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YayulieHre CTPYKTYPbl U MEXaHUYECKUX XapaKTePUCTUK
KOHCTPYKI[JUOHHBIX UHT€PMETAJLIU/I0B CUCTEMBI
TUTAaH—AJIOMUHUI NIPY HANIPABJICHHON KPUCTAJLIIU3AIUN

IIpedcmasneno axademuxom HAH Yxpaunvt JI.M. Jlobanoswim

IIpedcmasnenvt pesyrvmamol UCCIe06aHUS. NPOUECCO8 CIMPYKMYPOOOPASOBANHUSL U MEXAHUUCCKUX CBOUCNG NPU HA-
NPABLEHHOU KPUCTATLIUSAUUU Y -CIAOUTUSUPOBAHIHO20 UHMEPMEMATIUOH020 CRAABA CUCTNEMbL MUMAH—ATIHOMUNULL.
Iokasano, umo npumenenue HANPABIEHHOU KPUCMALIUSAUUL NpU becmuzevHoll 30110l niaske cniasa Ti-44Al-
SNb-3Cr-1,5Zr (am. % ) npusodum x Gopmuposanuio cneyupuueckoll MUuKpoCmpyKmypvl. Yemanoeneno, umo na
cmpyKkmypy 00pasyrowezocst CIUMKA npu HANPaeIeHHOU KPUCTAIIUSAUUU BIUSIOM, 8 OCHOBHOM, 084 NAPAMEMpPa —
CKOPOC® 3ameepoesanus i zpacuenm memMnepamypol 8 pacniase na zpanuye auxeudyc. Ucciedosanus noxasa-
au, umo npu ckopocmu 150 mm/u memnepamypuoiii epaduenm docmuzaem 300 °C cem” . Bmo npusooum K yno-
PACOUCHUIO U OPUEHMAYUU BMOPUUHOL PA3080LL MUKPOCTIPYKMYPYL MAMEPUANLA U K 3AKOHOMEPHOMY YIYUULEHUIO
€20 usuxo-mexanuueckux ceoticmes. Pezyiuposxa Muxpocmpyxkmypvl no3goisem 3HaAYUmMenbHo Yayuuums 8vlco-
KOMeMnepamypnole Mexanuueckue c6oucmed: npounocms, mooyrs Onea u conpomusnenue nonsyuecmu. Pesyno-
mamot UCCIeA068anULl NOKA3AIU, YUMo memnepamypnviil npedei cmpykmyproi npumenumocmu y-TiAl (Nb, Cr, Zr)
Mmoo pacwupums om 750—3800 °C do 900—950 °C.

Kmoueewvte cnosa: uHmepmemaﬂﬂuG, becmuzenvras 30HHAS niaska, Hanpasiennas KpUucmaiiudayusd, cmpyx-
mypa, mexanuvecKkue xapaxkmepucmurKu.

M HTepMeTasuinibl, K KOTOPbIM OTHOCSITCS aJllOMUHI/IbI TUTAHA, IIPEACTABIISIOT cOO0I KJIace CILia-
BOB, UMEMIINN YHUKATbHBIA HAO0p (PU3NKO-MEXaHMYECKUX XapPaKTEPUCTHUK, OIMPENEISIONINi
[EePCIIEKTUBHOCTD IIPUMEHEHUS] UX BO MHOIMX O0JIACTSIX TEXHUKU U, B IEPBYIO OYepe/lb, aBua-
IIMOHHBIX J[BUTATEJISX.

OjHaKO MX HU3Kas IIACTUYHOCTD TIPU KOMHATHOU TeMriepatype [1, 2] u cBsI3aHHAsd ¢ 9TUM
JI0Xast TEXHOJIOTUYHOCTD 3aTPY/IHSET, a B PSAJIe CyYaeB UCKI0YAET BO3MOKHOCTD U3TOTOBIEHUS
o1y (haOpUKATOB M UB/IEJIHIT U3 STHX MaTEePHAJIOB.

B nacrosiee Bpems BHUMaHUe UCCIeI0OBATeNEN YIeNIeTCs CO3/JaHUi0 MHTEPMETAJLTHIHBIX
craBoB TpoitHbIx cucteM Ti-Al-Nb. MsBectro, uto m06aBKM HHOOMS, Kak B-cTabuim3aTopa, B
Y-aTIOMUHW/IBI TUTAHA OKa3bIBAOT Mactuduiupyoiiee Bausane [2]. OgauM u3 HanpaBJeHU
BO3MOKHOTO PeIleHrs MPOOAeMbl HOBIIIEHN ILIACTUYHOCTH U, COOTBETCTBEHHO, TEXHOJIOINY-
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HOCTH SIBJISIETCST CO3/[aHUE CIJIABOB € OPTO- uin B2-ctpykTypoii. C 9Toi 11e/1bi0 aJTIOMUHUIBI
TUTAHA JIETUPYIOT JOCTATOYHO BBICOKUM KOJUYECTBOM HUOOWs (10 25 at. %) W APyTUMHU
B-cTabuim3aTopam.

[Tpr MHOTUX MOJIOKUTETHHBIX XaPAKTEPUCTUKAX OPTOPOMOMUYECKHUE CILIABBI C CO/IEPIKa-
HUeM HUOOUS 710 25 aT. % UMEIOT MOBBIEHHYIO IIJIOTHOCTD — 6,9 - 10° Kr/M3. Kpome Toro, BbIcO-
KO€ coJlepsKaHue HHOOUS TIPUBOUT K 3HAYMTETbHOMY YIOPOKAHUIO CILIABOB.

B cBsi3u ¢ BbIllleyKa3aHHBIM GOJIBIION WHTEPEC BHI3BIBAET CO3[AaHNE HOBOTO KJacca WHTEP-
MeTaHbIX B-TBepaeionux cnnaBos y-TiAl + o,-Ti;Al, na ocnoBe nHTEpMeTA/IIA CHCTEMbI
TiAl ¢ 6osree Hu3KIM comepskaHrueM HHoOus (10 4—>5 at. %). III0THOCTD TaKKMX CIJIaBOB CHIIKA-
etes 104,0-10° Kr/ M, utoB 1,75 Pa3 HUIKe IVIOTHOCTH KJIacCUYecKUX opTociuiaBoB. IIpucyrcreue
HUOOMS KaK B-cTabu/Irm3aTopa Mo3BoJIsteT MoAyYuTh yiopsaodernyio B(B2)-dasy [3], a Hannune
9TOi1 (hasbl TTO3BOJISIET C TIOMOIIBIO TEPMUIECKON 0OpabOTKM BIUSATH HA CTPYKTYPY U, COOTBET-
CTBEHHO, Ha MEXaHWUYECKIe CBOMCTBA MeTasia [4].

HoBbie KOHCTPYKITMOHHbIE MaTeprasbl Ha ocHOBe TiAl -criiaBoB M0JKHBI OBITH TPOYHEE Cy-
MIECTBYIOININX, BBIIEPKUBATH HEOOXOAUMBIE TPEOOBAHMSI — BBICOKUE MOKA3aTEJH MO BHICOKOTEM-
IIepaTyPHBIM CBOWCTBAM U COTPOTUBJIEHUIO MOJI3y4ecTh. TakiM TpeOOBAHUSIM OTBEYAIOT CILIABBI
HOBOTO MTOKOJIEHUS ¢ copepsKanueM HHobOus 10 4—5 at. %, ussecrabie kak TNM u TNM-B1.
OHu xapakrepusytorcst 6ojiee HU3KOI TIOTHOCTHIO M BBICOKOW TEMIEPaTypOil TIaBJIeHUSI.
TiAl-ciiaser TNM-Tuia, 1. e. jernpoBatubie Mo, KOTopbie cTabuinsupyior B-dasy u Ha ce-
TOHSIIITHUN JIEHb SIBJISTIOTCST HAOOJIee TIePCIIEKTUBHBIMI JIJIST U3/IEJIHiIT a9POKOCMIYECKOI 1 aB-
TOMOOWMJILHON MPOMBIIIJIEHHOCTH. Biraroiapst BBeIeHII0 MOJINO/IeHa 9TU CILIABbI 06JIa[af0T 1M0-
BBIIIIEHHOIT KaPOIPOYHOCTHIO U 00JIETYAIOT TEXHOJIOTHUIO TPOKATKH.

B Uucruryre anekrpocBapku uM. E.O. TlatoHa cosman wHTepMeTa/LH/HbINA ciiia Ti-44Al-
5Nb-3Cr-1,5Zr (at. %), MOJy4eHHDI METOIOM 3JIEKTPOHHO-JTy4eBOil TIaBKu. Jlerupyioriue aJe-
MEHTBI, Io0aBIeHHbIe K Kiraccudeckomy v-TiAl, yoayurmmau ero ctpykTypy u cBoiictsa. [Ipeske
BCETr0 — 35TO BBICOKOE COJAEPKAHNE ATIOMUHI, KOTOPBII OIIPEAENAET TOIO OLy-(ha3bl B CILIABE U
Temiiepatypy tpancyca [5]. Cr moBbllIaeT IJIACTUYHOCTD CIUIABOB C JAYIJIEKCHON CTPYKTYPOIt
(v + a,)-cimaBoB. dheKT Bo3pacTaHns IIACTUIHOCTH (Y + O,)-CIITTABOB OOBACHAIOT BIUAHIEM
Cr Ha TeTparoHaJbHOCTh, 00bEM DIEMEHTAPHOI STYEKK, XapaKTep 3aMelleHus TIO3UIUI aTo-
MOB TUTaHa WK aTioMUHUS B petnietke TiAl, 1BoitHUKOBaHME U U3MEHEHUS B 3IEKTPOHHOMN CTPYK-
type [6]. Nb noBbimaer conporus/ieHne moJI3y4ecTy B pesyJbraTe CHUKeHUs AndGy3noHHON
TNOZIBIKHOCTH, YIPOYHSET Y- U OL,-TBEPJble PACTBOPEI, a TakKKe yiydmraer croiikoctb TiAl k
okucyennio. Nb u Zr criocob6cTByoT o6pazoBanuio B-Boiaesaennii. [Ipu erupoBannn mpuMechio
Nb 3a cuer ynpounenns xummuueckux cpsseil B pemerkax TiAl u Ti;Al-cbas npu samenennn B HUX
YaCTU y3JI0B TUTAHOBOII mojipenteTku aromamu Nb hopMmupyiorcest TBep/bie pacTBOPBI B 00enx
(azax. KoacdhdurmenTsr pacripenenenns (partition coefficients) Nb 6smmsku x exunuiie u B y-, u B
OLy-JIAMEJISX, YTO IPUBOJUT K IOCTATOYHO OJTHOPOJHOMY OOBEMHOMY PACIIPE/Ie/IeHIIO JINTATyPbI 1
COXPaHEHUIO TICEeBI0OMHAPHOTO BU/IA AUATPAMMbI COCTOSIHUSI C OTHOCUTEIHHO HEOOIBITUMU KOH-
[EHTPAIIMOHHBIMU U3MEHEHUSIMU TPAHUI] Pa30BbIX TOJIEH [7]. ITH 06CTOATETHCTBA OTIPEIEIISI-
ot cocta Mateprasia TiAl(Nb,Cr,Zr) kak oauH u3 Haubosee MepCreKTUBHBIX JIJIs1 OIBITHO-TIPO-
MBITIIJIEHHOTO TTPUMEHEHMSI.

PaspaGoTaHHblil cIUIaB oTimyaercs oT civiaBoB TNM-Tuiia, HO B TO jKe BpeMs UMeeT CBOU
npeumyiiectsa. Bo-nepsbix, Zr u Cr Takke cTabuausupyior B-dasy, XoTs U He Tak aKTUBHO, KaK
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Mo. 3ato Zr u Cr jerde Mo, 1 TO3TOMY CO3/IaHHBIN CIIJIAaB UMEET MEHBIIYIO TIJIOTHOCTD, UTO SIB-
JIIETCST XOPOIITUM apTyMEHTOM JIJIsi a9POKOCMUYECKOH MpoMbITiieHHOCTH. [lmoTHOCTD oTyvyen-
Horo crmaBa — 4,11 F/CMS. Kpome Toro, Cr, 0cO6eHHO B MUKPOKOJMYECTBAX, YJIyUIIaeT KOPPO-
3MOHHYIO CTOIKOCTb.

ITepBUYHBII CIUTOK CXOTHOTO CILIaBa ¢ HOMUHAIBHBIM cocTaBoM Ti-44Al-5Nb-3Cr-1,5Zr (ar. %),
MOJTYYEHHBIN METOIOM JICKTPOHHO-JIYYEBON TJIABKU B BAKyyMe, MMeJl HePaBHOMEPHYIO rpyOyio
MHUKDPOCTPYKTYPY, YTO U ONPEAEIAI0 HU3KUE MEXaHMIeCKUe CBOMCTBA TIPY KOMHATHON TeMIieparype.

OpHuM 13 crocob6OB YIIydIeHNsI CTPYKTYPbI M MOBBINIEHUST MEXAaHUYECKUX XaPaKTePUCTHK
MHTEPMETAJINIOB SIBJISIETCST HATIPABJIEHHAS MTEPEKPUCTAIIIN3AINST METOIOM OECTUTETHHON 30H-
not nimaBku (B3IT). Ona nmeeT psig HEOCTIOPUMBIX PEUMYTIIECTB: TIOCJIe 30HHOHM TIepPeKPUCTa-
muzanun He HyskHa [TTITT 06paboTka (TazocTaTiyeckoe n30TEPMUYECKOE TPECCOBAHUE ), TAK KaK B
MOJIYYEHHBIX CJIUTKAX OTCYTCTBYIOT MUKPO/Ie(heKThI — HECTJIOITHOCTH, MUKPOTPEIINHBI U JIP.; OT-
CYTCTBYET MOPUCTOCTD, TOTOMY UTO yCa/IKa M/IET HAIPaBJIEHHO HA (DPOHTE KPUCTAIITU3AINY, a He
B 0ObeMe canTka. becTurebHas 30HHAS MJTaBKa MO3BOJISIET YIPABJISTH CTPYKTYPOI TTOIYYEHHOTO
Marepuaga. ITOT METO/ IIJIABKU MPECTABIISIET TaKKe BO3MOKHOCTH CTPYKTYPHON MHKEHEpUU —
HUKAKOH JPYTOii criocob He obecrednBaeT Takoi yropsijiodeHHoi cTpyKTypbl. Kpome Toro, ycio-
BUSIMHU TIpOItecca 00eCIIednBaeTCsT YNCTOTA (HET B3AUMOIENCTBYSI C MATEPUATIOM TUTJIST ).

Henocrarok MeToma 30HHOI TJIaBKU — HEPABHOMEPHOCTH PACIIPeIesIeHUsT TETJIOBOTO TIOJIS
B/10JIb (DOPMUPYIOTIETOCS CJUTKA, YTO OIPEIEIISIETCst 0COOEHHOCTRIO TIporiecca MaaBku. [Ipu aTom
HEBO3MOKHO 00ECTIEYNTD OJJHOPOIHYIO CTPYKTYPY IO JITUHE CJAUTKA 1, COOTBETCTBEHHO, MEXaHH-
YecKue XapaKTepUCTUKH [8], ToaToMy TIpoltecc MmoydeHust CITUTKOB C OTHOPOAHON MUKPOCTPYK-
Typoii moctaTouHo ciaoxeH. OH TpebyeT OpraHu3aluu TOYHOTO KOHTPOJIS TEIIOBBIX YCIOBHIA
MPOTEKAHUs TIPOIecca 3aTBePAeBaHUs JIJIsT 00eCIIeYeH s BBICOKOM OIHOPOHOCTH MUKPOCTPYK-
Typbl cauTka. [Ipy mosyuyeHun cIMTKOB METOIOM BEPTUKAIBHON HAIPABJICHHON KPUCTAJIN3a-
1uH OBLIIO YCTAHOBJIEHO, YTO HA CTPYKTYPY 00Pa3yIOIIerocsi CJIMTKA BJIUSIOT B OCHOBHOM JiBa Tia-
pameTpa — CKOPOCTD 3aTBEP/CBAHN VM 'PA/INCHT TEMIIEPATYPhl B PACILIABE HA TPAHMIIEC JIHK-
Buayc G [9]. [lnsg ontuMusaiy napaMeTpoB TIpoliecca 30HHOH TIIaBKU, HApSILy C MTPOBEIEHNEM
HKCIIEPUMEHTOB 10 TJIABKE HHTEPMETAIIIN/IA, OBLIN MTPOBEIEHBI MATEMATHYECKITE PACIETHI C YHC-
JIEHHBIM MOJIEJTIPOBAHUEM TETIOMACCOTIEPEHOCA B PACILIABJIEHHO 30He 00bekTa. B padote [10]
nojydyeHa auarpamma s civiasa Ti-46Al-8Nb, nokasbiBaonasi, Ipyu Kakux yCIOBUSIX 3aTBEP-
JIEBAHMSI PACIIIIaBA CIUTOK Oy/IET UMETH CTOJIOUATYIO A€HIPUTHYIO CTPYKTYTY, & TPU KaKUX — PaB-
HOOCHYIO KPUCTAJJIUTHYIO.

CormacHo pacueram [10], ayist mamero criasa Ti-44Al-5Nb-3Cr-1,5Zr B neHTpaibHOM YacTu
MIPOILJIABJIEHHON 30HBI HAa TPAHWUIlEe JUKBUIYC TPAAUEHT TEMIEPATyphbl COCTABISET MPUMEPHO
3-10" rpaja/m. [Ipu TakoM rpagueHTe TeMIepaTyp U Ipu CKOpPOCTH 3aTBepaeBanust V = 150MMm /4
MBI [TOTIajIaeM, coryacHo auarpamme puc. 1 [11], B o6macThb cTosrbuaToro pocra TBepaoil (hassl.

Cxema 1abopaTopHON yeTaHOBKY MHAYKIMOHHON B3IT 1 KpuBbIe OXJIasKIeHUS TIPUBEIEHBI
B pabore [8].

Merasutorpaduyeckre 1mdbl U (HOJbIM U3 UCXOAHOIO ciuviaBa u mocjae B3II Obum mpo-
AHAJIM3UPOBAHbI C UCTIOJB30BAHNEM CKAaHUPYIOIIETO 3JIeKTpoHHOTo MuKpockona JEOL JSM6610
B PeXKMMaxX CKaHMPOBaHMs Ha oOpaTHoe paccenBanue (POM) u Ha mpocset (IIOM).

[ToaroroBka 06pasIoB BKIIOUYAIA OOBIYHYI0 METALIOTPAbUYECKYIO MTOJUPOBKY 1 (PUHUIITHY IO
anexrpononuposky B HCIO, ipn nanpsixennu 30 B.
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<«—— Harmpassienue pocr: DpoHT 3aTPaBJICHUS] Puc. 1. CDOUPMHPOBaHHe ymo-

e P — PSIZIOYEHHOI  MUKPOCTPYKTY-

. % pbI Ha HavasibHO ctaann b311

B TIPOJIOJIHOM CEUEHUH CJIUT-

ka. CuHne obmactn 061a1a10T

aKCUaJIbHO-HAIIPABJIEHHON J1a-

MEJIbHOW CTPYKTYPOU, OHU BbI-

SIBJICHBI METOJIOM OIITUYECKOI

MONAPU3ANMOHHON  MHUKPO-
CKOITUU

MDa30BbIii aHaMMU3 OB BBIIIOJHEH C TIOMOIIBIO PEHTTeHOBCKOH audpakTomerpun (XRD)
Ha 6aze DRON-3M cnekrpomerpa. MopMupoBaHue yHOPSIZOUYEHHON CTPYKTYPhl Ha HAYaIbHOM
atarne npoiecca B3II 66110 BBISIBJIEHO € MMOMOIIBIO ONMTUYECKON MOJSIPU30BAaHHON CBETOBOM
MHUKpockonuu (cm. puc. 1).

Mexannyeckue CBOHCTBA CIIJIABOB MTPU KOMHATHOM TeMIiepaType UCCIe0BATHN ITyTeM OTHO-
OCHOTO cxkatus ¢ ucnosibdoBanueM ycrpoiicta INSTRON 8802 B cooTBeTCTBUM CO CTaHIAPTOM
ASTM D695 co ckopocTbio gedopmarium 2 - 10* ¢ . Meron cxkatus nanGouree addeKTUBEH 115
POBE/IEHNSI TADOPATOPHBIX NCCJIEIOBAHNI HA HAYAILHOM 3Tarte pa3paboTKI HOBBIX MATEPUATIOB,
KOT/Ia 9KCIIePUMEHTAIbHBIE 00PA3Ibl UMEIOT HeboIbIe pa3Mepsl (92,55 mm). Mcmbitanus Ha
CKaTHeE MO3BOJISTIOT HAOPATh TIPEBAPUTENbHYIO CTATHCTHKY 110 MEXaHUYECKUM CBOIICTBAM.

Ucnbitanus xa cxkarue mpu 750—1050 °C npoBo/in/iu B BaKyyme 107 6ap ¢ UCIIOJIb30BAHNU-
em ipubopa DIL 805A/D. YerpoiictBo paboTaeT Mo/l N3MEHSTIOMIUMUCS CTATUIECKUMU HATPy3-
kamu ot 1 g0 700 MIla st maydenus teMiiepaTypHBIX 3aBUCUMOCTEN CKOPOCTH TTOJIBYYECTH OT
TEeMIIepaTypbl ¥ HAIPSKEHUs, ¥ TOCTPOEHMST KPUBBIX 3aBUCUMOCTH HANPSIKEHM: /ehopMaIiim.

Yem yrke pacriaBieHHast 30Ha, TeM OOJIbIlee 3HAUYEHIE TEMIIEPATYPHOTO TpajiieHTa G MOKET
6b1Th octurayto npu B3I, OxHako 1Mpu y3KOil 30He CYIIECTBYET OMACHOCTh HEMOJHOTO TPO-
IJIaBJICHUS 30HbBI, €€ “3aMep3anus’ B IeHTpaIbHON YyacTu. [loaTomy B paboTe BbhIcOTa 30HBI pac-
mraBa 1 cM ObLIa IPUHSATA 32 OITUMYM; e€ obeciiedrBaeT MOIIHOCTD Ha uHayKTope 700 BA.

PesysbraThl 4nCIEHHOTO MOJIETUPOBAHMS, TIPOBEIEHHOTO 711 9TOH MOIIHOCTU M CKOPOCTH
3onHoro mpoxoaa V=75+300 mM/u [9], ipescTaBieHbl Ha pucC. 2. DTU PEKUMBI TPUBOJIAT K pac-
TIpe/Ie/IeHUIo TeMTIepaTyphbl, TpU KOTOpoM 3HaueHue rpaauenTa G = 300 °C- e ' Ha ocn obOpasiia.

KitoueBbIM TEXHOIOTUYECKUM TIAPAMETPOM SIBJISIETCS CKOPOCTH TBEPA0(AZHOTO OXJIASKIEHUS
3aTBep/IEBIIETO CIIJIaBa ITOCJIe TPOX0/1a 30Hbl. KpuBble OXJIakieHNs pacCYMTaHbI IPU YUCJICHHOM
MOJICTMPOBAHNM JIJIsI CKOPOCTel ABrzKeHust oopasia V =75; 150 u 300 mm /4 (cm. puc. 2).

Penrrenosckuii anaaus aurtoro ciasa Ti-44A1-5Nb-3Cr-1,5Zr, upeacraBiennbiii 8 pabore
[12], mokasbiBaet haszoBbiii coctaB 06pasios citaBa Ti-44Al-5Nb-3Cr-1,5Zr: cxoaHOTO cItaBa
u nocsie B3I npu V, = 150 mm- 4!, e BuaHO MIPUCYTCTBYE OCHOBHBIX MHTEPMETAIINYECKNX (ha3
y-TiAl m o.,-TizAl, a Takke HeKOTOpPOE cozlepkanye CTaOUIN3UPOBaHHOI ocTaTouHOl B2 (ymo-
psimoueHHOM Hu3KkoTemmeparypHoii opmer B-Ti). POM mukpodororpadus ncxomanoro ciapa
(puc. 3, a) orobpaxkaer rpyoyio Tpexdasnyo MUKpocTpykTypy. OcHosHas ¢asa y-TiAl uzobpa-
’KaeTCs 3]1eCh CEPBIM IIBETOM, oLy~ Ti; Al — yepnbiM n B2 — sapkas daza.

[unarpammbl HeripepeiBHOTO oxJaxieHus (JIHO), paccuntanHblie 1 aKCTIePUMEHTAJIbHbBIE 1715
06bIuHbIX OuHApHBIX 1 TPOitHBIX Nb-comepskanux y-TiAl—cmraBos [13] npeackasbiBaior oOpa-
30BaHne B HUX JIYTJIEKCHON MUKPOCTPYKTYPBI, COCTOsMIel n3 obacTeii nameneii (y + a.,) daso-
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Puc. 2. Kpusble OXJaKIeHUs TePEKPUCTATTU30BAHHOTO 1600~
CILJIaBa [IPU PA3HbIX CKOPOCTAX [ABUKEHUA UHYKIIMOHHOIO
narpesaresst Vi 1 — 300 mm/q; 2 — 150 mm/u; 3 — 75 MM/4

1200

BOTO COCTaBa U MACCUBHBIX y 3epeH. Kpome Toro, n3
marpamm JTHO usBectHo, 4T0 0OObeMHasT IJIACTUH- & 600
yarast (hpaKiust 10JKHA ObITh IpUMEpPHO paBHa 90 % &

WJIN JIaKe BBITIIE JIJIST IMAna30Ha CKOPOCTEH OXJTasK-

JeHns VC, orteHeHHbIX 11 Hamux B3Il akcrepu- 400
MeHTOB. Takass MUKPOCTPYKTypa TakiKe M3BeCTHA

KaK MOYTH 1MoJHOCThIo Jamessgpraast (I[TT1JT). ~__

JleficTBUTENIBHO, B HallleM B-CTaOUIM3UPOBaH-

HOM CILIaBe, Ioyuentom npu V, = 150 mm - q ! (to 0 400 800 1200
€CTh TIPU COOTBETCTBYIOMIEN CKOPOCTH OXJIASK/ICHUS Bpews, ¢

V.=57 °C‘c_1), Jamesn 3aHuMaoT 0koso 80 % obbema [11]. DTH cTPYKTypHBIE COCTABIISIO-
II1e TOKA3aHbI Ha PUC. 3, 8, 2, OHU MIPEJICTABIISIOT YBeJIUUeHHbIe 0OpaMJIeHHbIe 00IaCTH Ha PHC.
3, 6. Koncrpykius Takoit obactu (puc. 3, 2) cocrout u3 yepenyiomuxcs y-TiAl (ceporit) n o,-
TiyzAl (uepubie) nameseit. Buun y-TiAl mamem Tommmnoit 400—800 1M, o6bemuo npeobiraao-
e B IIacTuHYaToii cyberpykrype. Ormernm Taxike, uto dasa a,-Ti,Al conepxnres B crnase,
obpaboranHom B3I vckmounTebHO B cocTostHum Jamesieil Tomuuoi 100—200 um. Dpakius
y-TpaHyJIMPOBAHHOI cyOCTPYKTYpHI (dur. 3, 6, 8) MoKeT ObITh OlleHeHa Kak 15 %, a ocTaBInecs
5 % npuxonsates Ha ppakimio B2, koropast BugaHa Ha puc. 3, 6, 1 00bIYHO Ha puc. 3, 0, Kak spKast
daza. Takum obpasom, cybeTpykTypHast obobemHast popmysia citaBa Ti-44Al-5Nb-3Cr-1,5Zr
B3II npu V, = 150 MM 4 | MOKeT ObITb BhIpakeHa Tak: (v + 0.2) /v / B2=80:15:5.

B pa6ote [8] 6110 HOKa3aHo, 4TO B pe3yibTaTe HePaBHOMEPHOIO TEILJIOBOTO IIOJIS 110 JIJIH-
He oOpasia (GopMupyercst HeoJHOPOAHBIN (asoBbiil coctaB. Hamu ycraHoieHo, 4to addext
BO3/IeMCTBUST BBICOKOTO TpajgueHTa Temrieparyp (300 °C- CM_1) MO3BOJISIET YIPABJIATh CTPYK-
TYpOH, (ha30BBIM COCTABOM ¥ (PM3UKO-MEXaHUYECKUMK CBOWCTBAMU, 00eCIieunBasi PaBHOMEP-
HOCTb 9TUX TIOKa3aTeJiel 0 IJINHE CIAUTKA.

ITyte asoBoro npespaieHus s oxjaxkiaenus ciiaBa Ti-44Al-5Nb-3Cr-1,5Zr moxHO
YIOPOCTUTH cieayiomum obpasom: Pacmia — Melt — B(Ti) @ B2+ g © B2+a, —
—Ti2Al+vy-TiAl, rze aran (6) pasapobiieH, B CBOIO Ouepe/ib, Ha Ba KWHETHYECKUX MEXaHM3Ma,
peasibHO TPOTEKAIONINX B HEPABHOBECHOM PEKIME:

a —> (0~ TigAl + y-TiAl) — namennapubrii (2);

B2 — y-TiAl — rpanysipusiii (3).

OTH MEXaHU3MbI MOTYT OOBSCHUTD COBMECTHOE 00PAa30BaHNUE Y-TPAHYIMPOBAHHBIX 1 (Y + 0L, )-
JIAMEJIISIPHBIX (DPAKIUL, COCYIIECTBYIONUX ¢ OCTATOYHOM, HO yropsaodenHon B2-dasoii. Peak-
st (2) HAYMHAETCST BHYTPH O-TPAHYJI, IPUBOSIINX K 0OPa30BaHUIO0 OCHOBHBIX JIAMEJISIPHBIX
KOJIOHWIT B TPaHUIAX KasKI0To MpeoOdpasoBaHHOTO a-3epHa (cM. puc. 3, 6, 2). Ilockosbky B2 pac-
MOJIOKEH BJIOJIb 3TUX TPAHUII, YACTUIHOE MpOTeKaHue peakiuu (3) MPUBOAUT K 0OPA30BAHUIO
(B2 + y) moB-110106HbIX IpOCIOEK MeKAy (Y + o) Kosonuii (cM. puc. 3, 8). CireoBarebHo,
oTHomenue copepxanua das (y + a,) /vy / B2 MOKHO KOHTPOIMPOBATh B HEKOTOPBIX IIpe/ie-
nax. JleficTBUTEIbHO, CTPYKTYpa CJMTKA, HAIIPABJIEHHO 3aKPHUCTAIIN30BAaHHOTO TIPU CKOPO-
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Puc. 3. a — vuxpoctpykrypa ncxoanoro Ti-44Al-5Nb-3Cr-1,5Zr; 6 — ynopsoueHHass MUKPOCTPYKTypa CILIa-
Ba nocyie B3II pu V, = 150 mm- q71' 6 — YBEJIMUEHHBIN Mepexo/] MeXK/y MIacTuHYaToi obmacteio u (y + B2)
IIPOMESKYTOUYHBIH CJION; 2 — yBeJMYeHHbIe aKCHAIbHO-BBIPOBHEHHDIC (Y + O, Jamen; a, 0, 2 — SEM ne—
PEM mukpodororpadun; 0 —nopsgodennas MUKpocTpykrypa ciasa nocae B3I npn V, =300 mm-u (SEM
MurpodoTtorpadus)

ctu V, =300 mm- q ! (TO eCTb OXJTaKaeTCA C MOBbIIEHHOM ckopocTbio V. = 11°C- c71), MTOKa3bIBa-
eT MOBBIIEHHOE COJIepsKaHue y-rpaHy/MpoBaHHoN dpakimu (cm. puc. 3, d). DasoBbiii HGamaHc
OTHOIIEHHS 3TOM CTPYKTYPBI MOKHO HPUOIM3UTENIBHO OIeHUTD Kak (y + o) /v /B2 =70:25:5.

BosneticTBue BpicOKOTO HarpaBieHHOTO TermoBoro rpaauenTa (G = 300 °C/cm) uckioun-
TEJIbHO BAJKHO JIJIST YIIOPSIIOUEHNs M OPUEHTAIIM MUKPOCTPYKTYPHOI (Da30BO# CHCTEMBI CIlJIaBa
B miportecce B3II. M3BecTHO, uTO cTO/IGUYaThIe KprcTajindeckue 3épHa nepsuanoii B OILK dasbi
pacTyT HaBCTpeuy TEIJIOBOMY MOTOKY B €IMHCTBEHHOM KPHUCTAJIOTPadUIeCKOM HaIlpaBJIeHUN
<001> [14]. OgHako Giarogapsi MPOCTPAHCTBEHHO-aHU30TPOITHOMY “BBITSATHBaONIeMY” BO3/Iei-
CTBUIO BBICOKOTO TEILJIOBOIO IpajueHTa, BO BCEM 00béMe oOpasiia IpU IJIAaBKE CO CKOPOCTHIO
150 MM/4 yropsiiouMBaeTCsl He TOJBKO TepBUYHAS, HO ¥ BTOPUYHAS JlamMeJsbHas (MaTpudHast)
cybCTpyKTypa, B KOTOPOil amenu (y + o.,) HalpaB/JIeHbl HPEHMYIIECTBEHHO TapaiiebHO OCH
cautka (em. puc. 3, 6 1 0).

ITpuynHoil OPUEHTUPOBAHHOTO POCTA JIaMeJiel TTPEIONI0KUTEIbHO ABJISETCS aHU30TPOITHAS
yckopenHas 1udy3ust KOMIOHEHTOB CIIJIaBa BIOJIb HAIIPaBJIEHUS BBICOKOTO TEIJIOBOTO TPaiv-
eHTa (TeryIoBOro MOTOKA). MexaHu3MoM yIopsa/04eHHOTO “BbICTpanBaHus” JamMesiell BIOJIb OCH
CJIMTKA SBJISIETCS CTATUCTUYECKU KOHKYPEHTHBIN POCT JlaMeJiell pasHoi opreHTanuu npu Oosee
BEPOSITHOM “BbIKMBaHUN” HarboJiee GJIarompusiTHO OPUEHTUPOBAHHBIX M3 HUX.

KpuBbie 1mpojobHON 1 IOMEPEYHOR OAHOOCHON C:KUMalollel aedopMaluy dKCIepuMeH-
TaJIbHBIX CJIUTKOB UCXOAHOTO uToro citaBa Ti-44A1-5Nb-3Cr-1,5Zr u nocaie B3II npecrasie-
HBI B paborax [8, 12]. Tpaduku MOKa3bIBAIOT, YTO UCXOAHBIA MaTepraa 06JaaeT OTHOCUTEIHHO
c1abbIMK MEXaHUYEeCKUMU CBOICTBAMU U MX OOJIbLIMM PasdpocoM, 0COOEHHO /Il MAKCUMAJIbHO-
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Puc. 4. 3aBucumoctb GU3NKO-MeXxaHudecKux cBoicTB auThixX (1) u mocse B3II (2) criyiaBoB oT TeMIeparypsi:
a — Kkpusble gedopManum; 6 — npees TeKydecTu; 6 — MoAayJib IOHra; 2 — 1moJsyuectnb

ro 3nadenus (g). OueBUIHO, YTO W TIPejiesl TEKyYeCTH (09 ), ¥ TIpesiest MPOYHOCTH Ha CXKATHe
(0,,,,) (IITIC) sHaunTenbno ymryunenst B pesybrate B3I (B mpeaenax ycpeHeHHbIX 3HAYEHWIT).
[Toka 3HaueHue & OTOOPasKAETCST HECKOJIBKO HUIKe, HO HamHoro Jyudiie, [TTIC mokasbiBaer 3Ha-
YUTEIbHOE YIIyullieHne Ha 26 % W caMblil HU3KWII CTATUCTUIECKUN Pa3dpPOC eIMHUYHBIX M3Me-
peHwuii, a uMeHHo 8,7 %.

B pesynbraTte cTpyKTYpHO-(Pa30BBIX UCCAENOBAHNN U TTPOYHOCTHBIX MCITBITAHUI MTOKA3aHO,
yto B3II ynyunmmna mexaHnueckue cBOMCTBA.

PesysraTel BbICOKOTEMITEpPATYPHBIX UcTbrtanuii [11], BomosHennbix Ha ipubope DIL 805A/D,
npusesiensl Ha puc. 4. B3II co ckopoctbio V, =150 Mm 1! sHauMTENBHO yAyUIuan 1eopMupye-
MOCTb (puC. 4, a), yBeIn4niIn 6, (puc. 4, 6) u mozysib IOHTa (puc. 4, ) TIpH TexX Ke TeMIepaTy-
pax. [Ipu Tex xe Harpyskax BO3pacTaeT cONpPOTUBIeHNE Non3ydectu. Hampumep, mpu Harpyske
200 MIIa niepsbie npusnaku nosasydects mpu b3I1 nosiBisiiorest Tosbko 1mpu 950 °C (puc. 4, 2).
Jpyrumu cioBamu, nocsie B3I ciia obsazaer ogMHAKOBBIM YPOBHEM IapaMeTpPoB 1edopMu-
pyemoctu 1ipu temrepatypax Ha 100—150 °C Bbilie 110 CpaBHEHWIO € UCXO[HBIM MAaTEPUATIOM.

Takum 06pa3oM, BEPXHMIT TeMIlepaTyPHbIi Mpe/esl CTPYKTYPHBIX XapakTepuctuk Ti-44Al-
5Nb-3Cr-1,5Zr mosxket 6piTh yBesmuen ¢ 750—800 °C g0 900—950 °C.

B pesynbraTe mpoBeneHHBIX UCCIEIOBAaHUH YCTAHOBJIEHO, YTO YIOPSI/I0YeHHAS MUKPOCTPYK-
Typa ¢ ONTHMU3UPOBAHHOIL (Y + a,) /v / B2 o6bemMubIM cooTHOMmeHneM obajaet Goee coaman-
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CUPOBAHHBIMI (PU3NKO-MEXaHMYECKUMH CBOMCTBAMHU MO CPABHEHUIO C UCXOIHBIM MaTEPUATIOM.
B coorBetcTBUM ¢ orerkamu [ 15] ToHKOAMCIIEPTUPOBAaHHAS JlaMesibHas MaTpulia (puc. 3, 2) oT-
BeyaeT 3a YJIydIlleHre MPOYHOCTU W TIOJI3YYeCcTH, OCOOEHHO TIPH 0CEBOM Harpy:keHuu. B To xe
BPEMSI IIJIACTUYHOCTD CYIECTBYET OJIaro[apst BCTPOEHHBIM MTPOCJIOMKAM, COCTOSIIIIAM U3 Y-3epeH
u mactuanoit B2-daswer (puc. 3, 2). A 3a cueT OrpaHMYEHHON 3JIAaCTUYHON TTOIBUKHOCTH y-Tpa-
HyJ B cpere B2-(dasbl Takue MpoCIoiiKu criocoOCTBYIOT peslaKCallii HAIIPSIKEHWE B OCHOBHOI
IJIACTUHYATON CTPYKTYPE, TEM CaMbIM IOBBIIIAs BBICOKOTEMIIEPATYPHBIN TTOPOT ee pa3pyHieHus
(pacTpeckuBaHUS 110 TPAHUIIAM JIAMEJIei ).

Takum o6pasom, BeicokonaTeHcuBHast (300 °C- CM71) WHYKIIMOHHAS 30HHAS T1JIaBKA BBI3bI-
BaeT YIopsodeHrne MUKPOCTPYKTYPHI 1O JJIMHE CIUTKA W MOBbIIeHe MEXaHUYeCKUX CBONCTB
B-cTabuIN3MPOBaHHBIX HHTEPMETALIHI0B Y- TiAl.

IIpumenenne B3II coxpansger nabop mHTepmerammmieckux das vy, o, B2 B Ti-44A1-5Nb-
3Cr-1,5Zr (at. %) cruiase.

B3Il mpuBoauT K co3mannio crennduaeckoil MEKPOCTPYKTYphI ciiaBa Ti-44Al-5Nb-3Cr-
1,5Zr, cocrosimero us (y + o.,) JaMeLIAPHBIX KOJOHUI, Pas/e/IeHHbIX Ma/IbIMKU HIOBHBIMU IIPO-
cnoiikamu (B2 + y) das. @asoswrii 6ananc (y + a,) /v / B2, cybMukponnas nmiacTuHyaTas
TOJIIIMHA ¥ YTOPSIIOYeHHOE BBIPAaBHWBAHUE JlaMeJiell BIOJb TpajiieHTa TeMIepaTypbl KOHTPO-
JIUPYIOTCS YCTOBUSMMU TIJIABKU.

OpuenTtupoBaHHas AyIJieKCHAsE MUKPOCTPYKTypa yJydinaeT HU3NKO-MeXaHu4yecKue CBOMi-
CTBa CILJIaBAa, a UMEHHO: IIpe/esI TeKy4eCTH, IIPOYHOCTD, MOy b IOHTa 1 conpoTuBieHue 10J13y4de-
CTH — IIPYU KOMHATHOM U BBICOKOI TeMIlepaTypax.

B pesysisrare pazpaGoTaHHOTO TEXHOJOTHYECKOTO MPOoIlecca BEPXHUIA TeMIlepaTypHbIil mpe-
nes ctpykTypHoit ipumenumoctu y-TiAl (Nb, Cr, Zr) mosxer 6bith yBeanden ¢ 750—800 °C o
900—950 °C.
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[MOJIIIIIEHHA CTPYKTYPU I MEXAHIYHUX XAPAKTEPUCTUK
KOHCTPYKIIMHNX IHTEPMETAJII/JIIB CUCTEMI
TUTAH—AJIIOMIHIN TTPY CTIPIMOBAHIN KPUCTAJII3AIIIT

IIpencraBiieHi pe3yJbTaTH AOCJIJPKEHHST MPOIECIB CTPYKTYPOYTBOPEHHS T4 MEXaHIYHMX BJIACTUBOCTEN MPU
crupsaMoBaHiil kpucrtasizarii B-crabigizoBanoro intepmeraigroro cinaBy Ti-44Al-5Nb-3Cr-1,5Zr (at. %).
ITokasaHo, 110 CIpsIMOBaHA KPUCTAJI3allist IPU Oe3TUTEbHIN IHAYKIHIET 30HHIH MIaBIl MTPU3BOAUTH /10 CTBO-
penns crenudiunoi Mikpoctpykrypu ciiaBy Ti-44A1-5Nb-3Cr-1,5Zr (ar. %). Jlocrimkero ehekT BIIMBY BU-
COKOTO I'PajliEHTa TEeMIIePaTypH JIJIsI KEPYBAHHS CTPYKTYPOIO, (ha30BUM CKJIAJOM i (hi3UKO-MEXaHIYHIUMHU BJIac-
TUBOCTAMU. KpucTamizallig Ta MicIIKpUCTAMI3AIiRHNAN BiiTasl CIJIaBy TIPU TAaKOMY TPaIi€HTI TPU3BOASITE 0
BIIOPSIIKYBAHHS Ta Opi€HTAaIlii BTOPUHHOI (ha30BOi MiKPOCTPYKTYpU MaTtepiay i 10 miABUIeHHS HOTo (i3rKo-
MeXaHIYHUX BjaacTUBOCTeN. BeTanoBeHo, o mpu mBUAKOCTI 1taBku 150 MM/TO/ TeMITepaTypHU TPAIIEHT 10-
pisaioe 300 °C - em ! mo 3abesreuye piBHOMIPHY ONITUMAJIbHY CTPYKTYPY 3JIMBKA B polieci TiaBku. PeryoBan-
HsI MiKPOCTPYKTYPH ZI03BOJISIE iICTOTHO MOJITIIITATY BUCOKOTEMIIEPATYPHI MeXaHiuHi BJACTUBOCTI: MEKY MIiITHOCTI,
MmozyJip Onra Ta omnip moB3ydocTi. Pesyibratu nocizKeHb TOKa3aiu, 1Mo TEMIIEPATYPHY MEXKY CTPYKTYPHOTO
3aCTOCYBAHHS IIbOTO THUITY CILIaBiB MoskHa posmmputu 3 750—800 °C 10 900—950 °C.

Kantouosi cnoea: inmepmemanio, 30nna niagka, cnpsamosanda KpUCmMarisayis, Cmpykmypa, Mexaniuui xapaxme-
PUCMUKU.
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IMPROVEMENT OF THE STRUCTURE AND MECHANICAL CHARACTERISTICS
OF STRUCTURAL INTERMETALLIDES OF THE TITANIUM-ALUMINIUM
SYSTEM AT THE DIRECTIONAL SOLIDIFICATION

The paper presents the results of investigation of the processes of structure formation and the mechanical pro-
perties at the directional solidification of a B-stabilized intermetallic alloy of the titanium-aluminium systems.
It is shown that the use of the directional solidification at a crucibleless induction zone melting produces a spe-
cific microstructure of alloy Ti-44Al-5Nb-3Cr-1.5Zr (at. %). It is established that the thermal gradient and
the rate of solidification in the directional crystallization are the basic thermodynamic tools that make it possible
to form an ordered microstructure. Investigations showed that, at the speed of 150 mm/h, the temperature gra-
dient reaches 300 C-cm . This leads to the ordering and orientation of the secondary phase microstructure of
the material and to the improvement of its physico-mechanical properties. Regulation of the microstructure
allows an essential improvement of the high-temperature mechanical properties, namely ultimate strength,
Young’s modulus, and creep resistance. The results showed that the temperature limit of the structural applica-
bility of alloys of this type can be expanded from 750-800 °C up to 900-950 °C.

Keywords: intermetallide, zone melting, directional solidification, structure, structure, mechanical characteristics.
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