AHOTANIA

Opuuny /. B. ®a30Bi i cTpyKTYpHIi epeTBOPEHHS NPU AKTHBOBAHOMY BOJAHEM
CHHTe3i cIuiaBiB Ha ocHOBiI nMpkoHilo. — Kpamidikamiiina HaykoBa Ipalsg Ha IpaBax
PYKOITHUCY.

Hucepraiiist Ha 3700yTTS HAYKOBOTO CTyMeHs AoKTopa (iytocodii 13 cremiaibHOCTI
105 — mpuknaana ¢izuka Ta HaHoMaTepianu, [nctutyt metanodizuku im. I'. B. Kyparomosa
HAH VYxkpainu, Kuis, 2021.

Hucepraniiina po0oTa NpUCBAYEHA BCTAHOBJICHHIO 3arajbHUX 3aKOHOMIPHOCTEH
CHUHTE3y CIUIaBIB IIMPKOHIIO 3 0araTOKOMIOHEHTHUX CHUCTEM HABOJIHEHUX TMOPOIIKIB,
(bakTOopiB 1 MEXaH13MIB BIUIMBY Ha MPOLIECH CUHTE3Y JUIsl OTPUMaHHS CTPYKTYPHO-(ha30BUX
CTaHIB CIUIaBIB, (PI3MKO-MEXaHIYHI XapaKTEPUCTUKH SKUX JOCTATHI JIs MPAKTUYHOTO
BUKOPWCTAHHS B SIEPHIN €HEPreTUlll Ta B METULIMHI.

JocnimxeHo eBoJoiito (a3oBOro CKIaAy Ta MIKPOCTPYKTYpPH TiJ 4ac CHHTE3Y
HU3BKOJIETOBAHUX CIUIaBiB Zr-1,5Sn ta Zr-1Nb 3 o-I'IIY cTpykTyporo 13 cymiiiei Ha
OCHOBI T1ApUAY HUPKOHIIO 3 JJOJaBAHHIM YaCTUHOK BIJMOBIIHUX MeTaliB. BoieHs, sikuii B
3a/IISTHOMY TIXOJ1 € TUMYAaCOBUM JIETYBaJbHUM €JIEMEHTOM JI0 IIMPKOHII0, BUXOIUTH 3
KpUCTAJIYHOI rpaTKy METajy Mij 4ac BAKyYYMHOI'O HarpiBaHHs B mpoueci cuaTesy. da3oe
nepetBopenHs ZrHp,—Zr+H; 3a0e3nedye yTBOpEHHS BHCOKOJE(EKTHOTO  CTaHy
JEr1IpOBaHOI LHUPKOHIEBOI MAaTpHIll, HI0 CYTTEBO akTUBYe nu(Dy3iiiHI mporecu Ta
npuckoproe (HopMyBaHHS OFHOPITHUX CcIulaBiB. [lokazaHo, IO KOXEH 3 BKa3aHUX
JIETYBaJIbHUX €JIEMEHTIB, $IKI CYTTEBO BIJIPI3HSIOTHCA CBOIMHM TOYKaMM IUIABJICHHS,
G y31MHOI0 PYXJIMBICTIO Ta 0L 1 3 cTa0LII3yI0U0I0 A1€10 HA KPUCTATIIYHY I'PaTKy LUPKOHIIO,
BHOCUTH XapakTepHI OCOOJMBOCTI B TMpoiec (OpPMYBaHHS CIUIABIB JAHUM METOJOM.
3okpema, cuHTe3 cIutaBy Zr-1,5Sn BinOyBaeTbes 3a y4yacTiO piaAKoi (a3u JETrKOIIaBKOTO
0JIOBa Ta 3 THUMYAacOBUM (OPMYBaHHSIM TBEPJAWX IHTEPMETANIIIB Ha CTaAill XiMIYHOT

roMorenizaiii cuctemu. CriaB Zr-1Nb cuHTe3yeThCsSI BUKITIOUHO TBEPAO(DAa3HUM IUIIXOM B



obyacTi iICHyBaHHS HeNepepBHUX TBepaux po3uuHiB Zr-Nb 3 [-OLIK crpykryporo.
AKTHUBaIlis ITUPKOHIEBOI MaTpuIill (pa30BUM TNEPETBOPEHHSAM TiapHA-MeTan 3a0e3rnedye
JOCATHEHHSI MaJIOTIOPUCTUX CTaHiB (3 TYCTMHOIO Ha piBHI 99% BiI TEOpPETHYHOTO
3HAUEHHS), HE3BAXKAIOUM Ha 11€, HU3bKa MIBUJKICTh MU(DY31HHOr0 PO3UMHEHHS YAaCTUHOK
HI0010 B IHUPKOHII pOOUTH MNPOOJIEMHUM JOCATHEHHS XIMIYHOI 1 MIKPOCTPYKTYPHOI
OJTHOPIMHOCTI CIutaBy. B 000X cItaBax IpHW OXOJOKEHHI BiJ] TEMIEpaTyp CHUHTE3Y
BiIOYBa€eThCs [—>0L TEPETBOPEHHs, MPOTE CIUIABH BIAPIZHIIOTHCA TEMIEPATypPOIO
MIEPETBOPEHHS, KUTHKICTIO 3apPOJIKIB 0 TUTACTUH Ta MIBUJKICTIO X POCTY, TOMY cpopMOBaHa
MJIaCTUHYACTa MIKPOCTPYKTypa ciuiaBy Zr-1Nb € CyTTe€BO TUCIEPCHINION, HIXK CIUIaBy
Zr-1,55n.

CdopmoBaHi (pa3zoBO-CTPYKTYypHI CTaHM CHHTE30BAaHUX CIUIABIB MalOTh MEXaHIYHI
BJIACTUBOCTI, TIOPIBHSHI 13 BIANOBIIHUMH MOKA3HUKAMM LIMX MarepiaiiB, OTPUMAaHUX 3a
CTaHJAAPTHUMH TEXHOJIOT1SIMHU.

BcTraHoBieHO OCHOBHI 3aKOHOMIPHOCTI (POPMYBaHHS CTPYKTYpHO-(ha30BUX CTaHIB
IPH CHHTE31 BHMCOKOJICTOBAHMX CIUIaBiB cucTeMu Zr-Ti-Nb, OCHOBHI JOCIIIKEHHS
MPOBEJACHO Ha MpuKIaml ABOX Kommosumii 59Zr-19Ti-22Nb Tta 35Zr-39,5Ti-25,5Nb
(mac.%). 3 cymiieit TiIpuay UPKOHIIO, TIIPUAY TUTAHY Ta YaCTUHOK H100110 C(hOpMOBAHO
OJHOPIJIHI TBEPJl PO3UMHM, IO MarwTh 3anaHy oaHodazny [ OLK crtpykrypy, sika
30epira€TbCsi B TMPOIECI OXOJOKEHHA J0 KIMHATHOI TeMmIepaTypu. XapaKTepHOIO
MpoOJIEMHOI0 OCOOJMBICTIO IIUX CIUIABIB € 30€peXeHHS B HHUX IIIJ] 4Yac CHUHTE3Yy
M1BUIIEHOTO BMICTY 3aIMIIKOBUX 0P (6-11%), sikuii HE BIamocs CyTTEBO 3HU3UTH 3MIHOIO
napameTpiB mporecy (po3Mipu YaCTHHOK, YMOBH iX MPECyBaHHsS, TEMIIEpaTypHO-YacOBI
YMOBU CUHTE3Y). Jl0/1aTKOB1 €KCIEPUMEHTH BCTAHOBWJIM, IO MiJBUIIEHA 00’ €MHA YacTKa
3QJIMIITKOBUX TIOP B ITUX CIJIaBaX IMOB’s3aHa 13 MPUCYTHICTIO B 1X CKJIaJl 3HAYHOT KUTLKOCTI
H100110. X04a oTpuMaHi (ha30BO-CTPYKTYpPHI CTaHU CUHTE30BaHUX CIUIaBiB (0HOGa3HMI B
OLK cran Ta 3Ha4yHa YacTKa MoOp) 3a0e3MeUyoTh JOCSITHEHHS 3HMKEHUX MoyniB FOHra
(55-56 I'Tla), mo € HEOOXiMHOK BHMOIOK IO CIUIABiB-MAaTEpiaaiB IMILIAHTATIB IS 1X
MEXaHIYHOi CYMICHOCTI 13 KICTKOBOK TKAaHWHOIO, TIJBUILEHA TOPHUCTICTh BeIE [0

Jerpaaanii XapakTepUCTUK MIITHOCTI Ta TIACTUIHOCTI.



3 pocaimkeHb 00’eMHUX €QEKTIB MiJ 4Yac HarpiBaHHS OKPEMHX HABOJHEHHUX 1
HEHABOJHEHUX KOMIIOHECHTIB TIOPOIIKOBUX CHCTEM 3POOJICHO BHCHOBOK, IO Ha CTafli
necopOi11ii BOJIHIO BiI0YBa€ThCs 301IbIIIEHHS 00’ €MHOT YaCTKU IyCTOT B CYMIIIIaX YaCTHHOK.
[IprunHOIO LBOTO € MPHUHIIMIIOBO Pi3HI 00’€MHI €PEeKTH CKIAJAOBUX CyMIIlIel: YaCTUHKU
o6ox rigpumiB ZrH,; ta TiH; neMoOHCTpYOTH 3MEHIIIEHHS 00’€My B TeMIepaTypHOMY
1HTepBaJIl AecopOllii 3 HUX BOJIHIO, a HEHABOJIHEHI YAaCTUHKHU HI100110 - cjabke TepMiuHe
posmupeHHs. HeBianmoBigHICTh 00’ €MHUX €PEeKTiB MK KOMIIOHEHTaMU CyMiIllel Mij] Jyac
necopOI1ii BOJHIO BUKJIMKAE PYWHYBAaHHS 3B’SI3KIB MIXK YACTUHKAMH 3 YTBOPEHHSM IMOpP B
CIIPECOBaHIM CUCTEMI, 1110 OCOOJIMBO MPOSIBISIETHCS [IPU 3HAYHOMY BMICT1 YACTHHOK H100110,
OyJly4s TOJIOBHOIO MPUYUHOIO MIJBHUIIEHOI MOPUCTOCTI MPU CHUHTE31 BUCOKOJIETOBAHUX
CIUTABIB.

[Tpu momaneimomy miaBumeHH1 Temmnepatypu a0 1000-1250 °C, ko akTHBY€EThCS
mudy3is 1 pPO3BUBAETHCA XIMIYHA TOMOTEHI3aIlis, PI3HULS AUPY3IHHUX TOTOKIB MIXK
KOMITOHEHTaMHU CUCTEMHU Beie JI0 MposiBY eexTy DpeHkens, BHOCSUU JOJATKOBUA BKJIAT y
30UTbLIEHHS! TOPUCTOCTI.

3 BCTaHOBJICHMX MeEXaHI3MIB (OpMyBaHHS TOp MPHU CUHTE31 BUCOKOJIETOBAHUX
crtaBiB Zr-Ti-Nb 3po0jIeHO BHCHOBOK, IO MOTCHI[IHHUM NUISIXOM 3HHXKCHHS 00’ €MHOT
YaCTKU TOP € BUKOPUCTAHHS y CTAPTOBHUX CYMIIIaX BUKIIOUYHO HABOJHEHUX MOPOIITKOBHUX
YaCTUHOK, SIK1 IEMOHCTPYIOTh OA10HICTh 00’ €eMHMX €(eKTIB Mmij yac aecopoiii BoaHo. Le
Mae 3a0e3MeyuTy 30epekeHHS IHTETPabHOCTI CHPECOBAHOI CHCTEMHU YACTUHOK HeE
30UTBITYIOYH PO3MIPH MTyCTOT MK HUM.

BukopucranHs 4aCTHHOK HABOJHEHOTO HIO01I0 pa3oM 13 TiIpuJaMU IUPKOHIIO 1
THUTaHY B MPOIECaX CHHTE3Yy HE a0 0aKaHOTO 3HMKCHHSI BMICTY ITOP B KIHIIEBHX CILUTaBaX
Zr-Ti-Nb, 1m0 MOsSCHIOETHCS HEAOCTAaTHHOIO CTAOILIBHICTIO TiapuaHoi (a3 HioOiro, sKa
BTpaya€e BOJICHb Y BaKyyMi 1€ MpU KiIMHATHINA TemiepaTypl. 3Ha4HO €()EKTUBHIIIUM €
BBEJICHHS HIOOII0 Y CyMillli Y BUIJISI YaCTUHOK HaBOAHEHUX Jiiratyp Zr-Nb ta Ti-Nb.

Bkasani HaBOJHEH! JiraTypu MpU HarpiBaHHI Ha CTafil AecopOIlii 3 HUX BOJHIO
MPOSIBIIAIOTE 00’€MH1 €(eKTH, MOJAIOHI 0 TIAPUIIB LUPKOHIIO 1 TUTaHy, 1€ CHOpPUSIE

OT)K€, 3MEHIIEHHIO 00’€My MYyCTOT MIXK YaCTMHKaMH, y TOPIBHSHHI 3 BHUIIQJKOM, KOJHU



BUKOPHCTAHO TMOPOIIKOBUN HIOOIH. Kpim TOro, BUKOpUCTaHHS JiraTyp 3abe3rnedye
CTBOPEHHSI OLIbII PIBHOMIPHUX AUDPY31MHMX TOTOKIB TpPU PO3BUTKY  XIMIYHOI
rOMOT€HI3allli, 0 MPUCKOPIOE JOCITHEHHS MIKPOCTPYKTYPHOI OJAHOPITHOCTI Ta 3HUKYE
HeraTUBHUN TIposiB edekty Dpenkens. lle m03Bommao 3MEHMUTH O0’€MHY 4YacTKy
3aJUIIKOBUX IMOp y ciutaBax Zr-Ti-Nb mo 1-2%, 1, BIANOBIIHO, CYTTEBO IOKPAIIUTH
KOMIJIEKC MTOKa3HUKIB MIITHOCTI Ta MJIACTUYHOCTI CHHTE30BAaHUX CILIABIB.

AJBTEepHATUBHUM METOJIOM JOCATHEHHSI Oa)KaHUX CTPYKTYPHHX CTaHIB JIJIsl CIUIaBiB
JaHO1 CUCTEMH € po3po0sieHa ABOCTA/lIfHA cXeMa CUHTE3y 3 BUKOPUCTAHHSM BOJIHEBOIO
BIUIMBY Ha Marepian. llel miaxim 3a0e3nedye JOCATHEHHS OJHOPIAHOCTI CIUIaBy Ta
3HM>KEHHSI 00’ €MHOI YaCTKU MOP B HBOMY IPU HEMOKIIMBOCTI BUKOPUCTAHHS JIIraTyp abo
IIPU HEMOXKJIMBOCTI JIOCTaTHBOI AMCIEPri3amii YaCTUHOK €JIEMEHTIB, L0 Mal0Th HU3BKY
nudy3iiHy pyXJuBICTh (HampHkiaa, Hio0110). JBocTaaiiiHy cxemy Oyno anmpoOOBaHO Ha
npukiaaai cuHte3y crutaBiB 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb 3 BHKOpHCTaHHSIM
BEJIMKHUX YACTUHOK Hi001t0 (61m3bko 100 MxM) Ta Temriepatypu cuntesy 1250 °C, mo npu
OJIHOCTAIITHOMY CHHTE31 HE 3a0€31euy€e OJJTHOP1THOCTI Ta 3HUKEHHSI 00’ €MHOT'0 BMICTY TIOp
Mmenie 6-11%. Ha nepmriif cTaaii ABOCTamiitHOTO MiaX0oay 6araTOKOMIIOHEHTHI CHCTEMU
ZrH,+TiH2+Nb nepeTBOproloTECS Ha 9YaCTKOBO TOMOTCHI30BaHUI MOPUCTHUH CILIAB, MIiCIIS
4oro 1€l MaTepia 3HOBY HaBOJIHIOETHCS 1, 3aB/ISIKM OKPUXUCHHIO IIPU HACHYEHHI BOJIHEM,
JIETKO TNEPEeBOJAUTHCS Y HABOJHEHHUM JIErOBaHMN MOPOIIOK 33JaHOl JAUCHEPCHOCTI, NpHU
aUcneprizamii skoro OJHOYaCHO BiIOYBAETHCSA XaOTUYHE MEPEMIITYBaHHS MOrO YaCTUHOK.
BukopucTaHHs HaBOJHCHHMX JICTOBaHMX 4acTUHOK Zr-Ti-Nb Ha apyriii cramii cuHTE3y
3a0e3neuye BUPIBHIOBAHHSA KOHLEHTpAIllli JEryBaJbHUX €JIEMEHTIB B CHCTEMI Ta,
BIJINOBIJIHO, OUJIBII PIBHOMIPHI Ju(y31iHI TOTOKH, a BOJICHD SIK TUMYACOBUH JIETyBaJIbHUN
€JIEMEHT, 3HOBY JIa€ BKJIaJl B aKTUBAIiio0 Audy3ii. Yci mi pakTopu miABUIIYIOTH MBUAKICTH
nu(dy31HOTO MePepOo3NOILTy €JIeMEHTIB, POPMYIOUH OJTHOPIIHI CTPYKTYpPHO-(a30B1 CTaHU
13 3HIKEHOIO 00’ €MHOIO YaCTKOIO TI0P.

Ha 3aBepmansHux eTamax CHHTE3y 3aJIKOBYBAaHHS IOP YHEMOXJIHMBIIOETHCS Y
3B’A3Ky 3 PO3BUTKOM aJbTEPHATUBHUX TMPOIECIB X KOAIECUEHIlli, TOMy 3 METOI

dbopmyBaHHS OE3MOPUCTUX CTaHIB OYyJO JOCHIIKEHO BIUIMB Tapsdoi Ta XOJOIHOT



nedopmMaliii Ha €BOJIIOIII0 MIKPOCTPYKTYpH Ta Xxapaktepuctuku B-OLIK crmaBiB cucteMu
Zr-Ti-Nb.

[Tokazano, mo xonomgHa AedopMailisi TPOKATYBaHHSIM HE 3a0e3redye CyTTEBOTO
BIUIMBY Ha MIKPOCTPYKTYpPY CHHTE30BaHUX CIUIaBiB cuctemu Zr-Ti-Nb 3 npuyuHH iX
NepeIyacHOTO pPYWHYBaHHS BHACTIZAOK HEraTMBHOTO BIUIMBY 3aJIUIIKOBUX TMOp SK
KOHIIEHTPATOPIB HAMIPYKECHb.

JlocnipkeHo TMOTEeHIal BIUIMBY 1HTEHCUBHOTO AchOpMYyBaHHS MNpHU KIMHATHIN
TEeMIIepaTypl METOJAOM KPYTIHHS MiJ BACOKUM THUCKOM JJI1 MOAM]IKALII MIKPOCTPYKTYpHU
Ta XapaKTEPUCTHK CUHTe30BaHWX cruiaBiB Zr-Ti-Nb. Ha Bimminy Bix amedopmartii
BOJIOYIHHSAM, TIPH SIKIH B1IOYBA€ETHCS YTBOPEHHS ® (Da3u, 110 MiABUIILYE MOIYJIb MPY>KHOCTI
Marepiany, IHTEHCHMBHA JaedopMallisi KpPYTIHHAM II1J] BUCOKMM THCKOM HE 3MIHIOE
onHodazHuii B cran marepiany. Ilpu npomy 3abe3nedyerbcs eheKTUBHE MOJIPIOHEHHS
MIKPOCTPYKTYpH 110 po3MipiB 3epHa 200-500 HM, popMyBaHHS MPAKTHUYHO OE3MOPUCTUX
cTaHiB Ta miaBuiIeHHs TBepaocTi 3 150-200 HV (B cunTezoBanoMy ctani) g0 300-350 HV
(micnst nedopmartiinoi 0OpoOKm).

MetonaMu rapsidoro npecyBaHHs OyJI0 TOCATHYTO MPAKTUYHO OE3MOPUCTUX CTaHIB
crtaBiB 59Zr-19Ti-22Nb ta 35Zr-39,5Ti-25,5Nb, 1110 [A03BOJIHIO CYTTEBO IIiABHIUTH
KOMILJIEKC X MEXaHIYHMX XapaKTepUCTUK. 30KpeMa TBepicTh 3pocna 3 159-185 HV no
291-298 HV, wminnicts — g0 945 MIla; onHovacHo, popmMyBaHHS GE3MOPUCTUX CTPYKTYP
nigsuiye moaysb FOura 3 55 I'Tla o 61-72 I'Tla.

[MopiBHsIBHO mochimkeHo nporecu cuHtedy o-I'IY cmnagiB Zr-1,2Sn-1Nb-0,4Fe
ta Zr-1,2Bi-1Nb-0,4Fe, ix aedopmariiiiny MOBEAiHKY 1 OMip MOB3YyYOCTi IiJ BIUIHBOM
HaBaHTAXCHHSA TpU BUCOKMX Temmeparypax. CmaBu cucremu  Zr-Nb-Sn-Fe
BUKOPUCTOBYIOTHCS Y KOHCTPYKIIIHHUX €JIEMEHTAX SIICPHUX PEAKTOPIB ISl BUTOTOBIICHHS
TBEJIiB, OCKIIbKM Taki MaTepiaJd MarTh BHINY MIIHICTh Ta Kpaluil omip 10
BHCOKOTEMIIEpATypHOI IMOB3y4OCTI B yMOBax eKCIUTyartarlii, Hbk cmiaB Zr-1Nb, skuii
IIMPOKO 3aCTOCOBYETHCSA IS III€T K METH. 3aMiHy O.-CTab1J113aTopa 0JI0Ba B CIUIaBl CHCTEMH
aeryBanHs Zr-Nb-Sn-Fe Ha HeWTpanbHHI 3MIIHIOBAJLHUA €JIEMEHT BICMYT OyIIo

POBEJICHO 3 METO JOCIIKCHHS BIUIMBY TaKoi 3aMiHM Ha AedopMalliiiHy MOBEIIHKY



CIUTaBIB TIPY HABAHTAKCHHSX Ta TEMIIEpaTypax, MO0 IMITYIOTh YMOBHU iX MPAKTUYHOTO
BUKOPUCTAHHS.

Hedopmarriitna moBeaiHka 000X CHHTE30BaHUX CIUIABIB B YMOBaX HaBaHTXKECHHS MPH
750-850 °C moka3ana ix JocTaTHI| OMip BUCOKOTEMIIEpaTypHii MOB3y4OCTi. BunpoOyBaHHs
JIOBEJIH, 110 JCIIO BHUINA MOPUCTICTh ciuiaBy Zr-1Nb-1,2Bi-0,4Fe (4,7%) € npuunHOO HOro
HE3HAYHO BHIIOi MIBUAKOCTI JedopMariii Ha MOYaTKOBOMY €Taml, HIX CIUIaBy
Zr-1Nb-1,25n-0,4Fe (mopucticte 4,0%). IIpoTte, 3HMKEHHS BMICTy MOp MICIs JOCHTH
tpuBaymx (Ouabie 2100 ¢) BUTpUMOK 3a0e3nedye OUTbIll BUCOKY AedopMaliiiiHy CTIHKICTb
CIUIaBY 3 BICMYTOM, HIXK CIUIaBY 3 0JIOBOM. L1 pe3ynbTatu cBig4aTh Npo MepCrneKTUBHICTh
3aMiHM O0JIOBa Ha BICMYT B CIUIaBaX JaHOTO KJacy /s JOCATHEHHS JOCTAaTHIX
EKCIUTyaTallifHUX XapaKTePUCTHK.

JI71s1 3SMEHIIEHHS BMICTY TIOp Ta MOAM(IKALil CTPYKTYypr 000X CUHTE30BAHUX CILJIaBI1B
edekTUBHUM € rapsiue nedopmyBanHs, cTyneHi aedopmyBanHs 70—75% 3abe3nedyroTh

3HMKEHHS 00’ €MHOT YaCTKHU IMOpP B KX cIiaBax 3 4-4,7% no 0,3-0,5%.

Kuarwuogi ciioBa: Husbkoseropani Ta BUCOKOJIETOBaHI IIMPKOHIEBI CIIJIAaBH, CHHTE3,
0araTOKOMIIOHEHTHI CUCTEMH HaBOJHEHUX YaCTHUHOK, 00 €MHI e(peKTH, MIKpOCTPYKTYpa,

(da3oBHil cTaH, MEXaHIYH1 XapaKTEPUCTUKH.



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 o 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



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 B 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



compacted system. This is especially evident at high content of niobium particles. This fact
Is a 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-



stage scheme was tested on the example of synthesis of 59Zr-19Ti-22Nb and
3527r-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 f-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-NDb alloys. The intensive deformation by torsion under high pressure does
not change the single-phase 3 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



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 a- 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.



