr-26Nb
59Zr-19Ti-22Nb as-sintered
4000 BCC, a=3,4440 A 2000 BCC, a=3,3540 A
3000 1500
2000 1000
(211)B (200) B (211)
1000 (200) B JL 500 (220) B
L j
°20 30 40 50 60 70 80 90 °20 30 40 50 60 70 80 90 100
20 20

Puc. 4.3. Tunosi gudpakTorpaMmu CUHTE30BaHUX CILJIABIB.

O6’eMHUIA BMICT 3aIMIIKOBUX TTOP 10 8-11% € cyTTEBO BUIIUM, HIK JJIST TATAHOBUX
cruiaBiB pizHoro ckiany (1-3%), cuHTe30BaHUX paHilie UM camuM MetogoMm [101, 117] 3
MOPOIITKOBUX CYMIIlIell HAa OCHOBI TiApuAy TUTaHy. [liABUIIIEHA MOPUCTICTH MOXE OyTH
NOB’si3aHA 3 HASBHICTIO 3HAYHOI KUIBKOCTI JICTYBAJBHMX €JIEMEHTIB Yy IOPOIIKOBUX
cucremax Zr-Ti-Nb, OCKiIbKH BiZIOMO, IO BHCOKHH BMICT JIETYBaJIbHUX €JICMCHTIB Y
CHUCTEMaxX Ha OCHOB1 TUTaHY, K MPaBUJIO, YCKIATHIOE MU} Y31HHO-KOHTPOIHOBAHUM TTPOIIEC
samikoByBaHH: 1mop [190]. Ile MoxHA MOSICHUTH THUM, IO CKJIaJIHI TPaIIEHTH KOHIICHTPAITIH,
AKI BUHUKAIOTh TMPU XIMIYHIM TOMOTEHI3aIii BHCOKOJErOBaHOI MOPOIIKOBOI CHCTEMH,
MOXXYTb MPUBECTH /10 HAKOTTIMYEHHS BAKAHC1# Ta yTBOPEHHS MOP YHACIIOK 3HAYHO1 PI3HUII
mudy3iiHUX pyxJIuBOcTed eneMeHTiB (edekr Dpenkens). Bimomo, mo MmBUIAKICTH
MIPOHUKHEHHS aTOMIB OJTHOTO €JIEMEHTY B IHIITUH 3aJI€KHUTh BiJl TPaJIi€EHTa iX KOHIICHTPAIlIN
y nmudy3iiiHiNA 30H1 Ta BiJ BiIacHOT qu]y31HHOT pyXJIMBOCTI KOKHOTO enemenTa [191]:

v =—VgJp +VaJa) = Vg(Dp — Dy) FM (1)

AHaniz audy3iiHUX PYXJIMBOCTEH €JIEMEHTIB, SIKI BXOJATHb /10 1i€i MOPOIIKOBOI
cucrtemu (tabnuus 4.2), nokazas, M0 MBUAKICTh AU(Y31l aTOMIB HI00110 y [UPKOHIA YU

TUTaH y JEKUIbKa pa3iB MEePEBUIIY€E MBUAKICTh 3yCTPIUHOT AU Y31l TUTAHY YU LIUPKOHIIO B
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H1001#1, a koedimientn audy3ii Ti Ta Zr mMix coOoro Maibke piBHI. Taka BIAMIHHICTH Yy
HIBUAKOCTSX TU(]y3il €IEMEHTIB MPU3BOJUTD O Mailke OTHOCTOPOHHBOT U PyY31i HI001I0 B
TUTaH 1 UUPKOHIA Ta, SK HACHIJOK, KpPIM BXKE€ 3TaJlaHOr0 MOBUIBHOTO AU(Y31HHOTO
PO3YMHEHHSI YAaCTUHOK HI001I0 B LMPKOHIEBIM Matpuuil (AuMB. po3ail 3), MOKIMBOIO
YTBOPEHHS JOJATKOBUX mNop y audys3iiHux napax Nb-Ti ta Nb-Zr, mo moxe Oytu
MOTEHLIHOI MPUYMHOI0 3HAYHOI MOPUCTOCTI, Ky CIHOCTEpIral0Th Yy CHHTE30BAaHUX
CIUIaBaXx.

Ta6muus 4.2. Koediuientn nudysii enementis nipu 1250 °C [183]

Ti Zr TiinZr [ ZrinTi [TiinNb [NbinTi |ZrinNb | NbinZr
2 X 8 X 5 X 3,9 X 3,2 X 1,4 X 1x 5x
1012 1012 1012 1012 10718 1012 1017 10713

JIIsT  eKCTIepUMEHTAIBHOTO IMATBEPKEHHS IIi€1 TilOTe3W YTBOPEHHS IOp, IO
0a3yeThCs Ha 0cOOMMBOCTAX AU y3iiHOro Maconepenecerns B mapax Nb-TiTa Nb-Zr, 0ymo
JOCJIIJDKEHO JIBl TOPOIIKOBI CHUCTEMH MOAM(DIKOBAHUX CKJIAiB, B OJHIN 3 SKUX MpHU
30epeKeHH] CIiBBIIHOMIEHHS MK TUTAHOM 1 IIUPKOHIEM 5K B ciuiaBi 35Zr-39,5Ti-25,5Nb,
OyJ10 BABiYl 3HMKEHO BMICT YAaCTHHOK HI00it0 (TOOTO, ckian 45,9Ti-41,3Zr-12,8Nb), a B
iHIIi# Hi001# OyB y3araii BiacyTHii (OiHapuuii cuias 52,2Ti-47,8Zr).

SIx BUHO 3 MOPIBHSHHS MIKPOCTPYKTYP OTPUMAaHHUX CIIJIaBiB (HaBeAeHUX Ha puc 4.4),
00’€MHa YacTKa MOp MOCTYMOBO 3MEHIIIYETHCS 31 3SMEHIIICHHSIM BMICTY YaCTHHOK Hi100110 B
CTapTOBUX MOPOIIKOBUX cyMimax. Y OiHapHomy wmatepianmi 52,2Ti-47,8Zr mopuCTICTb
3HAXOJUTHCS Ha PiBHI 2%, HE MIEPEBUIILYIOYH, TAKUM YMHOM, PIBHS TOPUCTOCTI THTAHOBHUX

CIUIaBiB, IO TPAAMIIIHHO JOCATAIOTHCS 3a TIAPHIHUM IiIX0IOM.
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100 pm

Puc 4.4. TlopiBHsiHHSL 00’ €MHOTO BMICTY TIOP B MIKPOCTPYKTYpP1 CHHTE30BaHUX CIUIABIB
3aJIeKHO BiJl BMICTYy Hi00i0: ckian 35Zr-39,5Ti-25,5Nb (a), npu 3meHIeHi y 2 pa3u

BMicTy Hi00110(45,9Ti-41,3Zr-12,8Nb) (6) Ta 6e3 Hiobiwo (52,2Ti-47,8Zr) (B).

3 AMIaTOMETPUYHUX TOCHIIKEHD (pUC. 4.5) OyJI0 BCTAaHOBIICHO, 10 00’ €MHI 3MiHH,
OB’ s3aHi 3 yCaKOor0 Ipu HarpiBauHi cymimeit ZrHp+TiH2+NDb (1o BiAMoBiIa0Th CriiaBam
cuctemu Ti-Zr-Nb) € HabaraTo MEHIIMMH, HDK IS cyMimni aBoX riapuaiB ZrHo+TiH,.
PizHUIA B X011 TBOX TUIATOMETPUYHUX KPUBUX CBITUUTH, IO 1€ HA CTafil HarpiBaHHS B
TeMIlepaTypHOMY 1HTepBaii gecopOiii BomHo 3 o06ox rimpuaiB (300-800 °C) i mo
TEMIEpaTyp, Npu SKUX B MOTPIHHIA CHCTEMi PO3IMOYMHAETHCSA aKTUBHA AU(DY3is HI00ir0
(1000-1250 °C), BimOyBarOThCS TEBHI HETATHBHI IMPOIECH, SKi 3aTPUMYIOTh YCaIKy

CUCTEMHU 3 YaCTUHKAMH HI00110, 110, BIATIOBIIHO, CIIPHsE 30UTBIICHIN KIHIIEBIM MTOPUCTOCT1
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NOTpiIMHKUX cruiaBiB. KpiM Toro, mpu moaagbuioMy pOCTI TEMIEPATYpH Ta 130TEPMIYHHX
BUTPUMKAX HEraTMBHUN BKJIAJ B IMIJBHILEHY MOPUCTICTh IOBMHEH JaBaTU B¥Ke
oOroBopeHuil nposiB epexkry dpeHkens npu B3aeMHId AUQy3li B mapax TUTaH-HIOO1M Ta

UPKOHIM-H1001i1.

0,02 -
0,00 -

-0,02

-0,04 TiH2+ZI’H2+Nb

ALIL,

-0,06 -

————
TemnepaTypHun iHTepBan

-0.087 " necop6uii Boario 3 06ox riapuais

0,101 TiH,+ZrH,
-0,12

0 200 400 600 800 1000 1200
T,OC
Puc. 4.5. XapakrepHa pi3HUI 00’ eMHUX €(dEKTIB IIPU HArpiBaHHI JBOKOMIIOHEHTHOI
nopoikoBoi cuctemu ZrH,+TiH; ta tppoxkommonenTHOT ZrHo+TiHo+Nb. Tlyaktupom
NoKa3aHa KpUBa, 10 BIANOBIIa€ TEOPETUYHOMY 3MEHIICHHIO PO3MIPIB CUCTEMHU YaCTUHOK

ZrH+TiH2+NDb npu moBHiii gecopOiiii BOAHIO.

BpaxoByroun pi3HHITIO TYCTHH T1IPUIIB Ta BIAMOBITHUX METATIB Ppre — PumeHz> OYIO
TEOPETHYHO OOpaxoBaHO 3MeHIeHHS 00’emy V-V, Ta, BiAMOBIIHO, JIHIMHUX PO3MIpiB
Al=l-lo mupkoHito i THTaHy NPU MOBHIN AecopOIIii 3 HUX BOTHIO:

m km m km
Pme — PMeH2 =7_V_0=l_3_§ (2)
1e M- maca Metaiy, K — koedilieHT, 1o BpaxoBy€e MacOBY YacTKy BOJHIO, SIKa BTPAYa€ThCSI
npu necopomii (k=1,04 s rigpuny turany, 1,02 — 11 rigpuay MUPKOHIO).

3 MpoBeICHNX PO3PaxXyHKIB BUILIUBAE, 110 MTpH HarpiBanHi 70 850 °C (Temneparypa,
MIPH SIKiH JecopOITisi BOAHIO 32 €KCTICPUMEHTAIbHUMHE JTAHUMH 3aBEPIIYETHCS ), 3SMEHITICHHS
niHidHuX po3MipiB Al=I-lg nas nupkonito moBuHHO ckiaagaT 5,3%, aus tutany — 7,3%.

BignoBigaui po3paxyHOK, MPOBEIACHUM i crpecoBaHuX 3pas3kiB ZrHo+TiHx+NDb

pI3HOrO CKJIaAy MOKa3aB, 110 3MEHIIEHHS IXHIX JIHIMHUX PO3MIPIB y MpoIllect aecopOrii
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BOJIHIO 3 TIIPUJTHUX YaCTUHOK 000X THUIIB Mae OyTH Ha ~2% OUIbLINM, HIXK Y pe3yJibTaTax,
OTPUMAaHUX EKCIIEpUMEHTANIBHO (puc. 4.5). Tak, IJs cymini, CKiIaja AKO1 BIMOBIIA€ CIIJIaBY
352Zr-39,5Ti-25,5Nb, TeopernynHo oOpaxoBaHEe 3MECHILICHHS JIIHIHHUX PO3MIPIB CKIIaaa€e
5,6% (mynkTHpHA KpuBa Ha Puc. 4.5), To/1 yac sik eKCriepuMeHTaIbHO 3a()iKCOBaHE — JUIIIE
3,6%, a g cymimi ckiaaay 59Zr-19Ti-22Nb — 5,5% npu excriepuMeHTaIbHO OTPUMAHOMY
3HaueHH1 3,5%. Llg pi3HUI MK TEOPETUUYHUMHU 1 €KCHEPUMEHTAIBHO 3a(iKCOBAaHUMU
3MiHAMH JIIHIHHUX PO3MIpIB MEXaHIYHUX CcyMiliei 4acTUHOK T1H2+ZrHo+Nb cBimuuth npo
NeBHE 30UIBIIIEHHS MyCTOT MIX YaCTUHKaMHU B Iij 4yac jaecopOiii BoaHwo. BomHouac s
OinapHoi cymimn riapuaiB ZrH,+TiH, TeopetnuHo po3paxoBaHe Ta €KCIIEPUMEHTAIBLHO
OTpUMaHe 3MEHIICHHS JIHIHHUX PO3MIPIB MPAKTUYHO 301raloThes, CKIaaar0uu 0J1u36K0 6%.

Orxe, AWIATOMETPUYHI Ta MeTajorpadiuHi JOCHIDKCHHS MATBEPAWIH, IO
NPUCYTHICTh 3HAYHOI KUIBKOCTI YaCTUHOK H1001I0 B TOPOIIKOBUX CYMIIIAX € MPUYUHOIO
BUCOKOI IMOPHUCTOCTI, SIKa, OYCBUIHO YTBOPHUBIIKCH IIIE B MPOIECi HArpiBaHHS MOTPIHHUX
CHUCTEM, 30epira€TbCs MpHU MOMANIBIIOMY 130TepMiuHOMY CHHTE31 criaBiB Zr-Ti-Nb. Jlms
BU3HAUEHHS MEXaHI3MIB HETraTUBHOI'O BIUIMBY YAaCTHMHOK HIOO1I0 HAa MPOLIECH CHIKAHHS

I'STCPOrcHHUX CUCTCM 6y.TIO IMPOBCACHO l'IOI[aJILIIIi I[OCJIiI[}KeHHSI.

4.2. PaKTOpPH, 10 AKTUBYIOTH CIIKAHHS Ta BU3HAYAKOTH 00’€EMHUI BMIiCT MOp

npu cuHTe3i cruiaBiB cucremu Zr-Ti-Nb

4.2.1. BniiuB po3mipHoro ¢gakropy

Bimomo, mo o0’eMHa yacTka 3aJUIIKOBUX TOP Y MIKPOCTPYKTYpPlI CHHTE30BaHUX
CIUTaBIB € BOXKJIMBUM TApaMeTPOM, SIKHW 3/1aT€H CYTTEBO BILIMBATH Ha KOMIUIEKC (Di3UKO-
MEXaHIYHUX XapaKTEPUCTHUK. SIKIO I MOKa3HUKIB MIIHOCTI ¥ TJIACTUYHOCTI MIOPUCTICTh
HEOOXITHO MIHIMI3YBaTH, TO JUIsl 3HWXKEHHS Momyns FOHra, HaBmaku, OakaHOIO €
KOHTPOJIbOBaHA MiJBUIIIEHA MOPUCTICTh. TOMY HEOOX1THO OYJI0 BUSHAUUTH, SIK1 MTApaMeTpH
€ BIIOBITAIbHUMHU 32 00’ €EMHHUH BMICT ITOP B CHHTE30BaHUX CIUTaBax cucteMu Zr-Ti-Nb ta

BCTAaHOBHTH IOTEHIIIHI MEXaHI13MH HOTO PETyIIOBaHHS.
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Bumieonucani pe3ynbratd CBiguaTh, mo IS criaBiB 59Zr-19Ti-22Nb Tta 35Zr-
39,5Ti-25,5Nb 3anumikoBa MOPHUCTICTh CTAHOBUTh HE MeEHIIe HDK 6%, BomHOUAC
MIABULIEHUN BMICT MOP HAIPsIMY MOB’3aHUM 13 KUIBKICTIO YaCTUHOK HI100110, MPUCYTHIX Y
CTapTOBUX MOPOLIKOBUX cucTteMax. OCKUIbKMA HI001i € OCHOBHOIO MPUYMHOIO 3HAYHOIO
BMICTY TIOp, TO OYyJI0 JOCHIJI)KEHO MOXJIMBICTH BIUIUBY Ha KIHLEBY MOPHUCTICTH 3MIHOIO
JUCIEPCHOCTI HOro 4YacTMHOK. JloOpe BimomMo, 10 B PI3HUX CHUCTEMax JeryBaHHS
3MEHIIEHHS PO3MIPIB YACTUHOK € €()EKTUBHUM METOJIOM BIUIMBY Ha PEOJIOT1YHI CUCTEMH, 1
3a0e3nedye B HUX PIBHOMIPHIIIUN PO3MOALT €J€MEHTIB Ta PETYJIALI0 TU(PY31IIHUX TOTOKIB
IIPH BUCOKUX TEMIIEpaTypax, Mo MPU3BOJAUTH JO0 MEHIIIOTO MPOsIBY edekTy DpeHKes mpu
XIMIYHIA TOMOTEHi3allii, a pa3oM 13 OUIBIIOK MUTOMOI TOBEPXHEI YACTUHOK — IO
aKTUBAIlil CcriKaHHS. 3 1HIIOTO OOKY, OCKUIPKM YACTUHKHU TIAPUJIB ITUPKOHIIO W TUTaHY
MaroTh HU3bKY MIiIHICTB (250 MIla) 1 3matHi npoOuTtHcs miA Yac MpecyBaHHs, 3MiHA iXHIX
PO3MipiB BIIHOCHO cia00 BIUIMBaE€ HAa TYCTHHY CHUHTe30BaHuX cruiaBiB [119]. Tomy
OYIKYBaJIOCs, 110 BUKOPHUCTAHHS MEHIIMX 32 PO3MIpaMH YaCTUHOK caMme Hi00110 Mpu3Beje
710 3MEHIIIEHHS KIHIIEBO1 MOPUCTOCTI 000X crutaBiB. [IpoTe, Bcynmeped criogiBaHHSIM, IeH
MiAX11 HE T03BOJIMB CYTTEBO 3HU3UTH BMICT IIOP.

Sk BugHO 3 puc. 4.6 Ha npukiaani cuHTte3dy cmiaBy 35Zr-39,5Ti-25,5Nb, npu
3MEHIIEHHI PO3Mipy YacTHHOK Hio0ir0 3 <100 MKM 10 <63 MKM CIIOCTEPIraeThCcsi PICT
T'YCTHHH (TOOTO 3HWKEHHS IOPUCTOCTI), ajie NMPH BUKOPHUCTAHHI YaCTHMHOK <40 MKM
ryCTHHA 3HOBY majae. [le MoHa MOSICHUTH THM, 110 OUTBIITUHN CTYIIHB JIOKaJi3allii Hi001t0
B MATPUIll TUTAH-IIUPKOHIHN ITiJl YaC BUKOPUCTAHHS BEIIMKUX YaCTUHOK Hi100110 (<100 MKM)
MPU3BOAUTH 10 OLTBIIOTO €(heKTY HAaKOMMYeHHS MU y31iMHIX BaKaHC1i Ta OpMyBaHHS MTOP
BHacHifok eexty Openkens. BukopructanHa MEHIIMX YaCTHHOK Hi1001t0 (<63 MKM) cripuse
PIBHOMIPHIIIIOMY HOTO PO3MOJLTy B TUTAHO-IIUPKOHIEBIM MaTpHIli, 1,BIAMOBIIHO, MEHIIIO1
nokamizamii meHTpiB (OpMYBaHHS BaKaHCIH Ta MEHIIOTO TOPOYTBOPEHHS. Takox
JUCTIEPTi3allisi YaCTUHOK HI00110 CIIpUYUHSE 30UTBIICHHS! TUTOMOI IJIOMII TXHBOT TOBEPXHI,
o 30UTbIIy€E BKJIAJ MOBEepxHEBOI nudysii. Y komiuiekci 1l (GaxkTopu NPU3BOIAATH A0
3MEHIIEHHS BMICTY NOp. 3 IHIIOTO OOKY, IPH MOJAJIbIIOMY 3MEHIIIEHH1 PO3MIPIB CTAPTOBUX

YaCTUHOK H1001t0 10 <40 MKM NO3UTUBHUN €(EKT AUCIEPCHOCTI BTPAYAETHCS. 3HAUYHO
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30UIpIIEHa MUTOMA TUIOLIA MOBEPXHI YACTUHOK H100110 MPU3BOJUTH O MOSIBU HETaTUBHUX
(bakTopiB, IKUMH € 30UTBILIEHHS BMICTY MOBEPXHEBUX OKCHUIB Ta 3a0pYyJHEHHS YaCTHUHOK
IHIIMMH CTOPOHHIMU JOMIIIKaMH. Y TPOIECI CUHTE3y OKCUAHA IUIIBKAa Ha IOBEpPXHI
YaCTMHOK HI00110 rajabMye mpolecu Tudy31iHOro CrikaHHS AOTH, MOKA HE PO3UMHUTHCS.
ToMy NO3MTUBHUI BIUIMB aKTHUBAlli MOBEpXHEBOi Au(y3li MpU 3MEHILIEHHI PO3MIpPiB
YaCTMHOK MOYE HIBEJIIOBATUCS HETaTUBHUM €(EeKTOM 30UIbLIEHHS BMICTY MOBEPXHEBHUX
OKCHUJITHUX IUTIBOK Ta 1HIMMX gomimok. CymMapHUN BIUIMB LHUX JIBOX €(EKTIB IMiABHUIILYE
rycTuHy (T00TO, 3MEHIIye 00’ €MHY YacTKy NOp) MpU 3MEHILIEHH] po3MipiB Hi1001t0 31 100
MKM 10 63 WMKM, TpoTe NpH OUIBIIINA JUCIEPCHOCTI YAaCTMHOK pPE3yJbTaT CTa€
npoTwiexxuuM. OTxe, 3BaxaTH Ha oOujBa 3rajaHi (akTopu W 3HAXOAUTH TEBHUU
KOMIIPOMIC MDK TMO3UTHUBHUM Ta HETaTUBHUM BIUTMBOM IiJl yac BUOOPY IUCHEPCHOCTI
YaCTHHOK. Y HAIIOMY BHUIAJKYy ONTUMAIBHUM PO3MIPOM YACTHHOK H100110 BU3HAYEHO <63
MKM, IPOTE TIPU LEOMY JOCATHYTHH PiBEHb I'YCTHHU CKJIaB 5,59 r/cm®, 1m0 Bianosigae nue

95% Big TEOPETUYHOTO 3HAYCHHS TYCTUHH, 1, BIATOBITHO, 5% MOPHUCTOCTI.
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Puc. 4.6. 3amexHICTh TYCTUHU CHHTE30BaHOTO CILJIABY Bil pO3MIpY CTAPTOBUX YACTUHOK

Hi001r0 Ha mpukiaai ckaany 35Zr-39,5Ti-25,5Nb.
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4.2.2. Illoxo BIUIMBY TEPMOLMKJIYBAHHA HA AKTHBALIIO CIIIKAHHS

[ToTeHiiiHUM METOOM aKTHBALli CITIKAaHHS Ta MIABUIIEHHS I'YCTUHU CUHTE30BAHUX
cruaBiB  59Zr-19Ti-22Nb  ta  35Zr-39,5Ti-25,5Nb € TepMOIMKIYBaHHS HaBKOJIO
temreparyp o«>p dasoBoro mneperBopeHHs. Bimomo [192], mo Oararopa3ose
TEPMOLIMKIIYBaHHS HABKOJIO TemIepaTtypu o<« (a3oBoro mnepeTBOpeHHs B THUTaHI
MPU3BOJIUTH A0 30UIbIIEHHS Ae()EKTHOCTI KPUCTATIYHOT IPATKHU, 1110 JI03BOJISIE aKTUBYBATH
nudy3ii0, CIPUSIOYN 3HUKEHHIO 00’ €MHOT YaCTKH MOP MPH CIIKaHHI TOPOIIKOBOT CUCTEMH.
Ie#t miaxia Oyino MpOTECTOBAHO JJIsl aKTUBAIlil CIiKaHHA ciiaBiB cuctemu Zr-Ti-Nb. Sk
OIMKMCAHO B PO3JALTI 2, CXeMa HarpiBaHHSI-OXOJIOJDKEHHS CKJIajgaiacs 3 YOTHUPhOX IUKIIIB Y
iaTepBani 750 °C...920 °C, ui TeMnepatypHi MeXi OJJHOYACHO OXOILTIOBAIHM (pa3oBi a«>f3
NIEPETBOPEHHS IS IUPKOHIIO W THUTaHY. YPaxXoBYIOYH KiHETHKY JIeCOPOIIii BOJHIO 3 IHX
METaJiB, BBOXKAJIH, IO MPHU MMOYATKy TEPMOIMKIYBAaHHS BXKE 3aBEPIIYBAJIOCS YTBOPCHHS
YUCTHX 3HEBOJAHEHUX METaNliB, OTXKE, TMOTEHIIWHUNA BIUIMB BOJHIO HA 3HIKEHHS IX
Temreparyp o<>3 ¢hasoBoro nepeTBopeHHs A0 yBaru He Opascs. [licis npoXomKeHHs X
UKIIiB BimOyBaBcs HarpiB 0 1250 °C 3 i30TepMIYHOO BUTPUMKOIO 4 TO/I.

IIpoTe 15t cxema HarpiBaHHS JJIs JOCIIKEHHX CILIaBIB HE MPHU3BEia 10 MOMITHOTO
3MEHIIIEHHS 00’ €MHOI YaCTKH MOP Y MIKPOCTPYKTYPi, IO MIPOJIEMOHCTPOBAHO Ha puc. 4.7,
Ha BIAMIHY BiJI HasBHUX CKCIICPUMCHTAIBHUX JIAHWX IIOJI0 AaKTHUBAIlli CIIKaHHS
HeseroBanoro tutany [192]. OueBuHO, y Hamomy BHITAIKY (a30Bi EpPETBOPEHHS, SKIIIO
il BeIyTh JO TMEBHOTO IMJBHUINCHHS Me(PEKTHOCTI KPUCTAIIYHOI CTPYKTYpH Ha JIOAATOK IO
BHCOKOJIC(EKTHUX CTaHIB, CTBOPEHHMX Yy TIpoleci jaecopOmii BOJHIO, BILUIUB
TEPMOLIMKIIYBaHHS Ha aKTHBAIlIIO CIIKAHHS, NMPOTE HIBEITIOETHCS HA (DOHI BILIMBY IHIIUX
dakTopiB Ta 3ara’dbHOI 3HAYHOI MOpPUCTOCTI Marepiamy. OCKUIBKA aKTHUBAIliS CIIKAHHS
METOJIOM TEPMOIMKIYBAaHHS BUSBWIACA HEe(EKTHUBHOIO JIJIT BHCOKOJETOBAHUX CIUIABIB

cucremu Zr-Ti-Nb, HeoOxinHo mrykaTtH iHmi (pakTopu BILIMBY Ha IIeH mporiec.
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Puc. 4.7. Tunosi mikpocTpykTypu ciutaBy 59Zr-19Ti-22Nb cneuenoro 6e3 (a) Ta 3

BUKOPUCTaHHSM (0) TEPMOIMKIYBaHHS.

4.2.3. Cunre3 ciiiaBiB cucteMu Zr-Ti-Nb 3 BUKOPUCTAaHHAM HABOIHEHOI' 0

Hi00i10

Sk moka3zano B pobotax [105, 137], BuKoprcTaHHS HABOJHCHHUX MMOPOIIKIB (TiApHIy
TUTaHy Ta T1IPUIY IUPKOHIIO) Y POJIi OCHOBHMX KOMIIOHEHTIB CYMIIlll 3aMiCTh TTOPOIIKiB
BIJIMOBITHUX METANliB TMPHU3BOJUTH IO AaKTUBOBAHOTO CIIIKAHHS CHCTEMH YaCTHHOK
YHACIIJTOK TTOCITIIOBHOCTI (pa30BUX MEPETBOPEHb 1 MiABUIIEHHS Je()EKTHOCTI KPUCTATIYHOT
CTPYKTYpH METaJIiB ITiJI 9ac JaecopOrii 3 HuxX BoaH0. CaMe TOMY B I[bOMY JOCITIDKCHHI
IUPKOHIM 1 TUTAaH BBOAWIM Y BHIJIAAI TIAPUAHUX TOpomKiB. Takui Mmiaxim MoOKHA
PO3IIMPUTH 3 BUKOPUCTAHHSIM HABOJHEHOTO Hi001t0, OEpydH 10 yBaru 37aTHICTh Hi001I0
B3aeMoiaTH 3 BogHeM [193], yrBoprotouu rigpuHi ¢aszu (puc 4.8), Ta CX0XKICTh HI3UIHAX
MPOIIECIB, MO BiMOYBAIOTHCS MPH HABOJHEHHI Ta JecopOIlii BOJHIO 3 pi3HUX MeTaniB. Ha
OCHOBI I11€1 171ei OyJ10 3anpOorOHOBAaHO HABOJHUTH METaleBUM HI001M Ta BUKOPUCTOBYBATH
NPy CHHTE31 OJHOYACHO TPH HABOJHEHHUX IMOPOIIKH (IIUPKOHIIO, TUTAaHY ¥ HI00110), IO

TEOPETUYHO Jajo O 3MOTy MIJACHUIWTH BOJHEBHM BIUIMB HAa aKTHBAIlIIO CIIKaHHS TaKOi
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CUCTEMH, 3MEHUIYIOYM BMICT MOp Yy CHHTE30BaHUX cIuiaBax. lloTeHuiiiHi mepeBaru
BUKOPHUCTaHHS HABOJHEHOT0 HI00110 BUKJIAJEHO HUXKYE.

OuikyBajocs, 1110 TPY BBEJEHHI BCIX €IEMEHTIB Y BUIJISAL T1IPUAIB, yC1 YaCTUHKU B
cucteMi OynyThb JEMOHCTPYBaTH TMOJIOHY TMOBEAIHKY MpU TMpecyBaHHI, 30KpeMa,
MOAPIOHIOBATHCS M1 AI€I0 MPUKIAJIEHOT CUIIM, YTBOPIOIOYM HOB1 MOBEPXHI, 30UIBIIYIOUN
BKJIaJI MOBEpXHEBO1 AudYy3ii Ta 3MEHIIYIOYM BIACTaH1 Js Au]y31HHOrO mepepo3noiury
koMroHeHTiB. [lpu pecopOuii BomHIO 3 TiApuay Hio0ir0 mepemdauanocs, 1o (a3osi
neperBopeHHsi (puc 4.8) npu3BeAyTh A0 MIABUIINEHHS Je(EKTHOCTI KpPUCTATIYHOL
CTPYKTypu MeTany, mo O akTuByBajmo audysiiiHi mporecu. Kpim TOro, BUAUICHHS
aTOMapHOTO BOJHIO MOTEHIIMHO OYMIIAE MOBEPXHIO HIOOIEBUX YACTHMHOK BiJl KHUCHIO Ta
THIITUX JIOMIIIOK, 10 T€X CIPUATUME aKTUBAIll AU Y31HUX MPOLIECiB, IKi BA3HAYAIOTh yCi
CKJIaJIOB1 CHHTE3Y.

Ane, TOTEHIITHO, HAWOUTBII BaXJMBa TIepeBara BUKOPUCTAHHS BHKJIIOYHO
HAaBOJHEHUX YAaCTUHOK y CKJaJl 0araTOKOMIIOHEHTHUX CYMIIIEH MOJISITa€ OChb y YOMY.
OCKUTbKHM €KCIepUMEHTAIbHO 3adikcoBaHa Pi3HUL 00’eMHUX €(deKTiB MpH HarpiBaHHI
3pa3kiB 3 HI0O1EM Ta 0€3 HbOI'0 BUHHMKAE camMe Ha CTajii AecopOiii BogHto (puc. 4.5), Oyno
BUCJIOBJICHE TMPHUITYIICHHS, M0 BIAHOCHO Maje 3MEHIICHHS 00’eMy (TOOTO 3aTpuMKa
ycaaku) cymitneit ZrH,+TiH+Nb € HacaigkoM IpHUHITAIIOBO Pi3HUX 00’ €MHHX e(DEKTiB IS
YaCTUHOK TiAPUIIB Ta HEHaBOJHEHOro Hi0Oi0. Bimomo [105, 137], mo yacTUHKY TiApUIiB
mig 4Jac (a3oBUX TMEPETBOPEHb, sIKi BimOyBarOThbCs MpU AecopOIrii BOJHIO, CYTTEBO
3MEHIYIOTbCS B 00’€Mi, a YaCTHMHKM HIOOI0 MOBWUHHI MiJaBaTHCS JUIIE TEPMIYHOMY
po3mupeHHo. Taka pi3HHUI 00’eMHUX e(peKTiB MDK KOMIIOHCHTaAaMH CyMIIIed IMOBHHHA
MOPYIIYBAaTH 3B’ 30K MK HUMH, YTBOPIOIOUM IIUTMHU W JTOJATKOBI MOPHU B CIIPECOBaHIN
cuctemi. Tomy mepembavanocsi, MO BUKOPUCTAHHS B CyMillIaX BUKIIOYHO HABOJHEHUX
KOMITOHEHTIB (HaMpUKIIaa, MPU BBEJEHHI B HUX HI00110 y BUTIISI T1IIPUAY HI00110 pa3oMm i3
riIpugaMu [IHUPKOHIIO Ta TUTaHy), 3a0e3MeyuTh MOAIOHICTH 00’eMHHX e(]eKTiB ycix
YaCTUHOK, Taka cucTteMa Oyjie 3MEHIIIYBAaTH CBiid 00’ €M M1 4ac AecopOIlii BOJHIO SIK €IUHE

1ie, 6e3 MopyIeHHs 3B’ 13Ky MK YaCTUHKAMU 1 0e3 301IbIIEHHS] TOPUCTOCTI.
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Puc 4.8. Binapna ¢a3zosa miarpama Nb-H(puc 4.8) [194].

3rilHO 3 BHIIEONMCAHOIO IJE€I0, IMOCTABICHO 3aBJaHHS OTPUMATH HABOJIHCHUN
H1001# (a00 ogHOGa3HUH TAPHUI HI00110, IKUH ICHYE BIAMOBIIHO JI0 JllarpaMu CTaHy H1001# -
BOJICHB (puc. 4.8), 111 4oro OYyJI0 JOCTIIKEHO Pi3H1 peKUMHU HABOIHEHHS IMIOPOIIIKY Hi100110.
Ax mokazanu peHTreHorpadiuni gocuipkeHHs (puc. 4.9), nmpu HaBOAHEHHI HE BIAJIOCS
oTpUMaTH oaHO(a3HUH riapu1 Hi0010, MaTepian ctaHoBUB cyMmil riapuaHoi ¢pazu NbH ta
MeTaJieBoro Hio010. MakcuMasbHa KOHIICHTpAIlisl BOJIHIO B HI10011, sIKOT BAAIOCS JOCSTTH,

BiAMOBiTaa [BoazHOMY MaTepiany 3i criBBiaHomeHHIM (a3 60%Nb-40%NbH.
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Puc 4.9. JIBoda3uuii ctTaH HABOAHEHOT'O TOPOIIKY HI100110.
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[Toganbiie BukopuctanHs yacTuHOK NbHx 11 cuHTe3y CruiaBiB, Ha Kallb, HE JAJI0
OUIKYBaHOIO TIO3UTUBHOIrO edekty. Sk MoxkHa OauuTH, O0’€MHA 4YacTka MOp Yy
MIKPOCTPYKTYPI CIUIaBiB, OTPUMAHUX 3 BUKOPUCTAHHSIM HABOJIHEHOTO Ta HEHABOJIHEHOTO
H1001t0, MpakTUYHO HE BiApi3HseThcs (puc 4.10). IlpuunHa 1BOro cTAa€ 3pO3YyMIIOI0 3

J0JTaTKOBUX €KCIIEPUMEHTIB.

Puc 4.10. Tumosa mikpocTpykTypa cmaBy 59Zr-19Ti-22Nb, orpumanoro 3

BUKOPHUCTAHHSAM IOPOIIKIB HI00110 (a) Ta HABOAHEHOTO H1001t0 (0).

Sk Oyn0 BCTaHOBJIEHO, HABOJHEHHMI HI001M € HEJOCTaTHHO CTAOLTLHUM 1 BTpadae
BOJICHh B YMOBAaxX BaKyyMy B)K€ IpH KIMHATHIM TemmepaTypi. 3 giarpamu ctaHiB (puc 4.8)
ButuHBae, mo B-paza NbH icaye mo 143 °C mpu tucky Bomuio 0,1 MIla [194], mpoTe B
yMOBaxX 3HIDKEHHS NapIiaibHOrO THCKY BOJHIO HAaJl MOBEPXHEI0 METaly pPiBHOBa)KHA
KOHIIEHTpAIis BOJHIO, PO3YMHEHOTO B HI001l, TAKOX 3HUXKYEThCS. TOMYy MpU CTBOPEHHI
BaKyyMy HAaBOJIHCHUH Hi001 MIBHIKO MecopOye BOJEHB YK€ 3a KIMHATHOI TeMIIepaTypH,
0 MPU3BOJUTH IO 3HUKHEHHS T1APUAHOT (a3u il yTBOPEHHS 3HEBOAHEHOTO Hi001f0 (200 B
Kpaliomy pasi — TBepJoro po3unHy Nb-H 3 HU3bKO0I0 KOHIIEHTpPAIIIEIO0 Ta3y) II1e J0 MOYaTKy

npoiiecy HarpiBaHHs. lle ekcrnepuMeHTaIbHO MIATBEPKYIOTh pPEHTreHorpadiuHi
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nocaimpkeHHs (puc 4.11), mpoBeneHi micias BakyyMHOi 0OpOOKM HaBOJHEHOTO HI100110 MpHU

KIMHATHIM TemMnepaTypi.

1500 (110)
NbH (dehydration)
1200 -
9004 {200y {211} {220} {310}
600 -
300
NI

30 40 50 60 70 80 90
0-26, deg
Puc. 4.11. PentreHorpamMa rnopomkoBoro Hio01t0 Mmiciisi HABOJHEHHS Ta HACTYITHOT
BUTPUMKH Y BaKyyMi IMpH KIMHATHINA TEMIIEpaTypi, iKa JEMOHCTPYE 3BOPOTHE

nepetBopenHs (pazu NbH B Nb.

JlunaToMeTpuYH1 JTOCHTIDKCHHS, TMpeJCcTaBieHi Ha puc 4.12, miaTBepawid Iei
pe3yabTaT 1 MoKa3aau KapAuHAJIbHY PI3HUII0 00’ eMHUX €(eKTIB MpHU HarpiBaHHI OKPEMHUX
MIOPOIITKOBUX KOMIIOHEHTIB CHCTEMH. 30Kpema, TiIpua [MUPKOHII0 Ha MOYaTKOBUX CTaIisAX
necop6Oiii BomHIO 3 KpucTamiyHoi Tpatku (400-500 °C) neMoHCTpye XapakTepHe
30UIbIIEHHST 00’e€My  («pO3MyXaHHS», TOB’sA3aHE 3 pelakcamiero mpu  (Ga3oBUX
MEPETBOPEHHAX HAKOIMYEHOI I/l Yac TMpecyBaHHs MpyxkHOi eHeprii [137]), a motim —
3HAYHYy yCaJIKy, MOB’s3aHy 31 3MEHIICHHSIM KOHIIEHTpAIlll BOAHIO, JUISl TIAPUAY TUTaHY
IHTEHCUBHE 3MEHIICHHS JIHIMHUX PO3MIpIB BHACIIIOK IBOTO MPOIECY MOYMHAETHCS 0
400 °C. Jlma cymimi JBOX BHINE3a3HAYCHUX TIAPHIIB BEIWYMHA «ropOy» Ha
JTWIATOMETPUYHIN KPHUBIM 3HAYHO 3MEHIIYETHCS, MMPOTE W 3MEHIICHHS JIIHIHHUX PO3MIpiB
MOYMHAETHCSA JEIIO TI3HIIE BiA IbOro €(EeKTy i TiApUay TUTaHy, IO IOBHICTIO
MIATBEP/KYE paHIlIE OTPUMaHi pe3yibTaTdu. AJle HECTaOUTbHUN HABOJAHEHUN H1001i

XapaKTEPU3YETHCS 30BCIM IHIIOK 00’€MHOIO MOBEAIHKOW; (DAKTUYHO, JUIATOMETPUYHA
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KpHUBa 3a BIICYTHOCTI 3HAYHUX €(EKTiB IPH HArpiBaHHI (ci1abKe TepMiuHEe PO3IIMPEHHS 10
600 °C, a mpu BULIMX TeMIepaTypax — CJIa0Ky ycaJKy BHACIIJOK PO3BUTKY IPOIECIB
CIIKaHHSI) TOKa3y€ MOBEJIHKY BKE€ 3HEBOJHEHOIO H100110.

OT1xe, B yMOBax BAKYYMHOI'O HAarpiBaHHs PI3HUILISI MIXK HABOJJHEHUM 1 HEHaBOJHEHUM
H1001€M 3HUKA€E, BIAMOBIIHI YaCTUHKHU HE JEMOHCTPYIOTh IIOMITHOT'O 3MEHIIEHHS PO3MIPiB
B IIMPOKOMY TeMIlepaTypHOMY iHTepBaii (puc. 4.12). Y 3B’s3Ky 3 UMM 3HA4YHY PIZHUIIO
00’ eMHUX e(eKTiB AJis1 cyMiliei 3 Hi001eM 1 6e3 Hboro (puc. 4.5) MOXKHA MOSICHUTH TUM, IO
MOPOIITKOBI T1IpUIX Ta H10014 (a00 HaBOAHEHUN HI1001M, SKUW Bl HHOTO HE BIIPI3HAETHCS )
CTBOPIOIOTH Y CYMIIlIi JIB1 MIJCUCTEMH YaCTUHOK 3 PI3HUMH 00’ €MHUMU edeKTaMu ITij1 yac
HarpiBaHHs. YacTHHKH sIK H100110, TaK 1 HABOAHEHOTO HIO0II0 € CBOEPIAHUM UY>KOPILIHUM
TUIOM y CyMilmlax 3 TIAPUIHUMHU YacTHHKAMH, MPHUHIMIIOBO BiJl HUX BIJPI3ZHIIOYUCH
00’ eMHUMU epeKkTaMu Ha CTaail 1ecopOIlii BOJAHIO: YACTUHKHU H100110 HE 3MEHIITYIOTh CBOIX
pO3MipiB, a Yy TIAPUIHMX YACTUHOK BIJOYBAEThCA 3HAYHA YycCajaKa. YHACHIIOK IHOTO
IITICHICTh 0araTOKOMIIOHEHTHOT TPECOBAHOI TMOPOIIKOBOiI CHCTEMH IOPYIIYETHCS 3i
30UTBIICHHSIM 00’€MYy IYCTOT MDK YaCTHHKaMH, TOMY €KCIIEpUMEHTaJIbHO OTpUMaHI

3HAuYEHHS i1 yCaJKu € CYyTTEBO MEHIIMMH, HIXK TEOPETUUHO 00paxoBaHi (puc. 4.5).

0,04 ZrH
] 2
0,02 ~

0,00

-0,02
-0,04 +

AL /L,

-0,06 -

-0,08 -

0,10- TiH, + ZrH,

'0,12 T T T T T T T T T T T T T
0O 200 400 600 800 1000 1200
Temperature, C

Puc. 4.12. lunatomMeTpu4Hi KpUBi, 10 JEMOHCTPYIOTh TUIOBI 3M1HU JIIHIMHUX PO3MIpPIB

OKpPEMHUX MOPOUIKOBUX KOMITIOHEHTIB IPU HarpiBaHHI.
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4.3. Oco6auBOCTi (hopMyBaHHS MIKPOCTPYKTYpH ciiiaBiB Zr-Ti-Nb npu pizHux

MeTo/1aX BBeJeHHS Hi00il0

4.3.1. Inest BUKOPMCTAHHA HABOJAHEHMX JIIraTyp Ta MONEpPeAHA OLiHKA BIIUBY

c1oco0y BBe/IecHHS Hi00II0 HA MIKPOCTPYKTYPY CIIeYeHHMX CILIABiB

Sk OyJi0 BCTAaHOBJICHO BHIIE, CaM€ HAsBHICTh YACTHHOK HI0010 B CyMilllax 3HAYHO
YCKJIQIHFOE CHUHTE3 CIUIABIB JIaHOT CHUCTEMH, IO € MPUYUHOI 3HAYHOI 3aJTUIIKOBOT
nopucTocTi. ['0JOBHMUM MeXaH13MOM HETaTUBHOI'O BIUIMBY H100110 Ha npolecu GopmMyBaHHS
MAaCHMBHHUX CIUIABIB 3 HU3bKOIO 00’ €MHOIO YACTKOIO TIOp € Pi3HULA 00’ €MHUX €PEKTIB MIXK
YaCTUHKAMHU HI00110 Ta TIAPUIHUMU YaCTUHKAMH IIiJ Yac JecopOIlli 3 HuUX BojHIO. Kpim
TOTO, BUSBJICHO TMOTCHIIMHUNA HETAaTUBHUM BIUIMB edekTy DpeHKens i yac aKTHUBAIlil
B3aeMHOT audy3ii Mk KoMmoHeHTamMu cucteMu (audy3is B mapax Ti-Nb Ta Zr-Nb) mpu
BUIIMX TemriepaTypax. OCKUIBKM BHKOPHUCTAHHA HaBOJHEHOTO HiI00iI0 BCymepeu
CIIO/IIBAaHHSIM HE J1aJlo Oa)XaHOTO Pe3yJbTaTy, OyJIo BUPIIIEHO BUMPOOYBATH 1HIII CITIOCOOU
BBEJICHHS HI001I0 B TMOPOIIKOBI CHCTEMH, 30KpeMa y BHUIJISAI JIraTyp pI3HOTO CKJIany.
Takwuit migxin yxe mokaszas [190] cBoio epeKTUBHICTH 32 HEOOXITHOCTI MO30YTHCS PiAKOT
¢dazu amroMiHiIO TPU HWOT0 BBEJICHHI B TUTAHOBI criaBu pizHoro ckiany [190]. Kpim toro,
BUKOPHUCTAHHS JIITaTyp Ja€ MeBHI nepeBaru y 60poTroi1 3 epekrom dpeHkens (IOpUcCTiCTIO
Kipkenmanna), 3MEHIIyIOYM TPAJIEHTH KOHIEHTpAIlii eJEeMEHTIB MK CyCIIHIMHU
YaCTHMHKAMH, Ta, BIIMOBITHO, PI3HUIIO 3YCTPIUHUX AU(Y31MHUX MOTOKIB, IO BIiAMOBiNa€e
dopmyimi (1). Tomy 3 METOIO 3HUKEHHS MOPUCTOCTI y ciiaBax cuctemMu Zr-Ti-Nb Oyio
3aIpOIIOHOBAHO BHKOPHUCTATH HaBOJHEHI OiHapHi jirarypu Zr-Nb ta Ti-Nb Biamoimnoi
KOHIIeHTpallii ams miniMizamii epexkry Dpenkens (tadmums 4.3). HaBoguenHs miratyp
J03BOJIAIIO O TIOJIETIIMTH AWCTIEPTYBaHHS JITaTyp 0 YaCTUHOK HEOOXITHOTO pO3Mipy, a B
pe3ynbrati (ha30BUX TEPETBOPEHb MPHU JecopOIii 3 HUX BOAHIO Maia O yTBOPUTHCSA
BHUCOKOJIE()EKTHA KpHUCTaJlyHA CTPYKTypa, sika O J0AaTKOBO akTUByBaja AUQY3iiiHI

MIPOIIECH.
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OxpiM BHILIE 3a3HAYEHHUX IE€pPEBAr, HABOJHEHHS JIraTyp HEOOXIIHE AJis peaiizawil
17€i, sika HE CHpaloBajia y BUNAJKY HaBOJHEHHS HI00110, TOOTO JOCATTH OakaHHX
MO3UTUBHUX 3MIH Y CTPYKTYypl THOpOIIKOBUX cHUCTeM. MokHa mnependayuTH, M0
BUKOPUCTAaHHS HABOAHEHUX JIraryp y Cywmillax 3 TiApUIaMyd TUTaHy W IUPKOHIIO
3a0e3Me4YnTh YMOBHU, 32 SIKMX yCl HMOPOIIKOBI KOMIIOHEHTH CHUCTEMHU IMOBOJUTHUMYTHCS
noaidHO mpu mpecyBaHHI ¥ HarpiBl. HaBoJHEHI YaCTMHKM JIratyp mpu MEBHUX THUCKaX
pEeCyBaHHS MOXXYTb MOJPIOHIOBATHUCS, IO COpUITHME (HOPMYBAHHIO BIJHOCHO JIPIOHUX
CTapTOBUX NOP y MPECOBKAX, K1 JIETIIE 3aJ1KOBYIOTbCS MPU PO3BUTKY MPOIIECIB CIIKAHHS.
AJe TOJIOBHOIO MEpPEeIyMOBOIO BHKOPHUCTAHHS HABOJHEHUX JIratyp € peaiizailisi BxKe
3raJlaHoi ijei o0 nmoAiOHOCTI 00’ €MHHMX 3MIH yCiX YaCTUHOK y CUCTEMI ITPU HarpiBaHHI i
i yac fecopOuii BOJHIO, 3aBASKA YOMY CIIPECOBaHA CHCTEMa YACTUHOK MOBOJIUTUMETHCS
K €IUHE IJIe 0e3 TOpYIIEHHS IHTEeTpalbHOCTI Ta 03 30UIbIICHHS MOPUCTOCTI MIXK
YaCTHUHKAMHU.

[Ticns HaBomHEHHs JiraTyp OyJIO MPOBEJAEHO iX PEHTTeHIBCHKUM (ha30BHI aHAMI3,
sakuii mokaszaB (puc 4.13), mo mirarypa Ti-Nb ckiamanacst 3 riapuay TUTaHy, YHUCTOIO

Hi0OI10 Ta riapuay HioOir0. Y miratypi Zr-Nb Oymu momithi y-ZrH Ta TBepauii po3duH

IIUPKOHIK-H1001H.
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Puc. 4.13. Pentrenorpamu HaBoaHeHux Jjiratyp Zr-Nb (a) ta Ti-Nb (0).

CropaBenMBICTh BHINE3a3HAUYCHUX I€peBar HABOJHEHUX JITraTyp IMIATBEPIKEHO

BUMIpaMU T'YCTHUHU Ta MIKPOCTPYKTYPHUMHU JOCTII>KEHHSIMH CUHTE30BaHUX 3 HUX CIUIaBiB.
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BukopucTtaHHd B CTapTOBUX CyMilllaX YAaCTMHOK HABOJHEHUX JIraTyp MPU3BOIUTH 10
CYTTEBOIO 3MEHIICHHS O0’€MHOr0 BMICTY 3aJMIIKOBUX IOp y CHUHTE30BaHUX CIUIaBaXx

MPOTU BUKOPUCTAHHS YACTUHOK H1001t0 (puc 4.14).

Puc. 4.14. TunoBi MiKpOCTPYKTYypH CHHTE30BaHMX cruiaBiB 59Zr-19Ti-22Nb ta
3527r-39,5Ti-25,5Nb, B IKHX BUKOPUCTAHO YAaCTHHKH HI00i0 (a, 0), iratypu (Zr-Nb)Hx
(B, ) Ta miratypu (Ti-Nb)Hx (1, 1)
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Taxa pi3HULS B MIKPOCTPYKTYPI1 BIJINOBIIA€ CYTTEBO PI3HUM BUMIPSHUM 3HAYEHHSIM
ryctuan (tabmuns 4.3). Ilpore nns AeTanbHINIOrO PO3YMIHHS MEXaHI3MIB TaKOIo
MO3UTUBHOIO BIUIMBY HABOJAHEHHUX JIraryp Ha mpouecu (opMyBaHHS CILIaBIB MOTPIOHO
Oyo:

o JOCIIAUTH MEXaH13MHU KOMIAKTyBaHHS MOPOIIKOBUX CYMIIIEH M1 Yac pi3HUX

crioco0ax BBEACHHS HI00110;

o JOCIIIUTH MPOLIECH, 5K BIOYBaIOTHCS MPU HArpiBaHHI MOPOLIKOBUX CyMillIEH

Ta 7ecopOI11ii 3 HUX BOJHIO;
o BCTAHOBUTH 3aKOHOMIPHOCTI €BOJIIOIIT MIKPOCTPYKTYPH NpHU CIIIKaHHI Ta
XIMIYH1i roMOoreHi3alii pi3HUX MOPOIIKOBUX CUCTEM.

Ta6muus 4.3. I'yctuna crnasiB Zr-Ti-Nb micns i3otepmivnoro cmikanns 1250 °C,

4 roquHu
Crnoci6 BBeneHHSI H100110 B I'yctuHa crasy, r/cm®
CyMIII
59Zr-19Ti-22Nb 357r-39,5Ti-25,5Nb
Nb 5,77 5,34
Hasonnena miratypa Ti-Nb 6,10 5,59
HaBonanena miratypa Zr-Nb 6,04 5,61

4.3.2. Oco0MBOCTIi KOMIIAKTYBAHHS MOPOIIKOBHUX CHCTEM NPH Pi3HUX METOAAX

BBeJleHHSA B HUX Hi00iI0

JIist neTanbHOTO BU3HAYCHHS MPUYHMH Ta MEXaHI3MIB, SIK1 BIUTMBAIOTH HA €BOJOIIO
Mop y TMOPOIIKOBUX CHCTEMaX pI3HOTO CKiIaay, OyJao JOCHIKEHO OCOOIMBOCTI
KOMIIAaKTYBaHHS OKPEMHUX KOMIIOHEHTIB: TIAPHUJIIB LHUPKOHIIO W TUTaHy, HABOJHEHHX
JiraTyp Ta HEHaBOJHEHOTr0 H1001t0. 300pakeHHs YACTUHOK YC1X KOMIIOHEHTIB HABEJIEHO Ha

puc. 4.15.
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10 pm

Puc. 4.15. Mopdomnoris mopomkoBux yactuHok ZrHz (a), TiHz (6), Nb (B),

HaBOJIHEHO1 Jiratypu Zr-Nb (T).

[ToBeainKy rigpuIHUX YaCTUHOK HA CTaJlii MPECYBaHHS BU3HAYAIOTH IXHI cIelIM(IaH1
MEXaHIYH1 BIACTHUBOCTI (HM3bKa MIIHICTh HA CTUCK i1 000X TiAPUIIB Ta OIM3BKA N0
HYJIbOBOI IJIACTUYHICTH ), 110 BIUTUBAE HA MIKPOCTPYKTYPY CIIPECOBAHUX 3 HUX 3pa3KiB (puUc.
4.16). CrmpecoBaHi TiIpUAW IUPKOHIIO Ta TUTAHY MICTSITh 3HAYHY KUIBKICTh JPIOHHMX
(dbparMeHTiB, yTBOPEHHUX M1 JII€I0 CHUJIM MPECyBaHHs, KPIM TOTO, HASBHI BEJIMKI YaCTUHKHU
(puc. 4.16) 3 TpimMHAMU HA TIOBEPXHI, SKI CBIAYATh MPO MOYATKOBI CTajii pyHHYBaHHS.
ABtopu pobotm [126] mokaszamu, MO0 YAaCTUHKH TiAPUIY TUTaHy MPH TpeCcyBaHHI
PYHHYIOTBHCS 111€ 32 YMOBHU JOCUTh HU3bKUX TUCKIB (IXHs MIiIIHICTh Ha cTuck 250 MIla), npu

IbOMY YTBOPIOIOThCSI ()parMEHTH YJIaMKOBOi (DOpMHU, SIKl BIAICPalOTh OCHOBHY pOJb Y
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MEXaH13M1 KOMIIAKTYBaHHS JaHOTO MOPOUIKY. YaCTUHKH TIAPUIY HUPKOHII0, HE3BAKAIOUU
Ha BUNIY MinHICTh (ska Moxe mocsrata 600-800 Mlla 3rigro [195]), Takok KpuXKO
PYHHYIOTBCS] IPU BUKOPUCTAHUX THCKax mpecyBaHHs (650 MIIa). Ha BiqMiHy BiJ KpUXKUX
YaCTUHOK TIAPUJIIB, TUIACTUYHICTh YUCTOTO H100110 € 3HauHOIo, csaraoun 10 30% [196], a
MIIHICTh — JOCUTh HU3bKOIO (131-206 MIIa [197]). [IpoTe min BruiBoM JedOpMaIiiftHOro
HarapTyBaHHA 4YM B MPUCYTHOCTI JOMIIIOK MiJ Yac BUTOTOBJIEHHS MOPOIIKY, MILHICTb
gyacTUHOK Nb Moe CyTTeBO 3pocTaTv 3 BIINOBIIHUM 3HWKEHHSIM IUIACTUYHUX
XapaKTepUCTUK, YUM MOXHAa TMOSCHUTH BIJHOCHO HE3HauyHy Jedopmarllito Hi001€BUX

YaCTHHOK Miciis npecyBaHHs (puc. 4.16).

10 um

a 0 B

Puc 4.16. XapakTepHi MoBepXHi 371aMy CIIPECOBAHUX 3Pa3KiB OKpeMHX KOMITOHEHTIB: ZrH>

(a), TiH2 (6), Nb (B)

SIk110 po3riisaaTH OJHOKOMIIOHEHTHI MOPOIIKOBI CUCTEMHU, TO 3pa3Ku CIIPECOBAHOTO
TIIPUAY MUPKOHII0 PYHHYIOTHCSA TIPU HAWHIDKYMX HABAaHTAXEHHSAX Ha CTUCK (Oim3bko 10-
12 MIlIa), a rigpuny tuTany — npu cyrteBo Bummx (140 MIla). CopecoBanuii Hi001H
JIEeMOHCTpY€e HauBuily MIMHICTE ~ 220 MIla (puc. 4.17). OCHOBHUM MEXaHI3MOM, SIKUN
BHU3HAYA€ MIMHICTh CIIPECOBAHOT CUCTEMHU KPUXKUX T1IPUIHUX YACTHHOK Ta iX )parMeHTiB
€ MEXaHIYHe 3YeTJICHHSI MK HEPIBHOCTSIMU MOBEPXOHb. YaCTHHKY TiAPUTY TUTAHY MAIOTh
MOMITHO BHIIY CHJTY 34€IUICHHS MK CO00F0, HK YaCTUHKU T1IpuAy MUpPKOHIi0. [le MoxHa
MOSICHUTH TUM, IO TiIpUI TUTaHy OyJIO0 OTPUMAHO 3 MOPUCTOI TYOKH, 3 XapaKTEPHOIO IS
Hei PO3BUHYTOI0 MOP(]OJIOTiE€r0 MOBEPXHI, a TIAPU ITUPKOHIIO — 3 MACUBHOTO Martepiainy

(puc. 4.15). lle npu3BOAUTH JO MEHII BUPAKECHUX HEPIBHOCTEH TMOBEPXHI TIAPUIY
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LUPKOHIIO Ta OTPUMaHHs MOP(OIIOrii HOro 4acTUHOK, OJIMKYOi 10 chepruyHoi (puc. 4.15 a)
3 MEHILOK CHJIOI0 3YEIJIEHHS iX MK CO0OI0, SIKIIO MOPIBHATH 3 YAaCTUHKAMU TIAPUTY
TUTaHy. Takox oHUM 13 (PaKTOPIB 3HMHKEHHS MILTHOCT1 IUPKOHIEBUX YACTUHOK MOXKeE OyTH
BUCOKHI PiBeHb HAKOIMUYCHUX HAIMPYXEHb Yy crpecoBaHiii cucremi ZrH, [137]. Sk yxe
OyJ0 cKa3aHO BHWINE, Yy KOMMAKTyBaHHI HIOO1I0 OCHOBHHUM MEXaHI3MOM € IUIaCTUYHA
nedopmMallisi Horo 4acTHHOK, SiKa, Y HAIIOMY BUMAJIKY, € ci1abo BupaxkeHorw (puc. 4.16c¢),
npoTe 3a0e3neuye CyTTEBO OUIBITY CUITY 3UCTIICHHS.

Ili pe3ynbTaTd BU3HAYAIOTH TAKOX MIIHICTh JBO- Ta TPHOXKOMIIOHCHTHHUX
MIOPOIIIKOBUX CHCTEM. XapaKTePHI 3HAYCHHS MIIIHOCTI MPECOBAHUX MOPOIIKOBUX CYMIIIICH
pI3HOTO CKJIaay TMoOKa3aHo Ha puc. 4.17 pa3oMm 13 MIIHICTIO OKPEMHX TMOPOIIKOBHX
KOMITOHEHTIB. [IoMITHO, 10 TiApU ITUPKOHIIO, MAIOYU HAWUMEHIl 3HAYECHHS MIIHOCT1
CIIPECOBAaHMX 3pa3KiB, € TAKOX HAMCIIA0IIO0 JIAHKOKO B TIOPOIIKOBUX CYMIIIax, 3HUKYIOUH
ix MinHicTh. Lle mikoM miaTBepkye ¢Gakt, 1Mo MIHICTh cyMimni ckiany 76ZrHy-24TiH;
NpaKTUYHO MaiKe Taka caMa, K 1 MIIHICTh CIpecoBaHOro rigpuay mupkoHito (10-25
MITa), a B cymimri ckiaany 50ZrHo+50TiH, minaicTs 3poctae uie 10 ~ 60 MIla (puc 4.17).
[Ipu oMy MIIHICTB YCiX CyMIIIIEH, Y SIKUX OCHOBOIO € T1IPUJ IIUPKOHII0, € MEHIIIOK Bij
MIITHOCT1 TPECOBOK 3 TApHUIOM TUTaHy. BapTo 3a3HaunTH, 110 10JJaBaHHSI YaCTHHOK H100110

70 CUCTEMH TIAPUIIB IPAKTHYHO HE MIABHUIINYE MIIHICTh CIIPECOBaHUX 3pa3KiB (puc 4.17).

o)
Z

200

z
46%TiH,- 54%Nb

50%TiH,- 50%Nb
59%ZrH,- 19%TiH,- 22%Nb

3
0%TiH,- 35%ZrH,- 25%Nb

50%TiH,- 50%ZrH,

24%TiH,- 76%ZrH,

50%ZrH,- 50%Nb

Compressive Strength, MPa
(6)]
o

73%ZrH,- 27%Nb

Puc. 4.17. MimHiCTh Ha CTUCK CIIPECOBAHMX MOPOIITKOBUX 3Pa3KiB PI3HOTO CKIAdy.
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Ile MoOXXHAa TOSICHUTH TUM, IO, MO-TIEpIIE, YaCTUHKUA HI00110, HAa BIAMIHY BIJ
YACTUHOK TIAPUAIB, MAIOTh OUTBII Ky MOBEpXHIO (puc. 4.15 B), y HUX BIICYTHI CKOJIH
Ta TOCTpl Kpai, 110 HE CIHpHUSE MEXaHI3My 3YEIUICHHS, XapaKTepHOMY ISl TIAPUTHUX
cucrteM. [lo-mpyre, kapkac 13 4YaCTMHOK TIIPUIIB Iepeac HaBaHTAXKEHHS 1 TMOYMHAE
pyHHYBaTHUCS IPU 3HAYHO MEHIINX THCKAX, HIXK MPOTIKA€E MJIaCTUYHA 1eopMallisi Y4aCTUHOK
H100110, HIBEJIIOIOYM BKJIAJ MEXaHI3MY IJIACTUYHOIO 1e(OPMYBaHHS B 3arajbHy MILHICTb.
OCKUTbKM B CyMillIaX YaCTUHKU H100110 3HAXOJAThCSI B OTOUYEHHI T'IPUHUX TOPOILKIB, TO
HacaMmrepe BiMOyBaeTbCS pyWHAIllS TIAPUIB, a HE TJIACTUYHA JegopMarllis METaTIYHUX
YaCTUHOK. 3aBJISIKU I[bOMY 3HAUCHHS MIITHOCT1 CIIPECOBAHUX CYMIIIeH T1PUAIB 3 HIO01EM €
HE BUIIUMU, HIK JIsI OJHOKOMITOHEHTHHX T1IpuAiB. OTXe, MIITHICTh HA CTUCK CIIPECOBAHUX
0araTOKOMIIOHCHTHHX CHCTEM YaCTHHOK MEPEAYCIM BU3HAYAETHCS KOHIICHTPAITIEIO TIPUITY
IIUPKOHIIO, IKUH € HAalCIaOKIIIOI0 JTAaHKOIO.

Ha puc. 4.18 300pakeHO TOPIBHSHHSA THUIIOBUX MIKPOCTPYKTYP CIPECOBAHUX
CyMIIIICH, BUTOTOBJIEHUX 3 BHKOPHUCTaHHSAM HIOOII0 Ta HaBogHeHOi irarypu Zr-Nb
(mo3HaveHa CTPLIKOIO), SKI MOKAa3yITh IMEBHI BIIMIHHOCTI, ITOB’s3aHi 3 TUIIOM YaCTHHOK.
Ha BigMiHy Bii MIaCTUYHOTO HI1001F0 YaCTUHKU HaBojaHeHUX jiraryp (Puc. 4.151) mpu
IIpeCyBaHHI MPOSBISAIOTh O3HAKHW KPUXKOTO PYWHYBaHHS, X04a W MEHIIIOK MIipO, HIXK
TIpUJT TUTAaHY YW [UPKOHIIO, IO BUILUIMBAE 31 30€peKEHHS BITHOCHO BEJTUKUX YaCTHHOK
niratypu (Puc. 4.18) B npecoBkax. BomHouac cTpykrypa 000X IpecOBaHUX CyMIIICH €
101I0HOIO 3 MOTJISIAY CTAPTOBOT MOPUCTOCTI: BHACTIAOK PyWHAIlIl 3HAYHOT YACTKH T1APHUIIB
Ha ApiOHI (parMeHTH B CyMillIax BiJICYTHI BEJIMKI MyCTOTH, & YC1 YACTUHKHU JOCUTD HIIJILHO

NPWIATAOTH OJIHA 10 OJHOI.
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Puc. 4.18. MikpOoCTpyKTypH CIpecoBaHMX CyMiliei Ha npukiani ckiaaxy 592r-19Ti-22Nb:
a - 3 YaCTUHKaMU H1001t0 O - 3 YaCTUHKAMH HaBOJHEHO1 Jiiratrypu Zr-Nb (mo3HadueHa

CTPUIKOIO).

4.3.3. Anaui3 00’eMHuX e()eKTiB NIPU HATPiBaHHI PI3HUX cyMimnei cucteMu Zr -

Ti-Nb

[Tpu cunTE31 CIU1aBiB 3 6araTOKOMIOHEHTHUX MOPOIIKOBUX CUCTEM HACTYITHOIO IMICIIs
KOMITAaKTYBAaHHS CTaJl€l0, SKa BU3Hayae (HOPMYBAHHS MIKPOCTPYKTYPH Ta TIpOLECH
VIIUTBHEHHSI, € HAaTPIBaHHS 10 TEMIIEPATYPHU 130T€PMIYHOT BUTPUMKHU. D13UYH1 MPOIIECH, IO
BiOyBalOThCA Ha IbOMY eTami ((a30Bi mepeTBOpeHHs Ta 00’€MHI 3MiHH, OB sA3aHI 3
JecopOIli€er0 BOJAHIO, akTuBaiis audys3ii), MarOTh HAWOUTBIIWMN BIUIMB Ha MaTepial.
JletanbHy iH(pOpPMAIIIO MO0 MPOIIECiB, SKI BiAOYBAaIOTHCS B CHCTEMI YaCTHMHOK PI3HOTO
Ckimamy Oes3MmocepeNHbO Tia Yac BaKyyMHOTO HarpiBaHHS, MOXKHa OTpUMAaTd 3
TUIATOMETPHYHUX JTOCTIIKEHD (puc. 4.19).

3 AWIATOMETPUYHUX KPUBHX BHJIHO CYTTEBY PI3HHUIIO 00’€MHUX e(EeKTiB mpu
HarpiBaHHI CyMillled, y SKi HEOOXigHy KUIbKICTh HI001I0 BBOAMIM y BUTJISAI PI3HUX
gacTrHOK (puc. 4.19). Ilin dac HarpiBaHHS CHOYATKY BiTOYBAa€THCS IECOpOIlisS BOAHIO 3

000X TimpuaiB 3 BiAMOBiIHMME (a30BUMHU TEPETBOPCHHSIMHU, a TpH 30UIBIICHHI
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TEeMIIepaTypy BHACIIIOK aKTHUBalli NU(]Y31HUX MPOLECIB PO3BUBAETHCS CITIKAHHS YKe
3HEBOJIHEHUX YaCTUHOK, 00OMJIBAa MPOILIECH MPU3BOJAATH 10 3MEHILUEHHS JIHIMHUX PO3MIpIB

(a omxe, 1 00’emy) cripecoBaHuX cucTeM (puc. 4.19).

0,04
0,02- 0,04 ~
0,00 0,02
0,00 -
. -0,02 | 0,02
S -0,04- = 0,04
< 0,061 = -0,061
-0,081 -0,081 Dehydrogenation 2
-0,10 - -0,104 -—
-0,12 -0,12 4 3
-0,14 . ; . i i . -0,14 . . . i , ;
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
T,°C T, °C
a 0

Puc. 4.19. JlunatromMeTpruHi KpUBi HarpiBaHHs CyMilliei 3arajibHOro ckiaany 357r-39,5Ti-
25,5Nb (a) Ta 59Zr-19Ti-22Nb (b). Cymiriri MicTTh YaCTUHKH Hi100i10 (1), HABOAHEHUX
airatyp Ti-Nb (2) ta Zr-Nb (3), nyHKTHpHa KpHBa BIJNOBIIa€ TEOPETUUHIN ycadIll IPH

necopoii Boauro a1 cyminreit TiH+ZrHo+Nb.

HaponHeni jniratypu, a TakoX TiApUAA TUTAHY W ITUPKOHIIO XapaKTEPHU3YHOTHCS
BU3HAYCHUMH TEMIIEPATYPHHUMH IHTEpBaJIaMH JIeCOPOIii BOJIHIO, sIKi, BTIM, 3HAYHOIO MipOIO
nepeKkpuBaroThes. ToMmy necopOriss BOAHIO 3 YCiX KOMIIOHEHTIB CHCTEMH IIOMITHa B
mupokomy crektpi temmnepatyp (200-800 °C) mpu BUKOPUCTAHUX TEPMOKIHETHUIHUX 1
OapuyHUX TapaMeTpax HarpiBy. 3HayHa 3MiHA JIHIMHUX PO3MIPIB yCIX MOCHIIKEHUX
cyMimiel y iboMy iHTepBaii TeMmepatyp (puc. 4.19) mos’s3aHa came 3 1ecOpOITIEI0 BOTHIO,
ajyie Ko>KHa CyMIIll XapaKTEPU3YEThCS OCOOTUBUMU 00’ eMHUMU e(exTamu, SKi IPU3BOASThH
710 TIOSIBH PI3HUIII B X011 TuaToOMeTpuIHNX KpuBuX. [Ipu HarpiBanui 1o temneparypu 850
°C, mpm sKiii rapaHTOBAHO 3aBEPIIYETHCA JECOPOIlis BOJHIO 3 YCIX ITOPOIIKOBUX
KOMITOHEHTIB, CyMIIlll 3 YaCTHHKaMHU Hio0it0 (puc. 4.19) MaloTh MOMITHO MEHITY YCaJKy
MPOTH CyMIIIEH, y IKMX HI001i BBOJUBCS Yy BUTJISI HABOJHEHUX Jiiratyp. L{to pi3Huiiio He
MOXHA TMOSICHUTU JIMIIE HE3MIHHUMH pO3MIpaMH YacCTHHOK HIO010 B CyMillax

TiH2+ZrH>+NDb HanpoTrBary 3MeHIIEHHIO PO3MIpPiB YaCTUHOK HABOAHCHHX JIIraTyp ITiJT 4ac
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necopOuii 3 HUX BOJHIO. ['0JIOBHOIO MPUYMHOIO TAKOI PI3HUII € BXKE 3rajlaHuil (hakTop
MOPYIIEHHS LUTICHOCT] CIPECOBAaHUX CHUCTEM 3 YACTUHKAMM H100110, TOJl SIK MOAI0HICTb
00’ eMHUX e(eKTiB 000X TIAPHUAIB Ta HABOAHEHUX JIratyp (ToOTO 3MEHIIIEHHS X PO3MIpIB)
ne (Qakrop BUKIIOYAE, CIOPUAIOYM OLIBII AKTUBHIA ycCajlll CHUCTEeMH YaCTHUHOK Ta
TOCSITHEHHIO 3HUKEHOI MOPUCTOCTI KIHIIEBUX CIIABIB.

Bigomo [137, 198], mo pu3uK MNOPYIICHHS LLTICHOCTI CHUCTEMH CIPECOBAHUX
TIIPUAHUX YACTHHOK ITiJ] Yac JECOpOIlil 3 HUX BOJHIO, SIKHUW TPOSBISETHCS MPH MEBHUX
yMOBaXx, MOK€ HIBEJIIOBaTH yC1 IepeBaru BUKOPUCTAHHS T1IPUAIB SIK CTAPTOBUX MaTepialliB,
CYTTEBO 30UTBIIYIOYM TOPUCTICTh CHHTE30BAHUX CIUIABIB. 3MEHIICHHS 00’€My KOXKHOI
YaCTMHKW TIiJi Yac JETipyBaHHS MOXKE TIPHU3BECTH JO IOPYIICHHS KOHTAKTIB MK
JaCTHHKAMU TIPU HEJOCTATHIM CHIII 3YeIieHHs MDK HUMH. lle cnpuyuHsSe yTBOpPEHHS
3a30piB MDK YaCTUHKaMH, TOSBH TPIIIMH Ta 30UILICHHS TMOPOXHUH y NPECOBAHUX
cCUCTeMax, MIO INIBUIIYE IMOPUCTICTh Ta 3MEHIIyE 3aranbHy ycanky. Lleit edekr, sk
NPaBWIIO, HE MPOSBISETHCS A TIAPULY TUTaHYy a0 MPHU J0JaBaHHI A0 HbOTO HEBEIUKOI
KUTBKOCTI JIeTyBaJIbHUX 4YacTHHOK [137], ame cmocTepiraerbcs Al BHCOKOJETOBAaHHX
CHUCTEM 13 BEJIMKOIO KUTBKICTIO JIeTyBaJdbHUX YyacTUHOK [198]. JInsa cpecoBaHUX YaCTUHOK
TIIpUIY IUPKOHIIO, HABIAKW, MOPYIIEHHS 3B’S3Ky 1 30UIBIICHHS MYCTOT MK HUMH €
XapaKTEPHUM Ha ITOYATKOBUX eTamax AecopOii BOAHIO 10 movarky ycaaku [137].

ToMy HIKOM JIOT1YHOIO BUTJISIAE 3ICKHICTh 00’ €MHUX €(EeKTIB SIK Bij] 3arajlbHOTO
CKJIaJly CYMIIIICH, TaK 1 BiJl TUITY BUKOPHUCTAHUX Y HUX YacCTUHOK (puc. 4.19). Jlns ckiany
CyMimIi 3 OUIBIIIUM BMICTOM T1IPUAY IUPKOHIIO CIIOCTEPIra€ThCS XapaKTePHUM IS I[bOTO
Matepiany eheKT «po30yXaHHs» CIPECOBAHOI CHCTEMH YAaCTHHOK Ha MOYAaTKOBHX €Tarax
necopOI1ii BOAHIO, aje 32 YMOBU 3MEHIICHHS BMICTY T1APUIY ITUPKOHIIO el eeKT crae
MPAKTUYIHO BIICYTHIM.

[Tpu 3amini yacTHHOK HioOif0 Ha HaBogHeHi jirarypu Ti-Nb Ta Zr-Nb cyrresa
aktuBalis ycagku (puc. 4.19) npu3BoaUTh 10 3MCHIICHHS JIIHIMHAX PO3MIPIB CUCTEMHU
npubausao Ha 10,5-14% mpwu varpiBansi 1o 1100 °C. Sk BuaHO 3 puc. 4.20, 06’ emMH1 3MiHA
MIpU HarpiBaHHI HABOJIHEHOI JiraTypu Zr-Nb Ha MOYaTKOBUX CTaAisIX BUALICHHS BOJHIO €
MOJIIOHUMHE JI0 TiIPHIY LIUPKOHII0, a Juis HaBojaHeHol jiratypu Ti-Nb — mo TiHz, mo €

MO3UTUBHUM (AKTOPOM [IJisi 30€peKEHHSI IHTErpajbHOCTI CUCTEMU 4YacTUHOK. [lpoTte
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00’eMH1 e(peKTH JUIsl HaBOJHEHUX JIraryp Ta TIIPUAIB HPOSBIAIOTHCS NPHU PI3ZHUX
TeMIeparypax, 30KpeMa, pi3ke 30 UTbIIIEHHS JIHIMHUX PO3MIPIB MPU HASIBHOCTI B CyMillax
niratypu Zr-Nb cnioctepiraerbest Ha 200 °C panime, Hix 11 ZrHp. Sk BugHO 3 puc. 4.19,
HasBHICTD Jiratypu Zr-Nb 3HauHO mincwmoe edekt 30UTbIICHHS 00’€My CHCTEMH,
MOPIBHIOIOUM 3 BUMAJKOM BUKOPUCTAHHSI YaCTUHOK H100110, 110 € HeOaKaHUM, MPOTE i
Yac TOJAJBIIOr0 HArpiBy 3pasku 3 jiraTyporo Zr-ND neMoHCTpyroTh HaiiHTEHCHBHIILTY
yCaJIKy,1 l1e, B MIJICYMKY, CIPUs€ 3MEHIIIEHHIO BMICTY T1OP.

0.04- (Zr-Nb)Hx
0,02 ]
0,00 ]

. NbHyx
-0,02 -

0041 (Ti-NB)Hy
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_ ZrH,
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Puc. 4.20. XapakTepHi 3MiHU JIIHIHHUX PO3MIPIB P HArpiBaHHI OKPEMHUX

ITOPOIIKOBUX KOMHOHGHTiB, BHKOPHCTAHUX B I[OCJ'IiI[)KGHHHX.

JIist po3yMiHHS €BOJIOMIMHUX 3MIH B CTPYKTYpPi CIPECOBAHUX CHUCTEM YaCTHHOK,
SKAM BIJIIOBIIaIOTh BHUIEONHCaHI 00’eMHI e(ekTH, 3pa3ku HarpiBaad 0 IEBHUX
TEMIIEpaTyp 1 Bigpa3y oxoyojKyBanu. [lepmn o4eBUAHI 3MiHHM B MIKPOCTPYKTYpi (pHC.
4.21) BinOyBaroThCsl B porieci necopOirii BOJHIO, CTal0UX TOMITHUMHU TIICIIsI HATPIBAHHS 110
850 °C. Hespakaroun Ha Te, IO Ha I[bOMY €Talll OCTATOYHO 3aBEPIIYETHCS ACCOPOIIiS
BOJHIO, SIKa Ma€ aKTHBYBaTH B3a€MHY AU(Y3iI0 B CHCTEM1 YaCTHHOK, MPOIECH CITIKAHHS
pO3BHHYTI 1e cjiabo 0e3 MOMITHUX O3HaK Ju(]y31iiHOTO MNepepo3noilly eIeMEHTIB.
BianoBigHO 10 pI3HUII PE3YIbTATIB TEOPETUUHUX PO3PAXYHKIB 3MiH JIIHIMHUX PO3MIPIB Ta

peaJbHUX TUIATOMETPUYHUX KPUBUX, HA LIbOMY €TaIrll MIKPOCTPYKTYPHO CIIOCTEPIraeThCs
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MOPYILICHHS] KOHTAKTIB MDK YaCTHHKaMU Ta IMOsBa MYyCTOT MUK HUMHU (30UIbLICHHS
MOPUCTOCTI). YTBOPEHI MYCTOTH PO3MOJUIEHI XaOTUYHO B CHUCTEM1 YacCTUHOK, 1, IO
BAXKJIMBO, HE JIOKANI3YIOThCs OUIS YaCTMHOK H1001I0 UM JIraTyp, HasBHICTIO SIKUX CYMIIII

BIIPI3HSIOTHCH.

a §)

Puc. 4.21. MikpocTpyKTypa npecoBanux cymimeii ckiaany 59Zr-19Ti-22Nb micis ix
HarpiBanss 710 850 °C: a — i3 yacTuHKaMu Hi00it0, O - i3 yacTuHKamu Jiratypu Zr-Nb

(BIATIOBITHI YACTUHKH TTOKa3aH1 CTPUIKAMHU ).

[Ipy momanbpIIOMy MIABUIIECHHI TEMIIEpaTypu aKTUBYIOThCS AMQY3iHHI MPOIEeCH,
MIPU3BASYM JIO CIIKAHHS M TOMOTEHI3allil CHCTEMH 3HEBOIHCHUX YacTUHOK. [Ipu HarpiBaHH1
10 1050 °C mycToTH MiX YaCTHHKAMH CTalOTh OUTBIN BUpakeHUMH (puc. 4.22) ToMy, IO
MOBEPXHI YACTUHOK 3TIA/DKYIOThCS TMiJ €0 CUJ TOBepXHEBoro Harary. Ilpm 1mpomy
00’ €MHUI BMICT TyCTOT Y CyMiIIax, y siki HI001# Jo1aBaii B YUCTOMY BUTJISA, € OUTBIIHM,

HIX Y PEIITH 3pa3KiB.
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Puc. 4.22. MikpoCTpyKTypH CIIPECOBAHHUX CyMiIIel 3 MeTaneBuM Hio0ieM (a, 0) Ta

niratypotro Zr-Nb (B) micns HarpiBarss g0 1050 °C.

IMpu pocsruenni Temmepatypu 1250 °C (puc. 4.23) aKTHBHO pPO3BHBAIOTHCS
nudy3iiiHI TIPOIIECH CIIKaHHA W aHcaMOJb YaCTHHOK TMEPETBOPIOETHCS HA MACHUBHUU
Marepiajl, MpoTe Ie 31 3HAYHUM 00’ €MHUM BMicTOM mop. BogHouac pi3Huils B 00’ eMi mop
JUTSI CUCTEM 3 HI001€M Ta JIiraTypamu cTae IOCUTh CyTTeBOI. Ha naHomy etami B)ke akTUBHO
BiI0YBa€ThCS XiMiUuHA TOMOTEHI3allis, mocTynoBo (opmyroun marpuiro Zr-Ti-Nb, xoda
MOKK M0 30epiraeTbcs JOCUTh HEOIHOPITHA JIOKaJTbHAa KOHIIEHTpAIlisl EJIEMEHTIB SIK

HACJIIOK CTapTOBOT reTePOreHHO1 CYMIIIIi.

50 pm

a 0 B

Puc. 4.23. EBomtoliss MIKpOCTPYKTYpH CyMIIIIeH 3 YaCTHHKaMU Hi00ito (a, 0) Ta miratypu
Zr-Nb (B) micnsa HarpiBauas g0 1250 °C (cBiTii 30HH, 32 TaHUMH MIKpOaHami3y, 30araueHi

HI00iEM).
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BuieBkazani npouecu TpUBarOTh ITi]1 4ac 130TepMIYHUX BUTPUMOK 1ipu 1250 °C (puc.
4.24). IllinuHM Ta MyCTOTH, SIK1 ICHYBaJIU MK CKOMITAKTOBAHUMH YaCTUHKAaMH, ITOCTYIOBO
TpaHC(HOPMYIOTHCS B OKPEM1 BUTSTHYTI MTOPH, 110 CXWIIbHI 10 CKOPOUCHHS TUIONTI TOBEPXHI
Ta AaKTUBHOTO 3MEHIIeHHS B po3mipax. Ilicns Butpumku npotsroM 30 XBUIUH
CIIOCTEPITa€eThCsl MOMITHE 3MEHIIEHHSI 00’ €MHOT YaCTKHU MOp, MPHU LbOMY ISl CyMillIed 3
JiratypamMy TOPHUCTICTh € CYTTEBO HIKYOIO, HDK JJII CyMINIed 3 MOPOLIKOM Hi00i0.
B3aeMua nocuth mBuka audy3is MK TUTAHOM 1 IUPKOHIEM (hopMye OIHApHY MATPUIIIO, Y
SIK1M BITHOCHO MOBUIBHO PO3YMHSAIOTHCS YACTHHKU H100110 200 JiraTypu, o Horo MiCTUTb.
Yepes 3HauyHy pi3HULIO B AU(Yy3iiHIA pyXJIMBOCTI B Mapax TUTaH-HIOO1M Ta IUPKOHIM-
H1001if, TUTaH 1 HUPKOHIN TPUBAIUN Yac HE MPOHUKAIOTH Y YACTUHKH, 30arayeHi Hi001eM,

30epirarouu ix J100pe MOMITHUMH, HE3BAXKAIOUM Ha PO3BUTOK TOMOTEHI3AI[IMHUX MPOIIECIB.
.o .. o . .. 0C .
VYBeneHHs: HI00110 Yy BUIJISI JIITaTyp CTBOPIOE MEHIIMM TPaJi€HT KOHIICHTpAIIii ox MK
X

BUXITHUMH YaCTUHKAMH, IO MPUCKOPIOE JTOCATHEHHs XIMIYHOI OJHOPIAHOCTI MATPHIII.

OnHovacHo, 3rigHO 3 3akoHOM Dika [199]

1=-0(3) @
0x
MEHIII TPAJTIEHTH KOHIICHTPAIlI CTBOPIOIOTh MEHII IHTCHCUBHI JUQY31iHI TOTOKH,
TOMY 3TiIHO 3 BUpa3oM (1) 1e A03Bos€ 3HU3UTH NPOSB ePekTy DpeHKes, MO3UTHBHO

BIUTMBAIOYX Ha (DOPMYBAHHS MAJIOMOPUCTOI CTPYKTYPH MaTepiamy.
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r T i

Puc. 4.24. MikpoctpykTypH, chopmoBani micis BuTpuMku nipu 1250 °C npotsirom 30
XBHWJIHH (a, 0, B) Ta 4-0X roauH (T, T, ) cyMiliei 3 HioOieM (a, B, T, 1) Ta Jiratyporo Zr-Nb

(6, r). Ha (a, 6, B) cBiTiIi 0OnacTi 306aradeHi HioOieM.

Baprto 3BepHyTH yBary Ha Te, 110, HE3Ba)KalOUd Ha CYTTEBO OUIBINTY ITOPHUCTICTH
CIUIaBiB, CHHTE30BaHUX 3 BUKOPHUCTAHHAM YAaCTHMHOK Hi00ir0 (6-11 %), HIX 1S CIIaBiB,
OTPUMAHUX 3 BUKOPUCTaHHAM Jiratyp (~2 %), mopu B IIUX 3pa3Kkax po3MOAUICH] pIBHOMIPHO
(Puc. 4.21, 4.22, 4.23, 4.24), a He nokaii30BaHi MOOIU3Yy MiCIlb HIOOIEBUX YAaCTHHOK, IO
Oyno 6 norivyHO, sIKOM BHECOK y (hOpMYBaHHS KIHIIEBOTO MOPHCTOTO CTaHy POOWB JIHIIIE
edext DOpeHkerns.

OTxe, MIKpPOCTPYKTYpPHI IOCTIDKEHHS TpH TpEeCyBaHHI Ta Ha PI3HUX eTamax
HarpiBaHHS HABOJHCHWX IMOPOIIKOBHX CHCTEM JIO3BOJIIA JIOMOBHUTH JaHl IIOAO

MEXaHi3MiB IOPOYTBOPEHHS NpU CUHTE31 crutaBiB cucteMu Zr-Ti-Nb.
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Kputnunum ¢aktopom, 110 BU3HAYa€ YTBOPEHHS MOP PU HAarpiBaHHI, € HASIBHICTD Yy
cucteMi 4acTHHOK ZrHo+TiH, 3Ha4HOT K1ITBKOCTI HEHABOJHEHUX YACTHHOK Hio0it0. ITi gac
necopOiii BoaHto (mpubnu3Huii Temmnepatypauii iHTepBan 300-800 °C) moumHaeThCs
YTBOPEHHS MYCTOT y CHCTEM1 BHACHIJIOK PI3HUX 00 €MHUX 3MIH TIIPUAHUX YaCTHHOK
(3MeHIIIeHHsT Po3MipiB TpU AecopOilii BOJHIO) Ta HEHABOJHEHOIro HI001I0 (TepMiuHE
posmupenHs). [lpu temneparypi 1050 °C yTBOpeHi MyCTOTH MK YaCTMHKAMH CTarOTh
BUPaXXEHIIHUMH, iXHs UpHHA 30U1bIy€eThes. [lycToTH He JoKani3oBaHi I0BKOJIA YACTUHOK
Hi00i10, @ € XaOTUYHO PO3MOALICHUMHU IO 00’€My CHCTEMHU, TOMY MOYKHA CTBEP/XKYBaTH,
IO iX YTBOPEHHsSI HaMOUIbLI IMOBIpHE HAa MOBEPXHSAX YACTUHOK TAPUAY LIMPKOHIIO, SIKI
MalOTh Mally CWJIy 3YeIUICHHS 3 IHIIMMH KOMIIOHEHTaMHu cucTeMu. llpu momanpmiomy
HiIBUIICH] TeMIepaTypu W aKTUBHOMY pPO3BUTKY AUQY3IMHHMX NPOLECIB TOJAATKOBUHN
BHECOK y (popMyBaHHs 1Op poouTh epekt Openkens yepe3 3HauyHy PI3HUIIO B AU Y31HHINA
PYXJIUBOCTI €JIEMEHTIB y TlapaxX TUTaH-HI001# Ta upKoHii-Hi00ii [183]. Te, mo mopu He €
JIOKaJI30BaHUMH HABKOJIO YAaCTMHOK HIOO1I0 Ha CTajii Mo4YaTKy Ta PO3BUTKY XIMIYHOT
roMoreHizanii cucremu (puc. 4.22), cBiquuTh, MO BKIaA edexty DpeHKenss B KIHIIEBY
MOPUCTICTh € MEHIIIUM 3a BHECOK 00’ €MHMX €(EeKTIB i 4ac aecopOIlii BOTHIO.

BukopucranHs HaBOJHEHHUX JIraTyp 3MICTh YaCTMHOK HIO0110 CIpHSE 3MEHIICHHIO
00’eMy TOp Y MIKPOCTPYKTYpi CHHTE30BAaHHMX CIUIaBIB 3aBISKH, IO-TIEpIIe, MOII0HOCTI
MEXaHI3MIB KOMITAKTYBAaHHS KPHXKHUX JIraTyp Ta TiIPUIIB TUTAHY YW IHPKOHIIO, IO
PU3BOJIUTH 10 PYHHYBAHHS YaCTHHOK 1 IIIJIBHIIIOTO MPUIATaHHS iXHIX IPIOHUX OCKOJIKIB,
3MEHIIYIOYM 00’€MHHI BMICT TMOYAaTKOBHX ITYCTOT y CHUCTEMI Ta 30UIBIIYIOYM BIUJIUB
noBepxHeBoi Audy3ii. [lo-npyre, HaBOAHEH] JAIraTypH IE€MOHCTPYIOTh MOAIOHE /IO T1APUIIB
3MEHIIICHHS PO3MIpPiB YaCTHHOK i/ 9ac JecopOIii BOJHIO 3 yCiX KOMIIOHEHTIB CHCTEMH, 1110
BUKJINKAE MEHII TMOPYIIEHHS ii IHTErpadbHOCTI, 30epiraloyu BiTHOCHO Maidy 00’ €MHY
gacTKky mop. [lo-Tpere, Ha akTHBAIiIO CHiKaHHSA Ta XIMIYHOI TOMOT€HI3aIlii TMO3UTHBHO
BILUIMBAE JICCOPOIliS BOJHIO 3 JIraTyp, IiJBUIIYIOYH JePEKTHICTh IXHBOT KPUCTATIYHOT
CTPYKTYpH, 1, OTKE, IpUCKOpIot0oYMn nudy3iiini mpouecu. [lo-ueTBepre, npu BUKOPUCTAHHI
niratyp edext DpeHkens MPOSBIAETbCS MEHIIOW MIPOIO, HDK il 4aCc BUKOPHUCTAHHS
YaCTUHOK HIOO0110, 3aBISIKU MEHIIMM KOHIIEHTPALIWHUM TpaJleHTaM MDK CYCIIHIMHU

YaCTHUHKaMU.
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4.3.5. IlopiBHAHHA MeXaHIYHHUX XaPAKTEPUCTUK CILIABIB, OTPMMAHHUX 3TiJIHO

PI3HUMM CIIOCO0AMM BBeJACHHS Hi00II0

Ha mincraBi oTpuMaHuX pe3yabTaTiB MOXHA 3pOOUTH BUCHOBOK, IO PI3HI METOJIU
BBOJly HIOOII0 B MOPOILIKOBI CHCTEMM MPHU3BOJATH 1O peaii3alii pI3HUX MEXaHI3MIB
KOMITaKTYBAaHHs MOPOILIKIB Ta OCOOJIMBOCTEHN YIIUIbHEHHSI CUCTEM MpH CIiKaHHI. Briaus
TUNy YaCTHMHOK, LIO0 MICTATh HI0O1i, BUABIAETHCA SK Yy IMpolleci HarpiBy, Tak 1 MiJ
YaCBHCOKOTEMIIEPATypHOI BUTPUMKH, IO 3PEIITOI0 MPU3BOAUTH 10 Pi3HOI 3aIHUIIKOBOT
HOPUCTOCTI B MIKPOCTPYKTYypi cruiaBiB. CdopmoBanuii pa3zoBo-CTpYKTYpHUH CTaH Ta
PIBEHb MOPHUCTOCTI B HbOMY (30Kpema i 00’eMHa 4acTKy MOp Ta iXH1 pO3MIpH) BU3HAYAE
¢d13MKO-MeXaHIuH1 BJIACTUBOCTI OTPUMAHOI0 CIUTaBy. ToMy TIpu PI3HUX BapiaHTax
JeTyBaHHS MOXKHa OYIKyBaTH JOCATHEHHS PI3HUX KOMIUIEKCIB  XapaKTEPUCTHK
CHUHTE30BaHUX CILIABIB.

Kpugi BunpoOyBaHb Ha po3TAT 000X CHHTE30BaHUX CILIABIB, OTPUMAHUX 3 PI3HUX
MOPOIIKOBUX CyMilllei, HaBeeHO Ha puc. 4.25. BukopucrtaHHg B cyMmilllaXx HaBOJHEHHUX
JiraTyp 000X THUIIIB J03BOJWJIO CYTTEBO MIIBHUIIHMTH SK XapaKTEPUCTUKH MIITHOCTI, TaK 1
BUJIOBXKCHHSI CHHTE30BaHUX CIUIABIB, MOPIBHIOIOYH 3 BHUMAJKOM BHUKOPHUCTaHHS YaCTHMHOK
H100110. Sk MOKHA 6aYWTH, TP BUKOPUCTAHHI JIIraTyp JOCSITHYTO JOCHTh BUCOKOTO PiBHS
mirHocTi (850-900 MIla) ta mocratHboro BumoBxkeHHs (8-17%) (puc 4.25), mo HanpsaMmy
OB’ s13aHE 13 CYTTEBMM 3HIKCHHSAM 00’ €MHO1 YaCTKH M PO3MIpiB 3aJIMIIKOBUX MMop. Kpim
TOT0, 3MiHa XIMIYHOTO CKJIaJly CHMHT€30BAaHUX CIUIABIB IMOMITHO BIUIMBA€ Ha TBEPHICTH 32
Bikkepcom, ajie 3Ha4HO OUTBIITOI0 MIPOIO TBEPAICTh 3MIHIOETHCS TiJ] 9ac 3MiH1 TOPUCTOCTI
Py BUKOPUCTAHHI B CyMilIaX YacTHHOK HIOOII0 1, BIAMOBINIHO, 30€epeeHHI 3HAYHOI
KIHIIEBOT MOPUCTOCTI B MIKPOCTPYKTYP1 TBEpICTh cTaHOBUTH juiie 140-192 HV, a mix yac
BUKOPHUCTAHHI JIIraTyp TBEPAICTH 3pocTae 1m0 — 233-273 HV 3aBasku CyTTeEBOMY 3HUKEHHIO
00’eMHOT "acTku Top. Taki MeXaHI4HI XapaKTePUCTUKH 000X CHHTE30BAHUX CIUIABIB €

MNCPCICKTUBHUMM AJIA IIPAKTUYHOIO BUKOPHUCTAHHA.



124

Zr-Nb * Ti-Nb

e Ti-Nb 1000- A Zr-Nb

800 1 8004

600 600+

= 400 400

c, MPa

200 200

0 2 4 6 8 10 12 14 2 0 2 4 6 8 10 12 14 16 18 20

3, % 3, %
a §)

Puc 4.25. Kpusi BuripoOyBaHb Ha PO3TAT PI3HUX MIKPOCTPYKTYPHUX CTaHIB CIUIaBiB 357r-
39,5Ti-25,5Nb (a) Ta 59Zr-19Ti-22Nb (0), cuHTe30BaHUX 3 BUKOPUCTAHHIM 4aCTUHOK Nb
ta jiratyp Zr-Nb i Ti-Nb.

4.4. CTpyKTYypHi cTaHU, C()OPMOBaHI 3riITHO METOANKH ABOCTAXIITHOT0 CHUHTE3Y

Ak onucano B po3auni 3, Audy31iHO-KOHTPOJIbOBAHE PO3UUHEHHS HI00110 B IIUPKOHIT
Bi/IOYBA€THCSI BITHOCHO TOBIIBLHO, TOMY JIOCHUTH BEJIMKI YAaCTUHKH HIOOII0 MOXYThb HE
BCTUTATH POZYMHUTHUCS B OTOUYIOUHNM MaTPHIIl IIUPKOHII0 a00 OiHAPHINA MaTPHIll IUPKOHIM-
TUTaH HaBITh MPU BUTPUMII MPOTATOM 4-0X ronuH 3a Temneparypu 1250 °C. Ha puc. 4.26
a, 0 MPOJEMOHCTPOBAHO, IO IPU XiIMiUHIA romoreHizaiii morpiiHoi cucremu Zr-Ti-Nb
NesKi YaCTUHKU Hio0if0 po3MipoM Onu3bko 100 MKM HE pO3UMHSIOTECS B THTaHO-
[IUPKOHIEBIA MATPHUIIi, sIKA IOCUTh IIBUJIKO (OPMYETHCS HA MOYATKOBUX CTAIISIX MPOIIECY.
ANBTEpHATUBHUM METOJOM JIOCSTHEHHS TOBHOI XIMIYHOI ¥  MIKPOCTPYKTYpPHOI
OJTHOPIMHOCTI CIJIaBy Ta MiHIMIi3alii KIHIIEBOI TMOPUCTOCTI TPU HEMOMKIHBOCTI
BUKOPHUCTAHHS JIIraTyp 4M HEJAOCTATHINM JUCTEprizaiii 4aCTHHOK HI00iI0 € pOo3poOsIeHHIA
METOJI JABOCTAMIHHOTO cHHTE3y. (Di3MKO-TEXHOJOTIYHA CYTh TAaKOT'0 MIAXOAY TOJSATAE B
MOTIEPETHHOMY CITIKaHHI 0araTOKOMIIOHEHTHUX CYMIIIEH, MiJ 4ac SKOTO BiOyBa€ThCs
JaCTKOBAa TOMOTEHI3aIlisl CUCTeMU Ta (OPMYETHCS 1€ XIMIYHO HEOIHOpPITHA, alieé BXKE
JIETOBaHAa MATPUIlS, TTOATBIIIOMY TIEPEeBEICHHI YaCTKOBO CIEYCHOTO i TOMOTEHI30BaHOTO
Marepiajly B JIETOBAaHMW TMOPOLIOK 1 MOro MOBTOPHE CIIKAHHA JUISl JIOCSTHEHHS

MIHIM130BaHO1 MMOPUCTOCTI Ta MOBHOI XIMIYHOT i MIKPOCTPYKTYPHOI OAHOPIAHOCTI CILIABY.
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Y po6orti [200], 3a 10moMororo 10ro miaxoay OyJio JOCATHYTO XiMIYHOT OJHOPITHOCTI Ta
MmiHimiZalii epexty Openkens mist cmiaiB T1-6Al4V Tta Ti-3Al-2,5V, BomHouac
KOMIIO3HUIIIi, sIK1 JOCIIKYEMO B Halli poOOTi, MalOTh 3HAYHO BUIIUHN BMICT JIETYBaJIbHUX
€JIEMEHTIB, 10 CYTTEBO YyCKIanHioe 3aBaaHHsA. llle opHiero mpobiemMoro € 3HayHa
mIacTUYHICTh crutaBiB cuctemu Zr-Ti-Nb 3 B-OLIK cTpykTyporo, mo ycKIagHIOE iX
MEPEeBE/ICHHs] B TMOPOIIKOBHI CTaH 3a/laHoi AHMCIEPCHOCTI. ToMy B HamoMy BHUMAIKY
BUKOPHUCTAHO 1I€¥ NBOCTAAIMHUMN MiaX1] Y KOMOiHAIli 3 HABOJHEHHSIM CTaPTOBUX YaCTUHOK
Ta BUKOPUCTAaHHSIM TOBTOPHOTO HABOJHEHHS ITiCIS TEPIIOrO CIIKaHHS CHUCTEMH, M00
MOJIETIIIUTH TePEBEACHHS YaCTKOBO CIIEUEHOTO 1 TOMOTEHI30BaHOTO MPOIYKTY B JIETOBaHI
gacTUHKH. KpiM TOro, MOBTOpPHE THMYACOBE JIETYBaHHS Marepially BOJHEM CIIPHITHME
YTBOPEHHIO BUCOKOAC(HEKTHOT KPUCTATIYHOT CTPYKTYPH BHACTIIOK (a30BUX MEPETBOPEHD

METaI-T1APUI-METAaI, IO COPUATUME aKTUBAIli qudy31HHUX TTPOIIECIB.

B T

Puc. 4.26. [TopiBHSIHHS MIKPOCTPYKTYp criaBiB 59Zr-19Ti-22Nb (a, B) Ta 35Zr-39,5Ti-

25,5Nb (6, T), oTpuMaHuX Mmicis nepuroro (a, 6) Ta APyroro ciikaH#s (B, T).
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Sk onucaHo B po31Ii 2, MpU peanizailii i€l TBOCTaI1ifHOI CXeMH Ha TIEPIIOMY eTarll
OyJ0 OTpUMAHO CyMIlIl YACTMHOK TiAPUAY LHUPKOHIIO, TIAPUIY TUTaHy Ta HI00110, CKIIaJ
sKuX BimmoBigae cruaBam 59Zr-19Ti-22Nb Tta 35Zr-39,5Ti-25,5Nb. IIpotsarom mepiioi
cTajii CUHTE3y BiI0yIacsi 4aCTKOBa TOMOTEHI3allis 111€ JOCUTh OPUCTOTO MaTepiaiy (puc.
4.26 a, 0), micias 4oro 3pa3ku HEOOXIJHO OyJI0 HACUTHUTH BOJHEM IS JTOCATHEHHS
HEOOX1THOT KPUXKOCTI 3 METOI0 TEpeBEeJCHHS B MOPOIIKOBUM cTaH. [ mochimKeHHs
npoIleciB HaBOJHEHHs 3pa3Ku HarpiBaiam B kamepi B atmocdepi Bomuio ao 500 °C 3

KOHTpPOJIEM MIIBUIIIEHHS TUCKY Ta3y (puc. 4.27).
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Puc. 4.27. 3anexxHicTh TUCKY BOJIHIO BiJl TEMIIEpAaTypy B KaMepi MpH TiApyBaHHI CIJIaBiB

59Zr-19Ti-22Nb(a) i 35Zr-39,5Ti-25,5Nb (6).

Temneparypa, pu sIKiii 3aJ€KHICTh TUCKY B KaMepi BiJl TEMIEPATypU BiIXIIISIIACS
BiJl TIpsIMOi, TIOKa3y€ MOYATOK MOTJIMHAHHS BOAHIO crutaBamu (puc. 4.27). Temmeparypu
MOYAaTKOBOTO TOTJIMHAHHS BOJHIO Ta PO3PaXxyHKOBI KUTBKOCTI TOTJIMHEHOTO BOJHIO
HaBeneHl B Ta0auil 4.4 st 000X CIIaBiB.

Tabmumsa. 4.4. TemmepaTypa moyaTKy aacopOIlii BOJHIO Ta WOTro KOHIIGHTpAIlis B

HAaBOJHEHUX cruiaBax 597r-19Ti-22Nb 1 35Zr-39,5Ti-25,5Nb

Cmtas T, °C Cy, mass.%
597r-19Ti-22Nb 375 2,45
357r-39,5Ti-25,5Nb 395 2,87
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[Ticns HaBoJgHEHHS OOMJBA CIJIaBU CTAlOTh JIOCUTh KPUXKUMH, HA iXHIA MOBEPXHI
3’ ABJISIFOTBCS OBOJII MOMITHI TpiiuHu (puc. 4.28), yrBopeH1 yepe3 00’ eMHI epeKTH Mnpu
HacUYCHH1 BogHEM. HaBogHEH1 CIiaBU JIETKO MOJAPIOHIOIOTHECS MEXaHIYHUM CIIOCOOOM Y
MOPOIIKOBUHM CTaH /10 MOTPIOHOrO (PpakiiiiHoro ckiuany. Ilpu npoMy Marepian olHOYACHO
MEPEMIIIYETHCS, IO CIPHUSE TOKPALIEHHIO OJHOPITHOCTI YTBOPEHOI MOPOLIKOBOT CUCTEMHU.
HaBogHeHHs Takox gornomarae 30€perti BMICT KUCHIO B MaTepiai Ha IOMyCTUMOMY PiBHI.
Ak Bimomo, miJ 4yac noApiOHeHHs maTepiany 30UIbIIYETHCS WOTO MUTOMA MOBEPXHS, IO
copusie akyMyJsilii Ha TMOBEpPXHI aTMOC(epHUX JOMINIOK, nepeayciM adbcopOOBaHOIrO
kucHio. Lle 3a3Buyail mpu3BOaUTH 10 HEOAXKAHOTO IMIJIBUILIEHHS BMICTY KUCHIO B CILJIaBaXx,
CIIEYEHMX 13 MOPOIIKIB, MPOTE B HAIIOMY BUMAJKY YTBOPEHHS OKCHIHOI IJIIBKM HA HOBHX
MOBEPXHSAX HE € KPUTUYHUM. ['1Ipuau Ta iHIII HAaBOAHEH1 ¢a3u MiJ Yac HACTYIHOTO
HarpiBaHHs BUIUISIIOTH aTOMapHUM BOJEHb, SKUHA 37aTE€H BIJHOBIIOBATH IOBEPXHEBI
okcuau [201], cropusitoun 30€peXKCHHIO KIHIIEBOTO BMICTY KHCHIO B Marepiaji Ha
JOIyCTUMOMY DIBHI, 1[0 € CYTTEBOIO IE€PEBArol0 BUKOPHUCTAHHS HABOJHEHMX IOPOIIKIB

MPOTH HEHABOJAHEHUX (30KpeMa ¥ monepeIHbo JeroBaHuX) mopomrkamu [126].

R A U i i -
_—

”» LA L § v

a 0
Puc. 4.28. Burmnsn 3paskiB crutaBiB 59Zr-19Ti-22Nb(a) 1 35Zr-39,5Ti-25,5Nb (6) micis ix

HaCHM4YCHHA BOOIHCM.

Otpumani HaBojHeHi JieroBaHi mopomku (Zr-Ti-Nb)Hx o6ox ckmaniB Oymu
CIIPECOBaHI Ta MOBTOPHO HArpiTi y Bakyymi sl peamizauii Apyroi ctaiii cuHTe3y. Sk

MOKa3ajdu TMOMepeH] JOCHIIKEHHs, 100 JOCATTH OJHOPIAHOCTI CIUIaBIB MpU 1X
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MIHIMI30BaHId TOPUCTOCTI, MO0 € HEOOXIMHUMH YMOBaMH ISl 3aJO0BUIBHUX (PI3UKO-
MEXaHIYHUX BJIACTUBOCTEH, Ha/J3BUYAITHO BaXKJIMBUMHM € MPOLIECH, IO BiIOYBAIOTHCSA MpU
HarpiBaHH1 10 TEMIEPATYPH 130T€PMIYHOT BUTPUMKH. J{UIaTOMETpUYHI TOCHIIKEHHS 1]
yac HarpiBaHHI CIPECOBAHMUX JIETOBAHUX YacTUHOK (puc. 4.29) mokaszanu, 1o 00’ eMHI
edeKTH ycaJkd, MOB’S3aHI 3 BUXOJIOM BOJHIO, CIOCTEPIralOThCs MpPU TEeMIEepaTypax
npubauzno Ha 200 °C meHmMX, HDK JUIsl paHille JOCHIIKEHUX FeTepOreHHUX CyMilen
yacTMHOK. PicT Temmeparypu NpU3BOAUTH 0 AKTUBHOTO YUIUTBHEHHS 3pa3KiB, LI0 €
epelyMOBOIO TOCATHEHHS] HU3bKO1 3aJIMILIKOBOI MOpUCTOCTI. BapTo 3a3HaunTy, 110 mij yac
HarpiBaHHs JieroBanux mopoikiB (Zr-Ti-Nb)Hx o000x craBiB aOCONIOTHO BiICYTHi#
HeraTuBHUM e(eKT «po30yxaHHsI» 3pa3KiB, 3a(iKCOIBAHHMM 3a MEPIIOro HArpiBy CyMilllen
ZrHo+TiH2+Nb. Ockinbku 1edt eekT 3aIeHUTh BiJ] HAKOMUYEHOT MMiJ] Yac MPECyBaHHS
HPY>KHOT €Heprii, sika Bu3HavaeThess MoaysneM FOHra marepiany [137], MoxHA IPUITYCTHTH,
IO JIETOBaHI HABOJIHEHI YAaCTUHKHM XapaKTepU3YIOThCS MEHIIMM Moaynem FOHra, Hix
TJIpU HUPKOHIIO, a OT’KE€ HAKOIMYEHO1 MPHU iX NpecyBaHHI NPYKHOT €Heprii HET0CTaTHbO,

11100 BHOCHUTH 3HAYHUM HETAaTUBHUN BHECOK B 00’ €MHI ePEKTH CHCTEMHU.
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Puc. 4.29. JlunaToMeTpu4Hi KpHBi, IO MOPIBHUIBHO JEMOHCTPYIOTH 00’ €MHI epexTn
M1 9ac MepIIoro HarpiBanHs nmopomkoBux cymimieit ZrHo+TiHo+ND (1 12) ta npyroro
HarpiBaHHs Jieropanux nopomkis (Zr-Ti-Nb)Hx (3, 4). Ckian 3pa3kiB BiAMoBigae

crtaBam 59Z7r-19Ti-22Nb (1, 3) 1 35Zr-39,5Ti-25,5Nb (2, 4).
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AKTHBHE YUIUTBHEHHS 3pa3KiB 3a Apyroro cmikaHHs (Puc. 4.29) noscHOeTbCS THM,
1110, Ha BIAMIHY BiJ] MEPIIOTO HArpiBy, yCsl CUCTEMa YaCTUHOK MOBOJUTHLCS SIK €UHE IILTIE,
30epirarouu 1HTErpajbHICTh Ta PIBHOMIPHO YCAPKYIOUHUCh MO BCHOMY 00’ €My 3pa3ka IiJ
yac jgecopOuii BOJHIO. 3a HArpiBaHHA BHUIIE KIHIS JecopOuii BOJHIO AKTUBYIOThCS
nu(dy31iiHO-KOHTPOJILOBaH1 MPOIECH CIIKaHHSA 13 BIIIHOCHO HE3HAYHUM BKJIaJIOM IMPOIIECIB
XIMIYHOi roMoreHi3anii. 3H>KeHHsI TPaJIEHTY KOHIIEHTpalllil y Marepiaii Ha Jpyrid cTafili
MIPUCKOPIOE JOCSTHEHHSI MOBHOI XIMIYHOT OJHOPIJHOCTI HABITh MiJ] YaC BUKOPHCTAHHS
BUXIJHUX BEJIMKHX YAaCTUHOK HI001t0. Takoxk wyepe3 mNpuOIM3HO OJHAKOBI AUQY3iiHI
MOTOKHU MIXK MOIEPEAHHOJIECTOBAHUMH YACTUHKAMH 3HAYHOIO MIPOIO MIHIMI3YETHCSI BHECOKY
epexkry @Dpenkena. Yci mi (akTopu crnpusioTh (QOPMYBAaHHIO MOBHOT OAHOPITHOCTI
MaTepialy Ta JOCSTHEHHIO CYTTEBO 3HIKEHOro 00’€MHOrOo BMICTY TIOp, IO
MPOJIEMOHCTPOBAHO MIKPOCTPYKTYPOIO TicCJis APYyroi cTaii cuuTesy (puc. 4.26 B, T).

JIJist OLIHKM MEXaHIYHUX BJIACTUBOCTEH OyJI0 BUMIPSHO TBEPIICTh 32 Bikkepcom 1ux
cruaBiB  (puc. 4.30). PesynpTaTu mokaszanu, IO CIUIaBH, BHUIOTOBJIEHI METO/IOM
JBOCTAIITHOIO CUHTE3Yy 3 BUKOPUCTAHHIM Ha JpYTiil cTajll JJeroBaHUX MOPOIIKIB, MAOTh
3HAYHO BUII[l 3HAUYCHHS TBEPOCTI, HIXK Ti, II[0 BUTOTOBJICH]1 3 CYMIIIeH rIpUIiB Ta HI0010,
30UTBIIMUBIIM 111 TIOKAQ3HUKUA MPAKTAYHO BIBivi. Takuil pe3ynbTaT MOXKHA MOSCHUTH CaMe

CYTTEBUM 3HUKEHHSM TOPUCTOCTI MPHU JBOCTATIMNHOMY M1AX0/[1 BATOTOBJICHHS CIUIABIB.

B ]-mie criikaHHsS B 2-re CriiKaHHs
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Puc. 4.30. TlopiBHsIHHA TBEpIOCTI 3a BikkepcoM CIUIaBiB, OTPUMAHUX OJHOCTAAIIHUM Ta

IIBOCTAIMHUM CHHTE30M.
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4.5. BUCHOBKHM /10 PO31i1y

Bukopucranns cymimeii vactuHok ZrH+TiHx+ND mae 3mory cunHTesyBaTu
BHCOKoJieroBaHi crutaBu cucremMu Zr-Ti-Nb 3 ognopignoro  OLIK cTpykTyporo, mpote
CUHTE30BaH1 MaTepialiy i€l CHCTEMU XapaKTEPU3YIOThCA 3HAYHUM 00’ €MHUM BMICTOM TOP.

Bceranoneno (hi3uyHi1 NpUYMHY 1 ME€XaH13MH (POPMYBaHHS IM1/IBUILIEHOT TOPUCTOCTI B
mpoleci CUHTE3y, SIKUMH € Pi3HUISI 00’€MHUX 3MIH HAaBOJHEHUX 1 HEHaBOJHEHUX
NOPOIIKOBUX KOMITOHEHTIB CUCTEMH IIiJ] Yac JiecopOlii BOJIHIO, IO MOPYIIYE HIUIbHICTh
CIPECOBaHOI CHCTEMH YAaCTHHOK, CTBOPIOIOYM IYCTOTH MDK HHMH; a TakKoXK e(exT
®dpeHkens Ipy BUCOKOTEMITEPATYPHOMY PO3BUTKY B3a€MHOI Tudy3ii.

BBeneHHsT yciXx KOMIIOHEHTIB y CHUCTEMY B BHIJISII TUTHKA HABOJHEHHX YaCTHHOK
3aBJSIKM MOAIOHOCTI 00’ €MHUX €(EeKTIB, IO CYMPOBOIKYIOTh (pa30Bl NEPETBOPEHHS MpHU
necopOrrii BogHIO, 3a0e3medye 30epekeHHsT Ha I cTajii 1HTEerpaJibHOCTI CHUCTEMH, a
Bukopucrtanus jiratryp Zr-Nb rta Ti-Nb 3menmye nposie edexkry ®Ppenkens, obuasa
dakTopu 3a0€3MeuyI0Th 3HUKEHHSI 00’ €EMHOT'0 BMICTY MOpP Y CUHT€30BaHUX CILJIaBaX.

[lin yac cuHTE3y CIUIaBiB, IO MICTATh €JIEMEHTH 3 HEIOCTAaTHBOK U]y31HHOI0
PyXJUBICTIO, (OpMYBaHHS OJHOPIMTHUX CTAaHIB 3 HHU3BKUM OO0 €MHHMM BMICTOM IIOD
3abe3reuye IBOCTAIIMHUN CUHTE3 3 BAKOPHUCTAHHIM BOJIHEBOI'O BIUIMBY Ha MaTepiall.

3MiHa mapamMeTpiB TAPUIHOTO MAX0AY 3a0e3euy€e KOHTPOJIb 00’ €MHOT'O BMICTY TTOP
y CHUHTE30BaHUX IHUPKOHIEBHX CIUIABaX, IO JA€ 3MOTY PEryJiOBaTH MOKA3HHKH IXHBOI

MIIHOCTI Ta IJIACTUYHOCTI.
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PO3JLI 5
BILINUB JJE®OPMAIIAHUX MPOIECIB HA EBOJIIOITIO
MIKPOCTPYKTYPH IIUPKOHICBUX CILIABIB

Bimomo, mo Ha 3aBepHIaNbHUX €Tamax CHUHTE3y 3aJTiKOBYBAHHS IOpP IMOCTYIIOBO
ralbMy€ThCS 1 3TrOA0OM MPHUIMHHSIETHCS, OCKUIBKH PO3MOYMHAIOTHCS KOHKYPEHTHI MPOIIECH
KoasieclieHIlli nop 0e3 3MeHIleHHs iX 3arajibHoro o6’emy. Lleit mpouec nobpe onucanuit
mexaHisMoM Cnbo3oBa [141, 142] waBemenumy po3aiai 1. 3a muM MeXaHI3MOM MOTIK
BaKaHCIM Bl CUCTEMU TOpP /10 BAaKAHCIMHUX CTOKIB Y MEBHUM MOMEHT CHPSIMOBYETHCS BiJ
APiOHUX IO BEMKHUX TIOP y MEXKaxX OJTHOTO 3epHA, THM CAMUM BEITUKI IIOPH POCTYTh MUISIXOM
3HUKHEHHS JpiOHWX. Y 3B’SI3Ky 3 UM, 00 aKTUBYBATH IPOIECH 3aJIiKOBYBaHHS IIOP,
NOTPIOHO 30UIBIIMTH TYCTUHY CTPYKTYPHHUX €JIEMEHTIB Ta Ne(EKTIB KPUCTATIUHOI IPATKH,
SIK1 € CTOKaMH JIJIs1 BaKaHC1# (TpaHuUlli 3epeH, TUCIIOKaIlil), Ta COpsMYBaTH PyX BaKaHCii 10
[IUX CTOKIB.

Jlobpe BimoMo, IO 3acTocyBaHHS aedopMaiiiiHux mnporeciB € edeKTUBHUM
crtocoOoM Ji71s BIAMOBIIHOT MOAU(IKaIlil CTPYKTYpH MaTepiajiiB i MOKPaIIEHHs] KOMIUIEKCY
iXHiX (hi3UKO-MEXaHIYHUX BiacTUBOCTEH. Lle MOBHOIO MipoIO CIpaBeIUBO 1 JJIs CILIABIiB
pI3HOTO KJIacy, CHMHTE30BaHMX 3a BUKOPHUCTAaHUM ImiaxoaoMm. OTke, OJHHM 31 NUIIXIiB
PO3B’sI3aHHS TTPOOJEMH BHCOKOI MMOPUCTOCTI Ta MIABHUINCHHS MEXaHIYHUX XapaKTEPHUCTHUK
cuHTe3oBanux ciuiaBiB Zr-Ti-Nb moxe Oytu ix gomatkoBa medopmaiiiiina o6poOka 3a
KIMHATHHX Ta MiABUIICHUX TeMIepaTyp. Y MbOMY PO3JIUIi JOCTIIKEHO MOTEHINAT BILIUBY
J0JTATKOBOTO Tapsyoro Ta XOJIOAHOTO JAehOpMYBaHHS Ha €BOJIOIIO0 MIKPOCTPYKTYPH Ta

3MiHY KOMITJIEKCY BJIACTUBOCTEH CHHTE30BaHUX CILIABIB.

5.1. XosoaHa aedopmaiisi MeTo0M NPOKATYBAHHS

Xonoana nedopmairis CIUIaBiB, OTPUMAHUX 3a JIOTIOMOTO0 TOPOIIKOBHUX MiAXOIB,
K TIPaBUJIO, Ty’KE€ OOMEKEHO BUKOPUCTOBYETHCS YE€pe3 CXWIBHICTh TAKUX MaTeplaiiB J10
Nepe4acHOro KpUXKOTO PYIHHYBaHHS 32 HABHOCT1 3aJIMIIKOBUX MOP, HETAaTUBHA POJIb SIKUX

0COOJIMBO MPOSIBISETHCS MIPU JOCUTh HU3bKUX TeMmiieparypax. [Ipore mo0 BiAMOBICTH HA
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MUTAHHS, Y4 Ma€ 1€l METO/] IEBH1 NEPCIIEKTUBH JJIs JOCSITHEHHS 0aXXaHUX XapaKTEePUCTHK
craBiB cucremu Zr-Ti-Nb, y miit poGoTi JOCHiIKEHO BIUIMB XOJOAHOI nedopmariii Ha
cuHTe3oBanuii criaB 59Zr-19Ti-22Nb. ¥V npargx [202, 203] nokaszaHo, 1110 y I[bOMY CILIaBI,
BUTOTOBJIEHOMY METOJIOM JIUTTSA 32 BIJICYTHOCTI MOpP MOX€ OyTH JOCATHYTO 3HAYHHUX
3HaueHb AedopMallii BKe 3a KIMHATHOI TeMriepaTypu. [IpoTe, gk moka3aau JTOCHIIKEHHS,
X0J0/IHE AePOpMYBaHHS METOJIOM MPOKATyBaHHA 3a KIMHATHOI TEMIEPATypH CILIaBY
59Zr-19Ti-22Nb, BUrOTOBJICHOIO 3a MOPOIIKOBUM ITiIXOI0M, 110 MiCTUTh 0JIM3bK0 6% TIOP,
Ma€ JOCUTh OOMEXEHI MOXJIMBOCTI. Y TakoMy MaTepiaji Npu 3MEHIIeHH IUIONIl
MONePEYHOro nepepizy 3pazkiB Ha 6-10% BigOyBaeThCs 3apOIXKEHHS TOBEPXHEBUX TPIIIUH,
a MpU JIOCATHEHHI cTyneHiB Aedopmariii 6iu3bko 18-24% mBuaKE pPO3MOBCIOIKEHHS
TPIIIMH TIPHU3BOJIUTH O PYWHYBaHHS Marepiany. 3 MOpPIBHSIHHS MIKPOCTPYKTYpP CIUIaBY
(puc. 5.1) no 0OpoOku Ta micias Hel BUAHO, IO MPH TakKiii 0OpoOIll 3’ SBISIOTHCS MEBHI
o3Haku aedopMaliii 3epeH 3 JAeAKUM 3MEHIICHHIM 00’e€MHOro BmicTy mop (1o 4-5%) Tta
ixHix po3mipiB (30-100 MKM 1711 CHHTE30BaHOTO CIuiaBy, 20-50 MKM J1g MaTepiany micis

nedopmariii).

Puc. 5.1. Mikpoctpykrypa ciuiaBy 592r-19Ti-22Nb 1o (a) Ta micist X0JI0AHOTO

npokaTtyBaHHs (0), HAMPSIMOK MPOKATYBaHHS TTO3HAYEHO CTPITKOIO Ha (0).

3 dakrorpadiuaux 300paxkeHb (puc. 5.2) BUIAHO, IO HABITh TaKi BIAHOCHO Mail

cTyneHl aedopmailii COpUUYMHSIOTH PO3BUTOK KPUXKOrOo pyHHYBaHHs Matepiany. Ciin
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3a3HAYMTH, 1110 pyHHYBaHHS B1IOYBAETHCS O MOBEPXHAX 3 MAKCUMAJIBHOKO KOHIEHTPALIIEI0
op, TOMY 3HayHa KUIBKICTb IMYCTOT, HasBHUX Ha (pakrorpadiyHuX IOBEPXHIX, HE
aJIeKBaTHO B1IOOpaXkae CepeHI0 MOPUCTICTh 3a 00’€MOM 3pas3ka. 3arajoM 3 aHalizy
Mopdosorii mop Ha MmoBepxHi pyhHyBaHHs (Puc. 5.2) MOXHA MOMITUTH, IO MiJl Yac
nedopmMaliii aHIrUIALii Top HE BIMOYBA€ThCs, a iX MiJABUIIEHA KOHIICHTpAIlisi B MEBHOMY
MICII € JIPKEPEJIOM pyHHYBaHHS MaTepiay 31 IMBUAKUM PO3MOBCIOKEHHIM MaricTpajibHUX

TPIIIUH BiJl ILOTO MICIIS.

/ y - PSS, 5o . . -
SEMNGI0EW  WDizMen | vega Tescanll sEW IV 00RY . WoiZiMew | =gl VEGAI TESCAM
View fleks 955 pen Out SE View skt T8 Dot 5€

BEM MAG. 596 x  Date(miay|: 1211318 GV, Kurdy oy WF SEM MAG: 7.88 ke Datetmidiy): 1214318 B.V. Kurdyumor IMP

Puc. 5.2. ®pakrorpadiuna mosepxus ciaBy 59Zr-19Ti-22Nb, nepopmoBanoro

XOJIOOAHOIO ITPOKATKORO.

MO>XITMBOIO MPUYMHOIO Pi3HUII AedhopMaIliifHOT MOBEIIHKU 32 XOJOJHOT MPOKATKU
CIUIaBiB, BUTOTOBJICHUX JUTHM Ta MOPOIIKOBUM CIIOCOOOM, € Nenio 30UIbIIEHUH BMICT
JOMINIOK (HANMpUKIIAJ KHCEHb, a30T) y MOPOIIKOBUX MaTepiajax, Mo € Oap’epaMu s
KOB3aHHS JUCIIOKAIi. [HITMM YMHHUKOM € MOpPH, AKi € €EeKTUBHUMH KOHIICHTPATOPAMH
HaIpy>KeHb Ta MPU3BOAATH JI0 MIEPETUYACHOTO YTBOPEHHS TPIIKUH 1 pyWHYBaHHS MaTepiany.
OCKIUTBKY TIeH CIUTaB, BUTOTOBIICHUW METOJIOM JIMTBA, MOXKE OyTH 3Ha4HO Je(hOpMOBaHUM
3a kiMHaTHOI Temnepatypu [202, 203], nmpurryckaemo, 110 B HAIlIOMY BHITQJKy MTPHYUHOIO
pyHHYBaHHS € HacaMmIiepe]l BUCOKA MOPHUCTICTh (01M3bK0 6%) Ta HempaBuibHA (Hajeka Bif
chepuunoi) ¢opma MoOp, IO 3yYMOBIIOE KPUTHYHY KOHIEHTpALI0 HAaNpyXeHb MpHU

nedopmartii.
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[{inkoM oO4YeBUIHO, IO BUIICHA3BaHI BEIWYUHU Jedopmallii HEeAOCTaTHI IS
JOCSITHCHHSI TIEBHUX TMO3WTHUBHUX 3MIiH y CTPYKTYPHHX CTaHaX CHHTE30BAaHUX CIUIABIB. 3
METOIO TEPEBIPUTH, YU MOMKIMBHUH Kpamuid epeKT XOJOTHOTO MPOKATyBaHHS JJIS IIHOTO
CIUIaBY 3a YMOBHM HOTO HMXYOi MOPUCTOCTI Ta MiJ YacM CTBOPEHHs OUIbII cepuyHoi
Mopdoorii mop Ha HACTymHOMY eTari JgeopMyBalid CIUlaB, NMPU BUTOTOBJICHHI SKOTO
3aMICTh YaCTMHOK HI00110 BUKOPUCTaHO HaBoHEHY Jiratypy Ti-ND, mo 3uu3uino 06’ emMuy
gacTky mnop a0 3%, BoaHouac mopu Manud Qopmy, HaOIKeHimy 10 CchepuyHOi.
Bcranomneno, mo 1ei martepian po3TpiCKyeThes mpu aocsarHeHHi ~11% nedopmarii, a
py#HHYeThCS — Tipu ~18%, 1110 TPAKTUYHO HE BIAPI3ZHIAETHCS BiJ] CIUIABY, JIJISi CHHTE3Y SIKOTO
OyJ10 BUKOPHUCTAHO METAIIYHUIA HI001M.

Ax BumHO 3 aHamizy jAedopMoBaHOI MIKpoCcTpykTypu (puc. 5.3), y cIasi,
CUHTE30BAaHOMY 3 BUKOPUCTAHHSIM HAaBOJHEHOI JIraTypH, 3MEHIIMIAacs 00’ €MHa J0JS MOp
npubauzno a0 1%, dhopma nop npu 1pOMY 3MIHIOETbCA Ha OUIBII BUTATHYTY, KpPIM TOTO,
CIIOCTEPIraeThCsl MEeBHA TEHACHIIS 10 BUTATYBAHHS 3€peH B HANpPsIMy MPOKATKH, Xo4a 0e3

MMOMITHOT'O 3MEHIIIEHHSI IXHIX PO3MIPiB.

Puc. 5.3. Mikpoctpykrypa ciaBy 59Zr-19Ti-22Nb, orprMaHOro 3 BUKOPUCTAHHSIM
niratypu Ti-Nb, g0 xomomuHoi mpokaTku (a) Ta micis Hei (0). CTpiinkoio moka3aHui

HAnpsIMOK IpoKaTyBaHHS (0).



135

Ha puc. 5.4 mnoxkazano ¢Qpakrtorpadiydi MOBEpXHI, LIO0 YTBOPWIMCS I Yac
nedopMmyBaHHs. 3 HMX BUJHO, LI0 PYWHYBaHHA Marepiany BIIOYBAa€TbCs MEPEBAXKHO

CKOJIOM 10 TPAHUISAX 3€PEH 3 HE3HAUYHUMU CJ1IaMH B’ SI3KOTO pyiTHYBaHHS.

< W ‘ \ T~ o
SEN WV 2000V WO 2650 mm VEGAD TESCAN| SEMMY. 2008V WO: 26 24 mm
View flafd: 412 ym Uwt! SE View fiwiet. 129 pm Dwt: 858
SEM MAG: 1.6 bor  Dase(midy| 12113148 GV Krdyumov INP SENM MAG: 4.30 kx  Dateimiay): 121218

Puc. 5.4. [loepxHi 3mamy aedopmoBanoro ciuiaBy 59Zr-19Ti-22Nb, orpumanoro 3

BUKOpHcTaHHsaM jriratypu Ti-Nb.

BumienaBeneHni pe3ynbpTaTd CBiM4aTh, IO METOMM XOJOIHOI TPOKATKH JOCHUTh
0OMEXEHO BILIMBAIOTh HAa MIKPOCTPYKTYPY CHHTE30BaHOTO ciutaBy 59Zr-19Ti-22Nb e

3QJIEKHO B MopdoJiorii Ta 00’ €MHOT0 BMICTY TIOP Y HBOMY.

5.2. O6poOka MeTO10M KPYY€eHHS MiJi BUCOKHUM THCKOM

Bimomo, mo MeTroau IHTEHCHBHOI IJIACTHYHOI JedopMariii, 30kpemMa KpydeHHs ITiT
BucokuMm Tuckom (KBT), mepcrexktuBHI maiis Momudikamii MIKpOCTPYKTYpPH METaleBHUX
MaTepiajiiB, i, BIAMOBITHO, iXHIX (I3UYHHUX Ta MEXaHIUHWUX BiactuBocter [160, 204].
HedbopmyBanns metogom KBT BigOyBaeThcs 3a KIMHATHOT TEMIIEpATypH, X04a IHTCHCUBHA
nepenada €Heprii B CTPYKTYpPy MaTepially MPU3BOIUTH O HE3HAYHOTO HOTO pO3IrpiBy
(mpubmuzno g0 50 °C). Jlns Bu3HAYEHHS TOTEHINAldy BIUIMBY IIbOTO METOAY Ha
MIKPOCTPYKTYPY 1 XapaKTePUCTHKH CUHTE30BaHHUX CIUIaBiB cuctemu Zr-Ti-Nb y criBrparti

3 rpynoro npod. belreaszumepa A.10. (Jon®TI im. Nankina HAH VYkpainu) npoBeneHo
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BIIMIOBIIHE JIOCITI/PKEHHS Ha MPUKIIAJi crutaBy ckiaay 59Zr-19Ti-22Nb. PentreHorpadivni
AocipKkeHHs cruiaBy 59Zr-19Ti-22Nb micns cunaTte3y Ta HactynHoro KBT, 3nificHeHoro 3a
tucky 5 ['Tla ta 10 oGepTiB, momano Ha puc. 5.5. Sk yxe OyJio cka3aHO paHiliie, 1eil CIiIaB
y cuHTe30BaHOMY cTaHi Mae onHodazuuit [ OLIK crtan. BomHouac HECUMETPUUHICTH
IupakUifHUX PEHTTeHIBCBKUX TIKIB MOXE CBIJYMTH MPO TEBHI KOHIIEHTpALIiHI
HEOJHOPIAHOCTI, 5IKi 30epiratoTbest B cuHTe30BaHoMy Matepiadii. [licns KBT ¢a3oswuii cran
3arajoM He 3MIHIOEThCS, YTBOPEHHS HOBUX (ha3 He 3adikcoBane, mpote micias KBT miku B
da3u crarTh CUMETPUYHHMH, IO CBIIYUTHL MPO JIOCATHEHHS IOBHOI OJIHOPIAHOCTI [3
TBEPJOTO PO3UMHY, a 30UIBIICHHS IIMUPUHM TIKIB MOXE OyTH HACIIJIKOM 3HAYHOTO
noJIpiOHEHHS 3epHa.
=
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Puc. 5.5. Penrrenorpamu criaBy 59Zr-19Ti-22Nb micis crmikanss Ta KBT.

Bapto 3a3Haunt, mo micas KBT y cruraBi 59Zr-19Ti-22Nb He cmnoctepiraeTbest
YTBOpEeHHS m-(a3u, SK Ie BiAOYBA€ThCs I JAHOTO CIUIaBy B yMoOBax nedopmarrii
BosouinHsaM [10, 202]. Ile mo3uTuBHUI (PakTOp, OCKUIBKH KpUXKa M-(a3a Mae BHCOKUH
moxynb FOnra [205], i 1i mosiBa, MOTCHIIIHO, MOXE CYTTEBO IOTIPIINTH KOMILICKC
MEXaHIYHUX  XapaKTepUCTUK ABodazHoro [+ CcTaHy, 3HU3HUBIIM IUIACTHYHI
XapaKTEPUCTUKH Ta MABUIIMBIINA MOayJb FOHra.

Ha puc.5.6 nmokazano mikpoctpykrypy crutaBy micias KBT. 3ayBaxkre, mim mi€ro
Benukux 3HadueHb Aedopmanii npu KBT BinOyBaeThes cyTTeBe MOAPIOHEHHS 3€pHA: Bij
po3MipiB nopsiaky 100 MKM AJisi CHHTE30BaHOIrO MaTepiany a0 npubiauzHo 50 HM. 3epHa

MarOTh BUTSTHYTY (DOPMYB HaNpsSMKY 3CYBY, 110 BKa3y€ HA IHTCHCUBHY TEU1l0 METaly.
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Puc. 5.6. Mikpoctpykrypa ciuiaBy 59Zr-19Ti-22Nb, o6pobsenoro merogom KBT.

Ha puc. 5.7 nokazano mikpocTpykTypy cruiaBy micist KBT, otpumany 3a mornmomororo
HAADF STEM (ckanyBaiabHOI TpaHCMICIOHHOT €JIEKTPOHHOT MIKPOCKOTI1i 3 TEMHUM TOJIEM
B CJIICKTPOHAX, IO PO3CIAHI HAa BEIUKI KyTH). SIK BHUJAHO 3 PHUCYHKa, BHCOKI CTYIHI
nedopmariii MpuU3BOJATH O 3HAYHOTO 3MEHIIEHHS 00’€My MOp y CIUIaBi: 0 3HAYEHb,
Menmux 3a 0,02%. dopma mop 3MiHIOETHCS BiJl PIBHOBICHOI /0 BUTATHYTO1; OKpEMI MOPH,
SIK1 111€ JIUITAIUCS, MAaIOTh JIOBXHUHY /10 1 MKM, a monepeuHuii nepepiz — npuodiauzno 50-100
HM. TakoX peHTreHOCTPYKTYpHI (pUC. 5.5) MOCHIIKEHHS Ta KapTU PO3MOJLUTY €JIEMEHTIB
(puc. 5.7) mokazanu, MmO II€il METOJ JO3BOJISIE YCYHYTH [I€AKy KOHIIEHTpalLiiHY
HEOJHOPIAHICTh Marepianxy, M0 MOTjia 3aJMIIUTUCA micis cuHTe3y. Llel pesynbraT
0OyMOBJICHHI IHTEHCUBHUM MacorepeHeceHHsM mifg yac KBT 1 BUKIMKaHUI BUXPOBUM

PYXOM HEOJHOPITHUX MaTepiajiB MPH MPOCTOMY 3CyBi mmia TuckoM [206-209].

Puc. 5.7. MikpocTpyKTypa Ta KapTH PO3MOIUTY eJieMeHTIiB B crutaBi 59Zr-19Ti-22Nb
micisa KBT.
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JIst OIIHKM 3MIHU MEXaHIYHUX BJIACTUBOCTEN matepiany mif BrimBoM KBT Oyno
BUMIPSIHO TBEPAICTh CIUIaBY 3a Bikkepcom no aedopmariiiinoi oOpoOKM Ta MICas HeT.
TBepaicTh IHTEHCUBHO 1€(OPMOBAHOTO CILIABY 3pocia npubdiusHo BABiui (3 170-180 HV
1o 350-370 HV). MoxHna noMitutu (puc. 5.8), 1110 TBEpAICTh MaTepiady MPaKTUYHO HE
3aJICKUTh BiJI BIICTaHI BiJl 0Ci 00epTaHHS (32 BUKJIFOUCHHSIM [IEHTPATbHOT YaCTUHH 3Pa3KiB).
Takuil pe3ynbTaT NOACHIOETHCS CTBOPEHHSM BHCOKOi Je(EKTHOCTI (HarapTyBaHHS)
KPUCTaIIYHOI CTPpYKTypH B TBepaoro po3unHy min yac KBT, mo 1o3Bossie 3Ha4HO MiAHATH
XapaKTEPUCTUKU MIITHOCTI 0e3 CTBOpeHHs JBoda3HUX CTaHIB. Bimomo, 110 €KBiBaJIeHTHA
nedopmaitist 32 KBT 3pocTae 31 301U1blIEHHSIM BIJICTaH1 Bijl oci AedopMallii, TOMY JIOT14HO
Oys0 OYiKyBaTH POCTY TBEPAOCTI MpU 30UIBIIEHHI BIACTaHI, ajge, OYEBUIHO, MOTEHINAJ
pPOCTY TBEPAOCTI BHACIIJOK HArapTyBaHHS JCIIO0 OOMEKECHUH.

OTxe, MOXHa 3a3HA4yWTH, IO BHKOpUCTaHHS Meronmy KBT mis cuHTE30BaHUX
craBiB cucremu Zr-Ti-Nb 3a0e3neuye edekTUBHE 3HMIKECHHS 3aJIMIIKOBOI MOPUCTOCTI,
JOCSTHEHHS Kpamoi XIMI4HOT OJHOPITHOCTI oaHO(a3Horo [ TBEPAOTO PO3UYHUHY,
NMOAPIOHEHHS CTPYKTYPU 31 CTBOPEHHSM HAarapTOBaHMX HAHOCTAHIB, 110, B PE3yNbTaTI,

3abe3reuye CyTTEBUHM PICT TBEPAOCTI 1, MOTEHIIHHO, TOKa3HUKIB MIITHOCTI.
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Puc. 5.8. Binus KBT nHa miaBuiiienHs TBepAocTi 3a BikkepcoM H0CHIIKEHOTO MaTepiaty.
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5.3. I'apsiue nepopmyBanHs MaTepiany

ANBTEpHATUBHUM METOJIOM BIUTMBY Ha Matepian € rapsde negopMyBaHHS: MaTepial
MiJTa€ThCsl OAHOYACHOMY BIUIMBY MEXaHIYHUX HAIPY)KEHb Ta BHCOKOI TeMIepaTypu 3
IHTEHCUBHOIO TeUi€l0 MeTaly Ta 30UIbIIEHHSAM 1€(PEKTHOCTI HOTr0 KPUCTAIIYHOI CTPYKTYPH,
10 CIIPUYUHSE PO3BUTOK PEKPUCTAIZALINHUX MTPOLIECIB 31 3MEHILIEHHSIM PO3MIpPiB 3€pHa Ta
BIJIMOBIIHUM 30 UTBIIICHHSM I'YCTUHU TPaHUIb 3epeH. OCKUIBKY TPAHUIll 36PEH — CTOKH IS
BaKaHCIH, TO CTBOPEHHS TaKUX JIe(POPMOBAHUX Ta PEKPUCTAIII30BAHUX CTPYKTYPHUX CTAHIB
AKTUBYE TIPOILIECH 3aJIKOBYBAaHHS IIOp, CHIPHUAIOYM JIOCATHCHHIO MAaJIOTIOPUCTUX a0o
MPAKTUYHO OE3MOPUCTUX CTPYKTyp. Panime B poGoti [74] Oyno oOpoOJeHO rapsyoro
npokatkoro cruiaB 59Zr-19Ti-22Nb, BUrOTOBIICHHIA 3 HABOJJHCHUX TTOPOIIKOBUX CyMIIIICH.
Pe3ynbrati THX TOCIIIKEHD ITOKA3aJIH, 10 CHHTe30BaHi crutaBu cucremu Zr-Ti-Nb gocuts
noOpe mimmarThes rapsadii pedopmartii, Mo JO03BONMIO 3HAYHO IMIJBHUIIUTH TOKA3HUKH
MIITHOCT1 Ta, OJTHOYACHO, IUIACTUYHOCTI. Y TOTOYHIA PoOOTI OYyJI0 BUPIMIEHO JOCIIIUTH
BIUIMB 1HIIOTO METOAY AehOopMyBaHHS MPU BHUCOKHX TEMIIEpaTypax CIUIaBiB CUCTEMHU Zrt-
Ti-Nb, 30kpema, raps4oro npecyBaHHs Ha npukiaami kommosuiin 59Zr-19Ti-22Nb, 35Zr-
39,5Ti-25,5Nb, 39Zr-36,1Ti-24,9Nb Ta 47,8Zr-32,7Ti-19,5Nb.

Jlns npx criaBiB 3a oauH UK HarpiBanHs 10 900 °C 3 HaBaHTaXEHHSAM JOCITHYTO
3HaueHb nedopmarii mopsaky 55-65%. 3 puc. 5.9 BuAHO, IO BXE MPHU CTYMEHIX
nedopmariii 6au3bko 30% MOPHUCTICTH CYTTEBO 3HIKYETHCS, Y MIKPOCTPYKTYpi MOMITHI
OKpeMi, 3Ha4YHO AehOpMOBaHI 3epHA Ta 3’SABISIOTHCS O3HAKH IPOIECIB pEeKpHCTaTi3allii.
Tax, mopsix 3 BigHOCHO BenwkuMu 3epHamu (mopsiaky 100-140 mxwm), ki yTBOpHIMCS B
mpolieci CHUHTE3y CIUIaBiB, mpucyTHI MeHmil 3epHa (40-50 MkMm), yTBOpEHI BHACIIJIOK
pekpucramizaiii. Kpim Toro, 6ymno 3adikcoBaHo, 110, KpiM 3MEHIIICHHS 00 €MHOI YacTKH

mop (10 2%), 3MEHITy€eThbCs TaKoXK ixHil po3mip (10 10-20 Mxm).
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Puc. 5.9. Mikpoctpykrypu ciuiaBiB 59Zr-19Ti-22Nb (a), 35Zr-39,5Ti-25,5Nb (0) micas

rapstyoro npecyBanHs (ctyninb nedopmariii 30% mpu 900 °C).

3a nmocsrHeHHs ctyneHiB nedopmarii 40-55% (puc. 5.10) o6’emHa yacTka mop y
CTpyKTypax 3MmeHmyeTbcss a0 1-1,5%. Takox, sk MoxHa OayuTH, KUIBKICTh
PEKPUCTATI30BAHUX 3€pEH 30UIBIIYETHCS Yy MOPIBHAHHI 31 cTyneHsMu aedopmarii 1o 30%
(Puc. 5.9). Bapro 3a3HauuTH, 110 MPOTIKaHHA Ae(GopMaIifHUX TPOIECIB 3aJICKHUTh Bij
XIMIYHOTO CKJaJy CIUIaBiB, TOMY KUIbKICTh 3aJUIIKOBMX IOp Ta BIJHOCHE YHCIIO

PEKPUCTATI30BAHUX 3€PEH Y JOCIIHKEHUX CIJIaBaX € JICI0 PI3HUM.

Puc. 5.10. Mikpoctpykrypu rapsduenpecoBanux (900 °C) martepiaiiB ImiciIsi CTYIICHIB
nedopmariii 40-55%: 59Zr-19Ti-22Nb (a), 35Zr-39,5Ti-25,5Nb (0), 39Zr-36,1Ti-24,9NDb
(B), 47,8Zr-32,7Ti-19,5NDb (1).

[Ipu pocsrHeHHi cTymeHiB Aedopmarii cmiaBiB Omm3pko 60% (puc. 5.11)
CIIOCTEPITAEThCS  TMPAKTUYHO  OE3MOpPUCTa PEKPHUCTAli30BaHa CTPYKTypa, SKa €

aHI30TPOITHOIO BHACIIIOK BUTATHYTOI (hopMU 3epeH.
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Puc. 5.11. MikpocTpykTypa rapsuenpecoBanux ciuiaBiB 59Zr-19Ti-22Nb (a),
357r-39,5Ti-25,5Nb (6) miciis cryneni nedopmariii 60%.

PeHTreHOCTpYKTYpHHI aHai3, NpoBeACHHMI Ha mnpukiaami criaBy 39Zr-36,1Ti-
24,9Nb, nokaszas, 1mo (pa3zoBuii ckiiag MaTepiary micis aedopmarlii He 3MIHIOETHCS, TOOTO
30epiraerbes ogHodazna B OLIK ctpykrypa (puc. 5.12), 1m0 € MO3UTUBHUM YUHHUKOM,
BPaXOBYIOUM HEOOXITHICTh CTBOPEHHS TaKoro (pa3oBOTrO cTaHy il 3HMDKCHHS MOJYJIS

KOnra marepianiB MEAUYHOTO BUKOPUCTAHHS.
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Puc. 5.12. TumoBa penTrenorpama rapsiaeaedpopmoBanoro criasy 392r-36,1Ti-24,9Nb.
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[Ipote cnig 3ayBa)KuTH, 110 3aJI€KHO B/l XIMIYHOTO CKJIaay A€(pOPMOBaHUX CIUIABIB
MOMITHA 3HayHa PI3HUI y chopMoBaHUX JedopMalliero TeKCTypHUX cTtaHax (puc. 5.13),
110 BUIUIMBAE 3 aHaNi3y MOJIOCHUX (iryp. BcTaHOBIEHHA NMPUYMH 1 MEXaHI3MIB MOSIBU
PI3HUX TEKCTYPHUX CTaHIB y IIUX CIJIaBaX BUMArae JeTaJlbHOr0 JOJaTKOBOIO TOCTIIKEHHS,

SIK€ HE BXOJMWIIO JIO pPaMOK JaHO1 POOOTH.

79,00

50,00

25,00

75 -

Puc. 5.13. IToarocHi ¢irypu criaBiB 59Zr-19Ti-22Nb (a) Ta 39Zr-36,1Ti-24,9Nb (6) micis

rapsiuoro npecyBaHHs.

JIist OLIHKM BIUTMBY MIKPOCTPYKTYPHHX 3MiH, OTPUMAHUX MiJ I€I0 Tapsyoro
NpecyBaHHs, HA MEXaHIYHI XapaKTePUCTHKH CIutaBiB cuctemu Zr-Ti-Nb, Oyno BumipsiHO
iXHIO TBEpAICTh Ta MOAYHh FOHra. 3Baxkarouum Ha PI3HUIIO GOpMH W PO3MIpIB 3Pa3KiB,
HEOOXITHUX JUISI TPOBEACHHS PI3HUX THUIIB MEXaHIYHUX BHUIPOOYBaHb, 00 BUMIPATH
TBEPAICTh, JOCTIKYBAIU MaTepialiv, Taps4enpecoBani 31 3HaueHHIM aedopmaitii 10 60%,

a st BuMiproBanHs moayist FOura — 40-45%. PesynsraTtn HaBeaeHo B Tabimi 5.1.
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Tabmuusg 5.1. B rapsiyoro nedopmyBaHHs Ha 3MiHU TBEpAOCTI Ta Moaynst FOHra

JTOCHIIKEHUX KOMITO3HUIIIH.

Cxnaz cnaBy Pozpaxynk. | Cunte3oBanuii ctan | ['apsiuenedopmoBanuii
MOJZYJIb CTaH
YOwra [77], | Monyas | TBepaicts | Moayas | TBepaicTs
I'Tla Onra, | HV Omnra, HV
['Tla ['Tla (medopm.
(medopm. | 60%)
40-45%)
597r-19Ti-22Nb | 49 56,3 185 71,3 298
357r-39,5Ti- 33 55,0 159 62,6 291
25,5Nb
397r-36,1Ti- 43 58,7 2151 - 287,6
24,9NDb
487r-33Ti-19Nb | 65 64.0 198,4 - 283,9

Ak BUHO 3 TaOIMIl 5.1, OTpUMaHHS TPAKTHYHO OE3MOPUCTOTO CTAHY MICHSA rapsuoro
npecyBaHHA 31 3HaUYeHHAMHU jaedopmarliii 10 60% npu3BOIUTH 0 MIABUIICHHS TBEPAOCTI
ycix gociimkenux cruraBiB cuctemu Zr-Ti-Nb. Bapro 3asnauuTh, 1mo micias aedopmariii
JIOCUTH CYTTEBO 3MEHIIYETHCS PI3HUIISI B TIOKa3HUKAaX TBEPAOCTI KX cruiaBiB. Lle moxkHa
MOSICHUTH THM, IO CHHTE30BaHI CIUIABH XapaKTePU3YIOThCS PI3HUMHU 3HAYCHHSIMU
MIOPUCTOCTI, TOMY IXHS TBEPAICTH 3aJICKHUTH Bil TBOX (hakTOPiB — 00’ €MHOTO BMICTY MOP Ta
ximig"oro cknany B OLK dasu, Tomi sk y 1ehopMOBaHUX MPAKTUIHO OE3MOPUCTUX CTaHAX
BIUIMB NEPIIOro (PaKTOPYy HIBEIIOETHCSI.

BpaxoByroun, 1m0 mokazHuk wmoayins FOHra € Haa3BUYaWHO  BaXKIMBOIO
XapaKTePUCTUKOIO JJIS CTUIABIB METUYHOTO MTPU3HAYEHHS, 00 BU3HAYUTH BIUIUB Tapsiaoro
MpecyBaHHs Ha 3MiHy MoayJis FOHra, Oyno BUMIpSHO MOro 3HaYeHHs il cIiiaBiB 59Zr-
19Ti-22Nb 1 35Zr-39,5Ti-25,5Nb y cuHTe30BaHOMY Ta AchOpPMOBAaHOMY CTaHax. Y

CHHTE30BaHOMY CTaHl1 OOHMJBa BHIIE3a3HAYCHI CKJIAJM MAlOTh JOCHUTb HU3bKl 3HAUYCHHS



144

Monayisa FOura (55-56 I'Tla, tabmuus 5.1), siki, mpoTe, € IEMO BUIIUMHU Bl TEOPETUYHO
oOpaxoBaHuX. [HII MOCHIIKEHI CKJIaJAM CHHTE30BAHUX CIUIABIB MAalOTh HE3HAYHO BHIII
3HaueHHs: monyis FOwra (59-64 I'Tla). Ak 1 ouikyBanocs, nedopmaiiiiiHa oOpoOka
MIPU3BOJIUTH J10 3pocTaHHs Mo yJist FOHra: BiH nocsrae 63-71 I'lla qis 6e3m0pucTux cTaHiB
(Tabmuns 5.1). Y po6orti [210] meid edexT mosCHIOIOTh THM, 10 MOAYJb FOHra JiHIHHO
3aJIEKUTh Bl MOPUCTOCTI MaTepiany, TOMY 3MEHILIEHHA 00’ €MHOI YaCTKU MOp CIPUUYHHSIE
CYTT€BE MiJIBUILIEHHS MOJYJIS PY>KHOCTI (puc. 5.14).

OTtxe, rapsiua nedopmailist € eheKTUBHUM METOJOM MOAM]IKaLii MIKPOCTPYKTYpPH
CUHTE30BaHUX CIUIABIB CUCTEMHU LIMPKOHIA-TUTAH-H1001H, 1110 MOMITHO BIUIMBAE HA 3MIHY

KOMIUIEKCY IXHIX MEXaHIYHUX XapaKTEPUCTHK.
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Puc. 5.14. 3anexnicts Moayis FOHTa Bii mOpUCTOCTI TATAHOBUX ciiiaBiB [210].
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5.4. OcodauBocTi nepopmyBanns cmiasiB Zr-1,2S5n-1Nb-0,4Fe Ta Zr-1,2Bi-

1NDb-0,4Fe B ymoBax peadizaunii 1udy3iiiHoro Ta qucjaokaniiinoro Mexanizmis

nedopmaii

Bubip MarepianiB ajis JOCHIIKEHHS B paMKaxX I[bOTO MiIPO3JLTy IPYHTYBaBCs Ha
TOMY, 10 HU3bKOJICTOBaHI CIUIaBM HAa OCHOBI mHupKoHi0 cuctemu Zr-Nb-Sn-Fe
BUKOPUCTOBYIOTHCSI B KOHCTPYKIIIHHUX €JIEMEHTaX SACPHUX PEaKTOPIiB JJIT BUTOTOBJICHHS
TBEJIiB, OCKUIbKM CIUIaBH 11€1 CUCTEMHM JIETYBAaHHS MAarOTh MIIHICTh, BUILY 33 MIIHICTh
crutaBy Zr-1Nb (Axkuif IUPOKO 3aCTOCOBYIOTH IS III€E] METH), a TAaKOX Kpalluil omip 10
BHUCOKOTEMIIEPATYPHOI MOB3YYOCTI B yMOBAX €KCITyaTallii Ta MaJui mepepi3 3aXOrIeHHs
TeIJIOBUX HEUTpoHIB [173174175]. Byno nocnimkeno nsa cruasu: Zr-1,2Sn-1Nb-0,4Fe Ta
Zr-1,2Bi-1Nb-0,4Fe, siki BiIpi3HsINCS HAsIBHICTIO B CBOEMY CKJIaJIi 0JIOBA, IO CTA01TI3YeE o
¢dazy nupKoHito, ab0 BICMYTY, KM € HEUTPAJIbHUM €JIEMEHTOM, 110 3MIIHIOE ITUPKOHIMH,
BOJHOYAC 1HIII €JIEMEHTH (3aj1130 Ta Hi001i) cTabini3yoTh B-(a3y UpKOHitO.

BpaxoByrouu, 110 111 CIUTaBU nepeadavyaroTh TPUBAIY €KCIUTyaTallilo B peakTopax B
yMOBaxX HaBaHTaXEHHS MpPU BUCOKUX TEMIlepaTypax, HEOOXiZHO OyJI0 BCTAaHOBUTHU
3aKOHOMIPHOCTI OTIOPY iX IMOB3yYOCTI Ta MOBEAIHKY MPH PO3BUTKY AU Yy31HHOT0 MEXaHI3MY
nedopmamii. Kpim Toro, misi BU3HAUGHHS ocoONHMBOCTeH iX nedopMyBaHHS 3a
JTUCIOKAIIMHIM MeXaH13MOM, OyJI0 JOCITII)KEHO BIUIUB Ha IXHIO MIKPOCTPYKTYPY rapsuoro
KyBaHHS.

Ha puc. 5.15 mokazana MikpocTpykTypa ciuiaBy Zr-1,25n-1Nb-0,4Fe, otpumanoro
CHHTE30M 3 0araTOKOMIIOHCHTHUX IIOPOIIKOBUX cHCTeM 3a Temmepatypu 1250 °C.
MikpocTpykTypa € nBodasHoro o+f, Ae CBITII 30HU BIAMOBINAIOTH TUIACTUHAM o (a3u, a
TeMHI — mmapaMm [ MK HuMU. BoHa XapakTepHa mis CIUTaBiB Ha OCHOBI ITMPKOHIIO
BIJIMOBITHOTO CKJIaay, OTPUMAHUX 3a TPATUIIHHUMU TEXHOJOTiAMH JUTTSA. [leBHa
HEOTHOPITHICTh MIKPOCTPYKTYPH TTOMITHA Ha pHUC. 5.1506, ne B Aeskux 00’ eMax Marepiainy

MOHA 3ayBaXUTHU JOCUTh XaOTUYHUM PO3MOJILI CKIIaIOBUX O- 1 B-(a3.
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Puc. 5.15. Mikpoctpykrypa craBy Zr-1,2Sn-1Nb-0,4Fe, cunrezoBanoro npu 1250 °C

IpOTATOM 4 TO/I.

BumipioBaHHS TYCTMHHM METOJOM TiIpPOCTaTUYHOTO 3BaKYBaHHS IOKa3aslo, IO
MOPHUCTICTh LBOTO CIUIaBy Oyna MTOCUTH BUCOKOIO (~ 4%), 1110 30iraeTbes 3 pe3yabTaTaMu
aHai3y MIKpOCTPYKTYpH, KU MOKa3aB HasiBHICTh MpuOIu3Ho 4,5% mop.

Ha puc. 5.16 npencraBiaeHo MIKpoCTpyKTypy ciutaBy Zr-1,2Bi-1Nb-0,4Fe. SIk moxxHa
MOMITHUTH, BOHA € MOAIOHOI0 0 MIKpOCTPYKTYpH ciutaBy Zr-1,2Sn-1Nb-0,4Fe, xoua Mae
JIelo OUTBII PO3MIPH IUIACTUHYATHX (pa30BUX CKIIATOBUX. TOBIIMHA 0 TJIACTHUH Y CIUIABI
3 BicmyToM (Puc. 5.16 6) maiixe BaBiui OLIbIA, HIK Y CIJIaBi 3 oioBoM (puc. 5.15 6). 3a
JAHUMU T1IPOCTATUYHOTO 3BAXKYBAHHS Ta aHAII3y MIKPOCTPYKTYpH, 00’ €MHUI BMICT MOp B
cuHTe30BaHoMy ciutaBi Zr-1,2Bi-1Nb-0,4Fe € nemio Bumum, HiX y crutasi Zr-1,2Sn-1Nb-
0,4Fe, cranoBistun ipubsmsHo 4,4-4,7 %. Kpim Toro, BapTo 3a3HayuTH, 110 MOPH y CIUIABI
3 0JIOBOM MarOTh popMy, OJU3bKY 110 ChepUdHOi, TOJII AK y CIIIaBi 3 BICMYyTOM ixHs (popma

Oinbie HempaBwiIbHA (puc. 5.15 1 puc. 5.16).

Puc. 5.16. Mikpoctpykrypa cruiaBy Zr-1.2Bi-1Nb-0.4Fe, cunrezoBanoro npu 1250 ° C

MPOTATOM 4 TO/I.
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5.4.1. CtpykrypHi ocobimBocTi ciuiaBiB Zr-1,2Sn-1Nb-0,4Fe ta Zr-1,2Bi-1Nb-

0,4Fe, rapsiuenegopmMoBaHUX METOA0M KYBaHHS

OpgnuMm 3 HallepeKTUBHIIIMX CHOCOOIB 3MEHILEHHS MOPUCTOCTI, Moaudikarii
CTPYKTYpH M BJIACTMBOCTEW METaNIB Ta CILIABIB € iX IHTEHCUBHE rapsiye nedopMyBaHHS
HUIIXOM KyBaHHS. Puc. 5.17 mnokasye cTtpykrypy cmuaBiB Zr-1Nb-1,2Sn-0,4Fe Ta
Zr-1Nb-1,2Bi-0,4Fe micns kyBauHst npu temnepatypi Bix 700 © C Ta TOCITHEHHI 3HAYCHHS

nedopmairii 1o ~ 70%.

- O v o =

Puc. 5.17. MikpoctpykTypa cruiasis micis kyBanas 3a 700 °C go ~ 70%
nedopmarii: Zr-1Nb-1,2Sn-0,4Fe (6), Zr-1Nb-1,2Bi-0,4F¢ (0).

KyBaHHS M03BOJIMIIO 3MEHIIUTH MOPHUCTICTH 000X cmiaBiB go 0,3-0,5%, xoua
oTpuMaHi JepopMaIli€cr0 MIKPOCTPYKTYpU CYTTEBO BiApi3HAIOTHCA. [lo-mepimne, cmmaB 3
OJIOBOM Ma€ 3HAYHO JPIOHINIY CTPYKTYpY 3€peH; MO-Apyre, y WOro CTpykrypi (a3osi
KOMITOHEHTH PO3MOAUIAIOTECS XAOTHYHO, TOAl SK Y CIUIaBi 3 BICMYTOM BOHHU O1JIbIII
YIOPSIKOBaHI i MAIOTh MEHIITY TOBIIMHY.

Pe3ynpTaTé J0KanhbHOTO XIMIYHOTO aHANI3y MOKa3yHOTh, IO JIETYBAJIbHI €JIEMEHTH
PO3MOIUISIOTHCS TOCUTH PIBHOMIPHO 10 00’ €My 000X CIUIaBiB.

PenTreHocTpyKTypHUIl aHaTI3 IMX MaTepiatiB Micist KyBaHHs (puc. 5.18) He moka3as
HAsBHOCT1 IHTEHCUBHUX MiKiB -(a3u B 000X CIIaBax, X04a 3TiJHO 3 MIKPOCTPYKTYPHUMH

JOCTIIKEHHSIMH KUTBKICTh JaHOi (ha3u miciig KyBaHHS LIJIKOM JOCTAaTHA. Y 000X CIiaBax
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CIOCTEPIraEMO PO3MUTI AUPPAKUIAHI MIKK B-(pa3u HU3BKOI IHTEHCHUBHOCTI, Xoua JJis
criaBy Zr-1Nb-1,2Bi-0,4F¢ BOHM IPOSBIISAIOTHCS YiTKIIIIE.
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Puc. 5.18. Iudpakrorpamu cmiasiB Zr-1Nb-1,2Sn-0,4Fe (a, 0) Ta
Zr-1NDb-1.2Bi-0.4Fe (B, r) micns kyBauus 3a 700 °C 3 pedopmariero ~70%.

Posmmpenns mikiB yHacmigmok aedopmaliii Ha PEHTreHIBCHKUX audpakTorpamMmax
MOke OyTM BHUKIMKaHE JBOMa OCHOBHMMH TMPUYMHAMH: TIOSBOI0 3aJMIIKOBUX
MIKpOHANpY>KeHb a00 (pparMeHTaIli€}0 KPUCTATITIB Yepe3 MiBUILEHY T'YCTUHY JUCIOKAIlIH.
3auIIKOBI MiKpOHANPYKCHHS Gm BU3HAYAIOTH 32 (hOPMYJIOI0, HaBeIeHOIO B poboTi [211]:

__Ep
m atgo

ne E - Mogynbs mpyXHOCTI, B - TOBHA MIMPUHA MMOJOBUHA MaKCUMyMY TIKY, 0 - KyT
BinOuTTs Bynbda-bperra.

Jlpyra npuurHa pO3LIMPEHHS MIKIB B 000X CIUIaBax MICJs KyBaHHS MOXe OyTH

BUKJIMKAaHa 3HaYHOIO (PparMeHTailii€ro B-ha3u Ha 30HU KOTEPEHTHOTO PO3CISIHHS pO3MipamMu

Dcsr [212]:
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_ ACuKgy
CSR ™ BcosO

ne ACuKg - ToBkHHA XBHJII BAKOPUCTAHUX PEHTTE€HIBCHKUX MpoMeHiB Cu.

Y nBodasnit a+B crTpykrypi B-daza 3 HaA3BUYANHO JUCIIEPCHUMH 30HAMU
KOT'€PEHTHOTO PO3CISHHS MOKE YTBOPIOBATHCS IIJ Yac 1HTEHCUBHOI Jedopmarllii mnpu
kyBaHH1. [loniOHi, 30araueni Hiodiem (g0 70 mac.%) BuaiieHHs B-dazu po3mipamu 90 1
200-300 um 3adikcoBani y [173] mst crutaBy Zr-1Nb micist Xon04HOT Ta rapsiuoi IpOKaTKH
3 moaaneinuM Bignanom mpu 600 1 700 °C.[213]

Sk nokaszanu AociKeHHs noatocHux Giryp (puc. 5.19), po3noain yactuHok B-dazu
€ MpakTUYHO piBHOMIpHMM. Lle minTBepKyroTh MokazHuku PB-momtociB {200} nis 06ox
3pa3KiB 3 OJOBOM Ta BICMYTOM. [HTEHCHBHI MIKM B LIEHTP1 MOSCHIOIOTHCS KOPEKIIHHUM
Koe(ilieHTOM JI BeJIUKOi aiadparmu (Bucora S mm, mupuna 0,5 mm).

46-

46~

Puc. 5.19. IonrocHi moka3uuku 3pas3kiB {200} B 3paskiB Zr-1Nb-1,25n-0,4Fe (a) ta
Zr-1Nb-1,2Bi-0,4Fe (6) micns rapsaoi koBku 3a 700 ° C 3 70% nedopmariiero.

PesynpTaTi peHTTeHIBCHKUX JOCIIIKEHDb TOPIBHIOBATIUCS 3 JTAaHUMHU TPAHCMICIHHOT
CJEKTPOHHOT MIKpocKomii juisi  koBaHux wmatepiamiB  (Puc. 5.20). V  cmmasi
Zr-1Nb-1,25n-0,4Fe B ¢a3a mo3HayeHa cTpuikamu, a OJMCKAaBKAMH — JUISTHKA 0-(asu,
JI€30pIEHTOBAHI 11010 OCHOBHO1 O-pa3u i 0OMexeH1 3 000X CTOPIH.

Sk MokHa 0ayuTH, Y IOMY CIUIaBI IUIACTUHU 0-(a3u Ta B-mporapku po3TalioBaH1

JOCUThH Xa0TUYHO (puc. 5.20 a) 3 YITKUMU rpaHULAMHU MK HUMU. Clli 3a3HAYUTH, 110 Mij
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Yyac raps4yoro KyBaHHs CIUIaBy 3 OJIOBOM Yy IUIACTHMHAX 0-()a3ud yTBOPIOIOTHCSA NUISHKH,
oOMeXeH1 JUCIOKAIIMHUMU CKyM4eHHSIMH (MOJiI0HI 110 cyO3epeH) 3 OplEHTAIIELo,
BIIMIHHOIO BiJl Opi€HTallli OCHOBHOI'0 00’ €My miacTuH. IIpo 11e cBiIunTh TEMHUI KOHTPACT
Takux obnacreit (puc. 5.20 a). Takox, y TIBOMY HUKHBOMY KYTI 1€l (GIrypu BUJIHO, 110 -
mapu 3MIHIOIOTh OpIEHTALllI0 Maike 3 TMEepHeHIuKyIsIpa [0 IUIomuHU (Girypu 1
o0epTaroThcs Ha Benukuil KyT. Llei ¢akT 103BoJisie 3p0OUTH BUCHOBK, 1110 3HAYHA YaCTHUHA

JUCIIOKAIIIH y Mpolieci rapsyoro KyBaHHsl HaKonuuuiacs B 0Oera-hasi.

Puc. 5.20. EnexTpoHHOMIKPOCKOTIUHI 300paykeHHs CTPYKTYpH ciutaBiB Zr-1Nb-1,2Sn-

0,4Fe (a, 6) Ta Zr-1Nb-1,2Bi-0,4Fe (B, ) micis koBku 3a 700 °C 3 nedopmariiero ~70%.

Jlemio iHITy KapTUHY CIOCTEPIraeMo y 1e(pOpMOBAHOMY CIUIaBi 3 BIcMyTOM. YiTKHX
B-mapiB Hemae (puc. 5.20 6). HeuiTke po3ainienns ¢a3 y criaBi 3 BICMYTOM ITICTS Tapsyoro
KyBaHHS B 300paKEHHSIX MIKPOCTPYKTYPH, 3HATOI 3a JOTOMOTOK TPaHCMICIHHOT
EJIEKTPOHHOT MIKPOCKOTIi, MOXHA TOSCHUTA 3HAYHUMH MIKPOHAMPYXEHHSIMH dYepe3
HAsSBHICTh K BEIUKHX aTOMIB BICMYTY, TaK 1 HEPO3UMHEHHX MIKPOYACTUHOK BICMYTY.
OTxe, MoOXHa 3pOoOWTHM BHUCHOBOK, M0 30UIBIICHHA IIUPUHU TIKIB [-pa3u Ha
pPEHTTEeHOrpaMax y IbOMY CIUIaBi 37€OUIBIIOrO 3yMOBJICHE MIKPOHAIPY>KEHHSIMH, SKi

BUHUKAIOTH y B-(ha3i mig yac rapssaoro KyBaHHS.
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5.4.2. lepopmaniiina moBexinka crmiaBiB Zr-1,2Sn-1Nb-0,4Fe ta Zr-1,2Bi-1Nb-

0,4Fe npu BUCOKOTEMIIEPATYPHIiil MOB3y40CTi

JUJist BCTAaHOBJIEHHSI IOBEIIHKY BKA3aHMUX CIUIABIB B YMOBaX, OJM3bKUX /10 peanizauii
nudy31iHOro MexaHizmy aedopmariiii, i BUTPOOyBaHHS TPOBOAMIKCS 3a TeMiepaTypu 850
°C mipu cTUCKy Mg Aieto HaBaHTaxxeHHs 25 MIla. Taki ymoBu nedopmarttii He € B Y4UCTOMY
BUTJISIZI yMOBamMu AUQY31iHOT MOB3Y4YOCTi, OCKUIBKM KBajJpaT MOIMEPEYHOro Mepepizy
3pa3KiB MOCTYMOBO 301IbIIYBaBCs NpUOIM3HO y 2 pasu min giero aedopmarii 0,65-0,75.
Pe3ynbpTaTH, ycepeaHeHi 3a TpbOMa 3pa3kaMy KOXKHOTO CILJIaBy, HaBeleH1 Ha puc. 5.21.

0,8- 1

N ,—o—9
0,61
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0,41
0,31
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0,0 . -_
0 1000 2000 3000 4000 5000 6000
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Puc. 5.21. Kpusi nedopmarii nmpu crucky cruiaiB Zr-1Nb-1,2Sn-0,4Fe (1) ta Zr-1Nb-
1,2Bi-0,4Fe (2) 3a remmieparypu 850 °C ta tucky 25 Mlla.

Sk BugHo, crutaB Zr-1Nb-1,2Sn-0,4Fe cioyaTky MaB Jelio HuKk4ay aedopmaitito, Hix
cruiaB Zr-1Nb-1,2Bi-0,4Fe nmo 2100 ¢ wacy BumpoOyBanus. OxHak depe3 2100 ¢ cruiaB
Zr-1Nb-1,2Bi-0,4Fe mponemoHcTpyBaB BHIly jaedopmariiiHy criiikicte. Ile MoxHa
MOSICHUTH THM, 1110 CHHTE30BaHui 3 mopomikiB ciuiaB Zr-1Nb-1,2Bi-0,4Fe maB geio Buiry
nopucTicth, HiX cruiaB Zr-1Nb-1.2Sn-0.4Fe; tomy mBuakicte Horo medopmarii Ha

MMOYaTKOBOMY €Talll TAKOK OyJia TPOXH BULIOIO, IO BiIOYBAETHCS A0 3HUKEHHS IEPBUHHOT
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nopucTocTi. BapTo 3a3HaunTH, 110 OCHOBHE 3aJIIKOBYBAHHS MOpP B1IOYBAETHCS LUISIXOM
nedopmalilii 3cyBy, SIKa BiAITpa€ HaWBaKJIMBIIY POJb IPHU BEIUKUX AePopMallisx, K Le
NoKa3aHo B mocwianHi [214]. [ludy3iiiHi npoiecu TakoX CHpUsIOTH Aedopmartii, ane ix
BHECOK 3HaYHO MEHIIUU. MexaHi3M nedopmalii criaBiB 3MIHIOETbCS MICTAS 3MEHIICHHS
MOPUCTOCTI HIKYE 32 IEBHUW KPUTUYHUHN P1BEHb, BOJHOYAC TOUHUIA MeXaH13M Jedopmarii
Ha [IbOMY €TaIll 3AJIMIIAE€ThCS HeACHUM. Ha 0CHOBI aHami3y HasiBHUX AaHUX OyJ0 3p00JIeHO
HAWOLIBII TIPABAOMNOI1I0H] MPUMYIIEHHSI 010 1BOTO.

[To-nepmie, e He Moxke OyTu OyAb-SKUU 3 «UUCTUX» AUDY3IHHUX MEXaHI3MIB
(manpuknan HabGappo-Xeppinra, KoGna Ta iH.), OCKUIBKM MIBHAKOCTI jAedopmarliii, sk
BUILIMBAE 3 puc. 5.21, 3HAYHO BHIIII, HIX Ti, K1 MOKYTh OyTH 3a0e31eueHi Jutie 1udys3i€ero.
Kpim Toro, ciig BpaxoByBatu, 110 B o+ CTpyKTypax, MpoBigHOIO (a30ro, sika BU3HAYAE
nporuec Aedopmailii B MIMPOKOMY Jiarna3zoHl Temreparyp y TUTaHi, HUPKOHIT Ta IXHIX
criaBax, € o- ¢asza [215, 216]. Orox, SKIIO PO3MIAAATH TEPEHOB3aHHS KPaloOBHX
KOMITOHEHTIB TUCIIOKAIIN SIK KIIOYOBHI MeXaH13M (XapaKTepHUH JJ1sl HIUPKOHIEBUX CILJIAB1B
3a Temmepatyp g0 850 °C [217-220]), To HeoOXiaHO BpaxyBaTH CEPeIHIN BIIbHUN MPOOIr
MX JMCIOKAIliH B3I0BXK IUIOIIMH KOB3aHHS JI0 TOTO, SIK BOHH 3YIMUHATHLCS Oap’epamu [221].
3a3BHyail cepellHii BUIBHUUA MPOOIT BU3HAYAETHCS CEPEAHBOIO BIICTAHHIO MK MEXaMu
3epeH, CyOrpaHUIIIMH, YaCTUHKAMHU JOMIMIOK, MDK()A3HUMH TPAHUIIMH TOIINO. Y HAIIOMY
BUIIAJIKy ITUM 3HAYEHHSIM € PO3MIp O-TJIaCTUHUA. TOOTO 10 TOBIII O-TUIACTHHH, TO BUIIIOFO
NMOBHWHHA OyTH MBUAKICTH Aedopmarrii. Tak BUHUKA€E CyNepeyHICTh, OCKUIBKH Y BUXITHOMY
CHUHTE30BaHOMY CTaHi o-1macThHH B civiaBi Zr-1Nb-1,2Bi-0,4Fe y 2 pasu ToBmIi, HiX y
crutasi Zr-1Nb-1,2Sn-0,4Fe (puc. 5.15 1 5.16), Toni sk Ha puc. 5.21 BHIHO, IO MBUIKICTH
nedopmarlii Ha pO3TIAHYTIA CTadii HWKYa y CIutaBl 3 BicMyToMm. OTXe, MIBHIAKICTH
nedopmarii npuHaiiMHi criaBy Zr-1Nb-1,2Bi-0,4Fe Ha mogarkoBiit cTanii nedopmaririi He
KOHTPOJTIOETHCS TIEPETIOB3AHHAM JUCIOKAIIN y PO3TISHYTUX YMOBAX.

PosristHemo MIKpOCTpYKTYpHI 3MiHH CIUIaBiB Micis aedopMariii CTUCHEHHSM 0
70-75% 3a 800 °C, 25 MIla. SIx BuaHO 3 puc. 5.22, 11e IePEeBaKHO IIACTUHYACTA CTPYKTYpa
3 JOCUTh PIAKICHUMU IpyOUMU BKJIIOUCHHSIMHU a-pa3u. Bapto 3a3HaunTH, 1110 y cruiasi Zr-
1NDb-1,2Sn-0,4Fe mi BiIroYeHHs aemto Ouibli, HiK y cmuaBi Zr-1Nb-1.2Bi- 0.4Fe. I{oxo

TOBUIMHU TpomiapkiB B-da3zu, To BOHAa B 000X cCIlaBax NMPUOJIM3HO OJHAKOBa. Y3araii,
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MIKPOCTPYKTYPH JIBOX CILIaBIB Ha cTaili aeopmauii micas 3aKpUTTS MOp MOAIOHI K
AKICHO, TaK 1 KuibKicHO. IIpoTe, He3Bakaroum Ha MIKPOCTPYKTYPHY 1A€HTHYHICTb,
mBHAKICTh nedopmarii criaBy Zr-1Nb-1.2Bi-0.4Fe depe3 2100 ¢ micns npukiiaaeHHs
HABaHTA)XCHHS BJIBIUl HIKYA, HiX y cruiaBy Zr-1Nb-1.2Sn-0.4Fe, Tomy ManoiMoBipHO, 110
MBUAKICTh AedopMallii KOHTPOJIIOETHCS TMEPENOB3aHHAM KpalOBUX KOMIIOHEHTIB

JUCIIoKarli Ha i crasii.
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Puc. 5.22. Mikpoctpykrypa cruiaBiB Zr-1Nb-1,2Sn-0,4Fe (a, 6) ta Zr-1Nb-1,2Bi-0,4Fe

(B, ) micyg cuHTE3y Ta HacTymHOI nedopmartii 3a 850 °C mig Tuckom 25 MlTa.
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OnauH 13 MOKIIMBUX MEXaHI13MIB, IO KOHTPOJIIOE BUJKICTH iepopmaltii, Moke OyTu
MOB'I3aHUM 31 MIBUIAKICTIO PyXy AMUCIOKALIA MO MJIOMMHAX KOB3aHHS. OCKUIBKM L1 JBa
CIUTaBH BIJPI3HAIOTHCS JIMIINE OAHUM JICTYBAJIHPHHUM KOMIIOHCHTOM, TaKHMM MEXaHi3MOM
MO>Ke OyTH B'sI3Ke KOB3aHHS TUCIIOKAI[IH 3a iX B3a€EMO/I1i 3 aTOMaMU JIETYBaJIbHUX €JIEMEHTIB
y TBepAoMy po3uMHi. TyT cHiJ 3a3HauUTH, 110, HAa AYMKY O0aratbox JOCIIIHHKIB
[218, 220, 222, 223], mBuaKicTh Acdopmariii IUPKOHIEBUX CIUIABIB THIY MHUPKOHIKO 3
OJIOBOM, Ji¢ HIOO1M BIACYTHIM, KOHTPOJIOETbCA MEPENOB3aHHAM KpalOBUX IUCIOKAIlIH.
Boanowac mBuakicte aedopmariiii craBiB 3 HioOlem [174, 219, 222] BuzHavaeThCs
IIBUIKICTIO B'S3KOTO JMCIIOKAIITHOTO KOB3aHHS, 10 TaKOXX MOJXKJIMBO 3a MPHUCYTHOCTI
oyioBa y cruiaBax. Lle, iMOBipHO, MTOB'SI3aHO 3 TUM, 10 HI001i B IIUPKOHIEBUX CIIaBIB Ma€
BEJIMKUAN 3MII[HIOBAIbHUN edekT y mopiBHsSHHI 3 osoBoM [221]. Omxke, HaBiTh mpH
OJIHAKOBUX KUIHKOCTSIX H100110 Ta 0JI0BA B IIUPKOHIEBUX CIIaBaX CJIiJl OYIKYBaTH, 110 CaMe
HIO01H € eJleMeHTOM, aTOMM SKOI'0 BH3HAYalOTh KOB3aHHS JUCIIOKaIii B o-dasi, H,
BIJIMOB1IHO, ME€XaHi3M Jedopmariii.

Ha nmonmatok, meidt MexaHi3M O0e3MOCepeHBO 3aleKUTh Bil CHIBBIIHOIICHHS
IIBUKOCTEH JTBOX MPOIIECIB: KOB3aHHS JUCIIOKAIIM Ta qudy3ii aTOMiB BaKKUX €JIEMEHTIB,
SKAMH 11l CIUTaBU BIJPI3HAIOTHCSA (0JI0BO Ta BicMmyT). Lled mormsm miaTBepIKYEThCS
PO3IIOALIIOM €JIEMEHTIB y cIuiaBax micisa aedopmarii, nus. puc. 5.23. UiTko BUIHO, IO
micis Aedopmallii 0J0BO Ta BICMYT PO3IMOAUICHI OJHOPIAHO, HE3aJICKHO BiJl PO3IMOILTY

HIINX JIETYBaJbHUX €JIEMEHTIB Mk o Ta B-¢azamu (puc. 5.23 0).
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Puc. 5.23. KapTorpadist po3moiny jeryBajibHUX €JIEMEHTIB y cruiaBax Zr-1,2Sn-1Nb-
0,4Fe (a) Ta Zr-1,2Bi-1Nb-0,4Fe (0) nicis nedhopmyBanus npu temnepatypi 850 °C ta
Tucky 25 Mlla.

Kpim Toro, takox BHAHO, IO B CIUIaBl 3 BiCMyTOM HIi00iil piBHOMipHile
po3nonuieHnid MiX ¢dazamu, HOK y ciuiaBi 3 ojgoBoM. Lle cBimuuTh mpo Te, Mo y CIuiaBi 3

BICMYTOM JTUCIIOKAITIi 3 MPUETHAHUMHU PO3YNHEHUMH aTOMAMH «BaXX91» 1 CXUJIbHI 10 O1ITBII
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e(eKTHUBHOI B3a€EMOJIIi 3 aToMaMu HIOOII0 Ta pyHHYBaHHS MDK(pA3HMX T'paHULb, SKIIO
MOPIBHATH 31 CIUIABOM 3 OJIOBOM. IIpHpOIHO MpUITyCTUTH, 1110 JUCIOKALIl 3 TPUEIHAHUMU
BAXKMMHM aTOMaMU BICMYTy OyAyTb MEHII PYXJMBHMH, HIK AMCIOKAalil 3 BIAHOCHO
JIETKUMH aTOMaMU OJiOBa. 3aB/SKU I[bOMY IMIBUAKICTH Jeopmallii CrjiaBy 3 BICMyTOM Ha
npyrii craaii (todto micas 2100 ¢, koiau BiAOYBAaEeThCsl TOCTATHE 3MEHIIIEHHS 00’ €My T1OP)
BIB141 Hibk4a. CliJl 3a3HaYUTH, 110 MBUAKICTH Aeopmaliii Ha 11 cTadli AJist 000X CIIJIaBiB

Ma€ TEHJICHIIIIO0 J0 IyKe TIaBHOTO 3MEHILICHHS 1 TaJIeKa BiJl YCTAJEHOTO CTaHy.

5.5. BuCHOBKHM 10 pO31i1y

XonogHa nedopmallisi MPOKAaTyBaHHSAM Mae Jy)Xe OOMEKEHI MOXKIHUBOCTI IS
Moaudikaiii MiKpOCTPYKTYpH, 3HIKEHHSI 00’ €MHOTO BMICTY MOp, a, OTKE, 1 MOKPaICHHSI
MEXaHIYHHMX BJIaCTHBOCTEH CMHTE30BaHUX CILIaBiB cuctemu Zr-Ti-NDb.

3 immoro Ooky, crmuaBu Zr-Ti-Nb mo0pe mimnaroThCsi IHTEHCHBHIM XOJIOMHIH
TIaCTUYHIN gedopmarliii MeToA0M KPYTIHHS i BUCOKUM TUCKOM. Lle#t Tun nepopmyBanHs
3a0€3MeUrB JUCIIEPrizaiilo CTPYKTypH 13 (OPMYBaHHSIM TPAKTUYHO OE3MOPUCTUX
HAHOCTPYKTYPHHMX CTaHIB, [0 JIO3BOJIMJIO CYTTEBO ITIBUIIIUTH TBEPICTh OJHO(Da3HOTO [3
OLIK marepiany.

Takox e(eKTHBHUM CITOCOOOM BIUTMBY Ha MIKPOCTPYKTYPY CHHTE30BaHUX CIUIABIB
Zr-Ti-Nb € ix rapsda nedopmaitisi. MeToaoM rapsidoro MpecyBaHHs JOCATHYTO MPAKTUIHO
0e3MOpUCTUX CTaHIB, 3aBASKA YOMY MOYXKHA CYTTEBO PETYJIIOBATH KOMIUIEKC (Hi3UKO-
MEXaHIYHUX XapaKTePUCTUK MaTepiaiy, M0 MiATBEPHKEHO IMiIBUIICHHAM 3HAYE€Hb 1XHBOI
TBepAOCTi Ta Moayis FOHra.

JocnmimkeHo  CTpYKTypHi — ocoOmuBocTi  cmiaBiB  Zr-1,2Sn-1Nb-0,4Fe  Ta
Zr-1,2Bi-1Nb-0,4Fe, cuHTE30BaHUX 3 TETCPOTCHHUX TOPONIKOBUX CYMIIICH Ta IMiIIaHuX
rapsaoMy JnehopMyBaHHIO B yMOBax peami3amii IUCIOKAIIHHOTO Ta AuQy31HHOTO
MeXaH13MiB 1e)OpPMYyBaHHS.

KyBanus mux o+ cmiaBiB CyTTEBO 3MEHIIYE iXHIO 00’€MHY MOPUCTICTh 1

MPU3BOJIUTH JO HAKOMWYEHHS AUCIOKalid mnepeBaxHo B P-daszi; y P-das3t cmmaBy
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Zr-1Nb-1,2Bi-0,4Fe  BUHHMKAaIOTH  MIKpPOHANPYXKCHHS,  OOYMOBICHI  HAasBHICTIO
HEPO3YMHEHUX MIKPOYACTHHOK BicMyTy, a y cmiaBi Zr-1Nb-1,2Sn-0,4Fe [-dasa
PO30MBAETHCS HA HAHOKPUCTAIITU 3 MAJIMMU 3HAYEHHSAMHU 30H KOT€PEHTHOTO PO3CISHHS.
Hedbopmariss Ha ctuck o60ox cmiaBiB 3a 850 °C B yMoBax pO3BUTKY
BHCOKOTEMIIEpaTypHOI MOB3y4YOCTi, OJIM3bKUX [0 peanizauii Audy31HHOrO MeXaHi3My,
CHOPHUYMHSE TMOCTYNOBE 3MEHUIEHHS mnopucTtocTi. CIulaB 3 BICMYTOM TP PO3BUTKY
nedopmMailii Mae BIBIYl MEHINY MIBUAKICTh Aedopmallii, HDK CIUIaB 3 OJIOBOM. AHami3
MIKPOCTPYKTYPH Ja€ 3MOTY MPUITYCTUTH, IO MIBUIKICTh Nedopmallii B 3a3HAYCHUX YMOBaX
KOHTPOJIIOETHCS B'A3KUM KOB3aHHSAM JUCIOKAIlM, a BICMYT € Oulblll e()EeKTUBHUM

3MiIlHIOBaJ'IBHI/IM CIICMCHTOM, HIK OJIOBO.
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BUCHOBKH

B po00Ti BCTAHOBJIEHO OCHOBH1 3aKOHOMIPHOCT1 ()OpMYyBaHHS (a30BO-CTPYKTYPHUX
craniB o (I'IIY) crmasiB Zr-1,5%Sn ta Zr-1%Nb mist motped siaepHoi eHepreTuku Ta 3
(OLK) cmasiB Zr-Ti-Nb i3 Huzpkum moayiaem FOHra MenuyHOTO NMpPU3HAYCHHS TPU 1X
CUHTEe31 3 0araTOKOMIIOHEHTHUX CyMilllel HaBOJHEHUX MOPOILIKIB.

Ha ocHoBi gocnimpkens (pa3oBUX Ta CTPYKTYPHHUX MEPETBOPEHDb 1 00’ €MHUX €(EKTIB,
B TOMY YHCIIi, TUX, 1110 TIOB’s3aHI 13 JIecCOpOLII€I0 BOJHIO, IPU HArpiBaHHI CyMillIed TAPUIY
IUPKOHIIO 3 JICTYBAJIbHUMH YaCTMHKaMH, BCTAHOBJICHO (DAKTOpU Ta MEXaHI3MHU BIUIMBY Ha
IpoIlecCH TOMOTeHi3allii Ta KOHCOMinalii CHCTeM YacTHHOK, IO 3a0e3Meunsio KepoBaHe
dbopMyBaHHSA CTPYKTYPH CHHTE30BAaHMX CIUIaBIB Ta iX JocTaTHl (i3UKO-MEXaHIYH1
XapaKTePUCTUKH.

Bcranomneno, 1mo HEBIAMOBIAHICTE 00’€éMHUX €(EKTIB KOMIIOHCHTIB CHCTEMH, a
came, 3MEHIIEHHsI 00’€My HAaBOJHEHUX YAaCTMHOK Ha CTajli JAecopOIlli 3 HUX BOJHIO Ta
TEPMIYHE PO3MIMPEHHS HEHABOJHEHUX JIETYBAIBHUX YaACTUHOK, MOPYIIYIOE IHTETPAIBHICTh
CIIPECOBAHOI CHCTEMHM TP HarpiBaHHI, Ta € OCHOBHHM MeXaHI3MOM (OpMYBaHHS
HiIBUIIEHOT0 00’€éMy TOp B CHHTE30BaHUX CILIaBaX, 110 OCOOJIMBO MPOSBISETHCS Y
BUCOKOJIeroBanux cucrtemax Zr-Ti-Nb i3 3Ha4uHOI0 KiIbKICTIO HEHABOAHEHUX YACTHHOK.

BBeneHHs yCcix KOMIIOHEHTIB B CUCTEMY Y BUTJIS/I HABOJAHEHUX YACTUHOK (T1APHIH
IIUPKOHIIO 1 TUTaHy, HaBoaHeHi jiratypu Ti-Nb, Zr-Nb) 3aBasku momibHOCTI X 00’ €MHUX
e(heKTiB, IO CYNMPOBOKYIOTH (pa30Bi MEPETBOPEHHS MPH JecopOIIii BOIHIO, 3a0e3Ieuye Ha
i cranii 30epekeHHs] IHTErPaTbHOCTI CHCTEMH YaCTHHOK, a BHUKOPHCTAHHS BKa3aHHUX
miratyp 3MmeHmrye mposB edekty DpeHkens npu TepMiuHiM akTHBaIili AUQy31HHHX
mporieciB, o0uaBa ¢akTopu 3a0e3MedyroTh 3HUKEHHS OO0 €MHOTO BMICTY TIOp B
CUHTE30BAaHUX CIUIaBaX.

Po3pobneno MeToawKy IBOCTAJIMHOTO CHHTE3Y 3 BUKOPUCTAHHSIM TiIPHUIHOTO
MiAXOAY, TepIia CTaais SKOi BKIFOYA€ OTPUMAHHS YaCTKOBO-TOMOTEHI30BaHOTO CILIABY 3
0araTOKOMIOHEHTHUX CYMIillleli HAaBOJHEHUX YAaCTUHOK, a Jpyra — HABOJHCHHS JTaHOTO

MaTepiany 3 OTPUMAHHAM JICTOBAHUX HABOJHCHUX YaCTHHOK, dKTHBOBAHC CITIKAHHS SIKHX
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3a0e3nedye (OpMyBaHHA XIMIYHO 1 MIKPOCTPYKTYPHO OJHOPIIHHMX CTaHIB 13 HU3bKUM
00’€MHUM BMICTOM TOP.

[loka3zaHo, 1110 B yMOBaX pO3BUTKY IPOLIECIB KOAJIECUEHCII Op HA 3aBeplIaIbHUX
eranax cuHTe3y cruiaBiB cuctemu Zr-Ti-Nb gocsraenns 6esnopuctux 3 OLIK craniB i3
JUCIIEPrOBAHOIO CTPYKTYPOIO 3a0€31eUy€eThCs T0AATKOBUM rapsiuuM 1eQopMyBaHHSM abo
IHTEHCUBHOIO JeopMalliero MeToJlaMi KPYTIHHS M7 BUCOKMM THCKOM, IO 3a0e3mnedye
HIIBUILIEHHS XapaKTepUCTUK TBepaocTi (1o 370 HV).

3MiHOIO TapaMmeTpiB TIAPUIHOTO MIAXOAY 3a0e3MeuyeTbcsi KepOBaHWM BIUIMB Ha
MIKPOCTPYKTYPY CHUHTE30BaHHMX CILJIABIB HA OCHOBI LIUPKOHIIO 1, BIATIOBIIHO, PETYIIOBaHHS
ix Mexi mirHOoCTI (696-882 MIla), moka3HukiB miacTudHocTi (6,8-15,5%), TBepmocTi (Bix
140-192 nmo 233-273 HV) 1 momyns lOnra (55-71,3 TITla), siki € nmocrarHiMuU s

IMPAKTUYIHOTI'O BUKOPUCTAHHA.
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JOJATOK 1
Cnucok my6utikarii 3;100yBada 3a TEMOIO IMCEpTallii Ta BIJOMOCTI PO anpoOallio

pe3yabTaTiB AUcepTallii
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