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THE INFLUENCE OF THE MODES OF HEAT TREATMENT ON THE
STRUCTURE AND PROPERTIES OF THE WELDED CONNECTIONS OF THE
HEAT-RESISTANT TITANIUM ALLOY CARRIED OUT USING THE ELECTRON-
BEAM WELDING

ITokasanbl pezynvmamovl npumeHenus J10KANbHOU TY4eBol mepmMooodpabomKu HcaponpouHblX MUmMAaHoeblX CNIA608 C
UHMEPMEMANTUOHBIM YRPOUHeHUueM Ol npedynpexcoenus o0pasoeanus mpewun u obecneyenue mexHoai02u4eckol nPoYHo-
CMU CBAPHBIX COEOUHEHUI YKA3AHHBIX CNasos. Mccie0oearno enusanue T0KANbHOU MepMo0OpadomKu Ha ceouUcmea u cmpyK-
Mypy c6apHblX COOUHEHUIl, BLINOIHEHHBIX INEKMPOHHO-TY4e6ol ceapKou. [Ipumenenue neunotl mepmoobpabomxu no3eois-
em noBLICUMb NIACMUYECKUe CBOUCMEA U NOTYYUNb OOHOPOOHYIO CIPYKIMYPY C8APHO20 COEOUHEHUS.

Knroueswie cnoga: snexkmponno-nyuesasn ceapka, 10KanbHas mepmoobpadbomka, ceaproe coeounenue, ooujas nevHas
mepmoodpabomka.

Puc.: 7. Tabn.: 1. Buébn.: 11.

Iokasano pesynbmamu 3acmocy8ants 10KANbHOI NPOMEHeGOI mepMOOOPOOKU JHCAPOMIYHUX MUMAHOBUX CHAABIE 3 iH-
mepmemaniOHuM 3MiYyHeHHAM Ol NONEPEeONCeHHs YMBOPeHHs mpiwun i 3a0e3nedents MmexHonoiyHoi MiyHocmi 36apHUX
3’€0Hanb 3a3Hauenux cnaagis. JJocriodxnceHo 6naus NOKANbHOI MepMOOOPOOKU HA 6IACUBOCMI MA CMPYKMYPY 36APHUX
3’€0HaHb, BUKOHAHUX €NeKMPOHHO-NPOMEHESUM 36aPIOSAHHAM. 3acmocy8antsa NiYHOi mepmooOpoOKy 0036014€ NiOSUWUMU
RAGCMUYHI 61ACMUSBOCHIE TI OMPUMATNU OOHOPIOHY CIPYKIYPY 36APHO20 3 €OHAHMSL.

Knrouosi cnosa: enexmponno-npomenese 36apiosanhs, 10KanbHa mepmooopoodKa, 36apene 3'€OHaHHs, 3a2aNbHA NiYHA
mepmoobpobdKa

Puc.: 7. Tabn.: 1. Bién.: 11.

The results of the application of the local beam heat treatment of the heat-resistant titanium alloys with the intermetallic
strengthening to prevent the formation of cracks and ensuring the technological strength of the welded connections of
mentioned alloys was presented. The influence of local heat treatment on the properties and structure of the welded
connections made of electron - beam welding was investigated. The application of the stove heat treatment allows to improve
the plastic properties and to obtain the homogeneous structure of the welded connection.

Key words: electron-beam welding, local heat treatment, welded connection, general stove heat treatment.

Fig.: 7. Tabl.: 1. Bibl.: 11.

IHocranoBka npoOsemsbl. [loBbIIEHNE XKAapPOIIPOUYHOCTH U pecypca AeTajled JBUTaTesen
0JIHA U3 BAYKHEHIINX MpoOJieM, sl YCIENIHOTO PEeIeHNs KOTOpoil He00X0aAuMo o0ecrieueHre
KAPOIPOYHOCTH CILJIABOB, YAYUIIEHHE UX KaYeCTBA U YCOBEPILIEHCTBOBAHUE TEXHOJIOTHH U3-
TOTOBJICHHUS JIeTajei.

Pa3paboTka xaponpo4yHbIX TUTAHOBBIX CILJIAaBOB, KaK M3BECTHO, OOYCIIOBJIEHA CTEIEHbIO
JIETUPOBAHUS CILJIaBa aJlOMUHUEM, KOTJa HE MPOSBISETCS CKIOHHOCTh K TEPMUYECKOW He-
CTaOMJIBHOCTU CTPYKTYpBI, B pe3ysibTaTe 00pazoBaHus ynopsaoueHHou op.gasel (Ti3Al). du-
CIEPCUOHHOE YIIPOUYHEHUE CO3JAHMSI HOBBIX KApOIMPOYHBIX TUTAHOBBIX CIIABOB (HAa OCHOBE
Ti3Al, TiAl) mo3BoJIsieT MOBBICUTh MX KCIUTyaTAlIHOHHBIC XapaKTEPUCTHUKU, HAIIPUMED, TIO-
BBICUTH paboune temreparypsl aetaneid neurarencit Ha 100-150 °C. OgHako Takue CIiaBbl
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HMMEIOT OIPaHUYEHHYIO IUIACTUYHOCTD, YTO SIBJISIETCS OCHOBHBIM UX HEIOCTAaTKOM. DTO 3aTpy-
JHSIET MPAKTUYECKOE UCIIOIb30BaHKE CIIABOB B U3JEIMIX PA3IMYHOTO Ha3HAUeHus [8].

AHaJM3 MOCJEAHUX HCCIeJOBAHMNA M myOamkaumii. B HacTosiee BpeMsi TUTaHOBBIE
CIUIaBbl SIBJISIFOTCS OCHOBHBIM KOHCTPYKLIMOHHBIM MaTe€pHajloM B aBHACTPOCHUU. YHUKaJb-
HbI€ CBOMCTBA TUTAHOBBIX CILJIABOB OINPEAEISAIOT MIUPOKUE BO3MOKHOCTH UX MPUMEHEHUS JJIs
M3TOTOBJIEHUS! OTBETCTBEHHBIX KOHCTPYKLUN B CAMOJIETOCTPOCHUH, IBUTATENIECTPOCHUH, XU-
MUYECKON U APyrux o0JacTsIX MPOMBIIIIEHHOCTH. BOJBIIMHCTBO MPOMBIIIJIEHHBIX TUTAHO-
BBIX CIJIABOB OCHOBAaHO Ha JBYX(}a3HOU (G+f)-CTpyKType, YTO oOecrneuynBaeT BO3MOXKHOCTh
LIMPOKOT0 BapbHUPOBAHUS MEXaHUYECKUX CBOMCTB IyTeM 3¢ (EeKTUBHONW TepMHUECKON oOpa-
60oTku. PeanpHas BO3MOKHOCTh IPUMEHEHUS M3JIEJIUNA U3 3THUX CIUIABOB, B TOM YHCJIE CBap-
HBIX ¥ KPYIHOTa0apuUTHBIX, COCTOUT B JAJbHEHIIEM HM3Y4€HUU BO3MOKHOCTEH TEPMUYECKON
00paboTKH, IJle OCHOBOI OCTaeTcs BOIPOC M3YUYEHHUS XapaKTEPUCTUK CTPYKTYpPbI, MEXaHHYe-
CKUX U CIYXEOHbIX XapaKTEpUCTHK.

Capka — ouH U3 HauboJiee pacIpPOCTPAHEHHBIX TEXHOJOTUYECKUX MPOLIECCOB MPHU CO3-
JAHUM CJIOKHBIX JI€Tale U y3JI0B, I03TOMY CBapMBAEMOCTb TUTAHOBBIX CILJIABOB — BaXKHbBIN
(bakTop, onpeaensouuil 1enecoo0pa3HOCTh ero npuMeHenus [6; 7].

3amMeHa MEXaHWYECKHX COCIMHECHHUM AeTasield OOJBIIUX CEUCHH Ha CBapHBIC MO3BOJISIET
3HAYUTENIBHO CHU3UTh BEC KOHCTPYKUUH. B CBSI3U € 3TUM LIMPOKHE MEPCHEKTUBBI IS IpU-
MEHEHHS OTKPBIBAIOTCA TIEPE]l dIEKTPOHHO-Ty4deBor cBapkoit (DJIC), mo3Bossromen coenun-
HATH JeTanyu ToamuHoi 1o 100 mm u Ooutee.

[Ipu ucnonp3oBanuu DJIC MeTamul CBapHOTO COEIMHEHUS OTIMYACTCS 3HAYUTEIbHBIM
rpagueHToM temieparyp. Ha yuactke JMHON BCEro B HECKOJIBKO MUJUIMMETPOB MPOUCXOAT
3HAYUTENIbHbIE U3MEHEHUS B CTPYKTYpPE OT JIMTOM K meperperoil B B-o01actu U paBHOBECHOMN
MEJIKO3E€PHUCTOIN CTPYKType OCHOBHOrO MeTtaiuia [6]. OnHOM U3 XapaKTepHbIX 0COOEHHOCTEH
CIUIaBOB Ha OCHOBE THTaHA SIBJSETCS] UX HU3Kas TEIJIONPOBOJHOCTh, YTO 0OyclaBiIuBaeT 00-
JIbIINE TPAJUEHTHI TEMIIEPATYp U HanpsKeHU B obiacTu cBapHoro coenunenus [1]. [Ipume-
HEHUE JIOKaJIbHOU TepMuueckoit 00padoTku (JITO) 37eKTpOHHBIM JIy4OM B BaKyyMe sIBJII€TCS
BecbMa 3(D(PEeKTUBHON M IKOHOMUYECKH ompaBIaHHON onepauueit. [Ipu ucnonaszosanuu JITO
CHIDKAETCS YPOBEHb CBapHBIX HAIPSHDKEHUH, YYyUIIAeTCsl CTPYKTYpa U CBOMCTBA CBApHBIX CO-
€IMHEHUH, CHI)KAETCSl BEPOSTHOCTh 00pa30BaHuUs TPELIUH.

BrigesieHue He pelleHHBIX paHee yacTeHd o0uiei npoodJembl. He nocrtatouno necneno-
BAaHO HCIIOJIb30BAHME JIOKAJIBHOW JIydeBOM TEpMOOOpPaOOTKH Uil CBApHBIX COCIUHEHHMH XKa-
PONPOYHBIX TUTAHOBBIX CIUIABOB C MOBBIIIEHHBIM KOMIUIEKCOM MEXaHMUYECKHUX CBOMCTB JUIf
o0ecreyeHns TEXHOJOTUYECKON MPOYHOCTH AeTajell KOMIPECCOPOB BHICOKOTO JABJICHUS, pa-
OoTtaromux mmpu Temmneparypax a0 600 °C.

Hean padoTel. Llenpio nanHo#t paboOTHI SBISIETCS UCCIIEA0BAaHUE MPUMEHEHHUSI JIOKATBHOU
TEPMOOOPaOOTKH M MEYHOTO OTXKHIa JUIs YIYYIIEHUs IJIaCTUYECKUX CBOMCTB CBapHBIX COe-
JTUHEHUH KapOIpPOYHOT0 TUTAHOBOI'O CILIaBA C MOBBILIEHHBIM COJEpPKAHUEM ATIOMUHMUS, BbI-
MOJIHEHHBIX 3JIEKTPOHHO-TY4EBOM CBAPKOA.

Boikiagka ocHOBHOro marepuaJja. /s JO0CTHKEHMs MMOCTAaBJIEHHOM 3a/ladyl METO/I0M
AJIEKTPOHHO-TY4Y€BOW MJIaBKM ObLT MOJy4YeH CIulaB cienyromero cocrasa: AL-9 %: Sn-5 %;
Nb-6 %; Zr-6,5 %; Mo-5,7 %; V-1 %; Si-0,2 % BecoBbIx mpoiieHToB. [IpokaTka B TpeOyeMblii
pa3Mep BBINOJHAIACH 110 CTAaHAAPTHOMY PEXUMY, NPUMEHSEMOMY JJIsl KapOIPOUYHBIX THUTA-
HOBBIX CIUIaBOB. CIUTKHU OMBITHBIX TUTAHOBBIX CIUIABOB BBIMUIABIISIINCH METOJOM AJIEKTPOH-
HO-JTy4€BOM TUTeJIbHOM IJIABKU C AJIEKTPOMArHUTHBIM IepememuBanueM [11]. DtoT meron
MO3BOJISIET TIOJYYUTh TOMOT€HHBIN paciliaB U, IOCIe OXJIaKICHUS, OJHOPOIHbIE 110 XUMHUYE-
CKOMY cocTaBy CiIUTKHU. /uameTp ciutkoB coctasisii 70 MM, macca — 5—10 kr. 3arem nomy-
YEHHBIC CITUTKH TMOJABEPTauCh TEPMOMEXaHn4YeCcKor oOpadoTke. Cruta nedopMupoBaiiu Imy-
TeM OCaJKM Ha TUIPABIMYECKOM TIpecce B KoHTeiHepe. OOpaboTka mMpoBOAWIACH B TPH
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mukia: 1 —Harpes o 1165 °C u ocanka Ha 15-20 %; 2 — Harpe mo 1165 °C u ocaaka Ha 10—
15 %; 3 —narpeB m0 1165 °C u ocanka Ha 7-10 %.

Janee crimaB ObLT MTPOKaTaH B MJIACTUHY TOJIIUHOW 9—11 MM Ha ABYXBaJIKOBOM PEBEPCH-
BHOM craHe. [Ipyu nocTukeHuu B Meyu 3a/laHHOM TeMIlepaTypbl 3arOTOBKH BbIIEPKUBAIIUChH
Ha MPOTSHKEHUN OJTHOTO Yaca | IMOCIIe 3TOTO MOoIBEeprayiuch nedopmupoannio. [Ipu npokarke
JUTS TIOJTyYeHHST MEJKOUCIIEPCHOM CTpyKTyphl obecrieunBanu 60—70 % nedopmarnmio B -
obmactu (1050-1100 °C), a ocraBmmecs 30—40 % - B (a+f) u a- obmactsx (980-900 °C). Ilo-
CJIe TIPOKATKU METaJUT oTkuraym npu temmeparype 800 °C.

[Ipu coneprkanum altOMUHUS B TUTaHE CBbILIE 7 % TBEp/bI pacTBOpP pacraaercs ¢ Bblje-
JICHHEM JIHCIIEPCHOM 0x-(a3bl, JOTOIHUTEIBHO yrpodHstomed Tiurad [4]. Kak wu3BecTHO, mpu
CBapKe KapOMNpPOYHBIX CIIABOB UMEET MECTO PE3KOe CHWKEHHE IUIACTUYHOCTU CBApHOTO COe-
JuHEeHUs [2]. AHanIM3 MOJIydYeHHBIX pe3yIbTaToB IMOKa3ajl OYeHb HU3KYIO IUIAaCTUYHOCTH CBap-
HBIX COEIMHEHUH KapOMpPOYHOrO0 TUTAHOBOTO CIUIaBa C IMCIEPCHOHHBIM (CHIIMIUAHBIM, UHTE-
pMETAUIMAHBIM) yrpouHeHueM. [Ipy HanuuuKM 3HAUMTENBHBIX MOCJE CBAPOUYHBIX OCTATOYHBIX
HaNpsHKEHUHM CBapHBbIE COEAMHEHHS XPYNKO Pa3pylIAUCh NP MUHUMAIbHBIX JOMOJHUTENb-
HBIX Harpy3Kax.

Caapky nposoauwiu 1o ciexyromemy pexumy: Uy = 60 kBT, Ly, = 80 MA, V =7 MmmM/c
(puc. 1). Tlocne cBapku B BaKyyMHOM KaMepe OCYIIECTBIISIIACH JIOKaIbHAs TepMUYECKas 00-
paboTka.

Puc. 1. Buewnuii 6uo obpasya co weom i#caponpouHo20 mumano8020 cniaéd
C NOBbIULEHHbIM codepofcaHueM ANIOMUHUA, 6bINOJIHEHHO20 2JIC

CBapHO€e COeIMHEHHE HMCCIIEeIyeMOro TUTAHOBOTO CILIaBa HarpeBajloCh AIEKTPOHHBIM JIy-
goM 110 900 °C u BeIAEp)UBATOCH B TeueHrne 10 MUHYT. 3aTeM MPOBOIWIOCH OXJIAXKICHHUE 10
KOMHATHOM TeMmrepaTypsl B BaKyyMHOU kamepe. Jlaiiee cBapHOE COeqMHEHHE ObUIO TO/IBEpr-
HYTO H30TEPMHYCCKOMY OTXKHUTY: Temmeparypa omxkura — 1000 °C, BpeMss — BbIepKka 14,
oxytaxkaeHue ¢ meubro 10 600—650 °C, BeIIepKKa S 4, OXJIaKICHUE Ha Bo3ayxe [2; 3; 5].

BusyanpHblil aHanu3 CBapHBIX COCIMHEHUN MOKAa3all, YTO MPOBOIMMAs JIOKAJIbHASI TEPMHU-
yeckass 00paboTKa mpeaoTBpaiaeT oopa3oBaHUE TPEIINH, KOTOPhIE SBJISIIOTCS XapaKTePHBIMU
JUISL CBAPHBIX COEIMHEHUN KapOIPOYHbIX TUTAHOBBIX CIlIaBoB. CTpyKTypa MeTallia 1Ba U Iie-
PEXOIHOM 30HBI IO CPAaBHEHHIO C OCHOBHBIM METAZIOM HMEET CBOIO crieruduky (puc. 2, a, 2).
[locne 31eKTpOHHO-TY4€BOM CBApKU CBAPHOE COEAMHEHHE KapOIPOYHOIO TUTAHOBOI'O CILIaBa
PE3KO 3aKaJICHHOTO C TeMIlepaTyphl [-00JacTé MpencTaBiseT coOOH CIIOKHOJIETHPOBAHHYIO
CTPYKTYPY.

Buemnuit Buj MeTasuia miBa CBapHOIO COEIUHEHMS MCCIIEAYEMOTro KapolpoOyHOro THUTa-
HOBOT'O CIUIaBA C MOBBIIIEHHBIM COJIEp’KaHUEM aTlOMHUHUS, BbinosHeHHOro DJIC, mpeacras-
JICHO Ha puC. 2, a, 2. JIOKAIbHOCTh U MHTCHCHBHOCTH Tpoliecca cBapku DJIC obecrieunBaror
o0Opa3oBaHus TIIyOOKOTO Y3KOTO IIBa, pa3Mep KOTOPOTO COCTaBIsAET 3—3,5 MM, ITUPHHA 30HBI
TepMUuecKoro BiugHUA — 1 MM. [1IBbI UMEIOT B 000MX CTydasix U€TKO BBHIPAKEHHYIO LIMJIMH/-
prueckyro Gopmy. XapakTepHOH 0COOCHHOCTHIO MAaKPOCTPYKTYPBI CBAPHOTO COSTMHEHHS 0e3
TO sBnsieTcss «HACIEACTBEHHAsD) MOJIOCYATOCTh B 30HE TEPMHUUYECKOIO BIIMSHUS, MPOJOJDKA-
I0IIIas TIOJIOCHI CTPYKTYPHOUM HEOJHOPOIHOCTH OCHOBHOTO MeTallIa (puc. 2, a).
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Puc. 2. Muxpocmpyxmypul ceaprozo coedunenusi (a, 2 — x25;6, ¢ — x500) uccredyemozo sHcaponpounozo
MUMAHOB020 CHAABA C NOBLIUEHHBIM COOepICcanuem amomunus, evinoanenno2o JJIC: a, 6 — 6e3 TO,
8, 2 — nocne neunoul TO; 1 — epxnuti yuacmox wiea,; 2 — yeHmpaibHblil Y4acmoK wed, 3 — KOpeHsb ued

HccnemoBanust 0COOCHHOCTEH CTPYKTYPBI IIPOBOJAMIIN B TPEX YYacTKaX MIBA: BEPXHEH 00-
JIACTH, CpellHed YacTH U B KOpHE. B 1esoM MakpocTpykTypa o0paslia B COCTOSIHUM IOCIHE
CBapKH UMEET TPATUIIMOHHOE KpUCTAIUTHYeCcKoe cTpoeHue. CToouaThie KPUCTAIUTHTHI PACTyT
HaBCTpeUy APYr APYry OTHOCHUTEIFHO OCH IIBa. B pa3HBIX ydacTkax mBa 00pa3yloTcsl CTPYK-
TYpbI pa3JInYHOrO TUMA. Tak, B BEpXHEM Y4acCTKE IIBa KPUCTAJUIUTHI PacTyT MO JIMHUU CIIJIaB-
JICHUSI HaBCTPedy APYT IPYTY M COCIUHSIOTCS 10 OOJMBIIMME yriiamu (puc. 2, 6). B menrpa-
JBPHOM 4YacTW IIBa KPUCTAJUIMTHI HAINpPABJICHbI NMPEUMYLIECTBEHHO BIOJb Oocu mBa. OHH
UMEIOT pa3InuHylo Gopmy U pazmepsl. CTpyKTypa KOpPHS IIBa COCTOMT M3 XapaKTEPHBIX CTO-
JT0YATBIX KPUCTAJUTUTOB C TOHKOH CYOCTPYKTYpOU MPOU3BOJIBHOM opreHTanuu (puc. 2, 6 (3)).

OtmeudaeMble CTPYKTYpHbIE U3MEHEHHSI M HEOJHOPOIHOCTD JIMTOTO METAJUIA B Pa3IMYHbIX
y4acTKax IIBa CBs3aHbl C ocoOeHHOCTsMU mporiecca DJIC — JTOKAIBHOCTBIO U BBICOKOU
MHTEHCUBHOCTHIO TEPMUYECKOTO [IUKJIA CBAPKH.

AHanu3 CTPYKTYPBl CBAPHBIX COCIWHEHWH IMOKA3ajl, YTO BBITIOJHECHUE NMEYHOH TEpPMOOO-
pabOTKH M0 PEeKUMY, NTPHUBEICHHOMY BHIIIIE, MTOBHIIIAET €€ OJHOPOAHOCTH IO BCEH TOJIIINHE
coemuaeHus. B ctpykrype 3TB Takke ormedaercst 0oJblnasi CTEeHb OJHOPOAHOCTH: JTMHUS
CIUIaBJICHUS €JI€ 3aMEeTHA, a HacJIeJCTBEHHAs 110J0CYaTOCTh ucuesna. OueHb TPYIHO BHIIBUTH
camy 30HY TEPMHYECKOIO BIUSHUSI.

W3mepenue TBEp1OCTH 00pa3LioB MPOBOIMIIN B PA3IMYHbIX YU4aCTKaX U YPOBHSX IO BBICO-
TE CBapHOTO coenuHeHus (puc. 3). Pe3ynbrarsl aHaM3a TBEPIOCTH TOKA3aJIM, YTO B 00pasiie
6e3 TO Bo Bcex 30HaX CBapHOTO COCIMHEHUST HAOMIONAETCS CKauK00Opa3HOe U3MEHEHHE TBE-
pnoctu (puc. 3, a). TBepaocts metaia msa coctaBiser 3200-3700 MIla. Camxenue TBep-
noctu Ha 10 % nabmomaercs B 3TB (3150-3450 MIla) u He3HaYUTEIHHOE B OCHOBHOTO Me-
tamta (3300-3500 MIla). Takoe W3MEHEHHE TBEPAOCTH CBS3aHO C TeM, 4TO (ha3oBOe
COCTOSIHME MeTaJlla LIBa MOCJe CBapKU TEPMOJIMHAMUYECKH MEHEE YCTOWYMBOE, YEM B JIpY-
I'MX 30HaX CBapHOTO COEIUHEHUS.

Boinonnenue nokanbHoit TO U EYHOro OTKUTa IPUBOJUT K MEHEE BbIPAKEHHOMY CKay-
KOOOpa3HOMY M3MEHEHHIO TBEPJIOCTH MeTailia mBa. [Ipu 3ToM ciieyeT OTMETUTh, U4TO TBEp-
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JOCTh METaJUla IIBa HE3HAYUTEIFHO BBIIIE 110 CPABHEHHIO C TBEPAOCTHIO OCHOBHOTO METAILIA
(puc. 3, 6). OT0 yka3bIBaeT Ha MOJOXKUTEIBHOE BIMSHUEM Ipolecca TEpMHUUECKON 00pabdoT-
KM, IPUBOJAIIECH K HE3HAUUTEIbHOMY YIPOYHEHHIO, TP KOTOPOM J0cTUraercs GopMUpOBa-
HUE OJHOPOJHON CTPYKTYpPHI CBAPHOTO COCAMHEHUS.
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Puc. 3. Xapaxmep uzmenenus MukpomeepooCcmu c8apHoc0 COCOUHEHUsL HCAPONPOUHO20 MUMAHOB020 CNIA8A
€ nosbleHHbIM codepiicanuem amomunus: a — 6e3 TO; 6 — nocie TO

Meraniorpaguyeckue Mccael0BAHUS CBAPHBIX COEAMHEHUIH KAPONPOYHOI0 TUTA-
HOBOI'0 CILIaBA € NMOBBILICHHBIM COJlep:KaHMeM AJIOMHHMSA, BbInoaHeHHbIX JJIC. IIpo-
BEJICHHbIE MUKPOCTPYKTYpPHBIE HCCIIEIOBAHUS MOKA3ajy, YTO B 30HE CBAPHOTO COEAMHEHUS
OTCYTCTBYIOT BUJIUMbIE J1e(DeKThI B BUE HECIUIOUIHOCTEHN, HEIPOBAPOB, MOP.

Kak ynomunanoce B padote [4], MOBbILIEHHE TEXHOJIOIMUYECKON IMIACTUYHOCTU CILJIaBOB
THUTaHA C MOBBIILIEHHBIM COJEPKAHUEM ATIOMUHUS IPOUCXOJUT 33 CUET YBEITUUYECHUS B CTPYK-
Type P-das3pl. YBenuueHue B CTpykType [B-¢a3bl MPUBOIUT K CYIIECTBEHHOMY CHIDKCHHIO
ycuiuit geopManuu npu IpoKaTke.

OcHoBHOU MeTann (puc. 4, a) npencTaBisieT co60i AepOPMUPOBAHHYIO CTPYKTYpPY MpO-
KaTa, KOTOpas COCTOMT M3 O-MaTPHUIIBl M MeJIKoaucnepcHbIx dactull B-¢az [10]. Ha puc. 4, 6
Ipe/icTaBlIeHa MUKPOCTPYKTYpa ydacTka KpynHoro 3epHa 3TB. CtpykTypa cocTOUT U3 CBET-
JI0¥ MaTpuIbl a-pa3bl U CKOAryIHPOBAHHBIX BbIIEICHUN [3-(a3bl, BHITAHYTHIX IO HampasJe-
HUIO Tpokara. B Meramie mBa HaOmrogaercs AByX(aszHas CTPYKTypa C SIPKO BBIPA’KEHHBIM
JNEHAPUTHBIM CTpoeHueM (puc. 4, ). B mukpocTpykrype oOHapyxeHa o'-pa3a B BUIE peibe-
ULBI U TI00YsipHBbIE BblAENeHUs B—(ha3bl M0 IpaHULaM JIMTHIX KPUCTAJUIUTOB.

o SRR o ot xR

“e Y LTINS

Puc. 4. Muxpocmpykmypa ucciedyemozo icaponpouno2o mumaHno8020 CHIABA C NOSLIUEHHBIM COOEPHCAHUEM
amomunust, svinoanennozo DJIC ez TO: a —wos; 6 — 3TB, 6 — ocnosnotl memann (%500)

MUuKpOCTpyKTypa CBapHOIO COEJMHEHHUS HCCIELyeMOro 3>KapolpOYHOrO0 THUTAHOBOTO
criaBa, BeimosiHeHHoro DJIC, mocne meunoit TO, mpeacraBnena Ha puc. 5. Habmromatorcs
3HAYUTENIbHbIE CTPYKTYPHbIE U3MEHEHMs B 00pa3iie nocie JokainbHoi TO mo cpaBHEHHUIO cO
ctpykrypoit oopasua 6e3 TO. [Tocie TO MHUKpPOCTPYKTYypa BO BCEX ydacTKax CBApHOTO COE-
JUHEHUS] UMEET CTPYKTYpY (o+P)-TBEpAbIX pacTBOPOB U OTJIMYAETCS] POPMOIl U COOTHOILIEHHU-
€M BBIJICJICHHH o- U B-da3s.
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B otnuuue oT cBapHbBIX COEAMHEHUN MUKPOCTPYKTYpa OCHOBHOTO MeTaiia (puc. 5, a) co-
CTOUT U3 00Jiee KPYIHBIX, XaOTUYHO PACIOJIOKEHHBIX IUIACTUH 0-(a3bl. KomuyecTBo Bblae-
neHuil B-as3pl 3HAUUTETHLHO MEHbILE M0 CpaBHEHHIO ¢ ydyacTkoM 3TB, ogHako orMeuaercs
YKpYITHEHUE CKOAryJIMpOBaHHbBIX BbIJIENEeHUN -

Puc . 5. Mukpocmpykmypa ceaprozo coeOuHeHusi ucciedyemozo HaponpoiHo20 MumaHo8020 Cniasda
C NOBBIUEHHBIM COOePAHCAHUEM aTOMUHUAL, ebinoaHenHo2o DJIC, nocne neunot TO: a — 0CHOBHOU Memal,
6 — 3TB, 6 —wo6 (x1000)

B muxpoctpykrype 3TB (puc. 5, 6) HapsLy ¢ XaOTUYECKH pacoJIOKEHHBIMU IJIACTHHAMU
a-(a3pl 00pa3zoBaNIKCh YUaCTKHU O-IJIACTHH, OPUEHTUPOBAHHBIX B ONPEEIIEHHOM HalpaBiie-
HUHU. AHAJIOTHYHO CTPYKTYpE METajlla IIBa TPAHMIIBI 3€PEH TaKXKe MPEPBIBUCTHI U JIEKOPHUPO-
BaHBI MEJIKOICIIEPCHBIMH BBIJICIICHUSIMI HHTEPMETAUIUIOB.

[Tocne neunoit TO MukpocTpykTypa mBa (pucC. 5, 8) COCTOUT U3 XaOTUYECKH PACIIOJIO-
’KCHHBIX TUTACTHH 0-(pa3bl U CKOAryJIMPOBAHHBIX BBIJEICHUH [-(a3bl. [ paHuIbl 3epeH npephi-
BHCTBIC M JIEKOPUPOBAHBI MEIKOANCIEPCHBIMU BBIJCICHUSMH, TO-BUAUMOMY, WHTEPMETAN-
muaamu. B mukpoctpyktype 3TB (puc. 4, 6) Hapsay C XaOTUYECKH pPaCHOJIOKEHHBIMU
IUIACTUHAMHU 0-(a3bl HAOMIOJAIOTCS YYaCTKU O-IUTACTUH, OPUEHTUPOBAHHA B OIPENICIICHHOM
HaNpaBJICHUU. ['paHUIBI 3epeH TaKKe MPEPBIBUCTHI U JEKOPHPOBAHBI MEJIKOIUCIICPCHBIMHU
BBIJICTICHUSIMU HHTEPMETALTHI0B. KoTM4ecTBO BBIACTICHU 3HAYUTEIHHO Oombine. OHM Xapa-
KTEPU3YIOTCsl 60JIee BBICOKON AMCIEPCHOCTHIO U CPAaBHUTEIILHO PABHOMEPHO paclpeiiesieHbl
1o 00beMy, YeM B JIPYTUX y4acTKaxX CBAPHOTO COCTUHCHUSI.

MeTo10M peHTIeHOCTPYKTYpHOTO aHanu3a Ha npudope JJPOH-YM1 B monoxpomaruuec-
koM m3iydeHnn CuKo ycTaHOBJIEHO, YTO B CBAPHOM COEAMHEHUHU 0e3 meuHoi TepMooOpabdo-
TKH conepxanue o-Ti cocrasuser 55,5 % , B-Ti— paBuo 25,4 % u TizAl - 19,1 %. B cBapHOoM
COCIMHEHUH C MeYHON TepmMooOpadboTkoit a-Ti— 53,96 %, a B-Ti— 46,04 % cOOTBETCTBEHHO.
BrinmonHennas nmednas TepMooOpaboTKa 0OecieunBaeT yBEIMUYCHHE KoaudecTBa B-(a3bl mod-
TH B 2 paza, 4To NpuaaeT OOJbIIYIO INIACTUYHOCTh CBAPHOMY COEAMHEHHUIO.

Mexannveckue CBOICTBA KapONPOYHOI0 THUTAHOBOIO CILUIABA € MOBBINIEHHBIM CO-
AepsKaHUeM AJIOMMHHMS W CBAPHOIO coeJuHeHHs, BbinoJHeHHOro JJIC ¢ JITO u nmocae
o01eii meyHoi o0padoTku. B Tabi1. npeacraBieHbl MEXaHUUECKHE CBOMCTBA XKApOIPOYHOTO
TUTAHOBOTO CIUIaBa C TIOBBIMICHHBIM COJICPYKAaHHEM AFOMUHUS U CBAPHOTO COCAMHEHHUS, BbI-
noiaeHHoro DJIC ¢ JITO u nocne obuieit neunoirt TO 06pabOTKH.

Tabmuma
Mexanuueckue ceoticmea C6APHbBIX COCOUHEHUL U OCHOBHO20 MEeMAINa
XapakTepucTuka ofpasua or, MIla | g, MIIa| &, % ¥, % yHaPHﬁ:dlZ;iKOCTb’
OCHOBHOM MeTajII - 1003,9 - - 4,0
OCHOBHO# MeTaJI 1ocIie o0mIeH meaHon 870.4 1002.3 1.7 3.4 3.9
TepMO0OPabOTKH
CaapHoe coeaunenue nociue JITO — 794,3 — — —
CBapIEoe COE/IMHEHHE TocIe JITO n 877.6 1005.2 13 2.7 3.5
o0111el meyHoi TepMooOpaboTKH
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AHanu3upys MEXaHUYECKHE CBOMCTBA >KapONPOYHOTO0 THUTAHOBOTO CILIABAa C IOBBIIIECH-
HBIM COJIEpYKaHUEM AJIFOMHUHMUSI, CIeIyeT OTMETUTh, YTO OCHOBHOW MeTallJ CIulaBa 00yagaer
BBICOKOM MTPOYHOCTHIO M HU3KOU yapHO# BA3KOCThIO. [locie mpoBeneHus meuHoi 00padoTKu
MOBBILIAIOTCS [JIACTUYECKUE CBOMCTBA OCHOBHOTO MeTailia. Kak BUiHO U3 Tabil., MexaHudec-
KHe Toka3arenu o0pas3noB nocie DJIC cBapku 001agal0T HU3KMUMHU CBOMCTBaMH. TOJIBKO B
oOpa3lax cBapHOro IO BCEM IOKa3aTesIIM MEXaHUYECKUX CBOMCTB (Ipejesna MPOYHOCTH, Te-
Ky4€CTH, OTHOCUTENIBHOTO Y/UIMHEHUS, CY)KEHUS U YIapHOU BSI3KOCTH) MPOYHOCTH OCHOBHOI'O
MeTajla U CBapHOTro coeAnHeHus, BeimoaHeHHoro DJIC mocne nmeuynoit TepmMmooOpaboTKu, 00-
J1a/1al0T BBICOKMMU TOKa3aTeNIIMU U HAXOJATCS Ha OJHOM ypoBHe. /laHHble criaBbl 00iaza-
I0T HEBBICOKOI TEXHOJOTMYECKOW IUIaCTUYHOCTHIO. [lomyueHHble pe3yabTaTbl CBHUJIETENIbCT-
BYET O TOM, YTO CBAapHbIE COEIMHEHHUS TUTAHOBOTO CIUIaBa C IOBBIILIEHHBIM COAEpKaHHEM
ATIOMUHUS 0€3 TepMOOOPAOOTKH HEJIb3s HCIOIb30BATh B MPOMBIILICHHOCTH.

CormnocTaBiieHrue CTPYKTYPbl 1 MEXaHUYECKHX CBOMCTB IMOCJE 00IIel eYHOM TepMooOpa-
OOTKM TMOKa3bIBAET, YTO OCHOBHBIMH (haKTOpPAMH, BIUSIONIMMU Ha CBOHCTBA, SIBIISIOTCS COOT-
HOIIICHUS KOJIM4YecTBa o U B-da3, ux popMa U JUCIEPCHOCTD.

Takum 00pa3om, pe3yapTaThl UCCIAEAOBAHUHN MMOKA3aIH, YTO TIPOBEICHUE TIEYHONU TEPMOO-
OpabOTKK CBApHOTO COCAMHECHHS YIy4IIaeT CBOMCTBA, CIIOCOOCTBYET MOBBIIIICHUIO TPOYHOC-
TH, IUTACTUYHOCTH, MPEJOTBpaIlaeT 00pa30BaHue TOPSIUMX TPEIIUH U JAET BO3MOKHOCTh COX-
paHATh CBapHble KOHCTPYKLMHU JJIUTEIbHOE Bpemsi ©0€3 OMacHOCTH 00pa30BaHUA
AKCIUTYaTal[MOHHBIX TPELIUH.

®paxkrorpaguyeckue MCCIeJ0BAHUS CBAPHBIX COeUHEHHUI KAPONPOYHOr0 TUTAHO-
BOI'0 CILIABA C MOBBILIEHHBIM COlepPKaHUeM aJIOMHHMSA, BbinoHeHHbIX DJIC. Ha puc. 6,
a TpeJICTaBJIeHa MOBEPXHOCTh pa3pyLUICHUs yAapHOTO 00pa3lia OCHOBHOIO MeTalljia UCCIIeqy-
€MOTr0 >KapOIpPOYHOr0 TUTAHOBOT'O CILIaBa C MOBBILIEHHBIM COJepkKaHUEeM atoMUHUSL. DpoHT
MarucTpajibHONW TPEIIMHBI PAcIpOCTPAHSIICS CTPOrO MEPHEHAMKYISIPHO MPUIOKEHHONW Ha-
rpy3ke. Cnabo pa3BUTHIN penbed MOBEPXHOCTH PA3PYIICHHS yYKa3bIBaeT Ha JACHCTBUE XPYII-
KO0 TPAHCKPUCTAJUNIUTHOTO pa3pyLICHHUS.

T Ry

Puc. 6. Qpaxmoepagpuueckue ucciedosanus UcCie0yeMo2o HeaponposHo20 MUmaH08020 CRiA6d
€ NOBLIULEHHBIM COOEPICAHUEM ATIOMUHUA. A, 6 — OCHOBHOU Memalll, 6, 2 — céapHoe coedunenue 6e3 TO;
0, e — ceapnoe coedunenue nocie TO: a, 6, 0 — x1000; 6, 2— %3700, e — x10000)

MexaHu3M pa3pymeHust XpynKAi (TPaHCKPUCTAIIUTHEIN) ¢ YETKO Pa3IMIUMBbIMU PYYbH-
CTBIMH y30paMH B TOM k€ 00IIIeH TIockocTu ckoma (puc. 6, a). [loutn Ha Bcex (paceTkax cko-
Ja BHIHBI TOHKHE PYYBHUCTBIC Y30PBI, KOTOPHIE OTPAaHHMYMBAIOT CHUCTEMBI PYYhEB 3a CUET
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OYCHb MAJIBIX OTKJIIOHEHHH OT 00MIel KprucTamorpaguueckoi mIOCKOCTH POCTa MaruCTpaib-
HOH TpemuHbl. Ha OTAeNbHBIX yyacTKax H3j70Ma HaOM0JaloTcsl (hparMeHThbl BA3KOTO paspy-
menus (puc. 6, 0). B BI3kux 0OHapy>KEHBI BBIICTICHUS CUITUITUIOB, KOTEPEHTHBIC C MATPHUIICH,
YTO MPEIOJIOKUTEITHHO 00ECTICUNBAET M TNIACTUYHOCTH CTutaBa [9].

Penped momepxHOoCTH pazpymeHus cBapHoro coemuHeHuss 0e3 TO mpencraBieH Ha
(puc. 6, 8, 2). Pazpymienue npou3omnuio B OCHOBHOM MyTEM CKOJIa M OTPhIBA IO TUTACTHHAM Oi-
u B-da3, 0OHapy)EHBI KOPOTKUE MEXK3EPCHHBIE TPEIIUHBI (pHC. 6, ). Ha moBepXHOCTH U3JI0-
Ma BUIHBI BeepooOpa3HbIe IEPUCThIC TPEOHN BHYTPU3EPEHHOTO CKOJa (puc. 6, 2).

Penped moBepxHOCTH pa3pymIeHHs: CBAPHOTO COCIMHEHHSI HCCIIEYEeMOTO KapOPOYHOTO TH-
TAHOBOTO CILIaBa C MOBBIIIEHHBIM COJIEP)KaHHEM altoMHUHUS nocie neynoit TO mpencrasieH Ha
puc. 6 0, e. Xapakrep pa3pylIeHUs MOBEPXHOCTH cKoJIoM cocTasiisieT 80 %, n3i1oMa CMEIIaHHOTO
tuna. Ha puc. 6, 2 mpezcTaBiieH y4acTOK CKOJIa, ITOJTy4eHHbI BHYTPU3EPEHHBIM CKOJIOM Yepes3 o
u f-a3sl. Ha moBepxHOCTH HAOMIOAIOTCS pa3phIBHI MIEPIICHANKYIISIPHO IDIOCKOCTH CKOJIA, APOO-
JIEHUE TJIACTUH U BbIAETIeHUs yacTull. [loMumo paspyiienust ckojaoM HaOMI0IatoTcs BA3KHUE yda-
ctku (puc. 6, e), KOTopble cOPMHPOBAHBI TI0 IMOYHOMY MEXaHHW3MY CIIHSIHUS TIOpP, B KOTOPBIX
HaOFOTATOTCS YIPOYHSIOIINE YaCTHUIIBI pa3MepoM oT 1,5 1o 3 Mkwm (puc. 6, e).

bbun mpoBesieHbl CTaTMYECKUE MUCIIBITAHUS Ha pacTsDKeHue. s cTaTU4eCcKUX HCIbITa-
HUW UCTIOIB30BAII KPYTJIbIe 00pa3iibl (InaMeTpoM 6 MM).

[ToBepXHOCTH pa3pylleHUs OCHOBHOT'O METaJlIa UCCIENYeMOro KapOIpOYHOTO TUTAHOBO-
0 CIIaBa C MOBBILIEHHBIM COAECPKAHUEM aJIFOMHHHUS 110CJIE UCIBITAHUI Ha pacTsSKEHUE UMe-
€T TJIOCKUU HM3JI0M CO cJIabo pa3BUTHIM penbedoM (puc. 7, a). Xapakrep paspylieHus cMme-
maHHbIA. [Ipy 3TOM KOJIMYECTBO YIaCTKOB XPYIIKOTO pa3pymIeHHs 3HAYUTEIFHO OOJIbIIIe.

By

Puc. 7. Dpaxmoepagpuueckue ucciedosanus usioMo8 UCCiedyemo20 HaponpouHo20 Mumanoeo20 cniasa
€ NOBBIUEHHBIM COOEPHCANUEM ATIOMUHUA NOCTIE NPOGEOEHUs UCHLIMANUL HA PA3PbIE. OCHOBHOU Memail a, 0:
a — 6HewHull 6U0 nosepxHocmu paspyutenust (x15); 6 — yuacmok cmewannozo paspyutenust (x1000);
8, 2 — ceapHnoe coedunenue oe3 TO: 6 — newHuil 8u0 noeepxHocmu paspywenus (x15); 2 — yuacmox
medicsepennoco paspyutenust (x1000); 6, 2 — céaproe coedunenue nocie JITO: 0 — enewHuil 6U0 nosepxXHOCMuU
paspywenusi (x15); e — yuacmox es3xo20 pazpyuienus (<1000)

Ha puc. 7, 6 npencraBieH y4acTOK HMOBEPXHOCTH pa3pyLICHUs] IIPHU OOJIBIIOM yBeJIHUYe-
HuM. Ha HeKoTophIX ydacTkax (Hampumep, ciieBa) — IMOYHOE pa3pylleHHe, B OCTAIbHBIX 00-
JacTsax — paceTKu KBAa3UCKOJIa 0€3 KaKMX-TH00 TPU3HAKOB PYyYbHCTHIX Y30POB.

[ToBepXHOCTD pa3pylIeHUs] CBAPHOTO COCIAMHEHUs 0e3 TepMOooOpadOTKH HCCIIETyeMOTO
KApOMPOYHOI'O TUTAHOBOT'O CIUIABA C MOBBIIIEHHBIM COAEPKAHUEM AJTIOMUHUS TaKkKe UMEET
cirabo pa3BuThIN penbed (puc. 7, ¢). Xapaktep paspyuieHus xpynkuid. Ha puc. 7, 2 mpencras-
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JIEH y4acTOK MMOBEPXHOCTH pa3pyLIEHUs MPpHU OOJIBIIOM YBEIHYEHUU. MeXaHu3M pa3pylieHUs
MHTEPKPUCTAIUIUTHBIN (110 TpaHuiiaM 3epeH). bosbias yacTb HOBEPXHOCTU COCTOUT U3 HEOO-
JBIINX (aCEeTOK.

[ToBepXHOCTH pa3pylleHUsI CBAPHOTIO COEAUHEHMs IOCIIe NMEYHOW TepMOOOpabOTKH Hucc-
JIEYEMOTO KapONPOYHOIO TUTAHOBOIO CIUIaBA C MOBBILICHHBIM COACPKAHUEM AIFOMHHUS
TaKKe MMEET pa3BUTHIA penbed (puc. 7, 0). Xapakrep pa3pylieHUs B OCHOBHOM BSI3KHiA
(puc. 7, e). Bo MHOrux yyacTkax oOHapyXeHbl TPEOHM OTpbIBA, & TAKXKE SIMKU Pa3IUYHBIX
pa3MepoB, 00Opa3oBaHHbIE 110 MEXAHU3MY CIHUSHUSI MUKPOMOP, HAIMYNE KOTOPHIX CBUAETENb-
CTBYET O JIOKQJIbHOM Pa3BUTHUH IIACTUUYECKON JeopMaliu.
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