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Y po6omi nposedeno ananiz enauey opien-
mauii kpucmanozpadivnux oceil i muna 6an-
0axncHux 36’a3Ki6 HA CREKmMp 6IAACHUX YACMOm,
dopm i po3noodin eidnochux nanpyicenv Ha
Konusannsa poéouozo xoneca I'T/] 3 monoxpu-
CMANTUHUMU HEOX0100X#CYBAHUMU IONAMKAMU

Kniouogi caoea: poéoue xoneco, 6anoasic,
cnexmp wacmom
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B pa6ome nposeden ananus eauanus opuen-
mayuu Kpucmannozpaduueckux ocei u muna
banoancnvix ceaseil na cnexmp CoOCMEEHHBIX
yacmom, opm u pacnpedenenue omHocu-
MenbHbLIX HanpANceHul Ha Kolebanus padoue-
20 koaeca I'T/] c monoxpucmannuuecKkumu Heo-
Xaaxcoaemvimu 10namxKamu

Kniouegvie cnosa: pabGouee xoneco, oamn-
dasc, cnexmp wacmom
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The work presents an analysis of influence
of orientation of crystallography axes and type
of shroud is conducted on the spectrum of natu-
ral frequencies, forms and distributing of stress
intensity on the vibrations of gas-turbine wheel
with the single-crystal uncooled blades

Key words: blading wheel, bandage, spectr-
um of frequencies
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AKCTPEMAJbHBIX YCJOBUH. /[MHaMUYecKas HPOYHOCTH
3JIEMEHTOB MallWH M UX CHCTeM MOKeT ObiTh obecie-
YyeHa TOJIbKO KOMIIJICKCHBIM HCIIOJIb30BAHMEM HOBBIX
KOHCTPYKTHUBHBIX pelleHUl M HOBEUIIUX MaTepUaJioB
[1-4].



Cospementbie razorypbunnbie apurarenu (I'T/I) xa-
PaKTEpPU3YyIOTCS POCTOM MAKCUMAJbHONH TeMIlepaTypbl
rasa u MHTEHCUBHOCTU Harpy3ok. Opuumu us Haubosee
oTBeTCTBeHHBIX metasneir I'T/l asasgioTcsa pabodyue Jonat-
ku. VIMEHHO OHM ONpeAendioT MaKCUMaJbHYIO TeMIle-
parypy rasa, HaJ[e’)KHOCTb U pecypc paboThl [BUTATEs,
V€JIbHYIO MOITHOCTD M 9KOHOMUYHOCTD ABUTATENA. Bbl-
COKUIl yPOBEHb HAIPSIKEHUIl, TeMIleparyp, HecTabuJib-
HOCTb PEKMMOB HarpeBa W HarpysKeHUsl, BO3MOXKHOCTD
BO3HUKHOBEHUSI PE30HAHCHBIX KosiebaHuii penaer pabo-
yye JIONATKU OJHUM M3 HauboJiee CIOKHBIX DJIEMEHTOB
coBpeMeHHON TeXHUKU. OCHOBHBIM HalpaBJICHUEM II0-
BBIIICHUS TOJTOBEYHOCTH JIONATOK SBJISETCS MCIOJb30-
BaHue, KaK [JIsI IePBOI CTYNEeHH ra3oBOW TYypPOMHBI, TaK
W IS TOCJENYIONUX CTYIIeHeH, MOHOKPUCTAIINYECKUX
JKAPOIIPOUHBIX CIJIABOB, 00Jalal0UNX BHICOKUMHU Kapo-
mpouHbIMU cBoiicTBamMu [1 - 4].

Onnako Takue Marepuaypl 06Jafal0oT aHU30TPOIHU-
el IPOYHOCTHBIX U TepMoMexanmdyecknx cpoiicTs. H/C
TaKMX JIONATOK KaK IIPU CTATUYECKUX HArpyskax, TakK H,
0CcOBEHHO, MPHU KOJeOAHUIX CYNECTBEHHO 3aBUCHT OT
KpucTajnorpadudeckoit opuentanuu marepuasia (KI'O).
Boi6op kpucrasiorpaduueckoil OpueHTaIluu MaTepuasa
CBSA3aH C yuyeToM psijfa GakTOPOB, 3aBUCAIINX OT reoMe-
TPUM JIOTIATKHU, TEMIIEPATYPHBIX 1OJIEH, BIUSHUS EHTPO-
GeskHBIX cuJl 1 (HOPM KoJiebaH Ui JIOTaTOK.

2. IlocranoBka 3a/layy U pe€3yJibTaTbl HCCJIE€JOBaHUA

B nmaunoii pabore paccMOTpeHbl KoJebaHUsT MOHO-
KPUCTAJIINYECKUX HEOXJIAKIaeMbIX JIONATOK paboueil
crynenn ['T/l n ncciaemoBano BAUSAHME TeOMETPUUECKON
(opmbl JomaTKM, KpuUcTAIIorpaduyecKoil opueHTaIumn
Marepua’sa, TeMIepaTypPHbIX TOJIel, B3BAUMHOIO TiepeMe-
[EHU TTO0JOK Ha COOCTBEHHbBIE YACTOTHI U (GOPMBI KOJIe-
GaHul, pacipeie/eH st 1 JOKaJU3aIUI0 OTHOCUTENbHBIX
HANPSIKEHUH MPU KOJeGaHUSIX MOHOKPUCTATIUYCCKIX
JIOTIATOK.

B kauecTBe 06bEKTa MCCIEOBAHU BRIOpaHo pabouee
KOJIECO PeasibHON Ta30BOIl TYypOUHBI ¢ Pa3pe3HbiM OGaHia-
JKOM M MOHOKPHUCTAJIIMYCCKUMU HEOXJIAKIaeMbIMH JIO-
MaTKaMM, Ha IPUMepe KOTOPOT0 MOKHO MCCJIeI0BATh BCe
ocobeHHOCTH KOJIeOaHUN TakuX cucteM. Benell jonatok
nMeeT paspesHyio GaHAaKHYIO CBSI3b U3 IieJabHObpe3e-
POBAHHBIX IOJIOK, KOTOPble MMEIOT TMpPeNBapUTEeNbHBIN
HATST ¥ MOTYT COBEPIIaTh B3aUMHbBIE TIePeMelNeHUs TIpu
KoJIeOaHUSIX.

CTpyKTypa MOHOKPHUCTAJJIMYECKOrO CIljlaBa pac-
CMaTpUBAEMOIl JIONATKH MpeICcTaBasieT coO0i rpaHereH-
TPUPOBAHHYIO KyOuueckyro perieTky. CXxeMaTU4YeCKHU ee
CTPYKTYpa ¢ 0603HaueHnEeM OCHOBHBIX HallpaBJeHu oceil
KT'O npencrasnena na puc. 1.

[aBHON 0COGEHHOCTBIO TAKOW CTPYKTYPbI SIBJSETCS
TO, 4TO NpH oBopoTe Ha 90° BOKPYT 11060#i U3 CBOMX OCel,
MarepuaJj UMeeT Te e CBOMCTBA, YTO U /10 TI0OBOPOTA, TOr/[a
KaK TOBOPOT Ha IpyToii yroa (He kpaTubiit 90°), mpuBoaAuT
K U3MEHEHUIO YIIPYTUX CBOWCTB.

JlomaTka paccMaTpuBaeTcs B IIPSIMOYTOJIBHOM cucTeMe
KOOPIAMHAT X, ¥, z. Och z HANIpaBJjieHa 1Mo Pajuycy oT OCU
BpamieHusd koJsieca. [eomerpuyeckas ¢opma Jonarku u
pacnosoxxenue oceir KI'O [100], [010], [001] mpm ux co-
BIIAIEHUN C OCSAMU X, Y, Z COOTBETCTBEHHO TTPEICTABIEHO
Ha puc. 1.

et [100]

Puc. 1. CtpykTypa MOHOKpHCTanna, reoMeTpus IonaTku 1
cxema pacnosioxxeHus ocer KO [100], [010], [001] npu
COBMAJEHWUU C OCAMMU X, Y, Z

BaskHOH 0COGEHHOCTBIO MOCTPOEHUS JaHHON I[UKJIO-
CUMMETPUYHON MOJIENIH, ABJISETCS pa3bueHue Ha CeKTopa
(nepuo/ibl CAMMETPHUH) HE € MTOMOIIBIO PAIMAJTbHBIX T1JI0-
CKOCTEH, a ¢ TIOMOIIbI0 KPUBOJUHEHHBIX MTOBEPXHOCTEI,
YUUTBIBAIONINX YTOJ YCTAHOBKM JIOTIATKU U 3aBOJIKH €e
3aMKa B 11a3, a TaKKe YCJOBUS B3AUMHOTO TiepeMeleHnst
1moJ1oK (puc. 2).

Puc. 2. O6nacTb CTbIKOBKH ABYX BaHAa>KHbIX NOMOK

[Ipu BBIZEIEHU T TAKOTO CEKTOPA JKEAATETHHO, YTOOBI
ycioBuda HNUKJIOCUMMETPUUN U YCJIOBUA TIPOCKAJb3bI-
BaHWS NPUHAIJIEKAJIN OAHOW W TOW Xe MJOMAanKe U
COOTBETCTBEHHO, OMHUM U TeM ke y3aam. CeKTop Ko-
seca (1epuoj cuMMeTpun) 06pasoBaH KPUBOJIUHEHHBI-
MU MOBEPXHOCTAME TaKUM 06Pa3oM, YTO MOBEPXHOCTU
KOHTAaKTa MOJOK OKa3blBAlOTCS BHYTPHU cekrtopa. [lpm
3TOM YCJOBUS IIMKJIOCHMMETPUH 3a/1aI0TCSI HA TPAHUIIE
CEKTOpa, a yCJOBUSA KOHTAKTA IIOJIOK - BHYTPU CEKTOPA.
TOFZIH. KOHTaKTHBIE€ TOBEPXHOCTU 6yJIyT JIeJKaThb BHYTPH
CeKTOpa M YCJOBHS TPOCKAJTb3bIBAHUS MOTYT JIETKO
OBITH 3a/laHbl U BAPbUPOBATHCS HE3ABUCUMO OT YCJIOBUI
IIUKJIOCUMMETPUH.

IIpu konebannsax pabodero Koseca ¢ pa3pes3Hoi 1mo-
JIOUHON CBSI3BIO MPONCXOANTH B3aNMHOE IHepeMelleHue
KOHTAKTUPYIONIUX TOBEPXHOCTEN TMOJOK. YCTOBUS KOH-
TAaKTa IMOJIOK BKJIIOYAIOT OTPAHUYEHUSI HA B3AUMHOE IIPO-
HUKHOBEHUE KOHTAKTHPYIONINX MOBEPXHOCTei. Baanm-
HOe TIepeMelieH1e MOJ0K 3aBUCUT OT HATATA, KaK 3a cYeT
MOHTA’KHOTO HATATA, TAK U 32 CYET PACKPYTKH JIOTIATOK
noj geiicTBueM 1eHTpoOexHbIX cuil. [losTomy BHauae
MPOBOJMMTCS pacueT CTAaTU4YecKoi aedopMalu Jomnar-



KU 10/ AelicTBUEeM HEeHTPOOEKHBIX CUJ TOJ AeCcTBUEM
CHJI HA KOHTAKTHBIX MOBEPXHOCTSX MOJOK. ITOT pacyer
MO3BOJISIET HAWTHU CUJY TpUKaTus nojok P (uarsar) Bo
BpaImaIemcs kojece [2].

ITpu pacuete konebanuit pabovero koseca 6e3 yuera
CONPOTHUBJICHUS B3AMMHOMY TI€PEMEIIEHUIO TTOJIOK BBO-
JAUTCS yCcJIoBUE CBOOOAHOIO MPOCKaJb3bIBAHUS KOH-
TaKTHBIX IIOBEPXHOCTEH 110J0K 6e3 IoTepu KOHTAaKTa.
[Ipu yuere HaTsira HEOOXOAMMO MOJAENMPOBATH CHUJIBI
CONMPOTHUBJIEHUSI B3BAUMHOMY TIepeMeIIeH 0 MOJT0K. Mo-
JleJIUPOBaHME CHUJI COMPOTUBJEHUS 3a CUYET TPEHUS
MPU POCKATb3bIBAHUHU MTOJIOK TPOU3BOJAUIOCH TOCPE]I-
CTBOM CBsI3eHl — JMHENHHBIX MPYKUHOK, CBA3BIBAIOIINX
MPOTUBOTIOJOKHbBIE MTOJIKH.

Kax mokaszanu mnpeaBapuTebHbIe
[6,7], cuma =Ha-
Tara GaHIaKHbIX
MOJIOK U3MEHS-
eTcsl TpakTude-
CKU JIUHEHHO OT
yTJjia yIpyroi 3a-
KPYTKHU JIOMATOK.
Bansauwme matara
npu He6OMBITOM
W3MEHEHUU yria
3aKpyTKH cJaabo
BJIMSIET HA CTIEKTP
4acToT.

Aunanus BiU-
AHUS B3aUMHOTO a)
nmepeMenieHus
MoJI0K 6€e3 cotpo-
TUBJIEHUS] U Ma-
TepuaJsa JomaTok
Ha cOOCTBEHHBbIE YacTOThl paboyero KoJjeca Mmokasal,
YTO TO CPaBHEHWIO ¢ COOGCTBEHHBIMH 4YacTOTaAMH pa-
604ero KoJieca Co CIJIOMHON GaHakHOI CBA3bIO COO-
CTBEHHbBIE YaCTOTBI C PAa3PE3HON CBSA3HIO CYNECTBEHHO
CHUKATOTCS.

uccJjaeg0BaHuAga

Puc. 3. ®opma MHTEHCUBHOCTHU HanNpPs>KEHUH NPU 30HTHUYHbIX
KonebaHUaX Koseca co Cr/IOLHOW cBA3blo, 954,96 My

Ha puc. 3 - 4 npencrasiennl hpopMbl Kosebanuii pabo-
Yero KoJjeca CO CIJIONTHOH (puc. 3) W pa3pe3Hoil CBA3bIO
(puc. 4).

Caenyer oTMeTHTh, uTO (HOPMBI KOjieOaHUi KoJieca ¢
CONPOTUBJICHUEM B3aUMHOMY TIPOCKAJIb3bIBAHUIO U €3
CONPOTUBJIEHUS [IJisi BBIOPAHHOI BeJMYMHBI HATSTA U3-
MeHstioTest Masio. Takyke OKasbIBaIOTCs OYeHb OJIU3KKE
(opmbl KomebaHuil pabodrx KoJec ¢ JonaTKaMu U3 pas-
HBIX MaTePUaIoB.

Puc. 4. Nons MHTEHCHBHOCTEN HanpsXKEHWH NPKU 30HTHUYHbIX
KonebaHUaX Kosleca C NnpocKanb3biBaHueM nosok, 853,96 Ny
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6)

Puc. 5. ®opMbl nepemelLeHmit (a) U MHTEHCUBHOCTH HaNps>KeHwWi (6) npu konebaHuax ¢ 5-10 y3nosbiMu
avametpamu, 1769 Iy, KFO [111]

Ha puc. 5 mpencrasaerbl GOPMbI MepeMeneHnii u
pacrpejieJieHust OTHOCUTENbHBIX WHTEHCUBHOCTEN HATIPs-
JKeHuit mpu kosebaHusx pabouero Kojeca ¢ 5 y3JOBbIMU
muamerpamu. [Ipu koreGaHusIX ¢ Y3JI0BBIMU THAMETPAMU
npoucxonuT Gosbinast gedopMaiiisi CBsA3€l U, COOTBET-
CTBEHHO, BOBHUKAIOT OOJIbIINE HAIPSKEHUS] HAa CBA3SX,
XOTsI OHU HE [IPEBBIINIAIOT HATIPSI)KEHUsI BOJIN3K KOPHEBBIX
CeyeHUH.

[lng kosec ¢ MOHOKPHUCTAJJINYECKUMH JIOMATKAMU
(opmbl nepemenieHnii MPaKTUYECKN HE IPETEPIEBAIOT
n3MeHeHHIl. PacnpezeseHne NHTEHCUBHOCTEH HaMpsiKe-
HUI 10 JonatkaM usmensercs. [Ipu opuentamuu [001]
JIONIATKY, KAK U3BECTHO, CTAHOBATCS 0oJiee JKECTKUMU Ha
Kpy4eHue, 0ITOMY MPOUCXOAUT OTHOCUTENbHOE YBeJH-
YeHue MHTEHCUBHOCTEH HANPSKEHNI Ha TTOJOYHBIX CBS-
34X ¥ nepudepuiiHON YacTu JIOnaTok 1o/ moakamu. [Ipn
opuentanuu [111] monaTku cTaHOBATCS MeHee KeCTKUMU
Ha kpydenue. [Ipu 9ToM OTHOCUTEIbHOE YBEJTMYEHUE UH-
TEHCUBHOCTEH HATIPSIKEHUN Ha MOJOUHBIX CBI3SIX ITPOSIB-
JISIeTCsl MeHblle, HO B repudepuiiHOM 4acTh MO/ MOJKaMU
HaINPsKEHWsT BO3PACTAET CUJIbHEE.

BoiBoapl

Amnanus dopM KosebaHUH W pacrpepeseHuss OTHO-
CUTEJIbHBIX WHTEHCUBHOCTEN HaIpsIKeHUH IoKa3bIBaer,
41O HaubGOoJIblIMe UBMEHEHUS BOZHUKAIOT IIPU COMOCTAB-
geann GopMm KojebaHuil pabouyrx KOJeC CO CIJIONIHOM
GaHmaXKHOW CBA3BIO M pa3pesnoil GaHgaKHOM CBA3BIO 3a



cYeT B3aUMHOTO IepeMelnenus moJjok. Hanmenbiime ns-
MeHeHUs IpeTepreBaoT GOopMbl 30HTUUYHBIX KoJiebaHUi,
TaK KaK Py 3TUX (hopMax KoJeOGaHN il CBA3HM UCIIBITHIBAIOT
Menpmre gaedopmanuu, 4eM npu Gopmax Komebanuii ¢
Y3JIOBBIMU J[HAMETPAMU.

3a cueT B3aMMHOTO TepeMeleHNns] KOHTAKTUPY OIMIUX
TTOBEPXHOCTEN TTOJOYHBIX CBsI3€i CyIEeCTBEHHO yMeHbIIIa-
I0TCSI OTHOCUTEJIbHbIE HATIPSIKEHMs B CBA3IX U nepude-
PUHHBIX YACTSX JIOMATOK.

@opmbl KosebaHUT JIOTIATOK CTAaHOBATCS OJIMKE K
NPEUMYIIECTBEHHO KPYTUAbHbIM. [loaToMy Haubosbine
OTHOCHUTEJbHbBIE HATIPSIKEHU A HabII0ai0TCsI KaK Ha BXOJI-
HOI1, TaK U BBIXOJIHOI KPOMKaX JIOMATOK BOJIU3U KOPHEBBIX
CeYeHU .

MarepuaJ JIOTATOK BJMSET HAa XapaKTePUCTUKU CH-
CTEMBI C B3aWMHBIM I€PeMEeNIeHNeM MO0JIOK HECKOJIbKO
WHaue, 4eM JJISI CUCTeMBbl CO CIIJIONIHON OaHIaKHOI CBS-
3pt0. Matepuay ¢ KI'O [001] okasbiBaeT GoJibliiee BIUSHUE
HA YaCTOThI IPEUMYIIIECTBEHHO KPYTHIbHBIX KOJeOaHUI,
amatepuas ¢ KI'O [111] — Ha 4acTOTHI IPEUMYIIECTBEHHO
U3TUOHBIX KOTebaHWH.

B pesyubraTe ucciesoBaHuil MoKazaHo, 4YTO P MPO-
CKaJIb3bIBAHUN TOJIOK CIEKTP COOCTBEHHBIX YaCTOT pa-
60uero Koseca cyiiecTBeHHO uaMensiercsi. CoOCTBEHHbBIE
YACTOTHI CHHMKAIOTCS M BO3HUKAIOT 30HBI UX CTYIIEHUS.
ITO NPOUCXOIUT 3a CUeT U3MeHeHus HOPM KotebaHu il cu-
CTEeMbl, KOTOPasi CTAHOBUTCSI MEHEe JKeCTKO, mpruobperas
HOBBIE CTEIIEHU CBOOO/BI.
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