AHOTALIS
3eopuxin B. JI. Texnonoriune 3a0e3MeyeHHs MPOIIECIB 3BAPIOBAHHS TUTAHOBUX
crutaBiB Ti-TiB mixk co6oro 1 3 (o + ) TuranoBuM crtaBom tumy T110 Ta i3 cramio

12X18H10T. - KBamidikariiina HayKoBa Iparisl Ha MpaBax PyKOIHCY.

Huceprariss Ha 3100yTTS HAayKOBOTO CTyIEHS JoKTopa (imocodii 3a
cnemianpHicTio 131 [Ipuknanna mexanika. — HamioHanbHMI TEXHIYHUIN YHIBEPCUTET
Vkpainn «KuiBcbkuil momiTexHiunuii 1HCTUTYT iMmeHl Iropss Cikopcekoro» MOH

VYkpainu, Kuis, 2020.

Jucepraliisi pUCBsYeHA BCTAHOBJICHHIO OCHOBHHUX 3aKOHOMIPHOCTEH 1 HUISIXIB
ONTHUMI3aIl PEeXUMIB BHKOHAHHS 3BapHHX 3'€qHaHb ciutaBy Ti — 5%TiB; sk mixk
co0010, TaK 1 3 TATAHOBMMM CILJIaBaMH Ta iHIUMU Matepianamu (ctans 12X18HI10T,
H1001#1, BaHa/1i1), CIpIMOBaHa Ha JOCATHEHHS BUCOKUX MEXaHIYHUX XapaKTEPUCTHUK
yCIX €JEMEHTIB 3BapHUX KOHCTPYKIli, BUKOHAHUX EJIEKTPOHHO-TIPOMEHEBUM
3BapIOBAHHSM.

Brepiie  gocnmipkeHO TEXHOJIOTIYHI  OCOOJIMBOCTI  MPOIIECIB  3BAPIOBAHHS
tutaHoBuX crmiaBiB  Ti-TiB, ix akTyanpHICTP BH3HAYA€THCA HEOOX1IHICTIO
BIIPOBA/DKCHHSI Y MPOMHUCIOBE BUPOOHUITBO HOBHMX BITUYM3HSAHHMX MaTepialiB Ha
OCHOBI TUTaHY.

Po3po0neHo MeToAuKy BUKOHAHHS JOCHIIKEHb €KCIIEPUMEHTAIbHUX 3Pa3KiB,
3BapIOBAaHUX EIIEKTPOHHO-TIPOMEHEBUM crocoboM Ha ycranoBmi YJI-144 3a
pexxumamu  3BaproBaHHS: Uppe=60 kB, 1,=90 MA, mBUAKICT NepeMIlICHHS
€JIEKTPOHHOTO IIPOMEHIO: Ve, = 7; 10, 13 MM ¢, po3ropTka mpoMeHro 1is 3BaproBaHHs
TUTAHOBUX CILJIAaBIB — eJinconoioHa (3x4 Mm), a /1l 3BapIOBaHHS 13 TyTOIJIABKHUMH
MeTallaMH — KpyTJa, giametpoM 0,5 MM. Martepianu 3BapHUX 3'€JHAHb TOCII1IKYBaIH
13 3aCTOCYBaHHAM ejeKTpoHHUX MikpockoniB JSM-840 (JEOL, fAnownis) 13 cuctemoro
peHTreHiBChKOoro anamizy Noran-Quest, mporpaMoBaHO MPOOHOO cTaHIlie€r Tracor
Northern 5600 revB Ta nBoMa jaeTekTopaMu 3BOPOTHOIO PO3CISIHHS, a TaKOX
BukopuctoByBamu Oxe-mikposzoua JAMP-9500f (JEOL, Snonist). BunipoOyBanus Ha

PO3pUB MPOBOJMIM HAa MAalllMHI JJIsl BUMIPOOyBaHHs Ha po3Tar L[/1-4 BiamoBigHO 110
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['OCT 1497-84. PeHTreHOCTpYKTYpHI JOCHIKCHHsS 3pa3KiB BHUKOHYBalId 13
3aCTOCYBaHHSAM peHTreHiBcbkoro mudpakromerpa JIPOH-YM-1 B mignomy Kao-
BUITPOMIHIOBaHHI METOJIOM KPOKOBOT'O CKaHyBaHHSI.

BcTaHOBICHO NUISIXH BIIOCKOHAICHHS CTPYKTYpH ciuiaBy Ti—T1B B 30Hi 3BapHOTO
IBa, HUIAXOM T1I00pY BIAMOBIAHUX TapaMeTpiB MiABEICHHS 30BHIIIHLOI €HEprii
€JIEKTPOHHOTO MPOMEHIO B 30HY (OpMyBaHHS 3BapHOTO IIIBa, BUOOPY MOYATKOBOI
TEMIIepaTypy 3BaplOBAaHMX MarepiaiiB, MPOBEICHHS TEepMOOOPOOIEHHS 3BapHOTO
3’€JTHaHHS, BUKOPHCTaHHS TEXHOJOTIYHMX MPOKJIAJOK 3 Hi00II0, BaHAIIIO Ta CTami
101°2.

BuznaueHo 3akOHOMIpPHOCTI (pOpMyBaHHS CTPYKTYpPH 3BapHOTO IIIBA ITi 4ac
3BaprOBaHHA IUIaBleHHsIM ciuiaBy Ti-TiB 3 pizHUMHM MaTepialaMu Ta CTBOPEHHS
Cy4aCHHX YSBIEHb MIOJ0 BIUIMBY HOBUX CTPYKTYpHUX OCOOTMBOCTEW Martepiairy
3BapHOTO 3’ €JTHAaHHS Ha HOTO MEXaHIuH1 BIACTUBOCTI.

ExcrniepuMeHTanbHUMU TOCTIIKEHHSIMU CTPYKTYpH 3BapHOro mBa criaBa Ti-TiB
3 THTAHOBHMMH CIUUIaBaMU Ta MEXaHIYHUX BIACTUBOCTEH 3’€IHAHHS BCTAHOBIICHO, IO
€JICKTPOHHO-TIPOMEHEBE 3BaproBaHHs 3a napaMmeTpiB pexuMy Upnpe=60 kB, 1.,=90 MA,
pO3ropTKa MPOMEHIO - eTinconoaioHa, nomnepeyHa (3x4 Mm), 1st BC1X 3HAUYCHHSIX Ve B
inTepBami Bim 7 mo 13 mm-c?! 3abesnedye OTpHMaHHA HEPO3HIMHOTO 3BapHOTO
3'enHaHHs 3paskiB cruiaBy Ti-TiB, sik 13 crjlaBaMu Takoro *x CKjiany, Tak 1 3 (o + )
TUTAHOBUM cIiaBoM tumy T110.

JlocnmikeHHsT TIOKa3ayiu, 1o Mmija 4ac (GOpMyBaHHS 3BapHOTO IIBA BUXITHUUN
MaTepian 3a3Ha€e CTPYKTYPHHUX 3MiH, IO TPU3BOIATH JI0 3HMKCHHS TOBITUHU BOJIOKOH,
110 BMIITYIOTh 00p, 13 3-8 MM 110 0,1-0,9 mxm. [1pu iboMy BTpadaeThest iX XapakTepHa
BUXIJTHA CHPSIMOBAHICTh 1 CIIOCTEPIraeTbcs 3HA4YHE 3O0UIBLIEHHS CIIBBIAHOLIEHHS
TOBILIUHU BOJIOKOH OOPBMICHOT (ha3u 3 iX JOBXKHUHOIO.

ExcriepuMeHTanbH1 JOCHTIKEHHS MIKPOCTPYKTYPH TIEPEX1THOT 30HU «OCHOBHHIMA
MeTam»—«maTepial 3BapHoro mBa» cmiaBy Ti—TiB mnokaszamu, 1mo BoHa Mae
xapaktepauit po3mip 40-50 mxM. Y maTepiati i€l 30HU CIOCTEPITatoThCA SIK TIEPBUHHI

BosiokHa TiB ToBImMHOO 3-8 MKM 1 JOBXKHUHOIO BiJ 8 MKM 10 40 MKM, XapakTepH1 IS
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BUX1JIHOTO MaTepiaily, TaK 1 BTOPUHHI TOHKI Ta JOBT1 OOpBMICHI BOJIOKHA TOBIIHHOIO
10 0,1-0,9 MkM 3aBIOBXKKH 3-15 MKM, XapaKTepHi JJIs 3BapHOTO I1BA.

BcranoBieHo, o 30UIbIIEHHST BUXITHOI TeMIEpaTypy 3BaplOBaHUX 3pasKiBl 3
20°C no 400°C mpu3BOAWTH 1O MIJBHUINEHHS CTYHEHS OTHOPITHOCTI PO3MOALTY
0opBMmicHO1 da3u B mepexianiit 30H1 criaBy Ti-TiB 1 301b11eHHS pO3Mipy BTOPUHHHUX
BOJIOKOH ITi€1 (pa3u 5K 3a JOBKUHOIO, TaK 1 32 TOBILMHOIO, SIK B MEPEXiHIN 30HI, TaK 1
B 00J1aCT1 3BapHOTO IIIBA.

ExcneprMeHTa bH1 JOCTIIKEHHS MIKPOCTPYKTYPH HEPEXiAHOT 30HU «OCHOBHHIM
MeTamy—«maTepial 3BapHoro mBa» crmiaBy Ti—TiB 3 TuraHOBUMH cIUTaBaMu
NOKa3aju, M0 3a €JEKTPOHHO-TIPOMEHEBOI0 3BAPIOBAHHS 301IbILIEHHS Vey 13 7 10 13
MM-Cc! TpHM3BOAUTL O JBOKPATHOrO 3MEHINECHHS IIEPEXiIHOI 30HH «OCHOBHUM
MeTal»—«MaTepiaa 3BapHOrO IIBa» 1 JI0 30UIBIICHHS PIBHOMIPHOCTI PO3MOALTY B
TUTAHOBIN MaTpHIIl BOJIOKOH, III0 BMIIIYIOTh O0p.

BusHayeHO BIUIMB BHUKOHAHHS (DIHIIIHOIO TEPMIYHOTO OOpOOJIEHHS 3BapHUX
3'eqHanb MacTuH ToBmKHOK 10 MM 31 crutaBy Ti—TiB y pexumi 550°C (1 roauna,
BaKyyM), SIK€ JI03BOJIsi€ CTAOLTI3yBaTH CTYIMIHb 1X MEXaHIYHUX BIACTUBOCTEH Ha PiBHI
0;=1050 I'Tla, 6=4%.

BcranoBneno, 1o 3BapHi 3'eqHaHHs mi1acTuH TOBIIMHOKW 10 MM «Ti—TiB»-«Ti—
TiB» 1 «Ti-TiB»-«ctimaB Ttumy T110», oTpuMaHi eJlEeKTPOHHO-IPOMEHEBUM
3BAPIOBAHHSAM 3a 3HAYEHb Ve, B iHTEpBam Big 7 10 13 mm-c? i Buximuux temmeparyp
Bix 20 1o 600°C, 3a yMOB JOCSATHEHHS KPUTUYHOTO PIBHS PO3TATYIOUUX HAIPYKECHb
PYWHYIOTBHCS IO 00JIaCTi, 110 3HAXOJUTHCS 11032 30HOIO 3BAPHOTO 11Ba 3 (POpMYyBaHHIM
MOBEPXOHb PYHHYBaHHS 3 O3HAKAMHU KPUXKO-B’SI3KOT0 PyHHYBaHHS.

ExcniepuMeHTanbHUMU TOCHIIKEHHAMU CTPYKTYPH 3BapHOro 1iBa cruiaBy Ti-TiB
31 crmaBoM Tuny T110, ¢pakrorpadiuHoi CTpyKTypH MOBEPXOHb PYMHYBAHHS Ta
MEXaHIYHUX BJIIACTUBOCTEH 3’€THAHHS BCTAHOBIICHO, L0 32 YMOBHU 3MIiHH MEpPEBaXHOI
opieHTarlii apmyrouux BoJIokoH TiB B crutaBi Ti-TiB 3 moB310BXHBOI Ha MOTEpEUHY
piBEHb MEXaHIYHUX XapaKTEPUCTUK BUKOHYBAHOTO 3'eqHaHHs «Ti-TiB»—«cmnaB tumy
T110» 3meHmryerscsi. KpuTuuHUM y TakoMy 3BapHOMY 3'€HAHHI, 3 TOYKH 30DPYy

pyiiHyBaHHs, € ciuiaB Ti-TiB, y skoMy peanizyeTbcsi KpUXKe pyHHYBaHHS 3 HOTo
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HIIIFOBaHHAM 13 00JacTi apMyrO4nX BOJOKOH. [IpoBeneHHS TEpMIYHOTO Bifmary
3BapHOro 3'enHanHs 3a Temmneparypu 750°C (1 roauHa, Bakyym) T03BOJISIE 1OCSATATH
IUTACTUYHOCTI I[HOTO CIIIaBy 10 6=2%.

Brnepiie excriepuMeHTabHO TiATBEPKEHA MOMKIIUBICTH OTPUMAaHHS 3BApHUX
3'enHadb 3paskiB ToBIMHOW0 10 MM 31 crmaBy Ti-TiB Tta cram 12X18HI10T 13
BUKOPUCTAHHSAM PEXUMY €JIEKTPOHHO-TIPOMEHEeBOro 3BaptoBaHHs Upe—=60 kB, 1.,=90
MA, Ve,=7 MM-c! 3a yMOBH 3acTOCYBaHHS MMOJBIAHOT MPOKIAIKH 13 Hi06iI0 Ta i3 cTami
10I"2. ins oTpuMaHHA SIKICHUX 3BapHHUX 3'€IHAHb EKCIIEPUMEHTAJIbHUX 3pa3KiB
TOBUIMHOIO 10 MM 13 TuTaHOBOrO cruiaBy Ti-TiB Ta H100110 €1eKTPOHHO-TPOMEHEBUM
3BapIOBaHHAM HEOOX1THO 3a0e3medyBaTH posruiaBieHHs cruiaBy Ti-TiB 3a ymos
3MouyBaHHs Hi001t0 po3mnaBoMm Ti-TiB (temmepatypuuii intepBan 1300-1700°C) i
3aro0iraTy yTBOPEHHIO IHTEPMETAJIEBOTO MPOIIAPKY B 3BAPHOMY IIIBI (32 TEMIIEpATypH
T>1700°C), mo [103BOJISE JOCATATA PIBHIO MEXaHIYHOI MIITHOCTI 3’€IHaHHS HE
MeHIIoro 6,=260 MlIa.

[TokazaHo, IO €JEKTPOHHO-TIPOMEHEBE 3BApPIOBAHHA 3'€THAHHS THUTAHOBOTO
crutaBy Ti-TiB 13 Bananiem uepes ombry 31 ctam 12X18H10T no3Bosnse 3a0e3neuntu
dbopmyBaHHs Ha moBepxHi cruiaBy Ti-TiB neroBanoro mpomapky Ha ocHOBI Ti (63-68
at.%) V (18-25 ar.%) 13 30epexeHHsIM apMOBAaHOI MIKPOCTPYKTYPH, IO MICTUTH
MikpoBoJiokHa TiB y metanesiit matpuii Ti (63-68 a1.%) V (18-25 aT1.%) 3 0CHOBHUMU
nerytounmu enementamu ctanm 12X18H10T. XapakTepHoro 0COONMHMBICTIO apMYyIOUNX
OOpUAHMX MIKPOBOJIOKOH Y MaTpHIll cTuiaBy Ha ocHOBI T1 (63-68 at.%) V (18-25 at.%)
€ X JIeTyBaHHS BaHAJlIEM Ta 3HAYHE MOJPIOHEHHS Y MOPIBHSAHHI 13 MIKPOBOJOKHAMU
TiB y Buxinnomy crutasi Ti-TiB.

Po3pobnena metonuka (GopmyBaHHsi Ha moBepxHi cmiaBy Ti-TiB nerosanoro
npoiapky 3a0esneudye 30€pekeHHs apMOBAHOI MIKPOBOJIOKOHHOI CTPYKTYpH Y
nokpuTTi Ha ocHOBI Ti (63-68 at.%) V (18-25 ar.%), copmoBaHOMYy Ha MOBEPXHI
criaBy Ti-TiB, neryBanns foro metaneBoi mMarpuili noo6askamu (Fe, Cr, Ni, B), 1 €
MEPCTIEKTUBHOIO JIJII BUKOPUCTAHHS TAKOTO MOKPUTTS Y SIKOCTI IPOMIKHOI BCTaBKU

IUIS €IeKTPOHHO-TIpoMeHeBoro 3BaproBanus ctaii 12X18H10T 3i crimaBom Ti-TiB.
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[Tokxazano, 1m0 [JIs 3BaproBaHHs IUIaBieHHAM cruaBy Ti-TiB 13 TuranoBumMu
CIUIaBaMH JIOIIJILHO 30epiraTd y 3BapHOMY IIIBI Ta y 30HI TEPMIYHOTO BIUIUBY
MIKpOKOMIIO3MLIIHHY CTPYKTYpy. CTBOpPEHHIO Takoi MIKPOCTPYKTYpU CHpHUSE
MakCcHMajbHa MIBUAKICTh KpHUCTANIi3alii 1 MiJBUIIEHA MIBUAKICTh EJIEKTPOHHOTO
OPOMEHI0O  IMiJ]  4Yac  €JEKTPOHHO-IPOMEHEBOTO  3BaploBaHHA.  Bmepiue
eKCIIEPUMEHTAJIbHO  MIATBEpI)KEHA  JOMYCTUMICTh Y  3BapHOMY 3’ €JIHAHHI
HEYTNOPSIKOBAaHOT a00 YHNOPSJKOBAHOI MEPEBAXHO NEPHEHAMKYJSPHO 3BAPHOMY
CTUKY opieHTaIlii MikpoBoiokoH TiB.

JlocniKeHHsT MIKPOCTPYKTYPH 30HU 3BAPHOTO IIBA 1 30HH TEPMIYHOIO BILTUBY
nokazayiu, mo aig cruiaBy Ti-TiB HampsMok mnepeBakHOi OpieHTaIli apMyroUyux
BoJIOkOH TiB, yTBOproBaHMX IiJi 4ac €BTEKTHUYHOTO TEPETBOPEHHS BU3HAYAETHCS
COpPSIMYBaHHSIM TEMIIEPATYPHOTO IPAAIEHTY B 00JACTI KpUCTaMI3alli 1 1€ I03BOJIUIO
PEKOMEHIYBaTH Y MOJANBIIOMY — OXOJIO/)KEHHS 3BapIOBAHUX €JIEMEHTIB y HampsMy
BIJl 3BAPHOTO CTUKY Ta BIJCYTHICTh MONEPEAHBOrO MIAIrPIBY IJsi 3amoOiraHHs
NEePEeBaKHOI OpiEHTALlli apMYIOUUX BOJIOKOH B3JIOBXK CTUKY 3BAPIOBAHUX JIETAJICH.

Bnepmie noBeneHa  MOKIIMBICTH — 3BaplOBaHHS — €JIEKTPOHHO-IIPOMEHEBUM
cnocobom cminapy Ti-TiB, skuit mictuts 5% TiB; B TUTaHOBIN OCHOBI, 31 CTAJLIIO
12X18H10T, mo Oyio 3abe3neueHo 3aBIAsSKH 30€pEKEHHIO apMOBAHOI CTPYKTypHU
MEeTaJdy y 30HI 3BapHOr0o IIBa y THUTAHOBHMX CIUIaBaX Ta BUPILIEHHIO MpoOJieM
YTBOPEHHSI IPOIIAPKY IHTEPMETANIy, SKUH OKpuuye 3BapHuUii moB cruiaBy Ti-TiB 3i
CTAJIIMU, Ta BHUHUKHEHHS PYHHIBHUX TEPMIYHUX HaIpy>KeHb, IO BUHHUKAIOTh
YHACJIIOK 3HAYHOI PI3HULI KOE(DIIIEHTIB TEPMIYHOTO PO3IIUPEHHS 3’ €JHYBaHUX
MaTepiaiiB, MIJISTXOM BUKOPUCTAHHIM MOJBIMHUX MPOMIKHHMX BCTaBOK 31 ctami 10172
Ta H100110.

VY pe3ynbTari MUKy MPOBEACHUX TOCIHIIKEHh BCTAHOBIJICHO, III0 BUKOPHUCTAHHS
€JIEKTPOHHO-IIPOMEHEBOr0 3BAPIOBAHHS 13 T'yCTHHOK NOTYyXkHOCTi ~7x10° Br-m?
3a0e3nedye OTpUMaHHs SKICHOTO 3BapHOTO 3'eqHaHHs cruiaBy Ti-TiB, sikuil MiCTUTB
5% TiB; B TUTaHOBI/ OCHOBI, 13 piBHEM MEXaHIYHUX BJIACTUBOCTEH MaTepiaily IiBa i
30HM TEPMIYHOTO BIUIMBY, HE MEHIIUM MEXaHIYHUX XapaKTEPUCTUK OCHOBHOTO

MeTamty.
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ExcniepyMeHTaIbHIUMHU TOCHIKEHHSIMH CTPYKTYpH 3BapHOTO 11Ba cruiaBy Ti-TiB
13 TUTAaHOBUMM CIUIaBAMU Ta MEXaHIYHUX BIJIACTUBOCTEW 3BapHUX 3’ €IHAHHS
BCTAHOBJIEHO, 1110 BUKOPUCTAHHS €JIEKTPOHHO-IIPOMEHEBOT'O 3BAPIOBAHHS 13 I'YCTHUHOIO

2 3a0e3leuy€e OTPUMAHHS SKICHOTO 3BapHOrO 3'€HAHHS

noryxHocTi ~7x10° Br-M°
crutaBy Ti-TiB, sikuit mictuth 5% TiB; B TuTanoBif ocHOBI, 13 (0+f3) TUTaHOBUM
crutaBoM tuny T110 3 piBHEM MeXaHIYHUX BJIACTUBOCTEH 30HH TEPMIYHOIO BILUIUBY 1
MaTepiaity IIBa, HE MEHIIIMM MEXaHIYHUX BJIACTUBOCTEH OCHOBHOTO METay.

Bnepmie  excriepuMeHTaIbHO — MIATBEPPKEHA  MOXIMBICTH  (hOpPMYBaHHS
€JIEKTPOHHO-TIPOMEHEBHUM 3BaproBaHHAM ciuiaBy Ti-TiB 3 Takum camuM criiaBoM abo
13 (0+p) TuraHoBuM craBoMm Tuiy T110 (3a mapameTpiB peXuMy 3BaprOBaHHS
Urpex=60 KB, 1,=90 MA, Ve,=7; 10 ta 13 mm-c, posroptka mpomenro eninconomiona
3x4 MM) 3BapHOro ImBa i3 Marepiajgom, o Mae moapiOHeni y 3-10 pasiB Ta
HEYIOPSAKOBaHI 3a MepeBaXHOIO OpieHTaIli€r0 BoylokHa TiB.

Bu3zHayeHo BIUIMB MOJPIOHEHOT Ta HEYMOPSIKOBAHOI 33 OPIEHTALIIEI0 CTPYKTYPH
BosiokoH TiB, sika dopmyeTbcs y Marepiani 3BapHOTO IIBa Ta Y 30HI TEPMIYHOTO
BIUTMBY 3BapHHX 3’€qHaHb ciuiapy Ti-TiB 13 Takum camum crimaBom abo i3 (a+f)
TuTaHoBUM crutaBoMm tumy T110 1 3a0e3nedye iM OLIbII BUCOKI XapaKTEPUCTUKH
MIIIHOCTI, HIXK BJJACTUBOCTI OCHOBHUX MaTepiajiB

3anponoHOBAaHO 3HATTS 3AJMIIKOBUX MEXaHIYHUX HaNpy>KeHb Yy Marepiaii
3BapHOTO 3’eHaHHs crutaBy Ti-TiB mutssxom nposenenHs Bianany (550°C, Bakyywm, 1
TOJIMHA), SIKE€ JI03BOJISIE€ TMIABUIIUTH 1 CTAOUTI3yBaTH MEXaHIYHI XapaKTEPUCTUKH
3BapHUX 3 €IHAHb, OTPUMAHHUX EJICKTPOHHO-TIPOMEHEBUM 3BapIOBAHHSAM, HJIS BCIiX
BUKOPUCTAHUX peKuMiB 3BaproBanus (6,=1050 I'Tla, 6=4%)

3ampornoHOBaHO 3aCTOCYBaHHS MPOMIXKHUX IIapiB 3 HI1001t0 Ta 13 ctam 1002 mns
€JICKTPOHHO-TIPOMEHEBOT0 3BaproBaHHs ciiaBy Ti-TiB, sike 3a0e3neuye oTpuMaHHs
SKICHOTO 3BapHOro 3'emHaHHsa crutaBy Ti-TiB, mo mictuts 5% TiB; B TuTaHOBi#
ocHOBI, 13 cTauio 12X18H10T 13 piBHEM Mex1 MIIIHOCTI B 30H1 TEPMIYHOTO BIUIUBY 1
MaTepiai 1mBa, He MEHITUM MeX1 TTMHHOCTI ctami 12X18H10T

Po3pobrieHi TeXHOMOTIYHI peKOMEHAIlli 100 BUKOHAHHS 3BapHHUX 3’ €IHAHD

Kommno3utiiHoro criay Ti-TiB 13 TuTanoBuMu crimaBamu Ta 13 ctamio 12X18H10T,
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mo Oynu anpo6oBani y LIKiTh «TounicTs» Ta BpoBamkeH! y BUPOOHUYHIA Mpoliec
HepxaBHoro mianpueMctBa HaykoBo-BupooHuumit komruiekce «IIporpec» (M. Hixun),

a1o HiI[TBepI[)KCHO AxToM BITPOBAJ[PKCHH.

Ki104o0Bi c10Ba: TuTaH; TUTAHOBI CIUIABH, CTaNi, OOPUA TUTaHY; KOMITO3HITIHI
MaTepiany, eJICKTPOHHO-TIPOMCHEBE 3BaprOBaHHS, 3BapHE 3 €IHAHHS, IapaMETPH

3BapIOBAHHS, MIKPOCTPYKTYpa; MEXaHI4H1 BIaCTUBOCTI.

ABSTRACT
Zvorykin V. L. Technological support of welding processes of Ti-TiB titanium
alloys with each other and with (o+p) titanium alloy of T110 type, as well as with
12X18H10T steel. - Manuscript.

The thesis for receiving the Doctor of Philosophy Degree (Ph.D.) in program
subject area 131 Applied Mechanics. — National Technical University of Ukraine «Igor
Sikorsky Kiev Polytechnic Institute» of MES of Ukraine, Kyiv, 2020.

The thesis pertains to establishing of the main regularities and ways of
optimization of modes of welded joints fulfillment for Ti - 5 % TiB, alloy both with
each other, and with titanium alloys and other materials (12X18H10T steel, niobium,
vanadium), and is aimed at achieving of high mechanical characteristics of all elements
of welded constructions, carried out by means of electron-beam welding.

For the first time it is investigated the technological peculiarities of welding
processes of Ti-TiB titanium alloys; their actuality is determined by necessity of
introduction of new domestic titanium-based materials to the industrial production.

The method of investigation fulfillment is developed for the experimental
specimens welded by electron-beam manner by means of YJI-144 plant with the
following welding modes: U,c=60 kV, 1,=90 mA, electron beam movement velocity
Ver=7; 10, 13 mm-s™*, beam sweep for titanium alloys welding was elliptical (3 4 mm),
and for welding with refractory metals - circular, 0.5 mm in diameter. Materials of
welded joints were investigated with utilization of JSM-840 (JEOL, Japan) electron

microscopes with system of Noran-Quest X-ray analysis system, Tracor Northern 5600
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revB programmed probe station and two back-scattered detectors, as well as JAMP-
9500f (JEOL, Japan) Auger micro-probe was used. Rupture tests were carried out with
L1/1-4 rupture test station according with the GOST 1497-84 state standard. X-ray
diffraction study of specimens was carried out with utilization of JIPOH-YM-1
diffractometer in cupper Ka-radiation by step SCAN method.

By selection of proper parameters of electron beam external energy feeding into
welded seam formation zone, selection of initial temperature of materials subject to
welding, fulfillment of thermal treatment of welded joint and utilization of
technological layings from niobium, vanadium and 10I"2 steel, the ways of structure
improvement of Ti-TiB alloy in welded seam zone are established.

Regularities of welded seam structure formation during welding by melting of Ti-
TiB alloy with various materials are determined and creation of modern ideas regarding
influence of new structural features of welded joint material on its mechanical
properties is carried out.

By experimental investigations of structure of welded joint of Ti-TiB alloy with
titanium alloys and mechanical properties of the joint it was determined, that the
electron-beam welding with utilization of the following operating modes: Ua..=60 kV,
1.6=90 mA, beam sweep - elliptical, transversal (3x4 mm), for all values of v, in the
range from 7 to 13 mm-s? provides the obtaining of permanent welded joint of
specimens of Ti-Ti-B alloy both with alloys of the same composition, and with (o+f3)
titanium alloy of T110 type.

The investigations showed that during period of welded seam formation the final
material undergo the structural changes, which result in reduction of boron-containing
fiber thickness from 3-8 um to 0.1-0.9 um. At that, their typical final directionality is
lost and considerable increase of thickness-to-length ratio for boron-containing phase
fibers is observed.

Experimental investigations of microstructure of “basic metal”-"welded seam
metal" transient zone of Ti-TiB alloy showed that it has typical size of 40 - 50 um. In
material of this zone both initial TiB fibers of 3 - 8 um thickness and length from 8 to

40 um, which are typical for final material, and also secondary boron-containing fibers
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of 0.1-0.9 um thickness and 3-15 um length, which are typical for welded seam, are
observed.

It is established, that increasing of outlet temperature of subject to welding
samples from 20°C mo 400°C results in increasing the homogeneity extent of boron-
containing phase distribution in transient zone of Ti-TiB alloy and increasing the
dimensions of secondary fibers of this phase, both in length and in thickness, both in
transient zone, and in welded seam zone.

Experimental investigations of microstructure of "basic metal”-"welded seam
metal” transient zone of Ti-TiB alloy with titanium alloys demonstrated, that under
electron-beam welding the increasing of ve, from 7 to 13 mm-s? results in twofold
decreasing of "basic metal"-"welded seam metal™ transient zone and increasing the
distribution homogeneity of such fibers in titanium matrix, which contains the boron.

It is determined the effect of fulfillment of final thermal processing of welded
joints for 10 mm thickness plates from Ti-TiB alloy in 550°C mode (1 hour, vacuum),
which permits to stabilize the extent of their mechanical properties at the level of 6, =
1,050 GPa, 6=4%.

It is established that welded joints of 10 mm plates of "Ti-TiB"-"Ti-TiB" and
"Ti—TiB"-"T110 type alloy" kinds, obtained by electron-beam welding under v, values
in the range from 7 to 13 mm-s* and outlet temperatures from 20°C to 600°C, under
reaching of tensile stress critical level are ruptured along area, located out of welded
seam zone, with formation of rupture surfaces with brittle-ductile rupture evidence.

By experimental investigations of structure of welded seam of Ti-TiB alloy with
T110 type alloy and fractographic structure of rupture surfaces and mechanical
properties of the joint, it is established, that under condition of changing of
predominant orientation of TiB reinforcing fiber in Ti-TiB alloy from longitudinal to
transversal, the level of mechanical characteristics of "Ti—TiB"-"T110 type alloy" joint
Is decreased. From the rupture point of view, the critical in such welded joint is Ti-TiB
alloy, in which the brittle rupture is realized with its initiation from reinforcing fibers
area. Fulfillment of thermal annealing of welded joint at the temperature 750°C (1 hour,

vacuum) permits to reach the ductility of such alloy up to 6=2%.
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The possibility of welded joints obtaining for 10 mm thickness samples from Ti-
TiB alloy and 12X18H10T steel under electron-beam welding mode U,=60 kV,
16=90 MA, Ve,=7 mm-s with condition of utilization of double laying from niobium
and 10I"2 steel is confirmed experimentally for the first time. In order to obtain the
high-quality welding joints of 10 mm thickness experimental samples from Ti-TiB
titanium alloy and niobium, it is necessary to ensure the melting of Ti-TiB alloy under
conditions of niobium wetting with Ti-TiB alloy (temperature range 1,300-1,700°C)
and prevent from intermetallic laying formation in the welded seam (at the
temperatures 7>1,700°C), which permit to reach the level of mechanical strength of
the joint not worse than ¢,=260 MPa

It is demonstrated, that the electron-beam welding of Ti-TiB alloy with vanadium
by means of 12X18HI10T steel foil utilization permits to obtain the doped laying on
base of Ti (63- 68 at.%) V (18-25 at.%) on Ti-TiB alloy surface with retaining of
reinforcing microstructure containing TiB microfibers in Ti (63-68 ar.%) V (18-25
at.%) metal matrix with main doping elements of 12X18HI10T steel. Characteristic
features of reinforcing boron-containing microfibers in matrix of alloy based on Ti (63-
68 ar.%) V (18-25 ar. %) are their doping with vanadium and considerable sizes
dimension in comparison with TiB microfibers in Ti-TiB final alloy.

The method is developed of doped laying formation on Ti-TiB alloy surface,
which ensures the retaining of reinforced microfiber structure in coating on base of Ti
(63-68 at.%) V (18-25 at.%), formed on the surface of Ti-TiB alloy, doping of its metal
matrix with dopes (Fe, Cr, Ni, B), and which is perspective for utilization of such
coating as an intermediate laying for electron-beam welding of 12X18H10T steel with
Ti-TiB alloy.

It is demonstrated, that for welding by melting of Ti-TiB alloy with titanium
allows it is expedient to preserve the micro-composition structure in welded seam and
in heat affected zone. Such microstructure obtaining promote maximum rate of
crystallization and increased velocity of electron beam movement during electron-

beam welding. For the first time the permissibility in welded joint the TiB microfibers
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disordered or well-ordered predominantly in perpendicular to welded joint direction is
confirmed

Investigations of microstructure of welded seam zone and thermal affected zone
demonstrated that for Ti-TiB alloy the direction of predominant orientation of TiB
reinforcing fibers, formed during eutectic transformation, is determined by direction of
temperature gradient in crystallization area and it permits to recommend for future the
welded elements cooling in direction from the welding joint and avoiding of its
preliminary heating in order to eliminate the predominant orientation of reinforcing
fibers along joint of parts subject to welding.

For the first time it is proved the possibility of welding of Ti-TiB alloy, containing
5 % of TiB; in titanium base, with 12X18H10T steel by electron-beam mode, which
was provided owing to retaining of reinforcing structure of metal in welded seam in
titanium alloys and deciding the problems of inter-metallide laying formation, which
frame the welded seam of Ti-TiB alloy with steels, and occurrence of destroying
thermal stresses, which are originated owing to considerable difference in thermal
expansion coefficients of materials subject to welding, by means of using of double
intermediate layings from 10I"2 steel and niobium.

In result of cycle of investigations carried out, it is established, that utilization of
electron-beam welding with power density ~7x10° W-m= provides the obtaining of
high-quality welding joint of Ti-TiB alloy, containing 5 % of TiB; in titanium base,
with such level of mechanical properties of material of seam and thermal affection
zone, which is not worse than mechanical properties of basic metal.

By experimental investigations of structure of welded joint of Ti-TiB alloy with
titanium alloy and mechanical properties of welded joints, it is established, that
utilization of electron-beam welding with power density ~7x10° W-m provides the
obtaining of high-quality welding joint of Ti-TiB alloy, containing 5 % of TiB; in
titanium base, with (a+p) titanium alloy of T110 type with the level of mechanical
properties of material of seam and thermal affection zone, which is not worse than

mechanical properties of basic metal.
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For the first time it is confirmed experimentally the possibility of electron-beam
welding of Ti-TiB alloy with the same alloy or with (a+p) titanium alloy of T110 type
(welding parameters: Ua.=60 KV, 15,=90 MA, ve,=7, 10 and 13 mm-s?, beam sweep is
elliptical 3x4 mm). In such joints such welded seam material is formed, in which TiB
fibers are shortened by 3-10 times and TiB fibers are disordered regarding predominant
orientation.

It is determined the influence of reduced by sizes and disordered structure of TiB
fibers, which is formed in welded seam material and in heat affected zone of welded
joints of Ti-TiB with the same alloy of with (a+f) titanium alloy of T110 type and
which provide for them better strength characteristics in comparison with the basic
materials.

Removal of mechanical stresses in material of welding joint of Ti-TiB alloy is
proposed by means of annealing fulfillment (550°C, vacuum, 1 hour), which permit to
increase and stabilize the mechanical characteristics of welded joints, obtained by
electron-beam welding, for all used welding modes (6,=1,050 GPa, 6=4%).

It is proposed the utilization of intermediate layers from niobium and 101"2 steel
for electron-beam welding of Ti-TiB alloy, which provides the obtaining of high-
quality welded joint for Ti-TiB alloy, containing 5% TiB, in titanium base, with
12X18H10T steel with such strength limit in the heat affection zone and seam material,
which is not worse than yield limits of 12X18H10T steel.

Recommendations are developed regarding fulfillment of welding joints of Ti-
TiB composite alloy with titanium alloy and with 12X18H10T steel, which were
approved in the "Tochnist" Central Design and Technological Bureau and embedded
into production process of the "Progres™ Scientific and Production Complex (Nezhin
town, Ukraine), which was confirmed with the Adoption Deed.

Keywords: titanium; titanium alloys, steels, titanium boride, composite materials,
electron-beam welding, welded joint, welding parameters, microstructure, mechanical

properties.
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